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A B S T R A C T

The importance of mangrove-derived material in sustaining coastal food webs (i.e. the Outwelling Hypothesis) is often invoked in support of mangroves conservation.
Biogeochemical cycling, particularly nitrogen (N) and phosphorus (P) in mangrove ecosystems, however, is poorly understood because of high spatial heterogeneity
and temporal variability of sources, sinks, and transformation pathways. Here we show that the distribution of N and P are intimately related to vegetation
distribution, tidal cycles, and seasonality. We examined the dynamics of N and P in sediments and in a tidal creek of the Can Gio Mangrove Forest, Vietnam. Our
objectives were to (1) determine the spatial distribution of dissolved inorganic nitrogen and phosphorus in the mangrove forest along a Rhizophora-Avicennia-mudflat
transect; and (2) identify the respective inputs and transformation pathways of N and P in the water column via 24-h time series measurements in a tidal creek.
Sediment porewater had N-NH4

+ and N-NO3
− concentrations< 11 μM, except in the mudflat where N-NH4

+ was as high as 162 μM. This difference was likely due
to N-NH4

+ uptake by trees in the vegetated areas and suggests that mangrove sediments can be a zone of NH4
+ production via ammonification of organic nitrogen. In

all stands, P-PO4
3− concentrations were three-fold higher during the wet season, with a maximum of 34.4 μM. This can be explained by enhanced microbial activity

during the rainy season. The phosphorus seasonal trend was also observed in the creek water but with a maximum P-PO4
3− value of 4.3 μM only. In the tidal creek, N-

NH4
+ was highly variable (0 to 51 μM), with the higher values measured at low tide and related to porewater discharge from the mudflat. Our data suggest that

mangroves act both as a sink of dissolved inorganic nutrients via vegetation uptake and a source of ammonium from unvegetated mudflat porewater towards the tidal
creek. The dual stable isotopes approach (δ15NNO3 & δ18ONO3) revealed that this ammonium was later nitrified within the water column. Moreover, the approach
showed that some nitrate originated from the river-estuarine system during rising tides. The export of ammonium from mangrove porewater is presumably entirely
consumed before exiting the tidal creek, thereby limiting the spatial extent of mangrove Outwelling. Nevertheless, our multi-isotope approach leads us to conclude
that nutrients recycling via mangrove-derived organic matter mineralization may play a fundamental role in sustaining coastal food web.

1. Introduction

Mangrove ecosystems are intertidal forests with contiguous water-
ways that develop on warm-temperate, subtropical, and tropical
coastlines. They are among the most productive ecosystems on Earth,
even though they are naturally nutrient-limited (Alongi, 2009; Alongi,
2018). The unique coastal conditions in which they exist mean that
mangrove vegetation has adapted to salinity, reducing conditions,

periodic tidal forcing, and inundation (Reef et al., 2010). This en-
vironmental setting directly influences mangrove ecosystem pro-
ductivity and nutrient availability (Twilley et al., 2017). Fast changing
environmental conditions and spatial heterogeneity along the elevation
gradient makes the cycling of nitrogen (N) and phosphorus (P), iden-
tified as two limiting nutrients in mangroves (Reef et al., 2010), com-
plex and rapidly changing.

Nutrient tidal exchange and mangrove connectivity with coastal
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waters share a long history in the ecological literature. For example, the
Outwelling Hypothesis, proposed by Odum (1968) for saltmarshes, and
discussed since then for mangrove habitats (Boto and Bunt, 1981;
Bouillon et al., 2011; Lee, 1995; Odum and Heald, 1975), suggests that
coastal wetlands export organic matter (OM) and nutrients to sur-
rounding waters. This export is presumed to support aquatic pro-
ductivity, eventually after transformation into available forms. Low
nutrient concentrations and rapid nutrient transformations in tempo-
rally dynamic and spatially heterogeneous intertidal zones, however,
pose a challenge to mass balance calculations that are necessary for
testing this hypothesis. To date, only one study has done so (Alongi,
2013), which highlights the need to better constrain nutrient fluxes and
transformation processes.

The largest nutrient pool in mangrove ecosystems is the soil (Alongi,
2018). Most of the organic nutrients present in the soil nutrient pool
system are from the mangrove vegetation itself, via litterfall as parti-
culate organic nutrients on the mangrove floor or in the belowground
roots as dissolved organic nutrient exudates in the sediment porewater
(Alongi, 2013; Kristensen and Alongi, 2006; Kristensen et al., 1995).
Feces, dead animals, microbial mixture, and tidal import can also ac-
count for a secondary pool of organic matter (Adame et al., 2010;
Alongi, 2013; David et al., 2018). When this organic material accu-
mulates in the sediment or becomes buried by crab burrowing, miner-
alization occurs and releases inorganic nutrients that are bioavailable
for vegetation uptake (Feller et al., 2003). Ammonium, the product of
organic nitrogen mineralization (i.e. ammonification), is the pre-
dominant N species in mangrove soils (Alongi, 2018; Sherman et al.,
1998). It is also the form preferentially assimilated by mangrove ve-
getation, incorporated by the large belowground root network (Reef
et al., 2010). Soil processes and characteristics, such as the intensity of
bioturbation, radial oxygen loss from roots, and grain size fraction can
influence the soil redox potential and therefore the nutrient biogeo-
chemical transformation pathways and nutrient availability for plants
(Reef et al., 2010). Based on a mass balance assessment, Alongi (2013)
determined that soil ammonification, nitrification, and dissimilatory
nitrate reduction to ammonia (DNRA) are the most important N
transformation processes in mangrove soils, rather than atmospheric N2

fixation and denitrification. Regarding phosphorus, PO4
3− im-

mobilization in the sediment (e.g. by iron hydroxides and oxyhydr-
oxides) is an important process that inhibits direct vegetation uptake
(Alongi et al., 2002). Available phosphate is only released during the
iron oxide reduction process (Deborde et al., 2015; Reef et al., 2010).
Rapid uptake, constant transformation processes, and tight interaction
between the organic and inorganic fractions limit our understanding of
nutrient cycling in mangrove sediments. This complex matrix of organic
carbon-rich mangroves soils with high porosity from animal burrows
also favors strong tidal exchanges (Stieglitz et al., 2013; Tait et al.,
2016).

The role of tidal exchange in the N and P dynamics is still ambig-
uous despite having identified environmental parameters such as lati-
tude, temperature, rainfall, geomorphological settings, hydrology, and
vegetation species that influence the direction and magnitude of nu-
trients exchange (Adame and Lovelock, 2011; Adame et al., 2010).
Moreover, the response of mangroves in anthropogenically nutrient-
enriched estuarine systems is still not clear. Some studies have sug-
gested that mangroves act as a biofilter that attenuates eutrophication
(Molnar et al., 2014; Reef et al., 2010). Others described mangroves as
a direct source of nutrient for coastal waters (Dittmar et al., 2006;
Tanaka and Choo, 2000). Regarding the Outwelling Hypothesis, it is
now established that part of the atmospheric CO2 fixed by mangrove
vegetation is exported to coastal waters as dissolved organic and in-
organic carbon from porewater discharge (Call et al. 2019a; Maher
et al., 2018; Santos et al., 2019; Taillardat et al., 2018a). Tidal export of
nutrients via the same mechanism, however, remains unclear, probably
because of lower concentration ranges, the importance of recycling
processes over nutrient inputs, and quick biogeochemical

transformation processes of N and P forms. In addition to low con-
centrations and high temporal dynamics of the system, spatial hetero-
geneity such as distance to coastal waters or size of the hydrological
unit (i.e. tidal creek) affect the nutrients net tidal exchange. Estimates
have sometimes been contradictory between study sites and seasons
(Dittmar and Lara, 2001a; Leopold et al., 2017; Rivera Monroy et al.,
2007; Tait et al., 2017) and inconsistent with tidal variations for some
elements such as phosphorus and nitrate (Gleeson et al., 2013; Ovalle
et al., 1990). Some studies that investigated nutrient exchange in
mangroves have been based on complete tidal cycle time series, using
concentration variations as a proxy for tidal exchange rather than direct
nutrient fluxes (e.g. Leopold et al., 2017; Wang et al., 2019). This un-
derlines the challenge of accounting for elements that are quickly
changing in forms and concentrations. In fact, our understanding of
nutrient cycling in mangroves is still poorly understood despite being
prerequisite to calculating mass balance budgets.

The aim of this study was to characterize the N and P origin, dis-
tribution, and transformation pathways in mangrove sediments and in
the adjacent tidal creek in the Can Gio Mangrove Forest, Vietnam. We
tested two hypotheses:

(i) N and P concentrations and distribution in mangrove sediment
porewaters greatly differ among habitats and between seasons be-
cause of variability in biotic factors and abiotic conditions.
Regarding the spatial variability, we expected dissolved inorganic
nutrient concentrations in porewater to be lower below vegetation
than in the mudflat because of tree uptake. Regarding the seasonal
variability, we expected higher concentrations during the wet
season because of greater water turnover and lower salinity;

(ii) Nutrient loads in the tidal creek greatly differ between tidal cycles
and seasons because of the multiple origins of nutrients and intense
recycling, assimilation, and transformation in the water column.
Regarding nutrients origin present in the tidal creek water column,
we expected that mangrove forest was a direct input at low tide via
surface and subsurface discharge and that the river estuarine
system was a direct input at high tide via tidal import. Regarding
the recycling and transformation processes, we expected that the
nutrient pool throughout a complete tidal cycle was quickly chan-
ging due to in situ processes such as uptake, nitrification, deni-
trification, and external input.

We tested these hypotheses by combining the use of dual nitrate
stable isotopes (δ15NNO3 & δ18ONO3) with particulate δ13C and δ15N.
The dual nitrate stable isotope approach has contributed to identifying
nitrate dynamics in various environments including estuaries and
coastal waters via the discrimination of natural abundance isotope ra-
tios as indicators of organic matter origin, production, consumption and
degradation processes (Archana et al., 2018; Wankel et al., 2009; Xue
et al., 2014). However, it has not yet been used directly to document
nitrogen cycling in complex intertidal mangrove systems except in one
disturbed subtropical mangrove tidal creek (Wang et al., 2019). Con-
versely, stable isotopes (δ13C and δ15N) of particulate organic matter
have been applied in mangroves to help understand ecosystem func-
tioning including delineation of organic matter and nutrient sources in
different pools and transformation processes leading to isotopic frac-
tionation (Bouillon et al., 2008). In this study, we combined the use of
nitrate dual-stable isotopes with particulate δ13C and δ15N to generate
new insights on mangrove nutrient cycling.

2. Methods

2.1. Study site

The protected Can Gio mangrove forest (Fig. 1) is located 35 km
southeast of Ho Chi Minh City, the most populated city (> 8 million
inhabitants) and economic center of Vietnam (UN, 2014). The city is
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hydrologically connected to the Can Gio mangrove forest via the Dong
Nai River, which originates in the Central Highlands and is approxi-
mately 600 km long (Grayman et al., 2003). Land uses within the
catchment area of ≈ 36,000 km2 are predominantly (1) agriculture
upstream of Ho Chi Minh City; (2) urban and industrial areas within the
Ho Chi Minh City municipality; (3) aquaculture downstream of the city;
and finally (4) the Can Gio Mangrove UNESCO Biosphere Reserve
(Fig. 1). We studied a tidal creek approximately 1400m long, located in
the middle of the Can Gio Mangrove Forest (10 30.339′N; 106
52.943′E), with no direct surface freshwater input other than rainfall
(Fig. 1). The site exhibited an ecotone progression composed of Rhi-
zophora-dominated land cover, Avicennia-dominated land cover and a
mudflat area, from the forest core to the tidal creek, which is the typical
distribution along the elevation gradient in the Can Gio mangrove
(Fig. 1d).

The mangrove forest in Can Gio covers about 38,000 ha (Kuenzer
and Tuan, 2013) and was partially destroyed by the spraying of her-
bicides and other chemical agents during the 1961–1971 Vietnam-USA
War (Nam et al., 2014). The mangrove was rehabilitated via multiple
replantation programs from 1978 onwards (Le, 2008). The mangrove
forest is dominated by replanted and naturally regenerating Rhizophora
apiculata. Additionally, Avicennia alba has naturally recolonized the
edge of the tidal creeks (Dung et al., 2016; Kuenzer and Tuan, 2013).
We also identified A. officinalis, A. marina, A. rumphiana, and Sonneratia
alba during our field surveys. The Can Gio mangrove forest is now
mature with vegetation distribution, diversity, and above-ground
carbon stocks comparable to other low-latitude mangroves in South
East Asia (Arnaud-Haond et al., 2009; Van Vinh et al., 2019).

The dry season in the study area occurs from late October to early
May and the wet season from early May until the end of October.
Annual temperature and precipitation range between 26.5 and 30.0 °C
and between 1600 and 2250mm, respectively, with ~64% of the pre-
cipitation occurring during the wet season (Le, 2008). The tidal regime
is characterized by a strong diurnal inequality (Conley, 2015) with tidal
oscillations changing from symmetric (semi-diurnal tide) to asymmetric
(diurnal tide) over a full cycle (≈ 24 h 50min). The mean tidal am-
plitude is 2.3m and the creek bank elevation is ≈ 1.9m relative to the

lowest topographical point in the middle of the tidal creek (Taillardat
et al., 2018b).

2.2. Field measurements

Time series measurements of 24-h were performed from an an-
chored boat located in the middle of the tidal creek (Fig. 1c) during the
asymmetric and symmetric tidal cycles for each season (i.e. 7 pm 12/
04/2015 to 6 pm 13/04/2015 and 12 pm 18/04/2015 to 12 pm 19/04/
2015 for the dry season; 3 pm 19/10/2015 to 3 pm 20/10/2015 and
11 am 26/10/2015 to 11 am 27/10/2015 for the wet season). Tidal
amplitude for each tidal cycle was always greater than the creek bank
height of 1.94m, meaning that coastal waters were flowing into the
mangrove forest daily. Fig. 2 is an illustration of tidal oscillation in the
study site with the water creek bank as a reference point.

Salinity, water temperature, and pH were recorded every 5min
using a calibrated Yellow Springs Instrument (YSI) 6920 multi-para-
meter probe. Dissolved oxygen (DO) was measured using a calibrated
Hobo U26–001 dissolved oxygen data logger. Concentrations of the
222-Radon radioisotope (222Rn) were measured in water during the wet
season only, using the showerhead equilibration technique. Briefly,
creek water was continuously pumped to an equilibration chamber
where the head-space gas was streamed into an automated 222Rn-in-air
analyzer using the Rad Aqua package (RAD7, Durridge Co.; Burnett
et al., 2001). Discrete surface water samples were collected every 2 h
(13 samples per 24-h time series) using a bucket (at ~0.3m depth). All
samples (~100–400mL) were filtered through pre-weighed and pre-
combusted (4 h, 400 °C) glass fiber filters (Whatman GF/F 0.7 μm,
47mm diameter) that were later used for determining suspended par-
ticulate matter (SPM), particulate organic carbon (POC), particulate
nitrogen (PN), δ13CPOC, and δ15N. The filtered water was stored in
15mL PP tubes kept in a cooler until taken back to the city where they
were frozen until they were analyzed for N-NH4

+, N-NO3
−, N-NO2

−, P-
PO4

3−, δ15NNO3 & δ18ONO3. Unfiltered samples for water δ18O and δ2D
were kept in 4mL, fully-filled tubes with no air bubble, and sealed with
parafilm.

During the two seasons, mangrove sediments and porewaters were

Fig. 1. (a) Map of Vietnam, with the black dot re-
presenting the location of the study area; (b) Map of
the Can Gio Mangrove UNESCO Biosphere Reserve
study area and its surroundings, where the light gray
colour represents Ho Chi Minh City, the yellow
background with black dots is the aquaculture area,
the dark gray is the mangrove UNESCO Biosphere
Reserve area, and the black square represents the
study site. The two black crosses represent the river
and estuary end-members as described in the text; (c)
Map of the mangrove tidal creek study site, with the
gray cross representing the time series monitoring
station and the green arrow the ecotone transect; (d)
Conceptual model of the tidal creek with “Rh” for
Rhizophora-dominated ecotone, “Av” for Avicennia-
dominated ecotone and “Mf” for mudflat. (For in-
terpretation of the references to colour in this figure
legend, the reader is referred to the web version of
this article.)
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collected at low tide across a representative ecotone transect, extending
from the mangrove forest to the tidal creek, i.e. from the Rhizophora-
dominated mangrove through the Avicennia-dominated zone to the
mudflat (Fig. 1). For porewater three ≈ 60 cm depth bore holes were
excavated with a shovel in each of the three habitats. The water in bores
was purged three times before porewater was collected via a suction
tube (Taillardat et al., 2018a). Porewater samples conservation and
preparation followed the same protocol as for surface water sampling
(see above) for the analysis of N-NH4

+, N-NO3
−, N-NO2

−, P-PO4
3−,

δ15NNO3 & δ18ONO3, and δ18O & δ2H.
For sediment samples, triplicate cores of 1m were taken using an

Eijkelkamp gouge auger at a distance< 50 cm of the porewater bores.
The pH and Oxidation-Reduction Potential (ORP) were determined in
the field using an ORP meter (YSI during the dry season,
Wissenschaftlich-Technische-Werkstätten during the wet season) at
5 cm intervals on the sediment core until reaching 70 cm depth, where
measurements were taken every 10 cm until 100 cm depth. ORP is re-
ported as relative to a standard hydrogen electrode by adding the mV
correction based on the Ag/AgCl reference type and the sample tem-
perature (Lenton and Watson, 2000; Striggow, 2017). Fresh leaves of R.
apiculata and A. alba were collected during both seasons. Sediment and
leaf samples were brought back to the laboratory and kept frozen until
analyzed (%OC, %N, δ13C, δ15N).

Finally, river and estuary water samples (upstream and downstream
the mangrove) were collected following the same protocols as for sur-
face water samples in the tidal creek. The locations of the identified
end-members are presented in Fig. 1b.

2.3. Solid-phase laboratory analyses

Grain size fractions were determined using a Mastersizer 2000
particle size analyzer (Malvern Instruments). Values were measured at
5 cm intervals on the sediment core until reaching 70 cm depth where
measurements were taken every 10 cm until 100 cm depth.

Filters and sediments for organic carbon, particulate nitrogen, δ13C,
and δ15N were freeze-dried overnight. For the organic carbon analysis,
filters were also fumigated for 24-h under an air-tight glass bell con-
taining three beakers of ~10mL of HCl (12 N) to remove inorganic
carbon (e.g. Hélie, 2009). Organic carbon percentage (%OC) and ni-
trogen percentage (%N) were determined using an elemental analyzer
(NC instruments NC2500™). The δ13C and δ15N on sediments and filters
were measured using an elemental analyzer (Vario Micro Cube™) cou-
pled to an Isoprime 100™ IRMS in continuous flow mode at the Geotop
laboratory (Université du Québec à Montréal, Canada). Replicated δ13C

and δ15N measurements from selected samples yielded an overall ana-
lytical error of± 0.1‰.

2.4. Dissolved-phase laboratory analyses

Nutrient concentrations (N-NH4
+, N-NO2

−, N-NO3
−, P-PO4

3−)
were measured using a Flow Injection Analyzer (FIA, Lachat). Values of
δ18O and δ2H of H2O were performed using isotope ratio infrared
spectroscopy (LGR OA-ICOS CA, USA) at McDonnell Watershed
Hydrology Lab, Canada. Laboratory precision was± 1‰ and ± 0.2‰
for δ2H and δ18O, respectively. The δ15NNO3 and δ18ONO3 values were
determined using the bacterial denitrification method (Sigman et al.,
2001) at the Interdisciplinary Centre for River Basin Environment
(ICRE, Yamanashi University, Japan). The bacterial denitrification
method consists of converting the dissolved N-NO3 into N2O using de-
nitrifying bacteria that lack N2O-reductase activity. Corresponding
isotope compositions, δ15NNO3 and δ18ONO3, were measured using a
Sercon CryoPrep trace gas concentration system interfaced to a Sercon
Isotope-Ratio Mass Spectrometer (Crewe, United Kingdom). The N2O
samples are purged from vials through a double-needle sampler using a
helium carrier stream (~6 p.s.i., 15mL/min.). Both CO2 and H2O are
removed from the gas stream using Carbosorb™ and magnesium per-
chlorate reagents. By cryogenic trapping and focusing, the N2O is
compressed onto two Capillary GC columns: a 10m×0.53mm ID
Molesive 5A at 40 °C for separating primary gases (N2 and O2), followed
by a 10m×0.32mm ID PoraPLOT-Q at 40 °C for separating trace gases
(CO2 and N2O). Subsequently, samples are analyzed by isotope ratio
mass spectrometry (IRMS). Stable isotope compositions are expressed in
delta (δ) units in permil (‰) relative to the respective international
standards:

⎛
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where N(iE)p and N(jE)p are the amounts of the two isotopes iE and jE of
chemical element E in specimen P; and equivalent parameters follow
for the international measurement standard, ‘std’ (Coplen, 2011). As
described in Brand et al. (2014), we have simplified the notation to ẟiE.
δ15NNO3 and δ18ONO3 measurements are given relative to atmospheric
air and standard mean ocean water (VSMOW), respectively. The raw
data are corrected with the aid of a calibration curve constructed from
the isotope analysis of the following certified standards: USGS 32, USGS
34, USGS 35, Dry N2O, and IAEA (KNO3) for δ15NNO3 and δ18ONO3.

Fig. 2. Typical tidal oscillation in the Can Gio Mangrove
Forest under a tidal regime of strong diurnal inequality over a
half lunar tidal cycle (14 days). Periods highlighted in gray
are the two time series presented in this study accounting for
the symmetric and asymmetric tidal cycles for each season
(total= 4 time series). The red line represents the creek bank
height at the station. When the water level is higher than this
line, the mangrove forest is being flooded. (For interpretation
of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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2.5. Nutrient ratio, excess and removal

The N:P ratio was calculated for each sample. This ratio was com-
pared to the Redfield ratio, which is a fixed value of DIN:DIP=16:1
based on phytoplanktonic biomass (Redfield, 1958). The Redfield ratio
is commonly used to understand biological processes in marine en-
vironments (Lenton and Watson, 2000) and also to discuss terrestrial
ecosystems productivity (McGroddy et al., 2004).

Additionally, we assessed enrichment/removal of N-NO3
− with the

quasi-conservative tracer N* described by Gruber and Sarmiento (1997)
from a linear combination of nitrate and phosphate for all samples
(porewater and surface water sample):

∗ = − − − +− −N N NO x P PO16 2.93 4
3 (1)

where units are μM; N* > 0 suggests an excess of N-NO3
− (by external

source, nitrification, or N fixation); whereas N* < 0 suggests an overall
removal of N-NO3

− (by denitrification or assimilation).

2.6. Nitrification determination

The study of δ18ONO3 isotope compositions can help in determining
if (and how) the nitrification process occurred (Kendall et al., 2007).
Nitrification is a biologically-mediated reaction that induces N and O
isotope fractionation. For oxygen, the δ18O of the NO3 formed by ni-
trification results in an isotope balance between the two oxidant
sources: two oxygen atoms and their corresponding δ18O taken from the
water and one from the air (Kendall et al., 2007; Lu et al., 2015). We
compared the values measured in our samples with those calculated
using the δ18OO2 from the atmosphere at 23.5 ± 0.3‰ (Kroopnick and
Craig, 1972) and the locally measured δ18OH2O from water sample
(here, porewater and the tidal creek surface water).

2.7. Statistical analysis

Nutrient concentrations and stable isotope compositions were
compared using the non-parametric Wilcoxon test (W). Multiple com-
parisons were done using the non-parametric Kruskal-Wallis rank sum
test (H) and significant differences were highlighted using pairwise
Wilcoxon comparisons. We used nonparametric tests as the small
sample size did not yield data that were normally distributed.

3. Results

3.1. Sediment characteristics and nutrient concentrations in porewater
along the ecotone transect

3.1.1. Sediment characteristics along the ecotone transect
Total organic carbon content and sediment particle size were dis-

tinct between the three habitats but homogeneous with depth in each
stand (Fig. 3). A significantly higher total organic carbon content
(H3,42= 31.174; p < .001) was measured in the Rhizopohora stand
(median [min; max] 6.7% [4.1; 9.0]) compared with the Avicennia
stand (2.3% [1.1; 3.4]) and the mudflat (2.3% [2.1; 2.6]) (Fig. 3). The
main difference in the grain size fractions was related to sand content.
About 15% of the sediment at the Rhizophora stand was composed of
sand, which was much higher than in the mudflat (4%) and the Avi-
cennia stand (2%) (Fig. 3). The clay fraction was within the same order
of magnitude between the three sites, ranging from 7 to 9%. Silt was the
dominant grain size fraction: up to 78% in the Rhizophora stand, 90% in
the Avicennia stand, and 88% in the mudflat (Fig. 3).

The sediment pH values were similar between seasons in both
Rhizophora (6.4 [6.2; 6.6]) and Avicennia (6.4 [5.5; 5.8]) stands, but
they were significantly lower (H3,93= 62.6; p < .001) than in the
mudflat (6.9 [6.7; 7.1]) (Fig. 3). The ORP conditions across the three
ecotones ranged from −185 (reducing conditions) to 265mV (oxi-
dizing conditions), with high variability between triplicates (Fig. 3).

Reducing conditions increased with depth in the sediments. In the
Rhizophora stand, the ORP values decreased rapidly during the dry
season: the sediment was oxidizing (> 80mV) in the upper 5 cm;
suboxic (0 to 80mV) from 5 to 15 cm depth; then reducing (< 0mV)
until the bottom of the core (1m) (Fig. 3). During the wet season, the
sediment in the Rhizophora stand oscillated from suboxic to anoxic
conditions for the same depth, with values overall reducing sig-
nificantly less (i.e. ORP values higher) than during the dry season
(W2,30= 16; p < .001). In the sediments under the Avicennia vegeta-
tion, the ORP steadily decreased with depth during both seasons, with
no significant seasonal difference (W2,30= 144; p= .5586); and an
overall reducing state reached below 50 cm depth (Fig. 3). The mudflat
conditions were predominantly suboxic during the dry season (17.8mV
[2.7; 117]), with values significantly more reduced (W2,30= 52;
p < .005) than during the wet season (83.5mV [10; 177]; Fig. 3).

The median [min; max] sediment isotope compositions
were− 27.1‰ [−29.4; −26.4] for δ13C and 4.6‰ [1.9; 7.9] for δ15N.
The median fresh mangrove vegetation isotope compositions
were− 29.0‰ [−33.3; −26.7] for δ13C and 6.9‰ [2.3; 12.2] for
δ15N.

3.1.2. Nutrient concentrations in porewater along the ecotone transect
Most of the porewater dissolved inorganic nitrogen (DIN) measured

in this study was ammonium (N-NH4
+) (Fig. 4 and Table 1). However,

there were significant variations between stands (H3,39= 22.87;
p < .001), with N-NH4

+ values 5 to 6-fold higher in the mudflat
(21.1 μM [0.6; 162.4]) compared to the Rhizophora-dominated (3.0 μM
[1.7; 5.3]) and Avicennia-dominated (4.3 μM [1.0; 6.0]) stands (Fig. 4
and Table 1). Nitrite (N-NO2

−) was almost always absent in porewater
with a median value of 0.0 μM, and a maximum concentration of 3.8 μM
(Fig. 4). Nitrate (N-NO3

−) concentrations, ranging from 0 to 10.7 μM,
did not differ between the three stands (H3,29= 1.03; p= .7949), but
significantly higher values were measured during the dry season
(W2,30= 64.5; p < .05) (Fig. 4). N-NO3

− concentrations were within
the same order of magnitude than N-NH4

+ in Rhizophora and Avicennia
stands (< 11 μM), but much lower than N-NH4

+ in the mudflat pore-
water (Fig. 4).

Similar to nitrate, phosphate concentrations, ranging from 0.2 to
34.4 μM, did not differ between the three stands (H3,39= 0.93;
p= .6268) but were three-fold higher values during the wet season in
all stands, ranging from 0.2 to 34.4 μM (Fig. 4). Median values of P-
PO4

3−were 5.0 μM [2.4; 34.4], 5.2 μM [3.5; 13.5], 3.6 μM [2.7; 14.9]
for the Rhizophora stand, the Avicennia stand, and the mudflat, re-
spectively, during the wet season; and 1.8 μM [1.5; 1.9], 1.8 μM [1.6;
2.0], and 1.3 μM [0.2; 1.7], respectively, during the dry season (Fig. 4).

Despite seasonal variability in P-PO4
3, nitrogen appeared to be the

limiting nutrient in mangrove porewater as the median DIN:DIP ratio
was 2.9:1 [0.1:1; 48.2:1]. Only mudflat porewater during the wet
season showed a P-limited environment with a median ratio of 33.6:1
[16.5:1; 48.2:1]. The N* was constantly> 0 [0.6; 134.4], suggesting
that nutrient input from N2 fixation or organic matter mineralization
was always greater than its uptake from autotrophic and heterotrophic
organisms.

No significant differences were measured for δ15NNO3

(H3,11= 1.5715; p= .6659) and δ18ONO3 (H3,11==3.5171;
p= .31859) in porewater between the three stands, with values ranging
from− 0.9‰ to 12.7‰ for δ15NNO3 and from− 3.9‰ to 26.62‰ for
δ18ONO3. Differences were however measured for δ18ONO3 in porewater,
with values under the Rhizophora stand (5.4‰ [−3.9; 19.3]) lower
than under the Avicennia stand (14.5‰ [6.5; 23.9]) and in the mudflat
(12.3‰ [0.6; 26.6]) (Table 1).

3.2. Nutrient dynamics in the mangrove tidal creek

Ammonium, 222Rn, and PN concentrations revealed a clear tidal
trend during both seasons, with highest values measured at low tide

P. Taillardat, et al. Marine Chemistry 214 (2019) 103662

5



and lowest values at high tide (Fig. 5). However, peak values were not
observed during the tidal cycle with an amplitude< 1.5m (i.e. during
the second low tide of the “Dry season asymmetric tide” and during the
first low tide of the “Wet season asymmetric tide”; c.f. Fig. 5). N-NO2

−,
N-NO3

−, and P-PO4
3− concentrations did not follow such a clear tidal

pattern (Fig. 5).
Ammonium was the most variable dissolved inorganic nutrient in

the creek with concentrations as high as 50.7 μM during the low tide
peak, but consistently returning close to 0 μM at high tide (Fig. 5). The
N-NH4

+ median value was 2.6 μM. Across a complete diel tidal cycle
(24-h) nitrate was the most abundant dissolved inorganic nutrient in
the creek water with a median concentration of 9.3 μM, ranging from
0.1 μM to 21.4 μM. Nitrite was almost always below detection range
with a median concentration of 0 μM and values up to 5.7 μM.

Greater P-PO4
3− concentrations were measured during the wet

season in the tidal creek (Fig. 5). The median P-PO4
3−concentration of

3.1 μM [2.7; 4.3] for the wet season in the creek water was about three-
fold higher than during the dry season (1.1 μM [0.4; 1.6]), similar to
what was measured for porewater (see 3.1 and Fig. 4).

Nitrogen was again the limiting nutrient most of the time, as sug-
gested by the median DIN:DIP ratio of 7.0 [0.0; 35.3] (Table 1). Still,
assimilable nutrients appeared more balanced during the dry season,
when P-PO4

3− concentrations were lower. The median DIN:DIP ratio
during the dry season was 17.7:1, which is very close to the balanced
state even though it was also highly variable throughout time-series
with values oscillating from 0:1 to 35.3:1. Overall, the tidal creek water
column was a nutrient sink as its corresponding N* value was pre-
dominantly< 0 (median=−14.17 [−54.4; 9.35]). This nutrient

uptake was overall greater during the wet (N*=−36.5 [−54.4;
−18.24]) than the dry season (N*=−4.2 [−14.4; 9.35]), and during
the ebb (N*=−34.4 [−41.8; 7.2]) and flood tide (N*=−32.7
[−42.9; 4.6]) rather than during the low (N*=−7.5 [−42.5; 2.8])
and high tide (N*=−8.8 [−54.4; 9.3]).

The nitrate nitrogen stable isotope compositions (δ15NNO3) did not
show any clear tidal or seasonal trend, with values ranging from 3.5 to
10.0‰ (Fig. 5). However, significant differences were measured for
δ18ONO3 between high and low tides (W2,26= 150; p < .05), and be-
tween seasons (W2,45= 125; p < .005). Lower δ18ONO3 values were
measured during high tide (2.11 ± 1.7‰) compared to low tide
(3.52 ± 3.88‰), as well as during the dry season (1.5 ± 2.1‰)
versus the wet season (3.3 ± 3.3‰).

In Table 2, we compared the values measured in our samples with
those calculated using the δ18OO2 from the atmosphere (23.5 ± 0.3‰;
(Kroopnick and Craig, 1972)) and the locally measured δ18OH2O. Based
on this estimation, it appeared that nitrate in the tidal creek water
column was primarily a product of nitrification during the low and ebb
tide periods as the measured δ18ONO3 was contributing>44% of the
predicted δ18ONO3 (Table 2). This calculation suggests that nitrification
was also occurring during the high and flood period but that other
mechanisms were also adding nitrate as the corresponding measured/
calculated ratio was only 29% and 23%, respectively.

3.3. End member characteristics

The salinity and pH values showed that the upstream site was
clearly dominated by a freshwater input (i.e. Dong Nai River) while the

Fig. 3. Median value and standard deviation (n=3) of pH, oxidation-reduction potential (ORP in mV), total organic carbon (TOC in %) and grain size fraction (%) in
the three land cover stands (Rhizophora-dominated, Avicennia-dominated, mudflat) along depth, from surface to 100 cm.
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downstream site had values representative of a coastal end-member
with a maximum salinity of 25.5 (Table 3). There were no significant
differences between dissolved inorganic concentrations upstream and
downstream the Can Gio mangrove, expect for N-NO3

− (W2,25= 123.5
p < .01), where values were much higher upstream (32.8 μM [24.3;
71.4]) than downstream (8.6 μM [5.6; 16.4]) (Table 3). For the two
sites, the median DIN:DIP ratio was always< 16:1 indicating that ni-
trogen was the limiting nutrient (Table 3). δ13C were significantly more
depleted (W2,25= 259.5 p < .001) upstream (−26.4‰ [−26.8;
−26.4]) than downstream (−24.7‰ [−25.0; −24.7]) while δ15N,
δ15NNO3 were significantly more enriched (W2,25= 91 p < .001 and
W2,25= 136 p < .05, respectively) upstream than downstream the Can
Gio mangrove (Table 3). Overall, nitrate stable isotope compositions
ranged from 8.1‰ to 9.6‰ for δ15NNO3 and from 1.0‰ to 3.7‰ for
δ18ONO3 (Table 3).

4. Discussion

4.1. Influence of mangrove distribution on sediment and porewater
characteristics

4.1.1. Sediment and porewater characteristics are influenced by mangrove
stands and seasonality

The heterogeneity of mangrove sediment chemistry observed within
and between the three stands reflects the influence of vegetation dis-
tribution and hydrological factors. The three-fold higher total organic
carbon content of the Rhizophora stand, compared to the Avicennia
stand and mudflat (Fig. 3), can be explained by four factors. First,
Rhizophora spp. are more productive than Avicennia spp. within the
same climatic and geomorphologic conditions and thus generate more
litterfall (Saenger and Snedaker, 1993), that may accumulate in the

sediment. Rhizophora spp. also feature higher belowground biomass
(root systems) within the same environment (Alongi et al., 2000; Alongi
et al., 2002). Second, the distance from the Rhizophora stand to the tidal
creek (Fig. 1), together with their dense above-ground root network
type, enhance organic matter trapping as opposed to export (Horstman
et al., 2015; Krauss et al., 2003; Mazda et al., 1995; Wolanski et al.,
1980). Third, the suboxic to reducing sediment conditions observed in
the Rhizophora stand despite a greater grain size fraction (Fig. 3) limits
the aerobic decomposition of organic matter. Energetically less favor-
able decomposition processes, such as sulfate reduction, prevail in the
Rhizophora stand, thereby enhancing organic matter burial (Marchand
et al., 2004; McKee et al., 1988). Fourth, the Avicennia spp. leaves are
known to decompose faster than those of Rhizophora spp. because they
contain more labile nitrogen compounds (Nordhaus et al., 2017). Thus,
aboveground and belowground vegetation productivity, distance from
the tidal creek, reducing conditions, and lower litter decomposition
rates tend to enhance organic matter burial in the Rhizophora stand.

The oxidation-reduction potential (ORP) was highly variable be-
tween stands, depths and seasons. The oxidizing first few centimeters of
the sediment (> 80mV), particularly apparent in the vegetated stands
(Fig. 3), can be directly attributed to air diffusion from the atmosphere
and to crab burrows that aerate the sediment, in opposition to more
reducing conditions at depth (Kristensen and Alongi, 2006). The ab-
sence of seasonal variability of the ORP values in the Avicennia stand
(Fig. 3) indicates that this vegetation stand is likely to be influenced by
cable roots releasing oxygen via an exudate process (Deborde et al.,
2015; Marchand et al., 2004). This oxygen input from roots enhances
O2 availability within the sediment and consequently aerobic decom-
position of organic matter (Marchand et al., 2006). This higher de-
composition process is supported by the lower pH values in the Avi-
cennia stand mirroring the ORP depth profile (Fig. 3). The large error

Fig. 4. Spatial distribution of the dissolved inorganic nutrients along the ecotone gradient during the dry (dark gray) and wet season (light gray). Rh is for
Rhizophora-dominated ecotone, Av is for the Avicennia-dominated ecotone, and Mf for the mudflat. The statistical significance of the variations between seasons and
ecotones was tested using the multiple comparisons non-parametric Kruskal-Wallis rank sum test, and significant differences were highlighted using pairwise
Wilcoxon comparisons. Values in each bar plot with different letters (a, b) are statistically different.
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bars for ORP values in the Avicennia stands illustrate the higher oxygen
values close to roots within the sediment.

To summarize, ORP for the three habitats were all suboxic to re-
ducing (< 80mV) but: (1) seasonal differences were observed in the
sediment beneath the Rhizophora vegetation and in the mudflat; and (2)
the 50 first cm in the sediment under the Avicennia vegetation were oxic
to suboxic (> 0mV) because of O2 inputs from their root systems. The
redox conditions in the sediment are essential for understanding the
belowground nutrient dynamics.

4.1.2. Nitrogen dynamics in porewater are influenced by the presence or
absence of mangrove vegetation

The much greater N-NH4
+ concentrations in the mudflat, in com-

parison with the two vegetated stands (Fig. 4), may be explained by N-
NH4

+ uptake by vegetation (Alongi, 1996; Deborde et al., 2015;
Middelburg et al., 1996). The high N-NH4

+ concentrations in the
mudflat stand (21.1 μM [0.5; 162.4]) indicate a high mineralization
(ammonification) process. Because no permanent macrophytic vegeta-
tion is present in the mudflat to consume the dissolved nutrients, N-
NH4

+ accumulates and becomes available for nitrification or discharge
via porewater seepage. Interestingly, no significant differences were
measured in nitrate concentrations between the three stands
(H3,29= 1.03; p= .7949), N-NO3

− always remaining below 11 μm,
even though N-NH4

+ concentrations were much higher in the mudflat
stand. Moderately to strongly reducing conditions of the mangrove
sediment (< 80mV), as described previously, might account for the
main nitrification inhibitor.

4.1.3. Phosphorus dynamics in porewater are influenced by seasonality
The higher P-PO4

3− concentrations during the wet season can be
explained by the influence of biotic processes. Phosphate in mangrove
sediments originates from organic matter decomposition (as particulate

organic phosphorus) and root exudates (as dissolved organic phos-
phorus) (Holmer et al., 1994). The release of P through OM degradation
is driven by phosphate-solubilizing bacteria (PSB), which develop
predominantly on mangrove roots but can also operate in sediments
and the water column (Ray et al., 2017; Reef et al., 2010; Vazquez et al.,
2000). Greater phosphate concentrations during the wet season are
consistent with the suggested higher ecosystem and bacterial pro-
ductivity during the same period when rainfall increases and atmo-
spheric temperatures remain within the same range (Behera et al.,
2014; Koné and Borges, 2008; Linto et al., 2014; Taillardat et al.,
2018b). Frequent and intense rain events reduce porewater salinity and
mobilize organic matter, which is likely to increase phosphate solubi-
lization and mineralization.

4.2. Nutrients sources and dynamics in a mangrove tidal creek

4.2.1. Seasonal variability of phosphate in the tidal creek
The phosphate concentrations in the creek water had no clear tidal

trend but showed distinct ranges between seasons, with values being
about three-fold higher during the wet season. This observation is si-
milar to the P-PO4

3 porewater signal we previously described (see
4.1.3). Hence, the biotic factor (enhanced activity of phosphate solu-
bilizing bacteria) previously described for P-PO4

3 seasonal variation in
porewaters is likely to also explain the seasonal evolution of the creek
water P-PO4

3 concentrations.
The absence of a clear tidal trend may be explained by the con-

tributions of both a slight discharge of mangrove sediments P-PO4
3 via

porewater seepage at low tide as previously suggested (Dittmar and
Lara, 2001a; Ovalle et al., 1990; Santos et al., 2014) and an import from
the river estuarine system during the rising tides, as the estuarine P-
PO4

3 concentrations were higher (5.3 ± 1.0 μM; Table 3) than those of
the tidal creek (1.6 ± 1.1 μM; Table 1). Unlike most of the regional

Table 1
The median [min; max] values of water quality, particulate organic carbon, dissolved inorganic nutrients and stable isotopes in the tidal creek surface water at
different tidal stages (high, ebb, low, flood) and in the mangrove sediment porewater (PW) at different stands (Rhizophora (Rh), Avicennia (Av), mudflat (Mf)).

High tide Ebb Tide Low Tide Flood Tide PW Rh PW Av PW Mf

n of samples taken 14 8 15 12 13 13 14
Salinity 21.0a,b 20.8a,b 21.1a,b 19.2a 22.4c 26.0d 21.3b

[19.3; 21.9] [18.7; 21.7] [18.9; 22.5] [15.8; 22.2] [20.4; 26.3] [21.2; 29.2] [20.1; 23.8]
pH 7.5a 7.1a,b 7.1b 7.1b 6.7c 6.6c 6.7c

[7.1; 7.6] [6.9; 7.6] [6.7; 7.6] [6.8; 7.6] [6.4; 7.1] [6.0; 6.8] [5.9; 7.1]
DO (mg L−1) 5.0a 3.8a 3.4a 3.7b N.A. N.A. N.A.

[3.6; 6.6] [3.0; 5.7] [1.7; 6.1] [3.1; 5.6]
POC (μM) 65.4a 74.9a,b 156.1b 97.3a,b N.A. N.A. N.A.

[33.7; 463.2] [38.0; 250.5] [51.4; 775.8] [26.3; 244.8]
δ13C (‰) −26.5a −27.0a −26.8a −26.9a N.A. N.A. N.A.

[−28.1; −25.8] [−27.3; −26.2] [−27.7; −26.1] [−29.1; −26.0]
δ15N (‰) 2.9a 3.1a 3.5a 1.6a N.A. N.A. N.A.

[0.0; 4.9] [1.2; 6.6] [−3.9; 7.0] [−5.3; 4.9]
P-PO4 (μM) 1.5a 2.8a,b 1.2a 3.1a,b 4.2b,c 3.7c 3.3b,c

[0.4; 4.3] [1.0; 3.1] [0.9; 3.3] [0.7; 3.8] [1.5; 34.4] [1.6; 13.5] [0.2; 14.9]
N-NH4 (μM) 0.0a 1.9a,b 7.9b,c 2.7a,b,c 3.0c,d 4.3c 21.1d

[0.0; 3.8] [0.0; 3.3] [0; 50.7] [0.0; 28.7] [1.7; 5.3] [1.0; 6.0] [0.6; 162.4]
N-NO2 (μM) 0.0a 0.0a 0.0a 0.0a 0.0a 0.0a 0.0a

[0.0; 2.1] [0.0; 1.4] [0.0; 5.7] [0.0; 2.1] [0.0; 2.1] [0.0; 0.0] [0.0; 3.8]
N-NO3 (μM) 11.4a 6.8a 8.6a 9.6a 3.6b 3.5b 2.8b

[3.6; 20.0] [4.9; 20.0] [3.4; 20.0] [3.8; 21.4] [0.0; 10.0] [0.0; 6.6] [0.0; 10.7]
N* −8.9a −34.3a −7.5a −32.7a 12.2b 25.9b 18.5b

[−54.4; 9.4] [−41.9; 7.2] [−42.5; 2.8] [−42.9; 4.6] [0.6; 51.8] [1.5; 134.4] [0.8; 110.0]
DIN:DIP 11.6a,b 6.7a 16.0b 9.2,b 1.6c 1.3c 9.2a,c

[0.0; 32.1] [2.2; 20.4] [3.5; 35.3] [1.2; 25.1] [0.2; 8.8] [0.2; 6.7] [0.1; 48.2]
δ15NNO3 (‰) 8.6a 3.1a 8.3a 1.6a 6.9a 2.6a 5.3a

[7.8; 9.6] [1.2; 6.6] [6.4; 8.3] [−5.3; 4.9] [2.6; 9.1] [−0.9; 12.7] [2.7; 9.0]
δ18ONO3 (‰) 2.1a 2.5a,b 3.5b 1.6a 5.4a,b,c 14.5c 12.3a,b,c

[−1.4; 3.7] [0.6; 5,8] [−1.5; 15.1] [−3.3; 5.9] [−3.9; 19.3] [6.6; 23.9] [0.6; 26.6]

Values were determined from measurements made over the four 24-h time series and porewater samples collection. The statistical significance of the variations
between tidal cycle stages and porewater in mangrove stands was tested using the multiple comparisons non-parametric Kruskal-Wallis rank sum test, and significant
differences were highlighted using pairwise Wilcoxon comparisons. Statistical groups were associated with the following letters a, b, c, and d.
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mangrove systems that are P-limiting (Holmer et al., 2001; Kristensen
and Suraswadi, 2002; Trott and Alongi, 1999), the use of the Redfield
DIN:DIP referential ratio of 16:1 (Redfield, 1958) suggests DIN (NH4

+

+ NO2
−+NO3

−) to be the limiting element most of the time (median
DIN:DIP=7.0:1; range 0:1–35.3:1), and particularly during the wet
season (DIN:DIP=4.0:1 [1.2:1; 19.0]). However, the episodic release
of N-NH4

+ through porewater seepage during ebb tide moved the
DIN:DIP ratio above 16:1, thus, possibly inducing phytoplankton bloom
as observed by David et al. (2018) during the wet asymmetric tide
(Fig. 5) presented in this study. Although our study focuses on dissolved
inorganic nutrients as they account for the preferential form consumed
by primary producers, some studies have shown that dissolved organic
nutrients could be assimilated, particularly in nutrient-limited condi-
tions (Glibert et al., 2004; Vonk et al., 2008). Dissolved organic ni-
trogen and dissolved organic phosphorus concentrations are within the
same order of magnitude of the dissolved inorganic fraction in un-
disturbed mangrove tidal creeks (Dittmar and Lara, 2001b; Gleeson
et al., 2013; Tait et al., 2017), and of lower importance in sites with
upstream activities generating nutrients input (Wang et al., 2019).
Therefore, it is possible that organic nutrients also contribute, to some
extent, to the aquatic productivity in mangroves before mineralization.
Their contribution will require further investigation to estimate the
importance of this pathway.

Fig. 5. Time series (24-h) of several dissolved parameters, particulate nitrogen (PN), and suspended particulate matter (SPM) in the Can Gio Mangrove tidal creek
water surface in April 2015 (dry season asymmetric tide and dry season symmetric tide) and October 2015 (wet season asymmetric tide and wet season symmetric
tide). Each Y-axis is consistent for the same variable throughout the four time series. Radon (222Rn) was not measured during the dry season due to technical
difficulties. The gray background shading indicates the low tide period; the black banner at the top indicates night.

Table 2
Comparison of the δ18ONO3 from the measured samples and the theoretically
calculated values. Values are presented as the median [min; max].

Measured
δ18OH2O

Measured
δ18ONO3

Calculated
δ18ONO3

(Meas./
Calc)

(‰) (‰) (‰)

Tidal stages
Low Tide −2.83 3.49 5.95 59%

[−3.00;
−2.60]

[01.49; 15.13] [5.83; 6.10]

High Tide −2.80 2.08 5.97 29%
[−2.87;
−2.63]

[−1.4; 3.66] [5.92; 6.08]

Ebb Tide −2.80 2.46 5.87 45%
[−2.96;
−2.57]

[0.63; 5.84] [5.86; 6.12]

Flood Tide −2.95 1.60 5.87 23%
[−3.68;
−2.73]

[−3.3; 5.87] [5.38; 6.02]

When nitrification occurs, the measured value is supposed to be close the to
calculated value, which combines 2/3 δ18OH2O (column 1) and 1/3 δ18Oair

(Kendall et al., 2007; Kroopnick and Craig, 1972).
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4.2.2. Ammonium porewater discharge during the low tide period
Ammonium concentration peaks at low tide were coupled to high

222Rn values. This suggests that porewater discharge was the main
source of ammonium in the tidal creek during both dry and wet seasons
(Fig. 5 and Table 1). The other forms of dissolved inorganic nitrogen (N-
NO2

−, N-NO3
−) and phosphorus (P-PO4

3−) did not seem to originate
from the mangrove porewater directly or predominantly as no tidal
trends existed (Fig. 5), nor was there a correlation with 222Rn. Prior
studies assessing nutrient dynamics in other mangrove tidal creeks re-
ported similar patterns (i.e. discharge of N-NH4

+), with the only dif-
ference being that P-PO4

3− porewater discharge was sometimes mea-
sured (Dittmar, 1999; Gleeson et al., 2013; Maher et al., 2016; Ovalle
et al., 1990; Tait et al., 2017; Wang et al., 2019). The tidal creek N-
NH4

+ concentrations at low tide (7.9 μM [0; 50.7]) were significantly
lower than the porewater concentrations at the mudflat stand (21.1 μM
[0.5; 162.4]) and not significantly higher than those of the two vege-
tation stands (3.0 μM [1.7; 5.3] for Rhizophora; 4.3 μM [1.0; 6.0] for
Avicennia) (Table 1). Thus, the N-NH4

+ mangrove porewater discharge
was dominated by a discharge from the mudflat. This important finding
suggests that vegetation uptake makes the mangrove vegetated area a
sink of N-NH4

+, while the unvegetated mudflat is a source of N-NH4
+,

because of high N mineralization (ammonification), limited uptake (as
suggested by N* > 0) and porewater discharge (lateral export of N-
NH4

+). This also suggests that most of the porewater discharge occurs
at a short distance from the creek bank. Further investigations are
needed as this could also be the case for carbon porewater discharge.

4.2.3. Nitrate input from in situ nitrification and from the river-estuarine
system

Based on the measured δ18ONO3 versus calculated δ18ONO3 described
earlier, it appears that nitrification was a dominant source of nitrate in
the tidal creek, particularly during the low and ebb periods, when the
measured δ18ONO3/calculated δ18ONO3 ratios were 59% and 41%,

Table 3
River Upstream and Estuary Downstream end-members median [min; max]
characteristics.

River Upstream Estuary Downstream

n 3 3
Salinity 0.2*** 25.5***

[0.2; 0.5] [24.1; 25.6]
pH 6.6*** 7.7***

[6.5; 6.6] [7.6; 7.7]
DO 1.3*** 5.2***
(mg L−1) [1.1; 1;7] [4.7; 5.2]
POC 272 293
(μM) [245.4; 455.9] [240.7; 443.8]
δ13C −26.4*** −24.7***
(‰) [−26.8; −26.4] [−25.0; −24.7]
δ15N 7.9*** 5.4***
(‰) [7.9; 8.6] [5.1; 5.5]
P-PO4 7.8 5.3
(μM) [4.0; 7.9] [4.0; 6.0]
N-NH4 2.0 0
(μM) [1.2; 5.6] [0; 5.2]
N-NO2 0.0 0.0
(μM) [0.0; 1.4] [0.0; 3.6]
N-NO3 32.8** 8.6**
(μM) [24.3; 71.4] [5.6; 16.4]
N* −115.5 −76.2

[−116.8; −54.0] [−86.7; −55.2]
DIN:DIP 5.1 2.0

[3.4; 18.1] [1.4; 4.0]
δ15NNO3 9.5* 8.2*
(‰) [9.1; 9.6] [8.1; 9.0]
δ18ONO3 2.1* 2.4*
(‰) [1.0; 3.3] [1.7; 3.7]

The statistical significance of the variations between the two study sites was
tested for each variable presented in the table using the following Wilcoxon (W)
non-parametric tests. Statistical levels were associated with the following p-
values< .05*;< 0.01**, and < 0.001***.

Fig. 6. (a) δ15NNO3 and δ18ONO3 in the mangrove tidal creek water surface during the low (empty circles) and high (black bullets) tide periods. End-members are
indicated in red with gray error bars. (b) δ13C and δ15N of the mangrove tidal creek suspended particulate matter during the low (empty circles) and high (black
bullets) tide periods. End-members are indicated in red or gray with gray error bars. The question mark represents the undetermined end-member fixed at δ13C of
−27‰ and δ15N of −2‰, based on the distribution of the suspended particulate matter isotope compositions.
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respectively (Table 2). We explain this nitrification process as a result of
N-NH4

+ from porewater discharge in contact with higher oxygen
concentrations in the tidal creek and with the atmosphere (Gleeson
et al., 2013). The contribution of in situ nitrification was, however,
calculated to be lower during flood (27%) and high tides (35%)
(Table 2). It is possible that in the dynamic tidally-influenced creek
system, other allochthonous sources bring nitrate during these tides —
this can be tested via the study of the nitrate dual stable isotope com-
positions.

Plotting the two nitrate isotope compositions (δ15NNO3 & δ18ONO3)
provides information on sources and transformation processes (Kendall
et al., 2007). Based on the theoretical values developed by Kendall et al.
(2007), all the tidal creek surface water samples were plotted in an area
that corresponds to nitrate from soil ammonium nitrification, nitrate
from manure and sewage as well as marine nitrate. Among those
samples, we were able to clearly separate the low tide samples from the
high tide samples (Fig. 6a). While most of the samples at high tide were
clustered close to the river upstream and estuary end-member values,
the low tide samples leaned towards the nitrate mangrove porewater
end-member (Fig. 6a). Therefore, our data suggests that nitrate may
come from two distinct sources in the mangrove tidal creek: (1) nitrified
porewater-derived ammonium during ebb and low tide; and (2) river-
derived nitrate during flood and high tide.

Nitrate dual stable isotopes can also provide relevant information to
estimate denitrification. If denitrification were to happen, then the re-
lation between the two stable isotopes would result in a slope coeffi-
cient between 1 and 2 (Kendall et al., 2007) which was not observed
here (Fig. 6a). Plotting δ15NNO3 against NO3

− concentrations, ln(NO3
−)

and 1/NO3
− can also reveal denitrification rate (Archana et al., 2018;

Wankel et al., 2009) but not from our dataset (not shown). However,
while we observed no clear trend that would unambiguously identify
denitrification as a key process in our study, this does not necessarily
mean that it did not occur. Using the same approach along with N2O
measurements and sediment molecular gene analysis, a recent study
conducted in a human-impacted mangrove in Southeast China identi-
fied denitrification as a major process in the mangrove N cycle (Wang
et al., 2019). Another study in a disturbed mangrove tidal creek of
Southeast China also reported denitrification (Xiao et al., 2018). The
authors hypothesized a higher denitrifying microbial activity in these
locations rather than in reducing deep porewater because of a higher
organic matter and nutrients availability coupled to lower salinization.
Still, limited denitrification as our results suggest is consistent with the
estimates from Alongi (2013). The author accounted denitrification
for< 5% of the total nitrate output in mangrove environments since it
is considered as an inefficient pathway in oligotrophic conditions
generating a net loss of N from the system through N2O emissions
(Alongi, 2018; Maher et al., 2016). Thus, even though denitrification
may have occurred in our study site, it most probably remained a minor
pathway of nitrogen loss from the system.

4.2.4. Particulate nitrogen in the tidal creek: The contribution of the
mangrove vegetation and estuarine organic matter

In addition to the N-NH4
+ discharge via porewater seepage, surface

runoff and creek bottom sediment re-suspension also contributed to the
N input from the mangrove to the tidal creek. Highest concentrations of
particulate nitrogen (53.47 μM) were measured during the lowest low
tides (e.g. Time series #4 in Fig. 5). The peak was proportional to the
suspended particulate matter concentrations, which increased at the
end of the ebb tide because of surface sediment runoff and sediment re-
suspension (Bouillon et al., 2007; Kristensen and Suraswadi, 2002).
Thus, the particulate nitrogen at low tide in the tidal creek appears to
predominantly originate from the mangrove vegetation and sediments
(Fig. 6b). This contribution was, however, not constant throughout
complete tidal cycles as other sources appeared to influence the tidal
creek particulate and dissolved nitrogen dynamics.

The origin of suspended particulate matter (SPM) in the tidal creek

was investigated using δ13C and δ15N (Fig. 6b). Alone, the δ13C values
of the mangrove vegetation and estuarine end-members are able to
explain the variability and the origin of the tidal creek SPM, as all the
creek water samples were within the values measured for these two end
members (−28.4 ± 1.3‰ for the mangrove vegetation;
−24.7 ± 0.2‰ for the estuary) (Fig. 6b). However, the δ15N-SPM
measured in the tidal creek had more depleted values (−5.3 to 6.7‰)
than the δ15N of the mangrove vegetation end-member (6.9 ± 2.7‰)
and the estuarine SPM end-member (5.4 ± 0.2‰) (Fig. 6). This was
particularly evident during high tide, suggesting that another end-
member or transformation process was decreasing the δ15N-SPM at this
moment (Fig. 6b).

Autotrophic (phytoplankton, microphytobenthos, and macroalgae)
and/or heterotrophic (bacteria, protozoa, and zooplankton) organisms
may have contributed to the pool of particulate organic nitrogen (PON)
during a particular phase of the tidal cycle. A previous study conducted
in the same tidal creek during the same period demonstrated that
phytoplankton proliferates during rising tides by consuming porewater-
derived nutrients and CO2 (David et al., 2018). Considering the δ15N
value near 0‰, an atmospheric N2-fixing organism may be considered.
In coastal waters, only cyanobacteria (either free-living or developed on
symbionts with diatoms) are able to assimilate atmospheric N2 (Zehr
and Kudela, 2011). Production of N2 in the Amazon mouth via cyano-
bacteria was reported with water conditions comparable to mangrove
tidal creek hydrodynamics (e.g. low water velocity in comparison to
estuaries, light-limiting conditions, trace metals available through
porewater discharge) (Subramaniam et al., 2008). Organisms fixing N2

are also most probably growing on sediment surface and/or mangrove
roots at this site as exceptionally low δ15N values (1.1 ± 0.7‰) were
observed in the tissues of a gastropod feeding by scrapping the man-
grove roots (David et al., 2019). Such microorganisms could possibly be
resuspended at high tide.

Upstream inputs of agricultural fertilizers could also have con-
stituted the missing end member, with δ15N values generally near 0‰
(Finlay and Kendall, 2007). However, agricultural lands are located
upstream the River sampling site which had a value of 7.9‰ (Table 3).
Therefore, it is not possible to consider agricultural fertilizer as a source
of nutrients in the tidal creek if this source did not affect the river site
located in between the two locations. While we cannot confirm the
origin of the missing end-member, our dataset along with the findings
from David et al. (2019) suggest that N2-fixing organisms are present in
this ecosystem and that their contribution to the water column PON
pool is significant. Measurements such as quantitative metabarcoding
would provide more insights into the identification of such organisms.

Therefore, we suggest that the particulate nitrogen in the mangrove
tidal creek mainly originates from: (1) the mangrove vegetation at low
tide, (2) estuarine waters at high tide, and (3) phytoplanktonic activity
having consumed porewater-derived ammonium and CO2 during rising
tides. In addition, N2-fixing organisms probably contribute to the PON
pool, but their dynamics and their identification would require further
investigations.

4.3. Implications for the mangrove outwelling hypothesis

The results of this study and other studies recently conducted by our
team in the same tidal creek (David et al., 2018; David et al., 2019;
Taillardat et al., 2018a; Taillardat et al., 2018b) provide new insights
into mangrove biogeochemical cycling and identified research gaps in
relation to the Outwelling Hypothesis. The biggest challenge related to
the Outwelling Hypothesis has always been to understand how man-
grove-derived organic matter, with low nutritive value and high tannins
content, could indeed represent a primary and significant food resource
for aquatic consumers (Lee, 1995). The present study suggests that
nutrients are released from the mangrove forest mainly in their in-
organic form, as a result of belowground mineralization, rather than
through litter and macroelements export. Although the importance of
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mineralization has been proposed since the early development of the
hypothesis (Odum and Heald, 1975), this transformation process was
originally only expected on sediment surface or in the water column.
Porewater discharge was suggested as a key mechanism in the Out-
welling process but remains largely underappreciated (Lee, 1995).
Previous studies also revealed high concentrations of dissolved in-
organic carbon including dissolved CO2 being released via porewater
discharge (Call et al., 2015; Call et al., 2019b; Maher et al., 2013;
Taillardat et al., 2018b). Dissolved inorganic nutrients, including CO2

and N-NH4
+ are required for autotrophic organisms such as phyto-

plankton. The identification of mangrove porewater discharge (Fig. 5),
along with particulate C and N stable isotope compositions and nitrate
dual stable isotope compositions (Fig. 6) all suggest that mangrove
mineralized material is rapidly consumed and may sustain aquatic
primary production.

The role of phytoplankton as a transporter of nutrients has also been
suggested but, as our study revealed, stable isotope makes the quanti-
fication of its contribution challenging (Bouillon et al., 2008; Fry and
Smith, 2002). However, the use of fatty acids (David et al., 2019) and
the construction of time series measurements, able to capture short
duration events such as phytoplankton blooms (David et al., 2018) have
proven to be useful for supporting the argument that phytoplankton is
part of the mangrove coastal food web and grows on mangrove-derived
inorganic nutrients (Fig. 7).

Another challenge to the hypothesis was the limited spatial extent of
the mangrove Outwelling (Claudino et al., 2015; Lee, 1995). Our results
demonstrate that mangrove-derived ammonium is rapidly consumed
within the tidal creek, most probably by phytoplankton. Consequently,
we propose that mangrove-derived inorganic nutrients support the
primary link of the coastal food web, which is later assimilated by other
organisms within the trophic chain, up to mobile macroconsumers such
as fishes and shrimps (David et al., 2019). The role of mangroves as
nurseries is another ecological theory lacking clear and consistent evi-
dence (Lee et al., 2014) but macroconsumers migration in and out
mangroves has been observed (Claudino et al., 2015). Considering that
phytoplankton is highly nutritive, it is realistic to consider organisms of
the higher trophic level to eat and develop in the mangrove environ-
ment and then eventually migrate towards coastal waters where they

will release subsidies and serve as food for other organisms. Thus, the
macroconsumers migration could be considered as the ultimate man-
grove-derived nutrients Outwelling (Fig. 7).

5. Conclusions

Nutrient concentrations and forms in mangrove ecosystems are
spatially and temporally variable. The use of organic matter and nitrate
stable isotopes, along with dissolved inorganic nutrient concentrations
have helped to constrain nitrogen and phosphorus dynamics in man-
grove sediments and tidal creeks. Our study showed that ammonium
was the dominant form of dissolved inorganic nitrogen in the sediment
porewater. Litterfall and root exudates released dissolved organic
matter that was mineralized by soil bacteria, producing inorganic nu-
trients such as ammonium and phosphate. However, a fraction of these
recycled nutrients was directly taken up by mangrove vegetation.
Consequently, dissolved inorganic concentrations were greater at the
mudflat stand, located on the edge of the tidal creek, as no vegetation
was taking up the available nutrients. During low tide, ammonium was
released to the tidal creek from the mudflat via porewater discharge.
Thus, our study showed that mangrove sediments were a place where
nutrient recycling, uptake, and discharge occurred.

Concentrations and origins of dissolved inorganic nutrients in the
tidal creek were also disparate. Using stable isotopes, we identified a
clear contribution from mangrove organic matter and mangrove pore-
water during the low tide period. During the flooding and high tide
periods, our result suggested that input from the river-estuarine system
was the dominant output with concentrations similar to what was
measured during the low tide period, except for ammonium. Thus, a
straightforward nutrient Outwelling from the mangrove to the coastal
waters was not evident in our study site. Still, the compilation of dif-
ferent studies conducted within this same tidal creek made us re-
consider the mangrove Outwelling hypothesis. We propose that the
coastal nutrient exchange occurs in the mangrove tidal creek where
ammonium is being discharged from porewater, nitrified, and utilized
by phytoplankton later consumed by aquatic macro-organisms. These
mobile organisms such as shrimps and fishes are then moving towards
coastal waters where they will themselves feed other organisms. This

Fig. 7. Conceptual model of the mangrove-derived organic matter nutrients dynamics in the Can Gio mangrove ecosystem. This interpretation is based on this study
along with other publications conducted within the same mangrove tidal creek (David et al., 2018; David et al., 2019; Taillardat et al., 2018a; Taillardat et al.,
2018b).
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scenario can be seen as a form of a mangrove Outwelling.
Consequently, this study provides additional evidence that mangroves
are highly efficient systems in a nutrient-depleted environment de-
pending on internal reuse of resources to support ecosystem pro-
ductivity, with a tight connection and biogeochemical complementarity
between vegetation, micro and macro-organisms.
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