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Abstract. The photon spectrum (light quality) can regulate growth and quality character-
istics of young plants, but responses of culinary herb transplants are not well described.
Blue light (400 to 499 nm) generally inhibits extension growth while far-red radiation
(700 to 750 nm) promotes stem elongation and leaf expansion. The objective of this study
was to investigate the potential interaction between blue light and far-red radiation on six
culinary herb species, basil (Ocimum basilicum), cilantro (Coriandrum sativum), parsley
(Petroselinum crispum), sage (Salvia officinalis), mint (Mentha spicata), and oregano (Ore-
ganum vulgare), with the goal of producing high-quality transplants with compact
growth. Six sole-source lighting treatments were tested with blue photon flux densities
(PFDs) of 20, 60, or 100 mmol·m22·s21 and far-red radiation of 0 or 60 mmol·m22·s21,
with red light (600 to 699 nm) added so that the total PFD was 210 mmol·m22·s21 in all
treatments. Seeds were sown in 72-cell trays at a constant 23 �C under a 16-h photope-
riod and grown for 28 to 44 days until harvest. Far-red radiation increased stem length
in all species, while blue light up to 60 mmol·m22·s21 inhibited stem elongation. Interest-
ingly, the promotive effects of far-red radiation on stem length increased as the B PFD in-
creased in basil and cilantro, but the opposite occurred in sage. In all herbs except
oregano, far-red radiation decreased the root dry-mass fraction and increased the leaf
area ratio. Blue light generally decreased shoot dry mass, while far-red radiation had the
opposite effect. However, by increasing shoot growth disproportionally to root growth,
far-red radiation decreased the quality of the transplants. We conclude that blue light
and far-red radiation interact, sometimes in contrasting ways across species, to regulate
stem length, leaf area, and biomass accumulation. The species-specific responses to the
photon spectrum indicate that while far-red radiation is generally a growth promoter,
it can negatively affect transplant quality, and in some species, its effect depends on the
B PFD.

Culinary herbs are typically desired be-
cause of their flavor, aroma, and health bene-
fits (Brown 1991; Jiang 2019). They have
also been increasing in popularity because of
the rising consumer preference for consistent,
high-quality, local produce (Brown and Miller
2008; Feldmann and Hamm 2015). For exam-
ple, the US market for fresh culinary herbs in-
creased by >10% on average every year
between 2004 and 2014 (US Agency for

International Development, ACCESO 2014),
and total sales reached $65 million in 2019
(US Department of Agriculture, Census of Ag-
riculture 2020). Controlled-environment crop
production has also been increasing because
crops can be produced more predictability and
potentially throughout the year (G�omez et al.
2019). These controlled environments, includ-
ing greenhouses and indoor farms, allow fac-
tors such as temperature, photon spectrum and
flux density, CO2 concentration, water, and
nutrients to be optimized to achieve high-
quality and consistent produce (Harbick and
Albright 2016). Considering their value and
year-round demand, culinary herbs are well
suited for controlled-environment agriculture
production, and commercial greenhouse growers
are increasingly incorporating them into their
business.

Consistently producing high-quality trans-
plants of culinary herbs can be challenging for
growers partly because of the limited produc-
tion information available. In addition, there
are no registered plant growth retardants to in-
hibit extension growth of culinary herbs. Low-
quality transplants have elongated, thin stems,
and a poorly developed root system, which can
make them delicate and difficult to transplant

(Leskovar 2020). Plugs with a poor root sys-
tem are also prone to fall apart during the trans-
planting process, which can increase plant
stress, lengthen the acclimation period, and de-
lay shoot growth (Leskovar 2020). While
seedling morphology is influenced by many
environmental parameters, excessive exten-
sion growth is characteristic of a low photon
flux density (PFD) and the shade-avoidance
response, which is primarily mediated by
the photon spectrum (Nagatani 2010; Quail
2010). The photon spectrum can also influ-
ence germination (Bewley and Black 1994),
seedling development (Dechaine et al. 2009),
and root development (Daud et al. 2013).
Thus, the effects of the photon spectrum on
culinary herb seedlings can potentially be
manipulated to increase transplant quality.

The biologically active radiation waveband
(light quality) for plants includes ultraviolet
(100 to 400 nm), blue (B; 400 to 499 nm),
green (500 to 599 nm), red (R; 600 to 699 nm),
and far-red (FR; 700 to 750 nm) light. Shade-
avoidance responses are partly mediated by the
ratio of R to FR radiation (Nagatani 2010;
Quail 2010), which can also be described as the
FR fraction. The FR fraction is calculated as
the FR PFD divided by the sum of the R PFD
and FR PFD, and can be a more meaningful
metric for predicting FR effects on morphol-
ogy than the R:FR ratio and phytochrome pho-
toequilibrium (Kusuma and Bugbee 2021).
Generally, increasing the FR fraction increases
internode, petiole, and leaf length (Demotes-
Mainard et al. 2016). For instance, increasing
the FR fraction from 0.0 to 0.40 increased let-
tuce (Lactuca sativa) ‘Canasta’ height by
121%, leaf area by 159%, and specific leaf
area (SLA) by 107% (Carotti et al. 2024). In-
creasing the FR fraction from 0.0 to 0.25 also
increased basil (Ocimum basilicum) ‘Geno-
vese’ stem length, leaf length, and total leaf
area (Jeong et al. 2024; Meng and Runkle
2019). FR radiation can also affect biomass
accumulation. For instance, increasing the FR
fraction increased shoot fresh mass (SFM) and
shoot dry mass (SDM) in lettuce (Li et al. 2021;
Zou et al. 2019) and root fresh mass (RFM)
and root dry mass (RDM) in basil (Meng and
Runkle 2019). Specifically, under a constant
photosynthetic PFD (PPFD; 400 to 700 nm) of
180 mmol·m�2·s�1 with 30 mmol·m�2·s�1 of B
light, increasing the FR fraction from 0.0 to
0.16 increased RFM and RDM of basil
by 25% and 18%, respectively, and with
90 mmol·m�2·s�1 of B light, increasing the
FR fraction from 0.0 to 0.25 increased
RFM and RDM by 55% and 26%, respec-
tively (Meng and Runkle 2019).

In contrast to the effects of FR radiation, in-
creasing the B PFD can inhibit stem and leaf
elongation (Boccolandro et al. 2009; Casal and
Smith 1989; Sakai et al. 2001). For example,
with a PPFD of 300 mmol·m�2·s�1, increas-
ing the B PFD from 0 to 240 mmol·m�2·s�1

decreased the stem length of basil ‘Nufar’
by 24% and internode length by 39% (Litvin
et al. 2020). Similarly, with a PPFD of
200 mmol·m�2·s�1, increasing the B PFD
from 0 to 26 mmol·m�2·s�1 decreased stem
length of cilantro (Coriandrum sativum) by
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20% (Nguyen et al. 2020). With a PPFD of
180 mmol·m�2·s�1, increasing the B PFD
from 30 to 60 mmol·m�2·s�1 also decreased
purple basil ‘Dark Opal’ height by 58% (Lin
et al. 2021). Increasing the B PFD can also
affect biomass accumulation. For example,
increasing the B PFD decreased the SFM
and SDM in lettuce (Li et al. 2021; Meng
and Runkle 2019, 2023). Increasing the B
PFD decreased SFM and SDM of basil
‘Dark Opal’, ‘Caesar’, and ‘Improved Geno-
vese Compact’ (Dou et al. 2020; Lin et al.
2021) and decreased SFM of basil ‘Nufar’
and ‘Genovese’ (Litvin et al. 2020; Piovene
et al. 2015). Increasing the B PFD from 0 to
240 mmol·m�2·s�1 decreased RDM of basil
‘Nufar’ by 34% (Litvin et al. 2020), and increas-
ing the B PFD from 30 to 60 mmol·m�2·s�1 de-
creased basil ‘Improved Genovese Compact’
RDM by 50% (Lin et al. 2021). Increasing the
B PFD also decreased RFM of basil ‘Genovese’
with and without FR fraction in the spectrum
(Meng and Runkle 2019). However, the root dry
mass fraction (RDMF) can be a more meaning-
ful measure of relative plant biomass and trans-
plant quality (Currey et al. 2013), and B light
either had no effect on the RDMF of basil
(Litvin et al. 2020) or increased it by 38% (Lin
et al. 2021).

While the independent effects of B and
FR radiation have been investigated on sev-
eral crops grown indoors, few studies have
investigated their interactive effects, espe-
cially on culinary herbs. Therefore, the objec-
tive of this study was to investigate how FR
and B light interact to regulate the morphol-
ogy and growth of culinary herbs, as well as
biomass partitioning to roots and shoots. We
postulated that a high B PFD combined with
FR radiation will inhibit extension growth
without decreasing SDM or the RDMF, re-
sulting in a high-quality transplant.

Materials and Methods

Plant material. Seeds of basil ‘Nufar’, ci-
lantro ‘Santo’, parsley (Petroselinum crispum)
‘Giant of Italy’, oregano (Oreganum vulgare)
‘Greek’, sage (Salvia officinalis) ‘Extrakta’
(Johnny’s Selected Seeds, Winslow, ME, USA)
and mint (Mentha spicata) ‘Spearmint’ (Park
Seed, Hodges, SC, USA) were obtained and
sown in 72-cell plug trays (PTT72CLCV-STD-
BLK; East Jordan Plastics, East Jordan, MI,
USA), which were filled with soilless substrate
(86% peatmoss and 14% perlite; Suremix; MI
Grower Products Inc., Galesburg, MI, USA).
Two (basil), three (cilantro, spearmint, and
sage) or four (parsley and oregano) seeds were
sown per cell. Half of a tray of each species
were placed under one of six lighting treatments
in the Controlled-Environment Lighting Labora-
tory at Michigan State University (East Lansing,
MI, USA) at an air temperature setpoint of
23 �C and ambient CO2 concentration. The
72-cell trays were placed in shallow plastic
trays and covered with transparent humidity
domes to promote germination. The humid-
ity domes were removed 7 d after seed sow,
and the seedlings were subsequently thinned
to the following amounts per cell: one for

Fig. 1. Photon spectrum of each lighting treatment with different blue (B; 400 to 499 nm), red (600 to
699 nm), and far-red (FR; 700 to 750 nm) photon flux densities (PFDs). The values represent the
PFDs (in mmol·m�2·s�1) of the B and FR wavebands. All treatments were measured at plug tray
level in 12 representative locations within each canopy.

Table 1. Photon spectrum of each lighting treatment included blue (B; 400 to 499 nm) and red
(R; 600 to 699 nm) light, without or with far-red (FR; 700 to 750 nm) radiation.

Lighting
treatment

B PFD 20,
FR PFD 0

B PFD 20,
FR PFD 60

B PFD 60,
FR PFD 0

B PFD 60,
FR PFD 60

B PFD 100,
FR PFD 0

B PFD 100,
FR PFD 60

Rep. 1
B 19.5 20.0 58.2 59.2 97.5 96.7
R 184.7 126.3 143.5 85.7 106.0 48.9
FR 2.6 59.1 3.9 59.7 4.5 59.4
PPFD 204.2 146.3 201.7 144.9 203.5 145.6
TPFD 206.8 205.4 205.6 204.6 208.0 205.0

Rep. 2
B 20.2 19.8 56.9 56.6 95.8 98.1
R 184.7 126.7 145.7 87.7 107.7 49.1
FR 3.9 57.3 2.2 57.9 3.2 57.4
PPFD 204.9 146.5 202.6 144.3 203.5 147.2
TPFD 208.8 203.8 204.8 202.2 206.7 204.6

The photon flux density (PFD, in mmol·m�2·s�1) is included for all wavebands. The data represent the
average PFD throughout the growth period. The photosynthetic PFD (PPFD; 400 to 700 nm) and the total
PFD (TPFD; 400 to 750 nm) were calculated. All treatments were measured at plug tray level with a por-
table spectroradiometer in twelve representative locations within each canopy, seven and five times
throughout the first and second replications (Reps. 1 and 2), respectively.
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basil; two for cilantro, mint, and sage; and
three for parsley and oregano. In the first
replication (Rep. 1), sage, parsley, oregano,
and mint seeds were sown on 2 Nov 2023, ci-
lantro was sown on 9 Nov 2023, and basil was
sown on 15 Nov 2023. For the second replica-
tion (Rep. 2), seeds of basil, cilantro, sage, and
parsley were sown on 27 Feb 2024, and oreg-
ano and mint were sown the following day.

Plant culture and growing environment.
The seedlings were irrigated almost every
day (about 6 days each week) with deionized
water supplemented with a water-soluble fer-
tilizer (13N–3P–15 K Orchid RO Water Spe-
cial with 12.5% nitrate nitrogen and 0.7%
ammoniacal nitrogen; Greencare Fertilizers,
Inc., Kankakee, IL, USA) to supply the fol-
lowing nutrients (in mg·L�1): 60 N, 6 P,
58 K, 37 Ca, 9 Mg, 0.82 Fe, 0.41 Mn, 0.20 Zn,
0.20 Cu, 0.08 B, and 0.08 Mo. The pH and
electrical conductivity (EC) of the nutrient so-
lution were measured every other day with a
pH and EC meter (HI9814; Hanna Instru-
ments, Woonsocket, RI, USA). The EC ranged
from 0.42 to 0.45 mS·cm�1, and the pH was
increased to 5.5 to 5.6 by adding tap water
with an alkalinity of�300 mg·L�1.

Air-conditioning units (HBH030A3C20CRS;
Heat Controller, LLC., Jackson, MI, USA) were
used to continuously mix the air and maintain
a 23 �C air temperature. These units were con-
trolled with a wireless thermostat (Honeywell
International, Inc., Morris Plains, NJ, USA),
and temperature was independently monitored
using thermocouples (0.13-mm type E; Omega
Engineering, Inc., Stamford, CT, USA). Envi-
ronmental data were collected by relative
humidity and temperature probes (HMP110;
Vaisala, Inc., Louisville, CO, USA) and CO2

sensors (GMD20; Vaisala, Inc.), which were
near the center of each room. Environmental
data from all sensors were collected every 10 s
by a datalogger (CR1000; Campbell Scientific,
Inc., Logan, UT, USA) coupled with a multi-
plexer (AM16/32B; Campbell Scientific, Inc.).
Rep. 1 averages with their respective standard
deviations were as follows: 24.0 ± 0.5 �C for
air temperature, 456 ± 29 mmol·mol�1 for CO2

concentration, and 31.1% ± 3.1% for relative
humidity. Rep. 2 averages were: 23.0 ± 0.7 �C
for air temperature, 416 ± 16 mmol·mol�1 for
CO2 concentration, and 27.5% ± 4.3% for rela-
tive humidity.

Lighting treatments. The seedlings were
grown under a 16-h photoperiod with one of
six photon spectrum treatments, all of which
delivered a total PFD (TPFD; 400 to 750 nm)
of 210 mmol·m�2·s�1 and yielded an extended
daily light integral (DLI) of 12.1 mol·m�2·d�1.
The TPFD and extended DLI (rather than the
PPFD and DLI) was constant in all treatments
because FR radiation typically increases photo-
synthesis and growth when added to photosyn-
thetically active radiation (Zhen et al. 2021). B
(peak 5 447 nm) and R (peak 5 661 nm)
light-emitting diodes (LEDs) were used with-
out or with FR (peak 5 732 nm) LEDs to de-
liver six treatments. Treatments included three
B PFDs (20, 60, or 100 mmol·m�2·s�1) and
two FR PFDs (0 or 60 mmol·m�2·s�1) with R
light added to reach the same TPFD for each

treatment. All treatments were measured at
plug tray level with a portable spectroradiome-
ter (LI-180; LI-COR, Inc., Lincoln, NE, USA)
in 12 representative locations within each can-
opy, and the output of the fixtures was adjusted
as needed to consistently deliver a TPFD
within 5% of the setpoints. These measure-
ments were taken at least three times through-
out the experimental periods and averaged
(Table 1; Fig. 1). A representative treatment
was chosen to report the uniformity of irradi-
ance, and the standard deviations of the means
were ±8.7% for B light, ± 7.8% for R light,
and ±8.8% for FR radiation. The sole-source
lighting treatments were delivered by LED
production modules (GreenPower GPL PM
168 DRBWFR_R L120 3.1 C4 NA; Philips
Signify, Somerset, NJ, USA) connected to a
control system (GrowWise GreenPower; Phil-
lips Signify). Three LED fixtures (120 � 5.6 �
4.4 cm each) were positioned 52 cm above
each treatment canopy (132 � 72 � 56 cm
each) and spaced 16 cm apart to ensure light
uniformity. Sheets of white aluminum (122 �
30 � 0.3 cm each) were hung at the top edge

of each canopy, facing the inside of the growth
room, to reflect light back into its canopy. This
improved light uniformity and mitigated light
pollution into other treatments.

Data collection and analysis. The data
were collected 28 d after seed sow for basil,
30 d after seed sow for cilantro, 35 d after
seed sow (Rep. 1) and 34 d after seed sow
(Rep. 2) for sage, 28 and 34 d after seed sow
for parsley, 44 and 45 d after seed sow for
oregano, and 37 and 41 d after seed sow for
mint. Measurements were then taken from 10
plugs per species and treatment for each rep-
lication. The plants were selected randomly,
excluding guard rows when possible and ex-
cluding obvious outliers. For each plug, the
following measurements were taken: SFM
and RFM using a balance scale (A&D GR-
200; A&D Company, Wood Dale, IL, USA),
stem length and stem caliper using an elec-
tronic caliper (54-101-150-2; Fowler High
Precision, Canton, MA, USA), leaf number,
and total leaf area (excluding oregano) using
a leaf area meter (LI3100; LI-COR, Inc.).
Stem length and stem caliper were only

Fig. 2. Basil, cilantro, and sage seedlings grown under sole-source lighting with different blue (B; 400
to 499 nm), red (R; 600 to 699 nm), and far-red (FR; 700 to 750 nm) photon flux densities (PFDs),
whereas values represent the photon flux density (in mmol·m�2·s�1) of B and FR wavebands.
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measured for the tallest seedling per plug.
Stem length was measured from the base of
the stem to the apical meristem, and stem cal-
iper was measured just above the cotyledons.
Leaf number was only recorded for the seed-
ling with the most leaves and only included
leaves that were at least half mature (exclud-
ing cotyledons). Total leaf area measure-
ments included all seedlings per plug and
only included leaves that were at least half
mature (excluding cotyledons). To measure
SFM, shoots were abscised at the base of the
stem and immediately massed to the nearest
thousandth of a gram. To measure RFM, the
roots of each plug were submerged in a
bucket of reverse-osmosis water and palpated
until most of the substrate was removed,
placed on a layer of wire mesh, sprayed with
a fine mist nozzle, and then rinsed in a second
bucket of reverse-osmosis water. After sepa-
ration from the substrate, the roots were
placed between layers of paper towel to re-
move water droplets and were immediately
massed using the same scale to the nearest
thousandth of a gram. After fresh masses were
measured, the shoots and roots were sealed in
paper bags and dried in a forced air oven
(SMO28HP-2; Shel Laboratory, Cornelius,
OR, USA) at 70 �C for at least 3 d before
dry mass measurements were taken. The
RDMF was calculated as RDM divided by
RDM 1 SDM (%). The leaf area ratio
(LAR) was calculated as the ratio of total
leaf area (in cm2) to SDM (in g).

The experiment was conducted as a ran-
domized complete block design with two rep-
lications in time, treating each replication as
a block, each light treatment as an experimental
unit, and each plant within a treatment as an ob-
servation unit. The data from both replications
were analyzed using R (R Core Team 2014)
statistical software (version 3.5.1; R Foundation
for Statistical Computing, Vienna, Austria) us-
ing the ‘broom’ (Robinson et al. 2025), ‘dplyr’
(Wickham et al. 2023), and ‘lme4’ (Bates et al.
2025) packages. Multiple linear regression and
analysis of variance (ANOVA) were used to
evaluate the effect of replication. The regres-
sion model included B PFD, FR PFD, and their
interaction, and replication as a fixed effect. In
this analysis, the replication term was sig-
nificant in greater than 50% of all variables
for all herbs, and thus, the data were not
pooled for analysis.

Multiple linear regression and ANOVA
were used to evaluate the effects of FR radia-
tion and B light in each replication, with the re-
gression model including the fixed effects of B
PFD, FR PFD, and their interaction. All data
points (6 treatments � 10 observation units 5
60) were included in the model for each spe-
cies and replication. Multiple linear regression
and Fisher’s least significant difference test
(a 5 0.05), with treatment as the main factor,
were used to identify statistical differences be-
tween treatments in each replication.

Results

Stem length and caliper. FR radiation in-
creased stem length of all species under all B

PFDs, but the magnitude depended on the spe-
cies, replication, and B PFD (Figs. 2 and 3;
Table 2; Supplemental Tables 1 and 2). For
example, substituting 60 mmol·m�2·s�1 of R
light for FR radiation increased the average
stem length of basil by 90% to 91% and
that of cilantro by 66% to 75%. In contrast,
increasing B light generally suppressed
stem length (Supplemental Table 3). With-
out FR radiation, increasing B light from 20 to
60 mmol·m�2·s�1 inhibited stem length in all
herbs measured in Rep. 2, and a further increase
to 100 mmol·m�2·s�1 continued to suppress
stem growth depending on species and replica-
tion (Supplemental Table 3). For example, in-
creasing B light from 20 to 100 mmol·m�2·s�1

inhibited stem length of cilantro by 36% to
41% and mint by 34% to 39%, in both
replications.

With 60 mmol·m�2·s�1 of FR radiation,
an increase in B light had a similar inhibitory
effect on stem length, but the effect saturated

at 60 mmol·m�2·s�1 more often than without
FR radiation (Supplemental Table 4). For in-
stance, with FR radiation, increasing B light
from 20 to 60 mmol·m�2·s�1 consistently in-
hibited stem length, and a further increase
to 100 mmol·m�2·s�1 continued to sup-
press stem growth only in sage, basil (Rep. 2),
and parsley (Rep. 2). Cilantro and mint were the
only species where the effect of B light saturated
at the same PFD in both replications, with and
without FR radiation. Without FR radiation, the
inhibitory effect continued at 100 mmol·m�2·s�1

in both herbs, and with FR radiation, it saturated
at 60 mmol·m�2·s�1. In Rep. 1, FR and B light
interacted to affect stem length of basil, cilantro,
and mint, whereas increasing B light from 20 to
60 mmol·m�2·s�1 decreased stem length by
22%, 15%, and 9%, respectively, and fur-
ther increasing to 100 mmol·m�2·s�1 in-
creased stem length by 14%, 8%, and 19%.

FR radiation increased stem caliper in basil
and sage and decreased stem caliper in cilantro
and oregano, but the magnitude of the effect

Fig. 3. Stem length of six culinary herbs grown under sole-source lighting with three photon flux densi-
ties of blue (400 to 499 nm) light and 0 (solid lines) or 60 mmol·m�2·s�1 (dashed lines) of far-red
(FR; 700 to 750 nm) radiation. All treatments were supplemented with red light so that the total
photon flux density was equal. Uppercase letters belong to the first replication (Rep. 1; blue lines),
and lowercase letters belong to the second replication (Rep. 2; gray lines). Within a species, values
with the same lowercase or same uppercase letters are not significantly different at P # 0.05.
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depended on the B PFD and replication
(Table 3; Supplemental Table 2). The effect of
FR radiation only occurred under all B PFDs
for basil in Rep. 1 and cilantro in Rep. 2,
whereas it increased the average stem caliper of
basil and decreased that of cilantro by 17%.
The effects of increasing B light on stem caliper
were also inconsistent (Supplemental Tables 3
and 4). For example, in Rep. 2, increasing B
light from 20 to 100 mmol·m�2·s�1 decreased
the stem caliper of parsley by 12% without FR
radiation and by 22% with FR radiation. Basil
was the only herb for which B light had the op-
posite effect on stem caliper; increasing B light
from 60 to 100 mmol·m�2·s�1 decreased he
stem caliper by 13% without FR radiation but
increased stem caliper by 15% with FR radia-
tion. However, these effects did not occur
within the same replication.

Shoot fresh and dry mass. The inclusion
of FR radiation in the photon spectrum generally
increased SFM and SDM, particularly in basil,
cilantro, parsley, and sage. Specifically, FR radi-
ation increased SFM of basil, cilantro, and sage
under all B PFDs except 60 mmol·m�2·s�1 for
basil (Rep. 2) and sage (Rep. 1) (Table 3). For
instance, substituting 60 mmol·m�2·s�1 of R
light for FR radiation increased the average
SFM of cilantro by 40% to 58%. In mint, the

effect depended on the B PFD; FR radiation in-
creased SFM of mint under all B PFDs except
60 mmol·m�2·s�1, whereas it decreased SFM
by 34% in Rep. 1. FR radiation sometimes in-
creased SDM, but the effect depended on B
PFD and replication (Fig. 4). The effect was
most consistent across replications for cilantro,
whereas under 100 mmol·m�2·s�1 of B light,
FR radiation increased SDM of cilantro by 37%
to 45%. FR radiation did not significantly affect
the SDM of oregano.

When FR radiation was not in the spectrum,
an increase in the B PFD decreased SFM of
parsley, mint, basil, and sage but had little to no
effect on cilantro and oregano (Supplemental
Table 3). This effect depended on the B PFD
and replication. For example, increasing B light
from 20 to 60 mmol·m�2·s�1 decreased SFM
of parsley by 16% to 21% in both replications,
but a further increase to 100 mmol·m�2·s�1 had
no effect. When FR radiation was in the spec-
trum, increasing B light only decreased SFM in
Rep. 2, of basil, parsley, and sage, and this ef-
fect depended on the B PFD. For example, in-
creasing B light from 20 to 60 mmol·m�2·s�1

decreased the SFM of basil by 13%, and in-
creasing B light from 20 to 100 mmol·m�2·s�1

decreased the SFM of parsley by 63%. In
Rep. 1, the effect of B light on the SFM of basil

and mint depended on the FR PFD. For exam-
ple, when FR radiation was in the spectrum,
SFM of basil and mint decreased by 11% and
40%, respectively, as B light increased from 20
to 60 mmol·m�2·s�1, but increased by 25% and
51%, respectively, as B light further increased to
100 mmol·m�2·s�1.

When FR radiation was not in the spectrum,
increasing B light decreased the SDMs of all
herbs in Rep. 2 except parsley, but there was lit-
tle to no effect in Rep. 1. In most cases, the ef-
fect only occurred when B light increased from
60 to 100 mmol·m�2·s�1, which decreased the
SDMs of cilantro, mint, and oregano by 26%,
40%, and 20%, respectively. When FR radi-
ation was in the spectrum, increasing B
light only decreased the SDMs of basil
(Rep. 2), parsley (Rep. 2), and sage (Rep. 1
and 2). This effect depended on the PFD of
B light. For instance, increasing B light from
60 to 100 mmol·m�2·s�1 decreased the SDMs
of basil and sage by 19% and 17%, respec-
tively, in Rep. 2.

Root mass and dry mass fraction. FR radi-
ation decreased RFM of all herbs except ci-
lantro, but the effect only occurred in one
replication per species and depended on the
B PFD (Table 3). Most effects occurred un-
der 60 mmol·m�2·s�1 of B light, whereas FR

Table 2. Significance of the effect of blue light (B), far-red radiation (FR), and their interaction (B � FR) on the shoot fresh mass (SFM), shoot dry mass
(SDM), root fresh mass (RFM), root dry mass (RDM), stem length, stem caliper, leaf area, leaf number, leaf area ratio (LAR), and RDM fraction of
six culinary herbs grown under six sole-source lighting treatments (Fig. 1).

Species Replication Metric Stem length Stem caliper SFM SDM RFM RDM RDM fraction Leaf area LAR Leaf number
Basil 1 B *** *** * 0.097 0.264 0.557 *** ** *** 0.396

FR *** *** *** ** 0.494 0.419 *** *** * *
B � FR * * ** 0.183 0.652 0.192 *** *** 0.881 0.052

2 B *** *** *** *** *** *** *** *** ** 0.375
FR *** *** *** 0.206 ** ** *** *** *** 0.322
B � FR *** *** *** 0.729 0.480 0.960 0.159 *** *** 0.375

Cilantro 1 B *** * 0.938 0.367 0.210 0.353 0.450 0.740 0.337 0.321
FR *** * *** *** 0.678 0.681 *** *** *** 0.286
B � FR *** 0.171 *** * 0.960 0.755 * * 0.953 0.749

2 B *** 0.288 0.075 * *** *** 0.423 * 0.193 0.409
FR *** *** *** * *** *** *** *** ** ***
B � FR 0.068 0.498 *** ** 0.461 * *** *** ** 0.904

Parsley 1 B *** 0.198 ** 0.248 0.060 0.304 ** 0.396 0.285 0.210
FR *** 0.423 ** 0.750 *** *** *** 0.155 *** ***
B � FR 0.349 0.708 0.206 0.063 ** * 0.186 0.133 0.587 0.155

2 B *** *** *** *** *** 0.099 *** *** 0.611 0.605
FR *** 0.389 *** *** 0.432 0.954 *** *** *** 0.723
B � FR *** 0.202 *** *** *** *** 0.387 *** * *

Sage 1 B *** ** 0.490 ** ** 0.250 *** 0.288 * 0.375
FR *** 0.705 *** ** *** *** *** *** *** 0.322
B � FR *** ** ** * ** 0.110 0.940 *** * 0.375

2 B *** 0.887 *** *** 0.161 0.713 *** *** *** *
FR *** *** *** *** 0.575 0.185 *** *** *** 0.278
B � FR *** 0.758 * 0.210 0.069 0.509 0.183 ** *** 0.309

Mint 1 B *** * * 0.142 0.088 0.127 * * *** *
FR *** 0.801 0.441 0.344 ** ** * * *** 1.000
B � FR ** ** *** * 0.527 0.827 * *** *** 0.216

2 B *** 0.674 * ** 0.161 0.180 ** 0.466 ** 0.919
FR *** 0.080 *** *** 0.575 0.419 *** *** 0.069 **
B � FR * 0.304 *** 0.054 0.069 0.142 * ** 0.324 0.209

Oregano 1 B *** 0.561 0.473 0.569 0.307 0.126 ** ND ND 0.704
FR *** * 0.432 0.094 * * 0.421 ND ND 0.240
B � FR 0.075 0.230 ** 0.329 0.654 0.941 0.269 ND ND 0.704

2 B *** 0.653 0.420 * * ** *** ND ND **
FR *** * * 0.076 0.587 0.230 0.905 ND ND ***
B � FR *** 0.228 0.353 0.341 0.208 0.303 0.620 ND ND 0.073

*, **, *** Significant at P # 0.05, 0.01, or 0.001, respectively.
ND 5 no data were collected.
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Table 3. Average shoot fresh mass (SFM), root fresh mass (RFM), root dry mass (RDM), stem caliper, leaf area, and leaf number of six culinary herbs
grown under six sole-source lighting treatments (Fig. 1).

Species Rep.
FR PFD

(mmol·m�2·s�1)
B PFD

(mmol·m�2·s�1) SFM (g) RFM (g) RDM (g)
Stem

caliper (mm)
Leaf

area (cm2)
Leaf

number

Basil 1 0 20 0.974d 0.741 0.043 2.01c 23.99c 5.4ab

60 0.974d 0.762 0.039 2.01c 25.14c 5.0b

100 0.959d 0.827 0.044 2.07c 23.64c 4.8b

60 20 1.314b 0.698 0.037 2.26b 30.42b 5.4ab

60 1.174c 0.785 0.042 2.26b 30.25b 5.2b

100 1.462a 0.767 0.041 2.60a 38.53a 6.2a

2 0 20 1.322b 0.708b 0.041ab 2.20d 41.79ab 6.0
60 1.220b 0.850a 0.046a 2.25cd 39.00b 6.0

100 0.805c 0.616bc 0.035b 1.95e 25.34c 6.0
60 20 1.527a 0.671b 0.036b 2.47a 44.79a 6.0

60 1.331b 0.711b 0.039ab 2.33bc 42.05ab 6.0
100 1.321b 0.503c 0.028c 2.37ab 42.89ab 6.0

Cilantro 1 0 20 0.817c 0.730 0.053 1.14b 24.03bc 4.3
60 0.887c 0.648 0.052 1.38a 27.76b 4.5

100 0.647d 0.622 0.050 1.26ab 21.93c 4.4
60 20 1.179ab 0.778 0.055 1.13b 35.34a 4.1

60 1.111b 0.654 0.050 1.17b 33.36a 4.3
100 1.316a 0.643 0.045 1.20b 36.88a 4.4

2 0 20 0.995b 1.019ab 0.058ab 1.35a 36.23b 4.5a

60 1.009b 1.080a 0.061a 1.30a 37.30ab 4.5a

100 0.706c 0.900bc 0.053b 1.24a 25.47c 4.3ab

60 20 1.205a 0.827c 0.052b 1.07b 37.85ab 4.1b

60 1.175a 0.819c 0.044c 1.10b 38.43ab 4.1b

100 1.288a 0.597d 0.036d 1.05b 41.27ab 4.0b

Parsley 1 0 20 0.716a 0.393a 0.029a 1.10 23.94 4.2ab

60 0.600bc 0.423a 0.025ab 1.18 20.46 3.8bc

100 0.535c 0.383a 0.025ab 1.16 19.39 4.8a

60 20 0.745a 0.252b 0.016c 1.11 22.43 3.2c

60 0.658ab 0.278b 0.019bc 1.19 22.86 3.6bc

100 0.691ab 0.402a 0.025ab 1.25 23.44 3.5bc

2 0 20 0.678c 0.638ab 0.039b 1.40ab 25.03c 2.7
60 0.533d 0.521b 0.037bc 1.33bc 20.17d 2.9

100 0.488d 0.603ab 0.044ab 1.23cd 18.84d 3.0
60 20 1.140a 0.722a 0.048a 1.52a 40.61a 3.0

60 0.814b 0.624ab 0.041ab 1.35bc 30.54b 3.0
100 0.426d 0.331c 0.030c 1.18d 17.37d 2.7

Sage 1 0 20 0.637d 0.696b 0.064bc 1.18c 15.70d 6.0
60 0.749bc 0.875a 0.070ab 1.39a 18.58bc 6.0

100 0.692cd 0.917a 0.075a 1.35a 17.06cd 6.0
60 20 0.932a 0.671b 0.058cd 1.29ab 25.89a 6.0

60 0.785bc 0.610b 0.052d 1.21bc 20.81b 6.0
100 0.793b 0.698b 0.057cd 1.39a 21.40b 6.0

2 0 20 0.879b 0.584 0.044 1.24b 22.74b 6.0a

60 0.629c 0.705 0.041 1.28ab 16.45c 6.0a

100 0.630c 0.565 0.043 1.23b 16.87c 5.4b

60 20 1.085a 0.701 0.040 1.37a 27.37a 6.0a

60 1.006a 0.617 0.041 1.38a 29.99a 6.0a

100 0.796b 0.596 0.037 1.40a 23.74b 5.8ab

Mint 1 0 20 0.599bc 0.505a 0.049ab 1.21c 25.47cd 8.8ab

60 0.688ab 0.475a 0.045abc 1.39ab 28.00bc 8.6ab

100 0.525cd 0.505a 0.052a 1.32bc 22.45d 9.4a

60 20 0.749a 0.450a 0.042bc 1.29bc 32.79ab 9.4a

60 0.452d 0.356b 0.036c 1.17c 20.51d 8.2b

100 0.682ab 0.439ab 0.041bc 1.49a 34.21a 9.2a

2 0 20 0.865b 0.584 0.045 1.39 33.37cd 7.6c

60 1.061a 0.705 0.057 1.45 40.47bc 8.2abc

100 0.689c 0.565 0.046 1.41 27.02d 8.0bc

60 20 1.207a 0.701 0.055 1.61 50.18a 8.8a

60 1.099a 0.617 0.052 1.47 46.88ab 8.4ab

100 1.182a 0.596 0.048 1.47 53.78a 8.6ab

Oregano 1 0 20 0.752ab 0.368ab 0.035ab 0.98ab ND 12.4
60 0.841a 0.464a 0.044a 1.06a ND 12.4

100 0.747ab 0.410ab 0.043a 1.04a ND 12.2
60 20 0.823a 0.320b 0.030b 0.97ab ND 12.8

60 0.615b 0.345b 0.036ab 0.90b ND 12.4
100 0.803a 0.334b 0.035ab 1.00ab ND 12.6

2 0 20 0.614b 0.294b 0.027b 1.04a ND 9.8d

60 0.699ab 0.442a 0.042a 1.00ab ND 10.2cd

100 0.680ab 0.368ab 0.038a 1.03a ND 9.4d

60 20 0.776a 0.368ab 0.035ab 0.92b ND 12.6a

60 0.797a 0.401a 0.040a 0.99ab ND 11.6b

100 0.709ab 0.379ab 0.040a 0.98ab ND 11.0bc

Ten plants were measured in each experimental replication (Rep.). Superscript letters indicate statistical significance within the replication, whereas values
with the same letters are not significantly different at P # 0.05. Letters are only included if the effect of blue (B) light, far-red (FR) light, and/or their in-
teraction was significant (Table 2). ND 5 no data were collected.
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radiation decreased the RFMs of parsley,
sage, mint, and oregano, by 34%, 30%, 25%,
and 26%, respectively, in Rep. 1, and that of
basil by 16% in Rep. 2. FR radiation also de-
creased the RDMs of all herbs except oregano.
Similar to RFM, the effect on RDM only oc-
curred in one replication per species and de-
pended on the B PFD. However, most effects
on RDM occurred under 100 mmol·m�2·s�1 of
B light rather than 60 mmol·m�2·s�1 (Table 3).
The effects of B light were most consistent in
basil and cilantro, in which increasing B light
decreased RFM and RDM, with and without
FR radiation. For example, increasing B
light from 60 to 100 mmol·m�2·s�1 de-
creased the RFM and RDM of basil by 28%
and 25%, respectively, without FR radia-
tion and by 29% with FR radiation (Rep.
2). In contrast, increasing B light from 20 to
60 mmol·m�2·s�1 increased the RFM and
RDM of oregano, by 50% and 55%, respec-
tively, but only when FR radiation was not in

the spectrum. B light did not significantly af-
fect the RFM and RDM of mint.

FR radiation consistently decreased the
RDMF of sage, and occasionally decreased
the RDMFs of basil, cilantro, parsley, and
mint, but the effect depended on the B PFD,
species, and replication (Fig. 5). For example,
FR radiation decreased the RDMF of sage
under all B PFDs, by 18% to 19% on aver-
age. Excluding sage, most effects occurred
under 100 mmol·m�2·s�1 of B light. For exam-
ple, FR radiation decreased the RDMFs of
basil by 23% to 28%, that of cilantro by 27%
to 40%, and that of mint by 16% to 29% in
both replications. In contrast, increasing B light
generally increased the RDMFs of all herbs ex-
cept cilantro, but the effect depended on the
PFD of B light. Specifically, when FR radiation
was not in the spectrum, B light increased the
RDMFs of basil, sage, mint, and oregano in
both replications and that of parsley in Rep. 2.
For example, without FR radiation, increasing B

light from 20 to 100 mmol·m�2·s�1 increased
the RDMF of sage by 16% to 26% and that of
oregano by 23% to 27%. With FR radiation in
the spectrum, B light increased the RDMFs of
basil, parsley, sage, and oregano in both replica-
tions but had little to no effect on the RDMFs of
cilantro and mint.

Leaf area and number. FR radiation gener-
ally increased leaf area of all herbs measured,
but the magnitude of the effect depended on
the replication and B PFD. Most effects oc-
curred under 100 mmol·m�2·s�1 of B light,
whereas FR radiation increased leaf area of
basil by 63% to 69%, that of cilantro by 62%
to 68%, that of sage by 25% to 41%, and that
of mint by 52% to 99% (Table 3; Supplemen-
tal Table 1). The effect of FR radiation on the
leaf area of mint depended on the B PFD. For
example, FR radiation increased leaf area of mint
under all B PFDs except 60 mmol·m�2·s�1,
whereas it decreased leaf area by 27% in
Rep. 1. This was the only instance in which
FR radiation decreased leaf area. In contrast,
increasing B light generally decreased leaf
area of all herbs measured. However, most
effects only occurred in one replication per
species and depended on the B PFD. The ef-
fect of B light on cilantro and basil also de-
pended on the FR PFD; when FR radiation
was in the spectrum, increasing B light had
little to no effect on the leaf area of cilantro
but increased that of basil by 27% as the B
PFD increased from 60 to 100 mmol·m�2·s�1

(Rep. 1); this was the only instance in which
B light increased leaf area.

FR radiation generally increased the LAR
of cilantro, parsley, sage, and mint, but the ef-
fect depended on the B PFD and sometimes
replication (Fig. 6). Most effects occurred un-
der 100 mmol·m�2·s�1 of B light, whereas
FR radiation increased the LAR of cilantro by
16% to 18%, that of sage by 13% to 21%, and
that of mint by 19% to 50% in both replica-
tions. Increasing B light sometimes increased
the LAR, but the effect depended on the spe-
cies, replication, FR PFD, and B PFD. For ex-
ample, without FR radiation, B light increased
the LARs of sage (both replications) and basil
(Rep. 1). When FR radiation was in the spec-
trum, B light increased the LARs of basil and
mint in both replications and that of sage in
Rep. 2. Most effects occurred as B light in-
creased from 60 to 100 mmol·m�2·s�1, which
increased the LAR of mint by 27% to 41%
and that of basil by 28% (Rep. 2).

FR radiation decreased the leaf number of
parsley and cilantro and increased the leaf
numbers of mint, oregano, and basil, but the
effect depended on the B PFD and only oc-
curred in one replication per species (Table 3).
Oregano was the only herb for which FR radi-
ation increased leaf number (by 20% on aver-
age) under all B PFDs. There was little to no
effect of the B PFD on leaf number.

Discussion

Increased biomass accumulation from FR
radiation has been documented in many
herbaceous species (Demotes-Mainard et al.
2016) and is caused partly by greater light

Fig. 4. Shoot dry mass of six culinary herbs grown under sole-source lighting with three photon flux
densities of blue (400 to 499 nm) light and 0 (solid lines) or 60 mmol·m�2·s�1 (dashed lines) of far-
red (FR; 700 to 750 nm) radiation. All treatments were supplemented with red light so that the total
photon flux density was equal. Uppercase letters belong to the first replication (Rep. 1; blue lines),
and lowercase letters belong to the second replication (Rep. 2; gray lines). Within a species, values
with the same lowercase or same uppercase letters are not significantly different at P # 0.05.
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interception from faster leaf expansion and
increased leaf area (Jin et al. 2021; Park and
Runkle 2017; Tan et al. 2022). For example,
with 90 mmol·m�2·s�1 of B light, increasing
the FR fraction from 0.0 to 0.25 increased
basil ‘Genovese’ RFM and RDM by 55%
and 26%, respectively (Meng and Runkle
2019). However, increasing the FR fraction
with the addition of 30 mmol·m�2·s�1 of FR
radiation subsequently increased the TPFD.
When TPFD was constant (176 mmol·m�2·s�1),
increasing the FR fraction increased SFM of let-
tuce ‘Rex’ and ‘Rouxai’, but only up to a frac-
tion of �0.40 before it subsequently decreased
(Kelly and Runkle 2024). Similarly, the SFM,
SDM, RFM, and RDM of lettuce ‘Dasusheng’
decreased by 40%, 63%, 42%, and 43%, respec-
tively, as the FR fraction increased from 0.23 to
0.85, when the TPFD (142 mmol·m�2·s�1) was
constant (Yan et al. 2024). In another study, in-
creasing the FR fraction beyond 0.20 de-
creased the net assimilation rate, quantum yield

efficiency of photosystem II, and stomatal con-
ductance of lettuce ‘Canasta’, when the TPFD
(200 mmol·m�2·s�1) and R:B (3) were constant
(Carotti et al. 2024). Consequently, leaf dry
mass peaked at an FR fraction of 0.20 or 0.30
and decreased as the FR fraction further in-
creased to 0.70 (Carotti et al. 2024).

While studies with FR radiation are abun-
dant, few studies have examined the com-
bined effects of an increasing FR fraction and
B PFD on photosynthetic efficiency and bio-
mass accumulation. In the present study, the
increase in SFM from FR radiation was most
pronounced under high B light (Supplemental
Table 2), which is consistent with results with
lettuce and kale (Shin and Runkle, unpublished
observation). In contrast, Van Brenk et al.
(2024) suggested that the effects of B and FR
radiation are independent. For instance, increas-
ing the FR fraction from 0.0 to 0.20 increased
shoot fresh mass of lettuce ‘Barlach’ under B
PFDs of 25, 50, and 80 mmol·m�2·s�1 at a

TPFD of 250 mmol·m�2·s�1. However, the
magnitude of the effect increased with in-
creasing B light, and FR fractions beyond
0.20 were not tested. Two studies with to-
mato seedlings support the conclusion of
Van Brenk et al. (2024) that the effects of B
and FR are independent and cumulative
(Eguchi et al. 2016; Retana-Cordero et al.
2022). For example, when the PPFD was
constant at 100 mmol·m�2·s�1 and the same
amount of FR radiation was applied as an end-
of-day treatment (4 mmol·m�2·d�1), increas-
ing the B PFD from 10 to 75 mmol·m�2·s�1

inhibited the effects of FR radiation on SFM
and SDM (Eguchi et al. 2016). Similarly,
increasing B and FR radiation only had ef-
fects on SDM when the other was kept
constant (Retana-Cordero et al. 2022). For
instance, when B light was constant at
�110 mmol·m�2·s�1, increasing the FR frac-
tion from 0.1 to 0.3 increased the SDMs of ‘Ca-
maro’, ‘Little Napoli’, and ‘Sweet ‘n’ Neat
Yellow’, but when the FR fraction was constant
at 0.3, increasing B light to 153 mmol·m�2·s�1

decreased the SDMs of all three cultivars
(Retana-Cordero et al. 2022). Thus, increas-
ing B light did not amplify the effect of FR
radiation but inhibited it. However, neither
Van Brenk et al. (2024), Eguchi et al. (2016),
nor Retana-Cordero et al. (2022) tested an FR
fraction greater than 0.3, while the present
study increased it to 0.55. In the case of Re-
tana-Cordero et al. (2022), the increase in
SDM could have also been because of an in-
crease in the TPFD, which increased from
200 to 220 mmol·m�2·s�1 with the addition
of FR radiation. Therefore, more research is
needed on the interdependent effects of B
and FR radiation on biomass accumulation,
particularly at FR fractions$0.3.

FR radiation can increase biomass parti-
tioning to the shoots by enhancing sugar
transportation and metabolism, subsequently
increasing the sink strength of the stem and
leaves compared with competing organs (de
Wit et al. 2018; Driesen et al. 2023; Ji et al.
2020; Kong et al. 2024). While sink strength is
more commonly studied in fruiting crops, this
phenomenon occurred in Brassica seedlings
(de Wit et al. 2018) and is supported by FR-
induced sugar allocation in basil (Driesen et al.
2023). These changes in resource partitioning
can decrease sugar allocation to the roots. For
instance, FR radiation increased the content of
glucose, fructose, sucrose, and starch in grape
leaves and stems and decreased the content of
sucrose and starch in the roots (Kong et al.
2024). These studies support the results of the
present study, whereas increasing FR radiation
consistently increased SFM and occasionally
decreased RFM. Therefore, FR radiation de-
creased the RDMF of culinary herbs by in-
creasing shoot growth disproportionally to root
growth, which could be caused by changes in
biomass partitioning and sugar allocation. This
resulted in a decrease in transplant quality,
whereas compact growth and a well-developed
root system are typically desired traits.

FR radiation increased the stem lengths
of all the herbs studied, while increasing
the B PFD decreased stem length up to 60

Fig. 5. Root dry mass fraction of six culinary herbs grown under sole-source lighting with three photon
flux densities of blue (400 to 499 nm) light and 0 (solid lines) or 60 mmol·m�2·s�1 (dashed lines)
of far-red (FR; 700 to 750 nm) radiation. All treatments were supplemented with red light so that the to-
tal photon flux density was equal. Uppercase letters belong to the first replication (Rep. 1; blue lines),
and lowercase letters belong to the second replication (Rep. 2; gray lines). Within a species, values with
the same lowercase or same uppercase letters are not significantly different at P # 0.05.
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or 100 mmol·m�2·s�1, depending on the
species and FR PFD. The independent ef-
fects of FR and B light on stem length are
more consistent across species; stem length in-
creased linearly with an increasing FR fraction
in many cases (Carotti et al. 2024; Demotes-
Mainard et al. 2016) and decreased as the B
PFD increased (Gao et al. 2022; Lin et al.
2021).While research on culinary herbs is lim-
ited, these results align with the those of recent
studies in basil and cilantro (Chutimanukul
et al. 2022; Gao et al. 2022; Lin et al. 2021;
Rahman et al. 2021). For instance, when FR
radiation was not in the spectrum, basil ‘Nu-
far’ stem length decreased linearly with an in-
creasing B PFD up to 240 mmol·m�2·s�1

(Litvin-Zabal 2019). With a B PFD of
30 mmol·m�2·s�1, adding 30 mmol·m�2·s�1

of FR radiation increased basil ‘Genovese’
stem length by 37%, and when FR was not
in the spectrum, increasing the B PFD from
30 to 90 mmol·m�2·s�1 decreased stem

length by 19% (Meng and Runkle 2019).
However, increasing the B PFD did not de-
crease basil stem length when FR radiation
was in the spectrum (Meng and Runkle 2019).

FR radiation consistently increased the
LAR of all herbs studied except basil (and
excluding oregano), and the increase was of-
ten most pronounced under high B light. The
LAR often increases in conjunction with an
increasing SLA (leaf area divided by leaf dry
mass), which typically increases with an in-
creasing FR fraction (Demotes-Mainard et al.
2016; Shibuya et al. 2016, 2024). For exam-
ple, under a PPFD of 300 mmol·m�2·s�1 and
a constant B PFD of 90 mmol·m�2·s�1, add-
ing 88 mmol·m�2·s�1 of FR radiation in-
creased the FR fraction from 0.0 to 0.45
and increased the LAR and SLA of cucum-
ber seedlings (Cucumis sativus) by �8%
(Shibuya et al. 2024). An increase in B light
increased the LARs of sage and basil when
FR radiation was not in the spectrum, and under

60 mmol·m�2·s�1 of FR radiation, increasing B
light increased the LARs in basil, mint, and
sage. This increase often only occurred as B
light increased from 60 to 100 mmol·m�2·s�1.
These increases in the LAR could partly be at-
tributed to an increasing FR fraction; while our
treatments with FR radiation had equal FR
PFDs, increasing the B PFD resulted in a de-
crease in the R PFD (to keep TPFD constant),
which increased the FR fraction. Therefore,
when FR radiation was in the spectrum, treat-
ments with 20, 60, and 100 mmol·m�2·s�1 of B
light had FR fractions of 0.32, 0.40, and 0.55,
respectively.

The possible independent effects of B
light on the LAR are difficult to interpret
partly because effects on other crops are simi-
larly inconsistent. In studies evaluating let-
tuce, increasing B light decreased the LAR
and SLA (Anum et al. 2024; Johkan et al.
2010; Son and Oh 2015), whereas Van Brenk
et al. (2024) found that it linearly increased
SLA of lettuce ‘Barlach’, and Lin et al. (2021)
reported that it decreased the leaf thickness of
basil ‘Caesar’ (Lin et al. 2021). For example,
under a TPFD of 175 mmol·m�2·s�1, increas-
ing the B PFD from 18 to 53 mmol·m�2·s�1

decreased the LAR of lettuce ‘Sunmang’ and
‘Grand Rapid TBR’ by 38% and 33%, respec-
tively (Son and Oh 2015), and under a TPFD
of 200 mmol·m�2·s�1, increasing the B PFD
from 30 to 100 mmol·m�2·s�1 decreased the
LAR of lettuce ‘Lolla Rosa’ by �12% (Anum
et al. 2024). In contrast, with a TPFD of
380 mmol·m�2·s�1, increasing the B PFD
from 0 to 76 mmol·m�2·s�1 increased the
LAR of rice (Oryza sativa) ‘Sasanishiki’ by
�18% (Ohashiki-Kaneko et al. 2006). However,
with a TPFD of 300 mmol·m�2·s�1, increasing
the B PFD from 0 to 300 mmol·m�2·s�1 did not
affect the LAR of basil ‘Nufar’ (Litvin-Zabal
2019).

In conclusion, the addition of FR radiation
generally increased stem length, SFM, SDM,
leaf area, and LAR of culinary herb seedlings
but decreased the RDMF. FR radiation in-
creased growth by increasing leaf area and
thus light interception. FR radiation generally
increased biomass accumulation to the shoots,
possibly by altering resource allocation and
the transport of sugars. By increasing shoot
growth disproportionally to root growth, FR
radiation decreased the RDMF and therefore
the quality of the transplants, since well-rooted
plants are less prone to breakage and acclimate
faster after transplant (Leskovar 2020). The ef-
fects of FR radiation occurred under all B
PFDs but were the most pronounced under the
highest B PFD tested. B and FR radiation
could have interacted to cause these effects or
could at least partly be caused by an increas-
ing FR fraction. Therefore, more research is
needed to examine the combined effects of
increasing FR and B light at a wider range of
PFDs.
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