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Abstract We investigated effects of short- and long-term hy-
drologic fluctuations on denitrification in constructed wetland
basins. N, and N,O emission rates, their ratio and a number of
physicochemical variables were compared between pulsed
(with annual drawdown-flooding cycles) and static (constant-
ly flooded) wetland basins. The abundance and structure of
general and denitrifying bacterial communities were com-
pared based on quantitative PCR and terminal restriction frag-
ment polymorphism analyses of 16S rRNA and nosZ genes,
respectively. These variables significantly differed among
sampling months, but not between the two long-term hydro-
logic treatments. The same set of variables were measured and
compared among samples from different sites of one pulsed
basin. The single basin experiment revealed temporal shifts in
measured variables, which coincided with short-term hydro-
logical changes. Bank sites, which had larger changes in abi-
otic conditions, showed greater variability in denitrifying ac-
tivities than basin sites. Significant difference in N, and N,O
emission rates, 16S rRNA and nosZ gene abundance and
structural composition was also identified between basin and
bank sites. Our results suggest that activity and community
structure of denitrifying bacteria in wetland soils are insensi-
tive to moderate hydrology change, but can be significantly
impacted by large hydrological fluctuation at both short-term
and long-term scales.

< Laura Leff
lleff@kent.edu

<1 Xiaozhen Mou
xmou@kent.edu

! Department of Biological Sciences, Kent State University,

Kent, OH 44240, USA

Keywords Denitrification - Wetlands - Hydrology - T-RFLP -
gPCR

Introduction

Wetland soils are important sites for denitrification, the step-
wise reduction of nitrate (NO5 ) to nitrous oxide (N,O) and
dinitrogen (N,) gases (Tiedje et al. 1989). N, is largely inert in
the atmosphere, while N,O has a negative environmental im-
pact and a global warming potential about 310 times that of
CO, (IPCC 2007). Therefore, the amount of N,O relative to
N, released during denitrification is environmentally impor-
tant. Denitrification is carried out by diverse microbial taxa
and their activity in situ is regulated by complex mechanisms,
including the taxonomic structure and the presence and ex-
pression level of functional genes of the denitrifier community
as well as environmental conditions (Wallenstein et al. 2006).
Denitrifiers carry an assembly of genes encoding reduction of
nitrate (nar), nitrite (nir), nitric oxide (nor) and N,O (nos)
(Zumft 1997; Philippot et al. 2007). While some denitrifiers
have a complete set of reductase genes and produce N, as the
final product, others lack nos genes and terminate denitrifica-
tion with production of N,O (Zumft 1997). The distribution of
denitrifying genes is not specific to certain taxa, and many
denitrifying enzymes are functionally redundant (Philippot
et al. 2007). Consequently, composition of the denitrifying
community may (Cavigelli and Robertson 2000 and 2001;
Wittebolle et al. 2009; Peralta et al. 2010) or may not be
correlated with the overall denitrification rate and/or N,O:N,
ratio (tN,O) (Rich and Myrold 2004; Song et al. 2010; Salles
etal. 2012).

A variety of environmental conditions influence denitrifi-
cation, including soil moisture, temperature, aeration (oxy-
gen), pH and availability of nitrate/nitrite and organic carbon
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(Wallenstein et al. 2006; Pinay et al. 2007; Braker et al. 2010;
Bowles et al. 2012). In freshwater wetlands, these parameters
vary with hydrologic fluctuations. “Wet-dry’ cycles may en-
hance relative emission of N,O (Priemé and Christensen
2001), likely due to shifts of redox conditions in soils
(Martikainen et al. 1993; Hernandez and Mitsch 2007,
Mitsch and Gosselink 2007), which may replenish substrates
(nitrate and organic carbon) for denitrification (Sahrawat
2003; Venterink et al. 2002; Reddy and DeLaune 2004). At
the cellular level, this is attributed to decreased abundance
and/or expression of nitrous oxide reductase (nos) genes,
which mediate use of N,O to produce N, (Korner and Zumft
1989).

When the wet-dry hydrology regime is long-term (years),
variation in denitrification rate and product appear to be cor-
related with succession in the denitrifying community (Stres
et al. 2008; Kjellin et al. 2007; Bougon et al. 2009; Peralta
et al. 2010). Whereas, when the hydrological change is short-
term (days to weeks, such as a flood-pulse), the interconnec-
tion between functional rate and community structure is un-
clear (Kim et al. 2010; Song et al. 2010). No studies have
simultaneously investigated both short-term and long-term ef-
fects of hydrology on denitrification and denitrifier communi-
ties. Moreover, many studies on denitrification rely on an
enzyme activity assay to estimate denitrification rate, a proce-
dure that destroys the 3-dimensional soil structure and causes
a deviation from in situ rates (Tiedje et al. 1989).

In this study, we used constructed freshwater wetlands with
adjustable water inflow and outflow to examine effects of both
short-term flood-pulsing and long-term hydrologic regimes on
denitrification, the rN,O, and bacterial and denitrifier commu-
nity structure. We measured N,O and N, production using an
in situ chamber method that preserves soil microsites, and
used terminal restriction fragment length polymorphism (T-
RFLP) analysis of 16S rDNA and nitrous oxide reductase
gene (nosZ) to track changes in bacterial and denitrifier com-
munity composition. We hypothesized that short-term
flood-pulsing would increase the overall denitrification
rate and relative N,O production in wetland soils with
no corresponding change in functional gene or taxonom-
ic composition of the denitrifier community, but that
soils differing in long-term hydrologic regimes would
harbor different denitrifier communities and differ in
denitrification rate and N,O production.

Methods
Study Site and Experimental Set Up
This study was conducted at Kent State University’s Herrick

Aquatic Ecology Research Facility (HAERF) in Kent, OH.
The facility consists of 10 constructed wetland basins that
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are surrounded by hardwood trees (such as Populus deltoids
and Quercus palustris), shrubs and herbaceous plants (such as
Viburnum recognitum and Cornus amomum). The banks of
the wetland basins are covered by facultative wetland plant
species such as Cyperus esculents, Elymus riparius and
Eupatorium perfoliatum, while the bottoms of the basins are
vegetated by obligate wetland plant species, such as Carex
crinite, Eleocharis palustris and Pontederia cordata
(Drinkard et al. 2011). Each wetland basin is approximately
10 m (wide) x 20 m (long) x 2 m (deep). All basins receive
water inflow from the Allerton Creek, a second order peren-
nial creek with a 1-3 cm wide and 10 cm deep water channel
during base flow and approximately 1 km” water shed. The
water depth of each basin is controlled independently by in-
flow and outflow flashboard risers (Fig. 1; Barlett and Leff
2010). Starting in 2009, five out of the ten basins, i.e., Basins
1,3, 6,7 and 10, have undergone a drawdown and re-flooding
treatment once or twice during each summer/fall. These wet-
dry cycled basins are referred as pulsed basins; they become
visibly dry over the course of the 2-3 week drawdown and
then, when the flashboards are returned, they refill from the
Allerton Creek. In comparison, the other five basins, i.c.,
Basins 2, 4, 5, 8 and 9, have been permanently flooded with-
out drawdown events and are referred as static basins.

In 2011, a multiple basin experiment was performed and
samples were taken from central basin locations in all 10 ba-
sins when pulsed basins were at flooded conditions. The five
static basins (Basins 2, 4, 5, 8 and 9) were flooded yearlong in
2011 (as has been the case since 2009). In contrast, five pulsed
basins (Basins 1, 3, 6, 7 and 10) lacked standing water in early
August 2011 for three weeks and then were re-flooded to a
water depth of ~55 cm in late August 2011. Samples were
collected in July, August and November 2011 under flooded
conditions.

In 2012, the pulsed basin (Basin 6) that showed the largest
variability in tN,O in 2011 samples was chosen to examine
within basin denitrification variability due to short term hy-
drology change. In June—October 2012, Basin 6 was drained
twice, once in July and once in September, each for 2 weeks
before reflooding. In June, August and October 2012, Basin 6
was flooded to water depth ranged between 55 and 65 cm.
Samples were taken along a cross basin transect on the high-
bank (2 sites, 1.5 m-above the bottom of the basin, never
submerged), low-bank (2 sites, 50 cm above the bottom of
the basin, submerged only during flooded condition) and
within the basin (7 sites, 3 m apart on the transect, submerged
except during the drawdown condition) at both flooded and
drawdown conditions (Fig. 1b).

Gas Sample Collection and Analysis

In situ N,O flux and denitrification rates were measured using
a chamber method modified from several sources (Tiedje et al.
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Fig. 1 Schematic diagrams of A
constructed wetlands in HAERF

facility. a An overhead view
shows location of pulsed basins
(light gray) that have received
wet-dry cycles and static (dark
gray) basins, which were perma-
nently flooded during the study b
A cross section view shows
placement of gas collection
chambers in relation to wetland
hydrology and topography
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1989; Choudhary et al. 2002; Dhondt et al. 2004; Hernandez
and Mitsch 2006). Briefly, air-tight gas collection chambers
were made from PVC pipes with one end fitted with a
threaded adapter at the top and the other end driven down at
least 10 cm into the soil. The headspace height of each cham-
ber was <50 cm. Variation in chamber water depth and head-
space height was accounted for in the N,O concentration cal-
culation (Knowles 1979).

Each sampling location had 6 chambers. At the time of gas
sampling, three chambers were treated with 10% v/v acetylene
to block the final step in denitrification (Tiedje et al. 1989;
Malone et al. 1998). Afterwards, headspace samples were
taken immediately, and then at 24-h intervals for a total of
4 days. The other three chambers were used to capture N,O
directly from the headspace. The headspace gas was mixed
before sampling by exchanging a 30 ml syringe for ten times,
and then 10 ml of headspace was taken from the chamber and
injected into a 5 ml serum vial. N,O in gas samples were
analyzed with a Shimadzu GC-2014 gas chromatograph
(Columbia, MD) with Ni® electron capture detector.

{control |

2011 all basins (3 sites)
1

flashboard risers

Water Chemistry

For flooded basins, water temperature, pH, conductivity, dis-
solved oxygen, and redox potential were measured in situ
following gas headspace sampling at 2 cm above the soil
using a Hach HQD-40 portable field meter and probes
(Ames, TA). Water samples were collected in acid-washed
polypropylene bottles, transported to the laboratory on ice
for chemical analyses.

Whole water samples were analyzed for total organic car-
bon (TOC) and total nitrogen (TN) using a TOC5000 analyzer
(Shimadzu, Columbia, MD). The same analysis was per-
formed for filtered water samples (0.45 pum nitrocellulose
membranes; Millipore, Billerica, MA) to determine dissolved
organic carbon (DOC) and dissolved nitrogen (DN). Filtered
water samples were also analyzed for soluble reactive phos-
phorus (SRP) and nitrate plus nitrite (NOy) using a LachAT
Quikchem 800 FLA+ system (LachAT Instruments, Hach
Company, Loveland, CO) and for ammonium (NH,4*) using
the OPA method (Holmes et al. 1999). Concentrations of total
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phosphorus (TP) were measured from whole water samples
following the EPA method 365.3 (water.epa.gov).

For chlorophyll @ analysis, whole water samples were fil-
tered through glass microfiber, GF/F filters (GE Whatman,
Pittsburgh, PA). The resulting GF/F Filters were extracted
overnight with 90% acetone/1% MgCl, and measured on a
Trilogy Fluorometer (Turner Designs, Sunnyvale, CA).

Soil Chemistry

After gas sample collection, samples were taken from the top
10 cm of soil inside each chamber. Each soil sample was
homogenized by stirring with a sterile spatula in a sterile bea-
ker for 10 min. Afterwards, then half of the homogenized
sample was stored in a sterile whirl-pak bag (Nasco, Fort
Atkinson, WI) and stored at —20 C before molecular analysis.
The other half of the sample was transferred into an acid-
washed polypropylene bottle and shaken with 1 M KCI for 3
times over the course of 24 h to extract exchangeable ions
(Robertson et al. 1999). The resulting soil slurry for each
sample was filtered through 0.45 um nitrocellulose mem-
branes and analyzed for soil NOy (i.e., NO,,) as described
above.

To determine soil percent moisture (MOI%) and ash free
dry mass, homogenized subsamples were weighed and dried
overnight at 60 °C to determine moisture content and then
combusted for 4 h at 500 °C to determine organic content
(Santmire and Leff 2007).

Soil pore water was extracted by centrifugation at 4000 g
for 30 min. The supernatant was filtered through 0.45 pum
nitrocellulose membranes, acidified with HCI to pH < 2, and
stored at 4 °C in the dark before nutrient analysis (i.e., DOC,,,
and NOyp,,. The remaining soil sample was stored at =20 °C
before subsequent DNA extractions.

Molecular Analyses

Frozen soil samples in Whirl-pak bags were thawed at 4 °C
and DNAs were extracted from 0.25 g wet soil using a
Powersoil DNA Extraction Kit (MoBio, Carlsbad, CA) fol-
lowing the manufacturer’s instructions. PCR of 16S rRNA
and the nosZ genes for terminal restriction fragment length
polymorphism (T-RFLP) analysis was carried out using 16S
rRNA gene primers 1392-R and an equimolar mixture of Eub-
338F-0-11I and Eub-338F-I-II (Blackwood et al. 2005), and
nosZ gene primers nosZ1F-1184/nos-R-1880 (Rich et al.
2003), respectively. Forward primers for each gene were la-
beled with 6-carboxyfluoroscein (FAM). PCR reactions
consisted of template DNA, 0.2 uM of each primer, and
PCR master mix (Promega, Madison, WI). PCR was per-
formed with the following thermal profile: 95 °C for 3 min,
followed by 30 cycles of 95 °C for 30 s, 58 °C for 1 min, and
72 °C for 1 min, then a final extension at 72 °C for 5 min. For
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each sample, three individual PCR reactions (25 puL) were
performed; then amplicons were pooled and checked for
bands of the correct size on 1% agarose gels by electrophore-
sis. Verified amplicons were excised from the gel and purified
using an UltraClean GelSpin DNA Purification Kit (MoBio,
Carlsbad, CA). Purified PCR amplicons were digested with
Haelll (New England Biolabs, Ipswich, MA) for 4 h at 37 °C.
Digested PCR amplicons were cleaned by ethanol/glycogen
precipitation and analyzed with a 3730 DNA Analyzer
(Applied Biosystems, Foster City, CA) in the Plant Microbe
Genetics Facility at Ohio State University. T-RFLP data were
standardized based on the relative peak area of each terminal
restriction fragment (T-RF), which was used to estimate the
relative abundance of bacterial species associated with that T-
RF peak. T-RFs with <2% relative peak areas were excluded
from the analysis (Mou et al. 2005). The number of T-RF was
used to estimate the richness of bacterial taxa.

Quantitative PCR (qPCR) of the 16S rRNA, and nosZ
genes was carried out using an Mx3005P thermocycler
(Stratagene, La Jolla, CA). qPCR reactions consisted of
DNA template, 0.5 uM forward and reverse primers, and
Brilliant IIT UltraFast QPCR Master Mix with SYBR Green
(Agilent Technologies, Santa Clara, CA). Primer pairs used
for qPCR of 16S rDNA and nosZ genes were Eub338-F/
Eub518-R, and nosZ1F/nosZ1R, respectively (Fierer et al.
2005 and Henry et al. 2006). For 16S rDNA, qPCR conditions
were 95 °C for 5 min, followed by 40 cycles of 94 °C for 30s,
57 °C for 1 min, and 72 °C for 30 s with data acquisition. A
dissociation curve followed amplification, starting at 55 °C
and increasing 1 °C per cycle for 40 cycles (Fierer et al.
2005). For nosZ, the qPCR program was an initial denatur-
ation at 95 °C for 15 min, 40 cycles 0f 94 °C for 30 s, 62 °C for
30 s, 72 °C for 30 s, 80 °C for 30 s (data acquisition step),
followed by a dissociation curve identical to that of the 16S
rDNA program (Henry et al. 2006). Standard curves for gPCR
assays were generated using genomic DNA of Pseudomonas
aeruginosa PAO1. Template DNA was quantified using
Quant-iT PicoGreen (Invitrogen, Carlsbad, CA).

Statistical Analysis

All statistical analyses were performed using R software (ver-
sion 2.15.2) with the nlme (Pinheiro et al. 2013), relaimpo
(Groemping and Lehrkamp 2013) or vegan (Oksanen 2013)
package, unless otherwise specified. Specifically, compari-
sons of physicochemical parameters and gas fluxes between
pulsed and static basins were analyzed by two-way t-tests.
Correlations between gas flux and environmental data were
analyzed using Pearson product-moment correlation analysis.
Comparisons between sampling dates and sampling locations
were analyzed with repeated measures analysis of variance
(ANOVA). Comparisons among samples based on environ-
mental parameters were performed using principle
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components analysis (PCA). Abiotic data were natural
logarithm-transformed and all T-RFLP data were square-root
transformed.

Analyses of bacterial community structure data (T-RFLP)
were performed using the Primer v5 (Plymouth Marine
Laboratory, Plymouth, United Kingdom). Nonmetric multidi-
mensional scaling analysis (NMDS) and analysis of similarity
(ANOSIM) were done to examine similarity/differences
among samples. ANOSIM index R,,osim Was reported on a
scale of 0 to 1. Sample groups were reported as either well
separated (R,nosim > 0.75, P < 0.05), clearly different but over-
lapping (0.5 < Rposim < 0.75, P < 0.05), separated but strongly
overlapping (0.25 < Rynosim < 0.5), or not separable
(Ranosim < 0.25) (Clarke and Warwick 2001). BIO-ENV anal-
ysis was done to identify the most influential abiotic variables
to bacterial structure (Clarke and Warwick 2001).

Results
Multiple Basin Experiment
Physical Chemical Measurements

Principal component analysis (PCA) based on measured
physical-chemical variables did not group samples based on
basin type (hydrology). PCA ordinated samples along PCA1
(40.3% of variance) and PCA2 (25.3% variance) gradients
into three clusters based on sampling time (Fig. 2). Cluster 1
consisted Nov-2011 samples from all 10 (both pulsed and

= July-2011
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A DO == Nov-2011
O Pulsed
O Static
S
9
g Cluster 1
N
]
S <
o
S
o
w0
Q| Chl
Cluster 3
T T T T T
-1.5 -1.0 -0.5 0.0 0.5 1.0
PC1 (40.3%)

Fig. 2 PCA analysis of environmental variables measured in samples
taken from all pulsed and static basins for 2011 multiple basin
experiment grouped samples into three clusters according to sampling
months

static) basins and had lowest values of T (9.6 °C in average),
water conductivity (Cond; 233.8 mg/L), Chlorophyll (Chl a;
4.7 ug/L) and of organic matter (OM%; 1.3%) among sam-
ples (ANOVA, P < 0.05). The second cluster on the PCA plot
consisted of Aug-2011 samples from the pulsed basins only;
they had highest concentrations of DO (4.7 mg/L), ammoni-
um (NH,4*; 113.1 pg/L) and total nitrogen (TN; 3.1 mg/L) in
water (ANOVA, P < 0.05). Jul-2011 samples of both pulsed
and static basins and Aug-2011 samples of the static basins
were intermingled with each other and formed the third cluster
on the PCA plot. Cluster 3 samples generally had significantly
lower water DO (<0.5 mg/L) and higher amount of OM % (>
3%) than other samples (ANOVA, P < 0.05).

ANOSIM analysis yielded consistent results with PCA or-
dination and showed that samples were statistically not sepa-
rable based on basin hydrology differences (pulsed vs. static;
Ranosim = 0.17). In terms of temporal variability, Nov-2011
samples were different from the other two months
(Ranosim = 0.64); and July- and Aug-2011 samples were sim-
ilar (Ranosim = 0.25). Differences between pulsed and static
basin treatments were only identified within Aug-2011 sam-
ples (Ranosim = 1), but not within either July-2011 or Nov-2011
samples (Raposim < 0.20).

Bacterial Community Structure

Abundance of the overall bacterial community and denitrifiers
were estimated by quantifying 16S rRNA and nosZ genes
using qPCR (Fig. 3a). The numbers of 16S rRNA and nosZ
genes were significantly correlated and co-varied temporally
(Pearson correlation, » = 0.90; P < 0.05). Both genes generally
had higher copy numbers in Aug-2011 than the other months
(repeated measures ANOVA, P < 0.05). No difference of 16S
rRNA and nosZ genes was found between samples of the
pulsed and static basins in any given months or overall.

Community structure of the overall bacterial community
and denitrifiers were examined based on terminal restriction
fragment (T-RF) patterns of 16S rRNA and nosZ genes, re-
spectively. NMDS analysis revealed that T-RF patterns of 16S
rRNA genes were significantly different among months
(Fig. 4a). ANOSIM analysis confirmed the statistical signifi-
cance of observed temporal variations (Rnosim = 0.88).
However, no significant differences were observed based on
either NMDS or ANOSIM between pulsed and static basins
overall or within a given month (R,osim < 0.03). For nosZ
genes T-RF patterns (Fig. 4b), NMDS and ANOSIM identi-
fied no significant difference based on either sampling time or
basin hydrology (pulsed vs. static) (Ranosim < 0.2).

BIO-ENV analysis revealed that T and OM % together ex-
plained 71% variation of 16S rRNA gene T-RF patterns
among samples. Each of these environmental variables alone
could explain 55.1% and 62.5% of 16S rRNA gene T-RF
variability, respectively. In contrast, environmental variables
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Fig.3 Copy numbers of nosZ and 16S rRNA genes (a) between samples
of pulsed and static basins collected for the multiple basin experiment in
2011, and (b) among samples of high bank, low bank and basin sites in a
pulsed basin (Basin 6) collected for the single basin experiment in 2012

showed little correlation with nosZ gene T-RF patterns; a com-
bination of T, Cond and DOC only explained <30% variation
in nosZ gene T-RF variability.

Denitrification Rate and their Correlation with Biotic
and Abiotic Variables

The emission rates of N,O (0-5 ug/mz/h) and N, (0-5.8 ug/
m?/h) were significantly correlated with each other (Pearson
correlation » = 0.9, P < 0.05; Fig. 5a); and both showed no
significant difference between pulsed and static basins in any
given month or overall across sampling months (t-tests,
P > 0.05). For both pulsed and static basins, N,O and N,
emission rates showed no significant temporal changes (re-
peated measures ANOVA, P > 0.05). N,O emission rates
showed no significant correlation with either 16S rRNA
(Pearson correlation » = 0.13, P > 0.05) or nosZ genes abun-
dances (r = 0.40, P > 0.05). On the other hand, N, emission
rates showed no significant correlation with the abun-
dance of 16S rRNA genes, but were significantly corre-
lated with the abundance of nosZ genes (Pearson corre-
lation » = 0.58, P < 0.05).
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Fig. 4 NMDS analyses of T-RF patterns of (a) 16S rRNA genes and (b)
nosZ genes in samples of pulsed and static basins collected for multiple
basin experiment in 2011

Ratios between N>,O and N, emission rates (rN,O), which
reflect partitions between the two potential end points of de-
nitrification, did not differ significantly between static and
pulsed basins or among sampling months (repeated measures
ANOVA, P > 0.05; Fig. 5a). In Aug-2011 pulsed basins and
Nov-2011 static basins, both N,O and N, emission rates
reached the highest, 1N,O were the highest (t test, P < 0.05).
rN>O had no significant correlation with any measured envi-
ronmental variables.

Single Basin Experiment
Physicochemical Measurements

During the single basin experiment, measurements of all 16
water and soil chemistry variables were done only at the three
central basin sites where standing water was present (Fig. 1b).
Significant temporal variations were only identified for NO,,
NH,4* and DO concentrations, all of which had highest values
in Oct-2012 and lowest values in Aug-2012 (ANOVA,
P < 0.05).

Concentrations of MOI,%, OM % and NO,, in soil sam-
ples were measured over time for all 11 sites including 7 basin,
2 low-bank and 2 high-bank sites. PCA analysis of these data
also revealed groupings of samples generally based on month
(Fig. 6), except Sept-2012 samples, which were spread among
Jul- and Aug-2012 samples. ANOSIM analysis yielded
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Fig. 6 PCA biplot of sediment variables measured in all sampling sites,
including high bank, low bank and basin sites, in Basin 6 for the single
basin experiment in 2012

consistent result and had R,,osim Value of 0.59 for overall
separation based on month. Neither PCA nor ANOSIM
(Ranosim < 0.2) identified sample separation based on sampling
location (basin, low-bank and high-bank) or hydrology
(flooded vs. drawdown). Moreover, although high-bank and
low-bank samples were indistinguishable (Runosim = 0.05),
they both were apart from the basin samples (R,posim = 0.62
and 0.56, respectively).

Bacterial Community Structure

Abundances of 16S rRNA and nosZ gene copies were signif-
icantly correlated with each other (Pearson correlation = 0.9,
P < 0.05; Fig. 3b) and both varied significantly among sam-
pling months (one-way ANOVA, P < 0.05). 16S rRNA and
nosZ gene abundances were higher in Sep- and Oct-2012 than
earlier sampling months in 2012 (one-way ANOVA,
P < 0.05). At each sampling time, abundances of neither
16S rRNA or nosZ gene showed significant difference among
the sampling locations (basin, low bank and high bank) or
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between the hydrological (drawdown and flooded) conditions
(one-way ANOVA, P > 0.05).

NMDS analysis of general bacterial community16S rDNA
T-RFLP data generally grouped samples in the basin together
and away from bank samples (Fig. 7a). Subsequent ANOSIM
analysis yielded a R,,osim Of 0.51 between basin and bank
sites, which confirmed the statistical significance of the
NMDS ordination pattern. BIO-ENV analysis revealed that
changes of MOIL;% alone best explained the variance of the
overall bacterial community structure (Ryjoeny = 0.44).
Temporal difference in 16S rDNA T-RFLP patterns was not
identified based on either NMDS or ANOSIM.

NMDS analysis of denitrifying bacterial community nosZ
gene T-RFLP data (Fig. 7b), also generally grouped basin
samples away from bank samples, as for 16S rRNA genes.
However, the extent of overlap was lower than that of the 16S
rRNA gene T-RFLP patterns. This was consistent with a
higher R,,0sim value (0.77) for ANOSIM analysis of nosZ
gene T-RFLP data. Similar to the findings of 16S rRNA genes,

neither PCA nor ANOSIM analysis identified significant dif-
ference among nosZ gene T-RFLP data of different months or
between drawdown and flooded conditions. BIO-ENV analy-
sis revealed that changes of MOI % explained 45.7% of the
variance of the nosZ gene-carrying denitrifying community
structure, while NO,, explained 25.9% of the variance.

Denitrification Rate and their Correlation with Biotic
and Abiotic Variables

N, and N,O emission rates were significantly correlated with
each other (Pearson correlation » = 0.97; P < 0.05; Fig. 5b).
The highest N, (2552 ug N/m?/h) and N,O emission rates
(1127 ug N/m*/h) co-occurred in Aug-2012 (flooded condi-
tion), which were over 200 and 50 times higher than their
lowest rates that were observed in Oct-2012 (flooded condi-
tion), respectively (one-way ANOVA, P < 0.05). N, and N,O
emission rates in the two drawdown months, i.e., Jul- and Sep-
2012, were similar and averaged 257 and 157 pg N/m*h for

Fig. 7 NMDS analyses of T-RF Stress: 0.16
patterns of (a) 16S rRNA genes A 16S rDNA
and (b) nosZ genes in all sampling _
sites, including high bank, low s
bank and basin sites, in Basin 6 -
for the single-basin experiment in (\
2012. Dotted circles show the \Y4
position of basin samples §7\
Lv
F 3
1 Jun-2012
1 Jul-2012
Em Aug-2012 A high bank A
m7! Sep-2012 'V low bank
El Oct-2012 [ basin
B nosz gene v Stress: 0.16
A
A
A
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the basin sites, respectively (t test; P > 0.05). Within month,
basin sites generally had significantly higher N, and N,O
emission rates than high and low bank sites (ANOVA,
P <0.05). Both N, and N,O emission rates were significantly
correlated with a number of variables (Pearson correlation
r > 0.70, P < 0.05). They were correlated positively with
DOC, TP, TN, Chl, T, DO, pH, NO,, and rNosZ and nega-
tively with NO,, NH,*, TN, DO, and abundance of 16S TRNA
genes. The variability of N, and N,O emission rates was
higher for the high and low bank sites than the basin sites.

rN,O was negatively correlated with N,O emission rates
(Pearson correlation » = —0.67; P < 0.05). The correlations
between rN,O and environmental variables was opposite of
those of N, and N,O emission rate for NO,, NH,*, TN, DO,
Chl a, T, DO, pH and NO,s. In contrast to N, and N,O emis-
sion rates, rN,O were not significantly correlated with either
the abundance of 16S rRNA or nosZ genes. In addition, rN,O
was significantly correlated with DOC,,,,. Similar to the find-
ings of the N gas emission rates, the variability of rN,O is
higher for the bank sites than the basin sites.

Discussion

Effects of hydrological changes on composition and function of
denitrifying communities depends on the type and duration of the
hydrological regime (Bougon et al. 2009; Kim et al. 2010;
Peralta et al. 2010; Song et al. 2010). We hypothesized that
denitrifying community composition would be influenced pri-
marily by differences in long-term hydrological conditions rather
than by short-term changes, while denitrification activity would
be influenced by short-term hydrological changes. Yet, results of
our multiple basin experiment did not support the hypothesis. We
found no significant difference in abundance or community com-
position of 16S rRNA and nosZ genes between static and pulsed
basins. This suggests that long-term hydrology had little impact
on overall or denitrifying bacterial communities in the experi-
mental wetlands examined. Seasonal changes in both of abun-
dance and composition of 16S rRNA genes largely followed
changes in temperature and OM%, in accordance with effects
of temperature and organic substrate supply on bacterial commu-
nity structure that has been described previously (Zogg et al.
1997; Eiler et al. 2003). Meanwhile, no significant change of
nosZ gene diversity was observed among sampling time, al-
though the nosZ gene abundance did vary temporally. The ob-
served contrasting patterns between 16S rRNA and nosZ genes
are in accordance with previous findings that the diversity of 16S
rRNA genes may be much higher than that of the nosZ genes
within denitrifying bacterial communities and that nosZ genes of
similar sequence identities can be carried out by taxonomically
different bacteria (Mounier et al. 2004; Wallenstein et al. 2006;
Mao et al. 2011). The absence of structural shifts in nosZ genes
could also be due to the limitation of T-RFLP, which resolution

may be insufficient to detect small changes in nosZ gene se-
quences. High-throughput deep sequencing of nosZ genes may
potentially overcome this resolution limitation. However, in a
recent study that simultaneously performed T-RFLP and high-
throughput pyrosequencing of nosZ genes (20,000 in total,
16002951 per sample of nosZ gene sequences), T-RFLP well
captured community shifts of nosZ genes due to changes of soil
properties, generating consistent results as revealed by high-
throughput pyrosequencing (Mao et al. 2011).

While the multiple basin experiment examined differences
between static and pulsed basins, the single basin experiment
examined a different type of hydrology difference: between bank
and basin sites in a single pulsed basin. Unlike the results of the
multiple basin experiments, results of single basin experiments
supported our hypothesis. The different results between the sin-
gle and multiple basin experiments and between bank and basin
sites are likely because differences in hydrology among bank and
basin samples in the single basin experiment were greater than
between pulsed and static basins in the multiple basin experi-
ment. Despite semiannual draw downs in pulsed basins, soils
in pulsed and static basins were similar with respect to moisture
content, both are saturated throughout most of the year, and both
displayed color and appearance characteristic of hydric soils,
such as gleying, mottling and oxidized root zones. High-bank
and low-bank samples, on the other hand, had lower percent
moisture than basin samples, are not saturated most of the year,
and displayed lighter and redder colors more characteristic of
upland soils, especially the high bank samples. The single basin
study also found that community composition of denitrifying
bacteria was more sensitive to differences in long-term hydrology
than the general bacterial community (Fig. 7).

The single basin study again showed temporal variation in
abundance of nosZ genes, but not their composition. This sug-
gests that difference of N, and N,O emission rates and their ratio
(rN,O) among sampling months is likely due to changes in
abundance or growth rate of denitrifiers rather than community
structure change. This finding contrasts with a previous study
(Cavigelli and Robertson 2000), which found that differences
in denitrifier community structure were the only explanation for
differences in rN,O between two different soils. However, the
above study defined differences in community composition
using functional measures that would include both bacterial
and fungal denitrifiers. Fungal denitrifiers make large contribu-
tions to soil denitrification, and have been shown to be the dom-
inant denitrifiers in certain environments (Seo and DeLaune
2010; Long et al. 2013). In addition, fungal denitrifiers make
large contributions to N,O emissions because they often lack
the nosZ gene (Shoun et al. 1992). Since our analysis of
denitrifying communities was based on the nosZ gene, the rela-
tive importance of fungi in denitrifying activities was not
assessed. However, the multiple and single basin experiments
did reveal a significant correlation between N, emission and
the absolute and relative abundance of nosZ gene, respectively,
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suggesting that bacterial community played an important role in
N, production in tested wetlands.

The single basin studies also identified significant variation in
N, and N,O emission rates and lower rN,O when the basin
conditions changed between flooded and drawn-down months;
similar results have been observed previously by Song et al.
(2010). However, this short-term effect was not accompanied
by any significant change in nosZ gene abundance or community
structure. In addition, N, and N>O emission rates and rN,O were
significantly correlated with a number of water and soil variables,
which had significant seasonal variations. Moreover, although
MOI% was found to track changes of denitrifying bacterial
communities, it was not correlated with nitrogen gas emission
rates. Therefore, observed short-term changes in gas emissions
and rN,O between drawdown and flooded conditions in the
single basin study were likely regulated by temporal changes
rather than hydrological properties.

Denitrification rates observed in our study were within the
range of published studies (Song et al. 2010); the values
showed large variations within and among basins, and be-
tween sampling dates. This variation is a well-documented
problem in denitrification research and is thought to be due
to a number of spatially and temporally heterogeneous factors
that regulate denitrification (Groffman 2012). We observed no
difference in denitrification rates based on hydrology in the
multiple basin experiment. If samples were also collected dur-
ing the drawdown months and sample numbers were larger,
there may have been clearer differences in denitrification rates
based on hydrology, as seen in the single basin experiment.

In conclusion, we have found that large differences in long-
term hydrologic conditions may structure denitrifying com-
munity composition and activities in nitrogen gas production
and partitioning of gas production routes between N, and
N,O. In contrast, static and pulsed basins, which had moderate
hydrological differences, did not differ presumably because of
similarities in soil properties and other environmental condi-
tions. Short-term hydrologic changes did correlate with shifts
in denitrification rates, and not surprisingly, higher denitrifi-
cation rates were associated with samples of higher tempera-
ture, soil percent moisture and nutrient supply.
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