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� Lateral nutrient flux across the
mangrove-estuary interface were
quantified.

� Hydrobiogeochemical processes
determine the dynamic source-sink
pattern over season.

� Mangroves decrease overall nutrient
load and reduce estuary
eutrophication.

� Upstream effluent discharge during
ebb tide substantially increased
nutrient export.
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a b s t r a c t

Nitrogen (N) and phosphorus (P) are vital nutrients regulating mangrove productivity and coastal eco-
systems. Understanding of the nutrient cycling and interaction between mangroves and estuary is
limited. Here we show tidal-driven nutrient exchange and a dynamic source-sink pattern across the
mangrove-estuary interface. Lateral nutrient fluxes were quantified based on hourly concentrations
observed at a tidal creek outlet during 2016e2018 and water mass estimated by a hydrodynamic model
(FVCOM). The results of nutrient fluxes suggested that mangroves always serve as a source of ammonium
(NH4eN) and dissolved reactive P (DRP) to estuary, but as a strong nitrate sink (NO3eN). Dissolved
organic components (DON and DOP) shifted from net efflux (source) in spring to net influx (sink) in
summer, likely due to the changing balance of P input and biological and physicochemical processes.
Mangroves decreased the overall loading of dissolved inorganic N (DIN), dissolved total N (DTN) and total
P (TP) to the estuary. Nevertheless, the effluents (aquaculture wastewater and domestic sewage) dis-
charged from the upstream area during ebb tide increased the export of nutrients, especially NH4eN and
DRP, offsetting the role of mangrove on mitigating coastal eutrophication.

© 2020 Elsevier Ltd. All rights reserved.
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1. Introduction

Mangrove forests, as one of the most economically valuable and
biologically diverse ecosystems in coastal areas, provide a variety of
ecological functions for society, including fisheries production,
coastal protection and nutrient processing (Barbier et al., 2011;
Camacho-Valdez et al., 2013; Atwood et al., 2017). Mangrove forests
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can capture and store large amounts of carbon through the ab-
sorption of vegetation and the accumulation of sediments,
contributing to the accumulation of “blue carbon” (Perera and
Amarasinghe, 2019). Nutrients (especially nitrogen and phos-
phorus) in the mangrove system are important regulators of carbon
cycling andmangrove productivity (Servais et al., 2019; Wang et al.,
2019b). The cycling and export of nutrient across wetlands to es-
tuary (and even ocean) contributes to the healthy or unhealthy
(nutrient pollution, eutrophication, and harmful algal blooms)
development of estuarine ecosystems (Whitehead and Crossman,
2012; Paerl et al., 2016). Understanding of the nutrient cycling
and interaction between mangroves and estuary is essential to
develop sound management strategies on coastal wetlands.

Studies on nutrient fluxes in mangrove systems have largely
focused on the vertical dimension, including the interfaces of
sediment-water, sediment-atmosphere and vegetation-
atmosphere (Dittmar et al., 2006; Gleeson et al., 2013; Maher
et al., 2013; Xiao et al., 2018; Santos et al., 2019). Given the rich
organic matter and low conversion rate in mangrove forests, a large
amount of dissolved material can be exported to adjacent estuarine
systems (Taillardat et al., 2018). In contrast, only a few studies have
so far focused on lateral carbon exchange betweenmangrove forest
and coastal water, finding that many physicochemical processes
can control carbon export, including porewater exchange,
groundwater discharge, tidal pumping and potential biogeochem-
ical reactions (Bergamaschi et al., 2012; Xiao et al., 2018; Call et al.,
2019; Sadat-Noori and Glamore, 2019). However, the lateral fluxes
of nutrients along the mangrove-estuary interface are
understudied.

Mangroves are under great pressure due to human activities
(e.g., agriculture, aquaculture, and urbanization) (Estoque et al.,
2018; Munksgaard et al., 2019). Molnar et al. (2013) suggested
that mineralization can be reduced and inorganic nitrogen cycling
can be stimulated in mangrove systems affected by effluents
compared to those without effluents input. Effluents were found to
enhance both nitrification and denitrification leading to more
release of greenhouse gases (N2O, CO2 and CH4) (Chen et al., 2011;
Zheng et al., 2018; Queiroz et al., 2019). However, there are few
studies addressing the effects of effluents on the lateral nutrient
export from mangrove to adjacent water.

This research investigated nutrient fluxes across a mangrove
tidal creek (Yunxiao National Mangrove Nature Reserve) to adja-
cent estuary (Zhangjiang Estuary, Fujian province, southeast China).
We conducted three time-series observations of nutrient concen-
trations and flow at the mouth of the creek during 2016e2018, and
developed a nutrient flux model. The specific objectives of this
study were to: (1) quantify nutrient (nitrogen and phosphorus
species) fluxes across the mangrove-estuary interface; (2) reveal
hydro-biogeochemical controls on the seasonal pattern of nutrient
lateral exchange between mangrove and estuary; and (3) examine
the impacts of upstream effluents (aquaculture wastewater and
domestic sewage) on nutrient fluxes.
2. Materials and methods

2.1. Description of study site

The study was carried out in the National Mangrove Reserve and
Zhangjiang Estuary (117�240-117�300E, 23�530-23�560N) in South-
east China (Fig. 1). The dominant species in the mangrove forest are
Kandelia candel, Avicennia marina and Aegiceras corniculatum (Zhou
et al., 2010), with an increasing distribution of herbaceous Spartina
alterniflora in the intertidal zone (Liu et al., 2017). The study area is
subject to a subtropical monsoon climate, with an annual mean air
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temperature of 22.8 �C, and seasonal means of 21.4 �C, 28.8 �C,
25.5 �C and 15.9 �C in spring, summer, fall and winter respectively.
The mean annual precipitation is about 1680 mm. The estuary ex-
periences a semidiurnal tidewith a large tidal range of 0.43e4.67m
(average 2.32 m) (Zhang et al., 2006). Upstream effluents, including
aquaculture wastewater and domestic sewage, flow through dikes
with a few sluices into mangrove creeks during low tide (Wang
et al., 2010).

2.2. Tidal scale observation

The study targeted the interface of mangrove and estuary
(Fig. 1). We carried out continuous hourly observations at a fixed
station T (mouth of tidal creek) in July 2016 (warm season), April
2017 (cold season) and June 2018 (warm season) over a tidal cycle
of 48 h, 25 h, and 25 h respectively. April represents the critical
season for mangroves to start growing (Songsom et al., 2019), and
also experiences increasing temperatures and nutrient supply from
the river catchment as rainfall increases. In summer, high temper-
atures usually stimulate plant growth and microbial activities. This
study focuses on these two important seasons to investigate the
nutrient lateral exchange between mangrove and estuary and
associated hydro-biogeochemical controls. We conducted one
more summer observation in June 2018 to verify the patterns of
nutrient fluxes across different years. Both July 2016 and June 2018
represent a summer climate but with somewhat different
hydrodynamics.

Surface (0.5 m) water samples were collected and filtered in the
field by a GF/F membrane (0.7 mm), and then stored at 4 �C until
analysis for nutrient concentrations within two days. Dissolved
oxygen (DO), temperature (�C), pH and salinity were measured in-
situ using a WTW multi-parameter portable meter (Multi 3430,
Germany). A Sea-Sun Tech CTD 48 M probe was installed in a fixed
tube to measure water depth. Flow rate was measured by an in-situ
acoustic Doppler current profiler (ADCP) (RDI WH 1200 kHz). Light
Detection and Ranging was used to determine the elevation data in
April 2017, which were used to determine the watershed boundary
(Fig. S2).

2.3. Laboratory analysis

Filtrate was used to measure dissolved nutrient forms. NO3eN,
NO2eN, NH4eN and DRP were analyzed by segmented flow auto-
mated colorimetry (Sanþþ analyzer, Germany) with the methods
of cadmium reduction-naphthalene ethylenediamine spectropho-
tometry, naphthalene ethylenediamine spectrophotometry, indo-
phenol blue spectrophotometry and molybdenum blue
spectrophotometry respectively. Dissolved total nitrogen (DTN)
and phosphorus (DTP) were determined as NO3eN and DRP
following oxidization with 4% alkaline potassium persulfate. Dis-
solved inorganic nitrogen (DIN) was summed from NO3eN, NO2eN
and NH4eN. Dissolved organic nitrogen (DON) was the difference
between DTN and DIN and dissolved organic phosphorus (DOP)
was the difference between DTP and DRP. The filtered membranes
were used to measure total suspended materials (TSM) and total
particulate phosphorus (TPP). More information about nutrient
measurements are shown in Supporting Information Text S1.

2.4. Water flux estimation

The hourly water flux across the watershed boundary was
calculated by the primitive equations, unstructured-grid, Finite-
Volume Community Ocean Model (FVCOM) (Chen et al., 2006). The
modeled tidal elevation was validated using observation data at a
tidal gauge (station DS) at the mouth of Dongshan Bay (Fig. S3) and



Fig. 1. Map of study area showing sampling sites (adapted from Wang et al., 2019a). D1-D5 are dikes discharging effluents to tidal creek. P1 and P2 are shrimp ponds. Time series
observations were performed at fixed station T (mouth of tidal creek).
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the fixed station T at the mouth of tidal creek (Fig. 1). More infor-
mation about FVCOMmodel and the model validation are shown in
Supporting Information (Fig. S3-S5, Text S2).

2.5. Data analysis and statistics

Water flux calculated by the FVCOM model and time-series
concentrations of nutrients at the mouth of the tidal creek (sta-
tion T) were used to estimate nutrient fluxes across the mangrove-
estuary interface by equation (1).

F ¼
 Xn

i¼0

Ci � Qi

!,
A
�
1000 (1)

where F is net fluxes (mg N m�2 h�1) over a tidal cycle. Positive
values s are efflux from mangroves, and negative values are influx
to mangroves. Ci is the hourly concentration of nutrient (mg L�1) at
site T in Fig. 1 (c). Nutrient concentrations showed good conser-
vative mixing behaviors with salinity, indicating that Ci can
3

represent the average concentration across the mangrove-estuary
boundary. Qi (m3 s�1) is the average hourly water discharge
across the boundary. A (m2)means the catchment area of mangrove
forest.

Uncertainty analysis of nutrient fluxes was carried out by setting
water flux simulated errors by the FVCOM model as ±10%, ±20%
and ±30% in both high and low tides. More information about the
analysis are shown in Text S3.

The partition coefficient of P (Kd) represents the partitioning of P
between the dissolved (DTP) and particulate phase (TPP) and its
particle reactivity. Kd was calculated by equation (2).

Kd ¼ Cp
�ðCd � SPMÞ (2)

In order to assess the influence of upstream effluents on
nutrient fluxes during ebb tide, the observed concentrations were
corrected to values without effluents for comparison. The method
of correction is detailed in Supporting Information (Text S4 and
Fig. S1).
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3. Results

3.1. Hydrodynamic characteristics

Water level changed with tidal cycles (Fig. 2), ranging
from �1.44 to 1.34 m, �1.44 to 1.83 m and �1.34 to 1.43 m in July
2016, April 2017 and June 2018, respectively. Flow rate exhibited
high variability between the three observations (P < 0.05). The
average flow rates during flood and ebb tides were largest in June
2018 (0.198 and 0.225 m s�1), followed by April 2017 (0.164 and
0.126 m s�1) and July 2016 (0.100 and 0.086 m s�1). Averaged water
temperature was 30.7 �C, 23.4 �C, and 29.3 �C in June 2018, April
2017 and July 2016.

Water fluxes during flood tide were larger than ebb tide
(P < 0.05) (Fig. 2aec). The peak water flux in July 2016 was
40.63 m3 s�1 with an average of 16.90 m3 s�1 during flood tide and
30.02 m3 s�1 with an average of 10.16 m3 s�1 during ebb tide. The
average fluxes in June 2018 (18.03 and 12.98 m3 s�1 during flood
and ebb tide) were close to July 2016, but the water fluxes in April
2017 were largest, peaking at 65.39 m3 s�1 (average 30.75 m3 s�1)
during flood tide and 38.08 m3 s�1 (average 17.11 m3 s�1) during
ebb tide.
Fig. 2. Tidal variation of water level and water flux (aec) starting on July 18th, 2016,
April 29th, 2017 and June 30th, 2018. The periods of flood tide, ebb tide, high tide, low
tide and effluent affected periods are marked in (a), (b) and (c). Water level shown as
the deviation (anomaly) of the observed water depth from the average value.
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3.2. Nutrient dynamics in mangrove tidal creek

The concentration and composition of nutrients varied regularly
with the tidal cycles (Fig. 3). Average NH4eN in April 2017 were
higher than those in July 2016 and June 2018, and the concentra-
tions in low tide (40.3e113.8 mmol L�1) were much higher than
those in high tide (21.3e51.3 mmol L�1). NO3eN in April 2017 were
higher than those in July 2016, and the concentrations in low tide
(75.0 and 136.1 mmol L�1) were much lower than in high tide (113.2
and 147.5 mmol L�1). However, there was an exception in June 2018,
when NO3eN in low tide (130.4 mmol L�1) were slightly higher than
those in high tide (125.3 mmol L�1). Average DRP in April 2017 was
higher than in July 2016 but lower than in June 2018, while TPP had
the maximum concentration in July 2016 and the minimum con-
centration in April 2017. Both DRP and TPP had higher concentra-
tions in low tide (4.1e9.8 and 6.1e8.9 mmol L�1) compared to high
tide (3.6e5.4 and 2.3e3.7 mmol L�1).

NO3eN was the dominant species (37%e57%) of DTN, followed
by DON (26%e31%) and NH4eN (11%e31%), while NO2eN had the
smallest shares. The dominant species of Pwere DRP (36.9%e65.5%)
and TPP (26.7%e57.2%), while the DOP fraction was minor (3.5%e
10.5%). During ebb tide, the fractions of NH4eN and TPP increased
gradually while NO3eN and DRP decreased, but there was a con-
trary tendency during flood tide (Fig. 4). Accordingly, the average
fractions of NH4eN and TPP were higher during low tide than high
tide (P < 0.05), while NO3eN was higher in high tide period
(P < 0.05).

Effluents discharged from upstream areas had a great influence
on nutrient concentrations. In effluents-affected periods (low tide),
the average concentrations of NH4eN, DON, DRP and DOP were
60%, 49%, 122% and 96% higher respectively than those of the un-
affected periods. In contrast, NO3eN was 28% lower than the un-
affected samples, with the exception of June 2018 when it was 60%
higher.

3.3. Nutrient fluxes across the creek-estuary interface

The magnitude and direction of nutrient fluxes (without
effluent) across the tidal creek-estuary interface varied among
nutrient species and between seasons (Fig. 5). NH4eNwas exported
from mangrove tidal creek to estuary (efflux), and the net flux in
April 2017 (2.18 mg m�2 h�1) was larger than in June 2018
(1.37 mg m�2 h�1) and July 2016 (0.44 mg m�2 h�1). In contrast,
NO3eN was imported from estuary to mangrove (influx), and the
net flux in April 2017 (�3.84mgm�2 h�1) wasmuch smaller than in
July 2016 and 2018 (�11.94 and �13.23 mg m�2 h�1). DON fluxes
shifted from efflux in April 2017 (0.59 mg m�2 h�1) to influx in July
2016 (�0.14 mg m�2 h�1) and June 2018 (�6.21 mg m�2 h�1). DIN
had influx in all three observations, and the fluxes in July 2016 and
2018 (�12.15 and �20.43 mg m�2 h�1) were larger than in April
2017 (�1.95 mg m�2 h�1). DTN always showed a net input to
mangrove with the maximum and minimum flux in June 2018 and
April 2017 (�20.43 and �1.37 mg m�2 h�1).

DRP was net exported frommangrove to estuary, and the flux in
April 2017 (0.33mgm�2 h�1) was slightly smaller than in June 2018
(0.45 mg m�2 h�1) and July 2016 (0.42 mg m�2 h�1). DOP was net
imported to mangrove in July 2016 and 2018 (�0.68
and �0.98 mg m�2 h�1) but became a net export to estuary in April
2017 (0.11 mg m�2 h�1). TPP had influx in June 2018 and April 2017
(�0.08 and �1.95 mg m�2 h�1) while small efflux or influx in July
2016 considering the uncertainty of water fluxes estimation. The
overall TP had influx, and the flux in April 2017 (�1.51 mgm�2 h�1)
was larger than July 2016 and June 2018 (�0.12 and �0.61 mg m�2

h�1).
The effluent discharged from upstream areas affected nutrient



Fig. 3. Tidal variations of water depth, salinity and concentrations of nitrogen (aec) and phosphorus (def) starting on July 18th, 2016, April 29th, 2017 and June 30th, 2018

Fig. 4. Average fractions of NH4eN and NO3eN of DTN (a), and TPP of TP (b) during low tide against high tide periods. Error bar indicates one standard deviation.
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fluxes during ebb tide, particularly in July 2016 and June 2018
(Fig. 6). In the two summer cases, the DTN fluxes with effluent from
mangrove creek to estuary were 3% and 29% higher than the
5

corrected fluxes excluding effluent influence. The contribution of
effluents on the increase of NH4eN fluxes was most significant
among N species with increases of 28% and 68% (July and June



Fig. 5. Net nutrient fluxes (without effluent) in July 2016, April 2017 and June 2018.
Positive values indicate nutrient efflux from mangrove, and negative values indicate
influx to mangrove. Error bar is one standard deviation of estimated fluxes considering
water flux simulated errors scenarios (±10%, ±20% and ±30%) by FVCOM (see Text S3).

Fig. 6. Comparison on nutrients export during ebb tide with and without effluent
discharge in July 2016, April 2017 and June 2018.
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respectively), followed by DON with increases of 3% and 39%, while
DTP fluxes increased by 1.28 and 9.58 mg m�2 h�1 (17% and 78%
higher respectively). DRP fluxes were 16% and 85% higher, ac-
counting for the greatest increase in P fluxes. In spring case of April
2017, the fluxes of both N and P during the effluent affected period
(ebb tide) changed little (Fig. 6).

4. Discussion

4.1. Tidal driven nutrient exchange and major biogeochemical
processes shaping the source-sink pattern

Tides are the main hydrologic mechanism driving the lateral
exchange of nutrients between mangroves and estuarine water.
Nutrient fluxes were positively correlated with water fluxes across
the mangrove-estuary interface (p < 0.05) during flood tide except
for DOP and TPP (Table S1 and Fig. S6), suggesting nutrient export
was mainly driven by tidal exchange.

The biogeochemical processes of nutrients occurring within the
mangrove system also influence whether nutrients are supplied to
the estuary or retained. Our previous study concluded that there
was strong mineralization in the mangrove sediments at the creek
6

slope, which resulted in high concentration of inorganic matter
(NH4eN, DIC, etc.) in sediment pore water (Wang et al., 2019a). In
this study, the average concentration and fraction of NH4eN and
DRP increased during ebb tides compared with flood tides (Figs. 3
and 4), and they had net effluxes in most tidal cycles (Table S1).
These results confirm that mangrove sediment pore water is a
source of NH4eN and DRP (products of organic matter minerali-
zation) as these products can be discharged to the tidal creek
during ebb tide by increased hydraulic forcing. Particles could affect
NH4eN concentrations in water by adsorption and desorption.
NH4eN can be released from particles in high-salinity water(-
Hopkinson et al., 1999;Weston et al., 2010). The salinity observed in
our study ranged from 2 to 13 and TSMwas low (136 ± 106 mg L�1)
in high tide period (high salinity). There was no obvious relation-
ship between TSM and NH4eN (Fig. S7d-f). We therefore speculate
that the effect of particles on NH4eN concentrations is relatively
unimportant.

The ammonium released from the mangrove sediments
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(porewater) can be partly oxidized to nitrite and nitrate and
returned to the mangrove forest during flood tide with subsequent
removal by denitrification. NO3eN penetrates into anaerobic sedi-
ments during high tide periods can be reduced by denitrification.
As a result, the average concentration and fraction of NO3eN in the
creek water decreased during ebb tides (Fig. 4). The discharge of
sediment porewater with low NO3eN was also found to cause a
dilution in the tidal creek during ebb tide (Wang et al., 2019a). The
influx suggested that mangroves served as a NO3eN sink relative to
the estuary. DIN had an influx from estuary to mangrove, largely
due to large NO3eN removal and less ammonium addition in sed-
iments. Although mangroves will always be a sink for bioavailable
N on annual time scales, they can behave differently in different
seasons (see discussion below).

The process of absorption and desorption during tidal cycling
increased the complexity of TPP flux. Flooding water can increase
re-suspension of sediments and particulate matter. The large Kd in
July 2016 (Table S3) represents a stronger possibility of desorption
of P, and the higher concentrations of TSM and TPP in ebb tide
compared with flood tide supports the efflux from mangrove to
estuary. Kd was smaller in June 2018 than April 2017 (Table S3),
indicating that more phosphate was likely attached to the sus-
pended sediments (Fig. S7c). In addition, the net water fluxes in
April 2017 were much greater than in June 2018, explaining much
more influx of TPP from estuary to mangrove.

Estuarine TPP can be trapped by mangrove roots and deposited
during the high tide period when the flow rate decreases. All the
values of Kd in flood tides were greater than in ebb tides (Table S3),
indicating that estuarine TPP can be partially desorbed when it
enters the mangrove due to decreasing pH and salinity. This
desorption of TPP would subsequently export backwards as DRP
during ebb tide. The concentration of organic nutrient (DON and
DOP) is associated with the degradation of leaves, the absorption of
plants, precipitation, atmospheric deposition and marine inputs
(Maie et al., 2008; Kaiser et al., 2013; Valiela et al., 2018; Zhang
et al., 2019). The results of this study show a balance between
influx and efflux of DON in July 2016 and April 2017 but a significant
sink in June 2018 (Fig. 5). A possible explanation for the 2018
observation is that the water fluxes and the concentrations of DON
during high tide were larger than in low tide. DOP had a similar
pattern with DON. The decomposition of organic matter and the
utilization of nutrients by vegetation varied among seasons (see
more discussion in 4.3).

Mangroves fringed along the estuary bank have an open
boundary and the tidal water cannot totally go back by flowing into
the tidal creek (Table S1). The imbalance of water fluxes
(flood > ebb)might lead to underestimation of the fluxes of NH4eN,
DRP and other source species frommangrove to estuary during ebb
tide, while the influx of NO3eN and other sink species from estuary
to mangrove during flood ebb might be overestimated. Neverthe-
less, the concentrations in low tide versus high tide (Table S2)
suggested that the concentrations of NH4eN and other source
species were higher while NO3eN and other sink species were
lower in the mangrove tidal creek than in the estuary. This source-
sink pattern was always true even if water mass is imbalanced (i.e.
larger flux in flood tide than ebb tide). The FVCOM model may
under-estimates or over-estimates the water depth across tidal
cycles (Fig. S5). Uncertainty analysis of nutrient fluxes further
confirmed the source-sink pattern assuming a deviation of esti-
mated water fluxes in a range of 10%e30% (Fig. 5 and Text S3).

4.2. Seasonality of nutrient fluxes showing a dynamic source-sink
pattern

The lateral fluxes of nutrients exchanged across mangrove and
7

adjacent estuary were largely controlled by the nutrient balance
between supply and the demand of mangrove plants and micro-
organisms in the mangrove sediments. The net import of NO3eN to
mangrove was higher in summer (June, July) than in spring (April),
but net export of NH4eN to estuary was larger in spring than
summer (Fig. 5). Mangroves forests are highly efficient users of DIN
forms from tidal waters, related to rapid plant uptake and an effi-
cient conservation of DIN in sediment by microbial activity (Reis
et al., 2017). Our previous study suggested that there was evident
nitrification in mangrove surface sediments and strong denitrifi-
cation in deep sediments (Wang et al., 2019a). High temperature
usually stimulates NO3eN removal bymicrobial denitrification (Lee
et al., 2011; Duan et al., 2019). As a result, the outwelling of NO3eN
from mangrove sediments was small in summer, leading to rela-
tively high NO3eN import. A few studies have shown that nutrient
uptake and productivity likely increase with temperature in
mangrove forests (Field, 1995; Chen et al., 2009). NH4eN was the
most common DIN in mangrove sediments (Alongi et al., 1992),
explaining the small outwelling of NH4eN from mangrove sedi-
ment in summer as a result of increased ammonium uptake. In
contrast, the low primary production andweakmicrobial activity in
spring (due to lower temperature) facilitated accumulation of
NH4eN and lower removal of NO3eN, leading to relatively high
NH4eN efflux and low NO3eN influx.

Terrigenous input, mineralization of organic matter, activation
and release of iron-bound P are the main sources of DRP in
mangrove sediments. Litterfall from mangrove trees has been
considered an important source of organic matter to mangrove
sediments (Alongi et al., 2005; Murdiyarso et al., 2015). Litterfall
increases in summer (growing season) and reaches a maximum in
fall, leading to much more deposition of organic matter into the
surface sediments (Chen et al., 2009; Robert et al., 2017). Strong
mineralization in summer would transform more DOP to DRP,
leading to a high inventory of DRP in mangrove sediments that is
available to export. As a result, DRP was higher while DOP was
lower during ebb tide in summer (Table S2), accompanied by a
higher net export of DRP to estuary, while the net import of estuary
DOP to mangrove increased (Fig. 5). This is consistent with a recent
study which found that PO4

3� in the intertidal aquifer had a larger
inventory in summer than spring (Liu et al., 2018). In addition, iron-
bound phosphate can be released into sediment porewater in
reducing conditions (Smolders et al., 2017). The lower Eh of
mangrove sediments observed in summer than spring (Wang et al.,
2019a) suggested the likelihood of more sediment DRP export.

The seasonal changes in magnitude and direction of exchange
fluxes indicate that the mangrove forest plays a dynamic role as a
nutrient source or sink, thereby regulating the nutrient status of the
estuary ecosystem. In summer cases, both NH4eN efflux and
NO3eN influx increased but the combined result was a significant
reduction of overall N (DIN and DTN) load to the estuary. In spring,
mangroves were still a sink of DIN and DTN although the net influx
was minor (Fig. 5). Mangroves are a stronger source of DRP in
summer than spring, while DOP and DTP shifted from net export in
spring to net import in summer, and mangroves were a strong sink
for TP in spring due to high TPP retention.

4.3. The influence of upstream effluents on nutrient fluxes during
ebb tides

Effluents discharged from upstream areas during ebb tide
increased the efflux of NH4eN, DON, DIN and DTN (Fig. 6). Effluents
are always rich in NH4eN, and this is recognized as the common
cause of eutrophication in coastal areas (Queiroz et al., 2013; Kaiser
et al., 2015). In our study area, NH4eN (175.5 ± 79.1 mmol L�1) in
effluents were about 4 times higher than that in the tidal creek and
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estuary (38.7 ± 24.1 mmol L�1) (Wang et al., 2019a). Briggs and
Funge-Smith (1994) showed that only 24% of total nutrient can be
transformed into biomass, and about 35% is discharged into coastal
water without conversion. In addition, microbial activities and the
decomposition of organic matter (formation and transformation of
DON) are stronger in disturbed mangrove sediments receiving
nutrient-rich effluents than in undisturbed sediments (Feller et al.,
1999; Suarez-Abelenda et al., 2014). When effluents loading was
high, NH4eN, DON, DIN and DTN had a higher export from
mangrove to estuary (Fig. 6).

Average concentration of NO3eN in sewage and aquaculture
wastewater was far lower than that in tidal creek and estuary water
in our study area (Wang et al., 2019a). As expected, the NO3eN
fluxes with effluents were slightly lower (5% and 0.3%) than the
fluxes without effluents in July 2016 and April 2017. One exception
occurred in June 2018 when the flux with effluents was 15% higher
than the fluxes without effluents, likely because the large addition
of nitrate from effluents (largest flow rate of 5.97 m3 s�1) over-
whelmed dilution by the low NO3eN sediment porewater. More-
over, recent studies found that ammonia-oxidizing bacteria (AOB)
in effluents was more abundant than that in water without efflu-
ents (Damashek et al., 2015; Lin et al., 2020). The higher NH4eN
(substrate for nitrification) and warmer water temperature during
ebb tide in June 2018 might have enhanced nitrification and
contributed to the increase of NO3eN.

The enriched-P effluents also had a significant influence on P
fluxes to the estuary. Current results showed that DRP (the domi-
nant form of TP) concentration in the effluent-affected period was
15.0 ± 7.6 mmol L�1, about three times higher than the period
without effluents (4.8 ± 0.9 mmol L�1) (Table S4). Other studies have
also suggested that the labile, bioavailable and other fractioned P
are higher in mangrove systems affected by aquaculture waste-
water and domestic sewage compared to unaffected systems
(Nobrega et al., 2014; Barcellos et al., 2019). Effluent P can be
transported to coastal water directly, or temporally absorbed into
vegetation and returned to mangrove sediments through degra-
dation (Barcellos et al., 2019). Even though the concentration of
DOP in effluents (1.8 mmol L�1) was much lower than DRP, it was
higher than the DOP of unaffected tidal creeks and estuary (about
0.5 mmol L�1) (Table S4). Consequently, effluent discharge increased
DOP export from mangrove to estuary.

Effluents discharged from upstream areas during the ebb tide
period substantially increased the export of most nutrient species
when the flow rate was higher. The increase in nutrient fluxes was
Fig. 7. Conceptual schematic of tidal driven nutrients exchange betwee
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associated with effluent discharge. The water flux during the
effluent-affected period (ebb tide) in June 2018 (5.97 m3 s�1) was
larger than in July 2016 (3.63 m3 s�1), and only a small quantity of
effluents was discharged in April 2017 (0.48 m3 s�1). As a result, the
effluents caused significant increases in DTN and TP fluxes in June
2018 (29% and 75% higher) and July 2016 (3% and 23% higher), but
only a minor change occurred in April 2017 (Fig. 6).

Effluents discharged from upstream areas also changed the
nutrient stoichiometry. High NH4eN in effluents resulted in 50%
higher molar ratio of DIN: DRP (37 ± 6) in the effluent-affected
period than that without effluents (Table S4). Changes in nutrient
supply can alter the structure, function and primary productivity of
coastal ecosystems (Lapointe et al., 2015, 2020; Maavara et al.,
2020). Nitrogen enrichment in our study area may further stimu-
late P-limited phytoplankton blooms (Lapointe et al., 2015).
Effluent discharged into the tidal creek also increased the ratios of
NH4eN: NO3eN and DIN: DON (Table S4). Phytoplankton species
abundance and composition have been found to be influenced by
the availability of NH4eN and NO3eN in both oceanic and estuarine
systems (Kiteresi et al., 2012). A previous study reported that non-
toxic blooms are more likely to occur in high DIN: DON conditions
while toxic blooms are more likely to occur in low DIN: DON con-
ditions (Hood et al., 2006). Therefore, the effluents have modified
efflux from mangrove to estuary with changing stoichiometry,
presenting important ecological effects on estuarine ecosystems.

5. Conclusions

This study provides a holistic perspective on lateral nutrient
fluxes through the mangrove-estuary interface. A conceptual
schematic of nutrients exchange between mangrove and estuary is
illustrated in Fig. 7. The lateral fluxes of nutrient components sug-
gest that mangroves always served as a source of NH4eN and DRP
to the estuary, but as a sink of NO3eN. Overall, mangroves were a
net sink of DIN, DTN and TP, and this relationship is driven by tidal
exchange and large nutrient retention by the mangrove ecosystem.
Higher temperatures in summer (June and July) increases primary
production (ammonium uptake) and microbial activities (nitrate
denitrification), resulting in a lower export of NH4eN and higher
import of NO3eN compared with spring (April). Strong minerali-
zation likely transforms DOP to DRP in summer, as a result of which
relatively more DRP and less DOP is exported to the estuary. DON,
DOP and DTP shifted from net export (source) in spring to net
import (sink) in summer due to the changing balance of P input and
n mangrove and estuary showing a dynamic source-sink pattern.
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biological and physicochemical processes. The discharge of up-
stream effluents during ebb tide substantially increased nutrient
export, offsetting the role of mangrove on mitigating coastal
eutrophication. The dynamic source-sink pattern of nutrient
implied increasing mangrove coverage or controlling anthropo-
genic nutrient input can alleviate coastal eutrophication in this
region. This study highlights the importance of an integrated land-
ocean management of nutrient pollution and restoration of coastal
wetlands.
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