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Abstract: The maintenance of optimal water quality for fish production is one of the major challenges
in aquaculture. Aquaponic systems can improve the quality of water for fish by removing the
undesirable wastes and in turn produce a second marketable crop. However, there is no information
on the growth and nutrient removal capability of Artemisia annua in aquaponic systems. This study
evaluated the effect of plant density on water quality, the growth of A. annua and Oreochromis
niloticus in a small scale aquaponic system in Kenya. The aquaponic system consisted of three
treatments representing different plant densities (D1: 48 plants/m2, D2: 24 plants/m2 and D3:0
plants/m2). The high plant density system contributed significantly (p < 0.05) to the removal of
all nutrients. The removal efficiency of ammonia was significantly higher in D1 (64.1 ± 14.7%)
than in D2 (44.5 ± 6.8%) and D3 (38.0 ± 12.1%). Nitrates and nitrites were inconsistent, whereas
phosphorus increased gradually in all treatments. The productivity of plants was higher in D1 than
D2. Fish growth rates were significantly higher in D1 (0.35 ± 0.03 g/d) and D2 (0.32 ± 0.02 g/d) than in
D3 (0.22 ± 0.04 g/d). The results show that A. annua can be cultivated in aquaponic systems due to its
nitrogen removal capabilities.

Keywords: aquaponics system; denitrification; Nile tilapia; nitrification; plant density

1. Introduction

Aquaculture accounts for almost half of the fish consumed globally. The industry increased its
contribution to the global fish production from 25.7% in 2000 to 46.8% in the year 2016 [1]. There is a
general agreement that aquaculture will be the only way to ensure that the increasing global demand
for fish are met. The expansion of the aquaculture sector will probably provide a solution to the
declining global capture fisheries [1–3]. However, common aquaculture production systems are not
sustainable, require large volumes of freshwater and more land for expansion [4]. Aquaculture in most
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Sub-Saharan African countries including Kenya is mainly practiced in extensive and semi-intensive
production systems [3,5]. With the increasing scarcity of freshwater resources due to climate change as
well as competition from other industries and increased demand from the rapidly growing population,
a business-as-usual approach may not be an option for the aquaculture sector [2,3,6,7].

The existing production systems manage the accumulation of both solid and dissolved wastes
through frequent renewal or exchange of water [8]. However, water exchange requires the supply
of sufficient water from adjacent water bodies. Furthermore, the discharge of untreated aquaculture
wastewater deteriorates water quality of the receiving aquatic environment and creates a risk for
spreading diseases between different aquaculture production systems [9]. The above-mentioned
constraints drive the need for new and sustainable ways that will increase fish production, minimize
pressure on diminishing land and water resources and reduce the discharge of wastewater into adjacent
water bodies [10]. There is need to adopt sustainable fish production systems such as recirculating
aquaculture [10]. Recirculating aquaculture is a suitable alternative to conventional aquaculture due
to minimal wastewater discharge as well as efficient use of land and water resources [11]. However,
accumulation of nitrates in recirculating aquaculture systems require water exchange that is costly and
undesirable [12]. Besides, stringent environmental regulations prompt for efficient nitrogen removal
techniques that can reduce nitrate levels in the discharge water [13].

Aquaponics, which is the integration of hydroponics (production of plants without soil) with
aquaculture is one of the most sustainable approaches that can reduce nutrient discharges from
aquaculture and improve income from the production of both fish and crops [14]. In aquaponic
systems, the nutrient-rich aquaculture wastewater provides nutrients for plants grown in the hydroponic
subsystem [15]. Nutrient removal through plant and bacteria assimilation as well as microbial
transformation processes reduce the dissolved nutrient concentrations which in turn improves overall
water quality parameters for fish production [9,14,16]. This symbiotic relationship between fish,
microbes and plants conserves water compared to conventional aquaculture systems [16]. Fish from
aquaponic systems are grown in an environmentally sound manner without using antibiotics and
the crops are free of pesticides and chemical residues [17]. Research and development of aquaponic
systems is becoming more popular in industrialized countries such as Europe and USA with recent
innovations of decoupled aquaponics that can maintain optimal conditions for fish, bacteria and
plants [9,18,19]. However, the technology is still in its infancy stage in most African countries including
Kenya, although the tropical climatic conditions are favorable for aquaponics [20].

Sustainable aquaponic production requires maintenance of optimal environmental conditions for
optimal growth of fish, bacteria and plants [16]. But it is challenging to provide plants with optimum
nutrient concentrations while avoiding any negative impacts on the fish and bacteria [21]. This is
because, the concentration of nutrients available for plant growth in the aquaponic systems depend
on fish production and fish feeding rates [14]. The appropriate fish feed ratio to plant growing area
ranges from 15 to 180 g feed per square meter per day [22,23]. This ratio can be expressed in terms of
volume. A study by [24] demonstrated that a 3 m3 hydroponic tank to 1 m3 fish production tank ratio
was effective at reducing nutrients and corresponded with a high production of both fish and plants.
But it is complex to determine the exact fish feed to plant ratio because fish and plant species have
different nutritional requirements that are dependent on the growth stage and external factors such as
system design [18].

Plant density is another factor that influences nutrient concentrations in aquaponic systems [14].
The number of plants per unit area is the most important factor to optimize yield in any production
system. Too many or few plants per unit area can affect the quality of plants and reduce yields [25].
If the density of plants is too high, the concentration of nutrients in the aquaponic system decreases to
levels that may be too low to sustain plant growth and result in nutrient deficiencies [26]. Low plant
density may increase nutrient production while nutrient uptake remains the same. This can result
in nutrient accumulation and eventually fish mortalities [26]. Therefore, selection of the required
plant density that can make optimal use of available space, efficiently utilize nutrients and minimize
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inter- or intra-specific competition is necessary in aquaponic systems [25]. However, few studies
have systematically investigated the effects of plant density on the performance of aquaponic systems.
Moreover, the effect of plant density on growth and nutrient removal capacity of Artemisia annua
in aquaponic systems is unknown. The objectives of this study were to evaluate: (1) the growth of
A. annua in an aquaponic system, (2) the effect of plant density on the plant growth and water quality,
and (3) the effect of plant density on the growth performance of Oreochromis niloticus in a small-scale
aquaponic system in Kenya.

In this study, A. annua was selected because of its economic and technical values as a medicinal
plant. A. annua is an annual shrub indigenous to China but can grow in a wide range of temperate and
subtropical environments. It belongs to the plant family Asteraceae and is used as a tea infusion in
traditional Chinese medicine to treat fever. It is also a key ingredient in artemisinin-based combination
therapies (ACTs) effective in treating malaria which is endemic in Africa [27]. Besides, A. annua readily
absorbs nutrients from the soil due to its abundant and dense lateral roots [28,29]. Other studies
have shown that A. annua can be successfully grown in hydroponics, conditions similar to aquaponic
systems. Moreover, studies focusing on the enhancement of artemisinin production reported that the
use of organic fertilizers is one of the most effective approaches that can increase plant biomass and
artemisinin content in A. annua [30].

2. Materials and Methods

2.1. Experimental Design

The study was conducted for 60 days from January to February 2018 in Aqualife fish farm,
Machakos, Kenya. Nine aquaponic systems were constructed under a greenhouse to provide uniform
conditions for fish and plant growth. Each system consisted of three 500 L circular fish tanks and a
0.1125 m3 rectangular hydroponic unit (Figure 1). A 210 L plastic barrel filled with sand of different
sizes was used for solid removal and a biofilter was constructed from the same plastic barrel and filled
with pumice stones (biofilter media). The media were initially rinsed in clean water and sundried.
Fish were stocked in tanks prior to the start of the experiment to allow bacteria to naturally colonize
the biofilter substrates [31]. Effluent water from fish tanks flowed by gravity to the sand filter where a
centrifugal pump (0.5 HP, 8000 L/hr 370 W, Davis and Shirtliff, Nairobi, Kenya) was used to pump
the water (6 ± 0.24 L/min) to the biological filter. The filtered water was then channeled by gravity
to the hydroponic beds and pumped back to the fish tanks. The water flow into each hydroponic
unit was adjusted to approximately 1.42 ± 0.23 L/min and no additional fertilizers or pesticides were
used. An air pump (>0.03 Mpa, 60 L/min, V-60, Aqua Forte) was used to aerate the fish tanks and the
biofiltration unit.

The outlet from each hydroponic unit was constructed as a bell siphon with auto-mechanical
water out movement initiating the ebb under water pressure modified from [32]. Three treatments, D1,
D2 and D3 representing 48 plants/m2, 24 plants/m2, and control with 0 plants/m2 respectively were
replicated three times in the hydroponic units. The average weight of O. niloticus at the start of the
experiment was 112.9 ± 6.7 g, 114.8 ± 6.3 g, and 110.5 ± 7.3 g in D1, D2, and D3 density treatments
respectively. The fish were broadcast fed twice a day (09:00h and 16:00h) to satiation with 30% crude
protein diet during the study period. Sweet wormwood seeds were sown in four seedling trays (filled
with loam soil) three weeks before the start of the experiment. Healthy seedlings with an average
height of 4.51 ± 0.43 cm, 5.37 ± 1.87 cm and weight of 32. 63 ± 2.7 g, 14.33 ± 0.85 g in D1 and D2
respectively were then transplanted into six hydroponic units.
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Figure 1. The experimental aquaponic system (not drawn to scale). Grey circles represent fish rearing 
tanks, rectangular boxes; hydroponic units, grey and black lines with arrows indicate the direction of 
water flow with grey representing inlet and black the outlet. 

2.2. Sampling and Analysis. 

The temperature, pH, dissolved oxygen and conductivity were measured twice daily in the fish 
tanks and hydroponic grow beds using Hach probes (HACH HQ40d Portable meter, Loveland, 
Colorado, USA). Water samples were collected in triplicate every two weeks from the fish tanks, inlet 
and outlet of the hydroponic units. On the day of collection, the samples were analysed for 
ammonium, nitrate, nitrite, phosphorus and alkalinity using benchtop Hanna multiparameter 
photometer (HI83200) based on Nessler, cadmium reduction, diazotization and ascorbic acid 
methods respectively [33]. The nutrient removal efficiencies of different plant densities in the grow 
beds were calculated using the following equation [14]. Removal efficiency (%)  =  C୧ ି CୣC୧  𝑥 100 (1) 
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Fish were sampled biweekly and weighed to the nearest 0.1 g and the mean weight calculated. 

The performance of fish was evaluated using growth parameters such as weight gain, feed conversion 
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Figure 1. The experimental aquaponic system (not drawn to scale). Grey circles represent fish rearing
tanks, rectangular boxes; hydroponic units, grey and black lines with arrows indicate the direction of
water flow with grey representing inlet and black the outlet.

2.2. Sampling and Analysis

The temperature, pH, dissolved oxygen and conductivity were measured twice daily in the
fish tanks and hydroponic grow beds using Hach probes (HACH HQ40d Portable meter, Loveland,
Colorado, USA). Water samples were collected in triplicate every two weeks from the fish tanks, inlet
and outlet of the hydroponic units. On the day of collection, the samples were analysed for ammonium,
nitrate, nitrite, phosphorus and alkalinity using benchtop Hanna multiparameter photometer (HI83200)
based on Nessler, cadmium reduction, diazotization and ascorbic acid methods respectively [33].
The nutrient removal efficiencies of different plant densities in the grow beds were calculated using the
following equation [14].

Removal efficiency (%) =
Ci −Ce

Ci
× 100 (1)

where Ci = concentration of inlet and Ce = concentration of outlet.
Fish were sampled biweekly and weighed to the nearest 0.1 g and the mean weight calculated.

The performance of fish was evaluated using growth parameters such as weight gain, feed conversion
ratio (FCR), survival rate in (%) and specific growth rate (SGR). The growth parameters were calculated
as below;

Weight gain (g) = Final weight (g) − initial weight (g) (2)

FCR =
Total weight of dry feed given (g)

Total wet weight gain (g)
(3)

Survival rate =
N0 −Nt

N0
× 100 (4)

SGR (%/day) = (lnWf − lnWi)/t× 100, (5)

where Wi and Wf are initial and final mean wet weight in g; ln = natural logarithm; t = time in days N0

and Nt are fish number at time 0 and at time t.
The heights of the plants were measured biweekly while weights were measured at the start and

end of the experiment. Final wet weights were measured after uprooting the whole plant from the
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hydroponic units. The fresh weights were then used to determine the relative growth rate (RGR),
which was calculated as;

RGR = (lnW2 − lnW1)/(t2 − t1), (6)

where W2 and W1 are weights at time t2 and t1, t2 and t1 are initial and final periods and ln is the
natural logarithm [34]. Plant yield (kg/m2) was calculated using the fresh weight obtained per square
meter in each treatment.

2.3. Data Analysis

Data were presented as means and standard deviation (SD) of three replicates. Percentage data
were subjected to arcsine transformation before statistical analyses. Normality and homogeneity of
means were evaluated by Shapiro–Wilks and Levene tests respectively. The effect of plant density
on water quality parameters, nutrient removal efficiency, and fish growth was tested using one-way
analysis of variance (ANOVA) (version. 21.0, IBM Corp., Armonk, NY, USA). Two-way ANOVA was
used to determine differences in nutrient concentrations between plant density treatments. Tukey post
hoc test was performed when necessary to determine specific significant differences between the
means. Statistical differences in growth of plants between D1 and D2 were determined using t-test.
The relationship between fish growth and water quality variables was determined using multiple
regression. Differences between the means were considered significant at α = 0.05. Statistical analysis
was performed using the IBM SPSS Statistics for Windows (version. 21.0, IBM Corp., Armonk,
NY, USA).

3. Results

3.1. Water Quality Parameters

The water temperature ranged from 22.4–24.2 ◦C and the pH was maintained between 7.68
and 8.17 in the fish tanks (Table 1). The conductivity fluctuated between 1312 and 1453 µS/cm and
oxygen values ranged between 1.97 to 4.67 mg/L. The maximum observed ammonia, nitrates, nitrites,
and phosphorus concentrations were 3.7 mg/L, 3.6 mg/L, 1.04 mg/L and 4.1 mg/L. However low
ammonia levels were observed in fish tanks with higher plant densities and high levels of ammonia
in the fish tank were observed in the control treatment (without plants). There were no significant
differences in all water quality variables between the treatments (p < 0.05).

Table 1. Water quality parameters in fish tanks. All values are mean ± standard deviation obtained
from three replicates.

Treatments

Parameters Units D1 D2 D3 p

Temperature (◦C) 23.34 ± 0.53 23.02 ± 0.4 23.13 ± 0.44 0.24
pH 7.93 ± 0.14 7.97 ± 0.17 7.97 ± 0.17 0.77

Dissolved oxygen (mg/L) 2.85 ± 0.77 3.29 ± 0.82 3.24 ± 0.74 0.33
Conductivity (µS/cm) 1388.6 ± 38.1 1385.1 ± 40.6 1384.1 ± 43.1 0.96

Ammonia (mg/L) 1.89 ± 0.8 2.16 ± 0.87 2.4 ± 1.00 0.39
Nitrates (mg/L) 2.65 ± 0.44 2.74 ± 0.47 2.73 ± 0.33 0.88
Nitrites (mg/L) 0.58 ± 0.21 0.55 ± 0.27 0.6 ± 0.30 0.88

Phosphorus (mg/L) 2.88 ± 0.78 2.82 ± 0.52 2.65 ± 0.46 0.63

Table 2 presents the descriptive statistics of water quality parameters in the hydroponic units.
The mean values of temperature, pH, dissolved oxygen and electrical conductivity were similar
(p > 0.05). The water temperature, pH and dissolved oxygen fluctuated between 24.7 and 26.7 ◦C,
6.9 to 8.0 and 1.5 to 3.4 mg/L respectively. The electrical conductivity was maintained at 1408.4 and
1467.4 µS/cm during the experimental period.
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Table 2. Physical–chemical water parameters in the hydroponic units (mean ± SD) during the
experimental period (60 days).

Parameter Units D1 D2 D3 p

Temperature (◦C) 25.21 ± 0.53 25.53 ± 0.53 25.39 ± 0.41 0.3
pH 7.89 ± 0.13 7.82 ± 0.32 7.92 ± 0.08 0.44

Dissolved oxygen (mg/L) 2.66 ± 0.35 2.32 ± 0.45 2.35 ± 0.36 0.07
Electrical conductivity (µS/cm) 1425.1 ± 15.8 1432.7 ± 19.2 1430.0 ± 19.6 0.59

3.1.1. Nutrient Removal

In general, ammonia, nitrate and nitrite concentrations were relatively high at the start of the
experiment except for phosphorus (Figure 2). Ammonia concentration was high at the start of the
experiment (week 2) but decreased with time and ranged between 0.27 ± 0.15–1.37 ± 0.12 mg/L in the
high density (D1), 0.84 ± 0.09–1.79 ± 0.08 mg/L in the low density (D2) and 0.84 ± 0.14–2.34 ± 0.15 mg/L
in the control system (D3). Nitrate and nitrite levels were inconsistent during the sampling period with
high concentrations at week 2. Phosphorus concentration increased gradually during the sampling
period with high concentrations at week 8 in the three aquaponic treatments. Moreover, all the
nutrient concentrations were significantly lower (p < 0.05) in D1 than in D2 and D3 treatments.
There were significant (p < 0.05) interactions between plant densities and sampling days for all nutrient
concentrations except phosphorus.
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Figure 2. Trends in ammonia (a), nitrate (b), nitrite (c) and phosphorus (d) concentrations at the outlet
from D1 (blue), D2 (green) and D3 (red) aquaponic units during the experiment. Points are means of
three treatment replicates and error bars show standard deviation.
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The high plant density aquaponic system (D1) was effective in the removal of ammonia
(64.1 ± 14.7%), nitrate (57.5 ± 4.2%), nitrite (47.0 ± 7.9%), and phosphorus (46.6 ± 9.5%). The calculated
percentages of nutrient removal in D2 was 44.5 ± 6.8%, 35.9 ± 5.9%, 30.4 ± 11.1% and 35.4 ± 7.8% for
ammonia, nitrate, nitrite and phosphorus respectively. The removal efficiency of ammonia (38.0 ± 12.1),
nitrate (24.8± 9.2), nitrite (21.5± 11.9%) and phosphorus (27.3± 11.9%) was low in the control treatment
(Figure 3). A significantly higher nutrient removal efficiency was observed in D1 (p < 0.05) than in D2
and D3. However, no significant differences were observed between D2 and D3 treatment except for
nitrate removal (p < 0.05). The tested aquaponic systems were more effective in removing ammonia
than nitrate, nitrite and phosphorus.
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Figure 3. Ammonia (a), nitrate (b), nitrite (c), and phosphorus (d), removal efficiency (%) of different
plant densities in the aquaponic system. D1 represents 48 plants/m2, D2; 24 plants/m2 and D3; zero
plants /m2 (control). Different letters above boxplots indicate significant differences between density
treatment (one–way ANOVA) (p < 0.05).

3.1.2. Plant and Fish Growth

Table 3 presents the growth performance of A. annua in D1 and D2 aquaponic systems. The relative
growth rate ranged between 0.05 and 0.06 g/d in the high density and low-density treatment. The final
weight, weight gain and productivity of A. annua were significantly higher in the D1 treatment
compared with D2 aquaponic treatment (p < 0.05). However, there was no significant (p > 0.05)
difference in plant height and relative growth rate between the two plant densities.



Water 2019, 11, 923 8 of 14

Table 3. Plant growth parameters in the aquaponic system. All values are mean ± standard deviation
obtained from three replicates. Different superscript letters (a, b) within a row indicate statistically
different mean values at p < 0.05; a > b (t-test).

Parameters Units D1 D2

Initial height (cm) 4.75 ± 0.43 a 5.37 ± 1.87 a

Final height (cm) 52.42 ± 2.89 a 55. 78 ± 4.57 a

Final weight (fresh weight) (g) 423.3 ± 25.2 a 223.3 ± 25.2 b

Weight gain (fresh weight) (g) 390.7 ± 26.8 a 209 ± 24.3 b

Yield (fresh weight) (kg/m2) 0.56 ± 0.03 a 0.3 ± 0.03 b

Relative growth rate (g/d) 0.05 ± 0.003 a 0.05 ± 0.001 a

a, b within a row indicate statistically different mean values at p < 0.05; a > b (t-test).

Results on growth performance of O. niloticus are presented in Table 4. The growth rates of fish in
D1 and D2 treatments were significantly higher (p < 0.05) than in the D3 treatment. The mean weight
gain followed a similar trend to that of the growth rates. The feed conversion ratio and survival rate
were comparable (p > 0.05) in all the treatments.

Table 4. Fish growth parameters in the three aquaponic systems during the study period. All values
are mean ± standard deviation obtained from three replicates. Different superscript letters (a, b) within
a row indicate statistically different mean values at p < 0.05; a > b > c (one–way ANOVA).

Parameters Units D1 D2 D3

Weight gain (g) 21.6 ± 1.57 a 19.2 ± 2.38 a 12.9 ± 3.15 b

Specific growth rate (%) 0.35 ± 0.03 a 0.32 ± 0.02 a 0.22 ± 0.04 b

Feed conversion ratio 1.9 ± 0.20 a 2.0 ± 0.25 a 2.3 ± 0.20 a

Survival rate (%) 96.7 ± 3.06 a 98.0 ± 3.46 a 95.3 ± 6.43 a

a, b within a row indicate statistically different mean values at p < 0.05; a > b > c (one–way ANOVA).

4. Discussion

Aquaponic systems were designed to provide optimal water quality for the growth of fish. In these
systems, plants absorb nutrients excreted by fish and hence maintain suitable water conditions for
the growth of fish [35]. In this study, water quality parameters were within recommended limits for
the culture of O. niloticus in fish tanks except for ammonia and dissolved oxygen. The high ammonia
levels may be attributed to high pH levels (7.97) that favored the evolution of ammonia in the culture
water. The relative proportion of unionized ammonia (NH3) and ammonium ion (NH4

+) in the culture
water is mainly influenced by pH [36]. The unionized ammonia dominates when the pH is high
whereas ammonium ion dominates when the pH is low. But when the pH is <8.0, less than 10% of
evolved ammonia is toxic [36]. The pH in this study was less than 8.0 indicating that the proportion of
toxic ammonia in the culture water was low. Mean dissolved oxygen was lower than recommended
(5 mg/L), but the Nile tilapia can tolerate oxygen concentrations as low as 1.0 mg/L [37]. However,
the low dissolved oxygen levels below 3.5 mg/L affect growth and feed conversion [38].

Mean water temperature and conductivity in this study was similar to values observed in other
aquaponic systems [39,40]. Dissolved oxygen (DO) levels were lower than 6.3–7.7 mg/L reported
by [40] in an ebb and flood aquaponic system. The low DO levels could be attributed to the chemical
transformation processes in the aquaponic system including fish respiration, production of high organic
loads in the aquaponic system, activities of heterotrophs in addition to oxidation of nitrifying bacteria
and oxygen absorption by plant roots [41,42]. Therefore, high DO levels should be maintained in these
aquaponic systems for optimal plant growth. Besides, hydroponic plants absorb large amounts of
oxygen from the culture water because of their intense root respiration. However, root respiration
decreases in low DO conditions causing a reduction in water and nutrient absorption as well as plant
growth [43].
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pH is a key factor for plant growth because it can limit but not inhibit the availability of nutrients
such as boron, zinc, copper, manganese, and iron. The pH can as well affect the absorption of
phosphorus, magnesium, molybdenum and calcium and plant development [39]. Therefore, pH
levels should be maintained between 5.5 and 6.5 to achieve optimum nutrient absorption and plant
growth [42]. pH levels in this study were higher than 5.5 and 6.5 but slightly above the recommended
level (7.0) for recirculating aquaponic water. Thus, the pH levels may have probably influenced
the nutrient availability and plant biomass because plant production reduces at relatively high pH
levels [44]. Potassium hydroxide or calcium hydroxide can be added in the aquaponic systems to
stabilize pH [23]. However, most aquaponic systems maintain a slightly alkaline medium between 6.5
and 9.0 [45].

Nutrient uptake by plants contributes significantly to the removal of nutrients from aquaponic
systems [23]. However, the nutrient removal capacity of aquaponic plants is influenced by (1) the
growth stage and nutrient needs of the plant and (2) the activity of ammonia-oxidizing bacteria in the
aquaponic system [41,46]. Young plants have low nutrient requirements, but this increases during the
vegetative growth [47]. Moreover, aquaponic plant roots provide a surface area for the attachment of
microbial organisms that oxidize toxic ammonia to nitrates [48]. Therefore, low ammonia, nitrate and
nitrite removal at the beginning of the experiment can be attributed to the nutrient needs of the plants
as well as the young roots which could not provide a large surface area for the attachment of nitrifiers.
At the end of the experiment, the concentration of the nutrients decreased because the plant roots
had fully developed. The fully developed roots provided a large surface area for bacteria responsible
for nitrification resulting in significantly low ammonia concentrations at the end of the experiment.
Similar findings were reported in an aquaponics system for catfish (Clarias gariepinus), water spinach
(Ipomoea aquatica) and mustard green (Brassica juncea) production [48].

The activity of the nitrifying bacteria can explain the ammonia, nitrate and nitrite trend in the
aquaponic system. The nitrifiers play a significant role in the removal of nitrogen in media-based
aquaponic systems [14,41]. The nitrifying bacteria are naturally slow growing and can take a long
period to establish and multiply [49]. Therefore, the high nutrient concentration at week 2 might
indicate that the nitrifiers had not established properly resulting in a low nitrification rate. The low
ammonia levels at week 8 might be attributed to high ammonia oxidation rates after the proper
establishment of nitrifying bacteria. The concentration of phosphorus at week 2 was low due to
increased demand for root development because the plants were still young. Moreover, young plants
engage in luxury uptake of phosphorus to counterbalance an anticipated phosphorus need at a later
stage [46].

Lower nutrient concentrations were obtained in aquaponic systems with plants than in the control
system. The aquaponic system with plants was effective in removal of nutrients because the plants
absorbed more wastes generated from the recirculating aquaculture system. The removal of nutrients
in the high density system might be attributed to a large planted area which provided a large surface
area for the establishment of microbial organisms responsible for nitrogen removal [50]. The results
showed that the aquaponic system without plants removed a proportion of nutrients from the effluent
water, indicating that other processes apart from plant uptake contributed to the removal of nitrogen
in the aquaponic system. Microbial processes in the plant root zone play a major role in the removal of
nutrients in gravel-based aquaponic systems [9]. This implies that the actual plant uptake of nutrients
might not have contributed significantly to the overall nutrient removal.

Plant roots provide a large surface area for attachment of nitrifying and denitrifying bacteria
that convert toxic ammonia to non-toxic nitrogen compounds [45]. Nitrification occurs in aerobic
conditions near the roots and on the surface of the roots while denitrification occurs in anoxic zones [9].
In [9], plants utilized only 6% and 7% of nitrogen and phosphorus respectively whereas 45% N and 9%
P was unaccounted for in the nutrient balance, suggesting that the unaccounted N and P was probably
bound in the biofilms of the gravel substrate and lost through denitrification. Anoxic conditions
that generally develop in media-based aquaponics provide a suitable environment for denitrification
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which removes a substantial amount of nitrogen from the system [9]. Therefore, the removal of
nitrogen through nitrification and denitrification processes is perhaps underestimated and nitrogen
removal through plant assimilation overestimated in most aquaponic systems [9,14]. The removal of
phosphorus was not as efficient as nitrogen removal because phosphorus might have been released
under anaerobic conditions. Fine solid accumulation as well as lack of flow and circulation in media
based aquaponic systems normally create anaerobic pockets [51]. Under anaerobic conditions, low
molecular organic compounds are converted to polyhydroxyalkanoates (PHA), poly-P and glycogen are
degraded, and phosphorus is released [13]. Phosphate accumulation due to degradation of organic P
was also reported [9] but on the contrary another study by [52] showed a declining trend in phosphorus
concentration throughout the study period.

In this study, plant density did not affect the relative growth rate of A. annua in the aquaponic
systems. Similarly, previous aquaponic studies showed that halophyte [14] and barley plant
densities [53] did not impact the growth rate. However, [22] reported decreased plant growth
in high plant densities. The final weight and yield of the plants were better in the D1 treatment due to
high densities compared to the low plant density treatment. Our findings correspond to other previous
aquaponic studies [53,54] that reported significantly high plant biomass and yield at high plant density
aquaponic systems. However, a further increase in plant density can decrease plant production [22].
Therefore, there is need for optimum plant density to efficiently utilize nutrients and optimize yield in
aquaponic systems. No nutrient deficiencies were observed in the high plant densities (48 plants/m2)
in this study. This suggests that A. annua can be grown at higher plant densities than the 48 plants/m2

under the investigated conditions. Our findings suggest that wastes from a recirculating aquaculture
system can support the growth of A. annua.

Fish in high and low plant density systems performed better than in control system that was
without plants. The performance of fish might be attributed to the ability of the plants to remove wastes
from the aquaponic system and maintain good water quality in the fish rearing tanks. The results
suggest that the growth of fish was influenced by water quality in the culture tanks. This study used
similar initial weights as other studies have done but the specific growth rates of O. niloticus were
lower than 0.7% and 2.5% reported in previous aquaponic studies [45,55]. The FCR values in all
the treatments were slightly higher than the recommended 1.5–2 for intensively cultured tilapia [56].
Water quality parameters particularly ammonia concentrations above 1.0 mg/L might have influenced
the feed intake resulting in poor FCR and lower growth rates [38]. Another study demonstrated
that the growth performance of O. niloticus decreases and FCR increases as the concentration of
ammonia increases [57]. The multiple regression analysis confirmed that water quality parameters had
a significant influence on the growth of fish. However, studies have shown that accumulation of other
substances including heavy metals [58], dissolved carbon dioxide [59], pheromones, cortisol [60] and
steroids [61] can significantly affect the growth of fish in recirculating aquaculture systems. A study by
Mota et al. [61] reported a 42% and 83% reduction in feed intake and growth respectively in O. niloticus
cultured recirculating systems with minimal water exchange rates. The minimal water exchange
(weekly) during the study period probably influenced the ammonia levels and the growth of fish.
However, the survival rate was > 95% in all the treatments demonstrating the suitability of Nile tilapia
for aquaponic systems [45].

Several studies have shown that a wide variety of plants can be successfully grown in aquaponic
systems. However, the aim is to culture valuable plants that can generate high income per unit area
and time [62]. Our findings indicate that A. annua is one of the plants that can be grown in aquaponic
systems because of its nitrogen removal capabilities and its high economic value as a medicinal plant.
Artemisia annua is the only source of artemisinin, a well-established and widely used antimalarial
compound [28]. Besides, the plant has diverse medicinal uses including aromatherapy, boosting the
immune system, antioxidant and anti-inflammatory properties and has antimicrobial capabilities
against diverse pathogens [63]. Therefore, farmers and investors can increase their income from the
production of fish and valuable A. annua.
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5. Conclusion

The objective of this study was to evaluate the effect of plant density on nutrient removal capacity
by using A. annua in an aquaponic system. The findings indicate that a high plant density system
contributed significantly to the removal of nutrients from the aquaponic system. The system with no
plants contributed to the removal of nutrients suggesting that other mechanisms such as nitrification
and denitrification can be responsible for nutrient removal. Plant density did not have an impact on
the relative growth rate of A. annua but influenced its productivity and the performance of O. niloticus.
This finding indicates that the aquaponic system can sustain higher plant densities than 48 plants/m2.
This study demonstrates that A. annua can significantly reduce nitrogen in aquaculture wastes making
it a potential plant species for inclusion in aquaponic systems. However, further research is needed
to evaluate the growth and nitrogen removal capacity of A. annua using different growth substrates
and/or hydroponic systems. Further studies should also investigate the nutritional content and meat
quality of fish grown in the aquaponic systems.
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