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• Sediment properties were strongly af-
fected by the elevated salinity.

• Labile organic carbon dominated signifi-
cantly the CH4 emission rate.

• Denitrification was the determinant of
N2O emission under increasing salinity.

• Elevated salinity could lead to increased
carbon and nitrogen export.
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Elevated salinity is expected to drive changes in biogeochemical cycling andmicrobial communities in estuarine
and intertidal wetlands. However, limited information regarding the role of salinity in shaping biogeochemical
controls andmediating greenhouse gas emissions is currently available. In this study, we used incubation exper-
iment across salinity gradients of the estuarine and intertidal sediments to reveal the underlying interconnec-
tions of CH4 and N2O emissions, biogeochemical controls and salinity gradients. Our results indicated that
sediment biogeochemical properties were significantly affected by the increasing salinity, which were attributed
to the accelerated sediment enzyme activities. The increasing salinity promoted CH4 and N2O emission rates by
stimulating organic carbon decomposition and nitrogen transformation rates. In addition, the copy number of
mcrA, nirS and nirK genes increased along with the salinity gradients, which strongly mediated the CH4 and
N2O emission rates. Stepwise regression analysis suggested that labile organic carbon and denitrification were
the most crucial determinants of CH4 and N2O emission rates, respectively. Overall, salinity could enhance CH4

and N2O emission mainly by altering sediment geochemical variables, microbial activity and functional gene
abundance in estuarine and intertidal environments. Furthermore, increasing salinity could enhance the carbon
and nitrogen export, which may pose a threat to the ecological function of estuarine and intertidal ecosystems.
This studymay contribute to the knowledge about the importance of biogeochemical controls induced by salinity
in mediating greenhouse gas emissions.
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1. Introduction
Saltwater incursion into freshwater ecosystems induced by sea level
rise under climate change has recently increased in some parts of the
world (Wigley, 2005; Church and White, 2006; Morrissey et al., 2014),
thus altering microbial metabolism and biogeochemical cycling
(Weston et al., 2011; Neubauer et al., 2013; Morrissey et al., 2014). In
particular, elevated salinity has been shown to accelerate microbial en-
zymatic hydrolysis (Weston et al., 2011; Morrissey et al., 2014), which
mediates microbial decomposition rates and organic carbon accumula-
tion in tidal wetlands (Craft, 2007; Loomis and Craft, 2010; Morrissey
et al., 2014). Microbially mediated nitrogen transformation processes,
such as nitrification and denitrification, are also influenced by salinity
changes in estuarine and coastal wetlands (Ardón et al., 2013; Hou
et al., 2013; Deng et al., 2015). Likewise, salinity has been reported to
be a significant driver shaping microbial community structure, which
has been identified in both natural environments (Crump et al., 2004;
Morrissey et al., 2014) and experimental incubations (Mandeel, 2006).
Therefore, increasing concerns have been raised regarding themicrobial
mechanisms of salinity-induced changes in biogeochemical cycling of
estuarine and coastal environments (Craft, 2007; Loomis and Craft,
2010; Weston et al., 2011; Neubauer et al., 2013; Morrissey et al.,
2014). It has been suggested that greenhouses gases emissions are
highly variable in space, and are mainly attributed to salinity changes
under the tidal fluctuations in the estuarine environments (Harley
et al., 2015). In addition, estuarine and coastal wetlands are easily sub-
ject to the changes of biogeochemical variables induced by salinity
(Morrissey et al., 2014), which play important roles in affecting the
greenhouse gas emissions (Helton et al., 2014). However, the relative
importance of abiotic and biotic controls on regulation of greenhouses
gas emissions under the conditions of elevated salinity remains unclear.

Methane (CH4) and nitrous oxide (N2O) are important greenhouses
gases (Randeniya et al., 2002; IPCC, 2014). Over the past decades, CH4

and N2O emissions from aquatic ecosystems have become a popularly
discussed environmental issue (Randeniya et al., 2002; IPCC, 2014).
Globally, freshwater ecosystems contribute most significant CH4 and
N2O concentrations to the atmosphere (Bastviken et al., 2011; Helton
et al., 2014), highlighting the necessity of identifying the microbial
mechanisms of CH4 and N2O emissions in these environments. Because
greenhouse gases are mainly generated by microbial processes, micro-
bial composition and abundance play a primary role in regulating CH4

and N2O emissions (S.Y. Zhao et al., 2018). Tong et al. (2017) have re-
ported that the community structure and abundance of methanogens
vary strongly across the freshwater–brackish wetlands, leading to dif-
ferences in CH4 emissions in subtropical estuarinemarshes. Nitrification
contributes to N2O emission (Russow et al., 2009; Xu et al., 2014), the
ammonia-oxidizing microbe thus has attracted much attention in estu-
arine environments (Hugoni et al., 2015). Zheng et al. (2014) have re-
vealed that the ammonia-oxidizing communities are dissimilar in
estuarine and intertidal sediments, bacterial amoA is abundant at low
salinity while archaeal amoA is abundant at high salinity. The nirS and
nirK in denitrifier communities are the microbial producers of N2O,
while nosZ reduces N2O to N2 (Henry et al., 2006; S.Y. Zhao et al.,
2018). However, the denitrifier communities are influenced by salinity
changes, which likely demonstrate important influences on N2O emis-
sions (Franklin et al., 2017). In addition, it has been reported that extra-
cellular enzyme activities are susceptible to salinity changes (Morrissey
et al., 2014), which play a crucial role in carbon and nitrogen cycling
(Morrissey et al., 2014; Li et al., 2015) and further mediate CH4 and
N2O emissions. Previous studies have reported that sulfate, nitrate and
ferric iron, which involve the most thermodynamically favorable reac-
tions bymicrobes, have important influences on CH4 andN2O emissions
(Ardón et al., 2013; Egger et al., 2014; Schoepfer et al., 2014). Addition-
ally, salinity has been reported to alter the availability of substrates
(Craft, 2007; Ardón et al., 2013; Morrissey et al., 2014; Schoepfer et al.,
2014) and microbial pathways in estuarine and intertidal wetlands
(Crump et al., 2004; Morrissey et al., 2014). Therefore, the changes in-
duced by salinity can drive a series of interrelated biotic processes
(Ardón et al., 2013; Helton et al., 2014; Schoepfer et al., 2014), which
likely alter the biogeochemical controls regulating CH4 and N2O emis-
sions in estuarine and intertidal environments.

Currently, the occurrence of saltwater incursion into freshwater
wetlands has increased due to climate change and reduced water flow
(Dai et al., 2011), which potentially affects microbial structure and bio-
geochemical cycling in the Yangtze Estuary. Although studies of carbon
and nitrogen cycling processes have been carried out recently, the bio-
geochemical controls on greenhouse gas emissions remain unclear in
the intertidal wetlands of the Yangtze Estuary. In this study, we pro-
vided biogeochemical evidence for microbial mechanisms of salinity-
induced changes in CH4 and N2O emissions from an intertidal wetland
of the Yangtze Estuary. The main objective of this study was to reveal
the effects of elevated salinity on CH4 and N2O emissions and the asso-
ciated functional genes. The geochemical properties and extracellular
enzyme activities of the sediment were also measured to determine
the mechanisms of increasing or reducing CH4 and N2O emissions.
This work may provide novel insights into the biogeochemical cycling
of carbon and nitrogen induced by salinity changes in estuarine and in-
tertidal environments.

2. Experimental design and methods

2.1. Site description and sediment sampling

The Yangtze Estuary is located in the center of the east coast of China
and is subject to a typical subtropical monsoon climate, with an average
annual temperature of 15.3 °C and precipitation of 1100 mm (Tang
et al., 2011). The intertidal wetlands of the Yangtze Estuary experience
great variability in salinity levels, ranging from annual mean of 0.2 to
17‰. Because the freshwater-dominated wetlands of the Yangtze Estu-
ary are often subjected to saltwater incursion during the dry season and
tidal fluctuation, a freshwaterwetlandwas consequently selected as the
case-study site. In this work, sediment was collected from the surface
layer (0–10 cmdepth) of a freshwater site located in Xupu (XP, 0.2‰sa-
linity), Yangtze Estuary (Fig. S1). In June 2016, the sediment samplewas
collected, placed in airtight plastic bags and returned to the laboratory
on ice. At the lab, the sediment was homogenized and subdivided for
analysis of physiochemical properties and incubation experiments
treated with salinity gradients. The basic chemical and physical proper-
ties of the sediment are provided in Table S1, Supporting Information.

2.2. Incubation experiments and CH4 and N2O fluxes measurement

In this study, a pot (20 cm diameter, 20 cmheight)made of polypro-
pylene plastic was used for sediment incubation.Water samples with 0,
5, 10, 15, 20 and 25‰ salinity were made of the artificial seawater and
prepared for the incubation water. The homogenized sediment was
transferred into the pots. These pots were spilt into six treatments
with four replicates receiving the different salinity water. Two kg of ar-
tificial seawater was mixed with 5 kg of fresh sediment and the sedi-
ment was balanced by preincubating for two days in dark conditions.
Subsequently, these pots were put in an incubator at a temperature of
25 °C. Distilled water was added when weight loss occurred during
the five weeks of incubation.

Five weeks later, the potential fluxes of methane (CH4) and nitrous
oxide (N2O) were determined using a closed chamber. The chamber
was made of polypropylene plastic including the base and lid. The
base of the cylindrical flux chamber was 30 cm in diameter and 50 cm
in height. In addition, lid was also made of polypropylene plastic with
the same diameter as the base. When the lid was closed, it compressed
a rubber gasket cemented to its underside against a horizontal flange at
the top of the base walls, thus providing a gas seal (Xu et al., 2014). The
gas sample (20 mL) was sampled at 0 and 5 h after chamber closure to
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measure the changes in concentrations of CH4 and N2O. CH4 and N2O
concentrations were analyzed with a gas chromatograph (GC-2014,
Shimadzu) equipped with a flame ionization detector (FID) and elec-
tron capture detector (ECD). The column temperature was set at 50
°C, and the FID and ECD temperatures were set at 200 °C and 250 °C,
respectively.

Additionally, the sediment was collected after five weeks of incuba-
tion, and then separated into three parts for subsequent analyses. The
first fraction was immediately stored at −80 °C for measurement of
gene abundances. The second fraction was stored at 4 °C for determina-
tion of water content, nitrate, nitrite, ammonium, potential nitrification
rate (PNR), denitrification enzyme activity (DEA), extracellular enzyme
activity (EEA), microbial biomass carbon (MBC) and nitrogen (MBN)
within two days. Finally, the third fractionwas freeze-dried for analyses
of sediment pH, total organic carbon (TOC), labile organic carbon (LOC),
recalcitrant organic carbon (ROC) and total nitrogen (TN).

2.3. Measurements of nitrogen transformation processes

In this study, the chlorate inhibitionmethod as described by Xu et al.
(2014)was used to determine the potential nitrification rate (PNR). The
phosphate buffer solution (PBS) was made of 8.0 g NaCl, 0.2 g KCl, 0.2 g
Na2HPO4, 0.2 g NaH2PO4, and 0.132 g (NH4)2SO4 per liter, and then the
solution pH was adjusted to 7.4. Next, 5 g of fresh sediment was mixed
with 20mL of PBS in a 50-mL centrifuge tube. Subsequently, 24.5 mg of
potassium chlorate was added to each tube (at a concentration
of10 mmol L−1) to inhibit oxidation of nitrite from the nitrification.
The mixed solution was adequately homogenized by hand before incu-
bation. Subsequently, the sediment suspension was incubated at the
temperature of 25 °C for 24 h. The nitrite in the incubated solution
was extracted with 5 mL of 2 mol L−1 KCl solution and determined by
a continuous-flow nutrient autoanalyzer (SAN plus, Skalar Analytical
B.V., Breda, The Netherlands).

The denitrification enzyme activity (DEA)was determined using the
acetylene (C2H2) inhibition technique, which is widely used in measur-
ing the denitrification process (Guo et al., 2011). The incubation buffer
solution was made of 1 mmol L−1 glucose and 1 mmol L−1 KNO3.
Then, 10 g of fresh sediment was mixed with 10 mL buffer solution in
a 100-mL serum bottle. The nottle was flushed with high purity helium
for 3–5min and then sealed. In each bottle, 10mL of headspace gaswas
replacedwith an equal volumeof C2H2, resulting in a final concentration
of 10% (v/v) in the headspace to inhibit the reduction of N2O to N2. After
5 h incubation, N2O concentrations in the headspacewere analyzed on a
gas chromatograph (GC-2014, Shimadzu) equipped with an electron
capture detector. The amount of N2O in the headspace and DEA were
calculated according to the method described by Guo et al. (2011).

2.4. Extracellular enzyme activity and microbial biomass

In this study, the extracellular enzyme activities including the C-
cycling (sucrose, SUC, cellulose, CEL), polyphenol oxidase (PPO), N-
cycling (urease, URE), alkaline phosphatase (AP) and arylsulfatase
(AS) were measured with the slightly modified methods described by
Alster et al. (2013), Du et al. (2014) and Li et al. (2015). In brief, 5 g of
freeze-dried sediment was mixed with respective substrate at the opti-
mal pH and incubated at 25 °C with sporadic gentle agitation for 24 h.
The suspension was centrifuged and transferred into a clean tube. The
reagent for the enzymewas added to the suspension solutions for color-
imetric analysis. In addition, substrate and sample blanks receiving sub-
strate and deionized water were respectively performed in all assays.
The absorbance was measured on a microplate reader (SpectraMax
M5 Molecular Devices Corporation, Sunnyvale, CA). The extracellular
enzyme activities were calculated based on the linear regression be-
tween the standard concentrations gradients and the absorbance.

Microbial biomass in sediment was measured with the chloroform
fumigation method. In brief, 5 g of fresh sediment was fumigated with
ethanol-free chloroform at 28 °C for 24 h, and then extracted with
20mL of 0.5mol L−1 K2SO4 solution, shaken for 30min and then centri-
fuged at 3000 rpm for 10min. In addition, 5 g of fresh sediment was di-
rectly extracted with 20 mL of 0.5 mol L−1 K2SO4 solution. These
supernatants were filtered and stored in -20 °C until analysis. The dis-
solved organic carbon (DOC) and nitrogen (DON) in the supernatants
were measured using a TOC-VCPH analyzer (Shimadzu, Japan) and a
continuous flow auto analyzer (SAN plus, Skalar Analytical B.V., the
Netherlands), respectively. MBC andMBNwere calculated as the differ-
ences in the DOC and DON before and after fumigation divided by 0.38
and 0.54, respectively (Vance et al., 1987; Brookes et al., 1985).
2.5. Sediment geochemical analysis

Water content was determined by the weight loss of sediments be-
fore and after being oven-dried for 72 h at 105 °C. Sediment was mixed
with water at a ratio (w/v) of 1:2.5 and the pH was measured using a
Mettler-Toledo (Hou et al., 2013). Total organic carbon (TOC) and
total nitrogen (TN) in sediments was determined using a thermal com-
bustion furnace analyzer (Elementar analyzer vario MAXCNOHS,
Germany) after being leached by 1 mol L−1 HCl (Hou et al., 2013). Sed-
iment NH4

+, NO3
− and NO2

− were extracted with 2 mol L−1 KCl solution
and then determined using a continuous-flow nutrient autoanalyzer
(SAN plus, Skalar Analytical B.V., Breda, The Netherlands) with detec-
tion limits of 0.5 μmol L−1 for NH4

+ and 0.1 μmol L−1 for NO3
−/NO2

−

(Hou et al., 2013). Labile organic carbon (LOC) was determined by the
KMnO4 oxidation method (Vieira et al., 2007; Du et al., 2014). Recalci-
trant organic carbon (ROC) contents were determined using a thermal
combustion furnace analyzer after the sediment was hydrolyzed by
HCl (Du et al., 2014).
2.6. DNA extraction and qPCR

Total DNA was extracted from 0.25 g of fresh sediment using the
Power Soil® Total DNA Isolation Kit (MoBio, USA) according to the ac-
companying instruction. The copy numbers of bacterial and archaeal
16S rRNA, bacterial and archaeal amoA, mcrA, pmoA nirK, nirS and nosZ
in DNAwere determined using the 7500 real-time PCR system (Applied
Biosystems, Canada) using the SYBR Green qPCR method (Hales et al.,
1996; Holmes et al., 1999; Costello and Lidstrom, 1999; Xu et al.,
2014; Hou et al., 2015). The qPCR reaction system was performed in
25 μL of solution including 12.5 μL of Maxima SYBR Green/RoxqPCR
Master Mix, 1 μL of each primer (10 μmol L−1), 1 μL of DNA and 9.5 μL
of ddH2O. All reactions were performed in 8-strip thin-well PCR tubes
with ultraclean cap strips (ABgene, UK). The plasmid pGEM-T Easy Vec-
tor (3015 bp, Promega,Madison, U.S.A.) was used for cloning gene frag-
ments to construct the standard curves of qPCR. The standard curves
were constructed according to the serial 10-dilution of the plasmid
DNA. Cycling reaction conditions and primers in the qPCR analyses are
given in the Supporting Information.
2.7. Statistical analysis

All statistical analyses were performed using SPSS version 19.0 for
Window (SPSS Inc., Chicago, IL, USA). Genes abundance was trans-
formed with a log(10) for all subsequent statistical analyses. Statistical
analyses for comparing the obtained data under the salinity treatments
were conducted using a one-way analysis of variance (ANOVA). Pearson
correlation analysis was used to describe the relationships among sedi-
ment properties, functional gene abundances, CH4 and N2O fluxes, and
nitrogen transformation rates. In addition, stepwisemultiple regression
analysis was conducted to reveal the strongest determinant of CH4 and
N2O emission rates.
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3. Results

3.1. Sediment properties

Sediment biogeochemical characteristics alongwith the salinity gra-
dients are shown in Table 1. The sediment TOC and ROC contents de-
creased strongly with the increasing salinity, varying from 8.53 to
8.09 mg g−1 and from 7.05 to 6.10 mg g−1, respectively. However, sed-
iment LOC increased significantly with the increasing salinity, increas-
ing from 1.16 to 1.99 mg g−1. Sediment MBC and MBN decreased
significantly with the increasing salinity, ranging from 219 to 57
μg g−1 and from 58.8 to 31.7 μg g−1, respectively. Sediment TN de-
creasedwhile the C/N ratio increasedwith increasing salinity. NH4

+ con-
centrations were significantly higher in the treatments of 0, 5 and 10‰
than in the treatments of 15, 20 and 25‰. Likewise, 25‰ salinity had
strong influences on NOx

− concentration. Overall, high salinity pro-
moted LOC andNOx

− accumulation, NH4
+ consumption,while decreased

microbial biomass.

3.2. Sediment extracellular enzyme activities

The rates ofmeasured enzymes varied significantly alongwith the sa-
linity treatments (Table 2). For the hydrolytic carbon-degrading enzymes
(SUC and CEL), the rates of SUCwere significantly lower in the 25‰ treat-
ment than other treatments. CEL also increasedwith the increasing salin-
ity (0–20‰ treatments). The rates of PPO degrading lignin ranged from
170.6 μmol g−1 h−1 at 0‰ treatment to 587.7 μmol g−1 h−1 at 20‰ treat-
ment. Low rates of URE were observed in the low salinity treatments (0
and 5‰), and the rates increased with increasing salinity. The activity of
AP also varied from the treatment with the lowest activity (0‰= 0.171
μmol g−1 h−1) to the treatment with the highest activity (20‰= 0.263
μmol g−1 h−1). In addition, the elevated salinity promoted the activity
of AS, ranging from0.084 to 0.159 μmol g−1 h−1. Overall, elevated salinity
generally promoted sediment extracellular enzyme activities.

3.3. CH4 and N2O emission rates

CH4 emission rates in 10 and 15‰ treatments (2.11 and 2.29
μg m−2 h−1, respectively) were significantly lower than in 20 and
25‰ treatments (3.14 and 3.60 μg m−2 h−1, respectively), and higher
than in 0 and 5‰ treatments (1.19 and 1.21 μg m−2 h−1, respectively)
(Fig. 1A). The highest CH4 emission rate (3.60 μg m−2 h−1) was ob-
served at the 25‰ treatment (Fig. 1A), which was 3-fold of 0‰ treat-
ment (1.19 μg m−2 h−1). Increasing salinity significantly promoted
N2O emission rates, ranging from13.0 μgm−2 h−1 of the 10‰ treatment
to 22.36 μgm−2 h−1 of the 20‰ treatment (Fig. 1B). N2O emission rates
in 15‰, 20‰ and 25‰ treatmentswere higher compared to those of the
0‰, 15‰ and 25‰ treatments. Generally, elevated salinity could signif-
icantly accelerate the CH4 and N2O emission rates.

3.4. Nitrification and denitrification rates

Elevated salinity accelerated potential nitrification and denitrifica-
tion enzyme activity (Fig. 2). Potential nitrification rates varied from
Table 1
Chemical properties of sediment under the salinity gradients after five weeks incubation.

Salinity
(‰)

pH TOC
(mg g−1)

LOC
(mg g−1)

ROC
(mg g−1)

MBC
(μg g−1)

0 7.61 ± 0.31 8.53 ± 0.06a 1.16 ± 0.13c 7.05 ± 0.12a 219 ± 16a

5 7.53 ± 0.13 8.44 ± 0.09a 1.16 ± 0.20c 6.99 ± 0.13a 192 ± 7.7
10 7.86 ± 0.24 8.34 ± 0.05b 1.27 ± 0.21c 6.82 ± 0.08a 131 ± 14c

15 8.10 ± 0.18 8.30 ± 0.04b 1.48 ± 0.11b 6.74 ± 0.08b 82 ± 5.4d

20 8.16 ± 0.28 8.19 ± 0.04c 1.77 ± 0.10a 6.50 ± 0.03bc 70 ± 8.0d

25 8.30 ± 0.12 8.09 ± 0.02c 1.99 ± 0.23a 6.10 ± 0.19d 57 ± 5.8de

Mean ± SD, different letters indicate significant difference between the treatments at p b 0.05
0.042 to 0.288 μg N g−1 h−1 with the salinity gradients. Nitrification
rates were 6-fold higher in the 25‰ treatment (0.288 μg N g−1 h−1)
than in the 0‰ treatment (0.042 μg N g−1 h−1). Denitrification enzyme
activities varied from the 0‰ treatment with the lowest activity (0.199
μg N g−1 h−1) to the 25‰ treatment with the highest activity (0.309
μg N g−1 h−1). Interestingly, no significant difference in potential nitri-
fication rate and denitrification enzyme activities was observed be-
tween the 0 and 5‰ treatments (p N 0.05), among the 10, 15 and 20‰
treatments (p N 0.05). Overall, nitrification and denitrification showed
similar changes in response to the salinity treatments. The highest nitri-
fication and denitrification activities were recorded in the 25‰ treat-
ment followed by the 10, 15 and 20‰ treatments.

3.5. Copy numbers of 16S rRNA and functional genes

The copy numbers of bacterial community, archaeal community,
ammonia-oxidizing archaea, ammonia-oxidizing bacteria,
methanogens,methanotrophs and denitrifiers in sedimentswere deter-
mined (Fig. 3). Bacterial abundance decreased while archaeal abun-
dance increased with increasing salinity, which varied from 11.8
× 1011 to 5.53 × 1011 copies g−1 and from 0.62 × 108 to 3.63 × 10-
8 copies g−1, respectively. The archaeal amoA gene abundance was sig-
nificantly higher in the treatment of the 25‰ than in the other
treatments. Bacterial amoA gene decreased with the increasing salinity.
Similarly,nirS andnirK genes copies increased in response to salinity en-
hancement. However, nosZ decreased significantly with the increasing
salinity, varying between 7.7 × 107 and 2.5 × 107 copies g−1. The
pmoA gene abundance decreased from 7.7 × 105 to 3.2 × 105 copies g−1

along with the salinity gradients. The increasing salinity had a positive
influence on mcrA gene abundance, varying from 2.4 × 105 to 7.5
× 105 copies g−1.

4. Discussion

4.1. Changes in biogeochemical controls induced by salinity

Elevated salinity has been reported to alter sediment properties, de-
creasing TOC, ROC, and NH4

+, and increasing pH and LOC (Weston et al.,
2011; Ardón et al., 2013; Morrissey et al., 2014). In this study, sediment
pH was observed to increase with increasing salinity, varying from 7.61
to 8.30. The reasonwas that high salinity is enriched with alkaline com-
pounds (ca. chloridion), leading to the increase in sediment pH. It has
been reported that sediment pH is tightly correlated with the presence
of humic substances (Morrissey et al., 2014). In addition, elevated pH
can tend to decrease the humic acid sorption capability (Abate &
Masini, 2003), which may in return have led to the increasing pH in
this study. Organic matter decomposition in sediment is governed by
microbial activity (Morrissey et al., 2014). Salinity has been suggested
as a regulator of organic matter decomposition and has been tied to
rates of microbial respiration in estuarine and coastal wetlands
(Weston et al., 2006; Craft, 2007; Loomis and Craft, 2010; Weston
et al., 2011;Morrissey et al., 2014). LOC derives from the decomposition
of organic matter, thus the high decomposition of organic matter can
lead to more LOC accumulation (Broek et al., 2016). In particular, LOC
MBN
(μg g−1)

TN
(mg g−1)

C/N NH4
+

(μg g−1)
NOx

−

(μg g−1)

58.8 ± 9.1a 0.78 ± 0.02a 10.9 ± 0.32c 3.45 ± 0.40a 0.39 ± 0.04a
b 59.4 ± 4.8a 0.75 ± 0.01a 11.2 ± 0.23c 3.18 ± 0.49a 0.23 ± 0.05c

47.9 ± 4.2a 0.73 ± 0.02a 11.4 ± 0.25c 2.38 ± 0.20b 0.34 ± 0.09b

40.1 ± 3.3ab 0.61 ± 0.02b 13.7 ± 0.55b 1.01 ± 0.40c 0.59 ± 0.08a

32.4 ± 4.1c 0.52 ± 0.03c 15.8 ± 0.83a 1.36 ± 0.34c 0.37 ± 0.10b

31.7 ± 4.9c 0.54 ± 0.04c 15.2 ± 0.99a 1.23 ± 0.31c 0.09 ± 0.03d

. NOx
−, NO3

− plus NO2
−.



Table 2
Sediment enzymatic activities under the salinity gradients after five weeks incubation.

Salinity
(‰)

SUC
(μg g−1 h−1)

CEL
(μg g−1 h−1)

PPO
(μg g−1 h−1)

URE
(μg g−1 h−1)

AP
(μg g−1 h−1)

AS
(μg g−1 h−1)

0 94 ± 6.8c 2.83 ± 0.51c 13.3 ± 1.8cd 0.41 ± 0.06c 16.0 ± 0.4d 11.6 ± 0.9d

5 96 ± 5.6c 4.38 ± 0.52b 16.5 ± 0.8c 0.51 ± 0.03c 16.9 ± 0.8d 14.4 ± 1.1c

10 88 ± 3.4b 5.67 ± 0.60b 20.4 ± 1.8b 0.90 ± 0.13b 20.6 ± 0.7c 17.9 ± 0.7b

15 97 ± 3.3bc 8.77 ± 0.60a 27.6 ± 1.9a 0.57 ± 0.06bc 22.5 ± 0.6b 22.1 ± 1.2a

20 91 ± 4.5a 10.1 ± 1.3a 15.2 ± 1.6c 1.38 ± 0.07a 24.7 ± 0.7a 18.6 ± 0.6b

25 85 ± 3.6b 5.67 ± 0.60b 10.9 ± 1.2d 0.77 ± 0.13b 17.1 ± 0.3d 15.5 ± 1.4c

Mean± SD, different letters indicate significant difference between the treatments at p b 0.05. SUC, CEL, PPO, URE, AP, and AS are abbreviations for sucrase, cellulose, polyphenol oxidase,
urease, alkaline phosphatase and arylsulfatase, respectively.
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is the available substrate for microbial activity (Wang et al., 2012), and
more LOC provides positive feedback for organic matter decomposition
as the result of increasing microbial activity. Thus, the sediment LOC in
the present study increased while TOC decreased along with the in-
creasing gradients (Table 1). The ROC, as the main component of TOC,
is a poorly decomposable C fraction mainly composed by the lignin
and polyphenols (Six et al., 2002). However, in our study, the ROC con-
tents declined likely because the ROC decomposition was stimulated by
the increasing salinity (Du et al., 2014). These results show that elevated
salinity can stimulate the decomposition of organic matter and is thus
favorable for the LOC accumulation.

Microbial biomass has been reported to decrease in response to the
increasing salinity (Yan and Marschner, 2012; Q. Zhao et al., 2018).
However, some study suggested that the salinity (b 6‰) has no signifi-
cant influence onmicrobial biomass (Baldwin et al., 2006). In our study,
the microbial biomass carbon in sediment decreased along with the in-
creasing salinity gradients, which is likely because excessively high sa-
linity may stress to microbial metabolism (Hopfensperger et al., 2014).
The TN decreased along with the salinity gradients, resulting in the in-
creasing C/N ratios, varying from 10.9 to 15.2 in this study. It has been
documented that elevated salinity can also export nitrogen from coastal
wetlands to the atmosphere through the exchange of salt cations with
sediment NH4

+ in coastal wetlands (Ardón et al., 2013). In addition, ni-
trification and denitrification are sensitive to salinity changes, and salin-
ity can thus accelerate nitrification and denitrification activities through
stimulating enzymatic activity (Weston et al., 2011; Morrissey et al.,
2014). In this study, the potential nitrification rates were observed to
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Fig. 1. CH4 and N2O emission rates in the sediment after five weeks incubation un
increase significantly along with the salinity gradients particularly in
the25‰ treatment (Fig. 2). Therefore, the contents of NH4

+ in sediments
varied significantly along with the salinity gradients, decreasing from
low to high salinity treatments (Table 1). In addition, the lowest content
of NOx

− in the 25‰ salinity treatment may be attributed to the highest
denitrification enzyme activity (Fig. 2) because denitrification contrib-
utes most significantly to the nitrate loss in estuarine sediments (Hou
et al., 2013).

Salinity affects sediment properties, whichmay in return lead to the
alterations of enzyme activities, microbial communities and functional
genes (Morrissey et al., 2014). Increasing salinity led to the decrease
in the bacterial 16S rRNA abundance particularly in the 25‰ treatment
because excessively high salinity inhibits microbial activity. However,
archaeal 16S rRNAwas favored by the high salinity relative to the bacte-
rial community, the copy number of archaeal 16S rRNA generally in-
creases from estuarine to marine environments (Hugoni et al., 2015).
The bacterial amoA gene of nitrification community decreased while ar-
chaeal amoA gene increased with the increasing salinity, indicating a
different response to salinity impact between archaeal and bacterial
amoA gene. Likewise, Wang et al. (2018) have reported that archaeal
amoA gene abundance was higher in high salinity than in low salinity,
while the bacterial amoA gene was higher in intermediate salinity
than in high salinity, further suggesting that salinity had different effects
on nitrifying communities. In this study, the denitrifier community var-
ied along with the salinity gradients, of which nirS and nirK increased
while nosZ decreased with increasing salinity (Fig. 3). Mosier and
Francis (2010) reported that a significant correlation was observed
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Fig. 2.Denitrification enzyme activities (A) and potential nitrification rates (B) of the sediment under the salinity gradients. The different small letters above the columndenote statistically
significant differences between the salinity gradients (p b 0.05). Error bars represent standard errors (n = 4).
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between salinity and abundances of nirK and nirS genes in the San
Francisco Bay estuary, indicating that intermediate salinity is favorable
for the nirK and nirS of the denitrifying community. In addition, it has
been reported that the nosZ gene is significantly lower in high salinity
than in low salinity (Wang et al., 2018). It has been reported that
mcrA gene abundance is higher in freshwater marshes than in brackish
marshes, indicating that salinity is still a major factor controlling
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differences among the salinity gradients are indicated by different letters (p b 0.05).
methanogens in the low level salinity gradients of estuarine environ-
ments (Tong et al., 2017). Shen et al. (2014) reported that the pmoA
gene abundance was lower in high salinity than in low salinity sites.
However, in our study, the functional pmoA gene of methanotrophs de-
creased with the increasing salinity, while the mcrA gene of
methanogens increased in response to the increasing salinity likely be-
cause the sediment variables differed in incubation experiment
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Table 3
Pearson correlation between CH4 and N2O emission rates and biogeochemical controls (n
= 24).

Biogeochemical controls CH4 N2O

r p r p

Abiotic factor
Salinity
pH 0.88 0.00 −0.76 0.00
LOC 0.84 0.00 0.72 0.00
MBC −0.87 0.00 −0.94 0.00
MBN −0.86 0.00 −0.88 0.00
ROC −0.88 0.00 −0.71 0.00
LOC/ROC 0.85 0.00 0.70 0.00
TOC −0.90 0.0 −0.83 0.00
TN −0.89 0.00 −0.80 0.00
C/N 0.86 0.00 0.81 0.00
NH4

+ −0.77 0.00 −0.88 0.00
NO3

− −0.31 0.14 −0.06 0.79

Biotic factor
URE 0.60 0.002 0.66 0.00
SUC −0.55 0.006 −0.30 0.16
CEL 0.56 0.004 0.76 0.00
PPO −0.17 0.44 0.20 0.36
AP 0.40 0.05 0.67 0.00
AS 0.38 0.07 0.71 0.00
PNR 0.79 0.00 0.60 0.002
DEA 0.85 0.00 0.77 0.00

Genes abundance
Archaeal amoA 0.68 0.00 0.55 0.00
Bacterial amoA −0.93 0.00 −0.89 0.00
nirS 0.88 0.00 0.85 0.00
nirK 0.91 0.00 0.83 0.00
nosZ −0.83 0.00 −0.94 0.00
mcrA 0.93 0.00 0.92 0.00
pmoA −0.94 0.00 −0.88 0.00
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compared to the field environments. In addition, the sediment enzyme
activities were generally enhanced by the increasing salinity, because
salinity can improve the bioavailability of organic substrates and thus
facilitates enzymatic activity at a modest level of salinity (Neubauer
et al., 2013; Morrissey et al., 2014). However, many studies have sug-
gested that hypersaline conditions inhibit enzyme activity, because ex-
cessively high salinity has negative influence on molecular stability and
protein conformational states (Yun et al., 2010; Pan et al., 2013). There-
fore, the sediment enzymeactivities increasedwith the increasing salin-
ity (0–20‰), which further supported the reported correlation between
the salinity and enzyme activity. Overall, these results demonstrate that
salinity may alter not only sediment characteristics but also microbial
community abundance by mediating the substrates for microbial com-
munities (Baldwin et al., 2006; Weston et al., 2011; Neubauer et al.,
2013; Morrissey et al., 2014).

4.2. Effects of biogeochemical properties on CH4 and N2O emissions

Salinity was observed to influence CH4 and N2O emissions through
indirectly and directly affecting sediment properties andmicrobial com-
munities (Poffenbarger et al., 2011; Murray et al., 2015). Anaerobic de-
composition of organic matter can produce CH4, which contributes to
the main parts of CH4 generation in the sediment (Avery et al., 2003).
Thus, organic carbon may be a strong determinant of the CH4 emission
rate in the sediment. In this study, the LOC and C/N showed significantly
positive correlations with CH4 emission rates (p b 0.01), indicating the
importance of organic carbon in CH4 emissions. The CH4 emission rate
was significantly related to pH, indirectly suggesting that pH was also
an important factor regulating CH4, because the methanogen activity
is favored by alkalescence (Tong et al., 2017). Because enzyme activity
is the putative rate-limiting step in organic matter decomposition
(Morrissey et al., 2014), the enhanced enzymatic activities induced by
the increasing salinitymay affect the CH4 emission rate. Sucrose and cel-
lulosemainly performcarbon cycling, and thusmay influence CH4 emis-
sions because the anaerobic fermentation of organicmatter can produce
methane (Vizza et al., 2017). In this study, URE and CEL showed positive
effects on CH4 emission rates, while SUC had a negative influence on
CH4. In addition, although the CH4 oxidation coupled to NO3

− and NO2
−

reduction has been proven important in aquatic environments
(Luesken et al., 2011; Norði & Thamdrup, 2014), the content of NOx

−

did not vary significantly along the increasing salinity gradients, sug-
gesting that NOx

− may not be responsible for CH4 emission. In our
study, stepwise multiple regression analysis suggested that the LOC,
pH and SUC were the main factors regulating CH4 emission, of which
LOC was the most important determinant, accounting for 80.5% of the
total variation (Fig. 4). LOC is the most available substrate for microbial
activity (Morrissey et al., 2014), which can supply abundant energy for
the microbial community because most microorganisms are heterotro-
phic. Methanogens are also heterotrophic microorganisms that require
an energy supply in the methane production (Vizza et al., 2017). Thus,
the LOC was the most important factor affecting CH4 emissions.

In this study, LOC and C/N showed significant correlations with N2O
emission rates (p b 0.01, Table 3). Previous study has reported that de-
nitrification is favorable to occur in the high availability of organic mat-
ter (Plummer et al., 2015), because the denitrifier communities are
heterotrophic microorganisms. In addition, denitrification contributes
to the largest amount of N2O emissions in estuarine environments
(Ardón et al., 2013; Murray et al., 2015). Thus, high N2O emissions
were generally observed in the conditions of high organic carbon
where the denitrification activity occurs strongly. The NH4

+ also had a
great influence on theN2O emissions, implying that NH4

+was an impor-
tant factor in N2O emission. Generally, NH4

+ oxidation into NO3
− can

supply abundant substrate for denitrification because NO3
− is limited

in the environment (Russow et al., 2009). In our study, the relatively
lower contents of NH4

+ in high salinity treatments were observed com-
pared to low salinity treatments, which indicated that the high
nitrification rates may contribute to the increasing N2O emissions in
the high salinity treatments because the aerobic NH4

+ oxidation can
also produce N2O (Murray et al., 2015). In addition, the URE was ob-
served to have a significant correlation with N2O emission rate. It has
been reported that URE is the most important enzyme in nitrogen cy-
cling, and can catalyze urea into NH4

+ (Pan et al., 2013), thus further
supplying the substrate for the nitrification process. The Fe(II) level
can be enhanced by the increasing salinity (Baldwin et al., 2006),
which may result in an increasing denitrification capacity because the
Fe(II)-driven nitrate reduction is involved in denitrification (called
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chemodenitrification) (Jones et al., 2015). Further study regarding the
underlying interaction between Fe(II) and denitrification is thus re-
quired. In our study, salinity had a great influence on nitrification, and
nitrification may thus partially contribute to increasing N2O emissions
because nitrification can also produce N2O during the NH4

+ oxidation
(Hu et al., 2012). Therefore, in our study, the stepwise regression analy-
sis suggested that denitrification dominated the N2O emission rates
followed by LOC, accounting for 76.4% and 3.9% of their total variations,
respectively (Fig. 4). Both denitrification and LOC were observed to in-
crease with the salinity gradients (Fig. 1, Table 1). In addition, denitrifi-
cation was affected by the LOC, while N2O production was mainly
controlled by the denitrification. Thus, it was noted that denitrification
not LOC dominated theN2O emissions in this study, highlighting the im-
portance of denitrification in N2O emissions.

In addition to affecting sediment properties, the changes in CH4 and
N2O emission rates could also be attributed to the differences in micro-
bial diversity and abundance induced by salinity (Henry et al., 2006; Q.
Zhao et al., 2018). Elevated salinity could lead to the decreases in bacte-
rial abundance but increases in archaeal abundance, supporting the ob-
servation of reduced microbial biomass induced by the increasing
salinity, as bacterial abundance dominates the total microbial commu-
nity in the sediment (S.Y. Zhao et al., 2018). Elevated salinity increased
the activities of nitrification and denitrification, suggesting that denitri-
fication and nitrification are sensitive to the salinity (Wang et al., 2018).
The archaeal amoA gene may contribute more than bacterial amoA to
the enhanced nitrification, because the archaeal amoA gene abundance
was strongly increased by the elevated salinity, but bacterial amoA
(Fig. 3). Previous research has also suggested that salinity can accelerate
nitrification, and the archaeal amoA gene abundance could better ex-
plain the nitrification dynamics relative to bacterial amoA (Zheng
et al., 2014).

Although the denitrification activity was stimulated by the increas-
ing salinity (Fig. 2), the nirS, nirK and nosZ of denitrifier communities
varied along with the salinity gradients (Fig. 3). Previous studies have
reported that nirS and nirK are the microbial producers of N2O, while
nosZ reduces N2O to N2 (Henry et al., 2006; S.Y. Zhao et al., 2018), indi-
cating that denitrifier communities are the crucial factors affecting the
N2O emission. In this study, the copy numbers of nirS and nirK genes in-
creased while those of nosZ gene decreased along with the salinity gra-
dients. Thus, the changes in nirS and nirK gene abundances could
account for the differences in N2O emission rates along with the salinity
gradients. In addition, the maximum N2O emission rate in the 25‰
treatment was observed, which was supported by that the copy num-
bers of nirS and nirK genes were significantly higher in 25‰ treatment
than in other salinity treatments. Therefore, the N2O emission was
mainly controlled bynirS and/or nirK in this study. In addition, the abun-
dance of mcrA gene was significantly related to CH4 emission rates
(Table 3), indicating that themethanogens activity has an important in-
fluence on CH4 emission. Likewise, it has also been suggested that the
enhanced copy number of mcrA gene can lead to the increasing CH4

emission by methanogen producers (Tong et al., 2017). In addition,
the decreased abundance of pmoA gene may mitigate the methane oxi-
dation, which also may contribute to the enhanced CH4 emission rates
in high salinity treatments.

In summary, elevated salinity was found to accelerate CH4 and N2O
emissions by changing sediment characteristics and stimulating themi-
crobial enzyme activities. Additionally, salinitywas observed to increase
the abundances of the functional genesmcrA, nirS and nirK, which were
likely the biotic factors mediating the enhanced CH4 and N2O emission
rates. In contrast, elevated salinity enhanced carbon and nitrogen ex-
port by stimulating organic matter decomposition and nitrogen trans-
formation processes, thus decreasing the carbon sequestration and
nitrogen retention in estuarine environments. Overall, the importance
of salinity in CH4 and N2O emissions should be attracted attention par-
ticularly where estuarine and intertidal ecosystems are widely influ-
enced by saltwater incursion under climate change.
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