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Executive summary 
 
There are many potential bioremediation approaches that may be suitable for prawn farms in 
Queensland. Although most share generally accepted bioremediation principles, advocacy for different 
methods tends to vary widely. This diversity of approach is particularly driven by the availability and 
knowledge of functional species at different localities around the world. In Australia, little is known 
about the abilities of many native species in this regard, and translocation and biosecurity issues 
prevent the use of exotic species that have shown potential in other countries.  
 
Species selected must be tolerant of eutrophic conditions and ecological shifts, because prawn pond 
nutrient levels and pathways can vary with different assemblages of autotrophic and heterotrophic 
organisms. Generally, they would be included in a constructed ecosystem because of their functional 
contributions to nutrient cycling and uptake, and to create nutrient sinks in forms of harvestable 
biomass. Wide salinity, temperature and water quality tolerances are also valuable attributes for 
selected species due to the sometimes-pronounced effects of environmental extremes, and to provide 
over-wintering options and adequate safety margins in avoiding mass mortalities. To practically 
achieve these bioremediation polycultures on a large scale, and in concert with the operations of a 
prawn farm, methods involving seed production, stock management, and a range of other farm 
engineering and product handling systems need to be reliably achievable and economically viable.  
 
Research funding provided by the Queensland Government through the Aquaculture Industry 
Development Initiative (AIDI) 2002-04 has enabled a number of technical studies into biological 
systems to treat prawn farm effluent for recirculation and improved environmental sustainability. AIDI 
bioremediation research in southern Queensland was based at the Bribie Island Aquaculture Research 
Centre (BIARC), and was conducted in conjunction with AIDI genetics and selection research, and a 
Natural Heritage Trust (NHT) funded program (Coast and Clean Seas Project No.717757). This report 
compilation provides a summary of some of the work conducted within these programs.  
 
 
Objectives 
 
This initiative sought to provide a platform for development of bioremediation methods for sustainable 
water use and remediation of intensive aquaculture discharge. Work focussed on prawn farming, being 
the largest industry sector in Queensland. “Profits from waste” was the main theme built into research 
directions. Our goal was to work towards positive financial and environmental outcomes using 
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technologies based on the use of aquatic plants (algae and seaweeds) and animals (finfish and 
molluscs). 
 
The concurrent NHT project initially sought to extend research results gained from a previous NHT 
grant (No. 717519), where the sea or grey mullet, Mugil cephalus, and the rabbitfish, Siganus 
nebulosus, had shown promise in tank trials using artificial substrates. These species were varied to the 
banana prawn Penaeus (Fenneropenaeus) merguiensis following fish-seed production difficulties. The 
goal of this one-year program was to demonstrate industrial volumes of nutrient waste being converted 
into a marketable crop. A second variant in this NHT project sought to provide information about the 
effect of artificial substrates and different banana prawn stocking densities on water quality and 
nutrient levels. If valuable products could be grown in settlement ponds, without significantly affecting 
the nutrient levels in discharges, farm efficiencies could be lifted. 
 
In ecological terms, polycultures are considered to fill more niche space, and possibly offer more 
efficient nutrient utilisation. However, the compatibilities of the various species that were to be utilised 
in the present work needed confirmation. Rabbitfish and sea mullet were known to coexist in 
polyculture, but adding banana prawns to this mix presented uncertain predation-related issues. The 
potential for high survival of banana prawn seed in the presence of these fish species required 
investigation.  
 
Other preliminary work, in conjunction with Sunshine Coast University student projects, demonstrated 
that the use of macrophytes to absorb nutrients from prawn pond discharge had several biological and 
physical problems. Local sea lettuce (Ulva sp.) and red seaweed (Gracilaria sp.) was quickly infested 
with amphipods and copepods. These invertebrates routinely exist in some prawn ponds, water delivery 
channels and farm settlement ponds. They demonstrated intense grazing pressure to rapidly reduce the 
macrophyte biomass to near-zero levels. In addition, phytoplankton blooms that predominate in prawn 
pond ecosystems act to shade light and reduce the levels of dissolved nutrients available for plant 
growth, and these difficulties were compounded by the accumulation of effluent particulate matter on 
the macrophytes’ surfaces. These results indicated that unless better systems could be developed to 
avoid these issues, macrophytes of this nature would only occasionally be presented with conditions 
conducive to vegetative growth and biomass accumulation for nutrient removal, for example, during 
times of low phytoplankton abundance. To effectively incorporate macrophytes into bioremediation 
systems for prawn farms, it appeared that pre-treatment of effluent would be necessary so that 
phytoplankton levels, fouling organisms and suspended materials were reduced, and so that nutrients 
were converted into forms available for direct plant uptake. 
 
Work then focussed on the potential to remove and utilise phytoplankton and other suspended materials 
in prawn pond discharges. Mechanical processes such as foam fractionation are used on a small scale to 
improve water qualities, and may have potential for incorporating into larger integrated systems. 
However, filter-feeding shellfish can also retain fine suspended materials, and may have significant 
potential to create additional profits in mariculture operations. They have been proposed for use in 
aquaculture by many authors, and their documented filtration biology and bioremediation uses provide 
insight into systems that may be applied in Queensland. Knowledge of native species that may be 
suitable for these applications was considered paramount to these investigations, along with a detailed 
understanding of how they might be applied. 

 
 

Outcomes 
 
Several practical synergies were coordinated between these AIDI and NHT projects, which improved 
efficiencies involved in livestock and effluent production for tank- and farm-based experiments. This 
work led to further development of husbandry expertise and facilities at BIARC, and enhanced the 
capabilities of the Centre to conduct bioremediation studies involving a range of species. Standardised 
laboratory techniques were implemented for nutrient analyses using a quality assurance program for 
accuracy of results. Multi-functional tank-based facilities were built and developed for replicated 
experimental work simulating pond environments. An up-to-date cross-referenced library of scientific 
literature was assembled in support of this work and for future enquiries. Several complimentary 
student projects were accommodated and have utilised these resources. 
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The banana prawn performed well in these studies because it has many of the desirable attributes 
mentioned above. Free-ranging banana prawns in commercial prawn farm settlement ponds (5) was 
shown to repeatedly produce a high quality and marketable product. At low densities (up to 5 m-2), they 
had little effect on water nutrient levels, and produced up to 500 kg ha-1. Controlled taste tests and 
microbiological analyses strongly supported their high food-grade status. Over 150 ha of settlement and 
water treatment area is employed in the prawn farming industry in Queensland (R. Lobegeiger pers. 
com.). If products like banana prawns could be routinely harvested from these existing treatment 
systems as demonstrated in this work, financial and environmental benefits would be created within the 
industry with little capital outlay. 
 
Experimental results suggest that sea mullet and banana prawns are compatible in polyculture. 
Rabbitfish, however, were shown to prey on banana brawns in restricted habitats. Prawn farm 
settlement ponds presently utilise natural bioremediation processes involving colonising bacteria, algae, 
fungi, protozoa and invertebrates, for water treatment. An intensification of this ecosystem’s nutrient 
stripping abilities would facilitate sustainable growout intensification and industry expansion. The 
addition of low densities of detritivores and planktivores like banana prawns and sea mullet, which 
continually graze on these natural colonisers, is one way that nutrient cycling processes can be 
intensified, and may be one of the simplest and most easily managed forms of bioremediation for 
prawn farms.  
 
However, unless it is practiced on a large scale, this appears to do little to adequately lower nutrient 
levels in waters to be discharged or recirculated.  Prawn farmers actively encourage phytoplankton 
blooms in grow-out ponds for a variety of reasons including animal and ecosystem health and water 
quality management. Generally, water from ponds is only discharged when blooms grow too dense. 
The need for treatment systems that more efficiently remove and utilise this typically persistent 
microalgal resource, lead to investigations of suitable filter-feeding shellfish and related systems. The 
mud ark cockle, Anadara trapezia, was identified as one native bivalve with potential for future use. It 
is a sturdy species with apparent market potential, and it appeared to survive and grow well in a range 
of relevant environments. Their potential for treating mariculture effluent and creation of additional 
product is considered within the context of a worldwide review of shellfish remediation research. 
 
The SKIM is a patented aeration/foam fractionation device that is used to improve water quality in 
intensive aquaculture tanks and ponds.  It was developed by IFREMER in France and can be used to 
replace aerators and reduce water exchange in various applications (Prof. J.M.E. Hussenot, Global 
Aquaculture Advocate April 2004). It is reported to remove fine suspended particles, dissolved matter, 
and bacteria from mariculture systems. These functions presently facilitate its approved use overseas in 
the depuration of shellfish for human consumption. Its capacity to remove nutrients from the water 
column was of particular interest in this study. In conjunction with the Australian distributors of SKIM, 
Clayton Engineering, the unit was tested in various forms of prawn farm effluent generated at BIARC. 
It proved effective at removing suspended solids and phosphorus in all bloom types tested, but 
appeared less effective at reducing nitrogen levels.  This work provides baseline data for development 
and integration of power-assisted biofilters for industrial application in Australia.  
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Abstract 
 
To assess their utility for profitable wastewater bioremediation, banana prawns, Penaeus 
(Fenneropenaeus) merguiensis (de Man), were stocked at low densities (1 – 5 m-2) and grown without 
supplemental feeding in five commercial-prawn-farm settlement ponds (0.3 to 6.0 ha). The prawns 
free-ranged in the variously designed ponds for 160 to 212 days after stocking as PL15. Survival 
estimates ranged from 12% to 60% with production of 50 – 528 kg ha-1. Over 1150 kg of marketable 
product was produced in the study. Exceptional growth was monitored at one farm where prawns 
reached an average size of 17g in 80 days. Nutrients in water flowing into (8 - 40 ML d-1) and out of 
the settlement pond at that farm were assessed twice weekly along with routine water quality 
measurements. Only small differences in water qualities were detected between waters running into and 
out of this settlement pond. Total nitrogen levels gradually increased from 1 - 1.5 mg L-1 early in the 
season to over 3 mg L-1 towards the end of the season. Total phosphorus levels similarly rose from 0.1 - 
0.2 mg L-1 to 0.3 - 0.4 mg L-1 in the middle of the season, but fell to 0.2 – 0.3 mg L-1 towards the end 
when approximately 12,000 prawns were harvested with a total weight of 175 kg. No significant 
differences (P > 0.05) were detected in the overall acceptability of prawns harvested from each of the 5 
settlement ponds in small-scale consumer sensory analyses. The prawns from settlement ponds were 
rated similarly to banana prawns grown with commercial diets at two other establishments. 
Microbiological analyses of prawns from all farms showed bacterial levels to be well within food-grade 
standards and lower than prawns produced in a normal growout pond. These results demonstrate that 
high quality food grade banana prawns can be produced in these wastewater treatment systems. 
 
Keywords: banana prawns, settlement ponds, bioremediation , prawn farm, wastewater, nutrients 
 
Introduction 
 
The environmental impacts and remediation of prawn farm waterwaters is an area of mariculture 
research that has received considerable recent attention (Funge-Smith and Briggs, 1998; Jones and 
Preston, 1999; Preston et al., 2000; Jones et al., 2001; Marinho-Soriano et al., 2002). Whilst it is well 
recognised that good farm management practices can minimise the environmental impacts of prawn 
farms, there is a growing need to develop better water-reuse and treatment systems for more profitable 
and sustainable production.  These considerations include reduced environmental impacts, improved 
biosecurity, better disease prevention abilities, lower wastes and higher efficiencies.  
 
Strong interest is also developing in Australia regarding various aspects of the husbandry and culture 
potential for the banana prawn, Penaeus (Fenneropenaeus) merguiensis (de Man, 1888). In nature, this 
species mainly inhabits mud-mangrove habitats (Staples et al., 1985), and has been extensively farmed 
in Asia for many years.  In some respects, it is thought to be a better species for farming than the more 
commonly farmed black tiger prawn (Penaeus monodon), and its apparently high affinity for detritus 
and algae has lead to it also being proposed as a suitable species to grow in prawn farm settlement 
ponds in Australia (Hoang, 2001). 
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Prawn farmers in Australia often use sedimentation ponds to help meet discharge water quality 
standards set by regulators. Recent studies have shown that suspended solids and nutrients such as 
nitrogen and phosphorus can be reduced early in the production season with these simple water 
treatment systems (Preston et al., 2000). However, algae senescence, settlement of particulate organic 
matter and bacterial decomposition later in the season can cause nutrient levels in settlement pond 
discharge to exceed inflow. Hence, cost-effective methods of maintaining these ponded areas in a 
healthy state and improving their water remediation capabilities are desired. Whilst various secondary 
cash crops such as seaweeds, bivalves and fish have been proposed for this purpose, prawns may offer 
a more convenient crop that can draw on the existing infrastructures and markets of a commercial 
prawn farm. Besides representing an outright sink for waste nutrients, banana prawns can help 
remineralise particulate organic material, and make it bioavailable for uptake by algae.  
 
The aim of this study was to investigate the feasibility of extensively farming P. merguiensis in prawn 
farm settlement ponds without direct feeding, to improve profitability and potentially reduce waste 
nutrients. 
 
 
Materials and methods  
 
Seed stock production 
In November 2001, approximately 285,000 banana prawn postlarvae were produced for this study at 
the Bribie Island Aquaculture Research Centre (BIARC). These postlarvae (23-day-old PL15) were 
produced from 4 families within a wider breeding program conducted for this species by the 
Queensland Department of Primary Industries (QDPI). Larval rearing methods used a combination of 
commercial production technologies (P.J.Palmer and M.J.Burke pers. com.) and methods published for 
this and other Penaeid species (Lim et al., 1987; Luxe Enterprises Ltd., 1989). They were stocked into 
5 commercial prawn farm settlement ponds (A-E) at low densities (approximately 1-5 m-2) on the 13th 
and 14th November 2001. No artificial feeds were given directly to these settlement ponds. The stocked 
banana prawns were therefore required to forage for foods within the settlement ponds’ ecosystems, 
and grow solely on the waste products entering the settlement ponds and natural feeds generated by 
available nutrients. 
 
Clear pathology reports were received for each prawn family before stocking into settlement ponds 
(QDPI Veterinary Laboratory with NATA accreditation). Pre-stocking pathological screening involved 
histological examinations of no less than sixty postlarvae from each larval culture for evidence of viral 
infection, fouling, granuloma formation, haemocyte aggregations, muscle necrosis, appendage erosion, 
melanisation or bacterial infection. To predict the genetic potential for survival in farm settlement 
ponds, we also assessed the survival of the 4 families used in 25,000 L concrete nursery raceways after 
PL15. The stocking density of nursery raceways was 1 L-1, which were fed commercial Penaeid starter 
feeds according to an estimated 10% total biomass weight updated weekly. Larviculture survival 
estimates were undertaken by volumetric sub samples taken from well-mixed harvest concentrations. 
Nursery survivals were estimated by total live biomass weight (corrected for water retention by 0.9 
multiplier) divided by mean individual weight (blotted dry). 
 
Description of each farm 
The five participating prawn farms were located between Baffle Creek and the Logan River in south-east 
Queensland. A description of these farms’ settlement ponds is provided in Table 1.  
 
Table 1. Attributes of settlement ponds and associated production facilities in the study 

Farm Total area under 
cultivation (ha)  

Production pond to 
settlement pond area ratio 

Number of 
production ponds 

Settlement pond 
stocking density (m-2) 

A 10 1 : 0.30 11 2.6 
B 10  1 : 0.09 12 5.5 
C 2  1 : 0.15 2 4.1 
D 20  1 : 0.15 15 1.1 
E 17 1 : 0.35 10 1.9 

 
All farms were primarily involved with semi-intensive P. monodon production using flowthrough systems 
for algal bloom management. Settlement ponds were screened to physically prevent the escape of the 
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stocked banana prawns. Some of the peculiarities of the different farms and their settlement ponds for 
water treatment are listed below: 

1. Farm A (27º 42´ S 153º 15´ E), situated on the Logan River south of Brisbane, had a 
single large ovoid-shaped settlement pond. This farm had installed 250 metres of vertical 
geotextile fabric (Geofabric® Biddum A12) to act as artificial substrate for improved 
benthic productivity and to baffle water flows. 

2. Farm B (27º 41´ S 153º 15´ E), also situated on the Logan River, had two settlement 
ponds in series. Only the primary settlement pond (average depth of 2.7 metre) was used 
for this study. It had been fitted with approximately 60 metres of vertical nylon 
shadecloth (70%) to help direct water flow. 

3. Farm C (27º 01´ S 153º 05´ E) was situated adjacent to Bullock Creek in the Pumicestone 
Passage area north of Brisbane. Its treatment system consisted of a 1-2 metre deep 
channel that overflowed into an ovoid-shaped settlement pond. An undetermined number 
of mullet of 3 different age classes were present in this settlement pond at the time of 
stocking the banana prawns. They had entered the prawn farm settlement system in the 
off-season, and had been trapped by the installation of screens on commencement of 
production. 

4. Farm D (24º 94´ S 152º 46´ E) was situated on the Elliot River south of Bundaberg. Its 
water treatment system consisted of two elongated settlement ponds linked in series by a 
wide (approx 10 m) 2-3 metre deep channel. The stocked banana prawns therefore had 
open access to both of these settlement ponds. 

5. Farm E (24º 53´ S 151º 98´ E) was situated on Baffle Creek north of Bundaberg. It also 
used shallow drains to collect production pond discharge. Two large square treatment 
ponds of equal size (3 ha) were linked in series by a small channel in the bank between 
them. Discharge from the farm flowed into the primary treatment pond at two points 
opposite this linking channel. Banana prawns stocked had access to both ponds. 

 
In all 5 cases postlarvae were in excellent condition when stocked. Conditions in the settlement ponds 
were similar at all farms, with dense green phytoplankton blooms, some benthic algal production and 
variable amounts of reduced sediments noticeable around the peripheries. The settlement pond at Farm 
A contained juvenile prawns (up to 2 g in size) of an undetermined species (not P. merguiensis), and at 
Farm C contained sea mullet (Mugil cephalus) in moderate numbers when the banana prawns were 
stocked. 
 
Prawn growth and survival estimates 
Banana prawns were sampled (>30) from each settlement pond periodically using a cast net, and 
individually weighed. At the end of each farms production season, settlement ponds were harvested and 
banana prawns and other harvestable biomass were quantified.  
 
Microbiological analyses 
Banana prawns harvested from each settlement pond were immediately washed in clean seawater at each 
farm, and a random sample of these was placed inside a clean plastic bag and stored in crushed ice for 
approximately 5 hours prior to food-standard microbiological examinations. This involved submitting no 
less than 100 g of prawn flesh to NATA Accredited Laboratory Number 199, for testing total bacterial 
levels (standard plate count g-1), Escherichia coli (g-1) and Salmonella  spp. (25g-1). A random sample from 
a pond of dry-pellet-reared banana prawns at BIARC, was also submitted for this testing to provide a 
comparison with prawns taken from the settlement ponds. 
 
Standard plate counts determined the total number of viable bacteria after plating on a non-selective growth 
medium and incubation at 30ºC for 72 ± 2 h (Australian Standard Method [AS] 1766.2.1 – 1991). 
Quantitative E.coli assessments used the “most probable number” method with the multiple tube technique 
and lauryl tryptose broth as the primary selective medium (AS 1766.2.3 – 1992). Presence/absence testing 
for Salmonella spp. (AS 1766.2.5 – 1991) involved 25g of prawn flesh incubated in a pre-enrichment 
medium at 37ºC for 16 to 20h. This was sub-cultured into 2 selective enrichment media - Mannitol Selenite 
Cystine Broth (MSCB) and Rappaport-Vassiliadis Broth (RVB) and incubated at 37ºC and 42ºC 
respectively for 18 to 24h. Then, aliquots of both the MSCB and RVB cultures were streak-inoculated onto 
the solid selective media Xylose Lysine Desoxycholate Agar (XLDA) and Bismuth Sulphite Agar (BSA).  
The XLDA and BSA plates were incubated at 37ºC for 24h and 48h respectively and examined for typical 
Salmonella colonies.  Any typical colonies were checked for purity and subjected to biochemical and 
serological tests for characteristic reactions of salmonellae (personal communication Ian Miller QDPI). 
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Prawn consumer acceptability 
Samples of banana prawns harvested from each settlement pond, washed and stored in ice as above, 
were assessed for sensory acceptability by a small panel of consumers. Each sample was treated with 
sodium metabisulphate for 30 sec (1kg in 100 l freshwater at 0-4°C) to prevent discoloration during 
storage. After draining for 5 min, they were individually quick-frozen (IQF) in a –20°C brine (15 min). 
They were coated with a freshwater glaze to prevent freezer burn, and again immersed in the IQF brine 
(2 min). Samples were then stored in a freezer (-28ºC) for 6-13 weeks until thawing prior to sensory 
testing. All treatments were thawed under ice (at 2ºC) overnight, and cooked the next day at the same 
time in separate mesh baskets inside a gas-fired prawn cooker (3.5% salt solution). After cooking (3 
min 20 sec) they were chilled in an ice slurry (3.5% salt), and stored at 5ºC in preparation for sensory 
testing later the same day. 
 
Control treatments comprised P. merguiensis reared on commercial feeds at BIARC (using the same 
post-harvest treatment described above), and P. merguiensis supplied in the frozen state by another 
commercial prawn farm. Controls were cooked as above. The mean (± se) size of prawns in the BIARC 
control group was 9.7 ± 0.53 g (min. 6.0 g, max. 16.7 g, n = 30), and in the commercial control was 
28.7 ± 0.58 g (min. 17.0 g, max. 35.6 g, n = 56). 
 
Nineteen panellists each received two whole prawns from each treatment. Panellists were asked to peel 
the prawns before completing the sensory assessments. Attributes were rated on both hedonic and 
intensity scales based on a standard rating test (AS 2542.2.2.3 – 1988) with unstructured line scales. 
Attributes tested on hedonic scales included odour, appearance, flavour, texture and overall 
acceptability. Prawn flavour and firmness were rated on intensity scales. Panellists were also able to 
choose standard descriptors and add comments regarding particular likes or dislikes for each sample.  
For each attribute, panellist scores were analysed using a two-way analysis of variance using a 
complete block design with panellists as blocks.  Where a significant F-ratio (P<0.05) was found, pair 
wise comparisons were made using Tukeys Honest Significant Difference (HSD).   
 
Settlement pond water analyses 
Biweekly water samples were taken at the inflow and outflow points to the settlement pond at Farm A 
(13 Dec - 23 Mar) to investigate macronutrient levels. Sampling, undertaken by the farmer, involved 
splitting fresh samples into filtered (0.45µm) and unfiltered sub samples (60 ml), immediate storage on 
ice, then freezing. At BIARC, samples were thawed and tested for total nitrogen (TN), total phosphorus 
(TP), and dissolved inorganic nutrients (DIN) including total ammonia (TAN), oxides of ammonia 
(NOx) and phosphate (PO4). TN and TP determinations involved the Kjeldahl digestion of known 
volumes of samples in concentrated sulphuric acid with a copper sulphate acid catalyst, followed by 
analysis with a Lachat QC8000 Flow Injection Analyser as described in the instrument manufacturers 
methods (QuickChem Methods, Zellweger Analytics Inc. Milwaukee WI 53218). Acid strength was 
increased in the digestion and carrier solution to account for the high salinity of the samples. 
 
DIN (TAN, NOx, PO4) were also assessed by Flow Injection according to the methods of the 
instrument manufacturer. Briefly, TAN was converted to blue indephenol via the Bertholot reaction, 
NOx was determined after reduction of NO3 to NO2 in a copperised cadmium column and conversion 
of NO2 to a pink dye in the presence of sulphanilamide, and PO4 was reacted with molybdate and 
antimonyl tatrate to form a yellow complex. NO2 and NO3 were analysed together as NOx. Routine 
water quality measurements including salinity, dissolved oxygen, temperature and pH were also 
measured in situ at the time water samples were taken. Water flow into the settlement pond was 
measured with a laser-calibrated flowmeter (Starflow ultrasonic Doppler instrument: model 6526B). 
 
Prawn macro-nutrient analyses 
Nitrogen and phosphorus determinations were undertaken for prawn biomass from each settlement 
pond at harvest (except farm C), and the culture pond at BIARC. Whole prawn samples were held on 
ice for up to 5 hr, frozen and stored at -18ºC for 3-5 months before analyses for total nitrogen and total 
phosphorous contents. Prior to chemical analysis frozen prawns were sectioned and weighed. Samples 
were then freeze-dried (Lindner & May Pty Ltd) for 24 hr with dry matter determined from weight 
change.  
 
Nitrogen and phosphorus contents were determined for two replicates from each sample. For total 
nitrogen, samples (400 mg dry matter) were wrapped in nitrogen free paper and pelleted prior to 
analysis by the combustion method described by Sweeny (1989) using an Elementar Rapid N analyser. 
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The instrument was calibrated using AR grade aspartic acid, with accuracy quoted by the manufacturer 
as <0.5% relative standard deviation for homogeneous test samples. The ashing method was used for 
total phosphorus content determinations. Following ignition at 600°C for 3h and HCl digestion 
(A.O.A.C. 1980), phosphorus was measured by colorimetry. 
 
Results 

 
Survival and growth of seed stock  in larval cultures and nursery systems 
Survival in larvicultures ranged from medium to high levels, and survival in the nursery systems was 
above 50% for all families used, despite the fact that conditions in these nursery systems were not 
conducive for rapid growth (Table 2).  
 
Table 2. Survival of banana prawn families in larvicultures (23 days old), and survival and growth in 
nursery systems at BIARC over a further 70 days. 
 

BIARC   
prawn-family 

Code 

Survival (%) in 
larvicultures* 

up to PL15 

Survival (%) in 
concrete nursery 

systems* at BIARC 

Mean (± se) weight (g) of 
juveniles** harvested from 
concrete nursery systems 

Farm settlement 
ponds stocked 

with PL15 
Pme 33 71.6 69.9 0.76 ± 0.034 A 
Pme 35 60.5 53.1 0.95 ± 0.036 B & C 
Pme 41 40.8 83.2 0.56 ± 0.026 D 
Pme 75 94.9 66.2 0.45 ± 0.024 E 

*n = 1   **n = 50 
 
 
Growth of prawns in settlement ponds 
Banana prawns stocked into all farm settlement ponds reached a marketable size before harvest (Figure 
1), and this was achieved at Farm A in less than 80 days (mean of 17.4 g; range of 13 – 23 g). Negative 
growth, and deterioration of condition was evident at Farm A past 80 days. Steady growth throughout 
the season occurred at the other four farms. Mean harvest weights ranged from 13.7 g at Farm C, to 
21.7 g at Farm E (Table 3). The smallest banana prawn in harvest samples was 10.2 g from farm A, and 
the largest was 26.7 g from Farm E.  
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Figure 1.   Growth of banana prawns in the settlement ponds of 5 commercial prawn farms (A – E). 
 
 
Survival of banana prawns in settlement ponds 
The study assumed that no other banana prawns had entered settlement ponds other than those that were 
stocked as postlarvae. Only one farm (B) displayed moderately high survival (60.5%) (Table 4). All 
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farms reported harvest difficulties of one form or another, and all farms reported bird predation. Both 
of these factors could have contributed to lower recovery at harvest. Farms C and D could not complete 
the harvest of settlement ponds because the pond bottoms were lower than their bottom discharge pipes 
(regulatory control on sludge release applied by Environmental Protection Authority at some farms). 
Whilst Farm D attempted an estimate of the amount of unharvestable prawns, Farm C considered this 
too difficult to estimate. 
 
Based on these harvest estimates, production per hectare ranged from a high of 528 kg/ha at Farm B, 
down to 67, 58 and 50 kg/ha in farms D, A and E respectively. Across all five farms in the study, more 
than 1150 kg of prawns were produced from waste nutrients and natural production in settlement 
ponds. 
 
 
Table 3. Sizes of banana prawns at harvest from the settlement ponds of 5 commercial prawn farms. 
Farm Harvest sample 

date 
Time in 
pond (d) 

Mean ± se 
weight (g) 

Minimum 
weight (g) 

Maximum 
weight (g) 

Number in 
sample 

A 22/ 4/ 02 160 14.6 ± 0.36 10.2 18.3 30 
B 24/ 4/ 02 162 15.8 ± 0.24 13.9 20.2 30 
C 22/ 5/ 02 190 13.7 ± 0.19 10.6 19.5 56 
D 14/ 6/ 02 212 16.6 ± 0.32 14.1 20.2 30 
E 15/ 5/ 02 182 21.7 ± 0.36 18.4 26.7 30 

 
 
Table 4. Harvest and survival estimates for banana prawns grown in the settlement ponds of 5 
commercial prawn farms.  
Farm Number 

stocked 
Mean individual 

harvest weight (g) 
Total  P.merguiensis 
harvest weight (kg) 

Number of 
P.merguiensis 

in harvest* 

Estimated 
survival 

(%) 
A 78,000 14.61 175 11,978 15.4 
B 49,600 15.83 475 30,006 60.5 
C 12,400 13.67 Not available - - 
D 33,800 16.58     200** 12,063 35.7 
E 111,678 21.66 300 13,850 12.4 

*Calculated from mean sizes and total amounts harvested. 
**Estimate only due to harvest difficulties. 
 
 
Species other than P. merguiensis harvested from the different settlement ponds are described in Table 
5. P. monodon found in settlement ponds were mainly animals that had escaped from production pond 
harvest activities, except for farm D. In this case a production pond had been cleared of low-survival 
stocking prior to restocking, which presumably led to a population of P. monodon from an early stage 
in that settlement pond.  
 
Over 600 kg of mullet with a range of sizes (200g – 2kg) died from lack of oxygen at farm C in mid-
May 2002. This appears to have been a consequence of lowering the level of water in the settlement 
pond overnight. Despite this prior loss of over 99% of the mullet in this settlement pond due to low 
oxygen levels, banana prawns could still be captured with a cast net one week later.  
 
 
Microbiological assessments of banana prawn tissues 
All prawns from settlement ponds and those from the pond at BIARC were well within recommended 
health guidelines for frozen raw crustaceans (ICMSF, 1986) (Table 6). Interestingly, prawns fed a 
commercial diet had a higher level of viable bacteria than samples from the settlement ponds.  
 
 
 
 
 

10  



Wastewater remediation options for prawn farms   
__________________________________________________________________________________ 

Table 5.  Amounts of species other than P. merguiensis estimated at harvest for each of the five prawn 
farm settlement ponds. 
Farm P. monodon 

(kg) 
Other species taken in final harvests 

and species noted in samples and during growout 
A 5 –10 Glass shrimp Acetes sibogae australis (many kg) 

Greasy prawn Metapenaeus bennettae (1 kg) 
Various small fishes (4 –5 kg): Silver Biddy Gerres ovatus; Sand Whiting 
Sillago ciliata; Stripey Lutjanus carponotatus; Scat or Striped Butterfish 
Selenotoca multifasciata  
Mudcrab Scylla serrata (4) 

B 50 Glass shrimp Acetes sibogae australis (many kg) 
Sea mullet Mugil cephalus (50 kg) 
Various small fishes (2 kg): herring presumed Harengula abbreviata  
Eels Anguilla spp. (6-7) 
Mudcrab Scylla serrata (3)  

C Not 
available 

Sea mullet Mugil cephalus (>600 kg)* 
Oxeye herring Megalops cyprinoids (1) 

D Approx. 200 Red endeavour prawn Metapenaeus ensis (severa1 kg)  
Various small fishes: Southern Herring Harengula abbreviata; Silver biddy 
Gerres ovatus; Trumpeter whiting Sillago maculate 
Dusky flathead Platycephalus fuscus (up to 23 cm long and 85.5g) 
Sea hare Stylocheilus striatus; Bloodworms (Marphysa spp.) 

E 5 -10 Greasyback prawn Metapenaeus bennettae (5 kg)  
Various small fishes (up to 10 kg total) including the Southern herring 
Harengula abbreviata 

* Over 600 kg of sea mullet were overcome by a low oxygen event at this farm in mid-May. 
 
 
Table 6.  Microbiological analyses of banana prawns grown in the settlement ponds of 5 commercial 
prawn farms and a culture pond at BIARC. 

Farm Standard Plate Count (g-1) E. coli (g-1) Salmonella (25g-1) 
A 3900 <2 ND 
B 2800 <2 ND 
C 3800 <3 ND 
D 2400   2 ND 
E 4200 <3 ND 

 BIARC sample 7700 <3 ND 
      ND = not detected. 
 
Prawn consumer acceptability  
The odour of prawns from Farm C was liked significantly more (P<0.05) than that of the prawns from 
Farm B and the commercial control (Table 7). No other significant differences (P>0.05) in the 
acceptability of odour were detected.  
 
No significant differences (P>0.05) were detected between the acceptability of appearance of prawn 
flesh from different settlement ponds and the commercial control. The appearance of the BIARC 
control treatment was liked the least, and they were liked significantly less (P<0.05) than those from 
farms B, D and E. Comments made by the panellists suggest the smaller size and pale colour may have 
contributed to this lower acceptance. 
 
Flavour and texture did not vary (P>0.05) among treatments. The majority of panellists described the 
flavour of prawns from settlement ponds as fresh. All prawns from settlement ponds rated similarly for 
firmness, and were not rated differently (P>0.05) from both BIARC controls. The commercial control 
was rated as significantly firmer (P<0.05) than both the BIARC controls.  
 
No significant differences (P>0.05) were found in the overall acceptability of any of the prawn 
samples. On the scale from “dislike extremely” (0) to “like extremely” (100), none of the samples 
scored very highly but all were above the “neither like nor dislike” (50) level (mean sensory scores 
ranged from 54 to 66). 
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Table 7.   Mean sensory scores from acceptance testing of banana prawns grown in settlement ponds 
and control groups. 
 

Odour1 Appearance1 Flavour1 Prawn 
Flavour2 Texture1 Firmness3 Overall1

Farm A 58 ab 68 ab 61 a 67 a 64 a 63 ab 62 a 

Farm B 55 b 74 a 64 a 63 a 69 a 64 ab 64 a 

Farm C 69 a 68 ab 63 a 58 a 68 a 62 ab 61 a 

Farm D 57 ab 71 a 61 a 58 a 67 a 61 ab 62 a 

Farm E 58 ab 76 a 65 a 60 a 70 a 68 ab  66 a 

BIARC 
control 1 61ab 54 c 60 a 57 a 62 a 58 b 58 a 

BIARC 
control 2 64 ab 55 bc 67 a 65 a 66 a  59 b 65 a 

Commercial 
control 54 b 63 abc 56 a 53 a 62 a 74 a 54 a 

Tukey’s HSD 13.4 13.8 16.2 18.8 14.4 14.1 16.4 
1   Scale:  dislike extremely (0), neither like nor dislike (50), like extremely (100) 
2   Scale:  none (0) - strong (100) 
3   Scale:  very soft (0) – very firm (100) 
a b c  Within columns, means followed by a common letter are not significantly different (P>0.05) 
 
 
Settlement pond water analyses
Figure 2 describes the dissolved oxygen concentrations and salinity, and Figure 3 describes the 
temperature and pH of water flowing into and out of the settlement pond at Farm A. Low rainfall 
throughout the 2001-2002 season in south-east Queensland caused moderately high prevailing salinities 
at those prawn farms that could not access significant freshwater supplies. Salinities in the settlement 
pond at Farm A accordingly remained in the order of 28 to 30 ppt during the study. Dissolved oxygen 
measurements ranged from 4.0 to 8.7 mg L-1, which was above critically low levels (2-3 mg L-1) that 
would have caused prawn mortalities in the settlement pond. Water temperatures ranged from 25 to 
30ºC and pH ranged mainly from 7.2 to 8.4 (lowest inflow level of 6.5; lowest outflow level of 6.2) 
with no apparent trend differences between inflow and outflow water. 

Water use tended to increase during the season though rates varied within weekly time frames (Figure 
4). Low water usage rates (7 – 8 ML d-1) were often followed by high rates, with a maximum of 40.3 
ML d-1 recorded close to the end of the season. For nutrient export estimates (see below), the average 
of volumes flowing into this settlement pond between the 8 February and 23 March (17.1 ML d-1) is 
used in conjunction with results of water analyses for this period to calculate mass quantities of 
nutrients discharged in settlement pond outflow between 13 December and 23 March. 
 
Nitrogen levels gradually increased from 1 - 1.5 mg L-1 early in the season to over 3 mg L-1 towards the 
end of the season (Figure 5). No consistent differences were apparent between the inflow and outflow 
data. However, outflow levels of N were more often below inflow levels during the month of January, 
with this situation reversed from February where outflow was more often higher than inflow. The 
lowest level of nitrogen recorded was 0.9 mg L-1 from the outflow on the 3rd January, and the highest 
was 4.3 mg L-1 in the outflow on 25th February. The average level of nitrogen during this period in the 
inflow was 1.99 mg L-1 and in the outflow was 2.09 mg L-1. 
 
The percentage breakdown of different forms of nitrogen in water samples is provided in Figure 6. 
Nitrate + nitrite (NOx) represented a daily average of 3.4 % of the total nitrogen in the inflow, and 3.5 
% in the outflow, during the sampled period (range of 1.6 to 6.3 % in inflow and 1.1 to 8.4 % in 
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outflow). Total ammonia (TAN) represented a daily average of 5.0 % of the total nitrogen in the inflow 
and 2.8 % in the outflow (range of 0.1 to 21.6 % in inflow and 0.2 to 14.1 % in outflow). Organic 
nitrogen represented the majority of nitrogen in inflow and outflow, with a daily average of 91.9 % in 
the inflow (range of 74.8 to 99.0 %) and 93.9 % in the outflow (range of 78.6 to 98.2 %).  
 
The average daily level of NOx in the inflow and outflow was 0.06 mg/l where the inflow ranged from 
0.05 to 0.09 mg L-1 and the outflow ranged from 0.02 to 0.09 mg L-1  (Figure 7). The average daily 
level of TAN in the inflow was 0.1 mg L-1 and in the outflow was 0.06 mg L-1 (Figure 8). TAN in the 
daily inflow ranged from 0.0 to 0.24 mg L-1 and in the daily outflow ranged from 0.0 to 0.53 mg L-1. 
 
The average daily level of organic nitrogen measured in the inflow was 1.92 mg L-1 and in the outflow 
was 2.03 mg L-1 (Figure 9). Organic nitrogen in the daily inflow ranged from 0.92 to 3.38 mg L-1 and in 
the daily outflow ranged from 0.82 to 3.86 mg L-1. 
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Figure 2. Dissolved oxygen concentrations and salinity of water flowing into and out of the settlement 
pond at Farm A. 
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Figure 3. Temperature and pH of water flowing into and out of the settlement pond at Farm A. 
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Figure 4. Daily water flow through the settlement pond at Farm A from 8/2/02 to 3/4/02. 
 
 
 

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

25-Nov 15-Dec 4-Jan 24-Jan 13-Feb 5-Mar 25-Mar 14-Apr
Date

T
N

 (m
g 

L
-1

)

IN

OUT

Figure 5. Total nitrogen concentrations in the inflow and outflow of the settlement pond at Farm A. 
 
 
 
 
 

14  



Wastewater remediation options for prawn farms   
__________________________________________________________________________________ 

 
 
 
 

0%

20%

40%

60%

80%

100%

Date

N
itr

og
en

 c
on

ce
nt

ra
tio

n 
(%

)

NOx

TAN

Organic N

13-Dec            28-Dec             11-Jan             24-Jan               4-Feb               18-Feb               5-Mar          18-Mar

Figure 6. Nitrogen speciation as a percentage of the total in the inflow and outflow of the settlement 
pond at Farm A (Paired columns represent inflow on the left and outflow on the right). 
 
 
 
 
 

0.00

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.10

13
-D

ec

22
-D

ec

28
-D

ec

3-
Ja

n

11
-J

an

18
-J

an

24
-J

an

29
-J

an

4-
Fe

b

11
-F

eb

18
-F

eb

25
-F

eb

5-
M

ar

13
-M

ar

18
-M

ar

Date

N
itr

og
en

 C
on

ce
nt

ra
tio

n 
(m

g 
L

 -1
)

NOx in
NOx out

Figure 7. NOx in the inflow and outflow of the settlement pond at Farm A. 
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Figure 8. TAN in the inflow and outflow of the settlement pond at Farm A. 
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Figure 9. Organic nitrogen in the inflow and outflow of the settlement pond at Farm A. 
 
 
Total phosphorus (TP) levels rose from 0.1 - 0.2 mg L-1 in December to peak in mid January, with a 
maximum inflow level (0.4 mg L-1) recorded 10 days prior to the maximum outflow level (0.35 mg L-1 
on 31st January) (Figure 10). Levels in the settlement pond appeared then to fall to 0.2 – 0.3 mg L-1. 
Phosphorus levels in the outflow were generally lower than in the inflow until late January, but were 
similar thereafter. The average level of total phosphorus in inflow samples was 0.26 mg L-1 (range of 
0.12 to 0.31 mg L-1), and in outflow samples was 0.23 mg L-1 (range of 0.1 to 0.31 mg L-1). 
 
The percentage breakdown of different forms of phosphorus in water samples is provided in Figure 11. 
Inorganic phosphorus (PO4 - P), was sporadically detected on several occasions in the inflow at levels 
ranging from 0.0 to 0.1 mg L-1 (average of 0.01 mg L-1), but was only detected in the outflow on one 
occasion at 0.02 mg L-1 (22 February 2002). Organic forms of phosphorus made up the majority of 
phosphorus in most samples. 
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Figure 10. Total phosphorus concentrations in inflow and outflow of the settlement pond at Farm A. 
 

0%

20%

40%

60%

80%

100%

Date

Ph
os

ph
or

us
 c

on
ce

nt
ra

tio
n 

(%
)

PO4-P

Organic P

13-Dec            28-Dec             11-Jan               24-Jan                4-Feb              18-Feb            5-Mar         18-Mar

Figure 11. Phosphorus speciation as a percentage of the total in the inflow and outflow of the 
settlement pond at Farm A (Paired columns represent inflow on the left and outflow on the right). 
 
 
Prawn macro-nutrient contents 
Average dry matter contents of prawns from 4 farm settlement ponds and the culture pond at BIARC 
ranged from 21.8 to 26.9 % of the wet weight of samples (Table 8). Of this dry matter, an average of 
11.8 to 12.5 % was nitrogen and 1.2 to 1.4 % was phosphorus. 
 
Table 9 provides an assessment of the amounts of nitrogen and phosphorus estimated to have been 
incorporated into the biomass of banana prawns produced in settlement ponds during the study. The 
1,150 kg of banana prawns produced represented an estimated total of 35.73 kg of nitrogen and 3.882 
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kg of phosphorus that was, or could have been, directly removed from these aquatic systems as prawn 
biomass. 
 
Table 8. Nitrogen and phosphorus contents of banana prawns harvested from four farm settlement 
ponds and a culture pond at BIARC. 
Source Sample % Dry matter % Nitrogen* % Phosphorus* 
Farm A Replicate 1 

Replicate 2 
Average 

23.2 
20.4 
21.8 

12.13 
11.50 

11.815 

1.29 
1.25 
1.27 

Farm B Replicate 1 
Replicate 2 
Average 

27.0 
26.7 
26.85 

12.11 
12.04 

12.075 

1.26 
1.30 
1.28 

Farm D Replicate 1 
Replicate 2 
Average 

25.2 
26.0 
25.6 

11.96 
11.88 
11.92 

1.34 
1.37 
1.355 

Farm E Replicate 1 
Replicate 2 
Average 

25.3 
26.6 
25.95 

12.67 
12.30 

12.485 

1.33 
1.42 
1.375 

BIARC pond Replicate 1 
Replicate 2 
Average 

24.4 
25.3 
24.85 

11.99 
11.94 

11.965 

1.14 
1.17 
1.155 

* Reported on dry matter basis 
 
 
Table 9. Nitrogen and phosphorus in banana prawns produced in four farm settlement ponds. 
Source Harvest estimate 

(kg)* 
Dry matter (kg)** Nitrogen (kg)** Phosphorus (kg)** 

Farm A 175 38.15 4.507 0.485 
Farm B 475 127.54 15.400 1.633 
Farm D 200 51.2 6.103 0.694 
Farm E 300 77.85 9.720 1.070 
* Estimates taken from Table 4. 
** Calculated using respective average values displayed in Table 8. 
 
 
Nutrient mass balance and export calculations 
Estimates of the total amount of nitrogen and phosphorus that flowed into, and then flowed out of the 
settlement pond at Farm A, can be calculated along with daily averages, from the average volumes and 
nutrient concentrations of inflow and discharge waters. Results of these calculations are presented in 
Table 10, which describe mass balance estimates for the period between 13 December 2001 and 23 
March 2002 inclusive, spanning a total of 101 days. The average daily water volume flowing through 
the settlement pond calculated from Figure 4 as 17.1 megalitres per day, is used in these calculations. 
 
Table 10. Macro-nutrient mass balance estimates for the settlement pond at Farm A over 101 days. 
Parameter Average sample 

concentration (mg L-1) 
Average daily  
quantity (kg) 

Total quantity (kg) 

Inflow TN 1.99 34.029 3,436.929 
Outflow TN 2.09 35.739 3,609.639 
Inflow TP 0.26 4.446 449.046 
Outflow TP 0.23 3.933 397.233 
 
By comparing these inflow and outflow mass balance estimates, the results suggest that discharge 
waters carried 1.71 kg (5.0 %) more nitrogen out of the settlement pond than flowed in on a daily basis, 
which amounted to 172.71 kg over the 101-day period monitored. On the other hand, 0.513 kg (11.5 %) 
less phosphorus flowed out the settlement pond on a daily basis compared with inflow estimates, which 
amounted to 51.813 kg less phosphorus exported from the farm over the 101-day period monitored. 
However, these inflow and outflow differences were only relatively small when compared with the 
variation of levels measured during the period monitored. Additionally, the inherent errors associated 
with sampling and testing nutrient concentrations (without replication) coupled with high sensitivities 

18  



Wastewater remediation options for prawn farms   
__________________________________________________________________________________ 

to the effect of multipliers, suggest mass balance calculations of this nature could be misleading and 
should be treated with caution.  
 
Discussion 
 
Bioremediation of wastewater in settlement ponds 
Presently in Australia, settlement in treatment ponds is a widely accepted method to reduce nutrient 
loads prior to discharge or reuse. Preston et al. (2000) have measured up to 60% removal of suspended 
solids, 30% removal of phosphorus, and 20% removal of nitrogen in prawn farm settlement ponds in 
Australia. They reported that this performance varied between farms according to a complex range of 
physical and biological conditions, including soil types, settlement basin size, flow rates and residence 
time, and the presence and activity of naturally occurring macro-algae and decomposing bacteria. That 
study concluded that a one-day retention time was sufficient to reduce suspended solids by the above 
mentioned level, but that a 2 to 3 day retention time was necessary to remove significant concentrations 
of nitrogen and phosphorus. As residence time is a function of settlement pond area and inflow rates, 
longer residence times infer the use of larger settlement ponds, in the order of 5 – 10% of farm area for 
each day-long retention period. The commitment therefore, of 15 – 20% or more of farm area to 
settlement ponds for nutrient reductions, can amount to large ponded areas that are not contributing 
directly to farm profitability.  
 
Preston et al (2000) also made reference to a range of potential ways to reduce nutrients in prawn farm 
settlement ponds. Improved denitrification and volatilisation of ammonia for greater gaseous losses 
were proposed, along with the culture of aquatic plants and animals to incorporate available nutrients 
into their biomass. Whilst physical settlement of organic matter was shown to be effective at removing 
nutrients from discharge waters, it was also noted that bacterial mineralisation of nutrients in sediments 
could contribute up to 3.8 kg N ha-1 as ammonia each day. Therefore the effectiveness of settlement 
alone would rely on an ability to remove or reduce the accumulation of settled organic matter. 
Otherwise, periods of nutrient reductions in settlement ponds during accumulation phases, could be 
expected to be followed by nutrient increases from organic matter breakdown and remineralization. 
Drying is thought to be the best sediment management technique, and other methods (dredging or 
physical disturbance) for use during the cropping cycle are yet to be fully evaluated (Hargreaves, 
1998).  
 
Prawns and shrimp are known to consume particulate organic matter throughout their lives, and their 
activities at the soil water interface are likely to mobilise solids that would normally settle and become 
unavailable to most marine organisms as anaerobic sludge. Microalgal detritus and bacterial flocs can 
provide shrimp with substantial amounts of nitrogen and other nutrients (Moss, 2001), and biofilms 
with various microbial assemblages have been shown to be important food sources that improve shrimp 
growth (Thompson et al., 2002). In particular, P. merguiensis is believed to have a high capability to 
assimilate algae and detritus, and to reduce the accumulation of organic material in culture ponds 
(Hoang, 2001). In tanks at high densities (1 L-1), the species can reduce fouling rates on tank sides 
supplied with unfiltered seawater, and we have also observed them feeding directly on benthic algal 
mats. Additionally, the species has established markets, is easily domesticated (Hoang, 2001), and can 
be cultured through sensitive larval stages using well known methods like those standardised at BIARC 
during this study. P. merguiensis is therefore an ideal candidate for this research. 
 
Despite the presence and growth of banana prawns in the settlement pond at Farm A, that pond’s data 
reveals a typical pattern of organic accumulation followed by breakdown and nutrient release. Nitrogen 
and phosphorus levels were likely to be reduced through the deposition of particulate matter from early 
in the season (before monitoring began), until early February. Thereafter, total nitrogen increased in 
discharge waters and the settlement pond was less effective. Ammonia appeared in the settlement pond 
irregularly (see Figure 8), which can be attributed to prawn and other biomass excretions, mineralising 
organic matter, and diffusion from reduced sediments (Hargreaves, 1998). TAN outflow peaks 
appeared to be independent of inflow peaks. But ammonia could be expected to be rapidly removed by 
the blooms of microalgae and bacteria in the water. As nitrite and nitrate levels remained low 
throughout the monitored period, microalgae were probably of greater importance. This is also 
suggested in the present results where the settlement pond was effective at removing most of the 
dissolved phosphorus available for direct plant uptake (PO4). 
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These results suggest that the biomass of banana prawns that grew in the pond failed to prevent the 
accumulation of organics so as to avoid late season nutrient remineralisation. Unfortunately, no 
controls could be used in this work to quantify the effect that the banana prawns had on these 
processes. The history of effectiveness in nutrient removal of that settlement pond was also unknown. 
Further, lower survival in that pond meant that the prawn biomass was low compared with other 
settlement ponds in the study, so as to lessen the desired effect. Despite Farm A having 23.1% of total 
farm area devoted to settlement ponds, the results in this trial (ie: 5 % more N, 11.5 % less P) are 
disappointing compared with the results described by Preston et al. (2000) (ie: 20 % less N and 30 % 
less P). However, our nutrient mass balance estimates are misleading if not viewed in the context of 
pond dynamics and organics that had built up in the settlement pond before biweekly monitoring had 
commenced. Whilst levels of nutrient reduction in excess of those levels of reduction reported in other 
work were detected in this study, periodic high flow rates seen in the present data (Figure 4), would 
have lowered retention times below the 2-3 day optima quoted, and would also have further reduced 
the accuracy of mass balance estimates. 
 
Nutrients bound in prawn biomass were also low in view of the total nutrient export amounts. An 
estimated 1,150 kg of banana prawns produced across the 5 farms in this study, represented a total of 
only 35.73 kg of nitrogen and 3.88 kg of phosphorus. This was approximately equal to the nutrient that 
flowed from Farm A on one average day during the period monitored (see Table 10).  
 
Mechanisms that act within natural systems to utilise available nutrients can provide useful guidance 
for intensifying bioremediation efforts within these existing farm facilities. Natural estuarine systems 
deal with eutrophication through an interplay of diverse organisms. Similarly, settlement pond 
ecosystems could benefit from mixing species to create functional synergies. An example could be in 
using other estuarine or river schooling prawns (eg: P. bennettae Racek and Dall, or P. macleayi 
Haswell), to better utilise niche space and capitalise on different species’ habitat and resource 
partitioning. Some of these Penaeid species occur in natural environments adjacent to all commercial 
prawn farms in Australia, so local species or strains could be used at different farms to alleviate 
possible translocation concerns. Furthermore, if local stocks of Penaeids were being used in settlement 
ponds, no extra disease vectors than would have naturally occurred in farm intakes have been created, 
and the health of prawns in the settlement pond would act as a good monitoring tool for any potential 
impacts on those species in adjacent natural waters. 
 
Other organisms that occur naturally in the vicinity of prawn farm discharge points may also be useful 
to incorporate into constructed treatment systems. Jones and Preston (1999) showed that populations of 
the Sydney rock oyster (Saccostrea commercialis Iredale and Roughley), which commonly occurs in 
estuaries in Southern Queensland, could significantly reduce levels of bacteria, phytoplankton, nitrogen 
and phosphorus in prawn pond effluent. However, suspended inorganic particles that often also occur 
in prawn farm wastewater, inhibits this oyster’s filtration rates and growth. In other work, the red 
seaweed Gracilaria chilensis was shown to effectively remove dissolved nutrients from aquaculture 
effluents, but was shown to have little effect on particulate emissions (Chow et al., 2001). The 
particulate sources of nutrients that commonly occur at high levels in prawn farm effluent, are not 
available for direct photosynthetic uptake, and so this macroalgae-bioremediation strategy may only be 
useful if combined with processes that convert particulate matter to soluble nutrients. This is 
demonstrated in the laboratory scale studies reported by Jones et al. (2001), who combined these 
concepts so that silt was removed with 24 hr settlement prior to oyster filtration (24 hr), followed by 
absorbance (24 hr) of dissolved nutrients by the macroalga Gracilaria edulis (Gmelin). This provided 
reductions of 88 % suspended solids, 72 % nitrogen and 86 % phosphorus. Animals like banana 
prawns, that feed on particulate matter and convert portions of this unavailable nitrogen and 
phosphorus into forms more readily assimilated by plants may provide this linkage in the future. 
 
Alternatively, other natural substrates such as the sea lettuce Ulva spp., have also been proposed for 
incorporation into these constructed ecosystems, so as to improve nutrient fixation whilst also 
providing surface area for micro-organisms to flourish, and possibly in turn provide natural prey items 
for shrimp (eg: copepods). Preliminary results with this approach at BIARC suggests that biological 
control of invertebrate grazers like amphipods (which are common in prawn farming systems), possibly 
with fish like sea mullet, may be necessary for significant accumulation and periodic removal of 
macrophyte biomass. Other considerations that may be necessary in the development of broad-scale 
macrophyte production systems in settlement ponds includes concerns that periodic die back would 
readily release nutrients back into the system, and result in increased biological oxygen demand 
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associated with the decomposition of settled leaf matter. Furthermore, growing macrophytes in 
settlement ponds that must at times receive or release high volumes of water, could prove problematic 
if discharge screens became blocked or if flows were impeded by leaf matter. 
 
Survival and growth  in settlement ponds 
The data displayed in Table 2 demonstrates that the prawn families used in the study could have been 
expected to survive at reasonable levels in the settlement ponds. These data also demonstrate the high 
variability in growth that can depend on environmental conditions, and that healthy populations of P. 
merguiensis can be maintained at vastly different growth rates. For example, healthy high density 
populations were maintained on artificial-feed rations for 70 days to produce an average size of 0.76 g, 
but the same family (Pme 33) grew to an average size of 17 g in 80 days when stocked as PL15 at low 
density in a settlement pond. This is evidence of the species’ highly opportunistic growth potential and 
ability to be manipulated with different environments. 
 
Comparatively high survival (60.5 %) was achieved in one of the smallest settlement ponds in the 
study. The lower survival in larger ponds may in part be attributable to the generally better control of 
bird predation possible in smaller ponds. However, predation by other animals in the ponds, soon after 
stocking postlarval banana prawns, may also have contributed to losses. For example, juvenile prawns 
of an undetermined species were present in the settlement pond at Farm A when banana prawns were 
stocked. They may have preyed on the vulnerable banana prawn postlarvae, and could have caused 
significant mortalities early in the study in that settlement pond. The rapid growth of prawns at Farm A, 
may also have been due to low initial survival, resulting in very low densities which would contribute 
to faster growth.  
 
There is clear evidence in this study (see Table 5) that a wide variety of animals can survive and grow 
in prawn growout and settlement ponds. Many farmers have experienced from time to time, an 
accumulation of specimens that have somehow entered the production system despite preventative 
measures. Micron rated screens and socks with mesh sizes of 0.2 – 0.3 mm are routinely used at water 
supply points to protect ponds from these unwanted entries. However, occasional equipment failures 
(eg: holes in screens) may lead to these wild influxes, and at some developmental stages viable animals 
could travel through the screen apertures without fatal damage. Prawn farmers go to great lengths to 
minimise predators in production ponds at all times, and especially when the stock is young and 
vulnerable. Ponds are generally dried before refilling, to break disease cycles, to allow sediments to 
oxidise, and to eliminate fish and prawns that may act as predators of young stock. The same 
considerations apply to settlement ponds that are to be stocked with prawn postlarvae.  
 
The aim of this study was to demonstrate significant potential profits from a secondary crop, and test 
and evaluate bioremediation activities that can be practically incorporated into existing treatment 
practices.  Production of up to 528 kg of banana prawns per hectare was demonstrated at one farm (B) 
in the study without any infrastructure modifications other than the supply of P. merguiensis seed stock 
and some screen modifications. If higher production from settlement ponds were desired, 
considerations for backup aeration would be necessary to avoid losses during periodic low oxygen 
events. The unfortunate loss of mullet through low oxygen levels at one farm in this study, 
demonstrates the need to consider supplemental aeration if a large biomass is to be grown in settlement 
ponds. Banana prawns were shown through this chance occurrence at Farm C, to be hardier than sea 
mullet in a low oxygen environment (99% of the mullet died but banana prawns survived). 
 
Boyd (1998) provides some guidance to levels of aeration necessary to support pond biomass in 
aquaculture operations. Oxygen levels of <2 mg L-1 are known to cause stress or mortalities, and only 
about 20% of the oxygen in a pond is generally used by the cultured species. Respiration by 
phytoplankton, bacteria in the water column and bottom soil organisms use the rest. Boyd suggests that 
2000 kg ha-1 of shrimp (or prawns) can be produced in ponds without aeration, and that 1 KW of power 
to drive aerators is required for every additional 500 kg of production. Although this suggests that 
higher settlement-pond production than was demonstrated in the present study could be achieved 
without supplemental aeration, allowances need to be made for the greater accumulation of organics 
and associated oxygen debts. However, aerators generating increased water currents would reduce the 
effectiveness of settlement protocols for nutrient removal. In this case, aerator positioning would be 
important to avoid erosion of pond bottoms and embankments, and to provide sufficient areas with 
slow circulation to afford suspended particle deposition. Current practices in production ponds, where 
circular currents generated by paddlewheel aerators around the pond periphery, produce slow currents 
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for deposition in the middle of the pond, may provide the most practical model for settlement pond 
design in the future. An important advantage being the ease that concentrated organics in the middle 
can be mechanically removed at the end of each season after ponds are drained and dried. 
 
A number of other practical considerations are appropriate for this investigation. For example, the 
biomass produced in such secondary crops must be easily harvested, and be able to be completely 
recovered and processed using cost effective methods. This is important in countries like Australia 
where labour costs are high. Secondly, species selected to act as sinks for waste nutrients in discharge 
waters, should be easy to mass produce, survive and grow well in the target environment, have a 
reasonably high market value for cost recovery or profit, and fit into existing commercial operations. 
More importantly they need to improve the effectiveness of nutrient removal processes in these 
treatment ponds, or at the very least, not adversely affect their function. Although the sea mullet Mugil 
cephalus was the subject of earlier bioremediation work at BIARC, they were replaced with banana prawns 
in this study, because prawns are more likely to grow to market size in the time frame that settlement ponds 
are operated (6-8 months per year in Southern Qld), and because prawns can more easily fit into existing 
prawn farm infrastructures.  This study demonstrates that P. merguiensis can survive and grow to market 
size in prawn farm settlement ponds, and suggests that it may be a keystone species for development of 
more effective nutrient-sink polycultures in the future. 
 
Microbiological analyses 
Testing the suitability of food for human consumption is generally based on results of specified 
microbiological assessments of sample units (ICMSF, 1986). This can either be through assessment of 
the presence or absence of particular organisms, or of the concentration of microorganisms. Three 
important microbiological attributes of prawn samples taken from settlement ponds were assessed in 
this study according to food standard guidelines for raw crustaceans. They were total concentrations of 
viable bacteria (standard plate count), the concentration of E. coli, and the presence or absence of 
Salmonella spp. Limits for accepting food on these bases in Australia are outlined in Food Standards 
for Australia and New Zealand (FSANZ, 2002), and international specifications (ICMSF, 1986) have 
similar levels applied. For total bacterial content of raw crustacea, Australian standards require less 
than 5 x 106 g-1, where levels above 5 x 105 g-1 are considered marginal. International standards have 
maximum and marginal limits of 107 and 106 g-1 respectively for frozen raw crustaceans. All prawn 
samples tested in this study were well below these standard plate count limits, and prawns from all 
settlement ponds were more than 1000 times lower than the specified Australian maximum limit that 
would cause rejection. 
 
Although levels of E. coli are not specified in Australian food standards for raw crustacea, molluscs 
other than scallops are acceptable at up to 2.3 g-1 but must not exceed levels of 7 g-1. Internationally, 
levels of E. coli in frozen raw crustaceans above 11 g-1 are considered marginal and such food 
displaying levels above 500 g-1 is rejected (ICMSF, 1986). All prawn samples tested in the present 
study were assessed at <3 g-1, which is well below levels of this coliform that would cause concerns for 
human consumption. 
 
No Salmonella spp were detected in prawns tested in the study. Both Australian and international 
specifications for this specific pathogen do not allow detection at any level. These results suggest that  
banana prawns grown in prawn farm settlement ponds had low bacterial levels that were well within 
food standard guidelines, and in this regard were suitable for human consumption. 
 
Consumer sensory comparisons 
Few differences were detected between prawns grown in settlement ponds and control treatments in 
small-scale consumer acceptability assessments. The size of prawns appeared to influence their 
acceptability, as the smaller prawns in the BIARC-controls were rated less favourably, and comments 
made by panellists suggested that this might have been due to their smaller size. Despite the lower 
rating for appearance, the BIARC control prawns were not rated differently to any of the other prawns 
for overall acceptability. The panellists generally rated settlement pond prawns favourably, and no 
significant differences were found in their overall acceptability compared with controls. Accordingly, 
these small-scale sensory investigations show that banana prawns grown in settlement ponds can be 
expected to be as acceptable to consumers as banana prawns produced with commercial feeds. 
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Future Studies 
This study could not determine whether the banana prawns had a significant effect on the qualities of 
water in the settlement pond at Farm A, or on the residual nutrients in that pond after draining and 
harvest at the end of the season. Anecdotal evidence for the development of less fouling biomass like 
macroalgae, tubeworms and barnacles in ponds with banana prawns, could not be proven because of 
different pond pre-histories. Facilities that split effluent into separate units are required to provide 
controls to study these factors. This could be achieved on a farm scale with parallel settlement ponds, 
or on a smaller scale in replicated tank systems fed with the same wastewater. Studies that investigate 
the effect of higher densities of captive banana prawns on nutrients in prawn farm wastewater would 
further evaluate the potential of the present approach. 
 
Smaller prawns may be better than larger prawns at utilising small particulate matter that typically 
flows into prawn farm settlement ponds. Most Penaeid-culture operations make heavy use of the 
efficient and rapid growth of post-larval shrimp in eutrophic ponds with abundant plankton. In many 
cases the first 1-2 months growth is due to nutrition derived from the pond ecosystem rather than feed 
inputs. This study demonstrates rapid growth of P. merguiensis in settlement ponds, but did not 
demonstrate a high potential for nutrient removal with this species. Larger numbers of rapidly growing 
smaller prawns could be more effective than the low densities tested in this study. Stocking settlement 
ponds at high levels (eg: 40-100/m2), with backup aeration used when necessary, and production to a 
smaller size for specialised food or bait markets, could be better for nutrient assimilation, than growing 
fewer prawns to a larger size. This could be viewed as challenging the carrying capacity of the pond so 
that biofilms on surfaces are regularly grazed, and so that food resources are quickly utilised and are 
brought into short supply. Future work could evaluate the effect on nutrients and growth rates at high 
densities, and attempt to demonstrate the benefits of producing larger quantities of smaller prawns that 
may be more efficient at stripping nutrients. If legislative frameworks could be developed in Australia 
to allow for the production of significant bait products at aquaculture premises, a further high value 
market for small banana prawns would be created, and significant pressures on wild bait prawns and 
juveniles that support commercial wild harvests could be alleviated.  
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Abstract 
 
To experimentally investigate the effect of vertical artificial substrate and different densities of the 
banana prawn Penaeus (Fenneropenaeus) merguiensis on nutrient levels in prawn pond effluent, a time 
series experiment was conducted in a replicated tank system supplied periodically with discharge from 
a prawn production pond. Few differences (P>0.05) were detected between tanks without prawns, and 
tanks with low densities (5 prawns in 1700 litres) of prawns (10-12 g), in terms of nitrogen and 
phosphorus in the water column over the 28-day experimental period. Higher densities of prawns 
(starting at 25 or 50 per tank) caused an elevation of these macronutrients in the water column. This 
was partly due to prawn biomass losses from mortalities and weight reductions in the tank system. The 
survival and condition of prawns was significantly (P<0.05) reduced in tanks at these higher densities. 
The presence of artificial substrate (2 m2 tank-1) did not affect (P>0.05) the levels of nutrients in tank 
water columns, but significantly (P<0.05) increased the amount of nitrogen in tank residues left at the 
end of the trial when no prawns were present. The prawns had obviously been grazing on surfaces 
inside the tanks, and their swimming actions appeared to keep light particulate matter in suspension. 
Higher prawn densities increased microalgal blooms, which presumably kept ammonia levels low, and 
it is suggested that this association may provide the means for improved remediation of prawn farm 
effluent in the future. 
 
Keywords: banana prawns, artificial substrate, prawn farm wastewater, nutrients 
 
Introduction 
 
The bioremediation of wastewater from prawn farms was the subject of farm studies conducted by the 
Queensland Department of Primary Industries (QDPI) at the Bribie Island Aquaculture Research 
Centre (BIARC) during the 2001-2002 season in southeast Queensland. These studies (Palmer et al. 
2002) investigated the growth of low densities of the banana prawn Penaeus (Fenneropenaeus)  
merguiensis in prawn farm effluent settlement ponds to improve profitability and potentially reduce 
waste nutrients. Whilst it was shown that good quality food grade banana prawns could be produced in 
prawn farm settlement ponds, the study could not determine whether the growth of prawns had 
detectable effects on the levels of waste nutrients in treatment ponds. However, this work suggested 
that nutrient discharge from the settlement pond stocked with banana prawns might have been higher 
than reported in other unstocked settlement ponds. Although farm differences hinder such comparisons, 
this could be expected if the prawns were mobilising nutrients that would otherwise settle and 
accumulate. It was also suggested that higher densities of banana prawns could have had a more 
pronounced effect on the accumulation of organics, which invariably leads to nutrient releases late in 
the production season through bacterial decomposition and remineralisation (Hargreaves, 1998; 
Burford and Williams, 2001). 
 
The aim of the present study was to investigate the effect of different banana prawn densities on 
nutrients in prawn pond wastewater. Prawn densities were evaluated in combination with the artificial 
substrate used in previous farm trials. The present study also quantifies the effect of these treatments on 
nutrients in residues left in tanks, to investigate their effect on the nutrient retention capacities of 
settlement ponds. 
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Materials and methods 
 
Experimental system 
The experiment was conducted between the 4th September and the 2nd October 2002 at BIARC. 
Wastewater from a prawn culture pond was pumped simultaneously and at similar rates (8.5 - 9.8 L 
min-1) into an outdoors series of clean round plastic tanks (dia. of 1550 mm, total volume of 2000 l).  
Each tank was fitted with a 50 mm standpipe for screened water to overflow to waste, giving a constant 
water depth of 900 mm and maximum water volume of 1700 litres. Each tank was also fitted with a 4 
mm airline, which delivered constant moderate aeration (0.5-0.8 L min-1) to the centre of each tank in 
mid-water column. Following the addition of prawns and /or artificial substrate at prescribed densities, 
tanks were covered with fine nylon mesh (8-10 mm) to prevent bird predation and prawn escape. 
 
Banana prawns for the study were randomly cast netted from the culture/effluent-supply pond, and held 
in an oxygenated holding tank for 1-2 h before allocation to treatments. Counting and distribution 
involved gently netting at random from the holding tank, inspecting for health and vigour, weighing the 
group on bulk in a tared bucket of pond water (20 sec drip time for net), and placing in respective 
tanks. To reduce stress, handling was minimised during transfers and weighing (30-50 sec), and prawns 
were handled in the same pond water from collection to distribution.  
 
Sheets of fibrous synthetic geotextile (Biddum A64 by Geofabric Pty Ltd) were used in tanks for 
artificial substrate. This was suspended vertically in the water column with flotation across the top and 
a ceramic weight on the bottom. Pieces of this substratum (2 x 1 m2 per tank) were positioned on either 
side of the aeration soon after tanks were initially filled. They had been pre-conditioned in the culture 
pond for 3 weeks prior to use. 
 
The culture pond supplying effluent for the study was a square high-density-polyethylene lined pond 
(1600 m2, 1.5 m deep) with 2 x 1 hp aerators operating continuously. It had a single overflow monk-
drain on one side, which draws water from the pond bottom. An estimated 48,000 juvenile P. 
merguiensis were stocked into this pond several months earlier to set up a typically commercial 
stocking density (30 m-2). Specimens removed and some uncontrolled losses during the growout phase 
resulted in an anticipated survival of about 50 % at the time of this experiment. Prawns in the pond at 
this time were fed twice daily with a commercial prawn diet (Aquafeed grower for P. monodon from 
Ridley Pty Ltd. Narangba, Queensland, Australia) at 1-2 % body weight per day. The pond was 
supplied with a constant inflow (50-80 L min-1) of filtered (250 µm) seawater (35-36 ppt), which 
produced a stable green microalgal bloom that prevailed throughout the experiment. General water 
quality measurements and management data for the prawn culture pond, during the period in which its 
effluent was used for this trial, is provided in Appendix 1. 
 
Experimental design 
24 tanks were monitored following 4 equal weekly pond-water exchanges. There were 8 experimental 
treatments with 3 replicates of each in a completely randomised design. The treatments were: 

1. No artificial substrate + 0 prawns 
2. No artificial substrate + 5 prawns 
3. No artificial substrate + 25 prawns 
4. No artificial substrate + 50 prawns 
5. With artificial substrate + 0 prawns 
6. With artificial substrate + 5 prawns 
7. With artificial substrate + 25 prawns 
8. With artificial substrate + 50 prawns 

 
Every 7th day after the initial fill, water from the prawn culture pond that would otherwise have flowed 
over the monk drain, was pumped into each tank for 4 hrs (8 am – 12 pm), thereby adding >100% of 
the volume of tanks on each occasion. The flow was measured and adjusted each week to ensure 
similar exchange volumes for all tanks.  In doing this, we attempted to simulate the periodic inflow of 
effluent into a settlement pond which remains full, where discharged overflows are subject to 
volumetric displacement by inflow waters. This assumes partial mixtures of settlement pond water and 
production pond effluent are discharged to waste during inflow events, as would often occur in an open 
pond.  
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Prawns in each tank were counted and weighed at the beginning, and on completion of the experiment, 
to allow survival and weight change comparisons. In conjunction with weighing and counting prawns 
on completion, the condition of each prawn was assessed by recording average length of antennae, and 
the degree of tail bites (eg: none, low, medium, or high). 
 
Water temperatures (max/min) were recorded daily from random tanks in the set up. Other critical 
water quality parameters such as salinity, dissolved oxygen and pH were monitored in each tank with a 
Horiba water quality probe on a daily basis, with readings taken at approximately the same time each 
day (12 - 1 pm).  
 
At the end of the 4-week trial period  (2nd Oct 2002), the artificial substrate in tanks was gently 
removed, and each tank was drained to an approximate volume of 200 l. This was undertaken in a 
fashion that minimised the loss of loose organic matter, which had accumulated on the tank bottoms. 
At this point the prawns in tanks were easily removed with a net for weighing and inspections. Then, 
the sides and bottoms of each tank were scrubbed to dislodge all organic matter and suspend it in the 
water remaining. Samples of these residues were taken after vigorous mixing for homogeneity.   
 
To provide pictorial evidence of the effect of different treatments on organic residues and fouling 
organisms, photographs were taken of the residues left on each tank bottom after draining (before 
scrubbing), and of a representative view of artificial substrate taken from each tank.  
 
Water sampling and nutrient analyses 
Sampling for nutrient determinations involved filling a 60 ml syringe in the mid water column of tanks 
without unduly disturbing artificial substrate (undertaken between 12 and 1 pm). Samples were equally 
split into filtered (0.45 µm) and unfiltered aliquots, which were immediately placed on ice and frozen  
(-20°C) soon after.  Two samples of pond wastewater were also collected from tank inflow points 
during the initial fill and later exchanges. Thereafter, water samples were taken from each tank 
following 2, 4, and 6 day retention times. On the day that the experiment was terminated (7th day of 
retention in the 4th week), water samples (120 ml unfiltered) were taken from each tank before, and 
after, water levels were reduced to a volume of 200 l and tanks sides and bottoms were scrubbed with a 
course brush. Scrubbing involved dislodging all biofilms and grime on the inside surfaces of tanks so 
that it was mostly washed into water retained in the tank. Tank water was then vigorously mixed to 
provide evenly mixed residues for sampling. 
 
Nutrients in water samples were assessed using similar methods to those used by Palmer et al. (2002) 
in related farm studies. All samples were analysed to derive total nitrogen (TN) and total phosphorus 
(TP). Samples taken from tanks at the 2-, 4-, and 6-day retention times, and from the inflow during 
exchanges, were also analysed for the breakdown of nitrogen into nitrite + nitrate (NOx), total 
ammonia (TAN) and organic nitrogen (ON), and for the breakdown of phosphorus into dissolved 
phosphorus (PO4) and organic phosphorus (OP). Residue samples were homogenised prior to analyses 
for total Kjeldahl nitrogen and total Kjeldahl phosphorus. 
 
 
Statistical analyses 
Analyses of variance were performed using GenStat® for Windows, Fifth Edition. Repeated measures 
analyses of variance were performed where data comprised time series measurements. Comparisons of 
means were performed with least significance difference (LSD) testing using a 5% level of 
significance. Binary survival data were analysed using a generalised linear model (McCullagh and 
Nelder, 1989) with the binomial distribution and logit link (GenStat, 2000), followed by protected t-
tests to determine significant differences between the means. 
 
Results 
 
Water quality  
Salinity ranged from 35 to 37 ppt in tanks during the experiment. Water temperatures ranged from 17.0 
to 27.5ºC (Figure 1). For pH and dissolved oxygen levels in different treatments, the interaction of 
artificial substrate and prawn density was not significant (P>0.05). However, artificial substrate had 
significant effects on pH (P<0.01) and dissolved oxygen (P<0.05). Prawn density also had significant 
effects on pH (P<0.05) and dissolved oxygen (P<0.01).  
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Figure 1. Maximum and minimum temperatures for water in tanks during the experimental period. 
 
Tables 1 and 2 provide assessments of the influence of artificial substrate and prawn density 
respectively on pH and dissolved oxygen. Although the mean differences in pH were small, the 
consistency of these small differences between treatments and replicates resulted in significant 
(P<0.05) effects, where the presence of artificial substrate and increasing prawn densities increased pH 
levels. Similar trends are apparent for mean dissolved oxygen concentrations where levels were higher 
(P<0.05) in tanks with artificial substrate compared with those without, and the highest prawn densities 
produced the highest (P<0.05) oxygen levels. 
 
Table 1. The mean effect of artificial substrate on pH and dissolved oxygen levels in water in tanks 
across the entire experimental period. 
Parameter* With artificial substrate Without artificial substrate 
pH 8.78a 8.73b 
Dissolved oxygen 9.93a 9.65b 
*Within rows, means followed by different letters are significantly different (P<0.05). 
 
Table 2. The mean effect of prawn density on pH and dissolved oxygen levels in water in tanks across 
the entire experimental period. 
Parameter* No prawns Low density Medium density High density 
pH 8.75ab 8.72a 8.77bc 8.78c 
Dissolved oxygen 9.53a 9.39a 9.95b 10.29c 
*Within rows, means followed by different letters are significantly different (P<0.05). 
 
Survival and condition of prawns 
No mortalities occurred in the treatments with low densities (5) of prawns (Table 3). The effect of 
artificial substrate on survival was not significant (P>0.05), but the effect of prawn density on survival 
was highly significant (P<0.01). 
 
Table 4 provides the mean starting and finishing weights derived from bulk weight estimates, and the 
mean weight change for individuals in each tank. Table 5 provides mean tail bite scores and antennae 
lengths for each tank on completion of the experiment. The weight losses and the condition of prawns 
following these treatments are summarised in Table 6. Prawns similarly lost weight in all tanks where 
no differences (P>0.05) were detected between treatments in terms of weight loss. The effect of 
artificial substrate on the tail bite score and antennae length was also not significant (P>0.05). Table 7 
provides the pooled results for low, medium and high densities of prawns in terms of survival, tail bite 
score and antennae length. 
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Table 3. Survival of banana prawns in the tank system over the 4-week experimental period. 
Treatment * Number surviving 

(replicate 1,  2,  3) 
Percentage surviving 

(replicate 1,  2,  3) 
Mean (± se) 

percent survival 
No AS + 5 prawns 5 5 5 100 100 100 100.0 ± 0.00 
No AS + 25 prawns 22 19 22 88 76 88 84.0 ± 4.00 
No AS + 50 prawns 27 26 30 54 52 60 55.0 ± 2.40 
With AS + 5 prawns 5 5 5 100 100 100 100.0 ± 0.00 
With AS + 25 prawns 23 20 19 92 80 76 82.7 ± 4.81 
With AS + 50 prawns 30 32 40 60 64 80 68.0 ± 6.11 
*AS refers to artificial substrate 
 
 
Table 4. Weight changes in prawns in the tank system over the 4-week experimental period. 

Treatment* Mean starting weight 
(g)** 

Mean finishing weight 
(g)** 

Mean weight change 
(%)** 

No AS + 5 prawns 11.54 9.56 11.62 10.54 9.15 10.57 8.6 4.3 9.0 
No AS + 25 prawns 13.10 11.86 13.12 11.25 10.97 12.25 14.1 7.4 6.6 
No AS + 50 prawns 11.55 11.72 11.56 11.17 10.98 10.31 3.3 6.3 10.8 
With AS + 5 prawns 11.98 12.13 12.14 10.92 11.30 11.54 8.8 6.8 4.9 
With AS + 25 prawns 11.80 11.63 11.26 10.50 11.00 10.71 11.1 5.4 4.9 
With AS + 50 prawns 12.38 10.84 11.81 11.65 10.05 11.11 5.9 7.3 5.9 
*AS refers to artificial substrate 
** Replicates 1, 2 and 3 
 
 
Table 5. Mean tail bite scores and antennae lengths for each tank on completion of the experiment. 

Treatment* Mean tail bite score 
(0-5)  (3 replicates)  

Mean antennae length 
(cm)  (3 replicates) 

No AS + 5 prawns 0.00 0.00 0.00 19.2 18.0 18.5 
No AS + 25 prawns 0.41 0.21 0.09 14.4 17.6 16.0 
No AS + 50 prawns 0.30 0.62 0.30 16.3 12.3 11.0 
With AS + 5 prawns 0.00 0.20 0.00 19.5 19.5 19.5 
With AS + 25 prawns 0.35 0.10 0.16 14.3 13.3 14.2 
With AS + 50 prawns 0.23 0.13 0.45 13.8 14.5 14.4 
 
Table 6. Weight change and condition summary for prawns in different treatments over the 4-week 
experimental period. 

Treatment* Mean (± se) weight 
loss (%) 

Mean (± se)  tail bite 
score** 

Mean (± se)  antennae 
length (cm) 

No AS + 5 prawns 7.3 ± 1.51 0.0 ± 0.00 19 ± 0.4 
No AS + 25 prawns 9.4 ± 2.38 0.2 ± 0.09 16 ± 0.9 
No AS + 50 prawns 6.8 ± 2.18 0.4 ± 0.11 13 ± 1.6 
With AS + 5 prawns 6.9 ± 1.12 0.1 ± 0.07 20 ± 0.0 
With AS + 25 prawns 7.1 ± 1.97 0.2 ± 0.07 14 ± 0.3 
With AS + 50 prawns 6.4 ± 0.48 0.3 ± 0.10 14 ± 0.2 
*AS refers to artificial substrate 
**0=none,1=low, 2=medium, 3=high 
 
 
Table 7. Pooled results* for survival, tail bite score and antennae length at different prawn densities. 

Prawn density Mean survival (%) Mean tail bite score Mean antennae 
length (cm) 

Low 100.0 a 0.03 a 19.1 a 
Medium 83.0 b 0.22 b 15.0 b 
High 61.7 c 0.34 c 13.7 b 
Level of significance P<0.01 P<0.05 P<0.001 
*Within columns, means followed by different letters are significantly different. 
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Tanks with low densities of prawns had higher survival, lower amounts of tail bites and longer 
antennae than prawns in the medium- and high-density treatments at the end of the 4-week 
experimental period. Tanks with high densities of prawns had the lowest survival and the most tail 
bites. Differences in lengths of antennae between the medium and high prawn densities were not 
significant (P>0.05). 
 
Nutrient analyses 
The total nitrogen concentrations in water samples taken from different treatments in the experiment 
are displayed in continuous fashion over the entire experimental period in Figure 3. The effect of the 
artificial substrate on total nitrogen levels was not significant (P>0.05), but the effect of prawn density 
was highly significant (P<0.01). Figure 4 provides these total nitrogen results as a discontinuous time 
series when like prawn densities are pooled, and also displays the levels of total nitrogen in periodic 
exchange water (initial fill was 1.08 mg L-1 N). 
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Figure 3. Total nitrogen concentrations in water samples taken from different treatments. 
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Figure 4. Total nitrogen concentrations with like prawn densities pooled. 
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Time series analyses for total nitrogen in the water column revealed a significant (P<0.01) interaction 
between the cycle (1-4) and prawn density. No differences between densities occurred during the first 
cycle, but as time progressed, the higher densities generally produced higher levels of total nitrogen in 
the water column (Table 8). Significant differences between the no- and low-prawn (5) treatments only 
occurred during the 4th cycle. 
 
Table 8.  Mean total nitrogen concentrations (mg L-1) in tanks with different densities of prawns during 
each cycle in the time series analysis. 

Prawn 
Density 

Cycle 1 Cycle 2 Cycle 3 Cycle 4 Mean across 
Cycles 1-4 

0 1.088 ab 1.172 ab 1.303 b 0.884 a 1.112 
Low 1.326 b 1.171 ab 1.448 bc 1.427 bc 1.343 

Medium 1.126 ab 1.478 bcd 1.863 de 1.774 cde 1.560 
High 1.345 b 2.060 c 2.579 f 2.647 f 2.158 

*Means followed by different letters are significantly different (P<0.05). 
 
The phosphorus concentrations in water samples taken from different treatments in the experiment are 
displayed in a continuous fashion over the entire experimental period in Figure 5. The effect of 
artificial substrate on total phosphorus levels was not significant (P>0.05), but the effect of prawn 
density was highly significant (P<0.01). Figure 6 provides these total phosphorus results as a 
discontinuous time series when like prawn densities are pooled, and displays the levels of total 
phosphorus in periodic exchange water (initial fill was 0.27 mg L-1 P).  
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Figure 5. Total phosphorus concentrations in water samples taken from different treatments. 
 
Time series analyses for total phosphorus in the water column also revealed a significant (P<0.01) 
interaction between the cycle (1-4) and prawn density. Again, no differences between densities 
occurred during the first cycle, but as time progressed, the higher densities generally produced higher 
levels of total phosphorus in the water column (Table 9). No differences occurred between the no- and 
low-prawn (5) treatments. 
 
Table 9.  Mean total phosphorus concentrations (mg L-1) in tanks with different densities of prawns 
during each cycle in the time series analysis. 

Prawn 
Density 

Cycle 1 Cycle 2 Cycle 3 Cycle 4 Mean across 
Cycles 1-4 

0 0.2027 abc 0.1749 a 0.2479 bcde 0.2381 bcde 0.2159 
Low 0.2013 abc 0.2099 abcd 0.2612 cde 0.2975 e 0.2425 

Medium 0.1869 ab 0.2078 abc 0.2948 e 0.3716 f 0.2653 
High 0.2215 abcd 0.2703 de 0.3620 f 0.4779 g 0.3329 

*Means followed by different letters are significantly different (P<0.05). 
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Figure 6. Total phosphorus concentrations with like prawn densities pooled. 
 
Total ammonia nitrogen (TAN) represented a very small percentage (1.9 %) of the total nitrogen 
breakdown. Ammonia spikes occurred towards the end of the experiment in the high prawn density 
treatments, being associated with the 4th and 6th day of water retention (Figure 7) during the last cycle. 
Time series analyses did not reveal any significant effects of treatments on TAN. 
 
NOx levels on average also represented a very small percentage (1.2 %) of the total nitrogen that 
occurred in tanks during the experiment. Although the time series analyses found significant main 
effects from density (P<0.05) and cycle (P<0.01), these data were somewhat compromised by the level 
of accuracy possible with the testing method  (detection limit of 0.05 ± 0.01 mg L-1 NOx). 
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Figure 7. Total ammonia concentrations in water samples taken from different treatments. 
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The total Kjeldahl nitrogen (TKN) and total Kjeldahl phosphorus (TKP) in residues left in tanks at the 
end of the experiment are described in Figure 8. Data presented are concentrations obtained from 
homogenised residue samples minus the concentrations that existed in water in tanks prior to draining 
and scrubbing, and therefore collectively only represent nutrients in material dislodged from tank sides 
and in residues from tank bottoms.  
 
There were no significant (P>0.05) treatment effects in terms of TKP in residues left at the end of the 
experiment. However, in terms of TKN, the interaction of artificial substrate and prawn density was 
highly significant (P<0.001). Compared with other treatments, nitrogen in residues was significantly 
higher (P<0.05) in the treatment with artificial substrate and no prawns (Figure 8). The next highest 
mean nitrogen residue level occurred in the treatment with high prawn density and no artificial 
substrate. 
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Figure 8. Mean total Kjeldahl nitrogen and total Kjeldahl phosphorus in residues left in tanks at the 
end of the experimental period. Within separate analyses for nitrogen and phosphorus, means with 
different letters are significantly different (P<0.05). 
 
Nitrogen and phosphorus was lost from live prawn biomass during the experimental period, due to 
mortalities and losses of body weight in the tanks (Table 10). This increased with prawn density due 
mainly to reduced survival at the higher densities. Calculated across the 28-day experimental period, 
the low, medium and high prawn density treatments lost 4.4 mg nitrogen and 0.4 mg phosphorus, 75.8 
mg nitrogen and 7.4 mg phosphorus, and 261.8 mg nitrogen and 25.6 mg phosphorus per day 
respectively from live prawn biomass. 
 
Table 10. Mean macronutrients calculated* in biomass lost due to mortalities and prawn weight loss 
Prawn 
density 

Mean wet 
weight loss 
from live 

biomass (g) 

Nitrogen 
associated with 

mean loss of live 
biomass (mg) 

Phosphorus 
associated with 

mean loss of live 
biomass (mg) 

Estimated daily contribution 
to tanks of nitrogen (N) and 

phosphorus (P) lost from live 
biomass ** 

Low 4.11 122 12 0.19 % N : 0.10 % P 
Medium 71.48 2122 207 2.86 % N : 1.64 % P 

High 246.80 7330 716 7.14 % N : 4.52 % P 
* Wet weight of banana prawns assumed to consist of 2.97 % nitrogen and 0.29 % phosphorus after 
Palmer et al. 2002. 
** Using averaged data from Tables 8 and 9 above, assuming 1700 litres per tank, and biomass loss 
equally over the 28-day experimental period. 
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Discussion 
 
Water qualities, survival and prawn condition 
The aim of this study was to experimentally simulate conditions in a settling pond, so that nutrient 
assessments for outflow and residues could be easily made. Each tank was completely clean at the start, 
and received similar exchanges, so nutrient differences at the end should only have been due to the 
treatments applied and natural variation. Constant low aeration was necessary to ensure oxygen levels 
were maintained above critical levels for the prawns, and the design created slow turbulence in the 
upper water column, not unlike wind generated currents in a settlement pond, with a deeper area that 
was less affected. Densities of prawns were designed to test low, medium and high stocking rates. The 
low density was similar to the densities used in the previous farm trial (1-5 m-2). The medium and high 
densities were similar to medium and high densities used commercially in semi-intensive production 
ponds managed with regular water additions for algal bloom control. 
 
Qualities of pond water can be greatly affected by algal blooms. Phytoplankton uptake and nitrification 
are the principal sinks for ammonia in aquaculture ponds (Hargreaves, 1998), and high algal activity 
can lower ammonia and orthophosphate levels and produce substantial amounts of dissolved oxygen 
(Krom et. al., 1995; Bratvold and Browdy, 2001). Dense blooms of algae are also well known to cause 
high water pH in aquaculture ponds that are not well buffered (Pote et. al., 1990). Whilst the biological 
relevance of the small differences found in treatment effects for dissolved oxygen (0.9 mg L-1 in the 
range 9.4 - 10.3 mg L-1) and pH (0.1 in the range 8.7 - 8.8) is questionable, the effect of prawn density 
is likely to have been due to prawn excretions supplying ammonia to algal blooms. This is supported 
by observations that microalgal blooms in tanks appeared to be taking their own course towards the end 
of the trial. During the last few days, bloom colour variations in different tanks ranged from clear 
through various shades of green to brown, representing a variety of mixes of plankton and microalgae. 
Even though the effluent supply pond remained green and stable, the tank ecosystems after 1 month 
had diverged, so that the light green cultures related more to the low density tanks, and the thicker 
brown coloured blooms (40 cm Secchi depth) were predominately in tanks with the higher prawn 
densities. 
 
Higher pH and dissolved oxygen levels also occurred in tanks with artificial substrate, although again, 
the mean differences were small and were not likely to have greatly influenced the condition of prawns 
or the other results of this experiment. Benthic algae were growing to varying degrees on all artificial 
substrate surfaces towards the end of the experiment, and through respiration and photosynthesis, it 
could have been responsible for these small pH and oxygen elevations. Inspections of the artificial 
substrate at the end of the experiment showed that substrate in the tanks without prawns had 
filamentous growth and yellowish-green benthic algae, whilst substrate from tanks with prawns had 
less filamentous algae and a greener appearance to benthic algae on surfaces. The prawns had 
apparently been grazing over the artificial substrate to keep filamentous growth in check, and were 
probably supplying the benthic algae with ammonia to produce new growth and a greener appearance. 
Appendix 2 provides some evidence of this effect in pictures of artificial substrate taken from tanks 
with different prawn densities at the end of the experiment. 
 
Although the pH, dissolved oxygen and temperatures that prevailed in tanks during the experiment 
were well within suitable ranges for P. merguiensis, the prawns lost weight (6-9%) in all tanks during 
the experiment. These weight losses were not significantly affected by the presence of artificial 
substrate or prawn density. As density appears not to have been a driving factor in weight loss, one 
conclusion could be that food was plentiful but of low nutritional value to prawns of that size. The 
effluent sourced from the banana prawn culture pond for exchanges had a consistent green bloom with 
Secchi depth of 50 to 70 cm (see Appendix 1). It therefore contained algae and particulate organic 
matter, but the prawns do not appear to have been able to find enough suitable food in the experimental 
system to maintain their biomass. Faecal strands were plainly evident on the tank bottoms when the 
experiment was terminated, which demonstrates that the prawns were consuming available organic 
material, but energy expended collecting it may have outweighed the nutritional benefits it provided.     
 
However crustaceans are well known for cannibalism, and mortalities that occurred would have 
provided a high protein supplement to the nutriments in the effluent so as to potentially mask the effect 
of density on growth. This was particularly so where survival was significantly effected by prawn 
density, so that prawns in the higher densities consumed more prawn biomass. Whilst banana prawns 
tend not to attack healthy individuals, moribund prawns and carcases are quickly consumed in semi-
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intensive conditions. Mortalities during the experimental period would also have added nitrogen and 
phosphorus to the water to complicate tank comparisons. Assessments of tail bites and antennae lengths 
were designed to provide an indication as to whether the prawns in different treatments were hungry 
enough to have reverted to cannibalism. The presence of artificial substrate did not affect this tendency, 
but increasing prawn density increased the level of tail and antennae damage.  These results suggest 
that suitable feed was limited in tanks, particularly in treatments with the higher prawn densities. 
 
Stress is another factor that may have affected the present results, particularly because the 1700 litre 
tanks were likely to be restricting the prawn’s natural activities. Stressed prawns do not grow rapidly 
due to reduced feeding and delayed moulting (Funge-Smith and Briggs, 1998). Although prawns for 
the experiment were sourced from the same pond that was supplying the effluent, and so were well pre-
conditioned to the water qualities in the experimental system when stocked, other factors may have 
prevented optimal vigour. For example, banana prawns in a pond can often be seen swimming with the 
paddlewheel-generated water currents in schools. Physically, the conditions in tanks are very different 
from open ponds that have space to aggregate and swim without impedances. The schooling behaviour 
may further provide a comfort level necessary for vigorous growth. The prawns in this study were 
accustomed to pond conditions when they were placed into tanks. 
 
Nutrient levels 
As discussed earlier, prawn mortalities in the higher density tanks complicated the nutrient assessments 
made to evaluate different treatments. Prawn weight losses would also have added nutrients to the 
water in tanks, and although this occurred equally for prawns in all tanks, greater biomass lost from 
live prawns would have occurred in treatments with more prawns. To evaluate the nutrient 
contributions to tanks during the experiment from these prawn biomass losses, macronutrient contents 
of prawns determined for the “BIARC pond” in the related farm-based study (same banana prawn stock 
as used in this study), were applied to estimate the amounts of nitrogen and phosphorus liberated from 
lost biomass. Calculations from Palmer et al. (2002) showed that nitrogen and phosphorus respectively 
made up averages of 2.97 % and 0.29 % of the wet weight of banana prawns. In the low-density 
treatments, no mortalities occurred, so nutrients released from lost prawn biomass was on average low.  
However, in the medium and high prawn densities, average survival dropped to 83.0 % and 61.7 % 
respectively, causing larger amounts of nutrients to be released from prawn biomass. These nutrient 
releases could potentially have affected both the nutrient concentrations in water samples taken 
periodically, and the nutrients in residual organics estimated at the end of the trial. 
 
Nevertheless, these complications demonstrate the degree and potential for water qualities to be 
affected through stock mortalities. Although the timing of mortalities could not be determined in this or 
previous related studies, weight losses were monitored in both. In the tank trial, ammonia spikes in the 
final week may have been an indication of prior mortalities, whilst in the farm trial the effects of 
mortalities would have been largely masked by the incoming wastewaters. The apparent loss of prawn 
condition during this tank trial, and in one settlement pond in the farm trial provides some evidence of 
the development of nutritional deficits. This could occur in settlement ponds if the prawns outgrew the 
food in terms of their food particle-size preference or handling abilities. This would account for the 
pattern of growth of banana prawns in the farm trial at Farm A, which grew quickly over 80 days up to 
an average size of 17g, but then appeared to lose weight, dropping to an average weight of 15 g after 
160 days.  
 
To put the prevailing nutrient levels in tanks, and nutrients associated with biomass losses into 
perspective, average nutrient levels obtained from the different prawn densities (given in Tables 8 and 
9) can be compared to the potential contribution of nutrients from prawn biomass. If biomass releases 
were assumed to have been released at equal rates each day during the 28-day experiment (see Table 
10), comparisons suggest that only 0.19 % of the nitrogen and 0.1 % of the phosphorus (in the full 
tanks) could have been attributed to lost prawn biomass in the low-density treatments. However, 2.86 
% of the nitrogen and 1.64 % of the phosphorus may have been added in the medium-density 
treatments, and 7.14 % nitrogen and 4.52 % phosphorus could have been contributed on average to the 
high-density treatments. These contributions do not account for the overall variation in nutrient 
contents of tanks with different prawn densities, but appear to proportionately add to the effect of 
higher prawn densities generating higher nutrient levels in the water column. These calculations also do 
not take into account other processes with potential to remove nitrogen like denitrification.  
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Density effects are well known in shrimp aquaculture where increasing stocking densities results in 
proportionately increased waste. For example, Martin et. al., (1998) investigated the nitrogen budgets 
for ponds stocked with P. stylirostris at densities from 1 m-2 to 30 m-2. Survival, final body weight and 
feeding efficiency decreased while nitrogen in suspended solids and the phytoplankton blooms 
increased with increasing prawn density. In that study, up to 38 % of the nitrogen that entered the pond 
accumulated in the sediment, but at the lowest density, nitrogen was reduced in the sediment. Natural 
food webs in the pond stripped nutrients and provided significant levels of feed for prawns at low 
densities.  
 
Few studies have evaluated the degree to which shrimp can extract and assimilate nutrients from 
natural environments. Most recent work in this area has focussed on the assimilation of nutrients from 
artificial feeds in aquaculture systems (eg: Hargreaves, 1998; Burford and Williams, 2001). As 
mentioned previously, much of the prawn biomass that died in these tank trials is likely to have been 
consumed by other prawns, but only a portion of these nutrients would have been incorporated into the 
cannibal’s biomass. Furthermore, not all of the nitrogen and phosphorus that is consumed as algae and 
detritus is assimilated.  The amount of nutrients assimilated into shrimp biomass is a small fraction of 
total nutrients ingested, with only 18-27% of nitrogen available being assimilated (Funge-Smith and 
Briggs 1998). However, the level of assimilation may be much higher when the prawns are young, as 
suggested by the work of Velasco et al. (1998). They showed that postlarval Litopenaeus vannamei 
assimilated an average of 63 % of available nitrogen and 25 % of the available phosphorus in 
microcosm tanks designed to evaluate feed formulations. In bioremediation pursuits, the prawns should 
therefore be viewed not only as a sink for available nutrients while they are actively growing, but also 
as a means to cycle or mobilise nutrients through their physical activities and metabolic by-products. 
These considerations suggest that larger numbers of smaller prawns may provide a more effective 
nutrient sink in settlement ponds, as long as they are harvested at a small size, before they reach a point 
where energy expended collecting food may outweigh the nutritional benefits gained. 
 
The artificial substrate used in this experiment did not appear to greatly influence the nutrient results. 
Whilst small differences in the pH and oxygen levels can be attributed to the presence of the artificial 
substrate, it had no detectable effects on total nitrogen, phosphorus, ammonia, and nitrite + nitrate 
(NOx) levels in the water columns of tanks. It’s effect on phosphorus in tank residues at the end of the 
experiment, was also non-significant. However, total nitrogen in tank residues was higher in the 
treatment with artificial substrate and no prawns, than in all other treatments. A possible explanation of 
this is that artificial substrate baffled currents generated by the constant aeration in tanks, to reduce 
turbulence and allow lighter particles to settle. Without the prawn’s activities, settled materials were 
not disturbed and hence were better retained in tanks with artificial substrate during exchanges.   
 
Other studies have also documented a pronounced effect on pond sediments from the activity of 
shrimp. Martin et al. (1998) for example, suggested that the swimming actions of prawns at high 
densities caused significant erosion of pond bottoms and a greater build up of sediment deposited in 
pond centres. Attempts were made in the present study to simulate a settlement pond that overflowed 
during normal operations, and one that was to be drained for harvest of prawns. In this case, discharged 
volumes were the difference between inflow and evaporation over 7 days retention time. It was 
observed that the prawns in tanks caused a loss of organic matter with the termination drain, through 
their swimming activities, and this could also be expected to occur if prawns were to be harvested from 
a settlement pond. 
 
In summary, few differences in nitrogen and phosphorus levels could be detected in tank systems with 
low densities or no prawns, but higher prawn densities caused an elevation of these nutrients in the 
water column. In reference to the farm trials which the present study supports, the data suggests that the 
low densities stocked into the farm settlement ponds (1.1 – 5.5 m-2) were likely to have had 
insignificant effects on nutrient levels in settlement pond discharges, but are likely to have left the 
settlement ponds in a cleaner state at the end of the season. This final point supports the anecdotal 
evidence and observations of some of the farmers who participated in the farm based program.  
 
Microalgae and bacteria play central roles in production pond and settlement pond ecosystems used for 
Penaeid aquaculture. These ecosystem components can be viewed as both the problem and the possible 
solution. Most excess nutrients eventually become either microalgal or bacterial biomass, which 
maintain water qualities and help remove the toxic metabolic by-products of prawns (eg: ammonia, 
nitrite). Whilst many microalgae and bacteria are also beneficial in prawn nutrition, their high levels in 

36  



Wastewater remediation options for prawn farms 
___________________________________________________________________________________ 

discharge waters can lead to undesirable nutrient outfall. Prawns cultured in settlement ponds appear to 
mobilise and drive nutrients into microalgal biomass. Many of the microalgae that quickly assimilate 
bioavailable forms of nitrogen can also be viewed as valuable commodities in their own right (eg: fatty 
acid extraction, vitamins and pharmaceutical uses: Borowitzka, 1995). Methods that remove and utilise 
microalgae through biological (eg: filter feeders like oysters or mussels) or mechanical means (eg: 
foam fractionation), will be useful in the future in conjunction with sediment recyclers to further 
improve profitability and environmental sustainability. 
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Appendix 1. Water quality and management details for the prawn culture pond used as an effluent 
source. 
Date Time PH Temp 

(ºC) 
Dissolved 

oxygen 
(mg/l) 

Secchi 
depth 
(cm) 

Feed 
added 
(kg) 

Comments (eg: weather; 
operational) 

4/9 0830 
1600 

8.72 
8.83 

19.0 
20.6 

9.89 
11.81 

65 
65 

0 
2 

Overcast & windy 
Filled experimental tanks 

5/9 0915 
1530 

8.78 
8.86 

20.9 
22.3 

10.54 
11.57 

65 
65 

2 
2 

Fine & sunny 

6/9 0830 
1515 

8.77 
8.80 

21.2 
22.8 

9.66 
11.44 

60 
70 

2 
2 

Fine & sunny 

7/9 1100 8.78 22.2 10.28 70 2 Fine & sunny 
8/9 1530 8.83 23.3 11.29 65 2 Rain overnight, sunny 
9/9 0830 

1445 
8.75 
8.72 

21.9 
24.0 

8.70 
10.21 

65 
65 

2 
2 

Fine; lots of particulate matter in 
water column 

10/9 0900 
1500 

8.75 
8.82 

22.1 
23.1 

7.54 
8.63 

55 
60 

2 
2 

Fine & sunny 

11/9 1600 8.81 22.4 7.65 65 2 + 2 Fine & windy 
Water pumped to experimental tanks 

12/9 0830 
1615 

8.78 
8.85 

20.1 
21.4 

7.20 
8.75 

60 
65 

2 
2 

Overcast & windy 

13/9 0845 
1500 

8.71 
8.81 

19.7 
20.7 

7.06 
8.13 

65 
60 

2 
2 

Cloudy and windy 

14/9 1400 8.83 21.3 8.45 65 2 Fine & windy 
15/9 1130 8.81 21.0 8.21 50 2 Fine & sunny 
16/9 0900 

1600 
8.69 
8.81 

20.8 
21.8 

6.59 
7.68 

60 
60 

2 
2 

Fine & sunny 

17/9 0830 
1600 

8.66 
8.84 

20.8 
22.4 

6.84 
8.52 

65 
60 

2 
2 

Fine & sunny 

18/9 0815 
1615 

8.66 
8.78 

19.9 
21.3 

6.25 
8.13 

60 
55 

2 
2 

Rain o’night, fine & windy  
Water pumped to experimental tanks 

19/9 0830 
1530 

8.70 
8.35 

19.5 
25.5 

7.61 
6.28 

60 
60 

2 
2 

Sunny & windy 
Changed water quality meter 

20/9 0830 
1530 

7.32 
7.95 

19.4 
21.0 

7.33 
10.85 

60 
60 

2 
2 

Fine & sunny 

21/9 1000 8.36 21.3 8.67 65 2 + 2 Sunny 
22/9 0900 

1300 
8.75 
8.83 

22.1 
23.4 

7.54 
10.02 

65 
65 

2 
2 

Hot & sunny 

23/9 0830 
1530 

8.76 
8.69 

22.6 
23.6 

7.63 
7.85 

60 
60 

2 
2 

Sunny 

24/9 0830 
1600 

8.23 
8.41 

23.3 
24.6 

8.14 
10.19 

65 
55 

2 
2 

Sunny 

25/9 0830 
1530 

8.23 
8.47 

23.5 
25.1 

9.12 
10.61 

60 
65 

2 
2 

Sunny 
Water pumped to experimental tanks 
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Appendix 2. Pictures of one piece of artificial substrate taken from each replicate of the “No prawn” 
and “high-density” prawn treatments at the end of the experiment. 
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Abstract 
 
To experimentally investigate the potential of mixed species polycultures for bioremediation of nutrient 
rich prawn farm effluent, a series of experiments was performed with banana prawns Penaeus 
(Fenneropenaeus) merguiensis, sea mullet Mugil cephalus and rabbitfish Siganus nebulosus to 
determine their compatibilities during particular life stages. Rabbitfish demonstrated a high tendency to 
prey upon banana prawn juveniles when no other food was available. Mullet of various sizes did not 
appear to prey upon banana prawn postlarvae (PL16) or juveniles in a fed or unfed environment. The 
study confirms the good potential for mullet and banana prawn polycultures.  
 
 
Keywords: banana prawns, mullet, rabbitfish, predation 
 
 
Introduction 
Banana prawns, Penaeus (Fenneropenaeus) merguiensis, have been shown to successfully grow into a 
marketable food grade product in Australian prawn farm effluent treatment systems (Palmer et al., 
2002). They are therefore a potentially profitable inclusion in mixed species cultures for nutrient 
cycling within a wider bioremediation strategy. Whilst at least one fish species, the milkfish Chanos 
chanos, is widely known to be compatible with prawns in culture, most marine fish are likely to prey 
on prawns during particular life stages. For example, prawn nauplii are generally small (approx. 300 
µm) and vulnerable to predation. For a short period they are part of planktonic food sources that are 
available to fish in natural environments, and as they grow their abilities to avoid some predators 
improves. 
 
Both the sea mullet (Mugil cephalus) and the rabbitfish (Siganus nebulosus) have also been proposed 
as secondary crops that can be generated in effluent treatment systems for prawn farms (Erler et al. 
2000). Whilst sea mullet and rabbitfish would mainly be expected to consume detritus and benthic 
algal growth respectively in sedimentation ponds, it was uncertain to what degree these fish species 
would also prey on banana prawns if they were free-ranging in the same ponds.  
 
Each of these fish species is known to feed on small planktonic crustaceans in artificial systems (eg: 
copepods, brine shrimp). Even though sea mullet and rabbitfish have both been successfully cultured 
with banana prawns (stocked as PL15) in ponds fed artificial diets at the Bribie Island Aquaculture 
Research Centre, it is unknown how large the prawns would have to be to evade or be overlooked by 
foraging mullet and/or rabbitfish in systems where food sources are more limited (eg: in an unfed 
settlement pond).  Given that predictably high survival would be necessary for maintenance of 
prescribed mixtures of species for nutrient cycling, and to maximise harvestable biomasses (fish and 
prawns) for nutrient removal and profitability, further knowledge on the compatibilities of these 
species in mixed cultures was required. 
 
The objective of these trials was to investigate the potential for banana prawns, rabbitfish and sea 
mullet to co-inhabit a prawn farm wastewater remediation environment. We focussed this work on life 
stages that are likely to be used to create mixed cultures under commercial operating conditions. 

40  



Wastewater remediation options for prawn farms 
___________________________________________________________________________________ 

 
Materials and methods 
Two replicated experiments (A and B) were designed to expose banana prawns to potential predation 
by fish.  
Experimental systems 
Experiment A was conducted in 12 x 1000 litre fibreglass tanks (1300 mm diameter and 830 mm 
deep). These tanks (Figure 1) were supplied with flow-through (12 litres per min) filtered (20 µm) 
seawater (35 ppt., 24 - 26˚C), and equipped with screened outlets to prevent animals escaping. Each 
tank was also equipped with four airstones delivering a very slow level of aeration, and covered with 
one layer of 70% green nylon shadecloth. 

                                         
                                        Figure 1. Fibreglass tanks used in experiment A 
 
Experiment B was undertaken in 12 nylon mesh (500 µm) floating cages arranged in a 10,000 litre 
conical-bottom tank with central overflow drawing from the tank bottom (see Figure 2). These cages 
had a 300 x 300 mm square base, a height of 800 mm and were completely covered at the top with 
foam rubber floatation. Each cage was supplied with a periodic (1.5 hr per day) flowthrough (approx. 7 
litres per min) of prawn-culture-pond water containing microalgal bloom and suspended particulate 
matter. The water qualities of pond water used for exchanges in the study are provided in Appendix A. 
Each cage also had a single airstone positioned on the central bottom delivering very slow aeration to 
provide continuous water circulation and gaseous exchange. A 3 kw titanium bar heater maintained the 
water temperature in the tank at 26-28˚C. 
 

  
Figure 2. Cages and tank set-up used in experiment B 
 
Experimental design 
Experiment A was designed to assess whether juvenile banana prawns would be preyed on by a 
variety of mullet and rabbitfish size classes when no other food sources were available. Two replicates 
for each of 6 treatments (including control) were used as follows with a completely randomised design: 

1) Prawns only (control) 
2) Small sized mullet + prawns 
3) Medium sized mullet + prawns 
4) Large sized mullet + prawns 
5) Small to medium sized rabbitfish + prawns 
6) Medium to large sized rabbitfish + prawns 
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Juvenile banana prawns (500) with an average weight of 0.072 g (range from 0.047 to 0.115 g) were 
removed from a nursery system (4,000 litre fibreglass tank) for Experiment A (3rd January 2002). 
Thirty prawns were randomly selected from this pool and immediately and gently introduced into each 
of the 12 experimental tanks. On the same day mullet and rabbitfish were also gently introduced into 
tanks in the experiment as described in Table 1. 
 
Table 1. Distribution of fish types, their relative numbers and mean weights used in Experiment A. 
Tank Treatment No. 

(as described 
above) 

Fish types and sizes Numbers 
of fish 
added 

Total wet 
weight of fish 
per tank (g) 

Mean wet 
weight per 

fish (g) 
E1 2 – replicate 1 Mullet – small 10 20 2 
E2 4 – replicate 1 Mullet – large 3 501 167 
E3 5 – replicate 1 Rabbitfish – small to medium 5 90 18 
E4 1 – replicate 1 Prawns only (control) 0 - - 
E5 3 – replicate 1 Mullet – medium 5 225 45 
E6 6 – replicate 1 Rabbitfish – medium to large 3 156 52 
E7 3 – replicate 2 Mullet – medium 5 230 46 
E8 1 – replicate 2 Prawns only (control) 0 - - 
E9 2 – replicate 2 Mullet – small 10 25 2.5 

E10 6 – replicate 2 Rabbitfish – medium to large 3 186 62 
E11 4 – replicate 2 Mullet – large 3 534 178 
E12 5 – replicate 2 Rabbitfish – small to medium 5 95 19 

 
Following the addition of juvenile prawns and fish, each tank was covered with shade cloth and left 
undisturbed for one week. On the 10th January, each tank was drained to recover and count all live 
prawns to calculate their percentage survival. Further to this trial, general observations were made for 
50 juvenile prawns as they were offered to large mullet and rabbitfish being held at BIARC as 
broodstock. These two sets of broodstock were in separate 2-metre-deep tanks with high clarity 
seawater flow-through, making it possible to observe any potential feeding responses exhibited by the 
fish following the addition of the juvenile prawns (25 prawns offered per tank). 
 
Experiment B was designed to test whether mullet would prey on young prawns at the size that they 
would most likely be stocked into bioremediation ponds. Postlarval 16 (16 days after metamorphosis) 
banana prawns were harvested from an intensive culture at BIARC on 11th December 2002, and within 
2 hours 50 were randomly selected from the harvested pool and gently stocked into each cage.  The 
next day, 60 mullet juveniles (approximately 50 mm long) were randomly netted from a nursery-
rearing tank at BIARC, and following mild sedation with clove oil (10 drops in 10 litres) they were 
randomly distributed between cages according to the prescribed design. The design included 3 
replicates for each of 4 treatments as follows using a completely randomised design: 

1) Unfed prawns only 
2) Unfed prawns + mullet 
3) Fed prawn only 
4) Fed prawns + mullet 

 
Fed cages received approximately 0.07 g of Frippak Ultra PL+300 (200-400µm) 3 times per day 
following the stocking of prawns. The prawns were accustomed to this feed and feeding schedule, and 
the amounts offered were several fold more than that recommended for 50 PL16 prawns to ensure 
ample food availability for the prawns in the presence of mullet. 
 
This experiment ran for 1 week when each cage was harvested and the surviving prawns were counted 
and weighed on bulk for survival and weight gain comparisons. The mullet in each cage were also 
harvested and euthanased with benzocaine before weighing en mass, and measuring each fish’s total 
length to provide an accurate measure of fish sizes utilised in the study.  
 
Statistical analyses 
Binary survival data were analysed using a generalized linear model (McCullagh and Nelder, 1989) 
with the binomial distribution and logit link (GenStat, 2000), followed by protected t-tests to determine 
significant differences between the treatments. 
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Results 
Experiment A 
The survival rates of juvenile banana prawns in the first experiment are provided in Figure 3. Raw data 
are given in Appendix 2.  No prawns survived in the tanks with small or large rabbitfish. No significant 
differences (P>0.05) in survival were found between the “prawns only” tanks, and prawns in tanks with 
various sized mullet. 
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Figure 4. Mean prawn wet weights from different treatments in experiment B. 
 
 
Discussion 
 
Banana prawns and sea mullet 
The feeding habits of juvenile Mugilidae has been reported to change with size from carnivorous to 
herbivorous (De Silva, 1980). During larval stages they are known to feed mainly on mircocrustaceans 
in the zooplankton, but postlarval stages of M. cephalus up to 40 mm in length have been observed to 
mainly consume phytoplankton including diatoms and blue-green algae (De Silva and Wijeyaratne, 
1977). These studies have shown that the ingestion of sand and detritus begins at a length of 25 mm, 
and that from 50 mm they are almost exclusively vegetarian. Whilst various studies have found 
metazoans like polychaetes, crustacean larvae and molluscs in the gut contents of M. cephalus 
collected from the wild (eg: Rao and Sivani, 1996 – 31% polychaete; Wells, 1984 – 7% snails in 
freshwater), these food items are thought to be ingested with localised sediments rather than through 
targeted foraging or food-oriented habitat preferences.  
 
There is no reference in literature so far sighted that postlarval or juvenile prawns are consumed by M. 
cephalus, and results from the present study support this assumption. Maguire and Bell (1981) 
investigated the effects of sea mullet on school prawns (Metapenaeus macleayi) in 3.3 m2 net pens in 
brackish water ponds in New South Wales. They found prawn survival to be unaffected by mullet 
stocking with up to 25 x 15-42 g (55-155 mm caudal fork length) fish per net pen. The present results 
suggest that banana prawns as young as PL16 could be cultured with sea mullet from a size of 
approximately 50mm (or 2 g) without the potential for predation causing prawn losses. These prawn 
and mullet sizes are typical of seed stocks for these species that are presently commercially available in 
Australia, suggesting that the creation of such polycultures is immediately practically achievable. 
 
Larger sea mullet (mean length of 439 mm) in aquaculture ponds have been shown to obtain 75% of 
their food from the water column (Cardona and Castello, 1994). This planktophagous behaviour was 
thought to enhance organic matter transfer from the water column to the sediment, which could 
therefore be expected to improve the growth of bottom feeding animals like prawns. The results from 
experiment B however, do not support this assertion, where the presence of mullet may have 
marginally slowed the increase of prawn biomass in unfed cages. Maguire and Bell (1981) however, 
showed that M. cephalus had little effect on the growth of M. macleayi, and suggested that these two 
species may utilise different components of the detritus.  
 
Penaeids and mullet are both known to derive considerable nutrition from ingested bacteria. Moriarty 
(1976) found that bacteria and diatoms were equally important to mullet feeding over seagrass beds, 
but in muddy habitats, bacteria and possibly protozoa were relied on more for this fishes energy needs. 
In the same work, Moriarty also reported that the detritus feeding greasyback prawn Metapenaeus 
bennettae was more selective against algae, whilst digesting and assimilating at least 5 species of 
bacteria. If prawns and fish in a polyculture environment were each competing for the same pool of 
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available nutrients (eg: micro-organisms), slower growth could be expected in either or both if these 
reserves were limited. This effect could be pronounced if one were more successful at collection and 
processing, or if one were more selective in their preferred natural diets.  
 
Additionally, sea mullet are well known to grow quickly in semi-intensive prawn culture ponds in 
Australia, because they feed voraciously on the artificial prawn feeds that are normally applied. As 
mullet in such polycultures do not restrict their feeding activities to settled organics and other 
potentially wasted nutrients, farmers question the usefulness of their inclusion because it is thought to 
create unnecessary competition for expensive prawn feeds.  Further replicated experimental work and 
farm based trials testing banana prawn growth with different mullet sizes are therefore necessary to 
clarify the potential benefits of growing these species together. 
 
Banana prawns and rabbitfish 
Up to 30 species of rabbitfishes are known in the world (Shokita et al., 1991). Of the 26 species 
reported from the tropical Indo-West Pacific by Woodland (1983), one is estuarine, and the rest live in 
the vicinity of coral reefs. Larval and immediate post-larval stages are planktivorous, but later stages 
are particularly omnivorous as demonstrated by their ability to be reared successfully in captivity using 
artificial diets from a very early age (Parazo, 1991).  
 
Adults in natural habitats are reported to generally feed on seaweeds, benthic algae, and sea grasses 
(Shokita et al., 1991; Woodland, 1983), but Bwathondi (1982) reports one species’ (Siganus 
canaliculatus) feeding capabilities to also include amphipods, copepods, sponges, Foraminifera, 
crustaceans, and brittle stars. Other prey items that this species is also reported to sometimes consume 
includes mysids and crabs, but red, brown, and green algae have mainly been found in the stomach 
contents of wild adults (Shokita et al., 1991). These later authors found S. guttatus preferred 
Schizomeris and Ulva to other plants, but such diets resulted in weight losses compared with slight 
growth from artificial diets. Similarly these authors reported that S. canaliculatus increased in weight 
when fed Schizomeris or artificial feed, but decreased when fed Ulva or Sargassum. 
 
Only scant information could be found regarding the feed preferences of the rabbitfish species used in 
the present study. Shokita et al. (1991) reported that S. spinus larvae increased in weight when fed 
formulated feeds but that growth was poor when they were fed the algae Ulva pertusa. Specimens 
utilised in the present study were 1st generation progeny of animals sourced from coastal areas in, and 
immediately north of Moreton Bay in Southern Queensland. Although this species, which is commonly 
known along the Queensland coast as happy moments or black trevally is classified as S. spinus 
(Linnaeus) by Grant (1982), it is more recently recognised as S. nebulosus (Yearsley et al. 1999). 
Despite the group’s reported herbivorous nature, rabbitfish in Queensland are commonly taken on 
hooks baited with prawn flesh. In fact, this is how broodstock at BIARC have been sourced in the past, 
from around rocky headlands or near rock walls in artificial canals.  In contrast, sea mullet are seldom 
if ever taken with prawn flesh baits. Bread or dough is more commonly use by mullet anglers. 
 
Although the predatory nature of rabbitfish on juvenile banana prawns demonstrated in this study 
suggests they are unsuitable for mixed cultures, this combination has been moderately successful at 
producing significant prawn biomass in pond trials at BIARC. This previous work involved stocking 
PL15 banana prawns into a culture pond that contained large mullet and rabbitfish. However, the fish 
in this case, like the broodstock that were offered prawns in this study, were likely to have been more 
accustomed to feeding on pelleted fish food. They probably did not immediately recognise the prawns 
offered as potential feed. Additionally, the fish in the culture pond had a range of other potential food 
sources such as benthic algae and detritus, and so were not so heavily challenged with low availability 
of suitable feed in the presence of available prawn biomass. Greater niche space and more refuges 
would also aid prawn survival in the culture pond’s ecosystem. However, increasing pressures of low 
natural feeds from higher rabbitfish stocking densities could, as suggested in experiment A, cause high 
levels of predation of rabbitfish on juvenile banana prawns. 
 
Bioremediation pond ecosystems 
Species stocked into bioremediation ponds are typically not fed with artificial diets. Rather, they are 
expected to find sufficient food from different components of the pond ecosystem they inhabit, thereby 
stripping nutrients and incorporating a portion in their biomass for later harvest/removal. Ideally, each 
species in such a prescribed mix sources different resources with little overlap, so that the inclusion of 
additional species makes use of nutrients not being utilised to give an overall increase in total 
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harvestable biomass. Such complimentary polycultures are practiced to varying degrees around the 
world (eg: Wahab et al., 2002), but less is known about the attributes of Australian species to make this 
possible.  
 
In experiment A, tanks were set up the day before starting the experiment so that natural biofilms had 
little time to develop to provide fish with an alternative food source to the juvenile prawns. This was 
undertaken to fully evaluate the fishes potential to prey on these prawns. The pond water used for 
exchanges in experiment B was typical of discharge from prawn culture ponds. This procedure 
supplied microscopic food sources to the banana prawns and mullet that were similar in nature to food 
available in the water column of a prawn farm settlement pond. The effects of well developed substrate 
biofilms and the soil-water interface was not factored in to these experiments, and such alternative food 
sources for these species could change their predatory potentials displayed herein.  
 
Finally, these experiments were not designed to assess mullet growth under the trial’s conditions. 
Accurate measurements of fish weights and sizes were undertaken after the weeklong trials rather than 
before, so that stress levels in fish were minimised to better facilitate normal feeding behaviours during 
the trial. Stress minimisation was considered at all operational stages of this work because it was well 
recognised that stressed animals would not perform according to their natural tendencies. Furthermore, 
the feeds that the postlarval prawns were previously accustomed to was used in experiment B to ensure 
that they did not die for reasons related to nutrition or an inability to change feed types. Amounts 
offered to prawns were also several-fold more than the recommended feeding level for 50 PL16 
prawns, because the cage design prevented an accumulation of uneaten feed to cause environmental 
fouling problems, and to ensure that prawns were getting a reasonable opportunity to acquire feed 
when mullet were also foraging and eating the feed added to the cage. 
 
The results show that rabbitfish are probably not suitable for inclusion in polycultures with banana 
prawns. On the other hand, sea mullet do not appear to present a risk to banana prawn seedstock, but  
appear to feed on similar natural and artificial diets which may reduce the advantages of their mixed 
culture. 
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Appendix 1. Water quality and management details for the 1600 m2 prawn culture pond at BIARC 
(G3) used as a water source in experiment B. 

Date Time pH Temp 
(ºC) 

Secchi 
depth 
(cm) 

Feed 
added 
(kg/d) 

Salinity 
(ppt) 

Comments (eg: bloom 
colour; weather; pond-
water exchange rate) 

10/12/03 1000 
1500 

8.57 
8.58 

25.2 
27.2 

>120 
>120 

6.0 35.9 Green; overcast; 5% exchange 
 

11/12/03 0900 
1630 

8.49 
8.65 

24.5 
26.2 

>120 
>120 

6.0 34.4 Green; partially overcast and 
windy; 5% exchange 

12/12/03 1000 
1530 

8.60 
8.71 

25.2 
26.2 

>120 
>120 

6.0 35.0 Green; fine; 5% exchange 

13/12/03 0800 
1700 

8.57 
8.75 

25.3 
27.2 

>120 
>120 

6.0 35.3 Green; fine; 5% exchange 

14/12/03 0700 
1730 

8.58 
8.76 

25.6 
27.7 

>120 
- 

6.0 35.4 Green; fine; 5% exchange 

15/12/03 - - - - 6.0 - - 
16/12/03 1030 

1630 
8.57 
8.75 

27.4 
28.9 

100 
80 

6.0 35.5 Green; fine; 5% exchange 

17/12/03 0800 
1830 

8.58 
8.70 

27.2 
27.9 

120 
80 

6.0 35.7 Green; fine; 5% exchange 

18/12/03 0630 
1600 

8.52 
8.69 

27.1 
28.7 

>120 
75 

6.0 35.6 Green; fine; 5% exchange 

 
 
 
 
 
Appendix 2.  Raw data for experiment A. Number of living prawns removed from tanks containing 
mullet and rabbit fish of various sizes and their relative survival percentage after 7 days. 

Tank 
No. 

Fish Type Number of live 
prawns removed 

Prawn survival 
(%) 

E1 Mullet – small 10 33 
E2 Mullet – large 18 60 
E3 Rabbit Fish – small 0 0 
E4 Prawns Only 14 47 
E5 Mullet – medium 13 43 
E6 Rabbit fish – large 0 0 
E7 Mullet – medium 11 37 
E8 Prawns Only 15 50 
E9 Mullet – small 13 43 

E10 Rabbit fish – large 0 0 
E11 Mullet – large 16 53 
E12 Rabbit fish –small 0 0 
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Appendix 3.  Sizes of mullet used in experiment B. Measurements were taken at the end of the 
experiment. 

Treatment/ 
replicate 

Total lengths 
(mm) 

Mean length 
(min-max) 

(mm) 

Bulk weight 
(g) 

Mean weight 
(g) 

Unfed prawns + 
mullet / rep 1 

69 67 62 52 62 
61 55 50 48 48 

57.4 
(48-69) 

23.4 2.34 

Unfed prawns + 
mullet / rep 2 

50 55 64 55 65 
45 48 50 48 50 

53.0 
(45-65) 

19.5 1.95 

Unfed prawns + 
mullet / rep 3 

68 58 65 55 60 
65 50 60 61 51 

59.3 
(50-68) 

24.3 2.43 

Fed prawns + 
mullet / rep 1 

67 54 73 70 53 71 
62 60 60 53 48 * 

61.0 
(48-73) 

31.8 2.89 

Fed prawns + 
mullet / rep 2 

66 50 52 65 52 
59 68 70 49 60 

59.1 
(49-70) 

25.1 2.51 

Fed prawns + 
mullet / rep 3 

55 57 54 52 68 
55 55 65 59 56 

57.6 
(52-68) 

22.3 2.23 

* Note 11 mullet were in this replicate 
 
 
 
 
 
 
 
Appendix 4.  Bulk weights of prawns at the end of experiment B. All replicates were pooled prior to 
weighing total prawn biomass in each treatment. 

Treatment Bulk wet weight 
(g) 

Number of 
prawns 

Mean prawn wet weight 
(g) 

Unfed prawns only 4.71 144 0.033 
Unfed prawns + mullet 3.80 140 0.027 
Fed prawn only 10.71 135 0.079 
Fed prawns + mullet 4.57 133 0.034 
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Abstract 
 
Several species of oysters, clams and mussels are currently being used around the world to create extra 
profits and help remediate waste-waters from mariculture operations. To identify opportunities and 
potentially suitable species of bivalves for remediation of prawn farm effluent in Australia, recent 
literature dealing with bivalve filtration is reviewed, and species occurring naturally in a banana prawn, 
Penaeus (Fenneropenaeus) merguiensis, grow-out pond and effluent streams at the Bribie Island 
Aquaculture Research Centre (BIARC) were collected, identified and assessed in terms of their 
tolerance of high silt loadings over 3 months. Three bivalve species predominated in the BIARC case 
study. These were the mud ark, Anadara trapezia, the rock oyster, Dendostrea folium, and the pearl 
shell, Pinctada maculata. The mud ark demonstrated the highest tolerance of silt loading (99% 
survival), followed by pearl shells and rock oysters (88 and 63% survival respectively). 
 
Keywords: prawn pond effluent, bivalves, silt tolerance  
 
Introduction 
 
Shellfish aquaculture is considered by many researchers around the world to be an ecologically 
sustainable activity (Shumway et al., 2003). Shellfish have been proposed and used for a variety of 
applications including the monitoring of ecosystem health (Tolley et al., 2003) and the recycling of 
domestic wastes (Ryther et al., 1972), but there is particular interest in their abilities to remediate 
mariculture effluents (Cheshuk et al. 2003; Jones et al. 1999, 2001; Lefebvre et al. 2000; Lin et al. 
1993; Shpigel et al. 1991, 1993a, 1993b, 1997; Wang 1990, 2003).  Their feeding actions and water 
filtration abilities are seen as a potentially profitable approach to the removal of fine particles such as 
bacteria, phytoplankton and suspended material from mariculture waste streams. This form of water 
treatment may be particularly useful for semi-intensive microalgal-based prawn farming operations. 
Laboratory scale trials have proven this concept and have facilitated projections to scale the process up 
to a broad-acre approach. However these studies have also highlighted some potential difficulties and 
economic considerations that need to be addressed before methods could be widely commercialised. 
For example, Jones and Preston (1999) estimated rates of oyster stocking necessary to significantly 
treat discharge from Australian prawn farms. They suggested that upwards of 12% of farm area could 
be necessary to usefully deploy oysters assuming particular exchange rates, stocking densities and 
treatment levels.  
 
However, filter feeders like oysters have long been known to have difficulties in coping with 
suspended silt and high sediment loads, which reduce and even arrest feeding processes to effect their 
filtration capacities and survival (Loosanoff and Tommers, 1948). This is unfortunate since up to 72% 
of suspended material in prawn effluent can be made up of inorganic matter (Jones and Preston, 1999), 
as the result of pond wall and bottom scouring by aerators in earthen ponds. Many bivalve genera, as 
part of their natural feeding actions, sort the smaller digestible particles and expel larger undesirable 
particles as coagulated pseudofaeces (Jorgensen, 1990). Whilst this indiscriminately removes particles 
from the water column the process has its limitations. Continued feeding at high levels of suspended 
material can cost the animal more energy in separating digestible from indigestible particles than it 
derives from the digestible material, so that growth is reduced.  Subsequent reductions in water 
processing actions during such adverse conditions can further cause growth to slow or become negative 
(Jorgensen, 1990). 
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Tolerance of suspended silt is likely to differ greatly between bivalve species depending on their 
evolutionary traits and natural habitat range. For example, it is generally accepted that estuarine species 
accustomed to living in turbid environments would have a higher tolerance of suspended solids than 
oceanic species. The following case study attempts to identify some useful bivalve species for prawn 
farm discharge remediation systems. To be useful they would need to be tolerant of conditions that 
occur in prawn production and settlement ponds where dense algal blooms and high levels of 
suspended particulates can prevail. The level of maintenance required to keep these shellfish working 
efficiently in a water remediation system is also an important factor in the suitability of species for this 
type of application. Our approach was to collect and identify local species that occurred naturally in 
prawn ponds at BIARC, and then subject them to high levels of sedimentation to assess survival and 
hence their potential for use as low-maintenance wastewater remediation species for prawn farms. 
 
Case study - Materials and methods 
 
Shellfish were collected from a high-density-polyethylene (HDPE) lined prawn culture pond (0.16 ha x 
1.6 m deep) at harvest. The pond had initially been stocked with banana prawns (Penaeus merguiensis) 
at a commercial stocking density (30 m-2), and was intensively managed for 11.5 months before harvest 
(7 January 2003). Shellfish were collected from the bottom and sides of the pond as the water receded 
and these remained out of water for no more than one hour.  
 
Four shellfish tumblers (Tooltech Pty Ltd., Australia) made from HDPE were used to house the 
shellfish collected. Each was stocked with variable proportions of the live shellfish with almost total 
bottom surface coverage. These tumblers were suspended approximately 10 cm below the water 
surface in a rectangular concrete raceway (20,000 L) supplied with continuous aeration and 
flowthrough of unfiltered seawater (Figure 1). The raceway also contained several large (>1kg) sea 
mullet (Mugil cephalus), which maintained turbid conditions by continually re-suspending silt that had 
accumulated in the tank from artificial feeds and intake water. Shellfish inside the tumblers were left 
undisturbed for 3 months. They were then removed from tumblers and examined for sediment build-up 
and fouling, survival and the presence of other biota. All shellfish species collected were identified 
using photographic texts (Coleman, 1975; Rippingale and McMichael, 1961; Lamprell and Healy, 
1998). Identifications were confirmed at the Queensland Museum. 
 

 
Figure 1. Concrete raceway used to hold shellfish in tumblers 
 
Case study - Results 
 
Four species of bivalves were found to survive and grow at notable levels in this prawn pond at 
BIARC. These were identified as follows: Sydney cockle or mud ark, Anadara trapezia (Deshayes, 
1840); the rock oyster, Dendostrea folium (Linnaeus, 1758); the pearl shell oyster, Pinctada maculata 
(Gould, 1850); and the white hammer oyster, Malleus albus (Lamarck, 1819). Pictures of specimens of 
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each of these species taken from the pond are shown in Figure 2. The internal shell and viscera for 
these specimens are shown in Appendix 1. 
 

 

A B 

 

C D

Figure 2. The four main bivalve species found in lined prawn ponds at BIARC. A - mud ark (Anadara 
trapezia), B - rock oyster (Dendrostrea folium.), C - pearl shell (Pinctada maculata), and D - white 
hammer shell (Malleus albus). 
 
Although some colour differences were found (particularly in the pearl shell oysters – see Appendix 2), 
the majority of each species had very similar morphology and were assumed to be variations of the 
same species.  
 
The mud ark was the most common live species collected from the prawn pond (629), followed by the 
rock oyster (343), the pearl shell (192), and to a much reduced level the white hammer shell (4). Most 
of these shellfish were collected in and around the pond outlet monk, or on the ridges of folds in the 
plastic pond bottom. None occurred in the proximity of the anoxic sediment build-up in the centre of 
the prawn pond.  Large numbers of live and dead rock oysters were also found attached to the plastic 
sides of the pond, just below the water level. Their considerable spat-fall had become apparent soon 
after commencement of the prawn production cycle, but mortalities in many of these was noted 
midway through the prawn cycle. At harvest, many of the live oysters on the sides of the pond could 
not be removed without damaging them so these were not used for further study. 

 
The overall survival rates for shellfish in tumblers during the 3 month trial period is given in Table 1. 
Raw data for each of the 4 tumblers used is provided in Appendix 3. Mud arks had the highest survival 
closely followed by the pearl shells. Rock oysters had the lowest survival. The low number of white 
hammer shells in the study prevents meaningful comparisons. 
 
Table 1. Overall survival of bivalves collected from a prawn culture pond and held in tumblers 
suspended in turbid conditions for 3 months. 

Bivalve species %  survival 
Mud arks 99 
Pearl shells 88 
Rock oysters 63 
White hammer shells 75 

52  



Wastewater remediation options for prawn farms 
___________________________________________________________________________________ 
 
Tumbler 1 mainly contained rock oysters, and appeared to be the most heavily fouled tumbler at the 
end of the sedimentation trial period (Figure 3). The oysters were covered in a thick layer of silt to the 
point that it was difficult to distinguish individual shells within the whole mass. Sprawling sponges, 
benthic algae and numerous small worms with soft mud casings also covered the shells. In some 
clumps of oysters there were pockets of mud that also supported large Nereid polychaetes. Many 
amphipods were also found sheltering between oysters and within dead shells. Upon opening, living 
oysters were found to contain considerable silt within the viscera. 
 

 
Figure 3. Tumbler 1 showing the high degree of silt accumulation on rock oysters.  

 
 
Tumbler 2 contained mainly mud arks and pearl shells with only a few rock oysters. The shellfish in 
this tumbler were similarly covered with a fine layer of silt and numerous worms with soft mud casings 
(Figure 4). Some pearl shells were also attached to each other and to the sides of this tumbler (Figure 
5). Ascidians and sprawling sponges were also growing on the shellfish and tumbler in low numbers. 
 

 
Figure 4. Tumbler 2 showing mud arks covered with silt and worms with soft mud  
casings. 

 
 
Tumblers 3 and 4 contained a mix of all species collected. Again, a thick layer of silt prevailed with a 
similar community of fouling organisms.  Some pearl shells had also again attached to each other and 
to the sides of the tumbler.  
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Figure 5. Tumbler 2 showing the attachment of pearl shells to each other and to the  
tumbler using byssal threads. 

 
 
Literature review and discussion 
 
Mechanisms of bivalve filtration 
 
Jorgensen (1990) provides a detailed description of the filtration mechanisms of filter-feeding bivalves. 
In general, gravimetric, inertial and viscous forces act on suspended particles in ambient water as it is 
drawn through the mantle cavity and gills with cilia activity. Water entering the interfilament canals of 
the filter is strained with filaments that are coated with mucus so that suspended particles are retained 
on impact. Particle handling within these filters is facilitated by ciliary tracts, which produce water 
currents and collect and direct the passage of particles. Some tracts have fine cilia that retain small and 
light particles and lead to the mouth. Other tracts have course cilia, which retain larger heavier particles 
and carry it away for expulsion. Apart from this mechanical sieving of particles, electrical charge is 
also thought to assist in the capture of fine particles (see Shumway et al. 1985). Dissolved organic 
molecules can also be taken up through the epidermis (Jorgensen, 1990). 
 
Shumway et al. (1985) studied the selective ingestion and digestion for six bivalve species in mixed 
algal suspensions, on the basis that at least 3 mechanisms of selection occur, namely: 1) preferential 
retention on ctenidial filters; 2) preingestive selection on the labial palps following transfer from the 
ctendia; and 3) differential absorption in the gut. This work demonstrated that such particle selection 
mechanisms act differentially on similarly sized particles, either in isolation or in combination, 
depending on the adaptive differences between bivalve species in their abilities to remove fine 
particles. 
 
Bivalves are also thought to regulate their filtration rates according to prevailing algal concentrations 
(Winter, 1975), although the metabolic products of algal cells alone have also been shown to affect 
oyster feeding (Loosanoff and Tommers, 1948).  Very low algal concentrations can cause starvation, 
and excessively high concentrations arrest growth by stimulating reduced filtration and increased 
material rejection as pseudofaeces. It is generally accepted that bivalves process available food 
particles to secure a relatively constant rate of food ingestion. This rate of ingestion is determined by 
their digestion rates.  However, Jorgensen (1990) suggests that widely accepted views about the 
physiological control of water processing and particle clearances do not account for the high capacity 
of filter pumps, and that many previous experiments have not provided conditions necessary for 
demonstration of their full growth potential. Many environmental factors have been shown to affect 
bivalve filtration rates and efficiencies. These include temperature, oxygen levels, water flow rates, 
particle concentrations, animal size, biomass densities and species-specific characteristics (Shpigel et 
al., 1997). 
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Nutrient cycling by filter-feeding bivalves  
 
Shellfish are low order consumers in natural food chains. They are known to reduce water turbidity and 
filter organic matter, silt, bacteria and viruses from the water column to directly and indirectly remove 
nitrogen and other nutrients (Shumway et al. 2003). They generate particulate and dissolved materials, 
which impact on benthic and pelagic habitats. Dame (1996) provides a comprehensive examination of 
marine bivalve metabolism and nutrient cycling. Where dense aggregations exist they are known to 
have a pronounced effect on water qualities and nutrient cycling. They process and store both inorganic 
and organic carbon. Inorganic carbon is available in seawater as calcium carbonate, which is used in 
the matrix of bivalve’s shell biomass. This has relevance to polyculture systems that may be prescribed 
for treatment and recycling of prawn farm effluent. For example, recent advice from a prominent 
shrimp farming company in Thailand (Charoen Pokphand Foods) provided at an Australian workshop 
in July 2003, suggested that when large numbers of mussels or snails are present in shrimp ponds, 
reduced calcium availability to shrimp can cause them to suffer from soft shells. This effect would be 
more pronounced in low water exchange or recirculated systems, where the addition of calcium as lime 
or dolomite may be required to increase calcium availability and maintain the health of shrimp. 
 
Oyster reefs are considered highly heterotrophic estuarine processors, filtering large quantities of 
particulate organic carbon from the water column and releasing both particulate and dissolved organic 
carbon (Dame, 1996). Benthic bivalves can also rapidly recycle nitrogen in coastal waters. Particulate 
organic nitrogen is consumed mainly as phytoplankton, and released as particulate organic nitrogen, 
ammonium and dissolved organic nitrogen in the form of amino acids and urea (Dame, 1996). Positive 
feedback loops exist between phytoplankton and bivalve populations, since both benefit from this 
nutrient recycling, but areas beneath bivalve beds also receive nitrogen from bivalve deposits to cause 
an accumulation of nitrogen in sediments and influence biogeochemical processes. For example, 
Kaspar et al. (1985) found higher levels of nitrogen in the sediments under green-lipped mussel (Perna 
canaliculus) farms than at a control site. Although nitrite and nitrate levels were similar, the 
ammonium pool had been doubled. Decomposition of the organic nitrogen in deposits and a higher ion-
exchange capacity of the sediments due to the increased organic matter content were thought to be 
responsible for this observed stimulation of remineralisation processes. The increased flux of pre-
digested organic material supplied to sediment decomposers by bivalves is thought to greatly accelerate 
the cycling of nutrients through these ecosystems.   
 
Grant et al. (1995) also documented much higher ammonium releases from sediments under mussel 
(Mytilis edulis) lines that had been used over 10 years, compared with a reference site. Whilst the 
impacts of biodeposits from bivalve aggregations on the benthos will greatly depend upon site-specific 
factors like localised hydrodynamics and sediment types, these studies demonstrate that a partial shift 
towards anaerobiosis can be expected in the long term. 
 
Asmus and Asmus (1991) questioned the utility of bivalves to reduce phytoplankton biomass in 
another study of a mussel (Mytilus edulis) bed during summer in the North Sea. The results suggested 
that if all of the ammonium released by the mussel bed were taken up by phytoplankton, that the 
primary production induced by this nutrient release would be higher than the amount of phytoplankton 
consumed. The reason for this is thought to be due to the mussels consuming particulate organic matter 
other than phytoplankton, such as small zooplankton and detritus, or through an additional uptake of 
amino acids from the water column. Thus, nitrogen other than that incorporated in phytoplankton can 
be mobilised by bivalves to accelerate primary production. On the other hand, dense aggregations of 
bivalves have been shown in a number of studies to reduce chlorophyll concentrations in surrounding 
waters (eg: Shpigel and Blaylock, 1991; Jones et al., 2002) and control phytoplankton production (see 
Jorgensen, 1990). 
 
There has been comparably less research conducted into the effects of bivalves on phosphorus cycling, 
but the available evidence suggests that oysters such as Crassostrea gigas remove significant amounts 
from natural waters and deposit most of this in sediments (eg: Sorin et al., 1986: cited in Dame, 1996). 
Dame et al. (1989) found that 8% of the total phosphorus uptake by dense C. virginica beds was 
released as orthophosphate, and that the uptake of phosphorus was proportionately higher than nitrogen 
and carbon uptakes predicted by the classical Redfield1 ratio. Marine diatoms are a major component of 

                                                           
1 General atomic ratio for carbon, nitrogen and phosphorus in phytoplankton is 108:15.5:1 (Redfield et 
al. 1963). 
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the coastal phytoplankton communities utilised by bivalves and are also a major sink for other 
dissolved nutrients like silica, which are essential to coastal marine life. It is generally believed that the 
biodeposition of nutrients caused by filter feeding bivalves, and the resulting increased remineralisation 
in sediments provides increases in the productivity and stability of estuarine ecosystems (Dame, 1996).  
 
Bivalve filtration rates and efficiencies 
 
There has been considerable research over the last 50 years investigating the feeding efficiencies of 
various commercially important shellfish. Bivalves are generally thought to retain small particles 
(1µm) less effectively than larger particles (4µm). However different species have varying abilities to 
utilise fine particles (Shumway et al., 1985). Wisely and Reid (1978) studied the removal of different 
particle sizes and concentrations of cornflour and riceflour by Sydney rock oysters (Crassostrea 
commercialis). They found that particles of cornflour <5 µm appeared optimal for ingestion. Their 
work also suggested that riceflour particulate (<5 µm) concentrations of  <2 mg L-1 produced faeces but 
very little pseudofaeces. At 18 mg L-1, 50% of the oysters were also producing pseudofaeces, and at 35 
mg L-1 all were producing faeces and pseudofaeces. Particle sizes of <5 µm are thought to be most 
suitable for this species (Wisely and Reid, 1978). 
 
Tenore and Dunston (1973) investigated the effects of different phytoplankton concentrations on 
feeding and biodeposition for three species. These were the blue mussel Mytilus edulis, the American 
oyster Crassostrea virginica and the hard clam Mercenaria mercenaria. For all species, low algal 
concentrations caused low feeding rates, and clearance rates increased with algal concentrations, as did 
biodeposits. The clams were less efficient at removing particulate matter than the oysters, which had 
the most efficient assimilation of food, and the particle size of suspended material increased after 
oyster filtration. These bivalves were shown to be more efficient when exposed to natural 
phytoplankton levels, and these authors pointed to the resulting ecosystem shifts towards deposit-
feeding pathways that could be expected when exposing bivalves to eutrophic systems in constructed 
ecosystems. 
 
The effects of suspended silts on oysters’ (and mussels’) feeding activities were documented many 
years ago (eg: Loosanoff and Tommers, 1948; Lossanoff, 1962). These early investigations found that 
silt concentrations of 100 mg L-1 reduced average pumping rates (and therefore feeding) by over 50%, 
and concentrations of 3000-4000 mg L-1 reduced it by over 90%, or caused the bivalves to close their 
shells completely. Minute quantities of silt alone have been shown to stimulate pumping activity in 
Crassostrea virginica, possibly due to mechanical stimulation of the gills (Loosanoff, 1962), but at 
higher concentrations, shell movements become vigorous as gills are frequently cleansed, while large 
quantities of pseudofaeces are expelled.  In contrast, the work by Winter (1975), with the mussel 
Mytilus edulis, suggested that suspended silt concentrations of 2.5-100 mg L-1 did not reduce tissue 
weight gain. In fact, a silt concentration of 12.5 mg L-1 increased the dry tissue weight by 32% when 
optimal algal cell densities were also supplied. Shell weight also increased with increased silt loading. 
This later study concluded that low levels of silt, which resulted in accelerated growth, stimulated the 
mussels’ feeding activity.  
 
More recent work by Shin et al. (2002) with the green-lipped mussel Perna viridis, showed that this 
species also has a high tolerance of suspended solids for short periods (1200 mg L-1 for 96 hr), but 
noted resultant permanent gill damage that was likely to exert sublethal effects in the long-term. The 
morphology of their ctenidia was affected by increased sediment loadings, and these mussels were 
suggested to temporarily increase their pumping rate to compensate for the impaired filtration and 
maintain their level of feeding. M. edulis has been suggested by Smit (2000) as the best species to 
remove particulates in some saltwater systems. Smit reports the development of algae and water quality 
control measures at a Dolfinarium in the Netherlands, and quotes 80% removal of all suspended 
organic matter in filter prototypes supplied with 25 L hour-1 kg-1 mussel biomass. 
 
Shpigel and Blaylock (1991) measured the filtration efficiency (FE) of the Pacific oyster C. gigas in 
fish-pond effluent by comparing the levels of particulate organic nitrogen (PON) in the inflow and 
outflow of their effluent treatment systems. These authors also measured filtration rates (FR) provided 
by C. gigas according to the following formula: FR = [(PONin – PONout)/W] x (flow rate in L h-1) 
where W = total oyster wet weight. They found that in 25 L conical tanks stocked with 20 g L-1 total 
oyster wet weight (ie: 500 g tank-1), filtration efficiencies declined with increasing flow rates. Highest 
efficiencies were achieved during warmer (25-32°C) months with exchanges of 2 tank volumes h-1, 
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when PON levels were more than halved (51%).  Doubling and trebling flow rates during summer 
reduced FE’s to 41% and 17% respectively. FE’s during winter (11-19°C) ranged from 34 to 12% with 
similar flow rates. Conversely, filtration rates increased with increasing exchange rates (2-6 tank 
volumes h-1) during summer from 10.6 to 14.3 µg PON g-1 whole oyster h-1. Filtration rates were not 
significantly affected by flow rates during cooler months. Oysters used in this work had mean sizes of 
4.2 and 6.5 g in winter and summer respectively.  
 
On the other hand, Bougrier et al. (1995) found that the maximum clearance rates for C. gigas were 
achieved at a temperature of 19ºC, whilst oxygen consumption increased with water temperatures (5-
32ºC tested). However, the mortalities noted at 32ºC in this study, along with the oxygen consumption 
data, suggested that the acclimation period used may have been too short to reflect the species’ 
tolerances of extreme conditions. 
 
The growth of C. gigas in fish farm effluent was studied further by Lefebvre et al. (2000). They 
investigated the relative values of fish faeces (from Dicentrarchus labrax) and the diatom Skeletonema 
costatum as organic food sources for this oyster. Absorption efficiencies were high (56%) for the fish 
faeces but higher (66-70%) for the diatom. The results showed that the diatom was preferentially 
ingested in mixed suspensions. Clearance rates were not affected by the types of food offered, but were 
generally reduced when the oysters were reproductively mature. Under optimal conditions, the oysters 
demonstrated abilities to remove almost 100% of the faecal particles (4-5 µm) from the effluent, 
despite its dilution with inorganic clay particles from the earthen pond. 
 
The filtration abilities of the pearl oyster, Pinctada margaritifera have also been studied by Pouvreau 
et al. (1999). They compared the retention efficiencies, clearance rates and gill areas of this species to a 
range of other bivalves. This species is commercially exploited in seemingly adverse-food conditions 
with low phytoplankton levels, typical for coral atoll lagoons of French Polynesia. It was found to have 
low (15%) retention efficiencies for small (1µm) algal particles (eg: cyanobacteria) but high 
efficiencies (98%) for slightly larger (5µm) algal particles (eg: Chaetoceros gracilis and Isochrysis 
galbana). The size of animals did not appear to affect these efficiencies, and nor did the type of 
experimental system used (closed verses flowing). The species was found to have high relative gill size 
and a high pumping rate making it well adapted to oligotrophic waters with low turbidity.  
 
Integrating bivalves into biological systems like prawn farms  
 
Molluscs form an integral part of natural macrobenthic assemblages (O’Hara, 2001), and are an 
important food source for many inshore species with high commercial value (eg: Penaeus merguiensis; 
Chong and Sasekumar, 1981). As discussed earlier, filter-feeding bivalves can greatly affect their 
environment through controls over primary production by phytoplankton grazing and biodeposition of 
silt and detritus (Jorgensen, 1990). Their abilities to remove suspended particles including microalgae 
from the water column and to reduce nutrients in waters to be discharged or recycled is well 
recognised. It is for these reasons that they have been proposed by many workers for use as remediators 
of nutrient rich mariculture effluent. Additionally, marine microalgae have been shown to effectively 
grow and remove inorganic nutrients from a variety of waste streams (eg: primary sewage effluent: 
Craggs et al., 1995; land-based fish farm effluent: Lefebvre et al., 1996), so linkages between 
phytoplankton and bivalve production systems may also have many future applications in other areas 
(domestic and industrial effluents).  
 
Many authors have proposed the production of valuable secondary crops of bivalve molluscs from 
shrimp production ponds.  Walker et al. (1991) for example cultured bay scallops, Argopecten 
irradians concentricus, under varying conditions in shrimp ponds in South Carolina, U.S.A. The results 
suggested that this was biologically feasible (up to 77% survival, good growth and limited fouling), but 
the economics of this activity were considered uncertain. Other bivalves have already been 
incorporated into shrimp-farm designs that employ complete recirculation in Taiwan and Thailand 
(Hopkins et al. 1995). Although the bivalves may not represent a proportionately large sink for 
nutrients in these systems, they can assist in removing phytoplankton and other non-settleable materials 
from the water column.   
 
The high levels of bivalve production that may be possible within shrimp ponds is demonstrated in the 
work by Hopkins et al. (1993). They stocked a P. vannamei pond with hard clams Mercenaria 
mercenaria and oysters C. virginica. The clams were placed on the pond bottom (3.4 x 106 ha-1) and the 
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oysters were placed on trays and on the pond bottom (total of 1 x 106 ha-1). Survival and growth of the 
shrimp (10.6 t ha-1) was not affected by the substantial biomass of bivalves produced (approximately 7 
t ha-1 each for clams and oysters). In terms of water quality differences between this polyculture, and a 
monoculture of prawns used as a control, suspended particulate matter including phytoplankton, BOD, 
nutrient levels and pH in the water column were measurably lower in the bivalve pond, whilst 
dissolved oxygen was higher.  
 
More than 20 years ago, Scura et al. (1979) reported rapid growth and a reduction of the commercial 
grow-out period for oysters cultured in an intensive semi-closed raceway system. Three species of 
oysters were then under production, namely Crassostrea virginica, C. gigas and Ostrea edulis. Marine 
microalgae (Thalassiosira sp., Chaetoceros sp. and Isochrysis sp.) cultured in earthen ponds were 
recirculated through raceways where oysters were held in stacked trays. Good food chain efficiency 
was demonstrated and over 88% of the microalgae were removed from water in the oyster raceways 
(supplied with 3,000 L min-1).  C. virginica was reported to produce the best results, with mortalities in 
the order of 9.5% from stocking 2 mm seed to market size of 55 g in 10 months. However, it is 
believed that this and other attempts at land-based bivalve culture failed due to the excessive cost and 
low reliability of mass-producing the microalgae feed (Jakob et al., 1993). Better prospects were seen 
in utilising the large quantities of microalgae wasted with discharge from shrimp ponds, although pond 
water flow rates and oyster biomass relationships would need to be optimised (Jakob et al., 1993). 
 
Wang (1990) provided a conceptual model of a shrimp/oyster co-production system that may produce 
two highly priced products, whilst reducing the level of system discharge. Although it was considered 
feasible to design a zero discharge system with these components, Wang emphasised that his group (in 
Hawaii) did not advocate a closed system due to perceived difficulties in balancing minor elements, 
and due to the inevitable need to add water periodically. Their focus was on removing algae and 
suspended solids from shrimp pond water, so that it could be reused in the shrimp ponds to dilute algal 
blooms. Other considerations given in this paper included mechanical sedimentation to remove 
suspended matter including oyster faeces, and the provision of oxygen to large oyster beds that would 
require continuous flow. 
 
Sandifer and Hopkins (1996) have also provided a conceptual design for a sustainable shrimp culture 
system. The model consists of 6 components which incorporate almost total water recycling. The 
components of this proposed 4 ha production system are as follows: 

1) 3 x 1 ha shrimp ponds (Penaeus vannamei or P. setiferus stocked at 100 m-2); 
2) 1 x 1 ha oyster (Crassostrea virginica at 106 ha-1) – mullet (Mugil cephalus at 7000 ha-1) 

polyculture /water treatment pond; 
3) A small phytoplankton inoculation pond used to culture desirable algal blooms to seed 

production ponds when necessary; 
4) A solids settling basin used to settle solids removed from the ponds periodically as a 

water sludge mixture, with settled water returned to the production ponds; 
5) Sludge dewatering beds, constructed with a perforated plastic underlayer; 
6) Dewatered sludge usage on agricultural land. 

 
The shrimp in this system would be produced on a 140-160 day cycle. Between shrimp crops (through 
winter) an aquatic pasture dominated by seaweed (Enteromorpha sp.) and invertebrates such as 
gammarid amphipods, copepods (Acartia tonsa) and polychaetes (Capitella capitella, Polydora 
cornuta) is allowed to develop in the ponds, being driven by residual nutrients. These organisms 
provide natural food for shrimp restocked in the next cycle. The oysters and mullet used in this design 
are maintained as 2 separate year classes, with half of the stock harvested each year. The oysters would 
be grown on racks suspended 60 cm above the pond bottom at a minimum density of 500 m-2. Targeted 
production levels were 40 tonnes of shrimp per year (75% survival), 500,000 oysters per year (>95% 
survival), and >7 tonnes of mullet per year (≥90% survival). 
 
Early work integrating bivalves with prawn ponds in Australia was conducted by Maguire et al. (1981) 
at Port Stephens in New South Wales. Those studies compared the growth and condition of the Sydney 
rock oyster (Crassostrea commercialis) on continuously submerged trays in estuarine ponds stocked 
with school prawns (Metapenaeus macleayi), and in an intertidal culture lease. Shell growth at the two 
sites was similar, but very high meat condition developed in the prawn ponds. Occasional problems in 
shell and meat growth in the prawn ponds were attributed to slow water flow past the oyster beds. 
Better meat condition was produced using low stocking densities (14,182 ha-1), but even at high 
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densities (347,273 ha-1) significant fattening resulted in marketable condition. However, significant 
mortalities of oysters occurred in one large-scale polyculture trial.  Maguire et al. noted that fouling of 
oysters with silts and spat-fall, and water current circulation were important aspects for integration into 
farm designs and management. Interest by this group of researchers also extended at that time to the 
fattening of oysters in fertilised ponds filled with seawater (Nell, 1985). The algal blooms that 
developed fed oysters placed in floating pontoon trays, so that when the water was >20ºC, poor oysters 
fattened to marketable condition in about four weeks. Although Sydney rock oysters can take 3 years to 
achieved market size (40-60 g), triploid oysters have recently been shown to grow faster in their second 
year, especially when they are produced from selected lines (3rd generation marketable 9 months 
earlier) (NSW Fisheries, 2002b).  
 
Jones and Preston (1999) furthered this work in Australia by investigating the effects on water quality 
of the Sydney rock oyster as a means to filter prawn (P. japonicus) pond effluent. The study involved 
stocking 3 densities (low – 8, medium – 16, and high – 24) of oysters (55g) into 34-litre tanks, using an 
effluent retention period of 2 hours, and measuring resulting total suspended solids, organic and 
inorganic matter, total nitrogen, total phosphorous, bacteria and chlorophyll a concentrations. Dead 
shells were used as controls in the experiment, and the effluent contained 72% inorganic and 28% 
organic matter. All parameters tested were reduced significantly by oyster filtration, with the highest 
density having the most pronounced effects on water qualities. Suspended solids in this experimental 
system were reduced by up to 51%, bacterial numbers by up to 42%, total nitrogen by 20% and total 
phosphorous by 33%.  Calculations based on 20% exchange rates per day suggested that 0.12 ha of 
treatment pond area containing 120,000 oysters of similar size and density (100 m-2) would be 
necessary to treat discharge from a 1 ha prawn pond to a similar level. 
 
Various other species of oysters have been proposed as biological filters for mariculture effluent. 
Shpigel and Blaylock (1991) demonstrated the use of the Pacific oyster Crassostrea gigas to reduce 
excessive phytoplankton from fish ponds, so that seawater usage was halved in the production of 
gilthead sea bream. This work conducted in Israel, produced commercial sized oysters in 14 - 18 
months, but highlighted the need to consider the combined temperature and salinity tolerances of the 
species used. Stressed Pacific oysters in this study (>27°C and >41 ppt.) produced an increase in amino 
nitrogen (dissolved organic nitrogen), which represents a metabolic energy drain that lowers growth 
rates and can result in mortalities. Further work by this group showed that C. gigas grew faster and had 
better condition when grown in water supplied from an earthen sedimentation pond, than in water from 
a PVC-lined pond (Shpigel et al., 1991; 1993b). The reasons for this difference were thought to be 
higher algal diversity providing a better balance of nutrients, presence of benthic diatoms attached to 
suspended particulate inorganic matter, and more stable algal booms in the earthen pond. 
 
Further biomechanical-filtration studies using two species of bivalves were undertaken by Shpigel et 
al. (1997) for fish-pond effluent.  Different and complementary filtration capacities of two bivalve 
species (C. gigas and Tapes philippinarum) were combined with mechanical sedimentation in two 
flow-through reactors with different water mixing patterns.  One was a laminar flow system described 
as a plug flow reactor (PFR), where longitudinal flow remained relatively unmixed. The other was a 
continuously stirred flow reactor (CSFR) that used aeration to maintain homogenous mixing of 
particulate matter between the intake and outlet ports. These reactors (15 cm wide x 80 cm long x 12 
cm high) each contained 14.4 L of water and were stacked with trays of bivalves (1 kg biomass in each 
reactor using 3-7 g animals).  
 
Better performance (10-20%) in terms of particulate matter and algae removal was demonstrated in the 
PFR compared with the CSFR. Comparisons between similarly sized C. gigas and T. philippinarum 
suggested that C. gigas was more efficient at total particulate removal (inflow concentrations of 5-35 
mg L-1 dry weight). Small C. gigas (5-10 g) were also shown to be significantly more efficient at 
removing suspended particulate matter than large ones (20-25 g). Combining juveniles of both species 
was suggested as an optimal treatment approach, and predictive particle removal models for both 
reactor types are presented. Whilst the laminar flow reactor was shown in that study to be better at 
removing suspended particulates than the homogeneously mixed reactor, differential growth rates 
could be expected in filter-feeding bivalves within plug flow systems due to diminishing food 
resources in the water as it progresses along the laminar filtration system (Jorgensen, 1990). This could 
be especially pronounced if flow rates through such a reactor were slowed to provide maximum 
filtration levels. From a marketability perspective, variably sized bivalves are likely to reduce a crop’s 
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commercial value as a food grade product. Thus, a selective trade-off exists between the better 
economic returns that a CSFR may provide, and the higher environmental values inherent with a PFR. 
 
Although research into recirculating systems for prawn farms has focussed recently on bacterial floc 
production systems (eg: Burford et al., 2003), microalgal based systems may offer a number of 
advantages over such systems, as described recently by Wang (2003). These include the high nutrition 
that microalgae can provide to oysters for creation of additional profits, and control or reduction of 
bacterial and viral diseases of prawns from the microalgae’s antibacterial properties. Wang (2003) 
states that a breakthrough in diatom production technologies at the University of Hawaii is providing 
controls over algal species continuously generated in open systems. This is facilitating the design of a 
recirculating oyster/shrimp system, which uses the marine diatom Chaetoceros sp. as an intermediary 
that incorporates excess nutrients from the shrimp’s production. 
 
An important aspect of this integrated design is the balance between resources needed by the shrimp, 
algae and oysters. Wang (2003) suggests that this balance can be best achieved by building in steady 
states for biomass and resource utilisation efficiency. In work so far conducted, this is achieved by 
dividing the facilities’ production into many staged units. Frequent harvests and restocking of units 
within the facility maintains relatively consistent biomasses of the two animals, so that the rate of waste 
discharge can remain constant over time.  Wang reports that two commercial systems using this 
concept have been developed recently in Hawaii. One produces shrimp and clam seeds and the other 
produces shrimp brood stock and clam seeds. 
 
Combining bivalve and macrophyte culture systems may be particularly effective at removing nutrients 
from mariculture effluents (Hopkins et al. 1995).  Following considerable background work with the 
isolated components, Shpigel et al. (1993a) proposed an integrated treatment system for fish culture 
effluent using bivalves and seaweed. The four components of this system are 1) phytoplankton-rich fish 
culture, 2) sedimentation facility, 3) bivalve (C. gigas and Tapes semidecussatus) culture, and 4) 
seaweed (Ulva lactuca) culture. The system operates sequentially as above with treated effluent 
flowing back to the sea, although water is also recirculated between the settlement and bivalve 
facilities. Nitrogen budgets developed from previous studies suggest that 63% of the nitrogen added as 
feed can be recovered in various harvested forms (26% fish, 14.5% bivalve and 22.4% seaweed), with 
the remainder wasted as settled faeces (32.8%) and discharge back to the sea (4.25%).  For every 
100m2 of fish pond, the model requires 50 m2 of sedimentation, 33 m3 of bivalve troughs and 42 m2 of 
seaweed culture area. This system was expected to produce 1kg of fish, 3 kg of bivalves (suitable for 
human consumption) and 7.8 kg of seaweed from 3 kg of fish food. 
 
Shpigel and Neori (1996) later described an environmentally friendly integrated system for the culture 
of seaweed (Ulva lactuca or Gracilaria spp.), abalone (Haliotis tuberculate), clams (T. philippinarum) 
and fish (Sparus aurata). At least half of the nitrogen supplied to the system was incorporated in 
harvestable yields with a general approach of  “controlled eutrophication”.  Projected revenues 
increased with the complexity of the modular systems, but figures generated were highly volatile 
depending on the value of the particular species utilised. The more complex designs incorporating all 
of these species required more land area, greater infrastructures, a much higher level of technical 
knowledge and labour, and was reliant on poorly understood microbial processes.  
 
Enander and Hasselstrom (1994) have also reported an experiment utilising a bivalve/macrophyte 
combination to treat shrimp farm effluent in Malaysia. The bivalve used was the hairy cockle 
Scapharca inaequivalvis, and the macrophyte used was Gracilaria sp. These species were selected on 
the basis of their tolerance of dehydration, and of likely variations of water salinity, pH, and 
temperature. The cockles performed well, increasing their biomass by 27% in one month. However, the 
Gracilaria sp. did not grow well as it became fouled with the green algae Enteromorpha sp. 
Nevertheless, the system removed 83% of the phosphate, 61% of the total phosphorous, 81% of the 
ammonium, 19% of the nitrate, and 72% of the total nitrogen from the effluent stream. 
 
Mussels have also been proposed as potential remediators of prawn farm effluent. Lin et al. (1993) 
suggests that economic, social and ecological values were realised in a pilot farm-scale trial where the 
green mussel (Perna viridis) was grown in the effluent stream of an intensive prawn (P. monodon) 
farm in Thailand. Additional seafood was produced and water qualities were reportedly improved 
(though not studied in detail). These mussels grew from 12.2 to 42.4 g during the 113-day culture cycle 
with 85% survival.  
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Cheshuk et al. (2003) deployed the Tasmanian blue mussel Mylilus planulatus on open-water salmon 
(Salmo salar) cages to determine whether enhanced mussel performance could be demonstrated. Such 
demonstration would indicate that integrating mussel culture practices could reduce nutrient loading of 
the environment surrounding the fish farm. However, no differences between mussels grown within the 
farm lease area and control sites were demonstrated. Reasons for this finding included several factors 
affecting the access of mussels to particulate waste emanating from the farm. Bodvin et al. (1996) 
proposed a similar and perhaps better system for open-ocean fish cages in sheltered localities. This 
modelled system utilises floating enclosed cages that direct discharge waters through floating 
enclosures containing mussels and seaweed. Theoretical calculations suggested that 112.5 tonnes of 
mussels are needed to completely filter 60 m3 of water min-1. Nitrogen budgets projected for this 
filtration suggested that 25% would be incorporated into mussel biomass, and the rest would be 
excreted as faeces (25-30%) or dissolved matter (45-50%).   
 
Biologically integrated systems for nutrient removal can also be assisted by simple mechanical means. 
A good example of this is the approach taken by Jones et al. (2001). They recognised some of the 
difficulties presented by effluent from shrimp ponds and tested a sequential system of oyster 
(Saccostrea commercialis) filtration (24 hr) and macroalgae (Gracilaria edulis) absorption (24 hr), 
preceded by natural sedimentation (24 hr) to assist in suspended solids removal. The authors noted 
higher than normal suspended solids at the farm during the time effluent was sourced for testing, and 
that 95% of the suspended particles were in the size range 2-4 µm. Sedimentation reduced total 
suspended solids by 88%, total Kjeldahl nitrogen by 30%, total phosphorus by 53% and chlorophyll a 
by 28%. This increased the relative proportion of organic particles from 23 to 31%, thereby enhancing  
its food value to the oysters. Importantly, the results of several researchers, who have demonstrated  a 
degree of tolerance or even improved growth of bivalves with low levels of suspended silt (eg: 
Loosanoff, 1962; Winter, 1975), suggests that not all of the inorganic suspended particles need to be 
removed from prawn farm effluent before filtration with bivalves. 
 
Further work by Jones et al. (2002) demonstrated that recirculating the water through oyster beds 
provided significantly better filtration. That study confirmed that oysters may be more effective at 
filtering prawn farm effluent in a flowthrough system than in a still water system, and that multiple 
passes of water through the system improved the process further.  
 
Hussenot et al. (1998) also conducted some interesting studies that incorporated the use of shellfish 
into integrated effluent treatment systems for extensive and intensive land-based fish farms. They 
compared three basic approaches, namely: 1) treatment by wastewater retention lagoons; 2) treatment 
by foam fractionation; and 3) treatment by microalgae and bivalve filter feeders.  The microalgae/ 
bivalve system involved continuous stimulation of naturally occurring diatoms to reduce TAN levels, 
followed by removal of this phytoplankton with pacific oysters (C.gigas) or other filter feeders.  These 
authors concluded that a combination of all of the basic approaches taken in the study were appropriate 
for inclusion because they each catered for different elements in the effluent. The retention lagoon 
removed particulate matter, foam fractionation removed dissolved organics, and the microalgae/bivalve 
reactor reduced inorganic nutrients and phytoplankton. Although the positioning of each of these 
components had not been optimised, a theoretical approach to their use to treat and recirculate 
wastewaters in intensive systems is discussed.  
 
Mortalities and disease issues in bivalves 
 
High levels of mortality in bivalves have been attributed to prolonged exposure to high concentrations 
of inorganic turbidity (Winter, 1975). Several studies have reported mortalities of oysters when they 
are suspended in heavy siltation zones (Jones et al., 2002) or placed on pond bottoms (Hopkins et al. 
1993). Maguire et al. (1981) reported serious losses of this nature in trials with the Sydney rock oyster 
in turbid prawn ponds, and to avoid fouling Jones et al. (2002) recommend allowing prawn farm 
effluent to settle for 6 hours to reduce particulates prior to biofiltration with this oyster species.  
 
As the ponds at BIARC are lined ponds, lower levels of inorganic silt prevail than at commercial farms 
where aeration erodes pond bottoms and embankments. Nevertheless, significant mortalities occurred 
in rock oysters (Dendrostrea folium) during the prawn production cycle used for the present study. 
Whilst inorganic sediments were probably not responsible in this case, this species may be susceptible 
to other factors like elevated pH (up to 8.84 during the mid-crop period) or inappropriate 
phytoplankton diversity. 
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Mudworm (Polydora sp.) infections are well known to cause mortalities, and have a pronounced affect 
on the market value of oysters (Maguire et al., 1981; Beattie, 2002). However, infections do not 
immediately cause mortalities. Despite notable infection rates in some of the trials conducted by 
Maguire et al. (1981), mortalities of oysters grown in prawn ponds were not attributed to mudworms, 
because few of the oysters that died had shell blisters typically caused by Polydora sp.  Mortalities in 
that study were thought to be more caused by high pond-water temperatures (up to 33ºC) and the 
accumulation of decaying material on the oysters. Nevertheless, oysters grown in prawn ponds are 
known to suffer high mud worm infection rates (eg: 75% in the work by Hopkins et al., 1993). Within 
the conceptual design of a shrimp/oyster/mullet integration proposed by Sandifer and Hopkins (1996), 
the oysters would be exposed to air regularly by pumping between ponds, so that oyster parasites like 
this boring mud worm and a boring sponge (Chione sp.) were controlled. Management regimes that 
may reduce or remove mudworm infections from oysters include regular cleaning of shells to remove 
settled silts, and routinely culturing them high in the water column away from bottom sediments, so 
that tidal fluctuations expose oysters to a regular dryout. More extreme treatments include periodic 
desiccation (7 - 10 days in cool air) or freshwater exposure (2 days), but care with these is 
recommended when oysters are not in optimal health (Beattie, 2002). 
 
Other predatory species, which cause mortalities in cultured oysters, mussels and clams around the 
world, includes Stylochid flatworms from the primitive phylum of marine animals known as 
Platyhelminthes (see Jennings, 1996). Several new species have been identified in Moreton Bay, but 
Imogine mcgrathi is the main species known to cause problems to oyster growers in Queensland and 
NSW (Jennings, 1996; Beattie, 2002; NSW Fisheries, 2004b). It is reportedly more prevalent during 
times of prolonged high salinity, and more inclined to feast on young spat. Oyster drills or borers are 
also common pests in bivalve cultures along the east coast of Australia. There are several different 
species of this carnivorous gastropod, which breach the bivalve’s shell by various means to digest and 
extract its meat. These include the mulberry whelk Morula marginalba, the tingle whelk Xymene 
hanleyi, and the hairy whelk Monoplex australaisae (Beattie, 2002). 
 
Prevailing pond water temperatures are a critical limiting factor for selecting appropriate shellfish 
species, both in terms of optimising filtration activities and overall survival. C. gigas for example has 
been shown to be somewhat intolerant of tropical summer temperatures (32ºC: Bougrier et al., 1995). 
Heat mortality can be expected when oysters are exposed to the hot sun for five hours or more (Beattie, 
2002). Potter and Hill (1982) investigated heat mortality in the Sydney rock oyster and methods to 
control overheating during prolonged exposure to the sun at low tide. Tissue temperatures were shown 
to rapidly rise during direct sun exposure (by 23ºC over 90 min) regardless of whether the oysters were 
clean or coated with mud. Lethal temperatures (upper median) were determined experimentally to be 
41, 45 and 47ºC for 24-, 5- and 2-h exposures respectively. In sunlight, oyster temperatures were 
somewhat reduced by covering with shade cloth (2-4ºC) and spraying with water.  
 
Winter mortality in the Sydney rock oyster is caused by the protozoan parasite Mikrocytos roughleyi 
(NSW Fisheries, 2004b). However this problem is not likely to affect oysters grown at prawn farms 
because it generally only affects areas south of Port Stephens where prawns are not normally grown. 
Whilst this problem has been reduced by more than half in triploid Sydney rock oysters, a small degree 
of brown discoloration of the gonad during warmer months has been observed in these treated animals 
(NSW Fisheries, 2002b). 
 
QX disease in Sydney rock oysters is also caused by a protozoan parasite (Marteilia sydneyi) that has 
genetic variants from the Great Sandy Straits in Queensland to the Georges River in NSW (Kleeman et 
al., 2004). This pathogen has greatly affected oyster production in Queensland and NSW in the past, 
particularly those areas that are in close proximity to muddy substrates (Beattie, 2002). Outbreaks 
occur on a yearly cycle and tend to coincide with warmer months. An unknown intermediate host is 
thought to be involved in this parasite’s life cycle.  
 
Mortalities associated with viruses have also been documented for several bivalve species. For 
example, Lipart and Renault (2002) have detected a herpes-like virus in Crassostrea gigas spat. They 
developed DNA probes and an in situ hybridisation protocol that can be applied to confirm the 
presence of this ubiquitous family of viruses on histological sections. 
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Human consumption, health and translocation concerns 
 
Oysters are used in many countries to monitor biological contaminants and the health of ecosystems 
(Tolley et al., 2003). World-wide shellfish related food poisoning incidences have stimulated voluntary 
and enforced testing programs for culture environments and produce at national and international 
levels. Parameters of main concern include levels of human faecal indicator bacteria, heavy metals, 
petroleum hydrocarbons, organohalogens, and algal biotoxins (Rodgers, 2001). Shellfish harvested 
from areas with previously identified risks for human health are required to be cleansed of 
contaminants with approved depuration procedures prior to sale. Licenses are generally not issued to 
culture oysters in Queensland in high risk areas where water qualities are heavily influenced by 
sewage, domestic or industrial runoff (Beattie, 2002). 
 
In Queensland, shellfish harvested from prawn farm settlement ponds have not been broadly proven 
suitable for human consumption. Conservative restrictions apply at present due to the chances of 
humans ingesting toxins accumulated in the shellfish during the grow-out phase. Many different types 
of algae can proliferate in these eutrophic systems and the accumulation of toxic algae is of major 
concern to health authorities. Further work is needed which identifies the risks, tests such produce to 
develop credibility ratings, and develops a code of practice that can be applied in practical terms 
(personal communication: J.B. Burke, Safe Foods Qld). The advantages of a food safety plan of this 
nature include an ability to recall product if problems are suspected, avoidance of litigation if 
unforeseen problems occur, better access to markets, and uniform culture and processing procedures 
(Burke, 2000). The National Health and Medical Research Council has a code of practice in place for 
commercial estuarine filter-feeding bivalves (oysters and mussels) that are grown in Australia for 
human consumption (NHMRC, 1987). With industry support, this could be used to guide future 
considerations regarding the sanitary and depuration requirements for shellfish grown in prawn farming 
systems. 
 
The work by Shumway et al. (1985) provides insight into how toxic dinoflagellates can be 
concentrated in bivalves. The oyster Ostrea edulis selectively cleared the dinoflagellate Prorocentrum 
minimum from a mixed algal suspension. These authors point to the potential for preferential digestion 
of different algal species ingested, so that viable cells are egested. Concentration of these toxic algae 
can also occur on the bivalve’s ctenidia. Arnott (1998) provides a summary of toxic marine microalgae, 
their biotoxins, and shellfish poisoning in the Australian context.  
 
Bacterial contaminations are also of concern, particularly since humans often consume bivalves 
without cooking. Gram-negative facultative anaerobes like Vibrio and Pseudomonas commonly inhabit 
the digestive tract of bivalves, as mediated by the sources being the surrounding water and their food 
(Gatesoupe, 1999; Prieur et al., 1990). This is of particular concern in coastal areas affected by urban 
pollution, where potentially pathogenic bacteria (eg: Escherichia coli, Salmonella) can accumulate in 
the digestive tract (Prieur et al., 1990). 
 
Lee et al. (2003) conducted investigative work aimed at modifying conditions in a mariculture 
sedimentation pond so that populations of the ubiquitous dinoflagellate Amphidinium sp. (known to 
produce organic solvent-soluble toxins) are minimised. This was particularly pertinent since this 
species becomes concentrated in close proximity to the sediments where some bivalves are feeding. 
This dinoflagellate was found to be out-competed by diatoms when the silica:nitrogen ratio was kept at 
1:1 or greater. This approach of supplementing effluent treatment ponds with silica and other trace 
elements was suggested as one way to integrate molluscs for human consumption into mariculture 
operations. Further research, and vigilance regarding culture conditions was nevertheless 
recommended. 
 
The potential also exists to internalise the use of bivalve-remediator biomass within establishments as 
additional food sources for stock. This creates production systems that are increasingly detached from 
wild resources, and avoids any dangers posed through direct ingestion of contaminated bivalves by 
humans. An example of this approach might be where waste nutrients from Penaeid cultures are taken 
up by microalgae, the microalgae are used to feed molluscs, which in turn are used as natural feed, 
conditioning or maturation diets for the Penaeids. This is seen in the work of Lombardi et al. (2001). 
They describe an experimental system for the brown mussel (Perna perna) grown on sea cages, which 
are used to feed prawns (Litopenaeus vannamei) in Brazil. Fresh mussel meat is used to supplement or 
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replace expensive commercial pellets whilst live animals left on the mesh of cages assist in the clean up 
of organic wastes from the cages. 
 
Translocation issues are also of concern where bivalves are introduced and proliferate in environments 
that are devoid of their natural predators. There are numerous accounts of mussels invading new areas, 
displacing native species, and becoming a pest through coating equipment in contact with seawater. 
The black-stripped mussel, Mytilopsis sallei, has destroyed pearl farms in other countries, and was 
discovered near the Port of Darwin in the Northern Territory in 1999 (Field, 2002). This and other 
species of problematic mussels (eg: Asian green mussel Perna viridis) have since been detected on the 
hulls of vessels entering the Port of Darwin. Costly monitoring and control programs have been 
implemented to safeguard this area against such infestations (Field, 2002). A risk assessment process 
should therefore be applied to the proposed introduction of species into farming operations. The use of 
locally occurring species with similar utility may be the preferred approach.  

 
Potential bivalve species for use in Southern Queensland 
 
Not all bivalve species will be suitable to integrate into prawn farming systems. One locally relevant 
example of this is the eugarie or beach pipi (Donax deltoides), which occurs in sandy substrates around 
Australia’s high-energy coastlines. They are commonly used as food for prawn broodstock in Australia, 
and are routinely fed to such prawns at BIARC after nutritional enrichment with live cultured 
microalgae. These shellfish can quickly clear water containing high concentrations of several 
microalgal species of varying sizes, including Chaetoceros mullerii, Nanochloropsis occulata and 
Tetraselmis chuii. These algal species are typical of the different types and size ranges of 
phytoplankton that occur in prawn ponds, which can represent a large portion of the nutrients 
discharged in wastewaters. However, D. deltoides is never found in ponds at BIARC, despite there 
being healthy populations directly adjacent to the centre’s intake pipes. As the free-living trochophore 
larvae from this naturally occurring bivalve have unrestricted access to these culture ponds, the reason 
for their absence on the site is most likely associated with their habitat preferences. Many other 
molluscan candidates for bioremediation uses also exist in Moreton Bay, and their natural occurrence 
in prawn culture ponds can be used as a guide to species that tolerate such conditions. These may be of 
use in wastewater remediation pursuits in the future, particularly if their larval stages can be stocked 
directly into farm conditions with reasonable survival. 

 
Maguire et al. (1984) also studied the macro-benthic fauna of brackish water prawn ponds on the mid 
New South Wales coast. Of the 64 macro-benthic faunal species that occurred in close proximity to the 
pond water supply intake point, only 17 were recorded from any of the four ponds utilised. Three non-
commercial bivalve species were recorded in core samples from one pond (mean of 0.6 m-2 and 
maximum of 31.8 m-2), namely Ennuncula sp., Notospisula trigonella and Wallucina assimilis, and 
another three, Laternula creccina, Sanguinolaria donaciodes and Tellina deltoidalis, were noted as 
occurring in these ponds periodically, and sometimes at high densities (L. creccina up to 115 m-2). 
These and other small bivalve species that occur regularly in prawn ponds could be useful as natural 
fodder after the prawns attain a size that facilitates predation. However, the advantages to prawn crops 
and potential problems that such bivalve species create in prawn ponds (eg: microalgae + calcium 
depletion and bloom management) have not been evaluated. 
 
Sea mullet (Mugil cephalus) also have been proposed as potentially useful species for reducing 
organics in prawn farm sedimentation ponds (Erler et al., 1999). Their foraging activities over bottom 
sediments cause bioturbation in restricted habitats, and in the BIARC case study they provided the silty 
conditions in which shellfish harvested from the prawn pond were challenged. It is clear from the high 
survival rate that mud arks can survive under conditions of high silt loading with little maintenance. 
This may provide the option to seed directly onto pond bottoms, thus avoiding specially constructed 
facilities to accommodate their farm integration. This finding is not altogether surprising because they 
are often found naturally buried in mud flats in estuarine systems in New South Wales and Queensland 
(Coleman, 1975). Cockles may be of greater future potential in this regard than rock oysters, because 
they may require less pre-settlement of suspended solids before they are effective at removing 
phytoplankton and bacteria from the effluent. Mud arks also have a solid shell wall making them 
resistant to damage when handled.  
 
At BIARC, tumblers containing mainly mud arks (Tumblers 2 and 4) appeared to have less silt 
accumulation, and were generally less fouled than tumblers with mainly rock oysters (Tumblers 1 and 
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3). This may simply have been due to the rounded shell shape of mud arks being less conducive to silt 
accumulation on the shell surface. Rock oysters, on the other hand, are cup-shaped, and those collected 
in this study were often attached to each other so they had a more convoluted surface and greater area 
for silt accumulation. In Tumblers 1 and 3 this occurred to such an extent that pockets of mud formed 
between adjacent shells, which enabled large Nereid worms (about 10 cm long) to live between the 
shells. Amphipods also seemed to prosper in these conditions, and were mainly found in tumblers with 
many rock oysters. Amphipods and polychaetes have also been found to predominate in studies of the 
sediments under bivalve farms, where biodeposits strongly influence the nature of bottom sediments 
(eg: Chamberlain et al. 2001). 

 
Cockles and clams are harvested for human consumption in many parts of the world. In Galicia in 
North West Spain for example, about 16,000 tons of clams are traded each year  (Jara-Jara et al., 1997). 
Effluent from an intensive turbot (Psetta maxima) culture in Spain has been evaluated by Jara-Jara et 
al. (1997) as a nutrient source for fattening and growing hatchery produced seed stock of the clam 
Ruditapes decussates. A starting density of 2.5 kg m-2 was used in trays in a series of tanks supplied 
with variable effluent-flow rates (100, 200 and 400 % h-1). Differences in the growth of seed stock 
were not significant (P>0.05) between tanks with different flow rates and the condition index was also 
similar between tanks. However, the condition of clams grown in the effluent was higher than those 
grown in natural conditions, as were all biochemical components studied, including total 
carbohydrates, free reducing sugars, polysaccharides, total lipids, neutral lipids, phospholipids, 
proteins, ashes, and organic matter.  
 
The cockle found to proliferate in the prawn culture ponds at BIARC, Anadara trapezia, is known to 
grow to 66 mm shell length, and occurs from southern Western Australia, through Tasmania, Victoria 
and New South Wales to northern Queensland (Lamprell and Healy, 1998). Along the Pacific North-
west coast of Canada there has also been recent interest in the aquaculture potential of the heart clam or 
basket cockle (Clinocardium nuttallii). That work to date has shown C. nuttallii to be hardy following 
out-planting in a variety of habitats. Seed were successfully produced in hatcheries with studies 
including broodstock collection and conditioning, spawning, nursery and grow-out culture phases, and 
it is envisaged as a new commercial shellfish species for British Columbia (Clayton, 2003). Work 
conducted recently by Mebane et al. (2003) suggest that seedstock for hard clams like Mercenaria 
mercenaria can be over-wintered relatively easily using recirculating culture systems. 

 
The pearl shell oyster, Pinctada maculata, also appeared to have a relatively high survival rate in the 
BIARC case study. This species grows to 55 mm shell length, and occurs from New South Wales to the 
Torres Strait (Lamprell and Healy, 1998). They did not seem to accumulate large amounts of silt, 
possibly because of their apparent ability to relocate themselves. Even though the pearl shells were 
stocked onto the bottoms of tumblers, later examination found them attached with byssal threads to the 
sides, up to 15 cm above the rest of the shellfish. This indicates that they have the ability to move 
around to find preferred habitats. Others had formed clumps of shells on the bottom of the tumblers but 
these did not appear to accumulate as much silt as the rock oysters. The southern pearl shell Pinctada 
fucata, is a similar species which occurs in estuaries from New South Wales to Queensland. It is known 
to prefer a muddy environment and is usually found attached to seagrasses or clumps of dead shells. It 
lives from low tide level to 30 m in depth, grows to 85 mm and is common (Coleman, 1975). 
 
Pearl oysters (Pinctada sp.) have been proposed for profitable environmental remediation activities by 
Gifford et al. (2004). These authors’ contention is that the cosmopolitan distribution of pearl oysters 
would provide opportunities to employ endemic Pinctada species in many parts of the world. This 
application is further supported by their high water pumping rates and high protein levels compared 
with other bivalves, offering good potential to remediate nutrient and toxic chemical loads. The 
accumulation of heavy metals and organopollutants such as pesticides in their shells and fatty tissues 
respectively, suggests they may be useful at removing low levels of such contaminants from natural 
waters. As their flesh is not generally consumed, the dangers to human health following ingestion are 
less of an issue, whereby the economics of such an operation is reliant rather on pearl production. 
However, their utility as a remediator of mariculture effluent is less clear, and the production of 
saleable pearls in the eutrophic environment of a prawn farm has not been demonstrated. 
 
Several oyster species are farmed for pearls in Australia. These include the gold or silver lipped pearl 
oyster P. maxima (dominant northern-most species), the black lipped pearl oyster, P. margaritifera, the 
Shark Bay pearl oyster, P. albina, the winged oyster, Pteria penguin, and the Akoya pearl oyster, P. 
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imbricata (Love and Langenkamp, 2003).  Most production occurs in waters off Western Australia, and 
this was reportedly worth $175m in 2001-02 (NT = $30m and Qld = $0.49m in 2000-01) (Love and 
Langenkamp, 2003). The Akoya pearl oyster is a more temperate species that occurs widely around the 
world and along most of the NSW coast. Some encouraging pearl production trials have been 
conducted and are continuing with this species at Port Stephens (NSW Fisheries, 2002a). 
 
Whilst pearl oysters appear to have a higher potential to accumulate nitrogen in their flesh than other 
bivalves that are grown for human consumption (reviewed in Gifford et al., 2004), large amounts of 
flesh would need to be harvested from the system regularly to remove appreciable quantities of 
nutrients from prawn farm discharges. The species which showed tolerance of prawn pond conditions 
in our case study is relatively small, and for pearl production to be realised, the oysters would probably 
need to be grown to a much larger size, and therefore possibly through several crops of prawns. 
Continuous on-farm prawn production cycles would be required to provide an uninterrupted culture 
environment, or alternatively, holding facilities would be needed to maintain them between crops 
where prawn production is seasonal. Pre-adaptions to oligotrophic environments as described for P. 
margaritifera  by Pouvreau et al. (1999) may assist with maintenance in this second option. 
Nevertheless, the present study suggests that at least one species of pearl oyster (P. maculata) can 
tolerate prawn farm conditions to some degree, and therefore may be worthy of further investigations. 
Specially designed systems that facilitate their useful and profitable integration into prawn farms would 
be needed. Important considerations in such designs include low labour maintenance (eg: defouling), 
retaining or locking-up biodeposits for effective nutrient removal from the aquatic system, and an 
ability to blend clean seawater with effluent to avoid potentially catastrophic events with heavily 
invested stock. Depending on their inorganic silt tolerances, pre-settling of effluent may be necessary at 
farms utilising earthen ponds. 
 
The rock oyster found in the BIARC prawn pond, Dendostrea folium, grows to 100 mm shell length, 
and occurs from Queensland to northern Western Australia (Lamprell and Healy, 1998). Like the other 
bivalves collected in the case study, it is edible, but it is not presently recognised as a commercial 
species. According to the results of this study and previously published work summarised above (eg: 
Jones et al., 2002), pre-settlement of prawn farm effluent and regular washing to remove fouling 
material may be necessary to achieve high survival of some edible oysters in prawn culture and 
treatment ponds. Sufficient evidence is certainly available to assert this for the Sydney rock oyster, but 
there are several other species of edible oysters that are commercially cultured in Australia which have 
not been tested in this regard. Edible oysters cultured in more temperate areas in Australia include the 
Sydney rock oyster, Saccostrea glomerata (also known as the Moreton Bay rock oyster and formerly 
known as S. commercialis), the Pacific oyster, Crassostrea gigas (prohibited in Queensland), and the 
flat oyster, Ostrea angasi. Species occurring in the subtropics are mainly harvested from wild spatfall 
and include the milky oyster, S. cucullate (previously referred to as S. amasa), and the blacklip oyster, 
Striostria mytiloides (previously referred to as S. echinate) (Beattie, 2002; Love and Langenkamp, 
2003). S. glomerata is mainly produced in New South Wales and Queensland (worth $29.6m and 
$0.5m in 2001-02 respectively), C. gigas production is spread across South Australia, Tasmania, and 
New South Wales (worth $13.3m, $11.6m and $2.0m in 2001-02 respectively), and the subtropical 
species S. cucullata and Striostria mytiloides are grown in Queensland from Hervey Bay to Mackay 
(worth $56,700 in 2001-02). Culture of O.  angasi is still in the start-up phase in New South Wales, and 
was valued at $64,000 in 1999-2000 (Love and Langenkamp, 2003). 
 
No mussels occurred in the prawn pond at BIARC. Nevertheless there are several subtropical endemic 
species that could be used like Perna viridis in Thailand (Lin et al., 1993, reviewed above). World 
production of mussels incorporating several species amounted to some 1,318,000 tonnes in 2000, but in 
Australia, the main mussel species commercially cultured in southern states is the native blue mussel 
Mytilus galloprovincialis (3,036 tonnes valued at about $8m in 2001-02) (Love and Langenkamp, 
2003; NSW Fisheries, 2004a). M. edulis planulatus is also commonly known in Australia as the blue 
mussel, and is thought to have been introduced into Western Australia and subsequently spread through 
all southern states (Aquaculture WA., 1995).  These species would likely be unsuitable for prawn farm 
integration due to their preference of more temperate waters.  
 
The white hammer oyster Malleus albus is a filter-feeding bivalve that lives on mud flats or muddy 
sand flats, and ranges from New South Wales and Queensland through the Northern Territory to 
northern Western Australia (Coleman, 1975; Lamprell and Healy, 1998). Although only small 
specimens were found in the pond at BIARC, it can grow up to 150mm in length. Whilst it survived in 
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the turbid conditions of this case study, the low numbers studied make it difficult to assess their relative 
potential for wastewater remediation. The high surface area and fragile nature of the shell (see Figure 
2) suggests handling damage could be an issue, and the low flesh yield apparent in this study would 
likely limit nutrient accumulation for removal.  
 
 
Conclusion 
 
The prawn farming industry in Australia currently relies almost entirely on miroalgal-based outdoor 
pond systems. These autotrophic systems produce large quantities of microalgae from waste nutrients, 
which is lost with discharges, to sometimes create nutrient loading concerns in receiving waters. All 
growth stages for molluscs and many other species in open mariculture food chains (eg: zooplankton: 
Brown et al., 1997) rely heavily on the high nutritional values of microalgae. Ecological systems with 
an abundance of microalgae, like prawn farm settlement ponds used in Australia to reduce nutrient 
levels prior to discharge, could be used to generate considerable profits if methods to convert such 
nutritional resources into marketable products could be reliably implemented.  
 
This study provides background information that may be useful in future considerations of bivalves for 
profitable bioremediation uses in Australia. It provides a preliminary assessment of some bivalve 
species that may be useful, particularly in Southern Queensland. There are many other potentially 
useful species that have been proposed for similar assessments during the course of this work. Those 
species, which occur naturally in the vicinity of farm effluent streams, may provide guidance to species 
selection in different locations. 
 
Engineering and business plan modifications will be necessary to accommodate bivalve filtration and 
production systems in existing farm structures. Primarily, a desire to diversify into multi-species 
production systems will need to be realised. Once candidate species have been identified and screened 
for suitability to particular applications, systems optimisation for particular purposes will be necessary. 
Further, organisational developments will need to occur if seed supplies are to service industry uptake 
and expansion. Effective purging and depuration systems would also need to be proven and 
implemented as part of production activities for shellfish grown in prawn farm effluent for human 
consumption. These long-term initiatives are well within the capabilities of existing mariculture 
operations in Australia, and a strong case to pursue this direction is presented herein. 
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Appendix 1.  Internal shell and viscera of the four species found at BIARC in the study. 

Top row.  Mud ark (Anadara trapezia). 
2nd row.  Rock oyster (Dendrostrea folium). 
3rd row.  Pearl shell (Pinctada maculata). 
Bottom row.  White hammer oyster (Malleus albus). 
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Appendix 2.  Different colour morphologies found in the pearl shell (Pinctada sp.) 
 

 

 

 
 
 
Appendix 3. Raw data: Stocking and survival of shellfish in tumblers 
 

 Mud arks 
 

Pearl shells Rock oysters White hammer 
shells 

Receptacle Tot Liv % Tot Liv % Tot Liv % Tot Liv % 
Tumbler 1 0 0 0 0 0 0 198 145 73 0 0 0 
Tumbler 2 287 282 98 81 74 91 10 9 90 2 1 50 
Tumbler 3  70 69 99 43 39 91 131 60 46 0 0 0 
Tumbler 4 272 269 99 68 55 81 4 2 50 2 2 100 
Total 629 620 99 192 168 88 343 216 63 4 3 75 
 
Tot = Total number of shellfish stocked 
Liv = Number of living shellfish remaining 
%  = Percentage survival from initial stocking  
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Abstract 
 
To experimentally investigate the effect of the “SKIM” mechanical foam fractionator on suspended 
material and the nutrient levels in prawn farm effluent, a series of standardised short-term treatments 
were applied to various effluent types in a static 10,000-litre water body. Prawn pond effluents were 
characterised by watercolour and dominance of phytoplankton species. Three effluent types were 
tested, namely 1) particulate-rich effluent with little apparent phytoplankton, 2) green mircoalgal 
bloom predominately made up of single celled phytoplankton, and 3) brown microalgal bloom with 
higher prevalence of diatoms. 
  
The effluent types were similar (P>0.05) in non-volatile particulate material, and nitrate/nitrite but 
varied from each other in the following ways:  

1) The particulate-rich effluents were lower (P<0.05) in volatile solids (compared to 
brown blooms), total Kjeldahl nitrogen, dissolved organic nitrogen, dissolved 
organic phosphorus and chlorophyll a  (compared to both green and brown blooms). 

2) The brown blooms were higher (P<0.05) in ammonia (compared to green blooms), 
total nitrogen and total phosphorus (compared to both green and particulate-rich 
effluent), but were lower (P<0.05) in inorganic phosphorus (compared to both green 
and particulate-rich effluent). 

3) The green blooms were higher (P<0.05) in dissolved (both organic and inorganic) 
phosphorus (compared to both brown and particulate-rich effluents).  

 
Although the effluent types varied significantly in these aspects the effect of the Skim treatment was 
similar for all parameters measured except total phosphorus. Bloom type and Skim-treatment period 
significantly (P<0.05) affected total Kjeldahl phosphorus concentrations. For all effluent types there 
was a continuous significant reduction (P<0.05) in total Kjeldahl phosphorus during the initial 6-hour 
treatment period. 
 
Levels of total suspended solids and volatile suspended solids in all effluent types were significantly 
(P<0.05) reduced in the first 2 hours but not thereafter. Non-volatile suspended solids were also 
significantly (P<0.05) reduced in the first 2 hours (30 to 40 % reduction) and a further 40% reduction 
occurred in the particulate-rich effluent over the next 2 hours. Mean values for total ammonia, 
dissolved organic nitrogen, total Kjeldahl nitrogen, total nitrogen, chlorophyll a and dissolved organic 
or inorganic phosphorus levels were not significantly (P>0.05) affected by the Skim unit in any bloom 
type during the initial 6 hours of testing. Nevertheless, non-significant nitrogen reductions did occur. 
 
Foam production by the Skim unit varied with different blooms, resulting in different concentrate 
volumes and different end points for separate experiments. Concentrate volumes were generally high 
for the particulate-rich and green blooms (175 – 370 litres) and low for the brown blooms (25 – 80 
litres). This was due to the low tendency of the brown bloom to produce foam. This generated higher 
nutrient concentrations in the associated condensed foam, but may have limited the treatment 
efficiency.  
 
The results suggest that in this application, the Skim unit did not remove micro-algae as effectively as 
was anticipated. However, it was effective at removing other suspended solids. Considering these 
attributes and the other uses of this machinery documented by the manufactures, the unit’s oxygenation 
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and water mixing capacities coupled with inorganic solids removal may provide a suitable mechanism 
for construction of a continuously mixed bioreactor that utilises the filtration and profit making abilities 
of bivalves. 
 
Introduction 
 
High stocking densities of prawns are generally thought to prolong and stimulate microalgal blooms in 
farm grow-out ponds, and have been reported to increase suspended solids which can contribute to 
nutrients in discharge waters. Nutrients are mobilised by the prawns’ feeding and swimming activities, 
and prawn metabolites may be one of the best sources of nutrients for algal bloom maintenance. Prawn 
farmers routinely use this process to maintain turbid conditions and shade-out problematic benthic 
macrophyte growth. Potentially, this bioturbation process may provide the means to collect waste 
nutrients from grow-out ponds, settlement ponds or discharge streams.  Whilst these concepts are yet to 
be proven at an industrial scale, small-scale trials can provide a means of assessing potentials for future 
industrial uses.  Development of intensive effluent remediation systems for prawn farms, will alleviate 
environmental concerns for industry expansion in Australia, and may allow settlement ponds now used 
to remediate effluent, to be used in the future to increase farm production capacities. 
 
Foam fractionation is widely used to remove particulate matter in many industrial applications (eg: 
sewage treatment). Mechanical removal of suspended particles from prawn farm effluent, such as 
faeces and uneaten feeds, would provide for nutrient removal and a useful pre-treatment for in-line 
remediation systems (eg: sediment traps, evaporation ponds, digesters, detritivore and macrophyte 
systems, etc). Furthermore, direct removal and concentration of phytoplankton and other nutrient-rich 
materials, could provide profitable by-products (eg: plankton concentrates or raw ingredients for 
pharmaceuticals). The extent to which foam fractionation could be used to control or collect suspended 
material and different fractions of the effluent from prawn farming systems is generally unknown. 
 
IFREMER has developed and patented a cyclonic foam fractionation unit called SKIM for various 
applications in the aquaculture industry. The documented uses include removal of contaminants from 
waters in closed and semi-closed systems, oyster purification plants and intensive fish farms. When 
deployed in a pond environment the manufacturers (Acquaℰco, Italy) report removal of 3% total 
suspended solids (TSS), and 0.4% of dissolved organic carbon (DOC) in one pass. Specifications 
suggest that 13.8 kg TSS and 18 g DOC can be removed from intensive fish farm waters per day, and 
180 g TSS and 21 g DOC per day can be removed from oyster stocking tanks. The unit is reported to 
be effective on particles down to a size of 5-10 µm, with a high capacity for bacteria and dissolved 
organic matter removal (promotional Acquaℰco brochure).  
 
Hussenot (2003) reported on a range of effluent management strategies (including SKIM) that may be 
suitable for fish farms of coastal Europe. Whilst SKIM was not recommended for flow-through 
aquaculture systems with large rates of water discharge, cyclonic foam fractionation is considered well 
suited to some partial recirculating systems, to reduce the need for water renewal and improve the 
quality of recycled waters. The effectiveness of SKIM to remove DOC and small particles is linked to 
the foaming capacity of water in the system. Foaming agents (like proteins) enhance removal of 
suspended solids, whilst antifoaming agents (like feeds high in lipids) hinder the process. Hussenot 
(2003) also draws attention to the potential use of foam fractionation in integrated biological treatment 
systems. 
 
Clayton Engineering (a division of Clayton Investments Pty Ltd) are agents for SKIM in Australia. 
BIARC was approached in August 2002 by Clayton Engineering to assess the Skim unit commissioned 
in a pond at BIARC. Previous similar trials by Clayton Engineering at a private prawn farm had 
suggested this to be an effective micro-algal removal and control mechanism. This lead to a formal 
agreement for DPI&F to test the SKIM unit in a standardised way, whilst Clayton Engineering 
optimised its effective operation. Its nutrient-removal capabilities when applied to prawn farm effluent 
were of particular interest. The objectives of these trials were to construct and standardise a testing 
facility, provide assistance in the optimisation and evaluation of the SKIM system, and to test its 
effectiveness in microalgae and nutrient removal for a variety of typical prawn farm effluents generated 
at BIARC.  
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Materials and methods 
 
Experimental system 
A testing facility was constructed at the Bribie Island Aquaculture Research Centre consisting of a 
round 10,000-litre fibreglass tank (approx. 3.3 m diameter x 1.2 m high) with volume marks on the side 
and a bottom drain for water release and tank cleaning. This tank was positioned on a concrete slab and 
under a temporary tarpaulin to provide a stable platform and to prevent rain falling into the system 
during testing. An effluent supply system (40-50 mm diameter supply pipe) was also constructed so 
that the testing tank could be filled with effluent from a range of aquaculture ponds at the Centre. A 
flexible hose (30 mm diameter) was connected from the concentrate pump to a 300 litre plastic bag 
suspended inside the tank. This allowed the condensed foam concentrate to be removed from the 
system and collected/stored separately without affecting the height of water in the tank. Figure 1 
provides diagrammatic representation of the testing system. 
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Figure 1. Diagrammatic representation of the testing system 
 
 
The Skim unit was positioned within the tank so that the intake port was just submerged below the 
water level, giving a distance of 220 mm between the bottom of the unit and the tank bottom. The 
adjustable height of the condensation cone was standardised at the beginning of each trial so that the 
overflow point for foam (top of foam chimney) was 320 mm above the water level in the tank. The 
adjustable position at this point was “7 notches” showing above the top of the unit Adjustments were 
periodically made to this cone height during the operational testing, so that foam was continually 
flowing over the top of the chimney, in as concentrated a form as was possible. This generally entailed 
manually dropping the height by 1 (20 mm) or 2 notches after 2-3 hrs of operation. Given the 
configuration of this testing system, the minimum distance between the top of the chimney and the 
water level in the tank was 280 mm (5 notches showing). At lower heights, excessive water appeared to 
be carried through with foam to the collection cone, which eliminated the concentrating effect. 
 
The Skim unit was equipped with a control box with timer for intermittent motor control and earth 
leakage protection for the three electric motors involved in its operation. These electric motors were: 

1) 1.6 kilowatt motor driving Force 7 aerator-propeller hydro-injector 
2) 0.36 kilowatt motor driving centrifuge to condense foam 
3) 0.054 kilowatt motor driving the condensed-foam-concentrate evacuation pump.  
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Motors 1 and 2 ran continuously during operation. Motor 3 ran intermittently, where pump-out times 
for the condensed foam concentrate were gauged manually during the operational testing period, but 
generally, the pump-out timer remained set at 6-min-pumping every 60 min. Variations in the period 
between concentrate removal events from the collection cone did not appear to effect the foaming or 
particulate removal actions of the system.  
 
Experimental design 
Two small ponds in use at BIARC were used intermittently as effluent sources in the study. These 
ponds (N2 and N3) were aerated octagonal high-density-polyethylene lined ponds (200m2; 0.4 ML) 
with a central discharge standpipe for water exchange and effluent supply. Pond N2 contained several 
hundred grey mullet Mugil cephalus and banana prawn Penaeus merguiensis broodstock during the 
study, and pond N3 contained approximately 500 kg of juvenile banana prawns. 
 
The testing tank, foam fractionator (including cupel, hose and concentrate collection bag) and all other 
equipment in direct contact with effluent being treated and tested was cleaned thoroughly prior to each 
trial. Pond effluent was pumped into the testing system immediately prior to each trial (approx ½ hour 
pumping time to fill 10,000 litre tank). The effluent supply was turned off as soon as the tank was full, 
when the Skim unit was switched on and allowed to run continuously until the trial was terminated 
several hours later. Nine trials were undertaken using each of three broad effluent categories/types (3 
replicates per category). All effluent types contained suspended organic matter from the pond water 
column. These categories were: 

1) Particulate-rich effluent with little apparent phytoplankton. 
2) Green microalgal bloom predominately made up of single celled phytoplankton. 
3) Brown microalgal bloom predominately made up of diatoms. 

 
The pond management variables that generated trial effluents are provided in Appendix 1, along with 
twice-daily water quality data, including water temperature, pH, dissolved oxygen, Secchi depth, and 
climatic variables.  
 
Water sampling and nutrient analyses 
Initial samples of the effluent being treated in the testing tank were taken from the water column 1-2 
min after turning the SKIM on, as soon as the mixing action of the unit appeared to create homogeneity 
of suspended solids. Subsequent samples were taken from the same position in the water column of the 
tank at 2-hourly intervals until the trial was terminated. The sampling and testing procedures are 
schematically described in Figure 2. 
 
Nutrient parameters tested included total suspended solids (TSS), total volatile suspended solids (TVS) 
chlorophyll-a (Chl-a), dissolved organic nitrogen (DON), dissolved organic phosphorus (DOP), 
dissolved inorganic nitrogen (DIN) including oxides of nitrogen namely nitrite + nitrate (NOx) and 
total ammonia nitrogen (TAN), dissolved inorganic phosphorus (DIP), total Kjeldahl nitrogen (TKN), 
and total Kjeldahl phosphorus (TKP or TP). Measurement of these parameters allowed calculations for 
total nitrogen (TN), non-volatile particulate matter (PM) and particulate organic nitrogen (PON). 
 
The condensed concentrate present in the collection bag at the end of each trial was also measured 
volumetrically, sampled after vigorous mixing and analysed for TKN and TKP to provide an estimate 
of the nitrogen and phosphorus removed during the treatment period, and for mass balance 
comparisons. Measurments of Chl-a and dissolved nutrients in the condensed foam concentrate were 
not possible using available methods, due to difficulties in filtering an adequate sample for testing. 
 
Seawater analyses were performed using standard methods described by Parsons, Maita and Lalli 
(1984) and nutrient analyses utilised a Lachat QC8000 Flow Injection Analyser using methods 
described in the instrument manufacturers methods (QuickChem Methods, Zellweger Analytics Inc. 
Milwaukee WI 53218). The dominant algal species present in the effluent were photographed and 
identified, and algal cell density counts were performed on the effluent at the beginning and end of 
testing periods. Chl-a was studied using GF/C filters (47mm) and spectrophotometric determination 
using the trichromatic method.  
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Statistical analyses 
Nutrient, Chl-a, and TSS data for the first 6 hours of testing, were analysed by repeated-measures 
analyses of variance with effluent type and time as factors. This was performed using GenStat® for 
Windows (6th Edition) (GenStat, 2000). Comparisons of means were performed with protected least 
significant difference (LSD) testing using a 5% level of significance. 
 
Results 
 
The water quality and management details for aquaculture ponds supplying effluent for this study are 
presented in Appendix 1. Salinities remained high (33-35 ppt.) for all effluent types studied. The dates 
of testing and summarised pond effluent sources are provided in Table 1 below. Figures thereafter 
provide parameter means (± SE) for different effluent types as treatment with the Skim unit proceeded. 
Tables 2 and 3 provide descriptions of the effluent types in terms of species of microalgae that could be 
identified using light microscopy, and starting and finishing cell densities during the study. Table 4 
provides a summary of the mean nutrient removal efficiencies over time as a percentage of the starting 
concentration. Tables 5, 6 and 7 provide a description of the nutrient concentrations in the condensed 
foam concentrates and volumes collected, and provide mass balance estimates based on TKN and TKP. 
 
Table 1.  Effluent sources utilised during the study 

Date Source pond Bloom type Pond management / culture stock 
19-03-03 Nursery pond N3 Particulate – 65 cm Secchi depth Super-intensive banana prawns 
24-03-03 Nursery pond N3 Particulate – 80 cm Secchi depth Super-intensive banana prawns 
26-03-03 Nursery pond N3 Particulate – 70 cm Secchi depth Super-intensive banana prawns 
31-03-03 Nursery pond N2 Green – 35 cm Secchi depth Semi-intensive mullet + banana prawns 
2-04-03 Nursery pond N2 Green – 35 cm Secchi depth Semi-intensive mullet + banana prawns 
7-04-03 Nursery pond N2 Green – 35 cm Secchi depth Semi-intensive mullet + banana prawns 
14-04-03 Nursery pond N3 Brown – 55 cm Secchi depth Super-intensive banana prawns 
30–04-03 Nursery pond N3 Brown – 50 cm Secchi depth Super-intensive banana prawns 
2-05-03 Nursery pond N3 Brown – 50 cm Secchi depth Super-intensive banana prawns 
 
Suspended solids analyses 

 
Total suspended solids (TSS) 
 
Levels of TSS were significantly (P<0.05) reduced in the first 2 hours, and further non-significant 
reductions occurred between the 2- and 4-hour samples. There was a similar effect on TSS for all 
effluent types.  (Note that for consistency and valid statistical comparisons, only the first 6 hours of 
data were used in the analyses). 
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Total volatile solids (TVS) 
  
For all effluent types, the level of TVS was significantly lower (P<0.05) at the 2 hr sampling compared 
to initial samples. The particulate-rich effluent contained significantly less (P<0.05) TVS than the 
brown bloom.  No other significant differences in TVS were detected.   
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Non-volatile particulate matter (PM) 
 
The levels of PM were similar (P>0.05) for all effluent types. Samples taken after 2 hours of treatment 
were significantly lower (P<0.05) than initial samples.  Between 30 and 40 % reduction occurred in the 
first two hours and a further 40% occurred in the particulate-rich effluent in the next 2 hours. 
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Nutrient analyses 
 
Total ammonia nitrogen (TAN) 
 
The concentration of TAN in the brown bloom was significantly higher (P<0.05) than that in the green 
bloom.  No significant differences (P>0.05) in TAN levels, were detected over the first six hours of the 
experiments for any of these effluent types. However there was evidence of a decline of TAN in the 
brown bloom. 
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Oxides of ammonia (NOx) 
 
Whilst the analyses suggest that there was a significant (P<0.05) interaction between effluent type and 
NOx removal over time, the concentrations were very low and were close to our testing capabilities, 
thus, generalisations about NOx removal in this study should be treated with caution. 
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Dissolved organic nitrogen (DON) 
 
The particulate-rich effluent had significantly lower (P<0.05) concentrations of DON than the other 
effluent types. There were no significant changes (P>0.05) in DON levels over time in any effluent 
type. 
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Total Kjeldahl nitrogen (TKN) 
 
All effluent types had significantly different (P<0.05) concentrations of TKN.  Over the initial 6 hours 
of the experiments, no significant differences (P>0.05) in TKN levels were detected.  
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Total nitrogen (TN) 
 
The TN concentration was significantly higher (P<0.05) in the brown bloom than in the other effluents. 
There were no significant changes (P>0.05) in TN over time for any effluent type. 
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Dissolved organic phosphorus (DOP) 
 
All effluent types had significantly different (P<0.05) levels of DOP.  No significant differences 
(P>0.05) were detected in DOP levels over the six-hour period for any effluent type. (Note: standard 
errors associated with mean values for the green bloom were small - error bars are obscured from view 
by symbols). 
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Dissolved inorganic phosphorus (DIP) 
 
All effluent types had significantly different (P<0.05) levels of DIP.  No significant differences 
(P>0.05) were detected in DIP levels over the six-hour period for any effluent type. 
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Total phosphorus (TKP) 
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Effluent type and treatment period significantly (P<0.05) affected TKP concentrations. For all effluent 
types there was a continuous significant reduction (P<0.05) in TKP over time during the initial 6-hour 
period.  Note that the later ‘spike’ in the green bloom (evident in the graph), may be due to high 
variability in the 2 replicates at the 8-hour sampling period, and only one replicate at the 10-hour 
period. 
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Algal types and densities 
 
Dominant microalgal species 
 
Table 2. Microalgal species noted during the study 
Effluent typedate Dominant species Other species present 

Particulate19-03-03 Small  (<1µm) unicellular 
green algae 

Cosciniodiscus sp. 

Particulate24-03-03 Small  (<1µm) unicellular 
green algae 

Cosciniodiscus sp., Skeletonema sp., Navicula 
sp. 

Particulate26-03-03 Small  (<1µm) unicellular 
green algae 

NA 

Green31-03-03 Small  (<1µm) unicellular 
green algae 

NA 

Green2-04-03 Small  (<1µm) unicellular 
green algae 

NA 

Green7-04-03 Small  (<1µm) unicellular 
green algae 

Nitzschia sp., Chaetoceros sp., Cosciniodiscus 
sp., Guinardia sp., Navicula sp. 

Brown14-04-03 Mixed diatoms without 
particular dominance 

Nitzschia sp., Chaetoceros sp., 
Leptocylindricus sp., Guinardia striata, 
Hemiaulus sp., unicellular green algae 

Brown30–04-03 Mixed diatoms without 
particular dominance 

Nitzschia sp., Leptocylindricus sp., Navicula 
sp. 

Brown2-05-03 Mixed diatoms without 
particular dominance 

NA 

NA=not available 
 
 
 
Microalgal cell densities 
 
Data available on microalgal removal during the study suggests high variability but better utility in 
diatom blooms. Cell densities in the green bloom were reduced by 1.6 – 35.1% over 8-10 hours of 
Skim treatment, but in the brown bloom cell densities were reduced by 40.5 – 43.7% with 8 hours of 
treatment. 
 
Table 3. Starting and finishing microalgal cell densities 
Effluent typedate Starting cell density 

(cells/ml) 
Finishing cell density  

(cells/ml) 
Treatment period 

Particulate19-03-03 510,000 NA 6 
Particulate24-03-03 440,160 NA 6 
Particulate26-03-03 620,200 NA 6 
Green31-03-03 440,000 432,800 10 
Green2-04-03 558,833 362,500 8 
Green7-04-03 320,000 300,000 8 
Brown14-04-03 NA 14,000 8 
Brown30–04-03 8,400 5,000 8 
Brown2-05-03 5,333 3,000 8 
*Note: using light microscopy, some difficulties were experienced in distinguishing between small 
algal cells and particulates, which is likely to have inflated cell counts. 
NA=not available 
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Chlorophyll-a 
 
Chlorophyll a levels in the green and brown blooms were significantly higher (P<0.05) than in the 
particulate-rich effluent. No significant effects (P>0.05) on chlorophyll a were found over time. 
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Summary of nutrient removal data 
 
Table 4. Summary of mean removal efficiencies over time as a percentage of starting concentration* 

0 hr starting conc.  
(mg/L)** 

2 hr % removed 4 hr % removed 6 hr % removed Para- 
meter 

P G B P G B P G B P G B 
TSS 79.2 96.3 107.6 16.3 31.1 28.9 44.3 44.5 37.8 45.5 41.1 35.6 
TVS 39.0 41.3 56.8 41.7 27.6 13.5 44.1 36.8 31.4 46.0 28.6 24.8 
PM 53.2 55.0 50.8 33.3 33.7 46.0 71.1 50.3 45.0 47.6 50.5 47.8 

             
TAN 0.52 0.07 1.21 15.4 42.9 9.1 3.8 57.1 18.2 -5.8 71.4 19.0 
NOx 0.0 0.15 0.08 0 20.0 0 0 33.3 12.5 0 40.0 -12.5 
DON 0.00 0.67 0.36 0 31.3 -13.9 0 17.9 -47.2 0 -9.0 -33.3 
TKN 0.87 1.78 3.33 2.3 10.7 -6.9 28.7 14.6 -11.1 60.9 24.2 -1.8 
TN 0.88 1.94 3.41 2.3 11.3 -6.7 29.5 16.5 -10.6 61.4 25.8 -2.1 

             
DOP 0.02 0.65 0.37 -50.0 7.7 8.1 -100 6.2 10.8 50.0 0 10.8 
DIP 0.14 0.16 0.08 50.0 -6.3 12.5 42.9 0 37.5 42.9 6.3 37.5 
TKP 0.39 1.28 2.01 25.6 11.7 4.5 51.3 20.3 13.9 69.2 26.6 21.4 

             
Chl-a 3.95 14.99 13.08 15.2 8.9 6.0 -7.8 14.7 -24.8 10.1 -12.3 34.9 
* Negative values indicate percentage increases. 
** Chl-a in µg/L. 
P = particulate-rich effluent; G = green bloom; B = brown bloom. 
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Condensed foam concentrate analyses 
 
Table 5. Nutrient concentrations in condensed foam concentrates and volumes collected 
Effluent typedate Treatment 

period (hr) 
Total volumes 

collected (l) 
Volumes 

collected (l/hr) 
TKN 
(mg/l) 

TKP 
(mg/l) 

Particulate19-03-03 6 330 55 9.66 3.81 
Particulate24-03-03 6 205 34.2 31.75 9.99 
Particulate26-03-03 6 250 41.7 27.77 10.10 
Green31-03-03 10 175 17.5 37.79 26.7 
Green2-04-03 8 175 21.9 45.61 21.43 
Green7-04-03 8 370 46.3 26.18 13.37 
Brown14-04-03 8 80 10 169.70 33.96 
Brown30–04-03 8 25 3.1 231.85 68.76 
Brown2-05-03 8 48 6 141.80 43.84 
 
 
Mass nutrient balance estimates 
Nutrients removed from the water column were assessed in two ways: 1) by comparing nutrient levels 
in the tank before and after the Skim treatment period (6 - 10 hrs); and, 2) by comparing the nutrients 
present in the tank at the start of the trial with the nutrients in the concentrate bag at the end of the trial. 
Gross amounts of nutrients removed from the water column were calculated for both of these methods, 
whereby actual removal efficiencies are likely to be between these two calculations (2 right-hand 
columns in Tables 6 and 7).  
 
Table 6. Mass balance estimates for TKN* 
 
Effluent typedate

Starting 
TKN in 

tank 
(mg) 

Finishing 
TKN in 

tank (mg) 

Finishing 
TKN in foam 
concentrate 

(mg) 

TKN removed 
from tank as a % 
of starting TKN 

in tank 

TKN removed in 
foam concentrate 
as a % of starting 

TKN in tank 
Particulate19-03-03 3200 1257 3300** 60.7 103.1** 
Particulate24-03-03 13000 8718 6560 32.9 50.5 
Particulate26-03-03 10000 0 7000 100 70.0 
Green31-03-03 19600 10120 6650 48.4 33.9 
Green2-04-03 23600 16015 8050 32.1 34.1 
Green7-04-03 10300 29179** 9620 -183.3** 93.4 
Brown14-04-03 26400 19443 13600 26.4 51.5 
Brown30–04-03 41800 39501 5800 5.5 13.9 
Brown2-05-03 31700 39111** 6816 -23.4** 21.5 
*Approximate calculations due to the estimation of volumes and associated gross nutrient present.    
**Exceeds starting nutrient level 
 
Table 7. Mass balance estimates for TKP* 
 
Effluent typedate

Starting 
TKP in 

tank (mg) 

Finishing 
TKP in 

tank (mg) 

Finishing 
TKP in foam 
concentrate 

(mg) 

TKP removed 
from tank as a 
% of starting 
TKP in tank 

TKP removed in 
foam concentrate 

as a % of 
starting TKP in 

tank 
Particulate19-03-03 3300 1257 1320 61.9 40.0 
Particulate24-03-03 4000 2155 2050 46.1 51.3 
Particulate26-03-03 4300 0 2500 100 58.1 
Green31-03-03 16200 11790 4725 27.2 29.2 
Green2-04-03 10200 6386 3675 37.4 36.0 
Green7-04-03 11900 22727** 4810 -91.0** 40.4 
Brown14-04-03 18900 7539 2720 60.1 14.4 
Brown30–04-03 20500 14564 1725 29.0 8.4 
Brown2-05-03 20800 17117 2112 17.7 10.2 
*Approximate calculations due to the estimation of volumes and associated gross nutrient present.    
**Exceeds starting nutrient level 
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Discussion 
 
Categorising the effluent and measuring nutrient removal 
Our analysis, of the suitability of the SKIM foam fractionator to remove nutrients from prawn farm 
effluent, involved two operational considerations. Firstly, broad groupings were created which 
categorised mariculture effluents available for the study into some typical types (eg: particulate-rich, 
green and brown), with replicate (3) tests for each conducted during relatively stable pond bloom 
periods. Secondly, the testing facility and procedure measured nutrient removal over time in a 
contained and standardised manner.  
 
Periodic measurements were made in the static 10,000-litre system as the Skim unit repeatedly treated 
the effluent. This generally led to a gradual exhaustion of the effluent’s capacity to foam, and hence to 
lower effectiveness as the testing procedure proceeded.  SKIM could therefore be expected to be more 
effective in effluent treatment systems that promote consistently high foaming capacities, such as in 
larger ponds or flow-through systems. 
 
The parameters tested and levels measured were consistent with components previously identified in 
prawn farm effluent in Australia (eg: Preston et al. 2000; Jackson et al., 2003). They included moderate 
levels of particulate matter, dissolved nutrients and micro-algae. Particulate matter was measured in a 
number of ways including TSS, TVS, TN and TP. Total suspended solids is a measure of all particulate 
matter above the pore size of the filter. Total volatile solids measures the organic material in the 
suspended solids.  Total nitrogen and TP measure the nutrients bound in organic material plus that in 
the water column as dissolved nutrients. 
 
A wide variety of microalgae are also known to occur in mariculture ponds, according to different 
successional stages during the crop, and due to differences between farms (eg: climate, stocking 
densities, management practices) and the prevalence of seed organisms in their water sources. 
Particulate-rich effluent with low levels of phytoplankton can occur under certain conditions at some 
farms, for example, between successional algal blooms or as a result of intense grazing pressures by 
planktonic animals (eg: copepods, rotifers). To provide an indication of the phytoplankton composition 
in this study, we briefly surveyed the phytoplankton present in each of the effluents and conducted 
direct counts to determine cell densities. 
 
Suspended solids removal 
SKIM effectively reduced the TSS in the effluent by approximately 30% in the first 2 hours. Further 
reduction to approximately 50% of the original concentration was achieved within 4 hours, however 
this later reduction was not statistically significant. It’s effectiveness on TSS concentrations was 
comparable for each of the effluent types tested, and much higher than results reported in literature 
relating to foam fractionation using micro-bubbles generated by ceramic diffusers connected to a 
blower (eg: Hussenot et al. 1998). 
 
Total volatile solids data suggests that between 30 and 80% of the solids (w/w) present in the water 
column were organic. Volatile solids were effectively removed by SKIM from all effluent types during 
the first 2 hours.  This initial reduction of approximately 30% is similar to the TSS results. 
 
The non-organic particulate matter data was calculated from the TSS and TVS results. It confirms the 
effectiveness of foam fractionation to also remove inorganic suspended solids.  Again, the data 
suggests a 30% reduction in the first 2 hours, with no apparent preferential removal of inorganic or 
organic particulate matter.  
 
This process of TSS reduction could be a valuable treatment of prawn farm effluents, because 
regulations on farm discharge levels are restrictive, and because prawn farmers would generally prefer 
to utilise alternative facilities (extensive settlement ponds) to grow more prawns. Obviously, the 
industrial volumes that must be handled would necessitate an upscale from the system trialled in the 
present work, but intensive in-line reduction of TSS could also facilitate other effluent treatments that 
require low suspended solids, and possibly provide more consistent water quality for controllable 
biosystems. For example, Jones and Preston (1999) found the TSS levels in prawn effluent (which can 
consist of 60-90% inorganic particles: Preston et al. 2000) hindered the growth of oysters, which are 
recognised as a potential remediation species for microalgal-rich effluents. Pre-treatment of prawn farm 
effluents to reduce suspended solids, particularly inorganic silts, may facilitate further development of 
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bivalve remediation systems. The mixing and oxygenation created by the Skim unit could further 
provide the mechanical means to create a continuously mixed reactor for bivalve filtration (eg: after 
Shpigel et al., 1997). This approach could be particularly effective if the Skim process can effectively 
remove bivalve faeces and pseudofaeces from the reactor, as it does in shellfish depuration systems. 
Issues such as bivalve stocking densities and their tolerance of conditions in close proximity to the 
Skim unit (eg: gas bubble disease) would need further investigation.  
 
Nutrient removal 
Total phosphorus levels in the 10,000-litre tank were effectively reduced by a 6-hr foam fractionator 
treatment to 21-69 % of the original concentration. This TP reduction was relatively consistent between 
replicates as is shown by the small standard error bars in the figures, and was statistically significant 
(P<0.05) for each of the effluent types.  In contrast, TN levels were not reduced by the Skim process to 
a statistically significant level. However, consideration of the summary data in Table 4 suggests that 
nitrogen reductions did occur, and the mass balance calculations presented in Table 6 shows that 
unexplained increases in nitrogen during some trials would have influenced these statistical analyses. 
 
The significant reductions in TSS are probably the contributing factor in the reduction of TP, because 
phosphorus is well recognised for its association with sediment particles (Preston et al., 2000). As 
stated previously, effluents from prawn ponds can vary as different stages in the maturity of the pond 
ecosystem develop (eg: different micro-algal blooms with different particle sizes and settling rates). 
Particulate nitrogen can include non-phytoplankton protein sources such as bacteria, detritus, uneaten 
feed, faecal fragments and zooplankton (Preston et al., 2000). Although a variety of differences in the 
make up of pond effluents were demonstrated in the present study, no major differences in the effect of 
SKIM on different pond blooms were detected.  
 
Ammonia in these experiments was measured by TAN analysis, which measures both ionised and un-
ionised forms of ammonia. Volatisation of un-ionised ammonia is a potentially important process in the 
reduction of nitrogen levels in effluent and can be enhanced by high pH, aeration and wind (Preston et 
al., 2000). The Skim unit did not appear to significantly affect ammonia levels, which suggests the 
aeration/mixing of the system did not enhance the volatisation of the un-ionised NH3. Alternatively, the 
ammonia present may have been in the ionised form, or the process was restricted by other factors.  In 
practice, these factors will change for different effluent sources, for example, due to the increase in pH 
caused by increased micro-algal cell densities and variable buffering capacities.  
 
Despite the majority of the N in prawn farm discharge waters being in a particulate form, Jackson et al. 
(2003) describes DON as a significant component of dissolved N in prawn farm effluent, and suggests 
that further research to reduce DON is necessary. It is only slowly utilized by bacteria in shrimp pond 
water, and tends to accumulate over the crop cycle. Hussenot et al. (1998) has reportedly used a foam 
fractionation process to remove dissolved organic material before bacterial processes degraded these 
proteins to ammonia. They reported that the foam fractionation process was very efficient at removing 
dissolved organic material. In our study, the particulate bloom demonstrated significantly lower levels 
of DON than the other blooms, but SKIM did not significantly effect DON in any of the effluents 
tested. 
 
Mass balance data 
The concentrate separated by the foam fractionation process was somewhat variable in the volumes and 
concentrations obtained. Generally, the volumes were high for the particulate and green blooms (175 – 
370 litres) and low for the brown blooms (25 – 80 litres). This generated higher nutrient concentrations 
in the condensed foam from the brown bloom, but in practical terms, less liquid waste for subsequent 
disposal or treatment. Previous data for the SKIM model presented by Hussenot (2003), suggests that it 
functions more efficiently when large volumes of clearer foam are produced, rather than small volumes 
of dark foam. An extraction volume of 20-40 l h-1 is recommended in that paper, which is similar in this 
study to the volumes produced in the particulate and green blooms (17.5-55 l h-1), but higher than 
volumes produced in the brown blooms (3.1-10 l h-1). Although this generated higher TKN and TKP 
levels in the foam from the brown bloom, it may have limited the treatment efficiency in this bloom 
type.  
 
Mass balance estimates that compared nutrient reductions in the water column during the Skim-
treatment period and nutrient measurements of the condensed concentrate proved difficult to equate. 
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This is thought to be due to the combined imprecision of sampling, nutrient analyses, volume 
estimations, and the multiplying effect of extrapolating sample results to total volumes. 
 
Algal types and densities 
Chlorophyll a is commonly used as a measure of phytoplankton (algae) density. Our Chl-a 
measurements suggest that there was no significant effect on phytoplankton density by the SKIM foam 
fractionator, regardless of bloom type.  The direct cell density counts however, showed that there were 
in fact, small reductions of miro-algal densities, and suggest that the larger diatom cells may be more 
readily removed with the Skim process. Since the testing system was at times in direct sunlight, 
primary productivity during the testing period may have masked a proportion of the phytoplankton 
removal capacity. Better micro-algae removal may also occur with heavier cell densities, or during 
night-time when the foaming properties of pond water could be higher (pers. com. J.M.E. Hussenot). It 
is well recognised that the process of foam fractionation is affected by numerous parameters including 
surface tension, pH, organic materials, temperature and viscosity (Lawson and Wheton, 1980). So 
although the results were somewhat consistent for different bloom types in these experiments, 
application to different situations are likely to produce differing results.    
 
Economic and operation considerations 
For comparison, sedimentation in settlement ponds has also been reported to reduce TSS and TP in 
prawn farm effluent to a greater degree than TN (Preston et al., 2000). This stimulates discussions of 
the benefits, capital outlays and running costs of utilising mechanical systems such as a scaled up 
version of SKIM, compared with sedimentation ponds. Both options have presently unevaluated 
potential to produce bioremediation species to offset the costs of operation. Both also have significant 
capital outlay and operational or opportunity costs.  
 
Whilst the virtues of each of these two approaches to nutrient removal from effluent (ie: hydraulic 
settlement vs mechanical filtration) need to be evaluated, they also should be compared within the 
context of their different applications, and should not be viewed as being mutually exclusive. For 
example, settlement ponds receive and control the large water flows that routinely emanate from a 
prawn farm, and therefore, could provide flow mitigation for systems that are engineered to handle set 
continuous flows. Furthermore, foam fractionation can concentrate the suspended particles and 
associated nutrients, and this partitioning of wastes into separate more consistent types for specialised 
treatment, could provide a stabilising effect on integrated biological and mechanical systems.  
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Appendix 1. Water quality and management details for the prawn culture ponds used as an effluent 
source for the “SKIM” foam fractionation trials in 2003. 
Pond Date Time pH Temp 

(ºC) 
Dissolved 

oxygen 
(mg/l) 

Secchi 
depth 
(cm) 

Feed 
added 
(kg/d) 

Comments (eg: bloom colour; 
weather; pond-water 

exchange rate) 
N3 17 / 3 0830 

1530 
8.20 
8.23 

28.4 
26.5 

5.4 
6.7 

80 
75 

10.2 Indistinct colour; partially 
overcast; 343 l/min=124 %/d 

 18 / 3 0830 
1530 

7.87 
8.21 

25.0 
26.0 

5.0 
6.4 

80 
70 

11.4 Indistinct colour; overcast; 
343 l/min=124 %/d 

 
 

Start 

19 / 3 
 

trial at 

0830 
1530 
1035 

7.97 
8.19 

25.0 
26.0 

4.9 
6.0 

65 
65 

11.4 Indistinct colour; fine; 
343 l/min=124 %/d 

         
N3 22 / 3 0800 

1530 
7.98 
8.22 

25.9 
27.0 

5.0 
6.6 

70 
70 

11.4 Indistinct colour; overcast; 
343 l/min=124 %/d 

 23 / 3 0800 
1530 

7.86 
8.10 

26.0 
27.0 

4.9 
5.8 

70 
70 

11.4 Indistinct colour; partially 
overcast; 343 l/min=124 %/d 

 
 

Start 

24 / 3 
 

trial at 

0830 
1530 
1100 

7.83 
8.27 

26.2 
27.3 

4.8 
6.5 

80 
70 

11.4 Indistinct colour; fine; 
343 l/min=124 %/d 

         
N3 25 / 3 0830 

1500 
7.86 
8.32 

26.3 
27.5 

4.9 
7.2 

80 
70 

11.4 Indistinct colour; fine; 
343 l/min=124 %/d 

 
 

Start 

26 / 3 
 

trial at 

0830 
1600 
1000 

7.85 
8.31 

26.4 
27.5 

5.0 
7.6 

70 
70 

11.4 Indistinct colour; am fine, pm 
overcast; 343 l/min=124 %/d 

         
N2 29 / 3 0700 

1400 
8.02 
8.21 

28.6 
29.3 

5.1 
5.5 

40 
40 

2.0 Green bloom; partially 
overcast; 40 l/min=14.4 %/d 

 30 / 3 0800 
1500 

8.06 
8.25 

28.5 
29.5 

5.0 
5.6 

40 
40 

2.0 Green bloom; fine; 
40 l/min=14.4 %/d 

 
 

Start 

31 / 3 
 

trial at 

0830 
1500 
1015 

8.17 
8.36 

28.9 
30.5 

4.8 
5.4 

40 
25 

2.0 Green bloom; partially 
overcast; 40 l/min=14.4 %/d 

         
N2 1 / 4 0830 

1530 
8.07 
8.37 

29.1 
30.2 

4.9 
5.0 

35 
30 

2.0 Green bloom; fine; 
40 l/min=14.4 %/d 

 
Start 

2 / 4 
trial at 

0830 
0855 

8.10 28.9 4.7 45 2.0 Green bloom; fine; 
40 l/min=14.4 %/d 

        Continued over page 
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Appendix 1 (continued). 
 
Pond Date Time pH Temp 

(ºC) 
Dissolved 

oxygen 
(mg/l) 

Secchi 
depth 
(cm) 

Feed 
added 
(kg/d) 

Comments (eg: bloom colour; 
weather; pond-water 

exchange rate) 
N2 5 / 4 0800 

1400 
7.86 
8.05 

28.3 
29.0 

5.0 
5.4 

60 
50 

2.0 Green bloom; partially 
overcast; 40 l/min=14.4 %/d 

 6 / 4 0800 
1400 

8.00 
8.13 

27.8 
28.6 

4.7 
5.6 

50 
50 

2.0 Green bloom; fine; 
40 l/min=14.4 %/d 

 
Start 

7 / 4 
trial at 

0930 
0930 

7.98 24.9 5.2 35 2.0 Green bloom; fine; 
40 l/min=14.4 %/d 

         
N3 12 / 4 0830 

1530 
7.77 
8.02 

25.1 
25.6 

5.1 
7.1 

80 
70 

12.6 Brown bloom; overcast; 
150 l/min=54 %/d 

 13 / 4 0800 
1530 

7.25 
7.37 

25.0 
25.9 

4.9 
8.7 

80 
70 

12.6 Brown bloom; fine; 
150 l/min=54 %/d 

 
 

Start 

14 / 4 
 

trial at 

0900 
1600 
0900 

7.6 
7.9 

25.4 
25.9 

5.1 
5.9 

55 
55 

12.6 Brown bloom; fine; 
150 l/min=54 %/d 

         
N3 28 / 4 1000 

1500 
7.72 
8.06 

22.7 
23.7 

5.2 
5.5 

80 
75 

12.9 Brown bloom; overcast; 
150 l/min=54 %/d 

 29 / 4 0900 
1530 

7.55 
8.00 

23.2 
24.3 

4.9 
6.5 

70 
65 

12.9 Brown bloom; fine; 
No exchange 

 
 

Start 

30 / 4 
 

trial at 

0900 
1500 
0830 

7.33 
7.54 

24.0 
25.1 

4.5 
6.7 

50 
50 

12.9 Brown bloom; fine; 
No exchange 

         
N3 1 / 5 0900 

1530 
7.58 
8.08 

23.9 
25.0 

4.4 
6.6 

55 
60 

12.9 Brown bloom; fine; 
150 l/min=54 %/d 

 
 

Start 

2 / 5 
 

trial at 

0930 
1500 
0850 

7.40 
7.38 

24.6 
24.4 

3.8 
2.6 

50 
60 

12.9 Brown bloom; overcast; 
150 l/min=54 %/d 
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