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Abstract

:

The combination of hydroponics and aquaculture, or aquaponics, normally requires adding fertilizer to recirculated water to ensure optimal plant growth, but the effect of that fertilizer on fish welfare has not been studied in detail, especially for small urban and coupled aquaponic systems. In this study, a commercial fertilizer was placed in two small aquaponic systems (less than 250 liters each) to test its effect on the stress levels of Nile tilapia (Oreochromis niloticus) compared to controls without any fertilizer. Fish production parameters were not significantly different between treatments, nor were physiological indicators of fish stress (plasma cortisol, glucose, and triglycerides). On the other hand, lettuce growth (leaf and root weight and length) was up to three times higher in the treatment that received fertilizer.
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1. Introduction


The global agri-food industry is developing new practices to produce local and sustainable food [1]. One possible solution is to save and recycle water and nutrients [2]. This is precisely the basis of aquaponics, which can be defined as a bio-integrated and multi-trophic system combining elements of recirculating aquaculture (RAS) and hydroponics, in which nutrient-enriched fish tank water is used for plant growth [3]. This mutual exchange depends on the action of two different groups of bacteria in RAS, Nitrosomonas spp. and Nitrobacter spp., which oxidize the ammonia excreted by fish into nitrates, which are more easily absorbed by plant roots [4]. When a proper balance between fish waste generation and plant nutrient uptake is achieved, daily water consumption can be reduced to just the amount of water needed to replace losses by evapotranspiration [5]. Therefore, aquaponic systems represent a form of food production model tied to the circular economy paradigm, especially relevant in urban contexts, because they have a small footprint, can mimic natural systems, and provide locally supplied products [6,7].



In Europe, tilapia (Oreochromis niloticus) is the main fish species used in aquaponics [8]. Tilapia are the second most important farmed food fish after carp and the preferred fish for both experimental and commercial aquaponics-based production systems [9]. Nile tilapia is the predominant species in the world’s inland fish farms due to its rapid growth, disease resistance, ability to survive in poor water quality, low mortality rate, resistance to low oxygen concentrations, tolerance to high stocking densities, flexibility in feed acceptance, adaptability to tank-based culture systems, and ease of management [10,11]. In recirculation and aquaponic systems, fish welfare depends mainly on abiotic factors, such as water quality and temperature, and biotic factors, such as stocking density, parasites and pathogens, behavior, body condition, different physiological parameters, feed quality and distribution, and growth performance, as well as anthropogenic influences, such as sorting and handling [12]. However, physiological parameters such as stress hormones and metabolites, together with external body condition, are considered valid, viable, and reliable indicators of an organism’s ability to cope with the challenges of the production environment [13].



Many crops can be grown in hydroponics, but species with a short cycle, small size, and fast growth, such as lettuce, are the best adapted to these cultivation systems [14]. Lettuce also performs well in aquaponic systems. Different authors have suggested different concentrations of nutrients for fertilization. For example, Schon [15] recommends a nutrient solution with 200 mg/L nitrogen, 50 mg/L phosphorus, 300 mg/L potassium, 200 mg/L calcium, and 65 mg/L magnesium. Other commercial formulations of commercial nutrient solutions, such as Hoagland®, used in lettuce growth suggest 210 mg/L nitrogen, 31 mg/L phosphorus, 235 mg/L potassium, 200 mg/L calcium, 48 mg/L magnesium, and 64 mg/L sulfur, plus micronutrients [16]. In aquaponics, nitrogenous waste produced by fish is used to grow plants, but several important minerals are needed to provide for optimal plant growth [4]. Although some minerals are indirectly provided by fish feed, most commercial companies supplement or “fertilize” the water used in the hydroponic unit with one or more ions [3]. The addition of fertilizer increases production costs and may affect fish welfare by changing the osmotic balance of their surrounding water [17]. This is especially the case in coupled aquaponics, as opposed to decoupled systems, in which growers can better separate the two water systems [18]. In coupled systems, it is necessary to analyze the possible direct detrimental effects of fertilizers on physiological indicators related to fish welfare, so that appropriate modifications of water quality practices can be recommended to minimize the biological cost of the animals during the growth process. Therefore, the objective of this study was to analyze the effects of lettuce (Lactuca sativa L.) fertilizer on certain indicators of physiological stress in Nile tilapia.




2. Materials and Methods


The present study was carried out in accordance with the EU Directive 2010/63/EU for animal experiments and approved by the Animal Ethics Committee of the Polytechnic University of Madrid (Spain), in compliance with the Spanish guidelines for the care and use of animals in research [19].



2.1. Study Description


The trials were carried out at the aquaculture facilities in the Department of Agricultural Production of the ETSIAAB-UPM (Madrid, Spain), using four separate aquaponic units installed in a glass greenhouse. Every unit consisted of a rectangular tank (250 L) where the tilapias were kept, each connected to a solids separator and biofilter, and an New Growing System (NGS®) hydroponic table with five rows (Minicamp, Ltd., Pulpí, Almeria, Spain), where the lettuce was grown. The solids separator consisted of an EHEIM Classic 250 filter filled with sponge, which was cleaned every two weeks. The biofilter was a trickling filter, 1.5 m tall, with five plastic containers set on top of one another filled with small plastic tubing pieces [20]. Each fish tank had a heater and an air blower to maintain temperature and oxygen at appropriate levels (approximately 22 °C and 6 ppm, respectively, but see full details in Results). Two months before the start of the experiment, a fishless nitrogen cycle was carried out as described in López-Luna et al. [21]. Briefly, 5 mL of ammonia (5%) was added to each tank twice per week until nitrites and, later, nitrates began to build up, which indicated that Nitrobacter and Nitrosomonas populations were healthy. Fish were added to the tanks when ammonia (TAN) and nitrite levels decreased to near zero.




2.2. Tilapia


Once nitrite and nitrate levels decreased to a non-toxic amount, a total of 32 tilapia, originally purchased from Valenciana de Acuicultura (Puçol, Spain) were anesthetized using eugenol, weighed, and measured. Each fish was also identified by inserting a microchip (PIT-TAG, Trovan, Ltd, Madrid, Spain) subcutaneously under the dorsal fin. Fish were distributed equally among the four experimental tanks (8 tilapia/tank) and given extruded feed (Biomar; 4.5 mm particle size), with 38% protein, 24% lipids, 26% carbohydrates, 3.5% fiber, 6% ashes, and 1.1% phosphorus. The food was supplied twice per day (at 10:00 h and 18:00 h) every day of the week except Sunday, at a rate of 1.2% live weight per tank.



At the end of the trial, fish were again weighed and measured to calculate gain in weight and length. Half of the fish per tank were anesthetized and blood sampled (0.5 mL) to measure basal levels of plasma indicators of stress, while the other half were stressed by crowding to test their reaction to acute stress, following Kittilsen et al. [22]. Briefly, for the crowding stress, 4 fish were placed in a small tank (10 L volume) to generate a high stocking density, where they were maintained for 20 min (with oxygenation) and then their blood sampled afterward. The plasma stress indicators measured at the end of the trial and after the crowding stress were cortisol, glucose, and triglycerides. After obtaining the blood samples, they were immediately centrifuged at 3500 rpm for 10 min to obtain blood plasma, then frozen at −20 °C until further analysis. Cortisol was measured by an immune enzymatic assay using a commercial Cortisol EIA kit (Radim Ibérica S.A., Barcelona, Spain). Glucose and triglycerides were determined using a spectrophotometer (Reflotron® System, Roche Diagnostics, Indianapolis, IN, USA) based on the methods described by Trinder [22] and Bucolo and David [23].




2.3. Lettuce


We planted 25 lettuce plants (Lactuca sativa var. capitata L. cv. ‘Maravilla de Verano’) per aquaponic system supplied by Semillas Fito® (Barcelona, Spain), which were bought from a local producer in the seedling phase in jiffy pots (Jiffy Growing Solutions, Zwijndrecht, the Netherlands). The plants were transplanted to New Growing System (NGS®, Almería, Spain), a hydroponic recirculating system without soil, specially designed for horticultural crops, with a phenological stage of 13–14 BBCH [24]. These plants were introduced into the system one week after introducing the fish to allow the fish time to acclimatize to their new environment. On the same day that the plants were placed in the NGS®, we added fertilizer to the tank water in two randomly chosen tanks. The chemical composition of the fertilizer added to the treatment tanks included 580 ppm CaNO3, 280 ppm KNO3, 490 ppm MgSO4, 270 ppm K2PO4, and 48 ppm Nutrel C YaraVita™ (with 0,4% B; 0.16% Cu; 4.84% Fe; 2% Mn; 0.12% Mo; 0.33% Zn). Plant cover was measured every week using the Canopeo app [25], which calculates the percentage of area covered on the hydroponics table using colorimetric contrast.



At the beginning and end of the trial, we measured root length, root weight, aerial leaf length, aerial weight, and total plant weight, using a ruler, digital caliper (150 mm RSPRO®, Kwai Chung, Hong Kong), and a precision scale ME1002T/00 (Metter Toledo®, Columbus, OH, USA). The aerial part of the plant was separated from the roots at the level of the soil in the jiffy pot. Once the fresh weight data were obtained, the leaves were placed in an oven at 65 °C for 4 days to calculate the dry weight of the leaves and calculate their dry matter. Dry matter, nitrogen, ashes, and crude protein were calculated following the method of the Official Association of Analytical Chemists [26]. To determine leaf color, a Minolta CM-2500c reflectance spectrophotometer was used as an indirect measure of chlorophyll content and N content, measuring between 360 to 740 nm with a wavelength pitch of 10 nm. There are many chlorophyll indices used to assess nutrition in plants but, in this study, we used the single wavelength at 700 nm as an index, according to Gitelson and Merzlyak [27], and 550 nm, according to Carter [28]. Four measurements were obtained from each leaf, on both sides of the follicle apex.




2.4. Water Quality Parameters


Water quality measurements were taken regularly during the trial, approximately once every 2 or 3 days. The controlled parameters were: pH, temperature, dissolved oxygen (OD), electrical conductivity (EC), nitrite (NO2−), nitrate (NO3−), and total ammonia nitrogen (NH3+ NH4). The pH was measured using a HANNA® Instruments HI 98130 instrument. These values were maintained around 6.0 with the addition of sodium bicarbonate (NaHCO3) when necessary, due to the decrease in pH produced by nitrification. Underwater sensors (Hobo-U11, ONSET, Bourne, MA, USA) were used to measure the water temperature, which recorded the values of this parameter every 15 min. To keep the water temperature at 22 °C, Atman AT-150 W heaters were used. Dissolved oxygen (DO) was measured using a Thermo Scientific™ Orion 3 Star DO, keeping the concentration above 4 mg/L. Electrical conductivity (EC) was measured once a week using a HANNA® HI 98130 instrument. To measure nitrogen compounds, we used a HANNA® Instruments HI 8320 Aquaculture Photometer, together with the corresponding reagents: HI 93728-0 Nitrate Reagent, HI (number) Nitrite High Range Reagent, HI 93715A-0 Ammonia MR Reagent A, and HI 93715B-0 Ammonia MR Reagent B. The measurements were taken following the manufacturer’s instructions. At the end of the experiment, water samples were collected from all systems to analyze the contents of phosphate, potassium, and sulfate using a spectrophotometric analysis, and carbonates and bicarbonates by colorimetry.




2.5. Statistical Analysis


Data were analyzed using Statistix 9 (Analytical Software, Miller Landing Rd, Tallahassee, FL, USA). For all results, the analysis of variance (ANOVA) was performed where p < 0.05.





3. Results


3.1. Tilapia


Production parameters were not significantly different across treatments (Table 1), although the initial and final weights of fish with fertilized water (FW) were slightly lower, and weight gain was slightly higher for fish in water without fertilizer (WF). The basal levels of cortisol, glucose, and triglycerides concentrations at the end of the trial were not significantly different between treatments. After the crowding stress, however, the cortisol levels in FW fish were significantly lower than in WF fish (Table 2).




3.2. Lettuce


The effects of fertilizer addition and treatments on lettuce can be seen in Table 3. Total plant weight was significantly higher in FW lettuce, which was approximately 276% higher than in WF lettuce. Leaf and root lengths were significantly different between treatments, being longer in FW lettuce. Leaf weight was significantly higher in FW lettuce, but root weight was not. Regarding the nutritional content of lettuce, the crude protein, dry matter, and ashes were significantly higher (p < 0.05) in FW lettuce. Total plant cover on the NFT tables was not significantly different between treatments at the beginning of the experiment but were significantly higher in FW by the end of the trial. Regarding leaf color, a* was significantly greener (shifted to negative values) in lettuce leaves given FW, while b* and L* were significantly lower than in WF. Color photographs of the plants grown in our study can be seen in Figure 1.




3.3. Water Quality Parameters


Total ammonia nitrogen (NH3 + NH4+), nitrite (NO2−), and nitrate (NO3−) were significantly higher in FW tanks (p < 0.05) (Table 4), while oxygen, pH, and temperature were not significantly different between treatments (p > 0.05). At the end of the experiment, phosphate, potassium, and sulfate were significantly higher in FW (Table 4).





4. Discussion


Two of the main goals of modern aquaculture are sustainability and resilience. In this sense, urban aquaponics represents a strategic possibility to take advantage of resources and productive efforts to obtain quality plant and fish products [14]. The integration of food safety, animal welfare, and productivity is a technological challenge for aquaponics, guided by legal requirements and the market [29]. In this context, water quality is one of the main concerns in hazard identification for fish welfare risk assessment; therefore, aquaponic systems are not different from aquaculture. Fish reared in aquaponic systems require good water quality conditions, which means that parameters such as dissolved oxygen, carbon dioxide, ammonia, nitrate, nitrite, and pH must be within acceptable limits for each species [17]. In terms of production indices, there appears to be no significant effect of adding fertilizer on tilapia growth. However, we used relatively few fish and low densities, replicating typically small urban aquaponic systems. With a more even weight distribution, a higher number of fish, higher densities, and a higher feeding rate, those results could vary.



Regarding fish welfare, it is preferable to use a range of physiological, behavioral, and biochemical parameters to accurately estimate stress levels [30]. In fish, it has been shown that abnormally high levels of stress affect the metabolism of amino acids, causing a delay in growth [31,32], thereby affecting flesh quality [9,33,34]. In our study, the blood plasma indicators (cortisol, glucose, and triglycerides) were not significantly different between fish from either treatment, suggesting that the tilapia were able to adapt to the addition of fertilizer. The addition of a salt-rich fertilizer could have been a major stressor but our physiological results reinforce the idea that, at the exposure levels we used, tilapia do not appear to experience salinity stress in the water or, in any case, are able to cope. This result may owe to the fact that salinity produces a mitigating effect on bacterial contamination and allows tilapia to maintain a hemostatic balance even during periods of stress, as demonstrated by Juanito et al. [35] during fish road transport. Nile tilapia are effectively reared in freshwater; therefore, high levels of water salinity can increase oxygen demand and decrease fish growth and welfare [36]. Following transfer to progressively higher salinities, where fish are permitted to acclimate to each salinity at longer-term intervals from days to weeks, tilapia reach a threshold at near 60–65 parts per thousand (‰), after which their ability to maintain osmoregulatory balance is compromised [37]. In future studies, it may be a good idea to analyze fish blood electrolytes to better quantify that osmoregulatory balance.



Concerning the plants, the poor growth of the lettuce without fertilizer supports studies by other authors suggesting that additional minerals need to be added to the fish waste in the recirculated waste in order to promote optimal growth and be profitable [38]. Many of these nutrients are necessary for plants to carry out photosynthesis; their absence causes reductions in growth and chlorosis and a decrease in the intensity of the green color [39], as shown by our finding that FW plants had significantly higher absorbance values for green and WF plants for yellow. Nitrogen may be the only nutrient that is present in adequate concentration in fish waste to support plant growth, since 70–80% of feed is lost as nitrogen, which dissolves in the water [40]. Other studies have found that using fish waste water can save 63% of the mineral fertilizers used in commercial hydroponics [41]. However, the balance in the ion solutions of hydroponics and aquaponics differs quite a bit [42,43], with their concentrations being lower in aquaponics, with the exception of microelements such as iron, boron, copper, and manganese, among others. The variables measured in lettuce, analyzed in Table 3, show that the values are lower for the unfertilized solution. These same results have been reported previously in other crops such as tomato, for which it is necessary to add nutrients for optimal growth using aquaponics, rendering it essential to continuously measure and adjust nutrients from the fish waste water [44,45]. In our study, lettuce production data show the same trend as the trials reported by Delaide et al. [43], with productions greater than 70% in solutions with mineral fertilizers incorporated in the aquaponics solution (Aquaponic Complemented, CAP).



Finally, water quality, oxygen, pH, and temperature were kept constant, while the rest of the parameters varied between treatments. For good growth of plants in aquaponic systems, macronutrients such as nitrogen, phosphorous, calcium, magnesium, potassium, and sulfur are required [4], and all of them were supplied with fertilizer. All of these macronutrients were still present in FW lettuce but significantly lower in WF lettuce, coinciding with the lower level of growth of lettuce. As Tidwell [4] mentions, the iron derived from the fish feed is not sufficient for hydroponic production and must be supplemented.




5. Conclusions


Our results suggest that in rather small, low-density urban aquaponic systems, the addition of a commercial fertilizer greatly improved lettuce growth compared to controls with no fertilizer, and did not cause an increase in physiological stress levels in tilapia, while fish growth was similar between treatments. In addition, when a stress test was applied to the fish a posteriori, tilapia from both treatments responded similarly. It is clear, therefore, that in closed aquaponic systems, farmers must find a balance between adding enough fertilizer to promote plant growth, while avoiding any negative effects on the osmoregulatory balance or welfare of fish. In this sense, decoupled aquaponic systems may have an advantage but more studies are needed to compare the two, especially in terms of fish welfare measurements and with a reasonable number of replicates (e.g., 2–3 aquaponic systems per treatment). However, our results suggest that the joint growth of fish and lettuce is still quite feasible in coupled systems. Adding fertilizer increased lettuce growth by almost three times more than without fertilizer. This implies, based on the control treatment, that the fish used, at least in the number and densities described above, cannot contribute enough nutrients for the lettuce to reach its full growth potential. Finally, fish welfare, which has not always been considered in aquaponics, can be used as an additional attribute within a broad multidimensional concept of sustainability that may favor the future use of aquaponics in the urban environment.
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Figure 1. (a) Lettuce without fertilizer day 0; (b) lettuce without fertilizer day 10; (c) lettuce without fertilizer day 24; (d) lettuce cover with fertilizer day 0; (e) lettuce cover with fertilizer day 10; (f) lettuce cover with fertilizer day 24. Photographs show the evolution of growth but are not to scale. 
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Table 1. Means (±SE) of initial weight, final weight, and weight gain, as well as the level of significance (p) for each measure.
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	Variable
	Without Fertilizer (WF)
	Fertilizer (FW)
	p





	Initial weight (g)
	63.5 ± 9.9
	52.6 ± 10.5
	0.45



	Final weight (g)
	75.1 ± 12.1
	69.9 ± 12.9
	0.76



	Weight gain (g/fish)
	11.7 ± 1.2
	16.7 ± 5.3
	0.31
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Table 2. Means (±SE) of cortisol, glucose, and triglyceride measurements, as well as the level of significance (p) for each measure for without fertilizer (WF), without fertilizer + stress (WF + S), fertilizer (FW) and fertilizer + stress (FW + S), and the effect of each treatment and their interaction (fertilizer and stress).
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	Variable
	WF (n = 6)
	WF + S (n = 9)
	FW (n = 5)
	FW + S (n = 6)
	p Fertilizer
	p Stress
	p F × S





	Cortisol (ng/mL)
	3.9 ± 0.69
	3.5 ± 0.55
	5.17 ± 0.64
	3.5 ± 0.60
	0.20
	0.89
	0.17



	Glucose (mg/dL)
	80.3 ± 3.16
	89.8 ± 4.17
	79.8 ± 3.35
	84.3 ± 4.8
	0.91
	0.41
	0.30



	Triglycerides (mg/dL)
	76.6 ± 8.8
	91.8 ± 12.7
	80.7 ± 11.2
	81.6 ± 17.1
	0.78
	0.64
	0.33
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Table 3. Means (±SE) of root length, root weight, aerial length, leaf weight, total weight, ratio, spectral index, initial area covered, final area covered, crude protein, crude protein in relation to dry matter (CP/DM), dry matter, and ashes, as well as the level of significance (p) for each measure. Same letters within the same row do not present significant differences at the 5% level.
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Variable

	
Without Fertilizer (WF)

	
Fertilizer (FW)

	
p






	
Root length (cm)

	
14.37 ± 1.22 a

	
23.31 ± 2.42 b

	
0.003




	
Root weight (g)

	
31.71 ± 0.87

	
35.14 ± 2.14

	
0.15




	
Aerial length (cm)

	
12.72 ± 0.97 a

	
26.36 ± 1.11 b

	
<0.001




	
Leaf weight (g)

	
20.02 ± 2.59 a

	
108.11 ± 16.96 b

	
<0.001




	
Total weight (g)

	
51.73 ± 3.27 a

	
143.25 ± 18.38 b

	
<0.001




	
Ratio (Shoot/Root, g)

	
0.62 ± 0.07 a

	
3.01 ± 0.39 b

	
<0.001




	
Spectral Index (1/R700)

	
0.02227 ± 0.012 a

	
0.02846 ± 0.015 b

	
0.012




	
Spectral Index (R550)

	
44.02 ± 2.14 a

	
34.83 ± 1.55 b

	
0.006




	
Area covered




	
Initial area covered (%)

	
6.99 ± 1.29

	
6.69 ± 1.23

	
0.6




	
Final area covered (%)

	
68.47 ± 2.92 a

	
94.7 ± 4.27 b

	
0.03




	
Composition




	
Crude Protein (%)

	
16.44 ± 0.84 a

	
33.24 ± 0.90 b

	
<0.0001




	
CP/DM (%)

	
18.28 ± 0.94 a

	
35.91 ± 0.96 b

	
<0.0001




	
Dry Matter (%)

	
89.96 ± 0.42 a

	
92.56 ± 0.38 b

	
0.001




	
Ashes (%)

	
9.83 ± 0.47 a

	
22.29 ± 0.60 b

	
<0.0001




	
Color characteristics




	
L* (D65)

	
62.86 ± 0.81 a

	
55.88 ± 0.70 b

	
<0.0001




	
a* (D65)

	
−12.31 ± 0.20 a

	
−13.24 ± 0.13 b

	
0.0003




	
b* (D65)

	
43.36 ± 0.73 a

	
36.97 ± 0.71 b

	
<0.0001
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Table 4. Means (±SE) of nitrite (NO2−), nitrate (NO3−), total ammonia nitrogen (NH3+ NH4+), dissolved oxygen (DO), temperature, pH, phosphate (μg/mL), potassium (μg/mL), sulfate (μg/mL), and bicarbonate (mg/L) of water samples during the experiment; level of significance (p < 0.05). Same letters within the same row do not present significant differences at the 5% level.
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	Variable
	Without Fertilizer (WF)
	Fertilizer (FW)
	p





	NO2− (mg/L)
	2.40 ± 1.38 a
	24.6 ± 1.69 b
	<0.0001



	NO3− (mg/L)
	21.3 ± 1.21 a
	25.5 ± 1.49 b
	0.032



	NH3+ NH4+ (mg/L)
	0.62 ± 0.40 a
	6.70 ± 0.49 b
	<0.0001



	DO (mg/L)
	6.13 ± 0.23
	5.87 ± 0.26
	0.48



	pH
	6.62 ± 0.40
	5.81 ± 0.49
	0.21



	Temperature (oC)
	23.0 ± 0.22 a
	23.7 ± 0.28 b
	0.05



	Phosphate (μg/mL)
	25.24 ± 7.12 a
	101.02 ± 17.7 b
	0.0007



	Potassium (μg/mL)
	4.13 ± 1.01 a
	175.85 ± 23.7 b
	<0.0001



	Sulfate (μg/mL)
	0 a
	1.14 ± 0.25 b
	0.02



	Bicarbonate (mg/L)
	9.15 ± 0.06
	8.72 ± 0.06
	0.59
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