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ARTICLE INFO ABSTRACT

Keywords: Sediment nitrogen fixation and associated functional gene in the East China Sea were investigated using ni-
Nitrogen fixation trogen-isotope tracing and molecular techniques. Potential rates of nitrogen fixation were detected, with values
Sediment of 0.06-5.51nmolNg~'h~!. Abundance of functional gene (nifH) ranged from 0.36 X 10° to
i;ﬁ::;:emical properties 5.39 x 107 copies g~ '. Nitrogen fixation rates were not related to the abundance of nifH gene but to tempera-

ture, salinity, sulfide, iron and C/N, indicating that the sediment properties rather than microbial abundance
dominated the nitrogen fixation. It is also estimated that sediment nitrogen fixation annually contributed about
3.43 x 10° to 3.10 x 107 tons nitrogen to the East China Sea, which accounted for 8.2-22.6% of the total in-
organic nitrogen input. Overall, this study highlights the importance of benthic nitrogen fixation in controlling
nitrogen budget in the East China Sea and improves our knowledge on nitrogen cycling in the coastal marine

Nitrogen budget
East China Sea

environments.

1. Introduction

Nitrogen fixation is a microbially mediated process converting No
into biologically available ammonium (Hou et al., 2018). It generally
contributes to most parts of nitrogen input into marine environments,
compared with other nitrogen sources (Zehr, 2011; Bentzon-Tilia et al.,
2015). As an important source of reactive nitrogen (Zehr and Kudela,
2011; Larmola et al., 2014; Bae et al., 2018), this process plays an
important role in regulating primary productivity and nitrogen budget
in coastal marine environments (Laroche and Breitbarth, 2005;
Grof3kopf et al., 2012; Newell et al., 2016a; Benavides et al., 2018).
Thus, an increasing attention to marine nitrogen fixation has been
raised in recent decades.

At present, most studies have concerned about nitrogen fixation in
water column because phototrophic cyanobacteria generally dominates
the process of nitrogen fixation (Zehr, 2011; Andersson et al., 2014;
Bentzon-Tilia et al., 2015). However, some reports indicate that het-
erotrophic prokaryotes have a great potential of nitrogen fixation in
benthic sediments of estuarine and coastal environments (Mortazavi
et al., 2012; Vieillard and Fulweiler, 2012; McCarthy et al., 2015; Gier
et al., 2016; Hou et al., 2018). Also, the benthic nitrogen fixation is
associated closely with environmental characteristics. For instance,
Fulweiler et al. (2013) documented that benthic nitrogen fixation was
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not detected in the environments where concentrations of nitrate and
ammonium are > 1 umol L™'. By contrast, some studies reported that
nitrogen fixation can occur at high concentrations of 30 ymol ™" for
NO3;~ and 200 pumol L™! for NH,* in marine benthic environments
(Knapp, 2012). Organic matter and salinity also have great influence on
nitrogen fixation via controlling composition and enzymatic activity of
microbial community (Herbert, 1975; Grimm and Petrone, 1997;
Marcarelli and Wurtsbaugh, 2006; Severin et al., 2012; Hou et al.,
2018). Sulfide is observed to have negative or positive influences on
nitrogen fixation (Gier et al., 2016; Hou et al., 2018), thus the role of
sulfide in nitrogen fixation remains uncertain. Iron is another important
factor for benthic nitrogen fixation because parts of iron-reducing
bacterial communities can also fix nitrogen (Bertics et al., 2010;
Fulweiler et al., 2013; Gier et al., 2017). The continental shelf of coastal
marine environments plays a crucial role in biogeochemical cycling
(Chai et al., 2006). However, the environmental characteristics in
coastal marine environments are highly variable, and susceptive to
hydrological fluctuations and currents (Lee et al., 2017). Diverse en-
vironmental characteristics may lead to the uncertainty of determinants
regulating benthic nitrogen fixation. More studies on benthic nitrogen
fixation are thus required to understand nitrogen dynamics in coastal
marine environments.

Extensive continental shelf in the East China Sea develops mostly
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due to sediment deposition from the Yangtze River, hydrological fluc-
tuations and currents (Liu et al., 2006). However, the variabilities in
sediment environmental characteristics can affect the biogeochemical
cycling in the continental shelf area (Lee et al., 2017). Although most
studies have concerned about the nitrogen cycling recently (Deng et al.,
2015; Hou et al., 2015a; Lin et al., 2016, 2017), the occurrence and
biogeochemical controls of nitrogen fixation remain unclear in the
continental shelf sediment of the East China Sea. In this study, the
benthic nitrogen fixation was thus investigated using nitrogen-isotope
tracing technique. The objectives of this study are (1) to examine the
occurrence and spatial distributions of benthic nitrogen fixation in the
continental shelf of the East China Sea, (2) to reveal the crucial factors
controlling benthic nitrogen fixation, and (3) to estimate the con-
tribution of benthic nitrogen fixation to nitrogen budget of the study
area.

2. Materials and methods
2.1. Study area and sample collection

The continental shelf in the East China Sea is one of the largest
continental shelves in the world, with an area of 7.7 x 10°km? and
average water depth of 72m (Lin et al., 2016, 2017). The continental
shelf plays an important role in biogeochemical cycling since large
amount of nutrients from the runoff of the Yangtze River and currents
are accumulated in this region (Beardsley et al., 1985; Ichikawa and
Beardsley, 2002; Lin et al., 2016). Recently, the reactive nitrogen
concentration has increased approximatelyl0-fold, which is an im-
portant factor contributing to the eutrophication and algal blooms in
the continental shelf area (Chai et al., 2006; Zheng et al., 2013).

In this study, three sampling transects were investigated, including
N1-N7, M1-M7 and S1-S5 (Fig. 1). Totally, sediment samples were
collected from nineteen sites by using a box corer in March and July
2016. For each site, triplicate sediment subcores (0-5cm) were
achieved and stored at 4 °C. In addition, bottom water samples were
also collected with Niskin samplers and filtered immediately through
0.22 um filters (Millipore, Bedford, USA) for nutrient analyses and in-
cubation experiments. In the laboratory, sediment of each subcore was
mixed thoroughly in a helium-filled glove bag and divided into two
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Fig. 1. Sampling sites in the East China Sea.
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parts: one was immediately incubated for measurement of potential
nitrogen fixation rates and sediment characteristics, and the other was
stored at —80 °C for later analyses of molecular microbiology.

2.2. Analysis of site characteristics

Temperature, salinity and water depth at each site were measured in
situ using conductivity-temperature-depth profiler (Sea-Bird 911 plus).
Sediment water content was calculated according to the weight loss of
fresh sediment dried at 60 °C to constant weight (Lin et al., 2017). Se-
diment pH was measured with Mettler-Toledo pH meter after sediment
was mixed with CO,-free deionized water at a sediment/water ratio of
1:2.5 (Hou et al., 2018). Sediment grain size was determined using LS
13320 Laser grain sizer (Hu et al., 2009). Sediment inorganic nitrogen
including NH4* and NO; ™~ (plus NO, ) was extracted with 2mol L™*
KCl (Hou et al., 2015b) and analyzed using continuous-flow nutrient
analyzer (SAN Plus, Skalar Analytical B.V., the Netherlands), with the
detection limits of 0.5 umol L ™! for NH,* and 0.1 pmol L™ ! for NO3 ™.
Sediment organic carbon was measured using elementary analyzer
(VVarioELIII, Elementary, Germany) after sediment was purified by
leaching with 0.1 mol L™ 1 HCl to remove carbonate (Hou et al., 2013).
Sediment amorphous Fe was extracted by using 0.5mol L~' HCl and
then quantified by colorimetric (Ferrozine) analysis (Deng et al., 2015).
Sediment sulfide was determined using a hydrogen sulfide sensor (H,S-
100, Unisense, Denmark), with a detection limit of 20 nmol L™ (Hou
et al., 2018).

2.3. Measurement of nitrogen fixation rate

Potential rate of nitrogen fixation was measured by sediment-slurry
incubations combined with the !°N isotope tracing technique (Hou
et al., 2018). Briefly, homogenized slurries of each site were made with
fresh sediment and benthic seawater at a sediment/water ratio of 1:7,
and purged with helium for 30 min to eliminate background dinitrogen
gas (Li et al., 2015). The slurries were then transferred into gas-tight
borosilicate vials (Labco Exetainers) in helium-filled glove box, and
divided into two groups which were designated as initial and terminal
samples, respectively. The vials designed as initial samples were im-
mediately preserved with 200 pL. 50% ZnCl, solution (Lin et al., 2017),
while the remaining vials were injected with 500 uL *°N, (99 atom%
15N; Campro Scientific, Germany) (Hou et al., 2018) and incubated in
dark at site-specific temperature. After 24 h, the incubation was stopped
by injecting ZnCl,, as described for the initial samples. The con-
centrations of '°N-labeled organic nitrogen produced within the in-
cubations were measured with membrane inlet mass spectrometer
(MIMS) after the samples were oxidized by hypobromite iodine solution
(Yin et al., 2014). The rates of nitrogen fixation were calculated ac-
cording to the changes in the concentrations of '°N-labeled products
during the incubation. More detailed information on this method is
described by Hou et al. (2018).

2.4. Molecular microbial analysis

Sediment DNA was extracted using Powersoil™ DNA Isolation Kits
(MOBIO, USA) as previously described (Zheng et al., 2017; Hou et al.,
2018). DNA concentrations were measured with Nanodrop-2000
Spectrophotometer (Thermo, USA). The real-time fluorescent quanti-
tative PCR (qQPCR) was carried out to quantify the abundance of the
sediment nifH gene using primers nifHfw (5-GGH AAR GGH GGH ATH
GGN AAR TC-3) and nifHrv (5’-GGC ATN GCR AAN CCV CCR CAN AC-
3’), which have an extremely broad coverage for both bacterial and
archaeal nifH genes (Mehta et al., 2003; Dang et al., 2013; Zhou et al.,
2016). Triplicate sediment DNA samples from each site were conducted
using an ABI7500 Sequence Detection System (Applied Biosystems,
Canada) and the SYBR green qPCR method (Hou et al., 2018). The nifH
gene qPCR condition was optimized based on previous studies by Dang
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et al. (2013) and Zhou et al. (2016). The qPCR cycling was initiated by
50 °C 2min, then 95 °C 30s, followed by 30s at 95°C, 30s 58 °C and
40s 72°C for 40 cycles, and finally 5min at 72°C. A qPCR standard
curve, ranging from 2.30 x 10* to 2.30 x 10° copies per microliter,
was generated with serial dilutions of linearized plasmids that con-
tained the nifH gene. The amplification efficiency and correlation
coefficient of QPCR were 97% and 0.994, respectively. Blank controls
without template DNA were also conducted with the same qPCR pro-
cedure to exclude any possible contamination.

2.5. Statistical analysis

Pearson's correlation analyses were conducted to reveal the re-
lationships among nitrogen fixation rate, abundance of nifH gene, and
environmental factors. One-way and two-way ANOVA were performed
to compare the seasonal and spatial variations of nitrogen fixation rates,
abundance of nifH gene, and environmental factors. Redundancy ana-
lysis (RDA) was performed using CANOCO for Windows software to
clarify the effects of environmental factors on nitrogen fixation rates
and nifH gene abundance, based on the results of detrend correspon-
dence analysis.

3. Results
3.1. Site characteristics

Sediment physicochemical characteristics of all sampling sites are
shown in Table 1 and Table S1. The depth of sampling sites varied from
15 to 64 m in March and from 18 to 65 m in July. Sediment temperature
was lower in March (5.1 °C to 12.6 °C) than in July (19.4 °C to 23.9 °C).
An obvious salinity gradient was observed, which varied from 28.9 to
33.8%o in March and from 8.1 to 29.6%o in July. Sediment pH varied
from 7.56 to 8.24 and from 7.21 to 8.68 in March and July, respec-
tively. The concentrations of sediment inorganic nitrogen changed
slightly in March (2.79 to 4.25ugNg~' for NH,* and 0.89 to
1.36 ug N g~ ! for NO; ™), compared with July (2.41 to 9.07 uyg N g~ ! for
NH4" and 0.04 to 3.72ugNg~! for NO3 ™). Sediment NH,* showed
significantly spatial variations (two-way ANOVA, F = 490.4, df = 18,
p < 0.001), but there were no significantly temporal variations (two-
way ANOVA, F=1.6, df =1, p = 0.205). Remarkable spatial and
temporal variations were found for the concentrations of sediment
NO;~ (two-way ANOVA, F=123.6, df=37, p < 0.001). The

Table 1
Physicochemical characteristics of sampling sites in the East China Sea®.
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concentrations of sulfide in sediments were relatively higher in March
(25.49 to 2029.96 ugSg~ 1) than in July (10.46 to 301.26ugSg™1)
(two-way ANOVA, F = 1,187,971, df = 1, p < 0.001). The contents of
Fe(II) in sediments had significantly spatial and temporal heterogeneity
(two-way ANOVA, F = 16,699, df = 37, p < 0.001), with values of
0.62 to 3.77mgg "' in March and 0.44 to 4.08 mgg ! in July. Like-
wise, significantly spatial and temporal variations were observed for the
concentrations of sediment Fe(IlI) (two-way ANOVA, F = 11,298,
df = 37, p < 0.001), with values of 0.23 to 2.81 mgg~! in March and
0.04 to 1.45mg g~ ! in July. The concentrations of organic carbon were
in the range of 1.77 to 13.04 mg g~ !, with relatively higher contents at
low-salinity sites than at high-salinity sites (r = —0.396, p = 0.000).
The C/N ratios of sediment ranged from 8.32 to 12.49 in March and
from 6.83 to 13.36 in July. Significantly spatial variations were ob-
served for sediment C/N ratios (two-way ANOVA, F = 6.34, df = 18,
p < 0.001), whereas they had no temporal variations (two-way
ANOVA, F=0.17,df = 1, p = 0.685).

3.2. Nitrogen fixation rates

Potential rates of nitrogen fixation varied from 0.06 to
1.16 nmol N g~ ' h~ ! in March and from 0.53 to 5.51 nmolNg~*h ™! in
July (Fig. 2 and Table S2). In the study area, significantly spatial and
temporal differences occurred for nitrogen fixation rates (two-way
ANOVA, F = 46.24, df = 18, p < 0.01). The maximal rates of nitrogen
fixation appeared at sites M5 and N1 in March and July, respectively.
However, the minimal rates were recorded at sites N5 and S4 in March
and July, respectively. In addition, March average rate of nitrogen
fixation in the transect M1 to M7 (0.51 nmol N g_l h™1) was greater
than that in the transect N1 to N7 (0.42nmolNg 'h™') and in the
transect S1 to S5 (0.32nmolNg~'h™1). In contrast, higher average
nitrogen fixation rate in July was observed in the transect N1 to N7
(3.01nmolNg~'h™1), followed by the transect Milto M7
(2.64nmolN g~ 1h~1) and the transect S1 to S5 (2.01 nmol N g Th=h.

3.3. Abundance of nifH gene

Abundance of nifH gene ranged from 0.36 X 10° to
4.12 x 107 copies g~ ! and from 2.25 x 10° to 5.39 x 107 copiesg™ ! in
March and July, respectively (Fig. 3). A significantly spatial difference
in nifH gene abundance was observed among the sampling sites (one-
way ANOVA, n = 114, F = 3.240, p < 0.001). However, no temporal

Sites Salinity (%0)  pH NH,* (uigNg™')  NO;~ (ugNg™  Sulfide (ugSg~')  Fe(ID) (mgg™ ')  Fe(ll) (mgg™') OC(mgg™" C/N

March July March July March July March July March

July March July March July March July  March July

N1 30.93 2544 7.79 7.21 3.10 2.95 0.99 1.14 308.24
N2  31.42 2565 7.89 7.45 3.26 2.93 1.04 1.48 229.45
N3  31.48 25.65 8.09 7.83 3.49 4.06 1.12 1.50 205.63
N4 3255 27.40 8.02 8.07 3.34 3.92 1.07 0.38 226.78
N5 3255 2853 824 8.08 2091 2.45 0.93 0.42 209.22
N6  32.05 28.02 8.06 8.09 3.03 2.32 0.97 0.38 48.24
N7 3295 29.56 8.04 8.46 2.89 2.61 0.93 0.34 72.97
M1 2995 814 798 8.68 3.68 2.82 1.18 1.70 41.53
M2 31.68 10.45 7.84 8.55 3.44 2.94 1.10 1.73 62.82
M3 3321 17.59 7.77 8.35 3.31 3.35 1.06 1.73 430.87
M4  32.08 20.45 7.83 8.19 4.16 4.68 1.33 2.14 25.49
M5 3299 2245 8.02 8.17 4.25 2.51 1.36 1.42 36.34
M6 33.56 27.09 7.84 8.23 4.18 2.66 1.34 0.04 233.74
M7  33.72 26.57 8.03 8.31 3.91 2.48 1.31 0.21 313.14
S1 28.91 1597 8.05 8.53 3.77 9.07 1.21 3.72 2029.96
S2 31.84 17.00 8.11 8.53 4.07 5.52 1.30 2.24 802.04
S3 33.51 2410 7.56 8.46 3.02 2.41 0.97 0.62 78.15
S4 33.60 26.47 7.91 8.49 3.54 3.35 1.13 1.07 333.57
S5 33.84 29.36 8.14 8.43 279 2.71 0.89 0.81 236.75

115.46  2.13 1.38 0.76 0.25 7.19 526 11.14 8.62
101.26  1.70 1.63 0.73 0.04 4.26 6.26 11.04 11.90
158.51 1.58 1.28 0.29 0.31 2.43 4.37  9.56 12.56
35.46 1.52 0.72 0.37 0.97 2.78 3.12  8.66 9.04
10.46 0.62 0.44 1.58 1.45 1.77 2.54 11.47 10.16
29.46 2.64 1.81 0.95 0.74 3.86 3.41 10.06 10.66
15.41 0.86 0.46 1.27 0.96 2.88 292 832 8.13
156.18 2.21 2.26 1.60 0.12 13.04 9.43 12.07 10.53
146.56 1.26 1.66 0.77 0.40 3.99 7.26  8.87 10.69
169.99 1.39 1.69 0.63 0.26 8.69 8.26 11.00 10.93
301.26  3.77 4.08 1.14 0.49 10.47 10.11 8.44 8.36
56.45 1.87 2.91 1.74 0.66 5.57 419 11.66 8.13
41.56 1.67 2.08 0.98 0.40 4.31 2.83 1249 10.14
65.14 1.22 1.50 0.23 0.48 4.56 428 835 10.19
201.22  1.39 2.05 1.91 0.35 7.56 8.15 9.89 10.21
156.66  1.49 1.60 1.70 0.18 8.91 856  9.37 9.05
81.41 78.15 1.93 2.81 0.93 3.32 3.85 9.37 6.83
56.24 333.57 1.33 2.05 0.62 3.77 393 10.84 13.36
78.56 236.75 1.57 1.05 0.68 4.84 4.21 9.89 10.83

@ These data represent mean values from triplicate analyses.
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Fig. 2. Nitrogen fixation rates in surface sediments of the East China Sea. The
vertical bar denotes standard error of triplicate samples.
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Fig. 3. Abundance of the nifH gene in surface sediments of the East China Sea.
The vertical bar denotes standard error of triplicate samples.

variation was detected for nifH gene abundance (one-way ANOVA,
n =114, F = 1.818, p = 0.180). In March, the highest abundance of
nifH gene appeared at site N4, and the lowest value occurred at site M4.
In July, the highest abundance of nifH gene was observed at site N7,
and the lowest abundance of nifH gene was recorded at site M6.

3.4. Factors affecting nitrogen fixation

A RDA test was conducted to reveal the potential relationships
among nitrogen fixation rates, nifH and environmental factors in sedi-
ment samples (Fig. 4). The first two RDA axes explained 33.7% of the
cumulative variation of the nitrogen fixation rate with the abundance of
nifH gene and environmental factors. Linear relationships between ni-
trogen fixation rates and different environmental factors, nifH gene
abundance were characterized by the Pearson's correlation coefficients,
as shown in Table 2. The rates of nitrogen fixation in the study area
correlated significantly with sediment temperature (r = 0.707,
p = 0.000), ferrous iron (r = 0.227, p = 0.015), sulfide (r = —0.233,
p=0.012), C/N ratio (r= —0.205, p=0.029), ferric iron
(r = —0.485, p = 0.000) and the salinity (r = —0.673, p = 0.000) as
well as water depth (r = —0.213, p = 0.023). Nevertheless, there were
no statistically significant correlations of nitrogen fixation rates with
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Fig. 4. Redundancy analysis (RDA) of nitrogen fixation rates and abundance of
nifH gene with sediment characteristics.

inorganic nitrogen (NH, " and NOs ™), pH and nifH gene abundance in
the study area.

4. Discussion

Nitrogen transformation processes have attracted much attention
because they are of importance in regulating the nitrogen budget (Yi
et al., 2017). The nitrogen fixation has been examined in various en-
vironments, especially coastal marine systems (Mehta and Baross,
2006; Man-Aharonovich et al., 2007; Dang et al., 2013; McCarthy et al.,
2015; Bae et al., 2018). Benthic sediment nitrogen fixation has been
identified as a significant N source of coastal marine environments
(Gardner et al., 2006; McCarthy et al., 2015; Newell et al., 2016a,
2016b; Hou et al., 2018). In this study, we investigated the spatial and
temporal distributions of nitrogen fixation in the continental shelf se-
diments of the East China Sea, and their links with environmental
characteristics. This study may improve understanding of the nitrogen
dynamics in the coastal ecosystems.

In the present study, the nifH gene as the N-fixing community was
quantified to reveal the microbial effect on nitrogen fixation rates.
Although many studies have reported that the nitrogen fixation rate is
associated closely with nifH gene abundance (Huang et al., 2016;
Berthelot et al., 2017; Hou et al., 2018), no significant correlation be-
tween them was observed in this study (r = —0.044, p = 0.641), in-
dicating that the nifH gene abundance may not be the crucial factor
shaping the nitrogen fixation rate (Caton et al., 2018). By contrast, the
activities of nitrogen fixation were significantly influenced by en-
vironmental factors, which could be the main mechanisms controlling
the spatial and temporal distributions of the nitrogen fixation rates.
Generally, temperature is a primary controller of nitrogen fixation be-
cause it can affect the community compositions of diazotrophs
(Marcarelli and Wurtsbaugh, 2006) and enzymatic activity (Horne and
Carmiggelt, 1975; Grimm and Petrone, 1997). Previous studies have
documented that high temperature can increase benthic nitrogen fixa-
tion rates (Gentili et al., 2005; Houlton et al., 2008; Lindo et al., 2013;
Rousk et al., 2017), with the optimal temperatures varying from 20 to
35°C (Li et al., 2018). In our study, we also observed that nitrogen
fixation rates had a significantly positive correlation with temperature,
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Table 2
Pearson's correlations of nitrogen fixation rates with physiochemical characteristics and nifH gene abundance (n = 114).
nifH gene Temperature Salinity pH NH, " NO3~ Sulfide Fe(ID) Fe(III) ocC C/N Depth
(Copies g-1)  ('C) (gg-)  (gg™H  (iggl)  (mgg D  (mgg D  (mgg H
Correlation —0.044 0.707 —0.673 0.119 —0.110 0.100 —0.233 0.227 —0.485 0.112 —0.205 -0.213
Significance 0.641 0.000 0.000 0.207 0.242 0.290 0.012 0.015 0.000 0.237 0.029 0.023
(two-tailed)
Note: The coefficients with significant P values are shown in bold.
F1:0-2.03x10°
F2: 0-2.03x10°

o 1 iﬂ.

ail F8: 6.88x10° - 7.32x10°

F6: 1.21x10° - 2.41x10°
s

F5:3.43x10° - 3.10x10

F4:3.34x10° -1.64x10"

. F7:1.84x10° - 1.02x10°
F10:8.7.87x10° - 8.70x10°
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F3: 0-3.36%

F2: N,O loss to atmosphere
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_ F4: Sediment immobilized
< FS5: Benthic nitrogen fixation

F9:4.90%10° - 9.2810" Fg: Riverine input

F7: Sediment N mineralization
F8:Atmosphere deposition
F9:Taiwan warm current
F10:Pelagic nitrogen fixation
Unit: tons N yr'

Fig. 5. General fluxes of nitrogen sources and sinks in the East China Sea. The area assigned for calculation is 7.7 X 10° km? The yellow and brown arrows represent
the possible nitrogen sources and sinks, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

Table 3

Comparison of nitrogen fixation rates in the East China Sea with other benthic environments.

N-fixation
(mmolNm~=2d™Y

Benthic environment

Depth of
sediment (cm)

Reference

Eutrophic estuary 0-18
Bioturbated coastal lagoon 0.8-8.5
Baltic Sea, hypoxia basin 0.08-0.22
Peruvian oxygen minimum zone 0.08-0.4
Mauritanian upwelling system 0.15
Atlantic ocean (2800 m) 0.00008
East China Sea 0.09-7.87%

0-20 Rao and Charette, 2011
0-10 Bertics et al., 2010
0-18 Bertics et al., 2013
0-20 Gier et al., 2016

0-20 Gier et al., 2015

NA Howarth et al., 1988
0-5 This study

2 The unit of the data is converted from mmolN g~ 'h~! to mmol Nm~2d~?, assuming that the bulk density of dry sediment is 1.19 g cm 3. NA means no data

available.

showing the importance of temperature in regulating the seasonal
changes of nitrogen fixation potential in the continental shelf of the East
China Sea. Nitrogen fixation rates were also observed to correlate ne-
gatively with salinity in the study area (r = —0.673, p = 0.000), which
was likely attributed to the inhibition of salinity on the metabolism of
diazotrophic bacteria (Tel-or, 1980). In addition, previous studies have
documented that the occurrence of nitrogen fixation is favored in
neutrality condition (Belay et al., 1984; Burris, 1994). In our study,
alkalinity had no significant correlation with nitrogen fixation rates,
likely because the pH fluctuated slightly across the sampling sites.
Numerous studies have suggested that sulfate-reducing bacteria can
be responsible for the nitrogen fixation (Bertics et al., 2013; Fulweiler
et al., 2013; Gier et al., 2016). Thus, nitrogen fixation in sediments is
generally coupled to sulfate reduction (Hou et al., 2018). However, a
significantly negative relationship was observed between sulfide and
nitrogen fixation rates in our study. This correlation implied that sul-
fide, as an inhibitor for the biological processes (Tam et al., 1982; Reis
et al., 1992; Joye and Hollibaugh, 1995; Gier et al., 2016), may sup-
press the nitrogen fixation in the continental shelf sediments of the East
China Sea. In addition, we observed significant correlations of the ni-
trogen fixation rates with the sedimentary Fe(IlI) (r = —0.485,
p = 0.000) and Fe(Il) (r = 0.227, p = 0.015). It has been reported that
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iron-reducing bacteria may be responsible for the nitrogen fixation
(Lovley et al., 1995; Bertics et al., 2010; Fulweiler et al., 2013; Gier
et al., 2017). In the continental shelf sediments, the availability of iron
may depend on sulfate reduction process (Luther III et al., 1992). The
H,S and HS, as the soluble sulfur products of sulfate reduction, can
reduce Fe(Il) to Fe(Il) and yield pyrite (FeS,) in coastal marine eco-
systems (Holguin et al., 2001). Thus, we hypothesize that Fe(III) re-
duction to Fe(II) can counteract the toxicity of soluble sulfur, and in-
directly increase nitrogen fixation rate. However, further investigation
is required to confirm the hypothesis about the effects of sulfide and
iron interactions on benthic nitrogen fixation.

There are diverse effects of NH,* and NO,~ on nitrogen fixation in
aquatic environments. Some studies indicated that the presence of in-
organic nitrogen, especially ammonium, may inhibit nitrogen fixation
(Capone et al., 2005; Andersson et al., 2014; Moseman-Valtierra et al.,
2016), due to the additional energy cost (Bertics et al., 2010; Knapp,
2012). However, it has also been reported that the occurrence of
benthic nitrogen fixation is not inhibited by high content of ammonium
(Farnelid et al., 2013; McCarthy et al., 2015; Newell et al., 2016a).
These inconsistent results might be attributed to the production of ex-
cess electrons by fixing nitrogen for the diazotrophs to maintain the
intracellular redox state under high ammonium concentrations (Tichi
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and Tabita, 2000). In addition, the organic matter availability can
counteract the inhibition of ammonium on nitrogen fixation in benthic
environments (Yoch and Whiting, 1986; McGlathery et al., 1998). The
microniches among sediment grains can deplete ammonium, which is
favorable for the nitrogen fixation (Brandes and Devol, 2002; Bertics
and Ziebis, 2010; Bertics et al., 2013). Ammonium concentrations in the
continental shelf sediments of the East China Sea were generally lower
than 142 umol g~ ! (10 ug N g~ 1), which may be the reason why benthic
nitrogen fixation was not inhibited by ammonium in this study area
(Postgate, 1982; Capone, 1983; Knapp, 2012; Gier et al., 2017).

Organic matter has a great influence on nitrogen fixation because of
the supplement of energy for heterotrophic organisms (Howarth et al.,
1988; Fulweiler et al., 2007; Gier et al., 2016; Hou et al., 2018). Nu-
merous studies have observed a positive relationship between nitrogen
fixation and organic matter (Hartwig and Stanley, 1978; Bertics et al.,
2010; Gier et al., 2016; Hou et al., 2018). In our study, however organic
carbon had no significant but positive correlation with nitrogen fixation
rates (r = 0.112, p = 0.237). As an important factor regulating nitrogen
fixation, the quality of organic matter can also affect the nitrogen
fixation (Westrich and Berner, 1984), which is supported by the nega-
tive relationship between the sediment C/N ratios and nitrogen fixation
rates (r = —0.205, p = 0.029). The significant correlation between
nitrogen fixation rates and water depth (r = —0.213, p = 0.023) in-
dicated that the sediment characteristics and substrates availability
depending on the geographical locations strongly affect nitrogen fixa-
tion capacity in the continental shelf sediments of the East China Sea
(Levin et al., 2002; Gier et al., 2016).

Based on the measured nitrogen  fixation  rates
(0.06-5.51 nmolN g~ 'h™1), the area (7.7 x 10°km?), and the bulk
sediment density (1.19g cm”3; Lin et al., 2016) of the East China Sea,
the benthic nitrogen fixation process can fix nitrogen at the rate of
3.43 x 10°-3.10 x 107 tons Ny~ ! in the study area (Fig. 5). In addi-
tion, we made a comparison between the nitrogen fixation potential
and other nitrogen sources and sinks to reveal the importance of
benthic nitrogen fixation in the nitrogen cycling. Of these potential
sources of nitrogen in the study area, the fixed nitrogen amount in se-
diments is higher than the inputs from the Yangtze River
(1.21 x 10°-2.41 x 10° tonsNyr’l) (Lin et al., 2016), the pelagic ni-
trogen fixation (7.87 x 1 03-8.70 x 10°tonsNyr~') (Zhang et al.,
2012), the atmosphere deposition (6.88 x 10°-7.32 x 10° tonsNyr~ 1)
and the Taiwan Warm Current (4.90 x 10%-9.28 x 10* tons N yr 1)
(Lin et al., 2016), but lower than the input from sediment N miner-
alization (1.84 x 10°-1.02 x 10%tonsNyr~1) (Lin et al., 2016). For
the sinks of nitrogen, sediment nitrogen fixation capability is higher
than sediment N,O loss to atmosphere (0-2.03 x 10° tons N yr 1) (Lin
et al., 2017). However, it is much lower than the removal from benthic
denitrification (0-2.03 X 10%tonsNyr~!) (Lin et al., 2017), sediment
immobilization (3.34 x 10°-1.64 x 10%tons Nyr ™) (Lin et al., 2016),
and comparable to the loss from anammox (0-3.63 x 107 tons N yr~1)
(Lin et al., 2017). Extrapolating the amounts of nitrogen sources and
sinks, the sediment nitrogen fixation accounted for approximately
8.2-22.6% and 7.7-10.2% of the total inorganic nitrogen input and
loss, respectively. These results suggested that sediment nitrogen fixa-
tion is an important N source and plays a significant role in controlling
nitrogen budget in the continental shelf of the East China Sea (Table 3).

5. Conclusions

To the best of our knowledge, this is the first study on the nitrogen
fixation capability and abundance of nifH gene in the continental shelf
sediments of the East China Sea. Nitrogen fixation was detected
throughout the study area, with potential rates of
0.06-5.51nmolNg~'h™! dry sediment. Abundance of nifH gene
ranged from 2.36 x 10° to 7.46 x 107 copiesg ™! dry sediment, how-
ever, it was not related to nitrogen fixation rates. Temperature and Fe
(II) were the crucial factors regulating the nitrogen fixation process in
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the East China Sea. Sulfide was negatively related to nitrogen fixation
rates, suggesting sulfide might inhibit the nitrogen fixation. Sediment
nitrogen fixation process was estimated to have a fixing nitrogen po-
tential of 3.43 x 10°-3.10 x 10 tons N yr~'. This amount accounted
for 8.2-22.6% of the total inorganic nitrogen input. Overall, these re-
sults highlight the importance of sediment nitrogen fixation in con-
trolling nitrogen budget in the continental shelf of the East China Sea.
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