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ARTICLE INFO ABSTRACT

Keywords: Macroalgae aquaculture has been increasingly recognized as a promising nature-based solution to enhance
Seaweed carbon sinks towards climate change mitigation. However, a limited understanding of the temporal patterns of
Carbon ﬂu’f air-sea carbon dioxide (CO,) fluxes and their environmental controls across time scales poses an enormous
g:::’hz"];’:;‘ance obstacle to the carbon sink potential assessment of macroalgae aquaculture. Here, we utilized the eddy

covariance (EC) approach to acquire continuous and high-frequency measurements of net ecosystem exchange
(NEE) of CO5 over the macroalgae aquaculture in a subtropical enclosed bay in southeast China, throughout one
full year from April 2023 to March 2024. The results showed (a) this ecosystem acted as a CO5 source in most
months with the strongest source and sink occurring at the beginning of autumn and winter, respectively; (b)
annually this ecosystem emitted 58.9 g C m~2 of CO, into the atmosphere with nighttime source contributing
84.7 %); (c) macroalgae aquaculture of Saccharina japonica and Gracilariopsis Lemaneiformis tended to reduce CO2
emission from this ecosystem, while the extent of the reduction varied with aquaculture types and growth stages;
(d) temporal variability of NEE was most correlated with air temperature, while faster tidal currents tended to
stimulate CO, emission during both flood and ebb tides. The strong temporal variability of NEE highlights the
importance of high-frequency EC measurements in improving the understanding of temporal patterns of air-sea
CO;, fluxes over the macroalgae aquaculture ecosystems. This study suggests that macroalgae aquaculture has the
potential to mitigate CO5 emission, although the ecosystem itself overall functions as a net COy source on an
annual time scale.

1. Introduction

In addition to direct human emission reductions, such as reducing
the burning of fossil fuels, an important way to mitigate climate change
is to enhance the carbon sink potential of natural ecosystems and thus
promote atmospheric carbon dioxide (CO2) removal (CDR). As one of
the fastest-growing and most productive coastal ecosystems on the
earth, the maximum net primary productivity of macroalgae (or

seaweed) even exceeds that of seagrasses, salt marshes, and mangroves
combined (Krause-Jensen and Duarte, 2016; Duarte, 2017). More and
more studies are now proving the carbon sink function of macroalgae
(Krause-Jensen and Duarte, 2016; Ortega et al., 2019; Filbee-Dexter
et al., 2023). Macroalgae aquaculture has been recognized as a prom-
ising nature-based solution to CDR due to its low cost and environmental
co-benefits (Bach et al., 2021; Duarte et al., 2022; Gao et al., 2022).
Macroalgae absorb dissolved inorganic carbon (DIC) from seawater
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through photosynthesis of the thallus. The carbon released from the
erosion and decay of macroalgae thallus enters the seawater environ-
ment in the form of dissolved or particulate organic carbon (Hurd et al.,
2024). A portion of the released carbon is sequestered through burial in
the sediment or transported to the deep sea for long-term storage (Ross
et al., 2023; Hurd et al., 2024). Another portion is reconverted by mi-
crobial respiration or mineralization and emitted back into the atmo-
sphere (Wada et al., 2008; Weigel et al., 2022). For example, the organic
carbon released by macroalgae at the late growth stage stimulates mi-
crobial metabolism and thus converts the macroalgae aquaculture
ecosystem from a sink to a source of atmospheric COy (Xiong et al.,
2024). Overall, the carbon dynamics in macroalgae involve several
complex biotic and abiotic processes varying across spatial and temporal
scales, making it difficult to accurately quantify the carbon budget
(Hurd et al., 2022).

To date, most studies have focused on seawater particulate/dissolved
organic carbon and sedimentary carbon to assess the CDR potential of
macroalgae (Pan et al., 2019; Watanabe et al., 2020; Perkins et al., 2022;
Lietal., 2022a). However, the direct CO, exchange between macroalgae
ecosystems and the atmosphere has been less studied, leading to a
critical knowledge gap that hinders the assessment of the carbon sink
potential of macroalgae (Hurd et al., 2022). Direct flux measurements at
the air-sea interface are not equivalent to the flux profiles within
seawater. First, seawater surfaces at sites where carbon burial occurs do
not necessarily absorb atmospheric CO, directly (Roth et al., 2023).
Second, the water column that has reduced CO5 in seawater as a result of
macroalgae photosynthesis may move into new locations with tidal or
current action and absorb atmospheric CO; outside the original habitat
(Watanabe et al., 2020). In addition, as a result of lateral carbon inputs,
even an autotrophic ecosystem may still be a net source of atmospheric
COq locally if the carbon remineralization from lateral inputs is high
(Gallagher et al., 2022; Roth et al., 2023).

Therefore, continuous measurements of air-sea CO, fluxes are
important for determining whether macroalgal ecosystems act as a net
CO4 sink or source. The eddy covariance (EC) approach can provide
continuous and high-frequency measurements of CO; fluxes. However,
the approach has been mainly applied to terrestrial ecosystems and
coastal ecosystems such as mangroves and salt marshes (Zhu et al.,
2024a, 2024b). The EC applications in global macroalgal ecosystems are
very few, especially in macroalgae aquaculture (lkawa and Oechel,
2015). In addition to the lack of understanding of the temporal vari-
ability of air-sea CO, fluxes over macroalgae ecosystems, the fluxes may
also vary with different aquaculture types, stages, and management. In
this context, the use of continuous and high-frequency measurements is
of great significance to quantify the air-sea CO, fluxes over macroalgae
aquaculture and to reveal their complex temporal heterogeneity.

Macroalgae aquaculture worldwide is growing at an annual rate of
6.4 % and is predicted to cover an area of 15,733 km? by 2050 (Duarte
et al., 2022). Almost all of the global macroalgae aquaculture produc-
tion comes from Asia, with China accounting for half of the global
production. Currently, there is no such study to assess the temporal
patterns of air-sea CO, fluxes across time scales over mariculture
aquaculture based on EC flux measurements. In this study, we utilized
the EC approach to acquire continuous and high-frequency measure-
ments of net ecosystem exchange (NEE) over the macroalgae aquacul-
ture in a subtropical enclosed bay (Sansha Bay) in southeast China,
throughout one full year from April 2023 to March 2024. The two spe-
cific objectives of this study are (1) to examine the temporal variability
of NEE and its environmental controls across various time scales and
aquaculture activities, and (2) to assess the temporal pattern of the COy
source-sink of macroalgae ecosystem and its potential contribution from
aquaculture activities.
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2. Materials and methods
2.1. Study area

The study area is located in the macroalgae aquaculture area in
Sansha Bay of southeast China, which is a semi-enclosed bay with a
narrow gateway of only 3 km wide to the East China Sea (Fig. 1). This
bay has a subtropical monsoonal climate with mean annual air and
water temperatures of 20.3°C and 18.5°C, respectively, and a mean
annual seawater salinity of 29.8 ppt (Wang et al., 2009). It experiences
irregular semi-diurnal tides with a mean tidal range of 5.35 m and a
higher ebb tide rate than the flood tide rate (Ye et al., 2007). The study
area with macroalgae aquaculture is located in the northeastern inner
bay without experiencing direct freshwater inputs from Jiaoxi river
running into the northwest of the bay (Han et al., 2021a). There are two
aquaculture types in the study area, i.e., raft aquaculture and cage
aquaculture. Raft aquaculture is dominated by Saccharina japonica and
Gracilariopsis Lemaneiformis and cage aquaculture is mainly for Apos-
tichopus japonicus. For macroalgae aquaculture, the culture period of
S. japonica is from December to May of the next year, while the culture
period of G. Lemaneiformis is shorter but can be planted throughout most
of the year.

2.2. Eddy covariance measurements

The EC system (26.7218°N, 119.9871°E; ChinaFLUX and USCCQC),
deployed ~5 m above the surface water of the macroalgae, consisted of
an open-path gas analyzer of CO, (Li-7500, Li-COR Inc., Lincoln, NE,
USA) and a three-axis sonic anemometer (CSAT-3, Campbell Scientific
Inc., Logan, UT, USA) (Fig. 1b). To reduce potential swaying issue, the
EC system was deployed on a tower platform fixed to a large fish raft
used for A. japonicus cultivation. The footprint climatology analyses
following Kormann and Meixner (2001) confirmed that 90 % of the
fluxes were contributed from the aquaculture area within ~400 m
around the tower (Fig. 1c). To ensure high quality of the flux data,
regular instrument maintenance including cleaning the sensor mirror of
gas analyzer were performed roughly every week. The raw 10-Hz data
were processed into 30-min time-series data using the EddyPro software
(Li-COR Inc.) with a series of flux corrections (including axis rotation,
frequency response, ultrasonic, and WPL corrections) and quality con-
trol (including steady state, turbulent condition, statistical, and absolute
limit tests) processes (Zhu et al., 2021). The 0-1-2 labeling system
(Mauder et al., 2013) was applied to label the flux data quality, and the
data with a quality flag of 2 were excluded from further analyses. Flux
data under conditions of rainfall and insufficient nighttime turbulence
were also excluded.

2.3. Ancillary measurements

The meteorological data, including solar radiation, wind speed/di-
rection, air temperature (Ta), and rainfall, were measured by an inte-
grated weather station (ATMOS 41, METER Group Inc., Pullman, WA,
USA) deployed on the tower platform. Water quality parameters from a
nearby buoy system included water temperature (Tw), dissolved oxygen
(DO), and chlorophyll-a (Chl-a). Tw and DO were measured with a high-
accuracy CTD sensor (SBE 37 SMP-ODO, Sea-bird, USA), while Chl-a
was recorded by a fluorimeter (ECO FLS, WET Labs, USA). To match
the EC data, all ancillary measurements were converted into 30-minute
time series data. The percentage of DO (DO%) was also converted from
DO (Benson and Krause, 1984) to consider the effect of water temper-
ature fluctuations in assessing the photosynthetic effect of macroalgae.
To map the spatio-temporal evolution of the macroalgae aquaculture,
drone and satellite remote sensing imagery were combined to determine
the main aquaculture types (Fig. S1). To examine the potential swaying
issue on NEE, we also used one-month (December 2023) attitude data
measured by a high-performance Attitude and Heading Reference
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Fig. 1. Location of the study area within a subtropical enclosed bay in southeast China (Sansha Bay) (a), where an eddy covariance flux tower (b) was established
over the macroalgae aquaculture in the northeastern inner bay shown with a drone image (acquired on January 26, 2024) overlaid by the flux footprint clima-

tology (c).

System (AHRS) Ellipse-A (SBG system, France) attitude system to correct
wind speeds and thus fluxes following Edson et al. (1998). The analyses
revealed that the attitude-corrected flux results had only a 3 % relative
deviation from the uncorrected original fluxes. To ensure consistency,
all flux data analyses were based on the uncorrected original fluxes, due
to the lack of concurrent attitude data over the one-year study period.

2.4. Statistical analyses

To reduce the bias in the aggregation due to unbalanced data
availability between daytime and nighttime, we conducted quality
control separately for daytime and nighttime data. Specifically, the days
with valid daytime or nighttime 30-min records less than a quarter of the
total number of records were excluded from the aggregation. Over the
one-year study period, after excluding poor data due to quality issues
and instrument failures, the percentages of valid 30-min and daily NEE
data were 65.2 % and 93.4 %, respectively. Mean diurnal variations
were used to analyze diurnal variation in NEE for each month and
different culture periods/stages. To better analyze NEE among different
culture periods/stages, we divided the one-year study period into the
following periods according to the dominant culture activities: April and
May 2023 and from December 2023 to March 2024 for S. japonica cul-
ture period (December and January for the rapid growth stage, February
and March for the middle growth stage, and April and May for the
harvesting stage); June, July, October, and November 2023 for
G. Lemaneiformis culture period. August and September 2023 were
treated as non-farming periods without macroalgae farming.

To compare the correlation between daily NEE data and environ-
mental variables, Pearson’s correlation coefficients calculated on a

pairwise basis were used to explore the potential impacts of various
environmental factors on the daily CO; flux variations. To examine the
tidal impacts on the response of NEE to environmental controls, we
analyzed the data of 30-min NEE with varying tidal levels. Specifically,
tidal levels were divided into six equal parts from low to high tide (1 H ~
6 H) and then treated 1 H and 6 H as the “slow” group and 3 H and 4 H
as the “fast” group (Fig. S2). For each of these two groups, the NEE data
were binned by an environmental factor (20 percentile-based bins) to
calculate the mean values and standard deviations, and then linear re-
gressions were applied to fit the mean values. The difference in fitting
lines between the “slow” and “fast” groups indicated the effect of tidal
currents on the response of NEE. We also compared the mean values of
NEE and wind speeds across all tidal levels (1 H ~ 6 H) for both daytime
and nighttime. In this study, negative and positive values of gas flux
indicated a sink (downward air-to-water flux) and a source (upward
water-to-air flux), respectively. All data processing and statistical ana-
lyses were performed in MATLAB software (MathWorks Inc., Natick,
MA, USA).

3. Results
3.1. Temporal variations in environmental factors

The daily variation of meteorological and water quality data
observed over the year included radiation, wind speed, rainfall, Ta, Tw,
DO and Chl-a (Fig. 2). The daily radiation had a strong fluctuation,
varying from 3.1 MJ m~2 day ! to 76.6 MJ m~2 day ! (Fig. 2a). The
annual average wind speed was 3.0 m s~ ! with higher mean daily wind
speeds (up to 10.7 m s 1) in September and October. Daily variations in



Y. Deng et al.

Agriculture, Ecosystems and Environment 385 (2025) 109576

&

Temperature (°C)
1] w
= =3

—
=

= =

Chl-a (pg L")
~ W

~ 80 a)
E 60 f- n
" 10 g
E 40 <
= | I 2
£ 2 1 1 g
g ‘ ‘ v I ‘ s =
S -20
0
b 140
(b) [ Air temperature Water Iemperalure] 120
—{100 7
{80 =
£loo S
i A Al g
~
Vv \_N\/'/u —40 £
—20
1y Ll
9
— 85

-
h
Tidal level (m)

0
2 ) | T T T T 120
3 110
g1
= 100
=
& =
=8 :\/\/\\ -9 2
g a
g 80
Lt —
@
2 \"P/,

1 L L L ! 1 L ! L "

2023/04/01  2023/05/01  2023/06/01  2023/07/01  2023/08/01  2023/09/01  2023/10/01  2023/11/01  2023/12/01  2024/01/01  2024/02/01  2024/03/01  2024/03/31

Time (Date)

Fig. 2. Temporal variations in daily environmental factors from April 2023 to March 2024, including (a) cumulative radiation, mean wind speed, (b) mean air/water
temperature, cumulative rainfall, (c) mean chlorophyll-a (Chl-a), maximum tidal level, (d) mean dissolved oxygen (DO) and mean DO%.

Taranged from 4.1°C to 32.2°C with a mean value of 20.5°C, while daily
variations in Tw ranged from 12.8°C to 30.4°C with a mean value of
21.1°C (Fig. 2b). Daily mean Ta and Tw exhibited similar seasonal
variations with the maximum and minimum values in August and
January, respectively. During the study period, the maximum daily
rainfall reached 134 mm with more rainfall occurring in summer. The
daily variation of the maximum tidal height reflected the semi-diurnal
tidal pattern, ranging from 6.1 m to 8.8 m (Fig. 2c). Chl-a and DO had
strong daily variations with the average value of 1.5 pg L™ (0.4 ~
3.6 ugL ™)) and 6.7 mgL! (3.8 ~ 9.1 mg L 1), respectively (Figs. 2c
and 2d). Daily DO% had a similar temporal variation with daily DO with
an average daily DO% of 91.1 % (60.3 % ~ 117.8 %).

3.2. Temporal variations in CO_ flux

Temporal variations in daily and monthly cumulative NEE were
shown during the study period, along with daily variations in daytime
and nighttime NEE (Fig. 3). During the daytime, daily NEE ranged from
—0.89gC m~2 day ! to 0.96gC m 2 day ! with a mean value of
0.03 g C m 2 day ! (Fig. 3a). During the nighttime, daily NEE ranged
from —1.45 g Cm 2 day ! to 1.06 g C m~2 day ! with a mean value of
0.14 g C m 2 day ! (Fig. 3b). In terms of the whole day, daily NEE
ranged from —2.34 g Cm~2 day ! to 1.52 g C m~2 day ! with a mean
value of 0.16 g C m 2 day_1 (Fig. 3c). This ecosystem showed a weak
source of CO, during the day and a strong source of COy at night,
resulting in an all-day source of CO,. There was a similar variation in

monthly NEE between daytime and nighttime. Temporal variations in
monthly NEE indicated that this ecosystem acted as a weak daytime CO;
source and a strong nighttime CO, source for most of the year, while it
acted as a COq sink during November, December, and January (Fig. 3d).
The ecosystem showed the strongest CO, source (18.83gC m 2
month™!) and sink (-13.52 gC m~2 month™!) in August and December,
respectively, with a mean monthly source of 5.04 g C m~2 month .

Mean diurnal variations in NEE showed large fluctuations and
differed among months and seasons (Fig. 4): spring (-0.38 ~ 0.60 pmol
m~2 s_l), summer (-0.45 ~ 1.10 pmol m~2 s_l), autumn (-0.41 ~ 0.59
pmol m 2 s’l), and winter (-0.55 ~ 0.30 pmol m2s ). During the
daytime, spring (0.10 + 0.18 pmol m~2 s™!) and summer (0.02 + 0.23
pmol m~2 s1) overall acted as a CO source, while autumn (-0.03
+ 0.21 pmol m—2 sfl) and winter (-0.08 + 0.17 pmol m—2 s’l) overall
acted as a CO; sink. At night, only winter was a sink of CO3 (-0.20 + 0.16
pmol m~2 s 1), while all other seasons were sources of CO,: spring (0.32
+ 0.13 pmol m~2 s_l), summer (0.71 + 0.32 pmol m~2 s_l), and autumn
(0.24 £+ 0.19 pmol m~2 s 1. On the monthly scale, summer showed
stronger flux variability than other seasons, and the strongest flux
variability occurred in August with a diurnal difference of 2.43 pmol
m2s! (-0.52 ~ 1.91 pmol m 2 sfl) (Fig. 4h). The smallest flux vari-
ability occurred in April, with a diurnal difference of 0.93 pmol m =2 s~?
(-0.37 ~ 0.56 pmol m ™2 s™1) (Fig. 4c).
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Fig. 3. Temporal variations in daytime (a), nighttime (b), daily (c), and monthly (d) cumulative net ecosystem exchange (NEE) over the macroalgae aquaculture
from April 2023 to March 2024. Monthly cumulative NEE are shown for daytime, nighttime, and 24-hour periods. Macroalgae farming periods of S. japonica (April
and May of 2023 and December 2023 ~ March 2024) and G. Lemaneiformis (June, July, October, and November of 2023) are indicated with green and red shades,
respectively. The half-year farming period of S. japonica can be further divided into three two-month stages including rapid growth, middle growth, and harvesting.

3.3. COg flux during different farming periods

The diurnal pattern of NEE during different farming periods varied
greatly (Fig. 5). The S. japonica farming period acted as a weak COy
source both during the daytime (0.004 pmol m 2 s~?!) and at night (0.03
pmol m~2 s71). The diurnal variation of the S. japonica farming period
ranged from —0.23-0.26 (average of 0.02) pmol m 2 s~!. The fluctua-
tion of diurnal variation of NEE during the S. japonica farming period
was smaller than that during the G. Lemaneiformis farming period. For
G. Lemaneiformis farming, the ecosystem acted as a weaker daytime sink
( 0 11 pmol m~2 s71) and a stronger nighttime source (0.23 pmol m 2

-1, ranging from —0.52-0.63 pmol m~2 s~! with a daily mean flux of
0.06 pmol m~2 s7L. In contrast to these two farming periods, the non-
farming period had much larger diurnal fluctuations in NEE, showing
a stronger CO source both during the daytime (0.22 pmol m~2s™1) and
at night (0.99 pmol m2sh (Fig. 5a). The daily mean NEE fluxes for the
rapid growth, middle growth, and harvesting stages were —0.27 pmol
m~2 571, 0.20 pmol m~ ! and 0.18 pmol m~2 571, respectively
(Fig. 5b). At the rapid growth stage, the ecosystem acted as a strong COy
sink with larger contribution from nighttime sink (-0.35 pmol m~2 s™1)
than the daytime (-0.18 pmol m~2 s™!). At the middle growth stage, the
system acted as a source throughout the day (0.17 and 0.23 pmol m 2
s~! for daytime and nighttime, respectively). At the harvesting stage, the

ecosystem was a weak CO, source during the daytime (0.06 pmol m™2
s’l) but a strong source (0.31 pmol m—2 s’l) at night.

3.4. Environmental controls on CO, flux

Pearson’s correlation analyses were conducted to explore the links
between daily NEE and related environment variables (Fig. 6). For all
day, the NEE was statistically significantly (p < 0.05) correlated with
radiation (0.24), WS (-0.15), Ta (0.41), Tw (0.21) and DO (-0.18). Since
water quality factors were jointly affected by tidal activity (Fig. 6), we
further examined the coupling relationship among NEE and major fac-
tors including Tw, DO, Chl-a, and tidal level based on their mean diurnal
variations (Fig. 7). The temporal variability of these water quality fac-
tors tended to couple with the semi-diurnal tidal pattern, with overall
opposite diurnal variations in Tw and DO from tidal water level. Mean
diurnal variations of these variables indicated that tidal water level
tended to peak around noon, and for most months peaking tidal level
corresponded to an increase in NEE.

To further explore the tidal impacts on NEE, we divided flux and
environmental data into “slow” and “fast” groups for both flood and ebb
tides (Fig. 8). For wind speed and Ta whose fitting lines were statistically
significant for both flood and ebb tides, faster tidal currents were found
to exert positive effects on NEE (i.e., fitting lines are statistically
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Fig. 4. Mean diurnal variations (MDV) and standard deviations in net ecosystem exchange (NEE) over the macroalgae aquaculture for each season and month from
April 2023 to March 2024, with macroalgae farming months of S. japonica and G. Lemaneiformis labeled. Daytime and nighttime are indicated by white and gray
areas, respectively. Mean flux values during the daytime (red), nighttime (blue), and throughout the day (black) based on each MDV are also shown.

different at p < 0.05) (Fig. 8a-d). For example, at the same Ta, the mean
flux during flood tide was 0.22 pmol m~2 s~ ! for faster tidal currents but
only 0.08 pmol m~2 s™! for slower tidal currents (Fig. 8c); during ebb
tide, the mean flux at faster tidal currents reached 0.21 pmol m2s7,
while for slower tidal currents the mean flux only reached 0.03 pmol
m~2s~! (Fig. 8d). Tidal impacts on NEE also differed between the flood
and ebb, where the difference caused by faster and slower currents
tended to be larger for the ebb than the flood. For example, under the
same conditions of Tw and DO, the differences in NEE caused by tidal
currents during the flood were only 0.10 and 0.07 pmol m 2 s},
respectively (Figs. 8e and 8g), whereas such differences were 0.18 and
0.21 pmol m~2 s~! during the ebb, respectively (Figs. 8f and 8h). Mean

variations in NEE and wind speed across tidal levels (Fig. S3) indicated

that the NEE tended to be higher at faster tidal currents (i.e., 3 H and
4 H) and wind speeds.

4. Discussion
4.1. Net CO; flux in macroalgae aquaculture ecosystems

The study suggests that the macroalgae aquaculture area in Sansha
Bay acts as a CO4 source (58.9 g C m™2 year’l), which is consistent with
one previous study in the same bay (0.01 g C m~2 year ; Wei et al.,
2016) but different from many other studies revealing that macroalgae
aquaculture functions as a CO, sink (-143.3 ~ —5.3 g C m ™2 year };

Jiang et al., 2013; Liu et al., 2017; Han et al., 2021b). Besides inherent
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Fig. 5. Mean diurnal variations in net ecosystem exchange (NEE) over the (a) macroalgae aquaculture for different farming (S. japonica or G. Lemaneiformis) and non-
farming periods and (b) growth stages of S. japonica. Daytime and nighttime are indicated by white and gray areas, respectively.

differences among in-situ environments, the magnitude of CO5 source or
sink estimated from various flux calculation methods could also vary
greatly (Tokoro and Kuwae, 2018). For example, despite the same bay,
our EC-based direct estimation of NEE (average of 0.12 pmol m~2 s 1) is
several orders of magnitude higher than that of the previous study
(average of 2.93 x 107> pmol m~2 s7!) based on the indirect bulk
method (Wei et al., 2016). However, our EC-based NEE (average of 0.28
pmol m~2 s71) is comparable with the flux estimation (average of 0.73
pmol m~2 s7!) based on the floating chamber method over a 72-hour
observation period in March of 2024 (Fig. S4). The monthly diurnal
variation of NEE shows that the farming area is a weak source of COy
during the day and a strong source of CO- at night for most of the time,
which suggests that the macroalgae photosynthesis during the day might
not fully offset the emission of CO3. The difference between daytime and
nighttime fluxes is not consistent throughout the year in this study,
suggesting that the effect of diurnal variation on estimating carbon
budgets should be assessed on a seasonal or even monthly basis.

Most previous studies focus on the diurnal variability of NEE based
on discontinuous flux measurements with short measurement periods.
In this study, NEE in macroalgae aquaculture shows a more pronounced
seasonal variation, tending to function as a source of CO5 in summer and
a sink of CO, in winter (Fig. 4). The high temperature of surface
seawater in summer decreases the solubility of CO; in seawater, which
favors the emission of CO, into the atmosphere. Also, the absence of
macroalgae aquaculture in summer due to the higher water temperature
accounts for the occurrence of a stronger COy source in summer. In
winter, lower seawater surface temperatures result in lower partial
pressures of CO, at the sea surface, and COs is less likely to be emitted to
the atmosphere. Meanwhile, the lower water temperature is suitable for
the growth of macroalgae and can weaken the rates of respiration and
mineralization of microorganisms to a certain extent (Feng et al., 2022;
Sun et al., 2023). A study of CO- fluxes in a shellfish and macroalgae
aquaculture area in Sanggou Bay of North China also indicated that
autumn and winter were strong sinks of CO; (Liu et al., 2022). However,
different from the macroalgae aquaculture in Sanggou Bay showing a
more obvious carbon dioxide sink throughout the winter (Xiong et al.,
2024), this study only shows an obvious carbon sink for one month in
December. This difference could be attributed to the fact that the
aquaculture area in temperate Sanggou Bay has lower winter air tem-
perature than the aquaculture area in this subtropical bay. Active cage
aquaculture of sea cucumber cultivation most occurring in winter could
also affect the NEE since they’re also covered by the EC footprint
climatology (Fig. S1). However, our footprint analyses suggest that the

impact of sea cucumber cultivation on the NEE should be relatively
small given there is no significant difference in mean diurnal variations
of winter NEE between with and without considering the 30-min NEE
most contributed by the sea cucumber cultivation (Fig. S5).

Although the region generally behaves as a source of CO2, we cannot
ignore the role of macroalgae aquaculture in weakening CO, emissions
in the region. The average diurnal fluxes during S. japonica and
G. Lemaneiformis farming periods are much smaller than the CO, fluxes
during the non-farming period (Figs. 3 and 5). In this study, the
ecosystem tends to shift from a CO; sink (December 2023 ~ January
2024 for rapid growth stage) to a CO source (February ~ March 2024
and April ~ May 2023 for middle growth and harvesting stages,
respectively) at different stages of the S. japonica farming period, which
is similar to the findings of Xiong et al. (2024) that seawater changed
from a COy sink (lower pCOs by 17-73 patm compared with the
non-farming seawater) during the rapid growth period of kelp to a CO,
source (higher pCO4 by 20-37 patm) during the aging period in Sanggou
bay. The carbon content of kelp is found to decrease with the growth
cycle and thus kelp contains more carbon as the juvenile than as the
adult (Zhang et al., 2024), which could explain the apparent carbon sink
observed during the rapid growth stage in this study. April and May are
the harvesting periods for kelp, when more available biomass carbon
accounts for the higher emission of CO5 (Zhang et al., 2017; Xiong et al.,
2023, 2024). It is reported that macroalgae may lose 8-61 % of their
biomass due to fragmentation and erosion of fronds (Pessarrodona et al.,
2024), and the rate of release of organic matter from kelp to seawater
increases with the growth rate of kelp (Chen et al., 2020).

4.2. Environmental controls on net CO, flux

Coastal semi-enclosed bays are critical areas for biogeochemical re-
actions, and both anthropogenic activities and natural conditions such
as tidal activity can impact water quality and CO; flux (Song et al., 2022;
Fu et al., 2023). It is most likely that the weak source of CO; in this
macroalgae aquaculture area during the day is related to CO, uptake by
macroalgae photosynthesis and the strong source at night is related to
the respiration of the ecosystem (Jiang et al., 2013; Ortega et al., 2019).
In August and September of 2023 in the absence of macroalgae aqua-
culture, the area acts a strong nighttime but a weak daytime CO3 source
(Fig. 3a-b), which could be attributed to the contribution of phyto-
plankton as indicated by high Chl-a content (Fig. 2c). Consistent with
previous studies (Li et al., 2022b), seawater DO in this bay is higher in
spring and winter and lower in summer and autumn. Correlation
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Fig. 6. Heatmaps of Pearson’s correlation coefficients between daily NEE and environmental factors, including radiation (Rad), wind speed (WS), air temperature
(Ta), water temperature (Tw), dissolved oxygen (DO), percentage of dissolved oxygen (DO%), chlorophyll-a (Chl-a), tidal level (TL), and 90 % footprint (FP). The
correlation coefficients were calculated on a pairwise basis to relieve the missing data issue. All shown coefficients are statistically significant at p < 0.05, while blank

cells denote not significant (N.S.).

analyses also confirm a negative correlation between DO and NEE
(Fig. 6), which is because photosynthesis increases the DO content when
absorbing DIC, while respiration releases DIC and decreases the DO
content in seawater (Vachon et al., 2020).

Besides the macroalgae aquaculture area itself, the NEE over the tidal
bay ecosystem could be also affected by background seawater inflows
from outside of the aquaculture area (e.g., higher CO5 emissions via the
inflow of seawater with higher pCO,). This tidal disturbance might
partially explain why the peaking tidal level around noon corresponds to
an increase in NEE for most months (Fig. 7). However, given that the
aquaculture area surrounding the EC tower is much larger than the EC
footprint and there is no river running into the inner part of the bay
where the EC tower is located, the effects of background seawater might
be relatively small. Another possible reason contributing the temporal
variability of NEE is the changing air-sea gas transfer velocity (e.g., a
higher transfer velocity at stronger tidal currents and wind speeds)
(Hahm et al., 2006; Fischereit et al., 2016), which might account for the
positive effect of faster tidal currents on NEE (Fig. 8). In terms of the
mean tidal variations in NEE and wind speed (Fig. S3), this bay
ecosystem tends to emit more CO; at stronger tidal currents and wind

speeds, which also confirms the potential contribution of changing
air-sea gas transfer velocity.

4.3. Limitations and implications

Field measurements and data analyses of this study suffer from
several limitations and uncertainties. First, despite being able to capture
the daily variation of NEE in aquaculture ecosystems with continuous
and high-frequency measurements, EC-based CO; fluxes may be influ-
enced by imperfect flux calibration and quality control processes. To
decrease this uncertainty, we only analyze mean diurnal variations in
NEE instead of individual days, which is statistically reasonable since
30-min NEE usually fluctuates significantly over any single day (Fig. S6)
and thus it is almost impossible to accurately attribute the diurnal
variability of NEE to any specific management activity within the day.
Second, the EC-based NEE represents CO; fluxes over a spatial coverage
(~400 m around the tower for the 90 % footprint climatology), but we
are unable to accurately separate the contribution of NEE from the
respective flux components, such as different macroalgae (S. japonica
and G. Lemaneiformis). Third, although remote sensing imagery is
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Fig. 8. Tidal impacts on the responses of net ecosystem exchange (NEE) to major environmental factors including wind speed (a-b), air temperature (c-d), water
temperature (e-f), and dissolved oxygen (g-h). The whole data were grouped by tidal level from low to high tide (1 H ~ 6 H) for both flood and ebb tides and then the
“slow” and “fast” groups (Fig. S2) were binned by each environmental factor (20 percentile-based bins) to calculate the mean value and standard deviation. Linear
regressions were applied to each group of data with solid and dashed lines indicating statistically significant (p < 0.05) and insignificant fittings, respectively. The p-
\:alue within each plot denotes the statistical significance of the difference between the “slow” and “fast” groups.

utilized in this study, there is some uncertainty in the temporal delin-
eation of the macroalgae culture cycle because the mixing of different
macroalgae types exists within a given month. Fourthly, temperature
itself can exert a certain confounding effect on the temporal variability
of CO;, flux, since temperature affects seawater solubility and thus sea-
air CO; exchange (Dai et al., 2009). Future studies should incorporate
more field data such as simultaneous and continuous EC and pCO;
measurements to disentangle the temperature-induced effect and better
assess the contribution of macroalgae aquaculture itself.

In conclusion, the EC approach was applied in this study to acquire
one full year of NEE measurements in a subtropical tide-driven enclosed
bay in southeast China, aiming to better understand the temporal pat-
terns of air-sea CO» fluxes and their environmental controls in macro-
algae aquaculture ecosystems. The measured NEE shows strong
temporal variations across diurnal, daily, and monthly time scales
mainly driven by tidal and temperature fluctuations, which highlights
the importance of high-frequency measurements to capture the tempo-
ral dynamics of NEE in such tide-driven bay ecosystems. As the first full-
year EC study on macroalgae aquaculture, this study confirms that
macroalgae aquaculture reduces CO; emissions particularly at its early
rapid growth stage, although the ecosystem itself functions as a net CO2
source on an annual time scale. Traditional approaches based on carbon
stock changes or oxygen-based productivity measurements help identify
the processes and factors in regulating NEE over macroalgae aquacul-
ture ecosystems, but they fail to capture continuous and high-frequency
fluctuations in NEE and thus may cause large uncertainties in devel-
oping informed climate mitigation strategies. Despite that the contri-
bution of macroalgae aquaculture cannot be explicitly extracted using
the EC approach, this study provides high-resolution measurements of
direct air-sea CO, gas exchange, which is indispensable to determine
whether the bay ecosystem with macroalgae aquaculture acts as a net
source or sink of atmospheric CO; across various time scales and farming
stages. Future studies should combine the EC approach with traditional
ones to improve both temporal and process-oriented understanding of
NEE fluctuations in macroalgae aquaculture, towards reducing un-
certainties in estimating carbon budgets of this widely distributed but
less-understood coastal ecosystem.
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