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Abstract

Light is a critical environmental factor influencing the growth, development, productivity,
and nutritional quality of watercress (Nasturtium officinale) in controlled environments.
This review examines how light intensity, spectrum, and photoperiod affect watercress
physiology, biomass production, morphology, photosynthesis, and accumulation of health-
promoting phytochemicals including glucosinolates, phenethyl isothiocyanate (PEITC),
chlorophyll a, chlorophyll b, carotenoids (p-carotene, lutein, and zeaxanthin), phenolic com-
pounds, flavonoids (quercetin and kaempferol), and vitamin C (ascorbic acid). Published
studies investigating varying light regimes, including irradiance, blue and red wavelengths
and photoperiods, were evaluated, considering interactions with temperature, carbon diox-
ide, water, and nutrient availability. The findings indicate that insufficient light can restrict
photosynthesis and biomass accumulation, whereas excessive irradiance may cause pho-
toinhibition and reduced physiological performance, amongst other factors. Light quality
also strongly influences plant morphology, photosynthetic activity, and nutritional compo-
sition, while photoperiod contributes to growth and developmental regulation. Notably,
a red-to-blue LED ratio of 7:3 (7R:3B) produces the highest stem length, shoot fresh and
dry weight. Other studies have shown that a 50:50 red-to-white LED combination enhances
fresh biomass accumulation and photosynthetic performance, whereas green light pro-
motes vitamin C and phenolic compound accumulation. Supplemental blue light increases
carotenoid concentrations but may reduce vitamin C levels. Under an equivalent daily light
integral, a 12-h photoperiod maximized instantaneous photosynthetic rates, while a 20-h
photoperiod produced the highest mean biomass; however, biomass differences between
photoperiod treatments were not statistically significant. Overall, successful watercress
production requires lighting strategies that optimize light intensity, spectral composition
and photoperiod in conjunction with temperature, nutrient availability and water supply to
maximize growth, yield and nutritional quality. Future research should prioritize dynamic,
cultivar-specific, and precision lighting approaches integrated with environmental controls
to improve resource-use efficiency and consistently produce high-quality watercress.

Keywords: watercress; light intensity; light quality; light spectrum; photoperiod; LED
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1. Introduction

Light is a major environmental factor regulating photosynthesis, carbon assimilation
and plant growth. Photosynthesis converts light energy into chemical energy, which is
subsequently used to support plant development and biomass production. In controlled-
environment agriculture, light is particularly important because its intensity, spectral com-
position, and duration can be adjusted to regulate plant growth and development [1].

Consequently, light intensity is an important factor in maximizing watercress yield
and growth. Insufficient light can restrict photosynthetic activity and biomass accumula-
tion, whereas excessive irradiance may cause photoinhibition and reduce photosynthetic
efficiency [1,2]. Crop productivity is therefore strongly dependent on photosynthetic perfor-
mance, which can be impaired by either insufficient or excessive light as shown in Figure 1.
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Figure 1. Overview of photosynthesis. Reproduced from [3].

Plants primarily use photosynthetically active radiation (PAR), corresponding to wave-
lengths of approximately 400-700 nm, for photosynthesis. As light intensity increases from
low levels, the photosynthetic rate generally increases until a saturation point is reached.
Plants can adjust to changes in light availability through several mechanisms, including the
dissipation of excess excitation energy, adjustments in light-harvesting capacity and changes
in chloroplast positioning. These responses enable plants to optimize light capture while
minimizing photodamage under fluctuating light conditions [2]. In watercress, responses
to light availability can also involve changes in biomass allocation and leaf morphology [4].
Plants grown under low-light conditions have been reported to produce less biomass and
smaller roots than those grown under higher light intensity, while developing larger leaves
that may improve light interception [4]. These findings suggest that watercress can respond
to limited light through morphological adjustments as well as changes in growth.
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These findings suggest that watercress can acclimate to low light partly through mor-
phological changes rather than through maintenance of photosynthetic activity alone [4]. In
CEA, light spectral quality, defined as the distribution of wavelengths across the electromag-
netic spectrum (Figure 2), influences photosynthesis, plant morphology, and metabolite
production, making it a key tool for optimizing crop growth and quality [2].
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Figure 2. The electromagnetic spectrum illustrating the wavelength ranges of different types of
electromagnetic radiation. Adapted from [5].

Light intensity can therefore have substantial effects on watercress growth and biomass
accumulation. Under low-light conditions, reduced energy availability limits photosyn-
thesis and carbohydrate production, potentially resulting in slower growth, pale leaves,
and reduced biomass. Conversely, excessive light can cause photoinhibition and reduce
photosynthetic efficiency [6]. The duration and consistency of light exposure are also
important. Plants exposed to a stable light regime can achieve greater biomass than those
exposed to intermittent or frequently disrupted lighting schedules, indicating that both light
intensity and photoperiod influence plant productivity and quality [6,7]. In watercress,
light availability can influence morphological traits such as leaf size, stem length, and fresh
and dry biomass. The daily light integral (DLI) and mean daily light intensity (MLI) have
been investigated as factors affecting watercress growth under hydroponic conditions [8].
Although temperature had a stronger effect on fresh biomass than light availability in that
study, increasing DLI promoted dry-mass accumulation.

Higher DLI also influenced plant height, branching, and photosynthetic efficiency,
although these responses depended on temperature [8]. Other studies have similarly
shown that increasing light intensity can produce shorter but more robust and nutritionally
valuable plants [6]. Thus, optimizing both light intensity and photoperiod may be important
for maximizing fresh biomass, leaf development, and overall watercress productivity [6,9].
Beyond optimizing environmental conditions such as light, the choice of production system
is also critical for improving crop productivity and resource-use efficiency.

Soilless production systems, including hydroponics and aquaponics, provide alterna-
tive approaches for crop cultivation in regions affected by poor soil quality, limited water
availability, restricted land resources or environmental constraints. These systems can
provide controlled growing conditions while improving water-use efficiency. Hydroponic,
aquaponic, and soil-based cultivation systems for watercress were compared using a com-
pletely randomized design with five replications [10]. Watercress grown in hydroponic and
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aquaponic systems showed greater plant height, leaf development, root length and overall
growth than plants grown in soil. The soilless systems also used less water, highlighting
their potential for more resource-efficient production. However, soil-grown plants showed
higher chlorophyll concentrations and greater levels of some minerals, including zinc and
iron, whereas plants cultivated in soilless systems had higher concentrations of carotenoids,
protein, and proline [10].

Despite advances in CEA, the interactive effects of light intensity and photoperiod on
watercress growth and physiological performance remain incompletely characterized across
cultivation conditions [2,4]. Although previous studies have investigated light intensity,
photoperiod and daily light integral, their effects on biomass accumulation and photosyn-
thetic responses vary with temperature and other environmental factors [8]. Furthermore,
the extent to which optimized lighting regimes improve both productivity and nutritional
quality under controlled soilless cultivation requires further investigation [1]. The potential
of Al-regulated growing systems to identify and maintain optimal lighting conditions for
watercress production also warrants evaluation. This study therefore aims to address these
gaps by evaluating the effects of light intensity and photoperiod on watercress growth and
productivity under controlled cultivation conditions.

Collectively, these findings indicate that both light availability and cultivation system
are important determinants of watercress productivity. Understanding how light intensity
and photoperiod interact with soilless cultivation conditions may therefore help identify
production regimes that maximize biomass accumulation while improving resource-use
efficiency. Such optimization is particularly relevant for controlled-environment production,
where light and other environmental variables can be precisely regulated.

2. Effects of Light Spectrum on Watercress Growth, Photosynthesis and
Nutritional Quality

The spectral composition of LED lighting influences plant growth, photosynthetic
performance and nutritional quality. In addition to providing the energy required for pho-
tosynthesis, light regulates plant development, metabolism and responses to environmental
conditions [11-14]. These effects depend on both wavelength and the relative proportions
of different wavelengths. In watercress, a 50:50 mixture of red and white LED light pro-
moted greater fresh biomass, stem elongation and photosynthetic performance than either
light source alone [15], while a red-to-blue ratio of 7:3 also enhanced growth and photo-
synthetic activity [16]. Together, these findings indicate that appropriate combinations of
wavelengths can improve watercress growth and photosynthetic performance.

Spectral composition can, however, affect growth and nutritional traits differently.
Different LED treatments altered glucosinolate accumulation but produced similar levels of
phenolic compounds, sugars, and photosynthetic pigments [17]. Thus, changes in one class
of phytochemicals do not necessarily coincide with changes in other nutritional components.
Similarly, the effects of mixed spectra are not necessarily additive. The balance between
red and blue light also influences leaf development and chlorophyll accumulation. Blue
light has been associated with increased chlorophyll production in watercress, whereas
spectra containing a greater proportion of red light have promoted leaf expansion and
overall growth [18]. Greater leaf production was observed when red light exceeded blue
light, supporting a role for red light in promoting leaf development [19].

3. Photoperiod Effects on Watercress Growth

Photoperiod refers to the duration of light exposure within a 24-h period and is an
important factor regulating plant growth and development, as shown in Figure 3. A plant-
factory experiment investigated watercress growth under photoperiods of 12, 16,20 and 24 h
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at light intensities of 266, 200, 160 and 133 ymol m~2 s~}, respectively [20]. Light intensity
was adjusted so that all treatments received the same DLI. This design enabled comparison
of shorter periods of higher-intensity light with longer periods of lower-intensity light
while maintaining the same total daily light exposure. The 12-h treatment produced the
highest instantaneous net photosynthetic rate and stomatal conductance, whereas the 20-h
treatment produced the highest mean shoot fresh and dry weights. However, differences in
biomass among photoperiod treatments were not statistically significant. Another study
suggests that shorter photoperiods can provide high photosynthetic activity through greater
light intensity [21]. Under short-day photoperiods, submergence caused watercress stems to
elongate much more rapidly during the dark period than during the light period, suggesting
a role for the plant’s circadian rhythm. Thus, watercress performance cannot be predicted
from photoperiod alone and should instead be considered in relation to light intensity
and total DLI treatments. Collectively, these findings indicate that photoperiod influences
watercress growth within a broader environmental context that includes light intensity,
spectrum and temperature.

12 h light 16 h light 20 h light 24 h light
(Commonly used) (Long-day) (Extended-day) (Continuous-light)
24 24 24 24
Light Light - Light Light
(12 h) (16 h) (20 h) (24 h)
18 6 18 6 18 6 18 6
@ Dark B Dark B Dark B Dark
(12h) (8h) 4h) (Oh)

Lower fresh weight
and gluconasturtiin

(30-40% less than 16 h).

Photoperiod regimes

Light period
B Dark period
Short-day 8hlight / 16 h dark
Common 12 hlight / 12 hdark
Long-day 16h light / 8 h dark
Extended-day 20 h light / 4 h dark

Continuous-light 24 hlight / 0 h dark

Highest mean shoot fresh
and dry weights (not statistically
significant), Increases total
gluconasturtiin concentration
vs12hand 16 h.

Higher fresh weight
and 30-40% higher
gluconasturtiin than 8 h.

Widely used in
controlled-environment
watercress studies.

Increases total glucosinolate
concentration vs 12 h and 16 h
(similar to 20 h).

Optimal production window

16-20 h light

(most favourable range)

Figure 3. Evidence-supported photoperiod range for watercress production. Adapted from [16].

Flowering represents an important photo-periodic response because watercress is
primarily cultivated for its 161 edible leaves and stems. Watercress has been classified as
a long-day species, with flowering promoted under longer photoperiods [22]. The study
also showed that plants grown under long-day conditions developed greater main-stem
internode elongation and fewer branches than plants grown under short days, whereas the
number of pinnae per leaf was not significantly affected by day length. These morphological
responses are relevant to commercial production because compact, highly branched plants
may be preferable for fresh market harvest, whereas longer internodes may be advantageous
when watercress is propagated from cuttings. Variation in flowering time has also been
documented, with a late-flowering strain selected for breeding, indicating that flowering
responses are influenced by both genotype and photoperiod [22]. Consequently, grow-
ers producing watercress primarily for leaves may benefit from selecting late-flowering
genotypes and scheduling harvest before extensive stem elongation and flowering occurs.
Although longer photoperiods can promote biomass production, they should be managed
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carefully because excessively long days can promote the transition from compact vegetative
growth to reproductive development.

As shown in Table 1, optimizing yield under controlled-environment conditions re-
quires balancing photoperiod with DLI, light intensity, spectrum, temperature, crop quality
and energy use. Watercress responses to DLI can vary with temperature, and predictive
models have been developed to help growers estimate crop performance while accounting
for production and energy costs [8]. Light spectrum is also an important consideration,
as an appropriate combination of red and blue light improved watercress biomass and
photosynthetic activity under a fixed photoperiod [16]. Similarly, indoor vertical-farm
cultivation has been associated with high leafy yield and an improved glucosinolate profile,
supporting the suitability of watercress for controlled-environment production [23].

Table 1. Effect of Light intensity versus photoperiod.

Optimisation

Approx. Light Primary

Level PPFD Photoperiod DLI Spectrum Objective Reference
Evaluate effects of
Lower- 133 pmol 11.52 mol Red:blue lower PPFD
intensity > 1 24h 22 141 combined with [24]
m“s m—-d =73
treatment extended
photoperiod
Moderate- 160 pmol 11.52 mol Red:blue Biomass and
light 5 20h 5 11 S glucosinolate [24]
m ‘s m—“d =73 .
treatment production
Evaluate effects of
High-light 200 pmol 16 h 11.52 mol Red:blue higher PPFD with [24]
treatment m2s! m~2d-! =73 shorter
photoperiod
Hichest- Evaluate effects
L ughe 266 pymol 1.52 mol Red:blue of high
intensity > 1 12h 2 141 i . [24]
treatment m s m—“d =73 instantaneous
PPFD
Evaluate biomass
N and glucosinolate
S.pef:trall 180 iéO = 16 h ~10,'27 = R:B = 3:1 responses [22]
optimisation ~ pmolm™*s mol m™—=d
to spectral
composition

Therefore, photoperiod should be optimized as part of an integrated lighting and
environmental management strategy rather than treated as an independent determinant of
productivity. An appropriate photoperiod should provide an adequate DLI at an efficient
light intensity while combining with a balanced light spectrum and suitable temperature.
Monitoring biomass, branching, internode elongation and flowering can further help iden-
tify conditions that maximize marketable yield. Such an integrated approach may improve
watercress productivity and crop quality without relying on increasing photoperiod as the
sole means of enhancing yield.

4. Effects of Light Spectrum on Nutritional Quality of Watercress

Light spectrum can modulate the nutritional and phytochemical composition of water-
cress [25]. Three combinations of red, blue, and green LED light were evaluated, with a
higher proportion of red light promoting overall crop growth, whereas a higher proportion
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of green light increased certain nutritional components, including vitamin C and phenolic
compounds [23,26].

In another study, different watercress varieties were grown under normal lighting
and additional blue light. The varieties differed in plant size, nutritional composition and
sugar content. Additional blue light consistently increased carotenoid concentrations but
decreased vitamin C content, demonstrating that blue light does not improve all nutritional
components of watercress [23].

Chlorophyll is a central component of photosynthesis, enabling plants to absorb light
and convert light energy into chemical energy. Consequently, changes in light conditions in
indoor farming systems can influence chlorophyll production. A previous study found that
greater light availability improved watercress growth and biomass accumulation across a
range of light intensities, from very low light to sunlight [4].

However, variation in light intensity did not significantly affect chlorophyll content.
Instead, watercress appeared to adapt to low light by producing broader leaves that could
capture more light rather than by increasing chlorophyll production [4].

Carotenoids contribute to light harvesting during photosynthesis and protect plants
from excess light. Because light intensity and spectral composition can influence pho-
tosynthetic pigments, changes in these conditions may alter carotenoid accumulation in
watercress. Additional blue LED lighting increased carotenoid concentrations, particularly
lutein, in an evaluation of 32 watercress varieties grown under standard LED lighting with
supplemental blue light [23].

However, plants exposed to additional blue light had lower vitamin C concentrations
and biomass. These findings indicate that blue light can enhance carotenoid accumulation in
watercress but may simultaneously reduce other nutritional characteristics, such as vitamin
C content, and therefore may not improve overall nutritional quality [23].

Phenolic compounds are important secondary metabolites in watercress and contribute
to its antioxidant and other biological activities [26]. Their accumulation is influenced by
environmental factors, including light. A study investigated the effects of different LED
colors on the nutritional composition of watercress and found that red, blue and green light
affected glucosinolate concentrations and increased biomass but had relatively little effect
on phenolic compounds [23]. Phenolic responses to LED lighting vary with plant species
and light conditions [27]. In peas and microgreens, LED lighting influenced phenolic and
flavonoid concentrations, with white light producing the highest phenolic content in peas
and blue light producing the highest flavonoid content in microgreens [28]. These findings
indicate that the effects of LED lighting on phenolic compounds are dependent on both the
crop and the specific lighting treatment.

Light conditions can influence antioxidant activity in leafy vegetables. Different LED
light colors have been shown to influence antioxidant production in lettuce, suggesting that
LED lighting can be used to modify antioxidant compounds in leafy vegetables [29].

Light quality can influence glucosinolate accumulation in watercress. Different combi-
nations of LED light colors have been shown to affect both plant growth and glucosinolate
content [16]. In watercress, exposure to red light has been associated with increased glu-
cosinolate concentrations, which are regulated in part by jasmonic acid and salicylic acid,
phytohormones involved in plant defense responses [29,30]. Watercress grown in a vertical
farming system under LED lighting has been reported to contain higher glucosinolate
concentrations than watercress grown outdoors [23].

Thus, manipulating the spectral composition of artificial lighting provides a potential
means of modifying the nutritional characteristics of watercress in controlled-environment
production systems. Overall, it influences different components of watercress nutritional
quality, but responses are not uniform across nutritional traits. These findings highlight the
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need to optimize lighting conditions according to the specific nutritional and production
characteristics targeted in watercress cultivation.

5. Interaction Between Light and Other Environmental Factors

Light and temperature interact to influence watercress growth and nutritional quality.
A study found that watercress grown under long-day lighting produced greater fresh weight
and contained 30-40% more gluconasturtiin than plants grown under short days [31].
Under long-day conditions, cooler temperatures of 10-15 °C increased the gluconasturtiin
concentration by at least 50% compared with temperatures of 20-25 °C. However, the cooler
temperatures also reduced fresh weight. These findings demonstrate that conditions that
increase the concentration of beneficial compounds do not necessarily maximize yield.
Light and temperature should therefore be managed according to the production objective.
Moderate temperatures may be preferable when rapid growth and yield are prioritized,
whereas cooler temperatures combined with longer photoperiods may be useful when
increasing glucosinolate content is the primary objective.

Higher light levels generally increase photosynthesis, leaf temperature and transpira-
tion, thereby increasing plant water requirements. Under water-limited conditions, stomatal
closure can reduce water loss but also restrict carbon dioxide uptake and photosynthesis.
Watercress is a semi-aquatic plant and is well suited to hydroponic production; however,
nutrient solutions must remain adequately circulated and oxygenated. Alizaeh et al. [10]
found that hydroponically and aquaponically grown watercress used less water and had
256 times greater water-use efficiency than soil-grown plants. Thus, lighting should be
coordinated with water availability, nutrient-solution circulation, root-zone oxygenation
and humidity to minimize water stress and support efficient watercress growth.

Light availability influences both nutrient uptake and nutrient utilization. Increasing
nutrient concentrations under low-light conditions does not necessarily increase growth
because plants may lack sufficient photosynthetic activity to use the additional nutrients.
Conversely, stronger or longer lighting can increase growth and nutrient demand [32]. Ex-
cessively concentrated nutrient solutions can restrict water and nutrient uptake by reducing
the osmotic potential of the solution, while high salt concentrations can also induce ionic
stress and nutrient imbalances. The combined effects of nutrient-solution concentration
and short-term continuous lighting on yield, quality, and energy efficiency have been in-
vestigated in aeroponically grown lettuce [18]. Although this study was not conducted on
watercress, it illustrates the importance of coordinating nutrient availability with lighting
conditions. Watercress genotypes also differ in phosphorus uptake and use efficiency [33].
Therefore, nutrient concentrations for watercress may need to be adjusted according to light
intensity, photoperiod, growth stage and genotype.

Carbon dioxide is required for photosynthesis and influences how effectively plants
use available light. Increasing light intensity may have limited benefits when carbon dioxide
becomes depleted within a closed cultivation facility. In lettuce, carbon dioxide concentra-
tion, light intensity, and air speed have been found to interactively influence photosynthesis,
growth, transpiration, and light-use efficiency [34].

Carbon dioxide enrichment has also been found to improve the growth, yield, and
light-use efficiency of lettuce grown under artificial lighting [35].

Because these studies were conducted on lettuce rather than watercress, their treat-
ment levels should not be directly applied to watercress. Nevertheless, they indicate that
increasing light without sufficient carbon dioxide may result in inefficient electricity use,
whereas carbon dioxide enrichment under weak lighting may provide limited benefits.
Further research is therefore required to determine suitable combinations of carbon dioxide
concentration and lighting for watercress production.
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Humidity can modify plant responses to light by influencing water loss from leaves
to the surrounding air. Low humidity combined with high light intensity can increase
transpiration and promote stomatal closure, thereby reducing carbon dioxide uptake and
photosynthesis. Conversely, excessively high humidity can reduce transpiration and the
movement of nutrients such as calcium through the plant. Daily light integral and vapour-
pressure deficit, an indicator of atmospheric moisture conditions influenced by temperature
and humidity, have been found to affect lettuce responses differently [36].

High vapour-pressure deficit has been found to reduce stomatal opening, photosyn-
thesis, nutrient accumulation, yield, and water-use efficiency in protected vegetable pro-
duction [37].

Although these studies were not conducted on watercress, they demonstrate the
importance of coordinating light, humidity, airflow, temperature and water supply to
maintain appropriate transpiration and leaf development.

6. LED Lighting Technologies for Watercress Production

The spectral composition of LED lighting is particularly important because different
wavelengths regulate distinct aspects of plant physiology. Red and blue light are strongly
absorbed by chlorophyll a and b and can therefore support efficient photosynthetic perfor-
mance [38]. Blue light also influences stomatal opening, chlorophyll accumulation, plant
architecture and secondary metabolism. Replacing 10% or 25% of red light with white
light reduced excessive stem elongation and increased leaf size, biomass, and chlorophyll
content [9].

Light combinations can also outperform individual wavelengths. Similarly, watercress
grown hydroponically under 70% red and 30% blue light showed a gradual decline in photo-
synthetic performance as light intensity decreased, further demonstrating the dependence
of photosynthesis on light availability [20]. Collectively, these findings indicate that no
single spectral ratio is likely to optimize all production objectives, and that effective LED
management requires coordinated optimization of spectrum, intensity, and photoperiod. As
shown in Table 2, the 7R:3B spectrum performed favorably under the specific experimental
conditions used for watercress cultivation. However, it should not be considered an optimal
spectrum for leafy greens generally, as responses may vary among different leafy green
species and even across different watercress production systems.

Table 2. Comparison of Light Spectrums across Leafy Greens.

Leafy Green Light Treatment Main Growth Nutr.ltlonal /Physio- Impllcatlo.n f'or . Refer-
Response logical Response Spectrum Optimization ence
Red:blue ratios of 7R:3B produced Photosynthetic rate, s P;f;:ﬁ?r?rslsna?etzef’i d
Watercress 10:0, 9:1, the highest stem stomatal conductance p with blE}e) can
. 8:2,7:3,6:4 length, shoot fresh and glucosinolate .
(Nasturtium , simultaneously support [16]
officinale) And a and dry weight, content also followed biomass and
red:blue:green SPAD and Fv/Fm the favourable Jucosinolate
treatment among treatments  response under 7R:3B & .
production
White, blue, red, Same treatment Green light may have an
70R:30B, 50G:35R:15B substantially increased important
Watercress (N 50G:35R:15B, produced total glucosinolates; complementary role
officinale) ’ 50Y:35R:15B, particularly strong phenolics, pigments when nutritional [25]
far-red- and biomass growth and antioxidant quality and
UV-containing in vitro activity were glucosinolate
spectra also affected production are targeted
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Table 2. Cont.
Leafy Green Light Treatment Main Growth Nutr}tlonal /Physio- Impllcatlo'n f.or . Refer-
Response logical Response Spectrum Optimization ence
Highest mean
12 h/266,16 h/200, shoot fresh and Demonstrates
20 h/160, and 24 h/ dry weight interaction between Spectral optimization
Watercress (N. 133 ymol m2 57! occurred at 20 h/ Photoperiod and should be evaluated [20]
officinale) under 7R:3B LEDs; 160 pmol m2s7!,  irradiance rather than together with
equal daily light although an independent photoperiod and DLI
integral differences were spectrum effect
not significant
Lolr; gc jr?;]sshllr;i;ia;ed Red/far-red balance and
Red versus far-red Long days & . Y photoperiod can be used
. . Approximately )
Watercress (N. enrichment and increased fresh o to manipulate both
- . . 30-40%; red . [39]
officinale) different weight compared . ; production and
. . enrichment increased .
photoperiods with short days . glucosinolate
gluconasturtiin )
; concentration
relative to far-red
Different red:blue sAeiif;f;)rxli?ﬁ r;’;
LED combinations, =~ Adding blue light  Blue supplementation P .
. . . . appropriate blue
Lettuce (Lactuca including altered growth influenced pigments
. . o S component can be [40]
sativa) predominantly red  characteristics and and antioxidant .
. . useful, but the optimum
treatments with plant morphology capacity h
. . depends on cultivar and
increasing blue . -
production objective
Red-blue, white and
white
+ far-red spectra at Growth and Mineral accumulation Spectral recipes should
equal PPFD . be developed in
. morphology was also influenced by ) . .
Lettuce (Lactuca (Photosynthetic ; . . . conjunction with
. varied with the interaction [41]
sativa) Photon Flux temperature rather than
N spectral treatment  between spectrum and L
Density ); and temperature temperature optimized
Evaluated at P P independently
different
temperatures
Red-blue, white and Leaf mlpe.ral
. . . Spectral responses composition Far-red and spectral
Pak choi (Brassica white - . s
differed according responded to the composition should be
rapa subsp. + far-red LEDs at : ; . ) [41]
. . . to temperature and combined considered in relation to
chinensis) different . . s
light treatment light-temperature thermal conditions
temperatures .
environment
. . Blue supplementation
Predominantly red o Pigments and . .
. N . Addition of blue .o . can modify quality
Spinach (Spinacia ~ LED compared with antioxidant capacity .
altered growth characteristics, although [40]
oleracea) red + blue - were affected by . .
characteristics o the optimal ratio is
treatments spectral composition
crop-dependent
Blue light can be used as
. Growth .
) Predominantly red e Pigment and a spectral component for
Kale (Brassica . characteristics L . : o
LED compared with antioxidant responses  manipulating nutritional
oleracea var. responded to the . [40]
red + blue o were altered by quality rather than
acephala) addition of blue . )
treatments licht spectral composition simply
& biomass
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Table 2. Cont.
Leafy Green Light Treatment Main Growth Nutr}tlonal /Physio- Impllcatlo'n f.or . Refer-
Response logical Response Spectrum Optimization ence
Blue-enriched/far-red-
Two LED spectra reduced lighting Spectral manipulation
Cress (Lepidium differing in blue, Yield and biomass mcrea?ed can Tmprove
. green, red and . . anthocyanins and nutritional/secondary-
sativum) . did not differ - . . [15]
Microgreens far-red proportions sienificant] phenolic index by metabolite quality
& at & y approximately 77% without necessarily
identical PPFD and increasing biomass

52%, respectively

7. Effects of Light Stress on Watercress

Excess light occurs when irradiance exceeds the level that can be efficiently utilized
for photosynthesis, potentially damaging plant tissues and inducing abiotic stress [42—44].
Excessive light can reduce photosynthetic performance and impair plant growth and de-
velopment. In watercress, excessive exposure to blue light has also been associated with
reduced vitamin C and glucose concentrations, potentially diminishing some aspects of
nutritional quality [45]. However, certain microorganisms can enhance plant tolerance
to excess light by protecting photosynthetically active organs and modulating hormones
involved in stress responses [46].

Photoinhibition is a decline in photosynthetic efficiency that occurs when irradiance
exceeds a plant’s capacity to dissipate or utilize absorbed energy. It remains an important
framework for interpreting light-induced stress in plants [47]. Photoinhibition occurs when
the rate of photodamage to photosystem II (PSII) exceeds the plant’s capacity for repair,
with stress becoming more severe when damage cannot be adequately repaired [48]. This
imbalance is exacerbated under high irradiance, when excess absorbed energy promotes
the formation of reactive oxygen species that can disrupt PSII reaction centers and activate
protective mechanisms that limit oxidative damage [49].

Photoinhibition can constrain photosynthesis in both aquatic and terrestrial crops
and can be influenced by environmental factors beyond light intensity alone [50]. This is
particularly relevant to watercress, which can be cultivated in aquatic environments such as
hydroponic systems. Understanding the interaction between irradiance, spectral composi-
tion and photoprotective responses is therefore important for optimizing artificial lighting
in watercress production. Further research is needed to determine the light intensities
and spectral compositions at which photoprotective mechanisms become insufficient and
photoinhibition occurs.

8. Future Research Directions

Further research is needed to develop recommendations specifically for watercress,
since much of the available evidence is derived from lettuce and other leafy vegetables.
Future studies should examine how different watercress genotypes respond to combinations
of light spectrum, intensity and photoperiod together with temperature, humidity, carbon
dioxide concentration, water availability and nutrient concentration. A study demonstrated
substantial variation among 32 wild watercress accessions, indicating that some genotypes
may be particularly suitable for indoor production and biofortification [24].

Future research should also investigate dynamic lighting strategies that respond to wa-
tercress age, canopy development, electricity costs or sensor-derived information. Other im-
portant considerations include light uniformity, taste, texture, phytochemical composition,
postharvest quality, disease development and overall environmental impact. Integrating
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suitable watercress genotypes with automated lighting and environmental control could
improve yield, nutritional quality and resource-use efficiency while enabling more precise
and sustainable controlled-environment production.

9. Conclusions

Light intensity, spectral composition and photoperiod jointly shape watercress growth,
photosynthetic performance and nutritional quality under controlled-environment agri-
culture. The reviewed evidence indicates that optimal lighting depends on the production
objective, as light regimes that maximize biomass may not maximize phytochemical accu-
mulation. These responses are further modified by genotype and environmental conditions,
highlighting the limitations of universal lighting recommendations. Future research should
prioritize cultivar-specific, dynamic LED strategies that integrate lighting with environmen-
tal controls to balance productivity, nutritional quality and energy efficiency.
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