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Abstract

The intermittent LED light with short on/off pulses as a source of supplementary light to
sunlight could promote greater vegetable growth with a consequent lower energy consumption;
nevertheless, its effect on lettuce (Lactuca sativa L.) under greenhouse conditions has been little
studied. The work evaluated how different regimes of pulsed LED light affect the photosynthetic
rate, stomatal conductance, leaf area, and fresh and dry weight, considered plant growth
parameters. These parameters were analyzed under a completely randomized experimental
design, establishing five treatments, with a total of 8 plants grown per treatment, applying LED
light on them as a source of supplementary light to sunlight at night. The results indicated that
the pulsed LED light with short on/off periods (30/15 min) does not produce significant differences
(Anova, p> 0.05) in photosynthetic rates, stomatal conductance, and fresh or dry weight between
the supplementary pulsed and continuous LED light. The pulsed light (30/15 min) produces a
statistically significant increase (Anova, p= 7.15x10°) in terms of leaf area compared to the
continuous LED light, allowing a 25% reduction in the operating time of the lighting system without
negatively affecting this parameter.
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Introduction

Light is the primary source of energy that activates photosynthesis, responsible for transforming
light energy into chemical energy from carbohydrates in plants (He et al., 2019). The intensity and
quality of light incident on plants significantly affect the rate of photosynthesis; the photosynthetic
photon flux density PPFD ((mol m™” s™) refers to the intensity of light available for photosynthesis,
significantly affecting the rate at which plants can produce carbohydrates that they will use for their
growth (Jishi et al., 2016; Burattini et al., 2017).

The use of LED lights in controlled environment agriculture has increased considerably; in
greenhouses, these devices are used as a source of supplementary light to the sun (He et al.,
2019). A key advantage of LED light in agriculture is its lower energy consumption. In addition, the
red (600-650 nm) and blue (450-470 nm) spectra regulate the stomatal opening and chlorophyll
synthesis, directly affecting the photosynthetic rate, and have a high luminous efficiency so that the
proportion of light energy emitted at a specific wavelength is more beneficial for the plant than other
conventional light sources (Chen et al., 2017; Ali et al., 2023).

There are no studies that quantify the effects of 30 min/15 min (on/off) intermittency as a
complementary light source on leaf area, plant height, and photosynthetic parameters in Lactuca
sativa under greenhouse conditions. The existing results show contrasts, which derive mainly
from the different configurations that vary the intermittency time, photoperiod, quality, and spectral
proportions, together with the intrinsic response of each plant species (Chen et al., 2017; Radetsky
et al., 2020; Boros et al., 2023).

By managing light/dark cycles, it has been possible to increase the biomass in crops such as basil,
in addition to enhancing photosynthetic activity; however, on the other hand, periods of very short
intermittency may not provide enough energy for plants to fully carry out their photosynthetic process
(Chinchilla et al., 2018; VirSil# et al., 2020; Avgoustaki et al., 2021a; Yang et al., 2022).

The crop of lettuce (Lactuca sativa L.), with a compact architecture, is ideal for measuring its
height, leaf geometry, and leaf area under light regimes. In addition, it adapts very well to intensive
production systems due to its small size (Ali et al., 2023). There is no information on the use of
pulsed light supplied supplementarily in night periods for short intermittency periods in lettuce; due
to the above, the present research proposes to verify if using pulsed LED light, combined with RGB
spectra, promotes positive effects on growth and photosynthetic parameters comparable to those
of continuous light in terms.

The research aimed to provide evidence on how lettuce crops respond to light supplementation
over various short periods, quantified in terms of photosynthetic rate, and how this affects
plant development, which will enable a better understanding of the relationship between light
intermittency and the response of plants to optimize their growth. It also sought to validate whether
short light intermittency will not significantly reduce photosynthetic rate or leaf growth compared to
continuous LED light supplied at night under greenhouse conditions.

Materials and methods

Description of the experimental site and treatments

The experiment is established in a multi-tunnel greenhouse with a polyethylene roof equipped with
a wet-wall refrigeration system, located at coordinates 25.460833° north latitude and 100.970227°
west longitude at an elevation of 1 500 masl. Five treatments (T1 to T5) were formed with crops
of lettuce of the Paris Island variety. Treatment T1 consisted of the cultivation of lettuce under
conditions of sunlight alone; in treatments T2 to T5, it was sought to extend the photoperiod by
complementing the natural light with LED light provided only at night (Figure 1a).
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Figure 1. a) Treatment T1, with natural light, and treatments T2 to T5, with complementary LED light with different
lengths and start time of the on-off periods; b) Front representation of the arrangement of LED lights positioned in a
row parallel to the lines of the lettuce plants to maintain an intensity of 200 pmol m?s™.

The total daily LED light operating time in treatments T2 to T4 was 4 h, applying 2 h before dawn
and 2 h after dusk. In the case of T5, the daily operating time was 3 h, applying 1.5 h before dawn
and after dusk, respectively. The on/off ratio was the main factor, with levels of 2 h/0 h (T2), 2 h/1
h (T3), 0.5 h/0.5 h (T4), and 0.5 h/0.25 h (T5). These periods of artificial light complemented the
period of natural light for a photoperiod of 16 h for T2 to T4, except for T5, which had a photoperiod
of 15 h. Each treatment consisted of eight pots arranged in a straight line, with each pot containing
a lettuce plant.

Photosynthetic rate and stomatal conductance readings were recorded at 29 days
after transplantation, measured in the apex portion, taking three readings on young adult leaves
located in the intermediate whorl of each plant at noon; five randomly selected plants were
considered for each of the five treatments (T1-T5), and each reading was analyzed as an
independent biological replication.

Lighting system with LED lights

The lighting lamps were made up of red-green-blue (RGB) LED lights, model LED-
P1RGBLLLL-120/43-N, emitting light in the wavelengths of 600-650 nm, 520-530 nm, and 450-470
nm for the red (R), green (G), and blue (B) channels, respectively. All the lights were arranged in
simple strips, with three strips for each row of plants (Figure 1b). Each LED bulb has a power of
3W, with transparent encapsulation.

The LED lights were also equipped with 13 mm acrylic convex lenses to obtain an opening angle
of 60° and thus concentrate more light towards the plants. All LED lamps were calibrated to obtain
a PPFD of 200 umol m? s™ + 15 umol m™ s™ measured at 25 cm from the center of the pots using
a quantum sensor (LI-193SA, LI-COR), establishing a spectra ratio of 16R:1G:3B for all RGB LED
light treatments as a generalization of related work (van Deldel et al., 2021). The LED lamps were
always adjusted according to the growth in height of the plants to maintain the distance of 25 cm
between lamps and plants (Figure 1b).
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Establishment of the crop

Twenty-one days after sowing, the seedlings were transplanted into 5 L pots with perlite as
substrate. All treatments were fertilized with Steiner’s universal solution, maintaining a drainage of
the nutrient solution of 15-20%, which was applied by an automated irrigation system. In addition,
micronutrients were applied equally in all treatments.

At 30 days after transplanting, plant growth parameters were recorded, among which are plant
height, leaf length and width (measured in the central part of the longitudinal axis of the leaf),
photosynthesis rate and stomatal conductance with a LI-COR LI-6400XT equipment, selecting
five plants at random, with three measurements per plant, which were considered as independent
observations within each treatment.

To estimate the leaf area, high-resolution images of the unfolded leaves of each plant were
collected, which were taken captured from five plants with the RGB camera of a mobile device;
subsequently, the fresh weight of the foliage was recorded by an analytical balance, and the dry
weight was determined from samples placed inside a drying oven (OV-490A-2, Blue M Electric
Company) at 70°C for 48 h.

Calculation of the daily light integral (DLI)

Inside the greenhouse, the global solar radiation was measured using two pyranometer sensors
(LI-200R, LI-COR); the average daily readings were converted to PPFD units according to (Reis
and Ribeiro, 2020); Equation 1 was used to calculate the daily light integral (DLI), and thus the
amount of natural and artificial light that the plants received was quantified. The DLI was calculated
using the following equation (He et al., 2019):

mol (PPFD(%]XphOtoperiod(%)x 3600(%])
m2day )_ 100

DLI( 1).

Statistical analysis

The data obtained are analyzed employing a completely randomized experimental design using
the R v4.2.3 software (R Core Team, 2023). Previously, the data are subjected to the verification
of the assumptions of normality and homoscedasticity through Shapiro-Wilk and Bartlett tests,
respectively, carrying out an analysis of variance (Anova) based on a level of significance a= 0.05,
and using a Tukey test (p< 0.05) to verify differences between the treatments and evaluating the
size of the effect (n°) for each parameter studied (Sullivan and Feinn, 2012).

Results and discussion

The lettuce crop cycle was inspected weekly; the average temperature to which the plants were
subjected was 23.2 °C, with an average value of 18.4 °C and 29.7 °C for minimum and maximum
temperatures, respectively, from July to September 2024. The average daily light integral (DLI)
corresponding to the PAR radiation (400-700 nm) received by all treatments due to the effect of
natural light inside the greenhouse was 8.75 mol m” day™ and standard deviation (SD) of 0.912
mol m* day™, with its corresponding daily variations generated by the outdoor climatic conditions.

The DLI values corresponding to the LED light complementary to sunlight per day were 2.16 and
2.88 mol m™ day™ for lengths of 3 h and 4 h supplied to T5 and T2-T4, respectively (Table 1), applied
without variations in terms of intensity, spectrum proportion, and operating schedule specific to each
treatment (Figure 1a).
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Table 1. Average daily light integral (DLI) supplied to each of the treatments during the crop cycle
from transplanting.
Treatment DLI (mol m-? day-1) Condition

T1 8.75 Natural light

T2 11.63 Natural light + continuous LED Light
T3 11.63 Natural light + pulsed LED light
T4 11.63 Natural light + pulsed LED light
T5 10.91 Natural light + pulsed LED light

In their study, Boros et al. (2023) state that the optimal condition range of PPFD for lettuce plants
is 200-250 pmol m? s* with a photoperiod of 16 h to result in a DLI of between 11.52 to 14.4 mol
m* day™, which involves only the PAR radiation spectrum; this statement is valid for an R/B ratio
of 2.2. Under this criterion, the DLI supplied to T1 would be insufficient; this effect is attributed to
the level of transmissivity of the greenhouse cover; on the other hand, treatments T2 to T5 would
be within the recommended PPFD range.

For their part, He et al. (2019) report that a DLI of 14.4 mol m? day™ at a PPFD of 250 pmol m™
s™ is sufficient; under this criterion, the treatments established in the present study are slightly
below, although it should be considered that the combination of factors, such as light quality,
intensity, photoperiod, climatic factors, plant species, and cultivated variety, significantly influence
plant growth and development (Dutta Gupta, 2017; Boros et al., 2023). Given the wide variability
due to the combination of the aforementioned factors, it is difficult to obtain an accurate comparison
between the different previous research works.

Photosynthesis and stomatal conductance

The photosynthetic rate was quantified in terms of CO, assimilation rate (Figure 2a); the
assumptions of normality and homoscedasticity were verified (p= 0.053 and p= 0.065,
respectively), resulting in an effect size of n’= 0.32; the Anova test (Fs10= 7.8, p= 3.1x10°)
indicated that at least one of the means of the treatments was different; the data showed a higher
photosynthetic rate in the LED light treatments T2 and T5, with average values of 16.9 and 17.3
(mol CO, m? s™), respectively.

Figure 2. a) CO, assimilation rate [16.29 0.35 ( +SE) (mol m”s™, n=5] and b) stomatal conductance [0.3860.018
( %SE) (mol i s™, n=5]. Tukey HSD-based clustering with p< 0.05. X

The reference treatment T1 and treatments T3 and T4 were the lowest in terms of photosynthetic
rate values. Regarding the stomatal conductance rate, the results of the Anova (F410= 7.97, p=
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2.5 x 10®) indicated a treatment effect, with a n°= 0.3. Treatments T2-T5, complemented with LED
light, were significantly different and superior compared to the reference treatment T1 (Figure 2b),
since the LED light treatments showed, on average, 18.9% higher stomatal conductance values
compared to T1, with a standard error (SE) of 0.28 (mol CO, m” s™.

Treatments T2 to T5, having been supplemented with LED light, developed a greater leaf area
(Figure 3); this possibly led to a higher photosynthetic rate by capturing a greater amount of light
(Jishi, 2018). Regarding the stomatal conductance observed in the different treatments, it correlated
in a directly proportional way with the rate of photosynthesis, which is observed mainly in the
treatments with supplementary light (T2-T4), which generally had higher stomatal conductance and
a higher photosynthetic rate compared to T1, because the stomata regulate gas exchange, including
CO, and water vapor, which in turn affect the rate of photosynthesis (Avgoustaki et al., 2021b).

Figure 3. Leaf area [1696.1 +107.44 (X +SE) cm?, n= 5] of lettuce plants at the end of the cycle. Tukey HSD-
based clustering with p< 0.05.

Although Liu et al. (2025) used a similar intensity, 210 (mol m? s™, they observed a decrease in
photosynthetic rate; in their case, they applied R/far-R spectra with intermittency regimes of 5 to
45 min, which differ from those of the present study. On the other hand, in experiments with basil
(Avgoustaki et al., 2021a) also found a higher rate of photosynthesis in treatments with pulsed LED
light; nevertheless, it was lower when they used short periods of light, 10 min, that is, a light/dark
ratio of 1:5 and they argued that with this light rate, the cells would not have enough energy to carry
out their photosynthetic process.
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Growth parameters in lettuce leaves

The dimensions of young adult leaves (three per plant) were measured at the end of the crop cycle
and analyzed as independent biological variables; Table 2 showed that, in terms of leaf length,
treatment T3 was the only one superior to the control T1, but does not differ from the rest of the
treatments with supplementary LED light. Regarding leaf width, the intermittent light treatments (T3-
T5) show a tendency to increase this parameter.

Table 2. Average dimensions and standard deviation (SD) of lettuce leaves measured at the end of the crop cycle.

Treatment Growth parameters Leaf geometry
Width £SD (cm) Length £SD (cm) Length/width £SD (cm cm-1)
T1 8.382 (1.46) 20.73% (1.31) 2.542 (0.431)
T2 9.9% (2.28) 21.423(3.4) 2.212(0.344)
T3 11.02° (1.94) 24.75P (1.29) 2.292 (0.348)
T4 9.852 (1.08) 22.78% (2.9) 2.322 (0.208)
T5 9.96% (1.37) 22.52% (3.49) 2.292(0.429)

Values in the same column with different letters indicate the existence of a statistically significant difference between
them with o= 0.05.

The implementation of the treatments did not cause alterations in leaf geometry concerning
roundness or length/width ratio. In general, LED light treatments led to larger leaves than those of
T1, which is consistent with the leaf area values (Figure 3), thus indicating an impact on the size of
the leaves, but not on their shape. The proportion of red light used in the present experiment was
5.3 times higher than that of blue light; according to Ali et al. (2023), red light favors leaf expansion,
a phenomenon also observed in the leaf area, which could explain the difference in leaf size of LED
light treatments compared to T1.

The leaf area was determined at the end of the cycle by high-resolution images of the leafless
foliage; the Anova test (F,1,= 13.56, p= 7.15x10") indicated a treatment effect, with an #=0.78;
the results showed T1 with the lowest average leaf area value (1 385 cm?), followed by treatments
T2 and T4, clearly different from T1 and T5, with T5 being the treatment with the largest leaf area,
reaching an average value of 2 042 cm?, which means 21.2% more than the rest of the treatments
with LED light (T2-T4).

An upward trend was observed from T3 to T5 as a function of the increase in the distribution of the
LED light period over a 24-h day (Figure 3), even though the daily light integral (DLI) was lower at
T5 due to a photoperiod of 15 h compared to treatments T2-T3, which had a photoperiod of 16 h.

Fresh and dry weight of the foliage

The data on the fresh and dry weights of the foliage measured at the end of the crop cycle; the
Anova test for fresh weight (F,1,= 5.81, p= 0.0049) and dry weight (F410= 3.22, p= 0.042) with a
#°= 0.61 and #°= 0.46 for fresh and dry weight, respectively; both showed treatment effects and
had a similar behavior (Figure 4); therefore, the dry and fresh weights in T1 were statistically lower
compared to T5, with average values of 70.6 g and 103.6 g of fresh weight, respectively; it was
also observed that there was no difference between treatments T2 to T4, which had a similar net
photoperiod of 16 h.
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Figure 4. a) fresh weight of the foliage [86.3 #5.31 ( *SE) g, n= 5] and b) dry weight of dried foliage (4.27 +0.32
( +SE) g, n=5). Tukey HSD-based clustering with p< 0.05. X

Treatments with larger leaf area (Figure 3) also consistently showed higher values of fresh weight
(Figure 4a), which is consistent with the expectation that a larger photosynthetic surface area implies
a greater accumulation of biomass; Boros et al. (2023) mention that a linear increase in DLI led to
an increase in biomass; these same authors suggest that the effect can vary as a function of factors
such as DLI, photoperiod, leaf area, and light intensity and quality.

The results of the present study contrast with the mentioned above, since treatment T5, with a
photoperiod of 15 h, that is, one hour less than the rest of the treatments with supplementary
LED light, showed an average value of 103.6 g of fresh weight, being higher than the control T1,
which reached an average of 70.6 g, but statistically similar to T2-T4, possibly due to the effect of
intermittent light application in an on/off ratio of 2:1 (30 min/15 min).

This is consistent with the findings by Avgoustaki et al. (2021b), who worked with basil plants
under longer periods of darkness and shorter periods of light (6:1), combined with continuous LED
light on the same day, and found higher biomass production in treatments with intermittent light
compared to continuous light. Similarly; Chen and Yang (2018) found an increase in biomass in
lettuce plant shoots by implementing intermittent periods of light in ratios of 2:1 (light/dark) with on/
off configurations of 8 h/4 h, 4 h/2 h, and 3 h/1.5 h using only R:B spectra at a PPFD intensity of
200 pmol m?s™.

The effect on growth in lettuce plants that can be produced by the vast diversity of possible
combinations of factors such as photoperiod, light intensity and quality, and the type of spectrum
and the different proportions of RGB light, makes it challenging to make an accurate comparison
between previous research and these results.

A statistically significant increase in leaf area (cm?), fresh weight (g), and CO, assimilation rate
(umol m? s™) was observed in the treatments with supplementary LED light compared to the control
(Fa10= 7.8, p= 3.1x10®); in contrast, the leaf shape index (length/width) did not show significant
differences. Nonetheless, Nissim-Levi et al. (2019) studied chrysanthemum plants with pulsed light
and found that blue light inhibited flowering and that the use of pulsed red light alone led to shorter
stems compared to plants with continuous light.

On the other hand, Ali et al. (2024) report that the use of intermittent light at high frequency (1 KHz)
caused a significant reduction in the fresh weight of green and red lettuce when using only artificial
light with a photoperiod of 16 h, which contrasts with the results of the present study, which could
indicate that short and not high frequency intermittency periods could be more beneficial for the
vegetative growth of lettuce plants.
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In their study, Chen et al. (2017) found higher biomass production in lettuce grown with continuous
LED light in an R:B ratio of 2:1 compared to treatments irradiated with RB light with an alternating
power-on mode in 1:1 time ratios, that is, when light R was on, light B remained off, and after a
specific time, they exchanged state from on to off and vice versa, thus testing different time lapses,
from 4 h to 1 h, and in their results, they show that the simultaneous application of RB leads to
greater biomass, as applied in the present study.

Regarding the parameters evaluated, treatment T5 did not show a significant difference compared
to the rest of the treatments with LED light (T2-T4), except in leaf area; it is possible that extending
the supplementary light hours could enhance and show more the effects and differences; bearing in
mind that T5 operated with one hour less without negatively affecting the leaf area, photosynthesis,
and fresh and dry weight, the application of pulsed LED light with short on/off periods could be
then considered as a recommendable alternative for artificial lighting systems, with the consequent
advantage of providing a reduction in operating time (25%) without reducing lettuce growth.

The effect of using supplemental LED light could be different depending on the time of year, as
stated by Tewolde et al. (2016), who found a significant effect on tomato production when using
supplemental LED light in autumn and winter, possibly due to differences in the amount of natural
light influenced by latitude. Ohtake et al. (2018) mention that using pulsed LED light and alternating
the R and B spectra accelerates the growth of lettuce plants, especially between 21 and 31 days
after sowing; this is possibly an indication that the mode of application of the LED light, whether it is
continuous, intermittent or alternating, should be adjusted depending on the stage of development
of the crop.

Among the limitations of the present study are the use of a single variety of lettuce, a relatively
small sample size, and the fact that this study was carried out only in an autumn period; this last
point could be considered a relevant factor because most of the DLI comes from sunlight and can
be widely affected by the seasons of the year.

Conclusions

The RGB LED light in a 16:1:3 ratio, supplied in addition to natural light intermittently at 30/15 min
(on/off) intervals to lettuce plants of the Paris Island variety under a multi-tunnel greenhouse at
night in autumn, does not cause significant differences (Anova, p> 0.05) in photosynthetic rates,
stomatal conductance, or fresh or dry weight between the pulsed and continuous complementary
LED light. The intermittent light (30/15 min) produces a statistically significant increase (Anova, p=
7.15x107) in terms of leaf area compared to the continuous LED light, allowing a 25% reduction in
the operating time of the lighting system without negatively affecting this parameter.
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