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The coral reef ecosystem is one of the most productive ecosystems in the ocean,

and is also an important calcium carbonate deposition region. Because excess

production is very low in coral reefs, organic carbon reservoirs are very limited.

During the calcification process, each mole of CaCO3 will produce 1 mol of CO2,

approximately 60% of which will be released into the atmosphere through the

sea-air interface. This causes coral reefs to be large inorganic carbon reservoirs,

but at the same time, most coral reefs act as atmospheric CO2 sources (which

also act as sinks in some coral reefs). Therefore, clarifying the sea-air CO2

exchange flux and carbon storage is critical for understanding the carbon cycle

in coral reef ecosystems. In this paper, we summarize the carbon cycle processes

in the coral reefs of the South China Sea (SCS) and estimate the total CO2 budget

and carbon reserves. According to current research, the coral reefs in this area

act as a source of atmospheric CO2, releasing 0.37−1.59 × 1011 g C a-1 into the

atmosphere. Owing to their extremely high biological productivity and carbonate

productivity, the carbon reserves of coral reefs in the SCS range from 1.66–3.78 ×

1012 g C a-1, which is an order of magnitude greater than the CO2 emissions at the

sea–air interface. Overall, coral reefs in the SCS are important carbon storage

areas. As the current results are still approximate, a more comprehensive and in-

depth investigation is needed to clarify the carbon source/sink processes,

regulatory mechanisms, and carbon storage capacity of SCS coral reefs.
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1 Introduction

Global CO2 emissions have consistently increased, with a 1% increase in 2022

compared with previous year, resulting in total emission of 10.0 Gt C a-1 (Friedlingstein

et al., 2022). The global temperature is consistently increasing. The IPCC AR6 states that

the global average surface temperature increased by 0.19 (0.16 to 0.22) °C between 2011 and

2020, compared with the period from 2003 to 2012 (Lee et al., 2023). The increase in
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temperature has led to the melting of the Arctic ice sheet, rising sea

levels, and more frequent extreme weather events. These

phenomena have significantly impacted the human living

environment (Loucks, 2021). There has been increasing interest

in the carbon cycle process, specifically regarding the dynamics of

CO2 and CH4. This research area is one of the three core

components of international global change, along with food and

water resources (Liu, 2002). The accurate and comprehensive

estimation of carbon fluxes is a key focus of carbon cycle

research. The disclosure of the regulatory process and mechanism

is beneficial for predicting the future evolution of the climate system

and implementing effective countermeasures.

The ocean is widely acknowledged as the primary natural

reservoir of atmospheric CO2. The IPCC AR6 (Lee et al., 2023)

highlighted that CO2 emissions from fossil fuel combustion and

industrial processes accounted for approximately 79% of the total

increase in greenhouse gas (GHG) emissions in 2019. Importantly,

approximately 35% of these emissions are absorbed by the ocean.

The open ocean plays a crucial role in regulating the global climate

by serving as a long-term carbon sink, that stores carbon out of

contact with the atmosphere from decadal day to millennia (Boyd

et al., 2019). The rising levels of atmospheric CO2 highlight the

importance of ocean carbon sinks. Understanding the ocean’s

capacity to absorb atmospheric CO2 and its long-term dynamic

changes is essential for studying marine carbon sequestration

technology and addressing global changes caused by the

continuous increase in the atmospheric CO2 concentration.

In contrast to the extensive research conducted on the carbon

cycle in the open ocean, relatively less attention has been given to

investigating nearshore neritic ecosystems, such as mangroves,

seagrasses, and coral reefs. These regions have the potential to act

as carbon sinks because of their high productivity, impact on

human activities, complex land-sea interaction processes, and

transport of materials to the deep sea (Zhang et al., 2017). Coral

reef ecosystems, which are located in tropical-subtropical neritic

regions, are highly productive and biodiverse. They are commonly

known as the “tropical rainforests of the ocean” (Zhao et al., 2006).

Coral reefs are essential for providing valuable fishing resources,

tourism opportunities, and coastal protection (Hoegh-Guldberg

et al., 2019). Fishes from these reefs make up approximately 9–

15% of global marine fisheries resources (Smith, 1978). Coral reefs

consistently and significantly contribute to carbonate

sedimentation. The CaCO3 productivity of these organisms

accounts for 7–15% of the total productivity in the ocean, making

them significant for the long-term removal of atmospheric CO2

(Suzuki and Kawahata, 2004). The famous “coral reef hypothesis”

also attributed the sudden increase in atmospheric CO2 (~80 ppm)

during the transition from ca. 14 ka preglacial to interglacial to the

change in the coral reef CaCO3 deposition rate (Opdyke and

Walker, 1992), indicating that there was a strong interaction

between coral reefs and the change in atmospheric CO2

concentration. Therefore, it is crucial to study the carbon cycle

process, regulatory mechanisms, and dynamic changes in the

carbon budget of coral reefs to their impact and response to

climate change.
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The SCS is the largest marginal sea in tropical regions, located

between latitudes 4° to 23° N and longitudes 105° to 121° E. It has a

tropical or subtropical climate, a deep-sea basin at its center with a

maximum depth of 4700 m, and is surrounded by extensive

continental shelf systems to the north and south (Zhai et al.,

2013). The SCS connected to the Western Pacific through the

Luzon Strait in the northeast and to the Java Sea via the Karimata

Strait in the southwest. Covering an area of 3.3 million km2,

excluding the Gulf of Thailand and the Gulf of Tonkin (Morton

and Blackmore, 2001), the SCS is part of the Indo-West Pacific

marine biogeographic province, known for its diverse biodiversity.

Positioned at the meeting point of the Pacific and Indian Ocean

Basins (UNEP, 2004), the SCS serves as a key aggregation center for

various species from both oceans, hosting 50 out of the world’s 70

coral generae (Tomascik et al., 1997).

Coral cover, diversity, and coral community structure

determine the organic carbon production and CaCO3 production

of a reef area, which in turn impacts the carbon budget of the reef

area (Shi et al., 2021). Therefore, research on the carbon budget in

coral reef areas in the SCS is highly important for studying the

carbon cycle in the SCS.

There are more than 200 coral reef islands in the SCS, mainly

distributed in the Nansha Islands, Xisha Islands, Zhongsha Islands,

and Dongsha Islands. In addition, numerous fringing reefs are

distributed along the coasts of the SCS (Figure 1). The area

(excluding coral reefs along the Vietnamese, Malaysian, Brunei,

and Philippine coasts and their offshore islands) of existing coral

reefs was initially estimated to be approximately 8000 km2 (Yu,

2012). All major geomorphic types of coral reefs, such as atolls,

patch or platform reefs, and fringing reefs, are distributed in the SCS

(Vo et al., 2013). As the atmospheric CO2 concentration increases,

seawater acidification increases concurrently, posing increasing

risks to the coral reefs of the SCS (Liu et al. , 2014).

Understanding the carbon budget of the ocean and the impact of

the carbon cycle process on ecosystems is crucial for assessing

ecosystem resilience to global warming and ocean acidification.

Additionally, it helps develop strategies and policies to mitigate

these effects. This paper presents the initial organization of the

carbon budget in coral reef areas of the SCS, provides an overview of

carbon cycle research progress, and estimates the total carbon

budget. We discuss the carbon budget from the two aspects of

inorganic carbon and organic carbon processes (Figure 2).
2 Sea-air CO2 exchange fluxes of
coral reefs in the SCS

At present, research on sea-air CO2 exchange is based on the

collection of seawater partial pressures of CO2 (pCO2) and

atmospheric pCO2 data, and the use of these data to calculate sea-

air CO2 flux using Equation 1.

F = ks(Seawater pCO2 − Atmospheric pCO2) (1)

where k is the gas transfer velocity of CO2 (calculated by the

wind speed (u) and Schmidt number (Sc)) (Wanninkhof, 1992), and
frontiersin.org
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s is the solubility of CO2 in seawater (calculated by temperature and

salinity) (Weiss, 1974). When F is greater than zero, CO2 is released

to the atmosphere from seawater, making the sea a CO2 source;

otherwise, it act as a CO2 sink. Field observations of coral reefs

indicate that most coral reefs act as sources of atmospheric CO2

(Ware et al., 1992; Gattuso et al., 1999b; Fagan and Mackenzie,

2007; Yan et al., 2011; Massaro et al., 2012; Yan et al., 2016, 2018),

whereas others act as sinks (Kayanne et al., 1995; Suzuki, 1998;

Suzuki et al., 2001; Drupp et al., 2013; Shaw and McNeil, 2014).

Therefore, whether a coral reef acts as a source or sink of

atmospheric CO2 is variable.

Atmospheric pCO2 changes very little over short time scales and

can be regarded as a constant value (e.g. during more than 10

cruises in the SCS, the standard deviation of atmospheric pCO2 was

typically less than 3 ppmv, except for two coastal voyages influenced
Frontiers in Marine Science 03
by terrestrial sources where atmospheric CO2 fluctuated

significantly with standard deviations of 3.8 and 8.0 ppmv.) (Zhai

et al., 2013). The seawater pCO2 determines whether a sea region

acts as a source or sink. Seawater pCO2 is mainly determined by the

dynamic equilibrium of the carbonate system in seawater, and is

generally affected by temperature, water mixing and biological

metabolism (Dai et al., 2009). Biological metabolism in coral reefs

is the result of two major processes: organic carbon metabolism

process (Equation 2) and an inorganic carbon metabolism process

(Equation 3).

Photosynthesis=Respiration : CO2 ↑ + H2O⇄CH2O  + O2 (2)

Calcification=dissolution : Ca2+ + 2HCO −   
3 ⇄CaCO3 ↓ +H2O + CO2 ↑

(3)
FIGURE 1

Distribution of coral reefs in the South China Sea (Yu and Zhao, 2009).
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The sum of the net organic carbon production and net inorganic

carbon production determines the CO2 budget. Crossland et al.

(1991) reported that the net organic carbon production of Pacific

reefs was almost zero (0 ± 0.7 g cm-2 d-1). Calcification primarily

influences the sea-air CO2 flux in coral reefs. As indicated by

Equation 3, one mole of CaCO3 will yield one mole of CO2. Due to

the buffering effect of seawater, only approximately Y mol of CO2 is
Frontiers in Marine Science 04
released (Y−in the marine environment, approximately Y mol of

CO2 will be liberated per mol of CaCO3 deposited. When seawater

pCO2=350 ppm, T=25°C, S=35, and Y=0.6, namely, the 0.6 rule)

(Ware et al., 1992). According to Ware et al. (1992), global coral reefs

release approximately 0.02–0.08 Gt C as CO2 annually through the

production of CaCO3. This accounts for approximately 0.4–1.4% of

the total CO2 emitted from fossil fuel use. Suzuki and Kawahata
FIGURE 2

Schematics of the mode of carbon cycles of coral reefs modified from Suzuki et al (Suzuki and Kawahata, 2003). (A) a well flushed oceanic reef,
(B) an enclosed reef, and (C) a coastal reef. TALk is the total alkalinity, and DIC is the dissolved inorganic carbon.
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(2004) conducted a comparative study of various coral reefs and

reported that they have various capacities as sources or sinks of

atmospheric CO2. When coral reefs dominate an ecosystem,

calcification becomes the primary factor influencing the seawater

CO2 concentration. Coral reefs usually act as a net source of

atmospheric CO2. However, when macroalgae or seagrass

dominate, plant photosynthesis is greater, and the ecosystem has

greater net productivity. The coral reef than acts as a net sink of

atmospheric CO2. Coral reef ecosystems at different stages of

ecological succession have varying dominant populations, resulting

in variability in their role as sources or sinks of atmospheric CO2

(Suzuki and Kawahata, 2004).

Recent surveys of sea-air CO2 exchange in coral reefs in the SCS

have shown that different coral reefs play different roles as sources/

sinks of atmospheric CO2 (Table 1). The coral reefs of the Nansha

Islands (Yongshu Atoll), Xisha Islands (Yongxing Islands and Yongle

Atoll) and Hainan Island (Luhuitou fringing reef) have been

identified as sources of atmospheric CO2. Further analysis indicated

that the ratio of inorganic metabolism (calcification/dissolution) to

organic carbon metabolism (photosynthesis/respiration) in these
Frontiers in Marine Science 05
coral reefs is more than three times greater than that in the open

ocean. The calcification process releases CO2, leading to an increase

in the CO2 concentration in seawater, making coral reefs a source of

atmospheric CO2. Dongsha Atoll, which is situated at relatively high

latitudes, acts as a sink for atmospheric CO2. Tai et al. (2020) suggest

that vertical mixing enhances nutrient supply, thereby improving

biological productivity and CO2 absorption. The decrease in pCO2

due to CO2 absorption exceeds the increase in surface seawater pCO2

from mixing CO2-rich water mass and air-sea CO2 exchange. The

various coral reef areas along the coast of South China exhibit varying

roles as sources and sinks for atmospheric CO2, withmarked seasonal

variations. The coral reefs in this area are poorly developed, and the

community structure is complex. Biological processes

(photosynthesis and respiration) and mixing effects are the most

important factors controlling the CO2 system (Yang et al., 2023). The

air-sea CO2 fluxes in different coral reefs in the SCS are mainly

affected by the coral community structure. In coral dominated reef

areas, calcification leads to an increase in the seawater CO2

concentration, which makes coral reef a source of atmospheric

CO2. When phytoplankton and benthic algae are dominant, coral
TABLE 1 Sea-air CO2 flux of different coral reefs in SCS.

Sites
Observation

time
Reef
types Longitude Latitude

Geomorphological
type

Water
depth
(m)

Sea-air CO2

flux(mmol C
m-2d-1) References

South China Coast

Da’ao Bay Nov-22
Fringing
reef

114.445-
114.475 22.54-22.57 Reef flat ~6 -1.51

(Yang
et al., 2023)

Feb-23 -0.48

May-23 0.27

Aug-23 -0.23

Dalu Bay Nov-22
Fringing
reef

114.475-
114.505 22.44-22.48 Reef flat ~6 -1.03

(Yang
et al., 2023)

Feb-23 -0.49

May-22 0.42

Aug-23 1.69

Yangmeikeng
Sea Area Nov-22

Fringing
reef 114.56-114.6 22.54-22.65 Reef flat ~6 -1.69

(Yang
et al., 2023)

Feb-23 0.29

May-22 0.58

Aug-23 -0.21

Hainan coast

Luhuitou
Fringing Reef

Aug-09
Fringing
reef

109.47°E 18.22°N
Reef flat

~4
9.6

Yan et al.,
2011, 2016

Nov-10
Fringing
reef

~4 3.5 Yan et al., 2016

Feb-11
Fringing
reef

~4 2.7 Yan et al., 2016

Apr-11
Fringing
reef

~4 5.3 Yan et al., 2016

(Continued)
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reef areas act as sinks of atmospheric CO2 due to the consumption of

CO2 by biological metabolism (Gattuso et al., 1999a, b). There is a

nonlinear relationship between coral growth and sea surface

temperature (SST) in the SCS. In the long term, as SST increases,

coral skeleton growth transitions from increasing to decreasing

linearly, with a critical SST threshold around 27.5°C (Yan et al.,

2019). Coral reef areas at different latitudes in the SCS are

distinguished according to the average annual SST. The zoning

method mentioned above can also be applied to assess CO2 flux, as

the deposition of CaCO3 in coral reef areas is directly proportional to

the release of CO2 (Ware et al., 1992; Frankignoulle et al., 1994). To

assess the overall CO2 budget in coral reefs of the SCS, we employed

an upscaling approach by multiplying a reasonable flux value by the

corresponding surface area if each coral area.

Combined with the isotherm (multiannual SST) (Yan et al.,

2019) of the SCS and geomorphic characteristics of coral reefs in the

SCS, the main coral reef areas in the SCS are divided into three

regions, namely, the South China coast fringing reef zone (South

China Coast and offshore islands), Hainan and Taiwan fringing reef

zone (Hainan and offshore islands, Taiwan and offshore islands),

and the atoll zone (Dongsha Islands, Zhongsha Islands, Xisha

Islands, and Nansha Islands). The observation results of different

geomorphic zones in the coral reef area of each region are

considered reasonable flux values multiplied by the corresponding

area, which is the annual flux of the geomorphic zone. The CO2

fluxes of the fringing reefs on the South China coast are -1.69-1.69

mmol cm-2d-1 (Table 1), with an area of 17 km2 (Yu and Zhao,

2009), and the calculated CO2 budget is -1.2 – 1.2 × 108 g C a-1. The

same method is used to calculate the CO2 fluxes of the Hainan and

Taiwan fringing reef zone, with a total area of 1120.0 km2 (Yu and

Zhao, 2009), the calculated CO2 budget is approximately 1.3–4.7 ×

1010 g C a-1. The CO2 fluxes of atoll reef flats and atoll lagoons are

obviously different (Table 1), and are mainly influenced by

differences in biological metabolism and seawater mixing (Yan
Frontiers in Marine Science 06
et al., 2011). Research shows that coral coverage in lagoons such

as Zhubi Atoll, Meiji Atoll in the Nansha Islands (Zhao et al., 2013),

and Yongle Atoll in the Xisha Islands (Zhao et al., 2016) is lower

compared to reefflats. This lower coverage reduces calcification and

CO2 release capacity. Moreover, the depth of the atoll lagoon water

in the SCS is significantly greater than that of the reef flat water

(Zhao et al., 2013, 2016), resulting in a larger volume of water per

unit area in the lagoon. Consequently, when biological processes

absorb or release the same amount of CO2, the change in CO2

concentration in the lagoon water column is significantly lower

than in the reef flat. Therefore, the CO2 fluxes of two different

geomorphic types of atolls were measured separately, and the CO2

budget of the atolls was estimated using Equation 4.

atoll CO2 budget

= atoll reef flat CO2flux � atoll reef flat area

+ atoll lagoon CO2flux � atoll lagoon area (4)

The CO2 fluxes of the atoll lagoon and reef flat are 0.4-2.9 mmol

C m-2 d-1 and 1.5-5.2 mmol C m-2 d-1 (Table 1), respectively, while

the atoll lagoon area is 4380.6 km2, and the atoll reef flat (including

fore-reef) area of the SCS is 2456.6 km2. The calculated atoll CO2

budget is 0.24 – 1.12 × 1011 g C a-1. The amount of CO2 released from

coral reefs in the SCS is estimated to be 0.37–1.59 × 1011 g C a-1.
3 Calcium carbonate reservoir of coral
reefs in the SCS

Coral reefs are distinct ecosystems that provide a habitat for a

diverse range of organisms (Andersson and Gledhill, 2013; Eyre

et al., 2014), including abundant calcifying organisms such as corals,

nullipores, and foraminifera. These calcifying organisms build

calcium carbonate frameworks and cement the reef together
TABLE 1 Continued

Sites
Observation

time
Reef
types Longitude Latitude

Geomorphological
type

Water
depth
(m)

Sea-air CO2

flux(mmol C
m-2d-1) References

Xisha Islands

Yongxing
Island

Feb-06
Atoll

112.33°E 16.83°N
Reef flat

~5 1.48 Dai et al., 2009

Jul-08 ~5 4.7 Yan et al., 2011

Lingyang Reef Jul-13 Atoll 111.61°E 16.45°N Reef flat ~5 5.2 Yan et al., 2018

Ganquan
Island Jul-13 Atoll 111.59°E 16.52°N

Lagoon ~35
1.2 Yan et al., 2018

Quanfu
Island Jul-13 Atoll 111.66°E 16.58°N

Lagoon ~44
2.9 Yan et al., 2018

Shiyu Islamd Jul-13 Atoll 111.74°E 16.57°N Lagoon ~43 0.9 Yan et al., 2018

Jinqing Island Jul-13 Atoll 111.75°E 16.49°N Lagoon ~31 2.2 Yan et al., 2018

Nansha Islands

YongShu Reef May-09 Atoll 112.87°E 9.63°N Lagoon ~30 0.4 Yan et al., 2011
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(Cornwall et al., 2021). The growth and persistence of coral reefs

depend on net CaCO3 accretion, i.e. where calcification in coral

areas exceeds the dissolution and erosion (Jones et al., 2015). The

production of calcium carbonate by coral reefs is an important

component of the global marine carbon cycle. Suzuki and Kawahata

(2004) demonstrated that coral reefs, which cover less than 2.3% of

global neritic carbonate regions worldwide, significantly impact

CaCO3 production, contributing 32-43% of neritic and about 7-

15% of global CaCO3 production. The importance of coral reefs

worldwide is magnified when their role in the accumulation of

CaCO3 is considered. The annual CaCO3 accumulation in coral reef

areas is 0.084 Pg C, approximately 23-26% of the global CaCO3

accumulation (Shi et al., 2021). Coral reefs are significant carbonate

reservoirs in the ocean.

Community metabolic (photosynthesis/respiration) impacts the

alkalinity and acidity ratio of seawater, influencing the calcification

rete (Mcconnaughey et al., 2000). Therefore, environmental factors

such as sea water temperature, salinity, and solar radiation affect the

calcification of coral skeletons by affecting coral metabolism,

resulting in significant seasonal variation in skeletal density and

annual growth boundaries (Shi et al., 2012). Coral skeletal extension

and skeletal density estimated skeletal calcification using Equation

5. This data, along with coral cover, was then used to calculate net

carbonate production (kg m−2 a−1) and gross carbonate production

(t a−1) using Equations 6, 7, respectively (Shi et al., 2009).

Skeletal calcification (g cm−2 a−1)

= Skeletal extension (cm  a−1)� Skeletal density (g · cm−3) (5)

Carbonate production (kg ·m−2 a−1)

= Skeletal calcification (g cm−2 a−1)� Coral cover (%) (6)

Gross carbonate production (t a−2)

= Carbonate production (kg m−2 a−1) reef  surface area (m2)

(7)

There are many data on the skeletal extension of coral reefs in

the SCS, and these data cover the main coral reef areas in the SCS. In

the case that the corresponding coral skeletal density data are

insufficient, since coral calcification is proportional to skeletal

extension (Shi et al., 2012), it is calculated by the following formula:
Frontiers in Marine Science 07
Coral calcification = 1:2874� skeletal extension + 0:1643 (R2 = 0:90)

(8)

SST is one of the main factors controlling coral growth. Yan

et al. (2019) averaged the multi-annual SST in the SCS, and mapped

the spatial distribution of multi-annual SST in the SCS. According

to the spatial gradient of SST, the coral reefs in the SCS are divided

into three regions: HN-TW (including Hainan Island, Dongsha

Islands, and Taiwan Island), XS-ZS (including Xisha Islands and

Zhongsha Islands), and NS-HY (including Nansha Islands and

Huangyan Island). The annual average skeletal extension of the

coral reefs in the three regions are 1.25, 1.10, and 0.91 cm a-1,

respectively (Yan et al., 2019). According to Equation 8, the annual

average calcification rates for the three regions are 1.77, 1.58, and

1.34 g·cm−2·a−1, respectively. Based on the existing coral coverage

survey results, the CaCO3 production of coral reefs in the SCS was

estimated (Table 2). According to the carbonate production in

surviving coral reefs and the total area of coral reefs, coral reef

CaCO3 production in the SCS is estimated to be 1.35-3.11 × 107 t a-1,

which represents 0.9-4.3% of global carbonate production (Suzuki

and Kawahata, 2004).
4 Organic carbon pool and fluxes in
coral reef waters in the SCS

In seawater, organic carbon (Org-C) exists as particulate organic

carbon (POC) and dissolved organic carbon (DOC). POC migrates

and transforms into water through a cascade of transfers within the

food chain, excretion, death, and other biological processes

(Hernández-León et al., 2019). DOC primarily consists of coral

secretions, microbes, and other organisms smaller than 0.2 mm that

are produced through biological metabolic processes (Ogawa and

Tanoue, 2003). The main processes of Org-C migration and

transformation include animal feeding, microbial recycling, physical

sedimentation, and hydrodynamic forces (Wotton and Malmqvist,

2001). Coral reefs typically develop in shallow waters that are less

than 100 m deep (Goreau et al., 1979). According to Reiswig (1981),

there are no differences in the vertical distributions of POC in coral

reef waters. Some Org-C is released through remineralization, animal

feeding, and microbial decomposition during settlement, whereas

some is exported to the ocean beyond the reef. Only a small amount

of material enters the pores of coral skeletons or becomes buried by
TABLE 2 Skeletal extension, calcification, coral cover, and carbonate production of coral reefs in the SCS.

Region
Area
(km2)a

Skeletal
Extension (cm
a-1)b

Calcification
(g cm-2 a-1)c

Coral
cover
(%)d

Carbonate pro-
duction (kg·m-

2·a-1)
Gross carbonate
production (t·a-1)

I. South China coast, Hainan Island,
Dongsha Islands, and Taiwan Island 1561.5 1.25 ± 0.37 1.77 ± 0.64 12-15.3 2.12-2.71 3.32-4.24 × 106

II. Xisha Islands and
Zhongsha Islands 3344.7 1.1 ± 0.22 1.58 ± 0.45 10-29 1.58-4.58 0.53-1.53 × 107

III. Nansha Islands and
Huangyan Island 3068 0.91 ± 0.29 1.34 ± 0.54 11.82-28.31 1.58-3.79 0.49-1.16 × 107
a) reference data (Yu and Zhao, 2009), b) reference data (Yan et al., 2019), c) data calculated from skeletal extension using Equation 8, and d) reference data (Yu, 2012; Zhao et al., 2012,
2013, 2016).
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CaCO3 crystalloids (Figure 2). For example, the content of organic

carbon in carbonate sand grains in a fringing reef in the northern

Gulf of Aqaba is only 0.36% (Rasheed et al., 2006). It creates a stable

and enduring structure. Bak and Laane (1987) analyzed coral core

samples from Indonesian islands and reported that the total organic

carbon content was less than 0.5 wt% (Ferrera et al., 2017). Ingalls

et al. (2003) analyzed coral core samples from Florida and the Red Sea

and found that the total organic carbon (TOC) contents were even

lower, ranging from 0.04 to 0.11 wt% and 0.02 to 0.04 wt%,

respectively, approximately 300 years ago. These findings show that

although the productivity level of the coral reef area is high, the

content of organic carbon that enters the sediment and remains very

low is negligible compared with that associated with CaCO3

deposition. Similarly, a study conducted by Song et al. (2003) on

the Zhubi Reef of the Nansha Islands showed that the POC content in

settling particles was 0.03–0.05 wt%. In comparison, the POC content

in the lagoon sand was even lower, ranging from only 0.01–0.02 wt%.

Due to the presence of swimming creatures and hydrodynamic

forces (typically waves, tides, regional flow, wind, and buoyancy

effects), there is a continuous exchange of seawater between the

interior and exterior of coral reefs (Figure 2) (Rogers et al., 2017).

Some reefs exhibit a net export of Org-C to the surrounding ocean

(Hata et al., 1998). Delesalle et al. (1998) surveyed the Tiahura Reef, and

the results showed that the mean export of organic carbon was

estimated to be 0.7 g C m-2 d-1, accounting for 47% of the Org-C

production of the reef. An investigation (Zheng et al., 2004) revealed

that the distribution characteristics of DOC in Zhubi Reef were similar

to those in Tiahura Reef, which were reef flat>lagoon>surrounding

ocean. A survey (Hata et al., 1998) of the Palau Barrier Reef revealed

that 7% of the gross community production(GCP) entered the lagoon,

and that 4% of the GCP was exported to the open ocean. Observations

(Hata et al., 2002) in the Shiraho Reef of Japan revealed that the DOC

and POC fluxes from coral reefs to the open ocean were 30–36 and 5–7

mmol C m-2 d-1, respectively. Additionally, Miyajima et al. (2007)

reported that the net output fluxes of DOC and POC were 15 and 2

mmol m-2 d-1, respectively, whereas Tanaka et al. (2011) reported a net

DOC output flux of 12–24 mmol m-2 d-1. Hydrodynamic forces, such

as wind, currents, and waves in different seasons primarily control the

output of Org-C from coral reefs. The water volume in and out of

lagoons (water flow between lagoons and the ocean) also changes

seasonally, resulting in distinct variations in horizontal flux (Schrimm

et al., 2002). Coral reefs with different geomorphologies have different

reactions to hydrodynamic conditions. As shown in Figure 2, there are

differences in a reef’s openness to the ocean. The width of channels for

water flux in and off coral reefs varies, resulting in differences in Org-C

outputs among different reefs (Charpy and Charpy-Roubaud, 1991).

Currently, quantitative studies on the biogeochemistry of Org-C in

coral reefs in the SCS are lacking. The comprehensive scientific

expedition of the Nansha Islands, which was conducted by the SCS

Institute of Oceanology involved various research activities primarily

from 1993 to 1994.Wu et al. (1997) deployed two sediment traps in the

Zhubi Atoll lagoon. The results revealed that the average vertical flux of

POC was estimated at 73.69(58.38 and 90.16) mg C m-2 d-1, with POC

accounting for 1.78 and 1.96% of the sediment particles in the traps.

Yang et al. (2011) measured the vertical flux of POC in Zhubi Reef to

be 43 mg C m-2 d-1 using the 210Po/210Pb disequilibria, which is
Frontiers in Marine Science 08
consistent with the results of Wu et al. (1997). The organic matter

within coral reef sediments undergoes further degradation. Gao et al.

(2023) collectedmultiple sediment samples at Yongle Atoll in the Xisha

Islands and estimated the average burial flux of POC to be 15.24 (8.22-

21.92) mg C m-2 d-1, which is significantly lower than the vertical flux

of POC at Zhubi Atoll, as determined by combining sedimentation

rates with dry density and TOC content. Cai et al. (1997) compared

Yongshu, Chigua, Zhubi, Wufang, and Xinyi Reefs and reported that

the DOC content ranged from 1.00 to 4.85 mg L-1, whereas the POC

content ranged from 155.33 to 592.47 mg l-1. These values were higher
than those typically observed in open oceans (ie: the DOC

concentrations in the euphotic of the SCS are range from 0.66 to

1.02 mg L-1, and the POC concentrations in the euphotic of the SCS

range from19.20 to 48.99 mg L-1 (Jiao et al., 2018)). Org-C is clearly

exported from coral reefs to adjacent open seas. Studies estimate the

POC output flux from Zhubi Reef to be 14.00 mgCm-2 d-1, accounting

for 4% of the lagoon’s net primary productivity (Yang et al., 2011). This

proportion is similar to other coral reef lagoons. For example, the POC

exported from a barrier reef of the Palau Islands to the ocean accounts

for about 4% of the total community production (Hata et al., 1998),

while the POC exported from Tikehau atoll Lagoon constitutes

approximately 6% of the total phytoplankton production (Charpy

and Charpy-Roubaud, 1991). Current research faces challenges in

accurately estimating the vertical and horizontal Org-C output fluxes

from coral reefs in the SCS. Kinsey (1985) conducted a comparative

analysis of organic and inorganic productivity in various coral reefs,

establishing the average metabolic performance or “standard

performance” of coral/algal reefs as P/R=1 ± 0.1. This suggests that

net primary production is nearly equivalent to respiration in coral

communities, with a minor difference, indicating a direct link between

net primary production and primary production. Table 3 presents a

comparison of the primary production levels in coral reefs across the

SCS. Despite the unusually high primary production in Huangyan
TABLE 3 Comparison of the planktonic community primary production
(GPP, mg C m-3 h-1) of coral reefs in the SCS.

Coral reefs

Community
primary
production(GPP,
mg C m-3 h-1) References

Sanya bay coral
reefs, Hainan 3.15 Song et al. (2011)

Zhongsha Atoll 1.36 Xiang et al. (2023)

Huangyan Atoll,
Zhongsha Is. 5.75 Ke et al. (2018)

Huaguang Atoll,
Xisha Is. 3.14 Ke et al. (2018)

Yuzuo Atoll, Xisha Is. 3.21 Ke et al. (2018)

Panshi Atoll, Xisha Is. 1.26 Ke et al. (2018)

Langhua Atoll, Xisha Is. 2.15 Ke et al. (2018)

North Atoll, Xisha Is. 1.59 Ke et al. (2018)

Chigua Atoll, Nansha Is. 1.86 Wu et al. (2001)

Zhubi Atoll, Nansha Is. 2.62 Wu et al. (2001)
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Atoll, the primary production levels in other coral reefs are relatively

similar. Due to the limited availability of survey data, a crude estimate

was derived using the average of existing available data to represent the

SCS coral reefs. The average vertical flux of Org-C in the SCS coral reef

lagoon is calculated to be 63.85 (ranging from 43.00 to 90.16) mgCm-2

d-1, with a POC burial flux of 15.24 (ranging from 8.22 to 21.92) mgC

m-2 d-1, and a horizontal output flux of 14.00mgCm-2 d-1. Considering

the coral reef area of 7974.2 km2, the Org-C deposition flux in the SCS

coral reef area is estimated to be approximately 1.86 × 1011 (ranging

from 1.25 to 2.62 × 1011) gC a-1, with a burial flux of 4.44 × 1010

(ranging from 2.39 to 6.38 × 1010) gC a-1, and a horizontal output flux

of approximately 4.07 × 1010 gC a-1.
5 Carbon budget of coral reef
ecosystems in the SCS

The main coral reefs in the SCS are significant sources of

atmospheric CO2, releasing approximately 0.37–1.59 × 1011 g C a-1.

These coral reefs also act as carbonate reservoirs, with carbonate

production reaching 1.35–3.11 × 107 t a-1, equivalent to 1.62–3.74 ×

1012 g C a-1. The amount of organic carbon entering the sediment and

leaving the carbon cycle is approximately 4.44 × 1010 g C a-1. The

amount of Org-C exported from reefs by tides or currents is

approximately 4.07 × 1010 g C a-1. After POC enters the open

ocean, during the sedimentation process, some Org-C is oxidized

and decomposed, whereas others are ingested and enter the food

chain. Only a small portion reaches deep water. For example, Hata

et al. (1998) investigated the Org-C sedimentation process in the

open ocean outside Palau Island and reported that only 0.6% of the

POC was transferred below the thermocline (150 m depth). If we

consider both carbonate and Org-C, the carbon storage in coral reefs

in the SCS is estimated to be approximately 1.66–3.78 × 1012 g C a-1.

However, these estimates are based on limited data, making them

rough and of limited usefulness. In the future, it will be necessary to

improve the monitoring of sea-air CO2 exchange in coral reefs of the

SCS. This can be achieved by developing automatic observation

systems and gathering long-term monitoring data. Continuous

monitoring of environmental parameters allows accurate

assessment of the annual contribution of coral reefs and the

environmental impacts of global climate change on coral reef

carbon flux. We introduce new methods and tools to study

calcification and organic carbon processes. Our goal is to explore

the potential for carbon storage and enhance the model of carbon

sink enhancement for coral reefs in the SCS.
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