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• Role of lateral carbon flows in CO2 dy-
namics is overlooked in coastal ecosys-
tems.

• Flows and dynamics in a mangrove-
seagrass-coral continuum were quanti-
fied.

• High-temporal-resolutionfield observa-
tions were used with a mass-balance
model.

• Lateral carbon fluxes among the three
habitats affected air–water CO2 fluxes.

• Local and regional lateral carbon flux
data can improve carbon budget
estimates.
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Mangrove, seagrass, and coral habitats often lie adjacent to each other in the tropics and subtropics. Lateral car-
bon fluxes and their consecutive effects on CO2 dynamics and air–water fluxes along the ecosystem continuum
are often overlooked. We measured the partial pressure of CO2 in water and associated biogeochemical param-
eters with a high temporal resolution and estimated air–water CO2 fluxes along the ecosystem continuum.
Their lateral fluxes were estimated by using a biogeochemical mass-balance model. The results showed that
the waters surrounding mangrove, seagrass, and coral habitats acted as a strong, moderate, and weak source of
atmospheric CO2, respectively. The mangrove zone acted as a net source for TAlk, DIC, and DOC, but as a net
sink for POC. The contribution of riverine and mangrove-derived OM was substantially high in mangrove sedi-
ment, indicating that net transport of POC towards the coastal seawas suppressed by the sediment trapping func-
tion of mangroves. The seagrass zone acted as a net source of all carbon forms and TAlk, whereas the coral zone
acted as a net sink of TAlk, DIC, and DOC. The lateral transport of carbon frommangroves and rivers offset atmo-
spheric CO2 uptake in the seagrass zone. DOC degradation might increase DIC, and other biogeochemical pro-
cesses facilitate the functioning of the coral zone as a DOC sink. However, as a result of DIC uptake by
autotrophs, mainly in the coral zone, the whole ecosystem continuum was a net sink of DIC and atmospheric
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CO2 evasion was lowered. We conclude that lateral transport of riverine and mangrove-derived DIC, TAlk, and
DOC affect CO2 dynamics and air–water fluxes in seagrass and coral ecosystems. Thus, studies of lateral carbon
fluxes at local and regional scales can improve global carbon budget estimates.

© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Vegetated coastal ecosystems, such as mangroves, seagrass
meadows, and tidal salt marshes, sequester and store substantial
amounts of ‘blue carbon’ in their biomass and underlying sediments
(Mcleod et al., 2011; Pendleton et al., 2012; Gulliver et al., 2020;
O'Connor et al., 2020; Su et al., 2020). The carbon sequestration function
of these ecosystems is recognized to contribute to lowering atmospheric
CO2 concentrations and to the mitigation of global climate change
(Brandano et al., 2016; Macreadie et al., 2017; Otani and Endo, 2019;
Gnanamoorthy et al., 2020). Coral reefs, found in shallow coastal waters
of the tropics and subtropics, also play an important role in the global
oceanic carbon cycle (Xu et al., 2019; Roth et al., 2020). Net CO2 uptake
due to organic carbon (OC) production is almost zero (balanced) in
coral reef habitats, and net calcification causes reefs to act as a CO2

source (Lønborg et al., 2019; Watanabe and Nakamura, 2019). Thus,
whether coral reefs have a CO2 sequestration function is still uncertain,
and more empirical support is needed to quantify related processes.
However, ecosystems dominated by calcifying organisms such as corals
contribute to coastal protection because corals build structures that dis-
sipate wave energy (Lovelock and Duarte, 2019; Martins et al., 2019;
Langodan et al., 2020). Recently, studies have begun to characterize
the functioning and long-term future of these shallow coastal ecosys-
tems (Macreadie et al., 2019).

Mangrove, seagrass, and coral reef ecosystems not only provide eco-
system services to humankind (e.g., climate change mitigation through
carbon sequestration); as part of an ecosystem continuum, they also
provide services to each other. For example, coral reefs act as breakwa-
ters, creating a low-energy environment for seagrasses and mangroves
(Harborne et al., 2006).Mangroves, in turn, provide low light conditions
and shade to adjacent corals and prevent their bleaching (Yates et al.,
2014; Rogers, 2017). Low pH waters (ongoing ocean acidification)
around mangroves help nearby corals to acclimatise to future seawater
conditions (Camp et al., 2016). In contrast, seagrass photosynthesis can
lead to an increase in the pH and aragonite saturation state of coastal
waters (Unsworth et al., 2012).

A substantial part of the carbon assimilated by mangroves is
exported to adjacent water bodies by processes such as tidal flushing,
pore-water drainage, and litter fall. Tidal export of dissolved inorganic
carbon (DIC), dissolved and particulate organic carbon (DOC and POC,
respectively) to nearshore seawater accounts for more than 50% of the
carbon fixed in the terrestrial compartment of mangroves, out of
which a substantial part of DIC is converted to CO2 and eventually emit-
ted to the atmosphere (Bouillon et al., 2008). However, owing to their
export of DIC and alkalinity, mangroves are a long-term atmospheric
carbon sink (Maher et al., 2018). Therefore, assessments of the role of
mangrove habitats in sequestering carbon and mitigating climate
change should include them as a part of the blue carbon paradigm.

Many researchers have investigated the source, fate, and distribu-
tion of particulate organic matter (POM) in mangroves and seagrass
and exchanges of POM between them (Hemminga et al., 1994;
Walton et al., 2014; Chen et al., 2017). In addition, Gillis et al. (2014)
reviewed the magnitudes of energy, materials, and organism fluxes at
landscape scale in mangrove, seagrass, and coral ecosystems. However,
these studies often overlook the water-column carbon sequestration
process (i.e., air–water CO2 exchange) (Kuwae and Hori, 2019). Shallow
coastal ecosystems may be autotrophic in nature, but at the same time
they can act as a net source of atmospheric CO2 if they import
substantial amounts of organic and inorganic carbon from other ecosys-
tems (Tokoro et al., 2014).

A research gap exists with respect to lateral fluxes of water-column
carbon between different shallow vegetated coastal ecosystems and
their role in CO2 dynamics and air–water fluxes. Both mangroves and
seagrass meadows can export different carbon forms to the offshore,
an ability that enhances the carbon sink potential of these shallow
coastal ecosystems (Duarte and Krause-Jensen, 2017; Maher et al.,
2018). However, the dynamics of carbon forms in other shallow coastal
ecosystems is not well understood. Lateral carbon exchanges of man-
grove ecosystems are rarely reported (Maher et al., 2018), and, in partic-
ular, little is known about lateral carbon fluxes betweenmangroves and
adjacent seagrass beds and their effects on CO2 dynamics (Macklin et al.,
2019). Direct transfers of carbon between shallow coastal ecosystems
are common, but their contributions to carbon stocks at the seascape
level remain poorly constrained (Huxham et al., 2018).

We hypothesize that lateral inorganic and organic carbon fluxes
from terrestrial and mangrove ecosystems have significant impacts on
the CO2 dynamics and air–water fluxes of adjacent seagrass and coral
ecosystems. To test this hypothesis, we used high-temporal-resolution
(one minute) data obtained by using various sensors at diurnal scale
for direct simultaneous measurement of different biogeochemical pa-
rameters, especially the partial pressure of CO2 in the water [pCO2

(water)] along a mangrove-seagrass-coral continuum. Use of discrete
hourly data might result in the underestimation or overestimation of
pCO2(water) and the air–water CO2 flux (Rosentreter et al., 2018),
whereas use of high-temporal-resolution measurements of pCO2

(water) and biogeochemical parameters can minimize the data uncer-
tainty. Alongwith these high-temporal-resolution data,we investigated
the spatial distribution of total alkalinity (TAlk) and carbon forms in
each ecosystem. The elemental, stable-isotopic, and optical signatures
of organic matter (OM) were used to assess the behaviour of OM
sources in the water column and sediments.

2. Materials and methods

2.1. Study area

For our study area, we used a site on the coast of Iriomote Island
(Japan) as a model of a subtropical environment, where mangrove,
seagrass, and coral ecosystems exist along a continuum (Fig. 1).
Iriomote Island is situated at a junction between the East China Sea
and the north-western Pacific Ocean, and it is also affected by the
warm, nutrient-depletedKuroshio Current. The island has a land surface
area of 289 km2 and a typical subtropical climate, with an annual aver-
age air temperature of 24.3 °C and annual precipitation of 2342 mm.
Rainfall is especially abundant from May to June (the rainy season)
and in August and September (the typhoon season) (Agata, 2006).

2.2. Sample collection and field work

Field surveys were conducted from 3 to 7 August 2017. Temporary
platforms were built about 1 km apart for diurnal monitoring of envi-
ronmental variables of waters in mangrove, seagrass, and coral zones
(Figs. 1, S1 and S2, Supplementary material). A pCO2 analyser and float-
ing sensors were attached to each platform to gather surface-water data
(Fig. S1a–e, Supplementary material).

http://creativecommons.org/licenses/by/4.0/


Fig. 1. Locationmap and sampling sites (red circles) in themangrove, seagrass, and coral zones of Iriomote Island, Japan. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

3A. Akhand et al. / Science of the Total Environment 752 (2021) 142190
pCO2(water)wasmeasured continuouslywith non-dispersive infra-
red (NDIR) sensors (CO2-09 and CO2-14, Kimoto Electric, Osaka, Japan)
attached to an equilibrator system fitted with a gas permeable mem-
brane (Kayanne et al., 1995; Tokoro et al., 2014). The accuracy and pre-
cision of the pCO2 analyser were ±2 μatm and ±5 μatm (Saito et al.,
1995; Kayanne et al., 2005), respectively. We calibrated the analyser
using certified CO2 reference gases (0 μatm and 475 μatm, Taiyo Nippon
Sanso Co. Ltd., Tokyo, Japan) in the laboratory before starting the field
campaign, and we checked the accuracy on returning to the laboratory
after finishing all field work. We found the accuracy to be within ±
2 μatm.

In situ temperature (accuracy and precision ±0.01 °C and ±0.05 °C,
respectively) and salinity (accuracy and precision ±0.006 and ±0.03,
respectively) were monitored with conductivity-temperature sensors
(INFINITY-CT, JFE Advantech, Nishinomiya, Japan). DO (accuracy and
precision±1% and±1%, respectively) and pH (resolution and precision
0.001 and ±0.003, respectively) were measured with RINKO-I (JFE
Advantech) and SP-11 (Kimoto Electric) sensors, respectively. Turbidity
(accuracy and precision ±3 FTU) was measured in situ with a
fluorometer (COMPACT-CLW, JFE Advantech). Chromophoric dissolved
organic matter (CDOM) was measured continuously with an in situ
fluorometer (accuracy ±1%, ECO-FL, WET Labs, Philomath, OR, USA).
At each site, a submerged depth sensor (INFINITY-WH, JFE Advantech)
measured thewater depth from the bottomof thewater column. An un-
derwater photosynthetically active radiation (PAR) sensor (precision±
80 μmol m−2 s−1, DEFI2-L, JFE Advantech) was also placed at 10 cm
above the bottom of the water at each site.

Surface water samples were also collected from each zone (Fig. S1f,
Supplementary material) near the platform, as well as from an offshore
site,≈10kmoff the coast, used as the seawater endmember, and froma
site on the Yutsun River,≈5 km upstream from the mangrove site (sa-
linity 0.19), used as the freshwater end member. Samples were col-
lected from each zone at 3-h intervals during the daytime, starting at
about 06:00 (Japan Standard Time).We could not collectwater samples
during the night-time because of technical difficulties. However, sensor
data were collected throughout the diurnal cycle (per minute) at each
site, and the morning water samples were collected each day to get
the night-time signature insofar as possible. Samples for TAlk and DIC
were collected in 250-mL Duran bottles (SCHOTT AG, Mainz,
Germany) and poisoned with a saturated solution of mercuric chloride
(10 g HgCl2 per 100 mL water; 200 μL per sample bottle) to prevent
TAlk and DIC changes due to biological activity (Fig. S1g). Water sam-
ples for the DOC and CDOM analyses were filtered through 0.2-μm
polytetrafluoroethylene filters (DISMIC–25HP; Advantec, Durham, NC,
USA) into precombusted (450 °C for 2 h) 100-mL glass vials and frozen
at−20 °C until analysis. Samples for POC, particulate nitrogen (PN), and
stable isotope analysis (δ13CPOC) were obtained by filtration of 5 to 10 L
of water through precombusted (450 °C for 2 h) glass-fibre filters (GF/F,
Whatman, Maidstone, Kent, UK), which were stored in the dark at
−20 °C until analysis.
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Triplicate sediment cores (Fig. S1h–i, Supplementary material) were
collected from each zone with an acrylic piston corer. After collection,
the cores were immediately preserved by placing them in an ice box;
they were transported to the laboratory in the freezer (−15 °C) and
then stored in the laboratory at −20 °C until the analyses. The surface
sediment layer (0–30 mm depth) in these cores (≈8 cm inner diame-
ter)was used for analyses of total OC (TOC) and total nitrogen (TN) con-
centrations, and of the stable carbon isotopic signature of sedimentary
OC (δ13CSOC).

Mangrove, seagrass, seaweed, microphytobenthos (MPB), and coral
samples were collected to determine the elemental and stable isotopic
signatures of the OM sources. Leaves and roots of the dominant man-
grove species Rhizophora stylosa, Bruguiera gymnorrhiza, and Avicennia
marina, and leaves and rhizomes of the dominant seagrass species
Zostera japonica, Enhalus acoroides, Halodule uninervis, and Cymodocea
rotundata, were collected. In addition, parts of the dominant coral spe-
cies Heliopora coerulea, Porites spp., and Acropora spp., and of two sea-
weed species, Digenea simplex and Dictiyota spp., were collected. The
MPB was extracted by scraping the surface sediment following the
method of Kuwae et al. (2008). All plant and animal samples were
stored at−20 °C until analysis.

2.3. Analytical protocol

TAlk and DIC concentrations of surface water samples were mea-
suredwith a batch-sample analyser (ATT-05; Kimoto Electric) following
the Gran plot method (Dickson et al., 2007). A pHmeter equipped with
a Radiometer Analytical PHC2401-8 Combination Red-Rod pHElectrode
(glass body, BNC, Product No. E16M400, Hach, Colorado, USA)was used
in these analyses. Three consecutive measurements of certified refer-
ence material (Kanso Co. Ltd., Osaka, Japan) were used to determine
the accuracy of the TAlk and DIC measurements (3 and 4 μmol kg−1

water for TAlk and DIC, respectively).
DOC in each water sample was determined by high-temperature

catalytic oxidation with a TOC analyser (TOC-L; Shimadzu, Kyoto,
Japan). Potassium hydrogen phthalate (Wako Pure Industries, Osaka,
Japan) was used as the standard for this measurement, and the coeffi-
cient of variation of the analyses was less than 2%. CDOM absorbance
spectra ofwater sampleswere recorded from250 to 700 nmat 1-nm in-
tervals with a UV–visible spectrometer (UV-2450; Shimadzu, Kyoto,
Japan) fitted with a 1-cm quartz flow cell and referenced to ultrapure
water (Milli-Q water; Millipore, Billerica, MA, USA). The absorbance
values at eachwavelength (λ) were transformed into absorption coeffi-
cients (aCDOM) with Eq. (1):

aCDOM λð Þ ¼ 2:303� ACDOM λð Þ m−1� � ð1Þ

where ACDOM is the absorbance value. We measured aCDOM(254) as a
metric of the aromaticity of the dissolved OM. We calculated specific
UV absorbance at 254 nm (SUVA254) as follows:

SUVA254 ¼ ACDOM 254ð Þ= DOC½ � L mg−1 m−1� � ð2Þ

where [DOC] is the DOC concentration inmg L−1. Spectral slopes for the
275–295 nm interval (S275–295) were calculated by linear regression of
the log-transformed aCDOM spectra. Slopes are reported as positive num-
bers following the mathematical convention for exponential decay. The
precision of the CDOM absorption coefficient was 0.005 m−1.

For the chlorophyll-a analyses, the GF/F filters were extracted and
kept in the dark for 12 h in 90% acetone; then, chlorophyll-a concentra-
tions were measured with a UV–visible spectrometer (UV-2450;
Shimadzu, Kyoto, Japan) (Lorenzen, 1967).

TOC and TN concentrations and δ13C were measured with an
isotope-ratio mass spectrometer (Delta Plus Advantage, Thermo Elec-
tron, Bremen, Germany) coupled with an elemental analyser (Flash EA
1112; Thermo Electron) (analytical precision was ±2% for TOC and
TN, and ±0.2‰ for δ13C). Epiphytes and plant debris were carefully re-
moved from seagrass leaves and sediment samples, respectively, before
analysis. We analysed one sediment sample from each of the triplicate
sediment cores collected from each habitat zone. All samples were
oven-dried at 60 °C. Coral tissue was detached from the skeleton with
a metal brush after ultrasonication for 30 min. The polyp slurry was
oven-dried at 60 °C. The dried samples were acidified with 1 N HCl
and dried again at 60 °C to remove inorganic carbon. Vienna PeeDeeBel-
emnite (VPDB) was used as the carbon isotope standard. Based on the
standard deviation of internal reference replicates (L-histidine [δ-
13CVPDB = −10.19‰; Shoko Science, Yokohama, Japan]; L-alanine [δ-
13CVPDB = −19.6‰; Shoko Science]), measurement precision was
<0.2‰. δ13C of DIC (δ13CDIC) was also measured with the same
isotope-ratio mass spectrometer following the method of Miyajima
et al. (1995).

2.4. Estimation of the air–water CO2 flux

The air–water CO2 flux (FCO2, μmol CO2 m−2 h−1) was calculated
with Eq. (3):

FCO2 ¼ k� K0 � ΔpCO2; ð3Þ

where k is the gas transfer velocity (m h−1), K0 is the solubility coeffi-
cient of CO2 (molm−3 atm−1), andΔpCO2 is the difference in CO2 fugac-
ity (≈partial pressure) between water and air [pCO2(water) − pCO2

(air)]. In this calculation, we used in situ pCO2 in air [pCO2(air)] mea-
sured at the study site by pCO2 analysers. The mole fraction of CO2

was converted to pCO2(air) by applying the virial equation of state
(Weiss, 1974); as a result, pCO2(air) was found to be 395 ± 1 μatm. A
positive FCO2 value denotes a flux from the water to the atmosphere
and vice versa. k was calculated by using the observed wind speed
and the gas transfer velocity models of Liss and Merlivat (1986),
Wanninkhof (1992), and Raymond and Cole (2001), and the best-fit
equation of Borges et al. (2004), hereafter referred to as LM86, W92,
RC01, and B04, respectively. LM86 was designed to be applicable over
awide range of wind velocities and has beenwidely used inmany stud-
ies conducted throughout the world. W92 is known to be well applica-
ble under steady wind speed conditions, as was the case in this study.
However, both LM86 and W92 are best suited for deep water and off-
shore sites. Because this studywas carried out in shallow coastalwaters,
and bottom shear-driven turbulence could not be taken into account,
use of LM86 andW92might result in underestimation of theflux. There-
fore, to minimize possible flux underestimation and to get a wide range
of air–water CO2 flux data, we also used RC01 and B04 to calculate k, be-
cause these equationswere formulated to estimate estuarineCO2fluxes.

The equations used for the calculation of k are as follows:

k ¼ 0:17� U10 � 660=Scð Þ0:5:
for U10≤3:6 m s−1 LM86ð Þ

ð4aÞ

k ¼ 2:85� U10–9:65ð Þ � 660=Scð Þ0:5:
for 3:6 < U10 < 13 m s−1 LM86ð Þ

ð4bÞ

k ¼ 0:31� U10
2 � 660=Scð Þ0:5 W92ð Þ ð5Þ

k ¼ 1:91� e 0:35�U10ð Þ � 660=Scð Þ0:5 RC01ð Þ ð6Þ

k ¼ 5:141� U10
0:758 � 660=Scð Þ0:5 B04ð Þ ð7Þ

whereU10 is thewind speed at 10mabovewater surface.Weusedwind
speeds measured by the Japan Meteorological Agency meteorological
station (Iriomote-Jima) nearest to the study site and corrected for
height (Kondo, 2000). Sc is the Schmidt number for CO2 as given by
Jähne et al. (1987). K0 was computed by using the equation given by
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Weiss (1974). Of the two LM86 equations, only Eq. (4a)was used in this
study because themeanwind speedwas always less than 3.6m s−1 dur-
ing the study period.

2.5. Estimation of lateral carbon flux

Lateral carbon fluxes (as TAlk, DIC, POC, and DOC) from the riverine
freshwater to the coastal ocean through the mangrove, seagrass, and
coral zones were estimated by using the Land–Ocean Interactions in
the Coastal Zone (LOICZ) biogeochemical box modelling approach. The
study area consists of three ecosystems (mangrove, seagrass, and
coral), and vertical stratification of salinity within each ecosystem is
negligible due to shallow depth. Therefore, the LOICZ biogeochemical
model (Gordon et al., 1996) was a reasonable choice for estimating
the lateral exchange of various carbon forms among the ecosystems.
We constructed three boxes surrounding each zone (Fig. S2, Supple-
mentary material) based on the observed salinity of the freshwater
end member, mangrove, seagrass, and coral waters, and the oceanic
end member. The areas of the mangrove, seagrass, and coral boxes
were 2.24 × 105, 2.48 × 105, and 4.48 × 105 m2, respectively, and the
water depths were 0.43 ± 0.26 m (mean ± SD), 0.80 ± 0.33 m, and
1.12 ± 0.31 m, respectively.

As a first step, the surface area and volume of the three boxes were
calculated. Then, the water and salt budgets of the continuum system
were computed following Gordon et al. (1996).

The inflows and outflows of water, salt, TAlk, DIC, POC, and DOC
were computed with the following equations (De Madron et al., 2003)
for each box:

Vq þ Vp þ Vx
� �

− Ve þ Vxð Þ þ Vr ¼ 0 ð8Þ

Vx � Soceanð Þ− Vx � Ssys
� �þ Vr � Sr ¼ 0 ð9Þ

ΔY ¼ Vq � Yq þ Vx � Yocean
� �

− Vx � Ysys
� �þ Vr � Yr ð10Þ

Vr ¼ Ve− Vq þ Vp
� � ð11Þ

Vx ¼ −Vr � Sr
Socean−Ssys
� � ð12Þ

where Vq is the volume of river discharge, Vp is the volume of water
added by precipitation, Vx is the exchange volume between two boxes,
Vr is the residual volume out of the box, Ve is the volume of water evap-
orated from the surface of the box, Sr is the average salinity of two con-
secutive boxes, Ssys is the salinity of the box the lateral flux of which is
being measured, Socean is the salinity of the next adjacent box towards
the sea, Y is the concentration of the constituent of interest (i.e., TAlk,
DIC, POC, or DOC), and ΔY is the net imbalance between input and out-
put. Ysys refers to the difference in the concentration of the constituent
between two adjacent boxes, Yq is the riverine concentration of the con-
stituent measured at the freshwater end-member (FWEM) station,
Yocean is the concentration of the constituent at the oceanic end-
member station, and Yr is the average of the concentration of the con-
stituent in the ecosystem box and that at the oceanic end-member
station.

The tidal effect on the flux calculation was minimized by averaging
all of the data collected during and between high tide and low tide.
The uncertainty of the fluxes was calculated as the standard deviation
of each constituent. The air–water CO2 fluxes were not considered in
the lateralflux calculations because their effect on theDIC concentration
in each box was found to be negligible.

In the study area, the input from sewagewas negligible. Rainfall data
were obtained from Japan Meteorological Agency (JMA). The ground-
water discharge was negligible (0.0000003 m3 day−1; Mazda and
Ikeda, 2006) compared to runoff rate and the precipitation rate, and
thus was not considered in this analysis. The amount of rainfall was
multiplied by the surface area of the boxes to get the exchange volume
among the ecosystems during precipitation. The evaporation dataset (J-
OFURO3, newest version V1.1) used for the study area was taken from
Tomita et al. (2019). The amount of water lost by evaporation from
each individual box was calculated by multiplying the evaporation
rate by the surface area of the box. The bathymetry of the study area
was obtained from Yamano et al. (2019). The basin area was estimated
by using a Digital Topographic Map published by Geospatial Informa-
tion Authority of Japan. River discharge was estimated by the storage
function method (Kimura, 1975; Boyd et al., 1979; Wu et al., 2011)
from the basin area and rainfall data.

2.6. Data analysis

To estimate biotic and abiotic changes in the ecosystems, predicted
conservative mixing lines were estimated for TAlk, DIC, DOC, POC, PN,
and aCDOM(λ) by using a linear salinity mixing model. The mixing lines
for POC/PN, SUVA254, and S275–295 were estimated by using the concen-
trations of the previously mentioned parameters, whereas those for the
stable isotope ratios δ13CPOC and δ13CDIC were based on the formulae
proposed by Mook and Tan (1991). For each sample, we calculated
the difference between the observed values of DIC and δ13CDIC and
those predicted by conservativemixing (i.e., observedminus predicted)
as ΔX, where X represents either DIC or δ13CDIC.

The Bayesian isotopic modelling package, Stable Isotope Analysis in
R (SIAR) (Parnell et al., 2010), was used to partition the proportional
contributions of potential OM sources to POM and sedimentary OM on
the basis of their N/C and δ13C signatures. We chose to use N/C rather
than C/N ratios in the model because the former are statistically more
robust; the higher number (the TOC concentration) is the denominator
and behaves linearly in the end-member mixtures (Perdue and
Koprivnjak, 2007). The contribution from a source with low N/C to sed-
imentary Corg might be overestimated because the N/C ratio generally
declines as OM decomposes (Krüger et al., 2015). In contrast, δ13C
changes little during decomposition (Fry, 2006).

The SIAR model works by determining the probability distributions
of the sources that contribute to the observed mixed signal while ac-
counting for the uncertainty in the signatures of the sources and for iso-
topic fractionation. We assumed an isotopic fractionation of 0 and ran
the model through 1 × 106 iterations. For each potential source, we re-
port themedian and the 95% credible interval (CI) of the estimated pro-
portional contribution of each source.

We defined three potential sources of surface water POM and sedi-
mentary OMto use as endmembers in theOMmixingmodel: terrestrial
OM (mangrove + riverine POM), coastal OM (seagrass + coral + sea-
weed + MPB), and oceanic OM. We pooled mangrove and riverine
POM by using linear interpolation and a mixing ratio ranging between
0% and 100%. The C/N ratio (13.3) and δ13CPOC (−29.4‰) of riverine
POM indicated that it was a mixture of terrigenous sedimentary POM
(C/N = 12.17–19.50 mol mol−1 and δ13C = −28.0‰ to −25.4‰;
Thornton and McManus, 1994) and POM from terrestrial C3 plants
(22.7–50.9 mol mol−1 and δ13C = −29.5‰ to −24.4‰; Kao and Liu,
2000). To suppress divergence of the estimation results, we also pooled
seagrass, coral, seaweed, andMPB together. Oceanic OMwas defined as
the POM collected 10 km offshore.

2.7. Statistical analyses

The significance of the difference in themeans of parameters among
waters of the mangrove, seagrass, and coral zones was tested by one-
way analysis of variance (ANOVA) for normally distributed parameters
and the Kruskal Wallis test for non-normally distributed parameters.
The normality of all parameters was checked by using the Shapiro-
Wilk test. The Pearson correlation coefficient was calculated to assess
the relationship between pCO2(water) and DO (percent saturation).
All statistical analyses were carried out with SPSS version 16.0 (SPSS
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Inc., Chicago, IL, USA). The results were considered significant at
p < 0.05.

3. Results

3.1. Biogeochemical variables, carbonate system, and air–water CO2 flux

The diurnal variability of several parameters showed distinct trends
within each complete semidiurnal tidal cycle (Figs. 2 and S3, Supple-
mentary material). The diurnal variability of salinity in particular
followed a distinct tidal trend in the mangrove and seagrass zones,
with high values during high tide and low values during low tide. In
contrast, pCO2 showed a distinct tidal trend only in mangrove waters,
characterized by high values during low tide and low values during
high tide.

The mean values of the biogeochemical parameters (water temper-
ature, salinity, and DO) showed significant variability amongmangrove,
seagrass, and coral zonewaters (Table 1). Themeanwater surface tem-
perature in the zones decreased in the order mangrove, seagrass, and
coral (p < 0.001), whereas salinity increased from the mangrove to
the seagrass zone and then to coral zone (p < 0.001). DO increased in
the order mangrove, seagrass, and coral (p < 0.001). Chlorophyll-a
Fig. 2. Temporal (diurnal) variability of salinity, dissolved oxygen (DO), pH, pCO2(water) and th
by water depth. The red lines represent the parameters indicated on the left vertical axis, and t
portion of the diurnal cycle. The data were collected from 3 August to 7 August 2017. (For inte
version of this article.)
concentrations varied between 0.07 and 1.2 mg m−3, and there was
no significant difference in the values among the three zones (p>0.05).

Some carbonate chemistry parameters and the air–water CO2 fluxes
were significantly different among mangrove, seagrass, and coral zone
waters (Table 1). Mean pH was lowest in the mangrove zone
(7.739 ± 0.057) followed by the seagrass (7.920 ± 0.013) and coral
zones (8.009 ± 0.177) (p < 0.001). Mean pCO2(water) was highest in
the mangrove zone (953 ± 529 μatm) followed by the seagrass zone
(483 ± 84 μatm), and it was lowest in the coral zone (415 ± 81 μatm)
(p<0.001). The air–water CO2flux varied in parallelwith the variability
of pCO2(water). pCO2(water) and DO (percent saturation) were signif-
icantly correlated in all three zones (Mangrove, Pearson's r value =
−0.61, p < 0.001, n = 1907; Seagrass, r = −0.69, p < 0.001, n =
2842; Coral, r = −0.97, p < 0.001, n = 2995) (Fig. S4, Supplementary
material).

Other carbonate chemistry parameters (TAlk and DIC) did not show
any statistically significant differences among waters from the three
zones (p > 0.05, Table 1). Most TAlk and DIC values in the mangrove
and seagrass zones plotted above the conservative mixing line whereas
those in the coral zone plotted along or below the line (Fig. 3a and b).
Most δ13CDIC values plotted below the conservative mixing line
(Fig. 3h). For the most part, positive ΔDIC values were associated with
e air–water CO2 flux in themangrove, seagrass, and coral zones. Tidal height is represented
he black lines represent water depth (right axis). The grey bands represent the night-time
rpretation of the references to color in this figure legend, the reader is referred to the web



Table 1
Mean values (±standard deviation) and ranges of all physico-chemical, carbonate chemistry, and organic-matter parameters measured in mangrove-, seagrass-, and coral-adjacent wa-
ters. The statistical significance of differences among the three zones was tested by one-way ANOVA or the Kruskal-Wallis test.

Parameter Mangrove water Seagrass water Coral water p value

Water temperature (°C) 31.86 ± 2.42 (28.40–39.70)
n = 2349

31.14 ± 1.66 (28.66–35.81)
n = 2980

30.64 ± 1.37 (28.90–35.18)
n = 2994

p < 0.001

Salinity 31.68 ± 1.53 (26.89–34.09)
n = 2349

33.61 ± 1.27 (26.24–34.81)
n = 2980

34.51 ± 0.07 (33.93–34.70)
n = 2994

p < 0.001

Dissolved oxygen (mg L−1) 5.49 ± 2.83 (0.82–12.03)
n = 1907

7.04 ± 1.84 (1.89–12.33)
n = 2842

8.13 ± 1.82 (6.00–14.13)
n = 2995

p < 0.001

Dissolved oxygen (% saturation) 76.24 ± 42.53 (11.25–180.00)
n = 1907

95.45 ± 26.82 (25.16–175.94)
n = 2842

109.47 ± 27.37 (79.23–201.15)
n = 2995

p < 0.001

Chlorophyll-a (mg m−3) 0.28 ± 0.09 (0.19–0.37)
n = 3

0.52 ± 0.34 (0.30–1.20)
n = 6

0.26 ± 0.18 (0.07–0.65)
n = 10

p > 0.05

pH 7.739 ± 0.057 (7.610–7.965)
n = 1946

7.920 ± 0.013 (7.878–7.952)
n = 2832

8.009 ± 0.177 (7.431–8.348)
n = 2985

p < 0.001

Total alkalinity (μmol kg−1) 2291 ± 390 (1768–3053)
n = 7

2219 ± 45 (2149–2260)
n = 10

2211 ± 44 (2110–2251)
n = 10

p > 0.05

Dissolved inorganic carbon (μmol kg−1) 2074 ± 408 (1738–2883)
n = 7

1933 ± 59 (1798–2044)
n = 10

1878 ± 103 (1638–1957)
n = 10

p > 0.05

pCO2(water) (μatm) 953 ± 529 (401–2667)
n = 1939

483 ± 84 (183–745)
n = 2832

415 ± 81 (168–597)
n = 2972

p < 0.001

Dissolved organic carbon (μM) 104.0 ± 19.6 (70.2–133.6)
n = 7

79.6 ± 16.6 (40.9–97.9)
n = 10

67.7 ± 11.0 (45.3–84.8)
n = 10

p < 0.001

Particulate organic carbon (μM) 63.5 ± 110.2 (13.6–313.0)
n = 7

12.1 ± 4.7 (7.2–21.2)
n = 10

7.3 ± 1.4 (5.4–9.8)
n = 10

p < 0.001

Particulate nitrogen (μM) 5.4 ± 8.7 (1.6–25.1)
n = 7

1.3 ± 0.6 (0.8–2.6)
n = 10

0.8 ± 0.2 (0.5–1.1)
n = 10

p < 0.001

δ13CPOC (‰) −24.4 ± 2.3 (−27.2 to −21.0)
n = 7

−20.3 ± 1.7 (−23.2 to −18.1)
n = 10

−19.5 ± 1.5 (−21.2 to −16.2)
n = 10

p < 0.001

δ13CDIC (‰) −3.9 ± 2.4 (−6.6 to −0.8)
n = 7

−0.7 ± 1.2 (−3.5 to 0.3)
n = 10

0.6 ± 0.4 (0.2–1.4)
n = 10

p < 0.001
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negative Δδ13CDIC values, and the few negative ΔDIC were also associ-
ated with negative Δδ13CDIC values (Fig. 4).

The complete diurnal and tidal dataset showed that all the three
zones in the study area were on average a net source of CO2 (Table 2).
The magnitude of the efflux was highest in the mangrove zone (98–-
2253 μmol m−2 h−1) followed by the seagrass (15–346 μmol m−2 h−1)
and coral zones (3–74 μmol m−2 h−1) (p < 0.001). No negative flux
values were observed from the mangrove-surrounding waters
(i.e., they never acted as a sink for CO2) during the diurnal cycle,
whereas the seagrass waters acted as a sink during≈3.5 h of each diur-
nal cycle (maximum sink magnitude, −183 μmol m−2 h−1). Coral wa-
ters acted as a sink for CO2 during ≈8.5 h of the diurnal cycle, and the
maximum sink magnitude was also higher in coral waters than in
seagrass waters (−206 μmol m−2 h−1).

3.2. OM in the water column

OC concentrations and composition varied among waters of the
three zones (Table 1). DOC and POC decreased from the mangrove to
the seagrass zone and then to the coral zone (p < 0.001). DOC concen-
trations of allmangrovewater samples plotted above the predicted con-
servative mixing line, but some samples of seagrass and coral waters
plotted below the conservative mixing line (Fig. 3c). All POC and PN
concentrations of mangrove, seagrass, and coral water samples plotted
above the predicted conservative mixing line (Fig. 3d and e). Similarly,
almost all POC/PN values plotted below the predicted conservative
mixing line except for a few water samples from the coral and man-
grove zones (Fig. 3f). Almost all δ13CPOC values plotted above the pre-
dicted conservative mixing line (Fig. 3g).

Among the three optical signature of CDOM (Fig. 3i–k), aCDOM(254)

and SUVA254 patterns were similar; they plotted mostly above the con-
servative mixing line in the mangrove zone, and mostly below the con-
servative mixing line in the coral zone. In contrast, most S275–295 values
plotted above the conservative mixing line in the mangrove zone, and
below the conservative mixing line in the coral zone, whereas in the
seagrass zone, they plotted on both sides of the line. The diurnal
variability of CDOM followed a distinct tidal trend, with higher values
during low tide and lower values during high tide in all three zones
(Fig. S3, Supplementary material).

3.3. OM in surface sediment

Elemental and stable isotopic signatures also showed variability
among the three zones (Fig. S5 and Table S1, Supplementary material).
Both N/C and δ13CSOC increased frommangrove to seagrass to coral wa-
ters (p < 0.05).

3.4. OM source mixing model

The values of δ13C and C/N could be explained by the mixing of the
three potential OM sources (Fig. S5 and Table S2, Supplementary mate-
rial). The end-member mixing model showed marked differences
among the potential sources of POM (Table 3). Oceanic OM was the
major component of POM, accounting for 54% (40–65%, 95% credible in-
terval), 71% (62–79%), and 66% (53–75%) of POM in the mangrove,
seagrass, and coral zones, respectively. In contrast, terrestrial OM was
the major component of sedimentary OM in the mangrove zone at
88% (72–95%), and coastal OM dominated sedimentary OM in the
seagrass and coral zones at 41% (25–54%) and 78% (13–94%),
respectively.

3.5. Net lateral exchange

The box model results showed that the mangrove zone was a net
source of TAlk, DIC, and DOC but a net sink of POC (Fig. 5). The seagrass
zone acted as a net source of TAlk and all carbon forms (DIC, DOC, and
POC), whereas the coral zone acted as a net sink of TAlk, DIC, and
DOC, but a net source of POC (Fig. 5 and Table S3). The mangrove-
seagrass-coral continuum acted overall as a net sink of TAlk and DIC;
it took up 12.6 × 103 mol day−1 of TAlk and 9.3 × 103 mol day−1 of
DIC. In contrast, the whole continuum exported 4.07 × 103 mol day−1

of POC and 0.78 × 103 mol day−1 of DOC.



Fig. 3.Distributions of (a) TAlk, (b) DIC, (c) DOC, (d) POC, (e) PN, (f) POC/PN, (g) δ13CPOC, (h) δ13CDIC, (i) aCDOM(254), (j) SUVA254, and (k) S275–295 as a function of salinity in themangrove,
seagrass, and coral zones. The predicted two-end-member conservative mixing distributions of the respective parameters are shown as black dashed lines, based on measured values of
the freshwater end member (FWEM) and the oceanic end member (OEM). The FWEM and OEM values for each parameter are shown in Table S4, Supplementary material.

Fig. 4. Deviation plot of ΔDIC vs. Δδ13CDIC in the mangrove, seagrass, and coral zones.
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4. Discussion

4.1. The role of the mangrove zone in the continuum system

To the best of our knowledge, this study presents for the first time
high-resolution biogeochemical measurements that show the carbon
dynamics and air–water CO2 fluxes in a mangrove-seagrass-coral con-
tinuum.Ourmass-balancemodelling results showed that themangrove
zone acted as a net source of TAlk, DIC, and DOC for the seagrass zone
(Fig. 5); this finding supports the hypothesis of Odum and Heald
(1975) that carbon and nutrients are ‘outwelled’ from mangroves in
various forms. The POC result in this study, however, does not support
the outwelling hypothesis. The two-end-member conservative mixing
model for POC (Fig. 3d) suggests that POC is added to themangrove eco-
system, and the mass-balance model indicates a net lateral POC flux
from the seagrass to themangrove zone (Fig. 5). The relatively low con-
tribution of terrestrial OM to the POM pool in the seagrass zone, com-
pared with its contribution to the mangrove zone, indicate that little
mangrove-derived POM reached the seagrass meadow (Table 3). This
result might indicate that, as suggested by the mixing model, OM is ef-
ficiently trapped in the mangrove sediment rather than retained, as
POM, in the water (Table 3). Efficient trapping of riverine suspended



Table 2
Air–water CO2fluxes observed in this study (mean±standarddeviation; range inparentheses). LM86,W92, RC01, and B04 represent gas transfer velocity calculations according to Eq. (4a)
(Liss and Merlivat, 1986), Eq. (5) (Wanninkhof, 1992), Eq. (6) (Raymond and Cole, 2001), and Eq. (7) (Borges et al., 2004), respectively.

Air–water CO2 flux
μmol m−2 h−1

LM86 W92 RC01 B04

Mangrove 98 ± 92 (1–394) 554 ± 522 (6–2227) 1051 ± 991 (12–4225) 2253 ± 2124 (26–9058)
Seagrass 15 ± 15 (−38 to 62) 85 ± 83 (−213 to 348) 161 ± 157 (−404 to 661) 346 ± 337 (−867 to 1416)
Coral 3 ± 14 (−43 to 34) 18 ± 80 (−241 to 194) 34 ± 152 (−457 to 369) 74 ± 325 (−979 to 791)

Table 3
Relative contributions of organic matter (OM) sources estimated by the OMmixing model (using δ13C and N/C) in particulate OM (POM) and sedimentary OM in the three coastal zones
(mangrove, seagrass, and coral zones). The 95% credible interval is shown in parentheses.

OM sources POM Sedimentary OM

Mangrove Seagrass Coral Mangrove Seagrass Coral

Terrestrial OM (mangrove + riverine POM) 38% (28%–48%) 4% (0%–11%) 2% (0%–9%) 88% (72%–95%) 32% (15%–47%) 5% (0%–37%)
Coastal OM (seagrass + coral + seaweed + MPB) 8% (1%–20%) 25% (17%–33%) 32% (22%–41%) 4% (0%–14%) 41% (25%–54%) 78% (13%–94%)
Oceanic OM 54% (40%–65%) 71% (62%–79%) 66% (53%–75%) 8% (0%–22%) 28% (5%–51%) 17% (1%–69%)

Fig. 5. Schematic diagram of flows of total alkalinity (TAlk) and carbon from riverine freshwater to the coastal ocean through the mangrove, seagrass, and coral zones; area-integrated
gaseous CO2 effluxes from mangrove-, seagrass-, and coral-dominated waters; and sources of POM in water and sediment at the sampling sites. Lateral fluxes of TAlk and carbon
forms, dissolved inorganic carbon (DIC), particulate organic carbon (POC), and dissolved organic carbon (DOC), were estimated by using a biogeochemical mass-balance model.
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sediment by mangroves, and its mitigation of the sediment load
reaching fringing coral reefs, has been reported previously (Victor
et al., 2004; Koshiba et al., 2013).Moreover, Victor et al. (2004) reported
that trapping of suspended sediment bymangroves is a function of tidal
dynamics rather than of the concentration of suspended sediment in
river waters. This retention of POM in the mangrove zone has also
been attributed to low rainfall (Loneragan et al., 1997) and to minimal
river discharge (Ray and Weigt, 2018), both of which would reduce
the hydrologic outwelling of POC from mangroves towards the ocean.

Our results show that TAlkwas higher thanDIC (TAlk:DIC>1) in the
mangrove zone and that more TAlk than DIC was exported from the
mangrove zone (Fig. 5). A higher export of TAlk relative to DIC contrib-
utes in turn to the lowering of CO2 evasion from thewater (Maher et al.,
2018). Previous studies have emphasized that the export of TAlk and
DIC from mangroves to coastal seas and eventually to the open ocean
(Maher et al., 2013; Sippo et al., 2016; Maher et al., 2018) should be
taken into account as a long-term atmospheric carbon sink (Maher
et al., 2018).

In the present study, the two-end-member conservative mixing
model for CDOM signatures shows that themangrove zone exported re-
fractory DOC to the offshore. The high values in aCDOM(254) and SUVA254

in mangrove waters (Fig. 3i and j) indicate that more refractory and ar-
omatic compounds were exported from the mangrove zone (Tremblay
et al., 2007; Bergamaschi et al., 2012). The relatively higher aromaticity
of the CDOM observed in themangrove zonemight be due to refractory
biopolymers such as lignin, exuded from aquatic vascular plants, and
lignin-derived phenols (Watanabe and Kuwae, 2015 and references
therein). S275–295 (which is generally used as an optical indicator of a po-
tential terrestrial origin of CDOM; Fichot and Benner, 2012) exhibits a
gentle slope in mangrove waters, supporting the inference that
terrestrial-derived CDOM is added to the mangrove zone.

The mangrove-surrounding waters were supersaturated with re-
spect to atmospheric CO2 over the entire diurnal cycle (Fig. 2 and
Table 2); hence, the mangrove zone acted as a source of CO2.
Mangrove-surrounding waters around the world are sources of CO2

(e.g., David et al., 2018; Rosentreter et al., 2018; Call et al., 2019;
Macklin et al., 2019) because of their substantial organic carbon loading,
which is mainly attributed to mangrove biomass, terrestrial detritus,
microphytobenthos, and phytoplankton (Borges et al., 2005, 2018;
Borges and Abril, 2011; Bouillon and Boschker, 2006). In addition, the
efficient exchange andmixing of surfacewaterwith porewater through
tidal pumping, along with metabolic activity in sediments, leads to in-
creased pCO2(water) and DIC (Bouillon et al., 2007; Gleeson et al.,
2013; Maher et al., 2013; Santos et al., 2012; Sippo et al., 2016). The di-
urnal variability of pCO2(water) and the air–water CO2 flux (Fig. 2) in
the present study indicates that tidal pumping in the mangrove zone
of pCO2-rich porewater during ebb tide and pCO2-poor seawater during
flood tide is a major mechanism.
4.2. The role of the seagrass zone in the continuum system

The seagrass zone acted as a source for all carbon forms (DIC, DOC,
and POC) andTAlk, despitemetabolic consumption processes and depo-
sition in the sediment. Though the combination of positive ΔDIC with
negativeΔ δ13CDIC in the deviation plot (Fig. 4) suggests that OM degra-
dation by respiration is the dominant OMmineralisation pathway in the
seagrass zone, some positive ΔTAlk deviations (Fig. 3a) are an indicator
of TAlk having been added to the seagrass zone, possibly through car-
bonate dissolution. The role of the seagrass ecosystemas a source of car-
bon to the adjacent ecosystems and to the coastal sea has been well
established (Duarte and Cebrián, 1996; Heck et al., 2008; Duarte and
Krause-Jensen, 2017), as well as its intense carbon sequestration poten-
tial. In particular, DIC was supplied at a much higher rate from the
seagrass zone to the coral zone than from the mangrove zone to the
seagrass zone (Fig. 5). This high supply to the coral zone might be due
to the inflow of DIC from the mangrove zone and the further addition
of DIC to the seagrass zone by OM degradation (Fig. 4).

The present study showed that about one-third of the sedimentary
OM in the seagrass zone consisted of terrestrial OM (Table 3). This result
is in agreement with previous studies reporting efficient storage of
mangrove-derived OM in seagrass sediments (Bouillon et al., 2007;
Walton et al., 2014; Chen et al., 2017). The contribution of terrestrial
OM to sedimentary OM was much higher than its contribution to the
POM pool, suggesting that selective burial of terrestrial OMwas more ef-
ficient than burial of oceanic OM (Table 3; Watanabe and Kuwae, 2015).

Aromatic and refractory CDOM decreased as salinity increased to-
wards seagrass and coral waters (Fig. 3i and j). This result indicates
that mangrove-derived DOM was composed mostly of recalcitrant,
higher molecular weight polymeric structures, whereas seagrass-
derived DOM included relatively high concentrations of easily degrad-
able proteinaceous components (Scully et al., 2004).

Contrary to the majority of other global observations, in the present
study the seagrass surrounding waters acted as a net source of CO2.
Seagrassmeadows often shownet autotrophic activitywith high carbon
sequestration potential (Duarte et al., 2010; Watanabe and Kuwae,
2015; Olivé et al., 2016; Ganguly et al., 2017), so that on a millennial
time scale they act as a net CO2 sink (Tokoro et al., 2014) and store car-
bon (Kennedy et al., 2010; Fourqurean et al., 2012; Greiner et al., 2013).
The most plausible reason for seagrass to act as a net CO2 source is the
addition of allochthonous carbon forms fromupstream,with both river-
ine freshwater and mangrove-derived inputs (Tokoro et al., 2014;
Bouillon et al., 2007; Macklin et al., 2019). In the present study, the
input of allochthonous DIC and high pCO2 water as well as the degrada-
tion of both allochthonous and autochthonous OM together played cru-
cial roles in making the seagrass zone a CO2 source (Figs. 4 and 5).
However, the DIC uptake capacity of the seagrass zone substantially re-
duced pCO2(water) in the seagrass zone compared to that in the man-
grove zone (Table 1, Fig. 2).

4.3. The role of the coral zone in the continuum system

Themass-balancemodel (Fig. 5) shows that the coral zone acted as a
net sink of DOC, although in general coral ecosystems act as a net source
of POC and DOC (Tanaka et al., 2009; Naumann et al., 2010; Nakajima
et al., 2010; Haas et al., 2011). Furthermore, the DOC and CDOM results
indicate that DOMwas removed from the coral zone (Figs. 3 and 5). Re-
moval of DOC from the water column through photochemical and mi-
crobial degradation would offset autochthonous DOM production and
imports from upstream (Zepp et al., 2008; Andersson and Mackenzie,
2012; Mostofa et al., 2016). Because the study site is a shallow coast
(mean depth ~1.12 m), sunlight reaches the bottom and would effi-
ciently degrade DOM. Furthermore, the relatively high water tempera-
ture in the coral zone would facilitate microbial degradation (Table 1).
Nelson et al. (2011) also reported a coral reef ecosystem acting as a
net sink of DOC and suggested that the depletion of DOC could be attrib-
uted to decomposition of DOM by bacterioplankton (Tanaka et al.,
2011a, 2011b). Further study of microbial abundance and community
composition has the potential to elucidate theOMdegradation pathway
and DOC removal in coral reef ecosystems.

The coral zone in the present study acted as a weak source of atmo-
spheric CO2 and showed higher uptakes of TAlk and DIC than the other
zones (Figs. 3 and 5), in addition to a stronger negative correlation be-
tween pCO2(water) and DO saturation (Fig. S4, Supplementary mate-
rial). Coral-adjacent waters (mainly coral-dominated reef systems)
have been reported to be mostly a net source of CO2 (Ware et al.,
1991; Gattuso et al., 1993; Frankignoulle et al., 1996; Gattuso et al.,
1999; Kawahata et al., 2000); however, coral reef systems can act as a
net sink for CO2 when photosynthetic activity exceeds calcification
(Kayanne et al., 1995) because of the high abundance of macroalgae
and other symbiotic algae (Yamamuro and Kayanne, 1995; Kraines
et al., 1997). In the present study, the coral zone acted as a sink for
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TAlk and DIC and as a weak net source of CO2. The strong negative rela-
tionship between pCO2(water) and O2 saturation in the coral zone indi-
cates that biological uptake and metabolism play a crucial role in pCO2

(water) dynamics in the coral water (Fig. S4, Supplementary material;
Yan et al., 2016). Even though the chlorophyll-a concentration was
low in the coral zone (Table 1), primary production by phytoplankton
would contribute to the community metabolism. The net balance be-
tween calcification and organic carbon production in a coral reef ecosys-
tem can determine whether it is a source or sink of atmospheric CO2

(Bates, 2002). The combination of negativeΔDICwith negativeΔδ13CDIC
in some samples from the coral zone (Fig. 4) is a result of carbonate pre-
cipitation. In contrast, the combination of negative ΔDIC with positive
Δδ13CDIC, an indicator of primary productivity or CO2 outgassing, was
not observed, which indicates that calcification predominates over or-
ganic carbon production in this coral zone (Yan et al., 2016).We further
argue that the character of the zone as a CO2 source can be attributed to
the allochthonous carbon supply, as Kawahata et al. (2000) observed in
a nearby fringing reef, along with net calcification in the coral zone.

4.4. Uncertainty of the lateral carbon flux and air–water CO2 flux
estimation

In the present study, the lateral carbon fluxwas estimated under the
assumption that water exchanges occurred precisely between the con-
structed boxes (Fig. S2, Supplementary material); as a result, there is
possible uncertainty in the lateral flux estimation. We constructed the
boxes according to the ecosystem connectivity among the three ecosys-
tems described by Aliño and Muallil (2014), who assumed that such
closely spaced ecosystems would necessarily be interconnected. The
main reason for positioning the hypothetical boxes as shown in Fig. S2
(Supplementary material) was to take into account the longitudinal
connectivity from the mouth of the Yutsun River and the surrounding
mangrove ecosystem through the seagrass beds and the coral ecosys-
tem. We believe that if we were to construct similar series of hypothet-
ical boxes parallel to and on either side of the present boxes, theywould
also represent the same ecosystem continuum. The angle of alignment
of the constructed boxes with respect to the shoreline was selected to
accord with the measured direction of wave propagation in the study
area, which is mainly from the north-east (Masayuki Banno, Port and
Airport Research Institute, Japan, personal communication). Hence, we
believe that by orienting and placing the boxes in this way, we mini-
mized the uncertainty of carbon flux estimation between the boxes.

Another possible source of uncertainty in the estimation of the air–
water CO2 flux and lateral carbon fluxes arises from the fact that sam-
pling was carried out during only two diurnal cycles in each zone,
with a corresponding absence of seasonal variability in the resulting
dataset. However, characterizing the spring-to-neap variability along
with the seasonal variability was not our main goal.

Comparing the carbon forms betweenwater and sedimentmight in-
clude uncertainty, because carbon forms in the surface water vary on a
short timescale (days) and are regulated byprocesses such as the advec-
tion pathway, residence time, and cycling of waters, whereas SOC accu-
mulation varies on amuch longer timescale (seasons or even years).We
argue, however, that our comparison is valid because POC is the major
form of the carbon deposited in the sediment in the study area, and
the POC concentration has been observed to vary annually over a nar-
row range, for example, near Ishigaki Island, close to the present study
area (Miyajima et al., 2007).

5. Conclusion

This study quantified lateral carbon fluxes and the air–water CO2

flux in a subtropical mangrove-seagrass-coral continuum and their sig-
nificance. Our findings suggest that lateral fluxes of carbon have signif-
icant effects on the CO2 dynamics of vegetated coastal ecosystems. The
lateral export of carbon, mainly in the form of DIC and DOC, from the
terrestrial zone, including mangroves, had a negative effect on CO2 up-
take in the seagrass and coral zones. However, the coral zone received
carbon from the seagrass zone and acted as a net sink for TAlk, DIC,
and DOC, indicating that high biological metabolic activity in this zone
offset the effect of the allochthonous carbon load. Overall, the contin-
uum ecosystem acted as a net sink for TAlk and DIC as well as a net
source for DOC, POC, and atmospheric CO2. We showed that the air–
water CO2 flux in the continuum ecosystemwas affected by themetab-
olism in each habitat and by exchanges of inorganic and organic carbon.
Future studies should assess the interactive effects of other ecosystem
features such as hydrological energy, nutrient and sediment loads,
and food webs, on CO2 sequestration in the continuum. Further spatial
and temporal upscaling and comparison of both lateral carbon fluxes
and the air–water CO2 flux among these three important coastal ecosys-
tems and discussion of their significance to CO2 dynamics should im-
prove estimates of the global carbon budget.
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