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Abstract

Aims The invasion of Spartina alterniflora has a signif-
icant influence on soil biogeochemistry cycling in coast-
al wetlands. However, the roles of the S. alterniflora
invasion chronosequence in regulating soil dissimilatory
NO; reduction processes (denitrification (DNF), anaer-
obic ammonium oxidation (ANA) and dissimilatory
nitrate reduction to ammonium (DNRA)) remains un-
clear. The objective of this study was therefore to reveal
the effects of S. alterniflora invasion on the soil NO3
reduction processes and associated gene abundance.
Methods We investigated plant biomass, soil properties,
NO;  reduction processes and associated gene abun-
dance of NO;3; reduction pathways following
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S. alterniflora invasion chronosequences of 6, 10, and
14 years compared to Cyperus malaccensis in a coastal
wetland of southeastern China.

Results The S. alterniflora invasion generally increased
plant biomass, soil water content, available substrates,
nirS, anammox bacterial 16S rRNA and nrfA gene
abundance, but it decreased soil bulk density.
Soil DNF, ANA and DNRA rates in stands of
S. alterniflora ranged from 1.52 to 17.58, 0.31 to 1.27
and 0.14 to 2.01 nmol N g' h™", respectively, which
were generally higher than the values in stands of
C. malaccensis. The soil NO;  reduction rates generally
increased with the increasing chronosequence of inva-
sion by S. alterniflora, while the changes in DNF and
ANA rates were less pronounced than changes in
DNRA. DNF was the dominant pathway (70.00—
92.41%), and the ANA and DNRA contributed 2.49—
15.27% and 5.10-20.75% to the total NO5; reduction,
respectively. The contributions of DNF and ANA to the
total NO3 ™ reduction decreased slightly, while the con-
tribution of DNRA increased remarkably after
S. alterniflora invasion. Soil NO; reduction processes
were influenced by available substrates and associated
microbial activities. It is estimated that an N loss of
approximately 520.97 ¢ N-m * yr. ' in C. malaccensis
and 794.46 ¢ N m 2 yr. ' in S. alterniflora were linked
to both DNF and ANA processes.

Conclusions The S. alterniflora invasion altered soil
NO; reduction processes by increasing soil microbial
activities and available substrates and thus may further
mediate the soil N availability in the coastal wetlands.
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Introduction

Over the past several decades, a large amount of reactive
nitrogen (N) derived from industrial and agricultural
activities has been transported into coastal wetland eco-
systems through rivers, groundwater runoff and atmo-
spheric deposition (Canfield et al. 2010; Smith et al.
2015). Tidal marsh wetlands, as a prominent intermedi-
ate zone between land and sea, play an important role in
N biogeochemistry cycling (Stottmeister et al. 2003;
Cao et al. 2016). Therefore, microbial transformations
of NO;  and associated environmental implications
have drawn much attention toward coastal wetlands
(Bernard et al. 2015; Cao et al. 2016; Zheng et al.
2016a). Soil N conversions in coastal wetland were
mainly dominated by denitrification (DNF), anaerobic
ammonium oxidation (ANA), and dissimilatory NO;~
reduction to ammonium (DNRA) (Bernard et al. 2015).

Among soil dissimilatory NO; reduction processes,
DNF reduces NO; and/or NO, to N, and, to a lesser
extent, N,O under O,-limiting conditions (Seitzinger
etal. 2006). In ANA, NH," is oxidized to N, by reduc-
ing nitrite (NO, ) or nitrate (NO3 ), and this process has
recently been reported in estuarine coastal environments
(Trimmer and Nicholls 2009; Hou et al. 2013; Nacher
et al. 2015; Zheng et al. 2016a; Cao et al. 2016). In
addition, DNRA is the pathway that reduces NO;  into
available NH,4*, which is retained in ecosystem (Silver
et al. 2005; Huygens et al. 2007). N,O is also produced
as a side product at the NO, reduction stage in the
DNRA process (Kelso et al. 1997). Previous studies
showed that DNF was the dominant microbial pathway
of NOj3  reduction processes in most of the aquatic
ecosystems (Compton et al. 2011; Deegan et al. 2012;
Deng et al. 2015; Shan et al. 2016; Zheng et al. 2016a),
However, Cao et al. (2016) have found that DNRA
contributed 75.7-85.9% of total NO5 reduction in a
subtropical mangrove sediment of southeast China.
Many studies have reported that DNF, ANA and
DNRA are greatly affected by tidal pumping, tempera-
ture, salinity, available organic matter, total N (TN),
NO; and sulfide in coastal wetland ecosystems (Kraft
et al. 2014; Smith et al. 2015; Zheng et al. 2016a; Cao
et al. 2016). Meanwhile, DNF and DNRA compete for
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NO; and NO, as an electron acceptor, of which DNF
may be favored in NO; -enriched environments, while
DNRA tends to outcompete DNF in the environments
with high TOC and insufficient NO;  (Dong et al.
2011). Additionally, it is well known that soil microbial
communities play a critical role in controlling rates of
NO; reduction processes (Giles et al. 2012). DNF and
DNRA are catalyzed by nitrate and nitrite reductase
enzymes encoded by the functional bacterial genes
narG, napA, nirS, nirK and nrfA, respectively, and their
abundance indirectly indicates the activities of NO;
reduction processes (Yoshida et al. 2009; Hou et al.
2015; Gao et al. 2016). The rate limiting step in DNF
is controlled by nitrite reductase (Nir) encoded by nirS
and nirK genes (Ishii et al. 2014), and #nirS is the most
commonly used functional biomarker for the
denitrifying bacterial community in coastal wetland eco-
systems (Gao et al. 2016). For the two other processes,
ANA and DNRA, copy numbers of the anammox bac-
terial 16S—TRNA gene and of the functional gene nrfA,
respectively, have been found to be correlated with
process rates in estuarine and coastal wetlands (Hou
et al. 2015; Smith et al. 2015). Consequently, nirsS,
anammox 16S rRNA and nrfA genes are particularly
suitable for the quantification of DNF, ANA and DNRA
in coastal wetlands.

Exotic plant invasions are an urgent environmental
issue and have a significant influence on native ecosys-
tems (Didham et al. 2005; Li et al. 2009). Spartina
alterniflora, a perennial C4 halophyte, was intentionally
introduced to the coastal region of China in 1979 for
siltation promotion and coastal protection. It has cov-
ered an area of approximately 344.51 km? over the past
30 years, becoming the main plant along the Chinese
coastal areas (Fig. S1). It now poses a threat to the
sustainability of coastal wetland ecosystems (Zuo et al.
2012; Sun et al. 2015). Numerous previous studies have
reported that S. alterniflora invasion can alter soil car-
bon (C) dynamics (Cheng et al. 2006; Zhang et al. 2010;
Throop et al. 2013; Yang et al. 2016a), greenhouse gas
emissions (Cheng et al. 2010; Chen et al. 2015; Yuan
et al. 2015; Jia et al. 2016), microbial community struc-
ture (Yang et al. 2016b, c) and soil properties (Yang et al.
2016b; Yuan et al. 2014). In addition, there are a few
studies on the soil N cycling affected by S. alterniflora
invasion, and major changes were observed in the N
pool, coupled nitrification-denitrification and N fixation
(Hamersley and Howes 2005; Huang et al. 2016; Yang
et al. 2016a). These results indicate that S. alterniflora
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invasion can increase N accumulation and accelerate N
fixation rates. However, the changes in soil NO3 re-
duction processes (DNF, ANA and DNRA) and their
relative contributions to total NO; ™ reduction following
S. alterniflora invasion chronosequences remain un-
clear. It was reported previously that S. alterniflora in-
vasion significantly enhanced plant biomass, soil micro-
bial diversity, total organic C (TOC) and total N pool
(Yang et al. 2016a, b), which can alter DNF, ANA and
DNRA processes. Thus, a better understanding of the
influences of S. alterniflora invasion on soil DNF, ANA
and DNRA processes is essential to the formation of
effective strategies for the management of plant invasion
in coastal wetlands.

S. alterniflora was introduced in Min River estuary in
2002, where it rapidly expanded and replaced Cyperus
malaccensis in the middle tidal flat (Zhang et al. 2011).
The Min River estuarine wetland has also received a
large amount of dissolved inorganic N from upstream
and tidal action, of which NOj3 is approximately
51,125t N yrf1 (84.22% of the total inorganic N) (Liu
et al. 2011; Fujian Provincial Oceanic and Fishery
Administration 2016). Hence, we conducted an experi-
ment to reveal the effects of S. alterniflora invasion on
s0il NO; ™ reduction processes in the Min River wetland
of southeastern China. The main objectives of this study
were to (1) evaluate the influences of S. alterniflora
invasion on soil physicochemical properties, dissimila-
tory NO; reduction processes (DNF, ANA and DNRA)
and associated bacterial abundances; (2) elucidate the
main environmental factors influencing the soil DNF,
ANA and DNRA processes; and (3) reveal the contri-
butions of soil DNF, ANA and DNRA to total NO5~
reduction processes and their environmental implica-
tions in coastal wetland after S. alterniflora invasion.

Materials and methods
Study area, plant biomass and soil collection

The study area is located at the Min River estuarine
wetland (Shanyutan wetland), Fujian Province, south-
eastern China (26°00'36"-26°03'42"N, 119°34'12"—
119°41'40"E, Fig. 1). This area is characterized as a
typically subtropical monsoon climate with an annual
temperature of 19.6 °C and a precipitation 1350 mm,
respectively (Zhang et al. 2015). The dominant soil type
is coastal saline soil (Mou et al. 2014), and the soil

particle size distribution is 62-78% silt, 19.05-37.39%
clay and 0.28-4.77% sand (Zhang et al. 2015). The
region is enriched in bird and plant species, and the
main vegetation types include Phragmites australis,
Cyperus malaccensis and Scirpus triqueter, which are
mainly located in high, middle and low tidal flats, re-
spectively (Fig. 1). Exotic S. alterniflora was introduced
to the Min River estuarine wetland in 2002, and it
rapidly expanded to compete with native plants, gradu-
ally replacing C. malaccensis on the edge of the middle
tidal flat (Fig. 1). The location of sampling with different
S. alterniflora invasion times was identified based on a
spatial overlay analysis of an aerial image in 2006, a
SPOTS5 image in 2010 (Zhang et al. 2011), a Landsat 8
image in 2014 and historical records. The sampling
locations contained a C. malaccensis community (CM)
and the three S. alterniflora communities that replaced
C. malaccensis in 2002-2006 (SA-14), 2006-2010
(SA-10) and 2010-2014 (SA-6) (Fig. 1). Wherein CM
and SA-14 consisted of 100% C.malaccensis and
S. alterniflora community, respectively. While in SA-
6, the marsh was split between pure S. alterniflora com-
munity (approximately 70%) and C.malaccensis-
S. alterniflora symbiosis community (approximately
30%), and in SA-10, pure S. alterniflora community
also predominated (>85%) over C.malaccensis-
S. alterniflora symbiosis community (<15%). The pure
stands of CM, SA-6, SA-10 and SA-14 community
were selected as sampling sites, which has a good rep-
resentativeness in different degree of S. alterniflora in-
vasion. However, the Shanyutan wetland was separated
by a tidal creek in the past several years, and the
C. mallacensis in the northeast side of the tidal creek
has been almost completely replaced by the
S. alternifolia (Fig. 1), so the appropriate stands of
C. mallacensis were located at west side of tidal creek.
All sampling sites were located in the middle tidal flat
with similar hydrodynamic and soil conditions. In each
pure plant community stand (monoculture), three soil
samples cores (0—10,10-20, 20-30, 3040, 40-50 cm
depth) were collected randomly (the distance between
replicates was approximately 60-80 m) using 10-cm-
diameter stainless steel soil cylinders on July 23, 2016,
and December 22, 2016, during the diurnal ebb-tide
hours. The soil temperatures of every soil layer were
recorded immediately. Three 0.5 % 0.5 m quadrats lo-
cated 0.5 m close to the soil sample sites were also
established randomly in each location to measure above-
ground biomass. Corresponding root sampling blocks
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Fig.1 Location of the study area and sampling sites. CM = C. malaccensis; SA-6 = S. alterniflora invasion 2—6 years; SA-10=S. alterniflora

invasion 6-10 years; SA-14 = S. alterniflora invasion 10-14 years

(25 cm length x 25 cm width x 25 cm depth) were
excavated to measure root biomass, which represented
the biomass of each stand (CM, SA-6, SA-10 and SA-
14). After collection, the soil and plant samples were
placed in sterile bags, sealed without air, and stored at
4 °C. All samples were transported to the laboratory for
subsequent analysis within 4 h. In the laboratory, the soil
samples were immediately separated into three frac-
tions: the first fraction was freeze-dried and sieved
through a 0.149-mm filter for analysis of TOC and
TN; the second fraction was stored in the dark at 4 °C
for measurement of soil properties and DNF, ANA and
DNRA rates; and the third fraction was frozen at —80 °C
for molecular analysis.

Plant biomass and soil property analysis

The plant aboveground biomass and root biomass were
cleaned and oven dried at 65 °C to constant weight
(Yang et al. 2016b). Soil gravimetric water content
(Gravimetric water content = (W-W,)/W,, W, = soil
wet weight, W, = Soil dry weight) and bulk density
were measured by oven drying method (60 °C, until
constant weight) and a cutting-ring method, as described
by Lu (2000). The soil water filled pore space (WFPS)
was calculated by Nguyen et al. (2014), and the soil
water was over-saturated in this study, which varied
from 101.51% to 192.90% (Fig. S2). The soil pH and
electrical conductivity (EC) were measured using an
I1Q150 instrument (IQ Scientific Instruments, USA)
and a 2265FS EC meter (Spectrum Technologies Inc.,
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USA), respectively (Zhang et al. 2015). Soil TN was
determined using a Vario EL CN Elemental Analyzer
(Elementar, Germany), and the dried soil after
acidification with 1 mol L' HCI was analyzed for
TOC (Zhang et al. 2015). Soil NH4*, NO;~ and NO,~
were extracted with 2 mol L™ KCI and measured by
flow injection analysis (Skalar Analytical SAN*Y,
Netherlands) (Hu et al. 2016). Sulfide in soil was deter-
mined by the Methylene blue spectrophotometric meth-
od described in Lin et al. (2016).

Soil DNA extraction and quantitative PCR (q-PCR)

DNA was extracted from 0.25 g homogenized fresh soil
samples using a Powersoil™ DNA Isolation Kit
(MOBIO, USA) according to the manufacturer’s in-
structions (Zheng et al. 2016a). Real-time q-PCR anal-
ysis of the extracted DNA was performed to measure the
gene abundance of the NO; reducing bacteria (nirS
gene, anammox bacterial 16S rRNA gene and nrfA
gene) with an ABI 7500 Detection System (Applied
Biosystems, Canada) using the SYBR green method.
The primers were cd3aF/R3cd for the nirS gene, Amx-
808-F/Amx-1040-R for the anammox bacterial 16S
rRNA gene, NrfAF2aw/NrfAR1 for the nrfA gene.
The detail of the primers and q-PCR conditions for these
genes are shown in Table 1. The standard curves for the
nirS gene, anammox bacterial 16S rRNA gene and nrfA
gene were created using a 10-fold dilution series
(10%-10° copies) of the standard plasmids DNA
(Zheng et al. 2016a). The amplification efficiencies
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Table 1 Primers and PCR conditions used in this study

Target genen Primers Sequence (5'-3") PCR conditions Reference
nirS gene cd3aF GTSAACGTSAAGGARACSGG 50 °C for 2 min, 95 °C for 10 min,  (Throbéck et al. 2004)
R3cd GASTTCGGRTGSGTCTTGA 45 cycles of 95 °C for 30 s,
58 °C for40's, 72 °C for 60 s
Anammox Amx-808-F ARCYGTAAACGATGGGCACTAA 50 °C for 2 min, 95 °C for 10 min, (Hamersley et al. 2007)
16S-IRNA  Amx-1040-R  CAGCCATGCAACACCTGTRATA 45 cycles of 95 °C for 30 s,
gene 55°C for30s,72°C for30 s
nrfA gene NrfAF2aw CARTGYCAYGTBGARTA 50 °C for 2 min, 95 °C for 10 min,  (Zheng et al. 2016a)
NrfAR1 TWNGGCATRTGRCARTC 45 cycles of 95 °C for 30 s,

55°C for40s, 72 °C for 30 s

were 93.5%, 95.7% and 98.1% for nirS, anammox
bacterial 16S rRNA and nrfA gene, respectively. These
gene abundances were calculated by the constructed
standard curve and then converted into copies per gram
of dry soil.

Measurements of soil DNF, ANA, and DNRA rates

Soil slurry experiments were conducted to measure the
potential rates of DNF and ANA by an N isotope-tracing
method (Deng et al. 2015). Briefly, slurries were made
by mixing fresh soil and helium-purged tidal water
(30 min) at a volume ratio (soil/water) of 1:7 and then
transferred into 10 respective 12-mL vials (Labco
Exetainers) and sealed with a butyl rubber stopper.
Subsequently, the vials were pre-incubated for 36 h to
eliminate background NO; , NO, and O, in situ tem-
perature (32 °C for summer, 17 °C for winter) in dark
conditions. After the pre-incubation, these vials were
spiked with sterile anoxic solutions of 100 uL of
NO;™ ("N at 99%) through the septa. The final con-
centration of '’N in each vial was approximately
100 pmol L', Then, one half of the replicates were
stopped by 200 puL of 50% ZnCl, solution and marked
as initial samples. The remaining half of the slurries
were further incubated for 8 h, and these remaining
sample replicates were stopped by 200 puL of 50%
ZnCl, solution, as was described for the initial samples
at the end of incubation. The concentrations of 29N2 and
0N, in the vials were measured by membrane inlet mass
spectrometry (MIMS), and the potential DNF and ANA
rates were calculated by 2°N, and **N, production be-
tween the final and initial experimental samples (Deng
et al. 2015). The occurrence of ANA at all sampling
sites was confirmed by a preliminary 'NH,* tracer
experiment as described by Hou et al. (2013). The rates

of DNF and ANA in the slurry experiments were esti-
mated by the accumulation of N, and *°N, during the
slurry incubation obtained from the DNF and ANA
processes, respectively, as described by Thamdrup and
Dalsgaard (2002). Thus, the respective contributions of
DNF and ANA to total >N, production were quantified

by Eq. (1)
P9 = Az + Dy (1)

where P59 (nmol N gf1 h™!) denotes the total 2°N,
production rate during the slurry experiments, and D5
and A9 (nmol N g{1 h™') are the production rate of N,
from DNF and the production rate of 29N2 from ANA,
respectively. '“N and '°N generated from '*NO;~ or
'>NO;~ follow random isotope pairing (Risgaard-
Petersen et al. 2003), D,y can be estimated by Eq. (2)

Dio = P3g x 2 x (1=Fy) x Fy! (2)

where Pz, (nmol N gfl h™!) denotes the total *°N,
production rate and Fy (%) is the fraction of >N in
NO; , which can be calculated by the concentrations
of added ">NO; ™ and residual NO; ™ in the incubation
slurries. Consequently, the potential rates of DNF
and ANA were estimated by the Egs. (3) and (4),
respectively.

D, = Dyy + 2 X D3 (3)

Az = Pr9—Dp9 (4)

where D, and A9 (nmol N g{1 ) represent the poten-
tial rates of DNF and ANA, respectively.

The DNRA of soil slurries was measured using the
OX/MIMS method (‘°NH,* oxidation technique and
MIMS analysis) reported by Yin et al. (2014). Soil
slurries were prepared and preincubated, as described
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for the abovementioned DNF and ANA experiments.
After 36 h preincubation, 100 pL of ""NO;~ was
injected into the slurry vials (final concentration of
approximately 100 pmol '>N L' in each vial).
Immediately after, one-half of the slurry was preserved
with 200 uL of 50% ZnCl, solution as initial samples.
The remaining half of the slurries were further incubated
for 8 h, followed by the addition of 200 pL of 50%
ZnCl, solution, and were designated as final samples.
All slurry samples were purged by helium for approxi-
mately 30 min to eliminate the 29N2 and 3ON2 produced
by DNF and ANA during the incubation. The slurry
vials were sealed, and a 100 puL hypobromite iodine
solution was injected to oxidize the'’NH4* (produced
by DNRA) into °N,, and the oxide products of '°N, in
the initial and final samples were determined by MIMS.
Potential DNRA rates were estimated by '"NH4* con-
centration changes during the incubation, which was
calculated by Eq. (5)

([15NH4+]F[I’!£11_[15NH4+]1I1I'[[!11) xV

WxT ()

Rpnra =

where Rpnra (nmol N gf1 h™!) denotes the total DNRA
rate, and [""NH, ]inar and ["NH4 imigar are the con-
centration of '’NH,4* in the final and initial samples of
the soil slurries, respectively. V(L) denotes the volume
of the vial, W(g) denotes the dry weight of the soil, and
T(h) is the incubation time.

Statistical analysis

In the present study, the statistical analyses were per-
formed using the SPSS 19.0 software package. The data
were checked for normality and cube root- or log-
converted to satisfy suppositions for statistical testing.
We used repeated measures ANOVA to test the effects
of season (summer and winter), degree of S. alterniflora
invasion (CM, SA-6, SA-10 and SA-14), soil depth (0—
10,1020, 20-30, 3040, 40-50 cm depths) and their
interactions on soil properties, gene abundance of NO;~
reducing bacteria and NOs  reduction rates. Wherein
soil depth was treated as within subject factor, all other
factors (degree of S. alternifolia invasion and season)
were treated as between subject factor. A within-subject-
factor ANOVA and One-way ANOVA were performed
to determine the significant differences in gene abun-
dance of NO; reducing bacteria and NO3  reduction
rates at different depths in the same plant community
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stands and at different plant communities stands within
one depth, respectively. Pearson’s correlation analysis
was performed to determine the correlations among the
plant biomass, soil properties, gene abundance of NO3
reducing bacteria and NO5  reduction rates.

Results
Plant biomass and soil properties

The aboveground biomass of pure S. alterniflora stands
varied from 1272.84 to 2361.44 ¢ m > in summer and
875.52 to 3227.24 g m ™ in winter, which is significant-
ly higher than that of pure C. malaccensis stands
(Fig. 2). The root biomass in pure S. alterniflora stands
was also higher, although not significantly for some
S. alterniflora sites, than that in pure C. malaccensis
stands (Fig. 2). Significant effects of the degree of
S. alterniflora invasion on all measured soil properties
were observed (Table S1). The soil gravimetric water
content, TOC, TN, NO; NO, , TOC/TN and sulfide in
S. alterniflora were considerably higher than those of
C. malaccensis stands, while the bulk density in
S. alterniflora was lower than that in C. malaccensis
(Fig. 3 and Table S2). Soil temperature, bulk density,
pH, EC, TOC NOs , NO, and TOC/TN differed sig-
nificantly by season, but there were no significant sea-
sonal variations of water content, TN, NH,* and sulfide
(Table S1 and Fig. 3). Soil pH, EC, TOC, TN, NH,",
NO;, NO, , TOC/TN or sulfide differed significantly
with soil depth, and the TOC, TN, NH,*, NO; ™ (apart

3000
24001
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1200
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dry biomass (g m

(=)

(=3

=
T

=4
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1200+
1800+

Root dry
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2400
[ CM [ SA-6 [ SA-10 [ SA-14

3000

Fig. 2 Aboveground biomass and root biomass (0-25 cm soil
layers) (mean = SE) in pure stands of C. malaccensis and
S. alterniflora. Different lower case letters indicate significant
differences (p < 0.05) at different plant community stands within
the same season. See Fig. | for the abbreviations
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Fig. 3 The influence of S. alternifolia invasion, soil depth and
season on soil properties (mean + SE) (a: Temperature; b: Gravi-
metric water content; ¢: Bulk density; d: pH; e: EC; f: TOC; g: TN;

from summer), NO, and sulfide decreased from the
upper soil layer to the deeper layer, while EC increased
(Fig. 3 and Table S1).

Abundance of soil nirS, anammox bacterial 16S rRNA
and nrfA gene

There were significant effects of season, degree of
S. alternifolia invasion, soil depth and their interactions
on soil nirS, anammox bacterial 16S rRNA and nrfA
genes (Table S3). The gene abundances of NO;  reduc-
ing bacteria decreased with depth (except for the nirS-
gene in summer) and were generally higher in summer
than in winter (Fig. 4 and Fig. S3). The abundance of the
soil nirS gene in S. alterniflora stands ranged from 6.08

—- CM —@— SA-6—A— SA-10 - SA-14

h: NH,"; i: NOs ; j: NO, ; k: TOC/TN; 1: Sulfide). S = summer,
W = winter. See Fig. | for other abbreviations

to 6.34 log; copies g ' and was higher than that of
C. malaccensis (6.0-6.19 log;( copies g_l) (Fig. 44, ii).
The highest abundance of the nirS gene was found in
SA-6 in summer and in SA-14 in winter (Fig. 41, ii). The
abundance of the anammox bacterial 16S rRNA gene
varied from 5.42 to 6.03 log;, copies g ' in all plant
community sites, and it gradually increased along the
S. alterniflora invasion chronosequence in summer. The
highest abundance of the anammox bacterial 16S rRNA
gene was observed in SA-14, and there was no apparent
difference among the SA-10, SA-6 and CM in winter
(Fig. 4iii, iv and Fig. S3). The nrfA gene abundance
ranged from 5.81 to 6.09 log;, copies g ' in summer
and 5.5 to 5.96 log,, copies g ' in winter (Fig. 4v, vi).
Higher nrfA gene abundance was recorded in
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Fig. 4 The influence of S alternifolia invasion, soil depth and

season on soil nirS (i, ii), anammox bacterial 16S rRNA (iii, iv)

and nrfA genes (v, vi) (mean + SE). See Figs. | and 3 for
abbreviations. Different uppercase letters indicate significant

S. alterniflora compared to C. malaccensis, although
not significantly for some S. alterniflora sites (Fig. 4v,
vi and Fig. S3).

Potential rates of soil dissimilatory NO;  reduction
processes

The soil dissimilatory NO;  reduction rates were in-
fluenced by season, degree of S alternifolia invasion
and soil depth (Table S4 and Fig. 5). In general, the
soil DNF, ANA and DNRA rates increased with
S. alternifolia invasion and decreased with soil depth
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differences (p < 0.05) at different soil depths in the same plant
community, and different lowercase letters indicate significant
differences (p < 0.05) at different plant community stands within
one depth

40-50

(Fig. 5). The soil DNF rates in S. alterniflora stands
ranged from 8.01 to 17.57 nmol N g ' h™" in summer
and from 1.52 t0 9.21 nmol N g ' h™" in winter at the
0-40 cm soil layers. The values are generally higher
than those in C. malaccensis (4.85 to 11.83 nmol N
g ' h™" in summer, 0.76 to 3.09 nmol N g ' h™' in
winter), and there was no significant difference in
DNF rates between C. malaccensis and
S. alterniflora at the 40-50 cm soil layer (Fig. 5i, ii).
Notably, no significant difference was generally ob-
served between SA-10 and SA-14 in summer and
winter (Fig. 51, ii and Fig. S4).
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The soil ANA rates in C. malaccensis stands were
0.27-0.78 nmol N g ' h™!' in summer and 0.13—
0.60 nmol N g~' h™! in winter and showed a decreasing
trend with soil depth (Fig. 5iii, iv). A similar vertical
distribution pattern of soil ANA rates was also observed
in S. alterniflora stands, ranging from 0.34 to 1.27 nmol
N g ' h' in summer and from 0.31 to 0.92 nmol N
g_l h™' in winter (Fig. 5iii, iv). Overall, the soil ANA
rates in S. alterniflora stands were generally higher than
those of C. malaccensis, which was more pronounced at
0-30 cm soil depth in summer, but there was no

different soil depths in the same plant community, and different
lowercase letters indicate significant differences (p < 0.05) at
different plant community stands within one depth

significant difference between SA-10 and SA-14
(Fig. 5iii, iv and Fig. S4).

Soil DNRA rates of C. malaccensis stands ranged
from 0.56 t0 0.89 nmol N g ' h™" in summer and 0.18 to
0.53 nmol N g' h™" in winter. Soil depth had no
significant influence on DNRA rates of C. malaccensis
(Fig. 5v, vi). The soil DNRA rates of S. alterniflora
stands varied from 0.42 to 2.01 nmol N g ' h™' in
summer and from 0.14 to 1.43 nmol N g_1 h'in winter,
generally exhibiting decreasing tendencies from surface
to deep soil (Fig. 5v, vi). Soil DNRA rates in
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S. alterniflora stands were generally higher than those in
C. malaccensis, and this increase was more pronounced
at the surface soil (0-10 cm) (Fig. 5v, vi). In addition,
DNRA rates increased slightly along the S. alterniflora
invasion chronosequence (Fig. 5v, vi and Fig. S4).

The relative contributions of DNF, ANA and DNRA
to the total NO; ™ reduction processes at the 0—50 cm soil
layers in study area were estimated. Soil DNF was the
dominant dissimilatory NO3 ™ reduction pathway, con-
tributing 80.8-92.4% to the total NO; reduction in
summer and 70-85% in winter, respectively (Fig. 6).
Soil ANA and DNRA were of minor importance in the
NO; ™ reduction, and the contribution of ANA and
DNRA to total NO; reduction varied from 2.49 to
15.27% and 5.10 to 20.75%, respectively (Fig. 6).
Generally, DNF contributed more NO5 reduction in
summer than in winter, while ANA and DNRA were
more important for NO;  reduction in winter than in
summer (Fig. 6). In addition, the contribution of DNF to
total NO;  reduction in S. alferniflora stands was sig-
nificantly lower than that of C. malaccensis in summer,
but it was slightly higher in S. alterniflora than in
C. malaccensis in winter. The contributions of NO5;
reduction by ANA and DNRA in S. alterniflora stands
were generally higher than that of C. malaccensis in
summer. In winter, the contribution of ANA to NO;
reduction decreased slightly along the S. alterniflora
invasion chronosequence, but the contribution of NO;
reduction by DNRA varied in C. malaccensis and dif-
ferent degrees of S. alterniflora invasion (Fig. 6). Soil
ANA was correlated with DNF and DNRA in
S. alterniflora communities, while DNF was correlated
positively with DNRA in all plant communities
(Table S5). In terms of soil depth, soil DNF was corre-
lated with ANA only in the 0—40 cm depth, while
DNRA was positively correlated with DNF and ANA
in all soil depths (Table S6).

Fig. 6 The influence of

Plant biomass and soil properties affecting NO3 ™~
reduction rates

Across the plant communities, soil DNF, ANA, DNRA,
anammox bacterial 16S rRNA, bulk density, water con-
tent, TOC, TN, NH,*, NO;~, TOC/TN and sulfide were
correlated with aboveground and root biomass, while
soil nirS, nrfA, temperature and NO,  were only corre-
lated with root biomass (Table 2). In addition, soil DNF
was positively correlated with bulk density, TOC, TN,
NO; , sulfide, nirsS, and anammox bacterial 16S rRNA
both in summer and winter (Table 3). Soil ANA was
significantly associated with soil EC, TOC, TN, NH,",
NOs -, NO, , sulfide, anammox bacterial 16S rRNA and
nrfA in summer, while in winter, ANA was significantly
related to all measured environmental variables (except
for soil temperature, pH, water content and TOC/TN)
(Table 3). The DNRA rates were significantly related to
TOC, TN, NH,*, NO5 ™, NOs, TOC/TN, sulfide, nirsS,
anammox bacterial 16S rRNA and nrfA in both summer
and winter (Table 3).

Discussion

Effects of S. alterniflora invasion on soil NO3
reduction processes

Exotic S. alterniflora invasion has significant influences
on plant biomass, soil nutrient availability, microbial
activity and physico-chemical properties, which can
feed into a series of biogeochemical processes such as
soil respiration (Bu et al. 2015), N,O emission (Jia et al.
2016), and N-fixation rates (Huang et al. 2016). Our
newly revealed details show that S. alterniflora invasion
alters soil NO; reduction processes (DNF, ANA and
DNRA) in estuarine wetland, which improves the

[T DNRA [N ANA [ DNF

S. alterniflora invasion and s
season averaged over soil depth
on relative contributions of DNF,
ANA and DNRA to total NO3 ™~
reduction (mean + SE). See Fig. 1
for the abbreviations. Different
lowercase letters indicate
significant differences (p < 0.05)
at different plant community
stands within the same season
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Table 2 Person’s correlations of plant biomass with soil proper-
ties, gene abundance of NO3 ™ reducing bacteria and NO;~ reduc-
tion rates across the plant communities (averaged 0—-50 cm soil
depths)

Soil properties Aboveground Root
biomass biomass
Temperature ns. 0.592™
pH n.s. n.s.
EC n.s. n.s.
Bulk density -0.612"" -0.509"
Water content 0.534™" n.s.
TOC 0.787" 0.612""
TN 0.629" 0.341
NH,* 0.822" 0.499""
NO;~ 0.728" 0.688""
NO,~ n.s. 0.662""
TOC/TN 0.779" 0.704™"
Sulfide 0.823" 0.478"
nirS ns. 0.414"
Anammox bacterial 16S 0.690"" 0.625""
rRNA .
nrfA n.s. 0.591
DNF 0415 0.629""
ANA 0.609™" 0.672""
DNRA 0.604™ 0.717""

* Significant at p < 0.05, ™" Significant at p < 0.01, n.s. represent
non-significant, n = 12

understanding of N transformations in the wetland eco-
system. In this study, we found that S. alterniflora inva-
sion generally increased the soil DNF, ANA and DNRA
rates compared to C. malaccensis (Fig. 5 and Fig. S4),
which could be explained in part by the soil microbial
activity and availability of soil substrates after
S. alterniflora invasion. It has been reported that soil
microbial activity is correlated with plant biomass and
root systems (Welsh 2000; Zheng et al. 2016b). In the
present study, plant biomass (Fig. 2) and the abundance
of soil nirS, anammox bacterial 16S rRNA and nrfA
genes in S. alterniflora sites were higher than those in
the C. malaccensis sites (Fig. 4 and Fig. S3). A number
of authors have found a positive linkage between NO;
reduction rates and the abundance of nitrate reducers or
their functional genes (Hou et al. 2015; Smith et al.
2015; Shan et al. 2016). This was confirmed in the
current study, where the process rates and the copy
number of the functional genes nirS and nrfA as well
as the anammox bacterial 16S rRNA genes were

significantly correlated (Table 3). However, functional
nrfA genes were not found in all bacteria performing
DNRA (Streminska et al. 2012). Hence, the abundance
and diversity of ammonifiers in estuarine wetland eco-
system needs further study. Additionally, the increase in
nitrate reducer populations and the subsequent increase
in process rates might also be linked to the availability of
soil substrates (Smith et al. 2015; Shan et al. 2016).
Many studies have reported that soil DNF and DNRA
rates are affected by TOC, TN, NO; , sulfide, salinity,
temperature and redox environment in aquatic ecosys-
tems (Sgouridis et al. 2011; Smith et al. 2015; Cheng
et al. 2016; Shan et al. 2016). Acting as potential elec-
tron donors and substrates for both DNF and DNRA,
soil TOC, sulfide and NO; ™ can ease internal competi-
tion between denitrifying and nitrate ammonifying bac-
teria and can promote both processes (Shan et al. 2016).
This is supported by the positive correlations of the soil
DNF and DNRA rates with the TOC, sulfide and NO5 ™
concentrations in this study (Table 3). In addition, pre-
vious studies have indicated that the ANA process is
stimulated by soil TOC, NH,*, NO;~ and NO, , which
may provide a favorable environment for the ANA
bacterial community (Trimmer et al. 2003; Zhao et al.
2015a; Hou et al. 2015). This speculation is also sup-
ported by the positive relationships of the ANA rates
with soil TOC, NH,*, NO5~ and NO, ™ (Table 3). In this
study, S. alterniflora invasion generally increased soil
TOC, TN, NH4*, NOs, NO, and sulfide (Fig. 3,
Table S2) because S. alterniflora has a higher litter
quantity input and a higher uptake of nutrients from
tidal subsidies through well-developed root systems
(Huang et al. 2016; Peng et al. 2011), which further
promotes DNF, ANA and DNRA rates. In addition,
S. alterniflora invasion significantly decreased soil bulk
density (Fig. 3, Table S2), which increased the O,
concentration in the soil and therefore decreased DNF,
ANA and DNRA activities. However, the importance of
this mechanism may be weakened due to the compen-
sation by increased soil respiration in S. alternifolia
stands (Bu et al. 2015). Previous studies have reported
that soil ANA might be coupled with DNF because most
denitrifying bacteria are heterotrophic and capable of
utilizing organic matter to generate NO, and NH,",
which can provide substrates for the anammox bacteria
and stimulate ANA rates (Shan et al. 2016). This hy-
pothesis is supported by the close correlation between
the ANA and DNF rates in this study (Tables S5 and
S6). Overall, these factors comprehensively accelerated
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Table 3 Person’s correlations of soil NO;  reduction rates with soil properties and gene abundance of NO;3  reducing bacteria

Summer Winter

DNF rates ANA rates DNRA rates DNF rates ANA rates DNRA rates
Temperature ns. ns. ns. n.s. ns. n.s.
pH n.s. n.s. n.s. n.s. n.s. n.s.
EC n.s. -0.612" -0.410 ns. 0.462" n.s.
Water content n.s. n.s. n.s. n.s. n.s. n.s.
Bulk density -0.444" n.s. n.s. -0.523" -0.604™" ns.
TOC 0.466" 0.606"" 0.713" 0.585™ 0.580" 0.729"
TN 0.525" 0.728" 0.736" 0.845™ 0.822" 0.765"
NH,* n.s. 0.453" 0.597" 0.590™" 0.546" 0.526"
NO;~ 0.768" 0.452" 0.572"" 0.520" 0.558" 0.551"
NO,~ ns. 0.764™" 0.763" 0.536" 0.671" 0.558"
TOC/TN n.s. 0.405 0.534™ ns. ns. 0.469"
Sulfide 0.556" 0.642"" 0.780" 0.679" 0.683" 0.809""
nirS 0.617" n.s. 0.454" 0.731°" 0.625" 0.791""
Anammox bacterial 16S IRNA 0.583"" 0.554" 0.708™ 0.607"" 0.595™ 0.719"
nrfA n.s. 0.617"" 0.446" 0.579" 0.543" 0.689""

* Significant at p < 0.05, ** Significant at » < 0.01, n.s. represent non-significant, mean = SE for each type of stand, 1 = 20

soil dissimilatory NO3  reduction processes after
S. alterniflora invasion.

An intriguing finding was that the extremely signif-
icant increase of in NO; reduction by S alternifolia
invasion was confined to the upper 0-30 cm layer of
the soil (Fig. 5). This result might be attributable to the
differences in deep soil aeration between C. malaccensis
and S. alterniflora stands. It has been reported that
anoxic environments in coastal wetlands are conducive
to NO3 ™ reduction processes, while the loose texture and
favorable aeration of soil could restrain these processes
(Smith et al. 2015). In anaerobic soils, plant roots are
able to transport O, into deeper soil layers (Popp et al.
2000), and this could potentially have a negative impact
on NOj  reduction rates. S alternifolia developed more
roots than C malaccensis (Fig. 2), leading to a poten-
tially greater O, supply, which may have prevented an
increase in NO3~ reduction rates by S alternifolia inva-
sion in deeper soil layers. Based on the principles above,
the DNF, ANA and DNRA rates in the upper soil layer
should be lower because the aeration is higher there
(Smith et al. 2015). However, soil NO5 reduction rates
were not comparably suppressed, perhaps because of
the soil substrate availability and microbial activity
(Shen et al. 2015; Zheng et al. 2016a). High soil sub-
strate availability in upper layers is favorable for
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bacterial activities and soil respiration, which can con-
sume a large amount of O, and counteract the effects of
soil aeration (Metcalfe et al. 2011). In addition, high soil
substrates in upper layers can promote DNF, ANA and
DNRA rates (Zheng et al. 2016a), which leads to NO;
reduction rates being generally higher in upper than
deeper soil layers, generally showing a decreasing trend
with soil depth. However, the decreasing of soil NO;~
reduction rates from surface to deeper soil layers in
S. alterniflora were more pronounced than in C
malaccensis, which might be attributable to the fact that
the S. alterniflora invasion significantly promoted these
rates in the upper soil layer. Moreover, a slight increase
of DNF rates was found at 40-50 cm depth in summer
(Fig. 51), which could be explained by tidal pumping
effects in coastal wetland (Zheng et al. 2016a). A large
amount of NO5 ™ is transported into estuarine wetland by
Min River in summer (flood season) (Fujian Provincial
Oceanic and Fishery Administration 2016), and the tide
actions may cause a cyclical input of allochthonous
NO; to the deeper soil, which can stimulate nitrate
and nitrite reductase enzymes and DNF rates in deeper
soil in summer (Zheng et al. 2016a).

Several studies have shown that soil nutrients pro-
gressively increase along the S. alterniflora invasion
chronosequences (Zhang et al. 2010; Yang et al.
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2016b). However, in advanced stages of S alternifolia
invasion (SA-10 to SA-14), only DNRA but not DNF
and ANA was further increased significantly (Fig. 5).
Previous studies have suggested that high soil TOC and
sulfide can inhibit DNF but increase DNRA, because
the DNRA process uses the electron acceptor NO;3
more efficiently in carbon-enriched environments
(Risgaard-Petersen et al. 2003; Kraft et al. 2014). In
addition, NO5 ™ as an electron acceptor can also oxidize
sulfide to sulfate in sulfide-replete environments, and
sulfate as a competitive electron acceptor may inhibit
DNF but promote DNRA processes (Burgin and
Hamilton 2008). Moreover, suitable concentrations of
TOC, NH," and NO, can promote ANA rates, while
high concentrations of these substrates can inhibit the
ANA rates (Chamchoi et al. 2008; Bettazzi et al. 2010;
Fernandez et al. 2012). In this study, the highest soil
TOC, NH,*, NO, and sulfide concentrations were
observed at SA-14 (Fig. 3 and Table S2), which might
have a slight inhibition effect on DNF and ANA rates
but a stimulative influence on DNRA. However, further
work is required to examine the effects of the availabil-
ity of soil substrates on NO;  reduction processes.

Similar seasonal dynamics of NO; reduction rates
were observed in C. malaccensis and S. alterniflora
wetland soils. DNF, ANA and DNRA rates were higher
in summer than in winter (Fig. 5 and Fig. S4), which
could be explained by the temperature changes (Canion
et al. 2014). Generally, DNF, ANA and DNRA are
sensitive to temperature. The optimal temperatures for
DNF and ANA are approximately 25-27 °C (Canion
etal. 2014) and 30-35 °C (Egli et al. 2001), respectively.
Previous studies have suggested that the DNRA rate
tends to increase with increasing temperature in estua-
rine environments (Dong et al. 2011; Smith et al. 2015).
It has been documented that the soil temperatures in
summer and winter in study area were 31.20-36.90
°Cand 16.60-20.10 °C (Fig. 3), respectively. Hence,
S. alterniflora invasion did not alter the seasonal chang-
es of the soil NO5 ™ reduction processes.

Environmental implications of soil NO;  reduction
in S. alterniflora invasion

Reactive N production has increased from approximate-
ly9.2t0 56 Tgy ' in the past century, which has become
an emerging environmental issue (Cui et al. 2013).
Nearly 20% of total reactive N, mostly in the form of
NO; ', has been transported into estuarine and coastal

wetlands. Therefore, the fate and transformation of
NOs  have attracted much attention in this aquatic eco-
system (Cui et al. 2013). Exotic S. alterniflora invasion
is also an urgent ecological issue in coastal wetlands
(Didham et al. 2005), with a significant influence on soil
DNF, ANA and NDRA processes. Meanwhile, N-
enriched eutrophication in coastal wetlands promotes
the invasion of S. alterniflora (Zhao et al. 2015b).
Hence, a basic understanding of the soil NO;™ reduction
processes after S. alterniflora invasion and simultaneous
evaluation of the contribution of each process is essen-
tial in the context of reactive N pollution and
S. alterniflora invasion (Sun et al. 2015; Shan et al.
2016). In this study, DNF dominated the total NO;~
reduction (80.84-92.41% for summer and 70.00-84.97
for winter), while ANA (2.49-7.79% for summer and
6.74-15.27 for winter) and DNRA (5.10-11.37% for
summer and 6.09-20.75 for winter) substantially con-
tributed to total NO5; reduction in C. malaccensis and
S. alterniflora (Fig. 6), comparable to what has been
reported in other estuarine and coastal wetlands (Smith
etal. 2015; Zheng et al. 2016a). This indicates that ANA
and DNRA processes should be considered when
assessing the NO;  reduction processes in this region,
especially in winter. Overall, the contribution of DNF
and ANA processes to total NO;  reduction decreased
slightly after S. alterniflora invasion, while the contri-
bution of NO3™ reduction by DNRA increased (Fig. 6),
suggesting that long-term S. alterniflora invasion might
alter the contributions of DNF, ANA and DNRA to total
NO; reduction processes. In this study, soil DNF rates
were measured by slurry combined with >N tracer
techniques based on the assumption of N, as an end
product because the ratios of N,O to N, from DNF in
estuarine ecosystems are relatively low (Fig. S5) (Dong
etal. 2002; Hou et al. 2014). Therefore, the slurry-based
>N tracer technique is practical in the measurement of
soil potential DNF rates and has already been widely
applied in plains (Sgouridis et al. 2011), estuarine and
coastal wetlands (Hou et al. 2015; Cao et al. 2016;
Zheng et al. 2016a) and paddies (Shan et al. 2016).
Soil DNRA mainly retains N in aquatic ecosystems by
transforming NO; ™ into NH,*, although it also a poten-
tial N-loss mechanism via N,O production (Kelso et al.
1997). While DNRA acts as an important N-
conversation mechanism, the increases in soil DNRA
rates and its contribution to total NO; reduction have
been observed in S. alterniflora stands, which could
indicate that S alternifolia invasion likely decreases
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N,O emission (Jia et al. 2016). However, the underlying
relationships between the N,O emission and N-
conversation processes remain unclear in coastal wet-
lands (Jia et al. 2016; Xu et al. 2017). Therefore, it is
worth clarifying the effect of S. alternifolia invasion on
N,O emission derived from N-conversation processes in
coastal wetland, as done in the following study.

Based on the average soil bulk density in stands of
C. malaccensis (1.58 g cm ) and S. alterniflora (1.44 g
cm_3) of soil of 0-50 cm depths, it is estimated that the
N losses in C. malaccensis and S. alterniflora stands
were approximately 520.97 g N m 2 yr. ' (93.05% for
DNF, 6.95% for ANA) and 794.46 ¢ N m 2 yr.”'
(92.93% for DNF, 7.07 for ANA), respectively
(Fig. 7). These results indicate that DNF was the dom-
inant N removal pathway, but the N removed in
S. alterniflora marshes significantly increased by
52.50% compared to C. malaccensis. In addition, both
of the DNF and ANA processes in C. malaccensis and
S. alterniflora stands removed 1.80% and 4.00%, re-
spectively, of the total terrigenous inorganic N from
domestic, agricultural and industrial wastewater
transported annually into the Min River estuary
wetland, and the N loss in S. alterniflora stands was
significantly higher than that of C. malaccensis. These

results indicated that if more C. malaccensis marshes are
replaced by S. alterniflora, the N removal performed by
microbial processes may increase significantly in the
coastal wetlands. However, Huang et al. (2016) reported
that S. alterniflora invasion may increase N fixation,
which would further accelerate N pollution, and thus,
the spread of S. alterniflora may aggravate the eutrophi-
cation in coastal ecosystems. There are still some dis-
putes on the environmental implications of
S. alterniflora invasion (Sun et al. 2015). Soil NO;
reduction is forms only a part of N-transforming bio-
geochemical cycles and therefore its analysis cannot
comprehensively cover all aspects of S alternifolia in-
vasion. However, given the potential of both processes
for N-loss (DNF and ANA) and N-conservation
(DRNA) and their potential contribution to greenhouse
gas emissions (N,0), they form an important part of an
ecological impact assessment.

Conclusion
The present study reported the variations of dissimila-

tory NO; reduction processes and their environmental
implications following S. alferniflora invasion in a

Ca. 52097 gN m” yr'
(DNF:93.05%, ANA: 6.95%)

A

Fig.7 A schematic illustration of soil NO;  reduction and total N
loss in C. malaccensis and S. alterniflora. The data in the figure are
the mean rates of N transformation (nmol N g71 h'!) and their
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coastal wetland of southeastern China. Exotic
S. alterniflora invasion significantly increased the
DNF, ANA and DNRA rates compared to
C. malaccensis. Soil NOz  reduction rates generally
increased along the S. alterniflora invasion
chronosequences, although DNF and ANA were less
pronounced than DNRA. DNF was the dominant path-
way that contributing to the total NO; reduction, while
ANA and DNRA played an important role in NO;z
reduction in both the C. malaccensis and in
S. alterniflora sites. The potential rates of soil DNF,
ANA and DNRA rates may be affected by correspond-
ing gene abundances of NO3 reducing bacteria and
available substrates due to the increase in primary pro-
duction and plant biomass after S. alterniflora invasion.
It is estimated that N removal through microbial pro-
cesses in S. alterniflora stands (794.46 g Nm 2 yr. ') is
significantly higher than that of C. malaccensis
(520.97 ¢ N m 2 yr. ). Overall, this study provides
valuable insights into the influencing mechanism of
plant invasion on soil N recycling in coastal wetlands.
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