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Soil moisture is a strong determinant of microbial activity exerting dominant control over gaseous and
liquid diffusion rates and affecting O2 and substrate availability. Often, measures of microbial community
structure and soil moisture status fail to inform our understanding of soil processes, particularly those
that are governed by complex feedbacks between substrate availability and environmental conditions
(e.g. nitrogen transformations). Nitrous oxide (N2O) emissions, although conceptually regulated by soil
moisture, are notoriously difﬁcult to predict based on soil water content and nutrient status. Here, we
studied agricultural soils under wetting, drying, and static moisture conditions to assess the impact of
current and previous moisture on bacterial 16S rRNA composition; transcription of amoA, hao, norB, and
nosZ; and net N2O production. Microbial community composition was dependent on previous moisture.
As soils dried, bacterial rRNA contained fewer and more evenly distributed genera. We hypothesize that
this was linked to the evenness of resource distribution as controlled by differences in substrate diffusion
in wetting vs. drying conditions. N2O ﬂux depended on previous, as well as current, soil moisture status
and this legacy effect was greatest at 80% water ﬁlled pore space. Overall, we found that previous
moisture affected microbial activity, transcription, composition and ultimately, N2O emissions. Our study
demonstrates that, for soil microorganisms and processes, it is not only what soil moisture is, but also
what it was that is important.
© 2015 Elsevier Ltd. All rights reserved.
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1. Introduction
Soil moisture content plays an overarching role on microbial
activity because of its dominant control on gaseous and liquid
diffusion rates of microbial resources within the soil proﬁle.
Increasing soil moisture reduces gaseous diffusion rates, which
directly affect microbial physiological status and activities by
limiting the supply of the dominant electron acceptors such as
oxygen and also gases such as methane (Blagodatsky and Smith,
2012). In contrast, increasing soil moisture increases liquid
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diffusion rates, providing microorganisms with key substrates such
as NH3, NO3  and soluble organic carbon (Blagodatsky and Smith,
2012). Wetting and drying of soil alters the stability of soil aggregates, and can induce cell lysis, both processes shifting the quantity
of decomposable organic matter in soil (Morillas et al., 2013). Thus,
soil moisture content is a key determinant of C and N availability
and plays a pivotal role in structuring microbial communities and
activities in soil (Gleeson et al., 2010; Banerjee and Siciliano, 2012;
Barnard et al., 2013).
Nitrous oxide (N2O) is a potent greenhouse gas with 265
times more global warming potential than carbon dioxide (IPCC,
2013). Soils are the most signiﬁcant source of N2O, contributing
up to 90% of the world's total N2O emissions; 60% (3.5 Tg N yr1)
are from agricultural soils (Kroeze et al., 1999; Goldberg and
Gebauer, 2009). Moreover, the total annual N2O emission in
Canada is approximately 108 Gg N and 55% of that is ascribed to
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agricultural soils (Helgason et al., 2005). While, long terms shifts
in soil moisture will alter the sources and sinks of greenhouse
gases such as N2O (Borken and Matzner, 2009; Goldberg and
Gebauer, 2009), major N2O emission events are typically linked
to rapid shifts in soil moisture regimes (Pennock et al., 2010).
The reason for this later observation, i.e. the high temporality of
N2O emissions, has not been clariﬁed. Despite extensive measurements of soil N2O emissions and the properties thought to
control microbial activity, accurately predicting N2O emissions
remains a challenge. In soil, N2O forms directly or indirectly
through microbial enzymatic transformations of N (Knowles,
1982; Kroeze et al., 1999). In nitriﬁcation, ammonia monooxygenase (AMO) oxidizes NH3 to NH2OH, and hydroxylamine
oxidoreductase (HAO) converts this NH2OH to NO2  , releasing
NO, which can thereby further react to produce N2O (Wrage
et al., 2001). In denitriﬁcation, NO3  can be sequentially
reduced to NO2  , NO, N2O, and ﬁnally dinitrogen (N2). Nitric
oxide reductase (NOR) reduces NO to N2O, and nitrous oxide
reductase (NOS) then reduces N2O to N2 (Knowles, 1982).
Increasing soil moisture content raises liquid diffusion rates,
providing microorganisms with C and N substrates (Blagodatsky
and Smith, 2012) that are key factors structuring microbial
communities and activities (Gleeson et al., 2010; Banerjee and
Siciliano, 2012; Barnard et al., 2013). Because denitriﬁcation is
a phylogenetically broad process dominated by heterotrophs,
this soil moisture control on resource distribution and availability is expected to directly affect key N transformations.
Further, expression of AMO or NOS is inﬂuenced by several
factors, including temperature, pH, soil moisture content and C,
N, and O2 availability (Giles et al., 2012). Increasing soil moisture
content reduces gaseous diffusion rates, limiting oxygen
(Blagodatsky and Smith, 2012). Since AMO requires oxygen and
NOS operates under anaerobic conditions, i.e. reduced oxygen
concentration, soil moisture content is a key factor controlling
AMO and NOS activities (Knowles, 1982; Gleeson et al., 2010).
Although soil moisture is dynamic, investigators typically ﬁx soil
moisture content to a speciﬁc level (e.g. Carson et al., 2010;
Gleeson et al., 2010) or re-wet soils (e.g. Fierer et al., 2003;
Barnard et al., 2013; Placella and Firestone, 2013) to evaluate
how a soil moisture content change alters microbial communities. For example, Barnard et al. (2013) found soil microbial
communities to be remarkably resilient to soil drying-wetting
across multiple sites, returning to pre-drying composition
within hours of wetting. To understand the relationship between
microbial communities and soil moisture content, we need to
consider how changing soil moisture content inﬂuences resource
availability, then gene transcription, and ﬁnally microbial community characteristics. For example, it may be that soils at 60%
water ﬁlled pore space (WFPS) will behave differently depending
on whether they were previously at 80% or 40% WFPS. The
reason for this difference may be that if soil moisture content is
changing, the conditions under which a newly produced enzyme
functions may be different than those that signaled its induction.
Here, we evaluated how changing soil moisture affects bacterial
community composition, gene transcription, nutrient concentrations, and N2O emissions. We used quantitative PCR to
quantify cDNA of transcripts of amoA, hao, norB, and nosZ, and
454-pyrosequencing to survey cDNA reverse transcribed from
bacterial 16S rRNA. Speciﬁcally, we tested the following hypotheses: 1) the direction of soil moisture change is associated
with bacterial richness and community composition; 2) the rate
of N2O emissions varies with the direction of moisture change
and the proportion of water ﬁlled pore space in soil; 3) the rate
of N2O emission is correlated with substrate availability and
transcript abundance across soil moisture regimes.
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2. Materials and methods
2.1. Soil collection
Soil samples were obtained from an experimental ﬁeld near
Swift Current, Saskatchewan, in Western Canada (50120 N;
107 240 W). The area has warm summers, cold winters, and mean
annual precipitation of 360 mm. The soils are loam textured Haplic
Kastanozems with a surface pH of 6.5 and are under a continuous
wheat rotation. Triplicate soil samples were collected at 0e15 cm
depth and immediately transferred to the laboratory at the University of Saskatchewan, where they were stored at 4  C until
combined, processed and sieved to <2 mm.
2.2. Soil incubation
Triplicate microcosms were prepared each containing 25 g homogeneous ﬁeld-moist soil in a 150-mL glass bottle and adjusted to
1.2 g cm3 bulk density. Soil samples were moistened to 40%, 60%,
80%, and 100% water-ﬁlled pore space (WFPS) by uniformly
pipetting sterile deionized water and a nutrient solution onto the
surface. Soil moisture level was obtained by adjusting gravimetric
water content. The nutrient solution contained NH4 þ and NO3 
and were added at concentrations of 50 mg N  NH4 þ kg1 soil and
50 mg N  NO3  kg1 soil. Thus, all the different WFPS contained
the same nitrogen concentrations. All microcosms were arranged
randomly and incubated at room temperature (~20  C). Typically,
northern agricultural soils reach 20  Ce25  C in daytime during
summer and thus the incubation temperature was selected to
resemble the upper in situ temperature. Each day, N2O emissions
were measured as follows: a 15 cc disposable syringe equipped
with a 25-gauge needle was inserted into the bottle and pumped up
and down three times to obtain an evenly mixed sample. Next,
10 mL of gas sample was collected and injected into a preevacuated Exetainer® vial (Labco, High Wycombe, UK). After soil
and gas sampling at each stage, the bottles were kept opened for
30 min to mix with ambient air and sealed again. Concentrations of
N2O were estimated by a gas chromatograph equipped with an
electron capture detector (Yates et al., 2007). The injector
temperature ¼ 100  C, column temperature ¼ 35  C, detector
temperature ¼ 370  C; separations were performed using Poraplot
Q columns (12.5 m by 0.32 mm i.d. fused silica capillary column, DF
(ﬁlm thickness) ¼ 8 mm; includes a 2.5-m particle trap) with ultra
high purity He (14.4 mL min1) as the carrier gas and P5 (95:5 v/v
Ar/CH4 mix) as the make-up gas (12.0 mL min1). The system was
calibrated using standard gases (N2O in N2) obtained from PraxAir
(Mississauga, ON). Internal calibration curves were calculated by
applying linear, least squares regression to the gas concentration
(ppbV N2O) vs. peak area data.
Experimental units were destructively sampled by collecting 5 g
of soil and freezing at 80  C (Fig. 1). The remaining soil samples
were frozen at 20  C for soil characterization. The remaining
experimental units had water added (wetting treatment), were
maintained at the speciﬁed moisture level (static treatment), or had
suction applied (drying treatment) to adjust the moisture content.
For wetting samples, water was added by weighing soils as water
was added. Drying samples were prepared by applying a gentle
suction, over a 5e10 min period, to the soil placed on a surface
sterilized (95% ethanol) ceramic funnel with periodic weighing to
assess moisture loss. For example, the 60% WFPS treatment, initially
would have had 3 replicates per treatment (wetting, drying,
static) ¼ 9 replicates, in addition to the 3 replicates for the initial
static period for a total of 12 replicates. Initially, all 12 replicates
were at 60% WFPS. Then after 6 days, 3 of these replicates were
chosen randomly and destructively sampled. The remaining 9
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Fig. 1. A schematic presentation of the experimental design. Coloured boxes represent the stages where the destructive sampling occurred. Each destructively sampled treatment
was in triplicate and these replicates were sampled daily for N2O ﬂux. Nutrients, gene transcription and microbial community composition were measured for each destructively
sampled replicate.

replicates were randomly allocated to wetting, drying or static and
manipulated as described above, i.e. 3 were wetted, 3 were dried
and 3 remained the same. After another 6 days, replicates were
destructively sampled according to the schematic in Fig. 1. Each
destructively sampled treatment was in triplicate and replicates
were sampled daily for N2O. Nutrients, gene transcription and
microbial community composition were sampled as shown in Fig. 1.
Similar designs were used for the 40% (except there was no drying),
80% and for 100% (except there was no wetting). N2O emission rates
were measured daily for six days but we present an average
because emission rates remained relatively constant and this activity measure corresponded directly with the time frame for our
nutrient and emission estimates.

contents were measured using TOC-VCPN analyzer (Shimadzu
Scientiﬁc Instruments, Columbia, MD, USA). Various concentrations
of potassium hydrogen phthalate (0e200 mg L1) and potassium
nitrate (0e20 mg L1) were used as standards for total DOC and
DON analyses, respectively. A 12-mL aliquot of diluted (1:10) soil
extract was analyzed. Amount of DON in soil was determined by
subtracting mineral nitrogen content (sum of exchangeable NH4 þ
and NO3  content) from dissolved total nitrogen content. The
amounts of NO3  , DOC and DON potentially removed due to suction in the drying treatments were estimated using the proportion
of water loss and the substrate present in the destructively sampled
replicates as measured at the end of the previous step
(Supplementary Table 1). Thus, these values are estimates only and
not direct measures of the extracted pore water.

2.3. Soil analyses
2.4. RNA extraction and quantiﬁcation of microbial abundance
Soil analyses were performed as previously mentioned in
Banerjee and Siciliano (2012). Brieﬂy, for exchangeable NH4 þ and
NO3  content, 5-g soil subsamples were shaken with 0.5 M K2SO4
(1:10 soil: K2SO4) at 260 rpm for 1 h and ﬁltered using Whatman
90 mm ﬁlter papers (Maidstone, Kent, UK). A 3-mL aliquot of extract
was analyzed using a SmartChem™200 discrete chemistry analyzer
(Westco Scientiﬁc Instruments, Brookﬁeld, CT, USA). DOC and DON

Total RNA was extracted from 30 samples: 3 replicates of 10
moisture phases. RNA extraction was performed with 2-g of soil
sample using PowerSoil® Total RNA Isolation Kit (MoBio Laboratories, Carlsbad, CA, USA) according to manufacturer's instructions.
The concentration of RNA was measured using NanoDrop spectrophotometer (Thermo Scientiﬁc, Wilmington, DE, USA). For cDNA
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preparation, extracted RNA was treated using RNaseOUT and
RNase-free DNase (Invitrogen, Burlington, Canada). RNA samples
were checked for DNA contamination by running an end-point PCR,
and then used for cDNA synthesis using Superscript III reverse
transcriptase (Invitrogen). Random primers (Invitrogen) were used
at a concentration of 2.5 nmol/reaction. The quantity of cDNA was
determined using a PicoGreen quantiﬁcation kit (Invitrogen). The
copy numbers of amoA, hao, norB, nosZ functional genes in isolated
cDNA extracts were determined by performing quantitative realtime PCR using the QuantiTect™ SYBR® Green PCR Master Mix
real-time PCR kit (QIAGEN, Montreal, Canada) and an ABI 7500
real-time PCR machine (Applied Biosystems, Foster City, CA, USA).
Details of standard preparation and quantitative PCR conditions are
given in Supplementary Materials (See Quantitative PCR protocol
and Supplementary Table 2).
2.5. 454 pyrosequencing
Bacterial tag-encoded FLX amplicon pyrosequencing was conducted on all 30 cDNA samples at Molecular Research Lp (Shallowater, TX, USA) using a protocol as described in Dowd et al. (2008).
A single-step 30-cycle PCR using 28F and 519R primers and a
HotStarTaq Plus Master Mix Kit (QIAGEN) was performed under the
following conditions: 94  C for 3 min, followed by 28 cycles of 94  C
for 30 s; 53  C for 40 s followed by 72  C for 1 min; 72  C for 5 min.
Following PCR, all amplicon products were mixed in equal concentrations and puriﬁed using Agencourt Ampure beads (Agencourt Bioscience, Beverly, MA, USA). Samples were sequenced using
Roche 454 FLX titanium instruments and reagents and following
manufacturer's guidelines. The Q25 sequence data derived from the
sequencing process was processed using a proprietary analysis
pipeline. Pyrosequencing ﬂowgrams were converted to sequence
reads and analyzed using the Mothur software package (Schloss
et al., 2009). Sequence reads were depleted of barcodes and
primers. Next, short sequences (<200 bp), sequences with ambiguous base calls, and homopolymer runs exceeding 6 bp and chimeras were removed. Reads were aligned with the NAST algorithm
implemented in align.seqs command in Mothur to the SILVA
reference database (Pruesse et al., 2007), and unmatched sequences were removed. Next singleton sequences were removed,
operational taxonomic units (OTUs) were deﬁned, clustering at 3%
divergence (97% similarity), and classiﬁed using the Naïve Bayesian
classiﬁer as implemented in Mothur. From the 30 samples, 258481
reads and 12459 OTUs were obtained, and each library contained
between 5460 and 10 485 reads. Subsampling was performed for
each sample before estimating rarefaction curves (Supplementary
Figure 1). Chao1, ACE, and Shannon indices were calculated to
assess alpha diversity whereas weighted and unweighted UniFrac
distance metrics were calculated to assess beta diversity (Lozupone
and Knight, 2005). Alpha and beta diversity indices were calculated
using commands implemented in Mothur.
2.6. Statistical analyses
To correlate N2O ﬂux, soil properties, functional gene abundance, and community diversity, Pearson's product moment correlation was performed. Principal coordinate analysis of weighted
UniFrac distance matrix was performed and ordinated against
Euclidian distance matrix of soil properties using Primer Version 6
(PRIMER-E, Plymouth, UK). Canonical analysis of principal coordinates (CAP) was performed using BrayeCurtis similarity matrix
of bacterial OTUs with 105 permutations. Principal component
analysis was also conducted on the most abundant phyla ordinated
against soil properties.
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3. Results
3.1. Alpha and beta diversity of the active community
Drying communities had fewer species or OTUs, which were
distributed more evenly than in static communities (Fig. 2, Panels
AeC). Drying communities had similar (P > 0.05) richness
compared to wetting communities but were more even. Wetting
communities were relatively similar (Fig. 2, Panels D and E), except
at 100% WFPS, where they were very heterogeneous. Within 60%e
80% WFPS, differences in beta diversity between wetting and drying were not signiﬁcant. For example, UniFrac estimates of beta
diversity for wetting communities (Unweighted ¼ 0.6754,
Weighted ¼ 0.1302) were similar to drying communities
(Unweighted ¼ 0.6852, Weighted ¼ 0.1389). However, 100% WFPS
wetting (Unweighted ¼ 0.6892, Weighted ¼ 0.1854) communities
were somewhat more heterogeneous than static communities
(Unweighted ¼ 0.6602, Weighted ¼ 0.1255) communities, although
this effect was not statistically signiﬁcant (P < 0.08). In contrast at
the dry extreme, (40% WFPS) static and drying communities were
similar. Overall, bacterial community characteristics varied with
changes in soil moisture regimes, supporting our ﬁrst hypothesis.
3.2. Key responsive phyla
Actinobacteria and a-Proteobacteria were the most abundant
phyla across all samples, representing 77e83% of the total bacterial
population and they exhibited different responses to soil moisture
content (Fig. 3A). Actinobacteria members were most abundant at
40% and 60% WFPS, and their abundance decreased at higher WFPS.
Under static moisture regime, the overall community composition
did not change signiﬁcantly at lower WFPS (Fig. 3B); however, a few
key but less abundant genera increased by 30% (unclassiﬁed
members of Pseudonocardineae; P < 0.05) or decreased by 50%
(unclassiﬁed members of Rubrobacterineae; P < 0.05) with
decreasing WFPS. In contrast, a-Proteobacteria preferred wet conditions; their prevalence increased by 3% (of total abundance) when
WFPS increased from 40% to 80% (Fig. 4A). Among the Proteobacteria, a-Proteobacteria was dominant (>80% abundance), followed
by g-, d-, and b-Proteobacteria. In drying and static soils, Actinobacteria increased (by 4% of total abundance) as WFPS decreased
(Fig. 4B). Similar to Actinobacteria, changes in a-Proteobacteria were
linked to speciﬁc genera such as Microvirga and Pseudolabrys
(Fig. 3).
3.3. Microbial community composition
Principal coordinate analysis with the weighted UniFrac distance matrix demonstrated the differences in bacterial communities under wetting, drying and static moisture regimes (Fig. 5A).
The communities under static moisture regime were diverse and
somewhat distinct forming individual assemblages at each moisture phase whereas the wetting and drying communities were less
discrete. The CAP analysis revealed strong clustering of bacterial
communities under three different moisture regimes (Fig. 5B).
Although there was a small overlap between static and wetting
regimes, the clusters are clearly distinct under three treatments.
This is particularly true for the drying communities, which formed
a cluster fairly different from two other treatments. For the most
abundant phyla, principal component axes explained 89% of variance (Fig. 5C). The overall ordination was mainly linked to DOC and
nitrate levels, with Pc1 correlated (0.38; P < 0.05) to nitrate and Pc2
to DOC (0.41; P < 0.05). Similar to principal coordinates, the static
communities formed individual assemblages at each moisture
phase.
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Fig. 2. Alpha (Panels A, B, & C) and beta (D & E) diversity changes in the active bacterial community associated with changes in magnitude and direction of soil moisture content. For
alpha diversity, points represent Mothur-based estimates, whereas for beta diversity, points represent the average of the Unifrac distances between triplicate soil communities.
Error bars indicate standard deviation.

3.4. Effect of soil moisture content on N2O emissions, soil properties
and transcript abundance
Current and previous soil moisture interacted to alter N2O
emissions (Fig. 6A). For example, among the wetting, static, and
drying regimes, direction of moisture change at 80% WFPS had a 3fold difference in N2O emissions compared to a one-fold difference
at 60% and 100% and little variation at 40%. At 80% WFPS, N2O
emissions from drying regimes (263 mg N2OeN kg1 soil day1)
were several times greater than emissions from wetting
(0.47 mg N2OeN kg1 soil day1) and static moisture regimes (11 mg
N2OeN kg1 soil day1). Under static conditions, soil moisture
content exhibited a positive relationship (P < 0.05) with N2O

emissions, rising from ca. 0.87 mg N2OeN kg1 soil day1 at 40% to
11
mg
N2OeN
kg1
soil
day1
at
80%
and
13 mg N2OeN kg1 soil day1 at 100%.
Similar to N2O ﬂux, the greatest differences in substrate availability and transcript abundance were at 80% WFPS (6 BeH), which
were lower when soil was getting wetter compared to drying and
static regimes. For example, nosZ (4.2 log mRNA transcripts
g soil1), norB (7.1 log mRNA transcripts g soil1), and hao (4.9 log
mRNA transcripts g soil1) transcript abundance were signiﬁcantly
lower in wetting regimes than in static (6.4 log nosZ, 7.9 log norB,
5.6 log hao, transcripts g soil1) or drying (4.9 log nosZ, 7.8 log norB,
5.4 log hao, transcripts g soil1) regimes. Ammonium content was
negligible across regimes and thus was not reported.
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Fig. 3. A) Stacked bar chart showing relative abundance of the dominant phyla and classes in Proteobacteria in samples under static (S40, S60, S80, S100), wetting (W60, W80,
W100), and drying (D40, D60, D80) moisture regimes. B) Bottom panels are stacked bars of relative abundance of a-Proteobacteria and Actinobacteria in the rRNA of triplicate soils
samples. At each moisture level, treatments for the bars from left to right are: Wetting, Static, and Drying.

Compared to other genes, the overall nosZ transcript abundance
was more responsive to changes in soil moisture content direction
and levels compared to other transcripts; nosZ transcripts varied
over 3 orders of magnitude, from 3.7 to 6.4 log mRNA transcripts
g soil1. However, despite this overall responsiveness to changing
soil moisture content, nosZ transcripts (mean ¼ 5.1 SD ¼ 0.30 log
mRNA transcripts g soil1) were less abundant than amoA transcripts (mean ¼ 6.8 SD ¼ 0.08 log mRNA transcripts g soil1) and
similar to hao transcripts (mean ¼ 5.2 SD ¼ 0.09 log mRNA transcripts g soil1).

Direction of soil moisture content change strongly affected the
transcript: N2O ratio (TNR, which we deﬁne as the ﬂux of N2O per
transcript copy of a given functional gene). Speciﬁcally, at lower
moisture levels, nosZ TNR decreased under drying conditions, but
norB TNR increased under wetting and static conditions (Fig. 7).
Under drying conditions (80%e40% WFPS), nosZ TNR decreased
consistently from 3.7  103 (SD ¼ 1.7) to 1.6  106 (SD ¼ 0.15) mg
N2OeN kg1 soil day1/nosZ transcript g1 (Fig. 7A). In contrast,
norB TNR varied less than one order of magnitude during drying
(80%e40% WFPS), changing from 5.2  106 to 0.3  106 mg
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Fig. 4. Changes in abundance of potentially active a-Proteobacteria (A) and Actinobacteria (B) during changes of magnitude and direction of soil moisture content. Open or closed,
black and white symbols represent the mean of three replicates and error bars are obscured by symbols. Diamond and square symbols indicate speciﬁc genera and refer to the right
axis. Speciﬁcally, in A) diamonds refer to abundance of Microvirga and squares to Pseudolabrys while in B) diamonds refer to Coriobacterineae and squares to Rubrobacterineae.

N2OeN kg1 soil day1/norB transcript g1. Under wetting conditions (60%e100% WFPS), nosZ TNR did not vary, whereas norB TNR
increased from 2.7  109 (SD ¼ 1.26) to 1.2  106 (SD ¼ 0.37) mg
N2OeN kg1 soil day1/nosZ transcript g1 soil (Fig. 7B). The two
genes responded differently to static conditions, with norB TNR
increasing with increased WFPS and nosZ TNR having no consistent
response to different levels of soil moisture content under static
moisture conditions. These soil moisture content-dependent
changes in TNR were also linked to changes in available nitrate
(Fig. 7C and D), irrespective of direction or magnitude of soil
moisture content change. We did not perform an orthogonal
regression because there were too few data points between 120
and 60 mg NO3 kg1 soil. Also, we were not able to detect any
ammonium in microcosms and thus nitriﬁer TNR was not
estimated.
As shown in Table 1, under static conditions N2O emissions
correlated positively with the nitriﬁer gene hao (r ¼ 0.90) and
negatively with the denitriﬁer gene norB (r ¼ 0.83). Under wetting conditions, N2O emissions had strong, positive correlations
with the denitriﬁer gene nosZ (r ¼ 0.99) and the gene linked to
ammonia oxidation, amoA (r ¼ 0.76). Under drying conditions,
however, emissions were positively correlated with norB (r ¼ 0.82).
4. Discussion
The importance of previous soil moisture was clearly evident in
the richness and diversity of bacterial communities at different
WFPS. For example, when soil moisture content decreased, lower
WFPS was associated with less richness and greater evenness. In
contrast, under static conditions, lower WFPS was associated with
greater richness and diversity, consistent with Carson et al. (2010),
who found that bacterial richness and diversity increased across
static moisture content in soils that ranged in moisture from 90% to
21% WFPS. In our study as soils shifted from wet to dry, the bacterial
community became more heterogeneous and comprised of fewer
species. Conversely, as soils became wetter, diversity and evenness
markedly increased between 60% and 80% WFPS but substantially
dropped at 100%. Changes in community were connected to
changes in soil resource availability, particularly to changes in
dissolved organic carbon and nitrogen species. We speculate that
these changes are subtly linked to heterogeneity of resource distribution resulting from hysteresis and the “ink bottle” effect
(Gupta and Wang, 2006). Speciﬁcally, surface tension causes pores
with the narrowest diameter to control moisture distribution

during wetting and drying. During wetting, the narrow entries to
macropores slow water inﬁltration, and during drying, they impede
draining, resulting in water retention. Thus, soils that are drying are
likely to have more ﬁlled macropores and more evenly distributed
resources, which accounts for the observed differences in phylogenetic diversity.
The inﬂuence of previous soil moisture had the largest effect on
overall measures of b-diversity as well as a-Proteobacteria and
Actinobacteria, 16S rRNA abundance, N2O ﬂux and transcript
abundance at 80% WFPS. Dimitriu and Grayston (2010) suggested
that moisture regimes have an overriding inﬂuence on microbial
community composition. In our study, as the soil dried through the
80% WFPS transition, a-Proteobacteria gradually decreased and
Actinobacteria gradually increased. Relative abundance of Actinobacteria has also been observed to increase as soils dried at more
extreme moisture levels in grassland (Barnard et al., 2013) and in
forest soils (Swallow and Quideau, 2013).
Similarly, N2O ﬂux was dependent on previous, in addition to,
current soil moisture. This interaction was most pronounced at
80% WFPS. Typically, this is considered the transition to a fully
anaerobic soil. Because soils were sieved, our microcosms had
increased surface area for gas diffusion compared to ﬁeld soils,
and therefore our value of 80% WFPS likely compares to somewhat lower WFPS in the ﬁeld. Despite the intuitively simple link
between gene transcription and activity, i.e. N2O ﬂux, under ﬁeld
conditions, resource availability controls the link between Ncycling communities and N2O emissions more than population or
gene abundance. For example, N2O production from nitrate
reduction is largely controlled by soil properties, not by functional gene abundance (Attard et al., 2011; Banerjee and
Siciliano, 2012) and functional gene abundance is not a suitable tool for describing small changes in nitrate reduction
(Petersen et al., 2012). Here, we provide an explanation for this
discrepancy between our theoretical knowledge of microbial
physiology and observations of what actually occurs in soil. In
this work, changes in NO3  and DOC availability altered the
transcription of key functional genes, which in turn were linked
to N2O emissions. Nemeth et al. (2014) used ﬁeld-based research
on N2O emissions and nosZ to show that transcriptiondnot gene
prevalencedimpacted N2O emissions. Furthermore, this
resource-transcript-effect causal chain differed depending on soil
moisture content and direction of soil moisture change. Likely
because of post-transcription regulation of gene expression, even
our accounting for resource availability as well as both current
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Fig. 5. A) Principal coordinate analysis (PCoA) plot of weighted Unifrac distance matrix
showing patterns of beta diversity in bacterial communities. Points situated closer
together on the plot represent similar communities. B) Canonical analysis of principal
coordinates (CAP) of a BrayeCurtis similarity matrix of OTUs showing clustering of
bacterial communities under three moisture regimes. C) Principal component analysis
of relative abundance of top 15 abundant microbial phyla ordinated against environmental variables.

and previous soil moisture did not always result in at direct
causal link to measured N2O emissions. As noted above, the
largest differences occurred at 80% WFPS. Thus, measurements at
any one particular time point may not be sufﬁcient to discern
effects of particular factors (e.g. soil moisture content) (Placella
et al., 2012) due to a decoupling of induction and posttranscriptional controls that are responding to changing soil
conditions over relatively short periods of time (e.g. hours).
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Stable isotope work has found that ammonia oxidation is linked
to N2O emissions in prairie soils (Bedard-Haughn et al., 2006).
However, in previous work with the same soils, amoA levels were
not correlated with N2O emissions (Ma et al., 2011) contradicting
the stable isotope results. Schmid et al. (2008) suggested that hao
abundance might be a better target for functional analysis because
it can differentiate between anammox and ammonia oxidizing
bacteria. Our works suggests that hao is indeed a better indicator as
it was closely correlated (r ¼ 0.90, P < 0.01) with N2O emissions
under static conditions whereas amoA transcripts were not
(r ¼ 0.49, P > 0.01). Supporting 15N ﬁeld-based studies (BedardHaughn et al., 2006; Ma et al., 2008), the amoA and hao steady
state transcription occurred throughout the incubation and
increased at 100% WFPS. It is possible that while the overall soil
achieved 80% or 100% WFPS, there were still some aerobic microsites where nitriﬁer gene expression was occurring. It should be
noted that nitrogen turnover is particularly rapid in prairie soils
(Bedard-Haughn et al., 2006). The fact that nutrient solution was
also added after each 6-days sampling indicates that the nitriﬁers in
these soils may have high afﬁnity for ammonium, resulting in rapid
immobilization of ammonium and potential nitriﬁcation, which is
common in agricultural soils (Burger and Jackson, 2003).
Our study has certain limitations, which we wish to draw to the
reader's attention. First, our microcosm work consists of sieved soil
with a different soil structure compared to ﬁeld soils. Thus, inferring that 80% WFPS would also be a critical transition point in ﬁeld
soils is imprecise following the disruption of soil structure. Rather,
our study demonstrates that at a discrete WFPS, present and previous soil moistures have a much larger effect on microbes and
activities compared to other WFPS. Future studies will have to
identify this WFPS under ﬁeld conditions. Second, our fertilization,
wetting and incubation regime may have left microsites in the soil
that were not fully inﬂuenced by our treatments. Additionally,
some of the NO3  , DOC and DON may have been lost when suction
was applied to enforce the drying treatment. While we can only
estimate the potential loss, it should not be discounted that these
removals may have affected relevant processes particularly at steps
where one or another of these substrates may have become limiting
during the 6-day period. Thirdly, our decision to integrate N2O
emissions over a six day period to correspond with our destructive
sampling may have glossed over daily ﬂuctuations. Given the time
frame of mRNA degradation and synthesis, this may have affected
our ability to link transcript abundance with N2O production/consumption. Our rationale was that we wished the soil systems to
come to some sort of equilibrium and as is commonly in the case in
soil microbiology, often soils have left for approximately one week
after changing moisture contents. Given our results and those of
Nemeth et al. (2014), future studies should likely focus on more
discrete time periods. Nonetheless, we only assessed the transcript
abundance of bacterial amoA and not archaeal amoA because of our
focus on N2O emissions. Although there is ample evidence of
oceanic N2O emissions by ammonia oxidizing archaea (Loescher
et al., 2012), evidence of soil archaeal N2O emissions is still
growing (Stieglmeier et al., 2014). However, archaeal ammonia
oxidizers are important players in N-cycle in most ecosystems and
their role can indeed be bigger than ammonia oxidizing bacteria in
some environments (Schleper and Nicol, 2010). Further, our nosZ
primers would only amplify gram-negative bacterial denitriﬁers
and will not amplify archaeal and gram-positive denitriﬁers.
Similarly, the nosZ primers will not amplify the non-denitriﬁers
containing nosZ which are now known to be phylogenetically
diverse and inhabit different niches than denitriﬁers (Sanford et al.,
2012; Jones et al., 2013). Denitriﬁers are heterogeneous and widespread, and our primers only ampliﬁed a fraction of denitrifying
bacteria putatively involved in N2O emissions. Moreover, our study
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Fig. 6. Nitrous oxide (N2O) ﬂux, soil nutrient content and transcript abundance as direction and magnitude of soil moisture content changes. Symbols indicate the average of
triplicates, with errors bars indicating standard error.

also did not assess the abundance of methanotrophs, which might
contribute to N2O emissions in some environments (Hanson and
Hanson, 1996). Thus, only a part of microbial communities
contributing to N2O emissions was considered in our study.
This study indicates an apparent dichotomy between microbial
physiology (where we know that organism type, gene transcription
and substrate availability are linked to activity) and soil science
(where we observe that microbial populations or transcript abundances appear disconnected from process rates). Although it is
generally accepted that soil moisture inﬂuences resource availability, which inﬂuences transcription, which inﬂuences activity,
our work shows that this causal chain is not only dependent on
present soil moisture but is highly dependent on previous soil
moisture, particularly at speciﬁc moisture contents (in our microcosms it was 80% WFPS). Thus, ﬁeld investigators attempting to

verify this causal chain typically cannot because normally soil
moisture is only measured at a single time point and rarely
expressed as water ﬁlled pore space. Overall, we show that for
microorganisms, it is not only what soil moisture is, but also what it
was that is important. This legacy effect on soil microbes in ﬁeld
conditions may depend on a number of factors including intensity
and length of the last drought-wetting event, land use type,
aboveground carbon input and microbial community structure and
composition (Evans and Wallenstein, 2012; de Vries et al., 2012).
We speculate that intensity of the previous extreme event probably
plays the most critical role in structuring communities and
selecting stress tolerant groups. Considering the rapid rate of microbial turnover, the historical range of microbial ecosystems is
probably short and as such, it is the most recent extreme event that
leaves the strongest legacy effect.
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Fig. 7. Transcript: N2O ratio dependence on soil moisture direction and magnitude for nosZ (A) and norB (B) and the link to available nitrate in soil (C & D). Symbols indicate the
average of triplicates with errors bars indicating standard error.

Table 1
Pearson correlations between N2O ﬂux and transcript abundance under three
moisture regimes.
Soil Moisture

amoA

hao

norB

nosZ

Wetting (n ¼ 9)
Static (n ¼ 12)
Drying (n ¼ 9)

0.76a
0.49
0.42

0.50
0.90a
0.63

0.44
0.83a
0.82a

0.99a
0.04
0.41

a

Indicates signiﬁcance at 0.01 levels.
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