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The contribution of aquaculture to the total greenhouse gas (GHG) emission from agriculture is small. 
However, it is a major concern as aquaculture is one of the fastest growing agricultural activities. Life 
cycle analysis (LCA) indicates that formulated feed is the major contributor to GHG emission from 
aquaculture. Depending on the boundaries set for the LCA, the contribution from feed to GHG emission 
varies between 24 and 93%. Therefore, insight in the mechanisms of GHG emission is important. 
Carbon dioxide (CO2) is the major contributor to global warming, but other gases, of which nitrous 
oxide (N2O) and methane (CH4) are the most important gases, are responsible for close to 30% of global 
warming. All water bodies release GHG, and the difference in emission between a natural water body 
and an aquaculture pond should be considered. Generating more in-depth insight in GHG emissions 
from aquaculture production systems in function of farm system design and operation is needed to 
develop strategies to reduce emissions from aquaculture farms. Ecological intensification by growing 
fish/shrimp within the carrying capacity of the pond, or using renewable energy such as solar power for 
farm operation, and using more efficient equipment, can help to reduce GHG emissions. The nutritious 
pond concept is providing nutrient inputs to ponds, aiming for a metabolic waste/faeces composition 
resulting from feeding that is easily degradable by microbiota and hence stimulates the natural food 
web of the pond. A dual-purpose feed is formulated that feed the fish directly and indirectly, as feed 
and natural food, respectively. The concept aims to reach the maximum production potential within 
the carrying capacity of the pond and might even be able to increase the carrying capacity through the 
efficient biogeochemical cycling of nutrients. The fact that in semi-intensive tilapia ponds fed nutritious 
pond feed, the protein contained in harvested fish was more than 70% of the protein fed, shows the 
nutrient utilization efficiency is high. How nutritious pond farming will influence GHG emissions from 
ponds needs further investigation. 

(Key words: CO2 emission, Ecological intensification, Greenhouse gas emission, Methane emission, Nutritious 
pond concept)

*Corresponding author: E-mail: kakabirdu@yahoo.com

J. Indian Soc. Coastal Agric. Res. 38(2): 125-131 (2020)

Fish play an important role in meeting the current 
and future food demands within the global food system. 
Fish, from aquaculture and fisheries combined, provide 
at least 15% of the animal protein demand of 4.3 
billion people (Lynch, 2017) and contributes 3.11% of 
global GDP (FAO, 2018). Fish demand increases with 
population growth. Supply of fish from capture fishery 
has been static for the last decades, meaning that current 
increases in fish supplies are coming from aquaculture. 
Consumption of fish from aquaculture as part of global 
supply grew from 6% to 53% in the last 50 years. 
Aquaculture is the fastest growing food sector and in 
2016 had a total annual production of 80 million metric 
tons, valuing ~180 billion USD (FAO, 2018). 

This rapid growth of aquaculture significantly 
improved food and nutrition security, economic growth 
and employment creation. However, this growth is also 
responsible for several environmental impacts. Most 
of the environmental impacts are local or regional and 
are very much context specific. Environmental impacts 
include chemical pollution, depletion or enrichment of 
nutrients, habitat loss, disease, introduction of exotic 
species, inefficient energy and biotic resource use, etc. 
(Henriksson and Elletier, 2013). In contrast to most 
environmental impacts from aquaculture, Greenhouse 
gas (GHG) emission is a global phenomenon, common 
across all aquaculture production systems. Carbon 
dioxide, methane and nitrous oxide are the three major 
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gas referred to as GHG. The carbon footprint is one of 
the popular indicators used to evaluate the total GHG 
released during the complete life cycle of certain products 
and services, from the gathering of raw materials to 
manufacturing, assembly, and transportation, as well as 
use, disposal and waste treatment (Williams, 2009). 

GHG emission continues to rise and is a major 
threat to sustainability. According to IPCC (2014), 
emission from agriculture is 4th largest contributor to 
GHG emissions behind electricity and heat production, 
industry and transportation, responsible for 14% of the 
total emission. The contribution of aquaculture to the 
total emission from agriculture is still little but is a major 
concern as aquaculture is one of the fastest growing 
agricultural based activities. Besides carbon dioxide, 
methane emission from water bodies is naturally 
occurring, therefore expansion of aquaculture means 
expansion of methane emission. Ongoing intensification 
concurring with increased reliance on formulated feed 
input will further increase emissions of carbon dioxide 
and nitrous oxide as well.  According to Paris agreement 
(COP 21) all signed parties agreed to reduce GHG 
emissions by 2030. That means the production needs to 
be more efficient so that we can achieve the expected 
doubling of yield without increasing the carbon 
footprint, which is very challenging. 

This review aims to present a general overview 
on how GHG emission is measured, what are the main 
types of GHG emission from aquaculture, and where 
to reduce GHG emission sufficiently to create space to 
double aquaculture production by 2050. The second part 
is to theoretically analyse the potential of the nutritious 
pond concept in addressing the emission of the three 
major GHG gas.       

How is GHG emission measured?

The most popular way of measuring GHG emission 
is by life cycle assessment (LCA) of a particular 
commodity where emissions throughout the value 
chain are considered. An example of LCA on a salmon 
farm (Pelletier et al., 2009) indicated that 93% of GHG 
emission is from feed and feed related activities such 
as feed ingredients from the crop, fisheries (fishmeal), 
livestock (meat and bone meal), feed manufacturing 
and transport. Here, more than 85% of the emission 
is coming from feed ingredients, with fishmeal alone 
responsible for 52%. However, in this analysis, post-

harvest losses were not included. Another LCA on an 
ecological shrimp farm in China (Chang et al., 2017) 
that included post-harvest and waste treatment had 
electricity (29%), feed (24%), indirect raw materials 
which are mainly used for pond preparation and water 
quality maintenance (22%), waste treatment (11%) and 
transport and refrigerant (11%) as main contributors to 
GHG emission. If we compare the above two assessment 
outcomes, we can conclude that framing the boundaries 
of the LCA, and species and farming system choice 
result in large differences in LCA output. 

There is also variation within the same species and 
farming system. For example, yield from semi-intensive 
black tiger shrimp farm can range from 3000  to 7000 
kg ha-1 year-1 (Ahmed, 2013; Faruque et al., 2017). With 
changing the yield the intensity of input use changes 
causing differences in GHG emission related to amount 
and types of input. On the other hand, some emissions 
from water bodies are natural and do not change much 
with the culture intensity. However, this context specific 
changes are difficult to capture in LCA. Again for feed 
use, there are feeds with 25-40% protein content, with 
large variation in ingredients used that provide protein. 
If the fish meal is a major part of the protein, the emission 
will be higher compared to plant protein (Henriksson 
et al., 2014). If the ingredients are locally sourced or 
imported, also affects the total carbon footprint of the 
final product. Shrimp, which is mainly exported, has 
a large footprint from the processing (freezing) and 
shipment while carps which are often locally consumed 
do have a much smaller portion of emission during post-
harvest handling. 

One of the major alarming GHG components from 
aquaculture is N2O (nitrous oxide) which can vary a lot 
based on the amount of protein and their utilization. An 
efficient nitrogen cycle will lead to less emission and 
an increase in temperature will reduce N2O emission 
from aquaculture (Paudel et al., 2015). So, the climate 
also influences emission. CH4 (methane) emission is 
naturally occurring from waterbodies. Conversion of 
wetlands to aquaculture ponds often requires deepening 
of the pond. CH4 emission is higher in shallow water 
bodies compared to deeper aquaculture ponds (Peacock 
et al., 2019). The trade-off in emission between a 
natural water body and an aquaculture operation should 
also be considered in LCA. The values of emission from 
different inputs and management practices calculated 
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in LCA are also based on some assumption which can 
largely vary (Henriksson et al., 2018). Due to these 
limitations, some scientists prefer the estimation of 
emission directly from the farming system (Vasanth  
et al., 2016). 

Estimation of direct GHG emission cannot 
capture the total emission from the complete product 
development phase but presents a more accurate value 
coming directly from the farming system. Such a 
direct measurement on GHG emission from white leg 
shrimp (Litopenaeus vannamei) ponds in India reports 
4.56 kg CO2e kg-1 shrimp yield (Vasanth et al., 2016) 
which is 35% less than the reported (6.94 kg CO2e kg-1) 
emission for the same species using LCA (Chang et 
al., 2017). There are few studies which have measured 
directly GHG emission as well as used LCA to do a 
meta-analysis on comparison of the methods. We can 
conclude that direct emission from aquaculture ponds is 
a fraction of the emission from the product value chain. 
Moreover, direct emission measured from an open water 
aquaculture system, such as cage culture, is not a real 
representation as well.           

How can we reduce GHG emission?

In general, five major segments of GHG emission 
are electricity, feed, indirect material cost, waste 
treatment and post-harvest processing, including 
transport. Ecological intensification by growing fish/
shrimp within the carrying capacity of the pond, or 
using renewable energy such as solar power for farm 
operation, and using more efficient equipment, can 
minimize reduce energy use. Also for many species, 
aeration or water pumping are not required. Hence, 
reducing GHG emissions by adapting farming systems 
design can be explored. 

Emission from fish transportation and refrigeration 
can also be minimized by diversified siting of 
processing and distribution plants nearer to demand 
areas and improving efficiency. Of course, relocation 
of production for all species is not feasible. Eleven 
per cent of globally traded fish are exported to Africa 
(FAO online) while this continent has plenty of water 
resources to grow fish. Instead of inter-continental trade, 
regional trade can minimize GHG emission. 

However, the most challenging part is addressing 
the emission from feed, indirect raw materials and waste 
treatment. With the current growth rate and the projected 

doubling requirement, feed use will inevitably increase 
near to double, leading to increase in the waste which 
is mainly driven by the feed and also with increased 
feed and waste, to keep the water quality balanced more 
medicine, chemicals or equipment will be required 
(Fenchel et al., 2012). Emission from feed depends 
mainly on two factors - the types of ingredient used and 
utilization efficiency of the feed. For example, fishmeal 
has more GHG emission compared to rice bran. But, 
fishmeal provides protein in the diet while rice bran 
is mainly for energy and comes as a co-product. If we 
add protein from plant based sources such as soybean 
meal, the emission is comparable. However, this change 
in ingredient composition can influence the utilization 
efficiency of the feed and might raise the overall 
emission. Increased inclusion of plant based ingredients 
in fish feed is a growing trend. Often the inclusion 
of plant based ingredients leads to increased waste 
production (Tran-Tu et al., 2018), meaning that more 
emission will come from the waste management section. 
The core motto for reducing emission is “Reduce, Reuse, 
and Recycle”. So we have to grow more with less by 
increasing input use efficiency. In addition, reuse and 
recycle resources within the production system or in the 
linked production system (Ahmed and Glaser, 2016). 
One example can be growing crops with wastewater or 
using the bottom sludge as fertilizer for crops.       
What is nutritious pond concept (NPC)? 

The nutritious pond concept is providing nutrient 
inputs to ponds, aiming for a metabolic waste/faeces 
composition resulting from feeding that is easily 
degradable by microbiota and hence stimulates the 
natural food web of the pond. The enhancement 
effect on the food web includes algae, heterotrophic 
and chemoautotrophic microbiota, zooplankton and 
benthos in the water column and sediment. A concept 
of dual purpose feed was developed, which feeds the 
fish directly and indirectly, as feed and natural food, 
respectively (Fig. 1). It follows the core motto of GHG 
emission reduction - “Reduce, Reuse, and Recycle”. 
Because of the enhanced contribution of natural food 
we can grow more with less. The uneaten feed and 
feed driven waste is largely reused/recycled within the 
pond for enhancing the natural food. It aims to reach 
the maximum production potential within the carrying 
capacity of the pond and might even be able to increase 
the carrying capacity by efficiently functioning the 
biogeochemical cycle in the pond.
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In traditional ponds feed targets the farm animal, not 
considering fertilizer effects. In nutritious ponds, feed is 
applied to nourish the whole system by feeding the fish 
directly and indirectly through natural foods produced 
based on nutrients resulting from feed application. 
Natural foods include phytoplankton, benthic organisms, 
detritus, zooplankton, biofilms (bottom and periphyton). 
In traditional ponds a large fraction of nutrients 
accumulates in the sediment, while in the nutritious 
pond more nutrients pass through the natural food web, 
reducing nutrient accumulation in the sediment.

How nutritious pond concept helps reducing carbon 
footprint?

N2O emission

N2O emission takes place from incomplete 
nitrification and denitrification. The total emission of 
N2O depends on nitrogen (N) input mainly via feed and 
fertilizer and output in the fish biomass. The more N 
is included the higher N2O emission (Hu et al., 2012). 
Therefore, a reduction in the feed N input will reduce 
N2O emission. An NPC-feed contains less protein 
compared to conventional diets (Kabir et al., 2019a) and 
thus less N2O emission assuming that the production 
systems are the same, except the feed.

In addition to total N input, the efficiency of N use 
in the system also partly regulates the N2O emission 
from aquaculture. In the conventional diets, 25% of 
feed N is converted to fish biomass and subsequently, 
rest passes through the aquatic nitrogen cycle and 20% 
becomes N2O and N2  (Hu et al., 2012) where the part of 
N2O is very little. In semi-intensive tilapia ponds using 
NPC-feed, the N retention in fish biomass was above 
70% (Kabir et al., 2019b). Therefore, application of 
NPC-feed in pond aquaculture can reduce 2.85 folds of 
direct N2O emission from the farming system.

Fig. 1. Conceptual drawing visualizing the difference between a 
“traditional pond” to a “nutritious pond” 

CH4 emission

Aquaculture ponds are potentially large sources 
of atmospheric methane (CH4) that can exacerbate 
climate change. A thorough understanding of various 
CH4 biogeochemical processes occurring in the ponds 
is essential for the prediction and management of CH4 
emissions arising from aquaculture. Studies on shrimp 
ponds in Min River Estuary and Jiulong River Estuary 
in China indicated that CH4 concentration is higher in 
bottom water compared to middle and surface water and 
the concentration gradually increases with the progress 
of the culture cycle (Yang et al., 2019). CH4 fluxes across 
the sediment-water interface and CH4 oxidation rate in 
the overlying water significantly varied between the 
ponds from two different deltas indicating that the soil 
properties and overlying water influences CH4 dynamics 
in aquaculture ponds. Similarly, the enhancement of 
the food web in pond aquaculture with NPC-feed also 
is partly regulated by the soil and water properties. 
However, the methanotrophic bacteria, enhanced by the 
application of NPC-feed in the pond aquaculture breaks 
down CH4 via type I and type II methanotrophs (Fig. 4) 
and produces microbial biomass (Hanson and Hanson, 
1996), while reducing CH4 emission.

However, to what extent the NPC-feed enhances 
the methanotrophic bacteria and as a consequence at 
what percentage of CH4 emission is reduced from the 
aquaculture ponds has not been quantified. Specific 
research on this agenda can generate interesting 
information on carbon footprint management from 
aquaculture as by quantity CH4 is the 2nd largest GHG 
emission from aquaculture.    

CO2 emission

A cumulative respiratory CO2 emission from all 
living biota from aquaculture is responsible for direct 
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emission of CO2 from the farming system. As many 
of the biota ends up into fish biomass and productivity 
increases per unit of feed input it is assumed that 
CO2 emission per unit of fish/shrimp produced is less 
compared to the conventional approach. However, there 
is no clear pathway to justify this claim. Direct GHG 
emission measurement from the farms under NPC and 
conventional approach can provide insight on it.   

Waste management

Application of NPC allows reuse and recycling of 
nutrients in a productive way within the system. Kabir 
et al. (2019b) found that the amount of nutrients present 
at the end of the production cycle is equal or less than 
the amount present at the start. As a major portion of 
waste is recycled and reused within the pond during the 
culture period, the likelihood of GHG emission from 
waste treatment is less under the nutritious pond concept 
compared to a conventional approach. However, this 
has not been quantified yet.  

Fig. 2. Conceptual diagram on N2O emission from feed N. Copied from (Hu et al., 2012)

Fig. 3. Principal transformation process of nitrogen in aquaculture system. Assuming a nitrogen input of 
1000 g N, and the nitrogen transformation in each pathway is based on the statistical analysis of 
literature published. (Source: Hu et al., 2012)

Use of aqua-chemicals

Application of NPC keeps a good balance between 
nutrient application, uptake and waste generation. 
As a result, the pond environment remains healthy. 
Comparisons on aqua-chemicals used in conventional 
tilapia or shrimp farms are much less compared to the 
NPC demonstration for tilapia by Kabir et al. (2019b). 
However, the difference in GHG emission due to 
lesser application of aqua-chemicals has not yet been 
quantified.     

Application of the nutritious pond concept has great 
potential to reduce direct GHG emission from (farming 
systems of) pond aquaculture. In addition, in feed except 
for the crude protein ingredients, others are often co-
products from agriculture and cause less GHG emission. 
In the NPC-feed the inclusion of protein ingredients are 
significantly less and co-products are more. Assessment 
of product lifecycle of NPC is therefore also likely to 
reduce GHG emission. However, all the arguments 
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about the potential of NPC in reducing carbon footprint 
are presented based on a theoretical framework and very 
little evidence is yet generated to support the claims. 
Therefore, research on the quantification of GHG 
emission from NPC by both direct emission estimation 
and LCA is required.    

REFERENCES

Ahmed, N. (2013). Linking prawn and shrimp farming 
towards a green economy in Bangladesh: 
Confronting climate change. Ocean and 
Coastal Management 75: 33-42. doi:10.1016/j.
ocecoaman.2013.01.002.

Ahmed, N. and Glaser, M. (2016). Can “Integrated 
Multi-Trophic Aquaculture (IMTA)” adapt to 
climate change in coastal Bangladesh? Ocean and 
Coastal Management 132: 120-131. doi:10.1016/j.
ocecoaman.2016.08.017.

Chang, C., Chang, K., Lin, W. and Wu, M. (2017). 
Carbon footprint analysis in the aquaculture 
industry: Assessment of an ecological shrimp 
farm. Journal of Cleaner Production 168: 1101-
1107. doi:10.1016/j.jclepro.2017.09.109.

COP 21. (2015). The key points of the Paris Agreement, 
https://www.diplomatie.gouv.fr/en/french-
foreign-policy/climate-and-environment/2015-
paris-climate-conference-cop21/cop21-the-paris-
agreement-in-four-key-points.

FAO. (2018). The State of World Fisheries and 
Aquaculture 2018 - Meeting The Sustainable 
Development Goals. FAO, Rome. 210 p.

FAO. Online. GLOBEFISH - Information and Analysis 
on World Fish Trade. http://www.fao.org/in-
action/globefish/fishery-information/resource-
detail/en/c/338418.

Faruque, G., Sarwer, R. H., Karim, M., Phillips, M., 
Collis, W. J., Belton, B. and Kassam, L. (2017). 
The evolution of aquatic agricultural systems in 
Southwest Bangladesh in response to salinity and 
other drivers of change. International Journal of 
Agricultural Sustainability 15(2): 185-207. doi:10
.1080/14735903.2016.1193424.

Fenchel, T., Blackburn, H., King, G. M. and Blackburn, 
T. H. (2012). Bacterial Biogeochemistry: The 
Ecophysiology of Mineral Cycling, Third Edition, 
Academic Press, London, UK. 303 p.

Hanson, R. S. and Hanson, T. E. (1996). Methanotrophic 
bacteria. Microbiological Reviews 60(2): 439-471. 
doi:10.1002/0471263397.env316.

Henriksson, P. J. G. H. Pelletier, N. L., Troell, M. and 
Tyedmers, P. H. (2013). Life cycle assessments 
and their applications to aquaculture production 
systems. In: Sustainable Food Production, P. 
Christou, R. Savin, B. A. Costa-Pierce, I. Misztal 
and C. B. A. Whitelaw (eds), Springer, New York, 
NY. https://doi.org/10.1007/978-1-4614-5797-8-191.

Henriksson, P. J. G., Belton, B., Murshed-e-Jahan, K. 
and Rico, A. (2018). Measuring the potential 
for sustainable intensification of aquaculture 
in Bangladesh using life cycle assessment. 
Proceedings of the National Academy of Sciences 
115(12): 2958-2963. doi:10.1073/pnas.1716530115.

Fig. 4. Methane oxidation by methanotrophs: “a” is ribulose monophosphate (RuMP) pathway in 
type I methanotrophs and “b” is Serine pathway in type II methanotrophs. The figures are 
copied from (Hanson and Hanson, 1996)



38(2)	 Reducing the carbon footprint from ponds	 131

Henriksson, P. J. G., Zhang, W., Nahid, S. A. A., Newton, 
R., Phan, L. T., Dao, H. M., Zhang Z., Jaithiang, 
J., Andong, R., Chaimanuskul, K., Vo, N. S., 
Hua, H. V., Haque, M. M., Das, R., Kruijssen, 
F., Satapornvanit, K., Nguyen, P. T., Liu, Q., Liu, 
L., Wahab, M. A., Murray, F. J. and Little, D. C. 
(2014). Final LCA Case Study Report: Results 
of LCA Studies of Asian Aquaculture Systems for 
Tilapia, Catfish, Shrimp, and Freshwater Prawn, 
SEAT Deliverable D3.5, Sustaining Ethical 
Aquaculture Trade, Leiden, The Netherlands. 
http://media. leidenuniv.nl/legacy/d35-final-case-
study-report.pdf.

Hu, Z., Lee, J. W., Chandran, K., Kim, S., and Khanal, 
S. K. (2012). Nitrous oxide (N2O) emission from 
aquaculture: A review. Environmental Science 
and Technology 46(12): 6470-6480. doi:10.1021/
es300110x.

IPCC (2014). Climate Change 2014: Synthesis Report. 
Contribution of Working Groups I, II and III to the 
Fifth Assessment Report of the Intergovernmental 
Panel on Climate Change, Core Writing Team, R. 
K. Pachauri and L.A. Meyer (eds.), IPCC, Geneva, 
Switzerland. 151 p. Retrieved from. https://ar5-
syr.ipcc.ch.

Kabir, K. A., Schrama, J. W., Verreth, J. A. J., Phillips, 
M. J. and Verdegem, M. C. J. (2019a). Effect of 
dietary protein to energy ratio on performance of 
Nile tilapia and food web enhancement in semi-
intensive pond aquaculture. Aquaculture 499 : 235-
242. doi:10.1016/j.aquaculture.2018.09.038.

Kabir, K. A., Verdegem, M. C. J., Verreth, J. A. J., 
Phillips, M. J. and Schrama, J. W. (2019b). Effect 
of dietary protein to energy ratio, stocking density 
and feeding level on performance of Nile tilapia in 
pond aquaculture. Aquaculture 511. doi:10.1016/j.
aquaculture.2019.06.014.

Lynch, A. J., Cowx, I. G., Fluet-Chouinard, E., Glaser, 
S. M., Phang, S. C., Beard, T. D. Jr., Bower, S. 
D., Brooks, J. L., Bunnell, D. B., Claussen, J. E., 
Cooke, S. J., Kao, Y. C., Lorenzen, K., Myers, B. 
J. E., Reid, A. J., Taylor, J. J. and Youn, S. (2017). 
Inland fisheries - invisible but integral to the UN 
Sustainable Development Agenda for ending 
poverty by 2030. Global Environmental Change 47: 
167-173. www.sciencedirect.com/science/ article/
pii/S0959378017303965.

Paudel, S. R., Choi, O., Khanal, S. K., Chandran, 
K., Kim, S. and Lee, J. W. (2015). Effects of 
temperature on nitrous oxide (N2O) emission 
from intensive aquaculture system. Science of the 
Total Environment 518-519: 16-23. doi:10.1016/j.
scitotenv.2015.02.076.

Peacock, M., Audet, J., Jordan, S., Smeds, J. and Wallin, 
M. B. (2019). Greenhouse gas emissions from 
urban ponds are driven by nutrient status and 
hydrology. Ecosphere 10(3). e02643. doi:10.1002/
ecs2.2643.

Pelletier, N., Tyedmers, P., Sonesson, U., Scholz, A., 
Zeigler, F., Flysjo, A., Kruse, S., Cancino, B. and 
Silverman, H. (2009). Not all salmon are create 
equal: life cycle assessment (LCA) of global 
salmon farming systems. Environment Science 
and Technology 43(23): 8730-8736.

Tran-Tu, L. C., Hien, T. T. T., Bosma, R. H., Heinsbroek, 
L. T. N., Verreth, J. A. J. and Schrama, J. W. 
(2018). Effect of ingredient particle sizes and 
dietary viscosity on digestion and faecal waste of 
striped catfish (Pangasianodon hypophthalmus). 
Aquaculture Nutrition 24(3): 961-969. doi:10.1111/
anu.12632.

Vasanth, M., Muralidhar, M., Saraswathy, R., 
Nagavel, A., Dayal, J. S., Jayanthi, M., Lalitha, 
N., Kumararaja, P. and Vijayan, K. K. (2016). 
Methodological approach for the collection and 
simultaneous estimation of greenhouse gases 
emission from aquaculture ponds. Environmental 
Monitoring and Assessment 188(12). doi:10.1007/
s10661-016-5646-z.

Yang, P., Lai, D. Y. F., Yang, H., Tong, C., Lebel, 
L., Huang, J. and Xu, J. (2019). Methane 
dynamics of aquaculture shrimp ponds in 
two subtropical estuaries, Southeast China: 
dissolved concentration, net sediment release, 
and water Oxidation. Journal of Geophysical 
Research: Biogeosciences 124(6): 1430-1445. 
doi:10.1029/2018JG004794.

Williams, A. S. (2009). Life Cycle Analysis: A Step by 
Step Approach. Illinois Sustainable Technology 
Center TR Series, TR-040, Illinois Sustain-able 
Technology Center, Champaign, IL, USA. 23 p.


