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Abstract: pH is the major factor that makes producers in aquaponics frustrated, since the main three 

organisms (aquatic animal, plant, and microbes) in the system with different preferences. Yet, 

amending the growing environment with additional C is a potential method to improve the growth 

of shrimp and plants as well as the establishment of microbe. A detailed study of the effects of pH 

and additional C on aquaponics under saline conditions has not been investigated. In this study, the 

effect of pH and additional C on the growth performance of shrimp (Litopenaeus vannamei) and five 

edible plants in marine aquaponic systems using the nutrient film technique (NFT) was evaluated. 

The results indicated that at both pH 6.5 treatments, plants grew better; nevertheless, the growth 

performance of plants in pH 7.5 with additional C was improved and showed a similar yield to 

lower pH treatments. On the other hand, shrimp growth was little affected by pH and additional C. 

A higher impact of imbalanced ionic composition on shrimp performance may have contributed to 

this trend. Hence, we suggest that only if the ionic composition is managed can make RO water a 

suitable source of water for shrimp-based aquaponic. In spite of this, more research is required. 

Keywords: sustainable food production; pH; supplemental C; marine aquaponics; wastewater treat-

ment; halophytic plants; Litopenaeus vannamei 

 

1. Introduction 

The demand for sustainable food production systems, and awareness of food safety 

has increased, driven by an increasing global population, urbanization, changing food 

habits, climate change, resource depletion, and environmental issues. [1–3]. Aquaponic 

food production systems produce more food with less environmental impact than tradi-

tional agriculture and use less freshwater and land [4–6]. It has been considered a sustain-

able food production system and a solution to food security [2,4,6]. Furthermore, incorpo-

rating seawater or brackish water systems offers the potential of conserving freshwater 

resources, increasing food diversity, offsetting the burden of declining seafood production 

from the wild supply [2,7,8], and may become an important component of our global food 

production complex in the future.  

Nutrient flows in aquaponics varies as a function of feeding frequency and regime, 

feed amounts, animal to plant ratio, hydraulic loading rate, subsystem ratio, and pH [9–

16]. Environmental pH plays a critical role in nearly all chemical reactions in water, and 

influences physiological functioning of aquatic animals, plants, and microorganisms 

[4,13,17–20]. One of the major challenges in freshwater aquaponic systems is the variation 

in optimal pH for the three taxa; animal, plant and bacteria (i.e., the pH conundrum). The 

pH optimum for aquatic animals and bacteria differs from the optimum for plants [4]. 

However, Gunning et al. [8] reported that the ideal pH for saltwater aquaponics was 7.5 

to 8.5, as halophytes originated from coastal areas with high alkalinity and pH. Therefore, 
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the probability of a pH conundrum in marine or brackish water aquaponic systems may 

be less than in freshwater systems. Nevertheless, Chu and Brown [9,21] mentioned that 

pH was a possible factor influencing growth of the halophytes they evaluated. The ideal 

range of pH for an integrated system that includes aquatic animals, plants and bacteria in 

marine aquaponics remains largely unknown and may significantly influence compatibil-

ity of biotic subsystems and significantly influence outputs.   

Adding molasses is a common approach in field agriculture to amend the growing 

environment for better growth and yield [22,23]. Chu and Brown [9] found halophytic 

plants grew better with higher C/N ratio in deep-water culture systems. However, there 

is little research on the effect of additional C on plants grown at different pH levels. Add-

ing organic carbon is the most common practical approach used to stimulate the formation 

of biofloc [24,25]. Biofloc includes heterotrophic and autotrophic bacteria, algae, zoo-

plankton, and various microorganisms in water to control and manage toxic nitrogen 

compounds [24,25]. Additionally, biofloc suspended in the water column can serve as a 

nutritional supplement for aquatic animals that can tolerate high turbidity. Recom-

mended C/N ratio is 10 to 20 [26–28]. 

Pacific whiteleg shrimp (Litopenaeus vannamei) accounts for 52.9% of total crustacean 

production and was the second largest aquaculture industry in 2018 [29]. Rapid growth, 

good survival in intensive culture, wide range of salinity tolerance, high market price, and 

increasing demand for whiteleg shrimp attract farmers’ attention in the industry. Com-

pared to fish-based aquaponics, which relies on plants as the major revenue, shrimp-based 

aquaponics, in which shrimp can be harvested 3 to 4 times per year, has the possibility of 

alleviating the economic drain caused by one harvest of fish per year [30]. Moreover, 

shrimp are one of the species that can benefit from the addition of C to stimulate the for-

mation of biofloc.  

Three halophytic plants, red orache (Atriplex hortensis), okahijiki (Salsola komarovii), 

and minutina (Plantago cornonpus) are nutritious edible plants that have been evaluated in  

marine aquaponics [31–34]. Further, glycophytic plants that can tolerate salt have the po-

tential to be grown in saltwater systems and help the development of marine aqua-

ponics. Due to high nutritional value and delicious taste, Swiss chard (Beta vulgaris), 

and kale (Brassica oleracea) are the most commonly grown vegetables worldwide 

[35,36]. Moreover, Grieve et al. [37] reported that they are able to tolerate saline en-

vironments, which suggests that they are potential crops in marine aquaponics. 

The goal of this study was to evaluate pH levels and additional C on the growth 

and production of whiteleg shrimp and five plant species in experimental marine 

aquaponic systems. 

2. Materials and Methods 

2.1. Aquaponic system design 

Twelve nutrient film technique (NFT) aquaponic systems were constructed in the 

greenhouses at Purdue University, West Lafayette, IN, USA. Each aquaponic system was 

assembled with a 64.4 L aquaculture tank, three plant growing channels, and an 18.9 L 

biofilter tank (Figure 1). The aquaponic systems were filled with reverse osmosis (RO) 

water, and sea salt (Instant Ocean ®, Blacksburg, VA, USA) to adjust the salinity to15 ppt 

[31]. On top of aquaculture tanks, lids and plastic mesh were applied to prevent shrimp 

from escape. Biofilter tanks were equipped with filter bags filled with 6 L of bio-media 

(surface area 274 ft2/ft3; Pentair Aquatic Eco-Systems, Inc., Apopka, FL, USA). Dissolved 

oxygen (DO) concentration was maintained above 6 mg/ L via aerating through air stones 

installed in every aquaculture tank and biofilter tank. Water temperature was maintained 

within the range of 26 to 30 °C for the shrimp using submersible heaters (300w; Aqueon, 

Wisconsin, USA) installed in aquaculture tanks. Airlifts were used to promote water flow 

in the systems at a rate of 3 L/ min. 
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Figure 1. Schematic diagram of NFT aquaponic systems. 

2.2. Biological material 

2.2.1. Shrimp 

Juvenile Pacific white shrimp (Litopenaeus vannamei) were provided by a commercial 

shrimp farm (RDM Aquaculture, Fowler, IN, USA) and transported to the greenhouse.  

Transport conditions included water temperature of 24 °C, salinity 15 ppt, and pH 8.2. 

Shrimp were separated into two 700 L tanks and quarantined for a week before moving 

into experimental units. Shrimp were fed a commercial shrimp feed (Zeigler Brothers, 

Gardners, PA, USA) twice daily (8:00 a.m. and 5:00 p.m.) during the quarantine period. 

Daily feedings were calculated based on 3.0 % of total biomass and divided into equal 

aliquots. To assure that all shrimp in all treatments undergo with same unit pH changes 

on the day of transferring into experimental systems, pH in the two 700 L tanks was ad-

justed with 10 % H2SO4 at a rate of 0.5 units per day and maintained the level when pH 

7.0 was reached during the quarantine. The pH value in experimental systems was ad-

justed to desired levels 6.5 or 7.5 before the transfer. 

2.2.2. Plant material and germination conditions 

Seeds of three halophytic plants, red orache (Atriplex hortensis), okahijiki (Salsola ko-

marovii), and minutina (Plantago cornonpus), and two glycophytic plants, Swiss chard (Beta 

vulgaris), and kale (Brassica oleracea) were purchased from a commercial source (Johnny’s 

Selected Seeds, Winslow, ME, USA). Seeds were sowed in horticubes, soilless foam me-

dium (OASIS® Grower Solutions, Kent, OH, USA) and held in trays. During the germi-

nation stage, seeds were maintained in a growth room in the greenhouse and irrigated 

with fresh water for the first week. Starting at the beginning of the second week, salinity 

in the irrigation water was gradually increased by adding sea salt (Instant Ocean ®, 

Blacksburg, VA, USA) at a rate of 2 to 3 ppt every 48 hours to alleviate osmotic shock on 

seedlings. Salinity was maintained when the desired salinity, 15 ppt, was reached. Heat-

ing pads (Vivosun®, Redding, CA, USA) were used under trays to maintain the water 

temperature at 22 ℃. The room temperature in the growth room was set at 20±1℃ and 

provided with 16 h photoperiod at 150 μmolm-2s-1 photosynthetically active radiation 

(PAR).  

2.3. Experimental design and system management 

The experiment was a 22 full factorial, two factors each with two levels, 4 combina-

tions in triplicate for a total of 12 aquaponic systems. The two factors evaluated were pH 

and additional carbon. The levels of pH were 6.5 and 7.5. The levels of additional carbon 

were with or without supplementation. Treatments were designated 6.5 + C, 6.5 No C, 7.5 

+ C, and 7.5 No C. For the treatments with additional carbon, molasses (Hawthorne Gar-

dening Co., Vancouver, WA) was provided as an organic carbon source for the adjustment 

of the C/N ratio. The amount of molasses added was determined on the carbon-nitrogen 

content of shrimp feed and the carbon content of the molasses to raise the C/N ratio to 10. 

A week before the experiment started, shrimp were weighed and acclimated in 
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aquaculture tanks to generate nutrients for plants. The stocking density of shrimp was 127 

shrimp/ m2 (28 shrimp/ tank; 451 shrimp/ m3; 1.0 kg/ m3), the average size of shrimp was 

2.25g per individual. A total of 18 plants (6 plants per species) were stocked in the three 

plant growing channels, which was equivalent to a density of 23 plants/ m2. Initial fresh 

weights were 0.95, 0.38, 0.34, 0.81, and 1.19 g for red orache, minutina, okahijiki, Swiss 

chard, and kale, respectively. Shrimp were provided a total feed allotment of 3% of their 

body weight in three separate aliquots each day at 8 am, 12 pm and 5 pm. A commercial 

shrimp feed (Zeigler Brothers, Gardners, PA, USA) with 40% protein, 9% fat, 1.1% phos-

phorus, and 3% fiber was used. Plants were harvested every 4 weeks and new seedlings 

were transplanted. In the first 4-week period, red orache, minutina, and Swiss chard were 

cultivated, while in the second 4-week period, okahijiki, Swiss chard, and kale were culti-

vated. Natural daylight and supplemental lighting (high-pressure sodium (HPS) 

lamps,600-W, P.L. Light Systems Inc., Beamsville, ON, Canada), were used to support a 

photoperiod 14 h light (6:00 am to 8:00 pm) and 10 h dark (8:00 pm to 6:00 am). A quantum 

sensor (LI-250A light meter; LI-COR Biosciences, Lincoln, NE, USA) was used to measure 

the supplemental photosynthetic photon flux (PPF) in the greenhouse, and the photosyn-

thetically active radiation (PAR) averaged 426 μmol m-2 s-1. Room temperatures were set 

at 25 and 20 °C for day and night, respectively, with an hour transition between two tem-

perature regimes. 

Probiotics (EZ-Bio; Zeigler Brothers, Gardners, PA, USA) and nitrifying bacteria (Sta-

bility; Seachem®, Madison, GA, USA) were used to manage water quality and the micro-

bial community within each system. As soon as shrimp were moved into aquaculture 

tanks, EZ-bio (Bacillus spp.) and Stability were inoculated at 10 ppm using recommended 

doses into each of the 12 systems every day during the acclimation week. Three weeks 

after transplanting (3rd week of the experiment), EZ-bio and Stability were added again at 

10 ppm into each of the 12 systems every day, every other day in the 4th week of the ex-

periment, twice per week in the 5th week of the experiment, and once per week beginning 

in the 6th week of the experiment, continuing until a week prior to the end of the experi-

ment. pH was adjusted with 10 % H2SO4 or 1M KOH to maintain desired levels (6.5 and 

7.5). Water flowed through the 250-micron filter bag to collect solids from the shrimp cul-

ture; therefore, plant roots were protected from clogging by biofloc.  

The experiment was conducted for 8 weeks (April 17th, 2021 to June 5th, 2021). No 

water was discharged or exchanged, only evaporative losses were replenished using RO 

water. 

2.4. Measurement of water quality 

 During the experiment, dissolved oxygen (DO) and temperature (YSI 55 digital oxy-

gen meter with an integrated thermometer; Xylem Inc., Yellow Springs, OH, USA), and 

pH (H9813-6; Hanna Instruments, Woonsocket, RI, USA) were measured twice per day at 

7 a.m. and 5 p.m. Salinity (Vital Sine™ Salinity Refractometer, Pentair Aquatic Ecosys-

tems, Apopka, FL, USA) was measured once per day at 7 a.m. and adjusted with RO water 

or sea salt after the last feeding in the afternoon if salinity was not at 15 ppt. Water samples 

were collected from the aquaculture tank twice a week before feeding, and were analyzed 

immediately to determine the concentrations of total ammonia nitrogen (TAN), nitrite 

(NO2-), nitrate (NO3-), and phosphate (PO43-) using HACH reaction kits (HACH, Loveland, 

CO). Alkalinity and total suspended solids (TSS) were measured once per week using 

HACH reaction kits and US EPA method 1684, respectively. 

2.5. Growth measurements  

2.5.1. Shrimp 

Shrimp growth parameters such as initial weight, final weight, the number of shrimp, 

and the total feed input were collected at the beginning and end of the experiment to de-

termine survival rate, weight gain (WG), and specific growth rate (SGR) using the follow-

ing formulae: 
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Survival rate (%) = (Final number of shrimp / Initial number of shrimp) × 100; 

Weight gain (%) = (Final biomass (g) – Initial biomass (g)) / Initial biomass × 100; and, 

Specific growth rate (%) = [Ln (Final biomass (g)) – Ln (Initial biomass (g))] /day ×100. 

2.5.2. Plants 

Plant growth parameters such as plant height (cm), leaf length (cm), and SPAD value 

(which indicates the content of chlorophyll per unit leaf area; SPAD-502 Chlorophyll me-

ter; Minolta Camera Co. Ltd., Japan) were measured every two weeks. Fv/Fm value is an 

indication of the maximum efficiency of Photosystem II, and it can be viewed as an indi-

cator of plant stress (fluorescence variable is represented by Fv, and fluorescence maxi-

mum by Fm). It was measured before every plant harvest using a Chlorophyll Fluorimeter 

(Handy EPA+; Hansatech Instruments Ltd., United Kingdom). 

At harvest, plant samples were divided into two parts (shoots and roots) and 

weighed individually for fresh weight. Plant samples were dried in an oven at 70 °C for 

72 hours and weighed. Initial and final fresh weights were used to calculate relative 

growth rate (RGR). The water content (WC) in plants was calculated as the difference be-

tween fresh weights and dry weights. In addition, dried plant samples were ground and 

filtered through a 25-mesh sieve and kept in plastic vials for antioxidant and nutrient anal-

ysis. Plant tissue analysis was done by the Brookside Laboratory (New Bremen, OH, 

USA). Extraction of phenolic compounds was performed using 80% (v/v) methanol and 

2% (v/v) formic acid as extraction solvents. Plant sample powder (0.2 g) was mixed with 

1.5 mL of prepared extraction solution under vortex for 10 min. The mixture was kept on 

ice for 30 min then stirred for 5 min before centrifugation at 11000 × g for 10 min. The 

supernatant was collected, and the precipitate was mixed with 1 mL of 2% formic acid for 

the second extraction. The mixture was heated and kept at 60 °C for 15 min then vortexed 

for 10 min. After centrifugation at 11000 × g for 10 min, the supernatant was combined 

with the supernatant from the first centrifugation and stored for further analysis. The total 

phenolic content (TPC) was quantified by the Folin-Ciocalteu micro-method [38] follow-

ing the procedure of [39,40]. In brief, phenolic extract (35 μL) was mixed with 150 μL di-

luted Folin-Ciocalteu’s reagent and 115 μL of 7.5% (w/v) Na2CO3. Then, the mixture was 

kept at 45 °C for 30 min followed by additional 1 h incubation at room temperature. The 

absorbance of sample was measured at 765 nm wavelength and result was expressed as 

milligram of gallic acid equivalent (GAE) per gram of dry matter (gdm). Antioxidant ca-

pacity was measured via two assays, 2, 2-diphenyl-1-picryl-hydrazyl-hydrate (DPPH) free 

radical-scavenging activity [41], and 2,2-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) 

(ABTS) scavenging activity [42]. Briefly, 15 μL of extract was added into 285 μL of DPPH 

solution and mixed at 400 rpm. The absorbance at 515 nm was recorded after 2 h of incu-

bation in dark. For the ABTS assay, 10 μL of sample was mixed with 294 μL of diluted 

ABTS solution then the mixture was incubated at 30 °C for 10 min. The absorbance was 

measured at 734 nm. Trolox was used as the standard for both assays. Formulae used to 

calculate plant growth indices and nutrient use efficiency are shown below: 
Relative growth rate (%) = [Ln (Final biomass (g))- Ln (Initial biomass (g))] / day ×100;  

Water content (%) = (Final fresh weight (g) – Final dry weight (g)) / Final fresh weight 

×100; and, 

Nutrient use efficiency = (g nutrient absorbed) / (g nutrient supplied) ×100. 

2.6. Solids analysis 

After harvest, solids were collected from biofilter tanks and dried in an oven at 70 °C 

until constant weight. Dry solids samples were ground and filtered through a 25-mesh 

sieve and kept in plastic vials for compost/animal waste analysis, which was done by the 

Brookside Laboratory (New Bremen, OH, USA). 
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2.7. Statistical analysis 

Shrimp and plant growth parameters, nutrient and antioxidant concentrations in 

plants, solid wastes, and water quality parameters were analyzed using JMP Pro 16.0 (SAS 

Institute Inc., Cary, NC) and treatment means compared by two-way analysis of variance 

(ANOVA). If ANOVA indicated significant treatment effects, differences between means 

were determined by Tukey’s honestly significant difference test (HSD) at p ≤ 0.05. 

3. Results 

3.1. Shrimp 

There were no significant (p > 0.05) differences in final weight, weight gain (WG), 

specific growth rate (SGR) or survival of shrimp among all treatments (Table 1). Based on 

the two-way ANOVA, survival was not affected by the interaction between pH and addi-

tional C or additional C, but significantly (p < 0.05) affected by pH. Other growth param-

eters (final weight, WG, and SGR) were not affected by the interaction between factors, 

pH, or additional C. Higher final weight, weight gain, and specific growth rate were in 

the 6.5 + C treatment, followed by 7.5 No C, 6.5 No C, and 7.5 + C treatments. Survival was 

higher in 6.5 No C treatment (54.7 %), followed by 42.8, 27.4, and 19.0% in the 6.5 + C, 7.5 

No C, and 7.5 + C treatment, respectively. 

Table 1. Response of shrimp grown in marine aquaponics at two pH levels with or without addi-

tional carbon for 8weeks. 

Parameter 

Treatment  ANOVA 

pH 6.5  7.5 

P pH 
Addi-

tional C 

pH × Addi-

tional C 
Addi-

tional C 
+ C No C  + C No C 

Initial 

Weight (g) 

 2.25±0.00 2.25±0.01  2.25±.0.01 2.24±0.00 ns ns ns ns 

Final 

Weight (g) 

 8.29±0.64 7.66±1.17  7.35±2.01 8.03±0.38 ns ns ns ns 

WG (%)  268.5±28.4 241.1±51.7  226.2±88.2 258.3±17.1 ns ns ns ns 

SGR (%)  2.33±0.14 2.18±0.26  2.07±0.45 2.28±0.09 ns ns ns ns 

Survival (%)  42.8±9.5 54.7±18.0  19.0±23.8 27.4±12.5 ns * ns ns 

Each value represents means±SD 

ns and * mean no significant or significant at p ≤ 0.05, respectively. 

3.2. Plants 

3.2.1. Growth and yield of plant 

Overall, in both harvests, the interaction between the two factors affected most plant 

species on fresh weight, dry weight, and yield significantly (p < 0.05), except for okahijiki. 

Whereas pH and the additional C significantly (p < 0.05) affected plants’ fresh weight, dry 

weight, and yield, except for minutina (Table 2 and 3). Generally, growth parameters of 

all plants (Table 4 and 5) were significantly affected by the interaction of the two factors, 

pH, and additional C. All plant species grown in 7.5 No C treatment had significantly 

lower (p < 0.05) growth than the other treatments (Figures 2 and 3). 

Both red orache and okahijiki were sensitive to higher pH and growth was enhanced 

by additional C. Plants grown in 6.5 + C treatment had significantly higher (p < 0.05) 

growth (fresh weight, dry weight, plant height, RGR, and yield), SPAD value, and Fv/Fm. 

Red orache grown in the 7.5 + C treatment had similar results to 6.5 No C treatments and 

significant (p > 0.05) difference with those grown in 7.5 No C treatment. Although addi-

tional C enhanced the growth performance of okahijiki, plants in the 7.5 + C treatment still 

had significantly lower (p < 0.05) performance than both 6.5 treatments. Minutina, Swiss 

chard, and kale, however, were unaffected by higher pH. Some of them even grew effec-

tively at higher pH, but additional C was required. 
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The addition of C increased root growth (Figures 2 and 3), which could lead to greater 

nutrient uptake. Chlorotic and necrotic leaves were more common among plants har-

vested from the 7.5 No C treatment, which indicated there were not enough nutrients for 

them. All treatments displayed similar leaves and roots of the minutina (Figure 2), but it 

was obvious that plants in both pH 7.5 treatments had begun reproductive growth. This 

phenomenon might be triggered by abiotic stress. 

Table 2. Fresh and dry weight of red orache, minutina, and Swiss chard in aquaponics under two 

pH levels with or without additional C in the first harvest. 

Plant spe-

cies 

Treatment  Fresh weight (g/ plant)  Dry weight (g/ plant)  Yield 

(kg/ m2) pH Additional C  Total Shoot Root  Total Shoot Root  

Red or-

ache 

6.5 
+ C  42.7 a 23.3 a 18.1 a  4.97 a 3.22 a 1.75 a  0.53 a 

No C  24.8 b 19.3 b 4.0 bc  3.29 b 2.64 b 0.55 bc  0.46 a 

7.5 
+ C  24.2 b 18.1 b 6.4 b  3.38 b 2.53 b 0.85 b  0.41 a 

No C  12.0 c 9.0 c 2.6 c  1.65 c 1.28 c 0.37 c  0.21 b 

p   *** *** ***  *** *** ***  ** 

ANOVA 

pH  *** *** ***  *** *** ***  ** 

Additional C  *** *** ***  *** *** ***  * 

pH × Additional C  ns ** ***  ns ** ***  ns 

Minutina 

6.5 
+ C  45.3 ab 37.0 ab 8.3  3.83 ab 3.17 ab 0.66  0.85 

No C  55.5 a 46.2 a 9.3  4.56 a 3.85 a 0.67  0.99 

7.5 
+ C  53.4 ab 43.3 ab 10.1  4.19 ab 3.44 ab 0.76  0.99 

No C  41.2 b 32.1 b 9.1  3.30 b 2.63 b 0.67  0.73 

p   * * ns  * * ns  ns 

ANOVA 

pH  ns ns ns  ns ns ns  ns 

Additional C  ns ns ns  ns ns ns  ns 

pH × Additional C  ** ** ns  ** ** ns  ns 

Swiss 

chard 

6.5 
+ C  50.5 a 36.5 a 15.3 b  5.25 a 3.88 a 1.38 b  0.83 ab 

No C  59.6 a 40.3 a  17.8 ab  5.22 a 4.05 a 1.35 b  0.92 ab 

7.5 
+ C  66.3 a 43.6 a 23.5 a  6.13 a 4.35 a 1.78 a  0.99 a 

No C  26.3 b 22.4 b 3.9 c  2.91 b 2.42 b 0.49 c  0.51 b 

p   *** *** ***  *** *** ***  * 

ANOVA 

pH  * ns ns  * * *  ns 

Additional C  *** ** ***  *** ** ***  ns 

pH × Additional C  *** *** ***  *** *** ***  * 

Each value represents mean (n = 18). Values in the same columns of each plant species with different 

lowercase alphabet letter are significantly different (p < 0.05). 

ns, *, **, *** mean no significant or significant at p ≤ 0.05, respectively. 
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Table 3. Fresh and dry weight of okahijiki, kale, and Swiss chard in aquaponics under two pH levels 1 
with or without additional C in the second harvest. 2 

Plant spe-

cies 

Treatment  Fresh weight (g/ plant)  Dry weight (g/ plant) Yield 

(kg/m2) 
pH Additional C  Total Shoot Root  Total Shoot Root 

Okahijiki 

6.5 
+ C  30.3 a 26.3 a 4.0 a  2.91 a 2.44 a 0.49 a  0.64 a 

No C  22.1 b 17.9 b 4.2 a  1.82 b 1.47 b 0.33 b  0.41 ab 

7.5 
+ C  10.6 c 8.2 c 2.7 b  1.07 c 0.69 c 0.32 b  0.22 bc 

No C  2.9 d 1.9 d 1.1 c  0.43 d 0.20 c 0.23 c  0.05 c 

p   *** *** ***  *** *** ***  ** 

ANOVA 

pH  *** *** ***  *** *** ***  *** 

Additional C  *** *** ns  *** *** ***  * 

pH × Additional C  ns ns *  ns ns *  ns 

Kale 

6.5 
+ C  27.0 ab 21.1 a 5.9 ab  2.42 a 0.52 a 2.96 a  0.48 a 

No C  29.2 a 22.3 a 6.8 a  2.42 a 0.52 a 2.96 a  0.51 a 

7.5 
+ C  25.2 b 19.9 a 5.2 b  2.21 a 0.51 a 2.72 a  0.46 a 

No C  16.1 c 13.0 b 3.0 c  1.35 b 0.36 b 1.76 b  0.30 b 

p   *** *** ***  *** *** ***  ** 

ANOVA 

pH  *** *** ***  *** *** ***  ** 

Additional C  *** *** ns  *** *** ***  * 

pH × Additional C  *** *** ***  *** *** ***  ** 

Swiss 

chard 

6.5 
+ C  50.2 a 37.0 a 13.3 a  4.54 a 3.53 a 1.02 a  0.85 ab 

No C  54.4 a 38.6 a 13.7 a  4.78 a 3.82 a 1.00 a  0.93 a 

7.5 
+ C  51.8 a 38.3 a 11.2 a  4.86 a 3.89 a 0.97 a  0.93 a 

No C  26.0 b 21.5 b 4.5 a  2.26 b 1.80 b 0.50 b  0.49 b 

p   *** *** ***  *** *** ***  * 

ANOVA 

pH  *** ** ***  ** ** ***  ns 

Additional C  ** ** ***  *** ** ***  ns 

pH × Additional C  *** ** ***  *** *** **  * 

Each value represents mean (n = 18). Values in the same columns of each plant species with different 3 
lowercase alphabet letter are significantly different (p < 0.05). 4 
ns, *, **, *** mean no significant or significant at p ≤ 0.05, respectively. 5 
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Table 4. Plant growth parameters of red orache, minutina, and Swiss chard in aquaponics under 

two pH levels with or without additional C in the first harvest. 

Values in the table are mean (n = 18 for plant height, leaf length, SPAD, and RGR; n = 9 for Fv/Fm). 

Values in the same columns of each plant species with different lowercase alphabet letter are signif-

icantly different (p < 0.05). 

ns, *, **, *** mean no significant or significant at p ≤ 0.05, respectively. 
x Relative growth rate 

Plant species 
Treatment Plant height 

(cm) 

Leaf length 

(cm) 
SPAD Fv/ Fm RGR x (%) 

pH Additional C 

Red orache 

6.5 
+ C 49.7 a - 48.2 a 0.83 a 11.4 a 

No C 38.3 b - 46.7 ab 0.82 a 11.8 ab 

7.5 
+ C 37.6 b - 44.8 b 0.82 a 10.4 b 

No C 16.4 c - 39.9 c 0.76 b 8.0 c 

p *** - *** *** *** 

ANOVA        

pH *** - *** *** *** 

Additional C *** - *** *** *** 

pH × Additional C *** - * *** *** 

Minutian 

6.5 
+ C - - - 0.83 16.4 a 

No C - - - 0.83 17.1 a 

7.5 
+ C - - - 0.83 16.9 a 

No C - - - 0.83 12.3 b 

p - - - ns *** 

ANOVA        

pH - - - ns *** 

Additional C - - - ns *** 

pH × Additional C - - - ns *** 

Swiss chard 

6.5 
+ C - 13.9 a 46.1 a 0.83 ab 13.6 a 

No C - 12.6 a 45.9 a 0.84 a 13.8 a 

7.5 
+ C - 14.1 a 42.5 a 0.84 a 13.9 a 

No C - 9.1 b 33.3 b 0.82 b 11.0 b 

p - *** *** ** *** 

ANOVA        

pH - *** *** ns *** 

Additional C - *** ** ns *** 

pH × Additional C - ** ** *** *** 
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Table 5. Plant growth parameters of okahijiki, kale, and Swiss chard in aquaponics under two pH 

levels with or without additional C in the second harvest. 

Values in the table are mean (n = 18 for plant height, leaf length, SPAD, and RGR; n = 9 for Fv/Fm). 

Values in the same columns of each plant species with different lowercase alphabet letter are signif-

icantly different (p < 0.05). 

ns, *, **, *** mean no significant or significant at p ≤ 0.05, respectively. 
x Relative growth rate 

Plant species 
Treatment 

Plant height (cm) Leaf length (cm) SPAD Fv/ Fm RGR x (%) 
pH Additional C 

Okahijiki 

6.5 
+ C - - - - 15.5 a 

No C - - - - 13.5 b 

7.5 
+ C - - - - 11.5 c 

No C - - - - 5.8 d 

p - - - - *** 

ANOVA        

pH - - - - *** 

Additional C - - - - *** 

pH × Additional C - - - - *** 

Kale 

6.5 
+ C 3.2 a - 49.5 ab 0.83 10.2 a 

No C 2.8 b - 50.2 a 0.84 10.4 a 

7.5 
+ C 3.1 ab - 45.8 b 0.83 10.0 a 

No C 2.5 c - 34.7 c 0.83 8.5 b 

p *** - *** ns *** 

ANOVA        

pH ** - *** ns *** 

Additional C *** - *** ns *** 

pH × Additional C ns - *** ns *** 

Swiss chard 

6.5 
+ C - 14.0 a 45.5 a 0.85 a 13.5 a 

No C - 14.1 a 43.7 ab 0.84 a 13.9 a 

7.5 
+ C - 13.7 a 41.4 b 0.85 a 13.7 a 

No C - 10.5 b 34.5 c 0.82 b 11.5 b 

p - *** *** *** *** 

ANOVA        

pH - *** *** * *** 

Additional C - ** *** *** ** 

pH × Additional C - *** ** ** *** 
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Figure 2. Plants harvested from the first 4 weeks. 
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Figure 3. Plants harvested from the second 4 weeks.
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3.2.2. Mineral nutrients, total phenolics content, and antioxidant capacity 

The interaction of the two factors exerted effects on red orache and minutina’s N and 

P content, and Swiss chard’s N, P, NUE, and PUE results, and the content of P and NUE 

in kale, but no effects on okahijiki. In general, the content of N and P in plant tissue and 

NUE, and PUE were significantly (p < 0.05) impacted by pH and additional C (Table 6 and 

7). The concentration of N was significantly higher (p < 0.05) in red orache, minutina, and 

Swiss chard (Table 6) cultivated in 7.5 No C treatment in the first harvest (Table 6). How-

ever, there was no significant (p > 0.05) differences found in NUE among treatments. In 

the second harvest (Table 7), although the N content in okahijiki was higher in pH 7.5 

treatments, it was not significantly (p > 0.05) different among treatments. Kale and Swiss 

chard had significantly (p < 0.05) higher N in tissues in pH 6.5 treatments; however, with 

additional C, plants grown at pH 7.5 had similar results to pH 6.5 treatments. Further, 

plants harvested from the second batch had better NUE in pH 6.5 treatments. Again, the 

additional C improved the performance of plant NUE in pH 7.5 treatment.  

Plants grown at pH 6.5 had higher P concentration and PUE, yet, some plants, such 

as minutina and kale, cultured at pH 7.5 with additional C exhibited no difference in P 

concentration and PUE with those plants grown at pH 6.5, which was similar to the results 

found in plant growth. 

Table 6. Average nutrient content and nutrient use efficiency of red orache, minutina, and Swiss 

chard from the first harvest. 

Plant species 
Treatment 

 
N (%) 

NUE x 
P (%) 

PUE y 

pH Additional C Shoot Root Shoot Root 

Red orache 

6.5 
+ C  3.19 b 2.69 14 0.91 a 0.85 a 2.4 a 

No C  3.55 b 2.40 13.4 0.60 b 0.48 b 1.3 b 

7.5 
+ C  3.28 b 2.28 11.4 0.62 b 0.46 b 1.2 b 

No C  4.80 a - 9.2 0.59 b - 0.7 b 

p  *** ns ns *** ** *** 

ANOVA          

pH  ** - ns *** - *** 

Additional C  *** - ns *** - *** 

pH × Additional C  * - ns *** - ns 

Minutian 

6.5 
+ C  2.42 b 2.23 c 10.5 0.76 ab 2.03 ab 2.1 ab 

No C  2.57 b 2.91 ab 12.8 0.61 ab 1.80 bc 1.7 ab 

7.5 
+ C  2.54 b 2.54 bc 12.0 0.92 a 2.25 a 2.5 a 

No C  3.39 a 3.45 a 13.3 0.57 b 1.51 c 1.3 b 

p  *** *** ns * ** * 

ANOVA          

pH  ** ** ns ns ns ns 

Additional C  ** *** ns * *** * 

pH × Additional C  * ns ns ns * ns 

Swiss chard 

6.5 
+ C  3.14 b 2.73 16.7 1.31 a 1.35 a 4.1 a 

No C  3.63 ab 3.37 20.1 0.55 b 0.84 b 1.8 b 

7.5 
+ C  3.13 b 2.88 19.3 0.56 b 0.67 b 1.9 b 

No C  4.23 a - 15.0 0.30 b - 0.7 c 

p  ** ns ns *** ** *** 

ANOVA          
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Values in the table are mean (n = 6). Values in the same columns of each plant species with different 

lowercase alphabet letter are significantly different (p < 0.05). 

ns, *, **, *** mean no significant or significant at p ≤ 0.05, respectively. 
x Nitrogen use efficiency 
y Phosphorus use efficiency 

Table 7. Average nutrient content and nutrient use efficiency of okahijiki, kale, and Swiss chard 

from the second harvest. 

Values in the table are mean (n = 6). Values in the same columns of each plant species with different 

lowercase alphabet letter are significantly different (p < 0.05). 

ns, *, **, *** mean no significant or significant at p ≤ 0.05, respectively. 
x Nitrogen use efficiency 
y Phosphorus use efficiency 

 

pH  ns - ns *** - *** 

Additional C  ** - ns *** - *** 

pH × Additional C  ns - * * - ** 

Plant species 
Treatment 

 
N (%) 

NUE x 
P (%) 

PUE y 

pH Additional C Shoot Root Shoot Root 

Okahijiki 

6.5 
+ C  4.17 3.22 18.9 a 1.29 a 0.87 3.4 a 

No C  4.45 3.39 12.2 ab 1.03 b 0.65 1.6 b 

7.5 
+ C  4.88 3.29 8.3 bc 1.19 ab 0.67 1.2 bc 

No C  4.87 - 2.1 c 1.07 ab - 0.3 c 

p  ns ns ** * ns *** 

ANOVA          

pH  ns - *** ns - *** 

Additional C  ns - ** * - ** 

pH × Additional C  ns - ns ns - ns 

Kale 

6.5 
+ C  5.13 ab 3.28 23.9 a 0.75 a 0.79 2.0 a 

No C  5.20 a 3.46 23.3 a 0.74 a 0.69 1.9 a 

7.5 
+ C  4.63 bc 3.37 22.1 a 0.74 a 0.68 1.6 ab 

No C  4.40 c 3.52 12.3 b 0.57 b 0.66 1.0 b 

p  ** ns ** *** ns ** 

ANOVA          

pH  *** ns ** ** ns ** 

Additional C  ns ns * * ns ns 

pH × Additional C  ns ns * * ns ns 

Swiss chard 

6.5 
+ C  4.58 a 3.86 30.0 ab 0.68 a 0.97 a 2.6 a 

No C  4.36 a 3.96 30.9 ab 0.61 a 0.74 ab 2.5 a 

7.5 
+ C  4.34 a 4.16 36.4 a 0.30 b 0.71 b 1.5 b 

No C  3.45 b 4.18 14.7 b 0.29 b 0.72 b 0.7 b 

p  *** ns * ** * *** 

ANOVA          

pH  *** * ns *** * *** 

Additional C  *** ns * ns ns ns 

pH × Additional C  * ns * ns ns ns 
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Figure 4 showed the total phenolics concentration (TPC) and antioxidant capacity in 

plants grown in two pH levels with or without additional C in the culture environment. 

The interaction of the two factors only affected TPC in red orache and Swiss chard, and 

TPC in plants was significantly (p < 0.05) affected by pH and additional C in general. The 

antioxidant capacity of plants from the first harvest was affected by the interaction be-

tween the two factors, pH, and additional C in general. In terms of second harvest, there 

was no interaction effect of the two factors on all three species. Only okahijiki and Swiss 

chard were affected by pH and additional C, respectively. TPC and antioxidant capacity 

showed similar trends in most plants from both harvests. Red orache and minutina had 

higher TPC and antioxidant capacity in both pH 6.5 treatments and 7.5 + C treatments 

than in 7.5 No C treatment. Okahijiki and Swiss chard (first harvest) had significantly 

higher (p < 0.05) TPC and antioxidant capacity in 6.5 + C treatment than other treatments, 

while Swiss chard from the second harvest had higher TPC and antioxidant capacity in + 

C treatments than No C treatments. Different from other plant species, the highest TPC 

and antioxidant capacity in kale were found in 7.5 No C treatment, followed by 7.5 + C 

treatment, 6.5 No C treatment, and then 6.5 + C treatment. 
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Phenolics 

ANOVA 
First Harvest  Second Harvest 

Red orache Minutina Swiss chard  Okahijiki Kale Swiss chard 

pH ns * ***  *** *** * 

Additional C *** *** ns  *** * *** 

pH × 

Additional C 
*** ns ***  ns ns ns 

Antioxidant capacity (ABTS) 

ANOVA 
First Harvest  Second Harvest 

Red orache Minutina Swiss chard  Okahijiki Kale Swiss chard 

pH *** * **  *** ns ns 

Additional C *** *** ns  ns ns *** 

pH × 

Additional C 
*** ns ***  ns ** ns 

Antioxidant capacity (DPPH) 

ANOVA 
First Harvest  Second Harvest 

Red orache Minutina Swiss chard  Okahijiki Kale Swiss chard 

pH ns ns ***  *** *** ns 

Additional C *** *** ns  *** ns *** 

pH × 

Additional C 
ns ns ***  * ns ns 

Figure 4. Total phenolic content of plants from first and second harvests are A and B, respectively. 

Antioxidant capacity of plants from first and second harvests measured via ABTS and DPPH are C 

and D, and E and F, respectively. Different letters above the bars within plant species indicate sig-

nificant difference based on Tukey’s honestly significant difference test (α = 0.05).                 

ns, *, **, *** means no significant or significant at p ≤ 0.05, 0.01, or 0.0001, respectively. 

3.3. Water quality and solids analysis 

pH was maintained at an average of 6.5 or 7.5 in systems (Table 8) throughout the 

experiment. To maintain the pH in the early stage of the experiment, the amount of H2SO4 

required for pH 6.5 treatments was about 5- to 7-fold higher than pH 7.5 treatments. Dur-

ing the experiment, pH tended to decrease, the amount of KOH required was significantly 

higher (p < 0.05) in 7.5 treatments than 6.5 treatments. Dissolved oxygen (DO) and tem-

perature were maintained between 6.4 to 7.3 mg/ L and 26.7 to 28.3 °C, respectively. Sa-

linity was controlled at an average of 15 ppt in all treatments. The cumulative water con-

sumption was not significantly (p > 0.05) different among treatments (Table 8). Daily loss 

of water through evaporation and transpiration was roughly 3.7 to 4.0 % of the total vol-

ume of water in each system. The concentration of total suspended solids (TSS) in most 

treatments remained low throughout the experiment (Figure 5 A). However, the concen-

tration of TSS in the 6.5 + C treatment started to increase beginning the third week of the 

experiment, and the TSS in 7.5 + C and 7.5 No C treatments increased in the last week of 

the experiment. Overall, there were no significant (p > 0.05) differences found in TSS 

among treatments during the entire experiment. Alkalinity in both pH 7.5 treatment was 

significantly higher (p < 0.05) than pH 6.5 treatments (Figure 5 B). The 6.5 No C treatment 

had the lowest alkalinity throughout the experiment; however, the alkalinity in 6.5 + C 

treatment steady increased with no difference with 7.5 No C treatment after 5 weeks.  

The concentration on TAN at the beginning of the experiment was significantly 

higher (p > 0.05) in treatments without additional C (Figure 5 C). The concentration of 
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TAN in 7.5 No C, 7.5 + C, 6.5 + C, and 6.5 No C treatments decreased to safe levels on day 

7, 10, 17, and 21, respectively. However, TAN concentration in both pH 6.5 treatments 

increased after the first harvest (day 28). After TAN decreased, NO2- started to increase 

(Figure 5 D). The concentration of NO2- in 7.5 No C increased rapidly with the highest 

concentration (19 mg/ L) on day 21, but did not decline to a safe level (< 1 mg/ L) until day 

52. In contrast, NO2- in other treatments declined to safe levels between day 21 and 28. 

However, similar to TAN, the concentration of NO2- in all treatments increased again and 

was not back to the safe range until the end of the experiment. The change in NO3- con-

centrations in all treatments was similar to the NO2- trend (Figure 5 E). The concentration 

of PO43- steadily increased in all treatments (Figure 5 F). 7.5 + C and 6.5 + C treatments had 

significantly higher (p < 0.05) PO43- than 7.5 No C and 6.5 No C treatments throughout the 

experiment. 

Mineral concentrations and C/N ratio in the solids are shown in Figure 6. There were 

no significant (p > 0.05) differences found in C, N, P, and C/N ratios among treatments. 

Table 8. Average concentrations of water-quality parameters (range), an average pH correction so-

lution usage, and an average water volume used for replenishment. 

Each value represents means (range) 

Values in the same columns with different lowercase alphabet letter are significantly different (p < 

0.05). 

  

Treatment 
DO 

(mg/ L) 

Temperature 

(°C) 

Salinity  

(ppt) 
pH 

pH correction solution Cumulative water  

replenishment (L) H2SO4(ml) KOH (ml) 

6.5 + C 
6.63 

(6.38-7.03) 

27.2 

(26.9-28.3) 

15 

(13-17) 

6.5 b 

(6.3-6.9) 
28.0 a 117.3 b 139.1 

6.5 No C 
6.66 

(6.40-7.14) 

27.1 

(26.8-28.1) 

15 

(13-17) 

6.5 b 

(6.1-7.0) 
25.2 a 150.7 b 135.7 

7.5 + C 
6.75 

(6.54-7.21) 

27.0 

(26.7-28.0) 

15 

(13-17) 

7.4 a 

(7.2-7.7) 
4.3 b 285.2 a 141.9 

7.5 No C 
6.79 

(6.53-7.25) 

27.1 

(26.8-28.0) 

15 

(13-17) 

7.4 a 

(7.0-7.7) 
5.8 b 264.3 a 132.2 
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Figure 5. The change of total suspended solids, alkalinity, TAN, nitrite, nitrate, and phosphate con-

centrations in marine aquaponics under two pH levels with or without additional C for 8 weeks. 

Lowercase alphabet letters represent significant differences, followed by one way ANOVA and 

Tukey’s HSD test (α = 0.05). 

 

Figure 6. Mineral concentration and C/N ratio in solids. Data are means ± SD for 3 replicates of each 

treatments. 

4. Discussion 

4.1. Shrimp growth 

The pH range of 7.0 to 9.0 is acceptable for shrimp; however, the optimal range sug-

gested for shrimp cultured in recirculating systems is 7.2 to 7.8 [43]. Beyond the acceptable 

range such as very acidic water, where pH < 6.5, or very basic water where pH > 10.0, 

physiological systems, such as ion regulation, respiration, enzyme activities, and immun-

ity are influenced, subsequently weakening the antioxidant ability, causing DNA damage, 

increasing susceptibility to diseases, and eventually retarding growth and reducing sur-

vival [19,43–48]. Due to the impaired ionic regulation in the low pH environment, 
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diffusion gradients for NH3 should be increased increasing ammonia excretion and alle-

viating toxicity in vivo [49]. However, in the present study, the TAN concentrations in the 

lower pH treatments were over the safe level (2 mg/ L at 15 ppt; [50]) most of the time in 

the experiment. Even though the toxicity of TAN is low at pH 6.5, the high level of TAN 

in the water lowered the excretion of ammonia and accumulated in the body and contrib-

uted to toxicity to shrimp. This might be one of the factors contributing to the low survival 

in pH 6.5 treatments in the present study. On the other hand, although the TAN concen-

tration in pH 7.5 treatments remained low, the concentration of NO2-, another toxic nitrog-

enous compound for aquatic animals, was over the safe level (6 mg/ L at 15 ppt; [51]) 

during the experiment. Under high NO2- concentration,  oxygen (O2) transfer is reduced 

as NO2- competes the oxygen active site of copper with O2 and forms the meta-hemocya-

nin, which is nonfunctional [48,52]. This phenomenon might be one of the potential rea-

sons of the high mortality in pH 7.5 in the present study.  

In addition, the ionic composition in water is another important factor to optimize 

the shrimp culture. Boyd [53] and Davis et al. [54], suggested that maintaining K, Ca, and 

Mg levels similar to the levels in seawater diluted to the same salinity is desired when 

culturing shrimp with groundwater, surface water, or spring water at salinity lower than 

seawater. In the present study, RO water, which has nearly no minerals or ions, was used. 

Although the sea salt applied in the present study has the required amount of Ca and Mg 

needed as recommended, in aquaponics, shrimp, plants, and microorganisms all require 

minerals for their growth and metabolism. Shrimp, especially, lose minerals through 

molting and need minerals from the environment to calcify their cuticles [55,56]. During 

the experiment, Ca and Mg was constantly supplemented via feed input; however, the 

amount of mineral might not be enough for all three organisms and impacts the calcifica-

tion of the cuticle and delays recovery of shrimp from molting [56,57], leading to high 

mortality in all treatments. More research is needed to investigate the strategy of mineral 

management in aquaponics, which uses RO water or water sources that are ionic compo-

sition imbalanced. 

4.2. Plants 

For plants, pH plays a significant role in nutrient availability, with lower pH pre-

ferred for most species and most ions [4]. This could explain the better plant growth in pH 

6.5 treatments. Nevertheless, amending the growing environment with molasses to im-

prove soil fertility and increase crop yield was recognized in agriculture for many years 

due to the rich mineral elements and organic matter [58]. However, carbon, the primary 

constituent of molasses, is the key element that contributes to a better crop yield as carbo-

hydrates are the main energy substrates for plant respiration; in addition, their movement 

in phloem is the main force of nutrient transportation [59]. Although the primary source 

of C for plants is assimilated from atmospheric sources by leaves, the addition of C, which 

was provided into culture water, uptake by root can improve nutrient uptake, metabo-

lism, and growth. [22,23,58–60]. The better growth, yield, and higher P concentration in + C 
treatments may be attributed to the addition of molasses, which provide a high concentration of C 
to improve nutrient assimilation. The result of the present suggest that under saline conditions and/ 
or high environmental pH, providing external C could improve plant’s growth and yield. 

Nutrient content analysis revealed that N concentration was significantly higher in 

plants that were grown in the pH 7.5 No C treatments; treatments that displayed lower 

growth. This phenomenon might be the dilution effect [61]. Plants provided with better 

environmental conditions or higher nutrients produce greater yields; however, chemical 

analysis showed that the average amount of the element in some or all plant tissue is lower 

than in deficient control plants [62–64]. This is because as plants thrive in suitable envi-

ronments, most nutrients, particularly N, are used for growth, causing increased produc-

tion of dry matter, whereas nutrients can accumulate in suboptimal conditions where 

growth is restricted [61].  

The SPAD value (an index of chlorophyll content per unit leaf area) and the chloro-

phyll fluorescence parameter Fv/Fm (maximum photochemical efficiency of PSII) are two 
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important indicators for plant health and stress, respectively [65,66]. For most plants, 

Fv/Fm values are close to and/ or higher than 0.83 representing growing without stress 

[65,66]. The result of SPAD value and Fv/Fm in the present study showed a similar trend 

with plant growth. Plants grown in 7.5 No C treatment showed significantly lower (p < 

0.05) values of SPAD and Fv/Fm; lower than 0.83. Based on this result, we suggest that 

plants were stressed under a high environmental pH and growth was affected, while 

providing additional C can be a promising approach to alleviate stress and improve 

growth. Further research is needed to discover how the C improves plant growth under 

abiotic stress. Compared with other halophytes, minutina might be a more promising can-

didate for development in marine aquaponics, as its Fv/Fm value in 7.5 No C treatment 

was not significantly different from other treatments, which indicates that it has a higher 

tolerance than the other two halophytes. 

In addition to the growth response and nutrient content of plants, the amount of an-

tioxidants in plants is another factor worth evaluating when it comes to the production of 

food. Natural antioxidants are primarily found in plants, and most of them are phenolics, 

which are secondary metabolites that have a variety of health-promoting effects in hu-

mans [67,68]. The value of these compounds lies in their primary antioxidant activity, in-

cluding their role as free radical acceptors and chain breakers [67]. Plant species, analysis 

method, and environmental factors can affect phenolic compound concentration [69–75]. 

According to the results of the present study, TPC in most plant species was higher in the 

lower pH treatments, which was similar to the results reported by Alexopoulos et al. [69] 

and Radić et al. [70]. TPC could be increased if plants are grown with some abiotic stress; 

however, the lowest TPC was found in most plants grown in the 7.5 No C treatment. The 

lower nutrient availability might be the factor to this result [69].  

4.3. Water quality 

The environmental pH that the two distinct types of bacteria, nitrifying bacteria and 

heterotrophic bacteria, prefer is 7.0 to 8.0 [76–80]. Growth is limited and their ability to 

convert or remove toxic nitrogen compounds is reduced if the pH is not within that range 

[81]. It took 12, 20, and 24 days for nitrifying bacteria to reduce TAN from 5 to 0 mg/ L at 

pH 8.5, 7.5, and 6.5, respectively, and no nitrification was found at pH 5.5 [81]. Wongkiew 

et al. [82] reported that higher TAN and lower nitrite and nitrate concentrations were 

found in lower pH treatments, which is similar to the present study. Moreover, comparing 

the results between 7.5 + C and 7.5 No C treatments, which were at the proper pH range 

for nitrifying bacteria, the efficiency of nitrification in 7.5 No C treatment was relatively 

higher due to lower C/N ratio and less competition with heterotrophic bacteria. Conse-

quently, the TAN was in a safe range earlier than the other treatments. However, 7.5 No 

C treatment has the highest level of NO2-, which might be because the growth rate of ni-

trite-oxidizing bacteria was slower than that of ammonia-oxidizing bacteria, which re-

sulted in the rate of oxidizing NO2- being lower than the rate of NO2- generation. Concen-

trations of TAN and NO2- in both pH 6.5 treatments decreased below the safe range 

around day 17 to 28 (Figure 5 C and D), largely attributed to plants’ ability to absorb ni-

trogenous compounds when plants were near the harvest size.  

After the first harvest (day 28), the concentration of TAN and NO2- increased in all 

treatments in the present study (Figure 5 C and D), which is similar to results from other 

studies [21,83]. Chu and Brown [9] reported that the concentration of nitrogenous com-

pounds increased after harvests, but the concentration of TAN did not increase to a haz-

ardous level at the late stage, and the concentration of NO2- remained within safe ranges 

throughout the experiment. In the present study, the potential reasons for TAN and NO2- 

increasing beyond the safe range after harvest might be the frequency of inoculating pro-

biotics, the C/N ratio, animal to plant ratio, the water source, or the ionic composition in 

the water. Chu and Brown [9,21,31] inoculated probiotics on a regular basis and main-

tained the C/N ratio at 12 and 15, which provided a better environment for heterotrophic 

bacteria to assimilate nitrogenous compounds. The lower C/N ratio and discontinuous 
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inoculation in the present study could be one of the causes of the high concentration of 

TAN and NO2-. Further, the stocking density ratio of shrimp to plant in this study was 5.5 

to 1, which is higher than the suggested ratio in Chu and Brown [9], which could be an-

other cause for the hazard level of toxic nitrogen compounds.  

Additionally, water source and the ionic composition are potential factors related to 

the results of water quality in the present study. RO water, which has nearly no minerals 

or ions, was used in the experiment. However, growth of microorganisms requires Mg, P, 

Fe, Ca, S, and K, especially the first three elements [84]. Without sufficient minerals, mi-

crobes are not able to sustain growth and metabolism, not to mention the major function 

of converting toxic nitrogen compounds. Although minerals such as Na, Cl, Ca, Mg, S, 

and K were dissolved in the water during salinity adjustment or feed input, their concen-

trations may not be sufficient to support the demand from the three organisms [53,84,85]. 

We suggested that systems using RO water as the major water source, monitoring and 

managing ionic composition is necessary. More research is needed to determine the effect 

of ion management and the water source on the practice of aquaponics. 

5. Conclusions 

The current study found no significant effects of pH or additional C on shrimp per-

formance. In contrast, plants grew better in the lower pH treatments, while additional C 

supplements improved the performance of plants grown in the higher pH treatments and 

had similar results to the lower pH treatments. We suggest that RO water is not suitable 

source of water for shrimp-based marine aquaponics if ionic composition is not managed. 

The addition of C, however, led to improved growth and yields of most plants. Hence, 

adding C can be a promising approach in marine aquaponics to enhance the resistance to 

the abiotic stress of plants and improve their growth. Nevertheless, further research is 

needed to understand ion management in aquaponics for better management of microbial 

colonies, water quality, and better cultivation of shrimp and plants in the system. 
 

Author Contributions: Conceptualization, Y.-T.C.; methodology, Y.-T.C.; software, Y.-T.C.; valida-

tion, Y.-T.C.; formal analysis, Y.-T.C. and YW.B.; investigation, Y.-T.C.; resources, P.B.B., J.-Y.H., and 

H.J.K.; data curation, Y.-T.C.; writing—original draft preparation, Y.-T.C.; writing—review and ed-

iting, P.B.B., J.-Y.H., H.J.K., and YW. B; supervision, P.B.B., J.-Y.H., and H.J.K.; project administra-

tion, P.B.B., J.-Y.H., and H.J.K.; funding acquisition, P.B.B., J.-Y.H., and H.J.K.. All authors have read 

and agreed to the published version of the manuscript. 

Funding: This study was partially supported by Agricultural Research Programs, Purdue Univer-

sity, and the Department of Forestry and Natural Resources. 

Data Availability Statement: The data presented in this study are available on request from the 

corresponding author. The data are not publicly available due to intellectual property policies. 

Acknowledgments: Authors would like to thank Zeigler Bros., Inc., for their donation of commer-

cial shrimp feed and EZ-bio. We would like to thank RDM shrimp farm, for donating shrimp to this 

research. 

Conflicts of Interest: The authors declare no conflict of interest. 

  

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 23 November 2022                   doi:10.20944/preprints202211.0432.v1

https://doi.org/10.20944/preprints202211.0432.v1


 

 

References 

1.  Chalmers, G.A. Aquaponics and food safety. In; 2004; pp. 1–74. 

2.  FAO The state of world fisheries and aquaculture 2016. Contributing to Food Security and Nutrition for All; 2016; ISBN 9789251091852. 

3.  Pinho, S.M.; de Lima, J.P.; David, L.H.; Emerenciano, M.G.C.; Goddek, S.; Verdegem, M.C.J.; Keesman, K.J.; Portella, M.C. 

FLOCponics: the integration of biofloc technology with plant production. Rev. Aquac. 2021, 1–29, doi:10.1111/raq.12617. 

4.  Somerville, C.; Cohen, M.; Pantanella, E.; Stankus, A.; Lovatelli, A. Small-scale aquaponic food production. Integrated Fish and Plant 

Farming; 2014; ISBN 9789251085325. 

5.  Alshrouf, A. Hydroponics, aeroponic and aquaponic as compared with conventional farming. Am. Sci. Res. J. Eng. Technol. Sci. 

2017, 27, 247–255. 

6.  Goddek, S.; Joyce, A.; Kotzen, B.; Butnell, G.M. Aquaponics food production systems; Goddek, S., Joyce, A., Kotzen, B., Butnell, 

G.M., Eds.; 1st ed.; Springer, Cham, 2019; ISBN 9783030159429. 

7.  Fronte, B.; Galliano, G.; Bibbiani, C. From freshwater to marine aquaponic: new opportunities for marine fish species production. 

In Proceedings of the In Conference VIVUS–on Agriculture, Environmentalism, Horticulture and Floristics, Food Production 

and Processing and Nutrition. With Knowledge and Experience to New Entrepreneurial Opportunities; 2015; Vol. 4, pp. 514–

521. 

8.  Gunning, D.; Maguire, J.; Burnell, G. The development of sustainable saltwater-based food production systems: a review of 

established and novel concepts. Water 2016, 8, 598, doi:10.3390/w8120598. 

9.  Chu, Y.-T.; Brown, P.B. Sustainable marine aquaponics: effects of shrimp to plant ratio and C/N ratios. Front. Mar. Sci. 2021, 8, 

771630, doi:10.3389/fmars.2021.771630. 

10.  Lam, S.S.; Ma, N.L.; Jusoh, A.; Ambak, M.A. Biological nutrient removal by recirculating aquaponic system: optimization of the 

dimension ratio between the hydroponic & rearing tank components. Int. Biodeterior. Biodegrad. 2015, 102, 107–115, 

doi:10.1016/j.ibiod.2015.03.012. 

11.  Liang, J.Y.; Chien, Y.H. Effects of feeding frequency and photoperiod on water quality and crop production in a tilapia-water 

spinach raft aquaponics system. Int. Biodeterior. Biodegrad. 2013, 85, 693–700, doi:10.1016/j.ibiod.2013.03.029. 

12.  Rakocy, J.E. Aquaponics — integrating fish and plant culture. In Aquaculture Production Systems; Tidwell, J., Ed.; Johy Wiley & 

Sons, Inc.: Oxford, UK, 2012; pp. 343–386 ISBN 9781118250105. 

13.  Wongkiew, S.; Hu, Z.; Chandran, K.; Lee, J.W.; Khanal, S.K. Nitrogen transformations in aquaponic systems: a review. Aquac. 

Eng. 2017, 76, 9–19, doi:10.1016/j.aquaeng.2017.01.004. 

14.  Yang, T.; Kim, H.J. Nutrient nanagement regime affects water quality, crop growth, and nitrogen use efficiency of aquaponic 

systems. Sci. Hortic. (Amsterdam). 2019, 256, 108619, doi:10.1016/j.scienta.2019.108619. 

15.  Yang, T.; Kim, H.J. Effects of hydraulic loading rate on spatial and temporal water quality characteristics and crop growth and 

yield in aquaponic systems. Horticulturae 2020, 6, doi:10.3390/horticulturae6010009. 

16.  Shete, A.P.; Verma, A.K.; Chadha, N.K.; Prakash, C.; Chandrakant, M.H. A comparative study on fish to plant component ratio 

in recirculating aquaponic system with common carp and mint. J. Env. Bio-Sci 2015, 29, 323–329. 

17.  Ebeling, J.M.; Timmons, M.B.; Bisogni, J.J. Engineering analysis of the stoichiometry of photoautotrophic, autotrophic, and 

heterotrophic removal of ammonia-nitrogen in aquaculture systems. Aquaculture 2006, 257, 346–358, 

doi:10.1016/j.aquaculture.2006.03.019. 

18.  Zanotto, F.P.; Wheatly, M.G. The effect of water pH on postmolt fluxes of calcium and associated electrolytes in the freshwater 

crayfish (Procambarus clarkii). Freshw. crayfish 1995, 8, 437–450, doi:10.5869/fc.1995.v8.437. 

19.  Zhang, K.; Pan, L.; Chen, W.; Wang, C. Effect of using sodium bicarbonate to adjust the pH to different levels on water quality, 

the growth and the immune response of shrimp Litopenaeus vannamei reared in zero-water exchange biofloc-ased culture tanks. 

Aquac. Res. 2017, 48, 1194–1208, doi:10.1111/are.12961. 

20.  Neina, D. The role of soil pH in plant nutrition and soil remediation. Appl. Environ. Soil Sci. 2019, 2019, doi:10.1155/2019/5794869. 

21.  Chu, Y.; Brown, P.B. Optimal dietary crude protein in commercial feeds for shrimp and halophytes in marine aquaponic biofloc 

systems. Front. Mar. Sci. 2022, 9, 824973, doi:10.3389/fmars.2022.824973. 

22.  Li, S.; Zhao, X.; Ye, X.; Zhang, L.; Shi, L.; Xu, F.; Ding, G. The effects of condensed molasses soluble on the growth and 

development of rapeseed through seed germination, hydroponics and field trials. Agric. 2020, 10, 1–20, 

doi:10.3390/agriculture10070260. 

23.  Pyakurel, A.; Dahal, B.R.; Rijal, S. Effect of molasses and organic fertilizer in soil fertility and yield of spinach in Khotang, Nepal. 

Int. J. Appl. Sci. Biotechnol. 2019, 7, 49–53, doi:10.3126/ijasbt.v7i1.23301. 

24.  Browdy, C.L.; Ray, A.J.; Leffler, J.W.; Avnimelech, Y. Biofloc-based aquaculture systems. In Aquaculture Production Systems; 

Tidwell, J., Ed.; Johy Wiley & Sons, Inc.: Oxford, UK, 2012; pp. 278–307 ISBN 9780813801261. 

25.  Avnimelech, Y. Carbon/nitrogen ratio as a control element in aquaculture systems. Aquaculture 1999, 176, 227–235, 

doi:10.1016/S0044-8486(99)00085-X. 

26.  Panigrahi, A.; Saranya, C.; Sundaram, M.; Vinoth Kannan, S.R.; Das, R.R.; Satish Kumar, R.; Rajesh, P.; Otta, S.K. Carbon: 

nitrogen (C:N) ratio level variation influences microbial community of the system and growth as well as immunity of shrimp 

(Litopenaeus vannamei) in biofloc based culture system. Fish Shellfish Immunol. 2018, 81, 329–337, doi:10.1016/j.fsi.2018.07.035. 

27.  Xu, W.J.; Morris, T.C.; Samocha, T.M. Effects of C/N ratio on biofloc development, water quality, and performance of Litopenaeus 

vannamei juveniles in a biofloc-based, high-density, zero-exchange, outdoor tank system. Aquaculture 2016, 453, 169–175, 

doi:10.1016/j.aquaculture.2015.11.021. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 23 November 2022                   doi:10.20944/preprints202211.0432.v1

https://doi.org/10.20944/preprints202211.0432.v1


 

 

28.  Xu, W.J.; Morris, T.C.; Samocha, T.M. Effects of two commercial feeds for semi-intensive and hyper-intensive culture and four 

C/N ratios on water quality and performance of Litopenaeus vannamei juveniles at high density in biofloc-based, zero-exchange 

outdoor tanks. Aquaculture 2018, 490, 194–202, doi:10.1016/j.aquaculture.2018.02.028. 

29.  FAO The state of world fisheries and aquaculture 2020. Sustainability in Action.; 2020; ISBN 9789251326923. 

30.  Quagrainie, K.K.; Flores, R.M.V.; Kim, H.J.; McClain, V. Economic analysis of aquaponics and hydroponics production in the 

U.S. midwest. J. Appl. Aquac. 2018, 30, 1–14, doi:10.1080/10454438.2017.1414009. 

31.  Chu, Y.-T.; Brown, P.B. Evaluation of Pacific whiteleg shrimp and three halophytic plants in marine aquaponic systems under 

three salinities. Sustainability 2021, 13, 269, doi:10.3390/su13010269. 

32.  Carlsson, R.; Clarke, E.M.W. Atriplex hortensis L. as a leafy vegetable, and as a leaf protein concentrate plant. Qual. Plant. Plant 

Foods Hum. Nutr. 1983, 33, 127–133. 

33.  Zhao, K.; Feng, L. Chinese halophyte resources; 1st ed.; China Science Publishing & Media Ltd.: Beijing, 2001; ISBN 7-03-009474-3. 

34.  Koyro, H.W. Effect of salinity on growth, photosynthesis, water relations and solute composition of the potential cash crop 

halophyte Plantago coronopus (L.). Environ. Exp. Bot. 2006, 56, 136–146, doi:10.1016/j.envexpbot.2005.02.001. 

35.  Ayaz, F.A.; Glew, R.H.; Millson, M.; Huang, H.S.; Chuang, L.T. Nutrient contents of kale (Brassica oleraceae L. Var. Acephala DC.). 

Food Chem. 2006, 96, 572–579, doi:10.1016/j.foodchem.2005.03.011. 

36.  Ivanovi, L.; Mila, I.; Topalovi, A. Nutritional and phytochemical content of Swiss chard from Montenegro , under different 

fertilization and irrigation treatments. Br. Food J. 2019, 121, 411–425, doi:10.1108/BFJ-03-2018-0142. 

37.  Grieve, C.M.; Grattan, S.R.; Maas, E. V. Plant salt tolerance. In Agricultural Salinity. Assessment and Management; Wallender, 

W.W., Tanji, K.K., Eds.; American Society of Civil Engineers: Reston, VA, 2012; pp. 405–459. 

38.  Slinkard, K.; Singleton, V. Total phenol analysis: automation and comparison with manual methods. Am. J. Enol. Vitic. 1977, 28, 

49–55. 

39.  Bao, Y.; Reddivari, L.; Huang, J.Y. Development of cold plasma pretreatment for improving phenolics extractability from tomato 

pomace. Innov. Food Sci. Emerg. Technol. 2020, 65, 102445, doi:10.1016/j.ifset.2020.102445. 

40.  Bao, Y.; Reddivari, L.; Huang, J.Y. Enhancement of phenolic compounds extraction from grape pomace by high voltage 

atmospheric cold plasma. Lwt 2020, 133, 109970, doi:10.1016/j.lwt.2020.109970. 

41.  Brand-Williams, W.; Cuvelier, M.E.; Berset, C. Use of a free radical method to evaluate antioxidant activity. LWT - Food Sci. 

Technol. 1995, 28, 25–30, doi:10.1016/S0023-6438(95)80008-5. 

42.  Re, R.; Pellegrini, N.; Proteggente, A.; Pannala, A.; Yang, M.; Rice-Evans, C. Antioxidant activity applying an improved ABTS 

radical cation decolorization assay. Free Radic. Biol. Med. 1999, 26, 1231–1237, doi:10.1016/S0891-5849(98)00315-3. 

43.  Van Wyk, P.; Scarpa, J. Water quality and management. In Farming marine shrimp in recirculating freshwater systems; Van Wyk, 

P., Davis-Hodgkins, M., Laramore, R., Main, K., Mountain, J., Scarpa, J., Eds.; 1999; pp. 141–161. 

44.  Chen, S.; Ling, J.; Blancheton, J. Nitrification kinetics of biofilm as affected by water quality factors. Aquac. Eng. 2006, 34, 179–

197, doi:10.1016/j.aquaeng.2005.09.004. 

45.  Zhang, P.; Zhang, X.; Li, J.; Huang, G. The effects of body weight, temperature, salinity, pH, light intensity and feeding condition 

on lethal DO levels of whiteleg shrimp, Litopenaeus vannamei (Boone, 1931). Aquaculture 2006, 256, 579–587, 

doi:10.1016/j.aquaculture.2006.02.020. 

46.  Lemonnier, H.; Bernard, E.; Boglio, E.; Goarant, C.; Cochard, J.C. Influence of sediment characteristics on shrimp physiology: 

pH as principal effect. Aquaculture 2004, 240, 297–312, doi:10.1016/j.aquaculture.2004.07.001. 

47.  Pan, L.Q.; Jiang, L.X.; Miao, J.J. Effects of salinity and pH on immune parameters of the white shrimp Litopenaeus vannamei. J. 

Shellfish Res. 2005, 24, 1223–1227, doi:10.2983/0730-8000(2005)24[1223:EOSAPO]2.0.CO;2. 

48.  Kathyayani, S.A.; Poornima, M.; Sukumaran, S.; Nagavel, A.; Muralidhar, M. Effect of ammonia stress on immune variables of 

Pacific white shrimp Penaeus vannamei under varying levels of pH and susceptibility to white spot syndrome virus. Ecotoxicol. 

Environ. Saf. 2019, 184, 109626, doi:10.1016/j.ecoenv.2019.109626. 

49.  Wright, B.Y.P.A.; Wood, C.M. An analysis of branchial ammonia excretion in the freshwater rainbow trout: effects of 

environmental pH change and sodium uptake blockade. J. Exp. Biol. 1985, 114, 329–353, doi:https://doi.org/10.1242/jeb.114.1.329. 

50.  Lin, Y.C.; Chen, J.C. Acute toxicity of ammonia on Litopenaeus vannamei (Boone) juveniles at different salinity levels. J. Exp. Mar. 

Bio. Ecol. 2001, 259, 109–119, doi:10.1016/S0044-8486(03)00220-5. 

51.  Lin, Y.C.; Chen, J.C. Acute toxicity of nitrite on Litopenaeus vannamei (Boone) juveniles at different salinity levels. Aquaculture 

2003, 224, 193–201, doi:10.1016/S0044-8486(03)00220-5. 

52.  Jensen, F.B. Uptake , Elimination and effects of nitrite and nitrate in freshwater crayfish ( Astacus astacus ). Aquat. Toxiclolgy 1996, 

34, 95–104, doi:https://doi.org/10.1016/0166-445X(95)00030-8. 

53.  Boyd, C.E. Mineral salts correct ionic imbalances in cultute water. Glob. Aquac. Advocate 2003. 

54.  Davis, D.A.; Samocha, T.M.; Boyd, C.E. Acclimating Pacific white shrimp, Litopenaeus vannamei, to inland, low-salinity waters. 

South Reg. Aquac. Cent. 2004, 2601. 

55.  Shiau, S. Nutrient requirements of Penaeid shrimps. Aquaculture 1998, 164, 77–93, doi:https://doi.org/10.1016/S0044-

8486(98)00178-1. 

56.  Zanotto, F.P.; Wheatly, M.G. The effect of ambient pH on electrolyte regulation during the postmoult period in freshwater 

crayfish Procambarus clarkii. J. Exp. Biol. 1993, 178, 1–19, doi:10.1242/jeb.178.1.1. 

57.  Wheatly, M.G. Calcium homeostasis in crustacea: the evolving role of branchial, renal, digestive and hypodermal epithelia. J. 

Exp. Zool. 1999, 283, 620–640, doi:10.1002/(SICI)1097-010X(19990601)283:7<620::AID-JEZ2>3.0.CO;2-3. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 23 November 2022                   doi:10.20944/preprints202211.0432.v1

https://doi.org/10.20944/preprints202211.0432.v1


 

 

58.  Rodríguez-Kábana, R. Organic and inorganic nitrogen amendments to soil as nematode suppressants. J. Nematol. 1986, 18, 129–

134. 

59.  White, P.J. Ion uptake mechanisms of individual cells and roots: short-distance transport. In Marschner’s Mineral Nutrition of 

Higher Plants; Marschner, P., Ed.; Academic Press, 2012; pp. 7–47 ISBN 9780123849052. 

60.  Schenck, S. Molasses soil amendment for crop improvement and nematode management. Hawaii Agric. Res. Cent. 2001, 1–7. 

61.  Jarrell, W.M.; Beverly, R.B. The dilution effect in plant nutrition studies. Adv. Agron. 1981, 34, 197–224, doi:10.1016/S0065-

2113(08)60887-1. 

62.  Piper, C.S. Investigations on copper deficiency in plants. J. Agric. Sci. 1942, 32, 143–178, doi:doi:10.1017/S0021859600047870. 

63.  Steenbjerg, F. Yield Curves and chemical plant analyses. Plant Soil 1951, 3, 97–109, doi:https://doi.org/10.1007/BF01676368. 

64.  Steenbjerg, F.; Jakobsen, S.T. Plant nutrition and yield curves. Soil Sci. 1963, 95, 69–88, doi:10.1097/00010694-196301000-00012. 

65.  Björkman, O.; Demmig, B. Photon yield of O2 evolution and chlorophyll fluorescence characteristics at 77 K among vascular 

plants of diverse origins. Planta 1987, 170, 489–504, doi:10.1007/BF00402983. 

66.  Kalaji, H.M.; Carpentier, R.; Allakhverdiev, S.I.; Bosa, K. Fluorescence parameters as early indicators of light stress in barley. J. 

Photochem. Photobiol. B Biol. 2012, 112, 1–6, doi:10.1016/j.jphotobiol.2012.03.009. 

67.  Pratt, D.E. Natural antioxidants from plant material. In Phenolic compounds in food and their effects on health II: Antioxidants and 

cancer prevention; Huang, M.-T., Ho, C.-T., Lee, C.Y., Eds.; American Chemical Society: Washington, DC, 1992; pp. 54–71. 

68.  Ho, C.-T. Phenolic compounds in food. In Phenolic compounds in food and their effects on health I: Analysis, occurrence, and chemistry; 

Huang, M.-T., Ho, C.-T., Lee, C.Y., Eds.; American Chemical Society: Washington, DC, 1992; pp. 2–7 ISBN 9781604563030. 

69.  Alexopoulos, A.A.; Marandos, E.; Assimakopoulou, A.; Vidalis, N.; Petropoulos, S.A.; Karapanos, I.C. Effect of nutrient solution 

pH on the growth, yield and quality of Taraxacum officinale and Reichardia picroides in a floating hydroponic system. Agronomy 

2021, 11, doi:10.3390/agronomy11061118. 

70.  Radić, S.; Vujčić, V.; Glogoški, M.; Radić-Stojković, M. Influence of pH and plant growth regulators on secondary metabolite 

production and antioxidant activity of Stevia rebaudiana (Bert). Period. Biol. 2016, 118, 9–19, doi:10.18054/pb.2016.118.1.3420. 

71.  Petropoulos, S.A.; Fernandes, Â.; Dias, M.I.; Pereira, C.; Calhelha, R.C.; Chrysargyris, A.; Tzortzakis, N.; Ivanov, M.; Sokovic, 

M.D.; Barros, L.; et al. Chemical composition and plant growth of Centaurea raphanina Subsp. mixta plants cultivated under 

saline conditions. Molecules 2020, 25, 1–26, doi:10.3390/molecules25092204. 

72.  Petropoulos, S.A.; Levizou, E.; Ntatsi, G.; Fernandes, Â.; Petrotos, K.; Akoumianakis, K.; Barros, L.; Ferreira, I.C.F.R. Salinity 

effect on nutritional value, chemical composition and bioactive compounds content of Cichorium spinosum L. Food Chem. 2017, 

214, 129–136, doi:10.1016/j.foodchem.2016.07.080. 

73.  Austen, N.; Walker, H.J.; Lake, J.A.; Phoenix, G.K.; Cameron, D.D. The rgulation of plant secondary metabolism in response to 

abiotic stress: interactions between heat shock and elevated CO2. Front. Plant Sci. 2019, 10, 1–12, doi:10.3389/fpls.2019.01463. 

74.  Haida, Z.; Nakasha, J.J.; Hakiman, M. In vitro responses of plant growth fctors on growth, yield, phenolics content and 

antioxidant activities of Clinacanthus nutans (Sabah Snake Grass). Plants 2020, 9, 1–17, doi:10.3390/plants9081030. 

75.  Bonasia, A.; Lazzizera, C.; Elia, A.; Conversa, G. Nutritional, biophysical and physiological characteristics of wild rocket 

genotypes as affected by soilless cultivation system, salinity level of nutrient solution and growing period. Front. Plant Sci. 2017, 

8, doi:10.3389/fpls.2017.00300. 

76.  AWWA Nitrification; 2002; United States Environmental Protection Agency. 

77.  Jadhav, G.G.; Salunkhe, D.S.; Nerkar, D.P.; Bhadekar, R.K. Isolation and characterization of salt-tolerant nitrogen-fixing 

microorganisms from food. EurAsian J. Biosci. 2010, 4, 33–40, doi:10.5053/ejobios.2010.4.0.5. 

78.  Satapute, P.; Shetti, A.; Kulkarni, A.G.; Hiremath, G. Isolation and characterization of nitrogen fixing Bacillus subtilis strain as-4 

from agricultural soil as-4 from agricultural soil. Int. J. Recent Sci. Res. 2012, 3, 762–765. 

79.  Watson, S.W.; Valois, F.W.; Waterbury, J.B. The Family Nitrobacteraceae. In The Prokaryotes; Starr, M.P., Stolp, H., Trüper, H.G., 

Balows, A., Schlegel, H.G., Eds.; Springer: Berlin, 1981; pp. 1005–1022 ISBN 978-3-662-13187-9. 

80.  Phatthongkleang, T.; Sangnoi, Y.; Thong, S.O.; Uppabullung, A.; Keawtawee, T. The efficiency of Bacillus spp. to remove 

ammonia. Wichcha J. 2019, 38, 1–15. 

81.  Tyson, R. V.; Simonne, E.H.; White, J.M.; Lamb, E.M. Reconciling water quality parameters impacting nitrification in squaponics: 

the pH levels. Proc. Florida State Hortic. Soc. 2004, 117, 79–83. 

82.  Wongkiew, S.; Park, M.R.; Chandran, K.; Khanal, S.K. Aquaponic systems for sustainable resource recovery: linking nitrogen 

transformations to microbial communities. Environ. Sci. Technol. 2018, 52, 12728–12739, doi:10.1021/acs.est.8b04177. 

83.  Yang, T.; Kim, H.J. Comparisons of nitrogen and phosphorus mass balance for tomato-, basil-, and lettuce-based aquaponic and 

hydroponic systems. J. Clean. Prod. 2020, 274, 122619, doi:10.1016/j.jclepro.2020.122619. 

84.  Alexander, M. Nitrification. in Soil Nitrogen; American Society of Agronomy, Inc: New York, 1965; Vol. 10, pp. 307–343 ISBN 

9781493990658. 

85.  Spann, T.M.; Schumann, A.W. Mineral nutrition contributes to plant disease and pest. EDIS 2010, 4. 

1.  

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 23 November 2022                   doi:10.20944/preprints202211.0432.v1

https://doi.org/10.20944/preprints202211.0432.v1

