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Tidally driven outwelling
of dissolved carbon and
nitrate from the largest
mangroves of China

Yifei Xu and Zhaohui Zhang ®*

Institute of Marine Chemistry and Environment, Ocean College, Zhejiang University, Zhoushan, China

The Zhanjiang Mangrove National Nature Reserve (ZMNNR) is the largest
mangrove in China. However, fluxes of lateral exports of dissolved inorganic
carbon (DIC), dissolved organic carbon (DOC), and nitrate from the ZMNNR
remain unknown, hindering us from evaluating its blue carbon capacity and its
resilience to environmental changes. We conducted a comprehensive study of
temporal variations in DIC, DOC, nitrate, and sulfate in creek and pore waters,
and time-series measurements of 222Rn in creek waters, in response to tidal
cycles. Nitrate and sulfate concentrations varied in tidal cycles, forming a tightly
negative correlation. DIC and DOC were significantly rich in, but nitrate was
substantially depleted in pore waters compared to creek waters. Depleted §°C
values of DIC and DOC in tidal creek waters suggest that both of them were
predominantly from organic matter derived from mangroves. Radiocarbon ages
of DIC ranged from 149 to 236 years, suggesting minimal or absent
mineralization of aged (i.e., centuries-old) organic matter. Time-series
measurements of 22°Rn in creek waters revealed pore water exchange rate at
14.2 + 24.5 cm d™2, and the lateral fluxes of DIC and DOC from the mangroves to
the neighboring Yingluo Bay, based on an FVCOM model, were 411.6 + 311.8 and
104.5 + 145.7 mmol m™2 d™%, respectively. Outwelling fluxes of dissolved carbon
were estimated to be equivalent to 7.7% + 6.8% of annual carbon fixed by
mangroves in the study area. The flux of nitrate from the study area to Yingluo
Bay was 8.5 + 7.6 mmol m~2 d™!, making mangroves the sink of nitrate and the
source of ammonium.
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1 Introduction

As a key “blue carbon” ecosystem, mangroves along subtropical
and tropical coastlines account for 10% to 15% of annual coastal
carbon sequestration, while only occupying 0.5% of the global
coastal area (Alongi, 2014). The carbon sequestration in
mangroves is seen as an effective long-term (millennial-scale)
carbon sink, due to high primary productivity and sedimentation
rates, effective trapping of particles, and reducing conditions that
minimize organic carbon oxidation (McLeod et al., 2011; Kelleway
et al.,, 2016). On the other hand, crabs create abundant burrows in
most mangrove sediments, facilitating the tidally driven exchange of
pore water (Stieglitz et al., 2013; Tait et al., 2016). Tidal movement
drives seawater inflow into sediments during flood tides, supplying
terminal electron acceptors, such as dissolved oxygen (D.O.),
nitrate, and sulfate, into sediments, and the discharge of pore
water at ebb tides.

Organic matter in mangrove sediments is partially mineralized,
releasing dissolved carbons, with majority in the form of dissolved
inorganic carbon (DIC), and approximately 10% as dissolved
organic carbon (DOC) (Maher et al,, 2013). Both DIC and DOC
can be laterally exported into adjacent seas via pore water flushing, a
process driven by tidal advection and drainage (Santos et al., 2021;
Tamborski et al., 2021). Meanwhile, nutrients such as dissolved
inorganic nitrogen and phosphorus in organic matter are also
released (Wang et al., 2019) and laterally exported together with
DIC and DOC. Such concept of exporting mangrove-derived
organic matter and nutrients to surrounding waters in sustaining
coastal food webs is referred to as the “outwelling hypothesis”
(Odum, 1968; Santos et al., 2021). It was reported that 50% carbon
fixed by mangroves could be mineralized and outwelled to coastal
seas (Bouillon et al., 2008).

Aerobic microbial decompositions of organic matter in marine
sediments are only limited at the top by a few millimeters (Froelich
et al,, 1979), except where crab burrows and plant roots channel
oxygen to deeper sediment layers. Nitrate serves as a
thermodynamically favorable electron acceptor to fuel microbial
mineralization, through denitrification converting NO;~ to N,O or
N, (Hamersley and Howes, 2005) or dissimilatory nitrate reduction
to ammonium (DNRA) (Giblin et al., 2013). However, nitrate
concentrations in surface oceans are usually very low (from less
than 1 to 11.4 uM) (Karl and Letelier, 2008) and deplete quickly
during mineralization. On the other hand, sulfate in seawater is
abundant, reaching ~29 mM (Millero, 2005), and thus, respiration
and sulfate reduction are often considered as the two most
dominant mineralization processes of organic carbon in marine
sediments (Jorgensen, 1982). However, nitrate concentrations in
mangroves could be much higher due to eutrophication from
untreated aquaculture effluents, local agricultural runoff, and
sewage, among others. For example, nitrate in tidal creeks in
Qinglan Bay mangroves, China reached 73.9 to 2,418.1 uM
(Zidan et al., 2025), two orders of magnitude higher than those in
the surface oceans. As a result, nitrate reduction likely competes
with sulfate reduction in mineralization of organic matter in
mangrove sediments, which may vary in different sites.
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Periodic tidal inundation intermittently replenishes not only
electron acceptors, but also marine DIC to sediments, which has
8"3C signal from —0.8%o to 2.4%o (Mackensen and Schmied], 2019).
In contrast, DIC generated by mineralization of organic matter has
substantially lower 8"°C values (Maher et al., 2013), potentially
resulting in variations in 8"°C signal in tidal creek waters and pore
waters through the tidal cycles. For example, in the subtropical
southern Moreton Bay, Australia, 83C values of DIC in creek
waters (8"*Cpyc_qo) in summer at the lowest tide were about —5.2%o,
significantly lower than that at the highest tide (1.5%o) (Maher et al.,
2013), reflecting the contribution of DIC derived from organic
matter mineralization. 8> Cpoc.ac values showed the same tidal
variations, but were 18%o more negative than 8'°Cpc.qc (Maher
et al., 2013).

Water exchange, including pore water exchange and submarine
groundwater discharge (i.e., sediments to creeks), and lateral
exchange or “outwelling” (i.e., creeks to ocean) are two different
processes for exporting carbon and nutrients from mangroves to
adjacent coastal waters (Maher et al., 2013; Faber et al., 2014; Sadat-
Noori et al., 2017; Chen et al., 2018a). For measuring the rates of
pore water exchange, >**Rn can be used as a conservative tracer as it
is chemically unreactive (noble gas) and is produced in easily
measurable amounts within sediments as the direct decay product
of *°Ra (t;,, = 1,600 years) in the B8y decay chain (Galhardi and
Bonotto, 2017). ***Rn has a short half-life of 3.82 days, and its
concentrations in groundwater are typically two to four orders of
magnitude higher than in surface waters (Cable et al., 1996;
Swarzenski et al., 2001). This provides a way to differentiate
surface water from pore water even if they have similar
concentrations of other substances (Faber et al, 2014). As a
result, **?Rn has been increasingly used to quantify fluxes of
dissolved carbon and nutrients in mangrove-dominated creeks
and estuaries (e.g., Maher et al., 2013; Tait et al, 2016).
Furthermore, the outwelling fluxes can be calculated using the
mangrove creek water budget over a daily tidal cycle. Based on a
coupled ***Rn and carbon model, Maher et al. (2013) showed that
DIC export averaged 250 mmol m™> d™' and was an order of
magnitude higher than DOC export, and similar to global estimates
of the mangrove missing carbon (i.e., 158-225 mmol m > d™")
(Alongi, 2009). DIC “outwelling” could act as a long-term carbon
sink, with capacity potentially rivaling soil organic carbon stocks
(Maher et al., 2018), due to the long residence time of DIC in the
oceans (Middelburg et al., 2020). Exported DIN from mangroves to
coastal oceans can also support the coastal ecosystem (Santos et al.,
2021). As a result, quantifying fluxes of dissolved carbon and
nutrients is critical for understanding the broader role of
mangroves in carbon and nutrient cycling.

The Zhanjiang Mangrove National Nature Reserve (ZMNNR),
the largest and most diverse natural mangrove reserve in China, is
located on the northwestern Leizhou Peninsula, the southernmost
end of the Chinese mainland (Figure 1a). ZMNNR is a typical tidal
estuary, spanning a total area of 20,278 hectares (Zhang and Chen,
2022). The 7,228-hectare mangrove forest (Figure 1b) accounts for
33% of total mangrove area in China. As the first blue carbon
project, the Zhanjiang Mangrove Afforestation Project was
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Maps showing the location of Zhanjiang Mangrove National Nature Reserve and sampling sites. (@) A map showing the location of the Zhanjiang
Mangrove National Nature Reserve (ZMNNR) in China. (b) A map showing the Gaogiao mangrove area, the core region of the ZMNNR. (c) A picture

showing the sampling site.

successfully developed and registered in 2021 on the Verified
Carbon Standard platform, the world’s largest voluntary carbon
market. However, mechanisms of organic matter mineralization in
sediments and annual fluxes of lateral exports of DIC, DOC, and
dissolved inorganic nitrogen from the ZMNNR remain largely
unknown, hindering us from evaluating its blue carbon capacity
and its resilience to environmental changes.

Here, we report a comprehensive study of variations in terminal
electron acceptors for organic matter mineralization in sediments in
response to tidal cycles, and quantification of DIC, DOC, and
nitrate fluxes from the ZMNNR to the neighboring Yingluo Bay
(Figure la). Tidal creek waters and sediment pore waters in situ
were collected at hourly intervals for 24 h, and measured for DIC,
DOGC, nitrate, and sulfate concentrations. Selected creek water
samples were measured for 8"Cpoc, 8°Cpic, and A™Cpie.
Time-series measurements of **’Rn in tidal creeks were
conducted every hour. An 80-cm-long sediment core was taken
and *'°Pb chronology was developed in order to estimate
sedimentation rates (see Supplementary Materials and
Supplementary Figure S1). Our aim is to quantify the pore water
exchange rate and fluxes of DIC, DOC, and nitrate from the
ZMNNR for the first time and elucidate temporal variability in
nitrate, ammonium, and sulfate concentrations in tidal creek and
pore waters within the tidal cycle. Our work would provide a
framework for evaluating the long-term blue carbon capacity in
the ZMNNR and its resilience to climate and environment change.

Frontiers in Marine Science

2 Materials and methods

2.1 Study area

The ZMNNR is within the subtropical monsoon climate region,
with an annual mean temperature of 23.8°C and an annual mean
precipitation of 1,704 mm. The mean relative humidity is 81.8%,
but the precipitation is primarily concentrated in the wet season
from April to September (Zhang and Chen, 2022). The mean
irregular diurnal tidal height is 2.53 m, while the highest tidal
height can reach 6.25 m.

The Gaogiao mangrove area (21°31'-21°35'N, 109°45'-109°48’
E) is the core region of the ZMNNR, located along the northeastern
coastline of Yingluo Bay, a semi-closed bay. Two small rivers, the
Ximi River and the Gaogiao River, flow into the reserve from the
north and then into Yinluo Bay (Figure 1b). The predominant
mangrove species in the high tide zone are Aegiceras corniculatum
and Bruguiera gymnorhiza, while Avicennia marina, Kandelia
obovata, and Rhizophora stylosa are in the low tide zone.

2.2 Collection of creek water during tidal
cycles

Creek waters were collected in the main tidal creek in the high
tide zone (21°33'58"N, 109°45'34"E) (Figures 1b, c) at 1-h intervals,
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TABLE 1 Physical and chemical parameters of creek water in a tidal cycle in April 2024.

Sampling TidH DO. Sal. pH 222Rn DIC DOC NOz~ NO,~ NH,*

Day Time (m)  (mg/L) (psu) (Bg/m°) (LM) (LM) (uM) (uM)  (uM)
4/12/2024 13:00 1.92 4.5 18.4 6.9 100.0 2,076 338 352 34 6.5 13.0
4/12/2024 14:00 1.94 4.3 17.8 6.9 141.1 2,073 348 372 2.6 6.3 11.8
4/12/2024 15:00 211 5.6 16.7 6.8 215.5 1,977 403 384 2.2 5.7 12.2
4/12/2024 16:00 242 4.9 19.7 6.8 316.0 2,070 330 36.5 3.0 7.8 13.1
4/12/2024 17:00 2.84 5.7 224 7.0 264.0 2,070 317 339 24 8.7 15.6
4/12/2024 18:00 3.31 6.6 26.0 7.2 215.0 2,002 227 26.0 2.1 2.0 21.0
4/12/2024 19:00 3.72 6.2 27.8 7.2 189.5 1,920 205 14.3 0.1 5.1 23.0
4/12/2024 20:00 3.95 6.4 28.7 7.3 307.5 1,906 174 10.6 0.4 5.8 23.7
4/12/2024 21:00 3.90 6.5 28.8 7.2 278.0 1,914 178 11.7 0.5 4.8 232
4/12/2024 22:00 3.56 6.6 28.1 7.2 152.0 1,941 236 17.9 0.1 6.1 22.1
4/12/2024 23:00 2.79 54 26.4 7.2 309.5 1,957 229 20.3 0.1 6.6 21.8
4/13/2024 0:00 2.64 52 24.6 7.1 183.5 191 252 252 0.9 7.1 19.8
4/13/2024 1:00 2.07 4.7 219 7.0 227.5 2,006 309 294 1.6 7.0 15.2
4/13/2024 2:00 1.53 39 19.8 7.0 234.0 1,982 296 314 2.0 6.2 14.7
4/13/2024 3:00 1.03 4.1 19.1 7.0 202.5 1,957 316 329 1.9 54 13.6
4/13/2024 4:00 0.58 4.2 19.7 6.9 348.0 1,981 323 33.8 1.5 6.9 13.0
4/13/2024 5:00 0.30 4.0 20.1 6.9 354.5 1,978 318 35.7 1.6 6.2 13.5
4/13/2024 6:00 0.19 3.8 19.6 6.9 329.0 1,956 366 38.0 1.5 5.8 12.3
4/13/2024 7:00 0.36 3.6 19.2 6.8 398.0 1,960 323 393 1.5 4.8 12.1
4/13/2024 8:00 0.68 33 17.8 6.8 487.0 1,918 327 393 1.7 5.0 10.9
4/13/2024 10:00 141 4.3 154 6.8 507.0 1,997 391 337 1.2 5.4 12.0
4/13/2024 11:00 1.62 39 19.1 6.8 577.0 2,175 351 29.1 0.9 6.3 14.2
4/13/2024 12:00 1.72 3.8 19.2 6.8 519.5 2,057 363 28.9 1.3 4.5 13.8
4/13/2024 13:00 1.74 4.6 19.4 6.8 683.0 2,025 361 324 1.6 53 13.0
4/13/2024 14:00 1.78 4.0 19.1 6.8 566.0 2,032 360 321 1.5 4.6 11.8
4/13/2024 15:00 1.93 4.1 18.1 6.8 511.0 2,006 359 31.8 3.0 59 12.2
4/13/2024 16:00 223 52 19.0 6.8 511.5 2,042 323 324 1.5 5.1 13.6
4/13/2024 17:00 2.64 6.2 21.7 7.1 215.5 2,055 309 32.6 2.2 6.1 15.6

Tid. H, tidal height; Sal, salinity; D.O., dissolved oxygen.

from April 12, 1 p.m. to April 13, 5 p.m., and from May 16, 10 a.m.
to May 17, 4 p.m., 2024 (Tables 1, 2). A submersible pump at a
depth of 0.5 m was applied to fill creek water into a 2,500-mL
polyethylene bottle using an overflow method. Water samples were
measured in situ for D.O., pH, and salinity, using a portable YSI 556
MPS multi-parameter digital water quality meter. Two drops of
saturated HgCl, solution were added to the bottle using a syringe,
which can eliminate the influence from the microorganism
activities. Bottles were kept in a cooler with ice packs. Once in the
lab, water sample was filtered through pre-combusted GF/F filters
(Whatman, 47 mm i.d.) into a 60-mL polyethylene bottle without
headspace, and kept at 4°C till analyses.

Frontiers in Marine Science 04

2.3 Collection of sediment pore water in
situ during tidal cycles

Boreholes were dug on the creek bank near the site of creek
water collection (21°33'52"N, 109°45’32"E, Figure 1c¢), to a depth of
~40 cm, following the protocol as described in Maher et al. (2013)
and Taillardat et al. (2018). Four vacuum-induced soil solution
suction cups at the same time were buried in the sediments for
extracting pore waters in situ at the same time. Pore waters were
purged three times before sampling to ensure reliable collection.
The suction cup consisted of a cylindrical porous ceramic cup
(SRQ100; Shenzhen Hengjinda Technology, China) sealed with
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dual stainless tubes. One end of the tube was placed in the sediment
to extract pore water, while the other end was connected to Teflon
tubing for pore water collection. The ceramic cup is 69.9 mm long,
with an outer diameter of 22.2 mm, an inner diameter of 13.5 mm,
and a pore size of 100 um. The cup was inserted into sediment dug
at a depth of 40 cm. By connecting the Teflon tubing to a 100-mL
pre-combusted glass bottle, which had been vacuum-sealed to
approximately -30 kPa, pore water was extracted due to
pressure differences.

Pore waters were collected from multiple cups into 100-mL pre-
combusted borosilicate glass bottles at 1-h intervals from May 16,
10 a.m. to May 17, 4 p.m., 2024 (Table 3). All pore waters were
mixed, and two drops of saturated HgCl, solution were added to
inhibit biological activity. Then, they were transferred in a few 60-
mL polyethylene bottles, ensuring that each bottle had no
headspace. The bottles were then sealed with Parafilm and stored
in a cooler with ice packs. Once in the lab, each sample was
immediately filtered through GF/F filters (Whatman; 21 mm i.d.)
into a few 35-mL bottles, leaving no headspace, and stored at 4°C
till analyses.

2.4 Analysis of ???Rn in creek waters and
226Ra in sediments

Time-series station was deployed on an anchored boat from
April 12, 1 p.m. to April 13, 5 p.m., 2024 (Table 1). Surface
mangrove creek waters were collected at 1-h intervals by
submerging a 1-L plastic bottle to 0.3 m depth, leaving no
headspace to minimize atmospheric contamination. Once radon-
enriched water is exposed, radon immediately exits the system
through atmospheric evasion, radioactive decay, and mixing
(Burnett et al, 2010). Collected water samples were analyzed
immediately on the boat using a RAD7 radon detector (Durridge
Company, USA). The headspace air was sequentially pumped
through a Drierite® desiccant to a closed-loop air circulation
system and then to an automated radon (***Rn) detector. Each
sample was analyzed three times, and the whole run took
approximately 45 min.

The ***Rn activity in sediment pore water was obtained from a
sediment equilibrium incubation experiment. Approximately 150 g
of surface sediment was taken using a grabber, transferred into a 1-L
conical bottle, and then mixed with 400 mL of overlying seawater.
The bottle was sealed and placed on an oscillator for 1 month so
that the activity of **’Rn in the sediment pore water reached a
radioactive decay equilibrium with that of the overlying water
(Corbett et al,, 1998). The overlying water was siphoned into a
250-mL sampling bottle and measured for the activity of **’Rn
using a RAD7 radon detector, which was taken as the 222Rn activity
in the sediment pore water.

The pronounced radon emanation creates a disequilibrium
between **’Rn and its parent isotope *2°Ra, with **’Rn
concentrations typically exceeding ***Ra levels by several orders
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of magnitude (Swarzenski, 2007). In order to measure very low
concentrations of radium, 40 L of underground water at 0.5 m deep
was retrieved and immediately filtered through 20 g of MnO,-
impregnated acrylic fibers at a rate of 0.5 L min™" (Moore, 1976).
The fibers were subsequently rinsed with radium-free Milli-Q water
to remove salts and particulates. Then, the fiber was combusted in a
furnace at 800°C for 8 h. The ash was transferred to a 7-mL plastic
vial sealed with epoxy. It was sealed and stored in the lab at room
temperature for a month in order to achieve secular equilibrium
between **°Ra and its short-lived daughter product before analysis
by gamma ray spectrometry. Finally, the ash samples were
measured on a gamma spectrometer (ORTEC GWL-120-15-XLB-
AW]) at the Third Institute of Oceanography (TIO), Ministry of
Natural Resources of China (MNRC), based on the hypothesis that
radon produced by radium decay is quantitatively ejected from the
fiber (Peterson et al., 2009).

2.5 Measurements of nitrate, nitrite,
ammonium, and sulfate concentrations in
tidal creek waters and pore waters

Concentrations of nitrate (NO5%"), nitrite (NO,?"), ammonium
(NH,*), and sulfate (SO,>") of water samples were determined
shortly after returning to the lab, using spectrophotometric
methods. The procedure for nitrate measurement involves the
reduction of nitrate to nitrite, using the vanadium reagent (VCl;
solution) reduction method, and its subsequent measurement by
colorimetry using the Griess reaction (Moorcroft et al., 2001).
Nitrite reacted directly with Griess reagents to produce a pink
dye. Those dyes were measured on a Jena SPECORD 50 Plus UV-
VIS spectrophotometer, and the detection limit was 0.2 puM.
Ammonium was first oxidized to nitrite by sodium hypobromite
and then analyzed as nitrite (Laughlin et al.,, 1997). Concentrations
of sulfate were measured using a modified turbidimetric method
based on US EPA 9038 guidelines. The standard deviations for
those measurements were within 2.5% by repeated analysis (n = 3).

2.6 Measurement of DIC in tidal creek
waters and pore waters

Concentrations of DIC in creek and pore waters were analyzed
in triplicate using an Apollo SciTech AS-C3 analyzer at the Second
Institute of Oceanography, MNRC. An aliquot of water samples was
acidified with 10% H3;PO, and the released CO, was subsequently
quantified using a LI-7000 nondispersive infrared detector (LI-COR
Environmental, USA). At least three repeated measurements were
carried out for each sample, ensuring precision within 0.1% ( + 2-4
umol kg™'). Certified reference materials from A.G. Dickson,
Scripps Institution of Oceanography (Dickson et al., 2007) were
used for daily DIC calibrations. All results were reported as the
mean * standard deviation for triplicate analyses (Tables 1-3).
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TABLE 2 Physical and chemical parameters of creek water in a tidal cycle in May 2024.

Sampling Tid. H D.O. Sal pH DIC DOC NOsz~  NO,  NH,' S0, 83Cpoc
Day Time (30)] mg/L  (psu) (uM)  (uM) (LM) M) = (uM)  (mM) (%)
5/16/2024 11:00 0.79 6.1 13.7 7.1 1,719 488 67.0 3.8 1.3 109
5/16/2024 12:00 1.02 6.2 13.1 7.1 1,654 460 68.5 4.0 29 9.6
5/16/2024 13:00 1.29 6.3 11.0 7.2 1,635 468 77.7 4.4 0.8 6.6 -32.64
5/16/2024 14:00 1.52 7.1 10.7 7.2 1,532 463 75.8 4.4 0.7 7.1
5/16/2024 15:00 1.68 4.6 13.8 7.4 1,458 449 68.0 4.0 1.4 6.9
5/16/2024 16:00 1.80 5.1 12.7 7.2 1,453 443 66.2 3.2 2.0 7.8
5/16/2024 17:00 1.93 4.8 135 7.3 1,449 439 62.4 4.3 3.7 9.4
5/16/2024 18:00 2.12 6.2 14.8 7.3 1,554 390 59.8 5.1 0.5 9.0 -31.90
5/16/2024 19:00 2.37 6.2 16.0 6.9 1,520 403 56.0 4.1 1.8 10.0
5/16/2024 20:00 2.69 6.5 15.8 7.2 1,501 392 49.5 3.6 1.9 10.9
5/16/2024 21:00 2.96 6.1 194 7.3 1,509 357 44.8 3.5 1.9 12.9
5/16/2024 22:00 3.18 5.5 199 7.1 1,511 317 31.3 1.7 2.1 14.7
5/16/2024 23:00 3.35 4.3 21.3 7.0 1,506 329 219 2.0 1.2 15.0 -31.10
5/17/2024 0:00 3.35 4.2 22.0 6.9 1,538 284 20.7 0.8 29 16.0
5/17/2024 1:00 3.26 5.5 20.1 6.9 1,521 328 24.0 1.9 1.7 14.0
5/17/2024 2:00 3.09 5.6 194 7.0 1,522 356 27.7 2.2 2.1 135
5/17/2024 3:00 2.86 55 18.6 6.8 1,537 352 34.3 1.3 2.1 119
5/17/2024 4:00 2.57 4.9 17.4 6.8 1,635 362 422 2.1 3.1 11.3
5/17/2024 5:00 2.25 5.1 15.1 6.9 1,671 368 54.8 4.0 29 9.4
5/17/2024 6:00 191 4.7 14.7 6.9 1,690 413 61.2 3.6 1.8 9.5 -31.62
5/17/2024 7:00 1.56 4.5 13.1 7.0 1,696 421 65.4 33 22 9.0
5/17/2024 8:00 1.25 4.0 12.8 7.1 1,707 418 66.4 3.8 2.7 8.8
5/17/2024 9:00 1.00 4.1 13.2 7.1 1,700 438 70.6 3.8 1.6 8.3
5/17/2024 10:00 0.87 3.9 11.3 7.1 1,637 446 74.9 3.9 1.1 8.3 -31.08
5/17/2024 11:00 0.88 3.8 10.2 7.1 1,652 397 74.5 3.0 1.3 8.2
5/17/2024 12:00 1.04 3.6 13.5 7.1 1,644 437 69.8 8.7 0.6 8.0
5/17/2024 13:00 1.30 3.7 9.5 7.2 1,689 428 67.9 2.6 1.6 8.0
5/17/2024 14:00 1.56 4.2 14.2 7.3 1,609 443 65.7 3.0 2.1 8.9
5/17/2024 15:00 1.77 4.2 14.2 7.1 1,623 437 64.4 3.2 1.0 9.5
5/17/2024 16:00 1.90 4.2 14.1 7.0 1,607 430 67.6 2.8 0.3 9.6 -31.18

Tid. H, tidal height; D.O., dissolved oxygen; Sal., salinity.

2.7 Measurements of DOC and §*C-DOC
in creek waters

DOC was measured using a total organic carbon (TOC)
analyzer (Multi N/C 3100 TOC/TN, Analytik-Jena, Germany),
equipped with a non-dispersive infrared detector, at Nanjing
Center, China Geological Survey. Prior to analysis, water samples
were filtered through 0.45-um syringe filters to remove any
potential particulate organic matter. The instrument was
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calibrated using potassium hydrogen phthalate standards (1-10
mg L' as C) prepared with ultrapure water, and a calibration curve
with an R* > 0.999 was obtained. DIC was removed by acidification
and sparging with the instrument’s built-in system before injecting
aliquots (100 pL) into the combustion chamber, where organic
carbon was oxidized to CO, at 800°C. Released CO, was quantified,
and concentrations of DOC were then calculated based on the
calibration curve. Procedural blanks, duplicate samples, and
certified reference materials were measured repeatedly during the
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TABLE 3 Physical and chemical parameters of pore water in a tidal cycle in May 2024.

sampling Tid. H Ar|itrate NOZ_ S()42_ Asulfate

Day Time (m) % uM mM %
5/16/2024 11:00 0.79 3.1 11.2 7.6 4,481 1,034 83 -87.6 1.6 0.6 12.2 11.7
5/16/2024 12:00 1.02 2.6 19.5 6.9 4,333 463 6.1 -91.1 0.5 21 124 295
5/16/2024 13:00 1.29 3.1 20.4 6.8 4,352 473 5.1 -93.4 0.3 2.1 13.2 100.5
5/16/2024 14:00 1.52 2.6 20.0 6.9 4,622 472 3.7 -95.1 0.3 2.3 12.5 75.4
5/16/2024 15:00 1.68 2.9 20.2 6.9 5,183 540 4.2 -93.8 0.3 2.6 12.6 822
5/16/2024 16:00 1.80 2.7 21.8 6.9 5,280 516 4.1 -93.7 0.4 23 13.0 67.3
5/16/2024 17:00 1.93 25 225 6.8 5,043 483 34 -94.6 0.3 3.1 13.6 45.0
5/16/2024 18:00 212 2.6 22.0 6.8 4,997 511 3.1 -94.8 0.2 23 12.4 383
5/16/2024 19:00 2.37 3.7 22.0 6.9 5,088 515 3.8 -93.1 0.4 2.5 13.3 334
5/16/2024 20:00 2.69 3.6 21.0 6.9 5,016 545 33 -93.3 0.3 2.1 12.0 10.2
5/16/2024 21:00 2.96 35 22.0 7.4 3,814 486 35 -92.3 0.2 2.9 11.2 -13.4
5/16/2024 22:00 3.18 4.1 24.8 7.1 3,979 500 4.1 -87.0 0.2 5.5 11.9 -18.6
5/16/2024 23:00 3.35 42 21.6 7.2 4,041 474 2.8 -87.4 0.3 33 11.8 -21.2
5/17/2024 0:00 3.35 4.3 21.6 7.1 3,838 498 2.9 -85.8 0.4 25 12.6 -21.1
5/17/2024 1:00 3.26 4.6 221 7.0 4,068 492 3.0 -87.7 0.4 2.6 12.3 -11.8
5/17/2024 2:00 3.09 4.1 223 7.0 4,106 518 34 -87.6 0.0 2.7 14.1 4.6
5/17/2024 3:00 2.86 3.8 223 7.0 3,957 500 4.6 -86.7 0.0 2.8 12.7 7.0
5/17/2024 4:00 2.57 3.6 223 7.0 4,014 491 35 -91.8 0.3 2.9 12.4 9.6
5/17/2024 5:00 2.25 3.6 214 7.1 3,913 510 5.5 -89.9 0.2 2.1 13.2 40.7
5/17/2024 6:00 1.91 4.1 21.1 7.0 3,535 514 5.7 -90.6 0.2 2.5 11.7 23.3
5/17/2024 7:00 1.56 3.9 21.5 6.9 3,845 479 6.3 -90.4 0.4 2.2 113 24.7
5/17/2024 8:00 1.25 3.8 20.5 7.0 4,538 497 7.5 -88.7 0.4 2.9 11.0 25.8
5/17/2024 9:00 1.00 3.6 20.8 7.2 4,547 478 7.6 -89.2 0.0 2.7 10.9 30.3
5/17/2024 10:00 0.87 34 212 7.0 4,596 476 4.2 -94.4 0.1 2.0 11.7 40.5
5/17/2024 11:00 0.88 32 21.0 6.9 4,577 488 2.3 -96.9 0.2 2.6 11.9 45.4
5/17/2024 12:00 1.04 3.0 20.9 6.8 4,166 509 2.6 -96.3 0.4 2.4 11.5 44.9
5/17/2024 13:00 1.30 3.0 20.7 6.8 4,086 549 2.0 -97.0 0.4 1.9 12.9 61.0
5/17/2024 14:00 1.56 4.0 21.2 7.1 4,220 558 2.2 -96.7 0.4 2.0 11.3 26.7
5/17/2024 15:00 1.77 4.1 221 7.2 4,320 564 33 -94.9 0.2 2.0 10.3 8.7
5/17/2024 16:00 1.90 3.9 223 7.2 4,522 543 2.5 -96.3 0.2 1.9 9.8 1.9

Tid. H, tidal height; Sal., salinity; D.O., dissolved oxygen.
Apitrate % of difference in nitrate concentrations between pore water and creek water.
Asulfates % of difference in sulfate concentrations between pore water and creek water.

analyses to ensure quality control. All results were reported as the
mean + standard deviation (Tables 1-3).

Six DOC samples, including creek waters at the highest, lowest,
and middle tidal heights, were selected for carbon isotope analysis,
using an IsoPrime 100 stable isotope ratio mass spectrometer
(Elementar, USA) at the TIO, MNRC. The oxidation furnace was
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set at 850°C and the reduction furnace was set at 600°C to
ensure complete conversion of DOC to CO,, which was then
trapped and released from the adsorption column at 230°C before
being introduced into the mass spectrometer. §"°C values of DOC
were reported relative to V-PDB, and standard deviation was
+ 0.2%o.
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2.8 Radiocarbon (AC) and §**C analyses
of DIC in tidal creek water

Radiocarbon (A'C) measurements on water DIC were
performed in the Laboratory of Climate and Environmental
Change, School of Geographical Sciences, Henan University. The
system consists of a CHS2 carbonate handling system, a gas
interface system (GIS), and a MICADAS accelerator mass
spectrometer (AMS). Immediately before the analysis, 2 mL of
water was transferred into a 12-mL Exetainer vial, which was
previously sealed and flushed with a stream of helium at 70 mL
min~' for 10 min, using a 2.5-mL gas-tight glass syringe into the
septum made of chlorobutyl-C rubber. The syringe was flushed with
Milli-Q water and sample water in between samples. Pure
phosphoric acid (200 pL; 100% H;PO,) was added into the
Exetainer vial using a 1-mL gas-tight glass syringe. The vial was
then vigorously shaken to ensure mixing and placed on a heating
block at room temperature for 4 h. The CO,-He mixture in the
headspace was then sampled with a stream of helium through a
two-way needle into a Sicapent water trap before CO, was
concentrated on the zeolite trap of the GIS (Wacker et al., 2013).
The zeolite trap was then heated to 450°C, and the concentrated
CO, was desorbed and transferred into the GIS injection syringe by
gas expansion with helium. The gas mixture was subsequently fed
into the AGE3 for automated graphitization and then measured on
the MICADAS AMS (200 kV) for radiocarbon. Radiocarbon data
are normalized with Oxalic Acid II standard, and blank was
corrected against '*C-free CO, reference gas analyzed in the same
sequence using the BATS software (Wacker et al, 2010). The
method accuracy was +2.5%o (precision, 10). 8'3C values of DIC
were reported simultaneously.

2.9 2*2Rn mass balance model and pore
water exchange

We adopt a **Rn mass balance model (Cable et al., 1996; Santos
et al,, 2015) to estimate the pore water exchange rate and lateral
fluxes into Yingluo Bay. The model accounts for spatially integrated
pore water exchange processes over timescales aligned with ***Rn’s
half-life, taking into account pore water, sediment diffusion, river
input, high tide input, and **Ra support as sources, balanced
against sinks from low tide output, atmospheric evasion,
radioactive decay, and offshore mixing loss. Following previous
studies (Burnett and Dulaiova, 2003; Zhang et al., 2016; Chen et al.,
2018a), the mass balance equation is expressed as Equation 1:

pr + Fdiff + Friv + Fin + F226 - Fout - Fatm - Fdec - Fmix = AF (1)

coq 222
Here, F,,, represents pore water-derived

Rn input flux, Fgig
denotes sediment diffusion flux, F;, indicates river input flux, F;,
denotes the input of external seawater at high tide, F,,s represents
the contribution from dissolved **°Ra, F,,, denotes the output of
internal seawater at low tide, F,, indicates the atmosphere

diffusion flux at the water—gas interface, Fq. represents the
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autoradioactive decay, and F,;, denotes mixing loss with low-
concentration waters offshore. AF represents the difference
between ***Rn inventory (I) in two adjacent time periods, defined
as the product of ***Rn activity (Bq m>) and water depth H (m).
The unit of fluxes is Bq m > h™".

Fai was determined from pore water equilibration experiments
and calculated using Equation 2 (Martens et al., 1980; Rodellas et al.,
2015).

Fyitr = (Ara222 X @ % D) % (Ceq —Co) (2)

where Cq is the activity of 222Rn in sediment pore water, C, is
the activity in the overlying water, and @ is sediment porosity.
Molecular diffusion coefficient D,,, is temperature-dependent and is
calculated using Equation 3 (Lambert and Burnett, 2003):

Dm: 10~ (%+1.59) (3)

Riverine input flux (F,) is calculated by multiplying ***Rn
activity at salinity near zero and river runoff data. To ensure
dimensional consistency with other terms, the product is divided
by the surface area of Yingluo Bay, which can be estimated using a
simple Google Maps area calculator, yielding the ***Rn flux per unit
area attributable to river input.

The ***Rn flux controlled by tidal migration is calculated using
Equation 4 (Zhang et al., 2016):

H-H

Tt TtHAt C (4)

H -H _
Fin =t X (bcw + (1 - b)Coff);Fout = At

At

Here, At is the measurement time interval. H; and H, , 4, are the
water depths at time ¢ and t + At, respectively; C,, and C.g represent
the average activity of **’Rn in the creek water and **’Rn in offshore
water, respectively; C, is the activity of **’Rn in the creek water at
each interval during continuous observation. b is the return flow
factor, the portion of the water that leaves the estuary during ebb
tide and returns unmixed during the next flood tide. This factor can
be approximated as the ratio of average salinity of creek waters to
the salinity of the offshore water (salinity of creek water at the
highest tide) (Luo, 2018), and we obtain b = 0.73.

F,u6 from the dissolved **°Ra is calculated using Equation 5
(Wu et al., 2021):

Faier = A X Cryzpe X H (5)

Here, A is the decay constant of 222Rn (0.181 d7') and H is the
water depth. Cr, 226 is the activity of 22Ra.

The atmosphere diffusion flux of *?Rn at the water—gas
interface (F,,) is determined using Equation 6 (MacIntyre et al.,
1995).

Fatm =k x (Cw — X Cair) (6)

where k is gas exchange velocity, which varies with wind speed
and is calculated using empirical relationships (Pilson, 1998), and
the water—air distribution coefficient (o) is temperature-dependent
and derived from the Fritz—Weigel equation (Burnett and Dulaiova,
2003). C,, and C,;, represent the 222Rn activity in water and
air, respectively.
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FIGURE 2
Net 22Rn flux (rectangles) and mixing loss of 222Rn (dotted line)
versus time based on continuous 222Rn observation.

Fgec is calculated using Equation 7 (Chen et al., 2018a; Luo,
2018):

Fgee = A X [Cy(1—e ™M9] x H )

We define the remaining ***Rn after correction for river input,
tidal migration, atmospheric evasion, sediment diffusion, 226Ra
support, and 222Rn radioactive decay as a net 22Rn flux (Fuel),
which are supposed to balance the pore water flux (Fy,) and mixing
loss (Fpyiy). To conservatively estimate the mixing losses, we selected
the maximum negative value of the F, (the dotted line shown in
Figure 2) as the mixed loss flux over the adjacent time interval
(Fmix) (Burnett and Dulaiova, 2003; Lambert and Burnett, 2003).

2.10 Estimation of lateral fluxes of
dissolved carbon and nitrate

Given the symmetrical pattern in variations of tidal heights
within a 24-h cycle in April (Figure 3a) and May (Figure 4a) 2024,
we can assume that water inflow equals to water outflow over a full
24-h tidal cycle, including both the mangrove creek water in the
channel and the overlying water in mangrove sediments during
high tide. In this circumstance, the main source of variation is the
concentration of dissolved carbon (mol h™'), which can be
multiplied by the water discharge (m® h™"), then integrated over
24 h and divided by the mangrove catchment area (m?), resulting in
mmol Cm™>d™".

The difference between rising and receding tides over a tidal
cycle represents the tidal lateral transport of dissolved carbon and
nutrients (Taillardat et al., 2018). The hourly water fluxes across the
mangrove—estuary boundary were calculated using an unstructured
grid, Finite-Volume Community Ocean Model (FVCOM) (Chen
et al., 2006). The water fluxes and time-series concentrations of
dissolved carbon and nutrients at the sampling site near the mouth
of the tidal creek sampling site were used to estimate fluxes across

Frontiers in Marine Science

10.3389/fmars.2025.1590259

the mangrove-estuary interface using Equation 8 (Wang et al,
2021):

_ D0 x G

8
A x 1000 ®

where F (mol m* d™") is net flux over a tidal cycle normalized to a
24-h tidal cycle. Positive values are efflux from mangroves, and negative
values are influx to mangroves. C; is the hourly concentration. Q; (m®
h™") is the average hourly water discharge across the boundary. A (m?)
is the catchment area of mangrove forest.

3 Results

3.1 Variations in physicochemical
parameters in creek waters during tidal
cycles

3.1.1 Creek waters in April 2024

The tidal height during 12-13 April 2024 ranged from 0.19 to
3.95 m (Table 1; Figure 3a), exhibiting characteristics of a spring
tide. The highest salinity (28.8) and pH (7.3) temporally aligned
with maximum tidal height (Table 1; Figures 3b, c), while the lowest
salinity (15.4) and pH (6.8) coincided with low tide (Pearson
correlation r = 0.78, p < 0.01 and r = 0.73, p < 0.01, respectively;
Supplementary Figures S2A, B). D.O. displayed close correlation
with tidal height (r = 0.90, p < 0.01; Supplementary Figure S2C),
reaching a peak of 6.6 mg L™" near the highest tide and declined to
3.3 mg L' during ebb tide (Table 1; Figure 3d). Such tidal
synchronizations highlighted the pivotal role of tidal fluctuations
in regulating the physicochemical parameters of creek waters.

During the tidal cycle, concentrations of nitrate ranged from
10.6 to 39.4 uM, with an average of 30.0 = 8.1 uM (n = 28) (Table 1),
and were negatively correlated with tidal levels (r = —0.80, p < 0.01;
Supplementary Figure S2D), with the highest value at low tides
(Figures 3a, f). Nitrite ranged from 0.1 to 3.4 UM, with an average of
1.6 £ 0.9 uM (n = 28), and ammonium from 2.0 to 8.7 uM, with an
average of 5.8 £ 1.2 uM (n = 28) (Table 1). Apparently, nitrate was
the predominant form of nitrogen in creek waters. Concentrations
of sulfate ranged from 10.9 to 23.7 mM, with an average of 15.4 +
4.1 mM (n = 28) (Table 1; Figure 3g), and were correlated with tide
heights (r = 0.82, p < 0.01; Supplementary Figure S2E).

Concentrations of DIC ranged from 1,906 to 2,175 uM with an
average of 2,001 + 62 pM (n = 28) (Table 1). Concentrations of
DOC ranged from 174 to 403 uM with an average of 308 + 62 uM
(n = 28) (Table 1), more than an order of magnitude lower than
those of DIC. Both DIC and DOC had the lowest values at high tide
(Figures 3h, i). Apparently, DIC was the dominant form of
dissolved carbon in creek waters, as it was at least five times more
abundant than DOC.

3.1.2 Creek waters in May 2024

The second sampling of creek waters took place on 16-17 May
2024, during the neap tide. The tide ranged from 0.79 to 3.35 m
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Variations in physicochemical parameters in creek waters in a tidal cycle in April 2024. (a) Tidal height; (b) salinity; (c) pH; (d) dissolved oxygen

(D.0)); (e) ?2Rn; (f) nitrate; (g) sulfate; (h) DIC; (i) DOC.

(Table 2; Figure 4a), showing a similar pattern to, but significantly
smaller than that in April 2024. Salinity ranged from 9.5 to 22.0
(Table 2; Figure 4b) and was correlated with tidal levels (r = 0.91, p
< 0.01). pH ranged from 6.8 to 7.4, and D.O. ranged from 3.6 to 7.1
mg L™ (Table 2).

Concentrations of nitrate ranged from 20.7 to 77.7 uM, with an
average of 56.7 + 17.5 uM (n = 30) (Table 2; Figure 4c), and reached
-0.93, p < 0.01). They were
substantially higher than those in April 2024 (Tables 1, 2). Nitrite
ranged from 0.8 to 8.8 uM, with an average of 3.4 + 1.4 uM (n = 30),

the maximum at low tide (r =

Frontiers in Marine Science 10

slightly higher than those in April (Tables 1, 2). Ammonium varied
from 0.3 to 3.7 UM, with an average of 1.8 + 0.8 UM (1 = 30), lower
than those in April (Tables 1, 2). Concentrations of sulfate ranged
from 6.6 to 16.0 mM (Figure 4d) and were correlated with tidal
heights (r = 0.84, p < 0.01). The average concentration (10.1 + 2.5
mM, n = 30) was approximately 34% lower than that in April 2024
(Tables 1, 2).

Concentrations of DIC ranged from 1,450 to 1,719 uM with an
average of 1,589 + 85 UM (n = 30), approximately 21% lower than
those in April. However, DOC ranged from 284 to 488 uM with an
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Variations in physicochemical parameters in creek waters in a tidal cycle in May 2024. (a) Tidal height; (b) salinity; (c) nitrate; (d) sulfate; (e) DIC;

(f) DOC.

average of 405 + 51 uM (n = 30), approximately 31% higher than
those in April. Both DIC and DOC reached peaks during low tides
(Figures 4e, f).

3.2 Variations in physicochemical
parameters in pore waters during tidal
cycles

Pore waters were only collected in May 2024. Salinity ranged
from 11.2 to 24.8, a much smaller amplitude than that in creek
waters (Tables 2 and 3; Figures 4b, 5b).

Concentrations of nitrate in pore waters ranged from 2.0 to 8.3
UM, with an average of 4.2 + 1.7 uM (n = 30) (Figure 5c¢), and those
from nitrite ranged from 0.0 to 1.6 UM, with an average of 0.3 + 0.3
UM (n = 30) (Table 3). Both concentrations of nitrate and nitrite in
pore waters were less than 10% of those in creek waters collected in
the same time (Tables 2, 3; Figure 6a). However, concentrations of
ammonium ranged from 0.6 to 5.5 UM with an average of 2.5 + 0.8
UM (n = 30), approximately 39% higher than those in creek waters
(1.8 £ 0.8 UM, n = 30) (Tables 2, 3; Figure 6b). Concentrations of
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sulfate ranged from 9.8 to 14.1 mM with an average of 12.1 + 1.0
mM (n = 30), comparable to those in creek waters in the same time
(Tables 2, 3), but the amplitude of variations was substantially
smaller (Figures 4d, 5d).

Concentrations of DIC in pore waters ranged from 3,535 to
5,280 uM, with an average of 4,369 + 461 UM (n = 30), 2.7-fold
higher than those in the creek waters (Tables 2, 3). Concentrations
of DOC ranged from 463 to 1,034 uM, with an average of 523 + 101
UM (n = 30), 1.3-fold higher than those in the creek waters
(Tables 2, 3). DIC was the predominant form of dissolved carbon
(>80%). Neither DIC nor DOC in pore waters showed any clear
correlation with tidal height (Figures 5e, f).

3.3 83C-DOC in tidal creek waters

8"3C values of DOC in creek waters collected in April 2024
varied in a small range from —32.6%o to —31.1%o (Figure 7). They
began with the lowest value —32.6%o at the lowest tide, rapidly
increasing with rising tide, and reached the maximum value
—-31.1%o at the highest tide, coincident with the lowest DOC
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Variations in physicochemical parameters in pore waters in a tidal cycle in May 2024. (a) Tidal height; (b) salinity; (c) nitrate; (d) sulfate; (e) DIC;

(f) DOC.

value, and then stayed more or less stable during the receding
tide (Figure 7).

3.4 A™C and 8'°C of DIC in creek waters

A"™C of DIC in creek waters ranged from —29.3%o to —18.4%o,
equivalent to 239 to 146 years old (Table 4), and showed no good
correlation with tidal heights. 8'°C of the corresponding DIC
ranged from -9.9%o0 to —6.1%o, with the maximum value
corresponding to the lowest tide and the minimum value
corresponding to the rising tide (Table 4; Figure 8).

3.5 Quantification of pore water exchange

*22Rn activities in April 2024 ranged from 100.0 to 683.0 Bq
m >, with an average of 333.7 + 155.1 Bqm > (n = 28) (Table 1), and
had no good correlation with tidal height (Supplementary Figure
S2F). **’Rn began rising during early ebb tide and then remained
more or less the same until the lowest tide at the 16th hour
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(Figure 3e). Then, it increased rapidly with the rising tide and
reached the maximum value of 683 Bq m™ in the middle of the
rising tide, and then declined rapidly (Table 1; Figures 3a, e). The
observed hysteresis pattern, i.e., the gradual 222Rn accumulation
during ebb tides vs. rapid flushing during floods, is consistent with
tidally driven pore water exchange processes, most likely resulting
from sediment permeability constraints, as coastal aquifers required
multiple tidal cycles to achieve hydraulic equilibrium (Wu
et al., 2021).

The measured **°Ra activity was 9.72 + 0.42 Bq m™>, and F,y
derived from Equation 6 was 0.36 + 0.02 Bq m > h™'. After
incubating sediments for 1 month to establish radioactive
equilibrium, pore water ***Rn activity (2,630 + 1,198 Bq m™)
exceeded overlying seawater levels (202 + 103 Bq m>) by an
order of magnitude (Table 5). Combined with temperature-
dependent molecular diffusivity (D, = 1.16 x 10-°> m* h™" at 20°
C) and porosity (¢ = 0.38-0.47), sediment diffusion flux (Fg;z) was
calculated as 0.46 + 0.21 Bq m > h™' (Table 5). The area of Yingluo
Bay is estimated approximately 1.32 x 107 m’ using a simple
Google Maps area calculator. The riverine discharge data were
available from a Chinese agrometeorological service website
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Variations in nitrate and ammonium in creek waters and pore water, and their difference in a tidal cycle in May 2024. (a) Nitrate; (b) ammonium.

(https://wheata.cn). We averaged the river’s average runoff data
from 1979 to 2024 to get 10.9 m®> s~'. The **’Rn activity at the
mouth of the tidal creek was 430 + 175 Bq m >, thus yielding
riverine input flux (Fy,) as 1.28 + 0.52 Bq m> h™". F, and Fo¢
ranged from 5.2 to 190.4 with an average of 68.74 + 49.11 Bq m™>
h7%, and 13.4 to 230.8 with an average of 94.42 + 62.27 Bq m2h7,
respectively. The atmospheric evasion fluxes (F,.,) were calculated
using the gas exchange model (Maclntyre et al., 1995), and they
ranged from 0.93 to 13.31 Bgm > h ™", with an average of 4.68 + 3.49
Bq m > h™". Decay flux was estimated at 0.23 + 0.11 B m > h™". A
conservative estimate was made for the range of F,,;, from 2.41 to
187.61 Bq m > h™', with an average value of 65.93 + 49.11 Bq m >
h™! (Figure 2). The sum of Fne and Fpyy constituted the *?Rn flux
contributed by pore water, which ranged from 0 to 233.64 Bq m >
h™", with an average value of 36.01 + 62.10 Bgm > h™".

It is worth noting that high tide input (64.3%) and sediment
pore water (33.7%) emerged as the predominant ***Rn sources,
surpassing inputs from sediment diffusion (0.43%), riverine
(1.20%), and decay from 22°Ra (0.34%) (Table 5), in agreement
with a previous report in Dux Creek on Bribie Island, Moreton Bay,
Australia (Davis et al, 2020). Pore water exchange rates were
obtained when normalized by pore water endmember **’Rn
activity, Fy,,/c(Rn) = 14.2 + 24.5 cm d™', which was considered as
the **Rn activity of sediment pore water in the ~40-cm borehole.

Submarine groundwater discharge-derived fluxes of dissolved
carbon and nitrate could be calculated by multiplying the discharge
estimates by their average groundwater concentrations (Davis et al.,
2020). However, in all tidally dominated systems, pore water
exchange rather than fresh groundwater discharge was the source
of radon to surface waters (Webb et al., 2019). Pore water exchange
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Variations in DOC and §**C of DOC in creek waters in a tidal cycle in April 2024.
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TABLE 4 §'C and C of DIC in tidal creek water.

10.3389/fmars.2025.1590259

Sampling
Time
4/12/2024 20:00 3.95 ‘ 1,906 ‘ -7.0 -293 239
4/13/2024 1:00 2.07 ‘ 2,006 ‘ -73 ‘ ~18.4 149
4/13/2024 6:00 0.19 ‘ 1,956 ‘ -6.1 ‘ 217 176
4/13/2024 16:00 223 ‘ 2,042 ‘ -9.9 ‘ ~18.0 146

Tid. H., tidal height.
Tidal creek waters were collected in April 2024.

is a recirculation process in the intertidal mangrove sediments.
Therefore, to estimate net fluxes of dissolved carbon and nitrate to
surface waters, their groundwater endmembers were defined as the
differences between concentrations in groundwater and surface
waters (Santos et al., 2014). Negative fluxes of nitrate imply that
surface water nitrate is consumed within the shallow aquifer during
pore water exchange with surface waters. Uncertainties in the
radon-derived groundwater exchange rate were likely propagated
to fluxes of dissolved carbon and nitrate using the standard
deviations of the endmembers. We obtain the net output fluxes of
DIC and DOC through pore water exchange as 394.8 + 681.1 and
16.8 +28.9 mmol m > d ™', respectively. The input flux of nitrate was
estimated at 7.46 + 12.9 mmol m > d™".

3.6 Estimated boundary fluxes

The fluxes of dissolved carbon and nutrients across the
mangrove—estuary boundary were estimated based on the water
discharge (Q;) and the hourly concentrations (C;) according to
Equation 8.

The average lateral fluxes of DIC and DOC in April and May
2024 calculated using FVCOM were 411.6 + 311.8 and 104.5 +

145.7 mmol m 2 d 7}, respectively, and flux of nitrate was 8.5 + 7.6
mmol m™2 d™".

4 Discussion

4.1 Carbon dynamics of DIC during tidal
cycles

4.1.1 Outflow of DIC from pore water controlled
by tidal amplitude

As the bottles were opened after sampling for filtration prior to
analysis, a small amount of CO, could have escaped during the
process. However, DIC values in pore waters (3,535-5,280 uM) in
May 2024 (Table 3) were generally comparable to those reported in
Moreton Bay, Australia (3,767-6,426 uM; Maher et al., 2013),
suggesting that such losses were insignificant. DIC values in creek
waters collected at the same time (1,450-1,719 uM) (Table 2) were
substantially lower than those in pore waters (Tables 2, 3). Our
observed DIC values in creek waters were not particularly high,
slightly lower than those in mangroves in Moreton Bay (2,000
2,800 pM; Maher et al, 2013) and in the Gulf of Carpentaria,
northern Australia (2,050-2,180 uM; Sippo et al., 2016). However,
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TABLE 5 The sources and sinks of 222Rn during April 2024 in
the ZMNNR.

Sources and sinks 222Rn flux | Contributions
Bgm=2ht %
Sources Foue 36.01 + 62.10 33.70
Far 046 + 0.21 0.43
Fay 1.28 + 0.52 1.20
Fun 68.74 + 49.11 64.33
Fase 036 + 0.02 034
Sinks Fou 94.42 + 6227 57.13
Fam 468 + 349 283
Faee 023 + 0.1 0.14
Fuue 65.93 + 49.11 39.89

they were within the range in mangrove tidal creeks in the
Zhangjiang Estuary (1067-2425 pM in the wet season and 225-
325 in the dry season; Yan et al, 2022) and Qinglan Bay, China
(1240-3270 puM; Wu et al, 2021), and higher than those in
mangrove tidal creeks near Maowei Sea, China (280 to 1280 uM;
Chen et al., 2018a). It seems that DIC concentrations in mangrove
tidal creeks vary significantly among different sites.

D.O. contents in pore waters (2.5-4.6 mg L") were significantly
lower than those in creek waters (3.6-7.1 mg L™ (Tables 2 and 3),
suggesting that intense aerobic respiration near the sediment-water
interface and DIC, as the product of organic matter mineralization,
were enriched in pore waters (Bradbury et al., 2024). Higher
concentrations of DIC in tidal creek waters occurred during ebb
tide, most likely due to the outflow of pore waters rich in DIC
(Tables 2, 3; Figures 4a, e), underscoring the role of pore water as a
principal reservoir for mineralized carbon (Koné and Borges, 2008).
However, DIC in pore waters showed no correlation with tidal
levels (Figures 5a, e), as porewater samples can be highly variable
due to effects from crab burrows and mangrove roots (Kristensen
et al,, 2022), and biogeochemical processes in sediments, such as
organic matter decomposition and microbial activity, which may
modulate changes in DIC in pore waters (Derrien et al., 2019).

Concentrations of DIC in creek waters and tidal heights in May
2024 formed an inverse correlation (r = —0.63, p < 0.01), indicating
the significant contribution of DIC from mangroves during low
tides. Ebb tides facilitate the advective transport of pore water-
derived DIC into the creek, a phenomenon referred to as “mangrove
pump” (Stieglitz et al., 2013). However, DIC concentrations in creek
waters in April 2024 varied by only 3% during the tidal cycle, in
spite of larger tidal amplitude, and showed no correlation with tidal
height (Table 1; Figures 3A, H). In April 2024, we started to collect
creek water at a tidal height of 1.92 m. While tidal height increased
to the maximum of 3.95 m, DIC actually decreased from 2,076 to
1,914 uM, forming an inverse relationship (r = —0.83, p < 0.01)
(Table 1) with tidal heights, suggesting the outwelling of DIC.
However, the following decline of tidal heights showed no
correlation with DIC concentrations. In fact, the highest DIC
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concentration in creeks occurred when tidal heights were between
1.5 and 3 m (Table 1). Tidal heights larger than 3 m were
accompanied by lower DIC due to the dilution of seawater from
the estuary. On the other hand, tides in this region retreat very fast,
and nearly all DIC produced through mineralization have already
outwelled at a tidal height of 1.5 m. By the time tidal height reached
the minimum, there was not much DIC from pore water exchange
left in the creek so that DIC concentrations were low.

On the other hand, concentrations of DIC in creek waters in
May 2024 were approximately 21% lower than those in April
(Tables 1, 2). There may be several reasons for this gap.
Enhanced CO, degassing within the creek due to warmer
temperatures in May likely attenuated net DIC exchange, as
evidenced by the reduced flux despite comparable mineralization
rates (Cabral et al., 2024a). It is also likely that longer inundation
periods and elevated tidal amplitudes in April 2024 enhanced
anaerobic mineralization in deeper sediment layers, thereby
amplifying DIC production in pore waters (Call et al, 2015;
Taillardat, et al., 2018), thus resulting in higher DIC level in
creek waters.

4.1.2 Terrestrial sources of DIC

8"3C of DIC ranged from —9.9%o to —6.1%o during the tide cycle
(Figure 8) and had no correlation with tide heights (Table 4). Such
phenomenon is in contrast to the positive correlation observed in
mangroves in Moreton Bay, Australia (Maher et al., 2013). Pore
water exchange is usually considered as a major source of DIC and
DOC to the surface waters, accounting for more than 90% of DIC
and DOC exports from mangrove ecosystems via tidal pumping
(Call et al, 2015). As a result, the lowest 8'°C-DIC values were
found during the highest DIC concentrations, indicating a negative
correlation between 8'°C of DIC and concentrations of DIC (r =
-0.74, p < 0.05), suggesting that high DIC, enriched with CO,,
typically has low 8'>C-DIC signatures.

Here, we employ a simple binary §'°C mixing equation
(Equation 9) to identify relative contribution from marine sources
vs. terrestrial sources:

613CDIC—ck :f X 613Cterr + (1 _f) X 513Cmarine (9)

Here, f is the percentage of DIC contribution from marine
sources. The 8°C endmember of terrestrial sources is hard to
evaluate, as nearly all DIC measured in the core region of the
ZMNNR could have had contributions from marine sources. In
mangroves in Moreton Bay, Australia, 8"3Cpyc values of creek water
at the highest tide in summer were 1.8%o0 (Maher et al., 2013),
exhibiting characteristics of typical marine DIC (—0.8%o to 2.4%o)
(Mackensen and Schmiedl, 2019) as the bay is next to the open
ocean. However, in our study, the 8"3Cpic value at the highest tide
was only —7.0%o (Table 4), indicating that the incoming seawater
already includes the significant component of terrestrial derived
DIC, as Yingluo Bay, which connects the ZMNNR, is surrounded by
mangroves in both banks (Figure 1b), and far away from an open
sea. The same scenario was also found in Can Gio mangroves,
Vietnam, where 8>Cp;c values were —8.6%o and —12.6%o at high
and low tides, respectively, as this site exhibited a dense network of
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rivers and tidal creeks (Taillardat et al., 2018). We did not measure
8">C of DIC in pore waters. A recent study showed that 8'>C values
of DIC in pore waters and creek waters were —15.6%o and —5.6%o,
respectively, in the Florianopolis mangroves, Brazil (Cabral et al.,
2024b). Thus, *C-depleted DIC in pore waters is an important
source that causes negative §'°C values of DIC in our tidal creeks.

We choose 1.8%o0 as 8"*Cpnarines and the most negative 8'>Cpyc
in tidal creek waters, —=9.9%o, as 8">Cyepr. Our calculation shows that
only 22% to 32% DIC in the creek were from marine sources, and
the majority of DIC were from terrestrial sources. We conducted
the same calculation for the above-referred mangroves. Terrestrially
derived DIC could account for 90% of DIC in creeks during ebb tide
in Can Gio, Vietnam (Taillardat et al., 2018), but only less than 40%
during ebb tide in Moreton Bay, Australia (Maher et al., 2013). It
appears that mangroves influenced by freshwater sources (such as
this study and Can Gio, Vietnam) showed a higher percentage of
terrestrial DIC, compared to seawater-dominated mangroves where
recirculated seawater in intertidal sediments is the main DIC
source. The high primary productivity in the ZMNNR produces
significant amounts of litter for decomposing into DIC. The
Gaogqiao River (Figure 1b) could also carry some terrestrial-
derived DIC from the upper stream into mangroves.
Furthermore, as the neighboring Yingluo Bay does not connect
directly to an open sea and its banks are also dominated by
mangroves, even incoming seawater itself also contains the
component of litter-derived DIC from the banks, altogether
resulting in substantially high proportions of terrestrial-derived
DIC in tidal creeks in the ZMNNR.

AMC values of DIC in creek waters showed differences in
age between high and low tides, with the older DIC at high tide,
suggesting that terrestrially derived DIC values at the lowest tide
(176 years) were indeed much younger than the incoming
seawater’s marine reservoir ‘“C age in the South China Sea (>300
years; Hirabayashi et al., 2019) or the global average (400 years)
(Matsumoto, 2007).

4.2 Carbon dynamics of DOC during tidal
cycles

DOC concentrations in pore waters (463-1,034 uM) exceeded
those in creek waters (284-488 uM) by a factor of 1.6 to 2.1
(Tables 2, 3). Similar to the case of DIC, there was no obvious
correlation between pore water DOC concentrations and tidal
heights (Figures 5a, f). On the other hand, DOC in creek waters
was closely inversely related to tidal height in April (r = —0.71, p <
0.01) and May 2024 (r = —0.88, p < 0.01), indicating that the
predominant source of DOC in creek waters was from sediment
pore water.

Concentrations of DOC in creek waters were approximately
31% higher than those in April (average 405 + 51 UM vs. 308 + 62
uM) (Tables 1, 2), in contrast to that for DIC. The total dissolved
carbon (DIC + DOC) in May 2024 was approximately 20% less than
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those in April 2024. It seems that longer inundation in April
resulted in not only stronger mineralization, but also more
complete conversion of DOC into DIC, while creek waters in
May 2024 had a higher percentage of DOC, as it might be still in
the early stage of mineralization (Bouillon et al., 2008).

8"3C values of DOC in selected creek waters revealed a different
story from those of DIC. In the first tide cycle, 8"°C of DOC
increased from —32.6%o at a tide height of 1.29 m to —31.1%o at
height of 3.35 m (r = 0.995, p < 0.01) (Table 2; Figure 7). However,
the value did not change much with receding tide (Figure 7). 81C
values of DOC in tide creeks likely reflect the predominant
terrestrial sources. In Moreton Bay, Australia, 8" °Cpoc values of
creek water at the highest and lowest tide in summer were —16.5%o
and —24.3%o, respectively, while §'°C values of particulate organic
matter (8"°Cpoc) in creek waters varied from —25%o to —13%o
(Maher et al., 2013), suggesting that 8*Cpoc and 8"*Cpoc of creek
waters were in the same range. Such large variations reflected the
significant contribution of marine organic matter at a high tidal
level, as the site is next to the open ocean. However, 613CDOC in the
Can Gio mangroves, Vietnam varied in a substantially smaller
range, —26.7%o to —25.3%o, almost in the same range as SISCPOC,
—27.1%0 to —26.5%0 (Taillardat et al., 2018). Those values were in
agreement with 8'"°C of sediment organic matter, —27.8%o + 0.8%o,
but slightly more enriched in '>C than mangrove leaves, —31.6%o to
—27.8%o, indicating a predominantly terrestrial source during the
tidal cycle (Taillardat et al., 2018). 8" Cpoc values in our study area
had a similar small range to, but more depleted in '>C than those in
Can Gio mangroves, Vietnam (Taillardat et al., 2018) and mangrove
leaves in the study area (—30.5%o0 to —27.5%o) (Zhang and
Chen, 2022).

Overall, DIC accounted for 80% of the dissolved carbon in the
tidal creek and 89% in pore waters in the ZMNNR, in agreement
with previous reports (Taillardat et al., 2018). Both DIC and DOC
in tidal creek waters were predominantly from organic matter
derived from mangroves. It is most likely due to the lack of direct
input of seawater to the study area from the South China Sea, as
Yingluo Bay is a semi-closed bay connected only to the Beibu Gulf,
and both banks are mangroves so that the DIC or DOC in the bay
has substantially more components from terrestrial organic
matter mineralization.

4.3 Potential main pathway for organic
matter mineralization

There was no correlation between tidal levels and nitrate or
sulfate concentrations in pore waters (Table 3). However, tidal
levels were closely related with sulfate concentrations in creek
waters in either April (r = 0.82, p < 0.01; Supplementary Figure
S2E) or May 2024 (r = 0.84, p < 0.01), indicating that seawater was
the predominant source of sulfate to mangrove sediments. This is
also supported by the close correlation between salinity and tidal
height in April (r = 0.78, p < 0.01; Supplementary Figure S2A) and
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May 2024 (r = 0.91, p < 0.01) (Tables 1, 2). On the other hand, tidal
levels were negatively correlated with nitrate in creek waters in April
(r=-0.80, p < 0.01; Supplementary Figure S2D) and May 2025 (r =
-0.93, p < 0.01), indicating that nitrate in tidal creeks was
predominantly from the mangroves, largely due to the discharge
of untreated aquaculture effluents, local agricultural runoff, and
sewage into mangroves. Nitrate concentrations during low tides in
April 2024 (35-38 uM, Table 1) were significantly lower, mainly
because stronger tide caused dilution by seawater from the Beibu
Gulf, as indicated by higher salinities (Table 1). As a result,
concentrations of nitrate and sulfate in creek waters were tightly
negatively correlated both in April (r = —0.93, p < 0.01) and in May
2024 (r =-0.94, p < 0.01). Nitrate concentrations in the creek waters
in May 2024 (56.7 = 17.5 uM) were significantly higher than those
in South China Sea (2.4-11.4 puM) (Lao et al., 2021), but
significantly lower than those in Qinglan Bay mangrove, Hainan
Island, China, where nitrate in tidal creeks were averaged at 739.6
UM (Zidan et al., 2025).

However, nitrate concentrations were substantially depleted in
pore waters (4.2 £ 1.7 uM) relative to those in creek waters
(Tables 2, 3; Figure 6a), indicating that 90% of nitrate infiltrated
from the creek into sediment were consumed. They were most likely
utilized as the electron acceptor for organic matter mineralization,
which could take the form of denitrification or DNRA (Hamersley
and Howes, 2005; Giblin et al., 2013). Though concentrations of
ammonium in pore waters (2.5 + 0.8 uM) were higher than those in
creek waters (1.8 + 0.8 uM) (Tables 2, 3; Figure 6b), there was less
than 10% of total nitrogen in pore waters compared to that in creek
waters. It is likely that denitrification caused organic matter
mineralization and overall nitrogen loss in sediments in our study
area, in agreement with previous reports in mangroves of the
Jiulongjiang Estuary (Cao et al., 2017), Dongzhaigang, China (Fu
et al., 2025), and Goa, India (Kristensen et al., 1998; Fernandes et al.,
2012). However, this inference still needs to be substantiated in
conjunction with functional gene or isotope tracer experiments.

Sulfate concentrations in pore waters (9.79-14.12 mM, Table 3)
were almost in the same range as those in creek waters (6.58-15.96
mM, Table 2), but the differences between them at the same time
(Asuifate) Vvaried significantly with tide levels. Pore waters were
approximately 2% to 100% more enriched in sulfate when tide
heights were less than 3.0 m, and depletion in sulfate by 13% to 21%
occurred only when tides were close to or higher than 3 m (Tables 2,
3). It seems that consumption of sulfate, as electron acceptor, took
place only during high tides, when the supply of sulfate is nearly
unlimited. Microbial sulfate reduction is often considered to occur
only when more energetically favorable electron acceptors, such as
nitrate, have been locally depleted (Froelich et al, 1979). The
abundant nitrate in overlying seawater (Tables 1, 2) makes sulfate
reduction in the shallow depth of sediment hampered by
thermodynamically more favorable nitrate reduction (Canfield
et al, 2005). The increase in sulfate in pore waters during some
intervals (Tables 2, 3) could be due to the contribution of
dissimilatory sulfate reduction in which sulfur-oxidizing bacteria
re-oxidize sulfide back to sulfate in pore waters during low tides (Li
et al., 2021).
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4.4 Lateral water exchange flux of
dissolved carbon and nutrients from
mangroves

4.4.1 Pore water exchange rate

Pore water exchange rate in mangroves vary substantially at
different sites, ranging from 4.9 cm d™' in Can Gio mangroves,
Vietnam (Taillardat et al., 2018) to 179.0 + 919 cm d™' in a
maricultural bay in Hainan Island, China (Liu et al., 2023). Our
estimated pore water exchange rate, 14.2 + 24.5 cm d ™' or 0.59 + 1.0
cm h™', in April 2024 in the ZMNNR, is fairly close to the global
pore water exchange rate for mangroves, 0.4 cm h™" (Cabral et al,,
2024a). The rates were in accord with those in mangroves in the
eastern Australia (16.3 + 5.1 cm d™!) (Tait et al., 2016), but slightly
lower than those in Maowei Sea mangroves (36.0 + 33.1 cm d™
(Chen et al., 2018b).

We have to admit the large uncertainty in our model as each
item in the balance equation carries assumptions. Future
integration of radium isotopes (e.g., **>Ra and ***Ra) to constrain
mixing timescales might improve modeling (Rodellas et al., 2015).
Nevertheless, our findings reveal a hidden, yet critical vector for
carbon and nutrient fluxes in the largest mangrove reserve in China.

4.4.2 Pore water exchange fluxes of dissolved
carbon and nitrate

The output fluxes of DIC derived from pore water exchange rate
in the ZMNNR were estimated as 394.8 + 681.1 mmol m > d™/,
slightly higher than SGD-derived fluxes into a mangrove-
dominated tropical bay (Maowei Sea) in the dry season (DIC: 250
+ 240 mmol m~2 d°%; DOC: 250 + 230 mmol m™ dfl) but lower
than those in the wet season (DIC: 700 + 820 mmol m2d% DOC:
310 + 300 mmol m™2 d™%) (Chen et al., 2018a). They were higher
than those in mangroves in Ishigaki Island, Japan (113.3 and 279.2
mmol m~2 d”! in winter and summer, respectively) (Ohtsuka et al,
2020), and in Moreton Bay, Australia (250 mmol m2d™Y) (Maher
et al,, 2013). On the other hand, the output fluxes of DOC in the
ZMNRR (16.8 + 28.9 mmol m > d7') were similar to those in
mangroves in Ishigaki Island, Japan (16.7 and 71.7 mmol m > d ™" in
winter and summer, respectively) (Ohtsuka et al., 2020). However,
the fluxes of DIC and DOC in the study area were significantly
lower than those in the maricultural bay in Hainan Island, China
(12.53 and 0.30 mol m™> d™! for DIC and DOC, respectively) (Liu
et al., 2023).

Our results indicate that mangroves can be a significant
contributor of DIC and DOC to coastal seas, and fluxes of DIC
always constitute the predominant component of water exchange,
in accord with previous studies (Call et al., 2015).

4.4.3 Outwelling fluxes of dissolved carbon
derived from the FVCOM model

Using the FVCOM model, we can obtain the average net export
fluxes of DIC and DOC in our study area, which were 411.6 + 311.8
and 104.5 + 145.7 mmol m > d™', respectively. This ratio between
DIC and DOC fluxes was consistent with previous studies (Maher
et al., 2013; Cabral et al., 2021).
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The net DIC fluxes were slightly larger than those in mangroves
in Moreton Bay mangroves, Australia (~250 mmol m™? d’l) (Maher
etal,, 2013). It could be due to the high sedimentation rate and high
TOC content in the study area. The sedimentation rate we
measured based on the *'°Pb model was 0.98 cm year '
(Supplementary Figure S1), consistent with the sedimentation rate
of 0.65-1.10 cm year " in Yingluo Bay (Zhu et al., 2016) and was in
the range of 0.93 to 1.37 cm year " in the northern Beibu Gulf (Gan
etal,, 2013). Such a high sediment rate also explains the young A'*C
age of DIC in tidal creek waters.

We did not analyze the TOC in sediments. A previous study
near the study area showed that the highest TOC content in the
sediment could reach as high as 98.1 g kg™' (Liu et al., 2024). The
average organic carbon content in the 0- to 50-cm soil (28.4 +8.8 g
kg™") was about the same range as in the sediments of Moreton Bay,
Australia (Hayes et al., 2017). If we adopt 28.4 g kg™" as the
representative TOC value, and the average density of soil (2.0 g
cm™>) (Lin et al., 2024), we estimate that annual burial of organic
carbon in the sediment in the ZMNNR is approximately 556.8 g C
m~ year™". This number is consistent with the global accumulated
rate (>200 g C m2 year“l) (Alongi, 2014). The total net export flux
of DIC and DOC was 516.1 mmol m™> d”". The catchment of the
Gaogqiao River within the core region mangrove is approximately 5
x 10° m?, estimated using a simple Google Maps area calculator.
Accordingly, the annual total net fluxes of DIC and DOC from the
core region to Yingluo Bay can be estimated at (1.13 + 1.00) x 10'° g
C year'. The core region area of the Gaogiao mangrove is 7,228
hectares (Zhang and Chen, 2022); therefore, the annual burial
carbon is 4.02 x 10" g C year™". Our initial estimate would be
that 28.1% + 24.9% of total organic matter buried in the sediment in
the ZMNNR was mineralized and outwelled. However, that would
likely overestimate the rate of mineralization, as organic matter
buried in the sediments are relatively refractory, after those labile
components such as carbohydrates have been already decomposed.

An alternative way is to use the ratio of mineralized organic
carbon vs. gross primary productivity (GPP). The globally annual
averaged GPP of mangrove ecosystems varied between 1,971 and
2,100 g C m ™2 year™' (Sun et al., 2024). If we use the average value,
2,035 g Cm > year ', and core region area of 7,228 hectares (Zhang
and Chen, 2022), we can get the average annual GPP at 1.47 x 10'' g
C year™'. Finally, we estimate that 7.7% + 6.8% of the GPP in the
study area was mineralized and outwelled.

4.4 .4 Outwelling fluxes of dissolved nitrogen
derived from the FVCOM model

The flux of nitrate derived from FVCOM was 8.5 + 7.6 mmol
m 2 d”', comparable to those in mangroves in the Oyster Channel
of the Clarence River in Yamba, New South Wales, Australia (8.4
mmol m—>d™) (Wadnerkar et al., 2021). The nitrate concentrations
in creek waters (43.8 = 19.2 uM; Tables 1, 2) were substantially
higher than those in Yingluo Bay seawater (11.4 uM for wet season),
but the ammonium concentrations (3.7 + 2.3 uM; Tables 1, 2) were
slightly lower than that of seawater (6.6 UM for wet season) (Lao
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etal,, 2021). It is most likely that the mangrove-fringed Yingluo Bay
served as a source of ammonium-N to the mangroves, but as a sink
of nitrate.

4.5 The role of freshwater sources

The positive correlations between salinity or sulfate
concentration and tidal height (Supplementary Figures S2A, E)
suggest that incoming seawater controls the large variations in
physiochemical parameters, evidenced in high salinity, high pH,
high D.O., and low DOC at high tide level (Figure 2). However,
neither **Rn (Supplementary Figure S2F) nor DIC (Supplementary
Figure S2G) in tidal creeks in April 2024 had correlations with tidal
height or salinity, suggesting that freshwater sources might play an
important role in this system.

As local bedrock is mainly composed of volcanic rocks and
there is no carbonate rock, freshwater from the Gaoqiao River
contains insignificant DIC to tidal creeks, leading to the
predominance of seawater. As a result, DIC in tidal creeks in
April 2024 varied by only 3% through the tidal cycle (Table 1).
However, decomposition of litter in the upper streams of the river,
local agriculture, and aquaculture effluents provide a significant
source of DOC to the tidal creeks, in addition to organic matter
mineralization in mangrove sediments. That caused +20%
variations in DOC concentrations in tidal creeks thorough the
tidal cycle (Table 2).

4.6 Ecological significance and broader
implications

We have to admit that we did not employ any specific methods
to verify denitrification as the predominant pathway for organic
carbon mineralization in the study area. Future work would need to
incorporate microbial community analysis through DNA
sequencing or isotope tracing. In the study area, untreated
discharge of aquaculture effluents, agriculture runoff, and sewage
into mangroves result in substantially higher nitrate load to the
sediments. On the one hand, mangroves sieve and remove excess
nitrate (NO5”) from the system (Pang and Wang, 2021), reducing
the output of nitrate to coastal habitats (Gonneea et al., 2004), and
thus playing an important role in mitigating eutrophication (Fan
et al., 2024; Xiao et al., 2018). On the other hand, nitrate addition
significantly enhances mineralization of organic matter in
sediments, even at sediment depths typically considered resistant
to decomposition, largely driven by stimulated denitrification
(Bulseco et al., 2019). As a result, long-term blue carbon capacity
is likely further reduced with increasing nitrate load from
anthropogenic activities. We call for improved management of
discharges into mangroves and integrated strategies that account
for the interplay between nitrogen loading and carbon dynamics in
coastal ecosystems.
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5 Conclusion

We conducted a comprehensive study on temporal variations in
DIC, DOG, nitrate, and sulfate in creek and pore waters in response
to tidal cycles, and quantification of the exchange fluxes of DIC,
DOC, and nitrate in the largest mangroves in China. Nitrate
concentrations in tidal creek waters are inversely correlated with
tidal heights, but nitrate in pore waters is always depleted,
suggesting its source from eutrophication in mangroves.
Mineralized organic matter were mainly from terrestrial sources,
evidenced in depleted ">C in both DIC and DOC in tidal creeks, but
no aged organic matter was involved with mineralization. Based on
an FVCOM model, the “outwelling” fluxes of DIC and DOC from
the core region of the ZMNNR to the neighboring Yingluo Bay were
411.6 + 311.8 and 104.5 + 1457 mmol m 2 d°%, respectively,
equivalent to 7.7% * 6.8% of annual gross primary productivity
in the ZMNNR.
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