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Nitrogen mineralization and immobilization in sediments
of the East China Sea: Spatiotemporal variations
and environmental implications
Xianbiao Lin1, Lijun Hou2, Min Liu1, Xiaofei Li1, Yanling Zheng1, Guoyu Yin1, Juan Gao2, and
Xiaofen Jiang2

1College of Geographical Sciences, East China Normal University, Shanghai, China, 2State Key Laboratory of Estuarine and
Coastal Research, East China Normal University, Shanghai, China

Abstract Nitrogen (N) mineralization and immobilization are important processes of N biogeochemical
cycle in marine sediments. This study investigated gross N mineralization (GNM) and NH4

+ immobilization
(GAI) in the sediments from the East China Sea (ESC), using 15N stable isotope dilution technique. Results
show that measured rates of GNM and GAI ranged from 0.04 to 6.1μgNg�1 d�1 and from undetectable to
9.82μgNg�1 d�1, respectively. In general, both GNM and GAI rates were significantly greater in summer as
compared to winter, and the high rates occurred mainly in the muddy area and increased gradually from the
Yangtze Estuary to Zhe-Min Coastal muddy areas. The GNM and GAI processes were related closely to
sediment temperature, pH, ammonium (NH4

+), nitrate (NO3
�), total organic carbon (TOC), and total nitrogen

(TN) contents in the muddy area, while they were associated tightly with sediment temperature, pH, NH4
+,

TOC, TN, sulfide, and Fe(III) concentrations in the sandy area. In addition, the total mineralized and
immobilized N in the East China Sea (ECS) were estimated to be approximately 2.1 × 106 t N yr�1 and
2.7 × 106 t N yr�1, respectively. Overall, these results highlight the importance of N mineralization and
immobilization in controlling the N budget in the ECS and improve the understanding of both processes and
associated controlling mechanisms in the coastal marine ecosystem.

1. Introduction

Nitrogen (N) mineralization is an important biogeochemical process that converts N from organic into inor-
ganic forms by heterotrophic microorganisms and serves as a source of energy in microbial metabolisms
[Benbi and Richter, 2002; Mishra et al., 2005]. This process in sediments also acts as an important internal
source of N and makes contribution to eutrophication in organic matter-riched acquatic envoronments
[Benbi and Richter, 2002;Matheson et al., 2003; Kalvelage et al., 2013; Li et al., 2014]. In contrast, N immobiliza-
tion is an inversed process that transforms the inorganic N into organic N, including NH4

+ and NO3
� immo-

bilization [Tremblay and Benner, 2006; Zhu et al., 2013b]. Nevertheless, microbes preferentially assimilate NH4
+

due to higher energy costs associated with biological NO3
� assimilation, and thus, the presence of NH4

+ may
greatly inhibit microbial NO3

� immobilization [Zhu et al., 2013b]. Meanwhile, NO3
� immobilization plays a

negligible role in total microbial N immobilization under anaerobic conditions [Zhao et al., 2015].
Moreover, numerous studies have demonstrated that microbial NH4

+ immobilization is the dominant process
of NH4

+ consumption [Di et al., 2000; Bengtsson et al., 2003; Bedard-Haughn et al., 2013; Gütlein et al., 2016],
which can effectively remove the accumulated NH4

+ in sediments and maintain ecological health
[Matheson et al., 2003]. Coastal marine areas are the transitional zones between land and open sea and play
an important role in the N biogeochemical cycle. During the past few decades, N mineralization and/or
immobilization have been examined in coastal marine sediments [Billen, 1978; Blackburn, 1979; Boynton
et al., 1980; Jensen et al., 1990; Hansen and Blackburn, 1991; Cufrey and Kemp, 1992; Anderson et al., 1997;
Caraco et al., 1998; Herbert, 1999; Rysgaard et al., 2000]. However, most of these studies report net mineraliza-
tion rates only and that data on immobilization are missing almost completely. Therefore, an improved
understanding of N mineralization and immobilization is essential for evaluation of the nutrient balance in
coastal marine ecosystems.

The East China Sea (ECS) is the largest marginal sea in northwestern Pacific, which is profoundly influenced by
the Yangtze River [Zhang et al., 2015; Gao et al., 2015]. Annually, it receives substantial terrestrial materials,
including particulate organic matter (approximately 1.20 × 107 t yr�1) [Liu et al., 2007] and dissolved inorganic
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nitrogen (1.2–2.42 × 106 t N yr�1) [Huang et al., 2006; Kim et al., 2011; Xu et al., 2013; Chen et al., 2016]. In par-
ticular, the excessive input of anthropogenic N has caused serious environmental risks such as eutrophication
and hypoxia in the ECS during the past several decades [Li et al., 2011; Cui et al., 2013; Song et al., 2013]. Thus,
the N biogeochemical processes are of great concern in the ECS. However, most of previous studies have
mainly focused on the source, distribution, and deposition of N as well as dissimilatory nitrate reduction pro-
cesses (including denitrification, dissimilatory nitrate reduction to ammonium, and anaerobic ammonium
oxidation) in the ECS [Chen and Wang, 1999; Gao et al., 2012; Hou et al., 2013; Song et al., 2013; Zhu et al.,
2013a; Deng et al., 2015; Gao et al., 2015]. To date, few studies have examined sedimentary N mineralization
and immobilization and their associations with environmental factors [Lin et al., 2016]. Therefore, quantifying
the internal N mineralized and immobilized and understanding the pattern of main factors affecting these
processes are both critical for the assessment of the N budget and maintenance of the ecological and envir-
onmental health in the ECS.

In this study, we used 15N isotope dilution technique to quantify gross N mineralization (GNM) and NH4
+

immobilization (GAI) rates in sediments of the ECS. Environmental variables were measured to elucidate their
correlations with the processes of both N mineralization and immobilization. We also determined the relative
NH4

+ immobilization (RAI) and the percentage of NH4
+ mineralized (PAM) to reveal the potential implications

Figure 1. (a and b) Location of the East China Sea (ECS) and sampling sites. The mud-deposits, Yangtze Estuary Mud area
(YEM) and Zhe-Min Coastal Mud area (ZMCM), are displayed according to Qin [1996]. The arrows indicate the direction of
the currents. YZDW: Yangtze River DilutedWater, YSCC: Yellow Sea Coastal Current, YSMW: Yellow Sea MixingWater, ZMCC:
Zhe-Min Coastal Current, TWWC: Taiwan Warm Current. This true-color Moderate Resolution Imaging Spectroradiometer
image is obtained from the U.S. Geological Survey EROS Visible Earth website (http://landsatlook.usgs.gov/viewer.html).

Journal of Geophysical Research: Biogeosciences 10.1002/2016JG003499

LIN ET AL. N MINERALIZATION AND IMMOBILIZATION 2843

http://landsatlook.usgs.gov/viewer.html


of both N mineralization and immobilization for the evalution of the N budget in the coastal
margin ecosystem.

2. Materials and Methods
2.1. Study Area

The ECS is the largest marginal sea in the northwestern Pacific and includes an entensive area of shallow con-
tinental shelf (approximately 7.7 × 105 km2), with a mean water depth of approximately 72m (Figure 1a). The
topography gently slants from the continental shelf toward the southeast, with a mean slope of 0.04% [Zhang
et al., 2004;Wu et al., 2016]. An approximately 800 km longmuddy zone exists along the southern coast of the
Yangtze Delta and extends to the northern Taiwan Strait [Liu et al., 2007]. Several intricate currents appear in
the ECS (Figure 1b), including the Yangtze River Diluted Water (YZDW), two northward currents (the Taiwan
Warm Current and the Kuroshio Current), and two southward currents (the Yellow Sea Coastal Current and
the Zhe-Min Coastal Current) [Liu et al., 2010a;Wu et al., 2016]. These currents generally dominate the circula-
tion of the ECS and significantly affect the distributions of both water masses and sedimentation [Wang et al.,
2016]. Meanwhile, the ECS is a typical riverine-dominated ocean margin system, which receives approxi-
mately 3.97 × 108 t yr�1 of terrestrial sediment from the Yangtze River [Liu et al., 2007; Kim et al., 2011; Yu
et al., 2012]. Additionally, the Yangtze River annually exports large amounts of nutrients and carbon to the
ECS, consequently enhancing the coastal eutrophication and red tides during the past several decades [Li
et al., 2011].

2.2. Sample Collection

Sediment samples were collected by using a box corer and subsampled with Plexiglas tubes (7 cm diameter)
from 78 sites of the ECS (Figure 1b) in the winter (11 February to 10 March 2014) and summer (10 to 18 July
2014) cruises, respectively. At each site, triplicate sediment cores (0–5 cm deep) were collected, sealed imme-
diately with air-tight and acid-cleaned plastic bags, and stored at 4°C. In the laboratory, sediment in each core
was immediately mixed thoroughly under helium (He). One part of the sediment sample was used for the
measurement of N mineralization and immobilization rates through sediment-slurry incubation experiments
and the other portion for the analysis of sediment physicochemical parameters.

2.3. Determination of Environmental Parameters

Temperature, salinity, and water depth were determined in situ with a conductivity-temperature-depth pro-
filer (Sea-Bird 911 plus). Sediment pHwasmeasured by using a pHmeter (Mettler-Toledo), after sediment was
thoroughly mixed with CO2-free deionized water in 1:2.5 volume ratio [Zheng et al., 2014]. Sediment water
contents were calculated gravimetrically from fresh sediment dried at 60°C to a constant value [Hou et al.,
2013;Wang et al., 2016]. Exchangeable NH4

+ and NO3
� in sediments were extracted with 2M KCl and deter-

mined by using a continuous-flow nutrient analyzer (SAN Plus, Skalar Analytical B.V., the Netherland) with
detection limits of 0.5 and 0.1μM for NH4

+ and for NO3
�, respectively. Organic carbon (total organic carbon

(TOC)) and N (total nitrogen (TN)) of sediment were analyzed on an elemental analyzer (VarioEL III) after sedi-
ment was acidified to remove inorganic carbon [Hou et al., 2013]. Sediment grain size was measured by using
a LS 13320 Laser grain sizer [Wang et al., 2016]. Sulfide in sediments was determined by using a silver-sulfide
electrode (Thermo Scientific Orion) with a detection limit of 0.09μM [Hou et al., 2013]. Ferric oxides in sedi-
ments were extracted with a mixture of both 0.5M HCl and 0.25M hydroxylamine hydrochloride and ana-
lyzed with the ferrozine-based colorimetric method [Roden and Lovley, 1993; Deng et al., 2015].

2.4. Sediment-Slurry Incubation Experiments

Considering that sediment generally remains anoxic [Deng et al., 2015; Zheng et al., 2016], rates of GNM and
GAI were determined through anaerobic incubations by using 15N isotope dilution technique [Lin et al., 2016].
Briefly, each sediment sample was transferred to a borosilicate container together with filtered site benthic
water (in 1:5 volume ratio), homogenized, and flushed by He (30min), and then the resulting sediment slurry
was transferred into six gastight Exetainer vials (12.0mL, Labco). Vials were preincubated in dark at near in
situ temperature for approximately 2–4 h to remove potential ambient O2. After this preincubation,

15NH4
+

solution, which was made with 15NH4Cl (99.09 at. %; Cambridge Isotope Laboratories, Inc., Tewksbury, MA,
USA), was injected into the anaerobic vials, with a final concentration of approximately 2μg 15Ng�1 and a
final %15N of approximately 5–10% depending on the initial NH4

+ contents [Huygens et al., 2013]. Half of
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the vials were sacrificed immediately with the addition of 100μL saturated HgCl2, and the remaining slurries
were incubated in dark at near in situ temperature for 24 h on a shaker table (150 rpm). After 24 h, these
remaining slurries were also injected with HgCl2 to stop the incubation. NH4

+ was then extracted with 2M
KCl from the initial and final sediment slurries [Lin et al., 2016]. After extraction, the total NH4

+ (including
14NH4

+ and 15NH4
+) in extractants was analyzed as described above, while the 15NH4

+ in extractants was oxi-
dized with hypobromite iodine to N2 and determined with membrane inlet mass spectrometer [Yin
et al., 2014].

GNM and NH4
+ consumption rates were quantified as described in Kirkham and Bartholomew [1954] by using

equations (1) and (2), respectively.

m ¼ Mi �Mf

t
� log HiMf=HfMið Þ

log Mi=Mfð Þ (1)

c ¼ Mi ¼ Mf

t
� log Hi=Hfð Þ

log Mi=Mfð Þ (2)

where m and c (μgNg�1 d�1) are the rates of GNM and NH4
+ consumption, Mi and Mf (μgNg�1) are the

respective concentrations of total NH4
+ in initial and final sediment slurries, Hi and Hf (μgNg�1) are the

respective concentrations of 15NH4
+ in initial and final sediment slurries, and t (day) is the incubation time.

In the assumption NH4
+ consumption through nitrification and volatilization was negligible under an anae-

robic condition [Di et al., 2000], and the GAI rate was equivalent to the gross NH4
+ consumption rate.

Meanwhile, NO3
� immobilization plays a negligible role in this study, because this process occurs under oxic

conditions. Hence, the GAI can represent the N immobilization in our incubation experiments. In addition, the
percentage of NH4

+ mineralized per day (PAM) was referred to as the rates of GNM divided by sediment N
contents and multiplied by 100. Relative NH4

+ immobilization (RAI) is the ratio of GAI to GNM rates.

2.5. Statistical Analyses

All statistical analyses were performed with SPSS 19.0 in this study. Pearson’s correlation analysis was per-
formed to determine the correlations between environmental parameters and N transformation rates.
One-way analysis of variance (ANOVA), followed by Tukey’s honest significant difference test, was also con-
ducted to compare measured rates and physicochemical properties.

3. Results

To better reveal spatial and temporal differences in N mineralization and immobilization, all sampling sites
were categorized into three groups: (1) the Yangtze Estuary muddy area (YEM), (2) the Zhe-Min Coastal
muddy area (ZMCM), and (3) the sandy area (SAN) (Figure 1b), based on location of sampling sites and grain
size composition of sediments (Table S1 in the supporting information).

3.1. Station Characteristics

Environmental characteristics of bottom water and sediments from the ECS are given in Figure 2 and Table
S1. The water depth of the sampling sites ranged from 6 to 67m, and the mean water depth was
37.6� 17.1m (Table S1). Summer temperature of bottom water ranged from 18.6 to 26°C, with a mean value
of 21� 2.2°C, while winter temperature of bottom water varied from 5.4 to 14.1°C, with a mean value of
9.6� 2.6°C (Table S1). The salinity of the bottom water varied from 0.5 to 31.4 in summer and from 26.3 to
33.9 in winter (Table S1). The sediment median grain size (MФ) varied considerably in summer (5.19–
261.10μm) and winter (6.06–305.70μm), with the mean values being higher in winter (79.84� 88.85μm)
than in summer (71.74� 82.91μm). Thus, the shelf regions of the ECS were characterized by sandy deposits
which generally containedmore than 50% sand, while sediments deposited in the inner shelf of the ECS were
characterized by fine particles with high contents of silt (>55%) and clay (>25%) (Figures 2c and 2d and
Table S1). The contents of TOC varied from 0.70 to 9.84mgg�1 in summer and from 0.02 to 8.10mgg�1 in
winter, with a marked seasonal difference (one-way ANOVA, p< 0.001). The concentrations of TN also had
a significantly seasonal change (one-way ANOVA, p< 0.001), with values of 0.05–0.99mgg�1 in summer
and 0.01–1.09mgg�1 in winter. The contents of TOC and TN decreased seaward from the river mouth to
the shelf and increased southward along the narrow muddy area (Figures 2g–2j). The concentrations of
NH4

+ in the sediments were characterized by a significant seasonal variation (one-way ANOVA, p< 0.001),
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with values of 3.06–8.58μgNg�1 in summer and 0.45–5.35μgNg�1 in winter (Figures 2e and 2f and Table
S1). The concentrations of Fe(III) varied from 0.64 to 11.02mg Fe g�1 in summer, with a mean value of
3.68� 1.89mg Fe g�1, while they ranged from 0.26 to 8.95mg Fe g�1 in winter, with a mean value of
2.39� 1.41mg Fe g�1. Also, Fe(III) was relatively enriched in the northeast of the study area, compared with
other regions (Figures 2k and 2l). The concentrations of sulfide were in the range of 25.4–934.8μg S g�1 and
12.2–748.8μg S g�1 in summer and winter sediments, respectively, and sulfide hot spots occurred in the river
mouth and south of the study area (Figures 2m and 2n).

3.2. Spatial and Temporal Variations of N Transformation Rates

GNM rates in summer varied from 0.11 to 6.10μgNg�1 d�1 with an average value of
2.52� 1.56μgNg�1 d�1 (Figure 3a), while in winter, they ranged from 0.04 to 3.73μgNg�1 d�1 with an aver-
age of 1.26� 1.04μgNg�1 d�1 (Figure 3b). The spatial distribution of GNM rates showed a similar pattern in
both summer and winter. The annual mean GNM rates among these three regions (YEM, ZMCM, and SAN)
were ranked as follows: ZMCM (2.91� 1.14μgNg�1 d�1)> YEM (2.24� 1.09μgNg�1 d�1)> SAN
(0.79� 0.55μgNg�1 d�1), and a significant spatial difference in GNM rates was observed between the
muddy area (ZMCM and YEM) and the sandy area (SAN) in both summer and winter (p< 0.05 for all compar-
isons; Table 1). Meanwhile, a decreasing trend of GNM rates was detected from the coast to offshore in the
study area, and an increasing trend was found southward along the inner shelf of ECS, with a similar variation
pattern to the TOC and TN contents and fine-grained sediments (Figures 3a and 3b). Additionally, a marked
seasonal difference in GNM rates was foundwithin these three regions (one-way ANOVA, p= 0.005 for ZMCM;
p< 0.0001 for YEM and for SAN; Table 1). Overall, irrespective of seasons, relatively large GNM rates were
observed mainly at sites located in the muddy area of the ECS.

Rates of GAI in the sediments ranged from 0.20 to 9.82μgNg�1 d�1 in summer and from undetectable to
4.73μgNg�1 d�1 in winter, with a significant seasonal variation throughout these three regions (one-way

Figure 2. (a–n) Spatiotemporal distributions of physicochemical parameters in the sediments of the East China Sea (ECS). MФ, NH4
+, and Fe(III) denote median grain

size, sediment NH4
+, and sediment ferric oxides, respectively.
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ANOVA, p< 0.0001 for all correlations; Table 1). Spatially, GAI rates generally increased from the Yangtze
Delta toward the southeast and decreased from the offshore to coast in both seasons. Also, there was a
significant spatial variation in the annual mean rates among these three regions (p< 0.05; Table 1), and
the mean values showed an order of ZMCM (3.87� 1.65μgNg�1 d�1)> YEM (2.73� 1.43μgNg�1 d�1)>

Figure 3. (a–f) Spatiotemporal variations of GNM and GAI rates, as well as PAM, in the sediments of the East China Sea (ECS).
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SAN (1.15� 0.71μgNg�1 d�1). In addition, there was a significant correlation between GAI and GNM rates in
both seasons (p< 0.01; Figure 4).

In the study area, PAM (percentage of NH4
+ mineralized per day) ranged between 0.03 and 1.25% in summer

(Figure 3e) and between 0.01 and 2.89% in winter (Figure 3f). The mean PAM values among these three areas
were in the following order of YEM (0.54� 0.28%)>ZMCM (0.48� 0.23 %)> SAN (0.41� 0.26%) in summer
and ZMCM (0.69� 0.5%)> YEM (0.48� 0.59%)> SAN (0.43� 0.64%) in winter (Table 1). Additionally, no sig-
nificant seasonal variation in PAM was detected in the study area (excluding ZMCM; Table 1). In summer, the
spatial distribution of PAM had several hot spots and declined generally from the north to south, while the
winter PAM was generally higher in the muddy than sandy areas.

3.3. Environmental Parameters Affecting Rates

Irrespective of seasons, the relationships of environmental parameters with GNM and GAI rates are given in
Table 2. In the ZMCM, GNM rates were positively correlated to sediment temperature, pH, NH4

+, NO3
�, TOC,

TN, and clay contents but negatively correlated to sediment C:N ratio and sand content. GAI rates in the
ZMCM exhibited the same relationships as GNM rates. In the YEM, temperature, pH, NH4

+, NO3
�, TOC, TN,

and silt contents positively covaried with GNM rates, while bottom water salinity, sediment C:N ratio, and
sand content exhibited a negative covariance with GNM rates. The relationships of GAI rates in the YEM with
environmental parameters were similar to GNM rates. In the SAN, measured GNM and GAI rates were posi-
tively correlated with sediment temperature, pH, NO3

�, TOC, TN, sulfide, and Fe(III) content but inversely cor-
related to sediment C:N ratio. When considering all sites, rates of GNM and GAI showed significant positive
correlations with temperature, pH, clay content, NH4

+, NO3
�, TOC, and TN, while they were correlated nega-

tively with sediment C:N ratio and sand content in the entire study area. In addition, comparison of the cor-
relation matrices revealed that the significant correlation coefficients among rates and sulfide and Fe(III)
content were observed in the SAN, but not in the muddy area (YEM and ZMCM) or the entire study area.

Table 1. Mean Values (�SD) of GNM, GAI, NO3
�, NH4

+, RAI, and PAM in the Sediments From the Yangtze Estuary Muddy Area (YEM), Zhe-Min Coastal Muddy Area
(ZMCM), and Sandy Area (SAN)a

YEM ZMCM SAN

Items Summer Winter Summer Winter Summer Winter

GNM (μg N g�1 d�1) 3.14� 1.35aA 1.38� 0.85bB 3.45� 1.42aA 2.36� 0.85aB 1.13� 0.68bA 0.45� 0.42cB

GAI (μg N g�1 d�1) 3.76� 1.75bA 1.69� 1.06bB 4.91� 2.00aA 2.83� 1.30aB 1.64� 0.86cA 0.66� 0.55cB

RAI 1.23� 0.28aA 1.32� 0.60abA 1.51� 0.50bA 1.19� 0.33aB 1.57� 0.46bA 1.57� 0.34aA

PAM (%) 0.54� 0.28aA 0.48� 0.59aA 0.48� 0.23aA 0.69� 0.51aB 0.41� 0.26aA 0.42� 0.64aA

NH4
+ (μg N g�1) 5.36� 1.32aA 1.63� 1.26bB 5.42� 0.87aA 1.91� 1.02aB 4.34� 1.31bA 1.25� 0.59cB

NO3
� (μg N g�1) 0.76� 0.89aA 0.89� 0.71aA 0.62� 0.52aA 0.81� 0.73aA 0.32� 0.34bA 0.43� 0.39bA

aThe significantly seasonal differences (at p< 0.05 according the F statistics) are marked by the different upper case letters. The significantly spatial differences
(at p< 0.05 using Tukey’s multiple comparison test) between YEM, ZMCM, and SAN are marked by the different lower case letters.

Figure 4. Pearson’s correlations between GNM and GAI rates from the Yangtze Estuary muddy area (YEM), Zhe-Min Coastal
muddy area (ZMCM), and sandy area (SAN), and whole study area (WSA) in (a) summer and (b) winter.
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4. Discussion

In the present study, the spatial and seasonal changes in N mineralization and immobilization rates were
investigated in the sediments of the ECS, which improves the understanding of N transformations in the
coastal marine environment. Seasonally, both GNM and GAI rates in summer were significantly higher than
those in winter (one-way ANOVA, p< 0.0001; Table 1). This seasonal pattern is likely due to the differences
in temperature which was significantly higher in summer (21.05� 2.15°C) than in winter (9.57� 2.55°C)
(one-way ANOVA, p< 0.001). Temperature is generally considered as an important factor regulating N miner-
alization and immobilization, because it can directly affect the physiological activity of microorganisms
[Grenon et al., 2004; Von Lützow and Kögel-Knabner, 2009]. It has been documented that GNM and GAI rates
were significantly higher at high temperature (35°C) than at low temperature (15°C and 5°C), with fractional
changes of 1.56–2.59 and 1.20–5.73 in rates with a 10°C increase in temperature (Q10), respectively [Lan et al.,
2014]. Also, significantly positive correlations of both GNM and GAI rates with temperature were found
throughout the study area (p< 0.01 for all correlations; Table 2). Hence, these relationships suggested the
importance of temperature in controlling the seasonal changes of N mineralization and immobilization in
the study area.

The spatial distribution showed that both GNM and GAI rates generally decreased from the inshore to off-
shore and from the north to south, and the higher rates were observed in the inshore region, especially in
the Zhe-Min Coast (Figure 3). This distribution pattern was similar to the TOC and TN contents (Figures 3g–
3j and and 5e and 5f), which is supported by the positive correlations of both GNM and GAI rates with sedi-
ment TOC and TN contents (Table 2). TOC has been considered to play a critical role in controlling N transfor-
mations, because it provides energy and materials for microbial metabolisms and thus affects sediment N
mineralization and immobilization [Kader et al., 2013]. Availability of TN supplies substrate for N mineraliza-
tion, and N immobilization can subsequently be facilitated by the increasing accumulation of NH4

+ derived
from organic N decomposition [Barrett and Burke, 2000]. In addition, sediment C:N ratio negatively covaried
with both GNM and GAI rates in the ECS (Table 2), indicating that TOC available contents and C:N stoichiome-
try might play an important role in sediment Nmineralization and N immobilization in this ecosystem. A simi-
lar relationship between GNM rate and C:N ratio has been reported in other ecosystems [Zhu et al., 2013b;
Regehr et al., 2015; Zhao et al., 2015]. Hence, the spatial patterns of N mineralization and immobilization in
the study area were remarkably affected by the bioavailability of TOC and TN.

The distribution of both GNM and GAI rates exhibited a similar pattern to fine-grained sediments, with rela-
tively higher rates in the muddy than sandy areas (Figures 2 and 3). Meanwhile, N mineralization and immo-
bilization rates were positively correlated with silt and clay contents, and negatively correlated with sediment

Table 2. Pearson’s Correlations of Site Physico-chemical Parameters With GNM and GAI Rates for the Yangtze Estuary Muddy Area (YEM), Zhe-Min Coastal Muddy
Area (ZMCM), and Sandy Area (SAN), and Whole Study Area (WSA)

ZMCM (n = 43) YEM (n = 54) SAN (n = 59) WSA (n = 156)

Parameters GNM GAI GNM GAI GNM GAI GNM GAI

Depth �0.08 �0.05 �0.16 �0.15 0.14 0.24 �0.14 �0.15
Temp 0.42** 0.53** 0.64** 0.61** 0.51** 0.57** 0.46** 0.49**
Salinity �0.10 �0.11 �0.43** �0.39** �0.10 �0.01 �0.12 �0.14
pH 0.36* 0.44** 0.38** 0.26* 0.49** 0.52** 0.32** 0.31**
Clay 0.46** 0.48** 0.17 0.25 0.14 0.23 0.61** 0.63**
Silt 0.29 0.28 0.38** 0.37** 0.21 0.24 0.13 0.14
Sand �0.36* �0.32* �0.35** �0.36** �0.03 �0.06 �0.63** �0.60**
NH4

+ 0.43** 0.52** 0.59** 0.67** 0.60** 0.70** 0.58** 0.54**
NO3

� 0.42** 0.35* 0.48** 0.43** 0.18 0.16 0.34** 0.39**
TOC 0.35* 0.43** 0.35** 0.36** 0.32* 0.34** 0.55** 0.57**
TN 0.33* 0.43** 0.31* 0.34** 0.38* 0.41** 0.55** 0.58**
C:N �0.34* �0.32* �0.29* �0.30** �0.38** -0.34* �0.31** �0.35**
Fe(III) 0.18 0.27 0.05 0.03 0.37** 0.47** 0.13 0.09
Sulfide 0.12 0.09 0.08 0.05 0.46** 0.35** 0.11 0.14

*Significant at p< 0.05.
**Significant at p< 0.01.
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MФ and sand content (Table 2). Significant relationships of sediment MФwith TOC and TN contents were also
observed in this study (p< 0.01 in all correlations; Figure S1 in the supporting information). These relation-
ships imply that fine-grained sediments are characterized by relatively high content of TOC and are more
favorable to accumulate organic matter than coarse-grained sediments. In contrast, the coarse sediments

Figure 5. Pearson’s correlations of TOC contents with sediment mean sizes (MФ), clay contents, latitude and longitude in
the East China Sea (ECS) for (a, c, e, and g) summer and (b, d, f, and h) winter.
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are characterized by high-density and generally composed of quartz and feldspar [Yao et al., 2015]. Therefore,
both GNM and GAI rates in the muddy sediments were significantly higher than those in the sandy sedi-
ments. A decreasing trend of both GNM and GAI rates was observed from the north to south in the muddy
area (Figure 3). We also found that sediment TOC was positively correlated to clay content (p< 0.01 for both
seasons; Figures 5c and 5d), but inversely correlated to sediment MФ (p< 0.01 for both seasons; Figures 5a
and 5b) and latitude (p< 0.01 for summer and p< 0.05 for winter; Figures 5e and 5f) in the muddy area.
These results were likely because hydrodynamic sorting of riverine particles based on grain size and density
has an important effect on the distribution of N mineralization and immobilization along the coastal margin.
Due to the waves and tide-generated current forcing, sedimentary particulate matter may experience several
cycles of deposition-resuspension-transport processes, and thus influence the quantity and type of sedi-
ments in the coastal and shelf ecosystem [Zhu et al., 2011]. There are several intricate currents in the ECS
(Figure 1b). Two southward currents (the Yellow Sea Coastal Current and the Zhe-Min Coastal Current) are
generally more active in winter, which carry sediments and water from the Yangtze River southward along
the inner shelf. However, in summer the Taiwan Warm Current is greatly intensified, which can weaken the
southward transport of sediments along the Zhe-Min Coast. Therefore, fine-grained materials transported
by the Yangtze River are likely to be first precipitated in the estuarine region during summer and then resus-
pended and remobilized southward during winter along the Zhe-Min Coast, consequently leading to the var-
iation of surface sediment characteristics in space and time [Wang et al., 2015; Yao et al., 2015]. In addition,
rates of GNM and GAI in the ZMCM were significant higher than those in the YEM in both seasons (except
GNM rates in summer; Table 1). This difference in both rates between the ZMCM and YEM was not only
related to TOC contents increasing from the YEM (mean: 5.64� 2.02mgg�1 in summer and
4.65� 2.07mgg�1 in winter) to the ZMCM (mean: 8.01� 1.64mgg�1 in summer and 5.27� 1.37mgg�1

in winter) but also connected to temperature that was higher in the ZMCM (mean: 22.97� 2.5°C in summer
and 11.29� 1.82°C in winter) than in the YEM (mean: 19.63� 0.72°C in summer and 7.82� 1.86°C in winter).
Overall, the spatiotemporal variation patterns of N transformations were not related directly to sediment
grain size but indirectly influenced by available organic matter which in turn affected the N mineralization
and immobilization.

It has been reported that pH, in the range of 4 to 8, can accelerate N mineralization with increasing pH [Fu
et al., 1987], mainly because pH alters microbial communities and abundance [Högberg et al., 2007; Rousk
et al., 2009; Cheng et al., 2013]. In this study, both GNM and GAI rates were also observed to correlate

Figure 6. General fluxes of DIN in ECS; data on F1 from Huang et al. [2006], Kim et al. [2011], and Xu et al. [2013]; F2 from
Chen andWang [1999] and Kim et al. [2011]; F3 from Chen andWang [1999]; F4 from Liu et al. [2010b] and Su et al. [2013]; F5
from Song et al. [2013], and unpublished data, which is calculated by denitrification plus anammox; and F6 and F7 from this
study. The area assigned for calculation is 5.1 × 1010m2.

Journal of Geophysical Research: Biogeosciences 10.1002/2016JG003499

LIN ET AL. N MINERALIZATION AND IMMOBILIZATION 2851



positively with sediment pH (Table 2). However, the response of microbial dynamics to pH might not be an
important mechanism resulting in the changes of GNM and GAI rates, because the range of pH (7.39–8.53)
was relatively small in the ECS. Interestingly, pH was correlated positively to sediment temperature in the
study area (p< 0.01). The autocorrelation between pH and sediment temperature might explain the
observed relationships between pH and GNM/GAI rates. However, further work is still required to examine
the effects of pH on Nmineralization and immobilization. In addition, GNM rates were correlated significantly
with NO3

� contents in the sediments of the muddy area (YEM and ZMCM), while no significant relationship
was observed in the sandy area (SAN; Table 2). This result was likely because sediment NO3

� contents in the
muddy area were significantly higher than those in the sandy area (Table 1) and NO3

� as an electron donor
can oxidize the organic material (equation (3)) [Pena et al., 2010].

CH2Oð Þ106 NH3ð Þ16H3PO4 þ 84:8HNO3 → 106CO2 þ 42:4N2 þ 148:4H2O þ 16NH3 þ H3PO4 (3)

In contrast, Nmineralization rates in the sandy area were positively correlated to sulfide and Fe(III) concentrations
(Table 2). These relationships were likely attributed to relatively high availability of Fe(III) and sulfate as electron
acceptors for N mineralization in the NO3

�-limited region (equations (4) and (5)) [Risgaard-Petersen et al., 2012].

CH2Oð Þ106 NH3ð Þ16H3PO4 þ 424FeOOH þ 848Hþ→ 106CO2 þ 742H2O þ 424Fe2þ þ 16NH3 þ H3PO4 (4)

CH2Oð Þ106 NH3ð Þ16H3PO4þ 53SO2�
4 þ 106Hþ→106CO2þ 106H2Oþ 53H2Sþ 16NH3þ H3PO4 (5)

Therefore, these results imply that the pathways of sediment Nmineralization are significantly affected by the
distributions of available electron acceptors in the study area [Santschi et al., 1990].

GNM ratesmeasured in this studywere comparable to the rates reported in grassland [Corre et al., 2002; Accoe et
al., 2004; Cheng et al., 2012], and other estuarine and marine ecosystems [Blackburn, 1979; Cufrey and Kemp,
1992; Lin et al., 2016], but lower than those reported in wetland [Bedard-Haughn et al., 2006; Jin et al., 2012], agri-
cultural [Luxhøi et al., 2006], and forest [Cheng et al., 2012; Zhu et al., 2013b] ecosystems (Table S2). In addition,
the measured rates of GNM were much higher than the net N mineralization rates from other estuarine and
coastal marine ecosystems (Table S2) [Billen, 1978; Boynton et al., 1980; Jensen et al., 1990; Rysgaard et al.,
2000], probably showing high N regeneration rates in the study area. Meanwhile, GAI rates determined in this
study were comparable with those from other ecosystems (Table S2) [Corre et al., 2002; Accoe et al., 2004; Luxhøi
et al., 2006; Jin et al., 2012; Cheng et al., 2012; Zhu et al., 2013b]. We also found that both GNM andGAI rates were
strongly interrelated throughout the study area (p< 0.05; Figure 4), which was consistent with the findings of
previous studies [Corre et al., 2002; Bengtsson et al., 2003; Zhu et al., 2013b] for wetland, grassland, forest, and
agriculture ecosystems. This tight correlation between GNM and GAI rates indicated that NH4

+ immobilization
can be facilitated by the availability of readily mineralizable organic substrate. It might be expected that the fac-
tors controlling NH4

+ assimilation would be similar to those affecting N mineralization, probably because the
sediment microflora is responsible for both release and uptake of NH4

+ [Booth et al., 2005]. In addition, it should
be noted that GAI rates might be overestimated in the 15N-isotope dilution experiments because the substrates
(15NH4

+) added to the sediments probably stimulated microbial mechanisms, and thus, they were probably
lower under in situ conditions [Davidson et al., 1991]. Accordingly, our estimated rates might not represent
the rates of GAI that took place in the field but rather reflect the potential activity in the sediments of the ECS.

Sediment N mineralization and immobilization play a significant role in the N cycle in coastal marine ecosys-
tems. Although these processes are critical for understanding of the N budget and maintenance of the eco-
logical and environmental health in coastal marine ecosystems, few studies have examined sediment N
mineralization and immobilization in the ESC. Thus, based on the potential rates of N mineralization and
immobilization, the annual mineralized N and immobilized N (F) in the sediments of the ECS were estimated
according to the following equation:

F ¼ 1
2

∑
78

i¼1
mi�di þ ∑

78

j¼1
mj�dj

� �
�a�s�h�t (6)

where F (t N yr�1) denotes the annual mineralized N or immobilized N in the study area; mi and mj

(μgNg�1 d�1) denote the rates of GNM or GAI in the summer and winter sediment samples, respectively;
di and dj (g cm

�3) denote the dry density of summer and winter sediments, respectively (Table S1); a denotes
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the unit conversion factor, which is equivalent to 1 × 10�8; s (m2) denotes the area of this study (approxi-
mately 5.1× 1010m2), which was calculated with ArcGIS10.2 software; h (cm) denotes the sampling depth
(5 cm); t denotes the time (365days). The total mineralized and immobilized Nwere estimated at approximately
2.1× 106 tN yr�1 and 2.7 × 106 t N yr�1, respectively. In order to further assess the potential contributions of N
mineralization and immobilization to the N budget, they were compared with other dissolved inorganic N
(DIN) inputs and outputs in this study area (Figure 6). The total mineralized N was considerably similar to the
riverine flux (1.2–2.42× 106 tN yr�1) [Huang et al., 2006; Kim et al., 2011; Xu et al., 2013], and much higher than
the inputs from the TaiwanWarm Current (4.90–9.28× 104 tN yr�1) [Chen andWang, 1999] and the atmosphere
(4.56–4.85× 104 tN yr�1) [Chen and Wang, 1999; Kim et al., 2011]. These comparisons indicated that the miner-
alization of sediment N is an important internal source of DIN and may partly contribute to exacerbation of
coastal eutrophication and harmful algal blooms. In general, the ratio of GAI to GNM rates (RAI)≥ 1 indicates
an N-limited environment, whereas the RAI value of ≈0.5 indicates N saturation [Aber, 1992]. In this study, the
values of RAI were ≥1 at most of sampling sites (Table 1 and Figure S2). Thus, the DIN from the sediment N
mineralization may be a crucial contributor to the nutrient supply for phytoplankton growth in this N-limited
ecosystem. Also, the amount of sediment N immobilization (2.7× 106 t N yr�1) estimated in this study was
higher than the N-loss through both denitrification and anammox (1.94–2.11× 106 tN yr�1) in the sediments
of the ECS [Song et al., 2013, and unpublished data], showing that sediment N immobilization may play an
important role in maintaining the ecological and environmental health in this aquatic ecosystem.

5. Conclusions

This study investigated N mineralization and immobilization in the sediments of the ECS, with 15N isotope
dilution technique. The measured rates of GNM and GAI in the study area ranged from 0.04 to
6.1μgNg�1 d�1 and from undetectable to 9.82μgNg�1 d�1, respectively. The rates of both GNM and GAI
were greater in summer than in winter, and relative high rates were detected in the muddy area of the
ECS. Nitrogen mineralization and immobilization were related closely to sediment temperature, pH, NH4

+,
NO3

�, TOC, and TN contents in the muddy area, while they were dependent strongly on sediment tempera-
ture, pH, NH4

+, TOC, TN, sulfide, and Fe (III) concentrations in the sandy area. Additionally, the total minera-
lized and immobilized N in the ECS were estimated to be approximately 2.1 × 106 t N yr�1 and
2.7 × 106 t N yr�1, respectively. Compared with other inputs of DIN in this study area, the potential mineralized
N could be an important internal DIN source, while the potential immobilized N could be an important DIN
sink. Overall, this study shows the environmental significance of these processes in controlling the N budget
of the coastal marine ecosystem.
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