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Abstract The diverse and productive blue carbon ecosystems (mangrove, seagrass, salt marsh, and
macroalgae) provide many ecosystem services and play an important role in climate change mitigation and
adaptation. However, less is known about how different biogeochemical processes within blue carbon
ecosystems can influence seawater carbonate dynamics especially on the partial pressure of carbon dioxide
(pCO2) and pH. Through underway pCO2 measurements and discrete water samples, we examined the spatial
and temporal distributions of the carbonate system in two tropical mangrove estuaries and one benthic‐
macroalgae‐vegetated lagoon. In early summer, the mangrove estuaries behaved as weak CO2 sources of 2.0–
4.0 mmol m− 2 d− 1, whereas the tropical lagoon became a CO2 sink of − 6.4 mmol m− 2 d− 1. The chemical
stoichiometry, stable carbon isotope, and other geochemical tracers reveal that carbonate dissolution and sulfate
reduction followed by aerobic respiration are dominant controls on carbonate dynamics in mangrove estuaries.
Without alkalinity enhancement driven by carbonate dissolution and sulfate reduction mainly from mangrove
sediments, CO2 emission would be 23 times larger than current observation, and pH would decrease by 0.39
units on an estuary‐wide scale. However, in macroalgae‐inhabited lagoon primary production followed by
carbonate formation could draw pCO2 down to 70 μatm and raise pH to 8.8, which are significantly distinct from
the normal estuarine water. This study demonstrates that lateral export of alkalinity from mangrove sediments
and the in situ metabolism of macroalgae can significantly influence the estuarine air‐sea CO2 flux and
acidification status, and emphasizes the importance of protecting and restoring the blue carbon ecosystems.

Plain Language Summary Blue carbon ecosystems provide vital services and help mitigate climate
change. However, the effect of their internal biogeochemical processes on the coastal carbonate system is poorly
understood. Our study shows that in early summer, waters in two tropical mangrove estuaries released CO2 into
the air, whereas water in the macroalgae‐vegetated lagoon absorbed CO2. In mangrove estuaries, carbonate
dissolution and sulfate reduction (followed by aerobic respiration) primarily control the carbonate dynamics. If
there is no alkalinity enhancement driven by these mangrove sediment processes, CO2 emission would be 23
times higher and the estuary‐wide pH would drop by 0.39 units. In contrast, benthic macroalgae in the lagoon
took up CO2 and raised pH through photosynthesis and carbonate formation. This demonstrates that alkalinity
export from mangrove sediments and the in situ metabolism of macroalgae significantly influence the estuarine
air‐sea CO2 exchange and acidification. Protecting and restoring these blue carbon ecosystems are therefore
essential.

1. Introduction
Estuaries represent a biogeochemical active zone that transforms a significant amount of terrestrial material into
the coastal ocean. Processing of the organic and inorganic carbon usually leads to a strongly heterotrophic water
column and a high carbon dioxide (CO2) emission toward the atmosphere. Although estuaries only account for
0.3% of the global ocean surface area, the estuarine CO2 emissions were estimated as 0.1–0.34 Pg C yr− 1

approximating the CO2 uptake by continental shelves (Cai, 2011; C. T. A. Chen et al., 2013; Laruelle et al., 2013).
However, such estimations have large uncertainties as past studies focused more on smaller river‐dominant es-
tuaries with high pCO2 values (C. T. A. Chen et al., 2013). Large estuaries such as the Chesapeake Bay (B. Chen
et al., 2020), the Delaware Bay (Joesoef et al., 2015), and larger lagoons (Koné et al., 2009) appear to behave as
either a weak CO2 source or even a CO2 sink.
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In addition, unlike the traditional ocean acidification induced by oceanic uptake of anthropogenic CO2, the causes
for coastal/estuarine acidification are more complex. The physical mixing between weakly buffered river water
and well buffered seawater will form a minimum buffering zone that is extra sensitive to acid additions regardless
of the acid source (Cai et al., 2021; X. Hu & Cai, 2013). Moreover, microbial respiration of excessive organic
matter from eutrophication‐induced primary production or nearby wetlands will enhance the acidification in
coastal waters (Cai et al., 2011) seriously threatening the health of calcifying organisms and their habitats. Given
the importance of estuarine CO2 emissions and coastal acidification in the global carbon budget and climate
change, a thorough understanding of carbon cycling in estuaries and the related controlling mechanisms remains a
major challenge, in particular for the tropics, where about 60% of freshwater discharge and riverine total organic
carbon export occur (Borges, 2005).

A wide range of tropical estuaries are accompanied by blue carbon ecosystems such as mangrove and seagrass
beds, which are highly productive with high carbon sequestration rates disproportionate to their areas
(Alongi, 2020). The metabolic activities and related biogeochemistry of these ecosystems can inevitably affect the
carbon flow of the coastal zone. The larger lateral exports of total alkalinity (TA) than dissolved inorganic carbon
(DIC) from mangrove sediments could promote CO2 outgassing within the tidal creeks and create a measurable
localized increase in adjacent coastal ocean pH, which has been previously documented by Sippo et al. (2016) in
their study of Australian mangroves. The strong photosynthesis by seagrass meadows could largely draw down
partial pressure of CO2 (pCO2), and raise pH in the overlying water over days or even months (Chou et al., 2021).
Meanwhile, the calcium carbonate (CaCO3) mineral produced under a high pH environment can either dissolve in
the underlying seagrass sediment or be transported to hypoxic/anoxic bottom water for dissolution, increasing the
capacity to absorb atmospheric CO2 and alleviate pH reduction (J. Su, Cai, Brodeur, Chen, et al., 2020).

For blue carbon ecosystems, previous research has focused on quantifying the carbon stocks and burial rates in
sediments or biomass accumulation (Alongi, 2014). In recent years, many efforts have been made to measure the
CO2 flux at the air‐sea interface (Akhand et al., 2021; Call et al., 2015, 2019; Rosentreter et al., 2018), constrain
the lateral export fluxes of different carbon components to coastal waters (X. Chen et al., 2018, 2021; Ray
et al., 2020; Reithmaier et al., 2020; Santos et al., 2021), and differentiate the dominant metabolic processes for
the outwelled materials (Reithmaier et al., 2023; Rosentreter & Eyre, 2025; Sippo et al., 2016). However, very
few studies have quantitatively linked the specific biogeochemical processes within blue carbon ecosystems to the
dynamics of carbonate parameters in the adjacent coastal waters especially pCO2 and pH (Cotovicz et al., 2020;
Volta et al., 2020). These links are essential to understand in the context of global climate change and declines of
blue carbon ecosystems driven by anthropogenic activities (Fluet‐Chouinard et al., 2023).

To understand how the diverse blue carbon ecosystems influence CO2 emission and ocean acidification in
adjacent coastal waters, we performed field surveys on the carbonate system in three tropical estuaries partially
inhabited by mangroves and benthic macroalgae. Continuous underway pCO2 measurements were conducted to
quantify the CO2 flux at the air‐sea interface. Water column carbonate chemistry, two‐endmember mixing model,
and other geochemical tracers were applied to differentiate the dominant controls on the carbonate system. Based
on the case study of a mangrove estuary (i.e., Qinglan Harbor), we performed a simplified simulation to quantify
how different biogeochemical processes affect pCO2 and pH. Our analysis supports that the blue carbon eco-
systems can significantly modulate estuarine CO2 emission and acidification, providing another valid rationale
for their protection and restoration.

2. Materials and Methods
2.1. Site Descriptions

Located in southern China, Hainan Island is subject to a tropical monsoon climate, and about 80% of the pre-
cipitation occurs in the wet season (May–October). The three tropical estuaries lie on the northeastern and eastern
shores of Hainan Island (Figure 1) with lengths of 12–17 km and surface areas of 23–43 km2. The estuarine
topography is shallow with mean water depths of 1–4 m except for the narrow deep tidal channels with depths
<10 m. The estuaries receive low freshwater discharge with an annual mean of 20–30 m3 s− 1 from nearby small
rivers and are characterized by the irregular semidiurnal tide with a tidal range of ∼1 m. On the broad intertidal
zones, the mangrove coverage areas reach 16.6 km2 in Dongzhai Harbor (20.00°N, 110.57°E) and ∼7.5 km2 in
Qinglan Harbor (19.60°N, 110.82°E) estimated from satellite images (Li et al., 2020). However, in the warm
season, macroalgae can thrive at the bottom water of the southern Xiaohai Lagoon (18.84°N, 110.48°E)
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evidenced by low surface water pCO2 (<200 μatm). All the estuaries are surrounded by many towns with large
populations, thus suffering from intensified anthropogenic perturbations, such as agricultural drainage, domestic
sewage, deforestation, and aquaculture waste (Liang et al., 2022; X. Liu & Ge, 2012; B. Liu et al., 2024). Billions
of funds have been used by the government to remove the breeding ponds and mudflat aquaculture to restore the
blue carbon ecosystems since 2019. More detailed site descriptions can be found in Text S1 in Supporting
Information S1.

2.2. Underway pCO2 Measurements

Cruises were conducted on 10‐m‐long boats in Dongzhai Harbor during flood tide on 20 May, in Qinglan Harbor
during ebb tide on 29 June, and in Xiaohai Lagoon near slack high tide on 3 June 2022 (Figure S1 in Supporting
Information S1). At each sampling campaign, water (∼0.5 m below surface) was pumped continuously to the deck
through a submersible pump and was distributed into three ways for an underway pCO2 system (AS‐P2, Apollo
SciTech) at a flow rate of∼2.2 L min− 1, a multi‐parameter CTD (Ocean Seven 310, IDRONAUT), and a drainage
outlet. The differences in surface water temperature and salinity between the thermosalinograph inside the pCO2

system (SBE45, Sea‐Bird Scientific) and CTD are minor (Figure S2 in Supporting Information S1). The CO2

mole fraction in dry air was detected by the nondispersive infrared (NDIR) spectrometer (LI‐7000, LI‐COR)
approximately every 1.5 min. The NDIR detector was calibrated right before and after the cruise against three or
four CO2 gas standards (200, 400, 601, and 800 ppm), which are certified by the National Institute of Metrology,
China. Atmospheric pCO2 was also determined every 2.5 hr by the same pCO2 system. The underway pCO2

Figure 1. Sampling locations in three tropical estuaries in Hainan Island (a), China. The mangrove forests in Dongzhai
Harbor (b) and Qinglan Harbor (c) are shaded in green colors, whereas the coverage of benthic macroalgae in Xiaohai
Lagoon (d) is shaded in light green. According to the biogeochemical characteristics, the underway data are separated by the
dotted lines into several domains, which are labeled by red numbers.
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measurement has a precision of 0.1 μatm and an overall accuracy within 2 μatm. The dissolved oxygen (DO)
optical sensor of CTD has a precision better than 0.025 mg L− 1 and an initial accuracy of 0.1 mg L− 1. The
precision and accuracy for pH sensor of CTD are 0.0001 and 0.01 units. Note that pH was also calculated from
measured DIC and TA from discrete water samples on the National Institute of Standards and Technology scale
via CO2SYS program (Xu et al., 2017). Calibrations of both sensors were carried out as described in the operator's
manual before the cruises.

2.3. Discrete Sample Collection and Analysis

All discrete samples were taken above 5 m depth, and 88% of all were collected at the surface layer (<1 m) using a
5 L transparent acrylic water sampler. The practical salinity was measured by a salinometer (HI98192, HANNA
instruments) with a precision of 0.01. The DIC and TA samples were collected in one 250 mL borosilicate glass
bottle and preserved with 50 μL saturated HgCl2 solution. These samples were first measured by a NDIR analyzer
(AS‐C3, Apollo SciTech) for DIC concentration and then were analyzed by Gran titration in an open‐cell setting
(AS‐ALK2, Apollo SciTech) for TA concentration (Huang et al., 2012). The precision for triplicated DIC and
duplicated TA analysis was ±0.1%. Both DIC and TA measurements were calibrated against certified reference
materials from Andrew Dickson of the University of California at San Diego. Wemeasured δ13C‐DIC samples by
coupling a pretreatment device (AS‐D1, Apollo SciTech) and a cavity ring‐down spectrometer detector (G2131‐i,
Picarro) (J. Su et al., 2019). Each sample has two to three repeat runs with a precision better than 0.1‰. Three
NaHCO3 solutions with known δ13C‐DIC values (− 12.20, − 8.62, 0.84‰) were used as homemade standards to
perform calibrations. We measured Ca2+ samples using an auto‐titration technique modified from Kanamori and
Ikegami (1980) with a precision better than 0.1%.

2.4. Estimation of the Air‐Sea CO2 Flux

CO2 fluxes in units of mmol m− 2 d− 1 were estimated based on the following equation:

F = k × K0 × (pCOwater
2 − pCOair

2 ) (1)

where k is the gas transfer velocity of CO2 in cm h− 1,K0 is the solubility of CO2 in mol kg− 1 atm− 1 (Weiss, 1974),
and pCOwater

2 and pCOair
2 are in situ pCO2 in surface water and cruise mean atmospheric pCO2 in μatm. A positive

value indicates net flux from water to air. The k in coastal estuaries is affected by many factors, such as wind
speed, current velocity, and water depth and seems site‐specific (Borges et al., 2004; Ho et al., 2016; Rosentreter
et al., 2017). Unfortunately, we did not collect the current velocity data. Instead, three different empirically
derived k models based on wind speed were used to provide a possible range in CO2 flux. The k600 parameter-
ization of Raymond and Cole (2001) (RC01) was derived from many studies in rivers and estuaries using floating
chamber and gas tracers.

k600(R01) = 1.91e0.35U10 (2)

The U10 is the wind speed at 10 m above the sea surface. The wind‐speed k600 relationship proposed by Borges
et al. (2004) (B04) was derived from a large set of flux measurements made by floating chamber in a macrotidal
estuary.

k600(B04) = 1.0 + 2.58U10 (3)

The k600 model of Jiang et al. (2008) (J08) was produced by regressing the literature data in coastal environments.

k600(J08) = 3.990 − 0.436U10 + 0.314U2
10 (4)

In addition, we applied another two k parameterizations of Wanninkhof (1992) (W92) and Wanninkhof (2014)
(W14) derived for oceanic water to make a comparison with previous studies (C. T. A. Chen et al., 2013;
Cotovicz, Knoppers, et al., 2021; Cotovicz, Ribeiro, et al., 2021).
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k(W92) = 0.31U2
10 (

Sc
660

)

− 0.5

(5)

k(W14) = 0.251U2
10 (

Sc
660

)

− 0.5

(6)

Sc is the Schmidt number calculated from in situ temperature and salinity (Wanninkhof, 2014). The hourly wind
speed data at the nearest meteorological stations were converted to wind at 10 m after the logarithmic correction
U10 =

Uz
0.097× ln( z10) + 1, where z is the height of wind sensor above the sea level, andUz is the measured wind speed

(Kremer et al., 2003).

To better understand the high spatial heterogeneity in estuarine air‐sea CO2 exchange, we divided the estuaries
into several domains according to the pCO2 level and the estuarine geometry. Then, we averaged all CO2 flux
measurements within each domain to derive their representative fluxes. Finally, the area‐weighted CO2 flux (FA)
for the entire estuary was calculated by the following equation:

FA =
∑(Fi × Ai)
∑Ai

(7)

where i is the positive integer number, thus Fi and Ai denote the representative CO2 flux and surface area within
domain i.

2.5. Two‐Endmember Mixing Model

Considering the overall increasing patterns of concentrations of chemical solutes against salinity, we adopted a
two‐endmember mixing model to evaluate the carbonate changes and the related biogeochemical activities. The
determination of endmember values was described in Text S2 in Supporting Information S1. Using salinity as a
conservative tracer, the mixing fractions between river water and seawater for each discrete sample can be
calculated by Equations 8 and 9:

fRI + fSW = 1 (8)

SRI × fRI + SSW × fSW = Smeas (9)

S means salinity, f represents the mixing fraction, the subscripts RI and SW indicate the river and seawater
endmembers, and meas is the measured value. These fractions were used to predict the conservative concentration
of chemical solutes ([X]Mix) merely resulting from two endmember mixing:

[X]Mix = [X]RI × fRI + [X]SW × fSW (10)

where X could be DIC, TA, or Ca2+. The total nonconservative concentration of chemical solutes (∆[X]) is
defined as the difference between the measured value and conservative mixing value for which positive means
addition and negative means removal:

∆[X] = [X]meas − [X]Mix (11)

2.6. Deviations of DIC and Its Stable Isotope

Regarding DIC composition as an example, the conservative mixing values of DIC and δ13C‐DIC are calculated
below:

DICMix = DICRI × fRI + DICSW × fSW (12)

δ13C‐DICMix =
δ13C‐DICRI × DICRI × fRI + δ13C‐DICSW ×DICSW × fSW

DICRI × fRI + DICSW × fSW
(13)
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Since the biogeochemical processes that change DIC may have distinct δ13C sources and isotopic fractionation, it
is advantageous to utilize both DIC and δ13C‐DIC to distinguish them. Using an approach similar to Alling
et al. (2012) and Samanta et al. (2015), the fractional deviations of DIC and δ13C‐DIC relative to the conservative
mixing values were computed according to the following equations:

RDIC =
DICmeas − DICMix

DICMix
=

∆DIC
DICMix

(14)

∆δ13C‐DIC = δ13C‐DICmeas − δ13C‐DICMix (15)

The errors of ∆[X], RDIC, and ∆δ13C‐DIC were propagated from the uncertainties of endmember values and
sample measurement according to Taylor's expression (Taylor, 1997). In a plot of ∆δ13C‐DIC against RDIC, the
slopes of the vectors that different biogeochemical processes drive the data apart from the origin can be calculated
as shown in Text S3 in Supporting Information S1. Note that the data points could be influenced either by one
single process (vector) or by multiple processes in sequence (vectors).

2.7. Simulations of pCO2 and pH

For simplicity, we separated the total nonconservative [X] (DIC or TA) into four components:

∆[X]Total = ∆[X]AS + ∆[X]AR + ∆[X]SR + ∆[X]CD (16)

where the subscripts AS, AR, SR, and CD denote air‐sea CO2 exchange, aerobic respiration, sulfate reduction,
and CaCO3 dissolution, respectively. The amount of nonconservative DIC caused by CO2 outgassing can be
calculated by the equation ∆DICAS =

Flux×T f
H , where Flux is the CO2 flux calculated from pCO2, Tf means the

flushing time, andH is the average water depth. Note that air‐sea CO2 exchange does not affect TA. The apparent
oxygen utilization (AOU, the difference between saturated DO and measured DO) was used to estimate the
∆[X]AR according to the chemical stoichiometry (AOU: ∆DIC:∆TA = 138:106:(− 17)). Then, the sum of ∆[X]SR
and ∆[X]CD is calculated as the residue of the above equation and defined as ∆[X]* (i.e., ∆DIC* or ∆TA*).

∆DIC∗ = ∆DICTotal − ∆DICAS − ∆DICAR (17)

∆TA∗ = ∆TATotal − ∆TAAR (18)

Assuming the stoichiometric ratios of ∆TA/∆DIC for SR (1.142) and CD (2) are valid (Cai et al., 2017), we used x
and y to represent the quantities of DIC addition via SR and CD, respectively, so the TA changes equal to 1.142x
for SR and 2y for CD.

∆DIC∗ = x + y (19)

∆TA∗ = 1.142x + 2y (20)

Therefore, the nonconservative DIC and TA contributed by SR and CD can be resolved. To understand how
different biogeochemical processes affect pCO2 and pH in estuarine water, we simulated the pCO2 and pH dy-
namics in an accumulative manner based on the evolution of DIC and TA from component processes. Finally, the
changes in pCO2 and pH for each process are defined as the differences between any two sequential curves.

3. Results
3.1. Spatiotemporal Distributions of Surface Water Properties

Tidal movement significantly influences the spatial distributions of physicochemical water parameters in shallow
tropical estuaries. In Dongzhai Harbor, the boat departed the wharf just after the low tide (Figure S1a in Sup-
porting Information S1), when the estuarine water went outside farthest away from the estuary. As we went
outside to the coastal sea, we observed typical patterns of increasing salinity, DO, pH, and decreasing pCO2

(Figure 2). When we came back to the estuary entrance (station P12), the water height approached the high tide
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stage. At the repeated tracks near the estuary entrance, salinity, DO, and pH increased by 42%, 14%, and 3%,
respectively, and pCO2 decreased by 44% due to the intensified seawater intrusion into the estuary. Compared

Figure 2. Spatial distributions of surface seawater temperature (SST) (a), salinity (SSS) (b), partial pressure of CO2 (pCO2)
(c), the difference between observed pCO2 and atmospheric CO2 (∆pCO2) (d), pH (e), and dissolved oxygen (DO) (f) in the
Dongzhai Harbor and the adjacent coastal sea on 20May 2022. In panel (a), the yellow star shows the starting and ending site
during this cruise, whereas the dotted polyline and arrows represent the cruise track where the underway instrument failure
occurred.
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with the signals at the entrance, the medium salinity, slightly lower DO and pH, and slightly higher pCO2 at the
central estuary indicate limited influence from the surrounding rivers during high tide except the site D8 near the
mouth of Zhuxi River.

The cruise in Qinglan harbor started at the high tide and ended just before the low tide (Figure S1b in Supporting
Information S1). In general, salinity increased from the upper estuary to the coastal sea but varied substantially at
the middle estuary due to the stronger interaction of freshwater input and tidal movement (Figure 3b). One of the
supports is that the water with low pCO2 in the northern estuary probably flew toward estuary mouth during ebb
tide (Figure 3c) resulting in the decreases of salinity and pCO2 by 18% and 13%, respectively. The quick changes

Figure 3. Spatial distributions of SST (a), SSS (b), pCO2 (c), ∆pCO2 (d), pH (e), and DO (f) in the Qinglan Harbor on 29 June
2022.
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in spatial distributions of water properties represent the high physical and biogeochemical heterogeneities in
estuarine regions.

Since the entire sampling campaign was undertaken almost during the high tide (Figure S1c in Supporting In-
formation S1) and the hydrological settings of Xiaohai Lagoon are more confined, the patterns of water properties
were generally similar during the forward and backward cruise tracks (Figure 4). Salinity decreased from north to
south along with a short transition zone in the middle lagoon, whereas water temperature increased southward.
The pCO2 reached a maximum in the middle lagoon and decreased toward the estuary mouth, where pCO2 was
slightly higher than the atmospheric pCO2. However, water characterized with low pCO2 down to 70 μatm, high
DO and pH up to 293 μmol kg− 1 and 8.83 covered a wide region of the southern lagoon, indicating there existed
strong photosynthesis, which consumed CO2 and hydrogen ions to produce oxygen and organic matter.

Figure 4. Spatial distributions of SST (a), SSS (b), pCO2 (c), ∆pCO2 (d), pH (e), and DO (f) in the Xiaohai Lagoon on 3 June
2022. Note that discrete water samples were taken during June 1–3; however, the underway measurements were performed
only on 3 June.
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3.2. Air‐Sea CO2 Flux

According to the air‐sea pCO2 gradients (Table S1 in Supporting Information S1), most of the area of the two
mangrove estuaries are net sources to the atmospheric CO2, whereas the lagoon generally behaves as a CO2 sink.
The average wind speed in Xiaohai Lagoon (4.4 m s− 1) is nearly twice as high as that in mangrove estuaries (2.1–
2.6 m s− 1) (Table 1). The average gas transfer velocities estimated by estuarine models (4.4–12.4 cm hr− 1) are
comparable to previous studies (Rosentreter et al., 2018) and are significantly higher than that estimated by
oceanic parameterizations (1.6–6.6 cm hr− 1). Therefore, we take the average of the fluxes estimated by the three
estuarine models (RC01, B04, and J08) to represent the air‐sea CO2 fluxes in the three estuaries. The CO2

emission in Dongzhai Harbor (4.0 ± 1.3 mmol m− 2 d− 1) is twice higher than that in Qinglan Harbor
(2.0 ± 0.3 mmol m− 2 d− 1), whereas the magnitude of CO2 sink in Xiaohai Lagoon is 6.4 ± 3.0 mmol m− 2 d− 1.

3.3. Carbonate Dynamics in the Water Column

Significant vertical gradients of salinity (>3) were only observed close to the river mouth (e.g., D10‐11, Q6‐7) or
in the deep channel (e.g., Q9‐11), indicating that most of the water column was thoroughly mixed across the three
shallow tropical estuaries. The ranges of DIC and TA in the river end were generally larger than that in the
seawater end along with an increasing pattern different from the linear line (Figure 5) especially in Qinglan
Harbor and Xiaohai Lagoon, suggesting nonconservative behaviors driven by external inputs or internal
biogeochemical activities (Cai & Wang, 1998).

To evaluate the carbonate dynamics over an estuary‐wide scale, we applied a two‐endmember mixing scheme
between river water and offshore seawater (Table 2). In Dongzhai Harbor, moderate additions of DIC (25.6–
92.6 μmol kg− 1) and TA (− 5.3–76.6 μmol kg− 1) were observed in the high salinity region (Figure 6a). In Qinglan
Harbor, both ∆DIC and ∆TA reached a peak (256.5 and 359.1 μmol kg− 1) at salinity ∼8 and decreased to zero
toward river and ocean ends (Figure 6b). In Xiaohai Lagoon, DIC and TA were moderately added in the northern
lagoon but strongly removed in the southern lagoon (Figure 6c). Note that the removal of DIC
(<301.4 μmol kg− 1) is much larger than TA (<90.6 μmol kg− 1) in the southern lagoon, which is quite different
from the two mangrove estuaries. For the two mangrove estuaries, the ratio of ∆TA/∆DIC significantly increased
from inside (0.67) to outside (1.96) Dongzhai Harbor (Figure 6d) while it kept consistent (1.50) throughout the
Qinglan Harbor (Figure 6e). The ratio of ∆TA/∆DIC in the northern Xiaohai Lagoon (0.72) is close to that inside
Dongzhai Harbor but is significantly larger than that in the southern lagoon (0.24 on June 1, 0.29 on June 3)
(Figure 6f).

The δ13C‐DIC in three tropical estuaries generally fall within the ranges of that in a large subtropical estuary, that
is, the Pearl River Estuary (J. Su et al., 2017) but show some systematic differences probably due to different
natural and anthropogenic forcings in each estuarine system (Figures 7a–7c). All the observed Ca2+ concen-
trations are lower than those in the northern South China Sea shelf water (Cao et al., 2011) (Figures 7d–7f),
indicating that the physical and biogeochemical controls on Ca2+ dynamics are more complex and intensive in the
estuary than in the shelf.

Table 1
Summary of Calculated Mean ± SD Values for Wind Speed (U10, m s− 1), Gas Transfer Velocity (k600, cm hr− 1), and Air‐Sea
CO2 Flux (mmol m

− 2 d− 1) in Each Estuary

Parameterizations

Dongzhai Harbor Qinglan Harbor Xiaohai Lagoon

U10 k600 Flux U10 k600 Flux U10 k600 Flux

W92a 2.1 ± 1.2 2.0 ± 1.5 0.8 ± 0.5 2.6 ± 0.2 2.2 ± 0.4 0.7 ± 0.2 4.4 ± 0.9 6.6 ± 2.6 − 3.8 ± 4.9

W14a 1.6 ± 1.2 0.7 ± 0.4 1.8 ± 0.3 0.6 ± 0.2 5.4 ± 2.1 − 3.1 ± 4.0

RC01 4.4 ± 1.6 3.3 ± 1.7 4.7 ± 0.3 1.6 ± 0.4 9.5 ± 3.0 − 5.8 ± 5.8

B04 6.5 ± 3.2 3.8 ± 2.7 7.7 ± 0.5 2.6 ± 0.7 12.4 ± 2.4 − 8.1 ± 5.3

J08 5.0 ± 0.9 4.8 ± 2.2 5.0 ± 0.3 1.7 ± 0.5 8.5 ± 2.2 − 5.4 ± 4.4
aThe conversion from k660 to k600 needs a multiplication of 1.049 assuming the dependence of gas transfer velocity on
Schmidt number scales to Sc− 0.5.
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In mangrove estuaries, the majority of the deviations of DIC concentration
(RDIC) and δ13C‐DIC lie on the fourth quadrant, whereas part of the data fall
onto the first quadrant, suggesting the functioning of organic matter degra-
dation and CaCO3 related processes (Figures 8a and 8b). With a smaller
magnitude, the data in northern Xiaohai Lagoon distribute in a similar pattern
with Qinglan Harbor (Figure 8c). However, the data in southern lagoon lie on
the second quadrant, indicating the involvement of primary production and
CaCO3 formation. The CO2 outgassing is excluded as the southern lagoon
acted as a strong sink for atmospheric CO2. Relative to the conservative
mixing lines, both the addition (positive value) and removal (negative value)
of Ca2+ (∆Ca2+) can be found in the three estuaries, though they occurred in
different salinity domains with different magnitudes (Figures 8d–8f).

4. Discussion
The metabolic activities and the related biogeochemistry in blue carbon
ecosystems can influence the carbonate dynamics of the coastal zone. For
instance, the anaerobic respiration in mangrove sediments can produce
more TA than DIC (Saderne et al., 2021; Sippo et al., 2016), which can be
exported to the adjacent estuaries/coastal sea via tidal pumping (X. Chen
et al., 2018; Faber et al., 2014; Maher et al., 2013). Effective CO2 out-
gassing within the mangrove creek increases the content of carbonate ions
([CO3

2− ] ≈ [TA‐DIC]) outwelled to the coastal water (X. Chen
et al., 2021; L. Xue & Cai, 2020). The strong photosynthesis coupled with
CaCO3 formation can decrease both DIC and TA within seagrass beds (J.
Su, Cai, Brodeur, Chen, et al., 2020). The changes in DIC and TA could be
transferred to the variations in pCO2 and pH and be quantified via the
program CO2SYS. In the following sections, we estimated the air‐sea CO2

fluxes in each estuary, applied multiple approaches to constrain the major
controls on the carbonate system, and quantified how each biogeochemical
process affects coastal pCO2 and pH.

4.1. CO2 Emission in Mangrove Estuaries and Uptake in a Tropical
Lagoon

The air‐sea CO2 flux in estuarine waters is highly variable in different spatial
and temporal scales (Maher et al., 2015), which is evidenced by the range of
∆pCO2 (− 271~182 μatm) in different domains of the three estuaries (Table
S1 in Supporting Information S1), and the distinct water properties in the
revisited cruise track at different tidal stages (Figures 2 and 3). Through
calculating the area‐weighted CO2 flux rather than simply taking the average
of the whole data set, we can know more about the status of atmospheric CO2

source/sink in each estuarine domain and finally get a flux number more
representative to the entire estuary (Guo et al., 2009). Another uncertainty in
estimating CO2 flux stems from the application of different gas transfer ve-
locity models. Previous studies have demonstrated that in addition to wind
speed, the current generated turbulence may become the main driver con-
trolling k and enhance the air‐sea exchange rate in shallow coastal waters
(Rosentreter et al., 2017). Due to the lack of the current velocity data, we
utilized multiple wind‐k models to constrain the estuarine CO2 flux and found
that the k estimated by estuarine parameterizations were significantly higher

than that calculated by oceanic parameterizations especially when the wind speed is low (Table 1). Although the
estimated estuarine k fall within the previous studies (Ho et al., 2014; Jiang et al., 2008; Rosentreter et al., 2017,
2018), the measurements of site‐specific k is recommended in the highly dynamic tidal estuarine ecosystems.

Figure 5. Distributions of DIC and TA against salinity in Dongzhai Harbor
(a), Qinglan Harbor (b), and Xiaohai Lagoon (c). The two endmembers
(solid triangles) were used to derive the conservative mixing lines (solid
lines).
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The area‐weighted mean CO2 emission rate to the atmosphere was 2.0–4.0 mmol m− 2 d− 1 in the two mangrove
estuaries. This result is much lower than the global mean CO2 flux density (43–72 mmol m− 2 d− 1) in mangrove
waters (Rosentreter et al., 2018). Also, it is about one order of magnitude lower than the median CO2 flux density
(∼30 mmol m− 2 d− 1) of the tidal systems/deltas in the East Asia. The lower CO2 fluxes in Dongzhai Harbor and
Qinglan Harbor can be attributed to (a) that the study sites are more representative of marine systems with a
smaller air‐sea gradients of pCO2 relative to other mangrove waters (Call et al., 2015), and (b) that the gas transfer
velocity may be underestimated by the estuarine parameterizations solely based on wind speed (Ho et al., 2014,
2016), and (c) that the wind speed was relatively low during cruises (Jiang et al., 2008).

In a most recent review, global lagoons account for 25% of the surface areas in estuaries and generally behave as a
CO2 source to the atmosphere with a global median CO2 flux density of 16.1 mmol m− 2 d− 1 (Rosentreter
et al., 2023). The area‐weighted mean CO2 flux was − 6.4 mmol m− 2 d− 1 in Xiaohai Lagoon. The magnitude of
CO2 flux is about one third of global median value with an opposite direction for gas exchange. However, this rate
is comparable to the oligohaline Aby Lagoon of Ivory Coast (West Africa) with an annual CO2 sink of
− 7.4 mmol m− 2 d− 1 (Koné et al., 2009), three geomorphically distinct autotrophic Australian estuaries with an
annual CO2 flux density range of − 1.1 ∼ − 5.5 mmol m− 2 d− 1 (Maher & Eyre, 2012), and the eutrophic hy-
persaline Araruama Lagoon (Southeast Brazil) with an annual CO2 sink of − 7.6 ∼ − 10.4 mmol m− 2 d− 1

(Cotovicz, Knoppers, et al., 2021). It's essential to include the CO2 sinks of autotrophic lagoons/estuaries in
global estimate of the estuarine air‐sea CO2 flux, otherwise, the flux may be over‐estimated.

4.2. Biogeochemical Drivers of TA and DIC Dynamics

The chemical stoichiometry either between the salinity normalized TA and DIC (Reithmaier et al., 2020;
Rosentreter & Eyre, 2025; Santos et al., 2019; Sippo et al., 2016) or between the nonconservative TA and DIC
(∆TA/∆DIC) (Cabral et al., 2021; Cotovicz, Ribeiro, et al., 2021; Thibault de Chanvalon et al., 2023) is widely
used to uncover the biogeochemical drivers of TA and DIC dynamics in the coastal environments especially the
mangrove tidal creeks and estuaries. This stoichiometric ratio is a combined result of different pathways of
organic matter remineralization, which have specific slope values (e.g., aerobic respiration (AR) = − 0.16,
denitrification= 0.94, MnO2 reduction= 4.14, FeOOH reduction= 8.14, and sulfate reduction (SR)= 1.14) (Cai
et al., 2010). Also, the formation or dissolution of CaCO3 can remove or add TA and DIC with a ratio of 2. To
overcome the limitation of this stoichiometric method (Yin et al., 2024), we incorporate many other parameters to
acquire a more robust understanding of the biogeochemical controls on TA and DIC.

4.2.1. Dongzhai Harbor

In Dongzhai Harbor, the mild oxygen deficit (<30 μmol kg− 1) and pCO2 oversaturation (<200%) suggest the
small contribution of aerobic respiration and CO2 outgassing to the changes of carbonate system. Due to the
abundance of seawater sulfate and the high organic matter content in mangrove sediment, sulfate reduction is
usually the dominant anaerobic respiration pathway for TA and DIC production, assuming that part of the sulfide
is trapped in the sediment as pyrite (Borges et al., 2003; Bouillon et al., 2007; Reithmaier et al., 2021). The
additions of TA and DIC and their ratio (0.67) inside Dongzhai Harbor indicate the involvement of aerobic
respiration and sulfate reduction (Figures 6a and 6d). Moreover, the majority of the deviations of DIC

Table 2
Summary of Endmember Values of Salinity, DIC, TA, Ca2+, δ13C‐DIC, and Their Uncertainties

Endmembers Regions Salinity (psu) DIC (μmol kg− 1) TA (μmol kg− 1) Ca2+ (μmol kg− 1) δ13C‐DIC (‰)

Riverine Dongzhai Harbor 0.00 1070.8 (±41.9)a 844.6 (±50.9)a 196 (±5) − 10.2 (±0.1)

Qinglan Harbor 0.05 (±0.01) 536.1 (±2.0) 388.2 (±2.0) 136 (±5) − 14.2 (±0.1)

Xiaohai Lagoon 0.00 776.7 (±23.8)a 674.7 (±18.2)a 482 (±5) − 12.6 (±0.1)

Offshore Dongzhai Harbor 33.67 (±0.07)b 1921.8 (±9.2)b 2227.0 (±7.4)b 9553 (±5) − 0.9 (±0.1)

Qinglan Harbor 33.67 (±0.07) 1921.8 (±9.2) 2227.0 (±7.4) 9474 (±5) − 1.1 (±0.1)

Xiaohai Lagoon 33.67 (±0.07) 1921.8 (±9.2) 2227.0 (±7.4) 9439 (±5) − 0.2 (±0.1)
aThe discharge‐weighted composite river endmembers were derived from the effective concentration method (see Text S2 in
Supporting Information S1). bCited from Guo and Wong (2015).
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concentration (RDIC) and δ13C‐DIC in Dongzhai Harbor lie on the fourth quadrant (Figure 8a), which can be seen
as the combined results of aerobic respiration and sulfate reduction. Previous studies indicate that minor or no
isotopic fractionation occurs during these two degradation pathways (J. Su, Cai, Brodeur, Hussain, et al., 2020).
Therefore, these two processes would share the same vectors and cannot be differentiated.

The data on the left and right sides of the degradation vectors suggest that CaCO3 precipitation and dissolution
may occur, which is confirmed with the positive and negative nonconservative Ca2+ (Figure 8d). The Ca2+

additions probably stem from carbonate dissolution in the high organic content mangrove sediments, where the

Figure 6. Distributions of nonconservative DIC and TA against salinity (a–c) and their ratios (d–f). Note that in panel (f), the space is too crowded to add the names of
processes, which can be referred to panels (d) and (e) in a similar order. Two data points inside the dashed circle are not included in the linear regression. The errors of
∆DIC and ∆TA were propagated from the uncertainties of endmember values and sample measurement according to Taylor's expression (Taylor, 1997).
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CO2 and acids produced by aerobic and anaerobic respiration can promote the dissolution of CaCO3 (Reithmaier
et al., 2023). However, Ca2+ removal may reflect the perturbations from human aquaculture activity, because the
intertidal zone of Dongzhai Harbor is an important mariculture base for bivalves and the growth of shells would
consume Ca2+. The ratio of ∆TA/∆DIC significantly increased outside Dongzhai Harbor (1.96) because estu-
arine water flew in a clockwise direction that went through the mangroves located in the southern and western
estuary and finally arrived in the adjacent coastal sea, and mangroves could export more TA than DIC to the
nearby water body via tidal pumping (Sippo et al., 2016). The higher ∆TA/∆DIC ratio may reflect additional
contribution from metal oxide reductions (Kristensen et al., 2000).

Figure 7. Distributions of δ13C‐DIC (a–c) and Ca2+ concentration (d–f) against salinity. The solid curves indicate the
conservative mixing lines between river water and offshore seawater. Cited from J. Su et al. (2017), the gray open circles are
δ13C‐DIC data collected in the lower reach of Pearl River Estuary and the adjacent coastal sea in July 2014. As a reference,
the dashed line represents the Ca2+‐salinity relationships (Ca2+ = 273 × Salinity + 675, n = 163, r = 0.99) for the northern
South China Sea shelf waters cited from Cao et al. (2011).
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4.2.2. Qinglan Harbor

Also as a mangrove estuary, Qinglan Harbor has larger additions of TA and DIC but a lower ∆TA/∆DIC ratio
(1.50) compared with that outside Dongzhai Harbor (1.96) (Figures 6b and 6e). Nearly half of the data (∆δ13C‐

Figure 8. Deviations of δ13C‐DIC and concentrations of DIC (a–c) and Ca2+ (d–f) relative to their respective conservative mixing lines. The origins in panels (a–c)
indicate the data only controlled by the conservative mixing. The four vectors (TS, TR, MS, and MR) indicate the effects of degradation of organic carbon, which are
determined by the sources of organic carbon (T: terrestrial source; M: marine source) and the initial DIC and δ13C‐DIC composition in the water (S: seawater; R: river
water). The four vectors (DS, DR, PS, and PR) denote the dynamic change of CaCO3 mineral (D: dissolution; P: precipitation), which depend on the δ13C of CaCO3 and
the δ13C‐DIC of seawater (S) and river water (R). In panels (d–f), positive means addition while negative indicates removal of Ca2+. The errors of ∆δ13C‐DIC, RDIC, and
∆Ca2+ were propagated from the uncertainties of endmember values and sample measurement according to Taylor's expression (Taylor, 1997).
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DIC vs. RDIC) fall within the area between organic matter degradation and carbonate dissolution, and the other
half lies in the area of carbonate dissolution, indicating the role of carbonate dissolution may surpass aerobic
respiration or sulfate reduction (Figure 8b). The ∆Ca2+ was minor in the river and ocean ends but reached peak
value around salinity 8 (Figure 8e). The co‐occurrence of large additions of Ca2+, DIC, and TA as well as 226Ra
(N. Su et al., 2011), near the river mouths surrounding by mangroves (i.e., stations Q8, WJ‐3, and Q2) indicates
that submarine groundwater discharge or porewater exchange plays an important role in delivering the chemical
solutes within mangrove sediments to the estuary (Saderne et al., 2021; Sippo et al., 2016). Given the high
percentage of fine particles ((clay+ silt)% equals to 35%–94%) in Qinglan mangrove sediments (Bao et al., 2013),
the fresh groundwater discharge from the land side would be minor due to the low permeability, whereas
recirculated seawater discharge to the seaside might dominate because of the ubiquitous animal burrows in
mangrove sediments (X. Chen et al., 2018; Santos et al., 2012). By increasing the sediment‐water interface area,
the burrows can not only enhance the remineralization of organic matter and the release of nutrients and metals
but also facilitate sediment‐water exchange through multiple physical drivers such as bioirrigation and convective
transport (Tait et al., 2016). Unlike the previous studies (N. Su et al., 2011; Wu et al., 2021), we focus more on
carbonate dynamics of estuarine waters, thus characterizing the chemical solutes of porewater or groundwater and
quantifying their specific fluxes are beyond the scope of our study.

A recent study has demonstrated that restoring mangroves can trap carbonate from elsewhere (i.e., allochthonous
carbonates) resulting in high‐carbonate‐content sediments, where alkalinity production is enhanced by the
increased rates of anaerobic respiration (e.g., sulfate reduction) and CaCO3 dissolution (Fakhraee et al., 2023).
Considering fringing coral reefs grow a few hundred meters off Qinglan Harbor and abundant debris of coral
skeleton are seen on a beach∼5 km southwest to the mouth of Qinglan Harbor, the carbonate content of mangrove
sediments should be high enough to support the strong carbonate dissolution there. Therefore, we speculate that at
least four processes including aerobic respiration, CO2 outgassing, carbonate dissolution, and sulfate reduction
contribute to the changes of TA and DIC (Reithmaier et al., 2023), and data simulations were made to decompose
the fractions from multiple processes later (see Section 4.3).

4.2.3. Xiaohai Lagoon

In the northern Xiaohai Lagoon, the ratio of ∆TA/∆DIC (0.72) is close to that inside Dongzhai Harbor (0.67)
(Figures 6d and 6f), and the majority of the data (∆δ13C‐DIC vs. RDIC) lie on Quadrant 4 (Figure 8c), indicating a
combined effect of organic matter degradation and carbonate dissolution. The ∆Ca2+ reached a maximum value
(194 μmol kg− 1) at station L5 around salinity 32.7 and decreased abruptly toward the lagoon mouth (33.4).
Similar decreasing trends within such a narrow salinity range were also found for ∆DIC and ∆TA with much
smaller ranges (38–93 and 5–34 μmol kg− 1, respectively), indicating limited CaCO3 dissolution occurred there.
The large excess Ca2+ could come from the other source, anthropogenic CaCl2, which is prevalent in ice‐making,
defogging, and dust control in fishery harbors with dense human populations. There are three ice‐making plants
∼5 km to the northwest of station L5, suggesting that the anthropogenic perturbation could be significant at a local
scale.

In the southern lagoon, the significant removal of TA and DIC and their ratio (0.24 on June 1, 0.29 on June 3)
suggest the possible involvement of primary production and CaCO3 formation (Figures 6c and 6f). The majority
of data (∆δ13C‐DIC vs. RDIC) fall onto Quadrant 2 (Figure 8c), indicating that primary production plus carbonate
formation rather than CO2 outgassing are the main controls of DIC and δ13C‐DIC. Furthermore, the extremely
low pCO2, high DO, and pH confirm strong photosynthesis driven by macroalgae beds (Figures 4c–4f), whereas
the removal of Ca2+ and the relatively high CaCO3 saturation index (Ωcalcite > 3.0) confirm the occurrence of
CaCO3 formation (Figure 8f). This phenomenon is also found in a eutrophic hypersaline lagoon, where the CO2

uptake by phytoplankton photosynthesis accounts for∼60% of DIC reduction, whereas the remaining is attributed
to CaCO3 precipitation (Cotovicz, Knoppers, et al., 2021). Previous studies have demonstrated that
photosynthesis‐induced high‐pH and high‐Ω conditions could enhance biogenic calcification and abiotic CaCO3

precipitation within the submerged aquatic vegetation beds (Enríquez & Schubert, 2014; J. Su, Cai, Brodeur,
Chen, et al., 2020).

Journal of Geophysical Research: Oceans 10.1029/2025JC023089

SU ET AL. 16 of 22

 21699291, 2025, 9, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2025JC

023089 by X
iam

en U
niversity, W

iley O
nline L

ibrary on [09/09/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



4.3. Evolution of CO2 Flux and Coastal Acidification Along the Salinity Gradient

To quantify how blue carbon ecosystems modulate the air‐sea CO2 flux (i.e., pCO2) and coastal acidification (i.e.,
pH) in tropical estuaries, we choose Qinglan Harbor as an example because it suffers from minor anthropogenic
influence but significant material export from mangroves during the estuarine mixing. Assumptions are made to
simplify the simulations of carbonate parameters. First, we adopt the existing two‐endmember mixing scheme in
Qinglan Harbor as a baseline. Second, we force the total nonconservative DIC and TA to peak at salinity 8
(257 μmol kg− 1 for ∆DICTotal and 359 μmol kg− 1 for ∆TATotal) and decrease to zero toward river and ocean ends
as we observed. Third, we set the changes of TA and DIC induced by air‐sea CO2 exchange and aerobic
respiration as constants throughout the estuary.

Although there is a high spatial heterogeneity in CO2 oversaturation and DO deficit in Qianlan Harbor, they only
alter small amount of TA and DIC over the entire estuary. Given the estuary‐wide CO2 flux is 2.0 mmol m− 2 d− 1,
the flushing time is 3.9 days (N. Su et al., 2011), and the mean water depth (H) is 1.0 m, the amount of DIC altered
by CO2 emission could be computed by ∆DICAS =

Flux×T f
H = − 7.7 μmol kg− 1, which is ∼0.5% of the estuarine

DIC (Figure 5b). The result is consistent with previous studies that the maximum quantity associated with CO2

evasion was only 0.2–1% for DIC and 0.08–0.1‰ for δ13C‐DIC in mangrove tidal creeks (Maher et al., 2013;
Taillardat et al., 2018). Furthermore, the theoretical DIC concentrations in equilibrium with the atmosphere at
measured temperatures, salinities, TA, and pCO2 at 410 μatm were on average 1.3% lower than the measured
DIC, which is comparable to the reduction percentage of 5% in an Australian mangrove tidal creek (Santos
et al., 2019). Note that air‐sea CO2 exchange did not affect TA.

Compared with stratified deep water, the relatively quick replenishment of oxygen in shallow water would un-
derestimate the rate of aerobic respiration based on AOU. Therefore, we set the estuarine‐wide mean AOU as
30 μmol kg− 1 twice the amount of the upper limit of observed AOU. Thus, the amounts of DIC and TA changed
by aerobic respiration (i.e., DICAR and TAAR) equal to 23.0 (∼9% of maximum ∆DICTotal) and − 3.7 (∼− 1% of
maximum ∆TATotal) μmol kg− 1. Note that our purpose of smoothing out the changes of DIC and TA driven by AS
and AR is to emphasize the dynamics of SR and CD along the salinity gradient, and adjusting the times of
observed AOUwithin a reasonable range would not change the distribution patterns of DICSR, TASR, DICCD, and
TACD against salinity.

Since both SR and CD produce DIC and TA, only positive solutions of Equations 19 and 20 at a salinity range of
2–29 are presented in Figure S3 in Supporting Information S1. As expected, the additions of DIC and TA reach
peak values at salinity 8 and decrease toward river and seawater ends. The amount of DIC changes by SR only
exceeds that by CD at a salinity range of 5–18. As SR declines faster than CD, its percentage contributions to
∆DIC* and ∆TA* decrease from 58.2% and 44.3% to 0.4% and 0.2%. As the dominant process producing TA, CD
substantially increased the acid‐buffering capacity of the estuarine water.

The underway data and those calculated from observed DIC and TA data are in good accordance with the
simulated curves of pCO2 and pH (Figures 9a and 9b), supporting that our simplified assumptions and simulations
are reasonable. AR is the only process increasing pCO2 and decreasing pH because it produces CO2 and acid
(Figures 9c and 9d). With constant DIC addition and TA removal from AR, ∆pCO2 reaches a maximum at low
salinity and decreases toward higher salinity, whereas pH reduction reaches a maximum around salinity 11 and
decreases toward lower and higher salinity. A low rate of CO2 evasion results in very minor pCO2 reduction and
pH increment. Although the changes of DIC and TA induced by SR are much larger than that by AR (Figures S3a
and S3b in Supporting Information S1), its impacts on pCO2 and pH are significantly smaller than that of AR,
because DIC and TA production from SR is nearly equal. CD accounts for the majority of pCO2 reduction and pH
increment along the salinity gradient particularly at low salinity. All peak values of ∆pCO2 and ∆pH are closely
related to where and how much DIC and TA are changed as well as the distinct buffer capacity for different
carbonate parameters (Cai et al., 2017, 2021; Egleston et al., 2010). If there are no SR and CD mainly originated
from mangrove sediments, the CO2 effluxes would increase by 103.6, 22.9, and 3.1 mmol m− 2 d− 1, meanwhile
pH would decrease by 0.66, 0.39, and 0.12 units at low (2–10) to medium (11–20) to high salinity (21–29) zones.
These numbers are much larger than the observed CO2 flux (2.0 mmol m− 2 d− 1) and the anthropogenic CO2‐
induced ocean acidification (∼0.1 units), emphasizing the important role of SR and CD in mangrove sediments.
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5. Conclusions
Tidal movement can significantly influence the spatial distributions of water properties in shallow tropical es-
tuaries. In early summer, the Dongzhai Harbor and Qinglan Harbor behave as weak CO2 sources with magnitudes
of 4.0 and 2.0 mmol m− 2 d− 1, respectively. However, the Xiaohai Lagoon became a CO2 sink of
− 6.4 mmol m− 2 d− 1. In mangrove estuaries, the combined effect of AR, SR, and CD is the major control on
carbonate dynamics. Without SR and CD mainly from mangrove sediments, the CO2 emission would be 23 times
larger than the observed value, and the pH would decrease by 0.39 units on an estuary‐wide scale. However, in a
more confined tropical lagoon, strong primary production of benthic macroalgae followed by carbonate formation
can also significantly alter aquatic DIC and TA. Either the lateral export of alkalinity frommangrove sediments or
the in situ metabolism of macroalgae has a strong capacity to reduce the emission of Greenhouse Gas CO2 and
buffer the pH declines, which is of great importance to counter global climate change and ocean acidification. Our
study emphasizes the priority to protect and restore the blue carbon ecosystem as vulnerable but valuable coastal
carbon reserves.
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Figure 9. Model simulations of the evolution of pCO2 (a), pH (b) and their changes (c, d) in Qinglan Harbor. The gray shaded
areas indicate the solutions of mathematic equations for SR and CD are all positive and make sense. Note that the simulation
was made under the cruise mean water temperature (30.80°C).
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