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Abstract

Semitransparent plastic films containing red-fluorescent pigments can increase the growth
of some greenhouse crops despite a lower transmitted photosynthetic photon flux density
(PPFD), but the underlying mechanism by which this occurs is not fully understood.
We postulated it can be attributed to a lower blue-light environment that increases leaf
expansion and thus photon capture. We examined the growth response and photosynthetic
capacity of vegetable and ornamental greenhouse crops under a red-fluorescent plastic,
plastics with varying transmission percentages of blue light (from 6% to 20%), and an
uncovered greenhouse control with a 40% greater PPFD. When the transmitted PPFD was
similar, decreasing the percentage of blue light increased the extension growth for some
but not all species tested. Transmitted PPFD had a more pronounced effect on extension
growth than the percentage of blue light. Lettuce shoot dry mass was greater under the red-
fluorescent film than the other covered treatments and similar to the uncovered control with
40% more light. Regardless of the transmission spectrum, decreasing the transmitted PPFD
reduced tomato fruit fresh mass and generally decreased the number of flowers ornamental
on the species. Maximum photosynthetic rate (Amax), stomatal conductance (gsw), and
quantum yield of photosystem II (PhiPSII) consistently decreased as the percentage of
blue light transmission decreased, but this did not correlate to biomass accumulation.
An experimental red-fluorescent film had cultivar and species-specific effects on growth,
highlighting both its potential for leafy greens and potential challenges for greenhouse
crops with a greater quantum requirement.

Keywords: tomato; Solanum lycopersicum; petunia; Petunia × hybrida; lettuce; Lactuca sativa;
snapdragon; Antirrhinum majus; spectral shifting; shading

1. Introduction
Protected agricultural systems such as high tunnels and greenhouses can help mitigate

undesirable weather conditions, increase water-use efficiency, extend growing seasons,
reduce biotic pressure, and in some cases increase crop yield and quality [1]. Transparent
plastics are the most used materials to protect crops, accounting for the vast majority of the
approximately 5.6 million hectares of global protected agriculture production in 2019 [2]. In
addition to the well-understood benefits of protected agriculture, there is an underutilized
potential to manipulate the transmission characteristics of various materials. Light trans-
mission characteristics such as photosynthetic photon flux density (PPFD; 400–700 nm),
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spectral distribution, and directionality are controllable and can independently and some-
times interactively impact crop yield and quality.

There is a growing scientific and industry interest in manipulating the photon spectrum
when growing ornamental, medicinal, and food crops under protected cultivation. This
interest stems from factors, including (1) research with light-emitting diodes which has
improved our understanding of how the photon spectrum regulates crop morphology
and biomass accumulation; (2) development of covering materials with improved life
spans and modified transmission characteristics, including a diversity of incorporated
pigments that photoselectively increase or decrease specific light wavebands; and (3) the
opportunity to incorporate transparent photovoltaic materials that selectively absorb some
of the incident sunlight into protected agriculture (i.e., agrivoltaics) to co-localize energy
and agricultural production [3–6]. However, there are still impediments to large-scale
commercial implementation of materials that alter the solar spectrum. First, different types
of crops grown in protected agriculture may have unique responses to an altered light
environment. Second, protected cultivation occurs in diverse geographical locations with
dissimilar weather conditions. Third, manipulating the photon spectrum decreases the
transmitted PPFD. Finally, these novel materials are still developing technologically and
are more expensive than their unpigmented counterparts. Therefore, additional research
and development are needed to help overcome these barriers and to facilitate large-scale
commercial implementation.

The sun emits a broad range of wavelengths including ultraviolet (UV; 280–399 nm),
blue (B; 400–499 nm), green (G; 500–599 nm), red (R; 600–699 nm), and far-red (FR;
700–750 nm) photons. These wavebands have independent and interactive effects on the
growth and development of plants. Of these, wavelengths between 400 and 700 nm (i.e., B,
G, and R light) are considered photosynthetically active radiation (PAR), but UV and FR
photons also influence the development of secondary metabolites such as anthocyanins and
alter plant architecture in ways that influence whole-plant photosynthesis [5,7]. UV and
B photons often increase the accumulation of secondary pigments such as anthocyanins
and suppress stem and leaf expansion, resulting in more compact growth habits [7]. High
percentages of G light can induce shade-avoidance responses, including increased leaf and
stem elongation [8]. R light often has the opposite effect of B light on plant growth; leaves
develop fewer secondary pigments and shoot extension growth increases [9]. Although a
majority of studies have focused on dicot species, the antagonistic effects of R and B light on
extension growth is consistent in monocots such as barley (Hordeum vulgare) [10], indicating
the conserved nature of light signaling pathways in plants. Although it is debated whether
FR light is photosynthetically active, photons with wavelengths up to 750 nm increase stem
and leaf elongation and increase photosynthetic rate [11]. Although wavebands have inde-
pendent effects on plant growth, light environments in greenhouses, even when modified,
have a broad waveband. When considering species- and cultivar-specific responses to the
PPFD and photon spectrum, there is still limited information on how modifying the solar
spectrum can increase crop production, quality, or both.

One strategy to manipulate the solar spectrum (i.e., alter the transmitted photon spec-
trum) is to incorporate fluorescent additives into plastics that absorb shorter-wavelength
ultraviolet UV, B, and/or G photons and fluoresce longer wavelength red R and FR pho-
tons. Various fluorescent materials have increased the biomass accumulation of herbaceous
crops such as lettuce (Lactuca sativa) and cabbage (Brassica rapa ssp. pekinensis), a fruit-
ing crop in tomato (Solanum lycopersicum), and the woody species Japanese larch (Larix
kaempferi) [12–17]. It is often hypothesized that these ‘spectral shifting’ materials can in-
crease crop growth by better matching the absorption spectra of isolated and purified
chlorophyll (Chl) a and b or by increasing the flux of R photons that have a higher average
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quantum yield (mol CO2 fixed per mol photon) than UV, B, and G photons [18,19]. However,
these hypotheses have limitations, including the following: (1) plants contain accessory
pigments (e.g., carotenoids and xanthophyll) that increase light absorption that ultimately
contribute to photosynthesis; (2) G photons may be less photosynthetically efficient but
can penetrate deeper in individual leaves and plant canopies; (3) quantum efficiency data
as a function of wavelength were generated at low-light intensities; and (4) a decrease
in B light transmission can alter plant architecture and consequently photon interception
and whole-plant photosynthesis [8,20–22]. Currently, there are few published mechanistic
studies that tested the different hypotheses for increased biomass accumulation under
fluorescent films. Mechanistic studies are needed to understand how red-fluorescent films
influence the photosynthetic responses of various greenhouse crops, alter leaf pigment
concentrations, and regulate gene expression involved in light signaling pathways.

Experiments performed with red-fluorescent films have shown greater extension
growth (e.g., increased leaf area or stem length) of crops such as lettuce, cabbage, Welsh
onion (Allium fistulosum), and cucumber (Cucumis sativus) compared to those grown under
a neutral density material [12,14,17,23–25]. However, this response is not always consistent;
in other studies, the morphology of lettuce, strawberry (Fragaria × ananassa), and radish
(Raphanus raphanistrum) was unaffected by red-fluorescent materials [12,26,27]. Plants uti-
lize photoreceptors with distinct absorption spectra to perceive the surrounding light
environment and mediate photomorphogenesis [5,28]. Phytochromes are photoreceptors
that primarily absorb in R and FR light while cryptochromes absorb UV-A and B light. Phy-
tochrome and cryptochrome can both independently influence plant morphology [29,30].
Typically, decreasing the R:FR or the fraction of B photons increases shade-avoidance or
acclimation responses [5,28]. Red-fluorescent materials typically increase the fraction of
R photons more than FR photons, thereby increasing the R:FR and phytochrome pho-
toequilibrium (PPE), which in theory would inhibit extension growth mediated through
phytochrome. However, plants grown under red-fluorescent materials often exhibit in-
creased extension growth. Thus, Stallknecht and Runkle [17] hypothesized that the primary
cause of increased extension growth for some crops under red-fluorescent materials resulted
from a decreased fraction of B photons and was mediated through cryptochromes.

Plant morphology plays an important role in determining the biomass accumulation
of individual plants and entire crops [21]. Increased extension growth (i.e., increased leaf
area and internode elongation) can increase biomass accumulation by increasing photon
interception, independent of quantum efficiency [3,9]. Stallknecht and Runkle [17] observed
a strong positive correlation between increased lettuce single leaf area and shoot fresh
mass (SFM), but projected canopy area (PCA) was not correlated with increased SFM.
Despite the greater lettuce yield, it is unclear whether fruiting crops and/or floriculture
crops exhibit greater growth and yield under red-fluorescent materials. Moreover, it is also
unclear whether a photoselective material that absorbed B photons could have similar
effects on crop biomass accumulation and quality compared to a red-fluorescent material
when transmission of PPFD is constant.

Researchers have hypothesized that increasing the fraction of R photons in a spectrum
from red-fluorescent plastics increases photosynthetic efficiency (i.e., quantum yield) of
crops, but supporting data are not consistent among crops. The quantum yield of cabbage,
sweet pepper (Capsicum annuum), and strawberry increased under a red-fluorescent film,
but not in basil (Ocimum basilicum), tomato, and cucumber [31,32]. The objective of this
research was to determine how an experimental red-fluorescent film and photoselective
films with varying percentages of B light regulated plant morphology and area-based
net photosynthetic rate for a diverse range of greenhouse crops. We hypothesized that
decreasing the B light fraction would increase extension growth and biomass accumulation
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of the leafy green lettuce, the fruiting crop tomato, and the floriculture crops petunia
(Petunia × hybrida) and snapdragon (Antirrhinum majus). Additionally, we postulated that
the single-leaf maximum photosynthetic rate (on a leaf area basis) would be independent
of the percentage of B light in the modified solar spectrum treatments.

2. Materials and Methods
2.1. Seedling Growth Culture

All seedlings were placed inside a controlled growth room with a 22 ◦C air temperature,
60% relative humidity, and ambient CO2 concentration. The environment inside the growth
room was more stable than that of a greenhouse, which led to a higher germination
rate and more uniform and repeatable seedling transplants. Sole-source lighting was
provided by white, B, and R light-emitting diodes (LED)s (RAY 44 Physiospec Indoor;
Fluence Bioengineering, Austin, TX, USA). Seedlings were covered with a transparent
humidity dome for 4 d until radical emergence. We provided irrigation as needed with
deionized water and hydroponic water-soluble fertilizer (12–4–16 RO Hydro FeED; JR
Peters, Inc., Allentown, PA, USA) as well as magnesium sulfate (Epsom salt, Pennington
Seed Inc., Madison, GA, USA) that provided the following nutrients (in mg·L−1): 125 N,
42 P, 167 K, 73 Ca, 49 Mg, 39 S, 1.7 Fe, 0.52 Mn, 0.56 Zn, 0.13 B, 0.47 Cu, and 0.13 Mo. The
irrigation solution pH and electrical conductivity (EC) were measured with a handheld
meter (HI9814; Hanna Instruments, Woonsocket, RI, USA) and adjusted to a pH of 5.8
and EC of 1.2 mS·cm−1. Seeds of red-leaf ‘Rouxai’ (Rijk Zwaan; Salinas, CA, USA, USA)
and green-leaf ‘Butter Crunch’ lettuce (Johnny’s Selected Seeds, Winslow, ME, USA) were
sown into 200-cell rock wool sheets (AO 25/40 Starter Plugs; Gordan, Milton, ON, Canada)
on 5 April 2022 and grew under an 18 h photoperiod at a PPFD of 200 µmol·m−2·s−1

[daily light integral (DLI) = 13.0 mol·m−2·d−1] until transplant on 19 April 2022 (14 d).
Lettuce seedling growth culture was adapted from Stallknecht and Runkle [17]. Dwarf
cherry tomato ‘Red Robin’ seeds (Park Seed Co., Hodges, SC, USA) were sown into 128-cell
trays filled with a peat-based soilless substrate (Suremix; Michigan Grower Products, Inc.,
Galesburg, MI, USA) on 21 April 2022 and grown under an 18 h photoperiod at a PPFD
of 250 µmol·m−2·s−1 (DLI = 16.2 mol·m−2·d−1) until transplant on 13 May 2022 (22 d).
Petunia ‘Madness Pink’ and snapdragon ‘Snapshot Yellow’ seeds (PanAmerican Seed Co.,
West Chicago, IL, USA) were sown into 288-cell trays filled with a mixture of 50% peat-
based soilless substrate and 50% vermiculite on 21 August 2022 and grown under a 9 h
photoperiod at a PPFD of 200 µmol·m−2·s−1 (DLI = 6.5 mol·m−2·d−1) until transplant
on 19 September 2022 (30 d). Tomato and floriculture seedling culture was adapted from
Stallknecht et al. [4].

2.2. Chamber Design

We constructed four chambers with polyvinyl chloride pipe and placed them on
aluminum benches inside a glass-glazed research greenhouse at Michigan State University
(East Lansing, MI, USA lat. 43◦ N; Figure 1A). Each chamber provided 2.4 m2 of growing
space and had an internal volume of 2.5 m3 (Figure S1). Each chamber had one 6 m3 min−1

fan (Axial 1751; AC Infinity Inc., City of Industry, CA, USA) installed on the south-facing
wall that was in line with the air flow of the greenhouse ventilation to maintain a similar
internal air temperature among chambers.
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Figure 1. (A) Chambers covered with a neutral density, red fluorescent, or photoselective covering that
transmitted low or very low blue light percentages inside a glass-glazed greenhouse. (B) The photon
spectrum between 380 and 780 nm of the four covered treatments and one uncovered greenhouse
control. The neutral density cover evenly reduced transmission at each nanometer, the red-fluorescent
material absorbed blue (B; 400–499 nm) and green (G; 500–599 nm) photons and fluoresced red (R;
600–699 nm) and to a lesser extent far-red (FR; 700–750 nm) photons, and the photoselective materials
absorbed different percentages of B photons. The percent B value indicates the percentage of B
photons relative to the total photon flux density (TPFD; 400–750 nm). The spectral characteristics are
displayed in Table S1.

2.3. Treatment Transmission

Each chamber was covered with either a common neutral density polyethylene green-
house plastic (Standard clear 6 mil film; Greenhouse Mega Store, Danville, IL, USA), an
experimental red-fluorescent film (as described in [14]), or a photoselective film (not devel-
oped specifically for plant applications) that transmitted 6 or 11% of the photons between
400 and 499 nm (Calcolor 90 Yellow and Cinelux Daffodil; Rosco Laboratories Inc., Stam-
ford, CT, USA). The 6% and 11% B treatments are referred to as ‘very low blue’ and ‘low
blue’ henceforth. Varying layers of 11% and 40% neutral density shading materials (Pro-
tekNet; Johnny’s Selected Seeds and Harmony 2047 FR; Ludvig Svensson Inc., Charlotte,
NC, USA) were used to cover the chambers to match the transmission PPFD among the
four covered treatments. In addition to the four chambers, a greenhouse bench with no
chamber or covering material was used as a greenhouse control treatment. We used a spec-
troradiometer (LI-180 Spectrometer; LI-COR, Inc., Lincoln, NE, USA) to measure treatment
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transmission spectra on a cloudless day at solar noon (n = 10). The photon spectrum for
each treatment is depicted in Figure 1B and Table S1.

2.4. Greenhouse Environment and Sensing

The research greenhouse was controlled by an environmental control system (Inte-
gro 725; Priva, De Lier, The Netherlands) with a constant setpoint of 21 ◦C and ambient
CO2 concentration. Steam heat, evaporative cooling pads, exhaust fans, and roof vents
regulated the greenhouse air temperature. Each greenhouse bench (i.e., an experimental
unit) contained one aspirated and shielded thermocouple (Type E; Omega Engineering,
Inc., Stamford, CT, USA) and one quantum sensor (LI-190SA; LI-COR, Inc.) maintained at
canopy height for the duration of the experiment. Air temperature and instantaneous PPFD
were measured every minute with a data logger (CR-1000; Campbell Scientific, Logan,
UT, USA) and hourly averages were recorded. Average weekly air temperature and daily
light integral (DLI; mol·m−2·d−1) data are displayed in Figure 2A–F and Table S2. Average
weekly air temperature differences among greenhouse benches were <0.5 ◦C (Figure 2A–C).
Average DLI values among the four covered treatments were within 0.5 mol·m−2·d−1 but
the average DLI for the uncovered greenhouse control treatment was 7–12 mol·m−2·d−1

greater than the covered treatments (Figure 2D,E).

Figure 2. Average weekly air temperature (A–C) and daily light integral (DLI; (D–F)) for each treat-
ment. Environmental conditions were measured at canopy height. Treatment spectral characteristics
are displayed in Figure 1B and Table S1.

2.5. Mature Growth Culture

Lettuce and tomato seedlings were transplanted into 1800 cm3 plastic pots filled
with a peat-based soilless substrate, and floriculture seedlings were transplanted into
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1000 cm3 plastic pots with the same media. Pots containing lettuce, tomato, and floriculture
crops were placed inside the greenhouse chambers at a density of 22, 12, and 25 plants
per m2, respectively. Pot size and planting densities were based on their anticipated sizes
at final harvest, ensuring little competition for light. Plants were irrigated as needed
with a solution of reverse osmosis water mixed with a 13 N–1.3 P–12.5 K water-soluble
fertilizer that contained (in mg·L−1) 125 N, 13 P, 120 K, 77 Ca, 19 Mg, 1.7 Fe, 0.4 Cu,
and Zn, 0.8 Mn, 0.2 B and Mo (MSU Orchid RO Water Special; GreenCare Fertilizers,
Inc., Kankakee, IL, USA). The lettuce and tomato received no supplemental lighting but
floriculture crops received supplemental lighting above the chambers, providing an average
PPFD of 110 µmol·m−2·s−1 at bench height for 16 h·d−1 from luminaires (ILM-PG-180-2-
300W-ED-FS-60; Rofianda Trading B.V., The Netherlands) containing broad-band (white)
LEDs with a similar spectrum to sunlight (SunLike LED STW9C2SB-S; Seoul Semiconductor,
Gyeonggi-do, South Korea). The floriculture crops received supplemental lighting because
the solar PPFD was moderately low, and thus plant growth inside the covered chambers
would have been relatively poor. The LEDs emitted 24% B, 36% G, 34% R, and 6% FR light.
The supplemental lighting was controlled with the same environmental control system that
managed air temperature inside the greenhouse and operated from 0500 to 2100 h.

2.6. Data Collection

Lettuce, tomato, and floriculture crops grew until destructive measurements were
taken on 10 May, 29 Jul, and 28 Oct 2022 (21, 75, and 40 d in the treatments), respectively.
Leaf length and width, chlorophyll concentration (n = 3), and CIELAB color space (n = 3)
were measured on the most recently fully expanded leaf from each plant with a ruler,
chlorophyll meter (MC-100; Apogee Instruments, Inc., Logan, UT, USA), and colorimeter
(BC-10 Plus; Konica Minolta Sensing, Ramsey, NJ, USA), respectively. Specific leaf area
(SLA) was calculated by dividing the area of a representative leaf [measured with a leaf
area meter (LI-3000C; LI-COR, Inc.)] by its dry mass. PCA was measured with top–down
photos and ImageJ software (version 1.54d) [33]. Stem length was measured as the distance
from the substrate surface to the apical meristem. Stem diameter was measured with
digital calipers (41101 DigiMax; Wiha Switzerland, Monticello, MN, USA) at the substrate
surface. SFM and shoot dry mass (SDM) per plant were measured for all stems and leaves
on a digital scale (GR-200 or GX-1000; A&D Store, Inc., Wood Dale, IL, USA). SDM was
measured after drying shoots for 4 d at 60 ◦C in a dedicated drying oven (Blue M, Blue
Island, IL, USA or SMO28-2; Sheldon Manufacturing, Inc., Cornelius, OR, USA). Radiation
use efficiency (RUE) was calculated by dividing SDM by the total mol of intercepted PAR
for each sample. For tomato, ripe and unripe fruits were counted at a single destructive
measurement. A tomato fruit was considered ripe when at or past the turning stage [34].
Fruit fresh mass (FFM) was measured on all ripe and unripe tomato fruits. For petunia and
snapdragon, the time to flower was calculated as the number of days from transplant to the
first fully open flower. Additionally, at the time of harvest, we counted the total number of
visible flowers and flower buds and the number of branches >3 cm long.

2.7. Light Response Curves

Measurements were made with a portable photosynthesis system (LI-6800; LI-COR,
Inc.) using the fluorometer head attachment for each greenhouse crop in each treatment
(n = 3) to generate light response curves. Measurements were taken on mature, fully ex-
panded leaves at the top of the canopy ± 3 h from solar noon. The environmental con-
ditions inside the chamber were set at 10,000 rpm fan speed, 500 µmol·s−1 air flow rate
setpoint (0.85 L·min−1), 0.1 kPa pressure deficit, 50% relative humidity, 400 ppm CO2

concentration, and 25 ◦C leaf temperature. Light response curves were generated using
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light-adapted leaves with descending PPFDs of 1800, 1500, 1200, 900, 600, 300, 150, 50, and
0 µmol·m−2·s−1. The light was provided by the fluorometer head and consisted of 20% B
and 80% R photons. Light response data were analyzed in R software (version 4.3.3) [35]
using a non-rectangular hyperbola expressed as

PN(I) =
αI + PNMAX −

√
(αI + PNMAX)

2 − 4θ IPNMAX

2θ
− RD (1)

where α is the initial slope of the light response curve, I is the PPFD, θ is the convexity of
the light response curve, PNMAX is the maximum rate of photosynthesis, and RD is the dark
respiration rate according to Marshall and Biscoe [36].

2.8. Stomatal Conductance and Quantum Yield Measurements

Stomatal conductance (gsw), and quantum yield of photosystem II (PhiPSII) survey
measurements were taken with a portable fluorometer and porometer (LI-600; LI-COR, Inc.).
Survey measurements were taken at solar noon on a cloudless day for each greenhouse
crop on light-acclimated leaves near the top of the canopy when plant were fully mature
(n = 20). Survey measurements on lettuce, tomato, and floriculture crops were taken on
10 May, 26 July, and 24 October 2022, respectively.

2.9. Experimental Design and Statistical Analysis

The experiment was organized as a completely randomized design where each green-
house bench was an experimental unit that was randomly assigned the treatment and
plants. The lettuce, tomato, and floriculture crop sample size was 20, 24, and 25 plants,
respectively. Data were analyzed in R software using analysis of variance and Tukey’s
honestly significant difference test at α = 0.05. Additionally, regression analysis was con-
ducted on plants from the neutral density and two blue-selective cover treatments as a
function of percentage of B light. The greenhouse control treatment was omitted from
regression analysis because the average DLI was ~40% greater than the covered treatments.
Additionally, the red-fluorescent treatment was omitted from regression analysis because
the transmission of G photons also decreased significantly, which could have interactive
effects on crop morphology and biomass accumulation.

3. Results
3.1. Morphology
3.1.1. Lettuce Morphology

Figure 3 displays a representative plant grown under four different shading materials
with varying percentages of B light ranging from 6% to 20% and an uncovered greenhouse
control with a 40% higher average DLI. Figure 4 depicts important morphological metrics
for each crop as a function of the percentage of B light in the transmission spectrum.
The average values and statistical tests for all growth metrics and crops are displayed
in Tables S3–S7. The regression analysis for each crop growth parameter as a function of
B-light percentage is presented in Tables S8–S12.
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Figure 3. Representative plants grown under various films with different spectral transmissions or no
cover. The spectral characteristics under each treatment are in Figure 1B and Table S1. Representative
photos of lettuce, tomato, and floriculture crops were taken 21, 75, and 40 d after transplant and
placement inside the treatment chambers, respectively.

The single-leaf area of lettuce decreased linearly as the percentage of B light increased
from 6% to 20% for red-leaf lettuce ‘Rouxai’ but not for green-leaf lettuce ‘Butter Crunch’
(Figure 4A). ‘Butter Crunch’ leaves in the neutral density treatment had 31% greater area
than plants under the uncovered greenhouse control. PCA was between 34–40% and
32–42% smaller in the greenhouse control for ‘Rouxai’ and ‘Butter Crunch’ compared to
the covered treatments, respectively (Figures 3 and 4B). Among the covered treatments,
B-light percentage had no effect on the PCA of either lettuce cultivar.
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Figure 4. Key morphological metrics for lettuce ‘Rouxai’ and ‘Butter Crunch’ (A,B), tomato ‘Red
Robin’ (C,D), and petunia ‘Madness Pink’ and snapdragon ‘Snapshot Yellow’ (E,F) as a function
of the percentage of blue (400–499 nm) light in the transmitted spectrum of each treatment. Values
indicate means ± 95% confidence intervals. The sample size for lettuce, tomato, and floriculture
crops was 20, 24, and 25, respectively. Different letters within each crop are significantly different
by Tukey’s honestly significant difference test (p < 0.05). Regressions were fit through the neutral
density and two photoselective treatments (i.e., the red-fluorescent and greenhouse control treatments
were omitted from the regression analysis). Regression equations are displayed in Tables S8–S12.
Regressions with solid lines are significant at p < 0.05 and dashed lines are not.

3.1.2. Tomato Morphology

Dwarf cherry tomato ‘Red Robin’ leaf area and stem length were similar under all
covered treatments (Fgiures 4C,D and S2). Regardless of the covered treatment, tomato
leaves had approximately 20% less surface area and plants were 22% shorter compared to
plants in the uncovered control.

3.1.3. Floriculture Crops Morphology

In general, floriculture species under the covered treatments exhibited greater stem
elongation compared to the uncovered control plants, but snapdragon was more sensitive
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to the percentage of B photons than petunia. All the covered treatments increased petunia
leaf area, but there was no effect on snapdragon leaf area (Figure 4E). At the average
DLI of 12.7 mol·m−2·d−1, snapdragon leaf area increased by 15% as the percentage of B
photons decreased from 20% to 6%, but not in petunia. Unique to petunia, leaf area under
the red-fluorescent film was less than plants under the other covered treatments. Among
the covered treatments, snapdragon and petunia stem length increased linearly as the
percentage of transmitted B photons decreased (Figure 4F).

3.2. Biomass Accumulation
3.2.1. Lettuce Biomass Accumulation

Figure 5 displays growth metrics for each crop as a function of the percentage of
B photons in the transmission spectrum. Yields of both cultivars were greatest in the
uncovered control treatment. Lettuce ‘Rouxai’ and ‘Butter Crunch’ grown under the red-
fluorescent film had 27% and 17% greater SDM than plants under the neutral density
cover with a similar DLI, and a similar SDM as plants under the uncovered control, which
received a 40% higher DLI on a per-plant basis (Figure 5A). When the fraction of B photons
in the transmitted spectrum increased from 6% to 20%, ‘Rouxai’ SDM decreased by 17%
but there was no trend effect with ‘Butter Crunch’. Crop yield considers the harvestable
biomass per unit growing area (i.e., SFM per m2) and can be a more appropriate metric
for agricultural production systems. Lettuce ‘Rouxai’ yield increased by 12–28% under
the red-fluorescent film compared to the neutral density and photoselective treatments,
whereas ‘Butter Crunch’ yield under the red-fluorescent film was similar to plants under
the neutral density and photoselective treatments (Figure 5B).

Figure 5. Cont.
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Figure 5. Key growth metrics for lettuce ‘Rouxai’ and ‘Butter Crunch’ (A,B), tomato ‘Red Robin’
(C,D), and petunia ‘Madness Pink’ and snapdragon ‘Snapshot Yellow’ (E,F) as a function of the
percentage of blue (400–499 nm) light in the transmitted spectrum of each treatment. Values indicate
means ± 95% confidence intervals. The sample size for lettuce, tomato, and floriculture crops was
20, 24, and 25, respectively. Different letters within each crop are significantly different by Tukey’s
honestly significant difference test (p < 0.05). Regressions were fit through the neutral density and two
photoselective treatments (i.e., the red-fluorescent and greenhouse control treatments were omitted
from the regression analysis). Regression equations are displayed in Tables S8–S12. Regressions with
solid lines are significant at p < 0.05 and dashed lines are not.

3.2.2. Tomato Biomass Accumulation

The percentage of B photons and average DLI did not impact tomato SDM (Figure 5C).
All covered treatments produced less FFM than the uncovered control (Figures 5D and S2).
Among the covered treatments, FFM decreased by 18% as the percentage of B photons
increased from 6% to 20%.

3.2.3. Floriculture Crops Biomass Accumulation

Among the covered treatments, petunia SDM increased linearly as the percentage of B
photons decreased, but the trend was not significant in snapdragon (Figure 5E). Snapdragon
flower number at harvest increased linearly as the percentage of B photons in the spectrum
increased (Figure 5F). Conversely, petunia had the most flowers under the 6% B light
treatment and uncovered greenhouse control, and flower number decreased linearly as the
percentage of B photons in the spectrum increased.

3.3. Light Response Curves, Quantum Yield, and Stomatal Conductance

Figure 6 illustrates light response curves developed from sun-acclimated leaves of
each crop and each lighting treatment. The average maximum rate of photosynthesis
(Amax) of lettuce ‘Butter Crunch’, petunia, and snapdragon under the uncovered treatment
was noticeably higher than that under the covered treatments (Figure 6B,D,E; Table S8).
Conversely, the Amax of lettuce ‘Rouxai’ and tomato was similar to that of plants under the
covered treatments (Figure 6A,C). Among the covered treatments, the relationship between
Amax and the percentage of B photons in a treatment varied. Lettuce showed a quadratic
trend, while tomato showed a linear trend, but Amax was generally lowest in the very low
blue treatment (Figure 7; Table S13). Among species, Amax was lowest in plants grown
under the very low blue treatment.
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Figure 6. Instantaneous photosynthesis measurements were used to generate light response curves for
each crop. Each plot is photosynthetic rate (A–E) as a function of photosynthetic photon flux density
(PPFD; 400–700 nm). Values represent averages ± 95% confidence intervals (n = 3). Regressions
were fit according to the model by Marshall and Biscoe [36]. Regression parameters are displayed in
Table S13.

PhiPSII tended to be lower under the uncovered treatments compared to the covered
ones regardless of species or cultivar (Figure 8; Table S14). Among the covered treatments,
PhiPSII was similar in the neutral density and red-fluorescent treatments for all species.
Compared to the neutral density shade treatment, PhiPSII was lowest in the very low blue
treatment for lor both lettuce cultivars, tomato, and snapdragon. Lettuce and tomato gsw

were similar regardless of treatment, but snapdragon and petunia gsw were greatest in the
uncovered control and least in the very low blue treatment (Figure 9; Table S14).
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Figure 7. Maximum photosynthetic rate (Amax) for lettuce ‘Rouxai’ and ‘Butter Crunch’, tomato
‘Red Robin’, and petunia ‘Madness Pink’ and snapdragon ‘Snapshot Yellow’ as a function of the
percentage of blue (400–499 nm) photons in the transmission spectrum of each treatment, excluding
the uncover control treatment. Amax was derived from light response curves displayed in Figure 6
and Table S13.

Figure 8. The average quantum yield of photosystem II (PhiPSII) of leaves near the top of the
canopy on a cloudless day at solar noon (n = 20) as a function of the percentage of blue (400–499 nm)
in the transmission spectrum of each treatment. The spectral characteristics of each treatment are
displayed in Figure 1B and Supplementary Table S1. Different letters within each crop are significantly
different by Tukey’s honestly significant difference test p < 0.05. Average values are displayed in
Supplementary Table S14.
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Figure 9. The average stomal conductance (gsw) of leaves near the top of the canopy on a cloudless
day at solar noon (n = 20) as a function of the percentage of blue (400–499 nm) in the transmission
spectrum of each treatment. The spectral characteristics of each treatment are displayed in Figure 1B
and Supplementary Table S1. Different letters within each crop are significantly different by Tukey’s
honestly significant difference test p < 0.05. Average values are displayed in Supplementary Table S14.

4. Discussion
Although red-fluorescent plastics have increased the growth of various crops in some

cases, their effects on crop morphology, photosynthetic light response, and biomass accu-
mulation have varied within and between species. In recent years, there has been a growing
effort to understand the mechanisms by which red-fluorescent materials enhance biomass
accumulation in certain crops. To contribute to this research, we conducted a comparative
study on the morphology, biomass accumulation, and photosynthetic light response of
leafy green, fruiting, and floriculture greenhouse crops grown under an experimental
red-fluorescent plastic, plastics with varying transmission percentages of B blue light (from
6% to 20%), and an uncovered greenhouse control with ~40% higher average PPFD.

4.1. Transmission PPFD Influenced Crop Morphology

Plants in low-light environments typically exhibit increased extension growth, such
as greater leaf area or stem elongation, as a shade-avoidance or acclimation response
to maximize light interception [37]. The magnitude of extension growth exists in a con-
tinuum, and is correlated to average DLI, albeit not always linearly [4]. Red-fluorescent
materials always decrease the transmitted PPFD because the spectral conversion is not
completely efficient. The magnitude by which PPFD decreases depends on the type of
pigment used, pigment concentration, and whether light-extracting microstructures are
incorporated [12,14,17,31,32,38]. In the literature, red-fluorescent materials have decreased
the average transmission PPFD from <5% to 50%. In part, greater extension growth un-
der a red-fluorescent film could be explained by the decrease in the average PPFD and
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independent of the modified photon spectrum. The effect of the decreased DLI on growth
and development, independent of transmission spectrum, is often unknown because many
studies did not include an uncovered control or a neutral density treatment that had the
same transmission PPFD as the red-fluorescent plastic(s).

Regardless of the species tested, extension growth metrics such PCA, stem length, and
individual leaf area increased in the neutral density covered treatment with a lower average
DLI compared to the uncovered control (Figures 3 and 4). Based on our findings, the treat-
ment transmission PPFD, and consequently the average DLI, had a more substantial effect
on plant morphology than the modified photon spectrum. This implies red-fluorescent
plastics in agriculture may promote shoot extension growth (compared to an unpigmented
plastic) because of the decrease in transmission PPFD. Increased extension growth may be
undesirable in ornamental crop production, where compact shoot architecture is usually
desired for potted plant production. These results also suggest that previous studies us-
ing red-fluorescent materials may, in some cases, have attributed morphological changes
to transmission spectrum rather than the decrease in transmission PPFD. Future studies
would benefit from attempting to decouple the effects of transmission PPFD and spectrum
using more appropriate controls.

4.2. Decreasing the Percentage of B Light Slightly Increased Extension Growth in a
Species-Specific Manner

While the effect of treatment DLI on morphology was substantial across species,
the modified solar spectra also altered plant morphology in a species-specific manner
(Figures 3 and 4). Because red-fluorescent pigments absorbed B and G photons and flu-
oresced them mostly as R photons, this likely modified the absorption of phytochrome
and cryptochrome photoreceptors. We postulated that extension growth would be cor-
related to the percentage of transmitted B light, presumably mediated by cryptochrome,
rather than the more subtle changes to the R:FR and estimated PPE under the various
covered treatments.

A decrease in the percentage of red light, an increase in the percentage of FR light, or
both decrease the PPE and commonly increase plant extension growth [6,37,39]. Compared
to the other covered treatments, the experimental red-fluorescent material slightly increased
the estimated PPE from ~0.72 to 0.74. If this small change in phytochrome status solely
mediated changes to crop morphology, the expected response would be slightly less
extension growth under the red-fluorescent film. Consistent with expectation, petunia
individual leaf area and PCA were attenuated under the red-fluorescent film relative to the
other covered treatments (Figure 4E; Table S6). The morphology of lettuce, tomato, and
snapdragon grown under the red-fluorescent film was similar to that under the neutral
density cover and low blue treatment. This suggests petunia is especially sensitive to
changes in the PPE, and red-fluorescent materials can, in some cases, elicit phytochrome-
mediated growth responses.

Crop morphology is also mediated through cryptochromes that primarily absorb B
and UV-A light. Since red-fluorescent materials commonly absorb B photons, this could
independently diminish the inhibitory effect of B photons on extension growth (i.e., greater
extension growth) [3,37]. Unlike the relatively small changes to PPE, the experimental
red-fluorescent film transmitted 30% less B light than the neutral density cover with a
similar PPFD. A photon spectrum with a low percentage of B light increased the extension
growth of leafy greens and floriculture crops in previous studies, which is consistent with
our results [3,40,41]. However, the extension growth of both lettuce cultivars and snap-
dragon grown under the red-fluorescent treatment (14% B) was statistically similar to the
neutral density (20% B) and low blue treatments (11%), which suggests that cryptochrome
responses were at or near saturation with 11% of B light. However, changes to plant mor-
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phology attributed to phytochrome or cryptochrome were less than those caused by the
treatment transmission PPFD. Therefore, while fluorescent greenhouse plastics may alter
the transmission spectrum, more attention needs to be given to transmission PPFD and its
effect on crop growth.

4.3. Effects of DLI on Crop Yield

As a paradigm, a 1% decrease in the PAR received by a plant decreases biomass
accumulation by 0.75–1% [42]. Based on this, all species were expected to have approxi-
mately 40% less SDM when grown under neutral density shade treatment compared to the
uncovered control. However, the actual decrease in biomass for lettuce ‘Rouxai’ and ‘Butter
Crunch’ was only 19% and 11% in the neutral density treatment (Figure 5A). Likewise,
petunia and snapdragon had 15% and 16% less SDM under the neutral density shade
compared to the unshaded control (Figure 5E). As expected, tomato FFM decreased by 36%
as the DLI decreased from approximately 29 to 16 mol·m−2·d−1, which generally follows
the 1% paradigm (Figure 5D). However, the relationship between biomass accumulation
and average DLI is not entirely linear. As DLI increases, biomass accumulation can begin
to plateau, where further increases in DLI increase the SDM at a decreasing rate. For let-
tuce and many floriculture crops, growth responses to the average DLI begin to become
nonlinear at approximately 15 mol·m−2·d−1, while it may be 25 mol·m−2·d−1 for fruiting
crops because they grow more vegetive mass and have fruits acting as sinks for excess
photosynthates [43–45]. The average DLI under the covered treatments for lettuce, tomato,
and floriculture crops were 12.4, 16.3, and 12.7 mol·m−2·d−1, respectively. While it was not
feasible to adjust transmission percentages of the red-fluorescent film in the current study,
these results highlight opportunities to optimize red-fluorescent films based on crop type
and solar radiation levels.

4.4. Effects of Photon Spectrum on Biomass Accumulation

The transmission spectrum of the covered treatments influenced the biomass accu-
mulation of some, but not all species. Generally, plants had the greatest SDM, FFM, and
number of flowers in the red-fluorescent and very low blue treatments (Figure 5). Despite
the lower transmission PPFD under the red-fluorescent film, biomass of both lettuce culti-
vars was similar to that of the unshaded control, which is consistent with other studies that
used a similar experimental red-fluorescent film [14,17]. While the B-light filters increased
biomass accumulation similar to the red-fluorescent film, it often came at the expense of
greater extension growth and decreased leaf pigmentation, which is typically not desirable
for horticultural production.

4.5. Maximum Rate of Photosynthesis Is Affectred by DLI in a Species-Specifc Manner

Generally, the incident PPFD on a leaf influences its photosynthetic capacity, wherein
increasing the average DLI increases Amax and decreasing DLI has the opposite effect [46].
As expected, the Amax of green-leaf lettuce ‘Butter Crunch’, petunia, and snapdragon were
greatest under the uncovered treatment with a higher average DLI. However, the Amax

of red-leaf lettuce ‘Rouxai’ and tomato under the uncovered treatment were similar to
the Amax in the neutral density treatments despite the average DLI being approximately
9 and 12 mol·m−2·d−1 greater, respectively (Figure 6A,C). Some plant species upregulate
the biosynthesis of anthocyanins that mitigate photoinhibition caused by an excessive
flux of high-energy photons, particularly in the UV and B wavebands, and attenuate
Amax [47–49]. In accordance, greater anthocyanin accumulation gives leaves a more reddish
appearance, and on average, lettuce ‘Rouxai’ and tomato leaves under the uncovered
treatment were 180% and 13% redder than leaves under the uncovered treatments (Figure 3;
Tables S3 and S5). In part, this suggests that the upregulation of anthocyanins caused by
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a high PPFD attenuated the Amax of red-leaf lettuce and tomato. However, regardless of
the Amax variance within and between species, differences in Amax did not correlate with
differences in SDM of both lettuce and floriculture crops, nor the FFM of tomato. We cannot
explain this discrepancy.

Differences in Amax occurred in several species grown under red-fluorescent materials
in other studies, but it is unclear whether this resulted from differences in transmission
PPFD or transmission spectrum. For instance, lettuce and tomato Amax were significantly
lower when grown under a red-fluorescent material that decreased the PPFD by ~30 to
50%, but the Amax was similar for lettuce or slightly increased for cabbage and sweet
pepper when the PPFD under the red-fluorescent material decreased by <5% [12,31,32,38].
While Kang et al. [12] observed differences between Amax and the electron transport rate
of PSI and PSII of cabbage under a red-fluorescent material, this did not happen in the
current study and may be species-specific. Accordingly, Amax differences among studies
seem to correlate more with PPFD differences between red-fluorescent and neutral density
materials than an altered photon spectrum. Thus, it is still unclear how increasing the
flux of R photons at the expense of B and G photons affects Amax because red-fluorescent
materials always decreased the PPFD. Whether Amax increased or decreased as a result
of PPFD did not necessarily correlate with biomass accumulation in our study or others,
suggesting that changes in plant morphology influence light interception and consequently
biomass accumulation.

4.6. Maximux Rate of Photosynthesis Is Affected by the Transmission of B Light

Comparing the photosynthetic light response of crops among studies can be challeng-
ing because red-fluorescent materials decrease the PPFD, which independently influences
Amax. In other studies, decreasing the percentage of B photons from approximately 20%
to 5–8% decreased the Amax of cucumber, lettuce, and rose (Rosa × hybrida) by 26%, 30%,
and 19%, respectively [20,50,51]. Similar to other studies, at a constant PPFD, decreasing
the percentage of B photons from 20% to 6% lowered the Amax by 4–17% depending on the
species and cultivar. It has been postulated that decreasing the percentage of B photons
limits Amax in part by decreasing gsw [9,20,52]. In this study, gsw and Amax were typically
lowest in the very low blue treatment (6% B) and greatest in the red-fluorescent treatment
relative to the neutral density covered treatment (Figures 7 and 9). In a different study,
tomato and cucumber seedlings responded similarly, where gsw decreased as the percent-
age of B decreased [53]. While gsw may limit Amax, this did not fully explain why there
was typically greater biomass accumulation in the very low blue treatment compared to
the neutral density shade (20% B). Despite lower Amax, gsw, and PhiPSII values under the
lowest blue treatment, plants produced similar or more biomass compared to the neutral
density shade.

Single-leaf photosynthetic measurements do not necessarily equate to changes in
biomass accumulation. Red-fluorescent materials can impart changes to plant architec-
ture, such as increased leaf area, SLA, PCA, or stem elongation, that could interactively
influence whole-plant photosynthesis [54]. Thus far, studies evaluating red-fluorescent
materials have not identified predictable effects of red-fluorescent materials on photosyn-
thesis. Additional studies utilizing whole-plant gas exchange systems are merited to better
quantify how altered plant architecture caused by red-fluorescent materials interacts with
single-leaf photosynthesis.

5. Conclusions
An experimental red-fluorescent plastic film can have varying effects on morphology,

photosynthetic light response, and biomass accumulation of various greenhouse crops.
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Our findings indicate that (1) red-fluorescent film did not increase extension growth more
than a neutral density cover with a similar DLI, but did increase extension growth (e.g.,
increased stem length, leaf area, and/or PCA) compared to plants grown in an uncov-
ered treatment; and (2) the manner in which a red-fluorescent film influenced Amax was
species- and cultivar-specific, but differences in Amax did not always reflect differences in
biomass accumulation. The current work does not fully explain the mechanism in which
a red-fluorescent film can increase the yield of some crops and not others, but does high-
light the complex interactions between the transmission spectrum, plant morphology,
photosynthetic light response, and biomass accumulation. Further research is needed to
understand how modifications to the solar spectrum influence gsw, electron transport, and
whole-plant photosynthesis. In addition, generating fluorescent pigment dose-response
curves for different crops could aid in determining the economic feasibility of adopting
this technology.
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Abbreviations
The following abbreviations are used in this manuscript:

UV Ultraviolet; 280–399 nm
B Blue; 400–499 nm
G Green; 500–599 nm
R Red; 600–699 nm
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FR FR; 700–750 nm
PPFD Photosynthetic photon flux density; 400–700 nm
Chl Chlorophyll
PPE Phytochrome photoequilibrium
SFM Shoot fresh mass
SDM Shoot dry mass
FFM Fruit fresh mass
PCA Projected canopy area
EC Electrical conductivity
DLI Daily light integral
PAR Photosynthetically active radiation
LED Light-emitting diode
SLA Specific leaf area
RUE Radiation use efficiency
PhiPSII Quantum yield of photosystem II
Amax Maximum rate of photosynthesis
gsw Stomatal conductance
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