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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, enabling rice production in the wet 

season, and shrimp farming in the dry season or throughout the year. Previous research has 

highlighted that IRSPs have periods of low dissolved oxygen concentrations which may 

have a critical effect on shrimp survival. To understand the causes of low dissolved 

oxygen, this study examined oxygen fluxes at two IRSPs in Ca Mau Province, Vietnam 

during a two-year period (two wet seasons and two dry seasons). Sediment oxygen demand 

(SOD) incubations and whole-system oxygen flux measurements were conducted and 

compared with a range of water and sediment parameters to explain drivers for low oxygen 

concentrations. A high percentage of oxygen demand at a whole pond scale was from the 

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 suggested that algal production in the water column, rather than 

benthic algal production, or other organic loading, provided an organic carbon source 

driving SOD. Oxygen demand was much higher than oxygen production within the IRSPs, 

indicating high bacterial activity and low algal production. This study has shed new light 
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on the importance of SOD in driving oxygen drawdown in IRSPs and improving shrimp 

survival requires new management approaches to reduce the negative effect of SOD. 

Key words: chlorophyll a; dissolved oxygen; organic carbon; oxygen production; sediment 

oxygen demand. 

 

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 the 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 dissolved oxygen 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 
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al., 2012; 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, 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 and 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. 

 

2 Materials and methods 

2.1 Study area 

This study focused on two IRSPs, TB1 and TB2, in Thoi Binh District, Ca Mau province, 

Vietnam (Fig. 1). Rice-shrimp ponds have a platform (80% of area) for rice 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. 

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 
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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). 

 

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 were planted at a density of 

4.0 kg 1000 m-2. Rice were grown through to the end of the dry season and harvested in 

December with short-term varieties (OM429, OM18) or January with long-term variety 

(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. 

 

2.3 Water sampling and analysis 

Water temperature and salinity in the two IRSPs were measured daily throughout each year 
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using calibrated loggers (Thermocron ibuttons, Odyssey conductivity probes), and logging 

at two-hour intervals. Physico-chemical parameters, i.e. temperature, salinity, pH and DO, 

were measured in the ditch (around 0.5 m from the surface) throughout 2016 and 2017 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, while SOD incubations were undertaken twice each year (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 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, 
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2005). 

 

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). The method for sediment chlorophyll a was the same as for water column 

chlorophyll a. 

 

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 by wading onto the platform or 

from a boat (in the 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] 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 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 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 (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. 
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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 24 h. 

We also measured the whole pond oxygen demand (i.e. total oxygen demand – TOD) 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 time (24 h). The results were calculated by linear 

regression of concentrations over time for both night and day times to determine oxygen 

demand and production. In the final results, SOD rates at 30ºC were adjusted to SOD rates 

at 20ºC (Rong et al., 2016). 

 

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. 

 

3 Results 

 

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 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 
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the platform) ranged from 1550 to 3040 kg ha-1. 

 

3.2 Physico-chemical parameters 

Water temperatures typically ranged from 29 to 35ºC in the dry season, while 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. 2). The mean salinity in 

2016 was nearly three times higher than that in 2017 (22.4 compared with 8.9, Table 2). 

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 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 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 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). 

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). 

 

3.3 Sediment oxygen demand 
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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).  

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. 4). The SOD rates for the dry and 

wet seasons accounted for around 60% and 80% of the TOD, respectively (Fig. 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. 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. 5). Across years and ponds, the ditch and platform were not 

significantly different (p > 0.05) (Table 4). 

 

3.4 Factors driving SOD 

SOD rates and a range of parameters in the water column (Table 5) and sediment were 

correlated (Table 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 

5). 

There was a significant negative correlation between SOD and both TN and TP in the 

sediment (p < 0.05) (Table 6). 

 

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 primary 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). Our study 

has identified the role of sediment in driving oxygen concentrations in the water column. 

Oxygen production, indicative of primary production, was low by comparison. 
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SOD rates in our study were comparable with other aquaculture systems. The mean SOD 

rate of our study 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 our 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, the 

technique and management, and feeding regime. 

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). 

Light had the potential to be limiting primary production at some 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 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, and this is 
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likely to negatively affect productivity within the whole system (Liu et al., 2007; Pal et al., 

2011). 

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 that 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 were known to be a major stress 

factor for shrimp (Leigh et al., 2017). Additionally, SOD was also likely to have 

contributed to low shrimp survival since high SOD rates reduced water column DO 

concentrations. 

Similarly, the rice production in 2016 was just as a half as 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, 

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. 

 

5 Conclusions 

This study found that a high percentage of oxygen demand at a whole pond scale was from 

the sediment; hence SOD drove low oxygen concentrations in the water column. SOD rates 
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were significantly positively correlated with chlorophyll a concentrations in the water 

column. These findings suggested 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 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 accputnted 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 focusing on reducing SOD, particularly in the wet season. 
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Figure captions 

Figure 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. D = ditch, P = platform. 

Figure 2. Mean (± SD) water temperature (ºC) (a) and salinity (b) across two integrated 

rice-shrimp ponds in 2016 and 2017 

Figure 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). 

Figure 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 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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Tables 

Table 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 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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Table 2. Physico-chemical parameters in the water column (mean ± SD). 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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Table 3. Background physico-chemical parameters in the sediment (mean ± SD) 

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 
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Table 4. Mean (± SD) oxygen production (OP), sediment oxygen demand (SOD) and total oxygen demand (TOD) rates (g m-2 d-1) in the ditch 

and platform. 

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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Table 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 
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Table 6. The Pearson’s correlation between SOD and parameters in the sediment, n = 24 

Parameter Chlorophyll a Total nitrogen Total phosphorus Total organic carbon 

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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Figures 

Figure 1.  
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Figure 2.  

(a) 

 

(b) 

  

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

28 
 

 

Figure 3.  
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Figure 4.  
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Figure 5.  
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Re: Submission of revised manuscript to Aquaculture journal 

 

Dear Dr. Jian Qin, 

We would like to express our sincere thanks to Dr. Jian Qin and two anonymous reviewers for the 

detailed comments to improve this manuscript. 

The most significant revision of this revised manuscript is that we change the title. Comments 

mainly concentrated on the reasons why shrimp survival and yield in 2017 were significantly 

higher than those in 2016. We realize that our title may have confused readers as it was not our 

intention to look directly at shrimp survival, but to infer effects based on measures of oxygen 

cycling. Therefore, the title has been changed to “Factors driving low oxygen conditions in 

integrated rice-shrimp ponds”. Please see all our edits in the “Response to Reviewers” file. 

The main highlights of this study are: 

 A high percentage of oxygen demand at a whole pond scale was from the sediment; 

hence SOD drove low oxygen concentrations in the water column.  

 Algal production in the water column, rather than benthic algal production, or other 

organic loading, provided an organic carbon source driving SOD.  

 Oxygen demand was much higher than oxygen production within the IRSPs, 

indicating high bacterial activity and low algal production. 

We look forward to hearing from you at your earliest convenience and hope that our revised 

manuscript meets with your approval. 
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