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Abstract: Mangrove creeks adjoining typical riverine mangrove forests is known to be a net source of CO2 and
dissolved inorganic carbon (DIC) to the ocean due to the decomposition of rich organic carbon in the soil; such
information is limited in fringe mangroves. This study aims to clarify the difference in carbonate processes
between the two types of mangrove forests. We conducted continuous monitoring of the partial pressure of
carbon dioxide (pCOz) and measured carbonate chemistry parameters (total alkalinity (TA) and DIC) in two
types of mangrove areas located in Okinawa, Japan. The result showed that the maximum pCOz reached 5242
patm in the Fukido River estuary (a riverine mangrove), whereas it was only 765 patm on the Yubu coast (a
fringe mangrove). The measured maximum TA and DIC values were 3285 pM and 3283 uM in the Fukido
River estuary and 3162 uM and 2977 uM on the Yubu coast. These indicate that pCO2 on the Yubu coast was
maintained at low values by the carbonate buffering capacity even when TA and DIC increased rapidly. The
mangroves on the Yubu coast grow on dead corals and coral soils. It was suggested that the DIC/TA ratio was
constantly kept at approximately 0.9 due to TA production by the dissolution of calcium carbonate (CaCOs),
which resulted in lower pCOs.

Keywords: blue carbon; mangrove; tidal flat; fringe mangroves; riverine mangroves; Ishigaki Island;
Iriomote Island ; Okinawa; Japan; COz; DIC; TA; CaCO; dissolution

1. Introduction

Coastal vegetation such as mangroves, salt marshes, and seagrasses are known as blue carbon
ecosystems and are anticipated to absorb atmospheric CO:2 and store organic carbon in sediments [1].
These ecosystems are estimated to sequester carbon at a rate of approximately 31.2-82.8 Tg C yr,
with carbon sequestration within the soil on a scale of 100 to 1000 years [2]. Although blue carbon
ecosystems account for only 0.2% of the ocean's surface area, they are responsible for sequestering
carbon which is equivalent to about 50% of the carbon buried in ocean sediments each year [2—4]. A
portion of the organic carbon buried in mangrove soils decomposes into dissolved inorganic carbon
(DIC), which is subsequently outwelled into the creek through tidal pumping [5,6]. This outwelling
results in an extremely high partial pressure of carbon dioxide (pCO2) in the creek [7-10]. The high
outwelling and lateral export of DIC, dissolved organic carbon (DOC), and particulate organic carbon
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(POC) from blue carbon ecosystems are expected to be stored in the ocean and are therefore
considered to be a new carbon sink [11,12].

Mangroves flourish in diverse topographic and geomorphic settings characterized by periodic
inundation and drying out. The macroscale framework focuses on the broad-scale geomorphological
settings where climate and relative sea-level alterations come into play, and is categorized into river
delta, tidal estuary, lagoon, open coast, and carbonate reef [13-16]. In terms of the global distribution
of mangroves, the river delta encompasses the largest area (40.5%), followed by tidal estuary (27.5%),
open coast (21.0%), and lagoon (11.0%) (carbonate reefs span all these locations) [16]. The mesoscale
framework is influenced by hydrodynamics such as inundation duration, salinity, and sediment
supply, and is classified as riverine, fringe, basin (interior), and overwash mangroves [15,17].
Riverine mangroves are typically found in brackish water areas, which are frequently influenced by
rivers, while fringe mangroves grow along shorelines that are more affected by tides and exposed to
seawater [17]. Basin (interior) mangroves are found behind fringe and riverine mangroves and are
occasionally inundated by typhoons or floods [17]. Overwash mangroves grow on raised coral reefs
and share a similar environment to fringe mangroves [15]. To summarize, the river delta is primarily
composed of riverine and basin mangroves, while tidal estuary and lagoon are mostly formed by
riverine and fringe mangroves, and open coast mainly consists of fringe mangroves. The process of
outwelling and lateral export of materials from mangroves to the ocean through tidal pumping has
been primarily studied through measurements taken in creeks and rivers. The outwelling of DIC
from mangroves to the ocean is more dominant than that of DOC and POC [11,18].

On a global scale, the lateral exports of mangrove DIC and DOC are equivalent to 29-48% of
global river inflows [11,19]. The CO: concentration in water is determined by the ratio of DIC to total
alkalinity (TA). When the outwelling of TA surpasses DIC, the proportion of CO: in DIC decreases,
and pH increases. Therefore, under conditions where TA is greater than DIC, the evasion of COz2 to
the atmosphere is small and most of the outwelled DIC is expected to remain in the ocean for a
prolonged period [11,20]. However, these phenomena have primarily focused on the outwelling
process in riverine mangroves. Compared to riverine mangroves, basin mangroves that are less
exposed to tidal submergence might behave as carbon sinks [21]. Outwelling from fringe mangroves
primarily takes place directly from the mangroves to the ocean, without the involvement of rivers.
Nevertheless, there is a notable dearth of research on the outwelling process and water CO2 dynamics
specifically in fringe mangroves [22]. Particularly, the water CO: dynamics in fringe mangroves,
characterized by the presence of tidal flats during low tide, may differ from those in riverine
mangroves due to the suppression of outwelling. However, this process has rarely been investigated.

The rate of carbon accumulation in tidal flats is estimated to be comparable to or slightly lower
than that in other vegetated coastal habitats, such as salt marshes [1,23,24]. However, our
understanding of the intricacies of carbon flows on tidal flats remains limited due to various factors,
including the unique biota, complex carbon fluxes, intertidal conditions, and inputs of brackish water
[25]. Previous studies have examined air-water CO: fluxes on tidal flats using chamber and eddy
covariance methods [24-27]. These investigations have revealed significant variations in air-water
CO: fluxes influenced by factors such as light intensity, water temperature, salinity, vegetation, and
benthic algae. However, there has been limited research on the variability of carbonate chemistry
parameters (pCOz, DIC, TA) specifically in tidal flats [28,29]. In particular, our understanding of the
water COz dynamics in tidal flats where mangroves grow landward is largely unexplored.

In this study, we hypothesize that the water CO2 dynamics in fringe mangroves, characterized
by their presence in tidal flats during low tide, differ from those observed in riverine mangroves. We
postulate that these differences arise from variations in site topography and the interactions between
water and sediment in these distinct environments. To test this hypothesis, we conducted field
surveys in fringe and riverine mangroves that grow in the same latitudinal area, and continuously
observed carbonate chemistry parameters over several tidal cycles.
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2. Materials and Methods

2.1. Field sites

In this study, the Fukido River estuary in Ishigaki Island was selected as a riverine mangrove,
and the Yubu coast in Iriomote Island was selected as a fringe mangrove forest (Figure 1). The Fukido
River estuary is a typical riverine mangrove, which outwells carbon and nutrients to the sea through
creeks during an ebb tide [30,31]. The Yubu coast exemplifies a characteristic fringe mangrove
ecosystem where mangrove communities align parallel to the shoreline. During low tide, there exists
an approximately 1 km expanse of tidal flat that separates the mangrove area from the adjacent ocean.
These study sites are located in the subtropical region. According to the Japan Meteorological
Agency, the mean temperature in summer and winter between the years 1991to 2020 were 29.1°C
and 19.6°C, respectively. The mean annual precipitation during the same period was 2095 mm, with
a tendency to augment during the rainy season in June and the typhoon season in September and
October. These mangrove forests are inundated by high tides up to approximately 1.2 m during
spring tides and are classified as micro tidal areas. The dominant mangrove species in Ishigaki Island
and Iriomote Island are Rhizophora stylosa and Bruguiera gymnorrhiza [32]. Within the Fukido River
estuary, R.stylosa was predominantly found growing alongside the creeks and in proximity to the
river mouth, with B.gymnorhiza species growing behind them. Conversely, along the Yubu coast, the
mangroves exhibit a distinct zonation pattern, with different species occurring sequentially from the
seaward side to the landward side, namely S.alba, R.stylosa, and B.gymnorhiza, respectively (Figure 1).
The maximum tree height of R. stylosa and B. gymmnorhiza are 13.2 m and 11.6 m in the Fukido River
estuary and 5.7 m and 11.1m along the Yubu coast, respectively [33,34].
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Figure 1. Field sites of this study. We selected the Fukido River estuary as a riverine mangrove, and the Yubu
coast as a fringe mangrove. Yellow stars indicate the station where we installed a mooring system and collected
water samples. Yellow, green, red, and blue circles indicate the site where we collected surface soil samples. The
green area and white lines indicate mangrove distribution and creeks, respectively. The words R and F indicate
riverine and fringe, respectively. The original pictures are from Geospatial Information Authority in Japan.

2.2. Field surveys

In the Fukido River estuary (a riverine mangrove), surveys were conducted over two separate
periods: August 17-18, 2021 and August 20-22, 2022. During the 2021 survey, a platform was used to
install floating water sensors in front of the mangrove forest (Stn. R in Figure 1), which were
employed to record the surface water temperature, salinity, dissolved oxygen (DO), and water level.
Water samples were collected at Stn. R to analyze TA, DIC, and total scale of pH (pHr) at 1.5-hour
intervals for 24 hours between August 17-18 (neap tide). To prevent biological activity, each water
sample was treated with a saturated solution of mercuric chloride (10 g HgClz per 100 mL water, 200
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pL per bottle). Surface soil samples were collected from sites dominated by R.stylosa and stored
frozen at -20°C until analysis (the red circle in Figure 1). During the 2022 survey, in addition to the
floating water sensors utilized in 2021, a pCO: analyzer was installed (see section 2.3 Analytical
Protocol). Similarly, water sampling at Stn. R for the analyses of TA, DIC, and pHr was conducted at
2.0-hour intervals for 24 h between August 21-22 (neap tide). There was no precipitation during the
surveys in the Fukido River estuary in both 2021 and 2022.

On the Yubu coast (a fringe mangrove), a survey was conducted on December 24-26, 2021. A
pCO:z analyzer and floating water sensor were attached to a platform in front of the mangrove forest
(Stn. F in Figure 1) to collect pCO: in water and water level. Additionally, a vapor-liquid equilibrator
was embedded in the soil to measure pCO:z at a depth of 5cm (see section 2.3 Analytical Protocol). A
water level sensor was also installed at a depth of 5 cm to determine the flooding conditions within
the soil. Water sampling was conducted at Stn. F every 1.5 minutes over one tidal cycle on December
25 and 26 (neap tides) to analyze TA, DIC, and pHr. During the water samplings, water temperature,
salinity, and DO were also recorded. Soil cores were collected to a depth of 50 cm at a site dominated
by B.gymnorhiza, R.stylosa, and S.alba, and surface sediment was also collected in the tidal flat (Figure
1). The survey was intermittently affected by light rainfall, and the Japan Meteorological Agency
reported a total precipitation of 3.0 mm between December 24 and 26.

2.3. Analytical Protocol

The pCO:2 was measured with non-dispersive infrared (NDIR) sensors (GMP343, VAISALA
Corporation, Helsinki, Finland), which were coupled with desiccant (Drierite, Thermo Scientific
Chemicals, Tokyo, Japan), and an equilibrator system that was furnished with a gas-permeable
membrane (PolyTetraFluoroEthylene (PTFE) tube, SUMITOMO ELECTRIC FINE POLYMER, INC,,
Osaka, Japan)[35]. Before conducting the field surveys, the analyzer was calibrated utilizing pure
nitrogen (0 patm COz) and a COz span of 801 patm (Taiyo Nippon Sanso Co., Ltd., Tokyo, Japan).
The NDIR sensor exhibited an accuracy of 10 patm for 801 patm of CO:2 gas at the end of each survey.

TA, DIC, and pHr were determined using a batch-sample analyzer (ATT-05, Kimoto Electric Co.,
Ltd., Osaka, Japan) through the implementation of the Gran plot method [36]. A pH meter equipped
with a Radiometer Analytical PHC2401-8 Combination Red-Rod pH Electrode (glass body, BNC;
Product No. E16M400; Hach, Colorado, USA) was used for all analyses. The accuracies of TA and
DIC were estimated to be + 2 uM and * 1 uM, respectively, utilizing the certified reference material
(CRM) for DIC and TA (Kanso Company Ltd., Osaka, Japan).

In the Fukido River estuary, the salinity (accuracy + 0.01), water temperature (accuracy = 0.01
°C), and dissolved oxygen (DO) (accuracy + 1%) at the platform were measured using a RINKO-
Profiler (ASTD102, JFE Advantech, Nishinomiya, Japan). On the Yubu coast, the salinity (accuracy *
0.1) and water temperature (accuracy + 0.1 °C) were measured using HOBO U24-001 (ONSET,
Computer Corporation, Bourne, MA, USA), and DO (accuracy + 1%) was measured using an AAQ-
RINKO (JFE Advantech). The water level (accuracy 0.4 cm) at both platforms was measured utilizing
a HOBO U20L-04 (ONSET). HOBO U20L-04 was also installed inside the soil, and the inundation
duration inside the soil was calculated from the pressure fluctuations.

The particle size of the surface sediments was determined using the pipette method, while the
soil color was assessed by examining samples that had been dried at 110°C for 24 hours, following
the guidelines provided by the Munsell soil color chart. Subsequently, the dried samples were
subjected to a temperature of 550°C for 3 hours, allowing for the calculation of ignition loss based on
the observed mass change. A portion of the dried samples was finely ground using a pestle and
mortar, passed through a 0.5 mm mesh sieve, and treated with 1M HCI to remove inorganic carbon.
Elemental composition analyses, specifically for soil organic carbon (SOC) and total nitrogen (TN),
were then conducted in duplicate using an elemental analyzer (Flash EA 1112; Thermo Electron,
Bremen, Germany) with a measurement involving 30-50 mg of dry sample.

To define the difference in relative ground height, we defined relative swamp height (RSH) as
the elevation at which mangroves initiate inundation. The RSH, for the mean sea level (MSL), was
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derived by determining the disparity between the highest recorded tidal level at the Japan
Meteorological Agency Ishigaki station (located approximately 20 km away from each mangrove site)
and the maximum depth measured within each mangrove swamp.

2.4. Data Analysis

The CO:2 exchange between air and water takes place in units of partial pressure (atm). pCO2 in
water is determined as follows:

CO;3
pco, = 2 (1)
0

where Ko is the solubility coefficient of CO2 and [CO:*] is the total concentrations of CO2 and H2COs
in water. The Ko is determined using the equation described by Weiss (1974)[37].

InKy = 93.4517 X 22° — 60.2409 + 233585 X In— + 5{0.023517 — 0.023656 X —+ 0.0047036 X (%)2} )
where T is the absolute temperature (K) and S is the salinity in parts per thousand. Ko is influenced
by temperature and salinity, and increases with decreasing water temperature. The effect of the
temperature difference between the two mangrove forests on pCO2 was calculated using the equation
(1) and (2).

The observed values of TA and DIC are influenced by the mixing of freshwater and seawater
and by biogeochemical processes. To analyze the variation of TA and DIC by mangrove ecosystem,
normalized TA and DIC were calculated using salinity as follows [38,39]:

ATA = (P25t S, (3)

where ATA is the normalized TA. TAy,s and is Sypsare the observed TA and salinity, respectively.

obs

TAs—o is the freshwater TA and Sy, is the mean salinity shown in Table 2. DIC was also
normalized using the same equation. In the Fukido River estuary, observed values of TAg-, and
DICs-q were used (TAs—y =1640 uM and DICs-, =1603 uM). On the Yubu coast, TAs-, and DICs-,
were determined based on a previous report in Iriomote Island [40]. (TAs—, = 616 uM and DICg_,
=606 puM). Missing values of salinity on the Yubu coast were complemented with the mean value of
each day.

Table 1. Physicochemical properties of the surface mangrove soils. SCL, S, LS. and SL indicate sandy
clay loam, sand, loamy sand, and sandy loam, respectively. N.D. means no data.

Sand Silt Color Ignition loss
Sample o o Clay (% Texture SOC (% TN (% C/N o
i o | o [TV (dry) ? | TN %)
Fukido River estuary (A riverine mangrove). RSH is 16 + 2 cm from MSL.
R.stylosa 69.3 153 154 SCL 7’? /\1{R 6.0 0.3 26.8 13.8
B.gymnorhiza* 69.8 14.9 153 SCL Z’i/;{R 3.1 0.1 30.2 N.D.
Yubu coast (A fringe mangrove). RSH is 34 + 3 cm from MSL.
Tidal flat 93.9 3.9 2.2 S 5Y6/2 1.1 0.04 21.5 4.1
S.alba 86.9 8.6 45 LS 5Y5/2 17 0.1 21.0 7.1
R.stylosa 714 19.3 9.3 SL 2’3/\1{12 4.8 0.1 41.7 25.5
B.gymnorhiza 89.1 8.0 29 LS l(i/\;R 2.7 0.1 40.0 8.0

* Data for B.gymnorhiza in the Fukido River estuary were taken from Kida et al. 2019 [41].
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Table 2. Mean values (+standard deviation) and ranges (min—-max) of all parameters at Stn. R in the
Fukido River estuary (a riverine mangrove) and at Stn. F in the Yubu coast (a fringe mangrove). N.D.
means no data.

pCO2in pCO2in Water DIC
water soil Temperature | Salinity DO (%) pHr TA (uLM) (M)
(patm) | (uatm) 0 3
Fukido River | 2229+ 0s1a | 8052 7772+ 2504 + 2365 +
estuary 1678 ND. 32320 292 315 0.304 358 478
(A riverine (657 - (89-357) | (30.7 - (7.226 - Q169- | (1847
mangrove) 5242) 126.0) 8.115) 3333) 3289)
2624 + 1029+ 7.921 + 2827 + 2601 +
ifé;oga:t 47(2 591_03 110 19.1+25 22902 1_'2 43 0.098 182 214
mangrore) 765) (190~ | (162-225) | O ©12- (7752 - 490- | (2207-
2831) 108.9) 8.082) 3162) 2977)

3. Results

3.1. Physicochemical properties of surface mangrove soils

In the Fukido River estuary, the sand content comprised less than 70% of the soil, and the surface
soil texture was designated as sandy clay loam (SCL), which exhibits a considerable presence of sand
and clay (Table 1). Conversely, the surface soil texture on the Yubu coast was classified as sand (S),
loamy sand (LS), and sandy loam (SL), indicating a higher proportion of sand. When considering
SOC concentrations in the surface soils, R.stylosa exhibited higher values compared to B.gymmnorhiza
in both mangrove forests. On the Yubu coast, SOC concentrations were elevated within the mangrove
forest, while they were relatively lower in the seaward-growing S.alba and tidal flat areas.

3.2. pCO:z and water quality change in front of each mangrove forest

In the Fukido River estuary, which is categorized as a riverine mangrove, a creek consistently
extends in front of the mangrove and maintains a continuous connection to the ocean. On the Yubu
coast, which is categorized as a fringe mangrove, the RSH was found to be approximately 18 cm
higher compared to the Fukido River estuary. Moreover, during low tide, the mangrove and the
ocean were separated by a tidal flat.

At Stn. R in the Fukido River estuary, during high tides, the inflowing seawater had a pCO: level
of approximately 600 puatm. However, during the ebb tides, the pCO: level rapidly increased, and the
maximum pCO: of the outwelled water reached 5242 patm (Figure 2a). While, at Stn. F on the Yubu
coast, during high tides, the inflowing seawater had a pCOz level ranging from approximately 300 to
400 patm, and the maximum pCO: of the outwelled water reached 765 patm (Figure 2d). The pCO2
in the soil at a depth of 5 cm in Stn. F consistently remained higher than those in the air and water,
ranging from 1960 to 2831 patm (Figure 2e). When the inundated soils dried out, the aboveground
pCO:z decreased rapidly, while the pCO: inside the soil remained relatively stable.
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E 6000 1.00 _ E 800 0.4
%4000 (a) e m W{/“\ {"\\ osE 2 (d) m Air Air & Air JALE 2
'f’;j M"/ i i 050% B J /J" : -0.2%
£ 2000 \ . o E
& \. /&,—_-\__/ \_ 025 ___f A -?N\.. 013
2 0 — _)\ono AN ‘ g 0,

=

3000 3000

N.D.

CO. insoil (watm)
i
=y
2

'O insoil (patm)
o
H

\l

b
S
S
S

A
n
=
=)

o
o i
o
S

ISR
12
in
—_
;\V}j
=)

Wl

e
in
S &
[

N ‘K\, e

[
1=}
=

Water level ()

Water Temperature (°C) P&z
308 \
n =
T

Water Temperature (°C)  PCO=1 -h‘) :

= =

=
=

1‘
S

\\i \o\/’ m“;ﬁ _a-msg * (g)

=
&
(m

L\ :\ ﬁ: R
™

& 7 T £ . [ El
_EnM £ ?']'/ 0.50 7 A v 7. % “‘ 025
) = \} L z
NI \/ Y=g B % ; X
[+ - = \ =

- - ) X | A oo

Aug21-00:002022 Aug21-12:002022 Aug22-00:002022 Aug-22-12:00,2035 " Deo25-00:00,2021 Dee-25-12:00,2021 Deo-26-00:00,2021 Deo-26-12:00,203]

Figure 2. (a, b, c) pCO: in water, water temperature, and salinity change at Stn. R in the Fukido River
estuary (a riverine mangrove). d, e, f, g) pCO: in water, pCO: in soil, water temperature, and salinity
change at Stn. F on the Yubu coast (a fringe mangrove). Grey lines indicate water level change. Blue
bands represent the duration when the platforms were inundated. N.D. means no data.

In the Fukido River estuary, the DO of the inflowed seawater was saturated (over 100%) during
the flood tides and decreased to approximately 30% during the low tides (Table 1). While, on the
Yubu coast, the DO remained consistently around 100% throughout the entire period. The mean
water temperatures differed by approximately 13°C, with 32.3°C in the Fukido River estuary and
19.1°C on the Yubu coast (Figure 2b,f, Table 2). The standard deviation of water temperature was less
than 2°C in both stations. The mean salinity was 33.0 in the Fukido River estuary and 23.9 on the
Yubu coast, indicating a larger freshwater influence on the Yubu coast (Table 2). Both mangroves
tended to decrease in salinity during the ebb tide (Figure 2c,g).

3.3. Carbonate parameters dynamics over several tidal cycles

The concentration and ratio of TA and DIC determine the variability in pCO:z in water. Surface
water surrounding the Yaeyama Islands in the open ocean has a TA of approximately 2250 pM and
DIC of approximately 1900 uM [42,43]. At Stn R in the Fukido River estuary, the mean values of TA
and DIC during high tides were 2221 uM and 1970 uM, respectively. These values are similar to those
observed in the surface water around the Yaeyama Islands (Figure 3a,b, Table 1). During the ebb
tides, TA and DIC concentrations increased rapidly, and the maximum TA and DIC reached 3333 uM
and 3289 uM, respectively. Meanwhile, at Stn. F on the Yubu coast, the mean values of TA and DIC
during high tides were 2684 uM and 2443 uM, respectively (Figure 3d,e, Table 1). These values were
higher than those of the surface water around the Yaeyama Islands and Stn. R in the Fukido River
estuary. The TA and DIC at Stn. F increased almost linearly from flood tides to ebb tides, and the
maximum TA and DIC reached 3162 uM and 2977 pM, respectively.
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Figure 3. TA and DIC variations. a, b, ¢) At Stn. R in the Fukido River estuary (a riverine mangrove).
d, e, f) At Stn. F in the Yubu coast (a fringe mangrove). The grey lines indicate water level change. The
red and blue lines assume conservative mixing of open ocean and river water.

4. Discussion

4.1. Effect of solubility on pCO: dynamics

The field surveys were conducted in August 2021 and 2022 in the Fukido River estuary, and in
December 2021 on the Yubu coast. The water temperatures in the two mangrove forests differed by
approximately 13.2°C (Table 2). As shown in Equation 2, the solubility of CO: is contingent upon
water temperature and salinity. Hence, it is necessary to assess the impact of disparate climatic
conditions on pCO:2 dynamics. The TA and DIC values of the surface water in the open ocean around
the Yaeyama Islands were documented to be roughly 2250 uM and 1900 uM, respectively, with a
seasonal variation of approximately +10 uM for both parameters [42-45]. Assuming a constant
chemical composition of the open ocean water during these periods, pCO2 was computed by altering
the water temperature and salinity using the CO2SYS program [46]. The calculated pCO:2 for August
2021 and August 2022 was 384 patm, and for December 2021, it was 169 patm. Consequently, the
impact of divergent water temperature and salinity on pCO2 amounted to 215 patm. Given that this
study focused on pCO: variations exceeding 1000 patm, the influence of water temperature and
salinity on pCO2 dynamics is anticipated to be minor.

4.2. Different impact of the geomorphic settings on pCO: dynamics

The Indo-Pacific region boasts the most extensive array of mangrove species and populations
[32]. Okinawa, Japan, lies at the northern boundary of mangrove distribution in the Indo-Pacific
region. The Yaeyama Islands in Okinawa, in particular, are the northern limit of colonization by
Rhizophora species. Rhizophora species are renowned for their remarkable capacity to sequester carbon
due to their abundant production of very fine roots [47]. Nevertheless, there is a dearth of research
concerning the variability of carbonate chemistry parameters (pCO2, TA, DIC) in mangrove waters
within this region [40,48].

The maximum pCO:2 was 5242 patm in the Fukido River estuary and 765 platm on the Yubu coast
(Figure 2a,b). Mangrove creeks typically exhibit pCO: levels exceeding 1000 patm due to the
outwelling of DIC from the soil during ebb tide [7-10]. In a creek in front of the riverine mangroves,
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pCO:z increases sharply after the mangrove soil has dried out. This phenomenon is attributed to the
dilution of pCOz in the water by incoming seawater during the soil inundation period, which lowers
pCO:z relatively, and the outflow of aged porewater from the deeper soil layers during low tide [9],
[10]. The trend of pCO:2 variation in the Fukido River estuary was comparable to that of a typical
riverine mangrove; pCO: sharply increased after the mangrove soil dried out (Figure 2a). The rapid
decrease in DO at low tide in the Fukido River estuary suggests that the soil interior was an anaerobic
environment, and that decomposition was progressing (Table 2). The surface soils of the mangrove
in the Fukido River estuary were identified as SCL, a soil type that would have impeded the exchange
of porewater (Table 1). By contrast, on the Yubu coast, a rapid increase in pCO:2 was not observed,
resulting in a much lower maximum pCO:z compared with that in the Fukido River estuary (Figure
2b). On the Yubu coast, the mangrove forest and the ocean are separated by tidal flats at low tide.
The surface soils of the tidal flat and mangrove on the Yubu coast were classified as S, LS, and SL,
and exhibited a coarser grain size compared to the mangrove in the Fukido River estuary (Table 1).
The consistently saturated DO levels indicated a favorable environment for porewater exchange (may
not accumulated aged porewater ) (Table 2).

In riverine mangroves, pCO2 in the porewater has been reported to exceed 20,000 patm [6].
While, on the Yubu coast, pCO2 in the soil (porewater) was 2624 + 110 patm, which was only about
one-tenth of that. Soil cores collected from the Yubu coast mangroves displayed a significant presence
of dead coral and coral sand, with a relatively smaller amount of organic matter derived from
mangroves (Figure 4). In contrast, the mangroves in the Fukido River estuary exhibited a soil texture
classified as SCL, suggesting a higher deposition of mangrove-derived organic matter compared to
the Yubu coast (Table 1). The Yubu coast mangrove, which developed on dead coral and coral sands
with limited organic matter deposition, probably had accumulated less DIC in the soil through
decomposition. On the Yubu coast, the topographic feature of being separated from the ocean at low
tide inhibits porewater outwelling to the surface water, resulting in low pCO.. Moreover, the
outwelling of DIC to the ocean may have been limited at the Yubu coast compared to the Fukido
River estuary.

B.gymngg

10-20cm 20-30cm 30-40cm 40-50cm

0—1001h 10-20cm 20-30cm 30-40cm 40-46cm

Figure 4. Dried soil samples were collected on the Yubu coast. Dead coral and coral sand were visually
observed in areas where R.stylosa and S.alba were dominant.
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Fringe mangroves are predominantly found in lagoons, open coasts, and carbonate reefs [15].
These areas account for approximately 33% of all mangrove forests globally [15,16]. The study
suggested that fringe mangroves, which form on coral sands and are separated by tidal flats at low
tide, have a small increase in pCO:z in the water and limited transport of material to the ocean. While
the outwelling of DIC from mangroves to the ocean has been primarily investigated in creeks and
rivers, additional data from fringe mangroves is needed to gain a more comprehensive
understanding of the carbon cycle in mangrove ecosystems.

4.3. Geochemical impact on carbonate chemistry parameters

The concentration and ratio of TA and DIC determine the variability in pCO: in water. If the
pCOzin water exceeds that in the air (approximately 400 patm), the mangrove waters become a source
of CO: to the atmosphere. TA represents the concentration of various alkaline substances, primarily
bicarbonate (HCOs), carbonate (COs*), and hydroxide (OH-) ions, dissolved in the water. DIC
represents the total concentration of COz, HCOs, and COs?* in water. Therefore, when the DIC/TA
ratio exceeds 1, COz in the water increases rapidly. The surface water around the Yaeyama Islands
has a TA of approximately 2250 uM, DIC of approximately 1900 uM, and DIC/TA ratio of 0.84,
resulting in a pCO2 of approximately 380 patm, making it a sink for atmospheric CO:z [42,43]. In the
Fukido River estuary, the mean values of TA and DIC during high tide were similar to those of the
surface waters around the Yaeyama Islands (Figure 3c), indicating that open ocean water flows
directly into the estuary without biogeochemical effects. However, on the Yubu coast, the mean TA
and DIC during high tide were 2684 uM and 2443 pM, respectively, higher than those of open ocean
water (Figure 3f), indicating that seawater under some biogeochemical influence was entering the
Yubu coast. Tidal flats appeared during low tide on the Yubu coast, and water flowed into the
mangroves by crawling on the tidal flats during flood tide. Therefore, incoming seawater on the Yubu
coast may have been biogeochemically influenced by interactions with the tidal flats.

TA and DIC concentrations in mangrove waters exhibit a rapid increase due to porewater
outflow affected by mineralization. The high correlation between ATA and ADIC for both mangroves
indicates that the input of DIC and TA to these waters was controlled by the same process (Figure
5a). The amount of TA and DIC generated within the soil varies according to the mineralization
process that contributed to the decomposition of organic carbon [49]. Among these processes, sulfate
reduction has been found to have a greater impact on mangrove soils [50,51]. The variation of TA,
DIC, and pCO:2 during the several tidal cycles revealed that DIC increased more than TA during ebb
tides in the Fukido River estuary, and pCO: increased rapidly as the DIC/TA ratio increased (Figure
5b). Conversely, on the Yubu coast, TA and DIC increased during ebb tides, but the DIC/TA ratio
was consistently maintained at around 0.92, and pCO: was below 1000 patm (Figure 5b). This
suggests that TA was produced more abundantly in the tidal flat and mangrove forest on the Yubu
coast than in the Fukido River estuary, resulting in lower pCOz. For instance, in some mangrove
waters, TA and DIC variations were controlled by calcium carbonate (CaCOs;) dissolution, aerobic
respiration, and sulfate reduction [52,53]. Furthermore, in carbonate sediment mangroves, TA was
produced in abundance by the dissolution of CaCO;, and a large portion of the outwelled DIC from
mangroves remained in the ocean [54]. The same process may have occurred on the Yubu coast as
the mangroves developed on coral sand and dean coral (Figure 4).
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Figure 5. The relationship between TA, DIC, and pCO: over several tidal cycles. Diamonds and circles
indicate the data in the Fukido River estuary (a riverine mangrove) and on the Yubu coast (a fringe
mangrove), respectively. pCO:z in water was calculated from DIC and TA using CO2SYS [46].

In this study, we conducted an investigation into the dynamics of pCO: in two mangrove forests
situated at the northern distribution limit of Rhizophora species. The Fukido River estuary,
characterized as a riverine mangrove, exhibited pCOz variations that were consistent with findings
in other mangrove ecosystems (Figure 2a) [7-10]. Conversely, the mangroves on the Yubu coast,
which develop on coral sand and dean coral, and are separated by tidal flats during low tide,
demonstrated a limited increase in pCO: levels (Figure 2d). Regarding the variations in DIC and TA,
high TA and DIC values were observed at Stn. F on the Yubu coast, while maintaining a relatively
constant DIC/TA ratio of approximately 0.9 (Figure 5b). When the export of TA exceeds that of DIC,
it is expected that DIC outwelling from mangroves to the ocean will be stored in the ocean over the
long term [11]. Further investigations of mangroves growing on other reef sands will provide a more
comprehensive understanding of the carbon cycle between mangroves and the ocean.
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