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Coral atolls are widely recognized as oases of remarkable biodiversity and
productivity within the oligotrophic open ocean. However, considerable
debate surrounds the net carbon metabolism of planktonic communities in
oceanic coral atolls and their contribution to the overall carbon budget of the
ocean. Zhongsha Atoll, situated in the central South China Sea, represents one of
the largest submerged reef atolls globally. Despite its significance, the ecological
environment and characteristics of community production and metabolism at
Zhongsha Atoll have been scarcely studied, and it remains uncertain whether
these features differ from those observed in barrier-type reefs. In this study, we
examined the gross primary production (GPP), community respiration (CR), and
net community production (NCP) of the planktonic community in Zhongsha Atoll
and its surrounding waters from 22 June to 6 July 2020. We also analyzed the
potential influences of their distribution patterns. Our findings revealed that CR
did not vary significantly with depth and it was considerably higher than GPP. As a
result, the waters at the euphotic depth of Zhongsha Atoll were found to be
heterotrophic, with negative NCP. Additionally, the correlation analysis
demonstrated a negative relationship between NCP and CR. The NCP values
were -35.28 + 26.73 and -53.18 + 31.77 mg C m™> d! for the surface and
chlorophyll maximum (DCM) layers, respectively. The NCP for the upper water
column was -3023 mg C m™ d™X. The waters above the reef flat (FL) exhibited
higher primary productivity, with GPP in the surface and DCM layer being 1.61
and 2.71 times greater, respectively, than in the surrounding oceanic regions.
However, the FL displayed a greater level of heterotrophy due to its stronger CR.
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In conclusion, the carbon metabolism of the planktonic community in
submerged Zhongsha Atoll acts as a source of atmospheric CO,, and the
distribution of coral reefs considerably contributes to the efficiency of carbon
cycling within the atoll.

KEYWORDS

coral atoll, planktonic carbon metabolism, primary production, community respiration,
net carbon production

1 Introduction

Coral reefs have been described as oases of biodiversity and
productivity in oligotrophic oceans, covering less than 0.1% of the
ocean surface (Spalding et al., 2001), but providing habitat for 25%
of marine species and are valued at more than $375 billion annually
through the promotion of tourism, fisheries and marine industries
(Worm et al., 2006). The ecosystems are also hotspots for marine
carbon sinks. The role of coral reefs in the carbon budget is of great
importance in light of current climate challenges and the enormous
potential for carbon storage in the oceans (Hoegh-Guldberg et al.,
2017; Zhou et al., 2023).

However, the contribution of oceanic coral atolls to the source/
sink of atmospheric CO, has been controversial (Gattuso et al.,
1999). The balance of the carbon budget is jointly regulated by the
two major processes of primary production and respiratory
metabolism. Although coral reef ecosystems have a strong carbon
sequestration function through the photosynthesis of symbiotic
zooxanthellae and phytoplankton, and the formation of coral
calcium carbonate skeletons, the respiratory and metabolic
processes of the ecosystems are also active due to the high
biodiversity and rapid organic matter turnover rates (Tanaka
et al., 2018). Metabolic carbon emission processes mainly include
respiration and excretion by plankton, corals and benthos, carbon
dioxide released by coral calcification, and microbial metabolic
processes associated with the decomposition of organic matter
(Crossland et al., 1991; Sorokin, 1991; Ware et al., 1992). In
previous studies, carbon sink assessment has been primarily based
on phytoplankton biomass and carbon isotope conversion efficiency
(Azevedo et al., 2006; Duarte and Regaudie-De-Gioux, 2009).
Indeed, it is necessary to take into account the carbon emitted
during metabolic processes to further determine the net carbon
production (Tambutte et al., 2011).

The production and metabolism of the planktonic community
is of great importance for the material cycling and energy flow in
coral reef ecosystems. Numerous studies have observed high
plankton biomass and productivity in the vicinity of coral atolls,
even radiating outwards for tens of kilometers (Gove et al., 2016;
Richardson, 2019). Particularly for submerged atolls, the water
column is an important component within the boundary of the
coral reef ecosystem and contributes significantly to the carbon
sink. Furthermore, plankton is critical to the nutrient supply of
coral reef ecosystems (Wyatt et al., 2010). Particulate organic matter
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derived from plankton and its cellular metabolites is primarily fed
by filter feeders and larvae in coral reef ecosystems (Ribes et al.,
2005; Pawlik et al., 2018), and regulates benthic communities after
sedimentation (Furnas et al., 2005). On the other hand, marine
plankton are valuable indicators of environmental stability because
they respond quickly to environmental changes due to their short-
life cycle and rapid carbon turnover rate (Furnas et al., 2005; Glacio
Souza et al., 2022). Therefore, planktonic metabolism plays a pivotal
role in the carbon pump of coral atolls by influencing the carbon
budget of the ecosystem, and the balance between production and
metabolism is effective in assessing the stability and health of the
ecosystem (Bell et al., 2014; Ke et al., 2016; Xiang et al., 2022).
The global coral reef ecosystem is currently confronted with
various crises, exhibiting diverse types and extents of damage.
Extensive research has been conducted on the detrimental effects of
human activities and terrestrial inputs on nearshore coral reefs.
However, an alarming deficiency exists in terms of scientific
investigation focusing on coral reefs situated far offshore (Liu et al.,
2020; Garcia-Corral et al.,, 2021). Although far offshore coral atolls are
relatively isolated from terrestrial disturbances, they are not immune
to ecological damage. The impacts of global climate change, including
reduced coral cover and coral bleaching, are still evident in these
remote ecosystems (Chen et al., 2009; Liu et al., 2020; Garcia-Corral
et al, 2021). The South China Sea is one of the world’s largest
marginal seas. Its total area of coral reefs is nearly 5% of the world’s
(Huang et al., 2014), mainly distributed in the Nansha Islands, Xisha
Islands, Dongsha Islands, Zhongsha Islands, Hainan Island and the
South China mainland along the coast. Several studies conducted on
oftshore coral atolls in the South China Sea have highlighted notable
differences in the ecological environment of the reef flats and lagoons
within these atolls compared to the external surroundings. These
investigations have reported high levels of primary productivity
within the reef flats and lagoons (Ke et al., 2018; Fan et al, 2021).
However, it is important to note that these atolls typically possess
enclosed and relatively shallow lagoons, but the lagoon of Zhongsha
Atoll is distinct in that it is encompassed by intermittent marginal
reefs with water depths reaching up to 100 m (Huang et al,, 2020).
Therefore, Zhongsha Atoll has unique geographical structure and
environmental characteristics. However, there is a scarcity of studies
that delve into its ecological environment and the carbon metabolism
of its planktonic community. Consequently, the potential
contribution of its metabolic equilibrium to the marine carbon

sink/source remains unclear.
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In light of these considerations, this study employed field
observations and experiments to comprehensively analyze the
distribution patterns, regional variations, and influencing factors
related to gross primary production (GPP), community respiration
(CR), and net community production (NCP) of the plankton
community within Zhongsha Atoll and its surrounding waters.
These analyses were conducted after establishing a clear
understanding of the fundamental ecological environment
characteristics and distribution patterns. Moreover, the carbon
metabolic flux of the plankton community in Zhongsha Atoll was
assessed, aiming to ascertain its potential contribution to the overall
carbon source-sink dynamics within the ecosystem.

2 Materials and methods
2.1 Study area and sample collection

Zhongsha Atoll is located in the center of the South China Sea,
which is the main component of the Zhongsha Islands and the
largest coral atoll among the various islands and reefs in the South
China Sea. It is characterized by an oval shape with a NE-SW
orientation and covers a total area of 23500 km®. An attribute of
Zhongsha Atoll is its submerged nature, with approximately 20
reefs scattered throughout the area. These reefs, ranging from 10 to
26 m below the sea level, remain unexposed even during low tide.
The lagoon within the atoll exhibits a water depth of ~70 m (Huang
et al., 2020).

Seawater samples from Zhongsha Atoll (113.50°~115.20° E and
15.00°~16.50° N) and its adjacent waters were collected during the
period of June 22 to July 6, 2020 for environmental and biological
analysis (Figure 1). All samples were collected during the daytime.
According to the geographical locations and depths of various
sampling stations, the stations were classified into four categories:
reef flats (FL), lagoon (LA), outer reef slopes (SL), and deep-sea
regions (DS). The bottom depth was less than 50 m for FL, while for

Latitude (°N)
Depth (m)

110 115
Longitude (°E)

FIGURE 1

Map of the Zhongsha Atoll (A) in the central South China Sea (B), showing the location of sampling stations.

10.3389/fmars.2023.1296052

LA and SL, it averaged at 80 m and 280 m respectively. The DS had
a depth exceeding 500 m.

2.2 Environments and chlorophyll
a measurements

The vertical profiles of temperature, salinity, and dissolved
oxygen (DO) were monitored in situ by a multi-parameter water
quality monitor Sonde (YSI 6600; Yellow Springs Instruments,
Yellow Springs, OH, USA). The euphotic depth was estimated by
Secchi disk (Koenings and Edmundson, 1991). Concentrations of
nitrate (NOj), nitrite (NO,), ammonia (NH,"), silicate (Si05>)
and soluble reactive phosphorus (SRP) were measured with an
automatic nutrient analyzer (AA3; Seal Instruments, Hamburg,
Germany) according to the standard colorimetric techniques
(Grasshoff et al.,, 1983). The dissolved inorganic nitrogen (DIN)
content was calculated as the sum of NO;, NO, and NH,".

For the size-fractioned chlorophyll a (Chl a) measurement, 500
mL water samples (prefiltered through a 200 um mesh) were
sequentially filtered through 20 wm nylon membrane (Millipore),
3 um polycarbonate membrane (Millipore), and 0.7 um (GF/F
filter, Whatman) pore size membrane filters to collect filter samples
for micro-, nano- and pico-sized Chl a, respectively. To measure the
total Chl a, water samples (prefiltered through a 200 um mesh) were
filtered through 0.7 um pore size membrane filters directly. All the
filters were stored at -20°C, then measured by Turner Designs 10
fluorometer after extracting in the dark for 24 h at 4°C in 10 ml
acetone (90% v/v) following the method of Parsons et al. (1984).

2.3 Planktonic community metabolism and
primary production

The euphotic zone, where all photosynthesis takes place, plays a
crucial role in controlling oceanic primary productivity and air-sea
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CO, exchange. The water column integrated primary production,
extending from the surface to the deep chlorophyll maximum
(DCM) layer, typically constitutes 30-70% of the total carbon
fixation within the euphotic zone (Hanson et al., 2007; Macias
et al., 2014; Siswanto et al., 2005; Takahashi and Hori, 1984). In this
study, based on the in situ observation and previous research of
Nansha Islands (Cai et al., 2000; Wu et al., 2001), we determined the
planktonic metabolism of the surface and the DCM layer to
characterize the metabolic dynamics of Zhongsha Atoll
(Figure 1B, stations marked by triangles).

To estimate the planktonic metabolism, we employed the light-
dark bottle method (Serret et al., 1999). Specifically, seawater was
collected from the surface and DCM layers by Niskin water sampler,
then carefully transferred through silicon tubing into a total of six
bottles: three designated as light bottles and three as dark bottles
(light bottle covered by aluminum foil). These bottles were 340 mL
narrow-mouth borosilicate glass bottles. All incubated bottles were
carefully arranged in a culture tank on the deck, ensuring
temperature control through the use of a chiller. In order to
simulate the solar radiation corresponding to the sampling water
depths in the natural environment, neutral grey blackout fabric
was utilized.

The dissolved oxygen concentrations were measured at the start
(0 h) and after a 24-hour incubation period using the Presens
precision sensing Microx 4 Oxygen meter, with a detection limit of
0.01 mg L' and a detection accuracy of £0.025 mg L. Gross
primary production (GPP), community respiration (CR), and net
community production (NCP) were calculated as follows: CR (mg
0O, L d_l) = DOpon — DOp24n; NCP (mg O, L d_l) =DOron -
DOygn; GPP (mg O, L' d™') =NCP+CR= DOpgn+ DOpoy —
DOpasn — DOjgh. The DOpgy, and DOp,y;, are used to denote the
DO concentrations at the beginning (0 h) and after a 24-hour
incubation period in the dark bottles, respectively. Similarly,
DOy,4, and DOy, represent the DO concentrations at the
beginning (0 h) and after a 24-hour incubation period in the light
bottles, respectively. Gross primary productivity (GPP), community
respiration (CR), and net community production (NCP) were
quantified in carbon units, with the conversion based on a
photosynthetic quotient (PQ) of 1.3 and a respiratory quotient
(RQ) of 1 (Gazeau et al., 2005; Hopkinson and Smith, 2005).

2.4 Data analysis

The depth-integrated Chl a concentration and planktonic
metabolism were calculated as follows:

n-1
E(CH—I +6)(zi1 +2)/2
i=1

where ¢; is the concentration of Chl a (or community
metabolism parameters including GPP, CR and NCP) in the ith
depth, z; is the sample depth of ¢; (Estrada et al., 1993).

The map and contour figures were constructed using the
software Surfer 11.0 (Golden Software Inc., Golden, CO, USA).
The map of sampling stations and spatial distribution plots were
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drawn using Ocean Data View (Schlitzer, 2020). Pearson’s
correlations between variables were analyzed using PASW
Statistics for Windows (v18.0, SPSS Inc.). The planktonic
metabolism, environmental and biological parameters were
subjected to redundancy analysis (RDA) via CANOCO 5.0
software (Microcomputer Power, Ithaca, New York, USA).

3 Results
3.1 Environmental variables

The water temperature in Zhongsha atoll exhibited a distinct
vertical pattern, with higher temperatures observed at the surface
(30.67 £ 0.31°C) and lower temperatures in deeper layers (dropping
t0 26.12 + 1°C at 75m, as shown in Figures 2, S1). Spatial variability
was evident at 75 m depth, with temperature differences exceeding
4°C between different stations. The salinity displayed an opposite
trend to temperature, with lower values observed at the surface
(34.08 £ 0.04°C) and higher values in deeper layers (34.32 + 0.11 at
75 m). Similar spatial heterogeneity was observed in salinity,
particularly in the deeper layers where a difference of 0.4 (ranging
from 34.18 to 34.58) was observed at 75 m depth, compared to a
difference of 0.23 (ranging from 33.92 to 34.15) at the surface.

The distribution pattern of inorganic nutrient concentration
was similar to that of salinity, which were distributed in a uniform
pattern with lower concentrations in the mixed layer, but
concentrations increased in the deeper water layer (75 m depth).
The concentrations of DIN, SRP and SiO3* in the surface layer
were 0.5 + 0.22, 0.38 + 0.09 and 3.69 + 1.00 pmol L', respectively,
and increased to 0.6 + 0.32, 0.46 + 0.09 and 8.07 + 4.58 pmol LY
respectively, at 75 m depth. Notably, within the lagoon, nutrient
concentrations were observed to be higher than those outside the
atoll, particularly at a depth of 75 m.

3.2 Phytoplankton biomass and
size structure

The average Chl a concentration at the surface, 20 m, and 50 m
depths were 0.15 + 0.05, 0.17 + 0.08, and 0.27 + 0.16 ug LY
respectively. The concentration increased to 0.56 + 0.23 ug L' at the
DCM (75 m depth, Figure S1). The high concentration of Chl a
corresponded to the low temperature and high salinity in the center
of Zhongsha Atoll (Figure 3).

The size-fractionated Chl a analysis revealed that the
phytoplankton biomass was predominantly composed of pico-sized
cells, followed by the nano-size fraction. At the surface, the
contribution of the pico-fraction to the total biomass ranged from
44.2% to 79.9% (with an average of 59.0 + 8.0%). Notably, the waters
outside the atoll exhibited a greater contribution from picoplankton
compared to the regions inside the atoll. In the DCM layer, the
picoplankton size fraction accounted for 44.5% to 83.6% (with an
average of 69.8 + 10.7%) of the total biomass, with the highest
composition of pico-sized cells observed in the region within the atoll.
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FIGURE 2
Distribution of temperature (°C), salinity, dissolved inorganic nitrogen (DIN, uM), soluble reactive phosphorus (SRP, uM) and silicate (SiOs2", uM) in the
surface and 20, 50, 75 m depth layer.
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FIGURE 3
Distribution of chlorophyll a (Chl a, pug L™) at surface (A), 20 m (B), 50 m (C) and 75 m (D) depth layers, and its size structure at surface (E) and 75 m
(F) depth layers. Notice, the (E, F) share the same legend.
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The depth-integrated Chl a from the surface to the DCM layer
exhibited a comparable distribution and size-fraction pattern to the
Chl a concentration in the DCM layer (Figure 4). Notably, a higher
concentration of Chl a was found within the atoll, with
picoplankton making a substantial contribution. The pico-fraction
was the prominent component of the integrated Chl a, accounting
for 55.1% to 76.1% (with an average of 67.6 + 6.8%).

3.3 Planktonic community metabolism and
primary production

The planktonic community production and respiratory
metabolism exhibited distinct variations with respect to depth
(Figure 5). Gross primary production (GPP) decreased
significantly (F=4.54, p< 0.05) as depth increased, with the surface
exhibiting a significantly higher productivity (32.6 + 16.8 mg C m”
dh compared to the DCM layer (164 + 18.6 mg C m> d?).
Conversely, there was no significant difference in community
respiration (CR) between the surface (68.3 £ 29.2 mg C m>dh
and DCM layer (69.6 + 36.0 mg C m™ d). Both the surface and
DCM layers exhibited significantly higher CR than GPP (F=12.98,
p<0.01 and F=18.91, p<0.001, respectively), indicating an overall
heterotrophic status of the NCP in Zhongsha Atoll, which
averaged -35.3 + 26.7 and -53.2 + 31.8 mg C m™~ d"' in surface
waters and the DCM layer, respectively, while the integrated NCP
for the entire water column was -3023 + 1666 mg C m™ d™".

The contributions of community production and respiratory
metabolism to NCP were examined using correlation analysis
(Figure 6). The inverse correlation of CR with NCP was highly
significant in the surface (Pearson correlation coefficient R% < 0.669,
p<0.01) and more significant in the DCM layer (Pearson correlation
coefficient R? = 0.737, p<0.001). However, no significant correlation
was found between GPP and NCP, neither in the surface nor in the
DCM layer. RDA was conducted to elucidate the associations
between community metabolic parameters and environmental as
well as biological variables (Figure 7). The results showed that the
first axis of RDA accounted for the largest proportion of data
interpretation, and NCP and CR always pointed to both ends of
RDA axis 1, indicating a strong negative correlation between NCP
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and CR, especially at the DCM layer. In addition, the total Chl a was
closely related to GPP at the surface, whereas it was more related to
CR in the depth-integrated results.

The planktonic community metabolism varied among
different regions of the Zhongsha Atoll (Figure 8). The primary
production and metabolic rates were relatively high in both FL and
SL regions. Specifically, GPP was highest in FL, measuring 49.4 +
23.1 mg Cm™ d'". This value was 1.61 times greater than that recorded
in the DS region (30.6 + 8.0 mg C m™ d™). In contrast, the LA region
exhibited the lowest GPP of 254 + 6.2 mg C m™~ d. Additionally,
the surface NCP was the highest in the FL region, with an average value
of -25 + 363 mg C m™ d”. Furthermore, in the depth of the DCM
layer, FL demonstrated the highest GPP of 35.6 + 263 mg C m~ d ™.
This value was remarkably 2.7 times higher than that observed
in DS (13.1 + 13.3 mg C m™ d7). The GPP values in SL and LA
were quite similar, measuring 15.3 = 11.6 mg C m™ d' and 13.1 *
8.5 mg C m™ d, respectively. FL also exhibited the highest CR rate in
the DCM layer, with a value of 93.8 + 15 mg C m™ d". Consequently,
the NCP in FL demonstrated a significant negative value of -58.1 +
413mgCm>d",

4 Discussion

4.1 Ecological environment characteristics
of Zhongsha Atoll during the
summer monsoon

The present study reveals that the hydrological conditions of
Zhongsha Atoll align with those of the deep-sea region outside the
reef. As Zhongsha Atoll is completely submerged and the tops of the
reef flats lie mostly 10-26 m below the surface, the upper waters
experience mixing across the atoll (Figure S1). Additionally, the
vertical variations in ecological conditions within the lagoon
demonstrate a similar trend to the deep-sea area of the South
China Sea (Li et al., 2017; Tai et al., 2020), where the mixed layer
depth is approximately 50 m and the peak Chl a concentration
occurs at around 75 m depth (Figure S1). Hence, the overall
environmental characteristics of Zhongsha Atoll are largely
influenced by the surrounding water conditions and currents.

Latitude (°N)
Depth (m)

114.5
Longitude (°E)

Depth-integrated chlorophyll a (mg m™) (A) and its size structure (B) from surface to 75 m deep layer.
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FIGURE 5

The carbon metabolism of net community production (NCP),
community respiration (CR) and gross primary production (GPP) at
surface (A), subsurface chlorophyll maximum layer (B) and depth
integrated (C). Notice, the (A, B) share the same legend and scale.

During the study period, a receding cyclonic eddy was observed
outside the southwestern end of the atoll (Wang et al., 2022).
Generally, cyclonic eddies in the ocean often enhance primary
production and phytoplankton biomass (Hu et al, 2014). Our
observations indicate that the southwest region of the atoll
exhibited low temperature, high salinity, and high Chl a
concentration (Figure 2). However, the influence of the eddy on
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the atoll was limited to the outermost southwest edge and did not
encompass the entire atoll. Conversely, due to variations in the
widths and depths of the gaps between the reefs of Zhongsha Atoll,
the level of exchange between the lagoon and sea water varied
spatially (Huang et al., 2020), resulting in heterogeneity in
temperature, salinity, and nutrient concentrations in the deeper
layers of the lagoon (Figure 2).

The size structure of phytoplankton in Zhongsha Atoll was
predominantly composed of the pico-fraction, which aligns with the
composition of the phytoplankton community in the offshore
waters of the South China Sea. Pico-phytoplankton typically
contributes the most to phytoplankton biomass and primary
production in the nutrient-poor open sea, accounting for as much
as 70% of Chl a (Ke et al., 2014; Jiang et al,, 2017). In our
observations, pico-plankton constituted approximately 80% of the
total Chl a in Zhongsha Atoll. This pattern has also been observed
in other oceanic atolls, such as the Nansha Islands in the South
China Sea (Huang, 2020) and the Great Astrolabe Lagoon of Fiji
(Charpy and Blanchot, 1999), all of which exhibit similar ecological
characteristics. Conversely, Chl a in nearshore coral reef ecosystems
primarily consists of larger plankton. For instance, the nano-
phytoplankton contributes between 49% and 73% of Chl a in the
Great Barrier Reef Lagoon (Revelante and Gilmartin, 1982), and the
presence of larger plankton is further promoted by external nutrient
inputs (Bell et al., 2014). The comparison of Chl a concentration of
different coral reefs also shows a similar pattern. Zhongsha Atoll
displays a noticeably lower overall level of Chl a concentration
compared to the neighboring shallow atolls in the South China Sea
(Table 1). Ke et al. (2018) proposed a Chl a concentration threshold
of 0.5 ug L™ to assess nutrient enrichment in an open ocean atoll,
based on findings from Huangyan Atoll. Our study revealed an
average surface Chl a concentration of 0.15 g L, indicating that
the ecological condition of the Zhongsha Atoll aligns more closely
with the oligotrophic nature of the South China Sea (Table 1).

4.2 Distribution pattern of planktonic
community production and metabolism
across Zhongsha Atoll

Extensive research has been conducted on the primary
production of coral reef ecosystems, leading to a consensus that
coral reefs are highly productive (Gattuso et al, 1999; Wu et al,,
2001; Wang et al, 2007; Pan et al., 2012). However, the carbon
dioxide dynamics in coral reef waters remain controversial (Ware
et al,, 1992; Gattuso et al., 1999; Nugraha and Insafitri, 2023). This
study provides insights into the balance between community
production and metabolism in the epipelagic zone of Zhongsha
Atoll, revealing a heterotrophic state (Figure 5). Specifically, our
findings indicate that the water column inside the atoll acts as a
source of atmospheric CO,, and the annual net production
of carbon dioxide in the upper water column, as determined by
the calculated daily carbon flux derived from NCP, is estimated to
be -1.10 x10> t C km™ y™'. The primary production of the open
ocean or reefs in the central part of the South China Sea typically
reaches its maximum near the surface (0-25 m), and gradually
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decreases with increasing depth (Liu et al., 2002; Deng et al., 2022).
This suggests that the water column-integrated estimates of primary
productivity in our study, which are based on the surface layer and
the DCM layer, are likely to closely reflect the actual conditions. On
the other hand, this study reveals that the vertical distribution of CR
exhibits less variability compared to GPP. However, it is noteworthy
that CR values consistently remain significantly higher than the
corresponding GPP values across different depths. This observation
is in accordance with the published findings of Regaudie-de-Gioux
et al. (2009) and Regaudie-de-Gioux and Duarte (2013), thus
further affirming the heterotrophic state of seawater surrounding
the Zhongsha Atoll. Moreover, the results of both correlation

analysis and RDA clearly revealed a noteworthy negative
correlation between NCP and CR. In contrast, the correlation
between NCP and GPP exhibited comparatively weaker strength.
These findings suggest that the spatial distribution of NCP in
Zhongsha Atoll is primarily subject to negative regulation by CR.
Although previous studies have reported that the
phytoplankton biomass and primary productivity of lagoons
remains constant with depth and is higher than that of the reef
flats, it should be noted that these findings are specific to atolls with
shallow lagoon less than 20 m depth (Wu et al.,, 2001; Ke et al., 20165
Ke et al., 2018). In the present study, Zhongsha Atoll features a deep
lagoon, therefore the nutrient cycling processes mediated by corals
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and symbiotic zooxanthellae in the benthic environment have a
lesser influence on the waters of the upper layer. As a result, unlike
the shallow reef lagoons, the lagoon of Zhongsha Atoll displayed a
distinct vertical variation in terms of primary production.
Specifically, a substantial decrease in primary production was
observed from the surface waters to the deeper regions of the
lagoon. This pattern is similar to that of its adjacent deep-sea waters
(Figure 8), as well as findings from the southern South China Sea,
where primary production is predominantly concentrated within
the upper 25 meters, gradually diminishing to negligible levels at
depths ranging from 100 to 150 m (Wu et al., 2001). Moreover,
Marra et al. (2020) also documented a general decline in global
marine primary production beyond a depth of 50 meters. On the

other hand, the vertical variation of CR in the lagoon of Zhongsha
Atoll was found to be insignificant. This could be attributed to
multiple factors, such as the deposition of organic materials from
the upper water layer to the deeper waters, the transportation of
these materials from the reef flat to the deeper waters of the lagoon,
and the dynamic metabolism of the coral community in the bottom
layer of the lagoon. These combined factors contribute to the
maintenance or even elevation of plankton respiration rates
compared to those observed in the surface layer. In contrast to
the shallow lagoon, the lagoon of Zhongsha Atoll is characterized by
a larger and deeper water column that lacks autotrophic processes.
As a result, the DCM layer exhibits a more active and heterotrophic
community metabolism. Consequently, the interplay between the

TABLE 1 Comparison of the surface chlorophyll a concentration (Chl a, ug L™), planktonic community primary production (GPP, mg C m™ h™) and
respiration metabolism (CR, mg C m™ h™) of Zhongsha Atoll investigated in this study with some reported islands or coral reefs.

Coral reefs Chla GPP CR References
Dongsha Atoll (South China Sea) 0.20 Tang et al. (2014)
Zhongsha Atoll (South China Sea) 0.15 1.36 2.83 This study
Huangyan Atoll (South China Sea) 0.76 1~7 Ke et al. (2018)
Huaguang Atoll (South China Sea) 043 3.14 Ke et al. (2018)
Nansha islands (South China Sea) 0.25 1.56 Wu et al. (2001)
Basin (South China Sea) 0.24 0.53 Lee Chen (2005)
The Great Astrolabe Reef, Fiji (South Pacific Ocean) 0.83 1.6~12 Charpy and Blanchot (1999)
Southern South China Sea 0.25 2.50 7.11 Tac-An et al. (2013)
Northern Australia 0.43 2.73 1.27 McKinnon et al. (2017)
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promotion of heterotrophic metabolism and the restriction of
primary production culminates in the creation of an anoxic
environment within the deeper layers of the Atoll. As a result, the
ecosystem functions as a CO, source (Alldredge et al., 2013).

4.3 Influence of coral reef distribution on
plankton production and metabolism in
submerged atoll waters

In general, primary production and Chl a are higher around
coral atolls than in the distant seawater. Although the overall
ecological environment of Zhongsha Atoll did not show
significant differences from the surrounding oligotrophic waters,
it still exhibits more active productivity in the reefflat and reef slope
(Figure 8). This indicates that corals also promote carbon fixation in
the oceanic submerged atoll. The comparison of coral reefs in
different regions and types also shows that although some atolls
are lower in Chl a concentration, the level of primary productivity is
still higher than that of the open sea of the South China Sea
(Table 1), which suggests the importance of coral reefs to the
primary production in the ocean. However, these regions are not
only more productive but also more active in respiratory
metabolism, with a production to respiratory metabolism ratio in
the reef flat of 0.74, making it more heterotrophic compared to
other areas. Similar results were reported by Tac-An et al. (2013),
where surface water production from an deep sea coral reef in the
southern South China Sea was about 1.30 times higher compared to
a nutrient-limited marine area, but the primary production was
only half of the respiratory metabolism. The occurrence of active
metabolic processes in submerged reef flats can be largely attributed
to the availability of sufficient light throughout the water column,
promoting primary production in this shallow water region. This, in
turn, leads to a constant turnover of biological activity.
Additionally, coral reef systems are characterized by a rich
abundance of biological resources, with the production of organic
matter excreted by corals constituting approximately 30-40% of
photosynthesis (Crossland et al., 1980). The decomposition and
mineralization of this organic matter promote microbial
metabolism, leading to increased material cycling and further
attracting a larger population of zooplankton (Naumann et al,
2011; Huang et al,, 2022). Consequently, these factors contribute to
a more vigorous plankton community metabolism and enhanced
material cycling within the coral reef ecosystem.

Carbon cycling processes in coral atolls are influenced by
various factors, including seasonal variations in the hydrographic
environment, the composition of benthic communities, and the
health of coral reefs (Gattuso et al., 1996; Zhao et al., 2016; Zhang
et al., 2023). The benthic community of Zhongsha Atoll is
predominantly composed of reef-building corals (Huang et al,
2023). Previous studies have indicated that coral reef ecosystems
can act as a source of atmospheric CO, when the benthic
community is dominated by reef-building corals (Ware et al,
1992; Kraines et al., 1996; Suzuki and Kawahata, 2004), and the
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present study further substantiates this phenomenon. Therefore,
despite potential variations in planktonic carbon metabolism across
different regions of Zhongsha Atoll, the overall ecosystem
demonstrates a consistent heterotrophic nature and acts as a
carbon source.

In conclusion, the ecological environment of Zhongsha Atoll
during the study period closely resembled the characteristics of its
surrounding open sea. This similarity can be attributed to the
exchange of water with the deep-sea waters outside the atoll. The
net carbon production of its planktonic community manifested as a
source of CO,, and heterotrophic metabolism was stronger from the
surface water to the DCM layer. The shallow-water areas of the
atoll, including reef flats and reef slopes, displayed higher primary
productivity compared to lagoons and the open ocean outside the
atoll. However, heterotrophic metabolic processes were also more
active in these areas. These findings suggest that the distribution of
reef-building corals plays a significant role in carbon turnover
efficiency and material cycling in the waters around coral atolls. It
is important to note that this study was conducted during the early
stages of the summer monsoon period. Therefore, further
comprehensive and multidisciplinary analysis is necessary to
comprehend the potential impacts of seasonal environmental
variability and mesoscale physical processes on the metabolism of
the planktonic community within the atoll. Such analysis will
provide deeper insights into the role of coral atoll primary
production and metabolism in the ocean’s carbon budget.
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