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Abstract: Supplemental light is widely applied in greenhouses to promote the production and
flavor of strawberries in global markets. The present selections of colored lights are, however, quite
empirical or qualitative, from the perspective of photometry or colorimetry, which lacks precision.
The accurate control of chromatic parameters of supplemental light and their chromatic influences
on fruit quality have been under-studied. In this study, color parameters including ten groups of
correlated color temperatures (CCTs-2250 K, 2400 K, 2600 K, 2800 K, 3000 K, 3500 K, 4000 K, 4500 K,
5000 K, and 6000 K) and two groups of illuminances (600 lx and 1000 lx) of supplemental lights were
precisely controlled using a digital color-coding method applied to LED supplemental lights, and the
strawberry was irradiated with the LED supplemental light from December 2021 to March 2022 in
facilities cultivation (greenhouse). Moreover, the irradiation time was 6 h per day (4:00 a.m.–7:00 a.m.,
5:00 p.m.–8:00 p.m.). We systematically investigated the chromatic effects of supplemental light on
five parameters of strawberries: plant height, single weight, fruit hardness, soluble solids, and
titratable acids. The results showed that the supplemental light generally lowered the single weight
by 14% and fruit hardness by 6%, and increased plant height by 21%, the contents of soluble solids by
7.4%, and titratable acids by 27%. The chromatic dependences of the five parameters were different
and might be strengthened, weakened, or shifted by light illuminance. Our results demonstrated
the beneficial roles of supplemental light in accelerating maturation and enhancing the flavor of
strawberries in greenhouse cultivation. These results provided valuable guidance for the effective
cultivation of strawberries. Moreover, the controlling method for accurate colors was ready for the
implementation of supplemental lights in other fruits or plants.

Keywords: strawberry; supplemental lighting; digital color-coding method; light quality; light
intensity; quality parameter

1. Introduction

Known as “the queen of fruits”, the strawberry (Fragaria × ananassa) is a photophilous
and shade-tolerant herbaceous plant [1]. The strawberry is a widely grown hybrid species
of the genus Fragaria, collectively known as strawberries [2]. The fruit is widely favored by
consumers due to its attractive colors, sweet and sour tastes, and high nutritional value.
With increasing demands for both the quantity and quality of strawberries in the market,
strawberry cultivations are shifting from natural surroundings to artificial greenhouses, due
to the merits of environmental controllability and economic efficiency for the latter [3,4]. As
an essential environmental factor, light is indispensable for the photomorphogenesis and
photosynthesis of plants under both natural and artificial conditions [5–9]. In addition to
providing the energy for photosynthesis, light also dictates specific signals which regulate
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plant development, shaping, and metabolism, driven by light colors [7,10,11]. However,
adverse weather conditions, like overcast, snow, rain, and fog in winter and spring, always
lead to inadequate light exposure, resulting in a decline in the productivity of economic
plants. Furthermore, because of the aging effect of plastic materials and accumulated
layers of dust on the film in cultivation greenhouses, transmitted light levels are normally
below the natural need for light for plants [12]. Hence, the introduction of artificial sup-
plemental lights to supply adequate illumination for the plants in agricultural facilities is
clearly needed.

In recent years, various factors of supplemental light have been investigated to explore
their influence on the quality of strawberries. For example, studies showed that luminous
intensity affects the growth rate and nutrient content of strawberries [13–16]. Photoperiod
can influence photosynthesis, flowering stage, and yield of strawberries [3,17,18]. To date,
increasing attention has been paid to investigations of plant growth and the photomorpho-
genesis of strawberries affected by the color of light [19–22]. For example, Takeda found
that a red light treatment could reduce flower falling, and a high ratio of distant far-red
light to visible light reaching the crown plays a role in floral bud induction [23]. Xu found
that the treatment using blue light is helpful in maintaining the flavors and nutrition of
harvested strawberries [11]. Nhut found that a ratio of 7:3 between the red light and the
blue light is optimal for the growth of plantlets [19]. Li reported that the strawberry plants
greatly benefited from a color ratio of 3:2:1 between the orange, red, and blue lights [24].
Furthermore, in terms of the fruit quality, different proportions of colors were also used to
find the optimal light conditions. For instance, Wu found that a ratio of 1:1:1 between red
LEDs, blue LEDs, and white LEDs increased the average weight addition by 7% for single
strawberries and led to an improvement in fruit flavor; in particular, the solid acid ratio
increased by 15% [25].

Although there are certain studies on the improvement of fruit quality and quantity
of strawberries using supplemental light, selections of colored lights are more empirical
or qualitative, from the perspective of photometry or colorimetry. Terms such as “red”,
“green”, and “blue” commonly used in these studies cannot be precisely defined in the
field of color or optics sciences. The lack of precision might cause poor repeatability and
stability of the fruit quality and production of strawberries in greenhouses during the
implementation of supplemental lights. In this study, we employed a digital color-coding
method (DCCM) to precisely control the chromatic parameters of supplemental light in
terms of chromaticity coordinates or correlated color temperatures (CCTs) [26,27]. We
systematically investigated the influence of these chromatic parameters on the fruit quality
of strawberries. The DCCM utilized in this study, along with the results regarding the
chromatic effects on strawberry fruit quality, can be widely applied to global greenhouses
for artificial cultivation and mass production of high-quality strawberries and other fruits
in markets.

2. Material and Method
2.1. Experimental Material

The experiment was conducted from December 2021 to March 2022 in a greenhouse
in Jiande Strawberry Town, Zhejiang Province, China. We selected a newly cultivated
strawberry variety called “Jiandehong” for this study. Figure 1a showed a photo of a
ripe strawberry. The supplemental lighting utilized in the experiment consisted of LED
luminaires provided by Zhejiang Light Cone Technology Co., Ltd. Hangzhou, China. Each
luminaire consisted of 12 “warm” white LED chips and 12 “cold” white LED chips. The
term “warm” and “cold” were used to represent colors with high and low CCTs, respec-
tively. LEDs with the same color were connected in series, while LEDs with different colors
were connected in parallel and driven independently. The rated power of the supplemental
luminaire was 24 W, with a luminous efficiency of 62.33 lm/W. The spectral distribution
of the supplemental luminaire was shown in Figure 1b. In the actual arrangement layout,
five supplemental luminaires formed an illumination group. Figure 1c illustrated the in-
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tensity distribution of an illumination group, which was simulated using DIALux software,
https://www.dialux.com/en-GB/, accessed on 5 November 2023. DIALux is a tool com-
monly used for simulating and planning lighting setups. The supplemental luminaires
were positioned 1.7 m above the top plane of strawberry plants. This placement is crucial
in determining how effectively the light reaches the plants. Figure 1d provided a visual
representment of the experimental greenhouse illuminated by supplemental luminaires
with CCTs of 2250 K, 3000 K, and 6000 K, respectively.

Horticulturae 2023, 9, x FOR PEER REVIEW 3 of 12 
 

 

efficiency of 62.33 lm/W. The spectral distribution of the supplemental luminaire was shown 
in Figure 1b. In the actual arrangement layout, five supplemental luminaires formed an illu-
mination group. Figure 1c illustrated the intensity distribution of an illumination group, 
which was simulated using DIALux software. DIALux is a tool commonly used for simu-
lating and planning lighting setups. The supplemental luminaires were positioned 1.7 m 
above the top plane of strawberry plants. This placement is crucial in determining how ef-
fectively the light reaches the plants. Figure 1d provided a visual representment of the ex-
perimental greenhouse illuminated by supplemental luminaires with CCTs of 2250 K, 
3000 K, and 6000 K, respectively. 

 
Figure 1. Experimental condition and materials. (a) A real photo of Jiandehong strawberry; (b) spectral 
distribution of the supplemental luminaire; (c) the intensity distribution of our illumination scheme, 
which is simulated by using the software of DIALux; (d) experimental greenhouse illuminated by 
the supplemental luminaire with CCTs of 2250 K, 3000 K, and 6000 K. 

2.2. Methods 
2.2.1. The Color Mixing Algorithm 

In this study, we implemented the digital color-coding method (DCCM), an accurate 
color mixing algorithm that allows precise manipulation of light chromaticity and luminos-
ity within color spaces defined by the Commission Internationale de l’éclairage (CIE) [26,27]. 
Both “cold” white LEDs and “warm” white LEDs, driven by pulsed modulation signals, 
were utilized. The algorithm used maps driven pulses with a specific duty cycle of each pri-
mary light to each color component of mixed light, facilitating independent manipulation of 
chromaticity and luminosity. Figure 2a,b illustrated the principles and effectiveness of our 
DCCM. Figure 2a depicted the dimming principle, where chromaticity remains constant while 

Figure 1. Experimental condition and materials. (a) A real photo of Jiandehong strawberry;
(b) spectral distribution of the supplemental luminaire; (c) the intensity distribution of our illu-
mination scheme, which is simulated by using the software of DIALux; (d) experimental greenhouse
illuminated by the supplemental luminaire with CCTs of 2250 K, 3000 K, and 6000 K.

2.2. Methods
2.2.1. The Color Mixing Algorithm

In this study, we implemented the digital color-coding method (DCCM), an accu-
rate color mixing algorithm that allows precise manipulation of light chromaticity and
luminosity within color spaces defined by the Commission Internationale de l’éclairage
(CIE) [26,27]. Both “cold” white LEDs and “warm” white LEDs, driven by pulsed modula-
tion signals, were utilized. The algorithm used maps driven pulses with a specific duty
cycle of each primary light to each color component of mixed light, facilitating independent
manipulation of chromaticity and luminosity. Figure 2a,b illustrated the principles and
effectiveness of our DCCM. Figure 2a depicted the dimming principle, where chromaticity
remains constant while luminosity increased linearly in tandem with the duty cycle of
individual color LEDs. Figure 2b demonstrated precise manipulations of chromaticity (as
correlated color temperatures, or CCT) and luminosity (illuminance) that are achievable

https://www.dialux.com/en-GB/
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via the biprimary color mixing technique of the DCCM. The supplemental luminaire test
comprised both “warm” and “cold” white LEDs. Within this demonstration, the illumi-
nance of the supplemental luminaire was maintained at 1000 lx, while the CCT altered
from 2250 K to 6000 K through a series of designed steps. The yellow area represented the
accessible space, denoting the total gamut achievable using the DCCM [26,27]. Comparison
between the experimental results (illustrated by red crosses) and the theoretical predictions
(blue circles) affirms the efficacy and precision of our digital color-coding method.
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Figure 2. The working principle and experimental demonstrations of precise manipulations of the
color of supplemental light using a digital color-coding method (DCCM). (a) The chromaticity x
(pink triangles) and luminous flux (cyan dots) change with the duty cycle of single-color LEDs.
(b) Theoretical (blue circles) and experimental (red crosses) illuminance and correlated color temper-
atures (CCTs) of biprimary color-mixed LEDs mapped in a 2D accessible space (yellow region).

2.2.2. The Experimental Method

Strawberries were cultivated in a pair of rows, with supplemental luminaires hung at
a height of 1.7 m above the middle of a strawberry ridge. The spacing between adjacent
strawberry ridges was 0.6 m. The lenses of the supplemental luminaire were specifically
designed to uniformly project light to the current ridge without interfering with adjacent
ones. An illumination group comprised of five supplemental luminaires with a total length
of 5 m. Ten groups of supplemental light with different CCTs: 2250 K, 2400 K, 2600 K,
2800 K, 3000 K, 3500 K, 4000 K, 4500 K, 5000 K, and 6000 K. The CCTs of five luminaires
within an experimental ridge were kept the same. Two identical experimental ridges were
used. One ridge maintained a constant illuminance of 1000 lx, while the other was set at
600 lx. Selected from the middle of the greenhouse, sufficiently far away from experimental
ridges to avoid artificial light interference. Standard shed cultivation techniques were
employed for watering, topdressing, and general management of the strawberry plants.
Both reference and experimental ridges were exposed to natural sunlight. An additional
3 h of supplemental light was applied automatically by a programmed controller before
sunrise (4:00 a.m.–7:00 a.m.) and after sunset (5:00 p.m.–8:00 p.m.) to the experimental
ridges. In case of inclement weather conditions, such as cloudy, rainy, or snowy days, the
supplemental luminaires for experimental ridges were manually opened from 7:00 a.m. to
5:00 p.m. These operations were performed from the flowing stages to the second crop of
strawberries. Strawberries from both the experimental and reference ridges were harvested
and immediately measured for various parameters, including plant height, single weight,
hardness, soluble solids, and titratable acid.

The parameters were measured after 30 days of supplemental light exposure, corre-
sponding to the first harvest stage in January 2022. The height of the strawberry plants was
measured in centimeters using a tape measure. Five plants from each experimental and
reference group were measured three times for each. The single weight was measured in
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grams using an electronic balance with an accuracy of 0.1 g. Ten strawberries from each
group were measured. The hardness of strawberries was measured in kg/cm2 using a
GY- 4 digital fruit hardnessmeter. Ten strawberries, the same one measured for weight,
were used for this measurement. The sugar content of strawberries, indicated by soluble
solid content, was measured in percentage using a digital sugar meter based on prism
optical sensing [28]. The same ten strawberries measured for their hardness were used for
this measurement. The titratable acidity of the strawberries was assessed through sodium
hydroxide solution titration [29]. One gram of the tested juice was obtained by grinding
and dissolving it in 20 milliliters of pure water. The titratable acidity was determined by
titrating 20 mL of the juice with 0.1 mol/L NaOH to a pH of 8.2. The titratable acidity
was evaluated by millimoles (mmol) of citric acid per 100 g of juice. The titratable acidity
content of each group was determined by measuring five strawberries for each group.

2.2.3. Statistical Analysis

Experiments were performed using a completely randomized design. Statistical analy-
sis was performed using the Excell and Matlab R2022b software. All data are expressed as
the mean ± standard error (SE).

3. Results
3.1. Chromatic Effect of Supplemental Light on the Height of the Strawberry Plant

The height of the strawberry plant is indeed the first parameter influenced by sup-
plemental light. The effect of supplemental light on plant height was evaluated when the
first crop ripened, 30 days after introducing supplemental light. The relationship between
the height of the strawberry plant and the CCT and illuminances of supplemental light
was illustrated in Figure 3. As seen in Figure 3a, in the presence of 1000 lx illuminance,
the height of strawberry plants was significantly higher compared to the reference group
(without supplemental light). The average height reached approximately 16.6 cm, which
was approximately 21% higher than the reference group. Fluctuations in CCTs showed
minor effects, with variations around 2.67 cm. When the illuminance was reduced to 600 lx,
as displayed in Figure 3b, the average plant height was 15.0 cm, approximately 14% higher
than the reference group. The impact of varying CCTs was more pronounced under this
lower illuminance level compared to 1000 lx, though still consider minor. These results
indicated that while CCTs had some influence, the primary driver of increased plant height
under supplemental lighting conditions is the intensity of the light (illuminance).
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3.2. Chromatic Effect of Supplemental Light on the Single Weight of Strawberries

The single weight of a strawberry is an important factor determining its economic
value and contributes to the overall fruit yield. This study explored the relationship
between the CCTs of supplemental light and the single weight of strawberries under
different illuminance levels: 1000 lx (Figure 4a) and 600 lx (Figure 4b). As shown in
Figure 4a, the average single weight of strawberries under 1000 lx was 43.6 g, which was
approximately 14% lower than the reference group, which had an average single weight of
50.62 g. Moreover, the mean of single weight was notably lower than the reference at CCTs
between 2250 K to 2800 K and 4500 K to 6000 K. For other CCT ranges, the single weight
remained similar to that of the reference group. When the illuminance was reduced at
600 lx, as shown in Figure 4b, the average single weight was 46.5 g, approximately 8% lower
than the reference group. The exception was at a CCT of 5000 K, where the weight did
not significantly differ from the reference. The variation in single weight across different
CCTs was more pronounced at this lower illuminance compared to 1000 lx. This result
suggests that the illuminance level of the supplemental light had a significant impact on
the single weight of strawberries, CCTs have a more nuanced or secondary effect on the
single weight.
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3.3. Chromatic Effect of Supplemental Light on the Fruit Hardness of Strawberries

Hardness is a vital parameter for assessing fruit quality, indicating the degree of
maturation. Figure 5 showed the measured hardness of strawberries as a function of CCTs
at the illuminance of 1000 lx (a) and 600 lx (b). As shown in Figure 5a, the average hardness
of strawberries under 1000 lx was 0.75 kg/cm2. This was approximately 6% lower than the
reference group, which had an average hardness of 0.80 kg/cm2. The mean of hardness was
significantly lower for CCTs ranging from 2400 K to 4500 K compared to the reference value.
Interestingly, at CCTs below 2400 K or above 4500 K, the hardness tended to be higher than
the reference, suggesting that these CCTs might delay the maturation process, resulting
in firmer fruit. When the illuminance was reduced to 600 lx, as shown in Figure 5b, the
average hardness was 0.77 kg/cm2, which was 4% lower than the reference value. The
variation in hardness across different CCTs was larger, but the overall deviation from the
reference wan smaller. This implies that while lower illuminance affects hardness, the
impact is not as pronounced as with higher illuminance.
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3.4. Chromatic Effect of Supplemental Light on Soluble Solids of Strawberries

Soluble solids primarily include sugars and other compounds that contribute to the
sweetness and overall flavor profile of strawberries. Figure 6 demonstrated the results of
tests conducted on the soluble solids in strawberries as a function of CCT of supplemental
light at illuminances of 1000 lx (Figure 6a) and 600 lx (Figure 6b). As illustrated in Figure 6a,
under the influence of 1000 lx supplemental light, the average concentration of soluble
solids in strawberries was 9.355%. This is a 7.4% increase compared to the reference group,
which had an average concentration of 8.71%. Despite variations in CCT, the mean content
fluctuation within soluble solids was only 0.37%, indicating that CCT did not significantly
affect the concentration of soluble solids. These results suggest that supplemental light
at 1000 lx effectively enhances the accumulation of soluble solids, thereby potentially
improving sweetness and flavor. At 600 lx, as shown in Figure 6b, the average concentration
of soluble solids was 9.284%; this represents a 6.6% increase over the reference group’s
8.71%. The mean concentration range under different CCT conditions was broader, at
0.75%. This indicates a larger fluctuation in the soluble solids content at different CCTs
under lower illuminance, suggesting that the impact of CCT on soluble solids concentration
is more pronounced at lower light levels.
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3.5. Chromatic Effect of Supplemental Light on Titratable Acids of Strawberries

Titratable acids in strawberries, such as citric acid, malic acid, and others, contribute
significantly to their acidity and tartness. The tests for the titratable acids of strawberries
as a function of CCT of supplemental light were shown in Figure 7. As can be seen from
Figure 7a, with 1000 lx supplemental light, the average concentration of the titratable acids
in strawberries was 8.87 mmol/100 g. This is a 27% increase compared to the reference
group, which had an average concentration of 7.00 mmol/100 g. Moreover, it was also
observed that chromatic influence is stronger on soluble solids. The CCT range of 2250 K to
2800 K and 3500 K to 4500 K notably influenced the increase in titratable acids concentration.
The range of concentration variation across different CCTs was 2.61 mmol/100 g, indicating
a significant effect of CCT on titratable acids at this illuminance level. When the illuminance
was reduced to 600 lx, as shown in Figure 7b, the average concentration of the titratable
acids was 8.36 mmol/100 g. This represents a 19% increase over the reference group’s
7.00 mmol/100 g. Moreover, the mean concentration range under different CCT conditions
was 1.78 mmol/100 g. This suggests a slightly smaller impact of CCT on titratable acids
concentration at the lower illuminance level compared to 1000 lx.
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4. Discussion

Various light qualities and intensities exert a broad spectrum of consistent effects on
the growth and development of plants. Specifically, the quality of light affects the balance
of hormones in plants by acting on associated pigments. This, in turn, has significant
implications for growth, development, and overall productivity [30]. Additionally, the
intensity of light directly impacts crucial plant processes such as reproduction and the
ripening of fruits [31,32].

The height of strawberry plants subjected to supplemental lights surpassed that the
reference group. In particular, the height of strawberry plants exposed to supplemental
lights at illuminances of 1000 lx and 600 lx exhibited an increase of approximately 22% and
10%, respectively, compared to the reference group (Figure 3). Notably, chromatic effects on
plant height were not markedly significant. Noteworthy is the finding from other studies
indicating that the impact of additional supplemental light on strawberry plant growth was
notably superior to that of natural light [25]. The maximum plantlet height was observed
at illuminances of 45 µmol·m−2·s−1 and 75 µmol·m−2·s−1 [19]. Several experiments have
been conducted to investigate the effects of different light qualities on plant height. For
instance, the tallest plant height was recorded when plantlets were cultivated under 100%
red light, while other combinations of red and blue light did not yield significant differences
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in height [19]. Plant height was evidently influenced by the rated power of the light source,
where a larger rated power contributed to greater plant height when the same color mixing
ratio was maintained [24]. Interestingly, when the rated power was hold constant, the
addition of orange-color light to the red and blue color mix had been demonstrated to
impact the plant height of strawberries [24]. Additionally, the tallest strawberry plants
were obtained when cultivated under blue light [6]. Notably, a higher plant height was
observed when the ratio of red LED to blue LED was 10:1, with no significant difference was
noted when compared to a 19:1 red to blue light ratio [33]. In comparison to these findings,
supplemental light was found to be beneficial for the growth of strawberry plants, but the
optimal illuminance/intensity for Jiandehong strawberries was not found. Interestingly,
the chromatic effect of supplemental light was not as pronounced as observed in previous
studies, suggesting that the new variety Jiandehong strawberry might not be as sensitive
to light quality. The results indicated that the supplemental light contributed to the plant
growth of Jiandehong strawberry, but further investigation is needed to determine the best
illuminance and chromatic quality for optimal results.

When comparing the single weight of strawberries under additional supplemental
lights to these under normal natural lights, the weight remained nearly unchanged. Notably,
a higher illuminance level (1000 lx) of supplemental light resulted in a smaller fluctuation
in response to different colors. Additionally, chromatic effects on the single weight of
strawberries showed that higher CCTs had a significantly lower impact compared to lower
CCTs, as depicted in Figure 4. These findings aligned with prior research indicating that
white LEDs did not increase the single weight of strawberries when compared to the refer-
ence group, maintaining a consistent value akin to the control treatment [6]. Furthermore,
optimal single weight was found in the red LED treatment, while the lowest was found
in the blue LED treatment [6]. A trend consistent with findings in some other studies as
well [34,35]. In our present study, a similar trend was observed, but the chromatic effect
of lower CCTs on the single weight was not as evident, suggesting the need for further
investigation into this aspect.

The hardness of strawberries exhibited significant variation under different CCTs and
illuminance treatments. Notably, hardness could be significantly reduced when using
CCTs ranging from 2400 K to 4000 K, resulting in a decrease of 6.7%. Simultaneously,
higher illuminance level could enhance these chromatic dependences, as illustrated in
Figure 5. Previous studies have recommended a mixed ratio of 1:1:1 among red, blue, and
white color supplemental lights to reduce strawberry hardness by 33%, although specific
quantitative chromatic parameters were not provided [25]. Similarly, out present study
maintained the lower hardness with a neutral CCTs range, aligning with the previous
study’s suggestion that neutral CCTs could be a potential method to accelerate strawberry
ripening and maintain a high-quality postharvest strawberry fruit product.

The soluble solid content of strawberries exhibited significant improvements with the
use of supplemental light treatments. In experimental groups, the soluble solid content
was generally higher compared to the reference groups, showing an enhancement of 7.4%.
Interestingly, the difference between illuminance level was not prominently noticeable, as
depicted in Figure 6. These findings aligned with previous studies that have concluded
that the quality of strawberry fruits can be significantly improved by supplemental light
treatment, resulting in increased soluble solid content and soluble sugar content by 6.7%
and 28%, respectively [25]. Furthermore, other research has indicated that variance in
illuminance levels did not cause significant changes in soluble solid content [15]. Regarding
the chromatic effect, our results aligned well with other studies [36], showing no significant
differences in soluble solid content between different combinations of monochromatic
LED lights (red, green, and blue) and polychromatic (W-R:G:B, 1:1:1) lights [36]. The
similarity suggested that supplemental lighting can effectively improve the soluble solids
of strawberries, while the illuminance and chromatic effect of the supplemental lights did
not have a pronounced impact.
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The titratable acid content of strawberries was significantly influenced by LED sup-
plemental lights. The maximum titratable acid content was achieved when the CCT was
within the range from 2250 K to 2600 K, and from 4000 K to 4500 K. Interestingly, the
total titratable content was higher than that of reference group. Simultaneously, a higher
illuminance level could enhance these chromatic dependences, as depicted in Figure 7.
A similar study found that the titratable acid content could be enhanced by following a
blue light treatment of supplemental light [11]. In our present study, both lower CCTs and
higher CCTs significantly improved the concentration of titratable acid, consistent with the
findings of the previous study.

In general, light intensity does not appear to be a significant concern for supplemental
light, primarily because the dependences of five quality parameters on light intensity were
much weaker than these on the CCTs. Even though intensity could slightly strengthen,
weaken, or shift the corresponding chromatic dependences, it seems that other lighting
factors, such as the lighting period, can compensate for the intensity effect to some extent.

5. Conclusions

In this work, we systematically studied the chromatic effect of supplemental light on
the fruit quality of strawberries in artificial greenhouses. The supplemental light consisted
of two-color white LEDs, and the color parameters of mixed light including CCTs and
illuminance of supplemental lights were precisely controlled using a DCCM. We investi-
gated the chromatic effects of supplemental light on five parameters of strawberries: plant
height, single weight, fruit hardness, soluble solids, and titratable acids. The supplemental
light led to an average increase in plant height by over 20% compared to the reference
group. The fruit hardness was notably lower in the experimental group by 6.7% compared
to the reference group. Specifically, the lowest hardness was observed within the CCTs
ranging from 2400 K to 4000 K. The quality of strawberries showed enhancement, partic-
ularly in the contents of soluble solids and titratable acids. The content of soluble solids
was notably higher by 7.4% in the experimental group compared to the reference group.
However, differences in the soluble solids content among different CCTs were not found to
be significant. The content of titratable acids was significantly higher in the experimental
group, showing a 23% increase compared to the reference group. The identified optimal
CCTs range for titratable acid growth was between 3500 K and 4500 K. Although the
light intensity had some influence on titratable acids content, this study suggests that its
impact was relatively weak compared to the more substantial influence of CCTs. This
study outlines important directions for future research. Specifically, we plan to explore the
saturation point of the supplemental light on the strawberry, add additional test parameters
(both quality and growth-related), and investigate the effect of photoperiod and timing
on strawbeery quality parameters. In conclusion, this study demonstrated the effective
roles played by supplemental light in accelerating maturation and enhancing the flavor of
strawberries in a greenhouse setting. These findings provided valuable insights that can
guide the effective cultivation of strawberries, offering practical implications for growers
and researchers alike.
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