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Abstract 

Integrated rice–shrimp ponds (IRSPs) are common in areas of southeast Asia where 

saltwater intrudes into rice fields in the dry season, leading to rice planting in the wet 

season, and shrimp farming in the dry season or throughout the year. The rotation of 

rice with shrimp in this system is thought to increase environmental sustainability and 

contribute to food security. Nevertheless, the productivity of IRSPs is generally low and 

unreliable, and technical solutions do not address the impacts of climate change. 

Consequently, farmers experience reduced livelihood and lifestyle opportunities. 

The understanding of the biogeochemistry in shrimp ponds has focused on water 

column processes. However, shrimp live at the sediment–water interface where 

chemical and biological processes in and on the sediment, and the effects on water 

quality, can impact shrimp health, and overall pond productivity. This PhD research 

examines the sediment biogeochemical processes particularly relevant to shrimp health 

in IRSPs, i.e. nutrients and oxygen. Options for modifying conditions to improve IRSPs 

productivity are also discussed. 

The study examined ISRPs in two districts of Ca Mau Province, Vietnam. In the 

nutrient budget study, 12 farms in Cai Nuoc District were examined. It became clear 

that this district was marginal for sustainable rice production; hence in order to examine 

biogeochemical processes in more detail, two ISRPs in Thoi Binh District, where rice 

production was more sustainable, were investigated. A combination of measurements of 

parameters in the water and sediment were combined with nutrient and oxygen flux 

measurements in situ (pond side) to understand the dynamic nature of these systems. 

The first step in understanding biogeochemical processes was to estimate nutrient 

budgets in IRSPs. The study showed that the main nutrient input (92% of the N input, 

57% P and 95% C) came from intake water, while water discharge accounted for the 

highest output (75% of the N output, 41% P and 57% C). Hence, most of the nutrients 

were not assimilated in the ponds. The main reason for this poor assimilation was low 

shrimp densities and survival (6.3 ± 2.2%); thus the nutrients did not convert to shrimp 

biomass. This, combined with the low rice harvest (mostly no rice crop due to high 

salinity affecting rice production), supports the conclusion that IRSPs seemed to be 

inefficient systems. Furthermore, fertilizer addition only accounted for 8% N, 43% P 
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and 5% C of the total input, and thus fertilizer addition was likely to be an unnecessary 

expense. 

The study also found that IRSPs had periods of low dissolved oxygen (DO) 

concentration which may have a critical negative effect on shrimp survival. To 

understand the causes of low DO, oxygen fluxes were examined at two IRSPs during a 

two-year period. The key finding was that a high percentage of oxygen demand at a 

whole pond scale was from the sediment; hence sediment oxygen demand (SOD) drove 

low DO concentrations in the water column. Moreover, oxygen demand was 

considerably higher than oxygen production within the IRSPs, indicating high bacterial 

activity relative to algal production. SOD rates were significantly positively correlated 

(p < 0.05) with chlorophyll a concentrations in the water column. These findings 

suggest that algal production in the water column, rather than benthic algal production, 

or other organic loadings, provided an organic carbon source driving SOD. 

Sediment nutrient pathways were also examined at the same two IRSPs to understand 

drivers of poor water quality. The study showed that the IRSPs had low denitrification 

efficiency. Denitrification rates were significantly positively correlated with chlorophyll 

a concentrations in the sediment, suggesting carbon availability was a key driver. 

Nitrate, ammonium and phosphate concentrations in the water column were high 

despite low sediment nutrient fluxes. Given the low sediment nutrient fluxes, and low N 

removal by denitrification, high nutrient loads in the ponds were likely derived from 

incoming water. Despite the low mean values for denitrification, the fact that values at 

some sites within the ponds were high suggests that there was scope to enhance 

denitrification, via C addition, and hence to improve water quality. 

In summary, this study examines key nutrient biogeochemical fluxes in IRSPs and 

shows, for the first time, that sediment was a main driver of low oxygen conditions in 

these ponds. High nutrient loads, which also ultimately helped drive low oxygen 

conditions, were the result of poor quality incoming water and inefficient N removal via 

denitrification. Nutrients were mostly in-fluxing into the sediment; hence sediment 

nutrient fluxes were relatively low and were minor contributors to water column 

nutrients. These key findings indicate that rather than contributing to eutrophication in 

adjacent waterways, IRSPs were net nutrient removal mechanisms. 
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Chapter One: General introduction 

1.1 Integrated rice–shrimp ponds and their biogeochemistry 

Shrimp farmers in the Mekong Delta (MD), Vietnam, have traditionally used extensive 

shrimp-farming methods. Over the past few decades, however, shrimp farming has been 

rapidly expanded, and farming systems have been diversified, and now include 

mangrove-shrimp and rice–shrimp systems, improved-extensive culture, semi-intensive 

culture and intensive culture. In the late 1980s, the price of rice declined and the 

original rice varieties could not grow in the coastal areas due to saline water intrusion, 

leading to period of stagnation in the income from rice farming (Khiem and Khai, 2008; 

Nhan et al., 2012). Farmers were therefore facing poverty, with limited opportunities for 

income from other sources (Khiem and Khai, 2008). 

To overcome this circumstance, farmers in Bac Lieu province were the first pioneers to 

convert rice land to shrimp aquaculture in the dry season, with two naturally abundant 

species — Penaeus merguiensis and Penaeus indicus (Can, 2011; Preston and Clayton, 

2003). By opening their sluice gates in the dry season, they allowed the saline water and 

the natural shrimp species to enter the rice fields after harvesting rice. In the wet season, 

farmers relied on the heavy monsoon rains to desalinate the remaining salinity of the top 

soil layer on the central rice platform before planting rice (Be et al., 1999; Preston and 

Clayton, 2003).  

This alternative to traditional coastal shrimp ponds, the farming of shrimp in agriculture 

fields, is still being practised in areas with saline soils and in tidal areas. The practice 

uses the changing seasonal conditions (i.e. fresh and saline water availability) 

throughout the year. Rice, and in some cases shrimp, are grown during the wet (rainy) 

season (June–November) and shrimp during the dry season (December–May). An 
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estimated 19% (786,329 ha) of the total area in the MD is subject to saline water 

intrusion, resulting in an environment that is predominantly freshwater in the rainy 

season but brackish in the dry season (Tho et al., 2013). In theory, the benefits of this 

system are that feed residues and shrimp metabolites remain in the cultivated area and 

provide fertilizer for the rice crop. The rice crop, which is cultivated after the shrimp is 

harvested, uses and absorbs any excess organic loads that could affect the subsequent 

shrimp crop negatively. Additionally, the low salinity may destroy shrimp pathogens. 

During the dry season, rice stubble provides substrate as a natural food for the shrimp. 

This interaction is also present in the integration of fish aquaculture with rice 

cultivation, and has been proposed as an environmentally responsible way to boost 

production in aquaculture (Frei and Becker, 2005). 

The average shrimp productivity of the rice–shrimp system ranges from 0.25 to 0.30 t 

ha-1 crop-1 with stocking density of 1–2 post larvae m-2 (Brennan et al., 2002; Preston et 

al., 2003). The integration of shrimp production into the traditional monocultural rice 

farming system means that farmers now have a supplementary source of income. Many 

changes in cultivation have occurred over the years, including (i) using a shrimp 

species, called Penaeus monodon, more commonly known as black tiger shrimp, which 

commands a high market price (Hoa et al., 2011); (ii) using nursery ponds; and (iii) 

growing higher salinity-tolerant rice varieties (Be, 1994; Nhan et al., 2012; Preston and 

Clayton, 2003). However, in recent years, farmers on the Ca Mau peninsula, including 

Ca Mau, Soc Trang, Kien Giang and Bac Lieu provinces, have been negatively affected 

by saline soil, which has reduced their rice and shrimp production (Tho et al., 2013). 

Shrimp in this rice–shrimp system contributes to increased income for farmers, and the 

rice–shrimp rotation is supposed to increase environmental sustainability and contribute 
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to food security. Nevertheless, there are some problems: the productivity of rice–shrimp 

ponds is generally low and unreliable, disease increasingly occurs, and climate change 

is having an impact on rice–shrimp production. Hence, many questions have been raised 

about the sustainability of the rice–shrimp model and solutions are needed to improve 

productivity. 

Understanding of biogeochemistry in shrimp ponds (in extensive, improved extensive, 

semi-intensive and intensive systems) has focused on water column processes. 

However, shrimp live at the sediment–water interface; chemical and biological 

processes occur in and on the sediment, and the interaction with water quality can have 

an impact on shrimp health and overall pond productivity. This PhD research aims to 

complement an existing ACIAR (Australian Centre for International Agricultural 

Research) rice–shrimp project (SMCN/2010/083), which focuses on the mechanisms, 

processes and functionality of IRSPs. 

 

1.2 Biogeochemical processes in shrimp ponds 

1.2.1 Oxygen 

Cultured animals, including shrimp, are dependent upon dissolved oxygen (DO) to 

survive; hence oxygen is vital to shrimp for maintaining life. A water mass is 

considered hypoxic when DO saturation is < 30%, or about 2 mg L-1 (Zhang et al., 

2010), and anoxic when DO is absent. Although the tolerance of different animals to 

low DO conditions varies, animals tend to avoid water with a DO saturation < ~ 40% 

(Ekau et al., 2010).  

DO management in extensive aquaculture ponds is made more difficult not only 

because of the complexity of the ecological interactions driving oxygen production and 
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consumption, but also because of diurnal fluctuations. Photosynthetic biomass 

principally produces DO during the day. On calm days, photosynthesis by an algal 

bloom often elevates DO concentrations to super-saturated concentrations (Ekau et al., 

2010). At night, phytoplankton metabolism changes completely to respiration and the 

DO may be rapidly drawn down, with the lowest DO concentrations usually occurring 

just before daybreak. When DO concentrations are below saturation point, re-aeration of 

ponds can occur via the wind; the rate of the mass transfer of DO is a function of the 

wind speed. Thus, when the pond is supersaturated, the wind can de-oxygenate the 

water. In intensive and some semi-intensive shrimp ponds, paddlewheels and other 

aerators are used to counteract oxygen drawdown, thus keeping oxygen concentrations 

at suitable levels, especially during the night (Anh et al., 2010; Briggs and Funge-Smith, 

1994; Thakur and Lin, 2003). 

In addition to the diurnal variation in DO concentrations, there is an ever-present 

biological oxygen demand (BOD) from microbial breakdown of added artificial shrimp 

feed and excreta, as well as other organic matter, in intensive and semi-intensive 

systems. Oxygen concentrations in the ponds are influenced by BOD in the water 

column and in the sediments via sediment oxygen demand (SOD) (Green and Ward, 

2011). Problems can arise during calm periods when advective mass transport may be 

virtually eliminated or may be limited to a shallow surface zone, depending on the depth 

of the water and the size of the pond. Even on windy days, this process may not provide 

sufficient oxygen transfer. During these times, the only mechanism for mass transfer 

will be through diffusion. Under these conditions, the diffusivity of DO in water is the 

limiting factor of oxygen availability to shrimp. 
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An illustration of this can be drawn by focussing on DO fluxes. Oxygen enters the water 

at the air-water interface at a rate described by the ‘two-film gas transfer theory’ 

(Bonaglia et al., 2014). It is partially consumed or produced in the water column and it 

diffuses into the sediment. If the SOD, the depth of the diffusive zone, diffusivity of 

oxygen in salt water, and the oxygen differential across the diffusive zone are known, 

then it is possible to calculate the rate of DO supply to the sediment. Often, it is in fact 

the reverse calculation that is more revealing, and this can be stated as a question: What 

is the maximum thickness of an unmixed layer of water that can deliver enough DO to 

the sediment–water interface (SWI) to meet the shrimp and SOD requirements, while 

maintaining a minimum DO level of 0–5 mg L-1? (Erler et al., 2007; Garcia III and 

Brune, 1991; Rosas et al., 1997; Zhong et al., 2015). To answer this, the SOD and BOD 

of the water column should be measured to identify the causes of measured oxygen 

levels in the pond. 

1.2.2 Nitrogen 

Nitrogen (N) plays a key role in the aquaculture systems due to its role, in various 

forms, as both a nutrient and toxicant. A number of studies have been conducted on N 

dynamics in intensive aquaculture ponds, using in-pond studies and mathematical 

modelling (Hargreaves, 1997; Lefebvre et al., 2001; Lorenzen et al., 1997). Research 

has highlighted that uptake by phytoplankton and resultant sedimentation are key N 

processes in shrimp ponds with low water exchange rates (Burford and Glibert, 1999; 

Burford and Longmore, 2001; Burford and Lorenzen, 2004). Others (Hargreaves, 1997; 

Jimenez-Montealegre et al., 2002) have modelled total ammonia N (TAN) 

remineralisation as a constant or temperature-dependent sediment flux without 

explicitly considering the dynamics of the sludge N pool. 
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Denitrification and anammox are the major microbial processes that remove fixed N 

from wastewater through the production of dinitrogen gas (N2). During the process of 

denitrification, nitrate (NO3
-) is reduced to nitrite (NO2

-), nitric oxide (NO) and nitrous 

oxide (N2O), before finally being converted to N2. Anammox directly removes fixed N 

and couples NO2 reduction with ammonium (NH4
+) oxidation to produce N2. Both 

denitrification and anammox are also important for the removal of N from numerous 

natural systems, such as deep anoxic waters, intertidal flats, marsh sediments, and 

sediments from the continental shelf (50 m) and slope (2000 m) (Koop-Jakobsen and 

Giblin, 2009; Nicholls and Trimmer, 2009; Xia et al., 2004). In natural systems, 

denitrification and anammox can remove up to 266 mmol m-2 d-1 and 61 mmol m-2 d-1 

of N, respectively (Nicholls and Trimmer, 2009). 

Numerous important factors control denitrification rates in ponds, such as sediment–

water NH4
+ exchange, consumption of DO by sediments, and external inputs of N. For 

instance, if oxygen concentrations at the sediment surface decrease, the denitrification 

process may be blocked. According to Scranton (1983), the prevalence of N2 compared 

to NO3
- (the thermodynamically stable form of N in the presence of oxygen) shows the 

significance of denitrification in controlling N speciation. In bottom water, especially 

sediments, redox potential affects the main pathways of N because of these diffusive 

and advective approaches that manage the delivery of N compounds. Moreover, benthic 

dissolved nitrogen fluxes should also be taken into account due to the importance of 

these fluxes in sediment N budget in relation to sediment denitrification rates 

(Blackburn et al., 1996; Burdige and Zheng, 1998). Therefore, after considering several 

ways in which N is lost from the ponds, denitrification can be considered the most 

important process. 
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In relation to shrimp aquaculture, there is limited research on the removal of nutrients in 

grow–out ponds. However, in sedimentation ponds, sedimentation can be effective in 

reducing nutrient concentrations in the water column. In the Teichert-Coddington et al. 

(2000) study, 31% of TN was removed during 0.25 days of sedimentation. However, if 

sedimentation ponds are operated for long periods of time with continual water flow, a 

significant portion of the organic matter that has settled to the substrate can become 

degraded by the bacterial activity occurring within the sediment. This can cause the 

remineralisation of nutrients, and consequent release back into the water column (in the 

case of N, as NH4
+ (Burford and Longmore, 2001)). Therefore, although the particulate 

N fraction of the water column can be reduced by flow-through sedimentation, the 

dissolved fraction may be higher (Jackson et al., 2003). 

The action of the aerators in ponds can result in the accumulation of fine inorganic 

materials, such as waste products from feeding and other detritus in the pond centre 

(Burford et al., 1998, Erler et al., 2004a). The resulting sludge mound can be anoxic and 

have high rates of carbon dioxide (CO2) and ammonium release (28 mmol m-2 d-1) due 

to waste products from feeding having become mineralized (Burford and Longmore, 

2001). Ammonium was also generated from shrimp excretion, albeit to a lesser extent 

(11 mmol m-2 d-1), and also from regeneration processes (83 mmol m-2 d-1) in the water 

column (Burford and Glibert, 1999; Burford and Williams, 2001). 

N in the forms of nitrite and ammonia are stress factors for shrimp. Unlike mammals, 

which convert nitrogenous waste into other forms such as urea, shrimp excrete ammonia 

in an unaltered state. This is possibly because, under natural conditions, ammonia would 

be almost instantly diluted to minimal levels by the surrounding water. Shrimp are also 

unable to convert ammonia to a carbamoyl phosphate compound, which would be less 
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toxic. Due to this, shrimp are especially prone to the toxic effects of highly concentrated 

ammonia. Elevated ammonia concentrations can also reduce the growth of species 

raised in intensive aquaculture systems. Wickins (1976) highlighted that a concentration 

of 0.45 mg L-1 NH3-N led to a 50% decrease in growth of five species of penaeid 

shrimp. Wickins further found that a concentration of above 0.10 mg L-1 NH3-N 

breached maximum acceptable levels for reduced growth over a three-week chronic test 

(Wickins, 1976). 

Nitrite is toxic due to its effects on the circulatory and immune systems of aquatic 

organisms. It enters the bloodstream and inhibits oxygen from binding to the iron 

molecule in haemoglobin (Hargreaves, 1998). Gross et al. (2004) reported that the 

growth of shrimp was reduced after the shrimp were exposed to a nitrite concentration 

of 4.0 mg L-1 for 2 days in low-salinity brackish water. Accumulation of nitrite in pond 

water may reduce water quality, inhibit growth, increase oxygen consumption, raise 

ammonia excretion, and cause high mortality among the shrimp (Cheng and Chen, 

1998). 

Knowledge concerning N cycling and the role of sediment is essential for controlling 

water quality in ponds, but these topics have not been studied in rice–shrimp ponds. 

Therefore, this research will focus on the fluxes of sediment N and the role of 

denitrification (removal of N to the atmosphere). 

1.2.3 Phosphorus 

Concentrations of phosphorus (P) in aquatic environments are a major concern due to 

the potential of P to cause eutrophication. Sediment is a dominant store of P in many 

aquatic ecosystems and in shrimp ponds because suspended particulates in the water 

column bind with P, and then settle. The P in sediment is not directly available to 
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aquatic organisms (Ramm and Scheps, 1997; Zhou et al., 2001). However, even minor 

variations in the physicochemical conditions can result in the release of P from 

sediments into the water (Khadka and Ramanathan, 2013). The major processes that 

control the accumulation and release of P in sediments are precipitation with calcium 

ions (Ca2+) and adsorption into the Fe-oxy-hydroxides (Golterman, 1995). 

P almost solely occurs in natural waters as phosphates, which are classified as 

orthophosphate, condensed phosphates, and organic P (Pasek et al., 2014). 

Orthophosphates and condensed phosphates are present in natural waters due to the 

application of fertilisers to residential and agricultural cultivated land. Regarding 

inorganic P in shrimp ponds, orthophosphate (PO4
3-) is the most commonly measured 

form, and fertilizers can be considered the main source, as plant and animal wastes 

result in organic phosphates. Organic phosphates formed by biological processes can be 

converted to orthophosphates during the mineralization and decomposition processes 

(Chen et al., 2010). In natural waters, P concentrations are frequently calculated as total 

phosphate — a category which includes various forms of P. Therefore, it can be argued 

that chemical speciation is important in shrimp pond studies. 

Although P is an extremely important biological element, P in shrimp ponds does not 

exchange with the atmosphere, unlike N. The growth of phytoplankton and other plants 

in general is dependent on the utilisation of phosphate (PO4
3-). Some of these plants are 

then consumed by animals. In contrast, the discharge of soluble phosphate and the 

breakdown of organic phosphates caused by the death and decay of organisms 

repeatedly give rise to an available nutrient source for plants. 

P is present in sediments and minerals as inorganic phosphate. Part of the phosphate 

which is released when minerals and rocks wear down can be a source of nutrients for 
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the growth of phytoplankton, and the rest is ultimately transported to the sea (Chen et al, 

2003). In addition, the decay of organisms not only causes the collapse of organic 

phosphates by microorganisms but it also releases PO4
3-. Hence, phosphate is likely to 

be recycled through bio-available, organic and adsorbed types in estuaries and oceans. 

Two key factors that control the release of P from sediments are widely acknowledged. 

First, Bianchi (2007) suggests that temperature is a major driver affecting P fluxes from 

sediments. For instance, regenerated P from sediments is significantly higher in the 

summer months compared to the rest of the year in temperate systems (Bianchi, 2007). 

The other factor of importance is salinity. The higher the salinity, the less P is released 

from the sediment. Within an estuarine transect, the concentrations of orthophosphate 

are higher at higher temperatures and lower salinities (Santschi, 1995). The inorganic 

forms of P are Fe- and calcium-bound phosphates, which are sensitive to redox and pH 

variation within a system (Aminot and Andrieux, 1996). Lijklema (1977) found that, 

although iron hydroxides are responsible for the adsorption of phosphates, a higher pH 

value will usually liberate P adsorbed onto the iron complexes due to the competition 

with OH-ions. Additionally, under anoxic conditions, and in particular in iron-rich 

sediments, inorganic P is efficiently regenerated. 

Iron oxides are the most abundant metallic oxides in sediments. Iron oxides are present 

in most soils as very fine particles in one or more mineral forms, and at variable 

concentrations (Allen and Hajek, 1989). As iron oxide surfaces have a strong affinity 

for the oxy-anions of P and for transition metals, they play a significant role in the 

cycling of these elements (Cornell and Schwertmann, 1996). Particularly, the high 

affinity of iron oxides for P has been studied, focussed on adsorption, desorption and 
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diffusion dynamics of P, and its availability (Schwertmann and Taylor, 1989; Kämpf et 

al., 2002). 

In short, P is readily bound to sediment and conserved within the sediment (with some 

remineralization). The understanding of the cycling of P is also important for 

controlling water quality (nutrient concentration) in ponds. 

1.2.4 Organic carbon 

Sediment organic matter (OM) is made up from different types of organic materials 

with different chemical and physical properties. Sediment OM is frequently divided into 

relatively labile and stable organic fractions (or pools) that vary in their vulnerability to 

decomposition (Bianchi, 2007; Raich and Schlesinger, 1992). Sediment labile organic 

matter can turn over quickly after the land use and management practices (Chen et al., 

2004; Cole et al., 2007). 

Sediment OM content is generally measured as organic carbon (OC). Knowledge about 

OC in aquaculture systems is important, as animal growth is constrained by the quantity 

of food (mostly OC), but excess OC production by phytoplankton leads to water quality 

problems (Boyd and Tucker, 1998). Most shrimp production in Vietnam occurs in 

pond-based systems; ponds accumulate OM in their sediments and therefore bury or 

sequester C. Consequently, when assessing the influence of aquaculture on the C cycle, 

it is important to be aware of the rates at which C is buried in aquaculture pond 

sediments. 

In intensive shrimp ponds, OM will accumulate during the culture cycle due to the 

application of high levels of external inputs (mainly feeds). Formulated feeds or 

commercial feeds have been used in intensive ponds are protein rich material (Glencross 
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et al., 2007; Smith and Tabrett, 2004; Tantikitti, 2014). The proteins are among the most 

important constituents of all living cells and represent the largest chemical group in the 

animal body. The major components of a typical protein shrimp diet are wheat flour 

(35%), soybean meal (20%) and fishmeal (25%) (Hunter and Chamberlain, 2006). 

These ingredients provide the protein, amino acids and energy in the diet. Practical 

formulation for intensive shrimp ponds is the blend of a variety of plant and animal 

sources or other local protein sources based on their nutritional value and availability. 

Such blends would more closely accommodate the amino acid profile of fishmeal than 

any single protein source (Tantikitti, 2014). 

The accumulated OM will decompose primarily in the sediment because aquaculture 

ponds are shallow and the residence time of the particles in the water is short (Alongi et 

al., 2000; Sahu et al., 2012). Aerobic decomposition will occur as long as oxygen 

remains available, after that, anaerobic conditions will take over. The oxygen only 

penetrates the top 0.01–1 mm layer of the sediment, below that anoxic conditions 

prevail (Boyd, 1995). OM also accumulates due to algal growth, with involves carbon 

fixation, increasing the OC loads in the ponds. This carbon is relatively labile and likely 

to fuel biogeochemical processes in the water column and sediment.  

The fresh, labile OM added during the crop has been shown to be responsible for most 

of the oxygen demand, and for many of the water quality problems in aquaculture 

ponds. A large accumulation of OM in the pond bottom increases the oxygen demand 

and favours the development of anaerobic patches (Burford and Longmore, 2001). 

When the sedimented material in ponds is not removed, sediment depth increases 

causing a gradual increase in the total OM load on the bottom (Avnimelech, and Ritvo, 
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2003). Toxic metabolites produced under anaerobic conditions usually do not enter the 

water column if the surface layer of the sediment is aerobic. 

To sum up, OM in shrimp ponds is likely to be relatively labile, and this arises due to 

the input of protein rich material and algal growth. OM decomposition causes most of 

the water quality problems in aquaculture ponds by creating an oxygen demand and 

releasing ammonia into the water. Therefore, in shrimp ponds, OM is managed to 

minimize accumulation of material by aeration and liming (Wang et al., 2008; Yao et 

al., 2000). 

1.2.5 Sulfur 

The sulfur (S) cycle, which is the collection of processes by which S moves to and from 

minerals (including the waterways), is also an important process in shrimp ponds (Sanz-

Lazaro et al., 2011; Vlademarsen et al., 2010). The speciation of certain metals is 

related to the element sulfur, and sulfides (H2S, HS− and S2−) are key species in the 

natural sulfur cycle of aquatic sediments. The chemical speciation of sulfide 

significantly depends on soil pH. All forms appear to be equally toxic (Armstrong and 

Armstrong, 2005), but the gaseous H2S usually prevails over both ionic forms in 

freshwater systems, because the pH of most anaerobic soils is around 6–7 as a result of 

the HCO3
− - CO2 buffering mechanism; this results in relative H2S abundances of 95–

60% (Sell and Morse, 2006). However, in marine systems, the pH is frequently closer to 

7.5, leading to a relative abundance of only 30% for H2S, and 70% for HS− (Bagarinao, 

1992; Koch et al., 1990). However, pH in the rhizosphere maybe lower than in the bulk 

soil as a result of acidic compounds and oxygen that are released from roots, and 

consequently the proportion of H2S could be higher (Raven and Scrimgeour, 1997). H2S 

is the most reduced form of S present in shrimp ponds and toxic to shrimp health. 
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1.2.6 Summary of the interactions of elemental cycling processes in shrimp ponds 

The interactions of the processes in shrimp ponds can be summarised in Figure 1.1. DO 

directly affects shrimp health in low concentrations. N, on the one hand, in some toxic 

forms, like NO2
- and NH3, directly influences shrimp health. On the other hand, N 

cycling is driven by DO. Although C and P seem not to directly affect shrimp survival, 

they do have an effect on DO. H2S is a stress factor for shrimp through oxygen 

shortage. 

 

Figure 1.1: The interactions of elemental cycling processes in shrimp ponds 

 

1.3 Nutrient budgets in shrimp ponds  

Measurement of the nutrient input and output is one of the main approaches to assessing 

the sustainability of shrimp ponds. In this study, sustainability can be defined as the best 

way to optimize production and minimize nutrient waste. There are a number of studies 

of nutrient budgets in a range of types of aquaculture ponds. For example, nutrient 

budgets have been developed for ponds stocked with channel catfish (Boyd, 1985), 

tilapia (Green and Boyd, 1995), and striped bass (Daniels and Boyd, 1989), as well as 

shrimp (Hopkins et al., 1993; Martin et al., 1998). Nutrient budgets have been 
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determined in extensive shrimp ponds in Bangladesh (Wahab et al., 2003), intensive 

shrimp ponds in Thailand (Briggs and Funge-Smith, 1994; Thakur and Lin, 2003), and 

semi-intensive shrimp farms in Mexico (Paez-Osuna et al., 1997), and Australia 

(Jackson et al., 2003). 

Many studies have focused on intensive shrimp farms, and these have found that 

formulated feed can be a major input of N, P and C in these ponds. The only other 

significant source of nutrients and C was fertilizer. Total N applied to these ponds 

through all these inputs ranged from 45 to 104 kg N per crop, 12 to 29 kg P per crop, 

and 382 to 905 kg OC per crop. Feed accounted for 95% N, 97% P, and 94% OC of all 

the inputs, respectively (Briggs and Funge-Smith, 1994; Burford and Lorenzen, 2004; 

Xia et al., 2004). However, formulated feeds are only partly consumed by shrimp; a 

large proportion becomes sedimented detritus and is mixed with pond bottom soil. In 

addition to uneaten feed, sediment is composed of shrimp waste, dead bodies of aquatic 

animals and phytoplankton mixed with the bottom soils (Erler et al., 2004b). Sediment 

is the store for N and P in shrimp ponds. Over-accumulation of organic matter in 

sediment results in anaerobic conditions, and potential nutrient fluxes out of sediment. 

Additionally, water exchange results in N loss, as well as N deposition in the pond 

bottom (Thakur and Lin, 2003).  

Sediment is a major factor in nutrient cycling in an aquaculture system, as it acts as a 

buffer for water column nutrient concentrations. The first few cms of sediment contain 

more nutrients than the entire content of the water column (Avnimelech et al., 1984). 

The large amount of unaccounted-for N in nutrient budgets in many studies could be 

due to losses through denitrification of the sediment. Anaerobic conditions develop 

beneath the surface of the soil when ponds are refilled, and NO3–N is converted to N2 
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by denitrification (Diab and Shilo, 1986). Moreover, Shrestha and Lin (1996) report that 

sedimentation is also considered the main cause of P loss in ponds, because sediments 

have a strong affinity for P. 

 

1.4 History of rice–shrimp culture systems 

1.4.1 Global perspective 

The integration of shrimp production with rice crops has been mainly practised in three 

countries — India, Bangladesh and Vietnam. In India, the ponds are known as khazans 

in Karnataka, bheri or jalkar in West Bengal and pokkali in West Bengal, Kerala, Goa, 

and Karnataka (Mohan et al., 2006; Mukherjee, 2006; Shiva and Karir, 1997). In 

Bangladesh the ponds are called ghers (Ghosh, 1992; Milstein et al., 2005). 

Brackish water shrimp and fish stocking in rice fields with crop rotation appeared in the 

mid-20th century in India, and were described by Pillay & Bose (1958) and Jhingran 

(1975). Many inefficient paddy fields switched to shrimp farming, and fish and rice 

rotation has brought greater efficiencies and increased income for farmers. The values 

for shrimp, fish and rice production vary across regions. 

The current popular rice–shrimp areas in the world all appear to have the same 

conditions, such as influent and saltwater intrusion into rice fields, rice planting in the 

rainy season and shrimp farming in the dry season. In India, the rice–shrimp farming 

systems are situated within irrigation systems and maintained at a water depth of 30 cm 

on the platform, with deeper surrounding ditches to provide a refuge for fish or shrimp 

(Jhingran, 1975; Pillay and Bose, 1957). Rice is transplanted onto the platform when 

brackish water is lowered in the rainy season, and brackish water shrimp are stocked in 

the dry season. 
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Traditional bheri/gher aquaculture farming shrimp and fish was practised in some 

coastal areas of Bangladesh many years prior to the introduction of contemporary 

shrimp culture practices. Most of the farmers (> 90%) employ extensive-traditional 

methods, which are characterized by ghers over extremely large areas (as large as 100 

ha), that have a low stocking density, and employ no additional feeding or fertilization, 

and practise minimal water quality management of (Islam et al., 2005). As well as 

shrimp, the ghers are also used to trap a number of finfish species, including the genera 

Mystus, Wallago, Pangasius, Glossogobius and Liza (Islam and Wahab, 2005). In the 

larger ghers, high shrimp mortality can result in low production and potentially low or 

even negative returns. The smaller ghers (i.e., those which are 1 to 10 ha), of which 

there are few, apply fertilizer, have higher stocking densities, and also manage the water 

more actively, leading to increased shrimp production and therefore higher profits 

(Islam et al., 2005; Nuruzzaman et al., 2001; Wahab, 2003). This latter type of gher in 

Bangladesh can have annual yields as high as 1,000 kg of shrimp ha-1 (Ahmed, 1996; 

Mazid, 1994).  

1.4.2 Mekong Delta, Vietnam 

In the coastal zone of the Mekong Delta, Vietnam, saline water intrusion is a major 

constraint to conventional agricultural production in the dry season. Farmers in the area 

have been developing integrated rice–shrimp ponds (IRSPs) over the past 40 years 

(Brennan et al., 2002; Hung, 1992; Preston et al., 2003). Temporal integration of shrimp 

species (P. merguiensis, Metapenaeus ensis, P. indicus, and more recently P. monodon, 

and P. vannamei) in shallow ponds or rice fields provides rice farmers with an extra 

source of income during the dry season (Preston et al., 2003). This practice has 

increased in total area over time, from around 40,000 ha in 2000 (Brennan et al., 2002; 
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Preston et al., 2003) to around 160,000 ha in 2016. It has been predicted to rise to 

250,000 ha by 2030 (Tuan et al., 2016). 

A research project funded by the Australian Centre for International Agricultural 

Research (ACIAR) carried out in the late 1990s has confirmed the profitability of the 

practice (Brennan et al., 2002; Preston et al., 2003). This multidisciplinary research 

project examined the socioeconomic aspects of the practice as well as environmental 

performance. The study concluded that, while a variety of farming practices existed, the 

addition of shrimp farming to the farmers’ production output had a positive impact on 

their income. Additionally, crop diversification helped to increase the farmers’ 

economic resilience during times of disruption (e.g., periods of shrimp disease and 

mortality), as the farmers had an alternative staple crop (Preston et al., 2003). However, 

the study also found that rice production in some areas has declined, either because of 

the preference of farmers for the monocultural production of shrimp year-round (with 

the potential for higher profits) or because of soil salinization. The latter was the result 

of insufficient washing of soil to remove salt at the end of the shrimp season, leading to 

reduced rice growth.  

The design of traditional IRSPs in the Mekong Delta, Vietnam (Fig. 1.2) generally 

includes:  

- Sluice gate: to control the water salinity in the pond via exchanging water from 

the canal systems. For example, farmers usually close the sluice gate to prevent 

sea water intrusion from the canal. 

- Border dike: acts as a barrier to the rice field and typically prevents the exchange 

of water from neighbour ponds and the canal. 
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- A deep wide ditch around the periphery (deeper than the rice platform) allows 

the farmer to establish a ditch which can hold water from the nearby canal to 

raise shrimp during the dry season. There is sludge at the bottom of the ditch, 

and after harvesting shrimp, farmers usually remove and transfer it onto the dike 

or rice platform before starting the next rice crop. 

- Rice platform: where rice is grown. Farmers leave the platform bare for a month 

in the early rainy season to use rainfall to flush out the salinity and acidity from 

the soil. 

 

Figure 1.2: Design of a traditional integrated rice–shrimp pond in Vietnam 
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This design has allowed farmers to minimize the effect of the hydrological conditions 

over time on IRSPs. It has helped farmers to increase their profitability and support their 

livelihoods (Be et al., 2003; Khiem and Khai, 2008). This adoption of the IRSPs has 

expanded to other regions of the Mekong Delta over the past two decades (Corsin et al., 

2001; Dung, 2009; Preston and Clayton, 2003). 

As in many other countries, shrimp culture in Vietnam is either stocked at low densities 

(1–2 post larvae m-2), relying on natural recruitment during water exchanges and no 

feed inputs, or at higher densities (30–40 post larvae m-2 or even 50–60 post larvae m-2) 

which rely on seed stocking and formulated feeds (which may be homemade or 

commercially manufactured). Shrimp survival in IRSPs tends to be lower than it is in 

well-managed semi-intensive or intensive monocultures. It is also lower than it is in the 

extensive shrimp systems found in the Philippines and Bangladesh, which use similar 

stocking densities (Be et al., 2003, Leigh et al., 2017). The main reasons for this have 

been identified as problems with seed quality and inadequate pond structures (Minh et 

al., 2003). Although most efforts are currently aimed at addressing the issue of poor 

seed quality, other reasons relating to shrimp survival and production may include stress 

and disease issues, and/or food availability. 

1.5 Challenges with rice–shrimp farming systems 

1.5.1 Salinity 

Ever since the adoption of rice–shrimp farming practices, the farmers, who inundate 

their rice fields with saline water for four or five months a year to farm shrimp, have 

experienced problems due to the salinization of their soil (Tho et al., 2013). Farmers 

claim that flushing the field with rainwater removes salts from the soil for the rice crop, 

but the efficaciousness of this process is an unknown factor. Therefore, in the umbrella 
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ACIAR rice–shrimp project (SMCN/2010/083), Can Tho University has conducted 

experiments related to soil salinity. Their study suggested that rice yields may still be 

affected by salinization of the root zone even after flushing due to the retention of salts 

in the soil pore water. Traditionally, surface water salinity measurements of < 4 were 

considered suitable for rice growing, although < 2 is preferred by farmers (unpublished 

data, ACIAR Project SMCN/2010/083). However, the project has shown that soil pore 

water salinity (> 4 equivalent) can remain higher than the measured surface water 

salinity, thus affecting the growth of rice plants. The two potential causes of yield losses 

that could result from this salinization are direct yield loss, associated with planting in 

salinized soil, and the yield risk associated with delaying planting in order to flush the 

soil. Some farmers have attempted to address the salinization problem by raising the 

height of the dikes around the border of the shrimp farm (Tho et al., 2013). It is also 

apparent that there is a disincentive to fully flush ponds with freshwater, as extending 

the growing season for shrimp in brackish water results in higher profits than rice 

production (Stewart-Koster et al., 2017). 

A study in Bangladesh found that soil salinization increased significantly in shrimp 

farming areas during the period of 1991–2008 (Azad et al., 2009). The long-term 

inundation of soil with saline water causes higher salinity in all the horizons, i.e. it 

causes the accumulation of salt over multiple years. The optimal salinities for black 

tiger shrimp range from 15–25 (Braaten and Flaherty, 2001) — hence farmers try to 

maintain high salinity in their shrimp ponds to promote shrimp growth, and this salinity 

leaches into the soil. Sometimes farmers discharge saline effluent into neighbouring 

waterways, which may also increase the salinity of surface and ground water. It has 

been suggested that this is the reason for increased salinity in the soil, which can have 

detrimental effects on agricultural production (Ali, 2006; Tanavud et al., 2001; Wahab, 
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2003). A study by Braaten and Flaherty (2001) estimated that external discharge and 

seepage contributed 33% and 38% of salt loss respectively; 6% of total salt deposits 

were in the sediment and the remaining 23% was dissolved in the water. Horizontal 

dispersion of salt can travel as far as 600–800m into nearby fields due to saline water 

leaching into the soil (Nissapa et al., 2002). Similar effects have been reported in a 

number of countries, including China, Taiwan, Indonesia, Thailand, the Philippines, 

Bangladesh and Ecuador (Dierberg and Kiattisimkul, 1996; Primavera, 1994; Primavera 

et al., 2007).  

Saltwater intrusion causes a variety of problems in coastal regions, including loss of 

agricultural crop production, reduced production of feed for livestock, and 

contamination of fresh water used for washing, bathing and drinking (Chowdhury, 

2006; Salequzzaman, 2001). Long-term saltwater inundation of land also reduces 

nitrogen fixation; mineralization is halted and the fertility of land reduces rapidly — 

often within only one or two years (Ham and Nandy, 1990). High salinity has 

substantially decreased rice yields, thereby threatening staple food supply (Islam, 2003). 

Plant growth is not well supported by saline soil, as the higher osmotic pressure of the 

system inhibits absorption of moisture and nutrients (Salequzzaman, 2001). The 

sustainability of contemporary IRSPs is therefore threatened by increased salinization in 

coastal soils and consequent decreased agricultural production. 

 

1.5.2 Stress factors for shrimp 

DO concentrations in the water column are the most important factor affecting shrimp 

survival. The optimal concentrations of DO in shrimp ponds are equal to or higher than 

4 mg L-1 (Table 1.1) (MNRE, 2008). 
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Table 1.1: Effects of different DO concentrations on shrimp (MNRE, 2008) 

Dissolved oxygen (ppm)  Effects on shrimp  

0.3  Shrimp die  

1.0  Anoxia in shrimp, shrimp may die  

2.0  Shrimp cannot grow and are stressed  

3.0  Shrimp growth is slow  

4.0  Shrimp growth is acceptable  

5.0–7.0  Shrimp growth is rapid  

 

If water is poorly oxygenated, nitrite and ammonia build-up can occur, which leads to 

toxic effects on living organisms. Low levels of dissolved oxygen can also cause 

increased respiration rates in aquatic organisms, and this can lead to increased uptake of 

dissolved nitrogenous compounds (Thurston et al., 1981). To give a specific example, it 

has been shown that increased respiration rates occurring due to reduced DO 

concentrations can significantly increase the acute toxicity levels of ammonia in P. 

monodon (Allan et al., 1990). 

Oxygen concentration decreases with water depth, water temperature and salinity 

reduction (Chen et al., 2012; Fast et al., 1988; Rosas et al., 1997; Rosas et al., 2001). 

During the day, algae and other plants photosynthesize to increase DO concentrations in 

the water. At night-time, or on overcast days, DO may be insufficient for shrimp.  

In aquaculture, the most common cause of low DO is overstocking or overfeeding 

shrimp (Anh et al., 2010; Steeby et al., 2004; Yao et al., 2000). However, this seems not 

to be the case in IRSPs with low-stocking densities and no feeding. Another common 
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cause of depleted DO levels is phytoplankton crashes. Whereas phytoplankton are a 

photosynthesizing species that create oxygen, zooplankton are respirating organisms 

that subsist largely on phytoplankton and are known to increase rapidly during 

phytoplankton blooms (Legendre and Michaud, 1999; Liu and Chen, 2012; Renaud et 

al., 2007). By consuming phytoplankton and using DO to respirate and convert food 

into energy, an overpopulation of zooplankton can cause a depletion in the amount of 

DO available to other organisms in the same aquatic environment. 

A high concentration of H2S has detrimental effects on shrimp health because of oxygen 

deficiency, associated stress, and increased risk of disease (Andrew, 2007). Studies have 

also found that under reducing conditions in shrimp ponds that have high organic matter 

from waste associated with feeding shrimp, transformation of SO4
2− into H2S in the 

bottom soil is enhanced. H2S becomes harmful to shrimp growth in concentrations 

ranging from 0.03 to 0.71 mg L-1. When the concentration reaches 0.05 mg L-1, the 

presence of this compound negatively affects shrimp production (Chanratchakool et al., 

2002). This is higher than in Boyd et al.’s (2002) study where they recommended that 

the safe level of unionized hydrogen sulfide for P. monodon culture was 0.005 mg L-1 

(total H2S 0.1 mg L-1), under a salinity of 2.5, a temperature of 25°C, and pH of 8.2. 

1.5.3 Negative implications of climate change for rice–shrimp production 

Climate change has a critical effect on rice production through a range of mechanisms. 

These include: sea level rise increasing salinities in canals, changes of the flooding tides 

and river flows, soil degradation, soil salinization, and water pollution (Preston and 

Clayton, 2003; Wassmann et al., 2004). Rice varieties have been less adaptable due to 

the remaining high salinity in the main canals and the occurrence of droughts at the 
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same time (Nhan et al., 2011). Additionally, the decrease in water quality of the natural 

aquatic environment has lowered shrimp production (Preston and Clayton, 2003). 

Some recent studies have assessed the impacts of rainfall and temperature anomalies on 

rice–shrimp production in the Mekong Delta (Carew-Reid, 2008; Nhan et al., 2011). 

They have shown that vulnerability levels differ by crop (dry- and wet-season), crop-

development stages, and region (i.e., the freshwater/irrigated zone and the coastal zone). 

Farmers in the Mekong Delta have extensive experience of dealing with variable and 

unpredictable weather, including floods and salinity intrusion. However, global climate 

change will increase these risks and such events will become both more frequent and 

more severe. This may produce serious challenges to the adaptive capacities of these 

farmers and the relevant governmental entities alike (Hoanh et al., 2016; ICEM, 2009). 

The rice–shrimp farmers in the Mekong Delta have suffered the consequences of 

climate change for decades (Hoanh et al., 2010). Asia Development Bank (ADB) (2009, 

2013) reported that weather conditions, the hydrology of the Mekong River and sea 

level rise will be extremely severe and unpredictable in the future. Sea level rise and 

increased salinization are likely to increase the area suitable for shrimp production but 

reduce the area suitable for rice production. Compared to the sea levels of the period 

1980–1999, the average sea level in Vietnam is predicted to rise by around 28–33 cm by 

the year 2050 and by around 65–100 cm by the year 2100 (ICEM, 2009). Moreover, the 

building of dams upstream on the Mekong River also affects the quantity of water 

downstream. Dam building has reduced freshwater flow, leading to a shortage of 

freshwater and increased salinity downstream (Dung, 2009). The question being asked 

is: How can farmers maintain rice–shrimp production without damaging the 

sustainability of the environment and their own livelihoods in the coastal zones? 
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1.5.4 Shrimp disease 

Pathogenic and non-pathogenic diseases also affect shrimp survival and production. 

Disease is typically initiated by stress, with a range of environmental factors having an 

effect, e.g. low oxygen or high concentrations of some compounds (NH3, NO2, and 

H2S). Shrimp diseases include White Spot Virus Disease (WSVD), Yellow Head 

Disease (YHD), scurvy, and recently, Acute Hepatopancreatic Necrosis Disease 

(AHPND) which is the most severe disease in the Mekong Delta at present (Chou et al., 

1995; Corsin et al., 2001; Dieu et al., 2004; FAO, 2013; Lightner and Redman, 1998). 

There are various pathogen transmission methods, vertically from female to offspring 

and horizontally through the water route via carriers. Be (1994) reported that WSVD 

and YHD were serious diseases, as the viruses can mutate into different forms and are 

transmitted quickly via water. Disease can have major effects on production; for 

example, in 2009, due to a shrimp disease outbreak, farmers lost their main income 

(Hoa et al., 2011). Indeed, survey research on shrimp farming rotations in recent years 

(from 2000–2008) shows that epidemics occurred continuously in both large-scale 

monoculture systems and extensive farming systems. These resulted in loss of shrimp 

production. 

In recent years, AHPND has been considered an emerging shrimp disease that has 

affected shrimp farms in several Southeast Asian countries. The first outbreak of this 

disease caused mass mortality of shrimp in China (2009), then in Vietnam (2010), 

followed by Malaysia (2011) and finally in Thailand (2012) (FAO, 2013). Outbreaks of 

AHPND naturally occur in the first 30 days after stocking a newly developed shrimp 

pond, and the mortality rate can exceed 70%. The associated economic loss has been 

estimated to range from 570,000 USD in 2001 to 7,200,000 USD in 2012 in Vietnam. 
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The disease decreased the production of shrimp from 70,000 tons in 2010 to 40,000 and 

30,000 tons in 2011 and 2012, respectively (Lightner et al., 2013). Therefore, to control 

shrimp disease, the management of water quality in ponds is absolutely essential. 

1.6 Knowledge gaps, research questions, study aims and thesis structure 

1.6.1 Knowledge gaps 

Much of the research on the role of within-pond processes and their effects on shrimp 

production systems has been carried out on improved-extensive, semi-intensive and 

intensive shrimp ponds (Briggs and Funge-Smith, 1994; Hopkins et al., 1993; Jackson 

et al., 2003; Martin et al., 1998; Paez-Osuna et al., 1997; Thakur and Lin, 2003; Wahab 

et al., 2003), but not on integrated rice–shrimp ponds. A large proportion of nutrients 

entering intensive and semi-intensive systems ends up as sludge or is discharged (Lin et 

al., 1997; Jackson et al., 2003). As a first step towards reducing nutrient losses through 

discharged water, it is necessary to estimate nutrient budgets in order to determine the 

fate of the nutrients that are added to the pond culture systems. A nutrient budget is a 

way of quantifying the potential polluting impact of a given pond management strategy. 

Nutrient budgets provide a means to measure the dominant inputs and outputs in a 

shrimp system. However, they have not yet been developed for IRSPs where there is 

little or no shrimp feed input and low shrimp stocking density. Comparing those in 

IRSPs with both intensive and other extensive systems will provide information on 

whether the presence of rice and/or the rice/shrimp pond design affects these dominant 

inputs and outputs. It is the first step in understanding the biogeochemical processes in 

these ponds.  

SOD is an indicator of the health of a pond system because, while the quality of the 

overlying water can be changeable, sediment structure remains relatively stable (Park 
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and Jaffa, 1999; Rong et al., 2016; Todd et al., 2009). Therefore, SOD measurements 

are an important component of water quality investigations into waterbodies (such as 

riverine systems and aquaculture ponds), and provide an important parameter that must 

be included in numerical simulations of water quality. Although oxygen fluxes or 

sources of measured oxygen levels are important to shrimp health, these processes in 

IRSPs are poorly understood. 

Potentially, the seasonal alternation of shrimp aquaculture and rice farming could 

reduce the relevant nutrients (N, P and C) from being discharged by shrimp farming. 

Waste nutrients may bind to the bottom sediments and be subsequently used by the rice 

plants in the following cultivation cycle (Wahab, 2003). The integrated rice–shrimp 

farming system may therefore be a suitable system in coastal areas (Alam et al., 2010; 

Tho et al., 2013), but little is known about the rates at which sediment nutrient 

concentrations in IRSPs may change. However, given the protocols for rice crop 

preparation, with the soil requiring flushing with freshwater before rice can be planted 

(Vuong and Lin, 2001) and the sediments being removed, it is hard to see how shrimp 

waste could be retained in the soil in order to be made use of by the rice. Research is 

therefore needed to substantiate the benefits of IRSPs for rice or shrimp, and the 

biogeochemical mechanisms behind them. 

The understanding of biogeochemistry in shrimp ponds (such as for extensive, 

improved extensive, semi-intensive and intensive systems) has focused on water column 

processes. However, shrimp live at the sediment–water interface where chemical and 

biological processes in and on the sediments, and the interaction with water quality can 

have an impact on shrimp health, and overall pond productivity. The PhD research 

outlined below aims to complement an existing ACIAR rice–shrimp project 
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(SMCN/2010/083), which focuses on the mechanisms, processes and functionality of 

IRSPs.  

1.6.2 Research questions 

The aim of this study is to examine sediment biogeochemical processes in IRSPs and 

how they impact on water quality. The focus is on biogeochemical processes that are 

particularly relevant to shrimp health and production, i.e. nutrients and oxygen. The 

following research questions will be addressed: 

1) What are the most dominant inputs and outputs of nutrients in IRSPs in the 

Mekong Delta, and how do IRSPs compare with shrimp ponds? 

2) What is the contribution of SOD to low shrimp survival in IRSPs? 

3) What are the major nitrogen transformation pathways in IRSPs? What is the role 

of sediment in nutrient processes in IRSPs? Can these processes reduce nutrient 

loads/fluxes and alleviate eutrophication? 

1.6.3 Study aims and thesis structure 

The study will explore sediment biogeochemical processes in IRSPs and how they 

impact on water quality. The thesis is structured as follows (Fig. 1.3): 

In Chapter 1, research on shrimp ponds and IRSPs will be reviewed to highlight the 

research gaps and questions of this thesis. 

Chapter 2 (Question 1): Nutrient budgets in IRSPs. The objective of this chapter is to 

determine and compare dominant inputs and outputs (N, P, C) in shrimp grow–out ponds 

and IRSPs in the Mekong Delta. This chapter will provide a framework for the 

subsequent study of the processes within the ponds. 
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Chapter 3 (Question 2): Oxygen fluxes in IRSPs. The role of SOD in driving oxygen 

concentrations and fluxes in IRSPs will be determined. 

Chapter 4 (Question 3): Nutrient cycling in IRSPs and the role of sediment. The aim of 

this chapter is to determine the role of sediment in nutrient processing with a focus on: 

(i) the effectiveness of denitrification in removing N from IRSPs; and (ii) fluxes of 

nutrients to the water column, with comparisons between the dry and the wet season. 

The last chapter (Chapter 5) will summarise the significant results of the three questions 

to assess how biogeochemical processes in IRSPs affect shrimp health and production, 

and solutions may be suggested to improve productivity in IRSPs. 
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The content and structure of this PhD study is outlined in the conceptual diagram 

below (Fig. 1.3): 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.3: Conceptual diagram of the research 
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1.7 Study site 

The study site is located in the southern Mekong Delta in Ca Mau Province. It has a 

long history of rice and shrimp cultivation. The area has faced recurrent production 

losses for both rice and shrimp due to many serious factors, such as periods of high 

temperature, low rainfall volume, deep intrusion of tides into agricultural land, dam 

building reducing freshwater flow, and shrimp disease, especially AHPND (Dung, 

2009; Lightner et al., 2013; Nhan et al., 2011). 

There are two main seasons in the Mekong region: a dry season, which stretches from 

December to April, and a wet (rainy) season, which is from May to November. The 

average temperature is around 24–290C, and the average rainfall is from 0 mm per 

month in the dry season to 250 mm per month in the wet season (ADB, 2013). The 

Mekong Delta is a vast floodplain, with the whole area affected by floods every year. 

1.7.1 Characteristics of Ca Mau Province 

1.7.1.1 Geographical location 

Ca Mau is in the southernmost province of the Mekong Delta, approximately 370 km by 

road from Ho Chi Minh City. The province is bounded by Kien Giang to the North, the 

East Sea to the East and Southeast, Bac Lieu to the Eastern North, and the Gulf of 

Thailand to the West. The area of Ca Mau province is 5,294.87 km2, of which over 

266,735 ha is used for aquaculture, and over 129,204 ha is used for rice cultivation 

(Binh et al., 2005; Can, 2011). 

As a result of a consolidation of silt and sediment accretion over many years, the land in 

Ca Mau is fertile land (Can, 2005). Most areas are lowland plains with an average 

elevation of only 0.5–1.5 m above sea level. 
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1.7.1.2 Topography and hydrology 

Ca Mau has interlacing rivers and canals all over the region, intertwining as a 

complicated web and becoming denser to the southeast (Fig. 1.4). Several main rivers 

flow a long way from the mainland to the East Sea, such as Cua Lon river (56 km long), 

Ganh Hao river (55 km long), Bay Hap river (48 km long), and Ong Doc river (44 km) 

(Hen et al., 2009; IMHEN, 2011). In particular, Ca Mau is one of the most affected 

areas suffering from intrusion of sea water and concurrent droughts, leading to soil 

degradation in some coastal areas. 

 

1.7.1.3 Human population 

The human population of Ca Mau is over 1.2 million, which is 7% of the total 

population of the Mekong Delta, with an average density of 232 people per km2. The 

population growth rate is about 12.5%, and has been predicted to continue to increase 

over the next few years. The population in Ca Mau live mainly in rural areas and rely on 

rice farming and aquaculture for their subsistence (ADB, 2013). 

 

1.7.1.4 Agriculture and aquaculture 

Agriculture is an important part of the economy of Ca Mau and plays an important role 

in food security across Vietnam (Dang and Danh, 2008; Wassmann et al., 2004). In 

some areas near the coastal zone, farmers have changed from agricultural land use to 

aquacultural land use because it provides a higher income. IRSPs, one of the most 

common cultivation models, occupy 39,000 ha out of 124,866 ha of the total shrimp 
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pond area. The average yield of rice for the IRSPs is 4.2 t ha-1, whereas the shrimp yield 

is around 800–900 kg ha-1 (35–40 shrimp kg-1) (Tuan et al., 2016). 

Ca Mau is also the province with the turnover from exporting aquaculture products, 

such as shrimp and fish (ADB, 2009). With the total area of surface water for 

aquaculture being 296,551 ha, the government has focused on improving the quantity 

and quality of aqua-products. In 2015, farmers in Ca Mau produced 440,000 t of aqua-

products, including 148,000 t of shrimp. P. monodon is the main shrimp species 

cultivated in the region (Tuan et al., 2016). 
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Figure 1.4: Ca Mau Province map (IMHEN, 2011) 
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1.7.2 Study sites in Cai Nuoc and Thoi Binh Districts, Ca Mau Province 

The farms in this study are located in two districts: Cai Nuoc and Thoi Binh. Cai Nuoc 

has an area of 417 km2 (Fig. 1.4). The area has three main soil groups — salic fluvisols 

(i.e., alkaline soils) covering 4319 ha (5.3%), thionic fluvisols (i.e., acid sulfate soils) 

covering 33,309.20 ha (40.69%), and fluvisols (i.e., alluvial land) covering 44,234.04 ha 

(or 54.0%) (Hens et al., 2009; Tho et al., 2006). Average annual rainfall in Cai Nuoc 

District is more than 2300mm. However, rainfall occurs unevenly throughout the year; 

typically from September to November. Local drought conditions often recur from June 

to August, each period lasting around 15 days. Salinity in this region is relatively stable 

in the wet (rainy) season (July–November). 

In addition to Cai Nuoc, some farms in Thoi Binh District (Fig. 1.4) have also been 

chosen for this study. This district has low-lying, salty floodplains. The natural 

conditions in the region are suitable for growing rice, and the area is traditionally 

considered the “rice bowl” of Ca Mau Province. Thoi Binh is likely to be a more 

suitable area for growing rice than Cai Nuoc (Tho et al., 2013). 
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Chapter two: Comparing nutrient budgets in integrated rice–

shrimp ponds and shrimp grow–out ponds 

This chapter includes a co-authored paper. The bibliographic details of the co-authored 

paper, including all authors, are: 

 

Dien, L. D., Hiep, L. H., Hao, N. V., Sammut, J., & Burford, M. A., 2018. Comparing 

nutrient budgets in integrated rice–shrimp ponds and shrimp grow–out ponds. 

Aquaculture, 484, 250–258. doi:10.1016/j.aquaculture.2017.11.037 

 

My contribution to the paper involved designing the experiment, collecting and 

analysing the data, providing direction on the structure of the results analysis, writing 

the manuscript, and addressing the comments from reviewers. Le Huu Hiep and Nguyen 

Van Hao helped the sampling in the field and the experiment set-up, and also provided 

some useful comments to improve the manuscript. Michele Burford was the principal 

supervisor of this project, contributing to developing the ideas of the experiment, 

providing direction on the structure of the results analysis and revising the manuscript. 

Jesmond Sammut was the associated supervisor of this project, contributing by 

providing valuable comments to improve the manuscript. 
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2.1 Introduction 

Farmed shrimp are the most valuable commodity for Vietnam, accounting for 42% of 

the country’s earnings from seafood production, and approximately 76% of Vietnam’s 

shrimp production occurs in the Mekong Delta (ADB, 2013). The Mekong River and its 

tributaries are also critical areas for rice production, and the river system and its 

farmlands are known as the ‘Rice Bowl’ of Vietnam (Dang and Danh, 2008). However, 

in recent decades, sea level rise, river flow regulation and increased water consumption 

have increased water salinity to the point where it is becoming a serious problem for 

rice production (Tho et al., 2013). Hence, in some regions, the canals and farms have 

freshwater in the rainy season but higher salinity in the dry season; consequently, rice is 

increasingly difficult to grow in the dry season. Integrated rice–shrimp farming has been 

promoted given that dry season conditions are suitable for shrimp production when rice 

crops might struggle or fail under higher salinities. This farming system involves 

farming rice in the wet season with shrimp culture in the same system during the dry season. 

This practice has spread from around 40,000 ha in 2000 (Brennan et al., 2002; Preston 

and Clayton, 2003) to 160,000 ha in 2016 and has been predicted to rise to 250,000 ha 

by 2030 (Tuan et al., 2016). Despite this, there have been few studies on the 

sustainability of these systems (Leigh et al., 2017). 

An understanding of the nutrient budget, by quantifying nutrient inputs and outputs, and 

hence the efficiency of nutrient utilization, is critical to determine the sustainability of 

rice–shrimp farming systems. However, to date, this has not been addressed. There are 

many studies of nutrient budgets in a range of aquaculture systems, especially for 

shrimp ponds. For example, nutrient budgets have been determined for intensive shrimp 

ponds in Thailand (Briggs and Funge-Smith, 1994; Thakur and Lin, 2003), for extensive 

shrimp ponds in Bangladesh (Rouf et al., 2012; Wahab et al., 2003), for semi-intensive 
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shrimp farms in Mexico (Miranda et al., 2009; Paez-Osuna et al., 1997; Paez-Osuna et 

al., 1999), and for semi-intensive shrimp farms in Australia (Jackson et al., 2003). These 

studies have found that feed was the primary source of nitrogen (N), phosphorus (P), 

and carbon (C) in these ponds with less than 17% being assimilated by shrimp (Briggs 

and Funge-Smith, 1994; Islam et al., 2004; Jackson et al., 2003; Miranda et al., 2009). 

In culture systems with low water exchange, waterborne loss of nutrients is less 

important than loss into the bed sediments of the pond due to the rapid accumulation of 

sludge (Audelo-Naranjo et al., 2010; Kittiwanich et al., 2012; Qi et al., 2001; Thakur 

and Lin, 2003). Hence, a significant proportion of nutrients received in ponds ends up 

settling on the pond bottom and being discharged (Huy and Maeda, 2015; Sun and 

Boyd, 2013; Xia et al., 2004). 

Nutrient budgets provide a means to quantify potential impacts of pond management 

strategies to improve the efficiency of production. There remains a gap in the 

knowledge of nutrient budgets for integrated rice–shrimp ponds (IRSPs). Therefore, in 

this study, nutrient budgets in shrimp grow–out ponds (SGOPs) were compared with 

adjacent IRSPs to determine dominant nutrient inputs and outputs, and the relative 

effectiveness of nutrient utilization by shrimp. This information is a fundamental step in 

improving food utilization efficiency, water quality and biogeochemical processes of 

the farming practices. 

2.2 Materials and methods 

2.2.1 Study area 

The study focused on 12 farms along a canal in the Cai Nuoc District, Ca Mau 

Province, Vietnam from February 2014 to January 2016 (Fig. 2.1). There were six farms 

(C1-C6) using only IRSPs, with a platform (80% of area) for rice growing, and 
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surrounding ditch (20% of area) for water management and shrimp farming. An 

additional six farms (M1-M6) were used to trial a combination of the IRSPs, plus newly 

constructed SGOPs with shrimp grown from semi-intensive to intensive conditions. 

IRSPs ranged in size from 1.2 to 3.5 ha, with water depth in the ditch typically 1.0–1.4 

m, and for the platform 0.1–0.4 m. The SGOPs were 0.2–0.3 ha in area, and 1.1–1.5 m 

deep (Fig. 2.2). 

 

Figure 2.1: Map of 12 farms and the adjacent canal in Ca Mau province, Vietnam 

There are two main seasons in the region: the dry season from December to April, and 

the wet (rainy) season from May/June to October/November (Leigh et al., 2017). The 

hottest period is typically between April and May, while the wettest period is from 

September to October/November. During the rainy season, water salinity in this region 

drops gradually from around 20 to 4, and may become fresh (Hoanh et al., 2016). The 

area experiences annual flooding due to its low elevation.  The air temperature ranges 
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from 24 to 340C, and the average monthly rainfall ranges from 0 mm in the dry season 

to 250 mm in the wet season, with annual rainfall around 2300 mm (ADB, 2013). 

 

Figure 2.2: Design of an integrated rice–shrimp pond (left) and an intensive shrimp grow–

out pond (right) with a settling pond on the same farm 

 

2.2.2 Pond management 

The first steps of preparation for the IRSP included cleaning and reinforcing the pond 

bank, discharging the water in the ditch through a sluice gate, and transferring sludge in 

the ditch to the platform. After that, lime was added to the pond (using calcium oxide, a 

dose of 1.0 t ha-1 ditch-1 and 500 kg ha-1 platform-1), then the platform was dried for 5–7 

days. Approximately 15–20 days later, water was added from the canal via a filter bag if 

the salinity of the supply channel was suitable (> 10) or via a settling pond. Unwanted 

fish were killed using Rotenone, and water was disinfected using iodine added at 0.5 mg 

L-1. 
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Before shrimp stocking, the SGOP was also prepared by cleaning and reinforcing the 

bank, draining the pond to dry the sediment, and removing sludge on the bottom layer. 

Next, the pond was fenced with nets to prevent small crabs from entering before it was 

limed (using calcium oxide, dose: 1–2 t ha-1), and dried for 7–10 days. The total time for 

pond preparation (removing sludge, drying pond and liming) was one month. When 

salinity of the supply channel was suitable, water was pumped through a filter bag into 

the pond. The depth of water was about 1.2 to 1.6 m. From 3 to 5 days after filling, 

water was disinfected by using benzalkonium chloride (1.5 mg L-1). A few days later, 

fertilizer was added (using di-ammonium phosphate or nitrogen phosphorus potassium, 

dose: 2–3 kg 1,000 m-3), and conducted continuously for 2–3 days. Lime and dolomite 

were typically added. A few days before stocking, probiotics (BioShrimp-RIA2, dose: 

1.0 L 1,000 m-2) were also added, and some basic physico-chemical parameters were 

monitored to ensure they were in an appropriate range: pH (7.5–8.5), alkalinity (80–120 

mg L-1), salinity (> 8 for stocking black tiger shrimp), Secchi disc depth (25–35 cm), 

and colour of water (light blue, light yellow, blue yellow, yellow green, and light 

brown) (Boyd, 1995). 

A key difference between the SGOPs and the IRSPs was the shrimp stocking density 

and the resulting need for formulated feed. SGOPs were stocked at a density of 15 post 

larvae m-2 for P. monodon (mostly in the dry season) or 30 post larvae m-2 for P. 

vannamei (mainly in the wet season) while IRSPs were stocked with P. monodon with a 

mean density of 2 post larvae m-2. SGOPs were stocked once early in the dry season 

(P. monodon) and once at the beginning of the wet season (P. vannamei). For the 

IRSPs, stocking occurred every 2–3 months during the two-year period over both the 

wet and dry season. Mud crabs (Scylla paramamosain) were also stocked in the IRSPs 

having an estimated density of 0.5 crab m-2. Formulated feed (Tomboy, UP) was added 
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to SGOPs while shrimp in the IRSPs consumed only natural food present in those 

ponds. 

Paddlewheels (Motor 3HP or diesel engines) were used in the SGOPs, whereas IRSPs 

were not aerated. Two paddlewheels were typically installed in each SGOP so that 

aerators could supply enough oxygen for shrimp, especially in the rainy weather, during 

the night and in periods of chemical treatment (Boyd, 1998). 

Pumping times for exchanging water from both SGOPs and IRSPs were recorded and 

the pumping times correlated with flow rates to determine the volume of water 

exchanges. Additionally, the water depth in the ditch and platform of IRSPs, and the 

water depth of SGOPs were recorded throughout the growth season. When this 

information was combined with the area of the farm, the volumes of water could be 

calculated. 

2.2.3 Shrimp harvest 

For IRSPs, trap nets with a large mesh size were used for partial harvests throughout the 

year to ensure that only shrimp greater than 20 g were caught and removed from the 

ponds. At the end of the year, the ponds were drained, and additional shrimp were 

harvested using trap or seine nets. Fifty shrimp were weighed at each harvest to estimate 

the total biomass and mean weight. In addition to the shrimp, mud crabs were 

occasionally harvested and biomass recorded. 

At the end of the culture period, SGOPs were drained, and shrimp were caught using 

large seine nets and subsets of animals were weighed. The feed conversion ratio (FCR) 

was calculated as well as the survival and total biomass of shrimp. The FCR was 

calculated as total weight of dry feed given divided by the total weight gain. Survival 
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was determined as the number of shrimp caught divided by the initial number of shrimp 

stocked in each pond, and total biomass as final total wet weight per crop. 

2.2.4 Water sampling and analyses 

Physico-chemical parameters, i.e. temperature, salinity and dissolved oxygen (DO), 

were measured weekly using calibrated loggers (Thermocron ibuttons, Odyssey 

conductivity probes). Water samples for nutrient analyses were collected monthly. This 

involved collecting surface water samples with a bucket of the inlet water, and each 

ditch in the IRSP, as well as each SGOP. Samples were taken at five different locations 

in IRSPs and SGOPs, and for inlet water using a 1.0 L bottle. Each bottle of water was 

poured into one bucket to make a composite sample from which subsamples for various 

analyses were taken. Known volumes of water for chlorophyll a analysis were filtered 

through glass fibre filters (Whatman GF/F with nominal pore size 0.7 µm, 2.5 cm 

diameter). Filters were stored in a freezer until analyzed as chlorophyll a degrades 

easily. A similar sampling method was applied for the total suspended solid (TSS) 

parameter. 

Two replicate samples were taken for total organic carbon (TOC), total nitrogen (TN) 

and total phosphorus (TP), which were then frozen. For ammonium nitrogen (NH4-N), 

nitrite nitrogen (NO2-N), nitrate nitrogen (NO3-N), soluble reactive phosphate (PO4-P), 

total dissolved nitrogen (TDN) and total dissolved phosphorus (TDP) analyses, a 

subsample was taken and filtered through a 0.45 µm membrane filter (Sartorius, 2.5 cm 

diameter), then frozen until analyzed. 

NH4-N was analyzed using the phenate method; NO2-N, NO3-N using cadmium 

reduction and sulphanilamide method; PO4-P using the ascorbic acid method, and TP, 

TDP, TN and TDN using the persulfate method followed by colorimetric analyses 
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(APHA, 2005). Concentrations of chlorophyll a were determined by acetone extraction 

of the glass fibre filters and spectrophotometric measurements following APHA 

methods (2005). TOC was determined following APHA methods (2005) using chromic 

acid rapid titration method. For TSS samples, filters were defrosted and dried in an oven 

at 600C for 24 hours (APHA, 2005). 

2.2.5 Sediment, benthic algae, feed, fertilizer, shrimp and crab data 

In the SGOPs, sediment samples were collected by taking different cores (up to 15 cm 

depth) from each pond and mixed in a composite sample for analysis. All sediment 

samples were oven-dried at 600C for 24 h, pulverized to pass through a 0.25 mm mesh 

screen, and analyzed for TN, TP and TC (APHA, 2005). 

Benthic algae in IRSPs were collected four times per year (two in the dry season and 

two in the rainy season) in both ditch and platform. For the platform, a bucket was 

placed over benthic algae and pushed into the sediment so that the bucket was firmly 

held in place. The bucket was reached into, and all plant material (e.g., rice stubble, 

grass) within the area of the bucket were removed. For the ditch, a beam trawl was used, 

and it was dragged around 1.0 m down the ditch. After that, the beam trawl net was 

washed out to remove as much mud as possible. Benthic algae samples in both ditch 

and platform were placed inside plastic bags, and this procedure was repeated at four 

other sites on the platform and four other locations on the ditch. All samples were 

combined and recorded weight, and stored in the freezer until analyzed. 

Nutrient (TN, TP and TC) content of benthic algae, shrimp feed, fertilizer, harvested 

shrimp and crab were also analyzed using the same methods as for sediment. Samples 

were prepared by freeze-drying and pulverizing to pass samples through a 0.85 mm 

screen. 
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It was not possible to quantify sedimentation in the IRSPs due to the confounding effect 

of erosion from the platforms and banks. For the quantification of sedimentation rates as 

an input of OM to pond sediments in the SGOPs, the area and the depth of sludge in the 

middle of the pond were measured after the shrimp harvest. Moreover, two traps were 

also placed in the pond to collect the sludge during the crop, and samples were taken for 

analysis of nutrients at the beginning and the end of the crop (Fig. 2.3). 

 

Figure 2.3: Trap to collect sediment during the crop in the SGOPs 

 

2.2.6 Calculation of nutrient budget 

Nutrient (N, P and C) inputs and outputs in the IRSPs were based on shrimp, crab, water 

and fertilizer inputs, and harvested shrimp, crab, discharge water and benthic algae 

biomass outputs. Inputs and outputs were calculated as follows: 

Nutrient input in shrimp = Nutrient concentration in shrimp at stocking  total shrimp 

stocking weights (as dry weight). 

Nutrient input in crab = Nutrient concentration in crab at stocking  total crab stocking 

weights. 
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Nutrient input in water = Nutrient concentration in inlet water  total amount of water 

supplied. 

Nutrient input in fertilizer = Nutrient concentration in fertilizer  total amount of 

fertilizer supplied. 

 

Nutrient output in shrimp = Nutrient concentration in harvested shrimp   total shrimp 

biomass. 

Nutrient output in crab = Nutrient concentration in crab harvesting  total crab biomass. 

Nutrient output in water = Nutrient concentration in outlet water  total amount of water 

released. 

Nutrient output in benthic algae = N concentrations were based on chlorophyll a 

concentrations, using the ratio of chlorophyll to C of Legendre and Michaud (1999), and 

the benthic algae P and C were calculated from the Redfield (1958) molar ratio (C:N:P 

= 106:16:1). 

 

Nutrient (N, P and C) inputs and outputs in the SGOPs were calculated using shrimp, 

water, feed and fertilizer inputs, and harvested shrimp, discharge water and sedimented 

material outputs.  Inputs and outputs were calculated as follows: 

Nutrient input in shrimp = Nutrient concentration in shrimp at stocking  total shrimp 

stocking weights (as dry weight). 

Nutrient input in water = Nutrient concentration in inlet water  total amount of water 

supplied. 

Nutrient input in feed = Nutrient concentration in feed  total amount of feed supplied. 

Nutrient input in fertilizer = Nutrient concentration in fertilizer  total amount of 

fertilizer supplied. 
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Nutrient output in shrimp = Nutrient concentration in harvested shrimp  total shrimp 

biomass (as dry weight). 

Nutrient output in water = Nutrient concentration in outlet water  total amount of water 

released. 

Nutrient output in sedimented material (referred to as sediment) = Nutrient 

concentration in the sediment  total settled materials (as dry weight). 

 

It should be noted that this research did not quantify C exchange with the atmosphere, 

i.e. carbon fixation and respiration processes, so these inputs and outputs were not 

included in the C budget. 

2.2.7 Data analysis 

Analysis of variance (ANOVA) with Duncan multiple range tests was applied to 

determine the significant differences in water quality parameters in the wet and dry 

season, using SAS software (SAS 9.4). 

2.3 Results 

2.3.1 Production 

Mean shrimp survival ranged from 4.1 to 8.5% across the 12 IRSPs (M1–M6 and C1–

C6), and shrimp yield was 113.2 ± 37.5 kg ha-1 (Table 2.1). In addition to the shrimp 

harvest, there was also a significant crab harvest from a number of farms (mean crab 

yield: 38.4 ± 17.3 kg ha-1). Rice harvests were only obtained from three of the twelve 

IRSPs over the entire two-year study period (112-258 kg ha-1
, based on platform area 

only). 

For the SGOPs (M1–M6), the survival of the shrimp varied substantially, with a mean 

of 77.1% (P. vannamei) and 59.2% (P. monodon) for those ponds where a harvest was 
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achieved (for three of the six ponds, survival was 0%). The shrimp production ranged 

from 3667 to 4167 kg ha-1, with the mean of 3917 kg ha-1 for P. vannamei, and an 

average of 1551 kg ha-1 for P. monodon. Mean FCR for P. vannamei ponds was 1.08 

while P. monodon was 1.44 (Table 2.1).
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Table 2.1: Production (mean ± SD) and related data for integrated rice–shrimp ponds and shrimp grow–out ponds. 

Ponds Pond area (m2) Survival (%) 

Culture period 

(months) 

Shrimp yield (kg ha-1) Crab yield (kg ha-1) 

FCR 

Rice–shrimp 24,500 ± 9,439 6.3 ± 2.2 

24 (semi-continuous 

harvesting) 

113.2 ± 37.5 38.4 ± 17.3 

- 

Grow–out:       

P. vannamei 3000 ± 245 77.1 ± 10.4 2.7 ± 0.4 3917 ± 250 - 1.08 ± 0.02 

P. monodon 3000 ± 376 59.2 ± 5.3 4.2 ± 0.5 1551 ± 312 - 1.44 ± 0.17 
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2.3.2 Water quality 

In IRSPs, chlorophyll a concentration ranged from 2 to 180 µg L-1 and was significantly 

different between the beginning (first month) and the end (final month) of the culture 

period (P < 0.05) (Table 2.2). The concentrations of DO were consistently low (usually 

less than 2 mg L-1), especially in the early morning. TN concentrations in the water 

column of IRSPs ranged from 3.03 to 3.14 mg L-1 in the dry season, and 0.64 to 1.16 mg 

L-1 in the wet season. TDN concentrations in IRSPs fluctuated throughout the year with 

no obvious changes between the wet and dry season. TOC in the IRSPs was around 13 

mg L-1 which was less than a half that of the SGOPs (approximately 26 mg L-1) (Table 

2.2). 

DO concentrations tended to be lower toward the end of the culture period in SGOPs 

(both P. vannamei and P. monodon). Overall, DO concentration varied from 3.4 to 7.1 

mg L-1 for P. vannamei, and between 3.2 and 5.9 mg L-1 for P. monodon (Table 2.2). In 

SGOPs, the NH4–N, NO2–N and NO3–N ranged from 0.08 to 1.29, 0.01 to 0.54, 0.03 to 

1.66 mg L-1, for P. vannamei, and 0.01 to 1.70, 0.01 to 0.20, 0.01 to 1.72 mg L-1 for 

P. monodon, respectively (Table 2.2). There were significant (P < 0.05) increases in 

NH4–N, NO2–N and NO3–N concentrations in the pond water in the final month of 

culture as compared to the values for the first month of the culture period. Additionally, 

PO4–P concentrations ranged from 0.01 to 0.03 mg L-1 for P. vannamei, and 0.01 to 

0.19 mg L-1 for P. monodon ponds, whereas TP concentrations were between 0.1 to 0.4 

mg L-1 for P. vannamei and 0.3 to 0.7 mg L-1 for P. monodon ponds. Both PO4–P and 

TP concentrations also increased significantly (P < 0.05) from the first month to the 

final month of the culture period for P. monodon ponds, but this was not the case for P. 

vannamei ponds. Chlorophyll a concentrations increased gradually over the production 

period, and at the end of the culture period they were around 83 and 57 µg L-1 for P. 

vannamei and P. monodon, respectively (Table 2.2). The TSS concentrations in the 

SGOPs were just two-thirds that of IRSPs.
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Table 2.2: Water quality parameters (range and mean values) in integrated rice–shrimp ponds during 2014–2015, P. vannamei ponds 

across the three months of grow–out, and P. monodon ponds across the five months of grow–out. All units were presented at mg L-1, 

except Chlorophyll a (µg L-1). 

 

Parameter 

Integrated rice–shrimp ponds P. vannamei ponds P. monodon ponds 

Beginning 

(Month 1) 

Middle 

(Month 12) 

At the end 

(Month 24) 

Beginning 

(Month 1) 

Middle 

(Month 2) 

At the end 

(Month 3) 

Beginning 

(Month 1) 

Middle 

(Month 3) 

At the end 

(Month 5) 

NH4–N  (mg 

L-1) 

0.03–0.19 

(0.10) 

0.01–0.21 

(0.07) 

0.08–0.86 

(0.20) 

0.08–0.20 

(0.13) 

0.14–0.41 

(0.28) 

0.53–1.29 

(0.91) 

0.23–0.76 

(0.53) 

0.01–0.38 

(0.26) 

0.94–1.70 

(1.36) 

NO2–N  (mg 

L-1) 

0.00–0.04 

(0.01) 

0.04–0.06 

(0.05) 

0.01–0.37 

(0.08) 

0.01–0.02 

(0.02) 

0.01–0.08 

(0.06) 

0.07–0.54 

(0.34) 

0.01–0.06 

(0.03) 

0.01–0.14 

(0.06) 

0.01–0.20 

(0.08) 

NO3–N  (mg 

L-1) 

0.10–0.37 

(0.26) 

0.03–0.11 

(0.06) 

0.01–0.14 

(0.06) 

0.10–1.66 

(0.64) 

0.03–0.08 

(0.06) 

0.11–0.36 

(0.24) 

0.23–0.35 

(0.29) 

0.01–0.39 

(0.24) 

0.95–1.72 

(0.23) 

TN (mg L-1) 0.7–3.7 (1.8) 0.6–1.2 

(0.8) 

0.9–1.4 

(1.2) 

0.2–2.0 (1.1) 0.6–1.9 

(1.2) 

1.7–1.8 

(1.8) 

1.0–2.9 (1.7) 3.7–4.6 

(4.1) 

2.5–5.8 

(4.4) 

PO4–P   (mg 

L-1) 

0.01–0.07 

(0.03) 

0.01–0.19 

(0.03) 

0.01–0.16 

(0.05) 

0.01–0.03 

(0.02) 

0.01–0.02 

(0.02) 

0.01–0.02 

(0.01) 

0.01–0.10 

(0.06) 

0.15–0.16 

(0.16) 

0.17–0.19 

(0.18) 

TP (mg L-1) 0.1–0.4 (0.3) 0.0–0.2 0.1–0.2 0.1–0.2 (0.2) 0.1–0.4 0.1–0.3 0.3–0.5 (0.4) 0.4–0.6 0.3–0.7 
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Parameter 

Integrated rice–shrimp ponds P. vannamei ponds P. monodon ponds 

Beginning 

(Month 1) 

Middle 

(Month 12) 

At the end 

(Month 24) 

Beginning 

(Month 1) 

Middle 

(Month 2) 

At the end 

(Month 3) 

Beginning 

(Month 1) 

Middle 

(Month 3) 

At the end 

(Month 5) 

(0.1) (0.1) (0.3) (0.2) (0.5) (0. 4) 

TOC    (mg L-

1) 

9.8–22.2 

(18.1) 

3.9–6.1 

(5.0) 

15.0–21.4 

(19.6) 

15.9–21.2 

(17.8) 

19.2–32.6 

(26.8) 

9.7–18.3 

(14.0) 

12.4–23.0 

(18.4) 

16.2–27.1 

(20.0) 

21.5–28.1 

(23.7) 

DO (mg L-1) 0.7–2.7 (1.6) 0.9–3.5 

(2.1) 

1.3–4.2 

(2.9) 

4.0–7.1 (5.7) 3.7–6.2 

(4.8) 

3.4–6.1 

(4.5) 

3.4–5.7 (4.4) 3.4–5.9 

(4.5) 

3.2–5.6 

(4.3) 

Chlorophyll a 

(µg L-1) 

1.8–104.4 

(23.9) 

5.4–59.4 

(30.2) 

8.4–179.7 

(90.5) 

22.7–66.8 

(60.7) 

8.9–112.4 

(67.6) 

67.5–97.8 

(82.6) 

0.6–7.4 (3.9) 4.8–58.4 

(25.8) 

14.3–74.3 

(57.4) 

TSS (mg L-1) 25–247 (129) 37–87 (53) 76–147 

(130) 

44–88 (69) 45–142 

(96) 

90–122 

(111) 

39–54 (45) 37–71 

(57) 

80–106 

(91) 
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2.3.3 Nutrient budgets 

In IRSPs, water intake was the main nutrient and carbon input (92% N, 57% P, 95% C) 

while fertilizer addition accounted for 8% N, 43% P and 5% C. Shrimp survival was 

only around 4.1–8.5% across the two years, hence shrimp only occupied 6% N, 5% P 

and 10% C of total output (Table 2.3, Fig. 2.4). Water discharge accounted for the 

highest output (75% N, 41% P, 57% C), followed by unaccounted (11% N, 50% P, 25% 

C) (Table 2.3, Fig. 2.4). 

 

 

Figure 2.4: The nutrient (% N, % P and % C) budgets in integrated rice–shrimp ponds
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Table 2.3: The nutrient budget for integrated rice–shrimp ponds (kg ha-1 and % of total inputs and outputs). 

Nutrient Inputs Outputs 

  Shrimp Crab Water Fertilizer Total Shrimp Crab Water 

Benthic 

algae 

Unaccounted Total 

N (kg ha-1) 0.01  <0.01 41.27 3.67 44.95 2.59 1.07 33.79 2.48 5.02 44.95 

N (%) 0.02  <0.01 91.82 8.16 100.00 5.76 2.38 75.18 5.52 11.16 100.00 

P (kg ha-1) 0.02  <0.01 4.96 3.74 8.72 0.43 0.24 3.58 0.15 4.32 8.72 

P (%) 0.22  <0.01 56.89 42.89 100.00 4.93 2.75 41.06 1.72 49.54 100.00 

C (kg ha-1) 0.03  <0.01 402.15 19.27 421.45 43.15 17.72 240.10 13.25 107.23 421.45 

C (%) 0.01  <0.01 95.42 4.57 100.00 10.24 4.20 56.97 3.14 25.44 100.00 
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In P. vannamei ponds (SGOPs), formulated feed was the primary nutrient (N, P and C) 

input, i.e. 82, 75 and 85%, of the total input respectively. Intake water was 8, 6 and 10% 

N, P and C in that order. N, P and C inputs in the form of fertilizer were 10, 19 and 5%, 

respectively. Shrimp biomass tended to be the dominant output as it accounted for 

around 35% of total nutrient outputs. Approximately 10, 13 and 29% of N, P and C 

output, respectively, were unaccounted for (Table 2.4, Fig. 2.5). 

 

Figure 2.5: The nutrient (% N, % P and % C) budgets in shrimp P. vannamei ponds
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Table 2.4: The nutrient budgets for shrimp grow–out ponds (kg ha-1 and % of total inputs and outputs). 

Nutrient Inputs Outputs 

  Shrimp Water Feed Fertilizer Total Shrimp Sedimentation Water Unaccounted Total 

P. vannamei ponds: 

N (kg ha-1) 0.2 25.2 245.7 30.0 301.1 104.5 113.3 54.5 28.8 301.1 

N (%) 0.1 8.4 81.6 9.9 100.0 34.7 37.6 18.1 9.6 100.0 

P (kg ha-1) <0.1 3.2 39.4 9.9 52.5 12.5 29.7 3.4 6.9 52.5 

P (%) <0.1 6.0 75.1 18.9 100.0 23.8 56.5 6.4 13.3 100.0 

C (kg ha-1) 3.4 154.4 1352.2 75.0 1585.0 366.7 540.0 224.0 354.3 1585.0 

C (%) 0.2 9.8 85.3 4.7 100.0 23.1 34.1 14.1 28.7 100.0 
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Nutrient Inputs Outputs 

  Shrimp Water Feed Fertilizer Total Shrimp Sedimentation Water Unaccounted Total 

P. monodon ponds: 

N (kg ha-1) 0.1 20.6 142.9 26.1 189.7 50.4 76.0 45.6 17.7 189.7 

N (%) <0.1 10.9 75.3 13.8 100.0 26.5 40.1 24.0 9.4 100.0 

P (kg ha-1) <0.1 2.3 26.1 19.1 47.5 6.0 27.1 4.4 10.0 47.5 

P (%) <0.1 4.9 54.9 40.2 100.0 12.7 57.0 9.2 21.1 100.0 

C (kg ha-1) 0.9 178.5 942.1 95.0 1216.5 176.7 492.8 205.8 341.2 1216.5 

C (%) 0.1 14.7 77.4 7.8 100.0 14.5 40.5 16.9 28.1 100.0 
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For the P. monodon ponds (SGOPs), feed was also the major input of nutrient (75% N, 

55% P and 77% C), followed by fertilizer (14% N, 40% P and 8% C). Shrimp harvest 

was approximately 26% of the total output. A major portion of the nutrient inputs were 

deposited on the floor of the ponds (i.e., sediment) as well as discharged over the season 

in the discharge water (40% N, 57% P, 41% C and 24% N, 9% P, 17% C, respectively, 

of total nutrient retention in the culture system) (Table 2.4, Fig. 2.6). 

 

 

Figure 2.6: The nutrient (% N, % P and % C) budgets in shrimp P. monodon ponds 
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2.4 Discussion 

This study is the first to determine nutrient budgets in the IRSPs, and showed, for the 

first time, that SGOPs were more efficient than IRSPs. In the SGOPs, the feed was 

more efficiently converted to shrimp biomass. In contrast, in IRSPs, nutrients and C in 

water intake was largely discharged, especially in the case of N. Hence, most of the 

nutrients did not get assimilated in the ponds. One key reason for this poor assimilation 

was low shrimp survival (6.3 ± 2.2%); thus the nutrient (especially N and P) in this 

system did not convert to shrimp biomass. This, combined with the low rice harvest 

(mostly no rice crop over the two-year period of the sampling at the 12 farms due to 

high salinity affecting rice production), supports the conclusion that SGOPs were a 

more efficient system than IRSPs in this study. 

 

In this research, in the comparison between P. vannamei ponds and P. monodon ponds 

in SGOPs, the nutrient input (kg ha-1) of P. vannamei ponds was higher than nutrient 

input of P. monodon ponds. Partically, nutrient input in P. vannamei were 301.1 kg N 

ha-1, 52.5 kg P ha-1, 1585.0 kg C ha-1, and those were 189.7 kg N ha-1, 47.5 kg P ha-1, 

1216.5 kg C ha-1 in P. monodon ponds. This was for two reasons: firstly, P. vannamei 

ponds had much higher stocking densities (30 post larvae m-2 compared to 15 post 

larvae m-2 of P. monodon); and, secondly, the higher stocking densities in P. vannamei 

ponds required higher feed inputs compared to P. monodon ponds. The results from the 

P. vannamei ponds were similar to those from P. vannamei ponds studied by Xia et al. 

(2004). They found inputs of 315 kg N ha-1 and 56 kg P ha-1 with a stocking density of 

50 post larvae m-2. In addition, Sahu et al. (2012) had similar N, P and C in their  P. 

monodon harvests on semi-intensive ponds compared to this study (107–293 kg N ha-1 

crop-1, 23–57 kg P ha-1 crop-1, 763–1831 kg C ha-1 crop-1 at the stocking density of 10–
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22 post larvae m-2). The FCRs in this research were low compared with other studies 

suggesting the feed utilization efficiency was high (Jackson et al., 2003; Sahu et al., 

2012). 

 

Moreover, in the comparison between P. vannamei and P. monodon ponds, the results 

demonstrated that P. vannamei was more efficient than P. monodon since P. vannamei 

reached harvest size faster (2.7 ± 0.4 months for P. vannamei as opposed to 4.2 ± 0.5 

months for P. monodon), had higher survival, higher production, and a better FCR. 

Some SGOPs had no harvest in this research due to a disease outbreak (mainly 

AHPND) on both P. vannamei and P. monodon ponds. AHPND has become the most 

severe disease affecting shrimp in the Mekong Delta since 2010 (FAO, 2013). 

Occurrences of AHPND usually happen in the first 30 days after shrimp stocking, and 

mortality can be higher than 70% (Lightner et al., 2013). Therefore, a shorter time to 

harvest reduces the risks of loss, which, in turn, results in more production and income 

for farmers. 

 

Incorporation of nutrients into benthic algae was quite low in this study, which suggests 

that natural feed may be limiting. Hence the management of benthic algae in the IRSPs 

could be critical (Burford and Williams, 2001; Burford et al., 2004; Tho et al., 2013). 

However, at times, large amounts of nutrients were stored in macrophytes (aquatic 

plants) and benthic algae on the platform, but this biomass was found to vary 

considerably over time and between farms. It was unclear what drove this variability, 

but the change in salinity and temperature might reduce the biomass (Dien et al., 2016). 

Traditional pond management practices often include fertilization to promote primary 
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productivity, but this practice is questionable since nutrient levels in the ponds were 

high compared with other studies (Alongi et al., 2000). This is because incoming water 

from the canals contained high loads of N and P from sewage and other nutrient waste 

inputs. 

 

Additionally, fertilizer may be of limited value in ponds where formulated feed is 

added. Studies in Choluteca, Honduras, indicated that inorganic fertilization of ponds 

with feed added was of dubious value during the wet season, and did not increase 

shrimp yield during the dry season when ambient conditions hinder shrimp growth 

(Teichert-Coddington et al., 2000). In SGOPs, fertilizer can have a considerable effect 

on effluent discharge concentrations of soluble N, P and C (Wahab et al., 2003; Xia et 

al., 2004). Studies also suggest that farm managers should minimize the use of 

fertilizers unless site-specific studies demonstrate that fertilization increases yields 

(Barua et al., 2011; Burford et al., 2004; Rouf et al., 2012). This study also suggests that 

fertilizer addition may be an unnecessary expense. 

 

Nutrient and C in water discharge from IRSPs was lower than SGOPs, thus IRSPs have 

a lower environmental impact than SGOPs (Chowdhury et al., 2011). However, in this 

study, this was counteracted by poor production likely due to chronically low DO 

concentration affecting growth and mortality, in particular between the evening and the 

early morning period (Leigh et al., 2017). This issue could be considered the main 

reason for the low shrimp survival because safe DO concentrations for shrimp health 

should be more than 3.0 mg L-1 (MNRE, 2008). DO concentration decreases with 

increased depth of water, and also when temperature and salinity decline. Shrimp 
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survival in IRSPs was also likely to be affected by food availability (Burford and 

Lorenzen, 2004; Burford et al., 2004; Islam, 2003). Furthermore, the high salinity in 

IRSPs resulted in the failure of the rice-crop. High salinity is considered the primary 

risk factor for rice (Leigh et al., 2017; Nhan et al., 2011). Hence, unless these risk 

factors are addressed, IRSPs cannot be made more sustainable. 

It is advised that pond preparation of IRSPs is vital to enhancing water quality, 

especially for increasing DO concentrations during the culture period. To overcome the 

oxygen deficiency in the IRSPs, some solutions might include: water exchange through 

the renewal of pond water with high-quality water, either by sluice-gate or pumping; 

aeration by using paddle wheels; and use of probiotics that are bio-friendly agents and 

contain such as Lactobacillus and Bacillus spp. (Thakur and Lin, 2003). However, it 

may not be feasible to apply these methods to increase DO concentrations in the IRSPs 

because of the large areas involved — around 2.0–3.0 ha (Table 2.1). Hence, a more 

economical method may be to focus on pond preparation to remove sludge from the 

bottom layer of the ditch (Thuy and Ford, 2010). Subsequently, a mechanism is needed 

so that water quality can be monitored and maintained properly during the culture 

period. 

Denitrification and ammonia volatilization are two potential losses of N that were not 

measured in this study and are not often measured directly in aquaculture systems. In 

most studies, these factors are estimated indirectly as the difference between the N 

inputs and outputs (Briggs and Funge-Smith, 1994; Martin et al., 1998; Miranda et al., 

2009; Paez-Osuna et al., 1999; Sun and Boyd, 2013; Xia et al., 2004). The study 

showed that in the grow–out pond, around 10% N was estimated as lost via these 

processes in both P. vannamei and P. monodon ponds. The unaccounted-for component 
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varies widely between studies. Most of the studies estimated less than 15% of N to be 

unaccounted for (Briggs and Funge-Smith, 1994; Martin et al., 1998). However, much 

higher losses from 27 to 66% have also been reported (Hopkins et al., 1993; Martin et 

al., 1998; Paez-Osuna et al., 1999). Burford and Longmore (2001) carried out one of 

few studies to measure fluxes and infer denitrification in shrimp ponds and found < 2% 

of available N was denitrified. They attributed this to low availability of nitrate 

substrate — in turn due to low nitrification of ammonia nitrogen. Therefore, further 

research should be conducted to quantify ‘unaccounted’ regarding nutrient outputs, 

especially focusing on N outputs to thoroughly understand the N dynamics in both 

SGOPs and IRSPs. 

 

2.5 Conclusions 

This study showed that the main nutrient input (92% N, 57% P and 95% C) in the 

IRSPs came from intake water, and water discharge accounted for the highest output 

(75% N, 41% P, and 57% C). Shrimp survival in IRSPs was low over the two years 

(4.1–8.5%), which resulted in the low nutrient output in the harvested shrimp (6% N, 

5% P and 10% C). In contrast, the SGOPs had much higher survival (77.1% for P. 

vannamei and 59.2% for P. monodon) in the three of the six farms where the crop 

survived through to harvest. In these ponds, formulated feed was the highest nutrient 

input (P. vannamei: 82% N, 75% P and 85% C; P. monodon: 75% N, 55% P and 77% 

C) with approximately a third of the nutrients being in shrimp harvest. These results 

showed that nutrients in the IRSPs were used less efficiently than in SGOPs; thus 

mechanisms to improve shrimp survival and production are urgently needed. 
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Chapter three: Factors driving low oxygen conditions in 

integrated rice–shrimp ponds 

This chapter includes a co-authored paper. The bibliographic details of the co-authored 

paper, including all authors, are: 
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2019. Factors driving low oxygen conditions in integrated rice–shrimp ponds. 
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manuscript. Chengrong Chen and Jesmond Sammut were the associated supervisors of 

this project, contributing by providing comments to improve the manuscript and data 

analyses. 
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3.1 Introduction 

In the coastal zone of the Mekong Delta, Vietnam, where saline water intrusion in the 

dry season is a major constraint to agricultural production, many farmers farm rice and 

shrimp in integrated rice–shrimp ponds (IRSPs). This practice has occurred for over 40 

years (Hung, 1992). Farming shrimp in shallow ponds, canals, ditches and rice fields 

has provided traditional rice farmers with an extra income during the dry season. The 

rice with shrimp rotation is believed to increase environmental sustainability and 

contributes to food security (Be et al., 2003). Shrimp metabolites are thought to benefit 

the rice crop through increased nutrient availability. Rice cultivated after the shrimp 

harvest utilizes and absorbs any excessive organic loads that may affect the shrimp 

negatively (Burford et al., 2004; Nhan et al., 2011). Additionally, the low salinity may 

destroy shrimp pathogens (Phong et al., 2003). 

During the dry season, rice stubble provides a substrate for natural food for the shrimp. 

The integration of shrimp aquaculture with rice cultivation has been proposed as an 

environmentally benign way to boost aquaculture production (Frei and Becker, 2005). 

However, the productivity of rice–shrimp ponds is generally low and unreliable — i.e., 

the average shrimp productivity of the rice–shrimp system ranges from 0.25 to 0.30 t ha-

1 crop-1 with a stocking density of one to two post larvae m-2 (Brennan et al., 2002; 

Preston et al., 2003). This limits wealth creation for farmers. Hence, many questions 

have been raised about the environmental sustainability of the rice–shrimp model and 

solutions are needed to improve the socio-economics of rice–shrimp farmers in areas 

along the coast (Be et al., 1999). 

Sediment oxygen demand (SOD) is the sum of the DO removed from the water column 

by the respiration of organisms living in the sediment, decomposition of organic matter, 

and the oxidation of reduced chemicals found in the sediment (Abhilash et al., 2012; 



67 

 

Liu et al., 2009; Sommaruga, 1991). SOD is often considered an indicator of the health 

of the system because sediment structure remains relatively stable while the overlying 

water conditions can be transient (Chen et al., 2012; Park and Jaffa, 1999; Todd et al., 

2009). Therefore, SOD measurement is an important part of water quality investigations 

of waterbodies (such as riverine systems, aquaculture ponds), and is an important 

parameter that must be integrated into numerical simulations of water quality (Akomeah 

and Lindenschmidt, 2017; Liu and Chen, 2012). 

Previous studies in IRSPs have demonstrated periods of high nutrient loads and low DO 

concentration (Dien et al., 2018; Leigh et al., 2017). The high frequency of occurrence 

of low DO concentration in aquaculture ponds generally, and in particular in rice–

shrimp ponds during the growing season, is directly related to the high rates of 

respiratory demand for oxygen. The major losses of oxygen in a static water pond 

system are due to respiration by shrimp, plankton, sediment microbes and benthic 

animals (Burford & Longmore, 2001; Casillas-Hernández et al., 2007; Zhong et al., 

2015). However, the processes driving low oxygen concentrations in the IRSPs are not 

well-understood. This information is needed to guide management actions. 

Therefore, the objective of this study was to determine oxygen fluxes in IRSPs and the 

key controlling factors. This is a critical step in developing management strategies to 

improve water quality and shrimp production. 

 

3.2 Materials and methods 

3.2.1 Study area 

This study focused on two IRSPs, TB1 and TB2, in Thoi Binh District, Ca Mau 

province, Vietnam (Fig. 3.1). Rice–shrimp ponds have a platform (80% of area) for rice 
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growing, and a surrounding ditch (20% of area) for water management and shrimp 

farming. IRSPs ranged in size from 1.5 to 2.0 ha, with water depth in the ditch typically 

1.0–1.4 m, and for the platform 0.1–0.4 m. 

 

Figure 3.1: Study site layout showing two integrated rice–shrimp ponds (symbolled TB1 

and TB2) in Tan Bang Ward, Thoi Binh District, Ca Mau province, Vietnam. The total 

area of TB1 is 1.5 ha, and that is 2.0 ha of TB2. 

 

There are two main seasons in the region: the dry season from December to April, and 

the wet (rainy) season from May/June to October/November (Leigh et al, 2017). The 

hottest period is typically between April and May, while the wettest period is from 

September to October/November. During the dry season, water salinities range between 

brackish and seawater conditions, while in the rainy season, salinity typically drops 

gradually from around 30 to 2, and may become fresh (ADB, 2013; Tho et al., 2006). 

The air temperature ranges from 24 to 34ºC, and the mean monthly rainfall ranges from 

0 mm in the dry season to 250 mm in the wet season, with an annual rainfall of around 

2300 mm (ADB, 2013). 
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3.2.2 Pond management and harvesting 

The first step in preparation for the IRSP for this field trial involved cleaning and 

reinforcing the pond bank, discharging the water in the ditch through a sluice gate, and 

transferring accumulated sludge from the ditch to the platform. After that, lime was 

added to the pond (using calcium oxide, a dose of 1 t ha-1 ditch-1 and 500 kg ha-1 

platform-1); then the platform was dried for 5–7 days. Approximately 15–20 days later, 

water was added from the canal, via a filter bag to remove unwanted organisms, 

provided the salinity of the supply channel was suitable (> 10). Unwanted fish were 

killed using Rotenone, and water was disinfected using iodine added at 0.5 mg L-1 

(Boyd, 1995). 

IRSPs were stocked with P. monodon with a mean density of 1.5 to 2.0 post larvae m-2. 

Stocking occurred every 3–4 months during the two-year period over both the wet and 

dry season. Mud crabs (Scylla paramamosain) were also stocked in the IRSPs at an 

estimated density of 0.5 crab m-2. No formulated feed was added. Rice was planted at a 

density of 4.0 kg 1000 m-2. Rice was grown through to the end of the dry season and 

harvested in December with short-term varieties (OM429, OM18) or January with long-

term varieties (Lun Kien Giang). 

Trap nets with a large mesh size (12 mm) were used for partial harvests frequently 

throughout the year to ensure that only shrimp greater than 20 g were caught and 

removed from the ponds. At the end of the year, the ponds were drained, and additional 

shrimp were harvested using trap or seine nets. In addition to the shrimp, mud crabs 

were occasionally harvested. 
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3.2.3 Water sampling and analysis 

Water temperature and salinity in the two IRSPs were measured daily throughout each 

year using calibrated loggers (Thermocron ibuttons, Odyssey conductivity probes), and 

logging at two-hour intervals. Other physico-chemical parameters, i.e., pH and DO, 

were measured in the ditch (around 0.5 m from the surface) throughout 2016 and 2017 

(when experiments were conducted twice a year: once in the dry season and once in the 

wet) by using a calibrated Hydrolab Quanta multi-parameter probe. Light attenuation 

was measured through the water column using a Licor LI-250A with a 4 pi-sensor. This 

was used to calculate euphotic depth.  

During the two-year period from 2016 to 2017, water samples for nutrients and other 

parameters were collected twice each year when SOD incubations were undertaken (in 

both dry and wet seasons). For nutrient analyses, water samples from the surface were 

taken at five different locations in the ditch using a 1.0 L bottle. Each bottle of water 

was poured into one bucket to make a composite sample (three replicates) from which 

subsamples for various analyses were taken.  For chlorophyll a analyses, known 

volumes of water were filtered through glass fibre filters (Whatman GF/F with nominal 

pore size 0.7 µm, 2.5 cm diameter). Filters were stored on ice until frozen at –20ºC 

before being analyzed. A similar sampling method was applied for ash free dry weight 

(AFDW) and total suspended solid (TSS) parameters. 

Two replicate water samples were taken and frozen at –20ºC for measurements of total 

organic carbon (TOC), total nitrogen (TN), total phosphorus (TP) and sulfide. For 

ammonium nitrogen (NH4-N), nitrite nitrogen (NO2-N), nitrate nitrogen (NO3-N), 

soluble reactive phosphate (PO4-P), total dissolved nitrogen (TDN) and total dissolved 

phosphorus (TDP) analyses, a subsample was taken and filtered through a 0.45 µm 
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membrane filter (Sartorius, 2.5 cm diameter); then the filtrate was frozen until analyzed. 

NH4-N was analyzed using the phenate method; NO2-N, NO3-N using cadmium 

reduction and sulphanilamide method; PO4-P using the ascorbic acid method, and TP, 

TDP, TN and TDN using the persulfate method followed by colourimetric analyses 

(APHA, 2005). Concentrations of chlorophyll a were determined by acetone extraction 

of the glass fibre filters and spectrophotometric measurements following APHA 

methods (2005). TOC was determined following APHA methods (2005) using the 

chromic acid rapid titration method. Sulfide concentrations were measured through the 

methylene blue method using a UV-VIS Thermo Spectronic Helios Alpha 

spectrophotometer (APHA, 2005). For AFDW and TSS samples, filters were defrosted 

and dried in an oven at 60ºC for 24 h (APHA, 2005). 

 

3.2.4 Sediment nutrient and carbon sampling and analysis 

Sediment samples were taken twice in 2016 (once in the dry season and once in the wet 

season) by collecting five cores (up to 15 cm depth) in the ditch, and five cores in the 

platform from each pond. All sediment samples were oven-dried at 60ºC for 24 h, 

pulverized to pass through a 0.25 mm mesh screen, and analyzed for TN, TP and TOC 

(APHA, 2005).  

A corer of a defined diameter was used for sampling the sediment for chlorophyll a 

concentrations. A sediment core was taken, the surface water was drained off, and the 

surface sediment sliced off at a depth of 2 cm thick. This slice was placed in a plastic 

bag and kept on ice until transferred to the lab. The material was filled up to a defined 

volume, mixed vigorously and then immediately subsampled a defined volume. This is 
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then filtrated onto a GF/F filter paper (2.5 cm diameter), ground with a mortar and 

pestle in a defined volume of cold acetone and left about 12 h in the fridge. The sample 

was then centrifuged and the clear supernatant was measured with a UV-VIS 

spectrophotometer following APHA methods (2005) to determine chlorophyll a 

concentration. 

 

3.2.5 Sediment oxygen demand 

During a two-year period from 2016 to 2017, SOD experiments were conducted pond 

side twice each year (both in the dry season and wet season).  

Intact cores from both ditch and platform were collected with a pole corer by wading 

onto the platform or from a boat (in the ditch). For each sediment incubation, 12 cores 

were taken from two ponds ([three replicates in the ditch + three replicates in the 

platform] x two ponds). The incubations were conducted using the method of Kaiser et 

al. (2015). Overlying water was removed to avoid sediment resuspension during 

sampling and cores were transported to an incubation site adjacent to the ponds. Prior to 

running the incubations, all cores were equilibrated for about 8 hours with around 450 

mL of filtered rice–shrimp pond water (Whatman GF/F with nominal pore size 0.7 µm, 

2.5 cm diameter) to ensure water saturation of the pore space. 

Prior to commencing measurements, cores were completely filled with rice–shrimp 

pond water above the cores to remove any gas space and sealed without disturbance of 

the sediment surface. The cores were incubated in a container (a nally bin) with 

constantly flowing pond water to maintain the same temperature as the pond. The water 

flow rate within cores was controlled by a 12-V pump which has a maximum flow rate 
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of 13.2 L min-1. However, the pump was established at slow speed, and the pump 

volume was approximately 1.1 L min-1, the lowest flow rate that resulted in a linear 

decline in DO concentration over time (Miskewitz et al., 2010; Murphy and Hicks, 

1986). This maintained aerobic conditions at the sediment–water interface but did not 

suspend fine clay particles (Renaud et al., 2007). Sediment cores were kept at an in situ 

temperature of 30ºC. 

Optical oxygen sensors (Presens) were used to measure DO concentrations over time 

to identify trends. DO concentrations were read every one or two hours during the 

daytime, and every three hours during night time over 24h. 

The whole pond oxygen demand (i.e. total oxygen demand – TOD) was also measured 

using calibrated YSI multi-parameter probes (YSI ProODO Optical) placed in the ditch 

(around 0.4 m from the water surface) and platform (0.1 m from the surface) of each 

pond. DO was logged at 15-minute intervals over a full day (24h). The results were 

calculated by linear regression of concentrations over time for both night and day times 

to determine oxygen demand and production. It should be noted that TOD rates were 

just based on changes of oxygen in the water column, excluding gas exchange with the 

atmosphere.  

SOD (g m-2 d-1) was calculated by dividing the rate of change in the DO concentration 

over time by the area of the sediment core surface. Particularly, SOD = 

(0.024 x S x V)/A, where: 

 SOD is the sediment oxygen demand (g m-2 d-1); 

 S is the slope from the oxygen depletion curve (mg L-1 h-1);  

 V is the volume of the incubator (L);  
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 A is the area of bottom sediment covered by the incubator (m2);  

 0.024 refers to a unit conversion constant (converting mg h-1 to g d-1). 

Temperature has an effect on SOD rates, hence most studies standardize SOD to a 

temperature of 20°C. This was also done in our study, so rates were adjusted from those 

measured at the in situ temperature (around 30ºC) to 20ºC (Rong et al., 2016). 

In this study, total oxygen production = the net oxygen production in the water column 

(slope of the linear regression over daytime measured in situ in ponds) + total oxygen 

produced by the primary production + oxygen produced (consumed by respiration 

throughout the day). 

 

3.2.6 Data analysis 

Data were analyzed using R Studio and SPSS 20.0 for Windows. The SOD and TOD 

rates were compared between years (2016 and 2017) and seasons (dry and wet) using 

analysis of variance (ANOVA) followed by Duncan’s multiple range tests for post hoc 

comparisons to determine the significant differences. The normal distribution of the 

data and homogeneity of variances among the treatments were verified before 

conducting ANOVA. Relationships between SOD and parameters in the water column 

(eg. salinity, chlorophyll a, DO), and sediment (chlorophyll a, TOC, TN, TP), were 

examined using linear regression models. The strength of the correlations was 

established using Pearson's correlation coefficient (r) and their p-values. 
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3.3 Results 

3.3.1 Production 

Overall, shrimp survival was less than 50%, with shrimp survival in 2016 having a 

mean of 21.4% compared with 41.1% in 2017. Shrimp yield in 2017 was approximately 

two times higher than that of 2016 (536 and 296 kg ha-1, respectively) (Table 3.1). In 

addition to the shrimp harvest, there was also a significant crab harvest from these two 

IRSPs, where mean crab yield ranged from 87 (in 2016) to 166 (in 2017) kg ha-1. Rice 

harvests (only on the platform) ranged from 1550 to 3040 kg ha-1.
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Table 3.1: Production and related data of two integrated rice–shrimp ponds in 2016 and 2017. Shrimp (P. monodon) were stocked with a 

mean density of 4.5 to 5.0 post larvae m-2, but it should be noted that densities in the ponds were unlikely to be this high as shrimp were 

harvested semi-continuously. 

Pond 

 

Pond area 

(ha) 

Whole season mean 

shrimp stocking 

density (PL m-2) 

Whole year 

survival (%) 

Mean harvest size 

(shrimp kg-1) 

Shrimp yield 

(kg ha-1) 

Crab yield   (kg 

ha-1) 

Rice yield     (kg 

ha-1) 

TB1-2016 1.5 4.5 25.5 40 333 65 1600 

TB1-2017 1.5 5.0 46.2 38 568 248 3330 

TB2-2016 2.0 4.5 17.3 35 260 109 1500 

TB2-2017 2.0 5.0 36.0 39 504 85 2750 

Mean (± 

SD) 2016 

1.75 ± 

0.35 
4.5 ± 0.0 21.4 ± 5.8 37.5 ± 3.5 296 ± 51 87 ± 31 1550 ± 70 

Mean (± 

SD) 2017 

1.75 ± 

0.35 
5.0 ± 0.0 41.1 ± 7.2 38.5 ± 0.7 536 ± 45 166 ± 115 3040 ± 410 
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3.3.2 Physico-chemical parameters 

Water temperatures typically ranged from 29 to 35ºC in the dry season, and from 26 to 

32ºC in the wet season. Salinity ranged from 2 to 25. The water temperature nearly 

reached 40ºC over the period of April to May 2016. The salinity was more than 35 

during April to May 2016, and for a few days, the salinity was more than 40 (Fig. 3.2). 

The mean salinity in 2016 was nearly three times higher than that in 2017 (22.4 

compared with 8.9, Table 3.2). 

Table 3.2: Physico-chemical parameters in the water column (mean ± SD) 

comparing wet and dry seasons for 2016 and 2017, n = 24. DO = dissolved oxygen. 

AFDW = ash free dry weight. DON = dissolved organic nitrogen. DOP = dissolved 

organic phosphorus. 

Parameters Dry Wet 2016 2017 

Temperature (oC) 34.2 ± 3.4 30.5 ± 1.6 33.0 ± 4.4 31.8 ± 1.6 

DO (mg L-1) 6.38 ± 2.14 5.08 ± 1.65 6.02 ± 2.20 5.44 ± 1.84 

pH 7.92 ± 0.52 8.11 ± 0.56 7.74 ± 0.61 8.29 ± 0.21 

Salinity 29.3 ± 14.9 2.9 ± 0.8 22.4 ± 21.8 8.9 ± 8.6 

Euphotic depth (m) 1.4 ± 0.2 0.7 ± 0.1 1.0 ± 0.6 0.9 ± 0.3 

TSS (mg L-1) 80.6 ± 7.5  94.5 ± 30.1 76.0 ± 10.6 99.1 ± 25.0 

AFDW (mg L-1) 27.7 ± 9.6 46.0 ± 4.5 33.8 ± 13.8 39.9 ± 11.0 

NH4-N (mg L-1) 0.148 ± 0.056 0.287 ± 0.214 0.225 ± 0.203 0.210 ± 0.142 

NO3-N (mg L-1) 0.232 ± 0.228 0.067 ± 0.034 0.239 ± 0.224 0.050 ± 0.010 

NO2-N (mg L-1) 0.011 ± 0.008 0.039 ± 0.023 0.026 ± 0.023 0.027 ± 0.021 

DON (mg L-1) 0.215 ± 0.126 0.382 ± 0.263 0.349 ± 0.315 0.248 ± 0.170 

TN (mg L-1) 0.828 ± 0.196 1.059 ± 0.189 0.921 ± 0.087 0.966 ± 0.318 

PO4-P (mg L-1) 0.115 ± 0.052 0.113 ± 0.034 0.134 ± 0.042 0.098 ± 0.028 

DOP (mg L-1) 0.114 ± 0.084 0.133 ± 0.053 0.143 ± 0.061 0.104 ± 0.055 

Total P (mg L-1) 0.255 ± 0.132 0.272 ± 0.109 0.298 ± 0.132 0.241 ± 0.115 

Chlorophyll a (µg L-1) 12.3 ± 5.5 55.8 ± 34.8 45.2 ± 27.0 19.9 ± 6.9 

Sulfide (mg L-1) 0.002 ± 0.001 0.005 ± 0.001 0.003 ± 0.001 0.004 ± 0.002 

TOC (mg L-1) 15.1 ± 1.2 13.3 ± 1.5 15.0 ± 1.6 13.4 ± 1.3 
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(a) 

 

(b) 

  

Figure 3.2: Mean (± SD) monthly water temperature (ºC) and salinity across two IRSPs in 

2016 and 2017. The arrows shows the timing of experiments conducted: in the dry season 

(April 2016, April 2017) and the wet season (October 2016, October 2017). 
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The mean ammonium concentration during the experiments in the dry season was 0.148 

mg L-1; this was approximately half of the wet season mean during experiments (0.287 

mg L-1) (Table 3.2). The concentration of nitrite in the wet season was approximately 

four times higher than that of the dry season (0.039 and 0.011 mg L-1 respectively). In 

contrast, the mean concentration of nitrate in the dry season was 0.232 mg L-1, more 

than three times higher than that in the wet season (0.067 mg L-1). The mean 

concentration of phosphate was approximately 0.115 mg L-1 in both the dry and the wet 

season. However, despite the differences in values, the high variability meant that there 

were no major differences (p > 0.05) in concentrations in nutrient parameters in the wet 

and dry seasons. 

The euphotic depth ranged from 1.2 to 1.6 m in the dry season, and between 0.6 and 0.8 

m in the wet season (Table 3.2). There were no major differences (p > 0.05) in 

concentrations of a range of nutrient parameters in the wet and dry seasons. This was 

because concentrations varied widely between ponds, sampling sites, and sampling 

occasions. 

Mean chlorophyll a concentration in the water column in the dry season was 12.3 µg L-

1, which was only 25% of the wet season value (55.8 µg L-1) (Table 3.2). This was the 

opposite result to the benthic chlorophyll a concentrations, which were 2.95 ± 1.54 mg 

m-2 in the dry season, substantially higher than that in the wet season (0.16 ± 0.09 mg m-

2) (Table 3.3). 

Sediment nutrients and organic carbon concentrations in the sediment were also very 

variable with no obvious differences (p > 0.05) between sites within ponds or between 

seasons (Table 3.3). 
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Table 3.3: Background physico-chemical parameters in the sediment (mean ± SD) 

comparing ditch and platform, and dry and wet seasons. Sampling was only 

conducted in the first year (2016), n = 12. 

Parameters Ditch Platform Dry Wet 

TOC (%) 3.16 ± 1.39 4.54 ± 2.31 5.27 ± 1.68 2.43 ± 0.58 

TN (%) 0.28 ± 0.12 0.30 ± 0.11 0.38 ± 0.04 0.19 ± 0.03 

TP (%) 0.03 ± 0.00 0.04 ± 0.00 0.04 ± 0.00 0.03 ± 0.01 

Chlorophyll a (mg m-2) 0.85 ± 0.93 2.17 ± 2.43 2.95 ± 1.54 0.16 ± 0.09 

 

3.3.3 Sediment oxygen demand 

The DO concentrations in sediment cores typically decreased during the experimental 

period, from around 9.0 mg L-1 at 10:00:00 h (10 am) to close to zero during the night 

before increasing again during the morning as algal oxygen production (OP) increased 

(Fig. 3.3). 

The calculated SOD rate in the dry season was statistically lower (p < 0.05) than that in 

the wet season (i.e. 1.42 and 2.33 g m-2 d-1 respectively, Fig. 3.4). The SOD rates for the 

dry and wet seasons accounted for around 60% and 80% of the TOD, respectively (Fig. 

3.4). The mean OP rate in the dry season was 0.63 g m-2 d-1, which was approximately 

half than that in the wet season (1.19 g m-2 d-1), and the OP rates were only 45–50% of 

the SOD rates (Fig. 3.4). SOD rates were higher in 2016 (p < 0.05) than that of 2017 

(2.21 and 1.48 g m-2 d-1, respectively) (Fig. 3.5). Across years and ponds, the ditch and 

platform were not significantly different (p > 0.05) (Table 3.4). 
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Figure 3.3: Mean (± SD) DO concentrations (mg L-1) in sediment cores from two 

integrated rice–shrimp ponds from experiments conducted in 2016 and 2017. DO 

concentrations were recorded every one or two hours during the daytime, and every three 

hours during night time over 24 h (n = 12). Night time is from approximately 17:45:00 

(5:45 pm) to around 05:45:00 (5:45 am). 

 

Table 3.4: Mean (± SD) oxygen production (OP), sediment oxygen demand (SOD) 

and total oxygen demand (TOD) rates (g m-2 d-1) between the ditch and platform of 

two integrated rice-shrimp ponds over the two-year period (2016-2017). 

Parameter Ditch Platform p value 

OP (g m-2 d-1) 0.97 ± 0.21 1.18 ± 0.32 > 0.05 

SOD (g m-2 d-1) 1.74 ± 0.32 2.21 ± 0.46 > 0.05 

TOD (g m-2 d-1) 2.57 ± 0.54 2.88 ± 0.69 > 0.05 
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Figure 3.4: Comparison of oxygen production (OP), sediment oxygen demand (SOD) and 

total oxygen demand (TOD) rates (g m-2 d-1) between the dry and wet seasons. Different 

letters indicate significant differences between seasons (p < 0.05) 

 

Figure 3.5: Comparison of oxygen production (OP), sediment oxygen demand (SOD) and 

total oxygen demand (TOD) rates (g m-2 d-1) between 2016 and 2017. Different letters 

indicate significant differences between years (p < 0.05) 
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3.3.4 Factors driving SOD 

SOD rates and a range of parameters in the water column (Table 3.5) and sediment were 

correlated (Table 3.6). SOD increased with chlorophyll a concentrations (0.875, p = 

0.002), and AFDW (0.656, p = 0.039), and decreased with mean salinity (-0.692, p = 

0.028) (Table 3.5). 

There was a significant negative correlation between SOD and both TN and TP in the 

sediment (p < 0.05) (Table 3.6).
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Table 3.5: The Pearson’s correlation between SOD and parameters in the water column, n = 48. TEMP = Temperature. DO = dissolved 

oxygen. SAL = Salinity. EUPH = Euphotic depth. AFDW = ash free dry weight. DON = dissolved organic nitrogen. DOP = dissolved 

organic phosphorus. CHL = Chlorophyll a. 

Parameter TEMP DO pH SAL EUPH TSS AFDW NH4
+ NO3

- NO2
- DON TN PO4

3- DOP TP CHL TOC 

Pearson’s 

correlation 

-0.603 -0.461 0.015 -0.692 -0.061 0.021 0.656 0.309 -0.286 0.584 -0.098 0.394 0.090 0.127 0.094 0.875 -0.478 

Significance 

(1-tailed) 

0.057 0.140 0.486 0.028 0.123 0.480 0.039 0.228 0.246 0.064 0.409 0.167 0.416 0.382 0.412 0.002 0.095 

 

Table 3.6: The Pearson’s correlation between SOD and parameters in the sediment, n = 24 

Parameter Chlorophyll a TN TP TOC 

Pearson’s correlation -0.578 -0.867 -0.213 -0.631 

Significance (1-tailed) 0.083 0.004 0.022 0.068 
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3.4 Discussion 

This study was the first to determine oxygen fluxes in IRSPs and showed that SOD was 

the dominant oxygen flux process in the system, accounting for around 70% of whole 

pond oxygen demand (i.e. TOD). SOD can play a principal role in the water quality of a 

stream system, including affecting biota via low oxygen conditions (Matlock et al., 

2003; Rutherford et al., 1991; Wallace et al., 2016). IRSPs have been shown to have 

periods of low oxygen with detrimental effects on shrimp production (Leigh et al., 

2017). This research has identified the role of sediment in driving oxygen 

concentrations in the water column. Oxygen production, indicative of primary 

production, was low by comparison. 

 

SOD rates in this study were comparable with other aquaculture systems. The mean 

SOD rate of this research was similar to that of shrimp ponds in China (2.09 g m-2 d-1) 

(Yao et al., 2000). Similar SOD was reported in Penaeus vannamei ponds, i.e. 24.18 to 

202.69 mmol m-2 d-1 (or 0.91 to 6.46 g m-2 d-1) (Zhong et al., 2015). In contrast, the 

SOD in settlement ponds of a small-scale recirculating shrimp farm (Penaeus monodon) 

in rural Thailand was around 0.67 ± 0.21 g m-2 d-1 (Erler et al., 2007) which was a tenth 

of the values in this study. Conversely, rates in semi-intensive, brackish-water shrimp 

ponds in the Philippines (12.31 g m-2 d-1) (Fast et al., 1988) and commercial channel 

catfish ponds were higher than in this study (4.43 and 8.61 g m-2 d-1 respectively, 

Berthelson et al.,1996; Steeby et al., 2004). These differences were due to many factors 

such as the stocking density, techniques and management used, and feeding regime. 
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Carbon availability from phytoplankton appeared to drive SOD, based on the positive 

correlation between water column chlorophyll a and SOD. The mechanism is likely to 

be that senescing and settling phytoplankton provide carbon to the benthic microbial 

community (Golde et al., 1994; Wang et al., 2008). When microalgae, containing 

chlorophyll a, die and settle on the pond bottom, they are broken down by bacteria 

(Burford et al., 2004). The chlorophyll a concentration in 2017 was significantly lower 

than that in 2016 (p < 0.05), at the time of doing the study, and was likely to have 

reduced the available carbon. Therefore, the major higher chlorophyll a concentrations 

in 2016 may have led to the higher SOD in 2016 (compared to those in 2017). 

High SOD was also positively correlated with high AFDW values (p = 0.039). AFDW 

is an indication of the weight of the organic content of the sample (Cathalot et al., 

2015).  

Light had the potential to limit primary production at those times when the euphotic 

depth in the ditch was less than the water depth in the ditch (Havens, 2003). In the dry 

season, light availability was higher, but OP, as a measure of primary production, was 

lower than in the wet season. This suggests that light was not the driving factor for 

primary production rates. In the case of the platforms, the water was very shallow 

(around 20–30 cm), hence light availability was very unlikely to be a controlling factor. 

The correlation of SOD with salinity suggests salinity changes between the wet and dry 

seasons are likely to disrupt biogeochemical processes in the system. This may directly 

affect microbial activity, depending on the organisms present and their salinity 

tolerances, or indirectly via limits to algal production (Gantzer et al., 2009; Nhan et al., 

2011). Most algal species are not adapted to growth in both low and high salinity water, 
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and this is likely to negatively affect productivity within the whole system (Liu et al., 

2007; Pal et al., 2011). 

Water temperature had negative effect on SOD (p = 0.057) in this study. Previous 

research has demonstrated that an increase in water temperature accelerated the rate at 

which benthic bacteria respired, which elevated the SOD rate. For example, SOD in a 

river estuary in England increased by seven times with seasonal changes when 

temperature increased from 3 to 22ºC (Trimmer et al., 1998). In incubated cores from a 

Lake Marion in Canada, SOD increased by 200% when water temperature increased 

from 10 to 20ºC, but increased by only 50% when temperature increased from 20 to 

30ºC (Hargrave, 1969). More recently, MacPherson et al. (2007) also found that the 

SOD rate positively correlated with temperature. However, our studies were conducted 

in tropical IRSPs where the in-situ temperature was very high (i.e more than 30ºC). 

Therefore temperatures, may reach a point where they have a negative effect on SOD, 

suppressing bacterial activity. Temperatures in 2016 were, indeed, extreme, so growth 

suppression might be expected. 

Shrimp survival and shrimp yield in 2017 were approximately two times higher than 

those of 2016. The main reasons for differences in shrimp survival and yield were likely 

to be high water temperature, high salinity and SOD rates in 2016. In 2016, very high 

water temperatures and salinity prevailed in the dry season, creating extreme conditions 

for shrimp farming. Dry season rainfall was at a record low, causing a severe drought 

and salt water intrusion surpassing anything seen in the past 100 years. This was mainly 

due to the 2015–2016 El Niño Southern Oscillation (ENSO) phenomenon, the second 

most severe since 1965 (Thirumalai et al., 2017). These conditions are known to be a 

major stress factor for shrimp (Leigh et al., 2017). Additionally, SOD was also likely to 
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have contributed to low shrimp survival, since high SOD rates reduced water column 

DO concentrations. 

Similarly, rice production in 2016 was half that of 2017. High salinity was considered 

the primary risk factor for rice (Leigh et al., 2017; Nhan et al., 2011). Therefore, the 

higher salinity in IRSPs in 2016 resulted in the failure of the rice crop. 

Oxygen fluxes, particularly SOD, appear to be a cause of low shrimp survival in IRSPs, 

and hence for the sustainability of the system. Accordingly, to improve conditions for 

shrimp, interventions must address the SOD problem. For example, changes to farm 

design and water management, and application of probiotics to increase oxygen 

concentrations in the water column could be investigated. Other strategies may involve 

the reduction of nutrients — for example, by removing sludge from the bottom layer of 

the ditch (Dien et al., 2018). Managing salinity changes, especially during extreme 

climatic conditions, in the system remains a significant challenge and could be 

improved by using reservoirs as buffers to variable salinity. This option might be 

impractical due to the need to sacrifice or acquire additional land, and the pressure on 

existing shared freshwater resources in a delta. 

 

3.5 Conclusions 

This study found that a high percentage of oxygen demand at the whole pond scale was 

from sediment; hence SOD drove low oxygen concentrations in the water column. SOD 

rates were significantly positively correlated with chlorophyll a concentrations in the 

water column. These findings suggest that algal production in the water column, rather 

than benthic algal production, or other organic loading, provided an organic carbon 

source driving SOD. Additionally, oxygen demand was much higher than oxygen 
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production within the IRSPs, indicating high bacterial activity and low algal production. 

The measured OP rate in the dry season was approximately half of that in the wet 

season, and accounted for approximately 44% and 51% of the SOD, respectively. 

Likewise, the mean SOD rate in the dry season was statistically lower than that of the 

wet season, and accounted for around 60% and 80% of the TOD. Low oxygen 

concentrations can have a major effect on the growth and survival of shrimp; hence, 

improving shrimp survival requires management strategies focussing on reducing SOD, 

particularly in the wet season. 
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Chapter four: Seasonal nutrient cycling in integrated rice–

shrimp ponds 

This chapter includes a co-authored paper. The bibliographic details of the co-authored 

paper, including all authors, are: 

 

Dien, L. D., Sang, N. V., Faggotter, S. J., Chen, C., Huang, J., Teasdale, P. R., Sammut, 

J., & Burford, M. A., 2019. Seasonal nutrient cycling in integrated rice–shrimp ponds. 

Marine Pollution Bulletin, 149, 110647. doi:10.1016/j.marpolbul.2019.110647. 

 

My contribution to the paper involved designing the experiment, collecting and 

analysing the data, providing direction on the structure of the results analysis, writing 

the manuscript, and addressing the comments from reviewers. Stephen Faggotters, 

Nguyen Van Sang, Jianyin Huang and Peter Teasdale helped the sampling in the field 

and the experiment set-up, and also provided some useful comments to improve the 

manuscript. Michele Burford was the principal supervisor of this project, contributing to 

developing the ideas of the experiment, providing direction on the structure of the 

results analysis and revising the manuscript. Chengrong Chen and Jesmond Sammut 

were the associated supervisors of this project, contributing by providing comments to 

improve the manuscript and data analyses. 
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4.1 Introduction 

Over the past few decades, the price of rice has generally declined globally and 

traditional rice varieties can no longer be grown in coastal areas of Vietnam because of 

saline intrusion (Can, 2002). To deal with this situation, Vietnamese farmers have 

pioneered the conversion of rice fields to shrimp aquaculture systems in the dry season 

(Preston et al., 2003). Whilst some rice growing areas have been converted to intensive 

shrimp monoculture, integrated rice and shrimp farming has developed where wet 

(rainy) season salinity is low enough to continue rice cultivation using integrated rice–

shrimp ponds (IRSPs). In the wet season, farmers rely on the heavy monsoon rains to 

desalinate residual salinity in the top soil layer on the central rice platform before 

planting rice (Be et al., 1999). This practice makes use of the seasonal conditions 

(freshwater availability versus saltwater); rice is only grown in the wet season, while 

shrimp is grown in the dry season, or all year depending on the farm, when water 

salinity is too high to continue with rice production.  

IRSPs contribute not only to increased income for farmers, but may also be more 

environmentally sustainable compared to intensive shrimp farming. The alternation of 

rice farming with shrimp aquaculture could potentially reduce nutrients being 

discharged (i.e., N, P and C) compared with intensive shrimp farming. It is suggested 

that the waste nutrients may bind to the bottom sediments, and then become utilized by 

the rice plants in the next cultivation cycle (Alam et al., 2010; Alongi et al., 2000; 

Wahab, 2003). However, little knowledge is available on biogeochemical cycles in 

IRSPs and how these processes are affected by the seasonal cycles. Previous studies 

have highlighted occasional issues with shrimp production in IRSPs due to poor water 

quality, including low oxygen concentrations (Dien et al., 2018; Dien et al., 2019; Leigh 
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et al., 2017). Consequently, it is necessary to understand how biogeochemical 

mechanisms drive water quality. 

Nitrogen is a key limiting nutrient for primary production in marine systems as N takes 

more forms in soil than any other essential nutrient, and N transformations are usually 

the result of microbially-mediated soil oxidation-reduction reactions (Dong et al., 2009; 

Gardner and McCarthy, 2009; Jantti et al., 2011). Processes that control N availability, 

such as denitrification and dissimilatory nitrate reduction to ammonium (DNRA), have 

potentially broad ecological impacts (Dong et al., 2006; Song et al., 2013; Statham, 

2012). These processes, especially denitrification, work very effectively in sewage 

treatment plants, and remove N in marine and freshwater systems (Burgin and 

Hamilton, 2007; Rivera-Monroy et al., 1995; Tiedje, 1988; Velinsky et al., 2017). 

However, how effectively denitrification functions in IRSPs has not been investigated 

yet. 

Much of the understanding of biogeochemistry in IRSPs has focused on water column 

processes (Dien et al., 2018; Leigh et al., 2017). However, shrimp live at the sediment–

water interface (SWI) where chemical and biological processes in and on the sediments, 

and the interaction with water quality can impact shrimp health (Avnimelech and Ritvo, 

2003; Paez-Osuna et al., 1997; Wiyoto et al., 2017). Therefore, fluxes in and out of the 

sediment play a key role in controlling the chemical composition of the IRSPs. 

The aim of this study was to compare sediment nutrient processes and their effect on 

water quality in both the dry and wet seasons in IRSPs. The potential factors controlling 

sediment nutrient fluxes, including denitrification and DNRA, were also examined, with 

a view to understanding the potential to enhance sediment biogeochemical processes 

and hence improve water quality. 
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4.2 Materials and methods 

4.2.1 Study area 

This study focused on two IRSPs in Thoi Binh District, Ca Mau province, Vietnam. 

Rice–shrimp ponds have a platform (80% of area) for growing rice, and a surrounding 

ditch (20% of area) for water management and shrimp farming. IRSPs ranged in size 

from 1.5 to 2.0 ha, with water depth in the ditch typically 1.0–1.4 m, and for the 

platform 0.1–0.4 m. 

There are two main seasons in the region: the dry season from December to April, and 

the wet (rainy) season from May/June to October/November (Leigh et al, 2017). The 

hottest period is typically between April and May, while the wettest period is from 

September to October/November. During the dry season, water salinities range between 

brackish and seawater conditions, while in the rainy season, salinity typically drops 

gradually from around seawater to brackish, and may become fresh (ADB, 2013; Tho et 

al., 2006; Tho et al., 2013). The air temperature ranges from 24 to 34ºC, and the mean 

monthly rainfall ranges from 0 mm in the dry season to 250 mm in the wet season, with 

an annual rainfall of around 2300 mm (ADB, 2013). 

4.2.2 Nutrient and physicochemical data 

Water temperature and salinity in the ditch of the two IRSPs were logged at two-hour 

intervals throughout each year using calibrated loggers (Thermocron ibuttons, Odyssey 

conductivity probes). During each experiment, physico-chemical parameters, i.e. pH 

and DO, were measured daily in the ditch (around 0.5 m from the surface) throughout 

2016 and 2017, using a calibrated Hydrolab Quanta multi-parameter probe. Light 

attenuation was calculated after measuring light intensity through the water column 

using a Licor LI-250A with a 4 pi-sensor. 
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During a two-year period from 2016 to 2017, water samples for nutrients and other 

parameters were collected twice each year during the experiments (in both dry and wet 

seasons). For nutrient analyses, water samples from the surface were taken at five 

different locations in the ditch using a 1 L bottle. Each bottle of water was poured into 

one bucket to make a composite sample (three replicates) from which subsamples for 

various analyses were taken.  For chlorophyll a analyses, known volumes of water were 

filtered through glass fibre filters (Whatman GF/F with nominal pore size 0.7 µm, 2.5 

cm diameter). Filters were stored on ice and later frozen at –20ºC until analyzed. A 

similar sampling method was applied for ash free dry weight (AFDW) and total 

suspended solid (TSS) parameters. 

Two replicate water samples were taken and frozen at –20ºC for measurements of total 

organic carbon (TOC), total nitrogen (TN), total phosphorus (TP) and sulfide. For 

ammonium nitrogen (NH4
+-N), nitrite nitrogen (NO2

--N), nitrate nitrogen (NO3
--N), 

soluble reactive phosphate (PO4
3--P), total dissolved nitrogen (TDN) and total dissolved 

phosphorus (TDP) analyses, a subsample was taken and filtered through a 0.45 µm 

membrane filter (Sartorius, 2.5 cm diameter); then the filtrate was kept frozen until 

analyzed. 

NH4-N was analyzed using the phenate method; NO2-N, NO3-N using cadmium 

reduction and sulphanilamide method; PO4-P using the ascorbic acid method, and TP, 

TDP, TN and TDN using the persulfate method followed by colourimetric analyses 

(APHA, 2005). Concentrations of chlorophyll a were determined by acetone extraction 

of the glass fibre filters, and spectrophotometric measurements following APHA 

methods (2005). TOC was determined following APHA methods (2005) using the 

chromic acid rapid titration method. Sulfide concentrations were measured through the 
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methylene blue method using a UV-VIS Thermo Spectronic Helios Alpha 

spectrophotometer (APHA, 2005). For TSS samples, filters were defrosted and then 

dried in an oven at 60ºC for 24h before being weighed while AFDW samples were 

combusted at 550ºC for 4h, and then weighed (APHA, 2005). 

Sediment samples were taken twice in 2016 (once in the dry season and once in the wet 

season) by collecting five cores (up to 15 cm depth) in the ditch, and five cores in the 

platform from each pond. All sediment samples were oven-dried at 600C for 24h, 

pulverized to pass through a 0.25 mm mesh screen, and analyzed for TN, TP and TC 

(APHA, 2005). The method for sediment chlorophyll a concentrations was the same as 

for water column chlorophyll a concentrations, but cores of known diameter and 2 cm 

deep were used for the acetone extractions. 

4.2.3 Denitrification 

From 2016 to 2017, denitrification incubations were conducted in the dry (April 2016, 

April 2017) and the wet seasons (October 2016, October 2017). Intact cores from the 

ditch and platform were collected using a pole corer; samples were collected by wading 

onto the platform or from a boat (ditch). For each sediment incubation, 16 cores were 

taken from the ditch (or the platform) of one pond, which were then put in a nally 

bin. Sediment reached a predetermined height in the Perspex core tube that was capped 

at the base with a rubber bung. Overlying water was removed to avoid sediment 

resuspension during sampling, and cores were transported to an incubation site adjacent 

to the ponds.  

Prior to running the incubations, all cores were equilibrated for about 8h with around 

450 mL of filtered rice–shrimp pond water to ensure water saturation of the pore space. 

A Teflon-coated stirrer bar was then suspended around 5 cm above the sediment. This 



96 

 

was driven by an external rotating magnet rotating at 60–70 rpm, which was located in 

the middle of the nally bin. The nally bin was filled with water such that the cores were 

immersed (if necessary to buffer temperature). In this step, cores were collected in the 

afternoon, and then equilibrated overnight before commencing the experiment early the 

following day.  

After equilibration, the incubations followed the method of Burford et al. (2009). The 

water level was reduced to below core tube height and experiments commence with the 

addition of stock 15N-potassium nitrate (Cambridge, 99% 15N atom) to a concentration 

of 60 µmol L-1 N.  This concentration was assumed to be a saturating concentration 

based on studies by Cook et al. (2004).  The water in each core was stirred for 20 

minutes and sub-samples taken for the analysis of nitrate concentrations in order to 

calculate the final 15N enrichment. 

Cores were sacrificed at 8 points [5 points (0, 1.5, 3.0, 4.5, 6.0 h) + 3 points with dark 

cover (1.5, 3.0, 6.0 h)]. At each time point, 1.0 mL of 50% zinc chloride was added to 

the water overlying the sediment before the sediment was gently slurried with the water 

column using a metal rod; coarser particles were allowed to settle for about a minute 

before a subsample was taken using a gas-tight syringe.  The sample was then placed in 

a 12.5 mL Exetainer (Labco, High Wycombe, UK) to which 250 µL of 50% w/v zinc 

chloride is added and stored at 4°C until returned to the laboratory. 

The isotope samples were analysed by mass spectroscopy. A headspace of helium was 

introduced into the Exetainer within two weeks and the samples were then analyzed 

within two months. Headspace analysis for 28N2
-, 29N2

- and 30N2
- nitrogen gas was 

carried out by removing a 50µL sample in a gas-tight syringe and into a Sercon Europa 

EA-GSL elemental analyzer coupled to a Hydra-20-20 continuous flow isotope ratio 
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mass spectrometer. A copper reduction column heated to 640C was used to remove 

oxygen from the sample; carbon dioxide and water were removed using a liquid N 

cryotrap. Denitrification rates were calculated according to the isotope pairing equations 

in Dalsgaard et al. (2000). 

To determine the denitrification efficiency (% N removed from the pond), firstly the 

denitrification rate across the whole pond was calculated. Denitrification rate across the 

whole pond = [(rate in ditch x ditch area) + (rate in platform x platform area)]/total area 

of the pond. After that, % N removal by Denitrification = N removal by denitrification 

(kg y-1) x 100% / Total N in the pond (kg y-1). 

4.2.4 Dissimilatory nitrate reduction to ammonium 

To compare the N pathway, the experiment on DNRA were conducted two times in 

2017 (once in the dry season and once in the wet season) at the same times as the 

denitrification experiment. 

The sampling protocol and experiment were similar to the methods used to evaluate 

denitrification. The pole corer was used to collect 16 cores in total in both ditches and 

platforms of two IRSPs. 1mL 15N-NO3 was added to each core. These incubations 

followed the method of Dong et al. (2009). At the end of the incubation, the sediment 

core and water were mixed to form a slurry, and then samples (10 mL) of the slurried 

sediment cores were taken for the subsequent recovery of 15NH4
+ to determine rates of 

DNRA. Samples were run through the Sercon Europa EA-GSL elemental analyzer 

coupled to a Hydra-20-20 continuous flow isotope ratio mass spectrometer. Reference 

standards and blanks were run prior to analysis and after every 10th sample. 
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DNRA rates were determined following the method of Dong et al. (2009). The rate of 

DNRA was calculated as follows: rate of DNRA (µmol N m-2 h-1) = 15N excess x 

amount of NH4
+ (µmol of N) in 1 mL of slurry x V (mL)/15N enrichment/incubation 

time (h) x R, where: 

 15N excess = 2 x [(sample 30N/28N ratio) - (reference 30N/28N ratio)] + [(sample 

29N/28N ratio) - (reference 29N/28N ratio)]; 

 Amount of NH4
+ in 1 mL of slurry = NH4

+ concentration (µmol) x volume of 

distillate (L)/10 mL of slurry; 

 V was the total slurry volume per square meter of sediment (V = height of core 

(cm) x 100 cm x 100 cm); 

 15N enrichment = 15NO3
-/(15NO3

- + 14NO3
-) ratio; 

 R was the 14NO3
-/(15NO3

- + 14NO3
-) ratio in the water column. 

 

4.2.5 Nutrient fluxes 

Nutrient fluxes experiments were conducted twice each year (both in the dry season and 

wet season) during the two-year period from 2016 to 2017, at the same time as the 

denitrification experiments. 

Intact cores from the ditch and platform were collected by wading onto the platform or 

from a boat (ditch) with the pole corer. For each sediment incubation, 12 cores were 

taken from two ponds [(three replicates in the ditch + three replicates in the 

platform)  two ponds]. Overlying water was removed to avoid sediment resuspension 

during sampling and cores were transported to an incubation site adjacent to the ponds. 
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Prior to running the incubations, all cores were equilibrated for about 8h with around 450 

mL of filtered rice–shrimp pond water to ensure water saturation of the pore space. 

Prior to commencing measurements, cores were completely filled with rice–shrimp 

pond water above the cores to remove any gas space, and sealed without disturbance of 

the sediment surface. The incubations were conducted using the method of Kaiser et al. 

(2015). The cores were incubated in a container (a nally bin) with constantly flowing 

pond water to maintain the same temperature as the pond. The water velocity within 

cores was controlled by a 12-V pump at 2–3 cm sec-1, the lowest velocity that resulted 

in a linear decline in DO concentration over time (Reay et al., 1995). This maintained 

aerobic conditions at the sediment–water interface but did not suspend fine clay 

particles (Zhong et al., 2015). The light levels in the cores were also controlled as the 

same condition as ponds. 

Water samples for nutrient analyses were drawn every 3h for 24h through a sampling 

port in the cover cap. Using this port, the extracted volume was replaced with pond 

water to maintain the incubated volume and to ensure constant concentrations in the 

replacement water. To prevent stratification of the water column and the generation of 

concentration gradients, incubated water was continuously circulated using the above-

mentioned peristaltic pump. 

The methods for nutrient analyses were the same as for water column nutrients. Fluxes 

of nutrients (NH4
+, NO2

-, NO3
-, PO4

3-) and S2- in individual incubation cores were 

calculated by linear regression of concentration (corrected for dilution) over time. 

Negative values represent influxes, positive ones represent effluxes. Fluxes on the ditch 

and platform were also compared separately, but they were not statistically different; 

hence results were combined. 
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4.2.6 IRSPs sediment pore-water profiles 

To confirm the results of nutrient fluxes, the diffusive equilibrium in thin films (DET) 

method was deployed in the sediment of both IRSPS twice in 2017 (once in the dry 

season and once in the wet season) (Davison et al., 1994; Krom et al., 1994; Zhang and 

Davison, 1999). DET probes contained 1.25 mm thickness agarose gel layers which 

were overlaid with 0.1 mm polyethersulfone filter membrane. The probes were inserted 

into the sediment and the hydrogel layer equilibrated with the adjacent sediment pore-

water over several deployment times (Davison et al., 1994; Krom et al., 1994; Zhang 

and Davison, 1999). This technique was used to measure solute concentration profiles 

and determine the solute fluxes. All experiments were conducted in situ in both the 

ditch and platform of two IRSPs, and used a single gel for analysing each parameter 

(NH4
+, or NO2

-, or NO3
-, or PO4

3- or S2-). 

In the pre-treatment stage, the gel probes were put into a similar salinity solution of 

IRSPs and deoxygenated overnight by using ultra high purity grade compressed 

nitrogen gas (99.999%) before deployment. In the dry season, a 0.7 mol L-1 NaCl 

solution was prepared while a 0.01 mol L-1 NaCl solution was used in the wet season. 

After that, the probes in solutions were pumped with N2 gas at low speed overnight 

before deployment. Next, extra water was wiped from the gel probes. Probes were then 

pushed into sediment vertically, and 3–4 hours were allowed for the probes to reach 

equilibrium. 

After this time, gel probes were collected and tissues were used to remove the sediment 

on gel probes from top to bottom to minimise contamination. The open window was 

sliced and placed on the cutting sheet, and then the gel was sliced into 1.0 cm wide 

sections. The sliced gel was put into the 10 mL tube which was then stored in a freezer 
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before elution and analysis. Ethanol was used to wipe the cutting sheet before slicing 

other gels. It should be noted that the gels must be sliced immediately after being 

removed from the sediment to avoid internal diffusion, and then kept frozen. On 

removal, 10 mL of deionised water was added to elute the nutrient from the gels. For 

those freezing gels, the elution time was about 6h. The eluents were then transferred 

into another tube, and the samples were used for analysis. In the calculation of the 

nutrient, after the nutrient concentrations from the eluent were calculated, these results 

need to multiply the dilution factor [(Eluent volume + gel volume)/gel volume] to get 

the final results. 

The potential nutrient diffusion flux (F) across SWI, measured by DET, was calculated 

with a one-dimensional pore water diffusion model. The diffusion flux could be 

estimated by Fick's first law (Mortimer et al., 1998): 

 

where F was across SWI diffusion flux (mmol m−2 d−1), ∂c/∂x was the concentration 

gradient at SWI (mmol L−1 cm−1), Ds = φ2D0 (φ>0.7) or Ds = φD0 (φ<0.7), D0 was the 

ideal diffusion coefficient for an infinitely dilute solution (for NH4
+-N, D0 = 19.8×10−6 

cm2 s−1 in both the dry and the wet season; for NO2
--N, D0 = 19.1×10−6 and 15.3 cm2 s−1 

in the dry and the wet season, respectively; for NO3
--N, D0 = 19.0×10−6 and 16.1 cm2 s−1 

in the dry and the wet season, respectively; for PO4
3--P, D0 = 8.4×10−6 and 7.15 cm2 s−1 

in the dry and the wet season, respectively; for S2-, D0 = 6.95×10−6 cm2 s−1 in both the 

dry and the wet season), and φ was the porosity of sediments (Kuwae et al., 2003; 

Urban et al., 1997). 

https://www.sciencedirect.com/science/article/pii/S0022169407006294#bib36
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4.2.7 Experimental design and data analysis 

4.2.7.1 Experimental design 

Table 4.1 shows a complete experimental design for the study of nutrient cycling.  

Table 4.1: Experimental design for the nutrient flux study during a two-year period (2016-

2017) 

Water or 

sediment  

Quantity 

sampled 

IRSPs 

(Ditch or 

Platform) 

Parameter 

analysed 

Monitoring/ 

sampling 

frequency 

Analysis 

method 

For the 

determination 

of 

References 

Water  Probe 

used 

Ditch of 2 

IRSPs 

Temperature 

and salinity 

Two-hour 

intervals 

throughout 2 

years (2016 

and 2017) 

Calibrated 

loggers 

Background 

information 

 

Water 4.0 L Ditch of 2 

IRSPs 

pH, DO, 

Euphotic 

depth, TSS, 

AFDW, 

NO2-N, 

DON, TN, 

PO4-P, 

DOP, TP, 

Chlorophyll 

a, Sulfide, 

TOC 

concentratio

ns 

Twice a year 

for 2 years 

(2016 and 

2017) 

Mainly 

using the 

UV-VIS 

spectrophoto

meter using 

relevant 

APHA 

(2005) 

methods 

Background 

information 

APHA, 

2005 

Water  NO3-N 

concentratio

ns 

Twice a year  

for 2 years 

(2016 and 

2017) 

Colorimetic 

assay 

followed by 

UV-VIS 

spectrophoto

meter 

Background 

information 

and 

Denitrification 

calculations 

Dalsgaard 

et al. 

(2000); 

Burford et 

al. (2009) 

Water NH4-N 

concentratio

ns 

Twice a year 

for 2 years 

(2016 and 

2017) 

Colorimetic 

assay 

followed by 

UV-VIS 

spectrophoto

meter 

Background 

information 

(2016-2017) 

and DNRA 

calculations 

(2017) 

Dong et al. 

(2009) 
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Water or 

sediment  

Quantity 

sampled 

IRSPs 

(Ditch or 

Platform) 

Parameter 

analysed 

Monitoring/ 

sampling 

frequency 

Analysis 

method 

For the 

determination 

of 

References 

Water 12 cores 

with 

sediment 

and water 

Ditch and 

Platform 

of 2 IRSPs 

NH4
+, NO2

-, 

NO3
-, PO4

3- 

and S2- 

concentratio

ns 

Twice a year 

for 2 years 

(2016 and 

2017) 

Incubation 

in situ 

Nutrient 

fluxes 

Kaiser et 

al. (2015) 

Sediment 1.0 kg Ditch and 

Platform 

of 2 IRSPs 

TOC, TN, 

TP, 

Chlorophyll 

a 

concentratio

ns 

Twice in 

2016 

APHA 

analytical 

methods 

with  UV-

VIS 

spectrophoto

meter 

Background 

information 

APHA, 

2005 

Sediment 16 cores, 

and then 

10 mL in 

Exetainer 

each core 

Ditch and 

Platform 

of 2 IRSPs 

15NO3-N 

ratios 

Twice a year 

for 2 years 

(2016 and 

2017) 

15N isotope 

pairing 

method with 

mass 

spectroscopy 

Denitrification 

rates 

Dalsgaard 

et al. 

(2000) 

Sediment 16 cores, 

and then 

10 mL in 

Exetainer 

each core 

Ditch and 

Platform 

of 2 IRSPs 

15NH4-N 

ratios 

Twice in 

2017 

15N isotope 

pairing 

method with 

mass 

spectroscopy 

DNRA rates Dong et al. 

(2009) 

Sediment 12 gel 

probes 

Ditch and 

Platform 

of 2 IRSPs 

NH4
+, NO2

-, 

NO3
-, PO4

3- 

and S2- 

concentratio

ns 

Twice in 

2017 

DET method 

with gels 

analysed for 

nutrients 

Sediment 

pore-water 

profiles 

Davison et 

al. (1994); 

Krom et al. 

(1994) 

 

4.2.7.2 Data analysis 

Statistical analysis of the data was performed using a statistical package (R Studio and 

SPSS 20.0 for Windows). The denitrification rate and DNRA rates were compared 

between seasons (dry and wet) and position (ditch and platform) using analysis of 

variance (ANOVA), followed by Duncan’s multiple range tests for post hoc 
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comparisons to determine the significant differences at the 5% significance level. The 

normal distribution of the data and homogeneity of variances among the treatments was 

tested prior to the ANOVA. Correlations between denitrification rates and parameters in 

the water column (e.g. salinity, chlorophyll a, DO), and sediment (chlorophyll a, TOC, 

TN, TP), were examined using linear regression models. The strength of the correlations 

was established using Pearson’s correlation coefficient (r) and the p-value. 

 

4.3 Results 

4.3.1 Background water and sediment information 

Water temperatures typically ranged from 29 to 35ºC in the dry season, and 26 to 32ºC 

in the wet season (Fig. 4.1). However, during the first experiment, i.e. April 2016, the 

water temperature was close to 40ºC and the salinity was more than 35. The mean 

salinity in the dry season over the two-year period was 29.3 (± 14.9), whereas it was 

only 2.9 (± 0.8) in the wet season (Table 4.2, Fig. 4.1). 
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Table 4.2: Physico-chemical parameters in the water column (mean ± SD) 

comparing wet and dry seasons for 2016 and 2017, n = 24. DO = dissolved oxygen. 

AFDW = ash free dry weight. DON = dissolved organic nitrogen. DOP = dissolved 

organic phosphorus. 

Parameters Dry Wet 2016 2017 

Temperature (oC) 34.2 ± 3.4 30.5 ± 1.6  33.0 ± 4.4 31.8 ± 1.6 

DO (mg L-1) 6.38 ± 2.14 5.08 ± 1.65 6.02 ± 2.20 5.44 ± 1.84 

pH 7.92 ± 0.52 8.11 ± 0.56 7.74 ± 0.61 8.29 ± 0.21 

Salinity 29.3 ± 14.9 2.9 ± 0.8 22.4 ± 21.8 8.9 ± 8.6 

Euphotic depth (m) 1.4 ± 0.2 0.7 ± 0.1 1.0 ± 0.6 0.9 ± 0.3 

TSS (mg L-1) 80.6 ± 7.5  94.5 ± 30.1 76.0 ± 10.6 99.1 ± 25.0 

AFDW (mg L-1) 27.7 ± 9.6 46.0 ± 4.5 33.8 ± 13.8 39.9 ± 11.0 

NH4-N (mg L-1) 0.148 ± 0.056 0.287 ± 0.214 0.225 ± 0.203 0.210 ± 0.142 

NO3-N (mg L-1) 0.232 ± 0.228 0.067 ± 0.034 0.239 ± 0.224 0.050 ± 0.010 

NO2-N (mg L-1) 0.011 ± 0.008 0.039 ± 0.023 0.026 ± 0.023 0.027 ± 0.021 

DON (mg L-1) 0.215 ± 0.126 0.382 ± 0.263 0.349 ± 0.315 0.248 ± 0.170 

TN (mg L-1) 0.828 ± 0.196 1.059 ± 0.189 0.921 ± 0.087 0.966 ± 0.318 

PO4-P (mg L-1) 0.115 ± 0.052 0.113 ± 0.034 0.134 ± 0.042 0.098 ± 0.028 

DOP (mg L-1) 0.114 ± 0.084 0.133 ± 0.053 0.143 ± 0.061 0.104 ± 0.055 

TP (mg L-1) 0.255 ± 0.132 0.272 ± 0.109 0.298 ± 0.132 0.241 ± 0.115 

Chlorophyll a (µg L-1) 12.3 ± 5.5 55.8 ± 34.8 45.2 ± 27.0 19.9 ± 6.9 

Sulfide (mg L-1) 0.002 ± 0.001 0.005 ± 0.001 0.003 ± 0.001 0.004 ± 0.002 

TOC (mg L-1) 15.1 ± 1.2 13.3 ± 1.5 15.0 ± 1.6 13.4 ± 1.3 
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Figure 4.1: Mean (± SD) monthly water temperature (ºC) and salinity across two 

integrated rice–shrimp ponds in 2016 and 2017. The arrows show time of experiments 

conducted: in the dry season (April 2016, April 2017) and the wet season (October 2016, 

October 2017). 
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The mean ammonium concentration in the dry season was 0.148 mg L-1, this was 

approximately 50% of the corresponding value in the wet season (0.287 mg L-1) (Table 

4.2). The concentration of nitrite in the wet season was approximately four times higher 

than that in the dry season (0.039 and 0.011 mg L-1 respectively). In contrast, the mean 

concentration of nitrate in the dry season was 0.232 mg L-1, more than three times 

higher than that in the wet season (0.067 mg L-1). The mean concentration of phosphate 

was approximately 0.115 mg L-1 in both the dry and the wet season. However, despite 

the differences in values, the high variability meant that there were no major differences 

(p > 0.05) in concentrations in nutrient parameters in the wet and dry seasons. The 

euphotic depth ranged from 1.2 to 1.6 m in the dry season, and between 0.6 and 0.8 m in 

the wet season (Table 4.2). 

The mean concentration of chlorophyll a in the water column in the dry season during 

the experiments was 12.3 µg L-1, which was only 25% of the wet season value (55.8 µg 

L-1) (Table 4.2). The opposite was true for chlorophyll a concentrations in the sediment 

which were 2.95 ± 1.54 mg m-2 in the dry season, substantially higher than that in the 

wet season (0.16 ± 0.09 mg m-2) (Table 4.3). 

Sediment nutrients and organic carbon concentrations in the sediment were also highly 

variable with no significant differences (p > 0.05) between sites within ponds, or 

between seasons (Table 4.3). 
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Table 4.3: Background physico-chemical parameters in the sediment (mean ± SD) 

comparing ditch and platform, and dry and wet seasons. Sampling was only 

conducted in the first year (2016), n = 12. 

Parameters Ditch Platform Dry Wet 

TOC (%) 3.16 ± 1.39 4.54 ± 2.31 5.27 ± 1.68 2.43 ± 0.58 

Total N (%) 0.28 ± 0.12 0.30 ± 0.11 0.38 ± 0.04 0.19 ± 0.03 

Total P (%) 0.03 ± 0.00 0.04 ± 0.00 0.04 ± 0.00 0.03 ± 0.01 

Chlorophyll a (mg m-2) 0.85 ± 0.93 2.17 ± 2.43 2.95 ± 1.54 0.16 ± 0.09 

 

4.3.2 Denitrification and DNRA rates 

Denitrification rates in the dry season were statistically higher than for the wet season (p 

< 0.05, Fig. 4.2). Specifically, 54.9 ± 27.8 mg N m-2 d-1 was removed via denitrification 

in the dry season, compared with 32.7 ± 17.1 mg m-2 d-1 in the wet season (Fig. 4.2). The 

denitrification rate in the ditch (48.2 ± 22.6 mg m-2 d-1) was statistically higher (p < 

0.05) than the platform (31.6 ± 18.9 mg m-2 d-1) (Fig. 4.2). Denitrification rates were 

lower during the day (i.e. light conditions) (33.4 ± 17.8 mg m-2 d-1) compared to the 

night (i.e. dark conditions) (45.9 ± 26.3 mg m-2 d-1, p < 0.05). There was no significant 

difference between values for 2016 and 2017 (p > 0.05). In terms of denitrification 

efficiency, denitrification could remove from 1.1 to 2.3% N annually (with a mean of 

1.7%) from the IRSPs (Table 4.4). 
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Figure 4.2: Mean (± SD) denitrification rates (mg N m-2 d-1) between the dry and wet 

seasons, between the ditch and platform, and between the light (i.e. day) and dark (i.e. 

night) of two IRSPs over the two-year period (2016–2017). Different letters indicate 

significant differences between seasons (p < 0.05). 
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Table 4.4: Annual N removal (%) via denitrification across the two IRSPs (mean ± 

SD), n = 24 

Year 

N removal by 

denitrification 

(kg y-1) 

Total N in the pond 

(kg y-1) 

Annual efficiency 

(%) 

2016 0.22 ± 0.09 12.52 ± 1.78 1.76 ± 0.62 

2017 0.19 ± 0.07 11.46 ± 1.45 1.66 ± 0.59 

Mean 0.21 ± 0.08 11.99 ± 1.64 1.71 ± 0.61 

There was a significant positive correlation between denitrification rates and 

concentrations of chlorophyll a in the sediment (p < 0.05) (Table 4.5). However, no 

water column parameter was found to be significantly correlated with the denitrification 

rate (p > 0.05). 

Table 4.5: The Pearson correlation between denitrification rates and parameters in 

the sediment, n = 24 

 Chlorophyll a* TN TP TOC 

Pearson correlation 0.894 0.640 0.821 0.371 

Significance (1-tailed) 0.049 0.180 0.090 0.315 

 

DNRA rates differed between the dry and wet seasons (p < 0.05). Specifically, DNRA 

rate in the dry season was around 2.1 µg m2 d-1, which was approximately 25% of the 

wet season value (Fig. 4.3). However, there was no significant difference between the 

ditch and platform (p > 0.05) (Fig. 4.3). 
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Figure 4.3: Mean (± SD) DNRA rates (µg m2 d-1) comparing dry and wet seasons, and 

ditch and platform of two IRSPs in 2017. Different letters indicate significant differences 

between seasons (p < 0.05). 
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4.3.3 Nutrient fluxes 

The nutrient flux rates showed no consistent patterns between years and seasons. Nearly 

all fluxes were negative, reflecting influx into the sediment (Table 4.6). The exception 

was net NH4
+ efflux in the dry season in 2016, S2- in the wet 2017, and PO4

3- at times in 

2017. The highest nutrient flux rates from the sediment were those of NH4
+, followed by 

NO3
-. Fluxes of NO2

-, PO4
3-, and S2- were significantly lower compared to NH4

+. 

Table 4.6: Mean (± SD) flux rates of NH4
+, NO2

-, NO3
-, PO4

3-, S2- (g m-2 d-1) of the 

combined two IRSPs. Positive values indicate flux out of the sediment; negative 

values indicate flux into the sediment. 

Season 

NH4
+ NO2

- NO3
- PO4

3- S2- 

(g m-2 d-1) (g m-2 d-1) (g m-2 d-1) (g m-2 d-1) (g m-2 d-1) 

Dry 2016 0.47 ± 0.13 -0.23 ± 0.17 -1.86 ± 0.61 -1.43 ± 0.62 -0.10 ± 0.04 

Wet 2016 -1.03 ± 0.10 -0.37 ± 0.19 -0.99 ± 0.41 -0.86 ± 0.59 -0.06 ± 0.03 

Dry 2017 -0.79 ± 0.16 -0.18 ± 0.09 -1.22 ± 0.87 0.95 ± 0.41 -0.10 ± 0.04 

Wet 2017 -0.67 ± 0.14 -0.28 ± 0.14 -0.93 ± 0.38 0.86 ± 0.47 0.03 ± 0.02 

 

4.3.4 IRSPs sediment pore-water profiles 

The nutrient profiles determined from the DET method showed that the pore-water 

concentrations of NH4
+, NO2

-, NO3
- and S2- decreased rapidly at the sediment–water 

interface (SWI, 0 cm sediment depth), while PO4
3− increased with sediment depth (Fig. 

4.4). There were significant differences of NH4
+ and PO4

3- concentrations between the 

dry and the wet seasons. Depth-integrated concentrations of NH4
+ in the dry season 

ranged from around 400–1000 µg L-1, compared with between 200 and 600 µg L-1 in the 

wet season. For PO4
3-, the concentrations in the dry and wet seasons were 30–450 µg L-1 
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and 20–250 µg L-1, respectively. Other parameters (NO2
-, NO3

- and S2-) did not show 

significant differences between seasons. 

Most of the fluxes, based on the DET method, were negative, indicating an influx from 

SWI to the sediment in both the dry and wet seasons (Table 4.7). The only exceptions 

were S2- in the wet season, and PO4
3- in both seasons. The flux results determined by the 

DET method were similar to the nutrient flux results using the core incubation method. 

The calculated flux from the water surface to SWI showed the opposite results and most 

of the fluxes were positive, with the exception of NO3
- and PO4

3-, which was negative in 

the wet season and in both seasons, respectively.
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 (a) The dry season 

 

(b) The wet season 

 

Figure 4.4: Pore-water nutrient concentration profiles of sediment cores (µg L-1) collected in the ditch of two IRSPs in the dry season (a); and in the 

wet season (b). 1  5cm: above the sediment (i.e, water layer); -1  -10cm: under the sediment. The thicker line at 0cm sediment depth indicates 

where the sediment starts. Significantly different concentrations in surface sediments between samplings are marked by different symbols in the top 

corner of panels (p < 0.05). 
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Table 4.7: Mean flux rates of NH4
+, NO2

-, NO3
-, PO4

3-, S2- (g m-2 d-1) of the combined two IRSPs in 2017 based on the diffusive 

equilibrium in thin films method. SWI = Sediment–water interface. The linear regression coefficients (r2) were greater than 0.95, 

showing the high certainty. 

Season 

Flux NH4
+ NO2

- NO3
- PO4

3- S2- 

(g m-2 d-1) (g m-2 d-1) (g m-2 d-1) (g m-2 d-1) (g m-2 d-1) 

Dry 2017 

from the water surface to SWI 0.61 0.14 1.51 -0.76 0.06 

from SWI to sediment -0.49 -0.05 -0.81 0.76 -0.03 

Wet 2017 

from the water surface to SWI 0.43 0.14 -1.91 -0.29 0.03 

from SWI to sediment -0.22 -0.09 -0.17 0.29 0.03 
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4.4 Discussion 

The study showed that the annual N removal from denitrification in the IRSPs was 

around 1.7%; hence the N lost from denitrification was relatively low. However, at 

some sites within the ISRPs, denitrification rates were higher, and thus there was scope 

to enhance rates. One feature of these ponds was the presence of mangrove roots from 

the former mangrove forest. Kaiser et al. (2015) highlighted that low respiration rates 

and a decrease in oxygen concentrations were due to a lack of bioturbation (e.g., crab 

burrows) and mangrove roots. It was possible that areas close to these roots may 

provide suitable sites for denitrification. Increased oxygen diffusion along root channels 

or organic carbon heterogeneity, resulting from root exudates and decay, could create 

suitable micro-sites to enhance coupled nitrification-denitrification (Alongi et al., 2000; 

Kartal et al., 2007). 

Denitrification rates were higher in the dry season, based on the higher rates compared 

to the wet season. This may be explained by higher water temperatures and NO3
- 

concentrations in the dry season (Koch et al., 1992; Kraft et al., 2014). Higher 

temperatures increase microbial anaerobic respiration, while higher NO3
- concentrations 

provided the necessary electron acceptor for denitrification (Amatya et al., 2009). 

Similarly, the differences of denitrification rates between day and night in the sediment 

suggest competition with algae in the IRSPs for nitrate, because algae use nitrate when 

photosynthesizing during the day (Dong et al., 2006). Sulfide was present in the water 

column and also in the sediment; thus this may also attribute to the low denitrification 

rates in some sites (Jensen et al., 2007). 

In the current study, denitrification rates were significantly positively correlated with 

chlorophyll a concentrations in the sediment, suggesting that organic carbon derived 

from benthic algae may drive denitrification in the IRSPs (Alongi, 2014). Risgaard-
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Petersen highlighted that this was only the case under nutrient replete conditions 

(Risgaard-Petersen, 2003; Risgaard-Petersen et al., 2004). The concentrations of 

nutrients in the IRSPs of this study were relatively high, i.e. nutrient replete conditions. 

Therefore, in the IRSPs, organic carbon seemed to be the factor controlling 

denitrification. 

The denitrification rates in this study were higher than those in intensive shrimp ponds, 

i.e. 26.2 ± 6.1 mg m-2 d-1 (Castine et al., 2012) compared to 54.9 ± 27.8 mg m-2 d-1 in the 

dry season and 32.7 ± 17.1 mg m-2 d-1 in the wet season in this research. Our results 

were 6–9 times higher than the denitrification rates in a study of shrimp mangrove 

sediments, the highest being only 6.3 mg m-2 d-1 (Rivera-Monroy et al., 1995). 

However, rates were much lower compared to natural systems where denitrification can 

remove up to 266 mmol m-2 d-1, i.e. 7,440 mg m-2 d-1 (Dalsgaard et al., 2003). 

Therefore, in comparison with natural systems, denitrification in IRSPs was less 

efficient, meaning that higher N was retained in IRSPs. This was likely because of the 

high nitrogen loads from the adjacent canal and inputs such as fertilizer, important 

factors governing denitrification in agricultural and aquaculture soils. Previous research 

on nutrient budgets in IRSPs by Dien et al. (2018) showed that water intake was the 

main nutrient and carbon input (92% N, 57% P, 95% C) while fertilizer addition only 

accounted for 8% N, 43% P and 5% C. This analysis excluded carbon from primary 

productivity. 

The study showed that nutrients fluxed from surface water into SWI, and this might be 

caused by fine flocculated material on the sediment surface (Zhong et al., 2015). 

Ammonium and nitrite were likely to be mobilized at the SWI, and then fluxed into the 

surface water and the sediment. In contrast, the phosphate had been consumed at the 
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SWI, and phosphate from the surface water and sediment then fluxed to the SWI (Fig. 

4.4). Some parameters had a peak between the SWI and the water surface, which 

suggested that there was so much slurry in IRSPs (Berg et al., 1998; Wang et al., 2008). 

In most of the sites in the IRSPs, the DET method also showed a negative flux from the 

sediment to SWI, which correlated well with nutrient flux data (Table 4.6). 

Sediment nutrient fluxes had a limited effect on water column nutrients, since nutrients 

were mostly in-fluxing into the sediment. This, combined with the low rates of nitrogen 

loss from denitrification, means that the high NO3
-, NH4

+ and PO4
3- concentrations in 

the water column were likely mainly from the canal supplying water to the ponds. This 

was consistent with a previous study on nutrient budgets in IRSPs (Dien et al., 2018). 

From this point of view, water discharge from IRSPs has a low environmental impact. 

The high nutrient concentrations in the canal water were most probably due to 

anthropogenic sources in the highly exploited water system of the Mekong Delta. 

Farmers from all over the Mekong Delta have migrated in large numbers to this region 

and settled along nearly all canals and rivers (Binh et al., 2005). Tho et al. (2006) 

reported that canals were under particular pressure from point sources of pollution, due 

to boat traffic effects and effluent from community markets, and this might have an 

important impact on water quality on a regional basis. 

DNRA rates were low compared to denitrification rates in this study. Castine et al. 

(2012) also showed that denitrification was the dominant N2 production pathway in 

tropical aquaculture settlement ponds. In contrast, the dominance of DNRA over 

denitrification occurred in an environment with relatively high liable carbon, and 

reduced sulfur and iron (Giblin et al., 2013). Similarly, Dong et al. (2011) highlighted 

that in tropical estuarine systems with high temperatures, low sediment organic content 
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and low water column NO3
- concentrations, the order of NOx reduction pathways was 

likely to be DNRA > denitrification. These results may explain why DNRA rates were 

low in this research, since the IRSPs had relatively high sediment organic content and 

water column NO3
- concentrations. 

Benthic algae may have affected the denitrification process by scavenging ammonium 

and nitrate limiting availability for nitrification/denitrification (Alongi, 2014; Burford 

and Longmore, 2001). Moreover, they probably minimize nutrient fluxes from the 

sediment. However, benthic algal biomass, measured as chlorophyll a concentrations, 

was highly variable. This was likely due to the changing salinity, as identified in a sister 

study in the same ponds (Leigh et al., 2019). Additionally, dissolved oxygen production 

in the IRSPs was relatively low, also indicative of low algal production, particularly in 

the sediment. Therefore, although benthic algae could play a role in nutrient and oxygen 

cycling, our study points to a relatively minor role. 

There were significant differences in denitrification, DNRA and nutrient fluxes between 

the dry and the wet season in this research. Salinity changes should be the reason for 

these results. The extremes of the changing salinity across seasons were likely to limit 

bacterial and other biogeochemical processes (Giblin et al., 2010; Koch et al., 1992). 

This may prevent the establishment of stable bacterial communities, and hence reduce 

rates of key processes, such as denitrification. 

4.5 Conclusions 

This study showed that the combination of methods aided the understanding of 

biogeochemical processes of nutrients in IRSPs. The ponds had highly variable 

denitrification rates with low denitrification efficiency. Denitrification rates were 

significantly positively correlated with chlorophyll a concentrations, suggesting carbon 
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limitation. NO3
-, NH4

+ and PO4
3- concentrations in the water column were high despite 

low sediment nutrient fluxes. Given the low nutrient fluxes and removal of N by 

denitrification, high nutrient loads were likely derived from incoming water. Therefore, 

these systems are net nutrient removal mechanisms, rather than contributing to 

eutrophication in adjacent waterways. Pond management needs to be altered to improve 

the efficiency of N removal. 
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Chapter five: General Discussion 

5.1 Key findings of the thesis 

This thesis has aimed to explore sediment biogeochemical processes in IRSPs and 

how they impacted on water quality. The main findings of this thesis are outlined 

below and summarized in Table 5.1 and Figure 5.1. 

1. In the IRSPs, relatively high nutrients and C loads entered via water intake. Much of 

this intake was ultimately discharged, especially in the case of N. Hence, most of the 

nutrients were not assimilated in the ponds (Fig. 5.1). One reason for this poor 

assimilation was low shrimp densities and survival — thus the nutrients (especially N 

and P) in this system did not convert to shrimp biomass. This, combined with the low 

rice harvest (mostly no rice crop over the two-year period of the sampling at these 12 

ponds due to high salinity affecting rice production), supports the conclusion that IRSPs 

were likely to be inefficient systems. 

2. A high percentage of oxygen demand at a whole pond scale was from the sediment. 

SOD was estimated to be around 60% and 80% of TOD in the wet (2.41 g m-2 d-1) and 

dry (2.91 g m-2 d-1) seasons respectively (Table 5.1); hence SOD drove low oxygen 

concentrations in the water column. Therefore, SOD appeared to be a cause of low 

shrimp survival in IRSPs, affecting the sustainability of the system (Fig. 5.1). 

3. OP rates were only 45–50% of the SOD rates (Table 5.1). Oxygen demand was also 

much higher than oxygen production within the IRSPs, indicating higher bacterial 

activity than algal production. The mean OP rate in the dry season was approximately 

half than that in the wet season (0.63 compared to 1.19 g m-2 d-1) (Table 5.1). 
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4. Carbon generated from phytoplankton appeared to drive SOD, based on the positive 

correlation between water column chlorophyll a and SOD (Fig. 5.1). The mechanism 

was likely to be senescing and settling phytoplankton providing carbon to the benthic 

microbial community. 

5. The ponds had highly variable denitrification rates with low denitrification efficiency. 

Denitrification rates were significantly positively correlated with chlorophyll a 

concentrations in the sediment, meaning that organic carbon derived from benthic algae 

may drive denitrification in the IRSPs. Consequently, in the IRSPs, organic carbon 

seemed to be the factor controlling denitrification (Fig. 5.1). 

6. Sediment nutrient fluxes were relatively low and hence were minor contributors to 

water column nutrients. Nutrients were mostly in-fluxing into the sediment (Fig. 5.1). 

This, combined with the low rates of N loss from denitrification (Table 5.1), means that 

the high NO3
-, NH4

+ and PO4
3- concentrations in the water column were likely to come 

mainly from the canal supplying water to the ponds. 
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Table 5.1: Summary (mean ± SD) of the oxygen and nutrient flux rates (g m-2 d-1) 

between the dry and the wet seasons. Data from both districts was combined. 

Inputs and outputs were derived from Cai Nuoc District while internal flux data 

was derived from Thoi Binh District. OP = oxygen production. SOD = sediment 

oxygen demand. TOD = total oxygen demand. DNRA = Dissimilatory nitrate 

reduction to ammonium. 

Process Dry (g m-2 d-1) Wet (g m-2 d-1) 

1. Oxygen 

 OP 0.63 ± 0.22 1.19 ± 0.24 

 SOD 1.42 ± 0.18 2.33 ± 0.30 

 TOD 2.41 ± 0.24 2.92 ± 0.47 

2. Nitrogen 

 Intake water 0.06 ± 0.02 

 Fertiliser <0.01 

 Denitrification 0.05 ± 0.02 0.03 ± 0.01 

 DNRA <0.01 <0.01 

 NH4
+ flux -0.16 ± 0.08 -0.85 ± 0.11 

 NO2
- flux -0.21 ± 0.06 -0.32 ± 0.03 

 NO3
- flux -1.54 ± 0.23 -0.96 ± 0.12 

 Discharge water 0.05 ± 0.01 

3. Phosphorus 

 Intake water <0.01 

 PO4
3- flux -0.24 ± 0.05 -0.01 ± 0.01 

 Discharge water <0.01 
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Figure 5.1: Conceptual diagram for key findings. Solid lines indicate important drivers 

based on the research in this thesis. Dashed lines implies DO in the water column may 

have a critical effect on shrimp survival. 

 

5.2 Research and industry implications  

5.2.1 Scientific implication 

There are a number of key findings from this study. Firstly, benthic algal productivity 

was quite low in this study, which suggests that natural feed may be limiting. Therefore, 

the management of benthic algae in the IRSPs could be critical (Burford et al., 2004; 

Tho et al., 2013). Benthic algal biomass and aquatic plant biomass were found to vary 

considerably over time and between farms. It was unclear what drove this variability, 

but the change in salinity and temperature might reduce the biomass. Traditional pond 

management practices often include fertilization to promote primary productivity, but 

this practice was questionable since nutrient levels in the ponds were comparatively 

high compared with other studies (Alongi et al., 2000). This was because incoming 
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water from the canals contained high loads of N and P from sewage and other nutrient 

waste inputs. 

Nutrients and C in water discharge from IRSPs was lower than SGOPs, thus IRSPs had 

a lower environmental impact than SGOPs. However, the ponds themselves did not 

appear to provide adequate conditions for shrimp production. This was likely due to 

chronically low DO concentration affecting growth and mortality, in particular between 

the evening and the early morning period. This issue could be considered the main 

reason for the low shrimp survival because safe DO concentrations for shrimp health 

should be more than 3.0 mg L-1 (MNRE, 2008). DO concentrations were at their lowest 

in deeper waters, and also when temperature increased and salinity declined. Overall, 

the salinity in IRSPs was too high for shrimp production, resulting in the failure of the 

crop. High salinity is considered the primary risk factor for rice (Leigh et al., 2017; 

Nhan et al., 2011). Hence, unless these risk factors are addressed, IRSPs cannot be 

made more sustainable. 

The correlation of SOD with salinity suggests salinity changes between the wet and dry 

seasons are likely to disrupt biogeochemical processes in the system. This may directly 

affect microbial activity, depending on the organisms present and their salinity 

tolerances, or indirectly via effects to algal production (Gantzer et al., 2009; Nhan et al., 

2011). Most algal species are not adapted to growth in both low and high salinity water, 

and changes in salinity are likely to negatively affect productivity within the whole 

system (Liu et al., 2007; Pal et al., 2011). 

The understanding of biogeochemical processes developed in this study can be used to 

improve nutrient utilisation in the system. This study has demonstrated that algal 

production in the water column, rather than benthic algal production, or other organic 
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loadings, provided an organic carbon source driving SOD. Consequently, improving 

shrimp survival requires new management approaches to reduce SOD. The links of 

denitrification to carbon availability also suggested there was scope to enhance 

denitrification for N removal, via C addition, and hence to improve water quality. 

Typically intensive shrimp monoculture is considered to be risky due to disease issues 

and environmental impacts from eutrophication. In contrast, this research into IRSPs 

highlights that the main nutrient input came from intake water, and therefore the effect 

of IRSPs was net removal of nutrients; they did not contribute to eutrophication in 

adjacent waterways. From this point of view, water discharge from IRSPs had a reduced 

environmental impact. 

5.2.2 Solutions to improve IRSP production 

This research has also provided a knowledge platform for helping improve management 

of IRSPs. The farmers often use fertilisers, which are either organic or inorganic, in the 

pond preparation step. The aim of fertilization is to achieve a healthy bloom of 

zooplankton and phytoplankton in ponds before stocking so that natural food organisms 

are available to the newly stocked post-larvae (Barua et al., 2011; Burford et al., 2004; 

Rouf et al., 2012). However, the study found that the main nutrient input came from 

intake water (92% of the N input, 57% P and 95% C) and fertilizer only accounted for 

8% N, 43% P and 5% C of the total input; thus fertilizer addition seems to be an 

unnecessary expense. 

Low oxygen concentrations can have a major effect on the growth and survival of 

shrimp; hence improving shrimp survival requires management strategies focusing on 

reducing SOD, particularly in the wet season. It is advised that pond preparation of 

IRSPs was vital to enhancing water quality, especially for increasing DO concentrations 
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during the culture period. To overcome the oxygen deficiency in the IRSPs, some 

solutions might include: water exchange through the renewal of pond water with high-

quality water either by sluice-gate or pumping; aeration by using paddle wheels; and use 

of probiotics that are bio-friendly agents and contain bacteria, such as Lactobacillus and 

Bacillus spp. (Thakur and Lin, 2003). These approaches are not yet proven and may not 

be cost effective because of the large area of IRSPs (around 2.0–3.0 ha). Hence, a more 

economical way may be to focus on pond preparation to remove sludge from the bottom 

layer of the ditch (Thuy and Ford, 2010). Subsequently, a mechanism is needed so that 

water quality can be monitored and maintained properly during the culture period. 

Moreover, the settlement pond in the area where the study was undertaken in Chapter 2 

appeared to have limited capacity to remediate effluent and merely recycled nutrients 

rather than removing them (Erler et al., 2004a). The simplest way to improve the 

nutrient removal capacity of settlement ponds is to periodically remove the settlement 

pond sludge or to dry ponds between crops (Chau et al., 2018). Although this may 

initially be a costly exercise, farmers can avoid potential crop losses by maintaining 

good water quality. 

The settlement pond, if large enough, can also solve the problem of high salinity 

affecting shrimp in the dry season. Managing salinity changes, especially during 

extreme climatic conditions, in the system remains a significant challenge. Large 

settlement ponds could store enough fresh water in the wet season to enable pumping 

water to IRSPs in the dry season so that the salinity in IRSPs has a suitable range for 

shrimp growth. This solution would also solve the problem of water conflicts which 

occurred between shrimp and rice farmers within the same community, or between 
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upstream and downstream communities, especially when both are using a common 

infrastructure of water supply (Dung, 2009). 

Rice farming in these systems also did not appear to be sustainable and high salinity 

was considered the primary risk factor for this crop. Therefore, other more salt-tolerant 

crops should be considered. 

 

5.3 Future research directions  

This study has investigated sediment biogeochemical processes in IRSPs (with a focus 

on N) and how they impact on water quality. It is worth noting that anammox has not 

been measured in this research, but may also be an important process. Usually, only one 

of the three pathways (denitrification, DNRA and anammox) exists in any given type of 

microbe, but there are rare examples of two pathways present in one organism — either 

DNRA and denitrification or DNRA and anammox, but never all three (Jensen et al., 

2007; Kartal et al., 2007; Trimmer and Nicholls, 2009). Few studies have examined all 

three pathways simultaneously (e.g. Dong et al., 2011; Gardner and McCarthy, 2009; 

Jantti et al., 2011; Song et al., 2013). Cumulatively, studies indicate that organic C and 

NO3
- loading are key factors, albeit not the only factors, determining one pathway over 

another (Dalsgaard et al., 2005; Giblin et al., 2013; Tiedje, 1988). Along a productivity 

gradient, all else being equal, anammox might be expected to be favoured at lowest C 

loading, denitrification at intermediate loads, and DNRA at the highest loads (Gardner 

and McCarthy, 2009; Thamdrup and Dalsgaard, 2002). However, some studies have 

found increased NO3
- availability favors anammox or DNRA relative to denitrification 

(Dong et al., 2011; Kraft et al., 2014; Rich et al., 2008). Consequently, future studies 

should examine the role of anammox. 



129 

 

It also seems to be necessary to determine Fe(II) concentrations and profiles in the 

sediment, as Fe(II) is involved in redox and other chemical reactions, such as 

nitrification, precipitation with sulfide to form FeS (s) and the release of phosphate 

when Fe(III) oxides were reduced to Fe(II) (Bundy et al., 2014; Dale et al., 2015; 

González et al., 2010; Homoky et al., 2012). All these can influence the nutrient cycle 

and other biogeochemical cycles, and determining Fe(II) concentrations and profiles can 

help in understanding the nutrient and metal remobilisation dynamics in the sediment. 

Further research is needed on water quality in canals, and the sources of nutrients, e.g. 

sewage, fertilizer, and other human activities. This is because poor water quality in 

canals can impact shrimp production. 
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