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General Introduction and Objectives  

The global population is projected to exceed 9 billion by 2050 [1]. In 2018, 55% 

of this population resided in urban areas, while about 43% lived in rural regions [2]. This 

urbanization trend is expected to continue, rising to 68% by 2050 [3]. The increasing rates 

of urbanization, combined with the loss of natural resources and the effects of climate 

change, threaten the sustainability of cities. Furthermore, according to Schmitt et al. [4], 

approximately 3.3 billion people rely on unsustainable agricultural practices for their food 

supply, and 79% of all food produced is destined for consumption in cities [5]. Therefore, 

adopting more sustainable and resilient food production systems is pivotal.  

In this context, Urban Agriculture (UA), defined as <practices that yield food and 

other outputs from agricultural production and related processes (among others 

transformation, distribution, marketing, recycling), taking place on land and other spaces 

within cities and surrounding regions, involving urban and peri-urban actors, 

communities, methods, places, policies, institutions, systems, ecologies and economies, 

largely using and regenerating local resources to meet changing needs of local 

populations while serving multiple goals and functions= [5], due to its multidimensional 

benefits, emerges as a valid tool to produce and deliver fresh, local food for citizens 

without the added economic and environmental costs of transportation [6,5,7]. Beyond 

providing fresh and local food, some other benefits of UA include the improvement of 

food security and nutrition, mitigation of the urban heat island effect, promotion of social 

inclusion and social cohesion among farmers and citizens, and opportunities for education 

and employment [8,9,10]. 

Controlled Environment Agriculture (CEA) is an innovative and advanced form 

of UA that has been increasingly found in cities worldwide [11]. According to Albright 

[12], CEA integrates soilless horticultural methodologies (i.e., hydroponics, aquaponics, 

and aeroponics) and engineering principles to optimize the efficiency and quality of crop 

production. Specifically, CEA is characterized by the precise management of critical 

environmental factors such as temperature, light, humidity, water, and nutrients [13] 

creating ideal conditions for plant cultivation irrespective of external environmental 

fluctuations, within greenhouse structures and indoor vertical farms [14]. Consequently, 

in CEA, advanced climate control and monitoring systems (e.g., precise light and 

temperature control mechanisms, humidity management, high-precision sensors, and data 
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loggers) play a pivotal role in maximizing crop yields, ensuring consistent quality, and 

promoting the overall success of indoor farming projects [15, 14]. 

Therefore, considering the limited open space in cities, potential soil 

contamination, and higher initial setup costs, an integrative assessment of urban 

agriculture typology based on a multi-criteria analysis can support strategic decision-

making to identify suitable urban agriculture types that meet various ecological, social, 

and economic demands for urban food supply [16]. 

Research questions and objectives 

This doctoral thesis aims to develop, validate, and apply sustainable and 

innovative urban food systems through agronomical and technical evaluations, and Life 

Cycle Assessment analyses.  

Considering the general objective, this work aims to answer the following research 

questions: 

1. What sustainable agronomic practices can be integrated into urban food systems 

to optimize productivity and minimize environmental impact? 

2. What technological innovations can be implemented in urban food systems to 

enhance crop efficiency and quality? 

3. What are the key factors influencing the sustainability of urban food systems, 

considering both agronomic and technological aspects? 

The experimental work presented was carried out at the Department of 

Agricultural Sciences at the University of Naples Federico II (Portici, Italy) and the 

Business Unit Greenhouse Horticulture and Flower Bulbs of Wageningen University and 

Research (Bleiswijk, The Netherlands). It is organized into 7 chapters that address the 

setup and validation of different soilless cultivation techniques. In particular, Chapters 2 
and 3 [Growth, eco-physiological response and leaf mineral composition of lettuce and 

curly endive in hydroponic and aquaponic systems; Hydroponic and Aquaponic Floating 

Raft Systems Elicit Differential Growth and Quality Responses to Consecutive Cuts of 

Basil Crop] examine the differential growth and quality responses of leafy vegetables and 

aromatic crops grown using hydroponic and aquaponic floating raft systems. Chapters 4 
and 5 [Supplemental daily light integral by LED light to improve the growth of leafy 

vegetables in aquaponic system; Nutrient accumulation, growth and quality of leafy 
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vegetables in aquaponic system are modulated by supplemental LED lighting] evaluate 

the application of supplemental light to improve yield and quality of leafy vegetables in 

acquaponics. Chapter 6 [Application of LCA Methodology to Recirculating Aquaponics 

System (RAS) Prototype] seeks to quantify the environmental impact of the Recirculating 

Aquaponic System (RAS) prototype used to carry out the experimental trials described 

above. Finally, Chapter 7 [The Added Value of Indoor Products: the Strawberry Case] 

explores the potential of producing strawberries in fully controlled indoor environments, 

specifically within vertical farm.  
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Abstract 

Against the backdrop of climate change, soil loss, and water scarcity, sustainable food 

production is a pivotal challenge for humanity. As the global population grows and urbanization 

intensifies, innovative agricultural methods are crucial to meet rising food demand while 

mitigating environmental degradation. Controlled environment agriculture (CEA), including 

hydroponic and aquaponic systems, has emerged as one of the solutions by minimizing land use, 

reducing water consumption, and enabling year-round crop production in urban areas. This study 

aimed at assessing the yield, ecophysiological performance, and nutritional content of Lactuca 

sativa L. and Cichorium endivia L. var. crispum grown in hydroponic and aquaponic floating raft 

systems, with Oreochromis niloticus L. integrated into the aquaponic system. Both species 

exhibited higher fresh biomass and canopy/root ratios in hydroponics compared to aquaponics. 

Additionally, hydroponics increased the leaf number in curly endive by 18%. Ecophysiological 

parameters, such as leaf net photosynthesis rate, actual yield of PSII, and linear electron transport 

rate, were also higher in hydroponics for both species. However, the nutritional profiles varied 

between the two cultivation systems and between the two species. Given that standard fish feed 

often lacks sufficient potassium levels for optimal plant growth, potassium supplementation could 

be a viable strategy to enhance plant development in aquaponic systems. In conclusion, although 
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aquaponic systems may demonstrate lower productivity compared to hydroponics, they offer a 

more sustainable and potentially healthier product with fewer harmful compounds due to the 

reduced use of synthetic fertilizers, pesticides, and the absence of chemical residue accumulation. 

However, careful system management and monitoring are crucial to minimize potential 

contaminants. 

Keywords: Lactuca sativa L.; Cichorium endivia L. var. crispum; gas exchange; chlorophyll a 

fluorescence; nitrate, mineral composition 

1. Introduction 

In perspective of the problems that must be faced nowadays, such as the increase 

in the global population from 2050 that will require up to 50 percent more food 

production, the increase in greenhouse gas emissions, in addition to the intensification 

of deforestation, water scarcity, and soil erosion, there is a need to identify new food 

systems and sustainable farming techniques [1,2]. The COVID-19 pandemic, the 

economic crisis, and the ongoing wars underlined the importance of having a more 

sustainable and resilient food system that can work in all conditions [3,4]. Additional 

goals to support the sustainability of food and agricultural production systems are 

promoted by accords established during international protocols and strategies, such 

as the Milan Urban Food Policy Pact (MUFPP) and Farm-to-Fork (F2F), integral to 

the Commission9s Agenda for United Nations Sustainable Development Goals 

(SDGs), aimed at reducing the use of synthetic fertilizers and pesticides [3,5,6,7]. 

Urban Agriculture could represent an efficient tool to mitigate environmental 

impacts and enhance food security in urban areas [8,9,10]. For this aim, cities could 

be subjected to the introduction of innovative crop-growing systems that avoid 

limitations such as soil degradation and limited space [11,12]. One of the possible 

options is represented by controlled environment agriculture (CEA) [13,14]. In this 

virtue, soilless system is readily integrated into different urban agricultural contexts, 

including rooftop gardens, community gardens, abandoned greenhouses, and vertical 

farms [15,16]. Hence, it is considered a viable strategy to address the changing 

agricultural landscape, providing healthy and high-quality crops and localized year-

round production, while reducing the transportation costs associated with traditional 

soil-based agriculture [17,18]. In addition, these techniques allow natural ecosystems 

to recover lands that were lost to farming, while also reconnecting citizens with the 
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food they consume creating new jobs and a more resilient, sustainable, and localized 

food supply chain [19,14,20,18]. Nowadays, the two most innovative soilless 

cultivation systems that are spreading in cities around the world are represented by 

hydroponic (H) and aquaponic (AQ) [21].  

Hydroponic system is a soilless cultivation technology that applies nutrient 

solutions and artificial growing media, providing the ability to grow plants in a shorter 

growing period, in poor soil quality areas, or in limited space all year round regardless 

of the climate [22,23]. Despite these advantages, questions remain about the 

sustainability of this food production system due to its complete dependence on 

chemical fertilizers. In hydroponics, macro- and micro-nutrients are supplied to plants 

by dissolving synthetic fertilizers in water to create the nutrient solution [22]. The 

production of these fertilizers requires significant energy inputs and contributes to 

increased production and transport costs, as well as higher greenhouse gas emissions 

[22,24,25].  

Conversely, one of the most efficient and environmentally friendly growing 

techniques is the aquaponic [26,27,28], a soilless growing technology that combines 

the production of aquatic organisms and plants in the same environment. The main 

approaches include either a single recirculating water loop, also known as a coupled 

system, or a double recirculation system characterized by a physical separation 

between the aquaculture and hydroponic component, known as a decoupled system 

[29,30]. In aquaponics, due to the action of two different bacteria groups (i.e. 

Nitrosomonas spp. and Nitrobacter spp.), nutrients from fish waste (especially 

nitrogen compounds) are converted and used by plants into one or more loops [31]. 

Thusly, nitrification and plant biofiltration reduce the need for complete water 

exchange, the addition of chemical fertilizers (averagely -50%), and the accumulation 

of compounds like ammonia, potentially toxic to fish [31,32,33,34]. 

Leafy vegetables are the most grown crops in aquaponic due to their short growing 

period and better profitability [35,36]. Furthermore, they grow well in water with a 

high concentration of nitrogen and have low nutrient requirements [35]. Lettuce is 

one of the most cultivated crops hydroponically worldwide [37] and approximately 

68% of commercial aquaponics farmers grow lettuce [38]. Regarding the genus 

Cichorium, it is widely known for its antioxidant and anti-inflammatory capabilities 
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related to the presence of several specialized metabolites, including unsaturated fatty 

acids, alkaloids, flavonoids, saponins, and tannins. Cichorium endivia L., species 

belonging to this genus, is one of the most consumed salads in the world [39]. In the 

Mediterranean area, endives are cultivated either in open fields or under high plastic 

tunnels or multi-span plastic greenhouses [40]. With a production of 27,895 tons, 

Campania is the first producer in Italy, and this cultivation represents an important 

economic activity for this region [41].  

Previous literature has primarily focused on the performance of lettuce in 

hydroponics and aquaponic by investigating several aspects as the effects of pH, the 

application of different nutrient solutions, and the use of different growing 

methodologies [42,43,44,45]. However, there are only a few studies on curly endive 

under these growing conditions, particularly in aquaponics [46,47]. Therefore, a 

deeper study is required to understand thoroughly the potential benefits of coupled 

aquaponic system. The current study aimed to compare hydroponic and coupled 

aquaponic floating raft systems for the production of lettuce (Lactuca sativa L.) and 

curly endive (Cichorium endivia L. var. crispum), with major focus on yield, 

ecophysiological behaviour, and some nutritional aspects. 

 

2. Materials and Methods 

2.1 Facility 

The trial was conducted in a greenhouse (40°48257.922 N 14°21201.622 E, 29 m 

a.s.l.) in the Department of Agricultural Sciences of the University of Naples Federico II 

(Portici, Italy). It lasted 23 days, from 27 April to 20 May 2021, and involved both a 

floating hydroponic raft system and a recirculating aquaponics system (RAS) prototype. 

4 2800 L rearing tanks with tilapia fish (Oreochromis niloticus L.) in 4 different weight 

classes were part of the RAS. The fish were raised in these tanks at a mean stocking 

density of 8.7 ± 5.4 kg m-3. The system consisted of a 400 L trickling filter (Scubla srl, 

Udine, Italy), a 40 W UV sterilization unit, and an 800-L Superbead system for 

mechanical and biological filtration (Air-aqua, Wethouder Ohmannstraat, Staphorst, the 

Netherlands). The tanks9 ambient air insufflation was set at 0.05 v v21 min 21. In the 

aquaponic treatment (AQ), the floating raft units were connected to the RAS by a single 
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loop while, in the hydroponic treatment (H), it was disconnected and monitored 

separately. 

2.2 Planting and Growth Conditions 

Plant materials consisted of two-week-old seedlings of lettuce (L), Lactuca sativa 

L. var. 8Meraviglia d9inverno9, and curly endive (CE), Chicorium endivia var. crispum 

8De Louvriers9 (Seedsselect) raised in polystyrene sowing trays. After removing the roots 

from the peat cube using tap water, they were planted at a density of 20 plants per m2² 

into the floating raft system of the RAS and hydroponic units, which have a respective 

area of 2 m2. In each system, the water temperature was set to 25°C, and the average pH 

and electrical conductivity (EC) were 6.8 and 753 µS cm-1, respectively. 

2.3 Nutrient Solution Management 

The RAS unit was supplied with preformulated fish feed containing 42% protein 

content (Tilapia Grower 13-EF, Alltech Coopens, Helmond, the Netherlands). Fish weight 

and stocking were used to determine the daily fish feed target; during the trial, the average 

daily feed consumption was 1.4 ± 0.5% body weight.  

For the hydroponic treatment, a half-strength Hoagland nutrient solution made 

with osmotic water was used. Every two weeks, the solution was reintegrated and nitric 

acid (HNO3) or potassium hydroxide (KOH) was used to adjust the pH. Daily monitoring 

of water temperature, pH, and EC was performed for each system (Thermo Scientific 

Expert pH and Cond Testers, Segrate, Italy). The mineral concentration of both nutrient 

solutions is listed in Table 1. 

Table 1. Concentration of nitrate (NO3), nitrogen dioxide (NO2), phosphorus (P), potassium (K), calcium 

(Ca), magnesium (Mg), chlorine (Cl), sulfur (S), and sodium (Na)in the hydroponic (H) and aquaponic 

(AQ) systems.  

Cultivation 

system  

Concentration (mg L-1) 

NO3 NO2 P K Ca Mg Cl S Na 

H 218.5 0.14 2.9 26.79 55.5 16.22 2.53 13.65 9.88 

AQ 336.49 0.21 7.75 19.55 77.09 20.11 23.72 5.78 26.38 
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2.4 Plant Growth and Leaf Traits  

23 days after planting (DAP) a final harvest was performed on 18 plant species-1 

cultivation system-1. Plants' canopy and roots were separated and weighed using an 

electronic balance in order to obtain the fresh weights (FW), whereas the dry weights 

(DW) were obtained after oven-drying the samples at 70 °C for 48 h. The canopy/root 

ratio was determined by the ratio of the DW of the root and the DW of the canopy. The 

number of leaves was also recorded. Afterward, the counted leaves were utilized for 

assessing the total leaf area by means of digital images of the leaf lamina using image 

analysis software (ImageJ software, version 1.50i, Wayne Rasband National Institute of 

Health, Bethesda, USA). The relative water content (RWC) was determined considering 

the fresh weight, turgid weight (after overnight with distilled water), and dry weight of 3 

fully expanded leaves per replicate. 

2.5 Gas Exchanges and Chl <a= Fluorescence Emission Determination 

Gas exchange measurements were performed at 22 DAP on 1 fully expanded leaf 

from each replicate using a photosynthesis yield analyzer (LCi T, ADC Bioscientific Ltd., 

Hoddesdon, UK). Leaf net photosynthesis rate (Pn) and stomatal conductance (gs) were 

measured at noon in ambient CO2 (434 ppm) at a mean temperature of 31.1°C and relative 

humidity of 45%, and an average photosynthetic photon flux density (PPFD) of 1251.8 

µmol m22 s21. The parameter intrinsic water use efficiency (iWUE) derived from Pn/gs 

ratio. 

Chlorophyll <a= fluorescence emission was assessed on the same leaves using a 

compact plant stress kit, which included a light-adapted ΦPSII meter, a dark-adapted Fv/Fm 

meter, and 10 dark-adaptation leaf clips (Opti-Sciences Inc., Hudson, USA). Light-

adapted measurements were recorded by applying a saturating pulse of 4286 µmol m22 

s21 for 1.1 sec, to obtain the maximum light-adapted fluorescence (Fm2) and steady-state 

fluorescence (Fs). For dark-adapted measurements, leaves were adapted to darkness for 

30 min, and then measurements were recorded by applying a saturating pulse light of 

3429 µmol m22 s21 for 1.0 sec to obtain the maximal fluorescence (Fm) and minimal 

fluorescence (F0) values. The PSII maximum photochemical efficiency (Fv/Fm) was 

determined as Fv/Fm = (Fm 2 F0)/Fm. Following the method of Genty et al. [48], the 

quantum yield of PSII electron transport (ΦPSII) was determined as ΦPSII = (Fm2 2 Fs)/Fm2 
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and, using the equation of Krall and Edwards [49], was used to determine the electron 

transport rate (ETR). 

2.6 Leaf Chlorophyll and Carotenoids Content and SPAD Determination 

Leaf photosynthetic pigment content was measured on 1 fully expanded leaf from 

each replicate corresponding to those used for the physiological measurements. Leaf 

samples were promptly frozen at 220 °C until assessment. A 15 mL tube flask was filled 

with 0.5 g of leaf tissue ground with 5 mL of acetone (80%). After 15 min of dark 

incubation at room temperature, the solution was centrifuged for 5 min at 3000× g. Using 

a Hach DR 2000 spectrophotometer (Hach Company, Loveland CO, USA), pigment 

content was measured by light absorbance at 663, 647, and 470 nm for chlorophyll a, b, 

and total carotenoids, respectively. Following Lichtenthaler et al., [50], total chlorophyll 

was obtained from the sum of chlorophyll a and b. A portable chlorophyll meter SPAD-

502 (Konica Minolta, Tokyo, Japan) was used to determine the SPAD index. 

2.7 Mineral Profile Determination 

A 250 mg fraction of a ground-milled dry leaf sample, obtained using a laboratory 

grinding mill (model MF10.1, IKA-Werke GmbH & Co. KG, Staufen, Germany), was 

taken to assess the leaf mineral profile in accordance with Pannico et al., [51] 

methodology. Following a 0.45-µm filter, the concentration of minerals was quantified 

using an electrical conductivity detector equipped with IonPac AS11-HC and CS12A 

analytical columns for the analysis of cationic and anionic contents, respectively (Dionex, 

Sunnyvale, CA, USA). An anion chromatographer (model ICS-3000, Dionex, Sunnyvale, 

CA, USA) was then used to perform the mineral analysis. All the minerals leaf 

concentrations (P, K, Ca, Mg, Cl, S, and Na) are expressed as g kg21 on a dry weight (DW) 

basis, with the exception of nitrate, which was reported on a fresh weight (FW) basis 

based on the dry matter content of the leaves. 

2.8 Statistical Analysis 

Data were initially subjected to a two-way analysis of variance (ANOVA) and 

interactions were addressed through Tukey9s HSD test. All the data were presented as 

mean ± standard error, n = 3. Student9s t-test, at p = 0.05 was performed within each 
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species with respect to the cultivation systems (hydroponic and aquaponic floating raft 

systems). 

3. Results 

The initial two-way ANOVA of species vs. cultivation system revealed widespread 

interaction for almost all variables examined (Table 1), reflecting the differential capac-

ity of both species in the different cultivation systems. Therefore, further Student9s t-test 

was performed within each species with respect to hydroponic and aquaponic floating raft 

systems. 

Table 2. Two-way analysis of variance (ANOVA) of all the analyzed variables of the both species grown 

in two different cultivation systems. 

Variables Source of variance 

  Species (S) Cultivation system (C)  S × C 

Canopy FW ns *** *** 

Number of leaves ** ns ns 

Total leaf area ns ** ns 

C/R ratio ns *** ns 

Roots FW *** ns * 

Pn ns *** ns 

iWUE ns *** * 

Fv/Fm ns *** ns 

ФPSII * ** ns 

ETR ns *** * 

RWC ns ** ns 

Total Chlorophylls ns * ns 

Total Carotenoids * ns ns 

SPAD index ns *** ns 

NO3  *** ns *** 

P ns ns *** 

K ns *** * 

Ca * * ns 

Mg ns *** ns 

Cl ns * *** 

S  * ns *** 

Na * ns * 

K/Na * * * 



 

Chapter 2 
       

13

ns, *, **, and *** mean no significant and significant effects at p < 0.05, 0.01, and 0.001, respectively. 

3.1 Plant Growth  

Lettuce exhibited a significant 26% more canopy FW in hydroponic cultivation 

system compared to aquaponic, while curly endive exhibited 125.1% (Table 3). More 

specifically, the lowest values of canopy FW and total leaf area were recorded in curly 

endive grown under aquaponic system, whereas the highest yield were obtained for both 

the species grown under hydroponic conditions. In addition, curly endive grown under 

hydroponic system showed also the highest number of leaves plant-1. Compared to 

aquaponic plants, hydroponic plants allocated more biomass to the canopy, with the 

canopy/root ratio being significantly higher by 57.4% in curly endive and 45.8% in lettuce 

compared to aquaponic plants. 

Table 3. Plant growth in terms of canopy fresh weight (FW), number of leaves, total leaf area, specific leaf 

area (SLA), canopy-root ratio (C/R), root fresh weight (FW) in lettuce (L) and curly endive (CE) grown 

under aquaponic (AQ) and hydroponic (H) systems. 

Species 
Cultivation 

System 

Canopy FW  
(g FW plant 21) 

Leaf number       
(n plant 21) 

Total leaf area 
(cm² plant21) C/R ratio 

Roots FW        
(g FW plant21) 

Lettuce Aquaponics 199.17±9.04 b 35.33±1.17 3183.87±51.35 3.74±0.1 b 17.69±0.67 

  Hydroponics 252.44±13.42 a 39.67±1.76 3623.14±229.43 6.9±1.03 a 15.71±0.65 

    * ns ns * ns 

Curly Aquaponics 121.18±7.53 b 43.22±2.06 b 2585.62±90.2 b 3.27±0.15 b 21.8±1.29 

 endive Hydroponics 272.83±7.41 a 53±2.08 a 3534.92±62.68 a 7.68±0.84 a 23.81±0.59 

    *** * *** ** ns 

All data are expressed as mean±standard error, n = 3. Student9s t-test was performed within each species 

with respect to the cultivation systems. ns, *, **, and *** mean no significant and significant effects at p < 

0.05, 0.01, and 0.001, respectively.  

3.2 Gas Exchanges and Chl <a= Fluorescence Emission 

Leaf net photosynthesis (Pn), the actual yield of PSII (ΦPSII), and the liner electron 

transport rate (ETR) followed the same trend, being lower in lettuce under aquaponic 

system and higher in both species grown in hydroponic conditions. A comparable pattern 

was observed for the intrinsic water use efficiency (iWUE), which was 3.0-fold and 1.9-

fold higher in lettuce and curly endive, respectively, under hydroponic conditions. 
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Additionally, the maximal photochemical efficiency of PSII (Fv/Fm) was also higher under 

hydroponic system in comparison to aquaponic one (0.79 and 0.75, respectively, in both 

species). Lastly, the lowest value of relative water content (RWC) was observed in curly 

endive grown under hydroponic system, with aquaponics exhibiting 4.6 higher RWC% 

compared to hydroponic cultivation system. 

Table 4. Gas exchanges and chlorophyll <a= fluorescence emission in terms of leaf net photosynthesis rate 

(Pn), maximal photochemical efficiency of PSII (Fv/Fm), actual yield of PSII (ФPSII), linear electron transport 

rate (ETR), intrinsic water use efficiency (WUEi), and relative water content (RWC) in lettuce (L) and curly 

endive (CE) grown under aquaponic (AQ) and hydroponic (H) systems.  

All data are expressed as mean±standard error, n = 3. Student9s t-test was performed within each species 

with respect to the cultivation systems. ns, *, and ** mean no significant and significant effects at p < 0.05 

and 0.01, respectively. 

3.3 Leaf Photosynthetic Pigments 

The content of total chlorophylls and SPAD index were significantly higher in 

hydroponic conditions compared to aquaponic conditions for both species. Specifically, 

the SPAD index was 50.4% and 56.3%, higher in lettuce and curly endive, respectively. 

In contrast, total carotenoids were 1.1-fold higher in lettuce grown under hydroponic 

conditions compared to aquaponic conditions, while no significant differences were 

observed for curly endive. differences. 

 

 

Species 
Cultivation       

System 

Pn                           
( mol CO2 

m22 s21) 

iWUE           
(µmol CO2 
m22 s21/mol 

H2O m22 s21) 

Fv/Fm ФPSII 
ETR               

(µmol m22 s21) 
RWC        
(%) 

Lettuce Aquaponics 4.81±0.83 b 19.4±3.07 b 
0.75±0.01 

b 
0.23±0.01 b 53.53±6.13 b 93.34±0.87 

  Hydroponics 
10.49±0.83 

a 
57.71±5.9 a 

0.79±0.01 
a 

0.36±0.02 a 
123.17±10.01 

a 
90.34±0.8 

    ** ** * ** ** ns 

Curly Aquaponics 5.93±0.65 b 22.53±2 b 
0.75±0.01 

b 
0.34±0.03 b 89.58±9.71 b 

91.29±0.73 
a 

 endive Hydroponics 9.34±0.54 a 41.91±1.83 a 
0.79±0.01 

a 
0.47±0.01 a 118.83±3.23 a 

86.14±0.75 
b 

    * ** * * * ** 
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Table 5. Leaf photosynthetic pigments content in terms of total chlorophylls (a+b) content, total carotenoids 

content, and SPAD index in lettuce (L) and curly endive (CE) grown under aquaponics (AQ) and 

hydroponic (H) system.  

 

 

 

 

 

 

All data are expressed as mean±standard error, n = 3. Student9s t-test was performed within each species 

with respect to the cultivation systems. ns, * and *** mean no significant and significant effects at p < 0.05 

and 0.001, respectively. 

3.4 Mineral Profile and Nitrate Contents 

The highest value of nitrate content in leaf tissue was recorded in curly endive 

grown under hydroponic system, showing an increase of 55.8% compared to aquaponics. 

In contrast, the nitrate content in lettuce did not vary statistically among the two 

cultivation systems. The phosphorus (P) content in lettuce was similar in both cultivation 

systems, while the lowest value was observed in curly endive grown under hydroponics 

(Table 5). Concerning the potassium (K) content, it increased by 38.8% in lettuce under 

hydroponic system, while in curly endive, it did not vary statistically between the two 

cultivation systems. Calcium (Ca) and magnesium (Mg) concentrations were higher in 

aquaponic system than hydroponic system for both species. Moreover, the highest content 

of chloride (Cl) was observed in curly endive grown under aquaponic system, whereas 

the lowest one was observed for the same species grown under hydroponic system. In 

curly endive, sulphur (S) and sodium (Na) concentrations showed a similar trend 

increasing when cultivated under the aquaponic system. In contrast, S did not vary in 

lettuce between the two cultivation systems, while Na increased by 1.4-fold in aquaponic. 

Finally, the ratio of potassium to sodium increased in both species grown under 

hydroponics, in particular, by 2.3-fold and 2.8-fold for curly endive and lettuce, 

respectively.

Species 
Cultivation      

System 

Total Chlorophylls 
(mg g21 FW) 

Total Carotenoids 
(mg g21 FW) 

SPAD   
index 

Lettuce Aquaponics 1.15±0.05 b 0.26±0.01 b 
16.34±0.82 

b 

  Hydroponics 1.49±0.08 a 0.29±0.01 a 
32.97±1.34 

a 

    * * *** 

Curly Aquaponics 1.07±0.11 b 0.25±0.01  14.51±0.68 
b 

 endive Hydroponics 1.84±0.13 a 0.24±0.02  33.2±1.42 a 

    * ns *** 
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Table 6. Leaf mineral concentrations, expressed as mg kg21 fresh weight (FW) for nitrate and as g kg21 dry weight (DW) for all others (P, K, Ca, Mg, Cl, S, and Na)  in 

lettuce (L) and curly endive (CE) grown under aquaponic (AQ) and hydroponic (H) system.  

Species 
Cultivation       

System 

NO3                 
(mg kg 21 FW) 

P                  
(mg kg 21 DW) 

K                   
(mg kg 21 DW) 

Ca                  
(mg kg 21 DW) 

Mg                
(mg kg 21 DW) 

Cl                  
(mg kg 21 DW) 

S                     
(mg kg 21 DW) 

Na                 
(mg kg 21 DW) K/Na 

                      

Lettuce Aquaponics 1456.51±81.34 5.12±0.31 61.49±3.57 b 10.61±0.7 a 3.92±0.35 9.74±0.9 0.97±0.09 1.32±0.09 a 46.88±2.76 b 

  Hydroponics 1433.43±65.76 5.99±0.13 100.53±0.66 a 7.69±0.46 b 2.46±0.45 11.08±0.23 1.19±0.02 0.96±0.08 b 105.53±8.5 a 

    ns ns *** * ns ns ns * ** 

Curly Aquaponics 2445.27±157.07 b 5.41±0.2 a 82.3±5.88 7.35±0.75 a 3.2±0.21 a 21.68±0.76 a 3.63±0.23 a 4.82±0.8 a 17.69±1.82 b 

 endive Hydroponics 3809.69±268.75 a 4.17±0.19 b 97.83±3.3 4.04±0.32 b 1.59±0.13 b 5.53±0.5 b 1.21±0.1 b 2±0.07 b 49±0.42 a 

    * * ns * ** *** *** * *** 

All data are expressed as mean±standard error, n = 3. Student9s t-test was performed within each species with respect to the cultivation systems. ns, *, **, and *** mean 

no significant and significant effects at p < 0.05, 0.01, and 0.001, respectively. . 
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4. Discussion 

Several studies have compared the yields and quality of different crops grown in 

hydroponic and aquaponic systems, including leafy green vegetables such as lettuce and 

spinach, as well as fresh herbs including basil, parsley, and rocket along with fruiting 

crops like tomatoes [48,49,50,51,12,52]. Other studies have evaluated several aspects 

related to growth, metabolism, and quality of endive cultivated under hydroponic system 

[53,54,55,56]. In contrast, other authors have compared the growth performances, 

physiological responses, and quality of lettuce and curly endive grown in a recirculating 

aquaponic system prototype under different lighting treatments [46,47]. However, no 

research seems to compare endive performance in hydroponic and aquaponic conditions.  

In our study, we found that the fresh biomass showed a decreasing trend in aquaponic 

system compared to hydroponic system (Table 2). Aquaponic system significantly 

decreased the plant growth by reducing the fresh weight in both species and the leaf area 

in curly endive. Similar results show a reduction in the marketable yield of lettuce and 

basil in aquaponic system by 33% and 44%, respectively, in comparison to hydroponic 

system, while tomato yields remain comparable between the two cultivation systems [44]. 

In contrast, studies show that lettuce grown under aquaponic system during three seasons 

(winter, spring, and summer), in all cases, equals, or better, hydroponic equivalent [51]. 

Further research reports that by supplementing fish water with mineral salts and 

maintaining a pH of around 5.5, lettuce fresh weight increases by 39% compared to 

hydroponic [57]. On the other hand, other findings indicate that a pH of 6 is ideal for 

aquaponic systems to increase the production of six plant species including lettuce 

without compromising bacterial communities and fish yield [42]. However, in our 

aquaponic growing condition, the pH of the solution averaged 6.8, which is in compliance 

with the literature [58,59], while the nutrients came exclusively from fish diet 

(preformulated fish feed with 42% of protein content) therefore, no addition of micro and 

macro-nutrient was performed. Concerning the root fresh biomass, there were no 

significant variations. Similar results were reported in a study comparing lettuce 

performance under conventional hydroponic at pH 5.8, hydroponic at pH 7.0, and 

recirculated aquaponic water at pH 7.0 [60]. 

From an ecophysiological point of view, hydroponically grown plants showed higher 

performance in comparison to aquaponic (Table 3), in line with the yield (Table 2). Our 
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results were likely attributable to the increase in nitrogen content, as suggested by the 

SPAD (soil plant analysis development) parameter, consistent with research conducted on 

soybeans [61]. In particular, the Fv/Fm parameter represents the maximal photochemical 

efficiency of PSII and is used as a sensitive indicator of plants' photosynthetic 

performances [62,63]. In our study, Fv/Fm in plants grown under hydroponic system 

tended to be higher than aquaponic, 0.79 and 0.75, respectively. As a result, the values 

were close to 0.83, suggesting that the health of hydroponic plants was better [64]. 

Additionally, the actual yield of photosystem II (ФPSII) parameter is utilized in 

photochemistry to determine the proportion of the light absorbed by chlorophyll 

associated with PSII. Consequently, it can indicate the overall photosynthesis process by 

measuring the rate of linear electron transport (ETR) [62]. In this study, the increase in 

Fv/Fm observed in hydroponic plants was in line with the increase in these other 

physiological parameters as well as with the net photosynthesis rate (Pn). Comparable 

physiological trends on different wheat cultivars under heat stress have been observed 

[65]. However, other research reports conflicting results to ours, finding no significant 

differences in the photosynthetic parameters of lettuce grown in aquaponic and 

hydroponic [42]. 

In terms of quality, leafy green vegetables play an important role as they provide an 

adequate amount of vitamins and minerals necessary for human health [66]. Lettuce 

(Lactuca sativa L.) and curly endive (Cichorium endive L. var. crispum) are included 

among the greatest accumulators of nitrates and this represents a potential risk to 

consumer health [67,68] as well as implies a decrease of the product quality [69]. For 

lettuce cultivated under cover and harvested between April 1 and September 30, the 

maximum level of nitrates is defined by European Commission Regulation (EU) No 

1258/2011 (http://data.europa.eu/eli/reg/2011/1258/oj) at 4000 mg NO3 kg-1 fresh weight. 

Since there is no maximum nitrates level specified for endives, in this study, we took into 

account the allowable limit for leafy vegetables [70]. In agreement, in our growing 

conditions, the nitrates concentration were below the limit in both species. Curly endive 

in particular accumulated more nitrates than lettuce (+2.1-fold), although the nitrates level 

in leaf tissue recorded was statistically similar in both hydroponic and aquaponic system 

(Table 5). Our results are consistent with those of other studies [71] which, despite 

recording higher concentrations than the levels accredited by the European Commission, 

http://data.europa.eu/eli/reg/2011/1258/oj
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observe no significant difference in nitrates leaf concentration between lettuce grown in 

a decoupled aquaponic system and a conventional hydroponic control. 

Regarding the solubility of essential elements, it is regulated by pH, which can 

influences the nutrients' bioavailability for plant uptake [72,42]. It is also a crucial factor 

in the aquatic system since it regulates the activity of bacteria and fish metabolism 

[73,74,75]. In our growing conditions, with similar pH and EC values between 

hydroponics and aquaponics, there was a significant increase of phosphorous, chloride, 

sulphur, and sodium concentrations in curly endive grown in aquaponic system. In 

contrast, the amounts recorded in lettuce were comparable between the two cultivation 

systems, except for sodium, which was higher in aquaponics compared to hydroponics. 

Moreover, calcium and magnesium concentrations were significantly higher in aquaponic 

in both species (Table 5). Similar results report that lettuce cultivated under aquaponic 

system shows higher calcium concentrations than lettuce grown under hydroponic one. 

Conversely, magnesium concentrations are lower in aquaponic than hydroponic, while 

the concentrations of the remaining macronutrients are comparable between the two 

cultivation systems [43]. Additional studies also report higher values of magnesium in 

four lettuce varieties grown in hydroponic compared to aquaponic while, phosphorus 

concentrations show no trend, which is consistent with our results on lettuce [76]. 

Nevertheless, phosphorus concentrations in the referenced study, are lower than the 

values we recorded in our study (5.55 g kg-1 DW on average) [76]. Likely, the higher 

amounts in fish water allowed our aquaponic plants to accumulate more than hydroponic 

plants. As regards potassium concentrations, several studies indicate that this element is 

more deficient within the aquaponic system compared to other elements resulting in a 

reduction in plant growth in comparison with the hydroponic system. This deficiency can 

be attributed to the fact that fish need less potassium in their diet (1% of the composition) 

[36,75,77,78,79]. In agreement, in our study, we found that potassium was significantly 

lower in aquaponic than hydroponic grown plants, specifically in lettuce. However, 

potassium is not the only element deficient in aquaponics; fish have minimal requirements 

for many metal ions, such as iron (Fe), manganese (Mn), magnesium (Mg), and copper 

(Cu) [58,80], which accordingly lack in fish feed but are required by plants. In particular, 

iron is essential for several processes, including photosynthetic activities [81,82,83]. In 

our study, where no micro- or macro-nutrients were introduced, the lack of iron could 
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explain the photosynthetic performance and the lower growth observed in aquaponic 

system [84]. Hence, a suitable solution to attend to the full potential of an aquaponic 

system and achieve economic viability involves small nutritional supplementations, in 

accordance with the specific requirements of plants [80,31,81].  

Given the limited body of literature addressing soilless cultivation of endives, 

particularly within aquaponic conditions, our results help to demonstrate that curly endive 

has proven to be a promising plant for aquaponic cultivation. 

5. Conclusions 

This study provides novel insights into the performance of curly endive in aquaponic 

system, demonstrating its suitability for this cultivation method. Both hydroponic and 

aquaponic systems present valuable approaches for producing lettuce and curly endive 

within controlled environment agriculture (CEA). While aquaponic systems may exhibit 

slightly lower production rates compared to hydroponic systems, they offer a highly 

recommended alternative for cultivating healthier produce. Aquaponically grown crops 

have the potential to be free of chemical contaminants as for pesticide residues, con-

tributing to a more sustainable food sector. However, careful management practices, 

including the sourcing of inputs and water quality, are crucial to ensuring the absence of 

contaminants. It9s worth to mention that testing both species in decoupled aquaponic 

system could be the direction to increase even better the yield and the overall perfor-

mance of these leafy vegetables. 
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Abstract 

Basil crops are appreciated for their distinct flavour and appeal to various cuisines 

globally. Basil production is mainly implemented in controlled environment agriculture 

(CEA) systems. Soil-less cultivation (e.g., hydroponic) is optimal for producing basil, while 

aquaponics is another technique suitable for leafy crops such as basil. Shortening the 

production chain through efficient cultivation techniques reduces basil production9s carbon 

footprint. While the organoleptic quality of basil demonstrably benefits from successive cuts, 

no studies have compared the impact of this practice under hydroponic and aquaponic CEA 

conditions. Hence, the present study evaluated the eco-physiological, nutritional, and 

productive performance of Genovese basil cv. Sanremo grown in hydroponic and aquaponic 

systems (combined with tilapia) and harvested consecutively. The two systems showed 

similar eco-physiological behaviour and photosynthetic capacity, which were on average 2.99 

µmol of CO2 m22 s21, equal numbers of leaves, and fresh yields of on average 41.69 and 38.38 

g, respectively. Aquaponics yielded greater dry biomass (+58%) and dry matter content 

(+37%), while the nutrient profiles varied between the systems. The number of cuts did not 

influence yield; however, it improved dry matter partitioning and elicited a differential 

nutrient uptake. Our results bear practical and scientific relevance by providing useful eco-

physiological and productive feedback on basil CEA cultivation. Aquaponics is a promising 
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technique that reduces chemical fertiliser input and increases the overall sustainability of 

basil production. 

Keywords: Ocimum basilicum L.; circular economy; plant physiology; nutrients 

1. Introduction 

Basil is a worldwide grown crop, particularly appreciated when fresh by 

customers due to its peculiar flavour, its richness in essential oils, and widespread 

adoption in the food, cosmetic, and medicinal industries [1,2]. In cuisine, basil is used 

as a spice to flavour pizza and pasta dishes and as a sauce in the form of pesto [3,4]. 

Generally, pesto production in the industrial sector requires a large number of plants 

to reduce the cost of production, and consecutive cuts are practiced to spare nursery 

costs and mechanise the harvest [5]. Currently, basil is mainly grown on soil or in 

hydroponics systems [6,7,8,9,10]. However, this production relies on intensive use of 

mineral fertilisers, with substantial environmental costs. The UN SDG and the farm-

to-fork strategy aim to reduce water pollution and to protect marine and land life by 

reducing the waste of nutrients and the use of fertiliser [11,12]. To meet these goals, 

together with the increase in production costs (i.s. fertilizers) due to the post COVID-

19 pandemic and the current war and with ongoing climate change, a shift to more 

sustainable and resilient food production systems has become pivotal [13]. Urban 

agriculture is a valuable means to shorten the production chain, create new job 

opportunities at the local level, and improve people9s overall quality of life 

[14,15,16,17,18]. Controlled environmental agricultural (CEA) systems are easily 

embedded into different urban scenarios, from abandoned greenhouses and open 

spaces to rooftop gardens and vertical farms [19,20,21,22,23,24,25]. Generally, CEA 

systems mainly require large inputs of mineral fertilisers [7]. However, an old but 

innovative technique is represented by aquaponics, which is the merger of 

aquaculture and hydroponic [25,26,27,28]. Aquaponics relies on fish feed as a 

nutrient input to produce both fish and plants, owing to the microbial action 

converting fish faeces, which are rich in ammonia, into available nitrogen for the 

plants with mutual benefit [29,30]. In fact, aquaponics allows aquaculture producers 

to reduce the waste of water and nutrients into the environment and the need for water 

and nutrients by plants [31]. 
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Thanks to nitrate-rich water, aquaponics allows for the production of several leafy 

vegetables without the need for synthetic N-fertilizers. Among cultivated species, 

basil is the most commonly grown crop in aquaponics [32]. Basil production, 

especially for the food industry, requires high mechanisation to reduce labour costs 

and process vast amounts of product. Consecutive cuts have proved ideal for 

producing basil by diminishing the costs of plant materials and labour with benefits 

to yield and organoleptic qualities. However, most of the studies of the effects of 

consecutive cuts have been conducted in soil and hydroponic conditions [3,5,6,33], 

with few conducted in aquaponics under tropical environments [34]. 

To the best of our knowledge, no studies are available in the literature on the 

influence of consecutive cuts on basil growth and quality in hydroponic and 

aquaponics conditions in the Mediterranean climate. 

For this reason, the study aimed to evaluate: (i) basil production, eco-

physiological behaviour and nutrient profiles; and (ii) the influence of two 

consecutive cuts under aquaponics and hydroponic cultivation system conditions. 

2. Materials and Methods 

2.1.Experimental Site 

The experiment was performed in a recirculating aquaponics system (RAS) 

prototype and floating hydroponic raft system inside a cold greenhouse (40°48257.93 

N 14°21201.63 E, 29 m a.s.l.), shaded with a black net at 75% in the Department of 

Agricultural Sciences of the University of Naples Federico II (Portici, Italy) from 24 

June to 10 September 2021. The RAS unit consisted of 4 rearing tanks, each of 2800 

L, and tilapia fish (Oreochromis niloticus) of 4 weight classes were farmed at a mean 

stoking density of 8.7 ± 5.4 kg m23. The system was equipped with an 800-L 

Superbead system for mechanical and biological filtration (Air-aqua, Wethouder 

Ohmannstraat, Staphorst, the Netherlands), a 400-L trickling filter (Scubla srl, Udine, 

Italy), and a 40-W UV sterilisation unit (Air-aqua, Wethouder Ohmannstraat, 

Staphorst, the Netherlands). Ambient air insufflation was set in the tanks at 0.05 v 

v21 min 21. The floating raft units, each 2 m2 in area in the case of the aquaponics 

treatment (AQ), were connected by 1 loop to the RAS unit, while in the hydroponics 

treatment (H), it was disconnected from the RAS unit and monitored separately. 
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2.2.Plant Material and Experimental Conditions 

Two-week-old seedlings of Genovese basil, Ocimum basilicum L. cv. Sanremo, 

grown on polystyrene sowing trays, were used as plant material. The roots were 

gently washed with tap water to remove the peat cube and planted into a floating raft 

system of the RAS and hydroponic units, respectively, at a plant density of 20 plants 

per m22. The water temperature was set to 23 °C, and its pH and electrical 

conductivity (EC) were monitored daily over the entire period and were, on average, 

6.9 and 1100 µS cm21, respectively 

2.3.Aquaponic and Hydroponic Nutrient Solution Management 

The RAS unit was fed with preformulated fish feed (42% protein content) (Tilapia 

Grower 13-EF, Alltech Coopens, Helmond, the Netherlands). The daily fish feed 

target was adjusted based on fish weight and stocking; during the experiments, the 

average daily feed intake was 1.4 ± 0.5% body weight. The hydroponic nutrient 

solution consisted of a half-strength Hoagland nutrient solution with a pH of 6.9 and 

an EC of 1100 µS cm21. The concentrations of macro and meso nutrients of both 

systems are reported in Table S1. In each system the water temperature, pH, and EC 

were monitored daily (Thermo Scientific Expert pH and Cond Testers, Segrate, Italy). 

The hydroponics nutrient solution was reintegrated every second week, and the pH 

was adjusted with nitric acid or potassium hydroxide (KOH). 

2.4.Plant Yield and Growth Measurements 

Plant growth was determined during 2 consecutive cuts, at 35 and 79 days, 

respectively, after planting (DAP) on 18 plants per cut number × cultivation system. 

Cuts were performed with scissors leaving 2 buds below. The leaf number was 

recorded. The total leaf area was obtained by analysing digital images with ImageJ 

software, version 1.50i (Wayne Rasband National Institute of Health, Bethesda, MD, 

USA). Fresh weights of canopy and roots were recorded with an electronic balance, 

and dry weights were obtained after drying samples at 70 °C for 48 h. 

2.5.Specific Leaf Traits 

Specific leaf area (SLA) and relative water content (RWC) were determined on 3 

fully expanded leaves per plant on 18 plants per cut number × cultivation system. 
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SLA was calculated as the ratio between the single leaf area and its dry weight 

recorded after drying samples at 70 °C for 48 h. RWC was determined considering 

fresh leaf weight, turgid weight (after overnight with distilled water), and leaf dry 

weight. 

2.6.Gas Exchanges and Chl a Fluorescence Emission 

Gas exchange measurements were performed at 35 and 79 days after planting 

(DAP) on 1 fully expanded leaf from 6 plants × 3 replicates × cut number × 

cultivation system using a photosynthesis yield analyser (LCi T, ADC Bioscientific 

Ltd., Hoddesdon, UK); measurements were performed at noon in ambient CO2 (434 

ppm) at a mean temperature of 31.1 °C and relative humidity of 45%, and a 

photosynthetic photon flux density (PPFD) of 1251.8 µmol m22 s21. Light use 

efficiency (LUE) was calculated as the ratio of the leaf net photosynthesis (Pn) to the 

incident number of photons, and intrinsic water use efficiency (WUEi) was calculated 

as Pn/gs. 

On the same leaves used for gas exchange measurements, 

chlorophyll a fluorescence emission was determined using a portable fluorimeter kit 

(Plant stress Kit, Opti-Sciences, Hudson, NY, USA). Measurements in the light were 

performed with a ΦPSII meter by applying a saturating pulse of 4286 µmol 

m22 s21 for 1.1 s, to obtain the maximum light-adapted fluorescence (Fm2) and steady-

state fluorescence (Fs). For measurements in the dark, leaves were dark-adapted for 

30 min with a dark leaf clip (Opti-Sciences Inc., Hudson, NY, USA); then, using an 

Fv/Fm meter (Opti-Sciences Inc., Hudson, NY, USA), a 1.0-s saturating pulse light 

(3429 µmol m22 s21) was used to obtain the Fm and Fo values. The PSII maximum 

photochemical efficiency (Fv/Fm) was calculated as Fv/Fm = (Fm 2 F0)/Fm. The 

quantum yield of PSII electron transport (ΦPSII) was calculated as ΦPSII = (Fm2 2 

Fs)/Fm2 following Genty et al. [50]. 

2.7.Leaf Chlorophyll and Carotenoids Content and SPAD Index Determination 

At each cut (35 and 79 days after planting (DAP), SPAD index and leaf 

photosynthetic pigment content were determined on 1 fully expanded leaf per 6 plants 

× 3 replicates × cut number × cultivation system. SPAD measurements were 

performed with a portable chlorophyll meter SPAD-502 (Konica Minolta, Tokyo, 
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Japan). Leaf samples were immediately frozen at 220 °C until analysis. An aliquot of 

0.5 g of leaf tissue was ground with 5 mL of acetone (80%) into a 15-mL tube flask. 

The solution was incubated in the dark at room temperature for 15 min, followed by 

5 min of centrifugation at 3000× g. Pigment content was determined by light 

absorbance at 662, 645, and 470 nm for chlorophyll a, b, and total carotenoids, 

respectively, using a Hach DR 2000 spectrophotometer (Hach Company, Loveland, 

CO, USA). Total chlorophyll was calculated as the sum of chlorophyll a and b 

according to Lichtenthaler et al. [51]. 

2.8.Leaf and Stems Mineral Content Analysis 

According to the protocol from Pannico et al. [52], a 250-mg aliquot of a ground-

milled (model MF10.1, IKA-Werke GmbH & Co. KG, Staufen, Germany) dry leaf 

sample was used for the determination of leaf mineral (NO3, P, K, Ca and Mg) 

composition. Mineral analysis was then performed after 0.45-µm filtering using an 

ion chromatographer (model ICS-3000, Dionex, Sunnyvale, CA, USA) and 

quantified using an electrical conductivity detector equipped with IonPac CS12A and 

IonPac AS11-HC analytical columns for the analysis of cationic and anionic contents, 

respectively (Dionex, Sunnyvale, CA, USA). Except for nitrate, which was expressed 

on a fresh weight (FW) basis considering the leaves9 dry matter content, all the 

minerals leaf concentrations are expressed as g kg21 on a dry weight (DW) basis. 

2.9.Statistical Analysis 

The experiment and all the analysis and statistics were conducted on an average 

of 6 plants × 3 replicates × cut number × cultivation system. Analysis of variance was 

performed using the SPSS software package, version 27 (IBM, Chicago, IL, USA). 

Means were compared by Tukey9s HSD post hoc test (p < 0.05). A cluster heatmap 

was generated using ClustVis online software [18] using Euclidean distance as the 

similarity measure and hierarchical clustering with complete linkage considering the 

cut number and the cultivation system. Values were log(x+1) transformed. 

3. Results 

3.1.Plant Growth 
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Basil plants under both cuts and both cultivation systems developed similar leaf 

numbers and total fresh biomass (Table 1). A significant interaction effect was found 

on the total leaf area. In fact, between the two cuts, the leaf area decreased by 257% 

in hydroponics, whereas it increased by 48% in aquaponics. The total dry weight and 

dry matter content at the first cut did not vary between the systems. In the second cut, 

the leaf area increased by 182% and 365% and by 166% and 208%, respectively, 

under hydroponic and aquaponic conditions, with higher values observed in plants 

grown in aquaponics compared to hydroponics. Morphological leaf traits were 

affected differently by the cut number and the type of system used. The specific leaf 

area (SLA) was greater in hydroponics under the first cut and decreased by 223% 

under the second, while it increased by 14% in aquaponics.
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Table 1. Plant growth in terms of leaf number, total leaf area, total fresh weight (FW), total dry weight (DW), total dry matter (DM) and specific leaf area (SLA) in 

Genovese basil cv Sanremo plants under two consecutive cuts (35 (I) and at 79 (II) days after planting (DAP)), grown under hydroponic (H) or aquaponics (AQ) 

conditions.

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Data represent the mean ± s.e. (n = 3). Different letters indicate significance based on Tukey9s HSD post hoc test. ns, *, **, and *** indicate non-significant and 

significant effects at p < 0.05, 0.01, and 0.001, respectively.  

Leaf 

Number
Total FW Total Leaf Area Total DW Total DM SLA

(n plant
21

) (g FW plant
21

) (cm² plant
21

) (g DW plant
21

) (%) (cm² g)

System (S) Cut (C)

H I 36.12 ± 2.89 38.05 ± 1.67 2795.9 ± 133.19 a 1.16 ± 0.07 c 2.98 ± 0.06 c 411.3 ± 1.18 a

II 46.67 ± 3.49 38.75 ± 2.83 1206.26 ± 147.76 c 3.26 ± 0.27 b 7.91 ± 0.13 b 315.7 ± 12.4 b

Mean 41.39 38.4 2001.08 2.21 5.44 363.5

AQ I 33.33 ± 0.71 32.36 ± 1.23 1476 ± 134.07 c 1.18 ± 0.03 c 3.64 ± 0.04 c 280.4 ± 0.007 c

II 62.61 ± 4.17 44.38 ± 4.44 2186.86 ± 7.36 b 5.5 ± 0.37 a 11.22 ± 0.11 a 320.2 ± 0.72 b

Mean 47.97 38.37 1831.43 3.34 7.43 300.2

S 0.723 
ns

0.995 
ns

0.195 
ns 0.023 * 0.00 ** 0.000 **

C 0.167 
ns

0.231 
ns 0.006 ** 0.00 ** 0.00 ** 0.002 **

S × C 0.969 
ns

0.282 
ns 0.00 ** 0.025 * 0.00 ** 0.00 **

Treatments

Significance
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3.2.Gas Exchanges and Chl a Fluorescence Emission 

Gas exchanges and Chl a fluorescence were affected differently by the cut number 

and the cultivation system used. Leaf net photosynthesis (Pn), stomatal conductance 

(gs), transpiration (E), the maximal photochemical efficiency of the PSII (Fv/Fm), the 

actual yield of PSII (ΦPSII), and the electron transport rate (ETR) were higher under 

the first cut, and they decreased under the second cut. In contrast, the yield of non-

regulated quenching (ΦNO) increased by +60% in the second cut, and the non-

photochemical quenching did not vary. Concerning the cultivation system, plants 

grown under hydroponic conditions showed 14% higher transpiration and 25% ETR, 

while no differences were observed for the other measured parameters (Table 2). 

Compared with the first cut, the relative water content (RWC), the light use efficiency 

(LUE), and the intrinsic water use efficiency (WUEi) decreased in both systems on 

average by 2122%, 2567%, and 2212%, respectively. 
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Table 2. Gas exchanges and chlorophyll fluorescence emission in terms of leaf net photosynthesis (Pn), stomatal conductance (gs), leaf net transpiration (E), maximal 

photochemical efficiency of PSII (Fv/Fm), yield of PSII (ΦPSII), linear electron transport rate (ETR), yield of non-regulated quenching (ΦNO), non-photochemical 

quenching (NPQ), intrinsic water use efficiency (WUEi), light use efficiency (LUE), and relative water content (RWC) in Genovese basil cv. Sanremo plants under 

two consecutive cuts (35 (I) and at 79 (II) days after planting (DAP)) grown under hydroponic (H) or aquaponics (AQ) conditions.

 

Data represent the mean ± s.e. (n = 3). Different letters indicate significance based on Tukey9s HSD post hoc test. ns, *, **, and *** indicated non-significant and 

significant effects at p < 0.05, 0.01, and 0.001, respectively. 

Treatments Pn gs E Fv/Fm ФPSII ETR ФNO NPQ WUEi LUE RWC

(µmol CO2 m
22

 s
21

) (mol m
22

 s
21

) (mol H2O m
22

 s
21

) (µmol m
22

 s
21

)
(µmol CO2 m

22
 s

21
/     

mol H2O m
22

 s
21

)

(µmol CO2 m
22 

s
21

/µmol photons 

m
22

 s
21

)

(%)

Cultivation system (S)

H 2.97 ± 0.87 0.13 ± 0.01 3.36 ± 0.32 a 0.71 ± 0.05 0.42 ± 0.03 32.68 ± 4.79 a 0.21 ± 0.02 1.19 ± 0.13 20.96 ± 4.32 0.009 ± 0.004 a 92.46 ± 1.55

AQ 3.01 ± 0.98 0.12 ± 0.01 2.93 ± 0.35 b 0.73 ± 0.04 0.43 ± 0.04 25.99 ± 4.95 b 0.25 ± 0.04 1.36 ± 0.21 22.08 ± 5.23 0.013 ± 0.003 a 88.77 ± 2.22

Cut (C)

I 4.93 ± 0.45 a 0.15 ± 0.01 a 3.85 ± 0.15 a 0.82 ± 0 a 0.51 ± 0.02 a 39.53 ± 2.83 a 0.2 ± 0.01 b 1.47 ± 0.09 a 31.80 ± 1.84 a 0.02 ± 0.001 a 87.75 ± 2.23 b

II 1.05 ± 0.06 b 0.09 ± 0.00 b 2.44 ± 0.14 b 0.62 ± 0.02 b 0.35 ± 0.01 b 19.15 ± 1.56 b 0.33 ± 0.02 a 1.07 ± 0.20 b 11.24 ± 3.78 b 0.003 ± 0.002 b 93.48 ± 0.66 a

Significance

(S) 0.9403 
ns

0.423 
ns 0.029 * 0.263 

ns
0.694 

ns 0.039 * 0.378 
ns

0.483 
ns

0.599 
ns 0.013* 0.115 

ns

(C) 0.00 ** 0.00 ** 0.00 ** 0.00 ** 0.00 ** 0.00 ** 0.002 ** 0.123 
ns 0.00** 0.00** 0.025*

CS × C 0.70 
ns

0.851 
ns

0.65 
ns

0.301 
ns

0.291 
ns

0.871 
ns

0.863 
ns

0.581 
ns

0.00
**

0.12 
ns

0.291 
ns
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3.3.Mineral Content 

The cut number and the cultivation system affected nutrient concentrations in leaf 

tissue differently (Table 3). Compared to the first cut, nitrate concentration of leaves 

harvested at the second cut increased by 1171% and 380% in hydroponic and 

aquaponics conditions, respectively (Table 3). Potassium did not vary between the 

two systems at the first cut, while it increased by 19% in hydroponic plants during 

the second cut (Table 3). Phosphorus was 38% higher in the first cut compared to the 

second one, and it was higher in hydroponics compared to aquaponics (Table 3). 

Magnesium concentrations were similar at the two cuts, and it was higher in 

aquaponics compared to hydroponics by 108% (Table 3). Leaf calcium concentration 

was higher in aquaponics than hydroponics, and compared to the first cut, it increased 

only in hydroponics (+104%) (Table 3). Chloride concentrations increased at the 

second cut on average by +133%, and it did not differ between the cultivation systems 

(Table 3). Sulphate and ammonia concentrations were higher in hydroponics than 

under aquaponics conditions. However, compared to the first cut, these 

concentrations increased only in hydroponics, with no differences in aquaponics 

between the two cuts. Lastly, sodium concentrations were not affected (Table 3). 
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Table 3. Leaf mineral concentrations, expressed for nitrate as g kg21 FW and for all others as g kg21 DW., in Genovese basil cv. Sanremo plants in two consecutive 

cuts (35 (I) and at 79 (II) days after planting (DAP)) grown under hydroponics (H) or aquaponics (AQ) conditions. 

Data represent the mean ± s.e. (n = 3). Different letters indicate significance based on Tukey9s HSD post hoc test. ns, *, **, and *** indicated non-significant and 

significant effects at p < 0.05, 0.01, and 0.001, respectively. 

NO3 P K S Ca Mg NH4 Na Cl

(g kg
21

 FW) (g kg
21

 DW) (g kg
21

 DW) (g kg
21

 DW) (g kg
21

 DW) (g kg
21

 DW) (g kg
21

 DW) (g kg
21

 DW) (g kg
21

 DW)

System (S) Cut (C)

H I 523.29 ± 229.17 c 4.33 ± 0.42 a 72.06 ± 3.22 ab 0.77 ± 0.05 b 7.64 ± 0.41 b 2.26 ± 0.1 b 0.39 ± 0.01 c 0.52 ± 0.11 6.07 ± 1.07

II 3311.48 ± 148.39 a 3.47 ± 0.37 ab 85.79 ± 4.7 a 0.96 ± 0.1 b 15.59 ± 1.27 a 3.21 ± 0.16 b 0.94 ± 0.02 a 0.8 ± 0.14 14.36 ± 1.75

Mean 1917.38 3.9 78.92 0.87 11.62 2.73 0.66 0.66 10.21

AQ I 1565.55 ± 156.84 b 3.94 ± 0.22 ab 57.57 ± 3.65 bc 1.32 ± 0.04 a 16.5 ± 0.71 a 6.09 ± 0.32 a 0.34 ± 0.01 c 0.4 ± 0.09 4.2 ± 0.38

II 3478.24 ± 321.61 a 2.54 ± 0.29 b 54.24 ± 1.66 c 0.73 ± 0.05 b 15.13 ± 0.15 a 5.3 ± 0.22 a 0.57 ± 0.04 b 0.56 ± 0.08 9.57 ± 0.19

Mean 2521.89 3.24 55.9 1.02 15.81 5.69 0.46 0.48 6.88

S 0.028 ** 0.085 
ns 0.00 ** 0.042 * 0.001 *** 0.00 ** 0.00 ** 0.132 

ns
0.013 

ns

C 0.00 ** 0.01 ** 0.174 
ns 0.014 * 0.003 ** 0.731 

ns 0.00 ** 0.079 
ns 0.00 **

C × S  0.088 
ns

0.443 
ns 0.04 * 0.00 ** 0.00 ** 0.004 ** 0.00 ** 0.592 

ns
0.2 

ns

Treatment

Significance
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3.4.Leaf Photosynthetic Pigments 

Leaf photosynthetic pigment content was affected by both the number of cuts and 

the cultivation system. Compared to the first cut, the Chl a/b ratio increased in 

hydroponics by +35%, while it did not vary in aquaponics (Table 4). The total 

chlorophyll (a + b) and SPAD values decreased by 211% and 218% in hydroponics, 

respectively, while they did not vary in aquaponics. Carotenoid content was higher in 

aquaponics compared to hydroponics, and compared to the first cut, this content 

increased by 15% only in hydroponics plants (Table 4). 

Table 4. Photosynthetic pigments content in terms of chlorophyll(a+b), carotenoids, Chla/b ratio, and 

SPAD values Genovese basil cv Sanremo plants under two consecutive cuts (35 (I) and at 79 (II) days 

after planting (DAP) grown under hydroponics (H) or aquaponics (AQ) conditions. 

 

Data represent the mean ± s.e. (n = 3). Different letters indicate significance based on Tukey9s HSD 

post hoc test. ns, *, **, and *** indicated non-significant and significant effects at p < 0.05, 0.01, and 

0.001, respectively. 

3.5.Cluster Heatmap Analysis 

To obtain an in-depth overview of the morpho-anatomical, eco-physiological, and 

nutritional variations induced by the two cultivation systems and cut numbers, a 

Treatment Chl a/b Chl (a + b) Total Carotenoids SPAD Index

(mg g FW
21

) (mg g FW
21

)

System (S) Cut (C)

H I 1.35 ± 0.01 b 1.76 ± 0.04 a 0.22 ± 0.00 c 23.13 ± 0.75 a

II 1.82 ± 0.04 a 0.95 ± 0.03 c 0.25 ± 0.01 b 13.11 ± 0.88 c

Mean 1.59 1.35 0.24 18.12

AQ I 1.78 ± 0.06 a 1.25 ± 0.05 b 0.29 ± 0.00 a 19.41 ± 0.94 b 

II 1.74 ± 0.04 a 1.12 ± 0.1 bc 0.27 ± 0.01 ab 15.97 ± 0.64 bc

Mean 1.76 1.19 0.28 17.69

Significance

S 0.005 ** 0.024 * 0.00 ** 0.611 
ns

C 0.001 *** 0.00 ** 0.15 0.00 **

C × S  0.001 *** 0.001 *** 0.002 ** 0.004 **
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cluster heatmap was created for all of the aforementioned parameters to highlight 

these differences better (Figure 1). 

 

Figure 1. Heatmap cluster analysis in Genovese basil cv Sanremo plants under two consecutive cuts 

(35 (I) and at 79 (II) days after planting (DAP)) grown under hydroponics (H) or aquaponics (AQ) 

conditions. Original values are ln(x+1) transformed; data are expressed with Euclidean distances and 

hierarchical clustering with complete linkage. 

As a result, the main clustering factor was the cut number, rather than the 

cultivation system. Plants grown during the first cut were characterised mainly by a 

greater leaf area and higher leaf chlorophyll and carotenoid content, in line with 

higher SPAD values and higher maximal photochemical efficiency and the yield of 

the PSII, the LUE, and the WUEi. In addition, plants grown until the first cut absorbed 

more phosphorous. The accumulation of some nutrients, such as sodium, ammonium, 

and chloride, were reduced. 

On the other hand, plants grown until the second cut showed higher leaf numbers 

and biomass accumulation, higher leaf NO3, K, Cl, NH4, and Ca content, and a higher 
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non-regulated dissipation process in fluorescence. In addition, lower gas exchange 

activities, chlorophyll content, and fluorescence performance were observed. 

To be more specific, plants grown under aquaponics conditions during the second 

cut showed the greatest increases in leaf number and fresh and dry biomass and lower 

P accumulation and gas exchange activity. During the first cut, aquaponics-grown 

plants showed the most elevated sulphate concentrations, the highest WUEi and ΦPSII, 

and the lowest biomass production. In contrast, basil plants grown under hydroponic 

conditions during the first cut showed the greatest total leaf area, SLA, chlorophyll 

content, and SPAD values and the lowest concentrations of Ca, Mg, and Chl(a/b) ratio. 

During the second cut, plants grown under hydroponic systems showed the highest 

NO3, K, Cl, Na, NH4, relative water content, and ΦNO values and the lowest gas 

exchanges, chlorophyll fluorescence, and LUE (Figure 1). 

4. Discussion 

Identifying, developing, and optimising plant production more sustainably is a 

common goal to achieve the UN SDG and farm-to-fork strategy goals by 2030 

[11,12,13]. 

Soilless cultivation of aromatic plants has been established worldwide. 

Hydroponic cultivation allows for successful growing of several vegetables and 

aromatic plant species, with high nutrient levels and water use efficiency. 

Aquaponics, on the other side, does not rely on chemical fertilisers, such as nitrates, 

owing to the nitrate-rich water produced by fish metabolism and converted by 

bacteria [35]. 

Basil on a commercial scale is consequently cut to spare resources, labour, and 

time; several studies in hydroponic conditions have shown improved fibre content, 

aroma profiles, and nutritional benefits [9]. 

To the best of our knowledge, this study is the first aiming to compare in a 

Mediterranean greenhouse environment the differences in growth, eco-physiology, 

and macro-nutrient concentrations of basil grown under hydroponics or aquaponics 

conditions under consecutive cuts since no studies seem to be available in the 

literature on these aspects. 

Consecutive cuts in basil have been extensively evaluated in soil and substrate 

cultivation [3,5,6,9] and under hydroponic conditions [32] to improve the yield, 
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photosynthetic performance, aromatic profile, polyphenols, and essential oil content 

[3]. In a tropical environment, other authors have provided information about the 

effects of consecutive cuts and periods of harvest on the yield [28] such that, after the 

fourth cut, the production decreased, suggesting harvesting a maximum of four times. 

In our study, we performed only two consecutive cuts, and the cut number 

predominantly impacted most of the analysed parameters, rather than the cultivation 

system used. However, the cultivation system influenced specifically the mineral 

content, such as of Mg. Saha and co-authors [36] compared basil productive 

performance in hydroponic and aquaponic systems with crayfish; however, they did 

not consider the cut effect, and a proper comparison was not possible due the different 

aquatic species used. 

Generally, the cut in different vegetable species promotes growth thanks to the 

inhibitory effects of cuts on auxins, hence reducing the apical dominance; and by 

fostering cytokinin and gibberellin biosynthesis, it in turn allows new tissues and 

leaves to develop [3] and increases the node number and leaf number. In our 

experimental conditions, the cut number and the cultivation system did not affect the 

number of leaves. At the second cut, the leaf area decreased in hydroponic conditions 

while it increased in aquaponics. The fresh biomass did not vary between the two 

systems and the cuts. In contrast, most of the studies available in the literature 

reported an increase in fresh biomass [3,6,33]. In our research, in line with the 

previous study, the dry biomass and dry matter content increased between the first 

and the second cuts [3,6,33], in line with a higher RWC; in contrast, the SLA 

decreased in hydroponics, and it increased in aquaponics. 

From a physiological perspective, there were no observed differences between the 

cultivation systems in Pn or fluorescence parameters, such as Fv/Fm and ΦPSII. The cut 

number was the main factor. All eco-physiological parameters decreased in the 

second cut compared to the first, except for an increase in non-regulated dissipation 

processes such as ΦNO. This outcome is in line with the SPAD readings and 

photosynthetic pigment content. In fact, between the two cultivation systems, 

hydroponics showed higher chlorophylls, especially Chl a content, and lower 

carotenoid content. At the same time, aquaponic plants produced higher Chl b, as 

revealed by the Chl a/b ratio and carotenoids, compared to hydroponic plants. The 
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chlorophyll content decreased between the first and second cuts only in hydroponics, 

in which we observed as a response an increase in carotenoid content to cope with 

possible photodamage and nutrient imbalances, such as in iron or manganese [37,38]. 

It is well known that light and other environmental variables directly affect gas 

exchanges and plants9 capacity to absorb light [39,40]. In our experiment, the leading 

cause of reductions in gas exchange in both systems has to be ascribed to the different 

environment and the particular light scenario since the first cut occurred in July and 

the second in September, with a large difference in light intensity and daylight 

integrals being reduced in September. The decrease in physiological activities during 

the second cut has to be ascribed to the combined effects of environmental changes, 

cut effects, and progressive tissue lignification, which occurs in plant tissue close to 

senescence with progressive degradation of RuBisCo activity and changes in the 

redox processes in photosystems [5,33]. In line with this hypothesis, apart from the 

reductions in photosynthetic and photochemical activities, as we previously stated, 

we recorded between the two cuts alterations in photosynthetic pigment composition 

and ratios in line with the decrease in the physiological parameters and the increases 

in ΦNO and dry matter content, indicating the occurrence of a progressive plant9s 

tissue lignification. 

On one side, hydroponic cultivation provides all the nutrients that plants need to 

develop and synthesise essential and beneficial compounds for human health [41]. 

However, it considerably impacts the environment since most nutrient sources, such 

as nitrates, comes from high-environmental impact processes. Phosphorus, in 

addition, is a finite and non-renewable element, and it is considered to be the next 

bottleneck that could cause our food system to collapse [42]. 

In fact, light can have a direct influence on nutrient uptake. Different studies have 

reported a species/variety-specific effect on nutrient uptake and concentrations in 

response to environmental and agronomic practices such as the cut number. In soil, 

basil experiments showed an increase in nitrate content [5] or a genotypic effect [3]. 

Studies in hydroponic conditions conducted between April and May 2019 reported 

decreases in nitrate content and phosphorous, potassium, calcium, and magnesium 

[33]. In our growing conditions, nitrate and ammonium concentrations increased in 

the second cut. At the same time, in agreement with the previous study, we reported 
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a decrease in phosphorous, while calcium uptake increased only in hydroponics, and 

we did not observe differences in magnesium concentrations. As we previously 

stated, to account for the increase in nitrate content, the best hypothesis is the 

reduction in light intensity and DLI since light and temperature directly affect nitrate 

reductase and nitrate transformation in leaf tissue [43]. In fact, less nitrogen is used 

in the second cut for the primary and secondary metabolism since ammonium 

concentrations increased [44,45]. High nitrate content can be a serious threat to 

human health since it is implicated in human methemoglobinemia disease [18]. EU 

regulation No 1258/2011 does not explicitly limit nitrate content for basil; however, 

considering the limit allowed for leafy vegetables, in our growing condition, we were 

less than that limit in both systems and cut periods [46]. In agreement, our results 

align with the nitrate content values observed by Ciriello, Formisano, Corrado and 

Nicoletto [3,5,6,9,33]. 

Furthermore, minerals are essential building blocks for crucial molecules and 

involve different pathways. Nutrient imbalances can cause impairment of metabolic 

functions and decreases in photosynthetic and water efficiency. In our study, we 

observed a substantial reduction in Fv/Fm, close to photoinhibition in plants grown 

during the second cut, especially under hydroponic conditions, in line with a decrease 

in ΦPSII and an increase in ΦNO, indicating high stress on the photosystems [47]. This 

outcome is ascribed mainly to a phosphorous deficiency since the P leaves9 

concentrations decreased in the second cut. P is an essential component of molecules 

such as ATP and NADPH and is involved in several metabolic pathways, such as the 

electron transport chain between the PSII and PSI [42,48,49]. 

Further experiments should focus on the need to better understand the influence 

of the cultivation system on basil aroma and essential oil profile changes in relation 

to the cut number and the light intensity. 

5. Conclusions 

To conclude, to develop sustainable food systems, food producers need to rely less 

and less on mineral fertilisers to improve the resilience of food systems. In our 

growing conditions, aquaponic and hydroponic cultivation seems to provide equal 

production. The cut and the period when it was performed influenced basil plants 
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grown under both systems similarly and increased dry biomass and matter content. 

In addition, the systems promoted nitrate accumulation, mainly due to environmental 

changes between one cut and the others. Overall, both systems are a valuable means 

to produce basil in controlled environment agricultural systems, and aquaponics is 

highly suggested to improve the sustainability of the food sector. However, proper 

life cycle assessments must be performed to better quantify the impacts on different 

sustainability indicators. 

In conclusion, our study brings new knowledge on the productive, eco-

physiological behaviours and nutrient profile of basil grown in hydroponic and 

aquaponics systems. In addition, we report for the first time the cut number9s 

influence on basil plants grown under aquaponics conditions. Our results have 

practical and scientific relevance. 
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Abstract 

In Europe, strawberries represent a high-value market and consumers demand

Aquaponics is a highly efficient production system that relies on the fish food as the only energy 

system9s input for growing both fish and vegetables, without chemicals. In Mediterranean 

climates, during winter, due to the combined effects of low solar radiation and low-temperature 

levels, plant metabolic activity, growth rate, and nutrient uptake decrease, which may, in turn, 

cause harmful accumulation of nitrogen compounds for fish in the water. Growers renew the water 

periodically by discharging nutrients enriched water with severe environmental and economic 

costs. In winter, aquaponics cultivation cycles can be integrated with supplemental light to 

guarantee a constant daily light integral (DLI) that could promote plant growth and nutrient 

uptake. The aim of the study was to evaluate the morpho-physiological response of lettuce 

(Lactuca sativa L.), escarole endive (Cichorium endivia var. latifolia L.), and curly endive 

(Cichorium endivia var. crispum L.) grown in a floating raft, in combination with tilapia 

(Oreochromis niloticus L.) in a recirculating aquaponics system (RAS). Plant were grown under 

natural light (NL) or natural light integrated with 16 h of supplemental white LED lighting (IL, 

PPFD: 173 µmol m-2 s-1, DLI, 10 mol m-2 d-1). The results showed species-specific morpho-

physiological responses, with higher productivity in the endives than lettuce, under both light 

regimes. Compared to NL, plant biomass and leaf area were promoted under IL, accounting for 

higher plant photosynthetic rates. IL boosted endive growth, while lettuce leaf expansion and 

biomass allocation into the canopy were increased. Both lettuce and endives performed well in 

the adopted RAS system. It appears recommendable to provide a fixed DLI during the winter 

months to shorten the crop cycle by improving plant growth and nutrient uptake. However, further 

studies are needed to optimize the lighting application protocols and reduce energy costs too. 

Keywords: white spectrum, photochemistry, water use efficiency, root growth 

Supplemental daily light integral by LED light to improve the growth of leafy vegetables in aquaponics   system
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Introduction 

Urban agriculture stands as a valuable tool to reduce agri-food production 

environmental impacts and shorten the food supply chain [1]. Furthermore, a necessity 

for the cities is to provide high-quality proteins and vegetables at local level. In this 

scenario, aquaponics can be considered a sustainable solution to create sustainable food 

systems. Aquaponics, the merge of aquaculture and hydroponics, allows to convert fish 

faeces rich in ammonia, thanks to microbial activity, into nitrates for plants with mutual 

benefit by reducing the need to discharge water by aquaculture plans and the need for 

chemical fertilizers to grow vegetables [2]. In coupled aquaponics, fish production in 

recirculating aquaculture systems (RAS) and plants in hydroponics are combined in a 

single loop, entailing systemic compromises on the optimal production parameters for 

both fishes and plants (e.g., pH). Coupled RAS systems are well suitable to grow leafy 

vegetables, especially lettuce, in combination with tilapia (Oreochromis niloticus L.) [3], 

that nowadays, it is the most grown fish species worldwide [4]. These systems can have 

several advantages if implemented into an urban context, such as rooftop greenhouse, 

vertical farms, and other controlled environment agricultural (CEA) plans [5]. In 

Mediterranean climates, during winter, due to the combined effects of low solar radiation 

and low-temperature levels, plant metabolic activity, growth rate, and nutrient uptake 

decrease, which may, in turn, cause harmful accumulation of nitrogen compounds for 

fishes in the water [6]. In the winter months, the use of supplemental lighting could 

promote plant growth and mitigate nutrient accumulation in the water. 

Therefore, the study aimed to evaluate the morpho-physiological response of 

lettuce (Lactuca sativa L.), escarole endive (Cichorium endivia var. latifolia L.), and curly 

endive (Cichorium endivia var. crispum L.) grown in a floating raft in combination with 

tilapia, under natural light (NL) or natural light integrated with 16 h of supplemental white 

LED lighting (IL, PPFD: 173 µmol m-2 s-1, DLI, 10 mol m-2 d-1) in a coupled RAS. 

Materials and Methods  

Aquaponics system design and fish feed rate 

The experiment was carried out in a Recirculating aquaponics system (RAS) 

inside a cold greenhouse (40°48957.9= N, 14°21901.6= E) at the Department of 

Agricultural Sciences of the University of Naples Federico II (Portici, Italy) from 
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December 2020 to February 2021. The RAS unit consisted of 4 tilapia fish rearing tanks, 

each of 2800 L. The system was equipped with an 800 L Superbead system for mechanical 

and biological filtration, 400 L trickling filter, 40 W UV sterilization unit. Ambient air 

insufflation was set at 0.05 v v-1 min-1. A preformulated feed containing 35% of the protein 

was adopted as fish feed. The daily fish feed target was adjusted based on fish age and 

stocking density. 

Plant material and culture 

Two weeks old seedlings of lettuce ((L), Lactuca sativa L. 8Meraviglia d9inverno9 

(L9ortolano), escarole endive (EE) (Chicorium endivia var. latifolia 8Bionda a cuore 

pieno9 (Esasem), curly endive (EC) (Cichorium endivia var. crispum 8De Louvriers9 

(Seedsselect) grown on polystyrene sowing tray were used as plant material. Roots were 

gently washed with tap water to remove the peat cube and planted into a floating raft unit 

of the RAS system at a plant density of 25 plant m-2. Plants were harvested after 52 days. 

Water temperature was set to 24°C, pH and electrical conductivity were monitored daily 

over the entire period and were on average 8 and 1042 µS cm-1, respectively.  

Lighting treatment 

Lighting treatments consisted of 1) natural sunlight control (NL) with a 

photoperiod (or day length, which was calculated for the site locations as the time interval 

between sunrise and sunset) ranging between 9 h 13 min and 10 h 40 min from December 

2020 to February 2021, and 2) natural sunlight integrated with 16 h (6:00-22:00) of 

supplemental lighting (IL) provided by white LED (Hortimol TLed 40W Full Spectrum 

FSG, The Netherlands), B:R ratio of 0.44, the light spectral composition is reported in 

Figure 1. IL was applied at an average photosynthetic photon flux density (PPFD) of 

173.5±6.2 µmol m-2 s-1 guaranteeing a minimum daily light integral (DLI) of 10.0±0.4 

mol m-2 d-1. IL spectra composition was analysed with a spectral light meter (MSC15, 

Gigahertz-Optik GmbH, Tࠀ甃rkenfeld, Germany). 

Gas exchanges measurements 

Gas exchanges were measured at 36 days after planting (DAP) on one fully 

expanded leaves of 12 plants × species × lighting treatment using a photosynthesis yield 

analyzer (LCi T, ADC Bioscientific Ltd, UK); measurements were carried out at noon at 
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ambient CO2 (457±1.55 ppm) at a mean temperature of 28.5°C, humidity of 43.15%, and 

photosynthetic photon flux density (PPFD) of 689.5 µmol m-2 s-1. 

 

Figure 1. Spectral irradiance distribution (W m-2 nm-1) of the white LED (Hortimol TLed 40W Full 

Spectrum FSG, The Netherlands). The spectra was obtained with a portable spectral light meter (MSC15, 

Gigahertz-Optik GmbH, Tࠀ甃rkenfeld, Germany). 

Chl a fluorescence emission and SPAD measurements 

On the same leaves used for gas exchanges measurements, Chl a fluorescence 

emission, was determined using a portable fluorimeter kit (Plant stress Kit, Opti-Sciences, 

Hudson, USA). Measures in the light were carried out with a ΦPSII meter by applying a 

saturating pulse of 4286 µmol m-2 s-1 for 1.1 s, to obtain the maximum light-adapted 

fluorescence (Fm9) and steady-state fluorescence (Fs). For measurements in the dark, 

leaves were dark-adapted for 30 min with a dark leaf clip, then using an Fv/Fm meter a 1.0 

s saturating pulse light (3429 µmol m-2 s-1) was given to obtain the Fm and Fo values. 

The PSII maximum photochemical efficiency (Fv/Fm) was calculated as Fv/Fm = 

(Fm2F0)/Fm. The quantum yield of PSII electron transport (ΦPSII) was calculated as ΦPSII 

= (Fm9- Fs)/Fm9; The non-photochemical quenching (NPQ) was calculated as (Fm/Fm9)-1. 

Stomatal traits 

One leaflet of fully expanded leaf was sampled from 6 plants per species × lighting 

treatment and immediately fixed in FAA solution (40% formaldehyde, 10% glacial acetic 

acid, 50% ethanol). Stomatal traits were determined by peeling the abaxial epidermis in 

each leaflet9s median region, avoiding the midrib and the margin. Three epidermal strips 
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per leaflet were peeled and mounted with water on microscope slides. Afterwards, each 

epidermal strips were observed under a transmitted light microscope (BX51, Olympus, 

Hamburg, Germany) at a magnification of 20×, and the images were collected using a 

digital camera (EP50, Olympus); finally, each image was processed using the ImageJ 

software 1.50i version (Wayne Rasband National Institute of Health, USA). Five stomata 

per epidermal strips were randomly selected to estimate their density (number of stomata 

per surface unit, mm2). 

Plant growth 

At harvest on 12 plants per species × lighting treatment, leaf number was recorded. 

The total leaf area was obtained by digitally analysing pictures with ImageJ software 1.50i 

version (Wayne Rasband National Institute of Health, USA). Shoot and fresh root 

biomass were recorded with an electronic balance, and dry weights were obtained after 

drying samples at 70°C for 48 h. 

Statistical analysis 

The experiment was carried out on 27 plants per species×lighting treatment with 

a complete randomized distribution between the species. Except for stomatal traits, the 

sampling, measurements, and ANOVA were carried out on the average of 4 plants × 3 

repetition × species × light treatment using the SPSS software package v27 

(www.ibm.com/ software/analytics/spss). Means were compared by Tukey HSD post-hoc 

test (P<0.05). 

Results 

Plant growth 

Compared to L and EE, EC plants produced more leaves, a higher total leaf area, 

and fresh and dry leaves and root weight (Table 1) and showed the highest dry matter 

content in both leaves and roots, while L the lowest (Table 1). Compared to NL, IL 

significantly increased the total leaf area in all the species differently. In fact, in EE and 

EC, IL promoted new leaf formations increasing the leaf area, whereas, in L plants, IL 

promoted leaf expansion accounting to a higher leaf area. Compared to NL plants, plants 

grown under IL developed a significantly longer root apparatus in all the species (Table 

1). In addition, IL increased fresh and dry weight and decreased the dry matter content in 

http://www.ibm.com/
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both leaves and roots (Table 1). Under NL, L plants allocated more biomass to the canopy 

being the canopy:root ratio significantly higher in L plants compared to EE and EC (Table 

1). IL increased in all species fresh canopy and root biomass (Table 1), with the strongest 

responses observed in EC (+78% and +79% for canopy and root, respectively). Compared 

to NL, IL did not increase canopy dry biomass content (on average 4.36%), and it 

increased the root dry biomass only in EE (+12%). In contrast, the canopy:root ratio 

decreased only in L (Table 1). 

Eco-physiological responses 

Among the three species, leaf net photosynthesis (Pn) was higher in EE plants than 

in L plants, while stomata conductance (gs) did not differ between the species. In contrast, 

leaf transpiration (E), the maximal photochemical efficiency of PSII (Fv/Fm) and stomatal 

density were higher in EE and EC compared to L (Table 2). The non-photochemical 

quenching (NPQ) and the yield of PSII (ФPSII) were similar between the species. 

Compared to NL, Pn decreased under supplemental lighting, whereas gs, E and stomatal 

density increased (Table 2). In specific, under NL, gas exchanges in terms of leaf Pn was 

on average +27% higher in EE than the others (Table 2). 

Instead, gs and E did not vary between the species, and it was on average 0.11 mol 

m-2 s-1 and 3.48 mol H2O m-2 s-1, respectively (Table 2). IL light significantly interacted 

with the species; in detail, Pn increased by 59% only in EE while it did not vary in the 

others (Table 2).  

Furthermore, in plants grown under IL, gs and E increased significantly only in 

EE and EC (+21%, +26%, and +32%, +39%, respectively) while it did not vary in L 

(Table 2). SPAD index was lower in EC compared to EE and L (Table 2), in addition, IL 

significantly interacted with the species increasing SPAD values by +32% only EE. Fv/Fm 

under NL was higher in EE than L, 0.74 and 0.60, respectively (Table 2). All values except 

for L were close to 0.8. ΦPSII did not differ between the species under NL, and it was on 

average 0.359 (Table 2). Under NL conditions, NPQ was 17% higher in L compared to 

EE and EC (Table 2). IL did not decrease the ability to intercept light. However, the lower 

ΦPSII values were observed in L (0.21). The stomata density, under NL, was similar 

between the species (Table 2). while it increased in both the endives grown under IL 

compared to NL (+42% and +40% for EC and EE, respectively), while L showed no 

significant variation (Table 2).  
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Table 1. Plant growth measurements at 52 DAT: leaf number, total leaf area (TLA), root length (RL), leaves fresh weight (LFW), leaf dry weight (LDW), leaf dry 

matter (LDM); root fresh weight (RFW), root dry weight (RDW), root dry matter (RDM), canopy:root ratio (C:R) in plants of lettuce (L), escarole endive (EE) and 

curly endive (EC) grown in a floating raft in a coupled RAS system. 

 

Mean values (n=3), followed by different letters within each parameter are significantly different based on Tukey HSD post-hoc (P<0.05). Non-significant or significant 

differences at Pf0.05, 0.01, or 0.001 are indicated as ns, **, and ***, respectively.   

TLA LFW LDW LDM RL RFW RDW RDM 

(cm2 plant
-1

) (g plant
-1

) (g plant
-1

) (%) (mm) (g plant
-1

) (g plant
-1

) (%)

Species (S)

L 31.5 b 1680 b 86.1 b 2.8 c 3.6 c 29.7 8.3 b 0.4 b 5.3 c 10.6

EE 34.0 b 1880 ab 79.5 b 4.1 b 5.3 b 22.8 7.3 b 0.6 b 7.2 b 8.2

EC 67.7 a 2120 a 125.2 a 6.0 a 4.8 a 23.3 12.8 a 0.8 a 6.0 a 8.3

NL 33.0 b 1220 b 45.3 b 2.0 b 4.6 a 15.7 b 3.6 b 0.2 b 6.1 11.0 a

IL 55.8 a 2570 a 148.6 a 6.6 a 4.4b 34.9 a 15.3 a 0.9 a 6.3 7.2 b

L×NL 29.8 cd 1271 c 53.5 c 1.9 c 3.5 c 17.8 bc 2.7 c 0.1 c 5.6 cd 15.1 a

L×IL 32.2 c 2096 b 118.7 b 3.8 c 3.2 c 41.7 a 13.9 b 0.7 b 5.0 d 6.2 b

EE×NL 22.6 c 1180 c 38.2 c 2.1 c 5.5 a 13.9 c 3.7 c 0.3 c 6.8 b 9 b

EE×IL 45.5 b 2580 c 120.8 b 6.2 b 5.1 ab 31.6 ab 10.9 b 0.8 b 7.7 a 7.5 b

EC×NL 46.7 b 1205 c 44.2 c 2.1 c 4.8 b 15.2 bc 4.4 c 0.3 c 5.9 c 8.9 b

EC×IL 88.7 a 3031 a 206.3 a 9.8 a 4.8 b 31.4 ab 21.1 a 1.3 a 6.2 bc 7.9 b

Significance

S ** * *** ** ** ns ** ** ** ns

LT ** ** ** ** ** ** ** ** ns **

S×LT ** ** *** ** ns ** ** *** *** **

Species × lighting treatment

Treatment Leaf (n) C:R

Lighting treatment (LT)
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Table 2. Eco-physiological responses in terms of leaf net photosynthesis (Pn), Stomatal conductance (gs), net leaf transpiration rate (E), Maximal photochemical efficiency 

of PSII (Fv/Fm), the effective quantum yield of PSII (ФPSII), non-photochemical quenching (NPQ), SPAD and stomatal density in plants of lettuce (L), escarole endive 

(EE) and curly endive (EC) grown in a floating raft in a coupled RAS system. 

 

Mean values (n=3), followed by different letters within each parameter indicated significant differenced based on Tukey HSD Post-hoc (P<0.05). Non-significance or 

significant differences at Pf0.05, 0.01, or 0.001 are indicated as ns, **, and ***, respective. 

Pn gs E

(µmol CO2 m
-2

 s
-1

) (mol m
-2 

s
-1

)
(mol H2O 

m
-2

 s
-1

)

Species (S)

L 3.46 b 0.12 3.46 b 0.61 b 0.25 b 1.45 26.07 a 37.26 c

EE 4.54 a 0.14 4.30 a 0.71 a 0.37 a 1.33 24.15 a 58.46 b

EC 4.10 ab 0.13 4.02 a 0.70 a 0.34 a 1.6 21.0 b 48.53 a

NL 4.56 a 0.11 b 3.48 b 0.68 0.35 a 1.4 23.6 38.82 b

IL 3.51 b 0.15 a 4.38 a 0.67 0.28 b 1.55 24.3 57.34 a

L×NL 3.58 b 0.12 c 3.23 c 0.60 b 0.28 ab 1.44 15.9 abc 37.0 b

L×IL 3.35 b 0.13 bc 3.69 c 0.63 ab 0.21 b 1.55 18.1 ab 37.5 b

EE×NL 3.51 b 0.12 c 3.80 bc 0.74 a 0.39 a 1.27 13.4 bc 43.7 b

EE×IL 5.58 a 0.17 a 4.80 a 0.68 ab 0.36 ab 1.38 19.7 a 73.2 a

EC×NL 4.52 ab 0.10 c 3.41 c 0.71 ab 0.41 a 1.49 11.9 c 35.7 b

EC×IL 3.68 b 0.16 ab 4.64 ab 0.70 ab 0.27 ab 1.71 17.3 ab 61.4 a

Significance

(S) * ns ** ** * ns ** **

(LT) ** ** ** ns ** ns ns **

S×LT * ** ** ns ns ns ** **

Lighting treatment (LT)

Species × lighting treatment

Treatment Fv/Fm ΦPSII NPQ
SPAD 

index

Stomatal 

density   

(%)
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Discussion 

 Thanks to the nitrate-rich water, leafy vegetables are easy to grow crop in 

aquaponics systems. However, crop production and performance may vary among 

species, cultivar, and even seasons. In our growing condition, the three species showed 

morpho-physiological differences, with similar traits observed in the EE and EC 

compared to L that accounted, under NL, despite the similar yield in all the three species 

to a higher dry matter content in the endives. Chl a fluorescence measurements indicate 

plants in a healthy status . It is well known that aquaponic [7] systems are deficient in 

essential nutrients like Fe, essential in the photosynthetic process [8]. In our experiment, 

all plants showed a SPAD index lower than values retrieved in other studies in L and other 

leafy vegetables [9]. However, this did not inhibit plant gas exchanges from being similar 

within the three species. It is well known that beside the direct influence on plant growth 

through the photosynthetic process [10], light shapes and regulates several morpho-

anatomical modifications. Furthermore, most lighting strategies adopted in the cultivation 

systems aim to reach market goals by achieving species- specific DLI targets. Generally, 

in controlled environment cultivation of lettuce, a DLI of 17 mol m-2 d-1 is suggested and 

a minimum DLI of 10 mol m-2 d-1 is recommended in the winter period [11]. There is no 

literature information on endives DLI requirements currently. In our study, we supplied 

plants with a LED light DLI of 10 mol m-2 d-1 under a 16-h fixed photoperiod. As a result, 

plant growth was enhanced under IL treatment in all the species with different adaptation 

mechanisms. Indeed, IL promoted plant growth in the endives, by increasing leaf number, 

while it increased total leaf area in L. In both cases fresh and dry biomass increased 

compared to NL plants, likely for the higher plant light interception. It is also well known 

that when light intensity increases the ФPSII may lower and, in turn, the ability to absorb 

light too [12]. However, in our growing condition, despite ФPSII decreased significantly 

in L, no effects were detected on the thermal dissipation, as revealed by the NPQ values, 

compared to the other species. These results correlate with the lower Fv/Fm values and gas 

exchange measurements, registered in L. On the other hand, under IL, gs and, in turn Pn 

and E rate increased in EE, whereas IL promoted only gs and E in EC and had no effect 

on L. It is worth noting that instantaneous gas exchange measurements are single 

photography over time that does not consider the previous plant9s daily light history and 

temporary shadings due to greenhouse structures. It could explain the absence of 



Chapter 4 
       

66

difference in EC Pn values under both light regimes. In addition, at the time of 

measurement, IL plants already received the previous 6 h, approximately 3.74 mol m-2 d-

1 of light; therefore, IL light can be better used when solar radiation accounts less for the 

total light intensity. These findings positively correlate with the increase in stomatal 

density observed only in the endives, where this morpho-anatomical adaptation accounted 

for higher light use efficiency by increasing CO2 assimilation and water transpiration 

fluxes at the plant level, contributing to an increase in plant growth [13]. Our results agree 

with Formisano et al. [14] who reported cultivar depended response of stomatal index in 

lettuce to light levels in greenhouse. 

Conclusion  

 To conclude, coupled aquaponics floating raft system can be a valuable means to 

produce leafy vegetables in urban areas and at a commercial scale, all the three species 

well performed. IL lighting was more effective on endives, and its application does not 

decrease plant photochemical performances. Our results suggest providing a fixed DLI to 

promote plant growth and shorten the growth cycle, especially in the winter period where 

NL is reduced. However, morpho-anatomical variations are species and/or cultivar 

dependent; this highlights the need to evaluate the species-cultivar pheno-plasticity to 

different lighting regimes to select a variety with traits able to adapt to different lighting 

environments improving crop performance and production. 
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Abstract 

Aquaponics is a highly efficient production system that relies on the food introduced for 

fish as the only nutrients input for growing both fishes and vegetables. However, plant ability to 

absorb nutrients in an aquaponics system may be reduced in the winter months characterised by 

low evaporative demand (low temperature and radiation) which in turn could cause accumulation 

of nitrate, nitrite, and ammonia in the water. These by-products are harmful for fishes, forcing 

growers to renew the water more often. The aim of the study was to evaluate growth, physiological 

response, nutrient accumulation, and quality of lettuce and curly endive, grown in floating raft 

recirculating aquaponic system (RAS) combined with tilapia, under natural light (NL) or NL 

integrated with 16 h of supplemental white LED lighting (IL, PPFD: 173 µmol m-2 s-1, daily light 

integral (DLI), 10 mol m-2 d-1). Results show a species-specific response to the lighting regimes. 

Compared to NL, IL promoted plant growth and nutrient accumulation in both species. 

Particularly, endive it increased leaf area and induced new leaf formation. Supplemental lighting 

increased whole plant assimilation capacity with no effect on pigments content and photochemical 

efficiency. However, supplemental lighting decreased the maximal photochemical efficiency 

(Fv/Fm) in lettuce. The different lighting regimes affected nutrient accumulation and translocation 

in both leaves and roots. To summarize, curly endive performs better than lettuce in aquaponics. 

Supplemental lighting can guarantee a stable filtration capacity during the winter season, 

improving overall system performances and plant qualitative attributes of the tested crops. 

Keywords: pigments, mineral content, daily light integral, net photosynthesis 

Introduction 

Urban agriculture stands as a valuable tool to reduce agri-food production 

environmental impacts, economic costs and shorten the food supply chain [1,2]. 

Moreover, a common necessity for the current and future cities is to provide high-quality 

Nutrient accumulation, growth and quality of leafy vegetables in aquaponics system are modulated by supplemental LED lighting
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and safe proteins and fibre sources at local level. In this scenario, aquaponics can be 

considered a valuable solution to create sustainable food systems. Aquaponics like other 

integrated production techniques will keep spreading in the coming years, to reduce the 

high demand for plant fertilizers and increase the overall sustainability [3,4]. 

Aquaponics, combining aquaculture and hydroponics, allows to convert fish 

faeces, thanks to microbial activity, into available nitrogen form for the plants with mutual 

benefit by reducing the need to discharge water by aquaculture plans and chemical 

fertilizers reliance to grow hydroponic vegetables [5].  

Among the different system typologies, the most common is the coupled 

aquaponics fish or 1-loop systems, fish production in recirculating aquaculture systems 

(RAS) and plants in hydroponics are combined in a single loop, entailing systemic 

compromises on the optimal production parameters for both fishes and plants (e.g., pH). 

Coupled RAS systems are well suitable to grow leafy vegetables, especially lettuce, in 

combination with tilapia (Oreochromis niloticus L.) [6], which nowadays, is the most 

grown fish species worldwide [7]. These systems can have several advantages if 

implemented into an urban context, such as rooftop greenhouses, vertical farms, and other 

controlled environment agricultural (CEA) systems [8,9,3]. Plant9s metabolism directly 

depends on the surrounding environment, in fact, variation in day length, light intensity 

and temperature, affects plant photosynthetic process, growth and may reduce nutrients 

absorption capacity, which may, in turn, cause harmful accumulation of nitrate, nitrite, 

and ammonia for fishes in the water [10]. In the winter months or when the solar radiation 

is low, supplemental lighting could promote plant growth and mitigate nutrient 

accumulation in the water. 

Therefore, the study aimed to evaluate morpho-physiological response and 

mineral and pigment content of lettuce (Lactuca sativa L.), escarole endive (Cichorium 

endivia var. latifolia L.), and curly endive (Cichorium endivia var. crispum L.) grown in 

a floating raft in combination with tilapia, under natural light (NL) or natural light 

integrated with 16 h of supplemental white LED lighting (IL, PPFD: 173 µmol m-2 s-1, 

DLI, 10 mol m-2 d-1) in a coupled RAS. 

Materials and methods 

Aquaponics system design and fish feed rate 
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The experiment was carried out in a Recirculating aquaponics system (RAS) 

prototype inside a unheated greenhouse (40°48957.9=N, 14°21901.6=E) at the Department 

of Agricultural Sciences of the University of Naples Federico II (Portici, Italy) from April 

27 to May 21, 2021. The RAS unit consisted of 4 tilapia fish rearing tanks, each of 2800 

L. The system was equipped with an 800 L Superbead system for mechanical and 

biological filtration, 400-L trickling filter, 40 W UV sterilisation unit. Ambient air 

insufflation was set at 0.05 v v-1 min-1. A preformulated feed containing 35% of the protein 

was adopted as fish feed. The daily fish feed target was adjusted based on fish age and 

stocking. 

Plant material and experimental conditions 

Two-week-old seedlings of lettuce ((L), Lactuca sativa L. 8Meraviglia d9Inverno9 

(L9ortolano), and curly endive (EC) (Cichorium endivia var. crispum 8De Louvriers9 

(Seedsselect) grown on polystyrene sowing tray were used as plant material. Roots were 

gently washed with tap water to remove the peat cube and planted into a floating raft 

system of the RAS unit at a plant density of 20 plant m-2. Plants were harvested after 23 

days, when they reached their commercial maturity. Water temperature was set to 23°C, 

pH and electrical conductivity (EC) were monitored daily over the entire period and were 

on average 6.9 and 855.7 µS cm-1, respectively. 

Lighting treatments consisted of 1) natural sunlight control (NL) with a 

photoperiod (or day length, which was calculated for the site locations as the time interval 

between sunrise and sunset) ranging between 13 h 20 min and 14 h 29 min from April 

2021 to May 2021 and 2) natural sunlight integrated with 16 h (6:00-22:00) of 

supplemental lighting (IL) provided by white LED (Hortimol TLed 40W Full Spectrum 

FSG, The Netherlands), B: R ratio of 0.44, at an average photosynthetic photon flux 

density (PPFD) of 173.5±6.2 µmol m-2 s-1 guaranteeing a minimum daily light integral 

(DLI) of 10.0±0.4 mol m-2 d-1. 

Plant growth 

At harvest on 18 plants per species × lighting treatment, leaf number was recorded. The 

total leaf area was obtained by analysing digital images with ImageJ software 1.50i 

version (Wayne Rasband National Institute of Health, USA). Fresh weights of canopy and 
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roots were recorded with an electronic balance, and dry weights were obtained after 

drying samples at 70°C for 48 h. Specific leaf area (SLA) was calculated as the ratio 

between fully expanded leaf area and its dry weight.  

Leaf gas exchanges and Chl a fluorescence emission measurements 

Gas exchanges measurements were performed at 23 days after trasnplanting 

(DAT) on one fully expanded leaves of 3 plants × 3 replicates × species × lighting 

treatment using a photosynthesis yield analyser (LCi T, ADC Bioscientific Ltd, UK); 

measurements were carried out at noon at ambient CO2 (434 ppm) at a mean temperature 

of 31.1°C, humidity of 45%, and photosynthetic photon flux density (PPFD) of 1251.8 

µmol m-2 s-1. 

On the same leaves used for gas exchanges measurements, chlorophyll a 

fluorescence emission, was determined using a portable fluorimeter kit (Plant stress Kit, 

Opti-Sciences, Hudson, USA). Measures in the light were carried out with a ΦPSII meter 

by applying a saturating pulse of 4286 µmol m-2 s-1 for 1.1 s, to obtain the maximum light-

adapted fluorescence (Fm') and steady-state fluorescence (Fs). For measurements in the 

dark, leaves were dark-adapted for 30 min with a dark leaf clip (Opti-Sciences Inc., 

Hudson, USA), then using an Fv/Fm meter (Opti-Sciences Inc., Hudson, USA) a 1.0 s 

saturating pulse light (3429 µmol m-2 s-1) was given to obtain the Fm and Fo values. The 

PSII maximum photochemical efficiency (Fv/Fm) was calculated as Fv/Fm = (Fm2F0)/Fm. 

The quantum yield of PSII electron transport (ΦPSII) was calculated as ΦPSII = (Fm92Fs)/Fm9 

following Genty et al. [11]. 

Leaf chlorophyll and carotenoids content determination 

At harvest (23 DAT), leaf photosynthetic pigments content was determined on 1 

fully expanded leaf per 3 plants × 3 replicates × species × lighting treatment. Leaf samples 

were immediately frozen at -20°C till analysis. An aliquot of 0.5 g of leaf tissue was 

grinded together with 5 mL of acetone (80%) into 15-mL tube flask. The solution was 

incubated in the dark, at room temperature for 15 min, followed by a 5 min centrifugation 

at 3000 g pigments content was determined by their light absorbance at 662, 645 and 470 

nm for chlorophyll a, b and total carotenoids, using a Hach DR 2000 spectrophotometer 
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(Hach Company, Loveland, CO, USA). Total Chlorophylls was calculated as the sum of 

chlorophyll a and b according to. Lichtenthaler and Burkart [12]. 

Leaf mineral content analysis 

According to Pannico et al. [13] protocol, a 250 mg aliquot of ground-milled 

(model MF10.1, IKA-Werke GmbH & Co. KG, Staufen, Germany) dry leaf sample was 

used for the determination of leaf mineral (nitrate, P, K, Ca and Mg) composition. Mineral 

analysis was then carried out after 0.45 µm filtering using an ion chromatographer (model 

ICS-3000, Dionex, Sunnyvale, CA, USA), quantified using an electrical conductivity 

detector equipped with an IonPac CS12A and IonPac AS11-HC analytical columns for 

the analysis of cationic and anionic contents, respectively (Dionex, Sunnyvale, CA, 

USA). All the minerals were expressed as g kg-1 on dry weight (DW) basis. Considering 

the dry matter content, nitrates concentration was as mg kg-1 on fresh weight (FW) basis. 

The nutrient accumulation was calculated by multiplying the canopy dry weight of each 

plant by the concentration of a given nutrient. 

Statistical analysis 

The experiment was carried out on 18 plants per species × lighting treatment with 

a complete block randomised distribution between the species. the sampling, 

measurements, and analysis of variance were carried out on the average of 3 plants × 3 

replicates × lighting treatment per each species using the SPSS software package v27 

(www.ibm.com/software/ analytics/spss). Means were compared by Tukey HSD post-hoc 

test (P<0.05). 

Results 

Compared to natural light, in curly endive, supplemental lighting promoted new 

leaves formation (+19.7%), increased total leaf area (+37%) and canopy and root fresh 

and dry biomass, +99.2, +92.1% and +169.1 and 11.4%. for fresh and dry biomass in the 

canopy and in roots, respectively. In lettuce, supplemental lighting promoted canopy and 

root fresh and dry biomass, +50.9, +55.2% and +66.4 and + 22.0%, respectively, without 

influencing the leaf number and the total leaf area that were on average 39.25 and 2803.05 

cm2, respectively (Table 1). 

http://www.ibm.com/software/
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Table 1. Plant growth measurements at 23 DAT: leaf number, total leaf area (TLA), canopy fresh weight 

(CFW), canopy dry weight (LDW); root dry weight (RDW) in plants of curly endive and lettuce, and grown 

in a floating raft in a coupled RAS system. Mean values (n=3), followed by different letters within each 

parameter, are significantly different based on Tukey HSD post-hoc (P<0.05). 

Non-significant or significant differences at Pf0.05, 0.01, or 0.001 are indicated as ns, **, and ***, respectively. 

Supplemental lighting did not affect, at the time of measurement, gas exchanges 

in both species (Table 2) compared to control. In endive the mean leaf net photosynthetic 

rate averaged around 7.46 µmol of CO2 m-2 s-1, gs was on average 0.27 while in lettuce 

leaf net photosynthesis was on average 5.95 µmol of CO2 m-2 s-1, gs 0.27. 

Supplemental lighting had no effect in endive on the maximal photochemical 

efficiency of PSII and the quantum yield of PSII that were on average 0.76 and 0.34, 

respectively, while in lettuce and quantum yield of PSII decreased by 34.2%. In both 

species, leaf traits like specific leaf area were not affected by supplemental lighting. 

  

Species 
Light 
treatment 

Leaf number 

(no. plant-1) 

Total leaf 
area 

(cm2 plant) 

Canopy 
FW 

(g plant-1) 

Canopy 
DW 

(g plant-1) 

Root  

DW 

(g plant-1) 

Curly Endive NL 43.2b 2585.6b 121.2b 4.2b 1.3b 

 IL 51.8a 3550.2a 241.4a 11.4a 2.8a 

 mean 47.5 3067.9 181.3 7.8 2.0 

Significance 0.039* 0.011** 0.001*** 0.001*** 0.002** 

Lettuce NL 35.3 3183.9 199.2b 3.9b 1.1b 

 IL 43.2 2803.1 300.6a 6.5a 1.3a 

 mean 39.2 2993.5 249.9 5.2 1.2 

Significance 0.071ns 0.052 ns 0.007** 0.028* 0.05* 
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Table 2. Plant eco-physiological traits at 23 DAT: leaf net photosynthesis (Pn), stomatal conductance (gs), 

maximal photochemical efficiency (Fv/Fm), quantum yield of PSII (ФPSII); specific leaf area (SLA) in plants 

of curly endive and lettuce, grown in floating rafts in a coupled RAS system. Mean values (n=3), followed 

by different letters within each parameter, are significantly different based on Tukey HSD post-hoc 

(P<0.05). 

Non-significant or significant differences at Pf0.05, 0.01, or 0.001 are indicated as ns, **, and ***, respectively. 

 

Photosynthetic pigments in terms of total chlorophylls, carotenoids and 

chlorophyll a/b ratio were not affected by lighting regime in both species (Table 3). The 

endive and lettuce plants developed a total chlorophyll and carotenoids concentration of 

1.14 and 0.26 mg g-1 of fresh weight, respectively. 

The mineral composition was significantly affected by lighting treatments in both 

species (Table 4). In endive, nitrates, phosphate, potassium and calcium accumulation 

increased under supplemental lighting by 28.8, 140.6, 247.6, 172.9 and 60.8%, 

respectively, while no difference were observed regarding magnesium accumulation. 

In lettuce supplemental lighting promoted nitrate concentration, nitrogen, 

phosphate and potassium accumulation by 35.1, 110.6, 90.9 and 180.6%, respectively, 

while calcium and magnesium accumulation were not affected by lighting regime and 

they were on average of the light treatment 51.5 and 20.4, respectively.  

Species 
Light 
treatment 

Pn 

(µmol CO2 m-2 s-1) 

gs 

(mol H2O m¯² 
s¯1) 

Fv/Fm ФPSII 
SLA 

(cm2/g) 

Curly 
Endive NL 

7.99 0.28 0.78 0.35 15.86b 

 
IL 6.93 0.26 0.75 0.34 24.98a 

 
mean 7.46 0.27 0.76 0.34 20.42 

Significance 
0.541ns 0.639 ns 

0.067 

ns 
0.926 ns 0.001*** 

Lettuce NL 7.09 0.29 0.74 0.35a 32.81b 

 
IL 4.81 0.25 0.75 0.23b 42.57a 

 
mean 5.95 0.27 0.75 0.29 37.69 

Significance 0.133 ns 0.281 ns 0.65 ns 
0.004*

* 
0.01** 
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Table 3. Plant photosynthetic pigments content at 23 DAT: Total chlorophyll (a+b) (mg g-1) content; 

Carotenoids (mg g-1) content and Chlorophyll a/b ratio in plants of curly endive (EC) and lettuce (L), and 

grown in a floating raft in a coupled RAS system. Mean values (n=3), followed by different letters within 

each parameter, are significantly different based on Tukey HSD post-hoc (P<0.05). 

Non-significant or significant differences at Pf0.05, 0.01, or 0.001 are indicated as ns, **, and ***, respectively. 

 

 

 

Species Light treatment 

Total chlorophyll 

(mg g-1) 

Carotenoids 

(mg g-1) Chl (a/b) 

Curly Endive NL 1.07 0.25 2.01 

 
IL 1.21 0.27 1.75 

 
mean 1.14 0.26 1.88 

Significance 0.586 ns 0.399 ns 0.289 ns 

Lettuce NL 1.15 0.26 1.81 

 
IL 1.1 0.27 1.65 

 
mean 1.13 0.26 1.73 

Significance 0.68 ns 0.694 ns 0.539 ns 
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Table 4. Plant nitrates concentration (mg kg FW-1) and nutrient accumulation (g plant DW-1) at 23 DAT: nitrate, phosphate, potassium, calcium and magnesium in 
plants of curly endive and lettuce, and grown in a floating raft in a coupled RAS system. 

 

 

 

 

 

 

 

 

 

 

 

 Non-significant or significant differences at Pf0.05, 0.01, or 0.001 are indicated as ns, **, and ***, respectively. 

Species 

Light 
treatment 

N-NO3  

(mg kg plant FW-1) 

N-NO3  

(g plant DW-1) 

PO4 

(g plant DW-1) 

K 

(g plant DW-1) 

Ca 

(g plant DW-1) 

Mg 

(g plant DW-1) 

Curly Endive NL 2584.9 313.7b 70.1b 388.1b 30.9b 13.5a 

 

IL 3330.6 754.9a 243.7a 1059.5a 49.6a 16.7a 

 

mean 2957.8 534.3 156.9 723.8 40.2 15.1 

Significance 0.023* 0.001*** 0.001*** 0.000** 0.007** 0.321 ns 

Lettuce NL 1456.5 285.7b 60.4b 237.0b 41.1a 15.2a 

 

IL 1968.9 601.9a 115.3a 665.1a 61.9a 25.7a 

 

mean 1712.7 443.8 87.9 451.1 51.5 20.4 

Significance 0.044* 0.031** 0.008** 0.007** 0.147 ns 0.074 ns 
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Discussion  

In the framework of an increased interest on and diffusion of urban agriculture 

(UA) due to its potential to increase access to healthy and nutritious food, strengthen local 

economies and promote a sense of community, research efforts on developing and 

evaluating food production systems that can be at the same time fully sustainable and 

potentially integrable in compact cities [14]. Aquaponics is an efficient production 

technique, suitable to be embedded into different urban food production contexts, from 

rooftop gardens to vertical farming systems, so fat aquaponics has been proved, thanks to 

the nitrates rich water, to be an ideal technique to grow several leafy vegetables like 

lettuce [15], basil [16], whereas no study seems to evaluate endives performance in 

similar conditions. Our study provides useful information for both costumers and urban 

growers on aquaponics products in terms on crop growth, physiological behaviour and in 

particular quality. In terms of quality, usually nitrate accumulation in leaf tissue is a 

serious threat for human health, causing different potential disorders [17], as regards 

maximum levels for nitrates in the European commission regulation (EU) No 1258/2011 

sets the maximum level of nitrates in lettuce between April 1 till September 30 to 4000 

mg NO3 kg-1 production FW basis, accordingly in our experimental condition nitrate 

concentration in both species and light regimes was below this level and supplemental 

lighting increased its content. Usually, shorter day length and lower solar radiation 

contribute to nitrate accumulation into leaf tissue, in addition, reduced solar radiation 

reduce plant metabolism, growth and overall reduced nutrient accumulation and hence 

system filtration capacity in an aquaponics system. Low nutrients accumulation in 

aquaponics system can cause the increase in the system of harmful concentrations for 

fishes, imposing the release of nutrient enriched water into the environment, with 

eutrophication risks [18,19]. Light influences several aspect in plant life, from circadian 

rhythm regulation to photosynthesis and hence grow [20]. Different studies shows the 

benefits of supplemental lighting to guarantee a constant minimum day light integral, 

required to match production targets, especially in controlled environment soilless 

cultivation systems [21]. 
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In our experimental growing condition, in both crops supplemental lighting 

promoted growth and nutrients accumulation, with little or no influence on pigment 

content and photochemistry. Since only few studies are available in literature on the 

soilless cultivation of endives, especially under aquaponics condition or different lighting 

conditions, our findings contribute to highlight that curly endive is suitable to be grown 

in aquaponics and that supplemental DLI can increase plant production and can be easily 

applied into any aquaponics systems. In fact, endive plant growth was promoted by 

increasing both leaf number and total leaf area, and hence carbon assimilation who 

contributed to a higher plant fresh and dry biomass accumulation. The higher root biomass 

development induced by supplemental lighting contributed to a higher nutrients 

accumulation. 

From an eco-physiological perspective, supplemental lighting did not increase the 

specific leaf area and it did not affect leaf ability to absorb light as revealed by the absence 

of difference in the leaf photosynthetic pigment concentration. This result was in line with 

the maximal photochemical efficiency of PSII in both species. However, the actual 

fraction of light effectively absorbed by the PSII decreased in lettuce when grown under 

supplemental lighting, according to literature. Indeed, in lettuce different studies 

demonstrated that ФPSII decreases under increasing light intensity [22, 23]. On the 

contrary, the absence of differences in ФPSII observed in endive suggests higher saturating 

light requirements compared to lettuce. However, at the time of measurements (midday) 

any significant difference in photosynthetic rate under the two lighting regimes was 

observed. It may be ascribed to the fact that supplemental lighting accounts less in the 

overall radiation at the time of measurements, whereas it could be more effective in the 

morning or in the afternoon, when the solar radiation is low. 

Conclusions 

Aquaponics is a suitable technique to grow leaf vegetables especially in 

combination with tilapia. The two species well suit to be grown in aquaponics systems. 

Supplemental lighting promotes growth and nutrients accumulation without detrimental 

effect on plant photochemical performances. Our results suggest that providing a fixed 

DLI to promote plant growth could shorten the growing cycle, especially in the winter 
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growing season, when the solar radiation and day length is reduced. In addition, 

supplemental lighting can increase the overall system performance, reducing the risk of 

nutrients and water depletion. However, the environmental impact of supplemental 

lighting strategies in aquaponics in relation with the effectively gained yield in the 

different seasons should be considered to improve a sustainable use of artificial lighting. 
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Abstract 

In the current scenario of increasing urbanization and food consumption, aquaponic 

systems are generally regarded as sustainable food production systems. However, its 

environmental burdens (energy consumption, materials, etc.) were not deeply investigated yet. To 

assess aquaponics9 environmental performance systematically, it is important to take the whole 

life cycle into account. The aim of this study was to identify and to evaluate the environmental 

impact of a recirculating aquaponics system (RAS) prototype, using a life cycle assessment (LCA) 

methodology. Leafy vegetables (i.e., lettuce (Lactuca sativa L.), curly endive (Cichorium endivia 

var. crispum), and escarole endive (Chicorium endivia var. latifolia)) were grown on floating rafts 

in combination with tilapia (Oreochromis niloticus L.) at two different lighting regimes (i.e., 

natural sunlight and natural sunlight integrated with LED supplemental light). Our LCA analysis 

included four different steps: 1) definition of the goal and scope of the study; 2) life cycle 

inventory (data collection); 3) life cycle impact assessment (data translation into environmental 

indicators); 4) interpretation and analysis of the results. Our preliminary results suggest that 

electricity was the main contributing factor to environmental impact, especially with 

supplemental light. This LCA study can be useful for providing the groundwork to reduce the 

potential environmental impact of aquaponics systems. 

Keywords: urban agriculture, environmental impact assessment, sustainable food, energy saving 

Introduction 

In a context characterized by climate change and ecosystem degradation due to 

intensive agricultural practices, growing world population, urbanization, and the 

consequent increase of the world9s food demand, it is of critical importance to find more 

sustainable strategies to produce food in urban areas. In recent years, interest in urban 

Application of LCA methodology to a recirculating aquaponics system (RAS) prototype
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agriculture (UA) has increased both as instrument of support to environmental 

sustainability of urban areas (green infrastructures) [1] and as a tool to foster social and 

economic urban development [2,3]. Due to its multi-functionality UA plays a key role in 

supplying food systems in cities, increasing food security, and allowing not only a 

biodiversity preservation, but also a safer use of urban spaces and a proper soil and water 

management [4]. In particular urban horticulture, as food production and related short-

chain consumption systems, has experienced an unexpected growth, through the 

developed synergies between the efforts towards the re-valorisation of traditional crops, 

and the increased application of innovative and sustainable farming models and 

cultivation techniques (vertical farming, soilless cultivation systems, etc.) that can 

counteract adverse environmental impact of food production, such as land and water 

consumption, intensive use of pesticides and chemical fertilizers [3,5,]. Among these 

systems, aquaponics food production, by combining aquaculture and hydroponic 

vegetable cultivation, has been already confirmed as a high water and nutrient use 

efficiency system [6,7]. 

Life cycle assessment (LCA) is a tool used to evaluate the environmental impact 

of a product, process, or activity through its life cycle; previous studies applied LCA 

methodology to food production systems, including aquaponics [8,9] that as integrated 

production system was proven to be more sustainable and economically valuable than 

separate aquaculture and plant production [10].  

In the present study, an LCA analysis was performed on an aquaponic system in 

which fish production was combined with multiple vegetable species cultivation, grown 

under natural light or integrated daily light treatments, in order to identify and quantify 

their environmental burdens and to evaluate the potential threshold of sustainability that 

allows to increase yield under supplemental lighting [11]. Indeed, final aim of the work 

was to model a commercial-scale aquaponics system allowing both optimising yield and 

minimising environmental impacts.   

Materials and Methods  

System description and experimental trials 

 A recirculating aquaponics system (RAS) prototype located in a 250 m2 cold 

greenhouse at the CAISIAL research station, Department of Agricultural Sciences of the 
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University of Naples Federico II, consisted in 4 fish tanks (2800 L/each) and 4 m2 floating 

raft bed. Moreover, the system was equipped with an 800 L super bead system for 

mechanical and biological filtration, 400 L trickling filter, and 40 W UV sterilization unit. 

Finally, a pump recirculated the water constantly, and its temperature was controlled 

(Figure 1). 

 

 

 

Figure 1. RAS prototype lay-out. From the upper left corner follows: a. pump; b. superbead biofilter; c. 

water temperature control unit; d. UV sterilization unit; e. trickling biofilter;  f. fish rearing tanks, and g. 

floating raft unit. Arrows indicate water recirculation system. 

Three cultivation cycles were conducted from December 2020 to May 2021. Leafy 

vegetables including lettuce (Lactuca sativa L. cv. Meraviglia d´inverno, L), escarole 

endive (Chicorium endivia L. var latifolia cv. Bionda a cuore pieno, EE), and curly endive 

(Cichorium endivia L. var crispum cv. De Louvriers, CE) were grow on floating raft bed 

in the RAS in combination with Nile tilapia (Oreochromis niloticus L.). The first cycle 

included the three species, whereas in the second and the third ones only L and CE were 

grown. . In particular, plant density was respectively of 25, 20 and 20 plant/m2 and the 

plants were harvested after 56, 27 and 24 days (for the first, second and third cultivation 

cycle respectively). All the experiments were conducted growing plants under natural 

sunlight conditions (as control) or natural sunlight conditions integrated with 16 hours 

(6:00-22:00) of supplemental light provided by white LED (Hortimol TLed 40W Full 

Spectrum FSG, The Netherlands), at an average photosynthetic photon flux density 

(PPFD) of 173.5 ± 6.2 µmol.m-2.s-1 guaranteeing a minimum daily light integral (DLI) of 

10.0 ± 0.4 mol m-2 d-1. The light spectral composition is reported in Figure 2. Water 
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temperature was set to 23°C, pH and electrical conductivity (EC) were monitored daily 

over the periods of cultivation and averaged 7.0 and 850 µS cm -1 (over the three cycles), 

respectively.  

 

Figure 2. Spectral irradiance distribution (W m-2 nm-1) of the white LED (Hortimol TLed 40W Full 

Spectrum FSG, The Netherlands). The spectra was obtained with a portable spectral light meter (MSC15, 

Gigahertz-Optik GmbH, Tࠀ甃rkenfeld, Germany). 

Methodology 

According to the International Standard Organization definition (ISO 14040), LCA 

comprises 4 different steps: (i) Goal and Scope definition, (ii) Life Cycle Inventory 

analysis (LCI), (iii) Life Cycle Impact Assessment (LCIA), and (iv) interpretation of the 

results [12]. 

The system boundaries were <cradle-to-gate=, therefore post harvested processes 

(e.g. packaging, transportation, distribution and use) were not included in the system 

boundaries. The functional unit (FU) of the assessment was defined as 1 kilogram (kg) of 

leafy vegetables produced annually; live-weight fish was considered as a coproduct. 

Results and Discussion  

 Thanks to the nitrate-rich water, leafy vegetables are easy to grow crop in 

aquaponics systems. However, crop production and performance may vary among 

species, variety, and even seasons. In our growing conditions, the yield produced were 

different depending on the species and on the length of the cultivation cycles (Table 1).  

In particular, the three species in the first trial showed morpho-physiological 

differences [11], despite the similar yield under control conditions, with lettuce plants 
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accumulating a higher dry matter content than endives. Generally, a DLI of 17 mol m-2 d-

1 is  suggested when lettuce is grown under controlled environment, and a minimum DLI 

of 10 mol m-2 d-1 is recommended in the winter period [13]. There are no literature 

information on endives DLI requirements currently. In our trials, as a result of supplying 

plants with a LED light DLI of 10 mol m-2 d-1 under a 16 hours fixed photoperiod, plant 

growth was enhanced in all the species with different adaptation mechanisms. Indeed, IL 

promoted plant growth in the endives, by increasing leaf number, while it increased total 

leaf area in L. In both cases fresh and dry biomass increased compared to NL plants, likely 

for the higher plant light interception [11]. 

Table 1. Total biomass harvested per species (lettuce, L; escarole endive, EE; curly endive, CE) per unit 

area at the end of the cultivation cycles in a coupled RAS prototype, under natural sunlight (NO LED) or 

supplemental LED light conditions (LED). Different letters indicate significant differences at Tukey HSD 

post-hoc (P<0.05). 

 

On the base of the experimental trials carried out in the RAS system previously described, 

it was modeled a commercial-scale aquaponics system in which growth density was 

defined at 22 plant/m2 (as average growth density of three cultivation cycles) on a surface 

area of 200 m2 with natural sunlight (NO LED  system) and of 200 m2 with natural 

sunlight integrated with supplemental light (LED system). The LCA analysis was 

performed on a potentially covered time period of one year. 

Life Cycle Inventory (LCI) 

In this cradle-to-gate analysis, production of vegetables and fish are considered as 

the output of the system; fingerlings, seeds, water, electricity, and fish food are considered 

  Plant density L EE CE 

  (n m-2) (kg m-2) (kg m-2) (kg m-2) 

1st trial  25    

NO LED  1.40 b 1.05 b 1.22 b 

LED  3.31 a 3.29 a 5.68 a 

2nd trial 20    

NO LED  3.53 a - 3.67 b 

LED  3.98 a - 5.57 a 

3rd trial 20    

NO LED  4.34 b - 2.87 b  

LED  5.97 a - 4.88 a 
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as the input of the system. These primary data were collected on experimental site during 

the setup steps (Table 2).  

Table 2. Input and output of the two aquaponics system models obtained from the inventory analysis 

referred to the Functional Unit selected. 

 

 

Life Cycle Impact Assessment (LCIA) 

The CML-IA database, the basaline for characterisation factors for life cycle 

impact assessment proposed by Leiden University [14] was used to estimate the following 

impact categories: Photochemical oxidation (PO, Kg C2H4 eq), Human toxicity potential 

(HTP, Kg 1,4 -3 DB), Global warming potential (GWP, Kg CO2 eq), Abiotic depletion 

(fossil fuels) (AD, MJ), Ozone layer depletion (ODP, Kg CFC 3 11 eq), Fresh water 

aquatic ecotoxicity (FWE, Kg 1,4 3 DB), Eutrophication potential (EP, Kg PO4
3- eq), 

Marine aquatic ecotoxicity (MAE, Kg 1,,4 3 DB), Acidification potential (AP, Kg SO2 

eq), and Terrestrial ecotoxicity (TE, Kg 1,4 3 DB). Calculation were performed by means 

of OpenLCA software version 1.6. 

 

INPUT  Quantity Unit/year 

Fingerlings  58 kg 

Seeds 110000 Seed no. 

Water consumption  151, CM 

Electricity for UVC 481 KW 

Electricity for heating water (inverter) 5400 KW 

Electricity for pumps (air) 7800 KW 

Electricity for pumping (water) 4380 KW 

Electricity for light*  396172,8 KW 

Soybean meal 88 kg 

Wheat meal 106,9 kg 

Fish meal 1324 kg 

Rice meal 109,1 kg 

Wheat bran  218,3 kg 

Tapioca starch 43,6 kg 

Fish oil 14,3 kg 

OUTPUT   

Leafy vegetables  12124 kg 

Tilapia 564,1 kg 
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Table 3. Quantitative results of the two aquaponics system for the impact categories considered (Source: 

Software OpenLCA). 

 

A quantitative assessment of the two models of aquaponics system (NO LED and 

LED), attributed to the inputs and outputs listed above (Table 2), based on 1 kg of 

production of leafy vegetables over one year process, was performed.  

First of all, our results (Table 3) suggest that aquaponics system model with 

supplemental lighting treatment (LED) contributed more to the environmental impact 

compared with aquaponics system model with only natural sunlight (NO LED). In 

particular, electricity dominated the environmental impact with the greatest contribution 

to the impact categories; fish food was the second highest contributor (Figure 3). 

Impact Category Impact results (NO LED) Impact results (LED) Unit 

Photochemical Oxidation    

   Electricity  9.91E+00 0.00 Kg C2H4 eq 

   Fish Food 3.28E-01 - Kg C2H4 eq 

Human Toxicity Potential    

   Electricity  0.28 6.30 Kg 1,4 - DB 

   Fish Food - - Kg 1,4 - DB 

Global Warming Potential    

   Electricity  0.55 12.50 Kg CO2 eq 

   Fish Food 0.02 - Kg CO2 eq 

Abiotic Depletion (Fossil fuels)    

   Electricity  3.65 84 MJ 

   Fish Food 0.29 - MJ 

Ozone Layer Depletion    

   Electricity  5.70E-03 1.31E-01 Kg CFC 3 11 eq 

   Fish Food 2.80E-04 - Kg CFC 3 11 eq 

Fresh Water aquatic   

   Electricity 

   Fish Food  

 

   0.38 

- 

 

9 

- 

 

Kg 1,4 - DB 

Kg 1,4 - DB 

Ecotoxicity    

   Electricity                   0.37 9 Kg 1,4 - DB 

   Fish Food - - Kg 1,4 - DB 

Eutrophication Potential    

   Electricity  0.00 0.05 Kg PO4
3- eq 

   Fish Food 11.46 - Kg PO4
3- eq 

Marine Aquatic Ecotoxicity    

   Electricity  1.09 2.50E+09 Kg 1,4 - DB 

   Fish Food   - Kg 1,4 - DB 

Acidification Potential    

   Electricity  0.00 0.02 Kg SO2 eq 

   Fish Food 4.25 0.00 Kg SO2 eq 

Terrestrial Ecotoxicity    

   Electricity  0.00 - Kg 1,4 - DB 

   Fish Food 14.94 - Kg 1,4 - DB 
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Figure 3. Indicator results of the two respective aquaponics system (NO LED and LED): for each indicator, 

the maximum result is set to 100 % (Source: Software OpenLCA). 

Therefore, several different strategies could be adopted to reduce the energy 

consumption. Certainly, limiting the use of supplemental lighting treatment to the winter 

months in the Mediterranean area can represent a viable solution. In this way, a constant 

daily light integral (DLI) could be guaranteed promoting plant growth and nutrient 

absorption [15]. In fact, according to our agronomic results, biomass produced under 

supplemental lighting treatment was greater than the biomass produced under natural 

light only, especially during the first cultivation cycle (+ 70 %) (Figure 4). 

 

Figure 4. Total Biomass (kg/200 m2) produced in one production cycle. 
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Furthermore, considering the duration of the cultivation cycle (56, 27 and 24 days 

for the first, second, and third experiment respectively), if we hypothesize a plant density 

of 25 plant/m2 even during the spring-summer months (instead of 20 plant/m2), the annual 

biomass produced would increase. Therefore, our findings support the hypothesis of 

limiting the use of supplemental light to the winter months as increasing density and 

reduction of cultivation cycles could guarantee a production of biomass that would not 

justify its use. 

On the other hand, also the use of renewable energy sources, such as energy 

coming from a solar energy conversion system, could represent a viable solution to reduce 

energy consumption [16].  

As regard the impacts referred to fish feed input, a sustainable option could be the 

introduction of additional food sources, particularly rich in protein content, that can be 

produced on a farm level, like microalgae [17] or some fast-growing aquatic plants, such 

as Lemna minor (Araceae: Lemnoidae), also known as duckweed [18]. Another option 

suitable for reducing the environmental impact of fish food could be the use of feed 

characterized by a FCR (Feed Conversion Ratio) lower than 1, as reported by Bilen et al. 

[19] that recorded FCR values of 0.83 and 0.94. Improved farming practices and feeding 

strategies could reduce nitrogen and phosphorus emission due to feed amounts not 

ingested [20]; these suspended solids, after being removed from the system, could be 

managed using biological approach (e.g. vermicomposting). 

Conclusions 

This study provides an assessment of the main environmental impacts of a coupled 

RAS, with particular reference to the utilization of supplemental lighting treatments as 

cultivation strategy to increase the yield per year. The LCA analysis performed in this 

study underlined that energy consumption (especially electricity) and fish feed played a 

key role in terms of contribution to impacts. Therefore, the optimization of management 

practices should be regarded as a priority in order to reduce environmental impacts 

deriving from the aquaponics. Moreover, the use of LCA to model alternative scenarios 

may represent a useful procedure to find new technical solutions aimed at increasing the 

sustainability of aquaponics and to expanding this practice at a wider scale. 
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Abstract 

In Europe, strawberries represent a high-value market and consumers demand 

continuously available locally produced strawberries of high quality, calling for further 

investigation to achieve this by means of fully controlled indoor production systems. This study 

investigated the possibility of producing strawberries with a high yield and quality and the 

potential of steering the production pattern under controlled conditions. In two indoor research 

cells with everbearing strawberry cultivar Favori a stable climate treatment was compared to 

fluctuating conditions with the same final light and temperature sum. In each cell, the effect of a 

reference light spectrum was compared to a high blue spectrum. The results were also compared 

to a parallel running greenhouse cultivation. Both climate treatments had a large peak production 

and produced 1.8 times higher yield compared to the greenhouse cultivation. High blue treatment 

didn9t show positive effects on nutritional quality and had a negative effect on production due to 

compact architecture and lower light interception. By manipulation of cultivation conditions, the 

strawberry crop can be steered towards a high production peak with drawbacks for quality or into 

producing less but for a longer period. In the case of everbearing strawberries, assimilate 

production and availability are key control factors. 

1. Introduction 

Vertical indoor farming is seen at the latest revolution in agriculture offering a 

technologically advanced food production system [1]. In fact, it provides a high-tech and 

fully controllable, closed environment where it is possible to finetune the growing 



Chapter 7 
       

97

conditions to achieve a higher yield per unit area and with high quality when compared 

to field production.  

Today, this form of farming is expanding rapidly, with many investors, start-ups, 

established greenhouse industry companies, and even companies previously unknown to 

horticulture (e.g., lighting, furniture, and retail industry) entering the vertical farming 

space. In addition, the interest in vertical farming has amplified research on controlled 

environment agriculture, which also has a stimulating effect on the greenhouse 

horticulture industry [2]. 

On the other hand, vertical indoor farming still requires high energy input, and 

therefore cannot compete on costs with other forms of controlled environment such as 

greenhouses. Therefore, to evolve into a relevant and more economically and 

environmentally sustainable food production industry, it is necessary to increase the 

assortment of produced crops with added value, for example fruiting plants, in order to 

counter high costs and energy input. Initially, these additional crops will have a better 

opportunity to access a market with an already established large volume demand for high 

value products [3]. Although, vertical farming production started as mainly lettuce and 

leafy green, the sector is moving towards the production of soft fruits, especially berries, 

such as strawberries. In fact, strawberries are a potential crop for vertical farming because 

of their smaller size and lower light requirements compared to other horticultural crops. 

As a result, the required cultivation space per plant is small, and strawberry plants can be 

grown using multi- layer, stacked systems [4]. 

From a consumer perspective, the higher product cost will be accepted only when 

the product has higher quality attributes, namely, an added value [5]. In Europe, the 

strawberry market is a high-value market and consumers expect quality and freshness. 

Despite the dominance of local growers, the demand allows for additional import with 

United Kingdom as the main importer, especially in out-of-season periods of the year1. 

Research into growing conditions to achieve year-round high quality strawberry 

production would make it possible to develop a new growing model that would fill the 

production gap between November and February [6]. 

Strawberries (Fragara x ananassa) are among the most studied berries given their 

health-related, economic and commercial importance [7,8]. They are considered as a 

functional fruit because of their nutritional composition. They are remarkably high in 
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vitamin C and folate as well as in phytochemicals of which anthocyanins and ellagitannins 

(both polyphenols with high antioxidant capacity) are the most abundant. Di Vittori et al. 

[9] described the quality of berry fruit as the sum of yield efficiency (yield, harvest speed, 

resistance to pathogens and fruit size), organoleptic quality (fruit shape, color, firmness, 

taste, flavor) and nutritional quality (fiber, mineral, vitamin and phenolic content and 

antioxidant capacity). 

Strawberries can be classified into Junebearers, everbearing and day-neutrals 

cultivars depending on their flowering behavior. Everbearing cultivars are able to produce 

numerous flower flushes during the growing season. Fruit development and formation of 

new trusses can take place simultaneously and therefore have the potential to be grown 

in a 8flat9 production pattern with consistently high quality (intended as stable fruit size). 

On the other hand, this means that plant development must be kept in balance between 

generative and vegetative growth. Too high production peak and plant load will inhibit 

vegetative growth which will, in turn, lead to a low production [10]. 

1.1.Research aims and questions 

The goal of this project is to investigate the potential added value of strawberries 

grown under fully controlled environment without sunlight. Because of the increasing 

demand for out-of-season locally produced strawberries, there is a need for further 

research into the growing conditions to achieve year-round high-quality strawberry 

production. Strawberries are cultivated in the greenhouse to extend the production season, 

but there is still a dependency on the outside climate (radiation) which makes the inside 

climate fluctuating. In fully controlled environment, conditions such as light and climate, 

can be kept constant throughout the whole cycle. This is unique to this type of cultivation 

systems and can9t be achieved in other controlled environment systems such as 

greenhouses. The question arises if stable conditions throughout the cultivation cycles is 

beneficial for strawberry production and quality compared to fluctuating conditions like 

in the field or greenhouse. The comparison of a fluctuating climate design, as 

representation of greenhouse conditions, to a stable one, as representation of vertical farm 

conditions will help the sector understanding and positioning better both production 

systems and type of products into the current agrifood system. Another advantage of 
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indoor cultivation without sunlight is the fully control over the spectral quality which can 

influence growth, development and quality of the fruits. 

Hence, two parameters will be studied: 

• Yield consistency throughout the cultivation cycle (peak production versus <flat= 

production). 

• Organoleptic quality (dry matter content, Brix, firmness, and acidity) and 

nutritional quality (vitamin C and anthocyanins content). 

Therefore, the research questions are: 

a. What are the effects of climate fluctuations (light and temperature) on yield and 

quality of strawberries? 

b. Can a higher organoleptic and nutritional quality be achieved when 

strawberries are cultivated under a tailor-made spectrum under fully controlled 

conditions? 

2. Materials and Methods  
2.1.Facilities  

 The trial was conducted in the two Multi-Layer Cells (MLCs) of the Vertical 

Farm facility at the Business Unit Greenhouse Horticulture and Flower Bulbs of 

Wageningen University and Research in Bleiswijk, The Netherlands. Each cell 

comprised 3 compartments: the lock or pre-chamber (L), the production 

compartment (P), and the technical installation compartment (Figure 1). The 

production compartment has an area of 30 m2 and a volume of 175.8 m2. It features 

2 production layers (ebb and flow table) with each 10.3 m2 of cultivation area and a 

free height (distance layer-lamps) of 1.6 m. Each layer is illuminated by an array of 

LED modules (Philips/Signify GreenPower LED production module 3.0 dynamic) 

which can controlled (per layer) in intensity (top layer max Par output: 1000 µmol 

m-2 s-1; bottom layer max Par output: 500 µmol m-2 s-1) and in spectrum composition 

(blue, white, red and far red) using Signify9s GrowWise system. 
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Figure 1. Dimensions of MLCs (in mm). Top view (left) of lock (L) and production compartment (P) and 

side view (right) of production compartment. 

Cells are airtight and climate is controlled by the Ridder climate computer running 

Synopta software. Each cell has its dedicated HVAC unit featuring a ventilator, a heating, 

and a cooling unit. Air is continuously recirculated in the cell. Exhausted air is climatized 

in the technical installation compartment for temperature humidity and CO2 content. 

Climatized air is introduced in the cell via perforated ducts on the side walls (Figure 2 

right; blue ducts) and extracted per layer via air ducts above the LED installation. An 

additional fogging system with ducts mounted on top of the side ducts enables further 

humidity control in the cell. Each cell has a nutrient solution reservoir of 1000 L. 

Irrigation is controlled per layer either by volume or by time. 

 

Figure 2. Climate control in MLCs via air supply and air movement. Air supply is illustrated in blue and 

air extraction in red. Top view (left) of lock and production compartment and side view (right) of production 

compartment. 

Each cell has a nutrient solution reservoir of 1000L. Irrigation is controlled per layer 

either by volume or by time. 

L

P
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2.2.Growth conditions 

2.2.1. Plant materials and cultivation design  

The trial started in week 34 on Tuesday 25th August 2022 and concluded in week 3 on 

Tuesday 17th January 2023. Seedlings from cuttings of Everbearer strawberries (breeder 

Flevo Berry) var. Favori were rooted in a greenhouse from week 28 to week 34. Young 

plants with first flowering stem were transplanted in 1 m long potting trays filled with 

100% coco (Dutch Plantin) at a plant density of 8 plants m-1. On each Layer, 2 gutters of 

6 m each were placed at a distance of 80 cm from each other (smallest distance in 

greenhouse cultivation 3 reference to KAS2030 compartment, BU Greenhouse 

Horticulture and Flower Bulbs, Bleiswijk, The Netherlands) and of 110 cm from the 

lamps. Calculated plant density is 10 plants m-2 (8 plants * 1 m length * 0,8 m width). A 

total of 6 trays per gutter were placed which makes 48 plants per gutter. On both sides of 

the gutters, a truss support and a leaf support were installed as standard practice in 

greenhouse cultivation. During the experiment, only the external truss lines where used 

as trusses where trained towards the outside of the layer in order to monitor and reach 

easily the strawberries during their development and harvest. Part of the plants from the 

same batch were used in a separate greenhouse trial (Paragraph 3.10). 

2.2.2. Watering system and strategy  

Irrigation system was modified on each layer in order to provide water by drip 

irrigation. Nutrient solution was applied with 4 drippers per box. Irrigation was managed 

in order to achieve a drain of 30%. The supply volumes (S) were recorded daily from one 

dripper per layer into a 500 ml beaker. The drain water (D) was collected through a gutter 

system and collected into a 25 L bucket per layer. The volume of drain water was recorded 

daily and the bucket was then empty into a 60 L container. The drain fraction was 

calculated as D/S and it was calculated per layer. At the end of each week, a sample of 

the cumulative drain water collected in the 60 L container was sent to the laboratory 

Eurofins to determine nutrients concentration (CD). The container was then empty into 

the sewage. The same day also a sample of supply water was collected (one per cell) and 

sent to the laboratory Eurofins to determine nutrients concentration (Cs). For the first 2 

weeks of cultivation a nutrient solution for vegetative growth was supplied (Annex 1), 

after this a nutrient solution for generative growth was applied (Annex 1) and the 
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composition was managed with the rule of thumb: EC irrigation + EC drain = 3. From 

these standard recipes, specific adjustments have been carried out throughout the 

cultivation according to the figures in the drain water and following the guidelines of the 

Bemestingadviesbasis [11]. 

The nutrient uptake concentration (Uc) was calculated per week per layer as: 

• Uc = U/Uw 

• U = input 3 (drain + buffer) 

• Uw = water uptake = S 3 D 

• input = S * Cs 

• drain = D * Cd 

2.2.3. Pests and disease control  

After rooting in the greenhouse compartment, plant were found affected by leaf 

wasps, aphids, and powdery mildew. A plant protection product based on fatty acids and 

potassium salts (Flipper) was sprayed twice to reduce the aphid infestation. The sawflies 

were controlled with one correction with Bacillus thuringiensis subsp. aizawai (Xentari). 

After that, plants were scouted weekly and biological control was applied throughout the 

entire cultivation. Aphidophagous hoverfly Eupeodes corollae, predatory gall midge 

Aphidoletes aphidimyza, and brown lacewing Micromus variegatus were introduced to 

prevent aphid outbreak. Predatory mite Transeius montdorensis was introduced 

preventively to control thrips and whiteflies. In order to contain the powdery mildew 

infection, first a mechanical action was employed: affected fruits were removed twice per 

week. This action was not sufficient and when too many fruits had to be removed the 

choice was made about spraying the crop with Karma or Abir (2 times at the beginning 

of cultivation) and Sonata or Taegro as preventive action (once per week from week 9 of 

cultivation). For detailed schedule see Annex 2. 

2.2.4. Pollination 

To facilitate crop pollination, the hoverfly specie Eristalis tenax (Polyfly) was 

employed. First time adult hoverflies were introduced to each layer of cells four days after 
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transplanting the plants. The introductions were repeated weekly in the first 4 weeks of 

the experiment (week 36 to 39). One more introduction took place in week 45. To sustain 

the hoverflies, feeders containing pollen and nectar (Biogluc, Biobest) were positioned at 

the center of each table. Additionally, black spot bulbs (BUV27 UV lamps, Tronios BV, 

Almelo, The Netherlands) were positioned in the middle of each layer, just below the 

climate measurement box. The UV light plays a vital role for many foraging insects, 

aiding them in locating flowers and maintaining their orientation during flight. 

2.2.5. Climate treatments  

Based on a literature study and greenhouse experiences (trials in greenhouse 

compartment 6.04, season 2021-2022, At Business Unite Greenhouse Horticulture and 

Flower Bulbs. Personal communication.) two different climate treatments were designed 

(one per cell): 

- <Stable= climate (MLC3) has a constant climate during the whole cultivation The 

climate recipe was: temperature 20-14 °C (day-night), relative humidity 80-85% 

(day-night), vapour-pressure deficit (vpd) 4.68-2.40 mbar (day-night), CO2 

concentration 700 ppm, photoperiod 16 h, and average of Daily light integral 11.5 

mol m-2. 

- <Fluctuating= climate (MLC4) has fluctuating climate conditions in terms of 

temperature, light, and relative humidity with same vpd. Therefore, 4 typical days 

(Table 1, Figure 3) were designed based at realized climate fluctuations of 

greenhouse trials; a typical day was repeated for 1 week creating typical weeks. 

The 4 weeks were randomized to make sure that at the end of the trial the two cells 

were comparable in terms of total light and temperature sum. 

Table 1. Climate recipe of the 4 typical days (a, b, c, and d). 

 

bright+dull bright+dull

a bright days 17.3 11.5 19 17.97

b dull days 5.8 16.93

c variation 11.5 18.04

d big fluctuations 11.5 18

Climate Description

Average 

DLI 

(mol/m
2
)

Average 

DLI 
Average T Average T 
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Figure 3. Patterns of light intensity and temperature during the day for the 4 typical climates and the stable 

climate. 

The trial started in both cells with 1 week of stable climate in order to adapt the plants 

to the new facility. After that, a mix of the 4 typical weeks (repetition of a typical climate 

for 7 days) was applied in MLC4 as <Fluctuating= climate as shown in Annex 3. 

2.2.6. Light treatment  

Plants were grown under two different light treatments applied in each cell (one per 

layer). In both cells, the bottom layer was used for reference light treatment and the top 

layer was used for high blue light treatment (Figure 4). According to the literature [12] 

and greenhouse experience (trials in greenhouse 6.04, season 2021-2022), reference light 

treatment was designed as broad spectrum with continuous far-red in order to promote 

truss elongation; therefore, the reference composition was: 15% blue, 25% green, 60% 

red, and 20% far-red. High blue light treatment was designed to improve nutritional 

quality aspects of the strawberry [13], especially the anthocyanins content; the high blue 

spectrum composition was: 30% blue, 10% green, 60% red, and 20% far-red. The extra 

blue in this treatment was at the expense of green, so the red and far red amounts were 

comparable in both light treatments. Reference Par photo flux density (PPFD) was 200 

µmol m-2 s-1. The trial started in both cells with 2 weeks of reference light treatment in 
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order to ensure a good crop (vegetative growth), than it was applied the high blue 

treatment on the top layer

 

Figure 4. Bottom layer with reference treatment (left) and top layer with high blue treatment (right). 

2.3.Set up 

For 21 weeks, plants were cultivated under stable climate conditions (Figure 5 

left) or fluctuating (light and temperature). This was possible by growing the plants in 

two different cells. In each cell, plants were exposed to a <reference= light spectrum 

treatment (on the bottom layer) or to a <high blue= light spectrum treatment (top layer). 

This generated 4 different treatment combinations: 

 

On each gutter, 12 plants located centrally at the gutter were used as experimental 

plants. 

Climate treatment Light treatment

Reference

High Blue

Reference

High Blue

Stable

Fluctuation
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Figure 5. Schematic overview (left) and picture (right) of the experimental set-up of the Stable treatment. 

2.4.Measurements 

2.4.1. Plant growth and development 

Once every two weeks, morphological measurements were performed on 3 of the 12 

experimental plants per gutter for both cells (n=6). In order to monitor crop development 

during the cultivation, plant height and width and trusses length, number of leaves, leaflet 

length and petiole length of the youngest fully developed leaf, were recorded at week of 

treatment (WOT) 5, 7, 9, 11,13, 15, 19, 20. With leaflet length, the area of the young leaf 

was calculated as: ((leaflet length / 2)^2)*3. Twenty-one weeks after transplanting in the 

vertical farm, a final destructive harvest was performed on the experimental plant of each 

layer (n=12). Plant height and width, number of leaves, total leaf area, number of trusses, 

number of branch crowns, number of flowers, number of fruits, fresh and dry weight of 

aboveground organs were measured (Figure 6). 
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Figure 6. Plant development measurements. 

Total light interception measurements were carried out in order to analyse 

differences in crop architecture between different treatments. Measurements were 

performed at 3 timepoints during the whole cultivation cycle (cultivation week 7, 11, 15). 

Measurements were taken on 4 spots per gutter within the measurement area using a 

spectral line meter (LIDIS LED light Interception and Distribution Spectrometer, Jeti 

Gmbh, Jena, Germany). 2 measurements above and below the canopy respectively were 

taken; the light stick was positioned in the length of the plant row. The following equation 

has been used to describe the total light interception: (1-(PAR*calibration 

factor)/Total*correction factor))*100 (Figure 7). 

 

Figure 7. Measurement points of light interception: point 1 on the top between two plants; point 2 on top 

close to the experimental plant; point 3 on the bottom between two plants; point 4 on the bottom close to 

the experimental plant. 
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2.4.2. Fruit yield and quality 

Twice a week strawberries at full red stage were harvested from the measurement 

plants and pulled together (n=1) per layer for both cells in order to monitor the total 

production (kg m-1). Therefore, the number of fruits per (diameter) class and total fruit 

fresh weight per (diameter) class were measured collectively on the 12 experimental 

plants. The classes were, in accordance with the UNECE standard [14]: class 1 (Ø > 30 

mm), class 1 (30 < Ø < 27 mm), class 1 (Ø < 27 mm); class 2 (slightly deformed fruits, 

fruits with some spots of damaged tissue, fruits with weird looking seeds); fruits with 

powdery mildew; waste fruits (fruits that could not be market). In order to determine the 

percentage of dry matter, the total dry weight of class 1 fruits was also measured once per 

week. On non-measurement plants, the fruits were harvested, and total yield (kg) was 

noted. 

Detailed quality measurements were carried out per treatment for a total of 4 

timepoints during the whole cultivation (cultivation weeks 7, 9, 12, 15). For the quality 

assessment, 40 strawberries were weighed and the average fruit weight has been 

determined. To determine the bite and juiciness, 12 samples of 1 cm3 were punched out 

of the fruit flesh of 12 different strawberries. The samples were pressed down using a 

texture analyser (Instron Universal Testing Machine). The breaking force was determined 

as an indicator of the perceived firmness during chewing and the percentage of the juice 

pressed from the fruit wall of the strawberries is determined. The remaining strawberries 

were de-crowned and mixed together using a blender. The total soluble solids of these 

mix-samples were determined using a handheld refractometer (Refracto 30PX, Mettler 

Toledo). The titratable acid and vitamin C levels were determined using titration-methods 

with a Mettler Toledo T50 titrator set. Based on the flavour related instrumental data, the 

flavour score was calculated using the Strawberry Flavour Model version 1.0 (2017). For 

the anthocyanins quantification, 0.2 g of fruit material was extracted with 1.2 mL of 80% 

methanol with 1% formic acid. The extracts were analysed using LC-PDA-MS and 

anthocyanins were identified using mass spectra and quantified using PDA at 515 nm 

wavelength. This resulted in semi-quantitative analysis which provided the absorption 

value of pelargonidin glucoside and pelargonidin acetylglucoside (peak area, AU). 
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2.4.3. Pollinators behavior  

On a weekly basis, the behavior of the hoverflies was monitored. The 

measurements consisted of one-minute observations during which the quantities of 

insects engaged in flight, at rest (either within the crop or cell structure), and foraging on 

flowers or feeders were recorded. During three-minute observations, the average foraging 

duration and the number of visits to flowers were calculated. These observations were 

repeated a total of 15 times. In the fifth week of data collection, observations were divided 

into two distinct segments: one with the UV light activated and another with the UV light 

turned off. This division allowed to investigate the extent to which hoverflies are sensitive 

to UV light. 

2.5.Statistical analysis 

Data were subjected to analysis of variance using the Genstat data analysis 

software (22nd Edition, VSN International, England UK) using the measurement plants as 

repetition, where possible. To determine the main effect of all parameters, a two-way 

analysis of variance (ANOVA) was performed. In addition, a post-hoc protected Tukey 

test was performed with a one-way ANOVA to determine whether the means differed 

significantly between treatments (p< 0.05). 

3. Results  
3.1.Growth condition  

The average realised conditions after 145 days of cultivation under the two climate 

treatments are shown in Table 2. Larger standard deviation during lights on in Fluctuating 

treatment reflects the temperature and humidity fluctuations of the typical days while 

same deviation is found during lights off as it was kept equal in both treatments. On 

average the temperature sum expressed in degree days (using a base temperature of 10 

°C) and light sum (Figure 8) were comparable between the 2 climate treatments and the 

2 treatments can be compared (average of 1678 mol/m2 and 1181 d°C). 
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Table 2. Realised climate conditions of the 2 climate treatments during the experiment with standard 

deviation.

 

     

Figure 8. Cumulative light sum under Stable and Fluctuating conditions. 

The supply EC was higher at the start of the cultivation to support the vegetative 

growth and lower from cultivation week 6. The two cells were irrigated with similar 

recipe and therefore also the EC of the supply solution was similar. The supply pH was 

mostly around 5.5. The trend of the drain EC was similar between treatments and it was 

lower (average 2.0 dS/m) at the start and higher later (average 3.0 dS/m) with a peak in 

December (cultivation week 15 to 18). Trends were in general similar among treatments 

but in week 14 an increase in drain EC was noticed under Fluctuating climate, during this 

week, plants received a higher temperature and light sum due to the <bright week=. The 

drain pH was quite stable around 6.0 throughout the cultivation (Figure 9). The total water 

use and drain rate was similar between layers with a tendency for higher amount of water 

under Reference treatment and under Fluctuating climate. 

The drain rate was on average slightly lower than aimed (around 20%). A 

summary table (Table 3) is shown below. Based on the drain analysis all nutrients were 

found back in the drain at acceptable range. A summary table of the average concentration 

per each element per each treatment is provided in Annex 1. 

Climate 

treatment

Average 

Temperature 

(°C)

Average RH (%)

Average 

Vapor 

Pressure 

(kPa)

Average 

CO2 (ppm)

Average 

Temperatur

e (°C)

Average RH 

(%)

Average 

Vapor 

Pressure 

(kPa)

Average 

CO2 (ppm)

Stable 19,9 ± 0,5 76,2 ± 2,7 1,8 ± 0,1 743 ± 51 14,1 ± 0,6 79,4 ± 2,4 1,3 ± 0,1 801 ± 71

Fluctuating 20,0 ± 2,2 76,1 ± 4,2 1,8 ± 0,3 748 ± 69 14,1 ± 0,5 79,6 ± 2,5 1,3 ± 0,1 799 ± 72

Lights on Lights off
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Figure 9. EC and pH composition of supplied and drain water during the experiment. 

Table 3. Realized water use and average drain percentage during the whole cultivation. 

 

3.2.Cultivation description  

After 6 weeks of rooting in greenhouse compartment 9.06 (BU Greenhouse 

Horticulture and Flower Bulbs, Bleiswijk), young everbearing strawberry plants (cv. 

Favori) were selected and transplanted in the two multi-layer cells. All plants had 1 crown 

with on average 6 leaves and 1 flowering truss with a length of 16 cm (Figure 10). 

Climate 

treatment

Light 

treatment

Total water use 

(L)

Average 

drain      

(%)

Average 

drain      

EC

Average 

drain      

Ph

Reference 2226 22 2,7 6

High Blue 2194 23 2,8 6,1

Reference 2307 20 2,8 6,2

High Blue 2253 21 2,7 6,2

Stable

Fluctuating
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Figure 10. Plants in the multi-layer cell at transplant (left; before LED lamps were switched on) and after 

4 days (DAT 4) (right). 

After 4 days of cultivation, the first introduction of hoverflies with one feeder per 

layer took place (Figure 11). 

 

Figure 11. Hoverflies on the feeder (left) and foraging a flower (right) on DAT 5. 

Under indoor conditions, trusses were stretched, and some of the developing 

strawberries were found malformed. This was due to pollination of the first flower truss 

during rooting in the greenhouse. Overall, it takes on average 5 to 6 weeks from the 

moment the flower stem is visible in the crop (under development) to fruit harvest of 

which on average 4 weeks from open flower to fruit harvest. This means that at least the 

fruits harvested during the first 6 weeks have been developed during rooting in the 

greenhouse. 

On DAT 19, pests and disease infections were found on the plants in both cells 

(Figure 12). They came with the young rooted material. In order to reduce to the minimum 

the necessity to spray which would, among others, negatively affect pollinators, 
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mechanical pest control (pinching the caterpillars and harvesting fruits with mildew even 

if not fully ripe) and biological control was applied. This was not sufficient to bring the 

infestation under control so use of green agents was started as well (paragraph 2.2.3). 

  

Figure 12. Caterpillar of leaf wasp (left) mildew on fruit (central) aphids on flower truss (right) on DAT 

19. 

During the third week of cultivation (Figure 13), the crop under Fluctuating 

conditions looked more elongated towards the lamps while crop under Stable conditions 

looked more wide.  

 

Figure 13. Crop under Stable climate and Reference light (top) and Fluctuating climate and Reference light 

(bottom) during the 3rd week of cultivation. 
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A size different in crop under Reference and High Blue treatment started 

appearing. The first harvest took place on DAT 20 and on few new young leaves showed 

tip burn. This is typical of this strawberry variety. 

Between week 5 and week 7, the first small production peak was harvested. These 

fruits were already present in the trusses in the young plant and were developed under 4 

different temperature and light regimes. At the same time, plant canopy was fully grown, 

looking a bit vegetative (high leaf biomass). Old yellowing leaves are removed from the 

plants under all treatments in week 10. Plants were producing many trusses with flowers 

thus a second large production flush was expected around cultivation week 12 (Figure 

14). 

 

Figure 14. Crop under Stable climate and Reference light (left) and Stable climate and High Bue light 

(right) during the 10th week of cultivation. 

During the following 5-7 weeks, the large peak of production was harvested. 

These fruits were initiated and developed under the 4 different climate and light 

treatments. Plants under both cells and both treatment looked exhausted with very few 

flowers and strawberries and with old leaf material, especially under Stable climate 

(Figure 15). 
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Figure 15. Crop under Stable climate and Reference light (top) and Fluctuating climate and Reference light 

(bottom) during the 19th week of cultivation. 

After 21 weeks of cultivation in the multi-layer cells, plants were destructively 

measured. To capture the difference between treatments in older material and in new fresh 

material, organs at the two different developmental stages where harvested separately 

(Figure 16). 

 

Figure 16. Example of plant from Fluctuating climate and Reference light at destructive harvest. Picture 

on the left shows plant directly out of the cell with both old and new organs. Picture on the right shows the 
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same plant after <old material= (yellowing or burnt leaves; harvested flowering stems) is harvested and 

measured leaving the <new material=. 

3.3.Plant morphology  

Morphological analysis showed that light treatment had a significant effect on the 

process of elongation of plants, thus on their architecture (Table 4). Under Stable climate 

conditions, High Blue treatment created significantly more compact plants compared to 

Reference treatment. Petiole length was 19% shorter (p=0.003), crop height was 21% 

lower (p<0.001) and crop width 18% lower (p<0.001), young fully developed leaf was 

on average 17% less expanded (p=0.011) and trusses were 13% less elongated (p=0.041). 

Under fluctuating climate, similar tendency was found but difference between the two 

light treatments was not significant. An interaction between climate and light treatment 

was indeed found for crop height (p<0.001), crop width (p<0.001), and petiole length 

(p=0.007). 

Table 4. Plants morphology results reported as mean values of measurements taken on WOT 5, 7, 9, 11,13, 

15, 19, 20 ± SEM and significance letters with Tukey test (n=6). 

 

In Figure 17, the time trends of crop height and truss length are showed. For both 

plant characteristics, a depression is shown between week 13 and 17 which corresponds 

to the production peak (Figure 16). 

Climate 

treatment

Light 

treatment

Number of 

leaves

Petiole length 

(cm)

Calculated 

leaf area 

(cm
2
)

Crop height 

(cm)

Crop width 

(cm)

Truss length 

(cm)

Reference 20,9±2,1 a 14,4±0,4 a 42,6±1,2 a 25,4±0,3 a 56,6±1,2 a 24,3±0,8 a

High Blue 18,0±1,3 a 11,7±0,4 b 35,2±1,9 c 20,2±0,6 c 46,9±1,3 c 21,1±1,1 a

Reference 16,3±1,2 a 12,9±0,4 ab 40,6±1,4 ab 22,8±0,5 b 51,3±1,0 bc 23,5±0,9 a

High Blue 18,1±1,5 a 12,7±0,3 ab 38,1±1,2 ab 22,1±0,8 bc 52,0±1,2 ab 20,9±0,8 a
Fluctuation

Stable
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Figure 17. Plant height and truss length (cm)of plants grown under the different light and climate treatments 

from cultivation week 5 to 20. Mean values are reported with standard deviation (n=6). 

Sufficient elongation of petioles is important for a good light interception. No 

significant differences were found between the different climate and light treatments in 

terms of total light interception (Figure 18).  

 

Figure 18. Total LED light interception expressed as average of measurements taken in cultivation week 

7, 11, and 15 respectively. Mean values and standard deviation are reported (n=8). 



Chapter 7 
       

118

A trend was observed for High Blue treatment under Stable climate where light 

interception was 9% lower compared to Reference light treatment in accordance with the 

more compact architecture and shorter petioles (Table 3; p=0.055). Similarly to the plant 

development results, same average light interception was found under Fluctuating 

climate. 

 

3.4.Plant growth 

At the end of the experiment, all the produced biomass was calculated and 

expressed in average grams dry weight per plant (Table 5): fruit harvests during 

cultivation (n=1) and destructive harvest measurement (n=12). Under Fluctuating 

climate, a total higher biomass was produced compared to Stable climate. This difference 

was due only to the difference found in vegetative organs (+35% under Fluctuating 

climate) as no differences are shown in biomass in fruits. Climate treatment seems to have 

an effect on the biomass partitioning towards vegetative and generative organs. Under 

Fluctuating climate, more biomass was partitioned towards the vegetative organs. In week 

11 of cultivation, after the first production flush, old leaf material was removed once for 

all treatments. This biomass was not measured. From the crop observations, no difference 

was described in presence and/or quantity of old material under the different treatments 

but the possibility of a difference created by this action cannot be ignored. Light treatment 

had an effect on biomass production. Reference light treatment produced on average 12% 

higher biomass both in vegetative and in generative organs. This is in line with the higher 

light interception results. 

Table 5. Dry biomass produced during the entire experiment (except pruned old material during week 10) 

and its partitioning towards vegetative and generative (fruits) organs. 

 

Climate 

treatment

Light 

treatment 

Total 

biomass 

(g/plant)

Vegetative 

biomass 

(g/plant)

Fruit 

biomass 

(g/plant)

Biomass 

partitioning to 

vegetative 

organs

Biomass 

partitioning 

to fruits

Reference 91,0 28,3 62,6 31% 69%

High Blue 76,0 21,1 54,9 28% 72%

Reference 96,6 34,2 62,4 35% 65%

High Blue 86,9 32,4 54,5 37% 63%

Stable

Fluctuation
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After 21 weeks of cultivation, the trial ended with a destructive harvest of 12 

plants per layer. All aboveground organs were measured separately for new fresh organs 

and old organs (see Figure 15). Total aboveground biomass measured per plant at final 

destructive harvest was 37% higher in plants grown under Fluctuating climate compared 

to Stable climate (p=0.018) (Figure 19). 

 

Figure 19. Total aboveground biomass at the final destructive harvest. Graph shows the sum of leaves, 

trusses, branch crowns, and young-unripe fruits expressed as grams of dry weight per plant; (n=12 with 

SEM). 

Looking at the total number of leaves and leaf area (new + old) and at the size of 

the crop (height and width), the average plant morphology per treatment was described at 

the final harvest. No significant differences were found for crop size and total number of 

leaves although a tendency was found for more compact plants under High Blue treatment 

compared to Reference treatment under both climates. On the other hand, climate 

treatment had a significant effect on total leaf area and number of producing trusses. 

Plants grown under Fluctuating climate had 32% higher total leaf area at the end of the 

experiment (p=0.021) and produced 30% more flower trusses (p= 0.025) (Table 6). The 

differences were mainly significant due to the new vegetative organs (Table 7) rather than 

the old organs (Table 8). New leaves were 44% more (p =0.013) under Fluctuating climate 

compared to Stable climate and had 60% higher biomass (p=0.004). New leaf area was 

positively affected both by Fluctuating climate (+46%; p=0.006) and Reference light 

treatment (+36%; p=0.022).  
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In everbearing strawberries, there is an antagonistic relationship between 

vegetative and generative growth. Conditions under which flowering is stimulated 

generally have a negative effect on leaf area, elongation of leaf and flower stems, and the 

formation of runners [15]. In turn, the amount of leaves, which translates into assimilate 

availability, seems to play a role in inducing flowering [10]. In the experiment, a positive 

linear correlation was found between the total number of leaves and the total number of 

producing trusses (R2 = 0.87). With everbearing varieties, the size of flowering stems 

depend on day length, temperature and plant load [10].  

Table 6. Plant morphology at final destructive harvest. Mean value are reported per plant with SEM (n=12). 

 

Table 7. Results new organs final destructive harvest. Mean value and SEM are reported (n=12).

 

Table 8. Results old organs at final destructive harvest. Mean value and SEM are reported (n=12). 

 

Under Stable climate, truss size (expressed as number fruits/truss) (Table 6) was 

higher and total leaf area and leaf count was lower compared to Fluctuating climate 

showing a large disbalance between vegetative and generative growth. This also support 

Climate 

treatment
Light treatment

Total nr. 

leaves

Total nr. 

producing 

trusses

Nr. 

fruits/truss

Total leaf 

area (cm
2
)

Crop height 

(cm)

Crop width 

(cm)

Nr. branch 

crowns

Reference 33.6±3.3 11,3±1,2 9,1 1795±148 ab 23.6±1.3 41.6±2.8 6.8±0.7

High Blue 27.5±3.6 9,8±1,0 10,3 1364±188 a 21.2±1.1 39.8±1.9 6.2±0.7

Reference 39.9±4.1 14,8±1,5 7,0 2205±233 b 24.3±1.4 47.5±2.8 7.4±0.6

High Blue 37.8±5.4 12,6±1,6 7,5 1960±257 ab 23.8±1.1 41.8±1.8 7.6±0.8

Stable

Fluctuation

Reference 20,5±2,9 ab 3,5± 2,1 898±120 ab 5,4±0,9 ab 6,9±2,8

High Blue 15,6±2,3 a 3,4± 3,1 603±85 a 4,1±1,0 a 4,7±3,3

Reference 27,4±3,2 b 5,8± 4,6 1232±138 b 8,6±1,0 b 7,9±3,4

High Blue 24,7±3,8 ab 4,6± 3,8 959±130 ab 6,6±0,9 ab 7,6±4,0

Climate 

treattement 

Stable

Fluctuation

Nr. new 

flowering 

trusses

New leaf 

area (cm
2
)

New leaves 

DW (g)

Branch 

crowns DW 

(g)

Light 

treatment

Nr. New 

leaves

Reference 13,1±1,5 897±115 7,8±1,3 6,7±0,9 4,3±0,8 1,9±0,2

High Blue 11,9±1,6 762±122 6,4±0,9 5,2±0,7 3,2±0,6 1,5±0,2

Reference 12,5±1,4 973±128 9,1±1,3 7,2±1,1 4,7±0,8 1,8±0.2

High Blue 13,1±2,0 1001±149 8,0±1,2 7,7±1,4 4,3±0,7 1,6±0,3

Climate 

treatment

Stable

Fluctuation

Nr. Old 

trusses

Old leaves 

DW (g)

Old trusses 

DW (g)

Old crown 

DW (g)

Light 

treatement 

Nr. old 

leaves

Old leaf area 

(cm
2
)
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that, at the end of the experiment, plants looked more exhausted under Stable climate 

compared to Fluctuating climate (see Figure 14). 
 

3.5.Yield 

From week 3 to week 21 after transplanting into the cells, strawberries were 

harvested twice per week until the final destructive harvest (week 21) where the whole 

plant was harvested. Highest yield was found under Stable climate and Reference light 

treatment (11,6 kg/m2; Table 9). Yield was 10% higher for Reference treatment compared 

to High Blue treatment in Stable climate and 8% higher in Fluctuating climate. The lower 

harvest of both High Blue treatments had, on the other hand, a positive effect on the 

proportion of Class 1 strawberries harvested as percentage of total production (69 % under 

Stable climate and 67 % under Fluctuating climate). High Blue treatment had as well a 

positive effect on lowering the amount of strawberries harvested with mildew which was 

10 % lower under Stable climate and 24 % lower under Fluctuating climate. 

Table 9. Total fresh yield per class. 

 

Stable climate cell produced on average 4 % higher yield compared to Fluctuating 

cell which was on average composed by 7 % more Class 1,5 % more Class 2 and less 

mildew (-9 %) and not sellable strawberries (-9 %). This was not caused by different fruit 

weight as the same pattern was found for the number of fruits harvested (Table 10). 

Harvested fruits were dried during the experiment and dry matter content was 

calculated. Using weeks as repetition (week 3 to week 21; n= 19) DMC varied between 

8.1 and 8.5% and no statistical difference was found for the average fruit DMC during 

the cultivation (Table 11) A tendency is shown with 4% higher DMC under Reference 

light treatment compared to High Blue treatment. An average dry matter content of 8.6% 

Class 1 Class 2 Mildew
Total 

production
Not sellable

(Kg/m
2
) (Kg/m

2
) (Kg/m

2
) (Kg/m

2
) (Kg/m

2
)

Reference 7,7 1,9 2,0 11,6 0,7

High Blue 7,3 1,4 1,8 10,5 0,5

Reference 7,1 1,6 2,4 11,1 0,7

High Blue 6,9 1,6 1,8 10,3 0,6

Stable

Fluctuation

Light 

treatment

Climate 

treatment
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was found in the year-round greenhouse cultivation of strawberry in greenhouse 

(KAS2030) [10]. 
Table 10. Total number of harvested fruits per class.  

 

Table 11. Average fruit dry matter content during the experiment and light use efficiency. 

 

With the dry biomass of all harvested fruits during the experiment (class 1, Class 

2, mildew and non-sellable) the light use efficiency was calculated. Highest LUE was 

found for strawberries grown under Stable climate and Reference light (0,62 g/mol) and 

lower LUE was found for the High Blue treatment, independently from the climate (0.54 

g/mol). 

Plants had a clear high production peak during the experiment followed by a very 

low production (average of 0,2 kg/week/m2). When describing the size of the production 

peak as number of weeks in which the production was higher than 0,60 kg/m2, plants 

under Reference light treatment and Stable climate had a peak of 7 weeks in which they 

produced in total 7,97 kg/m2 while plants under Reference light treatment and Fluctuating 

climate had a peak of 9 weeks in which they produced 8,21 kg/m2. This difference in flush 

size started from week 12 (Figure 20).  

Climate 

treatment

Light 

treatment

Class 1 

(nr.fruits/m
2
)

Class 2        

(nr. fruits/m
2
)

Mildew      

(nr. fruits/m
2
)

Total 

production 

(nr.fruits/m
2
)

Not sellable   

(nr. fruits/m
2
)

Reference 591 104 190 885 122

High Blue 590 81 190 861 113

Reference 542 90 225 857 125

High Blue 527 80 189 797 126

Stable

Fluctuation

Climete treatment Light treatment DMC (%)
LUE 

(g/mol)

Reference 8,5 0,62

High Blue 8,1 0,54

Reference 8,5 0,59

High Blue 8,3 0,54

Stable

Fluctuation
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Figure 20. Total production of strawberry fruits per different climate and light treatments combination and 

in the separate greenhouse experiment. Graphs show the cumulative production per cultivation week (top) 

and the weekly production (bottom) of all harvested fruits (class 1, 2 and mildew). 

At the final destructive harvest, number of flowering trusses, of flowers and of 

developing fruits were counted per plant as an indication of the size of the next production 

flush. Given the large variation per plant, no statistical difference was found although a 

tendency is observed with a higher number of trusses (+26%), flowers (+61%) and fruits 

(+33%) in the Fluctuating climate compared to the Stable climate. A significant 

interaction between climate and light treatments was found for the amount of fruits per 

plant (p=0.034) (Table 12).  

 

 

 



Chapter 7 
       

124

Table 12. New generative organs counted per plant at final destructive harvest. Values are averages of 

experimental plants ± SEM and significance letters with Tukey test (n=12). 

 

To try to explain the more <flat= production obtained with Fluctuating-Reference 

treatment, weekly production was compared to the radiation temperature ratio (RTR) 

calculated with average 24h temperature and DLI per week (Figure 21). While Stable 

climate cell had a constant radiation temperature ratio (RTR) of 0.6, Fluctuating climate 

cell had both higher and lower RTR depending on the week climate. RTR value was either 

higher or lower compared to Stable climate due to both higher or both lower DLI and 

temperature with a different ratio. Looking at 6 weeks before the difference started 

(cultivation week 6), thus when trusses are initiated, a lower RTR under Fluctuating 

climate was applied. Lower RTR means lower light compared to temperature which was 

also lower (18,4 °C during day in Fluctuating and 20 °C in Stable climate) which slows 

down production creating a lower plant load. The plant will probably initiate less fruits 

which will appear 6 weeks later with a lower weekly production (WOT 12). Because a 

lower maximum weekly production is achieved, the plant has more assimilates to invest 

in new trusses and fruits so in week 18 a new small peak is observed (only under 

Fluctuating-Reference) and at the end of the trial a higher number of trusses are counted 

at destructive harvest (week 21). 

Climate treatment Light treatment Nr. trusses Nr. flowers Nr. fruits

Reference 6,7±1,0 10,7±3,1 2,0±0,9

High Blue 6,3±1,1 6,8±1,7 4,3±2,0

Av. Stable 6,5 8,8 3,2

Reference 8,2±1,6 14,5±3,8 6,2±1,6

High Blue 8,1±1,6 13,8±3,2 2,3±0,9

Av. Fluctuating 8,1 14,1 4,2

Stable

Fluctuating
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Figure 21. Weekly RTR value and strawberry production. 

3.6.Quality 

Important quality characteristics for strawberries are fruit weight, size, shape, 

colour, taste, firmness and shelf life. During each harvest, fruits were classified depending 

on their size and presence of defects (Class 1, Class 2, Mildew and Not-sellable) and, 

within Class 1, also by diameter size (> 30 mm; 27-30 mm; <27 mm). All these quality 

attributes determine the price category of the final product. Strawberries harvested as 

Class 1 >30 are those sold for the highest Kg price while mildew-infected and not-sellable 

strawberries never reach the consumers. 

On average, 37% of the yield was represented by Class 1 >30 strawberries, 13% 

by Class 1 27-30, 12% by Class 1 <27 and 14% by Class 2 (Figure 22) and no big effects 

were found between treatments. A slightly higher percentage of mildew was found in the 

Fluctuating climate in the Reference treatment compared to High Blue treatment. Overall, 

quite a high percentage of mildew fruits was harvested. This was due to the fact that no 

UV treatment was possible in the cells and spraying with green fungicides was limited in 

order to avoid any interference with the pollination. 
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Figure 22. Relative yield distribution in different appearance and size classes. 

Organoleptic and nutritional quality attributes have been measured as well during 

the experiment (Table 13). The highest Brix was found under Stable climate and 

Reference light conditions. In general, under Reference light, strawberries had a higher 

Brix, acidity and DMC and a lower %juice. A lower Brix value was found under High 

Blue treatment compared to Reference treatment. This is in line with the results of 

Avendano-Abarca et al. [16] where treatment with high blue (20%) had a lower content 

of total soluble solids compared to the treatment with low blue (6%). The liking score 

was slightly higher under Fluctuating climate (55,5) compared to Stable climate (54) but 

overall the light treatment played a larger effect on quality attributes compared to climate 

treatment. Vitamin C content was not affected by the treatments. 

Table 13. Quality results of vertical farming cultivation expressed as average of 4 measurement date (n=4).

*DMC is the average of the whole cultivation (n=21; weeks). 

 

For two strawberry harvest, at DAT 85 and 109, a sample was prepared to measure 

semi-quantitatively the concentration of anthocyanins (Table 14). More than 25 

Reference 55 8,6 12,8 56,0 7,3 48 8,5

High Blue 53 7,8 12,6 57,7 7,6 49 8,1

Reference 56 8,1 12,7 57,0 7,8 50 8,5

High Blue 55 7,8 12,3 57,2 7,8 49 8,3

Stable

Fluctuating 

Taste liking 

number 
Bite (N)

Vit C 

(mg/100g)
DMC* (%)

Light      

treatment

Climate 

treatment 

Refraction 

(°Brix)

Acid (mmol 

H3O+/100g)
%Juice
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anthocyanin pigments have been described for strawberries and pelagonidin-3-glucoside 

is the principal one [7]. In general, a higher quantity (expressed as peak area unit) was 

found at DAT 109 compared to DAT 85. No positive effect was found under the High 

Blue treatment as a higher amount was found in general under Reference light treatment. 

Table 14. Anthocyanins peak absorption area of vertical farming cultivation at DAT 85 and DAT 109 (n=1). 

 

3.7.Nutrient/EC uptake 

The water uptake was very stable throughout the cultivation and no difference was 

observed between treatments (Figure 22). The nutrient uptake concentration calculation 

did not show specific differences between treatments. The main difference was observed 

between a first phase (week 1 to 5), which corresponds to the vegetative growth of the 

plant in combination with truss development, and a second phase (week 6 to 15) which 

corresponds with generative growth. The calculation for the uptake concentration from 

week 15 to the end (week 21) was negative and therefore omitted from the graphs. The 

first phase was characterized by a higher uptake concentration. In this period the 

calculated EC uptake concentration was about 1.3 dS/m. From week 6 to 15 the nutrients 

uptake was much lower (0.6 dS/m). 

Since no large differences have been seen between elements, the EC uptake 

concentration is showed as summary example of the trend (Figure 23). The K:Ca ratio 

between the uptake concentration of K and Ca showed eventually a remarkable results. I

 n the cell with Stable climate the ratio decreased quite proportionally from start to 

end, whereas in the Fluctuating climate it seemed to be opposite. This is probably 

explained by the different balance between vegetative and generative growth which was 

found under the two climates. 

DAT 85 DAT 85 DAT 109 DAT 109

Pelargonidin 

glucoside

Pelargonidin 

acetylglucoside

Pelargonidin 

glucoside

Pelargonidin 

acetylglucoside

(AU) (AU) (AU) (AU)

Reference 183839 84884 178133 76093

High Blue 184535 82049 171760 80754

Reference 182410 78000 168486 71786

High Blue 177930 73537 161945 74514

Stable

Fluctuating

Light 

treatment

Climate 

treatment 
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Figure 23. Water uptake, nutrient uptake (EC) and K/Ca uptake during the experiment. 

3.8.Pollinators behavior 

The mobile behavior of hoverflies was dependent on the presence of the UVA 

lamp. Under both climate conditions and under both light spectra, the hoverflies were 

affected in their behavior when the black spot lamp emitting UVA light was off (Figure 

24). The number of hoverflies that flew in the crop and actively foraged was lower or 
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even not observed during the observations when the UV lamp was off. The number of 

flowers visits was also depending on the presence of the UV light and was higher when 

the UV lamp was on but only under the stable climatic conditions (Figure 25). This leads 

to the conclusion that hoverflies, in the same way as bumblebees and honeybees, orient 

themselves better when UVA light is present and use the contrasting colours (including 

UV) for flower recognition (target versus background) [17,18], however, they can still 

provide pollination services without UVA light in the spectrum.

 

Figure 24. Number hoverflies active in the crop under stable and fluctuating climatic conditions and two 

light spectra, with and without additional UV light. 

 

Figure 25. Number of flower visits under stable climatic conditions and two light spectra, with and 
without additional UV light. 
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3.9.Resource use 

At the end of the experiment, resource use of the four treatments was calculated 

for the whole cultivation area (9.6 m2). Water Use (WU) was calculated as liter of water 

taken up by the plant per unit fresh yield. Electricity Use from lamps (EUlamps) was 

calculated as electricity used by lamps per unit fresh yield. WU was on average 10% 

higher under Reference light treatment compared to High Blue treatment. Energy use 

from the HVAC system was not measured, Kozai et al. [19] presented as a rule of thumb 

an additional 25% in energy use for the environmental control. Avendano-Abarca et al. 

[16] found as well that an increase in green light, associated with the decrease in blue 

light, caused an increase in water use efficiency due to a decrease in transpiration and 

stomatic conductance. Moreover, Stable climate conditions had a positive effect on water 

use efficiency (-5%). EU was lowest under Stable climate and Reference light treatment. 

Compared to the same spectrum under Fluctuating conditions the energy use of the lamps 

was 15% lower under Stable conditions. Under Fluctuating climate the higher EU is 

possibly due to the lower efficacy at higher light intensities. 

Table 15. Water use efficiency and Energy use efficiency. 

 

3.10. Comparison with greenhouse trial 

The same propagated plant material that was transplanted in the multi-layer cells 

was also used for a greenhouse trial in the greenhouse compartment 6.04 at the BU 

Greenhouse Horticulture and Flower Bulbs, Bleiswijk, The Netherlands. Plants grew in 

the same potting trays with the same substrate composition and irrigation system (drip 

irrigation) as in the vertical farm experiment. A total of 8 plants per tray (8 plant m-1) were 

transplanted but, given the distance between gutters of 1 m, plant density in the 

greenhouse was 7,3 plant m-2 (vertical farm was 10 plants m-2). In the greenhouse, 

sunlight was supplemented by HPS lights which extended the photoperiod to 16,5 hours 

Climete 

treatment

Light 

treatment

WU   

(L/Kg)

EUlamps 

(KWh/Kg)

Reference 15,8 26,1

High Blue 17,2 29,2

Reference 17,5 30,4

High Blue 18,1 30,0

Stable

Fluctuating
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from DAT (days after transplanting) 81 to DAT 94 and to 18 hour from that 95 to DAT 

165 in order to keep the measured Par in the greenhouse (point measurement on top of 

the crop) on average around 11,5 mol/m2/day. Greenhouse trial ended with a destructive 

harvest on 16th February 2023 (175 DAT). This greenhouse trial is here used to compare 

the realized yield and quality of the vertical farming experiment with a greenhouse 

cultivation experiment with the advantage that same starting material was used. In order 

to compare production and quality, an overview of the realized growing conditions in the 

two experiments is presented in Table 16. 

Table 16. Average realized climate between 26 August 2022 and 17 January 2023 (145 DAT). 

 

In both experiments, fruit harvest started after 3 weeks of cultivation (Figure 26). 

During the whole production period, greenhouse production had a lower peak production 

compared to vertical farm and managed to achieve a more constant <flat= production 

(Figure 26). Between week 8 and week 18 of cultivation, weekly production in the vertical 

farm went from a minimum of 0,32 Kg/m2 to a maximum peak of 1,35 kg/m2 (4,2 times 

higher) in week 15. In the greenhouse, weekly production was 0,14 Kg/m2 in week 8, it 

achieved the highest peak of 0,50 (3,6 times higher) in week 16 and kept above 0,24 

Kg/m2 until week 26. In the vertical farm weekly production went down to 0,14 Kg/m2 at 

21 weeks. 

At 200 micromoles, and leaf temperature of 20 degrees, CO2 levels below 600 

ppm have been found limiting for photosynthesis rate [10]. This can explain the lower 

fruit production achieved in the greenhouse compared to the vertical farm were CO2 was 

Factor Vertical Farm Greenhouse

DLI calculated (mol m
-2

 d
-1

) 11.5 13.2

·   DLI lamps 11.5 6.5

·   DLI sun 0 6.7

Temperature (24 h) (°C) 18 18.8

·   Temp light 20 20.4

·   Temp dark 4.1 15.4

CO2 (light) (ppm) 745 503

RH (24 h) (%) 77 84

·   RH light 76 81

·   RH dark 80 89
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not limiting. The more stable production could be attributed to the lower CO2 availability 

which limits assimilate production thus keeps the plant in a better balance between 

vegetative and generative. 

 

Figure 26. Total production of strawberry fruits per different climate and light treatments combination and 

in the separate greenhouse experiment. Graph shows weekly production of all harvested fruits (class 1, 2 

and mildew). 

To compare total yield after 21 weeks of cultivation, calculations are made both 

per unit area and per linear meter since plant density was different in the two facilities but 

number of plants per linear meter was the same (Table 17). When the best performing 

vertical farm treatment (Stable 3 Reference) is compared to the greenhouse, yield was 1,5 

times higher when expressed per linear meter and 2,2 times higher when expressed per 

unit area in the vertical farm. Cultivation in the greenhouse continued for 5 more weeks 

which were not sufficient to achieve the same total yield as in the best performing vertical 

farm treatment: 8,1 Kg per linear meter and 6,7 Kg per square meter were achieved. 

Table 17. Yield results (Class 1, Class 2 and mildew) of vertical farming and greenhouse cultivation 

expressed per square meter and per linear meter during 21 weeks. 

 

Climate 

treatment
Light         treatment

Yield    

(km/m
2
)

Yield 

(Kg/m)

Reference 11,6 9,3

High Blue 10,5 8,4

Reference 11,1 8,8

High Blue 10,3 8,2

Greenhouse 5,2 6,3

Stable

Fluctuation
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To try to explain the <flat= production obtained in the greenhouse and compare it 

with the vertical farm, weekly production was compared to the radiation temperature ratio 

(RTR) calculated with average 24h temperature and DLI per week up to cultivation week 

25 (Figure 27). In the greenhouse, the average RTR after 21 weeks of cultivation was 0,7 

while in the vertical farm it was 0,6. 

In the greenhouse both average DLI and temperature where compared to the 

vertical farm and a higher RTR means that more light was provided compared to the 

temperature. In the greenhouse and average of 65 fruits/plant (Class 1+ Class 2 + mildew) 

are harvested after 21 weeks while in the vertical farm 85 fruits/plant. In everbearing 

varieties, a higher 24-h temperature is correlated with a higher number of fruits per plant 

[20]. This is in contrast with what found in the two experiment where higher number of 

fruits was achieved in the conditions with lower 24-h temperature. Similar controversial 

results are found when the two cultivations are compared for the average DLI. When more 

light is supplied, more assimilates will be produced leading to a higher fruit set and 

development [21]. Greenhouse cultivation had a light sum of 1914 mol/m2 which was 

14% higher than the average light sum in the vertical farm yet less fruits were produced. 

This leads back to the hypothesis that another factor, namely the CO2 concentration, was 

the limiting factor in the greenhouse cultivation for assimilate production. Close to this, 

the higher average night temperature would have an effect on the respiration rate during 

the night which would lead to a higher consumption of assimilates during the night, thus 

less assimilates are available during the day, compared to the vertical farm. 

 

Figure 27. Weekly RTR value and strawberry production in the greenhouse experiment. 
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One of the attributes of strawberry quality is measured by the size of the fruits. 

Class 1 fruits are the highest category, with class 1 > 30mm as <extra quality=. When only 

Class 1 fruit yield is observed production per square meter is higher in the vertical farming 

experiment while it is similar to the production per linear meter obtained in the Stable 

climate. A higher percentage of larger strawberries was harvested in the vertical farm 

compared to the greenhouse. 

Table 18. Yield results for Class 1 fruits of vertical farming and greenhouse cultivation expressed per square 

meter and per linear meter and yield distribution in different size classes. 

 

Organoleptic measurements (Brix and acidity) and nutritional measurements 

(vitamin C content) were performed in both cultivation experiment (Table 19). Brix value 

was on average higher in the greenhouse compared to the vertical farm where it was found 

similar to the best performing treatment (Stable 3 Reference). In general Brix is affected 

by plant load [22]. Values were indeed more stable in the greenhouse over the whole 

cultivation while they went below a Brix value of 8 between week 11 and 17 (Stable-

Reference) which corresponded to the high production peak in the vertical farm (Figure 

28). Vitamin C was measured once in the greenhouse trial during cultivation week 9 and 

it is compared to same measurement date taken in the vertical farm. A slightly positive 

effect of High Blue treatment was observed in the vertical farm with values which are 

similar to the greenhouse. The slightly higher value in the greenhouse could be attributed 

to the higher exposer of the fruits to light (in the vertical farms, fruits were hanging at the 

border of the light installation) or to the exposure of the UV treatment against mildew.  

Vitamin C was measured once in the greenhouse trial during cultivation week 9 

and it is compared to same measurement date taken in the vertical farm. A slightly positive 

effect of High Blue treatment was observed in the vertical farm with values which are 

similar to the greenhouse. The slightly higher value in the greenhouse could be attributed 

Yield Class 1 Yield Class 1 % Class 1 % Class 1 % Class 1

(km/m
2
) (Kg/m) >30 27-30 <27

Reference 7,7 6,1 60 20 20

High Blue 7,3 5,8 56 22 22

Reference 7,1 5,7 61 22 17

High Blue 6,9 5,5 61 21 17

Greenhouse 4,9 5,9 56 18 26

Fluctuating

Light 

treatment

Climate 

treatment 

Stable
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to the higher exposer of the fruits to light (in the vertical farms, fruits were hanging at the 

border of the light installation) or to the exposure of the UV treatment against mildew. 

Table 19. Quality results of vertical farming cultivation expressed as average of 4 measurement date (n=4) 

and of greenhouse trial (n=4) for Brix and acidity. *Vitamin C is expressed with measurement on WOT 9 

(n=1). **DMC for vertical farm is the average of the whole cultivation (n=21; weeks) while for greenhouse 

is the average of WOT 12 and 21 (n=2). 

 

 

 

Figure 28. Brix value during different cultivation weeks in the vertical farm and in the greenhouse. 

4. Discussion 

4.1.Plant growth and production 

At the end of the trial, a positive effect of Fluctuating climate treatment was found 

on aboveground biomass production (p=0.018) which was mainly due to new organs 

growing on the plants. Fruit biomass was not affected by the climate treatments after 21 

weeks of cultivation. Showing a higher partitioning of biomass towards fruits under 

Stable climate compared to Fluctuating climate. Due to their simultaneous vegetative and 

Climate 

treatment

Light 

treatment 
Refraction Acid Vit C DMC*

(°Brix) (mmol H3O+/100g) (mg/100g) (%)

Ref 8,6 12,8 52 8,5

High Blue 7,8 12,6 56 8,1

Ref 8,1 12,7 52 8,5

High Blue 7,8 12,3 54 8,3

Greenhouse 8,8 14,0 57 7,6

Stable

Fluctuation 
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generative growth behavior, everbearing strawberries need to allocate their sugars into 

both developing leaves and fruits. Fruits are strong sinks [23] and when the fruit load is 

too high, plants will not have enough assimilates to destine to vegetative growth which 

will in turn reach a stand still bringing the plant out of balance [10]. This phenomenon 

was noticed, in this experiment, under both climate treatments and it was more 

accentuated under Stable treatment. With Stable conditions, at the end of the experiment, 

plants had a lower leaf area and a higher number of flowers per truss, showing a more 

generative growth pattern [15]. This was also clear at destructive harvest with a crop 

which looked more exhausted and had 1.5 times more new leaf compared to old leaves 

while Fluctuating had 2 times more. This disbalance was also shown in the harvest 

pattern. Under Stable and Reference climate, a shorter production peak of 7 weeks was 

achieved while under Fluctuating and Reference climate a longer but not yet flat 

production was achieved during 9 weeks. 

Under Fluctuating condition, the steep increase in weekly harvest, which started 

in week 9 3 10 under Stable climate, was delayed with a couple of weeks. Under 

Fluctuating conditions, light and temperature were, depending on the weeks, either lower 

or higher compared to Stable climate. Wang & Camp [24] found a temperature effect on 

dry matter distribution: at higher temperatures assimilates moved more to leaves and 

stems (day/night temperatures 25/12°C), and at lower temperatures (18/12°C) more to the 

roots and possibly fruits (the latter cannot be determined with certainty because the 

numbers of fruits per plant are not give). It is hypothesized that the lower light and 

temperature during week 6 influenced truss size and brought the plant to a lower plant 

load after 6 weeks compared to Stable climate. Twitchen at al., [25] found that the 

combination of low temperature and lower light slowed down strawberry ripening. 

Weekly production was thus lower after 6 weeks (at cultivation week 12) and kept the 

vegetative and generative growth more in balance which sustained the production for a 

longer period and resulted in a higher vegetative biomass at the end of the trial. 

Light treatment had as well an effect on plant growth and yield. Under High Blue 

treatment, plants produced 12% less biomass through the whole cultivation. It is know 

that increasing blue light fraction decreases growth mainly due to its effects on plant 

morphology and light interception [26]. In this experiment strawberry under High Blue 

treatment had 18% lower crop width (p<0.001) which caused, under Stable conditions, a 
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9% lower light interception and explains the lower biomass and yield. Interestingly, the 

effect of more <flat= production was not observed und Fluctuating climate and High Blue 

light treatment. 

Under both climates, High Blue treatment was delayed with 2 weeks as the 

Fluctuating- Reference crop but dropped the production already at week 17 as the Stable-

Reference crop. An interaction was as well found for plant morphology between climate 

treatment and light treatment. It is thus hypostasized that the delay at the beginning of the 

production peak was due to low assimilates availability due to either low light interception 

(High blue treatment) or lower light and temperature (Fluctuating treatment). Yoshida et 

al. [4] found that blue light promoted flowering of everbearing strawberries compared to 

white and to red light. The missing small peak at week 17-18 could be due to the 

disbalance between assimilates produced and flower initiation in the Fluctuating 3 High 

Blue treatment. 

4.2.Quality 

Overall, no effect of the climate treatment was found on strawberry size, 

organoleptic quality and nutritional quality. 

Reference light treatment had a positive effect on sugar accumulation in the fruits 

with higher dry matter content and higher Brix compared to High Blue treatment. A good 

Brix value for commercial strawberry is 8 (minimum is 7) as reported by the industry 

standard for import in Europe [27]. High fruit loads are known to have a negative effect 

on fruit sugar content. During the high production peak, between week 12 and 17, Brix 

values were therefore below the industry standard. Light intensity has a positive effect on 

Vitamin C levels. Hanenberg et al. [28] found that strawberries Vitamin C content 

depends on the amount of light the crop receives and it is increased when light is directly 

supplemented towards the fruits. As no difference was applied in total light sum, this can 

explain why no difference in vitamin C content was found among the treatments. 

Blue light positively influenced anthocyanins accumulation in many fruiting crops 

[29,30]. In the present experiment, no effect of blue was found on anthocyanin 

concentration. Similarly, Piovene et al. [31] didn9t find any effect of different blue:red 

light treatments on strawberry antioxidant compounds. 

4.3.Water and nutrients 
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The similar water uptake and nutrients uptake concentration between treatments 

would suggest that the transpiration and nutrients requirement was not much different 

between treatments. The 10% difference in yield might be not high enough to be seen 

from this data. The negative nutrient uptake concentration calculation for the last part of 

the cycle (week 15 -21) was probably due to the flushing of nutrients from the growing 

media. This is often the case when nutrients uptake is reduced but still high volumes of 

nutrient solution are supplied. In fact, also the drain rate was a bit higher (30%) in that 

period compared to the rest of cultivation (20%). The two different observed phases (week 

1-5 and 6-15) in nutrients uptake concentration could coincide with respectively the 

vegetative and generative phase. Because of the high nutrients uptake concentration (1.3 

dS/m) in the vegetative phase, this period must be supported with high enough drip EC 

(1.5-2.0 dS/m). From week 6 to 15 the nutrients uptake was much lower (0.6 dS/m). The 

drip EC can therefore be reduced to about 1.0 dS/m. The difference in the uptake K:Ca 

ratio between the cell with stable light and the fluctuating one seemed to reflect well the 

higher number of new flower trusses, flowers and fruits registered in this treatment. 

4.4.Comparison with a greenhouse trial 

The comparison between the greenhouse and the vertical farming experiments is 

presented in order to gain insight on how a more flat production can possibly be achieved. 

In 21 weeks of cultivation, Stable-Reference treatment in the vertical farm produced 2.2 

times yield per square meter compared to the greenhouse. Light conditions in the 

greenhouse pointed towards a high assimilate production given the 14% higher light sum. 

The availability of assimilates is a trigger for flowering in strawberry [10] so a higher 

assimilate production combined with similar average day temperature in the greenhouse 

compared to vertical farm should have led to higher productions in the greenhouse. It is 

thus hypothesized that other factors limited the availability of assimilates which reduced 

flowering namely the 33% lower average CO2 concentration in the air, which limited 

photosynthesis, and the higher night temperature which increased crop respiration. 

The large fruit yield in the vertical farm brought, on the other hand, to a steep peak 

production pattern while in the greenhouse a flat production was achieved. By modulating 

the <energy state= of the plant or, in other words, with the assimilate availability, different 

type of production curves can be achieved with everbearing strawberries. 



Chapter 7 
       

139

5. Conclusions 

Strawberries are suitable for cultivation in fully controlled environment. It is 

fundamental to be able to start with disease-free plants, especially mildew-free plants, 

when no UV treatment can be applied. If plants are not pest-free, a standing army of 

biological control agents is able to keep the infestation under control. 

Pollinators can also orient and forage flowers under LED-only lighting conditions. 

Depending on the specie, the addition of UVA light may be necessary or anyways 

beneficial. 

With everbearing varieties, both a large peak production or a more <flat= 

production can be achieved in indoor cultivation because climate can be fully controlled. 

This depends on how the environmental conditions are controlled and whether they are 

favorable for keeping the vegetative and generative growth in balance. During this 

experiment, both the Fluctuating and the Stable climate were not able to achieve a <flat= 

production. Stable conditions had a more generative growth type and produced higher 

yield while Fluctuating and Reference light had a more balanced growth. After 21 weeks 

of cultivation, Stable climate and Reference treatment produced the highest yield with 

11,6 Kg/m2 which was 1.8 times higher than the yield achieved in the greenhouse (6,3 

Kg/m2). 

Conditions that modulate truss initiation and assimilate production can lead to 

year-round production of strawberries. In the greenhouse a more flat production was 

realized which can provide insights in critical environmental conditions during cultivation 

which led to this flat production. It is hypothesized that a lower availability of assimilates 

was generated by limiting CO2 levels during the day and possibly by the higher night 

respiration during the night caused by higher night temperatures. Depending on the 

business model, a large peak production could also be favorable to fill the market gaps. 

Pushing the crop towards high production can, on the other hand, have a negative 

influence on the organoleptic quality of the fruits. 

With the application of tailor-made spectra, plant growth, production and quality 

can be steered as well. With a blue rich treatment, a good balance between the positive 

effects on quality attributes and the possible reduction on plant growth and consequently 

yield has to be found. In the current experiment, no beneficial effect of High Blue 
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treatment (B:R = 1:2) were found on anthocyanins content (AU) compared to a reference 

treatment (B:R =1:4). 
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General conclusions  

From the results, it is possible to conclude that integrating soilless horticultural 

methodologies (i.e., hydroponics, aquaponics) can contribute to optimize the efficiency 

and quality of crop production in urban agriculture.  

In the chapters 2 and 3 the comparison between hydroponic and aquaponic 

systems in the production of leafy vegetables and herbs highlighted how the crop yield 

and quality can be affected differentially depending on the selected species and cultural 

practices applied. 

In particular, the cultivation of leafy vegetables such as lettuce and curly endive 

in hydroponic and aquaponic systems demonstrated that hydroponic cultivation yielded 

the highest fresh biomass for both lettuce and curly endive, whereas aquaponic grown 

plants exhibited a higher nutrient uptake rate. Furthermore, the study provided novel 

insights into the performance of curly endive in soilless systems, demonstrating its 

suitability in the Mediterranean regions where it is highly appreciated by consumers. 

Despite basil cultivation in hydroponic systems is worldwide spread and the 

application of multiple cuts is becoming quite common in the basil industry, there was no 

evidence of multiple cuts effects on the yield and quality of aquaponic grown basil. The 

results of this study indicated that the yield of first cut and second cut did not differ in the 

two cultivation systems when conidering the fresh weight, but a significant increase of 

total leaf area and dry biomass was registered at the second cut under aquaponic 

conditions. The second cut is known to generate a luxury use of nitrogen in basil that 

causes an increase of nitrate accumulation in the leaves with a risk for human health, even 

though literature recorded nitrate levels in the basil leaves at second cut are reported to 

be never above the regulamentated thresholds. The results of this study indicated that a 

similar trend of increasing nitrate leaf accumulation occurred in both the cultivation 

systems, despite the different composition of nutrient solutions. Therefore, aquaponic 

system does not increase the risk of nitrate concentration in the leaves compared to the 

more commonly used hydroponics.  

In chapters 4 and 5 the application of supplemental light to improve yield and 

quality of leafy vegetables in acquaponic cultivation has been evaluated. Lettuce,  

escarole endive, and curly endive had differential responses to the application of a daily 

light integral (DLI) of 10.0±0.4 mol m-2 d-1. Results suggest providing a fixed DLI to 
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promote plant growth and shorten the growth cycle, especially in the winter period when 

the natural light availability is reduced. Supplemental lighting promoted growth and 

nutrients accumulation, but only few studies are available in literature on the soilless 

cultivation of endives, especially under aquaponics condition or different lighting 

conditions. Our findings contribute to highlighting that curly endive is suitable to be 

grown in aquaponics and that supplemental DLI can increase plant production.  

Furthermore, in chapter 6 a preliminary approach to the evaluation of 

sustainability of soilless growing systems such as coupled aquaponics installed in a cold 

greehouse and implemented with the supplemental light in the Mediterranean region, 

through the application of an LCA analysis. The performed analysis in this study 

underlined that energy consumption and fish feed played a key role in contributing to 

impacts and alternative and more sustainable practices, such as PV panels for energy 

sources and new fish food formulas need to be strongly considered.  

Finally in the chapter 7, a study case on the cultivation of an everbearing 

strawberry cultivar in indoor condition compared to the traditional greenhouse 

cultivation, allowed to evaluate and compare different environmental conditions to 

deepen the responses and performances in growth, yield, and fruit quality. The pros and 

cons of indoor cultivation were highlighted such as the ones related to the propagation 

material used, the pollination management under LED light sources till the complex 

optimization of environmental condition to achieve a balance between vegetative and 

reproductive growth. The main objective of achieving a flat and constant yield all the 

year-round was not completely reached with the compared environmental control 

treatments, despite the total production in indoor condition resulted noticeably higher than 

the yield obtained in the greenhouse. Despite the challanging topic strawberry can be 

considered a promising fruit crop in vertical farming cultivation, due also to the added 

value definitely more economically sustainable for the producers. 
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Supporting data related to Chapter 3 

Table S1. Nutrient concentration in the hydroponic (H) and aquaponic (AQ) systems. 

 

Supporting data related to Chapter 7 

1. Nutrition 

Table A1.1 Vegetative and generative recipe. 

 

Table A1.2 Average element concentration throughout the cultivation per treatment. Data 

are corrected to an EC of 1.7 dS/m. 

 

dS/m EC

mmol/l NH4

mmol/l K

mmol/l Ca

mmol/l Mg

mmol/l NO3

mmol/l Cl

mmol/l SO4

mmol/l H2PO4

umol/l Fe

umol/l Mn

umol/l Zn

umol/l B

umol/l Cu

umol/l Mo

12,0 12,0

0,8 0,8

0,5 0,5

1,1 1,1

0,9 0,7

30,0 20,0

15,0 10,0

7,0 7,0

4,1 5,5

3,1 2,4

0,9 0,9

9,8 9,6

0,0 0,0

Vegetative Generative

1,2 1,2

0,7 0,4

cell
3

bot

3

top

4

bot

4

top

2,8

6,2

0,2

6,8

0,9

6,9

2

18

0,3

2,8

1,5

26

6,3

11

22

0,8

0,1

Average of Cu(µmol) 0,9 0,7 0,8

Average of Mo(µmol) 0,1 0,1 0,1

Average of Mn(µmol) 4,9 5,5 5,9

Average of Zn(µmol) 10,9 11 10

Average of B(µmol) 18,8 19 20

Average of SO4(mmol) 2,8 2,6 2,8

Average of P(mmol) 1,7 1,7 1,4

Average of Fe(µmol) 23,7 24 24

Average of Mg(mmol) 2,0 1,9 1,9

Average of NO3(mmol) 17,2 17 16

Average of Cl(mmol) 0,3 0,2 0,3

Average of K(mmol) 7,0 7,1 6,3

Average of Na(mmol) 0,9 0,8 0,9

Average of Ca(mmol) 6,8 6,5 6,7

Average of EC(mS/cm) 2,8 2,7 2,7

Average of pH 6,1 6 6,2

Average of NH4(mmol) 0,2 0,2 0,2

Values

layer
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2. Sprayed agents 

Table A2.1  List of sprayed agents against pests and diseases. 

 

 

 

 

 

 

Date Product name Active ingredient Pest/disease

1-09 Serenade/ Silwet (adjuvant) Bacillus amyloliquefaciens Powdery mildew

14-09 Flipper/ Karma Fatty acids and potassium salts/ potassium 

hydrogen carbonate

Aphids/powdery mildew

14-09 Xentari Bacillus thuringiensis Sawflies

22-09 Karma/ Taegro Potassium hydrogen carbonate/

Bacillus amyloliquefaciens

Powdery mildew

12-10 Abir Bupirimate Powdery mildew

14-10 Flipper Fatty acids and potassium salts Aphids

19-10 Serenade Bacillus amyloliquefaciens Powdery mildew

31-10 Taegro Bacillus amyloliquefaciens Powdery mildew

9-11 Serenade Bacillus amyloliquefaciens Powdery mildew

17-11 Serenade Bacillus amyloliquefaciens Powdery mildew

23-11 Serenade Bacillus amyloliquefaciens Powdery mildew

1-12 Serenade Bacillus amyloliquefaciens Powdery mildew

7-12 Abir Bupirimate Powdery mildew

21-12 Abir Bupirimate Powdery mildew
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3. Climate set-up 

Table A3.1  Daily climate composition of stable climate and fluctuating climates (a=bright day; b=dull day; c=variation; d=big fluctuations). 
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Table A3.2 Climate recipe distribution in Fluctuating climate treatment. 

 

 

 

 

 

Week Climate type

1 stable 

2 variation 

3 dull

4  bing fluctuations 

5 bright

6 dull

7 variation 

8 big fluctuations

9 variation 

10 bright

11 big fluctuations

12 dull

13 dull

14 bright

15 variation 

16 big fluctuations

17 bright

18 big fluctuations

19 variation 

20 bright

21 dull


