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ARTICLE INFO ABSTRACT

Editor: Jan Vymazal Seagrass ecosystems have received a great deal of attention for contributing to uptake of atmospheric CO5, and
thereby helping to mitigate global climate change (‘blue carbon’). Carbon budgets for seagrass ecosystems are

Keywords: developed by estimating air-sea CO3 fluxes. Data for air-sea CO; flux for tropical seagrass ecosystems are lacking,

Air-sea CO, flux
Seagrass ecosystems
Carbon neutrality

which is problematic for constraining global seagrass carbon budgets. Here, we sought to address this important
data gap for tropical seagrass ecosystems (dominated by Thalassia hemprichii and Enhalus acoroides) from the
Blue carbon Hainan Island of South China Sea, while also testing what the main factors driving the variations of air-sea CO2
Eutrophication fluxes are. We found that air-sea CO» fluxes exhibited a U-shape diurnal variability from 6 a.m. to 6 a.m. of the
Carbon budget next day, with the highest and lowest air-sea CO2 fluxes values at early morning and afternoon, respectively.
Biological processes were the driving force for mediating diurnal variations of seawater pCO3. The pCOg, se, in
different seasons displayed a trend of increasing from spring, reaching maximum in summer and then a
decreasing trend after summer, where water temperature, wind speed and seagrass growth mainly drove the
variations. This resulted in net uptake of CO, in all seasons except during summer in our study seagrass
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ecosystems, with greater negative values found in autumn (—3.63 + 0.76 mmol m~2 d ') than those in winter
(—2.84 + 0.60 mmol m 2 d~!). While the nutrient loading induced seagrass biomass changes (especially the
seagrass T. hemprichii), which mediated the air-sea CO2 fluxes changes among different seagrass meadows. Net
annual CO, uptake potential under low nutrient loading (—0.77 + 0.16 mol m~2 yr 1) was 23-54 % greater than
high nutrient loading seagrass meadows, with the average annual air-sea CO> flux of the three seagrass meadows
as —0.64 + 0.13 mol m~2 yr~!. These results suggest that tropical seagrass meadows of Hainan Island are a
significant COs sink of atmospheric CO,, but this capacity can be diminished by nutrient loading. Scaling up, we
estimate the annual atmospheric CO, uptake by seagrass meadows of Hainan Island (total area 55.28 km?) was
1544 t of CO, yr !, equivalent to the annual emissions from the wholesale, retail, accommodation and catering
industries of 164,000 tourists in Hainan Island. With carbon neutrality becoming an important part of global
climate governance, this study provides timely information for capitalising on the ability of seagrasses to
contribute to natural climate solutions.

1. Introduction

Global average atmospheric carbon dioxide (CO2) concentrations
have reached ~420 parts per million (ppm; https://gml.noaa.gov/
ccgg/trends/gl trend.html accessed October 2023), which is >50 %
higher than pre-industrial concentrations. Seagrass meadows,
commonly referred to as ‘blue carbon’ ecosystems, have high primary
productivity (817 g C m~2 per year) which means they reduce atmo-
spheric CO5 and act as carbon sinks (Duarte et al., 2013; Macreadie
etal., 2021; Mateo et al., 2006). CO, will be bound to primary producers
in seagrass ecosystems (including seagrass, epiphyte, macroalgae,
phytoplankton and microphytobenthos) and converted into the biomass
of body tissues through photosynthesis. This will then be sequestrated in
the sediments for the long term through a series of physical, chemical
and biological processes (Macreadie et al., 2014; Mcleod et al., 2011;
Tang et al., 2018). Air-sea CO; flux measurements underpin carbon
budgets in seagrass ecosystems, and can validate strategies for using
blue carbon as a natural climate solution (Macreadie et al., 2019).

Air-sea CO; fluxes within seagrass ecosystems are diurnally-variable,
with tidal immersion and solar radiation shown to be key drivers of this
variation (Bahlmann et al., 2015; Ollivier et al., 2022). Air-sea CO5
fluxes that are influenced by tide are mainly attributed to changes in gas
diffusion and advective exchange processes (Bahlmann et al., 2015),
while light intensity affects net ecosystem production changes (Berg
et al., 2019). In a Zostera noltii meadow of Ria Formosa lagoon, the
average values of air-sea CO; fluxes in the daytime during immersion
and air exposure were found to be —16.4 mmol m2h~! and —9.1 mmol
m 2 h™! (negative value represents inflow of CO, from atmospheric),
respectively, while at night were observed to be 20.1 mmol m~2h~! and
8.4 mmol m~2 h™! (positive value represents outflow of CO, into the
atmosphere), respectively (Bahlmann et al., 2015). Temperature,
terrestrial inputs and net ecosystem production were the key factors
mediating the seasonal air-sea CO; flux variations in seagrass ecosys-
tems (Gazeau et al., 2005; Jiang et al., 2008; Kim et al., 2015; Tokoro
et al., 2014). Increasing seawater temperature decreases the CO; solu-
bility (increasing the partial pressure of carbon dioxide, i.e. pCO5), and
may enhance the release of CO; into the atmosphere, while colder
seawater increases the CO; solubility and dissolves more CO, from the
atmosphere (Takahashi et al., 2002). The dissolved organic carbon and
dissolved inorganic carbon of terrestrial inputs during wet seasons are
abundant in coastal ecosystems, increasing the pCOs, which may
consequently enhance the release of CO; into the atmosphere (Banerjee
et al., 2018; Jiang et al., 2008). For example, the CO5 fluxes of Chilika
Lagoon seagrass ecosystem in dry and wet seasons were —33.9 mmol
m 2d1-21.1 mmol m2d ! and 3.11 mmol m 2 d ! - 29.8 mmol m~?
d~1, respectively (Banerjee et al., 2018). The higher positive CO, fluxes
values were induced by terrestrial inputs of organic detritus with stim-
ulating heterotrophic remineralization during wet seasons (Banerjee
et al., 2018). Further, net ecosystem production contributes much to the
assimilation of atmospheric CO, by changing the balance of total alka-
linity and dissolved inorganic carbon in the air-sea CO flux (Banerjee
et al., 2018; Tokoro et al., 2014). The average air-sea COy flux was

—1.46 + 0.38 pmol m~2 s™! during the growing season in a Zostera
marina meadow of Furen lagoon, Japan, while positive fluxes (0.42 +
0.15 pmol m~2 s71) were observed during autumn (decay) season from
September to November (Tokoro et al., 2014). Previous studies have
mainly focused on the characteristics of air-sea CO5 flux in different
seasons of seagrass ecosystems. However, there is still little information
about the comprehensive driving factors for air-sea CO, flux variations
of different seasons.

Further, air-sea CO5 fluxes in different seagrass ecosystems exhibit
strong spatial heterogeneity due to the variations of environmental and
biological factors (Bauer et al., 2013; Tokoro et al., 2014; Van Dam et al.,
2021a). At a global scale, Van Dam et al. (2021a) reported that the
seagrass ecosystems of Bob Allen Keys of USA and Ostergarnsholm of
Sweden were net CO5 sources, while Estero EI Soldado of Mexico and
Furen Lagoon of Japan were strong CO3 sinks. Even in a relative fine-
scale region, obvious air-sea COy flux differences were observed
(Tokoro et al., 2014; Van Dam et al., 2019). For example, the average
air-sea CO; fluxes in high density and low density Thalassia testudinum
meadows of Florida Bay were 0.38 mmol m 2 h™! and 0.13 mmol m 2
h’l, respectively (Van Dam et al., 2019). While the air-sea CO; flux
measurements over seagrass ecosystems have developed for a decade
(Polsenaere et al., 2012), previous studies have mainly focused on the
temperate North American (Mexico and American), Western and
Southern European (Portugal, France and Spain), Japan, and southern
Australia regions (Bahlmann et al., 2015; Champenois and Borges, 2021;
Ollivier et al., 2022; Van Dam et al., 2021a). With a significant lack of
case studies on the air-sea CO» flux of tropical seagrass ecosystems, this
knowledge gap on the air-sea CO; flux from seagrass ecosystems limits
our capacity to formulate strategies to mitigate climate change.

It has been reported by Stankovic et al. (2021) that the seagrass
meadows in the Tropical Indo-Pacific Bioregion are hotpots for carbon
sequestration, with the annual organic carbon accumulation rate as
much as 5.85-6.80 Tg C year L. Tropical seagrass meadows of China are
mainly distributed along the coastline of Hainan Island in the South
China Sea, with presenting the most abundant seagrass biodiversity
(Jiang et al., 2017). Although many previous studies have reported the
carbon storage potential and sequestration rate in tropical seagrass
meadows of China (Fu et al., 2021; Jiang et al., 2018; Jiang et al., 2017),
data on air-sea CO; flux in tropical seagrass ecosystems of China are still
lacking. In this study, we carried out the air-sea CO5 fluxes measure-
ments in tropical seagrass ecosystems of Hainan Island, South China Sea,
over different seasons. Further, we measured seagrass biomass and
seawater nutrients to help explain the major biological and environ-
mental conditions influencing air-sea CO; flux in seagrass ecosystems.
Overall, this study fills an important data gap in the temporal source-
sink dynamics of China's tropical seagrass, which is critical for devel-
oping the carbon budget for China's seagrass ecosystems.


https://gml.noaa.gov/ccgg/trends/gl_trend.html
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2. Materials and methods
2.1. Study site

Three seagrass meadows in Tanmen Harbor, Li'an Bay and Xincun
Bay, located along the eastern coastline of Hainan Island, South China
Sea, were our study areas (Fig. 1). Each seagrass meadow was set up
with one sampling station, where the longitude and latitude of the
sampling stations in Tanmen, Li'an and Xincun were 110.6347° E and
19.2503° N, 110.044° E and 18.4266° N, and 109.9862° E and 18.4043°
N, respectively (Fig. 1). Li'an Bay and Xincun Bay are sandy sediment
lagoons with only one narrow channel connecting to the open water,
while Tanmen Harbor is a reef flat sediment open water bay. The
dominant seagrass species at these three seagrass ecosystems are Tha-
lassia hemprichii and Enhalus acoroides and are distributed in the shallow
waters of each site with depths of <2 m. These are mixed-seagrass
meadows with T. hemprichii and E. acoroides occupying different
patches alongside each other. The tides in these three seagrass meadows
are dominated by irregular diurnal type, with typical average tidal
ranges as 0.7- 0.8 m (Huang et al., 2020; Li et al., 2014). Tourism and
marine aquaculture are developed in Xincun Bay, with large nutrient
inputs from aquaculture and sewage discharge, while Li'an Bay has less
aquaculture area and sewage discharge in comparison (Huang et al.,
2020). In contrast, Tanmen Harbor is an open bay that is less impacted
by human activities (Zhang et al., 2022). According to our previous
studies, the seawater temperature, salinity, pH and dissolved oxygen
were similar among the three seagrass ecosystems, while the nutrient
loading levels varied, with Xincun having the highest levels of nutrients,
followed by Li'an, and then Tanmen (Liu et al., 2020).
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2.2. Field sampling

In January 2021 (winter), May 2021 (spring), August 2021 (summer)
and November 2021 (autumn), seawater pCO2 (pCO2, sea), atmospheric
pCO3 (pCO2, am), seawater temperature, salinity and wind speed were
continuously measured for >24 h at the same sampling station of each
seagrass ecosystem (each meadow was set up with one sampling station)
(Fig. 1).

The pCOy, sea and pCO2, 4tm Were measured with a Pro-Oceanus CO»-
Pro Atmosphere from Pro-Oceanus Systems Inc., which were determined
by a non-dispersive infrared detector. A CO,-Pro Atmosphere is equip-
ped with an accurate in situ submersible pCO, sensor, an air-side
waterproof NEMA box and a water pump (Seabird Inc.). The accuracy
and resolution of the sensor were 0.5 % and 0.01 ppm, respectively. The
measurement detection range is 0— 1000 ppm, and the operation tem-
perature range is 15-45 °C. The water pump and air-side box allowed for
PCO3, sea and pCOy, am measurements to be made in the single pCO,
sensor by directly drawing samples from surrounding seawater and
above sea surface air, respectively. The water pump was connected to
the sensor water inlet barbed connector and back of the sensor using 3/
8"-1/2"ID tubing and a 2-pin underwater cable, which were mounted on
a buoy underwater at a depth of 0.5 m. The air-side waterproof NEMA
box was connected to the sensor by tygon tubing for air intake and air
exhaust, and was mounted on the buoy at 0.5 m above the sea surface.
The instrument was powered with an external battery pack fixed on the
buoy at 1.0 m above the sea surface. During a sampling period, a buoy
equipped with a Pro-Oceanus COy-Pro Atmosphere instrument was
transported to the same sampling station of each seagrass ecosystem by a
skiff before 6 a.m., and the buoy was then moored to the sediment by an
anchor chain for pCO2, sea and pCOy, am data collection. Continuous
mode set to record every second was applied for pCOy, sea and pCO2, atm
measurements, time between pCO», om measurements was selected as
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Fig. 1. Study areas and sampling stations of Xincun, Li'an and Tanmen in Hainan Island, South China Sea.
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10 min (6 min and 4 min for pCO3, sea and pCOy, o Measurements,
respectively), and between zero point corrections interval was set as 4 h.
A hand-held anemometer (WS-30, Nanjing Shengrong Instrument
Equipment Co. Ltd) was mounted on the buoy at 1.0 m above the sea
surface, and the wind speed was recorded every minute (measurement
accuracy set as 6 %). Additionally, physicochemical parameters of
seawater temperature and salinity were measured in-situ at one-minute
intervals using a HydroCAT Conductivity-Temperature-Depth (CTD)
meter (Sea-Bird Coastal, USA), with the meter fixed to the anchor chain.
The buoy and the CTD were used after for 24 h in the sampling station of
each seagrass meadow (each seagrass meadow was set up one sampling
station) with the sampling period set from 6 a.m. to 6 a.m. the next day.
We then transported this to the other seagrass ecosystems for further
diurnal pCOgz, sea, PCO2, atm, Wind speed, seawater temperature and
salinity data collection.

After collecting physiochemical parameters, around the sampling
station where the buoy was placed (within 50 m distance), four dupli-
cates of 1 L seawater were collected, and four quadrats (0.25 mz) of
T. hemprichii and E. acoroides shoot densities were determined by
counting the shoots of the different species. All seagrass leaves in the
quadrats were then collected for subsequent analysis. Collected
seawater was filtered onto pre-combusted GF/F filters (Whatman,
500 °C, 3 h) and stored in a brown ampoule bottle. Collected seagrass
leaves were cleaned using in situ seawater to remove detritus and epi-
phytes, and stored in transparent zip-lock plastic bags. All samples were
frozen and then transported to the laboratory for subsequent analysis.

2.3. Nutrients and seagrass biomass measurement

The filtered seawater was analyzed for concentrations of ammonium
(NH4-N), nitrate (NOs3-N), nitrite (NO2-N), and phosphate (POs-P)
using a continuous flow analytic system (SEAL Analytical AA3, SEAL
Analytical GmbH, Norderstadt, Germany). Dissolved inorganic nitrogen
(DIN) was represented as total content of ammonium, nitrate and nitrite,
while dissolved inorganic phosphate (DIP) content was represented as
phosphate. The seagrass leaf samples were dried at 60 °C for 48 h and
weighed for dry weight (DW). The seagrass leaf weight was then con-
verted to biomass per square meter.

2.4. Determination of air-sea CO» flux

Firstly, the average values of every 10 min for pCO2, sea, PCO2, atm,
wind velocity at 1 m in height above the sea surface (3, m s~1) seawater
temperature (T, °C) and salinity (S, %o) were calculated. Then, air-sea
CO, fluxes (Fco,) were calculated according the following equation:

Feo, = k x ko x ApCO, 6h)

where k is the gas transfer velocity of CO3, ko (mol L' atm™) is the
temperature and salinity dependent solubility coefficients (Weiss, 1974)
and ApCOs is the difference in partial pressure of CO, between seawater
and air (pCO2, sea - PCO2, atm, Hatm).

To calculate k (cm h’l), we used the wind-based gas transfer
parametrization of Wanninkhof (2014):

k= 0.251 x 3 x (S¢/660)"*° 2

where Sc is the Schmidt number of CO5 calculated as a function of

temperature and salinity according to Wanninkhof (2014):

Sc =2116.8 —136.25 x T +4.7353 x T? —0.092307 x T* 4 0.0007555 x T*
3

The p,, (m s71) is wind speed at a height of 10 m above sea surface
that calculated with p, based on (Sutton et al., 2017):
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M,
T L5 in((5,) @
where z is the height (m) of the wind sensor, u, is wind speed in m st
recorded by the moored sensor, Cdjg is the drag coefficient of 0.0011,
and 0.4 is von Karman's constant.

As the average data per 10 min were used for Fco, calculation, we
converted this to the Fco, per minute (umol m~2 min~!) assuming the
fluxes were similar within 10 min. Diurnal air-sea CO> fluxes (Fco, )
were calculated by summing all the instantaneous (minutes) fluxes
determined each day. Annual CO fluxes (Fco,,,,) at each seagrass
ecosystem were estimated by taking the average of the four seasons'
diurnal fluxes, then multiplying by 365 days per year. Positive air-sea
CO, fluxes values indicate gas fluxes from water to the atmosphere,
while negative values indicate fluxes from the atmosphere to water.

Next, we estimated the uncertainty of Fco, (8 Fco,) from errors for
three variables k, ko, and ApCO; (defined, as 5k; sk, and 3ApCO,,
respectively). The uncertainty of kg is about 0.3 % (Weiss, 1974), while
the 8ApCO3 is 1 %, as the accuracy of the pCO5 sensor was 0.5 %. For 6k
estimation, which includes the uncertainty of 10 % in the coefficient of
0.251, there was 5 % uncertainty in Sc (Wanninkhof, 2014), and 6 % in
in situ wind speed. We assume that the uncertainty for these three pa-
rameters is independent, and the § Fco, can be calculated as follows:

Fco, = /8} + 8% + 82 0, == 1/0.0032 +0.012 + 0.212 ~ 0.21

Therefore, the uncertainty of Fco, is approximately 21 % and
determined mainly by the uncertainty of k.

2.5. Biological and temperature control in pCO3, s, calculations

DPCOy, seq is affected by temperature, physical processes (horizontal
and vertical mixing), and biological processes (Avila-Lopez et al., 2017;
Barron et al., 2006). Since these three seagrass meadows have a water
depth < 2 m, with well-mixed vertical water and oceanic dominated
embayment with no river directly inputting to these seagrass meadows,
the effects of horizontal mixing and vertical mixing on pCOy, sca Were
minor. We assumed that the diurnal changes of observed of pCO2, sea
would result mostly from temperature and biological effects. Tempera-
ture and biological effect pCO2, s, in seawater has been calculated
following the procedure described by Takahashi et al. (2002). To
remove the temperature effect from the observed pCO2, sea (PCO2 obs),
the pCO2 ops values were normalized to mean temperature pCOy, sea
(pCO2 Tmean) during the investigated period:

pCOZ Tmean = pCOZ obs*exp [00423* (Tmean - Tobs) ] (5)

where pCO3 ops is the observed pCOg, seq at in situ temperature and Tops is
the measured temperature and Tpean is the mean surface temperature of
the investigated period. For each site seasonal biological effect pCOy, sea
was calculated as Eq. (6):

(ApCO2)4i, = (PCO: Tinean ) max — (PCO2 Trmean)min ©)

While the effect of temperature on pCOy ops Was calculated as
described in Eq. (7):

PC02 Tob% = pCOZ mean *exp [00423 (Tobs - Tmcan) ] (7)
where pCO; Tops represents the changes pCO3 ops induced by tempera-

ture fluctuations, and pCOx2 mean is the mean pCO4 4ps Over the studied
period. The changes related to temperature were estimated as following:

(ApCO2) e = (PCO2 Tabs ) ax = (PCO2 Tabs )i ®)

The relative importance of temperature (T) and biology (B) effects on
PCOy, seq is expressed in terms of the following ratio:
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T/B = (ApCO2) .y, / (ApCO2)y, ©)

2.6. Statistical analyses

A general linear model (seasons and sites were fixed effects) was used
to test for significance for nutrients (DIN and DIP) and seagrass bio-
logical parameters (seagrass density and leaf biomass). One-way anal-
ysis of variance (ANOVA) was used to determine the statistical
significance of T/B and Fco, ,,, among the three sampling sites, with the
seasonal data as replicates. Seasonal differences of T/B and Fco,,,
(absolute value) with site data as replicates were analyzed by one-way
ANOVA. Tukey post hoc tests were applied to identify the significantly
different components of the above parameters. Pearson correlation
analysis was determined between the T/B and natural logarithm trans-
formed seagrass density and leaf biomass. The minimum significance
level set for statistical difference was p < 0.05. All statistical analyses
were performed with IBM SPSS Statistics 23.0 software (IBM SPSS Sta-
tistics 19, IBM Corporation, Somers, NY) and Microsoft Office Excel
2007 (Microsoft Corporation, Redmond, WA).

3. Results and discussion
3.1. Variations of nutrients and seagrass biological traits

The average DIN and DIP ranged from 1.55 to 28.07 pmol L™, and
0.13 to 2.39 pmol L’l, respectively (Fig. S1). DIN and DIP concentra-
tions were significantly influenced by sampling site, season and their
interaction (Table 1, p < 0.001). Average DIN and DIP in Xincun were
~2.5 and ~3-fold higher than Li'an and Tanmen, respectively, with a
trend of Xincun > Li'an > Tanmen (Fig. S1b, d). This was ascribed to
different human activities that pollute these three seagrass meadows,
and is consistent with our previous study (Liu et al., 2020). Further, the
DIN and DIP of the three sites in autumn were significantly higher than
other seasons (Fig. S1a, c).

With exception of E. acoroides density, other seagrass traits were
significantly different among the four seasons (Table 1, T. hemprichii
density: p = 0.009; T. hemprichii and E. acoroides leaf biomass: p <
0.001). Maximum T. hemprichii density and leaf biomass, and
E. acoroides leaf biomass were presented in summer (Figs. 2a, 3a, c),
which may be associated with higher temperature and irradiation in-
tensity in summer (Kenyon et al., 1997; Lin and Shao, 1998). Lower
waters at spring tide that occurred during the daytime in autumn (2021
Tide Tables) caused a significant loss of seagrass density and leaf
biomass, due to the desiccation effect (Figs. 2a, 3a, ¢) (Erftemeijer and
Herman, 1994). The highest seawater DIN and DIP observed in autumn
supported our hypothesis as well, i.e. seagrass leaf biomass senescence
and loss can release abundant inorganic nutrients during leaching
period. E. acoroides density tended to be similar among the four seasons
(Fig. 2¢; Table 1, p = 0.120), although E. acoroides leaf biomass showed
marked decreased in autumn. This finding was consistent with a

Table 1

Statistical analysis of the effects of the site and season on nutrients and seagrass
biological parameters using general linear model (site and season as the fixed
effects). Values reported are F-statistics.

Parameters Site Season Site xSeason
DIN 104.393"* 34.084***
DIP 23.629 14.078*

T. hemprichii density 4.506* 2.996*

E. acoroides density 1.837 1.585

T. hemprichii leaf biomass 60.050%** 4.410%*

E. acoroides leaf biomass 108.899*** 2.716

" 0.01 <p < 0.05.
™ 0.001 < p < 0.01.
" p <0.001.
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previous study that reported E. acoroides as more desiccation-resistant
than T. hemprichii (Jiang et al., 2014). Overall, the annual total sea-
grass leaf biomass values observed a trend of summer > winter ~ spring
> autumn (Fig. 3a, c).

The average densities of T. hemprichii and E. acoroides in Tanmen,
Li'an and Xincun were 424.25 4 50.04 and 137.25 4+ 12.42 shoots m’z,
240.00 + 21.23 and 112.00 = 9.66 shoots m 2, and 275.00 + 17.54 and
163.00 + 5.97 shoots m™2, respectively (Fig. 2). For seagrass leaf
biomass, the average T. hemprichii leaf biomass was 53.91 + 12.98,
30.54 + 8.11 and 31.15 + 897 g m~? in Tanmen, Li'an and Xincun,
respectively, while the average E. acoroides leaf biomass was 100.82 +
22.37, 93.09 + 27.75 and 129.69 + 29.31 g m ™2, respectively (Fig. 3).
Similar to the nutrient loading levels, the T. hemprichii density and leaf
biomass in Tanmen were significantly higher than that in Li'an and
Xincun (Figs. 2b, 3b; Table 1, p < 0.001). In contrast to T. hemprichii, the
highest E. acoroides density and leaf biomass were observed in Li'an
(Figs. 2d, 3d), and showed significant differences among the three sites
(Table 1, p < 0.001). High nutrient loading led to much higher biomass
of macroalgae and epiphytes in Li'an and Xincun than in Tanmen (Cui
et al., 2021; Liu et al., 2020), which consequently decreased the density
and biomass of the smaller seagrass T. hemprichii by inducing shading.
The taller E. acoroides can lift its leaves much closer to the water surface,
and has a high nutrient demand (Agawin et al., 1996; Vermaat et al.,
2017), which should be responsible for the highest E. acoroides density
and biomass in a relatively high nutrient loading seagrass meadow.

3.2. Variations of hydrography and wind velocity

Hydrographic and wind speed parameters were observed for
continuous 24 h among the three seagrass meadows at each season.
There was no diurnal variability of salinity, with the majority fluctua-
tions of salinity <0.5. The average lowest and highest salinity was
observed in autumn (32.31) and summer (33.87), and the annual
average salinity was 32.91, 33.57 and 33.62 in Tanmen, Li'an and Xin-
cun, respectively. Since there is no river input influencing these seagrass
meadows, the little variations of salinity among the three seagrass
meadows in different seasons should be mainly due to rainfall or
typhoon. Diurnal oscillation of temperature was <2.5 °C during the
study period among the three seagrass meadows, but not during the in
summer in Tanmen (~6 °C) (Fig. S2). Consistent with our previous study
(Liu et al., 2020), diurnal average temperatures were similar in spring,
summer and autumn among the three seagrass meadows. Additionally,
average temperatures in spring, summer and autumn were 29.22, 31.55
and 25.50 °C, respectively (Fig. S2b, c, d). However, the average winter
temperature in Tanmen (18.26 °C) was ~5 °C less than Li'an and Xincun
(23.56 °C) (Fig. S2a). This should be due to cold and rainy weather in
Tanmen during the sampling period in winter, while the weather in Li'an
and Xincun was relatively warm and sunny during the winter sampling
period.

The p,, is the wind velocity at a height of 10 m above sea surface,
which was calculated from wind velocity at 1 m in height (Sutton et al.,
2017). The y,, exhibited a diurnal oscillation, as shown in Fig. S3. The
Mo generally started to increase from 06:00, approached the peak dur-
ing the afternoon (15:00- 18:00) and then declined until around 0:00—
3:00 (Fig. S3). Average p;, was 3.56 + 0.39 m s~ ! over the whole
sampling period and ranged between 0 and 9.47 m s~ ! (Fig. S3). Annual
average J1,, was 4.33, 3.38 and 2.96 m 5! in Tanmen, Li'an and Xincun
seagrass meadows, respectively. Further, the average 1, in autumn was
1.5-1.7 fold higher than other seasons (Fig. S3).

3.3. Variations of pCO2 and its affecting factors

Seawater pCO3 (pCO3, sea) diel fluctuations ranged from 164 to 692
patm, 270 to 497 patm, and 217 to 576 patm during the sampling pe-
riods in Tanmen, Li'an and Xincin seagrass meadows, respectively
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(Fig. 4). These values are consistent with several other studies where
time series of pCO», sea in seagrass meadows have been recorded. For
example, Yates et al. (2007) reported that pCO,, sc, ranged from 260 to
497 patm over a few diel cycles in Thalassia testudinum dominated
meadows of subtropical Florida Bay. In a temperate Zostera marina
meadow of the South Bay, pCOz, sca showed a range from 193 to 859
patm during the several diel variation observations (Berg et al., 2019).
Diurnal oscillation of pCO», sca was mainly expected to be dependent on

the combined influence of temperature and biological processes
(Akhand et al., 2021; Chien et al., 2018; Urbini et al., 2020). The relative
importance of biology and temperature effects on pCO,, s, is expressed
by the T/B (Fig. 5). It noted that the computational formula of biology
and temperature effects on pCO,, ., was derived from the open ocean
(Takahashi et al., 2002). In contrast to the open sea, coastal oceans have
more dynamic and complex biogeochemical and physical processes,
which may have different effects on pCO;, sca Wwhen compared to the



S. Liu et al.

850

Science of the Total Environment 910 (2024) 168684

850

a ‘Winter P b Spring
=== Li’an
700 e ST 700
g 550 F E 550 F
< <
& 2
S a0} S a0}
- W =
250 F 250
100 L= L L R L L L L L 100 L— L L L L L L N R
06:00 09:00 12:00 15:00 18:00 21:00 00:00 03:00 06:00 06:00 09:00 12:00 15:00 18:00 21:00 00:00 03:00 06:00
Time (h) Time (h)
. c Summer 520 d Autumn
700 | 700
E ssot E ss0t
g g
S 00} S a0}
<% <%
250 F 250 F
100 L L . L L L . L 100 L— A L L . L L ) .
06:00 09:00 12:00 15:00 18:00 21:00 00:00 03:00 06:00 06:00 09:00 12:00 15:00 18:00 21:00 00:00 03:00 06:00
Time (h) Time (h)

Fig. 4. Winter (a), spring (b), summer (c) and autumn (d) temporal (diurnal) variability of pCOy, s, in Tanmen, Li'an and Xincun seagrass meadows.

0.8
®mTanmen ®Li'an ®mXincun a
0.6 F
@
= 04 F
02 H H
0
Winter Spring Summer Autumn

0.5

04 F

03 F
02 F
0 L N

Tanmen

T/B

Li'an Xincun

Fig. 5. Thermic/biological pCOy, e, ratio (T/B) in different seasons (a) and different sites (b). No significant differences of T/B were observed in different seasons
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PCOy, seq in open ocean waters. However, the computational formula has
been widely applied in coastal ecosystems, including seagrass ecosys-
tems, where there are no obvious effects of horizontal (upwelling) and
vertical (river input) mixing (Avila-Lépez et al., 2017; Chen and Hu,
2019; De Carlo et al., 2013; Wimart-Rousseau et al., 2020). Therefore,
we can roughly estimate the temperature and biology effects on pCO2, sea
in this study. All the ratios of the three seagrass meadows at four seasons
were <1 (Fig. 5a), indicating the biological effect exceeds the temper-
ature effects during each sampling period of the three sites (Avila-Lopez
et al., 2017; Urbini et al., 2020). Diel pCOy, sea variations induced by
biological effects were expected to be dependent on the photosynthesis
and community respiration processes that associate with diurnal solar
insulation (Chien et al., 2018). Additionally, atmospheric pCO2 (pCO»,
atm) Was also recorded in this study. The differences of pCO2, 4tm among
the three seagrass meadows were <15 patm at each season, and the
diurnal variations of pCOy, 4 Were generally <10 patm. The average
pCO2, am was 430.67, 391.13, 412.33 and 400.99 patm in winter,
spring, summer and autumn, respectively. The diurnal oscillation of

ApCO2 (pCO2, sea - PCO2, amm, patm) was calculated and presented in
Fig. S4. ApCO, values were generally negative from late morning or
noon to before midnight, that increased from after midnight to early
morning or noon (Fig. S4). This indicated a net uptake of atmospheric
CO, from the late morning or noon to before midnight, and a CO; sink or
CO4 source after midnight to early morning or noon (Chien et al., 2018;
De Carlo et al., 2013).

The seasonal mean variation range of pCOy, sea On the Li'an and
Xincun seagrass meadows was similar, ~300-480 patm, compared to
~320-527 patm in the Tanmen seagrass meadow (Fig. 4). The average
PCOy, sea Of the three seagrass meadows in different seasons displayed a
clear trend with values increasing from spring, reaching maximum in
summer and then decreasing after summer, which was similar to a
previous study showing seasonal pCOj, e, variations in Zostera marina
seagrass meadows of San Quintin Bay (AVﬂa—Lépez et al., 2017). The
highest mean pCO,, sea Was observed in summer and is likely driven by
higher temperatures and high (~double) seagrass biomass compared to
winter and spring. There are several potential reasons for an increase in
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PCOy, seq in summer. Firstly, warm summer temperatures decreased CO»
solubility in seawater (Van Dam et al., 2021b). Secondly, the summer
average temperature in summer at the three sites was ~31 °C, which is
far beyond the optimal photosynthesis temperature of T. hemprichii and
E. acoroides (27 °C), and might have decreased the seagrass photosyn-
thetic efficiency (Agawin et al., 2001). Third, exposure to high water
temperatures promotes respiration of the seagrass relative to photo-
synthesis (Berg et al., 2019). Additionally, much higher pCO;, s, in
autumn than in spring and winter might be attributed to abundant
seagrass leaf detritus decomposition, leading to high organic carbon
metabolism. These reasons can also explain the relatively lower T/B in
summer and autumn than in spring and summer, despite no significant
difference of the T/B among the four seasons (F = 1.424, p = 0.306;
Fig. 5a). This indicates stronger biological effects in pCO», sea changes in
summer and autumn.

Mean annual pCOy, s, values were 416, 364 and 365 patm in Tan-
men, Li'an and Xincin seagrass meadows, respectively (Fig. 4). Winter
and autumn mean pCO, ¢, at three sites were similar (~320-350 patm
and ~ 360-380 patm in winter and autumn, respectively) (Fig. 4a, d),
but spring and summer mean pCO», 5., were markedly higher on the
Tanmen compared to the Li'an and Xincun seagrass meadows (Fig. 4b,
c). Tanmen is an open-water harbor, with faster currents and larger
waves compared to the slower flow of the shallow waters of Xincun and
Li'an (Deng et al., 2021). We hypothesized that turbulence might result
in increasing oxygen diffusion at the sediment surface of Tanmen, which
consequently enhanced benthic respiration during particularly high
temperatures in spring and summer (Bahlmann et al., 2015). The mean
sediment redox potential at the Tanmen seagrass meadow (—103 mv)
was much higher than Li'an and Xincun seagrass meadows (—205 and
—226 mv, respectively) (unpublished data), also supporting our hy-
pothesis. Further, although T/B was not significantly different among
the three sites (F = 2.490, p = 0.138), the annual mean T/B in Tanmen
was 0.13, which was less than that in Li'an (0.33) and Xincun (0.25)
(Fig. 5b). This indicates biological effects on pCOj e, variations
contributed more in Tanmen than Li'an and Xincun. As previously
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mentioned, Tanmen had the highest T. hemprichii density and leaf
biomass but not E. acoroides density and leaf biomass (Figs. 2 and 3).
Previous studies have reported that approximately 60 % inorganic car-
bon uptake by E. acoroides was HCO3 (Bjork et al., 1997), while
T. hemprichii mainly uptake CO, in seawater (Jiang et al., 2010). We
assumed that pCO2, sea Was mainly mediated by the T. hemprichii com-
munity, but not the E. acoroides community. Additionally, correlation
analysis showed that there were stronger correlations between T/B and
T. hemprichii density and leaf biomass than between T/B and E. acoroides
density and leaf biomass (Fig. S5), further supporting our assumption.

3.4. Air-sea COy flux and ecological implications

Air-sea CO; flux is a function of gas transfer velocity, solubility co-
efficients and ApCO,, which was closely associated with seawater tem-
perature, salinity and p,, (Li et al., 2020; Van Dam et al., 2021b). The
instantaneous (minutes) air-sea CO3 fluxes (Fco,) were shown in Fig. 6,
which exhibited a U-shape diurnal variability from 6 a.m. to 6 a.m. the
next day. During the diurnal observation, all Fco, values were negative
in winter, while most instantaneous air-sea CO5 fluxes were positive in
summer (Fig. 6a, ¢). In spring and autumn, most Fco, values were
negative (Fig. 6b, d). The daily air-sea CO2 flux (Fco,,,) values were
calculated by summing the instantaneous Fco, values. No significant
differences were observed for the absolute values of Fco, ,, among the
four seasons (F = 1.970, p = 0.197). Except for during summer, all
Fco,.,,, values were negative, indicating a net uptake of CO- in the three
seagrass meadows during winter, spring, and autumn, but outgassing of
CO9 during summer (Fig. 7a). This contrasts with temperate Zostera
marina meadows, which have been reported as a CO; sink from May to
August, and a CO; source from September to November (Tokoro et al.,
2014). The tropical seagrasses T. hemprichii and E. acoroides grow all-
year round (Rollon, 1998), but temperate Z. marina grows rapidly in
the spring and summer and then mostly decays during autumn and
winter (Zhou et al., 2015). This might partially explain the different
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Fig. 6. Winter (a), spring (b), summer (c) and autumn (d) temporal (diurnal) variability of air-sea CO, flux in Tanmen, Li'an and Xincun seagrass meadows. Positive
Fco, values indicate gas fluxes from water to the atmosphere, while negative values indicate fluxes from the atmosphere to water.
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different sites (Tukey post hoc test, p < 0.05). Positive Fco, ,,, values indicate gas fluxes from water to the atmosphere, while negative values indicate fluxes from the
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seasonal patterns of Fco, ,, - Additionally, although the ApCO, was more
negative in winter than in autumn, average Fco,,, of the three sites in
autumn (—3.63 £+ 0.76 mmol m—2 d’l) was more negative than that in
winter (—2.84 + 0.60 mmol m 2 d 1) (Fig. 7a). The p,, was higher in
autumn than in other seasons, which should be responsible for the
greater uptake of atmospheric COy in autumn (Wanninkhof and Tri-
nanes, 2017). Average Fco, ,, at each sampling site was calculated based
on the values of the four seasons (Fig. 7b). Although there was no sig-
nificant difference in average Fco, ,, among the three sites (F = 0.092, p
= 0.913), the average Fco,,, in Tanmen (—2.12 =+ 0.45 mmol m2d™
was 23 % and 54 % more negative than Li'an and Xincun seagrass
meadows, respectively (Fig. 7b). Relatively lower temperatures (mainly
in winter) and higher wind velocity in Tanmen contributed to the net
uptake of atmospheric CO». Further, as mentioned above, the biological
effect (especially the seagrass T. hemprichii) was the driving force for
pCO2, sea control in our study seagrass meadows, and the high
T. hemprichii density and biomass in Tanmen is also likely responsible for
the higher CO; flux from atmosphere to sea.

The mean annual fluxes (based on average air-sea CO5 fluxes
(Fco, 4., ) OVer the four seasons) were — 0.78 + 0.16, —0.63 + 0.13 and
— 0.50 + 0.11 mol m~2 yr™! at Tanmen, Li'an and Xincun seagrass
meadows, respectively. The estimated Fco, ., in seagrass meadows of
Hainan Island were in the range of global values (Table 2). Global
Fco, .. Of seagrass meadows exhibited significant spatial heterogeneity,
with some seagrass meadows even acting as CO; sources. However, the
absolute values of Fco,,,, measured by the eddy covariance method
were shown to be higher than that measured by the bulk formula
method (Table 2). Erkkila et al. (2018) reported similar results, and
explained that the estimation error of gas transfer velocity (k) mainly
resulted in lower air-sea CO; flux of the bulk formula method than the
eddy covariance method. Moreover, the bulk formula method was al-
ways applied in the air-sea CO; flux of monthly or seasonal surveys
(Avila-Lépez et al., 2017; Maher and Eyre, 2012), in contrast with the
continuous and automatic monitoring of the eddy covariance method
(Van Dam et al., 2021a), which could also be responsible for the dif-
ferences between the two methods. In this study we only conducted four
seasons of surveys in three seagrass meadows using the bulk formula
method, which might underestimate the net uptake CO2 potential in
tropical seagrass meadows. As a matter for future research, we recom-
mend continuously monitoring the tropical seagrass meadows air-sea
CO4, flux using the eddy covariance method. Such research will help to
determine accurate estimates of air-sea CO; flux, with important im-
plications for carbon budget accounting in seagrass meadows.

Table 2
Comparison of annual air-sea CO» flux of global seagrass meadows.
Study area Seagrass species Method Annual References
air-sea
CO,, flux

San Quintin Zostera marina Bulk 1.20 mol (Avila-Lopez
Bay, Baja formula m2yr!  etal, 2017)
California, method
Mexico

Bay of Posidonia Bulk —0.7 (Champenois
Revellata, oceanica formula mol m2 and Borges,
North- method yrt 2021)
Western
Corsisa,

France

Hastings River  Zostera capricorni, Bulk —-0.4 + (Maher and
estuary, Halophila ovalis formula 0.6 mol Eyre, 2012)
southeast method m2yr?
coast of
Australia

Camden Z. capricorni, Bulk -1.8 + (Maher and
Haven, H. ovalis, Ruppia formula 0.6 mol Eyre, 2012)
southeast megacarpa method m2yr!
coast of
Australia

Wallis Lake, Z. capricorni, Bulk —-2.0 + (Maher and
southeast H. ovalis, formula 0.9 mol Eyre, 2012)
coast of R. megacarpa, method m~2yr!

Australia Posidonia australis

Estero El Z. marina Eddy —4.1 (Van Dam
Soldado, covariance mol m™2 et al., 2021a)
Mexico method yrt

Furen lagoon, Z. marina Eddy -32.8 (Van Dam
Japan covariance mol m~2 et al., 2021a)

method yr !

Bob Allen Thalassia Eddy 1.80 mol (Van Dam
Keys, testudinum covariance m2yr!  etal, 2021a)
America method

Tanmen, Thalassia Bulk -0.78 + This study
Hainan hemprichii, formula 0.16 mol
Island, Enhalus acoroides method m2yr!

China

Li'an, Hainan T. hemprichii, Bulk —0.63 + This study
Island, E. acoroides formula 0.13 mol
China method m2yr?

Xincun, T. hemprichii, Bulk —0.50 + This study
Hainan E. acoroides formula 0.11 mol
Island, method m2yr!

China
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Average Fco, ,, Of the three seagrass meadows was —0.64 + 0.13
mol m~2 yr~!. According to our previous field survey, the entire area of
seagrass meadows in Hainan Island was 5527.73 ha. >90 % of the area
of seagrass meadows distributed along the eastern coastline of Hainan
Island were composed by seagrass of T. hemprichii and E. acoroides
(Huang et al., 2006). These three study sites were the representative
seagrass meadows along the eastern coastal of Hainan Island. Therefore,
if we assume that all the seagrass meadows have similar Fco, ,.,,, then the
annual atmospheric CO, uptake in seagrass meadows of Hainan Island
can be roughly estimated as 1544.45 + 316.19 t CO, yr_'. This rate is
equivalent to the annual emissions of 164,000 tourists in Hainan Island
for the wholesale, retail, accommodation and catering industries (Wu
et al., 2015). Further, we have shown that Li'an and Xincun were 23-54
% lower Fco, ., than Tanmen. As discussed above, high nutrient loading
has led to seagrass decline, and is the likely cause for the observed
decrease in the net uptake of atmospheric CO;, when compared with a
relatively low nutrient loading seagrass meadow. While our estimate is
based on only three seagrass meadows from one region of the world and
should therefore be considered a ‘back of the envelope’ estimate, it
certainly suggests that air-sea CO» flux potential is affected by nutrient
loading, which could be of global significance given how widespread
nutrient pollution has become.

Despite this, empirical evidence on the effect of nutrient loading
associated with seagrass biomass changes on air-sea flux is rare. For
future studies, we recommend using net community metabolism and
PCOy, sea to evaluate potential relationships in seagrass biomass and air-
sea CO, flux among seagrass meadows under different nutrient loads.
Lee et al. (2007) reported the DIN and DIP concentrations of global
subtropical/tropical seagrass meadows seawater were generally <4 and
0.5 pmol L™}, respectively, with the exception of areas characterized by
mesotrophic, eutrophic and hypereutrophic sites. In compare with this
study, the nutrients in Tanmen seagrass meadow were similar to the
relative low nutrient loading levels of global subtropical/tropical sea-
grass meadows, but not in the Xincun and Li'an seagrass meadows.
Nutrient loading induced seagrass decline could consequently decrease
the potential of uptake of atmospheric CO,. Therefore, we suggest
reducing nutrient discharge in seagrass meadows (controlling the
nutrient concentrations to similar or less than those in Tanmen), and the
restoration of degraded seagrass meadows to help promote net COy
uptake, which could have important implications for global carbon
neutrality.

4. Conclusion

This study suggests that the tropical seagrass meadows of Hainan
Island in the South China Sea can be a significant contributor to atmo-
spheric COy uptake. Over the whole sampling period, the air-sea CO5
fluxes of the three seagrass meadows ranged from —0.78 to —0.50 mol
m~2 yr !, with the temperature, wind velocity and status of seagrass
growth as the main driving factors. Further, high nutrient loadings
caused seagrass decline and reduced annual CO, uptake potential by
23-54 %. We recommend reducing nutrient discharge and restoring
degraded seagrass meadows to promote net atmospheric CO, uptake.
Due to limited information on the effects of nutrient loading on air-sea
CO; flux in seagrass meadows, we recommend further research into
the relationships between net seagrass community metabolism and
PCOg, sea, and their response to nutrient loading.
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