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Abstract Mangrove wetlands support numerous ecosystem services including nutrient cycling and
carbon sequestration and storage (blue carbon). Mangrove sediments may serve as a nitrogen source or
sink to the hydrosphere and atmosphere at both regional and global scales. However, major mechanisms
controlling the connection between the mangrove and the adjacent tidal creek (nitrogen cycling in
sediments and outfluxing) remain unclear. A multidisciplinary study based on intensive investigation,
incorporating detailed sediment profiling, multi‐isotopes analysis, sediment incubation, and
microbiological identification was conducted in the Yunxiao mangrove reserve and Zhangjiang Estuary in
southeast China. Here we show that mineralization and denitrification are major processes shaping
mangroves as an ammonium source and nitrate sink. Enrichment of ammonium in pore water (10–40 cm
in depth) likely resulted from strong ammonification with limited nitrification in the anaerobic
sediments. Denitrification played a key role in nitrate removal from pore waters while producing N2O
and N2. Decreasing δ15N‐N2O and associated δ15N:δ18O ratio suggested that most of the outgassing N2O
was derived from incomplete denitrification in sediment pore water. Overall, there was a net export of
dissolved inorganic nitrogen from mangroves toward the estuary in winter and spring but a net import to
mangroves in summer and fall, mainly driven by tidal pumping with seasonal variation of bio‐uptake.
These findings highlight the role of mangrove wetlands in regulating nutrient status and carbon budget in
coastal areas.

1. Introduction

Mangrove forests stretching along tropical and subtropical coastlines provide a wealth of ecosystem services,
including fisheries production, nutrient cycling, and carbon sequestration at local, regional, and global
scales (Rivera‐Monroy et al., 2017). Over the past decades, mangrove ecosystems across the globe have been
lost or degraded due to various human activities and climate change impacts (Alongi, 2015; Gilman et al.,
2008). Nitrogen and phosphorus are critical nutrients that mediate mangrove forest productivity and
structural properties (Feller et al., 2010; Lovelock et al., 2009; Reef et al., 2010). Nutrient cycling regulates
the role of mangroves in carbon sequestration and carbon storage (so‐called blue carbon), which has recently
been considered as a potential mitigation measure to climate change (McLeod et al., 2011). For example,
nutrient consumption and regeneration have a great impact on mangrove productivity and organic matter
mineralization (Lee et al., 2008). Eutrophic mangrove systems receiving high nutrient loads may accumulate
much more organic matter than undisturbed ones (Sanders et al., 2014). Organic stocks differ along the
land‐to‐sea gradient resulting from nutrient limitation (Weiss et al., 2016). Although the value of and threats
to mangroves have been well recognized, studies on the coupled nutrient and carbon biogeochemistry
bridging terrestrial and aquatic realms are limited. Such knowledge gaps have limited our ability to properly
restore degraded ecosystems and achieve sustainable development in the context of increased anthropogenic
pressures and climate perturbation.

A few studies on nutrient dynamics in tidal creeks reveal that mangrove forests can be either a nitrogen
source or sink, varying with nitrogen forms (inorganic or organic and dissolved or particulate) and seasons
(Dittmar & Lara, 2001a; Rivera‐Monroy et al., 1995; Sánchez‐Carrillo & Sánchez‐Andrés, 2009; Valiela et al.,
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2018). A number of probable factors (e.g., litterfall, sediment, nitrogen demands by plants, climate, and river
runoff) have been used to explain creek water nitrogen dynamic and fluxes (Chen & Twilley, 1999; Dittmar,
1999; Inoue et al., 2011; Mandal et al., 2013). Mangrove pore water exchange has been recently found to
release nitrogen into estuarine water due to the complex belowground structure of crab burrows and the
effect of tidal pumping (Sadat‐Noori et al., 2017). Exchange rates between seawater and groundwater over
the tidal cycle have been estimated to analyze its effect on nitrogen transformation (Xiao et al., 2018).
Insight into sediment nitrogen cycling processes is essential to understand the interactions between
mangrove wetlands and the adjacent waters. However, sediment metabolism and pore water
biogeochemistry are rarely investigated (Lee et al., 2008).

Nitrogen isotope tracer techniques have been widely used to quantify nitrogen transformations in sediments
(Kristensen et al., 1998; Reis et al., 2017; Rivera‐Monroy & Twilley, 1996). However, analysis of stable
multi‐isotopes of nitrogen forms (e.g.,15N and 18O of nitrate, ammonium, and N2O) is rarely applied to
define nitrogen source and cycling processes involved in the mangrove system. Furthermore, nitrogen
biogeochemistry is mostly microbe driven, but microbiological identification is rarely incorporated into
biogeochemical studies of mangrove systems (Amano et al., 2011; Li & Gu, 2013; Wang et al., 2014).
Given that mangrove nitrogen biogeochemistry is diverse over time and space, a multidisciplinary approach
is vital to reveal the underlying mechanisms and major processes controlling nitrogen cycling and
outwelling across mangrove wetlands to hydrosphere and atmosphere.

Mangrove forests in China fringe many subtropical estuaries and islands. They have experienced major dis-
turbance from agriculture, aquaculture, and urbanization. In 2016, the Yunxiao National Mangrove Nature
Reserve and the adjacent Zhangjiang Estuary in Fujian province (southeast China) were selected as a blue
carbon pilot study site. The mangrove receives upstream effluents (e.g., sewage and aquaculture pond drai-
nage), which discharge through a few sluices during low‐tide periods. As an initial stage of research efforts
toward understanding how the mangrove ecosystem is responding to a changing environment, this study
focuses on nitrogen. Here we report the results of a multidisciplinary study based on an intensive investiga-
tion across the mangrove‐creek‐estuary continuum, including time series measurement of creek water with
multi‐isotopes analysis, detailed sediment profiling, sediment incubation, and microbiological identifica-
tion. The specific objectives of this study were (1) to characterize seasonal and spatial variation of nitrogen
forms (NH4–N, NO2–N, and NO3–N) from mangrove through tidal creek to adjacent estuary; (2) to explore
temporal dynamics of nitrogen with isotope signatures (δ15Nδ18O3

−, δ15NH4
+, and δ15N2δ

18O), dissolved N2,
and N2O during ebb tide and low tide; and (3) to quantify the nitrogen transformation down to sediment pro-
files using a stoichiometry‐based incubation approach. The comprehensive data set we obtained was then
used to examine the hydrobiogeochemical controls on nitrogen cycling and exchange between themangrove
and tidal creek and to further reveal major processes shaping mangroves as a dissolved inorganic nitrogen
(DIN) source or sink.

2. Materials and Methods
2.1. Description of Study Site

The study was conducted at Yunxiao National Mangrove Reserve and Zhangjiang estuary in Southeast
China (Figure 1). The dominant species in the mangrove forest are Avicennia marina, Kandelia candel,
and Aegiceras corniculatum (Zhou et al., 2010). The study area experiences a subtropical monsoon climate.
The climatic factors show obvious seasonal dynamics (Figure S1 in the supporting information). Air tem-
perature in spring (March–May), summer (June–August), fall (September–November), and winter
(December–February) is 14.8–21.7 °C, 25.6–29.1 °C, 25.9–29.6 °C, and 14.8–16.6 °C, respectively, with an
annual mean temperature of 22.8 °C. Monthly precipitation varies from 1 to 404 mm with an annual preci-
pitation of 1,679 mm. The largest precipitation occurred in summer (1,030 mm), and the precipitation in fall
and winter is much smaller (187 and 91 mm). The solar radiation in summer and fall (1,802 and 1,666 MJ) is
much higher than spring andwinter (1,520 and 1,403MJ).Wind speed is 1.87–3.13m/s between January and
October and reaches 16.64 and 17.21 m/s in November and December. The estuary has a semidiurnal tide
with a large range (0.43–4.67 m). Land uses in the upstream area include residential land, cropland, and
aquaculture ponds that produce domestic wastewater, agricultural runoff, and aquaculture effluents.
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2.2. Sampling Campaign

The study targeted the mangrove‐tidal creek‐estuary continuum. We collected water samples from the
upstream effluent area through themajor tidal creek to adjacent estuary (Figure 1b). In the tidal creek, water
samples were collected during both flood and ebb tide to compare the concentrations of nutrients in the
mangrove zone and estuarine water. Five cruises were conducted on 13 January (winter), 26 March (spring),
28 April (spring), 22 June (summer), and 31 October (fall) 2017 to understand the seasonal variation. Surface
water samples were collected using a Niskin hydrophore and were stored in polyethylene bottles at 4 °C.

A fixed site at the lower mangrove tidal creek (site T) was chosen to conduct time series measurements on 28
April 2017 (Figure 1c). Hourly measurements last 25 hr, but we mainly used the results during ebb and low
tide to identify the influence of sediment pore water and upstream effluent discharge on creek water. Time
series samples were analyzed for nutrient concentrations, isotopic compositions, and dissolved gases (N2 and
N2O). Water for dissolved gases analysis was introduced into the bottom of 12‐ (N2) and 60‐ml (N2O) glass
bottles through a silicone tube. After about 3+ volumes of water had overflowed from the bottle, a final
concentration of 0.1% of HgCl2 was added to stop microbial activity. The bottles were immediately capped
without air space and stored in a cooler containing fresh water to maintain temperature.

Figure 1. Map of study area showing sampling sites along tidal creek and Zhangjiang Estuary; arrows on the line indicate
cruise track direction (b). D1‐D5 in (c) are the locations of dikes discharging effluents to tidal creek. P1 and P2 are shrimp
ponds. Time series measurements (site T) were performed at the middle of tidal creek, and sediment cores (site S) were
collected at the mangrove forest margin of tidal creek, Yunxiao, Fujian, China (a).
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Dissolved oxygen (DO), temperature, pH, and salinity were measured in situ using a multiparameter porta-
ble meter (WTW 3430, Germany). Water depth at fixed site T was continuously recorded by a Sea‐Sun Tech
CTD 48M probe.

To investigate nitrogen cycling processes within sediments, sediment cores were collected using a plexiglass
pipe (Φ120 mm × 500 mm) from the side slope of a tributary creek (site S; Figure 1c). Sediment cores were
sampled in April, June, and December 2017. Sediment cores for incubation were collected in December
2017. All sediment samples were stored at 4 °C before transported to the laboratory for physicochemical ana-
lysis and incubation. One more sediment core was prepared for molecular analysis (N functional genes) in
June 2017 at the same site.

2.3. Laboratory Analysis

A total of 50‐ml water was filtered in the field by a GF/F membrane and refrigerated at 4 °C until analysis
within 2 days. Filtrate was used to measure dissolved nutrient forms, that is, nitrate (NO3–N), nitrite
(NO2–N), ammonium (NH4–N), and total dissolved nitrogen (TDN). NO3–N, NO2–N, and NH4–Nwere ana-
lyzed by segmented flow automated colorimetry (San++ analyzer, Germany). TDN concentrations were
determined as NO3–N following oxidization with 4% alkaline potassium persulfate. DIN is the sum of
NO3–N, NO2–N, and NH4–N. Dissolved organic nitrogen (DON) was the difference between TDN and DIN.

Dissolved N2 concentrations were measured using the N2:Ar method by a membrane inlet mass spectrome-
try system (Chen et al., 2014). The concentrations of N2O were measured by a Gas Chromatograph (Agilent
7890A, U.S.). Isotopic analysis of nitrate was conducted by a denitrifier method (Casciotti et al., 2002;
Sigman et al., 2001), in which nitrate was reduced to N2O by denitrifying bacteria that lack N2O‐reductase
activity, and isotopic compositions were measured by an isotope ratio mass spectrometer (Isoprime 100,
UK). δ15N–NH4

+ was measured with ammonia diffusion method (Holmes et al., 1998). δ15N and δ18O ana-
lysis of dissolved N2O was carried out using a trace gas preparation unit (Precon, Finnigan, Germany)
coupled to an isotope ratio mass spectrometer (Delta V, Finnigan, Germany). The details of the analyses,
detection limits, and calibration are shown in the supporting information (SI) section.

The sediment core was sectioned into intervals of 1–5‐cm thickness before extraction and analysis of pore
water and solid‐phase constituents. Sediment of each depth was homogenized and transferred to 50‐ml poly-
propylene centrifuge tubes and then centrifuged at 4,500 rpm for 20 min. The supernatant of pore water was
filtered over 0.45‐μm Teflon filters before analysis of NO3–N, NO2–N, and NH4–N. Chromophoric dissolved
organicmatter (CDOM) abundance was quantified by the absorption coefficient at the wavelength of 350 nm
(aCDOM (350)). The absorption spectra were determined by a 2300 UV‐Visible spectrophotometer
(Techcomp, China; Guo et al., 2014). DOC and DIC concentrations were determined by TOC‐VCPH
analyzer and LI 7000 CO2/H2O analyzer, respectively. A subsample of sediment was transferred into
15‐ml preweighed glass vials and was freeze‐dried. The dried sediment was prepared with 1:5 water‐to‐
sediment ratio to measure pH and Eh using a WTW multiparameter meter (Multi 3430, Germany). A
subsample of dried sediment was ground and acidified with 1‐M HCl to determine the content of total
organic carbon (POC) and total nitrogen (TN) by an element analyzer (PE2400 SERIESIICHNS/O).

For molecular analysis, triplicate sediment samples were selected at depth of 1 (surface), 17 (middle), and
33 cm (bottom). DNA was extracted from approximately 0.5‐g sediment using a Fast DNA Spin Kit for
Soil, suspended in 50‐μL TE solution and stored at −80 °C until analysis. All DNA were quantified by a
Nano Drop spectrophotometer (DN‐1000; Isogen Life Science, the Netherlands). Ammonia‐oxidizing
archaea (AOA) and ammonia‐oxidizing bacteria (AOB) were quantified by a Bio‐Rad CFX96 qPCR. The
diversity of AOA and AOB was determined by cloning and sequencing of PCR‐amplified amoA genes, using
primers Arch‐amoAF and Arch‐amoAR for AOA (Francis et al., 2005) and amoA‐1F and amoA‐2R for AOB
(Wang et al., 2011). The nitrous oxide reductase gene (nosZ) was determined by cloning and primers of
PCR‐amplified gene CAMP‐Nos661F and CAMP‐Nos1773R (Scala & Kerkhof, 1999).

2.4. Data Analysis and Statistics

The dissolved N2 in water is produced by biological (mainly denitrification) and physical processes, while Ar
is just influenced by physical factors, so the ratio of N2 to Ar can be used to precisely quantify the production
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of N2. Net denitrification product (excess N2 or△N2) was calculated with equation (1). See more details in
our previous study (Chen et al., 2014).

△N2 ¼ N2 : Ar½ �measured
* Ar½ �expected– N2½ �expected (1)

where △N2 is the net N2 production. Positive and negative values signify net denitrification and net nitro-
gen fixation, respectively. [N2:Ar]measured is the measured concentration (μmol/L) ratio of N2:Ar that have
been calibrated using air‐equilibrated water standards; [Ar]expected and [N2]expected are the concentrations
when the water was in equilibrium with the atmosphere and is derived by Weiss (1970).

The excess production of N2O (△N2O) was calculated with the equation (2). See more details in our
previous study (Chen et al., 2015).

△N2O ¼ N2O waterð Þ–N2O eqð Þ (2)

where N2O (water) is measured concentration of dissolved N2O (nmol/L) in water; N2O(eq) is the concentra-
tion when the water was in equilibrium with the atmosphere and is derived by Weiss and Price (1980).

Regression analyses were conducted to obtain the relationship between tidal range and nitrogen offset in ebb
tide from the mixing line of estuary. Group T‐test was conducted to test the difference of δ15N between ebb
tide and low tide (the effluent affected period). Chi‐square test was operated to see whether there was an
increased or decreased trend for nitrogen concentrations and dissolved gases during ebb tide. All the statis-
tical analyses were performed using SPSS 19.0 software package.

2.5. Sediment Incubation

A sediment core was sectioned into intervals of 5‐cm thickness. For each layer, sediment slurry was homo-
genized in field with water (4:3 ratio of water to sediment). An 8‐ml slurry was transferred into 60‐ml brown
glass bottles using a 10‐ml syringe. The bottles were filled with filtered in situ water till overflowing and
closed. Another bottle with filtered water only was used as a control. After incubation for 60 hr, nutrients
and dissolved gases (N2 and N2O) in the supernatant weremeasured as described above. The increase in final
concentration of sediment samples and controls was considered as the net production by sediment during
incubation. The transformation of nitrogen forms was determined as change in their concentrations over
time by subtracting initial from final values after incubation. DO was not controlled during incubation
but was expected to consume gradually, simulating the change from oxic/suboxic (emergence) to anaerobic
condition (inundation) across a tidal cycle.

Table 1
Nitrogen Concentration and Fraction of TDN (Mean ± SD) Across the Upstream Effluent, Tidal Creek, and Estuary

Sampling date Sample group
NH4‐N
(μmol/L)

NO3‐N
(μmol/L)

NO2‐N
(μmol/L)

DON
(μmol/L)

NH4‐N
(%)

NO3‐N
(%)

NO2‐N
(%)

DON
(%)

13 January 2017 tidal creek‐flood 28.7 ± 6.8 154.5 ± 13.6 9.1 ± 1.2 35.8 ± 3.9 12 ± 2 68 ± 1 4 ± 0.2 16 ± 3
tidal creek‐ebb 50.8 ± 13.7 170.6 ± 3.7 10.6 ± 2.6 34.2 ± 5.0 19 ± 5 64 ± 3 4 ± 1 13 ± 2
estuary 23.7 ± 10.0 150.8 ± 51.0 7.7 ± 2.4 33.8 ± 7.0 11 ± 2 69 ± 3 4 ± 0.4 17 ± 4

26 March 2017 tidal creek‐flood 30.4 ± 12.1 104.8 ± 4.5 11.1 ± 1.7 49.5 ± 6.7 15 ± 5 54 ± 4 6 ± 0.4 25 ± 4
tidal creek‐ebb 53.5 ± 16.3 108.9 ± 3.1 14.1 ± 2.9 50.0 ± 4.9 24 ± 6 48 ± 5 6 ± 1 22 ± 3
estuary 33.7 ± 24.3 113.3 ± 40.1 11.0 ± 4.1 48.6 ± 6.8 14 ± 7 55 ± 2 5 ± 1 26 ± 9

28 April 2017 tidal creek‐flood 73.1 ± 47.8 175.5 ± 36.2 14.9 ± 1.6 67.3 ± 14.0 21 ± 7 54 ± 5 5 ± 1 21 ± 2
tidal creek‐ebb 106.9 ± 15.2 195.2 ± 11.6 17.1 ± 0.7 69.8 ± 29.5 28 ± 4 51 ± 3 4 ± 0.3 18 ± 7
estuary 37.9 ± 14.2 132.2 ± 45.6 11.5 ± 3.3 71.5 ± 15.0 15 ± 2 51 ± 5 5 ± 1 30 ± 7

22 June 2017 tidal creek‐flood 28.9 ± 2.0 231.1 ± 13.2 9.4 ± 0.2 9.9 ± 12.0 10 ± 0.3 83 ± 4 3 ± 0.2 4 ± 4
tidal creek‐ebb 31.0 ± 1.9 201.5 ± 11.8 10.5 ± 0.5 13.6 ± 7.9 12 ± 1 79 ± 4 4 ± 0.2 5 ± 3
estuary 23.4 ± 3.8 198.3 ± 52.8 8.2 ± 1.8 6.9 ± 7.1 10 ± 2 83 ± 3 3 ± 0.3 3 ± 3

31 October 2017 tidal creek‐flood 18.6 ± 2.9 88.9 ± 2.7 10.0 ± 0.2 19.0 ± 6.9 14 ± 1 65 ± 5 7 ± 0.4 14 ± 4
tidal creek‐ebb 16.6 ± 4.7 80.2 ± 5.4 8.4 ± 0.9 26.3 ± 2.8 12 ± 3 60 ± 3 7 ± 0.5 20 ± 2
estuary 22.7 ± 7.2 140.6 ± 23.3 12.0 ± 1.5 19.0 ± 9.1 13 ± 2 69 ± 2 7 ± 1 10 ± 3

Average, 2017 tidal creek‐flood 35.9 ± 21.3 151.0 ± 57.1 10.9 ± 2.4 36.3 ± 23.1 14 ± 4 65 ± 12 5 ± 2 16 ± 8
tidal creek‐ebb 52.0 ± 34.0 151.2 ± 54.2 12.2 ± 3.3 38.4 ± 22.0 19 ± 7 61 ± 12 5 ± 1 15 ± 6
estuary 28.3 ± 7.0 147.0 ± 31.8 10.1 ± 2.0 36.0 ± 25.3 13 ± 2 65 ± 13 5 ± 1 17 ± 11

13 December 2017 sluice effluent and pond water 175.5 ± 79.1 72.8 ± 9.7 16.4 ± 4.0 18.2 ± 10.4 59 ± 13 27 ± 9 6 ± 1 7 ± 5
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3. Results
3.1. Spatial and Temporal Variation of Nitrogen Concentrations and Compositions

Nitrogen concentrations and compositions differed between the sluice effluents (and aquaculture ponds),
the tidal creek, and the estuary (Table 1). Simple unweighted average NH4–N concentration and the fraction
of TDN in the tidal creek (44.0 μmol/L and 17%) were higher than in the estuary (28.3 μmol/L and 13%).
Likewise, average NO3–N (151.1 μmol/L and 63%) in the creek was somewhat higher than in the estuary
(147.0 μmol/L and 65%) with an exception in April. Compared to creek and estuary water, upper stream
effluent had a much higher NH4–N concentration (175.5 μmol/L) and fraction (59%) but lower NO3–N con-
centration (72.8 μmol/L) and fraction (27%). Overall, DIN was the major form (70%–97%) of dissolved nitro-
gen across seasons.

In the tidal creek, nitrogen concentrations across tidal cycles (flood versus ebb tide) and seasons showed a
distinct temporal variation (Table 1). Average NH4–N and DON in ebb tide (52.0 and 38.4 μmol/L) were

Figure 2. Diagram of measured nitrogen concentration against salinity (2017). Squares and triangles indicate the creek
water samples during flood and ebb tide, respectively. The dotted regression lines indicate conservative mixing along
the higher salinity gradient. The samples with lower salinity at upstream were not included in the regression line.
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higher than flood tide (35.9 and 36.3 μmol/L), but NO3–N (151.2 μmol/L)
was almost the same level as flood tide (151.0 μmol/L). The average con-
centrations of NH4–N, NO3–N, and NO2–N in autumn (October) were
among the lowest compared to other seasons. NH4–N (30.0 μmol/L) in
summer (June) was lower than spring (March and April; 66.0 μmol/L)
and winter (January; 39.8 μmol/L), while NO3–N (216.3 μmol/L) was
among the highest in summer.

Nitrogen‐salinity diagrams showed that nitrogen behavior was mostly
conservative along the river estuary gradient for the high‐salinity region.
Nitrogen concentrations in tidal creek had more or less offset from the
estuary (i.e., concentration deviation from the regression line of
estuarine data points; Figure 2). In a given salinity, NH4–N in the creek
was always greater than in the estuary during ebb tide except in October,
while NO3–N in creek was generally lower than in the estuary. DIN
showed positive offset in winter and spring but negative offset in
summer and fall (Figure 3). Salinity in the tidal creek in June
(0.4‰–2.1‰) was much lower than the other four months
(6.4‰–18.2‰; Figure 2). There were strong positive correlations
between tidal range and the offset of NH4–N (R2 = 0.94, P = 0.03),
NO3–N (R2 = 0.99, P = 0.01), and DIN (R2 = 0.96, P = 0.02) in ebb tide,
with the exception of the June cruise, which was conducted immediately
after a rain storm (Figure 3).

3.2. Time Series of Nitrogen Concentrations, Isotopic
Compositions, and Dissolved Gases in the Tidal Creek

The nitrogen concentrations, isotopic compositions, and dissolved gases
changed gradually with the decreasing water depth during ebb tide but
fluctuated at low tide (Figure 4). During ebb tide, NO3–N changed little,
while NH4–N and NO2–N increased from 43 to 82 μmol/L (P = 0.03) and
13 to 17 μmol/L (P = 0.03). In the low‐tide period, the sluices were
opened and a large amount of upstream effluent was discharged into
the tidal creek wherein the concentrations of NH4–N, NO3–N, and
NO2–N increased up to 212, 161, and 30 μmol/L, respectively
(Figure 4a). δ15N–NO3

‐ increased from 6.6‰–9.0‰ during ebb tide to
9.9‰–22.3‰ in the effluent affected period (P = 0.01; Figure 4b).
δ15N–NH4

+ decreased gradually during ebb tide (P = 0.06) but fluctuated
to a higher level in the effluent affected period. δ15N–N2O decreased from
−0.8‰ to −3.2‰ (P = 0.03) during ebb tide with a slight fluctuation in
the effluent affected period, while δ18O–N2O increased from 48.9‰ to

51.1‰ during ebb tide (P = 0.03).△N2 and△N2O showed an increasing
trend (P = 0.03 for N2 and P = 0.02 for N2O) during measurement
period (Figure 4c).

The plot of δ18O–NO3
− versus δ15N–NO3

‐ suggested the major sources of
nitrate nitrogen (Figure 5). δ15N–NO3

− and δ18O–NO3
− values during ebb

tide mostly fall within the range of soil organic nitrogen, before shifting to
within the range of manure and sewage in the effluent affected period
(low tide). In addition, a majority of measured ratios of δ15N to δ18O in

nitrate were between 1.0 and 2.1, which reflects the denitrification process involved (Amberger &
Schmidt, 1987).

3.3. Profile of Sediment Physicochemistry and Functional Gene Abundance

Water content in sediments was low (40%–55%), and there was no obvious change along the profile
(Figure 6a). Sediment Eh was fairly low (−80–20 mV), and a minimum value was found in top sediments

Figure 3. Relationship between tidal range and nitrogen offset in ebb tide
from mixing line of estuary (refer to Figure 2). The results in June
(triangles) were not included in the linear regression of nitrogen offset
against tidal range. The offset of NH4‐N, NO3‐N, and DIN were indicated by
(a), (b), and (c).
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in June (Figure 6b). POC and TN varied little with depth. POC content
ranged between 10 and 15 g/kg, and the TN content ranged between 1.0
and 1.5 g/kg (Figures 6c and 6d).

Nutrient concentrations in sediment pore water varied with depth
(Figure 6). NH4–N was relatively low in the top 10 cm (<160 μmol/L)
but quickly increased to over 300 μmol/L in deeper sediments
(Figure 6h). Depth‐integrated concentration of NH4–N in April
(380 ± 335 μmol/L) was much higher than in June (209 ± 148 μmol/L;
P= 0.03), and NH4–N in December (262 ± 200 μmol/L) was slightly lower
than in June (P = 0.24). NO3–N and NO2–N in pore water were relatively
low compared with NH4–N and peaked at a depth of about 5–10 cm
(Figures 6i and 6j). The colored dissolved organic matter (CDOM) in
June was lower than in December; it was evenly distributed in June but
increased with depth in December before declining again below 40 cm
(Figure 6e). The concentration of DOC decreased, while DIC increased
with depth (Figures 6f and 6g). It seems that most parameters had a turn-
ing point below 40 cm (mangrove root zone; Figure 6).

The functional gene abundance of nitrifiers and denitrifiers both exhib-
ited a decreasing trend with depth (Table 2). The abundance of nitrous
oxide reductase gene nosZ (2.30 × 107–8.79 × 108 copies per gram of dry
soil) was far greater than nitrifiers gene AOB (1.24 × 106–9.55 × 107 copies
per gram of dry soil) and AOA (6.39 × 106 copies per gram of dry soil). The
abundance of hzsB (functional gene of anammox) in middle sediments
was higher than in surface and bottom sediments but was much lower
(8.62 × 105–1.82 × 106 copies per gram of dry soil) than nitrifiers
gene overall.

3.4. Change of Nitrogen and Gases Production From
Sediment Incubation

The reduction or increase of nitrogen and gaseous production in overlying
water after 60‐hr incubation varied with depth (Figure 7). NO3–N and
NO2–N reduced at all depths, while NH4–N increased significantly below
10 cm (Figure 7a). Compared with initial values, DIN reduced by
11%–23% in the upper 30 cm, while it started to increase below 30 cm as
a result of high NH4–N addition (Figure 7b). POC decreased by 6%–23%,
and the maximum reduction occurred in the top sediments (5–10 cm;
Figure 7b). N2O production could only be detected in the upper 10‐cm
sediments. The production of N2 was 0.8–1.3 μmol/g showing a slight
increase in deeper sediments.

4. Discussion
4.1. Hydrological Controls on Inorganic Nitrogen Exchange Between Mangroves and Estuary

Despite that in other mangrove systems particulate nitrogen can be an important pool of nitrogen (Valiela
et al., 2018), this study is only focusing on dissolved inorganic forms. Here we emphasize discussion on inor-
ganic nitrogen since DIN (and not DON) is the major form of dissolved nitrogen (Table 1).

Our results show that mangrove system served as a source of ammonium but a sink of nitrate to the estuary
in most cases. The fact that NH4–N concentrations were higher in the tidal creek than the estuary while
NO3–N concentrations were lower (except for October; Table 1) implies a net export of ammonium from
mangroves through the tidal creek to adjacent estuary. In contrast, nitrate was likely imported from estuary
to mangroves. The dominant controls on this exchange were processes within the sediments (discussed
below). This nitrogen exchange between mangroves and estuary was mainly driven by tidal pumping.
Ammonium export was more likely to occur during ebb tide rather than flood tide. NH4–N in ebb tide

Figure 4. Temporal variation of nitrogen (a), isotopic compositions (b), and
dissolved gases (c) in tidal creek (site T) during ebb tide and low tide
when sluices open to discharge effluents. △N2 and △N2O indicate the
difference between measured concentrations and equilibrium values with
the atmosphere (refer to equations (1) and (2)).
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was higher than flood tide (Table 1 and Figure 2). Positive correlations
between the offset of NH4–N, NO3–N, DIN, and tidal range (Figure 3) con-
firmed the hydrological controls on inorganic nitrogen exchange between
mangroves and estuary. One exception is the lower offset in June when
the measurement was conducted after a major rainstorm event.

The studied mangrove forest was affected directly by external human per-
turbation, receiving the effluent of aquaculture ponds and wastewater
when sluices were opened during low tide. High NH4–N and low NO3–

N concentrations in effluent (Table 1) also contributed the offset of
NH4–N and NO3–N in the tidal creek from the estuary. The NH4–N frac-
tion (10%–28% of DIN) at mangrove and estuary sites was much lower
than the effluent (59%), and the NO3–N fraction (44%–87% of DIN) was
greater than the effluent (27%). Moreover, nitrate isotopic compositions
across the ebb tide to low tide identified the changing sources with tidal
state (Figures 4 and 5). δ15N–NO3

− was slightly increased, while δ15N–
NH4

+ decreased gradually during ebb tide, suggesting the mixing of man-
grove sediment pore water where nitrogen cycling occurred (see more dis-
cussion below). In the low tide, δ15N–NO3 and δ15N–NH4 increased to a
higher level (Figure 4), indicating a significant input of sluice effluents

containing human and/or animal wastes. In addition, nutrient concentration and isotope seem fluctuated
in a different way, largely ascribing to the mixing of effluents from various sites through sluices along the
dike (Figure 1 and Table S1). The time series measurement of nitrogen species and multi‐isotopes confirmed
that the timing of nitrogen export from mangroves to estuary was mainly driven by source supply and
tidal pumping.

4.2. Biogeochemical Controls on Nitrogen Cycling in Mangrove Sediments

Mangrove sediments can store a large amount of organic carbon originating from mangrove plants, coastal
water, or terrestrial inputs (Donato et al., 2011; Feller et al., 2003; Twilley et al., 1992). Mineralization of

Figure 5. Identification of nitrate nitrogen sources according to isotopic
compositions. Samples collected in tidal creek at site T during ebb tide and
low tide (28 April 2017). Typical ranges of δ18O and δ15N values of nitrate
from various sources were described by Kendall (1998).

Figure 6. Concentrations of nutrient (h)–(j), DOC (f), DIC (g), and CDOM (e) in sediment pore water and physiochemical
parameters (a)–(d) for different seasons in 2017.
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organic matter (ammonification) likely resulted in large net NH4–N accumulation in sediment pore water
(Figure 6). NH4–N can be nitrified in surface sediments and in sediments where there are open (oxygenated)
burrows (common phenomenon in mangrove sediments), but in deeper sediments nitrification is inhibited
due to anaerobic and reductive conditions (Eh < 0). The net increase in NH4–N by the end of incubation
implied that mineralization prevails over nitrification processes over depths greater than 10 cm (Figure 7).
In addition, dissimilatory nitrate reduction to ammonium (DNRA) could also contribute to NH4–N accumu-
lation (Cao et al., 2016; Fernandes et al., 2012). The importance of DNRA was not explicitly evaluated here
but was expected to be minor since availability of nitrite and nitrate in pore water was relatively low.
Another process that could be occurring was the oxidation of ammonia by anaerobic ammonium oxidation
(anammox). The gene abundance of hzsB (The anammox gene; 8.62 × 105–1.82 × 106 copies per gram of dry
soil; Table 2) detected in the sediment profile was 2 orders lower than nosZ denitrification gene abundance
(2.30 × 107–8.79 × 108 copies per gram of dry soil; Table 2). This result was similar to a recent study on man-
grove sediments, which also suggests that denitrification rather than anammox dominates nitrate loss (Cao
et al., 2017). We concluded that strong mineralization and limited nitrification resulted in an accumulation
of NH4–N in mangrove sediments (10–40 cm).

It was observed that while NH4–N concentration increased in the creek water during ebb tide, δ15N–NH4
+

decreased. This is the period of the tidal cycle when it is expected that nutrients would be outfluxed from
sediment into the creek. Given the anthropogenic sources input and within‐creek nitrification resulting in
δ15N–NH4

+, a lower δ15N–NH4
+ is likely a result of mineralization of soil organic matter. This isotope mes-

sage confirmed that the mangrove sediments is the major source of ammonia in the creek.

In contrast to the high levels of NH4–N in sediment pore water, nitrate concentration was fairly low (most
less than 30 μmol/L, Figure 6i) but not zero as would be expected for a purely anoxic system. The presence
of nitrate in the pore waters is likely due to the presence of large open (crab) burrows. Several biogeochem-
ical processes can contribute to nitrate removal. NO3–N can be reduced to N2 (N2O) via denitrification
(incomplete denitrification) and cause increase in δ15N–NO3

− (Xue et al., 2009). In this study, we indeed
observed a slight increase in δ15N–NO3 (Figure 4b) and excess dissolved N2 and N2O in creek water during
ebb tide (Figure 4c). As noted above the anammox gene was 2 orders of magnitude less than the denitrifiers
gene (Table 2), suggesting that anammox was relatively unimportant. Furthermore, the ratio of δ15N to δ18O
in NO3

− fell into the ratio range (1.0–2.1), reflecting the occurrence of denitrification (Figure 5). These find-
ings indicate that denitrification plays an important role in nitrate removal within mangrove sediments.
Further evidence for this conclusion comes from the incubation experiment where we found an overall
reduction of NO3–N and production of N2 regardless of depth (Figure 7). Theoretically, twomole NO3–Nwill
produce one mole N2 by denitrification, but the change in NO3–N was far less than the production of N2

(NO3–Nloss: N2pro = 0.5–1.2); this likely reflects the fact that nitrification occurred at the early stage of incu-
bation to make up the nitrate removal.

Our data also show that the mangrove sediments is an important source of N2O. Pore water NH4–N in sur-
face sediments was fairly low and NO3–N peaked at a depth of 5–10 cm (Figure 6h and 6i), indicating that
nitrificationmainly occurs in surface sediments. Eh in top sediments was low, especially theminimum value
observed in June (Figure 6b), a result which can be largely ascribed to oxygen consumption associated with
higher microorganism respiration in summer (Giblin et al., 2013). The much higher abundance of nitrifiers
(AOA and AOB) in the upper sediments than the deep sediments (Table 2), together with the fact that N2O

Table 2
Functional Gene Abundance in Sediment Core and Pore Water Nutrient

Depth
(cm)

AOA (copies
per gram)

AOB (copies
per gram)

nosZ (copies
per gram)

hzsB (copies
per gram)

NH4‐N
(μmol/L)

NO3‐N
(μmol/L)

NO2‐N
(μmol/L)

0.5 6.39 × 106 9.55 × 107 8.79 × 108 8.62 × 105 49.6 2.3 0.4
19 Ct > 35* 2.45 × 106 4.53 × 107 1.82 × 106 241.4 12.6 0.4
33 2.61 × 105 1.24 × 106 2.30 × 107 1.19 × 106 465.0 5.2 0.4

Note. Sediment core for AOA, AOB, and nosZ was collected in June 2017. Sediment core for hzsB was collected in
December 2017. Ct > 35 means that the abundance of AOA was below the detection limit.
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was only produced in the upper 10‐cm sediments during incubation
(Figure 7), further confirmed the occurrence of nitrification mainly in
surface sediments. Previous studies reported that AOB may outnumber
AOA in the ammonium‐oxidizing area (Damashek et al., 2015). AOB
abundance had a good positive correlation with potential nitrification
rate, while the relationship between AOA abundance and potential rate
was much weaker (Damashek et al., 2015; Smith et al., 2015). Therefore,
nitrification and heterotrophic respiration occurring in the top oxic sedi-
ments and tidal creek water might contribute to the excess N2O emission.

Numerous studies have suggested that both nitrification (Barnes et al.,
2006; Muñozhincapié et al., 2002) and denitrification (Allen et al., 2007;
Lee et al., 2008) contribute to N2O production. Unlike pristine mangrove,
creek waters are a sink of nitrous oxide (Maher et al., 2016); our results
showed that N2O concentration was oversaturated and △N2O increased
from 23 to 36 nmol/L during ebb tide (Figure 4c). A good correlation
between N2 and N2O could be obtained by incomplete denitrification
(Yan et al., 2012). Unfortunately, we found a weak correlation (r = 0.48,
P > 0.05) during ebb tide. We examined major processes involved in
N2O production by comparing the observed δ15N and δ18O of N2O with
the expected values for different processes following the method reported
in Thuan et al. (2018). Both δ15N and δ18O fell within or were very close to
the expected range of incomplete denitrification (Figure S2). This sug-
gested that following within‐sediment denitrification, the majority of dis-
solved N2O was transported to the tidal creek via subsurface runoff. The
ratio of δ15N to δ18O should be stable if there are no other sources, but it
slightly decreased from −0.02 to −0.06 in ebb tide (Figure S2). Given that
the expected δ15N:δ18O ratio of N2O from nitrification is lower than deni-
trification (Thuan et al., 2018), and the high potential nitrification likely
occurred in mangrove tidal creek (Xiao et al., 2018), we speculated that
nitrification of surface runoff and pore water ammonium after it reached
the tidal creek also contributed to N2O formation and outgassing.

4.3. Seasonality of Nitrogen Exchange

The net DIN offset switched between seasons (Figure 3c), showing that
the mangrove system acted as a source of DIN in spring and winter and
a net sink in summer and fall. Outfluxing of DIN from the mangrove sys-
tem occurs only when nutrient availability exceeds demand by mangrove
trees and the associated microbial communities (Dittmar & Lara, 2001b).
Increased temperature, solar radiation, and rainfall in summer and fall
(Figure S1) might increase nutrient cycling and primary production
(Andrews et al., 2000; Hoque et al., 2010; Janssens et al., 2001). Litter
production has been suggested to elevate the productivity of forest.
Study showed that litterfall (which is high in carbon but low in DIN)
was influenced by air temperature, and increased with increases in air
temperature from spring to early summer, and reached a maximum in fall
(Chen et al., 2009). It has been suggested that this leads to higher nutrient
uptake in summer and fall. In June and October, the mangrove acted as a

net sink of DIN (Figure 2). This was also the period of highest temperature and thus highest microbial
denitrification rate. By contrast, nutrient uptake is reduced in winter and spring when both the mangroves
and the sedimentary microbial community are less active (lower temperatures).

Rainfall can influence this seasonal cycle. In this region there is a wet summer‐fall season and a relatively
dry winter‐spring. The rainfall will influence the watershed nitrogen loading to the estuary by wet deposition
and river runoff. There was no obvious seasonal trends for NH4‐N and NO3‐N concentrations in rainwater

Figure 7. Change in nutrient (a and b), POC (b), and production of
dissolved gases (c) after 60‐hr sediment incubation. Positive values mean
production and negative values mean reduction after incubation. Error bars
indicate one standard deviation from mean of triplicates.△N2 and △N2O
indicate the difference between measured concentrations and equilibrium
values with the atmosphere (refer to equations 1and 2).
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around the study region (Wu et al., 2018). However, the majority of rainfall occurred in summer especially in
June (395 mm) and August (404 mm; Figure S1). NH4‐N measured in the tidal creek in June was the lowest
(Figure 2). This was sampled just after a major rainfall event, and this low value was likely resulting from
dilution by the increased rainfall and river discharge. NO3‐N in estuarine water was relative stable over
seasons (Figure 2). Nitrate offset was generally negative, but very different in April, when its
concentration in tidal creek was higher than the estuary (Figure 2). NH4‐N in April was the largest in
both sediment pore water (Figure 6) and in tidal creek among all measurements (Table 1), suggesting that
this was the peak of net nitrification. This addition of nitrate through enhanced nitrification once large
NH4‐Nwas released from sediment pore water into tidal creek seems to occur preferentially during ebb tide.

Current results indicate the importance of mangrove‐tidal creek interface to the nutrients exchange between
mangrove and the marine system. The study also provides a first glimpse into the major controls on man-
grove nitrogen cycling and outwelling. However, it is a complex system. The spatial and temporal variation
of nitrogen forms (Figures 2 and 6) is a combined result of tidal driven exchange, climate factors, microbe‐
driven cycling, and bio‐uptake. The linkages among major elements (carbon, nitrogen, phosphorus, sulfur,
and iron) and processes regulating their roles in blue carbon remain to be quantified, particularly under
increasing human and climate perturbation. Further research is needed to understand in more detail the
balance of the biogeochemical processes across the mangrove sediment‐creek‐estuary continuum.

5. Conclusions

A conceptual schematic of hydrobiogeochemical controls on nitrogen lateral transport between mangrove
and tidal creek is illustrated in Figure 8. Mangrove sediment system was found to mostly serve as a source
of NH4–N but a sink of NO3–N in relation to the adjacent estuary. The offset of nitrogen concentrations
in creek water from the estuary was found to correlate with tidal range. Overall, there was a net export of
DIN frommangroves in winter and spring but a net import to mangroves in summer and fall, mainly driven
by tidal pumping, associated hydrological processes (recirculated water flow, surface runoff, subsurface run-
off, and ground water) and seasonal patterns. NH4–N was enriched in sediment pore water and increased
with depth (10–40 cm), likely resulting from strong ammonification with limited nitrification in anaerobic
conditions. In contrast, denitrification played a vital role in nitrate removal while producing N2, while ana-
mmox was shown to have a lesser role. Evidence for this statement, included the low nitrate level in pore
water, nitrate reduction after sediment incubation with abundant functional gene (nosZ), and increasing
δ15N–NO3

‐ in ebb tide. Isotope signatures suggested that the majority of N2O was derived from incomplete
denitrification within sediments, but a large potential nitrification of pore water ammonium also

Figure 8. A conceptual schematic of hydrobiogeochemical controls on nitrogen cycling, lateral transport, and greenhouse
gases outgassing in the mangrove‐creek interfaces.
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contributed to N2O formation, which is a major greenhouse gas. To sum up, the sediment‐tidal creek inter-
face plays a key role in the nitrogen lateral transport between the mangrove system and coastal water. Strong
mineralization and denitrification in mangrove sediments are major processes shaping mangroves as an
ammonium source, nitrate sink, and hotspot for greenhouse gases outgassing.
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