
Significant inter-annual fluctuation in CO2 
and CH4 diffusive fluxes from subtropical 
aquaculture ponds: implications for 
climate change and carbon emission 
evaluations 
Article 

Accepted Version 

Creative Commons: Attribution-Noncommercial-No Derivative Works 4.0 

Yang, P., Zhang, L., Lin, Y., Yang, H. ORCID: 
https://orcid.org/0000-0001-9940-8273, Lai, D. Y. F., Tong, C., 
Zhang, Y., Tan, L., Zhao, G. and Tang, K. W. (2024) Significant
inter-annual fluctuation in CO2 and CH4 diffusive fluxes from 
subtropical aquaculture ponds: implications for climate change
and carbon emission evaluations. Water Research, 249. 
120943. ISSN 1879-2448 doi: 10.1016/j.watres.2023.120943 
Available at https://centaur.reading.ac.uk/114454/ 

It is advisable to refer to the publisher’s version if you intend to cite from the 
work.  See Guidance on citing  .

To link to this article DOI: http://dx.doi.org/10.1016/j.watres.2023.120943 

Publisher: Elsevier 

All outputs in CentAUR are protected by Intellectual Property Rights law, 

http://centaur.reading.ac.uk/71187/10/CentAUR%20citing%20guide.pdf


including copyright law. Copyright and IPR is retained by the creators or other 
copyright holders. Terms and conditions for use of this material are defined in 
the End User Agreement  . 

www.reading.ac.uk/centaur   

CentAUR 

Central Archive at the University of Reading 
Reading’s research outputs online

http://www.reading.ac.uk/centaur
http://centaur.reading.ac.uk/licence


1 
 

Significant inter-annual fluctuation in CO2 and CH4 diffusive 

fluxes from subtropical aquaculture ponds: Implications for 

climate change and carbon emission evaluations 

 

Ping Yang a,b,c,d, Linhai Zhang a,b,c, Yongxin Lin a,b,c, Hong Yang e,f, Derrick Y.F. Lai g, 

Chuan Tong a,b,d, Yifei Zhang a, Lishan Tan g, Guanghui Zhao a, Kam W. Tang h 

 

a. School of Geographical Sciences, Fujian Normal University, Fuzhou, 350007, PR China 

b. Key Laboratory of Humid Subtropical Eco-geographical Process of Ministry of Education, 

Fujian Normal University, Fuzhou, 350007, PR China 

c. Fujian Provincial Key Laboratory for Subtropical Resources and Environment, Fujian 

Normal University, Fuzhou, 350117, PR China 

d. Research Centre of Wetlands in Subtropical Region, Fujian Normal University, Fuzhou, 

350007, PR China 

e. Department of Geography and Environmental Science, University of Reading, Reading, 

UK 

f. College of Environmental Science and Engineering, Fujian Normal University, Fuzhou, 

350007, China 

g. Department of Geography and Resource Management, The Chinese University of Hong 

Kong, Shatin, New Territories, Hong Kong SAR, China 

h. Department of Biosciences, Swansea University, Swansea, SA2 8PP, UK 

  



2 
 

Abstract 

Aquaculture ponds are potential hotspots for carbon cycling and emission of greenhouse gases 

(GHGs) like CO2 and CH4, but they are often poorly assessed in the global GHG budget. This 

study determined the temporal variations of CO2 and CH4 concentrations and diffusive fluxes 

and their environmental drivers in coastal aquaculture ponds in southeastern China over a five-

year period (2017–2021). The findings indicated that CH4 flux from aquaculture ponds 

fluctuated markedly year-to-year, and CO2 flux varied between positive and negative between 

years. The coefficient of inter-annual variation of CO2 and CH4 diffusive fluxes was 168% and 

127%, respectively, highlighting the importance of long-term observations to improve GHG 

assessment from aquaculture ponds. In addition to chlorophyll-a and dissolved oxygen as the 

common environmental drivers, CO2 was further regulated by total dissolved phosphorus and 

CH4 by dissolved organic carbon. Feed conversion ratio correlated positively with both 

CO2 and CH4 concentrations and fluxes, showing that unconsumed feeds fueled microbial 

GHG production. A linear regression based on binned (averaged) monthly CO2 diffusive flux 

data, calculated from CO2 concentrations, can be used to estimate CH4 diffusive flux with a fair 

degree of confidence (r2 = 0.66; p < 0.001). This algorithm provides a simple and practical way 

to assess the total carbon diffusive flux from aquaculture ponds. Overall, this study provides 

new insights into mitigating the carbon footprint of aquaculture production and assessing the 

impact of aquaculture ponds on the regional and global scales. 
 

Keywords 

Greenhouse gases; Diffusive flux; Carbon footprint; Climate impact; Aquaculture ponds 

  



3 
 

Graphical abstract 

 

 

  



4 
 

1. Introduction 

Methane (CH4) and carbon dioxide (CO2) are the two primary greenhouse gases (GHGs), 

together contributing over 80% of the total atmospheric radiative forcing (Friedlingstein et al., 

2022; Le Quéré et al., 2018; Myhre et al., 2013). In 2023, the atmospheric CO2 and 

CH4 concentrations have reached 420 ppm and 1900 ppb, respectively (National Oceanic and 

Atmospheric Administration, 2023), which is approximately 48% and 156% over the pre-

industrial values. To mitigate global carbon emission, China has pledged to cap its carbon 

emission by 2030 and achieve net-zero emission by 2060 (Yang et al., 2022a). However, 

identifying the sources and quantifying the magnitude of GHG emissions are crucial for 

predicting and reducing GHG emissions (Borges et al., 2015; Jia et al., 2022; Yang et al., 

2023a). 

Carbon emissions from inland aquatic ecosystems such as lakes, rivers and reservoirs have 

been quite well studied (Bastviken et al., 2011; Raymond et al., 2013; Wang et al., 2019), but 

emissions from small and shallow ponds (<0.001km2) are still poorly quantified and are often 

excluded from the global GHG budget (Holgerson, 2015; Holgerson and Raymond, 2016). 

There are estimated 3.2 billion small ponds globally (Downing, 2010), covering a total area of 

∼0.8 million km2 (Holgerson and Raymond, 2016). Due to their relatively high organic loading 

(Rubbo et al., 2006), these ponds can be hotspots for carbon cycling (Holgerson, 2015) and 

GHG emissions (e.g., Jensen et al., 2023; Peacock et al., 2021; Prėskienis et al., 2021). Among 

the small ponds, aquaculture ponds are of particular interest thanks to the fast-growing 

aquaculture sector world-wide (Naylor et al., 2021). In aquaculture ponds, the persistent 

introduction of fertilizers, animal wastes and feeds can significantly elevate the production and 

release of GHGs, a phenomenon not often observed in natural ponds (Boyd et al., 

2010; Chanda et al., 2019; Tong et al., 2020). 

Approximately 25,700 km2 in China is occupied by aquaculture ponds (Chen et al., 

2015, 2016), and about 60% of them are concentrated in estuaries and coastal bays (Duan et al., 

2020). Most of them are small-hold aquaculture farms that are subject to fluctuations in ambient 

conditions (e.g., air temperature, sunlight, precipitation) and different farming practices 

(Chen et al., 2016; Kosten et al., 2020; Yang et al., 2023b), leading to considerable variations 

in GHG production and emissions from the ponds (e.g., Dong et al., 2023a; Liu et al., 

2016; Zhao et al., 2021). As the two major carbon-based GHGs, the dynamics of CO2 and 

CH4 are controlled by different organisms and biological processes: CO2 is consumed by 

photoautotrophs via photosynthesis and produced by heterotrophs via respiration 

(Gudasz et al., 2010; Liu et al., 2010), whereas methanogenesis is largely driven 

by methanogens in the anoxic sediment (Lin and Lin, 2022; Segers, 1998; Gruca-

Rokosz et al., 2020), with some contribution from the water-column (Bogard, et al., 

2014; Tang et al., 2016). On the other hand, the two gases are connected within the carbon 

cycle, e.g., organic carbon can feed into both respiration and methanogenesis; CH4 and CO2 can 

also be interconverted by methanotrophs and methanogens, respectively, under specific 

conditions (Chowdhury and Dick, 2013; Zabranska and Pokorna, 2018). Therefore, we may 

expect some empirical relationships between the two gases in aquaculture ponds. 

Due to logistical limitations, researchers usually make measurements at low frequency (once a 

month or less) and for a short duration (no more than two years). This may not be sufficient to 

reveal the temporal variations in GHG emissions. Given the sheer number of small-hold 

aquaculture ponds in China, it is impractical for officials to monitor them all. Proper assessment 

of GHG emissions may therefore require self-monitoring and reporting by the farmers, but the 

farmers usually lack the time, skills or equipment to do rigorous gas measurements. Between 

the two gases, CO2 can be measured relatively easily using inexpensive sensors 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/radiative-forcing
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#bib0030
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#bib0030
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#bib0044
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#bib0055
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#bib0057
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#bib0057
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/carbon-dioxide-emission
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#bib0088
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/greenhouse-gas-emission
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#bib0008
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#bib0040
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#bib0087
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#bib0087
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/aquatic-ecosystem
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#bib0003
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#bib0065
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#bib0079
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#bib0034
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#bib0035
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#bib0024
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#bib0035
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#bib0066
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#bib0034
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#bib0039
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#bib0061
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#bib0064
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#bib0058
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#bib0009
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#bib0009
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#bib0011
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#bib0077
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#bib0012
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#bib0012
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#bib0013
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#bib0025
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#bib0025
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#bib0013
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#bib0042
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#bib0093
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#bib0022
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#bib0047
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#bib0047
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#bib0100
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/heterotroph
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#bib0033
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#bib0048
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/methanogenesis
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/methanogens
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/anoxic-sediment
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#bib0046
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#bib0069
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#bib0032
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#bib0032
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#bib0006
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#bib0006
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#bib0074
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/carbon-cycle
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/carbon-cycle
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/organic-carbon
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#bib0015
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#bib0096
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(e.g., Zosel et al., 2011). By developing simple algorithms to estimate CH4 from CO2 data, we 

can greatly expand the nation's ability to assess the combined carbon emission from the fast-

growing aquaculture sector. 

In this study, we measured the concentrations of dissolved CO2 and CH4 in the water column 

of aquaculture ponds in southeastern China over five years between 2017–2021, from which 

we calculated the diffusive flux of CO2 and CH4 across the air-water interface. The objectives 

were to determine the magnitude and temporal variations of CO2 and CH4 concentrations and 

diffusive fluxes and the key environmental drivers. We then examined the empirical 

relationships between CO2 and CH4 by binning the data at different temporal resolutions, in 

order to derive useful algorithms for assessing GHG outputs from aquaculture ponds. 

2. Materials and methods 

2.1. Study areas 

Measurements and sample collections took place in the Shanyutan Wetland, located within the 

Min River estuary in the Fujian province, China (26°00′36′′–26°03′42′′N, 119°34′12′′–

119°41′40′′E, Fig. 1). The region is characterized by a subtropical marine monsoon climate 

typical of the southern regions, with an average yearly temperature of 19.6°C and an annual 

precipitation of approximately 1,350 mm (Yang et al., 2020a). In this region, the 

prevalent plant species include the indigenous Phragmites australis and Cyperus malaccensis, 

along with the non-native Spartina alterniflora (Gao et al., 2019; Tong et al., 2018). Over the 

past decades, extensive areas of the tidal saltmarshes have been transformed into aquaculture 

shrimp ponds. The aquacultural production period is typically from May to November, with 

one crop of shrimp (Litopenaeus vannamei) produced per year. Previous research provides 

comprehensive information on the aquaculture ponds and associated farming techniques 

(Tong et al., 2020). 

https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#bib0102
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#fig0001
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#bib0089
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/plant-specie
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/spartina
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#bib0031
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#bib0076
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#bib0077
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Fig. 1. Locations of the study areas and sampling sites in Shanyutan Wetland within the Min River 

Estuary, Fujian Province, southeast China. 

2.2. Collection of water samples 

Three shrimp ponds were sampled 1–3 times each month between 2017 and 2021. In each pond, 

water samples from 20‐cm depth were collected using an organic glass hydrophores at three 

different sites (Tian et al., 2023; Yang et al., 2020b). Subsequently, the water was poured into 

150-mL polyethylene bottles and into 55-mL pre-weighed serum glass bottles. Before the 

bottles were sealed, a 0.2 mL saturated HgCl2 solution was added to halt microbial processes 

(Borges et al., 2018; Marescaux et al., 2018). A total of 648 water samples were obtained and 

promptly transported to the laboratory in ice coolers within 4-6 h. 

2.3. Measurement of dissolved gas concentrations 

The levels of dissolved CO2 (CCO2) and CH4 (CCH4) in the water samples were measured with the 

headspace equilibration method (Yang et al., 2019; Zhang et al., 2021). Briefly, water samples 

without bubble were gathered in 55 mL serum glass bottles that had been pre-weighed. In the 

laboratory, a headspace was formed by injecting 25 mL of ultrahigh purity nitrogen (N2) gas 

(99.999%) into each glass bottle. Afterwards, the bottles were vigorously shaken in an 

oscillator (IS-RDD3, China) for 10 min to attain equilibrium between the atmospheric and 

water phases (Cotovicz Jr et al., 2016). Following a 30-minute settling period, a 5-ml sample 

of the headspace was extracted and injected into a Shimazu GC-2010 gas chromatograph 

(Kyoto, Japan) equipped with a flame ionization detector (FID) to measure CO2 and CH4. Five 

standards CO2 (or CH4) gas, namely 50 (2), 100 (8), 500 (500), 3000 (1000) and 10,000 (10,000) 

ppm, were used to calibrate the FID.. Using the specific water and headspace volumes in the 

glass bottles, along with the solubility coefficient of CO2 (or CH4) for the specific temperature 

and salinity, the in situ CCO2 (or CCH4; μmol L−1) was calculated (Wanninkhof, 1992). 

https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#bib0075
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#bib0090
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#bib0007
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#bib0052
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#bib0092
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#bib0098
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#bib0016
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/flame-ionization
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/salinity
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#bib0082
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2.4. Calculations of diffusive GHG fluxes 

Diffusive fluxes of CO2 (FCO2; mmol m−2 h−1) and CH4 (FCH4; μmol m−2 h−1) across the air-water 

interface were determined based on Equation 1 (Cotovicz Jr et al., 2016; Jia et al., 

2022; Musenze et al., 2014): 

      (1) 

where Fgas was the diffusive flux of CO2 (or CH4); CW was the concentrations of dissolved 

CO2 (or CH4) (μmol L−1) in the surface water; Ceq was the concentration of CO2 (or CH4) (μmol 

L−1) at equilibrium with the overlying atmosphere at the in situ conditions. The coefficient for 

gas exchange kx (cm h−1) was calculated as (Crusius and Wanninkhof, 2003): 

 (2) 

where was the wind speed without friction (m s−1) measured at a height of 10 m above the 

aquatic surface (Crusius and Wanninkhof, 2003); n was the proportionality coefficient, which 

depended on  (if > 3 m s−1, then n = 1/2; if ≤ 3 m s−1, then n = 2/3) (Cole and 

Caraco, 1998). Scgas was the Schmidt number of CO2 (or CH4) calculated from Eq. (3) and Eq. 

(4); 

 (3) 

 (4) 

where t was the surface water temperature (°C). 

The calculated CH4 flux was converted to CO2-equivalent flux based on the conversion factor 

of 45 for a 100-year time horizon (Neubauer and Megonigal, 2019), and added to the calculated 

CO2 emission to determine the total CO2-equivalent emission. 

2.5. Ancillary environmental variables 

During each sampling campaign, in situ measurements were taken at a water depth of 20 cm at 

each location. These measurements included water temperature (TW), pH, salinity and dissolved 

oxygen (DO) using a portable pH/Temperature meter (IQ150, USA), a Eutech Instruments-

Salt6 salinity meter (USA) and a 550A YSI multiparameter probe (Yellow Springs, OH, USA). 

The MRE weather station provided data on meteorological variables, such as air temperature 

(TA), wind speed (WS) and air pressure (AP), measured with the Vantage Pro 2 automatic 

meteorological station (Hayward, CA, USA). 

In the laboratory, we filtered the water samples through 0.45-µm acetate fiber membranes. 

Subsequently, we measured the filtrates for their content of dissolved organic carbon (DOC) 

with a TOC-VCPH/CPN Analyzer (Shimadzu, Japan), and total dissolved phosphorus (TDP) and 

total dissolved nitrogen (TDN) with a flow injection analyzer (Skalar Analytical SAN++, 

Netherlands). Chlorophyll-a (Chl-a) was extracted in 90% ethanol (or acetone) in darkness for 

24 h and then measured on a Shimadzu UV-2450 UV–visible spectrophotometer (Kyoto, Japan) 

(Kang et al., 2023; Xu et al., 2017). Feed conversion ratio of the farmed organisms was 

determined by dividing the total dry feed weight provide by the overall weight increase 

(Zhang et al., 2018). 

https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#eqn0001
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#bib0016
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#bib0040
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#bib0040
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#bib0054
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#bib0018
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/wind-velocity
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#bib0018
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#bib0017
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#bib0017
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/schmidt-number
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#eqn0003
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#bib0060
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/dissolved-organic-carbon
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#bib0041
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#bib0086
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#bib0097
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2.6. Statistical analysis 

Before conducting statistical tests, we assessed the data for normal distribution. The coefficient 

of variation for CO2 (or CH4) fluxes were determined by dividing the standard deviation by the 

average value. The effect of sampling years on environmental factors, concentrations of 

dissolved GHGs, and diffusive fluxes was evaluated using a one-way ANOVA in IBM's SPSS 

22.0 software (Armonk, NY, USA). To assess the relationships between environmental factors 

and dissolved GHG concentrations or diffusive fluxes, we employed the Spearman correlation 

method, using the vegan package in R Version 4.1.0 (R Foundation for Statistical Computing, 

2013), and redundancy analysis (RDA) using the software CANOCO version 5.0 

(Microcomputer Power, Ithaca, NY, USA). Partial least square structural equation modeling 

(PLS-SEM) was conducted in R Version 4.1.0 (R Foundation for Statistical Computing, 2013) 

with the ‘semPLS’ package to evaluate the direct or indirect effect of environmental variables 

on the GHGs. More details of the PLS-SEM analysis can be found in Tan et al. (2022, 2023). 

To derive predictive relationship between CO2 concentration (or diffusive fluxes) and 

CH4 concentration (or diffusive fluxes), we ran linear regressions through the data at different 

resolutions: raw data without binning; binning (averaging) data by months, by seasons and by 

year. We compared the regression outputs and considered an r2 value of > 0.5 to be suitable for 

applications. For all statistical analyses, a significance threshold of p < 0.05 was used. 

3. Results 

3.1. Physico-chemical properties and feed conversion ratio 

The physico-chemical properties of the pond's surface water are shown in Fig. 2. There were 

significant between-year differences in all of the variables. TW averaged ∼28°C in 2017-2018, 

but was significantly lower in 2019-2021 (Fig. 2a). Salinity was at 3.5 ‰ in the first two years, 

then increased significantly in 2019 and again in 2020 (Fig. 2b). Water pH was between 8.75 

and 9.25, except in 2019 when it dropped to 7.5 (Fig. 2c). Mean DO was > 6 mg L−1 with higher 

concentrations in 2018 and 2020 (Fig. 2d). 

 

Fig. 2. Box plots of (a) water temperature (TW), (b) salinity, (c) pH, (d) dissolved oxygen 

(DO), (e) dissolved organic carbon (DOC), (f) total dissolved nitrogen (TDN), (g) total 

dissolved phosphorus (TDP) and (h) chlorophyll-a (Chl-a) in surface water for coastal 

aquaculture ponds over a five-year period. Different letters above the boxes indicate 

significant differences (p<0.05). 

 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/normal-density-functions
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#bib0072
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#bib0073
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#fig0002
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#fig0002
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/salinity
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#fig0002
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#fig0002
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#fig0002
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DOC ranged from 10.6 to 17.7 mg L−1, with a significantly higher concentration in 2017 

(Fig. 2e). TDN varied between 1.2 and 2.0 mg L−1, and was significantly higher in 2019 

(Fig. 2f). TDP and Chl-a exhibited similar temporal variations over the five-year period: lowest 

in 2017 and highest in 2020 (Figs. 2g,h). 

Feed conversion ratio varied significantly over time, with the highest value of 1.9 in 2017, 

followed by 1.5 in 2019, 1.3 in 2020, 1.1 in 2021, and 0.7 in 2018 (Figure S1). 

3.2. Inter-annual variations in GHG concentrations and fluxes 

CCO2 and FCO2 varied significantly between years (p<0.001; Fig. 3). The highest annual 

mean CCO2 was 37.4 ± 2.6 µmol L−1 in 2017, and the lowest at 10.9 ± 0.9 µmol L−1 in 2017 

(Fig. 3a). FCO2 ranged from -0.12 ± 0.03 mmol m−2 h−1 in 2020 to 1.3 ± 0.2 mmol m−2 h−1 in 2017 

(Fig. 3b). CCH4 varied significantly between 0.48 ± 0.06 µmol L−1 and 4.3 ± 0.8 µmol L−1 across 

the years (p<0.001; Fig. 3c). FCH4 also varied significantly with time, between 15.0 to 153.7 

µmol m−2 h−1 (p<0.001; Fig. 3d). 

 

 

Fig. 3. Box plots of dissolved GHG concentrations in surface water and diffusive GHG flux 

across water-air interface for coastal aquaculture ponds over a five-year period. Different 

letters above the boxes indicate significant differences (p<0.05). 

 

The combined CO2-eq diffusive flux showed significant variations over time (Fig. 4), and the 

coefficient of variation was 133.9%. Over the five-year period, the mean combined diffusive 

flux ranged from 28.9 ± 5.3 to 695.9 ± 152.4 kg CO2-eq ha−1 yr−1 (Fig. 4), with an average value 

of 206.8 ± 123.9 kg CO2-eq ha−1 yr−1. CH4 accounted for over 70% of the combined CO2-eq 

diffusive flux in each year. 

 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/dissolved-organic-carbon
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#fig0002
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#fig0002
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#fig0002
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#fig0003
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#fig0003
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#fig0003
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#fig0003
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#fig0003
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#fig0004
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#fig0004
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Fig. 4. Inter-annual variability in combined CO2-equivalent emissions from the coastal 

aquaculture ponds during the farming period between 2017 and 2021. 

3.3. Environmental drivers of GHG concentrations and diffusive fluxes 

According to Spearman correlations (Figure S2) and RDA analysis (Fig. 5), the inter-annual 

variations in CCO2 and FCO2 were strongly driven by Chl-a, DO and TDP, which together 

explained 79.5% of the variations. The inter-annual variations in CCH4 and FCH4 were primarily 

determined by DOC, Chl-a and DO, which together explained 93.7% of the variations. 

 

 

Fig. 5. Results of redundancy analysis (RDA) of (a) dissolved CO2 concentration (CCO2) [or 

CO2 diffusive fluxes (FCO2) across the water-air interface], and (b) dissolved 

CH4 concentration (CCH4) [or CH4 diffusive fluxes (FCH4) across the water-air interface], 

showing the loadings of the different environmental variables. The pie charts show the 

percentages of variance in CO2 flux (or CO2 concentration) and CH4 flux (or 

CH4 concentration) explained by the different variables. See main text for explanation of the 

abbreviations. 

 

Based on PLS-SEM analysis, Chl-a, DO and TDP all had a direct negative effect on CCO2, which 

in turn affected FCO2 (Fig. 6a). DO also had a direct negative effect on FCO2. TDP positively 

influenced Chl-a, which in turn had a positive effect on DO. CCH4 was affected positively by 

DOC and negatively by Chl-a and DO; these then indirectly affected FCH4 (Fig. 6b). Salinity 

had a negative effect on DOC and FCH4. 

https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#fig0005
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#fig0006
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#fig0006
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Fig. 6. Partial least square structural equation modeling (PLS-SEM) to evaluate the direct and 

indirect effects of environmental factors on (a) dissolved CO2 concentration (CCO2) and 

CO2 diffusive fluxes (FCO2) across the water-air interface, and (b) dissolved CH4 concentration 

(CCH4) and CH4 diffusive fluxes (FCH4) across the water-air interface. Solid blue and red arrows 

indicate significant positive and negative effects, respectively, and dotted arrow indicates 

insignificant effect on the dependent variable. Numbers adjacent to arrows are standardized 

path coefficients, indicating the effect size of the relationship. R2 represents the variance 

explained for target variables. * p < 0.05; ** p < 0.01. 

 

3.4. Predictive relationships between CO2 and CH4 

We ran linear regressions using CO2 concentration (or flux) as the independent variable and 

CH4 concentration (or flux) as the predicted variable. We started with raw data without binning, 

then gradually decreased the resolution by binning (average) the data by month, season or year 

(Fig. 7). With raw data, the relationship was not significant for concentration, but it was 

significant for flux despite the very low r2 value (Table 1). By binning the data, the regressions 

were all significant and the r2 value increased. The r2 value for concentration data was lower 

than 0.5 in all but the lowest resolution (yearly average), whereas the r2 value for flux data was 

at 0.66 or higher (Table 1). 

 

https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#fig0007
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#tbl0001
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#tbl0001
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Fig. 7. Linear regressions between CCO2 (or FCO2) and CCH4 (or FCH4) using all data without binning, and 

data binned (averaged) by month, by season or by year. Output parameters of the regression analysis 

are listed in Table 1. 

https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#tbl0001
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Table 1. Linear regression analysis with CO2 concentration (CCO2; µmol L−1) or flux (FCO2; mmol m−2 h−1) 

as independent variable (x); CH4 concentration (CCH4; µmol L−1) or flux (FCH4; µmol m−2 h−1) as predicted 

variable (y). Regressions were run using all data without binning, data binned (averaged) by month, by 

season or by year. Outputs include y-intercept, slope, standard error of slope, r2 and p values of the 

regressions. 

x y Intercept Slope Slope SE r2 p 

All data 

CCO2 CCH4 0.969 0.030 0.016 0.018 0.065 

FCO2 FCH4 25.293 68.279 9.869 0.206 0.000 

Monthly 

CCO2 CCH4 -0.605 0.098 0.025 0.310 0.000 

FCO2 FCH4 11.782 101.848 12.428 0.664 0.000 

Seasonal 

CCO2 CCH4 -0.959 0.119 0.036 0.454 0.006 

FCO2 FCH4 13.064 107.174 17.016 0.753 0.000 

Yearly 

CCO2 CCH4 -1.681 0.154 0.025 0.927 0.009 

FCO2 FCH4 11.973 102.653 10.609 0.969 0.002 

 

4. Discussion 

4.1. Effects of feed conversion ratio 

In aquaculture, feeds are applied to sustain the animals (Avnimelech and 

Ritvo, 2003; Chen et al., 2016; Pouil et al., 2019), but only a small fraction of these feeds is 

effectively transformed into biomass (Flickinger et al., 2020; Molnar et al., 2013; Sahu et al., 

2013). The efficiency at which the animals utilize the feeds is expressed as feed conversion 

ratio (FCR = amount of feed/amount of biomass produced). In this study, we found that FCR 

varied significantly between years (Figure S1), which may be a result of variable survival and 

physiological state of the farmed animals, or quality of the feeds. FCR correlated positively 

with DOC and negatively with DO (Fig. 8), suggesting that unconsumed feeds were 

decomposed into dissolved organics that subsequently fueled microbial respiration, as 

supported by the positive correlations between FCR and CCO2 and FCO2 (Figs. 9a and 9b). 

Unconsumed feeds and other organic wastes could also accelerate methane production, as 

shown by the positive correlations of FCR with CCH4 and FCH4 (Figs. 9c and 9d). 

 

https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#bib0001
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#bib0001
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#bib0013
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#bib0062
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#bib0029
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#bib0053
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#bib0067
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#bib0067
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#fig0008
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#fig0009
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#fig0009
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#fig0009
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#fig0009
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Fig. 8. Linear relationship between pH, DO, DOC, TDN and feed conversion rate (FCR) in coastal 

aquaculture ponds over a five-year period. Parameter bounds on the regression coefficients are 95% 

confidence limits. Feed conversion rate = dry weight of feeds added / wet weight of shrimps 

produced. 



15 
 

 

Fig. 9. Relationship between dissolved CO2 concentration, diffusive CO2 flux and feed conversion rate 

(a, b), and between dissolved CH4 concentration, diffusive CH4 flux and feed conversion rate (c, d) in 

coastal aquaculture ponds over a five-year period. Parameter bounds on the regression coefficients are 

95% confidence limits. 

 

4.2. Environmental drivers of CO2 

The surface-water CO2 concentration exhibited remarkable variations across the five-year 

period and the aquaculture ponds switched between being a source and a sink of CO2 to the 

atmosphere (Figs. 3a and 3b). CO2 was consumed via photosynthesis by microalgae, as 

indicated by the significant negative correlation between Chl-a and CCO2 and FCO2 (Figure S2a). 

Microalgal biomass in the aquaculture ponds was regulated by dissolved nutrients such as TDP 

but not TDN (Figure S2a). This may be attributed to the high TDN (1.2∼2.0 mg L−1; Fig. 2f) 

and low TDP (0.1∼0.3 mg L−1; Fig. 2g) concentrations resulting in a strong P-limitation 

(Bernhard and Peele, 1997; Lapointe et al., 2015). The key role of TDP in regulating CO2 was 

also confirmed by PLS-SEM analysis (Fig. 6a). 

Our correlation (Figure S2a) and RDA (Fig. 5a) analyses showed that water temperature (TW) 

was an important driver of CCO2 and FCO2. The inter-annual variability in TW in the ponds was 

approximately 5°C, with considerably lower values in 2017 and 2018. Not only that higher 

water temperature would increase the system respiration and DOC mineralization, but it may 

also decrease photosynthetic CO2 uptake by negatively impacting Chl-a (Figure S2a). Together, 

this would increase CO2 concentration and flux (Gudasz et al., 2010; Xiao et al., 

2020; Huttunen et al., 2003). 

https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#fig0003
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#fig0003
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#fig0002
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#fig0002
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#bib0005
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#bib0043
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#fig0006
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#fig0005
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#bib0033
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#bib0085
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#bib0085
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#bib0037
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4.3. Environmental drivers of CH4 

The average concentrations of dissolved CH4 in the ponds was 800–8,000% saturated relative 

to the atmosphere, making the ponds a net source of CH4 to the air (Fig. 3), similar to others 

inland aquatic ecosystems (Borges et al., 2015; Natchimuthu et al., 2016; Praetzel et al., 2021). 

The very high CCH4 in the aquaculture ponds could be attributed to the high DOC loading 

(Fig. 5b), likely from unconsumed feeds and animal wastes (Figure 8; Yang et al., 2020b), 

which fueled CH4 production (Berberich et al., 2020; Davidsonet al., 2018; Zhou et al., 2018). 

This was further supported by the significant correlation found (1) between feed conversion 

rate and DOC concentrations (p<0.001; Fig. 8c), and (2) between DOC and dissolved 

CH4 concentrations (or CH4 fluxes) (p<0.001; Figs. 5b and S2b). 

Salinity is another factor that governs CH4 dynamics in coastal habitats (Segarra et al., 

2013; Poffenbarger et al., 2011; Vizza et al., 2017). Higher salinity favors sulfate reducing 

bacteria over methanogens (Neubauer et al., 2013; Chambers et al., 2013; Vizza et al., 2017), 

resulting in a lower CH4 emission (Poffenbarger et al., 2011; Welti et al., 2017; Wilson et al., 

2015). Consistent with these earlier observations, during the five-year period of our study, 2017 

saw the highest CH4 diffusive flux, while 2018, 2020 and 2021 recorded reduced fluxes 

(Fig. 3d), which corresponded to the interannual rise in salinity of the pond water (Fig. 2b) as 

a result of decline in precipitation (Figure S3). The key role of salinity in regulating CH4 was 

also confirmed by our PLS-SEM analysis (Fig. 6b). 

Dissolved oxygen often determines the balance between CH4 production and CH4 oxidation 

(Bastviken et al., 2008; Liu et al., 2016; Schrier-Uijl et al., 2011). We observed substantial 

interannual variations in DO (Fig. 2d) that mirrored the variations in Chl-a (Fig. 2h), and DO 

had strong negative effects on CCH4 and FCH4 (Figs. 6b and S2b), suggesting that photosynthetic 

oxygen production facilitated methane oxidation in the water column. 

4.4. Implications for carbon emission assessments and caveats 

The escalating need worldwide for protein from aquatic sources has driven the fast expansion 

of aquaculture ponds, particularly in developing nations (Duan et al., 

2020; FAO, 2017; Luo et al., 2022), but aquaculture also causes environmental problems such 

as nutrient pollution and GHG emissions (Dong et al., 2023b; MacLeod et al., 

2020; Yuan et al., 2019). In order to assess the climate impact of coastal aquaculture ponds, we 

calculated the CO2+CH4 combined CO2-equivalent diffusive flux, which averaged 1,908 ± 721 

kg CO2-eq ha−1 yr−1, substantially higher than the average value from China's reservoirs and 

lakes (Li et al., 2018) and elsewhere (Deemer et al., 2016; Bastviken et al., 2011). Although 

CH4 flux (Fig. 3d) was lower than CO2 flux (Fig. 3b) in absolute term, the much higher 

warming potential of CH4 meant that it accounted for much of the combined CO2-eq emission 

(Fig. 4). This is different from the result of an earlier meta-analysis, which shows a 

CO2:CH4 flux (CO2-eq) ratio of > 1 for small ponds (Holgerson and Raymond, 2016). The 

difference may be explained by the fact that aquaculture ponds are more eutrophic than natural 

ponds, which tends to favor methanogenesis and increase CH4 emission. Extrapolating our data 

to all aquaculture ponds in the coastal region of China (total 1.5 × 104 km2; Duan et al., 2020), 

we estimated that the combined CO2-equivalent emissions from these ponds would be 

equivalent to ∼1.5% of the national terrestrial biosphere carbon sink in China (–2,419 Tg CO2-

eq yr−1; Wang et al., 2020). 

Hence, harmonizing economic growth, food security and GHG mitigation from aquaculture 

systems presents a significant challenge. From our research data, it is evident that the diffusive 

fluxes of CO2 and CH4 from coastal aquaculture ponds decreased with the decline in FCR 

(Figs. 9b and 9d). Enhancing feed utilization efficiency through better feed formulation and 
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https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#bib0063
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#fig0005
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#bib0090
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#bib0004
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#bib0019
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#bib0101
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#fig0008
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#fig0005
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#bib0068
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#bib0068
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#bib0071
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#bib0078
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/sulfate-reducing-bacterium
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/sulfate-reducing-bacterium
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/methanogens
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#bib0059
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#bib0010
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#bib0078
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#bib0071
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#bib0083
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#bib0084
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#bib0084
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#fig0003
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#fig0002
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#fig0006
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#bib0002
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#bib0047
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#bib0070
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#fig0002
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#fig0002
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#fig0006
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#bib0025
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#bib0025
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#bib0026
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#bib0049
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/greenhouse-gas-emission
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#bib0023
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#bib0050
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#bib0050
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#bib0094
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#bib0045
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#bib0020
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#bib0003
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#fig0003
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#fig0003
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#fig0004
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#bib0035
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/methanogenesis
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#bib0025
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/carbon-sequestration
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#bib0080
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/greenhouse-gas-mitigation
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/aquaculture-system
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/aquaculture-system
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#fig0009
https://www.sciencedirect.com/science/article/pii/S0043135423013830?via%3Dihub#fig0009


17 
 

management may be pivotal in minimizing GHG emissions from aquaculture ponds, thereby 

promoting an eco-friendly and sustainable production. 

In the global effort to combat climate change, proper assessment of GHG emissions from all 

sectors is required. Although diurnal and seasonal variations of carbon emission from 

aquaculture ponds have been investigated (e.g., Hu et al., 2020; Yuan et al., 2021; Zhang et al., 

2022), most of the studies were limited to a relatively short time period. Our measurements 

over the five-year period (2017–2021) showed large inter-annual variations, with the 

coefficient of variation for CO2 and CH4 fluxes at 168.0% and 127.3%, respectively. Therefore, 

short-term or low-frequency measurements could result in large accounting errors in GHG 

budget. 

This creates a conundrum for national GHG assessment. Because of the sheer number of small-

hold aquaculture ponds spreading over nearly the entire coastline of China, the government 

simply does not have the resource to monitor them frequently and will have to rely on the 

farmers to report data on a regular basis, but sophisticated and expensive equipment and 

procedures are not suitable for small-hold aquaculture operators. Therefore, simple and 

practical methods for estimating GHG emissions will be highly desirable. Automated or 

handheld dataloggers for dissolved CO2 are relatively inexpensive and low maintenance 

(e.g., Zosel et al., 2011), and FCO2 can be calculated from CCO2 using easily obtained wind (from 

weather station) and water temperature data (stand-alone sensor or integrated into CO2 sensor). 

We therefore attempted to derive useful algorithms to predict FCH4 from FCO2, and compared the 

outcomes by binning the data at different time resolutions. 

Using only the raw data, the linear regressions had poor predictive power (r2 < 0.5), suggesting 

that CO2 and CH4 dynamics in the aquaculture ponds were regulated by different factors there 

were loosely coupled in time. However, the predictive power of the algorithms improved 

considerably when we used data averaged by month, by season and by year (Table 1), 

suggesting that the biogeochemical processes for CO2 and CH4 were more in-sync at the lower 

temporal resolutions. For applications, we recommend measuring CCO2 in high frequency, from 

which FCO2 can be calculated, then binning FCO2 by month to preserve more temporal detail in 

the data (Fig. 7); monthly FCH4 can then be derived from the algorithm with a fair degree of 

confidence (r2 = 0.664; p < 0.001). 

Although the algorithm should provide a simple and reliable way to assess total diffusive 

carbon emission from aquaculture ponds, it is important to consider that this approach did not 

take into account CH4 ebullition from the sediment, which at times can be a much larger 

emission source than diffusion (Yang et al., 2022b). However, ebullition is highly 

heterogenous in time and in space (de Mello et al., 2018; Martinez and 

Anderson, 2013; Yang et al., 2020b); it cannot be characterized by conventional water 

sampling or in situ sensors, and proper measurement would require frequent deployment of gas 

trap (Yang et al., 2020b) or hydroacoustic detector (Martinez and Anderson, 2013), both of 

which are not practical for farmers. Devising a simple and reliable method to estimate 

CH4 ebullition from aquaculture ponds remains a key challenge to assessing the true extent of 

climate footprint of the sector. 

 

5. Conclusions 

In 2019, the worldwide aquaculture output amounted to 116.8 million 

tons. FAO (2020) forecasts a 32% surge by 2030, which intensifies concerns about the impact 

on pollution and climate (Chen et al., 2023; IPCC, 2019). It is a delicate task to balance 

between economic development, food security and GHG mitigation in the aquaculture sector. 
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Several studies have shown that artificial aeration is a simple and effective method to decrease 

CH4 emission from aquaculture ponds, although its adoption among farmers remains limited 

(Fang et al., 2022; Yang et al., 2023b). We propose that improving feed formulation and 

refining feed strategies can not only decrease FCR but also cut down carbon emission, leading 

to a more profitable and sustainable production. 

This study showed that coastal aquaculture ponds were a strong source for atmospheric 

CO2 and CH4 but with significant temporal variations. As such, short-term or low-frequency 

measurements may result in erroneous GHG budget. We produced a simple algorithm to derive 

monthly CH4 diffusive flux from CO2 concentration measurements, the latter of which can be 

monitored routinely with simple sensors and calibrated periodically with more rigorous 

measurements. This empirical algorithm provides a simple and practical solution that would 

allow small-hold aquaculture operators and government officials to expand monitoring effort 

and data coverage to improve GHG assessment. 
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