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Mariculture ponds are widely distributed along the coastal regions and have been increasingly recognized as biogeo-
chemical hotspots of air-water greenhouse gas (GHG) fluxes, but their source/sink dynamics and climate benefits have
not been well understood. Due to strong temporal variations of GHG fluxes over mariculture ponds, previous studies
based on short-term or discretefluxmeasurements have large uncertainty in assessing GHGbudgets and their radiative
effects. In this study, we examined the temporal variations of air-water GHG fluxes, net CO2 exchange (NEE) and net
CH4 exchange (NME), and their environmental controls, based on one-year (2020) continuous eddy covariance (EC)
measurements over algae-shellfish mariculture ponds (razor clam) in a subtropical estuary of Southeast China. The re-
sults showed that (a) annually the ponds acted as a strong CO2 sink of−227.7 g CO2-Cm−2 and a weak CH4 source of
1.44 g CH4-Cm−2, and thus the NME-induced warming effect offset 25.9% (12.1%) of the NEE-induced cooling effect
at a 20-year (100-year) time horizon using the metric of sustained-flux global warming potential; (b) two GHG fluxes
showed different diurnal and seasonal variations but both had stronger source/sink capacity in summer andmore fluc-
tuating fluxes in winter; (c) temporal variations of NEE and NME tended to be more regulated by photosynthetically
active radiation and tidal salinity, respectively, but both of themwere affected by water temperature and area propor-
tion of algae ponds within the EC footprint. This is the first study to disentangle temporal variations of air-water GHG
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fluxes over mariculture ponds based on simultaneous EC measurements of CO2 and CH4 fluxes. This study highlights
the climate benefits of algae-shellfishmariculture ponds as biogeochemical hotspots by exerting a net radiative cooling
effect dominated by the CO2 sink.
1. Introduction

Atmospheric carbon dioxide (CO2) and methane (CH4) have attracted
increasing attention since they are the two most important anthropogenic
greenhouse gases (GHG) contributing >80% of global warming (IPCC,
2021). As a hotspot of GHG fluxes, aquatic ecosystems have been recog-
nized as an important component of regional and global carbon cycles
(Raymond et al., 2013; Gao et al., 2020). In comparisonwithGHGflux stud-
ies on large aquatic ecosystems like rivers, lakes, and reservoirs (Gerardo-
Nieto et al., 2017; Woszczyk and Schubert, 2021), there are relatively
fewer studies on aquaculture ponds that are smaller but widely distributed
(Yang et al., 2020a). Recent studies have found small aquaculture ponds are
important carbon sources (Wu et al., 2018; Yang et al., 2018b; Yuan et al.,
2019; Yuan et al., 2021); however, most of thesefindings are based on GHG
flux measurements within freshwater systems. Current GHG flux studies on
mariculture systems like shrimp and shellfish ponds are still very limited,
although mariculture ponds are widely distributed along the coasts such
as China, occupying the largest area (1.9 × 106 hm2) and production
(2.1 × 107 t) around the world (Fisheries Department of Agriculture
Ministry of China, 2021).

The GHG fluxes across the water-air interface of mariculture ponds are
influenced by environmental controls and humanmanagement. On the one
hand, a variety of physical, chemical, and biological factors related to bio-
geochemical cycles can regulate GHG fluxes in mariculture ponds
(Holgerson, 2015). On the other hand, intensive human management like
feeding, water exchange, and aeration, can also significantly affect the
GHG exchange (Chen et al., 2016a; Yuan et al., 2019). As a result of the
combined effects from these regulating factors, the GHG fluxes over mari-
culture ponds have strong temporal variations and spatial heterogeneity.
Some studies have assessed GHG fluxes and their warming potentials in
mariculture ponds (Chen et al., 2016a; Yang et al., 2019a; Zhang et al.,
2020b), but their assessments could have large uncertainty since few of
them acquired GHG flux measurements in a long-term and continuous
manner.

First, previous studies showed obvious diurnal and seasonal variations
in GHG fluxes of mariculture ponds (Aime et al., 2018; Hu et al., 2020a;
Zhang et al., 2020b). For example, most field measurements were con-
ducted during daytime or over a few discontinuous days, and thus the
flux measurements could bias since short-term or discontinuous measure-
ments failed to capture the large temporal variations in GHG fluxes (Yang
et al., 2013; Wilson et al., 2015). Second, although studies had compared
GHG fluxes among ponds with different farming types or various functional
areas within a pond (Yang et al., 2019b), these comparisons could suffer
from insufficient spatial representation since they often focused on only a
few ponds. Third, most studies estimated GHG fluxes using floating
chamber-basedmethods; thesemethods could suffer from systematic errors
since in principle they did not cover all flux transport pathways across the
water-air interface. For example, CH4 emissions were transported through
ebullition (Yang et al., 2020b) in addition to diffusion and plant-mediated
pathways, and thus chamber-based measurements could underestimate
the emissions without covering ebullition-related efflux. Fourth, maricul-
ture ponds had various farming activities with different farming species
and management, both of which might heavily affect the magnitude of
GHG fluxes in mariculture ponds (Yuan et al., 2019). Previous GHG studies
on aquaculture ponds mainly explored GHG fluxes associated with single-
type farming activities such as fish, shrimp, and crab (Yang et al., 2017;
Ma et al., 2018), few studies focused on shellfish farming activities,
which might have significantly different GHG flux patterns due to intensive
algae cultivation (Ren, 2021). Fifth, different GHG fluxes in mariculture
ponds, like CO2 and CH4 fluxes, were regulated by various biotic and
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abiotic processes and thus often showed different temporal patterns, prob-
ably leading to strong temporal variations in global warming potential
(GWP). Few studies had simultaneous and continuous measurements of
different GHG fluxes over mariculture ponds, and the estimation of GWP
based on short-term or discrete observations might not reflect the actual
situation.

In summary, the uncertainty of estimated GHG fluxes in mariculture
ponds is associatedwith high spatial and temporal heterogeneity, imperfect
sampling andmeasuring methods, diversified farming species andmanage-
mentmodes. This knowledge gap highlights the necessity of acquiring long-
term and continuous GHG flux measurements. In this regard, the eddy co-
variance (EC) flux measurements can serve as a good option since EC is
an automatic, non-destructive, and direct measuring technique having the
capacity of capturing strong temporal variations of GHG fluxes. The EC ap-
proach has been widely used in various ecosystems including coastal wet-
lands (Lu et al., 2017; Erkkila et al., 2018; Zhao et al., 2019; Baldocchi,
2020); however, very few EC studies on GHG fluxes were applied in mari-
culture ponds.

To the best of our knowledge, there has been no such study focusing on
assessing spatio-temporal dynamics of multiple GHG fluxes over maricul-
ture ponds based on long-term high-frequencymeasurements of net ecosys-
tem CO2 (NEE) and CH4 (NME) fluxes. The application of the EC approach
can help close this knowledge gap. In this study, we examine one-year con-
tinuous ECmeasurements of NEE andNME over algae-shellfishmariculture
ponds in a subtropical estuary of Southeast China. The specific objectives
are (1) to analyze the temporal variations of NEE and NME across diurnal,
daily, and seasonal time scales; (2) to examine the roles of environmental
factors in affecting the temporal variations of NEE and NME; and (3) to
quantify and compare the relative magnitude of each GHG budget and
their net radiative forcing.

2. Materials and methods

2.1. Mariculture ponds and managements

The mariculture GHG flux tower in this study (23.9314°N, 117.4084°E)
belongs to both ChinaFLUX and USCCC flux tower networks. It is built over
algae-shellfish mariculture ponds in a subtropical estuarine wetland by
Zhangjiang river of southeast China (Fig. 1), having a monsoon climate
with a mean annual air temperature of 21.2 °C and mean annual precipita-
tion of 1714.5mmmostly occurring in spring and summer. Thewetland ex-
periences prevailing west-east wind direction and semidiurnal tidal cycle
with a mean tidal range of ~2 m (Zhu et al., 2021a). Mariculture ponds
in this wetland are comprised of paired algae and shellfish ponds (~ 1 m
in depth),with razor clam (Sinonovacula constricta) as the dominant farming
species. As one of the four major economic shellfish, razor clams are widely
distributed along the Chinese coasts with total production up to 8.6×105 t
in 2020 (Fisheries Department of Agriculture Ministry of China, 2021). For
each mariculture unit, there are two adjoining ponds respectively for razor
clam and algae cultivations. These mariculture ponds are operated mainly
with razor clam cultivation, occasionally supplemented with shrimp
(Penaeus) and crab (Scylla). During the razor clam cultivation period,
farmers regularly exchange pond water with tidal water via tidal cycles:
at high tides, fresh tidal water is introduced into both algae and razor
clam ponds with the former used for algae cultivation, while at low tides
the razor clam pond is first drained and then filled with algae-rich water
from the algae pond. After harvesting razor clams, the ponds are completely
drained and set aside for around oneweek. During the shrimp/crab cultiva-
tion period, farmers feed shrimps and crabs in the ponds with aquatic feed
pellets without intensive algae cultivation and water exchange activities.



Fig. 1. The GHG eddy covariance flux measurement system (a) deployed over algae-shellfish mariculture ponds in a subtropical estuary of Southeast China (b). The algae
(shaded) and shellfish ponds are shown with a UAV image (acquired on April 15, 2021), overlaid by the flux footprint climatology (c) (90% footprint area covers ~40
ponds). Daytime (d) and nighttime (e) wind rose plots are also shown. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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On rainy days with possibly lower dissolved oxygen, farmers may operate
paddlewheel aerators to improve the oxygen condition in the ponds.

2.2. GHG fluxes and ancillary measurements

Long-term continuous ecosystem-scale GHG fluxes including NEE and
NME were measured by an EC system (Fig. 1a), consisting of two open-
path gas analyzers of CO2 (LI-7500, Li-COR Inc., Lincoln, NE, USA) and
CH4 (LI-7700, Li-COR Inc.) and a three-axis sonic anemometer (CSAT-3,
Campbell Scientific, Inc., Logan, UT, USA). These sensors were deployed
at a height of ~5 m above the mean water surface of mariculture ponds,
and the footprint climatology analyses, using the algorithm of Kormann
and Meixner (2001), confirmed that >90% of the fluxes were contributed
by the ponds (~ 40 ponds) within 400 m around the tower (Fig. 1c). In
order to ensuremeasurement quality of gas analyzers, we conducted instru-
ment maintenance every half year including recalibration and refreshing
drying chemicals. The sensor mirrors of the gas analyzers were also manu-
ally cleaned by a local farmer every one or two weeks to ensure accepted
signal strength. Ancillary measurements include water temperature, wind
speed and direction, photosynthetically active radiation (PAR), rainfall,
and tidal salinity. Water temperature was measured using a HOBO U20L-
04 Water Level Logger (Onset, Bourne, MA, USA) deployed in the pond
with flux tower, and tidal salinity was measured using a HOBO U24-002-
C Conductivity Logger (Onset) deployed in a nearby tidal creek. Wind
speed and direction data were derived from raw measurements of the
three-axis sonic anemometer. PAR and rainfall were respectively measured
with a TE525MM Rain Gage (Campbell Scientific, Inc.) and a PQS1 PAR
Quantum sensor (Kipp & Zonen, Delft, Netherlands) deployed on a nearby
mangrove flux tower (~ 1 km away) (Zhu et al., 2021a). All ancillary mea-
surements were converted to 30-min time series data for further analyses.

2.3. Flux processing and gap filling

A series of quality controls and flux calculations were implemented in
the EddyPro 6.1 software (Li-COR Inc.) to produce 30-min time series
data of NEE and NME from raw 10-Hz measurements (Zhu et al., 2021a;
Zhu et al., 2021b). The 30-min flux data were discarded when rainfall
3

occurred or atmospheric mixing was insufficient with the friction
velocity < 0.125 m s−1 (Reichstein et al., 2005). The steady-state test and
the developed turbulent condition test were applied to label flux time series
with quality flags using the 0–1–2 system (Mauder et al., 2013), and those
poor-quality fluxes with the quality flag of 2 were further discarded. The
NME data with relative signal strength indicator <20% were also removed
to avoid poor-quality data from potential contamination of LI-7700mirrors.
Data gaps within the time series of GHG fluxes resulted from quality con-
trols and system malfunctions (a large gap occurred from January to
March due to instrument failure). Over the one year, the percentages of
valid 30-min NEE and NME data were 70.1% and 46.7%, respectively.
The 30-min time series data were temporally aggregated to daily data,
where those days with valid 30-min records less than 10 were excluded
in the aggregation (leading to 25.0%missing for daily NME only). To exam-
ine annualGHGbudgets and temporal variations across time scales, missing
daily NME data were gap-filled using the artificial neural network (ANN)
method (Liu et al., 2020; Zhu et al., 2021b) with three explanatory vari-
ables includingwater temperature, PAR, and tidal salinity (mean prediction
error of the ANN model <15%).

2.4. Other calculations and data analyses

To examine the net climate effect from both NEE and NME of maricul-
ture ponds, we applied the sustained-flux global warming potential
(SGWP) metric (Neubauer and Megonigal, 2015; Liu et al., 2020) to com-
pare the radiative forcing of NEE and NME. Twowidely used time horizons
of 20 and 100 years were selected to assess the net radiative forcing of NEE
and NME, expressed as CO2 equivalent (CO2-eq.; here 1 g CO2-C = 3.67 g
CO2-eq.). The conversion values of 96 and 45 were used to calculate SGWP
of CH4 for 20-year and 100-year time horizons, respectively (Neubauer and
Megonigal, 2015). To explore the contribution of algae ponds to GHG flux
variations, we calculated a 30-min time series of area proportion of algae
ponds (APAP) from temporally varying EC footprint coverage and corre-
sponding land cover composition (algae pond, shellfish pond, and non-
pond land), i.e., APAP was calculated every 30 min to indicate changing
area proportion of algae ponds within the corresponding 90% footprint
coverage. Statistical analyses including Pearson correlation and stepwise
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regression were used to explore the potential contributions of various envi-
ronmental factors to the GHG flux variations. The GHG values used in this
study were indicated using the meteorological sign convention where neg-
ative and positive values denote downward and upward fluxes, respec-
tively. Data processing and statistical analyses were mainly implemented
using MATLAB software (MathWorks, Inc., Natick, MA, USA).

3. Results

3.1. Temporal variations in environmental factors

The year-round time series of daily meteorological and hydrological
data, including PAR, water temperature, tidal salinity, and rainfall, showed
obvious seasonal variations in 2020 (Fig. 2). Daily PAR had both strong
day-to-day and seasonal variations with daily cumulative PAR ranging
from 3.64 to 59.15 mol m−2 day−1. In comparison with PAR, water tem-
perature had weaker day-to-day variations but an overall similar seasonal
trend, with daily mean water temperature varying from 10.1 to 30.1 °C
and the lowest and highest values occurring in January and July, respec-
tively. Rainfall in this year mainly occurred in May (113.3 mm), June
(216.6 mm), August (217.8 mm), and September (233.8 mm), with daily
rainfall peaking at 104.8 mm. Daily mean tidal salinity ranged from 4.6
to 16.1 PSU (annual average of 11.8 PSU) with obvious down-regulation
following rainfall events.

Mean diurnal variations of environmental factors (Fig. 3a-b) showed
that 30-min PAR had a regular hump-shaped variation pattern peaking at
1267.3 μmol m−2 s−1 around noon. Tidal salinity had small diurnal fluctu-
ations with the lowest and the highest values occurring at ~9 am and
~3 pm, respectively. Water temperature and wind speed shared similar di-
urnal variationswith stronger values in the afternoon, respectively, peaking
at 24.6 °C and 3.54 m s−1 at ~4 pm. The wind regime is different between
daytime and nighttime in this wetland, with the stronger eastern or south-
eastern prevailing wind during daytime and weaker western or southwest-
ern prevailing wind during nighttime (Fig. 1d-e).

3.2. Temporal variations in GHG fluxes

Mean diurnal variations of 30-min NEE and NME over algae-shellfish
mariculture ponds differed both in the magnitude and variation pattern
(Fig. 3c-d). The magnitude of mean 30-min NEE changed from −2.26 to
0.86 μmol m−2 s−1 with an average of −0.45 μmol m−2 s−1. Over the
day,meanNEE indicated a strong CO2 sink (negative value) during daytime
and a weak CO2 source (positive value) during nighttime (Fig. 3c). In
Fig. 2. Temporal variations in daily environmental factors in 2020, including (a) cumul
tidal salinity, and cumulative rainfall.
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contrast, NME indicated a CH4 source over the day ranging from 0.0007
to 0.0093 μmol m−2 s−1 with an average of 0.0046 μmol m−2 s−1. NME
showed weaker diurnal variation with higher mean nighttime CH4 emis-
sions (0.0051 ± 0.0018 μmol m−2 s−1) than mean daytime emissions
(0.0041± 0.0015 μmolm−2 s−1), although the difference was not statisti-
cally significant (Fig. 3d).

Over the year, algae-shellfish mariculture ponds acted as a CO2

sink most of the time with daily NEE varying from −2.02 to 0.83 g
CO2-C m−2 day−1 (averaged at −0.62 g CO2-C m−2 day−1)
(Fig. 4a). The ponds also acted as a CO2 source at days during late
May and from October to December. Monthly-mean daily NEE varied
from −1.11 to −0.10 g CO2-C m−2 day−1 with higher CO2 sinks in
spring (−0.69 ± 0.17 g CO2-C m−2 day−1) and summer (−0.95 ±
0.18 g CO2-C m−2 day−1) than autumn (−0.37 ± 0.27 g CO2-C
m−2 day−1) and winter (−0.49 ± 0.35 g CO2-C m−2 day−1), respec-
tively. For NME, the ponds acted as a CH4 source most of the time,
with daily NME varying from −0.0080 to 0.0228 g CH4-C
m−2 day−1 (averaged at 0.0039 g CH4-C m−2 day−1) and monthly-
mean daily NME varying from 0.0002 to 0.0117 g CH4-C m−2 day−1

(Fig. 4b). The CH4 emissions from the ponds were much higher in
spring (0.0052 ± 0.0028 g CH4-C m−2 day−1) and summer
(0.0067 ± 0.0044 g CH4-C m−2 day−1), while NME in autumn
(0.0036 ± 0.0014 g CH4-C m−2 day−1) and winter (0.0005 ±
0.0003 g CH4-C m−2 day−1) fluctuated more with a few days acting
as a CH4 sink.

3.3. Correlations between GHG fluxes and environmental factors

Correlations between GHG fluxes over algae-shellfish mariculture
ponds and related environmental factors were analyzed across different
time scales. Daytime and nighttime 30-min NEE were, respectively, nega-
tively and positively correlated with water temperature (Fig. 5a). In con-
trast, daytime and nighttime 30-min NEE were, positively and negatively
correlated with tidal salinity (Fig. 5b). For all daytime and nighttime
data, 30-min NEE was negatively and positively correlated with water tem-
perature and tidal salinity, respectively. For 30-minNME, both daytime and
nighttime fluxes were positively correlated with water temperature but
negatively correlated with tidal salinity, and there was no obvious differ-
ence in these correlations between daytime and nighttime periods
(Fig. 5c-d).

The potential effects of wind speed and APAP on GHG fluxes over algae-
shellfish mariculture ponds were explored using 30-min data (Fig. 6). The
magnitude of 30-min wind speed varied from 0.24 to 5.61 m s−1 (average
ative photosynthetically active radiation (PAR), mean water temperature, (b) mean



Fig. 3.Mean diurnal variations and standard deviations of 30-min environmental factors including (a) photosynthetically active radiation (PAR) and tidal salinity, (b) water
temperature and wind speed, as well as (c) net CO2 exchange (NEE) and (d) net CH4 exchange (NME) over algae-shellfish mariculture ponds.
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of 2.35m s−1) and themagnitude of 30-min APAP varied from 0.26 to 0.61
(average of 0.43). All of the 30-min time series of wind speed, APAP, and
GHG fluxes shared overall similar diurnal and seasonal variations, having
stronger values in the afternoon. Further statistical analysis showed that
the correlation between all 30-min NEE (y) and APAP (x) was statistically
significant and negative (y = − 3.6x + 0.93, R2 = 0.017, p < 0.05)
Fig. 4. Seasonal variations in daily (bars) and monthly (dots) (a) net CO2 exchange (NE
The gray bars denote the gap-filled daily values from the ANNmodel simulations.Monthl
induced SGWP offset by NME are also shown for both 20-year and 100-year time horiz
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(Fig. 7a). By grouping daily values of NEE-APAP correlation coefficients
by different PAR levels (aiming to minimize the impacts of PAR on NEE),
the median values of correlation coefficients fluctuated from −0.19 to
0.03 with better correlations at higher levels of PAR (Fig. 7c). The correla-
tion between all 30-min NME (y) and APAP (x) was statistically significant
and positive (y = 0.016x − 0.0023, R2 = 0.005, p < 0.05) (Fig. 7b). By
E) and (b) net CH4 exchange (NME) in 2020 over algae-shellfish mariculture ponds.
y variations in sustained-flux global warming potential (SGWP) and the ratio of NEE-
ons.



Fig. 5. Relationships between 30-min GHG fluxes (net CO2 exchange (NEE) and net CH4 exchange (NME)) and two key environmental factors (water temperature and tidal
salinity). Data are grouped by daytime (red) and nighttime (blue) periodswith correspondingfitting lines, while the black lines denote thefitted relationships using thewhole
data. All linear relationships are statistically significant at p< 0.05. (For interpretation of the references to colour in thisfigure legend, the reader is referred to theweb version
of this article.)
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grouping daily values of NME-APAP correlation coefficients by different
temperature levels (aiming to minimize the impacts of temperature on
NME), the median values of correlation coefficients fluctuated from
−0.07 to 0.15 with better correlations at higher levels of water tempera-
ture (Fig. 7d).
Fig. 6. Temporal variations in 30-min measurements of (a) net CO2 exchange (NEE), (b)
speed. White area denotes missing data due to instrument failure or quality controls.
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Correlation analyses indicated that (Fig. 8), for 30-min data, there were
negative correlations (statistically significant at p < 0.05) between NEE and
PAR (Pearson correlation coefficient:−0.62), water temperature (−0.23),
and APAP (−0.20). Similarly, for daily data, NEE was negatively correlated
(p < 0.05) with PAR (−0.51), APAP (−0.42), water temperature (−0.23),
net CH4 exchange (NME), (c) area proportion of algae ponds (APAP), and (d) wind



Fig. 7. Relationships between 30-min GHG fluxes (net CO2 exchange (NEE) and net CH4 exchange (NME)) and area proportion of algae ponds (APAP) with corresponding
fitting lines (a and b). The changes of daily GHG-APAP correlations with two key environmental factors of (c) photosynthetically active radiation (PAR) and (d) water
temperature are shown using boxplots, in which daily values of GHG-APAP correlation coefficient based on 30-min data are grouped by ten incremental levels of each
environmental factor.
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but positively correlated (p< 0.05)with tidal salinity (0.14). Stepwise regres-
sion analyses also confirmed that the variations in 30-min NEE could be ex-
plained by the combination of PAR, water temperature (Tw), and APAP:
NEE=0.58− 0.002PAR+0.026Tw− 2.4APAP (R2 = 0.39). In compari-
sonwithNEE, the correlations betweenNMEand these environmental factors
were overall weaker for both 30-min and daily data. NMEwas negatively cor-
related (p< 0.05) with tidal salinity (−0.22 and− 0.15 for 30-min and daily
data, respectively) and positively correlated (p < 0.05) with water tempera-
ture (0.20 and 0.35), PAR (0.06 and 0.24), and APAP (0.13 and 0.23). Step-
wise regression analyses confirmed that the variations in 30-min NME could
Fig. 8.Heatmaps of Pearson correlation coefficients between (a) 30-min and (b) daily GH
factors, including water temperature (Tw), photosynthetically active radiation (PAR)
coefficients are statistically significant with p < 0.05 (N. S. means not significant).

7

be explained by the combination of salinity, water temperature (Tw), and
APAP: NME = 0.0022 − 0.0011Sal + 0.0003Tw + 0.0164APAP (R2 =
0.07).

3.4. Temporal variations in global warming potential

Using the SGWP as a metric to assess the net climate effect from NEE
and NME over the mariculture ponds, monthly-mean SGWP ranged from
−2.98 to −0.22 g CO2-eq. m−2 day−1 for 20-year time horizon and
from −3.35 to −0.34 g CO2-eq. m−2 day−1 for 100-year time horizon
G fluxes (net CO2 exchange (NEE) and net CH4 exchange (NME)) and environmental
, area proportion of algae ponds (APAP), and tidal salinity. All shown correlation
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(Fig. 4c). During most of the time over the study period, the NME-induced
warming effect partially offset the NEE-induced cooling effect. The SGWP
ratio of monthly NME over NEE, or the CH4 offset potential, varied from
2.97% to 61.76% for a 20-year time horizon and from 1.39% to 28.95%
over a 100-year time horizon. Over the year, monthly CH4 offset potential
had two peaks in May and October–November. For annual GHG budgets,
the mariculture ponds acted as a CO2 sink of −227.69 g CO2-C
m−2 year−1 and a CH4 source of 1.44 g CH4-C m−2 year−1, together lead-
ing to annual SGWP of−650.1 and−746.3 g CO2-eq. m−2 year−1 for 20-
year and 100-year time horizons, respectively (Table 1).

4. Discussion

Temporal or spatial variations of water-air GHG fluxes have been re-
ported in different aquatic ecosystems including mariculture/freshwater
ponds, reservoirs, lakes, rivers, and wetlands (Chen et al., 2016b;
Gerardo-Nieto et al., 2017; Van Dam et al., 2021). The farming types and
management modes are the key factors of regulating carbon budgets in
aquaculture ecosystems (Yuan et al., 2019). Among these aquaculture eco-
systems,mariculture ecosystems tend to have stronger temporal and spatial
variations due to more intensive impacts from natural and human factors
(Yang et al., 2019b). Long-term continuous and high-frequency EC mea-
surements in this study confirmed that both NEE and NME showed strong
diurnal and seasonal variations.

Mean diurnal variations of NEE in this study indicated a much stronger
daytime CO2 sink than a nighttime CO2 source over algae-shellfish
Table 1
Fluxmeasurements and varying ranges (in brackets if any) of net CO2 exchange (NEE) an
as well as corresponding sustained-flux global warming potential (SGWP) using 20-year

Ecosystem Type Period NEE
g CO2-C m−2 day−1

Mariculture pond Razor clam 2020.01–2020.12 −0.62
(−2.02 – 0.38)

Crab/shrimp 2014.07–2014.11 −0.18
(−0.46 – 0.27)

Crab/shrimp/clam 2014.07–2014.11 0.44
(0.16– 0.64)

Shrimp 2015.06–2015.10 0.11
(−0.42– 0.54)

Shrimp 2015.06–2015.10 0.10
(−0.06– 0.38)

Freshwater pond Fish 2013.07–2013.09 0.78
(−0.23– 2.41)

Grass carp 2014.05–2014.09 0.41
(0.13– 0.81)

/ 2010.06–2010.10 0.10
(0.04– 0.18)

Reservoir / 2014.10–2015.06 0.15
(0.14– 0.16)

/ 2010.01–2010.12 1.57
(1.06– 2.10)

/ 2009.04–2010.01 0.16
(−0.24– 0.46)

Lake / 2012.05–2012.09 6.12
(−0.60– 24.36)

/ 2014.10–2015.06 0.25
(−0.28– 0.60)

/ 2018.03–2018.09 0.04
(−0.03– 0.18)

Wetland Saltmarsh 2012.04–2012.11 4.24
(0.10– 21.97)

/ 2011.03–2013.11 0.51
(−1.15– 4.61)

/ 2012.01–2013.01 −0.45
(−0.67 ~ −0.31)

River / 2014–2015 3.45
(0.62– 14.26)

/ 2003–2004 5.40
(0.07– 14.30)

/ 2012–2013 3.38
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mariculture ponds, which is different from many previous studies on
aquatic ecosystems showing a CO2 source over the day (Table 1). The diur-
nal variations of CO2 fluxes over mariculture ponds are mainly associated
with the photosynthesis and respiration processes of algae and shellfish
(Delille et al., 2009; Jiang et al., 2013). Different from most mariculture
pond studies showing stronger CO2 emissions in hotter summer and au-
tumn (Chen et al., 2016b; Chen et al., 2018), the algae-shellfishmariculture
ponds in this study had consistent monthly CO2 sink peaking in summer.
Compared with other studies on reservoirs (Zhao et al., 2013), lakes
(Vallejo et al., 2021), and rivers (Teodoru et al., 2015), these algae-
shellfish mariculture ponds had a stronger CO2 sink capacity across the
air-water interface. In this study region, around half of the ponds were re-
served for algae cultivation with management efforts, and thus the carbon
fixed by algae photosynthesis might be much greater than other types of
aquatic ecosystems. The biotic calcification of shellfish could also contrib-
ute to improving the air-water CO2 sink capacity in these ponds (Turolla
et al., 2020).

Mean diurnal variations of NME over these algae-shellfish mariculture
ponds with higher nighttime emissions are consistent with Zhang et al.
(2019) showing higher nighttime CH4 emissions in lakes but different
from Hu et al. (2020a) showing lower nighttime CH4 emissions in maricul-
ture ponds. The temporal variability of NME is co-regulated by many pro-
cesses including CH4 production, oxidation, and transport (Rutegwa et al.,
2019). Aquaculturemanagement such as feeding andwater exchange activ-
ities will greatly affect these processes (Chen et al., 2018; Yang et al.,
2019b), resulting in strong variations in NME under different management
d net CH4 exchange (NME) at the air-water interface of different aquatic ecosystems,
and 100-year time horizons.

NME
mg CH4-C m−2 day−1

SGWP
g CO2-eq. m−2 year−1

Reference

20-year 100-year

3.90
(8.00– 22.80)

−650.1 −746.3 this study

1.19
(0.39– 2.59)

−182.3 −211.3 Zhang et al. (2020a)

1.24
(0.20– 2.50)

639.8 609.5 Zhang et al. (2020a)

1548.18
(99.54– 3408.84)

71,491.1 33,591.6 Yang et al. (2018b)

173.52
(45.72– 423.72)

8128.9 3881.1 Yang et al. (2018b)

167.77
(11.20– 869.25)

8766.9 4660.0 Zhu et al. (2016)

15.96
(3.00– 63.48)

1278.9 888.2 Xiong et al. (2017)

15.60
(3.60– 42.00)

845.6 463.7 Natchimuthu et al. (2014)

6.12
(1.08– 15.84)

479.7 329.9 Gerardo-Nieto et al. (2017)

4.32
(0.36– 6.84)

2270.9 2165.2 Zhao et al. (2013)

58.80
(3.60– 142.80)

2918.6 1479.2 Chanudet et al. (2011)

100.80
(−2.88– 720.00)

12,723.3 10,255.7 Crawford et al. (2014)

0.54
(1.08– 17.28)

359.4 346.2 Gerardo-Nieto et al. (2017)

0.10
(0.03– 0.59)

55.9 53.6 Vallejo et al. (2021)

11.52
(5.76– 115.20)

6126.8 5844.8 Olsson et al. (2015)

1.44
(−7.92– 20.64)

744.3 709.1 Shiau et al. (2016)

14.40
(0.00– 72.00)

66.7 −285.8 Wilson et al. (2015)

53.40
(−12.00– 1635.80)

7017.3 5710.1 Qu et al. (2017)

66.00
(3.20– 120.00)

10,169.3 8553.6 Silvennoinen et al. (2008)

48.50 6696.5 5509.2 Teodoru et al. (2015)
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scenarios. Daytime lower net CH4 emissions in this study could result from
stronger CH4 oxidation with more dissolved oxygen from algae photosyn-
thesis, while nighttime higher emissions were associated with weaker
CH4 oxidation (Liu et al., 2016). The seasonal cycle of NME showed that
CH4 emissions in summer and spring were remarkably higher than in win-
ter, which is in accordance with previous findings that seasonal variations
of CH4 emissions were temperature-controlled (Xing et al., 2005; Villa
et al., 2019). The mean daily NME in these mariculture ponds (0.0039 g
CH4-C m−2 day−1) fell within the varying range (0.0001– 1.548 g CH4-C
m−2 day−1) among aquatic ecosystems (Table 1). The CH4 emission rates
in algae-shellfish ponds of this study were much lower than chamber-
based CH4 emissions in shrimp ponds experiencing similar subtropical cli-
mates (Yang et al., 2019b). On the one hand, the direct feeding process in
shrimp ponds could lead to higher CH4 emissions than razor clam farming
feed by algae cultivation. On the other hand, chamber-basedmeasurements
with limited sampling locations could suffer from spatial representation is-
sues and have large uncertainty given that CH4 fluxes varied spatially be-
tween and within mariculture ponds (Yang et al., 2019b).

The strong diurnal, day-to-day and seasonal variations of GHG fluxes in
this study and previous studies (Morin et al., 2014; Hu et al., 2020a) imply
that discrete flux measurements (often made during farming season and
daytime periods) by traditional chamber-based methods cannot fully cap-
ture the temporal dynamics of GHG fluxes and could thus result in large
bias in representing GHG budgets. It is worth noting that, in late May, the
ponds of this study acted as a CO2 source and a lower CH4 source over
the sustained drainage period after harvesting razor clam, which is consis-
tent with the previous finding that drainage transforms mariculture ponds
from a CO2 sink to a source (Yang et al., 2018a). Both NEE and NME
showed great fluctuation from November to December, which could result
from more frequent human management activities at the early stage of
razor clam cultivation.

The consistent and negative monthly SGWP for both 20-year and 100-
year time horizons confirmed that these algae-shellfish mariculture ponds
exerted a net cooling radiative effect in 2020, which is different from
most previous GHG studies on aquatic ecosystems showing netwarming ra-
diative effects (Table 1). As an aquatic ecosystem, this net cooling radiative
effect of the mariculture ponds is substantial with the magnitude account-
ing for ~20% of the cooling effect of mangrove ecosystems (right next to
the ponds) estimated with the same EC approach (Zhu et al., 2021b). The
monthly SGWP ratio of NEE over NME varied a lot over the year due to
asynchronous seasonal variations in NEE and NME. This highlights the im-
portance and necessity of conducting long-term and continuous GHG flux
measurements to cover both short-term and long-term temporal variations.

The Pearson correlation and stepwise regression analyses confirmed
that the GHG fluxes over these algae-shellfish ponds were mainly affected
by PAR, water temperature, salinity, and APAP. In algae-rich aquatic eco-
systems as in this study, PAR is the dominant environmental control of
NEE, since temporal variations in NEE are mainly regulated by algae photo-
synthesis (Delille et al., 2009; Jiang et al., 2013). PAR may also indirectly
affect daytime NME since stronger photosynthesis with more PAR can pro-
mote dissolved oxygen and resultant CH4 oxidation (Bridghamet al., 2013).
The strong correlations between GHG fluxes and water temperature con-
firm the important role of water temperature in regulating GHG fluxes,
which is consistent with the previous finding that thermal conditions
strongly affect GHG fluxes over aquaculture ponds (Wu et al., 2018;
Shaher et al., 2020). The magnitude of daytime CO2 sink and nighttime
CO2 source increasedwithwater temperature. During the daytime, stronger
photosynthesis stimulated by higher water temperature promotes CO2 sink,
while, during nighttime, higherwater temperature promotes CO2 emissions
by stimulating the mineralization process (Gruca-Rokosz et al., 2017; Villa
et al., 2019). Water temperature is the key environmental factor of NME.
On the one hand, a higher temperature can stimulate methanogenesis pro-
cesses in water and sediment, and thus promote CH4 production (Bridgham
et al., 2013). On the other hand, a higher temperature can enhance CH4

emission rates via diffusion and ebullition pathways (DelSontro et al.,
2016). Both NEE and NME were correlated with tidal salinity with CH4
9

emissionsmore inhibited by increasing salinity, which agreeswith previous
findings on the negative impacts of salinity on photosynthetic efficiency
(Barr et al., 2013) and CH4 emissions (Hu et al., 2020b). The negative
APAP-NEE and positive APAP-NME correlations suggested that temporally
varying APAP also partially explained the variations in GHG fluxes over
these algae-shellfish ponds, which is consistent with the study demonstrat-
ing the carbon sequestration capacity of algae in aquaculture ponds
(Anikuttan et al., 2016).

It is important to note that current EC-based assessments of air-water
GHG fluxes are different from complete mariculture carbon balance analy-
ses, which should also consider other life-cycle carbon input/output com-
ponents such as farming, harvest, and consumption (Guo et al., 2017).
Due to the lack of many other measurements, we're not able to conduct a
carbon balance analysis in current study, which only focuses on air-water
GHG fluxes. However, we do collect some information to estimate the
amount of harvested carbon, which can be compared with the EC-based
carbon measurements in the context of the whole carbon balance. For the
paired algae and shellfish ponds (~ 2500 m2 for each) where the flux
tower locates, annual wet height of harvested razor clam is ~10,000 kg
from the shellfish pond (personal communication), which can be converted
to a land area-based harvested carbon value of 246 g C m−2 year−1

(10000kg × 1000g/kg × 0.41 × 0.30/2500m2/2) by assuming a dry-
wet ratio of 41% and a carbon concentration of 30% for razor clam (Guo
et al., 2017). This harvested carbon value is only slightly larger than EC-
based algae carbon input (227.7 g C m−2 year−1). By assuming algae car-
bon input and harvested carbon removal are the two largest flux compo-
nents (Guo et al., 2017) and almost all harvested carbon will finally
release back to the atmosphere, we can infer that this mariculture ecosys-
tem might be near carbon neutral from the perspective of life-cycle carbon
balance.

The data measurements and analyses of this study suffer from several
limitations. First, although the EC-based long-term continuous measure-
ments can well capture the strong seasonal variations in GHG fluxes,
these EC-based fluxes also have uncertainties mainly from data gaps, flux
corrections, and quality controls. Future simultaneous flux measurements
fromEC and othermethods like chamber-based ones are needed to improve
the assessment of GHG budgets. Second, wewere not able to fully assess the
GHG budgets over the algae-shellfish ponds due to the lack of long-term
measurements of other GHG fluxes like N2O. The incorporation of N2O
flux is needed in future studies since N2O flux might be also important in
human-managed mariculture ponds with abundant nutrient loadings
(Yang et al., 2020a; Yuan et al., 2021). Third, the EC flux measurements
only represented net GHG exchange across the water-air interface of mari-
culture ponds, which resulted from a series of GHG production, transport,
and consumption processes across different interfaces within the ponds.
More ancillary measurements including water quality data such as chloro-
phyll and pH are needed to better determine the environmental controls
of net GHG fluxes. Lastly, the biotic disturbances from razor clam should
be also considered in future studies to better analyze the temporal varia-
tions of GHGfluxes, since the disturbances frombiotic activities like drilling
could affect sediment micro-environment and GHG production (Oliveira-
Junior et al., 2019).

5. Conclusions

The EC-based high-frequency continuousmeasurements of one-year air-
water GHG fluxes over algae-shellfish mariculture ponds suggested that, in
2020, these ponds acted as a strong CO2 sink of −227.69 g CO2-C
m−2 year−1 and a weak CH4 source of 1.44 g CH4-C m−2 year−1, leading
to net GHG sinks of−650.1 and− 746.3 g CO2-eq.m−2 year−1 (expressed
using the SGWP metric) at 20-year and 100-year time horizons, respec-
tively. The year-round consistent CO2 uptake over the ponds dominated
this net GHG cooling effect, while annually the NME-induced warming ef-
fect offset 25.9% (20-year) and 12.1% (100-year) of the NEE-induced
cooling effect. On the diurnal scale, NEE showed regular transitions be-
tween the daytime sink and nighttime source, while NME had no regular
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varying pattern. On the seasonal scale, NEE and NME had different varying
patterns but both of them tended to be stronger in the sink/source capacity
in summer and more fluctuating in winter. Among environmental factors,
NEE and NME tended to be more regulated by PAR and salinity, respec-
tively, but both of them were affected by water temperature and area pro-
portion of algae ponds. This study confirms that the algae-shellfish
mariculture ponds are GHG hotspots of both CO2 and CH4 fluxes, and
they act as a net GHG sink due tomuch stronger CO2 uptake than CH4 emis-
sions across the air-water interface. Strong diurnal and seasonal variations
in both GHG fluxes and their net radiative forcing highlights the necessity
of conducting long-term and continuous measurements of air-water GHG
fluxes over algae-shellfishmariculture ponds. To the best of our knowledge,
this is the first study to explore spatio-temporal dynamics of multiple GHG
fluxes over algae-shellfish mariculture ponds based on high-frequency EC
measurements; however, multiple-year continuous data records of air-
water GHG fluxes, environmental factors, and related human activities
are highly needed in future studies to improve the assessment of the climate
benefits of mariculture ponds.
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