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Abstract 

Global needs to meet basic food and water requirements are driving the search for 

new frontiers of sustainable production, such as aquaponics in brackish and saltwater. In 

addition to being an efficient production sector with a relatively low environmental impact, 

it can address increasingly frequent environmental issues such as the reduction of freshwater 

resources and the gradual increase in soil salinity.  

In the present pilot study adaptability, productive performance, and final yield of fish 

and plants farmed and grown in a low-tech saline water-based aquaponic system were 

investigated. A total of 261 black bullhead catfish (Ameiurus melas), paired with 72 cherry 

tomato (Solanum lycopersicum var. cerasiforme) seedlings, were equally divided into three 

experimental treatments namely: low salinity (LS; 0.5‰), medium salinity (MS; 3.5‰), high 

salinity (HS; 6.0‰). The different salinities did not significantly affect water quality. Traits 

such as temperature, dissolved oxygen concentration in the water, daily water consumption 

due to evapotranspiration, pH, and total ammonia nitrogen remained stable over time and 

followed seasonality. As for fish, the growth of black bullhead catfish ended with the average 

final weight of the fish of 193 ± 50 g and an average survival of 76 ± 13%. Some limited, 

albeit significant, differences were found between experimental treatments in the 

morphometric indices; specifically, the condition index and cranial index were affected by 

the treatment. The eviscerated carcass yield and viscerosomatic index were also slightly 

influenced by treatment, while no significant differences were recorded on the average yield 

of fillets and pH. As for the horticultural side, during the growth of cherry tomatoes plants 

(i.e., height, number of internodes, soil-plant analysis development (SPAD), and 

phenological development, no significant differences were found between treatments, except 

for the SPAD values. In terms of fruits production, the effect of different salinities was 

noticed on the number of developed bunches per plant, fruits per bunch, weight per bunch, 

and size of the fruits. Analyses on the vacuolar juice of fruits also showed that the sugars 

content, titratable acidity, and pH were affected by the treatment.  

In parallel, the pilot study testing the biostimulant properties of aquaponic solid waste 

showed that its application as a hydrolysate on lettuce (Lactuca sativa var. capitata L.) and 

watercress (Lepidium sativum L.) had some degrees of gibberellin-like response in the 

lettuce seedlings proving a positive hormonal role in hypocotyl elongation when compared 
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to the gibberellic acid treatments. The best gibberellin-like response was found at dilutions 

of 25,000 ppm and 15,000 ppm. In contrast, no clear and marked response appeared on 

watercress roots growth inhibition following the aquaponic hydrolysate application when 

compared to indoleacetic acid treatments. The existence of a possible auxin-like hormonal 

effect was disproved due to the great variability and conflictual of the obtained results. 
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Útdráttur 
 
Þörfin fyrir matvæli og vatn á heimsvísu hefur knúið áfram leit að nýjum vaxtarjöðrum fyrir 

sjálfbæra fæðuframleiðslu, þar á meðal er samrækt (e. aquaponics) í ísöltu og söltu vatni. 

Auk þess að vera skilvirk framleiðsluaðferð, með fremur lítil umhverfisáhrif, getur aðferðin 

haft áhrif á algeng umhverfisvandamál svo sem samdrátt ferskvatnsauðlinda og aukningu í 

jarðvegsseltu. Í þessari frumkönnun var notast við „lágtækni“ saltvatns samræktarkerfi til að 

rannsaka aðlögunarhæfni, framleiðslugetu og framleiðni fisks og plantna sem voru ræktaðar. 

Alls var 261 „black bullhead catfhish“ (Ameiurus melas), paraðir við 72 kirsuberjagræðlinga 

(Solanum lycopersicum var. cerasiforme) og dreift jafn í þrjár ólíkar lausnir: lágsaltlausn 

(LS; 0.5‰), meðalsaltlausn (MS; 3.5‰), hásaltlausn (HS; 6.0‰). Mismunandi seltustig 

vatnsins hafði ekki áhrif á vatnsgæðin. Einkenni á borð við, hitastig, súrefnismagn vatnsins, 

dagleg eyðsla vatns vegna uppgufunar, pH gildi og heildar ammóníumnítrad hélst stöðugt 

yfir tímabilið í samhengi við árstíðarsveiflur. Fiskarnir enduðu með meðal þyngdina 193 ± 

50 g og meðaltals lífslíkur voru 76 ± 13%. Ákveðnir afmarkaðir, en þó mikilvægir, 

breytileikar fundust milli tilraunahópa hvað varðar sköpulag, nánar tiltekið heildarástand (e. 

condition index) og höfuðstærðar (e. cranial index), eftir ólíkri meðhöndlun. Meðhöndlun 

hafði lítils háttar áhrif á það hve mikið slægður fiskur gaf af sér og hið sama gildir um 

óslægðan fisk, en engin marktækur munur var á meðalþyngd flaka og pH-gildis. Á 

garðyrkjuhliðinni, þ.e.a.s. hvað varðar, hæð, fjölda stöngla, SPAD (e. soil-plant analysis 

development) og náttúrufarsfræði, fannst enginn marktækur munur á milli meðhöndlunar 

nema hvað varðar SPAD gildi. Hvað varðar vöxt og uppskeru ávaxta, var ekki munur milli 

ólíkra saltlausna hvað varðar fjölda klasa á plöntu, fjölda ávaxta í klasa, þyngd klasa og stærð 

ávaxtanna sjálfra. Greining á safa ávaxta sýndi að meðhöndlun hafði áhrif á magn sykra, 

títranlegt sýruinnihald og pH gildi. Samhliða sýndi frumkönnunin að áburðargildi úrgangs í 

föstu formi frá samræktinni hafði nokkur vaxtarörvandi áhrif á græðlinga salats 

(Lactucasativa var. capitata L) og vætukarsa (Lepidium sativum L.) og sannreyndi þannig 

jákvæð hormónaáhrif á lengingu kímstöngla samanborið við gibberellínsýra-meðferð. Bestu 

áhrifin sem líkja má við gibberellínsýru-meðferð var útþynning upp á 25,000 ppm og 15,000 

ppm. Í samanburði voru engin skýr viðbrögð í vætukarsa plöntunum hvað varðar hömlun 

rótarvaxtar í kjölfar notkunar vatnsrofsefnis frá samræktinni samanborið við indóledikssýru 

meðferð. Möguleg tilvist áxín-líkra hormónaáhrifa var afsönnuð vegna mikils breytileika 

niðurstaðna. 
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“All living organisms … are ‘open systems’: that is to say, they maintain their complex 
forms and functions through continuous exchanges of energies and materials with their 

environment. Instead of ‘running down’ like a mechanical clock that dissipates its energy 
through friction, the living organism is constantly ‘building up’ more complex substances 

from the substance it feeds on, more complex forms of energies from the energies it 
absorbs, and more complex patterns of information… perceptions, feelings, thoughts… 

form the input of its receptor organs.” 

 
(Arthur Koestler, 1967, The Ghost in the Machine) 
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1 Introduction 
In the light of the worldwide population growth during the last two centuries, the 

demand for necessity goods has globally sparked, resulting in a hefty pressure on water and 

food sources (FAO, 2017). While today the world's population count approximately 7 billion 

people, the UN projections show how this number is expected to increase dramatically 

(Figure 1) and, assuming an annual growth of 1.2 percent, the year 2030 will already count 

a total world population of 8.5 billion people that will be around 10 billion in 2100 (Madre 

& Devuyst, 2015).  

 

Figure 1: This chart shows estimates and probabilistic projections of the total population 
for the world by the year 2100. The population projections are based on the probabilistic 
projections of total fertility and life expectancy at birth. Source: Adam, (2021). 
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Simultaneously with the global population growth, the consumption patterns of people 

worldwide will change following the demand and availability of food and water (Madre & 

Devuyst, 2015). Nowadays, about 20% of the people living in developing countries suffer 

from chronic malnutrition, with more than 820 million people worldwide suffering from 

famine (WHO, 2019). Furthermore, the consumption and availability of food and water in 

the coming decades will pose serious challenges to face the global demand for agricultural 

products (FAO, 2017; Madre & Devuyst, 2015). It is therefore essential to implement new 

and more efficient production strategies.  

Meeting the goal firstly requires the intensification of the production systems, where 

all the available resources are used and exploited as efficiently as possible (Struik & Kuyper, 

2017). With significant regard to the agricultural, farming, and fishing sectors, the 

intensification of the production systems has been applied to feed the growing and 

increasingly demanding human population. These days, the three leading sectors are 

incapable of sustaining the growing global demand without severe consequences at a social 

and environmental level. The agricultural and farming sectors are responsible for massive 

land use and high levels of water pollution and exploitation: most of the freshwater is used 

in agriculture for irrigation, while the water used by the farming sector is known to contribute 

to the pollution of groundwater and surface water (UNEP, 2016; Dubois, 2011). The fishing 

sector, on the other hand, is held liable for the global over-exploitation and depletion of the 

fish stocks since the catches happen at a rate higher than the biological capability of the 

system to replenish it (FAO, 2020; Perissi et al., 2017). It is, therefore, necessary to 

implement new and efficient strategies to produce in respect of nature and sustainability. 

 During the last century, especially in its second half, new industries have gained 

importance in the food production chain to mitigate the growing demand for protein sources 

and meet new global needs (FAO, 2017). Nowadays, next to the "classic" production 

systems, among the most common alternatives to produce food aquaculture, hydroponics, 

and, in more recent times, aquaponics are found (Goddek et al., 2019). 

1.1 Nutshell-vision of aquaculture  

Looking at the picture on the global scale (Figure 2), the world production of fish in 

2016 was approximately 171 million tons; aquaculture represented 47% of the total and 
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reached up to 53% of products not intended for human consumption are excluded (FAO, 

2018).  

 

 
Figure 2: Global fish production1 in 2016, with aquaculture representing 47 percent of the 
total fish production. By 2030 aquaculture production is expected to overcome the wild 
catch production. Source: FAO, (2018).  
 
 Aquaculture is a sector akin to farming, but it foresees the rearing and management 

of many aquatic species in a restricted environment through partial or complete control of 

their biological cycle and the environmental factors that regulate it (FAO, 2020). Unlike 

commercial fishing, the entire aquaculture production process is characterized by active 

human interventions on factors like feeding, reproduction and its management and the 

control of environmental parameters. A second major difference between fishing and 

aquaculture resides in the fact that, while the first sector appears to have reasonably stable 

production over the years, the latter is a sector in constant increase with a growth of about 

6% per year at a global level (Figure 2). Nowadays, the supply of fish for human 

consumption derives to a greater extent from aquaculture than fishing (FAO, 2018). 

 With a production that takes place in both marine and freshwater, the aquaculture 

systems are classified according to various aspects such as the type of farmed aquatic 

organisms, the physicochemical characteristics of the water (warm or cold, fresh or salty, 
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stagnant or running water), the production intensity (extensive or intensive) and the type, 

technology and management of the plant (NOAA, 2019; Little et al, 2016). Considering the 

type and location of the system and the farmed aquatic living component, aquaculture can 

take place in ponds, lakes, or lagoon areas; fixed breeding farms (consisting mainly of 

breeding tanks); and mobile farms (floating cages), mostly used in offshore waters (Funge-

Smith et al., 2001). Regarding the change of water that occurs in the plant, the systems can 

be distinguished into three main categories: static systems, open systems, and closed systems 

(Lucas et al., 2019). In static systems, fish are raised in ponds or fishing valleys with no 

water exchange. In contrast, in an open system, as in the case of marine cages, for example, 

the water does not artificially enter the system since the animals are confined within a 

sizeable aquatic environment (sea, lake, ocean), and the water management is regulated by 

the natural course of the environment. The closed systems, also known as RAS (recirculating 

aquaculture systems), are intensive fish production systems in which water circulates 

continuously in the plant, thus reducing the total water consumption (Bregnballe, 2015; 

Soltan, 2016). In a RAS, the water coming from the fish tank to be reused firstly flows 

through a mechanical filter (a sedimentation filter or a drum filter) to remove the suspended 

solids (mainly uneaten feed and fecal matter), and subsequently in a biological filter (bio 

tower, degassing tower) for the removal of dissolved toxic substances (Ali, 2013; Van Rijn, 

2013). After all the filtration processes, the water undergoes a rebalancing of the dissolved 

gases (CO2 removal and oxygenation), and it is disinfected (by UV-C rays or by ozonation) 

before returning to the fish tanks (Bregnballe, 2015). Thanks to mechanical and biological 

filtering, a RAS allows the reuse of about 90% of the water and, although they are not among 

the cheapest systems, they allow to reduce water consumption while increasing productivity 

(Ahmed & Turchini, 2021; Somerville et al., 2014). Furthermore, limited water use also 

offers less exposure to environmental pathogens that could compromise farming (Ahmed & 

Turchini, 2021). 

 The main issues of these systems concern the extensive energy use and wastewater 

management, given that the release of these into the environment can lead to serious 

pollution problems (Dauda et al., 2019). The environmental problem exacerbates in 

conventional aquaculture in which more than 80% nitrogen and 85% phosphorus per kg of 

consumed feed is dispersed in water (Dauda et al., 2019; Goddek et al., 2015). This pollutant 

release arises because a considerable fraction of feed nutrients fails to pass the intestinal 

barrier during the digestion process or are produced as catabolites of the nutrient metabolism 
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and are excreted with the feces (Grigorakis & Rigos, 2011). The proportion is that 1 ton of 

farmed fish can generate about 0.8 kg of nitrogen (N) and 0.1 kg of phosphorus (P), 

equivalent to the average daily waste of 73 people (Dauda et al., 2019). Clearly, like every 

economic activity, aquaculture also has its environmental impacts, especially its current form 

and status (FAO, 2006). While, on the one hand, intensive aquaculture manages to 

"alleviate" and decrease the pressure on the fish stocks caused by industrial fishing, on the 

environmental side, the entire process's sustainability still has much room for improvement 

(FAO, 2020). 

1.2 Nutshell-vision of hydroponics 

Concomitantly with aquaculture, hydroponics has seen an enormous expansion over 

the past few decades (Benke & Tomkins, 2017). In a hydroponic system, plants are planted 

in inert growing media because of the absence of soil, and their roots are directly immersed 

in the water, which provides nutrients, hydration, and oxygen to plant life and growth 

(Woodard, 2019; Sardare & Admane, 2013). The nutrient solutions used to foster plant 

growth are mostly aqueous solutions containing inorganics ions from soluble salts of 

essential elements (Trejo-Téllez & Gómez-Merino, 2012). Furthermore, through the 

addition of the nutrient solution in the system, all the six necessary elements (N, P, S, K, Ca 

and Mg) are constantly provided and, because each plant absorbs nutrients differently, the 

solutions are diverse and specific for each plant and each growth phase (Jain et al., 2019; 

Trejo-Téllez & Gómez-Merino, 2012). Hydroponics has different designs and systems 

which, depending on their characteristics, can be categorized as either "open" or "closed" 

(AlShrouf, 2017; Venter, 2017). In the open systems, like the deep water culture technique 

(DWC), in Figure 3, the plant roots absorb as much nutrient solution as needed, and all the 

unused water and nutrients are lost due to drainage or seepage into the ground (Venter, 

2017). Conversely, in a closed system like in the case of the nutrient film technique (NFT) 

or media bed technique (MTB), in Figure 3, the nutrient solution is circulated in a closed-

loop, and hence, it is continuously reused. 
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Figure 3: Main commercially adopted cultural methods in hydroponics. Source: Lee & Lee, 
(2015). 

 The main advantage of soilless over soil-based cultivation can be summarized in the 

reduced incidence of diseases and parasites for plants deriving from the soil, in the reduced 

use and need for fertilization, in more accurate control of plants nutrition, growth, irrigation, 

and in the possibility of sterilizing and reusing the substrates (Atzori et al., 2021). These pros 

make hydroponics a more efficient alternative when compared to traditional agriculture.  

Furthermore, soilless agriculture has shown that it can be more productive than traditional 

agriculture while offering significant savings both from the water point of view and 

fertilization (Sambo et al., 2019). Some criticalities still related to this cultivation technique 

are the strong dependence on chemical fertilizers and the significant use of electricity (to 

regulate flow and oxygenation of the water and to keep light and temperature constant using 

artificial lighting) and the substantial costs for setting up an efficient plant (Pandey et al, 

2009). The growing popularity in the adoption of soilless over soil-based cultivation is 

explained by the current state of agriculture, which is forced to cope with a growing demand 

for food resources (due to the constant increase in the world population) while continuing to 

guarantee food security and food production (Zajdband, 2011). On the other hand, the 

possibility of expansion for agricultural systems is constantly decreasing given the 

increasing urbanization and the diminishing availability of arable land globally (Khan et al., 

2021; FAO, 2017). Furthermore, the need to develop innovative and sustainable agricultural 

systems is because traditional systems consume significant amounts of natural resources 

(Khan et al., 2021). As mentioned above, agriculture and farming are considered the 

activities that consume the most water: it is estimated that 85% of freshwater consumption 

is for agricultural use (FAO, 2017). Therefore, the hydroponic sector's success as an 

alternative for intensive plants and vegetable production is almost taken for granted. The 

global growth and continuous evolution of hydroponics, place this industry in a crucial 
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position for sustaining the entire agricultural production sector, especially in areas 

characterized by severe soil degradation and limited water availability (Sambo et al., 2019).  

1.3 Nutshell-vision of aquaponics 

 Despite being a budding sector yet –compared to aquaculture and hydroponics– the 

aquaponic industry has gained substantial attention in the last few decades as a potentially 

sustainable way to produce food (Goddek et al., 2019). Aquaponics is an eco-friendly bio-

integrated food production system that combines RAS and hydroponic practices (Shafahi & 

Woolston, 2014; Diver & Rinehart, 2000). Combining two production systems into one, 

leads to the creation of a symbiotic loop in which plants are fed and grow thanks to the fish 

effluents (Þórarinsdóttir et al., 2015). Using the words of Jones (2002), he simplistically 

defines aquaponics as a system in which "you feed the fish, the fish feed the plants, and the 

plants clean the water for the fish". 

 However, the entire process is by far more complex: the water contained in the fish 

breeding tank flows through a filter system driven by a microbial ecosystem (nitrifying 

bacteria acting as a bio-filter) that converts the ammonia (NH3) present in the fish waste in 

nitrites (NO2) and nitrate (NO3) that are an essential component for the plant growth 

(Þórarinsdóttir et al., 2015). Furthermore, the fish discharge and the uneaten feed contain a 

significant amount of other nutrients like phosphorus (P), potassium (K), calcium (Ca), 

magnesium (Mg), and other elements, which depend on the fish dietary utilization and the 

diet (Naylor et al., 1999). In return, the plant roots and the bio-filter cleanse the water, which 

will then go back to the fish tanks, thus closing the loop (Þórarinsdóttir et al., 2015).  

Although the industry's development is very recent, and thus, most of the available data is 

based on model cases from research with only a minor part based on commercial-based 

systems, the global aquaponics market value in 2020 was about $ 630 million (Research and 

Markets ltd, 2020; Turnšek et al., 2019;). Furthermore, Research and Markets ltd. (2020) 

forecasts the demand for aquaponics products to rise exponentially (with an annual growth 

rate of 14.5 - 15.5%) in the following decades. One of the growth determinants of aquaponics 

at the global level is attributable to its promising aptitude as one of the most ingenious 

solutions to mitigate the global food demand providing both animal and vegetal protein of a 

high biological value (Turnšek et al., 2020; Somerville et al., 2014). 
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As it is conceived, aquaponics represents a model of sustainable food production in 

which most of the nutrients are used and recycled within the system (Li et al., 2018; Diver 

& Rinehart, 2000). Furthermore, the polyculture resulting from the integration of fish and 

plants enhances production diversity through many possible combinations (fish/plant) based 

on needs and possibilities (Diver & Rinehart, 2000). In addition, aquaponics can be used in 

places where traditional agriculture is difficult or even not practicable, that is, in areas where 

the land is costly, areas where water is scarce, or where the soil is infertile, degraded or not 

suitable for cultivation (Goddek, 2017; Somerville et al., 2014). Another strength of 

aquaponics lies in the possibility of farming high density of fish in reduced volumes of water, 

thanks to continuous biological filtration (Pattillo, 2017; Somerville et al., 2014). The same 

thing is true for crops since it is possible to grow more plants per unit of space, with water 

consumption of almost a tenth of that required by cultivation on soil (Somerville et al., 2014). 

Therefore, an aquaponics system may provide a greater production of fish per liter of water 

than traditional aquaculture systems, together with a greater plant production than traditional 

agriculture. 

 On the environmental side, aquaponics can help reduce water pollution since a RAS 

system uses 90 to 99% less water than any other aquaculture system (Bandi et al., 2016). 

Furthermore, aquaponics has lower environmental impacts than intensive agriculture and 

aquaculture (Kloas et al., 2015). On the one hand, it avoids all those problems related to 

conventional aquacultures like the nutrient discharge and eutrophication, the escapements 

from fish farms, and the accumulation of anoxic sediments on the seafloor due to fecal and 

waste feed build-up (Olsen et al., 2008; Baluyut, 1989). On the other hand, aquaponics also 

overcomes all those problems related to conventional agriculture like the excessive 

exploitation of the soil, the intense use of manures, fertilizers, and biocides which contribute 

to the groundwater and surrounding waters pollution, loss of fertility, and massive water 

consumption (Paladino et al, 2020; Mateo-Sagasta et al., 2017). Aquaponics relies on a 

relatively low impact production, but the whole industry is still far to reach its total 

efficiency. Even today, significant challenges like energy consumption, high initial costs, 

and waste disposal undermine the full sustainability of the entire sector. While the energy 

requirements and the initial capital to build an aquaponic system are primarily based on its 

configuration (design, species, scale, technologies) and its geographic location (climate, 

available resources), and therefore are highly heterogeneous and location-dependent, a 

problem shared by every facility is the wastewater management and disposal. To date, a 
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substantial part of data on the nutrient recovery and management of wastewater comes from 

the aquaculture sector (Yeo et al., 2004). In the past, the standard aquaculture practices 

provided for the wastewater discharge in the environment, contributing to and exacerbating 

environmental pollution (Kurniawan et al., 2021). Nowadays, the tendency is to recycle the 

waste as the fish manure is one of the most nutrient-richest livestock manures containing 

approximately 4.47% nitrogen and 2.35% phosphorous (Kurniawan et al., 2021; Khiari et 

al., 2019). 

1.3.1 Role and recycling possibilities of aquaponic solid waste  

The recycling and reuse of solid residues and wastewaters are slowly moving towards 

being a consolidated reality, especially for the big inland fish farms. This is not yet occurred 

in aquaponics where, the most common practices to date provide the solid waste to be 

directly discharged following dewatering or filtered mechanically and treated to be further 

disposed of. The absent revalorization of the by-products (solid waste) that could be valuable 

for other purposes undermines the sector's entire full efficiency, both in environmental and 

economic terms (Dediu et al., 2012). Furthermore, the aquaponics solid waste may have all 

the necessary characteristics to be processed, transformed, and employed as a fertilizer or, 

alternatively, biostimulant. 

 If on the one hand, fertilizers are a generally well-known category of the agro-food 

industry, on the other hand, there is still a “patina veil” around biostimulants. As stated by 

Yakhin et al. (2017), a biostimulant is a biological or biologically derived fertilizer that 

improves plant productivity. With an action alike fertilization, the bio stimulating action 

aims to improve plant performance, enhance plant growth and productivity (Yakhin et al., 

2017). To date, most of the marketed biostimulants come from a few sources, namely: humic 

substances (resulting from the decomposition processes of plants, animals, and microbial 

residues), plants extract, microorganisms (bacteria, yeast, filamentous fungi), and “derived” 

biostimulants, processed from industrial food production residues and waste (Bulgari et al., 

2019). The nature of aquaponics solid waste makes it a great candidate to be collected, 

processed, and tested as a new marketable compound. 



 10

1.4 Aims and research questions 

The main objectives of the following pilot research include evaluating the effect of 

increasing water salinity levels on adaptability, production performance, and end-product 

characteristics of black bullhead catfish (Ameiurus melas) at the aquaculture level. On the 

other hand, the impact of increasing water salinity levels on adaptability, productive 

performance, and end product characteristics of cherry tomatoes (Solanum lycopersicum var. 

cerasiforme) is evaluated for the hydroponic side. While the first two aims consider the 

production characteristics of an unconventional system, the third aim investigates the reuse 

of solid waste and its reconversion and reuse as a biostimulant, thus evaluating its 

effectiveness. Further analysis will probe the phytochemical properties of the solid waste-

derived compound and the morphological response of seeds and plants cultivated in vitro 

conditions. If successful, this research can be used as a springboard for further and more in-

depth studies aiming, on the one hand, to consider saline aquaponics as an aquaponic 

production alternative to freshwater aquaponics and, on the other hand, from the 

environmental and recycling side, to close the nutrient cycle with virtually zero waste, thus 

giving a starting point to improve the sustainability of the entire sector. 

 

Research question 1: Are there differences in growth and development responses, 

adaptability, productive performance, and final yield in black bullhead catfish reared at 

different salinities than reared in freshwater?  

 

Research question 2: Are there differences in growth and development responses, 

adaptability, productive performance, and final yield in cherry tomatoes cultivated at 

different salinities than cultivated in normal hydroponic conditions? 

 

Research question 3: Are there biostimulating hormonal responses in the development and 

growth of seedlings that have received the aquaponics hydrolysate compared to plants that 

have not received the treatment? 
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1.5 Justification of this study 

 In the race for environmental sustainability and development of new production 

frontiers, numerous experimental trials have been carried out in freshwater aquaponics 

systems, showing promising results in terms of production performance of fish and 

horticultural crops, ensuring a good efficiency of use of water resources and nutrients as well 

as the quality and food safety of the final product. This study will investigate aspects related 

to a novel and innovative aquaponic food production method that adopts the use of saline 

water. The importance of this study, as with similar research, is dictated by the fact that there 

is global interest in exploiting the planet most abundant resource —salt and brackish water— 

for food production purposes. Moreover, the reduction of freshwater resources and the 

continuous increase of soil salinity require new production systems that use alternative water 

sources that are still under-exploited, especially in the horticultural field. As for plants, few 

horticultural species (halophytes) are culturable under medium salinity conditions. In 

contrast, several fish species (euryhaline) can adapt to changes in water salinity, even if 

production performance and product quality have not yet been studied in aquaponics 

systems. On the production side, this study might be of scientific relevance because it 

evaluates the effect of water salinity on water characteristics and adaptability, production 

performance, and final yield of black bullhead catfish and cherry tomato productions grown 

in an aquaponic system with reduced technological input. If on the one hand, the primary 

goal of this study is investigating the sustainable production of fish and plants in saline 

environments, on the other hand, it is also true that behind any production there is waste and 

byproducts that turn out to be unused. In the case of aquaponics in RAS systems, the main 

source of waste is the solid residue that accumulates in the filtration system. Therefore, the 

second objective of this study is to study and research possible uses of the aquaponic residue, 

to optimize sustainability and reuse resources by reducing waste. More specifically, the 

biostimulant and hormone-like properties of an aquaponic hydrolysate, obtained by 

mechanical process from the pure and untreated solid residue accumulated in the filtration 

systems of low salinity control tanks, will be evaluated. 

The following thesis should be considered as a pilot study; therefore, the results of fish and 
plant productivity and solid residue properties should be understood as a baseline and 
means of comparison with similar literature and as a “springboard” for new and deeper 
future studies. 
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2 Background 
The following part describes more in detail the aquaponics industry, its history, its 

operating principles, and new future frontiers, such as the aquaponics in saline waters and 

new ways to manage the wastes, reducing environmental impacts by creating a profitable 

recycling business. 

2.1 Literature review and the history of aquaponics 

The term "aquaponics" began to be used for academic literature in the late 1990s 

(Goodman, 2011). Prior to this, in the literature of the 1970s and 1980s, instead of 

"aquaponics", other names such as "hydroponic aquaculture pond", "integrated 

agriculture/aquaculture", "integrated fish culture hydroponic vegetable production system", 

and "Integrated Aqua-Vegiculture System (IAVS)" were names used to describe the sector. 

Although nowadays, aquaponics refers to RAS in which hydroponics techniques are 

employed, the roots of this practice have ancient foundations. As described by Goodman 

(2011), the aquaponics' sector has seen many precursors in which aquaculture and agriculture 

were combined, even without the explicit recirculation of water or hydroponic systems. 

Among all the documented aquaponic systems, the oldest recorded technique to utilize fish 

effluent to irrigate and fertilize land plants is called Chinampas (floating gardens), invented 

by the Aztec civilization and consisting of small, stationary, artificial islands built on lakes 

for agricultural purposes (Encyclopedia Britannica, 2017; Mollison, 1988). Different 

researches, such as the one of Jones (2002), attribute the roots of aquaponics to ancient 

China. The rudimentary system initially developed by Chinese farmers foresaw the addition 

of land livestock waste in the cultivation ponds to increase the production of vegetables and 

fruit-bearing plants. Subsequently, those rudimentary techniques began to refine until a point 

in which duck farming activities started to be placed upon cultivated ponds; the wastewater 

and uneaten feed resulting from the farming activity was consumed by finfish and catfish 

(benthic fish) living in the pond. Anything that was not assimilated by the fish, together with 

their excrement, was conveyed to the rice fields as fertilizer. The outcome was that from 

single farming activity, it was possible to produce meat and fish (of two species), and rice 

(Jones, 2002). Other documents and historical artifacts demonstrate the use of aquaponics 

techniques by the Incas, in Peru or by the Burmese. However, because of the lack of reliable 

historical sources on the first appearance of aquaponic, it is hard to trace the exact origin of 
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this practice that remains under debate, even to this day (Campbells, 2020). While the 

historical roots of aquaponics are still uncertain, in recent times, aquaculture started to gain 

interest in the 1970s. The initial developments of modern aquaponics were conducted at the 

New Alchemy Institute and North Carolina State University by Dr Mark McMurtry, a 

pioneer of this practice. 

2.2 Overview of mechanical components, operating 
principles, and design of an aquaponics system 

Unlike in the past, modern aquaponics practices adopt the use of RAS. In these plants, 

the water that recirculates is constantly monitored; to check water parameters, such as quality 

and usage, and ensure a fully controlled environment (Lam et al., 2015). In aquaponics RAS, 

the dissolved nutrients are utilized and absorbed by the vegetal component during its growth 

process. In exchange, the water is purified by the plants‘ roots and can return to the fish 

culture to be reused (Rakocy et al., 2016; Lam et al., 2015). As reported by Martins et al. 

(2010), a modern aquaponic RAS is a perfect example of a closed system in which fish and 

plants gain mutual benefit by creating a symbiotic environment. 

A aquaponic RAS comprises six main components (Figure 4)  to run efficiently 

(Pattillo, 2017). The first element is the fish-rearing tank, which, according to fish size, space 

limitations, and flow regime requirements, hosts the fish until they reach a desirable market 

size. The water from the fish-rearing tank then flows into a sedimentation/settling tank since 

the continuous filtration of solid wastes is necessary to maintain high water. There is a broad 

choice of mechanical filters: from cheap swirl filters or clarifiers, in which the solids will 

sink and settle to the bottom where they can be removed by hand, to costly high-volume self-

cleaning drum filters that separate the solid waste mechanically with high filtering 

performances. Once the solid part is removed, the water is aerated by an air pump and 

mechanically pumped into the biofilter. 
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Figure 4: Schematic representation of a recirculating aquaponic system: (1) fish-rearing 
tank, (2) sedimentation tank, (3) water pump, (4) biofilter, (5) air pump, (6) hydroponic unit. 
In the above-represented system, the water flows from the fish rearing tank to the 
sedimentation tank and, through a water pump, it is then flowed into the biofilter and the 
hydroponic units to go back to the fish rearing tank, thus closing the water recirculation 
within the system. Source: Souders & McDowell, (2019). 

The biofilter is a critical piece of equipment of an aquaponics RAS system and is constituted 

by a large surface containing bio-media that helps beneficial bacteria to thrive (Nelson, 

2008). The bacteria colonizing the biofilter put in motion the nitrification; a two-steps 

process in which autotrophic bacteria (in particular Nitrosomonas spp and Nitrobacter spp) 

firstly convert the ammonia (NH3 or NH4
+) to nitrites (NO2

-) and then the nitrites to nitrates 

(NO3
-) that the plants use to grow (Nelson, 2008). While ammonia and nitrite are highly 

toxic to fish, nitrate is more tolerated and kept low by the plants (Nelson, 2008). The last 

fundamental component of an aquaponics RAS is the hydroponic unit. There are different 

types and growing techniques (Maucieri et al., 2018), but the most commercially adopted 

are the nutrient film technique (NFT) and deep water culture (DWC), for cultivation without 

substrate; and media bed technique (MBT), for cultivation using a growing media.  
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2.2.1 Nutrient film technique (NFT) 

The nutrient film technique (NFT), in Figure 5, is one of the main soilless cultivation 

methods adopted in aquaponics to grow plants and vegetables (Tzortzakis et al., 2020). 

According to Van Os et al. (2019), the NFT "involves growing plants by maintaining a 

coating of nutrient solution around the roots, without the use of a substrate". The system 

consists of a slightly sloped trough (0.5 to 2%); the plant's roots are placed at the bottom of 

this trough. Since it is necessary to keep the roots always wet and nourished, a constant flow 

of nutrient solution recirculates from the high end to the bottom end of the trough, where it 

is drained and pumped back to the high end. 

Figure 5: Schematic of an aquaponic system that adopts the nutrient film technique (NFT) 
as a hydroponic cultivation method. In the above-represented system, the water flows from 
the fish rearing tank to the biofilter through a water pump; then the water flows into the tray 
(hydroponic unit) and goes back to the fish rearing tank by gravity, thus closing the water 
recirculation within the system. Source: Soto, (2020).  

Initially, NFT was widely adopted in both hydroponics and aquaponics culture since it is an 

easy growing solution that efficiently controls the water flow and root watering without the 

expense of a substrate. Furthermore, NFT was one of the simplest systems to operate on a 

commercial scale (especially to grow leafy vegetables with high turnover) since it is easy to 

clean and maintain and requires less water than other systems (Þórarinsdóttir et al., 2015). 

Today the popularity of NFT is decreasing: mainly because of the lack of optimization 
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schemes, but also because such systems cannot buffer even the slightest interruption in water 

and nutrient supply (Van Os et al., 2019). By now, this technique is being supplanted by 

other methods, and it is used only for a few specific crops. 

2.2.2 Deep water culture (DWC) 

The deep water culture (DWC), represented in Figure 6, is another widely adopted, 

soilless technique to grow plants in aquaponics (FAO, 2015). In DWC, plants sit on a 

floating surface (raft) positioned above a deep reservoir of aerated water (Nursyahid et al., 

2021). The nutrient-rich water circulating in the system flows through long canals at a depth 

of about 20cm, allowing the plant roots to be permanently submerged in the water 

(Nursyahid et al., 2021; FAO, 2015). In this way, plants absorb large amounts of nutrients 

and grow quickly (FAO, 2015).  

 

Figure 6: Schematic of an aquaponic system that adopts the deep water culture (DWC) as a 
hydroponic cultivation method. In the above-represented system, the water flows from the 
fish rearing tank to the biofilter through a water pump; then the water flows into the tray 
(hydroponic unit) and goes back to the fish rearing tank by gravity, thus closing the water 
recirculation within the system.  Source: Soto, (2020).  

As for NFT, also DWC is commonly adopted at the commercial level since it is simple to 

operate and maintain functional (Þórarinsdóttir et al., 2015). Furthermore, the DWT is 

among the most efficient systems to grow specific crops (typically leafy greens) with a high 

stocking density of fish (up to 20 kg of fish per cubic meter in the rearing tank) (FAO, 2015). 
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2.2.3 Media Bed Technique (MBT) 

Unlike NFT and DWC, the media bed technique (MBT) relies on a media-based 

system in which the roots are anchored to a substrate of organic, inorganic, or synthetic 

origin (Maucieri et al., 2018). The MBT, represented in Figure 7, is among the most popular 

methods adopted for small-scale aquaponics, especially in the developing regions, since the 

system design is space-efficient, functional, easy to manage and maintain, and it has 

relatively low initial costs (Somerville et al., 2014). In the media bed units, the medium 

(usually volcanic gravel, light expanded clay aggregate, pumice, or coconut fiber) serves a 

double function: it provides support to the plant roots, and it functions as a filter, both 

mechanical and biological. 

 
 

Figure 7: Schematic of an aquaponic system that adopts the media bed technique (MBT) as 
a hydroponic cultivation method. In the above-represented system, the water flows from the 
fish rearing tank to the biofilter through a water pump; then the water flows into the growing 
media bed (hydroponic unit) and goes back to the fish rearing tank, thus closing the water 
recirculation within the system.  Source: modified from Soto, (2020). 

The operation of an MTB aquaponic system is relatively simple; the nutrient-rich water 

flows by gravity from the fish-rearing tank, through a settling tank, and into the media beds 

(Somerville et al., 2014). Thanks to the biomechanical filtering function of the porous 

medium (that hosts the colony of nitrifying bacteria), once the water flows through the media 
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beds it is purified, mineralized, and free of solid and dissolved wastes. The purified water is 

then pumped back to the fish-rearing tank, where it "accumulates" until it over-flows into 

the media beds. While MBT design allows a constant recirculation of the nutrients within 

the system and easy maintenance, its application is still confined to small-scale systems since 

it is not space-efficient and requires considerably more inputs of labor compared to other 

cultivation methods. 

2.3 The aquaponic microbiome and its biological 
components 

Moving beyond the mechanical functioning principles, applications, and techniques 

employed in aquaponics, what makes this sector as similar as it is different from aquaculture 

and hydroponics is its biological component. Three types of organisms coexist in an 

aquaponic system: fish (animal component), bacteria (microbial component), and plants 

(vegetable component) (Somerville et al., 2014). These organisms thrive in the same water 

with a mutualistic ecological relationship that generates favorable environmental conditions 

for each other in a perfect symbiotic loop (Landkamer, 2020; Lennard & Goddek, 2019). 

2.3.1 Fish 

 Fish are the aquaculture component of aquaponics. As Goddek et al. (2019) state, in 

an aquaponic system, some aspects should always be considered when choosing the fish to 

be farmed; first of all, the environmental compatibility with the plants, since both organisms 

must share the same water, therefore they must tolerate the same levels of temperature, pH 

and oxygen. In general, fish production allows species variation, according to the aquaponics 

system design, the production goals (small-scale or commercial-scale), and local markets. 

The choice of fish to breed is a crucial factor, since, as above mentioned, each species of fish 

has a specific impact on the whole system; a problematic coupled aquaponics fish production 

results in an inadequate nutrient concentration that unbalance the system negatively and 

undermines the health of the fish and the consequent production. On the other hand, if the 

systems have balanced fish to plant ratios, the water quality will be high, and the excess 

nutrients will be absorbed by the plants, keeping the entire system efficient and productive 

(Goddek et al., 2019). Another important aspect regarding is that the fish species must be 

particularly resistant to high densities to offer a high percentage of nutrients to the crops 
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(Rakocy, 2012; Nelson, 2016). Even if in aquaponics is possible to breed a multitude of 

different species of fish, the common tendency is to prefer fresh and warm water fish. Carp, 

tilapia and catfish, for example, are generally resistant, less demanding, and have greater 

tolerance ranges than cold-water fish such as trout or char. Currently, the most widely used 

species are tilapia (Oreochromis spp.) and common carp (Cyprinus carpio), given their 

resistance to abiotic stresses, rapid growth and excellent tolerance to high densities; to a 

lesser extent, rainbow trout (Oncorhynchus mykiss) has also been tested in aquaponic 

systems providing good results (Bordignon et al., 2021; Nobregaet al., 2020; Nelson, 2016). 

2.3.2 Beneficial bacteria and the nitrogen cycle 

Along with plants and fish, ammonia-oxidizing microorganisms (AOM) are a vital 

element of aquaponic RAS (Eck et al., 2019). Most of the bacterial flora flourish in the 

biofilter, which is the most complex and essential subsystem, as it ensures the removal of 

fish waste products (Kasozi et al., 2021). The so-called beneficial bacteria are fundamental 

to maintaining an aquaponics ecosystem balanced. Furthermore, the autotrophic and 

heterotrophic bacteria that thrive in the biofilter are highly dependent on the system 

environmental conditions, such as nutrient availability. These microorganisms perform two 

critical functions: mineralization of organic matter and oxidation of both total ammonia 

nitrogen (TAN) and nitrite. In addition, the bacteria in the biofilter assist in plant growth and 

protect them from possible pathogens (Joyce et al., 2019). 

The nitrification of ammonia (nitrogen cycle), shown in Figure 8, is a crucial process 

for any aquaponic system for two main reasons: I) the metabolization and oxidation of 

ammonia produce nitrogen (which is the primary inorganic nutrient for the growth and 

development of all plants); II) the oxidation and transformation of ammonia (NH4
+) and 

nitrite (NO2
- ) into nitrate (NO3

-) is a necessary condition for the wellbeing and survival of 

the fish since NO3
- is not toxic to fish even at high concentrations of up to 150 to 300 mg/L 

(Wongkiew et al., 2017; Davidson et al., 2014; Bernhard, 2010). 
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Figure 8: Simplified diagram of the nitrogen cycle in aquaponic systems. 

As explained by Junier et al. (2010), ammonia oxidation is performed by two groups of 

aerobic bacteria: ammonia-oxidizing bacteria (AOB) and ammonia-oxidizing archaea 

(AOA), responsible for the conversion of ammonia (NH3
-) into nitrite (NO2

-); nitrite 

oxidizing bacteria (NOB) that process the nitrite (NO2
-) and oxidize to nitrate (NO3

-). The 

presence of oxygen is necessary since AOB and NOB aerobic metabolism requires oxygen 

as an electron acceptor (Wongkiewet al., 2017). Despite the existence of many different 

species of nitrifying bacteria, the most common AOBs belong to the genus Nitrosomonas 

(other genera are Nitrosococcus, Nitrosospira, Nitrosolobus, Nitrosovibrio, etc.), the most 

common NOBs belong to the genus Nitrobacter (other genera are Nitrococcus, Nitrospira, 

Nitrospina, etc.). 

The nitrification begins with the oxidation of the total ammonia nitrogen (TAN). As 

explained by Sallenave (2016), "ammonia is the first form of nitrogen released when organic 

matter decays and it is the main nitrogenous waste excreted by fish, predominantly through 

the gills and also in trace amounts through urine". The ammonia tends to react with the water 

molecule and dissociate into ammonium ion (NH4
+ ); it can be found in two forms: un-

ionized (NH3) and ionized (NH4
+ ), also known as ammonium ion. 
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NH3 + H2O ⇄  NH4
+ + OH-   

 

Through the action of ammonia-oxidizing bacteria (AOB) in presence of oxygen, TAN is 

oxidized into NO2
- in a process called nitrosation. 

 

NH4
+ + OH- + 3/2 O2  ⇄   NO2

- + H+ + 2H2O 

 

Subsequently, through the nitrite-oxidizing bacteria (NOB), NO2- reacts with oxygen 

forming NO3
-, resulting in nitrification. 

NO2
- + 1/2 O2 ⇄  NO3

- 

 

The nitrification cycle is a complex biological process, and its performance depends on many 

factors like the NH4
+ content, the presence of oxygen, the pH, the temperature and the 

quantity and type of microorganisms thriving in the system (Sallenave, 2016; Ward, 2013). 

Furthermore, the oxidation rate of ammonia depends on the hydraulic loading rates of the 

aquaponics system, the carbon/nitrogen ratio (C:N) and the characteristics of the growing 

beds (Wongkiewet al., 2017). 

2.3.3 Plants 

Plants and vegetables are the hydroponic constituents of aquaponics. Compared to 

soil agriculture, in aquaponics, plants can be grown at higher densities since they do not have 

to compete for water and nutrients (Diver & Rinehart, 2000). Furthermore, soilless crops 

allow the constant system monitoring; therefore, in most cases, it is possible to set ideal 

conditions for the plants, ensuring a correct balance of nutrients, water supply, pH and 

temperature. In addition, competition with weeds is absent, and it is possible to practice 

greater control over pests and diseases. To date, there is a wide range of choices of plants 

suitable to be grown in aquaponics: vegetables, aromatic herbs, medicinal herbs, flowers, or 

other ornamental plants (Espinosa-Moya et al., 2018). Theoretically, any plant can be 

cultivated in aquaponics, even though only some specific crops have the necessary 

characteristics to reach commercial yields with this type of cultivation (Espinosa-Moya et 

al., 2018; Diver & Rinehart, 2000). Furthermore, it is necessary to consider the type of 

aquaponic system, the fish stocking density, and the consequent concentration of nutrients 
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in the effluent, as they play a critical role in the choice of cultivable plants (Hasan, 2014; 

Diver & Rinehart, 2000). The plants that best adapt to most aquaponics systems are leafy 

vegetables such as lettuce (Lactuca sativa), chard (Beta vulgaris), spinach (Spinacia 

oleracea), and herbs such as basil (Ocimum basilicum), watercress (Lepidium sativum) and 

sage (Salvia officinalis) (Vergeer, 2019). 

2.4 Aquaponics water quality parameters and 
environment 

The correct functioning and balance of the aquaponic system depend on two 

fundamental dynamics: water quality parameters (pH, temperature, dissolved oxygen, total 

nitrogen: ammonia, nitrites, nitrates) and nutrients management (correct input of nutrients 

into the system). Managing the correct input of nutrients and balancing all the water quality 

parameters is a rather complex process influenced by various factors. All the parameters 

must be balanced to deliver optimal conditions for fish, nitrifying bacteria, and plants and 

keep a healthy and productive aquaponics system (Sallenave, 2016). Water is essential for 

the life of fish, plants and bacteria and allows the transport of nutrients between them 

(Þórarinsdóttir et al., 2015). Conventionally, the most important water-related parameters 

that are considered and kept under control are dissolved oxygen, pH, temperature, and 

concentration of the various forms of nitrogen (Somerville et al., 2014). Another parameter 

that is often monitored is the electrical conductivity (EC), which is an indirect index of the 

amount of nutrients and minerals dissolved in the water (Þórarinsdóttir et al., 2015). 

2.4.1 Dissolved Oxygen (DO) 

Dissolved oxygen (DO) is a critical parameter to be constantly monitored since every 

living organism of the aquaponic system needs oxygen to grow and operate; fish can die in 

a few hours if exposed to low oxygen levels (Þórarinsdóttir et al., 2015). DO refers to the 

atmospheric oxygen that dissolves in water, together with the oxygen produced by the 

photosynthetic organisms present (Espinal & Matulic, 2019). Somerville et al. (2014) state 

that in aquaponics, the DO varies according to organisms activity, but the optimal range of 

dissolved oxygen in the water varies from 4 to 8 mg L-1. The minimum requirements are 

generally 3 mg L-1 for the root respiration of plants and 2 mg L-1 for the nitrification process. 

The oxygen consumption by aquatic organisms depends on several factors: the size of the 
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animals, feeding rate, temperature, and cleanliness of the environment (Dallas, 2009). For 

example, considering equal biomass, the oxygen consumption of smaller fish is generally 

higher than that of large ones since the metabolic activity of the former is higher (Yildiz et 

al., 2017; Þórarinsdóttir et al., 2015). Since nitrification is an oxidation process, bacteria also 

need oxygen to carry out biofiltration. The optimal values in which bacterial activity operates 

range from 4 to 8 mg L-1, while for plants the DO values must be higher than 3 mg L-1 

(Somerville et al., 2014). A low concentration of DO in the water can lead to rotting of the 

root system and the development of fungal populations that are harmful to the entire system. 

2.4.2 Temperature 

Temperature rapidly and directly affects the vital functions of the system living 

organisms. For example, water at high temperatures retains less DO and has a higher 

concentration of undissociated ammonia (high toxicity) than water at low temperatures 

(Somerville et al., 2014). The optimal temperature range is strictly related to the 

physiological needs and tolerance of the farmed fish species and cultivated vegetables 

(Goddek & Keesman, 2020). At the start of an aquaponic cycle, greater importance is given 

to the needs of the fish to be farmed as they have narrower optimal temperature ranges for 

growth (Bernstein, 2011). As for the fish, different plant species tolerate different 

temperature ranges: plants with a summer cycle grow well with higher water temperatures 

(18-30°C); winter pints grow best at lower temperatures (8-20°C) (Nievola et al., 2017; 

Viladomat & Jones, 2011) The bacterial growth and its operational efficiency are also 

closely linked to temperature; the biofiltration activity tends to decrease at temperatures 

below 17°C (Þórarinsdóttir et al., 2015). The Nitrobacter population is less tolerant to low 

temperatures than that of Nitrosomonas, and thus, even if the percentage of NH3 is reduced 

in cold water, it is advisable to keep under control the concentration of NO2
- to avoid 

toxicity-related problems in the system. 

2.4.3 Water pH 

Water pH has a direct impact on other fundamental water quality variables, such as 

the NH3:NH4
+ ratio and the solubility of nutrients (Somerville et al., 2014). Furthermore, the 

pH has a significant impact on the plants and the bacterial community of the system; on the 

one hand, it determines the availability of nutrients for plants, and on the other, the ability 

of bacteria to convert ammonia into nitrates (Tyson et al, 2004). In aquaponics, pH values 
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ranging between 5.5 and 6.5 represent optimal range (Somerville et al., 2014). Since pH 

affects the accessibility of plants to nutrients, pH values around 6 increase the solubility of 

the main macro-nutrients (N, P, K) and some secondary nutrients (Ca, Mg, S); while with 

pH values between 6.0 and 6.5, almost all the fundamental nutritional elements are available 

(da Silva Cerozi & Fitzsimmons, 2016). At the same time, pH values higher than 6 are 

optimal for the activity of all the nitrifying microorganisms (Nitrobacter: 7.5; Nitrosomonas: 

7.0 to 7.5; Nitrospira: 8.0 to 8.3) (Yavuzcan et al., 2017). When it comes to the farmed fish 

species in aquaponics, the broad pH tolerance range between 6.5 and 8.5 (Timmons et al., 

2002), even if fish often have greater resistance to pH values that are not perfectly optimal. 

In summary, the ideal pH range for an aquaponics system generally lies between 

values of 6 and 7, therefore a slightly acidic environment (Somerville et al., 2014). The slight 

acidity allows the fish to live in a healthy environment, it offers maximum bacterial activity 

and promotes an optimal nutrient flow for plants growth (Somerville et al., 2014). 

Conversely, nutritional deficiencies arise with a pH higher than 7.5, especially in Fe, P, and 

Mn, which present elevated solubility in more acidic conditions. The most influential factors 

in pH variations are nitrification, stocking density, and microalgae (Casagli et al., 2021). The 

nitrification process –operated by the bacteria– naturally acidifies the water (Casagli et al., 

2021) through the release of hydrogen ions (H+) during nitrosation and the release, in small 

concentrations, of nitric acid (HNO3) (Wurts & Durborow, 1992). Also, high stocking 

densities tend to lower the pH since the carbon dioxide (CO2), released through breathing 

binds with water to form carbonic acid (H2CO3). On the contrary, the respiration operated 

by algae and other photosynthetic organisms decreases the amount of carbon dioxide in the 

water, thus basifying the pH (Casagli et al., 2021). 

2.4.4 Electrical conductivity (EC) 

Electrical conductivity (EC) quickly and easily provides an indirect estimate of the 

amount of dissolved ions in the water and, for this reason, it is indicative, especially for the 

development of plants (Shahid et al., 2018). However, as stated by Filipović (2020), EC can 

be misleading if measured in the complete absence of water analysis; an increase in dissolved 

ions in the water, and, therefore, an increase in EC might be due to an accumulation of 

nutrients not absorbed by plants. 
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2.5 Nutrients dynamics and management 

An efficient aquaponic production considers the nutritional needs of the cultivated 

plants and farmed fish (Goddek et al., 2015), and the primary input of nutrients is represented 

by the feed given to the fish (Robaina et al., 2019). Once metabolized, it offers most of the 

essential substances and sustainment needed by the plants (Rakocy et al., 2016). On the other 

hand, feed is also directly related to wastewater production, whose quantity depends on 

stocking density, amount of feed administered, and water quality (Blidariu & Grozea, 2011). 

Furthermore, the feed composition defines the presence and the quantity of micro and macro 

elements essential to the growth and development of the plant. The percentage of crude 

proteins in the feed, for example, determines the amount of nitrogen available for plants. 

Although the protein part (and therefore the available nitrogen) plays a central role in plant 

nutrition, there are other 12 fundamental micro and macro-elements (which role and function 

are illustrated in Table 1) to sustain the plants growth (Morgan & Connolly, 2013). The 

macro-elements are nitrogen (N), phosphorus (P), potassium (K), sulfur (S), calcium (Ca), 

magnesium (Mg), while the micro-elements are iron (Fe), chlorine (Cl), molybdenum (Mo), 

boron (B), copper (Cu), manganese (Mn), zinc (Zn) (Uchida, 2000). Among those essential 

elements, four of them generally lack in the circulating solution, namely: P, K, Ca, and Fe 

(Lall & Kaushik, 2021; Pattilo, 2017) but is possible to intervene by adding them in the 

nutrient solution in case of deficiencies or specific requests of the cultivated plants 

(Sallenave, 2016).  

Fish and plants nutritional requirements usually varies according to the cultivated 

plants phenology (Leoni, 2003) and seasonal trends (Buzby & Lin, 2014; Pantanella, 2012). 

Especially in plants, the absorption of nutrients by plants depends on various factors such as 

nutrient concentration, light intensity, temperature, pH, humidity, and CO2 concentration 

(Wongkiew et al., 2017; Licamele, 2009). To make it simple, the golden rule for the correct 

functioning of the entire aquaponics system dictates that the fish biomass must be adapted 

to the size of the biofilter so that it can efficiently convert all the wastewater oxidizing the 

NH3 (Wongkiew et al., 2017). Even the plant component must also be sized concerning the 

farmed fish biomass to avoid accumulating or lacking nutrients in the system. The 

accumulation of nutrients can give rise to a harmful proliferation of algal, fungi or bacteria, 

thus undermining the entire system functionality. 
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Table 1: Twelve fundamental macro and microelements necessary to sustain plants growth 
and development. 

Macronutrient Description 

Nitrogen (N) Nitrogen is the first essential macronutrient for plant growth, and it is 
absorbed by the plants either in nitrate or ammonium form (Eck et al., 
2019). It provides the energy the plants need to grow and produce fruit 
or vegetables (Eck et al., 2019; Mas, 2013). Nitrogen is considered the 
essential nutrient for supporting every plant growth phase (Mas, 2013). 

Phosphorus (P) Phosphorus is a second essential macronutrient for plant growth. 
Absorbed by the plants through the ionic orthophosphate form (H2PO4−, 
HPO4

2−, PO4
3−), in aquaponics, the primary input of phosphorus is 

provided by the fish feed (Eck et al., 2019). Despite the lack of research 
regarding the dynamics of phosphorus in aquaponics, in a system, its 
amount is often sufficient or insufficient depending on the growth stage. 

Potassium (K) Potassium is a macronutrient found in the fish feed (up to 7%) that, when 
absorbed by the plants, helps their use of water, and resistance against 
drought (Xu et al., 2020; Eck et al., 2019). Since K is not strictly 
necessary in the fish diets, the feed generally contains tiny amounts of it, 
leading to even lower potassium levels available for the plants (Eck et 
al., 2019). 

Magnesium (Mg)  

Calcium (Ca) 

Sulphur (S) 

The primary source of these three macronutrients is tap water, which the 
plants constantly absorb, as the nutrients are already available (Eck et 
al., 2019). Calcium is more problematic to be provided as it is present in 
insufficient levels in aquaponics and often needs to be added to the 
system through calcium hydroxide Ca(OH)2 solution. 

Micronutrient Description 

Iron (Fe) 

Manganese (Mn) 

Copper (Cu)  

Zinc (Zn) 

Boron (B) 

Molybdenum (Mo)  

Chlorine (Cl)  

Iron, manganese, copper, and zinc are supplied in the water by the fish 
feed, while boron, molybdenum and chlorine are provided by the tap 
water (Eck et al., 2019). In aquaponics, all the necessary micronutrients 
are present in the system in minimal concentrations, and their 
supplementation often needs external sources of nutrients. Iron 
deficiencies, for example, are a common presence in aquaponics due to 
the non-availability of the ferric ion form. 
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2.6 Solid waste characterization, management, and 
uses 

If, on the one hand, the correct management and balancing of nutrients –through their 

efficient use– is a necessary condition for a healthy and efficient aquaponic environment, on 

the other hand, the feeding processes and feed digestion lead to an accumulation of solid 

residue and organic component that has not dissolved in water, nor has undergone through 

organic processes. Therefore, this section aims to clarify aspects related to aquaponics 

wastes with particular attention on the solid waste, how it is characterized, how it is currently 

treated and how it can be recycled and reused. 

2.6.1 Source and characterization of the solid wastes 

Inherent to the aquaponic practice, as indeed in aquaculture, is the generation of 

waste. Besides producing nutrients for the hydroponic units, the fish activity produces 

metabolic wastes; these organic compounds circulating in the system comes in two forms: 

dissolved and suspended (Miller & Semmens, 2002). While the dissolved waste is converted 

chiefly into nutrients and absorbed by the plants, Tidwell (2012) describes its solid 

counterpart as the most harmful waste in fish culture systems. The particulate matter is 

generated principally from faecal waste, but other sources of organic solid waste are uneaten 

feed and organisms (e.g., bacteria, fungi, and algae) that thrive in the system. Miller & 

Semmens (2002) declare that approximately 30% of the feed entered into the system will 

become solid waste in a properly managed aquaponic system. Depending on the particle 

size, the solid waste can be further classified as suspended solids and settled solids (Dauda 

et al., 2019). The suspended solids are fine agglomerates of 0.01 μm to 100 μm floating in 

the water; their removal is arduous and requires costly filtration systems. The settled solids, 

on the contrary, are larger agglomerates of particles of 100 μm to 1000+ μm that rapidly 

sinks and settle and can be easily removed from the system by inexpensive filtration devices. 

One of the major threats posed by accumulating the solid compound in the system is 

the dissolved oxygen (DO) depression since the decay of organic matter produces carbon 

dioxide and ammonia (Khiari et al., 2019; Tidwell, 2012). Furthermore, the anaerobic 

decomposition of the sludge produces methane and hydrogen sulfide, which are extremely 

toxic to fish (Tidwell, 2012). Even if of secondary importance, large, settled particles can 

clog the fish gills, resulting in diseases and production losses (Dauda et al., 2019). While 
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settled solids must be removed from the aquaponic system to preserve a healthy 

environment, the suspended solids can play an important role despite their potential danger 

(Yavuzcan Yildiz et al., 2017). On the one hand, an excessive accumulation of suspended 

solids entering the hydroponic units leads to deleterious effects for the plants root system by 

creating anaerobic zones that block the flow of nutrients to the plant and its consequent death 

(Tidwell, 2012). On the other hand, a slight accumulation of solids may be beneficial. As 

the suspended solids undergo decomposition by microorganisms, mineralization starts and 

several essential nutrients are dissolved into the water, thus enhancing the plants growth. 

 A second beneficial aspect of the suspended solid is found in systems using media 

beds or troughs (Goddek et al., 2015). In these systems, the suspended part which is not 

decomposed will slowly accumulate in substrates or on the bottom of the trough, conferring 

to the culture water a brownish color, given by the presence of organic substances as tannic 

acid, humic acid and other humic compounds (Tidwell, 2012). The beneficial aspect, in this 

case, lies in the fact that these compounds have mild antibiotic characteristics, valuable to 

both fish and plants. Furthermore, humic compounds increase the availability of Fe, Zn and 

Mn that are essential nutrients for the plants. 

2.6.2 Solid waste collection and sludge management 

The disposal of solid waste is always being a primary concern in both aquaculture 

and aquaponic practices. Inefficient management of the sludge and wastewater undermines 

these sectors entire efficiency in environmental and economic terms. An aquaponic RAS, 

compared to other aquaculture systems (e.g. open aquaculture systems and semi-closed 

aquaculture systems), offers several advantages, but the sector is still far from achieving full 

sustainability. Using Tidwell (2012) words, "recirculating systems are promoted as a means 

of reducing the volume of waste discharged to the environment. Certainly, the volume is 

reduced, but the pollution load (organic matter, dissolved nutrients) per unit of discharge is 

correspondingly higher". Even if an aquaponic RAS –in terms of wastewater production– 

has a different environmental impact when compared to an aquaculture RAS (because the 

plants help to recover a substantial percentage of the nutrients), the concentrated discharge 

is often related to harmful environmental impacts (Van Rijn, 2013; Tidwell, 2012). Among 

these, the most serious are the destruction of natural sites, the spread of diseases, 

groundwater pollution, and, when the wastewater is spilled into seas and rivers, 

eutrophication (Van Rijn, 2013). 
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Under the current aquaponics RAS practices, the solid is removed in different ways, 

including sedimentation, sieve separation, and medium filtration (Zhang et al., 2012). 

Sedimentation works on the basis of the gravity of particles, and it requires low energy 

consumption and operating cost but is time-consuming. In the case of aquaponics RAS, the 

most widely used devices to remove the settable particles (>100 μm) are swirl filter and 

clarifier (Rakocy, 2012; Tidwell, 2012). Swirl filters are sedimentation devices that operate 

"by injecting water tangentially at the outer radius of a conical tank, causing the water to 

spin around the tank's center axis" (Davidson & Summerfelt, 2005). The rotation pushes the 

water flow towards the center of the conical tank, leading the solids to sink and settle at its 

bottom. Clarifiers are the most common settling tank design used in aquaponics wastewater 

treatment (Brooke, 2018). In a clarifier, the water flows with the solids component to the 

bottom of the settler; in this way, the heavy particles can slowly sink and settle, while the 

clean water can rise to the other side of the separator. Once the solids have accumulated and 

built up at the bottom of the clarifier, the sludge can be easily removed from the syste. 

Regarding the suspended solids (<100 μm), as explained in the previous section, they 

are principally mineralized and absorbed by the plants, and they hold beneficial 

characteristics in aquaponics (Dauda et al., 2019). Furthermore, their removal is complicated 

and requires costly filtration systems, among which: micro screen filters, bead filters, and 

drum filters (Zhang et al., 2021; Tidwell, 2012). Sadly, the most common practices to date 

still provide the RAS solid waste to be collected and discharged following dewatering. Often 

ignored, solid waste represent a substantial nutrient reservoir and, through correct 

management, it might be a precious resource to be reused (Monsees et al., 2017). The sludge, 

indeed, contains substantial amounts of water, nutrients and energy, which should not be 

regarded as merely waste (Dauda et al., 2019). Hence, an efficient collection of the sludge 

has a considerable significance in the recovery of nutrients, enhancing the sustainability of 

the entire process (Zhang et al., 2021). 

2.6.3 Nutrient recovery and its importance 

As an integrated-closed-loop production system, aquaponics is one of those few 

sectors that might achieve zero production waste, thus eliminating negative environmental 

impacts and enhancing the entire sector sustainability (Zhang et al., 2021). Through an 

efficient treatment of the wastewater and the collection of the solid residual, it is possible to 

reuse and recover all those unused micro and macronutrients of which the sludge is 
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composed. In this fashion, attaining a zero-waste production system is a concrete reality 

(Enduta et al., 2011). In aquaponics, as in aquaculture and, more in general, in most food 

production systems, nutrient recovery is a matter of public interest. Furthermore, with today 

recovery techniques, most of the macro and micronutrients essential for the plants can be 

easily obtained from the sludge in many different ways (Zhang et al., 2021). Goddeket al. 

(2019) explain that a common way to recover the aquaponics sludge is via mineralization, 

in which the solid residual is collected and then, through decomposing bacteria, decomposed. 

Once decomposed and mineralized, the nutrient solution obtained from the sludge is 

reintroduced in the recirculating system as liquid fertilizer for hydroponic plants (Goddek et 

al., 2019).  

Cripps and Bergheim (2000) found that the sludge resulting from the fish activity can 

commonly carry 7–32% of the total nitrogen and 30–84% of the total phosphorus in the 

wastewater. Furthermore, Zhang et al. (2021) found that the macronutrients content in 

aquaponic sludges is around "6% nitrogen, 18% phosphorus, 6% potassium, 16% calcium, 

89% of the magnesium" while for micronutrients, "24% iron, 86% manganese, 47% zinc, 

and 22% copper". Even if the literature does not provide sufficient information concerning 

the quantities of solid waste produced in different aquaponics systems (Dróżdż et al., 2020), 

to date, its reuse (in both the forms dried and sludge) has taken hold principally under the 

form of liquid fertilizers intended for soil fertilization (Lobanov et al., 2021). Bergheim et 

al. (1993) describe the initial sludge as a very dilute solution that would typically be 

processed before its utilization. Despite the initial quantity, "to obtain 10% dry matter 

content, the sludge volume must be reduced 400-2000 times, and 1.0-1.5 liter of settled 

sludge could be produced containing 5-10% of dry matter per kg of supplied feed" 

(Bergheim et al., 1993). Regarding aquaponics use, the fertilizing solutions obtained from 

the recycling of solid waste are often employed within the system to alleviate the problem 

of plant nutrient deficiencies (Zhang et al., 2021). However, the recovered nutrients still 

provide insufficient nutrition compared with those nutrient solutions specific to hydroponic 

systems. In fact, the solid residual is generally deficient in phosphorus, potassium, calcium 

and micronutrients (especially iron). Because of these deficiencies, the treated solid waste 

application rates as an agricultural fertilizer are relatively high (about three times higher than 

conventional fertilizers) (Bergheim et al., 1993). Similarly, for the aquaponics application, 

the mineralized nutrient solution does not fulfill entirely the plant needs; thus, external 

supplementation is often necessary (Goddek & Keesman, 2020). Although the various 
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studies on the fertilization properties of aquaponics solid waste have not met satisfactory 

standards yet, this does not mean that nutrient recovery and a zero-waste production system 

could still be obtained through different applications of solid residue. A new path of 

investigation, for example, might be its reuse as a biostimulant compound for plants. 

2.7 New frontiers of aquaponics 

Exploring new frontiers and horizons is fundamental not only from the research point 

of view, but it is also crucial since it can offer concrete solutions to improve our future. 

Nowadays, much literature and studies revolve around the universe of aquaponics as a 

possible future for fish-vegetal production. However, aquaponics in brackish and marine 

waters is still a relatively new field (given the delicate balance of the fish-plant-bacteria 

system), and little is known about its possible productive and environmental advantages. 

Another aspect attracting consistently more attention by companies is the reuse of every 

aquaponics waste to obtain a system as efficient as ecological, according to the so-called 

zero-waste production ethics. 

2.7.1 The use of brackish and marine water in aquaponics 

As previously reported, salinity measures the “amount” of salts dissolved in the water 

and their concentration. Expressed as mmol/L, ppt, or permil (‰), salinity is usually 

measured by electrical conductivity (EC), which unit is Siemens per meter (S/m) (Arif et al., 

2020). In aquaponics, the salinity of the water is a crucial parameter, especially for the plants, 

since, depending on the species, they have different degrees of tolerance to water salinity, 

and high concentrations of dissolved salts in water could negatively impact the final 

production (Somerville et al., 2014). If, on the one hand, the cultivation of plants and 

vegetables in marine and brackish water poses a serious agricultural challenge, on the other 

hand, the entire aquaponics sector can significantly benefit as a new food production frontier, 

especially along coastlines, in arid lands and even in urban and periurban settlements 

(Pantanella & Bhujel, 2015). Furthermore, freshwater resources (used primarily for food 

production by the agricultural and livestock sectors) are becoming increasingly limited, 

while the problem of soil salinity is progressively increasing in many parts of the globe 

(Goddek et al., 2019). Considering that on the planet, only a mere 3% of the total water is 

potentially usable freshwater, and of that 3%, the agricultural and livestock sectors use 70%, 
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it stands to reason that we should consider the option of using marine and brackish water as 

a new water source to raise fish and plants more sustainably (FAO, 2017; Pantanella & 

Bhujel, 2015). 

In the present situation, almost the entirety of saltwater farming is practiced by the 

aquaculture sector in open waters (Naylor et al., 2021). Moreover, related to this practice 

follows a whole range of environmental issues and pollution due to organic waste released 

into the environment by aquatic organisms or from escapes from the system (Pantanella & 

Bhujel, 2015). Conversely, aquaponics (thanks to the use of RAS systems) would provide 

the opportunity to control these potential sources of pollution. Secondly, higher levels of 

biosecurity against pollutants and pathogens are inherent to aquaponics. Although 

freshwater aquaponics is still the leader, the new environmental conditions are pushing 

towards the use of brackish and marine waters (Fronte et al., 2016). Saline-based aquaponics 

is gradually becoming a consolidated reality, involving salt-tolerant or salt-resistant plants 

(halophytes) and euryhaline fish species (Fronte et al., 2016; Kotzen et al., 2019).  

One of the most prominent drivers behind the exploration of this new aquaponic 

frontier lies in the fact that there are substantial underground resources of brackish water in 

many countries of the world, and more than half of the underground water is saline (Van 

Weert et al., 2009). Amounting to 12,870,000 km3, the saline groundwater is estimated as 

0.93% of the world's total water resources; however, this is more than the underground 

freshwater reserves (10,530,000 km3), which make up 30.1% of the total freshwater reserves 

(Kotzen et al., 2019; Van Weert et al., 2009). Conversely, the low market demand for 

halophytic species and the need for high technical skills required to operate these systems 

are the two main critical issues for developing this cultivation method (Fronte et al., 2016). 

Moreover, studies and research on the use of salt and brackish water in aquaponics systems 

that we can find in today scientific literature are still very scarce, and most of them come 

from grey literature and blogs. 

 
2.7.2 Plants suitable for saline-based aquaponics 

In saline-based aquaponics, the phytodepuration process should be carried out by 

plant species that can tolerate salt concentrations greater than 5‰, such as halophytic plants 

(Fronte et al., 2016; Pantanella & Bhujel, 2015). Issaka & Ashraf (2021) state that many 

halophyte species naturally grow in saline environments (characterized by excess ions, 

mainly sodium and chlorides). The natural tolerance to high salinities and their physiological 
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resistance to drought make halophyte plants the best candidates for saline-based aquaponics. 

Even if, in general, ideal salinity conditions for the growth and development of halophyte 

plants range from 1/3 to 1/2 sea salinity (between 10 and 20‰), there are several species 

such as sea kale (Crambe maritima) or marsh samphire (Salicornia europaea) that are 

tolerant to hypersaline conditions (Bothe, 2012). 

Leaving aside halophytic plants, which are still irrelevant at the market level, in a 

saline-based system it is possible to cultivate horticultural crops of a certain economic value 

that are remarkably tolerant and easily adaptable to saline environments (with dissolved salts 

ranging from 5 to 30‰) without losing yield or quality (Shrivastava & Kumar, 2015). 

However, only a limited variety of plants can grow at relatively high levels of salinity. 

Salinity significantly affects plant metabolism and decreases plant growth and productivity; 

among the causes, the reduced water potential, ion toxicity, and nutritional imbalance. 

Furthermore, the increased concentration of mineral elements such as NaCl decreases water 

and nutrient uptake (Singh & Schulze, 2015). Salinity, therefore, negatively affects crop 

growth, and for this reason, most plants cannot be grown in such an environment 

(Shrivastava & Kumar, 2015). Only halophilic or salt-tolerant species have shown some 

degrees of success (Glenn et al., 1999). Among the most suitable species, there is sea beet 

(Beta vulgaris subsp. maritima) and chard (Beta vulgaris var. cicla), which belong to the 

Chenopodiaceae family, and which grow easily in salinity of 3.5 to 7.0‰ (Fronte et al., 

2016). Other species that have been reported tolerant to moderate salinities are the 

"common" tomato (Lycopersicon esculentum) and cherry tomatoes (Lycopersicon 

esculentum var. Cerasiforme) that can reach excellent yields up to 1/10 (4‰) of salinity. 

Tomatoes are one of the best crops in which the salinity of the soil has proved to be its 

greatest strength. An example is the so-called Pomodoro di Pachino IGP that grows 

exclusively in the municipalities of Pachino, Portopalo di Capo Passero, Noto, and Ispica, in 

the provinces of Siracusa and Ragusa in Sicily. Its cultivation occurs along the coastal strip, 

where the only form of irrigation comes from brackish phreatic wells. The slight salinity of 

the irrigation water gives the tomato a very pronounced taste, a firm pulp, and high sugar 

content. These characteristics make it a sought-after product with excellent market value. 

Other commercial plant species that can tolerate low-to-moderate salinities include radishes, 

lettuce, sweet potatoes, fava beans, corn, kale, spinach, asparagus, squash, broccoli, and 

cucumber (Kotzen et al., 2019). 
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2.7.3 Fish suitable for saline-based aquaponics 

While plant species of commercial interest adapted to the low, medium, and high 

salinities are still few, the choice of possible fish species adaptable to low and medium 

salinities is wider. In this regard, euryhaline fish species have great potential for use in 

brackish aquaponics; sea bass (Dicentrarchus labrax) and sea bream (Sparus aurata) are 

euryhaline species that grow well at salinities of 5-7‰ and 10‰ (Fronte et al., 2016). In 

addition, several studies have shown that freshwater species –including commercially 

important ones– have a certain degree of euryhalinity (i.e., adaptability to a wide range of 

salinities) if properly acclimatized to higher salinity levels than those of the environment in 

which they usually live. Keys (1933) stated that many freshwater species can tolerate saline 

media when progressively acclimated to them, although the salinity tolerance varies with 

age. When freshwater fishes are exposed to increased salinity conditions, the osmotic 

gradient between the plasma and the environment reduces until the isosmotic point that 

varies from species to species. Associated with this reduction are increased osmolality (with 

a more significant presence of Na+ and Cl– in the plasma), increased drinking, and decreased 

oxygen consumption rates. Another physiological response by freshwater fish species to 

increased water salinity is the sparing of energy with metabolic rate reductions ranging 

between 20 and 45% since the osmoregulation process is energy intensive. 

Although the slowed metabolism results in less growth of the fish, followed by 

slower development, there are several studies in the aquaculture world regarding the 

adaptation to the salinity of the most commercially farmed freshwater species (Naylor et al., 

2021). One of those studies was conducted by Singh et al. (2018), which demonstrated that 

how common carp (Cyprinus carpio) can easily adapt and tolerate culture systems of low 

brackish water environments of 0 to 6‰, and in favorable environmental situations can be 

acclimatized to salinities up to 12‰ without physiological and morphological repercussions. 

Another study conducted by Stickney (1986) on the most commercially farmed tilapia 

species, namely tilapia aurea (Oreochromis aureus), tilapia nilotica (Oreochromis niloticus), 

and tilapia mossambica (Oreochromis mossambicus) proved that these tilapia species are 

characterized by a certain degree of euryhalinity. The level of adaptability has proven to be 

so high that these fish can survive the direct transfer from freshwater to 19.5‰ salinity with 

a maximum tolerance of 53‰ (150% seawater). Other commonly farmed aquaculture 

species, such as the black bullhead catfish (Ameiurus melas) and rainbow trout 

(Oncorhynchus mykiss), have a fair environmental versatility. The first species showed good 
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resistance to medium salinity of 10‰ until a maximum of 13.8‰ (Garcia-de-Lomas et al., 

2009). Regarding the latter, salinity tolerance has a genetic basis (Norman et al., 2012). A 

study by Molony & Molony (2001) has shown that salinity tolerance of rainbow trout is high 

enough to bear a direct transfer from freshwater to 26‰ without any visible signs of stress, 

and the species can cope with salinities of 35‰. 

Aquaponics studies conducted on RAS systems using waters of different salinities 

provide an overview of the use of saline waters for fish and culture production in a 

sustainable manner. These studies highlight that growing fish and plants in aquaponic 

systems at different salinity levels is a feasible reality, and this could contribute to the 

economic development of regions and countries in which the demand for fish is as high as 

the abundance of brackish or marine water. However, further study and investigation are 

needed to refine brackish water aquaponics and make it commercially available. 

2.8 New applications for the aquaponics solid waste 

As explained previously, in the race for environmental sustainability, the reuse and 

conversion of by-products – as in the case of aquaponics solid waste – is a matter of public 

interest. It is, in fact, a priority of the sustainability goals to seek new and eco-friendly ways 

to promote plant growth and enhance crop productivity (Xu & Geelen, 2018). Furthermore, 

developing new biostimulants pave the path to waste recycling and reduction, enhancing the 

welfare and generating benefits. Thus, in addition to being the central purpose of this thesis, 

investigating and exploring the effects of organic biostimulation and the benefits deriving 

from the treatment and application of the aquaponic residue on the growth and development 

of plants is also a small, big step towards ensuring a healthier and more sustainable future. 

2.8.1 Biostimulants: main characteristics and uses 

Biostimulants can be defined as borderline substances from a natural origin that play 

an intermediate role between plant protection products and fertilizers and that contribute to 

boosting plant yield and nutrient uptake while reducing the dependency on chemical 

fertilizers (Xu & Geelen, 2018; La Torre et al., 2016). Yakhin et al. (2017) defined a 

biostimulant as "a formulated product of biological origin that improves plant productivity 

as a consequence of the novel, or emergent properties of the complex of constituents, and 
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not as a sole consequence of the presence of known essential plant nutrients, plant growth 

regulators, or plant protective compounds". 

Because of the biological and organic origin, a biostimulant must comply with 

standards such as the absence of chemicals, antibiotics and pesticides, low collection and 

storage costs and creation of synergistic conditions in which the biostimulants help the 

absorption of nutrients contained in fertilizers by favouring the production and quality of the 

crop and helping the plant to overcome the increasingly frequent abiotic stress conditions 

(de Vasconcelos & Chaves, 2019; Xu & Geelen, 2018). Biostimulants, indeed, aim to reduce 

the need for fertilizers while enhancing plants growth and resistance (de Vasconcelos & 

Chaves, 2019). According to scientific literature, there are seven main classes of 

biostimulants. Humic acid (HA) and fulvic acid (FA) result from plants and animal 

decomposition. They are naturally found in soil as the result of microbial activity (Colla et 

al., 2015; Du Jardin, 2015). Protein hydrolysates (Phs) are a mixture of polypeptides, 

oligopeptides and amino acids that are derived from protein sources (Colla et al., 2015). 

Seaweed extracts and, more in general, botanical extracts are among the most established 

biostimulants; they are used as a fertilizer and to improve soil structure dates back hundreds 

of years (Du Jardin, 2015). Organo-mineral biostimulants result from the combination of 

different sources of nitrogen, both inorganic and organic, and are usually derived from 

manure and wastewater. Their principal applications are foliar and fertigation (Drobek et al., 

2019). Lastly, beneficial fungi and bacteria are becoming widely adopted as biostimulants 

since it has been proven that mycorrhiza fungi (e.g., Trichoderma spp.) and bacteria can 

actively enhance nutrient uptake and crop production (Fiorentino et al., 2018). The bacteria 

can be further divided into two groups depending on their biostimulating action: they can be 

classified as plant growth-promoting bacteria (PGPB) or plant growth-promoting 

rhizobacteria (PGPR) (Sangiorgio et al., 2020). 

When applied to plants or soils in small concentrations, biostimulants improve the 

performances of the plant vital processes (such as nutrient uptake, nutrient efficiency, plant 

growth, yield quality, and abiotic stress reduction), allowing high yields and good quality 

products (de Vasconcelos & Chaves, 2019; Rouphael & Colla, 2020). The fertilizers, on the 

other hand, are usually a chemical mix of nitrogen, phosphorus, and potassium and are 

primarily designed to add nutrients and minerals to the soil; the plants will absorb all these 

essential nutrients in the growth process; therefore, they need to be constantly replaced (de 

Vasconcelos & Chaves, 2019). Another substantial difference between biostimulants and 
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fertilizers lies in the quantities applied to plants or soil (Xu & Geelen, 2018). It is possible 

to achieve a positive bio stimulating effect even with solutions at very low concentrations 

and very tiny amounts (e.g., 1000 ppm for plant extracts) by directly applying the solution 

as a spray to foliage or as a liquid drench to the soil around a plant base (Drobek et al., 2019; 

Xu & Geelen, 2018). Conversely, the quantity of fertilizer needed by plants is generally 

much higher and is often related to environmental problems, especially when the quantity 

applied to the soil exceeds the plants absorption capacity (Xu & Geelen, 2018). 

However, it must be stressed that biostimulants should not be considered as direct 

substitutes for fertilizer (which is still necessary in most cases), but as a means to improve 

yield and plants resilience, even under unfavorable environmental conditions. As de 

Vasconcelos & Chaves (2019) explain, one of the prominent roles associated with 

biostimulating action is the mitigation of biotic and abiotic stresses, which are among the 

most limiting factors in plant growth and development. Biotic stresses are linked to specific 

harmful living organisms such as bacteria, fungi, and insects (Andreotti, 2020). Abiotic 

stresses such as drought, soil depletion, salinity, and extreme events, are more devious and 

strictly related to the global climatic change; they account for more of the 70% of crop loss 

around the world (de Vasconcelos & Chaves, 2019). Furthermore, according to the actual 

climate change scenario, the abiotic stresses are expected to aggravate in the future, posing 

serious challenges upon horticultural crop production and mining food security worldwide. 

Even if the strategies to mitigate the abiotic effects are limited, the agricultural sector 

is actively seeking new ways and tools to effectively reduce these environmental stresses 

while maintaining sustainability and production quality (Andreotti, 2020). As exhaustively 

explained in Table 2, the adoption of biostimulants is showing positive results alleviating 

abiotic stresses intensity and severity (Yakhin et al., 2017). 
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Table 2: Most common abiotic stresses that affect crops worldwide and their effects on 
plants. Specific biostimulants can help mitigate these stresses improving plant growths and 
development conditions. 
Abiotic stress Effect on plants Biostimulating action 

Water stress Drought-related abiotic stresses are 
among the most frequent and severe 
stress factors for plants (Medrano et 
al., 2015). The effects of water stress 
on plants are deleterious, especially 
at the cellular level, in which the 
increase of free radicals damage the 
plant cellular structure and 
profoundly impact the plants 
physiological, morphological, 
ecological, biochemical, and 
molecular characteristics (de 
Vasconcelos & Chaves, 2019; 
Filippou et al., 2011). It critically 
affects crop yield in terms of quality 
and quantity (Yadav et al., 2020). 

Seaweed extracts-based 
biostimulants are believed to play 
unique roles in improving drought 
tolerance of crops; when applied to 
seeds or early stages of plant 
development, they stimulate root 
production and growth, enhancing a 
rapid recovery of the seedlings (Niu 
et al., 2021; de Vasconcelos & 
Chaves, 2019). The antioxidant 
action of the biostimulants firstly 
enhances the plant defense system 
and decreases the toxicity of these 
radicals, ensuring better growth and 
yield. 

 

Salinity stress Soil salinization occurs as salt ions 
released in the soil when water 
containing high amounts of minerals 
is used to irrigate the land 
(Shrivastava & Kumar, 2015). Soil 
salinization is a scourge for 
agricultural productivity since it 
negatively affects plants growth and 
relative crop production. The salinity 
stress in plants causes osmotic 
problems and nutritional disorders, 
reducing their ability to absorb water 
and nutrients and limiting their 
growth (de Vasconcelos & Chaves, 
2019; Shrivastava & Kumar, 2015).  

HA and FA have proven particularly 
effective in reducing the effects of 
this salinity stress (de Vasconcelos 
& Chaves, 2019). In the case of 
plants growing in salt-affected soils, 
the humic biostimulatory activity 
reduces the stress condition, 
improving the plant capacity to 
osmotic adjust by maintaining water 
absorption and cell turgor. 

Temperature stress Temperature stress in plants is 
classified into three types: high, 
chilling, or freezing, depending on 
the geographic area (de Vasconcelos 
& Chaves, 2019). Temperature 
interferes with plant growth, 
photosynthesis, germination rates 
and, in the case of rapid changes in 
temperatures, it can lead to the death 
of the plant (Nievola et al., 2017). 

Phs -in particular amino acid 
biostimulants- have shown 
particularly effective in mitigating 
the effects of chilling and high-
temperature stresses (Bulgari et al., 
2019). By conferring stress 
tolerance, amino acid biostimulants 
act as osmolytes (regulating ion 
transport and stomatal opening) and 
avoid protein breakdown (Bulgari et 
al., 2019; Botta, 2012). 
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2.8.2 The role of biostimulant as plant growth promoter 

 While it is now clear that the primary purpose of biostimulants is to optimize and 

maximize plant growth conditions and environmental responses, their targeted action is 

conferred by the presence of plant growth regulators (PGRs) within the compounds (Yakhin 

et al., 2017). As explained by Rademacher (2015), "PGRs […] interfere directly and 

specifically with the natural hormone system of higher plants". Found in different types of 

biomasses with potential biostimulant activity, PRGs fall into a diverse range of molecules 

that boost different hormonal responses in plants (Xu & Geelen, 2018). These PGRs can be 

divided into five main groups: auxins, gibberellins (GAs), cytokinins (CKs), ethylene (ET), 

and abscisic acid (ABA). 

1. Auxins (especially the ones related to the Indole-3-acetic acid (IAA) class of 

auxin) are known to stimulate cell elongation and cell division (Rademacher, 

2015). However, other effects related to the presence of this hormone are 

phototropic (the tendency of the plant to bend toward light sources) and 

gravitropic reactions (the tendency of the plant roots to grow downward in 

response to gravity).  Furthermore, auxins promote apical dominance, stimulating 

the apical bud to produce hormones that inhibit lateral buds below it from 

growing. Depending on the concentration, the plant reacts differently; high 

concentrations of auxin, for example, have the opposite effects to the ones above 

mentioned. 

2. Gibberellins are a class of phytohormones that are produced by plants and some 

fungi and are known to regulate and control various aspects of plant growth, 

including increase of germination speed, cell elongation and division, enhancing 

flower and fruit development (Gao et al., 2017; Toyomasu & Sassa, 2010). 

Furthermore, Vettakkorumakankav et al. (1999) have found a close link between 

gibberellins levels and plant stress protection; low levels of GAs are found in 

plants exposed to several stresses with a resulting growth restriction; conversely, 

increased levels of GAs promote plants growth and development (Colebrook et 

al., 2014). 

3. Cytokinins in plants influence numerous aspects of plant growth, development, 

and morphogenesis (Srivastava, 2002); they stimulate cell division and 

chloroplast differentiation (Akhtar et al., 2020). One of the most important 
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functions related to cytokinins is that these hormones induce systemic immunity 

in plants against pathogen infections, helping suppress possible infections in the 

bud (Gupta et al., 2020). 

4. The multifunctional phytohormone ethylene is found only in gaseous form and 

moves within the plant by diffusion (Iqbal et al., 2017; Chang, 2016). Depending 

on the concentrations, it can enhance the growth and development of the plant or, 

conversely, it can promote senescence, epinasty (downward bending of leaves) 

and abscission (dropping of leaves) (Iqbal et al., 2017). The hormonal role of 

ethylene in plants is linked to its capacity of mediating the adaptive responses to 

abiotic stresses, such as drought, flooding, pathogen attack and high salinity, even 

though, at the commercial level, it is more known and used for its essential role 

in the ripening of climacteric fruits (Chang, 2016). 

5. Abscisic acid is a phytohormone associated with the plant response to stress, and 

it is related to physiological changes, such as growth, development, and stress 

responses (Chen et al., 2020; Mauch-Mani & Mauch, 2005). ABA also plays an 

essential role in regulating stomatal aperture/closure, leaf senescence, bud 

dormancy, and seed germination (Chen et al., 2020). Plants regulate themselves 

through internal signals dictated by external environmental conditions, and ABA 

is mainly known to be a plant-growth inhibitor; therefore, high concentrations of 

ABA in plant cells signal stressful conditions (Xiong & Zhu, 2003). Conversely, 

under non-stressful conditions, ABA concentrations in plant cells are generally 

low. 

The presence of one –or more– PGRs molecules within a biostimulating compound is crucial 

to improve plant health, fertility, sorption, and desorption of nutrients (Bashir et al., 2021). 

Even if they cannot be regarded as a substitute for fertilizers, biostimulants can actively help 

improve crop quality and yield and reduce the use of chemicals and fertilizers. Secondly, 

their fully organic origin makes their use a sustainable production choice.  

2.9 Economic prospects of biostimulants 

To date, the global biostimulants market growth is a direct consequence of both the 

agricultural adoption of new, sustainable approaches and the increasing development of new 

innovative products that target specific agronomic needs (MarketsAndMarkets, 2021). The 
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market for biostimulants is estimated at USD 3.2 billion in 2021, with a projected annual 

growth of 12.1% to reach USD 5.6 billion by 2026, Figure 9, with Europe as the major 

exporter of biostimulants to global markets. 

 

Figure 9: The forecast regarding the market for biostimulants is estimated to grow annually 
by 12.1% from 2021 to 2026 to reach USD 5.6 billion by 2026. The market of biostimulants 
will rise from 3.2 million in 2021 to 5.6 million in 2026. Source: MarketsAndMarkets, 
(2021).  

In the coming decade, the role of biostimulants might play a crucial role in addressing these 

issues in a relatively sustainable manner, thus reducing both the need to use chemicals in the 

soil and the total environmental impacts of the entire agriculture sector (Rajabi Hamedani et 

al., 2020; MarketsAndMarkets, 2021). In addition, the market growth projections are also 

related to the increasing consumer awareness about the benefits of sustainably produced 

organic foods, with all its advantages from the environmental point of view 

(MarketsAndMarkets, 2021). Moreover, technological innovation and the continuous 

research to develop new biostimulating compounds is gaining pace, and it is giving the 

manufacturers the possibility of designing new and efficient products that cover an ever-

increasing spectrum of agricultural needs. 
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3 Materials and methods 
The research was carried out in Legnaro (PD), at the experimental farm "L. Toniolo" of the 

University of Padua inside a tunnel greenhouse (Figure 10), located 45°20' N; 11°,57' E. 

Figure 10: Photo of the tunnel greenhouse at the experimental farm "L. Toniolo" of the 
University of Padua, where the aquaponics cycles and research were carried out. Credits: 
Arianna Costa. 

As more in-depth mentioned in the introduction chapter, the aims of this research are 

firstly testing the growth responses, adaptability, productive performance, and end product 

characteristics of both black bullhead catfish (Ameiurus melas) in combination with cherry 

tomato (Solanum lycopersicum var. cerasiforme), reared and cultivated in aquaponic 

systems with different water salinity levels to state which treatments and conditions yield 

the highest efficiency for the productive performance of fish and plants. Secondly, to test the 

growth and hormonal responses of seeds and seedlings of lettuce (Lactuca sativa var. 

capitata L.) and watercress (Lepidium sativus L.) treated with a hydrolysate obtained from 

aquaponic solid waste to understand which treatments and conditions yield the highest 

efficiency for plants growth. 
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3.1 System description, main features and water 
recirculation 

As represented in Figure 11, the system in which the experimentation took place has 

been designed and built to be economical, but at the same time, functional and easy to 

maintain. Its small size and design are both based on the recommendations of Somerville et 

al. (2014); therefore, the system is thought for small-scale aquaponics production. 

Characterized by a low technological level, the entire plant is devoid of systems for the 

regulation of water temperature, of probes for the continuous monitoring of the main 

chemical-physical characteristics of water (e.g., temperature, dissolved oxygen, pH, 

salinity), and of systems for water disinfection (UV lamps or ozone systems).  

Figure 11: Overall view of the experimental facility. The image on the left shows how it 
looked before the beginning of experimentation. The image on the right shows the plant in 
its third aquaponic cycle, in which hydroponic units were planted cherry tomatoes. Credits: 
Roberto Cavallin. 

The entire experimental trial was carried out in three cycles involving monocultures 

and polycultures to test production, yields, and adaptation of plants and fish to a system with 

reduced technological input. The experimental arrangement (Figure 12) adopts a randomized 

block scheme consisting of nine units, each consisting of a small independent aquaponic 

RAS system in which 700 L of water was constantly recirculated. Three different salinities 

were tested and, to do so, the nine aquaponic systems were divided into three different 

treatments, namely; low salinity (LS), medium salinity (MS), and high salinity (HS). Three 

independent systems corresponded to each treatment:  

 3 aquaponic systems with low salinity (LS) → 0.5‰; 
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 3 aquaponic systems with medium salinity (MS) → 3,5‰; 

 3 aquaponic systems with high salinity (HS) → 6‰. 

Despite the nomenclature of low salinity (LS), medium salinity (MS), and high salinity (HS), 

the salinity of the recirculated water within the different treatments is considered slightly 

saline when compared to properly brackish or marine waters. Considering then that water is 

defined as brackish when it has a salinity between 5 and 30‰, the water tested in the medium 

and high salinity represents slightly brackish water; the nomenclature LS, MS and HS must 

be considered only as a comparison with the other salinity of the aquaponic system in which 

the experimentation took place. 

As for the building scheme, described by Maucieri et al. (2019) and Birolo et al. (2020), the 

structural components of the system consisted of: 

 an aquaculture fish-rearing tank (volume 500 L, height 0.80 m, diameter 0.90 m), in 

which the fish were raised, thus providing the nutritional solution for the hydroponic 

units. In addition, each fish-rearing tank was covered with a net to avoid the possible 

escape of the fish and the entry of foreign objects into the water; 

 a 100 L clarifier (settling tank) to filter and sediment the solid residue; 

 two hydroponic units intended for the cultivation of plants and vegetables (volume 

275L each, height 0.35 m, diameter 1.00 m) with a total cultivation area of 1.6 m2, 

filled with 225 L of expanded clay (LECA Laterlite, Solignano, Italy) with specific 

area 250 m2/m-3, packing density 300 kg/m-3, total porosity 0.55 m3/m-3. Each 

hydroponic unit, designed to perform the double action of biofilter and substrate for 

vegetable growth, received the same flow (constantly and regularly 24/7); 

 a collection tank (volume 50 L, height 0.45 m) to flow the excess water from the 

hydroponic tanks. 

The technological components of the system consisted in: 

 an immersion pump (Newa Jet 1700, NEWA TecnoIndustria Srl, Loreggia, Italy) to 

pump the water back from the collection tank to the fish-rearing tank. The flow rate 

was 300 L/h−1, corresponding to the entire recirculation of water within the system 

every 2 hours; 

 an oxygenation system composed of three porous stones (Sweetwater® AS15S, 

Pentair, Cary, NC, USA) (4.0 cm×4.0 cm×15.0 cm, 14 L/min−1) connected to an 
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aerator (Scubla D100, Scubla Srl, Remanzacco, Italy). One porous stone was 

immersed in the collection tank, while the remaining two were immersed in the fish-

rearing tank, thus ensuring adequate and constant oxygenation. 

Since part of the experimental cycles took place during spring and summer, to respect and 

ensure an adequate environment aimed at animal welfare and to ensure the best conditions 

for growth and development of plants, all nine aquaponic units were shaded with a shading 

net placed at the height of 3 m to contain water temperature and excessive temperature 

changes. 
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Figure 12: Schematic of the experimental plant composed of nine independent aquaponic 
RAS systems of which three systems corresponds a treatment, respectively: low salinity (LS), 
medium salinity (MS), high salinity (HS). 

To ensure proper water recirculation within the system and connect each of its components, 

a system of flexible plastic tubing was adopted (Figure 13).  
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1. From the fish-rearing tank to the clarifier, the first piping connection utilized a hole 

drilled just below the fish-rearing tank fill line (thus avoiding overfilling and 

overflowing) and entered directly into the clarifier.  

2. The second piping connection involved two flexible plastic hoses that branched off 

the clarifier to the hydroponic units. The pipes were attached at the top of the two 

hydroponic units using a rigid "T" fitting that, once again, used a hole drilled just 

below the drum fill line.  

3. In turn, the hydroponic units were individually connected to the collection tank via a 

rigid plastic pipe. The accumulation tank primary purpose was to observe and record 

the decrease in water level that occurred in the hydroponic units, mainly due to 

evapotranspiration losses and plant uptake. The water decrease provided a clear 

picture of the system consumption and a "meter" to restore the correct water volume. 

Unlike in the first two connections (which used a hole below the fill line), the water 

in hydroponic units flowed out the tanks through a perforated pipe located at their 

bottom (Figure 14). The perforated pipe was then connected to the rigid plastic pipe 

that ended up in the collection tank. This measure was necessary to guarantee better 

water circulation inside the cultivation tank and to avoid a sole superficial flow that 

would lead to non-homogeneous oxygenation of all the clay volume inside the tanks 

and the consequent root rotting of the plants. 

4. The final connection that completed the water recirculation within the system was 

from the collection tank back to the fish-rearing tank. Thanks to the immersion pump, 

the water from the hydroponic units accumulated in the collection tank was sent back 

upstream of the system. The immersion pump was connected to a flexible rubber 

hose equipped with a tap at the head whose purpose was to regulate the flow towards 

the fish-rearing tank. 

The recirculation of water within each aquaponic unit was induced by gravity as well as 

by the pump. Therefore, the water itself was placed in succession at different heights in 

the components of the system; from the fish tank where it reached the peak to the 

collection tank, which represented the lowest point. This system of water flow is also 

known as "overflow". 
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Figure 13: Schematic of the pipes that guaranteed the flow of water within the system. A 
mechanical and gravity allowed the constant water recirculation. (1) fish-rearing tank – 
clarifier, (2) clarifier - hydroponic units, (3) hydroponic units - collection tank, (4) collection 
- fish-rearing tank. Credits: Francesco Bordignon. 

 

Figure 14: A perforated pipe was placed at the bottom of the hydroponic units to guarantee 
the homogeneous water circulation inside the cultivation tank and obtain the maximum 
biofiltration efficiency from the substrate. Credits: Roberto Cavallin 
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3.2 Experiment periods and recording 

The experimentation consisted of three cycles as specified below: 

1. the first cycle, lasted a total of 94 days (from 14/09/2020 to 17/12/2020), consisted 

of a monoculture of black bullhead catfish (Ameiurus melas) (purchased from the 

commercial farm: Vicenzi Persici, Finale Emilia, MO) in combination with chard 

(Beta vulgaris subsp. cicla var. Nostrana), to test the growth and adaptation to 

different salinities of both fish and plants; 

2. in the second cycle, which lasted a total of 103 days (from 17/12/2020 to 

30/03/2021), a polyculture was tested, adding to the fish-rearing tanks with catfish 

also rainbow trouts (Oncorhynchus mykiss) (purchased from the commercial farm: 

Troticoltura Santa Cristina, Quinto di Treviso, TV) in combination with another 

variety of chard (Beta vulgaris subsp. cicla var. Pugliese), to test the growth, 

adaptation, and performances of the fish polyculture and plants to different salinities. 

This experimentation phase ended with the removal of trouts from rearing tanks (on 

30/03/2021); 

3. the third cycle lasted a total of 164 days (from 30/03/2021 to 10/09/2021). It 

consisted of an initial monoculture round of black bullhead catfish, and in a resting 

period of the system (from 30/03/2021 to 10/05/2021) to rebalance the aquaponic 

units after the trout removal. During the resting period, the collection of the solid 

residue accumulated in the clarifiers –and destined to the research and development 

of the following thesis– took place (on 10/05/2021). A second polyculture round 

started with the addition of common carp (Cyprinus carpio) (purchased from the 

commercial farm: Vicenzi Persici, Finale Emilia, MO) (on 11/05/2021) to the fish-

rearing thanks, in combination with cherry tomatoes (Solanum lycopersicum var. 

cerasiforme) (transplanted into the system on 05/05/2021) to test the growth, 

adaptation, and performances of a black bullhead catfish/common carp polyculture 

and plants to different salinities. The polyculture round ended with the removal of 

the black bullhead catfish from rearing tanks (on 09/06/2021). The last round 

consisted of a monoculture of only common carp, which ended with the removal of 

both fish and plants (on 10/09/2021). 

Upon arrival, in the different cycles, fish were randomly allocated to tanks and assigned to 

the three experimental groups differing in salinity specified above as follows: 
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 black bullhead catfish → placement of 261 black bullhead catfish (Ameiurus melas) 

divided into 29 fish per tank and 87 fish per experimental group; 

 rainbow trout → at the end of the first rearing phase 150 rainbow trout 

(Oncorhynchus mykiss) were added to the fish-rearing tanks containing the black 

bullhead catfish. Trout division counted 16/17 fish per tank and 50 fish per 

experimental treatment; 

 common carp → during the third rearing cycle, 171 common carp (Cyprinus carpio) 

were added to the fish-rearing tanks containing the black bullhead catfish. Carp 

division counted 19 fish per tank and 57 fish per experimental treatment. 

Two hydroponic units were associated with each fish-rearing tank. Horticultural plants of 

different species or varieties were transplanted in each cycle as follows: 

 in the first cycle → transplanted 108 chard plants (Beta vulgaris subsp. cicla var. 

Nostrana), divided into 12 plants per hydroponic unit and 24 plants per experimental 

group; 

 in the second cycle → transplant 108 chard plants (Beta vulgaris subsp. cicla var. 

Pugliese), divided into 12 plants per hydroponic unit and 24 plants per experimental 

group; 

 in the third cycle → transplanted 108 plants of cherry tomato (Solanum lycopersicum 

var. cerasiforme), divided into 12 plants per hydroponic unit and 24 plants per 

experimental group. 

During the entire experimental testing to maintain the complete functionality of the plant, 

daily routine activities were carried out, including the control of water, fish, and plants. The 

daily checks on the animal component included checking the health of the fish, feeding, and 

removing and recording any deaths. The black bullhead catfish and common carp feeding 

occurred daily at 9 am. Depending on the water temperature, the feeding rates ranged from 

respecting 1% of the biomass of fish present in the tank until reaching 2% once the water 

temperature of the tanks had reached 25°C (the temperature at which catfish and carp reach 

the maximum metabolic activity). The catfish and carp feed was a commercial feed 

(Veronesi, San Martino Buon Albergo, Italy) characterized by crude protein content of 38%, 

crude fat 14%, crude ash 5.2%, and fiber 4%. As for the rainbow trout (whose research and 

results are not considered in this thesis), they were fed a commercial feed (Aller Aqua, 

Christiansfeld, Denmark) characterized by crude protein content of 43%, crude fat 22%, ash 
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7%, fiber 2%. The feed was distributed twice a day (at 9 am and 2 pm) until apparent satiety, 

never exceeding 2% of the biomass in the tank as a daily dose. 

 The daily water control and analysis included the addition of water evapotranspired 

in the previous 24 hours, temperature measurement, and dissolved oxygen concentration in 

the water using an oximeter (OxyGuard® Handy Polaris 2, Farum, Denmark). In addition, 

electrical conductivity by using a probe (Hach HQ40D Portable Multi Meter) and turbidity 

by using a turbidimeter (Hach 2100P Portable turbidimeter) were measured on-site twice a 

week. The same was for the water pH by using a pH meter (Sension Ph1, Hach, Loveland, 

USA) and total ammonium concentration (TAN) of each fish-rearing tank, analyzed in the 

chemistry laboratory by using a special kit (Ammonia Assay Kit, Megazyme, Ireland). 

 For what concerns the hydroponic experimentation, the data recording on the cherry 

tomato plants grown in the hydroponic units during the third cycle foresaw the investigation 

of different experimental treatments (i.e. salinities) and how the plants reacted from a 

physiological, morphological, and biochemical point of view. Similar experimentation 

procedures were carried out during the two previous cycles, but this thesis does not consider 

those data and results obtained on chard plants of different varieties. Once acclimatized to 

the system, the plants were then analyzed weekly. The data gathering (performed on each 

plant) was: soil plant analysis development (SPAD), to measure the chlorophyll present in 

the leaves (and therefore the crop nitrogen status), number of internodes, height, and the 

phenological development stages of plants using the BBCH-scale ("Biologische 

Bundesanstalt, Bundessortenamt und CHemische Industrie"). Further analysis were added 

to the previous as soon as the cherry tomatoes began to ripen. The fruits were harvested 

biweekly, following the gradual maturation of the tomato flowering trusses, compatibly with 

the amount of material to be collected. The harvesting of the fruits started from the base of 

the plant (which are the first to ripen), ending with the harvesting of the fruits near the apex 

of the plant (which are the last to ripen), for a total of about ten bunches harvested per plant. 

The bunches were collected, counted, and weighed. The number of mature and immature 

fruits per bunch was then counted. Part of the sample was used for laboratory analysis on 

the properties and quality of the fruit. 
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3.3 Data collection of growth and qualitative 
evaluation of black bullhead catfish (Ameiurus 
melas) grown in aquaponic systems with different 
salinities 

To evaluate adaptation responses, growth, and developmental performance of the 

black bullhead catfish (Ameiurus melas), and to examine the quality of the final product, a 

first assessment was conducted on body measurements and morphological indexes that were 

essential to establish how different salinities potentially affected growth and development 

and morphological changes in fish. A second assessment regarding the product quality was 

conducted on the visceral development of fish and the quality and final yield of the product. 

3.3.1 Fish qualitative assessment post-slaughter 

The black bullhead catfish were slaughtered at the end of the 268 days of trial. The 

procedure firstly involved the weighting of each specimen by a scale (precision 1 g; Wunder 

Sa.Bi. srl, Trezzo sull’Adda, Italy), followed by the slaughter, which was done by percussive 

stunning (a practice involving a forceful and accurate blow to the head with a blunt 

instrument). Fish were then subjected to morphometric measurements and kept on ice until 

further processing. The data collected were used to formulate the following indices: 

 SGR (% d-3) = [(Loge Final weight - Loge Initial weight) / No. of days] × 100  

 FCR = weight of dry feed distributed / net wet weight gain of fish 

3.3.2 Biometrics and morphometric indices 

Biometric measurements (Figure 15) were taken on all slaughtered catfish to 

calculate morphometric indices (Di Marco et al., 2017). The measures taken were 

respectively: 

 total length: distance between the distal part of the caudal fin (outer) and the 

anterior end of the head (upper mouth lip); 

 standard length: distance between the caudal end of the muscle fibers 

(hypural plate) and the anterior end of the head (upper mouth lip); 

 head length: distance between the operculum and the anterior end of the head 

(upper mouth lip);  
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 maximum height: distance measured between the dorsal fins and the 

corresponding ventral area. This measurement was taken using a caliper, 

while the other measurements were taken using the meter. 

 

Figure 15: Biometric measurements performed on black bullhead catfish 

Morphometric indices subsequently calculated were (Di Marco et al., 2017):  

1. Condition factor (%) = (body weight / total length3) × 100  

2. Cranial index = head length / total length  

3. Relative profile = maximum height / total length  

3.3.3 Evisceration and post-slaughter results 

 Following slaughtering and data gathering of morphometric indices, all the catfish 

were eviscerated (Figure 16). A total of 72 samples; 24 per experimental treatment, 8 fish 

per tank, were randomly selected and filleted (Figure 17). Subsequently, weights of the 

visceral package (heart, gas bladder, and gonads, liver), liver, eviscerated carcass, and fillets 

with skin were collected. Head weight and egg weight (where present) were also recorded. 

With the data obtained, the following somatic indices and yields were calculated: 

1. Hepatosomatic index (HSI) = (liver weight / slaughter weight) × 100 

2. Viscerosomatic index (VSI) = (viscera weight / slaughter weight) × 100  

3. Eviscerated carcass yield (%) = (eviscerated carcass weight / slaughter weight) × 100  

4. Fillet yield (%) = (fillet weight / slaughter weight) × 100  
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Figure 16: Black bullhead catfish dissection in preparation for analysis and data gathering. 
Credits: Arianna Costa 

Figure 17: Recording the weight of a catfish fillet. Credits: Arianna Costa 
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3.3.4 Analysis and determination of fillet color 

Fillet color was measured by colorimeter (Minolta Spectrophotometer CM-508 C, 

Minolta, Milano, Italia) according to the CieLab method (1976) involving the measurement 

of red index (a*), yellow index (b*) and brightness (L*). Measurements were taken in three 

different points of the fillet and were reported as the averages from the three data.  

3.3.5 Data processing and statistical analysis 

Data on water quality, final survival, and production performance (live weight, 

consumption, biomass growth, and food conversion index) of fish, slaughter results, fillet 

characteristics, and plant yields were subjected to ANOVA analysis of variance using the 

MIXED PROC GLM procedure of SAS (SAS, 2013), considering water salinity as a 

variability factor. Estimated means were compared using the Bonferroni test. 

Analysis of variance (ANOVA) was fundamental to investigate and observe the 

variability between data. The analysis of variance was used to determine the influence that 

independent variables have on the dependent variable in a regression study. To estimate 

covariance parameters with ANOVA, the analytics software SAS was employed using the 

MIXED procedure (MIXED PROC GLM). This procedure provides precise results when 

many variables (in this case the salinity treatments) are involved. The statistic obtained using 

this method was necessary to interpret the correlation and variability of the data that were 

analysed. Lastly, the Bonferroni test was adopted to compare the results that were obtained, 

since the Bonferroni correction is the simplest method for counteracting the multiple 

comparisons. 

3.4 Data collection on growth and qualitative 
evaluation of cherry tomato (Solanum 
lycopersicum var. cerasiforme) grown in 
aquaponic systems with different salinities 

In the hydroponic subsystems of each aquaponic system, a study and a data collection 

were carried out concerning the effects of different salinities in cherry tomato (Solanum 

lycopersicum var. cerasiforme) plants. The analysis aimed to evaluate the adaptation 

responses, growth performance, and development of cherry tomatoes and to examine the 

quality of the final product. 
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3.4.1 Plants and fruits data collection 

Once acclimatized to the system, the plants were then analyzed every week. The surveys 

carried out on each plant included: 

 SPAD (Soil Plant Analysis Development by using a chlorophyll meter SPAD-

502Plus, Minolta, Osaka, Japan), to measure chlorophyll in the leaves (and therefore 

the crop nitrogen status). The SPAD value indirectly provides an index of the 

nutritional status of the plant without causing any damage. During the measurement, 

care was taken not to place the instrument on the leaf veins and not to expose it to 

direct sunlight, as this affects the measurement; 

 counting the number of internodes per plant, which are the sections of stem between 

nodes. The nodes, in a plant, are the base of a bud, leaf, twig, or branch, while the 

internodes are the blood vessels carrying water, hormones, and nutrition from node 

to node; 

 height measurement of each plant using a flexible meter to follow precisely the shape 

of the stem without causing damages to the plants; 

 phenological development stages of the plant; through the use of a BBCH 

(Biologische Bundesanstalt, Bundessortenamt und CHemische Industrie) scale 

specific to the tomato plant. The scale has values ranging from 0 to 100. Each value 

is associated with a different stage of phenological development of the plant, which, 

in the case of tomato is: germination (scale value 0-9), leaf development (scale value 

10-19), formation of side shoots (scale value 21-29), inflorescence emergence (scale 

value 51-59), flowering (scale value 61-69), development of fruit (scale value 71-

79), ripening of fruit and seed (scale value 81-89), senescence (scale value 97-99). 

3.4.2 Cherry tomato quantitative and qualitative assessment 

As soon as the cherry tomatoes began to ripen, the fruits were harvested once every 

two weeks, following the scalarity of maturation of the tomato flowering trusses, 

compatibly with the amount of material to be collected (Figure 18).  
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Figure 18: Cherry tomato plant in which it is possible to see the different flowering trusses 
and the different ripening of the bunches and fruits. The fruits at the base of the plant mature 
before the fruits at the top. Credits: Roberto Cavallin. 

To assess the plants total production of each aquaponic system, a collection of fruits was 

done starting from the base of the plant (the first ones to mature), ending with the harvest of 

fruits close to the apex of the plant (the last ones to mature), for a total of about ten tomato 

flowering trusses collected per plant. Harvested bunches were counted, measured, weighed 

and the number of mature and immature fruits present in each bunch was counted (Figure 

19). Subsequently, a part of the harvest, divided by treatment, was dedicated to the analysis 

concerning the content of anions and cations and the total polyphenols and antioxidants to 

establish the properties and quality of the fruits.  
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Figure 19: Harvested bunches; for each aquaponic system, the bunches of each plant were 
weighted, the total number of fruits was counted, and the quantity of mature and immature 
fruits per bunch was reported. 

All the analyses to investigate the quality of the fruits were conducted at the laboratories of 

the DAFNAE department of the University of Padua in the period May-September 2021, in 

conjunction with the third hydroponic cycle. Different analyses required different sample 

processing; therefore a portion was frozen a -20°C; a second portion was subjected to a 

freeze-drying process; a third portion was dried in the oven.  

 

The samples stored at -20°C were defrosted and the thawing liquid (vacuolar juice) (Figure 

20) was analyzed providing data on: 

 pH and electrical conductivity, which were determined using a multiparameter 

instrument (Multiparametro Portatile XS PC7, Geass, Torini, Italy); 

 Brix degrees (°Bx), measured by a refractometer (HI 96801 digital refractometer, 

Hanna Instruments); an optical instrument that uses refractive index measurement to 

determine the sugar content (% Brix) of aqueous solutions. The refractive index, 

defined as the ratio of light speed in the free space to the speed of light in the 
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substance, is an optical property characteristic of the substance and the number of 

particles dissolved in it. The result of this property is the direction of that light change 

as it passes through substances with different refractive indices. During 

measurement, the light from the LED passes through a prism in contact with the 

sample and an image sensor determines the critical angle beyond which the light is 

no longer refracted through the sample. The instrument, after correcting the 

temperature measurement, converts the refractive index into sugar concentration (% 

Brix); 

 titratable acidity, that measure the amount of acid dissolved in the sample and is 

obtained by titration by adding 0.2 ml of NaOH solution to the sample to be analyzed. 

The volume of NaOH is converted to titratable acidity (% of citric acid on total) upon 

titration according to the following formula: 

titratable acidity = [(ml NaOH × 0,1 × 0,064)/10)] × 100 

The samples subjected to a freeze-drying process were used to determine: 

 antioxidants content to investigate the total antioxidant capacity (product of molar 

concentration and antioxidant efficiency). Using Benzie & Strain (1996) FRAP 

method (Ferric Reducing Antioxidant Power) it was possible to state the 

concentration of antioxidants in the sample. The presence of antioxidants can reduce 

the complex Fe3+/tripyridyltriazine, present in stoichiometric excess, to the form 

Fe2+; their presence confers a typical blue coloration to the sample resulting in an 

increase in absorbance at 593 nm that is detected by the mass spectrometer and then 

translated into a value; 

 phenolic content, which values were obtained by using the Folin-Ciocalteau method, 

which is based on the chemical oxidation of phenolic compounds by an oxidizing 

mixture, called Folin reagent, consisting of phosphotungstic acid (H3PW12O40) and 

phosphomolybdic acid (H3PMo12O40) which, reducing, forms a mixture of oxides 

(W8O23 and Mo8O23) colored blue, whose intensity is linearly proportional to the 

number of phenolic residues present on the molecule of antioxidant. 
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Figure 20: Cherry tomatoes vacuolar juice that was used to analyse pH, EC, Brix degree, 
titratable acidity, antioxidants content and phenolic content. 

The oven-dried samples were sent to the chemical laboratory (LaChi) of the DAFNAE 

department of the University of Padua to state the concentration of anions and cations present 

in the fruits of the cherry tomatoes grown in the aquaponic systems. 

3.4.3 Data processing and statistical analysis 

Statistical processing of the data obtained was conducted using one-way analysis of 

variance (ANOVA) considering water salinity as a variability factor. The ANOVA analysis 

of variance was performed using the MIXED PROC GLM procedure of SAS (SAS, 2013). 

Estimated means were compared using the Bonferroni test. 

Analysis of variance (ANOVA) was fundamental to investigate and observe the 

variability between data. The analysis of variance was used to determine the influence that 

independent variables have on the dependent variable in a regression study. To estimate 

covariance parameters with ANOVA, the analytics software SAS was employed using the 

MIXED procedure (MIXED PROC GLM). This procedure provides precise results when 

many variables (in this case the salinity treatments) are involved. The statistic obtained using 

this method was necessary to interpret the correlation and variability of the data that were 

analysed. Lastly, the Bonferroni test was adopted to compare the results that were obtained, 
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since the Bonferroni correction is the simplest method for counteracting the multiple 

comparisons. 

3.5 Solid waste collection and processing 

 The sample of solid waste that has been the object of study and research for this thesis 

comes entirely from the dry residue obtained only from the black bullhead catfish 

monoculture. The decision to use dry residue from a single source (catfish) was constrained 

by two main factors: 

1. since it comes from a single species, from its analysis is possible to obtain a clear 

and reliable picture of the origin and composition of the residue; 

2. if the solid waste were of polyculture origin, it would be much more complex to 

establish how the different species have influenced its composition, in which 

way, and weight. 

The solid residue from each unit of the system was filtered and accumulated through 

clarifiers (Figure 21) consisting of a 100 L tank connected directly to the rearing tank. 

 

Figure 21: The left image shows one of the clarifiers of an aquaponic unit of the experimental 
plant. The picture on the right shows the inside view and the operating principles. Credits: 
Roberto Cavallin. 
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The water flowing the clarifier was moved by turbulence that pushed the solid residue to 

sink and accumulate in the bottom, while water free of coarse residue was free to continue 

to the hydroponic units. The clarifiers cleaning operations followed by a collection of the 

solid waste were carried out: at the end of the first cycle (catfish monoculture), at the end of 

the second cycle (after rainbow trout removal), and in the third cycle during the resting 

period of the system (catfish monoculture) and at the end of the entire experiment (after 

common carp removal). Slime accumulated at the bottom of every clarifier was collected 

manually and placed in nine plastic crates (60 x 40 x 32 cm, 40 L volume); each crate 

corresponded to one aquaponics unit. At first, the crates were left in the greenhouse to 

facilitate the natural evaporation of the water present in the initial sludge. Once most of the 

water in the crates had evaporated, the residue was moved to aluminum trays (1000 ml, 230 

x 175 x 34 mm). As before, each tray corresponded to one aquaponics unit. Removing all 

traces of water and moisture from the solid waste was performed by placing the trays for 72 

hours in a drying oven at a constant temperature of 40°C to keep all the properties and 

chemical-organic characteristics of the residue unchanged. Once the residue was completely 

dried, it was ground and the samples were sent to the laboratory for analysis; anion, cation, 

and composition analyses were carried out. 

3.5.1 Tests on the biostimulating effects of residue 

The experimentation regarding the possible biostimulant properties of the solid 

residue occurred as an in vitro pilot test on watercress (Lepidium sativum L.) and lettuce 

(Lactuca sativa var. capitata L.) seeds, following the experimentation protocol used by 

Godlewska et al. (2020). Given the different salinities of the aquaponic systems –and known 

the adverse effects of high salt concentrations on growth and development in plants that are 

not saline tolerant– it was decided to use only the solid residue from the "control tanks", 

characterized by minimal salinity (0.5‰) to prevent any possible interference due to higher 

salinities. The Godlewska et al. (2020) method foresaw that dried and milled aquaponics 

solid waste was stirred with double-distilled water (as pure and free of any dissolved salts) 

to obtain an untreated hydrolysate (UH) whose concentration was 50.000 ppm of aquaponic 

solid waste. To obtain the hydrolysate the sample was first shaken for 30 minutes, followed 

by an ultrasound-assisted extraction (UAE) for another 30 minutes. At the end of these 

operations, the mixture was centrifuged at 4500 rpm for 15 minutes. The resulting solution 

was then stored in a refrigerator in the dark inside sterile falcon tubes. The research was 
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focused on establishing whether the aquaponic solid residue had the characteristics to be 

defined as an organo-mineral biostimulant. The aquaponic hydrolysate (at different 

solutions) was tested on watercress and lettuce seeds to investigate a potential hormone-like 

activity. To research an auxin-like activity, watercress (Lepidium sativum L.) seeds were 

used, while to research gibberellin-like activity lettuce (Lactuca sativa var. capitata L.) seeds 

were used. 

The possible auxin-like activity of the aquaponic hydrolysate was investigated by 

using the Audus (1972) method, based on the indoleacetic acid ability to inhibit watercress 

(Lepidium sativum L.) roots growth. The hormonal activity was determined under conditions 

of absolute sterility, using Petri dishes containing a paper filter (Whatman 91) soaked with 

1.6 ml of the solution to be examined on which fifteen watercress seeds were placed. Since 

each of the following dilutions were repeated three times, for each research 36 Petri dishes 

and 36 filter paper disks were prepared to be soaked with the different aquaponic hydrolysate 

and indoleacetic acid solutions (Table 3a and Table 3b). The aquaponic hydrolysate was 

applied to seeds at different dilutions, that, in the first research (Table 3a) were: control 

group (double distilled water), untreated hydrolysate (UH) at 50.000 ppm of aquaponic solid 

waste, and 25000, 100, 20, 10, 1, 0.1 ppm of aquaponic solid waste.  

Table 3a: First research procedure with treatments and dilutions on watercress (Lepidium 
sativum L.) to investigate a possible auxin-like activity of the aquaponic hydrolysate. 
Treatment Dilution (ppm) N. of repetitions 
Control group: ddH2O 0 (ppm) 3 
AP untreated hydrolysate (UH) 50000 (ppm) 3 
AP hydrolysate 25000 (ppm) 3 
AP hydrolysate 100 (ppm) 3 
AP hydrolysate 20 (ppm) 3 
AP hydrolysate 10 (ppm) 3 
AP hydrolysate 1 (ppm) 3 
AP hydrolysate 0.1 (ppm) 3 
IAA 20 (ppm) 3 
IAA  10 (ppm) 3 
IAA  1 (ppm) 3 
IAA  0.1 (ppm) 3 

ddH2O: double distilled water; AP: aquaponic hydrolysate; IAA: Indole-3-acetic acid. 

In the second research (Table 3b), the dilutions were: control group (double distilled 

water), untreated hydrolysate (UH) at 50,000 ppm of aquaponic solid waste, and 25,000, 

35000, 15000, 20, 10 ppm of aquaponic solid waste. As for the Indole-3-acetic acid (IAA), 

in both researches (Table 3a and Table 3b), it was applied to seeds at the concentrations of 

20 ppm, 10 ppm, 1 ppm, 0.1 ppm. Once all the Petri dishes were soaked with the different 
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solutions, they were sealed with parafilm and placed in a dark cell at a constant temperature 

of 25 °C for 48 hours. After this time had elapsed, the analysis foresaw the measurement of 

the root lengths of each watercress seedling. The measurements obtained were compared 

with the control group (i.e., double distilled water) and the different dilutions of Indole-3-

acetic acid.  

Table 3b: Second research procedure with treatments and dilutions on watercress (Lepidium 
sativum L.) to investigate a possible auxin-like activity of the aquaponic hydrolysate.  
Treatment Dilution (ppm) N. of repetitions 
Control group: ddH2O 0 (ppm) 3 
AP untreated hydrolysate (UH) 50000 (ppm) 3 
AP hydrolysate 25000 (ppm) 3 
AP hydrolysate 35000 (ppm) 3 
AP hydrolysate 15000 (ppm) 3 
AP hydrolysate 100 (ppm) 3 
AP hydrolysate 20 (ppm) 3 
AP hydrolysate 10 (ppm) 3 
IAA 20 (ppm) 3 
IAA   10 (ppm) 3 
IAA  1 (ppm) 3 
IAA  0.1 (ppm) 3 

ddH2O: double distilled water; AP: aquaponic hydrolysate; IAA: Indole-3-acetic acid. 

The Audus (1972) method was also followed to determine the possible gibberellin-

like activity of the aquaponic hydrolysate. In this case, the test is based on the gibberellic 

acid ability to enhance the lettuce (Lactuca sativa var. capitata L.) hypocotyl elongation of 

the seedlings. The hormonal activity was determined under conditions of absolute sterility, 

using Petri dishes containing a paper filter (Whatman 91) soaked with 1.6 ml of the solution 

to be examined on which fifteen lettuce seeds were placed. Since each of the following 

dilutions were repeated three times, for each research 33 Petri dishes and 33 filter paper disks 

were prepared to be soaked with the different aquaponic hydrolysate and Gibberellic acid 

solutions (Table 4a and Table 4b). The aquaponic hydrolysate was applied to seeds at 

different dilutions, that, in the first research (Table 4a) were: control group (double distilled 

water), untreated hydrolysate (UH) at 50,000 ppm of aquaponic solid waste, and 25,000, 

100, 10, 1, 0.1 ppm of aquaponic solid waste.  
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Table 4a: First research procedure with treatments and dilutions on lettuce (Lactuca sativa 
var. capitata L.) to investigate a possible gibberellic-like activity of the aquaponic 
hydrolysate.  
Treatment Dilution (ppm) N. of repetitions 
Control group: ddH2O 0 (ppm) 3 
AP untreated hydrolysate (UH) 50000 (ppm) 3 
AP hydrolysate 25000 (ppm) 3 
AP hydrolysate 100 (ppm) 3 
AP hydrolysate 10 (ppm) 3 
AP hydrolysate 1 (ppm) 3 
AP hydrolysate 0.1 (ppm) 3 
GA 100 (ppm) 3 
GA  10 (ppm) 3 
GA 1 (ppm) 3 
GA 0.1 (ppm) 3 
ddH2O: double distilled water; AP: aquaponic hydrolysate; GA: Gibberellic acid. 

In the second research (Table 4b), the dilutions were: control group (double distilled 

water), untreated hydrolysate (UH) at 50,000 ppm of aquaponic solid waste, and 25,000, 

35,000, 15,000, 100, 10 ppm of aquaponic solid waste. As for the Gibberellic acid (GA), in 

both researches (Table 4a and Table 4b), it was applied to seeds at the concentrations of 100 

ppm, 10 ppm, 1 ppm, 0.1 ppm. Once all the Petri dishes were soaked with the different 

solutions, they were sealed with parafilm and placed in a dark cell at a constant temperature 

of 25 °C for 36 hours. After this time had elapsed, the analysis foresaw the measurement of 

the hypocotyl lengths of each lettuce seedling. The measurements obtained were compared 

with the control group (i.e., double distilled water) and the different dilutions of Gibberellic 

acid. 

Table 4b: Second research procedure with treatments and dilutions on lettuce (Lactuca 
sativa var. capitata L.) to investigate a possible gibberellic-like activity of the aquaponic 
hydrolysate. 
Treatment Dilution (ppm) N. of repetitions 
Control group: ddH2O 0 (ppm) 3 
AP untreated hydrolysate (UH) 50000 (ppm) 3 
AP hydrolysate 25000 (ppm) 3 
AP hydrolysate 35000 (ppm) 3 
AP hydrolysate 15000 (ppm) 3 
AP hydrolysate 100 (ppm) 3 
AP hydrolysate 10 (ppm) 3 
GA 100 (ppm) 3 
GA  10 (ppm) 3 
GA 1 (ppm) 3 
GA 0.1 (ppm) 3 

ddH2O: double distilled water; AP: aquaponic hydrolysate, GA: Gibberellic acid. 



 67

The two researches testing the different dilutions of the aquaponic hydrolysate were 

necessary to establish which of the concentrations of aquaponic hydrolysate sprang the most 

marked hormone-similar activity (auxin-like for watercress and gibberellin-like for lettuce) 

in the seedlings. Figures 22 and 23 show the petri dishes and how the measurements were 

made. 

Figure 22: Petri dishes with the watercress seed samples that have been sorted and watered 
with the different concentrations of aquaponic hydrolysate gibberellic acid, and indoleacetic 
acid. 

Figure 23: Data collection and measurements on seedlings grown from the watercress seeds 
after the treatments. 
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4 Results 
This section will initially focus on the performance of the whole aquaponic plant, its 

characteristics, and the quality of water collected during the aquaponics experimentation 

cycles. The second part of the results aims to answer the first research question concerning 

the animal component and the productive performance of fish during the trial and the 

slaughter results, with morphometric indices and fillet characteristics. Then, the results of 

the plant component will be analyzed to evaluate adaptation responses, growth performance 

and development, fruit production, and yield of cherry tomatoes to answer the second 

research question. The last part of the results concerns the mineral composition of the 

aquaponic solid waste, data regarding the hormone-like effects of the hydrolysate obtained 

processing the waste, and its possible biostimulant effects after application on seeds and 

seedlings to establish its efficacy, hormonal action and to answer the third research question. 

4.1 Aquaponic system water quality results  

Throughout the entire duration of the three experimentation cycles, parameters such 

as temperature, dissolved oxygen, evapotranspiration, pH, turbidity, and total ammonia 

nitrogen levels were constantly checked (Figure 24). The water quality of the aquaponic 

units was not significantly affected by the experimental treatment. Temperature (Figure 24a) 

varied from a minimum of 7.4°C in February to a maximum of 30.2°C in June, settling 

around an average of 16.9 ± 3.83°C. During the experimentation, the concentration of 

dissolved oxygen in the water was higher on average (9.09 ± 1.16 mg/L). The highest value 

(12.56 mg/L) was reached in January, while the lowest (5.64 mg/L) was reached in June 

(Figure 24b). In all experimental units, the daily water consumption due to 

evapotranspiration was similar (6.84 ± 3.96 L/d) and not influenced by salinity (Figure 24c). 

The amount of water consumed by the aquaponic systems was strictly linked to the seasonal 

period, aquaponic cycle, and needs of the crop plants. There was a low consumption in winter 

(with an average of 5.8 L/d) and a higher consumption in the spring-summer period (9.7 

L/d). Water losses through evapotranspiration were about 0.9% of the total volume of the 

aquaponics unit, meaning that only a 10% of the recirculating water was replaced. The pH 

averaged 7.8 ± 0.40 (Figure 24d). Initially, pH levels were recorded around 8.16 ± 0.10, 

which decreased during the polyculture period (catfish - trout) to 6.83, and then gradually 
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rose again once trout were removed from the system (Figure 24d). Water turbidity ranged 

from a low of 0.22 turbidity unit (NTU) to a high of 44.2 NTU (Figure 24e).  

Figure 24: Values of temperature (24a), dissolved oxygen (24b), evapotranspiration water 
losses (24c), pH (24d), turbidity (24e), and total ammonia nitrogen (24f) measured in the 
fish-rearing tanks during the experimental trial.  LS: low salinity; MS: medium salinity; HS: 
high salinity. 

   a)     b) 

    c)      d) 

    e)       f) 
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4.2 Productive performance of black bullhead catfish 
(Ameiurus melas) 

 As shown in Figure 25, fish survival did not appear to be affected by the experimental 

treatment or the different salinities of the aquaponic units. Catfish survival was 64.2%, 

81.9%, and 81.3% in the LS, MS, and HS systems, respectively (P = 0.20). During the last 

week of experimentation, an MS tank was affected by a lethal bacterial infection 

(Pseudomonas spp.) that resulted in the death of all fish in the tank within two days. Due to 

the uniqueness of this phenomenon, fish mortality from this tank was not considered when 

evaluating the effect of the experimental treatments on ultimate fish survival.  

 

Figure 25: Survival rates of black bullhead catfish (Ameiurus melas) reared during the 
experimental trial at different salinities. LS: low salinity; MS: medium salinity; HS: high 
salinity.  

Regarding the fish growth performances, Figure 26 shows the trend in the live weight 

of black bullhead catfish reared for 268 days from September to June in aquaponics systems 

at three different salinities. The experimental treatment did not significantly affect the weight 

of catfish during the trial. The fish showed an average total growth of 41 g/month from the 

beginning of the experimentation to the end of the experimentation. Initially, the growth 

curve showed slight declines (September), due to the need for catfish to acclimatize to the 

new rearing system. Subsequently, as the autumn and winter periods progressed, a stagnation 
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in growth was observed (especially in the period from mid-November to mid-February) due 

to the water temperatures below the feeding temperatures of many catfish species (>20°C). 

From mid-February onwards, coinciding with rising temperatures, there was a progressive 

increase in the live weight of catfish, which reached an average final weight of 193 g. 

Figure 26: Live weight at different timepoints of black bullhead catfish (Ameiurus melas) by 
salinity treatment. The fish were reared for 268. LS: low salinity; MS: medium salinity; HS: 
high salinity. 

4.2.1 Slaughter results, morphometric indices, and fillet characteristics 

 Regarding black bullhead catfish, the different salinity treatments influenced 

significantly only some slaughter results (Table 5). Pre-slaughter weight, with an average of 

193.3 g, was similar among experimental treatments although lower in fish reared in high 

salinity than those in medium and low salinity (-5.46% and -6.94%, respectively). The 

weight difference was then reflected in the eviscerated carcasses; significantly lower weight 

values were found in fish reared in medium and high salinity tanks than catfish reared at low 

salinity (Table 5). For what concerns the total length (23.0 cm on average), standard length 

(21.6 cm), and head length (5.3 cm on average), the different treatments did not significantly 

affect the fish. However, the low-salinity system showed better results in almost all 

measurements (excluding head length). As for the morphometric indices, some differences 

between experimental treatments were observed in terms of condition index, relative profile, 

and cranial index. In detail, the highest condition index was observed in fish reared in MS 
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(1.61), while the lowest condition index was observed in fish reared in HS (1.52). Fish reared 

at high salinity also showed a lower relative profile (-5%; P<0.01) and a higher cranial index 

(+4%; P<0.001) than those reared at medium and low salinity (Table 5). Eviscerated carcass 

yield, averaging 86.2%, was higher (+2.3%; P<0.05) in the LS treatment than in the MS 

treatment. The viscerosomatic index averaged 5.9%, while the hepatosomatic index 

averaged 2.29%. Regarding the fillets (average weight 80.4 g), the yield averaged 48% 

without differences among experimental groups. Analysis on fillet colour, intended as 

indices of red (a*), yellow (b*), and brightness (L*), did not show significant variation 

among experimental treatments. 

Table 5: Morphometric indices, slaughter results, and characteristics of black bullhead 
catfish fillets reared in aquaponics for 268 days at different salinities.  
 Aquaponic treatment   

 LS MS HS RSD Probability 
      
N. of fish per treatment 61 48 71   
      
Morphometrics indices      

Slaughter weight, g 199 196 185 50,5 0,261 
Total length, cm 23,3 22,9 22,9 1,64 0,247 
Standard length, cm 23,7 20,6 20,4 13,3 0,320 
Head length, cm 5,38 5,20 5,40 0,479 0,062 
Maximum height, cm 5,09b 5,08ab 4,85a 0,545 0,015 
Condition factor 1,54ab 1,61b 1,52a 0,146 0,004 
Relative profile 0,22b 0,22b 0,21a 0,016 0,002 
Cranial index 0,23a 0,23a 0,24b 0,011 <0,001 

      
Carcass dissection      
  Viscera weight, g 18,8 20,9 17,8 9,90 0,250 
  Liver weight, g 4,5 4,6 4,1 1,37 0,115 
  Roe weight 15,5 14,8 11,8 7,17 0,078 
  Head weight 58,2 55,6 54,2 14,5 0,284 
  Head incidence, % 29,5 28,5 29,4 3,20 0,221 
  Eviscerated carcass yield, % 87,3b 85,2a 86,1ab 3,88 0,019 
  Viscerosomatic index 5,82 5,63 6,14 1,14 0,050 
  Hepatosomatic index 2,29 2,33 2,24 0,425 0,443 
      
Fillet characteristics       
  Fillets, N. 24 24 24   
  Total fillets weight, g 83,5 82,6 75,0 17,9 0,202 
  Fillets yield, % 48,5 49,5 47,0 3,49 0,051 
 
Color  

  
  

2,19 
 
0,080 

  L 42,1 42,7 43,6   
  a* 1,30 0,60 0.63 1,10 0,052 
  b* 10,8 10,3 11.0 1,38 0,219 
  Fillets pH  6,10 6,07 6,08 0,13 0,519 
RSD: residual standard deviation; LS: low salinity; MS: medium salinity; HS: high salinity. 
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4.3 Productive performance of cherry tomato 
(Solanum lycopersicum var. cerasiforme) 

The development in the height of the aerial part of the cherry tomato plants presented 

a linear and constant trend over the time for all the different treatments (LS, MS, HS). The 

collection of data regarding plant heights involved eight measurements on a weekly basis 

from 25/5/2021 to 16/7/2021. The data gathering was terminated by topping the plants once 

they reached commercial maturity and a height of over two meters (Figure 27). During the 

data surveys conducted at 42, 49, 56, and 63 days after transplanting (more precisely during 

the flowering, fruit development, and fruit and seed maturation stages), significant 

differences were found among treatments regarding the heights of the cherry tomato plants. 

In the fourth survey (63 days after transplanting), a significantly greater height was recorded 

for plants grown in the LS treatment than those grown in HS; a trend that repeated itself 

similarly in the survey done at 49 days after transplant. At 56 and 63 days, plants in the LS 

and MS tanks showed significantly greater height than plants grown in HS tanks. 

Specifically, the average total heights of plants grown in low salinity systems were 5.51 and 

16.1 cm greater, respectively, compared to plants grown in medium and high salinity 

systems. 

Figure 27: Effect of salinity on the height of cherry tomato plants grown in the third 
aquaponic cycle. LS: low salinity; MS: medium salinity; HS: high salinity. According to the 
Bonferroni test, values marked with a letter (a, b, ab) differed significantly by P<0.01. 
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Similarly to what was recorded for the parameter concerning height, the number of 

internodes per plant increased, presenting a linear and constant trend over time in all the 

treatments (Figure 28). In this circumstance, the measured values showed significant 

differences at 49, 56, and 63 days after transplanting, respectively, among experimental 

groups. Plants located in the LS and MS cultivation tanks showed a significantly higher 

number of internodes than plants grown in HS tanks. Specifically, the total average number 

of internodes in plants grown in LS systems was +1 and +3 internodes when compared to 

plants grown in MS and HS systems. 

Figure 28: Effect of salinity on the number of internodes per plant detected on cherry tomato 
plants grown in the third aquaponic cycle. LS: low salinity; MS: medium salinity; HS: high 
salinity. According to the Bonferroni test, values marked with a letter differed significantly 
by P<0.01. 

 With a total of thirteen surveys dedicated to the chlorophyll content in the leaves 

measured by SPAD (index directly related to leaf nitrogen), there was a constant trend in 

foliar nitrogen in all treatments that linearly followed plant development until the end of the 

production cycle and plant senescence (Figure 29). Throughout the cycle, significant 

differences between treatments occurred at 42, 49, and 70 days after transplanting, 

respectively. On the three occasions, plants grown in the HS tanks reported significantly 

higher foliar nitrogen values than those grown in the LS tanks. Mean SPAD values at 42, 49, 
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and 70 days after transplanting were 55.06, 54.41, and 53.93 for the HS tanks, which were 

abundantly higher when compared to 44.53, 45.85, and 44.48 for the LS tanks.  

Figure 29: Effect of salinity on the SPAD index of cherry tomato plants grown during the 
third aquaponic experimental cycle. LS: low salinity; MS: medium salinity; HS: high 
salinity. According to the Bonferroni test, values marked with a letter differed significantly 
by P<0.01. 

As far as phenological development is concerned, similarly to what has been seen for 

the parameter concerning height and number of internodes (which are directly correlated to 

the phases of plant development), it followed a linear and constant trend over time, in perfect 

agreement with the values and stages of development established by the BBCH scale of 

tomato. The BBCH values proved similar and constant in all the treatments (Figure 30). In 

this circumstance, the measured values showed significant differences between culture tanks 

at different salinities only in the last phase of development (senescence phase of the plant) 

prior to plants death, when the harvest was already finished. On these occasions, plants 

grown in HS culture tanks showed differences in BBCH values, higher than in LS tanks. 

Similar behavior also occurred in MS tanks where differences with HS theses were found in 

the penultimate data survey. The last data survey also found differences between HS and LS 

treatments. 
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Figure 30: Effect of salinity on phenological development (BBCH) of cherry tomato plants 
grown during the third experimental aquaponic cycle. In the BBCH scale of tomato, the 
following stages are marked: germination 0-9, leaf development 10-19, formation of side 
shoots 21-29, inflorescence emergence 51-59, flowering 61-69, development of fruit, 
ripening of fruit and seed 81-89, senescence 97-99 LS: low salinity; MS: medium salinity; 
HS: high salinity. According to the Bonferroni test, values marked with a letter differed 
significantly by P<0.01. 

4.3.1 Fruit quality analysis of cherry tomato plants 

During the harvests, the number of bunches harvested, and the weight of each bunch 

were always taken into account to detect the differences in biomass production per treatment. 

The data regarding the number of bunches harvested (Figure 31) show that, during the first 

harvest (dated 14 of July), and during the peak of production (4th harvest, dated 10 of 

August), the plants that were grown in MS and HS treatments produced a significantly higher 

number of mature bunches per plant compared to LS treatments. The number of harvested 

bunches was +38% higher in HS and MS treatments respectively to LS treatments in the first 

harvest, and +17% in the fourth harvest. The trend was reversed in the last two harvests, 

where the LS treatments stood out with a higher number of harvested bunches; +20% in the 

penultimate harvest and +70% in the last harvest compared to MS and HS treatments. 

However, it should be considered that the final harvest was almost null with 8 bunches 

harvested in total; 5 were harvested in LS systems, 2 were harvested in MS, and 1 was 

harvested in HS systems. 
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Figure 31: Effect of salinity on number of bunches harvested per treatment during the third 
experimental aquaponic cycle. LS: low salinity; MS: medium salinity; HS: high salinity. 
According to the Bonferroni test, values marked with a letter differed significantly by P<0.1 

Relative to the number of bunches (i.e., fruit production), the weight of each sample was 

recorded (Figure 32). Despite a higher number of harvested bunches in HS and MS 

treatments, in every harvest, the average weight of the bunches of the LS treatments was 

significantly higher than HS bunches. Thus, at the expense of a higher number of harvested 

bunches in MS and HS treatments, the ones collected in LS were characterized by more fruit 

of a larger size. This proved that the fruit development (and relative bunch weight) was much 

higher in LS environments when compared to HS environments. 



 79

Figure 32: Effect of salinity on the average weight of the bunches that were harvested per 
treatment during the third experimental aquaponic cycle. LS: low salinity; MS: medium 
salinity; HS: high salinity. According to the Bonferroni test, values marked with a letter 
differed significantly by p<0.5 

Regarding the data inherent to the analysis conducted on the vacuolar juice (Figure 

33), it was possible to see how the electrical conductivity of the juices (Figure 33a) returned 

markedly different responses for the three treatments: as the salt concentration increased, the 

value of electrical conductivity of the juices increased, reaching a maximum value of 5.57 

mS/cm in the HS treatments, compared to 3.65 mS/cm of LS. The situation was opposite for 

pH values (Figure 33b), which were higher for the LS and MS treatments, with pH values 

of 4.11 and 4.07 compared to 3.99 of HS. As for the electrical conductivity, also the Brix 

degree (Figure 33c) returned markedly different responses for the three treatments: it was 

significantly higher in the HS and MS treatments respectively with 8.79 and 7.83°Bx, 

compared to 6.24°Bx recorded in the samples from LS. Similarly, titratable acidity (Figure 

33d) was also significantly higher in samples from HS than in MS and LS treatments. 
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      a) 

       P<.001 

       b) 

       P<.01 

 

     c) 

      P<.001 

        d) 

        P<.001 

Figure 33: Effect of salinity in the vacuolar juice of cherry tomato on electrical conductivity 
(31a), pH (31b), Brix degree (31c), and titratable acidity (31d). LS: low salinity; MS: 
medium salinity; HS: high salinity. 

Further analysis of the juices (Figure 34) showed that the different salt concentrations of the 

treatments profoundly affected the content of phenolic compounds (Figure 34a) and 

antioxidants (Figure 34b). As Figures 34a and 34b show, both the polyphenol and 

antioxidant content were higher in LS treatments than in HS. As for the polyphenols, the 

juice of the tomatoes grown in LS treatment was +15% richer on polyphenols than in HS. 
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Similarly, the antioxidants; the juice of the tomatoes grown in LS treatment was +22% richer 

on antioxidants than HS. 

a) 

P<.01  

 

b) 

 

P<.01 

Figure 34: Effect of salinity on the content of polyphenols (34a) and antioxidants (34b) in 
cherry tomato fruits grown during the third aquaponic cycle. LS: low salinity; MS: medium 
salinity; HS: high salinity.  
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The analysis of anions and cations analysis on dry tomato fruits matter compared the 

concentrations by treatments of ammonium, nitrites, nitrates, phosphates, chloride, 

sulphates, potassium, and sodium. Statistically significant differences were found in chloride 

concentrations (Figure 35e), which were higher in HS and MS treatments than in LS. The 

opposite situation was found in sulphates (Figure 35f) where significantly higher 

concentrations were found in LS treatments than MS and HS. Concerning potassium, its 

concentrations were significantly higher in the HS and LS treatments than in MS. Lastly, for 

sodium quantities, an unexpected result occurred. Contrary to expected (i.e., higher sodium 

content in tomato matter from HS treatments), the highest sodium content was found in MS 

treatments with 2762.93 mg/Kg, followed by HS with 2606.61 mg/Kg and LS with 575.78 

mg/Kg. 
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     a)       b)

     c)

 

      d)

     e)               P<.001       f)                                                         P<.01

     g)                                                           P<.05       h)   P<.001            

Figure 35: Effect of salinity on the content of ammonium (35a), nitrites (35b), nitrates (35c), 
phosphates (35d), chloride (35e), sulphates (35f), potassium (35g), and sodium (35h) on dry 
tomato fruits matter. LS: low salinity; MS: medium salinity; HS: high salinity. 
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4.4 Nutrient profile of the aquaponic solid residue  

The analysis regarding the biostimulant and hormone-like activity of the solid 

aquaponic residue involved exclusively the solid residue coming from the black bullhead 

catfish monoculture that was collected at the end of the first cycle and in the third cycle 

during the resting period of the system. It was decided to use only the solid residue from the 

"control tanks", characterized by minimal salinity (0.5‰) since a high saline concentration 

residue would be deleterious both for the growth and the development of the plant. However, 

it is interesting to see how the analysis of the solid residue conducted for each treatment 

(Figure 36) showed a higher content of nitrogen (36a), phosphorus (36b), potassium (36d), 

magnesium (36e), calcium (36f), and phosphates (36g) in the residue coming from LS 

treatments when compared to that coming from MS and HS treatments. Regarding sulphates 

(36h), higher concentrations were found in the HS treatments, while the sodium (36c) 

concentrations, as expected, were much higher in the HS and MS theses. Therefore, such an 

abundant presence explains the decision to use only the residue from the LS tanks. 
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a)   b)

c)   d) 

e)   f)

g)   h)

Figure 36: Chemical content of nitrogen (36a), phosphorus (36b), sodium (36c), potassium 
(36d), magnesium (36e), calcium (36f), phosphates (36g), and sulfates (36h) of the solid 
residue from different treatments collected in the experimental plant of the University of 
Padua. LS: low salinity; MS: medium salinity; HS: high salinity. 



 86

 

4.4.1 Gibberellin-like activity of the aquaponic residue on the hypocotyl 
elongation of lettuce (Lactuca sativa var. capitata L.) seedlings 

 A total of two tests was conducted in vitro on lettuce seeds to investigate a possible 

gibberellin-like effect of the aquaponic hydrolysate on the hypocotyl elongation of the 

lettuce seedlings. The tests were carried out comparing the aquaponic hydrolysate to the 

gibberellic acid and control group (double distilled water). The results obtained applying the 

Audus (1972) test for the gibberellins to the aquaponic hydrolysate are shown graphically in 

Figure 37. As already mentioned, the Audus method for the gibberellic-like activity tests the 

ability of gibberellic acid (GA) to elongate the hypocotyls of chicory and lettuce. 

 
Figure 37: Gibberellin-like activity the aquaponic hydrolysate on the hypocotyl elongation 
of lettuce (Lactuca sativa var. capitata L.) seedlings found in the first in vitro test. All values 
obtained are the average of 3 replicates per treatment, in which hypocotyl elongation of 10 
seedlings per replicate was measured. ddH2O: double distilled water; APH: aquaponic 
hydrolysate; GA: gibberellic acid. 

As can be seen in Figure 37, in the first test there was greater hypocotyl elongation of the 

lettuce seedlings at the aquaponics hydrolysate concentrations at 50,000 and 25,000 ppm, 

compared with the control group and to the gibberellic acid at concentrations of 100 ppm 

and 10 ppm. This result was critical to establish new dilutions for the second test that adhered 
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to slightly lower and slightly higher ppm values than 25,000 ppm to optimize the hydrolysate 

hormone response. 

As for the first test, the data of the second test (in which the possible gibberellin-like activity 

of the aquaponic hydrolysate was investigated) are shown graphically in Figure 38. Once 

established the concentrations of hydrolysate with the most marked gibberellin-like effect in 

the first test, in the second test it was possible to investigate even more precisely the 

hormone-like effect on the lettuce seedlings hypocotyl elongation. 

Figure 38: Gibberellin-like activity the aquaponic hydrolysate on the hypocotyl elongation 
of lettuce (Lactuca sativa var. capitata L.) seedlings found in the second in vitro test. All 
values obtained are the average of 3 replicates per treatment, in which hypocotyl elongation 
of 10 seedlings per replicate was measured. ddH2O: double distilled water; APH: 
aquaponic hydrolysate; GA: gibberellic acid. 

As Figure 38 shows, in the second test, where new concentrations of the aquaponic 

hydrolysate were tested to lettuce seeds, the most remarkable hypocotyl elongation of lettuce 

seedlings (therefore a gibberellin-like activity) was recorded at hydrolysate concentrations 

of 25,000 ppm and 15,000 ppm of aquaponics hydrolysate when compared with the control 

group and gibberellic acid treatments. At dilutions of 25,000 ppm, the average hypocotyl 

elongation of the lettuce seedlings measured was +22.2%, +17.8%, and +35.6% when 

compared to the measures obtained at 50,000 ppm 35,000 ppm, and control group (0 ppm). 
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At dilutions of 15,000 ppm, the average hypocotyl elongation of the lettuce seedlings 

measured was +27.1%, +22.9%, and +39.6% when compared to the measures obtained at 

50,000 ppm 35,000 ppm, and control group (0 ppm). The hypocotyl elongation of lettuce 

seedlings at 25,000 ppm and 15,000 of aquaponic hydrolysate was also the closest and most 

in line with the gibberellic acid concentrations at 100 ppm (maximum hypocotyl elongation 

due to acid concentration). The second test demonstrates that the most substantial hormone-

like response from the hydrolysate might be found at concentrations between those dilutions. 

4.4.2 Auxin-like activity of the aquaponic residue in inhibiting the roots 
growth of watercress (Lepidium sativum L.) seedlings 

A total of two tests was conducted in vitro on watercress seeds to investigate a 

possible auxin-like effect of the aquaponic hydrolysate on the root inhibition of the 

watercress seedlings. The tests were carried out comparing the aquaponic hydrolysate to the 

indole-3-acetic acid and control group (double distilled water). The results obtained applying 

the Audus (1972) test for the auxins to the aquaponic hydrolysate are shown graphically in 

Figure 38. As already mentioned, the Audus method for the gibberellic-like activity tests the 

ability of indole-3-acetic acid (IAA) to inhibit the growth of watercress roots.  

Figure 39: Auxin-like activity the aquaponic hydrolysate on the root growth inhibition of 
watercress (Lepidium sativum L.) seedlings found in the first in vitro test. All values obtained 
are the average of 3 replicates per treatment, in which the root growth inhibition of 10 
seedlings per replicate was measured. ddH2O: double distilled water; APH: aquaponic 
hydrolysate; IAA: indole-3-acetic acid. 
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As can be seen in Figure 39, in the first test there was greater root inhibition of watercress 

seedlings at the aquaponics hydrolysate concentrations at 25,000 ppm. Comparing the 

measures obtained at 25,000 ppm of hydrolysate with the measures obtained at 50,000 ppm, 

100 ppm, and control group (0 ppm), the root inhibition was +45.6%, +41.5%, and +56.3%, 

respectively. The root inhibition of watercress seedlings at 25,000 ppm of aquaponic 

hydrolysate was also the closest and most in line with the indole-3-acetic acid concentrations 

at 20 ppm (maximum radical inhibition due to acid concentration). This result was critical 

to establish new dilutions for the second test that adhered to slightly lower and slightly higher 

ppm values than 25,000 ppm to optimize the hydrolysate hormone response. 

As for the first test, the data of the second test (in which the possible auxin-like activity of 

the aquaponic hydrolysate was investigated) are shown graphically in Figure 40. Once 

established the concentrations of hydrolysate with the most marked auxin-like effect in the 

first test, in the second test it was possible to investigate even more precisely the hormone-

like effect on the watercress seedlings root growth inhibition. 

Figure 40: Auxin-like activity the aquaponic hydrolysate on the root growth inhibition of 
watercress (Lepidium sativum L.) seedlings found in the second in vitro test. All values 
obtained are the average of 3 replicates per treatment, in which the root growth inhibition 
of 10 seedlings per replicate was measured. ddH2O: double distilled water; APH: 
aquaponic hydrolysate; IAA: indole-3-acetic acid. 



 90

As Figure 40 shows, in the second test, new concentrations of the aquaponic hydrolysate 

were tested to watercress seeds. This time, in complete contrast to the values found in the 

first test, the most remarkable root inhibition of the watercress seedlings (therefore auxin-

like activity when compared to the indole-3-acetic acid inhibition trend) was found at the 

concentrations of aquaponic hydrolysate at 50,000 ppm, 35,000 ppm, and 15,000 ppm in the 

second test. In this case, the average growth inhibition measured at 50,000 ppm and 15,000 

ppm was the same, and the root inhibition was +38.3%, +9.4%, and +22.7% when compared 

to the measures obtained at 25,000 ppm 100 ppm, and control group (0 ppm). Regarding the 

aquaponic hydrolysate at 35,000 ppm, the average root growth inhibition measured at that 

concentrations was +46.8%, +21.9%, and +33.3% when compared to the measures obtained 

at 25,000 ppm 100 ppm, and control group (0 ppm). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 91

5 Discussion 
Water quality is a primary factor in aquaponics crop production, especially in a 

system that involves recirculating water. Deterioration of these parameters affects the 

physiology, growth rate, and feeding efficiency of fish (Yildiz et al., 2017) and the 

performance of plant crops. Temperature varied from a low of 7.4°C in February to a high 

of 30.2°C in June, hovering around an average of 16.9 ± 3.83°C (Figure 24a).  During the 

winter period (December-March), the average temperature was 13.8 ± 2.08°C, which is well 

below the minimum feeding temperature indicated for most catfish species (20-23°C), with 

no exception for the black bullhead catfish (Ameiurus melas) (Walberg, 2011). In reference 

to cherry tomato (Solanum lycopersicum var. cerasiforme), grown in the third experimental 

cycle (May-September), both environmental and water temperature (25°± 5.16°C) did not 

hinder plant growth and development. 

Dissolved oxygen concentration in the water remained at similar high levels on 

average throughout the trial (9.09 ± 1.16 mg/L), thus meeting the needs of the black bullhead 

catfish (Roncarati et al., 2015) and enhancing the root system and nutrient uptake of the 

cultivated cherry tomato plants (Rakocy et al., 2006). Despite the increase in the number of 

fish per rearing tank due to the introduction of rainbow trout during the second cycle, no 

significant change in the level of dissolved oxygen in the water was observed. This is 

presumed to be because catfish slowed down their metabolic activity due to low temperatures 

(winter period), thus decreasing oxygen consumption. Regardless of the experimental 

treatment, a slight decline in DO levels was observed from the end of February until the 

beginning of September (in conjunction with the spring and summer period) as temperatures 

rose; this was likely due to increased water temperature and increased activity by catfish.  

About pH, unlike the study conducted by Nozzi et al. (2016) that showed that in 

culture tanks with solutions at 20‰ concentrations of sodium chloride made the pH (8-8.40) 

of the water more basic, when compared to freshwater tanks (6.0-7.0), in the aquaponic 

experimentation conducted at the experimental greenhouse of the University of Padua no 

significant differences were observed between the theses under study. The discordant result 

is probably because the experimental test tested much lower salt concentrations (6‰ of 

maximum salinity in aquaponic tanks high salinity). During the first culture cycle, the 

average values were around 7.8 ± 0.40. As previously described, during the first 

experimental cycle (October-December), pH levels remained approximately 8.16 ± 0.10. In 
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contrast, with the introduction of trout, pH gradually decreased to 6.83 and then gradually 

rose again once the trout were removed from the system (Figure 24d). The decreasing trend 

could be attributable to a higher ammonia nitrogen concentration in the systems during 

polyculture rearing (see Figure 24f). The increased ammonia nitrogen levels dissolved in the 

water (linked to the increased fish biomass) may have promoted biofilter activity, leading to 

a decrease in water pH (Le et al., 2019). The optimal pH for the development and growth of 

black bullhead catfish is characterized by a relatively wide range of values (6.5 to 8.5) 

(Martin et al., 2000), which was in perfect agreement with the average values found in the 

system during testing. As far as cherry tomato plants are concerned, the optimal pH required 

by the plants is around 5.5 and 7.5 (Astija, 2000), thus preferring a slightly more acidic 

environment than the average of 8.15 ± 0.10 found during the May-September period. 

Despite the less-than-optimal pH, no apparent developmental problems or stresses were 

observed in the plants at any growth stage. 

Regarding the water efficiency of the system, during the entire experiment, water 

consumption was 0.81% of the total volume of the aquaponics unit, falling well within the 

established maximum range for daily water losses, between 0.05 and 5% (Maucieri et al., 

2019; Goda et al., 2015). Daily water consumption by evapotranspiration in all experimental 

units was similar (6.84 ± 3.96 L/d) and not influenced by salinity (Figure 24c). Overall, the 

litres used for each system were 484.9 (L) for the first cycle and 511.1 (L) for the second, 

and 619.3 (L) for the third and final cycle. As previously reported, the amount of water 

consumed by the aquaponic systems was strictly linked to the seasonal period, aquaponic 

cycle, and needs of the crop plants. There was a low consumption in winter (with an average 

of 5.8 L/d) and higher consumption in the spring-summer period (9.7 L/d) due to the rise in 

temperatures. Water losses through evapotranspiration were 0.9% of the total volume of the 

aquaponics unit, well below those commonly occurring in conventional farming system 

(Love et al., 2015; Naylor et al., 2003). 

Even if it was a non-binding parameter, neither for fish nor plant development, water 

turbidity, on average, was higher in the high salinity systems if compared to the low and 

medium ones (5.84 vs. 2.31 NTU) (Figure 24e), although not statistically significant. 

However, compared to LS treatments, the turbidity differences found in the HS fish-rearing 

tanks could be due to a substantial variability observed between systems and the 

development and blooming of microalgae that blooms in different salinity conditions. 
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For what concerns the salinity levels they were daily monitored and kept constant 

following the diktat of 0.5‰ in the low salinity units, 3,5‰ in the medium salinity units and 

6‰ in the high salinity units. Regarding fish, their survival did not appear to be affected by 

the experimental treatment or the different salinities of the aquaponic units. Black bullhead 

catfish survival was 64.2%, 81.9%, and 81.3% in the LS, MS, and HS systems. The low 

mortality rates perfectly agree with what Keys (1933) states. Namely, many freshwater 

species can tolerate saline media when progressively acclimated to them, although the 

salinity tolerance varies from species to species. When freshwater fishes are exposed to 

increased salinity conditions, the internal regulation of the fish undergoes an osmotic 

process; the osmotic gradient between the plasma and the environment reduces until the 

isosmotic point. At the end of this regulation process (if within tolerated limits), the fish has 

adapted to the new saline condition, although with a reduced metabolic rate since the 

osmoregulation process is energy intensive. As the case of the black bullhead catfish, it has 

a fair environmental versatility. This specie resists to medium salinity of 10 ppt until a 

maximum of 13.8 ppt (Garcia-de-Lomas et al., 2009). In fact, once acclimatized to the 

breeding tanks, no problems of fish adaptability were found among the different salinities. 

In the low salinity systems, some cases of fungal infections caused by Saprolegnia were 

recorded. This may have also played a crucial role in the increased mortality of catfish reared 

in these systems, although not at significant levels.  

In the literature, several studies show that the use of water baths at salinities between 

4‰ and 6‰ are effective in reducing parasitosis and fungal skin infections in freshwater 

fish (Ali, 2005; Dinçtürk et al., 2019). In this sense, rearing freshwater fish in slightly 

brackish waters (2-6‰) could also be advantageous to control possible morbidity to skin 

infections, especially in the case of aquaponics systems where the use of chemical sanitizers 

could go to negatively affect the performance of the biofilter and the characteristics of the 

plants produced. What higher salinity has failed to counteract is bacterial proliferation. 

During the last week of experimentation, an MS tank was affected by a lethal bacterial 

infection (Pseudomonas spp.) that resulted in the death of all fish in the rearing-tank within 

two days. This fact uncovered a weakness of aquaponic culture: the impossibility of 

implementing effective antibiotic treatments to cure the infection. Antibiotic therapy in 

aquaponics would lead to severe imbalances in the system because the biofilter is a 

fundamental bacterial component. The plants could also absorb part of the active principle 

of the antibiotic with possible relapse on the quality of the product and its edibility. 
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As for the effect of salinity on final product quality (Table 5), in the case of black 

bullhead catfish, water salinity significantly influenced only some slaughter results. 

Slaughter weight, averaging 193.3 g, was similar among experimental treatments although 

slightly lower in fish reared in high salinity than those in medium and low salinity (-5.46% 

and -6.94%, respectively). For eviscerated carcasses, significantly lower weight values (with 

a lower average weight of -12.5g) were found in medium and high salinity tanks than catfish 

reared at low salinity (Table 5). Total length (23.0 cm on average), standard length (21.6 

cm), and head length (5.3 cm on average) did not differ in fish from the three treatments. 

However, the low-salinity system showed slightly better results in all measurements 

(excluding head length). The post-slaughter results obtained seem to agree with the thesis of 

Keys (1933) regarding the reduction of metabolic rates due to greater energy consumption 

dedicated to osmoregulation. Different salinities did not affect fillet quality and 

characteristics regarding fillet quality and color analysis. 

For what concerns the effect of saline solutions in plant growth and development, it 

is well known that a saline environment affects the general physiology of plants (except 

properly halophytic plants) in that high levels of sodium chloride (NaCl) in the circulating 

solution inhibit plant growth and development. This is mainly due to two factors: 

1. sodium chloride results in osmotic stress, which in turn causes a reduction in the rate 

of cellular expansion of plant tissues and decreased stomatal opening, limiting the 

entry of CO2 (Shabala et al., 2014). Plants exposed to a saline environment, in 

addition to having a reduced capacity to absorb water, tend to lose water in an attempt 

to balance water potential resulting in decreased cell turgor (Martìnez-Villavicencio 

et al., 2011); 

2. the phytotoxic effect of salts, caused by their excessive entry into the transpiratory 

flow of the plant, can cause damages to plant cells. In addition, the high uptake of 

Na+ and Cl- induces the plant to a nutritional imbalance determined by the 

interference created between salt ions and the uptake of other essential nutrients that 

the plant needs, such as potassium (Martìnez Villavicencio et al., 2011). Since 

sodium is an enzyme inhibitor, the Krebs cycle, glycolysis, and 

photophosphorylation are altered, resulting in reduced energy and nutrient supply, 

decreased germination, and overall plant growth (Amor et al., 2010). 
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These adverse effects can be accentuated in cultivation systems with recirculating water, 

especially in aquaponics where, due to the high efficiency of water use, the solution is 

recirculated for longer than in most recirculating hydroponic systems, resulting in a potential 

accumulation of Na+ and Cl-. Therefore, the cultivation of cherry tomato (Solanum 

lycopersicum var. cerasiforme) was chosen because, among the various fruiting vegetables, 

it appears to be among the most tolerant to modest concentrations of sodium chloride 

(Shannon et al., 2000; Cuartero & Fernández-Muñoz, 1998). Similarly to the use of A. melas, 

there is still little evidence in the literature investigating the use of cherry tomato in 

hydroponic and aquaponic systems with brackish-salty nutrient solutions. Therefore, it is 

difficult to objectively evaluate the plant responses obtained in this study, as they may be 

conflicting with responses found in other studies (Kaburagi et al., 2020; Cuartero & 

Fernández-Muñoz, 1998). This variability between the results obtained from the 

experimentation and those reported in the literature is mainly due to the complex 

management of physical-chemical parameters and the fact that the various low-tech 

experimental setups make it complicated to compare the growth performance of both the 

farm and the culture, as they greatly and directly influence the results. Another critical factor 

is the almost total absence of studies conducted in saltwater aquaponic systems; often, the 

results obtained from aquaponic experiments are compared on the animal side with similar 

studies but carried out in aquaculture, and on the plant side, with similar studies, but pursued 

in hydroponics. 

In general, the results obtained in this trial concerning the growth performance of 

black bullhead catfish and cherry tomatoes are of considerable interest because, in addition 

to the absence of markedly significant differences between treatments, sometimes better 

results were obtained in the medium salinity and high salinity theses. Specifically, about 

catfish, the index results for final survival (64.2%, 81.9%, and 81.3% in LS, MS, and HS 

systems, respectively) present a clear indication that higher salinity levels hinder the 

proliferation of fungi, parasites, and bacteria, thus decreasing the incidence of parasitosis 

and fungal skin infections in freshwater fish, especially in aquaponics where the antibiotic 

use negatively affects the performance of the biofilter and the characteristics of the plants 

produced (Dinçtürk et al., 2019; Ali, 2005). From another perspective, at the expense of 

increased survival, the final product weight appears to have been affected by salinity, 

resulting in significantly lower biomass growth in fish reared in MS and HS systems. This 
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result leads to whether rearing black bullhead catfish at salinities greater than 0.5‰ is an 

economically advantageous choice. 

Moving to the horticultural part, the best results were obtained in the medium (MS) 

and high salinity (HS) theses in the case of relative chlorophyll content in SPAD leaves, 

which was generally higher and at 42, 49, and 70 days after transplanting values of 52.70, 

51.53 and 45.01 were recorded for MS tanks and 55.06, 54.41 and 53.93 for HS tanks; 

abundantly higher when compared to 44.53, 45.85 and 44.48 of LS tanks. A high SPAD 

index indirectly provides an index of the nutritional status of the plant, related to the nitrogen 

absorption that is one most important limiting factors for plants biomass production (Yang 

et al., 2019). Nitrogen, as previously reported in Table 1, is crucial for the growth of plants 

since it is related to photosynthesis, respiration, root development and activity, cell growth 

and differentiation, crop yield, and fruit quality (Benati et al., 2021).  

An unexpected result occurred in cherry tomato plants phenological development 

(BBCH). Although it is reported in the literature that osmotic stress caused by saline 

environments manifests in a reduced ability of plants to absorb water, resulting in reduced 

growth and development (Shabala et al., 2014; Martìnez-Villavicencio et al., 2011), cherry 

tomato plants developed better in MS and HS environments. Such a result is mainly because 

Solanum lycopersicum var. cerasiforme, as with other tomato varieties, is a salt-tolerant 

species (Fronte et al., 2016; Glenn et al., 1999). This phenological development that occurred 

in cherry tomato plants appears to be in perfect agreement with the results obtained by 

Maggio et al. (2004) on the phenological development of tomatoes grown in a saline 

environment, which results suggest that moderate salinization stimulates the net assimilation 

rate with a faster and better phenological development. 

In terms of production and quality of fruits, concerning the number of bunches 

produced, HS crops were numerically the most productive, followed by MS and LS. 

However, the situation is critically reversed when looking at the weight per bunch. Although 

all cherry tomato bunches were within commercial standards, it was found, both in terms of 

fruit per cluster and weight per cluster, that production was much higher in the LS tanks 

when compared to production in MS and HS tanks. The total production in weight (and 

therefore of biomass) of the LS theses was +20.34% compared to MS systems and +47.03% 

compared to HS systems. This is a fundamental production result if related to the commercial 

and economic aspects.  The data concerning a lower fruit weight in HS and MS culture tanks, 

when compared with tomatoes grown in LS tanks, is in perfect agreement with the findings 
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of Cuartero & Fernández-Muñoz (1998), which results showed that fruits from salt-treated 

plants seem to grow normally but, a lower water content of fruit grown in high salinities 

appears to be the result of an osmotic effect rather of NaCl. Salinity reduces xylem 

development in tomato fruit that explain part of the reduction in fruit weight under saline 

conditions. Another factor explaining the size reduction is because and high salinity 

environment lowers water potential in the plant which will reduce the water flow into the 

fruit and therefore the rate of fruit expansion. “As growers choose tomato varieties 

depending on the fruit size demanded by consumers, tomato varieties which are to be grown 

under saline conditions must have notably bigger fruits in non-saline conditions in order to 

compensate for the weight loss that salty water will cause.” (Cuartero & Fernández-Muñoz, 

1998). In general, the smaller the fruit size, the less critical its reduction in size by salt and 

the lower the reduction in yield. Therefore, the salinity effects on the weight and dimensions 

of cherry tomato fruits are not such a commercially worrying parameter. What is "lost" in 

quantity, however, is gained in quality (Cuartero & Fernández-Muñoz, 1998). 

Characteristics such as, sugars content (Bx°), titratable acidity and pH are important quality 

parameters since are directly related to the taste of the product. It can be clearly seen in 

Figure 33b that there is a higher sugar content in the fruit of plants grown in HS environments 

compared to plants grown in LS environments. Same for titratable acidity and pH (Figures 

33c and 33d) which are higher in HS theses. Tomato fruit flavour and the perception of the 

taste is strictly linked to the presence of sugar and acids. Thus, the results obtained in 

experimentation showed that in the totality of aquaponic systems, fruits from higher 

salinities are qualitatively tastier than fruits from low salinities. 

Concluding with the quality parameters of cherry tomato, regarding the production 

of antioxidant compounds is one of the responses of plant metabolism following oxidative 

stress (Bertin et al., 2014). The production of these compounds can vary depending on the 

species and the environmental conditions to which the plants are subjected, such as salinity, 

water and nutrient availability, and light intensity (Ventura & Sagi, 2013). Growing under 

conditions other than those considered ideal can induce stress and, as a result, increase 

secondary metabolites, such as antioxidants (Boestfleisch et al., 2014). Both the content of 

phenolic compounds and the antioxidant activity was found to be higher in both cases, in LS 

environments. In general, the results obtained regarding antioxidant capacity and total 

phenols show that the salt stress to which the cherry tomato plants were subjected in HS and 

MS treatments was sufficient to cause significant metabolic responses. 
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A separate discussion must be devoted to the biostimulant activity found in the solid 

residue, as it is not related to the experimentation and data collection of water, fish, and 

plants pursued during the aquaponic cycles. Secondly, it is necessary to reiterate that the 

testing (and therefore the results obtained) is related only to the LS theses, from which the 

collected solid residue came. From the aquaponic solid residue analysis, a clear picture 

emerged about the micro and macronutrients of which the residue is composed. Directly 

related to the feed composition that was administered to the fish, it was found in all three 

theses a relevant presence of essential elements to the growth of plants such as nitrogen, 

phosphorus, sodium, potassium, magnesium, calcium, phosphates, and sulfates. As 

explained exhaustively above in Table 1, nitrogen is an essential macronutrient for plant 

growth (Eck et al., 2019). Another essential macronutrient found in the solid residue was 

phosphorus. Regarding sodium, its presence, as expected, was much higher in the solid 

residue from the MS +87% and HS +93% systems with 11515 mg/kg in the MS and 21751 

mg/kg theses, compared to 1536 mg/kg found in the LS systems. The other nutrients found, 

namely: potassium, magnesium, calcium, phosphates, and sulphates, are positive as they are 

all plant growth-promoting elements. 

The analysis of the nutrient profile of the solid residue allowed to ascertain the 

presence of critical fertilizing elements in it. This result is significant because it shows that 

it is possible to use the solid residue as a fertilizing additive of completely organic origin if 

biostimulant properties are not found. It is fair to remember what has already been reported 

earlier about the recovery of nutrients from aquaponic sources; that is, as written by Zhang 

et al. (2021), the recovered nutrients from aquaponics still provide insufficient nutrition 

alone, especially compared with other organic fertilizers. The treated solid waste application 

rates as an agricultural fertilizer are about three times higher than conventional fertilizers 

(Bergheim et al., 1993). It is only necessary to compare our data on solid aquaponic residue 

with the nutrient content of a commonly used organic fertilizer such as solid cow manure. 

As reported by Kemppainen (1989), the solid cow manure has a macronutrient content of 

about 5.2-6.1 g/kg total N, 1.3-2.1 g/kg P and 3.5-6.0 g/kg K. This comparison demonstrates 

that, despite the presence of essential nutrients, organic fertilizer from aquaponics can only 

be used as a soil enrichment additive. 

Returning to the aquaponic solid waste, the tests to establish its possible hormone-

like activity and biostimulating effects, when applied to plants, have led to conflicting and 

sometimes unexpected results. To interpret the findings, it should be emphasized that in the 
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scientific literature, the presence of studies and research testing the use of solid residue from 

aquaponic plants to apply it on plants as biostimulant is still very scarce. Moreover, the 

results obtained in the gibberellins and auxins hormonal tests are affected by an enormous 

variability that makes them challenging to interpret; these results were also found to be 

conflicting between tests. The variability that was recorded among the results is mainly due 

to the complexity of assessing hormonal responses. Another crucial premise is that, on the 

discussion of the gibberellin-like effect on lettuce (Lactuca sativa var. capitata L.) of the 

aquaponic hydrolysate, it is first better to consider the second test. This is mainly due to the 

first test acting as a baseline and tracing a path, indicating the concentrations in which the 

most marked gibberellin-like effect of aquaponic hydrolysate where measured and recorded.  

From what resulted from the gibberellin tests, it might be inferred that the most 

marked gibberellin-like hormonal activity was recorded at the aquaponic hydrolysate 

concentrations of 15,000 and 25,000 ppm. When the aquaponic hydrolysate was diluted at 

25,000 ppm, the average hypocotyl elongation of the lettuce seedlings measured was 

+22.2%, +17.8%, and +35.6% when compared to the measures obtained at 50,000 ppm 

35,000 ppm, and control group (0 ppm). Similarly, when the aquaponic hydrolysate was 

diluted at 15,000 ppm, the average hypocotyl elongation of the lettuce seedlings measured 

was +27.1%, +22.9%, and +39.6% when compared to the measures obtained at 50,000 ppm 

35,000 ppm, and control group (0 ppm). The hypocotyl elongation of lettuce seedlings at 

25,000 ppm and 15,000 of aquaponic hydrolysate was also the closest and most in line with 

the gibberellic acid concentrations at 100 ppm (maximum hypocotyl elongation due to acid 

concentration). Similar results were obtained by Dantas et al. (2012) that evaluated the 

influence of gibberellic acid and a biostimulant on tamarind (Tamarindus indica L.) initial 

growth and development. As for the tamarinds in Dantas et al. (2012), the gibberellin-like 

activity obtained from the aquaponic hydrolysate confirms that the solution might have a 

positive hormonal role in cell division and elongation, thus potentially being a plant growth 

regulator. To find a more precise hormone-like activity, further investigation is necessary. 

For what concerns the two tests involving the use of the hydrolysate to test a possible 

auxin-like hormonal activity in watercress (Lepidium sativum L.) seedlings, unlike the 

promising results found for gibberellin-like activity, there was no clear hormone-like 

response. This is mainly due to the enormous variability between the results obtained, giving 

wholly discordant responses between the first and second tests. If for the gibberellic-like 

response, the results obtained during the two tests showed an effective hypocotyl elongation 
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hormonal response in lettuce plants, the aquaponic hydrolysate could indeed have 

gibberellic-like biostimulatory properties; for the auxin-like response, the same cannot be 

said. The results obtained during the two tests are too discordant to confirm any auxin-like 

biostimulatory activity. Second, the lack of a clear auxin-like response made it impossible 

to compare our results with those obtained in other studies in the scientific literature. 

However, further studies are needed to establish this conclusion with certainty. 
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6 Conclusions 
The research of new production frontiers, such as aquaponics in brackish and salty 

waters, represents a strategic aspect of the future development of new sustainable production 

systems. On the other hand, reducing freshwater resources and the progressive increase of 

soil salinity requires new production techniques that use alternative water sources little used 

by man, such as salty and brackish waters. Therefore, the present study aimed to evaluate 

the effect of water salinity on water characteristics and adaptability, production performance, 

and final yield of black bullhead catfish and cherry tomato productions grown in an 

aquaponic system with reduced technological input. 

To answer the first research question, that is: “are there differences in growth and 

development responses, adaptability, productive performance, and final production product 

in black bullhead catfish reared at different salinities than reared in freshwater?”, following 

the results, it can be stated that brackish water aquaponics systems with a water salinity up 

to 6‰ allow the production of fish species such as and black bullhead catfish, but also 

salmon trout and common carp (which were not part of this research). Although numerically 

lower in high salinities, the growths and yields on the final product of black bullhead catfish 

did not represent significant differences. The adaptability of freshwater fish to brackish 

environments was also unproblematic, with higher survival rates in medium and high salinity 

waters (81.9% survival and 81.3%) than in low salinity water (64.2% survival). The black 

bullhead catfish proves to be a viable species for aquaponics even in systems with low 

technological input and low environmental control, such as the one tested in this study. 

To answer the second research question, that is: “are there differences in growth and 

development responses, adaptability, productive performance, and final yield in cherry 

tomatoes cultivated at different salinities than cultivated in normal hydroponic conditions?”, 

following the results, it can be stated that brackish water aquaponics systems with a water 

salinity up to 6‰ allow the growth and development of cherry tomatoes. As for fish, the 

growths and yields of cherry tomato, although lower in high salinities treatments, were 

perfectly within commercial production standards. Furthermore, despite the lower 

production in medium and high salinity tanks, what was "lost" in quantity was gained in 

quality. In fact, the sugars content, titratable acidity, and pH were higher in cherry tomato 

fruits grown in high-salinity treatment than the low-salinity ones, meaning that tomatoes 
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from higher salinities were qualitatively tastier. Concerning adaptability, cherry tomato 

plants did not have evident growth and development problems, being salt-tolerant plants. 

The answer to the third research question: “are there biostimulating hormonal 

responses in the development and growth of seedlings that have received the aquaponics 

hydrolysate compared to plants that have not received the treatment?” is a bit more complex. 

There were no clear signals regarding auxin stimulation of the two hormone-like responses 

tested, i.e., auxin-like and gibberellin-like responses. As for the gibberellin stimulation, there 

was a positive response in the growth and elongation of the hypocotyl of lettuce seedlings 

that have received the aquaponics hydrolysate compared to those that have not received the 

treatment. This demonstrates a slight biostimulatory effect of the aquaponic product. Further 

studies are therefore needed to verify the adaptability of these results. 

Concluding this thesis at the coastal and maritime management level, aquaponics in 

salt and brackish water could be an efficient and economical alternative for fish and 

vegetable production. In addition, developing countries affected by aridity or increased 

groundwater salinity could adopt such systems to mitigate the difficulties of the land-based 

output, saving both economic and environmental costs by ensuring efficient use of resources. 

Furthermore, in many places around the world, the rapid expansion of coastal activities, and 

the overexploitation of marine resources is having has serious environmental and 

socioeconomic consequences. By moving fish production inland, it is possible to mitigate 

and avoid marine and coastal-related problems such as large-scale removal of valuable 

coastal wetlands, land subsidence, and subsequent loss of goods and services generated by 

natural resource systems. Furthermore, moving the production inland through RAS systems 

would drastically reduce the environmental problem of water pollution, escapes, 

transmission of possible diseases, and interbreeding with the wild stock. On the crop 

production, the adoption of inland RAS aquaponics facilities, growing important quantities 

of fruits and vegetables in saline water environment, without the use of the soil it could help 

to mitigate problems such as loss of agricultural land, loss of crops and yield due to 

unpredictable weather events resulting from climate change, overexploitation of the soil and 

arable lands, and deforestation. Aquaponics in the future could be one of the turning points 

not only to preserve the delicate coastal and maritime balance but to preserve entire resources 

from over-exploitation in a sustainable and environmentally low-impact way. 
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Appendix B 
 

Glimpse on some of the data regarding the quality of water that was gathered during the 
third cycle. In this Exel extract, it is possible to see the data of temperature, dissolved oxygen, 
and water added to the aquaponic systems, that was gathered during March.  
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Appendix C 

 

    
Me and Francesco while checking the fish before a weighing session. All the fish of the nine 
aquaponic systems were anesthetized and weighted without causing them pain or excessive 
stress. This process was done once a month to check and record the growth rates of the fish.  
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Appendix D 

 

A beautiful specimen of mirror carp bred during the third cycle in combination with black 
bullhead catfish. 



Appendix E 

Effects of Saprolegnia. Photo shows a specimen that died from this fungal disease. Such 
infections can be quite common, especially in low-tech breeding systems. However, the effects 
can be devastating if not properly recognized in time and treated. 
 

 

 

 

 

 

 

 

 

 



 

Appendix F 

Cherry tomato plants two weeks after transplanting into hydroponic tanks. 
 



 

Appendix G 
Aquaponic hydrolysate: first and second test to probe a possible gibberellin-like activity 
of the product obtained from the solid aquaponic residue. 
 

Results of average, standard deviation, and coefficient of variation recorded in the first test to 
investigate a possible gibberellic-like activity of the aquaponic hydrolysate.  
Treatment Dilution (ppm) Average Standard 

deviation 
Coefficient of 

variation 
Control group: ddH2O 0 ppm 4.7 1.1 23.03 
APH 50000 ppm 6.2 1.1 18.18 
APH 25000 ppm 7.1 0.9 12.16 
APH 100 ppm 5.6 0.9 15.99 
APH 10 ppm 6.2 0.8 13.64 
APH 1 ppm 6.3 0.9 14.58 
APH 0.1 ppm 4.8 0.7 14.50 
GA 100 ppm 7.2 1.0 13.76 
GA  10 ppm 6.8 1.0 14.55 
GA 1 ppm 1.2 1.3 108.61 
GA 0.1 ppm 1.0 1.1 108.32 

ddH2O= double distilled water, APH= aquaponic hydrolysate, GA= gibberellic acid. 

 

Results of average, standard deviation, and coefficient of variation recorded in the second test 
to investigate a possible gibberellic-like activity of the aquaponic hydrolysate. 
Treatment Dilution (ppm) Average Standard 

deviation 
Coefficient of 
variation 

Control group: ddH2O 0 ppm 2.9 0.5 17.82 
APH 50000 ppm 3.5 0.4 11.75 
APH 25000 ppm 4.5 0.5 10.69 
APH 35000 ppm 3.7 0.3 9.31 
APH 15000 ppm 4.8 0.5 9.83 
APH 100 ppm 4.0 0.5 11.53 
APH 10 ppm 3.3 0.9 25.95 
GA 100 ppm 4.8 0.6 12.01 
GA  10 ppm 3.9 0.3 8.43 
GA 1 ppm 3.7 0.3 8.44 
GA 0.1 ppm 3.9 0.3 8.70 

ddH2O= double distilled water, APH= aquaponic hydrolysate, GA= gibberellic acid. 

 

 

 

 

 



 

Appendix H 
Aquaponic hydrolysate: first and second test to probe a possible auxin-like activity of the 
product obtained from the solid aquaponic residue. 
 

Results of average, standard deviation, and coefficient of variation recorded in the first test to 
investigate a possible auxin-like activity of the aquaponic hydrolysate. 
Treatment Dilution (ppm) Average Standard 

deviation 
Coefficient of 

variation 
Control group: ddH2O 0 ppm 8.7 2.9 33.82 
APH 50000 ppm 5.9 3.6 60.56 
APH 25000 ppm 3.8 3.3 87.11 
APH 100 ppm 6.5 3.6 55.40 
APH 20 ppm 7.5 4.2 55.87 
APH 10 ppm 5.8 2.5 43.03 
APH 1 ppm 7.4 3.4 46.22 
APH 0.1 ppm 7.3 2.9 39.75 
IAA  20 ppm 2.9 0.5 17.74 
IAA 10 ppm 3.1 0.8 26.06 
IAA 1 ppm 4.7 1.1 24.08 
IAA 0.1 ppm 5.2 0.9 17.26 

ddH2O= double distilled water, APH= aquaponic hydrolysate, IAA= indole-3-acetic acid. 

 

Results of average, standard deviation, and coefficient of variation recorded in the second test 
to investigate a possible auxin-like activity of the aquaponic hydrolysate. 

Treatment Dilution (ppm) Average Standard 
deviation 

Coefficient of 
variation 

Control group: ddH2O 0 ppm 9.4 1.9 19.98 
APH 50000 ppm 5.8 2.0 34.37 
APH 25000 ppm 6.4 1.5 23.49 
APH 350000 ppm 5.0 1.6 32.14 
APH 15000 ppm 5.8 1.5 26.75 
APH 100 ppm 7.5 1.6 21.70 
APH 20 ppm 8.0 1.5 19.26 
APH 10 ppm 8.1 0.9 11.49 
IAA  20 ppm 3.2 0.4 13.58 
IAA 10 ppm 4.0 0.4 9.00 
IAA 1 ppm 5.0 0.5 9.41 
IAA 0.1 ppm 5.8 0.8 13.40 

ddH2O= double distilled water, APH= aquaponic hydrolysate, IAA= indole-3-acetic acid. 

 
 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


