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ABSTRACT (EN) 

The rapid environmental change during the last years has emphasized the need for new 

global solutions for food production. However, a substantial increase in food production 

with a concomitant reduction of its environmental footprint presents a significant 

challenge and requires the development of nutrient efficient and sustainable strategies. 

Here, multi-trophic aquaponic systems, which reduce nutrient loss to the environment 

through the co-cultivation of plants and aquatic animals, may present a solution. These 

systems consist of various compartments, with each compartment having its own specific 

function as part of the total system. This compartmentalization of functions creates a 

range of unique microenvironments, each of which supports the development of a unique 

microbial community. This high microbial diversity makes aquaponics an attractive 

soilless model system for the study of nutrient transformation processes. In particular, 

the nitrogen cycle is of importance, as its disruption is not only detrimental to plant and 

animal growth but has environment-wide consequences. This dissertation deepens the 

understanding of aquaponic system-specific nitrogen transformation processes through 

the characterization of individual interactions in the aquaponic compartments on both a 

chemical and a microbial level. To this end, next-generation DNA sequencing was used to 

characterize localized microbial community composition and diversity and was combined 

with chemical analyses to determine nutrient content and abiotic parameter values. 

Significant differences in nitrogen composition and abiotic parameters were observed 

between the individual compartments of the aquaponic system. These differences could 

be responsible for the unique microenvironments that, in turn, give rise to specific 

microbial communities and, thus, foster further specialization of compartment function. 

Notable differences were especially observed between the aerobic and anaerobic 

compartments regarding archaeal and bacterial composition. While this work 

investigated both the presence and composition of bacterial and archaeal communities, it 

also points to the importance of determining their active role in the nitrogen cycle. 
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ZUSAMMENFASSUNG (DE) 

Die raschen Veränderungen der Umwelt in den letzten Jahren haben die Notwendigkeit 

neuer globaler Lösungen im Bereich der Nahrungsmittelproduktion deutlich gemacht. 

Eine wesentliche Steigerung der Nahrungsmittelproduktion bei gleichzeitiger 

Verringerung des ökologischen Fussabdrucks stellt jedoch eine grosse Herausforderung 

dar und erfordert die Entwicklung nährstoffeffizienter und nachhaltiger Strategien. Hier 

können multitrophe aquaponische Systeme, die den Nährstoffverlust an die Umwelt 

durch die Co-Kultivier ung von Pflanzen und Wassertieren reduzieren, eine Lösung 

darstellen. Diese Systeme bestehen aus verschiedenen Kompartimenten mit jeweils 

spezifischen Funktionen. Diese Kompartimentierung schafft eine Vielfalt einzigartiger 

Mikrohabitate, welche wiederum die Entstehung vielfältiger mikrobieller 

Gemeinschaften ermöglichen. Diese mikrobielle Vielfalt macht Aquaponik zu einem 

attraktiven substratlosen Modellsystem zur Untersuchung von 

Nährstofftransformationsprozessen. Insbesondere der Stickstoffkreislauf ist von 

Interesse, da dessen Störung nicht nur das Wachstum von Pflanzen und Tieren hemmt, 

sondern auch die Umwelt schädigen kann. Durch die Charakterisierung der 

Wechselwirkungen einzelner Systemkompartimente auf chemischer und mikrobieller 

Ebene gewährt diese Dissertation Einblick in die systemspezifischen 

Stickstofftransformationsprozesse einer Aquaponikanlage. In unterschiedlichen 

Kompartimenten wurde mit DNA-Sequenzierung die Zusammensetzung mikrobieller 

Gemeinschaften ermittelt und mit chemischen Analysen lokale abiotische Parameter und 

Nährstoffgehalte bestimmt. Es konnten signifikante Unterschiede in der 

Stickstoffzusammensetzung und den abiotischen Parametern zwischen den einzelnen 

Kompartimenten festgestellt werden. Diese Unterschiede könnten für die einzigartigen 

Mikroumgebungen verantwortlich sein, die wiederum spezifische mikrobielle 

Gemeinschaften hervorbringen und damit eine weitere Spezialisierung der 

Kompartimentfunktion weiter unterstützen. Besonders die aeroben und anaeroben 

Kompartimente unterschieden sich hinsichtlich der archaealen und bakteriellen 

Zusammensetzung. Während diese Arbeit sowohl das Vorhandensein als auch die 

Zusammensetzung bakterieller und archaealer Gemeinschaften untersuchte, weist sie 

auch auf die Bedeutung der Bestimmung ihrer aktiven Rolle im Stickstoffkreislauf hin.  
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GLOSSARY 

ANAMMOX – Anaerobic ammonium oxidation 

AP – An aquaponic system, a system connecting the cultivation 
of aquatic animals with the production of plants 

COMAMMOX – Complete ammonia oxidation 

DNA – Deoxyribonucleic acid 

HP – Hydroponics, a soilless system for plant production 

Metagenomics – A study of the metagenome, the collective genome from 
an environmental sample 

N – Nitrogen 

NO – Nitric oxide 

N2 – Dinitrogen 

N2O – Nitrous oxide 

Norg – Organic nitrogen 

Ninorg – Inorganic nitrogen 

NH4+ – Ammonium 

NH4+-N – Ammonium nitrogen 

NO2- – Nitrite  

NO2--N – Nitrite nitrogen  

NO3- – Nitrate 

NO3--N – Nitrate nitrogen 

OTU – Operational taxonomic unit 

PCR – Polymerase chain reaction 

RAS – Recirculating aquaculture system 

TN – Total nitrogen 

TOC – Total organic carbon 

T-RFLP – Terminal restriction fragment length polymorphism 

ZOTU – A zero-radius operational taxonomic unit 
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GENERAL INTRODUCTION 

Rapid environmental changes in recent years have highlighted the need for new global 

solutions in terms of food production and consumption (Junge et al. 2017). Modern 

changes in land-use, e.g. over-fertilization, biomass burning, combustion of fossil fuels, 

deforestation, industrial activities and energy production, have significantly altered 

global nutrient cycles through increased nutrient losses to the environment, with far -

reaching consequences for the planet (Steffen et al. 2015). Traditional agriculture  is 

considered one of the main sources of such disturbances through its use of industrially 

produced fertilizers to assist crop growth in response to the insufficient nitrogen fixation 

and to a lesser degree mineralization capacity of the soil. Currently, over 50% of food 

production systems are dependent on such supplementation (Widdison and Burt 2008, 

Erisman et al. 2011, Kuypers et al. 2018). 

The intensification of traditional agricultural food production to meet global demands 

through supplementation, which is set to increase by 50% by 2050 (Alexandratos and 

Bruinsma 2012), increases the risk of nutrient enrichment i.e. eutrophication of surface- 

and groundwater (Yiridoe et al. 1997, Su et al. 2018), which leads to uncontrolled aquatic 

plant growth. The excessive growth of aquatic plants in eutrophied water bodies not only 

restricts waterways but also adversely affects the rest of the water ecosystem. The 

enrichment of nutrients also increases the likelihood of algal blooms, some producing 

toxins, which restrict light to the subsurface and, when decomposing, reduce dissolved 

oxygen content, threatening water life (Wetzel 2001, Widdison and Burt 2008, Conley et 

al. 2009, Weirich and Miller 2014). Eutrophication, however, is not only caused by land-

based agriculture but may also originate from water-based agricultural systems such as 

recirculating aquaculture, which itself is a rapidly developing industry and represents a 

significant source of nitrogen pollution for the environment (Cao et al. 2007), as aquatic 

organisms are extensively cultivated to meet global demand (FAO 2020). 

Substantially increasing food production and dramatically reducing the environmental 

footprint  creates challenges, which require the development of sustainable strategies for 

improving nutrient efficiency in managed ecosystems by limiting nutrient losses to the 

environment (Robertson and Groffman 2007, Foley et al. 2011), and thus offsetting 
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environmental impacts, such as eutrophication. One possible strategy for retaining 

nutrients  and reducing nutrient waste (Boaventura et al. 1997, Tinta 2006) is the 

application of integrated multi- trophic aquaculture (Ridler et al. 2007) and recirculating 

aquaculture systems (Martins et al. 2010). Integrated multi-trophic aquaculture uses by-

products and wastes originating from one species as a nutrient source for another, taking 

advantage of interactions between different trophic levels (Chopin 2013). These systems 

are mostly implemented in marine environments with the goal of ensuring the efficient 

utilization of nutrients that might otherwise dissipate into the environment. However, 

recirculating systems deployed in terrestrial environments (recirculating aquaculture 

and aquaponic systems) are also designed to recycle freshwater (Naegel 1977). Thus, 

these systems are considered to be in line with circular economy principles (Junge et al. 

2017). 

Aquaponic system s 

Aquaponics is a general term for multi- trophic systems connecting the cultivation of 

aquatic animals with the production of plants. The term is used for a wide range of 

systems, consisting of different sub-units and water management concepts. Therefore, a 

concise definition of aquaponic has yet to be agreed upon. A recently proposed definition 

for aquaponic systems centers around the nutrient recycling within them . It states that 

the production system can be considered aquaponic if the majority (>50%) of the 

nutrients required for optimal plant growth are derived from the waste products of 

feeding the aquatic organisms (Palm et al. 2018), which mitigates the environmental 

impacts of aquaponics. Furthermore, the systems are also considered to be superior to 

their stand-alone recirculating aquaculture and hydroponic counterparts in terms of 

water efficiency. Since aquaponics is a relatively new technology that applies multiple 

methods and approaches, it is very broadly defined (Lennard and Goddek 2019). One 

generally differentiates between two main designs, namely coupled- and decoupled 

aquaponic systems. In coupled systems, plants and aquatic organisms are cultivated 

together in a closed recirculating water cycle (Palm et al. 2019), while in decoupled 

systems, water from the aquaculture unit flows to the hydroponic unit but does not return 

to the aquaculture (Goddek et al. 2019). 
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Aquaponic systems implemented for the purpose of this dissertation (Chapter 1), 

correspond to the so-called coupled or closed systems. The essential elements of such 

systems are fish-rearing tanks, solid removal components, biofiltration units, a sump and 

a hydroponic component (Somerville et al. 2014) while making use of various hydroponic 

subsystems, such as deep water culture, nutrient film technique, drip irrigation or the 

polystyrene rafts that were used in this dissertation to float plants on a thin layer of water 

(Schmautz et al. 2016, Nozzi et al. 2018). Each component has its own specific functions 

within the system. The resulting compartmentalization of function results in a range of 

unique environmental conditions, creating microenvironments that support the 

development of specific heterotrophic and autotrophic microbial populations (Leonard et 

al. 2000, Munguia-Fragozo et al. 2015). These microorganisms are responsible for the 

transformations necessary for the healthy operation of the aquaponics system and are 

drivers of major nutrient cycles within the system. 

Recent research has mainly focused on planktonic microorganisms in the system water 

and biofilter material (Bartelme et al. 2017, Eck et al. 2019), disregarding the importance 

of biofilms in other components of the system, while favoring bacterial over archaeal 

population analysis. This resulted in an inaccurate representation of the microbial 

population in the systems, since microorganisms present in the water column are subject 

to repeated UV treatments, shear forces and filtration processes, unlike the localized 

biofilm s, which constitute a more stable microenvironment and better reflects the 

microbial diversity of each compartment. It  is exactly this high microbial diversity that 

makes aquaponics an attractive soilless model system for the study of nutrient, and 

especially nitrogen, transformation processes. Aquatic animals, plants and 

microorganisms may coexist separately within different compartments, while remaining 

capable of interaction through the water flow, effectively imitating partitioned natural 

ecosystem processes and the nitrogen cycle found therein. 

Nitrogen and microbial  nitrogen  transformations  

Nitrogen in its reactive forms is a significant contributor to climate change and 

eutrophication but is nevertheless crucial to the intensification of soilless agricultural 

processes, such as aquaponic systems. Hence, the cycling of nitrogen is the main topic of 
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the present thesis (Figure 1). This element, discovered in 1772 by Daniel Rutherford, is 

the fourth most abundant element in cellular biomass. It comprises a majority of Earth’s 

atmosphere in the form of biologically inert dinitrogen gas. Dinitrogen gas represents 

about 90% of the total global nitrogen reservoir (Robinson and Robbins 1970, Söderlund 

and Svensson 1976, Widdison and Burt 2008, Stein and Klotz 2016, Kuypers et al. 2018), 

whereas the remaining 10% is stored in crustal reservoirs, such as terrestrial and oceanic 

biomass, and soil (Widdison and Burt 2008). Nitrogen is essential for all living organisms 

and its cycle is considered to be one of the most important nutrient cycles (Widdison and 

Burt 2008, Stein and Klotz 2016). However, due to the food requirements of a growing 

human population, the nitrogen cycle is becoming increasingly disturbed on both global 

and regional scales (de Vries et al. 2013), with  the homeostasis levels of the past centuries 

no longer be achievable. 

While practically all processes involved in the nitrogen cycle are based on the metabolic 

activities of selected microorganisms (Robertson and Groffman 2007, Karl and Michaels 

2019), fundamental knowledge of the microorganisms responsible for these nitrogen 

transformations remains incomplete (Robertson and Groffman 2007, Stein and Klotz 

2016). In aquaponic systems, where system health and productivity are heavily 

dependent on the stability of the nitrogen cycle, there is a significant lack of knowledge of 

the nitrogen transforming microorganisms involved (Robertson and Groffman 2007). 

Nitrogen transforming microorganisms are commonly classified according to the 

processes they are involved in. However, the knowledge gained over the last decade has 

challenged this classification, as specific groups of microorganisms can perform various 

nitrogen transformations using very similar or completely different metabolic pathways. 

Consequently, it has become nearly impossible to objectively classify nitrogen 

transforming microorganisms according to processes, such as nitrification, 

denitrification, nitrogen fixation  and mineralization (Kuypers et al. 2018, Karl and 

Michaels 2019). Nevertheless, nitrification remains one of the most important pathways 

for aquaponic production, as during this process, the undesirable forms of nitrogen, such 

as ammonium and nitrite, are converted to less harmful forms �����—�Ï�‡�•���t�r�s�w��. 

Nitrogen input in conventional agriculture occurs either through the addition of 

nitrogenous fertilizer or through microbial nitrogen fixation, the latter of which is 

generally accomplished by highly diverse bacteria and archaea, that fix bioavailable 
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atmospheric dinitrogen gas (Kuypers et al. 2018). In aquaponic systems, however, 

nitrogen is added to the system in the form of fish feed rich in protein (Graber and Junge 

2009). The fish feed, once entering the system, is either ingested and excreted by the fish 

or, if uneaten, mineralizes over time, in both cases producing ammonium. Subsequently, 

the dissolved ammonium is either assimilated into the biomass, respired by communities 

of ammonia-oxidizing anaerobic or aerobic microorganisms, or oxidized by nitrifying 

methanotrophic bacteria (Stein and Klotz 2016). If the combination of assimilation, 

respiration, oxidization and dilution, through the addition of freshwater, proves 

insufficient, ammonium begins to accumulate within the system. This accumulation is not 

optimal for the fish welfare (Randall and Tsui 2002), thus necessitating the conversion of 

ammonium to, preferably, nitrate through the process of nitrification.  

Nitrification involves three groups of microbes: organisms that oxidize ammonia to nitrite 

(ammonium oxidizing bacteria and archaea), organisms that oxidize nitrite to nitrate 

(nitrite oxidizing bacteria) (Robertson and Groffman 2007, Stein and Klotz 2016, He et al. 

2018a, Karl and Michaels 2019) and ammonia oxidizers that completely oxidize ammonia 

to nitrate, a process known as COMAMMOX (Daims et al. 2015). These processes are 

known to mainly take place in a specific compartment of the aquaponic systems aerobic 

loop called the biofilter (Endut et al. 2014, Zou et al. 2016a). However, exceptional 

microorganisms capable of carrying out nitrification under anaerobic conditions (Karl 

and Michaels 2019) are also known. 

Denitrification, a process that takes place under low oxygen and/or  anoxic conditions, 

such as those found in the anaerobic compartments of an aquaponic system i.e. anaerobic 

digester, is the reduction of nitrate to the nitrogen gases (Robertson and Groffman 2007, 

Karl and Michaels 2019). While all denitrifiers are capable of reducing nitrate during the 

first step of canonical denitrification, classical denitrification results in dinitrogen gas as 

a final product, while anaerobic dissimilatory nitrate reduction produces ammonium 

(Stüeken et al. 2016). This dissimilatory reduction to ammonium, which may co-occur 

with denitrification, is performed by heterotrophic bacteria, chemolithoautotrophic 

prokaryotes and eukaryotes, that use nitrate as a terminal electron acceptor, producing 

nitrite and ammonium under low anoxic conditions. During the reduction, no gas is 

formed, however, the environmental factors that determine which of the two pathways is 

favored, are not yet well understood (Stein and Klotz 2016, Karl and Michaels 2019). 
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Furthermore, while complete denitrification can be performed by some heterotrophic 

microbes, many bacteria and archaea are only capable of partial denitrification, causing 

the release of powerful greenhouse gases, such as nitric oxide and nitrous oxide (Stein 

and Klotz 2016). 

Finally, a group of microbes capable of simultaneously using ammonium and 

nitrate/nitrite, in a process termed obligate anaerobic ammonium oxidation or 

ANAMMOX, has also been discovered (Karl and Michaels 2019). ANAMMOX involves the 

oxidation of ammonium to dinitrogen gas primarily using nitrite as the terminal electron 

acceptor in the absence of free oxygen. The process is beneficial for wastewater treatment 

as it simultaneously removes both nitrite and ammonium without producing nitrous 

oxide. However, since its discovery in the 1990s, much still remains to be learned, as most 

species cannot yet be cultured, due to their very slow growth and specific environmental 

requirements (Chamchoi and Nitisoravut 2007, Robertson and Groffman 2007, Kuenen 

2008, Stein and Klotz 2016, Karl and Michaels 2019). ANAMMOX, together with the 

general assimilation and mineralization of organic matter, denitrification and nitrogen 

fixation, completes the nitrogen cycle (Ye and Thomas 2001, Stein and Klotz 2016) in 

aquaponic systems (Figure 1). 

Through a fundamental evaluation of the nutrient cycles present and the processes and 

communities driving them, data may be obtained which can be used to predict, adapt and 

improve the cycle performance within aquaponic systems, as well as other agricultural, 

hydroponic and aquaculture systems. This becomes especially relevant when attempting 

to improve the efficiency of microbial nitrogen cycle transformations through system 

design, since any disruption of the equilibrium of the nitrogen cycle may be detrimental 

to both food production and the environment. Thus, understanding nitrogen 

transformations within the context of aquaponic systems, their metabolic pathways and 

their relationship to localized microbial communities are of critical importance to future 

agricultural  endeavors (Munguia-Fragozo et al. 2015). 
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Figure  1. Nitrogen transformations and intermediate nitrogen species. Different pathways are represented 
in color (COMAMMOX, complete ammonia oxidization (pink); nitrification consisting of nitritation (light 
blue) and nitratation (dark blue); nitrate reduction (red); DNRA, dissimilatory nitrate reduction to ammonia 
(light green); denitrification consisting of nitrite reduction, nitrous oxide reduction and nitric oxide 
reduction (purple); ANAMMOX, anaerobic oxidation of ammonia (orange); nitrogen fixation (dark green); 
mineralization (dark brown) and assimilation (light brown). 

Objectives , research questions and dissertation structure  

This dissertation aims to gain insight into the nitrogen transformation processes which 

take place within the model aquaponic system, described in Chapter 1, through the 

characterization of individual system compartment interactions at both chemical and 

microbial levels. To achieve this, state-of-the-art next-generation DNA sequencing was 

used to establish localized microbial community compositions and diversity, combined 

with modern analytical methods to determine nutrient content and abiotic parameters. 

As agricultural systems, such as aquaponics, become more relevant for sustainable large-

scale food production, understanding the spatial and temporal changes within the system 

are necessary to improve process performance and increase crop yield. Therefore, this 

dissertation aims to answer the following fundamental research questions: 
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�x Chapter 2: Are microbial biofilm communities affected by nutrient concentrations 

(i.e. total organic carbon, total nitrogen, ammonium, nitrite, nitrate, calcium, 

magnesium, sodium, potassium and sulfate) and water quality parameters (i.e. 

temperature, pH, conductivity, dissolved oxygen and redox potential) within 

individual compartments of the aquaponic system? 

�x Chapter 3: Which nitrogen forms and compositions are present within the aquaponic 

system and are they unique to the microenvironments and prevailing environmental 

pressures of the specific system compartments? 

�x Chapter 4: Which microbial communities are present in the system compartments, 

are they determined by the dominating environmental pressures and to what degree 

are they responsible for the nitrogen transformations observed within the system? 

This thesis lays the foundation for using aquaponics as a model for the study of nutrient 

transformations in soilless agricultural systems, by ensuring stable operation of the 

experimental set-up, combined with initial system sampling to establish first correlations 

and guarantee result quality. The compartmentalization of the system means that plants, 

fish and microbial communities may cohabit in the system without direct contact, 

facilitating the analysis of specific biological processes and supporting knowledge 

acquisition. Knowledge pertaining to the microbial communities and their connection to 

the nitrogen transformations taking place within the system may then be applied to other 

agricultural processes, with the objective of increasing system stability, improving 

sustainability and maximizing product yields. A short summary of each chapter is given 

below. 

Chapter 1 describes the aquaponic system, its different compartments and overall 

operation, as well as the model organisms with which the system was stocked for the 

purpose of this dissertation. The chapter also includes a description of the pretrial 

performed to determine system functionality and comparability. 

Chapter 2 establishes dependencies and relationships between the microbial biofilm 

communities that occupy specific niches within the compartments of the aquaponic 

system, as well as the prevailing abiotic parameters and nutrient concentrations. This was 

achieved through two samplings of the system within a month and, using terminal 

restriction fragment length polymorphism, provides a first impression of how archaeal 
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and bacterial diversity changes between compartments. This chapter also endeavors to 

offer the first insight into possible nitrogen transformation processes, based on the 

evaluation of nutrient concentrations and dominating abiotic conditions within individual  

system compartments.  

Chapter 3 transitions to identifying precisely which nitrogen forms and compositions are 

present within the specific compartments of the system, whether they are unique to each 

microenvironment. It attempts to establish which environmental pressures may be 

responsible for the presence of specific nitrogen forms and aims to map the spatial and 

temporal changes to the nutrient composition. To achieve this, abiotic and chemical 

analyses of the system were performed for three lettuce cycles over the course of 12 

weeks. 

Chapter 4 takes a detailed look at the microbial community compositions throughout the 

system, establishes whether and to what degree they are unique and if they influence the 

compartment specific nitrogen transformations observed in Chapter 3. By identifying the 

individual microbial populations, their presence and diversity throughout the system, 

conclusions may be drawn concerning their role in nitrogen transformations within their 

respective microenvironments. 
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CHAPTER 1 

 

Design of a model coupled aquaponic system  

 

Zala Schmautz1,2 

 

 

1 Ecological Engineering Centre, Institute of Natural Resource Sciences, Zurich 
University of Applied Sciences, Wädenswil, Switzerland. 

  

2 Group of Plant Nutrition, Institute of Agricultural Sciences, ETH Zurich, Lindau, 
Switzerland. 
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System design and preparation 

All experiments were carried out in a greenhouse at Campus Grüental (47°13'02.0"N 

8°40'53.8"E) at the Zurich University of Applied Sciences (Wädenswil, Switzerland) using 

three identical 4.3 m3 aquaponic system replicates (Figure 1, Table 1). 

 

 

Figure  1. One replicate of three aquaponic systems as operated between 2017 and 2019 with an anaerobic 
(marked brown) and aerobic loop consisting of an aquaculture (marked blue) and a hydroponic component 
(marked green). 

 

Each replicate consisted of an anaerobic (Figure 1, marked in brown) and aerobic loop. 

The aerobic loop consisted of an aquaculture (Figure 1, marked in blue), and a hydroponic 

component (Figure 1, marked in green), where the sump served as a connection between 

the aquaculture and hydroponic compartments, with the system water continuously 

recirculating between them. The radial flow settler served as a connection between both 

loops. While the aerobic loop was automatized, the anaerobic loop was manually 

operated. Three times per week, the settled sludge was removed from the radial flow 

settler and added to the digester, while the digested supernatant was simultaneously 
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taken from the anaerobic digester and returned to the radial flow settler, which returned 

water full of nutrients to the main water loop of the system. 

 

Table 1. Water volume of different components of the aquaponic system and their specifications. 

Component  
Approx. w ater 

volume [L]  
Specifications  

Fish tank 3310 Fiberglass reinforced plastic fish holding tank (2.1 × 2.1 × 0.9 m) 

Drum filter  30 HDF 501 1P with �v�r�Jm mesh (Hydrotech AB, Vellinge, Sweden) 

Biofilter  
 

300 
 

IBC tank with HDPE biocarrier  media (10 × 10 mm, surface of 
approx. 800 m2 per m3) fil�Ž�‹�•�‰���ž���‘�ˆ���–�Š�‡��biofilter volume 

Biofilter aerator - Aerator LA-100 (Medo, Illinois , United States) 

Circulation 
water pump 

- 
 

AquaMax Eco Gravity 20 000 
(OASE GmbH, Hörstel, Germany) 

Piping 40 PP and PE piping 

UV disinfection 
unit  

10 
 

MR1-220 PP with a permanent radiation flux of 77 W at 254 nm 
with 35% efficiency (UltraAqua, Aalborg Øst, Denmark) 

Oxygen zone 25 Oxijet 5 (LINN, Lennestadt, Germany) 

Hydroponic  
table 

 
 

180 
 
 
 

Ebb and flow table (2.0 × 3.6 m, gvz-rossat AG, Otelfingen, 
Switzerland) with floating rafts (Dryhydroponics BV, ’s‐
Gravenhage, The Netherlands) covered with PE black-white 
cover foil (50 µm; gvz-rossat AG, Otelfingen, Switzerland) 

Hydroponic 
water pumps 

- 
 

Aquarius Universal Premium 4000 
(OASE GmbH, Hörstel, Germany) 

Solids thickening 
unit  

70 
 

Custom-made PE radial flow settler 
(WATER - proved GmbH, Fürth, Germany) 

Anaerobic 
digester 

45 
Custom-made 50 L stainless-steel cylinder (Delaide et al. 2018) 
 

 

At the beginning of 2017, all systems were filled with fresh tap water, with the water flow 

throughout the system controlled and compared to ensure all three replicates showed 

similar process parameter values. In March 2017 the biofilter was started using a biofilter 

microbial starter (PURE+ filter start gel, Evolution Aqua Ltd, Wigan, United Kingdom), 

ammonium dihydrogen phosphate as an ammonium source, with fish feed added as a 

carbon source two months prior to stocking the system with tilapia (Oreochromis 

niloticus). For the main experimental setup (Chapter 3, Chapter 4), tilapia and lettuce 

(Lactuca sativa L.) were chosen, as both represent fast-growing, yet resistant, species 

(Figure 2). Experiments were conducted with the authorization of the Veterinary office of 

Kanton Zürich (Switzerland), license no. ZH020/17. 
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Figure  2. Aquaponic systems during running experiments in 2017. Tilapia in the system (A), aquaculture 
part of the system (B), lettuce at the harvest (C), hydroponic part of the system (D). 

Stocking of the aquaponic system  

Tilapia (Oreochromis niloticus), a warm water omnivorous fish (El-Sayed 2020), was 

chosen as the systems were located in a greenhouse, where temperatures in summer were 

known to reach 40°C during the day, reducing the demands on the cooling capacity 

required to keep the water at an optimal 27 ± 2°C. A vegetarian fish feed (Tilapia Vegi, 

Hokovit, Hofmann Nutrition AG, Bützberg, Switzerland), based on soybean and wheat 

(total nitrogen content of 6%), was chosen (Table 2). 

 

Table 2. Composition and ingredient content of the fish feed (Tilapia Vegi, Hokovit, Hofmann Nutrition AG, 
Bützberg, Switzerland). 

Composition  
Ingredients  

[per kg of the fish feed] 

Dehulled soybean meal, wheat, 
corn gluten meal, linseed oil, 
minerals, wheat stillage, aroma 
and appetite stimulants, yeast, 
dextrose, wheat germ oil, soybean 
oil, wheatgerm cake 

373 g crude protein, 183 g starch, 85 g crude ash, 72 g crude fat, 25 g 
crude fiber, 12.9 g Ca, 82 g P, 4.6 g Na, 27 g Mg, 35.2 g 
Phenylalanine + Tyrosine, 22.3 g Arginine, 20.0 g Leucine, 18.2 g 
Valine, 17.5 g Lysine, 17.5 g Isoleucine, 15.1 g Threonine, 13.4 g 
Meth + Cyst, 6.6 g Methionine, 4.0 g Tryptophan, 301.3 mg Fe, 
71.1 mg Zn, 44.5 mg Mn, 15.2 mg Cu, 1.0 mg I, 0.2 mg Se 
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Soybean meal has a relatively high protein content and a good balance of essential amino 

acids (Carter and Hauler 2000) and is widely used to replace expensive fish meal. 

Furthermore, plant-based feeds have a lower sodium content compared to standard fish 

meal-based feeds as the fish meal is typically produced from oily species of fish, such as 

sardine, anchovy, capelin, and menhaden. As feed is the primary source of sodium in the 

system, low-sodium diets can have a significant effect on sodium accumulation and their 

effect on plants (Goddek and Keesman 2018). 

Fish fingerlings were obtained from Til-Aqua International (Velden, The Netherlands) and 

raised in a recirculating aquaculture system at Campus Grüental prior to being 

transferred to the aquaponic systems. In May 2017, fish were introduced to the replicate 

aquaponic systems coinciding with the actuation of the anaerobic digesters. During the 

experiment (Chapter 3, Chapter 4), no solids were discharged, excluding the negligible 

amounts required for sampling purposes. 

To ensure fish welfare, levels of dissolved oxygen, pH, temperature and electrical 

conductivity were logged every five minutes using the LINN operating system (LINN 

Gerätebau GmbH, Lennestadt-Oedingen, Germany) and additionally, at least once per 

week, using a handheld multi-electrode meter Hach HQ40d Portable Multi-Parameter 

Meter (Hach Lange, Loveland, Colorado, United States). To provide stable nutrient flow, 

the feed was added in several portions automatically distributed throughout the day, 

seven days per week using the LINN operating system. To assure fish safety and to control 

a possible accumulation of different nitrogen forms, NH4+, NO2- and NO3- were measured 

weekly using the Cuvette tests LCK304, LCK341, LCK339 and the DR 3800™ Benchtop 

Spectrophotometer (Hach Lange). The survival and behavior of fish, using a score sheet, 

were recorded daily. Following the experiments described in Chapter 3 and Chapter 4, the 

fish were slaughtered and disposed of as specified in the license. 

Pretrial lettuce cycle 

Lettuce (Lactuca sativa L.) was chosen as a model plant as it is a well-studied species and 

known for its fast growth, allowing multiple growth cycles in one season. A pretrial 

growth cycle was conducted prior to initiating the main experiments to determine system 

stability and possible errors in experimental design. Covering a single lettuce crop cycle, 
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the pretrial was carried out in the three aquaponic system replicates and, acting as 

controls, a hydroponically operated system and soil cultures (Schmautz et al. 2017a). 

Simultaneously, three lettuce varieties (Descartes, Yacht and Expertise Salanova®) were 

tested in all three cultivation systems. Preliminary results showed a high variation of fresh 

weight between different lettuce varieties, while variation between cultivation systems 

was lower. Even though the Yacht variety was chosen for further experiments, as it 

showed the best results concerning temperature resistance, maintenance and overall 

performance, Descartes and Expertise yielded satisfactory results as well (Schmautz et al. 

2017a). 

System operation and performance  

The pretrial was followed by three lettuce cycles used for the experiments of Chapter 3 

and Chapter 4. To maintain quasi-constant fish biomass during all three lettuce cycles, fish 

were weighed before and after each cycle, with any increase removed from the system. 

On average, the fish gained 4.4 kg and 11.6 kg of lettuce biomass was produced per 

system, during a single lettuce cycle (Table 3). 

 
Table 3. Timing of the lettuce growth cycles with produced total lettuce and fish biomass. 

Lettuce 
cycle 

Lettuce 
seedinga 

Lettuce 
transplantation b 

Lettuce 
harvest  

Lettuce 
biomassc 

[total kg cycle 

–
 

1] 

Fish gained 
biomass 

[kg cycle 
–

 

1] 

Pre-trial  Week 17, 2017 Week 22, 2017 Week 24, 2017 - - 

1st cycle Week 23, 2017 Week 26, 2017 Week 29, 2017 14.1 ± 1.73 3.10 ± 0.17 

2nd cycle Week 27, 2017 Week 30, 2017 Week 34, 2017 12.6 ± 0.86 5.57 ± 0.10 

3rd cycle Week 33, 2017 Week 36, 2017 Week 39, 2017 8.20 ± 0.63 4.53 ± 0.17 
a Pelleted lettuce seeds were planted in rockwool cubes and irrigated using tap water until both cotyledons of the seedlings had  
    completely opened, and thereafter with fertilizer solution (1800  �J�� cm 

-1, Wuxal®, Maag, Dielsdorf, Switzerland). 
b  Once lettuce roots had reached a length of approximately 5 cm, the lettuce was transplanted into the aquaponic systems. 
c  Calculated from an average of 12 measured lettuces (Lactuca sativa cultivar “YACHT” Salanova®) in each aquaponic system. 
 

During the lettuce cultivation, no fertilizer was supplemented into the system water, 

however, foliar fertilizers  Iron Optifer (Ökohum GmbH, Herrenhof, Switzerland) and 

KlinoSpray (Unipoint AG, Ossingen, Switzerland) were applied biweekly. Due to water 

loss via evapotranspiration, the aquaponic system replicates required an average daily 

water addition of 0.9% of the total water volume. During all three cycles, lettuce growth 



 

 

| 19 | 

 

and characteristics (Pérez Cortés 2018) were monitored as possible parameters for rating 

system performance, with standard hydroponic (Resh 2013) and soil cultivation used as 

a control. Following cultivation, lettuce performance quality was compared in terms of 

fresh weight and dry matter (Table 4). When compared, aquaponically grown lettuce 

showed intermediary results to the soil and hydroponic cultivation systems. As research 

systems were planted with a low lettuce density of seven plants per square meter, 

production resulted in 45, 53 and 43 g m-2 day-1 of lettuce head growth in the aquaponic, 

hydroponic and soil cultivation systems, respectively. Furthermore, hydroponically 

grown lettuce had higher fresh weight but lower dry matter. This could be attributed to 

the higher dissolved salt content in the hydroponic solution (Al‐Rawahy et al. 1990). 

 
Table 4. Fresh weighta and dry matterb of the lettuce head during three lettuce cycles grown aquaponic, 
hydroponic and soil culture (n > 6). Letters in the table represent significant differencesc between different 
culture systems. 

Lettuce cycle 

Fresh weight  
[g per lettuce head] 

Dry matter  
[% of dry weight per fresh lettuce head] 

Aquaponic Hydroponic Soil Aquaponic Hydroponic Soil 

1st cycle (22 days) 195 ± 36 a 248 ± 26 b 179 ± 25 a 3.6 ± 0.3 b 3.4 ± 0.2 a 3.7 ± 0.3 ab 

2nd cycle (28 days) 178 ± 30 a 212 ± 27 b NA 4.1 ± 0.5 b 3.7 ± 0.3 a NA 

3rd cycle (26 days) 112 ± 42 a 115 ± 53 a 123 ± 39 a 4.8 ± 0.6 a 4.6 ± 0.9 a 5.8 ± 2.0 a 
a Root biomass not included. 
b Dry weight was obtained by drying lettuces at 60°C for 48h. 
c Significant differences are based on one-way ANOVA carried out with R statistical software version 3.6.1 (R Core Team 2019). 
 

Following the three lettuce cycles used for this dissertation, the systems were 

continuously operated under a husbandry license TVHa-Nr. 155 (Veterinary office of 

Kanton Zürich, Switzerland) with a new batch of tilapia and different winter (Brassica 

oleracea and Beta vulgaris subsp. vulgaris) and summer crops (Ocimum basilicum, Mentha 

spicata, Melissa officinalis, Portulaca oleracea, Perilla frutescens, Psophocarpus 

tetragonolobus, Origanum vulgare, Petroselinum crispum, Rumex acetosa and Salvia 

officinalis). In September 2018, the sampling for Chapter 2 was conducted, after which the 

system continued to run until June 2019. 

The greenhouse climate was controlled with MasterClim (Anjou Automation, Mortagne‐

sur‐Sèvre, France). During the day, the greenhouse heating activated if the temperature 

dropped below 16°C and aeration (ventilation and opening of the greenhouse roof) 
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started if the temperature was above 20°C. During the night, the heating activated if the 

temperature dropped below 14°C and aeration started if the temperature was above 20°C. 

The health of cultured plants and their root systems could be maintained, even without 

the use of disinfectants, over the whole experimental period. To provide additional 

phyllosphere protection, beneficial organisms, e.g. Amblyseius californicus, Amblyseius 

cucumeris, Amblyseius swirskii, Chrysoperla carnea, Encarsia formosa, Ichneumonidae and 

Phytoseiulus persimilis (all from Andermatt Biocontrol AG, Grossdietwil, Switzerland) 

were used as prescribed by the supplier throughout the entire duration of the 

experiments. The foliar application of Agree® WP, Neem oil and Natural (Andermatt 

Biocontrol AG), was only occasionally required when the beneficial organisms proved 

insufficient and the number of pests rapidly increased. Foliar application was performed 

according to the instructions provided by the supplier. During the entire operational 

period of the system, the model aquaponic systems were not only used for the purpose of 

this dissertations experiments, but also for various student theses and collaboration 

projects, which are not included here. 
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ABSTRACT 

Background: An aquaponic system couples cultivation of plants and fish in the same 

aqueous medium. The system consists of interconnected compartments for fish rearing 

and plant production, as well as for water filtration, with all compartments hosting 

diverse microbial communities, which interact within the system. Due to the design, 

function and operation mode of the individual compartments, each of them exhibits 

unique biotic and abiotic conditions. Elucidating how these conditions shape microbial 

communities is useful in understanding how these compartments may affect the quality 

of the water, in which plants and fish are cultured. Results: We investigated the possible 

relationships between microbial communities from biofilms and water quality 

parameters in different compartments of the aquaponic system. Biofilm samples were 

analyzed by total community profiling for bacterial and archaeal communities. The results 

implied that the oxygen levels could largely explain the main differences in abiotic 

parameters and microbial communities in each compartment of the system. Aerobic 

system compartments are highly biodiverse and work mostly as a nitrifying biofilter, 

whereas biofilms in the anaerobic compartments contain a less diverse community. 

Finally, the part of the system connecting the aerobic and anaerobic processes showed 

common conditions where both aerobic and anaerobic processes were observed. 

Conclusion:  Different microbial activities for each compartment can be predicted from 

abiotic parameters and microbial community profiling, of which the oxygen saturation, 

total organic carbon and total nitrogen differentiated clearly between samples from the 

main aerobic loop and the anaerobic compartments. 

BACKGROUND 

The prevailing microbial interactions occur as a result of the association of 

microorganisms with a surface (Branda et al. 2005). These associations, known as 

biofilms, are most often microbial communities harboring bacteria, archaea, unicellular 

eukaryotes and fungi (Davey and O’Toole 2000). Depending on the dominant 

environmental parameters, such as nutrient and oxygen availability, hydrodynamics and 

microbial composition, the location and structure of the biofilm are changing (Davey and 

O’Toole 2000, Donlan 2002, Branda et al. 2005). 
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In an aquaponic system, which is a combination of recirculating aquaculture system and 

hydroponics, microbial communities and their metabolic products play a vital role in 

various molecular processes. These processes include the transformation of nitrogenous 

compounds, the consumption of organic matter, the mineralization of complex organic 

molecules (Timmons and Ebeling 2010), the consumption of dissolved oxygen, the 

production of carbon dioxide, the consumption and replenishment of water alkalinity 

(Ebeling et al. 2006). These processes are important, as they all directly affect plant 

development and the welfare of the fish grown in such systems. Microbes transform fish 

metabolites into compounds that plants use for their growth (Schmautz et al. 2017b), and 

thus, they are essential for the proper functioning of the system (Somerville et al. 2014). 

The environmental requirements of all involved organisms (microorganisms, plants and 

fish) are species- and developmental-stage specific. Therefore, the cultivation conditions 

should ideally reflect this appropriately (Rakocy et al. 2006, Xu et al. 2006, El-Sayed and 

Kawanna 2008, Makri and Kintzios 2008, Graber and Junge 2009, Vergot and Vermeulen 

2012). Besides the main abiotic parameters such as temperature, pH and oxygen 

saturation, nutrients and more specifically, nitrogen (N) and carbon (C) play a major role 

in the performance of different aquaponic system compartments (König et al. 2018). 

Nitrogen is present either in its organically-bound form (Norg) in cellular and extracellular 

compounds (Boyd 2015) or in its inorganic forms (ammonium: NH4+, nitrite: NO2- or 

nitrate: NO3-) and acts as a source for microbial metabolic processes (Kowalchuk and 

Stephen 2001), from which the products, NH4+ and NO3-, are further used as a nutrient 

source for the plants (Jørgensen 2009). Alongside N, C in its inorganic form, carbon 

dioxide, is used for photosynthesis (Barker and Pilbeam 2015), while organic C forms the 

largest C-pool in the water (Prairie 2008). Furthermore, the ability of the C-pool to bind 

nutrients can affect primary production in an aquatic environment (Seekell et al. 2018) as 

specific microbial populations can utilize both organic C and inorganic C through 

heterotrophic, chemoautotrophic, and photoautotrophic pathways under aerobic, 

anaerobic, and anoxic conditions (Ebeling et al. 2006). 

Due to the design, function and configuration of the aquaponic systems, each of the 

individual compartments presents different environmental conditions (Table 1). These 

conditions will shape the microbial processes occurring in the compartments, and thus, 

affect the quality of the water passed through them. Since finding the balance between the 
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requirements for fish, plants and microorganisms is important for a successful aquaponic 

production system (Tyson et al. 2008), fish welfare and plant vitality, understanding how 

different compartments may affect this balance, becomes crucial. Presently, a correlation 

between the compartment dependent abiotic parameters and microbial community 

structure has yet to be studied in these systems. 

Table 1. Compartments of the aquaponic system, their functions, targeted water parameters and expected 
reactions in each compartment. 

Compartment Function Targeted parameters  Expected reactions  

Fish tank  
(aerobic loop) 

Fish holding Dissolved oxygen close to 
or at saturation, low total 
nitrogen, total organic 
carbon, NH4+ and NO2- 

Nitrification, aerobic 
respiration 

Drum filter  
(aerobic loop) 

Removal of the solids 
via mechanical 
filtration  

Low suspended solids after 
the filtration  

None 

Biofilter  
(aerobic loop) 

Oxidation of total 
ammonia nitrogen and 
nitrite to nitrate  

Dissolved oxygen close to 
or at saturation, low NH4+ 
and NO2- 

Nitrification, aerobic 
respiration 

UV treatment 
(aerobic loop) 

Water disinfection None None 

Oxygenation 
zone 

(aerobic loop) 

Saturation of the 
system water with 
oxygen 

Dissolved oxygen at 
saturation 

None 

Sump 
(aerobic loop) 

The connection 
between aquaculture 
and hydroponic part of 
the system, serving as 
a hydraulic buffer 

High oxygen saturation, 
high NO3- and low NH4+ 
and NO2- 

Nitrification  

Hydroponic 
table  

(aerobic loop) 

Plant holding on a thin 
layer of water with 
floating polystyrene 
foam rafts 

High oxygen 
concentration, high NO3-, 

low NH4+ and NO2- 

Nitrification, plant nutrient 
uptake, carbon input by 
rhizodeposits, microbial 
respiration 

Radial flow 
settler  

(aerobic and 
anaerobic loop) 

Passive filtration by 
using gravity to 
remove settable solids 

Inflow : High concentration 
of suspended solids, total 
organic carbon and total 
nitrogen, higher NH4 

compared to the outflow 
Outflow: Reduced 
suspended solids and TN 
compared to the inflow 

Nitrification, denitrification, 
ANAMMOX, microbial 
fermentation, mineralization 

Anaerobic 
digester  

(anaerobic 
loop) 

Anaerobic sludge 
digestion to obtain 
supernatant rich with 
nutrients and recycle 
the water 

High nutrient 
concentration, no/low 
oxygen, low redox 
potential, high solids, 
accumulation of NH4 

Denitrification, acidogenesis, 
hydrolysis, iron and sulfate 
reduction, sulfate oxidation, 
carbon mineralization, 
methanogenesis, 
dissimilatory nitrate 
reduction 
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Using the aquaponic systems located in Wädenswil, Switzerland, we determined water 

parameters and microbial community profiles (archaea and bacteria) in biofilms from 

different system compartments with the aim to derive what metabolic processes take 

place in the system and which abiotic parameters are correlated to the microbial 

community profiles in each compartment. While all compartments showed unique abiotic 

parameter levels, the overall results imply that the compartment design and mode of 

operation rather shape the specific microbial community composition. 

RESULTS 

Three parallel aquaponic systems (Figure 1), planted with a mix of herbs and stocked with 

tilapia (Oreochromis niloticus) at a density of 10 kg m-3 were set up in May 2017 and 

operated continuously. At the time of both samplings, in September 2018 (Table 2), all 

three systems showed a steady performance based on the water quality measurements 

(Table 3). 

Microbial community profiles  

To obtain insight into archaeal and bacterial community profiles, biofilm samples from 

different compartments of the aquaponic system (Figure 1) were taken and analyzed 

using terminal restriction fragment length polymorphism (T-RFLP), done separately for 

bacterial and archaeal communities. Biofilm samples showed differences in community 

structure and operational taxonomic unit (OTU) abundance between different 

compartments of the system. There was a difference in the number of observed OTUs 

between the two sampling dates for both, bacteria and archaea. Since the results for both 

sampling dates showed the same trend (Table S1, Figure S1), data were combined for 

further analyses. 

No differences in the taxa richness could be shown between samples from individual 

compartments (Table 2). However, bacterial data showed higher Shannon diversity, while 

archaeal data showed higher Simpson diversity, indicating lower diversity due to 

dominating OTUs within the archaeal community (Figure 2, Table S1). Biofilm samples 

from the anaerobic digester stood out compared to the other compartments. Here, the T-

RFLP data suggested a lower taxa richness, as shown by the Shannon and Simpson 
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diversity indices. With lower diversity and higher dominance than the rest of the aerobic 

part of the system, the bacterial biofilm from the solids thickening unit (radial flow settler 

– RFS), the connection between aerobic and anaerobic conditions, was more similar to 

that of the anaerobic digester. 

 

 

Figure  1. Water flow in one replicate of three aquaponic systems as operated between 2017 and 2018 with 
an anaerobic (marked brown) and aerobic loop consisting of an aquaculture (marked blue) and a 
hydroponic component (marked green), and sampling points (marked with red dots): Using gravity, water 
from the fish tank was continuously flowing through the solids removal unit to the biofilter. In the solids 
removal unit i.e. drum filter, the solids (fish feces and feed residues) were mechanically separated from the 
clear system water with a 40 �J�•�� �•�‡�•�Š�� �†�”�—�•�� �ˆ�‹�Ž�–�‡�”�ä�� ���� �…�‹�”�…ulation pump (1) was continuously (5 m3 h-1) 
pumping water from the biofilter through the UV and oxygenation zone. The computer-controlled valve B, 
opened every 5 min for 2 min, resulting in a water flow of 0.5 m3 h-1 to the sump. A level sensor-controlled 
pump (3) then pumped the water back to the fish tank keeping the water level in the sump stable. A different 
pump (2) was continually pumping (0.36 m3 h-1) the water to the hydroponic raft table and from there back 
to the sump over the drainage point. To maintain a constant water level and to control water consumption 
in the system, fresh tap water was added to the system via a mechanically controlled water valve and 
analogous water counter. During the automatic drum filter rinsing with clear system water, small amounts 
of water with solids were rinsed into the solid thickening unit i.e. radial flow settler. Three times per week, 
7 L of thickened settled sludge was manually removed and added to the anaerobic digester, at the same 
time, 7 L of the supernatant from anaerobic digester was added back to the radial flow settler, which 
returned water full of nutrients to the main water loop of the system. 
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Bacterial diversity was highest in the biofilm from the hydroponic table (Figure 2). This 

effect on the microbial biodiversity can be caused by the potential influence of various 

herbs planted in the system, as each plant species enriches its unique root microbiome 

(Berendsen et al. 2012, Bulgarelli et al. 2013). The biofilm of the sump, which serves as a 

connection between aquaculture and hydroponic part of the system, showed a high 

diversity as well, which could be the result of the influence of both connecting 

environments, and therefore, indicative for the presence of OTUs originating from both, 

aquaculture and hydroponic environment. 

Figure 2. Shannon and Simpson diversity indices for bacteria (A, C) and archaea (B, D) based on the relative 
abundance of terminal restriction fragment peak area combined for both sampling times. Different letters 
are indicating significant differences between the compartments (fish tank, biofilter, sump, hydroponic 
table, radial flow settler inflow and outflow, and anaerobic digester) of the aquaponic system as shown in 
Figure 1 (marked with red dots) based on Kruskal-Wallis rank sum test followed by Fisher’s LSD test 
���= = 5%). 
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The bacterial community clearly differed between the aerobic and anaerobic 

compartments of the aquaponic system (Figure 1, Table 1), which can be seen from the 

non-metric multidimensional scaling (NMDS) based on the Manhattan distance (Figure 3, 

Figure S1). The communities in the RFS, which serves as a connection between the aerobic 

part of the system and anaerobic digester, appeared to be influenced by both aerobic and 

anaerobic environment. The OTU distribution within the RFS overlapped between the 

aerobic and anaerobic condition clusters. Contrarily to the bacterial community, the 

archaeal community showed no clear separation between the compartments. 

 

 

Figure  3. Non-metric multidimensional scaling analysis of bacterial (A, ADONIS R2 = 0.297, dimensions = 2, 
stress = 0.157) and archaeal (B, ADONIS R2 = 0.141, dimensions = 2, stress = 0.129) communities in 
different compartments (fish tank, biofilter, sump, hydroponic table, radial flow settler inflow and outflow, 
and anaerobic digester) of the aquaponic system with 95% confidence eclipses combining data of both 
sampling times. 

 

Abiotic parameters 

Parallel to the microbial biofilm samples, water samples were taken from the same 

location in the compartments (Table 3). Water temperature in the different system 

compartments reflected the direction of circulation flow as well as the source of the heat 

input. The highest temperatures occurred in the biofilter where the heat exchanger for 

cooling and heating was installed. Additionally, the water in the biofilter had contact with 

warm air coming from the diffused aeration system ensuring proper mixing of the water 
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and biofilter media. The lowest temperatures were present in the hydroponic table and 

RFS, which can be explained by these compartments having increased surface exposure 

to the greenhouse environment, transpiration by plants and holding relatively small 

volumes of water. The rest of the system showed stable temperatures over time and 

between the compartments. 

Electrical conductivity did not vary significantly between the aerobic compartments of 

the system. Only in the anaerobic digester, the electrical conductivity was significantly 

higher compared to the rest of the system, most probably, due to the release of organically 

bound ions via mineralization (Al-Dawery 2015). 

Oxygen saturation in the different compartments should reflect the processes of oxygen 

supply and consumption. This revealed the highest saturation in the fish tank since the 

water comes directly from the oxygenation device (low head oxygenator). The hydroponic 

table had significantly lower oxygen compared to the fish rearing compartment. As the 

water film is relatively thin and a large surface area is available, it would be expected that 

sufficient saturation would be achieved. However, as the opposite was found, this would 

suggest that a high microbial activity and root respiration were reducing the oxygen 

saturation to 80%. In contrast to the rest of the system, the oxygen saturation in the 

anaerobic digester was below 2%, confirming anaerobic conditions. 

High and positive redox potential is indicative of oxic conditions, as seen in the aerobic 

part of the aquaponic system, whereas a low and negative redox indicates a strongly 

reducing environment (Søndergaard 2009). Redox potential in the anaerobic digester was 

between - 319.4 mV and - 278.3 mV. A comparison to the processes in geochemical cycles 

would suggest that anaerobic reactions, such as denitrification (starting at 100 mV, but 

strictly anaerobic), sulfate reduction (at - 100 mV) and methanogenesis (at - 150 mV to 

- 400 mV) could occur under the conditions found in this reactor (Hirano et al. 2013,

Tokarz and Urban 2015).

Values of pH were all within the targeted range (pH �³ 7) and did not differ between the 

compartments. However, compared to the rest of the aerobic part of the system, the pH 

values in the RFS were lower at both time points. Likely, there was incomplete oxidation 

of the C substrates from the captured sludge, which led to lower oxygen saturation and 

acidification of the water from this compartment based on fermentation activity. 
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Total organic carbon and total nitrogen 

Total organic carbon (TOC) and total nitrogen (TN) of water samples were analyzed to 

investigate changes in organic matter, which showed apparent differences between 

compartments of the aquaponic system. The highest TOC levels were found in 

compartments where solids tend to accumulate (anaerobic digester, RFS and sump).  

In contrast to TOC, TN is vital for the nitrogen assimilation into cell compounds (Boyd 

2015) or as a substrate for degradation to inorganic N forms (Endut et al. 2014). This 

implies that higher TN levels are expected in compartments where higher concentrations 

of organic matter are found (i.e. hydroponic table, RFS and anaerobic digester). In 

contrast, low TN concentrations were found in the biofilter and fish tank, where organic 

matter and biofilms are continuously removed by a combination of tank flushing and 

periodic mechanical cleaning. 

Influence of environmental parameters on community structure  

The principal component analysis of the main indicator parameters (Figure S2) showed 

that abiotic parameters clearly differ between compartments. In total, more than 82% of 

the variance was explained. To assess the influence in habitat preferences of the microbial 

community, the measured abiotic parameters were merged with the terminal restriction 

fragment abundance matrix and plotted in 2-dimensional figures separately for bacteria 

and archaea (Figure 4, Figure S3, Figure S4). Combining abiotic parameters with 

microbial data was able to explain up to 80% and 38% of variability, for bacteria and 

archaea, respectively. Electrical conductivity showed a strong influence on both, bacterial 

and archaeal communities, while other abiotic parameters differed between the 

communities. The strong influence of environmental parameters was also shown by using 

redundancy analysis (Figure S5A), separating the bacterial community into two clusters, 

aerobic and anaerobic cluster. Electrical conductivity, TOC and TN had a strong influence 

on the anaerobic cluster, while redox potential and oxygen saturation rather influenced 

the aerobic cluster. Redundancy analysis of the archaeal community did not show any 

significant effect of the environmental parameters (Figure S5B). 
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Figure  4. Non-metric multidimensional scaling (NMDS) plot of bacterial (A, C) and archaeal (B, D) 
communities with generalized additive models (gray lines) of two most explanatory environmental 
variables. 

 

Other nutrients  

Besides N and C, plants and microorganisms depend on other macro- and micronutrients 

that can be limiting factors for their growth (Barker and Pilbeam 2015). As the 

concentration of certain nutrients within the same water column may correlate to one 

another, we measured them in different compartments of the aquaponic system (Table 3). 

Although not significant, concentrations showed a trend that reflected the direction of 

nutrient flow through the aquaculture part, where the fish feed entered the system, to the 

hydroponic part, indicating nutrient uptake by the plants (Maathuis 2009, Barker and 

Pilbeam 2015). Since under anaerobic conditions, sulfate reduction only occurs when iron 
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is completely reduced (Christensen et al. 2000), future assessment of iron concentrations 

in the digesters would thus assist with the evaluation of sulfate reduction in the system. 

DISCUSSION 

Each compartment of the aquaponic system has a specific function with its own distinct 

environmental conditions (Table 1), shaped by system operation as well as by the 

presence of the different organisms (fish, plants and microorganisms). The main 

differences were observed between aerobic (fish tank, biofilter, sump and hydroponic 

table) and anaerobic (anaerobic digester) part of the system, with the RFS connecting 

both loops. The aerobic and anaerobic loops strongly differed in electrical conductivity, 

redox potential, oxygen saturation, TOC and TN (Table 3). 

The accumulation of TOC in the anaerobic reactor was accompanied by primary depletion 

of oxygen (Table 1), which may have led to the production of NH4+ through dissimilatory 

NO3- and sulfate reduction (Table 3), both processes known to occur in anaerobic reactors 

with excess C (van Rijn et al. 2006). A higher TOC concentration in the RFS compared to 

the other aerobic compartments corresponds to the accumulation of solids in this 

compartment. In this compartment, the accumulation could have resulted in increased 

heterotrophic activity, shown by a reduction in dissolved oxygen and a slight disruption 

of nitrifying activity (Wongkiew et al. 2017), evidenced by the reduction in NH4+, between 

the RFS outlet compared with its inlet and by the presence of some NO2- (Table 3). The 

sump, being the point in the system with the lowest elevation, was naturally prone to 

collect solids being transported through the pipelines of the system by gravity. Elevated 

TOC concentration in the sump implied the presence of organic matter originating from 

dead plant material on the hydroponic table. The lowest TOC concentrations were found 

in the hydroponic table, indicating the consumption of C or loss of carbon dioxide to the 

environment. 

Originating from the fish feces and uneaten feed, organic N is microbially mineralized to 

the Ninorg compounds (Robertson and Groffman 2007, Hagemann et al. 2016), which are 

of major importance for plant nutrition (Errebhi and Wilcox 1990) but can also affect fish 

welfare (Timmons and Ebeling 2010). In the aerobic part of the system, NO3- represented 
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the major part of Ninorg, while in the anaerobic digester, NH4+ was the primary N 

compound (Table 3). Furthermore, the RFS showed higher values of NH4+ at its intake, but 

lower values at the outlet, suggesting both protein breakdown and some nitrification 

occurring in this part of the system. 

Next to the chemical analysis of the different compartments of the system, we have chosen 

to use community profiling by T-RFLP (Osborn et al. 2000) as a simple but reliable way to 

assess the bacterial and archaeal community. This method yields a first view on 

�†�‹�ˆ�ˆ�‡�”�‡�•�…�‡�•���‹�•���–�Š�‡���†�‹�˜�‡�”�•�‹�–�›���‘�ˆ���–�Š�‡���–�™�‘���’�‘�’�—�Ž�ƒ�–�‹�‘�•�•�ä�����Š�‡���=-diversity indices indicated that 

the bacterial diversity was generally high, with slightly lower diversity in the anaerobic 

digester (Figure 2) as sludge degradation is carried by specialized consortia of organisms 

(Wanner 1994). The observed values for the Shannon index were lower (Figure 2) as 

determined by amplicon sequencing before (Bartelme et al. 2019, Eck et al. 2019), 

acknowledging that for T-RFLP, it is known that only the most abundant part of the 

community can be assessed (Osborn et al. 2000, Blackwood et al. 2007, Dickie and 

FitzJohn 2007). However, the currently available studies that used amplicon sequencing 

only sampled a limited number of compartments (Schmautz et al. 2017b, Bartelme et al. 

2019, Eck et al. 2019), or even mainly focused on the biofilter only (Bartelme et al. 2017). 

To our knowledge, archaeal communities have not been studied in detail in aquaponics 

systems (Bartelme et al. 2017), even though archaea can also be involved in N conversion 

processes (Francis et al. 2007, Stein and Klotz 2016). This study shows considerable 

archaeal diversity in the biofilm samples from all compartments. However, a conclusion 

on the number of archaea in the different compartments nor of their identity cannot be 

derived from the community profiles. 

The results of this study add up to the understanding of the nitrogen cycling functions of 

separate compartments of aquaponic systems. This can help designers, engineers and 

operators to optimize existing designs and configurations. By utilizing the nitrification 

capacity of plant rearing compartments, the size and cost of biofilters can be reduced. The 

operation of sludge reactors at different redox conditions is able to denitrify water and 

produce methane simultaneously, while fine-tuning of methane production in anaerobic 

digesters allows controlling the abundance of methanogens. At the same time, system 
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optimization would prevent undesired environmental conditions, which can lead to poor 

system performance. 

CONCLUSIONS 

The findings of this project can confirm that there is a marked difference between aerobic 

and anaerobic biofilms in microbial community structure. The aerobic loop of the system, 

where most of the nitrification takes place, is characterized as being highly biodiverse 

(Schmautz et al. 2017b, Eck et al. 2019), while biofilms in the anaerobic loop, where 

nitrate, iron and sulfate reduction can take place, contain a more specialized and less 

diverse community. The connection point between the aerobic and the anaerobic loop of 

the system, the RFS, showed common conditions where both aerobic and anaerobic 

processes take place. In the future, a more detailed characterization of the microbial 

communities using next-generation sequencing and quantitative PCR would be required 

to determine which species and their corresponding genes are responsible for different 

processes in the aquaponic system. 

METHODS 

Three parallel running aquaponic systems, stocked with Nile tilapia (Oreochromis 

niloticus, with a stocking density of 10 kg m-3) obtained from Til-Aqua International, the 

Netherlands, and various plants, were in constant operation since May 2017. Fish were 

healthy and fed ad libitum with a vegetarian feed, Tilapia Vegi, 3.0 mm (Hokovit, Hofmann 

Nutrition AG, Bützberg, Switzerland). Between May 2018 and November 2018, a mixture 

of 63 plants (basil - 41% (Ocimum basilicum), mint - 24% (Mentha spicata), melissa - 16% 

(Melissa officinalis), purslane - 5% (Portulaca oleracea), shiso - 4% (Perilla frutescens), 

asparagus pea - 3% (Psophocarpus tetragonolobus), oregano - 3% (Origanum vulgare), 

parsley - 2% (Petroselinum crispum), sorrel - 2% (Rumex acetosa) and salvia - 1% (Salvia 

officinalis)) were planted in all three systems. Beneficial organisms (Encarsia formosa, 

Ichneumonidae as Basil Protect, Amblyseius swirskii, Amblyseius californicus and 

Chrysoperla carnea obtained from Andermatt Biocontrol AG, Grossdietwil, Switzerland) 

were used for additional phyllosphere protection. The free software HydroBuddy 
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(Fernandez 2016) was used to calculate the weekly amount of Iron DTPA and Multi Micro 

Mix (Ökohum GmbH, Herrenhof, Switzerland), which were added directly to the 

hydroponic table of the system to provide the essential nutrients for the plants which 

could not be provided with the fish feed. Sampling took place in September 2018. During 

this time, two microbial and chemical samplings were performed. The system was 

subsequently operated for eight more months. 

System design 

Each AP (Figure 1), with a total volume of 4.3 m3, consisted of a fish tank, a solids removal 

unit (drum filter), solids thickening unit (RFS), a moving bed biofilter with biochips, a UV 

treatment zone, an oxygenation zone, a sump and 9 m2 hydroponic unit with a table raft 

system (Dryhydroponics BV, ’s‐Gravenhage, The Netherlands) floating on 25 mm of 

water. The system was complemented with an off-line anaerobic digester. 

Temperature, dissolved oxygen, pH and electrical conductivity were continuously 

measured in the fish tank and logged with a LINN operating system (LINN Gerätebau 

GmbH, Lennestadt-Oedingen, Germany). System water temperature was maintained via a 

heat exchanger in the biofilter at 27 ± 2°C and the oxygen level was kept at 100% 

saturation. 

Chemical and microbial analyses 

Water samples were taken parallel to the microbial samples in nine locations throughout 

the system as indicated in Figure 1. Water samples were analyzed for temperature, pH, 

electrical conductivity, oxygen saturation, redox potential, TOC, TN, NH4+, NO2-, NO3-, 

calcium, magnesium, sodium, potassium and sulfate (Table S2). Biofilm samples were 

taken in triplicates throughout the system (Figure 1). Surface biofilm samples were 

collected by scraping approximately 100 cm2 of biofilm from the surface using cotton 

swabs, while biofilm samples from the biofilter were obtained by collecting 20 biochips 

in the 50 mL Falcon tube (Table S3). After sampling, the samples were immediately stored 

in a polystyrene box containing cooling elements until the end of the sampling and then 

stored at – 20°C until further analysis. 
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Microbial sample preparation and DNA extraction 

Microbial biomass was obtained by adding ultrapure water to the biofilm samples, 

vortexing the tubes for 1 min, followed by 5 min in an ultrasonic bath at room 

temperature (Sonorex, Bandelin, Berlin, Germany). The tubes were then vortexed for an 

additional 2 min, followed by 10 min in the ultrasonic bath. Subsequently, biochips or 

cotton swabs were removed using a pincer. Microbial biomass was collected as a pellet 

after centrifugation (5000 rpm, 10 min). The pellets were used for further DNA 

extractions. All samples were extracted with the DNeasy PowerSoil Kit (Qiagen, Venlo, 

The Netherlands) according to the manufacturer’s instructions. After the extraction, 

samples were stored at -20°C until further analysis. 

Microbial sample analyses 

The partial 16S rRNA gene was amplified from DNA extractions by PCR using 

fluorescently labeled primers for bacteria and archaea (Table S4). The DNA Polymerase 

KAPA2G Robust HotStart ReadyMix (Sigma-Aldrich, Missouri, United States) was used 

within a suitable master-mix according to the manufacturer’s instructions. PCR 

amplifications were carried out on a T100 Thermocycler (Bio-Rad Laboratories, Inc., 

Hercules, California, United States). Products of the PCR were end-treated for the 

correction of the overhanging ends effect (Osborn et al. 2000) and were cleaned with a 

Millipore MultiScreen PCR�J�{�x filter plate (Merck KGaA, Darmstadt, Germany). Finally, the 

products were resuspended in 25 �J�� ddH2O. Purified PCR amplicons were digested by 

using the restriction enzyme AluI according to the manufacturer’s instructions. Each 1 �J����

of digestion product was mixed with 18.65 �J�������‹-Di formamide and 0.35 �J�����
�‡�•�‡���…�ƒ�•����������

600 Size Standard (Thermofisher Scientific™, Massachusetts, United States), denatured 

and analyzed using ABI 3500 capillary sequencer (Thermofisher Scientific™). 

Data analyses 

Profiles obtained with T-RFLP were analyzed using the GeneMapper® Software 5 (Applied 

Biosystems, Thermofisher Scientific™). Restriction fragments between 40 and 700 base 

pairs were included in the analysis and exported as raw data. Further data processing was 

carried out using the software T-REX (Culman et al. 2009) and PAST 3.24 (Hammer et al. 
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2001). All statistical analyses and graphics were carried out with R statistical software 

version 3.5.2 (R Core Team 2018) and packages “agricolae” (de Mendiburu 2019), 

“devtools” (Wickham et al. 2019a), “dplyr” (Wickham et al. 2019b), “ggbiplot” (Vu 2011), 

“ggplot2” (Vu 2011), “ggpubr” (Kassambara 2019), “moments” (Komsta and Novomestky 

2015), “scales” (Wickham 2018) and “vegan” (Oksanen et al. 2019). To test for differences, 

Kruskal-Wallis rank-sum test based on Fisher’s LSD test with a significance level of 

�= = 5%. Principal component analysis was used to test the main abiotic factors influencing 

the variance between the compartments of the system. The analysis of the microbial 

communities was done separately for bacteria and archaea using T-RF peak area. To 

characterize microbial diversity, Shannon and Simpson diversity indices were calculated 

(Shannon 1948, Simpson 1949). Redundancy analysis and non-metric multidimensional 

scaling were used to analyze shifts in the community between the compartments. 

Additionally, generalized additive models were fitted onto bacterial and archaeal NMDS 

to assess the potential influence of abiotic parameters on the community structure. 
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Supplementary figures  

Figure S1. Non-metric multidimensional scaling plot of bacterial (A – week 37, ADONIS R2 = 0.403, 
dimensions = 2, stress = 0.081 and C – week 39, ADONIS R2 = 0.413, dimensions = 2, stress = 0.150) and 
archaeal (B – week 37, ADONIS R2 = 0.225, dimensions = 2, stress = 0.066 and D – week 39, ADONIS 
R2 = 0.298, dimensions = 2, stress = 0.124) communities with 95% confidence eclipses in different 
compartments of the aquaponic system (fish tank, biofilter, sump, hydroponic table, RFS inflow, RFS outflow 
and anaerobic digester). 
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Figure S2. Principal component analysis (PCA) with 95% confidence eclipses of measured environmental 
parameters (temperature, pH, electrical conductivity, dissolved oxygen, redox potential, total nitrogen and 
total organic carbon, ammonium-nitrogen, nitrite -nitrogen, nitrate-nitrogen) explaining 82.5% of data 
variance in different compartments of the aquaponic system (fish tank, biofilter, sump, hydroponic table, 
RFS inflow, RFS outflow and anaerobic digester).
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Figure S5. Redundancy analysis (RDA) of the bacterial (A) and archaeal (B) community in different 
compartments of the aquaponic system (fish tank, biofilter, sump, hydroponic table, RFS inflow, RFS outflow 
and anaerobic digester) with environmental parameters (redox potential, oxygen saturation, electrical 
conductivity, pH, temperature, total nitrogen and total organic carbon). 
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ABSTRACT 

The presence and transformations of nitrogen (N) in the environment depend on a variety 

of environmental factors but are also strongly influenced by anthropogenic activities such 

as modern agriculture. Understanding N transformations within the context of 

agricultural systems is crucial for efficient use thereof. The aim of this study was to 

investigate the changes in concentration of N forms (ammonium, nitrite, nitrate and 

organic N) within an aquaponic system, a modern agricultural system, in order to obtain 

insights into environmental pressures influencing N transformation processes. By 

measuring the concentrations of the individual N compounds, complemented by the 

determination of abiotic parameters and other relevant nutrients within the system water 

at 13 sampling points, significant differences between compartments that build up an 

aquaponic system could be demonstrated. These differences were attributed to individual 

microenvironments specific to the aerobic loop, anaerobic loop and radial flow settler as 

a connection between the two, shaping the microbial processes within the aquaponic 

system. 

INTRODUCTION 

Nitrogen (N) is an element occurring in all organisms, including humans. Being one of the 

most common elements on earth, nitrogen is continuously moved around the biosphere 

in what we know as the nitrogen cycle. The nitrogen cycle is strongly influenced by 

anthropogenic activities and is dependent on a variety of environmental factors 

(Widdison and Burt 2008). For instance, modern agriculture systems are highly inefficient 

in their use of N, with between 50 and 70% of applied N lost to the environment, instead 

of being converted into plant biomass. This can result in environmental toxicity and 

affects climate change (Galloway et al. 2008, Schlesinger 2009, Erisman et al. 2011, Fowler 

et al. 2013, Coskun et al. 2017). Understanding N transformations and the microbial 

communities involved therein, as well as understanding the potential environmental 

impact of food production technologies that use N, is therefore crucial (Robertson and 

Groffman 2007). While N transformations in soil and natural aquatic systems are often 

studied, there is still a noticeable lack of research regarding the N transformations in 
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aquaponics, a newer food production technology combining recirculating aquaculture 

and hydroponic culture (Wongkiew et al. 2017). 

In aquatic food production systems, four of nine N forms (Robertson and Groffman 2007), 

organic N (Norg), ammonium (NH4+), nitrite (NO2-) and nitrate (NO3-), require monitoring 

to avoid them reaching toxic concentrations for the organisms in the system (Dodds and 

Whiles 2010a, Timmons and Ebeling 2010). Where an excess of N waste is present, its 

removal is necessary. This is particularly important for the more toxic forms NH4+ and 

NO2- and less critical for NO3- due to its lower relative toxicity (Timmons and Ebeling 

2010). 

In aquaponic systems specifically, N is required to fulfill the nutritional requirements of 

fish and crops. The primary input of N into an aquaponic system is via proteins in fish feed 

as Norg. These are ingested, metabolized and transformed by the fish into ammonia (NH3) 

and primarily released into the aqueous medium via passive gill diffusion (Randall and 

Wright 1987). The remaining Norg present in the fish excreta, non-consumed feed and 

decaying biomass is mineralized to NH4+ (Cai et al. 2017). Some of these inorganic N 

(Ninorg) forms can be further transformed to NO2- and NO3- via nitrification, to nitrogen gas 

via denitrification and/or anammox, or assimilated into biomass by microbes and plants 

�����‘�„�‡�”�–�•�‘�•���ƒ�•�†���
�”�‘�ˆ�ˆ�•�ƒ�•���t�r�r�y�á�����‹�†�†�‹�•�‘�•���ƒ�•�†�����—�”�–���t�r�r�z�á�����—�Ï�‡�•���t�r�s�w��. 

In aquaponic systems, N transformations mainly depend on the presence or absence of 

oxygen and organic carbon, which creates the correct environmental conditions for 

particular groups of microbes (Chapter 2). The different compartments constituting the 

aquaponic systems are designed to steer the environmental conditions to achieve the 

desired microbial activity in order to ensure that concentrations of Norg, NH4+, NO2- and 

NO3- are kept below their tolerance range, in turn ensuring fish and plant welfare. 

The aim of this study was to compare N concentrations in the different compartments of 

the aquaponic systems in order to obtain insights into the environmental conditions 

which could influence the N transformation processes in these systems and to what 

extent. By measuring the concentrations of the individual N compounds, complemented 

by the determination of other relevant nutrients in the system water, conclusions 

concerning the biochemical performance of the system can be drawn, and enable the 

metabolic processes in the aquaponic system to be steered in the right direction. 
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MATERIALS AND METHODS 

Experiments were carried out at the Zurich University of Applied Sciences (Wädenswil, 

Switzerland) in the foliar greenhouse between June and September 2017. In this period, 

three parallel replicates of a 4.3 m3 aquaponic system (Figure 1) were freshly stocked 

with 20 ± 0.2 kg per system Nile tilapia (Oreochromis niloticus, stocked) and 63 lettuce 

plants (Lactuca sativa cultivar “YACHT” Salanova®) for three lettuce cycles each 

(Table S1). Experiments were conducted under the authorization of the Veterinary Office 

of the Canton of Zurich, no. ZH020/17. 

Operation of the aquaponic system 

Fish were fed ten times per day with a vegetarian feed, Tilapia Vegi, 3.0 mm and 4.5 mm 

containing 6% of N (Hokovit, Hofmann Nutrition AG, Bützberg, Switzerland), amounting 

to 2.5% of their body weight as calculated at the beginning of each lettuce cycle. To 

maintain constant fish biomass during all three lettuce cycles, fish were weighed at the 

beginning and the end of each cycle and the biomass gained was removed (Table S2). To 

assure fish safety and prevent the accumulation of NH4+ and NO2-, two months prior to 

stocking the system with fish the biofilter was started using a biofilter starter (PURE + 

filter start gel, Evolution Aqua Ltd, Wigan, United Kingdom), ammonium dihydrogen 

phosphate as an NH4+ source and addition of fish feed as a carbon source. 

Prior to the experiment, the lettuce was planted in rockwool cubes and irrigated only with 

tap water (until both cotyledons of the seedlings had completely opened) and thereafter 

with fertilizer solution (1800  �J�� cm-1, Wuxal®, Maag, Dielsdorf, Switzerland). Once the 

roots were long enough (ca. 5 cm), the plants were transplanted to the aquaponic system 

into Styrofoam floating rafts (Dryhydroponics BV, ’s‐Gravenhage, The Netherlands). For 

the additional protection of the plants, beneficial organisms (Ichneumonidae as 

VerdaProtect and BasilProtect, Phytoseiulus persimilis as Phytoseiulus-SD-System and 

Amblyseius cucumeris obtained from Andermatt Biocontrol AG, Grossdietwil, 

Switzerland), were used as prescribed by a supplier. In addition, Agree® WP and Neem oil 

(Andermatt Biocontrol AG) were applied in the phyllosphere when the beneficial 

organisms proved insufficient. No fertilizer was supplemented into the system water, 
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however, Iron Optifer (Ökohum GmbH, Herrenhof, CH) and KlinoSpray (Unipoint AG, 

Ossingen, CH) were applied biweekly as foliar fertilization. 

Figure 1. Water flow with the sampling points (FTW, fish tank water; DFW, drum filter outflow water; BFO, 
biofilter outflow water; HPI, inflow into hydroponic part of the system; HPS, sump water; HTI, hydroponic 
table inflow; HTO, hydroponic table outflow; RFI, radial flow settler inflow; RFO, radial flow settler outflow; 
FS, settled fresh sludge; DS, digested sludge; SS, supernatant of digested sludge returned back to the system) 
in the aquaponic system as operated between 2017 and 2018. 

Sampling procedure  

Water samples for chemical analysis were taken six times during the experiment 

(Table S1) at 13 different locations within the system (Figure 1) together with fresh tap 

water samples. Temperature, pH, electrical conductivity and dissolved oxygen were 

measured on the spot, while samples for nutrient analysis were stored in falcon tubes and 

placed into a polystyrene box containing cooling elements until the end of the sampling 

process and then stored at -20°C until further analysis. Parameters analyzed, sample 

preparation and analytical methods used in this study are described in Table 1. 
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Table 1. Measured parameters (pH, temperature, electrical conductivity, dissolved oxygen, dissolved 
nutrients and organic nitrogen), sample preparation and further analysis. 

Parameter  Where? 
Sample 
preparation  

Lab equipment  Company 

pH [-], T [°C] Direct, on the 
sampling spot 

- Probe PHC10103 & 
HQ40d portable 
multimeter  

Hach Lange, 
Loveland, CO, USA 

El. 
conductivity  

���J�� cm-1] 

Direct, on the 
sampling spot 

- Probe CDC40103 & 
HQ40d portable 
multimeter  

Hach Lange, 
Loveland, CO, USA 

Dissolved 
oxygen  
[mg L-1] 

Direct, on the 
sampling spot 

- Probe LDO10101 & 
HQ40d portable 
multimeter  

Hach Lange, 
Loveland, CO, USA 

Na, NH4+, K+ 
Ca2+, Mg2+  

[mg L-1] 

Stored at -20°C 
in 15 mL falcon 
tube, laboratory 

Filtered, 0.22 �J�•�á��
1 �J�����t���������� 3 per 
1 mL sample 

930 Compact IC flex Metrohm Schweiz 
AG, Zofingen, CH 

Cl-, NO2-, NO3-, 
PO42-, SO42-  

[mg L-1] 

Stored in 15 mL 
falcon tube, 
laboratory 

Filtered, 0.22 �J�• 930 Compact IC flex Metrohm Schweiz 
AG, Zofingen, CH 

B, Mo, Cu, Fe, 
Mn, Zn  

[mg L-1] 

Stored at -20°C 
in 15 mL falcon 
tube, laboratory 

Filtered, 0.22 �J�• ICP-AES, Varian Vista 
AX CCD Simultaneous 

Agilent 
Technologies, 
Santa Clara, CA, 
USA 

Norga 
[mg L-1] 

Stored at -20°C 
in 50 mL falcon 
tube, laboratory 

- KjelMaster K-375, 
SpeedDigester K-439, 
Scrubber K-415 

BÜCHI 
Labortechnik AG, 
Flawil CH 

a Calculated by subtracting NH4+-N from the measured total Kjeldahl nitrogen. 

 

Water flow in the aquaponic system and sampling points  

Fish tank water (FTW) was sampled directly in the tank 20 cm under the water surface. 

Water from the fish tank flowed continuously through the bottom drainage to the solids 

removal unit, where fish feces and feed residues were mechanically separated from the 

system water by a drum filter with a 40 �J�•���•�‡�•�Š�ä�����•�‹�•�‰��gravity, solids-free water (DFW) 

flowed to the biofilter. To maintain a constant water level and to control water 

consumption in the system, fresh tap water was added to the biofilter via a mechanically 

controlled water valve and analogous water counter. A circulation pump installed in the 

biofilter continuously (5  m3 h-1) pumped water through the UV treatment system (77W 

radiation flux at 254 nm with a 35% efficiency) and the oxygenation zone back to the fish 

tank, where the biofilter outflow water (BFO) was sampled before entering the fish tank. 

The computer-controlled valve, installed between the oxygenation zone and the fish tank, 

opened every 5 min for 2 min, resulting in a water flow rate of 0.5 m3 h-1 into the sump 

(HPI). Water in the sump (HPS) was sampled 20 cm under the water surface. A separate 
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pump continuously transferred the water to the hydroponic raft table (HTI) at a flow rate 

of 0.36 m3 h-1 and, from there, back to the sump over the drainage point at the end of the 

hydroponic table (HTO). A level sensor-controlled pump then pumped the water back to 

the fish tank (HPO), maintaining a constant water level in the sump. 

Backwash water from the drum filter was discharged to the solids thickening unit, i.e. 

radial flow settler (RFS), where the inflow water was sampled (RFI). The solids-free water 

from the RFS overflowed (RFO) back to the drum filter inlet pipe. About 7 L of settled, 

thickened sludge, i.e. fresh sludge (FS) in the RFS, was manually removed three times per 

week. The thickened sludge was added to the anaerobic digester (DS). At the same time, 

7 L of the supernatant from the anaerobic digester (SS) was added back to the RFS, which 

returned water full of nutrients to the main water loop of the system. Thus, the aquaponic 

system consisted of an aerobic loop (FTW, DFW, BFO, HPI, HPS, HTI, HTO and HPO) and 

an anaerobic loop (FS, DS and SS), while the RFS (RFI and RFO) served as a connection 

between the two (Chapter 2). 

Data analyses 

All statistical analyses and graphics were carried out with R statistical software version 

3.6.1 (R Core Team 2018) and packages ‘agricolae’ (de Mendiburu 2019), ‘devtools’ 

(Wickham et al. 2019a), ‘dplyr’ (Wickham et al. 2019b), ‘ggbiplot’ (Vu 2011), ‘ggplot2’ 

(Wickham 2016), ‘ggpubr’ (Kassambara 2019) and ‘moments’ (Komsta and Novomestky 

2015). To test for differences, a Kruskal-Wallis test was performed, followed by a 

Wilcoxon rank-�•�—�•���–�‡�•�–�á���™�‹�–�Š���ƒ���•�‹�‰�•�‹�ˆ�‹�…�ƒ�•�…�‡���Ž�‡�˜�‡�Ž���‘�ˆ���= = 5%. Principal component analysis 

(PCA) was used to test the influence of different parameters between compartments. 

RESULTS AND DISCUSSION 

During the 12-week experimentation and analysis period, total nitrogen (TN) was 

primarily present in the form of NO3 (85%) and averaged at 64.5 mg L-1 in the fish tank 

water (Table 2, Table S3). Nitrate concentrations slowly increased over time, from 

36 mg L-1 in week 27 to 74 mg L-1 in week 39 (Figure S1), suggesting NO3- accumulation 

and imbalance between plant requirements and N generation (Wongkiew et al. 2017). 
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As discussed before (Shin et al. 2004), in aquatic plant-based treatment systems, the 

removal efficiency of different nutrients is related to various physical, chemical, and 

biological interactions. Accumulation of N could be the result of lower N plant uptake, due 

to plants being limited by other nutrients (iron, manganese, copper, molybdenum and 

zinc) which were not introduced in sufficient amounts by the fish feed (Table S3). With 

the addition of micronutrients to the system water, this ratio could be changed since these 

are usually the most limiting nutrients in the aquaponic system (Delaide et al. 2017). 

While commonly limiting, P and K (Bittsánszky et al. 2016) were present in sufficient 

concentrations during the experiment (Table S3). 

Nitro gen transformations between compartments of the aquaponic system 

Input 

As the most prominent input of N to the aquaponic system, fish feed provided essential 

nutrients for the growth and development of the fish, including 30 g N day -1. Alongside 

feed, small amounts of N (0.05 g N day -1) were added via fresh tap water used to 

compensate for evapotranspiration. 

Fish 

Freshwater fish excrete NH3 via their gills, urine and feces, which is in equilibrium with 

NH4+, depending on the ambient pH, temperature and salinity (Timmons and Ebeling 

2010)�ä�����—�”�‹�•�‰���–�Š�‡���‡�š�’�‡�”�‹�•�‡�•�–�á���’�����‹�•���–�Š�‡���ˆ�‹�•�Š���–�ƒ�•�•���™�ƒ�•���³ �y�ä�u���ƒ�•�†���–�‡�•�’�‡�”�ƒ�–�—�”�‡���™�ƒ�•���³ 26.0°C. 

Thus, more than 98.5% of N was present in the NH4+ form (Emerson et al. 1975). Along 

with the total ammonia nitrogen (TAN), the sum of NH3 and NH4+, fish also excrete 

between 6 – 15% of N as Norg via feces (Timmons and Ebeling 2010), depending on the N 

content of the fish feed and the metabolism of the specific fish species (Lupatsch and Kissil 

1998, Schneider et al. 2004, Wongkiew et al. 2017). 
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Figure 2. Different nitrogen forms in different compartments (FTW, fish tank water; DFW, drum filter 
outflow water; BFO, biofilter outflow water; HPI, inflow into hydroponic part of the system; HPS, sump 
water; HTI, hydroponic table inflow; HTO, hydroponic table outflow; HPO, outflow from hydroponic part of 
the system; RFI, radial flow settler inflow; RFO, radial flow settler outflow; FS, settled fresh sludge; DS, 
digested sludge; SS, supernatant of digested sludge returned back to the system) of the aquaponic system, 
measured six times during the experiment. Letters represent the significant differences between the 
compartments of the system based on a Kruskal-Wallis test followed by a Wilcoxon rank-�•�—�•���–�‡�•�–�����= = 5%, 
n > 14). 

Fish tank 

Higher percentages of NH4+ were detected in the aquaculture compartments (FTW and 

DFW) when compared to the hydroponic compartments (HPS, HTI and HTO) in the 

experimental aquaponic system (Figure 2, Table 2, Table S3) due to excretion of NH3 by 

the fish (Timmons and Ebeling 2010). Besides NH4+, there was also an increase of Norg in 
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the fish tank due to the presence of Norg in the fish feces (Lupatsch and Kissil 1998, 

Schneider et al. 2004, Timmons and Ebeling 2010, Wongkiew et al. 2017). 

Drum filter  

The solids removal unit, i.e. the drum filter, provided a continuous removal of the N-rich 

waste (Dolan et al. 2013). This can be observed by a slight decrease of Norg from FTW via 

DFW to BFO. High concentrations of organic particles can compromise gill function and 

provide a habitat that enables the proliferation of pathogens, but can also influence the 

efficiency of all other water treatment systems, increase the biological oxygen demand, 

mineralization and TAN production, and provide a substrate for the growth of 

heterotrophic microorganisms in the biofilter that displaces the nitrifying bacteria 

(Summerfelt and Penne 2005, Johnson and Chen 2006, Dolan et al. 2013). 

Biofilter  

As the primary function of the biofilter, nitrification is responsible for the transformation 

of TAN to NO3-. In the presence of oxygen, NH3 is oxidized by ammonia-oxidizing bacteria 

and ammonia-oxidizing archaea, followed by the oxidation of the resulting NO2- to NO3- 

by nitrite- oxidizing bacteria (Kowalchuk and Stephen 2001). Additionally to the two-step 

nitrification process involving different microorganisms, members of the genus Nitrospira 

are able to perform complete nitrification from NH4+ to NO3- (Daims et al. 2015). During 

�–�Š�‡�� �‡�š�’�‡�”�‹�•�‡�•�–�á�� �•�—�ˆ�ˆ�‹�…�‹�‡�•�–�� �‘�š�›�‰�‡�•�� �Ž�‡�˜�‡�Ž�•�� ���³ 9.8 mg L-1���á�� �™�ƒ�–�‡�”�� �–�‡�•�’�‡�”�ƒ�–�—�”�‡�� ���³ 26°C) and 

low organic carbon concentrations facilitated by the mechanical filter (Chapter 2) allowed 

effective nitrification in the biofilter.  

UV treatment 

Along with solids removal, UV treatment also plays a vital role in the system by causing 

microbial inactivation. Thus, UV treatment decreases the likelihood of viral, bacterial and 

fungal diseases and acts as a form of microbial control (Kasai et al. 2002, Timmons and 

Ebeling 2010). While UV treatment has an indirect effect on the N transformations by 

damaging or killing organisms involved in N-cycling, no literature was found that UV light 

can directly influence N transformations. 
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Hydroponic system 

In the aquaponic system, the sump served as a connection between aquaculture and 

hydroponic sub-systems, constantly mixing water from both parts. Comparing the results, 

an increase of Norg from HPS to HTO was observed due to small particles in the water 

potentially originating from dead plant material and biofilm remnants. The surface area 

of the hydroponic table can provide suitable conditions for the attachment of microbial 

community and microbial processes such as nitrification and denitrification (Chapter 2). 

These processes can be influenced by the release of organic compounds and oxygen from 

plant roots (Landi et al. 2006, Yin et al. 2013, Wu et al. 2016). Alongside the microbial N 

transformations, plants play an important role by performing NH4+ and NO3- uptake from 

the system water. Previous studies have demonstrated that the NH4+ to NO3- ratio can 

affect the rate of plant growth and biomass allocation. Most species can grow better and 

accumulate more N when grown in a mixture of NH4+ and NO3- (Ali et al. 2001, Guo et al. 

2002, Wu et al. 2016). Results of this study showed a slight decrease of NH4+

concentration, while NO3- and Norg concentrations slightly increased between HTI and 

HTO, however, the differences were not significant. It was also reported that NH4+ 

application together with NO3- is effective in reducing NO3- accumulation in leafy 

vegetables (Gunes et al. 1994, Zhu et al. 1997, Ikeda and Tan 1998). High NO3- 

concentrations in edible plant parts constitute a potential threat for human health, and 

therefore many countries have set maximum permissible values through legislation 

(Savvas et al. 2006). Regulation (EC) No 1881/2006 states, that the lettuce cultivated in 

greenhouses and harvested between April and September should not exceed 4 g NO3 kg 

–
 

1 

(Commission Regulation (EU) No 1258/2011 of 2 December 2011 amending Regulation 

(EC) No 1881/2006 as regards maximum levels for nitrates in foodstuffs 2010). Using a 

similar aquaponic system, measured concentrations were found to be below this 

threshold value (Nozzi et al. 2018). 

Radial flow settler 

Rinsed waste from the drum filter requires further thickening to remove the excess of 

liquid still present. Sedimentation is one of the most suitable methods to accomplish this 

(Cripps and Bergheim 2000). It has been estimated that 97% of solids could be captured 
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in the settling unit if re-suspension is not a problem (Henderson and Bromage 1988, 

Johnson and Chen 2006) and a clear supernatant returned via the drum filter to the 

aerobic loop of the system. Sampling showed high variation between the samples taken 

in the RFS (Figure 2), as a result of the fluctuation in N concentrations in the RFS 

depending on the time of previous drum filter rinsing and the amount of removed waste 

at that time. There was a significant increase of NH4+ at both RFS sampling points 

compared to other aerobic loop compartments. The percentage of NH4+ increased from 

RFI to RFO due to the reduction in Norg concentration, suggesting sedimentation of Norg 

rich particles and degradation of organic material (Table 2, Table S3). The presence of a 

higher percentage of NO2- suggests an incomplete transformation of Ninorg, either via 

nitrification or denitrification pathways. There was a decrease of TN between RFI and 

RFO, suggesting denitrification and the removal of the larger particles via sedimentation. 

Denitrification can account for up to 60% of N losses due to anoxic conditions in 

sedimentation tanks, where high amounts of suspended solids accumulate (Hu et al. 

2015). 

Fresh sludge 

Approximately 5% of the total daily TN input was discharged via the RFS drainage into 

the anaerobic digester. Of this RFS drainage discharge, more than 95% of the TN was 

present in the Norg form. Total N was significantly higher in the FS compared to the aerobic 

loop of the system. At the same time, the percentage of Ninorg was significantly lower 

compared to any other compartment. 

Anaerobic digester 

Mesophilic (25 – 45°C) anaerobic digestion was used to break down the organic matter 

originating from the fish waste and uneaten feed into bioavailable nutrients for 

subsequent use as plant nutrition (Marchaim 1992, Monsees et al. 2017, Delaide et al. 

2018, Goddek et al. 2018). In the anaerobic digestion process, carried out by facultative 

and obligate anaerobic microorganisms, organic sludge underwent changes in its 

chemical, biological and physical properties during the various processes such as 

fermentation, methanogenesis and denitrification (Chapter 2, Mshandete et al. 2005, 
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Appels et al. 2008, Mirzoyan et al. 2010). Denitrification in oxygen-depleted zones may 

account for as much as 21% of the N loss (van Rijn et al. 2006, van Rijn 2013). Results of 

this study showed a slight decrease of TN from the FS to the DS. The loss of N could be 

explained by the processes described above. The percentage of Norg decreased compared 

to the sludge originating from RFS compartments, suggesting the degradation of Norg into 

Ninorg forms. Compared to the aerobic loop, the anaerobic loop samples had the highest 

percentage of NH4+ (176.1 mg NH4+-N L-1) and the lowest percentages of NO2- and NO3-, 

possibly as the result of anaerobiosis. Furthermore, under anaerobic conditions, both 

carbon limitation and excess can affect the activity of denitrifying bacteria as reported by 

van Rijn et al. (2006), the former causes the accumulation of intermediate products, such 

as NO and N2O, and the latter results in NO3- reduction to NH4+. Inhibition of NH3 starts at 

2500 mg TAN L-1 for mesophilic reactors (Yenigün and Demirel 2013), confirming that, in 

our experiments, NH3 inhibition was not present. No significant differences could be 

shown between anaerobic DS and SS sampling points. 

Nitrogen interactions with other abiotic parameters  

Nitrogen transformations in the aquatic production systems involve a wide range of 

interactions between physical, chemical and biological parameters. The knowledge of 

potential interactions amongst parameters is crucial in understanding and predicting 

changes in water quality and system performance (Timmons and Ebeling 2010, Espinal 

and Matul�‹�©���t�r�s�{�� while simultaneously assuring the optimal conditions for organisms. 

Based on a PCA data analysis of the additionally measured water parameters (Figure 3), 

the first axis explained 50.7% of the variation while the second axis explained 17.9%, 

together explaining more than 68% of the variation between selected parameters. 

The dataset showed a clear distinction between aerobic loop, FS and digested sludge (DS 

and SS), with the RFS as a connection between the aerobic and anaerobic loop, confirming 

the results of Chapter 2 looking into the microbial diversity in different compartments of 

the aquaponic system. Aerobic loop samples had high NO3- and oxygen levels, while the 

RFS had higher NO2- levels with increased influence from the ambient temperature, 

causing variation in the temperature of the measured samples, and causing FS to have 
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high levels of TN and Norg. In contrast, digested sludge (DS and SS) had high electrical 

conductivity and NH4+ content. 

Figure 3. Principal component analysis (PCA) with 95% confidence eclipses of measured abiotic 
parameters and different nitrogen forms in the different compartments (FTW, fish tank water; DFW, drum 
filter outflow water; BFO, biofilter outflow water; HPI, inflow into hydroponic part of the system; HPS, sump 
water; HTI, hydroponic table inflow; HTO, hydroponic table outflow; HPO, outflow from hydroponic part of 
the system; RFI, radial flow settler inflow; RFO, radial flow settler outflow; FS, settled fresh sludge; DS, 
digested sludge; SS, supernatant of digested sludge returned back to the system) of the aquaponic system, 
measured six times during the experiment, explaining 68.6% of data variance (n > 14). 

Measuring the concentrations of individual N compounds within the aquaponic system, 

in addition to other relevant abiotic parameters, assists in drawing conclusions 

concerning the performance of the organisms present in the system, that is, that they are 

able to support in steering the metabolic processes involved. While large differences in 

the water parameters between compartments were not to be expected due to the high 

water circulation rate and low water volume of the system, it could be shown that N 

concentrations, ratios and abiotic parameter values varied significantly amongst the 
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compartments. Thus, each compartment represented a different microenvironment 

responsible for specific microbial processes within the aquaponic system (Chapter 2). 

While this is the first paper to describe detailed N transformations within such a system, 

further research using nutrient-mass-flow analyses and metagenomics to support these 

findings is necessary in order to better understand the role of microbial communities in 

these processes and allow the translation of these processes to other managed systems. 

In doing so, the long-term operation of such systems could be secured by assuring N 

conservation through its removal from wastewater, overcoming existing environmental 

challenges. 
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SUPPLEMENTARY INFORMATION 

Supplementary tables  

Table S1. Lettuce cycles with seeding, transplantation and sampling times. 

Seeding of the 
lettuce 

Lettuce 
transplantation 

Start sampling  End sampling  

1st lettuce cycle Week 23, 2017 Week 26, 2017 Week 27, 2017 Week 29, 2017 

2nd lettuce cycle Week 27, 2017 Week 30, 2017 Week 31, 2017 Week 34, 2017 

3rd  lettuce cycle  Week 33, 2017 Week 36, 2017 Week 37, 2017 Week 39, 2017 

Table S2. Fish and lettuce biomass gained during three lettuce cycles. 

Fish gained biomass  
[total kg per cycle] 

Lettuce biomass a 

[total kg per cycle] 

1st lettuce cycle (22 days) 3.10 ± 0.17 14.06 ± 1.73 

2nd lettuce cycle (28 days) 5.57 ± 0.10 12.56 ± 0.86 

3rd  lettuce cycle  (26 days) 4.53 ± 0.17 8.20 ± 0.63 
 

a calculated from the average of 12 measured lettuces in each aquaponic system. 
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Supplementary figure  

Figure S1. Weekly measurements with Cuvette quick tests (LCK304, LCK341, LCK339) and multimeter 
HQ40d with PHC10103, CDC40103 and LDO10101 probes (Hach Lange, Loveland, CO, USA) of parameters 
relevant for the fish welfare measured in the fish tank water of all three replicates of the aquaponic system 
(n = 1). 
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ABSTRACT 

Aquaponics combines soilless hydroponic crop production with recirculating 

aquaculture. The system consists of various compartments (fish tank, biofilter, sump, 

hydroponic table, radial flow settler and anaerobic digester), each with its own specific 

environmental pressures, which may result in the formation of unique microbial 

community compositions. Three identical aquaponic systems, run in parallel over a 12-

week period, were used to investigate the microbial community composition during three 

cycles of lettuce production. Through localized sampling of individual compartments, a 

community pattern based on amplicon sequencing of bacterial and archaeal 16S rRNA 

genes was generated. Results indicated higher overall population diversity for bacteria 

than archaea, particularly in aerobic compartments, with lower diversity observed in 

fresh fish feces, disclosing a highly discrete gut flora composition. Furthermore, nitrifying 

bacteria were identified in the hydroponic compartments, indicating that these 

compartments may play a larger role than previously thought in the systems nitrogen 

cycle, transforming undesirable ammonium and nitrite to nitrate, and improving the 

quality of the water recirculated to the fish tank. Alongside the observed temporal 

changes to community compositions within the anaerobic compartment, higher archaeal 

abundance, compared to the aerobic part of the system, could be observed in the sludge 

samples. This was likely due to the stark contrast in the anaerobic compartments' 

environmental conditions, e.g. high conductivity and low redox potential, as opposed to 

the rest of the system. Finally, the most pronounced differences in microbial community 

compositions were observed between the aerobic and anaerobic loop of the system, with 

unique bacterial compositions established for each individual compartment. 

INTRODUCTION 

An aquaponic system is a system combining aquaculture with soilless plant cultivation 

(Graber and Junge 2009). The system function relies on diverse consortia of 

microorganisms and their metabolic pathways (Schmautz et al. 2017b, Bartelme et al. 

2019), converting nutrients provided by fish excreta and non-consumed fish feed into 

nutrients for plants (Goddek et al. 2016a). The nutrient removal through plant absorption 
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and growth is accompanied by a reduction in nutrient concentrations, improving overall 

water quality parameters and benefiting fish production (Bartelme et al. 2018). 

Removal of feed remains and fish metabolites, such as ammonium and fecal matter from 

the fish tanks and their reuse as plant nutrients within an aquaponic system requires that 

individual compartments such as the fish tanks, biofilters, sumps, hydroponic growing 

systems and any additional elements, such as anaerobic reactors, are connected by 

circular water flow (Palm et al. 2019). In most of these compartments, microbial activity 

is mainly associated with surfaces, and therefore, the majority of microbial communities 

are organized in biofilms (Davey and O’Toole 2000, Donlan 2002, Blancheton et al. 2013). 

Most attempts to characterize the microbial community of aquaponics focused on the 

sampling of the water column and biofilter material (Blancheton et al. 2013, Hu et al. 

2015, Schmautz et al. 2017b, Eck et al. 2019). However, little consideration has been given 

to the microbial populations developing in each individual compartment. 

As aquaponic system design is not standardized, with each compartment having distinct 

process conditions caused by different configurations, dimensions and flow rates, 

environmental conditions will differ (Bartelme et al. 2017, Eck et al. 2019), resulting in 

the development of unique, localized microbial communities. These localized 

communities, due to the interconnection between compartments, may influence each 

other (Bartelme et al. 2018, 2019), changing process conditions over time and supporting 

or hindering productivity either directly or indirectly through their metabolites. Th us, 

understanding microbial communities in aquaponic systems becomes essential, 

especially in the context of water quality, fish welfare, plant health and food safety 

(Blancheton et al. 2013, Munguia-Fragozo et al. 2015, Bartelme et al. 2018). At the same 

time, more in-depth insight into the microbiomes also opens the possibility of further 

controlling microbial communities by directing environmental conditions in a rearing 

setting (Blancheton et al. 2013). Microbial research supporting aquaponic crop 

production, however, still lags behind its traditional agricultural system counterparts 

(Bartelme et al. 2018), even though the microbes in both soil and aquaponic systems seem 

to play similar roles (Bender et al. 2016, Hartman et al. 2018). 
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Three identical aquaponic systems running in parallel were used in this study to 

investigate the microbial community composition of their different compartments over a 

period of 12 weeks, corresponding to three cycles of lettuce production. A community 

pattern based on amplicon sequencing of bacterial and archaeal 16S rRNA genes was 

generated. Based on these results, it was possible to gain an in-depth understanding of 

microbial profiles, their resilience to changes and their connection to the nitrogen cycle. 

MATERIALS AND METHODS 

Between June and September 2017, experiments were carried out in the greenhouse 

facilities of the Zurich University of Applied Sciences (Wädenswil, Switzerland). Three 

replicates of a 4.3 m3 aquaponic system (Figure 1) were stocked with Nile tilapia 

(Oreochromis niloticus), stocked at 20 ± 0.2 kg per system) and 63 lettuce plants (Lactuca 

sativa cultivar “YACHT” Salanova) for three lettuce cycles as previously described in 

Chapter 3. Experiments were conducted with the authorization of the Veterinary office of 

Kanton Zürich (Switzerland), no. ZH020/17. 

Sampling procedure  

Sampling for chemical and microbial analysis was undertaken six times (Table S1) at 

different locations (Figure 1) within the system, at the beginning and at the end of every 

lettuce growth cycle. Samples were taken directly from the fish tank (FTW), sump (HPS) 

and hydroponic table (HTS) surface using a cotton swab, by scrubbing an approx. 100 cm2 

surface area. The moving-bed biofilter material (BFO) was sampled by collecting around 

20 biocarriers (HDPE biocarrier media (10 × 10 mm, surface of approx. 800 m2 per m3). 

The sampling of the roots (ROT) was done by cutting a few fine roots from three randomly 

selected lettuce plants from each replicate system. Fish feces (FEC) were obtained by 

stripping one anesthetized fish per system. To obtain samples of microbial community 

present in fresh sludge (FRS), digested sludge (DIS) and the supernatant of digested 

sludge returned to the system (RSS), 1.5 mL of each was collected (Supplementary 

methods, Table S2). The chemical sampling procedure is described in Supplementary 

methods and chemistry data can be found in Chapter 3 (Table S3). 
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Figure 1. Water flow and sampling points in one of the three replicates of the aquaponic system as operated 
for all three replicates in 2017. Microbial sampling points (FTW, fish tank wall surface; HPS, sump surface; 
HTS, hydroponic table surface; BFO, biofilter material; ROT, roots; FEC, fish feces; FRS, settled fresh sludge; 
DIS, digested sludge; RSS, supernatant of digested sludge returned back to the system) are marked in color 
and chemistry sampling points (DFW, drum filter outflow water; BFO, biofilter outflow water; FTW, fish 
tank water; HPI, inflow into hydroponic part of the system; HPS, sump water; HTI, hydroponic table inflow; 
HTO, hydroponic table outflow; RFI, radial flow settler inflow; RFO, radial flow settler outflow; FS, settled 
fresh sludge; DS, digested sludge; SS, supernatant of digested sludge returned back to the system) are 
marked white rectangles, respectively. 

Microbial sample preparation and DNA extraction 

Microbial biomass from FTW, HPS, HTS, BFO, ROT samples was obtained by adding 

ultrapur e water (Table S2), vortexing the tubes with sample material for 1 min, followed 

by 5 min in an ultrasonic bath at room temperature (Sonorex, Bandelin, Berlin, Germany). 

The tubes were vortexed for an additional 2 min, followed by 10 min in the ultrasonic 

bath. Subsequently, remaining material such as biocarriers, plant roots or cotton swabs 

were removed from the tubes using forceps. Prior to the DNA extractions, samples 

(excluding FEC) were collected as a pellet of microbial biomass following centrifugation 

(2300 rcf, 10 min). All samples were extracted using the DNeasy PowerSoil Kit (Qiagen, 

Venlo, The Netherlands) according to the manufacturer’s instructions with the following 
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changes: instead of 0.25 g soil sample, a pellet mixed with homogenization buffer was 

transferred to the glass bead tube, whereas the FEC samples were directly transferred to 

the tube. For homogenization and cell lysis, a FastPrep-24™ (MP Biomedicals, Irvine, 

California, United States) was used for 45 s with a speed of 4 m s-1. Following extraction, 

samples were stored at -20°C until further analysis. 

Microbial sample analysis 

Amplicons for the bacterial 16S rRNA genes (V1-V3) were generated using the primers 

�t�y�	�����w�"-AGAGTTTGATCCTGGCTCAG-�u�"�����ƒ�•�†���w�u�v�������w�"-ATTACCGCGGCTGCTGG-�u�"�����ƒ�Ž�”�‡�ƒ�†�›��

used in previous 16S rRNA studies (Schmautz et al. 2017b, Eck et al. 2019), while primers 

���”�…�Š�w�s�x�	�� ���w�"-TGYCAGCCGCCGCGGTAAHACCVGC-�u�"���� �ƒ�•�†�� ���•�‹�˜�z�r�x���� ���w�"-

GGACTACHVGGGTWTCTAAT-�u�"���� �™�‡�”�‡�� �—�•�‡�†�� �ˆ�‘�”�� �–�Š�‡�� �ƒ�”�…�Š�ƒ�‡�ƒ�Ž�� �s�x���� �”�������� �‰�‡�•�‡�•�� �����v����

(Kuroda et al. 2015, Liu et al. 2018). Both primer sets were used using respective adapters 

(Table S3). After a first amplification and clean-up, amplicons were uniquely barcoded 

using dual-indexing with a Nextera XT Index kit v2 (Illumina, San Diego, CA, United 

States). After a second amplification and clean-up, samples were normalized, amplicon 

size and quality verified, and pooled into two libraries, separately for bacteria and 

archaeal primer set (Supplementary methods). Library preparation and sequencing were 

done at the Genetic Diversity Centre (ETH Zurich, Switzerland) using an Illumina MiSeq 

platform with  v3 reagents (2 × 300 bp). 

Bioinformatics 

Quality control of the data was done using FastQC (Andrews 2010). To trim the read-ends 

and merge pairs into amplicons “seqtk” (https://github.com/lh3/seqtk ) and “FLASH” 

�����ƒ�‰�‘�«�� �ƒ�•�†�� ���ƒ�Ž�œ�„�‡�”�‰�� �t�r�s�s�� were used, respectively. Trimming of the primer sites was 

done using USEARCH (in-silico PCR) (Martin 2011). For quality filtering, “prinseq” was 

used (Schmieder and Edwards 2011). Using USEARCH v10 (Edgar 2010), unique 

amplicon data were dereplicated (usearch:fastx_uniques), followed by a correction of 

sequencing errors and removal of chimeras (usearch:unoise3). All unique sequences 

produced with “unoise3” generated zero-radius operational taxonomic units (ZOTUs) 

(Edgar 2016a). The data were further clustered (usearch:cluster_smallmem) so that the 

https://github.com/lh3/seqtk
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ZOTUs were defined at 99% nucleotide sequence identity. A heuristic approach to map 

the amplicons to the ZOTUs for finding the alignment with the highest score was used and 

a count table with information on read numbers was generated (usearch:otutab). 

Taxonomic predictions were made in SINTAX (Edgar 2016b) using the SILVA 16S rRNA 

database (Quast et al. 2013). The data is available under the study accession PRJEB40280 

in the database of the European Nucleotide Archive. 

Data analysis 

All further data analysis was carried out using the R statistical software v3.6.1 (R Core 

Team 2019). The analysis of the microbial communities was done separately for the 

bacterial and archaeal dataset. For the alpha diversity analysis (observed ZOTU, Chao1, 

Shannon and InvSimpson), raw ZOTU counts were used and analyzed using phyloseq 

package v1.28.0 (McMurdie and Holmes 2013). Sampling depth was addressed with a 

rarefaction curve using raw read counts and analyzed using vegan package v2.5-6 

(Oksanen et al. 2019). Further analyses were done using a rarefied dataset with the 

removal of the lowest 0.005% ZOTUs. In the archaeal dataset, 25 samples with less than 

1000 reads were removed from further analyses, while in the bacterial dataset, samples 

with the low counts plateaued, thus sample removal was unnecessary. Clustering was 

done using microbiome package v1.7.21 (Lahti and Shetty 2017), network analysis was 

done using phyloseq and error rate was determined with randomForest package v4.6-14 

(Liaw and Wiener 2002). Classification plots, constrained analysis of principal 

coordinates (CAP) and multidimensional scaling (MDS) were used to analyze and describe 

shifts in the community using phyloseq package. To test the significance of the observed 

Bray-Curtis dissimilarity between different sampling points, the ADONIS function in the 

vegan package was used. 

RESULTS AND DISCUSSION 

During the 12-week experiment, three lettuce cycles were completed. During a single 

lettuce cycle, the fish gained on average 4.4 kg per system and 11.6 kg of lettuce biomass 

was produced. Bacterial and archaeal communities were analyzed using 16S rRNA gene 
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deep sequencing. The average Q30 of the bacterial and archaeal sequence in the samples 

was 70.5% and 81.8%, respectively, indicating good DNA quality. A total of 3 165 652 

(average per sample: 20 556) bacterial and 843 060 (average per sample: 6 435) archaeal 

reads were analyzed for this study. 

Microbial diversity parameters 

A total of 4 330 and 417 different ZOTUs were assigned to the bacterial and archaeal 

datasets, respectively. Based on rarefaction plots (Figure S1), the number of ZOTUs was 

the lowest in the FEC samples. In contrast, the remaining samples had relatively high total 

numbers for both archaeal and bacterial primer sets. This trend was also observed for 

different alpha diversity measures (Figure S2A, Figure S2B). A more diverse community 

can be confirmed by Shannon indices being higher for BFO, HPS, HTS and ROT samples 

while being the lowest for FEC samples for both primer sets. When comparing bacterial 

and archaeal datasets, the former had a factor 10 higher number of observed ZOTUs. In 

the archaeal dataset, only 40 ZOTUs were assigned to archaea, while the remaining ZOTUs 

were assigned to the bacterial community. After merging ZOTUs on the genus taxonomic 

level, reads were assigned to 575 bacterial taxa using a bacterial primer set and 7 archaeal 

taxa using an archaeal primer set. To allow for a more in-depth analysis of the genera 

present in different compartments, it was decided to focus on the ZOTUs representing 

more than 0.005% of the total sequencing depth, leaving 402 bacterial ZOTUs, while the 

number of archaeal ZOTUs remained unchanged. 

Microbial diversity within  different compartments  

Beta diversity was used to test whether each compartment of the aquaponic system 

represented a unique microenvironment. The microbial community composition 

clustered by compartment (Figure 2, Figure S3) and each compartment hosted different 

bacterial (Figure 3A) and archaeal (Figure 3B) populations. The most noticeable 

differences were observed between fish feces (FEC), water loop (BFO, FTW, HPS, HTS, 

ROT) and sludge (FRS, DIS, RSS) samples. In the archaeal dataset, the community 

clustered in two groups: samples originating from aerobic (BFO, FTW, HPS, HTS, ROT) 

and sludge (FRS, DIS, RSS) compartments. 
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Figure 2. Network clustering using Bray-Curtis distance between different compartments of the aquaponic 
system (FTW, fish tank wall surface; HPS, sump surface; HTS, hydroponic table surface; BFO, biofilter 
material; ROT, roots; FEC, fish feces; FRS, settled fresh sludge; DIS, digested sludge; RSS, supernatant of 
digested sludge returned back to the system), where bacterial primer set (A) could predict the origin of the 
sample with less than 5% error rate and archaeal primer set (B) with a more prominent 38% error rate. 

In most freshwater habitats, such as the aerobic compartments in this study (BFO, FTW, 

HPS, HTS), archaeal community commonly present less than 10% of total rRNA 

phylotypes (Robertson et al. 2005). Using archaeal primers, sludge samples had high (FRS, 

DIS, RSS), while aerobic samples had low total reads, which were mostly assigned to the 

bacterial community (Figure 3B, Figure S4, Figure S5). It is possible that low archaeal 

abundance in aerobic samples may have led to increased mispriming rate during 

amplification (Boyle et al. 2009, Pausan et al. 2019). 

Biofilter material (BFO) 

As one of the most studied compartments of recirculation aquaculture and aquaponic 

systems, the BFO samples community resembled those previously studied (Bartelme et 

al. 2017, Schmautz et al. 2017b, Eck et al. 2019). The well-known class of oligotrophs, 

members of the class Alphaproteobacteria, represented more than 35% of the bacterial 

population. At the family level, the highest proportion of sequences in the biofilter 

samples were dominated by groups of Planctomycetaceae (mean relative abundance of 

9.3%), Hyphomicrobiaceae (8.6%), Cytophagaceae (6.2%), Chitinophagaceae (5.9%) and 

Sphingomonadaceae (5.7%), whereas approximately 4.8% of the reads were not assigned.
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At the genus level, Hyphomicrobium, Novosphingobium, Meiothermus and Nitrospira were 

the most abundant taxa (> 4%) in the BFO samples. Hyphomicrobium is a methylotrophic 

bacterium commonly present in soil and aquatic habitats and can grow with a range of 

carbon compounds (Moore 1981, Poindexter 2006, Oren and Xu 2014). While most 

species proliferate aerobically, some can also do so under anaerobic conditions and may 

be involved in the denitrification process (Moore 1981, Kloos et al. 1995). Meiothermus is 

a member of the UV radiation resistant phylum Deinococcus-Thermus (Rosenberg 2014). 

Members of the same phylum were also previously found in other aquaponic systems 

using UV treatment (Schmautz et al. 2017b, Eck et al. 2019). A bacterium commonly found 

in biofilms of human-made aquatic systems, Pedomicrobium (Sly et al. 1988), was also 

identified. 

In contrast to a highly diverse bacterial community, the archaeal community of the 

biofilter was dominated by four families of the phylum Euryarchaeota, 

Methanobacteriaceae (67.1%), Methanosarcinaceae (21.5%) and Methanoregulaceae 

(4.6%), which may be involved in methanogenesis (Oren 2014a, 2014b, 2014c) and an 

additional archaeon from the order Thermoplasmatales Incertae Sedis (5.8%) commonly 

found in water systems (Reysenbach and Brileya 2014). 

Fish tank surface (FTW) 

Members of Deinococcus-Thermus phylum represented more than 27% (Deinococcaceae, 

genus unknown – 22.5% and Meiothermus – 5.4%) of the total bacterial community in the 

FTW samples. The abundance of Cyanobacteria (13.8%) was dominated by 

Synechococcus, an obligate photoautotroph �����‹�Ž�‹�„�‹�©���ƒ�•�†���e�ƒ�•�–�‹�©���t�r�r�z��. At the family level, 

the highest proportion of sequences in the FTW samples additionally belonged to the 

bacterial groups Rhodobacteraceae (11.6%), Alcaligenaceae (10.9%) and 

Planctomycetaceae (8.9%). Since the fish tank was the only compartment of the system 

directly exposed to the sunlight, finding photosynthetic organisms such as Synechococcus, 

Rhodobacter and Chloracidobacterium can be foreseen. Organisms commonly found in 

freshwater systems, such as Pirellula, Limnohabitans and Lysobacter (Kasalický et al. 

2013, Gómez Expósito et al. 2015, Dedysh et al. 2020) were observed as well. In contrast 

to the highly diverse bacterial community, we found the archaeal community dominated 
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by the same families as already observed in the BFO samples, except that the member of 

the Thermoplasmatales Incertae Sedis was not detected on the fish tank surface.  

Fish feces (FEC) 

Fish feces were represented by a distinctly different microbial community compared to 

other samples taken within the system. Fusobacteria, Bacteroidetes and Firmicutes 

represented more than 97% of all assigned bacterial reads. A substantial proportion of 

sequences belonged to the genus Cetobacterium (50.1%), a common bacterium found in 

the fish gut (Tsuchiya et al. 2008). Furthermore, undescribed members of the families 

Porphyromonadaceae and Macellibacteroides, as well as Clostridium and Turicibacter, all 

common bacteria found in the intestinal tract (Larsen et al. 2014, Sakamoto 2014, 

Auchtung et al. 2016), were also observed. Archaeal community counts were too low to 

identify specific archaeal taxa present in the FEC samples, likely due to a lack of presence 

of archaea in the fish feces. 

Hydroponic compartments (HPS and HTS) and root samples (ROT) 

Samples originating from the hydroponic components, HTS, HPS and ROT, mainly 

contained the same microbial community. However, the relative abundances of bacteria 

differed. In total, more than 44% of the reads originated from the phylum Proteobacteria. 

Surface samples, HTS and HPS, were dominated by bacterial groups Planctomycetaceae 

and Methylobacteriaceae (> 5.7% of the bacterial population), both commonly present in 

aquatic and soil systems (Kelly et al. 2014, Lage and Bondoso 2014), whereas 

approximately 10% of the HPS and HTS bacterial reads could not be assigned to a family 

level. 

The ROT samples were dominated by bacterial representatives of Herpetosiphonaceae 

(13.4%), Planctomycetaceae (9.5%) and Comamonadaceae (5.7%), while 3% of the reads 

could not be assigned. The ROT samples were dominated by Herpetosiphon, a 

chemoheterotrophic bacterium present in freshwater, marine and soil environments 

(Quinn and Skerman 1980, Hanada 2014), representing more than 13.4% of the total 

reads. The same genus was found in the FRS samples as well. Alongside it, Pirellula, 

Rhizobium and an undescribed member of the family Caldilineaceae were the most 
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abundant taxa (> 4%). Furthermore, Sphingobium, Ideonella and Flavobacterium, 

commonly found in soil and aquatic systems, and plant-associated habitats (Noar and 

���—�…�•�Ž�‡�›�� �t�r�r�{�á�� �
�Ž�ƒ�‡�•�‡�”�� �ƒ�•�†�� ���¡�•�’�ˆ�‡�”�� �t�r�s�v�á�� ���ƒ�ä�•�‹�‡�™�‹�…�œ�� �ƒ�•�†�� ���”�œ�›�•�‘�™�•�•�ƒ�� �t�r�s�v��, were 

present as well, while commonly found in the rhizosphere, Pseudomonas (Dennert et al. 

2018), were only present in low abundance. In contrast to the highly diverse bacterial 

community, we found the archaeal community dominated by a similar archaeal 

community composition as already found in the biofilter. 

Fresh (FRS) and digested sludge (DIS and RSS) 

Fresh sludge (FRS) sampled as the outflow from radial flow settler and samples from 

anaerobic digester (DIS and RSS) showed an evident change in microbial community 

composition during the experimental period for both archaeal and bacterial communities 

(Figure 3). Furthermore, changes in numbers of present taxa were observed between the 

first sampling in calendar week 27 and the last sampling in calendar week 39 (Figure S6). 

The steady increase of biodiversity over the experimental period can be explained by the 

slow and gradual development of anaerobic communities as reported by Goux et al. 

(2016). 

The archaeal community of the DIS samples was dominated by the archaeal families 

Methanobacteriaceae, Methanosarcinaceae and Methanoregulaceae. Relative abundances 

were recorded at 27%, 47%, and 15% at the first sampling and 79%, 10% and 2% at the 

last sampling, for each family, respectively. A similar pattern was observed for RSS 

samples. While FRS samples showed an increase of Methanobacteriaceae and a decrease 

of Methanoregulaceae as well, but the abundance of Methanosarcinaceae was stable over 

time. In the anaerobic digestion process, two groups of microorganisms are classified 

depending on the primary metabolic pathway used to produce biogas. Acetoclastic 

methanogens, as members of the family Methanosarcinaceae, produce methane from 

acetic acid, while hydrogenotrophic methanogens, as members of the family 

Methanobacteriaceae, produce methane from hydrogen and carbon dioxide (Song et al. 

2010, Liu et al. 2016). The dominance of one group over the other is related to the 

environmental conditions. Conditions such as increased levels of ammonium, high volatile 

fatty acid (VFA) concentrations and high-solids environment are favorable for 
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hydrogenotrophic organisms, while the presence of acetate, lower ammonium 

concentrations and lower salt concentration environments promote the growth of often 

dominated acetoclastic methanogens (Franke-Whittle et al. 2014, Liu et al. 2016, Stams et 

al. 2019). As only supernatant was removed from the anaerobic digester during the 

experimental period, solids were accumulating in the anaerobic digester over time. The 

resulting increase in ammonium, solids and potentially VFAs, may explain the dominance 

shift from acetoclastic methanogens to hydrogenotrophic methanogens. 

The bacterial community in the DIS samples was dominated by the phyla Bacteroidetes, 

Firmicutes, Proteobacteria and Fusobacteria with relative abundances of 47%. 19%, 7% 

and 19%, respectively at the beginning and 27%, 28%, 22% and 3% respectively at the 

end of the experimental period. The same pattern was observed for the bacterial 

community in FRS and RSS samples. The dominance of Bacteroidetes, Firmicutes and 

Proteobacteria in anaerobic digesters is known (Sun et al. 2015, Liu et al. 2016, 

Nsanzumukiza et al. 2018, Shin et al. 2019) as bacteria from these groups conduct 

hydrolytic and acidogenic functions within the anaerobic digestion processes. 

Fusobacteria, originating from fish feces, on the other hand, has been associated with 

acidogenic and fermentative functions in sludge originating from aquaculture (Saito et al. 

2017) and piggery slurries (Pampillón-González et al. 2017). The shift in community 

composition during the experimental period shows an increase in Proteobacteria and 

Firmicutes population and at the same time, the reduction of Bacteroidetes and 

Fusobacteria. The change in bacterial community composition may be partially explained 

by the possible VFA accumulation in the digester. Accumulation of VFA suggests that 

fermentation activity, in which Fusobacteria are involved, was followed by the promotion 

of Proteobacteria, which are dominant among VFA-utilizing communities in the sludge 

(Ariesyady et al. 2007, Guo et al. 2015). 

Results showed that the bacterial communities were distinct between different 

compartments (ADONIS R2 = 0.64, p < 0.001). The same was shown for the archaeal 

dataset (ADONIS R2 = 0.73, p < 0.001). Overall, we could predict the origin of the bacterial 

dataset samples with an error rate of less than 5%, while the error rate for the archaeal 

primer set was higher (38%). Clearly, differing community structures within 

compartments were observed through MDS of both datasets (Figure S7). 
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Influence of the environmental parameters on the microbial community 

To assess the influence of environmental conditions on the microbial community, the 

measured abiotic parameters with the most relevant nutrients were correlated with 16S 

rRNA bacterial community and plotted in a 2-dimensional matrix (Figure 4). The fish feces 

samples had to be excluded from this analysis as these samples were not chemically 

analyzed. The results explain more than 39% variation in the community. Ammonium, 

phosphate and electrical conductivity showed a strong influence in anaerobic 

compartments, while dissolved oxygen, nitrate and sulfate showed strong influence in 

aerobic compartments. Combining environmental parameters with microbial data was 

able to show significant differences between aerobic and anaerobic compartments as 

already observed before (Chapter 2) and confirming the results of this study. 

Figure 4. Constrained Analysis of Principal Coordinates of the bacterial community structure in different 
compartments of the aquaponic system (FTW, fish tank wall surface; HPS, sump surface; HTS, hydroponic 
table surface; BFO, biofilter material; ROT, roots; FEC, fish feces; FRS, settled fresh sludge; DIS, digested 
sludge; RSS, supernatant of digested sludge returned back to the system) within 12-week experimental 
period based on Bray-Curtis distance with the abiotic parameters and most relevant water chemistry 
parameters. 
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Nitrogen cycle-related taxa  

One of the best-studied processes of the nitrogen cycle is nitrification. In the nitrification 

process, ammonium oxidizing bacteria, ammonium oxidizing archaea and nitrite 

oxidizing bacteria are involved (Hu and He 2017). Furthermore, COMAMMOX bacteria, i.e. 

Nitrospira spp., can perform complete nitrification (Daims et al. 2015). In this study, BFO 

samples contained large numbers of Nitrospira (4.9%), with the same genus, also found 

in the hydroponic compartment samples HPS (2.4%) and HTS (1.6%). This would support 

the assumption that the nitrification process also occurs in these parts of the aquaponic 

system (Chapter 2, Chapter 3). An unknown genus of the Nitrosomonadaceae family, 

comprising the genera Nitrosomonas, Nitrosolobus and Nitrosospira, all known as 

organisms capable of nitrification (Prosser et al. 2014), was most abundant in HPS (2.4%), 

whereas their abundance in the BFO samples was lower (1.5%). Furthermore, a possible 

ammonia-oxidizing archaeon from phylum Thaumarchaeota (Pester et al. 2011, 

Stieglmeier et al. 2014) was present at very low numbers in the BFO and HTS samples. 

Potential nitrogen-fixing Rhizobium and Devosia (Fischer 1994, Rivas et al. 2002) were 

found on the lettuce roots, while Bradyrhizobium (Fischer 1994) occurred at higher 

counts within HTS samples. Next to well-known nitrogen fixing bacteria, 

Novosphingobium, a bacterium associated with plant and freshwater habitats (Glaeser 

and Kämpfer 2014) and for which some strains are known to fix nitrogen (Addison et al. 

2007), was found in high abundance in the BFO samples (5.4%). A nitrogen-fixing 

archaeon of the family Methanosarcinaceae (Oren 2014b) was present in high abundance 

in all anaerobic samples. 

Denitrification, anaerobic ammonium oxidation (ANAMMOX) and dissimilatory nitrate 

reduction to ammonium (DNRA) are nitrate respiration pathways in the microbial 

nitrogen cycle. While denitrification and ANAMMOX pathways produce dinitrogen and 

nitrous oxide gas as an end product, thus leading to loss of dissolved nitrogen from water, 

DNRA retains dissolved nitrogen by recycling nitrate to ammonium (Song et al. 2014, Bu 

et al. 2017). Denitrification is carried out by various facultative heterotrophic bacteria and 

archaea, such as Azospira, Vogesella, Clostridium, Acidovorax, Flavobacterium, 

Hydrogenophaga and Thermomonas (Caskey and Tiedje 1980, Mergaert et al. 2003, 
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Hoshino et al. 2005, Bellini et al. 2013, Adrados et al. 2014, Rossi et al. 2015, He et al. 

2018b), which were observed in the sludge samples. Despite the relatively large 

phylogenetic distance, all ANAMMOX organisms belong to the same order, Brocadiales 

(van Niftrik and Jetten 2012), of which Candidatus Brocadia was observed in the FTW 

samples. In environments such as the anaerobic digester, with high salinity, high carbon 

to nitrate ratios, high concentrations of sulfide and elevated temperature, 

microorganisms favor the DNRA pathway over denitrification (Giblin et al. 2010, Dong et 

al. 2011, Schmidt et al. 2011, Song et al. 2014, Bu et al. 2017). Microorganisms capable of 

the DNRA pathway such as Desulfovibrio, Ignavibacterium and undescribed members of 

the families Draconibacteriaceae, Holophagaceae, and Caldilineaceae (Song et al. 2014, 

Han et al. 2020, Pandey et al. 2020) were observed in sludge samples, with higher 

ammonium concentrations (Chapter 3 – Table S3). 

CONCLUSIONS 

The findings reported above have shown distinct differences in community composition 

between compartments of the aquaponic system, giving insight into spatial and temporal 

distribution, which is likely a result of specific environmental conditions and nutrient 

abundances (Chapter 2, Schreier et al. 2010). Higher community diversity was observed 

in the aerobic loop of the system, likely due to the milder prevailing environmental 

conditions. Anaerobic communities were not limited only to the anaerobic compartments 

as members of the anaerobic communities were also detected in the aerobic parts of the 

system. This can be explained by the connected water loop and analysis method, as the 

method was limited to determining the presence of specific microorganisms and their 

localized distribution within the system, disregarding their activity. Thus, future research 

dealing with the isolation and quantitative assessment of active microbial populations 

and gene expression for specific biological processes, such as the nitrogen cycle-related 

pathways, methanogenesis and sulfate reduction (Schreier et al. 2010), is necessary. 
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SUPPLEMENTARY INFORMATION 

Supplementary methods 

Microbial sampling 

Prior to the 12-week experimental period with three lettuce cycles, an additional lettuce 

cycle was conducted to ensure systems stability. Samples representing the biofilm in the 

fish tank (FTW), sump (HPS) and hydroponic table (HTS) were scraped directly off the 

system surface using a cotton swab 10 cm below the water surface. The moving-bed 

biofilter material (BFO) was sampled by collecting around 20 biocarriers in a 50 mL 

Falcon tube. The sampling of the lettuce roots (ROT) was done by cutting a few fine roots 

from three randomly selected lettuce plants (beginning, middle, and end) from each 

replicate system. Fish feces (FEC) were obtained by catching one fish per system, and 

anesthetization (150 mg MS-222 L-1) in a separate bucket, prior to stripping fresh feces 

directly from the gut. Fish were put back to the system after the stripping and gaining 

their full consciousness. To obtain samples of microbial community present in fresh 

sludge (FRS), digested sludge (DIS) and the supernatant of digested sludge returned to 
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the system (RSS), 1.5 mL of each was collected by cutting the top of the pipette tip. Solid 

sludge remainders were not sampled to avoid mixing of the digester. The material used 

for the microbial analysis is summarized in Table S2. All samples were immediately 

transferred to a tube and placed into a polystyrene box containing cooling elements until 

the end of the sampling and then stored at -20°C until further analysis. 

Sampling for water and sludge analysis 

Water samples for chemistry analysis were taken parallel to microbial samples. Samples 

were taken on 13 different locations as described in Figure 1. Abiotic parameters 

(temperature, electrical conductivity, pH, dissolved oxygen) were taken on the spot using 

Probe PHC10103 & HQ40d portable multimeter (Hach Lange, Loveland, Colorado, United 

States), while samples for nutrient determination were collected, stored in Falcon tubes, 

put into a cooled polystyrene box until the end of the sampling and stored at-20°C prior 

further analyses. To analyze nutrient concentrations, ion chromatography (Na+, NH4+, K+ 

Ca2+, Mg2+, Cl-, NO2-, NO3-
 , PO42-, SO42-), inductively coupled plasma optical emission 

spectroscopy (B, Mo, Cu, Fe, Mn, Zn) and Kjeldahl digestion (Norg) were used. The sample 

preparation and analytical methods used are described in Chapter 3. 

Library preparation 

First-step PCR amplifications were performed in a final reaction volume of 25 µL 

(Table S4). The amplifications were run in a Labcycler PCR machine (SensoQuest, 

Göttingen, Germany) using program: Initial denaturation at 95°C for 5 min followed by 24 

cycles at 98°C for 20 s, primer annealing at 54°C for 15 s and primer extension at 72°C for 

15 s, followed by a final extension at 72°C for 5 min. While for the archaeal primer set, 25 

cycles with an annealing temperature of 53°C were used. Reactions were held at 4°C until 

further analysis. Amplicons were purified with self-made solid phase reversible 

immobilization beads (Genetic Diversity Center, ETH Zurich, Switzerland) at a ratio of 0.8 

to the reaction volume. Following clean-up, the amplicons were uniquely barcoded using 

dual-indexing with a Nextera XT Index kit v2 (Illumina, San Diego, CA, United States). 

Second-step PCR amplifications were performed in a final reaction volume of 50 µL 

(Table S5). The amplifications were run in a Labcycler PCR machine (SensoQuest) using 
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the following program: Initial denaturation at 95°C for 3 min followed by 10 cycles at 95°C 

for 30 s, 55°C for 30 s and 72°C for 30 s, followed by a final extension at 72°C for 5 min. 

Reactions were held at 4°C until further analysis. Amplicon purification was done as 

described above. The concentration of purified amplicon DNA was measured using the 

Qubit™ dsDNA BR Assay Kit (Thermo Fisher Scientific, Waltham, MA, United States) on a 

Spark® multimode microplate reader (Tecan, Männedorf, Switzerland). Samples were 

normalized and pooled into two libraries to generate bacterial and archaeal datasets. 

Prior to denaturation and loading of the libraries as described in the Illumina protocol 

Part #15044223 Rev. A, amplicon size and quality were verified on a 2200 Tape Station 

(Agilent, Santa Clara, CA, United States) and DNA concentration measured with Qubit™ 

fluorometer (Thermo Fisher Scientific). 

Supplementary t ables 

Table S1. Timing of the lettuce growth cycles and sampling of the three aquaponic trials. 

Lettuce 
cycle 

Lettuce 
seedinga 

Lettuce 
transplantation b 

Start sampling  End sampling  
Lettuce 
harvest  

Pre-trial  Week 17, 2017 Week 22, 2017 - - Week 24, 2017 

1st cycle Week 23, 2017 Week 26, 2017 Week 27, 2017 Week 29, 2017 Week 29, 2017 

2nd cycle Week 27, 2017 Week 30, 2017 Week 31, 2017 Week 34, 2017 Week 34, 2017 

3rd cycle Week 33, 2017 Week 36, 2017 Week 37, 2017 Week 39, 2017 Week 39, 2017 
 

a Pelleted lettuce seeds were seeded into rockwool cubes. 
b As lettuce roots reached the length of approx. 5 cm lettuces were transplanted into the aquaponic systems. 

Table S2. Microbial sampling and material used. 

Microbial 
sample 

Sample type 
Material used at the 

sampling  

Material used for 
sample preparation 

before DNA extraction  

FTW, HPS, HTS  
Scrubbed biofilm 
(approx. 100 cm2) 

Cotton swab, 2 mL tube 1.5 mL of ultrapure water 

BFO Biocarrier biofilm  50 mL Falcon tube 40 mL of ultrapure water 

FRS, DIS, RSS Sludge 2 mL Eppendorf tube - 

ROT Root 50 mL Falcon tube 40 mL of ultrapure water 

FEC Fresh fish feces 2 mL Eppendorf tube - 
 

Abbreviations: FTW, fish tank wall surface; HPS, sump surface; HTS, hydroponic table surface; BFO, biofilter material; ROT, roots; FEC, 
fish feces; FRS, settled fresh sludge; DIS, digested sludge; RSS, supernatant of digested sludge returned back to the system. 
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Table S3. Used bacterial and archaeal primers with respective overhang adapters. 

Primer name  Primer  

B
ac

te
ria

l p
rim

er
s 

27F_nex0 TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG TAGAGTTTGATCCTGGCTCAG 

27F_nex1 TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG NTAGAGTTTGATCCTGGCTCAG 

27F_nex2 TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG NNTAGAGTTTGATCCTGGCTCAG 

27F_nex3 TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG NNNTAGAGTTTGATCCTGGCTCAG 

534R_nex0 GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGTATTACCGCGGCTGCTGG 

534R_nex1 GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGNTATTACCGCGGCTGCTGG 

534R_nex2 GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGNNTATTACCGCGGCTGCTGG 

534R_nex3 GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGNNNTATTACCGCGGCTGCTGG 

A
rc

ha
ea

l p
rim

er
s 

Arch516F_nex0 TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGTTGYCAGCCGCCGCGGTAAHACCVGC 

Arch516F_nex1 TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGNTTGYCAGCCGCCGCGGTAAHACCVGC 

Arch516F_nex2 TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGNNTTGYCAGCCGCCGCGGTAAHACCVGC 

Arch516F_nex3 TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGNNNTTGYCAGCCGCCGCGGTAAHACCVGC 

Univ806R_nex0 GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGTGGACTACHVGGGTWTCTAAT 

Univ806R_nex1 GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGNTGGACTACHVGGGTWTCTAAT 

Univ806R_nex2 GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGNNTGGACTACHVGGGTWTCTAAT 

Univ806R_nex3 GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGNNNTGGACTACHVGGGTWTCTAAT 

Table S4. First-step PCR amplification with a final reaction volume of 25 µL. 

Item  
Final 

volume  
2× KAPA HiFi HotStart Ready Mix (KAPA Biosystems Inc., Wilmington, MA, United States) 12.5 µL 
Forward primer (10  µM) 0.75 µL 
Reverse primer (10 µM) 0.75 µL 
PCR grade water 10 µL 
Template DNA 1 µL 

Table S5. Second-step PCR amplification with a final reaction volume of 50 µL. 

Item  
Final 

volume  
2× KAPA HiFi HotStart Ready Mix (KAPA Biosystems Inc., Wilmington, MA, United States) 25 µL 
Nextera XT Index 1 primer v2 (Illumina, San Diego, CA, United States) 5 µL 
Nextera XT Index 2 primer v2 (Illumina) 5 µL 
PCR grade water 10 µL 
Template DNA 5 µL 
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Supplementary figures 

Figure S1. Rarefaction curves of bacterial (A, B) and archaeal primer set (C, D) for all samples within a 12-
week experimental period in different compartments of the aquaponic system (FTW, fish tank wall surface; 
HPS, sump surface; HTS, hydroponic table surface; BFO, biofilter material; ROT, roots; FEC, fish feces; FRS, 
settled fresh sludge; DIS, digested sludge; RSS, supernatant of digested sludge returned back to the system), 
where A and C represent rarefaction curves of raw counts while B and D present rarefaction curves after 
combining ZOTUs on the genus level and removing lowest 0.005% of the ZOTUs. 
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Figure S2. Alpha diversity of bacterial (A), archaeal primer set (B) and archaeal primer set only with 
archaeal reads (C) compared between different compartments of the aquaponic system. Abbreviations: 
FTW, fish tank wall surface; HPS, sump surface; HTS, hydroponic table surface; BFO, biofilter material; ROT, 
roots; FEC, fish feces; FRS, settled fresh sludge; DIS, digested sludge; RSS, supernatant of digested sludge 
returned back to the system. 
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Figure S3. 16S clustering within different compartments of the aquaponic system (FTW, fish tank wall 
surface; HPS, sump surface; HTS, hydroponic table surface; BFO, biofilter material; ROT, roots; FEC, fish 
feces; FRS, settled fresh sludge; DIS, digested sludge; RSS, supernatant of digested sludge returned back to 
the system), where bacterial clustering (A) could predict the origin of the sample with less than 5% error 
rate and archaeal clustering (B) with more prominent, 38% error rate. FEC samples were excluded from 
archaeal analysis due to low counts. 
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Figure S4. Sequencing reads of archaeal primer set, full dataset (A), archaeal reads (B) and bacterial reads 
(C) for all samples within a 12-week experimental period in different compartments of the aquaponic
system (fish tank wall surface: A013 – A030; biofilter material: A031 – A048; sump surface: A049 – A066;
hydroponic table surface: A067 – A084; roots: A085 – A102; fish feces: A103 – A120; fresh sludge: A121 –
A138; digested sludge: A139 - A156; supernatant of digested sludge returned back to the system: A157 -
A174).
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Figure S5. Reads assigned to the bacterial community (A) and archaeal community (B) using archaeal 
primer set for all samples within a 12-week experimental period in different compartments of the 
aquaponic system (fish tank wall surface: A013 – A030; biofilter material: A031 – A048; sump surface: A049 
– A066; hydroponic table surface: A067 – A084; roots: A085 – A102; fish feces: A103 – A120; fresh sludge:
A121 – A138; digested sludge: A139 - A156; supernatant of digested sludge returned back to the system:
A157 - A174).
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Figure S6. Alpha diversity of bacterial community for sludge samples combined (settled fresh sludge, 
digested sludge, supernatant of digested sludge returned to the system) compared between sampling 
weeks. 
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Figure S7. Multidimensional scaling (MDS) plot of bacterial (A) and archaeal (B) primer set composition 
based on Bray-Curtis dissimilarity between samples with 95% confidence eclipses in different 
compartments of the aquaponic system (FEC samples were excluded from archaeal analysis due to low 
counts. Abbreviations: FTW, fish tank wall surface; HPS, sump surface; HTS, hydroponic table surface; BFO, 
biofilter material; ROT, roots; FEC, fish feces; FRS, settled fresh sludge; DIS, digested sludge; RSS, 
supernatant of digested sludge returned back to the system).
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GENERAL DISCUSSION 

The rapid environmental changes in recent years have created a demand for more 

efficient agricultural systems (Junge et al. 2017). However, increasing agricultural food 

production efficiency is linked to our dependency on the nitrogen cycle, whose disruption 

both impacts the environment and yields (de Vries et al. 2013). Thus, our present 

knowledge of the nitrogen cycle affects our capacity to use it sustainably. In this 

dissertation, experiments were performed using a closed-loop aquaponic system 

(Chapter 1), as the compartmentalization of the systems biological processes allows for 

the study of complex interactions between nitrogen cycle-associated phenomena and 

prevailing environmental conditions, presenting an ideal model for other soilless 

agricultural processes. 

Main findings of this dissertation  

Initial study findings confirmed marked differences between the community structures of 

aerobic and anaerobic biofilms (Chapter 2), showing relationships between the biofilm 

communities (archaea and bacteria), local nutrient concentrations and water quality 

parameters across different system compartments. The largest differences in community 

composition were observed between the aerobic (fish tank, biofilter, sump and 

hydroponic table) and anaerobic loop of the system. The aerobic loop was characterized 

as a highly diverse environment (Chapter 4), while biofilms in the anaerobic loop 

contained a more specialized, less diverse microbial community, accommodating the 

reduction of nitrate, iron and sulfate and production of methane (Chapter 2 and 

Chapter 3). Furthermore, while the aerobic and anaerobic loops strongly differed in 

electrical conductivity, redox potential, oxygen saturation, total organic carbon and total 

nitrogen, the radial flow settler, which connects the aerobic to the anaerobic system loop, 

shared conditions of both loops. By combining the abiotic parameters with the microbial 

data, up to 80% and 38% of variability for bacteria and archaea, respectively, could be 

explained (Chapter 2). Of all the abiotic parameters, the electrical conductivity showed a 

strong correlation on both bacterial and archaeal communities, while other abiotic 
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parameters played less prominent roles. Overall, the bacterial community displayed 

higher Shannon diversity, while archaeal data showed higher Simpson dominance, 

indicating lower diversity but higher archaeal species abundance compared to bacteria. 

The findings indicate possible compartmental functions, while they gave first insight into 

the correlation between microbial diversity and environmental parameters. To draw 

further conclusions, knowledge regarding the genetic characterization of the microbial 

communities using next-generation sequencing (Chapter 4) was necessary. 

To obtain data to support the findings regarding compartment-specific microbial 

community diversity and insight into environmental conditions within the system 

(Chapter 2). Changes in individual nitrogen compound concentrations, as well as relevant 

abiotic parameters, which could influence community performance and steer metabolic 

processes within individual sections of the aquaponic system were investigated via two 

sequential samplings (Chapter 2) and for three lettuce production cycles (Chapter 3). 

Evaluation of measured abiotic parameters and different nitrogen forms using principal 

component analysis was able to explain more than 68% of the data variation, even though 

total organic carbon and redox potential were not measured in this experiment. It 

demonstrated that concentrations of different nitrogen forms, ratios between them and 

abiotic parameter values varied amongst compartments, especially between the aerobic 

and anaerobic loop, with the radial flow settler, responsible for connecting the two, 

showing a blend of conditions found in both loops. Between the compartments of the 

aerobic loop, water parameters did not differ much, which was expected as water is 

continually cycling between the compartments (Chapter 1). The findings imply that 

environmental pressures within the compartments dictate the fate of nitrogen forms 

through the creation of unique microenvironments (Chapter 3). 

Hence, different compartments represent their own microenvironment responsible for 

specific microbial processes supporting nitrogen transformations (Chapter 2), with 

anaerobic compartments displaying higher ammonium and organic nitrogen 

concentrations and aerobic compartment samples containing higher nitrate 

concentrations. This demonstrates that the nitrogen cycling in aquaponics can be 

influenced by the system design, nitrogen conservation, prevention of undesirable 
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nitrogen species accumulation, and reduction of nitrogen pollution to the environment 

through the reuse of wastewater streams (Chapter 3). 

To identify the microbial communities that have the potential to convert specific nutrients 

and catalyze nitrogen transformations within the system, metagenomic analysis of the 

bacterial and archaeal communities and their composition throughout the individual 

compartments of the system was conducted (Chapter 4). Findings confirmed the already 

observed differences in community composition between compartments and gave a 

highly detailed insight into their spatial and temporal distribution during three lettuce 

production cycles. Furthermore, the results suggest that community composition is likely 

the result of environmental pressures and profiles of dissolved nutrients within the 

compartments of the system, in line with the results of Chapter 2 and Chapter 3. Higher 

community diversity observed within the hydroponic compartments was linked to high 

dissolved oxygen content, lower electrical conductivity, total nitrogen and total organic 

carbon, while lower diversity in the sludge related compartments was the result of low 

dissolved oxygen content, high electrical conductivity, total nitrogen and total organic 

carbon. When comparing bacterial and archaeal communities, the former had a tenfold 

larger number of observed taxa, indicating higher bacterial diversity and confirming the 

results of Chapter 2. 

Results in Chapter 4 also showed differences in community composition across the 

compartments of the aerobic loop, despite these displaying significant differences in 

dissolved nutrient and water quality profiles (Chapter 3). These findings suggest that 

water column sampling or an exclusive focus on chemical analysis of the system does not 

give a complete picture of the processes taking place within the system. Furthermore, 

anaerobic communities could be detected within the biofilm communities in the aerobic 

parts of the system. This could potentially be explained by the biofilm thickness, as 

increased thickness limits  oxygen diffusion resulting in anaerobic conditions (Suarez et 

al. 2019), the interconnectedness of the aerobic and anaerobic loops, and the choice of 

analysis method, which itself was limited to determining localized species presence, 

disregarding their metabolic activity (Aguiar-Pulido et al. 2016). 
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In addition to the presence of highly diverse microbial communities, variations in 

nitrogen-related communities between compartments were observed. As examples, a 

high abundance of COMAMMOX Nitrospira was seen in the biofilter, while a high 

abundance of an unknown genus of the family Nitrosomonadaceae was observed in the 

hydroponic part of the system. The latter fact is suggesting that the hydroponic part plays 

a larger role in the nitrogen cycle within the system than previously assumed. These 

findings are supported by the results of chemical analyses, as well as the presence of 

nitrifying bacteria. It should, however, be stated that due to the unknown nature of this 

organism, we cannot confirm its role in the hydroponic compartment. 

Overall system performance 

The aquaponic system replicates were run between May 2017 and November 2018 for 

the purpose of this work. However, the systems continued operating until June 2019, 

proving long-term operational capability regarding plant and fish production for all three 

replicates (Chapter 1). As mentioned in Chapter 3, long-term operation showed the 

accumulation of nitrogen within the system over time. This may either be due to under 

dimensioning the hydroponic table, restricting the maximum nitrogen uptake threshold, 

or, even more likely, due to lower nitrogen uptake by the plants in the system, possibly 

resulting from limitations  in other nutrients, such as iron, manganese, copper, 

molybdenum and zinc. These limitations may be the result of insufficient introduction of 

nutrients via the fish feed, which reflects the findings of most aquaponic studies, where 

the need for additional nutrient supplementation has been reported (Rakocy et al. 2006, 

Goddek et al. 2015, 2016a, Bartelme et al. 2018, Nozzi et al. 2018). Through the addition 

of these micronutrients, a nutrient limitation could be overcome, and nitrogen 

accumulation potentially mitigated (Delaide et al. 2017). Although often the cause of 

nutrient limitation, potassium and phosphorous (Bittsánszky et al. 2016) were present in 

sufficient concentrations, as plants showed no sign of potassium and phosphorous 

deficiency during operation. Regardless, it is worth mentioning that optimization of the 

productivity of the experimental systems was not the goal of this dissertation. 
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Lettuce growth and characteristics 

An alternative method to evaluate a correct system function is through the evaluation of 

product growth and characteristics. To this end, the final weight of aquaponically grown 

lettuce at the end of a growth cycle was compared to lettuce grown in a hydroponic system 

and conventional soil culture (Chapter 1). Furthermore, shelf life, physiological status 

(based on chlorophyll content, flavonol content and chlorophyll:flavonol ratio) and 

nutrient content as described in (Pérez Cortés 2018) was also evaluated. Even though 

aquaponically-grown lettuce presented lower-than-average fresh weight when compared 

to the hydroponic system (Chapter 1), it outperformed the lettuce originating from the 

other systems in terms of shelf life (Pérez Cortés 2018). Results also showed significantly 

lower chlorophyll content and chlorophyll:flavonol ratios in lettuce grown in the 

aquaponic system compared to the other two cultivation systems (Pérez Cortés 2018). 

Tissue samples originating from lettuce grown in the aquaponic system showed 

comparatively higher concentrations of calcium, magnesium, iron, copper and zinc and 

lower concentrations of nitrogen, phosphorus, manganese and molybdenum (Pérez 

Cortés 2018). 

Anaerobic digestion 

In most traditional recirculating aquaculture systems, up to 40% of the feed ingested by 

fish can be excreted as solids (Chen et al. 1997, Timmons and Ebeling 2010). These solids 

are then removed from the system in the form of sludge and discarded either directly 

(Schmautz et al. 2017b) or following dewatering (Schmautz et al. 2016, Monsees et al. 

2017). Anaerobic digestion poses as an attractive alternative to treat aquaculture solids, 

reducing their volume (Mirzoyan et al. 2010, Delaide et al. 2019), recycling nutrients for 

fertigation (Goddek et al. 2016b) and reducing the overall environmental footprint 

(Goddek et al. 2015, Delaide et al. 2018), while allowing for intensification (Delaide et al. 

2019). Although we did not optimize the anaerobic digesters used in this study, it was 

possible to significantly improve nutrient cycling, especially for phosphorus, boron and 

manganese, which were returned in high concentrations to the water loop. On the other 

hand, sulfate presence could be reduced (Chapter 3), where concentrations of 3.1 mg L-1 

were found in the digested sludge, as opposed to 43.7 mg L-1 in the system water 
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measured in the fish tank. The sulfur was probably immobilized in a mineral form (e.g. 

FeS) in the remaining sludge in the digester (Wilfert et al. 2020). 

Thus, research into this promising process and its automation (as a transfer of biological 

material to and from the digester was still done manually) could prove extremely 

beneficial (Mirzoyan et al. 2010, Goddek et al. 2016b, Monsees et al. 2017, Delaide et al. 

2018, 2019). Furthermore, anaerobic sludge and its digestion is not restricted to closed-

loop aquaponic system application, but may also be used in other production systems and 

for energy production (Delaide et al. 2019), as methane may be synthesized by the 

methanogens identified in the microbial population of the digesters (Chapter 4). As we 

did not capture the methane in this study, we do not know how much was produced over 

time. However, as part of the carbon cycle, it would be interesting to know how much 

carbon was channeled to methane production. 

Connection to other nutrient cycles 

Nitrogen and nitrogen cycling, the focus of this dissertation, remains fundamentally 

important for crop production within an aquaponic system. However, as mentioned in 

Chapter 2 and Chapter 3, other complementary nutrient cycles, such as the phosphorus 

and sulfur cycles, cannot be disregarded in the context of aquaponics, as they also play a 

critical role in crop and animal growth and understanding ecosystem function (Cordell et 

al. 2009, Dodds and Whiles 2010b, Cordell and White 2014). Changes in phosphorus and 

sulfur concentrations within the aquaponic system showed that 41% of phosphorus 

added to the system via fish feed and tap water was absorbed by the fish, while 8% was 

absorbed by plants, 27% accumulated in the system water, while 24% was lost to 

deposition in the system. Furthermore, findings showed higher concentrations of ortho-

phosphate in digested sludge (up to 55% of total phosphorus), compared to fresh 

undigested sludge (up to 10% of total phosphorus) (Gartmann 2018), again indicating the 

importance of the digester to overall nutrient utilization and recycling. A comparison 

between phosphorus content between aquaponic and hydroponic grown lettuce showed 

that the phosphorus content of lettuce, whether grown in hydroponics (1.1% of dry 

matter) or aquaponics (1.0% of dry matter) system, was similar (Zarzoza Mora 2018). 

This suggests that aquaculture effluents, nutrient-rich system water and the supernatant 
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effluent from the anaerobic digester could potentially replace conventional phosphorus 

supplementation while maintaining yields and product quality, as phosphorus supply 

from the environment is often limiting to worldwide crop production (Elser 2012). 

Next to the phosphorus cycle, the sulfur cycle also plays an important role, as certain 

water quality problems revolve around sulfide contamination (Vaiopoulou et al. 2005). 

Furthermore, sulfur is coupled to inorganic metal cycles such as those of iron and 

manganese, thus indirectly influencing the phosphorous cycle. Results showed that the 

lowest concentrations of sulfur, present as sulfate, were located in system water 

originating from the hydroponic table compartment of the aquaponic system, 

demonstrating the uptake of sulfur-containing compounds by plants (Bohny 2018). 

Elimination of sulfate from the system also took place through its reduction under 

anaerobic conditions. However, this process only takes place once soluble iron, such as 

Fe3+, has been sufficiently reduced to Fe2+ (Christensen et al. 2000), allowing for the 

formation of poorly soluble iron sulfide. This supports the findings of Chapter 3, where 

soluble iron concentrations of 0.05 mg L-1 were found in the digested sludge, as opposed 

to 0.14 mg L-1 in the fresh sludge. The concentrations of the micronutrients molybdenum 

and manganese were mostly below the detection limit (Chapter 3). 

Future perspectives  

Comparison of microbial communities to hydroponic systems, recirculating 

aquaculture and soil cultivation 

Coupled processes, such as the model aquaponic systems used for this dissertation, are 

only recently receiving academic attention. Hence, little research is available on the 

microbial communities within the system and a comparison to other agricultural 

production systems (Bartelme et al. 2019, Eck et al. 2019) is lacking. While plant 

production yields in aquaponics have shown to be superior to soil and hydroponic 

systems (Rakocy et al. 2004, Delaide et al. 2016), independent data supporting these 

findings and the role of microorganisms in this processes remain scarce. Furthermore, it 

has been shown that nutrient supplemented aquaculture water promotes plant growth 
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better than the nutrient solutions in hydroponics (Delaide et al. 2016), this could very 

likely be due to the different microorganisms present therein. The results, therefore, 

suggest that these potentially beneficial microorganisms could support the production of 

high-quality vegetables or fruit for human consumption if mineral and nutrient 

accumulation can be avoided within the system and optimal nutritional availability 

ensured (Schmautz et al. 2016). 

Genes involved in the nitrogen cycle and active microbial communities 

The nitrogen cycle comprises numerous oxidative and reductive reactions, catalyzed by 

enzymes corresponding to specific genes present in diverse polyphyletic groups of 

microorganisms, including bacteria, archaea and fungi (Correa-Galeote et al. 2014, 

Kuypers et al. 2018). As a broad diversity of organisms are involved in the nitrogen 

transformations, a 16S rRNA phylogeny-based approach to study microbial populations 

is not always possible. Extraction of the DNA followed by PCR amplification of genes that 

encode the functional enzymes can be used to study which genes are functionally 

important (Jin et al. 2010, Correa-Galeote et al. 2014, Pjevac et al. 2017, Alves et al. 2018). 

The fluorescence-based quantitative real-time PCR has proven useful for the 

quantification of genes present in aquaponic systems (Zou et al. 2016b, Bartelme et al. 

2017, 2019, Wongkiew et al. 2018a). However, until now, these studies only focused on 

the most important nitrogen transformation genes, such as those responsible for 

nitrification and denitrification, leaving open the question of whether other genes, 

responsible for ANAMMOX, N2-fixation and dissimilatory nitrate reduction to ammonium, 

are present and play a role within the system. Results of the initial study on gene 

quantification (Jamšek 2020), found the presence of ANAMMOX genes in the fish tank 

biofilm, confirming the results of Chapter 4, where Candidatus Brocadia was observed in 

the same samples. Additionally, the study by Jamšek (2020) aimed to demonstrate a 

correlation between environmental parameters and the presence of specific genes 

involved in the nitrogen cycle. A gene associated with nitrification, amoA, was found in 

high abundance in the biofilter material and showed a negative correlation to ammonium 

and the genes involved in the denitrification process (nirS, napA and norB), whilst 

showing a positive correlation to nitrate. Conversely, denitrification genes showed a 
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negative correlation to dissolved oxygen and nitrate as ammonium was high in the 

anaerobic digester and nitrate high in aerobic compartments (Chapter 3). Thus, the 

presence of genes likely responsible for the nitrification processes, taking place in the 

aerobic compartments such as biofilter, and denitrification processes in anaerobic 

digester could be established. 

Although DNA-based analysis is useful for examination of the overall community 

population presence, it does not give us the information on whether the microorganisms 

are active. As an alternative, metatranscriptomics can be used to detect active 

microorganisms (Chandhini and Kumar 2019). Metatranscriptomics reveals information 

about microbial populations that are transcriptionally active and not just identify the 

genetic content of bacterial populations, as shown in metagenomic analyses (Bashiardes 

et al. 2016). This method is often used as a more accurate indicator of viable microbial 

populations (Chakraborty et al. 2019). A critical step for the transcriptome analysis is 

isolating RNA with sufficient integrity for library production and sequencing, as impure 

or degraded RNA will perform poorly in an enzymatic application (Chandhini and Kumar 

2019). Furthermore, sufficient amounts of detectable and genomic DNA-free RNA 

concentrations are required for effective analysis to avoid false-positive results 

(Chakraborty et al. 2019). This analysis method has been extensively used in aquaculture 

to gain insight into genome‐wide and transcriptome‐wide mechanisms of biological 

processes, epigenetics, development of novel markers, phylogenetic analyses, genetic 

mapping and setting up of reference genomes (Chandhini and Kumar 2019). However, to 

our knowledge, there were no studies done on aquaponic systems. 

Biological control using beneficial organisms  

One of the main challenges associated with the operation of aquaculture, hydroponic 

and/or aquaponic systems is disease control (Sirakov et al. 2016, Bartelme et al. 2018). 

While the use of conventional pest and disease control methods are widely accepted 

general practice for traditional agricultural and aquaculture systems, this presents a 

challenge for aquaponic systems. In aquaponic systems, applied pesticides may harm the 

fish (Rakocy 2007, Bittsánszky et al. 2015), while the use of fish chemotherapeutics may 

result in their possible absorption and accumulation in plants (Rakocy 2007), 
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endangering food safety. One method to achieve disease control is through the use of 

organisms that exert inhibitory effects on fish and plant pathogens (Sirakov et al. 2016). 

Microorganisms such as Acinetobacter, Agrobacterium, Arthrobacter, Azoarcus, 

Azospirillum, Azotobacter, Bacillus, Burkholderia, Enterobacter, Klebsiella, Pseudomonas, 

Rhizobium and fungus Trichoderma are known for their plant growth-promoting 

activities, resulting from biological mechanisms such as the production of antimicrobial 

compounds and induction of resistance, and/or parasitism on plant-pathogenic 

organisms (Haas and Défago 2005, Vinale et al. 2008, Bouizgarne 2013, Sirakov et al. 

2016, Stouvenakers et al. 2019). Some of these possibly beneficial microorganisms were 

identified in the model aquaponic system used for this dissertation (Chapter 4), as well as 

in previous studies (Sirakov et al. 2016, Schmautz et al. 2017b, Eck et al. 2019). 

Nevertheless, it should be noted that some strains of previously mentioned 

microorganisms can be human pathogens as well (Holmes et al. 1998, Stover et al. 2000, 

Bottone 2010, Visca et al. 2011, Pitout et al. 2015), limiting the application of such isolates 

in aquaponic systems. 

Fungal populations are also involved in nutrient cycling 

While the focus of this dissertation was to understand the role of bacterial and archaeal 

communities in localized nitrogen cycling within an aquaponic system, the function of 

microbial eukaryotes, especially fungi, in such aquatic systems remains far less 

investigated. Hence, there is a distinct lack of knowledge regarding the abundance of these 

eukaryotes, known to play crucial roles in constructed aquatic ecosystem function 

(Lepère et al. 2019). Thus, these systems comprise largely unexplored fungal habitats 

(Grossart et al. 2019). In order to assess fungal community diversity, automated 

ribosomal intergenic spacer analysis for fungi (F-RISA) (Ranjard et al. 2001), based on the 

PCR amplification of a target region, can be used to gain insight into the diversity of fungal 

communities within these aquatic systems (Gartmann 2020). Alternatively, fungal 

communities could also be further researched by internal transcribed spacer 

metagenomics (ITS metagenomics), a method which has been receiving more attention 

recently (Wagg et al. 2019), opening the possibility of complementing diversity analyses 

with insight into fungal population composition. 
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Focus on emissions 

Regarding nitrogen cycling within an aquaponics system, the denitrification process 

remains a significant pathway, as it contributes to nitrogen losses of between 25 to 60% 

of the total N input via NO, N2O and N2 (Hu et al. 2015, Zou et al. 2016b). Furthermore, it 

was found during previous experiments that emissions of N2O, a greenhouse gas with high 

global warming potential, may represent up to 1.9% of the total nitrogen input (Hu et al. 

2012, 2015, Zou et al. 2016a). Nitrogen loss through gaseous emission is not only limited 

to the anaerobic loop of the system but can also occur under aerobic conditions 

(Wongkiew et al. 2017). While the biochemical mechanisms of N2O production in soils, 

wastewater treatment plants and some aquatic environments have been extensively 

studied, comprehensive understanding of the production mechanisms of N2O in man-

made aquatic systems is lacking, with the first insight into these processes only achieved 

through research in recent years (Zou et al. 2017, Wongkiew et al. 2018b, Yogev et al. 

2018). Further research will likely consider the development of more precise 

measurement techniques and predictive models that incorporate system design and 

spatial seasonal and climatic variabilities (Hu et al. 2012). 

Application of mic robial community findings to marine and brackish systems 

The intensification of marine aquaculture systems raises a multitude of sustainability 

issues, especially for open cage systems, where nutrients are directly discharged to the 

environment (Verdegem 2013). As integrated multi-trophic aquaculture systems gain 

industrial momentum, the use of microorganisms, such as Rhodocyclales, 

Campylobacterales, Rhodobacterales, Desulfobacterales and halophyte plants to 

bioremediate aquaculture effluents can improve overall performance and mitigate 

adverse environmental impacts of systems situated in brackish waters (Oliveira et al. 

2020), where the salt content is higher. A study of a constructed pilot -scale wetland using 

Salicornia, a halophyte, for the treatment of land-based Atlantic salmon recirculating 

aquaculture system effluents, established the presence of microbial communities 

containing Proteobacteria, Bacteriodetes, Cyanobacteria and Firmicutes present on the 

root system of the plants (Ma et al. 2018). Coincidentally, some of these phyla were also 

identified in the freshwater aquaponic system compartments (Chapter 4). However, 
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while the abundances of the Proteobacteria, Bacteriodetes and Firmicutes phyla were 

similar, differences in the abundance of Cyanobacteria between the studies was observed. 

This could be attributed to the use of UV light treatment used during the experiments for 

this dissertation. Regardless, the findings suggest that results obtained in freshwater 

systems may potentially assist in gaining insight into water treatment processes of 

industrial aquaculture systems based in brackish water. 
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CLOSING REMARKS 

An ever-increasing global population not only places pressure on political, economic and 

logistic institutions but also agricultural systems, as growing demands for food must be 

met without further damage to land and marine-based ecosystems (Alexandratos and 

Bruinsma 2012). Overcoming this global challenge may require further agricultural 

intensification, which sequentially implies that demands for nitrogen fertilizers are likely 

to grow substantially (Foley et al. 2011, Mueller et al. 2012). However, the intensification 

of unregulated nitrogen fertilization negatively impacts the environment, as it is 

responsible for the eutrophication of freshwater and estuarine ecosystems and by 

increasing the emission of volatile nitrogen forms (Zhang et al. 2015), such as nitrous 

oxide and NH3. Here, the application of aquaponic systems could present a viable 

approach to increase food production, as they reduce wastewater streams, volatile 

nitrogen emissions and finite resource depletion by closing nutrient cycles, thus reflecting 

circular economy and industrial ecology principles (Gerst et al. 2015, Brod et al. 2017). 

Through this dissertation, insight into the nitrogen cycle within such systems and the 

biotic and abiotic factors driving them could be gained and while engineers continue to 

develop technologically effective and economically viable system designs, findings show 

that biologists could potentially steer microbiological processes and improve nutrient 

cycling within these new systems. However, for the optimization of such systems, a 

further interdisciplinary collaboration between additional specialist fields, such as 

environmental and bioprocess engineering, (computational) biology and agriculture, will 

also be required. 



| 112 | 

REFERENCES

Addison, S.L., Foote, S.M., Reid, N.M., and Lloyd-Jones, G., 2007. Novosphingobium nitrogenifigens sp. nov., a 
polyhydroxyalkanoate-accumulating diazotroph isolated from a New Zealand pulp and paper 
wastewater. International Journal of Systematic and Evolutionary Microbiology, 57 (11), 2467–2471. 

Adrados, B., Sánchez, O., Arias, C.A., Becares, E., Garrido, L., Mas, J., Brix, H., and Morató, J., 2014. Microbial 
communities from different types of natural wastewater treatment systems: Vertical and horizontal 
flow constructed wetlands and biofilters. Water Research, 55, 304–312. 

Aguiar-Pulido, V., Huang, W., Suarez-Ulloa, V., Cickovski, T., Mathee, K., and Narasimhan, G., 2016. 
Metagenomics, metatranscriptomics, and metabolomics approaches for microbiome analysis. 
Evolutionary Bioinformatics, 12 (S1), 5–16. 

Al-Dawery, S.K., 2015. Conditioning process and characterization of fresh activated sludge, 10 (5), 692–711. 
Alexandratos, N. and Bruinsma, J., 2012. World agriculture towards 2030/2050: The 2012 revision. ESA 

Working paper No. 12-03. Rome, Italy: FAO. 
Ali, A., Tucker, T.C., Thompson, T.L., and Salim, M., 2001. Effects of salinity and mixed ammonium and nitrate 

nutrition on the growth and nitrogen utilization of barley. Journal of Agronomy and Crop Science, 186 
(4), 223–228. 

Al‐Rawahy, S.A., Stroehlein, J.L., and Pessarakli, M., 1990. Effect of salt stress on dry matter production and 
nitrogen uptake by tomatoes. Journal of Plant Nutrition, 13 (5), 567–577. 

Alves, R.J.E., Minh, B.Q., Urich, T., von Haeseler, A., and Schleper, C., 2018. Unifying the global phylogeny and 
environmental distribution of ammonia-oxidising archaea based on amoA genes. Nature 
Communications, 9 (1), 1517. 

Andrews, S., 2010. FastQC: A quality control tool for high throughput sequence data. 
Appels, L., Baeyens, J., Degrève, J., and Dewil, R., 2008. Principles and potential of the anaerobic digestion of 

waste-activated sludge. Progress in Energy and Combustion Science, 34 (6), 755–781. 
Ariesyady, H.D., Ito, T., and Okabe, S., 2007. Functional bacterial and archaeal community structures of major 

trophic groups in a full-scale anaerobic sludge digester. Water Research, 41, 1554–1568. 
Auchtung, T.A., Holder, M.E., Gesell, J.R., Ajami, N.J., Duarte, R.T.D., Itoh, K., Caspi, R.R., Petrosino, J.F., Horai, 

R., and Zárate-Bladés, C.R., 2016. Complete genome sequence of Turicibacter sp. strain H121, isolated 
from the feces of a contaminated germ-free mouse. Genome Announcements, 4 (2), e00114-16. 

Barker, A.V. and Pilbeam, D.J., 2015. Handbook of plant nutrition. Second edition. CRC Press. 
Bartelme, R.P., McLellan, S.L., and Newton, R.J., 2017. Freshwater recirculating aquaculture system 

operations drive biofilter bacterial community shifts around a stable nitrifying consortium of 
ammonia-oxidizing archaea and COMAMMOX Nitrospira. Frontiers in Microbiology, 8, 101. 

Bartelme, R.P., Oyserman, B.O., Blom, J.E., Sepulveda-Villet, O.J., and Newton, R.J., 2018. Stripping away the 
soil: Plant growth promoting microbiology opportunities in aquaponics. Frontiers in Microbiology, 9, 8. 

Bartelme, R.P., Smith, M.C., Sepulveda-Villet, O.J., and Newton, R.J., 2019. Component microenvironments 
and system biogeography structure microorganism distributions in recirculating aquaculture and 
aquaponic systems. mSphere, 4 (4), e00143-19. 

Bashiardes, S., Zilberman-Schapira, G., and Elinav, E., 2016. Use of metatranscriptomics in microbiome 
research. Bioinformatics and Biology Insights, 10, 19–25. 

Bellini, M.I., Gutiérrez, L., Tarlera, S., and Scavino, A.F., 2013. Isolation and functional analysis of denitrifiers 
in an aquifer with high potential for denitrification. Systematic and Applied Microbiology, 36 (7), 505–
516. 

Bender, S.F., Wagg, C., and van der Heijden, M.G.A., 2016. An underground revolution: Biodiversity and soil 
ecological engineering for agricultural sustainability. Trends in Ecology & Evolution, 31 (6), 440–452. 

Berendsen, R.L., Pieterse, C.M.J., and Bakker, P.A.H.M., 2012. The rhizosphere microbiome and plant health. 
Trends in Plant Science, 17 (8), 478–486. 

Bittsánszky, A., Gyulai, G., Junge, R., Schmautz, Z., and Komives, T., 2015. Plant protection in ecocycle-based 
agricultural systems: Aquaponics as an example. Presented at the International plant protection 
congress, Berlin, Germany. 

Bittsánszky, A., Uzinger, N., Gyulai, G., Mathis, A., Junge, R., Villarroel, M., Kotzen, B., and Komives, T., 2016. 
Nutrient supply of plants in aquaponic systems. Ecocycles, 2 (2), 17–20. 



| 113 | 

Blackwood, C.B., Hudleston, D., Zak, D.R., and Buyer, J.S., 2007. Interpreting ecological diversity indices 
applied to terminal restriction fragment length polymorphism data: Insights from simulated microbial 
communities. Applied and Environmental Microbiology, 73 (16), 5276–5283. 

Blancheton, J.P., Attramadal, K.J.K., Michaud, L., d’Orbcastel, E.R., and Vadstein, O., 2013. Insight into 
bacterial population in aquaculture systems and its implication. Aquacultural Engineering, 53, 30–39. 

Boaventura, R., Pedro, A.M., Coimbra, J., and Lencastre, E., 1997. Trout farm effluents: Characterization and 
impact on the receiving streams. Environmental Pollution, 95 (3), 379–387. 

Bohny, A.M., 2018. Microbial and chemical characterization of biofilms in an aquaponic system. Master 
thesis. ETH Zurich, Zurich, Switzerland. 

Bottone, E.J., 2010. Bacillus cereus, a volatile human pathogen. Clinical Microbiology Reviews, 23 (2), 382–
398. 

Bouizgarne, B., 2013. Bacteria for plant growth promotion and disease management. In: D.K. Maheshwari, 
ed. Bacteria in agrobiology: Disease management. Berlin, Germany: Springer, 15–47. 

Boyd, C.E., 2015. Water quality: An introduction. Second edition. Springer. 
Boyle, B., Dallaire, N., and MacKay, J., 2009. Evaluation of the impact of single nucleotide polymorphisms and 

primer mismatches on quantitative PCR. BMC Biotechnology, 9 (75). 
Branda, S.S., Vik, Å., Friedman, L., and Kolter, R., 2005. Biofilms: The matrix revisited. Trends in Microbiology, 

13 (1), 20–26. 
Brod, E., Oppen, J., Kristoffersen, A.Ø., Haraldsen, T.K., and Krogstad, T., 2017. Drying or anaerobic digestion 

of fish sludge: Nitrogen fertilisation effects and logistics. Ambio, 46 (8), 852–864. 
Bu, C., Wang, Y., Ge, C., Ahmad, H.A., Gao, B., and Ni, S.-Q., 2017. Dissimilatory nitrate reduction to ammonium 

in the Yellow River estuary: Rates, abundance, and community diversity. Scientific Reports, 7 (6830). 
Bulgarelli, D., Schlaeppi, K., Spaepen, S., van Themaat, E.V.L., and Schulze-Lefert, P., 2013. Structure and 

functions of the bacterial microbiota of plants. Annual Review of Plant Biology, 64 (1), 807–838. 
Cai, Y., Chang, S.X., and Cheng, Y., 2017. Greenhouse gas emissions from excreta patches of grazing animals 

and their mitigation strategies. Earth-Science Reviews, 171, 44–57. 
Cao, L., Wang, W., Yang, Y., Yang, C., Yuan, Z., Xiong, S., and Diana, J., 2007. Environmental impact of 

aquaculture and countermeasures to aquaculture pollution in China. Environmental Science and 
Pollution Research - International, 14 (7), 452–462. 

Carter, C.G. and Hauler, R.C., 2000. Fish meal replacement by plant meals in extruded feeds for Atlantic 
salmon, Salmo salar L. Aquaculture, 185 (3), 299–311. 

Caskey, W.H. and Tiedje, J.M., 1980. The reduction of nitrate to ammonium by a Clostridium sp. isolated from 
soil. Microbiology, 119, 217–223. 

Chakraborty, T., Mohapatra, S., Wanglar, C., and Pandey, D., 2019. Applied molecular cloning: Present and 
future for aquaculture. In: M.L. Nagpal, O.-M. B�‘�Ž�†�—�”�ƒ�á�� ���ä�� ���ƒ�Ž�–�£�á�� �ƒ�•�†�����ä�� ���•�ƒ�•�›�á���‡�†�•�ä��Synthetic biology - 
New interdisciplinary science. IntechOpen. 

Chamchoi, N. and Nitisoravut, S., 2007. ANAMMOX enrichment from different conventional sludges. 
Chemosphere, 66 (11), 2225–2232. 

Chandhini, S. and Kumar, V.J.R., 2019. Transcriptomics in aquaculture: Current status and applications. 
Reviews in Aquaculture, 11 (4), 1379–1397. 

Chen, S., Coffin, D.E., and Malone, R.F., 1997. Sludge production and management for recirculating 
aquacultural systems. Journal of the World Aquaculture Society, 28 (4), 303–315. 

Chopin, T., 2013. Aquaculture, integrated multi-trophic (IMTA). In: P. Christou, R. Savin, B.A. Costa-Pierce, I. 
Misztal, and C.B.A. Whitelaw, eds. Sustainable food production. New York, NY: Springer, 184–205. 

Christensen, T.H., Bjerg, P.L., Banwart, S.A., Jakobsen, R., Heron, G., and Albrechtsen, H.-J., 2000. 
Characterization of redox conditions in groundwater contaminant plumes. Journal of Contaminant 
Hydrology, 45 (3), 165–241. 

Commission Regulation (EU) No 1258/2011 of 2 December 2011 amending Regulation (EC) No 1881/2006 
as regards maximum levels for nitrates in foodstuffs, 2010. 

Conley, D.J., Paerl, H.W., Howarth, R.W., Boesch, D.F., Seitzinger, S.P., Havens, K.E., Lancelot, C., and Likens, 
G.E., 2009. Controlling eutrophication: Nitrogen and phosphorus. Science, 323 (5917), 1014–1015.

Cordell, D., Drangert, J.-O., and White, S., 2009. The story of phosphorus: Global food security and food for 
thought. Global Environmental Change, 19 (2), 292–305. 

Cordell, D. and White, S., 2014. Life’s bottleneck: Sustaining the world’s phosphorus for a food secure future. 
Annual Review of Environment and Resources, 39 (1), 161–188. 



| 114 | 

Correa-Galeote, D., Tortosa, G., and Bedmar, E.J., 2014. Quantification of functional microbial nitrogen cycle 
genes in environmental samples. In: D. Marco, ed. Metagenomics of the microbial nitrogen cycle: Theory, 
methods and applications. Caister Academic Press. 

Coskun, D., Britto, D.T., Shi, W., and Kronzucker, H.J., 2017. Nitrogen transformations in modern agriculture 
and the role of biological nitrification inhibition. Nature Plants, 3 (6), 1–10. 

Cripps, S.J. and Bergheim, A., 2000. Solids management and removal for intensive land-based aquaculture 
production systems. Aquacultural Engineering, 22 (1), 33–56. 

Culman, S.W., Bukowski, R., Gauch, H.G., Cadillo-Quiroz, H., and Buckley, D.H., 2009. T-REX: Software for the 
processing and analysis of T-RFLP data. BMC Bioinformatics, 10, 171. 

Daims, H., Lebedeva, E.V., Pjevac, P., Han, P., Herbold, C., Albertsen, M., Jehmlich, N., Palatinszky, M., 
Vierheilig, J., Bulaev, A., Kirkegaard, R.H., von Bergen, M., Rattei, T., Bendinger, B., Nielsen, P.H., and 
Wagner, M., 2015. Complete nitrification by Nitrospira bacteria. Nature, 528 (7583), 504–509. 

Davey, M.E. and O’Toole, G.A., 2000. Microbial biofilms: From ecology to molecular genetics. Microbiology 
and Molecular Biology Reviews, 64 (4), 847–867. 

Dedysh, S.N., Kulichevskaya, I.S., Beletsky, A.V., Ivanova, A.A., Rijpstra, W.I.C., Damsté, J.S.S., Mardanov, A.V., 
and Ravin, N.V., 2020. Lacipirellula parvula gen. nov., sp. nov., representing a lineage of planctomycetes 
widespread in low-oxygen habitats, description of the family Lacipirellulaceae fam. nov. and proposal 
of the orders Pirellulales ord. nov., Gemmatales ord. nov. and Isosphaerales ord. nov. Systematic and 
Applied Microbiology, 43 (126050). 

Delaide, B., Delhaye, G., Dermience, M., Gott, J., Soyeurt, H., and Jijakli, M.H., 2017. Plant and fish production 
performance, nutrient mass balances, energy and water use of the PAFF Box, a small-scale aquaponic 
system. Aquacultural Engineering, 78, 130–139. 

Delaide, B., Goddek, S., Gott, J., Soyeurt, H., and Jijakli, M., 2016. Lettuce (Lactuca sativa L. var. Sucrine) 
growth performance in complemented aquaponic solution outperforms hydroponics. Water, 8 (10), 
467. 

Delaide, B., Goddek, S., Keesman, K.J., and Jijakli, M.H.M., 2018. A methodology to quantify the aerobic and 
anaerobic sludge digestion performance for nutrient recycling in aquaponics. Biotechnology, Agronomy 
and Society and Environment, 22 (2), 106–112. 

Delaide, B., Monsees, H., Gross, A., and Goddek, S., 2019. Aerobic and anaerobic treatments for aquaponic 
sludge reduction and mineralisation. In: S. Goddek, A. Joyce, B. Kotzen, and G.M. Burnell, eds. 
Aquaponics food production systems: Combined aquaculture and hydroponic production technologies for 
the future. Cham: Springer International Publishing, 247–266. 

Dennert, F., Imperiali, N., Staub, C., Schneider, J., Laessle, T., Zhang, T., Wittwer, R., van der Heijden, M.G.A., 
Smits, T.H.M., Schlaeppi, K., Keel, C., and Maurhofer, M., 2018. Conservation tillage and organic farming 
induce minor variations in Pseudomonas abundance, their antimicrobial function and soil disease 
resistance. FEMS Microbiology Ecology, 94 (8). 

Dickie, I.A. and FitzJohn, R.G., 2007. Using terminal restriction fragment length polymorphism (T-RFLP) to 
identify mycorrhizal fungi: A methods review. Mycorrhiza, 17 (4), 259–270. 

Dodds, W.K. and Whiles, M.R., 2010a. Freshwater ecology: Concepts and environmental applications of 
limnology. Second edition. Elsevier. 

Dodds, W.K. and Whiles, M.R., 2010b. Nitrogen, sulfur, phosphorus, and other nutrients. In: Freshwater 
ecology: Concepts and environmental applications of limnology. Elsevier, 345–373. 

Dolan, E., Murphy, N., and O’Hehir, M., 2013. Factors influencing optimal micro-screen drum filter selection 
for recirculating aquaculture systems. Aquacultural Engineering, 56, 42–50. 

Dong, L.F., Sobey, M.N., Smith, C.J., Rusmana, I., Phillips, W., Stott, A., Osborn, A.M., and Nedwell, D.B., 2011. 
Dissimilatory reduction of nitrate to ammonium, not denitrification or ANAMMOX, dominates benthic 
nitrate reduction in tropical estuaries. Limnology and Oceanography, 56 (1), 279–291. 

Donlan, R.M., 2002. Biofilms: Microbial life on surfaces. Emerging Infectious Diseases, 8 (9), 881–890. 
Ebeling, J.M., Timmons, M.B., and Bisogni, J.J., 2006. Engineering analysis of the stoichiometry of 

photoautotrophic, autotrophic, and heterotrophic removal of ammonia–nitrogen in aquaculture 
systems. Aquaculture, 257 (1), 346–358. 

Eck, M., Sare, A.R., Massart, S., Schmautz, Z., Junge, R., Smits, T.H.M., and Jijakli, M.H., 2019. Exploring bacterial 
communities in aquaponic systems. Water, 11 (2), 260. 

Edgar, R.C., 2010. USEARCH. 
Edgar, R.C., 2016a. UNOISE2: Improved error-correction for Illumina 16S and ITS amplicon sequencing. 

bioRxiv, 081257. 



| 115 | 

Edgar, R.C., 2016b. SINTAX: A simple non-Bayesian taxonomy classifier for 16S and ITS sequences. bioRxiv. 
El-Sayed, A.-F.M., 2020. Taxonomy and basic biology. In: A.-F.M. El-Sayed, ed. Tilapia culture (Second 

Edition). Academic Press, 21–31. 
El-Sayed, A.-F.M. and Kawanna, M., 2008. Optimum water temperature boosts the growth performance of 

Nile tilapia (Oreochromis niloticus) fry reared in a recycling system. Aquaculture Research, 39, 670–
672. 

Elser, J.J., 2012. Phosphorus: A limiting nutrient for humanity? Current Opinion in Biotechnology, 23 (6), 833–
838. 

Emerson, K., Russo, R.C., Lund, R.E., and Thurston, R.V., 1975. Aqueous ammonia equilibrium calculations: 
Effect of pH and temperature. Journal of the Fisheries Research Board of Canada, 32 (12), 2379–2383. 

Endut, A., Jusoh, A., and Ali, N., 2014. Nitrogen budget and effluent nitrogen components in aquaponics 
recirculation system. Desalination and Water Treatment, 52 (4–6), 744–752. 

Erisman, J.W., Galloway, J., Seitzinger, S., Bleeker, A., and Butterbach-Bahl, K., 2011. Reactive nitrogen in the 
environment and its effect on climate change. Current Opinion in Environmental Sustainability, 3 (5), 
281–290. 

Errebhi, M. and Wilcox, G.E., 1990. Plant species response to ammonium‐nitrate concentration ratios. 
Journal of Plant Nutrition, 13 (8), 1017–1029. 

���•�’�‹�•�ƒ�Ž�á�����ä���ä���ƒ�•�†�����ƒ�–�—�Ž�‹�©�á�����ä�á���t�r�s�{�ä�����‡�…�‹�”�…�—�Ž�ƒ�–�‹�•�‰���ƒ�“�—�ƒ�…�—�Ž�–�—�”�‡���–�‡�…�Š�•�‘�Ž�‘�‰�‹�‡�•�ä��In: S. Goddek, A. Joyce, B. Kotzen, 
and G.M. Burnell, eds. Aquaponics Food Production Systems: Combined Aquaculture and Hydroponic 
Production Technologies for the Future. Cham: Springer International Publishing, 35–76. 

FAO, 2020. The State of World Fisheries and Aquaculture 2020. Sustainability in action. Rome, Italy. 
Fernandez, D., 2016. HydroBuddy: An open source nutrient calculator for hydroponics and general agriculture. 
Fischer, H.M., 1994. Genetic regulation of nitrogen fixation in rhizobia. Microbiological Reviews, 58 (3), 352–

386. 
Foley, J.A., Ramankutty, N., Brauman, K.A., Cassidy, E.S., Gerber, J.S., Johnston, M., Mueller, N.D., O’Connell, C., 

Ray, D.K., West, P.C., Balzer, C., Bennett, E.M., Carpenter, S.R., Hill, J., Monfreda, C., Polasky, S., 
Rockström, J., Sheehan, J., Siebert, S., Tilman, D., and Zaks, D.P.M., 2011. Solutions for a cultivated planet. 
Nature, 478 (7369), 337–342. 

Fowler, D., Coyle, M., Skiba, U., Sutton, M.A., Cape, J.N., Reis, S., Sheppard, L.J., Jenkins, A., Grizzetti, B., 
Galloway, J.N., Vitousek, P., Leach, A., Bouwman, A.F., Butterbach-Bahl, K., Dentener, F., Stevenson, D., 
Amann, M., and Voss, M., 2013. The global nitrogen cycle in the twenty-first century. Philosophical 
Transactions of the Royal Society B: Biological Sciences, 368 (1621), 20130164. 

Francis, C.A., Beman, J.M., and Kuypers, M.M.M., 2007. New processes and players in the nitrogen cycle: The 
microbial ecology of anaerobic and archaeal ammonia oxidation. The ISME Journal, 1 (1), 19–27. 

Franke-Whittle, I.H., Walter, A., Ebner, C., and Insam, H., 2014. Investigation into the effect of high 
concentrations of volatile fatty acids in anaerobic digestion on methanogenic communities. Waste 
Management, 34 (11), 2080–2089. 

Galloway, J.N., Townsend, A.R., Erisman, J.W., Bekunda, M., Cai, Z., Freney, J.R., Martinelli, L.A., Seitzinger, S.P., 
and Sutton, M.A., 2008. Transformation of the nitrogen cycle: Recent trends, questions, and potential 
solutions. Science, 320 (5878), 889–892. 

Gartmann, F., 2018. Influence of pH change on the phosphorus cycle in aquaponics. Bachelor thesis. Zurich 
University of Applied Sciences, Wädenswil, Switzerland. 

Gartmann, F., 2020. Automated ribosomal intergenic spacer analysis for fungi (F-RISA): Method 
establishment at ZHAW for samples from different agricultural systems. Project work. Zurich 
University of Applied Sciences, Wädenswil, Switzerland. 

Gerst, M.D., Cox, M.E., Locke, K.A., Laser, M., and Kapuscinski, A.R., 2015. A taxonomic framework for 
assessing governance challenges and environmental effects of integrated food-energy systems. 
Environmental Science & Technology, 49 (2), 734–741. 

Giblin, A.E., Weston, N.B., Banta, G.T., Tucker, J., and Hopkinson, C.S., 2010. The effects of salinity on nitrogen 
losses from an oligohaline estuarine sediment. Estuaries and Coasts, 33 (5), 1054–1068. 

Glaeser, S.P. and Kämpfer, P., 2014. The family Sphingomonadaceae. In: E. Rosenberg, E.F. DeLong, S. Lory, 
E. Stackebrandt, and F. Thompson, eds. The Prokaryotes: Alphaproteobacteria and betaproteobacteria.
Berlin, Heidelberg: Springer, 641–707.

Goddek, S., Delaide, B., Mankasingh, U., Ragnarsdottir, K.V., Jijakli, H., and Thorarinsdottir, R., 2015. 
Challenges of sustainable and commercial aquaponics. Sustainability, 7 (4), 4199–4224. 



| 116 | 

Goddek, S., Delaide, B.P.L., Joyce, A., Wuertz, S., Jijakli, M.H., Gross, A., Eding, E.H., Bläser, I., Reuter, M., Keizer, 
L.C.P., Morgenstern, R., Körner, O., Verreth, J., and Keesman, K.J., 2018. Nutrient mineralization and
organic matter reduction performance of RAS-based sludge in sequential UASB-EGSB reactors.
Aquacultural Engineering, 83, 10–19.

Goddek, S., Espinal, C.A., Delaide, B., Jijakli, M.H., Schmautz, Z., Wuertz, S., and Keesman, K.J., 2016a. 
Navigating towards decoupled aquaponic systems: A system dynamics design approach. Water, 8 (7), 
303. 

Goddek, S., Joyce, A., Wuertz, S., Körner, O., Bläser, I., Reuter, M., and Keesman, K.J., 2019. Decoupled 
aquaponics systems. In: S. Goddek, A. Joyce, B. Kotzen, and G.M. Burnell, eds. Aquaponics food 
production systems: Combined aquaculture and hydroponic production technologies for the future. Cham: 
Springer International Publishing, 201–229. 

Goddek, S. and Keesman, K.J., 2018. The necessity of desalination technology for designing and sizing multi-
loop aquaponics systems. Desalination, 428, 76–85. 

Goddek, S., Schmautz, Z., Scott, B., Delaide, B., Keesman, K.J., Wuertz, S., and Junge, R., 2016b. The effect of 
anaerobic and aerobic fish sludge supernatant on hydroponic lettuce. Agronomy, 6 (2), 37. 

Gómez Expósito, R., Postma, J., Raaijmakers, J.M., and De Bruijn, I., 2015. Diversity and activity of Lysobacter 
species from disease suppressive soils. Frontiers in Microbiology, 6 (1243). 

Goux, X., Calusinska, M., Fossépré, M., Benizri, E., and Delfosse, P., 2016. Start-up phase of an anaerobic full-
scale farm reactor – Appearance of mesophilic anaerobic conditions and establishment of the 
methanogenic microbial community. Bioresource Technology, 212, 217–226. 

Graber, A. and Junge, R., 2009. Aquaponic systems: Nutrient recycling from fish wastewater by vegetable 
production. Desalination, 246, 147–156. 

Grossart, H.-P., Van den Wyngaert, S., Kagami, M., Wurzbacher, C., Cunliffe, M., and Rojas-Jimenez, K., 2019. 
Fungi in aquatic ecosystems. Nature Reviews Microbiology, 17 (6), 339–354. 

Großkopf, R., Janssen, P.H., and Liesack, W., 1998. Diversity and structure of the methanogenic community 
in anoxic rice paddy soil microcosms as examined by cultivation and direct 16S rRNA gene sequence 
retrieval. Applied and Environmental Microbiology, 64 (3), 960–969. 

Gunes, A., Post, W.N.K., Kirkby, E.A., and Aktas, M., 1994. Influence of partial replacement of nitrate by amino 
acid nitrogen or urea in the nutrient medium on nitrate accumulation in NFT grown winter lettuce. 
Journal of Plant Nutrition, 17 (11), 1929–1938. 

Guo, J., Peng, Y., Ni, B.-J., Han, X., Fan, L., and Yuan, Z., 2015. Dissecting microbial community structure and 
methane-producing pathways of a full-scale anaerobic reactor digesting activated sludge from 
wastewater treatment by metagenomic sequencing. Microbial Cell Factories, 14 (33). 

Guo, S., Brück, H., and Sattelmacher, B., 2002. Effects of supplied nitrogen form on growth and water uptake 
of French bean (Phaseolus vulgaris L.) plants. Plant and Soil, 239 (2), 267–275. 

Haas, D. and Défago, G., 2005. Biological control of soil-borne pathogens by fluorescent pseudomonads. 
Nature Reviews Microbiology, 3 (4), 307–319. 

Hagemann, N., Harter, J., and Behrens, S., 2016. Elucidating the impacts of biochar applications on nitrogen 
cycling microbial communities. In: T.K. Ralebitso-Senior and C. H. Orr, eds. Biochar Application. 
Elsevier, 163–198. 

Hammer, Ø., Harper, D.A.T., and Ryan, P.D., 2001. PAST: Paleontological statistics software package for 
education and data analysis. Palaeontologia Electronica, 4 (1), 4–9. 

Han, X., Peng, S., Zhang, L., Lu, P., and Zhang, D., 2020. The co-occurrence of DNRA and ANAMMOX during 
the anaerobic degradation of benzene under denitrification. Chemosphere, 247 (125968). 

Hanada, S., 2014. The phylum Chloroflexi, the family Chloroflexaceae, and the related phototrophic families 
Oscillochloridaceae and Roseiflexaceae. In: E. Rosenberg, E.F. DeLong, S. Lory, E. Stackebrandt, and F. 
Thompson, eds. The prokaryotes: Other major lineages of bacteria and the archaea. Berlin, Heidelberg: 
Springer, 515–532. 

Hartman, K., van der Heijden, M.G.A., Wittwer, R.A., Banerjee, S., Walser, J.-C., and Schlaeppi, K., 2018. 
Cropping practices manipulate abundance patterns of root and soil microbiome members paving the 
way to smart farming. Microbiome, 6 (14). 

He, H., Zhen, Y., Mi, T., Fu, L., and Yu, Z., 2018a. Ammonia-oxidizing archaea and bacteria differentially 
contribute to ammonia oxidation in sediments from adjacent waters of Rushan bay, China. Frontiers in 
Microbiology, 9. 



| 117 | 

He, S., Ding, L., Pan, Y., Hu, H., Ye, L., and Ren, H., 2018b. Nitrogen loading effects on nitrification and 
denitrification with functional gene quantity/transcription analysis in biochar packed reactors at 5°C. 
Scientific Reports, 8 (9844). 

Henderson, J.P. and Bromage, N.R., 1988. Optimising the removal of suspended solids from aquacultural 
effluents in settlement lakes. Aquacultural Engineering, 7 (3), 167–181. 

Hirano, S., Matsumoto, N., Morita, M., Sasaki, K., and Ohmura, N., 2013. Electrochemical control of redox 
potential affects methanogenesis of the hydrogenotrophic methanogen Methanothermobacter 
thermautotrophicus. Letters in Applied Microbiology, 56 (5), 315–321. 

Holmes, A., Govan, J., and Goldstein, R., 1998. Agricultural use of Burkholderia (Pseudomonas) cepacia: A 
threat to human health? Emerging Infectious Diseases, 4 (2), 221–227. 

Hoshino, T., Terahara, T., Tsuneda, S., Hirata, A., and Inamori, Y., 2005. Molecular analysis of microbial 
population transition associated with the start of denitrification in a wastewater treatment process. 
Journal of Applied Microbiology, 99 (5), 1165–1175. 

Hu, H.-W. and He, J.-Z., 2017. COMAMMOX – a newly discovered nitrification process in the terrestrial 
nitrogen cycle. Journal of Soils and Sediments, 17 (12), 2709–2717. 

Hu, Z., Lee, J.W., Chandran, K., Kim, S., Brotto, A.C., and Khanal, S.K., 2015. Effect of plant species on nitrogen 
recovery in aquaponics. Bioresource Technology, 188, 92–98. 

Hu, Z., Lee, J.W., Chandran, K., Kim, S., and Khanal, S.K., 2012. Nitrous oxide (N2O) emission from aquaculture: 
A review. Environmental Science & Technology, 46 (12), 6470–6480. 

Ikeda, H. and Tan, X., 1998. Urea as an organic nitrogen source for hydroponically grown tomatoes in 
comparison with inorganic nitrogen sources. Soil Science and Plant Nutrition, 44 (4), 609–615. 

Jamšek, J., 2020. Quantitative determination of nitrogen cycling functional genes in an aquaponic system. 
Master thesis. University of Ljubljana, Ljubljana, Slovenia. 

Jin, T., Zhang, T., and Yan, Q., 2010. Characterization and quantification of ammonia-oxidizing archaea (AOA) 
and bacteria (AOB) in a nitrogen-removing reactor using T-RFLP and qPCR. Applied Microbiology and 
Biotechnology, 87 (3), 1167–1176. 

Johnson, W. and Chen, S., 2006. Performance evaluation of radial/vertical flow clarification applied to 
recirculating aquaculture systems. Aquacultural Engineering, 34 (1), 47–55. 

Jørgensen, N.O.G., 2009. Organic nitrogen. In: Encyclopedia of Inland Waters. Elsevier, 832–851. 
Junge, R., König, B., Villarroel, M., Komives, T., and Jijakli, M.H., 2017. Strategic points in aquaponics. Water, 

9 (3), 182. 
Karl, D.M. and Michaels, A.F., 2019. Nitrogen cycle. In: J.K. Cochran, H.J. Bokuniewicz, and P.L. Yager, eds. 

Encyclopedia of ocean sciences. Oxford: Academic Press, 408–417. 
Kasai, H., Yoshimizu, M., and Ezura, Y., 2002. Disinfection of water for aquaculture. Fisheries science, 68 

(Sup1), 821–824. 
���ƒ�•�ƒ�Ž�‹�…�•�ý�á�� ���ä�á�� �
�‡�œ�„�‡�”�ƒ�á�� �
�ä�á�� ���ƒ�Š�•�á�� ���ä���ä�á�� �ƒ�•�†�� �e�‹�•�‡�•�á�� ���ä�á�� �t�r�s�u�ä�� ���Š�‡�� �†�‹�˜�‡�”�•�‹�–�›�� �‘�ˆ�� �–�Š�‡��Limnohabitans genus, an 

important group of freshwater bacterioplankton, by characterization of 35 isolated strains. PLoS ONE, 
8 (3), e58209. 

Kassambara, A., 2019. ggpubr: ‘ggplot2’ based publication ready plots. 
Kelly, D.P., McDonald, I.R., and Wood, A.P., 2014. The family Methylobacteriaceae. In: E. Rosenberg, E.F. 

DeLong, S. Lory, E. Stackebrandt, and F. Thompson, eds. The prokaryotes. Berlin, Heidelberg: Springer 
Berlin Heidelberg, 313–340. 

Kloos, K., Fesefeldt, A., Gliesche, C.G., and Bothe, H., 1995. DNA-probing indicates the occurrence of 
denitrific ation and nitrogen fixation genes in Hyphomicrobium. Distribution of denitrifying and 
nitrogen fixing isolates of Hyphomicrobium in a sewage treatment plant. FEMS Microbiology Ecology, 
18 (3), 205–213. 

Komsta, L. and Novomestky, F., 2015. moments: Moments, cumulants, skewness, kurtosis and related tests. 
König, B., Janker, J., Reinhardt, T., Villarroel, M., and Junge, R., 2018. Analysis of aquaponics as an emerging 

technological innovation system. Journal of Cleaner Production, 180, 232–243. 
Kowalchuk, G.A. and Stephen, J.R., 2001. Ammonia-oxidizing bacteria: A model for molecular microbial 

ecology. Annual Review of Microbiology, 55 (1), 485–529. 
Kuenen, J.G., 2008. ANAMMOX bacteria: From discovery to application. Nature Reviews Microbiology, 6 (4), 

320–326. 
���—�Ï�‡�•�á�����ä�á���t�r�s�w�ä�����‹�–�”�‘�‰�‡�•���–�”�ƒ�•�•�ˆ�‘�”�•�ƒ�–�‹�‘�•�•���‹�•���•�‘�‹�Ž�•�á���ƒ�‰�”�‹�…�—�Ž�–�—�”�ƒ�Ž���’�Ž�ƒ�•�–�•���ƒ�•�†���–�Š�‡���ƒ�–�•�‘�•�’�Š�‡�”�‡�ä��In: E. Lichtfouse, 

ed. Sustainable agriculture reviews. Switzerland: Springer International Publishing. 



| 118 | 

Kuroda, K., Hatamoto, M., Nakahara, N., Abe, K., Takahashi, M., Araki, N., and Yamaguchi, T., 2015. Community 
composition of known and uncultured archaeal lineages in anaerobic or anoxic wastewater treatment 
sludge. Microbial Ecology, 69 (3), 586–596. 

Kuypers, M.M.M., Marchant, H.K., and Kartal, B., 2018. The microbial nitrogen-cycling network. Nature 
Reviews Microbiology, 16 (5), 263–276. 

Lage, O.M. and Bondoso, J., 2014. Planctomycetes and macroalgae, a striking association. Frontiers in 
Microbiology, 5 (267). 

Lahti, L. and Shetty, S., 2017. microbiome: Tools for microbiome analysis in R. 
Landi, L., Valori, F., Ascher, J., Renella, G., Falchini, L., and Nannipieri, P., 2006. Root exudate effects on the 

bacterial communities, CO2 evolution, nitrogen transformations and ATP content of rhizosphere and 
bulk soils. Soil Biology and Biochemistry, 38 (3), 509–516. 

Lane, D.J., 1991. 16S/23S rRNA sequencing. In: Nucleic Acid Techniques in Bacterial Systematics, ed. E. 
Stackebrandt and M. Goodfellow. New York: John Wiley & Sons., 115–175. 

Larsen, A.M., Mohammed, H.H., and Arias, C.R., 2014. Characterization of the gut microbiota of three 
commercially valuable warmwater fish species. Journal of Applied Microbiology, 116 (6), 1396–1404. 

Lennard, W. and Goddek, S., 2019. Aquaponics: The basics. In: S. Goddek, A. Joyce, B. Kotzen, and G.M. 
Burnell, eds. Aquaponics food production systems: Combined aquaculture and hydroponic production 
technologies for the future. Cham: Springer International Publishing, 113–143. 

Leonard, N., Blancheton, J.P., and Guiraud, J.P., 2000. Populations of heterotrophic bacteria in an 
experimental recirculating aquaculture system. Aquacultural Engineering, 22 (1), 109–120. 

Lepère, C., Domaizon, I., Humbert, J.-F., Jardillier, L., Hugoni, M., and Debroas, D., 2019. Diversity, spatial 
distribution and activity of fungi in freshwater ecosystems. PeerJ, 7, e6247. 

���‹�ƒ�™�á�����ä���ƒ�•�†�����‹�‡�•�‡�”�á�����ä�á���t�r�r�t�ä�����Ž�ƒ�•�•�‹�¤�…�ƒ�–�‹�‘�•���ƒ�•�†���”�‡�‰�”�‡�•�•�‹�‘�•���„�›���”�ƒ�•�†�‘�•�	�‘�”�‡�•�–�ä��R News, 2 (3), 18–22. 
Liu, C., Li, H., Zhang, Y., Si, D., and Chen, Q., 2016. Evolution of microbial community along with increasing 

solid concentration during high-solids anaerobic digestion of sewage sludge. Bioresource Technology, 
216, 87–94. 

Liu, S., Yuan, M., Jin, D., Wang, Z., Zou, H., Wang, L., Xue, B., Wu, D., Tian, G., Cai, J., Yan, T., and Peng, Q., 2018. 
Effects of the particle of ground alfalfa hay on the growth performance, methane production and 
archaeal populations of rabbits. PLoS ONE, 13 (9), e0203393. 

Luna, G.M., Stumm, K., Pusceddu, A., and Danovaro, R., 2009. Archaeal diversity in deep-sea sediments 
estimated by means of different terminal-restriction fragment length polymorphisms (T-RFLP) 
protocols. Current Microbiology, 59 (3), 356–361. 

Lupatsch, I. and Kissil, G.Wm., 1998. Predicting aquaculture waste from gilthead seabream (Sparus aurata) 
culture using a nutritional approach. Aquatic Living Resources, 11 (4), 265–268. 

Ma, X., Song, X., Li, X., Fu, S., Li, M., and Liu, Y., 2018. Characterization of microbial communities in pilot-scale 
constructed wetlands with Salicornia for treatment of marine aquaculture effluents. Archaea, 2018, 
7819840. 

Maathuis, F.J., 2009. Physiological functions of mineral macronutrients. Current Opinion in Plant Biology, 12 
(3), 250–258. 

���ƒ�‰�‘�«�á�� ���ä�� �ƒ�•�†�� ���ƒ�Ž�œ�„�‡�”�‰�á�� ���ä���ä�á�� �t�r�s�s�ä�� �	���������ã�� �ˆ�ƒst length adjustment of short reads to improve genome 
assemblies. Bioinformatics, 27 (21), 2957–2963. 

Makri, O. and Kintzios, S., 2008. Ocimum sp. (Basil): Botany, cultivation, pharmaceutical properties, and 
biotechnology. Journal of Herbs, Spices & Medicinal Plants, 13 (3), 123–150. 

Marchaim, U., 1992. Biogas processes for sustainable development. Rome, Italy: Food and Agriculture 
Organization of the United Nations. 

Martin, M., 2011. Cutadapt removes adapter sequences from high-throughput sequencing reads. 
EMBnet.journal, 17 (1), 10–12. 

Martins, C.I.M., Eding, E.H., Verdegem, M.C.J., Heinsbroek, L.T.N., Schneider, O., Blancheton, J.P., d’Orbcastel, 
E.R., and Verreth, J.A.J., 2010. New developments in recirculating aquaculture systems in Europe: A
perspective on environmental sustainability. Aquacultural Engineering, 43 (3), 83–93.

McMurdie, P.J. and Holmes, S., 2013. phyloseq: An R package for reproducible interactive analysis and 
graphics of microbiome census data. PLoS ONE, 8 (4), e61217. 

de Mendiburu, F., 2019. agricolae: Statistical procedures for agricultural research. 
Mergaert, J., Cnockaert, M.C., and Swings, J., 2003. Thermomonas fusca sp. nov. and Thermomonas brevis sp. 

�•�‘�˜�ä�á���–�™�‘���•�‡�•�‘�’�Š�‹�Ž�‹�…���•�’�‡�…�‹�‡�•���‹�•�‘�Ž�ƒ�–�‡�†���ˆ�”�‘�•���ƒ���†�‡�•�‹�–�”�‹�ˆ�‹�…�ƒ�–�‹�‘�•���”�‡�ƒ�…�–�‘�”���™�‹�–�Š���’�‘�Ž�›���B-caprolactone) plastic 



 

 

 

| 119 | 

 

granules as fixed bed, and emended description of the genus Thermomonas. International Journal of 
Systematic and Evolutionary Microbiology, 53 (6), 1961–1966. 

Mirzoyan, N., Tal, Y., and Gross, A., 2010. Anaerobic digestion of sludge from intensive recirculating 
aquaculture systems: Review. Aquaculture, 306 (1), 1–6. 

Monsees, H., Keitel, J., Paul, M., Kloas, W., and Wuertz, S., 2017. Potential of aquacultural sludge treatment 
for aquaponics: evaluation of nutrient mobilization under aerobic and anaerobic conditions. 
Aquaculture Environment Interactions, 9, 9–18. 

Moore, R.L., 1981. The biology of Hyphomicrobium and other prosthecate, budding bacteria. Annual Review 
of Microbiology, 35 (1), 567–594. 

Mshandete, A., Björnsson, L., Kivaisi, A.K., Rubindamayugi, S.T., and Mattiasson, B., 2005. Enhancement of 
anaerobic batch digestion of sisal pulp waste by mesophilic aerobic pre-treatment. Water Research, 39 
(8), 1569–1575. 

Mueller, N.D., Gerber, J.S., Johnston, M., Ray, D.K., Ramankutty, N., and Foley, J.A., 2012. Closing yield gaps 
through nutrient and water management. Nature, 490 (7419), 254–257. 

Munguia-Fragozo, P., Alatorre-Jacome, O., Rico-Garcia, E., Torres-Pacheco, I., Cruz-Hernandez, A., Ocampo-
Velazquez, R.V., Garcia-Trejo, J.F., and Guevara-Gonzalez, R.G., 2015. Perspective for aquaponic 
systems: “Omic” technologies for microbial community analysis. BioMed Research International, 2015 
(480386), 1–10. 

Muyzer, G., Waal, E.C. de, and Uitterlinden, A.G., 1993. Profiling of complex microbial populations by 
denaturing gradient gel electrophoresis analysis of polymerase chain reaction-amplified genes coding 
for 16S rRNA. Applied and Environmental Microbiology, 59 (3), 695–700. 

Naegel, L.C.A., 1977. Combined production of fish and plants in recirculating water. Aquaculture, 10 (1), 17–
24. 

van Niftrik, L. and Jetten, M.S.M., 2012. Anaerobic ammonium-oxidizing bacteria: Unique microorganisms 
with exceptional properties. Microbiology and Molecular Biology Reviews, 76 (3), 585–596. 

Noar, J.D. and Buckley, D.H., 2009. Ideonella azotifigens sp. nov., an aerobic diazotroph of the 
Betaproteobacteria isolated from grass rhizosphere soil, and emended description of the genus 
Ideonella. International Journal of Systematic and Evolutionary Microbiology, 59 (8), 1941–1946. 

Nozzi, V., Graber, A., Schmautz, Z., Mathis, A., and Junge, R., 2018. Nutrient management in aquaponics: 
Comparison of three approaches for cultivating lettuce, mint and mushroom herb. Agronomy, 8 (3), 27. 

Nsanzumukiza, M.V., Wei, Y., Zhang, J., Yu, D., and Tong, J., 2018. Characterization and dynamic shift of 
microbial communities during start-up, overloading and steady-state in an anaerobic membrane 
bioreactor. International Journal of Environmental Research and Public Health, 15 (1399). 

Oksanen, J., Blanchet, F.G., Friendly, M., Kindt, R., Legendre, P., McGlinn, D., Minchin, P.R., O’Hara, R.B., 
Simpson, G.L., Solymos, P., Stevens, M.H.H., Szoecs, E., and Wagner, H., 2019. vegan: Community ecology 
package. 

Oliveira, V., Martins, P., Marques, B., Cleary, D.F.R., Lillebø, A.I., and Calado, R., 2020. Aquaponics using a fish 
farm effluent shifts bacterial communities profile in halophytes rhizosphere and endosphere. Scientific 
Reports, 10, 10023. 

Oren, A., 2014a. The family Methanobacteriaceae. In: E. Rosenberg, E.F. DeLong, S. Lory, E. Stackebrandt, and 
F. Thompson, eds. The prokaryotes: Other major lineages of bacteria and the archaea. Berlin, 
Heidelberg: Springer, 165–193. 

Oren, A., 2014b. The family Methanosarcinaceae. In: E. Rosenberg, E.F. DeLong, S. Lory, E. Stackebrandt, and 
F. Thompson, eds. The prokaryotes: Other major lineages of bacteria and the archaea. Berlin, 
Heidelberg: Springer, 259–281. 

Oren, A., 2014c. The family Methanoregulaceae. In: E. Rosenberg, E.F. DeLong, S. Lory, E. Stackebrandt, and 
F. Thompson, eds. The prokaryotes: Other major lineages of bacteria and the archaea. Berlin, 
Heidelberg: Springer, 253–258. 

Oren, A. and Xu, X.-W., 2014. The family Hyphomicrobiaceae. In: E. Rosenberg, E.F. DeLong, S. Lory, E. 
Stackebrandt, and F. Thompson, eds. The prokaryotes: Other major lineages of bacteria and the archaea. 
Berlin, Heidelberg: Springer, 247–281. 

Osborn, A.M., Moore, E.R.B., and Timmis, K.N., 2000. An evaluation of terminal-restrict ion fragment length 
polymorphism (T-RFLP) analysis for the study of microbial community structure and dynamics. 
Environmental Microbiology, 2 (1), 39–50. 



| 120 | 

���ƒ�Ž�•�á�����ä���ä�á�����•�ƒ�—�•�á�����ä�á�����’�’�‡�Ž�„�ƒ�—�•�á�����ä�á���
�‘�†�†�‡�•�á�����ä�á�����–�”�ƒ�—�…�Š�á�����ä���ä�á�����‡�”�•�‡�—�Ž�‡�•�á�����ä�á�����ƒ�ë�•�•�ƒ�•���
�‹�Œ�ƒ�•�Ž�‹�á�����ä�á���ƒnd Kotzen, 
B., 2018. Towards commercial aquaponics: a review of systems, designs, scales and nomenclature. 
Aquaculture International, 26 (3), 813–842. 

Palm, H.W., Knaus, U., Appelbaum, S., Strauch, S.M., and Kotzen, B., 2019. Coupled aquaponics systems. In: S. 
Goddek, A. Joyce, B. Kotzen, and G.M. Burnell, eds. Aquaponics food production systems: Combined 
aquaculture and hydroponic production technologies for the future. Cham: Springer International 
Publishing, 163–199. 

Pampillón-González, L., Ortiz-Cornejo, N.L., Luna-Guido, M., Dendooven, L., and Navarro-Noya, Y.E., 2017. 
Archaeal and bacterial community structure in an anaerobic digestion reactor (lagoon type) used for 
biogas production at a pig farm. Journal of Molecular Microbiology and Biotechnology, 27 (5), 306–317. 

Pandey, C.B., Kumar, U., Kaviraj, M., Minick, K.J., Mishra, A.K., and Singh, J.S., 2020. DNRA: A short-circuit in 
biological N-cycling to conserve nitrogen in terrestrial ecosystems. Science of The Total Environment, 
738, 139710. 

Pausan, M.R., Csorba, C., Singer, G., Till, H., Schöpf, V., Santigli, E., Klug, B., Högenauer, C., Blohs, M., and Moissl-
Eichinger, C., 2019. Exploring the archaeome: Detection of archaeal signatures in the human body. 
Frontiers in Microbiology, 10 (2796). 

Pérez Cortés, J.M., 2018. Nutrimental composition of lettuce (Lactuca sativa L.) cultivated in aquaponic, 
hydroponic and soil. Bachelor thesis. Chapingo Autonomous University, Mexico State, Mexico. 

Pester, M., Schleper, C., and Wagner, M., 2011. The Thaumarchaeota: An emerging view of their phylogeny 
and ecophysiology. Current Opinion in Microbiology, 14 (3), 300–306. 

Pitout, J.D.D., Nordmann, P., and Poirel, L., 2015. Carbapenemase-producing Klebsiella pneumoniae, a key 
pathogen set for global nosocomial dominance. Antimicrobial Agents and Chemotherapy, 59 (10), 
5873–5884. 

Pjevac, P., Schauberger, C., Poghosyan, L., Herbold, C.W., van Kessel, M.A.H.J., Daebeler, A., Steinberger, M., 
Jetten, M.S.M., Lücker, S., Wagner, M., and Daims, H., 2017. AmoA-targeted polymerase chain reaction 
primers for the specific detection and quantification of COMAMMOX Nitrospira in the environment. 
Frontiers in Microbiology, 8, 1508. 

Poindexter, J.S., 2006. Dimorphic prosthecate bacteria: The genera Caulobacter, Asticcacaulis, 
Hyphomicrobium, Pedomicrobium, Hyphomonas and Thiodendron. In: M. Dworkin, S. Falkow, E. 
Rosenberg, K.-H. Schleifer, and E. Stackebrandt, eds. The prokaryotes. New York, NY: Springer, 72–90. 

Prairie, Y.T., 2008. Carbocentric limnology: Looking back, looking forward. Canadian Journal of Fisheries and 
Aquatic Sciences, 65 (3), 543–548. 

Prosser, J.I., Head, I.M., and Stein, L.Y., 2014. The family Nitrosomonadaceae. In: E. Rosenberg, E.F. DeLong, 
S. Lory, E. Stackebrandt, and F. Thompson, eds. The prokaryotes: Alphaproteobacteria and
betaproteobacteria. Berlin, Heidelberg: Springer, 901–918.

Quast, C., Pruesse, E., Yilmaz, P., Gerken, J., Schweer, T., Yarza, P., Peplies, J., and Glöckner, F.O., 2013. The 
SILVA ribosomal RNA gene database project: Improved data processing and web-based tools. Nucleic 
Acids Research, 41 (D1), D590–D596. 

Quinn, G.R. and Skerman, V.B.D., 1980. Herpetosiphon – Nature’s scavenger? Current Microbiology, 4 (1), 57–
62. 

R Core Team, 2018. R: A language and environment for statistical computing. R foundation for statistical 
computing. Vienna, Austria. 

R Core Team, 2019. R: A language and environment for statistical computing. R foundation for statistical 
computing. Vienna, Austria. 

Rakocy, J.E., 2007. Ten guidelines for aquaponic systems. Aquaponics J, 46, 14–17. 
Rakocy, J.E., Bailey, D.S., Shultz, R.C., and Thoman, E.S., 2004. Update on tilapia and vegetable production in 

the UVI aquaponic system. In: Proceedings of the sixth international symposium on tilapia in 
aquaculture. Presented at the New dimensions on farmed tilapia, Manila, Philippines, 12–16. 

Rakocy, J.E., Masser, M.P., and Losordo, T.M., 2006. Recirculating aquaculture tank production systems: 
Aquaponics-integrating fish and plant culture. SRAC publication, 454. 

Randall, D.J. and Tsui, T.K.N., 2002. Ammonia toxicity in fish. Marine Pollution Bulletin, 45 (1), 17–23. 
Randall, D.J. and Wright, P.A., 1987. Ammonia distribution and excretion in fish. Fish Physiology and 

Biochemistry, 3 (3), 107–120. 
Ranjard, L., Poly, F., Lata, J.-C., Mougel, C., Thioulouse, J., and Nazaret, S., 2001. Characterization of bacterial 

and fungal soil communities by automated ribosomal intergenic spacer analysis fingerprints: 



| 121 | 

Biological and methodological variability. Applied and Environmental Microbiology, 67 (10), 4479–
4487. 

Resh, H.M., 2013. Hydroponic food production: A definitive guidebook for the advanced home gardener and 
the commercial hydroponic grower. CRC Press, Taylor & Francis Group. 

Reysenbach, A.-L. and Brileya, K., 2014. The family Thermoplasmataceae. In: E. Rosenberg, E.F. DeLong, S. 
Lory, E. Stackebrandt, and F. Thompson, eds. The prokaryotes: Other major lineages of bacteria and the 
archaea. Berlin, Heidelberg: Springer, 385–387. 

Ridler, N., Wowchuk, M., Robinson, B., Barrington, K., Chopin, T., Robinson, S., Page, F., Reid, G., Szemerda, 
M., Sewuster, J., and Boyne-Travis, S., 2007. Integrated Multi-Trophic Aquaculture (IMTA): A potential 
strategic choice for farmers. Aquaculture Economics & Management, 11 (1), 99–110. 

van Rijn, J., 2013. Waste treatment in recirculating aquaculture systems. Aquacultural Engineering, 53, 49–
56. 

van Rijn, J., Tal, Y., and Schreier, H.J., 2006. Denitrification in recirculating systems: Theory and applications. 
Aquacultural Engineering, 34 (3), 364–376. 

Rivas, R., Velázquez, E., Willems, A., Vizcaíno, N., Subba-Rao, N.S., Mateos, P.F., Gillis, M., Dazzo, F.B., and 
Martínez-Molina, E., 2002. A new species of Devosia that forms a unique nitrogen-fixing root-nodule 
symbiosis with the aquatic legume Neptunia natans (L.f.) Druce. Applied and Environmental 
Microbiology, 68 (11), 5217–5222. 

Robertson, C.E., Harris, J.K., Spear, J.R., and Pace, N.R., 2005. Phylogenetic diversity and ecology of 
environmental Archaea. Current Opinion in Microbiology, 8 (6), 638–642. 

Robertson, G.P. and Groffman, P.M., 2007. Nitrogen transformations. In: E.A. Paul, ed. Soil Microbiology, 
Biochemistry, and Ecology. New York, USA: Springer, 341–364. 

Robinson, E. and Robbins, R.C., 1970. Gaseous atmospheric pollutants from urban and natural sources. In: 
S.F. Singer, ed. Global Effects of Environmental Pollution: A Symposium Organized by the American 
Association for the Advancement of Science Held in Dallas, Texas, December 1968. Dordrecht: Springer 
Netherlands, 50–64. 

Rosenberg, E., 2014. The family Deinococcaceae. In: E. Rosenberg, E.F. DeLong, S. Lory, E. Stackebrandt, and 
F. Thompson, eds. The prokaryotes: Other major lineages of bacteria and the archaea. Berlin,
Heidelberg: Springer, 613–615.

Rossi, F., Motta, O., Matrella, S., Proto, A., and Vigliotta, G., 2015. Nitrate removal from wastewater through 
biological denitrification with OGA 24 in a batch reactor. Water, 7 (1), 51–62. 

Saito, K., Quinn, B., Zohar, Y., and Sowers, K.R., 2017. Solid waste treatment for saltwater RAS: Microbial 
anaerobic digestion and biomethane production. In: J. Dalsgaard, ed. Book of Abstracts. DTU Aqua 
Report No. 321- 17. Presented at the 4th NordicRAS Workshop on Recirculating Aquaculture Systems, 
Aalborg, Denmark: National Institute of Aquatic Resources, Technical University of Denmark, 56. 

Sakamoto, M., 2014. The family Porphyromonadaceae. In: E. Rosenberg, E.F. DeLong, S. Lory, E. Stackebrandt, 
and F. Thompson, eds. The prokaryotes: Other major lineages of bacteria and the archaea. Berlin, 
Heidelberg: Springer, 811–824. 

Savvas, D., Passam, H.C., Olympios, C., Nasi, E., Moustaka, E., Mantzos, N., and Barouchas, P., 2006. Effects of 
ammonium nitrogen on lettuce grown on pumice in a closed hydroponic system. HortScience, 41 (7), 
1667–1673. 

Schlesinger, W.H., 2009. On the fate of anthropogenic nitrogen. Proceedings of the National Academy of 
Sciences, 106 (1), 203–208. 

Schmautz, Z., Graber, A., Jaenicke, S., Goesmann, A., Junge, R., and Smits, T.H.M., 2017b. Microbial diversity 
in different compartments of an aquaponics system. Archives of Microbiology, 199 (4), 613–620. 

Schmautz, Z., Loeu, F., Liebisch, F., Graber, A., Mathis, A., Griessler Bulc, T., and Junge, R., 2016. Tomato 
productivity and quality in aquaponics: Comparison of three hydroponic methods. Water, 8 (11), 533. 

Schmautz, Z., Scott, B., Smits, T.H.M., Frossard, E., and Junge, R., 2017a. Investigations of lettuce quality, 
nitrogen dynamics and microbial diversity in aquaponic system. Presented at the Aquaculture Europe 
17, Dubrovnik, Croatia. 

Schmidt, C.S., Richardson, D.J., and Baggs, E.M., 2011. Constraining the conditions conducive to dissimilatory 
nitrate reduction to ammonium in temperate arable soils. Soil Biology and Biochemistry, 43 (7), 1607–
1611. 

Schmieder, R. and Edwards, R., 2011. Quality control and preprocessing of metagenomic datasets. 
Bioinformatics, 27 (6), 863–864. 



| 122 | 

Schneider, O., Amirkolaie, A.K., Vera‐Cartas, J., Eding, E.H., Schrama, J.W., and Verreth, J.A.J., 2004. 
Digestibility, faeces recovery, and related carbon, nitrogen and phosphorus balances of five feed 
ingredients evaluated as fishmeal alternatives in Nile tilapia, Oreochromis niloticus L. Aquaculture 
Research, 35 (14), 1370–1379. 

Schreier, H.J., Mirzoyan, N., and Saito, K., 2010. Microbial diversity of biological filters in recirculating 
aquaculture systems. Current Opinion in Biotechnology, 21 (3), 318–325. 

Seekell, D.A., Lapierre, J.-F., and Cheruvelil, K.S., 2018. A geography of lake carbon cycling. Limnology and 
Oceanography Letters, 3 (3), 49–56. 

Shannon, C.E., 1948. A mathematical theory of communication. Bell System Technical Journal, 27 (3), 379–
423. 

Shin, J., Jang, H.M., Shin, S.G., and Kim, Y.M., 2019. Thermophilic anaerobic digestion: Effect of start-up 
strategies on performance and microbial community. Science of The Total Environment, 687, 87–95. 

Shin, J.Y., Park, S.S., and An, K.-G., 2004. Removal of nitrogen and phosphorus using dominant riparian plants 
in a hydroponic culture system. Journal of Environmental Science and Health, Part A, 39 (3), 821–834. 

Simpson, E.H., 1949. Measurement of diversity. Nature, 163 (4148), 688–688. 
Sirakov, I., Lutz, M., Graber, A., Mathis, A., Staykov, Y., Smits, T.H.M., and Junge, R., 2016. Potential for 

combined biocontrol activity against fungal fish and plant pathogens by bacterial Isolates from a model 
aquaponic system. Water, 8 (11), 518. 

Sly, L.I., Arunpairojana, V., and Hodgkinson, M.C., 1988. Pedomicrobium manganicum from drinking -water 
distribution systems with manganese-related “dirty water” problems. Systematic and Applied 
Microbiology, 11 (1), 75–84. 

Söderlund, R. and Svensson, B.H., 1976. The global nitrogen cycle. Ecological Bulletins, (22), 23–73. 
Somerville, C., Cohen, M., Pantanella, E., Stankus, A., and Lovatelli, A., 2014. Small-scale aquaponic food 

production: integrated fish and plant farming. Rome, Italy: FAO Fisheries and Aquaculture Technical 
Paper Food and Agriculture Organization of the United Nations. 

Søndergaard, M., 2009. Redox potential. In: Encyclopedia of Inland Waters. Oxford: Academic Press, 852–
859. 

Song, B., Lisa, J.A., and Tobias, C.R., 2014. Linking DNRA community structure and activity in a shallow 
lagoonal estuarine system. Frontiers in Microbiology, 5 (460). 

Song, M., Shin, S.G., and Hwang, S., 2010. Methanogenic population dynamics assessed by real-time 
quantitative PCR in sludge granule in upflow anaerobic sludge blanket treating swine wastewater. 
Bioresource Technology, 101 (1, Supplement), S23–S28. 

Stams, A.J.M., Teusink, B., and Sousa, D.Z., 2019. Ecophysiology of acetoclastic methanogens. In: A.J.M. Stams 
and D.Z. Sousa, eds. Biogenesis of hydrocarbons. Cham: Springer International Publishing, 109–121. 

Steffen, W., Richardson, K., Rockstrom, J., Cornell, S.E., Fetzer, I., Bennett, E.M., Biggs, R., Carpenter, S.R., de 
Vries, W., de Wit, C.A., Folke, C., Gerten, D., Heinke, J., Mace, G.M., Persson, L.M., Ramanathan, V., Reyers, 
B., and Sorlin, S., 2015. Planetary boundaries: Guiding human development on a changing planet. 
Science, 347 (6223), 1259855–1259855. 

Stein, L.Y. and Klotz, M.G., 2016. The nitrogen cycle. Current Biology, 26 (3), R94–R98. 
Stieglmeier, M., Alves, R.J.E., and Schleper, C., 2014. The phylum Thaumarchaeota. In: E. Rosenberg, E.F. 

DeLong, S. Lory, E. Stackebrandt, and F. Thompson, eds. The prokaryotes: Other major lineages of 
bacteria and the archaea. Berlin, Heidelberg: Springer, 347–362. 

Stouvenakers, G., Dapprich, P., Massart, S., and Jijakli, M.H., 2019. Plant pathogens and control strategies in 
aquaponics. In: S. Goddek, A. Joyce, B. Kotzen, and G.M. Burnell, eds. Aquaponics food production 
systems: Combined aquaculture and hydroponic production technologies for the future. Cham: Springer 
International  Publishing, 353–378. 

Stover, C.K., Pham, X.Q., Erwin, A.L., Mizoguchi, S.D., Warrener, P., Hickey, M.J., Brinkman, F.S.L., Hufnagle, 
W.O., Kowalik, D.J., Lagrou, M., Garber, R.L., Goltry, L., Tolentino, E., Westbrock-Wadman, S., Yuan, Y.,
Brody, L.L., Coulter, S.N., Folger, K.R., Kas, A., Larbig, K., Lim, R., Smith, K., Spencer, D., Wong, G.K.-S., Wu, 
Z., Paulsen, I.T., Reizer, J., Saier, M.H., Hancock, R.E.W., Lory, S., and Olson, M.V., 2000. Complete genome
sequence of Pseudomonas aeruginosa PAO1, an opportunistic pathogen. Nature, 406 (6799), 959–964.

Stüeken, E.E., Kipp, M.A., Koehler, M.C., and Buick, R., 2016. The evolution of Earth’s biogeochemical nitrogen 
cycle. Earth-Science Reviews, 160, 220–239. 

Su, H., Kang, W., Xu, Y., and Wang, J., 2018. Assessing groundwater quality and health risks of nitrogen 
pollution in the Shenfu mining area of Shaanxi province, Northwest China. Exposure and Health, 10 (2), 
77–97. 



| 123 | 

Suarez, C., Piculell, M., Modin, O., Langenheder, S., Persson, F., and Hermansson, M., 2019. Thickness 
determines microbial community structure and function in nitrifying biofilms via deterministic 
assembly. Scientific Reports, 9 (1), 5110. 

Summerfelt, R.C. and Penne, C.R., 2005. Solids removal in a recirculating aquaculture system where the 
majority of flow bypasses the microscreen filter. Aquacultural Engineering, 33 (3), 214–224. 

Sun, L., Pope, P.B., Eijsink, V.G.H., and Schnürer, A., 2015. Characterization of microbial community structure 
during continuous anaerobic digestion of straw and cow manure. Microbial Biotechnology, 8 (5), 815–
827. 

Timmons, M.B. and Ebeling, J.M., 2010. Recirculating aquaculture. Ithaca, United States: Cayuga Aqua 
Ventures. 

Tinta, T., 2006. The influence of mariculture on planktonic bacterial communities in the pelagic zone of Piran 
bay. Annales: Series Historia Naturalis, 16 (2), 285. 

Tokarz, E. and Urban, D., 2015. Soil redox potential and its impact on microorganisms and plants of 
wetlands. Journal of Ecological Engineering, 16 (3), 20–30. 

Tsuchiya, C., Sakata, T., and Sugita, H., 2008. Novel ecological niche of Cetobacterium somerae, an anaerobic 
bacterium in the intestinal tracts of freshwater fish. Letters in Applied Microbiology, 46 (1), 43–48. 

Tyson, R.V., Simonne, E.H., Treadwell, D.D., White, J.M., and Simonne, A., 2008. Reconciling pH for ammonia 
biofiltration and cucumber yield in a recirculating aquaponic system with perlite biofilters. 
HortScience, 43 (3), 719–724. 

Vaiopoulou, E., Melidis, P., and Aivasidis, A., 2005. Sulfide removal in wastewater from petrochemical 
industries by autotrophic denitrification. Water Research, 39 (17), 4101–4109. 

Verdegem, M.C.J., 2013. Nutrient discharge from aquaculture operations in function of system design and 
production environment. Reviews in Aquaculture, 5 (3), 158–171. 

Vergot, N. and Vermeulen, J., 2012. Recirculation aquaculture system (RAS) with tilapia in a hydroponic 
system with tomatoes. Acta Horticulturae, (927), 67–74. 

���‹�Ž�‹�„�‹�©�á�� ���ä�� �ƒ�•�†�� �e�ƒ�•�–�‹�©�á�� ���ä�á�� �t�r�r�z�ä�� ���‡�‡�’�� �™�ƒ�–�‡�”�� �˜entilation traced by Synechococcus cyanobacteria. Ocean 
Dynamics, 58 (2), 119–125. 

Vinale, F., Sivasithamparam, K., Ghisalberti, E.L., Marra, R., Woo, S.L., and Lorito, M., 2008. Trichoderma–
plant–pathogen interactions. Soil Biology and Biochemistry, 40 (1), 1–10. 

Visca, P., Seifert, H., and Towner, K.J., 2011. Acinetobacter infection – an emerging threat to human health. 
IUBMB Life, 63 (12), 1048–1054. 

de Vries, W., Kros, J., Kroeze, C., and Seitzinger, S.P., 2013. Assessing planetary and regional nitrogen 
boundaries related to food security and adverse environmental impacts. Current Opinion in 
Environmental Sustainability, 5 (3), 392–402. 

Vu, V.Q., 2011. ggbiplot: A ggplot2 based biplot. 
Wagg, C., Schlaeppi, K., Banerjee, S., Kuramae, E.E., and van der Heijden, M.G.A., 2019. Fungal-bacterial 

diversity and microbiome complexity predict ecosystem functioning. Nature Communications, 10 (1), 
4841. 

Wanner, J., 1994. Activated sludge population dynamics. Water Science and Technology; London, 30 (11), 
159–169. 

���ƒ�ä�•�‹�‡�™�‹�…�œ�á�����ä���ƒ�•�†�����”�œ�›�•�‘�™�•�•�ƒ�á�����ä�á���t�r�s�v�ä��Flavobacterium spp. – Characteristics, occurrence, and toxicity. In: 
C.A. Batt and M.L. Tortorello, eds. Encyclopedia of food microbiology. Oxford: Academic Press, 938–942.

Weirich, C.A. and Miller, T.R., 2014. Freshwater harmful algal blooms: Toxins and children’s health. Current 
Problems in Pediatric and Adolescent Health Care, 44 (1), 2–24. 

Wetzel, R.G., 2001. Limnology: Lake and river ecosystems. Gulf Professional Publishing. 
Wickham, H., 2016. ggplot2: Elegant graphics for data analysis. Springer-Verlag New York. 
Wickham, H., 2018. scales: Scale functions for visualization. 
Wickham, H., François, R., Henry, L., and Müller, K., 2019b. dplyr: A grammar of data manipulation. 
Wickham, H., Hester, J., and Chang, W., 2019a. devtools: Tools to make developing R packages easier. 
Widdison, P.E. and Burt, T.P., 2008. Nitrogen cycle. In: Global Ecology. Elsevier B.V., 2526–2533. 
Wilfert, P., Meerdink, J., Degaga, B., Temmink, H., Korving, L., Witkamp, G.J., Goubitz, K., and van Loosdrecht, 

M.C.M., 2020. Sulfide induced phosphate release from iron phosphates and its potential for phosphate
recovery. Water Research, 171, 115389.

Wongkiew, S., Hu, Z., Chandran, K., Lee, J.W., and Khanal, S.K., 2017. Nitrogen transformations in aquaponic 
systems: A review. Aquacultural Engineering, 76, 9–19. 



| 124 | 

Wongkiew, S., Park, M.-R., Chandran, K., and Khanal, S.K., 2018a. Aquaponic systems for sustainable resource 
recovery: Linking nitrogen transformations to microbial communities. Environmental Science & 
Technology, 52 (21), 12728–12739. 

Wongkiew, S., Popp, B.N., and Khanal, S.K., 2018b. Nitrogen recovery and nitrous oxide (N2O) emissions from 
aquaponic systems: Influence of plant species and dissolved oxygen. International Biodeterioration & 
Biodegradation, 134, 117–126. 

Wu, H., Xu, K., He, X., and Wang, X., 2016. Removal of nitrogen by three plant species in hydroponic culture: 
Plant uptake and microbial degradation. Water, Air, & Soil Pollution, 227 (9). 

Xu, J., Liu, Y., Cui, S., and Miao, X., 2006. Behavioral responses of tilapia (Oreochromis niloticus) to acute 
fluctuations in dissolved oxygen levels as monitored by computer vision. Aquacultural Engineering, 35 
(3), 207–217. 

Ye, R.W. and Thomas, S.M., 2001. Microbial nitrogen cycles: Physiology, genomics and applications. Current 
Opinion in Microbiology, 4 (3), 307–312. 

Yenigün, O. and Demirel, B., 2013. Ammonia inhibition in anaerobic digestion: A review. Process 
Biochemistry, 48 (5), 901–911. 

Yin, H., Li, Y., Xiao, J., Xu, Z., Cheng, X., and Liu, Q., 2013. Enhanced root exudation stimulates soil nitrogen 
transformations in a subalpine coniferous forest under experimental warming. Global Change Biology, 
19 (7), 2158–2167. 

Yiridoe, E.K., Voroney, R.P., and Weersink, A., 1997. Impact of alternative farm management practices on 
nitrogen pollution of groundwater: Evaluation and application of CENTURY model. Journal of 
Environmental Quality, 26 (5), 1255–1263. 

Yogev, U., Atari, A., and Gross, A., 2018. Nitrous oxide emissions from near-zero water exchange brackish 
recirculating aquaculture systems. Science of The Total Environment, 628–629, 603–610. 

Zarzoza Mora, S.B., 2018. Phosphorus cycling in an aquaponic system. Bachelor thesis. Chapingo 
Autonomous University, Mexico State, Mexico. 

Zhang, X., Davidson, E.A., Mauzerall, D.L., Searchinger, T.D., Dumas, P., and Shen, Y., 2015. Managing nitrogen 
for sustainable development. Nature, 528 (7580), 51–59. 

Zhu, Z., Gerendas, J., and Sattelmacher, B., 1997. Effects of replacing of nitrate with urea or chloride on the 
growth and nitrate accumulation in pak-choi in the hydroponics. In: T. Ando, K. Fujita, T. Mae, H. 
Matsumoto, S. Mori, and J. Sekiya, eds. Plant nutrition for sustainable food production and environment: 
Proceedings of the XIII International Plant Nutrition Colloquium, 13 - 19 September 1997, Tokyo, Japan. 
Dordrecht: Springer Netherlands, 963–964. 

Zou, Y., Hu, Z., Zhang, J., Fang, Y., Li, M., and Zhang, J., 2017. Mitigation of N2O emission from aquaponics by 
optimizing the nitrogen transformation process: Aeration management and exogenous carbon (PLA) 
addition. Journal of Agricultural and Food Chemistry, 65 (40), 8806–8812. 

Zou, Y., Hu, Z., Zhang, J., Xie, H., Guimbaud, C., and Fang, Y., 2016b. Effects of pH on nitrogen transformations 
in media-based aquaponics. Bioresource Technology, 210, 81–87. 

Zou, Y., Hu, Z., Zhang, J., Xie, H., Liang, S., Wang, J., and Yan, R., 2016a. Attempts to improve nitrogen utilization 
efficiency of aquaponics through nitrifies addition and filler gradation. Environmental Science and 
Pollution Research, 23 (7), 6671–6679. 



 

 

 

| 125 | 

 

ACKNOWLEDGEMENTS 

While the journey has been hard on occasion and thoroughly rewarding, I would not have 

been able to walk this path alone. Therefore, I would like to take this opportunity to thank 

all the exceptional people who have directly and indirectly supported me through my 

doctorate and helped guide my footsteps so that they fell on firm ground. However, I 

would like to especially thank the following people for their significant contribution to the 

journey’s success: 

My supervisors, who helped me become the researcher I am today. Prof. Dr. Ranka Junge, 

I am extremely grateful for your unwavering support over the past years, for treating me 

as though I were your own daughter and for giving me this opportunity in the first place. 

Prof. Dr. Theo H. M. Smits, a special thank you for all the fruitful discussions, inspiring 

supervision, as well as your prompt responses and valuable feedback. Prof. Dr. Emmanuel 

Frossard, you immediately made me feel welcome in your group, for this and all the 

constructive criticism that not only improved the quality of my work but also made me a 

more ambitious researcher, I am truly indebted to you.  

My coworkers, who created a team and a workplace I could thrive in. Misha Teale, thank 

you for always being there for me, in thought and deed, and being my rock when times 

were tough. Linda Tschirren, my time at work would only have been half as fun without 

you, thank you for being my PhD buddy and looking out for me! Fridolin Tschudi, thank 

you for being a fountain of knowledge when it came to brainstorming solutions to the 

engineering and construction challenges faced during the dissertation, and I will always 

treasure your nightly companionship when the system alarms went off for the 100th time. 

Dr. Dominik Refardt, thank you for your support with the statistics, corrections and for 

keeping me motivated. A big thank you Ben Scott for your unconditional assistance in the 

greenhouse during those long hot summer days, indeed the heavy lifting would have been 

impossible without you. I would also like to thank Florentina Gartmann for her time, help 

and understanding, especially on those hot and long days, you are a pillar of patience and 

a dear colleague. Carlos Espinal, thank you for the fun times in the lab, even those where 

we were covered in digested sludge, and for your help with putting words on paper. 



| 126 | 

Overall, I would also like to express my gratitude to the entire Group of Plant Nutrition at 

the ETH and all my colleagues at the ZHAW for their support. 

I would like to thank the people who I have had the honor of working with only briefly but 

have nevertheless had a significant impact. Susana Zarzoza and Joel Pérez, thank you for 

reminding me that there is still a life to be lived outside the lab and for teaching me so 

much about your culture and cuisine. Andrea Bohny and Jena Jamšek, thank you for your 

help with the project and for doing such a great job with your master thesis. Finally, all 

doctoral students need someone to wave to from inside the lab, Chrigu, Brani, Merk, 

Martina, Mikko and Sebi, big shoutout to you guys for looking out for me. 



| 127 | 

CURRICULUM VITAE 

Zala Schmautz
Date of birth:  19 April 1990 

Nationality:  Slovenian 

EDUCATION AND TRAINING 

May 2018 Subject-specific independent training for Aquaculture*  
* Fachspezifische Berufsunabhängige Ausbildung (FBA) Aquakultur (D), to obtain a Swiss fish farmer license. 
Zurich University for Applied Sciences – ZHAW (Wädenswil, Switzerland) 

Dec 2017 Training for Persons Responsible for Directing Animal Experiments*  
* together with “Introductory Course in Laboratory Animal Science” corresponds to the FELASA category C course 
Institute of Laboratory Animal Science, University of Zurich (Basel, Switzerland) 

Sep 2016 – present  Doctoral studies  
Group of Plant Nutrition, Institute of Agricultural Sciences, Swiss Federal Institute of 
Technology in Zurich - ETH Zurich (Switzerland) 

Jul 2015 Introductory Course in Laboratory Animal Science*  
* corresponds to the FELASA category B course 
Institute of Laboratory Animal Science, University of Zurich 

Oct 2013 – May 
2015  

Master Study Program in Sanitary Engineering  

Faculty of Health Sciences, University of Ljubljana (Slovenia) 

Feb 2014 – Jun 2014 Master Study Program in Natural Resource Sciences* 
* Erasmus exchange semester 
Zurich University for Applied Sciences – ZHAW (Wädenswil, Switzerland)  

Oct 2009 – Aug 2013 Bachelor Study Program in Sanitary Engineering  
Faculty of Health Sciences, University of Ljubljana (Slovenia)  

Sep 2005 – Jun 2009 General Upper -Secondary Education – Technical High School  
Biotechnical Educational Centre (Ljubljana, Slovenia) 


	ABSTRACT (EN)
	ZUSAMMENFASSUNG (DE)



