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Abstract. In recent years, the recirculating aquaponics system has gained high attention and
significant popularity for organic vegetables and fruits production which contributes to the
sustainable aquaculture for tropical regions. This review aims to summarize the possibility for
practicing intercropping in aquaponics to produce high-quality fruits, vegetables and fish without
any chemical fertilizer and minimum ecological impact for a sustainable agriculture. Although
many studies have addressed about aquaponics for producing high-value crops such as tomato,
cucumber, and lettuce, there is still a lack of complete information to support the development of
intercropping in aquaponics and limited focus on its commercial implementation. Moreover, this
study will focus first on the requirements for inserting intercropping in aquaponics and technical
improvements needed to adapt as potential for sustainable food production system to increase
productivity around the world, especially in countries have deficiency in water and land resources
as well as soil problem like salinity and reduce environmental emissions. Secondly, the insertion
of intercropping in aquaponics must be for crops with high value and for crops that can
complement together such as tomato with basil and tomato with lettuce. Thirdly, in technical
improvement in this study will summarize the strategies and factors that affect the intercropping
in aquaponics system such as the nutrients needed for crops under intercropping aquaponics,
stocking density and feeding rate which are important to know the concentration of ammonia that
is produced and converted to nitrate so that the plants can uptake it. Studying the requirements
for inserting and improving intercropping in aquaponics will increase our understanding of
needed for new agriculture technique that contributes to the sustainable aquaponics for tropical
regions.
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INTRODUCTION

Aquaponics is the integration or/and interlinking of conventional aquaculture with
hydroponic plant production (Diver & Rinehart, 2010). Aquaponics can be considered
as a sustainable food production method since it bridges the gap between production
and consumption of fish around the world without depleting the non-renewable
resources. The important characteristic of aquaponics designing systems is that it has
closed nutrient cycles (Nelson, 2008) and can be designing as decoupled system
consists of 2 independent recirculation systems connected unidirectionally from the fish
component to the plant component (Kloas et al., 2015) and enables sustainable
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agricultural production through complete biological processes among fish, bacteria
and the plant (Nelson, 2008). Aquaponics can be implemented as the medium in a wide
range of suitable fish species and plants at the same time in the system (Nelson, 2007;
Diver & Rinehart, 2010; Resh, 2012). Moreover, Aquaponics is composed of three main
components such as fish, plants and microbes. All the three components must be
available for an aquaponics system to function since the nutrients, absorbed by plants, is
a product of nitrification process of wastes excreted by fish. Moreover microbes bridge
the process between the other two components (Nelson, 2008; Klinger & Naylor, 2012;
Somerville et al., 2014).

In aquaponics, fish physiology and the composition of fish feed from protein are
the main factors affecting nutrient availability in solution inside the system. Further other
factors such as fish species, growth stage, stocking density and the rates of inside
microbial nitrification also play a role here (Rakocy et al., 2006). Fish feed waste is the
primary nutrient source for plants followed by fertilizers, periodically. While most of the
required nutrients such as nitrogen, potassium and other elements for plant growth are
available in the fertilizers (Tyson et al., 2004; Rakocy et al., 2006).

TYPES OF AQUAPONICS SYSTEMS

In an aquaponics system, three components work together such as fish tank
(aquaculture), bio-filter (for nitrification) and grow bed (hydroponics). Aquaponics
types are classified on the basis of grow bed designs according to hydroponics and can
also be classified as closed (coupled) and decoupled systems (Kloas et al., 2015). The
first type according to hydroponics, floating raft (RAFT, deep water culture — DWC) is
widely used for lettuce. The second type, Nutrient Film Technique (NFT) is used widely
for lettuce. NFT is not only used in Lettuce production, but also in Garlic as in (Abou-
Hadid et al., 1986), Tomato, Cucumber, Strawberry and Beans (Chrissy, 2017). The final
type is media-based bed that uses substrates media such as peatmoss, tuff and perlite in
(flood and drain or ebb-and flow) (Diver, 2006; Lennard & Leonard, 2006; Rakocy et
al., 2006; Nelson & Pade, 2007; Love et al., 2014).

The media-based bed is widely used in small scale aquaponics since not only that
it could act as a filtration unit but also it does not require separate biofilters as it contains
media (e.g., pumice stones or clay beads) in the grow bed for nitrification (Zou et al.,
2016). In addition, the substrate which is used in media based bed provides high surface
area for microbial growth during biological processes in aquaponics. This is the most
popular grow bed design among home gardeners (Bernstein et al., 2014). Moreover,
media-based bed is suitable for different kinds of vegetables and fruit species, because
the grow bed can support high root density due to potential blockage of recirculating
flow while NFT bed design is suitable only for small vegetable species such as lettuce
because the grow bed cannot support a high quantity of roots due to potential blockage
of recirculating flow (Engle, 2015). Thus, efficient solid removal is critical for NFT to
prevent clogging in grow bed channel. Floating-raft is the commonly adopted type in
aquaponics system since it allows the plant roots to freely absorb the nutrients in the
water without clogging water channel (Liang & Chien, 2013; Engle, 2015). NFT and
floating-raft aquaponics systems require a biofilter for nitrification and a sedimentation
tank for solid removal (Nelson, 2008; Engle, 2015). Recently, many researchers
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conducted experiments to determine the efficiency of applied Nutrient film technique
and deep water culture in large scale commercial operations (Bernstein et al., 2014).

COMPONENTS OF AQUAPONICS SYSTEM

Aquaponics system works on the principle of connection between the
components, hydroponics and recirculating aquaculture elements. This can be
otherwise described as, a combined culture of fish, bacteria and plants. For this reason,
any aquaponics system must be composed of basic components such as fish tank, aerator,
pipes, lights, pump, biofilter, hydroponics components-media beds, NFT, DWC, RAFT
or deep water and sump tank. In addition to this, half barrels, PVC media, buckets, plastic
containers etc. may be used (Rakocy et al., 2006). Devices of sedimentation cover plate
separators, tube or settling basins. Each component in aquaponics system plays a specific
role. Fish excretes organic wastes as ammonia in the fish tank while the biofilter
component has two specific processes for converting fish waste metabolites such as
ammonia into nitrite and then to nitrate through nitrification. The hydroponics
component in aquaponics system provides the required nutrients to plants. Moreover,
aquaponics system must ensure processes such as aeration, water movement and the
biological process to produce nitrate in the final stage. Finally, aquaponics system is the
culture for symbiosis between fish, bacteria and plants, and considered as sustainable
agriculture system using water and nutrients in coupled recirculation (Rakocy et al.,
2006; Somerville et al., 2014).

Positive effects of aquaponics

Today’s competitive environment facing serious of issues includes changes of
climate, degradation of soil, food security, and scarcity of water and rise of population.
All these problems were possibly addressed by aquaponics through their closed loop
system which consists of aquaculture and hydroponic elements (Goddek et al., 2015). It
is the rapidly developing sector of agriculture which should be sustainable and also meet
demands of biochemical aspect. Principally, aquaponics which is the combination of
horticulture and aquaculture in a single recirculating aquaponic system (SRAPS) gives
a sustainable approach (Kloas et al., 2015). Each part in aquaponics system can be
controlled to maintain good environmental conditions through controlling water quality,
temperature, pH, efficiency of the water used, improved waste management throw
nitrification and nutrient recycling (Rakocy, 2007; McCarthy, 2011; Thorarinsdottir,
2015; Sallenave, 2016). Further water recirculation is the final outcome achieved (Lin et
al., 2002; Hamlin et al., 2008; Endut et al., 2009; Martins et al., 2010). Moreover,
aquaponics can protect crops from diseases and drought (Azad, 2015). Because of its
unique, sustainable and environmental-friendly operational procedures, aquaponics has
greater impact on sustainable food production (fish and vegetables), reduced
environmental pollution and less water consumption which directly increases the profit
of farmers in contrast to standalone RAS and hydroponics systems, aquaponics has a
better economic benefit may include results from (McMurtry et al., 1997; Love et al.,
2014; Love et al., 2015; Milic¢i¢ et al., 2017).
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IMPORTANT CRITERIA AND FACTORS THAT AFFECTS AQUAPONICS
SYSTEMS

pH
In any aquatic system, pH stabilization is an important and critical phenomenon
since the living organisms operate within a cycling system and it controls fish
metabolism, microbial activities and affects the availability of nitrogen to plants (Kuhn
et al., 2010; Zou et al., 2016). In aquaponics, it is important to know the optimal pH
range for overall best performance from plant, bacteria and fish since it is necessary to
achieve sustainability of all the biological interactions occurring in the system. The plant
roots, bacteria, and fish must be able to absorb nutrients even at higher pH levels,
because providing the optimal pH for every part in a system is challenging. The pH
solution is the most important parameter in aquaponics systems because it controls fish
metabolism, microbial activities and affects the availability of nitrogen to plants (Kuhn
et al., 2010; Zou et al., 2016) and it must be balanced among fish, bacteria and plant
demands at the same time. In general, the tolerance range for most plants is 5.5-7.5
(Somerville et al., 2014). So, during experiments period, ideal pH will be maintained for
whole aquaponics system through adding calcium hydroxide and potassium hydroxide
to the base of the addition tank, where it gets dissolved and slowly enters the system.
Moreover, the pH level for crops must be within the optimal range because if
pH exceeds this range, plants are unable to absorb nutrients such as iron, calcium, and
magnesium available in the water which becomes deficient in plants (Rakocy et al.,
2006; Somerville et al., 2014). On the other hand, the optimal pH for nitrification in
biological processes is in the range of 7.5-8.5 (Kim et al., 2007). The ideal pH for the
nitrification process is 8.5 (Wortman & Dawson, 2015). Recent studies inferred that pH
6.0 is optimal for plant growth and efficient nitrogen utilization in aquaponics at the
expense of increased N,O emission due to high denitrification (Zou et al., 2016). In
aquaponics systems, pH was usually managed in the range of 6—7.0 because this range
is optimal for bacteria to function to its fullest capacity and the plant roots have full
access to absorb all the essential micro and macronutrients (Wortman & Dawson, 2015).
Tilapia can tolerate wide pH ranges and each tilapia species has different optimal pH
(Lemarié et al., 2004; Arimoro, 2006). Due to higher pH, fish is usually affected due to
toxicity of ammonia. Further, higher pH levels lead to higher toxicity in tilapia, but best
performance can be achieved in the range of 6.5-8.5. Therefore, it is important to keep
the pH value at possible stable level from (6—7.0) (Rakocy et al., 2006).

Dissolved Oxygen

Dissolved oxygen (DO) is one of the most important parameters in fish culture.
This is also critical to the beneficial nitrifying bacteria that convert fish waste into
nutrients so that the plants can absorb (Somerville et al., 2014). Dissolved oxygen (DO)
level describes the amount of molecular oxygen within water in the aquaponics system.
This is essential component for plants, fish and nitrifying bacteria to live and flourish in
aquaponics system and measured in terms of milligrams per liter. In new aquaponics
system, continuous monitoring of DO amount should be done until the system is
standardized by determined feeding and stocking rate to provide sufficient aeration
(Stark, 1996; Timmons & Ebeling, 2013; Somerville et al., 2014). In aquaponics, the
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addition of excess oxygen do not show any negative effects or risks because when the
water gets saturated, the additional oxygen is simply dispersed into the atmosphere.

The water temperature must be taken care and checked frequently because it is
strongly related to dissolved oxygen and when DO is insufficient at high water
temperatures, the root rot symptoms may appear (Rakocy, 2007). Most plants need high
levels of DO (>3 mg L), while for biofilters, it is recommended above 1.7 mg L' to
maintain the activity of nitrifiers (Ruiz et al., 2003). On the other hand, tilapia is tolerant
when the DO concentration is low, but growth rates will be affected. Tilapia, when there
is low level of dissolved oxygen (1 mg L"), it comes to the surface for oxygen-rich
surface water. Moreover, it is recommended that DO levels should be maintained at
5mg L' or higher in aquaponics systems to prevent from stress to fish and plants
(Bernstein, 2011; Rakocy, 2007).

Tank water temperature

Water temperature is a major influence factor on organisms inside the aquaponics
culture systems. The water temperature not only affects the organisms in it but also show
effects on growth of fish, feeding rate and fish size (Gardeur et al., 2007). Moreover, the
water tank temperature influences the behavior and physiological process of fish in the
aquaponics system and the performance of biofilter (Xia & Li, 2010). In addition, high
temperature has a direct effect system processes in terms of reduced dissolved oxygen,
increased unionized (toxic) ammonia and restricted absorption of calcium (Somerville
et al., 2014). Several studies have been reported that each fish species has ideal range of
water temperature as because it is affected directly by maximum growth (Person-Le
Ruyet et al., 2006; Bjornsson et al., 2007; Oyugi et al., 2011; Somerville et al., 2014).
Tilapia in aquaponics system require warm temperatures (25-27 °C) (DeLong et al.,
2009) for maximum growth (Rakocy et al., 2006; Savidov et al., 2007). When the ideal
temperature is not maintained in fish tanks, the growth is drastically reduced and cause
diseases which results in other criticalities such as reduced reproduction, sluggishness
due to retarded digestion capacity of fishes (Bailey & Alanidrd, 2006). The ideal
temperature for vegetable growth is 20-25 °C and for biofilters (nitrifying bacteria) it
ranges from 25 to 30 °C while tilapia dies when the temperature drops below 10 °C.

TYPES OF TILAPIA USED IN AQUAPONICS

Tilapia is one of the most popular fish species in aquaponics systems (Rakocy et
al., 2006) and the basic requirements for successful biological process the aquaponics
system (Love et al., 2014). Tilapia has a great attention because of its high
availability, easily cultivable nature, fast growing, stress and disease-resistant and highly
adaptable to a wide range of environmental conditions such as pH, water temperature,
dissolved oxygen (DO), salinity, light intensity and photoperiods (El-Sayed & Kawanna,
2004; Hussain, 2004). Due to these characteristics, tilapia culture is being practiced in
most of the tropical, subtropical and temperate regions to reduce the global rising
demands for protein sources (Ng & Romano, 2013). Fish is important to produce
ammonia which is the major end product in the breakdown of proteins which is
converted to nitrate in next stage by bacteria (Rakocy et al., 2006). There are many
species of tilapia such as Blue tilapia (Oreochromis aureus), Nile tilapia
(Oreochromis niloticus), hybrid tilapia (Oreochromis mossambicus x Oreochromis
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niloticus), Nile tilapia ‘red strain’ hybrid (Oreochromis niloticus x O. aureus) and red
tilapia (Oreochromis sp.) which are being used successfully in aquaponics system. In a
study conducted by Palm et al. (2014), Oreochromis niloticus is used for better growth
of lettuce (Lactuca sativa) and cucumber fruits (Cucumis sativus) in aquaponics system.
Further, another study conducted by Knaus & Palm (2017) recorded better growth in
basil (Ocimum basilicum) and parsley (Petroselinum crispum) when used O. niloticus in
aquaponics system. Consequently, under identical aquaponics system design, optimal
fish and plant choice govern the growth performance of the cultivated plants (Knaus &
Palm, 2017).

BACTERIA IN AQUAPONICS

Bacteria is one of the three basic requirements to complete the biological processes
(nitrification) in aquaponics system. Nitrification process is a major biological process
in biofilter aquaponics and forms the basic process for removing ammonia, a metabolic
waste excreted by fish. Ammonia is toxic to fish at concentrations above 0.05 mg L™
(Rakocy et al., 2006; Reed et al., 2009). Nitrification process in aquaponics system
provides elements for the plants which eliminates ammonia and nitrite (Gutierrez-Wing
& Malone, 2006) through two types of bacteria of which the first type is composed of
Nitrobacter, Nitrospina and Nitrococcus, a group of nitrifying bacteria that oxidize
ammonia(NH; or NH4") convert into nitrite (NO,") which is also toxic to fish. The second
type of nitrifying bacteria composed of Nitrosomonas and Nitrosococcus that oxidize
nitrite converts the nitrite into nitrate (NO3") (Somerville et al., 2014). In aquaponics,
biofilters use sand, gravel, shells or various plastic media with large surface areas which
is optimal to develop extensive colonies of nitrifying bacteria (Rakocy et al., 2006). The
nitrification process results in the transformation of 93% to 96% of ammonia-nitrogen
to nitrate, an end product of nitrification, in infiltration units (Prinsloo et al., 1999).
Nitrate is the primary source of nitrogen for plants (Resh, 2012). Nitrite is the
intermediate product of nitrification and toxic to both fish as well as plants while nitrate
is not toxic to fish. The nitrifying bacteria in aquaponics system is affected by pH. The
optimum pH range for nitrification is 7.0 to 9.0 although most studies indicate that the
ideal pH for efficient activity of Nitrosomonas spec. is 7.8—8.0 and for Nitrobacter spec.
it is 7.2—8.2. On the other hand, the optimal temperature range for nitrifying bacteria is
17-34 °C while the optimum levels of DO for nitrification process at 4-8 mg L.
(Somerville et al., 2014) This is the level required in the case of fish and the plants.
Nitrification is affected negatively if the DO level is less than 2 mg L. So it is
mandatory to ensure adequate pH, water temperature and DO for successful biofiltration
process (Rakocy et al., 20006).

INTERCROPPING IN AQUAPONICS CONDITIONS

Recently, intercropping has been recognized as cropping system and beneficial
system for the production of two or more crops such as vegetables under greenhouse
conditions in the same location and must be at least a part of production cycles.
Intercropping has played important role in most countries in Asia, Africa and Latin
America for food security under conventional conditions (soil conditions). Soil
degradation, desertification and water pollution (Gregory et al., 2002) are the main
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reasons for innovation and adapting to intercropping techniques combined with new
technologies such as hydroponics and aquaponics. Nowadays, it is urgent to study and
develop the practices for applying intercropping under hydroponics and aquaponics
systems, because it remains the potential strategy in sustainable food systems (Malézieux
et al., 2009; Li, 2011; Lithourgidis et al., 2011).

Advantages and disadvantages of intercropping

Intercropping has many advantages over single crop cultivation according to recent
and past studies. Most of the studies about intercropping application are under soil
conditions. Inserted or combined intercropping in aquaponics will bring greater attention
for many reasons such as production of vegetables in a biological way meeting high
quality standard without compromising the quantity. The main reason to adopt
intercropping, besides these advantages is that food security can be achieved through
sustainable agriculture system. As mentioned above, intercropping has many advantages
over single cropping (Gebru, 2015) such as efficient water usage, increased total
productivity per unit land, per unit time, and increased efficiency in using space among
different species and thus reducing the cost of production, labor and environmental
impacts (Anitha et al., 2001; Li, 2011; Bedoussac et al., 2015).

Yu et al. (2015) reported that intercropping uses land up to 22% more efficiently
than corresponding sole crops with same growth duration. In addition, intercropping can
increase profitability, especially when the basic requirements such as water, light and
nutrients are efficiently and effectively used than single cropping systems which leads
in less time and energy consumption in food production (Barros Junior et al., 2009; Filho
etal., 2010).

FACTORS AFFECTING INTERCROPPING IN AQUAPONICS SYSTEMS

Crop properties and aquaponics types

Various researchers have proved that wide varieties of crops especially vegetables
such as lettuce and tomato (Rakocy et al., 1993) or basil (Adler et al., 2003), cucumber
and other herbs (Savidov et al., 2007) have been grown in the different types of
aquaponics systems. However, crop properties varied on the basis of types of
aquaponics. For instance, Cormier (2016) reported that tomatoes and other fruiting
plants are not better in floating raft systems. Likewise, deep flow technique (DFT) is
generally utilized for herbs (oregano, thyme and basil) and salad greens (include arugula,
chicory, spinach and lettuce). Lettuce grow in raft and other media with the ideal
temperature of 15-27 °C and temperature tolerate over 27 °C lettuce bolts; tomatoes
grow in only very popular hydroponic varieties and aquaponics with the ideal
temperature of 26 °C and temperature tolerate over 7.2 °C (Sawyer, 2013). Richard
Tyson (2012) examined that the aquaponics fish called tilapia was commonly grown in
good quality water with yellow perch, largemouth bass, rainbow trout, koi and bluegills.
Brook (2017) reported that salad greens, lettuce, peppers, tomatoes and herbs like low-
water thyme and basil grown in media bed.

It was recommended by the researchers to practice intercropping of two or more
crops in aquaponics. But prior to implementing dual crops, in this instance, tomato and
lettuce, care must be taken with aquaponics system since there are many factors that
could possible affect the success of intercropping.
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First, the crop’s complete characteristics, properties and suitable type of aquaponics
system must be studied followed by the investigation of factors that affect each crop over
the other in terms of botanical characteristics (Beets, 1982). The other agronomic factors,
especially population density must be studied because it is very important to know the
optimal density for each crop and size of the bed to ensure that each crop has optimal
aeration and light to complete photosynthesis process. For example, tomato and lettuce
can be intercropped in aquaponics but it is must to know the planting density for both
crops and crops arrangement is critical such that the crops have no effect over each other.
Further nutrient availability is a critical factor because the study must ensure that
aquaponics can produce efficient amount of nitrate and other macro and micro elements
which the crop needed to grow. In addition, researchers such as (Alves et al., 2010; Filho
et al., 2013) reported that strategy for managing the time for intercropping is important
because, the competition between the crops for nutrient uptake needs to be minimized
and the period of coexistence of species influenced the crop productivities, for example,
tomato and lettuce, and cucumber and lettuce, respectively.

Nutrients needed for crops under intercropping aquaponics

The main challenge for success in intercropping under aquaponics is how to achieve
and assess the optimum amount of elements needed from nutrient concentration for both
crops from transplant stage to growth until the harvesting period by calculating the
nutrients needed for both crops in intercropping to prevent nutrient deficiency. A deeper
understanding of needs from the nutrient solution for both crops in intercropping is
important to manage fish stocking density, feeding rate, frequency of fish, feed
composition and bacterial surface area to achieve the elements needed. Moreover, it is
important to determine the ratio of elements uptake by both crops in each stage in order
to manage the fish culture composed of the above factors. The other factors that are to
be considered are pH, water temperature for both crops and all other elements of the
aquaponics system such as the fish tank, bacteria tank and beds. In addition, management
of fruit crops like tomato is difficult than leafy crops such as lettuce, because tomato has
different nutrient demands based on the different developmental stages from first flower
to start setting fruits. Fruit crops, when start setting fruits, need more specific nutrients
such as Ca, Mg and K (Nelson, 2008). It denotes that knowledge on both the crops and
its stage of growth is a must and its timely application is mandated. Most intercropping
crops are chosen as fruits and leafy crops because it is highly profitable and has value.

Role of foliar application in intercropping aquaponics

A crucial point for aquaponics in general, and for intercropping in specific, is the
nutrient balance in system culture, as it is critical for both crops during growth until
harvesting stage. According to previous studies (Adler et al., 1996; Seawright et al.,
1998; Graber & Junge, 2009), it is reported that aquaponics system produces lower levels
of potassium (K), iron (Fe), manganese (Mn) and sulfur (S). Therefore, the optimal
nutrient balance, during the growth cycle for both crops, can be achieved by considering
all the factors inserted in the above title (i.e., nutrients needed for crops under
intercropping aquaponics) and by supplementation of the required elements throw foliar
application such as potassium and iron, because these elements are not released from
fish feeds (Rakocy et al., 1997; Rakocy et al., 2006; Roosta & Hamidpour, 2011). Foliar
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application is one of the efficient methods of plant nutrition in case of nutrient deficiency
for Mg, Zn, and Mn during growth stage (Roosta & Hamidpour, 2011).

Stocking density of tilapia under intercropping aquaponics

Stocking density is considered as one of the important factors in aquaponics,
besides feeding rate and frequency since it varies according to fish type. In aquaponics
systems, especially for intercropping, stocking density must be ideal and optimum to
ensure that the waste is converted to ammonia and nitrate in the final phase. Through
optimum stocking density, one can obtain maximum production without effects on
environment, optimum health, economic benefits (Rahman & Marimuthu, 2010) and
minimum occurrence of physiological and behavioral disorders (Ashley, 2007; Ayyat et
al., 2011). Tilapia is the fish species which is commonly cultured in aquaponics system.
In order to recover the operating expenses and huge capital cost of aquaponics systems
and earn a profit, both the hydroponic vegetable components and fish rearing should be
continuously operated near maximum production capacity (Rakocy et al., 20006).
Working a framework close to its critical standing crop utilizes space proficiently,
expands production and decreases variation in the daily feed input to the system, a
critical factor in estimating the hydroponic segment.

There are three stocking methods that can keep up fish biomass close to the critical
standing crop: multiple rearing units, stock splitting, and sequential rearing. Sequential
rearing includes the culture of various age groups of fish in a similar rearing tank. When
one age group achieves marketable size, it is specifically collected with nets and a
grading system, and an equivalent number of fingerlings are quickly restocked in a
similar tank. Stock splitting includes stocking high densities of fingerlings and
intermittently splitting the populace in half as the critical standing crop of the rearing
tank is attained. This technique keeps away from the vestige issue of stunted fish and
enhances stock inventory. With different rearing units, the whole populace is moved to
bigger rearing tanks when the critical standing crop of the underlying rearing tank is
reached. Multiple rearing units, for the most part, come in modules of two to four tanks
and are associated with a typical filtration framework. After the biggest tank is gathered,
the greater part of the rest of the gatherings of fish is moved to the following biggest
tank and the smallest tank is restocked with fingerlings. A variety of the idea of multiple
rearing units is the division of a long raceway into compartments with portable screens.
As the fish develop, their compartment is expanded in size and drew nearer to one end
of the raceway where they will, in the long run, be collected. Each rearing tank contains
an alternate age group of fish, yet they are not moved amid the production cycle. This
system does not utilize space proficiently in the beginning periods of development,
however, the fish are never exasperated and the work associated with moving the fish is
killed. Cropping systems showed that batch and staggered production of basil in an
aquaponic system were comparable and both were approximately three times more
productive than field production.

In addition, stocking density has direct effects on growth, survival, water quality
and fish behavior (de Oliveira et al., 2012). On the other hand, if a farmer stock fishes in
the fish tank at less optimal conditions, the efficiency and profitability of the culture
system gets reduced. For this reason, Ahmed & Hamad (2013) reported that increasing
stocking density from 100 to 200 fish m™ in the fish tank results in negative impact by
reduced survival, growth and benefits. On the other hand, another study conducted by
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El-Saidy & Hussein (2015) about an effect of low stocking density (50 fish m™) inferred
that there is a positive effect on growth performance and feed utilization parameters.
However farmers and commercial producers always look for the optimum stocking
density to achieve maximum profits. Finally, according to (El-Salam et al., 2014), it
could be concluded that the optimum stocking density is 100 fish m? and the dietary
protein levels is 25%, so that the maximum growth is achieved with highest profit
analysis.

Feeding rate of tilapia in intercropping aquaponics

Feeding rate is an important factor that affects fish growth as well as the crops in
intercropping system under aquaponics. Optimized feeding rate is important for a fish to
growth healthy and this can be determined measuring correct balance of composition of
feeding like proteins, vitamins, carbohydrates,
fats, and minerals. The amount of feeding rate
for each aquaponics system will be g m! per
square meter of plant growing area and this Nutrient (%oContent)
feeding rate will be calculated for daily Crude Protein Aorounod 30%
amount of feed per square meter of plant Fat 4%=6%

. " o Cellulose 5%-20%
growing area. Table l.cornposmon (%) of the Mixed Inorganic  3%-5%
ﬁsh .fee_d in aquaponics systems especially Phosphorous 0.54%—1.14
tilapia fish.

Table 1. Proximate composition (%)
of the fish feed

Feeding rate calculation

The feeding rate will be ranged for example between 50-80 g of fish feed per square
meter per day. If the plant growing area is 1.125 m? per replicate and the total area
will be (3*1.125 m?) and then the total area for one treatment 3.375 m? and the feed
ration would be 60 g per day per m?

80 g — day per m’
xg — day per3.375 m?

The amount of feed must be 270 g per day per 3.375 m? of area of growing plant
whereas the fish biomass of tilapia in a system eats 1-2% from the total weight of
body fish per day. i.e., the mean value of feed for fish is that, for each 100 g fish, 2 g
must be fed.

Protein is the basic composition in fish meal as it is the building block in fish body
and it is also necessary for muscle formation, enzymatic functions, and partially helps in
energy maintenance (Bahnasawy, 2009). Further, proteins form the basic structures and
enzymes in all living organisms. The optimum protein requirement of tilapia depends on
size, age, and water temperature. In general, younger fish (fry and fingerlings) require a
diet which is richer than what is fed during the grow-out stage. In their grow-out stage,
tilapia needs 25-35 percent of protein in its diet for optimal growth using essential and
non-essential amino acids. Several studies estimated that the protein requirement for
juvenile tilapia varies from 32 to 50% whereas, for larger tilapia it is between 25 to 30%
(Hafedh, 1999; El-Saidy & Gaber, 2005; Ali, Al-Ogaily et al., 2007; Nguyen, Davis &
Saoud, 2009; Abdel-Tawwab et al., 2010). In aquaponic system, the feeding fish type it
is one of the largest variable costs (Naylor et al., 2009). Feeding rate of tilapia does not
treat the possible feeding rate of tilapia in coupled aquaponics but only the protein
requirement. However, since the feeding rate ratio of Rakocy et al. (2006) is an important
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factor in coupled aquaponics. Rakocy pointed out the NFT and gravel systems must have
a feed ratio is approximately 25 percent of suggested ratio for Raft hydroponics. Some
factors which determine the optimum feeding ratio are the exchange rate of water, level
of nutrient in source water, type of plant and degree etc. Decreasing rate of exchange of
water, increasing source-water nutrient levels, slow solids removal (as a result in release
of more dissolved nutrients) and slow growing plants would permit a lesser feeding rate
ratio. Floating and sinking pellet these are the two types of commercial fish feed that can
be classified into floating (extruded) or traditional sinking (pressure-pelleted) pellets.
Both floating and sinking feed can produce satisfactory growth, but some fish species
prefer floating and others sinking (Craig & Helfrich, 2009). Tilapia can utilize both the
floating pellets and sinking pellets very efficiently (Santiago, 1987). Kawser et al. (2016)
reported that tilapia O. niloticus fed with floating pellet was better than sinking pellet in
terms of growth response, feed utilization and nutrient retention. Feeding must be done
by hand very slowly and carefully to ensure ingestion of feed completely.

Avoid overfeeding in aquaponics system

In aquaponics system, it is important and advantageous to determine the optimal
feeding rate to avoid overfeeding. Moreover, overfeeding has negative effects on the
success of aquaponics since overfeeding overloads fish stomach and intestine, leading
to decreased digestive efficiency and reduced feed utilization. In biofilter process,
heterotrophic bacteria feeds extreme waste from overfeeding which consumes
substantial amounts of oxygen. As a result of food decomposition, the level of ammonia
and nitrite rise to toxic levels in a relatively short period. In addition, the unconsumed
feed pellets can block the mechanical filters, leading to decreased water flow and anoxic
areas. Finally, protein is the most expensive component in a diet (Somerville et al.,
2014). Therefore, the quantity of protein in the diet should be ideal for fish growth where
the excess protein in fish diets may turn unused and cause unnecessary expenses (Ahmad
et al., 2004).

MANAGEMENT OF THE NUTRIENT SOLUTION IN INTERCROPPING
UNDER AQUAPONICS VS. HYDROPONICS

In hydroponics system, nutrient solution is prepared according to the plant needs
and growth stages. Moreover, the pH, Electrical conductivity (EC) and nutrient
composition solution can be modified during the life cycle of crops. Intercropping in
hydroponics system is easier to apply when compared to aquaponics, because in
hydroponics, nutrients can be applied to tank nutrient solution with ideal concentration,
while in aquaponics, the nutrients are produced only from the fish waste through
nitrification process i.e., conversion of ammonia to nitrate to nitrite along with the
production of a low amount of potassium and calcium. According to Table 2, the total
nitrogen needs for intercropping between tomato and lettuce is 341 mg L™, while in
aquaponics, the total nitrogen for intercropping the same crops is 172 mg L. In addition,
the total calcium (300 mg L) required for intercropping under hydroponics for tomato
and lettuce is higher than aquaponics (214 mg L!). Moreover, the total concentration of
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Table 2. The differences between total nutrient concentrations in intercropping in aquaponics and hydroponics for lettuce and tomato, all nutrients reported in mg L™!

Plant species System NO3-N Ca PO4-P Mg SO4S Na K CL Fe Mn Cu Zn B Mo Source

Lettuce (Lactuca sativa) Hydroponics 190 200 50 50 66 50-90 210  65-235 5 0.5 0.15 0.15 03 0.05 Resh,2012

Tomato (Solanum Hydroponics 151 110 39 24 48 - 254 - 0.8 06 0.05 03 0.2 0.05 Sonneveld &

lycopersicum) Voogt, 2009

Total Nutrient 341 300 89 74 114 50 464 65 58 1.1 02 045 0.5 0.1

concentrations

Lettuce (Lactuca sativa) Aquaponic 137 180 9 44 - 17 106 - - - - - - - Pantanella et al.,
2012

Tomato (Solanum Aquaponic 35 34 8 - - 27 - 02 - 0.04 037 - - Roosta &

lycopersicum) Hamidpour, 2011

Total Nutrient 172 214 17 44 - 17 133 02 - 0.04 037 - -

concentrations
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Mg, P, Na, K and microelements under hydroponics for intercropping is higher than in
aquaponics for the same crops. According to the information mentioned above, it can be
concluded that the aquaponics concentration for macro and micro elements are below
the recommended hydroponics level. Also, the other differences between the nutrient
solutions between both the systems is the total dissolved solid. In aquaponics, the
dissolved solid is organic molecules, while in hydroponics, it is mineral compounds.

CONCLUSION AND RECOMMENDATIONS

The current study provided some valid insights in terms of how to choose crops for
intercropping in aquaponics in specific and how to execute aquaponics successfully in
general. In aquaponics, the most important point to achieve success is to understand the
characteristics of individual living and non-living components such as fish, crop,
nitrification biofilter systems and how to combine all the above. The study would like to
recommend the future researchers to obtain complete information about the systems
being used before venturing into aquaponics since managing aquaponics system is
critical and care must be taken to avoid any mistakes during the production cycle in
getting the expected output. Prior to adapting intercropping under aquaponics, more
knowledge should be gained in various areas such as follows:

e  While selecting crops for intercropping in aquaponics, care must be taken such that
one crop is leafy and other is a fruit type (for example, tomato and lettuce; tomato
and parsley; cucumber and lettuce; strawberry and lettuce, etc.);

e It is important to determine the planting density of both crops (tomato and lettuce)
in order to increase the efficiency in using space and also the growing area for beds;

e  Selection of aquaponics system for plants that suits and meets the requirements For
example, NFT bed design is suitable only for small vegetable species such as lettuce
(Engle, 2015);

e  The stocking density of fish needs to be determined since this is important for the
plant to be provided with nutrients required by both crops, thus integrating the
nutrient flow;

e  The fish feed composition and the response of fish to the feed are important to be
determined prior to beginning the aquaponics process;

e Itisimportant to determine the amount of ammonia that could possibly be produced
by feed;

e  The amount of biofilter media needed for nitrifying bacteria is critical to be
measured prior to beginning the setup;

e  The dissolved oxygen and the temperature in tank must be daily checked whereas
the pH should be checked frequently;

e  Plants selected for aquaponics must have the ability to act as biofilter that takes up
waste generated in the system.

The success of intercropping under aquaponics will reduce the gap between crop
consumption and fish needs that are grown under organic conditions. There are practical
challenges in intercropping high value crops such as tomato and lettuce under
aquaponics. According to report Statista (2014), 24.98 Million metric tons of Lettuce was
produced globally in the year 2014. It is especially important as a commercial crop in
Asia, North and Central America, and Europe. These challenges need to be resolved to
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increase the production of crops under organic conditions and reduce the usage of
fertilizers. For the above to happen, the current study suggests the future researchers to
develop full information about the crops of high economical value in terms of its growth
under controlled and standardized aquaponics systems so that it becomes possible to
achieve the sustainable agricultural production that is viable both in terms of quality and
quantity.

REFERENCES

Abdel-Tawwab, M., Ahmad, M.H., Khattab, Y.A.E. & Shalaby, A.M.E. 2010. Effect of dietary
protein level, initial body weight, and their interaction on the growth, feed utilization, and
physiological alterations of Nile tilapia, Oreochromis niloticus (L.). Aquaculture 298(3-4),
267-274. https://doi.org/10.1016/j.aquaculture.2009.10.027

Abou-Hadid, A.F., El-Beltagy, A.S., Smith, A.R. & Hall, M.A. 1986. Effect of water stress on
tomato at different stages of development. Acta Horticulturae 190, 405-414.
https://doi.org/10.17660/ActaHortic.1986.190.43

Adler, P., Takeda, F., Glenn, D. & Summerfelt, S. 1996. Utilizing byproducts toenhance
aquaculture sustainability. World Aquaculture 27(2), 24-26.

Adler, P.R., Summerfelt, S.T., Glenn, D.M. & Takeda, F. 2003. Mechanistic approach to
phytoremediation  of  water. Ecological ~ Engineering  20(3), 251-264.
https://doi.org/10.1016/S0925-8574(03)00044-2

Ahmad, M., Abdel-Tawwab, M. & Khattab, Y.A. 2004. Effect of dietary protein levels on
growthperformance and protein utilization in Nile tilapia Oreochromis niloticus with
different initial bodyweight. In R. Boliver, G. Mair & K. Fitzsimmous (Eds.), Proceedings
of 6th International Symposium on Tilapia in Aquaculture (pp. 249-263). Manila,
Philippines: Philippine International Convention Center.

Ahmed, A. & Hamad, A. 2013. Effects of stocking density and feeding levels on growth and
survival of Nile tilapia (Oreochromis niloticus L.) fry reared in an earthen pond, Khartoum,
Sudan. Journal of Agricultural and Veterinary Sciences 14, 95-103. Retrieved from
http://repository.sustech.edu/bitstream/handle/123456789/16892/Effects  of  stocking
density....pdf?sequence=1&isAllowed=y

Ali, A., Al-Ogaily, S.M., Al-Asgah, N.A., Goddard, J.S. & Ahmed, S.I. 2007. Effect of feeding
different protein to energy (P/E) ratios on the growth performance and body composition
of Oreochromis niloticus fingerlings. Journal of Applied Ichthyology 24(1), 31-37.
https://doi.org/10.1111/1.1439-0426.2007.00897.x

Alves, R., Cecilio, F., de Queiros, P., Paes, B.J., da Silva, G.S., Barbosa, J.C. & Feltrim, A.L.
2010. Intercropping of curly lettuce and cucumber as a function of the cucumber population
and growing season. Interciencia 35(5), 374-379.

Anitha, S., Geethakumari, V.L. & Raghavan Filial, G. 2001. Effect of intercrops on nutrient
uptake and productivity of chilli-based cropping system. Journal of Tropical Agriculture
39, 60—61. Retrieved from http://jtropag.kau.in/index.php/ojs2/article/view/17

Arimoro, F.O. 2006. Culture of the freshwater rotifer, Brachionus calyciflorus, andits application
in fish larviculture technology. Afiican Journal of Biotechnology 5(7), 536-541. Retrieved
from https://www.ajol.info/index.php/ajb/article/view/137893/127457

Ashley, P.J. 2007. Fish welfare: Current issues in aquaculture. Applied Animal Behaviour Science
104(3-4), 199-235. https://doi.org/10.1016/j.applanim.2006.09.001

Ayyat, M.S., El-Marakby, H.I. & Sharaf, S.M. 2011. Effect of Dietary Protein Level, Stocking
Density, and Dietary Pantothenic Acid Supplementation Rate on Performance and Blood
Components of Nile Tilapia Oreochromis niloticus. Journal of Applied Aquaculture 23(2),
122-135. https://doi.org/10.1080/10454438.2011.581572

2061



Azad, K.N. 2015. Comparative study of okra production using different bedding media in
aquaponic system. Bangladesh Agricultural University, Mymensingh.

Bahnasawy, M.H. 2009. Effect of dietary protein levels on growth performance and body
composition of monosex Nile tilapia, Oreochromis niloticus L. reared in fertilized tanks.
Pakistan Journal of Nutrition 8(5), 674-678. Retrieved from
http://docsdrive.com/pdfs/ansinet/pjn/2009/674-678.pdf

Bailey, J. & Alandrd, A. 2006. Effect of feed portion size on growth of rainbow trout,
Oncorhynchus mykiss (Walbaum), reared at different temperatures. Aquaculture 253(1-4),
728-730. https://doi.org/10.1016/j.aquaculture.2005.09.026

Barros Junior, A.P., Rezende, B.L.A., Cecilio Filho, A., Porto, D.R. de Q., Silva, G.S. da &
Martins, M.I.LE.G. 2009. Economic analysis of crisphead lettuce in monoculture and
intercropping with japanese cucumber in protected environment. Bioscience Journal 25(4),
82-89. Retrieved from https://www.cabdirect.org/cabdirect/abstract/20093334750

Bedoussac, L., Journet, E.-P., Hauggaard-Nielsen, H., Naudin, C., Corre-Hellou, G., Jensen, E.S.,
... Justes, E. 2015. Ecological principles underlying the increase of productivity achieved by
cereal-grain legume intercrops in organic farming. A review. Agronomy for Sustainable
Development 35(3), 911-935. https://doi.org/10.1007/s13593-014-0277-7

Beets, W.C. 1982. Multiple cropping and tropical farming systems (illustrate). Farnham, United
Kingdom: Gower. Retrieved from
https://books.google.co.in/books/about/Multiple Cropping and Tropical Farming S.htm
171d=F7TMfAQAAIAAJ &redir_esc=y

Bernstein, R., Freger, V., Lee, J.-H., Kim, Y.-G., Lee, J. & Herzberg, M. 2014. 'Should I stay or
should I go?' Bacterial attachment vs biofilm formation on surface-modified membranes.
Biofouling 30(3), 367-376. https://doi.org/10.1080/08927014.2013.876011

Bernstein, S. 2011. Books on Google Play Aquaponic Gardening: A Step-by-step Guide to
Raising Vegetables and Fish Together (Reprint). Vancouver, Canada: New Society
Publishers. Retrieved from
https://books.google.co.in/books/about/Aquaponic_Gardening.html?id=7QShoAEACAAJ
&redir_esc=y

Bjornsson, B., Steinarsson, A. & Arnason, T. 2007. Growth model for Atlantic cod (Gadus
morhua): Effects of temperature and body weight on growth rate. Aquaculture 271(1-4),
216-226. https://doi.org/10.1016/j.aquaculture.2007.06.026

Brook, R. 2017. What Are The Best Plants For Aquaponics? Retrieved September 15,2017, from
http://homeaquaponicssystem.com/plants/what-are-the-best-plants-for-aquaponics/

Cecilio Filho, A.B., Rezende, B.L.A. & Costa, C.C. 2010. Economic analysis of the
intercropping of lettuce and tomato in different seasons under protected cultivation.
Horticultura Brasileira 28(3), 326-336. https://doi.org/10.1590/S0102-05362010000300015

Chrissy, S. 2017. Nutrient Film Technique System. Retrieved September 11, 2017, from
https://hydroponicsbase.com/nutrient-film-technique-system/

Cormier, B. 2016. Best plants to grow in floating raft aquaponics? Retrieved September 15, 2017,
from https://www.researchgate.net/post/Best_plants to grow in_floating raft aquaponics

Craig, S. & Helfrich, L.A. 2009. Understanding Fish Nutrition, Feeds, and Feeding. VCE
Publications 420(1-4). Retrieved from
https://pubs.ext.vt.edu/content/dam/pubs_ext vt _edu/420/420-256/420-256 pdf.pdf

de Oliveira, E.G., Pinheiro, A.B., de Oliveira, V.Q., da Silva, A R.M., de Moraes, M.G.,
Rocha, .R.C.B., ... Costa, F.H.F. 2012. Effects of stocking density on the performance of
juvenile pirarucu (Arapaima gigas) in cages. Aquaculture 370-371, 96-101.
https://doi.org/10.1016/j.aquaculture.2012.09.027

DeLong, D.P., Losordo, T.M. & Rakocy, J.E. 2009. Tank Culture of Tilapia. Southern Regional
Aquaculture Center, 1-8. Retrieved from
http://www2.ca.uky.edu/wkrec/tilapiatankculture.pdf

2062



Diver, S. 2006. Aquaponics—Integration of Hydroponics with Aquaculture. ATTRA - National
Sustainable Agriculture Information Service, 1-28. Retrieved from
http://www.backyardaquaponics.com/Travis/aquaponic.pdf

Diver,S. & Rinehart, L. 2010. Aquaponics Integration of hydroponics and
aquacultureaquaculture. National Sustainable Agriculture Information Service, 1-28.
Retrieved from http://attra.ncat.org/attra-pub/aquaponic.html

El-Saidy, D. & Hussein, E. 2015. Effects of stocking density and water exchange rates on growth
performances, production traits, feed utilization and body composition of mono-sex male
Nile tilapia, Oreochromis niloticus (L.) cultured in concrete tanks. International Journal of
Aquaculture 5(3), 1-13. https://doi.org/10.5376/ija.2015.05.0003

El-Saidy, D.M.S.D. & Gaber, M.M.A. 2005. Effect of dietary protein levels and feeding rates on
growth performance, production traits and body composition of Nile tilapia, Oreochromis
niloticus (L.) cultured in concrete tanks. Aquaculture Research 36(2), 163-171.
https://doi.org/10.1111/.1365-2109.2004.01201.x

El-Salam, N.M.A., Ayaz, S. & Ullah, R. 2014. PCR and Microscopic Identification of Isolated
Leishmania tropica from Clinical Samples of Cutaneous Leishmaniasis in Human
Population of Kohat Region in Khyber Pakhtunkhwa. BioMed Research International,
2014, 1-5. https://doi.org/10.1155/2014/86183 1

El-Sayed, A.-F.M. & Kawanna, M. 2004. Effects of photoperiod on the performance of farmed
Nile tilapia Oreochromis niloticus: I. Growth, feed utilization efficiency and survival of fry
and fingerlings. Aquaculture 231(1-4), 393-402.
https://doi.org/10.1016/j.aquaculture.2003.11.012

Endut, A., Jusoh, A., Ali, N., Wan Nik, W.N.S. & Hassan, A. 2009. Effect of flow rate on water
quality parameters and plant growth of water spinach (Ipomoea aquatica) in an aquaponic
recirculating  system.  Desalination and  Water  Treatment 5(1-3), 19-28.
https://doi.org/10.5004/dwt.2009.559

Engle, CR. 2015. Economics of Aquaponics. SRAC Publication, 1-4. Retrieved from
https://www.google.co.in/url?sa=t&rct=j&q=&esrc=s&source=web&cd=3 &ved=0ahUKE
wjZwqf5Sw5zWAhVKqISKHSRHCF8QFgg2M Al&url=https%3 A%2F%2Fsrac.tamu.edu
%2FserveFactSheet%2F282&usg=AFQjCNEJIGJuJjdITZx6 AbESNGnKL3EZLQ

Filho, A.B.C., Neto, F.B., Rezende, B.L.A., Costa Grangeiro, L. & de Lima, J.S.S. 2013. Indices
of competition and bio-agroeconomic efficiency of lettuce and tomato intercrops in
greenhouses. Australian Journal of Crop Science 7(6), 809-819. Retrieved from
http://www.cropj.com/filho 7 6 2013 809 819.pdf

Gardeur, J.-N., Mathis, N., Kobilinsky, A. & Brun-Bellut, J. 2007. Simultaneous effects of
nutritional and environmental factors on growth and flesh quality of Perca fluviatilis using
a fractional factorial design study. Aquaculture 273(1), 50-63.
https://doi.org/10.1016/j.aquaculture.2007.09.024

Gebru, H. 2015. A Review on the Comparative Advantages of Intercropping to Mono-Cropping
System. Journal of Biology, Agriculture and Healthcare 5(9), 1-13. Retrieved from
http://www.iiste.org/Journals/index.php/JBAH/article/viewFile/22307/23138

Goddek, S., Delaide, B., Mankasingh, U., Ragnarsdottir, K., Jijakli, H. & Thorarinsdottir, R.
2015. Challenges of Sustainable and Commercial Aquaponics. Sustainability 7(4), 4199—
4224. https://doi.org/10.3390/su7044199

Graber, A. & Junge, R. 2009. Aquaponic Systems: Nutrient recycling from fish wastewater by
vegetable production. Desalination 246(1-3), 147-156.
https://doi.org/10.1016/j.desal.2008.03.048

Gregory, P.J., Ingram, J.S.I., Andersson, R., Betts, R.A., Brovkin, V., Chase, T.N.,
Wilkinson, M.J. 2002. Environmental consequences of alternative practices for intensifying
crop production. Agriculture, Ecosystems & Environment 88(3), 279-290.
https://doi.org/10.1016/S0167-8809(01)00263-8

2063



Gutierrez-Wing, M.T. & Malone, R.F. 2006. Biological filters in aquaculture: Trends and
research directions for freshwater and marine applications. Aquacultural Engineering
34(3), 163—171. https://doi.org/10.1016/j.aquaeng.2005.08.003

Hafedh, Y.S.Al. 1999. Effects of dietary protein on growth and body composition of Nile tilapia,
Oreochromis niloticus L. Aquaculture Research 30(5), 385-393.
https://doi.org/10.1046/1.1365-2109.1999.00343.x

Hamlin, H.J., Michaels, J.T., Beaulaton, C.M., Graham, W.F., Dutt, W., Steinbach, P.,
Main, K.L. 2008. Comparing denitrification rates and carbon sources in commercial scale
upflow denitrification biological filters in aquaculture. Aquacultural Engineering 38(2),
79-92. https://doi.org/10.1016/j.aquaeng.2007.11.003

Hussain, M.G. 2004. FARMING OF TILAPIA - Breeding Plans, Mass Seed Production and
Aquaculture Techniques. Mymensingh 2200 Bangladesh: Habiba Akter Hussain. Retrieved
from
https://www.researchgate.net/publication/283348879 Farming of Tilapia Breeding Plans
Mass_Seed Production and Aquaculture Techniques

Kawser, A.R., Hossain, M.A. & Sarker, S.A. 2016. Growth response, Feed utilization and
Nutrient retention in monosex tilapia (Oreochromis niloticus) fed with floating and sinking
pellets in a recirculating aquaponic system. International Journal of Fisheries and Aquatic
Studies, 4(6), 329—333. Retrieved from
http://www.fisheriesjournal.com/archives/2016/voldissue6/PartE/4-5-102-984.pdf

Kim, Y.M., Park, D., Lee, D.S. & Park, J.M. 2007. Instability of biological nitrogen removal in
a cokes wastewater treatment facility during summer. Journal of Hazardous Materials
141(1), 27-32. https://doi.org/10.1016/j.jhazmat.2006.06.074

Klinger, D. & Naylor, R. 2012. Searching for Solutions in Aquaculture: Charting a Sustainable
Course. Annual Review of Environment and Resources 37(1), 247-276.
https://doi.org/10.1146/annurev-environ-021111-161531

Kloas, W., GroB3, R., Baganz, D., Graupner, J., Monsees, H., Schmidt, U., ... Rennert, B. 2015.
A new concept for aquaponic systems to improve sustainability, increase productivity, and
reduce environmental impacts. Aquaculture Environment Interactions 7(2), 179-192.
https://doi.org/10.3354/a¢i00146

Knaus, U. & Palm, H.W. 2017. Effects of fish biology on ebb and flow aquaponical cultured
herbs in northern Germany (Mecklenburg Western Pomerania). Aquaculture 466, 51-63.
https://doi.org/10.1016/j.aquaculture.2016.09.025

Kuhn, D.D., Drahos, D.D., Marsh, L. & Flick, G.J. 2010. Evaluation of nitrifying bacteria
product to improve nitrification efficacy in recirculating aquaculture systems. Aquacultural
Engineering 43(2), 78-82. https://doi.org/10.1016/j.aquaeng.2010.07.001

Lemarié, G., Dosdat, A., Coves, D., Dutto, G., Gasset, E. & Person-Le Ruyet, J. 2004. Effect of
chronic ammonia exposure on growth of European seabass (Dicentrarchus labrax) juveniles.
Aquaculture 229(1-4), 479-491. https://doi.org/10.1016/S0044-8486(03)00392-2.

Lennard, W.A. & Leonard, B.V. 2006. A Comparison of Three Different Hydroponic Sub-
systems (gravel bed, floating and nutrient film technique) in an Aquaponic Test System.
Aquaculture International 14(6), 539-550. https://doi.org/10.1007/s10499-006-9053-2

Li, Y. 2011. Calcareous Soils In Miami-Dade County. Gainesville, Florida. Retrieved from
http://edis.ifas.ufl.edu/pdffiles/TR/TR00400.pdf

Liang, J.-Y. & Chien, Y.-H. 2013. Effects of feeding frequency and photoperiod on water quality
and crop production in a tilapia—water spinach raft aquaponics system. International
Biodeterioration & Biodegradation 85, 693—700. https://doi.org/10.1016/j.ibiod.2013.03.029

Lin, Y.-F., Jing, S.-R., Lee, D.-Y. & Wang, T.-W. 2002. Nutrient removal from aquaculture
wastewater using a constructed wetlands system. Aquaculture 209(1-4), 169-184.
https://doi.org/10.1016/S0044-8486(01)00801-8

2064



Lithourgidis, A.S., Dordas, C.A., Damalas, C.A. & Vlachostergios, D.N. 2011. Annual
intercrops: an alternative pathway for sustainable agriculture. Australian Journal of Crop
Science 5(4), 396-410. Retrieved from
http://search.informit.com.au/documentSummary;dn=28140906033648 1 ;res=IELHSS

Love, D.C., Fry, J.P., Genello, L., Hill, E.S., Frederick, J.A., Li, X. & Semmens, K. 2014. An
International Survey of Aquaponics Practitioners. PLoS ONE 9(7), e102662.
https://doi.org/10.1371/journal.pone.0102662

Love, D.C., Fry, J.P., Li, X., Hill, E.S., Genello, L., Semmens, K. & Thompson, R.E. 2015.
Commercial aquaponics production and profitability: Findings from an international
survey. Aquaculture 435, 67-74. https://doi.org/10.1016/j.aquaculture.2014.09.023

Malézieux, E., Crozat, Y., Dupraz, C., Laurans, M., Makowski, D., Ozier-Lafontaine, H., ...
Valantin-Morison, M. 2009. Mixing plant species in cropping systems: concepts, tools and
models. A review. Agronomy for Sustainable Development 29(1), 43-62.
https://doi.org/10.1051/agro:2007057

Martins, C.I.M., Eding, EH., Verdegem, M.C.J., Heinsbroek, L.T.N.,  Schneider, O.,
Blancheton, J. P., ... Verreth, J.A.J. 2010. New developments in recirculating aquaculture
systems in Europe: A perspective on environmental sustainability. Aquacultural
Engineering 43(3), 83-93. https://doi.org/10.1016/j.aquaeng.2010.09.002

McCarthy, M. 2011. Advantages and Disadvantages of Aquaponics. Retrieved September 13,
2017, from https://sites.google.com/site/aquapanaponics/4-project-
updates/advantagesanddisadvantagesofaquaponics

McMurtry, M.R., Sanders, D.C., Cure, J.D., Hodson, R.G., Haning, B.C. & Amand, E.C.St.
1997. Efficiency of Water Use of an Integrated Fish/Vegetable Co-Culture System. Journal
of the World Aquaculture Society 28(4), 420-428. https://doi.org/10.1111/j.1749-
7345.1997.t600290.x

Milici¢, V., Thorarinsdottir, R., Santos, M. & Hanci¢, M. 2017. Commercial Aquaponics
Approaching the European Market: To Consumers’ Perceptions of Aquaponics Products in
Europe. Water 9(2), 80. https://doi.org/10.3390/w9020080

Naylor, R.L., Hardy, R.W., Bureau, D.P., Chiu, A., Elliott, M., Farrell, A.P., ... Nichols, P.D.
2009. Feeding aquaculture in an era of finite resources. Proceedings of the National
Academy of Sciences 106(36), 15103—15110. https://doi.org/10.1073/pnas.0905235106

Nelson, R. 2007. Ten aquaponic systems around the world. Aquaponics J. 46, 8—12. Retrieved from
https://www.researchgate.net/publication/283361649 Ten aquaponic_systems_around the
world

Nelson, R. 2008. Aquaponic Food Production. Retrieved September 11, 2017, from
https://aquaponics.com/category/nelson-and-pade-blog/

Nelson, R. & Pade, J. 2007. Aquaponic Equipment The Clarifier. Aquaponics Journal 4(47), 30—
31. Retrieved from http://www.aquaponics.com/wp-content/uploads/articles/Aquaponics-
Equipment-The-Clarifier.pdf

Ng, W.-K. & Romano, N. 2013. A review of the nutrition and feeding management of farmed
tilapia throughout the culture cycle. Reviews in Aquaculture 5(4), 220-254.
https://doi.org/10.1111/raq.12014

Nguyen, T.N., Davis, D.A. & Saoud, I.LP. 2009. Evaluation of Alternative Protein Sources to
Replace Fish Meal in Practical Diets for Juvenile Tilapia, Oreochromis spp. Journal of the
World — Aquaculture  Society  40(1), 113-121.  https://doi.org/10.1111/1.1749-
7345.2008.00230.x

Oyugi, D.O., Cucherousset, J., Ntiba, M.J., Kisia, S.M., Harper, D.M. & Britton, J.R. 2011. Life
history traits of an equatorial common carp Cyprinus carpio population in relation to
thermal influences on invasive populations. Fisheries Research 110(1), 92-97.
https://doi.org/10.1016/j.fishres.2011.03.017

2065



Palm, H.W., Bissa, K. & Knaus, U. 2014. Significant factors affecting the economic
sustainability of closed aquaponic systems. Part II: fish and plant growth. Aquaculture,
Aquarium, Conservation & Legislation International Journal of the Bioflux Society 71(3),
162-175. Retrieved from http://www.bioflux.com.ro/docs/2014.162-175.pdf

Pantanella, E., Cardarelli, M., Colla, G., Rea, E. & Marcucci, A. 2012. Aquaponics Vs.
hydroponics: production and quality of lettuce crop. Acta horticulturae.

Person-Le Ruyet, J., Buchet, V., Vincent, B., Le Delliou, H. & Quéméner, L. 2006. Effects of
temperature on the growth of pollack (Pollachius pollachius) juveniles. Aquaculture 251(2—
4), 340-345. https://doi.org/10.1016/j.aquaculture.2005.06.029

Prinsloo, J., Roets, W., Theron, J., Hoffman, L. & Schoonbee, H. 1999. Changes in some water
quality conditions in recycling water using three types of biofiltration systems during the
production of the sharptooth catfish Clarias gariepinus (Burchell). Part I: Relative efficiency
in the breakdown of nitrogenous wastes by the. Water S4 25(2), 139. Retrieved from
http://www.wrc.org.za/Lists/Knowledge Hub
Items/Attachments/4294/1999 April apr99 p239 ABSTRACT.pdf

Rahman, M.A. & Marimuthu, K. 2010. Effect of different stocking density on growth, survival
and production of endangered native fish climbing perch (Anabas testudineus, Bloch)
fingerlings in nursery ponds. Advances in Environmental Biology 4(2), 178-186. Retrieved
from http://www.aensiweb.com/old/aeb/2010/178-186.pdf

Rakocy, J. 2007. Ten Guidelines for Aquaponic Systems. Aquaponics Journal 46, 14—17.
Retrieved from  http://santarosa.ifas.ufl.edu/wp-content/uploads/2013/06/Aquaponics-
Journal-10-Guidelines.pdf

Rakocy, J., Hargreaves,J. & Bailey, D. 1993. Nutrient accumulation in a recirculating
aquaculture system integrated with hydroponic vegetable production. In American Society
of Agricultural Engineers Conference (pp. 21-23). Spokane WA: American Society of
Agricultural Engineers.

Rakocy, J.E., Bailey, D.S., Shultz, R.C. & Danaher, J.J. 1997. Evaluation of a commercial scale
aquaponic unit for the production of tilapia and lettuce. Fourth International Symposium on
Tilapia in Aquaculture 1,357-372. Retrieved from
https://www.google.co.in/url?sa=t&rct=j&q=&esrc=s&source=web&cd=2&ved=0ahUKE
wiP6Nra05zWAhWDuY8KHR2jC7UQFgguM AE&url=https%3 A%2F%2Fag.arizona.ed
u%?2Fazaqua%?2Fista%2FISTA9%2FFullPapers%2FRakocyl.doc&usg=AFQjCNEOZmD
_H2ZYZW8QzUW50rVgPbcl LA

Rakocy, J.E., Masser, MP. & Losordo, T.M. 2006. Recirculating Aquaculture Tank Production
Systems: Aquaponics—Integrating Fish and Plant Culture. Southern Regional Aquaculture
Center, 1-16. Retrieved from
http://www.aces.edu/dept/fisheries/aquaculture/documents/309884-SRAC454.pdf

Reed, P., Francis-Floyd, R. & Klinger, R. 2009. Monogenean parasites of fish. Fisheries and
Aquatic Sciences. Gainesville, Florida. Retrieved from
http://www.aces.edu/dept/fisheries/education/ras/publications/Update/Monogenean
Parasites of Fish.pdf

Resh, H.M. 2012. Hydroponic Food Production: A Definitive Guidebook for the Advanced Home
Gardener and the Commercial Hydroponic Grower. Boca Raton, Florida: CRC Press.
Retrieved from https://www.amazon.in/Hydroponic-Food-Production-Definitive-
Commercial/dp/1439878676

Roosta, H. R. & Hamidpour, M. 2011. Effects of foliar application of some macro- and micro-
nutrients on tomato plants in aquaponic and hydroponic systems. Scientia Horticulturae
129(3), 396-402. https://doi.org/10.1016/].scienta.2011.04.006

Ruiz, G., Jeison, D. & Chamy, R. 2003 'Nitrification with high nitrite accumulation for the
treatment of wastewater with high ammonia concentration.' Water Research 37(6), 1371—
1377.

2066



Sallenave, R. 2016. Important Water Quality Parameters in Aquaponics Systems. Retrieved from
http://aces.nmsu.edu/pubs/ circulars/CR680.pdf

Santiago, S. 1987. The effects of supplementary feeds containing different protein - energy ratios
on the growth and survival of Oreochromis niloticus in brackishwater ponds. Aquaculture
and Fisheries Management 18, 139—149.

Savidov, N.A., Hutchings, E. & Rakocy, J.E. 2007. FISH AND PLANT PRODUCTION IN A
RECIRCULATING AQUAPONIC SYSTEM: A NEW APPROACH TO SUSTAINABLE
AGRICULTURE IN CANADA. Acta Horticulturae 742, 209-221.
https://doi.org/10.17660/ActaHortic.2007.742.28

Sawyer, J. 2013. Growing Fish and Plants Together. Retrieved September 15, 2017, from
http:/fisheries.tamu.edu/files/2013/10/Aquaponics-Growing-Fish-and-Plants-Together.pdf

Seawright, D.E., Stickney, R.R. & Walker, R.B. 1998. Nutrient dynamics in integrated
aquaculture-hydroponics systems. Aquaculture 160(3—4), 215-237.
https://doi.org/10.1016/S0044-8486(97)00168-3

Somerville, C., Cohen, M., Pantanella, E., Stankus, A. & Lovatelli, A. 2014. Small-scale
Aquaponic Food Production: Integrated Fish and Plant Farming. Rome, Italy: FAO.
Retrieved from
https://books.google.co.in/books/about/Small_scale Aquaponic_Food Production.html?id
=DpRirgEACAAJ&redir esc=y

Sonneveld, C. & Voogt, W. 2009. Nutrient management in substrate systems. In Plant nutrition
of greenhouse crops (pp. 277-312). Springer Netherlands.

Stark, J.M. 1996. Modeling the temperature response of nitrification. Biogeochemistry 35(3),
433-445. https://doi.org/10.1007/BF02183035

Statista. 2014. Global production of vegetables in 2014, by type (in million metric tons).
Retrieved September 11, 2017, from https://www.statista.com/statistics/264065/global-
production-of-vegetables-by-type/

Thorarinsdottir, R. 2015. Aquaponics Guidelines. Retrieved September 28, 2017, from
https://skemman.is/bitstream/1946/23343/1/Guidelines Aquaponics 20151112.pdf

Timmons, M.B. & Ebeling, J.M. 2013. Recirculating Aquaculture (3rd ed.). Reading, United
Kingdom: Ithaca Publishing Company. Retrieved from
https://www.amazon.in/Recirculating-Aquaculture-3rd-Michael-Timmons/dp/0971264651

Tyson, R. 2012. Sustainable Aquaponic Vegetable and Fish Co-production. Gainesville, Florida.
Retrieved from http://smallfarms.ifas.ufl.edu/crops/aquaponics/pdf/sustainable aquaponic
_co-production_RTyson.pdf

Tyson, R.V, Simonne, E.H., White, JM. & Lamb, EEM. 2004. Reconciling water quality
parameters impacting nitrification in aquaponics: the pH levels. In Proceeding Florida State
Horticultural Society (pp. 79-83). Florida. USA: Florida State Horticultural Society.
Retrieved from http://en.calameo.com/read/001191700385edd815f7¢

Wortman, S.E. & Dawson, J.O. 2015. Nitrogenase Activity and Nodule Biomass of Cowpea
(Vigna unguiculata L. Walp.) Decrease in Cover Crop Mixtures. Communications in Soil
Science and Plant Analysis 46(11), 1443—-1457.
https://doi.org/10.1080/00103624.2015.1043457

Xia, J. & Li, X. 2010. Effect of temperature on blood parameters of the salamander Batrachupems
tibetanus (Schmidt, 1925) (Amphibia: Hynobiidae). Russian Journal of Ecology 41(1),
102—106. https://doi.org/10.1134/S1067413610010194

Yu, Y., Stomph, T.-J., Makowski, D. & van der Werf, W. 2015. Temporal niche differentiation
increases the land equivalent ratio of annual intercrops: A meta-analysis. Field Crops
Research 184, 133—144. https://doi.org/10.1016/j.fcr.2015.09.010

Zou, Y., Hu, Z., Zhang, J., Xie, H., Guimbaud, C. & Fang, Y. 2016. Effects of pH on nitrogen
transformations in media-based aquaponics. Bioresource Technology 210, 81-87.
https://doi.org/10.1016/j.biortech.2015.12.079

2067



