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ABSTRACT 

This research focused on the closed-water aquacuItures using the concept of 

biofloc system. The research can be divided into two main sections: (1) determination 

of optimal condition for biofloc formation without aquacultures by adjusting the 

carbon and nitrogen mass C:N ratios, and (2) closed-water tilapia cultivation in the 

biofloc system using the information from the first section. The result from the first 
section found that tapioca starch could substitute glucose for forming bioflocs and 

mineral contents in shrimp diet helped stimulating biofloc formation. Addition of 

carbon and nitrogen sources at the C:N ratio of 16: I was more capable of controlling 

TAN and nitrite concentrations relative to using the lower C:N ratios. 

The result of the zero-water exchanged tilapia cultivation found that the daily 

addition of tapioca starch and tilapia feed at the C:N of 16: 1 was more effective in 

controlling TAN and nitrite concentrations than supplying only fish feed. Suspended 
solids concentration increased rapidly from 30 to 1,118 mg SS/L during the 50 days 
experiment. Morphologies of biofloc regardless of receiving organic carbon appeared 

irregular shape with the presence of filamentous bacteria, rotifers, zooplanktons, and 

microalgae to the lesser extent. Average hydrogen content was similar in both the 
control and treatment tanks (;:::; 4.5% dried weight). Statistical analysis indicated that 

the carbon and nitrogen contents of bioflocs differed significantly between the control 

and treatment tanks. Average carbon content of bioflocs in control tanks (21.7 ± 

3.1 % dried weight) was approximately 60% less than that in treatment tanks (34.5 ± 

0.9% dried weight) while average nitrogen content of bioflocs in treatment tanks (4.2 

± 0.4% dried weight) was nearly twice that in control tanks (2.2 ± 0.3% dried weight). 

The important outcome obtained from the zero-water exchanged tilapia cultivation 
was the role of nitrogen assimilation and nitrification in the control of inorganic 

nitrogen levels in a biofloc aquaculture system. Assimilation and nitrification were 
important for inorganic nitrogen control at different stages of the experiment. In the 

first stage, prior to the occurrence of complete nitrification, addition of organic carbon 

promoted nitrogen assimilation into microbial flocs. In the following stage, 

nitrification and to a lesser extent assimilation were both responsible for effective 
inorganic nitrogen control. Based on the results, further study is necessary to identifY 

ecological relationships between nitrifYing and heterotrophic bacteria in biofloc 
systems. In addition, biofloc management strategy, specifically the development of 

an effective biofloc separator, is necessary to improve the efficiency and sustainability 

of biofloc aquaculture systems. 
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CHAPTER I 

INTRODUCTION 

1.1 Motivations 

Aquaculture is the cultivation of aquatic animals as means to produce food for 

human consumption. Aquaculture can be done in various scales, ranging from small 

earthen ponds for food production in rural area to large commercial scale to meet 
exporting demand. Aquaculture is a rapidly growing food producing sector that has 
grown at an average of 8.9% per year since 1970 compared to only 1.2% for captured 

fisheries and 2.8% for terrestrial farmed meat-production systems over the same 

period (FAO, 2004). Despite the rapid growth, aquacultures still need to increase at 

least 5-folds to satisfy the requirement for human food consumption particularly in the 

developing countries (Subasinghe, 2005; Gutierrez-Wing and Malone, 2006; Matos et 
al.,2006). 

Aquacultures in Thailand are carried out generally in earthen ponds or in 

cages. These practices require significant amount of water from natural resources, 
which are often affected by diseases or waste discharges generated upstream from 

both domestic and industrial sources. Accumulation of wastes in cultured units 
produced during the cultivation can also cause adverse health effects on farmed 

animals, and the release of production water without proper treatment is able to create 
environmental concerns namely ammonium toxicity to fish, eutrophication and 

oxygen depletion in receiving water (Timmons, et aI., 2002; Tchobanoglous et aI., 
2004). For these reasons, the aquaculture industry in Thailand begins to shift its 

production strategy from extensive open-ponds towards intensive closed or semi­

closed systems, which treat and recycle water within farms. In Thailand, the closed or 

semi-close aquaculture systems are normally found in biosecured facilities, which 

strictly control the disease transmitting, or in those shrimp producing farms, which 

received GAP (Good Aquaculture Practice) or CoC (Code of Conduct for 

Aquaculture) from the Department of Fisheries. 

Aquaculture ponds can be categorized into 3 types; outdoor earthen ponds, 
outdoor lining ponds, and indoor pond. Outdoor earthen ponds are popular among 

Thai farmers, while outdoor lining ponds require the synthetic materials such as 
HDPE sheets or cements to cover their soil sediments. Indoor ponds are similar to 
outdoor lining ponds but are largely limited by the availability of light. By excluding 
the natural factors such as light, rain and temperature, it is apparent that the water 
quality within aquaculture ponds is directly related to production aspect. Excessive 

accumulation of inorganic nitrogenous compounds especially ammonium and nitrite 
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is undesirable but often encountered in both outdoor lining ponds and indoor ponds. 

These inorganic nitrogenous compounds are generated from animal excretion and 

biological degradation of unconsumed feeds (A vnimelech and Ritvo, 2003). 

Accumulation of ammonium and nitrite above 1.0 mg NIL is generally known to 

cause adverse health effects towards aquatic stocks including a higher stress, a 
lowering oxygen transport capability in blood, a weakening immune system or even 
death (Crab et aI., 2007). 

Many biological treatment systems have been developed to maintain ammonia 

and nitrite concentrations in culture water. Phytoplankton-based systems are 

attractive due to their simplicity and low operational cost but fail to sustain a stable 

operation because of periodic phytoplankton bloom and crash cycles. NitrifYing 

biofilters have been successfully employed in various aquacultural applications. 
Despite many advantages, the use of nitrifYing biofilters remains costly, and more 
importantly, does not permit the recycling of unconsumed nitrogen in feed 

(A vnimelech, 2006). This is particularly important because protein is the most 

expensive component in feed, yet on average, cultured animals use only 25% to 30% 

of provided nitrogen (Avnimelech 2006). Currently, biofloc systems have been 
receiving attention for closed-water shrimp and tilapia cultivation because they 

feature high production yield, water quality control, and feed protein recycling 

simultaneously in the same culture unit (A vnimelech 2006; Crab et al. 2007; Little et 

al. 2008). In such systems, inorganic nitrogen control is based on an enhancement of 
heterotrophic bacterial growth to assimilate nitrogen into new cellular proteins 

(A vnimelech 2006, Schneider et al. 2007). As bacteria increase biomass, reaching a 
high density, they tend to form noticeable aggregates (bioflocs), which can be 
consumed by some cultured animals as a natural food source (Burford et al. 2004; 

Schneider et al. 2006). Addition of carbon and nitrogen sources at a high C:N ratio 

into aquaculture ponds was recommended for the establishment of bioflocs and 

control of inorganic nitrogen concentration (A vnimelech 1999). 
After an extensive literature search, work in biofloc systems in Thailand is 

extremely limited. Hence, it is appropriate to initiate the research that develops the 
biofloc system that is inexpensive and suitable for the tropical climate found in 

Thailand. Therefore, this work intends to determine the optimal conditions for biofloc 

formation and then applying the obtained data to cultivate aquacultures without any 
water exchange. In addition, the work intends to examine the effects of organic 

carbon addition on inorganic nitrogen conversion processes in biofloc system and 

evaluates the role of assimilation and nitrification. Additional information about 

biofloc composition is also presented. 

1.2 Objectives 

Determine the optimal condition in term of the quantity of carbon and nitrogen 
sources required to achieve the maximum biofloc formation. 



3 

2 	 Apply the optimal condition for the biofloc formation to the zero-water 

exchanged aquaculture and assess the ability of the biofloc technology system 

in maintaining acceptable ammonium and nitrite concentrations. 

3 	 Assess the role of biological processes that are responsible for the nitrogen 

control in the biotloc system. 

1.3 Scopes 

1. 	 The experiment is carried out at the Center of Excellence for Marine 

Biotechnology at the Chulalongkorn University and at the Department of 

Chemical Engineering ofChulalongkom University. 

2. 	 The experiment is located outdoor next to the laboratory building. The 

experimental system is covered with transparent plastic sheet to partially allow 

sunlight and avoid rainwater penetration. 

3. 	 For the determination of the optimal biotloc formation that is performed 

without fish cul ture, the substrate C:N ratios ranging from 2: 1 to 16: 1 are 

chosen to investigate the biotloc formation. The best condition obtained 

earlier is employed for the zero-water exchanged Tilapia cultivation in the 

suspension systems. The experiment used male Tilapia with the initial weight 

from 25 to 40 g and stocked at the initial biomass about of 3.0 kg/m3
. 

Investigate the biotloc characteristics in term sizes and proximate composition 

(C, Hand N). Perform the nitrogen balance at the end of the Tilapia 

cultivation to determine the extents of various processes in controlling 

ammonium and nitrite toxicities. 

4. 	 The following variables are constantly monitored: the concentration of N~+­

N, N02--N and N03--N, biofloc volume, chlorophyll, total solid (TS) and 

suspended solid (SS). The biotloc characteristics were examined by using the 

conventional microscope and the fluorescent microscopy. 

1.4 	 Benefits 

1. 	 The obtained information can be used as guidelines to establish the biotloc 

technology systems under the Thai climate. 

2. 	 The result may be applied as the strategy for sustainable aquacultures and the 

knowledge obtained can be transferred to local Thai aquaculturists. 
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CHAPTER 2 

LITERATURE REVIEW 

2.1 Intensive aquacultures 

Achieving higher production yield is a common goal for today aquacultures. 

However, intensification requires costly investment and operational expense. 

Evolution of pond intensification can be summarized in Table 2.1 . Aquacultures can 
be grown at high density in aerated-mixed ponds. With increasing aquaculture 

biomass, water quality becomes a limiting factor due to accumulation of toxic 

compounds particularly ammonia and nitrite. Three different approaches are used to 

control water quality including (1) exchanging cultured water with freshwater at high 

rates at greater than 5 times per day; (2) treating and recycling water through external 
biofilters; and (3) treating water within pond using algae or activated bacterial 

communities. 

Table 2.1 Evolution of pond intensification, approximate annual fish yields and 

limiting factors (A vnimelech, 2006) 

Pond type Intervention Yields (kg/halyear) Limiting factors 

Minimal Feed Minimal feed with < 2000 Limits of primary 

grains, farm and production food chain 

home residues efficiency 

Fed ponds Feeding by 2,000 - 4,000 Early morning oxygen 

complete diet depletion 

pellets 

Night time Night time or 4,000 - 10,000 Sludge accumulation, 

aeration emergency anaerobic pond 

aerators, -1-5 bottom 

hp/ha 

Intensive mixed 24 h aeration, >20 20,000-100,000 Water quality control 

aerated ponds hp/ha, well-mixed 
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2.2 Important water quality parameters 

Basic knowledge about water chemistry is critical for the success of any 

intensive operation. Table 2.2 lists important water quality parameters required for 

aquacultures. 

Table 2.2 Criteria for water quality parameters in aquaculture (Modified from 

Timmons et aI., 2002) 

Parameters Concentration (mgIL) 

Alkalinity (as CaC03) 


Ammonia (TAN) Cool-water fish 


Ammonia (TAN) Warm-water fish 


Carbon Dioxide (C02) 


Chlorine (CI) 


Hydrogen sulfide (H2S) 


Nitrite (N02) 


Nitrate (N03) 


Oxygen Dissolved (DO) 


pH 


Phosphorous (P) 


Salinity 


Sodium (Na) 


Sulfur (S) 


Total suspended solids (TSS) 


50 - 300 

< 1.0 

< 3.0 

20 - 60 depending on species 

< 0.003 

< 0.002 

< 1.0 

0-400 

> 5 

< 0.005 

6.5 - 8.5 

0.01 - 3.0 

depends on salt or fresh species 

< 75 

< 50 

< 1.0 

< 80 
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2.3 Nitrogen in aquaculture pond 

Air Organic N 1 1 Fertilizer N (i Feed N 

Water 

(g 

Water 
NJ-L.+ 

,--I_N_H_4+~"~~~._N_H_)--l1 ~ 

AlgalN 1 Fish N 

/ 
1 Detrital N ~..--- ­ Fecal N 1 

(d) • N02 ­ • NO)­

(i) 

Mud {~\ (p\ (f) 

NH4+ 

(h)li 
.. NO)­

l 
• N02 ­ • N2O, 

Exchangeable N Lost in seepage 

Fig. 2.1 Nitrogen cycle in aquaculture ponds. The illustration is simplified by 

omitting the food chain between algae and fish. Major processes illustrated are (a) 

assimilation (b) mineralization (c) excretion (d) nitrification (e) nitrate reduction (f) 

denitrification (g) biological nitrogen fixation (h) absorption of ammonia in mud 

cation-exchange reactions and (i) ammonia volatilization. (Modified from Boyd and 

Tucker, 1998) 

Nitrogen is a major nutrient affecting the productivity of aquatic ecosystems 

since it is an essential component of protein and other constituents of cellular 

protoplasm. Aquatic animals meet their nitrogen requirement by obtaining food 

produced naturally within ponds or by feeding from aquaculturists. Figure 2.1 
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illustrates the nitrogen cycles in aquaculture ponds. Clearly, the nitrogen inputs are 

from various sources such as feeding, biomass decay or aquatic animal excretion; and 
undergo many biological reactions both in water column and in sediments to change 

their forms. These biological reactions are essential for natural water treatment in the 

ponds and are used as the basis for the design of water treatment and recirculating 

systems for commercial aquacultures. 

2.4 Important inorganic nitrogen compounds 

Ammonia 

Ammonia is introduced into aquaculture ponds via feeds, aquatic animal 

excretion and the biological degradation of unconsumed feeds. Ammonia is available 

in water in two forms as NH3 or NH4 + depending on the pH of water. Free ammonia 

(NH3) is more toxic towards aquatic animals in comparison to ionized form (N1-4l. 

The proportion offree ammonia increases with increasing pH and increasing temperature. 

Toxic concentrations of ammonia can damage gills of fish, consequently impairing its 

respiratory system. Ammonia also causes neurological and cytological failure in fish. 

The acceptable level of ionized ammonia (N1-4) is 1.0 mg NIL. 

Nitrite 

The presence of nitrite in water is generally trivial as it is the intermediate of 

nitrification process, which converts ammonium into nitrate. However, nitrite 

accumulation in water is possible due to incomplete nitrification and denitrification, 

and its consequence is undesirable. Nitrite can combine with Fe2
+ in hemoglobin 

forming a compound called methamoglobin, which possesses a lower oxygen 

transport capability than hemoglobin. The presence of nitrite at high concentration 

can cause a lack of oxygen in tilapia. In human, nitrite is a potential carcinogen. 

Infant under the age of 6 months may become seriously ill and die, if untreated, after 

drinking water containing nitrite (Nootong, 2008). For the purpose of aquaculture, it 
is desirable to keep nitrite concentration under 1.0 mg NIL. 

Nitrate 

Nitrate is an end-product of nitrification. Nitrate, although is far less toxic 

than ammonium and nitrite, can become toxic towards tilapia when its concentration 

exceeds 70 mg NIL (Van Rijn, 1996). Nitrate is poisonous to human especially in 

baby under 4 to 6 months old because it can bind with hemoglobin to form 

methamoglobin. Discharge of nitrate into natural water resources can cause 

eutrophication, which is a natural aging of freshwater reservoir such as lakes to 

become organically rich, thereby leading to domination of weeds and eventually 

transforming into mash land (Tchobanoglous, et aI., 2003). Discharge of nitrate into 
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natural water resource quickly accelerates eutrophication by stimulating the growth of 

microalgae. 

2.5 Biological processes for inorganic nitrogen treatment 

Treatment of inorganic nitrogen compounds (i.e., ammonia, nitrite and nitrate) 

is accomplishable by different biological processes in the nitrogen cycles. Common 

biological -processes for inorganic nitrogen treatment include nitrogen assimilation, 

ammonification, nitrification, heterotrophic denitrification and recently discovered 

anaerobic ammonium oxidation (Anammox). 

Nitrogen Assimilation 

Nitrogen assimilation can be defined as the process in which nitrogen is 

acquired into cells to form new cell constituents (i.e., biomass). Nitrogen assimilation 

by phytoplankton is important for inorganic nitrogen treatment. Assimilated nitrogen 

is incorporated into proteins of new biomass during photosynthesis. Hargreves (1998) 

estimated that microalgae were capable of assimilating inorganic nitrogen into cells 

from 150 to 450 mg N/m2/day at low temperature and from 750 to 1,500 mg N/m2/day 

at high temperature. Hargreves (1998) further pointed out that microalgae would first 

assimilate ammonium until its concentration is less than 0.3 mg NIL before switching 

to acquire nitrate. Heterotrophic bacteria can also incorporate ammonium and nitrite 

to synthesis new proteins during cell growth. Addition of organic carbon compounds 

quickly enhances assimilating process given that oxygen is available in sufficient 

quantity. Nitrogen assimilation by heterotrophic bacteria and microalgae can be 

described by equation 2.1 and 2.2, with the symbols CsH70 2N and C I06H2630"oN,J> 

representing chemical compositions of heterotrophic bacteria and microalgae, 

respectively (Ebeling and Timmons, 2007). 

- CsH702N + 6.06H20 + 3.07C02 (Bacteria) (2.1) 

16NH/ + 92C02 + HPO/- + 92H20 + 14HC03­

(Microalgae) (2.2) 

Nitrification 

Nitrification is the biological process that converts ammonia successively into 

nitrite and nitrate. Microorganisms responsible for nitrification are chemoautotrophic 

nitrifying bacteria, which are known to utilize inorganic carbon and ammonia as 
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carbon and energy sources, respectively. The first step of nitrification, which 

involves the conversion of ammonium to nitrite, is carried out by ammonium 

oxidizing bacteria (AOB) such as Nitrosomonas, Nitrosolobus, Nitrospira, 
Nitrosococus, and Nitrovibrio (Nootong, 2008). Nitrobacter is commonly recognized 

as bacterial species responsible for the second step of nitrification (i.e., the conversion 

of nitrite to nitrate). Other nitrite oxidizing bacteria (NOB) include Nitrospina and 

Nitrococcus, but they are marine-obligated. Recently, Nitrospira-like bacteria was 

found as common NOB in various wastewater treatment facilities (Nootong, 2008). 

Equation 2.3 and 2.4 represent nitrifying reactions by AOB and NOB. 

(AOB) (2.3) 

(NOB) (2.4) 

Many environmental factors affect nitrification. Effective nitrification is 

observable when the dissolved oxygen (DO) concentration is greater than 2.0 mgIL. 

Pure cultures of Nitrosomonas and Nitrobacter exhibited a stoppage of nitrification 

when the DO is lower than 0.5 mglL. Temperature can also influence the rate of 

nitrification. Freshwater nitrifying bacteria were reported to grow at the temperature 

range from 8 to 36°C, with the optimal temperature at 30 °C (Bitton, 1994). Marine 

nitrifying bacteria were reported to have optimal temperature range from 30 to 35°C 

(Bitton, 1994). The optimal pH for nitrification is reported in the range between 7.0 and 

8.5. The presence of organic carbon in water can also affect the success of nitrification. 

Increasing the BODIN ratio (i.e., increasing organic content) can stimulate the growth of 

heterotrophic bacteria, which possess higher oxygen affinity (Sharma and Ahler, 1977). 

The rate of nitrification was reported to decrease as high as 20 to 29% when the 

organic matters, measured as the chemical oxygen demand (COD) increased from 2 to 

6 kglm3/day (Tchobanoglous, et aI., 2003). Finally, compounds such as organic 

matters, heavy metals, cyanide, thiourea, cresol, phenol, anilines, mercaptan, pesticide 

and halogenated compounds were able to partially and even completely inhibit 

nitrifying bacteria (Bitton, 1994). 

Heterotrophic Denitrification 

Heterotrophic denitrification is a biological process that reduces nitrate into 

nitrogen gas by denitrifying bacteria under oxygen-limited or anaerobic conditions. 

Denitrifying bacteria includes many strains namely Achromobacter, Bacillus 
denitricans, Flavobacterium, Micrococcus denitrificans. Dinitrobacillus. Spirillum 
and Pseudomonas stutzeri (US EPA, 1975). Denitrifying bacteria require electron 

donors, which are normally organic carbon compounds such as methanol, ethanol and 

acetate, to provide carbon as energy source. Among available choices, methanol is 

the most popular due to its price. If using methanol as the electron donor, denitrifying 
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(2.5) 

reaction can be written as shown in equation 2.5. Denitrification increases the pH of 
water since it generates hydroxyl ion. 

Many environmental factors affect denitrification including DO, temperature, 

pH and inhibitory compounds. Low DO must be kept in order to sustain successful 
heterotrophic denitrification. Many reports suggested different threshold for the DO 

concentration ranging from 0.2 to 2.0 mgIL but generally the accepted DO values 

should not exceed 0.5 mgIL (Christensen and Harremoes, 1977). Denitrification is 

active under wide temperature range from 0 to 50°C with the optimal values reported 

between 35 and 40 °C (Winker, 1984). It is agreeable that the optimal pH range for 

heterotrophic denitrification is between 7 and 8 (Winkler, 1984). The rate of 
denitrification decreases approximately 30% when the pH is outside that range. 
Heterotrophic denitrification is inhibited by many substances such as acetylene, 

pesticides and nitrifying inhibitors. Sulfide inhibits nitric oxide and nitrous oxide 

reduction process. Metal chelating agents such as potassium cyanide, dithiol and 0­

phenanthroline inhibits nitrate reductase in denitrifying bacteria. 

Anaerobic Ammonium Oxidation (Anammox) 

Anaerobic ammonium oxidation (Anammox) is a biologically process that 

autotrophically converts ammonium to nitrogen gas with nitrite as a terminal electron 
acceptor. Anammox does not require organic carbon to produce nitrogen gas (Khin 

and Annachhatre, 2004 but has the disadvantage compared to heterotrophic 

denitrification because the bacteria responsible for this process, Plantomecetaies, 

have an extremely slow growth with the doubling time about II days (Khin and 
Annachhatre, 2004). The quality of wastewater that was used during Anammox 

research contained extremely high concentrations of ammonium (i.e., low CIN ratio), 

a characteristic that is in contrast to aquaculture wastewater (Nootong, 2008). The 

optimal conditions for anammox are similar to those for nitrification except strictly 
anaerobic. Recently, anammox activity was commonly noticed in sediments. 

2.6 Inorganic nitrogen treatment in biotloc systems 

Biofloc system features inorganic nitrogen treatment and feed protein 
utilization in the same cultured unit. Biofloc system is applicable in both freshwater 

and marine environments (Azim et a!., 2008) and is sustainable in both intensive and 
extensive aquaculture productions (Hari et aI., 2006; A vnimelech, 2006; Crab et aI., 

2007). Research works on bioflocs system have focused mainly on the cultivation of 

shrimp and tilapia. According to Fig. 2.2, the removal of inorganic nitrogen 
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compounds (e.g., NH3, NH4+, N02) in bioflocs technology systems is engineered 

based on enhancing heterotrophic bacterial growth to assimilate nitrogen into new 
cellular proteins during microbial biomass synthesis. As bacteria in water flourish 

reaching high density, they tend to form noticeable amorphous aggregates (i.e., 
bioflocs) (Burford et aI., 2003). Other components in bioflocs include autotrophic 
bacteria, microalgae, zooplankton, protozoa, inorganic matters (e.g., sand) and the 
remains of death microorganisms (Avnimelech, 2006). Structure of bioflocs is 

irregular and highly-opened with the porosity ranged from 65 to 75% of the total 

aggregate volume. Cruz (1995) described structural similarity between bioflocs in 

aquaculture systems and those normally found in activated sludge processes. 

Carbon 
Source 

A 
I 

----------, 
.,,-~ ~ i 

I 
Bioflocs 

I I._----.----_. 
I 

Uneaten 

Feed I \
Feces • I , , , I I 

, , I 

, , " 
'. .: : 

TAN " 

(Total Ammonia nitrogen) -. ~ -:. - - - - -~ N02 


[ Pond ---]
Sediment 

Fig. 2.2 Inorganic nitrogen treatment and protein reutilization concept in a biofloc 

system (Nootong, 2008) 

Engineering of Bioflocs Technology 

Equation (2.6) indicates the reaction scheme describing inorganic nitrogen 

assimilation into new microbial biomass (i.e., CSH702N). This process, if properly 

adjusted to enhance microbial nitrogen uptake, could effectively reduce excessive 
ammonia and nitrite accumulations in water. Clearly, addition of organic compounds 
(e.g., molasses, starch, cassava meal) into production ponds, heavy aeration and good 
mixing are important for establishing bioflocs systems. 
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1. Addition of organic carbon 

Transition of ponds to more heterotrophic dominance could be accomplished 

and maintained by providing sufficient amounts of organic carbon or other forms of 

carbohydrate. Tacon et a!. (2002) reported a gradual transformation of outdoor 

shrimp cultivating tanks from phytoplankton based autotrophic food web towards 

bacterial based heterotrophic food web after 4 weeks of the daily addition of shrimp 

diets containing wheat as a major ingredient. In another report, addition of grain 

feeds (i.e., mixtures of soybean, wheat grain and corn) containing 18 to 22% proteins 

and molasses into high-density (120 shrimp/m2) zero-exchanged shrimp ponds in 

Belize could promote the change of pond dynamics from phytoplankton to more 

heterotrophic dominance after 8 to 10 weeks of continued supplying organic-mixed 

feeds (Boyd and Clay, 2002). Excessive accumulation of inorganic nitrogen 

compounds in bioflocs systems could be avoided by maintaining high substrate C:N 

ratios in ponds under aerobic condition. A vnimelech (1999) described a complete 

removal of 10 mg NH/-NIL within the period of 2 hours following the addition of 

glucose at the concentration 20 times higher than that of total ammonia nitrogen 

(TAN). Fontenot et a!. (2007) used molasses and ammonium salts to adjust the C:N 

ratios of shrimp aquaculture wastewater and obtained the result that the optimal C:N 

ratio was 10: I for the most effective wastewater treatment. Similar results were 

reported by Azim et a!. (2008) that the optimal bioflocs development measured in 

term of volatile suspended solids (VSS) and BODs was observed at the C:N ratio of 

11.6. 

2. Aeration and Mixing 

Constant aeration and good mixing of water are essential for maintenance of 

biofloc system. Bioflocs ponds could be considered as the biological completely 

mixed reactors. Under sufficient oxygenation and mixing, heterotrophic bacteria are 

able to assimilate as much as 40 to 60% of the total organic matters added. 

Inadequate aeration and mixing result in excessive organic loading in water and quick 

solid sedimentation at bottom of the pond that could easily develop into anaerobic 

conditions (Avnimelech, 1999; and Avnimelech and Ritvo, 2003). As a result, 

aeration is normally provided 24 hours a day and is typically achieved via mechanical 

aeration devices to maintain DO concentrations above 4.0 mgIL (Boyd and Clay, 

2002). Malfunction of aeration equipment in biofloc systems could lead to a rapid 

decrease of oxygen inventory. The availability of dissolved oxygen in water may 

determine bioflocs structures. Filamentous bacteria tends to dominate when DO is 
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less than 2 mg/L whereas larger and more compact bacteria bioflocs are more 

abundant at higher DO levels (i.e., DO = 2.0 - 5.0 mgIL) (Martin et aI., 2004). 

Schryver et al. (2008) recommended operating bioflocs ponds at high DO level (i.e., 

floes volume index (FYI) > 200 mUg) to avoid bioflocs settling too quickly into dead 
zone region of ponds. 

Feed Reutilization in Biofloc Systems 

An important feature of bioflocs system, which offers the distinct advantage 

over traditional aquaculture cultivations and attached-growth external biofilters 
systems, is the reduction in feed expenses due to more effective protein recovery from 

uneaten feed via bioflocs consumption by aquacultures. Aquatic animals in biofloc 

systems are able to consume proteins in feeds at least twice; once in feed and later 

from bioflocs proteins. Aquaculture systems employing bioflocs could reduce the 

feed expense by either lowering the amount of feed required or switching the feeds 
from high to low protein contents. For example, AvnimeJech et al. (1994) cultivated 

tilapia in freshwater by using sorghum as supplemental carbon source in combination 
with feed pellets containing only 20% proteins. The experimental outcome indicated 

a significant increase of protein recovery rates from 23 to 43% that was equivalent to 
almost 50% cost saving when using 30% protein feed pellets alone. For saline 

cultivating systems, nitrogen recovery rates were comparable to those in freshwater. 

Nitrogen recovery rates in a super-intensive shrimp cultivation in Belize were roughly 
39% of the quantity available in feeds (Boyd and Clay, 2002). Nitrogen recovery rate 
was almost double the values typically reported in traditional shrimp cultivation with 

frequent water exchange (Boyd and Clay, 2002). Additional work focusing on 

extensive shrimp farming by Hari et al. (2004) utilized biofloc concept by adding 0.39 

kg of tapioca flour as supplemental carbon source per kg of 25% protein shrimp diets 

during Penaeus monodon production. Result demonstrated that 35% reduction in feed 

expense and 54% increase in revenue could be accomplished compared to supplying 

shrimps with only 40% protein feed pellets. 

Disadvantages 

Biofloc system has several disadvantages. Due to high heterotrophic growth, 

significant amounts of suspended solids are produced during aquaculture production 
causing high turbidity of water that could become a problem to some aquatic species. 

High sludge production also accompanies by significant CO2 formation that leads to a 
rapid pH reduction in production ponds. Excessive sludge generation and maintaining 

of high sludge age could enhance the proliferation of protozoans, which are known 
natural predators of heterotrophic microorganisms. Therefore, a weekly sludge 
draining must be performed as means to reduce a possible sludge accumulation on 
pond bottom and to avoid excessive turbidity in shrimp farms. More frequent 
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operations as high as few times a day are possible in fish farms due to higher solid 

loadings (Boyd and Clay, 2002). Alkalinity in forms of CaC03 and NaHC03 is 

required to maintain optimal pH and alkalinity ranging between 7 and 8 and between 

100 and 150 mg/L CaC03, respectively. Another limitation of bioflocs system is high 

oxygen consumption and mixing requirement to ensure that heterotrophic bacteria are 

suspended in water and able to degrade added carbon aerobically. Oxygen demand in 

bioflocs system is more intensive than conventional cultivation. Oxygen requirement 

was estimated in the range from 1.0 to 1.2 kg O2 per kg feed. 
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CHAPTER III 

METHODOLOGY 


This research can be divided into two main sections: the first section was the 

determination of optimal conditions for biofloc formation without fish culture while 

the second section applied the data obtained the first section to the zero-water 

exchanged tilapia cultivation in biofloc systems. Figure 3.1 illustrates the flow 

diagram describing the experiment structure. 

I Experimental Framework J 
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I ------------------~-----------------I 

: Exp.S Zero-water exchanged tilapia : 
: cultivation using the result from Exp. 1 : 
: to 4. : 

~::::::::::::::::-~-::::::::::::::::~ 

I I 

: Exp.6 Zero-water exchanged tilapia : 
: cultivation - an improvement from : 
: experiment S : 
1______ -----------------------------, 

Optimal condition for biofloc 
formation without fish culture 

Closed-water tilapia grow-out 
using data from part I 

r­

~---------------------------- - ---, 

: Exp.l Effects of manipulating the : 
f+: substrate C:N ratio using glucose as : 

: organic carbon source and tap water : 
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I Exp.2 Effects of manipulating the :
r+i substrate C:N ratio using glucose as : 
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: 
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Exp.3 Comparison between sources 
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I
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I 

: Exp.4 Effect of manipulating the : 
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organic carbon source : 
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Fig. 3.1 Framework of the experiments in this study 
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3.1 Optimal condition for biofloc formation without aquacultures 

3.1.1 Experiment 1: preliminary data and the effects of manipulating the 
substrate C:N ratio using glucose as organic carbon source and tap water 

The experiment was conducted in a control (n = 3) and 4 treatments (n = 3) by 

using J5 identical glass bottles (7 L), which were filled up with tap water to attain the 

working volume of 4 L. Glucose and ammonium chloride <NH4Cl) were used as 

carbon and nitrogen sources, respectively. Different amounts of glucose and 

ammonium chloride were added daily into the control and treatments to provide 

different substrate C:N ratios. The control and treatment were supplied daily with 

15.3 mg NH4CI only to achieve the ammonium dose at 1.0 mg NIL. Different 

amounts of glucose having the weight of 20, 40, 80 and 160 mg were added into the 

treatments on the daily basis to produce the substrate C:N ratios of 2: I, 4: 1, 8: 1 and 

16: 1, respectively. One diffusive stone aerator was placed in each glass bottle to 

provide adequate mixing and dissolved oxygen (DO) at greater than 3.0 mgIL. The 

pH and alkalinity were maintained between 7 and 8 and between 100 and 150 mgIL, 
respectively by the addition of NaHC03. The glass bottles were located outdoor 

adjacent to the laboratory building to receive sunlight and were entirely covered by 

plastic lid to prevent rainwater. Daily water samples from each bottle were obtained 

and immediately analyzed for total ammonia nitrogen (TAN), nitrite (N02" -N) and 

nitrate (N03"-N) concentrations according to APHA (1998). 

3.1.2 Experiment 2: preliminary data and the effects of manipulating the 
substrate C:N ratio using glucose as organic carbon source and pond water 

The experiment was conducted in a control (n = 3) and 2 treatments (n = 3) by 

using 9 identical glass bottles (7 L), which were filled up with natural water from 

pond located near the Faculty of Science at Chulalongkorn University, to attain the 

working volume of 4 L. Glucose and ammonium chloride were used as the carbon 

and nitrogen sources, respectively. Different amounts of glucose and ammonium 

chloride were added daily into the control and treatments to provide different sets of 

substrate C:N ratios. The control and treatments were supplied daily with) 5.3 mg 

NH4CI only to achieve the ammonium dose at 1.0 mg NIL. Different amounts of 

glucose having the weight of 20 and ) 60 mg were added into the treatments on the 

daily basis to produce the substrate C:N ratios of 2:1 and 16:1, respectively. One 

diffusive stone aerator was placed in each glass bottle to provide adequate mixing and 

DO at greater than 3.0 mgIL. The pH and alkalinity were maintained between 7 and 8 

and between 100 and 150 mg/L, respectively by the addition of NaHC03. Glass 

bottles were located outdoor adjacent to the laboratory building to receive sunlight 

and were entirety covered by plastic lids to prevent rainwater. Daily water samples 
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from each glass bottle were obtained and immediately analyzed for TAN, nitrite, 
nitrate and suspended solids according to APHA (1998). Chlorophyll was measured 
according to Strickland and Parson (1972). 

3.1.3 Experiment 3: comparison between sources of organic carbon in controlling 
inorganic nitrogen 

The experiment was conducted in a control (n = 3) and two treatments (n = 3) 
by using 9 identical glass bottles (7 L), which were filled up with tap water to attain 
the working volume of 4 L. Glucose and tapioca starch (ETC International, Bangkok, 
Thailand) were used as carbon source while ammonium chloride remained as the 
nitrogen source. The control and treatments was supplied daily with 30.6 mg NH4CI 
only to attain the ammonium dose at 2.0 mg NIL. Treatment I was also supplied 
daily with 320 mg of glucose to achieve the C:N ratio of 16: 1. Similarly, treatment 2 
was added with 512 mg of starch to produce the C:N ratio of 16: 1. One diffusive 
stone aerator was placed in each glass bottle to provide adequate mixing and DO at 
greater than 3.0 mg 021L. The pH and alkalinity were maintained between 7 and 8 
and between 100 and 150 mg/L, respectively by the addition of NaHC03. The glass 
bottles were located outdoor adjacent to the laboratory building to receive sunlight 
and were entirely covered by plastic lids to prevent rainwater penetration. Daily 
water samples were obtained from each glass bottle and immediately analyzed for 
TAN, nitrite and nitrate according to APHA (1998). 

3.1.4 Experiment 4: effect of manipulating the substrate C:N ratio with tapioca 
starch as organic carbon source 

The experiment was carried out in 1 control (n = 3) and two treatments (n = 3) 
by using 9 identical glass bottles (7 L), which were filled up with tap water to attain 
the working volume of 4 L. Tapioca starch (ETC International, Bangkok, Thailand) 
was used as a sole carbon source while ammonium chloride and commercial shrimp 
diets were employed as the combined nitrogen sources. The proportion of nitrogen 
mass from ammonium chloride and shrimp diets was fixed at 4: I (i.e., 1.0 g of 
nitrogen mass was from 0.8 g N from NH4C1 and 0.2 g N from shrimp diets). The 
control was supplied daily with 15.3 mg NH4Cl and 17.7 g of 20% shrimp diets to 
attain ammonium dose at 1.0 mg NIL. Treatment I was supplied on a daily basis with 
15.3 mg N~CI, 17.7 g of 20% shrimp diets and 66 mg of starch to achieve the 
substrate C:N ratio of2: I. Treatment 2 was provided daily with 15.3 mg ~Cl, 17.7 
g of20% shrimp diets and 528 mg of tapioca starch to attain the substrate C:N ratio of 
16: I. A diffusive stone aerator was placed in each glass bottle to provide adequate 
mixing and DO at greater than 3.0 mgIL. The pH and alkalinity were maintained 
between 7 and 8 and between 100 and 150 mg/L, respectively by the addition of 
NaHC03. The glass bottles were located outdoor adjacent to the laboratory building 
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to receive sunlight and were entirely covered by plastic lids to prevent rainwater 
penetration. Daily water samples were obtained from each glass bottle and 
immediately analyzed for TAN, nitrite and nitrate according to APHA (1998). 

3.2 Zero-water exchanged tilapia cultivation in a biofloc system using 
the result from section 3.1. 

3.2.1 Experiment 5: zero-water exchanged tilapia cultivation in a biofloc system 

Zero-water exchanged tilapia cultivation was carried out in a biofloc system 
using the result from section 3.1. Six circular plastic tanks (upper inner diameter of 

105 cm; lower inner diameter of 86 cm; height 78 cm) were filled with freshwater 

from ponds at the Chulalongkorn University to attain 500-L working volume. The 

initial total suspended solids concentration in the pond water was 25 mg SSIL. 

Mixing and circulation were provided with a submersible pump and three air diffusers 

that were placed in each tank to maintain dissolved oxygen (~O) concentrations 

greater than 4.0 mgIL. Each tank was covered with a semi-transparent lid to prevent 
the uncontrolled addition of rainwater. 

Male Nile tilapia, Oreochromis ni/otieus, from Manit Farm (Phetchaburi 

Province, Thailand) with an average weight of 30 ± 5 g were stocked in each tank to 
obtain an initial biomass of approximately 3.0 kglm3 (:::::: 45 to 47 fish per tank). 

Tilapia were grown without intentional water exchange for 50 days, and were fed 

twice daily at 0900 and 1700 with 35% protein commercial feed pellets (Manit Farm 

Brand, Thailand) at 3% of total fish weight per day. Control tanks (n = 3) were 

supplied on a daily basis with feed only while treatment tanks (n = 3) were supplied 

daily with feed plus tapioca starch (ETC International Trading, Bangkok, Thailand) at 

a weight C:N ratio of 16: I, relative to the nitrogen content of feed input. The 

proximate weight composition of tapioca starch was: starch 85%, moisture 12.5%­
313.0%, ash 0.2%, and pulp 0.2 cm (ETC International Trading, Thailand). 

Calculation of starch requirement was based on fish density and used the following 

assumptions: feed contains 35% protein; feed is provided at 3% of total fish weight 

per day; protein is 16% nitrogen; approximately 75% of total nitrogen in feed ends up 
in water; and 50% of starch dry matter is carbon. The pH was maintained between 7 

and 8 and alkalinity was maintained between 100 and 150 mglL CaC03 by periodic 

addition of NaHC03. Tilapia grow-out was conducted without any solids removal. 
Water samples from each tank were obtained daily at 1400 and immediately analyzed 

for total ammonia nitrogen (TAN), nitrite, nitrate (N03-N) and total suspended solids 
according to APHA (1998). Prior to sampling, water in each tank was manually 

agitated using a long wooden stick (length :::::: 2 m) to re-suspend settled solids. 

Biofloc (i.e., settleable solids) volume was determined after 30-min sedimentation in 
an Imhoff cone (APHA, 1998). Water samples from the tanks in each group were 
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combined and settled in an Imhoff cone, and the settled solids dried overnight for 
analysis of carbon, hydrogen, and nitrogen contents using a CHN analyzer (Perkin 
Elmer PE2004) based on the Pregl-Dumas method. Statistical analysis (t-test: paired 
two-sample for means) for TAN, nitrite, nitrate, and suspended solids concentrations 
between the controls and treatments were calculated using Microsoft Excel 2007. 
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CHAPTER IV 


RESULTS 


4.1 Laboratory experiment to determine the optimal condition for 
biofloc formation 

4.1.1 Experiment 1: preliminary data and the effects of manipulating tbe 

substrate C:N ratio using glucose as organic carbon source and tap water 

Experiment I was conducted to obtain the preliminary data for biofloc 

formation. Since tap water had low amount of microorganisms, approximately 5 g of 
sediment from nitrifying biofiIters treating water from shrimp cultivating tank in the 

same laboratory were used as initial microbial seeding. Glucose was chosen as an 
initial carbon source because it was easy to obtain commercially and more 

importantly it was easily consumed by microorganisms. The source of nitrogen is 

ammonium chloride. The daily addition of ammonium chloride at 1.0 mg NIL 
resulted in the accumulations of TAN followed by nitrite while the extent of inorganic 

nitrogen accumulations was clearly related to the amount of glucose added daily (Fig. 

4.1). TAN concentrations were higher than the acceptable limit (i.e., 1.0 mg NIL) for 

practical aquacultures (Fig. 4.1 A). TAN concentrations in the control and treatments 

increased from negligible levels (i.e., TAN < 0.1 mg NIL) to reach the maximum 
values ranged from 14.6 to 23.4 mg NIL before declining after day 6. The addition of 

glucose and ammonium chloride in the treatment receiving the C:N ratio of 16: 1 was 

able to maintain lower TAN concentrations than the control and other remaining 
treatments. Nitrite concentrations were significantly lower than practical aquaculture 

limit (i.e., 1.0 mg NIL) for most of the experiment (Fig. 4.18). The maximum nitrite 

concentrations ranged from 0.96 to 1.75 mg NIL were observed in the control and 

treatments after TAN concentration started to diminish on day 6. The daily 

supplement of glucose and ammonium chloride in the treatments receiving the C:N 

ratio of 8: 1 and 16: 1 was capable of producing the average nitrite concentration below 
0.2 mg NIL for the entire experiment. Nitrate concentrations were relatively lower 

than TAN and nitrate concentrations and appeared to increase gradually for all 
treatments to suggest the occurrence of nitrification (Fig. 4.1 C). The highest nitrate 
concentration was observed in the control, which was supplied on the daily basis with 

ammonium chloride only. Lower nitrate concentrations were associated with the 
treatments receiving glucose addition. Moreover, water in the treatment receiving the 

C:N ratio of 16: 1 was the most turbid compared to other treatments due to 

proliferation of phytoplankton. 
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Fig. 4.1 Effect of changing the substrate C:N ratio on the concentrations of TAN (A), 

nitrite (B), and nitrate (C). The control and treatments received different amounts of 

glucose and ammonium chloride as followed: (Control) NH4Cl only, (Treatment 1) 

C:N = 2:1, (Treatment 2) C:N = 4:1, (Treatment 3) C:N = 8:1 and (Treatment 4) C:N 

= 16: 1. 
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4.1.2 Experiment 2: preliminary data and the effects of manipulating the 
substrate C:N ratio using glucose as organic carbon source and pond water 

In this experiment, natural pond water near the faculty of Science at the 

Chulalongkom University was used to provide microbial seeding. Once again, the 

daily addition of glucose and ammonium chloride were the carbon and nitrogen 

sources for bacteria, respectively. An initial suspended solids concentration of pond 
water was at 25 ± 5 mg SS/L. TAN concentrations were higher than the acceptable 
limit of 1.0 mg NIL in the control and treatment 1 for most of the experiment (Fig. 
4.2A). In those systems, TAN concentrations increased from less than 0.5 mg NIL to 
reach the maximum concentration measured at 8.0 mg NIL on day 9 before starting to 

decline. Treatment 2 receiving the C:N ratio of 16: 1 was more effective in 

maintaining TAN concentrations compared to other treatments, showing the TAN 

concentrations less than 2.0 mg NIL for the entire experiment (Fig. 4.2A). Nitrite 

concentrations in the control receiving zero glucose addition increased more rapidly 

compared to other treatments but the nitrite concentrations was still below the 

acceptable level (Fig. 4.2B). Glucose addition appeared more effective in controlling 

nitrite with the average nitrite concentrations less than 0.2 mg NIL. Nitrate 

concentrations were in the range from 1.0 to 1.5 mg NIL for all treatments and did not 

seem to be affected by varying amount of glucose addition (Fig. 4.2C). During the 

experiment, the color of water changed due to phytoplankton growth (Fig. 4.3). For 

the control and treatment 1, phytoplankton flocculated at the end of experiment, 
resulting in a clear separation from water. The reason of this observation was still 

unknown at this stage. Measurement of chlorophyll concentrations in the control and 

treatment 1 showed a slight increase from 20 to 180 mg/m3
, suggesting slow 

phytoplankton growth (Fig 4.4). A more rapid phytoplankton growth occurred in 
treatment 2 receiving the C:N ratio of 16: 1 as the water changed from light green to 

dark shading in less than a week. Chlorophyll concentrations in treatment 2 increased 

from 15 to 265 mg/m3
, a significant difference from the control and treatment 1. 

Suspended solids concentrations also followed the trend of algal bloom, increasing 

from 34 to 250 mg SS/L (Fig. 4.4). Microscopic examination ofbiofloc samples from 

treatment 2 receiving the daily C:N ratio addition of 16: 1 demonstrated that biofloc 

morphology was irregular and contained ranges of microorganisms including 
phytoplankton, filamentous bacteria, rotifers, protozoa and detritus. Clearly, the 

conclusion obtained from this experiment indicated that pond water was more 

effective than tap water as it already contained microorganisms (e.g., phytoplankton 
and bacteria) that can immediately utilize carbon for their growth and establish 

inorganic nitrogen control. Applying high substrate C:N ratio at 16: I was still 

effective in maintaining acceptable TAN and nitrite concentrations in comparison to 

using lower substrate C:N ratios. 
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Fig. 4.2 Concentration profi les of TAN (A), nitrite (B) and nitrate (C) in experiment 

2 that used pond water to provide initial bioflocs. Tapioca starch and ammonium 

chloride were added daily into each glass bottles as followed; (Control) nitrogen only, 
(Treatment 1) C:N = 2:1 and (Treatment 2) C:N = 16:l. 
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Fig. 4.3 Water characteristics after the addition of tapioca starch and ammonium 

chloride at different C:N ratios: (A) control on day 1 (8) treatment 1 on day 1 (C) 
treatment 2 on day 1 (D) control on day 18 (E) treatment 1 on day 18 (F) treatment 2 

on day 18. 

Tot:!1 suspt'llded solid 	 Chlorophyll-a (Chi-a) 

~NOnly -C:N=21 --6-C:N=16:1 ~NOn ly -C:N=2: 1 --6-CN=1 6: 1 
300 	 '% 400 

;;i'2~0 
~ 300~200 c. c. 


~ 150 
 .1 200 
-5

!-< 100 100 


50 
 o 
o o 10 15 20 25 

o 	 10 15 20 

Day 


Day 

Fig. 4.4 Suspended solids and chlorophyll concentrations in experiment 2 that used 
pond water to provide initial bioflocs: (Control) nitrogen only, (Treatment I) C:N = 
2: I and (Treatment 2) C:N = 16: 1. 
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4.1.3 Experiment 3: comparison between different sources of organic carbon in 
controlling inorganic nitrogen concentrations 

This experiment was conducted to compare the effect of using two different 

organic carbon compounds, glucose and tapioca starch, in controlling inorganic 
nitrogen concentrations. Tapioca starch was expected to be more practical than 

glucose in the actual aquacultures because it is available in large quantity and cheaper 

than glucose. Since the purpose of this experiment was comparing the effectiveness 

between glucose and tapioca starch, the tap water was used. Ammonium chloride, 

once again, was the nitrogen source and was supplied daily into each treatment at 2.0 

mg NIL while the C:N ratio was maintained at 16: I. TAN and nitrite concentrations 

were less than 1.0 mg NIL regardless of organic carbon sources while nitrate 

concentrations were between 0.8 and 1.6 mg NIL (Fig. 4.5). The average TAN 
concentrations were 0.106 ± 0.177 and 0.034 ± 0.048 mg NIL for treatment 1 

(glucose) and treatment 2 (starch), respectively. The average nitrite concentrations 

from both treatments were similar measured at 0.024 ± 0.053 mg NIL for glucose and 
0.030 ± 0.043 mg NIL for starch. The statistical analysis (t-test) indicated that TAN 
concentrations were insignificantly different between treatments receiving glucose 

and tapioca starch (Table 4.1). Similar result was obtained for nitrite concentrations. 

Therefore, glucose can be substituted by tapioca starch as the carbon source to 

maintain acceptable inorganic nitrogen concentrations in water. 

Table 4.1 Data for inorganic nitrogen compounds in experiment 3 

TAN (mg NIL) Nitrite (mg NIL) Nitrate (mg NIL) 
Day 

Glucose Starch Glucose Starch Glucose Starch 

0.006 0.040 0.015 0.000 0.855 1.157 

2 0.070 0.005 0.007 0.071 0.909 0.979 

3 0.005 0.148 0.002 0.009 0.756 1.018 

4 0.007 0.008 0.010 0.004 0.819 1.220 

5 0.091 0.023 0.007 0.041 1.039 1.283 

7 0.527 0.029 0.000 0.000 0.691 0.832 

9 0.003 0.018 0.000 0.000 0.997 1.191 

II 0.141 0.003 0.154 0.116 0.989 0.949 

Average 0.106±0. 177 0.034±0.048 0.024±0.053 0.030±0.043 0.882±0.124 a 1.079±0.157 a 

T-Test P=0.1610 P=0.3116 P=0.0028 

• Indicated statistically insignificant differences (P < 0.05) 
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Fig. 4.5 Inorganic nitrogen concentrations from the control and treatments: (A) 
control with daily addition of nitrogen only, (B) Treatment 1 with daily addition of 

glucose at C:N = 16: I and (C) Treatment 2 with daily addition of tapioca starch at 
C:N = 16:1. 

4.1.4 Experiment 4: effect of manipulating the substrate C:N ratio with tapioca 

starch as organic carbon source 

The effect manipulating of substrate C:N ratios was investigated with tapioca 
starch as the sole organic carbon source. Nitrogen from ammonium chloride (80%) 

and commercial shrimp diets (20%) were combined and added daily into the control 
and treatments at 1.0 mg NIL. Shrimp feed was used as an additional nitrogen source 



27 

in this experiment because it contained essential trace elements and metals required 

for bacterial growth. No significant difference was observed for TAN concentrations 

in each treatment (Fig 4.6A). Maximum TAN concentrations, approximately 5.0 mg 

NIL in each treatment, were reached on day 5 before rapidly decreasing below 1.0 mg 

NIL by day 13. Nitrite concentrations accumulated since the first day of experiment 
and started to diminish after day 15, with the concentrations less than the acceptable 

limit (i.e., 1.0 mg NIL) throughout the experiment (Fig. 4.6B). Treatment 2 receiving 

the C:N ratio of 16: 1 was slightly more effective in controlling nitrite than the control 

and treatment I as can be demonstrated by a more rapid decrease in nitrite 

concentrations between day 10 and day 20. Insignificant difference in nitrate 
concentrations was observed between the control and treatments where nitrate 

concentrations ranged from 1.0 to 2.0 mg NIL (Fig. 4.6C). The levels of suspended 
solids formation were clearly affected by varying the magnitude ofC:N ratio addition 

(Fig 4.7). Suspended solids concentrations in treatment 2 receiving the C:N ratio of 
16: 1 increased significantly from less than 25 to 800 mg SS/L, whereas substantially 

lower suspended solids concentrations were observed in the control and treatment 1. 
Suspended solids concentrations in treatment 1 were also slightly higher than the 

control. Chlorophyll concentrations increased during the experiment but it was the 

chlorophyll-c that accounted for the highest amount at the end of the study (Fig 4.7). 

The concentrations of chlorophyll-a, chlorophyll-b and chlorophyll-c in treatment 2 

were 1047, 812 and 2233 mg/m3
, respectively by the end of experiment. The 

presence of chlorophyll-c suggested that diatoms developed into the dominant 
phytoplankton species in water. Factors influencing the population dynamics of 

phytoplankton needed to be further investigated in the future. Table 4.2 summarizes 

water quality data measured during experiment 4. 
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starch as a sole carbon source and NH4CI/shrimp diets as combined nitrogen sources: 
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Fig. 4.7 Suspended solids and chlorophyll concentrations in water that was supplied 

with tapioca starch as a sole carbon sources and NH4CI/shrimp diets as combined 

nitrogen sources: (A) nitrogen sources were added to the control daily, (B) C:N ratio 

of 2: 1 was added dai Iy to treatment 1 and (C) C:N ratio of 16: 1 was added daily to 

treatment 2. 

Table 4.2 Water quality parameters measured in the experiment 4 - display is the 

mean±SD (min.-max.) of three replications 

Parameters 	 Carbon to nitrogen ratio 

Control Treatment 1 Treatment 2 

(N Only) (C:N =2:1) (C:N =16:1) 

Temp. (0C) 3 I .90±O.36 32.18±O.34 32.21±O.1 I 

(26.77-3 7.10) (2 7.00-37.40) (26.87-37.40) 

pH 9.00±O.O7 8.99±O.O8 8.90±O.Il 

(8.47-9.65) (8.40-9.68) (8.31-9.57) 

Alkalinity 83.33±IO.81 8S.48±7.68 93.33±8.63 
(mg CaC03/L) (46.67-126.67) (46.67-120.00) (63.33-120.00) 

TSS (mgIL) l22.67±SI.04 198.06± 114.46 34S.64±16S.37 
(42.71-191.57) (58.18-360.00) (53.38-841 .14) 

Chlorophyll-a 249.28±21S.70 437.30±279.90 269.20±318.09 

(mg/m3 
) (0.00-651 .15) (21.51-1208.52) (0.00-1047. 03) 

Chlorophyll-b 123.S8±217.90 241.27±287.73 146.14±332.20 
(mg/m3 

) (0.00-384.03) (9.31- 764.35) (0.00-811. 71) 

Chlorophyll-c 440.28±747.42 696.64±849.90 43S.82±787.42 
(mg/m3 

) (0.00-1325.64) (7.11-2314.33) (0.00-2233.12) 
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4.2 Zero-water exchanged tilapia cultivation in a biofloc system 

4.2.1 Experiment 5: zero-water exchange tilapia cultivation in a biofloc system 

Ranges of pH, temperature and alkalinity in control and treatment tanks were 
comparable and within acceptable range for practical aquaculture (Table 4.3). DO 

concentration was not a growth-limiting factor because it was maintained above 4.0 
mgIL in all tanks by continuous aeration. Addition of alkalinity was necessary after 
day 45 in both control and treatment systems to prevent the pH from decreasing below 

7.0. Table 4.4 indicates the growth performance of tilapia in control and treatment 

tanks. High survival rate (96%) was observed in treatment tanks. For control tanks, 

tilapia death occurred gradually until all fish in two out of three replicate tanks were 

dead after 5 weeks. Survival rate was only 22% for the remaining control tank. 
Tilapia in both control and treatment tanks exhibited the average daily growth rate at 

1.0 and 1.4 g/day, respectively 

Table 4.3 Physical parameters including temperature, alkalinity, and pH for the 

control and treatment tanks, values in parenthesis indicate range 

Parameter Controls Treatments 

Temperature (C) 29 ±2 29 ± 2 
(26 - 33) (26 - 33) 

Alkalinity (mglL CaC03) 120 ± 42 135 ± 26 

(75 - 185) (l00 ­ 175) 

pH 7.7 ± 0.3 7.5 ± 0.2 
(7.4 - 7.8) (7.1-8.1) 
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Table 4.4 Growth performance of fish in control and treatment tanks (average over 
each tank) 

Parameter Controls Treatments 
Individual initial weight (g) 32.2 ± 1.0 3104 ± 0.8 
Initial density (kg/m3 

) 3.0 3.0 
Individual final weight (g) 77.8±3.1" 98.6 ± 5.8 
Final density (kg/m3 

) 1.56" 8.82 ± 0.52 
Survival rate (%) 22" 96±3 
Average daily growth (g/day) 1.0" 104 ± 0.02 
'Calculation using the data from control tank 3 only (fish in other control tanks had totally died after 5 
weeks) 

The result of water analysis indicated the sequential accumulations of TAN 

followed by nitrite and nitrate in both the control and treatment tanks (Fig. 4.8). In 

spite of the similarity in concentration profiles, TAN and nitrite accumulated at a 

slower rate in treatment tanks and had lower concentrations than those in control 

tanks. For control tanks, TAN reached the maximum concentration on day 14 (26 mg 

NIL) before declining and remaining under 0.5 mg NIL for the remainder of the 

experiment. The average TAN concentration in control tanks was 13 mg NIL during 

the period of TAN accumulation (i.e., day 1 to day 15). It required 24 days for TAN 

in treatment tanks to reach the maximum concentration (17 mg NIL) before declining 

and remaining under 0.5 mg NIL until the final day of the experiment. The average 

TAN concentration in treatment tanks was 12 mg NIL during the period of TAN 

accumulation (i.e., day 1 to day 29). An extended period of nitrite accumulation was 

noticeable after TAN concentration diminished in both systems. Nitrite was 

detectable in control tanks at a high level for 30 days (Le., day 13 to day 42), 

averaging at 29 ± 12 mg NIL during that period. A shorter period of high nitrite 

concentration was observed in treatment tanks, extending for 24 days (i.e., day 24 to 

day 47) with the mean nitrite concentration at 26 mg NIL during that period. 

Effective TAN and nitrite control occurred after day 42 in control tanks when nitrate 

concentration increased along with negligible TAN and nitrite concentrations (i.e., 

under 0.5 mg NIL) for the remainder of the experiment. A similar result was 

observed in treatment tanks after day 47. 
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Fig. 4.8 Inorganic nitrogen profiles in the control and treatment tanks during the 

zero-water exchanged tilapia cultivation 

50 

Daily starch supplementation influenced the extent of biofloc formation (Fig. 

4.9). Biofloc concentration, measured as total suspended solids, increased from 52 to 
1,180 mg/L in treatment tanks receiving feed and tapioca starch while it remained 
relatively constant after day 22 at 99 ± 17 mg/L in control tanks receiving feed only. 

Biofloc volume was 16 and 86 mLiL on day 50 for control and treatment tanks, 
respectively. Biofloc CHN composition did not vary significantly between four 

sampling dates for each system (Fig. 4.10). Average hydrogen content was about the 
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same in both treatments. Statistical analysis indicated that the carbon and nitrogen 

contents of bioflocs differed significantly (P < 0.05) between control and treatment 
tanks (i.e., ::::; 4.5% dried weight). Average carbon content of bioflocs in control tanks 

(21.7 ± 3.1 % dried weight) was approximately 60% less than that in treatment tanks 

(34.5 ± 0.9% dried weight) while average nitrogen content of bioflocs in treatment 
tanks (4.2 ± 0.4% dried weight) was nearly twice that in control tanks (2.2 ± 0.3% 
dried weight). 

A nitrogen mass balance was performed by estimating the nitrogen input from 

feed and the nitrogen fate in the forms of dissolved inorganic nitrogen in water (i.e., 

TAN, N02-N, and N03-N), bioflocs, and tilapia (Table 4.5). Nitrogen in bioflocs was 

based on the results of the CHN analysis. Nitrogen in tilapia was assumed at 2.3% of 

the fish dried weight (Siddiqui and Al-Harbi 1999). Feed accounted for essentially all 
the nitrogen input in both control and treatment tanks. Nitrogen input to control tanks 

was less than that to treatment tanks because of high fish mortality in control tanks. 
Dissolved inorganic nitrogen in both treatments was present mainly as nitrate on day 

50 while the amount of TAN and nitrite were insignificant. Recovery of nitrogen by 

tilapia in treatment tanks was 33%. A large proportion of nitrogen in both treatments 

could not be accounted for. In addition, the fluorescent microcopy of biofloc samples 

also revealed that lesser amount of chlorophyll (red fluorescence) was presence in 

biofloc as more starch was added into water particularly in treatment 2 (Fig. 4.11). 

Decreasing chlorophyll in treatment 2 suggested the population shifts from 

phytoplankton-based systems towards nitrifying or heterotrophic bacterial systems. 
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Fig. 4.9 Suspended solids concentrations in the control and treatment tanks during 

the zero-water exchanged tilapia cultivation 
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Table 4.5 Nitrogen balance calculation displaying nitrogen distribution in the control 

and treatment tanks 

Parameter (per tank) Control Tanks Treatment Tanks 
Total input (g-N) 53.8 (100%) 199.8 (100%) 

Feed (g-N) 53 (99%) 199 (> 99%) 

Initial water (g-N) 0.8 (1%) 0.8 « 1%) 

Final Day (Day 50) 

TAN (g-N) 0.05 « 1%) 0.23 « 1%) 
N02-N (g-N) 0.01 « 1%) 0.12«1%) 
N03-N (g-N) 31.1 (58%) 43.7 (22%) 

Biofloc (g-N) 2.2 (4%) 25 (13%) 

Nitrogen gained in fish (g-N) 6.5 (12%) 66.6 (33%) 

Unaccounted nitrogen (g-N) 14 (26%) 64.1 (32%) 
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Control (day 37) Control (day 37) 

C:N=2:1 (day 37) C:N=2:1 (day 37) 

C:N=16:1 (day 37) C:N=16:1 (day 37) 

Fig. 4.11 Fluorescent microcopy of biofloc samples taken on day 37 from the controls 

(nitrogen only), treatment 1 (C :N = 2: 1) and treatment 2 (C:N = 16: 1 
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CHAPTER V 
DISCUSSION 

5.1 Optimal condition for biofloc formation 
The impact of providing an organic carbon source to establish biofloc­

mediated assimilation was examined in this study for its effectiveness in controlling 

inorganic nitrogen concentrations in a zero-water exchange aquaculture system. 

Biofloc technology is based on inorganic nitrogen assimilation into heterotrophic 

bacterial biomass. Inorganic nitrogen controls in biofloc systems can be 

accomplished by reducing feed protein contents to increase organic carbon 

availability in water (Hargreaves 2006; Azim et aI., 2008) or adding inputs with the 
appropriate C:N ratio to stimulate heterotrophic bacterial growth (A vnimelech, 1999). 
Providing the organic carbon and nitrogen sources at the C:N ratio of 16:1 was the 

most effective in controlling inorganic nitrogen concentrations (Fig. 4.1 and 4.6). It is 

expected that using higher C:N ratios would result in greater amount of bioflocs and 
better inorganic nitrogen control, but the method may not be practical due to the need 

to provide good mixing and intensive aeration, which led to higher operational 

expense. The use of this particular C:N ratio (i.e., C:N = 16: 1) resulted in a rapid 

increase of bioflocs relative to other treatment systems (Fig. 4.4 and 4.7) The chosen 

C:N ratio was also near the optimal range (i.e., C:N = 10: 1 to 15: 1) for maximum 

heterotrophic bacterial growth (Goldman et aI., 1987; Lechevallier et aI., 1991; 

Avnimelech, 1999; Hargreaves, 2006; Schneider et aI., 2007; De Schryver and 
Verstraete, 2008). In this experiment, tapioca starch was employed to substitute 

glucose as the organic carbon source. Many organic compounds were possible in 

biofloc systems including starch, glucose, glycerol, acetate and molasses 
(A vnimelech, 1999; A vnimelech, 2006; Schneider et ai., 2006; De Schryver and 

Verstraete, 2008). Literature reviews did not specify the characteristics of organic 

carbon that should be added to biofloc pond but seemed to emphasize on the cost and 

availability of organic carbon compounds on site. 
Phytoplankton proliferation occurred in all treatments receiving organic 

carbon addition with the treatment subjected to C:N ratio of 16: 1 showing the most 

rapid phytoplankton growth (Fig. 4.3). This observation was unexpected because 

literatures indicated the gradual population shift towards heterotrophic 

microorganisms as addition of organic carbon sources continued (Ebeling and 

Timmons, 2007). The reason for this observation (i.e., domination of autotrophic 

microorganisms) was likely linked to the duration of the experiment, which lasted for 
approximately 3 to 4 weeks. Tacon et al. (2002) observed the population shifted from 
autotrophic green microalgae towards heterotrophic microorganisms in intensive 
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shrimp cultivating ponds recelvmg low protein feed contents after 6 to 8 weeks. 

Similar result was reported for semi-intensive tilapia cultivating tank (NIA Report, 
2008). 

5.2 Zero-water exchanged tilapia cultivation in a biofloc system 
Important conclusion can be drawn from the zero-water exchanged tilapia 

cultivation in a biofloc system. Tanks used in the experiment were covered with 

plastic lids to eliminate the effect of phytoplankton growth. This situation can be 
easily duplicated in intensive indoor aquacultures, which are becoming more popular 

due to better disease control, higher production yield, and environmental protection 
(Avnimelech, 2006, Sesuk et aI., 2009). The addition of tapioca starch to treatment 

tanks did not significantly change the general trend of inorganic nitrogen 

concentrations from that in control tanks (Fig. 4.8). Theoretically, TAN, nitrite, and 

nitrate concentrations in biofloc systems should be stable and low as a result of 

inorganic nitrogen conversion into bacterial biomass (Ebeling and Timmons, 2007; 

Schneider et aI., 2007). However, inorganic nitrogen profiles from both systems 

exhibited the sequential accumulation of TAN followed by nitrite and nitrate. Such 

profiles are common during the start-up of biofilters in recirculating aquaculture 
systems (Timmons et aI., 2002; Hari et aI., 2006; Kutako et aI., 2009) and are 

characteristics of nitrification (Hargreaves, 1998; Sesuk et aI., 2009; Xue et aI., 2009). 
In this experiment, control and treatment tanks required approximately 6 to 7 weeks to 

establish the complete nitrification (Fig. 4.8). The lag in development of nitrification 

in treatment tanks (i.e., using time of peak ammonia as an indicator) can be explained 

by competition for ammonia substrate between heterotrophs and nitrifiers, especially 

at substrate-limiting concentrations (Malone et aI., 2006). Organic carbon added to 

treatment tanks stimulates the growth of heterotrophic bacteria, which have a growth 

rate that is about ten times greater than nitrifiers (Tchobanoglous et aI., 2003; 

Hargreaves, 2006; Schneider et aI., 2006). Providing organic carbon (i.e., starch) 

favors heterotrophs and maintains lower TAN concentration, thereby extending the 

acclimatization period required for nitrifying bacteria activation, even under 

appropriate conditions for nitrification. Addition of tapioca starch to treatment tanks 

also resulted in higher carbon and nitrogen contents of bioflocs compared to those in 

control tanks (Fig. 4.10). Carbon and nitrogen are basic building blocks for cell 
synthesis. Providing organic carbon (i.e., starch) to treatment tanks accelerates 

heterotrophic bacteria growth and stimulates a more rapid nitrogen uptake compared 

to bioflocs in control tanks that received only feed addition. 

Inorganic nitrogen profiles (Fig. 4.8) and nitrogen balance calculations (Table 

4.5) suggest that assimilation and nitrification were important for inorganic nitrogen 

treatment in biofloc technology systems at different stages of the experiment. Prior to 

the establishment of complete nitrification in week 6 and 7, assimilation was the 

major pathway for inorganic nitrogen controls in treatment tanks. Though TAN and 

nitrite concentrations were undesirable (i.e., greater than 1.0 mg NIL) in both 
treatments, the addition of tapioca starch in treatment tanks resulted in a slower rate of 
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TAN and nitrite accumulations and lower TAN and nitrite concentrations relative to 

control tanks (Fig. 4.8). This observation and a significant increase of biofloc 
concentration in treatment tanks during the same period (Fig. 4.9) confirmed the 

importance of assimilation in the partial control of inorganic nitrogen toxicity during 

biofloc system start-up. A similar result was reported by Hari et a!. (2006), where the 

addition of low protein feed and tapioca starch (i.e., C:N = 20: 1) to extensive shrimp 
ponds resulted in significantly lower TAN and nitrite concentrations compared to 

adding only high protein feed during the 5-week period prior to nitrate accumulation. 
Supplying organic carbon to mediate nitrogen assimilating process was beneficial 
because it reduced TAN and nitrite concentrations in water, and this strategy might be 

employed as alternative measure to lower the unexpected increase of TAN and nitrite 

concentrations during system start-up. Effective controls of TAN and nitrite 

concentrations proceeded after complete nitrification was established regardless of 

organic carbon supplementation. The role of nitrification in maintaining inorganic 

nitrogen concentrations in control tanks was apparent as can be seen by the complete 

oxidation of TAN and nitrite to nitrate for the remaining of the experiment (Fig. 4.8). 

The complete oxidation of TAN and nitrite by nitrifiers in treatment tanks receiving 

organic carbon addition was favored by high oxygen concentration, suitable 
alkalinity, and bioflocs and tank walls likely served as attachment sites for slow­

growing nitrifying bacteria. 

The nitrogen mass balance calculation (Table 4.5), showing significant 

amount of nitrogen accumulation in the form of nitrate (58%), confirmed the 
important role of nitrification in control tanks. For treatment tanks, the majority of 
nitrogen conversion was distributed as nitrate and bioflocs (Table 4.5). Higher 

amount of nitrogen in nitrate (22%) compared to bioflocs (13%) indicated that 

nitrification was more important than assimilation over the long term. Therefore, 

nitrification, and to lesser extent assimilation, were both responsible for effective 

controls of inorganic nitrogen concentrations. Significant nitrifying activity in biofloc 

systems was also described by Azim and Little (2008). In that work, nitrate 

concentration in tilapia tanks reached 250 mg NIL after II weeks despite the tanks 
being seeded with 350 mg/L of bioflocs and fed daily with low protein (24%) diets. 

Simultaneous occurrence of assimilation and nitrification occurs in many activated 

sludge process units that treat domestic and industrial wastewater (Charley et a!., 

1980; Tchobanoglous et a!., 2003). 
The proportion of nitrogen that could not be accounted for was significant in 

both systems (Table 4.5). The magnitude of nitrogen loss in this experiment was 
similar to Thakur and Lin (2003), who reported nitrogen loss as high as 36% during 

zero-discharged shrimp cultivation in concrete tanks. Nitrogen loss as high as 55% 

was reported in brackish ponds with very limited water discharge (Daniels and Boyd, 
1989). Denitrification and ammonia volatilization were assumed to be the pathways 

for nitrogen loss (Thakur and Lin, 2003; Hari et a!., 2006). Ammonia volatilization 

was not expected to be significant because TAN was less than 1.0 mg NIL and the pH 
was between 7 and 8 so that the major fraction of TAN was in the soluble ionized 

form (i.e., NH/-N). Nitrogen loss via denitrification was more likely in this 
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experiment due to the high level of nitrate in water, the availability of dissolved 

organic carbon, and the presence of anaerobic pockets at the inner region of bioflocs 

or caused by biofloc sedimentation on tank bottoms. 

Slow fish growth could be linked to chronic toxicity of high TAN and nitrite 

concentrations and high suspended solids concentration (Hargreaves and Kucuk, 

2001; Timmons et aI., 2002). Generally TAN and nitrite concentrations less than l.0 

mg NIL are recommended for long term exposure (Timmons et aI., 2002). Severe 

growth inhibition and increased mortality of tilapia were observed when the 

suspended solids concentration exceeds 850 mglL (Little et aI., 2008). Thus, 

maintaining optimal suspended solids concentration may be the critical aspect in 

managing biofloc technology systems, with the recommended maximum suspended 

solids concentration at 500 mglL (Avnimelech, 2006; Azim and Little, 2008; Little et 

ai., 2008). Solids removal was not conducted in this study, resulting in excessive 

suspended solids concentration (i .e., > 500 mgIL) that may have reduced visibility and 

consequently the ability oftilapia to find feed (Azim and Little, 2008). 
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CHAPTER VI 


CONCLUSIONS AND RECOMMENDATIONS 


1. 	 Organic carbon addition at high C:N ratios was more effective in maintaining 

TAN and nitrite concentrations in comparison to lower C:N ratios. The daily 

addition of carbon and nitrogen at the C:N ratio of 16: I resulted in the most 

effective inorganic nitrogen control and highest biofloc formation. Direct 

assimilation of inorganic nitrogen by phytoplankton and heterotrophic bacteria 

was likely the main mechanisms that were responsible for inorganic nitrogen 

control and biofloc formation. The occurrence of nitrification also exerted the 

positive impact on water quality as it converted TAN and nitrite to nitrate. 

The coexistence of microalgae, zooplankton, nitrifying bacteria and 

heterotrophic bacteria suggested the complex ecological relationships 

established within the biofloc. In addition, the use of pond water containing 

natural bioflocs appeared more effective than tap water in controlling 

inorganic nitrogen. 

2. 	 The result of the zero-water exchanged tilapia cultivation demonstrates the 

role of nitrogen assimilation and nitrification in the control of inorganic 

nitrogen levels in a biofloc aquaculture system. The result indicated that 

assimilation and nitrification were important for inorganic nitrogen control at 

different stages of the experiment. In the first stage, prior to the occurrence of 

complete nitrification, addition of organic carbon promoted nitrogen 

assimilation into microbial flocs. In the following stage, nitrification and to a 

lesser extent assimilation were both responsible for effective inorganic 

nitrogen control. Based on the results, further study is necessary to identify 

ecological relationships between nitrifying and heterotrophic bacteria in 

biofloc systems. The addition of organic carbon may be conducted until the 

establishment of complete nitrification or used as a strategy to quickly reduce 

TAN and nitrite concentrations. Biofloc management strategy, specifically the 

development of an effective biofloc separator, is necessary to improve the 

efficiency and sustainability of biofloc aquaculture systems. 
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