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Nitrogen (N) is a dominant macronutrient in many river-dominated 
coastal systems, and excess concentrations can drive eutrophication, 
the effects of which can include hypoxia and algal blooms. The 
Yangtze River in China transports a large amount of dissolved 
inorganic N. Therefore, it is important to understand the role of 
the marsh and mudflat areas within the estuary on processing this 
exogenous N load. In situ dissolved inorganic nitrogen (DIN) 
fluxes across the sediment–water interface were determined 
monthly at Chongming Island at two sites (a vegetated marsh and 
an unvegetated mudflat) and were compared with rates from a 
previously published laboratory incubation study by our research 
group. Results from the in situ study showed that NO3

- flux rates 
comprised the major component of total DIN flux, ranging from 55 
to 97%. No significant difference was observed in the N flux rates 
between the marsh and mudflat sites. Overall, sediment at both 
sites served as a sink of DIN from surface water with mean flux rates 
of -178 mmol m-2 h–1 and -165 mmol m-2 h–1 for the marsh and 
mudflat, respectively. In general, DIN flux rates were not significantly 
correlated with DIN concentrations and other measured parameters 
(temperature, dissolved oxygen, salinity, and pH) of surface water. 
The in situ measured fluxes of NO3

- and NO2
- in this study were 

not significantly different from those of our previous laboratory 
incubation (p > 0.05), whereas NH4

+ fluxes in situ were significantly 
lower than those from the laboratory core incubations (p < 0.05). 
This result suggests that caution should be used when extrapolating 
rates from laboratory incubation methods to the field because the 
rates might not be equivalent.
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Increased production and use of artificial fertilizers, 
fossil fuels, and leguminous agriculture worldwide have dra-
matically increased the amount of bioavailable N in the envi-

ronment by an order of magnitude since the Industrial Revolution 
(Galloway et al., 2008). This anthropogenic stimulation of the N 
cycle has led to a number of environmental problems (Galloway 
et al., 2008). One typical problem is the ever-increasing amount 
of NO3

- discharged by rivers into coastal systems (Taylor and 
Townsend, 2010; Roy et al., 2013). Consequently, estuaries, 
many of which are located in highly populated and industrial-
ized regions of the world, receive high loading of nutrients that 
have great potential to degrade water quality and affect aquatic 
resources (Bricker et al., 2008; White et al., 2009). This bioavail-
able N load contributes to algal blooms and associated coastal 
hypoxia, which have important consequences for these dynamic 
and productive systems (Bargu et al., 2011; Roy et al., 2013).

Estuarine marsh soil and tidal mud flat sediment can play a 
critical role in improving estuarine water quality by acting as a 
sink of bioavailable N. Although some studies have found that 
sediment can act as an efficient nutrient sink (Stockenberg 
and Johnstone, 1997; Barnes and Owens, 1999; Onken and 
Riethmüller, 2010), other studies have found that sediment can 
be a N source, releasing inorganic N into surface waters ( Jickells, 
1998; Malecki et al., 2004; Deborde et al., 2008). Establishing 
the magnitude and direction of DIN fluxes across the sediment–
water interface is important for understanding coastal N cycling 
and for determining the role of estuarine sediment and marsh 
soil in transforming and removing the exogenous DIN load from 
coastal waters.

Coastal marsh soil and tidal mudflat sediment generally 
present different physical and chemical properties due to 
differences in hydrodynamic conditions imposed by tidal 
submergence and in the presence and absence of vegetation as 
well as associated microbial activity within the rhizosphere (Yang 
et al., 2008; Kirby, 2010; VanZomeren et al., 2013). Fluctuations 
in temperature, salinity, and N concentrations of surface water 
can affect microbial activity linked to N cycling (Wang et al., 
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2007; Putnam-Duhon et al., 2012). These factors, along with 
differences in the soil/sediment characteristics, may affect DIN 
exchanges across the sediment–water interface (Denis et al., 
2001; Spears et al., 2008) and determinations as to whether a 
particular site serves as a sink or source for N over time (Denis 
et al., 2001).

The vast majority of studies on N sediment–water fluxes in 
coastal systems have been conducted using field chambers or 
intact cores performed in the laboratory and, more importantly, 
with very few time points throughout the year (Denis et al., 2001; 
Malecki et al., 2004; Spears et al., 2008). The importance of 
measuring DIN flux rates seasonally is linked to the unbalanced 
timing of DIN loading to coastal regions over the year (Rabalais 
et al., 2002). Therefore, the goal of this study was to determine 
the monthly in situ DIN flux rates at marsh and bare tidal mud 
flat sites to examine the magnitude and direction of DIN flux 
rates across the sediment–water interface seasonally. We then 
compared our in situ DIN flux rate determinations with those 
from a previously published laboratory incubation flux study for 
Yangtze estuary sediments to determine how well the laboratory 
rates mimicked rates determined in the field.

Materials and Methods
Study Site

Chongming Island is located in the Yangtze estuary, within 
the northern subtropical monsoon zone, and is subject to 
four distinct seasons. Annual mean tide water temperature is 
approximately 17.5°C, ranging from ~28°C in August and 
~ 6.7°C in January ( Jin et al., 2007). The average inorganic N 
concentrations in the water of Yangtze River in recent years have 
ranged from 1.40 to 20.0 mmol L-1 for NH4

+ and from 0.10 to 
2.50 mmol L-1 for NO2

- and averaged 68.0 mmol L-1 for NO3
- 

(Xiao et al., 2007). The Yangtze River discharges a large amount 
of suspended sediment into the Yangtze estuarine area, which 
drives formation of the islands and coastal tidal flats (Liu et al., 

2007). The eastern portion of Chongming Island is the largest 
marsh-tidal flat zone in the Yangtze estuary located outside 
the east dike of Chongming Island and is subjected to surface 
water exchange through tidal action. This location has extensive 
areas of unvegetated mudflat and includes vegetated tidal marsh 
colonized primarily by Scirpus mariqueter, Phragmites communis, 
and Spartina alterniflora. At the central section of this region, 
sampling sites (one marsh and one tidal mudflat) were established 
for monthly sampling evenly distributed over 1 yr (Fig. 1). The 
length of time of submergence for each sampling site varies from 
about 1 h to >8 h, depending on the period of tidal cycling shift 
from neap to spring over a month.

Flux Measurements
An in situ field incubation chamber was designed for 

investigating the exchange of DIN (NH4
+, NO3

-, and NO2
-) 

across the sediment–water interface (Fig. 2). The flux chamber 
was composed of four small cylindrical cells made of Perspex. 
Three of the cells, to provide for triplicate measurements, were 
used for determining sediment–water interface exchange (F: 160 
mm; L: 600 mm), and the fourth was used as the water column 
control (F: 160 mm; L: 550 mm). The top of each cell was 
outfitted with a screw cap that included a rubber membrane to 
prevent the leakage of air and water during incubation. A pump 
was also provided in each cell to gently mix the water column to 
prevent stagnation and to more closely mimic the movement of 
the surface water (Fig. 2). The incubation setup was held fixed 
in place by a rigid steel frame and black nylon net for the 5-h 
incubation. The surface water contained high levels of suspended 
sediment; consequently, in combination with the black netting, 
light availability to the sediment surface in the chambers was low.

Monthly sampling was performed during the time of tidal 
submergence of the mudflat sediment and marsh soil. Before 
the incoming tide submerged the sampling sites, the cells were 
inserted at least 50 mm into sediment. The control cell, which 

Fig. 1. Map of the Yangtze estuary including locations of the sampling sites. CM, Chongming east tidal flat.
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was sealed on the bottom, was placed on the sediment surface. 
When the tide water began to submerge the sampling site, 2 L 
of surface water was slowly fed into each cell, and then each cell 
was closed with an airtight lid. At the beginning and end of the 
incubation, 40-mL water samples were collected from each cell 
by syringe and immediately filtered through 0.45-mm syringe 
filters. The pH, dissolved oxygen (DO), salinity, and temperature 
of surface water were determined by YSI 550A and YSI 30 (YSI 
Inc.).

One 10-cm sediment core (F: 50 mm) was collected from each 
site at the end of the incubation for determination of sediment 
characteristics. Water and sediment samples were placed on ice 
in a cooler and transported to the laboratory for analyses.

Analytical Procedures
At the laboratory, sediment cores were cut into 1-cm-thick 

slices. Subsamples were weighed and then dried at 105°C for 
24 h to determine moisture content, followed by combustion of a 
subsample at 550°C for 5 h to determine weight percent organic 
matter by loss on ignition (LOI) (Heiri et al., 2001). The grain 
size of the sediment was measured by a laser granularity analyzer 
(LS 13 320, Beckman Coulter Inc.). A 1 mol L−1 KCl extraction 
was used to determine extractable NH4

+ concentrations by 
shaking sediment (5 g, wet weight) with 50 mL of KCl for 1 h, 
followed by filtering through 0.45-mm filters and storage at 4°C 
until analysis (VanZomeren et al., 2012). The concentrations 
of extractable NH4

+ in sediment and NO3
–, NO2

–, and NH4
+ 

in surface water were determined by colorimetric techniques 
(Grasshof et al., 1983).

Fluxes of DIN across the sediment–water interface were 
calculated based on the concentration changes between the 
beginning and end of incubation after Aller et al. (1985):

1 1
t t 0( )F V C C A T- -= - 	 [1]

where F is the N flux (mmol m-2 h-1), Vt the total volume of surface 
water at time t in the chamber (L), A is the surface sediment of 
exchange (m2), Ct and C0 are DIN concentrations at time t and 
0, and T is the incubation time (h). We adopted the convention 
that flux from the sediment to the water column was considered 
positive, and negative values represented a sink to the sediment.

Statistical Procedures
The Shapiro-Wilk test was used to assess the normality of 

the data, and the results showed that all data were normally 
distributed (p > 0.05). Sediment characteristics, flux rates 
between sites and time, and differences between the DIN fluxes 
in situ and from laboratory incubations were compared using 
ANOVA. Pearson product moment correlations were calculated 
for DIN fluxes, surface water nutrient concentrations, and 
sediment characteristics.

Results
Surface Water Characteristics

The monthly pattern of basic physiochemical parameters and 
N concentrations in surface water is illustrated in Fig. 3. The 
mean ± SD of annual surface water temperature, salinity, DO, 
and pH were 18.5 ± 9.7°C, 8.4 ± 8.2‰, 9.5 ± 1.9 mg L-1, and 
7.97 ± 0.33, respectively. Warming of the water began in spring 
and reached a maximum in late summer. In winter, temperature 

Fig. 2. Diagram of field incubation apparatus used for determining 
field flux rates.

Fig. 3. Monthly temperature, salinity, pH, dissolved oxygen (DO), 
nitrite (NO2

−), ammonium (NH4
+), and nitrate (NO3

−) concentrations of 
surface water (error bars represent SD; n = 3).
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dropped to as low as 7.9°C. However, monthly shifts in salinity 
and DO were opposite to that of water temperature. The pH 
measurements did not demonstrate any significant shifts over 
the year.

The concentrations of NO2
-, NO3

-, and NH4
+ in the surface 

water were 0.78 ± 0.45, 47.0 ± 9.20, and 6.2 ± 3.45 mmol L-1, 
respectively, and ranged from 0.26 to 1.52, from 36.2 to 66.0, 
and from 3.4 to 14.8 mmol L-1, respectively (Fig. 3). The 
NO3

- concentrations comprised from 77.2 to 93.3% of the 
total amount of DIN in the surface water. Concentrations 
of NH4

+, on average, made up 11.4% of DIN, whereas NO2
- 

concentrations accounted for only 1.50% of DIN over the year. 
Monthly variations of DIN concentrations in surface water were 
observed, in particular for NO2

- and NH4
+ (Fig. 3).

Temperature was significantly negatively correlated with 
salinity and DO (Table 1). The NO3

- and NH4
+ concentrations 

had significantly negative correlation with temperature, whereas 
NO2

- concentrations and temperature were positively correlated. 
The NH4

+ concentrations were positively correlated with 
salinity, and NO2

- concentrations were negatively correlated 
with salinity and DO (Table 1).

Sediment Characteristics
Sediments of Chongming eastern tidal flat have been reported 

to be primarily influenced by particulate input from the Yangtze 
River (Liu et al., 2006) and were classified as fine sand, silty sand, 
and silt (Wei et al., 2007). The sand fraction of the sediment 
generally dominated the grain size of the vegetated marsh 
and the mudflat (Table 2). Mean grain size of sediment in the 
mudflat was significantly coarser than that of the marsh, at 39.1 
± 15.5 mm and 29.3 ± 5.0 mm, respectively, across all sampling 
dates. The LOI is indicative of the amount of organic matter 
in soils and sediments (Walter and Dean, 1974). There were 
no significant differences in the average annual values of LOI 
between marsh soil (3.11 ± 0.70%) and mud flat sediment (3.19 
± 0.98%). The LOI in marsh soil was highest in June, and lower 
LOI values were observed from July to September. Regarding 
mud flat sediment, LOI was much higher from February to June 
than in the other months (Fig. 4). Vertical patterns in extractable 
NH4

+ concentrations in sediments of the tidal flat showed a 
general linear increase with increasing depth (Fig. 4). There were 

significantly higher concentrations of extractable NH4
+ at each 

depth of sediment in the mudflat than in the marsh (p < 0.05).

Dissolved Inorganic Nitrogen Flux Rates
The NO2

- fluxes had low variability, ranging from -20.8 to 
5.55 mmol m-2 h–1 (-4.30 ± 8.71 mmol m-2 h–1) for the marsh sites 
and from -7.5 to 9.8 mmol m-2 h–1 (-1.25 ± 5.26 mmol m-2 h–1) 
for the mudflat (Fig. 5). The NO3

- fluxes had significant 
variability over time, ranging from -427.6 to 331.7 mmol m-2 h–1 
at the marsh site and from -407.7 to 375.4 mmol m-2 h–1 at the 
mudflat sites. In general, NO3

- diffused from the surface water 
into the sediment, with mean influx rates to the sediment of 
-145.9 ± 240.9 mmol m-2 h–1 and -171.0 ± 202.8 mmol m-2 h–1 
for the marsh and mudflat, respectively (Fig. 5).

The marsh NH4
+ fluxes ranged from -131.5 to 82.1 mmol 

m-2 h–1 (mean, -27.5 ± 67.9 mmol m-2 h–1) and generally 
diffused into the sediment at the marsh except for July, August, 
and October. The average direction of NH4

+ diffusion at the 
mudflat site was out of the sediment and into the surface water 
in October, November, February, June, and July (Fig. 5). Values 
ranged from -71.0 to 239.1 mmol m-2 h–1 (annual mean, 23.3 
± 86.4 mmol m-2 h–1). The NO3

- fluxes accounted for between 
55 and 97% of the total DIN flux rates, so trends in DIN flux 
over time generally followed NO3

- fluxes at both sites. On 
average, the mudflat and marsh sites served as a sink for total 
DIN from the surface water to the tidal flat sediment and marsh 
soil (mudflat, -164.9 ± 204.9 mmol m-2 h-1; marsh, -177.7 ± 
245.1  mmol m-2 h-1). There were no significant differences for 
NO2

-, NO3
-, NH4

+, and DIN fluxes between the marsh and 
mudflat sites over the year, suggesting that both environments 
provide adequate physiochemical conditions for removal of DIN 
from surface waters.

The results of correlation analyses between DIN fluxes, 
surface water nutrient concentrations, and other physicochemical 
parameters are presented in Table 3. At the marsh site, NH4

+ 
flux rates were positively correlated with water temperature but 
negatively correlated with salinity and DO, whereas NO2

- flux 
rates were negatively correlated with the surface water NO2

- 
concentration. At the mudflat site, only NH4

+ flux rates were 
significantly correlated with the NH4

+ concentrations in surface 
water.

Table 1. Pearson product moment correlation coefficients between nutrient concentrations and water quality parameters of the surface water 
(n = 12).

Parameters NO2
− NO3

− NH4
+ Temperature

Temperature 0.473* -0.451* -0.419* –
Salinity -0.631* 0.295 0.766* -0.841*
pH 0.320 -0.145 -0.135 0.235
Dissolved oxygen -0.618* 0.339 0.369 -0.936**

* Significant at the 0.05 probability level.

** Significant at the 0.01 probability level.

Table 2. Grain size distribution of the sediment at each site.

Grain size
Marsh Mudflat

Mean Range SD Mean Range SD

—————— % —————— —————— % ——————
Sand 68.1 55.6–80.6 2.8 71.6 51.5–89.2 5.0
Silt 18.9 10.0–26.8 5.0 16.1 5.0–27.8 7.7
Clay 13.0 7.2–17.6 8.4 12.3 5.8–20.8 13.2
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Discussion
Seasonal Change of Physicochemical Properties  
of Surface Water and Sediment

In winter, lower rates of N mineralization and nitrification 
in sediment and water as well as the lower temperatures overall 
likely led to higher DO in surface waters (Chai et al., 2006; 
Wang et al., 2007). Flooding controls the salinity in Yangtze 
estuary. In summer, fresh water enters into the estuary, and the 
prevailing south wind can carry this water into the Chongming 
mudflat and marsh area, leading to decreased salinity. In winter, 
the Yangtze River discharge is less, and seawater intrudes into 
the Yangtze estuary (Pan and Shen, 2010). At the same time, the 
prevailing north winds push seawater into the estuary, and the 
salinity increases in winter as a result.

The finding that NO3
- was the main component of DIN in 

the surface water in the Chongming tidal flat is similar to what 
is seen with Mississippi River water discharging into estuarine 
and coastal waters of the southern United States (Bargu et al., 
2011; Roy and White, 2012). The seasonal patterns of nutrient 
concentrations in surface water at the Chongming tidal flat and 
marsh areas have been previously reported (Chai et al., 2006; Pan 
and Shen, 2010). Higher temperatures in summer can promote 
greater biogeochemical cycling, and in particular higher 
nitrification and denitrification rates, which we surmised led 
to lower NO3

- and NH4
+ concentrations (Liu et al., 2009; Pan 

and Shen, 2010). In addition, NH4
+ can be influenced by ions 

in sea water such that increases in salinity in surface water could 
induce desorption of NH4

+ from the sediment via ion exchange 

(Rysgaard et al., 1999). This mechanism is likely the reason that 
NH4

+ concentrations were positively correlated with salinity in 
surface water. It has been reported that the variations of NO2

- 
concentrations in Yangtze estuarine water were primarily affected 
by the discharge of the Yangtze River (Li et al., 2007; Pan and 
Shen, 2010). This observation has been further confirmed in this 
study by the significant negative correlation between the NO2

- 
concentrations and salinity of surface water.

Sediment characteristics can vary with topography, especially 
for measures of particle size and organic matter content 
(Malvarez et al., 2001; Yang et al., 2008). At the marsh site, there 
was vegetative growth that could potentially trap fine-grained 
sediment (Yang et al., 2008), whereas the mudflat was barren of 
macrophytes. Consequently, there is a greater chance that more 
fine particles will be deposited at the marsh site due to trapping 
than at the mudflat site. Winter storm activity led to erosion of 
the surface of the tidal mud flat site, resulting in wide fluctuations 
in values of soil carbon over the year (Chen et al., 2005a). Vertical 
patterns in extractable NH4

+ concentrations in sediments at 
Chongming tidal flat were consistent with data reported in the 
literature (Malecki et al., 2004; Gardner and White, 2010). The 
presence of vegetation may alter the reduction environment 
of marsh sediment due to the transportation of oxygen to the 
rhizosphere; thus, nitrification may be promoted, resulting in 
decreased NH4

+ concentrations in marsh sediment. Additionally, 
NH4

+ concentrations can be depleted in soil through uptake by 
macrophytes (VanZomeren et al., 2012, 2013).

Seasonal Change of Dissolved Inorganic Nitrogen Fluxes
The diffusion of NH4

+ from sediment into the surface water 
at the marsh in July, August, and October was expected because 
the anaerobic wetland soils are generally a large source of NH4

+ 
(Hou et al., 2005; White and Reddy, 2000). Given the high 
ambient NO3

- concentration, it is likely that the NH4
+ in surface 

waters is consumed by nitrification and algal uptake. The wide 
annual variability of DIN flux rates underscores the need for 
intensive sampling over time to more accurately characterize 
estuarine sediment N flux dynamics.

Concentrations in surface water have been reported to affect 
sediment–water exchanges of dissolved species in estuaries 
(Cook et al., 2004; Gao et al., 2009). In our study, however, no 
significant correlations were observed between DIN fluxes and 
surface water nutrient concentrations, except for the significant 
positive correlation between NH4

+ flux rates and surface water 
concentrations at the mudflat site and significant negative 
correlations for NO2

- flux and surface water concentration at the 
marsh site (Table 3). Therefore, in this system, it is likely that 
variability in DIN fluxes might be governed by environmental 
and ecosystem factors, such as changes in the overlying water 
characteristics (e.g., pH, DO, salinity, and temperature) and 
microbial activity, as opposed to solely the N concentrations 
in the surface water. In our study, only NH4

+ flux rates at the 
marsh site were positively correlated with water temperature and 
negatively correlated with salinity and DO (Table 3). The weak 
correlations between nutrient fluxes and environmental factors 
have been demonstrated by other researchers (Sakamaki et al., 
2006; Wang et al., 2007). This result suggests that N flux rates 
might be influenced more by a complex suite of environmental 
factors.

Fig. 4. Mean loss on ignition (LOI) of sediment cores (error 
bars represent SEM; n = 10) and extractable ammonium (NH4

+) 
concentrations in sediment at marsh and mudflat sites (error bars 
represent SD; n = 12).
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The sediment–water interface is an active digenetic zone 
where a diverse heterotrophic microbial community is actively 
involved in mineralization and other nutrient transformations 
(Sun and Wakeham, 1998). Nitrogen cycling processes can 
include immobilization, mineralization/ammonification, 
nitrification, dissimilatory NO3

- reduction to NH4
+, and 

denitrification. These processes can affect exchanges of DIN 
at the sediment–water interface (Herbert, 1999; Wang et al., 
2007; Koop-Jakobsen and Giblin, 2009). The NO3

- flux rates 
accounted for the majority of the DIN flux rates; therefore, 
the behavior of NO3

- determined the overall DIN flux. Nitrate 
can be removed primarily through two microbial pathways: 
denitrification and dissimilatory NO3

- reduction to NH4
+. 

Wang et al. (2006) reported that the sediment denitrification 
rate in the eastern portion of Chongming Island ranged from 
1.12 to 33.34 mmol N m-2 h-1. However, this denitrification rate 

accounts for only a small portion of the NO3
- removal in our 

study. Therefore, dissimilatory NO3
- reduction to NH4

+ might 
be another transformation pathway for NO3

-, as well as uptake 
by macrophytes at the marsh site.

Comparison of Laboratory Incubation versus In Situ 
Dissolved Inorganic Nitrogen Flux Rates

Feuillet-Girard et al. (1992) reported that differences in 
sampling methodology can account for discrepancies between 
fluxes determined in the laboratory compared with those 
measured in the field, whereas others have found no significant 
differences (Rabouille et al., 2003; Sundbäck et al., 2003). We 
compared the field flux rates from this study with our previously 
published research on DIN flux rates at the marsh and mudflat 
determined by laboratory incubation (Chen et al., 2005b; 
Deng et al., 2013). In the laboratory, intact sediment cores were 

Fig. 5. Nitrite (NO2
−), nitrate (NO3

−), and ammonium (NH4
+) fluxes across the sediment–water interface at marsh and mudflat sites. Positive fluxes 

indicate direction from sediment to the water column (error bars represent SD; n = 3).

Table 3. Pearson correlation coefficients between dissolved inorganic nitrogen flux rates and water quality parameters of surface water (n = 12).

Site Fluxes NO2
− NO3

− NH4
+ Temperature Salinity Dissolved oxygen

————————— mmol L-1 ————————— °C ‰ mg L-1

Marsh NO3
- -0.279 -0.365 0.086 0.083 0.071 -0.041

NH4
+ 0.457 -0.094 -0.572 0.771** -0.752** -0.682*

NO2
- -0.737** -0.510 0.169 0.042 0.194 0.088

Mudflat NO3
- 0.312 -0.097 -0.185 0.252 -0.376 -0.243

NH4
+ -0.039 0.027 0.818** -0.315 0.480 0.155

NO2
- 0.441 -0.131 0.120 0.216 -0.194 -0.378

* Significant at the 0.05 probability level.

** Significant at the 0.01 probability level.
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incubated in the dark in controlled temperature conditions. The 
overlying water in each sediment core was mixed and aerated by 
using an air pump (Chen et al., 2005b; Deng et al., 2013), similar 
to the in situ method. One difference from the laboratory study 
is that the in situ apparatus was exposed to sunlight. However, 
high suspended sediments in the surface water likely prevented 
light from penetrating far into the water column. In addition, the 
cells of the field study were covered by black netting, which was 
used to fix the entire apparatus in place, likely minimizing any 
effect of light. The results showed that there were no significant 
differences (p > 0.05) between NO3

- fluxes measured in situ 
(-158.4 ± 218.2 mmol m-2 h-1) and in laboratory incubations 
(-117.5 ± 337.9 mmol m-2 h-1), but NH4

+ flux rates in situ (-2.13 
± 80.3 mmol m-2 h-1) were significant lower than in laboratory 
incubations (-188.6 ± 222.5 mmol m-2 h-1; p < 0.05), although 
there were higher concentration of NO3

- and NH4
+ in surface 

water of the laboratory incubation than in our in situ research. 
Therefore, laboratory flux rates appear to sufficiently describe 
DIN dynamics during the time periods when NO3

- dominates 
the DIN pool in this system. However, when NH4

+ makes up 
a greater portion of the DIN pool, it is possible that field rates 
may be more appropriate. Laboratory incubations generally 
homogenize temperature throughout the soil column and 
remove macrophyte influences as well as the lateral subsurface 
movement of water and nutrients, which can modify flux rates.

Conclusion
Extractable NH4

+ concentrations were significantly higher 
at depth at the mudflat site than at the marsh site, likely due 
to plant uptake at the marsh sites. The NO3

- fluxes across the 
sediment–water interface occupied the major portion (55–97%) 
of total DIN fluxes, and NO2

- fluxes were insignificant compared 
with NO3

- and NH4
+ fluxes. Over the year, mudflat sediment 

and marsh soil at Chongming Island served as a sink of DIN 
from the surface water (mudflat, -164.9 mmol  m-2 h–1; marsh, 
-177.7  mmol  m-2 h–1). In general, there were no significant 
correlations between DIN fluxes and single environmental factors, 
including temperature, salinity, or DO of the water column. 
Therefore, we conclude that DIN fluxes are likely controlled by 
a combination of DIN concentrations, sediment properties (e.g., 
organic matter, particle size, etc.), and parameters of overlying 
water (e.g., temperature, pH, DO, salinity, etc.). In situ total 
DIN fluxes were not significantly different from reported rates 
from laboratory incubations; however, in situ NH4

+ flux rates 
were significantly lower than laboratory incubations, suggesting 
environmental–biotic controls on NH4

+ flux in the field.

Acknowledgments
This work was supported by the National Natural Science Foundation 
of China (Grant No. 40903049 and 40971259), the Ministry of 
Environmental Protection of China and Ministry of Housing and 
Urban-Rural development of China (Grant No. 2013ZX07310-001-
04), the Science and Technology Department of Shanghai (Grant No. 
11230705800), and the Fundamental Research Funds for the Central 
Universities, and the Natural Science Foundation of Shandong province 
(Grant No. ZR2010DL007). The authors thank the anonymous 
reviewers and the associate editor, who aided in the development and 
improvement of this paper.

References
Aller, R.C., J.E. Mackin, W.J. Ullman, C. Wang, S. Tsaim, J. Jin, Y. Sui, 

and J. Hong. 1985. Early chemical diagenesis, sediment-water 
solute exchange, and storage of reactive organic matter near the 
mouth of the Changjiang East China. Cont. Shelf Res. 4:227–251. 
doi:10.1016/0278-4343(85)90031-7

Bargu, S., J.R. White, C.Y. Li, J.C. Czubakowski, and R.W. Fulweiler. 2011. 
Effects of freshwater input on nutrient loading, phytoplankton biomass, 
and cyanotoxin production in an oligohaline estuarine lake. Hydrobiologia 
661(1):377–389. doi:10.1007/s10750-010-0545-8

Barnes, J., and N.J. Owens. 1999. Denitrification and nitrous oxide concentrations 
in the Humber estuary, UK, and adjacent coastal zones. Mar. Pollut. Bull. 
37:247–260. doi:10.1016/S0025-326X(99)00079-X

Bricker, S.B., B. Longstaff, W. Dennison, A. Jones, K. Boicourt, C. Wicks, and J. 
Woerner. 2008. Effects of nutrient enrichment in the nation’s estuaries: A 
decade of change. Harmful Algae 8:21–32. doi:10.1016/j.hal.2008.08.028

Chai, C., Z.M. Yu, X.X. Song, and X.H. Cao. 2006. The status and characteristics 
of eutrophication in the Yangtze River (Changjiang) Estuary and 
the adjacent East China Sea, China. Hydrobiologia 563:313–328. 
doi:10.1007/s10750-006-0021-7

Chen, H., D. Wang, Z. Chen, J. Wang, and S. Xu. 2005a. The variation of 
sediments organic carbon content in Chongming east tidal flat during 
Scirpus mariqueter growing stage. J. Geogr. Sci. 15(4):500–508. 
doi:10.1007/BF02892158

Chen, Z.L., D.Q. Wang, S.Y. Xu, X.Z. Zhang, and J. Liu. 2005b. Inorganic 
nitrogen fluxes at the sediment-water interface in tidal flats of the 
Yangtze estuary. Acta Geogr. Sin. 60(2):328–336. doi:10.11821/
xb200502016

Cook, P.L.M., B.D. Eyre, R. Leeming, and E.C.V. Butler. 2004. Benthic fluxes 
of nitrogen in the tidal reaches of a turbid, high-nitrate sub-tropical river. 
Estuar. Coast. Shelf Sci. 59:675–685. doi:10.1016/j.ecss.2003.11.011

Deborde, J., P. Anschutz, I. Auby, C. Glé, M. Commarieu, D. Maurer, P. Lecroart, 
and G. Abril. 2008. Role of tidal pumping on nutrient cycling in a 
temperate lagoon (Arcachon Bay, France). Mar. Chem. 109(1–2):98–114. 
doi:10.1016/j.marchem.2007.12.007

Denis, L., C. Grenz, É. Alliot, and M. Rodier. 2001. Temporal variability in 
dissolved inorganic nitrogen fluxes at the sediment-water interface and 
related annual budget on a continental shelf (NW Mediterranean). 
Oceanol. Acta 24:85–97. doi:10.1016/S0399-1784(00)01130-0

Deng, H., D. Wang, and Z. Chen. 2013. Dissolved inorganic nitrogen fluxes at 
sediment-water interface in Yangtze estuarine tidal flat. Adv. Mater. Res. 
726–731:288–295. doi:10.4028/www.scientific.net/AMR.726-731.288

Feuillet-Girard, M., D. Gouleau, W. Zurburg, A.C. Small, N. Dankers, and M. 
Heral. 1992. The measurements of nutrient fluxes at the water-sediment 
interface: Incubation methods (in laboratory and in situ); gradient method 
(calculated fluxes); benthic ecosystem tunnel. http://archimer.ifremer.fr/
doc/00102/21304/.

Galloway, J.N., A.R. Townsend, J.W. Erisman, M. Bekunda, Z.C. Cai, J.R. Freney, 
L.A. Martinelli, S.P. Seitzinger, and M.A. Sutton. 2008. Transformation 
of the nitrogen cycle: Recent trends, questions, and potential solutions. 
Science 320:889–892. doi:10.1126/science.1136674

Gao, L., D.J. Li, L.H. Yu, D.J. Kong, and Y.M. Wang. 2009. Sediment-water 
exchange of nutrients in Dongtan salt marsh within the Changjiang 
(Yangtze River) Estuary in spring. Oceanol. Limnol. Sin. 40(2):109–116. 
doi:10.11693/hyhz200902001001

Gardner, L.M., and J.R. White. 2010. Denitrification enzyme activity as an 
indicator of nitrate movement through a diversion wetland. Soil Sci. Soc. 
Am. J. 74:1037–1047. doi:10.2136/sssaj2008.0354

Grasshof, K., M. Ehrhard, and K. Kremling. 1983. Methods of seawater analysis. 
Verlag Chemie, Weiheim, Germany.

Heiri, O., A.F. Lotter, and G. Lemcke. 2001. Loss on ignition as a 
method for estimating organic and carbonate content in sediments: 
Reproducibility and comparability of results. J. Paleolimno. 25:101–110. 
doi:10.1023/A:1008119611481.

Herbert, R.A. 1999. Nitrogen cycling in coastal marine ecosystems. FEMS 
Microbiol. Rev. 23:563–590. doi:10.1111/j.1574-6976.1999.tb00414.x

Hou, L.J., M. Liu, S.Y. Xu, D.N. Ou, J.J. Lu, J. Yu, S.B. Cheng, and Y. Yang. 2005. 
The effects of semi-lunar spring and neap tidal change on nutrients cycling 
in the intertidal sediments of the Yangtze estuary. Environ. Geol. 48:255–
264. doi:10.1007/s00254-005-1304-4

Jickells, T.D. 1998. Nutrient biogeochemistry of the coastal zone. Science 
281:217–222. doi:10.1126/science.281.5374.217

Jin, B.S., C.Z. Fu, J.S. Zhong, B. Li, J.K. Chen, and J.H. Wu. 2007. Fish utilization 
of a salt marsh intertidal creek in the Yangtze River estuary, China. Estuar. 
Coast. Shelf Sci. 73(3–4):844–852. doi:10.1016/j.ecss.2007.03.025



752	 Journal of Environmental Quality 

Kirby, R. 2010. Distribution, transport and exchanges of fine sediment, with 
tidal power implications: Severn Estuary, UK. Mar. Pollut. Bull. 61(1–
3):21–36. doi:10.1016/j.marpolbul.2009.12.011

Koop-Jakobsen, K., and A.E. Giblin. 2009. Anammox in tidal marsh sediments: 
The role of salinity, nitrogen loading, and marsh vegetation. Estuaries 
Coasts 32(2):238–245. doi:10.1007/s12237-008-9131-y

Li, M.T., K.Q. Xu, M. Watanabe, and Z.Y. Che. 2007. Long-term variations in 
dissolved silicate, nitrogen, and phosphorus flux from the Yangtze River 
into the East China Sea and impacts on estuarine ecosystem. Estuar. Coast. 
Shelf Sci. 71(1–2):3–12. doi:10.1016/j.ecss.2006.08.013

Liu, J.P., A.C. Li, K.H. Xu, D.M. Velozzi, Z.S. Yang, J.D. Milliman, and D.J. 
DeMaster. 2006. Sedimentary features of the Yangtze River-derived along-
shelf clinoform deposit in the East China Sea. Cont. Shelf Res. 26(17–
18):2141–2156. doi:10.1016/j.csr.2006.07.013

Liu, J.P., K.H. Xu, A.C. Li, J.D. Milliman, D.M. Velozzi, S.B. Xiao, and Z.S. Yang. 
2007. Flux and fate of Yangtze River sediment delivered to the East China 
Sea. Geomorphology 85:208–224. doi:10.1016/j.geomorph.2006.03.023

Liu, X.J., Z.M. Yu, X.X. Song, and X.H. Cao. 2009. The nitrogen isotopic 
composition of dissolved nitrate in the Yangtze River (Changjiang) 
estuary, China. Estuar. Coast. Shelf Sci. 85(4):641–650. doi:10.1016/j.
ecss.2009.09.017

Malecki, L.M., J.R. White, and K.R. Reddy. 2004. Nitrogen and phosphorus flux 
rates from sediment in the lower St. Johns River estuary. J. Environ. Qual. 
33:1545–1555. doi:10.2134/jeq2004.1545

Malvarez, G.C., J.A. Cooper, and D.W. Jackson. 2001. Relationships 
between wave-induced currents and sediment grain size 
on a sandy tidal-flat. J. Sediment. Res. 71(5):705–712. 
doi:10.1306/2DC40961-0E47-11D7-8643000102C1865D

Onken, R., and R. Riethmüller. 2010. Determination of the freshwater budget 
of tidal flats from measurements near a tidal inlet. Cont. Shelf Res. 
30(8):924–933. doi:10.1016/j.csr.2010.02.004

Pan, S.J., and Z.L. Shen. 2010. Distribution and variation of dissolved inorganic 
nitrogen in Changjiang Estuary and adjacent waters. Mar. Environ. Sci. 
29(2):205–207, 237.

Putnam-Duhon, L., R.P. Gambrell, K.A. Rusch, and J.R. White. 2012. Nitrate 
removal potential within the marshland upwelling system. J. Environ. Sci. 
Health Part A 47:1739–1748. doi:10.1080/10934529.2012.689221

Rabalais, N.N., R.E. Turner, and D. Scavia. 2002. Beyond science into policy: 
Gulf of Mexico hypoxia and the Mississippi river. Bioscience 52(2):129–
142. doi:10.1641/0006-3568(2002)052[0129:BSIPGO]2.0.CO;2

Rabouille, C., L. Denis, K. Dedieu, G. Stora, B. Lansard, and C. Grenz. 
2003. Oxygen demand in coastal marine sediments: Comparing in situ 
microelectrodes and laboratory core incubations. J. Exp. Mar. Biol. Ecol. 
285–286:49–69. doi:10.1016/S0022-0981(02)00519-1

Roy, E.D., and J.R. White. 2012. nitrate flux into the sediments of a shallow 
oligohaline estuary during large flood pulses of Mississippi River water. J. 
Environ. Qual. 41(5):1549–1556. doi:10.2134/jeq2011.0420

Roy, E.D., J.R. White, E.A. Smith, S. Bargu, and C. Li. 2013. Estuarine ecosystem 
response to three large-scale Mississippi River flood diversion events. Sci. 
Total Environ. 458–460:374–387. doi:10.1016/j.scitotenv.2013.04.046

Rysgaard, S., P. Thastum, T. Dalsgaard, P.B. Christensen, and N.P. Sloth. 
1999. Effects of salinity on NH4

+ adsorption capacity, nitrification and 
denitrification in Danish estuarine sediments. Estuaries 22(1):21–30. 
doi:10.2307/1352923

Sakamaki, T., O. Nishimura, and R. Sudo. 2006. Tidal time-scale variation in 
nutrient flux across the sediment-water interface of an estuarine tidal flat. 
Estuar. Coast. Shelf Sci. 67:653–663. doi:10.1016/j.ecss.2006.01.005

Spears, B.M., L. Carvalho, R. Perkins, R. Perkins, and D.M. Paterson. 2008. 
Effects of light on sediment nutrient flux and water column nutrient 
stoichiometry in a shallow lake. Water Res. 42:977–986. doi:10.1016/j.
watres.2007.09.012

Stockenberg, A., and R.W. Johnstone. 1997. Benthic denitrification in the 
Gulf of Bothnia. Estuar. Coast. Shelf Sci. 45:835–843. doi:10.1006/
ecss.1997.0271

Sun, M.Y., and S.G. Wakeham. 1998. A study of oxic/anoxic effects on degradation 
of sterols at the simulated sediment-water interface of coastal sediments. 
Org. Geochem. 28(12):773–784. doi:10.1016/S0146-6380(98)00043-6

Sundbäck, K., A. Miles, S. Hulth, L. Pihl, P. Engström, E. Selander, and A. 
Svenson. 2003. Importance of benthic nutrient regeneration during 
initiation of macroalgal blooms in shallow bays. Mar. Ecol. Prog. Ser. 
246:115–126. doi:10.3354/meps246115

Taylor, P.G., and A.R. Townsend. 2010. Stoichiometric control of organic 
carbon-nitrate relationships from soils to the sea. Nature 464:1178–1181. 
doi:10.1038/nature08985

VanZomeren, C.M., J.R. White, and R.D. DeLaune. 2012. Fate of nitrate in 
vegetated brackish coastal marsh. Soil Sci. Soc. Am. J. 76:1919–1927. 
doi:10.2136/sssaj2011.0385

VanZomeren, C.M., J.R. White, and R.D. DeLaune. 2013. Ammonification 
and denitrification rates in coastal Louisiana Bayou sediment and marsh 
soil: Implications for Mississippi River diversion management. Ecol. Eng. 
54:77–81. doi:10.1016/j.ecoleng.2013.01.029

Walter, E., and J.R. Dean. 1974. Determination of carbonate and organic 
matter in calcareous sediments and sedimentary rocks by loss on ignition: 
Comparison with other methods. J. Sediment. Petrol. 44(1):242–248. 
doi:10.1306/74D729D2–2B21–11D7–8648000102C1865D.

Wang, D.Q., Z.L. Chen, S.Y. Xu, L.Z. Hu, and J. Wang. 2006. Denitrification in 
Chongming east tidal flat sediment, Yangtze estuary, China. Sci. China Ser. 
D 49(10):1090–1097. doi:10.1007/s11430-006-1090-1

Wang, D.Q., Z.L. Chen, S.Y. Xu, L.J. Da, C.J. Bi, and J. Wang. 2007. 
Denitrification in tidal flat sediment, Yangtze estuary. Sci. China Ser. B 
50(6):812–820. doi:10.1007/s11426-007-0109-6 

Wei, T.Y., Z.Y. Chen, L.Y. Duan, J.W. Gu, Y. Saito, W.G. Zhang, Y.H. Wang, and 
Y. Kanai. 2007. Sedimentation rates in relation to sedimentary processes 
of the Yangtze Estuary, China. Estuar. Coast. Shelf Sci. 71:37–46. 
doi:10.1016/j.ecss.2006.08.014

White, J.R., and K.R. Reddy. 2000. The effects of phosphorus loading on organic 
nitrogen mineralization of soils and detritus along a nutrient gradient 
in the northern Everglades, Florida. Soil Sci. Soc. Am. J. 64:1525–1534. 
doi:10.2136/sssaj2000.6441525x

White, J.R., R.W. Fulweiler, C.Y. Li, S. Bargu, N.D. Walker, R.R. Twilley, and 
S.E. Green. 2009. Mississippi River flood of 2008: Observations of a large 
freshwater diversion on physical, chemical, and biological characteristics 
of a shallow estuarine lake. Environ. Sci. Technol. 43(15):5599–5604. 
doi:10.1021/es900318t

Xiao, Y.J., J. Ferreira, S. Bricker, J. Nunes, M.Y. Zhu, and X.L. Zhang. 2007. 
Trophic assessment in Chinese coastal systems: Review of methods and 
application to the Changjiang (Yangtze) Estuary and Jiaozhou Bay. Estuar. 
Coast. 30(6):901–918.

Yang, S.L., H. Li, T. Ysebaert, T.J. Bouma, W.X. Zhang, Y.Y. Wang, P. Li, M. 
Li, and P.X. Ding. 2008. Spatial and temporal variations in sediment 
grain size in tidal wetlands, Yangtze Delta: On the role of physical and 
biotic controls. Estuar. Coast. Shelf Sci. 77(4):657–671. doi:10.1016/j.
ecss.2007.10.024


