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Article 
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Abstract: The effect of LED supplementary lighting at various intensities on winter-grown 

watermelon plants was evaluated to identify the optimal level for enhancing growth, yield, and 

quality. The plants were exposed to three lighting conditions: natural daylight (control) and LED 

supplementary lighting at 900 and 1500 µmol/m²/s, from 17:00 to 21:00. Supplemented LED lighting 

enhanced chlorophyll content, Ca2+ and Mg2+ in the leaves of fruit set region, leading to an increase 

in photosynthesis rate throughout the growing period and supporting consistent plant growth. The 

result showed that LED 900 µmol/m²/s significantly boosted the number of female flowers, fruit 

weight, size, and flesh thickness. Ultimately, the yield per plant increased by 31% under the LED at 

900 µmol/m²/s and by 14% under the LED at 1500 µmol/m²/s compared to the control. Furthermore, 

high sugar and low acid contents were detected in the LED-treated fruits. These results indicate that 

fruits bore under LED lighting ripened faster than those in the control. In conclusion, supplemental 

LED lighting markedly contributes to watermelon production during winter, with a 900-µmol/m²/s 

LED light intensity outperforming 1500 µmol/m²/s in promoting plant growth and boosting the yield 

and quality. 

Keywords: watermelon; artificial light; LED lighting; vertical farming; greenhouse cultivation; 

development; yield; quality 

 

1. Introduction 

A popular and economically valuable fruit, watermelon (Citrullus lanatus), particularly small-

fruited varieties, has gained increasing popularity in Japan in recent years owing to several essential 

health-related compounds such as lycopene, citrulline, arginine, and glutathione contained in its flesh 

[1,2]. It belongs to the Cucurbitaceae family and is traditionally grown in temperate and tropical 

regions [3]. From November to March in Japan, natural light intensity is insufficient for watermelon 

plants, necessitating the use of supplemental lighting. Therefore, commercial growers face 

considerable challenges in cultivating watermelons earlier than the optimal season. However, 

successfully growing watermelons in the winter presents an excellent opportunity for year-round 

production and achieving high market value.  

Winter watermelon, a crop typically grown in warmer seasons, presents unique challenges when 

cultivated during the off-season in controlled environments. Ensuring optimal light conditions is 

critical for maximizing growth and fruit quality during the winter months. Light is the primary 

environmental factor regulating plant growth and development [4–7] due to its essentiality for 

photosynthetic and morphogenetic processes [8–10]. However, maintaining an optimal light 

environment inside greenhouses during the winter season is challenging due to insufficient natural 

daylight. Adjusting lighting inside greenhouses with supplementary lighting is essential for off-

season watermelon cultivation. LED supplementary lighting serves as an enhancement tool for crop 
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productivity under limited light conditions [11–13]. It promoted plant growth and morphology, 

chlorophyll content and photosynthesis, fruit yield and quality [14–16]. LED supplementary lighting 

with specific light intensity, wavelength, and duration affects plant growth and the overall yield and 

quality of crops [17–20]. 

Light intensity affects plant morphology and development [21]. During the fruit development 

stage, plants require high light intensity and extended periods of bright sunshine to maintain high 

productivity and quality. Supplemental LED lighting has been used as an efficient light source to 

meet this demand, especially during the winter season, and to produce better-quality tomatoes [22–

24]. Utilizing LED lights with a balanced spectrum and appropriate wavelengths is crucial for plant 

growth and development. Controlling light quality or wavelength enables optimized yield and 

quality in spinach [25], chili [26]. 

This study aimed to determine the optimal intensity of supplemental lighting for growing 

higher-quality watermelons during the winter season. To this end, we investigated the effects of LED 

supplementary lighting at varying light intensities on chlorophyll formation, photosynthesis, growth, 

yield, and quality of winter watermelon in an artificial light-type greenhouse. 

2. Materials and Methods 

2.1. Plant Materials and Cultivation Conditions 

The experiment was conducted in a controlled environment in a greenhouse in Japan from 

January 1 to May10, 2024, located at 33°16’50.7”N 130°18’09.9”E, at an altitude of 4.7 meters. On 

January 1, 2024, small-fruited watermelon seeds (cultivar: Hitorijime 7) were sown in a black plastic 

seedling pot (length 5.5 cm, upper portion 6 cm, and lower portion 4 cm in diameter). After sowing 

seeds, the seedling pots were kept at 24 °C and provided a 12-hour lighting period with a light 

intensity of 1500 µmol/m²/s. All seedlings were kept in the same environmental condition before 

transplanting. 20 days later, the same-size seedlings were transplanted into coco bags (ToyoTane Co. 

Ltd., Aichi, Japan; 90 cm in length, 18 cm in width, 5 cm in height, and weighing 3.5 kg) within the 

greenhouse using a vertical farming system (see Figure 1). Each coco-bag contained two plants, and 

the total number of plants was 24 while each treatments contained 8 plants.  

The distance between plants was 40 cm, and the row length was 3.2 m. After transplanting, all 

the parameters inside greenhouse were also kept in the same condition except light condition. A heat 

pump was set to ensure that the greenhouse temperature did not drop below 16 °C at night. During 

the experiment, the total amount of light received was 321.01 mol/m²/s, with the average highest and 

lowest relative humidity of 45% and 12%, respectively. The climatic parameters for the experimental 

area were presented in Table 1.  

Table 1. The climatic parameters for the experimental area were calculated as monthly mean values, both inside 

and outside the greenhouse. 

Month T (ºC) RH (%) 
DLI (mol m⁻²d⁻¹) 

T (ºC) RH (%) 
DLI (mol 

m⁻²d⁻¹) Control LED 900 LED 1500 

January 19.5 52 6.25 9.55 11.25 7.1 54 10.2 

February 20.5 65 6.50 10.25 13.5 8.0 63 11.1 

March 22.0 60 9.50 15.0 17.2 9.6 59 15.3 

April 22.5 69 10.5 16.5 19.5 17.1 72 15.3 

May 25.5 69 12.0 17.1 21.2 20.0 72 18.2 

The plants were drip irrigated with a complete nutrient solution based on Japanese standardized 

recommendations Enshi shoho solution [27] containing: 991.23 ppm NO3− from Ca (NO3)2.4H2O, 23.84 

ppm NH4+ and 125.48 ppm P from NH4H2PO4, 312.49 ppm K from KNO3, 160.62 ppm Ca from Ca 

(NO3)2, 48.53 ppm Mg and 192.64 ppm SO4 from MgSO4. Trace elements nutritional concentrations 

were as follows: 3.18 ppm Fe from Iron (Fe) EDTA chelate, 0.456 ppm Mn and 0.05 ppm Zn 
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from Manganese (Mn) EDTA chelate and Zinc (Zn) EDTA chelate, respectively, 0.52 ppm B from 

H3BO3, 0.01 ppm Cu from Cupper (Cu) EDTA chelate, and 0.007 Mo from Na2MoO4. 

In the nutrient solution, there was 2.20 mS cm−1 electrical conductivity with a pH of 5.80–6.20 

were maintained during the growing season. When the ninth leaf was produced, the top of each plant 

was cut to promote branching aimed at maintaining four branches per plant. The plants flowered 21–

25 days after transplanting and were hand pollinated to set the fruits. Two fruits were maintained on 

each plant. Three fruits from each treatment were harvested for quality evaluation 30 days after 

pollination, but the final harvest was done 45 days after pollination on 10 May 2024.  

  

Figure 1. Schematic diagram of the supplementary LED lighting system (A), and its application in the 

experimental area (B). The LED lights were adjustable in height and connected to a timer set to turn on at 17:00 

and off at 21:00 every day, from transplanting until harvest. 

2.2. Experimental Design and Supplementary LED Lighting Treatment 

A completely randomized design (CRD) was employed to evaluate the effects of different 

supplementary lighting on watermelon growth and quality. The plants were exposed to LED 

supplemental light for 4 hours daily, from 17:00 to 21:00. (supplementary Figure 2). Three treatments 

were used: no light (control) and supplementary lighting at 900 and 1500 µmol/m²/s, with eight plants 

in each treatment. Supplemental lighting was applied daily, from transplanting until harvest. Figure 

1 shows the method of supplying supplemental lighting and nutrients. Light intensity was measured 

from the canopy top using a Light Meter (C-LI190R, LICORbio, Nebraska, USA). LED light was 

supplied by the W-MAX 2000 with dimensions of 310 × 210 × 46 mm (SMARUP brand, Co., Ltd., 

Japan; product dimensions: 31 L × 21 W × 4.6 H cm). LEDs were moved as plants grew to maintain 

the same light intensity. 

2.3. Methods of Sampling and Measurement 

Light volume was measured using an OptoLeaf D-Meter RYO-470M (Taisei Fine Chemical, 

Asahi, Japan). Temperature and relative humidity were recorded with a wireless thermos recorder, 

RTR503B (T & D Corporation, Matsumoto, Japan) during the growing season. The chlorophyll 

content of the 9th leaf from the apical tip was determined using a chlorophyll meter (SPAD-502 Plus 

Konica Minolta, Inc., Tokyo, Japan) at seven-day intervals. The photosynthesis rate (µmol/m²/s) was 

measured during the fruit setting stage and 15 days after fruit set using a Quick Photosynthesis 

Measurement Instrument (MIC-100X, Masa Int., Kyoto, Japan). Measurement was performed 

from12.00 to 13.00 with 1200 to 1500 PPFD while CO2 concentration was 400 to 450 mmol/m²/s.  

Phenotypic data on various growth parameters and fruit characteristics, including plant height, 

were measured using a metric ruler from 15 days after transplanting until the harvesting stage at 15-
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day intervals. The number of nodes and total leaf area of a plant were measured two times, 30 days 

before harvest and harvesting stage. The stem thickness at the fruit set node 30 days before harvest 

and at the harvesting stage, fruit diameter at seven-day intervals, peel and flesh thickness, and female 

flower ovary length were measured using a Digi Matic Caliper (Mitutoyo, Kawasaki, Japan). The 

number of leaves at 30 days before the harvest and harvesting stage and the number of male and 

female flowers were counted. At harvest, fruit weight, fresh weight of shoot, and dry weight of shoot 

were measured. Sugar and acid contents were measured using a Brix-Acidity Meter (PAL-BX or 

ACID F5, Atago, Tokyo, Japan). Juice pH was measured using a Personal PH/ORP meter (PH72, 

Yokogawa, Tokyo). We collected leaf samples (the leaf of the fruit set node and the upper and lower 

leaf of the fruit set node) to estimate the Ca2+ and Mg2+ contents. The fresh weight of the leaves was 

measured, and the leaves were placed in a bag and dried at 70 °C for three days. After drying, the 

leaves were removed from the bag, and their dry weight was measured. The dried leaves were then 

ground into a fine powder using a mortar and pestle. Subsequently, 0.5 g of the powdered leaf sample 

was subjected to nitrate decomposition with 0.1 M nitric acid. After decomposition, an atomic 

absorption spectrophotometer (SOLAAR M6, Thermo Fisher Scientific, England) was used to 

measure Ca2+ and Mg2+ concentrations.  

2.4. Statistical Analysis 

Data was analyzed using the JMP statistical package (SAS Institute, Cary, NC, USA). Significant 

differences among treatments were determined by analysis of variance (ANOVA). Tukey’s multiple 

range test was used to evaluate treatment effects and conduct comparisons, while the least significant 

difference (LSD) test at p ≤ 0.05 was used. 

3. Results 

3.1. Determining Light Intensity and Environmental Conditions in Greenhouses 

A preliminary experiment was conducted to assess the effectiveness of LED supplemental 

lighting at different light intensities on watermelon growth during the winter season. The experiment 

involved four treatments: no LED (control), 600, 900, and 1200 µmol/m²/s. Each treatment included 

six plants. Light was provided daily for four hours, from 17:00 to 21:00. (Fig.S1). This experiment 

lasted one month, starting from transplanting on November 10, 2023. We collected growth and 

morphological data, including plant height, shoot weight, root weight, root length, node number, leaf 

number, stem diameter, and leaf area (Table 2).  

Table 2. Preliminary experiment results for control (natural daylight only) and LED treatments at 600, 900, and 

1200 µmol/m²/s. LEDs were adjusted from top of the canopy at night. 

Supplemen 

tary LED 

Lighting 

Plant 

Height 

(cm) 

Shoot dry 

Weight (g) 

Root dry 

Weigh t 

(g) 

Root 

Length 

(cm) 

Number 

of Nodes 

No. of 

Leaves 

Stem 

Diam 

eter 

(mm) 

Leaf Area 

(cm2) 

Control 20.0 b 26.8 b 3.89 c 11.0 b 5.0 b 8.1 b 4.1 b 131.2 b 

LED 600 22.6 b 31.2 ab 5.15 b 13.6 a 5.7 ab 9.8 ab 4.2 b 135.1 b 

LED 900 29.5 a 35.65 a 6.97 a 13.6 a 7.0 a 11.6 a 5.3 a 157.3 a 

LED 1200 26.0 ab 32.12 a 5.56 b 12.1 b 6.3 a 11.1 a 5.0 a 143 ab 

Different letters indicate significant differences (p < .05; Turkey’s HSD test), n = 8. 

Significant differences were observed between the control and supplementary lighting 

treatments. Specifically, the LED-900 µmol/m²/s treatment resulted in the highest values for all 

measured parameters, while the control exhibited the lowest values. LED lighting at 1200 µmol/m²/s 

was similar to LED 900 µmol/m²/s for most parameters, while LED 600 µmol/m²/s was comparable 
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to the control. These results indicate that LED supplemental lighting at approximately 900 µmol/m²/s 

is a critical factor for growing higher-quality watermelons in winter.  

The main experiments were conducted using two LED light intensities: 900 and 1500 µmol/m²/s. 

(Fig.S2). Based on the preliminary experiment results, 900 µmol/m²/s was initially selected. The 

decision to include 1500 µmol/m²/s was based on the hypothesis that a higher light intensity may 

benefit fruit development, as strong light is generally known to support watermelon growth. 

However, since the preliminary experiment ended before flowering, we included the 1500 µmol/m²/s 

treatment in the main experiment. 

The total light volumes from pollination to 35 days after pollination were 191.8, 232.8, and 251.5 

mol/m² for the control, LED-900, and LED-1500 treatments, respectively. The average daily maximum 

and minimum temperatures inside the greenhouse were 37.8 °C and 16.2 °C, respectively. 

3.2. Plant Growth and Morphology 

The LED supplementary lighting-treated plants exhibited significantly increased height 

compared to the control (Figure 2). Within 30 days after planting (DAP), plant height was similar 

among the LED-treated and control plants. However, at 45 DAP, LED-treated plants grew faster than 

control plants. Ultimately, plant height was 1.34 timgreater with LED 900 and 1.22 times greater with 

LED 1500 compared to the control. 

 

Figure 2. Plant height (cm) at a 15-day interval. Blue, green, and orange lines represent the control, LED 900, and 

LED 1500, respectively. Different letters indicate significant differences (p < .05; Turkey’s HSD test). Values are 

the mean ± SD, n = 6. DAP = Days after planting. 

Fresh and dry weights increased significantly in LED-treated plants compared to control plants 

(Table 3). 

Other growth characteristics, including the number of leaves, number of nodes, stem diameter 

at the fruit set node, leaf length, and leaf area, were measured to assess the positive effects of LED 

exposure on height and other traits (Table 3). From 56 to 86 DAP, leaf and node counts increased 

respectively to 93 and 93 in the control, 120 and 145 with LED 900 µmol/m²/s, and 110 and 123 with 

LED 1500 µmol/m²/s. The rates of increase in leaf and node counts were respectively 1.29 and 1.55 

times higher with LED 900 µmol/m²/s, and 1.18 and 1.32 times higher with LED 1500 µmol/m²/s 

compared to the control. At both stages, the stem thickness at the fruit set node was highest with LED 

900 µmol/m²/s (6.84 and 10.41 mm) compared to the control (5.19 and 8.32 mm) and LED 1500 
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µmol/m²/s (6.09 and 9.90 mm). From 56 to 86 DAP, the stem thickness at the fruit set node increased 

1.14 and 1.22 times with LED 900 and LED 1500 µmol/m²/s, respectively, compared to the control. 

The important growth parameter, leaf area, was also highest with LED 900 µmol/m²/s at both 56 and 

86 DAPs (236.32 and 190.37 cm² plant⁻¹) compared to the control (187.65 and 128.63 cm² plant⁻¹) and 

LED 1500 (226.19 and 151.35 cm² plant⁻¹). Overall, LED-treated plants outperformed the control 

plants in all growth characteristics at both 56 and 86 DAPs. In particular, plants treated with LED 900 

µmol/m²/s showed significant differences in all aspects compared to the control plants. In contrast, 

plants treated with LED 1500 µmol/m²/s did not show significant differences from the control plants 

in stem diameter and leaf length. 

Table 3. Different growth characteristics at 56 and 86 DAP, corresponding to 30 days before harvest and at 

harvest, for the control and LED treatments at 900 and 1500 µmol/m²/s. 

Supplementary 

LED Lighting 

No of 

Leaves 

No. of 

Nodes 

Stem Diameter 

(mm) 

Leaf 

Length 

(cm) 

Leaf Area 

(cm2) 

Fresh Weight 

of Plant (g) 

Dry Weight of 

Plant (g) 

56 DAP        

Control 87 c 75 c 5.19 b 21.32 b 187.65 c       

LED 900 140 a 103 a 6.84 a 24.76 a 236.32 a       

LED 1500 110 b 93 b 6.09 ab 24.75 a 226.19 b       

86 DAP        

Control 180 c 168 c 8.32 b 16.07 b 128.63 c 754.2 c 80.34 b 

LED 900 260 a 248 a 10.41 a 21.56 a 190.37 a 1039.8 a 116.90 a 

LED 1500 228 b 216 b 9.90 b 18.09 b 151.35 b 866.4 b 113.51 a 

Different letters indicate significant differences (p < .05; Turkey’s HSD test), n = 8. 

Plants treated with LED light at 900 and 1500 µmol/m²/s produced the highest and second 

highest numbers of female flowers, with counts of 18 and 16, respectively, compared to 13 in the 

controls exposed to natural daylight (Figure 3). The average ovary lengths were 14.8 and 15 mm for 

plants treated with LED 900 and LED 1500 µmol/m²/s, respectively, compared to 6.4 mm for the 

control. The number of male flowers per plant was 112 in the control and 104 and 107 for plants 

treated with LED 900 and LED 1500 µmol/m²/s, respectively, with no significant differences observed 

among the treatments (data not shown). 

 

Figure 3. Number of female flowers for each treatment. Female flowers were counted from the onset of flowering 

until harvest. Different letters indicate significant differences (p < .05; Turkey’s HSD test). Values are the mean 

± SD, n = 8. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 3 February 2025 doi:10.20944/preprints202502.0034.v1

https://doi.org/10.20944/preprints202502.0034.v1


 7 of 16 

 

3.3. Leaf Chlorophyll Content and Photosynthesis 

The chlorophyll content of the 9th leaf from the apical tip was recorded at 15-day intervals, showing 

significant variations between the control and LED supplementary lighting treatments (Figure 4). LED 

900 and LED 1500 µmol/m²/s treatments showed no significant differences. At 45 DAP, during the growth 

stage, the highest chlorophyll content was observed in plants treated with LED 1500 (75.3 SPAD units) 

and LED 900 (75.0 SPAD units), while the control had the lowest content (57.7 SPAD units). Chlorophyll 

content gradually decreased during fruit development until the harvest stage. 

 

Figure 4. Leaf chlorophyll content (SPAD unit) in response to LED supplementary lighting. Blue, green, and 

orange bars represent the control, LED 900, and LED 1500, respectively. Different letters indicate significant 

differences (p < .05; Turkey’s HSD test). Values are the mean ± SD, n = 8. DAP = Days after planting. 

Measurements of the photosynthesis rate at pollination and 15 days after pollination showed a 

significant increase in the photosynthesis rate 15 days after pollination compared to the rate at 

pollination. At both stages, the LED-treated plants exhibited notably higher photosynthesis rates than 

the control. While the photosynthesis rate increased by 50% and 45% at pollination in plants treated 

with LED 900 and LED 1500 µmol/m²/s, it increased by 64% and 51% 15 days after pollination in 

plants treated with LED 900 and LED 1500 µmol/m²/s, respectively, compared to the control (Figure 

5). 

 

Figure 5. Photosynthetic rate during pollination time and 15 days after pollination. Blue, green, and orange bars 

represent the control, LED 900, and LED 1500, respectively. Different letters indicate significant differences (p 

< .05; Turkey’s HSD test). Values are the mean ± SD, n = 8. 
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3.4. Ca2+ and Mg2+ Content in the Leaves of the Fruit Set Region 

The fruit set region, including three leaves at the fruit set node, is critical for fruit development, 

and adequate nutrient supply to this region is necessary for optimal fruit growth and quality [19]. By 

analyzing Ca2+ and Mg2+ ion levels, we can assess the plant’s nutrient uptake efficiency and overall 

health, which are critical for optimizing growth conditions and improving the quality and yield of 

crops like winter watermelon. The LED supplementary lighting treatment showed high 

accumulation of Ca2+ and Mg2+ ions with significant variations in different leaves emerging from fruit 

set nodes (Figure 6).  

 

Figure 6. The mean value of Calcium (A) and Magnesium (B) present in the leaves of the fruit set region during 

the harvest stage. (a) Leaf of fruit set node, (b) 1st upper leaf of the fruit set node, (c) 1st lower leaf of the fruit set 

node. Blue, green, and orange bars represent the control, LED 900, and LED 1500, respectively. Different letters 

indicate significant differences (p < .05; Turkey’s HSD test). Values are the mean ± SD, n = 5.  . 

The LED-treated plants had a significantly higher Ca²⁺ content than the controls across all leaves. 

Specifically, it was 3.3–3.5 times greater than that of the controls in the first lower leaves of the fruit 

set node. The Mg²⁺ content in LED-treated plants was not lower than in the controls, although the 

difference in Mg²⁺ content between LED-treated and control plants was less pronounced compared 

to the variation observed for Ca²⁺. 

3.5. Fruit Yield and Quality 

The primary focus of this study was fruit diameter, which was measured at 7-day intervals from 

fruit set to harvest (Figure 7). Within the 28 days following pollination, the fruit diameter increased 

rapidly in LED-1500-treated plants, while LED-900 and control plants showed similar growth. By 35 

days after pollination, the fruit diameter in LED-900-treated plants increased rapidly, resulting in 

significant differences compared to the control. At 48 days post-pollination, which corresponds to 

harvest time, fruit diameter had increased by 118% in LED-900-treated plants and 113% in LED-1500-

treated plants compared to the control. Figure 8 shows the relationship between ovary length and 

fruit weight from the same ovary after harvest, indicating a positive and significant correlation 

between both parameters, regardless of the treatment.  
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Figure 7. Fruit diameter at a 7-day interval from fruit setting to harvesting. Blue, green, and orange lines 

represent the control, LED 900, and LED 1500, respectively. Different letters indicate significant differences (p 

< .05; Turkey’s HSD test). Values are the mean ± SD, n = 16. 

 

Figure 8. Relationship between ovary length and fruit weight. Randomly selected 12 female ovary lengths were 

measured for each treatment, and fruit weights were measured after harvest. Blue, green, and orange lines and 

dots represent the control, LED 900, and LED 1500, respectively. ** indicates significance at p < 0.01. 

After harvesting, we measured individual fruit weight and fruit weight per plant (yield) and 

found significant differences among the treatments (Table 4). LED-900-treated and LED-1500-treated 

plants produced 1.32 and 1.14 times more fruit per plant (yield) compared to the control, respectively 

(Table 4). Figure 9 shows the internal and external appearance of the fruits from the three treatments.  
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Figure 9. External and internal characteristics of watermelon fruits grown in greenhouse with natural daylight 

only (control), LED 900 and LED 1500 µmol/m²/s. 

While the total number of seeds did not differ among the treatments, the number of mature black 

seeds was higher in the LED-900-treated plants compared to the other treatments (Figure 10). 

 

Figure 10. Number of seeds and mature black seeds among the three treatments: natural daylight only (control), 

LED 900 and LED 1500 µmol/m²/s. blue, green, and orange bars represent the control, LED 900, and LED 1500, 

respectively. Different letters indicate significant differences (p < .05; Turkey’s HSD test). Values are the mean ± 

SD, n = 3. 

The sugar content (°Brix) in fruits from LED-900-treated plants was significantly higher than in 

those from other treatments at 15 days before harvest. By harvest time, the sugar content in fruits 

from LED-1500-treated plants was comparable to that in fruits from LED-900-treated plants (Figure 

11) Juice pH did not differ significantly among the treatments.  
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Figure 11. Total soluble solid (TSS; ºBrix) at 15 days before harvest and harvest stage among different treatments. 

Blue, green, and orange bars represent the control, LED 900, and LED 1500, respectively. Different letters indicate 

significant differences (p < .05; Turkey’s HSD test). Values are the mean ± SD, n = 5.   . 

As the fruit ripened, pH increased, acid content decreased, and peel thickness decreased in all 

treatments; however, these changes were most pronounced in the LED-900-treated plants (Table 4). 

Table 4. Different fruit characteristics at 15 days before harvest and at harvest for the control, LED treatments at 

900 and 1500 µmol/m²/s. 

Supplementary LED 

Lighting 

Fruit Length 

(cm) 
Fruit Weight (kg) Juice PH 

Acid Content 

(%) 
Thickness of Peel (mm) 

15 days before harvest 

Control 11.018 b 0.73 c 5.34 a 0.55 b 4.56 a 

LED 900 13.950 a 1.30 a 5.50 a 0.53 a 4.45 a 

LED 1500 12.314 ab 0.94 b 5.48 a 0.54 ab 4.84 a 

Harvest stage      

Control 13.12 b 1.14 c 5.76 a 0.47 b 3.66 a 

LED 900 14.25 a 1.50 a 5.80 a 0.40 a 3.55 a 

LED 1500 13.97 a 1.30 b 5.82 a 0.40 a 3.95 a 

Different letters indicate significant differences (p < .05; Turkey’s HSD test), n = 5. 

4. Discussion 

4.1. LEDs Accelerate Early Growth and Have a Positive Effect Later on 

Investigating chlorophyll content and photosynthesis is essential due to the strong correlation 

between chlorophyll content, photosynthesis efficiency, and plant growth [28,29]. Higher chlorophyll 

content and efficient photosynthesis typically lead to better growth, higher biomass, and improved 

yield. LED supplementary lighting can considerably impact both chlorophyll synthesis and 

photosynthesis rates. The LED-induced increase in light volume triggered higher photosynthetic 

rates (Figure 5) due to an increase in chlorophyll content (Figure 4) and Mg²⁺ ions (Figure 6), which 

are essential components of chlorophyll and photosynthesis, and are integral elements for the growth 

of most horticultural crops [30]. LED supplementary lighting proved effective in maintaining 

chlorophyll content (Figure 4), corroborating the findings [15,31]. These authors showed that LED 

treatment maintained higher chlorophyll content and photosynthetic rates throughout the vegetative 

and fruit development stages in melon. A positive correlation exists among photosynthesis, LED 
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supplementary lighting, plant growth, and overall yield, aligning with findings from studies on 

various crops [32–36]. The early growth of the plant was accelerated with LED supplementary 

lighting, and the positive effects continued into the later stages of growth (Figure 2), resulting in an 

increased female flower count (Figure 3) and larger ovaries. A positive correlation was observed 

between ovary length and fruit weight, with larger ovaries tending to produce larger fruits (Figure 

8). Additionally, fruits from LED-treated plants, particularly those from the LED900 treatment, 

matured earlier than those from the other treatments. The Brix sugar content showed minimal change 

between 15 days before harvest and harvest time in the LED-900-treated plants, while it increased 

more in the other treatments (Figure 11). The peel thickness and acid content of the fruit from LED-

900-treated plants were the lowest at the harvest stage (Table 4). Furthermore, the percentage of black 

seeds was highest in the LED-900-treated plants compared to the other treatments (Figure 10). These 

results indicate that LED exposure enhances growth speed. 

4.2. In Winter, Strong Light Like That in Summer Is not Necessarily Required 

Both LED supplementary lighting treatments used in the experiment were effective compared 

to the control. However, when comparing LED 900 to LED 1500, LED 900 proved to be more effective. 

In general, plants adjust to external environmental conditions. When watermelon plants encounter 

winter conditions, they must adapt to low temperatures and weak sunlight. Since plants need an 

optimal range of light intensity for photosynthesis, higher light intensities can enhance 

photosynthesis up to a point, with excessive light leading to photoinhibition, where the 

photosynthetic apparatus is damaged [37,38]. Although the photosynthetic rate was similar for both 

LED 900 and LED 1500 (Figure 5), this study found that it began to decrease under LED 1500. This 

suggests that LED-900 is sufficient for watermelon plants to grow under winter conditions. In other 

words, the light intensity of LED 1500 exceeded the optimum level for photosynthesis and started to 

negatively affect plant growth. From the perspective of total yield, the total yield per plant was 

highest in the 900 µmol/m²/s treatment (3.0 kg plant−1, 131%), significantly increasing the yields from 

the control (2.28 kg plant−1, 100%) and 1500 µmol/m²/s (2.60 kg plant−1, 114%) treatments (Table 4). 

This indicates that while higher light intensities (1500 µmol/m²/s) may still enhance yield compared 

to natural light, they are not as efficient as the optimal intensity of 900 µmol/m²/s. The findings align 

with previous studies reporting the diminishing returns of excessively high light intensities on the 

yield and quality of melon [39]. Further, the fruits grown with LED900 had more mature seeds than 

those of the control and LED1500, indicating LED-900 suitability for winter cultivation (Figure 10). 

4.3. Fruit Characteristics of Winter-Grown Watermelons 

The fruit set region is crucial for fruit development in the winter watermelon, and ensuring 

adequate nutrient supply to this region is essential for optimal fruit growth and quality [19]. The 

presence of adequate Ca2+ and Mg2+ in the fruit set region acts as a supportive source to increase fruit 

size and overall yield [19]. In fact, LED-900-treated plants, which had the highest value of Ca2+ and 

Mg2+ compared to control and LED 1500-treated plants at the 1st upper leaf of the fruit set node, 

produced higher fruit size (Figure 6 7, 8). This enhancement in nutrient content contributed to 

improved photosynthesis and overall plant health, as well as increased productivity (Figure 5; Tables 

3, 4). 

Fruits grown under LED lighting, particularly at 900 µmol/m²/s, exhibited higher sugar content 

and lower acid content than the control (Figure 11; Table 4). The increased sugar content is indicative 

of enhanced carbohydrate accumulation, likely due to more efficient photosynthesis and energy use 

at optimal light intensities [28,40]. Improved photosynthetic activity under LED lighting conditions 

leads to greater sugar production, which is critical for the ripening process. These results demonstrate 

that LED supplementary lighting markedly affects the winter watermelon ripening process. 

Furthermore, the reduction in acid content observed in fruits grown under LED lighting (Table 4) 

suggests that organic acids are metabolized more rapidly during the ripening process [41]. Organic 

acids, such as citric and malic acids, contribute to the sour taste of unripe fruits and gradually break 
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down as the fruit matures, leading to a sweeter taste. The lower acid content in the LED-treated fruits 

indicates a more advanced stage of ripening compared to the control fruits, indicating that fruits 

grown under LED lighting ripen faster than those in the control. 

5. Conclusions 

The use of LED supplementary lighting effectively compensates for reduced sunlight and total 

light volume during winter, thereby promoting vegetative growth and fruit development. 

Specifically, LED lighting at 900 µmol/m²/s is highly effective in enhancing winter watermelon 

growth, yield, and quality. This makes it a valuable tool for optimizing production in greenhouse 

environments. 
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