
Chapter 9
Nutrient Cycling in Aquaponics Systems

Mathilde Eck, Oliver Körner, and M. Haïssam Jijakli

Abstract In aquaponics, nutrients originate mainly from the fish feed and water
inputs in the system. A substantial part of the feed is ingested by the fish and either
used for growth and metabolism or excreted as soluble and solid faeces, while the
rest of any uneaten feed decays in the tanks. While the soluble excretions are readily
available for the plants, the solid faeces need to be mineralised by microorganisms in
order for its nutrient content to be available for plant uptake. It is thus more
challenging to control the available nutrient concentrations in aquaponics than in
hydroponics. Furthermore, many factors, amongst others pH, temperature and light
intensity, influence the nutrient availability and plant uptake. Until today, most
studies have focused on the nitrogen and phosphorus cycles. However, to ensure
good crop yields, it is necessary to provide the plants with sufficient levels of all key
nutrients. It is therefore essential to better understand and control nutrient cycles in
aquaponics.

Keywords Aquaponics · Nutrient cycling · Solubilisation · Microbiological
processes

9.1 Introduction

Aquaponic systems offer various advantages when it comes to producing food in an
innovative and sustainable way. Besides the synergistic effects of increased aerial
CO2 concentration for greenhouse crops and decreased total heat energy consump-
tion when cultivating fish and crops in the same space (Körner et al. 2017),

M. Eck (*) · M. H. Jijakli
Integrated and Urban Plant Pathology Laboratory, Université de Liège, Agro-Bio Tech,
Gembloux,, Belgium
e-mail: mathilde.eck@uliege.be; mh.jijakli@uliege.be

O. Körner
Leibniz-Institute of Vegetable and Ornamental Crops (IGZ), Grossbeeren, Germany
e-mail: koerner@igzev.de

© The Author(s) 2019
S. Goddek et al. (eds.), Aquaponics Food Production Systems,
https://doi.org/10.1007/978-3-030-15943-6_9

231

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-15943-6_9&domain=pdf
mailto:mathilde.eck@uliege.be
mailto:mh.jijakli@uliege.be
mailto:koerner@igzev.de
https://doi.org/10.1007/978-3-030-15943-6_9#DOI


aquaponics has two main advantages for nutrient cycling. First, the combination of a
recirculating aquaculture system with hydroponic production avoids the discharge of
aquaculture effluents enriched in dissolved nitrogen and phosphorus into already
polluted groundwater (Buzby and Lin 2014; Guangzhi 2001; van Rijn 2013), and
second, it allows for the fertilisation of the soilless crops with what can be considered
an organic solution (Goddek et al. 2015; Schneider et al. 2004; Yogev et al. 2016)
instead of using fertilisers of mineral origin made from depleting natural resources
(Schmautz et al. 2016; Chap. 2). Furthermore, aquaponics yields comparable plant
growth as compared with conventional hydroponics despite the lower concentrations
of most nutrients in the aquaculture water (Graber and Junge 2009; Bittsanszky et al.
2016; Delaide et al. 2016), and production can be even better than in soil (Rakocy
et al. 2004). Increased CO2 concentrations in the aerial environment and changes in
the biomes of the root zone are thought to be main reasons for this. In addition, the
mineral content and the nutritional quality of tomatoes grown aquaponically have
been reported to be equivalent or superior to the mineral content of conventionally
grown ones (Schmautz et al. 2016).

Despite having two attractive assets (i.e. the recycling of aquaculture effluents and
the use of organic fertilisers), the use of aquaculture effluents increases the challenge
of monitoring the nutrients within the solution. Indeed, it is harder to control the
composition of a solution where the nutrients originate from a biological degradation
of organic matter than to follow the evolution of the nutrients’ concentration in a
precisely dosed hydroponic solution based on mineral compounds (Bittsanszky et al.
2016; Timmons and Ebeling 2013). Moreover, a plant’s nutritional needs vary during
the growth period in accordance with physiological stages, and it is necessary to meet
these needs to maximise yields (Bugbee 2004; Zekki et al. 1996; Chap. 4).

In order to recycle aquaculture effluents to produce plant biomass, it is necessary
to optimise the recycling rates of phosphorus and nitrogen (Goddek et al. 2016;
Graber and Junge 2009; Chap. 1). Several factors can influence this, such as the fish
species, fish density, water temperature, the type of plants and the microbial com-
munity (ibid.). Therefore, it is of prime importance to understand the functioning of
the nutrient cycles in aquaponics (Seawright et al. 1998). This chapter aims at
explaining the origins of the nutrients in an aquaponic system, describing the
nutrient cycles and analysing the causes of nutrient losses.

9.2 Origin of Nutrients

The major sources of nutrients in an aquaponic system are the fish feed and the water
added (containing Mg, Ca, S) (see Sect. 9.3.2.) into the system (Delaide et al. 2017;
Schmautz et al. 2016) as further elaborated in Chap. 13. With respect to fish feed,
there are two main types: fishmeal-based and plant-based feed. Fishmeal is the
classic type of feed used in aquaculture where lipids and proteins rely on fish meal
and fish oil (Geay et al. 2011). However, for some time now, concerns regarding the
sustainability of such feed have been raised and attention drawn towards plant-based
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diets (Boyd 2015; Davidson et al. 2013; Hua and Bureau 2012; Tacon and Metian
2008). A meta-analysis conducted by Hua and Bureau (2012) revealed that the use of
plant proteins in fish feed can influence the growth of fish if incorporated in high
proportions. Indeed, plant proteins can have an impact on the digestibility and levels
of anti-nutritional factors of the feed. In particular, phosphorus originating from
plants and thus in the form of phytates does not benefit, for example, salmon, trout
and several other fish species (Timmons and Ebeling 2013). It is not surprising that
this observation is highly dependent on the fish species and on the quality of the
ingredients (Hua and Bureau 2012). However, little is known of the impact of
varying fish feed composition on crop yields (Yildiz et al. 2017).

Classical fish feed is composed of 6–8 macro ingredients and contains 6–8%
organic nitrogen, 1.2% organic phosphorus and 40–45% organic carbon (Timmons
and Ebeling 2013) with around 25% protein for herbivorous or omnivorous fish and
around 55% protein for carnivorous fish (Boyd 2015). Lipids can be fish or plant
based as well (Boyd 2015).

B. Recirculating Aquaculture SystemA. Nile Tilapia Cage Production

Feed Input (100%)

Feed Consumption

100% N
100% P

Fish Retention

15-20% N  29% N  20-50% N
50% P  15-65% P

Soluble Excretion

60-86% N  34% N 
30% P 

Faeces

5-13% N 
20% P 

Total Excretions

30-65% N
40% P 

Uneaten Feed

Sludge

37% N

Timmons and Ebeling citing Chen et al. 1993

Yogev et al. 2017

Schneider et al. 2004 (any Fish)

Feed Input (100%)

Feed Consumption

82% N
82% P

Fish Retention

35% N
28% P

Soluble Excretion

33% N 
17% P 

Faeces

13% N  
37% P 

Uneaten Feed

18% N
18% P

Neto and Ostrensky 2015

Fig. 9.1 Environmental flow of nitrogen and phosphorus in % for (a) Nile tilapia cage production
(after Neto and Ostrensky 2015) and (b) RAS production (from a variety of sources)
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Once fish feed is added into the system, a substantial part of it is eaten by the fish
and either used for growth and metabolism or excreted as soluble and solid faeces,
while the rest of the given feed decays in the tanks (Goddek et al. 2015; Schneider
et al. 2004) (Fig. 9.1). In this case, the feed leftovers and metabolic products are
partly dissolved in the aquaponic water, thus enabling the plants to uptake nutrients
directly from the aquaponic solution (Schmautz et al. 2016).

In most cultivation systems (Chaps. 7 and 8), nutrients can be added to
complement the aquaponic solution and ensure a better matching with the plants’
needs (Goddek et al. 2015). Indeed, even when the system is coupled, it is possible to
add iron or potassium (which are often lacking) without harming the fish (Schmautz
et al. 2016).

9.2.1 Fish Feed Leftovers and Fish Faeces

Ideally, all the given feed should be consumed by the fish (Fig. 9.1). However, a
small part (less than 5% (Yogev et al. 2016)) is often left to decompose in the system
and contributes to the nutrient load of the water (Losordo et al. 1998; Roosta and
Hamidpour 2013; Schmautz et al. 2016), thus consuming dissolved oxygen and
releasing carbon dioxide and ammonia (Losordo et al. 1998), amongst other things.
The composition of fish feed leftovers depends on the composition of the feed.

Logically enough, the composition of fish faeces depends on the fish’s diet which
also has an impact on the water quality (Buzby and Lin 2014; Goddek et al. 2015).
However, the nutrient retention in fish biomass is highly dependent on fish species,
feeding levels, feed composition, fish size and system temperature (Schneider et al.
2004). At higher temperatures, for example, fish metabolism is accelerated and thus
results in more nutrients contained in the solid fraction of the faeces (Turcios and
Papenbrock 2014). The proportion of excreted nutrients also depends on the quality
and digestibility of the diet (Buzby and Lin 2014). The digestibility of the fish feed,
the size of the faeces and the settling ratio should be carefully considered to ensure a
good balance in the system and to maximise crop yields (Yildiz et al. 2017). Indeed,
while it is a priority that fish feed should carefully be chosen to suit fish needs, the
feed components could also be selected to suit plant’s requirements when it makes
no difference to fish (Goddek et al. 2015; Licamele 2009; Seawright et al. 1998).

9.3 Microbiological Processes

9.3.1 Solubilisation

Solubilisation consists of the breaking down of the complex organic molecules
composing fish waste and feed leftovers into nutrients in the form of ionic minerals
which plants can absorb (Goddek et al. 2015; Somerville et al. 2014). In both
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aquaculture (Sugita et al. 2005; Turcios and Papenbrock 2014) and aquaponics,
solubilisation is conducted mainly by heterotrophic bacteria (van Rijn 2013;
Chap. 6) which have not yet been fully identified (Goddek et al. 2015). Some studies
have started deciphering the complexity of these bacteria communities (Schmautz
et al. 2017). In current aquaculture, the most commonly observed bacteria are
Rhizobium sp., Flavobacterium sp., Sphingobacterium sp., Comamonas sp.,
Acinetobacter sp., Aeromonas sp. and Pseudomonas sp. (Munguia-Fragozo et al.
2015; Sugita et al. 2005). An example of the major role of bacteria in aquaponics
could be the transformation of insoluble phytates into phosphorus (P) made available
for plant uptake through the production of phytases which are particularly present in
γ-proteobacteria (Jorquera et al. 2008). (More research needs to be done in this
area). Other nutrients than P can also be trapped as solids and evacuated from the
system with the sludge. Efforts are thus being made to remineralise this sludge with
UASB-EGSB reactors in order to reinject nutrients into the aquaponic system
(Delaide 2017; Goddek et al. 2016; Chap. 10). Furthermore, different minerals are
not released at the same rate, depending on the composition of the feed (Letelier-
Gordo et al. 2015), thus leading to more complicated monitoring of their concen-
tration in the aquaponic solution (Seawright et al. 1998).

9.3.2 Nitrification

The main nitrogen source in an aquaponic system is the fish feed and the proteins it
contains (Goddek et al. 2015; Ru et al. 2017; Wongkiew et al. 2017; Yildiz et al.
2017). Ideally, 100% of this feed should be eaten by the fish. However, is has been
observed that fish only use about 30% of the nitrogen contained in the given feed
(Rafiee and Saad 2005). The ingested feed is partly used for assimilation and
metabolism (Wongkiew et al. 2017), while the rest is excreted either through the
gills or as urine and faeces (Ru et al. 2017). The nitrogen which is excreted through
the gills is mainly in the form of ammonia, NH3 (Wongkiew et al. 2017; Yildiz et al.
2017), while urine and faeces are composed of organic nitrogen (Wongkiew et al.
2017) which is transformed into ammonia by proteases and deaminases (Sugita et al.
2005). In general, the fish excrete nitrogen under the form of TAN, i.e. NH3 and
NH4

+. The balance between NH3 and NH4
+ depends mostly on the pH and temper-

ature. Ammonia is the major waste produced by fish catabolism of the feed proteins
(Yildiz et al. 2017).

Nitrification is a two-step process during which the ammonia NH3 or ammo-
nium NH4

+ excreted by the fish is transformed first into nitrite NO2
� and then into

nitrate NO3
� by specific aerobic chemosynthetic autotrophic bacteria. A high

availability of dissolved oxygen is required as nitrification consumes oxygen
(Carsiotis and Khanna 1989; Madigan and Martinko 2007; Shoda 2014). The
first step of this transformation is carried out by ammonia-oxidising bacteria
(AOB) such as Nitrosomonas, Nitrosococcus, Nitrosospira, Nitrosolobus and
Nitrosovibrio. The second step is conducted by nitrite-oxidising bacteria (NOB)
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such as Nitrobacter, Nitrococcus, Nitrospira and Nitrospina (Rurangwa and
Verdegem 2013; Timmons and Ebeling 2013; Wongkiew et al. 2017). Nitrospira
is currently deduced to be a complete nitrifier, i.e. to be involved in the production
of both nitrite and nitrate (Daims et al. 2015). The same bacteria can be found both
in aquaculture and aquaponic systems (Wongkiew et al. 2017). These bacteria are
mainly found in biofilms fixed to the media composing the biofilter but can also be
observed in the other compartments of the system (Timmons and Ebeling 2013).

Nitrification is of prime importance in aquaponics as ammonia and nitrite are
quite toxic for fish: 0.02–0.07 mg/L of ammonia–nitrogen are sufficient to observe
damage in warm water fish, and nitrite–nitrogen should be kept under 1 mg/L
(Losordo et al. 1998; Timmons and Ebeling 2013). Ammonia affects the central
nervous system of the fish (Randall and Tsui 2002; Timmons and Ebeling 2013),
while nitrite induces problems with oxygen fixation (Losordo et al. 1998). Nitrate–
nitrogen is, however, tolerated by the fish up to 150–300 mg/L (Goddek et al. 2015;
Graber and Junge 2009; Yildiz et al. 2017).

Nitrification mostly takes place in biofilters (Losordo et al. 1998; Timmons and
Ebeling 2013). Therefore, when starting a system, it is recommended to run the
system without fish in order to allow the slowly growing population of nitrifying
bacteria to establish (Timmons and Ebeling 2013; Wongkiew et al. 2017). It is also
necessary to avoid, as far as possible, the presence of organic matter in the biofilters
in order to prevent the growth of highly competitive heterotrophic bacteria
(Timmons and Ebeling 2013). Alternatively, commercial mixes of nitrifying bacteria
can be added to the system, prior to stocking, to hasten the colonisation process
(Kuhn et al. 2010). Nevertheless, small aquaponic systems without biofilter also
exist. In these systems, nitrifying bacteria form biofilms of the available surfaces
(e.g. hydroponic compartment walls, inert media when using the media bed tech-
nique) (Somerville et al. 2014).

9.4 Mass Balance: What Happens to Nutrients once They
Enter into the Aquaponic System?

9.4.1 Context

The functioning of aquaponic systems is based on a dynamic equilibrium of the
nutrient cycles (Somerville et al. 2014). It is therefore necessary to understand
these cycles in order to optimise the management of the systems. Plants growing
hydroponically have specific requirements, which should be met during their
various growing stages (Resh 2013). Therefore, nutrient concentrations in the
different compartments of the system must be closely monitored, and nutrients
should be supplemented to prevent deficiencies (Resh 2013; Seawright et al. 1998)
either in the system water or via foliar application (Roosta and Hamidpour 2011).
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According to Delaide et al. (2016), in some cases, supplementing an aquaponic
solution with mineral nutrients in order to reach the same nutrient concentrations
as in hydroponics could lead to higher yields than those achieved in hydroponics.
The first step to take towards a balanced system is the correct design and relative
sizing of the compartments (Buzby and Lin 2014). If the hydroponic compartment
is too small compared to the fish tanks, then the nutrients will accumulate in the
water and could reach toxic levels. The feed rate ratio (i.e. the amount of fish feed
in the system based on the plant-growing surface and the plant type) is often used
for the first sizing of the system (Rakocy et al. 2006; Somerville et al. 2014).
However, according to Seawright et al. (1998), it is not possible to reach a plant/
fish ratio which will enable an optimal match of plants’ needs if only fish feed is
used as an input. To make sure that the system is well balanced and functions
properly, monitoring methods are usually based on the nitrogen cycle (Cerozi and
Fitzsimmons 2017; Somerville et al. 2014), but to ensure optimal functioning of
the system, it is necessary to monitor more closely the balance of the other
macronutrients (N, P, K, Ca, Mg, S) and micronutrients (Fe, Zn, B, Mn, Mo,
Cu) (Resh 2013; Somerville et al. 2014; Sonneveld and Voogt 2009) as well.
Recent studies (Delaide et al. (2017), Schmautz et al. (2015, 2016)) have started
tackling this topic. Schmautz et al. (2015, 2016) compared the impact of three
different hydroponic layouts (i.e. nutrient film technique (NFT), floating raft and
drip irrigation) on the nutrient uptake of aquaponic tomatoes. Drip irrigation was
the system which produced slightly better yields with tomatoes. The mineral
content of the fruits (P, K, Ca, Mg) was equivalent to the conventional values
even though the iron and zinc contents were higher. The leaves however had lower
levels of P, K, S, Ca, Mg, Fe, Cu and Zn than in conventional agriculture. Delaide
et al. (2016) followed the cycles of macro- and micronutrients in a coupled
aquaponic system. They observed that K, P, Fe, Cu, Zn, Mn and Mo were lacking
in their aquaponic solution, while N, Ca, B and Na were quickly accumulated.
Graber and Junge (2009) noted that their aquaponic solution contained three times
less nitrogen and ten times less phosphorus than a hydroponic solution. As for
potassium (K), it was 45 times lower compared to hydroponics. Nevertheless, they
obtained yields as similar yields even though the quality was poorer due to a lack
of potassium (K).

Factors Influencing the Nutrient Cycles
Light intensity, root zone temperature, air temperature, nutrient availability, growth
stage and growth rate all influence a plant’s nutrient uptake (Buzby and Lin 2014).
Experiments conducted by Schmautz et al. (2016) and Lennard and Leonard (2006)
showed that the hydroponic method could also play a role in a plant’s nutrient uptake
capacity, and it is therefore necessary to match the growing system to the type of
vegetables being grown. NFT and DWC (deep water culture – raft) are thus suitable
for leafy greens, whereas drip irrigation on rockwool slabs is more suitable for fruity
vegetables (Resh 2013).
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9.4.2 Macronutrient Cycles

Carbon (C)
Carbon is provided to the fish via the feed (Timmons and Ebeling 2013) and to the
plants via CO2 fixation. Fish can use 22% of the carbon contained in the fish feed for
biomass increase and metabolism. The rest of the ingested carbon is either expirated
under the form of CO2 (52%) or excreted in a dissolved (0.7–3%) and solid (25%)
form (Timmons and Ebeling 2013). The expirated CO2 can be used by plants for
their own carbon source as well (Körner et al. 2017). The uneaten part of the feed
carbon is left to decompose in the system. The type of carbohydrates found in fish
feed (e.g. starch or non-starch polysaccharides) can also influence the digestibility of
the feed and the biodegradability of the waste in an aquaculture or aquaponic system
(Meriac et al. 2014).

Nitrogen (N)
Nitrogen is absorbed by the plants either in the nitrate or ammonium form
(Sonneveld and Voogt 2009; Xu et al. 2012) depending on the concentration and
plant’s physiology (Fink and Feller 1998 cited by Wongkiew et al. 2017). Associ-
ations between plants and microorganisms should not be overlooked as plants affect
the presence of the microorganisms in aquaponics, and microorganisms can play a
significant role in the nitrogen uptake capacity of plants (Wongkiew et al. 2017). The
uptake of nitrogen by plants is affected by the ambient carbon dioxide concentration
(Zhang et al. 2008 cited by Wongkiew et al. 2017).

Phosphorus (P)
Phosphorus is one of the essential elements for plant growth and can be absorbed
under its ionic orthophosphate form (H2PO4

�, HPO4
2�, PO4

3�) (Prabhu et al.
2007; Resh 2013). Little is known about the dynamics of phosphorus in
aquaponics. The main input of phosphorus in the system is the fish feed (Cerozi
and Fitzsimmons 2017; Delaide et al. 2017; Schmautz et al. 2015), and in
un-supplemented systems (Chap. 7), phosphorus tends to be limiting and thus
can impede plant growth (Graber and Junge 2009; Seawright et al. 1998).
According to Rafiee and Saad (2005), fish can use up to 15% of the phosphorus
contained in the feed. In a system growing lettuce, Cerozi and Fitzsimmons (2017)
noticed that the amount of phosphorus provided by the fish feed can be sufficient
or insufficient depending on the growth stage. Up to 100% of phosphorus present
in the fish water can be recycled in the plant biomass, depending on the design of
the system. Graber and Junge (2009) observed a 50% recycling, while Schmautz
et al. (2015) reported that 32% of the phosphorus could be found in the fruit and
28% in the leaves. The solubility of phosphorus depends on the pH, and a higher
pH will foster the precipitation of phosphorus, thus rendering it unavailable for
the plants (Yildiz et al. 2017). Phosphorus can precipitate as struvite (magnesium
ammonium phosphate) (Le Corre et al. 2005) and/or hydroxyapatite (Cerozi and
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Fitzsimmons 2017; Goddek et al. 2015). These insoluble complexes are removed
via solid fish sludge from the system. Schneider et al. (2004) reported that
30–65% of the phosphorus contained in the fish feed remains unavailable to
plants as it is fixed in the solid excretions which are then removed through
mechanical filtration. Yogev et al. (2016) estimated that this loss can be up to
85%. One option to prevent this massive loss of P via solid sludge is to add a
digestion compartment to the aquaponic system. During aerobic or anaerobic
digestion, the P is released into the digestate and could be re-introduced into the
circulating water (Goddek et al. 2016).

Potassium (K)
Delaide et al. (2017) found that the major source of K in their system was the fish
feed. Fish can use up to 7% of the K contained in the fish feed (Rafiee and Saad
2005). However, potassium is not necessary for fish which leads to a low potassium
composition of the fish feed and to even lower levels of potassium available for the
plants (Graber and Junge 2009; Seawright et al. 1998; Suhl et al. 2016). To supply
potassium, a KOH pH buffer is often used as the pH often decreases in aquaponics
due to nitrification (Graber and Junge 2009). In an aquaponic system planted with
tomatoes, potassium accumulated mainly in the fruits (Schmautz et al. 2016).

Magnesium (Mg), Calcium (Ca) and Sulphur (S)
The main source for Mg, Ca and S is tap water which facilitates the absorption by the
plants as the nutrients are already available (Delaide et al. 2017). Calcium is however
present in insufficient levels in aquaponics (Schmautz et al. 2015; Seawright et al.
1998) and is added under the form of calcium hydroxide Ca(OH)2 (Timmons and
Ebeling 2013). According to Rafiee and Saad (2005), fish can use on average 26.8%
of the calcium and 20.3% of the magnesium present in the feed. Sulphur is often at
low levels in aquaponic systems (Graber and Junge 2009; Seawright et al. 1998).

9.4.3 Micronutrient Cycles

Iron (Fe), manganese (Mn) and zinc (Zn) derive mainly from the fish feed, while
boron (B) and copper (Cu) derive from the tap water (Delaide et al. 2017). In
aquaponics, key micronutrients are often present but at too low levels (Delaide
et al. 2017), and supplementation from external sources of nutrients is then necessary
(Chap. 8). Iron deficiencies occur very often in aquaponics (Schmautz et al. 2015;
Seawright et al. 1998; Fitzsimmons and Posadas; 1997 cited by Licamele 2009),
mostly because of the non-availability of the ferric ion form. This deficiency can be
solved by the use of bacterial siderophore (i.e. organic iron-chelating compounds)
produced by genera such as Bacillus or Pseudomonas (Bartelme et al. 2018) or by
iron supplementation with chemical chelated iron to avoid iron precipitation.
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9.4.4 Nutrient Losses

Reducing nutrient loss is a constant challenge facing aquaponics practitioners.
Nutrient loss occurs in several ways, e.g. the settlement of the sludge (37% of faeces
and 18% of uneaten feed) (Neto and Ostrensky 2015), water losses, denitrification,
ammonia volatilisation, etc. (Wongkiew et al. 2017). As an example, Rafiee and
Saad (2005) note that 24% of the iron, 86% of the manganese, 47% of the zinc, 22%
of the copper, 16% of the calcium, 89% of the magnesium, 6% of the nitrogen, 6% of
the potassium and 18% of the phosphorus contained in the fish feed were contained
in the sludge. The sludge can hold up to 40% of the nutrients present in the feed input
(Yogev et al. 2016).

Denitrification can lead to a loss of 25–60% of the nitrogen (Hu et al. 2015; Zou
et al. 2016). Denitrification is also linked to anoxic conditions (Madigan and
Martinko 2007; van Lier et al. 2008) and low carbon levels and is responsible for
the transformation of nitrate into nitrite, nitric oxide (NO), nitrous oxide (N2O) and
eventually nitrogen gas (N2) with flows into the atmosphere (ibid.). Denitrification is
conducted by several facultative heterotrophic bacteria such as Achromobacter,
Aerobacter, Acinetobacter, Bacillus, Brevibacterium, Flavobacterium, Pseudomo-
nas, Proteus and Micrococcus sp. (Gentile et al. 2007; Michaud et al. 2006;
Wongkiew et al. 2017). Some bacteria can perform both nitrification and denitrifi-
cation if dissolved oxygen levels are below 0.3 mg/L (Fitzgerald et al. 2015;
Wongkiew et al. 2017). The loss of nitrogen can also occur via anaerobic ammonium
oxidation (ANAMMOX), i.e. the oxidation of ammonium into dinitrogen gas in the
presence of nitrite (Hu et al. 2011).

Another important loss of nitrogen which should be available for the plants is the
consumption of the nitrogen by the heterotrophic aerobic bacteria present in the
aquaponic systems. Indeed, the nitrogen used by these bacteria is lost to nitrifying
bacteria, and nitrification is thus impeded (Blancheton et al. 2013). These bacteria
are particularly present when the C/N ratio increases as they are more competitive
and more able to colonise the media than the autotrophic nitrifying bacteria
(Blancheton et al. 2013; Wongkiew et al. 2017).

9.4.5 Nutrient Balance Systems Dynamics

The nutrient concentration of the two major subsystems in an aquaponic system,
i.e. the fish tanks (aquaculture) and the hydroponic solution, needs to be balanced for
each of their needs. In closed aquaponic systems, nutrients are transported from fish
to plants more or less directly through filters (usually a drum filter or a settler and
then a biofilter) for nitrification. However, the nutrient needs of crops and the
supplied nutrients from the aquaponic subsystem are not in balance. In multi-loop
and decoupled systems (Chap. 8), it is easier to provide optimal conditions for both,
fish and plant sections. Through modelling of the systems (Chap. 11), the optimal
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size of the hydroponic area to the fish tanks, biofilters and other equipment can be
calculated (Goddek and Körner 2019). This is particularly important with decoupled
multi-loop systems which comprise various types of equipment. For example,
UASB (upflow anaerobic sludge blanket) (Goddek et al. 2018) or desalination
units (Goddek and Keesman 2018) need to be sized carefully as discussed in
Chap. 8. The basic mismatch of nutrients supplied by the fish environment and the
needs of the crops needs to be rectified and balanced. For the purpose of
up-concentrating the nutrients, Goddek and Keesman (2018) have described an
appropriate desalination unit (Chap. 8). This approach, however, only solves part
of the problem, as the perfectly balanced system is driven by a non-dynamic
evaporation rate achievable only in closed chambers and perfectly working plants.
The reality, however, is that the evapotranspiration of the crop (ETc) in greenhouse-
based aquaponics systems is highly dependent on multiple factors such as physical
climate and biological variables. ETc is calculated per area of the ground surface
covered by the crop and is calculated for different levels in the canopy (z) by
integrating irradiative net fluxes, boundary layer resistance, stomata resistance and
the vapour pressure deficit, in the canopy (Körner et al. 2007) using the Penman–
Monteith equation. This equation, nevertheless, only calculates the water flux
through the crop. Nutrient uptake can either be calculated simply by assuming that
all diluted nutrients in the water are taken up by the crop. In reality though, uptake of
nutrients is a highly complicated matter. Different nutrients have different states,
changing with parameters such as pH. Meanwhile nutrient availability to the plants
strongly depends on pH and the relationships of nutrients to each other (e.g. K/Ca
availability). In addition, the microbiome in the root zone plays an important role
(Orozco-Mosque et al. 2018) which is not yet implemented in models although some
models differentiate between phloem and xylem pathways. Thus, the vast amount of
nutrients is not modelled in detail for aquaponic nutrient balancing and sizing of
systems. The easiest way to estimate nutrient uptake is the assumption that nutrients
are taken up/absorbed as dissolved in irrigation water and apply to the above-
explained ETc calculation approach and assuming that no element-specific chemical,
biological or physical resistances exist. Consequentially, to maintain equilibrium, all
nutrients taken up by the crop as contained in the nutrient solution need to be added
back to the hydroponic system.

9.5 Conclusions

9.5.1 Current Drawbacks of Nutrient Cycling in Aquaponics

In hydroponics, the nutrient solution is accurately determined and the nutrient input
into the system is well understood and controlled. This makes it relatively easy to
adapt the nutrient solution for each plant species and for each growth stage. In
aquaponics, according to the definition (Palm et al. 2018), the nutrients have to
originate at least at 50% from uneaten fish feed, fish solid faeces and fish soluble
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excretions, thus making the monitoring of the nutrient concentrations available for
plant uptake more difficult. A second drawback is the loss of nutrients through
several pathways such as sludge removal, water renewal or denitrification. Sludge
removal induces a loss of nutrients as several key nutrients such as phosphorus often
precipitate and are then trapped in the evacuated solid sludge. Water renewal, which
has to take place even if in small proportions, also adds to the loss of nutrients from
the aquaponic circuit. Finally, denitrification happens because of the presence of
denitrifying bacteria and conditions favourable to their metabolisms.

9.5.2 How to Improve Nutrient Cycling?

To conclude, nutrient cycling still needs to be improved in order to optimise plant
growth in aquaponics. Several options are therefore currently explored in Chap. 8.
To avoid losing the nutrients captured in the sludge, sludge remineralisation units
have been developed (Chap. 10). The aim of these units is to extract the nutrients
captured in solid form in the sludge and to reinject these into the system under a form
which the plants can absorb (Delaide 2017). A further technique to reduce nutrient
loss would be to foster plant uptake through the concentration of the aquaponic
solution (i.e. the removal of a fraction of the water to keep the same amount of
nutrients but in a lesser water volume). Such a concentration could be achieved via
the addition of a desalination unit as part of the aquaponic system (Goddek and
Körner 2019; Goddek and Keesman 2018). Finally, the use of decoupled/multi-loop
systems enables optimal living and growing conditions for all fish, plants and
microorganisms. While some research has been undertaken in this field, more
research should be conducted to better understand nutrient cycling in aquaponics.
Indeed, more information concerning the exact cycles of each macronutrient (what
form, how it can be transformed or not by microorganisms, how it is taken up by
plants in aquaponics) or the influence of the plant and fish species and water
parameters on the nutrient cycles could greatly help the understanding of aquaponic
systems.
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