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ARTICLE INFO ABSTRACT
This manuscript was handled by Jiri Simunek, Coastal wetlands regulate nutrient fluxes from the continents to the oceans. Salt marshes are rapidly encroaching
Editor-in-Chief, with the assistance of Chunhui into mudflat area in mangrove wetlands, shaping a mangrove-salt marsh ecotone, with unknown implications to

Lu, Associate Editor coastal biogeochemical cycles. Here, we hypothesized that nitrogen and phosphorus cycling varied in mangrove

and salt marsh, having significant implication on coastal waters. We investigated a tidal creek with a marked
mangrove-salt marsh gradient in China using high-frequency time-series sampling of dissolved nutrients and

. . observations of porewater exchange rate across the sediment-water interface over a spring-neap tidal cycle. The
Submarine groundwater discharge ) X A R ) o 3 X X RO
Nitrogen cycle nitrogen transformation rates and microbiological activities were also investigated to explain the variability in
Denitrification nitrogen concentrations. The mangrove had net groundwater outflow rates of 3.6-4.3 mm d! while the salt
Zhangjiang Estuary marsh had net infiltration of surface water with rates of 0.5-2.9 mm d’'. Salt marsh had less capacity for
ammonium (NHy4-N) production (mineralization and dissimilatory nitrate reduction to ammonium DNRA) than
mangrove. Denitrification dominated nitrogen removal reaching 97% and 83% in mangrove and salt marsh,
respectively. Microbe distributions were consistent with nitrogen transformations with larger nirS and nrfA
abundances for denitrification and DNRA in the mangrove than salt marsh. The mangrove had a net export of
NH4-N but a net import of NOx-N (sum of nitrate and nitrite) and dissolved inorganic phosphorus (DIP) during
the monitoring period. In contrast, the salt marsh had lower efflux of nutrient than influx leading to a net
nutrient import during the monitoring period. Porewater released from the mangrove had a large DIN:DIP mole
ratio (706 + 236) due to high NH4-N concentrations, while NH4-N in the salt marsh were lower than in the
mangrove. Overall, this study revealed that mangrove-salt marsh ecotone will push the native mangrove wet-
lands from being a source towards a sink of NH4-N to coastal waters by decreasing porewater exchange,
modifying the nutrients stoichiometry, and ultimately alleviating the potential of N-associated eutrophication in
nearby coastal waters.

Keywords:
Blue carbon system

1. Introduction systems (Rogers et al., 2019; Wang et al., 2019). In China, the salt marsh
plant Spartina alterniflora was introduced in the late 1970s for reducing

Mangroves have high productivity and dominate tropical and sub- costal erosion and has spread southward by about 19° of latitude in the
tropical shorelines. They were considered as one of the important blue last two decades. The alien salt marsh can co-exist with native man-
carbon systems which have a high capacity of carbon sequestration and groves due to its strong reproduction and competitive capacity, shaping
play a key role on regulating nutrient conditions in nearby marine a typical ecological coexistence phenomenon (i.e., the mangrove-salt
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marsh ecotone) (An et al., 2007; Zhang et al., 2012). The potential im-
plications of mangrove-salt ecotone to coastal waters are not fully un-
derstood, but may alter nutrient cycling and pollution attenuation
capacity (Feller et al., 2017; Kelleway et al., 2017).

Submarine groundwater discharge (SGD) and porewater exchange
(PEX) play significant roles in material transport and nutrient cycling in
mangroves and salt marsh ecosystems (Santos et al., 2019; Tamborski
et al., 2021; Xiao et al., 2018). When the spatial scale is equivalent to a
meter or larger than meters, it is referred to as SGD (Moore, 2010). When
the scale is smaller than meters and the time scale is shorter than days or
hours, porewater flows are often referred to as PEX (Taniguchi et al.,
2019). Both SGD and PEX transport nutrients from wetland to coastal
waters, often enhancing productivity and sometimes driving harmful
algal blooms and eutrophication (Dittmar & Lara, 2001; Santos et al.,
2014). Groundwater discharge also modifies DIN:DIP ratios with im-
plications to the composition of biological communities in nearshore
waters (Tait et al., 2017; Xiao et al., 2019).

Tides control PEX and thus alter biogeochemical parameters such as
salinity, pH, and redox potential (Robinson et al., 2007; Taniguchi,
2002). These parameters can affect microbial communities which
modify essential biogeochemical processes of nitrogen cycling such as
nitrification of NH4-N to NOs-N, denitrification of NO3-N to N2O or Ny,
dissimilatory nitrate reduction to ammonium (DNRA) of NO3-N to NH4-
N, anaerobic ammonium oxidation (anammox) of NH4-N and NO»-N to
Ny and the coupled nitrification—denitrification processes in sediments
(Slomp & Van Cappellen, 2004; Xiao et al., 2018).

Microbial species, carbon and nutrient cycling, and other physico-
chemical characteristics differed in salt marsh and mangrove due to the
different traits of vegetation and the hydrological conditions (Cui et al.,
2021; Steinlein, 2013). Studies showed that fine roots of herbaceous salt
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marsh plants are likely to increase the capacity to retain water (Liu et al.,
2020), affecting the hydraulic characteristics. The differences in carbon
quality between salt marsh (C4 plant) and mangrove (C3 plant) lead to
variations in carbon and nitrogen storage (McKee & Vervaeke, 2018;
Yang et al., 2013). Functional gene abundance in sediments responsible
for nitrogen transformations also varied, leading to the difference in the
nitrogen cycling between salt marsh and mangrove (Gao et al., 2019;
Zhang et al., 2011). However, the interplay among PEX, tidal types, and
biochemical processes on nutrient source-sink patterns remains poorly
understood in the context of changing mangrove-salt marsh ecotone.

Here, we hypothesized that salt marsh growth in mangrove-
dominated wetlands will modify PEX and nutrient biogeochemistry.
We investigated PEX, nitrogen transformations and associated micro-
biological activities in a subtropical mangrove wetland being invaded by
salt marshes in Southeast China. We carried out time-series observations
of nutrient concentrations in surface water and shallow groundwater (i.
e., porewater) during a spring-neap tide cycle. The specific objectives of
this study were: (1) to estimate PEX-derived nutrient fluxes across the
Sediment-Water Interface (hereafter “SWI”) in the mangrove and salt
marsh; (2) to explore the hydro-biogeochemical controls of the nutrient
export or import patterns across SWI and (3) to discuss the potential
ecological and environmental implications of mangrove-salt marsh
ecotone to coastal waters.

2. Materials and methods
2.1. Description of study site

The study site was in Zhangjiang Estuary National Mangrove Reserve
(ZJENMR) (117°24'-117°30'E, 23°53'-23°56'N) in Southeast China
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Fig. 1. Map of study area: (a) the location of study
A area to the South China Sea; (b) mangrove-salt marsh
N ecotone location relative to Zhangjiang estuary; (c)
the spatial distribution of study sites. The surface
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referred to the web version of this article.)
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(Fig. 1). The mangrove wetland covers an area of ~2.6 km? and expe-
riences a semidiurnal tide with a tidal range of 0.43-4.67 m (2.32 m on
average) (Zhu et al.,, 2019). The region is subject to a subtropical
monsoon climate, with an annual mean air temperature of 22.8 °C, and
average precipitation of 1680 mm. The dominant mangrove species are
Kandelia candel, Avicennia marina and Aegiceras corniculatum. Spartina
alterniflora is invading into mudflat areas at the edge of mangroves. The
invasive area has increased to 1.4 km? over the last 30 years (Dong et al.,
2020).

2.2. Monitoring and sampling campaigns

Field observations were conducted along a winding tidal creek
forming a natural ecological continuum of mangrove-salt marsh (Fig. 1).
The approach for quantifying PEX rate relied on data from two “paired-
wells” installed along the creek edges of the mangrove and salt marsh
(Fig. S1). The paired-wells (70 cm depth) were equipped with inner (®
30 mm) and outer (® 100 mm) plexiglass pipes (Fig. S1). Two CTD-Diver
loggers (vanEssen, Netherlands) were installed in the inner pipes at the
depths of 5 cm (upper sensor) and 65 cm (lower sensor) to record water
temperature, conductivity and pressure, and one at the bottom of the
creek to monitor tidal fluctuations. To minimize the impact of sediment
disturbance, monitoring began two days after installation at a frequency
of 30 min. The monitoring occurred on two occasions, including one day
during neap tides on 10" October 2020, and a day during spring tides on
20" October 2020.

Surface water was collected hourly during the monitoring periods
using a Niskin hydrophore. Groundwater at 25-50 cm depth was
collected hourly from adjacent sampling wells using a peristaltic pump
(Fig. S2). All samples were filtered with a GF/F membrane (0.7 pm) and
stored at 4 °C until analysis for nutrients. Temperature, dissolved oxygen
(DO), and salinity were measured in-situ using a portable meter (Multi
3430, Germany).

Samples for analyzing dissolved N gases were first introduced into
12 mL LABCO exetainer vials through a silicone tube. Then, HgCl, with a
concentration of 0.1% was added to prevent microbial activity (Chen
et al., 2014). All the bottles were stored in fresh water to maintain in-situ
temperature. Sediment cores were collected using a plexiglass pipe
(@120 mm x 500 mm) near the groundwater sampling sites on 21°
October 2020 to depths of 20-30 cm. Subsamples for nitrogen trans-
formation incubation and physicochemical analysis were stored at 4 °C.
Secondary subsamples for the analysis of nitrogen functional gene
abundance were stored at —20 °C (Wang et al., 2019).

2.3. Laboratory analysis and PEX rate

Nitrate (NOs3-N), nitrite (NO5-N), ammonium (NH4-N), total dis-
solved nitrogen (TDN), dissolved reactive phosphorus (DRP) and total
dissolved phosphorus (TDP) were analyzed by segmented flow color-
imetry (San++ analyzer, Germany). TDN and TDP concentrations were
determined as NO3-N and DRP following oxidization with 4% alkaline
potassium persulfate. Dissolved inorganic nitrogen (DIN) was the sum of
NO3-N, NO2-N and NH4-N. Dissolved organic nitrogen (DON) and dis-
solved organic phosphorus (DOP) were taken as the difference between
TDN and DIN and between TDP and DRP respectively. The precision was
determined by repeated determination of 10% of the samples and the
relative error was 3%-5%. Dissolved N5 concentrations were measured
using the No:Ar method in a membrane inlet mass spectrometer (Chen
et al., 2014). Details about the calculation of excess production of Ny
(ANy) are shown in supporting information (Text S1).

Potential rates in sediments of denitrification, anammox and DNRA
were determined by the nitrogen isotope-pairing technique (Hou et al.,
2016; Yin et al., 2015). The rates of mineralization and nitrification were
quantified by nitrogen isotope dilution (Lin et al., 2016; Lin et al., 2021)
as explained in detail in Text S2. Sediments for total organic carbon
(TOC) were freeze-dried and then ground before analysis. The
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subsample of ground sediments was acidified with 1 M HCl and TOC was
determined by an element analyzer-IRMS (PE2400 SERIESIICHNS/O).
Another subsample of ground sediments was measured for Eh after the
pretreatment with mixing water and sediments in a ratio of 1:5 using a
WTW multiparameter (Multi 3430, Germany).

FastDNA™ Spin Kit for Soil (Millipore, USA) was used to extract
DNA. The extracted DNA was suspended in 50 pL TE solution and stored
at about —80 °C until analysis. The concentrations of DNA were quan-
tified by Nano Drop spectrophotometer (DN-1000; Isogen Life Science,
the Netherlands). Bio-Rad CFX96 qPCR (USA) was used for qPCR
amplification for functional gene abundance. Primer pairs used to
quantify gene abundance are shown in Table S1.

The hydraulic gradient between the upper and lower wells was
estimated based on the generalized form of Darcy’s law and the vertical
hydraulic conductivity was obtained from the in-situ falling head
method to calculate vertical PEX rates (Qu et al., 2017) with details in
supporting information (Text S3). The steepness of sampling sites were
measured by the method introduced in Text S4.

3. Results
3.1. Physicochemical parameters and nutrients

During neap tides, salinity in salt marsh was 8% higher than in
mangrove without obvious difference between surface water and
groundwater (Table S1). During spring tides, the salinity in salt marsh
groundwater was similar to surface water, 10% greater than in
mangrove groundwater while comparable to the mangrove surface
water. The DO in mangrove groundwater was significantly lower than
that in surface water (p < 0.05), but no differences were observed within
tidal cycles (i.e., between neap and spring tides) (Fig. 2). The salt marsh
had similar DO concentrations to the mangrove in surface water and no
significant difference occurred with tidal cycles (p > 0.05).

Nutrient concentrations varied with tidal cycles, water types, and
ecosystems (Fig. 2 and Table 1). In the mangrove, the dominant form of
DIN was NO3-N (59%-60%) in surface water and NH4-N (70%-99%) in
groundwater. In the salt marsh, NO3-N was the main form (>50%) in
both surface water and groundwater (Fig. S3). NH4-N at low tides was
85%-94% higher than at high tides in mangrove surface water
(Table S3). NH4-N in mangrove groundwater was 5.7 times higher than
in surface water. NH4-N concentration in salt marsh surface water was
close to that in mangrove surface water. NH4-N concentration in marsh
groundwater was comparable to (spring tides) or slightly lower (neap
tides) than that in surface water, and significantly lower than mangrove
groundwater (p < 0.05). NOx-N concentration (the sum of NO3-N and
NO,-N) during neap tides (51.0 + 12.0 pmol L) was similar to spring
tides (49.8 + 6.5 pmol L’l) in mangrove surface water. NOx-N concen-
tration at low tides was 71%-97% lower than that at high tides. NOx-N
concentration in mangrove groundwater was 55% and 97% lower than
in surface water during neap and spring tides, respectively. The salt
marsh and mangrove had similar NO4-N concentration in surface water
(50-60 pmol L’l). DON in surface water and groundwater of the
mangrove and salt marsh were similar during spring tides (17-27 pmol
LY, but during neap tides, DON in surface water (3.7-11.7 pmol L)
was much lower than that in groundwater (206.3-297.1 pmol LY.

In mangrove surface water, DRP during neap tides (2.6 + 0.4 pmol L
1) was higher than that during spring tides (2.1 = 0.4 pmol L'1). DRP in
mangrove groundwater had no obvious difference between spring and
neap tides, but was one order of magnitude lower than surface water. In
the salt marsh, DRP in surface water and groundwater were lower than
that of the mangrove during neap tides (Table 1). DRP concentration
during spring tides was much higher than that during neap tides without
obvious difference between surface and groundwater.

DIN:DIP mole ratios in groundwater were much larger than that in
surface water both in the mangrove and salt marsh (Fig. S4). DIN:DIP
mole ratios in mangrove groundwater were 30 and 15 times larger than
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Fig. 2. Tidal variations of water depth, DO, and concentrations of nitrogen and phosphorus in surface water (black circles) and groundwater (red circles) in the
mangrove and salt marsh during neap (11%-12%, October 2020) and spring (20™-21%, October 2020) tides. Most of DOP in groundwater were under the detectable
level. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

that in surface water during neap and spring tides, respectively. In salt 3.2. Hydrodynamics and PEX

marsh, DIN:DIP mole ratios in groundwater were 6 and 3 times larger

than in surface water during neap and spring tides, respectively, but Water depths varied from 0.85 m to 3.28 m during neap tides and
both were much lower than that in mangrove groundwater. 0.68 m to 3.93 m during spring tides. The inundation time of the
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Table 1
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Mean (+SD) salinity, DO and concentrations of NH4-N, NO,-N, DON, DRP, and DOP in surface water (SW) and groundwater (GW) in the mangrove (M) and salt marsh
(S) during neap and spring tides. The values marked by “*” mean significant difference during the same water types in different tidal types at p < 0.5.

Date Tidal types Water types Salinity DO NH4-N NOy-N DON DRP DOP
mg L! pmol Lt

2020-10-11 Neap SW-M (16.7 + 1.6)* (6.7 £ 0.8) (23.2 +£14.8) (51.0 + 12.0) (11.7 + 15.8) (2.61 + 0.37)* (1.67 + 0.27)*
GW-M (16.2 £+ 0.8)* B1+1.7) (69.4 + 38.7)* (22.9 £+ 13.4)* (297.1 + 67.7)* (0.18 + 0.21) (0.00 + 0.12)
SW-S (17.5 £ 2.0)* (7.0 £ 0.5) (11.3+8.9) (58.9 +£10.1) (3.7 £ 3.3)* (0.89 + 0.09)* (1.67 + 0.25)*
GW-S (17.8 £ 0.8)* (5.5 +0.8) (2.9 £ 5.3)* (40.6 +£13.1) (206.3 + 65.6)* (0.12 + 0.09)* (0.44 + 0.43)*

2020-10-20 Spring SW-M (21.2 £ 1.6) (7.1 £0.6) (26.0 + 18.2) (49.8 £ 6.5) (17.1 £ 4.5) (2.09 + 0.36) (0.47 £+ 0.29)
GW-M (19.0 £ 0.5) (2.5+£0.9 (209.5 + 33.7) (1.3 £1.0) (23.5 +10.4) (0.43 £+ 0.20) (0.00 + 0.30)
SW-S (21.2 +£1.8) (6.5 £+ 0.5) (19.6 +12.7) (51.3+7.7) (22.4 +£18.8) (2.04 £ 0.19) (0.65 + 0.39)
GW-S (21.2+1.4) (5.2 £0.5) (22.5 +£6.3) (48.0 £ 2.5) (27.4 £+ 16.0) (1.66 + 0.50) (0.00 + 1.35)

mangrove (14 h) was shorter than that in the salt marsh (20 h) without a
significant difference between neap and spring tides. The direction and
magnitude of PEX across the SWI were variable (Fig. S5). The vertical
hydraulic conductivity (K,) in the salt marsh was slightly larger than
that in the mangrove (Table S2). The average outflow rates (0.75 and
0.41 mmh'! during neap and spring tides, respectively) in the mangrove
were larger than inflow rates (0.20 and 0.20 mm h™') during both neap
and spring tides (Fig. S5), resulting in a net discharge of groundwater
during both tides. During spring tides, the exchange between ground-
water and surface water approached stagnation in salt marsh. On com-
parison, the exchange between groundwater and surface water became
active during neap tides. For example, the inflow rate (0.26 mm h'!) of
surface water was larger than outflow rate (0.15 mm hY) of ground-
water, resulting in a net infiltration of surface water into marsh sedi-
ments. This could be explained by the larger slope of creek bank in the
mangrove (steepness: 4.6%) than salt marsh (steepness: 3.6%), leading
to larger hydraulic gradient between tidal creek and monitoring sites in
the mangrove and salt marsh (Fig. 1).

3.3. Nutrient fluxes via PEX

The magnitude and direction of nutrient fluxes driven by PEX varied
with nutrient species and tidal types (Fig. 3, Fig. 4 and Table S4). In the
mangrove, NH4-N and DON were exported from groundwater to surface
water. The net groundwater efflux of NH4-N during spring tides was
almost twice than that during neap tides. In contrast, the net efflux of
DON during neap tides was two orders of magnitude larger than that
during spring tides. NOx-N was imported into groundwater from surface
water. Overall, TDN had net efflux during both neap (2.6 mmol m2d?h
and spring tides (1.1 mmol m2 dh (Fig. S5). In the salt marsh, most
forms of nitrogen were imported into sediments from surface water
except DON during neap tides and NH4-N during spring tides.

All forms of phosphorus had net influx but varied with ecosystems
and tidal types. The net influx of DIP in the mangrove was 28%-36%
larger than that in the salt marsh. In contrast, DOP had 31%-51% larger
net influx in the salt marsh than that in the mangrove. The net influx of
TDP in the mangrove (9.8 x 10" mmol m? d!) was 11% smaller than
that in the salt marsh (1.1 x 102 mmol m2 d'l) during neap tides, while
9% larger during spring tides (2.3 x 10 and 2.1 x 10 mmol m2 d'!)
(Fig. S5).

3.4. Nitrogen transformation and functional gene abundance in sediments

The potential rates of nitrogen transformations and associated
functional gene abundance in sediments varied with ecosystems
(Table S5). In mangrove sediments, mineralization was the dominant
process at 14.03 = 1.12 pmol kg'h}, followed by denitrification (7.49
+ 0.71 pmol kg'h™!), DNRA (4.85 + 0.76 pmol kg'h™), nitrification
(4.51 + 2.43 pmol kg'lh'l), and anammox (0.24 £+ 0.01 pmol kg'lh'l).
The rates in salt marsh sediments were all smaller than those in
mangrove except anammox at 1.03 = 0.09 pmol kg*h™l. The potential
rate of nitrification was undetectable in salt marsh sediments.

The dominant microbes for nitrification were ammonia-oxidizing
archaea (AOA) and nitrite-oxidizing bacteria (NOB) in both mangrove
(1.96 x 10° and 3.07 x 10° copies g™ wet soil) and salt marsh sediments
(0.7 x 10° and 0.49 x 10° copies g'1 wet soil) (Table S5). Ammonia-
oxidizing bacteria (AOB) was two orders of magnitude lower than
AOA and NOB in both the mangrove (7.90 x 10* copies g’1 wet soil) and
salt marsh sediments (1.60 x 10* copies g'1 wet soil). nirS was the
dominant gene for denitrification, and the relative abundance in the
mangrove (1.12 x 108 copies g') was larger than that in the salt marsh
(0.15 x 108 copies g'l). narG (another functional gene for denitrifica-
tion) was two orders of magnitude lower than nirS, but the larger value
also occurred in mangrove sediments (8.18 x 10° copies g1). The gene
abundance of hzsB for anamox and nrfA for DNRA in mangrove sedi-
ments was about four times and seven times higher than that of the salt
marsh.

The accumulation and removal of nitrogen and associated contri-
butions of transformation processes varied in mangrove (Fig. 5a) and
salt marsh sediments (Fig. 5b). Mineralization (84%) was the main
contributor to NH4-N production in the mangrove, while in the salt
marsh DNRA (62%) exceeded mineralization (38%). Nitrification was
the major process for NH4-N consumption in mangrove sediments while
anammox was greater in salt marsh sediments. Denitrification played a
dominant role in NO3-N removal compared to DNRA. The contribution
of denitrification in mangrove sediments was slightly larger than that in
salt marsh sediments. Considering the production and removal pro-
cesses, the net accumulation of NH4-N in mangrove sediments (14.3
pmol kgth'!) was larger than that in salt marsh sediments (7.1 pmol kg~
hh. contrast, the removal of NO3-N in salt marsh sediments was
larger than that in mangrove sediments.

4. Discussion
4.1. Hydro-biogeochemical control on porewater nitrogen

Tides were the main factor driving the vertical PEX. The mangrove
had net groundwater efflux, while the salt marsh had net surface water
influx during the monitoring period (Fig. 3). The salt marsh had a
smaller PEX due to the smaller hydraulic gradient than mangrove. This
further indicated that the hydraulic gradient played a critical role in
regulating PEX when the similar hydraulic conductivity exited in two
coastal habitats. In addition, the surface elevation of the salt marsh was
about 15 cm lower than that of the mangrove, resulting in longer water
inundation period. Smaller differences in salinity between surface water
and groundwater (Table 1) suggest a larger proportion of seawater in the
groundwater in the salt marsh than in the mangrove. All in all, the
different geological setting in two ecosystems led to different hydrology
including water residence time and flow rate that control biogeochem-
ical properties in sediments.

Nitrogen cycling on intertidal sediments is highly dynamic with large
temporal and spatial variability controlled by sediment permeability,
transport mechanisms, tidal cycles, vegetation types and microbial ac-
tivities (Schutte et al., 2019). Mineralization and DNRA are two major
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Fig. 3. Time series of water depth in the tidal creek and hourly nutrient fluxes in the mangrove (yellow bars) and salt marsh (green bars) during neap tides (1112,
October 2020) and spring tides (20™-21%, October 2020). The positive and negative values indicate the groundwater efflux and surface water influx, respectively.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

processes controlling NH4-N production, while nitrification and anam-
mox controlled NH4-N loss in sediments (Fig. 5). TOC was the substrate
for mineralization, and strong mineralization often results in high NH4-
N in porewater (Lee et al., 2008; Wang et al., 2019). Higher TOC con-
tents explained larger rates of mineralization in mangrove (14.03 pmol
kg*h'!) than salt marsh (2.71 pmol kg *h™!) (Table S5). Functional gene
abundances and potential nitrogen transformation rates had a signifi-
cant positive correlation (n = 7; R? = 0.58, p < 0.05) (Fig. S6). Higher
gene abundance of nrfA (DNRA gene) was also observed in mangrove
sediments than in the salt marsh (Table S5), explaining larger DNRA in
the mangrove. All the above contents explained NH4-N concentrations in

(=)}

groundwater were larger in the mangrove than in the salt marsh.
While anaerobic conditions are expected in wetland sediments, the
mixing of groundwater (low DO) and surface water (high DO) enable
nitrification in sediments (Xiao et al., 2018). Shorter residence time of
groundwater and the longer unsubmerged time caused by higher
elevation in the mangrove increased oxygen penetration, leading to
higher Eh and nitrifying bacteria (AOA, AOB and NOB) than in salt
marsh sediments (Table S5). The previous study in the same study area
showed water contents and salinity in salt marsh sediments were larger
than in mangrove sediments (Gao et al., 2019). Larger water content
blocks the penetration of oxygen, resulting a prolonged anaerobic state
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(b) salt marsh

of sediments and low nitrification potential. Study showed that nitrifi-
cation process generally decreased with increasing salinity (Meng et al.,
2020). These above factors explained higher nitrification potential in the
mangrove than in the salt marsh.

Both gene abundance and activities of anammox microbes can have a
positive correlation with the sediment organic carbon (Lisa et al., 2014).
Mangrove has C3 photosynthesis and can retain its aboveground
biomass in the whole year, while salt marsh conducting C4 photosyn-
thesis has to regrow after the senescence in winter (McKee & Vervaeke,
2018). The difference in photosynthesis lead to higher TOC accumula-
tion in mangrove sediments than in salt marsh sediments (Table S5).
Richer TOC in mangrove explained higher gene abundance of hzsB than
in salt marsh. Salinity, water content, redox potential and the concen-
tration of NO»-N in sediments also affect anammox bacteria activities
(Dale et al., 2009; Shen et al., 2017; Zhang et al., 2020). NO»-N is an
important oxidized substrate for anammox (Risgaard-Petersen et al.,
2003). NH4-N is usually plentiful in sediments, while NO2-N likely

controls the gene abundance for anammox (Luvizott et al., 2019). Much
lower NO,-N in mangrove groundwater than that in marsh groundwater
may lead to lower anammox potential in mangrove sediments. There
was a greater net accumulation of NH4-N in mangrove sediments than in
the salt marsh (Fig. 5a-b). Taken together, these lines of evidence help to
explain higher NH4-N in groundwater than surface water and lower
concentrations in marsh groundwater than in mangrove groundwater.

NOx-N in groundwater was lower compared to that in surface water
(Fig. 2) because denitrification, anammox and DNRA remove NOy-N in
anaerobic conditions. Potential denitrification accounted for 97% and
83% of nitrogen removal in mangrove and marsh sediments, respec-
tively. In line with our previous observations in another eutrophic
Chinese estuary, invasive salt marshes can have higher denitrification
rates than the unvegetated zone, but lower rates than the native
mangrove zone (Wang et al., 2014).

Denitrification rates were correlated positively with functional genes
as observed in other studies focused on estuarine wetlands in China and
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the U.K. (Gao et al., 2017; Smith et al., 2015). Here, the gene abundance
of narG and nirS in mangrove sediments were all higher than that in the
salt marsh (Table S5). NO4-N can be reduced to N via denitrification.
We indeed observed higher dissolved nitrogen gas (AN3) in mangrove
groundwater than marsh groundwater over time-series observation
(Fig. S7). Compared with denitrification, DNRA played a less role in
NOs3-N removal in both mangrove and salt marsh (Fig. 5). The lower
DNRA rate in salt marsh sediments is consistent with earlier observation
that the invasion of Spartina alterniflora can minimize DNRA (Gao et al.,
2019).

Water exchange across the SWI has a negative correlation with
groundwater residence time (Qu et al., 2017). Water residence time
affects the duration and frequency of anaerobic/aerobic conditions,
which then alters nitrogen cycling including aerobic nitrification and
anaerobic denitrification (Pezeshki, 2001; Sharp et al., 2021). Overall,
longer groundwater residence time usually increases nitrogen removal
(Sharp et al., 2021). The lower exchange rates in the mangrove during
spring tides than neap tides suggested longer groundwater residence
time, causing oxygen consumption and NOx-N removal via denitrifica-
tion (Gonneea & Charette, 2014), explaining lower NOx-N in ground-
water during spring tides.

4.2. Contrasting nutrient fluxes via PEX between mangrove and salt
marsh

Our estimated PEX rates and nutrient fluxes fell well within the wide
range observed in other intertidal wetlands (Table 2). However, our DIN
fluxes were lower than most other investigations due to the lower ni-
trogen concentrations or PEX rates with the exception in Jiaozhou Bay,
China. For example, average NH4-N and NO4-N in groundwater in
Dan’ao Estuary, China was 200 and 350 pmol L}, about 3 and 12 times
greater than in our study. Combined with the two orders of magnitude
larger PEX, much larger nutrient fluxes were estimated for Dan’ao Es-
tuary (Li et al., 2018). Though the nitrogen concentrations were 10-20
times higher in Jiaozhou Bay, the PEX was two orders of magnitude
lower than this study, driving lower nutrient fluxes (Qu et al., 2017).

The mangrove had a net export of NH4-N and a net import of NOyx-N
(Fig. 4). This finding supports recent observations of NH4-N exports and
NO4-N imports into mangrove creeks (Wadnerkar et al., 2019; Wang
et al., 2021). During neap tides, the average water level is relatively low,
resulting in large hydraulic gradient between groundwater and surface
water in the tidal creek, leading to a greater efflux and explaining the
stronger source of nitrogen during neap tides than spring tides. Net
influx of NH4-N, NO4-N, DIN and TDN in the salt marsh signified the salt
marsh served as a sink of nitrogen during our observations. A smaller
hydraulic gradient, proximity to the sea and possibly longer water
residence time than in mangrove, drove nitrogen infiltration in the salt
marsh. A correlation analysis (Fig. S8) implied that the net efflux or
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influx of DIN and TDN were controlled by PEX. However, the high
denitrification rates reducing NOx-N concentrations in groundwater
played a more significant role in NOx-N fluxes than the magnitude of
PEX.

Both the mangrove and salt marsh had a net import of dissolved
phosphorus (Fig. 4). The concentrations of DIP and DOP in surface water
were all much greater than those in groundwater, implying P retention
in sediments. Phosphorus in sediments can be controlled by the immo-
bilization of Ca or Fe species, and adsorption or desorption of suspended
particles (Ranjan et al., 2011; Smolders et al., 2017). A previous study in
the same study area showed that a large amount available phosphorus
were utilized or transferred from the sediments to the plants, leading to a
decrease in phosphorus contents in sediments (Feng et al., 2017). Lower
DIP in groundwater than surface water in our study may be the result of
strong uptake by plant roots and microorganisms. Physical absorption
by sediment particles and chemical immobilization could also reduce
DIP in groundwater (Holmboe et al., 2001). We hypothesized that the
extensive removal activities in salt marsh sediments subsequently led
the salt marsh to become a DIP sink when surface water contains high
nutrient concentration that infiltrates into sediments. The larger dif-
ference in concentrations between surface water and groundwater
indicated a larger net import of DIP during neap tides than spring tides.

4.3. Uncertainty analysis

Organic matter degradation and nutrient cycling varied seasonally in
intertidal groundwater due to the seasonal differences in rainfall, tem-
perature and plant periodicity growth (Steinmuller et al., 2020; Sullivan
etal., 2021; Wang et al., 2019). Our previous study along the tidal creek
in the same area showed that the nutrient concentrations at high tides
were similar among seasons, but the concentrations at low tides showed
seasonal variations with the largest variation of 80%, which were likely
affected by the groundwater discharge (Wang et al., 2019). We assumed
that there were no significant seasonal variations of nutrient concen-
trations in surface water. We set the seasonal variations of groundwater
concentrations to + 25%, £50% and + 80% to analyze the nutrient
fluxes across the SWI (Fig. S9). The results showed that in mangrove
NOs3-N always had net influxes, while NH4-N, DIN and TDN always had
net efflux during both neap and spring tides, which were consistent with
the results observed in this study. In salt marsh, the pattern of nitrogen
fluxes were almost the same as that in this study with an exception of
TDN (Fig. S9 g). Patterns of phosphorus fluxes in mangrove and salt
marsh were not affected by the alteration in concentrations during neap
tides (Fig. S10 a-h). During spring tides, the influx of phosphorus in salt
marsh shifted from less to larger than in mangrove when the concen-
trations in mangrove and salt marsh groundwater both increased by over
25% (Fig. S10 1-n). Overall, the seasonal variations in nutrient concen-
trations caused by discrepancy in plant uptake and microbial activities

Table 2

Comparisons of PEX, and fluxes of DIN and DIP with previous wetland studies.
Study area Wetland types PEX (cm d) Fluxes (mmol m2 d™) References

DIN DIP

Clarence River estuary, Australia Mangrove 1.3-3.4 0.32 n. a. Wadnerkar et al. (2021)
Coffs Creek, Australia Mangrove n. a. 0.05 0.01 Reithmaier et al. (2021)
Kooragang Island, Australia Mangrove 14.0 21.00 n. a. Sadat-Noori and Glamore (2019)
Tauranga Harbor, New Zealand Mangrove 8.0-34.0 n. a. n. a. Santos et al. (2014)
Kangaroo Island, Australia Mangrove 7.4-16.2 1.23-2.29 0.30-0.38 Gleeson et al. (2013)
~12.4 S-~38.3 S, Australia Mangrove 1.5-30.9 9.00 0.95 Tait et al. (2017)
Daya Bay, China Mangrove 0.06-3.3 n. a. n. a. Xiao et al. (2018)
Dan’ao estuary, China Mangrove 31.4 160.30 14.60 Li et al. (2018)
Zhangjiang Estuary, China Mangrove 0.4 0.08 0.12 This study
Massachusetts, US Salt marsh 3.0 4.66-19.45 0.36-14.76 Charette (2007)
North inlet, US Salt marsh 3.2 2.42 0.91 Krest et al. (2000)
Jiaozhou Bay, China Salt marsh 3.6 x 107 0.03 6.00 x 10° Qu et al. (2017)
Zhangjiang Estuary, China Salt marsh 0.2 0.04 0.85 x 102 This study

Note: “n. a.” means “not available”.
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could not change the vertical flux patterns in mangrove-salt marsh
ecotone.

Previous study showed that the ratios of the vertical hydraulic con-
ductivity (Ky) to the horizontal hydraulic conductivity (Ky) of the sedi-
ments were equal to 2/3, 1, 2, 4 in the silty sand, estuarine mud, clayey
sand and surface layer, respectively (Hughes et al., 1998; Xiao et al.,
2017). The Mean =+ SD (2 =+ 1) of the above ratios of Ky:Ky, was used to
conservatively estimate the horizontal fluxes of nutrients based on the
hydraulic gradient between monitoring sites at mangrove/salt marsh
and tidal creek. The results showed that all the nutrients had net hori-
zontal effluxes from mangrove and salt marsh to tidal creek. As summed
in Table S6, the horizontal fluxes were consistently much less than
vertical fluxes with an exception of phosphorus fluxes in mangrove. The
total fluxes (the sum of horizontal and vertical fluxes) of nutrients sug-
gested the same source-sink pattern as the individual scenarios that only
include vertical fluxes. These results revealed that the horizontal fluxes
played a much less role than vertical fluxes, and supported the point in
this study that salt marsh can retain high nitrogen loadings discharged
from mangrove.

4.4. Ecological and environmental implications

The fluxes across the SWI in the mangrove differed from the salt
marsh mainly due to (1) the steeper slope of creek bank and relatively
lower water table in the mangrove; and (2) the habitat-specific differ-
ences in structures, microbial activities, nutrient cycling and storage.
Different wetlands can provide similar ecological functions, but the
differences in physiological characteristics and structures likely alter
these processes (Kelleway et al., 2017). Salt marshes are herbaceous
with seasonal growth patterns (Granville et al., 2021). Finer roots of salt
marshes increase the water content and change the redox environment,
altering the microbial communities and increasing nitrogen retention
(Comeaux et al., 2012; Liu et al., 2020). In contrast, the more labile
mangrove litter ultimately leads to much faster mineralization and
higher nutrient production (Simpson et al., 2020). Here, the mangrove
was a source of NH4-N being exported to the coastal water. Nutrients
promote the productivity of coastal waters and can drive harmful algal
blooms (Beman et al., 2005; Mukhopadhyay et al., 2006). The average
DIN:DIP mole ratios in surface water were 33 + 6 in the mangrove and
57 + 32 in the salt marsh (Fig. S4), well exceeded the Redfield ratio
(16:1) but still much lower than average groundwater ratios (497 + 323)
observed in this study. The discharge of groundwater during low tides
may promote N-associated eutrophication. The salt marsh sediments
served as a sink of nitrogen and had a smaller ratio of DIN:DIP than the
mangrove. Hence, the salt marsh can retain nitrogen (especially NH4-N)
that discharged from mangrove, attenuating the nitrogen surplus in the
estuarine system. As shown in Fig. 4d, the similar influx of DRP, DOP
and TDP in these two habitats suggested that the salt marsh invasion had
no significant effect on phosphorus flux patterns in mangroves (p >
0.05). Nutrient fluxes (particularly nitrogen) to coastal waters have risen
in recent decades in China, resulting in widespread hypoxia and other
ecological damages (Howarth et al., 2011). Our findings thus suggest
that the invasive expansion of salt marsh may partially alter the nutrient
stoichiometry of coastal water and relieve estuarine N-associated
eutrophication.

The combined study of hydro-biogeochemical processes in China
coastal wetlands advanced our knowledge about how the mangrove-salt
marsh ecotone influences estuarine ecosystems. This study provides
insights to environmental managers assessing the influences of salt
marsh encroachment into mangroves. In other parts of the world such as
Australia and the US, mangroves are moving poleward and invading salt
marsh areas (Krauss et al., 2011; Osland et al., 2013; Saintilan et al.,
2014). This encroachment affects key ecosystem services and function,
including increased pressure on salt marsh communities, a greater po-
tential to respond to increasing sea level, changing nitrogen trans-
formations process, and enhanced ability for carbon storage and
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sequestration (Bianchi et al., 2013; Saintilan et al., 2014; Sullivan et al.,
2021). Our investigation builds on this earlier work by showing how
changing vegetation communities may influence the wetlands nitrogen
cycle. The ongoing mangrove-salt marsh ecotone seemed to reduce
ammonium nitrogen exports, alter nutrient ratios and the source-sink
pattern of NH4-N and NOs-N compared to the native mangrove wet-
lands. We suggested the ecotone will result in potential shifts of nutrient
supply and ratios, modifying phytoplankton growth in coastal waters.

5. Conclusions

Our combination of microbiological, hydrological and biogeochem-
ical approaches revealed that porewater exchange drives the nitrogen
source-sink pattern in a mangrove-salt marsh transition zone. The
mangrove acted as the net discharge area of groundwater, while the salt
marsh acted as the net infiltration area of surface water. Mineralization
and DNRA were the main processes for NH4-N production with higher
rates in mangrove sediments. Denitrification dominated NO3-N removal
with the contribution of 97% and 83% in mangrove and salt marsh
sediments, respectively. The distributions of functional microbial com-
munities were consistent with the interpretation of nitrogen trans-
formations and fluxes.

The mangrove had a net export of NH4-N and DON to surface waters,
but a net import of NOx-N and phosphorus due to strong mineralization,
denitrification and absorption of phosphorus. The salt marsh had a net
import of all forms of nitrogen and phosphorus due to much larger
surface water inflow than the groundwater outflow. The mangrove
groundwater had a large DIN:DIP mole ratio up to 706 + 236 due to high
NHy4-N concentration. The salt marsh may consume surplus NH4-N that
derived from mangrove groundwater discharge, potentially reducing the
nutrient transport to coastal waters through the mangrove-salt marsh
ecotone.

The observed contrasting pattern of porewater exchange and nitro-
gen cycling provides broader insights into the potential ecological
implication of the ongoing mangrove-salt marsh ecotone. The ecotone
will push these native mangroves from being a source towards a sink of
ammonium nitrogen to coastal water by decreasing porewater exchange
and modifying the nutrient stoichiometry in this study. Additional ob-
servations in other mangrove-salt marsh transition zones are needed to
build this view.
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