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Abstract: Basil (Ocimum basilicum) was cultivated in northern Germany in three different hydroponic
components: grow pipes, a raft, and an ebb-and-flood gravel substrate. The nutrients originated
from the intensive production of African catfish (Clarias gariepinus) with 140 fish/m3 under decoupled
aquaponic conditions. After 41 days, plants were significantly taller in the gravel components
(101.8 ± 8.3 cm), followed by the grow pipes (96.7 ± 7.0 cm), and the raft (94.8 ± 8.6 cm)
components (gravel > grow pipes = raft). The leaf number was high and not significantly different
between the grow pipes (518.0 ± 81.4), gravel (515.1 ± 133.0), and raft components (493.7 ± 124.8;
grow pipes = raft = gravel). Basil in the grow-pipe subsystems developed rapid root growth
and clogged the pipes with heterogeneous plant growth. Basil production in northern Germany
in grow-pipe, raft, and gravel hydro-components is possible by using effluents from intensive
C. gariepinus aquaculture without additional fertilizer in the plant grow-out phase. Further research
should focus on optimizing grow pipes by maintaining an optimal root–water contact area, as well as
on new technologies such as aquaponics (s.l.) gardening.

Keywords: basil; African catfish; grow pipes; floating raft; deep water culture; gravel substrate;
aquaponics; hydroponics

1. Introduction

Aquaponic systems include single-loop or coupled aquaponics [1], two-loop decoupled
systems [2,3], and specific multi-loop aquaponics [4]. Each system is suitable for a variety of applications,
ranging from domestic fish and plant production, demonstration units, e.g., for aquaponics in schools
and research institutions, to commercial aquaponic production [5]. The common objective of all
aquaponic systems is to maximize fish and plant yields by using sustainable production methods
with minimal use of fertilizer and water [6]. Aquaponics requires only a fraction of the land surface
area used for conventional agriculture and can also be applied in urban regions [6]. In many cases,
economic benefits are achieved by the plant production units, especially for fresh herbs such as basil [7].
Optimal cultivation conditions for the plants are crucial for the success of aquaponic systems, for both
domestic and commercial use.

In aquaponics, only a few hydroponic subsystems are currently in use. The most commonly used
systems are (i) floating raft (raft, also called deep water culture (DWC) or deep flow technique (DFT)),
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(ii) media beds with different organic/inorganic substrates and frequently built as ebb-and-flood troughs,
and (iii) the nutrient film technique (NFT) [8]. Drip irrigation (iv) [9] is relatively new in aquaponics [10,11],
and still causes malfunctions due to drip line blockages by larger unconsumed feed or solid particles,
requiring further development [12]. All these subsystems originate from hydroponics and have been
adopted and modified for aquaponics. Surveys of aquaponic producers in the United States and
South Africa showed the following distribution of subsystems: (I) floating raft (77%; 14%), (II) media
beds (76%; 96%), and (III) NFT (29%; 16%), with basil being the most commonly cultivated plant
(81%; 50%) [13,14]. For other suitable aquaponic plants, there is no evidence for the preferred subsystem.

Comparative studies on plant growth in different hydroponic subsystems are one of the important
endeavours in aquaponics [15]. However, only limited studies are available and sometimes demonstrate
conflicting evidence. For example, green oak lettuce (Lactuca sativa) grew best in gravel beds, followed
by raft and NFT (gravel > raft > NFT) when cultivated together with Murray cod (Maccullochella
peelii peelii) [16]. In contrast, lettuce combined with goldfish (Carassius auratus) grew better in an
NFT system, compared with floating raft and vertical felt systems [17]. Tomatoes (Solanum lycopersicum)
were tested in combination with Nile tilapia (Oreochromis niloticus), and the average cumulative
yield of marketable fruits was best in a drip irrigation system (18,323 ± 667 g/m2) compared to NFT
(17,176 ± 364 g/m2) and raft (16,857 ± 341 g/m2). The latter was not recommended due to a lower
tomato dry matter content, fruit quality, and possible anoxic conditions in the subsystem basins [18].
Basil (Ocimum basilicum) was studied in combination with channel catfish (Ictalurus punctatus) [19],
with fresh leaf mass, total vegetative (non-root) biomass, and aquaponic yield all higher in the
raft-DWC system. In contrast, basil height and absolute growth rate (media bed 1.20 ± 0.0349 cm/day
vs. DWC 1.16 0.0287 cm/day) showed better results in the media-filled bed (hydroton) subsystem [19].
These results demonstrated that morphological plant parameters are influenced not only by the chosen
plant or fish species, but also by the hydroponic subsystem choice. It is therefore necessary to identify
the most efficient hydroponic subsystem for each cultivated plant species to optimize aquaponic
plant yield.

Basil (O. basilicum) is one of the most popular culinary herbs for food production [20,21] and is
also popular among farmers [22]. Basil extracts can have antimicrobial, insecticidal, nematicidal,
and fungistatic effects [23,24]. For these reasons, basil is likewise interesting for the pharmaceutical,
perfume, and food industries, as well as in traditional medicine [25]. To date, O. basilicum is one of the
most popular plants produced in aquaponics [13,14], especially under coupled aquaponic conditions [1].
In an extensive coupled ebb-and-flood gravel substrate system, basil showed good growth performance
in combination with African catfish (Clarias gariepinus), Nile tilapia (Oreochromis niloticus), and common
carp (Cyprinus carpio) [26–28]. Compared with classical hydroponics, basil also showed a better growth
rate in combination with White River crayfish (Procambarus zonangulus) in a raft system [29]. High NH4

and PO4 removal rates were described for basil as a part of the biological filter in a coupled aquaponic
system with gravel beds and the production of Nile tilapia (O. niloticus) [30]. However, comparative
studies in other hydroponic subsystems are limited.

African catfish (Clarias gariepinus) is popular in Mecklenburg–Western Pomerania, northern
Germany, since its aquacultural production increased by 47% from 2018 (497 t [31]) to 2019 (930 t [32]).
Because it exhibits high growth rates, high stocking densities, and disease resistance, it was also
introduced to aquaponics [1]. A feed conversion ratio (FCR) of 1.23 for 30–40 g African catfish was
reported in co-cultivation with water spinach (Ipomoea aquatica) [33], and an FCR of 1.0 was described for
adult C. gariepinus of 480.23 g (± 75.68) initial weight and an extensive stocking density of 6.72 kg/m3 in
a coupled ebb-and-flood gravel substrate aquaponic system [26]. In small raft aquaponics, C. gariepinus
of 214.42 g had an FCR of 1.02 in combination with cucumber (Cucumis sativus) [34], and 96.38 g–102.73 g
African catfish reached an FCR of 1.03 to 1.14 in co-cultivation with basil (Ocimum basilicum) by using
coupled aquaponics [35]. Juvenile African catfish (3.92 g) performed well with a feed conversion
of 0.61, at a very low stocking density (1.6 kg/m3), in combination with basil (Ocimum basilicum),
parsley (Petroselinum crispum), and marjoram (Origanum majorana) [27]. These studies demonstrated
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that African catfish of different ages are suitable for aquaponic production, even under very low
stocking densities.

The present study examined the decoupled production of basil (O. basilicum) in combination with
the commercial intensive staggered production of African catfish without additional fluid fertilizer.
Fish and plant growth parameters and chemo-physical water parameters were analysed in order to
identify the best hydroponic component for this fish–plant combination: grow pipes, floating raft (raft),
and ebb-and-flood gravel substrate (gravel). The best possible options and conditions for decoupled
O. basilicum aquaponics are discussed.

2. Materials and Methods

2.1. FishGlassHouse (FGH) and Aquaponic System Design

The experiment was conducted in the FishGlassHouse from 9 June 2016 to 17 August 2016 (70 days),
at the University of Rostock (UoR, Germany), Faculty of Agriculture and Environmental Sciences
(AUF, GPS: latitude: 54.075714, longitude: 12.096591), which includes a 1000 m2 total production area
with 300 m2 of aquaculture units and a 600 m2 VENLO greenhouse (100 m2 corridor/water transfer
unit; GTW Gewächshaustechnik Werder GmbH, Germany, automatic climate control Hempel und
Rülcker, Gesellschaft für elektronische Klimaregelsysteme GmbH, Germany). The present experiment
used effluent water from the intensive aquaculture unit (IAU, 100 m2, trickling filter: 11.8 m3,
sump: 4 m3, sedimenter: 1.7 m3, tank ≈ 1 m3, manufacturer PAL Anlagenbau GmbH, Germany)
under staggered production of African catfish (Clarias gariepinus) with a maximum stocking density of
200 kg/m3 fish per tank (140 fish/m3). Basil (Ocimum basilicum) production took place in grow-pipe,
raft, and ebb-and-flood gravel hydroponic subsystems inside hydroponic cabin 1_05 (100 m2) of the
FishGlassHouse. The nutrient-enriched water was used in one direction from the intensive aquaculture
unit (IAU) to hydroponics under decoupled aquaponic conditions (Figure 1).
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Figure 1. Schematic view of the FishGlassHouse operational unit. Intensive aquaculture unit (IAU)
with fish tanks (≈ 1 m3) 1-9 (F1-F9), solids separation unit, sedimenter (Se-I), and sump (S-I) with trickling
filter (TF-I). The aquaculture unit was connected to the hydroponics via the water management system
tanks, with the inflow from the IAU into the water transfer tank (WT-I-1). The nutrient-enriched water
was pumped to the hydroponics and stored in a sump, circulating it through the gravel, raft, and
grow-pipe components. Continuous lines mark inflows, and dotted lines return flows.

2.2. Experimental Hydroponic Components

The experimental hydroponic components were arranged in a randomized block design in
triplicate, with each subsystem in a different relative location within three blocks (Figure 1). The fish
process water was first directed to a sump (0.4 m3) and was then pumped continuously at a rate of
4 L/min to the nine hydroponic components, and then returned by gravity back to the sump, in a closed
water-recirculating unit configuration. The three gravel beds had a total water volume of 255.53 L,
the three raft tanks of 786.24 L, and the three grow pipes of 46.65 L (in total 1088.42 L). The water in the
pump sump was drained when it reached 200 L. The sump and the complete recirculation system with
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the hydro-components were filled with intensive process water from the IAU commercial aquaculture
system at the beginning of the experiment and twice a week during the study. Each hydroponic
component held seven basil plants with a total number of 63 plants inside the whole system.

The grow pipes were built of orange sewage drainage pipes [36]. The pipes (275 cm × 12 cm,
volume: 16 L, slope: 2.12%) had seven holes (diameter: 5 cm) for inserting the grid pots with basil
seedlings and a space of 30 cm [37,38]. The process water level inside the pipes was 2.5 cm. At the
beginning of the experiment, the basil seedlings were too small to reach the water surface with their
roots. Metal wire was used to fix the grid pots at a lower position inside the pipes until the roots
reached the process water.

The floating raft (raft)/deep water culture (DWC) and the ebb-and-flood gravel substrate
hydroponics were arranged in glass-fibre-reinforced plastic (GRP) tanks (280 cm × 40 cm × 45 cm,
volume: 0.50 m3 filled with 262 L water). The rafts were made of polystyrene (URSA XPS DN-III-PZ,
surface: 15.75 cm2, height: 20 mm) with seven holes for culturing basil seedlings, which were grown in
grid pots (diameter: 5 cm). The raft channels had a stand pipe to keep the water level constant, and the
water inside the channels was oxygenated by a membrane air pump (Aqua Medic Mistral 4000, AQUA
MEDIC GmbH, Germany) via air stones.

The ebb-and-flood gravel substrate components (GRP tanks, 280 cm × 40 cm × 45 cm, volume:
0.50 m3 used half 0.25 m3 for gravel) were filled with 393.05 kg of washed Baltic Sea gravel (grain size of
16–32 mm, coarse gravel, pebble). A bell siphon [39] at the end of the troughs allowed a discontinuous
water passage with an inflow rate of 4 L per minute and a water drain interval of one minute (six times
per half an hour), thus following the ebb-and-flood principle. The upper edge of the pebbles inside the
gravel beds was adjusted to the water levels inside the raft tanks and the grow-pipe subsystems.

2.3. Plant and Fish Species

Seeds of basil (O. basilicum, Kiepenkerl, Baldur Garten GmbH, Germany) were planted for
germination in Grodan rockwool cubes (Grodan ROCKWOOL B.V., The Netherlands) three weeks
before the beginning of the experiment. The seedlings were watered with a mixture of tap water and
commercial fertilizer solution (Scotts Everris Universol Orange 16–5–25 + 3.4MgO + TE) and covered
with a translucent upper shell. After three weeks, 63 seedlings (seven plants per channel, 21 plants
per treatment) were transplanted to the hydroponic components with a spacing of 30 cm. The basil
seedlings grew inside grid pots, except the seedlings for the ebb-and-flood gravel beds, which were
planted in rockwool cubes directly into the gravel. After 41 days, all plants were cut 5 cm above
ground level (2 cm above the lowest lateral branch) to determine plant parameters (without roots).
The wet weight of the plants was measured and, thereafter, the dry weight after drying in a drying
oven UF750 plus (Memmert GmbH & Co. KG, Germany), for three days at 60 ◦C and two hours
at 120 ◦C, modified after [40]. Root stumps were left in the hydroponic subsystems, and growth was
continued for additional 30 days. After 71 days, roots and cut shoots were harvested, and wet and dry
weights were measured, following the protocol above.

African catfish (Clarias gariepinus) from Fischgut Nord eG (Abtshagen, Germany, MV)
were stocked with a mean initial weight of 761.9 g. Nine fish tanks were stocked with 140 fish
each for staggered production by size: small-sized fish (161.0 g ± 0.2) in tanks 1, 4, and 7 on 14 June 2016
(out on 17 August 2016), medium-sized fish (639.7 g ± 45.2) in tanks 2, 5, and 8 on 09 June 2016 (out on
17 August 2016), and large-sized fish (1484.9 g ± 7.2) in tanks 3, 6, and 9 stocked on 09 June 2016 (out on
31 July 2016). The fish feed (Skretting ME-4.5 Meerval 44-14, France) consisted of 44% crude protein,
14% crude fat, 1.4% fibre, 8.5% ash, 2% calcium, 0.5% sodium, 1.2% phosphorus, 42 mg iron, 2.1 mg
iodine, 5 mg copper, 16 mg manganese, and 200 mg zinc. Fish were fed according to an experimental
feeding protocol (PAL GmbH, Germany) at 75% of the recommended feed input by automatic feeders.
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2.4. Physical and Chemical Parameters

Physical water parameters were taken once daily at the same time from the sump in the hydroponics.
Temperature (◦C), dissolved oxygen (mg/L) and saturation (%), conductivity (EC, µS/cm), pH,
and redox potential (mV) were measured by a HQ40D multimeter (Hach Lange GmbH, Germany).
The photosynthetically active radiation (photosynthetic photon flux density (PPFD), µmol/m2s)
was measured by a “Field Scout” Solar Electric Quantum Meter (Spectrum Technologies, Inc., USA),
and the illumination level (lx) was measured by a “Dr. Meter” (Digital Illuminance/Light Meter
LX1330B) once a week above each individual hydroponic component.

Water samples were taken twice a week from the sump in the hydroponic components for chemical
water parameter analyses of ammonium (NH4

+), nitrite (NO2
−), nitrate (NO3

−), phosphate (PO4
3−),

potassium (K+), magnesium (Mg2+), and calcium (Ca2+) in duplicates, by using a Gallery™Automated
Photometric Analyzer (Thermo Fisher Scientific, Waltham, MA USA) and standard protocols: NH4

+:
ISO 7150-1 (DIN 38406-5:1983-10), NO2

−: ISO 6777:1984 (DIN EN 26777:1993-04), PO4
3−: EN ISO

6878-1-1986 (DIN 38405 D11-4). TON (total oxidized nitrogen), as N and nitrate by calculation
(TON-nitrite), was analysed by colorimetric hydrazine method (Template: D08896_01© 2020 Thermo
Fisher Scientific Inc.). Nitrate was reduced to nitrite by hydrazine under alkaline conditions. The total
nitrite ions reacted with sulphanilamide and N-1-naphthylethylenediamine dihydrochloride under
acidic conditions to form a pink azo-dye. The absorbance was measured at 540 nm and was related
to the TON concentration by means of a calibration curve. Nitrate (as N) value was obtained by
calculating TON (as N)-nitrite (as N).

2.5. Mathematical and Statistical Analyses

At the beginning of the experiment, basil seedlings were measured (three weeks after germination)
before planting them in the hydroponic components, for plant height (cm), plant weight (g),
leaf number (no), leaf length (mm), and leaf width (mm) (n = 33). After 41 days, plant growth
parameters were measured, including final weight (g), height (cm), leaf number (no), leaf length (cm),
and width (cm) from the biggest leaves of the upper three leaf branches; after 71 days of culture, root
wet and dry weights (g) were measured.

Fish growth parameters, including initial weight (kg), final weight (kg), weight gain (kg),
initial biomass (kg), final biomass (kg), feed conversion ratio (FCR), and specific growth rate (SGR),
were calculated at the beginning and the end of the experiment for three age classes and for three
associated tanks.

Weight gain (kg) = f inal weight (kg) − initial weight (kg) (1)

SGR (%/d) = (ln Wt− ln W0)/t × 100 (2)

where Wt = final biomass (kg), W0 = initial biomass (kg), t = time in days.

FCR = f ish f eed quantity (g)/weight gain (g) (3)

Lea f area
(
cm2
)
= Lea f length (cm) × Lea f width (cm) (4)

The experiment was performed in a completely randomized block design (CRD, Figure 1, block I-III)
with three replicates by using mean value comparisons at a significance level of p ≤ 0.05. All data were
analysed with the SPSS 20.0 statistical software package [41] and Microsoft Excel [42]. Means of fish
growth data and plant growth differences between the three hydroponic components, grow pipes,
raft, and gravel, and dissolved oxygen (DO mg/L), oxygen saturation (OS %), temperature (◦C),
PPFD (µmol/m2s), and light intensity (lx) were determined by a one-way analysis of variance (ANOVA)
if the data were normally distributed. A post hoc Tukey HSD test was used for data with homogeneity
of variance; otherwise, a Dunnett T3 test showed the differences. If the sample size was different
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between groups and the data were not normally distributed, the nonparametric Kruskal–Wallis ANOVA
was used.

3. Results

3.1. Fish Growth

The initial mean weights of the three size classes were 0.04 kg (small, 5.60 kg in total), 0.35 kg
(medium, 49.55 kg), and 1.14 kg (large, 157.17 kg), respectively (Table 1). The final fish weights were
0.33 kg (45.82), 1.02 kg (141.73 kg), and 1.85 kg (252.75 kg), respectively. The C. gariepinus mean
weight gain was best for large catfish with 0.71 kg, followed by medium (0.66 kg), and small (0.29 kg)
fish. The tank weight gain was not significantly different between large (95.58 kg) and medium fish
(92.18 kg). The best feed conversion ratio (FCR) was observed in small fish with 0.74, followed by
medium fish with 0.84, and large fish with 0.91. Specific growth rate (SGR) was also best in small fish
(3.23 %/d), followed by medium (1.50 %/d) and large fish (0.90 %/d). Mortality was generally low and
not significantly different, with a maximum of 1.00% in the large fish class and a minimum of 0.33% in
the small fish.

Table 1. Clarias gariepinus production parameters in the FishGlassHouse, divided into three weight-based
size classes: small fish at 40 g (tanks 1, 4, 7; 65 d), medium fish at 350 g (tanks 2, 5, 8; 70 d) and large fish
at 1140 g (tanks 3, 6, 9; 53 d) in means (±SD), different letters showing different groups (p < 0.05).

Parameters Weight Class
I 1

Weight Class
II 2

Weight Class
III 3 p-I 4 p-II 4 p-III 4

Initial weight (kg) 0.04 ± 0.00 c 0.35 ± 0.00 b 1.14 ± 0.00 a 0.001 0.001 0.001
Final weight (kg) 0.33 ± 0.00 c 1.02 ± 0.01 b 1.85 ± 0.01 a 0.001 0.001 0.001
Weight gain (kg) 0.29 ± 0.00 c 0.66 ± 0.01 b 0.71 ± 0.01 a 0.001 0.001 0.014

Tank initial weight (kg) 5.60 ± 0.00 c 49.55 ± 0.05 b 157.17 ± 0.69 a 0.001 0.001 0.001
Tank final weight (kg) 45.82 ± 0.24 c 141.73 ± 1.09 b 252.75 ± 3.39 a 0.001 0.001 0.001
Tank weight gain (kg) 40.22 ± 0.24 b 92.18 ± 1.12 a 95.58 ± 2.70 a 0.001 0.002 0.313

Feed (kg) 29.86 ± 0.08 c 77.59 ± 0.96 b 86.58 ± 1.67 a 0.001 0.001 0.001
Initial feed (%/biomass) 3.57 ± 0.00 a 1.63 ± 0.00 b 0.96 ± 0.00 c 0.001 0.001 0.001
Final feed (%/biomass) 1.67 ± 0.00 a 1.01 ± 0.00 b 0.70 ± 0.00 c 0.001 0.001 0.001
Mean feed (%/biomass) 2.33 ± 0.00 a 1.25 ± 0.01 b 0.81 ± 0.01 c 0.001 0.001 0.001

FCR 5 0.74 ± 0.00 c 0.84 ± 0.00 b 0.91 ± 0.01 a 0.001 0.001 0.001
SGR (%/d) 5 3.23 ± 0.01 a 1.50 ± 0.01 b 0.90 ± 0.02 c 0.001 0.001 0.001

Mortality (%) 0.33 ± 0.58 a 0.67 ± 0.58 a 1.00 ± 1.00 a 0.564 0.564 0.564
1 small fish, 2 medium fish, 3 large fish, 4 significance, with p-I = between small fish and medium fish, p-II = between
small fish and large fish, p-III = between medium fish and large fish, 5 Feed conversion ratio (FCR) and specific
growth rate (SGR) calculated by tank biomasses.

3.2. Plant Growth

O. basilicum (initial weight at germination: 0.8 ± 0.2 g, root weight: 0.1 ± 0.0 g, leaf length:
40.2 ± 4.9 mm, leaf width: 22.8 ± 3.6 mm, n = 33) grew well in all three hydroponic components.
Three weeks after germination, plant heights were not significantly different before transplantation
into the hydro-components (grow pipes: 4.2 ± 0.6 cm, raft: 3.9 ± 0.7 cm, gravel: 4.1 ± 0.7 cm, Table 2).
Basil plants began to develop flowers 36 days after planting. Beginning with day 35 (week six of the
experiment), the basil showed significant differences in plant height (p < 0.05, Table 2) with the highest
plant height in the gravel components (89.9 ± 9.3 cm), followed by raft (84.9 ± 10.3 cm), and grow pipes
(79.7 ± 8.1 cm).

The tallest basil plants (Table 2) were found in the gravel components on day 41 (week seven,
plant height cut 5 cm above ground) with 101.8 ± 8.3 cm, followed by grow pipes (96.7 ± 7.0 cm),
and raft (94.8 ± 8.6 cm). Average leaf area was significantly greater in gravel (96.4 ± 16.8 cm2), followed
by grow pipes (86.2 ± 18.8 cm2), and raft (82.5 ± 18.1 cm2). Basil plants cultured in grow pipes were
significantly lower at plant positions 5 and 7 than plants grown in the gravel media beds (Figure 2).
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Table 2. O. basilicum growth parameters in different hydroponic components, grow pipes, raft, and
gravel, after 0, 35, 41 and 71 days. Means (±SD), different letters showing different groups (p < 0.05).

Parameters Grow pipes Raft Gravel p-I 1 p-II 1 p-III 1

Beginning of hydroponic culture (day 0)

Plant height (cm) 4.2 ± 0.6 a 3.9 ± 0.7 a 4.1 ± 0.7 a 0.458 0.840 0.809
After 35 days of culture

Plant height above ground (cm)
2 79.7 ± 8.1 b 84.9 ± 10.3 a,b 89.9 ± 9.3 a 0.186 0.001 0.245

After 41 days of culture

Plant height (cm) 3 96.7 ± 7.0 b 94.8 ± 8.6 b 101.8 ± 8.3 a 0.643 0.012 0.003
Plant wet weight (g) 382.8 ± 63.7 a 360.8 ± 98.3 a 425.1 ± 108.6 a 0.773 0.344 0.144
Plant dry weight (g) 36.6 ± 7.1 a 35.7 ± 11.2 a 37.9 ± 11.6 a 0.669 0.669 0.669
Lateral branches (no) 13.9 ± 1.2 a 13.4 ± 1.1 a 14.2 ± 1.2 a 0.122 0.122 0.122

Leaf (no) 518.0 ± 81.4 a 493.7 ± 124.8 a 515.1 ± 133.0 a 0.775 0.997 0.819
Average leaf area (cm2) 86.2 ± 18.8 a,b 82.5 ± 18.1 b 96.4 ± 16.8 a 0.780 0.162 0.037

After 71 days of culture

Leaf (no) 4 0.3 ± 1.1 b 0.4 ± 1.3 a,b 1.3 ± 3.4 a 0.506 0.017 0.085
Plant root wet weight (g) 73.6 ± 20.9 a 33.2 ± 13.1 b 30.3 ± 9.0 b 0.001 0.001 0.784
Plant root dry weight (g) 8.3 ± 1.8 a 5.7 ± 1.7 b 5.1 ± 1.5 b 0.001 0.001 0.725

1 Significance, with p-I = between grow pipes and raft, p-II = between grow pipes and gravel, p-III = between raft
and gravel. 2 Plant height (cm) after 35 days of culture measured inside hydroponic subsystems aboveground.
3 Plant height cut (cm) was measured 5 cm above ground level. 4 Significance after Kruskal–Wallis-asymptotic
significances (two-sided tests), p < 0.05; Bonferroni correction (p-I = 1.000, p-II = 0.050, p-III = 0.254).
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Figure 2. O. basilicum plant height (cm) in means (±SD) at specific positions of plant number 1
(water inlet) to 7 (water outlet) in grow-pipe, raft, and gravel media bed hydroponic components
(day 41), different letters showing different groups (p < 0.05).

After 71 days of culture, the leaf number was significantly higher in basil plants in the gravel
components (1.3 ± 3.4), followed by raft (0.4 ± 1.3), and grow pipes (0.3 ± 1.1, Table 2). Root wet and
dry weights were highest in the grow-pipe plants (wet weight: 73.6 ± 20.9 g, dry weight: 8.3 ± 1.8 g),
and lower in the raft (wet weight: 33.2 ± 13.1 g, dry weight: 5.7 ± 1.7 g) and the gravel system
(wet weight: 30.3 ± 9.0 g, dry weight: 5.1 ± 1.5 g, Table 2). Root dry weight of grow-pipe plants was
significantly higher compared to the gravel hydroponic components at positions 1, 2, and 7 (Figure 3).
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Figure 3. O. basilicum root dry weight (g) in means (±SD) at specific positions of plant number 1
(water inlet) to 7 (water outlet) in grow-pipe, raft, and gravel media bed hydroponic components
(day 71), different letters showing different groups (p < 0.05).

3.3. Physico-Chemical Parameters

The hydroponic components showed no significant differences in physical parameters of dissolved
oxygen (DO), oxygen saturation (OS), and temperature (Table 3). PPFD was significantly higher in
the raft system (219.4 ± 89.9 µmol/m2s), followed by gravel (172.5 ± 44.5 µmol/m2s), and grow pipes
(166.8 ± 36.3 µmol/m2s), which were not significantly different. Light intensity was highest in the grow
pipes (952.0 ± 157.4 lx) and raft (929.4 ± 154.4 lx), but significantly different from the gravel system
(823.8 ± 119.1 lx).

Table 3. Comparison of physical parameters inside and above the hydroponic components (grow pipes,
raft, gravel; means, ±SD); different letters indicate different groups (p < 0.05).

Parameter Grow pipes Raft Gravel p-I 1 p-II 1 p-III 1

DO 2 (mg/L) 7.7 ± 0.2 a 7.8 ± 0.2 a 7.7 ± 0.2 a 0.591 0.995 0.652
OS 3 (%) 99.1 ± 1.0 a 100.0 ± 0.9 a 98.9 ± 1.4 a 0.211 0.908 0.099

Temperature (◦C) 27.9 ± 1.6 a 27.9 ± 1.7 a 28.0 ± 1.8 a 1.000 0.995 0.996
PPFD (µmol/m2s) 166.8 ± 36.3 b 219.4 ± 89.9 a 172.5 ± 44.5 b 0.001 0.797 0.004
Light intensity (lx) 952.0 ± 157.4 a 929.4 ± 154.4 a 823.8 ± 119.1 b 0.667 0.001 0.001

1 Significance, with p-I = between grow pipes and raft, p-II = between grow pipes and gravel, p-III = between raft
and gravel, 2 DO = dissolved oxygen (mg/L), 3 OS = oxygen saturation (%).

In the sump of the hydroponic components, dissolved oxygen (DO) averaged (mean ± SD)
7.7± 0.3 mg/L, oxygen saturation (OS) 98.7± 2.3%, temperature 27.9± 1.7 ◦C, pH 6.6± 0.4, redox potential
(Red-Ox) 165.8 ± 34.7 mV, and electrical conductivity (EC) 1619.4 ± 205.6 µS/cm (y = 9.39x + 1284.22,
R2 = 0.87; Figure 4).

The mean ammonium concentration was 3.8 ± 2.6 mg/L, nitrite averaged 0.04 ± 0.04 mg/L, and
the nitrate concentration was at 102.9 ± 20.2 mg/L. Total oxidized nitrogen (TON) showed a mean
value at 103.0 ± 20.2 mg/L and total dissolved nitrogen (TDN) at 106.8 ± 21.6 mg/L. The phosphate
concentration was 9.4 ± 1.3 mg/L, potassium 60.6 ± 8.9 mg/L, magnesium 26.8 ± 4.2 mg/L, and calcium
176.2 ± 27.4 mg/L.
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 Figure 4. Development of the electrical conductivity (EC) in the hydroponic sump during the
experiment (71 days).

4. Discussion

4.1. Fish Growth

Fish growth parameters demonstrated very good results for each weight class of C. gariepinus. Feed
conversion (0.74–0.91) was better than described for fish (initial weights of 81.3 g and 188.1 g) fed with
two different protein diets: (A) low protein (31%) with FCRs from 1.11–1.25 and (B) high protein (40%)
with FCRs of 0.97–1.30 in combination with sweet basil (O. basilicum) [43]. Comparable feed conversion
rates of 0.8 and 0.9 were reported in African catfish with initial weights between 82.4 g and 192.6 g [44].
Younger C. gariepinus with an initial weight of 3.92 g can achieve an even better FCR of 0.61
under aquaponic conditions combined with basil (O. basilicum), parsley (P. crispum), and marjoram
(O. majorana, [27]). Under intensive rearing conditions, an FCR of 0.97, close to the present study in
weight class III (large), was reported for 140 fish/tank and a grow-out (staggered) of 40 g to 1560.9 g
individual weight [45].

The specific growth rate of African catfish was better than expected. In the present study, the SGR
of weight class II (1.5%/d) was twofold higher than described for fish with an initial weight of 365 g
(0.6%/d) under aquacultural conditions [46]. An SGR of 1.36%/d, comparable to weight class II,
was described for 188.1 g C. gariepinus fed a high protein diet (40%) and combined with O. basilicum [43].
Under production conditions (intensive: 140 fish/tank) and a feeding period of 204 days, C. gariepinus
also showed a comparable specific growth rate of 1.80%/d, which corresponded to the growth of
weight class II (medium) [45]). However, the total feed input was twofold higher (155 kg), and the
feeding period was 2.9-fold longer. Fish performance in the present study was in accordance with
earlier studies.

4.2. Physico-Chemical Parameters in the Hydroponic Components

Environmental parameters for the cultivation of O. basilicum were not optimal under summer
glasshouse conditions in northern Germany. The temperature at germination and the grow-out stages
was higher (28 ◦C) than recommended (20–25 ◦C), and the mean pH (6.6) of the aquaponics process
water was also slightly higher than suggested (5.5–6.5) [36]. The mean PPFD was substantially lower
(186.23 ± 28.86 µmol/m2s), compared with basil production under optimal hydroponic greenhouse
conditions (293–308 µmol/m2s), a difference of 36–39% [47]. The light regime was not reflected in the
growth performance of basil. In the raft system, the PPFD value was significantly higher and in both the
grow-pipe and raft components the light intensity was significantly higher and should have increased
basil biomass. However, wet and dry weight, lateral branches, and leaf numbers were not significantly
different among all components at day 41, which is in contrast to the light conditions. Rather, the gravel
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component showed the highest significant values for plant height and leaf area (same with grow pipes)
in contrast to the lowest values of light intensity and PPFD (same with grow pipes), demonstrating
that light was not the limiting factor.

For optimal growth, basil needs a high amount of water but also proper drainage and periods
without irrigation [48]. In the ebb-and-flood gravel component, these conditions were established with
a flooding interval every four minutes, resulting in the best plant growth. However, the experimental
ebb-and-flood system used had a very high flooding interval and did not correspond to conventional
hydroponic components. Electrical conductivity (EC) seemed to be optimal as conducted for
basil hydroponic greenhouse production with 1600 µS/cm [47], though the EC can be even higher
(2800 µS/cm) [49]. In aquaponics generally, lower conductivity values are described, ranging from
300-600 µS/cm [50], and in commercial outdoor coupled aquaponics, conductivity levels were reported
between 0.8 mS/cm [51] and 0.65–0.69 dS/m [52] with the production of Nile tilapia (Oreochromis niloticus)
and basil cultivation.

In aquaponics, macronutrient levels have been found to be even lower than in the present study,
with P (as PO4

3−) of 6.6 mg/L, total N of 10.6 mg/L, K+ of 50.8 mg/L, Ca2+ of 129.6 mg/L, and Mg2+ of
20.9 mg/L [53]. Recommended fertilizer solution levels in O. basilicum greenhouse production reach
nitrogen levels of up to 210 mg/L, phosphorus 80 mg/L, potassium 275 mg/L, magnesium 80 mg/L, and
calcium 180 mg/L [54]. Only calcium was in the range for optimal growth. It has been demonstrated
that basil can show a relatively good canopy fresh weight (26.42 g) in contrast to a canopy weight of
35.18 g under high nitrogen application, and a nearly identical leaf surface area (top region) of 11.04 cm2

(low nitrogen), compared to 11.54 cm2 (high nitrogen) [55]. Also, the root fresh weight and root length
of basil were higher (14.74 g; 23.24 cm) under a low nitrogen regime, compared with high nitrogen
application (12.32 g; 17.27 cm). Consequently, though the macronutrient levels in the present study
were below the recommended concentrations for optimal growth, the hydroponics had adequate
macronutrient concentrations to allow regular basil growth.

4.3. Plant Growth Parameters

4.3.1. Leaf Development

Leaf numbers showed no significant differences between the hydro-components and exhibited
high variance (Table 2). For herbs and especially for basil, the number of leaves and leaf dimensions
are decisive, since their glandular hairs are the main location of biosynthesis and the accumulation of
flavour compounds and essential oils [56,57]. In hydroponics, a higher leaf number (585.36 leaf/plant)
and leaf area (235.44 cm2/plant) were reported with a longer cultivation time of 70 days and a reduced
daytime culture temperature of 24 ◦C [58]. In contrast and in hydroponics, leaf number can be much
lower (114.58 leaves/plant), even with much higher conductivity levels of 2.32–2.42 EC dS/m and an
ideal pH = 6.0 at a similar reduced experimental temperature of 24.8 ◦C [59]. Under hydroponics with
the use of “seaweed extracts” as a fertilizer and a higher temperature (maximum 30 ◦C), the basil
leaf number reached only 91.3 leaves/plant [60]. Basil cultivation in the open field also did not reach
comparable results. Under the high temperature variance (maximum 30–40 ◦C) of northern India’s
sub-tropical plains, a very small leaf number was reported (67.3 leaves/seedling) [61]. Consequently,
during our experiments, the leaf numbers of O. basilicum with C. gariepinus aquaponics were higher
than described for most reported hydroponic and field cultures. This indicates a beneficial effect of fish
effluent water from C. gariepinus production on basil growth, in combination with the high cultivation
temperature and the incidence of light in northern Germany. Basil cultivation was possible without
additional commercial fertilizer, and this was evident for all three selected hydroponic components,
the grow pipes, raft, and gravel media bed; indeed, all systems are adequately suited for domestic or
commercial basil aquaponics.
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4.3.2. Plant Biomass Development

The wet and dry weights of O. basilicum were not significantly different between the subsystems
(Table 2). Comparable basil yields (393.5 total g/plant) were reported from a conventional greenhouse
ebb-and-flood culture with a similar EC and low pH culture regime (0.7–2.2 dS/m, pH 5.8) after
120–124 culture days [62]. Under optimized greenhouse production conditions, O. basilicum can reach
585 g after 141 days of cultivation in rockwool cubes, even with reduced temperature (day: 20 ◦C,
night: 15 ◦C) [54]. However, results of basil biomass production can vary substantially, even under
relatively good nutrient conditions and environmental parameters. A reduced wet weight of basil
(55.02 g) was reported after 68 days of greenhouse culture and slightly lower temperatures (day: 26 ◦C,
night: 25 ◦C) with the use of commercial fertilizer and a high N input (250 kg N/ha) [63]. Under coupled
aquaponics conditions outdoors in the Caribbean (UVI-commercial-aquaponics-system), the mean
plant weight of basil was lower under batch (286.5 g) and staggered (244.7 g) plant cultivation with
Nile tilapia (O. niloticus) [64]. Higher plant yield of Genovese sweet basil was reported in the same
system with tilapia in the summer with calculated 923 g per plant (16.15 plants/m2 with yield of
14.91 kg/m2), whereas the harvest in fall with approximately 415 g per plant (16.15 plants/m2 with
yield of 6.70 kg/m2) corresponded to wet weights of plants in our gravel bed and was higher than plant
weights in grow-pipe and raft subsystems [52]. Compared to commercial greenhouse O. basilicum
production, our plants performed well in terms of yield, especially since no fluid fertilizer was added.
This was surprising since the nutrient content of the fish effluent water was much lower than under the
use of conventional fertilizers. We suggest that additional factors in the process water were responsible
for the good growth performance of the basil in the present study. Our results showed yields similar to
autumn harvests in coupled aquaponics in the Caribbean and demonstrated that the cultivation of
basil with aquacultural effluents of C. gariepinus is possible.

Comparative studies under aquaponic conditions with basil and different hydroponic subsystems
are scarce. Another herb, mint (Mentha arvensis), showed significantly better yield in crushed stone
media beds (size: 0.5–1.0 cm, yield: 1.076 kg), compared to floating raft (0.916 kg) in combination with
common carp (Cyprinus carpio) [65]. Aquaponic production of lettuce (Lactuca sativa) in combination
with Murray cod (Maccullochella peelii peelii) had the best plant growth in the gravel subsystem with
constant flood [16]. The resulting plant yield was gravel > floating (raft) > NFT, while in our study, no
significant differences were found between the hydroponic components in plant weight. Production of
tomatoes (Solanum lycopersicum) in co-cultivation with Nile tilapia (Oreochromis niloticus) showed no
significant differences in average cumulative yield between a raft culture system (16,857 ± 341 g/m2)
and an NFT system (17,176 ± 364 g/m2) [18]. NFT also supported a good growth performance of lettuce
(Lactuca sativa), compared to a raft system and a vertical felt system in combination with goldfish
(Carassius auratus) in aquaponics. It was suggested that a slightly higher water temperature in the NFT
system increased nitrification and nutrient uptake by the plants with increasing lettuce yields [17].
During the present study, temperature was not significantly different between the subsystems (Table 3).
Our relatively high plant yields during summer 2016 can be attributed to a relatively high temperature
and a high conductivity level, though ebb-and-flood gravel systems, in particular, can be suboptimal
due to the clogging of substrates with unaerated areas [36].

4.3.3. Plant Root Development

The wet and dry weights of basil roots were highest in the grow-pipe hydroponics and 2.4-fold
higher in fresh biomass than in the ebb-and-flood gravel components, with no significant differences
between plants in the raft and gravel subsystems (grow pipes > raft = gravel, Table 2). Plants in
our setting developed large roots (19% of total plant wet weight), with rapid growth clogging the
grow-pipe components [36]. This effect is known from conventional hydroponic tomato production,
where roots can reach 15% of the total fresh weight of plants with larger layers of primary and secondary
roots [66]. This biomass increase, as a consequence of nutrient stress effects, has been described as
“compensatory responses” to the non-uniform distribution of nutrients, causing the stimulation of
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root growth [67]. A massive stimulation of root growth can occur if nutrients are readily available,
whereas in nutrient-poor areas, root growth is reduced. A 2.3-fold length increase of second order
lateral roots was reported due to locally supplied NO3

−, and an over threefold length increase due to
P supply of first order laterals in barley (Hordeum vulgare) [67]. Basil in the pipe systems showed
massive root development, which blocked the water flow, and the appearance of numerous small
root hairs. This effect has been described in plants with an extensive root system, such as tomatoes
and mint, which, with their massive root systems, can clog even larger grow pipes [36] as well as
conventional NFT systems with rectangular hydroponic channels [9,68]. Obviously, nutrients were
plentiful in the first four positions of the growth pipes, but the blockage due to rapid root development
significantly inhibited the growth of the plants in positions 5 and 7 (Figure 2). The plants in the
pipe component, located at the most distant position from the inlet (position 7), had the largest roots
(Figure 3) but also the lowest plant height (Figure 2) as a result of clogging. The grow-pipe systems
themselves, with their relatively small pipe diameters and water volumes, seemed to be responsible.
The root–water contact area was consequently limited and resulted in a rapid root biomass increase in
the first four positions, and in a heterogeneous and suboptimal nutrient supply in the back positions
due to backwater effects. Such heterogeneity of the single plant development in the applied grow-pipe
components limits their use for commercial aquaponics basil production even under good adequate
growth performance (see Section 4.3.1, Section 4.3.2, Section 4.3.4).

4.3.4. Plant Height Development

O. basilicum was tallest in the ebb-and-flood gravel components, with no significant differences
between the grow-pipe and raft systems (gravel > grow pipes = raft). Comparable plant height was
reported in raft aquaponics (89.9 cm) with crayfish (Procambarus spp.) and a longer experimental
duration of 98 days at a lower temperature of 23.4 ◦C [29]. In conventional hydroponics, slightly
lower basil heights (74.44 cm/plant) were found at a reduced conductivity of about 0.64 dS/m and
70 days of culture [58]. Also 2.1-fold lower plant heights (46.4–48.3 cm) were reported in hydroponics
with the supply of seaweed extract (Ascophyllum nodosum) as an alternate fertilizer and foliar mineral
application [60]. In general, O. basilicum can reach a height of 75 to 95 cm as observed in the present
study [22].

Best plant height was observed in the media-substrate system and could be the result of
supporting nitrification by increased air contact during the dewatering phase and by beneficial bacteria
(e.g., Nitrosomonas spp., Nitrobacter spp.) inside the substrate [50]. The gravel substrate may have
functioned as a bio-filter with additional nitrification and nitrate production directly at the plant
root–water interface [50,69,70]. In raft systems, it has been observed that the plant height of basil rises
when NO3

− is added and decreases with NH4
+ [59]; thus, basil was classified as a moderately NH4

+

sensitive plant species [71]. The best basil biomass production was found at 100 mg N/L at a ratio of
50:50 to 75:25 of nitrate-N: ammonium-N [72]. In our experiment, the amount of nitrate was optimal in
the hydroponic recirculation system, which could explain the relatively good plant heights. However,
the ratio of NO3

− to NH4
+ was suboptimal with very low values of NH4

+, which should reach
30.5%-fold higher to achieve the optimal ratio of 75:25 [72]. The gravel substrate component showed
the significantly best plant heights and average leaf area (compared to raft). This may indicate that one
potential factor was an improved N ratio in the gravel bed directly at the roots. Though supporting
aquaponics basil growth, the applied coarse gravel beds with a grain size of 16–32 mm are very heavy,
may clog over time, and are difficult to handle and clean, making commercial application difficult.
For aquaponics, basil might need an alternative media substrate, such as new designed pot-able
systems which would belong to the nomenclature aquaponics (s.l.) horticulture [5], for adequate
handling, optimal growth, and for the “self” mobilisation of nutrients by microorganisms combined
with well-oxygenated conditions. The direct comparison of the nutrient situation at the root surfaces
in comparison to alternative substrates may be a subject for future investigations.
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5. Conclusions

Decoupled aquaponic cultivation of O. basilicum showed good performance with the use of
C. gariepinus intensive aquaculture effluents without addition of fertilizer at the grow-out stage. Growth
differences between three tested hydro-components were generally small, with the best results obtained
in the ebb-and-flood gravel substrate subsystem. Plant height was best in the gravel media beds and not
significantly different between grow-pipe and raft subsystems (gravel > grow pipes = raft). Leaf number
was comparable between the hydroponic components after 41 days (grow pipes = gravel = raft),
was affected by a very high variance, and was higher in the gravel substrate components than in grow
pipes (gravel > grow pipes) after cutting of the stems at day 71. The plants of the grow pipes showed
decreasing heights towards the outflow with larger root weights, compared to the raft and gravel
components (grow pipes > raft = gravel), indicating imbalanced nutrient and water availability.

Compared to conventional basil greenhouse cultivation, nutrient amounts were in general
lower of, e.g., total dissolved nitrogen (TDN: 106.8 mg/L), phosphorus (9.4 mg/L), potassium (60.6 mg/L),
and conductivity (1619.4µS/cm; hydroponics: N: 210 mg/L, P: 80 mg/L, K: 275 mg/L, and EC: 2800µS/cm);
however, comparable plant heights and numbers of leaves were obtained in all components as described
for hydroponics. In conclusion, aquaponics under intensive catfish production in combination with basil
and in the tested hydro-components is possible based on general plant performance. The grow pipes
resulted in heterogenous growth, the gravel substrate was difficult to handle, and the raft components
had the least performance under the highest water use, questioning its use for commercial aquaponics.
Therefore, future studies should consider alternative substrates inside the hydro-components and
specified nutrient requirements, such as aquaponics gardening (s.l.), for commercial basil production.
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