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Aquaculture ponds represent a biogeochemical hotspot of the global carbon cycle. However, accurate estimations
of their carbon budgets are hindered by a limited understanding of the temporal variability of carbon fluxes
across time scales. In this study, the eddy covariance (EC) approach was applied to quantify net ecosystem CO5

::;::léi:;;e exchange (NEE) over algae-shellfish aquaculture ponds (razor clam cultivation) in Zhangjiang Estuary of
Zhangjiang Southeast China from January 2020 to June 2022, aiming to assess the diurnal variability of NEE during various

management periods. The EC-based NEE over the ponds showed strong diurnal variations with daytime sink and
nighttime source, mainly controlled by photosynthetically active radiation and air temperature, respectively. The
ponds acted as a net sink system during razor clam (daily mean flux of —0.42 pmol m~2 s7!) and shrimp-crab
(—0.50 pmol m~2 s™1) farming periods with a stronger daytime sink than a nighttime source, while it was the
opposite during the drainage period acting as a net source (0.40 pmol m ™2 s™1). The strength of sink/source also
differed between the early and late stages of the razor clam farming period, with much larger (~ 16 times) net
carbon uptake in the late stage as a result of the strong daytime sink and near-neutral nighttime flux. The diurnal
variability of NEE over the ponds was overall larger than other aquatic ecosystems and tended to increase with
air temperature. Previous estimates of daily NEE from discrete daytime-only samplings might have biased the
actual carbon budgets if no diurnal correction was applied in the temporal aggregation. The confirmed strong
temporal variability of NEE across time scales highlighted the importance and necessity of continuous and high-
frequency flux measurements in assessing the carbon budgets of algae-shellfish aquaculture ponds.

Eddy covariance

1. Introduction

Carbon dioxide (CO3) is the most important anthropogenic green-
house gas (GHG) accounting for approximately 60% of the atmospheric
radiative forcing (IPCC, in press). Quantifying the strength of CO2
sink/source for various ecosystems provides an essential foundation for
mitigating CO9 emissions (Friedlingstein et al., 2020). Despite numerous
studies have concentrated on CO, fluxes across the water-air interface
over various aquatic ecosystems, including lakes, rivers, and reservoirs
(Baldocchi et al., 2020a; Gomez-Gener et al., 2021; Morin et al., 2022;
Ran et al., 2022; Xiao et al., 2021), the CO5 flux measurements over
aquaculture ponds, particularly in a continuous and high-frequency
manner, are very limited (Yang et al., 2019; Zhang et al., 2022a).

Aquatic ecosystems are often known as an important CO, source, and
earlier estimates of the source from inland freshwaters were in the order
of 1.4 Pg Cyear ! (Tranvik et al., 2009), exceeding half of the terrestrial
carbon sink. It has been increasingly recognized that the CO5 emissions
from aquatic ecosystems may have been underestimated due to the lack
of incorporation of the contribution from small and shallow water
bodies (Yuan et al., 2019; Zhang et al., 2022b). As one of such water
bodies, aquaculture ponds are a vital part of the global aquatic ecosys-
tems. Although aquaculture ponds occupy a very small area worldwide,
they are found to play a crucial role in global carbon cycling (Yang et al.,
2018b; Yuan et al., 2019). The estimated area of aquaculture ponds is ~
1.8 x 10° km? worldwide with China occupying the largest area (~ 2.57
x 10* km?), and it is reported the area of aquaculture ponds in the
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Chinese coastal zone is 1.56 x 10* km? (FAO, 2019; Ren et al., 2019).

The characterization of GHG fluxes over aquaculture ponds in coastal
areas has been carried out in numerous studies (David et al., 2021; Fang
et al., 2022a; Xu et al., 2022; Yang et al., 2022; Zhang et al., 2022a).
Compared with other aquatic ecosystems, aquaculture ponds, as
semi-artificial ecosystems, usually have more complicated biogeo-
chemical cycles affected by the combination of environmental drivers
and aquaculture management. Aquaculture GHG fluxes can be strongly
influenced by physical forcing, such as radiation (Zhang et al., 2022c)
and temperature (Hu et al., 2020) at very short time scales (minutes to
hours). Artificial management activities, such as feeding, water ex-
change, and harvesting, have also significantly added or removed car-
bon into or out of aquaculture ponds, which complicates the assessment
of GHG fluxes (Fang et al., 2022b; Yang et al., 2018a). Different aqua-
culture farming systems may also introduce large discrepancies in GHG
fluxes. For example, the fish ponds are often found to be a CO2 source
(Chen et al., 2016), while shrimp (Tong et al., 2021) and shellfish
(Zhang et al., 2022c) aquaculture ponds in the coastal areas can act as a
CO; sink.

Despite the high temporal variability of diurnal CO flux regulated
by multiple factors, most previous estimates of CO5 flux relied on
daytime-only sampling measurements that were carried forward into the
temporal aggregation of seasonal or annual mean fluxes. Although a few
studies have been conducted to examine the diurnal variations in CO5
fluxes over aquaculture ponds (Chen et al., 2016; Hu et al., 2020), they
are limited by imperfect flux measuring techniques that only permit
measurements at several discrete time points or over short periods. At
present, most CO5 flux measurements over aquaculture ponds have been
conducted manually using the floating chamber or boundary layer
method (Chen et al., 2016; Yang et al., 2021). Although these ap-
proaches are good for understanding the spatial variability of CO; flux
under various conditions, they fail to capture the high temporal vari-
ability of CO; flux over aquaculture ponds. Thus, the temporal varia-
tions of diurnal CO, flux over aquaculture ponds and its underlying
mechanisms remain poorly understood. Continuous and high-frequency
measurements of CO flux at the ecosystem scale under various farming
systems are indispensable to improve the understanding of temporal
variation and the spatial upscaling of CO, fluxes over aquaculture
ponds.

As an automatic, continuous, and non-destructive flux measuring
technique, the eddy covariance (EC) approach serves as a good option to
capture the high temporal variability of GHG fluxes (Baldocchi, 2020b).
The EC approach has been increasingly applied in flux studies on aquatic
ecosystems (Pu et al., 2022; Zhang et al., 2019). For examples, large
methane emissions have been found in freshwater aquaculture ponds
(Zhao et al., 2021), enclosure lake aquaculture (Pu et al., 2022), and
shallow eutrophic lake (Xiao et al., 2017) based on multi-year EC
measurements, and the EC-based CO fluxes showed a strong diurnal
variation with positive values at nighttime and negative values at day-
time (Zhao et al., 2019); the seasonal variability of CO; fluxes from a
lake has been well characterized by the EC measurements showing a sink
in summer and a source in autumn (Baldocchi et al., 2020a); the EC
measurements of both CO2 and CHy fluxes in a small lake also confirmed
the importance of continuous measurements to cover the seasonality of
the flux (Gorsky et al., 2021). As shown in these studies, continuous
measurements obtained from this technique is highly needed to enhance
our mechanistic understanding of how different biotic and abiotic fac-
tors affect the diurnal variations in ecosystem-scale CO, flux in aquatic
ecosystems.

The filter-feeding shellfish are known as ecosystem engineers to play
crucial ecological roles (Alonso et al., 2021; Dong et al., 2022). The CO4
fluxes over algae-shellfish aquaculture ponds (cultivating algae to feed
shellfish) are temporally dynamic as regulated by complicated biotic
and abiotic processes (Ye et al., 2022; Zhang et al., 2022c). In addition to
photosynthesis and respiration processes, there is increasing evidence
that the calcification process of shellfish growth can improve the CO5
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sink capacity and affect the carbon cycle of the ecosystem (Han et al.,
2017; Liu et al., 2022; Ren, 2021). However, little or no work has been
conducted with continuous CO flux measurements over aquaculture
ponds during various farming periods, and thus the impact of different
flux processes on carbon cycling remains controversial. Zhang et al.
(2022c) has applied the EC approach to examine the temporal variations
in air-water COj fluxes over algae-shellfish aquaculture ponds, however
their one-year EC measurements were not long enough to accurately
assess the diurnal flux variability across various farming/management
periods.

To the best of our knowledge, there is no such study on assessing the
diurnal variability of net ecosystem CO;, exchange (NEE) over algae-
shellfish aquaculture ponds with various farming/management pe-
riods, based on multi-year, continuous, and high-frequency measure-
ments. To fill this knowledge gap, the EC approach was applied to
characterize the temporal variability of NEE over algae-shellfish aqua-
culture ponds in Zhangjiang Estuary of Southeast China from January
2020 to June 2022. The specific objectives are (1) to characterize the
source/sink strength and the diurnal variability of NEE during various
farming/management periods; (2) to compare the difference in the
diurnal pattern of NEE among various periods; and (3) to explore
possible mechanisms and implications of the diurnal pattern of NEE.

2. Materials and method
2.1. Study area

The study area was located in the aquaculture ponds in Zhangjiang
Estuary of Southeast China (Fig. 1). This subtropical estuary experiences
a semidiurnal tidal cycle with a mean tidal range of 2.1 m (Zhu et al.,
2019) and a monsoonal climate with a mean annual rainfall of 1165.5
mm mostly from April to September and a mean annual air temperature
of 22.4 °C (averaged from 2017 to 2021). These aquaculture ponds are
located to the south of Zhangjiang river and comprised of paired algae
and shellfish (razor clam) ponds with shallow water up to ~ 1 m. Razor
clam (Sinonovacula constricta) is one of the dominant aquaculture
farming types in coastal areas of China (Fisheries Department of Agri-
culture Ministry of China, 2021). These ponds are mainly used for razor
clam farming roughly from September to May of the next year, and the
rest of the time they are used for shrimp (Penaeus) and crab (Scylla)
farming. During razor clam farming season, the pond water is routinely
exchanged twice a day following the semi-diurnal tidal regime. At high
tides, fresh tidal water is delivered into both algae and razor clam ponds,
with the former being used for algae cultivation. At low tides, the razor
clam pond is first drained and then filled with algae-rich water from the
paired algae pond. Once razor clams have been harvested, the pond
sediments are drained, ploughed, flattened, and left alone for about a
week. Afterward, shrimp and crabs are cultured using aquatic feed
pellets without extensive algae cultivation and water exchanges. This
seasonal rotation of razor clam and shrimp-crab has been widely
adopted by local farmers to avoid sediment degradations (e.g., humus
accumulation and sediment compaction) as a result of continuous
cultivation of razor clam. The production of razor clam in this study area
is the highest in winter accounting for more than two thirds of the
annual production (Wu et al., 2012).

2.2. .Flux measurements

The NEE across the water-air interface of aquaculture ponds was
measured with an eddy covariance (EC) system (Fig. la), mainly
comprised of a three-axis sonic anemometer (CSAT-3, Campbell Scien-
tific, Inc., Logan, UT, USA) and an open-path CO gas analyzer (Li-7500,
Li-COR Inc., Lincoln, NE, USA). The EC flux tower (23.9314°N,
117.4084°E,; ChinaFLUX and USCCC) was built over aquaculture ponds
with the EC system deployed ~ 5 m above the surface water (Zhang
et al., 2022¢), and the analyses of footprint climatology following
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Fig. 1. The eddy covariance measurement system (a) deployed over algae-shellfish aquaculture ponds in Zhangjiang Estuary of Southeast China (b). Arrows with
different sizes and directions indicate daytime (c) and nighttime (d) CO, fluxes associated with photosynthesis, respiration, and calcification processes.

Kormann and Meixner (2001) confirmed that 90% of NEE was
contributed by the ponds within ~ 400 m around the tower (Fig. S1).
Regular instrument maintenance including analyzer recalibration and
drying chemicals renewals was conducted roughly every half year, and
the sensor mirrors of the CO5 gas analyzer were manually cleaned once
or twice a week to ensure credible signal strength. The raw EC mea-
surements were recorded at a 10-Hz sampling rate and then processed
into 30-min time series data through a standard procedure of EC flux
corrections (including axis rotation, frequency response correction, ul-
trasonic correction, and WPL correction) and quality controls (including
steady-state test, turbulent conditions test, statistical test, and absolute
limits test) implemented in the EddyPro software (Li-COR Inc.) (Zhu
etal.,, 2021a, 2021b). Each 30-min data was assigned a quality flag of O,
1, or 2, standing for the best-, good- or poor-quality data, respectively
(Mauder et al., 2013), and in this study, the data with a quality flag of 2
were excluded in further analyses. The 30-min data with rainfall or
insufficient atmospheric mixing (friction velocity < 0.125 m s~ 1) were
also excluded. The percentage of valid 30-min NEE used in further data
analyses over the study period (from January 2020 to June 2022) was
67.4%, in which daytime and nighttime data accounted for 37.2% and
30.2%, respectively. In this study, negative and positive values of NEE
indicated a CO5 sink (downward air-to-water flux) and a CO5 source
(upward water-to-air flux), respectively.

2.3. Ancillary measurements

Meteorological measurements over the study period included air
temperature (Ta), wind speed, photosynthetically active radiation
(PAR), and rainfall. Ta and wind speed data were derived from the
measurements of the three-axis sonic anemometer of the EC system. PAR
and rainfall data were, respectively, measured with a PQSI PAR Quan-
tum sensor (Kipp & Zonen, Delft, Netherlands) and a TE525MM rain
gage (Campbell Scientific, Inc.) deployed on a nearby (~ 1 km away)
mangrove flux tower. Water quality parameters measured in the algae
pond under the EC system were also available from January to March
2021, including water temperature (Tw), water level, pH, salinity, dis-
solved oxygen (DO), and Chlorophyll a (Chl-a). Tw and water level data
were measured with a pressure sensor (HOBO U20L-04 Water Level
Logger, Onset, Bourne, MA, USA). Water pH, DO, and Chl-a data were
collected by a multi-parameter water quality analyzer (Aqua TROLL
500, In-Situ, Fort Collins, CO, USA). To ensure data quality, the water

quality analyzer was regularly cleaned and calibrated before each re-
deployment every month during our site visit. To match the EC data,
all ancillary measurements were consistently converted into 30-min
time series for further analyses.

2.4. Statistical analyses

To reduce the bias in the temporal aggregation from 30-min to daily
or monthly values due to unbalanced data gaps between daytime and
nighttime, the aggregations were first conducted respectively for day-
time and nighttime and then combined to produce daily or monthly
fluxes. The daytime/nighttime timing was determined using a PAR
threshold of 10 pmol m~2 s~} (Zhu et al., 2021c). The temporal aggre-
gation was calculated by multiplying the average by its aggregation
duration. Any daytime or nighttime with valid 30-min values of less than
one-fourth was excluded in the temporal aggregation (6.25% of daytime
and 6.47% of nighttime were excluded). To quantitatively compare the
difference between daytime and nighttime fluxes, we defined a diurnal
variability factor of Vpy calculated as the absolute value of the ratio of
the difference between daytime and nighttime NEE over daytime NEE:
Von = |(NEEqaytime — NEEnighime)/NEEqqyiime|- To estimate the influence
of the daytime-only flux measurement on the temporal aggregation, we
also derived a diurnal correction factor (Sieczko et al., 2020) of Cpnx
calculated as the ratio of mean daily (daytime and nighttime) NEE over
mean daytime NEE: Cpy = NEEqy mean/NEEaytime_mean- BOth Vpy and
Cpy were calculated for four seasons and the drainage period, as well as
various farming periods including early (from October to December) and
late (from January to April) stages of the algae-shellfish period and the
shrimp-crab period. The timing of various farming and drainage periods
was determined mainly based on general farming practices applied in
the study area and personal communication with local farmers. The
correlations between NEE and environmental factors were examined
using Pearson correlation analysis. All the data calculations and analyses
were implemented using MATLAB software (MathWorks, Inc., Natick,
MA, USA).
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3. Results
3.1. Temporal variations in environmental factors

The temporal variations in daily meteorological variables from
January 2020 to June 2022 was shown in Fig. 2. The temporal variation
in daily cumulative PAR showed a strong day-to-day fluctuation and a
clear seasonality ranging from 13.8 to 65.8 mol m~2 day ! (Fig. 2a).
Daily mean wind speed had a weak seasonality with a mean value of
2.43 m s ! (varying from 0.62 to 5.56 m s~ }). Daily mean Ta and Tw
exhibited similar seasonal variations with the maximum and minimum
values in August and January, respectively. During the study period,
they had an average of 23.3 °C (from 5.6 to 32.8 °C) and 24.6 °C (from
5.8 to 34.3 °C), respectively. Approximately two-thirds of annual rain-
fall occurred within four months (May, June, August, and September)
over the study period with maximum daily rainfall of 104.8 mm.

The mean diurnal variation in 30-min measurements showed distinct
diurnal patterns in environmental factors, where on average PAR, wind
speed, Ta, and Tw peaked at ~ noon, ~3 pm, ~1 pm, and ~3 pm
respectively (Fig. 3). The diurnal variations of PAR were similar among
seasons showing single-peak diurnal patterns, but the intensity of PAR
differed among seasons with the highest (1508.7 pmol m2s 1) and
lowest (1092.7 pmol m—2 s’l) midday PAR in summer and winter,
respectively. Diurnal wind speed varied from 1.56 to 3.89 m s~!, with
obviously stronger afternoon winds for all seasons. Afternoon winds
were stronger in spring and winter, while nighttime winds were stronger
in autumn and winter. Diurnal patterns of both Ta and Tw were similar
among seasons, but on average the summer-winter temperature differ-
ence was 12.9 °C and 13.6 °C for Ta and Tw, respectively. Also, the
timing of peaking values between Ta and Tw was different, where the
peak values of Tw were ~ 2 h lagging behind those of Ta.

The 30-min water parameters measured in the algae pond showed
significant diurnal variations from January to March 2021 (Fig. 4). The
pH and DO shared a similar diurnal pattern with higher values in the
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afternoon (Fig. 4b-c), where pH ranged from 6.45 to 9.45 (average of
8.52) and DO ranged from 0 to 21.5 mg L™} (average of 8.79 mg L™1).
The water level and Chl-a were averaged at 0.38 m (from 0 to 0.65 m)
and 200.0 pg L™} (from 0 to 432.9 pg L™Y), respectively, and overall
higher water level corresponded to lower Chl-a concentration (Fig. 4d-
e). The temporal variations in these two factors were correlated since
they were both regulated by pond water exchanges following the tidal
rhythm. The timing of the daily peak water level (most in the afternoon)
tended to postpone gradually within the semi-monthly spring-neap tidal
cycles.

3.2. Temporal variations in CO2 flux

Temporal variations in (cumulative) NEE at daily and monthly scales
over the aquaculture ponds from January 2020 to June 2022 were
shown in Fig. 5. Over the study period, daily NEE ranged from
—2.33-1.35 g CO,-C m ™2 day ! with the average of — 0.48 g CO2-C
m~2 day ! (Fig. 5a). During the drainage period, daily NEE tended to
change from a CO3 sink to a CO; source. Temporal variations in monthly
NEE indicated that algae-shellfish aquaculture ponds acted as a consis-
tent daytime COq sink and a weak nighttime COy source (Fig. 5b).
Monthly NEE varied from — 32.8-0.50 g CO»-C m~2 month™! with
higher CO; sinks in spring. Monthly NEE showed different seasonal
variations between daytime and nighttime, which varied from — 36.7 to
—11.8 g CO»-C m~2 month™! and — 4.7-23.4 g CO5-C m~2 month™},
respectively. In contrast with consistent daytime CO3 sinks through the
year, the ponds at nighttime tended to act as a CO5 source from April to
December and turn into a neutral system from January to March.

The 30-min NEE over the aquaculture ponds fluctuated a lot with
strong diurnal variations, and the 30-min values over the first three
months of 2020 ranged from — 9.27-8.98 pmol m~2 s~! (Fig. 4a). Over
the study period, the NEE shared a similar mean diurnal variation
among seasons with strong daytime sinks and weak nighttime sources,
where daytime sinks peaking at ~ 3 pm (Fig. 6). The ranges of mean
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Fig. 2. Temporal variations in daily meteorological measurements from January 2020 to June 2022 including daily cumulative photosynthetically active radiation
(PAR; black line), wind speed (red line), daily mean air (Ta, black line), water temperature (Tw, yellow line), and daily rainfall (red bar).
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diurnal variation differed across months and seasons: spring (—2.62 to
0.86 pmol m~2 s’l), summer (—2.89 to 1.77 pmol m~2 s’l), autumn
(—2.02t0 1.19 pmol m 2 s’l), and winter (—1.72 to 0.50 pmol m2s 1.
At daytime, the CO, sink was stronger in summer (—1.87 + 2.16 pmol
m~2 s7!) and spring (—1.60 + 2.09 pmol m 2 s7!) than in autumn
(—1.21 + 1.79 pmol m~2s 1) and winter (~1.14 + 1.54 pmol m2s D,
At nighttime, the CO; source was stronger in summer (0.88 + 2.49 pmol
m 2 s 1) and autumn (0.73 + 2.02 pmol m2s!) than in spring (0.30
+ 2.19 pmol m—2 sfl) and winter (0.13 £+ 1.59 pmol m—2 s’l).

The diurnal pattern of NEE during different farming periods varied
greatly (Fig. 7). During the razor clam farming period, the ponds acted
as a daytime sink and a weak nighttime source, ranging from
—1.97-0.59 pmol m~2 s~ with a daily mean flux of — 0.42 pmol m~2
s~!. The late stage of the razor clam farming period had a stronger
daytime sink and a weaker nighttime source in comparison with the
early stage. The diurnal variation in the early and late razor clam
farming periods ranged from — 1.70-1.12 (average of —0.04) pmol m 2

s~ and from — 2.23-0.39 (average of —0.63) pmol m~2 s, respec-
tively. In comparison with the razor clam farming period, NEE in the
shrimp-crab farming period tended to be stronger daytime sinks and
nighttime sources, varying from — 2.89-1.77 pmol m~2 s~! (average of
—0.50). For the drainage period, NEE fluctuated from — 2.95-3.29 pmol
m 2 s7! with an average of 0.40 pmol m~2 s™!, showing the weakest
daytime CO; uptake and the strongest nighttime CO5 emissions among

all periods.
3.3. Environmental controls on CO, flux

Pearson correlation analyses were conducted to explore the links
between 30-min NEE and related environment variables (Table 1). For
all day and daytime, the NEE was statistically (p < 0.05) correlated with
all of these seven environment variables, with PAR (correlation co-
efficients of —0.51 and —0.44 for all day and nighttime, respectively),
DO (—0.26 and —0.28), and Ta (—0.20 and —0.26) ranking the top three
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Fig. 4. Diurnal variations in 30-min measurements of (a) net ecosystem exchange (NEE), (b) pH, (c) dissolved oxygen (DO), (d) water level, and Chlorophyll a (Chl-a)

from January to March 2021.

correlations. For nighttime, the NEE was statistically correlated with all
but one environmental variable (Chl-a). The three most important
controls on nighttime NEE were Ta (0.14), Ws (—0.11), and Tw (0.09),
but their correlations were weaker than those for all day and daytime.

Over the study period, daily and monthly diurnal variability factors,
Vpn, ranged from 0.0 to 4.0 (average of 1.4) and 0.8-2.0 (average of
1.3), respectively (Fig. 8a-b). Among the environmental variables, we
found both daily and monthly Vpy were statistically (p < 0.05) posi-
tively correlated with air temperature. The mean value of Vpy was
estimated as 1.3 over the study period (1.2, 1.5, and 3.2 for algae-
shellfish, shrimp-crab, and drainage periods, respectively), which was
generally higher than those values of other studies covering various
aquatic ecosystem types and flux measurement approaches (Fig. 8c).
Taken all these values together, we found the Vpy tended to increase
with decreasing latitudes. The diurnal correction factor, Cpy, based on
the measurements over the study period was estimated as 0.41, 0.26,
0.20, 0.44, and 0.35 for spring, summer, autumn, winter, and all sea-
sons, respectively. The Cpy was estimated as 0.40 (0.16/0.49), 0.26, and
— 0.62 for algae-shellfish (early/late stage), shrimp-crab, and drainage
periods, respectively.

4. Discussion
4.1. Diurnal flux variability across months and seasons

High temporal variations of NEE have been found in numerous
aquatic ecosystems including aquaculture ponds, lakes, rivers, and res-
ervoirs (Gorsky et al., 2021; Lin et al., 2022; Ran et al., 2022; Tong et al.,
2021). Our study found a clear diurnal pattern with a strong daytime
CO, sink and weak nighttime CO, source over algae-shellfish aquacul-
ture ponds, which was consistent with previous studies showing similar
diurnal patterns in the coastal zone (Chien et al., 2018; Tong et al.,
2013).

Some previous studies found that the strength of the daytime sources
exceeded the nighttime sources (Hu et al., 2020; Martinez-Cruz et al.,
2020; Van Dam et al., 2021), while others confirmed stronger nighttime
sources (Reiman and Xu, 2019). However, the majority of previous
studies focused on the diurnal variability of NEE in summer based on
discontinuous flux measurements.

In this study, the diurnal NEE showed large fluctuations in all
months, with summer and autumn showing stronger daytime CO3 sinks
and nighttime CO4 sources compared to spring and winter. The differ-
ence in diurnal NEE pattern among seasons has been also found in river
ecosystems (Reiman and Xu, 2019). The difference between daytime and
nighttime fluxes was not consistent throughout the year in this study,
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suggesting that the effect of diurnal variation on estimating carbon
budgets should be assessed on a seasonal or even monthly basis.

4.2. Diurnal flux variability across aquaculture managements

Aquaculture modes and farming species are the key factors to
determine the carbon budget in aquaculture systems (Yuan et al., 2019;
Zhang et al., 2022b). Previous studies have found that the NEE was
significantly different between farming and non-farming periods (Tong
et al., 2021). Different farming periods could have distinct diurnal
patterns of NEE due to the difference in farming species and manage-
ment, and the diurnal pattern with the same farming regime may also be
affected by various methods or timings of flux measurements. This study
confirmed that diurnal variation of NEE was different between razor
clam farming stages (early and late) and among various farm-
ing/management periods including razor clam, shrimp-crab, and
drainage.

It is noted that, at nighttime, the ponds acted as a CO3 source during
the early stage of the razor clam period but turned into a neural or even
COg sink (Fig. 5b). This source-sink transition was consistently identified
in three consecutive razor clam farming seasons over the study period.
Given that the CO sink can be enhanced by the calcification process
with shellfish growth (Han et al., 2017; Jiang et al., 2015; Li et al.,
2021), we speculate the phenomenon of nighttime neutral or CO5 sink
during the late stage of razor clam framing period may be associated
with the calcification process along with the shell growth of razor clam.
During the razor clam farming period, the mean CO; sink in the late
stage was ~ 16 times of that in the early stage, which further suggested
that, in addition to farming species, different farming stages also mat-
tered in affecting NEE and its diurnal variations.

It is also known that pond management practices such as drainage
could affect the temporal variability of NEE over aquaculture ponds
(Kosten et al., 2020). In this study, we did identify a sink-source tran-
sition pattern in NEE from the farming to the drainage period (Fig. 5a),
which was also reported in another study on aquaculture ponds (Yang
et al., 2018a). This sink-source transition could be explained by the
combination of reduced photosynthetic carbon uptake by algae due to
drainage and enhanced respiratory carbon emissions due to extended
exposure of pond sediments to the air.

4.3. Effects of environmental factors

The CO, uptake was associated with the photosynthesis of planktonic
algae and the emissions was associated with ecosystem respiration
(Demars et al., 2016; Jammet et al., 2017). The diurnal variations in NEE
over algae-shellfish aquaculture ponds in this study could be explained
by the fact that daytime NEE was dominated by algae photosynthesis
while nighttime NEE was significantly affected by ecosystem respiration
(Ye et al., 2022; Zhang et al., 2022a). As shown by the correlation an-
alyses, environmental controls on daytime and nighttime NEE were not
the same, where daytime and nighttime NEE were most regulated by
PAR and air temperature, respectively.

PAR or air temperature is not the only factor affecting the diurnal
variations in NEE. For example, in the daytime, both NEE and PAR had
single-peak diurnal patterns, but the timings of their peaks were
different, where the peak of NEE was ~ 3 h lagged behind PAR peaking
atnoon (Figs. 3 and 6). In addition to PAR, the temperature may regulate
NEE in different ways including affecting microbial activities, redox
environment, and gas solubility in water (Van Dam et al., 2021; Yang
et al., 2018b). The important role of temperature in driving diurnal
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variations in NEE has been confirmed in many previous studies exam-
ining the CO, flux across the water-air interface in aquatic ecosystems
(Li et al., 2018; Xu et al., 2019).

As for water quality factors, the NEE over these aquaculture ponds
was negatively correlated with pH and DO, which was consistent with
other studies (Gruca-Rokosz et al., 2017; Xiao et al., 2020; Zhang et al.,
2022a). Previous studies also found a negative correlation between NEE
and Chl-a concentration (Xiao et al., 2020; Yu et al., 2022), but this
correlation was not identified in this study. It was not surprising, how-
ever, since Chl-a concentration in the pond with frequent water ex-
changes might be more regulated by the amount of pond water than the
growth of algae.

4.4. Implication on carbon budget estimations

The positive effect of air temperature on Vpy identified in this study
was also found in previous studies on aquatic ecosystems (Attermeyer
et al., 2021; Rudberg et al., 2021). Compare with other aquatic eco-
systems, the algae-shellfish aquaculture ponds had stronger diurnal NEE
variation with higher Vpy averaged over all periods (Fig. 8c). On the one
hand, the stronger diurnal variability could be explained by the fact that
the aquaculture ponds in this study were much richer in algae compared
to other aquatic ecosystems. On the other hand, the difference among
ecosystems was also associated with different flux measuring ap-
proaches and timings. For example, the EC-based NEE observed in this
study was significantly different from the chamber-based NEE over
algae-shellfish aquaculture ponds at a similar latitude (Ye et al., 2022).
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Table 1

Pearson correlation coefficients (r) among 30-min time series of net ecosystem CO, exchange (NEE) and related environmental variables including wind speed (Ws),
photosynthetically active radiation (PAR), air temperature (Ta), water temperature (Tw), pH, dissolved oxygen (DO), and Chlorophyll a (Chl-a). The correlation
analyses were also conducted for daytime and nighttime NEE. Note the data of NEE, Ws, PAR, and Ta were available from January 2020 to June 2022, while the rest
variables were only available from January to March 2021. All values shown are statistically significant at p < 0.05, and the top three correlation coefficients are

marked in bold for all day, daytime, and nighttime NEE.

T NEE Ws PAR Ta Tw pH DO
All Daytime Nighttime

Ws -0.18 -0.11 -0.11

PAR -0.51 -0.44 -0.07 0.17

Ta -0.20 -0.26 0.14 -0.07 0.46

Tw -0.13 -0.22 0.09 -0.05 0.27 0.93

Ph -0.11 -0.14 -0.06 0.23 0.16 -0.09

DO -0.26 -0.28 -0.08 0.36 0.45 0.15 0.58

Chl-a 0.09 0.11 -0.05 -0.20 -0.23 -0.23 0.24 0.21

The higher Vpy observed in this study highlighted the importance of
considering the diurnal variability in assessing the carbon budgets of
algae-shellfish aquaculture ponds. The increasing trend of Vpy with
decreasing latitude implied that the NEE over aquatic ecosystems was
likely to have stronger diurnal variations at lower latitudes (or perhaps
warmer temperatures).

All the values of Cpy during various periods were lower than one,
suggesting that the estimates based on daytime-only flux measurements
would overestimate CO; uptake during algae-shellfish and shrimp-crab
farming periods and even incorrectly shift a source into a sink during
the drainage period. In fact, for algae-shellfish aquaculture ponds, the
mean NEE over the day was only about one-third of the mean daytime
NEE, implying that previous estimates without down-scaling corrections
of daytime flux measurements could obviously bias the actual carbon
budgets.

4.5. Limitation and outlook

The field measurements and data analyses of this study suffered from
several limitations and uncertainties. First, although high-frequency EC
measurements can well capture the diurnal variability of NEE over
aquaculture ponds, these EC-based CO; fluxes could be biased due to
imperfect flux correction and quality control processes. To reduce this
uncertainty, in this study we only focused on mean diurnal variations in
NEE instead of individual days. This was statistically reasonable since
30-min NEE usually fluctuated a lot over any single day and thus it was
almost impossible to accurately attribute the diurnal variability of NEE
to any specific management activity observed within the day.

Second, the EC-based NEE represented net ecosystem CO, exchanges

over a spatial coverage of tens of ponds (~ 400 m around the tower for
the 90% footprint climatology), we were not able to partition the
contribution of NEE from different types of ponds (e.g., algae vs. razor
clam) or various flux components (e.g., calcification-induced flux).
Future studies combining other flux measuring approaches such as
floating chamber (Shahan et al., 2022) and boundary layer models
(Erkkila et al., 2018) are needed to improve the understanding of the
heterogeneity of NEE and its environmental controls at finer spatial
scales.

Third, for an inhomogeneous flux footprint as in this study, the dif-
ference in diurnal flux variability among various periods (i.e., seasons,
farming species, and drainage) could be also affected by inconsistent
footprint climatology across these periods. It was difficult to accurately
quantify this footprint-related effect due to the lack of the information
on aquaculture management and flux variability for each pond within
the footprint. However, our further footprint analyses individually for
each period (Fig. S1) confirmed that the footprint-weighted area pro-
portion of algae ponds within the 90% footprint area for each period
varied little (0.43 ~ 0.46), which suggested that the varying footprint
might play a small role in affecting the diurnal flux variability.

Finally, the EC-based NEE in this study only represented the diurnal
pattern of CO; flux over algae-shellfish aquaculture ponds with domi-
nant farming species of razor clam, but, for a comprehensive assessment
of NEE over aquaculture ponds, more empirical studies are needed to
cover aquaculture ponds with other farming species and management
practices (Yang et al., 2022).

Recent synthesis studies on the GHG fluxes of aquaculture ponds
(Yuan et al., 2019; Zhang et al., 2022b) have emphasized the differences
in flux direction, magnitude, and their environmental or anthropogenic
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controls among various farming species and practices. The findings from
this EC-based case study did echo this statement, however, we also
emphasized the necessity of future studies to cover under-represented
aquaculture ponds like razor clam, which experienced unique flux
variation patterns. Another recent study (Kosten et al., 2020) high-
lighted the importance to consider the temporal variations (especially at
diurnal scale) of these fluxes in assessing carbon budgets. As evident in
this study, the diurnal variability often overweighted the variation
ranges across farming/management periods.

Given that the diurnal flux variability was rarely reported in aqua-
culture ponds (Kosten et al., 2020) due to the limit of traditional snap-
shot measurements, the findings of this study added an important piece
of evidence to the diurnal flux variability over algae-shellfish aquacul-
ture ponds. Future studies should pay more attention to the diurnal flux
variability over various aquaculture systems and farming periods, which
is critical to catching potential flux “hot-moments” with natural and
human disturbances (e.g., the source-sink transition of flux occurring
during the drainage) and improving the temporal aggregation from
snapshot measurements.

5. Conclusions

The eddy covariance (EC) measurements of net ecosystem CO, ex-
change (NEE) over algae-shellfish aquaculture ponds in Zhangjiang Es-
tuary of Southeast China were conducted in this study to examine the
diurnal variability of NEE across the water-air interface of the ponds
under various farming/management periods. These EC flux measure-
ments over the study period from January 2020 to June 2022 confirmed
that algae-shellfish aquaculture ponds had strong diurnal variations in
NEE with daytime sink and nighttime source, mainly controlled by PAR

10

and air temperature, respectively. The ponds acted as a net sink system
during razor clam and shrimp-crab farming periods experiencing
stronger daytime sink than the nighttime source, while it was the
opposite during the drainage period acting as a net source. The strength
of sink/source also differed between the early and late stages of the razor
clam farming period, with much larger net carbon uptake in the late
stage as a result of strong daytime sink and near-neutral nighttime flux.
The diurnal variability of NEE over the ponds was overall larger than
other aquatic ecosystems and tended to increase with air temperature.
Previous estimates of daily NEE from discrete daytime-only samplings
might have biased the actual carbon budgets if no diurnal correction was
applied in the temporal aggregation. The strong temporal variability of
NEE across diurnal and seasonal time scales highlighted the importance
and necessity of continuous and high-frequency flux measurements in
assessing the carbon budgets of algae-shellfish aquaculture ponds.
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