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Abstract: Aquaponic nutrient studies often use various types of water containing high levels of
mineral nutrients for water supply, making it difficult to accurately determine deficient nutrients
limiting crop yield and quality across the systems. To avoid interference with background nutrients,
we used reverse osmosis water in this study. The objectives were to identify critical nutrients that affect
the yield and quality of cherry tomato-, basil-, and lettuce by characterizing nutrient composition
and concentration in aquaponic systems in comparison to hydroponic systems. Daily release rate
(mg L−1) of macronutrients derived from fish feed (41% protein, 1.1% phosphorus, 1% fish weight)
was in decreasing order of SO4–S (16) > PO4–P (2.4) > NO3–N (1.0) > K (0.8) > Cl (0.5) > NH4–N (0.4)
> Ca (0.2) > NO2–N (0.13) > Na (0.11) > Mg (0.02), in which daily inputs of Mg and Ca in aquaponics
were found to be only 1–2% and 4–6%, respectively, of those in hydroponics. Subsequently, the
average concentrations of all nutrients were significantly lower in aquaponics than in hydroponics
during a 3-month production except for Cl, NH4–N, NO2–N, and Na. The concentration of Mg
remained below 5 mg L−1 in all aquaponic systems, while the concentration of Ca rapidly decreased
in tomato-based aquaponics, especially during fruiting. SPAD value (chlorophyll content) was
associated with concentrations of leaf N, Mg, and/or Ca. Specifically, lower SPAD value was correlated
with lower leaf Mg and Ca for tomato and lower leaf Mg for basil but neither Mg nor Ca for lettuce.
The aquaponic solution contained nearly six-times higher Na than the hydroponic solution, resulting
in three-times higher Na concentration in the edible portion of the crops. Compared to a lettuce-based
aquaponic system, tomato- and basil-based systems retained more desirable water quality parameters
(i.e., stable pH, lower temperature), had lower electrical conductivity (EC) via greater biomass
production and, therefore, more efficient nutrient removal, and had lower feed conversion rate and
higher fish biomass increment. Regardless of crop species, vegetative shoot biomass was significantly
reduced in aquaponics than in hydroponics. However, the marketable yield of tomatoes was similar
between aquaponics and hydroponics, while those of basil and lettuce were reduced in aquaponics
by 56% and 67%, respectively, in comparison to hydroponics. Our results highlighted potential
solutions to design proper nutrient management practices essential for the development of successful
aquaponic production systems. Considering that ingested fish feed does not provide sufficient levels
of Mg and/or Ca for crop production, it is suggested to supplement Mg before crop transplanting
and Ca before fruiting of fruity crops to improve crop growth and quality in aquaponic systems,
especially when high-quality water is used for water supply.
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1. Introduction

Aquaponics is an integrated system that combines aquaculture and hydroponics, in which water
from the fish tanks enriched with mineral nutrients is used to produce plant crops. Disposal of a
considerable amount of nutrient-rich wastewater is a significant problem in fish cultivation, as it is
associated with surface and groundwater pollution [1]. Aquaponics not only eliminates wastewater
discharge issues but also enables spent water and nutrients to recirculate in the system because the
hydroponic component in an aquaponic system performs as a biofilter and effectively controls the
accumulation of waste nutrients from the fish culture [2]. As such, fish and plant crop production in a
recirculating aquaponic system can achieve a high degree of efficiency of water use [3,4] while allowing
the production of additional saleable crops [2]. Aquaponics has the great potential to contribute to
both global and urban sustainable food production and to reduce environmental impacts associated
with agricultural production. However, commercial aquaponics is a nascent industry, and its crop
production practices have yet to be established to reach the levels achieved in the hydroponic industry.

Chemical fertilizers commonly used in hydroponics either require intensive energy inputs for
synthesis (i.e., nitrogen fertilizer), are derived from nonrenewable resources (i.e., phosphorus), and/or
generate a large carbon footprint for transport [5]. Recirculating aquaponic systems are known to
save not only the use of chemical fertilizers but also up to 98% water for crop production compared
to that for field production [6,7]. Hydroponic nutrient solutions are formulated to contain excess
nutrient concentrations in inorganic forms, making them readily and abundantly available for plant
growth [8], and this is considered important in intensive hydroponic systems for high production yield.
Hydroponic solutions are regularly adjusted to a desired electrical conductivity (EC) suggested for
a particular crop. While this does not guarantee the presence of individual nutrient elements, it is a
simple, commonly used method to ensure total soluble salts in the nutrient solution.

In aquaponics, the nutrient composition of fish feed has a major influence on the nutrient
composition and concentration in aquaponic solution, directly affecting water chemistry [2] and
plant growth [4,9]. While applying fish feed at 1% of body weight per day for fish of more than
100 g body mass is commonly recommended [10], the application rate and method may need to
be adjusted in recirculating aquaponics to maintain water quality for fish health and wellbeing [4].
Unfortunately, most aquaponic nutrient studies used various types of water containing high levels of
mineral nutrients, making it difficult to properly assess the deficient nutrients in aquaponic systems.
In this situation, nutrient profiles in aquaponics are not only derived from the fish feed but also
contributed by background nutrients contained in the water, which can interfere with the results
and data interpretations and make it impossible to generalize findings across aquaponic systems.
The incomplete information might have provided false nutrient guidelines without directing “the
deficient nutrients” specific to the system or encouraged to apply excess nutrients to the aquaponic
solution, making the systems less sustainable.

Further, the results on crop growth and yield in aquaponic systems are found to be inconsistent
among aquaponic studies ranging from lower to higher than those in hydroponics. While many
different factors can influence the results, the use of various water sources and resulting nutrient
profiles, as well as different crop species, can be also considered some of the factors affecting such
variations. For example, basil in aquaponics produced lower yield compared to hydroponics and
developed leaf chlorosis, which was speculated due to lower Fe, Mn, and K concentrations in aquaponic
solution (tap water was used) [11]. Marketable yields of leafy vegetables (i.e., Chinese cabbage, mizuna,
Swiss chard, lettuce, and Pac Choi) and herbs (i.e., basil, chia) were lower or tended to be lower in
aquaponics than those in hydroponics and developed leaf yellowing (reverse osmosis (RO) water was
used) [4]. Similarly, yields of leafy vegetables (i.e., basil and kale) and fruity vegetables (i.e., tomato
and pepper) were lower in a simulated aquaponic solution (low EC and high pH) than in hydroponics
(well water was used) [12]. On the contrary, the growth and yield of lettuce grown in aquaponics were
higher than those grown in hydroponics (tap water was used) [13]. Savidov et al. (2007) [14] claimed
that the yield of aquaponic tomato and mini-cucumber exceeded the reported yield of commercial
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hydroponic crops; however, actual yield comparisons were not made between the systems. Meanwhile,
the yield was similar between aquaponics and hydroponics in lettuce [9,15], cucumber, tomato, and
eggplant [16–18].

Currently, information on aquaponic nutrient management is extremely limited. Based on the
ground that K and Fe are deficient in fish feed [19–21], these are considered key nutrients to be
supplemented to aquaponic solution as potassium hydroxide and iron chelates or as a foliar spray.
Phosphorus (P) is also reported to be deficient in aquaponics due to the precipitation with Ca [22,23].
It is critical to investigate the nexus among nutrients directly derived from the ingested fish feed,
aquaponic solution, and plant tissues to characterize nutrient profiles in aquaponic systems. This will
aid in designing proper nutrient management practices to improve plant and fish yield and leading to
the development of successful aquaponic production systems.

The objectives of our study were to characterize nutrient composition and accumulation in
recirculating water and plant parts of tomato, basil, and lettuce grown in aquaponic systems and to
compare their growth and yield with those in hydroponic systems. We used RO water for water supply
to avoid interference with nutrients from fish feed and determined daily nutrient release rates from
fish feed and dynamic changes of nutrient composition throughout the production cycle. This research
would provide critical information on nutrient availability in aquaponic systems and suggest potential
solutions to design proper nutrient management practices.

2. Materials and Methods

2.1. Experimental Setup and Operation

Six experimental units were operated in the greenhouse in West Lafayette, IN (lat. 40◦ N, long.
86◦ W).

Each aquaponic unit was equipped with a fish tank (350 L), a sediment tank (20 L), two-stage
biofilter (up-flow and down-flow; total volume = 40 L) [4,24], and a deep-water hydroponic-culture
unit (350 L; 1 m2) (Figure 1A). The aquaponic systems were filled with reverse osmosis (RO) water,
and its nutrient composition and concentration are shown in Table 1. Aquaculture wastewater
was added to each system to raise the initial electrical conductivity (EC) and establish a microbial
community, including nitrifying bacteria. Nile tilapia (Oreochromis niloticus L.) fish were obtained from
the Animal Sciences Research and Education Center at Purdue University, which had been cultivated in
a conventional aquaculture system for 4-months. At the time of receipt, fish fresh weight was measured
and evenly distributed to three different fish tanks and acclimatized for over a month. The fish stocking
density was adjusted to 20 kg m−3 each (average fish weight of 300 g) before the commencement of
the study.

The pH of the aquaponic systems was maintained at around 7 using a combination of base
solutions (1N KOH, 0.05 N Ca(OH)2, and 1 N NaOH). During a 3-month production period, a complete
diet (41% protein, 1.1% phosphorus) with 4.8-mm floating pellets was used (Table 2). Fish were fed
daily at 9:00 am with fish feed (AquaMax Sport Fish 500, Purina Mills, St. Louis, MO, USA), averaging
at 1% of body weight.

A peristaltic pump (Masterflex, Cole-Parmer, Vernon Hills, IL, USA) was used to recirculate
nutrient solutions within a system unit. The total water volume in an aquaponic and hydroponic unit
was 700 L with a flow rate of 138 L h−1, giving a water retention time of 5 h in a fish tank/nutrient-solution
reservoir and the floating system unit [4,24]. Water in the clarifier captured the majority of suspended
solids from the fish tank. After passing through the clarifier, the aquaculture effluent or nutrient
solution flowed into the biofilter filled with biomedia (Kaldnes K1 Media, Aquatic Eco-System, Apopka,
FL, USA) and then the hydroponic unit. Plants were held up by a foam board, which was set on the top
edges of the hydroponic unit. An air pump was used to provide and maintain dissolved oxygen (DO)
concentrations at full saturation using three air diffusers. The fish tanks and nutrient-solution reservoirs
were covered with high-density polyethylene (HDPE) board with an opening to permit light to the
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tank during the daytime. Nutrients dissolved in aquaponics or hydroponics were absorbed by plants
in the hydroponic unit, and reclaimed water was then recirculated into the fish tank/nutrient reservoir.
The water was recirculated within each unit, and no water was discharged over the experimental
period. RO water was added periodically to replenish evapotranspiration losses. Water temperature in
aquaponic systems was maintained within the target range (26–28 ◦C) for tropical tilapia culture using
an aquarium thermostat heater (Eheim Jager TruTemp, Eheim GmbH & Co, Deizisau, Germany).Water 2020, 12, x FOR PEER REVIEW 4 of 34 
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Figure 1. Schematic diagram of experimental units: (A) aquaponic system; (B) hydroponic system,
adapted from Yang and Kim (2019) [4].

Table 1. Composition and concentration of nutrient sources used in tomato-, basil-, and lettuce-based
aquaponic and hydroponic systems.

Macronutrient
RO Water a

(mg L−1)

Aquaponics Hydroponics

Daily Release
Rate b

(mg L−1)

Daily Replenishment Rate d

(mg L−1 day−1)
Initial Concentration

(mg L−1)

Tomato Basil Lettuce Tomato Basil/Lettuce

NO3–N 0.42 1.04 (1.6%) c 9.29 5.00 4.52 178.7 161.4
NO2–N – 0.13 (0.2%) 0.37 0.16 0.14 7.1 5.1
NH4–N 0.02 0.40 (0.6%) 1.15 0.44 0.39 22.2 14.1
PO4–P 0.44 2.41 (25.7%) 4.92 2.80 2.53 94.6 90.2

K 0.34 0.82 (7.8%) 8.41 5.59 5.05 161.7 180.3
SO4–S 1.24 15.7 (35.3%) 21.5 14.6 13.2 413.1 471.7

Ca 2.45 0.20 (0.7%) 5.39 3.53 3.19 103.7 113.9
Mg 0.59 0.02 (0.9%) 1.38 0.90 0.81 26.6 29.0
Na 2.76 0.11 (0.4%) – – – – –
Cl 2.30 0.50 (2.2%) – – – – –

EC (dS m−1) 0.03 0.1 2.0 2.0
pH 7.3 6.9 6.0 6.0

Each value in the table is the mean of 15 replicates for aquaponics and 6 replicates for hydroponics. a Background
nutrient concentrations contained in reverse osmosis (RO) water. b Nutrient concentrations (mg L−1 day−1) in the
aquatic phase of an aquaponic system released daily when 1% fish feed (41% protein; 1.1% phosphorus) was applied
to tilapia fish (average fish weight: 250 g; stocking density: 20 kg m−3). The nutrient release was monitored in the
absence of plants, and the average daily release rate was presented here. c Daily nutrient release rate (%) from
fish feed applied (100%). d Daily nutrient inputs estimated from the total amount of commercial fertilizer used in
hydroponic nutrient solution for a 3-month production period.
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Table 2. Macro- and micronutrient compositions and concentrations used in aquaponic and
hydroponic systems.

Parameter Aquaponics a Hydroponics b

Tomato Basil/Lettuce

Macronutrient (%)
Total nitrogen (N) >6.88 0.044 0.043

P2O5–P >1.10 0.130 0.093
K2O–K 0.99 0.034 0.035
SO4–S 0.43 – –

Ca 2.25–2.75 0.075 0.075
Mg 0.23 0.037 0.039

Micronutrient (mg kg−1)
B – 2.75 2.00

Cu 10 0.95 1.05
Fe 40 10.00 21.00
Mn 80 8.00 1.90
Mo – 0.40 0.42
Zn 153 2.70 2.10

Data obtained from the product description. “–” means not included or no related information. a Nutrient
compositions of fish feed used in aquaponics were calculated based on g feed per day. b Nutrient compositions of
fertilizer used in hydroponics were calculated based on 1:100 dilution of commercial fertilizer.

Similarly, each hydroponic system was equipped with a nutrient reservoir (350 L), a clarifier (20 L),
two biofilter tanks (20 L each), and a deep-water hydroponic-culture unit (350 L; 1 m2) (Figure 1B).
The basic configuration for hydroponics was the same as for aquaponics. In each hydroponic-culture
unit, the nutrient-solution reservoir and each hydroponic-culture unit were filled with RO water blended
with a nutrient stock solution at 1:100 dilution rate (Table 2), which was used as initial and follow-up
daily replenishment for fruity vegetables (CropKing, Lodi, OH, USA) and leafy/herb vegetables
(CropKing, Lodi, OH, USA) (Table 1). The EC was maintained at 2 dS m−1 by adding and replenishing
nutrient solution daily. The pH of the hydroponic solution was adjusted to approximately 6.

The photoperiod was 14-h (8:00 am to 10:00 pm), consisting of natural daylight with supplemental
lighting using high-pressure sodium (HPS) lamps (600-W, P.L. Light Systems Inc., Beamsville, ON,
Canada). A supplemental photosynthetic photon flux (PPF) of the greenhouse was measured using a
quantum sensor (LI-250A light meter; LI-COR Biosciences, Lincoln, NE, USA), and photosynthetically
active radiation in the greenhouse was averaged at 168 µmol m−2 s−1. Day (8:00 am to 10:00 pm)
and night (10:00 am to 8:00 am) temperatures were set at 24 ◦C and 18 ◦C, respectively, with an hour
transition between two temperature regimes. Depending on ambient temperature, the greenhouse was
cooled as needed using a pad-and-fan evaporative-cooling system, heated using radiant hot-water-pipe
heating, and retractable shade curtains regulated by an environmental control system (Maximizer
Precision 10, Priva Computers Inc., Vineland Station, ON, Canada). Environmental data for greenhouse
ambient daily light integral (DLI), ambient temperature, and vapor pressure deficit (VPD) were
averaged per day and presented in Figure S1.

2.2. Plant and Fish Materials

In this study, cherry tomato (Lycopersicon esculentum ‘Washington Cherry’), basil (Ocimum basilicum
‘Genovese’), and lettuce (Lactuca sativa ‘Cherokee’) were selected for their popularity in aquaponics
and hydroponic production systems and their differences in growth and harvest characteristics.
For example, tomato plants were grown to maturity, and only fruits were removed, leaving intact roots
and shoots in the system, which allowed continuous removal of nutrients from the system. Basil plants
were cut back at maturity, and only the top portion of vegetative shoots was harvested on a regular
basis, allowing the shoots to grow back and roots to continue to grow. Meanwhile, lettuce plants
were grown for approximately 30-d, and mature plants were completely removed, and new lettuce
seedlings were transplanted. Seeds were purchased from a commercial source (Johnny’s Selected
Seeds, Winslow, ME, USA) and sown in Agrifoam soilless plugs (SteadyGROWpro, Syndicate Sales,
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Kokomo, IN, USA) with few days interval to ensure uniform seedling size at the time of transplanting.
Seeds were initially imbibed with tap water, followed by gradually increasing to a half-strength
fertilizer solution once germinated and full-strength fertilizer after seedlings develop true leaves [25].
The fertilizer was irrigated as necessary with a combination of two water-soluble fertilizers (3:1 mixture
of 15N–2.2P–12.5K Cal-Mag Special and 21N–2.2P–16.6K Multi-Purpose fertilizers, respectively; Everris
NA, Dublin, OH, USA). The fertilizer consisted of (mg L−1): 150 nitrogen (N), 20 phosphorous (P),
122 potassium (K), 38 calcium (Ca), 15 magnesium (Mg), 0.8 iron (Fe), 0.4 manganese (Mn) and zinc
(Zn), 0.2 copper (Cu) and boron (B), and 0.1 molybdenum (Mo). Nitrate form was 76% of nitrogen
provided. After the third true leaf of seedlings emerged, uniform healthy seedlings were chosen and
transplanted into mesh pots (diameter: 7.6 cm, height: 6.4 cm), each containing 85 g clay pebbles, then
transferred to a hydroponic unit of aquaponic or hydroponic systems. There were 8 plants per unit for
cherry tomato and 24 plants per unit for basil and lettuce. All suckers developing between the axis of
the leaf and stem of a tomato plant were removed weekly. Self-pollinations were manually performed
daily by agitating flowers with a battery-operated pollinating tool (VBP-01 Garden Pollinator, VegiBee,
Maryland Heights, MO, USA).

2.3. Water Parameter Measurements

Water quality parameters were monitored in each aquaponic and hydroponic unit, which included
dissolved oxygen (DO), temperature, pH, and electrical conductivity (EC) of the fish tank (or nutrient
reservoir in the hydroponic system), and the hydroponic-culture unit was measured daily at 9:00 am
before feeding using the HQ40d Portable Water Quality Lab Package (HACH Corp., Loveland,
CO, USA).

Water samples were collected from the fish tank (or nutrient reservoir) and hydroponic-culture
unit once every 4 days before feeding to monitor total ammonia nitrogen (TAN), nitrite (NO2–N),
nitrate (NO3–N), and phosphate (PO4–P) concentrations and were analyzed immediately using HACH
reaction kits (Loveland, CO, USA), namely, Ammonia Reagent Powder Pillows, Nitrite Reagent Powder
Pillows, Nitrate Reagent Powder Pillows, and Phosphate Reagent Powder Pillows, respectively. This
activity was performed to ensure fish health and wellbeing, maintaining water quality. The same
water samples were used to analyze macronutrients (i.e., NO3–N, NO2–N, NH4–N, PO4–P, K Ca, Mg,
SO4–S, Na, Cl) by ion chromatography (Dionex ICS–5000, Thermo scientific, Waltham, MA, USA),
as described below (2.6).

2.4. Daily Nutrient Release Measurements

In the absence of plants, the daily nutrient release rate of fish was examined by placing tilapia fish
(stocking density: 20 kg m−3) in a 350 L tank using the recirculating aquaponic systems (Figure 1A).
The water condition was maintained the same as the operating conditions, as described above. Fish
were fed with the same commercial feed once a day (9:00 am) at 1% of body weight. Water samples
were collected from the fish tank before and 24 h after feeding, which allowed fish to digest fish
feed and excrete waste into the aquatic phase and the wastewater to be processed through the
biofilter. The nutrient profiles in water samples were analyzed using ion chromatography (IC), and the
differences in nutrient concentration before and 24 h after feeding were calculated as daily nutrient
release rate derived from the fish feed.

2.5. Plant/Fish Growth and Biomass Measurements

The SPAD (soil plant analysis development) value, an index of chlorophyll content per unit leaf
area, was measured on three youngest fully expanded leaves using a portable chlorophyll meter
(SPAD-502, Minolta Corporation, Ltd., Osaka, Japan) at 90 days after transplanting for tomato and basil
and 30 days after transplanting for lettuce. Five readings per leaf were taken at the central point of a
leaf between the midrib and the leaf margin for lettuce and basil and the terminal leaflet for tomato,
and the values were averaged. At harvest, plant height was measured from the base of the shoot to the
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terminal growing point. The number of leaves was determined, and the total number of leaves per
plant was calculated as the sum of the number of leaves removed during production and at harvest.
The fresh mass of leaves was determined immediately at each removal and harvest. Stem fresh mass
was also measured. The fresh mass of shoot parts was calculated by summing the fresh mass of the
individual part. Plants were oven-dried (over 72 h at 70 ◦C) and weighed for dry mass.

Days from transplanting to first open flower and fruit harvest were recorded during production.
The number of flowers and fruits were counted again at harvest. Fruits were harvested every two days
when the fruit was at maturation stage 6 based on USDA (United State Department of Agriculture)
Visual Aid TM-L-1 tomato-color standards. The fresh mass of fruits was determined immediately upon
harvest, and the total number and weight of fruits per plant was the sum of the number and weight of
fruits produced at each harvest. Fruits’ dry mass was obtained by placing them in a drying oven for
1 h at 100 ◦C, followed by at 65 ◦C until the fruits were completely dried. All dried plant samples were
filtered through a 10-mesh sieve after grinding with a Wiley Mini Mill (Thomas Scientific, Swedesboro,
NJ, USA) and kept in plastic vials for nutrient analysis.

Fish weight was measured at the beginning, weekly, and at the end of the experiment by carefully
removing an individual fish from the fish tank and transferring them into a bucket filled with water. This
procedure was repeated until the weight of at least 50% fish in a fish tank was measured. The average
fish weight was used to determine the initial amount of feed and to make adjustments on the feed
amount weekly. Feed conversion ratio (FCR) was calculated by the following formula: FCR = total
feeding amount (g)/fish biomass increment (g).

2.6. Anion and Cation Measurements

For anion and cation nutrient analysis of water samples, frozen water samples, which were kept
in a −20 ◦C freezer, were thawed at room temperature and centrifuged immediately at 12,000 rpm
for 10 min, and then liquid supernatants were collected and subjected for cation and anion nutrients
measurement. For cation nutrient analysis of dried plant samples [26], each sample was weighed to
the nearest 0.100 g and placed in a 20 mL glass vial with three drops of 5% H2SO4 in ethanol, then
ashed in a muffle furnace at 550 ◦C for 3 h. After the process, an 8 mL aliquot of 5 mM HCl was
added, vortexed for 10 seconds, heated near boiling (90 ◦C), then vortexed again. Plant samples were
centrifuged at 12,000 rpm for 10 min, and then liquid supernatants were collected. For anion nutrient
analysis of dried ground plant samples [27], each sample was weighed to the nearest 0.1 g and placed
in a 50-mL centrifuge tube with 0.1 g decolorizing carbon and 13.3 mL Millipore water. Then, samples
were vortexed for 10 seconds and shaken for 30 min. The samples were centrifuged at 12,000 rpm for
10 min, and liquid supernatants were collected. After being diluted with Millipore water to a desirable
range, each sample was prepared into an autosampler vial for injection.

Determination and quantification of the nutrient compositions of processed water and plant
samples were performed using the ion chromatography system (Thermo Scientific Dionex ICS–5000,
Waltham, MA, USA) equipped with capillary pumps, electrolytic eluent generation modules, injection
valves, capillary electrochemical suppressors, cation column (IonPac CS12A) and anion column
(IonPac AS18 column), and conductivity detectors to determine the concentration of cations (including
ammonium, magnesium, calcium, potassium, sodium) and anions (including nitrite, nitrate, phosphate,
sulfate, chloride). Flow rates were set at 1 mL min−1, and the column temperature was maintained at
20 ◦C in an isocratic mode for cations and gradient mode for anions.

The ion chromatography (IC) was coupled to an AS–AP autosampler (Thermo Scientific, Waltham,
MA, USA), allowing for continuous sample loading and injection in sequence, including standards
and samples. Conditions for IC anion analyses were as follows: eluent (23 mM KOH) flow rate was set
at 1 mL min−1, and suppressor current was set at 57 mA and raised to 99 mA during gradient runs of
the eluent (40 mM KOH), which was conducted for optimal phosphate analysis. A gradient elution
method was employed in which eluent concentration was increased from 23 to 40 mM at 12 min,
remained at 40 mM for 3 min, and then decreased to 23 mM for 4 min. Conditions for IC cation analyses
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were as follows: eluent (20 mM methane sulfonic acid (MSA)) flow rate was set at 1 mL min−1 for
isocratic runs, and the suppressor current was set at 59 mA. Chromeleon data management software
(version 7.1) was used for data processing.

2.7. Total N and P Measurements

For total N analysis of each plant sample, 30 mg ground sample was measured and transferred
into an empty sample tin using a clean small sampling spatula, and then the tin was carefully wrapped
up into a ball. The total N contents of the sample were then measured by using the C/N analyzer
(FlashEA 1112, Thermo Fisher Scientific, Waltham, MA, USA). When preparing plant samples for total
P analysis, each sample was weighed at 0.07 g aliquot, and the aliquot weight was recorded before
transferred into a 20 mL glass vial. Then, the samples were ashed in a muffle furnace at 495 ◦C for 8 h.
The total P concentration of each sample was determined using the P-molybdate blue color reaction [28]
and analyzed by Epoch microplate spectrophotometer (BioTek Instruments, Inc., Winooski, VT, USA).

2.8. Experimental Design and Data Analysis

Each experiment was conducted for 3 months at three different time blocks: spring (December
through February), summer (April through June), and fall (July through September).

Each time, the block consisted of three aquaponic systems (Figure 1A) and three hydroponic
systems (Figure 1B). The experimental design was a split-plot randomized complete block design
(RCBD) with the production system and plant species as the main plots: tomato-based aquaponics,
basil-based aquaponics, lettuce-based aquaponics, tomato-based hydroponics, basil-based hydroponics,
and lettuce-based hydroponics, and with research trial as subplots. The experiment was repeated in
three-time blocks, and data were pooled across time blocks. Environmental data were presented only
for time block 1 (Figure S1).

Data were subjected to analysis of variance (ANOVA) using JMP® for Windows, Version 12.0
(SAS Institute Inc., Cary, NC, USA). Mean separation within each measured parameter was performed
by Tukey’s honestly significant difference (HSD) test at p ≤ 0.05. Interactions between system and crop
species were tested using two-way ANOVA. Regression analysis was carried out to look for trends
in response to days after transplanting. A student’s t-test was conducted to determine significant
differences in nutrient concentrations of each part of plants grown in aquaponics and hydroponics.
The correlation coefficient was used to describe the effects of leaf total N, Ca, and Mg concentrations
on SPAD value. The relationship between SPAD value and other variables (total N, Ca, and Mg) and
their interaction terms were analyzed with Pearson’s correlation.

3. Results

3.1. Daily Nutrient Input; Water Physical and Chemical Properties

The daily nutrient release rate from the fish feed, as expressed as EC, was considerably lower in
aquaponics than the daily replenishment rate in hydroponics (Table 1). Daily release rate (mg L−1) of
macronutrients derived from fish feed was in decreasing order of SO4–S (16) > PO4–P (2.4) > NO3–N
(1.0) > K (0.8) > Cl (0.5) > NH4–N (0.4) > Ca (0.2) > NO2–N (0.13) > Na (0.11) > Mg (0.02). As compared
to hydroponic systems, concentrations of individual nutrients daily added to the aquaponic systems
were considerably low for NO3–N (11%), K (10%), Ca (4%), and Mg (1%); nearly half for PO4–P (49%);
but high for Na and Cl, especially in tomato-based aquaponics. Background nutrients contained in RO
water were negligible, but Ca, Mg, Na, and Cl included in RO water exceeded those in the ingested
fish feed (Table 1).

Water parameters, such as dissolved oxygen (DO), water temperature, pH, and EC, were
significantly affected by production system (p < 0.001) and crop species (p < 0.05 for DO, pH, and
EC; p < 0.001 for water temperature) (Table 3). All aforementioned parameters were within optimal
ranges for a raft aquaponic system producing tilapia [6,29,30]. There were significant interactions
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between system and crop species in water temperature, pH, and EC, but not in DO. Regardless of the
production system, DO and temperature in the fish tank (or nutrient reservoir) remained relatively
constant throughout the study period (data not shown). The average DO was significantly (p < 0.0001)
lower, but the average water temperature and pH were significantly higher in aquaponics compared
to hydroponics due to the setup of the systems (Table 3). Crop species varying in harvest part and
method significantly affected EC levels of aquaponic solution over time (Figure 2). The average
EC values in tomato-, basil-, and lettuce-based aquaponics were 3.3-, 2.1-, and 1.9-times lower than
those in hydroponics, respectively (Table 3). EC levels were significantly lower in aquaponics than in
hydroponics during the first month when the systems were relatively new but gradually increased
over a 3-month production period (Figure 2). Particularly, EC of lettuce-based aquaponics linearly
increased and reached nearly to the level of hydroponics after being operated for 3 months, while those
of tomato- and basil-based aquaponics remained relatively constant, averaging 0.63 and 1.23 dS m−1,
respectively, during the third month.
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Figure 2. Variations in electrical conductivity (EC) and pH in tomato-, basil-, and lettuce-based
aquaponics (left column) and hydroponics (right column) over a 3-month production period. Tomato
and basil seedlings were transplanted at day 0, while lettuce seedlings were transplanted at day 0,
30, and 60. Average pH and EC of tomato (T)-, basil (B)-, and lettuce (L)-based systems are given for
30 days in parenthesis. Each data point is the mean of 3 replicates measured from the hydroponic
culture unit of each system.

3.2. Growth and Yield of Plant and Fish Crops

Compared to hydroponics, aquaponics reduced plant height and leaf length in tomato, reduced
the number of leaves in basil but did not affect growth parameters in lettuce (Table 4). Likewise,
aquaponics reduced SPAD value in tomato and basil leaves but not in lettuce.

Crop yield, including total fresh and dry mass, was highly influenced by the production system
(p < 0.0001) and crop species (p < 0.0001) (Table 5). Regardless of crop species, fresh and dry mass of
vegetative shoots were markedly reduced in aquaponics compared to hydroponics.
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Table 3. Average water quality parameters, fish biomass increment, and cumulative water use of tomato-, basil-, and lettuce-based aquaponic and hydroponic systems
during a 3-month production.

Crop Production
System DO (mg L−1)

Water
Temperature

(◦C)
pH EC (dS m−1)

Feed
Conversion
Ratio (FCR)

Fish Biomass
Increment a

(%)

pH
Correction

Solution (L)

Cumulative
Water Use b

(L)

Tomato Aquaponics 7.2 b 26.9 b 6.9 a 0.54 c 1.3 39 a 5.92 b 466
Hydroponics 9.4 a 22.1 c 5.8 b 1.95 a – – 0.50 c 366

Basil Aquaponics 7.1 b 26.6 b 6.7 a 0.84 b 1.5 33 a 4.44 b 418
Hydroponics 9.3 a 22.1 c 5.8 b 1.94 a – – 0.36 c 276

Lettuce Aquaponics 7.1 b 27.5 a 6.8 a 0.92 b 1.8 27 b 8.86 a 437
Hydroponics 9.3 a 22.2 c 5.8 b 1.96 a – – 0.40 c 239

ANOVA
System *** *** *** *** – – – *
Crop * *** * * * * *** ns

System × Crop ns *** ** * – – – ns
a Feed biomass increment calculated as wet weight gain (final weight − initial weight) × 100 over three months. b Average cumulative water use was calculated based on a 3-month study
conducted at three different time blocks. Means within a column followed by the same letter are not significantly different based on Tukey’s honestly significant difference test (α = 0.05).
Each value in the table is the mean of 3 replicates. ns, *, **, *** mean no significant or significant at p ≤ 0.05, 0.01, or 0.001, respectively. DO, dissolved oxygen; EC, electrical conductivity.

Table 4. Growth and harvest parameters of tomato, basil, and lettuce grown in aquaponic and hydroponic systems.

Crop Production
System

Plant Height
(cm)

Leaf Length
(cm)

Leaf Number
(plant−1)

SPAD
Time to

Flowering
(DAT)

Time to
Harvest
(DAT)

Fruit Number
(plant−1)

Individual Fruit
Fresh Mass
(g fruit−1)

Tomato Aquaponics 87.2 b 39.5 b 21.0 c 24.5 c 27.5 b 30.1 b 61.4 19.2
Hydroponics 103.7 a 46.3 a 21.6 c 38.6 a 29.4 a 32.3 a 51.4 21.8

Basil Aquaponics 39.9 c 11.4 d 118.3 b 23.2 c – – – –
Hydroponics 49.8 c 12.9 d 140.7 a 31.7 b – – – –

Lettuce Aquaponics 16.3 d 20.5 c 16.7 c 24.6 c – – – –
Hydroponics 18.1 d 22.1 c 18.1c 25.7 c – – – –

ANOVA
System ns * ns *** – – – –
Crop ** *** ns *** ** ** ns ns

System × Crop *** *** *** *** – – – –

Means within a column followed by the same letter are not significantly different based on Tukey’s honestly significant difference test (α = 0.05). Each value in the table is the mean of
9 replicates for tomato and basil and 27 replicates for lettuce. ns, *, **, *** mean no significant or significant at p ≤ 0.05, 0.01, or 0.001, respectively. SPAD (soil plant analysis development)
indicates chlorophyll content or leaf greenness; DAT, days after transplant.
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Table 5. Crop fresh and dry mass of tomato, basil, and lettuce grown in aquaponic and hydroponic systems.

Crop
Production

System
Fresh Mass (g plant−1) Dry Mass (g plant−1) Root-to-Shoot

Ratio a
Total Shoots Roots Fruits Total Shoots Roots Fruits

Tomato Aquaponics 1318.5 b 601.7 b 316.9 a 399.9 104.7 b 66.2 b 13.8 b 24.8 0.18 ab
Hydroponics 2032.8 a 1300.7 a 337.0 a 395.1 179.5 a 130.8 a 23.2 a 25.5 0.17 ab

Basil Aquaponics 306.3 d 213.9 de 92.4 c – 29.8 d 25.7 d 4.1 d – 0.19 a
Hydroponics 545.9 c 385.2 c 160.7 b – 52.4 c 46.6 c 5.8 c – 0.15 b

Lettuce Aquaponics 181.0 d 152.1 e 29.0 d – 7.0 e 5.8 e 1.2 e – 0.21 a
Hydroponics 263.5 d 228.3 d 35.2 d – 9.3 e 8.2 e 1.1 e – 0.14 b

ANOVA
System *** *** *** ns *** *** *** ns ***
Crop *** *** *** – *** *** *** – ns

System × Crop *** *** *** – *** *** *** – ***
a The ratios were calculated by g g−1 on a dry matter basis. Means within a column followed by the same letter are not significantly different based on Tukey’s honestly significant
difference test (α = 0.05). Each value in the table is the mean of 9 replicates for tomato and basil and 27 replicates for lettuce. ns, *, **, *** mean no significant or significant at p ≤ 0.05, 0.01,
or 0.001, respectively.
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Tomato plants grown in aquaponics had a reduced time for flowering and harvest by 2 days and
for mean peak flowering by 10 days compared to those grown in hydroponics (Table 4; Figure 3).
The flowering of hydroponic tomatoes occurred over a wide range of days compared to that of
aquaponic tomatoes (Figure 3). The fresh weight of individual fruit and total fruit yield was not
significantly different between aquaponics and hydroponics (Tables 4 and 5). Meanwhile, marketable
yields of basil and lettuce (i.e., shoot fresh mass) grown in aquaponics were reduced by 44% and
33%, respectively, as compared to those grown in hydroponics. The yield of lettuce was significantly
increased with harvest time (Table 6), which coincided with the maturity of the system. Lettuce yield
in aquaponics was 43% of that in hydroponics at the first harvest but increased to 76% at the third
harvest. The root-to-shoot ratio was significantly higher in basil and lettuce grown in aquaponics,
indicating a proportional increase of roots in these crops (Table 5).
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Figure 3. The number of flowers and tomato fruit harvest in aquaponics and hydroponics over a
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Table 6. Yields of lettuce in aquaponics and hydroponics at three harvest times.

Harvest Time System Marketable Yield
(g plant−1)

Root Fresh Mass
(g plant−1)

Total Yield
(g plant−1)

First
Aquaponics 89.7 c 18.2 d 107.9 c
Hydroponics 210.3 a 31.2 b 241.5 a

Second
Aquaponics 97.1 c 26.4 c 123.5 c
Hydroponics 148.4 b 26.1 c 174.5 b

Third
Aquaponics 177.3 b 26.9 c 204.2 b
Hydroponics 233.6 a 37.0 a 270.6 a

ANOVA
System *** *** ***
Time *** *** ***

System × Time ns ns ns

Means within a column followed by the same letter are not significantly different based on Tukey’s honestly
significant difference test (α = 0.05). Each value in the table is the mean of 9 replicates for lettuce. ns, *, **, *** mean
no significant or significant at p ≤ 0.05, 0.01, or 0.001, respectively.

No fish mortality was observed during the study. Fish yields were affected by different crop
species in aquaponic systems (Table 3). Although the same amount of fish feed was applied (total
fish feed applied: 3680 g) during a 3-month production period, tomato-and basil-based aquaponic
systems had lower feed conversion ratio (FCR) and higher total biomass increment rate than those in
the lettuce-based system (Table 3). Cumulative water consumption was significantly (p < 0.05) higher
in aquaponics compared to hydroponics; however, it was not affected by crop species.
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3.3. Nutrient Composition and Concentration in Recirculating Water

Aquaponics had significantly (p < 0.0001) lower average concentrations of NO3–N, PO4–P, K,
Ca, Mg, and SO4–S in recirculating water, but significantly (p < 0.0001) higher concentrations of
NO2–N, NH4–N, Na, and Cl compared to hydroponics (Table 7). Especially, the average concentrations
of Ca and Mg in aquaponics were, respectively, 8- and 25-times lower than those in hydroponics.
Aquaponic solution contained the following nutrients in decreasing order: SO4–S (242 mg L−1) >

NO3–N (110 mg L−1) > K (75 mg L−1) > Na (70 mg L−1) > PO4–P (30 mg L−1) > Ca (18 mg L−1) > Cl
(4.3 mg L−1) > Mg (1.6 mg L−1) (Table 7). Meanwhile, the hydroponic solution contained the following
nutrients in descending order: SO4–S (677 mg L−1) > K (333 mg L−1) > NO3–N (200 mg L−1) > Ca
(146 mg L−1) > PO4–P (119 mg L−1) > Mg (40 mg L−1) > Na (11 mg L−1).

There were interactions between the production system and crop species in NO3–N, PO4–P, Ca, Mg,
and Cl levels (Table 7). Except for PO4–P, the levels of these nutrients in the aquatic phase of the system
were significantly affected by crop type (p < 0.001). Especially, the tomato-based aquaponic system had
significantly lower NO3–N, Ca, and Mg than did basil- and lettuce-based aquaponic systems.

The concentrations of mineral nutrients in both systems showed an increasing or decreasing
trend during the production period depending on the system and nutrient (Figure 4). In general,
the concentrations of nutrients gradually increased over time in lettuce-based aquaponics, while it
increased to a lesser degree or decreased in tomato-based aquaponics (Figure 4). For example, NO3–N
concentrations in the lettuce-based aquaponics increased from 90 to 250 mg L−1 during a 3-month
production, and even exceeded those in hydroponics during the third month (Figure 4A). Meanwhile,
the concentrations of NO2–N and NH4–N maintained relatively high in aquaponics compared to
hydroponics (Figure 4B,C), indicating active nitrification taking place in aquaponic systems. PO4–P
concentrations averaged at 30 mg L−1 while showing increasing trends regardless of crop species
(Figure 4D). The concentrations of all nutrients were highly maintained in hydroponics throughout the
production period regardless of crop species, primarily due to the high initial nutrient concentrations
used in the systems (Table 1; Figure 4).
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Table 7. Average mineral nutrient concentrations in the aquatic phase of tomato-, basil-, or lettuce-based aquaponic and hydroponic systems during a 3-month
production period.

Crop Production System NO3–N NO2–N NH4–N PO4–P K Ca Mg SO4–S Na Cl

(mg L−1)

Tomato Aquaponics 60.5 d 0.8 a 1.8 a 30.1 c0 29.2 c 12.1 d0 0.6 do 218.1 b 61.9 a 0 c
Hydroponics 207.9 a 0.07 b 0.4 bc 122.8 ab 334.0 a 141.9 b0 39.4 ab 627.5 a 8.6 b 0 c

Basil Aquaponics 108.0 c 0.9 a 1.7 ab 33.0 co 82.3 b 22.6 c0 1.9 co 267.8 b 76.7 a 1.7 b
Hydroponics 193.8 a 0.1 b 0.3 bc 107.4 b 326.8 a 145.8 ab 40.5 a 674.5 a 14.0 b 0 c

Lettuce Aquaponics 161.6 b 0.8 a 1.8 a 27.1 c0 114.1 b 20.4 c0 2.4 co 235.8 b 70.0 a 11.2 a
Hydroponics 198.6 a 0.05 b 0.2 c 125.5 a0 339.0 a 148.8 a0 39.0 b 727.8 a 10.7 b 0 c

ANOVA
System *** *** *** *** *** *** *** *** *** ***
Crop *** ns ns ns ns *** ** ns ns ***

System × Crop *** ns ns ** ns *** *** ns ns ***
Aquaponics 110.0 b 0.8 a 1.8 a 30.1 b 75.2 b 18.4 b 1.6 b 242.3 b 69.5 a 4.3 a
Hydroponics 197.6 a 0.1 b 0.3 b 118.6 a 333.3 a 145.5 a 39.6 a 676.6 a 11.1 b 0 b

Cherry Tomato 134.2 b 0.5 1.6 76.5 181.6 75.6 20.0 376.6 35.2 0 b
Basil 150.9 ab 0.5 1.6 70.2 204.5 81.5 20.4 403.4 45.3 0.9 b

Lettuce 176.0 a 0.4 1.6 76.3 226.6 83.2 20.3 399.8 40.4 5.6 a

Means within a column followed by the same letter are not significantly different based on Tukey’s honestly significant difference test (α = 0.05). Each value in the table is the mean of 6
replicates. ns, *, **, *** mean no significant or significant at p ≤ 0.05, 0.01, or 0.001, respectively.
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Figure 4. Changes in macronutrient (A–J) levels in the aquatic phase of tomato-, basil-, and lettuce-based
aquaponics and hydroponics systems during a 3-month production period. Water samples were
collected once every two days at two different locations in the system (fish tank or nutrient reservoir
and hydroponic culture unit) and analyzed using ion chromatography (or HACH reaction kits for
NO2–N and NH4–N). Each data point is the mean of 3 replicates.

3.4. Nutrient Composition and Concentration in Plant Tissues

Overall, nutrient concentrations in plant tissues were significantly (p < 0.0001) affected by the
production system and crop species (Table 8). Crops grown in aquaponics accumulated lower levels of
N, P, Ca, and/or Mg in plant tissues than those in hydroponics, but accumulated higher levels of Na
and Cl. Meanwhile, there were no significant differences in K accumulation levels between the systems.
Lettuce accumulated higher concentrations of N, P, K, Na, and Cl in mg g−1 on a dry matter basis in
comparison to tomato plants. There were no differences in N, Ca, and Mg concentrations between
aquaponic and hydroponic lettuce.
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Table 8. Mineral nutrient concentrations in tomato, basil, and lettuce grown in aquaponic and hydroponic systems.

Total N Total P K Ca Mg SO4–S Na Cl

(mg g−1)

Tomato Aquaponics 25.7 c 15.6 c 60.6 4.6 b 5.9 ab 1.2 b 8.9 a 5.6 b
Hydroponics 33.0 b 18.0 bc 54.2 6.6 ab 8.0 a 6.1 b 1.7 b 2.5 c

Basil Aquaponics 30.2 bc 19.8 b 53.1 6.2 ab 2.2 b 11.0 b 4.8 b 2.6 c
Hydroponics 33.6 b 19.9 b 44.9 7.7 a 4.1 ab 38.2 a 2.9 b 3.2 bc

Lettuce Aquaponics 42.7 a 21.2 b 66.7 3.5 b 2.0 b 0 b 11.8 a 10.8 a
Hydroponics 45.3 a 26.9 a 69.3 3.4 b 2.6 b 0 b 3.6 b 1.3 c

ANOVA
System * ** ns ns ns ** *** ***
Crop *** *** * *** *** *** *** ***

System × Crop ns * ns ns ns ns *** ***
Aquaponics 31.1 b 18.1 b 59.5 4.9 b 3.8 b 6.9 b 8.2 a 5.7 a
Hydroponics 36.4 a 20.8 a 54.5 6.2 a 5.5 a 23.8 a 2.5 b 2.4 b

Cherry Tomato 29.3 b 16.9 c 57.4 ab 5.6 a 7.0 a 9.9 b 5.3 ab 3.9 ab
Basil 32.2 b 19.8 b 49.0 b 6.9 a 3.1 b 33.7 a 3.8 b 2.9 b

Lettuce 44.0 a 24.6 a 68.0 a 3.4 b 2.3 b 0 b 7.7 a 6.1 a

Means within a column followed by the same letter are not significantly different based on Tukey’s honestly significant difference test (α = 0.05). Each value in the table is the mean of 6
replicates. ns, *, **, *** mean no significant or significant at p ≤ 0.05, 0.01, or 0.001, respectively.
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Nutrient accumulation patterns were varied among tomato, basil, and lettuce grown in aquaponic
and hydroponic systems (Figures 5 and 6). In general, most nutrients accumulated in the leaves,
while P and S accumulated primarily in the roots and stems, respectively. Crops grown in aquaponic
systems had lower concentrations of leaf N, Mg, and/or Ca compared to those in hydroponic systems
(Figures 5 and 6). Specifically, tomato plants had significantly lower leaf N, Mg, and Ca; basil had
lower N and Mg; lettuce had lower N as compared to their counterparts. SPAD value was positively
correlated with N, Ca, and Mg (r = 0.82, 0.78, and 0.65, respectively) for tomato; N and Mg (r = 0.80
and 0.48, respectively) for basil; N (r = 0.59) for lettuce (Table 9). Na accumulation levels varied greatly
by crop species. Aquaponic crops accumulated over 2-times higher Na concentration than those in
hydroponics in the edible parts (Figure 6).
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hydroponics system. Data represent the mean of 6 replicates ± SE.

Table 9. Pearson’s correlation coefficients of nutrient (total N, Ca, and Mg) concentrations in the leaves
of tomato, basil, and lettuce for SPAD value.

Treatment Regression Coefficient

Crop Variables Total N Ca Mg SPAD

Tomato

Total N —
Ca 0.93 *** —
Mg 0.86 *** 0.93 *** —

SPAD 0.82 *** 0.78 ** 0.65 * —

Basil

Total N —
Ca −0.19 ns —
Mg 0.55 ns a −0.04 ns —

SPAD 0.80 ** −0.54 ns 0.48 ns a —

Lettuce

Total N —
Ca −0.22 ns —
Mg −0.22 ns 0.84 *** —

SPAD 0.59 * −0.51 ns −0.31 ns —

ns, *, **, *** mean no significant or significant at p < 0.05, 0.01, or 0.001, respectively. a Significant at p < 0.1.
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4. Discussion

4.1. Daily Nutrient Input; Water Physical and Chemical Properties

Water quality parameters directly impact fish health and wellbeing and plant growth in aquaponics
and, therefore, are the primary considerations for the improvement of aquaponic production and yield.
The deterioration of water quality parameters affects fish physiology, growth rate, and feed efficiency,
leading to pathological changes and even mortality under extreme conditions [31]. Dissolved oxygen
(DO) concentration in aquaponics decreased by 24% compared to hydroponics regardless of crop
species, which was considered due to higher oxygen demands of additional organisms (i.e., fish and
microbes) and higher water temperature in aquaponics. DO in aquaponics averaged at 7.1 mg L−1,
which was well above 5 mg L−1 suggested for aquaculture [32] and the tolerance limit of 6 mg L−1

suggested by Graber and Junge (2009). In fact, the DO levels in our aquaponic systems were nearly 90%
saturated at the water temperature of 26 to 28 ◦C [33,34], which were suitable for plant and fish growth
and nitrification process as evidenced by the rapid conversion of NH4–N to NO3–N (Figure 4A–C).

Water temperature was slightly higher in aquaponics than in hydroponics (Table 3) due to tropical
tilapia fish culture, especially in the lettuce-based aquaponics as compared to tomato- and basil-based
systems. Although the cause was not clear, less favorable water conditions in the lettuce-based
aquaponic systems might have affected the biological capacity of the fish, affecting welfare conditions
through complex interactions between water quality parameters [31]. This view could be supported by
higher FCR and lower biomass increment in lettuce-based aquaponics compared to other aquaponic
systems (Table 3), despite the fact that the same amount of fish feed was applied.

Optimal pH ranges are 6 to 9 for tilapia fish, 5.5 to 6 for plants, and 7 to 8 for nitrifying bacteria,
and, therefore, pH 7 is considered an ideal compromise for aquaponics [20]. Although the average pH
values did not show the daily differences in pH among aquaponic systems (Table 3), we found that a
higher volume of base solution was used to adjust and maintain pH in lettuce-based aquaponics than
in tomato- or basil-based systems (Table 3), resulting in a higher K accumulation in the aqueous phase
of the lettuce-based system (Figure 4F). These results supported our contention that pH fluctuates
more widely in lettuce-based aquaponics. Higher carbon dioxide (CO2) concentrations as a result of
increased fish respiration can lower water pH more rapidly [35]. Fish respiration in the lettuce-based
system might have been promoted by a less favorable water environment, which could further stress
the fish and inhibit nitrifying bacterial activities in the biofilters [36], affecting fish yield, as observed in
our study (Table 3).

Aquaponics not only had lower initial concentrations of nutrients but also had considerably lower
daily nutrient release rates than did hydroponics (Table 1). Such differences in the nutrient environment,
as well as other water chemical properties, could possibly influence seedling establishment after
transplanting [4], subsequently affecting plant growth and development, as demonstrated in our
study. Although daily nutrient release rate appeared to be a small contribution to nutrient profiles, it
had considerable effects on increasing EC levels over time in all aquaponic systems, particularly in
lettuce-based aquaponics (Figure 2). Considering that even the nutrients in RO water contributed to
EC to some extent, it can be assured that using tap water or well water for aquaponic nutrient studies
will lead to inaccuracy in determining nutrients in aquaponic systems.

Our results demonstrated that the EC in aquaponics was contributed by three sources: daily
nutrient release from the fish feed, background nutrients contained in RO water, and base solution
added for pH corrections. In fact, the volumes needed for pH correction were over 5-fold higher
in aquaponics than in hydroponics due to the active nitrification in the systems. These practices
promoted the accumulation of SO4–S > NO3–N > K > Na > PO4–P > Ca > Cl > Mg in decreasing
order in aquaponic systems (Table 7). Notably, despite the lower daily nutrient inputs compared to
hydroponics and continued nutrient uptake through biomass production, most nutrients accumulated
in aquaponics except NO3–N, Mg, and/or Ca, of which accumulation pattern greatly differed among
crops (Figure 4). It is clear that fish feed provided in this study was beyond the nutritional needs of
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fish and uptake rate of plants for most nutrients despite the fact that it followed the practices normally
suggested for aquaponics [4,10,37]. Entire lettuce plants were harvested from the system at maturity,
while the roots of tomato and basil were kept intact, actively removing nutrients. Such differences in
harvest method and part also could influence nutrient accumulation in aquaponic systems, justifying
the need for proper nutrient management practices for each crop species.

4.2. Growth and Yield of Plant and Fish Crops

In this study, we found that aquaponics reduced crop quality (leaf greenness) and/or yield in
comparison to hydroponics regardless of crop growth form and harvest method. Although whole-plant
fresh and dry mass of tomato plants significantly decreased in aquaponics, the mean peak flowering
date for tomato plants in aquaponics was reduced by 10 days in comparison to hydroponics (Figure 3).
It has been demonstrated that reduced biomass allocation to vegetative parts can promote early
flowering in greenhouse hydroponic tomato [38]. Similarly, tomato and pepper grown in a simulated
aquaponics have reduced vegetative growth compared to those grown in hydroponics [12]; however,
its effect on flowering has not been reported. Mild nutrient or salinity stress in aquaponics may have
promoted the transition from vegetative to reproductive growth of tomato plants, as demonstrated
in soil-based systems [39]. Tomato variety examined in this study exhibited a determinate growth
habit, and, therefore, the number of flowers decreased toward the end of production regardless of the
system (Figure 3). We did not observe any difference in total fruit yield and individual fruit weight
between aquaponic and hydroponic tomato plants during a 90-day evaluation. However, considering
a narrower range of peak flowering dates and reduced leaf chlorophyll content of tomato plants in
aquaponics, a longer-term evaluation may result in decreasing fruit yield in aquaponics toward the
end of the production cycle. Even when indeterminate tomato varieties are grown in aquaponics, some
yield reduction is expected due to the leaf yellowing issue unless the crops are supplemented with
nutrients (i.e., Mg and Ca) to improve leaf greenness.

Similarly, fresh and dry mass production of basil and lettuce decreased or had a decreasing
tendency in aquaponics compared to hydroponics. The EC level was likely to be one of the critical
factors affecting yield because lettuce yield increased by 2-times with increasing average EC from 0.37
to 1.44 dS m−1 (Table 6; Figure 2). However, lettuce yield was consistently lower in aquaponics, even
when the EC was nearly 70% of that in hydroponics in the third month, in which the average NO3–N
level (222 mg L−1) in aquaponic solution was even higher than that in hydroponic solution (204 mg L−1).
These results indicated that EC was not a single factor affecting crop yield in aquaponics, and its
reduced crop yield was likely to be related to the combinational effects of water chemical properties,
including nutrient compositions (i.e., lower NO3–N, Ca, Mg and higher NO2–N, NH4–N, Na), and
physical properties, including water temperature. The water temperature in aquaponic systems was
higher than those in hydroponics. Lettuce is a cool-season crop, of which growth can be affected by air
or root zone temperature [40], and, therefore, the higher water temperatures in aquaponic systems
may be one of the causes of the reduced plant growth.

Using novel approaches and careful examinations, we were able to demonstrate the key
macronutrient elements (i.e., Mg and/or Ca) that are deficient in aquaponic solution and limit
crop growth and yield in aquaponics. It has been reported that fish waste contains low levels of
macronutrients, such as K, P, and S, and micronutrients, such as Fe and Mn for plant growth [11,23].
Studies have shown that foliar application with K, Fe, Mn, Zn, Mg, B increases fruit number and
yield of tomato plants in decreasing order of effectiveness [21]; however, pH was not adjusted in their
study and reported to be ranging from 7 to 7.7, possibly rendering micronutrients less available for
plant uptake. Likewise, it has been reported that nutrient supplements, with either Fe or Fe plus
macronutrients, have increased lettuce growth and yield [41], supporting the prevalent idea that Fe
is one of the critical nutrients limiting crop production in aquaponics. However, it remained to be
clarified if these nutrients were actually “the deficient nutrients” in aquaponics or compensated for the
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deficient nutrients. Nexus between the nutrient profile of aquaponic solution and plant tissues can
properly address this issue, and this aspect has been further discussed in the following section.

4.3. Mg and/or Ca Deficiency in Aquaponics

Liebig’s Law of the Minimum states that yield is proportional to the amount of the most limiting
nutrient. Macronutrients, i.e., N, P, K, Ca, Mg, S, and Cl, are required in relatively large quantities
(>0.1% of dry mass) and essential for plants to complete their life cycle [39,42,43]. These mineral
nutrients are taken up by plant roots in ionic forms: N as anionic nitrate (NO3–N) or cation ammonium
(NH4–N), P and S as their oxyanions phosphate (PO4–P) and sulfate (SO4–S), and K, Ca, Mg, and Cl as
free ions [42,43]. Thus, we postulated that some of these macronutrients are associated with limiting
plant growth in aquaponics due to insufficient levels from the ingested fish feed.

Leaf chlorosis is indicative of reduced physiological functions and has been observed in vegetable
and herb crops grown in aquaponics [4]. Leaf greenness was significantly correlated with leaf N
concentration in tomato (r = 0.82, p < 0.001), basil (r = 0.80, p < 0.01), and lettuce (r = 0.59, p < 0.05)
(Table 9), suggesting that aquaponics can negatively affect N status of crops and limit growth and yield.
Further, we reported for the first time that leaf yellowing observed in aquaponic crops was associated
with Mg and/or Ca deficiency. Although leaf yellowing has been reported in some aquaponic crops,
Mg and Ca deficiency has not been explicitly addressed in any aquaponic studies so far. This may be
due to the interference with background nutrients contained in water sources or major focus on K and
Fe as deficient nutrients in aquaponics. In this study, we provided direct evidence that Mg and Ca
were the key nutrient elements limiting crop growth and yield in aquaponic systems, and this was due
to the low daily release rates from the fish feed, which comprised only 1.5% to 2.5% and 4% to 10%,
respectively, of the daily replenishment rates of those in hydroponics (Table 1). Accordingly, tomato
plants grown in aquaponics had significantly lower Mg and Ca concentrations compared to those in
hydroponics (Table 8; Figure 6A,B), and the results from the correlation coefficients supported that leaf
chlorosis of aquaponic tomato was related to the combinational effects of insufficient Mg (p < 0.05) and
Ca (p < 0.01) (Table 9). Leaf yellowing of aquaponic basil was somewhat associated with a deficient
level of Mg (p < 0.12). However, aquaponics lettuce developed neither Mg nor Ca deficiency in the
leaves despite that aquaponic solution contained only 6% Mg and 13% Ca of hydroponic solution
(Table 7). Although hydroponic lettuce contained similar Ca concentration as aquaponic lettuce in
our study, we observed that it developed Ca deficiency symptom (a condition known as tip-burn)
on the margin of inner leaves a few days before harvest, which was not observed in aquaponic
lettuce. This might be due to the following reasons: massive outer leaf growth of hydroponic lettuce
covering inner leaves interfering with transpiration and thus Ca uptake, outer leaves competing
for Ca with inner leaves, and/or susceptible cultivar to tip-burn. The growth rate of hydroponic
lettuce was higher than aquaponic lettuce, as demonstrated by significantly higher yield (Table 5), and,
therefore, the imbalance between plant growth rate and nutrient uptake rate in hydroponics might
also explain this physiological disorder [44]. Similar results were reported by Pantanella et al. (2012),
who observed that aquaponic solution contained significantly lower Ca than did hydroponic solution,
but aquaponic lettuce contained a higher concentration of Ca compared to hydroponic lettuce (RO
water was used) [9]. Lettuce grown in aquaponics had lower Ca and Mg even when the aquaponic
solution was supplemented with mineral salts (rainwater was used) [15]; however, the authors did not
pay attention to the important aspects.

Our study demonstrated that leaf yellowing induced by Mg and/or Ca deficiency could be a
significant problem in aquaponic crop production, especially when high-quality water, such as RO
water, distilled water, and rainwater, is used for water supply. Even when groundwater is used, the
levels of Ca and Mg contained in water could be varied by the region [45,46], and, therefore, water
source should be taken into consideration for aquaponic nutrient management.

As the central atom of the chlorophyll molecule, the best-known function of Mg in plants is its
association with the development of interveinal leaf chlorosis of the lower leaves under Mg deficiency



Water 2020, 12, 1259 22 of 27

stress [39]. Mg deficiency can be induced not only by a direct result of the lack of Mg but also by the
presence of competing cations that prevent Mg uptake. It is well recognized that salinity disrupts
mineral relations of plants by reducing nutrient availability, leading to Na-induced Mg, Ca, and/or K
deficiencies and Ca-induced Mg deficiencies [47]. The interaction between Na and Ca/Mg may be one
of the causes of the reduced shoot biomass of tomato, basil, and lettuce in aquaponics. Mg plays an
important role in the partitioning of photosynthates between shoots and roots in plants [48], and this
can somewhat explain a relatively higher root-to-shoot ratio of aquaponic crops compared to that of
hydroponic crops.

The source of Na in the aquaponic solution was not clearly described in aquaponic studies but
was considered either from the fish feed or pH correction solution [15,23]. Our results demonstrated
that Na in aquaponic solution was originated from three different sources: fish feed, base solution for
pH correction, and water used in the system. While the daily release rate of Na was 0.4% of fish feed
applied, it accumulated rapidly in aquaponic solution during the second month (Table 1; Figure 4I).
This was caused not only by NaOH for pH adjustment but also by background Na contained in RO
water because more frequent replenishment and higher volume of water were required in aquaponics
(Table 3). Such a high level of Na in aquaponic solution resulted in a three-fold higher Na concentration
in the tissues of plants grown in aquaponics than those in hydroponics (Table 8). A high concentration
of Na is commonly known to cause negative impacts on crop yield; however, this appeared to be in
a concentration-dependent manner. For example, irrigation with a relatively low salt concentration
(i.e., 5 mM; 115 mg L−1) did not reduce its growth and appearance of baby romaine lettuce [49], while
irrigating with high Na concentration (i.e.,>100 mM; 2300 mg L−1) for 15 days significantly reduced
the yield. Na concentration in our study increased to 110 mg L−1, as the aquaponic system reached
maturity. This concentration did not cause any detrimental effects on crop growth, but Na might have
played a role in affecting crop growth and yield in aquaponics through the interaction with Ca and Mg.

Fe deficiency, characterized by interveinal chlorosis of the upper leaves, has been reported in
commercial aquaponics, and the application of chelated iron is commonly practiced to effectively
remediate the issue. However, we did not observe Fe deficiency symptoms in any of the plants grown
in our aquaponic systems. Although the reason for the discrepancy was not clear, there were two
possible explanations for the lack of Fe deficiency in our aquaponic systems: (1) Fe deficiency in soil
can occur at high Ca and carbonate concentrations and high pH, leading to the competition of Ca
with Fe uptake by the root [39]. This combined condition typically occurs in many aquaponic systems
due to the use of water sources containing high Ca, the addition of sodium bicarbonate (NaHCO3)
for pH stability, and the pH adjustment to nearly 7 to maximize nitrification. The water environment
in our systems was different from the typical aquaponic systems except for the pH; (2) Fe deficiency
may be associated with the nutrient status of seedlings before transplanting. In the current study,
the seedlings were provided with full-strength nutrients after true leaves were developed until being
transferred to the aquaponic/hydroponic systems. It is speculated that Fe is provided in excess to the
young plants, and this “luxury consumption” helps mask its deficiency in the aquaponic system [50].
While this aspect needs further investigation, it suggests the potential to overcome nutrient deficiency
and improve plant growth in aquaponic systems.

Our results provided practical implications for crop production in a recirculating aquaponic
system. For aquaponic systems where high-quality water is used for water supply, it was suggested that
aquaponics should be supplemented with Mg before transplanting regardless of crop type. If long-term
crops like tomato are grown in aquaponics, Ca be supplemented before fruiting to improve yield
and quality.

4.4. N and P Accumulation in Aquaponics

It is well expected that dissolved nutrients accumulate over time in recirculating aquaponic
systems due to daily nutrient and minimal water inputs. We observed greater NO3–N accumulation in
lettuce-based aquaponics compared to tomato- and basil-based ones (Figure 4). The results indicated
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that the N transformation rate from NH3–N to NO3–N mediated by nitrifying bacteria outpaced the
NO3–N removal rate of plants in our system and that harvest practice of lettuce encouraged NO3–N
accumulation in aquaponic solution. In contrast, NO3–N gradually declined in a tomato-based system,
indicating that the NO3–N uptake rate of tomato exceeded its release rate derived from fish feed.
Tomato plants continued to actively uptake NO3–N from aquaponic solution to support the growth
of developing fruits and vegetative parts. The aquaponic solution contained higher levels of toxic
ions (NO2–N and NH4–N) than did hydroponics (Table 7), and such unique chemical properties
might also contribute to reduced growth and biomass production of tomato, basil, and lettuce grown
in aquaponics.

Lettuce is a well-known nitrate accumulating plant [51], and, in fact, we found that lettuce
accumulated higher N, P, K, Na, and Cl in plant tissues relative to basil and/or tomato (Table 8).
Considering the linear increase of NO3–N, particularly in lettuce-based aquaponics, nitrate
accumulation in the edible parts of vegetables may be expected when growing vegetables in mature
aquaponic systems. Therefore, the aquaponic solution needs to be diluted after each harvest and
properly managed for long-term crop production.

Many aquaponic studies have demonstrated an initial sharp decline of P concentrations [23] or
low P concentrations maintained in recirculating aquaponic solution [5,19]. Typically, the reported P
level ranged from 1 to 7 mg L−1 in most aquaponic studies. However, our results showed that the
daily P release rate in aquaponics was 26% of the fish feed applied, gradually increasing dissolved P in
aquaponic solution at an average concentration of 30 mg L−1 (Table 1; Figure 4D). The discrepancy
might be due to the fact that other aquaponic nutrient studies used various sources of water containing
high levels of Ca and Mg, such as well water, tap water, and groundwater in the system [6,19,52–55],
interfering with P availability. It is well-known that high availability of Ca and Mg can precipitate P,
causing low P availability in aquaponics [5,14,23]. In aquaponic systems, where high-quality water is
used, dissolved P from ingested fish feed containing 1.1% P is considered sufficient to support plant
growth. This judgment could be further supported by the fact that total P levels in plant tissues of
tomato, basil, and lettuce grown in aquaponics were similar or slightly lower than those grown in
hydroponics (Table 8; Figure 5). Consistent with our results, Pantanella et al. (2012) reported that the P
level was up to 30 mg L−1 after 4-week production of romaine lettuce in aquaponics filled with RO
water [9]. This collective information supports the view that P is not a limiting factor in aquaponics, and
water source may be the key that affects P availability in aquaponic systems. Low P availability reported
in some aquaponic studies may be in part due to the use of plant-based formulations containing high
amounts of phytic acid (or phytate), the major storage form of phosphorus in plant tissues.

In a typical soil environment, P is limited by soil depth, and P acquisition is determined by root
architectural traits [56]. However, in water-based systems, including aquaponics, P exists mainly in two
forms, dissolved and particulate forms, and only phosphates, dissolved form, can be bioavailable for a
plant to uptake and remove from the recirculating water. P application rate can be reduced to 20 mg L−1

in soil-based [57] and substrate-based production systems when inert substrates are used [58,59],
implying that P levels can be considerably lowered in water-based systems where diffusion gradients
are not an issue as long as P is supplied to root zone at a constant rate. This was particularly true
for NO3–N, for which a minimum concentration threshold of 1 mg L−1 was reported to maintain
root growth in perennial ryegrass (Lolium perenne L.), corn (Zea mays L.), soybeans (Glycine max L.),
sorghum (Sorghum bicolor L.), and bromegrass (Bromus inermus L.) [60–62]. There were no significant
differences in the shoot and root fresh mass of 26 day-old romaine lettuce grown in deep-water culture
with varying concentrations of NO3–N that ranged from 5 to 105 mg L−1 [63]. Given that most of the
nutrients accumulated in aquaponic solution, it would be desirable to utilize fish feed containing less
protein and P for aquaponics or develop fish feed specifically designed for aquaponic production to
improve N and P use efficiency of the system.

The design of aquaponic systems follows the guidelines suggested by Rakocy et al. (2006) [20]
but is highly variable spanning from a backyard aquaponics to a commercial system. Unlike many
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commercial aquaponic systems, our experimental system did not include bioreactors in the design
and, therefore, lacked the capacity of mineralizing nutrients from the solids. Integrating bioreactors
into the design, when combined with proper operating conditions (i.e., oxygen, temperature) for
microbial activities, will allow to facilitate mineralization of Mg, Ca, K, and P from the solids into the
aquaponic solution and, thus, provide opportunities for more sustainable nutrient management in
aquaponic systems.

5. Conclusions

In this study, we characterized nutrient profiles in aquaponics and identified key nutrient
elements affecting crop growth and yield. Our direct comparisons with the hydroponic system
enabled us to determine nutrients that were deficient or in excess in aquaponic solution and plant
tissues. Despite relatively low daily nutrient release rates from the ingested fish feed, most nutrients
gradually accumulated in aquaponic solution and subsequently in plant tissues. Aquaponics reduced
vegetative shoot growth of all tested crops; however, fruit yield was not affected in tomato despite the
reduced shoot growth. We found that N, Mg, and/or Ca were temporarily suboptimal in aquaponics
during crop production, limiting crop growth and yield, while P, Na, and Cl were maintained at
sufficient or supra-optimal levels. Nutrient management should be established by considering these
dynamic changes in nutrients to improve crop production in aquaponic systems. Notably, our results
demonstrated that luxuriant nutrient profiles, such as in hydroponics, were not necessary to enhance
crop yield in aquaponics as long as key factors affecting crop yield were identified and properly
addressed. In summary, aquaponic nutrient management should be considered in accordance with the
water source while supplementing target nutrients to enhance crop growth and yield and improve the
efficiency of the system. There is still a long way to go until plant production in aquaponic systems
reaches the levels obtained in hydroponics. Our results will aid in establishing production guidelines
and quality standards for the expansion of commercial aquaponics.
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the day. A dotted line is the average DLI during the entire production period (8.9 mol m−2 d−1).
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