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Abstract
Running costs of aquaponic systems are much higher in temperate regions due to
supplementary greenhouse heating and lighting. Finding routes to maximize revenues

would be critical for good business. i O fish ion is a highly

lucrative sector whereby profitability (profit/m® culture water) is very high. The aim of
this study was to investigate the possibility of using two ornamental fish species. namely

platy (Xiphophorus maculatus) and goldfish (Carassius auratus). as sole major nutrient

sources for three species of plants in ic culture. No
differences (p> 0.05) were observed regarding fish growth parameters (sex-wise) for
platys across treatments. Productivity of basil with goldfish was higher as compared to
platys (p< 0.05) as the goldfish treatment had a higher nutrient input and build-up. Being

a low nutrient and I plant, showed better

erowth than basil and spinach. It was concluded that small ornamental fish alone would
not be suitable for commercial plant production. They can, however, be a very good value

added element in aquaponic systems in temperate regions, and goldfish (a medium-sized

ornamental fish) has excellent potential as a sole species in aquaponi
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CHAPTER 1: INTRODUCTION AND REVIEW OF LITERATURE

1.1 Introduction

Aquaponics is the combined culture of fish and soil-less plants in recirculating
aquaculture systems. The technique falls under the category of integrated production
systems. whereby the by-products or effluents from the fish unit are fed into the
hydroponic unit in a totally closed system set-up. This method allows for the production
of other cash crops at practically no additional running costs (as the plants receive most of
their nutrients from the fish). increasing profitability. Dissolved nutrients. in an aquaponic
system, are generated by daily application of fish feed, direct excretion by the fish and the
microbial breakdown of fish wastes (Diver. 2006: Rakocy et al.. 2006). In tropical arcas.
open field cultivation is possible as the climate is suitable for year-round production.
However, the issue is totally different in temperate regions. Here. production should be
carried out under greenhouse facilities, where investments and running costs are much
higher. For production to be possible, greenhouse heating and lighting are compulsory
during certain periods of the year, due to low temperatures and lack of sunlight. Rakocy
et al. (2006) indicated that aquaponic production in temperate climates might not be
profitable due to the increased costs mentioned above. Nonetheless. successful growth
trials under commercial conditions have been performed in Canada at the Crop
Diversification Centre South (Brooks, Alberta) by Dr. N. Savidov (Savidov, 2004:
Savidov. 2005). All the more. there are commercial aquaponic systems already in

existence for over a decade in Canada in Alberta, Quebec and British Columbia. Good
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planning and management would be key factors in making aquaponic production viable in
temperate regions.
One way to maximize profit (per square metre of greenhouse space per year) is to

produce culinary herbs, as these fetch higher market prices per kg of produce, as

compared to fruiting crops (Savidov, 2004; Savidov. 2005: Rakocy et al.. 2006).
Additional routes to maximize profitability would be of definite help to recover the initial

high investments and subsequent running costs in temperate climates. One such

possibility would be the production of orna fish, as a y species to the
main food fish being reared, in the same aquaponic system. The ornamental fish sector is
a highly lucrative field and ornamental fish keeping is rapidly growing in popularity
worldwide. The profitability (profit/m’ culture water) of ornamental fish production is
very high when compared to food fish. When considering the integration of ornamental

fish into aquaponics, Rakocy et al. (2006) noted that any species of fish. including large

ornamentals such as koi carps and medium-sized ornamental fish such as goldfish, can be
used as the fish species in an aquaponic system. However, no mention has been made in
the literature about using small ornamentals as alternatives. Such species are even more
profitable than bigger ones and they potentially represent greater value for production in

aquaponics.

The main aim of this pilot study was to investigate the potential of using a small

ornamental fish such as the platy (Xj u is) and a medium-sized species

such as the goldfish (Carassius auratus). as the main species in aquaponics for the

production of specific crops. The hypothesis under investigation was that small and
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medium-sized ornamental fish can be used as sole major nutrient sources in aquaponic

culture.

111 Objectives

To downscale and adapt the Rakocy Model to a small-scale local Newfoundland

greenhouse production.

To compare major nutrient profiles and productivity of basil, spinach and

watercress under two species of ornamental fish culture.

To assess the possibility of using oramental fish as a value added factor to

aquaponic production in temperate climates.
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1.2 Review of literature

1.2.1 Aquaponic systems

Aquaponics combines the culture of fish and plants in the same system. This
possible as the effluent water from the fish tanks is used to directly grow plants in another
coupled unit known as the hydroponic sub-system, and culture water is constantly
recirculated across the whole system (Savidov. 2004: Savidov, 2005: Diver, 2006:
Rakocy et al.. 2006). The nutrient solution in an aquaponic system supplies 10 of 13
required plant nutrients in adequate amounts. Out of these 10, nitrogen (N), magnesium
(Mg). phosphorous (P) and sulphur (S) represent macronutrients while chlorine (CI),
manganese (Mn), boron (B), zinc (Zn). copper (Cu) and molybdenum (Mo) are
micronutrient supplied by the culture water. The three nutrients needing supplementation
are calcium (Ca). potassium (K) and iron (Fe). Fish wastes continuously generate
nutrients which prevent nutrient depletion. Plants, for their part, take up nutrients from the
culture solution to prevent toxic nutrient accumulation (Rakocy et al.. 2004a).

Before the 1980s. the concept of i ion faced many

attempts due to the complex nature of the technology involved. Aquaponics requires
effective management of the production and marketing of two different agricultural
products (fish and plants). Fortunately. innovations since then have helped to turn this
concept into a viable system of food production. Even more, today. it is regarded as a
working model of sustainable food production (Diver, 2006). This concept has become so
popular that in the USA. hundreds of school districts have included aquaponics as a

science learning tool in their curriculum (Rakocy et al.. 2006).
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1.2.2 System design: The Rakocy Model

The Rakocy Model of poni ion has been developed by Dr. James E.

Rakocy and associates at the University of the Virgin Islands (UVI). The system is geared
towards commercial production whereby red and Nile tilapia (Oreochromis spp.) are
raised in tanks and the effluent water is fed to a raft hydroponic sub-system (Diver, 2006;
Rakocy et al.. 2006). Rakocy et al. (2006) reported that the essential elements of the
system are: fish-rearing tanks, a settleable and suspended solids removal component. an
integrated biofilter. a hydroponic component and a sump. Figure 1 gives the optimum
arrangement of these components, as described by Rakocy et al. (2006). in the aquaponic
system. Effluent water from the fish tanks passes first through the solids removal
component where the organic matter load in the water is removed as settleable and
suspended solids. The water then undergoes biofiltration where ammonia is converted in
a two-step process to nitrate by bacteria. Water is fed to the plants in the hydroponic sub-
system where nutrient uptake occurs and it then exits to a sump. The water is then

pumped back to the fish rearing tanks and the process is repeated continuously.

Combined

[

Combined Rakocy et al. (2006)

Figure 1. Optimum arrangement of different components in the Rakocy system. The
arrows show the direction of water flow between the components. represented in blue.
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Rafthydroponics is used for the culture of plants in the hydroponic sub-system.

This technique makes use of floating sheets of polystyrene and net pots for plant support.

and plants float in about 30 cm of effluent solution. If the plant area is sufficiently larg

down of ammonia

the raft system can provide adequate biofiltration for the efficient
and hence eliminating the expense of a separate biofilter. Another independent design

combines solids removal with biofiltration and plant culture by using hydroponic support

media such as pea gravel or coarse sand. However, this method is subject to clogging and
higher maintenance is required. Figure 2 gives a layout of the actual system at the UVI.

Rakocy et al. (2006) deseribed the solids removal component as a critical segment

of the system. They further added that wastes such as fecal fish matter. uneaten feed and
other particulate matter such as excess organisms (e.g. bacteria. fungi and algae) which

fed to the

grow in the system should be removed from the effluent water before it i

ydrop b-system. If acc: ation of these occurs. carbon dioxide and ammonia
will be generated as they decay. In addition, the deposition of suspended solids on plant
roots may create anaerobic regions, preventing nutrient uptake by active transport (a
process requiring oxygen). Anaerobic decomposition can also result in the production of
methane and hydrogen sulphide which are toxic to fish and plants. Microorganisms in the
water column, however, represent a crucial part of the biofiltration capacity of an

aquaponic system.
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The UVI Aquaponic System

F—
Degaseing | Hyeroponic anke

00 o
o0 o= ﬁ

c.,,m £
Fliter tanks e Rakocy et al. (2006)

Figure 2. Layout of the UVI aquaponic system.

Fish rearing tanks.

The Rakocy Model has been successfully adapted to Canadian growing conditions
under greenhouse facilities by Dr. Nick Savidov at the Crop Diversification Center South
in Brooks. Alberta. Sixty crops and varicties have been tested and the technology has
been described as having commercial potential for Alberta. a cold, temperate climate
location (Savidov 2004: Savidov 2005). The system is practically the same representation
as the one at the UVI with some modifications regarding system set-up and running. At
UVI. the system runs in open-field, while in Alberta the system is under heated
greenhouses. Other modifications are that in Alberta pure oxygen is used rather than
aeration. a lower water pH of 6.0 is maintained for plant grow-out, plant beds are used
rather than channels and computerized system control has been applied. In the present

study. general concepts of the Rakocy system have been applied but components have

been downscaled into mini-aquaponic systems (Savidov. 2004: Savidov. 2005).
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1.2.3 Component ratios of the model

As a general guide for raft aquaponics, Rakocy et al. (2006) recommends a ratio

ranging from 60 to 100 g of fish feed/m’ of plant growing arca/day. Under this feeding
ratio, plants such as basil, lettuce and several others have been successfully produced with
tilapia in the UVI system. Another important factor to consider is the microbial activity in
an aquaponic system. A maximum ratio of 180 g of fish feed/m’ of plant growing

area/day has been by the authors. ing the capacity of the system to

treat wastes without the use of a separate biofilter. Hence, a balance between nutrient

generation by the addition of feed and efficient microbial activity over a definite area

should be achieved when designing an aquaponics system using raft culture
Microorganisms are not only involved in the process of nitrification. They also help as

they

follows: in the breakdown of organic wastes, in the ammonification proc

stimulate nutrient uptake by plant roots and they help in the competitive inhibition of

They are fi in the ful running of an
system. Examples of such microorganisms are bacteria, protozoa, Archaca and algae

(Leininger et al., 2006 Lehtovirta-Morleyae et al.. 2011: Rakocy et al.. 2006: Savidov.

2004

vidov, 2005).

1.2.4 Fish spe
Tilapia is the most common fish cultured in commercial aquaponic systems (Diver.
2006: Rakocy et al.. 2006) but most freshwater fish which tolerate crowding will do well,

including ornamental fish. Rakocy et al. (2006) reported that channel catfish. largemouth
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bass, crappies, rainbow trout, pacu, common carp, koi carp. goldfish, Asian sea bass and
Murray cod have been used in aquaponics. Hybrid striped bass, however, performs poorly

be it cannot tolerate the high potassium level in the system as this essential plant

nutrient is often added to enhance plant growth.

DelLong et al. (2009) stated that tilapia possess a myriad of attractive characteristics
which make them well suited for tank culture. They can adapt to crowding and handling
conditions required in a tank-based culture system. They possess a heavy slime coat
protecting them from abrasion and bacterial infections. which would be of definite

concern in many other species. The authors also added that they show good growth even

at the high densities in the confinement of tanks. Production le range from 60 to 120

ke/m’ or more (FAO, 2006). Besides. tilapia is tolerant to fluctuating pH. temperature.

oxygen and dissolved solids in culture water (Parker, 2000: Diver. 2006: FAO. 2006:

Popma and Masser. 2006: Del-ong et al.. 2009).
Regarding goldfish, no scientific evidence exists with respect to the use of this
species to sustain commercial aquaponic systems. Many people. however. use them in

their backyard mini-aquaponic systems, which are widely broadcasted over the internet.

1.2.5 The ornamental fish sector

Ancient Egyptians are believed to be the first real aquarium keepers and fish

were kept in their homes to impress friends. High-ranked Roman officials then also
adopted this practice. Fish keeping began spreading from Rome to the Far East where

oriental fish keepers became very attracted to the common goldfish and they started to
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selectively breed them. Public aquaria began to appear in the 1800s but it started gaining
much popularity only in the 1900s. Today. aquarium keeping is hugely popular where
people can choose from a myriad of fish species and state of the art equipment (Hargrove
and Hargrove. 2006).

Although exact figures regarding the world ornamental fish trade do not exist
(Livengood and Chapman. 2011). the wholesale ornamental trade market was valued at
nearly USS1 billion in 2005. while the retail trade amounted to US$3 billion annually.
However, when non-exported products, wages. retail sales and associated materials
within the entire industry are taken into consideration, the sector has been estimated to be

worth around US$15 billion. Moreover. the scope of the ornamental fish business and its

related impact on human and aquatic c ities are unappreci and i

understood (FAO. 2005a). As compared to food production. the

of ornamental fishes does not require large space and returns are much higher per unit of
biomass produced (Moothy and Bhikajee. 2000).

Since 1985. the value of exports in ornamental fish has increased at an average
growth rate of 14% per annum (FAO. 2005b). On a worldwide basis, Singapore is ranked
first in ornamental fish exportation and the country occupied 24 to 26% of the world
ornamental fish export trade during 1996-2000 (Lewbart and Harms. 2008). The countries
which follow are China/Hong Kong with 10.6%, Indonesia with 7.1% and Malaysia with
6.3% of the total world ornamental fish exports. Small ornamentals are at the top of the

world demand list with Tetras (Family: Characidae) coming in first place followed by
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guppies (Poecilia reticulata), with regard to leading exported species. Platys are also
among the most important species of interest (Ling and Lim. 2006).

In the United States. it is estimated that around 7.2 million households have an
aquarium at home and in the European Union. the figure is estimated at 3.2 million. The
global demand for ornamental fishes is constantly increasing and aquarium fish keeping is
one of the most popular hobbies worldwide (Ghosh et al.. 2003: Livengood and

Chapman, 2011).

Platys (Xiphophorus maculatus, Giinther 1866) are benthopelagic small freshwater
fish typically found in the tropics where water temperature ranges optimally from 18°C to
25°C (Riehl and Baensch. 1991). The maximum length (tail length) of males is 4.0 cm
(Keith et al.. 2006) while females reach 6.0 em (Dennis and Hugg, 1996). Platys are live
bearers and in the wild, adults can be found in warm springs, canals and ditches.
exhibiting slow water movements with weedy banks. They can also inhabit crecks and
swamps (Allen et al., 2002). Platys exhibit several colour variations making them popular
aquarium fishes where they reach sexual maturity after three to four months and they
would readily reproduce (Richl and Baensch, 1991).

Platys are among the most beautifully coloured freshwater fish. They can be found
with different fin shapes and in nearly all colours imaginable. These fish have been
developed extensively via commercial breeding for the ornamental fish market. Some of

the well-known varieties are the Mickey Mouse. the Marigold. the Calico. the Painted. the
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Wag Tail and the Sunburst platy, amongst others (Hargrove and Hargrove, 2006).

Hargrove and Hargrove (2006). who are aquarium-fish keeping experts. also added in

their book that platys are their favourite species of fish because of ‘their beauty. cheery

round body shape and amazing colours”.

1.2.5.2 Goldfish

Goldfish (Carassius auratus auratus, Linnaeus 1758) are benthopelagic freshwater
fish which can be found in Central Asia, China and Japan: however, they have been
introduced throughout the world (Kailola et al., 1993). Goldfish can inhabit tropical as

cm

well as cold water systems. The maximum reported tail length of a goldfish

(Kottelat and Freyhof, 2007) and they can live for very long, making them very good
companions. The longest living goldfish has been reported to be 41 years old (Bobick and

Peffer. 1993). Goldfish introduced in the wild commonly inhabit rivers, lakes, ponds and

1981

ditches (Man and Hodgkis “tnier and Starnes, 1993) in either stagnant or slow-

flowing water (Billard. 1997). While wild forms are generally dull-coloured, the cultured
ones show a myriad of colourations such as scarlet, red-pink, silver, brown, white, black

and a combination of all of these (Trautman, 1957).

Hargrove and Hargrove (2006) described that goldfish are one of the oldest
aquarium fish known. They were specifically bred from carp *for their beauty” and no
natural known varicties are known. They further added that all goldfish varieties are

grouped into the same species, the Carassius auratus. However, four main types exist,
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namely the Egg, the Wen, the Dragon-eye and the Common goldfish. The latter resembles

the carp but exhibits more colour variations.

1.2.6 Crop selection, yield and productivity
1.2.6.1 Crop selection

The goal when selecting crops for an aquaponic system is to culture those that will
generate the highest productivity (per unit area per unit time) and bring the highest value
on the market. The best choices are culinary herbs such as basil, cilantro, chives, parsley.
portulaca and mint. These have low to medium nutrient requirements and adapt well to

the type of culture system used in aquaponics. In addition, they command higher market

value and hence generate more income as compared to fruiting vegetables such as
tomatoes, cucumbers, eggplant and okra (Savidov, 2004; Savidov, 2005: Diver, 2006:
Rakocy et al.. 2006). Rakocy et al. (2006) stated that the gross income from culinary
herbs grown in aquaponics is 20 times higher than when growing fruiting crops. The
authors presented a comparison made in the UVI commercial-scale system whereby on an
annual basis, basil yielded 11.000 pounds for a gross income of US$110.000 as compared

10 okra which yielded only 6.400 pounds for just US$6.400. They further compared the

break-even and sale prices of two commoditie:

The break-even price for lettuce was
US$6.15/case for a selling price of US$20.00/case while the break-even price for basil
was USS$0.75/pound for a selling price of US$10.00/pound. These figures give a clear

indication of the comparative advantage of culturing herbs with respect to fruiting
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vegetables. Basil and cilantro bring the highest income on the market among all the herbs

(Rakocy et al., 2006).

1.2.6.2 Yield and productivity

In a study carried out by Rakocy et al. in 2004, the production of tilapia and basil in
two different cropping systems, namely batch and staggered production. in aquaponics
were compared. Further comparison was made with basil production in open fields. Plants
were grown at a density of 8.0/m” and final results yielded 2.0, 1.8 and 0.6 kg/m’ for
batch, staggered and field, respectively. Annual yields were 25.0, 23.4 and 7.8 kg/m’
respectively. These were lower compared to hydroponically grown basil at a yield of 56.2
kg/m*/yr at a plant density of 25 per m* (Bradley and Marulanda, 2001). However. when
adapting the UVI system in Alberta, Savidov (2005) produced basil at around 31
plants/m” and his results yielded a production of 42.0 kg/m*/yr in a staggered cropping
system. Both Rakocy et al. (2004a) and Savidov (2005) reported that batch production is
not sustainable in the UVI system at the current fish output as there is high nutrient
depletion during the maximum growth stage of the plants. leading to some acute
deficiency symptoms. Rakocy et al. (2004a) found that due to these deficiencies. the
majority of the produce was unmarketable at harvest. They further concluded by saying

that basil ion is sustainable in an ic system with a feed input ratio 0f 99.6

g/day/m’ and a staggered cropping system’. They also added that further rescarch could

determine the feasibility of batch production of basil at a higher feeding ratio.
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Comparing batch and staggered production, in the former. all plants are planted and
harvested at the same time (all in, all out). while with staggered production plants of
different stages are planted simultaneously and partial harvests are carried out (Rakocy et

al.. 2006). Rakocy et al. (2004a) reported that in their system at the UVI, basil seedlings.

for example, were planted on one fourth of the total growing area every week until filling
the entire system. According to Rakocy et al. (2006), batch production causes a high
nutrient pressure on the system during the maximum growth phase of the plants and
hence a higher fish feeding ratio is required to sustain adequate nutrient output from the
fish component. Staggered production, however, allows for a balance in nutrient uptake
thus not requiring higher feed input. They further added that leafy green vegetables, herbs
and other crops with short production cycles are very well adapted to continuous
staggered production.

In the present study. all plants were planted and harvested at the same time because
the plant growing area was relatively very small (0.8 m*/system). In addition. for
statistical replication purposes. staggered plant culture would not have been adequate

under the conditions of the present study.
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CHAPTER 2: MATERIALS AND METHODS

2.1 Prelimina

2.1.1 Mini-aquaponi

systems

Experi ions were under a facility at Lester Farms Inc.
(St. John’s, NL), which specializes in flower and vegetable production. The technology

could help expand the visibility of this family-owned business. as the owners intend to

invest into a commercial aquaponic system with tilapia in the near future.

Eight mini-aquaponic systems were built specifically for the purpose of this pilot

study. with general technical specifications

s described by Rakocy et al. (2006). The
main components of cach system were fish tanks, a solids removal unit, plant growing
beds with floating food-grade polystyrene sheets and a sump with bio-spheres for
additional biofiltration. Aeration was provided in the fish tanks via an air blower, as an
additional source of oxygen.

s fish tanks to a common

In each system. water moved from four 40 L fibe

filter where the effluent fish water was sprayed via a spray bar into a filter bag (10 pm).

Each fish tank had its individual water inlet and outlet. and common water from the four

tanks joined before moving into the filter. Out from the filter, cleaner water was
distributed to four plant tanks (arranged in line) via four individual inlet valves. Water
then moved out from the plant tanks through individual outlets and common water then
flowed 10 the sump. The whole flow from the fish tanks to the sump was by gravity.
Water from the sump was then pumped back to the fish tanks by a Laguna® PT-8125
(750 gph) water pump. Flow rates across all the tank inlets were maintained at 3 L/min.

16
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In addition. water in each system was heated at the sump by a Finnex® 800W titanium
high-output heater and temperature was set to 25°C.  Each system had a total water
volume of 450 L. Figure 3 shows the arrangement of the different components in the

aquaponic systems.

Figure 3. of main in the stems (I: Fish
tanks: 2: Solids removal unit; 3: Plant growing tanks: 4: Sump: 5: Temperature
controller). All the labels show components in system 1 (1.0 platy/L-plant 1).

2.1.2 Fish
Seven hundred goldfish (variety: common) and 1.400 platys (variety: red wag
tail) were imported via local pet stores for this study. The goldfish came from Ontario

while the platys from Singapore. The fish were acclimated in separate holding tanks. at

17
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the greenhouse facility. upon their arrival (under Memorial University of Newfoundland

Animal Care protocol number: 11-24-LH).

It should be noted here that the goldfish suffered high stress at the end of the

shipping process. They were lethargic, were swimming at the surface and they had very

minimal feeding acti The main reason was that the fish were counted again at the

local pet store upon their arrival and no oxygen was used when they were again bagged (a
situation beyond our control). About 500 died in the two-week period following this. As
a result of this event, the initial planned treatments were modified and hence only one
system subsequently accommodated goldfish.

The platys. however, which came from a different supplier, were in good health and

only two mortalities resulted from the shipping process.

2.1.3 Plants
Basil (Ocimum basilicum) and spinach (Spinacia oleracea) seeds were sown in
rockwool media and seedlings were transplanted to the floating polystyrene in the mini-

aquaponic systems, once roots emerged across the rockwool. Watercress (Nasturtium

le). however, was i d from cuttings. shoots of 10
cm in length were cut from parent plants at the nodes, disinfected with iodine, washed
and placed directly into net pots (used for plant support) in holes drilled through the
polystyrene sheets.

Two plant cycles were undertaken. The first plant cycle was run with basil and

spinach. As the experimentation started in the carly fall season. temperatures inside the

18
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greenhouse were 100 cold for good basil growth by the end of the eycle (air temperatures
reached freezing at night). In addition, sceds set for the second cycle showed low

germination rates and poor seedling growth even under 24-hour supplementary light and

heat. The decisi

on was thus taken to switch from basil to watercress in respective

s is a more cold-tolerant and it is a low-nutrient requirement plant

(McHugh et al.. 1987: McHugh and Constantinides, 2004:

idov. 2004). Spinach is
also very tolerant to cold temperatures with its peak growing season being the fall season

(Guy et al., 1985; Guy and Haskell, 1987 Kaye et al., 1998). The second plant cycle was

thus run with watercress and spinach.

2.2 Fish culture and sampling
2.2.1 Fish culture

After the acclimation period, fish were randomly distributed across the eight mini-
aquaponic systems. Seven systems received platys while the last one accommodated
goldfish. Growth of two plants was investigated under three platy densities namely 0.75
fish/L, 1.0 fish/L and 1.25 fish/L, in a total of six treatments. A seventh system was set up

as the control with no plants and the highest density of platys. The final treatment

received goldfish at 0.625 fish/L (half highest platy density) but with twice the feeding
regime, as an investigation of a higher feed input on the nutrient profiles. For the platys,

cach tank was

tocked with half males and half females. Basil was grown in the goldfish
treatment in the first cycle while watercress was grown in the second cycle. Figure 4

shows some fish tanks within three of the treatments.
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Figure 4. Arrangement of fish tanks in three different systems in the greenhouse. Each
tank was split into half making two individual compartments. The bottom tanks of three
systems are shown in this picture. The system on the extreme left held goldfish while the
other two contained platys

A special feeding regime (Table 1) was devised for this study. Fish were fed twice a
day with Blackwater Gold-N® professional (professional koi and goldfish feed) crushed

d contains a minimum of 40% crude protein.

pellets throughout the study. This fe

minimum 10% crude fat and maximum 4% fiber. The fish were under study for 11 weeks.

ble 1. Feeding regime devised for this aquaponics study with platys and goldfish.

Platys feeding/10 fish/day _ Goldfish feeding/3 fish/day
Weeks

() (@)
0.2 04
3-6 0.3 0.6
7-11 0.4 0.8
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2.2.2 Fish sampling

Ten male and 10 female platys were randomly sampled every two weeks for length

and weight assessment. For goldfish. no visual difference could be made between males
and females. Hence. 10 fish were sampled from each tank irrespective of sex.

Length was measured. as standard length. with a digital pair of Mitutoyo® vernier
calipers (accuracy: 0.01 mm) as shown in Figure 5. The wet weight of each individual
fish was also recorded. following length measurement. with an A&D® ER-1204
electronic balance (accuracy: four d.p.). Each individual fish was placed onto dry

absorbent paper before being weighed (Figure 6).

Figure 5. Standard length measurement on a goldfish with a pair of vernier calipers. A
plastic petri, with a thin film of water, was used to hold the fish for a few seconds while
measurements were taken. The small fish stopped moving afier a few seconds after being
rred to the petri with the thin water film acting as a sticking medium.
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Figure 6. Weight measurement on a platy with a four d.p. electronic balance.

2.3 Plant culture and sampling
2.3.1 Plant culture

As mention carlier, the first plant cycle was undertaken with spinach and basil.

while in the second cycle, spinach and watercress were employed for growth trials. Four
plants were grown in each plant tank making a density of 20 plants/m® (16
plants/treatment). Each plant tank was 54 em (L) x 47 cm (W) with a water height of 23
em for a volume of 58.4 L. Floating polystyrene sheets with net pots placed in drilled
holes, were used to hold the plants (Figure 7). The net pots were just touching the water
surface (Rakoey et al.. 2006) and the roots grew into the flowing water. Plants were
grown under ambient light conditions and water temperature of 25°C

The first plant cycle lasted five weeks while the second cycle was four weeks.

Plants (first cycle) were introduced in the systems two weeks afier fish were introduced.
22
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Figure 7. Plant beds with watercress. The grey pipes running parallel to the plant tanks
are the water inputs supplying each tank. Each input line had four valves, each supplying
one individual plant tank. Three systems are shown in the above picture. The one on the
right was using goldfish while the other two. used platys.

Iron-EDTA was added every two weeks at a concentration of 2.0 mg/L. pH was
adjusted towards 7.0 with phosphoric acid and potassium hydroxide, so as to achieve a
balance between maximum plant nutrient uptake and effective biofiltration (Rakocy et al..
2006). The same amounts were added each time to all eight systems. In addition. 1.2 kg

of crushed coral was laid at the bottom of every solids removal tank, as a source of

calcium for the plants.

2.3.2 Plant sampling
All 16 plants from cach system were assessed at the end of each plant cycle for

shoot length (main stem), root length (main root) and plant weight. A metre ruler was



Wasiim Kader Bathia 2012

used for measuring the shoots and roots while the A&D® ER-1204 clectronic balance
(accuracy: four d.p.) was used for plant weight measurement.

Table 2 gives a summary of the complete layout of the experiment.

Table 2. Experimental design used across the cight mini-aquaponic systems. Each
treatment has been replicated four times in both plant cycles. There were hence a total
number of 32 fish tanks and 32 plant tanks in both plant cycles.

Plant Cycle Treatments x Replicates Abbreviation
0.75 platy/L DIPI
! 1.0 platy/L. D2P1
L 1.25pp|a{y/l, X D3PI
o woldfish Goldfish
0.75 platy/L DIP2
Spinach  10playl. x4 D2P2
1.25 platy/L D3P2
Noplants 125 platyl.___x4 Platy control
0.75 platy/L DIPI
’ 1.0 platy/1 D2P1
Watercress | o platy, X D3PI
o goldfish Goldfish
0.75 platy/L DIP2
Spinach  10platyl. x4 D2P2
1.25 platy/L D3P2
Noplants 125 platyl.___x4 Platy control

2.4 Water quality assessment
Several water quality parameters such as dissolved oxygen. temperature, pH.

electrical ivity. total ia-nit . ized ia-nif . nitrate-

nitrogen, phosphate and potassium were periodically assessed throughout the study.
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2.4.1 Di

olved oxygen

Dissolved oxygen data were collected from cach fish and plant tank. across all
treatments every week. with an Oxyguard® beta dissolved oxygen meter. The meter was
always re-calibrated before use. Data were collected both as percentage saturation oxygen
and mg/L oxygen. Spot checks were, however, carried out on a daily basis to ensure that

the dissolved oxygen levels were in the desired range.

2.4.2 Temperature

Temperature (°C) data were collected on a weekly basis from all the fish and plant

tanks using the Oxvguard® beta dissolved oxygen meter.

243 pH

Weekly pH data were collected from all the fish tanks with a Sper scientific®

850050 pH pen. The pen was re-calibrated every two weeks.

2.4.4 Electrical conducti

Electrical conductivity was assessed weekly from cach plant tank using a YSI® Y30

conductivity meter. Data were measured in microsiemens (1S).
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2.4.5 Un-ionized ammonia-nitrogen

ed using a LaMotte Smart® 2 colorimeter.

Total ammonia-nitrogen was as:
Water samples were collected from each fish tank and analyzed immediately at the farm
site. as per instructions provided by the manufacturer.

Thereafier, the un-ionized ammonia-nitrogen level (NH;-N) was calculated from
the values of total ammonia-nitrogen (NH3-N + NH,"-N). The proportion of un-ionized

in solution is d dent on the water and pH (Emerson et

al.. 1975: Boyd. 1982).

Finally, theoretical values for total ia-nit ion were
from the formula in Appendix 1, and compared with actual values obtained in the cight

systems.

2.4.6 Nitrate-nitrogen

Nitrate-nitrogen ~ concentration was assessed frequently using a  rapid
spectrophotometric method designed by Velghe and Clacys (1985). Water samples were
collected from all plant tanks across all treatments. The samples were cooled and

eries and Marine Institute of Memorial University of

immediately transported to the |

Newfoundland for analysis.

For calibration, a stock solution of 1000 mg/L nitrate was prepared by dissolving

lled water. Standards of known

1.6306 g anhydrous potassium nitrate in one litre of d

nitrate concentrations, namely 5 mg/L. 10 mg/L., 15 mg/L, 20 mg/ m/L. 30 mg/L.

and 35 mg/l. were then prepared from the stock solution. Two mL of the standards and
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sample water from the eight systems were transferred in separate test tubes and 100 pl.
5% (w/v) resorcinol solution was added to each. All test tubes were shaken slightly and

2.6 mL. of 98% concentrated sulphuric acid (analytical grade)

immediately added to
each. The colour was left to develop until the test tubes cooled down to room
temperature.  Absorbance of the standards and samples were read using a Jenway® 6403
spectrophotometer at 360 nm and the nitrate concentration from each sample was
obtained by comparing with the absorbance of the standards.

Samples were diluted with de-ionized water when the ion was expected

to reach over 35 mg/L. nitrate.

2.4.7 Potassium
Potassium concentration (mg/L) was assessed frequently by the LaMotte Smartw 2
colorimeter. Samples were taken from all plant tanks across all treatments and analyzed

immediately at the farm. The tests were performed as per the manufacturer’s guide.

2.4.8 Phosphate

Phosphate concentration (mg/L) was assessed on the same day as potassium by the

LaMotte Smart® 2 colorimeter. Samples were also taken from all plant tanks across all
treatments and analyzed immediately at the farm. The tests were performed as per the

manufacturer’s guide.
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2.5 FCR
At the end of the study, the feed conversion ratio (FCR) was calculated for the fish

in each of the eight systems. The following formula was used:

Total feed fed (g)/system
FCR=

[Final total fish weight (¢) — Initial total fish weight (g)]/system

2.6 Economic assessment

An economic ass

ment was performed at the end of the study. to compare the
hypothetical gross return from ornamental fish versus a food fish, like tilapia. The Rakocy

system of aquaponic production was used as a model for the calculations.

2.7 Data and stati

ical analyses

All stati

ical analyses were performed on raw data using the statistical package
Minitab® 15. The tolerance for type 1 error was set at 5%. All charts have been generated
by Microsoft® Excel 2007, from the raw data.

ANCOVAs have been used to compare between treatments over a time scale for
fish growth and water quality parameters. Where statistical assumptions were not met,

one-way and two-way ANOVAs have been applied. ANCOVAs. rather than the Von

Ber

anffy Growth model, were 1o as

s fish growth parameters as the fish under
study were still in a linear growth phase during the whole of the experiment. For the three
plant parameters: plant weight, root length and shoot length, one-way ANOVAs have
been used to compare between specific treatments. In addition. three-way ANOV As were

28
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used to compare dissolved oxygen levels between fish and plant tanks across treatments.
For planned comparisons, the error rate was adjusted by dividing the 5% by the number
of tests performed. Four planned comparisons were performed for several parameters, to
better analyze the raw data. An error rate of 1.25% (5%/4) was used everywhere for all
planned comparisons, unless otherwise specified.

To start with, goldfish was compared to all other platy treatments. Then. differences
were tested among the platy treatments when the goldfish treatment was excluded from
the analysis. Following this. the control platy treatment was tested against the other platy
treatments. Finally, treatments under one plant were compared to those under the second
plant for differences (goldfish treatment excluded)

For every statistical test performed. all statistical assumptions have been verified.
These are: (1) normality of distribution of residuals, (2) randomization and independent

sampling and (3) homogeneity or equality of variance.
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CHAPTER 3: RESULTS

3.1 Standard fish length

3.1.1 Growth of female platys over time

Mean female length (mm)
30 T
£
35
Platy D1P1
—— Platy D2P1
33 ——Platy 0371
—— Platy D1P2
Platy 0202
- ——PlatyD3p2
——Platy Control
2
2
1 16 28 a3 56 70 Days

Figure 8. Standard length of female platys over time in all treatments with mean +
standard deviation. n= 40 per measurement time per treatment. D1P1= 0.75 platy/L-plant
1. D2P1= 1.0 platy/L-plant I, D3PI= 125 platy/L-plant 1, DIP2= 0.75 platy/L-plant 2.
D2P2= 1.0 platy/L-plant 2. D3P2= 125 platy/L-plant 2, Platy Control= 1.25 platy/l.-no
plants

No difference (p= 0.154) was noted in the mean standard length of female platys
over time, across all the treatments (Figure 8). The fish showed linear growth at this
stage which made analysis using an ANCOVA possible. In addition. no difference was
observed between standard length of females among treatments (p= 0.314) in the first

sampling. All statistical assumptions were met.
30
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3.1.2 Growth of male platys over time

Mean male length (mm)

3

i

35 Platy D1P1
——Platy 02p1
—#laty 0361

33 N
—layD1P2

Platy D202

3
—#laty 032
——Platy Control

2

5

1 16 28 56 7 Days

Figure 9. Standard length of male platys over time in all treatments with mean + standard
deviation. n= 40 per measurement time per treatment. Designations explained in legend to
Fig. 8.

There was no difference in the growth of the male platys (p= 0.604) with respect to
their standard length over time, among treatments (Figure 9). The analysis using an
ANCOVA was possible. since the male platys have also displayed a linear growth. All
statistical assumptions were met.

In addition. there were no differences in the mean standard length of males in the

first sampling across treatments (p= 0.582).
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3.1.3 Growth of male vs female platys over time

Mean fish length (mm)

3

B 1

3 Wi
5

W Ferales

u

»

2

2

1 n 2 2 56 0 oays

Figure 10. Standard length of male platys compared to females across all treatments over
time with mean + standard deviation (orange for males: black for females). n= 40 per
measurement time per treatment, for both males and females.

Female platys showed better growth (p=0.000) over time (Figure 10). At the start
of the study. males were bigger than females across all treatments (p= 0.010). Mean male
standard length was 28.9 +2.4 mm while females were 28.4 2.3 mm. However. at the
end. females grew bigger than males (p= 0.000) with a mean standard length of 35.7 +2.6

mm. Males were 32.3 +2.8 mm in mean standard length overall
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3.1.4 Growth of goldfish over time

Mean fish length (mm)

|
R o

platy

Female
| a0 platy
35 W Goldfish
30
25
1 16 28 43 56 70 Days

Figure 11. Goldfish standard length over time compared to platys with mean + standard
deviation. Goldfish n= 40 per measurement time; platys n= 40 per measurement time per
treatment for both males and females.

Figure 11 gives a visual comparison of the mean standard length of goldfish with
respect to male and female platys over the 11-week study period. The goldfish were 46.4

+3.4 mm and 54.6 +4.9 mm, respectively. at the start and end of the study.
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3.2 Fish weight
3.2.1 Fish loading in the systems

Table 3. Initial and final fish loading in the eight systems including initial and final
average body weight in the systems.

lnml:slk:ola] Final total fish ‘n Final

Treatments  density . loading/system ¢ o8¢ erage
(Fishiy  ‘oading/system povisd body body

@L) & weight (g) weight (g)

DIPI 0.75 0.55 0.95 0.74 1.29
D2P1 1.0 0.72 1.31 0.72 1.34
D3PI 1.25 0.90 1.69 0.72 1.37
DIP2 0.75 0.55 0.99 0.73 1.33
D2P2 1.0 0.73 1.23 0.73 1.29
D3P2 1.25 0.90 1.67 0.72 1.38
Platy control 1.25 0.94 1.72 0.75 1.42
Goldfish 0.625 227 3.85 3.63 6.16

Table 3 gives a comparison of fish loading in the cight mini-aquaponic systems at
the various fish densities (fish/L) used. The fish loading are much less as recommended in
a typical aquaponic system (Rakocy et al.. 2006). This fact is more pronounced in the
platys because of the small sizes of small ornamental fish. Goldfish. which is a medium-

sized ornamental fish, has a higher loading even at half of the highest platy density.
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3.2.2 Growth of female platys over time

Mean female weight (g)
21
19
17
15 Platy D1P1
——PlatyD2p1
——Flaty D3P
13 ——Platy D1P2
Platy D2p2
——Flaty D32
H ——Platy Control
09
07
05
1 16 28 a3 56 0 Days

Figure 12. Weight of female platys over time in all treatments with mean + standard
ion. n=40 per measurement time per treatment. Designations explained in legend to

A difference in mean fish weight over time was observed between the treatments
(p= 0.010) over time when an ANCOVA was performed (Figure 12). When the D3P2
treatment (1.25 platy/L-spinach) was excluded. no significant difference was observed
(p= 0.055: generated by performing 2,000 ANCOVA randomizations).

The weight gains of the fish were still in the lincar phase making the use of an

ANCOVA possible. All statistical assumptions were met.
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3.2.3 Growth of male platys over time

Mean male weight (g)
19
17
Platy D191
15
13
Platy D262
aty D32
11 aty Control
09
07
05
1 16 2 4 56 0 Days

Figure 13. Weight of male platys over time in all treatments with mean + standard
deviation. n= 40 per measurement time per treatment. Designations explained in legend to
Fig. 8.

No significant difference (p= 0.809) was observed among treatments in the growth
rate of the male platys with respect to their weight as shown in Figure 13. Lincar analysis

was performed using an ANCOVA and all statistical assumptions were met.
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3.2.4 Growth of male vs female platys over time

Mean fish weight (g)
21

W vales

W remales

1 16 28 a3 56 70 Days

Figure 14. Weight of male platys compared to females across all treatments over time
with mean + standard deviation (orange for males: black for females). n= 40 per
measurement time per treatment, for both males and females.

Female platys showed better growth over time (p= 0.000) with respect to weight as
illustrated in Figure 14. At the start of the study. the mean body weight of males
(irrespective of treatments) was higher (p= 0.003). Males were 0.75 +0.17 g while
females were 0.71 £0.15 g. However. mean female body weights were bigger than males

(p=0.000) at the end. Females were 1.60 +0.32 g while males were 1.07 £0.28 g.
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3.2.5 Growth of goldfish over time

Mean fish weight (g)
75 T T
65 |
55 |
|
as T - Ml
platy
| | | Female
35 [ ’ 1 L It
1 ’ W Goldfish
25
15
05
1 16 28 a3 56 0 Days

Figure 15. Goldfish weight over time compared to platys with mean + standard deviation.
Goldfish n= 40 per measurement time: platys n= 40 per measurement time per treatment
for both males and females.

Figure 15 gives a visual account of the mean weight of goldfish compared to male
and female platys over the 11-week study period. Initial and final weights of goldfish

were, respectively, 3.63 £0.85 g and 6.16 £1.40 g.
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3.3 FCR

Table 4 gives an account of total fish weight gain and FCR for all treatments. High
FCR values have been obtained in each treatment relative to what is expected in

aquaculture production.

Table 4. Weight gain and FCR for all treatments. The values for platys include combined
data for both males and females, as each tank had half of each sex. The total feed fed per
em is the cumulative total amount of feed fed during the course of the whole study.
Designations explained in legend to Fig, 8.

Initial total __Final total Total

. . o Totalfecd
Treatments " I i fed/system  FCR

ight/s) g ) ®
(@) (€3] (@)

DIPI 88.7 1518 3.1 3004 [
D2P1 160 209.1 93.1 4032 433
D3PI 1435 269.9 126.4 504.0 3.99
DIP2 88.1 158.4 703 3024 430
D2P2 1163 196.8 80.5 4032 5.01
D3P2 144.1 267.7 1236 504.0 4.08
Platy control 149.8 275.3 125.5 504.0 402
Goldfish 363.1 6159 2528 1008.0 3.99
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3.4 Fish feeding to

Table 5 describes the amount of feed applied to cach system on a daily basis
compared to what Rakocy et al. (2006) recommends for good plant production. It is

notable that the amount of feed needed for good plant production is far

in the present

study. than what is recommended

Table 5. Total amount of feed fed per system per day compared to the recommended
value for good plant production. The recommended value is with respect to the plant
growing area per system, which was 0.8 m’.

Wecks Treatments Amount of feed Recommended
(g) fecding/day (g)

0.75 platy/L_
1.0 platy/l
1.25 platy/L.
goldfish
0.75 platy/L_
1.0 platy/L
1.25 platy/L
goldfish
0.75 platy/L_
1.0 platy/L
1.25 platy/l.
goldfish

3-6

7-11

40
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3.5 Plant weight

Mean basil weight (g) A Mean watercress weight (g)
3 30
25 2
2 b 20
15 15
11 a a a i
W @ W :
o 0
075P/L 10P/L  125P/L goldfish 075/ 10P/L 125P/L goldfish
Mean spinach weight (g) c
3
25
) b
b
1steycle
1 a ° 2ndycl
R R w2ndcycle
1
0s l
3
075PL 10P1L 1257

Figure 16. Mean plant weight for basil treatments at the end of the first plant cycle (A),
mean plant weight for watercress treatments at the end of the second plant cycle (B) and
mean plant weight for spinach at the end of the first and 2™ plant cycles (C) # standard
deviation. n for A= 12-16: n for B=16: n for 11-16. 0.75 P/L= 0.75 platy/L. 1.0 P/L=
1.0 platy/L. 1.25 P/L= 1.25 platy/L. goldfish= 0.62 goldf
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3.5.1 Basil weight at the end of the first plant cycle

A diffe among the four containing basil (p= 0.000) was observed in
the first plant cycle (Figure 16 A). Following this, planned comparisons were set up to
identify the differences. It was found that the mean plant weight in the goldfish treatment
was higher than for platys (p= 0.000). Mean plant weight for basil with goldfish was 1.14
£0.43 ¢ while mean plant weight in the platy treatments was 0.47 +0.16 g. Besides this.

there was no difference in mean plant weight among the platy treatments (p=0.863).

3.5.2 Watercress weight at the end of the second plant cycle
No difference in mean plant weights was observed among the four treatments with
watercress (p= 0.130) in the second cycle. Mean plant weights for 0.75 platy/L. 1.0

platy/L. 1.25 platy/L treatments and goldfish were 12.6 £ 8.6 g. 13.5+7.4 ¢, 12.7+6.7 ¢

and 18.810.6 g, respectively

s illustrated in Figure 16 B,

3.5.3 Spinach weight in both plant cycles

In the first spinach cycle. no difference in mean plant weights was observed among
the three treatments (p= 0.071; generated by performing 1.500 ANOVA randomizations).
Mean plant weights for 0.75 platy/L., 1.0 platy/L and 1.25 platy/L. treatments were 1.22
£0.45 g, 0.74 £0.37 g and 0.99 £0.64 g, respectively. The 1.0 platy/L-spinach data were
corrected for one outlier, by performing the Grubb’s test for the first plant cycle (p=
0.000). At the end of the second cycle, there was still no significant difference (p=0.163)

in mean plant weight for the treatments under spinach. Mean plant weights for 0.75
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platy/L. 1.0 platy/L and 1.25 platy/L treatments were 1.36 £0.43 g, 1.67 +0.92 g and 1.83

0,65 g. respectively. However. spinach plants in the second cycle were bigger (p=0.000)

compared to the first cycle (Figure 16 C).

3.6 Root length

Mean basil root length (cm) A Mean watercress root length (cm) B
60 60 a a .
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Figure 17. Mean root length for the basil treatments at the end of the first plant cycle (A).
mean root length for watercress treatments at the end of the second plant cycle (B) and
mean root length for spinach at the end of the first and 2" plant cycles (C) with +
standard deviations. n for A= 12-16: n for B= 16: n for C= 9-16. Designations explained
in legend to Fig. 16.
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3.6.1 Root length of basil at the end of the first plant cycle

When an ANOVA was performed. a difference in the length of roots (p= 0.002)
was observed among the basil treatments. But when goldfish was excluded in a planned
comparison, there was no longer a difference (p= 0.402) between the basil treatments
with platys (Figure 17 A). meaning that the root length of basil plants in goldfish was
longer (p= 0.000). Basil with goldfish had a root length of 28.5 £13.0 cm while the root

of basil plants with the platys treatments were 19.3 +5.2 cm.

3.6.2 Root length of watercress at the end of the second plant cycle
At the end of the second cycle. a difference (p= 0.035) in mean root length was

observed among the four treatments for watercress (Figure 17 B). When goldfish was

excluded in a planned comparison. no difference (p= 0.822) among the platy treatments
was observed. meaning that the difference lay with goldfish. Root length of watercress
plants with goldfish was hence found to be shorter (p= 0.004) compared to spinach plants

in the three other watercress treatments with platys. Root length of watercress plants with

goldfish was 34.5 +7.7 cm compared to 42.3 £9.4 cm for the platys.

3.6.3 Root length of spinach at the end of both plant cycles

At the end of the first plant cycle, no difference (p= 0.362) in the oot length of
spinach plants was observed. Mean root lengths for the 0.75 fis/L. 1.0 fish/L and 1.25
fish/L platy treatments were 35 £17 cm, 30 £11 cm and 42 +24 em, respectively. After
the second plant cycle. still no difference (p=0.179) was noted in the root length of basil

plants in the three platy treatments. Mean root lengths for 0.75 fish/L. 1.0 fish/L and 1.25
a
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fish/L platy treatments were 57 17 ¢cm, 69 +25 cm and 68 £16 cm, respectively.
However. the root length for spinach plants in the second plant cycle was longer (p=

0.000) compared to the first. as illustrated in Figure 17 C.

3.7 Shoot length
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Figure 18. Mean shoot length for the basil treatments at the end of the first plant cycle
(A). mean shoot length for watercress treatments at the end of the second plant cycle (B)
and mean shoot length for spinach at the end of the first and 2" les (C) 4
standard deviation. n for A= 12-16: n for B= 16: n for C= 11-16. Designations explained
in legend to F
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3.7.1 Shoot length of basil at the end of the first plant cycle
A difference (p= 0.000) in shoot length was observed among the treatments with

basil (Figure 18 A). However, when the goldfish treatment was excluded in a planned

comparison, no difference (p= 0.862) was observed among the treatments with platys.
Mean shoot length in the goldfish treatment was thus higher (p= 0.000) compared to the
the platy treatment with basil. Mean shoot length in the goldfish treatment was 6.5 £1.2

cm compared to 4.5 +0.7 em in the platys treatment.

3.7.2 Shoot length of watercress at the end of the second plant cycle

A difference (p= 0.006) was observed among the treatments with watercress at the
end of the second plant cycle (Figure 18 B). But when the goldfish treatment was
excluded in a planned comparison. no difference (p= 0.063) was observed among the
treatments under platys. Mean shoot length in the goldfish treatment was thus higher (p=
0.006) with a length of 28.9 £6.5 cm. Mean shoot length in the platy treatments was 24.3

+5.5 cm.

3.7.3 Shoot length of spinach at the end of both plant cycles

A difference (p= 0.015) in shoot length among the spinach treatments was observed
at the end of the first cycle. When the 0.75 platy/L treatment was excluded. no difference
(p= 0.567) between the other two treatments was found. The 0.75 platy/L-spinach
treatment was higher with a mean shoot length of 5.8 +1.5 cm. The 1.0 platy/L and 1.25
platy/L-spinach treatments had mean shoot lengths of 4.6 +1.2 cm and 4.4 £1.1 cm.

respectively.
6
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No significant difference (p= 0.527) was observed in mean shoot length in the
treatments with spinach at the end of the second plant cycle. Mean shoot lengths for the
0.75 fish/L. 1.0 fish/L and 1.25 fish/L platy treatments were 8.0 £1.5 ¢m, 8.2 £1.8 cm and
8.6 0.6 cm, respectively. When comparing between the two cycles. shoot lengths in the

second cycle were longer (p=0.000).

3.8 Water quality parameters

3.8.1 Water temperature in fish tanks

An ANCOVA did not fit the model and hence an ANOVA was performed. A
difference (p= 0.000) was observed in water temperature of the fish tanks over time in all
the treatments (Figure 19 A). Hence, separate ANOVAs were performed at specific time
points which were judged to be critical. Temperature was assessed at four time points
among the treatments. These were: at the start of the study. at the end of the first plant
cycle, at the start of the second plant cycle and at the end of the study.

A significant difference (p= 0.000) in temperature was observed among all
treatments at days 14. 49, 57 and 76. In the planned comparisons. water temperature in
the goldfish treatment was higher (p= 0.000) compared to the platy treatments at days 14,
49 and 57. At day 76. no difference (p= 0.137) was noted.

When all the platy treatments were compared. a difference (p= 0.000) was found to
be present at each of the four sampling points. Water temperature in the control treatment
was higher than the other platy treatments at days 14 and 76 (p< 0.001). It was, however.

lower (p=0.000) at days 49 and 57.
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When treatments under specific plants were compared, the treatments under basil
showed a higher (p= 0.000) water temperature compared to those under spinach at day 14.
But at day 49. no difference (p=0.084) was noted. In the second plant cycle, at day 57,
water temperature in the spinach treatments was higher (p= 0.000) compared to those

under watercress. But at day 76, the inverse was observed where the water temperature in

the watercress treatments was higher (p= 0.010) compared to those under watercress.

3.8.2 Dissolved oxygen in fish tanks

No significant difference (p= 0.194) in dissolved oxygen (% saturation) was
observed among the cight treatments over time (Figure 19 B). An ANCOVA was
performed and it fitted the model for the analysis. Dissolved oxygen (mg/L) also showed

no difference (p= 0.504) over time among all treatments when an ANCOVA was

performed. The trend is illustrated in Figure 19 C.
3.8.3 Water temperature in plant tanks

An ANCOVA did not fit the model here and hence an ANOVA was performed over
time to test for significant differences in temperature among the treatments in the plant
tanks. A difference (p=0.000) was found to be present. Hence, differences were analysed
at the four specific time points. A difference (p= 0.000) in water temperature was
observed at each of days 14. 49. 57 and 76. Figure 20 A illustrates how water temperature

varied over time in the plant tanks.
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Water temperature in fish tanks (*C) A

14 21 26 35 41 49 57 62 72 76 Days

in fish tanks ion) B

14 21 26 35 41 49 57 62 72 76 Days

Days

DIP1 == D2P1 == D3P1 —~ DIP2 ~ D2P2 == D3P2 ~PlatyControl ~ Goldfish

Figure 19. Water temperature (A), Dissolved oxygen - % saturation (B) and Dissolved
oxygen - mg/L (C) in fish tanks over time with mean + standard deviation. n for A, B and
C= 4 per measurement time per treatment. Designations explained in legend to Fig. 8
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Water temperature in plant tanks (*C) A

1421 26 35 41 49 57 62 72 76 Days

14 21 26 35 41 49 57 62 72 76 Days

| 14 21 26 35 41 49 57 62 72 76 Days

DIP1 == D2P1 == D3P1 ~~D1P2  D2P2 ==D3P2 = Platy Control = Goldfish

Figure 20. Water temperature (A), Dissolved oxygen - % saturation (B) and Dissolved
oxygen - mg/L (C) in plant tanks over time with mean + standard deviation. n for each of
A. B and C= 4 per measurement time per treatment. Designations explained in legend to
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In the planned comparisons. the water temperature was noted to be higher (p=
0.000) in the goldfish treatment compared to the platys at each of days 14 and 57
However, at day 76. the inverse was observed where temperature in the goldfish
treatment was lower (p= 0.000) compared to those under platys. At day 49, no difference
was present (p= 0.242).

Comparing all the platy treatments, a difference (p= 0.000) was observed
throughout each of the four specific time points. No difference was observed between the
control treatment and other platy treatments at days 14 and 49 (p> 0.361). However. the
control treatment had a higher (p= 0.000) water temperature at each of days 57 and 76.

When treatments under specific plants were compared. a non-homogeneous trend
was again observed. Water temperature in the basil treatments was higher (p= 0.000)
compared to spinach treatments at day 14. However, the inverse was noted at day 49

where the treatments under spinach was higher (p= 0.000). No difference between the

under and the s under spinach was observed at day 57.
However, at day 76. water temperature in watercress tanks was lower (p= 0.000)
compared to that in spinach.

Furthermore. in three-way ANOVAs, differences in dissolved oxygen levels were
investigated between fish and plant tanks. It was found that the fish tanks had a higher
(p=0.000) % saturation of dissolved oxygen level compared to the plant tanks but oxygen
levels (mg/L) were higher (p=0.006) in the plant tanks compared to the fish tanks. This is
because the water temperature got cooler (p=0.000) in the plant tanks when moving from

the fish tanks due to low temperatures inside the greenhouse.
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3.8.4 Dissolved oxygen in plant tanks
A significant difference (p= 0.043, generated by performing 3.000 ANCOVA
randomizations) was observed in dissolved oxygen (% saturation) level over time among

all treatments. However, when the goldfish treatment was excluded from the analysi

L 1o
difference (p= 0.402) was observed. Dissolved oxygen level was hence lower in the
goldfish treatment throughout the study (Figure 20 B). Looking at the dissolved oxygen
level (mg/L). no difference (p= 0.475) was observed among the treatments over time
when an ANCOVA was again performed. Dissolved oxygen (mg/L) change over the time

of the study is illustrated in Figure 20 C.

3.85pH

Raw data were fixed into cl:

ses to carry out an ANOVA as an ANCOVA did not

fit the model here. A difference (p=0.000) in pH was observed among all treatments over

the time of the study. even when the goldfish treatment was excluded from the analysis
(p= 0.000). Hence. the data were again assessed at the four critical time points. An
illustration of how pH changed with time is shown in Figure 21 A.

Differences (p< 0.002 at days 13. 50. 57 and 76) were observed among all
treatments throughout the study. When performing planned comparisons, it was found
that pH in the goldfish treatment was higher (p= 0.004) than the platy treatments only at
the first sampling point. Otherwise, it was lower than the other platy treatments at days
50. 57 and 76 (p=< 0.001).

Regarding the platy treatments, a difference was observed among all of them at

ys 13,57 and 76 (p= 0.009). At day 50. no difference (p= 0.245) was noted. When the
52
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control treatment was compared to the other platy treatments, no difference was found to
be present at days 13 and 50. However. the control treatment had a lower pH at days 57
and 76 (p=0.000).

Furthermore. in the first plant cycle. no difference was present between the basil
and spinach treatments at days 13 and 50 (p> 0.134). In the second plant cycle, no
difference in pH was noted at day 57 (p= 0.057) but at day 76, the pH in the spinach

treatments was lower (p= 0.000) compared to those with watercress.

3.8.6 Ammonia concentration

3.8.6.1 Total ammonia-|

itrogen

An ANOVA was performed to test for differences among the treatments over time,
as an ANCOVA did not fit the model. A difference (p= 0.000) was observed in the total
ammonia-nitrogen concentration with time. even when goldfish was excluded from the
analysis (p= 0.000). Hence, four planned comparisons were set up to further analyze the
raw data.

Total ammonia-nitrogen concentration in the goldfish treatment was higher (p=
0.000 at days 13, 48. 54, 76) compared to the platy treatments. throughout the study. In
addition. there was a difference (p< 0.002 at days 13. 48, 54 and 76) among all the platy
treatments throughout the study. The control was higher (p= 0.000) than the other platy
treatments at days 13 and 54 but no differences (p> 0.054 at days 48 and 76) were
observed at the other two time points. Comparing treatments for plants 1 and 2. at the first
sampling point, no difference (p= 0.082) was observed between the basil and spinach

treatments. The same occurred on day 76 where no difference (p= 0.122) was observed
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between the and spinach However, total ja-nitrogen was

higher in the spinach treatments at days 48 and 54 (p< 0.004) compared to the basil and

respectively. An i ion of how total ia-ni (TAN)

concentration varied throughout the study is given in Figure 21 B.

3.8.6.2 Un-ionized ammonia-nitrogen

An ANOVA was performed to analyse the generated data for un-ionized ammonia-
nitrogen (from total ammonia-nitrogen as a factor of pH and temperature). An ANCOVA
did not fit the model. A difference (p= 0.000) was observed among all treatments. even
when goldfish was excluded from the analysis (p= 0.000).

At day 13, a difference (p= 0.000) was present among all treatments. In the planned
comparisons. un-ionized ammonia concentration in the goldfish treatment was higher (p=
0.000) compared to all the platys. Besides. a difference was observed (p= 0.000) among
all the platy treatments and it was found that the control treatment was higher (p= 0.000)
compared to the other platy treatments. However. no difference (p= 0.866) was present
between the platy treatments with basil compared to those with spinach.

At day 48. a difference was noted among all treatments. In a planned comparison
(error rate 2.5%) the goldfish treatment was higher (p= 0.016) compared to the other platy
treatments. However, no difference was observed among the platy treatments (p=0.152).

At day 54, no differences (p= 0.281) were present among the treatments,

At the final sampling. a difference (p= 0.000) was present among all treatments. In

the planned comparison, un-ionized ja-nitrog on in the goldfish

treatment was lower (p= 0.000) compared to the other platy treatments. Besides this. there
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was a difference (p= 0.008) among all platy treatments and it was found that the control

treatment had a lower (p= 0.001) un-ionized ammonia concentration compared to the

other platy treatments. Further. there was no difference (p= 0.455) in un-ionized

it ion between the under and those with

spinach. Figure 21 C illustrates how un-ionized ammonia-nitrogen (UIA) varied with time

in all the treatments.
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Figure 21. pH (A). Total ammonia-nitrogen concentration (B) and Un-ionized ammoni;

nitrogen concentration (C) over time with mean + standard deviation. n=4 per

ations explained in legend
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3.8.7 Electrical conductivity

Electrical conductivity (uS/cm)

1200 Platy D1P1
——PlatyD2P1

1100 ——PlatyD3P1
——Platy D1P2

1000 Platy D2P2
—PlatyD3P2

900 ——Platy Control
—— Goldfish

800

700 -

600 /

1320 26 3 41 48 57 6 72 76 Days

Figure 22. Electrical conductivity over time in all the treatments with mean + standard
deviation. n= 4 per measurement time per treatment. Designations explained in legend to
Fig. 8.

A difference (p= 0.000) in electrical conductivity over time was observed among all

treatments when an ANOVA was performed (an ANCOVA did not fit the model). Even

when the goldfish treatment was excluded from the analysis. a difference (p= 0.000)

among the platy treatments was still observed. Following this, assessment of electrical
conductivity at the four critical time points was made. Differences (p= 0.000) were

ob:

d among the treatments at each of days 13, 48. 57 and 76. Figure 22 illustrates

how electrical conductivity changed over time in all the treatments.
In the planned comparisons. it was found that electrical conductivity in the goldfish
treatment was higher (p= 0.000) compared to the other platy treatments at each of days

13.48. 57 and 76.
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In addition, differences (p= 0.000) were observed among all the platy treatments at
each of the four time points. Apart from day 13 where there was no difference (p=0.015)
between the control treatment and the other platy treatments, on days 48, 57 and 76. the
control treatment had a higher (p= 0.000) electrical conductivity compared to the other
platy treatments.

Moreover. it was noted in the first plant cycle that the electrical conductivity was
higher (p= 0.000) in the basil treatments compared to those under spinach at cach of days
13 and 48. In the second plant cycle. electrical conductivity in the watercress treatments
was also higher (p= 0.000) than in the treatments under spinach at each of days 57 and 76.

Values for electrical conductivity at the end of the first and second plant cycles are

illustrated in Table 6.

Table 6. Final electrical conductivity at plant harvest. at the end of the first and second
plant cycles in all treatments.

Mean electrical

Plant Cycle Treatments contuctivity (uS/em)
0.75 platy/L. 7295
1.0 platy/L 755.8
Basil ) 25 platy/L 788.2
It goldfish 863.0
0.75 platy/L 706.0
Spinach 1.0 platy/L. 7205
1.25 platy/L 7748
Control 125 platy/L 763.5
0.75 platy/L. 915.0
1.0 platy/L 928.8
e I.ZSP};lnlyy/L 973.0
™ goldfish 1165.8
0.75 platy/L 916.2
Spinach 1.0 platy/L.
1.25 platy/L

Control 1.25 platy/L.
57
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3.8.8 Nitrate-nitrogen
An ANCOVA did not fit the model and hence an ANOVA was used to test for

among the over time. A significant difference (p= 0.000) was

observed in ni itrog ion among all even when the goldfish

treatment was excluded from the model (p= 0.000). Besides, a difference (p= 0.000)
among all treatments was observed at each of days 13, 47, 54 and 75. Figure 23 A

illustrates how nitrate ion varied in all the over time.

In the planned comparisons. no difference (p= 0.839) in the nitrate concentration
was observed between the goldfish treatment and the other treatments at day 13.
However. for the other three specific sampling points which followed. the nitrate
concentration in the goldfish treatment was higher (p= 0.000) compared to the other
treatments.

In addition, differences (p= 0.000) among the platy treatments were noted at each of
days 13, 47. 54 and 75. At each of the sampling points, nitrate concentration in the control
treatment was higher (p= 0.000) compared to the other platy treatments.

Finally. when comparing between specific plants. no definite trend was observed. In
the first plant cycle, the nitrate concentration in the basil treatment was higher (p= 0.008)
compared to those under spinach at day 13. But at day 47. the nitrate concentration in the
spinach treatments was higher (p= 0.001). Afier the start of the second plant cycle (day

54). no difference (p= 0.041) was observed between the treatments under watercress and

those under spinach. But at day 75. the nitrate concentration in the

was lower (p=0.000) than that in the spinach treatments.
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3.8.9 Phosphate

Phosphate concentration in all the treatments was also analysed into two phases.
namely before acid addition (day 15 to day 34) and after acid addition (day 49 to day 76).
Acid was added at day 34 to lower the pH.

Before acid was added. a significant difference (p=0.000) was observed among the
treatments when an ANCOVA was performed. Hence. further analyses were performed at
day 15 and day 34 to have a better understanding of the data. At day 15. no difference (p=
0.141) in phosphate concentration was observed among the treatments. A difference (p=
0.000) was, however. present at day 34. In the planned comparisons. phosphate
concentration in the goldfish treatment was found to be higher (p= 0.000) than in the platy
treatments. Besides this. there was a difference (p= 0.001) among all the platy treatments.
There was. however. no difference (p= 0.124) between the control treatment and the other
platy treatments. Moreover. no difference (p= 0.407) was present between the treatments
under basil and spinach.

After acid was added, a difference (p= 0.000) in phosphate concentration was
observed among all treatments when an ANOVA was performed over time (an ANCOVA
did not fit the model).

At day 49, a difference (p= 0.000) in phosphate concentration was present among
all treatments. In the four planned comparisons. there was no difference (p= 0.037) in the
concentration of phosphate between the goldfish and platy treatments. There was,
however. a difference (p= 0.000) among all the platy treatments. Phosphate concentration
in the control treatment was higher (p= 0.009) than the other platy treatments but there

was no difference (p= 0.511) between the basil and the spinach treatments.
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At the end of the study. a difference (p= 0.048, generated by performing 3000
ANOVA randomizations) in phosphate concentration was still present among all
treatments. In the planned comparisons (error rate= 2.5%). it was found that the goldfish
treatment had a higher phosphate level (p= 0.011) compared to the platy treatments and
no difference was present among the platy treatments (p= 0.207).

Phosphate concentration over time for all treatments is illustrated in Figure 23 B.

3.8.10 Potassium

Potassium concentration data was analysed in two phases. namely. a period before
base addition (day 15 to day 49) and a period afier the start of base addition (day 49 to
day 76). Potassium hydroxide was added at day 50 but for statistical analysis purposes.
the second phase was started at the fourth sampling point (day 49) to assess the trend.

Before the base was added. a difference (p= 0.000) in the level of potassium was
noted among the treatments, when an ANOVA was performed over time. In the planned
comparisons, potassium concentration in the goldfish treatment was found to be higher

(p= 0.000) at each of days 15 and 49.

In addition, a difference among all the platy treatments was present at both day 15
(p=0.0117) and day 49 (p= 0.000). There was no difference in potassium concentration at

days 15 and 49 (p> 0.086).

However, when comparing between treatments under the two specific plants. at day

49. the i ion in the basil was found to be higher (p= 0.000)

than in spinach treatments. At day 15. no difference (p= 0.708) was present.
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Nitrate-nitrogen concentration (mg/L)

Potassium concentration (mg/L)
100
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Figure 23. Ni (A). Phosph
treatments over time with mean £

(B) and

(©) in all

standard deviation. n= 4 per measurement time per

treatment for all the parameters. Designations explained in legend to Fig. 8
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ium

After the base was added, no significant difference (p= 0.795) in pota:
concentration was observed over time in the treatments. An ANCOVA did not fit the
model and hence an ANOVA over time was performed here. Figure 23 C illustrates how

potassium concentration changed over time in all the treatments.

3.9 Economic of ornamental fish rearing

Tables 7. 8 and 9 compare the return of ornamental fish in an aquaponic system
relative to a food fish such as tilapia. The Rakocy Model of aquaponic production has
been used here as a reference for the calculations.

Tables 7 and 8 compare the wholesale and retail returns per year. respectively.
between tilapia, goldfish and platys if the fish were to be produced in one tank in an
aquaponic system. Table 9 compares the return per year between goldfish and tilapia if
both species were used as sole species in all four tanks of 7.8 m’ each. in the Rakocy

aquaponic system.
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Table 7. Hypothetical gross economic returns per tank between tilapia, goldfish and
platys. in the UVI aquaponic system. *The selling price for tilapia (whole, fresh) is retail
price, as projected by Lester Farms Inc. Prices for goldfish and platys are expected
wholesale selling price based on current market prices. The unit selling price for tilapia is
per pound of fish while for goldfish and platys, it refers to unit price per fish.

Wholesale economic returns by species per tank

Harvest/ Unit

- % Number of " Return/tank/year
Species  density RIS tankeyele  selling 9
(fish/m?) ~ CYelesy (Ibs or fish) price ($)
Tilapia 77 2 1056 1bs  6.00% 12,672
igg‘;"‘l‘;‘h“ 3,125 2 24375 fish  0.50 24375
gil*d"".l‘:h 3.125 2 24375 fish  5.00 243750
Platys 2,000 3 15,600 fish ~ 0.60 28,080

Table 8. Hypothetical gross economic returns per tank between tilapia, goldfish and
platys, in the UVI aquaponic system. All unit selling prices are retail prices. The unit
selling price for tilapia (whole, fresh) is per pound of fish while for goldfish and platys. it
refers to unit price per fish.

Retail economic returns by species per tank

Stocking Harvest/ Unit

. i Number of i Return/tank
Species  density  Numberof o evele  selling
(fish/m®y  SYCleSYeRT g orfish)  price(s)  YeAr®)
Tilapia 77 2 T056Tbs 600 12672
Common _ 3.125 2 2375 fsh 175 85312
goldfish
Platys 2,000 3 15600 fish 2,00 93.600
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Table 9. Hypothetical gross economic returns between tilapia and goldfish as sole species
in the UVI aquaponic system. *The price for tilapia (whole, fresh) is retail price per
pound of fish as projected by Lester Farms Inc. “The price for goldfish is wholesale price
per unit fish based on current market prices.

Economic returns by specics, when used alone in aquaponics

Total

- -
e S(;:::‘i‘:;? Number of  harvest/ skn';:g Total returns/
(o Cvelesiyear °.’;f15. :llll;s ) year ()
Tilapia 77 2 3224Ts 6007 50.688
(]:\"IB?:’}‘“ 3,125 2 97.500 fish 050" 97,500

Note: All prices indicated in the Tables are in Canadian dollars.
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CHAPTER 4: DISCUSSION

4.1 Fish growth

Regarding weight gain. females in the 1.25 platy/L-spinach treatment (D3P2)
showed slightly better growth (weight gain) than the other treatments, although no
difference (p= 0.818) in weight among all females was present at the start of the study.
Being closer to the greenhouse plastic covering. the fish tanks in this treatment compared
to the tanks in the other treatments, might have been exposed to more sunlight since more
algal growth was observed on surfaces. As Xiphophorus sp. are omnivorous (Tamaru et

al.. 1996: Froese and Pauly, 2011), the female platys in this treatment have proba

supplemented their diet more with proliferating algac than female platys in other

treatments. As females characteristically show better growth than males afier the juvenile
stage (Kallman and Borkoski, 1977: Froese and Pauly. 2011), this small diet

supplementation might have been more effective in the females. Males in the same 1.25

'he above

platy/L-spinach treatment showed similar growth to males in other treatments.

theory is further supported when looking at different water quality parameters. where the

1.25 platy/L-spinach treatment does not seem to differ from the other treatment

It should be noted that male platys were bigger than females at the start of the study.

But with time, females grew bigger and better than males. Kallman and Borkoski (1977)

pointed out in their paper that regardless of genotype, female and immature male platys

have the same growth rate. As the male grows, the growth rate declines acutely under the
influence of androgenic hormones, hence explaining why the graphs crossed each other in

Figures 10 and 14
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Typical stocking densities for Xiphophorus sp. in commercial intensive
recirculating tank production is between 1.0 and 2.0 fish/L. where maximum survival rate
is achieved as well as optimum water quality (Tamaru et al., 1996). For the purpose of
this study and due to budget constraints, three culture densities of platys were chosen.

namely 0.75 fish/L, 1.0 fish/LL and 1.25 fish/L. The maximum stocking density in this

study falls well under the maximum 2.0 fish/L for ial production. The
main concern when considering stocking densities is water quality. In aquaponic systems.
water treatment is enhanced by the important role played by plants in the uptake of
nutrients and possible harmful components such as un-ionized ammonia, directly via the

root systems (Savidov, 2004: Savidov. 2005: Rakocy et al.. 2006). This pres

ts an
advantage where no water exchange is needed compared to recirculating aquaculture

systems. A grow-out density higher than 2.0 fish/L could be well achieved for platys in

aquaponics. An interesting fact to note is that the fish in the control platy system (highest

fish density and no plants) also showed similar growth patterns compared to the other
treatments. Growth rates of fish were not suppressed. confirming the fact that the highest

density used in this study was far lower than the maximum tolerable by the systems.

ilable fe

Regarding commercially a for ormamentals, there s a lack of

information for consumers. On the majority of feed bags, guidelines for feeding are just

given as: *feed two to three times daily the amount of feed your fish will consume in five

which is unusable in the setting up of scientific feeding charts for growth trials.

Concerning the Blackwater Gold-N® professional feed used in this study, no feeding

instruction was present either on the feed bag or on the manufacturer’s website. T
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why a special feeding regime was devised for this study. Based on fish feeding behavior
and belly size after feeding, feed amounts were adjusted to finally give the feeding chart
deseribed in Table 1. The fish grew well under this regime over the 70 days of the growth
study. The female platys had more than doubled in weight at the end. when compared to
their initial weights. Overall, no apparent health problems were noted and the fish showed
brilliant colouration throughout. This could be attributed to the fact that the feed used is

one containing colour-enhancing ingredients and probiotics which increase growth, luster

and boost the immune system of the fish (as described by the manufacturer). All the

more. the platys were reproducing and readily producing fry in the fish tanks

suggesting
that the feed and culture conditions were adequate for the species.

Uncharacteristically high values of feed conversion ratio (FCR) have been obtained
for each of the systems (Table 4). This might be explained by the fact that some feed was
lost from the tank outflows whenever the fish were fed. The design of the fish tanks did

not allow the use of centre drain:

Thus, overflow pipes were used, which caused some of
the floating feed to be lost during feeding. While the platys seemed to be at the maximum
amount of feed they could absorb per day, the goldfish, however, could have taken in

more feed. But the amount was not increased because the goldfish treatment was fed

and this practi

tly twice the daily ration

ompared to the highest platy density.

was maintained throughout the study. Judging by the feeding behaviour of the goldfish,
they could casily have consumed all the feed delivered (actual ingestion plus feed lost

through the tank overflows). Morcover, the lost feed did not deplete dissolved oxygen

levels (Section 4.3) and might possibly have enhanced the nutrient loads in all systems
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uneaten feed also contributes to nutrient generation for the plants in an aquaponic system
(Rakocy et al., 2006). Furthermore, as growth rates did not differ among the platy
treatments, it might be expected that the fish had practically the same FCR and feed
efficiency in all the platy systems.

The above explanations are further confirmed when looking at theoretical values for

the production of total ammonia-nitrogen in each system (Appendix 1). Apart from the

st total-ammonia nitrogen sampling. all other sampling points showed far lower values
in the systems when compared to the theoretical values. The first possible reason is
supported by the fact that not all feed supplied into the system were consumed by the fish,
as already indicated by the FCR (because not all feed fed were digested). Secondly.
nitrification by colonizing nitrifying bacteria coupled with direct root uptake contributed
to keeping the levels of total-ammonia nitrogen at lower than expected in aquaculture
systems (Savidov. 2004). In the goldfish treatment for example. the treatment efficiency
of total-ammonia nitrogen by the system was calculated to be 92.4% (at the end of the

study).

4.2 Plant yield and productivity

Basil. which is a medium-nutrient requirement plant needing nutrient solution
concentrations of 1000 to 2000 pS/cm (Savidov. 2004: Savidov 2005). showed better
growth in the goldfish treatment compared to the other three platy densities (p= 0.000: for
plant weight. root length and shoot length). In addition. the majority of the water quality

parameters were higher in the goldfish treatment when compared to the other platy
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treatments (pH was, however, lower). All these differences can be attributed to the fact
that the goldfish treatment, having a higher fish biomass. received a higher feeding
regime compared to the platy treatments. The goldfish treatment had half the density of
fish compared to the highest density of platys but it received twice the feeding rate.
Rakocy et al. (2006) described that the amount of feed input in an aquaponics system is
what governs the nutrient load in the system. A higher feeding rate allows for better plant
productivity.

Although the basil in the goldfish treatment showed better growth, productivity was
far lower than values achieved at the Crop Diversification Centre South in Alberta.
Highest basil productivity in the current study was 0.24 kg/m’/yr (goldfish treatment)
while in Alberta, basil productivity reached 42.0 kg/m?/yr. This can be attributed to three
main reasons, namely: very low levels of nutrients as production was only at the start,
nutrient levels were low because there was lower input from the ornamental fish used in
this study compared to a bigger species like tilapia, and temperatures were too low for
basil as early November was reached when the first plant cycle was over.

Regarding spinach, no differences were observed in plant weight (p> 0.071) and
root length (p> 0.179) among the three platy densities in the two cycles. However, the
shoot length in the 0.75 platy/L treatment was longer (p= 0.015) compared to the other
two densities. With no differences in mean plant weight and root length. the longer shoot
length in the 0.75 platy/L-spinach treatment could be attributed to the fact that the plants
in this treatment produced an adaptive response to the very low nutrient levels at this

point in time by clongating their shoots. The electrical conductivity of 706 pS/em at the

69
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end of the first plant cycle, was the lowest recorded in this treatment as compared to the

other treatments. After having reached their maximum root extension capacity. the

spinach plants in this treatment have probably started to elongate their stems in searching
to capture more energy for growth.

Moreover, all three parameters showed significant increases in the second plant
cycle compared to the first (p= 0.000 for each of plant weight, root length and shoot
length). Overall, spinach productivity remained low with the highest productivity being
only 0.48 kg/m*/yr in the 1.25 platy/L treatment compared to around 18.0 kg/m’/yr in
Alberta. Low nutrient levels. lack of sunshine and cool temperatures inside the

greenhouse were the three main reasons for this poor spinach productivit

Electrical conductivity is a direct measure of nutrient solution concentration used in
aquaponic systems (Rakocy et al., 2004b: Savidov, 2004 Savidov, 2005; Rakocy et al.,
2006). For both basil and spinach, recommended levels of nutrients range between 1000
0 2000 pS/em (Savidov, 2004). This was never achieved in the platy treatments, not even
at the end.

The electrical conductivity values were, however, adequate for the production of

watercress, as indicated by Savidov (2004). Watercre:

is a low-nutrient requirement
plant needing a nutrient solution concentration having an electrical conductivity ranging
from 200 to 1000 pS/cm. Besides, it is cold temperature tolerant (McHugh et al.. 1987
McHugh and Constantinides. 2004). As a result, even if the goldfish treatment had bigger
watercress plants. no significant difference (p= 0.130) was observed in mean plant weight

among the treatments (Figure 16 B). The shoot length was. however. longer (p= 0.006)
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and it was very interesting to note that the roots were shorter (p= 0.035) in watercress
plants with the goldfish treatment. As noted in Table 6. the electrical conductivity in the

goldfish treatment was over that for di

The plants
could have adapted themselves to shorten their roots as there was no need to over-extend
them since nutrients were readily available for growth (Lopez-Bucio et al., 2003; Gojon
etal., 2009).

The productivity of watercress in the goldfish treatment was 4.9 kg/m*/yr while in
the platy treatment having the highest yield (0.75 fish/L). the productivity of watercress

was 3.5 ke/m/yr. In Alberta, productivity of watercress reached around 9.0 kg/m*/yr. The

lower productivity of watercress obtained in this study may be attributed to the lack of
sunlight and too low temperatures at this time of the year. During culture periods where

the plants could benefit from a few days of continuous sunlight, a fast change in the

growth could be visually noted. Had artificial lighting and supplementary heating been

used. the production of watercress in this study could have been matched with that in

Alberta. In addition, plant culture density used in this study was lower (20 plants/m™ vs 31
plants/m® in Alberta). In a nut shell. the nutrient content of all the treatments with

watercress was adequate for ion and the was overall

growing ve

y well with lush green leaves (Appendix 2), suggesting no nutrient limitation.

The levels of nutrients in the treatments were thus adequate for the production of

low-nutrient i plants. The ction of a medit quit plant could not

be sustained as spinach did not grow well even in the second cycle. Apart from too cold

temperatures, the clectrical conductivity data at the end of the study (76 days) shows
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clearly that nutrient contents were too low for the production of medium-nutrient
requirement plants. The ratio of fish water volume to plant water volume in the present
study was 1: 1.4 while Rakocy et al. (2006) had a ratio of 1: 2.2. Hence. a more
concentrated nutrient solution should have been expected in this study, which was not the
case due to a lower feeding rate. In the Alberta system, good plant production was
achieved after two months of the system running (Savidov. 2004) which was not achieved
after a two-month period in the present study. Hence. small ornamentals like platys could
possibly only sustain the production of low-nutrient requirement plants. The same results
would be expected for other small species of common ornamental fish such as guppies
(Poecilia reticulata). mollies (Poecilia latipinna). swordtails (Xiphophorus hellerii) and
others.

in the

However. at the end of the second plant cycle. the electrical conductivity
goldfish treatment was still rising at a good rate compared to the nearly stabilized platy
treatments (Figure 22). Further study is needed to assess how medium-requirement plants
would perform under the culture of a medium-size ornamental fish such as the goldfish,

for a longer period of time with lighting and heating. in the

same set-up (same system design and fish density).

4.3 Water quality parameters
Total ammonia-nitrogen levels in the goldfish treatment remained higher (p= 0.000)
than the other platy treatments throughout the study. The higher feed input into this

system could explain this. In addition. the goldfish treatment showed a good production
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of nitrate-nitrogen and at the end. values were still rising sharply compared to other
treatments which were levelling off at that time (Figure 23 A). Had the study been
continued. desired concentrations of around 250 mg/L (Savidov, 2004), could have been
reached. However. the platy treatments would have never attained required concentrations

for good plant production, emphasizing on the fact that small ornamental fish are not

suitable for i ics production of medi ient requi plants.
After oxygen. ammonia-nitrogen is the second most critical factor which can affect

fish negatively. When present in small amounts. ammonia causes stress which can lead to

the damage of gills and other body tissues. If duration persists, fish become more

susceptible to bacterial infections. show poor growth and a decreased tolerance to routine

handling (Francis-Floyd et al., 2009). At the end of the study. un-ionized ammonia-
nitrogen levels were far lower in all systems compared to the maximum of 0.05 mg/L
recommended in aquaculture systems (Timmons et al., 2002; Francis-Floyd et al., 2009).
This corroborates the findings of Savidov (2004) and supports the statement that

aquaponics “provides one of the best water quality controls in the aquaculture industry’

Apart from the first sampling period, un-ionized ammonia-nitrogen levels remained well

under the maximum lethal limits in all treatments once effective nitrification had been

established, between day 19 and 33 (Figure 21 C). At the start, the levels were high
because higher pHs were present. A higher pH favours a higher percentage of un-ionized
ammonia out of total ammonia (un-ionized + fonized) in culture water (Emerson et al..
1975 Boyd, 1982; Durborow et al, 1997; Parker, 2000: Canadian Environment

Protection Act 1999, 2001: Hargreaves and Tucker, 2004: Francis-

“loyd et al.. 2009). For
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every unit increase in pH. the amount of un-ionized ammonia increases 10 fold
(Durborow ef al.. 1997).

Regarding phosphate levels at the end of the study, they were not far from the 60
mg/L desired concentration (Savidov. 2004) in all treatments. Statistical analyses showed
no difference among the platy treatments (p> 0.207) but levels in the goldfish treatment
were, however, higher (p= 0.011). Phosphoric acid was added to lower the pH in all the
treatments as from day 34 because the pH resisted change and remained high. The same
was observed in Alberta where preliminary analysis showed a high pH of 8.6 in the
aquaponic system (Savidov. 2004). The gradual addition of the same amounts of acid to
all systems directly inputted phosphate which explains the sudden rise in the phosphate
level seen in Figure 23 B after day 34. Following acid addition. the systems then reacted
normally where pH decreased with time due to biofiltration activity. fish growth and
respiration, and plant root respiration (Buttner et al.. 1993: Lewbart and Harms. 2008:
Tucker and D’Abramo. 2008). As a pH of 7.0 is desired in aquaponic systems for
optimum  balance between nutrient uptake and efficient biofiltration (Savidov. 2004:
Savidov, 2005; Rakocy et al., 2006), potassium hydroxide solution was then added as
from day 50. to increase the pH. This is why the potassium levels rose sharply as from

day 50. The concentrations in each s

em remained. however, very low compared to the

potassium level achieved in the Alberta system (Savidov. 2004). Potassium reached a

concentration of 440 mg/L in Alberta while in the present study. the maximum level
achieved at day 76 was 72.5 £5.0 mg/L. in the 1.25 platy/L-spinach treatment. Fish feed

are very limiting in potassium (Savidov, 2004: Savidov, 2005: Rakocy et al.. 2006).
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Besides, the feeding regime in this study was very low. This has two implications: first.
less potassium is available via the feed and secondly, the pH did not drop naturally
enough to add sufficient amounts of potassium hydroxide as a good supplementation.

Small fish add less pressure to water quality regarding water acidification as feed

application, fish respiration and nitrifying activity are lower when compared to a big
species like tilapia. This is confirmed when looking at the pH profile for the goldfish
treatment. The lower pH in the goldfish treatment (Figure 21 A) suggests possibly more

fish respiration taking place as well as more nitrifying activity under a higher fish

biomass. In addition, more total ammonia-nitrogen was present in the system, which was

subsequently converted to nitrate and hence liberated more H' ions. compared to the other

platy treatments.
Regarding dissolved oxygen levels, they remained above the acceptable levels of
80% saturation and 6 to 7 mg/L (Rakocy et al., 2006). throughout the study. as shown in

Figures 19 and 20. Hence, plant roots were not stressed as there was no oxygen limitation

in the treatments.
Finally. looking at the water temperature in both fish and plant tanks. it was noticed

that it varied with time, although the temperature in all the sys 10 25°C. On

days where the sun was shining, temperatures inside the greenhouse increased
dramatically which heated the water above the set-point. A difference was noted among

rent

all treatments as described in Sections 3.8.1 and 3.8.3. This may be due to dif

positioning of the systems inside the greenhouse whereby one system was getting more

sunlight than the other. Moreover, at the end of the study. there was considerable loss of
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heat from the systems as indicated by the low temperatures in Figures 19 and 20. Air

temperatures went below freezing during night time and although very powerful heaters

wel . heat loss from the s;

u stems could not be prevented and water temperatures

went down substantially.

4.4 Feeding regime

As the ornamental fish used in this study were much smaller compared to a
common species for aquaponics such as tilapia, the feeding regime adopted was also
comparatively much lower. In the Rakocy Model. it has been described that what drives
good production of plants in an aquaponic system is the amount of feed being inputted on
a daily basis. To be able to sustain good and healthy plant productivity. a feeding ratio of
60 10 100 g of fish feed to one m* of plant growing area has been recommended by

ustainable at this fc

Rakocy et al. (2006). However, only staggered production is ceding
ratio because batch production has too big a nutrient pressure on a system. resulting in
unmarketable produce (Rakocy et al., 2004a). It has thus been suggested that a higher
feeding regime could be applied to have better production (Rakoey et al., 2004a; Rakocy
et al. 2004b; Rakocy et al.. 2006).

In the present study. the feed input in the systems was far lower than recommended
for good plant production as indicated in Table 5. If we scale up the proper density of
platys to achieve a feeding rate of 80 g of feed applied, we would end up with a stocking

density of 12.5 fish/L. which is unfeasil The maximum density for

Xiphophorus sp. is 2.0 fish/L (although a higher density could be achieved in aquaponics.
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as indicated in Section 4.1). Tamaru et al. (1996) showed that as fish culture density
increases, fish survival starts to decline sharply. Further, if the Rakocy system was
stocked with only platys. a total of 62.400 could be cultured at 2.0 fish/L in four fish
tanks of 7800 L each. These fish would be fed 2.496 g of fish feed at the end of the 11
week period hence being able to sustain only 24.96 m’ of plant growing arca. This is far
less than the total plant growing area of 214 m, which tilapia is able to sustain in the

same fish tank volume in the Rakoc;

stem (Rakocy et al., 2006). Besides. the feeding
rate here is an over-estimate as it is based on the feeding regime for platys in this study.
Hence, with the feeding rate being adjusted, less plant growing area would be possible.
Platys alone would thus not be able to sustain good plant production when used as a sole
species in aquaponics, even under optimum greenhouse environmental conditions.

When scaling up the density of goldfish, it reaches a density of 3.12 fish/L. By
considering goldfish biomass. this will result in a density of 19.4 kg/m’ (for the mean
final goldfish weight of 6.2 g). In a study performed in 1999. Feldlite and Milstein
recommended a stocking density of 2222 goldfish fry/m’ in carthen pond production,
where limited water treatment would be expected. Fry reached 3 g at marketable size.
With adequate water treatment as in aquaponic systems. the goldfish density of 3.12
fish/L could possibly be applied. Rakocy et al. (2006) described a harvest weight of 61.5
ke/m’ for tilapia. The system could thus easily tolerate goldfish at the 19.4 kg/m’ stocking
density. Besides this, goldfish are very hardy species (Hargrove and Hargrove, 2006).

Considering the Rakocy system. the four tanks would accommodate a total of

97.500 goldfish. This biomass represents a total feeding regime of 15.6 kg of fish
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feed/day (or 2.6% bodyweight) and a potential plant growing area of 156 m’. As

mentioned in Section 4.1, the goldfish in this study could have taken in more feed and

hence the total feeding regime mentioned above would be more or less a good estimate.
Goldfish alone could hypothetically be used as a sole species in a commercial aquaponics
system. Further studies should be carried out to test the productivity of different plants at

different goldfish densities/feeding rations under optimal greenhouse environmental

conditions, and also how the goldfish will perform at high stocking densities.

4.5 Economi of ornamental fish rearing

As indicated carlier, a platy density of 2.0 fish/L and goldfish at 3.12 fish/L are

densities which could be applied in the grow-out of these ornamentals in an aguaponic
system. Based on these. comparative economic analyses have been performed.
Comparing platys. goldfish and tilapia, the much higher potential value of the
ornamental fish at sale clearly comes forward. Ornamental fish bring much  higher
revenues per m' of culture water, even at very low wholesale prices, as compared to the
retail price of tilapia (Table 7). If retail price to retail price was compared. the figures
illustrated in Table 8 could be achieved. The common goldfish and platys would then

bring. respectively, 6.7 times and nearly 7.4 times more revenues than t LA

ystem for the ion of

s to use one tank in an

possibility exi

fish and the other tanks would still be under tilapia. The same fish feed could be used and

partial harvest could be carried out throughout a year across the different fis
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As the cost of greenhouse heating and supplementary lighting in temperate regions
can be a challenge (Rakocy et al.. 2006). the production of ornamental fish in additional
smaller tank units coupled to the main system, can also be used as a means to generate
more income. Otherwise. another approach (Table 9) could be adopted whereby goldfish

stem. As discussed

could hypothetically be used as the sole fish species in an aquaponi

carlier, the feeding rate for an ornamental species like goldfish would be suitable to

sustain i ic plant prod

Compared to tilapia. common goldfish could be 1.9 times more profitable when
cultured in the same system. This would not only support the high costs of greenhouse
heating and lighting in temperate regions, but would also decrease the dependency on
plant production to generate high income as is presently the case in aquaponics (Rakocy
et al., 2006). The pay-back period with respect to the high initial construction costs would
be shorter and the whole business would be much more profitable.

However, when opting for such high production of ornamentals, a farmer would
have to go for only wholesale of the fish to be able to sell such a big stock. Proper
management would be required. In order to generate the highest profit and to have a
constant supply of fish fry, investment into breeding programs for goldfish would be
preferable rather than just specializing in fish grow-out. Besides. a larger number of

smaller fish tanks could be used in the aquaponic system making multiple rearing units

Each tank would have fish of a different age as used in the Rakocy system for tilapia

production. In addition, different species of goldfish could also be cultured in the same
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system. There is a big variation in goldfish price and exotic species could bring as much
as $5.00 per unit at wholesale (Watson et al., 2004).

As the growing ornamental fish market generally demands a constant supply of fish.
very precise management would be needed to make this theory a reality. Rescarch should

be carried out to test the prod

of goldfish in i ic systems where

all aspects of production should be looked at, starting from breeding strategies, fish grow-

out/management to secure market identification and development of risk-proof marketing
strategies. A farmer could always revert back to tilapia or partially produce tilapia at any

point in time if he or she wishes to, while still keeping the system running. In addition.

other medium-sized ornamentals such as the goldfish or larger ornamental fish could be
experimented in an aquaponic system

The production of goldfish would be more

achieved by a goldfish farmer than
for an existing aquaponics farmer (producing a food fish specics). The goldfish farmer
would already have all the breeding strategies and set-ups in place. The farmer could just
use a commercial aquaponic system for the grow-out of the fish. This would thus be

adding a much higher value to the business as very high profitability can be achieved

vidov, 2005: Diver,

regarding culinary herbs culture in aquaponics (Savidov, 2004:
2006: Rakocy et al.. 2006). Additional advantages and benefits would be: far more
superior water treatment. decrease in water usage and decrease in effluent discharge to the
environment.

However. in temperate climates, the partial culture of ornamental fish in an

aquaponic system could be worth the investment, as a means to cover the high running
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costs involved. All the more, the production of species like exotic goldfish varieties could

not only be highly profitable but it could also add potentially unparalleled value to an

aquaponic system (Table 7).

4.6 Conclusions

9

Ornamental fish could be used as y specics in an ystem

to support the high costs of greenhouse heating and lighting in temperate regions.

Small species of ornamental fish are suitable for the production of low-nutrient
requirement plants alone. They would not be able to sustain commercial plant

production in aquaponics. as they generate low levels of nutrients.

Goldfish, which is a medium-sized ornamental fish. showed good potential to be

used as a sole species for ial plant inan ic system. as
they have a higher feeding regime due to a bigger biomass
The production of goldfish could potentially bring 4.6 times more gross income

when compared to tilapia.

G heating and lighting would be key factors for

P ion of ic crops in
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4.7 Recommendations

o

Experimentations should be carried out to test for the feasibility of culturing
goldfish and other medium-sized ornamental fish species as sole species in
aquaponic systems, at high densities and at different feeding rates.

Studies on proper breeding strategies to constantly supply aquaponic production
with fish fry, fish grow-out/management strategies and secure market
identification and development of risk-proof marketing strategies should be

performed as fundamental backbones to future studies.
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Appendix 1

Production (ax)=  F x PC x 0.092 x 10°
tx 450

F= total amount of feed input/day (kg)
PC= Protein content of feed (decimal)
0.092= constant
10°= conversion factor from kg/L. to mg/L.
= time between 2 feedings (day)
450= Total water in each system (L)
(Timmons et al.. 2002)

Table i. Total ammonia-nitrogen (TAN) sampling | of culture water at day 13.

Sampling Treatment Actual TAN Theoretical TAN
(mg/L) (mg/L)
DIPI 0.74 0.78
D2P1 1.10 1.05
D3PI 1.36 131
DIP2 0.78 0.78
i D2P2 113 1.05
D3P2 1.46 1.31
Platy Control 1.60 1.31
Goldfish 2.38 224
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Table ii. Total ammonia-nitrogen (TAN) sampling 2 of culture water at day 19.

Sampling P Actual TAN Theoretical TAN
(mg/L) (mg/L)
DIPI 031 .18
D2P1 0.18 157
D3PI 025 1.96
DIP2 045 118
nd
- D2P2 0.24 157
D3P2 0.93 1.96
Platy Control 0.14 1.96
Goldfish 2.40 3.92
Table iii. Total ammonia-nitrogen (TAN) sampling 3 of culture water at day 33
Sampli Treatment Actual TAN Theoretical TAN
Sampling reatment (mg/L) (mg/l)
DIPI 0.22 118
D2PI 033 157
D3PI 030 1.96
DIP2 021 118
o
; D2P2 024 157
D3P2 026 1.96
Platy Control 026 1.96
Goldfish 032 3.92
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Table iv. Total ammonia-nitrogen (TAN) sampling 4 of culture water at day 48.

Sampling Treatment Actual TAN Theoretical TAN
(mg/L) (mg/L)

DIPI 0.26 1.57

D2P1 0.27 2.09

D3P1 0.28 2.62

DIP2 0.26 1.57

4

D2P2 0.32 2.09

D3P2 0.33 2.62

Platy Control 0.30 2.62

Goldfish 0.44 5.23

Table v. Total ammonia-nitrogen (TAN) sampling 5 of culture water at day 54.

- . Actual TAN Theoretical TAN
Sampling Treatment (mg/L) (L)
DIPT 0.22 1.57
D2PI 0.24 2.09
D3PI 0.28 2.62
DIP2 0.24 157
s
? D2P2 0.30 2.09
D3P2 0.27 2.62
Platy Control 032 2.62
Goldfish 0.41 523
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Table vi. Total ammonia-nitrogen (TAN) sampling 6 of culture water at day 61.

Samplin, Treatment Actual TAN Theoretical TAN

L (mg/L) (mg/L)
DIPI 0.26 1.57

D2P1 0.26 2.09

D3PI 0.32 2.62

DIP2 0.26 1.57

"

D2p2 0.29 2.09

D3P2 0.31 2.62

Platy Control 0.38 2.62

Goldfish 0.35 523

Table vii. Total ammonia-nitrogen (TAN) sampling 7 of culture water at day 68.

Samplin: Treats t Actual TAN Theoretical TAN
Sampling reatment (mg/L) (mg/L)
DIPI 0.26 1.57
D2P1 0.26 2.09
D3PI 0.28 2.62
DIP2 0.24 1.57
70
D2P2 0.30 2.09
D3P2 0.31 2.62
Platy Control 0.39 2.62
Goldfish 0.55 5.23

93
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Table viii. Total ammonia-nitrogen (TAN) sampling 8 of culture water at day 76.
—— F— Actual TAN Theoretical TAN
— reatme (mg/L) (mg/L)

DIPI 0.19 1.57

D2PI 0.24 2.09

D3PI 0.32 262

DIP2 024 1.57

g

D2P2 0.26 209

D3P2 033 262

Platy Control 0.26 262

Goldfish 0.40 5.23




Wasiim Kader Bathia 2012

Appendix 2

Figure i. Watercress from one of the tanks in the goldfish treatment. near the end of the
study.












Bl

i

o
e




	0001_Cover
	0001a_Inside Cover
	0001b_Blank page
	0001c_Blank page
	002_Title Page
	003_Blank Page
	004_Abstract
	005_Blank Page
	006_Acknowledgements
	007_Blank Page
	008_Acknowledgements iv
	009_Table of Contents
	010_Table of Contents vi
	011_Table of Contents vii
	012_Table of Contents viii
	013_List of Tables
	014_List of Figures
	015_List of Figures xi
	016_List of Appendices
	017_List of Abbreviations and Symbols
	018_List of Abbreviations and Symbols xiv
	019_Chapter 1 - Page 1
	020_Page 2
	021_Page 3
	022_Page 4
	023_Page 5
	024_Page 6
	025_Page 7
	026_Page 8
	027_Page 9
	028_Page 10
	029_Page 11
	030_Page 12
	031_Page 13
	032_Page 14
	033_Page 15
	034_Chapter 2 - Page 16
	035_Page 17
	036_Page 18
	037_Page 19
	038_Page 20
	039_Page 21
	040_Page 22
	041_Page 23
	042_Page 24
	043_Page 25
	044_Page 26
	045_Page 27
	046_Page 28
	047_Page 29
	048_Chapter 3 - Page 30
	049_Page 31
	050_Page 32
	051_Page 33
	052_Page 34
	053_Page 35
	054_Page 36
	055_Page 37
	056_Page 38
	057_Page 39
	058_Page 40
	059_Page 41
	060_Page 42
	061_Page 43
	062_Page 44
	063_Page 45
	064_Page 46
	065_Page 47
	066_Page 48
	067_Page 49
	068_Page 50
	069_Page 51
	070_Page 52
	071_Page 53
	072_Page 54
	073_Page 55
	074_Page 56
	075_Page 57
	076_Page 58
	077_Page 59
	078_Page 60
	079_Page 61
	080_Page 62
	081_Page 63
	082_Page 64
	083_Chapter 4 - Page 65
	084_Page 66
	085_Page 67
	086_Page 68
	087_Page 69
	088_Page 70
	089_Page 71
	090_Page 72
	091_Page 73
	092_Page 74
	093_Page 75
	094_Page 76
	095_Page 77
	096_Page 78
	097_Page 79
	098_Page 80
	099_Page 81
	100_Page 82
	101_References
	102_Page 84
	103_Page 85
	104_Page 86
	105_Page 87
	106_Page 88
	107_Page 89
	108_Appendix 1
	109_Page 91
	110_Page 92
	111_Page 93
	112_Page 94
	113_Appendix 2
	Z001_Blank page
	Z002_Blank page
	Z003_Inside Back Cover
	Z004_Back Cover



