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PREAMBLE 

The aim of this research is to evaluate the effectiveness of duckweed (Lemna minor 

Linnaeus) when cultivated in barramundi (Lates calcarifer Bloch) integrated 

recirculating aquaculture system (IRAS). The effectiveness of duckweed in nitrogen 

removal was accomplished by evaluating the water quality, nitrogen removal 

efficiency, the abundance, and diversity of heterotrophic bacteria and phosphate 

solubilising bacteria, growth, and physiological stress response of barramundi when 

they were integrated with duckweed in IRAS. The triple role of duckweed as (i) an 

effective biological filter media, (ii) a substrate to harbour beneficial heterotrophic 

bacteria that paly crucial roles in removing nitrogen and phosphorus and finally (iii) 

effectiveness of duckweed protein to replace dietary fishmeal protein in carnivorus 

fish, were evaluated in a series of six experiments.   

This thesis consists of nine chapters. Chapter 1 in the form of an introduction briefly 

highlights the current issue of aquaculture, barramundi industry, recirculating 

aquaculture systems (RAS), and integrated recirculating aquaculture systems (IRAS). 

The negative impacts of intensive aquaculture systems and the currently published 

knowledge on the aquaculture effluents, and the nutrient uptake capacities of 

duckweed. This chapter also justifies and underlines the need to undertake the 

current research. 

Chapter 2 reviews the research into aquaculture, barramundi aquaculture industry; 

recirculating aquaculture systems, integrated aquaculture systems, benefits of 

integrated aquaculture, the current knowledge of phosphate solubilising bacteria and 

heterotrophic bacteria, the current knowledge on the effect of stocking densities on 

physiological stress responses and published information on the nutrient uptake 

capacities of duckweed.  

Chapter 3, 4, 5, 6, 7, and 8 detail the main research in this thesis and attempt to 

evaluate the relationship between harvesting frequency of duckweed and the nitrogen 

uptake efficiency, the abundance and diversity of heterotrophic bacteria and 

phosphate solubilising bacteria, physiological stress responses of barramundi and 

stocking densities, the growth performance, feed utilization, and physiological of 

barramundi when fed with the fermented duckweed incorporated in the formulated 
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feed.  All these chapters form an essential component of this research and can be 

viewed as independent experiments bound by a common theme. The experimental 

design and certain section in the introduction in these chapters may appear as 

repetitive, as it was essential to maintain the flow of information independently 

within these chapters. Moreover, these chapters are either published or have been 

submitted in various journals (Appendix A) and hence the repetitiveness.  

Chapter 3 includes an experiment that investigates the effects of different quantities 

of duckweed in real time (using different harvesting frequencies) as biofilter media 

on total ammonia nitrogen (TAN) uptake rates and growth of barramundi in IRAS. 

Chapter 4 presents an experiment with an aim to investigate the effects of different 

harvesting frequencies of duckweed in a RAS on the composition, abundance, and 

diversity of non-pathogenic heterotrophic bacteria, involved in the removal of 

nitrogenous waste from the IRAS. Chapter 5 describes an experiment that is aimed to 

evaluate the effects of different amounts of duckweed in real-time (using a different 

harvest regime) as the media on the composition, abundance, and diversity of 

phosphate solubilising non-pathogenic bacteria that are involved in the removal of 

phosphates in IRAS. Chapter 6 descibes an experiment to investigate the chronic 

responses of high stocking density of juvenile barramundi (L. calcarifer) on the 

growth performance and stress-related parameters in barramundi in an IRAS 

followed by challenging the fish with ammonia exposure in order to evaluate the 

acute stress responses. The most suitable harvest frequency of duckweed in chapter 4 

and 5 are applied.  Additionally, the most optimum stocking density of barramundi, 

water quality parameters, growth, and survival barramundi are investigated in this 

chapter. 

Chapter 7 presents an experiment aiming to investigate the effect of high fish 

stocking density on the juvenile barramundi of two different fish size on growth 

performance and physiological parameters, which then is used to compare the 

physiological status under different rearing systems and to validate the efficacy of 

IRAS. This chapter highlights the difference between RAS and IRAS.  

Chapter 8 details the experiment that is aimed to determine optimum inclusion level 

of the fermented duckweed in the formulated feed and to evaluate the growth 

performance, feed utilization, and physiological parameters of juvenile barramundi. 
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Water quality parameters and bio-physiological parameters are investigated in this 

chapter. Chapter 9 summarizes the nutrient retention in different integrated culture 

models. The chapter also synthesizes the main findings of this project. The data 

collected from this research are also compared to obtain a more complete picture in 

the application of integrated recirculating aquaculture system. Effects of different 

harvest frequencies on nitrogen uptake efficiency, and the abundance and diversity of 

heterotrophic bacteria and phosphate solubilising bacteria, effects of different 

stocking densities of barramundi on physiological stress responses of barramundi 

reared in RAS and IRAS are combined and presented. An assessment of the 

inclusion of fermented duckweed in the formulated feed is also discussed. The main 

conclusions are highlighted, which are then followed by the recommendations for 

future research. 
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ABSTRACT 

Intensive aquaculture has a potential to generate some negative impacts on the 

surrounding aquatic environment by increasing water pollution, algal blooms, and 

reduction in biodiversity of the natural flora and fauna. The nutrient-rich effluents 

from aquaculture activities contain high nitrogen and phosphates that serve as a 

nutrient source for bivalves, algae, and some other invertebrates.  

In this research the duckweed (Lemna minor Linnaeus) was integrated with 

barramundi (Lates calcarifer Bloch) in the recirculating aquaculture system (RAS) in 

order to remove the waste from the effluents, and this integrated system was termed 

as Integrated Recirculating Aquaculture System (IRAS). This research has explored 

the nitrogen uptake capacities of duckweed integrated with barramundi in this IRAS 

and has evaluated the nitrogen retention of duckweed in the system. 

The research can be divided into three facets in order to understand the efficacy of 

IRAS integrating duckweed and barramundi (Lates calcarifer). A series of 

experiments were conducted under laboratory conditions to evaluate the nutrient 

uptake efficiency of duckweed associated with harvest frequency from 0-6 days from 

juvenile barramundi effluents, and to investigate effects of different stocking 

densities of juvenile barramundi on nitrogen conversion rates and biomass 

production of duckweed and barramundi. A total of six independent trials were 

conducted in an experimental unit of an IRAS that consisted of three tanks: a fish 

rearing tank, a biofilter tank harbouring duckweed, and a waste-collection tank. The 

results suggested that harvest frequency significantly affected the growth index (GI) 

and harvested biomass of duckweed, which in turn influenced the total ammonia 

nitrogen (TAN) uptake rate. A four-day harvest frequency contributed to the 

maximum uptake efficiency, equivalent to a 94.33% and 60.73% removal of the 

TAN and total nitrogen (TN), respectively.  Stocking density and nitrogen load 

positively correlated with duckweed growth. The specific growth rate (SGR), feed 

conversion rate (FCR) and survival rates (SR) of juvenile barramundi were not 

adversely affected by the different stocking densities and nitrogen load. 
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In an experiment to investigate the effects of different stocking densities on water 

quality, growth and physiological stress responses of juvenile barramundi, showed 

that the TAN and nitrite-N levels were similar in all fish stocking densities, while 

TP, orthophosphate, total nitrogen and nitrate-N levels were significantly higher in 

the tank with a stocking density of 18.75 than 10.10 and 12.98 kg m-3.  The mean 

weight gain (WG) and SGR of the juvenile barramundi that were reared at 18.75 kg 

m-3 were significantly lower than at other fish densities, whereas the mean FCR was 

significantly increased at higher density.  Stocking density had significant effects on 

basal plasma levels of total T4 (thyroxine), total T3 (triiodothyronine), cortisol, 

glucose, lactate and whole-blood Hb (haemoglobin).  A stocking density of less than 

18.75 kg m-3 of barramundi is recommended for culturing in IRAS.  Furthermore, 

two other experiments investigated the interactions among duckweed’s harvest 

frequencies up to 6 days and the abundance and diversity of heterotrophic bacteria 

and phosphate-solubilising bacteria (PSB).  The results proved that the strongest 

correlations (R2>0.65) between duckweed SGR and biomass harvest with the 

heterotrophic bacteria and PSB diversity were observed at 4-day harvest frequency, 

indicating that harvesting duckweed every four days provides desirable conditions 

for the attachment and growth of bacteria, thus increasing the abundance and 

diversity of both heterotrophic bacteria and PSB. 

In another experiment that was performed to evaluate the physiological responses of 

juvenile barramundi of different size, under different rearing systems, showed high 

stocking density of 21.63 kg m-3 influenced the physiological stress responses in a 

differential manner according to fish size, but no differences were observed in the 

experimental fish reared in RAS or IRAS. 

The optimum inclusion level of the fermented duckweed in the formulated feed for 

barramundi was determined by evaluating the growth and physiological parameters 

of barramundi when feed fermented duckweed replacing fishmeal protein.  The 

results showed that the highest fish WG and SGR were in the group of fish reared on 

diet F2 (25% duckweed meals inclusion level). Fish fed with F3 (35% duckweed 

meals inclusion level) also showed good performance in terms of WG and SGR. 

Protein efficiency ratio (PER) was highest in fish fed F3 which was significantly 

different from those reared with other diets. PER value was lowest with the control 
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diet, while FCR value was lowest for fish fed F3 and highest for F4 (45% duckweed 

meals inclusion level) diet.  Glucose, cholesterol, low-density lipoprotein-cholesterol 

(LDL-C), and high-density lipoprotein-cholesterol (HDL-C) levels were significantly 

influenced by the dietary treatments.  Apparent net protein utilization (ANPU) was 

highest in juvenile barramundi reared on a diet F2 and lowest with diet F4. 

Decreased plasma alkaline phosphatase (ALP) observed in the fish fed on fermented 

duckweed meal diets may be an indication of the healthier state of the plasma 

membranes of these fish than those in the control groups.  The results indicated that 

the use of IRAS is a step forward to achieve sustainability of barramundi 

aquaculture. 
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1 

CHAPTER 1: Introduction 

1.1 Background information 

Similar to many other agricultural activities, aquaculture depends on the use of 

natural resources like water, land, seed, and feed (Barg, 1992; Phillips and Mcintosh, 

1997). Future availability of the above resources will considerably influence the 

development of the industry. Aquaculture is also dealing with the challenge of 

sustainable development (Pauly et al., 2003). As the concerns over potential 

environmental problems have significantly increased, the challenge for aquaculture is 

to make it safer in terms of environmental sustainability (Waite et al., 2014). More 

intensive production systems are expected to reduce water-use but can cause 

pollution due to many material inputs and many waste outputs (Diana, 2009). 

Intensive aquaculture activity provides substantial quantities of high-protein feed to 

the cultured species, however, retention capacity for N and P is usually low and 

variable among the species, leading to significant releases of both dissolved and 

particulate wastes to the surrounding environment. Studies of intensive shrimp 

culture systems in Thailand found that only 21% of nitrogen used for the pond was 

assimilated as harvested biomass while 35% was discharged into the water (Briggs 

and Funge-Smith, 1994). The wastewater composition of intensive aquaculture 

systems mainly comprises of solid wastes, dissolved metabolic waste, dissolved 

nutrients from feeds and faeces, and biocide and pharmaceutical residues (Midlen 

and Redding, 1998). Troell et al. (1999a) reported that supplied N discharged into 

surrounding waters in the form of ammonium (NH4
+) is about 50-60%. Only about 

10% of dissolved nutrient is released from prawn pond into the environment (Briggs 

and Funge-Smith, 1994).  

Recirculating aquaculture systems (RAS) are land-based intensive culture systems 

that apply less water exchange because of the internal recycling of water and use of 

mechanical and biological filters (ORR, 1999). RAS for intensive fish farming have 

been used for more than two decades (Molleda, 2007).  RAS is developed to raise 

large numbers of high-value fish species in a small volume of water by circulating 

the water to different types of filters to remove toxic waste products and then reuse 

it. However, using the water manyfold can cause accumulation of organic substance 
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and non-toxic nutrients.  Therefore, most water quality problems found in RAS were 

related to elevated concentrations of nitrogen metabolite in the water (Sanni and 

Forsberg, 1996), including total ammonia nitrogen (TAN), unionised ammonia 

(NH3-N), nitrate (NO3-N) (to a lesser extent), nitrite (NO2-N), and non-biodegradable 

organic matter (Molleda, 2007). Of these nitrogen metabolites, fish approximately 

produce 1.0-1.4 mg L-1 TAN for every 10 mg L-1 of dissolved oxygen that they 

consume (Hagopian and Riley, 1998).   

Although the dissolved nitrogens are an important nitrogen source for plant and other 

species in the aquatic environment, their increased availability may have a significant 

impact on the balance of natural ecosystems. The negative impacts of high rich-

nutrient flux may result in increased algae growth and biomass, reduction of 

biodiversity, toxic and non-toxic algae blooms and stimulating dinoflagellate growth 

(Troell et al., 1997).  Additionally, increased nitrogen metabolite concentrations can 

cause growth retardation, increase fish stress, increase the risk infectious disease, and 

other problems associated with water quality deterioration which in turn lower 

productivity (Timmons et al., 2002).  Municipal wastewater treatment with protein 

production using duckweed represents a comprehensive solution (Oron et al., 1988; 

Hammouda et al., 1995). In the past several decades, researches have explored the 

role of duckweed in wastewater treatment and its potential for nutrient recovery 

(Tripathi et al., 1991; Al-Nozaily et al., 2000; Smith and Moelyowati, 2001; Cheng 

et al., 2002; Li et al., 2009). The use of duckweed (Lemna minor Linnaeus) for the 

wastewater treatment has been investigated in dairy waste lagoons (Landesman et al., 

2000; Sammouth et al., 2008), raw and diluted domestic sewage (EI-Shafai et al., 

2007), secondary effluent (Korner et al., 2003), sewage-loaded ponds (Alaerts et al., 

1996) and fish culture systems (Kabir et al., 2009). Additionally, the economical use 

of harvested duckweed has been tested with variable results (Skillicorn, 1993). 

Barramundi (Lates calcarifer Bloch) is a big predatory species found in freshwater, 

estuarine, and coastal environments in the Indo-Pacific region. Barramundi is a 

favorite species choice for aquaculture in RAS due to its fast growing, short 

production cycle, higher-value markets, and tolerance to a wide range of water 

quality conditions (DPI, 2008; Peterson et al., 2015).  With the development of Asian 

markets, barramundi production has increased in recent years.  The level of 
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intensification witnessed in the fish production system has raised several 

environmental issues that need to be addressed in the context of the sustainability of 

the barramundi aquaculture industry (Amirkolaie, 2011). Most of the environmental 

issue raised in RAS are related with nitrogen metabolites levels.  However, the end 

products of fish metabolism (ammonia, nitrites, and nitrates) can also be used if they 

are allocated to secondary crops that have some economic values or in some way 

benefit the primary production. As reported by Martins et al. (2010), the latest 

developments in RAS focus on the recycling of nutrients through integrated 

recirculating aquaculture systems (IRAS) that grow additional crops by utilizing by-

products from the production of the primary species (Rakocy and Masser, 2006). In 

IRAS, the main and additional crops are separated by different units and the effluents 

of main species circulate through the culture units of the additional crops (Chien and 

Tsai, 1985). 

Aquatic macrophytes are an ideal secondary crop in IRAS because they rapidly grow 

in response to increased concentrations of dissolved nutrients that are generated from 

the microbial breakdown of fish wastes (Rakocy and Masser, 2006).  Among floating 

macrophytes, duckweed is used due to its nitrogen and phosphorus assimilation 

potential and its performance in the elimination of carbon pollution (Vermaat and 

Hanif, 1998; Al-Nozaily et al., 2000; Kone, 2002).   Duckweed (L. minor) can 

stimulate nitrogen (N) removal of bacteria by releasing root exudates that can serve 

as carbon sources and non-nutrient signals for denitrification (Lu et al., 2014). 

Abundant exudates are available around duckweed niches because all parts of root 

surfaces and ventral sides of fronds have the same opportunity to have contact with 

bacteria (Zhou et al., 2013).  Gram-positive and gram-negative rhizobacteria 

colonized a small part of duckweed, mainly the junction between epidermal cells and 

areas where lateral roots appeared (Liu et al., 2006; Fan et al., 2011).  The 

colonization of roots by bacteria is linked to the formation of robust biofilm, 

structured communities of the bacterial cells adherent to a surface of duckweed root 

epidermis cells (Dang et al., 2011), while the formation of biofilm at duckweed 

surface is found to be connected with synthesis of surfactant (Bais et al., 2004). 

Earlier scientific researches have indicated that the removal of environmental 

pollutant including excessive N and P in aquatic environments is through the direct 
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impact of the interaction of aquatic plant and bacteria (Zhou et al., 2010; Sharma et 

al., 2013; Lu et al., 2014).  Bacteria play foundational roles in the aquatic 

environment, through their role in decomposition, releasing nutrients stored in 

organic tissue.  Bacteria present in any RAS can be divided into two main groups; 

autotrophic and heterotrophic bacteria.  Autotrophic bacteria are categorised as 

primary producers in aquatic systems (as are true algae), while heterotrophic bacteria 

are involved in the decomposition of organic matter and the cycling of nutrient in 

aquatic systems (Sharrer et al., 2005). Heterotrophic non-pathogenic bacteria are 

growing five times faster, generating a biomass yield of two to three times higher 

than autotrophic bacteria (Aoi et al., 2000), and efficiently removing ammonia when 

the appropriate carbon source is available (Russel and Cook, 1995; Michaud, 2006).  

Duckweed growth rate in optimal conditions can lead to a large biomass coverage 

percentage which may induce dysfunction of such ponds (Demirezen et al., 2007; 

Lasfar et al., 2007).  Hence, to avoid an excess of biomass and any subsequent 

problem, such as the death and the settling of duckweed creating a secondary 

pollution (Korner and vermaat, 1998; Jupsin et al., 2004) or to valuate the biomass 

for animal feed, a regular harvesting should be conducted.  Additionally, harvesting 

frequency is one of the factors that affects the nutrient removal efficiency of 

duckweed besides initial nutrient concentration, and duckweed density (Al-Nozaily 

et al., 2000; Nhapi, 2004; Chaiprapat et al., 2005).  Harvesting of duckweed is 

required to maintain faster growth rates and high nutrient uptake capacity. 

Additionally, if duckweed is not harvested, the nutrients from the duckweed 

decomposing detritus are rapidly back into the water (Al-Nozaily et al., 2000; 

Chaiprapat et al., 2005).      

Considering the organic materials, pathogens, and the removal of nutrients, 

duckweed has shown promise to be used in effluent treatment (Smith and 

Moelyowati, 2001). Additionally, duckweeds being floating weeds can reduce the 

suspended solids by blocking light penetration. The availability of light causes the 

algae to die off, which finally settle or disintegrate. Ran et al. (2004) showed the 

benefits of using duckweeds due to its high production rates, easy manual harvesting, 

high protein and low fiber contents. Given that, aquaculture effluent treatment should 

aim to reuse nutrients effectively, the use of the duckweed is cost-effective for 
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recycling as fertilizer and animal feed (Ran et al., 2004). Recycling of domestic 

waste in fish farming and agriculture is an effective approach to control pollution, 

which may contribute to cost recovery and also provide cheap protein food 

production (El-Shafai et al., 2007). Reuse of waste in fish farming has been applied 

in the experimental system as well as in a commercial scale (Shereif et al., 1995; El-

Shafai et al., 2004). The main purpose of this practice is to fertilize the pond and 

increase the primary and secondary productivity (Mara and Cairncross, 1989). 

However, there is no available information on integration of duckweed with 

barramundi in the IRAS. In an integrated system, farming effluents from Nile tilapia 

(Oreochromis niloticus) ponds flow through duckweed ponds, which serve as 

biofilters for removing dissolved nitrogen and then part of effluents circulated back 

to the tilapia pond. This process reduces nitrogen concentration in the effluent but 

fails to remove nitrogen completely from the total nitrogen input in the system (El-

Shafai et al., 2007; Mohapatra et al., 2012; Tavares et al., 2010). Additionally, 

published data on the optimum stocking density, the growth performance, and 

physiological stress responses of barramundi (L. calcarifer) in an IRAS are limited. 

1.2 Aim 

The aim of this study is to evaluate the efficiency and sustainability of using 

duckweed (L. minor Linnaeus) as a biofilter medium for nutrient removal and its use 

as a feed source in barramundi (L. calcarifer) RAS.  

1.3 Objectives  

The above aim is achieved by meeting the following specific objectives: 

1. To evaluate the effects of different harvesting frequencies of duckweed as 

biofilter media on nitrogen uptake rates in IRAS culturing barramundi. 

2. The effect of different stocking densities of juvenile barramundi on nitrogen 

conversion rates and biomass production of duckweed and barramundi cultured in 

IRAS. 

3. To evaluate the effects of duckweed’s harvesting frequencies on the abundance 

and diversity of heterotrophic bacteria in the biofiltration of IRAS culturing 

barramundi. 



 

6 
 

 

4. To evaluate the effects of duckweed’s harvesting frequencies on the abundance 

and diversity of phosphate-solubilising bacteria (PSB) in the biofiltration system 

of IRAS culturing barramundi. 

5. To investigate the effect of different stocking densities of juvenile barramundi on 

nitrogen conversion rates and biomass production of duckweed and barramundi in 

IRAS. 

6. To determine carrying capacity of IRAS culturing barramundi.  

7. To evaluate effects of different stocking density on stress-related parameters and 

growth performances of juvenile barramundi cultured in IRAS 

8. To investigate the growth performance and physiological status of barramundi of 

different sizes cultured in IRAS 

9. To compare growth performance and physiological status of juvenile barramundi 

reared at IRAS and RAS, and to validate the efficacy of IRAS.   

10. To determine the optimum inclusion level of the fermented duckweed, harvested 

from IRAS in the formulated feed for barramundi. 

11. To investigate the growth performance and physiological parameters of 

barramundi when fed fermented duckweed replacing fishmeal protein in the 

formulated diet for barramundi. 

1.4 Significance 

The research aims to make contributions in the management of barramundi 

aquaculture effluent for sustainable barramundi industry by contributing in the 

understanding of nutrient removal capabilities of duckweed. The significances of the 

current research are as follows: 

1. The study will assist in understanding the mechanisms and principles of using 

duckweed as a biofilter medium in IRAS.  

2. The research will assist in understanding the nutrient uptake capacities of 

duckweed in the experimental culture conditions. 

3. The research will contribute in sustaining the production of IRAS culturing 

barramundi via an application of appropriate stocking density. 

4. The research will assist in understanding the effect of stocking density on 

physiological stress responses of barramundi in IRAS. 
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5. The research will assist in providing the fundamental information of nutrient 

removal by either duckweed or bacterial communities in IRAS. 

6. The research will assist in understanding the interaction of duckweed and 

bacterial communities in IRAS. 

7. The research will add the value of IRAS by recycling duckweed by product as 

ingredients of aquafeed. 
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CHAPTER 2: Literature Review 

2.1 Aquaculture 

Aquaculture can be defined as the farming and husbandry of aquatic organisms in 

controlled or semi-controlled conditions (FAO, 2011). Aquaculture has been 

recognized as the fastest growing food production sector worldwide over the last 

decade (FAO, 2006). Aquaculture is becoming a primary source of cheaper protein 

and income, making it a significant contributor to the world’s food supply and 

economy. Fish contribute a large amount of animal protein for human food 

worldwide. About 15 and 20 percent of all animal proteins derived from aquatic 

animals (FAO, 2012). Fish is food with high nutritional values, both as a source of 

protein and as a provider of essential fatty acids. Aquaculture production value 

accounts for more than half of the total world fish production (FAO, 2016).   

Aquaculture can be used to produce both plants (including seaweeds and freshwater 

macrophytes) and animals (including crustaceans, finfish, and molluscs) (FAO, 

2006). Aquaculture techniques vary and can be categoried according to the intensity 

of practice: extensive and intensive. The classification of intensity is based on the 

amount of biomass within the system and the amount of manipulation required to 

maintain the desired biomass density (Midlen and Redding, 1998).  Extensive 

aquaculture uses minimal inputs or minimal human manipulation thereby operating 

with a lower total biomass. Intensive aquaculture practices require extensive human 

manipulation but can operate with high biomass densities. Between these two broad 

categories, a continuum of different production methods exists (Pullin, 1989). 

Aquaculture systems can also be distinguished by way of the water system contact 

with the environment, defined as either open or closed (Flimlin et al., 2008). An open 

system directly discharges effluent water to another body. This can be either a pool 

or flowing system, but some water exchange with the environment occurs, resulting 

in an effluent discharge (Stickney, 1994). Closed systems utilize some treatment 

mechanisms, which allow these systems to reuse a majority of the water rather than 

discharging it directly to the environment (Cottee and Petersan, 2009).  Intensive 

systems can be either open or closed. As the production methods become more 

intensive, greater quantities of waste are generated. Depending on the fish species, 
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large amounts of fishmeal might be required to support high biomass densities 

leading to the production of waste (Naylor et al., 2000). Intensive aquaculture 

practices can further exacerbate negative environmental impacts through habitat 

destruction, the capture of wild seed stocks, introduction of exotic species, transfer of 

pathogens, taxation of water and energy resources and pollution of waters with 

nutrients and other chemicals (Naylor et al., 2000). Closed intensive aquaculture 

systems provide the opportunity to reduce or eliminate many of these environmental 

concerns and recirculating aquaculture systems (RAS) hold this potential. 

2.2 Recirculating Aquaculture Systems (RAS) 

Recirculating aquaculture systems (RAS) can be used to reduce the use of water and 

the discharge of water in land-based aquaculture (Martins et al., 2009). Mantaining 

good water quality in RAS is essential for optimal fish growth and health. Treatment 

of recirculating water is, therefore, one of the limiting factors for a production 

capacity of a fish farm (Bjerknes, 2007). Solid waste treatment combined with 

control of dissolved minerals, dissolved gasses, dissolved organic matter, and various 

other water quality parameters contribute to ensuring optimal water quality criteria 

that support the survival and growth of aquatic organisms (Cripps and Bergheim, 

2000). While the use of RAS has reduced the discharge of waste-water to the 

environment, the accumulation of potentially harmful substances within the system is 

receiving increasing attention. Efficient removal of minerals can prevent their 

accumulation to toxic concentrations (Bjerknes, 2007; Wood et al., 2012). Aluminum 

is of special concern because it accumulates on the gill surface at concentrations as 

low as 10 – 15 μg/L (Kroglund et al., 2007). Copper is also toxic to fish in low 

concentrations, and has been reported to accumulate in RAS (Martins et al., 2009). 

RAS are intensive land-based systems where fish are raised in tanks, and the effluent 

can be treated by physical, chemical, and biological waste treatment systems. These 

systems can achieve up to 85 to 99 % of the treated water being continuously 

recycled back to the tanks nearly eliminating discharge (Wik et al., 2009; Badiola et 

al., 2012). A typical intensive aquaculture system will include aeration, oxygenation, 

and solids removal; however, the addition of biofiltration allows for recirculation in 

RAS (Piedrahita, 2003). The major purpose of the biofilter is to remove ammonium 

through nitrification. One of the most toxic compounds for fish is ammonia. When 
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ammonia levels are high, blood is less able to transport oxygen and ultimately results 

in fish kills (Chien, 1992). Unionized ammonia (NH3) is the most toxic form, 

although both unionized and ionized ammonia (NH4
+) forms can be deadly. Toxic 

values for ammonia depend on species, but on average acute toxicity values for 

freshwater fish are 2.79 mg L-1 NH3 and 1.86 mg L-1 NH3 for saltwater fish (Randall 

and Tsui, 2002). 

Biofilters utilize a consortium of bacteria immobilized on the surface of a biofilm 

carrier media. While a diverse microbial community is present on the media, the 

growth of the organisms responsible for nitrification is critical for ammonium 

removal. Nitrification occurs in a two-step process. First, ammonium oxidizing 

bacteria convert ammonium (NH4
+) to nitrite (NO2

-) as shown in Equation 1. In the 

second step, nitrate oxidizing bacteria convert NO2- to nitrate (NO3-), as shown in 

Equation 2. Through this process, the harmful ammonium and nitrite are oxidized 

allowing for the recirculation of aquaculture water. 

NH4
+ + 1.5 O2 → NO2

- + 2H+ + H2O  [1] 

NO2
- + 0.5O2 → NO3

-    [2] 

Several different biofilter configurations can be used for nitrification including 

moving bed bioreactors, trickling filters, submerged filters, rotating biological 

contractors (RBC), fluidized bed reactors, and bead filters (van Rijn, 1996; Midlen 

and Redding, 1998; Crab et al., 2007). Other forms of biofilters that utilize plants or 

algae have also been used successfully to remove ammonium and other nutrients 

with intensive aquaculture systems (van Rijn, 1996). While functional, bacterial 

biofilters are expensive to operate, and high-value fish species must be cultivated to 

offset the costs of the biofilter (Zucker, 1999). The high capital costs and the 

operation and maintenance costs associated with water treatment and recirculation 

have prevented rapid growth of this more sustainable aquaculture technique (Martins 

et al., 2010). Using plants and algae in combination with the biofilter instead, can 

reduce the costs of water treatment and provide additional opportunities for revenue 

(Neori et al., 2004; Graber and Junge, 2009). The use of plants or algae for 

biofiltration in this way is often referred to as an integrated aquaculture system 

(IAS). 
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2.3 Integrated aquaculture system (IAS) 

Integrated aquaculture systems (IAS) are defined as the interaction between two or 

more agricultural activities that can result in similar levels of benefit to both 

components, of which at least one component is fish farming (FAO, 2011). In IAS, 

the output of one subsystem becomes inputs for other subsystems, producing a 

greater efficiency of the output of the desired product from land or water under 

controlled conditions (Edwards et al. 1988).  

Integrated pond systems have been traditionally practiced in Asia (Schneider et al., 

2005) and principally originated in China, Japan, and South Korea (Goldman et al., 

1974a; Ryther et al., 1975). Wastes in the integrated system serve as nutrient for 

phototrophic and detritivorous/heterotrophic conversion into plants, bacteria, and 

invertebrates (Riise and Roose, 1997; Liu and Cai, 1998), higher nutrient retention is 

a result of nutrient re-use by primary and secondary producers (Liu and Cai, 1998). 

Consequently, integrated aquaculture system can limit the environmental impact of 

waste from fish/prawn cultivation and enhance the total productivity (Troell et al., 

2003). 

Integrated aquaculture models can be classified as fish-macroalgae (Cohen and 

Neori, 1991; Neori et al., 1991; Neori et al., 2000), fish-macroalgae-abalone (Neori 

et al. 2000), prawn-microalgae-oyster (Wang, 2003), fish-bivalve-macroalgae (Neori 

et al., 1993), prawn-fish (Tian et al., 2001; Muangkeow et al., 2007). An extensive 

review on analyzing nutrient conversions in integrated intensive aquaculture systems 

is provided by Schneider et al. (2005). 

Integrated aquaculture can be land-based or open-water systems and may include 

several combinations of species (Neori et al., 2004). Both systems have mainly built 

on technical approaches involving mechanical separation, sedimentation, and 

filtration (Cripps, 1994). The land-based systems have been successfully 

implemented (Neori et al., 1991; Lin et al., 1993; Buschmann et al., 1994; 

Buschmann et al., 1996; Neori et al., 2000; Muangkeow et al., 2007) in small-scale 

(indoor/outdoor tank culture) systems (Buschmann et al., 1994; Buschmann et al., 
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1996; Neori et al., 2003; Muangkeow et al., 2007) and large-scale (pond culture) 

systems (Maguire et al., 1981; Wang et al., 1998). Polyculture in earthen brackish 

water ponds has been practised for a long time, with extensive polyculture systems of 

prawn, fish, agriculture plants (including also mangroves and rice) found mostly in 

China, Indonesia, India, Ecuador, the Philippines, Taiwan Province of China, 

Thailand, Japan and Viet Nam (Brzeski and Newkirk, 1997; Neori et al., 2004). 

Several studies investigated the use of macroalgae as a biofilter for marine RAS 

effluents before the development of integrated recirculating aquaculture systems 

(IRAS). Macroalgae, for example, can protect coastal areas from eutrophication 

while providing a valuable byproduct (Chow et al., 2001). As awareness of coastal 

degradation, due to shrimp and fish monocultures, became more prominent, so grew 

the interest in using algae for nutrient removal (Troell et al., 1999b). Some of the 

first experiments using macroalgae for the treatment of marine aquaculture 

wastewater were performed by Goldman et al. (1974a) and Goldman et al. (1974b). 

The concept of using macroalgae for the treatment of aquaculture effluents was 

developed further in a series of experiments on multitrophic intensive aquaculture 

systems performed in Israel (Neori et al., 2004).  Shpigel and Neori (1996) compared 

the potential revenue from three systems: integration of seaweed and abalone; fish, 

seaweed, and abalone; and fish, bivalves, seaweed, and abalone. They concluded that 

all three systems would cover the cost of operations.  However, growers must keep in 

mind the variations in complexity. In a companion paper, Neori et al. (1998) 

examined the nitrogen budget for the simplest system: seaweed and abalone. When 

Ulva lactua was used as the biofilter, consistent performance was observed, with a 

removal efficiency of 49-56% of NH4
+-N (Cohen and Neori, 1991). Much of the 

nitrogen was accounted for in growth of the algal biomass. Neori et al. (2000) 

studied a pilot system combining fish, seaweed, and abalone. As in Shpigel and 

Neori (1996), the combination of the three organisms effectively maintained water 

quality and produced three valuable products. 

Integrated aquaculture has been used for centuries to culture organisms in relatively 

low densities (Li, 2003), but has only been considered for large-scale commercial 

aquaculture production (in China and elsewhere) in the past few decades (Troell et 

al., 2003). Increasingly, articles are appearing in the literature on the design and 
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effectiveness of integrated aquaculture systems of all types and sizes. Some studies 

are laboratory experiments to determine optimum species densities, feed, and water 

exchange rates, and farm design (Shpigel et al., 1993; Neori et al., 2000; Jones et al., 

2001; Schuenhoff et al., 2003; Metaxa et al., 2006). Other studies examine the on-

farm use of integrated aquaculture to assess ecological effects of commercial 

integrated culture systems (Gautier et al., 2001, Jones et al., 2002, Marinho-Soriano 

et al., 2002, Wu et al., 2003; Fei, 2004; Ryder et al., 2004; Yang et al., 2005). 

Another set of studies focuses on promoting the philosophy of integrated 

aquaculture, referring to it as potentially “sustainable” aquaculture, and emphasizing 

the need for fundamental changes in the aquaculture industry (Chopin et al., 2001, 

Paez-Osuna, 2001; Costa-Pierce, 2002; Frankic and Hershner, 2003; Fei, 2004). 

2.3.1 Benefits of IAS 

The economic value of integrated/polyculture systems has been investigated since 

1985 (Neori et al. 2004). Integrated aquaculture systems can diversify the 

production- mix in changing market conditions and add another source of income 

(Buschmann et al., 1994; Neori et al., 1996; Troell et al., 1997; Neori et al., 2007). 

The production of species in integrated aquaculture systems is at least equal to, or 

greater than, those attained from monocultures systems (Neori et al., 2000; Newell, 

2004). For example, by integrating seaweed, Gracilaria with salmon, approximately 

48.9 kg m-2 year-1 of seaweed, Gracilaria was harvested annually in a pond with 

salmon, equivalent to US$ 34,000 (Troell et al., 1999a). Eventually, a farm model of 

land-based integrated seabream-shellfish-seaweed can harvest 25 tons of fish, 50 tons 

of bivalves and 30 tons of seaweed annually (Neori et al., 2004). Integrated mussel-

salmon aquaculture system cultured in the cage can enhance productivity by 20%, 

compared to the monoculture of mussel or salmon. Investment in an integrated 

mussel-salmon aquaculture system is shown to produce a positive net present value 

(NPV) (£1.425 million) which exceeds the combined NPV of mussel monoculture 

(£0.353 million) and salmon monoculture (£0.922 million) (£0.353 million) 

(Whitmarsh et al., 2006). Hence, using bivalves/seaweeds for biofiltration in 

aquaculture systems has both ecological and economic benefits.   

According to Muir (1986), the advantages of integrated aquaculture system are as 

follows: (1) multiple uses of resources, (2) reduced operating and maintenance cost, 
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particularly feeding costs, (3) multiple harvests of both plant and fish in the same 

place, (4) more effective removal or reduction of the effluent, (5) makes for effective 

monitoring since both fish and plant are within the same range.   

Integrated aquaculture systems are practical and functional in most cases and, 

usually, lead to reduced effluent being discharged into open water bodies (Neori et 

al., 2004; Martínez-Porchas et al., 2010). The subordinate species in the integrated 

systems can retain the nutrients by assimilation most of the nutrient wastes generated 

from fish or prawn farmings. Thus, integrated aquaculture systems improve the water 

quality in the culture media and reduce the negative ecological impacts (Martínez-

Porchas et al., 2010). Moreover, if the quality of the treated effluent is sufficiently 

improved, it can be re-used in recirculating aquaculture systems. 

Several studies have shown that the presence of secondary species can improve the 

performance of the shrimp. Martínez-Córdova and Martinez-Porchas (2006) 

concluded that the integration of the Pacific oyster and black clam into white shrimp 

(Litopenaeus vannamei) aquaculture resulted in the increase of the productive 

performance of white shrimp and Pacific oyster, indicating that black clams are a 

good candidate to be kept in the white shrimp ponds. The integration of tilapia 

(Oreochromis niloticus) with shrimp showed that tilapia can utilize the excess 

organic matter, improve water quality and thereby increase production of shrimp 

(Akiyama and Anggawati, 1999). A similar conclusion drawn by Wang et al. (1998), 

which reared the Chinese shrimp-hybrid tilapia in a small scale polyculture. 

The optimization of an integrated farming systems depends on the targets to achieve, 

that is, biofiltration versus biomass production (Neori et al., 2003; Schuenhoff et al., 

2003). Maximising bivalves and seaweeds production and nutrient removal 

efficiency in an integrated aquaculture system could be difficult to achieve. 

Schuenhoff et al. (2006) pointed out that an integrated aquaculture system has a high 

biomass yield of seaweed, the drawback is that nutrient removal efficiency decreases. 

To achieve the elevated biomass yield of seaweed, water exchange rates should 

ensure the availability of both carbon and nitrogen for the growth of seaweed 

(Schuenhoff et al., 2006). However, Msuya et al. (2006) reported that the higher 

water exchange rates might result in the higher nutrient removal rates. The growth 

rates of the cultured species can reduce due to the fouling and mortality of the 
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seaweed in an integrated aquaculture system (Msuya et al., 2006). The biomass 

production per unit area of each species in an integrated aquaculture system may be 

lower than monoculture system. Besides, efficient treatment of waste water from 

aquaculture ponds usually involves a high level of technology which requires large 

investment regarding the setup and running costs (Neori et al., 2004; Matos et al., 

2006). Adding a sub-ordinate species may increase the risk of transferring pathogens 

from one species to another. Naylor et al. (2001) emphasised that the transport and 

transmission of pathogenic organisms are often found in the aquaculture industry, 

resulting from the use of exotic species. 

Considering the benefits of IAS, a farming system designed to rear high-value fish 

species in land-based tanks with continuous recycling of water is required to 

optimize water use, increase productivity, improve sustainability, and decrease 

environmental emissions. 

2.4 Integrated recirculating aquaculture systems (IRAS) 

Integrated recirculation aquaculture system implies a polyculture system where the 

main and subordinate species are separated by different units and the effluents of 

main species circulate through the culture units of the subordinate species (Chien and 

Tsai, 1985). The subordinate species use the uneaten feed, dissolved organic matters 

and other nutrients from the main species effluents.  

IRAS is developed to improve the quality of the fish farming effluents by treating 

and recirculating the treated effluents back to the rearing systems, reducing the 

environmental impact of aquaculture activities (Martínez-Porchas et al., 2010).  

Researchers have intensively studied on semi-recirculating integrated aquaculture 

systems (Neori et al., 1998; Neori et al., 2003; Schuenhoff et al., 2003) where parts 

of the treated effluents recirculate back to the culture system. Shpigel and Neori 

(1996) have proposed three designs for the semi-recirculating integrated culture of 

mollusc with seaweed and fish in land-based facilities and showed that these 

designed systems significantly reduce the operational and environmental risks 

involved with mariculture. However, this process reduces the nutrient concentration 

in the effluent but fails to completely remove nutrients from the farming effluents 

(Buschmann et al., 1996; Schuenhoff et al., 2003). 
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Integrated closed recirculation systems have been developed because of growing 

concern about water pollution and avoidance of disease infection through water 

intake. In this system, wastewater with high organic particles and nutrients from 

intensive prawn pond flows to the treatment ponds and then recycles back to the 

prawn pond (Muangkeow et al., 2007). Lin (1995) proposed an integrated closed 

recirculation system composed of prawn, sedimentation, biological treatment (fish, 

mussel, etc.) and aeration ponds. The integrated and intensive culture of white prawn 

with herbivorous fish (mullet) and oysters in closed recirculation system have been 

proposed by Sandifer and Hopkins (1996). Recently, Muangkeow et al. (2007; 2011) 

have reported the integration of white prawn and Nile tilapia in an integrated closed 

aquaculture system. 

2.5 Stocking density 

The use of high stocking density as an approach to maximize the use of water and to 

increase stock production in fish culture has been shown to result in severe adverse 

effects on growth (Allen, 1974; Refstie and Kittelsen, 1976; Refstie, 1977; 

Trzebiatowski et al., 1981; Leatherland and Cho, 1985) and performance of teleosts 

(Schreck, 1982; Schreck et al. 1985).  Stocking density is recognized as an important 

husbandry factor in intensive aquaculture systems because it is an important inducer 

of chronic stress, which may cause physiological and behavioural changes of the 

target species (Schreck et al., 1997; Wedemeyer et al., 1997; Ellis et al., 2002).  

The magnitude of physiological and behavioural responses to stress are varied 

between fish species, but also on the strain and the individual level (Scholten et al., 

2005).  Various physiological changes in response to the stressor have been 

documented in many fish species as primary steps involved neuroendocrine response 

including catecholamine release and activation of corticotrophin interrenal axis, 

followed by secondary responses including hematology, metabolism, blood enzymes 

and changes osmoregulatory (Mazeaud et al., 1977; Sumpter, 1997). 

Rearing fish at inappropriate stocking densities may impair the growth, reduce 

immune competence and induce abnormal behaviour (Ellis et al., 2002; Iguchi et al., 

2003; Barcellos et al., 2004; Kristiansen et al., 2004; Schram et al., 2006). Due to 

variations in response to physiological stress on the fish (Barton, 2002), Effects of 



 

17 
 

 

stocking density seem to be species-specific, and become primarily dependent on the 

sensitivity of fish to the decrease in water quality at high stocking density, and the 

increase of social interaction at very low or very high stocking densities (Montero et 

al., 2001; Ellis et al., 2002; Kristiansen et al., 2004; Bjornsson and Olafsdottir, 2006; 

North et al., 2006; Papoutsoglou et al., 2006). Inappropriate stocking densities may 

result in a decrease welfare and compromise the health conditions of target species, 

affecting also the profitability of the aquaculture industry (Ellis et al., 2002; Conte, 

2004; Turnbull et al., 2005; Huntingford et al., 2006; North et al., 2006). 

Growth performance, survival and biomass production effects of stocking density on 

aquaculture have been well-documented in a diversity of species (Samad et al., 2005; 

Mazlum, 2007; Garr et al., 2011; Zhu et al., 2011; Khatune-Jannat et al., 2012) and 

seem to impact production differently. Both growth performance and survival rate 

tend to be higher in lower stocking densities in the African catfish (Clarias 

gariepinus) (Hecht et al., 1996), in freshwater prawn (Macrobrachium rosenbergii) 

(Cuvin-Aralar et al., 2007), in nila (Oreochromis spp.) (Sorphea et al., 2010), in 

Amur sturgeon (Acipenser schrenckii) (Zhu et al., 2011), in silver catfish (Rhamdia 

quelen) (Pouey et al., 2011), in the Thai climbing perch (Anabas testudineus) 

(Khatune-Jannat et al., 2012).  However, only survival is higher observed in 

Oreochromis spp cultured under same conditions (Ridha, 2005). In some cases, the 

advantage of lower stocking densities is either non-existent, as reported in Barbus 

luteus (Gokcek and Akyurt, 2007), in channel catfish (Southworth et al., 2009), in O. 

niloticus (Osofero et al., 2009) or temporary and wanes after sometime so that 

generally no differences occur across different stocking densities, as in the apple 

snail (Pomacea paludosa) aquaculture (Garr et al., 2011). 

Different efforts have been made to determine appropriate stocking densities to 

evade this limitation but until now recommended stocking densities still vary 

considerably (Russell et al., 2008). With limited land resources and high competition 

with agriculture for land, there is an urgent need for refining these recommendations, 

so those appropriate stocking densities are adopted in time to minimize production 

deficiencies per unit space available. 

Furthermore, few studies reported the effects of stocking density on stress and 

welfare of sea bass. However, no significant differences have been found regarding 
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final body weight, specific growth rate, survival, some blood metabolites and 

chemical composition of sea bass reared at 20 and 40 kg/m3 for 18 months 

(Roncarati et al., 2006). On the other hand, some immunological effects including 

depression of peritoneal leukocyte cytotoxicity were described in adult sea bass 

crowded at 60 kg/m3 for 48 h (Vazzana et al., 2002). An increase of both plasma 

cortisol levels and stress genes expression was observed in juveniles held at 80 and 

100 kg/m3 for 3 months (Gornati et al., 2004; Terova et al., 2005). 

2.6 Barramundi aquaculture 

The popularity and demand for barramundi (Lates calcarifer Bloch) make it an 

obvious candidate for aquaculture. The species is an incredibly robust, grows and 

thrives in a wide range of environments (Noble et al., 2014).  Apart from these 

characteristics that endear it to the consumer; tender, mild tasting, boneless fillets, 

the fish is also fast-growing and euryhaline. The latter fact is seen as a valuable 

attribute for a species being raised in areas subject to varied conditions (Carter et al., 

2010). 

Techniques for the culture of barramundi were first established in Thailand in the 

beginning of 1970s at the Songkhla Marine Laboratories, and a considerable progress 

in barramundi aquaculture techniques has been achieved since that time (Schipp et 

al., 2007). Over the 80s and 90s, barramundi aquaculture expanded throughout the 

Asia-Pacific regions, including China, Taiwan, Vietnam, Malaysia, Indonesia, 

Malaysia, the Philippines, and Australia. More recently countries such as the USA, 

the Netherlands, the UK and Israel have also involved in barramundi farming. Most 

of those countries are supporting active research into culture techniques for 

barramundi (Glencross et al., 2013). 

Australia’s involvement in barramundi aquaculture began in 1983 with the 

establishment of a research program at Northern Fisheries Centre, Department of 

Primary Industries and Fisheries in Cairns. The main thrust of the initial research was 

to produce fingerlings for the enhancement of rivers and estuaries for recreational 

fishing. Early breeding programs used eggs and sperm hand stripped from wild 

spawners at Weipa in North Queensland. Later, spawnings were undertaken using 

captive as well as wild brood fish (Schipp et al., 2007).  Furthermore, the first large 
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scale barramundi farm was developed near Innisfail in North Queensland in 1986 

following the public float of Sea Hatcheries Limited. Since then many barramundi 

farms have been established around Australia, and in 2004-2005 the industry 

produced nearly 3000 tons of fish (Schipp et al., 2007). 

Recently, barramundi has been successfully cultivated in several states in Australia. 

Production is characterized by a large number of relatively small producer, with 

about 8-900 tons of fish were produced in 1998-1999. Although the production of 

barramundi in WA is still in the early stages with less than 10 tons of fish were 

produced in 1997-1998, has grown rapidly in the last three to four years (Thorne, 

2002).   

In Asia, barramundi aquaculture is carried out in marine water, brackishwater, and 

freshwater, with most production based on hatchery-reared stock. Over the past 10 

years, worldwide production of barramundi has been relatively constant (FAO, 

2007).  Even though barramundi production in Asia has decreased, barramundi 

production in Australia has increased during this period.  Most barramundi is farmed 

in cages and ponds located in brackish estuaries and coastal areas (FAO, 2007).  

Furthermore, Australia has experienced a large-scale development of barramundi 

farming, where the cultivation of barramundi is located outside the tropics, and the 

production is commonly performed using recirculation aquaculture systems (RAS) 

(in southern Australia and north-eastern United States of America). Barramundi 

farming has also become important species cultivated in Iran, Guam, French 

Polynesia, United States (Hawaii, Massachusetts), and Israel (Mathew, 2009). 

2.7 Duckweed (Lemna minor Linnaeus) 

The term duckweed commonly refers to a group of aquatic vascular angiosperms of 

the family Lemnaceae. The plants are divided into four genera; Spirodela, Lemna, 

Wolfiella, and Wolffia.  There are approximately 40 species worldwide, half of which 

are found in the United States.  Lemnaceae plants are widely distributed in the world 

from the tropical to the temperate zones, from freshwater to brackish estuaries, and 

throughout a wide range of trophic conditions (Hillman and Culley, 1978).   

Lemnaceae plants are common in the aquatic environment, especially in quiescent 

water bodies.  Lemnaceae plants are composed of two parts, frond, and root.  The 
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plants are colonial and form aggregates of two or more fronds in a colony.  

Duckweed (Lemna minor Linnaeus) has a single rootlet, while Spirodela has several 

rootless (Correll and Correll, 1972).  Lemnaceae plants are small,  L. minor is 2-4 

mm across, while Spirodela thallus is 3-10 mm long (Correll and Correll, 1972).  The 

plant size is small so that a large laboratory space is not required for culturing or 

testing.  The size is sufficiently large to be visually observed, allowing 

nondestructive, repeated observations. 

Lemnaceae plants are incredibly fast growing (Hillman and Culley, 1978). The plants 

form a thick mat, frequently dominated by a single species, in a lake or a pond.  

Duckweed and algal domination have been reported to cause fish mortality (Lewis 

and Bender, 1961).  In an 18-month study, the doubling time for L. minor fronds 

ranged from 1.3 to 2.8 days (Wang, 1987).  In comparison, Hughes et al. (1988) 

reported the doubling time for L. gibba to be 0.7 days.   Lemnaceae can take up 

nitrogen as nitrite, nitrate, ammonium, urea and some amino acids. However, 

ammonium and nitrate are the main nitrogen sources for most species. Minimum, 

optimal, and toxic levels of nitrogen greatly vary between species and geographic 

isolates, and increased intensity of light is believed to elevate optimal nitrogen 

requirements for growth. Among the species studied, L. minuscula has the lowest 

tolerance (0.0016 mM.L-1), and an unclassified species of Lemna was recorded to 

have the highest minimum requirements for nitrogen (0.08 mM.L-1) (Landolt, 1986).  

Likewise, the maximum tolerated level of nitrogen was observed from 30 mM.L-1 (L. 

minuscula) to 450 mM.L-1 for L. aequinoctialis (Landolt, 1986). The optimal 

nitrogen requirements were recorded ranging from 0.01 mM.L-1 for Wolffia 

colombiana, up to 30 mM.L-1 for Spirodela polyrhiza (Landolt, 1986). 

Phosphorus requirements for duckweed are variable (0.003 to 1.75 mM L-1) among 

species, but apparently unassociated with the nitrogen requirement (Landolt, 1986). 

Duckweed can accumulate up to 1.5% by weight of phosphorus in waters rich in 

nutrients (Leng, 1999). Between-species, differences are also evident in potassium, 

with requirements also being influenced by light intensity. The pH of water exerts a 

profound effect on the growth of duckweed, affecting the uptake of nutrients and 

especially the nitrate: ammonium ratio and species availability (Caicedo et al., 2000). 

Both optimal and limiting values for growth vary widely, both between species and 
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between colonies or isolates. Both Spirodela and Lemna species require a neutral pH 

of 7 for their optimal growth, while Wolffia reaches its optimal growth at pH of 5 

(McLay, 1976; Leng, 1999).  Although the minimum and maximum pH values that 

can be tolerated by most duckweed species are still debatable, Landolt (1986) 

reported that pH 3 is a lower pH value, while Leng (1999) concluded that the lower 

and upper pH values are 5 and 10.5, respectively.  Landolt (1986) has also 

recommended that the presence of chelating agents have a significant impact on the 

pH range at which duckweed grows. 

Most of the duckweed species seem to have their optimum growth at the temperature 

between 20o and 30o C (Landolt, 1986). The rise in temperature from 12oC to 30oC 

has synergistic effects on the growth of most duckweed species. Additionally, most 

species are able to achieve maximum growth at 9,000 Lux and pH 24oC (Landolt, 

1986). The data indicate that besides light intensity, the temperature affects 

photosynthesis and the nighttime respiration rates. 

The water depth required to support the growth of duckweed is influenced by many 

factors, including the growing purposes and management approaches (Leng, 1999). 

The depth of the pool less than 0.5 m is strongly influenced by the diurnal 

temperature fluctuations. However, the greater the depth, the less likely duckweed 

have full access to the nutrients in the water column. Al-Nozaily et al. (2000) found 

that the surface area has a greater influence than the depth of water on the nitrogen 

removal capacity of duckweed. 

Many studies have shown that duckweed can absorb 40 to 60% of the nitrogen in the 

solution over 12 to 24 days. Volatilization can result in a similar loss of nitrogen 

(Vermaat and Haniff, 1998), even though, a more recent study conducted in Israel, 

has suggested that duckweed directly absorbs less than 20% of nitrogen losses, and 

volatilization/denitrification can reach over 70%. (Van der Steen et al., 1998). 

Likewise, duckweed can absorb 30 to 50% of dissolved phosphorus, even though, a 

study of Alaerts et al. (1996) claimed more than 90% removal in the full-scale 

system. Phosphorus absorption (as measured by tissue phosphorous content), and 

crude protein, linearly elevated with the increase in nutrient concentrations up to 1.5 

g P L-1, and increased in absolute terms up to 2.1 g P L-1 (Sutton and Ornes, 1975 ). It 

was found in conjunction with a proportional rise in the concentration of nitrogen. 
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Thus the relationship between the concentration of nitrogen and phosphorus was still 

not clear. 

Vandecasteele et al. (2005) claimed that aquatic plant-based wastewater treatment 

systems are low-cost technologies which may be adopted by developing countries.  

Several studies have reported the potential of various aquatic plants for reducing N in 

wastewater (Table 2.1).  
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Table 2.1. Selected data on nitrogen removal efficiencies of aquatic plants 

Aquatic plants Percentage of Nitrogenous 

removal (%) 

Freshwater environment References 

Eichhornia crassipes 85% (TN) Imboassica lagoon Petrucio and Esteves (2000) 

 81% (ammonia) Minicipal wastewater Kutty et al. (2009) 

 60-80% (TN) Urban stormwater retention 

ponds 

Fox et al. (2008) 

 80% (in organic N) Agricultural drainage effluents Reddy et al. (1982) 

 32.6%  (nitrite) Fish farming effluents Henry-Silva and Monteiro-Camargo 

(2006) 

 43-98% (TN) Fish farming effliuents Schwartz and Boyd (1995) 

 86.8% (nitrite) Fish farming effluents Rubim et al. (2015) 

 77.37% (ammonia) Fish farming effluents Akinbile and Yusoff (2011) 

 67.90% (ammonia) Fish farming effluents Alex-Diaz et al. (2010) 

 30% (TN) Fish farming effluents Schulz et al. (2004) 

 46.1% (TN) Fish farming effluents Henry-Silva and Monteiro-Camargo 

(2006) 

Elodea dense 25% (TN) Fish farming effluents Ng et al. (1990) 

Elodea nuttalli 8.2% (ammonia) Fish farming effluents Redding et al. (1997) 

Pistia stratiotes 81.68% (ammonia) Fish farming effluents Akinbile and Yusoff (2011) 

 Up to 95% (ammonia) Polluted urban river Olguín et al. (2015) 

 Up to 95% (ammonia) River water Awuah et al. (2004) 

 31-51% (nitrate) River water Ingersoll and Baker (1998) 

 43.9% (TN) Fish farming effluents Henry-Silva and Monteiro-Camargo 

(2006) 

Salvinia molesta 42.7% (TN) Fish farming effluents Henry-Silva and Monteiro-Camargo 

(2006) 

Azolla filiculoides 4.3% (ammonia) Fish farming effluents Redding et al. (1997) 

Roripa nasturtiumaquaticum 10.7% (ammonia) Fish farming effluents Redding et al. (1997) 

Typha latifolia 66% (TN) Agricultural runoff Comin et al. (1997) 

 27-47% (TN) Wetland Greenway and Woolley (2000) 
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Duckweed has also been applied for the treatment of a wide range of wastewater types in several 

countries, such as Bangladesh, Israel, and the U.S (Culley et al., 1981; Oron, 1994; Korner et al., 

1998). Many studies have evaluated ammonia removal capacity of duckweed from domestic 

wastewater, and its assimilation into N compounds (Oron et al., 1987). Nutrient (N and P) 

removal efficiencies of duckweed have been investigated in dairy wastewaters (Culley et al., 

1981), secondary effluents (Harvey and Fox, 1973; Sutton and Ornes, 1975), waste stabilization 

ponds (Wolverton, 1979), raw and diluted domestic sewage (Skillicorn et al., 1993; Oron, 1994; 

Hammoudo et al., 1995), and fish farming systems (Porath and Pollack, 1982).  Ozengin and 

Elmaci (2007) reported the TN removal efficiencies of duckweed were 86.49% and 83.69% 

respectively in municipal and industrial wastewater.  Previously, Korner and Vermaat (1998) and 

Erol Nalbur et al. (2003) reported nitrogen removal efficiencies of 34-99% and 56-67%, 

respectively.  Values on N removal efficiency of duckweed are shown in Table 2.2.  
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Table 2.2. Summary of TN removal rates and efficiency of duckweed for waste water treatments. 

Parameters Removal efficiency (%) Reference 

TN/TKN 17.59 Shah et al. (2014) 

35 Gürtekin and Sekerdag (2008) 

56-67 Erol-Nalbur et al. 2003 

73 Cedergen and Madsen (2002) 

70.35 Willett et al. (2003) 

83-87 Ozengin and Elmaci (2007) 

34-99 

98 

Korner and Vermaat (1998) 

Mohedano et al. (2012) 

50-95 Korner et al. (1998) 

 73-97 El-Kheir et al. (2007) 

Parameters Removal rate (g N m-2 d-1) Reference 

TN 0.54 Korner and Vermaat (1998) 

0.61 Lyerly (2004) 

0.77 Willett et al. (2003) 

0.95 Cheng et al. (2002b) 

1.2 Benjawan and Koottatep (2007) 

2.1 Cheng et al. (2002a) 

3.4 Cheng et al. (2002a) 

 96 Selvarani et al. (2015) 
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Duckweed utilizes these nutrients and produces a significant amount of biomass which can be 

used for some beneficial purposes. Additionally, bioconversion of domestic sewage in fish 

farming can contribute to cost recovery and protein production (El-Shafai et al. 2007). 

Over several decades, feeds from plant origin have been accepted for Indian major carps because 

the growth performance has been reported to be as good as that obtained with the feed contained 

fish meal (Mohapatra and Patra, 2013).   In tropical countries, where macroalgae production 

rates are high, macroalgae have been receiving increasing attention as an alternative protein 

possessing relatively high protein content (50-60%), which may be regarded as balanced fish 

feeds (Devraj et al., 1986; Mohapatra and Patra, 2013).  

Duckweed has been used as fresh food for ducks and other animals (Leng l., 1995), and in the 

formulated diets for poultry (Anderson et al., 2011), dogs (Brown et al., 2013), and fish (Bairagi 

et al., 2002; Yilmaz et al., 2004; He et al., 2013). Duckweed contains from 28 to 43 % crude 

protein, 5 % fiber in dry weight, and high concentrations of trace minerals, such as phosphorus 

and potassium, as well as xanthophylls and carotenes (Chaturvedi et al., 2003).  

Duckweed protein has higher concentrations of essential amino acids; lysine and methionine 

than most other plant proteins, and its methionine and lysine level closely resemble that of 

animal protein (Journey et al., 1991). Guru et al. (2007) claimed that protein content of 

duckweed was estimated to be the highest in comparison to Eichhornia crassipes and Pistia 

stratiotes. Duckweed has been used for partial replacement of fish meal on the growth 

performance of Indian major carp (Ahamad et al., 2003; Said et al., 2005). Meanwhile, Porath 

and Agami (1977) reported that the weight of grass carp can be tripled (from 100 to 300 g) 

within 50 days when feeding a mixture of L. gibba and L. minor.  Patra (2015) reported that 15% 

duckweed dietary inclusion is an optimum inclusion level to produce cost effective feed for the 

Indian carp (Labeo rohita). 

However, limited information is available with regard to the interaction between duckweed root 

exudates and the bacterial communities (Huang et al., 2014).  Duckweed roots release a variety 

of molecules, including fatty acid methyl esters and fatty acid amides that attract and select 

bacteria attached to duckweed (Lu et al., 2014). 
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2.8 Phosphate solubilising bacteria (PBS) 

Phosphorus is an essential nutrient involved in several metabolic processes (Azcon and Barea, 

1995). A correct P supply resulted in increased number and size of nodules, alfalfa (Medicago 

sativa) yield as well as N fixation. Rodriguez and Fraga (1999) stated after nitrogen (N), 

phosphorus (P) are the major essential macronutrients for plant growth and development. Most 

of the P exists in nature in a variety of organic and inorganic forms, but the concentration of 

available P in soil is usually very low, frequently at levels of 1 mg kg-1 or less (10 M H2PO4). 

Plants can only utilize fewer amounts of phosphate fertilizers that are often continuously applied, 

and the rest, which is about 70%, is rapidly converted into insoluble complexes such as calcium 

phosphate, aluminium phosphate and iron phosphate in the soil. The insoluble inorganic 

compounds of phosphorus may then be converted into plant usable forms (Reynolds and Davies, 

2001).  

To increase the availability of P, Phosphate solubilising bacteria (PSB) is currently used by the 

agro-industry (Bagyaraj et al., 2000; Trivedi & Sa, 2008). PSB are microorganisms that capable 

of solubilising mineral-bound insoluble phosphate, primarily by the production of various 

organic acids like gluconic acid, keto-gluconic acid, citric acid, and lactic acid (Nautiyal, 1999; 

Lin et al., 2006).  Additionally, enzymes such as glucose dehydrogenase, citrate synthase, and 

lactate dehydrogenase involved in the oxidation of glucose and other intermediates of energy 

metabolism pathways are essential in the production of these organic acids (Goldstein, 1994; 

Chen et al., 2006). PSB is mostly effective in solubilisingsolubilising Ca-bound P (Ca–P), rather 

than the Fe-, Al- and Mn-bound forms (Kucey et al., 1989; Fankem et al., 2006).  The main 

strains that can perform this conversion belong to the genera Pseudomonas, Bacillus, 

Micrococcus, Mycobacterium, Achromobacter, Agrobacterium, Erwinia, Burkholderia, 

Flavobacterium, Rhizobium, Mesorhizobium, and Sinorhizobium (Rodriguez and Fraga, 1999). 

PSB poses the potential capacity to solubilize fixed P resulting higher crop yields (Gull et al., 

2004). The rate of Phosphate solubilisation and Phosphorus uptake in plant tissues varied with 

the bacterial strain and P fertilizer used. They also found that Bacillus and Xanthomonas 

increased the height and biomass of canola but not P content of plants compared to uninoculated 

plants. Similarly, seed bacterisation with PSB strains raised root elongation and biomass of 

Chinese cabbage in seedling culture, although they had no effect on the P uptake of plants. Jeong 

et al. (2012) reported that Bacillus megaterium showed a potential for directly solubilising 
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phosphorus from soil more than 10 folds higher than the control without inoculation. Inoculation 

of B. megaterium as PSB increased the bioavailability of Cd and consequently boosted its uptake 

by plants. This was also good for improving phytoremediation using PSB in the Cd-

contaminated soils.     

Some bacterial species have mineralization and solubilisation potential for organic and inorganic 

phosphorus, respectively (Khan et al., 2007). Phosphorus solubilising activity is affected by the 

microbe’s ability to release metabolites such as organic acids, which through their hydroxyl and 

carboxyl groups remove the cation bound to phosphate, the latter being converted to soluble 

forms (Sharma et al., 2011). 

2.8.1. Isolation and screening of PSB 

PSB have been isolated from many soil samples taken from the rhizosphere of many plants as 

well as soil taken from other locations (Mehta et al., 2013).  Illmer and Schinner (1992) reported 

that two of phosphate-solubilisingsolubilising bacteria (M7c and FM7d strains) isolated from the 

soil, showed a greater solubilisingsolubilising capacity than that of the control strain 

Pseudomonas putida SP22 under in vitro conditions. These isolates were identified as Bacillus 

spp. (M7c) and Pseudomonas spp. (FM7d) by PCR amplification and partial nucleotide 

sequencing of the ribosomal 16S DNA. Furthermore, Grayston et al. (1994) observed that the 

mycorrhizosphere activity exerts a significant stimulating effect on the population of fluorescent 

pseudomonads in the soil. This report clearly showed that most of the fluorescent pseudomonads 

strain isolated from the Pisolithus treatment had the ability to solubilize inorganic phosphate by 

contrast to the majority of those isolated from un-inoculated treatments. 

Many factors including physical factors (pH, temp) and chemical factors (carbon source and 

nitrogen source) influence the phosphate solubilisation efficiency of microorganism.  The 

correlation between the pH and soluble-P concentration indicates that organic acid production by 

PSB strains has a significant role in the acidification of the medium by facilitating the P 

solubilisation. Rashid et al. (2004) reported that a negative relationship was observed between 

the pH and soluble P concentration, the result suggested that acidification of the medium could 

facilitate Ca–P solubilisation. A similar negative correlation between pH and available P content 

was reported earlier by (Illmer et al., 1995). 

The effect of phosphate solubilisingsolubilising bacteria various plants has been assessed by 

different researchers. In most of the cases, the growth has been enhanced by the PSBs as per De 
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Freitas et al. (1997), bacterial isolates which showed the minimum phosphate solubilization in 

vitro, resulted in higher shoot biomass production of plants grown in MRP amended the soil. The 

results support previous observations by Ekin (2010) that the rate of in vitro phosphate 

solubilization has no simple relationship with in vivo plant growth. The reason may be the 

production of plant growth promoting metabolites (indole acetic acid and siderophores) besides 

phosphate solubilization. 

An increase in the yield of various crops (wheat, vigna, and chickpea) following seed or soil 

inoculation with phosphate solubilisingsolubilising organisms and other plant growth-promoting 

rhizobacteria (Afzal and Bano, 2008). Furthermore, Malboobi et al. (2009) planted potato 

seedlings into pots containing sterile or non-sterile soil that uniformly mixed with 30 ml 

suspension of either individual or combinations of two or three PSB containing 108 CFU/ml of 

each strain. Combinations of various PSB isolated from the potato rhizosphere led to the increase 

in the biomass and potato tuber.  

Mamta et al. (2010) stated that industry needs huge amounts of quality biomass produced with 

the minimal usage of chemical fertilizers. They also reported in their previous work that the 

inoculations of PSB along with tricalcium phosphate (TCP) increased the plant growth, the 

liberation of P and steviol glycosides in Stevia rebaudiana. B. gladioli MTCC 10216, B. gladioli 

MTCC 10217, Enterobacter aerogenes MTCC 10208 and Serratia marcescens MTCC 10238 

used as PSB in the present studies were isolated from the rhizosphere of S. rebaudiana plants 

grown commercially in the agricultural fields. Ngwene et al. (2010) reported the increase in P 

uptake by the cowpea plants along with the higher crop yield when they used arbuscular 

mycorrhizal fungi (AMF) and plant growth promoting bacteria (PGPB) as inoculants. 

PSB has a crucial role in the cycling of minerals in each ecosystem. However, the abundance of 

bacteria normally varies and depends on a variety of environmental conditions (Wright and 

Coffin, 1984). Besides PSB, aquatic heterotrophic bacteria have a crucial link in the cycling of 

minerals.  The bacteria promote organic degradation, decomposition, and mineralization 

processes in the overlying water, and releases dissolved organic and inorganic substances 

(Goldstein, 1986). 

2.9 Heterotrophic bacteria 

Heterotrophic bacteria refers to a group of bacteria that obtains carbon from organic sources. 

Although large inputs of feed to any intensive aquaculture systems, the growth of heterotrophic 



 

30 
 

 

bacteria is limited by dissolved organic carbon (Hargreaves, 2013).  These types of bacteria are 

often considered nuisances in biofilters of RAS because heterotrophic bacteria outcompete 

autotrophic nitrifiers for oxygen when excessive organic material are available. Heterotrophic 

bacteria releases carbon dioxide as the final product, which provides a carbon source for 

autotrophs, which creates biomass that is eventually consumed by heterotrophs (McGraw, 2002). 

Recently, the primary focus on heterotrophic bacteria in RAS has only been on pathogenic 

bacteria since these directly affect the fish health. The non-pathogenic bacteria has never been 

comprehensively studied. The heterotrophic bacteria can consist of more than 80% of the total 

bacterial population on biofilters (Hovanec and DeLong, 1996). However, Heterotrophic bacteria 

can have an indirect negative effect on the fish population. As mentioned earlier undigested food 

pellets, as well as the faecal matter, will be converted to ammonium. A constant problem in most 

RAS is heterotrophic growth on the nitrifying biofilm, which leads to a decrease in ammonia 

oxidation. UV radiation of water entering the biofiltration chambers decreases heterotrophic 

growth but despite these efforts, heterotrophic growth is still observed in biofiltration (Elasri and 

Miller, 1999). When heterotrophic bacteria invade the existing nitrifying biofilm, competition for 

dissolved oxygen will intensify. The slow growing nitrifies will most likely be outcompeted by 

faster-growing heterotrophs. Access to the bulk water will also be limited, decreasing the access 

to dissolved ammonia. A RAS with completely overgrown biofilters can be in serious threat of 

reaching toxic levels of TAN (Michaud et al., 2006). 

In intensive aquaculture systems, nitrogen and phosphorus originating from dissolved and solid 

fish waste are converted into the valuable biomass by aerobic heterotrophic bacteria.  This 

biomass can be re-utilized as aquatic feed. This re-use of otherwise wasted nutrients improves 

the sustainability of the system. This approach has been applied in intensive shrimp ponds, 

tilapia ponds, and recirculation aquaculture systems (RAS) (Avnimelech et al., 1989; Burford et 

al., 2003; Hari et al., 2004). For optimal biomass production, heterotrophic bacteria conversion 

requires carbon/nitrogen (C: N) ratios of 12–15 (w/w) (Lechevallier et al., 1991; Henze et al., 

1996), through the addition of a supplemental source of carbohydrate or using low-protein feed. 

The C: N ratios of 12-15 favors the heterotrophic bacteria for ammonia control (Hargreaves, 

2013).  

In the case of RAS, where drum filters are used to separate solid and dissolved waste, the C: N 

ratios of the drum filter effluent are only three or lower (Schneider et al., 2006). It is because the 

slurry has high nitrate content. Under such conditions, organic carbon such as sodium acetate, 
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should be supplemented if the slurry is utilized for bacteria production. However, previous 

studies showed bacteria yields which were lower compared to yields reported in the literature 

(Henze et al., 1996; Schneider et al., 2006). 

The increase in TAN conversion compared to nitrate when TAN was used as the main 

nitrogenous substrate for heterotrophic bacteria did not result in a detectable higher volatile 

suspended solids (VSS) production and higher yields under the experimental RAS conditions. 

This is in contrast to one of the major hypotheses of this study. Even though this assumption 

could not be validated, the preference of TAN over nitrate by the bacteria was confirmed. TAN 

flux was linearly related to TAN conversion and increasing TAN conversions resulted in 

negatively correlated nitrate-N conversions (Schneider et al., 2006).  

At the high organic carbon to nitrogen (C/N) ratios of feeding, heterotrophic bacteria can directly 

take up ammonia-nitrogen from the air and produce cellular proteins. Heterotrophic bacterial 

biomass can also be used as an important source of protein feed, lower production costs and 

thereby increase the overall economy (McIntosh, 1999; Moss, 2000). 

Increased C: N ratio of the fish feed result in a significant increase in the total heterotrophic 

bacteria and lower concentration of nitrate in water. Additionally, increased biomass of 

heterotrophic bacteria can efficiently immobilize total ammonia nitrogen (TAN) (Hari et al., 

2004). Reduction of nitrogenous waste results in the minimization of stress, which in turn leads 

more profitability (Hochheimer and Wheaton, 1998). 

2.10 Stress indicator 

In general, stress is defined as a state of real or perceived threat to homeostasis.  Maintenance of 

homeostasis due to the aversive stimuli (stressors) induces activation of a complex range of 

responses involving the endocrine, nervous, and immune systems, known as the stress response 

(Chrousos and Gold, 1992; Carrasco and Van de Kar, 2003).  Fish response to stress is 

characterized by the activation of the neuro-endocrine systems which is followed by metabolic 

and physiological changes (Wedemeyer and Yasutake, 1997; Lowe and Davidson, 2005). These 

changes enhance the tolerance of an organism to face an environmental variation or an adverse 

situation while maintaining a homeostasis (Pickering, 1992).  

Under stress condition, immediate responses of the fish body are known as primary and 

secondary stress responses. The primary stress response is the perception of an altered state of 
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the central nervous system (CNS) and the secretion of stress hormones (cortisol/adrenalin and 

catecholamines/noradrenalin) into the blood stream (Randall and Perry, 1992).  The release of 

stress hormone triggers the secondary responses (Barton and Iwama, 1991), causing changes in 

the blood and tissue chemistry such as an increase in plasma glucose (Begg and Pankhurst, 

2004), followed by increases in metabolic rate which then causes changes to blood lactate. This 

entire metabolic pathway produces a burst of energy to prepare the fish for an emergency 

situation (Rottman et al., 1992). 

Some plasma chemicals can be valuable tools to evaluate stress condition of the fishes (Sadler et 

al., 2000; Campbell, 2004; Wagner and Congleton, 2004). Many studies highlighted that under 

stressful conditions, the fish always show increased levels of plasma cortisol and glucose (Balm 

et al., 1999; Barcellos et al., 1999; Hattingh, 1997). Hence, stress is considered to increase 

plasma cortisol (Wendelaar- Bonga, 1997; Pottinger et al., 2003; Haukenes et al., 2008) and 

glucose levels (David et al., 2005). Cortisol secretion is slower than catecholamines, but its 

effects are much longer (Gamperl et al., 1994; Waring et al., 1996) because the cortisol combines 

mineral and glucocorticoid actions to restore homeostasis (Maule et al., 1993; Colombe et al., 

2000). Cortisol involved in activation of glycolysis and gluconeogenesis processes in fish and 

the chromaffin cells that release catecholamines which then increase glycogenolysis and 

modulate cardiovascular and respiratory functions (Reid et al., 1996). This whole process 

increases the glucose level (substrate) to produce enough energy according to the demand of the 

animal. Thyroid hormones affect various aspects of metabolism.  The hormones play a 

substantial role in a stress related mobilization of glucose in fish. Thyroxine (T4) treatment 

caused a hyperglycemic effect in some cases (Chan and Woo, 1978). However, other studies 

observed hypoglycemic effects in T4 treatment (Murat and Serfaty, 1970). Closely related 

significant elevations of plasma T4 and glucose induced by disturbance stress were reported 

(Himic and Eales, 1990). Administration of thyroid hormone is recognised to support the growth 

of fish (Higgs et al., 1979; Saunders et al., 1985; Woo et al., 1991) and support of this concept, 

elevated levels of plasma T3 were detected during the periods of rapid growth (Gannam and 

Lovell, 1991; Soengas et al., 1992). The inconsistencies observed in these experiments may 

reflect the interaction of the thyroid hormones with the other hormones such as cortisol and 

growth hormones. T4 administration resulted in increased levels of blood glucose 

(hyperglycaemic) in some cases (Chan and Woo, 1978).  
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However, another study observed a hypoglycemic response in thyroxine treatment (Murat and 

Serfaty, 1970). A significant increase of plasma T4 and glucose levels induced by stress disorder 

reported (Himic and Eales, 1990). Administration of thyroid hormone is reported to accelerate 

the growth of fish (Higgs et al., 1979; Saunders et al., 1985; Woo et al., 1991) and the support of 

this concept, the increased concentration of T3 was found in a period of rapid growth 

(Leatherland et al., 1987; Gannam and Lovell, 1991; Soengas et al., 1992). Inconsistency is 

evident in this trial may in part reflect thyroid hormone interactions with other hormones such as 

growth hormone and cortisol 

Thyroidal administration has been reported to increase the anabolic effects of growth hormone 

(lower liver glycogen and high serum cortisol) in rainbow trout (Oncorhynchus mykiss) 

(Farbridge and Leatherland, 1988), whereas administration of growth hormone elevated plasma 

T3 level of rainbow trout (Farbridge and Leatherland, 1988; Maclatchy and Eales, 1990), this 

indicates increased peripheral conversion of plasma T4 to T3. The sub- lethal concentration of 

arsenic decreased plasma T4 level (Nichols et al., 1984). Many teleost fish rely mainly on lipid 

and protein sources for energy.  Teleost fish possess enzyme system for the utilization of the 

carbohydrates (Cowey and Sargent, 1979; Walton and Cowey, 1992). In these species, amino 

acids such as arginine and lysine have been reported to be more effective than glucose in 

simulating the release of insulin (Higuera and Cardenas, 1986; Petersen et al., 1987). 

Nevertheless, increased carbohydrate metabolism is observed in high energy demand condition 

such as stress, in which, blood glucose increased due to both glycogenolysis and 

gluconeogenesis (Wendelaar- Bonga, 1997).  

Stress has been identified as an energy drain of energy that might be utilized in growth diverted 

to catabolic utilization (Barton, 1988; Pickering, 1990; McDonald et al., 1993). Mobilization of 

readily available energy in the form of glucose aims to improve fish survival (Barton and Iwama, 

1991; Pickering, 1993). This is because the increase in plasma glucose has been recognized as 

part of the common stress response in fish (Davis and Parker, 1990; Melotti et al., 1992; Barry et 

al., 1993) and fish exposed to pollutants (Goss and Wood, 1988; Whitehead and Brown, 1989; 

Al-Kindi, 1996). 
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CHAPTER 3: Evaluating and Validating Harvest Frequency of Duckweed (Lemna minor 

Linnaeus) To Improve Growth Rates of Barramundi (Lates calcarifer Linnaeus) and 

Nitrogen Uptake Efficiency in An Integrated Recirculating Aquaculture System1 

3.1 Introduction 

Recirculating aquaculture system (RAS) is an intensive fish farming system that continues to 

gain increasing attention due to certain benefits, such as reduced land and water requirements, a 

better control of the rearing environment (Molleda, 2007), higher biosecurity than the open 

system and its ease of placement nearer to potential markets (Martins et al., 2010). As RAS is 

expensive to construct and operate (Summerfelt et al., 2001), higher stocking densities and 

productivity are essential to recover the investment costs (Timmons et al., 2002).  

The stocking density is an important factor affecting the growth, performance, and productivity 

of aquaculture activities (Tolussi et al., 2010). Many studies have investigated the effects of 

stocking density on the growth of different fish species (Schram et al., 2006; Merino et al., 2007; 

Tolussi et al., 2010). Rearing at high densities beyond the system capacity may cause chronic 

stress, increase the risk of infectious diseases and, consequently, loss of production due to the 

accumulation of particulate waste and ammonia resulted from the feed metabolism (Timmons et 

al., 2002). Ammonia is problematic, as it is a natural by-product of fish metabolism and a toxic 

compound that adversely affects fish health. Therefore, the high stocking densities and feeding 

rates essential for a typical RAS result in higher waste production.  

To maintain good water quality and overcome the toxic effects of ammonia, frequent water 

exchange is the most common practice in any intensive fish farming systems. Nevertheless, 

frequent water exchange is expensive and laborious (Thompson et al., 2002) and the use of 

biological and chemical filters may convert the nitrogenous waste into less toxic forms without 

actually reducing the “output” of nitrogen to the environment. Besides, they are also expensive 

and involve a high degree of technology (Matos et al., 2006).  

Although nitrogenous wastes are poisonous to the cultured species at certain concentrations, 

nitrogen compounds are physiologically required by autotrophs, including aquatic macrophytes, 

for the synthesis of amino acids (Noctor et al., 2002). The aquatic macrophytes require a 

supplementary energy expenditure to transform different nitrogen forms into ammonia; 

                                                           
1 This chapter has been submitted to Aquaculture Research  
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therefore, the macrophytes prefer ammonia over other forms of nitrogen (Fang, 2007; Phillips 

and Hurd, 2004). In addition, light has no or little effect on ammonia uptake rates (Botella et al., 

1994; Nelson et al., 1980).  

Several researchers have reported the capability of many aquatic macrophytes from the family 

Lemnaceae in wastewater treatment, particularly for nutrient removal (Bergmann et al., 2000; 

Cedergen and Madsen, 2002; Cheng et al., 2002a). Xu and Shen (2011) showed that high-starch 

duckweed (Spirodela polyrrhiza) can remove approximately 84% and 89% of total nitrogen 

(TN) and total phosphorous (TP), respectively, from swine manure. Duckweed (Lemna minor 

Linnaeus), as one of the most widespread duckweed species, has been well documented to have a 

high nutrient removal capacity through biofiltration from an organic nutrient-rich water body 

(Sharma et al., 2000), with a removal rate of 2.1 g m-1 d-1 for TN and 0.6 g m-1 d-1 for TP (Cheng 

et al., 2002b). The biomass of duckweed produced during the wastewater treatment may contain 

a high nutritional value with high productivity (Mohedano et al., 2012), making it useful feed for 

some herbivorous fish species (Chowdhury et al., 2008; Nekoubin and Sudagar, 2013). 

Therefore, incorporating duckweed into RAS reduces the need for mechanical treatment and, at 

the same time, produces value-added biomass, thereby increasing the sustainability of RAS. 

Studies have concluded that nitrogen uptake rates are mainly regulated by the availability and 

type of substrates (Kempd and Dodds, 2002; Kyambadde et al., 2005). The growth potential of 

macrophytes to develop sufficient root systems influences microbial transformation of various 

materials into microbial biomass and nutrient conversion into plant biomass (Heidenwang et al., 

2001; Kemp and Dodds, 2002). Differences in biomass of macrophytes on the water surface 

show substansial effects on the degradation of nitrogenous waste materials and uptake of 

nutrients (Kyambadde et al., 2005). However, maximum macrophytes biomass does not 

positively correlate with maximum nitrogen uptake because macrophytes uptake is limited by 

biomass covers that are too dense (IWA, 2000). 

Managing nutrients, particularly nitrogen in RAS, is not only a step forward towards sustainable 

development but also crucial for maintaining high stocking densities and productions (Martins et 

al., 2005; Crab et al., 2007). A proper management procedure is necessary to improve the 

efficiency of nitrogenous wastes processed by the biofilter media (Ardiansyah and Fotedar, 

2016a), which can be achieved by maintaining optimum growth rates of duckweed on the surface 

of the water; this, in turn, can be influenced by the harvest frequency. However, research on the 

use of duckweed as a biofilter in RAS (Jo et al., 2002), as well as the effects of duckweed’s 
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harvesting frequency on nitrogen uptake rate and efficiency, is limited. Therefore, the aim of this 

study was to evaluate the effects of different quantities of duckweed in real time (using different 

harvesting frequencies) as biofilter media on total ammonia nitrogen (TAN) uptake rates and 

growth of barramundi (Lates calcaifer Bloch) IRAS. 

3.2 Materials and Methods  

This study was conducted in Curtin Aquatic Research Laboratory, Perth, Western Australia. 

Duckweed was brought to the laboratory, rinsed and acclimatised in 200 L circular tanks 

containing freshwater for two weeks. During the acclimation period, epiphytes were removed 

every second day. At the end of the acclimation period, duckweed was pre-incubated in 100 L 

circular tanks for 40 h before being incorporated into the biofilter tanks to evaluate TAN uptake 

capacity of duckweed in IRAS.  

The present study was divided in two separate trials. In trial 1, the interaction between harvest 

frequency of 6, 4, 2, 0 (unharvested control) of duckweed and TAN uptake efficiency was 

evaluated. The frequency of duckweed harvest that delivered the maximum TAN uptake 

efficiency was selected and applied in trial 2 to evaluate the conversion rate and biomass 

production of duckweed in barramundi IRAS. Both trials were undertaken using a 12-

independent IRAS. 

In both trials, the increased quantity of duckweed biomass on the water surface was indicated by 

GI, and calculated every second day using the following equation: GI = Wt / W0 where: Wt = 

biomass at time t, W0 = biomass at time 0 and t = the number of days, whereas the increase of 

duckweed biomass per unit of harvest time was indicated by SGR and calculated at each harvest 

time using the following equation Zhang et al. (2014): SGR (% d-1) = (Ln Wf – Ln Wi) / t * 100, 

where: Ln Wf = the natural logarithm of the final weight, Ln Wi = the natural logarithm of the 

initial weight t = time (days).  

In this study, TAN referred to the amount of NH3 and NH4
+. TAN uptake efficiency was 

measured following TAN depletion in the water. TAN was colourimetrically measured using a 

salicylate method. Total nitrogen was colourimetrically determined using a Nessler method. 

Nitrite and nitrate assessments were colourimetrically performed using a ferrous-sulphate and 

cadmium reduction method, respectively. Additionally, pH (digital pH meter Cyber-scan 30 (IL, 

USA), temperature and DO (YSI-55 probe, Yellow Spring Instruments, Ohio, USA) were 

measured. All water quality analyses followed APHA (2005) recommendations.  
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3.2.1 Trial 1: TAN uptake efficiency of duckweed associated with different harvest 

frequency  

3.2.1.1 Fish and experimental condition 

The experimental condition used in the trial was similar to previously published work 

(Ardiansyah and Fotedar, 2016a). Twelve independent IRAS were constructed, each consisting 

of three tanks: a fish-rearing tank (400 L circular tank), a biofilter tank (100 L circular tank) and 

a waste collection tank (100 L circular plastic drum). Water was circulated between the three 

tanks through PVC pipes using a submersible pump. The fish-rearing tanks and waste-collection 

tanks were placed on the floor, while the biofilter tanks were placed above the waste-collection 

tanks (Fig. 3.1). Water from the bottom of the fish-rearing tank was circulated through a PVC 

pipe to the waste-collection tank, and water from 20 cm below the surface of the waste-

collection tank was pumped through a PVC pipe to the filter tank with a submerged pump. Water 

from the biofilter tanks was then circulated back into the fish-rearing tanks by gravity.  
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Figure 3.1. Design of the recirculating aquaculture system used in the experiment (Arrows show 

the direction of water flow), FT: fish-growing tank, BT: biofilter tank, WCT: waste collection 

tank and P: pump. 

Before the start of the trial, 720 juvenile L. calcarifer, with an average size of 7.2 ± 0.17 g, were 

raised in the IRAS systems for 30 days (Ardiansyah and Fotedar, 2016a). At the end of the 

rearing period, all juveniles were removed from the IRAS systems, but the water in each tank 

was retained with no water exchanges. The water volume in each fish-rearing tank was 

maintained at 185 L, while that of the biofilter tanks and waste-collection tanks was kept at 40 

and 30 L, respectively.  

3.2.1.2 Experimental protocol 

The experimental protocol was prepared following the method described in the previous study 

(Ardiansyah and Fotedar, 2016a). The trial was initiated by adding 18.51 g NH4Cl as a source of 

ammonia-nitrogen into the fish-rearing tanks. Oxygen saturation in the fish-rearing tanks was 

maintained at above 80% by providing aeration. Water temperature was kept at 26 ± 2°C with 

photoperiods of 12 h. Water quality analysis of the systems was conducted every four days 

during the 36 day trial. 

To measure TAN uptake efficiency and nitrification rates, uniform size of duckweed was 

selected, rinsed with deionised water and pre-incubated for 40 h in a 100 L fibre-glass tank with 

deionised water to elicit starvation, in order to induce maximal possible TAN uptake response 

during the subsequent measurements. After the starvation period, an initial amount of 35 g/tank 

of duckweed was randomly stocked into each of the 12 biofilter tanks. Four harvesting 

frequencies were employed by randomly harvesting every three tanks at a time (in triplicate) 

after 2, 4 and 6 days, whereas the remaining three tanks were not harvested (control) 

(Ardiansyah and Fotedar, 2016a). The harvested duckweed was then replaced by fresh 

prewashed duckweed. The reduction in water volume due to evaporation was compensated for 

by adding new freshwater (Ardiansyah and Fotedar, 2016a).  

The biofilter performance was evaluated based on nitrification rates, TAN uptake rate and 

efficiency. Nitrification rates were calculated according to Kemp & Dodds (2002) by using the 

following equation: nitrification = (TANi – TANf/g) / t, where TANi = the initial TAN 

concentration, TANf = the final TAN concentration, g = grams dry weight (gdw) of substratum 

(duckweed) and t = time (days), whereas TAN uptake rate was determined according to Cohen & 
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Neori (1991): V = [TANi–TANf] x Qr; whereas uptake efficiency = [TANi-TANf/TANi]*100, 

where: V = TAN uptake rate (µmoles. L-1.h-1), Qr = the flow rate.  

3.2.2 Trial 2: TAN conversion rate and biomass production of duckweed when cultured 

with the juvenile barramundi in RAS 

3.2.2.1 Fish and experimental condition 

Barramundi juveniles were obtained from Challenger Institute Technology, Western 

Australia, and transported to Curtin Aquatic Research Laboratory. Before the trial, 

barramundi juveniles were randomly stocked in twelve independent IRAS for the three-week 

acclimation period to reach an initial size of 26.67 ± 0.21 g fish-1, in which the fish were 

divided into three stocking densities of 15.19, 18.87 and 22.55 kg m-3 per tank. 18.87 kg m-3 

is the maximum stocking density in barramundi IRAS (Ardiansyah and Fotedar, 2016b).  

Over the acclimation period, the fish were fed with a high-protein commercial diet three 

times per day, at 09.00, 13.00 and 17.00 h at a feeding rate of 5% of the stock biomass, in 

order to increase TAN production. At the end of the acclimation period, TAN concentrations 

in the three-density treatments were 20.67, 23.67 and 26.67 mg L-1 TAN, respectively, in 

which the TAN ranged below and above the TAN concentrations recorded in trial 1 (23.67 

mg L-1). There was no water exchange throughout the acclimation period.  

3.2.2.2 Experimental protocol 

Three different stocking densities with three different TAN concentrations were designed to 

determine growth, nitrogen uptake rate and efficiency of duckweed. The trial was initiated by 

randomly stocking the initial amount of 35 g/tank of duckweed to each of the 12 biofilter tanks. 

Over the trial, the fish were hand-fed daily (ad libitum) at 09.00 and 16.00 h using a high-protein 

commercial diet (Skretting, Tasmania, Australia). The daily feeding rate was fixed at 3% of the 

stocked biomass. The approximate values of the commercial diet composition are provided by 

the feed manufacturer. Throughout the trial, oxygen saturation was kept at above 80% by 

providing aeration. Water temperature was maintained at 26 ± 2°C, with photoperiods of 12 h, 

and pH at 6.9-7.3. Water quality analysis of the systems was conducted every four days. At the 

end of the trial, barramundi in each experimental unit were weighed and their SGR was 

estimated by the following formula: WG = W2−W1 where: W2 = the final bodyweight (g), W1 = 

the initial bodyweight (g). Specific growth rate (SGR) was calculated as follows: SGR = [(LnW2 
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- LnW1) /t] ×100 where: - Ln = the natural log, W1= the initial bodyweight (g), W2 = the final 

bodyweight (g) and t = period in days. Feed conversion ratio (FCR) was calculated as follows: 

FCR = FI (g) / WG (g) where: FI = dry weight (dw) of feed (g), WI = weight gain.  

TAN production (TANp) in the system was based on the barramundi feeding rate following the 

equation described by Pfeiffer and Malone (2006): TANp = F x PC x 0.092, where TANp = total 

ammonia nitrogen production (g.d-1), F = daily feed ratio (g), PC = crude protein of the feed (%) 

and 0.092 = a constant in the equation derived from a series of estimates formulated from the 

percent nitrogen in protein and the protein assimilation (one day-1).  

The SGR of duckweed was measured every four days through manual harvesting and weighing 

of biomass. After estimating the four-day production, the same initial amount of duckweed was 

weighed and put back into the tank. This procedure was adopted and repeated every four days 

throughout the trial, in order to calculate and estimate duckweed SGR and ammonia uptake rate 

and efficiency.  

The biofilter performance was determined based on the volumetric TAN conversion rate (TCR) 

and mean N uptake rate (URmean). The TCR was calculated using following equation (Pfeiffer 

and Malone, 2006): TCR = [TANi–TANf] x Qr/Vb, where TCR  g m-3, TANi is the initial TAN 

concentration (g m-3), TANf = the final TAN concentration (g m-3), Qr = the flow rate through 

the filter (m3 day-3) and Vb = the total volume of the biofilter medium (m-3), whereas the mean N 

uptake rate (URmean; µmol N g-1 dw h-1) of duckweed was estimated based on N content of 

duckweed tissue according to the equation described by Zhou et al. (2006): URmean = SGR x N 

tissue / 100, where SGR= specific growth rate (% day-1) for the thalli; N tissue= N content of 

duckweed (µmol N g-1 dw). 

3.2.3 Statistical analysis 

Data of TAN uptake efficiency and growth performance of duckweed were pooled for each 

treatment, computed and analysed using one-way variance (ANOVA), and the difference 

between means was examined using the Tukey HSD test. Critical values in all tests were α=0.05. 
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3.3 Results  

3.3.1 TAN uptake rate and uptake efficiency associated with different harvest frequency of 

duckweed 

Table 3.1. Total ammonia nitrogen (TAN) uptake rate, nitrification rates and physicochemical 

parameters of water in the fish-rearing tank in trial 1. 

 

Parameters Harvest frequency 

6 days 4 days 2 days no harvesting  

TAN uptake rates 

(µmoles. L-1.h-1) 

33.00 ± 6.40 39.01 ± 7.21 38.05 ± 10.54 29.83 ± 4.71 

Nitrification rates 

(mg TAN gdm-1.d-1) 

37.10-3±0.01 44.10-3±0.01 42.10-3±0.01 34.10-3±0.01 

The mean TN (mg.L-1) 31.11 ± 0.72b 28.26 ± 0.88a 28.51± 1.00a 33.21 ± 0.75c 

The mean nitrate (NO3
-

1) (mg L-1) 

10.89 ± 0.56b 11.61 ± 0.63c 10.44 ± 0.55a 11.77 ± 0.67d 

The mean nitrite  

(NO2
-1) (mg L-1) 

2.81 ± 0.39b 2.47 ± 0.37a 2.77 ± 0.41b 3.02 ± 0.42c 

The mean temperature 

(oC) 

26.46 ± 0.07a 26.38 ± 0.07a 26.39 ± 0.06a 26.55 ± 0.10a 

The mean pH 6.18 ± 0.08d 6.11 ± 0.07c 5.91 ± 0.07b 5.78 ± 0.03a 

The mean DO (mg L-1) 7.94 ± 0.10d 7.79 ± 0.13c 7.21 ± 0.10b 6.94 ± 0.08a 

 

Variations in water quality and nitrification rates as a result of different harvesting frequencies 

are summarised in Table 3.2. Differences in the frequency of harvest influenced the TAN uptake 

rate, in which harvesting duckweed after every four days accounted for the highest TAN uptake 

rate of 39.01 µmoles L-1 h-1 compared to the other harvest frequencies. The TAN uptake rate was 

greatly influenced by duckweed biomass, in which the maximum TAN uptake rate was 

approximately 124.57 µmoles L-1 h-1 at biomass of 103.95 g fresh weight (fw) (Fig. 3.2); in 

these, at biomass below and or above 103.95 g fw, TAN uptake rates were not at the maximum. 
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Figure 3.2. Total ammonia nitrogen (TAN) uptake rate of duckweed harvested every 0, 2, 4, 6 

days in barramundi (L. calcarifer) RAS over the 36-day trial. 

Nitrification rate was significantly affected by the harvest frequency of duckweed, in which the 

highest rate of 44 10-3 mg TAN gdw-1 d-1 was found in duckweed harvested every four days, 

while the lowest rate of 34.10-3 mg TAN gdw-1 d-1 was found in unharvested L minor. 

Furthermore, significant differences were also observed in total nitrogen (TN) and NO3-N levels. 

The lowest TN was in duckweed harvested every four days, but no significant difference (P > 

0.05) was observed in 2-4-day harvest frequency. The lowest NO3-N concentrations were in 

duckweed harvested every two days, while the highest were in unharvested-control. 

A significant difference (P ≤ 0.05) in dissolved oxygen (DO) concentration was observed during 

the 36-day trial. Harvesting duckweed every six days maintained the highest DO concentrations, 

whereas DO concentrations in unharvested duckweed tank was significantly lower (P < 0.05) 

than other harvesting frequencies. A similar trend was also observed in pH of the water. The 

results showed that different harvest frequencies resulted in significant (P ≤ 0.05) differences in 

pH levels over the 36-day trial. The lowest pH level of 5.78 was observed in unharvested 

duckweed, whereas the highest pH of 6.18 was observed in duckweed harvested every six days.  

Harvesting duckweed every four days generated the maximum TAN uptake efficiency, in which 

TAN reduced by around 94.33 % from 23.67 mg L-1 to 1.33 mg L-1. Likewise, harvesting 



 

43 
 

 

duckweed every four days led to a reduction of 60.37% TN in the fish-rearing tanks, which was 

higher than those obtained from other harvest frequency (Fig. 3.3). 

 

 

Figure 3.3. Total ammonia nitrogen (TAN) uptake efficiency of duckweed in trial 1. 

3.3.2 TAN conversion rate and biomass of duckweed and growth of barramundi  

Growth characteristics of barramundi and duckweed are summarised in Table 3.2. During the 

trial, no significant difference (P >0.05) was found in SGR, FCR and SR of the barramundi 

between three different densities. Total harvested biomass of duckweed in 15.19, 18.87 and 

22.55 kg m-3 were 623.33, 796.33 and 814.33 g fw tank-1, and the mean SGR was 23.92%, 

27.80% and 28.62% day-1, respectively. Even though, SGR and total harvested biomass of 

duckweed in the biofilter with high fish density were significantly higher (P ≤ 0.05) than those at 

lower densities, the increase of SGR and biomass harvest from low to medium density were 

16.22% and 27.75%, respectively; both were higher than the increase from medium to high 

density, 2.95% and 2.26%, respectively. 
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Table 3.2. Growth characteristics of barramundi (L. calcarifer) and duckweed (L. minor)                

in trial 2. 

Stocking 

densities 

(kg m-3) 

Barramundi Duckweed 

SGR (% 

day-1) 

FCR SR (%) SGR (% 

day-1) 

Total 

biomass 

yield (g 

tank-1) 

15.19 1.39±0.01a 1.98±0.01a 100±0.01 23.92±0.12a 623.33a 

18.87 1.37±0.01a 1.99±0.01a 99±0.01 27.80±0.21b 796.33b 

22.55 1.37±0.02a 1.99±0.00a 99±0.10 28.62±0.30c 814.33c 

a. Values in the same column with the same letter are not significantly different (P>0.05) 

The main nitrogen sources correlated positively with stocking density, TANp and tissue N 

concentration (Table 3.3). Tissue N concentration was higher for duckweed grown at the high 

fish density than that for those grown at low fish density. The trend for N concentration in 

duckweed was similar to TANp, in which significant differences were observed among different 

stocking densities. The increase of 32% in daily feeding rate of the fish at higher stocking 

densities resulted in an increase of approximately 32% in TAN production (TANp), followed by 

an increase of approximately 31.03% and 31.58% TCR of duckweed biofilter at medium and 

high density, respectively; this indicates that TAN conversion rate of duckweed increased with 

higher stocking density and nitrogen load.  
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Table 3.3. Variations in total ammonia nitrogen (TAN) production, the volumetric TAN 

conversion rate (TCR) and mean TAN uptake rate (URmean) of duckweed in trial 2. 

Stocking 

densities 

(kg m-3) 

Daily feeding 

rate (g) 

TANp 

(g TAN day-

1) 

TCR (g TAN 

removed day-

1)  

N tissue of 

duckweed 

(mmol N g-1 

dw) 

URmean (µmol 

N g-1 h-1) 

15.19 116.35±0.38 4.82±0.02 0.29±0.01 0.59±0.01 14.18 103±0.20 

18.87 153.75±0.90 6.37±0.04 0.38±0.01  0.66±0.01 18.35 103±0.48 

22.55 202.90±0.41 8.40±0.02 0.50±0.01 0.67±0.01 19.19 103±0.50 

a. Values in the same column with the same letter are not significantly different (P>0.05) 

 

Although, an increase in tissue N concentrations was only about 11.86% at medium stocking 

density, an increase of approximately 29.4% was observed in URmean N uptake rate of 

duckweed. Similarly, when no significant increase was observed in tissue N concentrations of 

duckweed reared at the highest levels of fish stocking density, URmean N uptake rate of 

duckweed increased by approximately 4.58%.  

Variations in water quality as a result of different stocking density and feeding rates are 

presented in Table 3.4. The water quality data demonstrated that the acceptable levels of TAN 

and NO2-N were attained at all stocking densities and feeding rates. Increased stocking density, 

coupled with an increase in feeding rates, did not significantly affect DO concentration. 

Similarly, the water pH was also maintained above 7.10 in all stocking densities. 
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Table 3.4. Physicochemical properties of the water as the function of duckweed usage as 

biofilter media in trial 2. 

Parameters Stocking density 

15.19 18.87 22.25 

DO (mg L-1) 7.87±0.01 7.84±0.01 7.82±0.01 

pH  7.25±0.01 7.22±0.01 7.18±0.01 

Temperature (oC) 26.72±0.10 26.79±0.08 26.82±0.09 

TAN (mg L-1) 0.89±0.06 0.94±0.06 0.98±0.06 

Nitrate nitrogen (mg L-1) 3.14±0.20 3.50±0.21 3.75±0.21 

Nitrite nitrogen (mg L-1) 0.06±0.01 0.08±0.01 0.09±0.01 

Total nitrogen (mg L-1) 5.05±0.25 5.48±0.28 5.93±0.27 

a. Values in the same column with the same letter are not significantly different (P>0.05) 

3.4 Discussion  

3.4.1 TAN uptake rate and uptake efficiency associated with different harvest frequency of 

duckweed  

Due to a free-floating habitat, duckweed receives nutrients from the water column and the 

atmosphere, as it cannot get them from the sediment below. Thus, duckweed density on the 

surface water, as indicated by growth index (GI) and surface area availability, may become 

limiting factors for their SGR. Different harvest frequencies influenced the biomass of duckweed 

on the surface layer of the water, at a given time, which in turn caused significant differences in 

TAN uptake rates and efficiency of duckweed. Harvesting duckweed every four days supported 

the maximum TAN uptake rates and efficiency compared to the other harvest frequencies. 

Harvesting duckweed every six days resulted in the highest GI of duckweed (Zhao et al., 2014), 

which in turn led to a slower SGR and reduced the total biomass harvested, whereas harvesting 

duckweed every two days resulted in the lowest duckweed GI, thereby reducing the uptake rate 

capacity of duckweed. Similarly, unharvested duckweed caused excessive growth and increased 

GI of duckweed at the water surface, thus slowing down the SGR of duckweed. Higher GI 

indicates higher biomass on the water surface beyond the system capacity (Reddy and DeBusk, 

1985), as N uptake becomes limited by the light available (Chaiprapat et al., 2005). Matos et al. 

(2006) reported that as the stocking density of Gracilaria bursa pastoris increased up to 7 kg m-2 

under N-sufficient conditions, the biomass harvested decreased significantly. In addition, higher 
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biomass cover of duckweed can limit the atmospheric dissolution of the oxygen coupled with 

oxygen reduction by algal respiration. Further, the extensively interlaced root of duckweed 

effectively retained suspended organic particles which provided sufficient substrates for the 

proliferation of heterotrophic bacteria (Azza et al. 2000). 

Over long harvest intervals caused excessive proliferation of duckweed and increased biomass 

on the water surface of the tank beyond the limits of maximum uptake rate (Fig. 3.2). Too long a 

harvest interval increased biomass density above 103.95 g fw, which led to a decrease in TAN 

uptake rate of duckweed, whereas the difficulties of growing sufficient duckweed to achieve the 

maximum TAN rate may be due to too short a harvest interval. When the increase of duckweed 

was, as occurs in the current study, a reduction in SGR of duckweed due to the limited light 

penetration to the lower layers, increased competition for space grew. Although light penetration 

and competition for space were not examined in this study, they appeared to be related to the 

same source, the biomass per unit surface area of duckweed. Similarly, Reddy and DeBusk 

(1985) and Chaiprapat et al. (2005) stated that higher SGR of Lemnaceae were achieved at lower 

plant biomass. The biomass of duckweed was used as a last indicator to represent all the effects 

mentioned. The result suggests that sufficient duckweed biomass is required by the plant and 

access to light required by duckweed for N uptake and photosynthesis (Mohedano et al., 2012).  

In the absence of regular harvest, signs of chlorosis, disconnection of duckweed fronds and a 

dense mat of unidentified species of the microalgal population was observed on the water 

surface. Increased microalgal population can further decrease duckweed productivity and result 

in an increase in oxygen consumption, as indicated by lower DO concentrations, and may 

increase inputs of remineralised nutrient from macroalgal decomposition (Frederic et al., 2006). 

Additionally, N uptake rate and uptake efficiency of duckweed associated with microalgal 

proliferation exhibit different behaviours. Frederic et al. (2006) reported that for duckweed 

biomass lower than 25 g dw, uptake rates were higher for increasing initial biomass of 

duckweed. At medium biomass (from 25 to 45 g dw), the light crossing the layer of duckweed on 

the surface water becomes the controlling factor of the microalgae growth. Beyond biomass of 

45 g dw, duckweed biomass yield decreases, whereas the average age of individual duckweed 

increases. Subsequently, duckweed lose their protecting resin and become vulnerable to the 

competitive microalga (Cross, 2002).  

Our research showed that a high TAN concentration can be removed efficiently with duckweed 

by manipulating its biomass quantities on the surface water. A lower pH level observed 
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throughout trial 1 did not affect TAN uptake efficiency of duckweed. Korner et al. (2003) 

reported that L. gibba can be used to treat wastewater containing very high TAN concentrations, 

as long as certain pH levels are not exceeded (7.8). Wastewater treatment using Lemnaceae 

becomes impossible at pH levels above approximately 9.8, as ammonia volatilisation is unlikely 

at pH above 9.4 (Reddy and Graetz, 1987).  

3.4.2 Growth and TAN conversion rate of duckweed  

Increased stocking density correlated with the high amount of feed given to the fish, which in 

turn increased nitrogen load in the water column. In our study, duckweed can be an efficient 

biofilter capable of removing most of the nitrogen originating from the cultivation of barramundi 

juveniles. Total harvested biomass of duckweed in low, medium and high fish stocking density 

indicate that different stocking density and nitrogen load positively affected the growth of 

duckweed, whereas SGR, FCR, and SR of barramundi juveniles were not negatively affected by 

the different stocking densities and nitrogen load. The result suggests that high nitrogen uptake 

efficiency of duckweed could maintain an optimal growth of barramundi juveniles reared at 

these three different stocking densities. 

However, the percentage of the increase in duckweed SGR and biomass harvest from low 

stocking density to medium density was higher than that from medium stocking density to high 

density, indicating that at a high nitrogen load, the duckweed biomass on the water surface 

negatively affected SGR. This can be attributed to limited light penetration and high nutrient 

removal rates possibly negatively influencing the growth of duckweed growth. Under high 

biomass conditions, fronds can pile up in several layers subdivided into two parts, an upper part 

with nutrient limitation and a lower part with light limitation (Driever et al., 2005). 

In the study, N concentrations in duckweed at low, medium and high stocking density were in 

line with the finding of Cadergen and Madsen (2002), who reported increased N concentrations 

in duckweed when cultivated at low and high N media from 0.40 to 0.71 mmol N g-1 dw. Mean 

N uptake rates (URmean) of duckweed at low, medium and high stocking density were much 

higher that the finding of Copertino et al. (2009) on Ulva clathrata. The rates of TAN uptake 

obtained were much higher than the results of previous studies by Cedergen and Madsen (2002) 

on duckweed, Subandar et al. (1993) on Laminaria saccharina and Zhou et al. (2006) on 

Gracillaria lemaneiformis. Similar to ours, previous studies have indicated that the increased 

TAN concentrations in the biofilter tanks were proportional to the filter’s conversion ability 

(Pfeiffer and Malone, 2006; Sandu et al., 2002).  
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An increase in N concentration in duckweed is associated with the increased TAN uptake 

(URmean) and conversion (TCR) rates. Most studies conducted with N-limited macroalgae 

demonstrated strong correlations between N uptake rates and tissue N of the macroalgae (Liu 

and Dong, 2001). Furthermore, increased TAN production caused increased consumption of 

oxygen (Zhang et al., 1995; Intriago, 2012). However, this was not evident throughout this study. 

Minimal variation in DO and pH were measured during the study, and this suggests that the use 

of duckweed as biofilter media may maintain an optimal level of DO in the water column, 

thereby reducing the negative effects of stocking density and TAN production of ammonia.  

3.5 Conclusions 

In summary, this study demonstrated that duckweed can be integrated into juvenile barramundi 

RAS due to its high nitrogen bioremediation efficiency and assimilative capacity; and its 

integration with fish culture may be an effective measure to maintain optimum water quality for 

fish growth and survival, and to reduce nitrogen loading in the environment. The study suggested 

that excess TAN concentrations can be efficiently removed from barramundi juvenile RAS when 

duckweed is harvested every four days. These results indicated that TAN uptake is one of the 

potential factors reducing ammonia in the system. 
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CHAPTER 4: The Abundance and Diversity of Heterotrophic Bacteria as a Function of 

Harvesting Frequency of Duckweed (Lemna minor Linnaeus) in Recirculating Aquaculture 

Systems2 

4.1 Introduction 

Many fish farms operate using recirculating aquaculture systems (RAS), and are characterized by 

high stocking densities of the target species along with large quantities of feed, resulting in the 

generation of significant amounts of organic and inorganic substances mainly including 

ammonia and phosphates (Martins et al., 2010). The fish also excrete nitrogenous wastes, urine, 

and faeces, whose decomposition and assimilation are especially important in RAS because of 

the high toxicity of ammonia and nitrite, and the possibility of hypertrophication of the 

environment by high levels of nitrate.  

Production systems that utilize aquatic plants to recover nutrients from wastewater have a 

promising future as an alternative technology for converting the recovered nutrients into 

potentially useful products and preventing nutrient overload in the environment (Cheng et al., 

2002). Various aquatic macrophytes have been used as biofilters, important components of RAS 

(Zhang et al., 2011), to remove nitrogen, phosphorus, and other elements that cause 

eutrophication in natural aquatic ecosystems (Nahlik and Mitsch, 2006). The duckweed (Lemna 

minor Linnaeus) is considered a potential biofilter by aquaculturists because of its rapid specific 

growth rates (SGR), ability to adapt to a wide variety of environmental conditions, and use as 

stockfeed for many fish species (Mukherjee et al., 2010). Compared with other aquatic 

macrophytes, duckweed has a high nutrient recovery capacity (Landolt and Kandeler, 1987). The 

efficacy of using duckweed as nitrogen and phosphorus biofilters in fishponds has already been 

evaluated by Ferdoushi et al. (2008), who reported that the introduction of duckweed in a fish 

pond efficiently recovered nitrogen and phosphorus. Thus, incorporating duckweed into the RAS 

is expected to remove nutrients, thereby maintaining water quality while producing a useful by-

product that can be used as a protein-enriched feed for fish species. 

Biofilters not only remove excess nitrogen from RAS, but can also provide a suitable substrate 

for heterotrophic bacterial adhesion and growth (Schreier et al., 2010). Hence, the type of 

biofilter and the surface area of the biofilter media per unit volume influences the abundance and 

diversity of bacterial communities in RAS, as these biofilters contribute to the growth and 

                                                           
2 This chapter has been published in Letters in Applied Microbiology 63 (2016), 53-59. 
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structure of bacterial communities (Leonard et al., 2000). As such, biofilters can increase the 

overall effectiveness of the media in RAS through the support of heterotrophic bacterial 

communities. 

The bacterial communities in RAS consist of both autotrophic and heterotrophic bacteria. The 

role of autotrophic bacteria in processing waste has been widely documented (Ikeda-Ohtsubo et 

al., 2013; Yao et al., 2013), but their abundance represents only 20% of the total eubacterial 

rRNA in biological filters. On the other hand, reports on the abundance and diversity of non-

pathogenic heterotrophic bacteria in fish production systems are still limited, and practically no 

attention has been paid in regard to their role as RAS biofilters. High dissolved organic carbon in 

RAS and particulate organic carbon trapped in biofilters are the major sources of carbon 

available for heterotrophic bacterial growth (Michaud et al., 2006).  

In any RAS, a proper management strategy is required to improve the efficiency of nitrogenous 

wastes processing by heterotrophic bacteria, which can be achieved by manipulating their 

abundance and diversity (Blancheton et al., 2013). This in turn is controlled by the quantity of 

biofilter media such as duckweed. Therefore, this study aimed to evaluate the effects of different 

harvesting frequencies of duckweed in a RAS on the composition, abundance, and diversity of 

non-pathogenic heterotrophic bacteria, involved in the removal of nitrogenous waste from the 

RAS. 

4.2 Materials and Methods 

4.2.1 Experimental setup and design 

Twelve independent recirculating systems were constructed, each consisting of three tanks: a 

fish-rearing tank (400 L circular tank), a biofilter tank (100 L circular tank), and a waste-

collection tank (100 L circular plastic drum). Water was circulated between the three tanks 

through PVC pipes using a submersible pump (Fig. 3.1).  

The biofilter tanks were filled with free-floating duckweed that was taken from a stock tank. 

Initially, 35 g of freshly weighed duckweed per tank was washed with filtered fresh water and 

randomly stocked into each of the 12 biofilter tanks. Prior to the start of the trial, 720 juvenile 

barramundi (Lates calcarifer Bloch), with an average size of 7.2 ± 0.17 g, were raised in the RAS 

for 30 days. At the end of the rearing period, all juveniles were removed from the RAS, but the 

water in each tank was retained with no changes to water circulation. The water volume in each 

fish-rearing tank was maintained at 185 L, while the water volume in the biofilter tanks and 
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waste-collection tanks was kept at 40 and 30 L, respectively. Oxygen saturation in the fish-

rearing tanks was maintained at above 80% by providing aeration. The water temperature was 

kept at 26 ± 1°C with photoperiods of 12 h dark and 12 h light.  

The trial was initiated by adding 18.51 g of NH4Cl as a source of ammonia-nitrogen into the fish-

rearing tanks. Four harvesting frequencies were employed by randomly harvesting 3 biofilter 

tanks at one time (in triplicate) after 2, 4, and 6 days, while the remaining 3 tanks were not 

harvested (control). The harvested duckweed was then replaced by fresh, prewashed duckweed. 

The reduction in water volume due to evaporation was compensated for by adding new 

freshwater. 

The health of the duckweed was visually observed by looking for signs of chlorosis and 

disconnection of the fronds (Khellaf and Zerdaoui, 2010). The increase in biomass of the 

duckweed on the water surface was indicated by GI, as calculated every second day using the 

equation: GI = Wt / W0 where: Wt = biomass at time t, W0 = biomass at time 0 and t = number of 

days. The increase in duckweed biomass per unit of harvest time was indicated by SGR, 

calculated at each harvest time using the equation: SGR = (Ln(Wf) - Ln(Wi) * 100) / t, where: 

Ln(Wf) = the natural logarithm of the final weight, Ln(Wi) = the natural logarithm of the initial 

weight, and t = time (days). 

4.2.2 Identification and enumeration of bacteria from biofilter tanks  

Isolation and identification of heterotrophic bacteria were performed based on the methods of 

Forbes et al. (1998). As it takes 4–6 weeks for any bacterial community to get established in a 

new biofilter tank (Costa-Pierce, 2002), a 10 g wet weight of duckweed was randomly collected 

using 40 mL sample jars (each containing 10 mL of distilled water) on day 12 from all biofilter 

tanks after the duckweed was placed in the biofilter tanks for over 4 weeks to allow the 

establishment of a sufficient number of bacteria. The samples were homogenized in a 

homogeniser at 17,000 g for 5 min. The homogenate water (10 mL) was diluted in 90 mL of 

phosphate buffered saline (PBS), and homogenized for 2 minutes at 1900 g. The resulting 

homogenates were diluted 10 times with PBS. Using an aseptic technique, 0.1 mL of diluted 

samples were transferred separately onto solid trypticase soy agar (TSA) media using the 

conventional pour-plate technique.  

After incubation at 20°C for 48 hours, colonies with different morphology were selected for 

species identification, of which only plates having between 30 and 300 colonies were considered. 
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The colonies were counted and expressed as CFU per mL for the attached bacteria as previously 

described (Leonard et al., 2000). A representative of each colony was removed from the plates 

and purified by streaking on fresh media with three serial streakings of each culture being done 

to ensure purity of the strains. The purified colonies were then characterized using a variety of 

biochemical tests, including oxidase, catalase, hydrogen sulfide production, ornithine 

decarboxylase, tryptophan hydrolysis, gelatin liquefaction, methyl-red and voges-proskauer, 

starch hydrolysis, citrate utilization, urease, nitrate reduction, carbohydrate (glucose, fructose, 

sucrose, mannose, maltose, lactose, and xylose). The identification results obtained from the 

conventional biochemical tests were then compared with those obtained by the analytic profile 

index (API) 20E identification system (bioMerieux). Data obtained were analysed using the API 

Web program.  

4.2.3 Bacteria diversity index  

The bacteria diversity index assumes that individual bacteria are sampled randomly from a large 

population so that all species are represented in the sample. The species diversity was calculated 

using the Shannon diversity index with the following formula: H = - [Σ Pi * Ln(Pi)], where H = 

Diversity index, Pi = the number each species in the sample/total number of samples, and Ln(Pi) 

= the natural logarithm of this proportion. 

4.2.4 Statistical analysis 

All data were expressed as mean ± standard error (SE), and group mean differences were 

compared using a one-way analysis of variance (ANOVA) and the Tukey HSD test. A 

regression analysis was performed to analyse the relationship of duckweed growth with gains on 

bacterial abundance and diversity. Values of R2 < 0.65 were considered to have poor 

correlations, whereas R2 > 0.65 indicated good correlations. A P < 0.05 was considered 

significant for all analyses. 
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4.3 Results 

4.3.1 Abundance and diversity of heterotrophic bacteria  

Table 4.1. Abundance of heterotrophic bacteria attached to the duckweed in the 

biofilter tank. 

 

a. Values in the same column with the same letter are not significantly different (P>0.05) 

The abundance of bacteria attached to duckweed is summarized in Table 4.1, in which 4 out of 9 

bacterial communities, Bacillus licheniformis, B. subtilis, Pseudomonas stutzeri, and Azotobacter  

vinelandii, were significantly affected (P < 0.05) by different harvest frequencies. Duckweed 

harvested with the shortest interval of 2 days had lower abundance than those with longer harvest 

intervals of 4 and 6 days and unharvested duckweed (control).  

The highest Shannon diversity index value of bacteria was observed on duckweed that was 

harvested every 6 days while the lowest value was from the control (Table 4.2). Duckweed 

biomass harvest and the heterotrophic bacteria abundance were poorly correlated (R2 < 0.65) to 

harvest frequencies. Significantly stronger correlations between duckweed biomass harvest and 

bacterial diversity were evident at the 4-day harvest frequency and unharvested control than in 

the other groups. Likewise, the diversity of heterotrophic bacteria was significantly correlated 

No Heterotrophic bacteria 

(cfu x 103/mL) 

Harvest frequency 

6 days 4 days 2 days No 

harvesting 

1 Bacillus licheniformis 4.06 ± 0.11b 4.10 ± 0.02b 2.10 ± 0.04a 3.69 ± 0.27b 

2 Pseudomonas stutzeri 3.54 ± 0.03b 3.54 ± 0.06b 3.10 ± 0.03a 3.47 ± 0.01b 

3 Aeromonas salmonicida 2.32 ± 0.08a 2.35 ± 0.09a 2.05 ± 0.05a 2.35 ± 0.05a 

4 Chryseobacterium 

indologenes 

2.41 ± 0.12a 2.36 ± 0.19a 2.09 ± 0.13a 2.45 ± 0.15a 

5 Bacillus subtilis 3.22 ± 0.11b 3.40 ± 0.26b 2.21 ± 0.26a 3.20 ± 0.08b 

6 Pseudomonas mendocina 3.65 ± 0.14a 3.55 ± 0.17a 2.89 ± 0.48a 3.65 ± 0.03a 

7 Azotobacter vinelandii 2.56 ± 0.13b 2.57 ± 0.16b 1.50 ± 0.10a 2.07 ± 0.10b 

8 Acinetobacter calcoaceticus 1.21 ± 0.02a 1.44 ± 0.04a 1.06 ± 0.02a 1.11 ± 0.08a 

9 Achromobacter xylosoxidans 1.41 ± 0.08a 1.20 ± 0.17a 1.10 ± 0.07a 1.34 ± 0.05a 

 Total 24.38 ± 0.42b 24.53± 0.61b 18.11± 0.72a 23.30± 0.09b 
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(R2 > 0.65) with SGR of duckweed at the 2 and 4-day harvest frequency, and the unharvested 

(control). Meanwhile, harvesting duckweed every 6 days resulted in a poor relationship between 

SGR and biomass harvest with the abundance and diversity of heterotrophic bacteria. 

Table 4.2. Shannon diversity index, total harvested biomass of duckweed, Mean GI and SGR of 

duckweed with correlation coefficients (R2) between growth performance represented by biomass 

harvest and SGR of duckweed with abundance and diversity of heterotrophic bacteria over the 36-

day trial. 

Harvest frequency 6 4 2 0 

R2 
(biomass harvest vs abundance) 0.57±0.02a 0.57±0.06a 0.58±0.04a 0.60±0.00a 

R2 
(biomass harvest vs diversity) 0.50±0.01a 0.65±0.01c 0.62±0.05b 0.68±0.03c 

R2
(SGR vs abundance) 0.58±0.06a 0.67±0.06a 0.69±0.03a 0.69±0.03a 

R2(SGR vs diversity) 0.50±0.01a 0.65±0.01b 0.62±0.05b 0.68±0.03b 

Shannon diversity index (H) 2.27±0.01c 2.17±0.01bc 2.14±0.01b 2.13±0.00a 

Mean GI 3.14± 0.04b 3.07± 0.04b 2.97± 0.02a 3.09± 0.03b 

Mean SGR 8.14 ± 0.00b 9.31 ± 0.00c 11.05 ± 0.00d 3.04 ± 0.00a 

Total biomass harvest 656.37 ± 0.51b 999.37 ± 0.51c 1871.57 ± 2.43d 104.53 ± 0.11a 

a. Values in the same column with the same letter are not significantly different (P>0.05) 

4.3.2 Growth performance of duckweed 

Different harvest frequencies also had a significant influence on duckweed’s growth 

performances such as growth index (GI), SGR, and biomass harvest (Table 4.2). Harvesting 

duckweed after 2 days resulted in the lowest duckweed GI, while 6-day harvests resulted in 

higher duckweed GI than 2-day harvests, which in turn led to a slower SGR, and a lower 

harvested biomass than the 2 and 4-day harvest frequency. Significantly higher SGR and total 

biomass harvest of duckweed were achieved in the biofilter tanks when duckweed was harvested 

every 2 days compared with those of unharvested duckweed, where the unharvested control 

resulted in the lowest SGR and biomass harvest. Furthermore, in the absence of regular harvest, 

signs of chlorosis, disconnection of duckweed fronds, and a dense mat of unidentified species of 

the microalgal population on the water surface were observed. 
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4.3.3 Morphological and biochemical characteristics of heterotrophic bacteria 

The morphological and physiological characteristics of the isolates identified to the genus level 

showed that Gram-negative bacteria dominates the bacterial communities (Table 4.3).  

Table 4.3. The morphological and physiological characteristics of bacteria isolated from 

duckweed in the biofilter tanks. 

 
Sample Morphology Gram 

stain 

Spore Motility Pigmentation No. of 

clones 

(%) 

Genus 

 

 1 Bacilli + + + White 7.8

9 

Bacillus 

sp. 
2 Bacilli - - + Yellow 13.16 Pseudomonas sp. 

3 Bacilli - - - Yellow 10.53 Chryseobacteriu

m sp. 4 Bacilli - - - Brownish-

white 

10.53 Aeromonas sp. 

5 Ovoid - - + Yellow 18.

42 

Azotobacter 

sp. 6 Coccobacilli - - + White 10.53 Achromobacter 

sp.  7 Cocci - - - White 7.89 Acinetobacter 

sp. 8 Bacilli - - + Brownish-

yellow  

7.89 Pseudomonas 

sp. 9 Bacilli + - + Translucent 13.16 Bacillus sp. 

 

 

Specifically, 42.11% of Gram-negative bacilli isolates were identified as Pseudomonas, 

Chryseobacterium, and Aeromonas; 36.84% of isolates of Gram-negative ovoid, cocci, or 

coccobacilli were identified as Azotobacter, Acinetobacter, or Achromobacter; and 21.05% of 

isolates of Gram-positive bacilli belonged to Bacillus. Non-pigmented isolates belonged to 

Bacillus, Aeromonas, Achromobacter, and Acinetobacter, whereas non-motile isolates were 

characterised as Chrysobacterium, Aeromonas, and Acinetobacter. In addition, the most common 

genera in the biofilter tanks were Bacillus and Pseudomonas (42.10%), whereas the least number 

of genera belonged to the genus Acinetobacter (7.89%).  

Out of 38 different isolates, 16 species of heterotrophic bacteria were biochemically 

characterized from duckweed (Table 4.4). Most of the isolates were characterized as the same 

species by both the conventional biochemical tests and API 20E, where 15 of 16 isolates had the 

same identification result. Out of 16 isolates as shown in Table 4.4, A. vinelandii had the 

maximum number of isolates as three. Another five species, such as B. licheniformis, P. 

mendocina, A. salmonicida, Chrysobacterium indologenes and Achromobacter xylosoxidans had 
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two isolates each, whereas remaining three species, B. subtilis, P. stutzerii, and Acinetobacter 

calcoaceticus consisted of only one isolate each. 

Out of 16 isolates as shown in Table 4.4, A. vinelandii had the maximum number of isolates as 

three. Another five species, such as B. licheniformis, P. mendocina, A. salmonicida, 

Chrysobacterium indologenes and Achromobacter xylosoxidans had two isolates each, whereas 

remaining three species, B. subtilis, P. stutzerii, and Acinetobacter calcoaceticus consisted of 

only one isolate each.  
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Table 4.4. Biochemical tests of the heterotrophic bacteria attached to the duckweed in the biofilter tanks . 

 

Biochemical 

characteristics 

No. of bacterial isolates 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

Catalase test + + + + + + + + + + + + + + + + 

Oxidase test - + + + - + + + + + + - - + + + 

Ornithine 

decarboxylase 

- + - + - - - - - - - - - - + - 

Tryptophan 

hydrolysis 

- - - + - - - - - - - - - - + - 

H2S - - - - - - - + - + - - - + - - 

Gelatin 

liquefaction 

+ - + + - - + - - - - + - - + - 

Starch 

hydrolysis 

+ + - + + - - + + + - + - + + - 

Gas - - + - - - - - - - + - + - - + 

MR - - + - - - + + - + - - - + - - 

VP + - - - + - - - - - - + - - - - 

Citrate 

utilization 

+ - - - + + - + + + + + + + - + 

Nitrate 

reduction 

+ + + - + + + + + + + + _ + - + 

Carbohydrates 

utilization 

 

Glucose + + + + + + + + + + + + + + + + 

Fructose + + + + + + + + + + - + + + + - 

Sucrose + - + - + - + + - + - + - + - - 

Mannose + + + + + - + + - + - + - + + - 

Maltose + + + + + - + + - + - + - + + - 

Lactose + - - - + - - + - + - + - + - - 

Xylose - - - - + + - + + + + - - + - + 
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4.4 Discussion 

The present study showed that different harvest frequency significantly influenced the abundance 

of heterotrophic bacteria.  Harvesting duckweed after every 2 days resulted in the lowest GI of 

duckweed, lowering the availability of organic substrates for bacterial attachment and growth (Itoi 

et al., 2006). A short harvest interval negatively affected the abundance of heterotrophic bacteria.  

The abundance of B. subtilis, B. licheniformes, A. beijerinckii, and P. stutzeri were lower at 2 

days of harvest frequency. The results indicated that shorter harvest interval did not provide 

sufficient opportunity for the bacterial attachment and growth, affecting the growth and 

colonization of bacteria on duckweed.  Davey and O'Toole (2000) and O’Toole et al. (2000) 

reported that bacterial communities are closely associated with the surface or submerged 

substrates.  

Meanwhile, the longer harvest interval of 6 days resulted in the highest duckweed GI, which in 

turn caused a slower SGR and reduced the harvested biomass. The 6-day harvest and unharvested 

duckweed caused chlorosis and disconnection of duckweed fronds.  The results indicated that too 

long harvest interval negatively affected growth and biomass harvest of duckweed.  Frequency of 

harvest is required to encourage growth (Reddy and Smith, 1987) and maintain a healthy 

duckweed (Landolt and Kandeler, 1987 and Zhao et al., 2014).   

Furthermore, a 4-day harvest frequency resulted in stronger correlation between harvest and 

bacteria diversity and a significant correlation between SGR and diversity of heterotrophic 

bacteria.  Significantly stronger correlations between duckweed biomass harvest and bacterial 

diversity were evident at the 4-day harvest frequency and unharvested control than in the other 

groups. Likewise, the diversity of heterotrophic bacteria was significantly correlated (R2 > 0.65) 

with SGR of duckweed at the 2 and 4-day harvest frequency, and the unharvested (control). Zhao 

et al. (2014) suggested that harvest frequency of 4 days is desirable to maintain the optimum 

biomass harvest of duckweed.  Therefore, the results indicated that the 4-day harvest frequency 

might provide the desirable duckweed biomass and optimal availability of the organic substrates 

as carbon and energy source for the heterotrophic bacteria. 

Shannon-Wiener diversity index of heterotrophic bacteria decreased with increasing frequency of 

harvest. The heterotrophic bacteria abundance and duckweed biomass harvest were poorly 

correlated (R2 < 0.65) to harvest frequencies. The result indicated that harvest frequency was 

closely linked with changes in the availability of organic substrates, in which the bacteria 
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communities in the biofilter tank may have responded to various changes in the availability of 

substrates through physiological adaptations and changes in community composition. Pinhassi et 

al. (1999) and Eiler et al. (2003) reported that even small additions or reductions of organic 

substrates can cause a shift in the composition of the bacterial community. 

The most dominant bacterial species in this study was A. vinelandii. This species is a common 

nitrogen-fixing bacterium, essential for maintaining the nitrogen cycle homeostasis in the 

biosphere. Most members of the genus Azotobacter can be used as biofertilizers, fish food 

organisms, detritus processors, bioremediators, bioameliorators, and, importantly, as biofilters 

(Tripathy and Ayyappan, 2005). 

 

The Bacillus consisted of obligate aerobes (B. subtilis), or facultative anaerobes (B. 

licheniformis), which are known to have a major role in heterotrophic nitrification (Kundu et 

al., 2014). Meanwhile, the Pseudomonas, the most abundant heterotrophic bacteria in marine 

RAS nitrification biofilters (Borges et al., 2008), was represented by two species: P. mendocina 

and P. stutzeri. Certain species of Pseudomonas have the ability to metabolize an extensive 

number of organic compounds, whereas others have metabolic properties such as 

denitrification, degradation of aromatic compounds, and nitrogen fixation (Lalucat et al., 2006).  

The Aeromonas is commonly found in aquatic environments and is dominant in waters with 

high levels of faecal pollution. A. salmonicida is an etiological agent for furunculosis that 

severely impacts salmonids populations worldwide (Faisal et al., 2007). Heterotrophic bacteria, 

including A. salmonicida, obtain energy from the oxidation of carbon- and nitrogen-containing 

compounds. Thus, the presence of A. salmonicida may indicate excessive nitrogenous waste in 

the system. However, many members of the genus Aeromonas are capable of heterotrophic 

nitrification and aerobic denitrification, and are able to simultaneously remove organic carbon 

and nitrogen with high efficiency (Razzolini et al., 2008).  

Chryseobacterium has been isolated from a variety of habitats such as freshwater, seawater, 

soil, and sediment. Members of the genera are abundant in freshwater and marine ecosystems 

and become dominant in response to the input of organic substrates (Kundu et al., 2014). 

Chrysobacterium spp. have been shown to reduce levels of ammonia-nitrogen and carbon 

oxygen demand (COD). These bacteria also have the ability to take advantage of aerobic 

denitrification in the presence of ammonia nitrate. Achromobacter spp. have been isolated from 

brackish water and have been known to degrade or convert various carbon sources (Ying-Ning 
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et al., 2012). Similar to Chrysobacterium, A. xylosoxidans is also capable of stabilizing levels 

of ammonium-nitrogen and reducing COD. A. xylosoxidans is a more potent nitrifier than the 

other bacteria with similar capabilities (Kundu et al., 2012). 

A. vinelandii was one of the least dominant species found in the duckweed-based biofilter 

tanks. The Acinetobacter has been frequently isolated from soils and water.  Members of the 

genus such as A. vinelandii has been reported to involve in a single step nitrogen removal by 

simultaneous heterotrophic nitrification and aerobic denitrification in wastewaters (Zhao et al., 

2010).  

4.5 Conclusions 

All the heterotrophic bacteria from the present study have been known to play a fundamental 

role in heterotrophic nitrification and aerobic denitrification processes in a diverse range of 

ecosystems (Chen et al., 2012a). Our research suggests that duckweed biofilters in RAS are 

suitable substrates for the attachment, survival, and growth of heterotrophic bacteria involved 

in nitrification. A short 2-day harvest frequency reduced heterotrophic bacteria abundance in 

biofilter tanks, whereas a 6-day harvest frequency or no harvest decreased duckweed biomass 

due to chlorosis and disconnection of their fronds. The results showed that 4-day harvest 

frequencies maintained an optimum biomass of duckweed.  
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CHAPTER 5: The Abundance and Diversity of Phosphate Solubilising Bacteria Associated 

with the Harvesting Regime of Duckweed (Lemna minor Linnaeus) In Integrated 

Recirculating Aquaculture Systems3 

 

5.1 Introduction 

Aquaculture effluents with a high concentration of phosphorus (P) and nitrogen (N) create major 

problems for the aquaculture industry, as they contribute to eutrophication (Smith, 2003) and 

environmental degradation (Paez-Osuna et al., 2003). Although, recirculating aquaculture 

systems (RAS), which re-uses the water after removing  solids and ammonical nitrogen, 

considerably reduces the effluent load (Losordo et al., 1998), however, significant amounts of N 

and P are still discharged through protein skimming mechanism (Martins et al., 2010). 

Phosphorus as an effluent is usually present at high concentrations in the RAS effluents as a 

significant portion of the phosphorus from the feed is unutilised by the cultured species. The 

phosphorus accumulation is further compounded due to the use of less appropriate methods for 

its removal from the production systems, including RAS (Barak and Rijn, 2000).  

The removal of phosphorus to an acceptable level by various chemical methods is expensive 

(Liberti et al., 2001) and requires for high chemical dosages (Hultman et al., 2001). Even though, 

the chemical removal of phosphorus can be rapid and improve the effluent quality (Ebeling, 

2004) than the multi-step biological process, the chemical removal of the phosphorous produces 

more sludge than its biological removal (Gillberg et al., 2003). Another biological way to 

enhance the phosphorus-removal process is to involve polyphosphate accumulating bacteria in 

the activated sludge in response to a change from aerobic to anaerobic conditions (Henze et al., 

2002). Under anaerobic conditions, the bacteria are capable of storing organic compounds 

especially short chain fatty acids including acetic and propionic acids as internal storage 

compounds (Liu et al., 2007). Under subsequent aerobic conditions, the previously stored carbon 

is used for the cell growth and poly-P formation (Li et al., 2007), indicating that a higher amount 

of phosphorus is absorbed and utilised under aerobic conditions (Carvalho et al., 2007).  

However, in all cases, phosphorus can be converted into a solid fraction (microbial mass in 

activated sludge) (De-Bashan and Bashan, 2004). The phosphorus is removed by converting the 

dissolved inorganic phosphorus to a low-soluble metal-phosphate complex (Hansen et al. 2000). 

However, it fails to recycle the phosphorus to a sustainable product but is rather gained together 

                                                           
3 This chapter has been submitted to Aquatic Living Resources 
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with a mixture of different other waste products of which some are toxic (De-Bashan and 

Bashan, 2004). 

The integration of the macrophytes into the RAS is possible as RAS can house sufficient 

nutrients to sustain the growth of macrophytes.  In any integrated RAS (IRAS), substantial 

amount of organic and inorganic matter from uneaten feed and faecal matter is accumulated and 

may be subsequently used by macrophytes. Turcois and Papenbrock (2014) stated that 

phosphates can be reduced in IRAS if the target species is cultivated with plants that can convert 

nutrients into valuable biomass. In addition, the combination of fish culture with phototrophic 

and herbivorous organisms can increase nutrient retention in the system (Schneider et al., 2005). 

The roots of various plant species incorporating phosphate-solubilising bacteria (PSB) are 

recognised as having an important ecophysiological role (Chen et al., 2012b). The PSB can 

mobilize insoluble inorganic phosphates so that they can easily be absorbed by plant roots. The 

plants, in turn, may supply root-borne C compounds (mainly sugars) that can be metabolized for 

the bacterial growth (Deubel et al., 2000). Furthermore, PSB can convert the insoluble phosphate 

into soluble forms (Pradhan and Sukla, 2005) and increase its availability to the plants. The 

microorganisms with phosphate solubilising potential increase the soluble phosphate availability 

and enhance the plant growth by increasing the mineralization capacities of  the organic P and 

solubilising precipitated phosphates (Chen et al., 2006) or by increasing the supply of other trace 

elements, such as iron, zinc, etc., and by the production of plant growth-promoting regulators 

(Ponmurugan and Gopi, 2006).  

Duckweed (Lemna minor Linnaeus) is a small, free-floating aquatic plant belonging to the 

Lemnaceae family (Cheng et al., 2002) and is well known for its high productivity and high 

protein content in temperate climates. A variety of Lemnaceae species have been used for 

wastewater treatments and nutrient recovery due to their rapid multiplication and high protein 

content (Caicedo et al., 2000). Total phosphorus removal rates of between 70-85%, and 

orthophosphate removal rates of between 83-95%, have been reported in different types of 

wastewaters (Ozengin and Elmaci, 2007) by using duckweed. Additionally, the use of duckweed 

species as a biofilter media in RAS decreases the significant amount of orthophosphate and total 

phosphorus in water and increases the growth of the cultivated fish species (Sirakov and 

Velichkova, 2013). 
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As PSB can be found in the water column, the sediment or at the substrate (Sushanta et al., 

2012), the use of biofilter media not only removes excess nutrients, including phosphorus, from 

the RAS, but can also provide a suitable substrate for the bacterial adhesion and growth (Schreier 

et al., 2010). Thus the abundance and diversity of the bacterial communities that may act as PSB 

in RAS are affected by the type of biofilter and biofilter media’s surface area per unit volume, as 

biofilters contribute to the growth and structure of bacterial communities (Leonard et al., 2000).  

Although any intensive fish culture systems are major source of phosphorus pollution, relatively 

a few studies have been conducted on the phosphorus removal in these systems (Valeta and 

Verdegem, 2009). Previous research demonstrated that harvest frequency of duckweed affects 

the abundance and diversity of heterotrophic bacteria communities, which are involved in 

nitrogen removal from IRAS (Ardiansyah and Fotedar, 2016a). Hence, the use of appropriate 

management strategies, including the manipulation of the abundance and diversity of the PSB 

communities in any IRAS, are required to enhance P absorption by rhizoplants (Maitra et al., 

2014). This can be controlled by the quantity of biofilter media including duckweed present in 

real time. Therefore, this study aimed to evaluate the effects of different amounts of duckweed in 

real-time (using a different harvest regime) as the media on the composition, abundance, and 

diversity of phosphate solubilising non-pathogenic bacteria that are involved in the removal of 

phosphates in IRAS. 

5.2 Materials and methods 

5.2.1 Experimental system  

The experimental system used in this experiment was similar to our previously published article 

(Ardiansyah and Fotedar, 2016a). The experiment was carried out in twelve small independent 

recirculating systems at the Curtin Aquatic Research Laboratory, Curtin University, Australia. 

Each recirculating system consisted of three tanks: a fish-rearing tank (400 L circular tank), a 

waste collection tank (100 L circular plastic drum), and a biofilter tank (100 L circular tank). A 

submersible pump was used to recirculate the water among the three tanks through PVC pipes.  

The biofilter tanks were filled with free-floating duckweed that was taken from the stock tank. 

35 g wet weight duckweed per tank was weighed, washed with water, filtered and randomly 

stocked into each of the 12 tanks biofilters. Before the start of the experiment, a total of 720 

juvenile barramundi (Lates calcarifer Bloch) with an average size of 7.25 ± 0.27 g were cultured 

in the RAS for 30 days, and were then removed  from the RAS system, while the water in every 
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tank was retained without any water exchanges and circulation. The volume of water in each 

fish-rearing tank was kept at 185 L, whereas the water volumes in the biofilter tanks and the 

waste collection tanks were kept at 30 and 40 L, respectively. During the study, the fish rearing 

tanks were provided with aeration to ensure oxygen concentration remained above 80% 

saturation, and a heater was used to keep the water temperature at 26 ± 2°C. Photoperiod was 

kept at 12 h dark and 12 h light. 

185 mg of di-ammonium phosphate (NH4)2 HPO4, as a source of phosphate was added to the 

fish-rearing tanks. Four L.minor harvesting regimes were employed during the 36-day 

experimental period. Three preselected random biofilter tanks were harvested every 2 days. 

Three other biofilter tanks were harvested after 4 days, and 3 others after 6 days. All harvesting 

was carried out in triplicate simultaneously at one pint of time. The remaining 3 tanks were not 

harvested and served as controls. The harvested duckweed was then replaced by freshly 

prewashed duckweed. The reduction in water volume due to evaporation was compensated by 

adding new freshwater (Ardiansyah and Fotedar, 2016a). 

The health of the duckweed was visually observed, based on any signs of chlorosis and 

disconnection of the fronds (Khellaf and Zerdaoui, 2010). The increase in biomass of duckweed 

on the water surface was calculated using growth index (GI) on alternative days using the 

equation: GI = Wt / W0, where: Wt = biomass at time t, W0 = biomass at time 0, and t = number 

of days. The increase in duckweed biomass per unit of harvest time was indicated by specific 

growth rates (SGR), calculated at each harvest time using the equation: SGR = (Ln(Wf) - Ln(Wi) 

* 100) / t, where: Ln(Wf) = the natural logarithm of the final weight, Ln(Wi) = the natural 

logarithm of the initial weight, and t = time (days). 

5.2.2 Isolation, enumeration, and evaluation of phosphate solubilising efficiency and 

phosphatase activity  

Isolation, enumeration, and evaluation of the bacteria were performed following the procedure 

described in Ardiansyah and Fotedar (2016a). A 10 g fresh-weight of duckweed was  randomly 

collected using 40 mL sample jars, containing 10 mL distilled water, and then kept at 4ºC before 

analyses. The samples were homogenized in a homogeniser at 17,000 g for 5 min. A 10 mL 

sample of the homogenate water was diluted with 90 mL of phosphate-buffered saline (PBS) and 

again homogenized for 2 minutes at 1900 g. The resulting homogenate was diluted ten times 

with PBS. Using an aseptic technique, 0.1 mL of the diluted samples were plated in triplicate by 
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the spread plate method onto a Pikovskaya agar (PVK) medium (Mehta and Nautiyal, 2001) 

using a conventional pour plate technique.  

The bacterial colonies were selected according to their morphological appearance and maximum 

halo zone around them as an indicator of phosphate solubilisation after 120 h of incubation at 

30°C (Nautiyal, 1999). The phosphate solubilisation efficiency of the selected isolate was 

estimated by plating onto a fresh PVK medium containing 0.5% insoluble tricalcium phosphate 

and incubating at 30ºC for 10 days, and an analysis of the PSB trait was made by measuring the 

zone of solubilisation around the colony growth. The solubilisation efficiency (%) of the selected 

isolates was determined following the method of Nguyen et al. (1992). The selected colonies 

were removed from the plates and purified in triplicates on LB agar. Enumeration of the PSB 

communities was determined using the total plate count method. The colonies were counted and 

expressed as CFU per mL for the attached bacteria, as previously described (Leonard et al., 

2000).  

Phosphatase activity was determined using 0.1 M disodium p-nitrophenyl as a substrate. For the 

assay, 3 mL of PSB culture on the PVK medium, 1 mL universal buffer (5x) adjusted to pH 6.5 

(Skujins et al., 1962), and 0.5 mL of the substrate, were pipetted into a 20 mL reagent vial and 

incubated at 30°C for 90 min. The reaction was stopped by cooling at 2°C for 15 min. Then 20 

mL of 0.5 N NaOH was added, and the mixture was transferred to a 50 mL volumetric flask, 

where the volume was increased to 50 mL with distilled water. The p-nitrophenol (PNP) formed 

was determined by spectrophotometry at 398 nm (Tabatabai and Bremmer, 1969). Controls were 

made in the same way using 20 μg/mL disodium p-nitrophenyl. 

Quantitative estimation of indole acetic acid (IAA) was performed according to Maria Guineth et 

al. (2000) and Tsavkelova et al. (2007). The PSB isolates were inoculated in Czapek’s dox broth 

and incubated at 28º ± 2°C for 72 h. The culture was centrifuged at 3000 rpm for 15 min, and 2 

ml of the supernatant was mixed with 1 ml of Salkowsky’s reagent. The optical density was 

determined using a spectrophotometer at 535 nm.  

Putative PSB were identified by the biochemical method described in Bergey’s Manual of 

Determinative Bacteriology (Holt et al., 1994). A variety of biochemical tests, including oxidase, 

catalase, hydrogen sulfide production, tyrosine hydrolysis, gelatinase test, ornithine 

decarboxylase, arginine dihydrolase, methyl-red and Voges-Proskauer, casein, starch hydrolysis, 

citrate utilization, nitrate reduction, TSI agar test, and motility test, were conducted.  
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5.2.3 Bacteria diversity index  

The bacteria diversity index assumes that individual bacterium is sampled randomly from a large 

population so that all species are represented in the sample. The species diversity was determined 

using the Shannon diversity index with the following formula: H = - [Σ Pi * Ln(Pi)], where H = 

Diversity index, Pi = the number each species in the sample/total number of samples, and Ln(Pi) 

= the natural logarithm of this proportion. 

5.2.4 Statistical analysis 

The abundance and diversity of PSB were examined by a one-way analysis of variance 

(ANOVA) and the Tukey HSD test. A regression analysis was performed to analyse the 

relationship between the growth of duckweed and bacterial abundance and diversity. Values of 

R2 < 0.65 were considered to have poor correlations, whereas R2 > 0.65 indicated good 

correlations. A P < 0.05 was considered significant for all analyses. 

 

5.3 Results 

5.3.1 Abundance and diversity of PSB 

Forty-seven strains of the putative PSB were isolated and screened from duckweed in the 

biofilter tank. Among the isolates, 10 morphologically different bacterial strains were observed 

(Table 5.1). Different harvest regimes caused significant differences (P < 0.05) in the bacterial 

abundance. The abundance of six types of PSB (PSB1, PSB3, PSB15, PSB17, PSB26, and 

PSB35) were significantly impacted by the harvest regime. Duckweed harvested every 2 days 

had the lowest abundance of the putative PSB. 
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Table 5.1. Abundance of phosphate solubilising bacteria attached to duckweed in the 

biofilter tank. 

Putative PSB 

bacteria 

(cfu x 103/mL) 

Harvest regime 

6 days 4 days 2 days No 

harvesting 

PSB1 5.23 ± 0.21b 5.34 ± 0.26b 4.76 ± 0.34a 4.70 ± 0.32a 

PSB3 3.74 ± 0.03b 3.85 ± 0.06b 3.29 ± 0.03a 3.37 ± 0.01a 

PSB7 1.79 ± 0.08a 1.75 ± 0.09a 1.64 ± 0.05a 1.59 ± 0.05a 

PSB15 4.73 ± 0.12b 4.85 ± 0.19b 4.12 ± 0.13a 4.24 ± 0.15a 

PSB17 5.17 ± 0.11b 5.09 ± 0.26b 4.53 ± 0.26a 4.98 ± 0.08b 

PSB26 4.60 ± 0.14b 4.52 ± 0.17b 3.85 ± 0.48a 3.97 ± 0.03a 

PSB29 1.84 ± 0.21a 1.79 ± 0.27a 1.65 ± 0.35a 1.71 ± 0.46a 

PSB30 2.16 ± 0.13a 2.01 ± 0.16a 1.87 ± 0.10a 1.95 ± 0.10a 

PSB32 2.89 ± 0.02a 2.94 ± 0.04a 2.75 ± 0.02a 2.80 ± 0.08a 

PSB35 3.47 ± 0.08b 3.52 ± 0.17b 3.05 ± 0.07a 3.13 ± 0.05a 

Total 35.62 ± 0.43b 35.66± 0.44b 31.51± 0.37a 32.44± 0.39a 

a  Values in the same row with the same superscript letter are not significantly  different (P > 

0.05) 

Harvesting duckweed every 4 days resulted in the highest Shannon diversity index value 

(H=2.2910), whereas the unharvested (control) had the lowest index value (H=2.2257) (Table 

5.2). PSB abundance and duckweed biomass harvest were poorly correlated (R2 < 0.65) with 

harvest regimes, but at the 4-day harvest regime, significantly stronger correlation between the 

bacterial diversity and the harvested duckweed biomass was observed. Similarly, SGR harvest of 

duckweed was significantly correlated with the abundance and diversity of PSB at the 4-day 

harvest regime (R2 > 0.65: P < 0.05), whereas the SGR and biomass harvest of the -duckweed 

harvested every 6 days had a poor relationship with the abundance and diversity of PSB (R2 < 

0.65).  
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Table 5.2. Correlation between SGR and total biomass harvest of duckweed with abundance and 

diversity of phosphate solubilising bacteria over the 36-day trial. 

Harvest regime 6 4 2 0 

R2 
(biomass vs abundance) 0.5971±0.02a 0.6192±0.06b 0.5941±0.04a 0.6185±0.00b 

R2 
(biomass vs diversity) 0.6141±0.01a 0.6502±0.01b 0.6193±0.05a 0.6835±0.03b 

R2
(SGR vs abundance) 0.5852±0.06a 0.6984±0.06b 0.6248±0.03a 0.6894±0.03b 

R2(SGR vs diversity) 0.6242±0.01a 0.6623±0.01b 0.6193±0.05a 0.6835±0.03b 

Shannon diversity 

index (H) 

2.2745±0.01bc 2.2910±0.01c 2.2365±0.01b 2.2257±0.00a 

GI 3.15±0.02c 3.09±0.03bc 3.15±0.04a 3.04±0.03ab 

Total biomass 

harvest 

674.45 ± 0.54b 1003.45 ± 1.29c 1880.2 ± 0.67d 99.75 ± 0.11a 

SGR 8.14 ± 0. 00b 9.31 ± 0.00c 11.05 ± 0.00d 3.04 ± 0.00a 

a  Values in  the  same row wi th  the  same superscr ip t  l e t ter  are  not  

s igni f icant ly d i f ferent  ( P  >  0 .05)  

Different harvest regimes also had a significant influence on the GI of duckweed. Duckweed 

harvested every 6 days had the highest GI of 3.15, whereas those harvested every 2 days had the 

lowest GI of 3.04 (Table 5.2). However, significantly (P <0.05) higher SGR and total harvested 

biomass of duckweed were obtained when duckweed was harvested every 2 days than the 

unharvested duckweed. The unharvested control resulted in the lowest SGR and harvested 

biomass (Table 5.2). 

5.3.2. Phosphate solubilisation efficiency, IAA, and phosphatase activity 

The results of the solubilisation efficiency of the selected PSB are shown in Table 5.3. Among 

the ten bacterial isolates, the highest efficiency was observed for PSB1 (E = 83.33%), followed 

by PSB17 (E = 75.00%) and then PSB15 (E = 62.50%), whereas PSB29 (E = 33.33%) and 

PSB32 (E = 34.47) had comparatively lower efficiencies. All putative PSB isolates produced 

IAA. The highest IAA (7.60 µg L-1) was produced by PSB15, followed by PSB17 (7.45 µg L-1), 

while the lowest IAA (6.07 µg L-1) was produced by PSB29. Furthermore, the maximum 

phosphatase activity was observed in PSB1 (33.68 μmol g-1 h-1), followed by PSB17 (31.25 

μmol g-1 h-1), while the minimum phosphatase activity was observed in PSB32 (15.84 μmol g-1 h-

1). The remaining bacterial isolates secreted phosphatase enzyme in the range of 17.65-30.85 

μmol g-1 h-1. Correlation coefficient values (R2=0.921) showed a significant (P≤0.05) correlation 

between phosphate solubilising efficiency and phosphatase enzyme production.  
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Table  5 .3 .  The phosphate  so lubi l i s ing ef f ic iency and  phosphatase  ac t iv i ty 

recorded  for  the  puta t ive  PSB bacter ia  a t tached  to  duckweed  in  the  b iof i l t er  

t ank .  

 

 

 

 

 

 

 

 

 

 

  

Putative PSB 

Bacteria 

Phosphate 

solubilisation 

efficiency (E, %)  

 

Indole acetic acid 

production (µg L-

1) 

Phosphatase 

activity 

(µmol g-1h-1) 

PSB1 83.33 7.35 33.68 

PSB3 53.59 7.45 28.92 

PSB7 43.93 7.00 23.92 

PSB15 62.50 7.60 30.85 

PSB17 75.00 7.23 31.25 

PSB26 60.83 7.00 29.84 

PSB29 33.33 7.08 17.65 

PSB30 44.82 6.55 18.85 

PSB32 34.47 7.08 15.84 

PSB35 50.00 6.07 25.32 
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5.3.3 Morphological and biochemical characteristics of PSB 

Of forty-seven visually different bacterial isolates, 10 bacterial strains were determined by 

colony morphology, gram staining, and pigmentation (Table 5.4). The morphological and 

physiological characteristics of the isolates identified to the genus level showed that gram-

negative bacteria dominated the bacterial communities. Specifically, 40.41% of gram-negative 

bacilli isolates were identified as Pseudomonas and Chryseobacterium; 29.79% of isolates of 

gram-positive bacilli belonged to Bacillus; 23.41% of isolates of gram-negative ovoid, cocci, or 

coccobacilli were identified as Azotobacter, Acinetobacter, and Achromobacter, and 6.39% of 

isolates of gram-positive cocci were identified as Micrococcus (Table 4). Non-pigmented 

isolates belonged to Bacillus, Achromobacter, and Acinetobacter, whereas non-motile isolates 

were characterized as Chrysobacterium, Acinetobacter, Azotobater, and Micrococcus.  

Table 5.4. The morphology and physiological characteristics of the putative phosphate 

solubilising bacteria attached to duckweed. 

 

 

 

Strains Morphology Gram 

stain 

Spore Motility Pigmentation No. of 

clones (%) 

Genus 

PSB1 Bacilli + + - Yellowish-green 19.15 Bacillus sp. 

PSB3 Bacilli - - + Translucent 6.39 Bacillus sp. 

PSB7 Bacilli + + + White 4.25 Bacillus sp. 

PSB15 Bacilli - - - Yellow 12.76 Chrysobacterium sp. 

PSB17 Bacilli - - + Yellowish-

green 

14.89 Pseudomonas sp. 

PSB26 Bacilli - - + Brownish-

yellow 

12.76 Pseudomonas sp.  

PSB29 Cocci + - - Yellowish-

orange 

6.39 Micrococcus sp. 

PSB30 Ovoid - - + Yellow  4.45 Azotobacter sp. 

PSB32 Cocci - - - White 6.39 Acinetobacter sp. 

PSB35 Coccobacilli - - + White  10.54 Achromobacter sp 
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Of the 47 different isolates, 10 species of putative PSB were characterized by both biochemical 

tests and confirmed with the API 20E (Table 5.5). All isolates were characterized as the same 

species by both conventional biochemical tests and API 20E. Out of 10 species, as shown in 

Table 5, Bacillus was represented by 3 species. Pseudomonas consisted of 2 species, whereas 

Chrysobacterium, Micrococcus, Azotobacter, Acinetobacter, and Achromobacter and the 

remaining 5 genera, had only one species each. Therefore, the putative PSB found in the 

biofilter tanks were Bacillus cereus (PSB1), B. licheniformis (PSB2), B. subtilis (PSB7), 

Chrysobacterium indologenes (PSB15), Pseudomonas fluorescence (PSB17), P. mendocina 

(PSB26), Micrococcus luteus (PSB29), Azotobacter vinelandii (PSB30), Acinetobacter 

calcoaceticus (PSB32), and Achromobacter xylosoxidans (PSB35). 

 



 

74 

Table 5.5. The morphological and biochemical characteristics of PSB isolated from the biofilter tanks. 

 

 

 

 

 

 

 

 

 

 

 

 

 

. 

Test The PSB Strain 

PSB1 PSB3 PSB7 PSB15 PSB17 PSB26 PSB29 PSB30 PSB32 PSB35 

Colony 

morphology 

Bacilli Bacilli Bacilli Bacilli Bacilli Bacilli Cocci Ovoid Cocci Coccobacilli 

Pigmentation  Yellowish-

green 

Translucent White Yellow Yellowish-

green 

Brownish-

yellow 

Yellowish-

orange 

Yellow White White 

Spore + - + - - - - - - - 

Motility - + + - + + - + - - 

Gram stain + + + - - - + - - + 

Catalase + + + + + + + + + + 

Oxidase + - - + - + + + - + 

H2S production - - - - + - - - - - 

Gelatinase + - + + + - + + - - 

Nitrate reduction - + + + - + + + - + 

Starch hydrolysis + + + + + - - + - - 

Citrate utilization - - + + + + + + + + 

Ornithine - - - - - - - + - - 

Indole - - - + + - - + - - 

Tyrosine 

hydrolysis 

+ - - - + - - - + + 

Arginine 

dihydrolase 

- + - - + + - + - + 

Methyl Red - - + - + + - - - + 

Voges-Proskauer - - + + + - - - + - 

Urease + - - - + + - + + - 

Glucose  + + + + + + + + - - 

Fructose + + + + + + - + - + 

Lactose  - - - - + - - - - - 

Maltose  + + + + + - - + - - 

Mannose + + + + + + - - - - 

Sucrose + + + - + - - + - - 

Xylose - - + - - + + + - + 
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5.4 Discussion 

Different harvest regimes significantly affected the abundance of bacteria of six putative PSB 

(PSB1, PSB3, PSB 15, PSB 17, PSB 26, and PSB35). The results showed that harvesting 

duckweed after every 2 days resulted in a lowest GI of duckweed, reducing the availability of 

organic substrates for bacterial attachment and growth (Itoi et al., 2006). Meanwhile, the longer 

interval of 6 days resulted in the highest duckweed GI, which in turn caused a slower SGR and 

reduced the harvested biomass. The 6-day harvest and no harvest regimes caused chlorosis and 

disconnection of duckweed fronds.  Similar trends had been previously observed in the 

abundance of the heterotrophic bacteria associated with the different harvesting regime in 

barramundi RAS (Ardiansyah and Fotedar, 2016a). Therefore, the 4-day harvest regime may 

provide the desirable duckweed biomass and optimal availability of the organic substrates as 

carbon and energy source for the PSB.  

In this study, only 10 isolates from 47 isolates showed the formation of halo zones around the 

growing colonies on PVK media plates. Halo zones are formed because of the transformation of 

glucose into organic acids, in which glucose is the carbon source used in the test of PSB isolated 

from the biofilter to dissolve the bonded phosphor marked by halo zones (De Souza et al., 2000). 

However, production of organic acids was not determined in the present study. Thus the authors 

cannot confirm whether all PSB isolates are capable of producing organic acids.  

There is increasing evidence that PSB improves the plant growth due to the biosynthesis of plant 

growth substances rather than to their action in releasing available phosphorus. All PSB isolated 

from duckweed were capable of producing IAA. Davies (1995), Luthen et al. (1999), and Glick 

(2005) stated that IAA is the biologically active form of auxins that stimulates radical system 

growth (Dobbelaere et al., 2003; Vessey, 2003) and increases the uptake of the nutrients by the 

plants. Thus, it has prominent effects on plant growth and development. The results indicated 

that all PSB isolates are able to secrete physiologically active auxins. Shahab et al. (2009) 

reported that PSB isolated from mung bean (Vigna radiata) excreted phytohormones, including 

auxins. Other researchers found similar results, that isolated strains from rice fields have 

potential to produce IAA (Naher et al., 2009). These results were supported by the findings of 

Woo et al. (2010) that the PSB strains isolated from the rhizophore of Chinese cabbage (Brassica 

rapa) were found to solubilise P in the media, and besides this, they were able to produce IAA. 

However, the capacity to synthesize IAA is widespread among the PSB. Production of IAA 
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greatly varies among different species and is influenced by the culture conditions, growth stage, 

and substrate availability (Vijila, 2000).  

Phosphatase enzyme activity showed that all the selected PSB isolates solubilised inorganic 

phosphates into various degrees in the PVK culture medium by producing phosphatase enzymes. 

The PSB have been shown to increase the solubility of the P insoluble compound through the 

secretion of extracellular enzymes such as organic acids, phytase, and phosphatase enzymes 

(Khan et al., 2014). These enzymes are present in all organisms, but only bacteria, fungi, and 

some algae are able to secrete them outside their cells. However, the PSB are more effective in 

phosphorus solubilisation than fungi (Alam et al., 2002). Among the whole microbial population 

in the aquatic environment, PSB constituted 1 to 50%, while phosphorus solubilising fungi (PSF) 

constituted only 0.1 to 0.5% in P solubilisation potential (Chen et al., 2006).  

Furthermore, during the conversion process, phosphorous is partially assimilated by PSB, but the 

amount made soluble and released is in excess of the requirement of the PSB. The excess amount 

released is made available to plants. During this conversion process, the extracellular enzymes 

convert calcium phosphate to di- or monobasic phosphates and are then easily made available to 

plants phosphates (Jones, 2002; Kang et al., 2002; Pradhan and Sukla, 2005).  

In the study, the stronger correlation between phosphate solubilising efficiency and phosphatase 

enzyme activity may indicate an increase in the availability of phosphorous in the medium, 

which is assumed to be facilitated through increased phosphatase enzyme activity (Barik and 

Purushothaman, 1998; Singh and Prakash, 2012). The results suggested that all selected PSB can 

produce phosphatase enzymes to convert the insoluble phosphate into the soluble form, which 

leads to increased content of available phosphate for the plants (Gyaneshwar et al., 2002). 

Microorganisms increase the P availability to the macrophytes by mineralizing organic P and by 

solubilising precipitated phosphates (Pradhan and Sukla, 2005; Chen et al., 2006). Additionally, 

Ponmurugan and Gopi (2006) found a positive correlation between phosphate solubilising 

activity and phosphatase enzyme activity. These previous findings were in agreement with the 

present results, which showed that the increase in inorganic phosphate levels was due to the 

phosphate solubilisation did not repress the phosphatase production by the PSB isolates found in 

the study.  

In the present study, 40.41% of gram-negative bacilli isolates were identified as Pseudomonas 

and Chryseobacterium; 29.79% of isolates of gram-positive bacilli belonged to Bacillus; 23.41% 
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of isolates of gram-negative ovoid, cocci, or coccobacilli were identified as Azotobacter, 

Acinetobacter, and Achromobacter, and 6.39% of isolates of gram-positive cocci were identified 

as Micrococcus. Non-pigmented isolates belonged to Bacillus, Achromobacter, and 

Acinetobacter, whereas non-motile isolates were characterized as Chrysobacterium, 

Acinetobacter, Azotobater and Micrococcus. Leonard et al. (2000) and Michauld et al. (2006), 

who reported that Pseudomonas, Chryseobacterium (formerly known as Flavobacterium), 

Aeromonas, and Acinetobacter, are common inhabitants of various aquatic environments. Naik 

et al. (1982), Rodriguez and Fraga (1999), and Maitra et al. (2014) reported that among the 

bacterial genera with the capacity to solubilise insoluble inorganic phosphate compounds in 

aquatic environments are Bacillus, Enterobacter, Agrobacterium, Pseudomonas, Acinetobacter, 

Achromobacter, Micrococcus, Chrysobacterium, and Aereobacter. 

The most common bacterial genera in this study was Bacillus. The majority of the Bacillus 

species showed high phosphatase activity, but the proportion varied with species. The Bacillus 

consisted of obligate aerobes (B. subtilis) or facultative anaerobes (B. cereus and B. 

licheniformis). The genus is known to have more characters promoting plant growth: synthesize 

phytohormones such as IAA (auxins); nitrogen fixation; antifungal activity by siderophores 

production; antibiotics, enzymes and phosphorus solubilisation (Nabti et al., 2013). Among the 

bacterial genera, Bacillus was the most efficient P-solubilising bacteria from P-Ca source culture 

solution (Oliveira et al., 2009). 

Rodriguez and Fraga (1999) reported that the genus Pseudomonas was the suitable strain in 

dissolving the bonded P from any source of P and was dominant in the mineralization of organic 

phosphorus. This type of bacteria can also be found in extreme saline and alkaline water habitats 

(De Souza et al., 2000). In this study, Pseudomonas consisted of P. licheniformis and P. 

mendocina. Bacteria from the genera Bacillus and Pseudomonas are among the most powerful 

phosphate solubilisers (Subbarao, 1998).  

A considerable number of bacteria from different genera are capable of solubilising phosphate, 

including Chrysobacterium, which has been isolated in a wide variety of habitats such as soil, 

plant roots, sludge, fish, sewage, fresh water, freshwater sediment, marine water, and marine 

sediment. The genus Chryseobacterium was first created for five species formerly classified as 

members of the genus Flavobacterium (Weon et al., 2008). Various Chrysobacterium species 

have been shown to solubilise phosphate by releasing organics acids that mobilize phosphorus 
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and by releasing phosphatase to release phosphate groups bound to organic matter (Chen et al., 

2006). 

Phosphorus availability depends on the degree of solubilisation by various organic and inorganic 

acids produced by microorganisms, and the genus Micrococcus is one of the most important 

microorganism that produces a substantial amounts of phosphates. Micrococcus inhabits a wide 

range of environments, including soil, water, and dust, and can sustain well in environments with 

high salt concentration and little water. This genus has been shown to possess multiple plant 

growth traits, like P-solubilisation, IAA and siderophore production (Dastager et al., 2010).  

Different bacterial genera are involved in various biotic activities, important to make the nutrient 

turnover dynamics (Ahemad et al., 2009). Thus, there is ongoing research to discover various 

rhizobacteria that possess novel traits such as phosphate solubilisation (Ahemad and Khan, 2012) 

capacities. Among the bacterial genera with this capability is A. xylosoxidans (Jha and Kumar, 

2009). This species shows a considerable level of nitrogenase activity, IAA production, and P 

solubilisation ability. This species may also increase Cu uptake by plants and increase the shoot 

length, the root length, and the fresh weight and dry weight of plants (Ma et al., 2009). 

Azotobacter is a gamma-proteobacterium belonging to the family Pseudomonadaceae. It is an 

obligate aerobic, free-living Gram-negative bacterium that is broadly dispersed in various 

environments, including water, soil, and sediments (Staley et al., 2005). In fact, Azotobacter has 

favourable effects on plant yields due to its capability of fixing nitrogen and solubilising 

phosphates (Aquilanti et al., 2004; Tejera et al., 2005). A. vinelandii produces metabolically 

dormant cysts, which are formed under unfavourable environmental conditions. Thus it is 

suitable for use in diverse environments (Sabra et al., 2000). Several Azotobacter species isolated 

from wheat rhizophore have shown the ability to solubilise tricalcium phosphate, Mussoorie rock 

phosphate, and also to produce IAA. Additionally, the use of Azotobacter may increase seed 

yield, plant height, and microbial population in soil (Ma et al., 2009; Peng et al., 2013). 

A. calcoaceticus has demonstrated the potential capability of P solubilisation by the production 

of organic acids, and can provide plant growth-promoting factors such as the production of IAA 

and siderophores. This species also exhibits Pb and antibiotic resistances. The use of A. 

calcoaceticus effectively increases the available Pb in the rhizosphere soil and promotes the 

growth of the host plant, which leads to an increase in Pb uptake (Ren et al., 2013). 



 

79 
 

 

Acinetobacter has been reported to be a PSB with high efficiency and acid tolerance. The 

bacteria also produce IAA, which is a phytohormone for plant growth. 

All the putative PSB from the present study have been known to play a fundamental role in the 

phosphate solubilisation process in a diverse range of ecosystems (Anand et al., 2016). Our 

research suggests that duckweed biofilters in IRAS are suitable substrates for the attachment, 

survival, and growth of PSB.  

5.5 Conclusions 

A short 2-day harvest regime reduced the PSB abundance in biofilter tanks, whereas a 6-day 

harvest regime, or no harvest, decreased duckweed biomass due to chlorosis and disconnection 

of their fronds. The results showed that a 4-day harvest regime maintains an optimum biomass of 

duckweed. Further, the different harvesting regimes influence the abundance and diversity of 

PSB in IRAS. The selected PSB strains should be further evaluated in larger scale in vivo trials 

regarding the mechanism and efficiency of P solubilisation, and their potential application in 

managing a sustainable aquaculture systems. 
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CHAPTER 6: Water quality, growth and stress responses of juvenile barramundi (Lates 

calcarifer Bloch), reared at four different densities in integrated recirculating aquaculture 

systems4 

6.1. Introduction 

An increasing number of consumers have started making their seafood consumption decisions 

based on the safety and ethical values practiced by producers (Ashley, 2007). The use of 

unethical animal production practices may affect animal health and downgrade the quality of the 

products (Ormandy et al., 2011). Similarly, certain types of aquaculture production systems may 

cause stress and affect the welfare and health of the cultured species. Various factors that can 

compromise the welfare of the cultured fish are stocking density, malnutrition, genetic 

manipulation, nutrient deprivation, transport and handling (Conte, 2004). Therefore, minimising 

the stress in cultured species is crucial for welfare, health and productivity, as stress has been 

associated with reduced growth performance, decreased feed intake, decreased feed conversion 

efficiency (Ellis et al., 2002), and reduced survival (Lefrancois et al, 2001; Rowland et al., 

2006).   

The recirculating aquaculture system (RAS) is typically used for commercially important species 

with high stocking densities and low water exchange rates in order to cover the high investment 

costs (Timmons et al., 2002). However, the increased stocking density may lead to the reduced 

efficiency of the biological filter (Gullian-Klanian and Arámburu-Adame, 2013), increased stress 

levels due to nutrient overloading (Gonçalves  et al., 2010), and the loss of productivity (Iguchi 

et al., 2003; Ferreira et al., 2007). In order to tackle the problems associated with nutrient 

overloading, in combination with addressing the animal welfare issues in a RAS, integrated RAS 

(IRAS) are gaining popularity (Troell, 2009). IRAS incorporate an additional plant or animal 

species into the RAS that has the ability to absorb nutrients (Endut et al., 2011). This additional 

species can have varying impacts on the water quality (Jo et al., 2002; Sipauba-Tavares et al., 

2002) and biological oxygen demands (Lu et al., 2008; Akinbile and Yusoff, 2011) and hence on 

the final carrying capacities or the stocking densities in IRAS. However, little-published 

information is available on the requirements of the optimum stocking densities of the cultured 

species in IRAS (Muangkeow et al., 2010).  

                                                           
4 This chapter has been published in Aquaculture 458 (2016) 113–120 
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Cortisol is generally accepted as a good indicator of stress in fish (Barton, 2002) due to the rapid 

elevation in its levels that occurs in response to various stressors, including poor water quality 

(Wandelaar-Bonga, 1997). The impact of poor water quality on endocrine function has attracted 

growing interest in recent years due to the crucial role of the endocrine system in the 

coordination of physiological processes and the maintenance of homeostasis. Hypothalamic–

pituitary–thyroid and hypothalamic–pituitary–interrenal (HPI) axes play central roles in a broad 

range of important homeostatic mechanisms in fish. Thyroid hormones regulate growth and 

hydromineral balances (Van Anholt et al., 2003), while cortisol is involved in the regulation of 

energy metabolism, anti-inflammatory responses, immune competence and metamorphosis in 

fish (Hontela et al., 1995; Blanton and Specker, 2007). Stress has been shown to inhibit the 

thyroidal activity in teleost fish, in which the thyroid gland handles the secretion of thyroid 

hormones such as thyroxine (T4) and triiodothyronine (T3). Chronic stress induces activation of 

the HPI axis, which results in inhibition of T3 levels (Brown et al., 1991; Pickering, 1993).  

Both thyroid hormones and cortisol interact and influence carbohydrate metabolism (Hontela et 

al., 1995). Changes in carbohydrate metabolism as a result of stress can be indicated by changes 

in plasma glucose levels. Glucose is an energy substrate whose production is believed to help the 

animal metabolism to cope with the elevated energy demands caused by stress. Furthermore, 

lactate, which is used for glycogen synthesis, and the breaking down of lactate may be used as 

indicators of general stress in fish (Teles et al., 2007).  

Most of the studies on the impact of stocking density on teleost fish performance and stress 

responses have been conducted in RAS (Sharma and Chakrabarti, 2003; Sammouth et al., 2009; 

Lupatsch et al., 2010). However, little has been published on the species reared in IRAS. The 

present study investigated the chronic responses of high stocking density on growth performance 

and stress-related parameters in juvenile barramundi (Lates calcarifer Bloch) in an IRAS 

followed by challenging the fish with ammonia exposure in order to evaluate the acute stress 

responses. 
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6.2 Materials and methods 

6.2.1 Animals and stress factors 

A total of 1400 juvenile barramundi with an average weight of 13.34 ± 0.01 g were randomly 

stocked in 12 independent IRAS with four different stocking densities. The study was conducted 

over 84 days in Curtin Aquatic Research Laboratory (CARL). Experimental fish were 

maintained to ethical and welfare standards (approval number of AEC-2013-16).  

6.2.2 Experimental design and rearing conditions 

The level of stocking density was evaluated in a factorial model distributed in a completely 

random design with three replicates. The stocking densities that were tested at the start of the 

trial were 10.10, 12.98, 15.86 and 18.75 kg m-3, respectively.  

The experimental unit comprised 12 independent IRAS. Each IRAS consisted of three tanks: a 

fish-rearing tank, a waste-collection tank and a biofilter tank that contained duckweed. All three 

tanks were connected and operated under an IRAS. The fish and waste-collection tanks were 

placed on the floor, while the filter tanks were placed above the waste-collection tanks. Water 

from the bottom of the fish-rearing tank was circulated through a PVC pipe to the waste-

collection tank, and water from 20 cm below the water surface in the waste-collection tank was 

pumped through a PVC pipe to the biofilter tank using a submerged pump. Water from the 

biofilter tank was then circulated back to the fish-rearing tank by gravity. The water volumes in 

the fish-rearing and waste-collection tanks were maintained at approximately 185 and 40 L, 

respectively, while water volume in the biofilter tanks was maintained at 30 L. Two air stones 

suspended mid-depth in the water column of the fish-rearing tanks were used to diffuse 

atmospheric air into them and to keep dissolved oxygen (DO) levels at > 6 mg L-1, pH between 7 

and 8, total ammonia nitrogen (TAN) < 5 mg L-1, and nitrite < 1 mg L-1.  In each fish-rearing 

tank, an automatic heater was used to maintain the water temperature at 26–28°C. The fish-

rearing tanks were covered with polyethylene mesh (size: 1.5 cm diameter) in order to prevent 

any fish from jumping out and escaping. Depending on the water quality conditions, 

approximately 20–30% of the water system was exchanged weekly until the end of the trial. 

The 12 biofilter tanks were stocked with 35 g/tank of free-floating duckweed (Lemna minor 

Linnaeus), harvested from the stock tanks. Duckweed was washed with filtered water and 

acclimatised to laboratory conditions for 2 weeks before starting the experiment. All fish were 

manually fed twice daily at 9.00 a.m. and 4.00 p.m. at the same fixed rate of 2% of total body 

weight per day with a commercial diet. The uneaten feed was collected after 30 min of 



 

83 
 

 

feeding and weighed. Uneaten feed and faeces were then removed in order to avoid the 

accumulation and decomposition of the particle waste. The feeding was stopped 24 h prior to 

blood sampling.  

6.2.3 Water quality parameters 

The temperature, DO and pH of the water in each tank were measured daily using a DO meter 

YSI-55 (OH, USA) and the pH meter Cyber-scan 30 (IL, USA), respectively. Measurements 

of total ammonia nitrogen (TAN), nitrite (NO2), nitrate (NO3), orthophosphate and total 

phosphate (TP) were performed weekly. All water samples were collected and analysed under 

laboratory conditions. TAN, NO2 and NO3 were determined using salicylate, ferrous-sulphate 

and. cadmium reduction methods, respectively. The orthophosphate level was determined 

using the molybdovanadate method, while TP was determined using a persulphate acid 

digestion method. All measurements of water quality were in accordance with standard 

methods for the examination of water and wastewater (APHA, 2005). 

6.2.4 Growth parameters 

At the end of the 84-day trial, the fish were anaesthetised (60 mg L-1 Aqui-S, containing 50% 

isoeugenol, New Zealand Ltd., Lower Hutt, New Zealand), harvested and individually 

weighed. The body weight gain (WG) was calculated as the increase in weight of barramundi 

at the end of the trial and calculated as follows: WG = W2 − W1, where W2 = the final body 

weight (g) and W1 = the initial body weight (g). Specific growth rate (SGR) is the most 

common method used to estimate fish growth rate for production. The SGR was determined 

as follows: SGR = [(LnW2 – LnW1)/t] × 100, where Ln = the natural log, W1 = the initial 

body weight (g), W2 = the final body weight (g) and t = period in days. Feed conversion ratio 

(FCR) was calculated as follows: FCR = FI (g)/WG (g), where FI = dry weight of feed (g) and 

WG = weight gain (g). 

  

6.2.5 Chronic and acute stress response analysis  

Before blood sampling, the fish were fasted for 24 h. Ten fish from each experimental unit 

were randomly selected and prepared for the blood sampling. Blood was drawn from the 

caudal peduncle by 2-ml heparinised capillary tubes in order to prevent haemocoagulation and 

placed on ice. Blood sampling from the ten fish within each unit was completed within 10 

min. A 20-µL aliquot of blood sample of each fish was stored frozen at –20°C and used to 
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determine the total haemoglobin (Hb) content. The remaining blood was transferred to 

Eppendorf tubes containing ammonium heparin. Plasma separation was obtained by 

centrifugation (10,000 g, 4°C, 5 min). The plasma was examined for changes in stress-related 

parameters, including total T4, total T3, cortisol, glucose, and lactate. The values obtained 

represent the plasma basal levels. 

6.2.5.1 Chronic stress responses 

Plasma cortisol was determined by indirect enzyme immunoassay (ELISA), validated for 

rainbow trout and gilthead sea bream (Tintos et al., 2006) and expressed as nmol.L-1. Briefly, 

25 µL of plasma blood and 200 µl of 20× enzyme conjugate containing 0.5% proclin were 

mixed into the wells and incubated for 60 min at 20°C. The mixture was removed and washed 

with 20× wash buffer concentrate. 100 µl of tetramethylbenzidine hydrochloride (TMB) was 

added to the wells and incubated for 15 min at 25°C. 50 µl of 0.5 M H2SO4 was added in 

order to stop the reaction. The absorbance was measured at 450 nm using a microtiter plate 

reader (Titertek plus MS212, ICN Biomedicals, Germany).  

Total plasma T4 and T3 were measured by ELISA following the manufacturer’s instructions 

(Pointe Scientific, No. T1007-96 and T1005-96, respectively, Lincoln Park, IL, USA). T4 was 

assayed by mixing 25 µL and 100 µL of conjugate reagent in the wells. The mixture was 

incubated for 60 min at room temperature and then rinsed with deionised water. 100 µL of 

TMB was added, mixed and incubated for another 20 min at room temperature. The reaction 

was ended by adding 100 µL of stop solution. The absorbance was read at 450 nm using a 

microtiter plate reader. Meanwhile, the reaction mixture for T3 consisted of 25 µL of samples, 

25 µL of antibody reagent and 50 µL of conjugate reagents. The mixture was incubated for 60 

min and the wells were rinsed with deionised water. 50 µL of TMB was added to each well, 

mixed and incubated at room temperature for 20 min, and the reaction was stopped by adding 

50 µL of 1 N HCl. The optical density was determined at 450 nm using a microtiter plate 

reader (Titertek plus MS212, ICN Biomedicals, Germany).  

Plasma glucose and lactate levels were measured by the enzymatic colorimetric method using 

a commercial kit (Pointe Scientific, No. G7521 and L7596, respectively, Lincoln Park, IL, 

USA) and expressed as mmol L-1. Briefly, 20 µL of plasma blood was transferred into a 

cuvette containing 2 mL of glucose reagents (1.5 mmol L-1 NAD, 1 mmol L-1 ATP, 1000 U L-

1 hexokinase, 0.05% sodium azide, 2.1 mmol L-1 magnesium ions and phenol buffer pH 7.5). 

The mixture was mixed and incubated for 5 min at 30°C. The absorbance was 
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spectrophotometrically recorded at 340 nm (UV-Visible Spectrophotometer, 1201, Shimadzu 

Co. Ltd., Japan). The reaction mixture for plasma lactate consisted of 10 µL of plasma blood, 

500 µL of reagent I (100 mM TRIS buffer, 1.7 mM 4-aminoantipyrene, 10,000 U L-1 

peroxidase and 0.09% sodium azide) and 334 µL of reagent II (100 mM TRIS buffer, 1000 U 

L-1 lactate oxidase, 1.5 mM N-ethyl-N-(2-hydroxy-3-sulfopropyl)-m-toluidine (TOOS) and 

0.09% sodium azide). 10 min after incubation at 37°C, the absorbance of the mixture was 

spectrophotometrically recorded at 546 nm.  

The Hb concentration was determined spectrophotometrically at 540 nm (UV-Visible 

Spectrophotometer, 1201, Shimadzu Co. Ltd., Japan) using the standard cyanmethemoglobin 

method recommended by Baker and Silverton (1976) and expressed as mg dL-1.  

6.2.5.2 Acute stress responses  

In addition, other samples of ten fish from each tank were subjected to acute stressful testing 

by dipping the fish for 1 h in a 1 L plastic container containing ammonium chloride (NH4Cl) 

in order to achieve TAN concentrations of 55 mg.L-1, which corresponds with an unionised 

ammonia concentration of 1.76 mg.L-1 (96 h LC50). Water pH and temperature were 

maintained at 7.8 and 26°C, respectively. Finally, the fish was anesthetised (60 mg L-1 Aqui-

S, containing 50% isoeugenol, New Zealand Ltd., Lower Hutt, New Zealand) and blood 

samples were collected by syringe from the caudal vein. The blood was analysed for altered 

stress responses, including total T4, total T3, cortisol, glucose, lactate, and Hb. 

6.2.6 Statistical analyses 

All of the data obtained were expressed as means ± standard error (SE), and group mean 

differences were compared using one-way analysis of variance. The group means were further 

compared with Tukey’s honestly significant difference (HSD) tests. All computations were 

performed with IBM SPSS Statistics 22.0. Statistical significance was measured at P ≤ 0.05 in 

all cases. 

6.3 Results  

6.3.1 Water quality parameters 

There were no significant differences (P > 0.05) in water temperature, DO and pH among 

treatments of different densities (Table 1). Water temperature was between 26°C and 27°C 

during the 84-day grow-out period, while DO never dropped below 7.2. Similarly, the pH 

values in all treatments were stable at above 7.4, with the mean level ranging from 7.54 to 
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7.56 in all treatment densities. The mean TAN and nitrite-N levels were similar for all 

treatment densities, while TP, orthophosphate, total nitrogen and nitrate-N levels were 

significantly higher (P < 0.05) in the tank with a stocking density of 18.75 than 10.10 and 

12.98 kg m-3 (Table 6.1). 

Table 6.1. Effects of four stocking densities of juvenile barramundi (L. calcarifer Bloch)  

on physicochemical parameters of the water in IRAS. 

a Values in the same column with the same letter are not significantly different  

(P>0.05) 

 

 

6.3.2 Growth and feed utilisation of juvenile barramundi 

The mean WG and SGR of the juvenile barramundi that were reared at 18.75 kg m-3 were 

significantly lower than at other fish densities, whereas the mean FCR was significantly 

increased at SD4. The mean final body weights were 25.51, 25.46, 25.07 and 23.99 g in 10.10, 

12.98, 15.86 and 18.75 kg m-3, respectively. However, no significant differences (P > 0.05) in 

the mean final body weights were observed in the fish stocked at 10.10, 12.98 and 15.86 kg 

m-3. The fish survival rate, which was above 97%, was also not significantly different 

(P > 0.05) among different treatment densities (Table 6.2). 

 

 

  Stocking density (kg m-3) 

10.10 12.98 15.86 18.75 

Dissolved oxygen 

(mg L-1) 

7.81±0.03 7.79±0.04 7.79±0.04 7.78±0.04 

pH  7.56±0.01 7.54±0.01 7.54±0.01 7.54±0.01 

Temperature (oC) 26.99±0.22 26.99±0.22 27.00±0.22 27.03±0.23 

TAN (mg L-1) 0.83±0.03 0.83±0.06 0.90±0.06 0.91±0.06 

Nitrate nitrogen 

(mg L-1) 

7.17±0.73a 7.34±0.68a 8.21±0.69ab 9.21±0.70b 

Nitrite nitrogen 

(mg L-1) 

0.23±0.02 0.25±0.02 0.26±0.02 0.26±0.02 

Total nitrogen 

(mg L-1) 

10.25±0.80a 10.33±0.80a 12.28±0.92ab 12.89±0.92b 

Orthophosphate 

(mg L-1) 

0.90±0.11a 0.95±0.12a 1.18±0.14ab 1.33±0.14b 

Total phosphorus 

(mg L-1) 

1.37±0.13a 1.39±0.13a 1.49±0.11ab 1.78±0.12b 
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Table 6.2. Effects of four stocking densities of the juvenile barramundi (L. calcarifer Bloch) 

reared in IRAS.   

  Stocking density (kg m-3) 

10.10 12.98 15.86 18.75 

Mean final weight 

(g.fish-1) 
25.51±0.45a 25.46±0.02a 25.36±0.01a 23.99±0.01b 

Mean weight gain 

(g. fish-1) 
12.17±0.01a 12.13±0.01a 12.02±0.02a 10.65±0.01b 

Feed consumption 

(g.fish-1.day-1)  
0.25±0.01 0.25±0.01 0.25±0.01 0.23±0.01 

SGR (%.day-1) 0.78±0.01a 0.78±0.01a 0.78±0.01a 0.70±0.01b 

Food conversion 

ratio (FCR) 
1.81±0.04a 1.81±0.01a 1.82±0.01a 1.90±0.01b 

Survival rate (%) 98.33±0.63 98.33±0.49 98.03±0.15 97.95±0.13 

6.3.3 Stress responses  

Stocking density had significant effects on basal plasma levels of total T4, total T3, cortisol, 

glucose, lactate and whole-blood Hb. Basal plasma total T4 levels were significantly higher in 

the fish stocked at 18.75 kg m-3 than the fish stocked at other densities (Fig. 6.1). There was a 

significant (P < 0.05) inverse relationship between plasma T3 levels and stocking densities, in 

which total T3 levels in the fish reared at 10.10, 12.98 and 15.86 kg m-3 were significantly 

higher (P < 0.05) than the fish reared at 18.75 kg m-3 (Fig. 6.2), but there were no differences 

in T3 levels between 10.10, 12.98 and 15.86 kg m-3.  
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Figure 6.1. Total T4 concentration of blood plasma before and after an acute stressor. Data are 

shown as the mean ± SE. 

 

 

 

Figure 6.2. Total T3 concentration of blood plasma before and after an acute stressor. Data are 

shown as the mean ± SE. 
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Basal plasma cortisol levels were significantly higher in the fish reared at SD4 than at other 

densities (Fig. 6.3). Stocking density had significant effects on levels of plasma glucose (Fig. 

6.4), and lactate (Fig. 6.5), for which the highest levels were observed in the fish reared at 

18.75 kg m-3. Similarly, whole-blood Hb contents significantly increased at 18.75 kg m-3 (Fig. 

6.6). However, after acute stressor exposure, basal levels of total T4 and T3 decreased and 

basal levels of cortisol, glucose and lactate increased in fish stocked at all densities. 

 

 

Figure 6.3. Cortisol contents of blood plasma before and after an acute stressor. Data are 

shown as the mean ± SE. 
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Figure 6.4. Glucose contents of blood plasma before and after an acute stressor. Data are 

shown as the mean ± SE. 

 

 

Figure 6.5. Lactate contents of blood plasma before and after an acute stressor. Data are 

shown as the mean ± SE. 
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Figure 6.6. The Hb contents of whole blood before and after an acute stressor. Data are shown 

as the mean ± SE. 

6.4 Discussion 

In the present study, both the SGR and FCR of juvenile barramundi decreased at the highest 

stocking density of 18.75 kg m-3. Higher stocking densities have been reported to inhibit the 

growth of European seabass (Dicentrarchus labrax) cultured in RASs (Sammouth et al., 

2009) and other fish species cultured in various production systems (Montero et al., 1999; 

McKenzie et al., 2012). The deterioration of water quality associated with high stocking 

density is the main reason for this (Bjornsson and Olafsdottir, 2006; Person-Le Ruyet et al., 

2008). Although the water quality parameters were maintained at the recommended levels for 

barramundi aquaculture (Cheong, 1989; Rimmer and Russel, 1998; Colt, 2006) in all densities 

throughout the 84-day trial, previous studies have reported that elevated nitrogen excretion 

associated with stocking density adversely affected fish growth in RASs (Björnsson and 

Ólafsdóttir, 2006) and flow-through systems (Tolussi et al., 2010). For example, high 

stocking densities increased the accumulation of nitrogenous wastes causing reductions in 

growth in Atlantic salmon (Salmo salar) in RASs (Wolters et al., 2009). The efficacy of 

Lemna spp. as a medium for absorbing nutrients has already been established (Jo et al., 2002; 

Ferdoushi et al., 2008). The elevated but acceptable nitrate and total nitrogen levels of 9.21 

mg L-1 and 12.89 mg L-1, respectively, at 18.75 kg m-3 in the current study may be one reason 
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for the activation of the thyroid gland, causing the release of T4 hormone and resulting in 

increased metabolic rates in the fish.  

In teleosts, T3 and T4 are involved in regulating the body’s metabolic rate, heart rate and some 

digestive functions (Hulbert, 2000; Eales, 2006). Exposure to higher levels of nitrate and 

nitrite are known to disrupt the thyroid axis in multiple vertebrate species (Edwards et al., 

2006; Hinther et al., 2012). As the thyroid hormone T4 is the primary regulator of metabolic 

rate (Hollenberg and Forrest, 2008), higher T4 levels cause the accelerated nitrogen excretion 

rate due to higher catabolism (Medda and Ray, 1979). As a consequence, the HPI axis is 

activated in order to stimulate the release of cortisol, a primary stress hormone (Geven et al., 

2006).  

The main response of cortisol to stressors includes redirection of energy towards the 

physiological functions that are required in order to restore homeostasis after exposure to a 

stressor (Wendelaar-Bonga, 1997; Geven et al., 2006), leading to growth retardation at a 

higher stocking density. Furthermore, in the current study, the increased total T4 level of 

33.71 nmol L-1 at the highest stocking density is much higher than has been reported for other 

species, such as juvenile tilapia, Oreochromis niloticus (4.11 ng mL-1 corresponds to 5.29 

nmol L-1) and crucian carp, Carassius auratus (11.08 ng mL-1 is equivalent to 14.26 nmol L-1) 

(Li et al., 2008; Kpundeh et al., 2013).  

In our study, the increase in stocking density of up to 18.75 kg m-3 associated with elevated 

levels of nitrogen metabolites (Table 6.1), resulted in a small but statistically significant 

elevation of plasma cortisol levels (Fig. 6.3). The mean plasma basal cortisol levels recorded 

for the juvenile barramundi at high stocking density was 11.07 nmol L-1, which is higher than 

the resting level of <10 nmol L-1 as reported by Percival (1999). Cortisol, which is produced 

by the adrenal gland, has been reported to be a major factor in stimulating the conversion of 

T4 to T3 in the liver of brook trout (Salvelinus fontinalis) and Senegalese sole (Solea 

senegalensis) (Vijayan et al., 1988; Arjona et al., 2011). An increased cortisol level – a 

common endocrine response to a stressor – has been shown to interfere with thyroid 

functioning in fish (Walpita et al., 2007). Decreased levels of T3 are associated with chronic 

stress resulting from higher stocking densities (Silberman et al., 2002). A reduction in blood 

plasma T3 levels is caused by a drop in T4 production or changes in peripheral thyroid 

metabolism (Power et al., 2001; Walpita et al., 2007). However, in this study, stocking 

densities significantly increased plasma T4 levels in juvenile barramundi. The small but 
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significant increases in cortisol levels of the fish reared at high density suggest that the fish 

were under physiological stress, affecting the conversion of T4 to T3 – the most active form of 

thyroid hormone – by directly inhibiting the enzyme 5’-deiodinase, which is responsible for 

converting T4 into active T3, reducing T3 levels (Vijayan et al., 1988; Brown et al., 1991). An 

elevated T4 level could only play a role in regulating circulating T3 levels under the conditions 

of crowding stress as the high stocking density does not influence the secretion of T4, but 

rather decreases T3 levels via altering the peripheral thyroid hormone metabolism in tissues, 

as seen in the current study. 

The juvenile barramundi responded to high stocking density with small but statistically 

significant increases in plasma cortisol level, followed by elevated levels of glucose and 

lactate. The mean glucose and lactate levels at the highest density were 5.04 mmol L-1 and 

4.83 mmol L-1, respectively. These glucose and lactate values are higher than those reported 

by Wilkinson (2008) (4.17 mmol L-1) and Percival (1999) (4 mmol L-1) in barramundi. The 

increased blood plasma cortisol, glucose, and lactate levels are related to the decreased growth 

and increased food conversion efficiency of juvenile barramundi at higher stocking densities 

(Montero et al., 1999; Teles et al., 2007; Lupatsch et al., 2010).  

Our results demonstrated that high stocking density caused endocrine alterations, including an 

elevation of blood plasma cortisol and glucose levels (Wedemeyer, 1997; Bayunova et al., 

2002), which change the metabolic rates of fish. Cortisol can trigger a secondary response by 

increasing basal metabolic rate and thus the mobilisation the energy reserves (McDonald and 

Milligan, 1997; Wendelaar-Bonga, 1997) in the form of glucose. Glucose is an essential 

energy reserve that assists in fish metabolism in order to cope with the elevated energy 

demands caused by stress (Teles et al., 2007). Elevated blood plasma lactate may lead to 

hypoxia in fish tissues, which in turn activates the production of ATP through anaerobic 

glycolysis, using glycogen stored in the liver and muscles and forming lactate as a final 

product (Owen and Sunram-Lea, 2011). When the energy required for growth is deviated in 

order to provide for the increase in metabolic rate, this can then lead to a reduction in food 

assimilation (Tolussi et al., 2010), as reflected by a higher FCR and reduced growth rate.  

The high stocking density also induced a significant increase in Hb concentrations in juvenile 

barramundi. Hb is also associated with stress responses, and the adrenalin produced during 

stress causes in vivo swelling of erythrocytes (Nikinma and Huestis, 1984), which then 
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triggers the erythrocytes to synthesise more Hb in order to maintain the optimum oxygen level 

in the blood (Nicula, 2004). 

When the fish were exposed to the acute stressor in the form of unionised ammonia, 

decreased basal levels of total T4 and T3, coupled with increased basal levels of cortisol, 

glucose, lactate and Hb, were observed at all densities, demonstrating that, irrespective of any 

stocking density, unionised ammonia can induce significant changes in thyroid and other 

stress responses. Different results were obtained by Ruane et al. (2002), who reported 

elevated plasma cortisol levels in common carp (Cyprinus carpio) reared at high densities 

after challenge with net confinement compared with common carp reared at low densities. In 

line with the present study, Ramsay et al. (2006) reported that feeding and its interaction with 

stocking density caused elevated levels of cortisol, rather than density effects on the cortisol 

levels during the acute and prolonged stressor exposures in zebrafish (Danio rerio). Similarly, 

when African catfish (Clarias gariepinus) (Roques et al., 2015) and Nile tilapia (O. niloticus) 

(Metwally and Wafeek, 2014) were subjected to different concentrations of ammonium 

chloride, plasma cortisol, glucose, and lactate were elevated.  
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Table 6.3. Selected data on the effects of stocking density on growth of several important fish 

species in RAS. 

Species  Recommended 

density 

References 

Cobia,  

Rachycentron canadum 

≤ 30 kg m-3 Riche et al., 2013. 

Rainbow trout,  

Oncorhynchus mykiss 

≤ 123 kg m-3 Pickering and 

Pottinger, 1987. 

Rainbow trout,  

Oncorhynchus mykiss 

≤ 40 kg m-3 Yarahmadi et al., 

2014 

Juvenile turbot,  

Scopthalmus maximus 

> 14.16 kg m-3 Li et al., 2013. 

Atlantic salmon,  

Salmo salar L. 

< 39 kg m-3 (Final 

density) 

Liu et al., 2014. 

Common carp,  

Cyprinus carpio L 

> 70 kg m-3 Sammouth et al., 

2009 

Juvenile European catfish,  

Silurus glanis 

> 2.78 kg m-3 Placinta et al., 

2014 

Juvenile nile tilapia,  

Oreochromis niloticus 

≤ 37 kg m-3 (final 

density) 

Gullian-Klanian & 

Aramburu-Adame, 

2013 

European seabass,  

Dicentrarchus labrax 

< 60 kg m-3 Lupatsch et al., 

2010 

Juvenile cod,  

Gladhus morhua L. 

> 40 kg m-3 Bjornsson and 

Olafsdottir, 2006 

Juvenile cod,  

Gladhus morhua L. 

≤ 40 kg m-3 Lambert and Dutil, 

2001 

Juvenile red drum,   

Sciaenops ocellatus 

≤ 30 kg m-3 Wills et al., 2009. 

Juvenile largemouth bass,  

Micropterus salmoides 

< 75 kg m-3 Park et al., 2015.  

 

The stocking density of 18.75 kg m-3 in the present study is lower than that reported in RASs 

(Table 6.3). The possible explanation for this is the integration of duckweed into the RASs 

used to rear barramundi, which, although ideal for the reduction of nitrogen metabolites 

(Sipauba-Tavares et al., 2002; Ferdoushi et al., 2008), brings another biological entity into the 

equation by increasing the overall biomass. The integration of duckweed, due to its 

photorespiration activity, brings additional stress into the production system and hence 

reduces the carrying capacity of the target species, barramundi (Tolbert et al., 1995). The 

introduction of the macrophytes results in an increased level of nitrogen metabolism in the 
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RAS, resulting in the high consumption of oxygen during respiration. The DO in water 

fluctuates by up to 4 mg L-1 between day and night when an aquatic macrophyte is present 

(Perna and Demilio, 1986; Killgore et al., 1991). However, in this study, we did not measure 

the diurnal fluctuations in DO levels.   

Stocking density is one of the factors that could potentially affect survival and production 

performance of aquatic organisms. Thus, the use of an appropriate density can increase the 

profitability of farming systems, by maximizing the utilization of water and the other 

resources in the rearing system (Fairchild and Howell, 2001). However, adequate stocking 

densities depend on a variety of factors such as the age of the system, fish size, dissolved 

oxygen levels, and the type and design of the rearing system (El-Sayed, 2006).  

Our results demonstrated that high stocking density resulted in the elevation of nitrogenous 

waste excreted into the system. The carrying capacity of IRAS is strongly influenced by the 

ability of the system to remove nitrogenous waste, mainly in the form of ammonia and nitrate. 

The capacity of IRAS to eliminate the nitrogenous waste depends on the capacity of 

duckweed compartment, which in turn directly determines the carrying capacity of the IRAS. 

As stated by Helfrich and Libey (1990), the capacity of the biofilter is influenced by several 

factors, including the surface area of the biofilter compartment, hydraulic loading (gallons of 

water per day per media surface) and the turnover time. Our results also indicated that the 

optimum stocking density in the IRAS may be increased by increasing the capacity of the 

duckweed compartment. 
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6.5 Conclusions 

This study suggests that a higher stocking density of 18.75 kg m-3 of juvenile barramundi in 

IRAS under normal aeration results in stressed fish, as reflected by small but significant 

increases in plasma cortisol. In addition, an increase in blood plasma total T4, a reduction in 

blood plasma concentrations of total T3 and the increase in FCR caused by high stocking 

density may be contributory factors in the growth suppression of the juvenile barramundi. 
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CHAPTER 7: The physiological responses of two–sized juvenile barramundi (Lates 

calcarifer Bloch) when duckweed (Lemna minor Linnaeus) as a biofilter medium is 

incorporated into the rearing system5 

7.1 Introduction  

Currently, around 85% of the world’s fish stocks are fully exploited or overexploited. The 

Northeast Atlantic, Western Indian Ocean, and Northwest Pacific have the highest proportions of 

fully exploited stocks (FAO, 2012). Therefore, sustaining fish supplies from capture fisheries 

may not be able to meet the growing global demand for aquatic food. Meanwhile, during the past 

three decades, global aquaculture production has expanded at an average annual rate of more 

than 8%, from 5.2 million metric tons in 1981 to 62.7 million metric tons in 2011 (FAO, 2012). 

Aquaculture’s contribution to total food fish supply grew from 9% in 1980 to 48% in 2011 (The 

Word Bank, 2013). However, intensification of aquaculture development is raising concerns 

about the environmental consequences and it’sustainability. All existing aquaculture systems 

produce waste nutrients, solids, and organic matter. These wastes are either dumped into the 

environment or treated on site (Tucker et al., 2008). This eventually leads to eutrophication and 

nitrification of effluent-receiving ecosystems and the pollution of water intended for other uses 

(Martinez-Porchas and Martinez-Cordova, 2012).  

Increasing the recycling of resources such as water and nutrients through integrated multi-trophic 

aquaculture (IMTA) could solve aquaculture’s environmental related problems; the nutrient 

waste from one system would become a resource for another. ITMA combines organisms from 

different trophic levels in order to increase the productivity of each organism (Chopin et al., 

2008). The benefit of integrating the production of macroalgae with the fish is that waste 

nutrients can be recaptured (Zhou et al., 2006). For example, macroalgae, as primary producers, 

function as a bio-filter by removing CO2 and nutrient wastes, like dissolved nitrogen and 

phosphorus, from the water. Thus nutrient discharge into the environment is reduced (Nobre et 

al., 2010). Additionally, the high nutrient uptake capacity of macroalgae stimulates macroalgae 

growth (Troell et al., 2006), generating protein-rich biomass that can be used as a fish diet of 

high protein content. Although macroalgae can be grown in proximity to open oceans or coastal 

fish farms, it is hard to verify the degree to which nutrients are being removed. Since the fish 

effluent is diluted by currents and the feed and extractive components are separated spatially, 

only a small portion of nutrients may be taken up by the macroalgae.  

                                                           
5 This chapter has been ready to be submitted to Aquaculture International 
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A reduction in the volume of waste water is essential to enhance the sustainability of 

aquaculture; recirculation aquaculture systems (RAS) have been proposed for this purpose 

(Blancheton et al., 1996; Ramirez-Godinez et al., 2013). In these systems, water is mostly reused 

in the process after undergoing proper treatment, thereby reducing water usage and improving 

effluent quality. RAS reduce water dependence by 93% in comparison to the flow-through 

system (Ramirez-Godinez et al., 2013). Moreover, RAS eutrophication potential results in being 

26%-38% lower than that of flow-through systems (Martins et al., 2010). However, some 

dissolved materials such as C, N, and P, cannot be effectively removed in RAS as these 

dissolved substances are dependent on the intensity of production. Higher C, N, and P 

concentrations are obtained in more intensive systems with higher feeding rates and less water 

exchanges (Leonard et al., 2002).  

Although IMTA’s contribution plays a significant role in coastal waste water filtration and 

bioaccumulation (Costa-Pierce et al., 2011; Klinger and Naylor, 2012), IMTA requires relevant 

research as it is highly site and species specific; one must evaluate factors that affect macroalgae 

growth and nutrient uptake capacity for extrapolation on a commercial scale. Most of the studies 

using macroalgae to treat fish effluents used macroalgae stocked at discharge channels or 

outflow ponds, with no recirculation back to the fish cultivation system (Nelson et al., 2001). 

Therefore, IMTA principles should be applied to the recirculation of fish effluent through 

macroalgae bio-filters in land-based intensive aquaculture farms. It can also be a more effective 

tool to increase recirculation practices and establish integrated recirculating aquaculture systems 

(IRAS) with all the known associated benefits (Robledoe et al., 2014). In IRAS, water treatment 

can be adequately controlled as nutrient availability to the macroalgae can be increased by 

adjustment of water flow rates and mixing (Buschmann et al., 2001; Schuenhoff et al., 2003). 

IRAS allow for the directing of the nutrients to an integrated recycling system by plants. Thus, 

IRAS offer a promising future because of their potential environmental and economic benefits.  

As economic and resource conditions change in the short term, together with environmental 

pressures and the market for the cultivation of high-value species, the utilisation of RAS and 

IRAS are predicted to increase shortly. However, various strategies and procedures adopted can 

be a source of stress for the fish. Commercial scale production characterised by high stocking 

density is directly related to animal comfort and the productivity of fish culture. This could be 

the determining factor of the economic return on production (Braun et al., 2010), due to stocking 
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densities’ profound effects on metabolism, growth and stress associated with fish rearing 

conditions (Chatterjee et al., 2006).  

It is well known that physiological processes and metabolic rates are affected by, and depend on 

the body size. The same is also valid for fish species (Pickering and Pottinger, 1989; Pankhurst 

and Dedual, 1994; Carey and McCormick, 1998). The effect of body size with duration of 

noxious stimuli on the cortisol stress response, however, had not been studied extensively in fish 

species. Studies on Atlantic salmon (S. salar) have shown a higher plasma cortisol secretion in 

smolts than in smaller-sized parrs exposed to the same acute stressor (Carey and McCormick, 

1998). In a previous preliminary study in European sea bass of two different sizes exposed to 

repeated stressors, smaller fish showed peak plasma cortisol concentration at 4 h, while larger 

fish at 8 h post-stress (Fanouraki, 2010).  

As fish size is highly variable and, in general, not necessarily correlated with age, we posed the 

following question: what crucial role do the fish size and rearing systems play in physiological 

responses? Therefore, the study aimed to investigate the effects of the higher stocking density of 

the two sizes of juvenile barramundi on the growth performance and physiological responses, 

which were then used to compare the physiological status of the junveniles under two different 

rearing systems in order to validate the efficacy of IRAS. 

7.2 Materials and methods 

7.2.1 Fish and stress factors 

The experiment was approved by the Animal Ethic Committee of Curtin University following 

the Australian Code for the Care and Use of Animals for Scientific Purposes (Approval number: 

AEC_2013_16). The study was conducted at Curtin Aquatic Research Laboratory, and the 

juvenile barramundi (L. calcarifer Bloch) used were provided by Challenger Marine Hatchery, 

Fremantle, Western Australia. Upon arrival, the juvenile barramundi used in this experiment 

were transferred to large storage tanks and reared under the temperature of 26oC until reaching 

an average weight of 13.34 g. The stress responses tested were a higher fish density and two 

rearing systems. In our previous study, the juvenile barramundi were stocked up to 18.75 kg m-3 

in an integrated recirculating aquaculture systems (IRAS). The stocking density was increased to 

21.63 kg m-3. The effects of the higher fish density of two sizes reared in different rearing 

systems were evaluated for 48-day experimental period.  
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7.2.2 Experimental design 

The experimental fish was divided into two different size groups; the fish with the average body 

weight of 13.34 g ± 0.12 g, and 26.67 ± 0.14 g.  Each size group was randomly stocked at a 

density of 21.63 kg. m-3 in four experimental units of RAS and four experimental units of IRAS. 

Each unit of the experimental RAS consisted of a fish-rearing tank (400 L circular tank), a waste 

collection tank (100 L circular plastic drum), and a filtration system that used two external filters 

(Fluval 406, Hagen, Rome, Italy), whereas the experimental IRAS consisted of a fish-rearing 

tank (400 L circular tank), a waste collection tank (100 L circular plastic drum) and a bio-filter 

tank (100 L circular tank) that housed duckweed (L. minor Linnaeus) as the bio-filter media to 

replace the external filter. 

Both groups of fish were hand fed twice daily (at 09.00 a.m. and 4.00 p.m.) at the same fixed rate 

of 2.5% of total body weight per day with a formulated diet. The amount of feed distributed to 

each rearing tank was recorded after each meal. The proximate composition of the formulated 

diet was crude protein 45%, crude fat 10%, crude ash 9.3%, and crude fibre 5.8%. Proximate 

composition of the feed ingredients was estimated using standard methods of AOAC (2000). 

Moisture was determined by oven drying at 105oC for 22 h. Crude protein was analysed by the 

Kjeldahl method while crude lipid was determined using chloroform-methanol extraction. The 

total ash content was determined by oven incineration at 550 °C for 24 h in a muffle furnace. In 

both rearing systems, the replacement water flow rate was adjusted weekly to the ingested food 

quantity and water quality conditions.  

Water quality parameters were periodically monitored and maintained at a temperature of 26 - 

28oC and a pH of 7.2 – 8.0, water flow rates of 4.1 L min-1. Aeration kept DO levels above 6.0 

mg L-1 with % saturation of > 90%.   At the end of the experiment, and after 24 hours of fasting, 

the fish were weighed by groups and counted. The final mean bodyweight was calculated. 

7.2.3 Growth performance 

The total weight of the fish per unit was measured at the beginning and the end of the 

experimental period. The morphological growth parameters were calculated as follows: Weight 

gain (g) = final weight (g) - initial weight (g); Weight gain % = 100 [final weight (g) - initial 

weight (g)]/initial weight (g); Specific growth rate (SGR; % day-1) = 100 [Ln final weight (g) - 

Ln initial weight (g)]/time (days); Feed conversion ratio (FCR) = feed intake/weight gain; 

Survival rate (%) = 100 [Final number of fish/initial number of fish] 
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7.2.4 Physiological response analyses 

Blood sampling was conducted at the beginning (basal condition) and the end of the 48-day 

experimental period. 10 juvenile barramundi of each unit were anesthetised with Aqui-S (60 mg 

L-1) and heparinised blood was drawn from the caudal vessel to determine haemoglobin (Hb) 

concentration. Plasma was separated by centrifugation and analysed immediately for cortisol, 

glucose, lactate, and total T4 and T3 concentrations. The remaining plasma was then stored frozen 

for determination of plasma ions. 

Plasma cortisol was determined by indirect enzyme immunoassay (ELISA) validated for rainbow 

trout and gilthead sea bream (Tintos et al., 2006), and expressed as nmol L-1. Plasma total T4 and 

T3 were measured following the manufacturer’s instructions (Pointe Scientific, No T1007-96 and 

T1005-96, respectively. Lincoln Park, USA). Plasma glucose and lactate levels were measured 

by the enzymatic colorimetric method using the commercial kit (Pointe Scientific, No. G7521 

and L7596 respectively, Lincoln Park, USA) and expressed as mmol L-1. Haemoglobin (Hb) 

concentration was determined spectrophotometrically at 540 nm (UV-Visible 

Spectrophotometer, 1201, Shimadzu Co. Ltd., Japan), using the standard cyanmethemoglobin 

method recommended by Baker and Silverton (1976) and expressed as g dl-1, whereas the 

concentrations of plasma chloride (Cl-), potassium (K+), and sodium (Na+) were determined by 

Bayer Rapidlab 865 Blood Gas Analyser - direct ion-specific electrode (ISE) (Bayer Diagnostics, 

Australia). 

7.3 Results 

7.3.1 Physiological responses 

High stocking density induced a significant (P< 0.05) increase in plasma cortisol, glucose, and 

lactate levels over the 48-day experimental period in both rearing systems (Fig 7.1, 7.2 and 7.3).  
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Figure 7.1. Cortisol concentrations of plasma blood in small and large-size fish after the 48-day 

experimental period. Data are shown as the mean ± SE. 

 

Figure 7.2. Glucose concentrations of plasma blood in small and large-size fish after the 48-day 

experimental period. Data are shown as the mean ± SE. 
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Figure 7.3. Lactate concentrations of plasma blood in small and large-size fish after the 48-day 

experimental period. Data are shown as the mean ± SE. 

Differences in the fish size influenced the physiological responses to the stressful conditions, in 

which large-size fish had higher (P≤0.05) glucose and lactate levels but lower (P≤0.05) cortisol 

levels. However, no differences were observed as a result of different rearing systems. High 

stocking density also increased (P≤0.05) thyroxine (T4) levels and decreased triiodothyronine 

(T3), Hb and plasma sodium (Na+) levels during the 48-day experimental period (Table 7.1), in 

which plasma T4 levels were higher in large-size fish compared to small-size fish, whereas T3 

levels were significantly higher (P≤0.05) in small-size fish compared to large-size fish, but no 

differences were observed due to the rearing system (P>0.05). High stocking density also 

decreased mean haemoglobin (Hb) and plasma sodium (Na+) levels, in which the small-size fish 

had lower levels (P≤0.05) of Hb and Na+ compared to the large-size fish (Table 1). Similarly, 

plasma chloride (Cl+) and potassium (K+) levels significantly decreased (P≤ 0.05) following the 

48-day rearing period in both RAS and IRAS, but no differences were observed due to either fish 

size or the rearing systems (Table 7.1). 
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Table 7.1. Alterations in thyroid hormones and plasma ions in smaller and larger juvenile 

barramundi (L. calcarifer) when reared at two different rearing systems.  

a. Values are expressed as mean ± SEM. Different letters in the same row indicate significant 

difference at P< 0.05. 

7.3.2 Water quality and growth performance 

Data showed that there were no significant differences (P > 0.05) in water temperature, DO or 

pH among treatments of different densities (Table 7.2). Similarly, the mean TAN, nitrite-N 

levels, TP, and orthophosphate were similar for all rearing systems, whereas total nitrogen 

and nitrate-N levels were significantly higher (P < 0.05) in the water tank of the small-size 

fish reared in RAS and IRAS (Table 7.2).  

  

Blood 

parameters 

Basal   RAS IRAS 

Smaller (3.5-

month old) 

Larger (8-

month old) 

Smaller (3.5-

month old) 

Larger (8-

month old) 

Smaller (3.5-

month old) 

Larger (8-

month old) 

T4 (nmol L-1) 9.86±0.09a 10.00±0.07a 24.26±0.22b 26.09±0.20c 24.60±0.21b 26.21±0.21b 

T3 (nmol L-1) 5.13±0.05c 5.10±0.06c 4.86±0.08b 4.70±0.07a 4.86±0.07b 4.71±0.08a 

Na (mmol L-1) 164.18±0.78c 165.96±0.52c 158.20±1.40a 161.73±1.01b 157.71±1.34a 161.47±0.99b 

K (mmol L-1) 4.67±0.07a 4.66±0.07a 4.41±0.07b 4.40±0.07b 4.41±0.08b 4.38±0.06b 

Cl (mmol L-1) 131.62±0.34a 132.60±0.42a 128.04±0.66b 127.89±0.66b 127.89±0.64b 127.91±0.70b 

Hb (g dL-1) 9.51±0.07c 9.66±0.05c 8.22±0.08a 8.44±0.07b 8.22±0.08a 8.45±0.06b 
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Table 7.2. Summary of water quality assessment in L. calcarifer RAS and IRAS over the 48-

day experimental period. 

Water quality 

parameters 

RAS IRAS 

Smaller (3.5-

month old) 

Larger (8-

month old) 

Smaller (3.5-

month old) 

Larger (8-

month old) 

Dissolved oxygen (mg L-1) 7.73±0.03 7.77±0.04 7.71±0.04 7.75±0.04 

pH  7.51±0.01 7.53±0.03 7.49±0.02 7.52±0.04 

Temperature (oC) 26.77±0.22 26.74±0.32 26.78±0.34 26.75±0.26 

TAN (mg L-1) 1.02±0.07 0.98±0.05 1.03±0.05 0.99±0.07 

Nitrate nitrogen (mg L-1) 10.07±0.73b 9.98±0.68ab 10.02±0.69ab 9.93±0.70 

Nitrite nitrogen (mg L-1) 0.25±0.04 0.23±0.04 0.25±0.03 0.24±0.03 

Total nitrogen (mg L-1) 12.49±0.80 12.44±0.80 12.46±0.92 12.41±0.92 

Orthophosphate (mg L-1) 1.40±0.11 1.37±0.12 1.41±0.14 1.37±0.14 

Total phosphorus (mg L-1) 1.88±0.13 1.85±0.13 1.87±0.11 1.85±0.12 

a Values in the same column with the same letter are not significantly different (P>0.05) 

 

IHigh stocking density also influences the WG, SGR, and FCR of the experimental fish, in 

which the small-size fish had higher WG and SGR, and lower FCR (P>0.05) than the large-

size fish (Table 7.3). However, no significant differences (P>0.05) in the mean WG, SGR, 

and FCR were observed due to the differences in the rearing systems. Similarly, no significant 

difference (P>0.05) was observed in the SR. 
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Table 7.3. Growth of juvenile barramundi (L. calcarifer) reared at two different rearing systems 

for 48 days. 

Parameters RAS IRAS 

Smaller  Larger  Smaller  Larger  

WG 59.96±0.52a 58.96±0.47b 60.21±0.62a 59.21±1.27b 

SGR 0.98±0.01b 0.94±0.01a 0.97±0.02b 0.94±0.01a 

FCR 2.19±0.02a 2.31±0.01b 2.23±0.04a 2.31±0.01b 

SR 100±0.00 100±0.00 99±0.01 99±0.01 

a. Values in the same column with the same letter are not significantly different (P>0.05) 

7.4 Discussion 

When barramundi juveniles of different sizes and ages were reared at a higher stocking density 

of 21.63 kg m-3 in RAS and IRAS, differences in physiological stress responses and growth 

performances were observed. Rearing the juveniles at higher stocking density of 21.63 kg m-3 

over the 48-day rearing period induced significant changes in endocrine (basal plasma cortisol) 

and metabolic indicators (basal plasma glucose and lactate), impaired hydromineral balances 

(basal plasma Na+, K+ and Cl-), and affected growth performances (WG and SGR) of juvenile 

barramundi. However, differences in the rearing systems did not cause significant differences in 

endocrine, metabolic indicators, hydromineral balances, and growth performances of the smaller 

and larger juveniles.  

Although baseline cortisol values for barramundi have not been established, our results showed 

that basal cortisol concentrations of the small and large-size juveniles were in agreement with 

that previously described by Pankhurst (2011) and Pickering and Pottinger (1989) in unstressed 

salmonid fish and most wild teleosts, respectively. After the 48-day experimental period, the 

elevation of plasma cortisol concentrations was observed in both IRAS and RAS.  However, that 

the elevated cortisol concentrations found in this study are considered a mild stress level, as 

reported by Metz et al. (2005) that plasma cortisol concentrations between 138 and 160 nmol L-1 

can be regarded as the mild stress level. Furthermore, the elevated concentrations of plasma 

cortisol observed in this study were near values previously reported by Rotlant et al. (1997) 

when reared red porgy (Pagrus pagrus) at 20 kg m-3 in RAS. Findings from European sea bass 

(Dicentrarchus labrax) showed similar responses in the fish reared at 40 kg m-3 in RAS (Roque-

d’Orbcastel et al., 2010) and 100 kg m-3 in RAS (Sammouth et al., 2009). The value was very 

much higher than the cortisol concentrations reported on D. labrax (72.56 nmol L-1, Tintos et al., 
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2006) but the values were very much lower than the concentrations documented on D. labrax 

after exposure to the combination of trimethoprim and sulfamethoxazole (353 nmol L-1, Yildiz 

and Altunay, 2011). Cortisol increase is typical after stress (Hosseini and Hoseini, 2012).  

The current results showed that the high stocking density is a stress factor that activates the 

hypothalamic-pituitary-interrenal (HPI)-axis in the smaller and larger barramundi juvenile. 

Culturing of the juveniles of different sizes and ages under high stocking density induced 

significant differences in the cortisol stress responses. A similar trend was seen by Koakoski et 

al. (2012), in which the stress response as reflected by plasma cortisol lasts longer in 12- month-

old jundia (Rhamdia quelen) than the 6-month juveniles. In another experiment on jundia, 

Barcellos et al. (2012) concluded that fish age, instead of weight and size, is the decisive factor 

for time course differences observed in cortisol stress responses. Rearing fish of different sizes 

and ages at higher stocking density may lead to a sustained increase in plasma cortisol 

concentrations (Wedemeyer, 1997), to which fish may adapt through a down-regulation of the 

HPI-axis that is induced by the negative feedback mechanism of cortisol (Procarione et al., 1999; 

Barton, 2002). The primary response comprises a neuroendocrine response, which involves the 

release of catecholamine and the activation of the HPI-axis. The corticotrophin-releasing factor 

(CRF) from the hypothalamus acts on the pituitary to synthesise and release adrenocorticotropic 

hormones, which subsequently stimulate the synthesis and mobilisation of glucocorticoid 

hormones (cortisol) from the interrenal tissue located in the head kidney (Huntingford et al., 

2006; Ashley, 2007; Iwama, 2007). However, the effects of a lack of interaction on rearing 

systems and fish sizes and cortisol concentrations in this study might be caused by the 

acclamation of internal tissue to chronic stress induced by crowding over time (Pickering and 

Stewart, 1984). Another explanation may be that a significant source of energy derived from the 

fish feed ameliorates the crowding effects and enables the fish to cope with the stressor (Ramsay 

et al., 2006).  

Both smaller and larger-size juveniles exhibited elevated glucose and lactate concentrations over 

the 48-day experimental period. Increased glucose levels of small and large juveniles barramundi 

in both rearing systems agreed with the previous study in juvenile tilapia reared at densities of up 

to 33 kg m-3 (8.62-10.77 mmol L-1, Kpundeh et al., 2013). Changes in metabolic indicators, 

measured as plasma glucose and lactate, can also be used as general stress indicators in fish 

(Santos and Pacheco, 1996). The plasma glucose concentration in circulation is a function of its 

production versus absorption by tissues. Under stressful situations, glucose is generated to 
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provide energy substrates to tissues, in order to deal with the increased energy demand (Teles et 

al., 2007). Lactate has been widely used as a measure of anaerobic metabolism and rapid 

response to the depletion of tissue energy stores. Our results show that the size of the fish 

significantly affected the physiological stress response of the fish to high stocking density as 

indicated by the high levels of plasma glucose and lactate. This result confirms the previous 

findings in European sea bass (D. labrax), where fish size had significant effects on plasma 

glucose concentrations (Fatira et al., 2014), and in rainbow trout, where the larger fish showed 

higher lactate concentrations compared to the small-size fish (Goolish, 1989). However, in 

previous studies, the effect of treatment was only performed in a relatively short period (acute 

stressor). According to Yue et al. (2006), the effect of familiarity of the fish is stronger rather 

than size. Griffiths and Magurran (1997) showed the preference guppy (Poecilia reticulate) 

developed to familiar individuals after they had been placed together for 12 days.  

Decreased concentrations of Hb after the 48-days rearing period may be related to the release of 

immature cells from the haemopoietic tissue into the blood as well as by disturbance of iron 

metabolism that leads to a decrease in Hb synthesis (Reddy and Bashanihideen, 1989). 

Additionally, reduction in Hb levels may be due to the alteration in the properties of Hb by 

lowering their affinity for oxygen, increasing the fragility of erythrocytes dan reducing 

deformability. Nussey et al. (1995) reported that a decrease in Hb concentration of tilapia 

indicates that the fish's ability to provide sufficient oxygen to the tissues is restricted 

considerably; this resulted in the reduction of physical activity. In our study, the reduction in Hb 

was accompanied by hyperglycemia (Tavares-Dias et al., 2001; Carneiro and Urbinati, 2001) due 

to cortisol release, which led to increased hepatic glycogenesis (Mommsen et al., 1999) that 

stimulated the production of glucose (Montero et al., 1999). A decreasing trend in Hb levels was 

also reported in cutthroat trout (Oncorhynchus clarki) stocked at 2998 fish m-3 (Wagner et al., 

1997). When subjected to the stress of capture and handling, decreased Hb levels, increased 

plasma cortisol, and glucose levels were observed for ‘tambaqui’ (Colossoma macropomum) 

(Tavares-Dias et al., 2001).   

Stress associated rises in plasma cortisol concentrations depressed thyroid activity (Walpita et 

al., 2007), increased basal metabolic rates, and reallocated energy away from immunity, growth, 

and reproduction (Wendelaar-Bonga, 1997). Previous studies have revealed the effects of 

cortisol on thyroid hormone metabolism. Cortisol stimulated the conversion of T4 to T3 in brook 

trout (Salvelinus fontinalis) liver in vitro by ORD (the outer ring deiodination, or 5-deiodination) 
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(Vijayan et al., 1988). However, in our experiment, significantly elevated cortisol concentrations 

resulted in elevated plasma T4 concentrations and decreased plasma T3. T4 is a tyrosine 

compound with 4 atoms of iodine, whereas T3 is a tyrosine compound with 3 atoms of iodine. 

Most of the thyroid hormones made are T4 but T3 is a more active form of thyroid hormones. 

Decreased plasma T3 has been reported in Nile tilapia (Oreochromis niloticus) (Van der Geyten 

et al., 1998). Similarly, the hepatic conversion of T4 to T3 was also inhibited in rainbow trout 

(Oncorhynchus mykiss) (Brown et al., 1991), which could well represent a mechanism for 

adaptation by down-regulating energy expenditure away from growth and reproduction toward 

physiological functions required for coping with the stressor and to restore homeostasis 

(Schreck, 2000; Wandelaar-Bonga, 1997). Our results suggest that plasma T4 and cortisol 

concentrations might follow similar patterns during exposure to the highest stocking density.  

However, the negative correlations between plasma cortisol and T3 concentrations could be due 

to the interaction of the hypothalamic-pituitary-adrenal (HPA)-axis and hypothalamic-pituitary-

thyroid (HPT)-axis in the brain of the fish is impaired under stressful situations (Geven et al., 

2006). Elevated cortisol concentrations cause the inhibition of thyroid hormone deiodination. 

The deiodination involves the enzymatic removal of an iodine atom from the outer (phenolic) 

ring and the inner (tyrosyl) ring of the iodothyronine molecule. The outer ring deiodination of T4 

is required to yield the most potently bioactive hormone T3 (Moreno, 2008).  

In teleost fish, glucocorticoids have mineralocorticoid properties, which are involved in the 

regulation of the water-salt metabolism (Evans et al., 2005). Thyroid hormones play an essential 

function in the making of ionic mechanisms and osmotic homeostasis in fish (Walpita et al., 

2007; Arjona et al., 2011). The previous finding by Babitha and Peter (2010)  revealed that 

elevated cortisol concentrations reduced plasma T3 concentrations and altered the parameters of 

water-salt, carbohydrate and nitrogen balance in African catfish (Clarias gariepinus). This is 

also evident in our study; high cortisol concentrations decreased plasma T3, plasma Na+, K+ and 

Cl- after the 48-day experimental period. High stocking density induces osmotic disturbances 

that activate the HPI-axis and elevate plasma cortisol. Redding et al. (1991) reported that cortisol 

is an osmoregulatory hormone released from the interrenal tissue in response to the stress 

condition. 

Responses to stress conditions are controlled by a complex neuro-endocrine system that releases 

catecholamines (epinephrine, noradrenaline) and cortisol (Urbinati and Carneiro, 2004), both of 

which are related to the control of ion regulation (McCormick, 2001) and the transport of ions in 
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freshwater fish (Evans, 2002). Stress causes a significant rise in cortisol, characteristic of the 

primary stress response, changed secondary and tertiary responses such as elevated plasma 

glucose levels, and suppressed thyroid hormones, growth hormones and plasma ions (Flodmark 

et al., 2002). The decreasing concentrations of the plasma ions may be due to the damaged 

epidermis and loss of the integument integrity, and hence there is an increase in the permeability 

with loss of the ions or being diffused from water into the fish body, potentially leading to the 

failure of osmoregulatory and disturbance of acid-base and electrolyte homeostasis (Tripathi et 

al., 2005). Plasma concentrations of Na+ of the smaller juveniles were lower than the larger fish, 

a condition that indicates higher stress in the larger fish. Stress increases the blood flow in gills 

and the permeability of the epithelium, resulting in ionic losses in freshwater fish (Cech et al., 

1996). 

Juvenile barramundi of different sizes showed difference responses to higher stocking density.  

Growth rates and feed conversion ratio of the smaller juvenile were significantly better than the 

larger juveniles.  The results agreed with the previous study of Tran-Duy et al. (2008) and 

Abdel-Tawwab et al. (2010) who found that the growth performance of the smaller tilapia (O. 

niloticus) was significantly higher than the larger tilapia. Significant alteration in fish growth and 

feed conversion rate due to differences in fish size or fish weight has been concluded in a 

number of studies.  Booth et al. (2008) stated that growth of Australasian snapper (Pagrus 

auratus) was significantly influenced by fish size.  Handeland et al. (2008) reported that fish size 

significantly affected growth rate and feed conversion rates of Atlantic salmon (Salmo salar). 

Policar et al. (2013) found that small-sized pikeperch (Sander lucioperca L) demonstrated higher 

SGR compared to the larger one. Sun and Chen (2014) confirmed growth rate and feed 

consumption of cobia (Rachycentron canadum) were significantly influenced by fish size. It is 

observed, survival of the juvenile barramundi was not affected by higher stocking density.  In 

comparison with literature (North et al., 2006), the mortality rate was very low in both systems. 

Good water quality can partly explain those results. Throughout the experimental period, water 

quality parameters in IRAS and RAS were maintained within the acceptable limits for the indoor 

production of barramundi in RAS (Rimmer et al., 1994; Boyd, 1997). Therefore, even though the 

juvenile of different sizes had a different growth performance, the high survival observed in both 

systems confirmed the efficacy of duckweed incorporated into barramundi RAS. 
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7.5 Conclusions 

The high stocking density of 21.63 kg m-3 is a stress factor for the small and large-sized 

barramundi juveniles reared in both RAS and IRAS. Differences in the juvenile size also 

impacted on growth and feed conversion ratio. However, there are no differences in stress 

responses and the growth performance between the juvenile reared in RAS or IRAS.  
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CHAPTER 8: Can duckweed (Lemna minor Linnaeus) harvested from IRAS be recycled 

into barramundi (Lates calcarifer Bloch) diets as a partial replacement of protein from the 

fishmeal?6 

 

8.1 Introduction 

Sustainable growth and intensification of aquaculture worldwide demand large quantities of a 

higher quality of protein feeds.   Fishmeal is considered to be an ideal source of dietary proteins 

for fish, due to its high content of high-quality proteins, essential amino acids, high content of 

phospholipids, essential fatty acids, high level of digestibility and palatability (Barlow, 2003). 

However, the limiting factors in applying fishmeal in the production of aquafeed are high prices, 

limited resources and variable microbiological quality (Du and Niu, 2003). In the long term, the 

availability of fishmeal can be a potential threat to the sustainability of the target cultured species 

that require a high quantity of fishmeal in their feed. Furthermore, due to the increasing demand 

for fishmeal to be used in aquafeeds, there have been concerns over the reliance on capture 

fisheries for aquaculture led to overexploitation of certain types of fisheries (Naylor et al., 2000). 

The time-series data show a downward trend in the catch of fish for feed since the 1980s (FAO, 

2016). The accelerated usage for fishmeal, coupled with decreasing catches in world fisheries, 

have resulted in significant increases in the use of various alternative protein ingredients for 

aquafeeds (Tacon and Metian, 2008; Cheng et al., 2013).  Due to the importance of low-cost and 

nutritionally balanced diets for fish, there is increasing research efforts to evaluate the nutritional 

value of different nonconventional feed resources, including the utilization of aquatic 

macrophytes or by recycling organic waste or plant by-product (Ansal et al., 2010; Jayathilakan 

et al., 2012). 

In integrated recirculating aquaculture systems (IRAS), organic by-products may be reclaimed, 

recycled and re-used. This farming system has been proposed as an environmentally sustainable 

way of recycling unused by-products, especially those produced through the culture of high 

trophic level fish species which require the supply of exogenous energy (Buschmann, 2000).  

Reclamation, recycling, and re-use help to solve the problems of by-product disposal while 

relieving scarcity of resource materials.  In this experimental study, duckweed (Lemna minor 

Linnaeus) was used as a producer and biofilter media, the target species, barramundi (Lates 

calacrifer Bloch) as a consumer, and aquatic or substrate attached microorganisms as 

                                                           
6 This chapter has been ready to be submitted in Fatty Acids 
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decomposers which form a complete ecosystem (Hu and Zhou, 1989). Barramundi is a 

carnivorous species, and accepts most forms of frozen and live feed (Tubongbanua, 1987). 

Barramundi is a highly desired marine fish species for commercial culture due to its high market 

demand, fast growth, euryhaline nature, and its adaptability to various growing environments 

(Copland and Grey, 1986). 

Plant proteins represent a good option for replacing fishmeal in formulated diets. Previous work 

has shown that the substitution of fishmeal with plant-based protein is feasible without 

compromising growth and performance of cultured barramundi (Nandakumar et al., 2017; 

Tantikitti et al., 2005). Duckweed has been successfully used as a complete feed for fish and 

shrimp (Bairagi et al., 2002; Flores-Miranda et al., 2015). Duckweed responds with linear 

increases in biomass yield and crude protein content when fertilized with biodigester effluent 

(Dang et al., 2011).  Furthermore, a reduction of 30% in tilapia feeding costs was obtained by 

substituting duckweed meal for fishmeal for Nile tilapia (Oreochromis niloticus) (Mohedano et 

al., 2005). However, apart from previous reports (Flores-Miranda et al., 2015; Nouanthavong 

and Preston, 2011), there appears to be no information on the potential value of duckweed as a 

fish feed supplement when co-produced in an IRAS.Duckweed contains 28 to 43 % crude 

protein, 5 % fiber in dry weight, the high concentration of trace minerals, such as phosphorus 

and potassium, as well as xanthophylls and carotenes (Chaturvedi et al., 2003).  

Duckweed also contains a higher amount of lysine (7.5%) and methionine (2.6%) than other 

plant feed stuff (Oron et al., 1984; Mishra, 2007). The composition of duckweeds is highly 

variable and influenced by the nutrient status of their growth media (Ansal et al., 2010).  

Duckweed grown in nutrient-poor media has lower protein content associated with high fibre, 

ash and carbohydrate content than that grown in nutrient-rich media (Ansal et al., 2010).  

However, the presence of fibre and anti-nutritional factors such as tannins and phytic acid in 

duckweed negatively affects their nutritional value and, consequently, the growth of the cultured 

species (Bairagi et al., 2002; Kumaraguru Vasagam et al., 2007). To this regard, processing 

duckweed materials through a simple and cheap method of fermentation may considerably 

enhance flavour and texture and decrease the anti- nutritional factors and crude fibre content 

thereby increasing the duckweeds’ nutritional values and digestibility (Bairagi et al., 2002; Nout, 

2009). 
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The origin of duckweed could come from various sources, but in this study, the duckweed was 

used as a by-product from IRAS culturing barramundi. The use of fermented duckweed as one of 

the ingredients in barramundi diets would reduce the cost of fish production. However, published 

data on the effects of fermented duckweed on the growth performance and feed utilization of the 

juvenile barramundi is very limited. Additionally, the relationship between dietary duckweed 

protein inclusion and fish physiological remains neglected (Patra, 2015; Mohapatra and Patra, 

2013). Therefore, duckweed was fermented by a cellulose-degrading fish gut bacterium, Bacillus 

sp. and this study was designed to determine optimum inclusion level of the fermented duckweed 

in the formulated feed and to evaluate the growth performance, feed utilization, and 

physiological parameters of juvenile barramundi (L. calcarifer Bloch). 

8. 2 Materials and methods 

8.2.1 Animals 

One thousand and two hundred barramundi juveniles with an average weight of 7.53 ± 0.21 g 

were used in the feeding trials for a period of 63 days in integrated recirculating aquaculture 

systems (IRAS) at Curtin Aquatic Research Laboratory, Perth, Western Australia.  The 

experimental fish were maintained to ethical and welfare standards (the approval number of 

AEC-2013-16). 

8.2.2. Fermentation of duckweed 

Fermentation of duckweed was performed according to the method of Bairagi et al. (2002) with 

some modifications.  Bacillus sp used for fermentation of duckweed was isolated from the 

intestine of marron (Cherax canii).  Harvested duckweed obtained from the previous 

experiments with duckweed in IRAS were sundried. The dried duckweed were finely ground and 

passed through a fine meshed sieve to ensure homogeneity. A portion of sieved duckweed was 

moistened with 50% w/v liquid basal medium containing (g L-1): KH2PO4, 4; Na2HPO4, 4; 

MgSO4. 7H2O, 0.2; CaCl2, 0.001; FeSO4. 7H2O, 0.004 and autoclaved for sterilization. Bacillus 

sp were inoculated at 1 x 108 CFU g-1 of the dried duckweed for 16 days at 37oC in an incubator. 

8.2.3 Diet preparation 

Experimental diets were formulated using fermented (F1 to F4) duckweed meals at 15%, 25%, 

35% and 45% inclusion levels.  A diet containing fishmeal as the main protein source was used 

as the control diet (CD). To each of the formulated diets, 1% chromic oxide was added as 

digestibility marker. All the diets were prepared in pelleted form using 0.5% 
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carboxymethylcellulose as a binder. The pellets were sun dried for a few days and crumbled 

prior to feeding. 

8.2.4 Experimental design and rearing conditions 

The experiment was conducted in 15 independent IRAS. Barramundi juveniles were transported 

to Curtin Aquatic Research Laboratory and acclimatized to the laboratory conditions for 21 days 

and fed with a commercial barramundi diet. The juvenile barramundi were randomly distributed 

at an optimum stocking density of 15.86 kg m-3 (Ardiansyah and Fotedar, 2016b) with three 

replicates for each treatment. All the fish were fed twice daily at 10.00 and 17.00 h at a fixed 

feeding rate of 2.5% body weight per day for 63 days. The feeding rate was adjusted every 10 

days after weighing the fish.  To determine the feed consumption, any left-over feed was 

collected 6 h after each feeding and weighed after oven drying. The faecal samples were 

regularly collected in the morning by siphoning, and following the ‘‘immediate pipetting’’ 

method described by Spyridakis et al. (1989), from every tank. The water quality parameters 

from each tank were monitored each week throughout the experimental period. Water quality 

parameters were measured in accordance with standard methods for the examination of water 

and wastewater (APHA, 2005). 

8.2.5 Chemical analyses and data collection 

Proximate analysis of the experimental diets and faecal samples was performed following the 

AOAC (2000) procedures as follows: moisture was determined after drying the samples in an 

oven at 105oC for 24 h.  Crude protein was determined by micro Kjeldahl digestion (N x 6.25) 

and distillation after acid digestion using a Kjeltec 1026 Distilling Unit together with a Tecator 

Digestion System (Tecator, Sweden).  Ash was determined by incineration at 550oC for 12 h in a 

Muffle furnace to constant weight.  Lipid was determined by Soxhlet extraction with diethyl 

ether at 40-60oC for 7–8 h while crude fibre content was determined as loss on ignition of dried 

lipid-free residues after digestion with 1.25% H2SO4 and 1.25% NaOH. Nitrogen-free extract 

(NFE) was computed by taking the sum of values for crude protein, crude lipid, crude fibre and 

moisture and subtracting this from 100 (Maynard et al., 1979). Chromic oxide in the diets and 

faecal samples was estimated following the method of Bolin et al. (1952). 

At the end of the 63 day experiment, five individual fish from each tank were euthanised with  

60 mg L−1 Aqui-S containing 50% isoeugenol  (New Zealand Ltd., Lower Hutt, New Zealand), 

then oven-dried at 105oC for 24 h, ground and stored at -20oC for subsequent analysis. The 
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whole body was analysed for moisture, crude protein, crude lipid and ash following the 

aforementioned methods. Tannin concentration in both dried and fermented duckweed was 

determined using Folin–Denis reagent (Schanderi, 1970). Phytic acid concentration was 

determined using a spectrophotometric procedure following the method of Vaintraub and 

Lapteva (1988). The absorbance was measured at 830 nm against a blank.  Result was calculated 

as mg phyctic acid/100 g dry sample using standard phyctic acid, whereas estimation of total free 

amino acids was conducted according to Moore and Stein (1948) using ninhydrin reagent 

dissolved in methyl cellosolve.  

The fish were weighed at the beginning and at the end of the experiment. Weight gained (WG), 

specific growth rate (SGR, % day-1), feed conversion ratio (FCR), and protein efficiency ratio 

(PER) were calculated according to Amaya et al. (2007), whereas apparent protein digestibility 

(APD, %) and apparent net protein utilization (ANPU, %) were calculated using standard 

methods (Steffens, 1989). 

8.2.6 Physiological parameters 

At the end of the 63 day feeding trial, five fish were randomly taken from each tank, anesthetized 

with 60 mg L-1 Aqui-S, containing 50% isoeugenol (New Zealand Ltd., Lower Hutt, New 

Zealand).  The blood samples were collected by heparinised syringe from the caudal vein.  The 

collected blood were immediately centrifuged at 3,000 x g for 10 min at 4oC.  Plasma samples 

were pooled and stored at -80oC for subsequent analysis of physiological parameters.  Plasma 

glucose, triglyceride, cholesterol, high density lipoprotein (HDL), low density lipoprotein (LDL), 

and activities of aminotransferase, including alanine aminotransferase (ALT), aspartate 

aminotransferase (AST), and alkaline phosphatase (ALP) were measured by using commercially 

available kits (BioSino Bio-technology and Science, Inc., China).  All the physiological 

parameters were determined by using an automatic biochemical analyser (Hitachi 7020, Japan).    

 

8.3 Results 

Water quality parameters monitored were similar in all treatments, and the ranges of water 

quality parameters were: temperature, 21-22oC; pH, 7.5-8.0; dissolved oxygen, 7.2-7.8 mg L-1; 

and total ammonia nitrogen, < 5 ppm. 

The proximate compositions of feed ingredients and experimental diets are presented in Tables 

8.1 and 8.2, respectively. Fermentation of duckweed resulted in a significant increase in crude 
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protein and a significant decrease in the levels of crude fibre and antinutritional factors, phyctic 

acid and tannin.  A comparison of the proximate composition of the control diet, and duckweed 

incorporated diets indicated that the crude fibre level in the control diet was 10.82%, whereas, it 

ranged from 3.92-5.36% in diets containing fermented duckweed. In diets containing fermented 

duckweed, the tannin and phytic acid contents were below detection limit. 

Table 8.1. Proximate composition of dried and fermented duckweed (% dry weight). 

Recycled 

duckweed 

Moisture 

(%) 

Crude 

protein 

(%) 

Crude 

lipid (%) 

Crude 

fiber (%) 

Ash (%) NFE 

(%) 

Gross 

energy  

(K cal.g-1) 

Dried 3.2±0.12a 29.86±0.07a 3.80±0.14a 13.22±0.21b 14.00±0.15b 41.24±0.12a 3.32±0.04a 

Fermented 3.4±0.14b 35.43±0.04b 3.92±0.12b 11.85±0.17a 11.86±0.10a 52.23±0.16b 4.06±0.07b 

a Values are expressed as mean ± SEM. Different letters in the same row indicate significant 

difference at P< 0.05. 

.   
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Table 8.2: Ingredient composition (% dry weight) and proximate analyses of fermented 

duckweed incorporated feeds (on dry matter basis). 

Ingredients Experimental 

diets 

    

Control diet F1 (15%) F2 (25%) F3 (35%) F4 (45%) 

Fishmeal 40 37 35 33 31 

Duckweed meal - 15 25 35 45 

Soybean meal 22 25 20 15 10 

Corn flake 34 19 16 13 10 

Fish oil 2 2 2 2 2 

Vitamin mineral mix 1 1 1 1 1 

Chromic oxide 1 1 1 1 1 

Total 100 100 100 100 100 

Proximate 

composition 

     

Crude protein 35.45 34.63 33.74 32.92 32.17 

Crude lipid 8.4 5.10 5.36 5.87 5.88 

Crude fibre 11.82 3.92 4.24 4.85 5.36 

Ash 10 10 12 12 14 

Dry matter 98 96 98 96 95 

NFE 32.50 47.30 46.90 40.50 38.70 

Gross energy (K cal 

g-1) 

4.5 4.2 4.1 3.9 3.8 

Phyctic acid ND ND ND ND ND 

Tannins ND ND ND ND ND 

Chromic oxide 0.97 1.01 1.01 1.02 1.02 

ND= Not detectable 

The growth performance and feed utilization of barramundi juveniles in terms of WG, SGR, 

FCR, PER, ANPU and APD are presented in Table 8.3. The average weight of the juvenile 

barramundi increased in all the dietary treatments, in comparison to the control diet excepting in 

diet F4, which contained 45% fermented duckweed. The highest fish WG and SGR were 

observed in the group of fish reared on diet F2. Fish fed with F3 also showed good performance 

in terms of WG and SGR. PER was highest in fish fed F3 which was significantly different (P< 

0:05) from those reared with other diets. PER value was lowest with the control diet. The FCR 

value was lowest for fish fed F3 and highest for F4 diet. 
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Table 8.3. Growth and feed utilization efficiencies in juvenile barramundi fed experimental diets 

for 63 days. 

Parameters CD Fermented duckweed meal 

F1 (15%) F2 (25%) F3 (35%) F4 (45%) 

Initial weight 

(g) 

7.53±0.02 7.53±0.02 7.53±0.01 7.53±0.01 7.53±0.02 

Final weight (g) 18.24±0.06b 18.68±0.08b 18.84±0.03c 18.82±0.04c 18.01±0.28a 

WG (g) 10.71±0.06a 11.15±0.09b 11.31±0.03b 11.28±0.05b 10.58±0.30a 

SGR (% day-1) 1.40±0.01a 1.44±0.01b 1.46±0.01b 1.45±0.01b 1.39±0.03a 

FCR 2.45±0.01bc 2.43±0.01b 2.41±0.01a 2.40±0.01a 2.48±0.03c 

PER  1.17±0.01a 1.19±0.01a 1.23±0.01b 1.26±0.01c 1.24±0.01b 

APD (%) 80.85±0.01a 83.01±0.02b 85.27±0.01c 86.17±0.02c 85.52±0.01c 

ANPU (%) 33.82±0.05bc 25.71±0.07b 44.63±0.04c 40.39±0.02c 12.48±0.02a 

a Values are expressed as mean ± SEM. Different letters in the same row indicate significant 

difference at P< 0.05. 

ANPU was highest in juvenile barramundi reared on diet F2 and lowest with diet F4. Apparent 

protein digestibility (APD) for all diets were, however, high, ranging from 82.25% to 86.17%. 

Juvenile barramundi fed diet F3 showed the highest APD value (86.17%). Poor protein 

digestibility was recorded in fish fed the control diet. 

The carcass composition of juvenile barramundi before and after the experiment is presented in 

Table 8.4. Juvenile barramundi fed diet F4 had a slightly higher percentage of moisture than in 

fish fed other experimental diets. The deposition of protein in the carcass of juvenile barramundi 

increased over the initial value in all the dietary treatments. Although all the fish were fed 

isonitrogenous diets, the greatest accumulation of carcass protein was recorded in the group of 

fish reared on diet F2, containing 25% fermented duckweed meal. The carcass lipid content 

varied significantly (P < 0:05) among different dietary treatments, in which the highest tissue 

lipid accumulation occurred in fish fed the control diet. The ash content of fish carcass was 

highest (P < 0:05) in fish diet F3. 
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Table 8.4. Proximate carcass compositions (% wet weight) of juvenile barramundi at the start 

and end of the 63-day feeding trial. 

Carcass 

composition 

Initial CD F1 F2 F3 F4 

Crude protein 13.21 16.45±0.15c 15.62±0.04b 17.32±0.03d 16.83±0.12cd 14.25±0.07a 

Crude lipid 2.43 2.76±0.11c 2.34±0.04b 2.60±0.04bc 2.28±0.02a 2.18±0.05a 

Moisture 76.19 75.31±0.04a 75.29±0.02a 75.87±0.03bc 75.62±0.04b 76.12±0.03c 

Ash 4.87 3.59±0.02a 4.17±0.04ab 4.59±0.03b 5.01±0.03c 4.87±0.05bc 

a Values are expressed as mean ± SEM. Different letters in the same row indicate significant 

difference at P< 0.05. 

Glucose, cholesterol, LDL-C, and HDL-C levels were significantly influenced by the dietary 

treatments (Table 8.5).  

Table 8.5. Glucose, cholesterol, LDL-C, HDL-C, ALT, AST and ALP changes of juvenile 

barramundi in response to dietary fermented duckweed meal inclusion. 

Parameters Control diet Fermented duckweed inclusion level 

  

F1 (15%) F2 (25%) F3 (35%) F4 (45%) 

Glucose 

(mmol L-1) 

5.40±0.03a 5.52±0.01a 5.93±0.02b 5.97±0.01b 6.21±0.02c 

Cholesterol 

(mmol L-1) 

5.89±0.02b 6.04±0.03b 4.71±0.01a 4.60±0.03a 4.65±0.01a 

Triglyceride 

(mmol L-1) 

5.38±0.03 5.01±0.02 4.65±0.03 4.23±0.04 4.07±0.03 

LDL-C 

(mmol L-1) 

4.35±0.02c 4.33±0.03c 3.91±0.02b 3.72±0.05a 3.79±0.04a 

HDL-C 

(mmol L-1) 

1.31±0.10a 1.26±0.05a 1.37±0.07a 1.59±0.10b 1.59±0.11b 

ALT (U L-1) 6.07±0.05c 6.12±0.03c 5.89±0.02b 5.67±0.02a 5.84±0.03b 

AST (U L-1) 7.98±0.03c 7.91±0.05c 7.35±0.10a 7.39±0.07a 7.71±0.12b 

ALP (U L-1) 172.43±0.03c 161.52±0.05b 160.82±0.02b 150.24±0.02a 149.57±0.02a 

a Values are expressed as mean ± SEM. Different letters in the same row indicate significant 

difference at P< 0.05. 
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Glucose concentration significantly (P≤0.05) increased as the dietary fermented duckweed meal 

inclusion increased above 15%. F1 diet, juvenile barramundi fed with F2, F3 and F4 diet had 

significantly (P≤0.05) higher glucose levels than the control. The cholesterol level of juvenile 

barramundi fed with the control diet and F1 diet was significantly (P≤0.05) higher than that of 

juvenile barramundi fed with other diets. Triglyceride level significantly (P≤0.05) decreased 

with increasing fermented duckweed meal inclusion in the diet.  The LDL-C concentration 

decreased, but the HDL-C concentration gradually increased with increasing dietary fermented 

duckweed meal inclusion. The HDL-C concentration was significantly (P≤0.05) higher, whereas 

the LDL-C concentration was significantly (P≤0.05) lower in fish fed with F3 and F4 diet than 

that in fish fed with other experimental diets.  Furthermore, activities of plasma ALT and AST of 

juvenile barramundi fed with the control diet and F1 diet were significantly (P≤0.05) higher than 

that of juvenile barramundi fed with other experimental diets. When the substitution level was 

above 25%, the activities of plasma ALP were significantly (P≤ 0.05) higher than the control 

diet.  

8.4 Discussion 

Fermented duckweed can be utilized as a feed ingredient into the formulated diets for juvenile 

barramundi effectively up to 35% level of inclusion without compromising growth performance. 

WG, SGR, and FCR of the juvenile barramundi were better with 25% and 35% fermented 

duckweed incorporated diet than other diets, while APD and ANPU of the juvenile barramundi 

fed with F2 and F3 were better than the control diet.  Das and Ray (1989) demonstrated the 

possibility of incorporation of dried Lemna polyrhiza as a feed ingredient for the juvenile Indian 

major carp (Labeo rohita), and observed higher carbohydrate digestibility in relation to that of 

the control diet although the SGR and FCR in the fish fed 25% and 35% fermented duckweed 

were not different with the control diet. Shireman and Smith (1983) considered duckweed 

(Lemna sp.) as a highly nutritious feed ingredients for herbivorous fish such as grass carp 

because of its tenderness and high protein content compared to other aquatic plants. The protein 

content of dried and fermented duckweed was estimated to be 29.86 and 35.43%, respectively 

(Table 8.1). However, the presence of antinutritional factors in dried duckweed limits direct use 

of this floating plant as a dietary ingredient.  

Dietary tannin as low as 0.5% causes growth depression in chickens (Vohra et al., 1996) and 

there are also reports on the toxicity of tannin to fish (Hossain and Jauncy, 1989; Krogdahl, 

1989; Mukhopadhayay and Ray, 1999). Tannin and phytic acid could not be detected in 
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fermented duckweed incorporated diets. Apart from the presence of some antinutritional factors, 

fibre contents of plant ingredients could also be responsible for their poor digestibility (De Silva 

et al., 1990; Burel and Kaushik, 2008). High levels of fibre in the diet are known to reduce feed 

intake (NRC-NAS, 1977; Edwards et al., 1985), which can lead to the growth retardation 

(Edwards et al., 1985).  A possible reason for poor performance of the juvenile barramundi on 

the control diet and 45% fermented duckweed meal diet may have been its relatively higher level 

of crude fibre compared to other fermented duckweed incorporated diets. Fibre is basically 

cellulose, which has less values in the nutrition of carnivorous fish.  Fibre content should be 

restricted to less than 7% of fish diets (Robinson et al., 1981).  In comparison to other vertebrates 

in the evolutionary process, carnivorous fish have rather simple, little-developed digestion 

system and as a consequence, they have reduced ability to digest carbohydrate as an energy 

source (Millward, 1989).  As dietary fibre is part of the carbohydrate component of plant 

ingredients, most teleost fish cannot utilize it (Eusebio et al., 2004). Previous studies revealed 

that increasing the level of dietary lipids above 8% negatively affect growth performance and 

nutrient utilization, resulting in decreased protein accretion and slower growth rate (Borges et al., 

2009). 

During fermentation, nutrient losses may occur as a result of leaching, destruction by light, heat 

or oxygen or as a result of microbial activity (Jones, 1975). Nevertheless, loss of nutrients during 

fermentation is commonly negligible, and there may be an increase in the nutrient level through 

microbial synthesis (Wee, 1991). The protein utilization efficiency of fish fed 35% fermented 

duckweed meal incorporated diets was significantly better than those fed other diets. Edwards 

(1980) reported better growth of tilapia, Oreochromis mossambicus, fed diets containing 

composted water hyacinth than with conventional tilapia diet, although the latter contained more 

protein. Ray and Das (1992) also indicated the possibilities of incorporation of composted 

Salvinia cuculata in supplementary diets for the Indian major carp (L. rohita) substituting the 

conventional diet up to 20% level.  

The better performance of juvenile barramundi in terms of percentage WG, SGR, FCR, APD, 

and ANPU was observed in fish fed the 25% fermented duckweed meal diet followed by the 

35% fermented duckweed meal diet. Fish fed the diet with 45% fermented duckweed gave the 

poorest performance in terms of WG and SGR. Since all the diets were isonitrogenous, the 

reduced growth of the fish fed diets containing higher levels of fermented duckweed meal 

appeared to be due to increased fibre contents in the diets. 
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Biochemical variables of plasma blood can be used as indicators to evaluate the health condition 

of the fish (Rao, 2006; Çelik et al., 2012; Yılmaz and Ergün, 2012). The present study 

demonstrated that glucose level increased with an increasing dietary level of fermented 

duckweed meal above 15%. A similar result was observed in cobia (Rachycentron canadum L) 

(Ren et al., 2011).  Although, there has been considerable debate about the limited ability of 

carnivorous teleost fish to utilize dietary carbohydrates efficiently.  Altered dietary carbohydrate 

contents lead to prominent alterations in metabolic enzyme activities in the fish liver (Leung and 

Woo, 2012).  Dietary carbohydrate impaired control of plasma glucose levels, leading to glucose 

intolerance in such species (Moon, 2001).  Nutritional status is a factor that can have an effect on 

the glucose response. The intake of diets with different lipid and protein content resulted in 

different responses of blood glucose of the fish (Martínez-Porchas et al., 2009).   

Variations in physiological parameters are an indicator of fish responses to their diet 

(Satheeshkumar et al., 2012). Thus, changes in cholesterol, triglyceride, LDL-C, and HDL-C are 

related to their composition of diet that it is used as energy for body activities.  Cholesterol is a 

precursor of steroid hormones which has an essential role in the function of nerve fibres, the 

formation of bile salts, the maintenance of cell membrane structure. Meanwhile, triglycerides are 

as a reserve source of energy for body metabolism (Hoseini and Ghelichpour, 2012).  

Cholesterol and triglyceride levels can be used as main indicators of health status of fish because 

these two parameters are the indicator of liver function particularly lipid metabolism (Zhou et al., 

2005; Gul et al., 2011). Plasma cholesterol and triglycerides were lower in the fish fed diets 

containing 35 and 45% fermented duckweed meal than in fish fed the control diet. Cholesterol 

and triglyceride levels in plasma were lower with the rising the inclusion of fermented duckweed 

meal. Romarheim et al. (2006) reported that the plasma cholesterol and triglyceride levels of 

rainbow trout were significantly reduced when 50% of the fishmeal was replaced by soybean 

meal. The result indicates that high proportion of fat in the chemical composition of the feed 

resulted in high cholesterol levels of L. calcarifer (Satheeshkumar et al., 2012).  

Many plants proteins have been investigated to have cholesterol-lowering effects in fish (Dias et 

al., 2005; Lim and Lee, 2009). Decreased total cholesterol levels were reported in tiger puffer fed 

soybean diets (Takifugu rubripes) and seabream (Diplodus vulgaris) (Lim et al., 2011; Acar et 

al., 2013).  This is due to several compounds in duckweed is capable of binding the bile acids, 

and inhibiting absorption of the bile acids in the distal intestine or preventing the conversion of 

the bile acids into secondary bile acids (Romarheim et al., 2006). Decreased triglyceride levels 
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were also reported in parrot fish (Oplegnathus fasciatus), common carp (Cyprinus carpio), and 

seabream (Diplodus vulgaris) ((Lim and Lee, 2009; Acar et al., 2013; Moradi et al., 2013).  

Many aquatic weeds including duckweed have been reported to contain a higher amount of 

flavonoid and phenolic compounds (Bright and Kanagappan, 2016).  Flavonoid compounds are 

known as reduction factors of cholesterol, triglycerides, and LDL (Zern et al., 2003).  Decreased 

cholesterol, triglyceride and LDL levels of the fish fed with fermented duckweed meals are most 

likely due to high flavonoid contents of duckweed.  Since the liver is the most important site of 

lipid metabolism, reduction of triglyceride and LDL prevent from the fatty liver syndrome in fish 

(Hosseinifard et al., 2013). 

The digestibility and utilization of nutrient mainly depend on the activities of digestive enzymes 

in the gastrointestinal tract. The activities of digestive enzymes including ALT and AST were 

lower in the fish fed with fermented duckweed meal than the control diet, which disagreed with 

the previously published results regarding digestibility of nutrients (Ajani et al., 2016). The 

result coincides with results for tilapia (O. niloticus) (Lin and Luo, 2011) and Atlantic cod 

(Gadus morhua L.) (Hansen et al., 2007). Elevation of plasma ALT and AST enzymes have been 

associated with increased cell damages, tissue necrosis, the risk of cardiovascular diseases and 

myocardial infarction (Alvarez and Mukerjee, 2011). Plasma AST can give information on the 

damage of organs and in particular of liver cells (Kumar et al., 2010). When liver cells are 

damaged, aminotransferases including ALT and AST leak into the blood (Gaudet et al., 1975). 

These results indicate that liver of the juvenile barramundi fed with fermented duckweed meal 

was healthier than that of the fish fed the control diet.  Furthermore, ALP is considered 

indicative of enterocyte activity and a marker for the intensity of nutrient absorption of fish 

(Segner et al., 1989; Harpaz and Uni, 1999). In this study, activities of ALP decreased with 

increasing dietary fermented duckweed meal. These result similar to the findings of Dabrowski 

et al. (1989) and Krogdahl et al. (2003), who reported that activities of ALP of fish fed soybean 

meal diet were likely lower than fish fed fishmeal diets due to the lower content of 

phosphoproteins generally found in vegetable meals compared with fishmeal (Silva et al., 2010). 

All experimental diets tested resulted in an increase in carcass protein of the juvenile 

barramundi, while carcass lipid content reduced in F1, F3, and F4 diets. 
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8.5.  Conclusions 

The results suggested that fishmeal can be replaced with up to 35% fermented duckweed meal 

without adversely affecting growth, survival and physiological parameters of the juvenile 

barramundi.  Decreased plasma ALP observed in the fish fed the fermented duckweed meal diets 

have been attributed to the healthier state of the plasma membranes of these fish compared to 

those in the control group. Therefore, duckweed besides acting as an efficient biological filter in 

IRAS can be recycled to remove the entire dependancy of fishmeal to barramundi cultured in the 

same IRAS. 

 

 

 

 

 

 

 

 

 

  



 

127 
 

 

CHAPTER 9: Summary and General Discussion 

9.1 Introduction 

The purpose of this chapter is to sum up the discussion that has already been provided in 

Chapters 3 to 8. The summary leads to main conclusions and finally the chapter provided some 

recommendations for the future research. 

9.2 General discussion 

9.2.1 Stocking density, water quality, stress, and growth interactions in barramundi IRAS 

Data from the present study provide a comprehensive view of the interaction between 

physicochemical parameters of water quality, stocking density, biochemical parameters of the 

stress response, growth, and survival of the juvenile barramundi in IRAS. The results show the 

incorporation of duckweed into juvenile barramundi RAS is capable of reducing fluctuations in 

the physicochemical parameters of water quality. During the course of study, the mean 

concentrations of TAN and nitrite were maintained < 2 and 1 mg L-1, respectively. These 

concentrations are not harmful to fish growth (Wheaton et al., 1994; Losordo et al., 1998), while 

the mean concentrations of nitrate were kept < 11 mg L-1. Harvesting duckweed every four days 

maintained DO levels > 7 mg L-1 and generated the maximum TAN and TN uptake efficiency of 

94.33 % 60.37%, respectively. Hence the physicochemical parameters of water quality are 

within the optimum range for the growth of juvenile barramundi (Cheong, 1989; Rimmer et al., 

1994; Boyd, 1997; Colt, 2006). Even the water flows were similar to all stocking densities, no 

deterioration of water quality due to different stocking densities was observed. Oron et al. (1987) 

reported that even though biological nitrification-denitrification processes have several 

advantages concerning reliability and feasibility, the use of duckweed as a biofilter medium to 

remove nitrogenous waste from RAS culturing barramundi is less energy consuming and easier 

for commercial implementation.    

No significant differences in physiological stress parameters were observed between stocking 

densities of 10.10 kg m-3, 12.98 kg m-3, and 15.86 kg m-3.  However, at stocking density up to 

18.75 kg m-3 resulted in a small increase in cortisol levels, followed by elevated levels of glucose 

and lactate (Table 9.1). The increase in primary and secondary stress responses was due to the 

elevated, but acceptable nitrate and total nitrogen concentrations, which lead to changes in the 

metabolic rates of fish, reduction in food assimilation and retardation of growth rate.  In contrast, 
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when fish of different sizes stocked at the density up to 21.63 kg m-3, elevated cortisol levels 

were also observed, but considered a mild stress level (Metz et al., 2005).  However, the higher 

stocking density did not suppress SGR of barramundi neither was the survival rate significantly 

reduced. The results indicated that when water quality parameters were maintained within the 

acceptable limits, SGR and FCR were also significantly influenced by fish size (Handeland et al., 

2008; Policar et al., 2013; Sun and Chen, 2014).  These findings agree with the studies of other 

species such as the Arctic charr (Salvelinus alpinus) (Jørgensen et al., 1993) and the rainbow 

trout (Oncorhynchus mykiss) (North et al., 2006) where an increase in SGR with increasing 

density of up to 120 kg m-3 was observed. In contrast, negative effects of stocking density on 

growth have been reported for European sea bass (Dicentrarchus labrax) (Saillant et al., 2003) 

and Amur sturgeon (Acipenser schrenckii) (Li et al., 2012).  Apart from the varied responses to 

increased stocking density in juvenile barramundi, the effect of water quality associated with the 

higher density might be one of the reasons for the mild stress response.  The results were in 

agreement with Person-Le Ruyet et al. (2008) that feed intake in rainbow trout was significantly 

affected by water quality, but not by stocking density.  As stocking density is an essential factor 

affecting fish welfare in the farming of commercial fish species, particularly when high densities 

in confined environments are aimed to increase productivity (Ashley, 2007).  The incorporation 

of duckweed in IRAS culturing barramundi can effectively reduce the fluctuation of water 

quality parameters, maintain the well-being of the targeted fish species, and reduce stress and the 

risk of diseases. 
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Table 9.1. Summary of stocking density, TAN (total ammonia nitrogen), cortisol and growth rate 

(SGR) of barramundi (L. calcarifer) in IRAS.  

Stocking 

density 

(kg m-3) 

Mean TAN 

concentration 

(mg L-1) 

Mean nitrite 

concentration 

(mg L-1) 

Cortisol 

levels 

(nmol L-1) 

T3 levels 

(nmol L-1) 

SGR 

(% day-1) 

10.10 0.83±0.03 0.23±0.02 8.00 - 9.50 5.00 – 5.15 0.78±0.01 

12.98 0.83±0.03 0.25±0.02 8.00 - 9.50 4.93 – 5.14 0.78±0.01 

15.86 0.83±0.03 0.26±0.02 8.00 – 9.50 4.91 – 5.14 0.78±0.01 

18.75 0.91±0.06 0.26±0.02 9.00 – 11.50 3.95 – 4.19 0.70±0.01 

21.63 0.99 – 1.03 0.23-0.25 11.50 – 12.50 4.70 – 5.13 0.94 – 0.98 

 a TAN: total ammonia nitrogen, SGR: specific growth rate, T3: triiodithyronine 

9.2.2 The use of duckweed (Lemna minor) harvested from IRAS as a partial replacement of 

fishmeal in the diets of barramundi (Lates calcarifer) 

Considering that the treatment of barramundi farming effluent should be geared towards the 

effective reuse of nutrients, all these factors make duckweed used as biofilter medium is cost-

effective for recycling as fish feed.  Recycling of domestic sewage in barramundi farming is an 

effective form of pollution control, which can contribute to cost recovery and provides cheap 

protein food production. However, the presence of fiber and antinutritional factors in duckweed 

negatively affect its nutritional value (Flores-Miranda et al., 2015). 

Duckweed that has been used as a biofilter medium in the previous experiment was harvested, 

sundried, and fermented.  The results showed a significant increase in crude protein and a 

significant decrease in the levels of crude fibre and antinutritional factors.  Previous studies have 

been conducted to evaluate the crude protein contents of various aquatic plants (Table 9.2). 
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Table 9.2. Selected data on crude protein contents of aquatic plants. 

 

Aquatic plants Crude protein content (DM) References 

Lilly (Nymphaea lotus) 20.28% Shah et al. (2010) 

 25.40% Akmal et al. (2014) 

 19.75% Mohamad et al. (2013) 

Water-fringe (Nymphoides peltata) 21.87% Shah et al. (2010) 

Water-thyme (Hydrilla sp) 17.10% Shah et al. (2010) 

 25.32% Lal Murari and Pathak (1988) 

Water hyacinth (Eichhornia crassipes) 11.85% Akmal et al. (2014) 

 15.27% Okoye et al. (2002) 

 16.50% Mohapatra (2015) 

Water spinach (Ipomoea aquatic) 17.67% Umar et al. (2007) 

 27.60% Prak Kea et al. (2003) 

 36.30% Dong et al. (2006) 

Phragmites (Phragmites australis) 20.12% Akmal et al. (2014) 

Water primrose (Ludwigia peploides) 12.11% Akmal et al. (2014) 

Hornwort (Ceratophyllum sp) 21.70% Boyd (1968) 

 18.30% Bailey (1965) 

Brazilian waterweed (Elodea densa) 20.50% Boyd (1968) 

 16.80% Bailey (1965) 
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Hydrotrida caroliniana 9.70% Boyd (1968) 

Dwarf Hairgrass (Eleocharis acicularis) 12.50% Boyd (1968) 

Naiad (Najas guadalupensis) 22.80% Boyd (1968) 

 8.80% - 14.40% Boyd and Blackburn (1970)  

Little and Henson (1967) 

Water-milfoil (Myriophyllum sp) 14.11% Boyd (1968) 

 21.10% Bailey (1965) 

 9.80% Boyd (1968) 

Potamogeton diversifolius 17.30% Boyd (1968) 

Golden-club (Orontium aquaticum) 19.80% Boyd (1968) 

Duck-potato (Sagittaria latifolia) 17.10% Boyd (1968) 

 10.00% Justice et al. (2005) 

 20.00% Fredrickson and Reid (1988) 

Smartweed (Polygonum sp) 11.90% Boyd (1968) 

 24.00% Marten and Andersen (1975) 

Water canna (Thalia dealbata) 5.23% - 16.06% Abarike et al. (2014) 
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El-Sayed (2003) reported that fermentation is required when 20% of water hyacinth (Eichhornia 

crassipes) is incorporated into Nile tilapia (Orechromomis niloticus) diets. Similarly, Bairagi et 

al. (2002) concluded that fermented duckweed meal was better than dried duckweed for the 

Indian carp (Labeo rohita).  When the fermented duckweed was incorporated into the 

barramundi feed formulation, the results suggested that growth performances and physiological 

parameters of juvenile barramundi fed diets containing up to 35% fermented duckweed were 

comparable to that of the fish fed the fishmeal diet.  The inclusion level of fermented duckweed 

into the formulated feed for the juvenile barramundi is greater than previous level reported in 

common carp (Cyprinus carpio) (Yilmaz et al., 2004; Mohapatra and Patra, 2013), in the Indian 

major carp (Labeo rohita) (Bairagi et al., 2002), and in the Pacific white shrimp (Litopenaeus 

vannamei) (Flores-Miranda et al., 2015).  The study suggested that fishmeal could not be totally 

replaced with duckweed; however, partial replacement can be done by using fermented 

duckweed meal to reduce the cost without affecting growth rate. The present study revealed that 

35% fermented duckweed meal can be incorporated into the formulated feed of barramundi. 

Further, duckweed based feeds are cheaper as compared to the conventional feeds, 

supplementation of duckweed in barramundi diets would also be economically viable. 

However, optimal health and disease resistance of fish depend not only on the optimal balance of 

nutrients available, but also on the optimal functioning of the gastrointestinal tract and related 

organs (Hemre et al., 2009). Digestive apparatus is forced to adjust to the changing composition 

of the diet, and the mucosal defense system, which is provided by the gastrointestinal tract 

should protect the fish's body from harmful agents and at the same time establish oral tolerance 

to dietary antigens. Thus, the long-term implications dried or fermented duckweed may have on 

fish production, health, and product quality are largely unknown. 

9.2.3 Duckweed (L. minor), heterotrophic, and phosphate solubilising bacteria interactions 

in IRAS 

As a biofilter medium, duckweed was used as attachment substrates of a consortium of bacteria 

immobilized on the surface of the substrate.  Different harvesting frequency of duckweed 

significantly influenced the abundance and diversity of microorganisms on the duckweed 

biofilter tank.  A diverse microbial community that presents on the duckweed biofilter tank is 

responsible for heterotrophic nitrification and also phosphate solubilisation in IRAS. The 
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heterotrophic bacteria is critical for nitrogenous waste removal while PSB benefits for enhancing 

phosphate solubilisation in IRAS.  

Data showed that genera Bacillus and Pseudomonas are the most common heterotrophic bacteria 

found in the biofilter tank.  Genus Bacillus consisted of Bacillus licheniformis and B. subtilis, 

whereas Pseudomonas was represented by Pseudomonas stutzeri and P. mendocina.  Previous 

findings reported that the heterotrophic bacterial community is basically dominated by 

Alphaproteobacteria and Gammaproteobacteria (Tal et al., 2003; Sugita et al., 2005; Wietz et al., 

2009). A study was conducted on the experimental RAS concluded that the majority of the 

heterotrophic bacterial population that grew on the biofilters of RAS were from Bergey’s group 

IV such as Pseudomonas (Leonard et al., 2000).  Meanwhile, populations of heterotrophic 

denitrifying bacteria in a marine RAS contained a representative of the Firmicutes bacteria, such 

as genus Bacillus (Michaud et al., 2009).  Among others bacteria found in biofilter media of 

freshwater RAS, Pseudomonas, Acinetobacter, Flavobacterium, Flectobacillus, and Bacillus 

dominated the microbial communities (Sugita et al., 2005; Itoi et al., 2007).  Denitrifying 

Pseudomonas sp. appear to be the most abundant Gammaproteobacteria in marine RAS filters, 

with strains related to P. stutzeri and P. fluorescence (Leonard et al., 2000; Borges et al., 2008; 

Michaud et al., 2009), while B. licheniformis and B. subtilis have been used to maintain water 

quality parameters for intensive rearing of carp (Cyprinus carpio L) (Bocioc et al., 2015).   

Different harvest frequency of duckweed also affected SGR and biomass harvest of duckweed in 

the biofilter tank. This is probably associated with the abundance and diversity of PSB that 

promotes duckweed growth by supplying it with soluble P in the biofilter tank (Yu et al., 2011). 

PSB may ensure availability of soluble phosphate by solubilising the insoluble phosphate, which 

is normally unavailable to this aquatic weed (Yadav et al., 2011).  The present study showed that 

the PSB bacteria in the biofilter tank were dominated by the genera Bacillus and Pseudomonas.  

Genus Bacillus was represented by three species, B. cereus, B. licheniformis, and B. subtilis, 

while Pseudomonas consisted of two species, P. fluorescence, and P. mendocina. Rodriguez and 

Fraga (1999) stated that the insoluble inorganic compounds of phosphorus could be converted 

into plant usable forms. Acid production by certain microorganisms is indeed involved in 

phosphates solubilisation. The main strains that able to perform this conversion belong to the 

genera Pseudomonas, Bacillus, Micrococcus, Mycobacterium, Achromobacter, Agrobacterium, 

Erwinia, Burkholderia, Flavobacterium, Rhizobium, Mesorhizobium, and Sinorhizobium. 
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The results of the present study demonstrated that most microbial communities found on the 

duckweed biofilter not only get involved in heterotrophic nitrification, but also in phosphate 

solubilisation in IRAS (Table 9.3), indicating that several bacteria may take part in both 

processes, enhancing solubility of the phosphate as well as supporting the removal of 

nitrogenous metabolites from IRAS. Those bacteria are B. licheniformis, B. subtilis, P. 

mendocina, Chrysobacterium indologenes, Azotobacter vinelandii, Acinetobacter calcoaceticus, 

and Achromobacter xylosoxidans.  The results of the present study suggested that PSB and 

heterotrophic bacteria may have synergistic effects on the growth of duckweed.  The PSB may 

have a direct consequence on the growth of duckweed other than the mechanism of phosphate 

solubilisation, for example through the production of phytohormones (IAA), biological nitrogen 

fixation, enhance the availability of other trace elements, increased iron nutrition through iron-

chelating siderophores, and volatile compounds that affects the plant signalling pathways 

(Gyaneshwar et al., 2002; Hariprasad and Niranjana, 2009).   

The improvement in growth and biomass of duckweed by using PSB and heterotrophic bacteria 

may be because the PSB could change the composition of duckweed root secretion and 

plasticity, which in turn may affect the colonization and development of other bacteria including 

heterotrophic bacteria.  The mix of PSB and heterotrophic bacteria provide more balanced 

nutrition for duckweed with the additional supply of N and P to duckweed in addition to growth-

promoting substances generated by these organisms.  Another reason is the interactions between 

PSB and heterotrophic bacteria result in a synergistic effect that allows for the exploitation of 

poorly soluble P sources (Yu et al., 2011).    
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Table 9.3. Activities associated with the duckweed biofilters and participating microorganisms. 

Process Microorganisms 

Heterotrophic nitrification 1. Bacillus licheniformis  

2. Pseudomonas stutzeri  

3. Aeromonas salmonicida  

4. Chryseobacterium indologenes 

5. Bacillus subtilis  

6. Pseudomonas mendocina  

7. Azotobacter vinelandii 

8. Achromobacter xylosoxidans  

9. Acinetobacter calcoaceticus 

Phosphate solubilisation 1. Bacillus cereus 

2. B. licheniformis  

3. B. subtilis  

4. Chrysobacterium indologenes 

5. Pseudomonas fluorescence  

6. P. mendocina  

7. Micrococcus luteus  

8. Azotobacter vinelandii,  

9. Acinetobacter calcoaceticus 

10. Achromobacter xylosoxidans. 

Heterotrophic nitrification and 

Phosphate solubilisation 

1. Bacillus licheniformis  

2. Bacillus subtilis 

3. Pseudomonas mendocina 

4. Chrysobacterium indologenes 

5. Azotobacter vinelandii 

6. Acinetobacter calcoaceticus 

7. Achromobacter xylosoxidans 

 

This study revealed that different harvesting frequency of duckweed not only affects the 

abundance and diversity of both heterotrophic and phosphate solubilising bacteria that play 

essential roles in removing nitrogen and phosphorus from the fish rearing tanks, but also support 

the growth rate and biomass increase of duckweed, which in turn enhances nutrient uptake rates 

by duckweed from barramundi IRAS. 

9.3 Conclusions 

The conclusions have been summarised and stated in the previous chapter from chapter 3 to 9. 

However, the following list is the summary of conclusions drawn: 

1. Duckweed’s integration into barramundi juvenile RAS can maintain optimum water quality 

for barramundi growth and survival due to its high bioremediation efficiency and assimilative 

capacity.  
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2. Harvesting duckweed every four days resulted in higher TAN removal efficiency from 

barramundi juvenile RAS. 

3. Duckweed biofilters are suitable substrates for the attachment, survival, and growth of PSB 

and heterotrophic bacteria. 

4. Some bacteria may involve in both heterotrophic nitrification and phosphate solubilisation. 

5. A 4-day harvest frequency showed stronger correlations between duckweed SGR and biomass 

harvest with the PSB and heterotrophic bacteria diversity in the biofilter tank. 

6. A 4-day harvest frequency maintained an optimum biomass of duckweed. 

7. The carrying capacity of barramundi IRAS may be affected by the capacity of duckweed 

compartment. 

8. Under normal aeration, the stocking density of up to 18.75 kg m-3 resulted in stressed fish, as 

indicated by the increase of plasma cortisol and total T4, and the decrease of total T3.   

9. A higher stocking density of 18.75 kg m-3 may be contributory factors in the increase of FCR 

and the growth suppression of the target species.  

10. The stocking density of 21.63 kg m-3 affected the physiological stress responses in a 

differential manner according to fish size. However, no differences were resulted from 

different rearing systems, RAS and IRAS.  

11. Fish meal can be replaced with up to 35% fermented duckweed meal without compensating 

growth, survival and adverse physiological responses of the juvenile barramundi. 

 

9.4 Limitations of IRAS 

The following are some limitations of the study: 

1. This research was conducted on a small scale, making it hard to extrapolate the size of the 

barramundi. Therefore, a higher scale (commercial) research should be conducted in order to 

evaluate the value of integrating duckweed with barramundi in IRAS.  

2. The possibility of infection; high nitrogenous waste products excreted from the cultured 

species through gill diffusion, as well as urine, and feces, may result in the potential exists for 

a serious disease outbreak. The bacterial fish pathogens may attach and subsist in duckweed. 

When duckweed is harvested and used as an ingredient for the formulated feed, the bacterial 

pathogens transmitted from duckweed to the fish. 
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9.5 Recommendations 

Based on current findings, following recommendations are made regarding further 

research and usage of duckweed in the fish farming system: 

1. To determine the effectiveness of using duckweed as biofilter media in juvenile barramundi 

RAS, water quality parameters should be monitored for 24 hours throughout the study. 

2. Quantification of nitrogen removal rates of heterotrophic bacteria should be conducted in 

order to evaluate duckweed efficiency as substrates for attachment and growth of the 

heterotrophic bacteria. 

3. Further study should be conducted to see the ability of some bacteria in both nitrogen removal 

and phosphate solubilisation in the RAS and IRAS.  

4. A comparative assessment of IRAS and RAS should be evaluated at the same time and 

incorporated all parameters such as growth indices, immune competence, and antioxidant 

enzymes activity. 

5. Physiological stress responses of small size barramundi are different with large-size 

barramundi. 

6. The stocking density of juvenile barramundi in IRAS should be less than 18.75 kg m-3 

However, rearing juvenile barramundi in IRAS is as effective as RAS. 

7. 35% fermented duckweed meals in the diet should be supplemented to maintain higher 

growth performance and health of juvenile barramundi.    
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