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ABSTRACT 

 

 This study involves tracing inputs, partitioning, and outputs of phosphorus (P) through 

an aquaponics system. A mathematical model was developed to describe the dynamics of 

phosphorus in an aquaponics nutrient solution, and to maximize P use efficiency and minimize P 

waste. We assessed the influence of pH on the availability and speciation of phosphorus in an 

aquaponics nutrient solution. By using Visual MINTEQ, a freeware chemical equilibrium model 

for the calculation of element speciation, solubility equilibria, and sorption for natural waters, it 

was discovered that high pH values favor the formation of calcium phosphate complexes, 

decreasing the concentration of free phosphorus in aquaponics nutrient solutions. In addition, the 

mineralization of organic phosphorus in aquaponics systems was evaluated using treatments with 

phytase supplementation to fish diets, and incorporation of a microbial inoculant in the aquaponics 

nutrient solution. Overall, dietary phytase and microorganisms promoted phosphorus 

mineralization and enhanced phosphorus utilization in aquaponics systems. In the end, we 

conclude that aquaponics systems can keep the same growth performance and quality of vegetable 

crops grown in conventional systems when the availability and dynamics of phosphorus are well 

managed. 
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CHAPTER 1. GENERAL INTRODUCTION 

 

Phosphorus and its biogeochemical cycle 

 
 Phosphorus comprises approximately 2–4% of the dry weight of most living cells, being 

indispensable to all life forms on Earth (Karl, 2000). Phosphate compounds are part of the nucleic 

acids and cell membrane structures, and control enzymatic reactions and the regulation of the 

metabolic pathway (Becquer et al., 2014). Phosphorus has been even considered a promising 

indicator of suitable places to search for life in other worlds, mostly due to its energy transduction 

functions in biological systems (Weckwerth and Schidlowski, 1995). 

 Among the elements essential for life, phosphorus is one with the lowest abundance 

(0.1%) in the lithosphere (Quiquampoix and Mousain, 2005) and also one of the least biologically 

available nutrients. Phosphorus exists in the earth’s crust in its vast majority in the form of 

phosphate rock, and it is only through the processes of weathering and leaching that phosphorus 

is mobilized into terrestrial systems (Suh and Yee, 2011). However, most forms in which 

phosphorus exists on the lithosphere are unavailable for direct biological uptake. 

 The natural phosphorus biogeochemical cycle is balanced and recirculates phosphorus 

between the lithosphere and hydrosphere in millions of years (Fig. 1), differing from carbon, 

hydrogen, oxygen and nitrogen, which have faster cycles (Williams, 1979). 

 

 

Fig. 1. Global phosphorus cycle. Extracted from Williams (1979). 
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 Soil phosphorus is derived from weathered bedrock, which is carried to rivers and oceans 

via erosion by the wind or water, sinks to the seabed with remains of aquatic life forming 

sedimentary rocks, and finally surfaces via tectonic uplift (Cordell and White, 2014). Soil 

phosphorus can be a result of other natural inputs in the form of animal excreta and decaying 

organic matter. Decomposing plant and animal products, and the soil microflora and fauna that are 

responsible for such decomposition, provide a significant storage and source of phosphorus, 

comprising about 50% or more of total soil phosphorus in soils (Nash et al., 2014). 

 

Phosphate rock: a non-renewable natural resource 

 

 The shortage of essential substances to the global production of food and goods poses a 

threat to the world economy and the quality of life of people all over the world. Data regarding the 

long-term availability of our natural resources are alarmingly showing that the current worldwide 

natural reserves do not grow at the same pace as the constantly increasing demand. 

 Historically, food production depended on the inherent existence of soil nutrients 

augmented with organic materials including human, animal and crop wastes (IAEA, 2008). After 

the green revolution, which contributed to boosting crop yields around the world, the global food 

production became highly reliant on the use of chemical fertilizers. Since the Haber-Bosch process 

discovery, nitrogen fertilizers have been industrially produced through an artificial nitrogen 

fixation process, which allowed a considerable increase in the availability of nitrogen fertilizers as 

niter deposits were shrinking in the 1900s. At the same time, to keep the pace with the high demand 

for nitrogen fertilizers produced via the Haber-Bosch process, phosphorus fertilizers began to be 

manufactured on their vast majority using phosphate rock, a non-renewable natural resource 
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(Filippelli, 2011). Since then, the world fertilizer consumption has been seen as rising steadily 

(Fig. 2). 

 
Fig. 2. Global consumption of mineral fertilizers (IFA Statistics, 2016). 
 

 The increasing demand for minerals and metals calls into question their long-term supply 

security, which holds especially true for the case of phosphate rock. The prospect of decreasing 

availability of phosphate ores in years to come has posed a threat to the world’s agricultural 

systems. The decreasing availability of phosphate rock and peak phosphorus have been extensively 

discussed (Cordell et al., 2011, 2009; Schröder et al., 2011). However, it is also believed that the 

world does not face a prospective phosphorus shortage within the next few centuries and most 

distinctly possible not even within the next millennium (Geissler et al., 2015). Even though the 

projection of phosphorus supplies poses no immediate threat to global food production in the short-

run, it is particularly pertinent to encourage best practices that enhance the material-resource 

efficiency and ensure the long-term availability of global phosphorus supplies (Geissler et al., 

2015). The discovery of new phosphate rock reserves does not eliminate the long-term risks of a 

worldwide phosphorus shortage. 
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 Despite the size and longevity being the most discussed metrics of phosphate rock natural 

reserves, at least other four different aspects regarding phosphorus scarcity have to be considered 

in addition to physical availability, including economic, managerial, geopolitical and institutional 

scarcity (Cordell and White, 2014). Therefore, based on different assumptions, several authors 

proposed different global phosphate depletion scenarios, indicating different depletion or peak 

years (Fig. 3): 

 

 
Fig. 3. Global phosphate depletion scenarios showing different peak years based on various 
assumptions. Reproduced from Cordell & White (2014) with their permission. 

 

 Over time, the availability of high phosphate content ores will decrease and force more 

and more the mining of low-grade ores. The extraction of low-grade phosphate ores necessitates 

additional beneficiation processes, which increase production costs (Heffer and Prud’homme, 

2013) and greenhouse gases emissions (Bojarski et al., 2008). Mining and beneficiation of 

phosphate rock are already energy intensive processes requiring energy worth more than 70,000 

BTU to process one ton of ore (U.S. DOE, 2002). Therefore, the dependence of phosphate fertilizer 

production on fossil energy sources, the prospect of diminishing availability of high-grade 



 17 

phosphate rock and potential environmental impact in years to come have made imperative to 

explore alternative phosphate sources. 

 

Agricultural runoff: P fertilizers as environmental pollutants 

 
 Although agriculture is perceived as perfectly capable of meeting the food needs of an 

increasing population and reducing the number of people suffering from hunger around the world, 

still little is known about the path that will lead to achieving these goals without having to harm 

the environment (Tilman et al., 2002). Conversion of natural ecosystems, inputs of agricultural 

nutrients into adjacent aquatic and terrestrial habitats and groundwater, and pesticide 

contamination are just a few of several causes of environmental impacts associated with the 

intensification of agriculture (Tilman et al., 2002). 

 In the case of agricultural nutrients, concerns involving excessive phosphorus 

fertilization entering other ecosystems through leaching has triggered a movement towards 

"targeting the crop, not the soil" to reduce fertilizer use (Withers et al., 2014). Efficiency of P 

fertilizer use throughout the world is around 10-25 % (Khan et al., 2009) because almost 75–90% 

of it is precipitated with metal-cation complexes present in soils (Stevenson and Cole, 1999). As a 

result, phosphorus is transported from agricultural soils to surface waters sensitive to 

eutrophication, an environmental issue that has existed for almost 50 years (Sims et al., 1998). 

 A different approach to manage phosphorus use in agriculture has been targeting the 

crops instead of soils. The potential options to improve P fertilizer use efficiency involve (Withers 

et al., 2014): i) reduce crop phosphorus demand; ii) utilize legacy soil phosphorus; iii) use recycled 

and recovered phosphorus; and iv) increase the efficiency of applied phosphorus fertilizer. 

Embracing these strategies can end in a managed consumption of the current high amounts of soil 
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phosphorus so that recycled bio-resources and recovered fertilizer products can become possible 

alternatives to phosphate rock to replenish soil fertility, therefore reducing reliance on mined 

phosphorus, and ultimately avoiding water contamination (Withers et al., 2014). The introduction 

of P recycling and P use reduction can substantially improve the longevity of the natural 

phosphorus reserves (Koppelaar and Weikard, 2013). Thus, it is crucial to implement practices 

that increase P recycling and promote coordination of P recycling at global, regional, local, and 

even farm scales (Sharpley et al., 2015). 

 

Aquaculture, its phosphorus-rich effluents, and the environment 

 
 Aquaculture growth has outpaced all the other food industry sectors in recent decades 

(FAO, 2014). Aquaculture has driven the increase in total fish production since the mid-1990s 

while global capture production has plateaued out in the same period (FAO, 2012). Aquaculture 

is projected to supply more than 60 percent of fish destined for direct human consumption by 2030 

(Msangi et al., 2013). Aquaculture production has been expected to increase by a further 60%–

100% over the next 20–30 years to support the increasing per capita fish consumption (Turcios 

and Papenbrock, 2014), since the increase in fish consumption worldwide usually matches trends 

in food consumption (FAO, 2014). Overall increased seafood supplies will come mainly from 

aquaculture, which will reach about 85 million tons in 2022 (a 35% increase in the period). 

However, its annual production growth is projected to average 2.5 percent in 2013–2022, 

compared with 6.1 percent in 2003–2012. The main causes for this expansion deceleration include 

freshwater scarcity, decrease in optimal production locations, and increased price of fishmeal, fish 

oil and other feeds (about 50 percent of world aquaculture relies on external feed inputs) (FAO, 

2014). 
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 The increase in aquaculture operations around the world has generated a worldwide 

discussion about the environmental impact of nutrient-rich effluents from fish farms. The 

interaction of aquacultural practices with the environment has potential to cause significant 

damage to natural aquatic ecosystems, leading to social conflicts from the displacement of 

activities directly or indirectly dependent on them. Properly treating wastewater is a critical action 

that prevents negative impacts on nearby aquatic ecosystems, e.g. eutrophication, sustaining the 

expansion of aquaculture around the world (Turcios and Papenbrock, 2014). Over the past two 

decades, increasing concerns over excessive P loading have resulted in several studies aimed at 

better understanding issues related to P output from aquaculture production (Vandenberg and 

Koko, 2006). 

 Regulations mandating the reduction of P effluents from aquaculture facilities are now 

being enforced and are affecting the profitability and sustainability of aquaculture operations 

(Sarker et al., 2011). Establishing global standards are necessary to facilitate the rise of aquaculture 

systems that diminish eutrophication risks and other environmental concern while affording 

income and extended social benefits (FAO, 2014). 

 

Closing the nutrient loop: Recycling phosphorus in aquaponics systems 
 

 150 delegates at the 7th International Phosphorus Workshop held in Uppsala, Sweden in 

September 2013, identified six broad themes necessary for managing agricultural phosphorus for 

optimal production goals with minimal water quality impairment: i) P management in a changing 

world; ii) transport pathways of P from soil to water; iii) monitoring, modeling, and 

communication; iv) importance of manure and agricultural production systems for P management; 

v) identification of appropriate mitigation measures for reduction of P loss; and vi) implementation 
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of mitigation strategies to reduce P loss (Sharpley et al., 2015). For instance, in the theme "P 

management in a changing world", one of the primary research needs proposed was the 

restructuring of agriculture to close the P cycle (Sharpley et al., 2015). 

 Closing the P loop in the agricultural sector requires a system capable of managing 

phosphorus with a high level of flexibility. Phosphorus has to be delivered at the right place and 

time, i.e., where and when plants need phosphorus the most, with no excessive environmental and 

economic costs (Bateman et al., 2011). Also, it includes efforts to recover phosphorus in usable 

forms from places in the food system where nutrients usually concentrate (wastewater treatment 

plants, livestock production facilities, compost operations, and food processing plants) and recycle 

it through crop production (Yorgey, 2016). 

 In recent years, fish has become more integrated into a comprehensive agricultural 

analysis, with considerations toward interactions with other foods (FAO, 2014). Systems that 

incorporate agriculture with fish production are progressively becoming recognized as 

environment-friendly practices that combine aquatic and terrestrial crop production while 

promoting waste recycling (Jamu and Piedrahita, 2002). Wastes from one system component are 

recycled as inputs into other system components, increasing farm productivity through efficient 

resource utilization and reduced system nutrient losses, ultimately spreading financial risk through 

product diversification (Jamu and Piedrahita, 2002). 

 For instance, growing fish in wet rice fields has a long history in Asia. Integration of fish 

into rice fields is an important agro-cultural activity with social, economic and ecological values. 

The Chinese realized two millennia ago the ecological symbiosis behind the traditional rice-fish 

agricultural system: fish contribute to rice fertilization, improve micro-climate conditions, softens 
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the soil, moves water around the plants, control pests and weeds; in return, rice provides food and 

shelter for fish (Lu and Li, 2006). 

 Following the similar concept of integrated rice-aquaculture systems, aquaponics has 

become a rising food production technology since the early 1980s (Somerville et al., 2014). 

Aquaponics is a particular form of recirculating aquaculture systems, consisting of fish tanks 

(aquaculture) integrated with plants, which are cultivated in a soil-free environment (hydroponics). 

The primary goal of aquaponics is to reuse the nutrients produced as a result from the farming of 

fish to grow vegetable crops. In return, plants act as natural filters to remove nutrients from the 

water, increasing the carrying capacity of the system, and allowing the culture of fish at high 

densities without compromising their growth. 

 Thus, aquaponics shows promise as an emerging technology to raise fish at high 

densities, providing an additional marketable crop (vegetables), and potentially close the 

phosphorus loop. However, phosphorus is not a nutrient well discussed in aquaponics systems. In 

the vast majority of studies involving aquaponics systems, the nutrient balance is based on the 

nitrogen dynamics, i.e., the nitrogen load in the form of ammonia excretion and nitrogen uptake 

by plants. For instance, the carrying capacity of aquaponics systems has been determined based on 

nitrogen removal by plants (Endut et al., 2014; Seawright et al., 1998) while other nutrients are 

usually not considered. Moreover, aquacultural effluents contain disproportionate amounts of the 

nutrients required by plants. In general, aquaponics nutrient solutions lack micronutrients (Rakocy, 

2012) and potassium (Graber and Junge, 2009). The changes in concentrations of different 

nutrients in integrated systems differ because of the disparity between the relative proportions of 

available nutrients generated by fish and nutrients absorbed by plants (Seawright et al., 1998). 
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Therefore, when designing aquaponics systems based solely on the nitrogen budget, there is no 

guarantee that other nutrients like P are lacking or exceeding plant’s requirements. 

 The dynamics of phosphorus has been reported in one study involving aquaponics 

systems, but the overall P budget showed that the total amount of P recovered in fish, plants, and 

solids exceeded the quantity provided in the diet (Seawright et al., 1998). No study so far has 

attempted to model the dynamics of P in aquaponics systems. Understanding nutrient absorption 

dynamics is imperative to adapt adequately inputs to extraction rates, which vary through the 

production cycle and are influenced by the climate conditions, especially temperature and solar 

radiation (Castilla, 2012). The development of design criteria for aquaponics systems requires 

estimates of nutrient uptake and a deep understanding of culture water nutrient dynamics (Rakocy 

and Hargreaves, 1993). Nutrient balance calculations are widely used to increase nutrient 

efficiency and reduce losses from agricultural systems (Modin-Edman et al., 2007). 

 Phosphorus uptake by plant roots occurs mainly as soluble forms of phosphate ions from 

the solution, which depends on the solubilization of mineral phosphates and the degradation or 

mineralization of organic phosphorus (Gerke, 2015; Malboobi et al., 2009; Quiquampoix and 

Mousain, 2005). The forms in which phosphorus exists in solution changes according to pH. The 

pKa for the dissociation of H3PO4 into H2PO4
− and then into HPO4

2− are 2.1 and 7.2, respectively. 

Therefore, below pH 6.0, phosphorus is mostly present in the form H2PO4
−, while H3PO4 and 

HPO4
2− have small activities, and PO43− is inexistent (Fig. 4). Most studies on the pH dependence 

of P uptake in higher plants have found that absorption rates are highest in 5.0 - 6.0 pH range when 

H2PO4− is prevalent, suggesting that P is taken up as the monovalent form (Schachtman et al., 

1998). 
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Fig. 4. Phosphoric acid speciation as a function of pH (Hanrahan et al., 2005). 
 

 According to d’Orbcastel et al. (2008), 50% of the phosphorus present in fish diets is 

retained by the fish, while 20% is evacuated in the particulate form, and 30% is excreted in the 

water as dissolved orthophosphate (PO4). The phosphorus present in the particulate form is mostly 

comprised of undigested forms of organic phosphorus (60-90%) (Yeo et al., 2004), as well as 

inorganic molecules not utilized by the fish. 

 The aquaculture feed manufacturing sector has acknowledged that the use of plant-based 

aquafeeds to raise aquatic species is as an essential requirement for the long-term development of 

aquaculture (Gatlin et al., 2007). The use of vegetable plant proteins in commercial diets for Nile 

tilapia has been recognized as an important practice to reduce feed cost (Schamber et al., 2014). 

Plant-based feedstuffs such as soybeans, corn, and wheat contain high amounts of phytic acid (or 

phytate), which is the primary phosphorus deposit of several vegetable tissues. However, phytate 

cannot be utilized by fish as a direct source of phosphorus (Cao et al., 2007; Cho and Bureau, 

2001). 

 Many fish nutritionists have supplemented diets with phytase to liberate free phosphorus 

from phytic acid, when significant portions of plant-based ingredients such as soybean meal are 

used in fish feeds (Hien et al., 2015). The successful utilization of phytase in fish diets is well 
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documented for several fish species, such as the channel catfish Ictalurus punctatus (Jackson et 

al., 1996; Li and Robinson, 1997), red sea bream Pagrus major (Biswas et al., 2007), seabass 

Dicentrarchus labrax (Oliva-Teles et al., 1998), rainbow trout Oncorhynchus mykiss (Vielma et 

al., 1998) and Nile tilapia Oreochromis niloticus (Liebert and Portz, 2005; Portz and Liebert, 

2004). However, the use of plant-based diets supplemented with phytase for fish species raised in 

aquaponics systems has not been described yet. Thus, it is not clear whether it can influence the 

overall phosphorus budget in the system and therefore affect the growth of fish and plants when 

phytate is a considerable source of phosphorus in the system. 

 Organic forms of phosphorus are not directly available to plants (Richardson et al., 2006) 

and have to be mineralized or enzymatically cleaved to become available to plants (Deubel and 

Merbach, 2005). Plants produce a range of extracellular acid phosphatases that are released into 

the external environment as free enzymes. However, if organic P substrates are soluble and able 

to diffuse through the root apoplast, dephosphorylation may occur within the cell wall space or at 

the root endodermis (Richardson et al., 2006). Although some plant-produced phytases have been 

characterized, it has been suggested that the activity of these enzymes in roots is insufficient for 

efficient utilization of phytate (Mudge et al., 2003). 

 Microorganisms known as plant growth promoters (PGP) play an essential role in 

sustainable food production systems by improving the productivity of crops and mitigating 

environmental impacts caused by the indiscriminate use of chemical inputs in agriculture 

(Mangmang et al., 2014). Nutrient cycling enhancement for nitrogen and phosphorus, production 

of indole acetic acid (IAA) and siderophores, stomatal regulation, and alterations in root 

morphology are some of the benefits associated with the presence of PGP in agricultural systems 

(Gaggìa et al., 2013; Saxena et al., 2013). Microorganisms enhance the phosphorus availability to 
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plants by mineralizing organic P and solubilizing precipitated phosphates (Khan et al., 2009; Ruzzi 

and Aroca, 2015). Microorganisms with phosphorus-solubilizing characteristics that are associated 

with the rhizosphere have been identified in soils in the early 1900s including Bacillus megaterium, 

B. circulans, B. subtilis, B. polymyxa, B. sircalmous, Pseudomonas striata, and Enterobacter 

(Khan et al., 2009). Bacillus is one of the most studied plant growth promoting rhizobacteria 

(Ahmad et al., 2008), but its use in aquaponics systems has not been described. 

 

Dissertation Organization 
 

 The following chapters of this dissertation report the findings of four separate studies 

that addressed the main points highlighted in the general introduction: i) Phosphorus dynamics 

modeling and mass balance in aquaponics; ii) Effect of pH on P availability in aquaponics nutrient 

solution; iii) Phytase supplementation in a plant-based diet affects phosphorus dynamics and 

enhances phosphorus use efficiency in aquaponics systems; and iv) A water probiotic mixture as 

plant growth promoter and effect on phosphorus mineralization in aquaponics systems. Each 

manuscript includes a separate Introduction, Material and Methods, Results, Discussion and 

Conclusion sections. The second chapter contains the General Conclusions with a brief discussion 

of the results as they apply to the research problem detailed in the General Introduction, as well as 

suggestions for future studies. The dissertation author was responsible for conducting all 

experiments described in the four manuscripts that comprise the chapters of this dissertation. 
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CHAPTER 2. GENERAL CONCLUSION 

 

 Aquaponics has become a rising food production system around the world in the last 30 

years. Aquaponics has been presented as an alternative to mitigate the indiscriminate overuse of 

water, energy, pesticides and nutrients in food production. Today, we face prospects of an 

emerging food crisis due to a rising world population that wants to eat more high-quality food and 

a climate system that is diminishing harvests in many areas. In recent years, consumers all over 

the world have demonstrated interest in knowing the origin of the food they buy, which has 

triggered a movement to incentivize locally grown food. This movement has sprouted an 

unprecedented number of urban farming initiatives. Companies are responding to consumer 

demands for more sustainable and local food sources by setting up systems to produce food in 

cities and their surroundings. Indirectly such movements have also contributed to close several 

nutrient loops by bringing food production close to consumers. However, there are still many 

challenges to overcome. Aquaponics systems attempt to mimic natural ecosystems interrelations 

between animals, microorganisms and plants, therefore closing nutrient cycles, enhancing nutrient 

use efficiency and promoting environmental sustainability.  

 In the five chapters that comprise this dissertation, several hypotheses were tested with 

the promise to enhance the overall phosphorus use efficiency in aquaponics systems. It started with 

modeling the phosphorus dynamics and determining the phosphorus budget in aquaponics. The 

dynamics of phosphorus was successfully modeled using a commercial fish feed in an integrated 

system containing tilapia and lettuce. The model proved that phosphorus dynamics can be 

predicted in aquaponics and therefore be used to estimate an adequate density of fish and plants. 
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 The effect of pH on P availability in an aquaponics nutrient solution was also successfully 

determined by using a novel approach. To the best of my knowledge, the methods employed in the 

nutrient release assay have never been described in the literature. It is worth noting that these 

methods can be a quick tool for determining nutrient release in any fish species and any diet that 

have never been tested in aquaponics. With such nutrient release results, the estimation of nutrient 

concentrations, and calculation of the carrying capacity of aquaponics (density of fish and plants, 

fish biomass, feeding rates) can be accurate and reliable. 

 Later it was discovered that organic phosphorus was a major source of P in aquaponics 

systems. However, as well discussed in the literature, organic phosphorus is not a direct source of 

P for fish and plants. The P content in the carcasses of fish that fed diets rich in phytate was 

significantly low, similarly to the P content determined in leaves from plants grown in systems 

receiving high input of phytate. Organic phosphorus was made available with the use of dietary 

phytase and inoculation in the water of a commercial Bacillus mixture. 

 The Bacillus mixture seemed to enhance the growth of lettuce cultivated in aquaponics 

nutrient solutions. However, since the commercial product contained trace amounts of phosphorus, 

it was not possible to distinguish whether the benefits were a result of the microbial activity or a 

fertilizing effect. In future experiments, it is highly recommended the inclusion of a control 

treatment in which microbial cells are inactivated (e.g. autoclaving, gamma irradiation, etc) so that 

the microbial activity can be distinguished from the nutrient contribution. 

 It seems plausible to further investigate a possible interaction between dietary phytase 

supplementation with the inoculation of Bacillus sp. in aquaponics systems. Even if dietary phytase 

improved the phosphorus retention in fish biomass, the P budget analysis showed that a portion of 
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the total phosphorus input remained in the solid waste excreted by fish, which could be mineralized 

by Bacillus and therefore become available for uptake by plants. 

 In conclusion, aquaponics systems demonstrated to be as productive as any other 

conventional aquaculture or hydroponics systems alone. Also, plant-based diets can be used to 

feed tilapia in aquaponics systems without affecting fish and plant growth provided that phytase 

is supplemented in diets, or inorganic phosphorus is added to the formulation. 
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APPENDIX A. PHOSPHORUS DYNAMICS MODELING AND MASS BALANCE IN 

AQUAPONICS SYSTEMS 

 

Modified from a paper submitted to Agricultural Systems 

 

Brunno da Silva Cerozi and Kevin Fitzsimmons 

 
Abstract 
 
Phosphate rock, a limited natural resource, has been the exclusively viable source of phosphorus 
(P) in the manufacturing of P fertilizers. The dependence of P fertilizer production on fossil energy 
source and the prospects of diminishing availability of phosphate ores in years to come have made 
imperative the search for alternative P sources. Aquacultural effluents are rich in P, a growing 
concern worldwide for potential environmental pollution. Integrating aquaculture with agriculture, 
e.g. aquaponics, shows promise to enhance nutrient and water use efficiency and overall 
environmental sustainability. It is important to understand nutrient absorption dynamics to adapt 
inputs to extraction rates. The present study was carried out to quantify a P flow, P mass balance, 
and evaluate P removal efficiency by hydroponic lettuce integrated with tilapia aquaculture. Also, 
a phosphorus dynamics simulation model was developed to be a decision support system for 
phosphorus management. 15 tilapia juveniles (20 g) and four 15-day-old lettuce seedlings 
comprised each aquaponics experimental unit (n = 3). Fish were fed 1% of their biomass per day. 
At days 0, 7, 14, 21 and 28 after transplanting, water samples were taken from each aquaponics 
biofilter to determine the reactive and total concentration of phosphorus. Lettuce, fish, and feed 
samples were oven dried and ground for P content analysis. The P dynamics model was validated 
by comparing predicted to observed values of dissolved P over time. The linear regression 
equations between predicted and measured values were compared with the 1:1 line for statistically 
significant differences (p < 0.05) in slope and intercept values. The adequacy of the model was 
determined by testing if intercept equals zero and slope equals one separately using the one sample 
Student T-Test. Comparison of simulated and measured values of dissolved P dynamics showed a 
good fit around the 1:1 line with the slope (b = 1.005) and intercept values (a = 0.0189) being not 
statistically different (p > 0.05) from 1.0 and 0, respectively. The assimilation of P in the fish and 
plant components comprised 71.7% of the total P input, indicating high P utilization by the system. 
The P dynamics model predicted the behavior of dissolved phosphorus in aquaponics systems, 
which can be used to determine adequate fish:plant ratios, maximize P use efficiency and minimize 
waste. The overall high P utilization by fish and plants observed in this study showed that 
aquaponics is an excellent tool for recycling phosphorus while yielding a high-quality crop. 
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Introduction 

 
 With prospects of an increasing world population and the necessity to raise food 

production, phosphorus (P) represents a critical nutrient to a growing agriculture industry. 

Phosphate rock has been the exclusively viable source of phosphorus in the manufacturing of 

phosphate fertilizers (Morawicki, 2012). Mining and beneficiation of phosphate rock are highly 

energy intensive processes requiring energy worth more than 70,000 BTU per ton of ore (U.S. 

DOE, 2002) that potentially result in a broad range of adverse environmental effects. P fertilizer 

supplies will be affected by rising feedstock prices, and by challenges to access to more fossil fuel 

and phosphate rock reserves. In the future, the extraction of low-grade phosphate ores will 

necessitate additional beneficiation processes, which might increase production costs (Heffer and 

Prud’homme, 2013) and greenhouse gasses emissions (Bojarski et al., 2008). Thus, the dependence 

of P fertilizer production on fossil energy sources and the prospects of diminishing availability of 

phosphate rock in years to come have made imperative to explore alternative P sources. 

 The use of agricultural wastes for a worldwide supply of P shows promise and is being 

re-examined (Cordell et al., 2009). Aquacultural effluents are known to be rich in dissolved and 

suspended solids that contain mainly phosphorus (P) and nitrogen (N), generated from fish 

excretion, feces and uneaten feed (Summerfelt and Clayton, 2003). These P wastes released by 

aquaculture operations are a growing concern worldwide due to their potential of environmental 

pollution (Chowdhury et al., 2013). Hence, integrating aquaculture with existing irrigated farming 

systems has the potential to enhance productivity, water use efficiency and overall environmental 

sustainability (Ingram et al., 2000), reduce use of pesticides and chemical fertilizers (Rejesus et 

al., 2013), promote ecological and social benefits (Halwart et al., 2003), and maximize farm 

production without increasing water consumption (McIntosh and Fitzsimmons, 2003). 
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 Aquaponics, an example of integrated aquaculture-agriculture, is the combination of 

recirculating aquaculture and soilless vegetable production in a closed-loop system. Aquaponics 

has received considerable attention due to system's capability to raise fish at high density, sustain 

adequate water quality, minimize water exchange, and produce a profitable vegetable that is 

responsible for the direct assimilation of dissolved fish wastes and products of microbial 

breakdown (Danaher et al., 2013). Therefore, there is potential for aquaponics systems to become 

an alternative way of recycling P and enhancing overall P utilization. However, the P dynamics 

and budget in aquaponics systems remain unclear. The dynamics of phosphorus has been reported 

in one study involving aquaponics systems, but the overall P budget showed that the total amount 

of P recovered in fish, plants, and solids exceeded the quantity provided in the diet (Seawright et 

al., 1998). No study so far has attempted to model the dynamics of P in aquaponics systems. Most 

studies have focused on describing nitrogen dynamics and budget in aquaponics. For instance, the 

carrying capacity of aquaponics systems has been determined based on nitrogen removal by plants 

(Endut et al., 2014; Seawright et al., 1998) while other nutrients are usually neglected. However, 

aquacultural effluents contain disproportionate amounts of nutrients required by plants. In general, 

aquaponics nutrient solutions lack micronutrients (Rakocy, 2012) and potassium (Graber and 

Junge, 2009). The changes in concentrations of different nutrients in integrated systems differ 

because of the disparity between the relative proportions of available nutrients generated by fish 

and nutrients absorbed by plants (Seawright et al., 1998). Therefore, when designing aquaponics 

systems based only on the nitrogen budget, there is no guarantee other nutrients like P are lacking 

or exceeding plant’s requirements. Phosphorus deficiency causes stunted plant growth, whereas 

phosphorus excess may lead to antagonistic interactions with micronutrients, especially zinc 

(Barben et al., 2010). 
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 Understanding nutrient absorption dynamics is imperative to adapt adequately inputs to 

extraction rates, which vary through the production cycle and are influenced by the climate 

conditions, especially temperature and solar radiation (Castilla, 2012). The development of design 

criteria for aquaponics systems requires estimates of nutrient uptake and a deeper understanding 

of culture water nutrient dynamics (Rakocy and Hargreaves, 1993). Nutrient balance calculations 

are widely used to increase nutrient efficiency and reduce losses from agricultural systems (Modin-

Edman et al., 2007). Thus, the present study was carried out to quantify a phosphorus flow, a 

phosphorus mass balance, and evaluate phosphorus removal efficiency by hydroponic lettuce 

integrated with tilapia aquaculture. Also, a phosphorus dynamics simulation model was developed 

to be a decision support system for phosphorus management in aquaponics systems. 

 

Material and Methods 

 

 System setup and operation 

 

 The trial was carried out in at the CEAC (Controlled Environment Agriculture Center) 

Aquaponics Greenhouse. Three experimental aquaponics units, each consisting of a 20-L fish tank, 

20-L sump filled with 10 L of biofilter medium (Biospheres, Amiracle) and a hydroponics channel 

were used to conduct the study (Fig. 1A). The sump contained a water pump (EcoPlus 185, 26.5W) 

to deliver water to fish tanks at a rate of 600 L h-1. An additional pump (2W, 200 L h-1) delivered 

water to the hydroponics NFT-channels and was controlled by a timer that maintained a cycle of 

50 seconds on / 1:40 minutes off. Aeration in the fish tanks and biofilters was provided by 

airstones. Three separate hydroponics units (Fig.1B) were used as the control for lettuce growth 
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and phosphorus content comparison. For that, the 20-L reservoir was filled with a half-strength 

hydroponic solution (1.25 g L-1, MaxiGro, Green Hydroponics), which was entirely replaced every 

week for the first two weeks; for the remaining two weeks, a full-strength nutrient solution           

(2.5 g L-1 MaxiGro, Green Hydroponics, Sebastopol, CA) was used and also completely replaced 

on a weekly basis until the end of the experiment. Water lost through evapotranspiration in all 

systems was replenished with deionized water. 

 Aquaponics nutrient solutions are known to contain small amounts of potassium, 

magnesium, and micronutrients. In the present study, potassium was supplemented in the form of 

potassium chloride (Muriate Potash, Hi-Yield®) to all aquaponics systems on a weekly basis to 

maintain K+ concentration at 50 mg L-1. Magnesium was supplemented by foliar spraying twice a 

week using a 1.5% solution of magnesium sulfate salt. Micronutrients (Fe, Cu, Zn, Bo, Mn and 

Mo) were also supplemented by foliar spraying with a 0.15 g L-1 solution of a micronutrient blend 

product (S.T.E.M, soluble trace element mix, Peters Professional, Everris) every two days during 

the first two weeks and twice a week during the last two weeks after transplanting. The foliar 

applications of referred nutrients were chosen over dissolution in the aquaponics nutrient solution 

to prevent interaction of these supplements with dissolved phosphorus, such as the formation of 

insoluble salts, like magnesium and iron phosphates, which could precipitate phosphorus out of 

solution and affect the nutrient dynamics analysis. Potassium chloride was directly added to the 

water. 

 Air temperature, relative humidity, and solar radiation were monitored using a data 

logger (Campbell Scientific CR23X). Since each aquaponics unit had a relatively small volume of 

water, water temperature fluctuated according to air temperature and, therefore, was assumed to 

be the same. Dissolved oxygen in fish tanks was checked on a daily basis using a YSI Pro20 
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handheld meter and remained constant above 5.0 mg L-1 in all units. The pH in aquaponics systems 

was adjusted to be at 6.8 on the day plants were transplanted using a 5.0M sulfuric acid solution, 

and monitored on a weekly basis using a handheld pH meter (HACH Hq40d multi). The pH in 

aquaponics systems decreased over the weeks, and it was adjusted with sodium bicarbonate 

accordingly; since experimental trials were of short duration, sodium build-up was not considered 

a significant concern. The pH of the hydroponics nutrient solution was adjusted at 5.5 on the day 

the solution was prepared but not adjusted after that. 

 

 

Fig. 1. Top view diagram of the experimental units. A represents the aquaponics unit, B the 
hydroponics unit, and the black squares are the pumps. 

 

 Fish and plants culture conditions 

 

 Tilapia juveniles with an average initial body weight of 20 g were obtained from 

spawning broodstock at the site. Fifteen fish were transferred to their respective tanks five days 

before lettuce transplanting for acclimation. Red Cherokee lettuce pelleted seeds (Johnny’s Seeds) 

were sown in Rockwool cubes and kept in the greenhouse under natural light and photoperiod. 

Four lettuce seedlings were transplanted to each NFT-channel 15 days after sowing, with the 

appearance of the first extended leaf. Ten additional lettuce seedlings with similar characteristics 

to the ones transplanted were oven-dried for two days at 65ºC for initial dry biomass determination. 
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 Fish were fed a commercial diet (35% crude protein, Star Milling California) at 

approximately 1.0% of body weight per day, twice a day (8:00 am and 4:00 pm). Feeding rate 

based on fish biomass was not corrected over time and was maintained constant during the entire 

experiment. Each fish tank contained approximately 300 g of total biomass, resulting in a feeding 

rate of 3 g of feed per day. The initial total fish biomass, total feed input and, therefore, daily 

feeding rate were determined based on the calculated carrying capacity of the system to remove 

close to 100% of the dissolved phosphorus by the plants on the last day of the trial period. 

 Since the calculation of dissolved phosphorus dynamics subtracted the initial phosphorus 

concentration to only account phosphorus input after the start of the experiment, any experimental 

unit that showed a negative net phosphorus concentration on the last day was therefore corrected 

to zero. Similarly, the phosphorus assimilated by fish considered the net P accumulation which 

was calculated by subtracting the total amount of P stocked initially (Initial fish biomass × dry 

matter × P%) from the total amount of P harvested (Final biomass × dry matter × P%). 

 

 Model inputs and outputs 

 

 The aquaponics phosphorus dynamics model was a simulation model developed to be a 

decision support system for phosphorus management in aquaponics crops. Dissolved and solids 

phosphorus production were calculated firstly based on theoretical feed utilization by the fish. 

Waste fluxes were calculated by removing the part retained by the fish (biomass production and 

body composition) from the part ingested. 

 According to d’Orbcastel et al. (2008), 50% of the phosphorus input as Pfeed are retained 

by the fish, while 20% occur in the particulate form, and 30% are dissolved as orthophosphate. 
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Since deionized water was used to replace evapotranspiration losses, the fish feed was considered 

the only phosphorus input for each aquaponics system, which was calculated as in Eq. (1): 

𝑃"##$ = 	𝐹	×	𝑃%			(1) 

where F is the feed amount (grams per day), and P% is phosphorus content of feed (decimal 

fraction, determined by digestion analysis). 

 According to Zink and Yamaguchi (1962), phosphorus uptake curves are very similar to 

those for dry-matter production in lettuce. Therefore, in our model, we assumed that phosphorus 

removal by lettuce (or phosphorus uptake) was directly related to plant dry matter accumulation 

over time in the system. Thus, to determine dissolved phosphate removal, daily lettuce dry biomass 

gain was calculated using a lettuce growth model proposed by Tei et al. 1996 (2): 

 
𝑙𝑛 𝑤 = 𝑙𝑛 𝑤0 + 𝑟[1 − 𝑒𝑥𝑝 −𝑟$𝐷 ] 𝑟$ 	(2) 

where w is the final weight at a particular degree-day accumulation, w0 is the initial dry weight, r 

is the early relative growth rate, rd is the parameter describing the rate of decrease of relative 

growth rate with D, and D is the degree-day accumulated in the period between final weight w and 

initial weight w0. The parameter r was experimentally determined (0.023) and rd (0.0029) was 

acquired from Tei et al. 1996. Degree-days were calculated using Eq. (3). 

𝐷 = 𝑇<#=>?@#$ − 𝑇A=>#	(3) 

where D is the degree-day calculated based on the difference between measured temperature 

(Tmeasured) and Tbase . The Tbase value for lettuce (3.5) was acquired from Tei et al. (1996). 

 The early relative growth rate r was experimentally determined in a separate trial by 

growing ten lettuce seedlings for one week (same conditions as stated above) and measuring their 
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initial and final fresh weights. The seedlings were then dried at 65°C for two days for dry matter 

content determination. Initial and final dry weights were obtained by multiplying the dry matter 

percentage by the initial  and fresh weights. The parameter r was then calculated as follows (4): 

𝑟 = 	 [𝑙𝑛(𝑤") 	− 𝑙𝑛(𝑤C)] 𝐷 (4) 

where r is early relative growth rate, wf is the final dry lettuce weight, wi is the initial lettuce dry 

weight and D is the number of degree-days accumulated over the period between weighings. 

 The simulated daily changes in the dissolved P concentration (as PO4
3– in mg L-1) 

considered P fraction released in the water as a result of fish excretion (30% of total P in fish feed) 

(d’Orbcastel et al., 2008) and the P uptake by lettuce grown in the system (5): 

𝑃$C>>EFG#$	 = [(0.3𝑃"##$ − 𝑃F#JJ?K#	) 	𝑉	]	×	3.065	×	10OP			(5) 

where Pdissolved is the orthophosphate concentration the water in mg L-1, Pfeed is the total phosphorus 

input in the form of fish feed, Plettuce is the lettuce uptake based on the P accumulation in the dry 

biomass, V is the total volume of the system, and 3.065 is the factor to tranform P into PO4. 

 

 Phosphorus budget analysis 

 

 The phosphorus budget was determined assuming that P would be present in aquaponics 

systems in the following pools: (i) phosphorus fixed in total fish biomass [Pfish, (g of P in fish 

biomass gained), (ii) phosphorus fixed in total plant biomass [Pplants, (g of P in plants harvested)], 

(iii) dissolved orthophosphate (PO4
3–) [Pdissolved, (g of P present in the water)], and (iv) unavailable 

phosphorus, in the form of organic and acid hydrolysable phosphorus [Punavailable, (g of P present 

in solids)]. The total amounts of phosphorus present in each component described above were 
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divided by the total phosphorus input in the form of fish feed and were expressed as a percentage 

of total feed phosphorus input (considered 100%). The unaccounted phosphorus fraction 

(%Punaccounted) was determined using the equation (6): 

 
𝑃?Q=KKE?QJ#$ = 𝑃"##$ − (𝑃"C>R + 𝑃$C>>EFG#$ 	+	𝑃SF=QJ> 	+ 𝑃?Q=G=CF=AF#)      (6) 

 

 The total phosphorus recovery was determined as follows (7): 

 
𝑃@#KEG#@T = [(𝑃"C>R + 𝑃$C>>EFG#$ 	+	𝑃SF=QJ> 	+ 𝑃?Q=G=CF=AF#)/𝑃"##$]	×	100      (7) 

 

 Phosphorus content analysis and chlorophyll concentration index 

 
 Plants, fish, and feed samples were collected at the end of trial period, oven dried at 65°C 

for 72 hours, and weighed for dry mass determination. Samples were finely ground, and 10 mg 

aliquots were transferred to glass vials, added the contents of one potassium persulfate powder 

pillow (Hach PERMACHEM® Reagents) and 2 mL of sulfuric acid (5.25N, Hach Company, 

Loveland, Colorado, USA). Vials were transferred to a block digester (HACH COD Reactor) and 

digested at 150ºC for 4 hours. After complete digestion, vials were let to cool off at room 

temperature and received 2 mL of NaOH solution (5.0N, Hach Company, Loveland, Colorado, 

USA). An aliquot (100µL) was pipetted into a different glass vial, and the volume was adjusted to 

10 mL using deionized water. Phosphorus concentration in the final sample was determined in a 

portable colorimeter (Hach DR/850 Colorimeter, Hach Company, Loveland, Colorado, USA) 

using the Hach Method 8048 (Hach Company, Loveland, Colorado, USA). The chlorophyll 

concentration index (CCI %) was measured on three different leaves per plant using a portable 

meter (Apogee CCM-200) prior to harvesting. 
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 Dissolved nutrients analysis 

 
 At days 0, 7, 14, 21 and 28 after transplanting, water samples were taken from each 

aquaponics biofilter to determine dissolved concentration of NO3
-, PO4

-3 and K+. Nitrate 

concentration was determined using the Hach Nitrate High-Range Standard method 8039. 

Orthophosphate concentration was determined using the Hach method 8048. Potassium 

concentration was determined using a portable K+ meter (LAQUAtwin K+; Horiba, Kyoto, Japan). 

 Solids that accumulated over the trial period were homogenized with the entire solution 

within the biofilter, and 0.5 L aliquot was collected. The aliquot was transferred to a blender and 

processed for two minutes. A 0.1 mL aliquot was pipetted from the blended sample, and volume 

adjusted to 5 mL using distilled water and analyzed using the Hach Total Phosphorus Method 

8190. 

 

 Model performance and statistical analysis 

 
 The model was validated by comparing predicted to observed values of dissolved 

phosphorus over time. The linear regression equations between predicted and measured values 

were compared with the 1:1 line for statistically significant differences (p < 0.05) in slope and 

intercept values (Thomann, 1982). The adequacy of the model was determined by testing if 

intercept equals zero and slope equals one separately using the one sample Student T-test 

command in SPSS. The percent error of the model was calculated by subtracting the predicted 

values from the observed values (error), then dividing the absolute values of the error by the 

predicted values, and finally multiplying by 100. Differences in lettuce biomass and lettuce 
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phosphorus content data in aquaponics and hydroponics systems were determined using the 

independent T-TEST command in SPSS. 

 

Results 

 

 Temperature, relative humidity and PAR 

 
 The average daily temperature, air relative humidity and photosynthetic active radiation 

were 24.6ºC, 46.3% and 166.1 µmol m-2 s-1 during the trial period, respectively (Fig 2.). 

 

 

 

 
Fig. 2. Daily values of air temperature, relative humidity and photosynthetic active radiation (PAR) 
during the experiment. 
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 Lettuce biomass, phosphorus content and chlorophyll content index 

 

Wet biomass and dry biomass of lettuce grown in aquaponics systems did not show 

statistical difference (p > 0.05) from lettuce grown in the hydroponics control (Table 2). However, 

plants in aquaponics systems accumulated more phosphorus and chlorophyll than their 

hydroponics counterparts (p < 0.05) (Table 1). 

 

Table 1. 

Lettuce characteristics in aquaponics and hydroponics systems 

 Wet Biomass (g) Dry Biomass (g) P content (%) CCI* 

Aquaponics 222.78±53.0 8.06±1.7 0.91±0.11 9.25±0.56 

Hydroponics 220.39±20.4 9.25±1.0 0.66±0.03 8.04±0.79 
p-value 0.89 0.26 0.0001 0.02 

* chlorophyll concentration index (%). Means ± S.D. 

 

 Lettuce growth and nutrient dynamics 

 

According to our model predictions, lettuce growth had a direct effect on the phosphorus 

dynamics in aquaponics systems. The simulation model showed a lag phase in plant growth of 

almost ten days after transplanting, which allowed a linear increase in dissolved phosphate in the 

aquaponics solution. When plants reached exponential phase at day 21 after transplanting, the 

model predicted a dramatic decrease in dissolved phosphate at a similar rate due to a high 

phosphorus extraction rate (Fig. 3). 



 55 

 
Fig. 3. Simulation of lettuce growth and dissolved phosphorus dynamics. 

 

 The P dynamics model was able to predict reasonably well the weekly changes in the 

dissolved P concentrations in the aquaponics systems (Fig. 4). There was a tendency to 

underestimate the P concentration slightly at day 7 after transplanting, and to overestimate the P 

concentration considerably at day 28 after transplanting, with the average percent errors being -

16.46% and 63.43% respectively. At days 14 and 21 after transplanting, the model simulation and 

observed data agreement increased, with average difference errors being at -9.93% and 2.20% 

respectively. 

0.0
1.0
2.0
3.0
4.0
5.0
6.0
7.0
8.0
9.0
10.0

0.0

2.0

4.0

6.0

8.0

10.0

12.0

14.0

1 6 11 16 21 26

Dr
y	w

ei
gh
t	(
g)

Di
ss
ol
ve
d	
PO

4
(m

g	
L-1
)

Days	after	transplanting

Dissolved	P Lettuce	Dry	Weight



 56 

 

Fig. 4. Model predictions versus observed values (means ± standard errors) for dissolved 
phosphorus and average percent error in the three aquaponics systems.  

 

 The statistical indices (Table 2) confirmed the good performance of the model for the 

simulation of P dynamics in the aquaponics systems. Comparison of predicted and measured 

values of dissolved phosphorus dynamics showed a good fit around the 1:1 line (Fig. 5) with the 

slope (b = 1.005) and intercept values (a = 0.0189) being not statistically different (p > 0.05) from 

1.0 and 0.0, respectively. 

 

Table 2. 

Summary statistics of model predictions versus observed values for the three aquaponics systems 
for dissolved phosphorus dynamics. 

 System 1 System 2 System 3 Average p-value 

Slope 0.700 1.284 1.033 1.006 0.975 
Intercept -0.451 -0.203 0.711 0.019 
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Fig. 5. Observed values compared with predictions from the phosphorus dynamics model for 
dissolved phosphorus. The diagonal dashed 1:1 line represents a perfect agreement between 
predicted and observed data. 

 

 Dissolved nitrate and phosphate accumulated at different rates and quantities in the 

aquaponics systems. The relative rate of increase of phosphorus was higher than nitrate. However, 

the actual increase of nitrate concentration was greater than phosphate, resulting in a high 

concentration of dissolved nitrate remaining in the water at the end of experiment (Fig. 6). 

Potassium concentration data were not shown since it was supplemented using KCl and, therefore, 

maintained at a constant concentration (50.0 mg L-1) over time. 
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Fig. 6. Dissolved nitrate and phosphate dynamics in aquaponics systems. Lines represent averages 
of three replicates ± S.D. 

 

 Phosphorus budget analysis 

 

 The overall phosphorus budget, which is composed of the mass fraction phosphorus 

composition of all measured budget elements, is shown in Table 3. 

 

Table 3.  
Overall phosphorus budget for aquaponics systems based on the mass fraction phosphorus 
composition of all measured budget elements. 

Phosphorus pool System 1 System 2 System 3 Average %* 
Feed (g) 1.01 1.01 1.01 1.01 100 
Shoots (g) 0.26 0.36 0.26 0.29 29.4 
Roots (g) 0.02 0.02 0.02 0.02 2.5 
Fish (g) 0.47 0.31 0.48 0.42 42.3 
Unavailable (g) 0.13 0.15 0.11 0.13 13.1 
Dissolved (g) 0.00 0.02 0.04 0.02 2.2 
Unaccounted (g) 0.11 0.13 0.08 0.11 10.7 

Recovery (%) 89 86 91 89 - 
*P mass balance based on the mass fraction phosphorus composition relative to feed input 
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Discussion 

 

 The aquaponics nutrient solution yielded similar lettuce biomass to the conventional 

hydroponic nutrient solution, which is in agreement with Pantanella et al. (2012) that detected no 

differences between lettuce grown in aquaponics and hydroponics solutions. Since lettuce plants 

were successfully grown using the aquaponics nutrient solution, our results from biomass 

production validated our phosphorus dynamics model predictions. A comparison between the 

predicted and observed values of dissolved phosphorus dynamics showed a good fit around the 

1:1 line. However, the model showed a tendency to underestimate the P concentration at the first 

days after transplanting, and to overestimate the P concentration considerably at the end of the 

experiment, which possibly happened because the model underestimated the final lettuce growth 

and, therefore, the phosphorus uptake. We attributed this to the rd coefficient, which is the 

parameter that describes the rate of decrease in relative growth rate. The rd coefficient used in our 

experiment was acquired from Tei et al. (1996), which cultivated their plants under field 

conditions. Since we used a controlled environment greenhouse, the model might have predicted 

a more prominent decrease in relative growth rate than it happened. Even with some discrepancies, 

the phosphorus dynamics model predicted the expected accumulation, static and decreasing 

concentration of dissolved phosphorus due to P uptake by lettuce plants in aquaponics systems. 

The model predicted that the fish effluent would supply excess P during the early lettuce growth, 

then sufficient P during the middle growth phase and insufficient P in the end phase of growth. P 

accumulation occurred when plants were still young, and their nutrient uptake capacity was still 

limited, which allowed dissolved phosphorus to increase at a predicted linear rate during the lag 

phase of lettuce growth. After 15 days, plants began to develop significantly more leaf area, more 
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photosynthesis capacity and a larger root system, which was capable of causing significantly 

higher phosphorus uptake to balance out the phosphorus loading. After 21 days, plants reached 

their exponential growth phase with a fully developed root system, which caused a dramatic 

decrease in dissolved phosphorus due to a high nutrient uptake capacity. The P dynamics model 

developed in our study can be used to determine adequate feeding rates to support desired numbers 

of plants grown in aquaponics, keeping the fluctuation of P concentrations at desired rates, and 

most importantly, avoiding excess or lack of dissolved P. 

 The assimilation of phosphorus in the fish and shoots components, 42.3% and 29.4% 

respectively, comprised 71.7% of the total phosphorus input in the form of fish feed, indicating 

high phosphorus utilization by the aquaponics systems. Seawright et al. (1998) reported 

phosphorus uptake by plants ranging from 48% to 7% of the amount provided in the diet while 

fish phosphorus retention ranged from 51% to 59%. These retention rates were higher than the 

ones encountered in our study. However, Seawright (1998) also found that the total sum of P 

recovered in fish, plants, and solids exceeded the amount provided in the diet for all but one 

treatment, implying that the diet was not the only source of phosphorus. Since we used distilled 

water to replenish the aquaponics systems, the fish diet was the only source of P in our study and 

allowed a more realistic and accurate P budget. 

 The disparity between the relative proportions of nutrients made available by fish and 

the proportions of nutrients assimilated by plants resulted in different rates of change in 

concentration of nitrate and phosphate in our study. The different rate of change in concentration 

of nutrients in aquaponics has been attributed to various nutrient proportions in fish diets, fish 

effluents and plant uptake (Seawright et al., 1998). The amount of nitrate produced in a fish culture 

system can be variable and directly proportional to the density of fish in the system and protein 
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content of the food (Endut et al., 2010). We sized the aquaponics systems and calculated the 

desired P input rate based on the capacity of plants to remove close to 100% of the phosphorus 

available in the aquaponics nutrient solution. Indeed, plants were able to reduce the concentration 

of P in the aquaponics nutrient solutions significantly. However, the remaining nitrate dissolved 

in the water was still relatively high at the end of the trial. The build-up of nitrate ions is a major 

concern in aquaponics systems that can be addressed with the employment of denitrification 

systems (Rakocy, 2012). 

 The phosphorus mass balance showed that 13.1% of phosphorus present in the 

aquaponics nutrient solution was unavailable, possibly in the form of suspended solids and sludge. 

Solids have particular significance in aquaponics systems (Rakocy, 2012). As a rule of thumb, 

25% to 35% of the feed fed to fish in recirculating systems are excreted as suspended solids (on a 

dry matter basis) (Timmons and Ebeling, 2007). Solids that are in suspension can be trapped by 

the root system, which causes a hypoxic microclimate around the roots due to poor oxygen 

diffusion from the nutrient solution to the root hairs and impairs plant growth in aquaponics 

systems. Thus, the aquaponics solid waste should be removed from the waste stream before it 

enters the hydroponics growing areas (Rakocy, 2012). Daily sludge discharge can comprise 5-20% 

of total system volume in a recirculating aquaculture system (Timmons and Ebeling, 2007). We 

did not evaluate the specific P content in the aquaponics sludge in the present study. Hence, we 

cannot infer the potential P pollution in our systems if the sludge was to be discharged. However, 

according to (Timmons and Ebeling, 2007), aquaculture sludge has a higher P content than 

domestic sludge, being in average 1.3% of the dry solid mass, while the typical domestic sludge 

contains about 0.7%. Consequently, a proper disposal of aquaponics effluents has to be employed 

(Rakocy, 2012) so that environmental P pollution is avoided. 
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Conclusion 
 

 The phosphorus balance model predicted the dynamic behavior of dissolved phosphorus 

in aquaponics systems, which can be an excellent tool to determine adequate fish:plant ratios, 

maximize P utilization and minimize P waste. The P mass balance analysis identified and 

quantified several phosphorus pools with reasonable accuracy (89% recovery), demonstrating that 

aquaponics systems can maximize overall phosphorus utilization (71.7% of total P input), with 

fish and plants assimilating 42.3% and 29.4% of the phosphorus input in the feed, respectively. 

Still 13.1% of the phosphorus input occurred in the unavailable form to fish and plants, which 

possibly demands careful attention if discharged through solids removal, to avoid potential 

environmental pollution. The study also demonstrated that aquaponics nutrient solution can 

replace conventional hydroponics solution, keeping the same growth performance and quality of 

vegetable crops. 
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Abstract 

Restructuring agricultural practices is essential to close the phosphorus (P) cycle for an adequate 
P management in a changing world. Systems that integrate agriculture with fish production are 
progressively becoming recognized as environment-friendly practices that combine aquatic and 
terrestrial crop production while promoting waste recycling. Aquaponics, an example of integrated 
aquaculture-agriculture, is the combination of recirculating aquaculture and soilless vegetable 
production in a closed-loop system. The interaction between the main ions in an aquaponics 
nutrient solution affect the chemical composition and availability of nutrients. The solution pH can 
have profound effects on the uptake of nutrients by plant roots. Thus, the present study aimed to 
determine the effect of pH on the phosphorus speciation and availability in an aquaponics nutrient 
solution. Visual MINTEQ, a chemical equilibrium computer model for the calculation of elements 
speciation and solubility of dissolved mineral phase in aqueous solution, was used to simulate the 
species and activity of phosphorus in an aquaponics nutrient solution as a function of pH. The 
study showed that pH has an effect on the availability of phosphorus in aquaponics nutrient 
solutions. Both experimental and simulated results showed that the availability of phosphorus 
decreases with increase in pH of aquaponics nutrient solutions. The simulations showed that 
phosphorus binds to several cations present in solution, leaving less free phosphate ions available 
for uptake by plants. The most prominent phosphate-cation interaction occurred with calcium ions 
at high pH values, resulting in the formation of calcium phosphate species. The study also 
demonstrated the importance of organic matter and alkalinity in keeping free phosphate ions in 
solution at high pH ranges. It is recommended though that pH in an aquaponics system is 
maintained at a range of 5.5-7.2 for optimal availability and uptake by plants. 
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Introduction 

 

 The prospect of decreasing the availability of phosphorus ores in years to come have 

posed a threat to the world’s agricultural systems (Cordell et al., 2011, 2009; Schröder et al., 2011). 

The introduction of P recycling and P use reduction can substantially improve the longevity of the 

natural phosphorus reserves (Koppelaar and Weikard, 2013). It is necessary to restructure 

agricultural practices to close the P cycle for an adequate P management in a changing world 

(Sharpley et al., 2015). 

 Closing the P loop in the agricultural sector requires a system capable of managing 

phosphorus with a high level of flexibility. Phosphorus has to be delivered at the right place and 

time, i.e., where and when plants need phosphorus the most, with no excessive environmental and 

economic costs (Bateman et al., 2011). Such management includes practices to recover phosphorus 

in usable forms from places in the food system where nutrients usually concentrate (wastewater 

treatment plants, livestock production facilities, compost operations, and food processing plants) 

and recycle it through crop production (Yorgey, 2016). 

 Systems that integrate agriculture with fish production are progressively becoming 

recognized as environment-friendly practices that combine aquatic and terrestrial crop production 

while promoting waste recycling (Jamu and Piedrahita, 2002). Aquaponics, an example of 

integrated aquaculture-agriculture, is the combination of recirculating aquaculture and soilless 

vegetable production in a closed-loop system. Aquaponics has received considerable attention due 

to system's capability to raise fish at high density, sustain adequate water quality, minimize water 

exchange, and produce a profitable vegetable that is responsible for the direct assimilation of 

dissolved fish wastes and products of microbial breakdown (Danaher et al., 2013). 
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 An aquaponics nutrient solution is not merely a passive medium for the passage of 

nutrients from fish to plants. The chemical composition of aquaponics nutrient solutions is 

complex because of a large number of dissolved ions and organic substances resulting from the 

release of excretory compounds as a product of fish metabolism and feed digestion. The interaction 

between the main ions in solution can influence the chemical composition of aquaponics nutrient 

solutions. pH of the solution can also have profound effects on the uptake of nutrients by plant 

roots (White, 2012). 

 Solution pH in aquaponics systems is a compromise between microbial and plant 

demands. Microbial nitrification of ammonia to nitrite and nitrite to nitrate is optimized at pH 8.5, 

but plant nutrient uptake for many crop species is optimized near pH 6.0; thus, pH in aquaponics 

systems is managed near pH 7.0 (Wortman, 2015). The forms in which phosphorus exists in 

solution also changes according to pH. The pKs for the dissociation of H3PO4 into H2PO4
− and 

then into HPO4
2− are 2.1 and 7.2, respectively (Schachtman et al., 1998). Therefore, in the pH 

range maintained in aquaponics systems, phosphorus is mostly present in the form H2PO4
−, while 

H3PO4 and HPO4
2− have lower activities  

 Plants can only absorb P as the free orthophosphate ions H2PO4
− and HPO4

2− (Becquer 

et al., 2014). The rate of phosphate uptake decreases as the pH of the external solution increases, 

which is explained by a reduction in the concentration of H2PO4
−, which is the substrate of the 

proton-coupled phosphate symporter in the plasma membrane, in the pH range of 5.6 to 8.5; 

conversely, a decrease in pH can increase the activity of proton-coupled solute transporters and 

enhance anion uptake (White, 2012). Lowering the external pH from 8.0 to 4.0 increased 

phosphate uptake by a factor of 3 in maize roots, while the concentration of the monovalent P 

species (HPO4
2−) was kept constant (Sentenac and Grignon, 1985). 
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 As pH increases above 7.0 in aqueous solutions, most of the dissolved phosphorus reacts 

with calcium forming calcium phosphates. Gradually, reactions occur in which the dissolved free 

phosphate species form insoluble compounds that cause phosphate to become unavailable. In 

alkaline solutions, calcium is the dominant cation that reacts with phosphate (Siebielec et al., 

2014). A general sequence of reactions in alkaline solutions involves the formation of dibasic 

calcium phosphate dihydrate, octocalcium phosphate, and hydroxyapatite. Each phosphate product 

formation results in the decrease of solubility and availability of phosphate (Siebielec et al., 2014). 

 Based on the stated above, the present study aimed to determine the effect of pH on the 

phosphorus speciation and availability in an aquaponics nutrient solution. Also, Visual MINTEQ, 

a chemical equilibrium computer model for the calculation of elements speciation and solubility 

of dissolved mineral phase in aqueous solution, was used to simulate the species and activity of 

phosphorus in an aquaponics nutrient solution as a function of pH. 

 

Material and Methods 

 

 Fish culture conditions and nutrient release procedure 

 

 Tilapia juveniles were obtained from a commercial grower in Arizona (Dateland, AZ, 

USA). Fish were maintained in 55-L tanks in a recirculating aquaponics system under a controlled 

environment greenhouse at the Controlled Environment Ag Center, University of Arizona, Tucson, 

AZ. Fish were acclimated with a commercial fish feed (Table 1.) for a month before the trial and 

then fasted for 24 hours to empty all contents of their gut. 18 tilapia juveniles weighing on average 

55.0 g were selected and transferred to a separate 55-L tank receiving water from the recirculating 

system and acclimated for another 24 hours without being fed. After the 24-hour acclimation 
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period, fish were fed with 10 g of the same commercial feed. We waited for one hour and 

transferred all fish to a 20-L tank containing 10 L of distilled water. The tank contained air stones 

and a 50W heater with a thermostat that maintained water temperature constant at 25ºC. Fish were 

kept in the tank for 24h to digest the feed ingested, and excrete all the waste resulting from 

digestion and metabolism. 

 

 Nutrient concentration analysis 

 

 Fish were removed from the 10-L nutrient release tank and returned to aquaponics 

systems. No fish died during the nutrient release procedure. The resultant nutrient solution was 

immediately processed. A 50-mL sample was filtered through a 0.45µm nylon syringe filter and 

the filtrate used for element composition analysis 

 The total elemental concentration in the filtered sample was determined by Inductively 

Coupled Plasma Mass Spectroscopy (ICP-MS) analysis. Concentrations of the anions Br−, Cl−, 

NO2
−, NO3

−, PO4
3− and SO4

2− were determined using ion chromatography. Ammonia (NH3) was 

determined using the Hach Ammonia Low-Range Standard Method 10023 (Nitrogen-Ammonia 

Reagent Set, TNT, AmVer Salicilate Low Range). The alkalinity was determined using a digital 

titrator (Hach Model 16900). The pH was determined using a HACH Hq40d multi pH meter. 

Dissolved organic carbon was determined using a using a Shimadzu TOC-VCSH analyzer 

(Columbia, MD) with a solid state module (SSM-5000A). 
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 Effect of pH on free orthophosphate concentration in liquid phase 

 

 50 mL aliquots of the main sample were homogeneously collected and transferred to 18 

Erlenmeyer flasks. Three flasks were randomly assigned to each pH treatment [3.0, 5.5, 6.8, 

control (7.2), 8.5, and 10.0]. A 5.0M HCl solution was added to each Erlenmeyer flask to achieve 

pH values of 3.0, 5.5 and 6.8; a 5.0M NaOH solution was added to achieve pH values of 8.5 and 

10.0; 7.2 was pH of the untreated solution and considered as control. pH adjustment was performed 

with flasks under constant agitation on a magnetic stirrer. 

 After the pH adjustments, a 20-mL aliquot was pipetted into separate glass vials and 

incubated at 25ºC in a shaking water bath for 5 hours. Vials were centrifuged for 20 minutes at 

6300 RPM (5325 RCF) and the phosphate concentration in the supernatant was determined using 

ion-chromatography. 

 

 Visual MINTEQ simulations 

 

 In order to further investigate the experimental results obtained from the pH changes in 

the aquaponics nutrient solutions, the effect of pH on phosphorus availability and speciation was 

simulated using Visual MINTEQ 3.1. 

 The elemental concentrations showed in Table 1, except for phosphorus, were input in 

the Visual MINTEQ software and the interactions between elements were simulated at different 

pH values (3.0, 5.5, 6.8, 7.2, 8.5 and 10.0). The phosphate concentration used in MINTEQ was 

obtained from the ion chromatography analysis on the pH assay. We used the average 

concentration determined from the three samples at pH 3.0. The ion chromatography result for 

orthophosphate was preferred over the ICP-MS analysis to avoid discrepancy between simulated 
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and observed concentrations of PO4 in solution since the value determined by ICP-MS was slightly 

higher than the value determined by ion chromatography. Alkalinity was also included in the 

simulation, as well as dissolved organic carbon (NICA-Donnan model). 

 

 Statistical analysis 

 

 Statistical analyses were conducted using RStudio ver. 0.99.491 (RStudio Team, 2016). 

All the data were reported as the sample mean ± the standard deviation (S.D.). Results from the 

experimental assay assessing the main effects of pH on the concentration of orthophosphate in 

aquaponics nutrient solution were analyzed using one-way ANOVA. Differences between means 

were considered significant at an alpha level of 0.05 using Fisher's LSD pairwise comparisons. 

 

Results and Discussion 
 

 The elemental composition of the aquaponics nutrient solution obtained with the nutrient 

release assay is shown in Table 1. 
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Table 1. 

Characteristics of the aquaponics nutrient solution. 

Parameters Value Unit 
B 128.6 µg L-1 
Na 16296.6 µg L-1 
Mg 2162.1 µg L-1 
Al 6.6 µg L-1 
Si 1698.0 µg L-1 
P 3860.0 µg L-1 
K 12083.8 µg L-1 
Ca 4091.4 µg L-1 
Mn 3.4 µg L-1 
Fe 50.1 µg L-1 
Cu 17.1 µg L-1 
Zn 21.5 µg L-1 
NO2 ND µg L-1 
NO3 726.3 µg L-1 
NH3 34000 µg L-1 
SO4 10703.7 µg L-1 
Cl 17764.1 µg L-1 
DOC* 21.1 mg L-1 
Alkalinity 162 mg L-1 
pH 7.2 - 

*Dissolved Organic Carbon 
 

 The pH affected the concentration of orthophosphate in the aquaponics nutrient solution 

(p = 0.001). The increase in pH lowered the overall concentration of orthophosphate, but only after 

pH 8.5 we detected a significant difference in PO4 concentrations from the pH range where 

orthophosphate was mostly available (pH 3.0 – 5.5). However, only pH 10.0 caused a significant 

difference in orthophosphate concentration in comparison with the general pH maintained in 

aquaponics nutrient solutions (pH 6.8). These results and respective statistical parameters were 

expressed in Figure 1 and Table 2. 
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Table 2. 

Statistical parameters for the ANOVA checking the effect of pH on orthophosphate 
concentration in aquaponics nutrient solutions 

 dF Sum Sq Mean Sq F value Pr > F 

pH 1 388.74 388.74 14.83 0.0014 
Residuals 16 419.46 26.22   

 

 
Fig. 1. Observed and simulated concentrations of PO4 at different pH in aquaponics solutions. 
Results are means ± s.d. Bars without a common letter are statistically different (p < 0.05). 

 

 The simulations in Visual MINTEQ showed a similar trend as the experimentally 

obtained results (note however we have not calculated model performance statistics as there are 

only three data points for each pH value). In general, the modeled orthophosphate concentration 

in aquaponics decreased as a function of pH increase. However, the software overestimated the 

orthophosphate concentration at pH 6.8, 7.2 and 8.5 in comparison to experimental values (Fig 1.). 

Conversely, at pH 10.0, the software underestimated the concentration of free orthophosphate 

compared to observed values. 
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 According to the species concentration results from Visual MINTEQ (Fig 2), at pH 10.0 

there was an increase in the formation of calcium phosphate, which represented almost 17% of all 

the phosphorus species in solution. Note that not all PO4 species are described in the chart. 

 
Fig. 2. Speciation of the major forms of P in aquaponics solution as a function of pH as simulated 
in Visual MINTEQ for pH 10. 

 

 Therefore, the decrease in orthophosphate predicted by the model at pH 10.0 was due to 

the increase in the formation of calcium phosphate. However, there was a discrepancy between 

predicted and simulated concentrations of orthophosphate at pH 10.0. Even though the experiment 

showed that at pH 10.0 the orthophosphate concentration was the lowest, it was not as low as the 

model predictions. The most plausible explanation is assuming that the experimental results were 

correct, and the simulations were not. Consequently, we investigated the possible causes for the 

orthophosphate concentration to have plummeted at pH 10.0 in the simulations. By looking at the 

species tables provided by Visual MINTEQ, it was clear that the presence of carbonate ions and 

dissolved organic carbon in solution played a significant role in simulating the concentration of 

phosphates at high pH values. As the pH increased, we detected that part of the calcium was bound 
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to carbonate ions and dissolved organic carbon species. Thus, we ran separate simulations with the 

pH fixed at 10.0, but removed alkalinity and dissolved organic carbon from the model. The results 

are expressed in Fig. 3: 

 

Fig. 3. Orthophosphate concentrations simulated by Visual MINTEQ at with and without DOC 
and alkalinity. 

 

 In general, the model agreement with experimental results increased as we introduced 

dissolved organic carbon and alkalinity as part of the simulation. If DOC and alkalinity are not 

part of the simulation, Visual MINTEQ predicts a prominent decrease in the concentration of 

orthophosphate, mostly due to the formation of calcium phosphates (Fig. 2). 

 Therefore, DOC and alkalinity seemed to play a major role in maintaining free 

orthophosphate in aquaponics nutrient solutions, possibly by protecting phosphorus from binding 

to free calcium ions. Alkalinity is the measurement of carbonate in aqueous solutions. The 

carbonate speciation is also affected by pH of aqueous solutions and has a similar behavior of the 

orthophosphate speciation. At high pHs, carbonate ions (CO3
2-) are the dominant species in 

solution and react with calcium forming calcium carbonate. In aquaponics systems, alkalinity also 

plays an important role in the nitrification process. As ammonia is converted into nitrite and further 

into nitrates, H+ ions are expelled by nitrifying bacteria and alkalinity is consumed (Timmons and 
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Ebeling, 2007). At low alkalinities (< 100 mg L CaCO3), aquaponics nutrient solutions lose 

buffering capacity and become susceptible to large pH fluctuations. Therefore, the present study 

also demonstrated that at low alkalinity concentrations, the availability of phosphorus in 

aquaponics nutrient solutions might also be affected. However, DOC showed a much more marked 

effect on the concentration of phosphorus than alkalinity. At pH 10.0, DOC species were bound to 

approximately 55% of the calcium in solution, which prevented Ca from binding to PO4 ions. 

DOC, in the form of organic matter, has charges related to the pH-dependent characteristics of 

organic acid functional groups (Pierzynski et al., 2005). Under alkaline conditions, organic matter 

has negatively charged cation exchange sites. Therefore, ions having positive charges such as Ca2+ 

are attracted to organic matter surface by electrostatic interactions. 

 

Conclusion 
 

 It was observed in this study that pH has an effect on the availability of phosphorus in 

aquaponics nutrient solutions. Both experimental and simulated results showed that the availability 

of phosphorus decreases with increase in pH of aquaponics nutrient solutions. The simulations 

showed that phosphorus binds to several cations present in solution, leaving less free phosphate 

ions available for uptake by plants. The most prominent phosphate interaction occurred with 

calcium ions at high pH values, resulting in the formation of calcium phosphate species that 

precipitate from solution. The study also demonstrated the importance of organic matter and 

alkalinity in keeping free phosphate ions in solution at high pH ranges. It is recommended though 

that pH in aquaponics system is maintained at a range of 5.5-7.2 for optimal availability and uptake 

by plants. Ultimately, calcium added to aquaponic systems needs to be limited to amounts 

necessary to meet minimum plant and fish requirements to prevent P immobilization. 
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Abstract 
 
Phytic acid or phytate is a primary phosphorus deposit of several vegetable tissues, especially bran 
and seeds. However, phytate is not digestible to fish, so it is not a source of phosphorus if directly 
consumed. Many fish nutritionists have supplemented diets with phytase when significant portions 
of plant-based ingredients are used in fish feed formulations. Phytase is a phosphatase enzyme that 
catalyzes the hydrolysis of phytates and releases a usable form of inorganic phosphorus. This work 
thus assessed the effects of a phytase-supplemented diet on the P dynamics, P availability, P 
budget, fish and plant growth parameters, carcass composition of Nile tilapia and phosphorus 
content of lettuce plants in aquaponics systems. The diet supplemented with phytase at the 
concentration of 1000 FTU kg-1 showed a significant increase in released phosphorus compared to 
the control in the in vitro assay. The increase in the available concentration of phosphorus in the 
formulated diet by phytase supplementation was reflected in the increased accumulation of 
phosphorus (2.1%) in fish that received the phytase-supplemented diet. Small P accumulation 
(1.8%) in fish fed the control diet without phytase supplementation indicated that the low supply 
of available phosphorus by the control diet (0.01% of dietary P) was insufficient for adequate P 
deposition in tilapia carcass. Fish fed the phytase-supplemented diet showed higher weight gain 
and lower feed conversion ratio than fish in the control group, but the difference between means 
was not statistically significant. The addition of phytase to fish diets improved the utilization of 
phytate-P by fish and reduced the amount of phytate-P excreted. The lower amount of phosphorus 
generated in the water due to phytase supplementation did not affect the growth or phosphorus 
content of lettuce grown using the aquaponics nutrient solution. Phytate-P has proven to be an 
attractive alternative source of phosphorus to be utilized by fish and plants grown in aquaponics 
systems when plant-based diets are supplemented with phytase. However, it is recommended that 
even though the use of phytase in fish feeds increased the overall utilization of phytate in 
aquaponics systems, a small portion of inorganic phosphorus supplementation might be still 
necessary to meet minimum fish requirements. 
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Introduction 
 

 Integrated aquaculture with soilless vegetable production in a closed-loop system, i.e., 

aquaponics, has received considerable attention due to system's capability to raise fish at high 

density, sustain adequate water quality, minimize water exchange and produce an additional 

marketable vegetable crop (Danaher et al., 2013). Fish feed, the main input of aquaponics systems, 

provides a steady supply of nutrients for the growth of plants. Fish meal has been the major 

ingredient in commercial aquafeeds for years (Sugiura et al., 2001), but its use has been recognized 

as environmentally and economically unsustainable (FAO, 2014).  

 The aquaculture feed manufacturing sector has acknowledged that the utilization of 

plant-based aquafeeds to raise aquatic species is as an essential requirement for the long-term 

development of aquaculture (Gatlin et al., 2007). The use of vegetable plant proteins in commercial 

diets for Nile tilapia has been recognized as an important practice to reduce feed cost (Schamber 

et al., 2014). Plant-based feedstuffs such as soybeans, corn, and wheat contain high amounts of 

phytic acid (or phytate), a primary phosphorus deposit of several vegetable tissues. However, 

phytate cannot be utilized by fish as a direct source of phosphorus (Cao et al., 2007; Cho and 

Bureau, 2001). 

 Many fish nutritionists have supplemented diets with phytase to liberate free phosphorus 

from phytic acid, when significant portions of plant-based ingredients such as soybean meal are 

used in fish feeds (Hien et al., 2015). The successful utilization of phytase in fish diets is well 

documented for several fish species, such as the channel catfish Ictalurus punctatus (Jackson et 

al., 1996; Li and Robinson, 1997), red sea bream Pagrus major (Biswas et al., 2007), seabass 

Dicentrarchus labrax (Oliva-Teles et al., 1998), rainbow trout Oncorhynchus mykiss (Vielma et 

al., 1998) and Nile tilapia Oreochromis niloticus (Liebert and Portz, 2005; Portz and Liebert, 



 81 

2004). However, the use of plant-based diets supplemented with phytase for fish species raised in 

aquaponics systems has not been described yet. Thus it is not clear whether it can influence the 

overall phosphorus budget in the system and therefore affect the growth of fish and plants when 

phytate is a major source of phosphorus in the system. 

 The indiscriminate phosphorus release in the environment from commercial fish 

operations is of increasing concern worldwide for being a major environmental pollution source. 

Thus reducing phosphorus discharge from aquaculture is a critical factor to reduce potential 

pollution and enhance overall environmental sustainability (Biswas et al., 2007). Aquaponics, 

being a form of recirculating aquaculture system (RAS), reduces considerably the amount of waste 

discharged in the environment. The quest for sustainable phosphorus sources and reduction of 

phosphorus discharge are a true need to ensure the long-term sustainability of agriculture and 

aquaculture. The increasing use of plant-based ingredients in aquafeeds has become a reality, 

which will necessitate the use of strategies such as the addition of phytase to release phosphorus 

from phytate, increase P use efficiency and minimize P waste. This work thus assessed the effects 

of a phytase-supplemented diet on the P dynamics, P availability, P budget, fish and plant growth 

parameters, carcass composition of Nile tilapia and phosphorus content of lettuce plants in 

aquaponics systems. 
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Material and Methods  
 

 Aquaponics systems design and operation 

 
 The experiment was carried out in a greenhouse at the Controlled Environment 

Agriculture Center (CEAC), Tucson, Arizona, USA. Six experimental aquaponics units, each 

consisting of a 100-L fish tank, 20-L sump partially filled with 10 L of biofilter medium 

(Biospheres, Amiracle) and two hydroponics channels were used to conduct the study (Fig. 1). The 

sump contained a water pump (EcoPlus 185, 26.5W) to deliver water to fish tanks at a rate of 600 

L h-1. The water flowed continuously in a closed loop following the order: fish tank > biofilter > 

hydroponics channels > sump > fish tank (Fig. 1). Air stones connected to an external air blower 

provided aeration to fish tanks and biofilters. Water lost through evapotranspiration in all systems 

was replenished with tap water. Each aquaponics system was treated as an experimental unit and 

three units per treatment (control and phytase) comprised the experimental design (n = 3). 

 

 

Fig 1. Diagram of an experimental aquaponics unit used in the study. 

 

 Potassium was supplemented in the form of potassium sulfate to all aquaponics systems 

on a weekly basis to maintain a K2O:N ratio close to 1:1. Magnesium was supplemented by foliar 

spraying twice a week using a 1.5% solution of magnesium sulfate salt. Micronutrients (Fe, Cu, 

Zn, Bo, Mn, and Mo) were also supplemented by foliar spraying with a 0.15 g L-1 solution of a 
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micronutrient blend product (S.T.E.M, Peters Professional) every two days during the first two 

weeks and twice a week during the last two weeks after transplanting. The foliar applications of 

referred nutrients were chosen over dissolution in the aquaponics nutrient solution to prevent 

interaction of these supplements with dissolved phosphorus, such as the formation of insoluble 

salts like magnesium and iron phosphates, which could affect the nutrient dynamics analysis. 

 Air temperature, relative humidity, and solar radiation were monitored using a data 

logger (Campbell Scientific CR23X). Since each aquaponics unit had a relatively low volume of 

water, water temperature fluctuated according to air temperature and therefore was not directly 

monitored. Dissolved oxygen in fish tanks was checked on a daily basis using a YSI Pro20 

handheld meter and remained constant above 5.0 mg L-1 in all units. The pH in aquaponics systems 

was adjusted to be at 6.8 at the day plants were transplanted using a 5.0M sulfuric acid solution 

and monitored on a weekly basis using a handheld pH meter (HACH Hq40d multi). The pH in 

aquaponics systems decreased over the weeks, and it was adjusted with sodium bicarbonate by 

dissolving the powder in the aquaponics solution.  

 

 Diet formulation and manufacturing 

 

 A basal diet containing no supplemental inorganic phosphorus (Table 1) was 

manufactured at the Environmental Research Lab (ERL) in Tucson, Arizona. All the dry 

ingredients except phytase and a portion of the soybean oil were mixed in a concrete mixer, 

moistened with distilled water (30% by weight), cold-pressed through a pellet mill as 4 mm pellets, 

and oven-dried for 24 h at 50°C. 20 mL of soybean oil per kg of diet were removed from the 

formulation and not mixed with all the ingredients in the first step to be further used as the vehicle 

to include phytase into the basal diet. For that, a commercial phytase (Creative Enzymes, 5000 
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FTU g-1) diluted in the remaining soybean oil (20 mL kg-1) was sprayed over the pellets at the 

concentration of 1000 FTU per kg of feed. The control diet was sprayed with pure soybean oil (20 

mL kg-1). 

 

Table 1. 
Formulation and chemical composition of basal diet. 

Ingredients Contents 
 g kg-1 
Soybean meal 538.0 
Wheat gluten 80.0 
Corn  277.0 
Soybean oil 40.0 
Calcium carbonate 20.0 
DL-methionine  5.0 
Mineral and vitamin mix† 40.0 
Proximate composition (dry matter basis)  
Crude protein (g kg-1) 363.9 
Crude lipid (g kg-1) 79.0 
Ash (g kg-1) 20.0 
Crude fiber¶(g kg-1) 588.2 
Energy (Mcal kg-1) 3.77 

† Mineral and vitamin mix contents per kg of product: Fe 40 mg; Cu 4 mg; 
Zn 50 mg; Iodine 40 mg; Mn 60 mg; Se 0.4 mg; Co 0.5 mg; vitamin A 2 325 
000 USP; vitamin D3 65 000 USP; vitamin E 32 500 IU; vitamin K 793.65 
mg; vitamin C 87 100 mg; vitamin B1 2 600 mg; vitamin B2 3 250 mg; 
vitamin B6 2 600 mg; vitamin B12 10 000 µg; pantothenic acid 15 600 mg;  
biotin 40 mg; folic acid 780 mg; niacin 19 500 mg. 
 

 Fish and lettuce culture conditions 

 

 Tilapia juveniles were obtained from a commercial grower in Arizona (Desert Springs, 

Dateland, AZ, USA). Ten fish of an average initial body weight of 35 g were transferred to their 

respective tanks 15 days prior to lettuce transplanting for acclimation of the biofilters. Lettuce 

seeds (Johnny’s Seeds, Red Cherokee var., pelleted) were sown in Rockwool cubes and kept in 
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the greenhouse under natural light and photoperiod. Four 11-day-old seedlings were transplanted 

to each hydroponics channel, comprising a total of eight lettuce plants for each aquaponics 

experimental unit. 

 Fish were fed with the aid of automatic feeders the formulated diets at approximately 

1.0% of body weight per day. The feeding rate based on total fish biomass was adjusted on a 

weekly basis considering theoretical biomass accumulation. For that, each week we calculated the 

total amount of feed provided to each tank; then, it was assumed that for each 1.5 g of feed 

consumed, fish would gain 1 g of biomass; finally, the calculated biomass gain was added to the 

total biomass determined in the previous week. Each fish tank contained approximately 350 g of 

total initial biomass, resulting in an initial feeding rate of 3.5 g of feed per day for the first week. 

At week six, all fish were harvested and weighed to determine growth parameters. The experiment 

continued for an additional week to extend the growth period for the plants that were small by the 

time fish were harvested, therefore comprising seven weeks of total experimental period. 

 

 Fish growth parameters 

 
 Fish growth performance was evaluated by calculating the following parameters: 

 

• Weight	gain		 WG, g = 	 (W` −Wa) n	of	fish	per	replicate 
 

• Specific	growth	rate	 SGR, % = 	100	x	 (lnW` −	 lnWa) days	of	feeding	period 
 

• Feed	conversion	ratio	 FCR = 	 feed	intake weight	gain 
 

where W` is total final weight (g); Wa is total initial weight (g). 
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 Phosphorus content analysis in feed, and fish and plant tissues 

 

 Lettuce samples were collected at the end of the experiment, oven-dried at 65°C for 72 

hours, and weighed for dry mass determination. Lettuce dry samples of four plants were mixed in 

a composite sample for analysis, comprising two samples analyzed per aquaponics experimental 

unit. Samples were finely ground, and 10 mg aliquots were transferred to glass vials, and the 

contents of one potassium persulfate powder pillow (Hach PERMACHEM® Reagents) and 2 mL 

of sulfuric acid (5.25N, Hach Company, Loveland, Colorado, USA) were added. Vials were 

transferred to a block digester (HACH COD Reactor) and digested at 150ºC for 4 hours. After 

complete digestion, vials were let to cool off at room temperature and received 2 mL of NaOH 

solution (5.0N, Hach Company, Loveland, Colorado, USA). An aliquot (0.1 mL) was pipetted into 

a different glass vial and the volume was adjusted to 10 mL using demineralized water. Phosphorus 

concentration in the final sample was measured in a portable colorimeter (Hach DR/850 

Colorimeter, Hach Company, Loveland, Colorado, USA) using the Hach Method 8048 (Hach 

Company, Loveland, Colorado, USA) and the content of phosphorus in the dry sample (plant, fish, 

and feed) was determined. 

 Two fish per experimental unit were collected at the end of the trial and individually 

ground using a blender. The ground fish paste was weighed and oven-dried at 65ºC for 72 hours. 

Fish dry samples were finely ground and 10 mg aliquots were processed as described for lettuce 

dry samples. Before the beginning of the experiment, six fish with similar weight and from the 

same batch used in the experiment were processed as described above to determine the initial 

phosphorus content in the carcass. All fish used in the P content analysis had their scales removed 

before being put in the blender to facilitate the grinding process. 
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 Pellets from control and phytase-supplemented diets were finely ground and 10 mg 

aliquots were processed as described for lettuce dry samples. 

 

 In vitro phytase activity assay 

 

 The phytate-P release assay was based on the production of free phosphate in solution 

from phytate with the presence of the enzyme phytase. For that, feed pellets (control and phytase 

treatments) were finely ground, and 50 mg of samples were transferred to glass vials containing 

50 mL of acetate buffer (0.1M, pH 5.5). Vials were incubated at 50ºC for 5 hours in a shaking 

water bath. Vials were centrifuged at 6300 RPM for 15 minutes. An aliquot from the clear 

supernatant (0.2 mL) was diluted in 9.8 mL of demineralized water. Phosphorus concentration in 

the 10 mL final sample was determined with Reactive Phosphorus Low Range Method 8080 (Hach 

Company, Loveland, Colorado, USA). 

 

 Nutrient concentration dynamics 

 

 On a weekly basis, water samples were taken from each aquaponics sump to determine 

dissolved concentration of nitrate, orthophosphate, potassium, and total dissolved solids (TDS). 

Nitrate concentration was determined using the Hach Nitrate High-Range Standard method 8039. 

Orthophosphate concentration was determined using the Hach method 8048. Potassium 

concentration was determined using a portable K+ meter (LAQUAtwin K+; Horiba, Kyoto, Japan). 

Total dissolved solids concentration was determined with a portable meter (Hach Company, 

Loveland, Colorado, USA). 
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 Phosphorus determination in solids 

 

 Solids that accumulated over the trial period were collected at the end of the experiment 

from each aquaponics biofilter. A 0.5 L aliquot from the solids sample was homogenized for two 

minutes in a blender. A 0.1 mL aliquot was pipetted from the blended sample, volume adjusted to 

5 mL using demineralized water and processed using Hach Total Phosphorus Method 8190. 

 

 Phosphorus budget analysis and gross P utilization 

 

 The total phosphorus input, output, uptake and accumulation in the culture system during 

the rearing cycle were assessed at the beginning and end of the trial. The phosphorus budget was 

calculated based on inputs from water, stocked fish and the total amount of feed; and outputs were 

calculated based on harvested fish, harvested lettuce, water, and solids. Phosphorus input and 

output in dissolved in water was calculated by multiplying the P concentration by total volume of 

water in the aquaponics systems. Incoming dissolved phosphorus represents nutrient contained in 

the water on the day plants were transplanted. The water source was the same for all aquaponics 

systems and therefore contained approximately the similar concentration of dissolved phosphorus 

in all experimental units. Phosphorus output in the form of dissolved P represents phosphorus 

present in the water not utilized by plants on the harvest-day. Solids samples were taken from each 

aquaponics biofilter (that also functioned as a solid collector), and the phosphorus present in 

samples was multiplied by the total volume of the container (15 L). 

 The total phosphorus input in the form of feed was calculated as follows (1): 
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𝑃"##$ = 	𝐹	×	𝑃%"##$			(1)  

where F is the total amount of feed supplied and 𝑃%"##$ is phosphorus content of feed (decimal 

fraction) 

 The total phosphorus input and output in the form of fish biomass was calculated as 

follows (2):  

𝑃"C>R = 	𝑀"C>R	×	𝑃%"C>R			(2) 

where 𝑃%"C>R	is the nutrient concentration in tilapia carcass (decimal fraction) and 𝑀"C>R is the 

total tilapia dry biomass. 

 The total phosphorus output in the form of plant biomass was calculated as follows (3): 

𝑃SF=QJ> = 	𝑀SF=QJ>	×	𝑃%SF=QJ>				(3) 

where 𝑃%SF=QJ>	is the nutrient concentration in lettuce dry tissue (decimal fraction) and 𝑀SF=QJ> 

is the total lettuce dry biomass. 

 The total amounts of phosphorus present in each component described above were 

divided by the total phosphorus input in the form of fish feed, and were expressed as a percentage 

of total phosphorus input as feed. The unaccounted phosphorus fraction Punaccounted was determined 

using the equation (4): 

𝑃?Q=KKE?QJ#$ = 𝑃"##$ − (𝑃"C>R + 𝑃t=J#@ 	+	𝑃SF=QJ> 	+ 𝑃>EFC$>) (4) 

 The gross phosphorus utilization (GPU) was calculated as follows (5): 

𝐺𝑃𝑈 = 		 (𝑇𝑜𝑡𝑎𝑙	𝑃	𝑖𝑛	𝑓𝑖𝑠ℎ + 𝑇𝑜𝑡𝑎𝑙	𝑃	𝑖𝑛	𝑝𝑙𝑎𝑛𝑡𝑠) ⁄ 𝐹𝑒𝑒𝑑	𝑃	𝑖𝑛𝑝𝑢𝑡					(5)	 
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 Statistical analysis 

 

 Results were expressed as mean ± S.D. and group mean differences were analyzed using 

Student's T-TEST for all data except for the phosphorus budget analysis. Statistical significance 

was assumed at levels > 95% (p <  0.05). A two-way ANOVA was run to determine the effect of 

different treatments on the accumulation of phosphorus in the several pools (fish, plants, water and 

solids) according to the following model: Yij = µ + Pi + Tj + TPji + ɛij. Variables were represented 

as follows: Yij is the studied variable; µ is the variable mean; Pi is the phosphorus pool i; Tj is the 

treatment j; TPji is the treatment pool interaction; and ɛij is the error. Significant differences 

between treatment means were compared by a LSD post-hoc test. The statistical software package 

RStudio ver. 0.99.491 was used for all statistical procedures. 
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Results 
 

 Environmental conditions 

 

 The photosynthetic active radiation, temperature, and relative humidity were on average 

117.7 µmol m-2 s-1, 24.9ºC and 64.6% respectively during the experiment (Fig 2). 

 

 

Fig. 2. Photosynthetic active radiation, air temperature and relative humidity during the 
experiment. 
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 Diets and in vitro phytase activity 

 

 Diets are presented in Table 1. The diet supplemented with phytase at the concentration 

of 1000 FTU kg-1 showed a significant increase in released phosphorus compared to the control in 

the in vitro assay (Fig 3). The incubated phytase-supplemented diet released approximately 50% 

of the total phosphorus determined by the digestion method. 

 
Fig. 3. In vitro assay with the fish feeds. Initial = available phosphorus concentration at the 
beginning of incubation. Final = available phosphorus released after a 5-hour incubation period. 
Total = total phosphorus present in the diets determined with digestion procedure. Means ± S.D. 

 

 Fish growth and phosphorus content 

 

 Fish grew on average from 32.50 to 52.0 g (60% increase in weight) during the 6-week 

trial period. No fish died during the experiment. Fish that were fed diets supplemented with phytase 

showed higher weight gain, higher specific growth rate and lower feed conversion ratio than the 

control, but the mean differences between treatments were not statistically significant (p > 0.05). 

However, phytase increased the phosphorus retention in the fish carcass (p = 0.004). Results and 

statistical parameters were shown in Table 2. 
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Table 2. 
Growth parameters and phosphorus content of tilapia fed diets supplemented or not with phytase 
in aquaponics systems. 

Treatment 
Wi

1 Wf
2 WG3 SGR4 FCR5 P6 

g g g % day-1 g/g % 

Control 32.50±0.20 51.46±1.21 18.96±1.15 1.09±0.05 1.74±0.10 1.82±0.10 

Phytase 32.50±0.33 53.20±0.58 20.70±0.57 1.17±0.03 1.59±0.04 2.13±0.15 

p-values - 0.089 0.079 0.082 0.083 0.004 
1individual initial weight; 2individual final weight; 3individual weight gain; 4specific growth rate; 5feed conversion 
ratio; 6phosphorus content in dry biomass. Means of two fish per replicate (n = 6) ± S.D. 

 

 Lettuce growth and phosphorus content 

 
 Plants showed signs of wilting for three consecutive days at about three weeks after the 

beginning of the trial. All plants were immediately harvested to prevent wilting from causing an 

unwanted bias to the plant growth analysis. All plants were replaced with new 15-day old 

seedlings, and the experiment continued for additional four weeks, comprising seven weeks for 

the total period. The reasons why plants showed wilting symptoms remain unknown. We analyzed 

the root system from plants harvested in all systems, and all plants appeared to be infested with 

Pythium, which is a common cause of root rot in hydroponics crops. The second batch of plants 

also showed wilting symptoms at the last three days before they were harvested. 

 Plants in the phytase-treated systems accumulated more dry mass than the control for the 

first crop (p < 0.001), but the P content remained the same (p > 0.05). However, in the second 

crop, there were no differences in the accumulated dry mass and phosphorus content of plants 

grown in phytase-treated systems or the control (p > 0.05). The biomass produced in crop 1 and 2 

were combined, and the resulted total biomass showed no differences between the two treatments 

(Table 3). 



 94 

Table 3.  
Lettuce growth and P content in aquaponics systems receiving feeds supplemented or not with 
phytase 

Treatment 
First crop  Second crop  Total biomass 

DM (g) P (%)  DM (g) P (%)  (g) 
Control 1.38±0.29 0.50±0.03  2.66±1.18 0.80±0.04  4.04±0.72 

Phytase 2.09±0.46 0.49±0.06  2.28±0.99 0.72±0.04  4.37±0.30 

p-values <0.0001 0.078  0.235 0.35  0.61 
Values are the mean of replicates ± S.D. 
 

 Nutrient concentration dynamics 

 
 The nutrient dynamics analysis showed that nitrate accumulated at higher rates and 

quantities than phosphorus in the aquaponics systems (Fig. 4). 

 
Fig. 4. Nutrient dynamics in aquaponics systems receiving diets with and without phytase 
supplementation. Means ± S.D. 

 
 The effect of supplementing the diet with phytase on the nutrient dynamics was 

determined based on the nutrient relative change to initial concentration over a 42-day trial period 
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(Table 4). Phosphorus relative change was affected by the inclusion of phytase in the diet                  

(p = 0.02). Phytase-treated systems showed on average 75% increase in dissolved phosphorus in 

the water while the control had an increase of 15%. Systems that received the control diet showed 

higher relative change for nitrate than the phytase-supplemented diet, but differences in means did 

not reach statistical significance (p = 0.06). The relative change of potassium remained the same 

for both treatments (p > 0.05), which was expected since potassium sulfate was supplemented to 

increase the K+ concentration artificially in the water. The total dissolved solids (TDS) relative 

change in concentration was not affected by the inclusion of phytase in the feed (p > 0.05). 

 
Table 4.  

Relative change of concentration (decimal fraction) of dissolved 
elements in aquaponics systems over a 42-day experiment. 

Treatment Phosphate Nitrate Potassium TDS 

Control 0.75±0.25 9.37±1.93 2.18±0.24 1.20±0.10 

Phytase 0.14±0.10 6.36±0.64 2.20±0.19 1.20±0.09 
p-values 0.019 0.063 0.930 0.970 

Results are means of three observations per treatment (n=3) ± S.D. 

 

 Phosphorus budget and gross phosphorus utilization 

 

The overall phosphorus budget, which is composed of the phosphorus accumulated in all 

measured output components, is shown in Table 5. The supplementation of phytase in the fish diet 

affected the distribution of nutrients in the different aquaponics outputs (p < .001). In the fish pool, 

the phytase-supplemented diet led to higher P accumulation than the control diet. In the water pool, 

the control diet led to higher P accumulation than phytase diet. For both plants and solids pools, 

the treatments had no effect on the P accumulation. 
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Table 5. 
Phosphorus budget of all outputs in aquaponics systems that received diets with and without 
phytase supplementation. 

Treatment 
Input (%)  Outputs (%) 

Feed  1Fish Plants 1Water Solids 2Unaccounted 
Control 100.0  17.8±6.8cd 14.1±3.7d 25.2±8.4bc 17.2±2.0d 25.6±1.9b 
Phytase 100.0  40.4±2.8a 13.7±1.7d 13.7±0.9d 18.5±1.5bcd 13.9±6.8d 

Results are means of three observations per treatment (n=3) ± S.D. 1Values for fish and water considered only the 
net P accumulation over the trial period (subtracted the initial P). 2Unnacounted represents the amount of P not 
recovered from the total P input in the form of feed. 
 

 The inclusion of phytase increased the overall P efficiency compared to the control. The 

gross P utilization was higher in aquaponics systems that received the phytase-supplemented diets 

(0.78± 0.02) than the control (0.69±0.03), with differences in means being statistically significant 

at p = 0.002 (Fig. 5). 

 

Fig. 5. Gross P utilization (GPU) in aquaponics systems receiving plant-based diets supplemented 
or not with phytase. *Statistically different at p  <0.0001. Means ± S.D. 
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Discussion 
 

 Phytase supplementation proved its efficiency by improving the available concentration 

of P in the diets from 0.01% in the control diet to 0.25% in the phytase-supplemented diet, i.e. 

releasing 0.24% of phosphorus, which represents approximately half of the total phosphorus 

present in the diet (0.48%). These results are in agreement with Dalsgaard et al. (2009) that 

measured an increase of P concentration in the diet from 0.02% to 0.18% with phytase 

supplementation. 

 The increase in the available concentration of phosphorus in the formulated diet by 

phytase supplementation was reflected in the increased accumulation of phosphorus (2.1%) in the 

carcasses of fish that received the phytase-supplemented diet. Lower accumulation of P (1.8%) in 

the carcasses of fish fed the control diet than fish fed the phytase diet indicated that the low supply 

of available phosphorus by the control diet (0.01% of dietary P) was insufficient for adequate P 

deposition. Fish fed the phytase-supplemented diet showed slightly higher weight gain and slightly 

lower feed conversion ratio than fish in the control group, but the difference between means was 

not statistically significant (p = 0.079). We believe that the short growout period (42 days) was not 

sufficient to cause significant differences in growth performance between the two groups, which 

would occur if the experiment continued for a longer period. Several studies have reported 

enhanced growth parameters in tilapia fed phytase-supplemented diets when plant-based 

ingredients were a major portion of the diet (Furuya et al., 2001; Liebert and Portz, 2007, 2005; 

Portz and Liebert, 2004; Schamber et al., 2014). The improved protein digestibility due to phytase 

addition may explain the effects on enhanced growth parameters in fish (Liebert and Portz, 2007). 

According to the in vitro P mineralization analysis, phytase supplemented diets increased the 

available dietary P to approximately 0.24%, which is still below the recommended dietary P for 
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tilapia to sustain adequate bone mineralization. According to Robinson et al. (1987), 0.30% dietary 

phosphorus was adequate for good growth of tilapia; however, bone ash, phosphorus, and calcium 

results indicated that 0.50% dietary phosphorus was required for normal bone mineralization. A 

more recent study has recommended at least 0.60% of dietary phosphorus to satisfy the needs for 

growth performance, body composition and bone mineralization of Nile tilapia (Schamber et al., 

2014). As a common practice, aquafeeds are supplemented with inorganic phosphorus 

supplements to meet minimum P requirements of several fish species. Since the main goal of the 

present study was to evaluate the potential utilization of phytate-P as a source of phosphorus for 

fish and plants grown in aquaponics systems, diets were not supplemented with inorganic sources 

of P. 

 The phosphorus dynamics analysis showed that the feeding rate selected at the first part 

of the trial did not provide enough phosphorus to sustain the P uptake by plants; therefore, plants 

lowered the P concentration in the water considerably. As the feeding rate was being adjusted to 

the increase in fish biomass, there was a surplus of P in the water, which caused a dramatic increase 

in the dissolved P concentration after the fourth week of experiment. Even though the P dynamics 

analysis showed that after the fourth week there was a net accumulation of dissolved P in the water 

in all aquaponics systems, the phytase-treated systems had a lower phosphorus load in the water 

compared to the control. Other studies have also demonstrated that the addition of phytase to fish 

diets improves the utilization of phytate-P by fish and reduces the amount of phytate-P excreted 

with the feces (Sugiura et al., 2001; Yan et al., 2002). 

 The phosphorus budget analysis showed that phytase increased the total amount of 

phosphorus accumulated in fish and reduced the total amount of phosphorus released into the 

water, which corroborates the phosphorus dynamics analysis. Aquaponics systems that received 
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the control diet showed a higher relative change in the concentration of phosphorus in the water 

compared to systems receiving the phytase-supplemented diet. The incorporation of phytase into 

fish diets improves P availability and overall growth performance while reducing P excretion 

within several fish species in general (Liebert and Portz, 2005). The lower amount of phosphorus 

generated in the water due to phytase supplementation did not affect the overall growth or 

phosphorus content of lettuce in aquaponics. In fact, plants grown in the phytase-treated systems 

showed higher growth than the control group in the first crop, while plants in the second crop 

showed no differences between the two study groups. However, when considering the total plant 

biomass production from both crops combined, there was not statistical difference between means 

in the two groups. We were not able to identify the reason why plants in the first crop grew more 

in the phytase treatment than the control.  

 Phytase-supplemented systems accumulated slightly less nitrate (185.0 mg L-1) in the 

water compared to the control (201.0 mg L-1), although difference in means had no statistical 

significance (p = 0.06). Considering that fish receiving the phytase-supplemented diet showed 

slightly higher growth than fish the control diet (although difference between means had no 

statistical significance; p = 0.079), it appears that phytase increased the protein utilization by fish 

in the present study and therefore reduced nitrogen excretion. Phytates protect amino acids from 

degradation (Riche et al., 2002) and reduce protein digestibility in fish by forming phytate-protein 

complexes that are resistant to proteolytic digestion (Dalsgaard et al., 2009). However, phytase 

supplementation in plant-based diets appears to improve the bioavailability of protein and enhance 

growth in fish and protein utilization (Liebert and Portz, 2005). Still, we must reiterate that our 

results have to be considered with caution because of lack of statistical evidence for nitrate 

dynamics (p = 0.06) and weight gain (p = 0.07). 
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 Systems that did not receive the phytase-supplemented diets had more available 

phosphorus dissolved in the water than their phytase-treated counterparts. Since fish were not able 

to utilize phytate-P as a source of phosphorus, most phytate-P was consequently excreted in the 

water. However, based on the in vitro assay performed with the fish diets, it was clear that phytate-

P is a quite stable form of organic phosphorus that releases phosphorus only with the presence of 

phytase. Hence, the phytate-P present in the water only released reactive phosphorus due to the 

action of some form of phytase. Phytase-producing microorganisms have been isolated from a 

wide range of environments, including marine and freshwater ecosystems, soils, sediments and the 

gastrointestinal tract of animals (Hill and Richardson, 2007). As previously discussed, organic 

forms of P that are not digested by the fish (e.g. phytate-P) are excreted in the water in the solid 

form and can be only mineralized by bacteria and other organisms present in the aquatic 

environment (Cho and Bureau, 2001). Therefore, the aquaponics systems used in the present study 

possibly contained an indigenous microbial community capable of converting phytate-P into 

available forms of phosphorus in the water by a natural synthesis of microbial phytase. 

 

Conclusion 
 

 Phytase affected the overall phosphorus budget and dynamics in aquaponics systems. 

Phytase enhanced phosphorus retention in the fish carcass and consequently, less phosphorus was 

released into the aquaponics nutrient solution. Despite lowering the phosphorus load in aquaponics 

nutrient solution, phytase did not affect the growth or phosphorus accumulation of plants grown 

in the system and ultimately increased the overall phosphorus use efficiency. Therefore, phytate-

P has proven to be an attractive alternative source of phosphorus to be utilized by fish and plants 

grown in aquaponics systems when plant-based diets are supplemented with phytase. However, it 
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is recommended that even though the use of phytase in fish feeds increased the overall utilization 

of phytate in aquaponics systems, a small portion of inorganic phosphorus supplementation might 

be still necessary to meet minimum fish requirements. 
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Abstract 
 
With a worldwide trend towards the use of plant-based ingredients in the manufacturing of 
aquafeeds, the availability of phosphorus (P), a globally limited nutrient, will play a fundamental 
role in the long-term future of aquaponics. Microorganisms known as plant growth promoters 
(PGP) are essential for sustainable food production systems by improving the productivity of crops 
and mitigating environmental impacts. Microorganisms enhance the P availability to plants by 
mineralizing organic P and solubilizing precipitated phosphates. The genus Bacillus is one of the 
most studied plant growth promoting rhizobacteria, but its use in aquaponics systems has not yet 
been described. This work is focused on the effect of inoculation of a commercial product 
containing a mixture of Bacillus strains on hydroponically grown lettuce (Lactuca sativa) 
integrated with tilapia (Orechromis niloticus) aquaculture in a closed-loop system, in comparison 
with an untreated control. We determined plant growth and crop quality parameters to assess the 
efficacy of the beneficial microorganisms. A nutrient dynamics analysis was conducted to evaluate 
the effect of Bacillus inoculation on the changes of nutrient concentration in aquaponics solutions, 
as well as the phosphorus accumulation in several components (fish, plants, water and solids). The 
study quantified the main microbial groups recovered from systems inoculated or not with the 
commercial Bacillus mixture. In general, the nutrient dynamics were affected by the inclusion of 
the Bacillus mixture in the water. Systems that received the product showed faster decreases in 
ammonia concentration and faster increase in nitrite and nitrate concentrations than the control. 
The untreated aquaponics systems showed lower accumulation of phosphorus in the water than 
systems receiving the Bacillus mixture, which was reflected in poor plant growth, low phosphorus 
accumulation in the leaves and low chlorophyll content. However, the mass balance analysis 
showed that an external source of phosphorus possibly contributed to the overall P budget in 
systems receiving the Bacillus mixture. The microbial plate count assay demonstrated that the 
inoculated microorganisms were alive in the aquaponics systems receiving the treatment while 
untreated systems showed zero microbial counts. The Bacillus mixture used in the present study 
appears to have PGP properties and to enhance nutrient dynamics in aquaponics systems. 
However, since the product contained traces of phosphorus in its composition, further analysis will 
be necessary to distinguish whether the advantegeous effects promoted by the Bacillus occurred 
as a result of a beneficial microbial activity or a fertilizing effect. 
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Introduction 

 
 Integrated aquaculture with soilless vegetable production in a closed-loop system, 

namely aquaponics, has received considerable attention due to the system's capability to raise fish 

at high density, sustain adequate water quality, minimize water exchange and produce an 

additional marketable vegetable crop (Danaher et al., 2013). In aquaponics, water from the 

aquaculture sub-system loaded with fish waste is fed to a biological filtration sub-system mainly 

responsible for nitrification and solids removal, to be then delivered to a hydroponics subsystem 

and ultimately utilized by plants as nutrients. 

 Nitrification is by far the most discussed process mediated by autotrophic bacteria in 

aquaponics systems, but little attention has been given to processes involving the dynamics of 

other nutrients. Some authors (Rakocy and Hargreaves, 1993; Rakocy, 2012; Seawright et al., 

1998) believe that heterotrophic microorganisms might enhance nutrient availability in the system 

(e.g. phosphorus) via solids mineralization, without the mention of which species are capable of 

doing so and the specific mechanisms involved.  

 There has been a worldwide trend towards the use of plant-based ingredients in the 

manufacturing of aquafeeds (Gatlin et al., 2007). Plant-based ingredients (e.g. soybeans, corn and 

wheat) contain high amounts of phytic acid (or phytate), the main storage form of phosphorus in 

many plant tissues. However, phytate cannot be utilized by fish as a direct source of phosphorus 

(Cao et al., 2007; Cho and Bureau, 2001). The addition of the enzyme phytase to liberate free 

phosphorus from phytate is a necessary step when significant portions of plant-based ingredients 

are used in aquafeed formulations (Hien et al., 2015).  

 As in fish, phytate is not directly taken up by plants, so the cleavage of the phosphate 

anion from the inositol ring catalyzed by phytases is a required step (Gerke, 2015). Phosphorus 
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uptake by plant roots occurs mainly as soluble forms of phosphate ions (HPO4
2- and H2PO4

- ), 

which depends on the solubilization of mineral phosphates and the degradation or mineralization 

of organic phosphorus (Gerke, 2015; Malboobi et al., 2009; Quiquampoix and Mousain, 2005). 

Although a number of plant-produced phytases have been characterized, it has been suggested that 

the activity of these enzymes in roots is insufficient for effective utilization of phytate (Mudge et 

al., 2003).  

 Microorganisms known as plant growth promoters (PGP) play an important role in 

sustainable food production systems by improving the productivity of agricultural crops and 

mitigating environmental impacts caused by the indiscriminate use of chemical inputs in 

agriculture (Mangmang et al., 2014). Nutrient cycling enhancement including nitrogen and 

phosphorus, production of indole acetic acid (IAA) and siderophores, stomatal regulation, and 

alterations in root morphology are some of the benefits associated with the presence of PGP in 

agricultural systems (Gaggìa et al., 2013; Saxena et al., 2013). Microorganisms enhance the P 

availability to plants by mineralizing organic P and solubilizing precipitated phosphates (Khan et 

al., 2009; Ruzzi and Aroca, 2015). Evidence of naturally occurring rhizospheric phosphorus 

solubilizing microorganisms dates back to 1903, in which Bacillus megaterium, B. circulans, B. 

subtilis, B. polymyxa, B. sircalmous, Pseudomonas striata, and Enterobacter are referred to as the 

most important strains (Khan et al., 2009). Bacillus is one of the most studied plant growth 

promoting rhizobacteria (Ahmad et al., 2008), but its use in aquaponics systems has not been 

described. 

 This work is focused on the effect of inoculation of a commercial product (Sanolife® 

PRO-W) containing a mixture of Bacillus strains on hydroponically grown lettuce (Lactuca sativa) 

integrated with tilapia aquaculture (Orechromis niloticus) in a closed-loop system, in comparison 
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with an untreated control. Sanolife® PRO-W is microbial water conditioner formulated to promote 

the rapid decomposition of waste material and to help control pathogenic bacteria in aquaculture 

ponds under both aerobic and anaerobic conditions. Lettuce is the most frequently cultivated plants 

in commercial aquaponics operations, as reported by 68% of respondents to an international survey 

(Love et al., 2015), while the most commonly raised aquatic species is tilapia (Love et al., 2015, 

2014). The objective of this study was to determine plant growth and crop quality parameters to 

assess the efficacy of the beneficial microorganisms, with a special attention given to the 

accumulation of phosphorus in lettuce tissues, representing a crucial indicator of phosphorus 

uptake and plant health. A nutrient dynamics analysis (phosphorus flow and phosphorus 

partitioning) was conducted to assess the effect of Bacillus inoculation on the changes of nutrient 

concentration in aquaponics solutions, as well as the phosphorus accumulation in several 

components (fish, plants, water and solids). The study also aimed to quantify the main microbial 

groups recovered from systems inoculated or not with the commercial Bacillus mixture. 

 

Material and Methods 

 

 Aquaponics system design and operation 

 
 The experiment was carried out in a greenhouse at the Controlled Environment 

Agriculture Center (CEAC), Tucson, Arizona, USA. Six replicated experimental aquaponics units, 

each consisting of a 100-L fish tank, 20-L sump partially filled with 10 L of biofilter medium 

(Biospheres, Amiracle) and two hydroponics channels were used to conduct the study (Fig. 1). The 

sump contained a water pump (EcoPlus 185, 26.5W) to deliver water to fish tanks at a rate of 600 

L h-1. Air stones connected to an external air blower provided aeration to fish tanks and biofilters. 
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Water lost through evapotranspiration in all systems was replenished with tap water. Each 

individual aquaponics system was treated as an experimental unit and three units per treatment 

(control and Bacillus) comprised the experimental design (n = 3). 

 

 

Figure 1. Diagram of an experimental aquaponics unit used in the study. 

 

 Potassium was supplemented in the form of potassium sulfate to all aquaponics systems 

when necessary to maintain a K2O:N ratio close to 1:1. Magnesium was supplemented by foliar 

spraying twice a week using a 1.5% solution of magnesium sulfate salt. Micronutrients (Fe, Cu, 

Zn, Bo, Mn, and Mo) were also supplemented by foliar spraying with a 0.15 g L-1 solution of a 

micronutrient blend product (S.T.E.M, Peters Professional) every two days during the first two 

weeks and twice a week during the last two weeks after transplanting. The foliar applications of 

these nutrients were chosen over dissolution in the aquaponics nutrient solution to prevent 

interaction of these supplements with dissolved phosphorus, such as the formation of insoluble 

salts like magnesium and iron phosphates, which could affect the nutrient dynamics analysis. 

 Air temperature, relative humidity, and solar radiation were monitored using a data 

logger (Campbell Scientific CR23X). Since each aquaponics unit had a relatively small volume of 

water, water temperature fluctuated according to air temperature and therefore was not directly 

monitored. Dissolved oxygen in fish tanks was checked on a daily basis using a YSI Pro20 

handheld meter and remained constant above 5 mg L-1 in all units. The pH of aquaponics nutrient 
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solutions was monitored on a weekly basis using a handheld pH meter (HACH Hq40d multi) and 

remained constant at 8.1±0.1 throughout the experimental period. 

 

 Diet formulation and manufacturing 

 
 A basal diet containing no supplemental inorganic phosphorus (Table 1) was 

manufactured at the Environmental Research Lab (ERL) in Tucson, Arizona. All the dry 

ingredients and a portion of the soybean oil were mixed in a concrete mixer, moistened with 

distilled water (30% by weight), cold-pressed through a pellet mill as 4 mm pellets, and oven-dried 

for 24 h at 50°C. The diet was top-coated with the remaining soybean oil after the drying process 

was complete. 

 
Table 1. 
Formulation and chemical composition of basal diet. 
Ingredients Contents  
 g kg-1  
Soybean meal 538.0  
Wheat gluten 80.0  
Corn  277.0  
Soybean oil 40.0  
Calcium carbonate 20.0  
DL-methionine  5.0  
Mineral and vitamin mix† 40.0  
Proximate composition (dry matter basis)   
Crude protein (g kg-1) 363.9  
Crude lipid (g kg-1) 79.0  
Ash (g kg-1) 20.0  
Crude fiber¶(g kg-1) 588.2  
Energy (Mcal kg-1) 3.77  

† Mineral and vitamin mix contents per kg of product: Fe 40 mg; Cu 4 mg; 
Zn 50 mg; Iodine 40 mg; Mn 60 mg; Se 0.4 mg; Co 0.5 mg; vitamin A 2 325 
000 USP; vitamin D3 65 000 USP; vitamin E 32 500 IU; vitamin K 793.65 
mg; vitamin C 87 100 mg; vitamin B1 2 600 mg; vitamin B2 3 250 mg; 
vitamin B6 2 600 mg; vitamin B12 10 000 µg; pantothenic acid 15 600 mg;  
biotin 40 mg; folic acid 780 mg; niacin 19 500 mg. 
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 Fish and lettuce culture conditions 

 
 Tilapia juveniles with an average initial body weight of 70 g were obtained from a 

commercial grower in Arizona (Desert Springs, Dateland, AZ, USA). Five fish were transferred 

to their respective tanks 15 days prior to lettuce transplanting for acclimation of the biofilters. The 

biofilters were inoculated with commercial product including nitrifying bacteria (API QUICK 

START®) that allows for instant addition of fish in a new system as it immediately starts the 

natural nitrogen cycle. Lettuce seeds (Johnny’s Seeds, Red Cherokee var., pelleted) were sown in 

rockwool cubes and kept in the greenhouse under natural light and photoperiod. Four 11-day-old 

seedlings were transplanted to each hydroponics channel, comprising a total of eight lettuce plants 

for each aquaponics experimental unit. 

 Fish were fed the formulated diets with the aid of automatic feeders at approximately 

1.0% of body weight per day. The feeding amount based on total fish biomass was adjusted on a 

weekly basis considering theoretical biomass accumulation. Thus, each week we calculated the 

total amount of feed provided to each tank; then, it was assumed that for each 1.5 g of feed 

consumed, fish would gain 1 g of biomass; finally, the calculated biomass gain was added to the 

total biomass determined in the previous week. Each fish tank contained approximately 350 g of 

total initial biomass, resulting in an initial feeding amount of 3.5 g of feed per day for the first 

week. At the last week of experiment, fish were being fed 4.2 g of feed a day. 

 Three aquaponics units (Fig. 1) were randomly assigned to each treatment (Bacillus and 

Control). The aquaponics units assigned to the Bacillus treatment received a commercial Bacillus 

mixture (Sanolife® PRO-W; with reported minimum counts of 5.0 × 1010 CFU g-1, INVE 

Aquaculture Inc., Grantsville, UT, USA) at a concentration of 0.20 g L-1 of water twice a week 

until the end of experiment following manufacturer's instructions. 
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 Fish growth parameters 

 
 Fish growth performance was evaluated by calculating the following parameters: 

 
• Weight gain (WG, g):  (W` −Wa) n	of	fish	per	replicate 

• Specific growth rate (SGR, %): 100	x	 (lnW` −	 lnWa) days	of	feeding	period 

• Feed conversion ratio (FCR): feed	intake weight	gain 

where W` is total final weight (g) and Wa is total initial weight (g). 
 

 Phosphorus content analysis and chlorophyll concentration index 

 
 Lettuce samples were collected at the end of the experiment, oven-dried at 65°C for 72 

hours, and weighed for dry mass determination. Lettuce dry samples of four plants were mixed in 

a composite sample for analysis, comprising two samples analyzed per aquaponics experimental 

unit. Samples were finely ground and 10 mg aliquots were transferred to glass vials, to which were 

added the contents of one potassium persulfate powder pillow (Hach PERMACHEM® Reagents) 

and 2 mL of sulfuric acid (5.25N, Hach Company, Loveland, Colorado, USA). Vials were 

transferred to a block digester (HACH COD Reactor) and digested at 150ºC for 4 hours. After 

complete digestion, vials were let to cool off at room temperature and received 2 mL of NaOH 

solution (5.0N, Hach Company, Loveland, Colorado, USA). An aliquot (0.1 mL) was pipetted into 

a different glass vial and the volume was adjusted to 10 mL using demineralized water. Phosphorus 

concentration in the final sample was determined in a portable colorimeter (Hach DR/850 

Colorimeter, Hach Company, Loveland, Colorado, USA) using the Hach Method 8048 (Hach 

Company, Loveland, Colorado, USA) and the content of phosphorus in the dry sample calculated. 
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 Two fish per experimental unit were collected at the end of the trial, and individually 

ground using a blender. The ground-fish paste was weighed and oven-dried at 65ºC for 72 hours. 

Fish dry samples were finely ground and 10 mg aliquots were processed as described for lettuce 

dry samples. Before the beginning of the experiment, six fish with similar weight and from the 

same batch of animals used in the experiment were processed as described above to determine the 

initial phosphorus content in the carcass. All fish used in the P content analysis had their scales 

removed before being put in the blender to facilitate the grinding process. Pellets from the feed 

used in the experiment were also finely ground, and 10 mg aliquots were processed as described 

for lettuce dry samples. The chlorophyll concentration index (CCI %) was measured on three 

different leaves per plant using a portable meter (Apogee CCM-200) prior to harvesting. 

 

 Nutrient concentration dynamics 

 
 On a weekly basis, water samples were taken from each aquaponics sump to determine 

dissolved concentration of ammonia, nitrite, nitrate, orthophosphate, potassium, and total 

dissolved solids (TDS). Ammonia concentration was determined using the Hach Ammonia Low-

Range Standard Method 10023 (Nitrogen-Ammonia Reagent Set, TNT, AmVer Salicilate Low 

Range). Nitrite concentration was determined using the Hach Nitrate High-Range Standard 

Method 8192 (NitriVer® 3 Nitrite Reagent Powder Pillows). Nitrate concentration was determined 

using the Hach Nitrate High-Range Standard Method 8039 (NitraVer® 5 Nitrate Reagent Powder 

Pillows). Orthophosphate concentration was determined using the Hach method 8048     

(PhosVer® 3 Phosphate Reagent Powder Pillows). Potassium concentration was determined using 

a portable K+ meter (LAQUAtwin K+; Horiba, Kyoto, Japan). Total dissolved solids concentration 

was determined with a portable meter (Hach Company, Loveland, Colorado, USA). 
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 Phosphorus determination in solids 

 
 Solids that accumulated over the trial period were collected at the end of the experiment 

from each aquaponics biofilter. A 0.5 L aliquot of the original solids sample was homogenized for 

two minutes in a blender. A 0.1 mL aliquot was pipetted from the blended sample, and the volume 

adjusted to 5 mL using demineralized water and processed using Hach Total Phosphorus Method 

8190. 

 

 Phosphorus budget analysis 

 
 The total phosphorus input, output, uptake and accumulation in the culture system during 

the rearing cycle were assessed at the beginning and end of the trial. The phosphorus budget was 

calculated based on inputs from water, stocked fish and total amount of feed; and outputs were 

calculated based on harvested fish, harvested lettuce, water and solids. Phosphorus input and 

output in the form of water was calculated by multiplying the P concentration by the total volume 

of water in the aquaponics systems. Phosphorus input in the form of water represents nutrient 

contained in water on the day plants were transplanted. The water source was the same for all 

aquaponics systems and therefore contained approximately the same concentration of dissolved 

phosphorus in all experimental units. Phosphorus output in the form of water represents 

phosphorus present in the water not utilized by plants on the harvest-day. Solids samples were 

taken from each aquaponics biofilter (that also functioned as a solid collector), and the phosphorus 

present in samples was multiplied by the total volume of the container (15 L). 

 The total phosphorus input in the form of feed was calculated as follows (1): 

𝑃"##$ = 	𝐹	×	𝑃%"##$			(1) 
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where F is the total amount of feed supplied and 𝑃%"##$ is phosphorus content of feed (decimal 

fraction). 

 The total phosphorus input and output in the form of fish biomass was calculated as 

follows (2): 

𝑃"C>R = 	𝑀"C>R	×	𝑃%"C>R			(2) 

where 𝑃%"C>R is the nutrient concentration in tilapia carcass (decimal fraction) and 𝑀"C>R is the 

total tilapia dry biomass. 

 The total phosphorus output in the form of plant biomass was calculated as follows (3): 

𝑃SF=QJ> = 	𝑀SF=QJ>	×	𝑃%SF=QJ>				(3) 

where 𝑃%SF=QJ>	is the nutrient concentration in lettuce dry tissue (decimal fraction) and 𝑀SF=QJ> 

is the total lettuce dry biomass. 

 The total amounts of phosphorus present in each component described above were 

divided by the total phosphorus input in the form of fish feed and were expressed as a percentage 

of total phosphorus input as feed. The phosphorus recovery fraction (PR) was determined as 

follows (4):  

𝑃𝑅 = 𝑃"C>R + 𝑃t=J#@ 	+	𝑃SF=QJ> 	+ 𝑃>EFC$> 𝑃"##$				(4) 

 

 Microbial plate count assay 

 
 Water samples from the aquaponics biofilters were aseptically collected and immediately 

processed for the microbial plate count assay. 0.1 ml of each sample was suspended in 0.9 mL of 

sterile saline water (0.85% NaCl), and serial dilutions were performed until the 10-6 dilution. 
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Subsequently, 0.1 mL of the 10-4, 10-5 and 10-6 dilutions were seeded on Tryptone Soy Agar (TSA) 

plates and incubated at 30°C for 24 h. In addition, 0.1 mL the original undiluted water sample was 

seeded on the agar plates to serve as the positive control and also plates not inoculated were 

incubated as negative control to ensure that plates were not contaminated during their preparation. 

Each analysis was conducted in triplicate. Following incubation, the number of colony forming 

units (CFU mL-1) was recorded when colonies were visibly distinct and countable. The microbial 

recovery rate was calculated by dividing the number of CFU recovered in the plate assay by the 

total number CFU added to the aquaponics systems, and multiplying by 100. 

 

 Statistical analysis 

 
 Results were expressed as mean ± S.D. and group mean differences were analyzed using 

Student's T-TEST for all data except for the phosphorus budget and nutrient concentration 

dynamics analyses. Statistical significance was assumed at levels > 95% (p < 0.05). A two-way 

repeated measures ANOVA was run to determine the effect of different treatments on changes in 

nutrient concentrations over the weeks according to the following model: Yij = µ + Wi + Tj + 

TWji + ɛij. Variables were represented as follows: Yij is the studied variable; µ is the variable 

mean; Wi is the week i; Tj is the treatment j; TAji is the treatment week interaction; and ɛij is the 

error. The same statistical procedure was used to determine the effect of different treatments on 

the accumulation of phosphorus in the several pools (fish, plants, water and solids) according to 

the following model: Yij = µ + Pi + Tj + TPji + ɛij. Variables were represented as follows: Yij is 

the studied variable; µ is the variable mean; Pi is the phosphorus pool i; Tj is the treatment j; TPji 

is the treatment pool interaction; and ɛij is the error. The Bonferroni procedure was used for 

subsequent pairwise comparisons if the ANOVA was significant. All charts were made using the 
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ggplot2 package ver. 2.1.0 (Wickham, 2009) in RStudio ver. 0.99.491 (RStudio Team, 2016). The 

statistical software package SPSS (IBM Corp, 2016) was used for all statistical procedures. 

 

Results 
 

 Environmental conditions 

 
 The temperature, relative humidity and photosynthetic active radiation were on average 

22.7ºC, 41.3% and 147.9 µmol m-2 s-1 respectively during the experiment (Fig 2). 

 

 
Fig. 2. Photosynthetic active radiation, air temperature and relative humidity during the 
experiment. 
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 Fish growth and phosphorus content 

 

 Fish grew on average from 70.0 to 83.0 g (18% increase in weight). However, fish were 

harvested prematurely at day 21 because some animals showed signs of erratic swimming at the 

same time that four dead fish were found. We attributed the mortality and erratic swimming 

symptoms to ammonia and nitrite toxicity. No differences in growth or phosphorus content in 

carcasses were detected between fish reared in aquaponics systems receiving Bacillus or control 

treatments (p > 0.05). Results and statistical parameters are shown in Table 2. 

 

Table 2. 
Growth parameters and phosphorus content of tilapia grown in aquaponics systems inoculated or 
not with a commercial Bacillus mixture. 

Treatment 
Wi

1 Wf
2 WG3 SGR4 FCR5 P6 

g g g % day-1 g/g % 

Control 70.1±0.41 82.6± 1.73 12.4± 2.0 0.71±0.11 1.34±0.24 1.70±0.01 

Bacillus 70.0± 0.93 83.4± 2.77 13.4± 1.9 0.75±0.09 1.24±0.19 1.60±0.07 

p-values n/a .680 .615 .613 .614 .095 
1individual initial weight; 2individual final weight; 3individual weight gain; 4specific growth rate; 5feed conversion 
ratio; 6phosphorus content in dry biomass. Means of two fish per replicate ± S.D (n = 6). 
 

 Lettuce growth and phosphorus content 

 

 Plants showed very little growth during the first 21 days after being transplanted to 

aquaponics systems. Part of the slow initial growth was attributed to the low light intensity and 

short days, since the trial was carried out during winter time. In addition, in all aquaponics systems 

in both treatments, plants showed signs of severe chlorosis in new leaves, which was flagged 
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initially as a possible nutrient deficiency or toxicity, and might have also contributed to slowing 

down growth. We attributed the chlorosis episode to a possible toxicity due to high concentration 

of nitrite in the water, since these symptoms occurred at the same time that nitrite concentrations 

spiked, then disappeared after nitrite concentrations were lowered. Plants from the Bacillus-treated 

systems showed faster recovery than plants from untreated systems. 

 Plants that received a Bacillus mixture in the water accumulated more dry mass, more 

phosphorus and more chlorophyll (Table 3), and were visually taller than the control (Fig. 3): 

 

Table 3.  
Growth, P content and chlorophyll index of lettuce grown in aquaponics systems 

Treatment 1Dry mass (g) 2P content (%) 1Chlorophyll index (%) 

Control 1.30±0.92 0.25±0.03 5.27±1.31 
Bacillus 4.09±0.87 0.54±0.02 7.27±1.33 
p-values .019 .0001 <.0001 

Values are means ± s.d. 1Means considering n=24. 2Means considering n = 3. 

 

 

 
Fig. 3. Lettuce biomass accumulation in aquaponics systems. "A" represents the control and "B" 
represents aquaponics systems inoculated with a commercial Bacillus mixture. 
 

 

B A
B
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 Nutrient concentration dynamics 

 

 The nutrient concentration dynamics analysis showed that nitrogen accumulated at 

higher rates and quantities than phosphorus in the aquaponics systems (Fig. 4). 

 

 
Fig. 4. Nutrient concentration changes in aquaponics systems receiving or not Bacillus inoculation. 
Values are means ± S.D. 

 

 The effect of inoculating Bacillus mixture in aquaponics systems on the nutrient 

dynamics was determined based on nutrient changes over the course of several weeks. Not all 

weeks were considered for the statistical analysis. To reduce the number of factors in the analysis, 

four specific weeks were chosen with constant intervals depending on the nutrient analyzed. For 

ammonia, nitrite and nitrate, weeks 1,2, 3 and 4 were selected because major changes occurred 

within this time frame. Also after week four, ammonia and nitrite concentrations tended to be too 

low in both treatments to be analyzed. For phosphate, weeks 1, 3, 5 and 7 were selected for the 

statistical analysis due to major concentrations changes within this period. The repeated measures 
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ANOVA showed that Bacillus affected the concentration dynamics of nitrogen and phosphorus in 

the aquaponics solutions, but the most prominent effect occurred for the changes in concentration 

of reactive phosphate in the aquaponics systems (Table 4). 

Table 4.  
Two-way repeated measures ANOVA for the changes in nutrient concentrations over the weeks 
with multiple comparisons 

1Within-Subjects Effects df SS MS F p-values 
Ammonia 2.05 113.44 55.17 9.53 0.007 
      error 8.22 47.59 5.78   
Nitrite  2.02 385.07 190.39 1.30 0.323 
      error 8.09 1179.24 98.27   
Nitrate 1.62 7764.32 4790.13 5.93 0.038 
      error 6.48 5233.77 807.23   
Phosphorus reactive 1.90 7.07 3.71 38.15 <0.001 
      error 7.62 .742 .097   
  p-values 
2Pairwise Comparisons  Week 1 Week 2 Week 3 Week 4 
Ammonia  0.036 NS 0.019 NS 
Nitrite  NS NS NS NS 
Nitrate  NS NS 0.012 NS 
Phosphate  NS NS 0.002 0.001 

1Treatment × Weeks effects. Simple effects of treatment (Bacillus vs. Control) within each week level based on the 
linearly independent pairwise comparisons among the estimated marginal means. NS = not significant. 
 

 Changes in the concentration of reactive phosphate were significantly affected by the 

inclusion of Bacillus in the water (p < 0.001). Bacillus-treated systems showed an increase in 

reactive phosphate in the water, but differences were only statistically different after the third week 

of trial. Ammonia concentrations were affected by the inclusion of Bacillus in the water                     

(p = 0.007). Systems inoculated with Bacillus showed a more rapid decrease in the concentration 

of ammonia in the water compared to the control. Bacillus-treated systems had almost no ammonia 
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in the water at week 3, but it took one additional week for the untreated systems to lower ammonia 

concentration at the same concentration. The faster decrease of ammonia concentration in Bacillus-

treated systems than the control was reflected in the faster increase of nitrite and nitrate 

concentrations. Due to high data variability within treatments, nitrite concentration changes over 

the weeks showed no effect of Bacillus inoculation (p > 0.05), although nitrite concentrations have 

had faster numerical increase for Bacillus-treated systems than the control. Nitrate concentrations 

were affected by the inclusion of Bacillus in the water (p = 0.038), so that at week 3 there was a 

statistically significant spike in nitrate concentration in Bacillus-treated systems, that correlates 

with the decrease in ammonia and increase in nitrite in the same week. 

 We did not apply statistical tests for changes of potassium concentration in the 

aquaponics systems because potassium sulfate was supplemented to artificially increase the K+ 

concentration in the water. All systems received the same amount of potassium. 

 

 Phosphorus budget analysis 

 
 The overall phosphorus budget, which is composed of the phosphorus accumulated in all 

measured output components, is shown in Table 5. The inoculation of Bacillus affected the 

distribution of nutrients in the different aquaponics outputs (p < .001). In the lettuce pool, Bacillus-

treated systems showed higher P accumulation than the control. In the water pool, the control 

accumulated less phosphorus than Bacillus-treated systems. Treatments had no effect on the P 

accumulation in the fish pool. Bacillus-treated systems showed higher P accumulation in the solids 

pool than the control. All statistical parameters are summarized in Table 6. 
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Table 5. 
Phosphorus budget of all measured pools in aquaponics systems with/without Bacillus inoculation 

Treatment 
P input 

(g) 
 P outputs (g) 

Feed  1Fish Plants 1Water Solids 2Unaccounted 
Control 0.39  0.25±0.03 0.02±0.01 -0.04±0.01 0.14±0.01 0.01±0.00 
Bacillus 0.39  0.16±0.03 0.17±0.03 0.03±0.01 0.19±0.01 -0.17±0.05 

Results are means of three observations per treatment (n=3) + S.D. 1The values for fish and water considered only the 
net P accumulation over the trial period (subtracted the initial P). 2Unnacounted represents the amount of P not 
recovered from the total P input in the form of feed. Negative values represent phosphorus coming from sources other 
than fish feed. 

 

Table 6. 

Two-way repeated measures ANOVA for the amount of phosphorus accumulated in different P 
pools with multiple comparisons 

Within-Subjects Effects df SS MS F p-value 
P pools × Treatment 1.69 0.113 0.067 24.944 0.001 
      error 6.73 0.012 0.002   
      
*Pairwise Comparisons Fish Plants Water Solids Unaccounted 

p-values NS 0.002 <0.0001 0.043 0.005 
*Simple effects of treatment (Bacillus vs. Control) within each P pool based on the linearly independent pairwise 
comparisons among the estimated marginal means. NS = not significant. 
 

 Microbial plate count 

 

 Systems that received the commercial Bacillus mixture showed significantly higher 

microbial counts than the control (Table 7). In fact, TSA plates seeded with water samples from 

the control showed no bacterial growth, even at the positive control plates seeded with the original 

water samples without dilution (Fig. 5). 
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Table 7. 
Microbial plate count and Bacillus recovery in aquaponics systems. 

Treatment Plate count (105 CFU mL-1) Recovery (%) 

Control 0.0±0.0 - 

Bacillus 6.0±0.3 4.3±0.8 
p-values <.0001 - 

Results are means of three observations per treatment (n=3) + s.d. 

 

 

Fig 5. Tryptic soy agar plates after 24-h incubation. Numbers 1, 2 and 5 represents aquaponics 
systems that received the Bacillus mixture, and 3, 4 and 6 the control. 

 

Discussion 

 

 The high levels of ammonia and nitrite during the first three weeks of experiment 

dramatically affected the performance of fish in all aquaponics systems and forced the premature 

removal of all animals. We expected that fish would benefit from the extra phosphorus mineralized 

by the microorganisms since the fish reared in the aquaponics systems were fed a diet with very 

low available phosphorus (0.01%). Mineral requirements of fish can be met by minerals 

originating from diets as well as from the water (Eding et al., 2012). Tilapia can take up dissolved 

1 2 3 4 5 6 
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orthophosphate from the water through the gills (Al-Kholy et al., 1970). Nevertheless, the imposed 

premature harvest hampered any possibility of assessing the effect of Bacillus on performance and 

P accumulation in Nile tilapia in our study. 

 As well as in fish, plants appeared to be affected by the high concentration of nitrite in 

the water. We attributed the severe chlorosis in new leaves as a sign of nitrite toxicity since these 

symptoms occurred at the same time that nitrite was at its highest concentrations in the aquaponics 

nutrient solutions, and disappeared after nitrite concentrations were lowered. During the first three 

weeks of experiment, plants showed very slow growth and barely doubled in size. After the third 

week, plants began to recover and reestablish normal growth. Plants in the control persisted with 

mild chlorosis signs for a longer period than plants grown in Bacillus-treated systems. According 

to Oke (1966) a small concentration of nitrite in nutrient solution can have adverse effects on plant 

growth. The nutrient concentration dynamics analysis showed that Bacillus-treated systems 

lowered the concentration of nitrite in the aquaponics nutrient solution faster than the control, 

which might have explained the faster recovery of Bacillus-treated plants than the ones grown in 

untreated systems. 

 Systems treated with Bacillus showed a significant increase in the orthophosphate (PO4) 

concentrations in the aquaponics nutrient solution. It is worth noting that after the third week of 

experiment, the feeding procedure was ceased in all systems since all fish had to be removed. 

Therefore, the increase in orthophosphate concentration after week 3 possibly occurred due to 

mineralization of an existing source of phosphorus in the system. Since Bacillus sp. is known as a 

phosphatase-producer, it possibly contributed to organic phosphorus mineralization in the studied 

aquaponics systems inoculated with the commercial Bacillus mixture. Even the untreated systems 

showed a slight increase in the concentration of dissolved orthophosphate in solution after the third 
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week of experiment, but not as prominent as the increase in Bacillus-treated systems. It is possible 

that an indigenous microbial community carried by fish possess the ability to mineralize 

unavailable forms of phosphorus in aquaponics nutrient solutions. All systems components 

(hydroponics channels, fish tanks, biofilters) were sanitized before the experiment with bleach, 

and subsequently all biofilters were inoculated with a commercial product containing nitrifying 

autotrophic bacteria, but not Bacillus sp. Therefore the only potential source of microorganisms 

rather than the commercial Bacillus inoculants were the fish introduced in the systems.  

 The concentration dynamics of ammonia and nitrate were affected by the inclusion of 

the Bacillus mixture in aquaponics systems. Even though no statistical significance was detected 

in the nitrite concentration dynamics analysis, the mean concentrations between treatments were 

numerically different. Since ammonia, nitrite and nitrate dynamics are intrinsically interconnected 

through the nitrification process, we also considered that treatments also affected the dynamics of 

nitrite concentration in the systems. 

 Bacillus-treated systems showed a faster decrease in the ammonia concentration in 

nutrient solution than the control. Bacillus sp. uses glutamine as its most preferred source of 

nitrogen, but in the absence of glutamine, alternative nitrogen sources such as ammonia can be 

used (Detsch and Stülke, 2003). Under high external ammonia concentrations, Bacillus sp. cells 

acquire ammonia via diffusion to be used in the nitrogen metabolism for the synthesis of glutamate 

(Gunka and Commichau, 2012). Therefore it is possible that Bacillus contributed to lower the 

concentration of ammonia in the nutrient solution through direct uptake. Furthermore, the 

complementary hypothesis is that Bacillus also paired with the nitrifying microorganisms to favor 

the nitrification process. 
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 Systems that received the Bacillus mixture showed a faster increase in the concentration 

of nitrite and nitrate than the control. Thus we believe that Bacillus paired with the nitrifying 

microorganisms and favored the conversion of ammonia into nitrite, and nitrite into nitrate. 

Interactions between heterotrophic and nitrifying bacteria have been previously described in 

biofilms (Merkey et al., 2009), however, it is generally accepted that heterotrophs benefit from 

soluble microbial products (SMP) produced during the normal metabolic activity of nitrifiers, but 

the opposite is not well discussed. Therefore the mechanisms by which heterotrophs promote the 

activity of nitrifiers in biofilms or even a potential mutualistic interaction between the two are still 

not clear. Biofilms are described in several mathematical models as layered structures containing 

an inner layer formed by a major portion of inert biomass near the substratum, with the nitrifying 

microorganisms mostly positioned in a middle layer, and heterotrophs dominating the outer layer 

(Fdz-Polanco et al., 2000). This feature of biofilms appears to protect the nitrifiers from losses due 

to detachment and predation (Merkey, 2008). 

 The increase in orthophosphate concentration in aquaponics systems treated with 

Bacillus was reflected in the enhanced growth and phosphorus accumulation in plants. Plants 

grown in Bacillus-treated systems accumulated approximately four times as much dry mass and 

twice as much phosphorus as the control. Plants grown in untreated systems showed lower 

chlorophyll content than Bacillus-treated systems. It is likely that the poor performance and quality 

of plants grown in untreated systems were related to the low phosphate availability demonstrated 

by the phosphate dynamics analysis. Phosphate is one of the key substrates in energy metabolism 

and biosynthesis of nucleic acids and membranes, therefore plays an important role in 

photosynthesis, respiration, and regulation of a number of enzymes in plants. When phosphate 

concentrations in solution culture are as low as it occurred in the untreated aquaponics systems, 
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the P uptake by plants is dramatically affected. Plants need specialized transporters in the roots to 

extract phosphorus from solutions with low P concentrations and transport inorganic P across root 

cell membranes against an intracellular concentration gradient that can be 1000-fold higher than 

the external solution (Schachtman, 1998). Most plants need a phosphate concentrations of 20 to 

30 µM (1.9-2.8 mg L-1) for adequate growth in solution culture (Asher and Loneragan, 1967). 

According to the nutrient concentration dynamics analysis for the untreated systems in our study, 

the concentrations of orthophosphate never exceeded 2.0 mg L-1, and remained lower than 1.0 mg 

L-1 most of the time, which is slightly below the 1.9-2.8 mg L-1 threshold discussed above. 

 The P budget analysis showed that systems treated with Bacillus accumulated more 

phosphorus in plants, dissolved in the water and in the solids than the control. The amount of P in 

solids accumulated in the systems were similar between treatments, and represented almost 50% 

of the total P input in the form of fish feed. In a soil study, only 30 to 60% of the total organic P 

was hydrolyzed by phosphatases, demonstrating that a considerable proportion of organic P is 

usually not susceptible to enzyme hydrolysis (Bünemann, 2008). The amount of unaccounted P in 

Bacillus-inoculated systems also exceeded the total phosphorus provided in the fish feed. We 

hypothesized that the fish feed was not the only source of phosphorus in systems receiving the 

Bacillus treatment. We traced possible sources of P that would have contributed to affect overall 

P budget. We performed a separate analysis on the Bacillus product and found that it contained 

approximately 0.60% of total P and 0.43% of reactive P. Considering the low microbial recovery 

determined by the microbial plate count assay, in which only 4.3% of all bacteria provided by the 

product was viable, it is possible that Bacillus has a short living period in the system and therefore 

becomes a phosphorus source after cells die. Thus, our nutrient budget analysis was hindered and 
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we were not able to determine how much of the increase in concentration of phosphorus in the 

water resulted from P mineralization from the feed or the product. 

 Nevertheless, we still believe there is evidence that the microbial activity was the main 

source of the positive effects observed in systems treated with Bacillus mixture. First, the plate 

assay demonstrated that the inoculated microorganisms were alive in the system, while plates 

seeded with water samples from untreated systems showed no microbial growth. Second, during 

the first three weeks of trial there were no changes in the concentration of dissolved orthophosphate 

in all aquaponics systems, treated or not with Bacillus, even though the commercial product used 

in the study contained traces of phosphorus. If the product was a direct source of phosphorus, we 

would expect a linear increase in the concentration of P in the water right after the first week of 

experiment. Thus, the surplus of orthophosphate dissolved in the water of Bacillus-treated systems 

was likely due to microbial activity. 

 

Conclusion 
 

 The study highlights the importance of understanding nutrient dynamics for plants grown 

in aquaponics system. When plant-based diets were fed to fish in aquaponics systems, low amounts 

of dissolved orthophosphate were produced in the nutrient solution, which impaired growth and 

quality of lettuce. The addition of a commercial mixture of Bacillus sp. enhanced plant growth, 

increased the P accumulation in plant tissues, and increased the chlorophyll content in the leaves. 

Also systems that received the Bacillus mixture showed higher concentration of dissolved 

orthophosphate in the water than untreated systems. However, because we detected traces of 

phosphorus in the commercial product used in our experiment, we were not able to affirm that the 

benefits promoted by the Bacillus mixture were a result of microbial activity, or the inherent P 
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contribution of the product, or a combination of both. We recommend that in future studies using 

such microbial preparations in aquaponics systems, researchers isolate the fertilizer effect by 

simply adding a control treatment in which the product is sterilized. We also recommend 

acclimating biofilters for a period of at least three weeks before the introduction of fish and plants 

in the system to avoid any toxicity effect caused by the accumulation of ammonia and nitrite. 

Bacillus inoculation appears to help the nitrifying bacteria to establish in aquaponics biofilters and 

speed up the nitrification process. Bacillus also affected the dynamics of ammonia, nitrite and 

nitrate in aquaponics. Therefore Bacillus might have a positive effect on the development and 

maintenance of the nitrification process through a beneficial association with nitrifying bacteria, 

but the mechanisms involved still need to be elucidated. 
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