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Abstract 14 

Integrated rice-shrimp ponds (IRSPs) have periods of low oxygen and high nutrient loads 15 

which may have a critical effect on both shrimp survival and water quality in adjacent 16 

waterways. To understand drivers of poor water quality, this study examined sediment 17 

nutrient pathways at two IRSPs. The study showed that the IRSPs had low denitrification 18 

efficiency. However, denitrification rates were significantly positively correlated with 19 

chlorophyll a concentrations, suggesting carbon availability was a key driver of 20 

denitrification. Dissolved nutrient concentrations in the water column were relatively high 21 

despite low sediment nutrient effluxes. Given the low sediment nutrient effluxes, and low 22 

nitrogen (N) removal by denitrification, the high nutrient loads were likely derived from 23 

incoming water. Therefore, the IRSPs were net nutrient removal mechanisms, rather than 24 

contributing to eutrophication in adjacent waterways. There also appears to be scope to 25 

enhance denitrification for increased N removal, via carbon addition, and hence improve 26 

water quality. 27 
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Highlights: 30 

• IRSPs had highly variable denitrification rates with low denitrification efficiency; 31 

• Carbon availability was a key driver of denitrification; 32 

• High nutrient concentrations in the ponds despite low sediment nutrient fluxes; 33 

• IRSPs are net nutrient removal mechanisms, rather than contributing to 34 

eutrophication. 35 

 36 

1 Introduction 37 

Shrimp farmers in the Mekong Delta, Vietnam, have traditionally used extensive shrimp-38 

farming methods. Over the past few decades, however, shrimp farming has rapidly 39 

expanded, and farming systems have been diversified, and now include mangrove-shrimp 40 

and rice–shrimp systems, improved-extensive culture, semi-intensive culture and intensive 41 

culture. In the late 1980s, the price of rice declined and the original rice varieties could not 42 

grow in the coastal areas due to saline water intrusion (Khiem and Khai, 2008; Nhan et al., 43 

2012). Farmers were therefore facing poverty, with limited opportunities for income from 44 

other sources (Khiem and Khai, 2008). To overcome this circumstance, farmers in Bac 45 

Lieu province were the first pioneers to convert rice fields to shrimp aquaculture in the dry 46 

season (Can, 2011; Preston et al., 2003). Whilst some rice growing areas have been 47 

converted to intensive shrimp monoculture, integrated rice and shrimp farming has 48 

developed where wet season salinity is low enough to continue rice cultivation using 49 

integrated rice-shrimp ponds (IRSPs). In the wet season, farmers rely on the heavy 50 

monsoon rains to reduce residual salinity in the top soil layer on the central rice platform 51 

before planting rice (Be et al., 1999). This practice makes use of the seasonal conditions 52 

(freshwater availability versus saltwater), thus rice is only grown in the wet season, while 53 

shrimp is grown in the dry season, or all year depending on the farm, when water salinity is 54 

too high to continue with rice production. This practice has increased from around 40,000 55 

ha in 2000 (Preston et al., 2003) to 160,000 ha in 2016 and has been speculated a rise to 56 

250,000 ha by 2030 (Tuan et al., 2016). 57 

IRSPs contribute not only to increased income for farmers, but may also be more 58 

environmentally sustainable compared to intensive shrimp farming. Alternating rice 59 
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farming with shrimp aquaculture could potentially reduce nutrients, i.e. N, phosphorus (P) 60 

and carbon (C), being discharged, and compared with intensive shrimp farming. It is 61 

suggested that the waste nutrients may bind to the bottom sediments, and then become 62 

utilized by the rice plants in the next cultivation cycle (Alam et al., 2010; Alongi et al., 63 

2000; Wahab, 2003). However, little knowledge is available on biogeochemical cycles in 64 

IRSPs and how these processes are affected by the seasonal cycles. Previous studies have 65 

highlighted issues with shrimp production in IRSPs due to poor water quality, including 66 

low oxygen concentrations (Dien et al., 2018; 2019; Leigh et al., 2017). Therefore, it is 67 

necessary to understand how biogeochemical mechanisms drive water quality. 68 

Nitrogen is a key limiting nutrient for primary production in marine systems as N takes 69 

more forms in soil than any other essential nutrient, and N transformations are usually the 70 

result of microbially-mediated soil oxidation-reduction reactions (Dong et al., 2009; 71 

Gardner and McCarthy, 2009; Jantti et al., 2011). Processes that control N availability, 72 

such as denitrification and dissimilatory nitrate reduction to ammonium (DNRA), have 73 

potentially broad ecological impacts (Dong et al., 2006; Song et al., 2013; Statham, 2012). 74 

These processes, especially denitrification, work very effectively in sewage treatment 75 

plants, and remove N in marine and freshwater systems (Burgin and Hamilton, 2007; 76 

Rivera-Monroy et al., 1995; Tiedje, 1988; Velinsky et al., 2017). Nevertheless, the 77 

effectiveness of denitrification in IRSPs has not been investigated. In these systems, 78 

retaining N in the system may enhance the productivity of rice crop, however conversely 79 

denitrification removal of excess N to reduce the risk of water pollution and improve water 80 

quality, and hence shrimp health (Castine et al., 2012; Gardner and McCarthy, 2009). 81 

Much of our understanding of biogeochemistry in IRSPs has focused on water column 82 

processes (Dien et al., 2018; Leigh et al., 2017). However, shrimp live at the sediment-83 

water interface (SWI) where chemical and biological processes in and on the sediments, 84 

and the interaction with water quality can impact shrimp health (Avnimelech and Ritvo, 85 

2003; Paez-Osuna et al., 1997; Wiyoto et al., 2017). Therefore, fluxes in and out of the 86 

sediment play a key role in controlling the chemical composition of the IRSPs. 87 

In this study, we compared sediment nutrient processes and their effect on water quality in 88 

both the dry and wet seasons in IRSPs. The potential factors controlling sediment nutrient 89 

fluxes, including denitrification and DNRA, were also examined, with a view to 90 
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understanding the potential to enhance sediment biogeochemical processes and hence 91 

improve water quality. 92 

 93 

2 Materials and methods 94 

2.1 Study area 95 

This study focused on two IRSPs in Thoi Binh District, Ca Mau province, Vietnam (Fig. 96 

1). Rice-shrimp ponds have a platform (80% of area) for growing rice, and a surrounding 97 

ditch (20% of area) for water management and shrimp farming. IRSPs ranged in size from 98 

1.5 to 2.0 ha, with water depth in the ditch typically 1.0–1.4 m, and for the platform 0.1–99 

0.4 m. The ponds was previously a mangrove forest. Since 1980s, farmers in the area 100 

started replacing mangrove forest with rice as a food supply. From 2007, with the 101 

promotion from local government and the high market price from shrimp, farmers turned 102 

into IRSPs. 103 

There are two main seasons in the region: the dry season from December to April, and the 104 

wet (rainy) season from May/June to October/November (Leigh et al, 2017). The hottest 105 

period is typically between April and May, while the wettest period is from September to 106 

October/November.  During the dry season, water salinities range between brackish and 107 

seawater conditions, while in the rainy season, salinity typically drops gradually from 108 

around seawater to brackish, and may become fresh (ADB, 2013; Tho et al., 2006; Tho et 109 

al., 2013). The air temperature ranges from 24 to 34ºC, and the mean monthly rainfall 110 

ranges from 0 mm in the dry season to 250 mm in the wet season, with an annual rainfall 111 

of around 2300 mm (ADB, 2013). 112 

 113 

2.2 Pond management and harvesting 114 

The first step to prepare the IRSPs for this field trial involved cleaning and reinforcing the 115 

pond bank, discharging the water in the ditch through a sluice gate, and transferring 116 

accumulated sludge from the ditch to the rice-growing platform. Lime was then added to 117 

the pond (using calcium oxide, a dose of 1 t ha-1 ditch-1 and 500 kg ha-1 platform-1), then 118 

the platform was dried for 5–7 d. Approximately 15–20 d later, water was added from the 119 

canal, via a filter bag to remove unwanted organisms, provided the salinity of the supply 120 
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channel was suitable (>10). The depth of water in the ditch was about 1.2 m. Unwanted 121 

fish were killed using Rotenone, and water was disinfected using iodine added at 0.5 mg L-122 
1 (Boyd, 1995). A few days later, fertilizer was added (using di-ammonium phosphate or 123 

nitrogen phosphorus potassium, dose: 2-3 kg 1,000 m-3). 124 

IRSPs were stocked with P. monodon with a mean density of 1.5 to 2.0 post larvae m-2. 125 

Stocking occurred every 3–4 months during the two-year period over both the wet and dry 126 

season. No formulated feed was added. During the crop, depend on water colour, water 127 

exchange of around one-third pond volume was conducted, and probiotics were sometimes 128 

added. 129 

Rice was planted at a density of 4.0 kg 1000 m-2. Rice was grown through to the end of the 130 

dry season and harvested in December with short-term varieties (OM429, OM18) or 131 

January with long-term variety (Lun Kien Giang). 132 

Trap nets with a large mesh size (12 mm) were used for partial harvests frequently 133 

throughout the year to ensure that only shrimp greater than 20 g were caught and removed 134 

from the ponds. At the end of the year, the ponds were drained, and remaining shrimp were 135 

harvested using trap or seine nets. 136 

 137 

2.3 Nutrient and physicochemical data 138 

Water temperature and salinity in the ditch of the two IRSPs were logged at two-hour 139 

intervals throughout each year using calibrated loggers (Thermocron ibuttons, Odyssey 140 

conductivity probes). During each experiment, physico-chemical parameters, i.e. 141 

temperature, salinity, pH and DO, were measured daily in the ditch (around 0.5 m from the 142 

surface) throughout 2016 and 2017, using a calibrated Hydrolab Quanta multi-parameter 143 

probe. Light attenuation was calculated after measuring light intensity through the water 144 

column using a Licor LI-250A with a 4 pi-sensor. 145 

From the start of 2016 to the end of 2017, water samples for nutrients and other parameters 146 

were collected twice each year during the experiments (in both dry and wet seasons). For 147 

nutrient analyses, water samples from the surface were taken at five different locations in 148 

the ditch using a 1 L bottle. Each bottle of water was poured into one bucket to make a 149 

composite sample (three replicates) from which subsamples for various analyses were 150 
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taken.  For chlorophyll a analyses, known volumes of water were filtered through glass 151 

fibre filters (Whatman GF/F with nominal pore size 0.7 µm, 2.5 cm diameter). Filters were 152 

stored on ice and later frozen at -20ºC until analyzed. A similar sampling method was 153 

applied for ash free dry weight (AFDW) and total suspended solid (TSS) parameters. 154 

Two replicate water samples were taken and frozen at -20ºC for measurements of total 155 

organic carbon (TOC), total nitrogen (TN), total phosphorus (TP) and sulfide. For 156 

ammonium nitrogen (NH4
+-N), nitrite nitrogen (NO2

--N), nitrate nitrogen (NO3
--N), 157 

soluble reactive phosphate (PO4
3--P), total dissolved nitrogen (TDN) and total dissolved 158 

phosphorus (TDP) analyses, a subsample was taken and filtered through a 0.45 µm 159 

membrane filter (Sartorius, 2.5 cm diameter), then the filtrate was kept frozen until 160 

analyzed. 161 

NH4-N was analyzed using the phenate method; NO2-N, NO3-N using cadmium reduction 162 

and sulphanilamide method; PO4-P using the ascorbic acid method, and TP, TDP, TN and 163 

TDN using the persulfate method followed by colourimetric analyses (APHA, 2005). 164 

Concentrations of chlorophyll a were determined by acetone extraction of the glass fibre 165 

filters, and spectrophotometric measurements following APHA methods (2005). TOC was 166 

determined following APHA methods (2005) using the chromic acid rapid titration 167 

method. Sulfide concentrations were measured through the methylene blue method using a 168 

UV-VIS Thermo Spectronic Helios Alpha spectrophotometer (APHA, 2005). For TSS 169 

samples, filters were defrosted then dried in an oven at 60ºC for 24 h before being weighed 170 

while AFDW samples were combusted at 550ºC for 4 h, then weighed (APHA, 2005). 171 

Sediment samples were taken twice in 2016 (once in the dry season and once in the wet 172 

season) by collecting five cores (up to 15 cm depth) in the ditch, and five cores in the 173 

platform from each pond. All sediment samples were oven-dried at 600C for 24 h, 174 

pulverized to pass through a 0.25 mm mesh screen, and analyzed for TN, TP and TC 175 

(APHA, 2005). The method for sediment chlorophyll a concentrations was the same as for 176 

water column chlorophyll a concentrations, but cores of known diameter, and 2-cm deep 177 

were used for the acetone extractions. 178 

 179 

2.4 Denitrification 180 

https://www-sciencedirect-com.libraryproxy.griffith.edu.au/topics/earth-and-planetary-sciences/methylene-blue
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From 2016 to 2017, denitrification incubations were conducted in the dry (April 2016, 181 

April 2017) and the wet seasons (October 2016, October 2017). Intact cores from the ditch 182 

and platform were collected using a pole corer; samples were collected by wading onto the 183 

platform or from a boat (ditch). For each sediment incubation, 16 cores were taken from 184 

the ditch (or the platform) of one pond, which were then put in a plastic container (60L 185 

plastic crate). Sediment reached a predetermined height in the Perspex core tube that was 186 

capped at the base with a rubber bung. Overlying water was removed to avoid sediment 187 

resuspension during sampling, and cores were transported to an incubation site adjacent to 188 

the ponds.  189 

Prior to running the incubations, all cores were equilibrated for about 8 h with around 190 

450 mL of filtered rice-shrimp pond water to ensure water saturation of the pore space. A 191 

Teflon-coated stirrer bar was then suspended around 5 cm above the sediment.  This was 192 

driven by an external rotating magnet rotating at 60–70 rpm which was located in the 193 

middle of the nally bin. The nally bin was filled with water such that the cores were 194 

immersed (if necessary to buffer temperature). In this step, cores were collected in the 195 

afternoon, and then equilibrated overnight before commencing the experiment early the 196 

following day.  197 

After equilibration, the incubations followed the method of Burford et al. (2009). The 198 

water level was reduced to below core tube height and experiments commence with the 199 

addition of stock 15N-potassium nitrate (Cambridge, 99% 15N atom) to a concentration of 200 

60 µmol L-1 N.  This concentration was assumed to be a saturating concentration based on 201 

studies by Cook et al. (2004).  The water in each core was stirred for 20 min and sub-202 

samples taken for the analysis of nitrate concentrations to calculate the final 15N 203 

enrichment. 204 

Cores were sacrificed at 8 points [5 points (0, 1.5, 3.0, 4.5, 6.0 h) + 3 points with dark 205 

cover (1.5, 3.0, 6.0 h)]. At each time point, 1.0 mL of 50% zinc chloride was added to the 206 

water overlying the sediment before the sediment was gently slurried with the water 207 

column using a metal rod; coarser particles were allowed to settle for about a minute 208 

before a subsample was taken using a gas-tight syringe.  The sample was then placed in a 209 

12.5 mL Exetainer (Labco, High Wycombe, UK) to which 250 µL of 50% w/v zinc 210 

chloride is added and stored at 4°C until returned to the laboratory. 211 
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The isotope samples were analyzed by mass spectroscopy. A headspace of helium was 212 

introduced into the Exetainer within two weeks and the samples were then analyzed within 213 

two months. Headspace analysis for 28N2
-, 29N2

- and 30N2
- nitrogen gas was carried out by 214 

removing a 50µL sample in a gas-tight syringe and injecting into a Sercon Europa EA-215 

GSL elemental analyzer coupled to a Hydra-20-20 continuous flow isotope ratio mass 216 

spectrometer. A copper reduction column heated to 640°C was used to remove oxygen 217 

from the sample; carbon dioxide and water were removed using a liquid N cryotrap.  218 

Denitrification rates were calculated according to the isotope pairing equations in 219 

Dalsgaard et al. (2000). 220 

To determine the denitrification efficiency (% N was removed from the pond), firstly 221 

denitrification rate across the whole pond was calculated: Denitrification rate across the 222 

whole pond = [(rate in ditch x ditch area) + (rate in platform x platform area)]/total area of 223 

the pond. After that, % N removal by Denitrification = N removal by denitrification 224 

(kg/year) x 100% / Total N in the pond (kg/year). 225 

 226 

2.5 Dissimilatory nitrate reduction to ammonium (DNRA) 227 

To compare the N pathway, we conducted the experiment on DNRA twice in 2017 (once 228 

in the dry season and once in the wet season) at the same time as denitrification 229 

experiment. 230 

The sampling protocol and experiment were similar to the methods used to evaluate 231 

denitrification. The pole corer was used to collect 16 cores in total in both ditches and 232 

platforms of two IRSPs. 1mL 15N-NO3 was added to each core. These incubations 233 

followed the method of Dong et al. (2009). At the end of the incubation, the sediment core 234 

and water were mixed to form a slurry, and then samples (10 mL) of the slurried sediment 235 

cores were taken for the subsequent recovery of 15NH4
+ to determine rates of DNRA. 236 

Samples were run through the Sercon Europa EA-GSL elemental analyzer coupled to a 237 

Hydra-20-20 continuous flow isotope ratio mass spectrometer. Reference standards and 238 

blanks were run prior to analysis and after every 10th sample. 239 

DNRA rates were determined following the method of Dong et al. (2009). The rate of 240 

DNRA was calculated as follows: rate of DNRA (µmol N m-2 h-1) = 15N excess x amount 241 
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of NH4
+ (µmol of N) in 1 mL of slurry x V (mL)/15N enrichment/incubation time (h) x R, 242 

where: 243 

15N excess = 2 x [(sample 30N/28N ratio) - (reference 30N/28N ratio)] + [(sample 29N/28N 244 

ratio) - (reference 29N/28N ratio)]; 245 

Amount of NH4
+ in 1 mL of slurry = NH4

+ concentration (µmol) x volume of distillate 246 

(L)/10 mL of slurry; 247 

V was the total slurry volume per square meter of sediment (V = height of core (cm) x 100 248 

cm x 100 cm); 249 

15N enrichment = 15NO3
-/(15NO3

- + 14NO3
-) ratio; 250 

R was the 14NO3
-/(15NO3

- + 14NO3
-) ratio in the water column. 251 

 252 

2.6 Nutrient fluxes 253 

Nutrient fluxes experiments were conducted twice each year (both in the dry season and 254 

wet season) during the two-year period from 2016 to 2017, at the same time as the 255 

denitrification experiments. 256 

Intact cores from the ditch and platform were collected by wading onto the platform or 257 

from a boat (ditch) with the pole corer. For each sediment incubation, 12 cores were taken 258 

from two ponds [(three replicates in the ditch + three replicates in the platform) × two 259 

ponds]. Overlying water was removed to avoid sediment resuspension during sampling 260 

and cores were transported to an incubation site adjacent to the ponds. Prior to running the 261 

incubations, all cores were equilibrated for about 8 h with around 450 mL of filtered rice-262 

shrimp pond water to ensure water saturation of the pore space. 263 

Prior to commencing measurements, cores were completely filled with rice-shrimp pond 264 

water above the cores to remove any gas space, and sealed without disturbance of the 265 

sediment surface. The incubations were conducted using the method of Kaiser et al. 266 

(2015).  The cores were incubated in a container (a nally bin) with constantly flowing pond 267 

water to maintain the same temperature as the pond. The water velocity within cores was 268 

controlled by a 12-V pump at 2–3 cm sec-1, the lowest velocity that resulted in a linear 269 

decline in DO concentration over time (Reay et al., 1995). This maintained aerobic 270 
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conditions at the sediment-water interface but did not suspend fine clay particles (Zhong et 271 

al., 2015). The light levels in the cores were also controlled as the same condition as ponds. 272 

Water samples for nutrient analyses were drawn every 3 h for 24 h through a sampling port 273 

in the cover cap. Using this port, the extracted volume was replaced with pond water to 274 

maintain the incubated volume and to ensure constant concentrations in the replacement 275 

water. To prevent stratification of the water column and the generation of concentration 276 

gradients, incubated water was continuously circulated using the mentioned above the 277 

peristaltic pump. 278 

The methods for nutrient analyses were the same as for water column nutrients. Fluxes of 279 

nutrients (NH4
+, NO2

-, NO3
-, PO4

3-) and S2- in individual incubation cores were calculated 280 

by linear regression of concentration (corrected for dilution) over time. Negative values 281 

represent influxes, positive ones represent effluxes. We also compared fluxes on the ditch 282 

and platform separately, but they were not statistically different, hence we combined 283 

results. 284 

 285 

2.7 IRSPs sediment pore-water profiles 286 

To confirm the results of nutrient fluxes, we deployed the diffusive equilibrium in thin 287 

films (DET) method in the sediment of both IRSPS twice in 2017 (once in the dry season 288 

and once in the wet season) (Davison et al., 1994; Krom et al., 1994; Zhang and Davison, 289 

1999). DET probes contained 1.25 mm thick agarose gel layers which were overlaid with a 290 

0.1 mm polyethersulfone filter membrane. The probes were inserted into the sediment and 291 

the hydrogel layer equilibrated with the adjacent sediment pore-water over several 292 

deployment times (Davison et al., 1994; Krom et al., 1994; Zhang and Davison, 293 

1999). This technique enabled us to measure solute concentration profiles and determined 294 

the solute fluxes. All experiments were conducted in situ in both the ditch and platform of 295 

two IRSPs, and used a single gel for analyzing each parameter (NH4
+, or NO2

-, or NO3
-, or 296 

PO4
3- or S2-). 297 

In the pre-treatment stage, the gel probes were put into a similar salinity solution of IRSPs 298 

and deoxygenated overnight by using ultra high purity grade compressed nitrogen gas 299 

(99.999%) before deployment. In the dry season, we prepared a 0.7 mol L-1 NaCl solution 300 
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while a 0.01 mol L-1 NaCl solution was used in the wet season. After that, the probes in 301 

solutions were pumped with N2 gas at low speed overnight before deployment. Next, extra 302 

water was wiped from the gel probes. Probes were then pushed into sediment vertically, 303 

and 3–4 h was allowed for probes to reach equilibrium. 304 

After this time, gel probes were collected and tissues were used to remove the sediment on 305 

gel probes from the top to bottom to minimise contamination. The open window was sliced 306 

and placed on the cutting sheet, then the gel was sliced into 1.0 cm wide sections. The 307 

sliced gel was put into the 10 mL tube which was then stored in a freezer before elution 308 

and analysis. Ethanol was used to wipe the cutting sheet before slicing other gels. It should 309 

be noted that the gels must be sliced immediately after being removed from the sediment to 310 

avoid internal diffusion, and then kept frozen. On removal, 10 mL of deionised water was 311 

added to elute the nutrient from the gels. For those freezing gels, the elution time was 312 

about 6 h. The eluents were then transferred into another tube, and the samples were used 313 

for analysis. In the calculation, final nutrient concentration in the gel = dilution factor x the 314 

nutrient concentration in the eluent. Dilution factor = (Eluent volume + gel volume)/gel 315 

volume = (10 + 0.22)/0.22 = 46.5, where: the eluent volume was 10 mL (the mL of 316 

deionised water was put into the gel); the gel volume was about 0.22 mL (when the gel was 317 

sliced into 1 cm wide). Therefore, final nutrient concentration in the gel = 46.5 x the 318 

nutrient concentration in the eluent. 319 

The potential nutrient diffusion flux (F) across SWI, measured by DET, was calculated 320 

with a one-dimensional pore water diffusion model. The diffusion flux could be estimated 321 

by Fick's first law (Mortimer et al., 1998): 322 

𝐹𝐹 = 𝜑𝜑𝐷𝐷𝑆𝑆 �
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
� 323 

where F was across SWI diffusion flux (mmol m−2 d−1), ∂c/∂x was the concentration 324 

gradient at SWI (mmol L−1 cm−1), Ds = φ2D0 (φ>0.7) or Ds = φD0 (φ<0.7), D0 was the 325 

ideal diffusion coefficient for an infinitely dilute solution (for NH4
+-N, D0 = 19.8×10−6 cm2 326 

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 327 

dry and the wet season, respectively; for NO3
--N, D0 = 19.0×10−6 and 16.1 cm2 s−1 in the 328 

dry and the wet season, respectively; for PO4
3--P, D0 = 8.4×10−6 and 7.15 cm2 s−1 in the dry 329 

https://www.sciencedirect.com/science/article/pii/S0022169407006294#bib36
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and the wet season, respectively; for S2-, D0 = 6.95×10−6 cm2 s−1 in both the dry and the wet 330 

season), and φ was the porosity of sediments (Kuwae et al., 2003; Urban et al., 1997). 331 

 332 

2.8 Data analysis 333 

Statistical analysis of the data was performed using a statistical package (R Studio and 334 

SPSS 20.0 for Windows). The denitrification rate and DNRA rates were compared 335 

between seasons (dry and wet) and position (ditch and platform) using analysis of variance 336 

(ANOVA), followed by Duncan’s multiple range tests for post hoc comparisons to 337 

determine the significant differences at the 5% significance level. The normal distribution 338 

of the data and homogeneity of variances among the treatments was tested prior to the 339 

ANOVA. Correlations between denitrification rates and parameters in the water column 340 

(e.g. salinity, chlorophyll a, DO), and sediment (chlorophyll a, TOC, TN, TP), were 341 

examined using linear regression models. The strength of the correlations was established 342 

using Pearson's correlation coefficient (r) and the p-value. 343 

 344 

3 Results 345 

3.1 Background water and sediment information 346 

Water temperatures typically ranged from 29 to 35ºC in the dry season, and 26 to 32ºC in 347 

the wet season (Fig. 2). However, during the first experiment, i.e. April 2016, the water 348 

temperature was close to 40ºC while the salinity was more than 35 ppt. The mean salinity 349 

in the dry season over the two-year period was 29.3 (± 14.9) ppt, whereas it was only 2.9 350 

(± 0.8) ppt in the wet season (Table 1, Fig. 2). 351 

The mean ammonium concentration in the dry season was 0.148 mg L-1, this was 352 

approximately 50% of the corresponding value in the wet season (0.287 mg L-1) (Table 1). 353 

The concentration of nitrite in the wet season was approximately four times higher than 354 

that in the dry season (0.039 and 0.011 mg L-1 respectively). In contrast, the mean 355 

concentration of nitrate in the dry season was 0.232 mg L-1, more than three times higher 356 

than that in the wet season (0.067 mg L-1). The mean concentration of phosphate was 357 

approximately 0.115 mg L-1 in both the dry and the wet season. However, despite the 358 

differences in values, the high variability meant that there were no major differences (p > 359 
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0.05) in concentrations in nutrient parameters in the wet and dry seasons. The euphotic 360 

depth ranged from 1.2 to 1.6 m in the dry season, and between 0.6 and 0.8 m in the wet 361 

season (Table 1). 362 

The mean concentration of chlorophyll a in the water column in the dry season during the 363 

experiments was 12.3 µg L-1, which was only 25% of the wet season value (55.8 µg L-1) 364 

(Table 1). The opposite was true for chlorophyll a concentrations in the sediment which 365 

were 2.95 ± 1.54 mg m-2 in the dry season, substantially higher than that in the wet season 366 

(0.16 ± 0.09 mg m-2) (Table 2). 367 

Sediment nutrients and organic carbon concentrations in the sediment were also highly 368 

variable with no significant differences (p > 0.05) between sites within ponds, or between 369 

seasons (Table 2). 370 

 371 

3.2 Denitrification and DNRA rates 372 

Denitrification rates in the dry season were statistically higher than for the wet season (p < 373 

0.05, Fig. 3). Specifically, 81.3 ± 37.9 µmol N m-2 h-1 was removed via denitrification in 374 

the dry season, compared with 52.4 ± 27.2 µmol N m-2 h-1 in the wet season (Fig. 3). The 375 

denitrification rate in the ditch (65.1 ± 31.7 µmol N m-2 h-1) was statistically higher (p < 376 

0.05) than the platform (49.2 ± 28.6 µmol N m-2 h-1) (Fig. 3). Denitrification rates were 377 

lower during the day (i.e. light conditions) (50.2 ± 27.6 µmol N m-2 h-1) compared to the 378 

night (i.e. dark conditions) (64.7 ± 38.2 µmol N m-2 h-1, p < 0.05). There was no significant 379 

difference between values for 2016 and 2017 (p > 0.05). In terms of denitrification 380 

efficiency, denitrification could remove from 1.1 to 2.3% N annually (with a mean of 381 

1.7%) from the IRSPs (Table 3). 382 

There was a significant positive correlation between denitrification rates and 383 

concentrations of chlorophyll a in the sediment (p < 0.05) (Table 4). However, no water 384 

column parameter was found to be significantly correlated with the denitrification rate (p > 385 

0.05). 386 

DNRA rates differed between the dry and wet seasons (p < 0.05). Specifically, DNRA rate 387 

in the dry season was around 1.0 nmol m2 h-1, which was just approximately 25% of the 388 

wet season value (Fig. 4). However, there was no significant difference between the ditch 389 

and platform (p > 0.05) (Fig. 4). 390 
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3.3 Nutrient fluxes 391 

The nutrient flux rates showed no consistent patterns between years and seasons. Nearly all 392 

fluxes were negative, reflecting influx into the sediment (Table 5). The exception was net 393 

NH4
+ efflux in the dry season in 2016, S2- in the wet 2017, and PO4

3- at times in 2017. The 394 

highest nutrient flux rates from the sediment were those of NH4
+, followed by NO3

-. Fluxes 395 

of NO2
-, PO4

3-, and S2- were significantly lower compared to NH4
+. 396 

 397 

3.4 IRSPs sediment pore-water profiles 398 

The nutrient profiles determined from the DET method showed that the pore-water 399 

concentrations of NH4
+, NO2

-, NO3
- and S2- decreased rapidly at the sediment water 400 

interface (SWI, 0 cm sediment depth), while PO4
3− increased with sediment depth (Fig. 5). 401 

There were significant differences of NH4
+ and PO4

3- concentrations between the dry and 402 

the wet seasons. Depth-integrated concentrations of NH4
+ in the dry season ranged from 403 

around 400–1000 µg L-1, compared with between 200 and 600 µg L-1 in the wet season. 404 

For PO4
3-, the concentrations in the dry and wet seasons were 30–450 µg L-1 and 20–250 405 

µg L-1, respectively. Other parameters (NO2
-, NO3

-, S2-) did not show significant 406 

differences between seasons. 407 

Most of the fluxes, based on the DET method, were negative, indicating an influx from 408 

SWI to the sediment in both the dry and wet seasons (Table 6). The only exceptions were 409 

S2- in the wet season, and PO4
3- in both seasons. The flux results determined by the DET 410 

method were similar to the nutrient flux results using the core incubation method. The 411 

calculated flux from the water surface to SWI showed the opposite results and most of the 412 

fluxes were positive, with the exception of NO3
- and PO4

3-, which was negative in the wet 413 

season and in both seasons, respectively. 414 

 415 

4 Discussion 416 

Our study showed that the annual N removal from denitrification in the IRSPs was around 417 

1.7%, hence the N lost from denitrification was relatively low. However, at some sites 418 

within the ISRPs, denitrification rates were higher, thus there was scope to enhance rates. 419 

One feature of these ponds was the presence of dead mangrove roots from the former 420 
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mangrove forest that had been cleared for farming; the mangrove roots were part of the soil 421 

matrix and not fully decomposed due to the reducing soil conditions. Kaiser et al. (2015) 422 

highlighted that low respiration rates and a decrease in oxygen concentrations were due to 423 

a lack of bioturbation (e.g., crab burrows) and mangrove roots. It was possible that areas 424 

close to these roots may provide suitable sites for denitrification. Increased oxygen 425 

diffusion along root channels or organic carbon heterogeneity, resulting from root exudates 426 

and decay, could create suitable micro-sites to enhance coupled nitrification-denitrification 427 

(Alongi et al., 2000; Kartal et al., 2007). 428 

Denitrification rates were higher in the dry season, based on the higher rates compared to 429 

the wet season. This may be explained by higher water temperatures and NO3
- 430 

concentrations in the dry season (Koch et al., 1992; Kraft et al., 2014). Higher 431 

temperatures increase microbial anaerobic respiration, while higher NO3
- concentrations 432 

provided the necessary electron acceptor for denitrification (Amatya et al., 2009). 433 

Similarly, the differences of denitrification rates between day and night in the sediment 434 

suggested competition with algae in the IRSPs for nitrate, because algae use nitrate when 435 

photosynthesizing during the day (Dong et al., 2006). Sulfide was present in the water 436 

column and also in the sediment, thus this may also account for the low denitrification 437 

rates in some sites (Jensen et al., 2007). 438 

In our study, denitrification rates were significantly positively correlated with chlorophyll 439 

a concentrations in the sediment, meaning that organic carbon derived from benthic algae 440 

may drive denitrification in the IRSPs (Alongi, 2014). Therefore, in the IRSPs, organic 441 

carbon seemed to be the factor controlling denitrification. 442 

The denitrification rates in this study were higher than those in intensive shrimp ponds, i.e. 443 

39.0 ± 9.0 µmol m-2 h-1 (Castine et al., 2012) compared to 81.3 ± 37.9 µmol m-2 h-1 in the 444 

dry season and 52.4 ± 27.2 µmol m-2 h-1 in the wet season in this research. Our results were 445 

6–9 times higher than the denitrification rates in a study of shrimp mangrove sediments, 446 

the highest being only 9.4 µmol m-2 h-1 (Rivera-Monroy et al., 1995). However, rates were 447 

much lower compared to natural systems where denitrification can remove up to 266 mmol 448 

m-2 d-1, i.e. 11,083 µmol m-2 h-1 (Dalsgaard et al., 2003). Therefore, in comparison with 449 

natural systems, denitrification in IRSPs was less efficient, meaning that higher N was 450 

retained in IRSPs. This was likely because of the high nitrogen loads from the adjacent 451 
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canal and inputs such as fertilizer, important factors governing denitrification in 452 

agricultural and aquaculture soils. Previous research on nutrient budgets in IRSPs by Dien 453 

et al. (2018) showed that water intake was the main nutrient and carbon input (92% N, 454 

57% P, 95% C) while fertilizer addition only accounted for 8% N, 43% P and 5% C. This 455 

analysis excluded carbon from primary productivity.  456 

Our study showed that nutrients migrated from surface water into SWI, and this might be 457 

caused by fine flocculated material on the sediment surface (Zhong et al., 2015). 458 

Ammonium and nitrite were likely to be mobilized at the SWI, and then diffused into the 459 

surface water and the sediment. In contrast, the phosphate had been consumed at the SWI, 460 

and phosphate from the surface water and sediment then migrated to the SWI (Figure 461 

4). Some parameters had a peak between the SWI and the water surface, which suggested 462 

that total production was greater than all losses (including fluxes). For those troughs 463 

indicate sites where consumption was greater than production (Berg et al., 1998; Wang et 464 

al., 2008). In most of the sites in the IRSPs, the DET method also showed a negative flux 465 

from the sediment to SWI, which correlated well with nutrient flux data (Table 5). 466 

Sediment nutrient fluxes had limited effect on water column nutrients since nutrients were 467 

mostly in-fluxing into the sediment. This combined with the low rates of nitrogen loss 468 

from denitrification, means that the high NO3
-, NH4

+ and PO4
3- concentrations in the water 469 

column were likely from the canal supplying water to the ponds. This was consistent with a 470 

previous study on nutrient budgets in IRSPs (Dien et al., 2018). From this point of view, 471 

water discharge from IRSPs has a low environmental impact. 472 

The high nutrient concentrations in the canal water were most probably due to 473 

anthropogenic sources in the highly exploited water system of the Mekong Delta. Farmers 474 

from all over the Mekong Delta have migrated in large numbers to this region and settled 475 

along nearly all canals and rivers (Binh et al., 2005). Tho et al. (2006) reported that canals 476 

were under particular pressure from point sources of pollution, due to boat traffic effects, 477 

and effluent from community markets, and this might have an important impact on water 478 

quality on a regional basis. 479 

DNRA rates were low as opposed to denitrification rates in this study. Castine et al. (2012) 480 

also showed that denitrification was the dominant N2 production pathway in a tropical 481 

aquaculture settlement pond. In contrast, the dominance of DNRA over denitrification 482 
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occurred in an environment with relatively high liable carbon, and reduced sulfur and iron 483 

(Giblin et al., 2013). Dong et al. (2011) highlighted that DNRA seemed to be a dominant N 484 

reduction pathway (compared to denitrification) in tropical estuarine systems with high 485 

temperatures, low sediment organic content and low water column NO3
- concentrations. 486 

However, this study shows that the IRSPs had relatively high sediment organic content and 487 

water column NO3
- concentrations, hence DNRA rates were low in this integrated system 488 

(i.e IRSPs). 489 

There were significant differences in denitrification, DNRA and nutrient fluxes between 490 

the dry and the wet season in this research. Salinity changes should be the reason for these 491 

results. The extremes of the changing salinity across seasons were likely to limit bacterial 492 

and other biogeochemical processes (Giblin et al., 2010; Koch et al., 1992). This may 493 

prevent the establishment of stable bacterial communities, and hence reduce rates of key 494 

processes, such as denitrification.  495 

This study points to benefits of IRSP farming methods, compared with shrimp farming, in 496 

terms of improvements to water quality. Deterioration of water quality and associated 497 

effects on coastal areas adjacent to intensive shrimp farming has been shown to be a major 498 

issue globally (Díaz et al., 2012; Tho et al., 2013). Therefore, IRSP systems appear more 499 

environmentally sustainable. However, there remain challenges with these IRSPs, such as 500 

variable shrimp and rice production, due to water quality issues, e.g. low oxygen 501 

conditions (Leigh et al. 2017). The poor water quality of the adjacent canals is therefore 502 

affecting the sustainability of these systems, but there has been little focus on the 503 

management of these canals.  504 

 505 

5 Conclusions 506 

This study showed that the combination of methods aided the understanding of 507 

biogeochemical processes of nutrients in IRSPs. The ponds had highly variable 508 

denitrification rates with low denitrification efficiency. Denitrification rates were 509 

significantly positively correlated with chlorophyll a concentrations, suggesting carbon 510 

limitation. NO3
-, NH4

+ and PO4
3- concentrations in the water column were high despite low 511 

sediment nutrient fluxes. Given the low nutrient fluxes and removal of N by denitrification, 512 

high nutrient loads were likely derived from incoming water. Therefore, these systems are 513 
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net nutrient removal mechanisms, rather than contributing to eutrophication in adjacent 514 

waterways. Pond management needs to be altered to improve the efficiency of N removal 515 

and improve water quality in IRSPs. 516 
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Tables 713 

Table 1. Physico-chemical parameters in the water column (mean ± SD) comparing wet 714 

and dry seasons for 2016 and 2017, n = 24. DO = dissolved oxygen. AFDW = ash free dry 715 

weight. DON = dissolved organic nitrogen. DOP = dissolved organic phosphorus. 716 

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 (ppt) 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 

 717 

  718 
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Table 2. Background physico-chemical parameters in the sediment (mean ± SD) 719 

comparing ditch and platform, and dry and wet seasons. Sampling was only conducted in 720 

the first year (2016), n = 12. 721 

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 

 722 

  723 
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Table 3. Annual N removal (%) via denitrification across the two IRSPs (mean ± SD), n = 724 

24 725 

Year 

N removal by denitrification 

(kg y-1) 

Total N in the pond 

(kg/year) 

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 

 726 

  727 
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Table 4. The Pearson correlation between denitrification rates and parameters in the 728 

sediment, n = 24 729 

 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 

 730 

  731 
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Table 5. Mean (± SD) flux rates of NH4
+, NO2

-, NO3
-, PO4

3-, S2- (mmol m-2 d-1) of the combined two IRSPs. Positive values indicate flux out of 732 

the sediment; negative values indicate flux into the sediment. 733 

Season 
NH4+ NO2- NO3- PO43- S2- 

(mmol m-2 d-1) (mmol m-2 d-1) (mmol m-2 d-1) (mmol m-2 d-1) (mmol m-2 d-1) 

Dry 2016 0.26 ± 0.07 -0.05 ± 0.04 -0.32 ± 0.11 -0.15 ± 0.07 -0.03 ± 0.01 

Wet 2016 -0.57 ± 0.05 -0.08 ± 0.04 -0.17 ± 0.08 -0.09 ± 0.08 -0.02 ± 0.01 

Dry 2017 -0.44 ± 0.09 -0.04 ± 0.02 -0.21 ± 0.15 0.10 ± 0.06 -0.03 ± 0.01 

Wet 2017 -0.37 ± 0.08 -0.06 ± 0.03 -0.16 ± 0.07 0.09 ± 0.05 0.01 ± 0.01 

 734 

  735 
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Table 6. Mean flux rates of NH4
+, NO2

-, NO3
-, PO4

3-, S2- (mmol m-2 d-1) of the combined two IRSPs in 2017 based on the diffusive equilibrium 736 

in thin films method. SWI = sediment-water interface. The linear regression coefficients (r2) > 0.95, showing the high certainty. 737 

Season 
Flux NH4+ NO2- NO3- PO43- S2- 

(mmol m-2 d-1) (mmol m-2 d-1) (mmol m-2 d-1) (mmol m-2 d-1) (mmol m-2 d-1) 

Dry 2017 
from the water surface to SWI 0.34 0.03 0.26 -0.08 0.02 

from SWI to sediment -0.27 -0.01 -0.14 0.08 -0.01 

Wet 2017 
from the water surface to SWI 0.24 0.03 -0.33 -0.03 0.01 

from SWI to sediment -0.12 -0.02 -0.03 0.03 0.01 
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Figure captions 739 

Figure 1. Study site layout showing two integrated rice–shrimp ponds (symbolled TB1 and TB2) in Tan Bang Ward, Thoi Binh District, Ca Mau 740 

province, Vietnam. The total area of TB1 is 1.5 ha, and that is 2.0 ha of TB2. 741 

Figure 2. Mean (± SD) monthly water temperature (ºC) and salinity (ppt) across two integrated rice-shrimp ponds in 2016 and 2017. The arrows 742 

showed time of experiments conducted: in the dry season (April 2016, April 2017) and the wet season (October 2016, October 2017). 743 

Figure 3. Mean (± SD) denitrification rates (µmol N m-2 h-1) between the dry and wet seasons, between the ditch and platform, and between the 744 

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 745 

seasons (p < 0.05). 746 

Figure 4. Mean (± SD) DNRA rates (nmol m2 h-1) comparing dry and wet seasons, and ditch and platform of two IRSPs in 2017. Different letters 747 

indicate significant differences between seasons (p < 0.05). 748 

Figure 5. 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 749 

the wet season (b). 1 → 5 cm: above the sediment (i.e, water layer); -1 → -10 cm: under the sediment. The thicker line at 0 cm sediment depth 750 

indicates where the sediment starts. Significantly different concentrations in surface sediments between samplings are marked by different 751 

symbols in the top corner of panels (p < 0.05). 752 

753 
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FIGURES 754 

Figure 1. 755 
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Figure 2.  758 
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Figure 3. 761 
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Figure 4. 764 
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Figure 5. 767 
(a) The dry season 768 

 769 
(b) The wet season 770 

 771 


	d Centre for Ecosystem Science, The School of Biological, Earth & Environmental Sciences, The University of New South Wales, Sydney 2052, Australia

