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Changing precipitation pattern alters soil microbial
community response to wet-up under a
Mediterranean-type climate
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A large soil CO2 pulse is associated with rewetting soils after the dry summer period under a
Mediterranean-type climate, significantly contributing to grasslands’ annual carbon budget. Rapid
reactivation of soil heterotrophs and a pulse of available carbon are both required to fuel the CO2

pulse. Understanding of the effects of altered summer precipitation on the metabolic state of
indigenous microorganisms may be important in predicting changes in carbon cycling. Here, we
investigated the effects of extending winter rainfall into the normally dry summer period on soil
microbial response to a controlled rewetting event, by following the present (DNA-based) and
potentially active (rRNA-based) soil bacterial and fungal communities in intact soil cores (from a
California annual grassland) previously subjected to three different precipitation patterns over 4
months (full summer dry season, extended wet season and absent dry season). Phylogenetic marker
genes for bacteria and fungi were sequenced before and after rewetting, and the abundance of these
genes and transcripts was measured. After having experienced markedly different antecedent water
conditions, the potentially active bacterial communities showed a consistent wet-up response. We
found a significant positive relation between the extent of change in the structure of the potentially
active bacterial community and the magnitude of the CO2 pulse upon rewetting dry soils. We
suggest that the duration of severe dry summer conditions characteristic of the Mediterranean
climate is important in conditioning the response potential of the soil microbial community to wet-up
as well as in framing the magnitude of the associated CO2 pulse.
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Introduction

In systems that are characterised by fluctuating soil
water availability over time, rewetting events trigger
intense microbial activity that releases soil CO2

efflux pulses (Birch, 1958; Borken and Matzner,
2009; Inglima et al., 2009). For example, in
Mediterranean climate grasslands, soil microbial
activity includes a strong seasonal component that
is related to the extreme soil desiccation during the
summer followed by a wet fall and winter season
(Waldrop and Firestone, 2006a; Cruz-Martinez et al.,
2009). Carbon substrates accumulated during the
dry hot summer period fuel a large microbial-driven
mineralisation pulse upon soil rewetting, initiating
the wet period of the annual cycle. The large soil

CO2 efflux associated with this rewetting accounts
for a large part of the annual C budget of these
annual grasslands under Mediterranean climates
(Xu et al., 2004; Jarvis et al., 2007).

The decoupling between C cycling and microbial
community that takes place during dry periods is
followed by an abrupt reconnection between soil
microorganisms and C substrates upon rewetting.
Our understanding of the processes underlying the
dry–wet transition is based in part on its effects on
the availability of the carbon consumed to fuel the
CO2 pulse and in part on the capacity of the
indigenous community to rapidly reactivate and
resume full metabolic activity. Although there has
been substantial interest in identifying the C sources
consumed upon rewetting (Miller et al., 2005; Xiang
et al., 2008; Boot, 2011; Parker and Schimel, 2011;
Kakumanu et al., 2013), that question is to a large
degree distinct from that of understanding the
physiological state of the soil community before
and during the wet-up process. From the microbial
activity point of view, microbial communities
indigenous to California annual grasslands have
been shown to react extremely rapidly to rewetting
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(Fierer and Schimel, 2003; Placella et al., 2012;
Barnard et al., 2013). In a recent study, we found
that different bacterial phyla responded differently
to rewetting in California grasslands, displaying
contrasting life strategies (Barnard et al., 2013),
resulting from long-term evolutionary adaptation.

The response of soil communities to changes in
water resources after exposure to altered climatic
conditions has recently been the topic of intense
interest (Bouskill et al., 2012; Evans and
Wallenstein, 2012; de Vries et al., 2012b; Evans
and Wallenstein, 2013; Evans et al., 2014). Climate
change models predict changes in precipitation
patterns for California, with the wet winter season
extending further into spring (Field et al., 1999;
Suttle et al., 2007). Several studies have shown an
effect of climate change scenarios, including altered
precipitation, on the structure and function of
microbial communities in soils under a Mediterra-
nean climate (Fierer and Schimel, 2002, 2003; Fierer
et al., 2003; Waldrop and Firestone, 2006b; Cruz-
Martinez et al., 2009). Microbial communities in
Mediterranean-type systems are the result of long-
term evolutionary adaptation to an annual repeata-
ble climatic pattern of wet fall season following a
long period of soil desiccation during the summer.
Drought, that is, water deficit that is outside the
normally experienced environmental envelope, has
different adaptative implications, since microbial
communities experience it as a stochastic stress.
Recent insights have been gained from studies of
microbial community response to drought in a
mesic continental climate ecosystems using BrdU
approaches to assess bacterial response (Evans
et al., 2014), as well as from pulsed rainfall events
in arid and semi-arid systems (Angel and Conrad,
2013). Although Mediterranean systems are quite
distinct from continental and arid systems, results
from these three system types help construct a more
general framework of the microbial response to
changes in water availability. These results help us
understand the importance of antecedent water
conditions to soil microbes more generally but they
do not directly assess the impacts of a changing
annual pattern of summer desiccation in Mediterra-
nean climates on indigenous communities highly
adapted to a relatively regular annual climate
pattern. The effects of changes in the duration of the
summer dry period on the metabolic capacity of the
microbial effectors of the rewetting mineralisation
pulse remain unclear. A better understanding of the
effects of antecedent conditions on the activity of the
soil microbial community as it transitions from
extreme desiccation to moist conditions may be
crucial in predicting the future changes in carbon
and nutrient cycling in Mediterranean climate grass-
lands, likely to result from changing patterns of
precipitation.

The primary objective of the present study was to
elucidate how changes in the length of the Medi-
terranean-type summer dry period before rewetting

cause shifts in (a) bacterial and fungal communities
and (b) the associated soil CO2 release. By analysing
the soil ribosomal RNA (rRNA) pool, it is possible to
identify which organisms are primed to synthesise
proteins in response to rewetting and the substrates
that thereby become available, and thus can be
considered ‘potentially active’ (Schippers et al.,
2005, e.g. Jones and Lennon, 2010, see Blazewicz
et al., 2013 for a review). Although these results do
not establish a direct causal link between microbial
metabolic state and the ensuing CO2 pulse, they
allow phylogenetic characterisation of the poten-
tially active bacterial and fungal groups that are
present and respond to changing environmental
conditions.

The present study investigated the wet-up
response of the present and potentially active soil
bacterial and fungal communities using intact soil
cores taken from a California annual grassland and
subjected to three different precipitation patterns
over a 4 month summer dry-down. The precipitation
patterns were (i) weekly water inputs, (ii) weekly
water inputs for 2 months followed by no inputs or
(iii) no water input for 4 months. Ribosomal RNA
transcripts and genes from bacteria, fungi and
archaea were extracted at the end of the summer
period (before wet-up) and 2 h after wet-up, over
which time soil CO2 efflux was monitored. Genes
and transcripts from bacteria and fungi were analysed
by 454 Titanium pyrosequencing, and the abundance
of selected phylogenetic marker genes and transcripts
was measured using quantitative PCR.

Materials and methods

Experimental setup
A homogeneous 10� 10 m plot was selected in a
California grassland (University of California
Hopland Research and Extension Center, 3910’N,
12313’W, 400 m a.s.l.). This Sutherland series soil is
a loam soil over clay (texture 46% sand, 35% silt,
19% clay), pH was 6.2, cation exchange capacity
was 20.0 cmol kg� 1, organic matter was 3.9%, total
N 0.23%, total C 2.56%. The vegetation cover of the
plot is grass, dominated by the introduced annual
Avena barbata.

On 12 April 2010, 25 intact soil cores were taken
by inserting polyvinyl chloride (PVC) tubes (7.5 cm
internal diameter, 15 cm long) 15 cm deep in the
soil, B1 m apart, and removing them carefully. The
vegetation present on the cores was cut flush with
the soil and subsequent regrowth was cut. The cores
were transported to a greenhouse at University of
California, Berkeley. The soils were subjected to
three different spring-summer dry-down precipita-
tion pattern treatments over 4 months: (i) weekly
water inputs, (ii) weekly water inputs for
2 months followed by no inputs and (iii) no water
input (closest approximation of normal). The cores
were weighed weekly to monitor soil water content.
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The weekly water inputs were calculated for each
core based on its weight, to compensate the water
loss of the cores during the week preceding
watering.

Soil cores were destructively sampled at the end
of the treatment period (31 August 2010, four cores
per treatment), and 2 h after controlled wet-up
(1 September 2010, four other cores per treatment,
see below for wet-up and soil sampling details).
Total soil DNA and RNA were extracted (see below)
and the present (DNA-based) and potentially active
(RNA-based) soil bacterial and fungal communities
were assessed by 454 pyrosequencing, and the
abundance of selected genes determined by quanti-
tative polymerase chain reaction (qPCR) analysis
(see below).

Wet-up and soil CO2 efflux rate
At the end of the treatment period, four cores per
treatment were subjected to a controlled wet-up
simulating the first rainfall event after summer,
during which soil CO2 efflux rates were determined.
In the treatment subjected to weekly water inputs,
the controlled wet-up event took place instead of a
weekly water input, that is, after 6 days without
precipitation. The bottoms of the cores were sealed,
and a 1-l PVC chamber was fitted airtight on top of
the core. Immediately after installing the chamber,
distilled water was dispensed onto the soil surface
through a septa over 2 min, whereas a needle
through another septa ensured no pressure build-
up in the system. The amount of water given to
each core was calculated to approximate the
amount of water lost over the treatment period
and amounted to a B25 mm rain event. The cores
submitted to weekly water inputs were subjected
to wet-up after 6 days without water inputs, in
order to impose the most conservative conditions
of comparison with the other treatments. Head-
space gas samples (3 ml) were taken just before
adding water, then 5, 10, 20, 30, 45, 65, 90 and
115 min after the end of water addition. The
volume removed was replaced at each sampling
time by the same volume of synthetic air (20:80
O2:N2). Headspace samples were injected into vials
that had been previously evacuated and filled with
N2. Soil CO2 efflux rate and CO2 amount released
were calculated after measuring CO2 concentra-
tions in the vials using a model 6890 series gas
chromatograph (Agilent Technologies, Wilmington,
DE, USA) fitted with a pulsed-discharge detector
(VICI Valco Instruments, Houston, TX, USA). Soil in
the cores that had been subjected to wet-up was
sampled 120 min after the end of water addition (see
below), before nucleic acid extraction.

Soil sampling
To avoid edge effects, smaller cores (5 cm diameter,
10 cm depth) were taken from the intact cores. Soil

was sieved and a subsample immediately frozen
(� 80 1C) before nucleic acid extraction (see
below). Soil water content was determined grav-
imetrically by comparing fresh and 105 1C dried
soil weights on another subsample. A soil water
retention curve was established based on soil water
potential measured using a constant preset atmo-
spheric pressure potential (four points between
� 0.03 and � 1 MPa), and an isopiestic method
based on four points between � 4.6 and � 88 MPa,
using saturated solutions of copper sulfate,
sucrose, sodium chloride and magnesium nitrate
(Tokunaga et al., 2003).

Soil nucleic acid extraction and purification
Both DNA and RNA were extracted from the soil
samples, using a protocol adapted from Griffiths
et al. (2000) and Brodie et al. (2002). All solutions
and glassware were rendered RNase-free by diethyl
pyrocarbonate treatment. Briefly, for each soil
sample, three 0.4 g dry weight subsamples were
extracted separately. Each aliquot was transferred
to a 2-ml Lysing Matrix E tube (MP Biomedicals,
Solon, OH, USA) and extracted twice as follows.
500 ml extraction buffer (5% CTAB, 0.5 M NaCl,
240 mM K2HPO4, pH 8.0) and 500 ml 25:24:1
phenol:chloroform:isoamyl alcohol were added
before shaking (FastPrep24, MP Biomedicals; 30 s,
5.5 m s�1). After spinning down the debris
(16 100 g, 5 min, 4 1C), residual phenol was
removed using pre-spun 2 ml Phase Lock Gel tubes
(5 Prime, Gaithersburg, MD, USA) with an equal
volume of 24:1 chloroform:isoamyl alcohol, mixed
and centrifuged (16 100 g, 2 min, 4 1C). The aqu-
eous phases from both extractions were pooled,
mixed with 1 ml 40% polyethylene glycol 6000
dissolved in 1.6 M NaCl and 3 ml linear acrylamide
(5 mg ml� 1; Ambion, Grand Island, NY, USA), and
incubated for 1 h at room temperature. After
centrifugation (16 100 g, 20 min, room tempera-
ture), the pellet was rinsed with 1 ml ice-cold
70% ethanol, air-dried, resuspended in 20 ml
RNase-free water and stored at � 80 1C. For each
sample, the three subsample extracts were pooled
during purification (AllPrep DNA/RNA Mini Kit,
Qiagen, Valencia, CA, USA) according to manu-
facturer’s instructions.

Abundance of genes and transcripts
The extracted DNA and RNA were quantified using
Quant-iT PicoGreen dsDNA and and RiboGreen
RNA reagents, respectively (Invitrogen, Grand
Island, NY, USA) with a CFX96 thermocycler
(Bio-Rad Laboratories, Hercules, CA, USA). cDNA
was generated from 50 ng of the extracted RNA from
each subsample using the QuantiTect Reverse
Transcription Kit (Qiagen), then pooled.

The abundance of genes and transcripts was
assessed by qPCR. The genes encoding bacterial
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16S, archaeal 16S and fungal 28S ribosomal
components were selected as phylogenetic
markers. The bacterial rpoB gene was also selected,
since this single-copy gene encodes a sub-unit
of the bacterial RNA polymerase and thus
provides an estimation of transcriptional activity.
The primers used were: EUB338 and EUB518 for
bacterial 16S (Fierer et al., 2005), A364aF and
A934b for archaeal 16S (Kemnitz et al., 2005), NL1f
and LS2r for fungal 28S (Bates and Garcia-Pichel,
2009) and rpoB-f-4 and rpoB-r-2 for bacterial rpoB
genes (Silkie and Nelson, 2009).

DNA and cDNA quantification was performed
with a CFX96 thermocycler (Bio-Rad) in a total
volume of 12 ml including 2–4 ng DNA or 2.5 ng
cDNA, 10 ml SsoFast EvaGreen Supermix (Bio-Rad)
and 300 mM of each primer. All qPCR assays were run
for 30 s at 95 1C, and then 40 cycles, with plate-
reading, of 95 1C for 5 s and 60 1C for 15 s, with a
final melt-curve step from 75 to 95 1C. Standard
curves were obtained using serial dilutions of
plasmids containing the cloned genes and the
efficiencies ranged between 91.9 and 108.7% (mini-
mum R2: 0.985).

Pyrosequencing of bacterial and fungal communities
DNA and cDNA from three replicate samples per
precipitation pattern treatment and for both pre- and
post-wet-up sampling time points was sequenced by
8 bp tag-encoded FLX amplicon pyrosequencing. In
total, 18 cDNA samples and 18 DNA samples were
sequenced (Research and Testing Laboratory,
Lubbock, TX, USA; Roche 454 FLX Titanium,
Branford, CT, USA). Initial generation of the sequen-
cing libraries utilised a one-step PCR with a total of
30 cycles, a mixture of Hot Start and HotStar High
Fidelity Taq polymerases (Qiagen). The primers
used were 939F (TTGACGGGGGCCCGCAC) and
1492R (TACCTTGTTACGACTT) to sequence the
V6–V9 regions of the bacterial 16S, and the LR0R
(ACCCGCTGAACTTAAGC) and LR3 (CCGTGTTT
CAAGACGGG) to sequence the D1 domain of the
fungal 28S. The sequence data was submitted to the
NCBI Sequence Read Archive database (BioSample
accession No. SAMN03016010). The pyrotag analysis
was run using PyroTagger (Kunin and Hugenholtz,
2010) as follows. Sequences were denoised, quality-
filtered by removing reads with X3% low-quality
bases over a given length, trimmed at 200 nucleotides,
clustered (uclust algorithm, Edgar, 2010) with a 95%
similarity threshold, using the most abundant unique
sequence as cluster representative. Taxonomy was
assigned using the greengenes and Silva databases for
bacteria and fungi, respectively.

Sequencing depth for rRNA and rRNA genes of
both bacterial and fungal datasets was analysed by
analysis of variance, using wet-up, precipitation
pattern and their interaction as explanatory vari-
ables. In case at least one variable was significant,
the corresponding dataset was rarefied.

Phylogenetic community structure
Phylogenetic pairwise dissimilarity matrices were
calculated using Fast UniFrac (Hamady et al., 2010),
based on sequence abundance, without normalising
for differing mutation rates. Phylogenetic trees for
bacterial 16S rRNA and fungal 28S rRNA gene
sequences (4559 and 804 clusters, respectively) were
constructed using a generalised time-reversible
model of the nucleotide sequences in FastTree
2.1.1 (Price et al., 2009), after aligning the represen-
tatives sequences against the greengenes core set
and the silva database, respectively, using the
Nearest Alignment Space Termination algorithm
(75% minimum sequence similarity, 200 nt mini-
mum length, no gap character removal).

Statistical analyses
Statistical analyses were performed in R 2.15.0 (R
Development Core Team, 2012). DNA and RNA
data were analysed separately. The log-trans-
formed abundances of RNA genes and transcripts
were analysed by analysis of variance, using
precipitation pattern, wet-up and their interaction
as explanatory variables. The effect of wet-up was
determined by comparing the pre-wet-up time
point (taken the day before wet-up) and a time
point 2 h after wet-up.

UniFrac distances were compared by non-para-
metric permutational multivariate analysis of var-
iance (perMANOVA, adonis function of vegan
package, Anderson, 2001), nested by precipitation
pattern. The explanatory variables were precipita-
tion pattern and wet-up, and their interaction.

Relative abundances of bacterial and fungal
groups were analysed by aggregating all taxa at the
phylum and class levels. The analysis targeted the
most abundant phyla and classes, by using the
lowest relative abundance threshold that ensured
that all taxa in the analysis were present in all the
samples. For bacteria, this threshold corresponded
to the phyla and class accounting for more than 1%
of the total number of operational taxonomic units
sequenced in at least one sample at one sampling
time and site. For fungal phyla and classes, the
threshold was 0.5% and 1%, respectively. The
relative abundance of the most abundant bacterial
and fungal taxa was analysed by analysis of
variance, after log-transformation of the data. The
explanatory variables were precipitation pattern,
wet-up, taxonomic identity (phylum or class) and
their interactions. The statistical model respected
the hierarchical structure of the experiment: the
taxa identity level was nested within the soil core
level.

Wet-up-related changes in the structure of the
present and the potentially active bacterial and
fungal communities were measured by differences
in the abundance-weighted UniFrac phylogenetic
distance (see above) between the respective pre- and
post-wet-up communities.
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Results

Precipitation patterns
Soil water content responded clearly to the
different summer precipitation pattern treatments.
Under weekly water inputs, soil water content
fluctuated between 10 and 25% (Figure 1). In
contrast, no water inputs resulted in a sharp
decrease over a month, followed by stabilisation
of soil water content at around 2% (corresponding
to a water potential of around � 30 MPa). Weekly
water inputs for 2 months followed by a dry period
also resulted in a sharp decrease in soil water
content after water inputs were ceased, the soil
reaching water content levels that were compar-
able with those in the unwatered treatment in less
than 1 month.

Bacterial and fungal sequencing
Since wet-up significantly affected the number of
bacterial DNA and cDNA pyrosequences, these
datasets were rarefied to 1800 and 1620 pyrotag
sequences per sample, respectively, representing a
total of 4647 clusters (or operational taxonomic
unit) for each dataset. The fungal DNA and cDNA
dataset had 18 921 and 9633 pyrotag sequences
remaining after curation, representing 1347
clusters for each. Fungal DNA and cDNA samples
consisted of an average±s.e. of 1051±75 and
536±66 pyrosequences, respectively. Since none
of precipitation pattern, wet-up and their interac-
tion had a significant effect on the number of
fungal DNA or cDNA pyrosequences, these data-
sets were not rarefied.

Bacterial and fungal community structure
Before wet-up, neither the DNA-based or RNA-based
soil bacterial community structures were detectably
different between treatments (P¼ 0.70 and 0.33,
respectively, open symbols in Figures 2a and b).
We found no detectable wet-up-related changes in
the present soil bacterial community structure
(Figure 2a, Supplementary Table S1). In contrast,
both wet-up and the preceding precipitation pattern
resulted in significant differences in the structure of
the potentially active soil bacterial community.
Potentially active bacterial communities that had
been subjected to different antecedent precipitation
treatments tended to respond differently to rewet-
ting (Figure 2b, Supplementary Table S1: P¼ 0.098
for precipitation pattern�wet-up interaction).
Indeed, adding a contrast term to the anova model
showed that the communities in the soils that had
received weekly precipitation inputs differed sig-
nificantly in their wet-up response from those
subjected to the dry and mid treatments (P¼ 0.035).

Before wet-up, the structure of the DNA-based soil
fungal community was not detectably different
between treatments (P¼ 0.38, open symbols in
Figure 2c). The RNA-based fungal community
structure was significantly different between
treatments before wet-up (P¼ 0.032). Over wet-up,
we found no detectable differences in either the
present or the potentially active soil fungal commu-
nity structure due to wet-up or the preceding
precipitation pattern treatment (Figures 2b and c,
Supplementary Table S2).

Relative abundance of bacterial groups
Immediately before wet-up, the relative abundance
of most abundant bacterial groups present (DNA-
based) or potentially active (RNA-based) did not
detectably differ between precipitation patterns
(Supplementary Table S3). Soil bacterial commu-
nities were dominated in relative abundance by the
Acidobacteria phylum (mostly iii1-15 class), fol-
lowed by the Actinobacteria (mostly Rubrobacter-
idae class) and Proteobacteria (primarily alpha,
delta and gamma) phyla (Supplementary Figure S1).

Rewetting and its interaction with precipitation
pattern showed no detectable effect on the relative
abundance of the present bacterial phyla and classes
(Supplementary Figure S3, Supplementary Table S4).

The relative abundance of the potentially active
bacterial phyla and classes was significantly
affected by wet-up (Figure 3, Supplementary Table
S5). The different phyla and classes responded
differently to wet-up (significant wet-up� bacterial
phylum or class interactions). The three-way inter-
action wet-up�precipitation pattern�phylum or
class evaluates differences in the wet-up response of
the different phyla or classes between precipitation
patterns. It was significant at both the phylum and
class level, but explained only 1.0% and 2.0%,
respectively, of the variance of the wet-up dataset.

Figure 1 Dynamics of soil water content in the precipitation
pattern treatments (Dry: no water input, triangles; Mid: weekly
water inputs for 2 months followed by no input, squares;
Wet: weekly water inputs, circles) and controlled wet-up. Bars
indicate ±1s.e.
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This amounts to 1.1% and 2.8% of the variance
explained by wet-up-related differences in relative
abundance of the different phyla and classes,
respectively. Adding a contrast term based on taxa
or groups of taxa to the anova models did not enable
us to relate wet-up-related differences to the
response of individual taxa or groups of taxa.
Nevertheless, our data shows that within the most
abundant bacterial taxa, the phyla that responded
most to wet-up were the Acidobacteria, which
increased from 3.8 to 24.4%, and the Actinobacteria
that decreased from 75.9 to 57.2% with wet-up. The
most responsive classes were the iii1-15 subdivision
of the Acidobacteria, which increased from 1.8
to 14.7%, and the Rubrobacteria (Actinobacteria
phylum), which decreased from 66.3 to 50.0%.

Relative abundance of fungal groups
Immediately before wet-up, the relative abundance
of the most abundant fungal groups present (DNA-
based) or potentially active (RNA-based) did not
differ between precipitation patterns, besides a

marginal difference (P¼ 0.057) between present
fungal classes (Supplementary Table S6). Soil fungal
communities were dominated in relative abundance
by the Ascomycota and, to a lesser extent, by the
Basidiomycota phyla, while the distribution of
fungal classes, dominated by Sordariomycetes and
Agaricomycetes, Eurotiomycetes was more even and
variable between treatments (Supplementary Figure S2).

The relative abundance of the present fungal
phyla and classes was overall unaffected by wet-
up. The different present fungal classes showed a
differential response to wet-up (Supplementary
Figure S4, Supplementary Table S7).

The relative abundance of the potentially active
fungal classes was marginally significantly affected
by wet-up (P¼ 0.055, Figure 4, Supplementary
Table S8). The different potentially active phyla
responded differently to wet-up, both at the
phylum and the class level. Adding a contrast term
based on taxa or groups of taxa to the anova
models did not enable us to relate wet-up-related
differences to the response of individual taxa or
groups of taxa.

Figure 2 Principal coordinates analysis (PCoA) of the UniFrac pairwise dissimilarity of the relative abundance of bacterial and fungal
pyrotag sequences, based on 16S rRNA gene (a) and 16S rRNA (b) for bacteria and on 28S rRNA gene (c) and 28S rRNA (d) for fungi,
before (open symbols) and 2 h after wet-up (closed symbols) in the three precipitation pattern treatments (Dry: no water input, triangles;
Mid: weekly water inputs for 2 months followed by no input, squares; Wet: weekly water inputs, circles).
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Quantification of bacterial, fungal and archaeal genes
and transcripts
Wet-up tended to decrease the overall abundance of
bacterial 16S rRNA genes (Supplementary Table S9,
P¼ 0.061), mostly driven by a reduction of 45% by
wet-up in the dry treatment (Figure 5a). Indeed,
adding a contrast term to the anova model showed
that the effect of wet-up was significantly different
between the dry treatment and the other treatments
(P¼ 0.036). The abundances of fungal 28S and
archaeal 16S rRNA genes as well as of the rpoB
gene (Figures 5b–d) were not significantly affected
by wet-up (Supplementary Table S9). Abundances
of the bacterial 16S, fungal 28S and archaeal 16S
transcripts were not significantly affected by wet-up
(Figures 5e–g). Wet-up significantly increased rpoB
transcript abundance in all treatments (Figure 5h,
Supplementary Table S9, overall þ 1026%). In
addition, the dry and mid treatments responded
more strongly than the wet treatment (P¼ 0.43 for
the interaction between wet-up and a contrast term
grouping dry and mid against wet in the anova
model).

Soil CO2 efflux rate
Wet-up resulted in an immediate CO2 pulse from the
soil, as expected. The preceding precipitation

pattern significantly affected the amount of CO2

released during the short-term measurement.
115 min after the beginning of the wet-up, the dry
treatment had released on average 1.6 times more
CO2 than the mid treatment, the latter having
released 2.4 times more CO2 than the wet treatment
(Figure 6).

The cumulative amount of CO2 released during
2 h after rewetting was significantly positively
correlated with the magnitude of wet-up-related
change in the rRNA-based soil bacterial community
structure (R2¼ 0.83, Po0.001, Figure 7).

Discussion

By the end of the dry-down period, the contrasting
dry-down patterns resulting from the different
precipitation treatments had not shaped different
present or potentially active bacterial communities.
In contrast, the rewetting event significantly altered
the structure of the potentially active (rRNA-based)
bacterial communities. The precipitation patterns
experienced during 4 months before wet-up resulted
in limited differences in the responses of the
potentially active bacterial communities to rewet-
ting, mainly driven by soils that were exposed
to a pronounced dry-down period before rewetting.

Figure 3 Relative abundance of potentially active bacterial phyla (41%), based on 16S rRNA sequenced before and 2 h after wet-up in
the three precipitation pattern treatments (Dry: no water input, Mid: weekly water inputs for 2 months followed by no input, Wet: weekly
water inputs). Bars indicate ±1s.e.
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This pattern is consistent with the large wet-up-
related increase in the abundance of rpoB tran-
scripts, indicating that transcription resumed very
rapidly after rewetting; the increase in the abun-
dance of rpoB transcripts was more pronounced in
the soils that had experienced a dry-down period
before wet-up. At the phylum level, soil rewetting
triggered a consistent change of the rRNA-based
community structure, mainly characterised by large
changes in relative abundance of only a few
bacterial groups, with a strong increase of Acido-
bacteria (driven by the iii1-15 class) and Verruco-
bacteria, and a large decrease of Actinobacteria
(driven by the Rubrobacteria class) and Firmicutes.
Across three Mediterranean climate grasslands that
differed in soil, climate and microbial community,
we previously reported that the rRNA-based bacter-
ial community shared a similar wet-up response
pattern which likely resulted from contrasting
bacterial life-strategies related to water availability
(Barnard et al., 2013). Our current results are
consistent with this previous work, in that the
wet-up response patterns of the most abundant
phyla were indistinguishable between communities
that had experienced markedly different antecedent
water conditions. In contrast with bacteria, the
potentially active soil fungal community showed

little response to differing precipitation treatments
and to subsequent wet-up. This is consistent with the
expected larger resistance of fungi than bacteria to
drought (Bapiri et al., 2010; Barnard et al., 2013) and
the generally more stable properties of fungal food
webs compared to bacterial food webs (de Vries et al.,
2012a).

Our findings that drier antecedent conditions
resulted in a larger rewetting CO2 pulse are
consistent with results from field studies (Xu
et al., 2004; Cable et al., 2008) as well as controlled
rewetting experiments (Göransson et al., 2013).
Further, we found a strong, significant positive
relation between the magnitude of the CO2 pulse
upon rewetting dry soils and the magnitude of
change in the community structure of the poten-
tially active bacterial groups. Although this strong
correlation could result from a direct cause and
effect, it could also result from both the magnitude
of the CO2 pulse and the magnitude of change in the
community structure being dependent on antece-
dent conditions. Non-biological sources of soil CO2

upon rewetting are expected to have contributed
only marginally to the amount of CO2 released over a
2 h period after wet-up, as these soils (pH 6.2) are
not carbonate-rich (Inglima et al., 2009). In these
soils, the main inorganic sources should include

Figure 4 Relative abundance of potentially active fungal phyla (41%), based on 28S rRNA sequenced before and 2 h after wet-up in the
three precipitation pattern treatments (Dry: no water input, Mid: weekly water inputs for 2 months followed by no input, Wet: weekly
water inputs). Bars indicate ±1s.e.
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Figure 5 Abundance of selected genes (left panels) and RNA transcripts (right panels) over wet-up. Bars indicate ±1s.e. (n¼ 3).

Figure 6 Soil CO2 efflux rate (a) and cumulative emissions (b)
over two hours after rewetting, in the three precipitation pattern
treatments (Dry: no water input; Mid: weekly water inputs for 2
months followed by no input; Wet: weekly water inputs). Bars
indicate ±1s.e. (n¼3).

Figure 7 Relation between changes in community structure
(abundance-weighted UniFrac phylogenetic distance) of the
potentially active soil bacteria and the amount of CO2 emitted
from the soil, two hours after rewetting soil from the three
precipitation pattern treatments (Dry: no water input, triangles;
Mid: weekly water inputs for 2 months followed by no input,
squares; Wet: weekly water inputs, circles).
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CO2 displaced from soil pores and dissolved
in rain water. Theoretical calculation shows that
given a CO2 concentration of 500 mmol mol� 1 in soil
pores and assuming that all the rain degasses and
displaces all the CO2 out of the soil pores, a 25 mm
rain event can release 0.52 mmol CO2 per m2 from
soil pores and 0.40 mmol CO2 dissolved in rain, that
is, a total of 0.92 mmol CO2 per m2, amounting to
0.13 mmol CO2 per m2 s1 (assuming a homogeneous
efflux over 2 h). These numbers represent only a
small fraction of the CO2 efflux amounts and rates
measured in our experiment.

The contrasting bacterial strategies that emerge
from the main potentially active bacterial groups
indicate that abrupt rewetting benefits the activity of
quick responders that likely rapidly metabolise
readily available carbon substrates that accumulated
during the dry period. Both the resulting rapid
change in the structure of the RNA-based bacterial
community and the associated CO2 pulse would
be expected to be smaller in soils in which C
substrates are likely to have accumulated over
less time, as found in our study. In our experiment,
soil water content dropped to similar extremely
low levels (below 5%) in the dry and mid treat-
ments, but remained at this level for twice as long in
the former. Shortening the duration of the extreme
dry conditions resulted in dampening the effect of
rewetting on both the magnitude of the soil CO2

pulse and the changes in the structure of the
potentially active soil bacterial community, which
could be independent phenomena or could both
result from a lesser release of C resources due to a
shorter dry period.

Our results suggest that the duration of dry
conditions also affects cell mortality. We found that
wet-up decreased bacterial 16S rRNA gene abun-
dance in soils subjected to the longest dry summer
period. Since 16S rRNA-gene-based bacterial com-
munity structure was not detectably affected by wet-
up, decreased bacterial 16S rRNA gene abundance
likely reflected a generalised decline in live cell
abundance. In addition to C substrates that become
bio-available upon rewetting, dead bacterial mate-
rial might potentially contribute to the CO2 pulse
observed in our study. Indeed, recent isotope
probing analysis of the actual death and growth of
microbial cells indicates that the release of carbon
from cell death due to desiccation and/or wetting
could account for a significant portion of the CO2

produced on wet-up (Blazewicz et al., 2014).
Our study shows that predicted changes in

summer precipitation pattern will likely affect the
metabolic potential of the soil bacterial community
and the related magnitude of the rainfall-induced
CO2 pulse upon rewetting. Although we found that a
shorter dry summer season may reduce the con-
tribution of the rewetting CO2 pulse to yearly C
losses, we did not assess the integrated impact on
the yearly C budget. In addition to impacts on C
cycling, rewetting frequency can also significantly

impact soil nitrogen cycling dynamics (Miller et al.,
2005). Based on our results, it appears that the
duration of severe dry conditions may be very
important in conditioning the response of the
potentially active bacterial community to wet-up.
Our results suggest that the predicted extension of
the wet season into summer will dampen the
magnitude of the response of potentially active soil
bacteria in response to rewetting after the dry
season.
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