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Abstract 

This study was done with the aim of deepening the understanding of the Maya Chay aquaponic 

systems. To meet the aim, a literature study on aquaponics, with an emphasis on the nitrogen 

metabolism in such systems, was conducted. Furthermore, a deep investigation of the specific Maya 

Chay systems was made to understand how these systems might be different from the general 

aquaponic designs. Finally, two nitrogen balances were developed with the purpose of examining the 

dynamics of the nitrogen transformations in two Maya Chay aquaponic systems. The measurements 

for the nitrogen balances was made between Mars 2017 to July 2017, and the model for the nitrogen 

balances evaluated the amount of nitrogen as: 

i) nitrogen input to the system through the feed, 

ii) nitrogen assimilated by the fish and the plants, 

iii) nitrogen accumulated in the sludge, and 

iv) nitrogen lost to the atmosphere through denitrification and similar processes such as 

anammox. 

The resulting nitrogen balances showed some interesting differences in the dynamics of nitrogen 

distribution. In the smaller Maya Chay XS system in Antigua, only 36 % of the nitrogen input was 

assimilated by the fish (30 %) and the plants (6 %) and 64 % of the nitrogen input could be regarded 

as lost, either to the atmosphere (46 %) or in the sludge (18 %). The other nitrogen balance showed 

that the distribution of nitrogen in the Maya Chay S system in Chinautla is much more efficient in 

taking care of the nitrogen input. In this system 70 % was assimilated by the fish (33 %) and the 

vegetables (37 %) and the remaining 30 % was lost, either to the atmosphere (14 %) or in the sludge 

(16 %). 

The nitrogen balances also showed that both systems are almost equally efficient in terms of 

nitrogen assimilation by the fish, and that the big differences lie in the rate of nitrogen assimilation 

by the plants (6 % vs. 30 %) and in the nitrogen loss to the atmosphere (46 % vs. 14 %). A likely 

explanation for these differences is the difference in design of the vegetable beds, where the less 

efficient system in Antigua has a large surface area for the vegetable bed, but only a small portion of 

this could be utilized for vegetable growth. Furthermore, a consequence of the larger surface is a 

larger anoxic zone in the bottom of the vegetable bed, which promotes the growth of denitrifying 

and anammox bacteria. These kinds of bacteria convert the dissolved ammonia, nitrite and nitrate to 

gas forms of nitrogen, such as nitrogen gas and nitrous oxide and thus nitrogen is lost from the 

system to the atmosphere. 

Finally, this study also showed a great difference in the ratio of vegetable to fish production between 

the systems, where the ratio was 0.43 in Antigua and 2.7 in Chinautla. This ratio further indicates the 

difference in design between the systems, especially regarding the vegetable beds, has an impact on 

how well they perform, both in terms in economic and productivity terms, but also in terms of the 

release of greenhouse gases (nitrous oxide). It can therefore be concluded that the original design of 

the Maya Chay system (i.e. the Chinautla system) is the preferable one. 

Even though the accuracy of the measurements in the experiments could be improved for future 

studies, this study has demonstrated the value of making nitrogen balances for aquaponic systems. 

Nitrogen balances increase the knowledge of the performance of the system and they increase the 

understanding of the dynamics of nitrogen transformations that takes place in the system. This 

knowledge can then be utilized to adjust the design and/or verify if either the aquaculture or 

hydroponic system is properly designed.   



 
 

Sammanfattning 

Den här studien gjordes med syftet att fördjupa förståelsen kring Maya Chay akvaponiska system. För 

att uppnå syftet, utfördes en litteraturstudie som fokuserade på metabolismen av kväve i sådana 

system. Vidare undersöktes specifika Maya Chay system för att förstå hur dessa system skulle kunna 

skilja sig från den generella akvaponiska designen. Slutligen utvecklades två kvävebalanser i syfte att 

utforska dynamiken i de kväveomvandlingar som sker i två Maya Chay akvaponiska system. 

Mätningarna för kvävebalanserna gjordes i perioden mars 2017 till juli 2017, och modellen för 

kvävebalanserna utvärderade mängden kväve som:  

i) kväve som tillförts till systemet genom fodret, 

ii) kväve som assimilerats av fiskarna och växterna, 

iii) kväve som ackumulerats i slammet, och 

iv) kväve som gått förlorat till atmosfären genom denitrifikation och liknande processer så 

som anammox. 

Resultaten från kvävebalanserna visade intressanta skillnader kring dynamiken av kvävefördelningen. 

I det mindre Maya Chay XS systemet i Antigua, assimilerades endast 36 % av kvävet av fiskarna (30 %) 

och växterna (6 %) och 64 % av kvävet ansågs som förluster, antingen till atmosfären (46 %) eller 

genom slammet (18 %). Den andra kvävebalansen visade att fördelningen av kväve i Maya Chay S 

systemet i Chinautla är mycket mer effektivt gällande tillvaratagandet av tillfört kväve. I detta system 

assimilerades 70 % av fiskarna (33 %) och av växterna (37 %) och de resterande 30 % gick förlorat, 

antingen till atmosfären (14 %) eller i slammet (16 %). 

Kvävebalanserna visade även att bägge systemen är mer eller mindre likvärdiga gällande assimilering 

av kväve från fiskarna, och att den stora skillnaden mellan systemen ligger i hur mycket kväve som 

assimilerats av växterna (6 % vs. 37 %) samt hur mycket kväve som gått förlorat till atmosfären (46 % 

vs. 14 %). En sannolik förklaring till dessa skillnader är skillnaden i designen av växtbäddarna för två 

systemen, där det mindre effektiva systemet i Antigua har större area för växtbädden, men endast en 

mindre del av denna kunde nyttjas för odling av grönsaker. Som konsekvens av den större arean av 

växtbädden är en större volym syrefattigt vatten i botten av växtbädden, vilket verkar för tillväxt av 

denitrifierande och anammoxa bakterier. Dessa typer av bakterier omvandlar den upplösta 

ammoniaken, nitriten samt nitratet till kväveföreningar i gasform, till exempel kvävgas och lustgas 

och därav går kvävet förlorat till atmosfären. 

Slutligen visade den här studien stora skillnader i förhållandet mellan växt- och fisk-produktion 

mellan de två systemen, där förhållandet var 0.43 i Antigua och 2.7 i Chinautla. Skillnaden mellan de 

två olika förhållandena är ytterligare en indikation till att skillnaden i designen mellan systemen, 

speciellt med avseende på växtbäddarna, har en effekt på hur väl systemen presterar, både i termer 

som ekonomi och produktivitet, men också i termer som utsläpp av växthusgaser (lustgas). Därför 

kan slutsatsen dras att den ursprungliga designen av Maya Chay systemen (det vill säga systemet i 

Chinautla) är att föredra.  

Även om noggrannheten i mätningarna i detta experiment skulle kunna förbättras i framtida 

experiment, så visar denna studie värdet av att utföra kvävebalanser för akvaponiska system. 

Kvävebalanserna ökar kunskapen om hur väl systemen fungerar och dom ökar kunskapen kring 

dynamiken i kväveomvandlingarna som sker i systemen. Denna kunskap kan sedan utnyttjas för att 

justera designen av systemen och/eller verifiera om antingen vattenbruksdelen eller hydroponidelen 

i systemet är feldimensionerad. 
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1. Introduction 

With the recent alarms of higher food prices, growing food insecurity, water scarcity and poverty in 

developing countries, coupled with the challenges of climate change and resource degradation, it is 

safe to say that we have a global challenge ahead of us (Tyson, et al., 2011; Hudson, et al., 2016). 

Both the shortage of fresh water and the loss of agricultural land are challenges for a growing human 

population and thus require new agricultural systems to meet the increasing demand of food, while 

at the same time reduce their impacts on the environment (Tyson, et al., 2011). Aquaponics, the 

result of combining a recirculating aquaculture system with a hydroponic system, is an agricultural 

system which can tackle these issues. In linking vegetable production with cultivation of fish many 

advantages can be obtained, such as shared start-up, operating and infrastructure costs; reduced 

water use and waste discharge to the environment; and potentially increased profit by 

simultaneously producing two cash crops (Tyson, et al., 2011). 

The member states of United Nations have been combating world hunger since they made their first 

commitment at the World Food Summit in 1996, and later in the year 2000 with the formulation of 

the first Millennium Development Goals. Since then, a lot of progress has been made. FAO, et al. 

(2015) reported that the share of undernourished people in developing nations was 12.9 % in 2015, 

compared to 23.3 % in 1991. Even with this progress in combating world hunger, almost 795 million 

people worldwide still have hunger as a daily challenge. Thus, the fight against hunger continues and 

the eradication of hunger should still be of high priority to decision-makers all over the world. 

Smallholder agriculture and family scale farming will have key roles in the fight against both poverty 

and hunger according to FAO, et al. (2015). If small-scale aquaponics is the choice of agriculture 

system in these situations, then both vegetables and fish protein is produced, which could potentially 

increase the revenues from the operations. 

At the same time as the population increases, a global trend of urbanisation occurs, and in 2016 it 

was estimated that 54 % of the world’s population lived in urban areas and the projections show that 

by the mid of this century this figure will be 66 % (UN-Habitat, 2016) of a population of 9.6 billion 

(Eigenbrod and Gruda, 2014). The trend of urbanization has profound implication for food security. 

For example, the physical expansion of cities can sometimes compromise food production in peri-

urban and rural areas. To be able to produce enough food for the growing urban population, vacant 

spaces like roof tops should be taken into account for food production to decompensate land loss 

and reduce the pressure on rural agriculture (Eigenbrod and Gruda, 2014). By utilizing unused urban 

space for production of food, the cities would become more sustainable with a higher level of food 

security. Urban horticulture will thus have a key role in making future cities greener. Urban 

horticulture could lower the ecological footprint of a city by serving as insulation for buildings, thus 

lowering the energy consumption, and re-using organic waste as fertilizer (Eigenbrod and Gruda, 

2014). Furthermore, the food miles of food produced in cities are lower than the food produced in 

rural areas. Furthermore, both the cost of logistics and of storage would be lesser for the urban 

produced food, and the produced food items would be fresher with a longer shelf life since it is 

possible to sell them in the supermarkets just a couple of hours after harvest. 
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The production of farmed fish has more than doubled during the period 1987 to 1997, increasing by 

9 % per year (Cole, et al., 2009), and FAO (2016) reports that aquaculture now provides half of all fish 

for human consumption. In 2013, 17 % of the global animal protein consumption came from fish and 

it accounted for 6.7 % of all protein consumed worldwide (FAO, 2016). Fish provides high quality 

protein with all the necessary amino acids and it also contains essential fats, minerals (e.g. iron, zinc 

and calcium) and vitamins (e.g. A, B and D). Due to the nutritional values, consumption of fish will 

have a positive nutritional impact on people who live on plant based diets, which is the case in many 

low-income food-deficit countries (FAO, 2016). The consumption of fish has also been proven to 

protect against cardiovascular diseases and to aid the development of the brain and nervous system 

in foetal and infants (FAO, 2016). By consuming fish, an unbalanced diet can be corrected for, and 

through substitution it can counter obesity (FAO,2016).  

Since the mid twentieth century, the food supply has changed around the globe, going from a 

national supply to a global supply. This change has allowed for a large-scale production never seen 

before, both in terms of concentration of production but also in terms of concentration of 

ownership. The globalisation of food supply has led to a lower price on food and an increased supply 

and thus it has created opportunities for an increased food consumption in both wealthy and less 

wealthy countries. Today, the backsides of the globalisation of the food production starts to become 

more apparent, with large social and environmental problems, and with an alienation between the 

consumers and the producers. This development can be seen in growing middle-class interest for 

locally produced food products with a high traceability which are certified by a third party (Olofsson 

and Öhman, 2011). 

2. Background 

2.1 Maya Chay 
The company Energía y Ambiente S.A (EASA) (logotype shown in Figure 2) developed the Maya Chay 

system as an answer to the problem of water availability and malnutrition in the dry corridor of 

Guatemala. In this area, the water availability is scarce, and people regularly suffer from famine. The 

Maya Chay system is an alternative way of producing valuable fish protein and vitamins from both 

the fish and vegetables on a small-scale, without being harmful to the environment. The Maya Chay 

system combines different technologies, such as the hydroponics and the recirculating aquaculture 

system, in a unique way.  

 

Figure 1. Energía y Ambiente S.A 
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So far, EASA has constructed five Maya Chay systems in Guatemala. The size of the systems varies 

from extra small (XS), small (S), medium (M), and large (L). A Maya Chay XS has one large fish tank 

(top diameter of 2 meters with a height of 0.75) or two smaller ones, the Maya Chay S has two large 

fish tanks, the Maya Chay M has three large fish tanks and the Maya Chay L has more than 3 large 

fish tanks. A list of all Maya Chay systems can be found in Table 1. To reduce the cost and 

environmental burden from new materials, one of the systems (Maya Chay XS in Antigua) has been 

built utilizing existing materials at the plant site. Therefore, the design of the different systems is not 

uniform even if they all share some similarities. In general, the Maya Chay system consists of one or 

more fish tank, a sedimentation tank, one or more vegetable beds, a water channel or a pump tank, 

and one or more drop filters. 

Table 1. The Maya Chay systems 

Location Size Year of construction 

Antigua, Guatemala M 2012 

El Rancho, Guatemala L 2013 

Antigua, Guatemala XS 2016 

Chinautla, Guatemala S 2016 

Esquintla, Guatemala XS 2017 

 

The name “Maya Chay” originates from the ancient Maya language, where “chay” means fish and is 

depicted by a pictogram. The logo for “Maya Chay” uses the pictogram for chay with the words 

“Maya Chay” inscribed to it, see Figure 1. 

 

Figure 2. The Maya Chay logo 
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3. Aim & Objectives 
The aim and objectives of this thesis were decided together with EASA to shed light on some aspects 

of the Maya Chay systems that have not been fully understood. 

The decided aim was to deepen the understanding of the nitrogen cycle in the Maya Chay 

aquaponics systems. To meet the aim the following objectives were set up: 

(i) To present a detailed general description of aquaponics with emphasis on the nitrogen 

metabolism in such systems, 

(ii) To present a detailed description of the Maya Chay aquaponic systems, 

(iii) To establish nitrogen balances for two different Maya Chay systems, and 

(iv) To determine the ratio of vegetables to fish production in the two systems. 

 

4. Methodology 

4.1 Site descriptions 
Figure 3 shows the Maya Chay XS in Antigua. This system differs from the original Maya Chay design, 

as existing tanks were used as sedimentation tank, vegetable bed and pump tank. This design is not 

optimal since the water in the sedimentation and pump tank is exposed to sunlight, thus promoting 

the growth of more algae than in the other system where less water is exposed to sunlight. The 

excess algae could potentially contribute to clogging of the system but will also remove nutrients 

from the water which could have been utilized by the vegetables. Another flaw in this system is the 

large volume of the vegetable bed. The larger total volume of the vegetable bed results in a larger 

volume of water with anoxic conditions, thus contributing to denitrification and therefore more 

nitrogen is lost to the atmosphere. Also, due to the size of the pool used for vegetable production, 

only a fraction of the surface could be used to plant vegetables, or else the water level would be too 

low to reach the roots of the plants. Finally, there might have been a leakage somewhere in the 

system which increased the water consumption. The observed loss of water in the system could 

potentially also have been a result of having more water exposed to the sun, thus having more 

evaporation from the system. The fish tank in the Maya Chay XS in Antigua has a top diameter of 2 

meters with a height of 0.75 meter and a water height of 0.6 meter. The area of the fish tank is 3.14 

m2 and the water volume is 1.9 m3. The total area of the vegetable bed is 6 m2, but the growing area 

is only 2.6 m2. The sedimentation tank has an area of 5.4 m2 and the pump tank has an area of 1.2 

m2. 
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Figure 3. The Maya Chay XS system in Antigua 

Figure 4 shows the Maya Chay S system in Chinautla. This system utilizes the original design of Maya 

Chay and is built with new materials. In total, it consists of two fish tanks, two drop filters, one 

sedimentation tank, two vegetable beds and one pump tank. The fish tanks have a top diameter of 2 

meters with a height of 0.75 meter and a water height of 0.6 meter. The total area of the fish tanks is 

6.28 m2 with a total water volume of 3.77 m3. The system has two vegetable beds with a width of 

0.9 meter, a length of 2.8 meter and a depth of 0.4 meter. The total hydroponic area is 5 m2. 

 

Figure 4. The Maya Chay S system in Chinautla 
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4.2 Experimental design and calculations 
To investigate the flow of nitrogen in the Maya Chay system, nitrogen balances were established for 

two different Maya Chay systems with different designs, the Maya Chay XS system in Antigua and the 

Maya Chay S system in Chinautla. A visualization of the nitrogen balance is shown in Figure 5.  

During the period (Mars 2017 – July 2017), all the input of feed was measured. The workers of the 

systems were instructed on the feeding dose and schedule so that the input of feed could be 

measured. As new vegetables and fish were introduced to the systems, samples of them were 

weighted to account for the initial starting weight. After the period, a sample of fish were weighted 

once again to determine the average growth in biomass. As vegetables were being harvested from 

the system, they were weighted to account for the growth in biomass. To determine the 

accumulation of nitrogen in the vegetable beds, a sample volume of gravel was collected, dried and 

weighted. Then the gravel sample was washed with water to remove the sludge and then dried and 

weighted again, and the specific sludge concentration could be determined. The total amount of 

sludge could then be estimated using the specific sludge concentration and the total vegetable bed 

surface. 

The nitrogen balance was conducted using Eq. (1): 

(1) NFeed = Nfish + Nvegetables + NAccumulation + NDenitrification   

The nitrogen in the feed could be calculated using Eq. (2): 

(2) NFeed =  ∑(FA ∗ PC ∗ 0.16) 

where FA is the amount of feed (kg), PC is the protein content of the feed (decimal fraction) and 0.16 

is the conversion factor for protein to nitrogen. 

The nitrogen assimilated by the fish could be calculated using Eq. (3): 

(3) Nfish = ∑(GBF ∗ PC ∗ 0.16) 

where GBF is the gained biomass in fish (kg). 

The nitrogen assimilated by the vegetables could be calculated using Eq. (4): 

(4) Nvegetables = ∑(GBV ∗ DM ∗ NDM) 

where GBV is the gained biomass in vegetables (kg), DM is the dry matter content (decimal fraction) 

and NDM is the nitrogen content in the dry matter content (decimal fraction).  

The nitrogen accumulated as sludge in the vegetable beds could be calculated using Eq. (5): 

(5) NAccumulation = {
SA ∗ FC ∗ PC ∗ 0.16

SA ∗ AC ∗ DM ∗ NDM
 

where SA is the sludge amount (kg), FC is the feed content in the sludge (decimal fraction) and AC is 

the algae content in the sludge (decimal fraction). 

Finally, NDenitrification was assumed to be the remainder of the nitrogen budget, according to Eq. (6), 

which has been lost to the atmosphere by denitrification and other similar processes (e.g. anammox). 

(6) NDenitrification = Nfeed − Nfish − Nvegetables − NAccumulation 
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Figure 5. Visualization of the nitrogen balance in Maya Chay 

4.3 Literature study 
A literature study was done to investigate various designs of aquaponic systems, the ideal water 

quality parameters, the transformation of nitrogen in nature and in aquaculture, etc. The information 

was collected from peer-reviewed articles and other reliable sources, such as the Food and 

Agriculture Organisation of the United Nations (FAO). The search of literature was mainly done 

through the KTH library database (KTHB) using different combinations of the keywords: aquaponics, 

nitrogen balance, nitrification, denitrification, biofilter, anammox, and nitrogen cycle. 

4.4 Monitoring water quality 
To monitor the water quality in the Maya Chay systems, simple water testing kits of the brands JBL 

and Sera were used. These tests were used to monitor pH, 𝑁𝑂2, 𝑁𝑂3, 𝑃𝑂4 and 𝑁𝐻3. To monitor the 

alkalinity, general hardness and pH, easy strips of the brand Tetra were used. A dissolved oxygen 

meter, model 8403, of the brand AZ was used to monitor the dissolved oxygen and temperature, but 

due to the malfunctioning of the previous dissolved oxygen meter a new one had to be purchased 

and therefore the dissolved oxygen could not be measured for the first four weeks. The monitoring 

of the water took place in the Maya Chay XS site in Antigua and the measurements were conducted 

once a week for a period of 11 weeks. The hour of measurement varied between late morning to 

early evening, and this may have influenced some of the test results, especially regarding the 

dissolved oxygen and pH. 

4.5 Limitations 
Due to lack of communication between the workers around the aquaponic systems, several mistakes 

were made. To start with, the feeding instructions were misunderstood so the accuracy of the feed 

input is lower than planned. Secondly, harvesting of some plants were done without measuring the 

weight and therefore an estimation had to be made based upon the amount of plants and the 

average weight of the other plants.  
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5. Results 

5.1 Aquaponics: state of the art 

5.1.1 Hydroponic systems 
Hydroponics, the most popular form of soil-less cultivation, is a way of producing vegetables and/or 

fruits without the need of soil. One common method of using hydroponics is having substrate (e.g. 

gravel or volcanic gravel) replacing the soil. Another method of using hydroponics is having the plants 

roots in the water solution. By using hydroponics, soil-borne diseases and pests can be avoided. It 

has been found that some substrate outperforms soil, especially regarding water-holding capacity 

and oxygen supply at the root zone of the plants. Furthermore, farmers using hydroponic systems 

can monitor, manipulate and have real-time control over the availability of nutrients for the plants 

(Somerville, et al., 2014). 

One of the main benefits of using hydroponic systems is the low water consumption, which is only a 

small part of the consumption of water that is used by soil-based production, since hydroponic 

systems normally use water in a recirculating system. In some areas, for example arid regions and 

areas with problems of eutrophication, hydroponic systems are the preferable option since they are 

so efficient in using fertilizers and water. Furthermore, since hydroponic systems do not use soil, it is 

a crucial solution in cities. Hydroponic systems are very productive and only requires a small space 

and they are therefore a great option for achieving food security and for developing local micro-scale 

farming in urban areas. These urban hydroponic systems would also reduce the need to transport 

food to the cities (Somerville, et al., 2014). 

Modern agriculture has a reliance on chemical fertilizers which is becoming a problem since the 

chemical fertilizers are both hard to source and expensive. The production of them is also related to 

environmental problems since it contributes a substantial part of the agricultural CO2-emissions. 

Furthermore, in traditional soil-based agriculture the nutrients leach to aquatic environments, 

causing environmental destruction by eutrophication. Even though hydroponics does not share the 

same challenges as modern soil-based agriculture, with water consumption and a reliance on 

chemical fertilizers, it phases other challenges in being a complicated method of production which 

uses other kinds of inputs. For example, hydroponic systems often require electricity to pump the 

water and sometimes also to oxygenate the water. Then again, modern soil-based agriculture 

requires even more energy to pump the huge amounts of water which is used for irrigation. 

Furthermore, hydroponics eliminates the need to use heavy machinery to plough the soil along with 

the environmental impacts from disrupting the soil and from the use of fossil fuels to operate these 

vehicles (Somerville, et al., 2014). 
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5.1.2 Aquaculture 
In aquaculture, fish and other aquatic animals can be bred and produced in a controlled 

environment. A big variety of fish, algae, molluscs and crustaceans have been successfully cultured. 

The specific culture techniques vary depending on the climate and environment in different regions, 

but the four major types of aquaculture are: open water systems (long-lines & cages), flow-through 

raceways, pond cultures and recirculating aquaculture systems (RAS). RAS is the most suitable type of 

system to integrate with hydroponics, since the nutrient-rich wastewater can be used as an input to 

the hydroponic system, and therefore the other types of aquaculture systems will not be explained in 

more detail in this report. In a RAS, the production per land unit is increased and it is also the system 

that consumes the least amount of water. In these systems, the water is recycled after a filtering and 

cleaning process, and thus they do not pollute other water with excess nutrients. The drawback for 

RAS is that the initial investment- and the recurring energy- and management-costs are higher, 

compared to the other types of aquaculture techniques (Somerville, et al., 2014). 

The development of aquaculture needs to overcome two major obstacles to become more 

sustainable. The first obstacle relates to the handling of the wastewater, which is full of nutrients and 

is a by-product of all aquaculture activities. If untreated wastewater is released, it will cause 

eutrophication and hypoxia of aquatic environments. In return, the eutrophication and hypoxia will 

cause other negative ecological and economic consequences. One way of solving this obstacle is to 

use the nutrient-rich wastewater as a fertilizer for the cultivation of plants and vegetables. The other 

major obstacle for aquaculture relates to the fish feed, which to a large extent is dependent on the 

production of fish meal and fish oil. The future sustainability of aquaculture does in some part 

depend on the development of alternative feeds, but this will not be examined further in this paper 

(Somerville, et al., 2014). 

5.1.3 Aquaponics systems 
As mentioned before, aquaponics is the result of integrating a RAS with a hydroponic system, thus 

creating a system which produces both fish and vegetables. The integration of these systems causes 

a synergy between them as the nutrient-rich wastewater from the aquaculture will serve as fertilizer 

for the crops in the hydroponic system (Buzby and Lin, 2014; Somerville, et al., 2014). The water from 

the aquaculture is recycled through filters, the vegetable beds, and then finally returns to the fish 

tanks. Sometimes solid waste is removed using a mechanical filter, but more importantly, a biofilter 

is needed to transform the dissolved waste. Nitrifying bacteria live in the biofilter, and they will 

convert ammonia (toxic to the fish in higher concentrations) into nitrate (Somerville, et al., 2014). 

After the biofiltering process, the water will enter the vegetable beds and the plants will assimilate 

the nutrients from the water. Finally, the purified water returns to the fish tanks, and the loop has 

been closed. Assuming that the system has been properly balanced, the fish, bacteria and plants will 

live in a symbiotic ecosystem (Somerville, et al., 2014). 
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Some of the earlier mentioned challenges with aquaculture and hydroponics can be solved when 

these two systems are integrated, as the weakness of each system is the solution for the other. The 

unwanted nutrient-rich wastewater from the aquaculture serves as a fertilizer for the crops, thus 

removing the dependency of chemical fertilizers. This fertilizer is not only natural and more 

sustainable, it is also cheap. Thus, the integration of the two technologies kills two birds with one 

stone: it eliminates the burden of nutrient release to aquatic environments and it eliminates the 

dependency on chemical fertilizers. Furthermore, aquaponic systems have been shown to produce 

fish and vegetables on a comparable level of running each system separately. In some situations, for 

example when land and water is scarce, aquaponics can be even more productive than traditional 

alternatives and therefore be the most suitable option. Aquaponics has some drawbacks in the 

higher investment cost and in being a more complicated system. Even though the visible outputs of 

aquaponics are fish and vegetables, the aquaponic farmer must manage a whole ecosystem, 

including the bacteria (Somerville, et al., 2014). 

In the context of sustainable food production, aquaponics certainly has its place, most importantly in 

applications on a family-scale (Somerville, et al., 2014). The aquaponic systems enables the 

production of both vegetables and fish in a both supportive and collaborative way, especially in areas 

and/or situations where it might be hard or even impossible to practice traditional soil-based 

agriculture (Somerville, et al., 2014). The discussions of sustainability issues often touch upon three 

dimensions: the ecologic, the social and the economic dimension. Aquaponics considers all of them. 

By allowing for great control over the production and use of water, and preventing the waste water 

to reach and pollute nearby water bodies, it considers the environmental aspects of sustainability 

(Somerville, et al., 2014). Aquaponics can be practiced in cities with large populations (Love, et al., 

2015), and thus it indirectly reduces the emissions from transport by removing the need for 

transport. Furthermore, aquaponic systems do not rely on the use of chemical fertilizers, which are 

very energy intensive to produce (Somerville, et al., 2014). In the social dimension of sustainability, 

aquaponics can be a way of integrating livelihood strategies by securing both food and income for 

households (Somerville, et al., 2014). Furthermore, small-scale gardening often lack protein so the 

fish will be a valuable addition in the diet of the farmers (Somerville, et al., 2014). In the economic 

dimension, aquaponic systems will initially have a substantial investment cost, but the following 

operating costs are low, and it will generate incomes from both vegetables and fish (Somerville, et 

al., 2014). 

5.1.4 Water quality in aquaponics 
The water cycle in aquaponics is a closed loop, and the water will always be recirculating through the 

system. First the water will leave the fish tanks together with the metabolic waste from the fish. If 

the system has a mechanical filter, it will then pass through this which will capture the solid wastes. 

More importantly, the water will then pass through a biofilter which will produce nitrate by oxidizing 

ammonia. The biofilter contains nitrifying bacteria which will convert the waste products from the 

fish (mostly ammonia) into more accessible nutrients for the plants to assimilate (mainly nitrate). 

After the biofilter, the water can then pass through the vegetable beds and the crops can assimilate 

the nutrients from the water. This mini ecosystem of plants, bacteria and fish showcase great 

symbiosis between the organisms, as the bacteria convert ammonia to nitrate, then the plants can 

absorb the nutrients from the water, and this in combination prevents a nutrient build-up which 

would eventually kill the fish. The purified water will then be pumped back up to the fish tanks and 

the cycle continues (Sommerville, et al., 2014). 
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Achieving good water quality in an aquaponic system is an essential aspect to master for a successful 

farmer. This is because all the organisms in aquaponics are dependent upon the water quality for 

their survival: the fish receives the oxygen from it and the plants and bacteria receive their nutrients 

from it. But since aquaponics is a mini ecosystem of these three groups of organisms, the water 

quality must be within the tolerance range of each group of organisms. Luckily, the tolerance range is 

quite similar for the plants, bacteria and fish. However, it will be impossible to set up a system so 

that each organism is in their optimal condition, and compromises must be made so some organism 

will function outside of their optimal condition. The specific tolerance range for each organism can 

be seen in Table 2 and the ideal water quality, as a compromise, can be seen in Table 3 (Sommerville, 

et al., 2014). 

Table 2. The general water quality tolerance range for aquaponic organisms 

Organism Temperature 
[°C] 

pH Ammonia 
[mg/l] 

Nitrite 
[mg/l] 

Nitrate 
[mg/l] 

DO 
[mg/l] 

Warm 
water fish 

22–32 6–8.5 <3 <1 <400 4–6 

Cold water 
fish 

10–18 6–8.5 <1 <0.1 <400 6–8 

Plants 16–30 5.5–7.5 <30 <1 - >3 

Bacteria 14–34 6–8.5 <3 <1 - 4–8 
 

Table 3. The ideal parameters as a compromise between the different organisms 

 Temperature 
[°C] 

pH Ammonia 
[mg/l] 

Nitrite 
[mg/l] 

Nitrate 
[mg/l] 

DO 
[mg/l] 

Aquaponic 18–30 6–7 <1 <1 5–150 >5 

 

5.1.4.1 Oxygen 

Oxygen is a crucial parameter regarding water quality in aquaponics, since the most essential 

organisms in aquaponics need oxygen for their survival. Oxygen in aquaponics is found as dissolved 

oxygen (DO), which is measured in mg/l. DO is simply a measurement of how much molecular oxygen 

that is dissolved in the water. Insufficient levels of DO will have immediate and dramatic effects as 

the fish can die after only a couple of hours of exposure too low DO levels. Thus, it is of high 

importance to ensure that the DO levels are sufficient in the aquaponic system. However, even 

though the importance of monitoring the DO levels is high, this task can be very challenging since 

equipment for measuring the DO levels are expensive and sometimes they can be hard to find. 

Instead of using equipment, small-scale aquaponic systems usually rely on observing the behaviour 

of the fish and the process of plant growth regularly. Another important precaution is to check that 

the water- and eventual air-pumps are working properly (Somerville, et al., 2014). 
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Even though oxygen naturally dissolves in the water from the atmosphere, this amount is not enough 

to meet the total oxygen demand from all the organisms in intensive aquaponic systems. Thus, the 

aquaponic farmer must be creative in finding other management strategies. One way of raising the 

levels of DO in the water is to design a dynamic flow of water by letting the water drip through a 

drop filter and by causing water movement on the surface of the fish tanks. Another strategy is to 

install aerators at the bottom of the fish tanks which will produce small bubbles of air in the water. 

The level of DO in the water is also dependent upon the temperature of the water. This is due to the 

fact that cold water can hold more oxygen than warm water. For the aquaponic organisms, the 

optimal level of DO is 5-8 mg/l (Somerville, et al., 2014). 

5.1.4.2 pH 

pH is a measurement of the amount of hydrogen ions (H+) a solution has. A larger number of 

hydrogen ions corresponds to a lower pH and a more acidic solution. The pH scale ranges from 1 to 

14, where a pH of 7 is considered neutral and anything above 7 is considered basic while anything 

below 7 is considered acidic. In aquaponics, the water pH effects all organisms but the vegetables 

and bacteria are the most sensitive. The most optimal level of pH in aquaponics is slightly acidic, 

between 6 and 7. In this range, the plants can absorb all the different nutrients from the water. If the 

pH of the water is not inside this range, the vegetables can have difficulties absorbing all the 

nutrients from the water. If the water is basic, with a pH of above 7.5, a phenomenon called nutrient 

lock-out can occur which leads to shortage in manganese, phosphorus and iron (Somerville, et al., 

2014). 

The ability of nitrifying bacteria to transform ammonia to nitrate is decreased with a pH of 6 and 

lower. In these situations, the biofiltration will decrease, and the level of ammonia in the system will 

increase. Large amounts of ammonia will create a stressful and toxic environment for the fish, and 

this can cause fish deaths. Different species of fish have different tolerance ranges of pH, but the 

popular types of fish in aquaponics are sturdy and can tolerate a wider range of about 6 to 8.5. But a 

higher pH affects the ammonia in the water, making it more toxic for the fish. All these factors 

considered, the optimum pH range in aquaponics is slightly acidic, about 6-7. If the water has this pH, 

all the organisms can function well, the plants can absorb all the nutrients and the bacteria can 

function on a high level (Somerville, et al., 2014). 

There are several processes in aquaponics which will alter the pH level of the water, both biological 

and chemical. One example of a process that alters the pH level comes from the nitrifying bacteria. 

When they transform ammonia (NH3) into nitrate (NO3
−), they will also produce small amounts of 

nitric acid (HNO3). This is because they will liberate hydrogen ions in this transformation. Thus, the 

nitrification process will gradually make the water more acidic. Another source of lowering the pH of 

the water is the respiration of the fish. When the fish respire they release carbon dioxide (CO2) and 

when the CO2 comes into contact with the water it will spontaneously convert into carbonic acid 

(H2CO3) which will lower the pH of the water. With a higher stock density of fish, more CO2 will be 

released into the water, and thus the pH will decrease more. Also, in warmer water temperatures the 

fish is normally more active, which will increase this effect further (Somerville, et al., 2014). 

During the hours of the sun, the photosynthesis of eventual aquatic plants in the system (e.g. algae 

and plankton) will instead increase the pH of the water. Unlike the fish, who releases carbon dioxide 

to the water, the plants will instead absorb it from the water, and thereby raise the pH level. The 

photosynthetic process depends on energy emitted by the sun, and therefore this effect will follow 

the pattern of the sun with a higher pH in the days when the plants will absorb carbon dioxide, and 

lower pH during the night when the plants respire and carbon dioxide is released. Thus, the pH will 

reach its maximum at sunset and its minimum at sunrise (Somerville, et al., 2014). 
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5.1.4.3 Temperature 

The water temperature in aquaponics greatly impacts how well the system is functioning. Apart from 

the general preferences and tolerance span of all the organisms when it comes to temperature, it 

also influences the DO levels and it affects how toxic the ammonia in the water is (ionization of 

ammonia, which will be explained further in section 5.1.4.4). Higher temperatures make the water 

contain more unionized ammonia (the more toxic version for the fish) and less DO. Furthermore, 

higher temperatures can decrease the plants ability to absorb calcium. Since changing the 

temperature of the water in the system is both expensive and energy-intensive, the choice of both 

plants and fish should be suitable for the local climate. Also, the temperature fluctuations between 

night and day should be kept low in order to increase the productivity. A measure to reduce the 

temperature fluctuations is for example shading of all water surfaces to prevent heating from the 

sun. A general compromise of the water temperature range is 18-30 °C (Somerville, et al., 2014). 

5.1.4.4 Ammonia, nitrate and nitrite 

Nitrogen is likely one of the most important inputs in aquaponics. It is found in the fish feed in the 

crude protein which is normally given as a percentage. The nitrogen in the feed will then be 

consumed by the fish, and the fish use most of it for growth and the rest of the nitrogen the fish will 

excrete. Most of the fish waste consists of ammonia and is discharged by the fish as urine and 

through the gills of the fish. The fish also produces solid waste, and the solid waste is in part 

converted to ammonia by the microbes. Nitrifying bacteria, which lives in the vegetable beds and/or 

biofilter will then convert the ammonia to both nitrate and nitrite (Somerville, et al., 2014). 

All nitrogenic waste is poisonous for the fish in certain concentration, but nitrite (NO2
−) and ammonia 

(NH3) are about 100 times more toxic than nitrate (NO3
−). Even though the nitrogen can become 

poisonous for the fish, nitrogen is essential for the plants. The plants can utilize all forms of nitrogen 

mentioned above, but the far most useable form is nitrate. If the aquaponic system is well-

functioning and balanced with adequate biofiltration, the presence of nitrite and ammonia should be 

non-existing, or maximum 1 mg/l. In a well-functioning system, the nitrifying bacteria will convert 

almost all nitrite and ammonia to nitrate before the substances start to accumulate (Somerville, et 

al., 2014). 

Ammonia is harmful for fish, even tolerant species like Tilapia and Carp can display signals of being 

affected by ammonia poisoning at lower levels of ammonia (1 mg/l). Should the fish be exposed to 

this level or higher for a longer period, it can be damaging to their gills and central nervous system. 

This can be seen by observing the fish behaviour as they will experience loss of equilibrium, 

convulsions and weakened ability to respire. So, if the fish starts to swim in strange patterns (e.g. 

upside down) or coming up gasping for air at the surface, the water should immediately be tested to 

find out what is wrong. If the ammonia in the system would reach even higher levels the fish will 

start to die off rapidly. The activity of nitrifying bacteria can also be affected by high levels of 

ammonia (4 mg/l or greater), as their activity will be reduced. Thus, they will be able to convert less 

ammonia to nitrate and the situation can get out of hands quickly if the biofilter is undersized: when 

the bacteria become overwhelmed with ammonia, they will die, and the level of ammonia will 

increase even more (Somerville, et al., 2014). 
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As mentioned in section 5.1.4.3, there is a dependency between the toxicity of ammonia and both 

the pH and the temperature of the water. That is higher temperatures and pH levels make the 

ammonia more poisonous for the fish. Ammonia has two different states in water, as ionized (NH4
+) 

and unionized (NH3). The Total Ammonia Nitrogen (TAN) is the total sum of these two substances, 

and normal kits of testing the water cannot distinguish between them. If the water is acidic 

(containing higher concentrations of H+) the ammonia will bind with the extra hydrogen ions, which 

ionizes the ammonia and makes it less toxic. The ionized form of ammonia is called ammonium. In 

water that is basic the availability of free hydrogen ions is low, and thus the ammonia cannot bind 

with them and the ammonia will remain in its toxic form. Warmer temperature will further worsen 

this problem (Somerville, et al., 2014). 

Nitrite is similar to ammonia in that it is also toxic for the fish, and problems can begin at as low 

concentrations as 0.25 mg/l. High concentrations of nitrite can quickly cause fish deaths, and long 

exposure of lower concentrations can cause stress, disease and even death of the fish. When the fish 

have been exposed to toxic levels of nitrite, their blood will not be able to transport oxygen anymore. 

Similarly to the symptoms of ammonia poisoning, the fish will look like they lack oxygen and come up 

to the surface and gasp for air, even if the DO-levels are high. Nitrate, on the contrary to nitrite and 

ammonia, is not that much toxic to the fish. Furthermore, nitrate is more accessible for the plants in 

comparison with both nitrite and ammonia. Usually fish can tolerate nitrate concentrations of about 

300 mg/l, and some species can even tolerate concentrations of up to 400 mg/l. Surprisingly, it is the 

plants that limits the level of nitrate in aquaponics as levels above 250 mg/l may cause excessive 

growth and more importantly lead to unhealthy accumulation of nitrate in the plant leaves. When 

these leaves are consumed by humans they can cause harm to the consumer. Therefore, it is best to 

keep the concentrations of nitrate between 5-150 mg/l. If the concentrations become higher it is 

recommended to change the water (Somerville, et al., 2014). 

5.1.4.5 Water hardness 

Water hardness comes in two different forms. The first one, general hardness (GH), measures how 

many positive ions that exist in the water (in parts per million). GH mainly measures how many 

magnesium (Mg2+), calcium (Ca2+) and to some extent the iron (Fe2+) ions that the water contains. 

GH does not have any negative impact on any organism in aquaponics, on the contrary it provides 

micronutrients which the plants can assimilate (Somerville, et al., 2014). 

The other form of water hardness, carbonate hardness (KH, usually called alkalinity), measures the 

waters buffering capacity. In other words, it is a measurement of how much bicarbonates (HCO3
−) 

and carbonates (CO3
2−) that are dissolved in the water. Like the GH it is measured in parts per million. 

The bicarbonates and carbonates will provide buffer for the water. The buffer will prevent the water 

from lowering the pH in the case of the addition of an acid in the water. The new hydrogen ions (H+) 

from the acid will bind with the bicarbonates and carbonates instead of lowering the pH. Thus, the 

buffer will provide a stable pH even with the addition of an acid. Since rapid changes of the pH can be 

stressful for the organisms in aquaponics, the KH buffer is crucial to keep the pH constant 

(Somerville, et al., 2014). 
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As explained earlier in section 5.1.4.2, the process of nitrification will generate nitric acid (HNO3) 

which then dissociates in the water as nitrate (NO3
−) and hydrogen ions (H+). Thus, the nitrification 

process will make the water more acidic over time if the water does not have a KH buffer. If the 

water has a KH buffer, the hydrogen ions that are released by the nitric acid will bind with the 

bicarbonates and carbonates and produce a weak acid in carbonic acid (H2CO3), see Eq. (7). If the 

water has a large KH buffer the water can resist becoming more acid from the process of nitrification 

for a longer time. Without the KH buffer the constant release of hydrogen ions would quickly 

decrease the water pH. The bicarbonate bonding with nitric acid can be seen in more detail in Eq. (8). 

Both GH and KH has an optimal level of about 60-140 mg/l in aquaponics (Somerville, et al., 2014). 

(7) 𝐻+ +  𝐶𝑂3
2−  →  𝐻𝐶𝑂3

−    &    𝐻+ + 𝐻𝐶𝑂3
−  →  𝐻2𝐶𝑂3 

(8) 𝐻𝑁𝑂3 + 𝐻𝐶𝑂3
−  →  𝐻2𝐶𝑂3 +  𝑁𝑂3

− 

5.1.4.6 Algae 

Algae, with their photosynthetic growth and activity, will influence the water quality in aquaponics. 

For example, it affects the nitrogen levels, DO and pH. It is meaningful to try to avoid the growth of 

algae in the system since they can cause many kinds of problems. To begin with, the algae will 

assimilate nutrients from the water, and thus limit the availability of nutrients for the plants. 

Furthermore, the algae will alter the level of DO in the system. During the day, the algae will raise the 

levels of DO in the water through their photosynthetic activities and during the night they will lower 

the DO in the system with their respiration. When the algae produce and consume oxygen they also 

produce or consume carbon dioxide. The carbon dioxide will then alter the pH levels of the water 

since carbonic acid will be added or removed from the water. Thus, the water will become more 

basic during the hours of the sun and more acidic during the hours of the night. The final problem 

with having algae in aquaponic systems is that their presence risks clogging the pipes and pumps 

which will reduce or stop the circulation of water. It is simple to prevent the presence of algae in the 

system by shading all water surfaces (Somerville, et al., 2014). 

5.1.5 Aquaponics components 

5.1.5.1 The biofilter 

Most of the waste from the fish is dissolved in the water. These waste-particles are often too small 

for a mechanical filter to catch. Aquaponic systems use microscopic bacteria to handle the 

microscopic waste particles. The biofilter houses a place for the nitrifying bacteria to live. The 

biofilter is a critical part of an aquaponic system as the system would not be able to function properly 

without it. If the aquaponic system has one or more media beds (with e.g. gravel or volcanic rocks), a 

separate biofilter may be unnecessary since the gravel in the media bed can work as a biofilter. The 

nitrifying bacteria will convert the, for the fish, toxic substances nitrite and ammonia to nitrate which 

the plants can utilize for growth (Somerville, et al., 2014). 

The nitrification process includes two dominant groups of bacteria, namely ammonia-oxidizing 

bacteria (AOB) and nitrite-oxidizing bacteria (NOB). The AOB operates by transforming ammonia 

(NH3) to nitrite (NO2
−). The NOB will then transform the nitrite (NO2

−) to nitrate (NO3
−). In other 

words, the AOB oxidize ammonia to produce nitrite and then the NOB bacteria further oxidize nitrite 

to produce nitrate. In aquaponics, the most prevailing genus of AOB is Nitrosomonas and the most 

prevailing genus of NOB is Nitrobacter. If the aquaponic system does not have these bacteria, or if 

they are present but not well functioning, the concentration of ammonia will rise in the system and 

eventually lead to fish deaths. Therefore, one of the most important tasks of the aquaponic farmer is 

to ensure that these bacteria are present and well-functioning so that the ammonia levels can be 

kept low (Somerville, et al., 2014). 
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To keep the population of bacteria in the biofilter healthy, two parameters stand out as the most 

important: sufficient surface area and good water conditions. Volcanic rocks can be seen in Figure 6 

as an example of media with large surface area. In general, bacteria can grow on any material in 

aquaponics, for example the walls of the fish tank, on the roots of the plants or inside the pipes that 

transports the water between different aquaponic components. But what will decide how much 

ammonia the bacteria can metabolize is the total amount of surface area that is available for them. 

The system design and the amount of fish biomass in the system will determine if a biofilter is 

needed and how large it needs to be. However, if the biofilter is oversized it will not cause any harm 

to the system (Somerville, et al., 2014). 

 

Figure 6. Volcanic rocks with large surface area 

The health of the nitrifying bacteria is also dependent upon the pH level in the water. Thus, the 

amount of nitrite and ammonia which can be transformed to nitrate is dependent upon the pH level. 

The tolerance range is quite wide for these bacteria, around 6-8.5. However, since aquaponics also 

includes fish and vegetables, their preferences must be taken into consideration, and the 

recommended range is a pH of 6-7. The bacteria also have a preference when it comes to the 

temperature of the water. The optimal range of temperature for the bacteria is between 17-34 °C. If 

the water is colder than that the bacteria’s productivity will start to decrease and if the water goes 

below 10 °C the productivity can decrease by more than 50 % (Somerville, et al., 2014). 
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The last parameter to maintain in order to keep the colony of bacteria healthy is the DO levels. In the 

process of nitrification oxygen functions as a reagent in an oxidative reaction, and therefore the 

bacteria cannot continue the reaction without oxygen. Between 4-8 mg/l is the optimal levels of DO 

for the bacteria and the process of nitrification will stop if the levels drops below 2 mg/l. Another 

reason for maintaining the DO levels high is that a different group of bacteria will start to grow in low 

levels of DO. These bacteria will transform the nitrates to nitrogen gas and therefore cause loss of 

nitrogen in the system. This anoxic process goes by the name of the denitrification process. The last 

concern when establishing a biofilter is ultraviolet light (UV). Since the nitrifying bacteria are 

photosensitive organisms, the UV radiation emitted by the sun can cause them harm. The bacteria 

are more sensitive to UV light in the initial formation of the bacterial population and after about 3-5 

days when the colony have completely settled on the surface the UV light is not as harmful anymore 

(Somerville, et al., 2014). 

5.1.5.2 The mechanical filter 

The purpose of having a mechanical filter in aquaponics is to remove the solid waste that has been 

released by the fish. The removal of these waste particles is very important since they can release 

toxic gases if they become decomposed by anoxic bacteria in the fish tanks. Another problem with 

having solid waste in the system is that they can clog the outlets and pipes, and thus disrupt the flow 

of water. Furthermore, the solid waste risk creating anoxic zones near the plant roots. The design of 

the mechanical filter is very varying and the simplest version is having a filter, or a screen, located 

between the vegetable beds and the fish tanks. The screen or filter will then catch the solid waste 

particles that travels between these two compartments, and therefore the screen or filter must be 

rinsed often. Another design of the mechanical filter is to force the water that leaves the fish tank to 

enter a container with particulate matter before reaching the vegetable beds. This container can 

then be rinsed from time to time. All the techniques of mechanical filtration mentioned above are 

suitable for aquaponics systems that are small. For larger systems, with higher populations of fish, 

relevant mechanical filter includes sedimentation tanks, bead or sand filters, baffle filters, etc 

(Somerville, et al., 2014). 

5.1.5.3 The vegetable beds 

The media bed technique is the most popular form of hydroponics used in aquaponics and it is also 

the technique that works best in developing regions. The media bed technique is the choice of design 

for all Maya Chay systems. The benefits of using a media technique are efficient use of space, 

relatively low investment costs and that their simplicity making it suitable for beginners. The media in 

the vegetable beds has several functions: it supports the plants and their roots, it functions as both a 

biological and mechanical filter, and the media supports mineralization. As mentioned earlier, if the 

system has a high stocking density, separate filtration is required to prevent clogging in the vegetable 

beds. The loss of water from the vegetable beds can be greater than other hydroponic techniques 

since they have a relatively large surface area exposed to the sun in comparison with other 

techniques (Somerville, et al., 2014). 

The materials used to construct the vegetable beds are usually fibreglass, plastic or a wood. If a 

wooden frame is used then it must be covered with a sheeting inside so that the water does not 

escape. When constructing the vegetable beds, it is crucial that they; are durable enough so they can 

support the weight of both the water and the growing media, can withstand harsh weather, are 

constructed with food-grade material that will not harm any of the organisms inside the aquaponic 

system, can fit not too far from the other aquaponic components, and that they are easily connected 

with other components of the system (Somerville, et al., 2014). 
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Sommerville, et al. (2014) recommends the following regarding the design of the vegetable beds: the 

design of the vegetable beds is usually in the shape of a rectangle, about 1 to 3 meters long and 

about 1 meter wide. The upper limit of the length of the vegetable beds are to prevent an unequal 

distribution of solids (with longer designs the solids tends be accumulating close to the inlet and that 

can cause anoxic spots). The vegetable bed should only be as wide as so the aquaponic farmer can 

reach across it, or to the middle if enough space is available on the sides so he can walk around the 

bed. How deep the vegetable beds are will determine what kinds of vegetables that can be grown, as 

it determines how large the volume is for the root space. For tomatoes, or other large fruiting 

vegetables, the minimum depth is about 30 cm. Without at least this depth, these types of plants will 

not have enough space for their roots and they risk falling over or having nutrient deficiencies. Leafy 

green vegetables (e.g. lettuce) only requires a depth of about 15-20 cm. 

According to Sommerville, et al. (2014), two properties stand out as most important when it comes 

to the choice of media in the vegetable beds: permeability and sufficient surface area. These two 

properties will allow the flow of water, the growth of bacteria, and they create conditions so that the 

plant roots can breathe. The media should also be washed before used, to remove tiny particles and 

dust which can potentially harm the fish gills and they risk clogging the system. Other factors to 

regard when choosing medium is:  

• cost and availability  

• how easy it is to work with 

• light-weight, if limitations exists 

• drainage properties 

5.1.5.4 The fish tanks 

The fish tanks can come in many sizes and shapes, but preferably they should be round with a flat 

bottom. The round shape helps the water to circulate more uniformly and the faecal waste from the 

fish will be pushed towards the middle of the tanks by the centripetal force. When using other 

shapes than round for the fish tanks the solid waste removal must be done more actively. Using odd, 

non-geometrical shapes that has many bends or curves is not advisable since they can create dead-

spots with no or low circulation of water. In these dead-spots the waste can start to accumulate and 

they risk becoming anoxic and they could potentially harm the fish. When it comes to the choice of 

material for the fish tanks, fiberglass or a strong inert plastic is advisable since they are both durable 

and have a long life-span. If the choice falls on a plastic container, it must be UV resistant so that the 

sunlight does not destroy the plastic. Other alternatives are second-hand containers, for example 

used bathtubs or barrels. When using a second-hand container, it is very important to ensure that it 

was not previously used for storing toxic materials (Somerville, et al., 2014). 

The choice of colour for the fish tanks is not of utmost importance, but many prefer white or a light 

colour since it will be easier to observe the fish and their behaviour and to see how much waste that 

has accumulated at the bottom. Another benefit with using these colours is that they reflect more 

sunlight which will help the water temperature to be stable. Additional covers for the fish tanks is 

another thing to consider. The covering will not only provide shading, which prevents growth of 

algae, but it also provides protection against debris entering the tanks, and it provides shelter for the 

fish against hungry predators such as birds (Somerville, et al., 2014). 
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5.1.6 Balance in aquaponics 
In the context of aquaponics, balance is a word that is used to describe the relationship between all 

organisms in the aquaponic ecosystem. The aquaponic farmer needs to find the right amount of 

plants, fish and biofilter size (the amount of nitrifying bacteria) so that the system is well balanced, 

otherwise the system will not be productive. The most effective systems will have to be sized 

correctly, so that the nutrient production from the fish is more or less equal to the uptake of 

nutrients from the plants (Buzby and Lin, 2014). 

An analogy of balancing an aquaponic system is that of a scale, where the plants and the fish are 

represented by weights on the opposite arms of the scale. With this analogy, the arms of the scale 

would be made of nitrifying bacteria. To be able to support the plants and the fish the biofilter must 

be robust enough to be able to handle all the ammonia that is produced by the fish (if it is not robust 

enough, the arms of the scale would break). In a situation with an undersized biofilter ammonia will 

start to accumulate in the system, creating a toxic environment for the fish (Somerville, et al., 2014). 

Moreover, if the biomass of fish and the size of the biofilter are in balance, all the ammonia will be 

processed to nitrate. If at the same time the plant biomass is too low, nitrate will begin to 

accumulate instead. This does not create a direct threat to any aquaponic organism, but it is an 

indication the more plants could be produced and that the system is underperforming (Buzby and 

Lin, 2014, Somerville, et al., 2014). So, to achieve the maximum production in aquaponics the 

aquaponic farmer must find and maintain the right balance between fish waste and the vegetable 

nutrient demand (Buzby and Lin, 2014; Somerville, et al., 2014), while at the same time having a large 

enough biofilter to process all the fish waste (Somerville, et al., 2014). 

Feed rate ratio is a simplified concept that can be utilized to ensure balance in aquaponics. The ratio 

summarizes three variables that are considered as the most important, namely: 

i) the daily fish feed amount, 

ii) the plant type (fruiting vs. vegetative), and 

iii) the available growing space for the plants. 

It is easier to create balance in the system using the feed input, rather than calculating the amount of 

fish biomass in the system directly. The amount of fish biomass can instead be estimated using the 

amount of feed input and the average consumption per fish and day. Assuming that the system has 

adequate biofiltration, this method will create an ecosystem that is in balance. Since leafy green 

vegetables have a lower nutrient demand than fruiting vegetables, the feed rate ratio is lower for 

these plants. The nutrient demand for fruiting vegetables is about 50-80 g/m2 while the nutrient 

demand for leafy green vegetables is only about 40-50 g/m2 (Somerville, et al., 2014). 

5.2 Nitrogen cycle 
Nitrogen is the most essential inorganic compound for plants. Even though our atmosphere is rich in 

molecular nitrogen (78 % N2), it is inaccessible to most plants. The reason for why it is inaccessible 

for them is the stability of the structure in the triple bond of nitrogen atoms. Thus, the N2 needs to 

be transformed into other compounds before the plants can utilize the nitrogen for growth. The 

transformation of N2 to other compounds with nitrogen is called nitrogen fixation. One way of 

achieving nitrogen fixation is using bacteria to alter the N2 chemically by attaching another element 

to it (e.g. oxygen, hydrogen). Another way to achieve nitrogen fixation is the Haber-Bosch Process, a 

very energy intensive industrial process of producing chemical fertilizers (Somerville, et al., 2014).  
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Nitrogen is an element that is crucial for all living organisms since it can be found in DNA, RNA, 

protein, amino acids and other components of the cell. Therefore, nitrogen is one of, if not the most 

critical input in aquaponics. To be able to recover as much of the resource as possible it is crucial to 

investigate and understand the nitrogen transformations that occur in the system. The input of 

nitrogen to the system comes through the fish feed. After the fish has consumed the feed, they 

excrete the nitrogen in the form of ammonia nitrogen (90 %). The ammonia nitrogen can then serve 

as nutrient for the bacteria in the biofilter and for the plants in the hydroponic section of the system. 

Thus, the nutrients in the effluents from the aquaculture will be transformed by biological 

nitrification and denitrification, but also assimilated by the plants. Microbes are necessary for all the 

transformations of nitrogen that takes place in aquaponics. If the hydroponic system contains media 

(e.g. gravel, pumice stones) then the system does not require separate biofilters, since the biofilm 

can establish itself on the media in the vegetable beds for nitrification. However, the addition of an 

extra biofilter is not harmful. In addition to the volcanic stones in the vegetable beds, the Maya Chay 

system has volcanic stones with microbial biofilms in the drop filter (Wongkiew, et al., 2017; 

Somerville, et al., 2014). 

5.2.1 Nitrification 
Nitrification is the process of transforming NH3/NH4

+ to NO3
− under aerobic conditions. Ammonia 

oxidizing archaea (AOA) and ammonia oxidizing bacteria (AOB) will oxidize the TAN into nitrite (NO2
−) 

(see Figure 7, reactions 3A and 3B) and then nitrite oxidizing bacteria (NOB) will further oxidize the 

nitrite to nitrate (NO3
−) (see Figure 7, reaction 4) (Wongkiew, et al., 2017; Stein and Klotz, 2016). 

Another cohort of microorganisms called complete ammonia oxidizers (CAO) can oxidize ammonia all 

the way to nitrate (see Figure 7, reactions 3A, 3B and 4) (Stein and Klotz, 2016). The produced nitrate 

and nitrite by the nitrification process can also be respired in anoxic conditions (see Figure 7, 

reactions 2 and 5) (Stein and Klotz, 2016). 

In aquaponics, the AOA will not play a significant role since they have adapted to and can tolerate 

extremely low NH3/NH4
+ concentrations (around 2 µg N/L). The nutrient concentrations in 

aquaponics are significantly higher. It is important to oxidize TAN to NO3
− in aquaponics since the fish 

can tolerate NO3
− levels up 150-400 mg N/L, while TAN and NO2

− needs to be maintained at low 

concentrations. Both Tilapia and plants have been exposed to levels of NO3
− ranging from 10 – 200 

mg N/L without showing any symptoms of stress. If NO3
− is depleted or accumulated in the aquaponic 

system, it is a signal that there is an imbalance between the nutrient requirement of the plants and 

the production of ammonia. When an aquaponic system is in balance the NO3
− concentrations will be 

stable over time (Wongkiew, et al., 2017). 

If the nitrification processes are insufficient, it can be devastating for an aquaponic system. This is 

most common in the establishing phase of a biofilter. If the biofilter does not have a sufficient 

amount of AOB, the TAN concentrations will increase rapidly. Another common problem in the start-

up of a biofilter is that the AOB have a significantly higher growth rate than NOB, which leads to an 

abundance of AOB compared to NOB which will lead to an accumulation of NO2
−. By the time that the 

nitrifiers have been completely established, the oxidation rate of NO2
− and NH4

+ will reach a steady 

state. It can therefore be wise to add bought nitrifying bacteria to the biofilter during the start-up, or 

to wait until the biofilter has been completely established before planting the fish (Wongkiew, et al., 

2017). 
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5.2.2 Assimilation of nitrogen by plants 
One of the most important pathways of nitrogen recycling in an aquaponic system is the uptake by 

plants. If the system is efficient, it will result in high yields of fish and plant biomass while the 

nitrogen loss to the atmosphere is low. The amount of nitrogen uptake by the plants is dependent 

upon various factors (e.g. concentration of nutrient, intensity of light, humidity, temperature and the 

concentration of ambient CO2). The plants in aquaponics mainly utilize NO3
− as their source of 

nitrogen since the concentration of NO3
− is higher than the concentrations of NO2

− and NH4
+. The 

uptake of nutrients by the plants is by the root system, in which both dissolved minerals and water 

are being transferred via the xylem for photosynthesis. The evaporation in the plant leaves and the 

capillary force in the interconnected organs create the suction of water and minerals. There are 

many different enzymes in the plants that assimilate NO3
− into organic nitrogen, such as nitrate 

reductase, nitrite reductase, etc. (Wongkiew, et al., 2017). 

5.2.3 Nitrogen loss in aquaponics 

5.2.3.1 Loss by denitrification 

Denitrification is an important pathway causing nitrogen loss in aquaponics as it can contribute to a 

nitrogen loss of 25-60 %, thus reducing the nitrogen utilization efficiency (NUE) of the system and the 

benefits of nitrogen recovery (Wongkiew, et al., 2017). The denitrification process takes place under 

anoxic conditions and it is the process of respiration of NO2
−, NO and N2O to N2 (see Figure 7, 

reactions 6A-C) (Stein and Klotz, 2016). These three reactions can also be coupled with heterotrophic 

microbes which reduce NO3
− to NO2

− (see Figure 7, reaction 5) and thus perform a denitrification 

from NO3
−  to N2 (Stein and Klotz, 2016). 

However, many of the archaea and bacteria that perform denitrification can only possess partial 

denitrifying inventories (Stein and Klotz, 2016). In these cases, they miss genes encoding enzymes 

which are involved in reaction 5, 6B and/or 6C of Figure 7. These incomplete pathways can be 

environmentally harmful as they result in the release of nitrogenous gases to the atmosphere, e.g. 

N2O (Stein and Klotz, 2016). Included in this group are the ammonia-oxidizing chemolithotrophic 

bacteria which reduce NO2
− to N2O (see Figure 7, reaction 6A and 6B) under aerobic conditions (Stein 

and Klotz, 2016). In aquaponic systems the anoxic conditions can take place in the biofilter, the 

vegetable beds or in the sedimentation tank by accumulation of high amounts of suspended solids. 

The activity of the denitrifying bacteria is affected by the availability of carbon (Wongkiew, et al., 

2017). Thus, a remedy against denitrification can be to maintain a sufficiently low organic carbon 

level and to avoid anoxic zones in the system (Wongkiew, et al., 2017). 

5.2.3.2 Loss by anammox 

Anaerobic ammonium oxidation (anammox) is a process which occurs in aquaculture systems, and 

since the characteristics of the water is similar in aquaponic systems, it is expected that it occurs in 

aquaponic systems as well (Wongkiew, et al., 2017). The anammox process use NO2
− and NH4

+ to 

create N2 via the intermediates NO and N2H4 (see Figure 7, reactions 7A-C) (Stein and Klotz, 2016; 

Ma, et al., 2015; Magrí, et al., 2013; van Kessel, et al., 2010). The anammox process takes place under 

anoxic conditions, e.g. in the biofilter, but it can also occur simultaneously with nitrification 

processes under conditions with low levels of DO (Wongkiew, et al., 2017). In the biofilm of biofilters 

treating the effluent water from aquaculture, AOB were found in the outer layer (Hu et. al., 2015; 

Zou, et. al., 2016) and anammox bacteria were found in the inner layer (in the zone which is oxygen-

depleted), which suggests that AOB and anammox can co-exist (Ma, et al., 2015; Magrí, et al., 2013; 

van Kessel, et al., 2010). 



30 
 

 

Figure 7. The nitrogen cycle visualized 
The seven main processes of the nitrogen cycle represented by the different circles and colours. Ammonification can be 
achieved by process 1 (nitrogen fixation) or by process 2 (dissimilatory nitrite reduction to ammonium). Nitrification can be 
achieved by process 3 (nitritation) and by process 4 (nitratation). The reduction of nitrate to nitrite, process 5, can also be 
coupled with process 2, 6 or 7 in a community or population of microbes. Denitrification is achieved by process 6. Finally, 
anammox is achieved with process 7 (Adapted from Stein and Klotz, 2016). 

5.3 The Maya Chay system 

5.3.1 The general design of Maya Chay 

5.3.1.1 Water flow 

The water flow from the fish tanks to the vegetable beds is driven by gravitational pull in the Maya 

Chay system. In the middle of each fish tank, there is a standpipe with small holes in the bottom. 

Inside the standpipe there is another standpipe with a smaller diameter and a slightly shorter length. 

Thus, the water together with excess feed and faeces can enter through the small holes at the 

bottom of the first pipe, then go up along the second pipe and enter it from the top and be pulled 

towards the sedimentation tank. Once the water has entered the sedimentation tank the pollutants 

(i.e. faeces and excess feed) can accumulate and create sludge by sedimentation. The pollutants can 

also be decomposed to elementary components which are available to be absorbed by the crops in 

the vegetable beds. Furthermore, this step is important to prevent clogging in the vegetable beds. 

The water leaves the sedimentation tank using gravitational pull and is then distributed evenly 

among the vegetable beds. A large fraction of the nutrients will then be assimilated by the plants, 

and the rest will reach the bottom of the vegetable beds where there are anaerobic, or at least 

anoxic, conditions. In the anaerobic or anoxic conditions at the bottom of the vegetable beds 

anammox and denitrifying bacteria can transform the remaining amount of NO2
− and NH4

+ to N2. 

Although this anoxic region in the vegetable beds will somewhat limit the production of vegetables, it 

is there to create a robust system that will not rely solely on the vegetable growth to eliminate 

ammonia and nitrite. This is important to protect the fish against build-up of nutrients in the 

vegetable beds during replanting etc. 
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When the water exits the vegetable beds, it enters the pump tank where it will be pumped up to the 

drop filter, so it can be aerated. In the drop filter, there is also volcanic stones containing biofilm, and 

the drop filter acts as an extra biofilter to take away possible nitrite peaks from the water if the 

treatment capacity of the vegetable beds is insufficient due to replanting or other reasons. From the 

drop filter, the water once again enters the fish tanks, thus closing the loop. The flow of water in the 

Maya Chay M system can be seen in Figure 8. 

 

Figure 8. The Maya Chay M flow sheet 

5.3.1.2 The fish tanks 

The fish tanks containing Tilapia is the initial phase of the Maya Chay system, see Figure 9. The tanks 

provide the environment in which the fish is being cultivated and it is important that the water 

quality is well managed. When cultivating fish in high densities, there is always a risk of accumulation 

of rest products such as high concentration of nitrite and ammonia. The faeces and the uneaten food 

contribute to the pollution of the water. It is of high importance to reduce the concentration of 

nutrients in the water since high concentrations of ammonia and nitrite can have toxic effects on the 

fish.  

Another parameter that is important to measure and control is the amount of dissolved oxygen (DO) 

in the water. Since animals and plants cannot use the oxygen in the molecular structure of water, 

they need to absorb the oxygen that is dissolved in the water (Cary Institute of Ecosystem Studies, 

n.d.). If the amount of DO in the water is too low, it will lead to lower aquaculture productivity or in 

the worst-case fish death. The DO is not only consumed by the fish, it is also being consumed by 

bacteria that are present in the water. If the fish is given too much feed the excess feed will be 

decayed by the bacteria and thus increasing the oxygen demand. Therefore, it is important to 

balance the right feed ratio to avoid accumulation of excess feed in the bottom of the tanks. 
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The level of DO in the water will vary during the day due to the photosynthesis of the algae in the 

tanks. The lowest levels of DO in the water is usually during the morning, due to the stop of 

photosynthesis and the continued respiration in the night (Cary Institute of Ecosystem Studies, n.d.) 

and will reach its peak around midday when the photosynthesis activity is at its highest due to the 

sunlight. Apart from oxygenating the water, the algae act as a filtering agent by consuming ammonia 

and nitrate. A good management of the DO levels in the tanks is crucial to create a good environment 

for the fish and thus facilitates good growth patterns for the system.  

 

Figure 9. The fish tanks in Maya Chay M Antigua 
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5.3.1.3 The sedimentation tank 

The water that leaves the fish tanks then enters the sedimentation tank, see Figure 10. The purpose 

of the sedimentation tank is to create an opportunity for the pollutants (e.g. faeces and excess feed) 

to accumulate and create sludge by sedimentation. This step is important to prevent clogging in the 

gravel of the garden beds. Furthermore, the faeces and excess feed can be decomposed into 

elementary components that are available for the crops to absorb in the next stage. 

 

Figure 10. The Maya Chay M sedimentation tank in Antigua 
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5.3.1.4 The vegetable beds 

The vegetable beds in the Maya Chay system use a hydroponic principle, where the crops are 

cultivated in gravel in plastic containers, see Figure 11. The vegetable beds are continually being fed 

with water from the sedimentation tank. The water is equally distributed over the vegetable beds 

through horizontal pipes across the vegetable beds. These horizontal pipes has small holes which 

sometimes will clog up by larger waste particles, but they can be rinsed easily with a thin tool or 

stick. The crops will then assimilate the residual nutrients from the fish waste, thus they are getting 

their nutrients from a natural and non-chemical fertilizer source. As the vegetables absorb the 

residual nutrients from the water, they also function as a biological filter, cleaning the water from 

nitrate and ammonia which are toxic to the fish in higher concentrations. The gravel in the vegetable 

beds fulfils two purposes. Firstly, it functions as a substrate for the crop roots, supporting the growth 

of the plants. Secondly, it provides a surface for the biofilm of bacteria to grow.  

 

Figure 11. The three vegetable beds in Maya Chay M Antigua 

To confirm the hypothesized anaerobic, or at least anoxic, conditions at the bottom of the vegetable 

beds, a standing hollow PVC pipe were installed in one of the vegetable beds as the gravel were 

being cleaned. At the bottom of the standpipe, small holes had been drilled so that the water from 

the bottom of the vegetable beds could enter and be measured for dissolved oxygen content. The 

measurement showed that the oxygen content was very low, usually around 0.5-1 mg/l. 

Furthermore, the turbulence in the water from when the oxygen meter was put through the pipe 

likely oxygenated the water as lower measurements were found when the oxygen meter was left still 

in the pipe for some time. The standing PVC pipe used for the dissolved oxygen measurements can 

be seen in the back of the centered vegetable bed in Figure 12. Zou, et al. (2016) also found that the 

coexistence of anaerobic microenvironments and denitrifying bacteria in their vegetable beds 

created optimal conditions for denitrification to occur in their aquaponic system. 
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Figure 12. Standpipe for measurement of DO in the bottom of the vegetable bed in the Maya Chay M in Antigua 

5.3.1.5 The drop filters 

The primary purpose of the drop filters in the Maya Chay system is to oxygenate the water coming 

back to the fish tanks. By using drop filter instead of aerators, the energy consumption and thus the 

operational cost and the environmental impact of the system are reduced. The drop filters consist of 

two or three compartments with volcanic rocks with large surface areas, see Figure 13. The water is 

pumped from the pump tank up to the drop filter, where it will fall through the compartments filled 

with the volcanic rocks. Since biofilm has been established on the volcanic rocks, the drop filter can 

achieve its secondary purpose as a biofilter, providing an additional security against nitrite peaks to 

reach the fish tanks. 

 

Figure 13. The Maya Chay S drop filter in Chinautla 
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5.3.2 Nitrogen balances 

5.3.2.1 Maya Chay XS in Antigua 

The fish feed used contained 38 % crude protein, and it was assumed that all the nitrogen in the feed 

were bound in the proteins. To calculate the total nitrogen in the protein, a conversion factor of 0.16 

(Magomya, et al., 2014; FAO, 2003; Fujihara, et al., 2001) was used. The total amount of feed during 

the time-period was 19.4 kg.  

When the new fish fry was introduced to the system it was estimated that they weighted 1 gram 

each, see Figure 14. In total 500 fishes were introduced to the system. After the time-period, a 

sample of 32 fishes were collected using a throwing net. A container with water was placed on a 

digital scale and the scale was tared to zero. The fish was then put in the container and the weight of 

the fish could be measured. On average, the fish weighted 25.7 grams. The gained biomass in fish 

was thus 12.35 kg. Ng and Hanim (2007) found that Tilapia contain 17.9 % crude protein. It was 

assumed that all the nitrogen was bound in the protein. Using the same conversion factor for protein 

to nitrogen, the nitrogen content in the fish could be calculated. 

 

Figure 14. Tilapia fry for out-growth 



37 
 

Initially, a total of 19 plants of coriander and 29 plants of lettuce was planted. On average, the 

coriander plants weighted 3 grams and the lettuce plants (with wet soil) weighted 12 grams. It was 

estimated that the lettuce weighted 2 grams without the wet soil, see Figure 15. Thus, the total input 

of plant biomass to the system was estimated to be 115 grams. The total biomass harvested after the 

time-period was 5467 grams. Therefore, the total growth in plant biomass was 5352 grams. Fujihara, 

et al. (2001) found that the nitrogen content in dry matter lettuce 17.4 %. A sample size of 27 grams 

of lettuce was dried on newspaper in a dark space for 2 weeks. After that the lettuce weighted 2 

grams, indicating a water content of about 93 % which is consistent with 94.9 % reported by 

University of Illinois Extension (2017). It was assumed that the water content and the percentage of 

nitrogen in the dry matter was the same for coriander as for lettuce. 

 

Figure 15. Lettuce plant with wet soil 
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To account for how much nitrogen that was accumulated as sludge in the vegetable beds, a sample 

volume of 0.1 x 0.1 x 1 meter of gravel was collected from the vegetable bed. The gravel was then 

left to dry for one week and when all moisture had been removed the gravel was weighted. The 

gravel was then put on a plastic sheet and washed with water thoroughly to remove all sludge and 

then the drying process was repeated. Another measurement of the weight was conducted, and it 

was assumed that the difference in weight was represented by the sludge.  

For the content of the sludge, it was assumed that 80 % was algae and 20 % was left-over feed. The 

division of algae/sludge is a rough estimate based upon the colour of the sludge, which was green, 

while the colour of the sludge in the other systems was a mix of brown and grey, which indicates a 

high percentage of algae in the sludge. The high content of algae in this system makes sense since 

the large sedimentation tank and pump tank was exposed to sunlight and therefore had a large 

production of algae. 

The total weight of the unwashed gravel was 8878 grams and the weight of the gravel after being 

washed was 8503 grams. Thus, a total of 375 grams of sludge was found on this volume. The 

vegetable bed had a total surface of 2.6 m2 and it was assumed that the sludge accumulated only on 

the depth of 1 dm. The total amount of sludge in the vegetable bed was therefore 9750 grams. 

With these measurements, the nitrogen balance could be completed, and a visualization of the 

nitrogen balance can be seen in Figure 16. 

(2) Nfeed = 19.4 ∗ 0.38 ∗ 0.16 = 1.17952 kg 

(3) Nfish = (0.0257 − 0.001) ∗ 500 ∗ 0.179 ∗ 0.16 = 0.3537 kg 

(4) Nvegetables = (5.467 − 0.115) ∗ 0.174 ∗ 0.07 = 0.06519 kg 

(5) NAccumulation = {
9.75 ∗ 0.8 ∗ 0.174 ∗ 0.07 = 0.095 kg

9.75 ∗ 0.2 ∗ 0.38 ∗ 0.16 = 0.11856 kg
 

(6) NDenitrification = Nfeed − Nfish − Nvegetables − NAccumulation = 1.17952 − 0.3537 −

0.06519 − 0.095 − 0.11856 = 0.54707 kg 
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Figure 16. Nitrogen balance of Maya Chay XS Antigua in percentage 

5.3.2.2 Ratio of vegetables to fish in Antigua 

As stated above, the total amount of gained vegetable biomass was 5.352 kg and the total amount of 

gained fish biomass was 12.35 kg. Thus, the ratio of vegetables to fish could be calculated as: 

5.352

12.35
≈ 0.43 
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5.3.2.3 Maya Chay S in Chinautla 

The same fish feed was used in Chinautla as in Antigua, containing 38 % crude protein and the same 

assumption was made that all the nitrogen in the feed were bound in the proteins. The same 

conversion factor of 0.16 was used to calculate the total nitrogen from proteins. The total amount of 

feed during the time-period was 31.75 kg.  

In total, 1000 new fish fry were introduced to the system of the same size as in Antigua (1 gram 

each). After the time-period, a sample of 34 fishes were collected and weighted using the same 

method and material as in Antigua. The average weight of the fish was 22.9 gram, and the total 

gained biomass was 21.9 kg. Using the same percentage of crude protein in Tilapia, and the same 

conversion factor for protein to nitrogen, the nitrogen content in the fish could be calculated. 

An unknown number of lettuce plants were planted and harvested in the Chinautla system. The 

workers at the site did not count how many plants that were harvested, but the plants were 

weighted collectively. In total, the amount harvested during the time-period was 60.2 kg, and it was 

estimated that the initial weight of all plants was 0.8 kg. Thus, the total growth of biomass in 

Chinautla was 59.4 kg. Using the same percentage of water content, and the same percentage of 

nitrogen content in dry matter lettuce, the total amount of nitrogen absorbed by the vegetables 

could be calculated. 

Gravel from a sample surface of 0.09 m2 was collected, dried and weighted with a result of 1.77 kg. 

The gravel was then thoroughly washed, dried and weighted again with a result of 1.71 kg. The 

sludge from the sample surface was therefore 0.06 kg with a specific sludge concentration of 0.67 kg 

per m2. The total surface in the vegetable beds is 5.4 m2 and thus the total amount of sludge 

accumulated in the vegetable beds was estimated to be 3.6 kg. Apart from this, floating sludge had 

been removed from the sedimentation tank every month. The total amount of dry sludge removed 

from the sedimentation tank was estimated to be 2.4 kg. Thus, the total amount of sludge was 6.0 kg.  

In the Chinautla system, the water is barely exposed to sunlight, which limits the growth of algae. 

The colour of the sludge was a mix of brown and grey. It was therefore assumed that most of the 

sludge consisted out of left over fish feed. The distribution of fish feed and algae in the sludge was 

assumed to be 80 % fish feed and 20 % algae. The motivation behind this estimate is the colour of 

the sludge (mix of brown and grey) and the fact that almost no water was exposed to sunlight in this 

system, which prevented the growth of algae. 

With these measurements and estimations, the nitrogen budget for the Chinautla system could be 

completed, and a visualization of the nitrogen balance can be seen in Figure 17. 

(2) Nfeed = 31.75 ∗ 0.38 ∗ 0.16 = 1.9304 kg 

(3) Nfish = 21.9 ∗ 0.179 ∗ 0.16 = 0.627216 kg 

(4) Nvegetables = 59.4 ∗ 0.07 ∗ 0.174 = 0.723492 kg 

(5) NAccumulation = {
6 ∗ 0.2 ∗ 0.174 ∗ 0.07 = 0.014616 kg

6 ∗ 0.8 ∗ 0.38 ∗ 0.16 = 0.29184 kg
 

(6) NDenitrification = Nfeed − Nfish − Nvegetables − NAccumulation = 1.9304 − 0.627216 −

0.723492 − 0.014616 − 0.29184 = 0.273236 kg 
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Figure 17. Nitrogen balance of Maya Chay S Chinautla in percentage 

5.3.2.4 Ratio of vegetables to fish in Chinautla 

In Chinautla, the total amount of gained vegetable biomass were 59.4 kg and the total amount of 

gained fish biomass were 21.9 kg. Thus, the ratio of vegetables to fish could be calculated as: 

59.4

21.9
≈ 2.7 
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6. Discussion 
2014 was a historical year for the aquaculture sector since it was the first year the production of 

cultivated fish surpassed the supply from wild-caught fish (FAO, 2016). Since the late 1980s, the wild-

caught fish production has been relatively stable (FAO, 2016), and thus the aquaculture sector must 

tackle the role of meeting the increasing demand for fish. In developing countries, it has been 

predicted that the consumption of fish will increase by 57 %, reaching 98.6 million tonnes in 2020 

from the 1997 level of 62.7 million tonnes (Delgado et al., 2003). In comparison, the consumption of 

fish in developed countries will only increase by 4 %, reaching 29.2 million tonnes in 2020 from the 

1997 level of 28.1 million tonnes (Delgado et al., 2003). The predicted drastic increase in 

consumption of fish in the developing countries can be explained by a rapid population growth 

coupled with increased affluence and urbanization (Delgado et al., 2003). 

However, the status of the marine fish resources is bad, as about half of them are considered fully 

exploited, one quarter of them are considered over exploited, depleted or recovering from depletion, 

and only one quarter of them can produce more than they currently do (FAO, 2001-2017). 

Aquaculture is the fastest growing food production sector, as it has increased 12 times with an 

annual growth of more than 8 % over the last three decades (HLPE, 2014). The increased proportion 

of fish coming from the aquaculture sector is expected, as the production chain is both shorter and 

more effective than the wild-caught fishery production chain is (World Bank, 2007). But most 

importantly, it is the control over the aquaculture production that stands in contrast to the failing 

control over wild fishery production, where an increased price on fuel can have an unproportionable 

effect on the total cost of production (World Bank, 2007). It is clear that the aquaculture sector must 

expand and replace the wild-caught fisheries in meeting the increasing demand for fish protein, but 

in what way the aquaculture sector expands will have a large impact on the health of our 

environment. 

In the 1970s, Norway pioneered the commercial cage culture with salmon farms. The motivation for 

the aquaculture sector to develop and use intensive cage farming systems was a combination of 

different factors; the drive for increased production per unit area, the increased competition for 

resources (including land, water, energy and labour), economies of scale and the need to expand into 

new untapped sites (e.g. reservoirs, lakes, rivers and coastal waters) (Tacon and Halwart, 2007).  

Today, Norway is the world’s largest producer of salmonids with its 500 plus farms along its coastline 

(Overton, et al., 2018) and with a production of 1 233 619 tonnes of salmon in 2016 (Statistics 

Norway, 2017). Even though the cage farming sector, particularly regarding salmon, has been 

successful in economic and technical terms, it has faced some challenges and issues during its 

development. These challenges and issues relates to the use of open net cage-based culture system 

and the impacts on the aquatic environment and ecosystem in the surroundings, for example: 

• Negative and/or positive impacts on water quality and the surrounding ecosystem and 

environment from uneaten feed, excreta and faecal wastes (Mente, et al., 2006). 

• The risk of disease to occur within the fish culture (Tan, et al., 2006) and the risks of diseases 

being transmitted to, and from, natural fish populations (Ferguson, et al., 2007). 

• The risk of fish escaping the cage and the following potential impacts on the local wild fish 

populations (social, ecological and genetical) (Ferguson, et al., 2007; Naylor, et al., 2005). 

• Production and environmental problems caused by the ectoparasitic salmon louse, which 

cause economic losses from damaging the salmon as well as the treatment costs. 

Furthermore, the wild salmon population are at risk from the lice spreading from the lice that 

feeds on the farmed salmon (Overton, et al., 2018). 



43 
 

When the cultivation of fish is done in a RAS, all the above challenges and issues are avoided. 

However, cultivation in RAS faces other challenges such as high management, energy and investment 

costs, but more importantly the issue of how to handle the nutrient-rich wastewater remains.  If the 

RAS is not integrated with a hydroponic system, all the nutrients must be removed from the system 

and risk being wasted. If the wastewater is simple released into the environment without treatment, 

it risks causing eutrophication. However, when the RAS is integrated with the hydroponic system (i.e. 

creating a aquaponic system) the problem of handling the nutrient-rich waste water can be solved. 

The aquaponic systems still face the same economic challenges of RAS but solves the main 

environmental problem. Furthermore, they create two sources of income in the fish and the 

vegetables. The Maya Chay aquaponic systems serves as a great example of how to produce fish and 

vegetables in a sustainable way in an area where the water-availability is low and where famine is 

common. 

The two nitrogen balances in this study showed that the difference in design had a great impact on 

both the production of vegetables and on the quantity of the nitrogen loss. The system in Chinautla 

utilized 70 % of the nitrogen input for fish and vegetable growth, while the system in Antigua only 

utilized 36 % of the nitrogen input for fish and vegetable growth. Fish feed contributes both as the 

largest operating cost and as the input which is most harmful to the environment (in the production 

of fish oil and fish meal), and it is therefore of high importance to utilize this resource to its fullest. 

Even though the production cost and the environmental impact from the construction were lower in 

the Antigua system, the future returns in vegetables will be much lower with a ratio of vegetable to 

fish production of only 0.4. Furthermore, the system in Antigua will consume more feed input to 

produce the same quantity of vegetables, making it less sustainable in terms of nutrient efficiency. 

The ratio of vegetable to fish production of 2.7 in Chinautla was as expected, since earlier 

measurement of other Maya Chay systems had ratios of about 3. 

In Chinautla, 14 % of the nitrogen input were lost to the atmosphere, which indicates anoxic or 

anaerobic conditions in the bottom of the vegetable beds with the presence of denitrifying and/or 

anammox bacteria. Endut, et al. (2013) found in their nitrogen budget that they had a similar loss of 

16 % due to denitrification processes in their sedimentation tank, and some losses due to 

denitrification is expected in aquaponic systems. The anoxic condition is a planned design for Maya 

Chay, since the outlet pipes from the vegetable beds are placed a couple of centimetres above the 

bottom of the tanks. The motivation for this design is to create a buffer for mistakes by the workers 

(e.g. harvesting all vegetables in all vegetable beds at the same time and cleaning the gravel in all 

vegetable beds at the same time) and to protect the fish from nutrient spikes in the water, since all 

workers are not trained professionals. It is a trade-off between having a larger quantity of produced 

vegetables and having a more robust and secure system. 

In Antigua, almost half (46 %) of the nitrogen input were lost to the atmosphere. An explanation for 

this large amount of nitrogen loss is the large volume of the pool used as a vegetable bed. As a 

consequence of the large volume of the vegetable bed, the anoxic zone at the bottom of it becomes 

larger as well. Furthermore, only a fraction of the available growing area could be utilized for 

vegetable growth, since the water level became too low if all the piper were switched on. Only 2 out 

of 4 pipes could be running, and thus less than half of the area could be utilized for vegetable 

production, as can be seen in Figure 3. The small area of vegetable production coupled with the 

denitrification processes from the large anoxic zone, caused the system to lose a substantial amount 

of the nitrogen input to the atmosphere. 
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The nitrogen balances also showed that the percentage of nitrogen input assimilated by the fish were 

30 % in Antigua and 33 % in Chinautla. In a nitrogen budget performed by Endut, et al. (2013), it was 

found that their Tilapia, fed with a mix of feed containing 28 and 32 % crude protein, assimilated 

39.44 % of the nitrogen input. Another study, who used a feed of 34 % crude protein, reported that 

their red tilapia assimilated 21.4 % of the nitrogen input (Siddiqui and Al-Harbi, 1999). A third study, 

conducted by Suresh and Lin (1992), found that their tilapia utilized less than 20 % of the nitrogen 

input for growth while being fed with a feed containing 22 % crude protein. The nitrogen assimilation 

rate of the two Maya Chay systems is relatively high in comparison with the other studies. The higher 

rate could be due to the system design and management but is more likely due to better quality of 

feed with a higher percentage of crude protein and perhaps a better balance of amino acids. Another 

contributing factor could be the mortality rate, which all the other studies reported. The mortality 

rate may have reduced the total amount of nitrogen assimilated by the fish. In this study, no fish 

deaths occurred during the time-period of the experiment, in either of the two Maya Chay systems.  

Conducting nitrogen balances for aquaponic systems is a relatively unexplored field of study, and 

only a few examples could be found in the literature. Even though the accuracy of the nitrogen 

balances in this report is far from perfect, they show the value of making such balances to gain 

knowledge about the performance of the aquaponic systems. Furthermore, the nitrogen balances 

have increased the understanding of what transformations of nitrogen that takes place in the Maya 

Chay aquaponic systems. This knowledge can then be used to make changes to the design of the 

systems and/or to determine if the aquaculture or hydroponic system is properly dimensioned. To be 

able to adjust the system design to improve the effectiveness of nutrient recovery is valuable since 

nitrogen fixation is a very costly and energy intensive process and since the production of fish oil and 

fish meal is environmentally harmful. More studies in this area must be done, and a standardized 

procedure for conducting this type of experiments would be very useful in the future development of 

aquaponic systems. 

As explained in the limitations section of this report, the accuracy of the nitrogen balances was 

influenced negatively, since some mistakes were made by the workers (i.e. misunderstanding of the 

feeding dose and schedule and instructions regarding harvesting of the vegetables). The initial idea 

was to do the experiments in the Maya Chay M system in Antigua, which is located on the same plot 

where I stayed. But since this system already had fish in production it was impossible to do the 

experiment in this system. Thus, the workers of two other systems had to be informed and instructed 

on the routines required for a successful experiment. However, the language barrier coupled with 

lack of interest from some of the workers made the measurements of feed input and vegetable 

output less accurate. In retrospect, more effort should have been devoted to engaging and 

instructing the workers so they had felt a deeper involvement in the project. 

Another weakness of this study is related to the assumptions made regarding the nitrogen content in 

the sludge and in the vegetables. Even though most of the plant biomass in the two systems was 

lettuce, some cilantro plants were planted and harvested. No information about the nitrogen content 

in dry mass cilantro could be found and therefore it was assumed that the nitrogen content was the 

same as for lettuce. Furthermore, no method of determining the ratio of leftover feed to algae in the 

sludge could be found. Thus, estimations were made based on the color of the sludge (greener 

meant more algae content). Lastly, the species of algae in the system could also not be determined, 

and assumptions regarding the nitrogen content in those had to be made. The nitrogen balances 

would also be more robust with a sensitivity analysis. It is recommended for future studies to 

consider all of the weaknesses of this study before designing the experiment. 
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The next step for EASA in their development of the Maya Chay technology is to build new systems in 

and around schools in Guatemala. This will allow the students to use the aquaponic system for 

education in ecology, ecosystems and in fish and vegetable production. The Maya Chay system can 

also be used as a tool in the education of mathematics, biology, economy, chemistry, nutrition, 

botany and of course agronomy. Other than being a great tool for education, the Maya Chay system 

will produce valuable nutrition for the children. By integrating aquaponics in the educational 

curricula, the younger generation can be reconnected with nature and their interest in fisheries and 

aquaculture can be renewed (Dembkowski, et al., 2014; Hart, et al, 2014). Furthermore, education 

with aquaponic systems promotes system thinking, encourages hands-on learning (Hart, et al, 2014) 

and can increase the students’ awareness of resources and ecological relationships which they may 

not be exposed to otherwise (Dembkowski, et al., 2014). Schneller et al. (2015) found that students 

who used an aquaponic system in their curriculum improved their scores in environmental 

knowledge, environmental preservation and, in some cases, a commitment to improved pro-

environmental behaviour. To be able to prepare the younger generation with this kind of knowledge 

and thinking is an important step in meeting the future challenges of climate change. 
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7. Conclusion  
In this study, the dynamics of the nitrogen transformations in two Maya Chay aquaponic systems was 

examined through the development of two nitrogen balances. The model for the nitrogen balances 

evaluated the amount of nitrogen as: 

• input to the systems through the feed,  

• assimilated by the fish and the plants, 

• accumulated in the sludge and  

• losses to the atmosphere through denitrification and similar processes, e.g. anammox. 

The results of this study showed that the two different Maya Chay systems had very different 

distributions of nitrogen. A summarization of the nitrogen distribution in the Maya Chay systems can 

be seen in Table 4, below. 

Table 4. Nitrogen distribution in the two Maya Chay systems 

 Maya Chay S in Chinautla Maya Chay XS in Antigua 

Assimilated by the plants 37 % 6 % 

Assimilated by the fish 33 % 30 % 

Accumulated as sludge 16 % 18 % 

Lost to the atmosphere 14 % 46 % 

 

Even though some errors were made in the measurement of feed input and vegetable output, which 

lowers the accuracy of the balances, the results indicate that the difference in design likely had an 

impact on the amount of vegetables that were produced and on the amount of nitrogen that was 

lost to the atmosphere. One example of where the difference in design likely affected how much 

nitrogen was lost to the atmosphere can be found in the larger anoxic zone in the vegetable bed in 

Antigua. Since these conditions favours denitrifying and anammox bacteria instead of nitrifying 

bacteria it is very likely that this difference in design is a strong contributing factor to the significantly 

higher loss of nitrogen to the atmosphere in this system, compared to the system in Chinautla. 

Another example of where the design of the systems might have played an important role is in the 

production of sludge in the systems. In Chinautla, almost no water is exposed to direct sunlight, and 

this system only produced 6 kg of sludge during the experiment. On the contrary, in the system in 

Antigua almost all water is exposed to direct sunlight, and during the experiment 9.75 kg of sludge 

was produced. The content of the sludge was also different, where the algae content was dominant 

in the green sludge in Antigua. 

On the final note, it was observed that the vegetable to fish production ratio differed greatly 

between the two systems with only 0.43 in Antigua and 2.7 in Chinautla. Thus, this study has shown 

that the Maya Chay S system in Chinautla performs well in terms of nutrient efficiency and 

productivity. At the same time, it demonstrated that the alternative design of the Maya Chay XS 

system in Antigua is not optimal in the long term, since the loss of nitrogen will become a burden on 

both the environment and the economy of the system. 
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Appendix 1: Water testing results 
 

Table 5. Nitrite testing results 

Nitrite (𝑁𝑂2
−) in mg/l 

Test 1 0,01 

Test 2 0,025 

Test 3 0,025 

Test 4 0,025 

Test 5 0,05 

Test 6 0,05 

Test 7 0,05 

Test 8 0,05 

Test 9 0,025 

Test 10 0,05 

Test 11 0 

 

 

Figure 18. Nitrite testing results 

Table 6. Nitrate testing results 

Nitrate (𝑁𝑂3
−) in mg/l 

Test 1 0 

Test 2 5 

Test 3 10 

Test 4 10 

Test 5 10 

Test 6 10 

Test 7 25 

Test 8 10 

Test 9 25 

Test 10 25 

Test 11 25 
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Figure 19. Nitrate testing results 

Table 7. Ammonia/Ammonium testing results 

Ammonia/Ammonium (𝑁𝐻3/𝑁𝐻4
+) in mg/l 

Test 1 0 

Test 2 0 

Test 3 0,1 

Test 4 0,1 

Test 5 0,5 

Test 6 0 

Test 7 0,1 

Test 8 0,5 

Test 9 0 

Test 10 0 

Test 11 0,1 

 

 

Figure 20. Ammonia/Ammonium testing results 
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Table 8. pH testing results 

pH 

Test 1 7,5 

Test 2 7,2 

Test 3 7,5 

Test 4 7,6 

Test 5 7,5 

Test 6 7,8 

Test 7 7,5 

Test 8 7,5 

Test 9 7,2 

Test 10 7,2 

Test 11 7,2 

 

 

Figure 21. pH testing results 

Table 9. Phosphate testing results 

Phosphate (𝑃𝑂4) in mg/l 

Test 1 >2,0 

Test 2 >2,0 

Test 3 >2,0 

Test 4 >2,0 

Test 5 >2,0 

Test 6 >2,0 

Test 7 >2,0 

Test 8 >2,0 

Test 9 >2,0 

Test 10 >2,0 

Test 11 >2,0 
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Figure 22. Phosphate testing results 

Table 10. Alkalinity testing results 

Alkalinity (KH) in mg/l 

Test 1 150 

Test 2 120 

Test 3 120 

Test 4 180 

Test 5 180 

Test 6 180 

Test 7 180 

Test 8 180 

Test 9 180 

Test 10 140 

Test 11 140 

 

 

Figure 23. Alkalinity testing results 
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Table 11. General hardness testing results 

General hardness (GH) in mg/l 

Test 1 150 

Test 2 180 

Test 3 250 

Test 4 300 

Test 5 300 

Test 6 300 

Test 7 300 

Test 8 250 

Test 9 180 

Test 10 180 

Test 11 150 

 

 

Figure 24. General hardness testing results 

Table 12. Dissolved oxygen testing results 

Dissolved oxygen (DO) in mg/l 

Test 1 Not Available 

Test 2 Not Available 

Test 3 Not Available 

Test 4 Not Available 

Test 5 5 

Test 6 3,8 

Test 7 4 

Test 8 4,1 

Test 9 4,2 

Test 10 2,8 

Test 11 4 
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Figure 25. Dissolved oxygen testing results 

Table 13. Temperature testing results 

Temperature in °C 

Test 1 Not Available 

Test 2 Not Available 

Test 3 Not Available 

Test 4 Not Available 

Test 5 24 

Test 6 25 

Test 7 24 

Test 8 27 

Test 9 24 

Test 10 26 

Test 11 25 

 

 

Figure 26. Temperature testing results 
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