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Indoor farming technologies, such as aquaponics and hydroponics, are crucial for advancing sustainable agriculture, especially in urban areas with limited land for conventional agriculture. As studies comparing these two systems are limited, this study explored the cultivation of five leafy vegetables—white leaf beets (Beta vulgaris var. cicla), hooker chives (Allium hookeri), basil (Ocimum basilicum), lemon balm (Melissa officinalis), and spearmint (Mentha spicata)—in an indoor greenhouse facility using two different food production platforms: an aquaponic system (AS) with catfish (Silurus asotus) and a conventional hydroponic system (HS). The results showed that the plant growth in AS outperformed that in HS, while the general growth patterns in AS were significantly affected by the different light sources. In addition, the leaf yield of the herbal plants (basil and lemon balm) in AS was 60%–70% more than that in HS. The leaf growth of hooker chives in AS also showed significant improvement (200%) compared with that in HS. It appears that the nutrient sources provided by fish were remarkable, as the average concentration of NO3–N (64 mg/L) was easily achieved in AS. The proposed AS, therefore, would be a promising alternative to the production and supply of supplement organic food, ultimately contributing to promoting sustainable agriculture in a changing climate.
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1 Introduction

Due to climate changes, social demands, and food safety associated with the application of chemicals, alternative food production systems such as aquaponics and hydroponics are commonly used for eco-friendly food supply chains around the world (Aleksic and Sustersic, 2020; Rodgers et al., 2022). A hydroponic system (HS) can be classified as open or closed based on the management of the nutrient solutions. Although the open HS is commonly used, it is limited to dealing with effluent containing a high concentration of nitrogen in the crop, ultimately causing environmental pollution in waterbodies (Hu et al., 2015; Heo and Baek, 2021). The closed system, on the other hand, recycles the nutrient solution, thereby decreasing the water and nutrient consumption and minimizing its environmental impact. However, careful regulation of the nutrient concentrations, pH, and salinity is required to reduce the deleterious impacts on plant development (AL-HARBI et al., 2008). Unlike the HS, the aquaponic system (AS), which uses fish tanks and crop growth beds equipped with biofloc technology, has become popular for the decomposition of fish wastes into useful microorganisms and converting these into nitrogen and phosphorus, which can be used to grow crops organically without chemical inputs (da Silva et al., 2016; Delaide et al., 2016; Rizal et al., 2018). AS can be coupled or decoupled. In a coupled system, for example, the recirculation of water flows continuously between the fish and plant components, allowing for the direct transfer of nutrients, while a decoupled system separates these processes to provide optimal conditions for each component, increasing the nutrient balance and overall system stability (Monsees et al., 2017; Baganz et al., 2022; Rodgers et al., 2022). Numerous studies have reported that AS is an alternative food production system in that it can provide a variety of economic and social advantages while operating within a controlled environment system (Zou et al., 2016; Knaus and Palm, 2017; Sapkota, 2019; Li et al., 2020; Yang et al., 2021).

Although both AS and HS are commonly used currently, the noticeable issues associated with water temperature control and power consumption still exist. Moreover, as various horticultural crops (e.g., lettuce, strawberry, and tomatoes) still require organic and eco-friendly production technologies to manage nitrogen metabolism, practical applications are under development in commercial sectors (Heo et al., 2015; Love et al., 2016; Lukmantoro et al., 2020; Tawaha et al., 2022; Ryu et al., 2023). Several studies have shown that various methods, including water supply/drainage methods (da Silva et al., 2016; Fan et al., 2019; Li et al., 2020), and the biofilter/biofloc method are commonly used for crop cultivation in AS (da Silva et al., 2016; Knaus and Palm, 2017; Rizal et al., 2018; Fan et al., 2019; Kasozi et al., 2021; Obirikorang et al., 2021).

While minimizing environmental impacts, organic agriculture also plays a crucial role in preserving food safety and in reducing the environmental footprint by abstaining from the use of synthetic pesticides and fertilizers (Reganold and Wachter, 2016). In the context of organic certification, the United States has allowed the certification of products cultivated in HS and AS (Kledal et al., 2019; Park and Williams, 2024). This recognition is based on their compliance with the resource conservation and biodiversity regulations, a stance upheld by a United States District Court in 2021, therefore reinforcing the National Organic Program of the United States Department of Agriculture (USDA) (Dinzeo, 2022). Since July 1, 2014, South Korea and the USA have officially acknowledged and accepted each other’s organic certifications, which has increased the trading of processed organic commodities between the two countries (USDA, n.d.). As the demand for smart aquaponics technology continues to increase in the Republic of Korea (South Korea, hereafter), aquaponics facilities (Kyaw and Ng, 2017; Hafid and Ciptadi, 2020; Taha et al., 2022) and the associated research have started to enhance value-added agriculture using information communication technology (ICT)-based aquaponics in recent years. However, research on the crop growth characteristics, chemical changes in the circulating water, and environmental monitoring and control interfaces is still underway for broader applications. Therefore, in this study, we evaluated the crop growth in two different systems: conventional hydroponics (HS) and aquaponics (AS) with different light inputs as supplement sources. We anticipate that the research findings will provide useful insights into controlled environment agriculture (CEA) communities, contributing to promoting sustainable food production in a changing climate.




2 Materials and methods



2.1 System setup

To grow crops and to raise catfish (Silurus asotus) in AS, a 5-ton water tank, a 0.5-ton sediment tank, three 0.75-ton filtration tanks, and an air blower were first installed, as shown in Figure 1. Before hydroponic cultivation is put in place, several useful microorganisms, e.g., nitrifying bacteria, were introduced into a filtration tank equipped with a biofilter, consequently decomposing fish excrement using biofloc technology. The fish excrement-derived cultivation water was then supplied to the growth chamber through the AS components, including the water, sedimentation, and filtration tanks (Bakhsh and Shariff, 2007; Fan et al., 2019). In addition, plant growth chambers consisting of six 5-m × 2-m culture beds were used to grow vegetables hydroponically using a 10-cm-high DFT system, which reduces the human effort needed to manage water supply and timing controls.




Figure 1 | Overview of the proposed indoor plant production system (upper panel) and the Internet of Things (IoT)-based monitoring system (lower panel).



An integrated environmental monitoring system was also operated using Internet of Things (IoT)-based real-time cloud data services for collection of the environmental variables, including the fish and crop growth and the water quality components [e.g., dissolved oxygen (DO), electrical conductivity (EC), pH, and water temperature (WT)] in AS (Zou et al., 2016). The integrated environmental monitoring system included the MariaDB Node.js and the Real-Time Streaming Protocol (RTSP) web socket image processing modules. A total of eight sensors were installed in the measurement terminal to collect environmental data from the fish tank and the culture beds (see Figure 1). The collected data from the various sensors were then transferred to the cloud via the Arduino and Atlas Whitebox T1 network system for cloud-based web visualization services. Video footage is easily broadcast through power-over-ethernet (PoE) cameras. Note that DO, EC, oxidation–reduction potential (ORP), pH, and WT were measured in the fish tank, the influent, and the effluent from the growth chamber, while air temperature and humidity were monitored in the glasshouse facility.




2.2 Light sources

To equalize the incident light intensity for AS, each of the four culture beds with 60-cm intervals in the holes horizontally was installed at the lower cultivation bed with two different light treatments in addition to natural light. For example, combinations of natural light with blue/red light (N-BR) and natural light with white lights (N-W) were used by employing light-emitting diodes (LEDs) while exposed to natural sunlight through the greenhouse facility, as shown in Figure 1. To maintain consistent light intensity in the range of 60–100 μmol m−2 s−1 in the growth bed, an on/off switch control along with an illuminance sensor was used. The average light intensity recorded in AS was 178 μmol m−2 s−1. The temperature and humidity change for the experimental period, i.e., from June 21 to December 31, 2021, is illustrated in Figure 2.




Figure 2 | Time series of the air temperature (in degree Celsius) and relative humidity (in percent) in the aquaponic system (AS) during the experiment period, from June 21 to December 31, 2021.






2.3 Crop and fish

A set of four vegetable combinations—white leaf beet (Beta vulgaris var. cicla), red leaf beet (B. vulgaris var. cicla), endive (Cichorium intybus), and hooker chives (Allium hookeri)—and a set of three herbs—lemon balm (Melissa officinalis), basil (Ocimum basilicum), and spearmint (Mentha spicata)—were used for this research. Hooker chives have become popular as medicinal food due their root extract containing anti-obesity properties. Consumption of the leaves of hooker chives has also become remarkable in South Korea in recent years. However, no hydroponically grown leaves are available in the market. Therefore, we attempted to compare the performance of leafy vegetables grown in AS and HS. Note that the cultivation periods for leaf beets and basil were recorded at 3 and 4 weeks, respectively, while the other crops require 5 weeks depending on the leaf area and plant height in the culture bed. Hooker chives were harvested three times every 5 weeks to examine the average leaf growth when roots developed. The concentrations of the inorganic components in AS, such as NH3–N, NO3–N, and NO2–N, were also measured hourly with a simple absorbance meter (C-MAC Co. Ltd., Daejeon, South Korea). The customary Yamazaki culture solution (N = 6.5, P = 1.5, K = 4.0, Ca = 2.0, and Mg = 1.0 ppm) was used as the nutrient solution for the growth chamber in HS, and the EC and pH were monitored during the experimental period (Ban et al., 2019; Feng et al., 2023), as shown in Figure 3. For the aquaculture part, catfish with a length of less than 10 cm was introduced, which later gained 15 kg in weight in AS after 6 months. The WT and DO in the water tank were maintained at 23°C and 8 ppm (with aerators), respectively.




Figure 3 | Time series of the electrical conductivity (EC; in decisiemens per meter) and pH in the aquaponic system during the experimental period, from June 21 to December 31, 2021.






2.4 Statistical analysis

A total of 18 individual plants were randomly selected from the AS and HS culture beds, and the growth parameters were selected and analyzed for comparisons. Three replicates of each plant were collected, and statistical analysis was conducted using the SAS program (version 6.21; SAS Institute Inc., Cary. NC, USA). Based on the test results, Duncan’s multiple test (p = 0.05) was conducted for analysis of variance (ANOVA).





3 Results and discussion



3.1 Plant growth

In the AS, the crops were grown in hydroponic beds using nutrients derived from fish excrement without chemical fertilizers. Therefore, the activity of beneficial microorganisms in the circulating water for the mineralization of necessary nutrients is important for crop growth (Delaide et al., 2016). Thus, for this study, several crops were successfully cultivated without the addition of nutrients other than the catfish excrement-infused cultivated water. As shown in Table 1, the results indicated that the quantitative growth of the crops was influenced by the different light sources (N-BR and N-W) in AS. A test was started on the third week of plant growth, and the results showed that the fresh weight of white leaf beet in AS outperformed that in HS, especially when the different light sources (N-W and N-BR) were supplied (see Table 1). Thus, the fresh weight of white leaf beets in AS increased by about 90% compared with that in HS.


Table 1 | Fresh weight, number of unfolded leaves, and soil plant development (SPAD) values of the plant species in a hydroponic system (HS) and an aquaponic system (AS) with the supplement light sources (N-BR and N-W).



Without a supplement light source, the fresh weight of white leaf beets in AS increased by 60% more than that in HS. A similar observation was found in red leaf beets. Unlike that for the white leaf beets, the results for the red leaf beets in AS showed growth performance in the following order: N-BR > N-W > natural light > conventional HS.

During the third week of cultivation, an increase in the number of unfolded leaves in both white and red leaf beets was also observed. The results indicated that the number of unfolded leaves in the white leaf beets in AS with the N-BR light source was 9.6, which was 14% more than that in HS. The number of unfolded leaves in red leaf beets also had a similar result, showing nine unfolded leaves on average in AS with the N-BR option, which was 15% more than that in HS. On the other hand, unlike the increases in fresh weight, dry weight, and leaf development, the soil plant development (SPAD) values in the leaves of white leaf beets increased significantly in HS compared with that in AS. Interestingly, the SPAD value in the leaves of both white and red leaf beets was the largest in HS, which increased by more than 20% and 15%, respectively, compared with that in AS. However, no evidence was found on whether the mineral quality contributes to the SPAD value. Furthermore, the SPAD value of the red leaf beets in AS was higher in the natural light condition than that in the different light sources (N-W and N-BR). It is possible that the pigment synthesis performance in the leaf is likely affected by the difference in the light intensity rather than the supplement light source. However, unlike previous studies, the shoot weight of all plant species grown in AS was significantly increased in pigment synthesis compared with that in HS regardless of the supplement light sources used (Love et al., 2016; Mulay and Reddy, 2021). This result could be due to the differences in environmental factors for crop cultivation and the fish farming skills in addition to independent cultivation practices.

Within AS, although the light intensity of the supplement light sources was lower than that of natural light, a supplement light source with a specific wavelength might be beneficial for plant growth. For instance, N-BR was found to have a significant effect on the increase in the number of unfolded leaves and the promotion of leaf elongation for all crops (see Figure 4). The effect of promoting crop growth with the blue plus red mixed light (BR) has been discussed in various crop species in the plant factory system (Goddek et al., 2015; Heo et al., 2019; Holmes et al., 2019). Numerous studies determining the relationship between light quality and plant growth have reported the positive effects of mixture irradiation of these single LED lights compared with monochromic red or blue light (Knaus et al., 2020). Figure 5 shows that the dry weight of basil on the fourth week of cultivation in AS increased significantly by 67%–71% compared with that in HS, but no significant effect was observed within AS with the use of different light sources (natural, N-W, and N-BR). Similarly, the number of branches also increased by more than 80% compared with that in HS (see Figure 5).




Figure 4 | Growth of several plants. From the top: 1) white leaf beets; 2) hooker chives; 3) basil; 4) lemon balm; and 5) spearmint in the hydroponics system and the aquaponic system with different light sources: natural light with white lights (N-W) and natural light and blue/red light (N-BR) with natural light.






Figure 5 | Growth of basil, lemon balm, and spearmint after treatments with or without the supplement light source in the hydroponic system (HS) and the aquaponic system (AS). Vertical bar denotes the average ± standard error. Different letters indicate significant difference at the 5% level using Duncan’s multiple range test. ns, not significant.



According to a previous study (Rodgers et al., 2022), when basil is hydroponically cultivated using carp culture water, the SPAD values in the leaves were similar to those in HS, but the fresh or dry weight decreased in the AS (Rupasinghe and Kennedy, 2010). The different growth reactions of crops in AS under open fields and facilities have been reported in other studies (Knaus et al., 2020; Ke et al., 2021) by testing different crops (e.g., basil vs. other crop species) (Kim et al., 2019; Li et al., 2020).

In this study, the growth effect of AS was much more visible than that of HS in the selected crops (basil, lemon balm, and spearmint) from the statistical analysis. In AS, the fresh weight of lemon balm in the N-W condition, for example, increased significantly: 100 times more than that in HS. A similar result was also found for the SPAD value in the leaves of lemon balm in AS. Thus, the leaf yield of lemon balm increased significantly in AS with the supplement light source, which increased by 73% compared with the natural light condition. However, in lemon balm, no significance was found between the different light treatments.

On the other hand, the fresh weight of spearmint was significantly increased in AS with the supplement light source, as opposed to HS with natural light, but no significance was found between the different light treatments in AS (see Figure 5). The effects of hydroponics on herbs such as basil and mint with different fish species [e.g., tilapia (Oreochromis niloticus) and carp (Cyprinus carpio)] have been widely studied in AS settings (Endut et al., 2009; Kim et al., 2019; Aleksic and Sustersic, 2020; Li et al., 2020). Similar results were also observed in this study in the sense that the growth of basil and lemon balm in AS was better than that in HS. Interestingly, although no significant difference in the fresh weight of hooker chive leaves was identified in AS with different light inputs, significant differences in fresh weight were found between HS and AS (see Table 2). Thus, in AS, the average leaf length of hooker chives increased by more than 30% compared with that in HS, and the number of branches also increased by 49%. The SPAD value of the leaves in AS increased in the order AS: N-W > AS: N-BR.


Table 2 | Average leaf growth of hooker chives harvested three times every 5 weeks in the hydroponic system (HS) and the aquaponic system (AS) with supplement light sources.



Hooker chives are a medicinal crop, the roots being mainly used, that are in high demand in Korea (Sikawa and Yakupitiyage, 2010; Holmes et al., 2019). Therefore, in order to improve their added value and expand their marketability as fresh leaf vegetables, a comparative analysis study on their nutritional ingredients and the economic feasibility of each cultivation method, such as chemical fertilizer-based hydroponics or organic HS, could be valuable. As previous studies (Suhl et al., 2016; Rizal et al., 2018; Mulay and Reddy, 2021) have suggested, additional investigations to compare the material synthesis performance and crop yields associated with the differences in various crop species (leaf vs. fruit vegetables) would also be beneficial.




3.2 Nutrient solutions

In agreement with a previous study (Zou et al., 2016), the pH and the EC in the circulating water affect the nitric acidity of fish wastes, but the NO3–N and PO43− concentrations in the circulating water increased significantly over time (see Figure 6). Essentially, the concentration of PO43− within the customary Yamazaki culture solution (EC = 1.5 dS/m) was approximately 17 ppm, but its concentration increased dramatically (150%), as shown in Figure 6. In addition, the concentration of NH3–N tended to increase over a certain period, but then decreased to 46 mg/L by the end of the study. It appears that physical (e.g., biofilter and fish farming density) and chemical factors (e.g., pH) affect the concentration of NH3–N or NH4–N in AS. It could be that higher concentrations of NH3–N or NH4–N in aquaculture may be stressful for fish growth; however, no negative impact on fish was found when these values were maintained below a certain level, at 100–300 mg L−1 (da Silva et al., 2016; Delaide et al., 2016; Knaus and Palm, 2017; Pinho et al., 2017; Madar et al., 2019).




Figure 6 | Time series of the nutrient contents in the aquaponic system (AS) during the catfish culture period. Vertical bars represent standard error.



In AS, the quantitative changes in the nitrogen components also affect the quantitative and qualitative growth or yield of the cultivated crops along with fish growth (Tyson et al., 2011; Tawaha et al., 2022). In the case of catfish farming using a bio-ring in this study, NO2–N was barely detected, while NH3–N increased compared with that in the early stages of fish culture; however, it was considered that the concentration was not at a level that would cause inhibition of fish growth. In addition to the physical and chemical factors mentioned above, other aquaculture environmental factors, such as the water tank management methods and the microbial growth ability, could have possibly contributed to the changes in the concentrations of NH3–N and NO2–N. In general, the utilization efficiency of inorganic components such as nitrogen and phosphoric acid in the circulating water in AS varies depending on the plant species (Karen and Lin, 2014). In the case of hydroponic cultivation of various crop species at the same time, it is not easy to accurately estimate the absorption status of the inorganic components for each plant species during the culture period. Based on engineering assessments, however, it was considered that the conversion of fish waste into NO3–N was effectively achieved with the application of biofloc technology, resulting in the NH3–N decrease after 10 weeks of cultivation and a decrease by more than 38% compared with that of NO3–N. The concentration of phosphoric acid in the circulating water showed an increase in the pattern similar to the change in the concentration of NO3–N, while the concentration of SiO2 among the microelement components in the circulating water was measured relatively high at 8.3 mg/L. The results showed that Fe increased slightly over time, but a small amount (approximately 0.2 mg/L) was posted at the end of the experiment. Al and Mn were measured at while Al and Mn were measured at 0.08 to 0.11 mg/L, respectively. On the other hand, NO2–N, which was approximately 0.2 mg/L at the beginning of the fish culture, decreased as the culture period elapsed and was found to be close to 0 at the end of the culture period.

In AS, NO3–N, an indicator of the nitric oxidation capacity of useful microorganisms in the filtration tank, where the fish culture water is accumulated before the circulating water goes into the culture beds, is an important nutrient for plant growth. NO3–N showed differences in concentration depending on the fish species in AS during the culture period; however, the examined plant growth was significant even under conditions of 59% lower than that (100 mg/L) in HS. This shows that, even with reduced amounts of nitrate nitrogen (NO3–N), aquaponic systems are capable of supporting plant growth, indicating sustainable operation with variable nutrient profiles. Investigation of the occurrence of harmful microorganisms in the circulating water as one of the fish growth indicators showed that no fish pathogenic microorganisms, such as Enterococcus fascism and Vibrio anguillarum, or visible crop diseases were observed. However, according to a previous study (Kasozi et al., 2021), the constant management and monitoring of harmful microorganisms in the circulating water under AS is still necessary for stable and safe food production using biofloc technology (Ke et al., 2021).





4 Summary and future work

The proposed circular AS works well in the production of organically grown leafy vegetables, including white leaf beets, hooker chives, basil, lemon balm, and spearmint, in indoor greenhouse facilities. Three different light sources, namely, natural light and the combinations of natural light with blue/red light (N-BR) and natural light with white lights (N-W), were assessed to compare the system performance of AS and HS. The plant growth in AS with the supplement light source outperformed that in HS based on the plant physiology tests (e.g., dry/fresh weight, leaf yield, and SPAD). The results showed that the plant growth in AS performed better than that in HS, while the general growth patterns were significantly affected by the supplement light sources in AS. For example, the leaf yield of the herbal plants (basil and lemon balm) in AS was 60%–70% more than that in HS, and the leaf growth in hooker chives in AS also showed significant performance (200%) against that in HS. In addition, it appears that the nutrient solutions provided by fish were remarkable in the sense that the average concentration of NO3− (64 ppm) was easily achieved in AS.

Although the proposed AS is promising for the production and supply of supplement organic food, additional studies are still required to better characterize the water consumption associated with evapotranspiration processes during the growing period. It is possible, as indicated in a previous study (Mulay and Reddy, 2021), that countermeasures of evapotranspiration to reduce the water loss in the system could be useful via life cycle analysis and/or water budget analysis in the system dynamics framework.
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Treatments

HS: Natural 13.6%ct* 25.5¢ ‘ 7.7b ‘ 38.4c
AS: Natural 49.0a 33.5ab ‘ 11.5a 39.5b
AS: N-W 50.6a 35.2a ‘ 11.5a 41.1a
AS: N-BR*™* 45.7ab 33.4ab ‘ 11.5a 39.9ab

*means three times average value every 5 weeks.

**different letter indicates significantly different at the 5% level by Duncan’s multiple
range test.

**Treatment codes (see Table 1).
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Treatments Fresh weight (g/plant) No. of unfolded leaves (per plant) SPAD value (per leaf)
White leaf beet ~ HS: Natural light 289+19°¢” 8.40.4c 48.0+1.2a
AS: Natural light 47.4%3.3b 8.5+0.2¢ 39.6x1.4c
AS:N-W 51.5+3.4ab 93+0.3ab 40.1x0.9b
AS: N-BR*** 54.8+2.50 9.6+0.3a 39.1:0.8b
Red leaf beet HS: Natural light 15.2+1.0d 7.8+0.2¢ 41.320.7a
AS: Natural light 21.2¢16c 8.6+0.4b 38.240.7b
AS:N-W 26.2+2.3b 9.2+04a 35.941.0c
AS: N-BR 31.2#2.5a 9.00.3a 36.3£0.7¢
Basil HS: Natural light 36.6+4.0b 47.5+4.0b 30.9+0.6b
AS: Natural light 61.0+3.6a 89.447.0a 34.3:0.4a
AS:N-W 64.6+3.3a 80.2+5.6a 34.4%0.8a
AS: N-BR 66.1+2.7a 88.9+6.50 34.9+0.7a
Lemon balm HS: Natural light ‘ 334%2.4c 1182+4.7¢ 25.4%0.7¢
AS: Natural light 51.3+5.5b | 16942590 37.940.7a
AS:N-W 75.4+6.8a 2049+11.7a 38.8+0.4a
AS: N-BR 81.2+53a 214.8+7.5 36.5:0.4b

*means average+standard error.
**different letter indicates significantly different at the 5% level by Duncan’s multiple range test.
***means mixture lights of blue and red LEDs by 1:1 energy ratio.





