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In this study, we focused on the interaction of plant density with the proportion of
FR light and the effects of this interaction on
stem elongation due to light competition and
subsequent competition between stems and
leaves for photosynthate allocation. Previous
research suggests that decreasing the proportion of FR light can reduce light competition
of dense plant stands (Shibuya et al., 2013,
2016b). We hypothesized that this would
mitigate the effects of decreased photosynthate allocation to the leaves, which may be
disadvantageous for subsequent early
growth, even when transplants are grown at
a high plant density. To test this hypothesis,
we investigated the effects of the plant density · FR interaction on photosynthate allocation and subsequent early growth of
cucumber (Cucumis sativus L.) seedlings
after transplanting.
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Materials and Methods

Abstract. The light competition in dense plant stands may be disadvantageous in
transplant production because competition stimulates stem elongation and can reduce
photosynthate allocation to leaves; this, in turn, may reduce the early growth rate after
transplanting. In this study, we focused on how the proportion of far-red (FR) light
affected light competition among cucumber (Cucumis sativus L.) seedlings and investigated the effects of the plant density 3 FR interaction on photosynthate allocation and
subsequent early growth after transplanting. Seedlings at the cotyledon stage were
planted into plug trays at densities ranging from 109 to 1736 plants/m2; then they were
grown for 4 days under light-emitting diode (LED) light containing FR light (FR+) at
approximately the same red-to-FR ratio as in sunlight (1.2) or under light containing no
FR (FRL). The higher density significantly stimulated stem elongation under both FR+
and FRL, but the effect was small under FRL; this indicates that light competition in the
dense stands was inhibited by reducing FR light. The higher plant density significantly
increased photosynthate allocation to the stem and decreased allocation to the leaves
under both FR+ and FRL; however, again, the effect was smaller under FRL. After
transplanting the seedlings to pots, early growth decreased in the seedlings that allocated
less photosynthate to their leaves. Our results indicate that light with reduced FR can
mitigate the disadvantageous photosynthate allocation of transplants and the reduction
of early growth after transplanting that are likely to occur as a result of light competition
at high plant density.

Except when otherwise noted, each experiment was performed seven times (i.e., n =
7). The values represent the mean of these
replicates.
Preparation of plant stands. Cucumber
(cultivar Hokushin) seeds were sown in plug
trays (cell size, 20 mm · 20 mm; depth,
40 mm) containing vermiculite medium and
grown in a growth chamber for 6 d until the
cotyledons had expanded. The air temperature, relative humidity, and CO2 concentration in the growth chamber were maintained
at 28 C, 55%, and 400 mmol·mol–1, respectively. Illumination was supplied by fluorescent lamps (FHF32EXNH; Panasonic Co.,
Kadoma, Japan) at a photosynthetic photon
flux density (PPFD) of 300 mmol·m–2·s–1.
The trays were continuously immersed to a
depth of 5 to 10 mm in nutrient solution (Atype recipe of OAT Agrio Co. Ltd., Tokyo,
Japan). Six days after seeding (DAS), plant
stands with different plant densities were
prepared by transplanting the seedlings to
new plug trays with the same cell size at
densities of 109 plants/m2 (low density), 886
plants/m2 (medium density), or 1736 plants/
m2 (high density) (Fig. 1). The typical plant
density for producing cucumber transplants is
388 to 992 plants/m2 (calculated from the
number of cells per tray) (Drost, 2014),
which is within the range of densities used
in this study. The seedlings under low plant
density were planted in single cells separated
from the trays. The seedlings under medium
plant density were planted in the plug trays (7
· 7 cells per tray) in a staggered pattern with
their cotyledons in parallel lines but not
overlapping. At the high plant density, the
seedlings were placed in the plug trays (6 · 6
cells per tray) with their cotyledons in parallel lines; however, in this case, each seedling
had one of its cotyledons covered by a cotyledon from the next seedling. Wire netting
was installed around the medium-density and
high-density plant stands to prevent the outermost seedlings from expanding beyond the
plug tray.

During transplant production, young plants
are generally grown densely to improve the
productivity per unit growing area (Marr and
Jirak, 1990). Growing plants at high density
stimulates stem elongation due to increased competition for light (Nagashima and Terashima,
1995; Vermeulen et al., 2008; Weiner and
Thomas, 1992); this is mainly caused by a
shade-avoidance response that is stimulated
by an increase in the ratio of FR light to red
light within the canopy (Ballare et al., 1994;
Franklin, 2008; Smith and Whitelam, 1997)
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and by the reflected FR light from neighboring plants (Ballare et al., 1987, 1990). This
competition can benefit dense plant stands in
natural ecosystems by producing more uniform plants stands with an improved mechanical structure (Nagashima and Hikosaka,
2011). However, this optimization may be
disadvantageous in transplant production,
during which plants grown at high plant
density must be separated for transplanting;
the enhanced stem elongation reduces the
allocation of photosynthate to leaves as a
result of competition between stems and
leaves as sinks (Casal et al., 1987; Poorter
et al., 2012). This, in turn, may reduce the
early growth rate after transplanting, which is
one of the main parameters of transplant
quality, due to the decreased photosynthetic
tissue. In addition, the excessive elongation
may reduce the resistance to mechanical
stresses (Latimer and Mitchell, 1988). Therefore, there may be trade-offs between the
productivity of transplants per unit growing
area and the quality of the individual transplants.
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Fig. 1. Positions of the seedlings in each plant density treatment. The seedlings in marginal areas (white
cotyledons) were not measured in the medium- and high-density treatments.

Lighting treatment. The plant stands were
grown in the growth chamber for 4 d (from 6
to 10 DAS) under FR+ or FR–. The illumination was provided by LED panels (LED
SUN LIGHT Z4; Taiwan Hipoint Co., Kaohsiung,
Taiwan) containing blue, green, red, and (in
the FR+ treatment) FR light sources (Fig. 2).
The blue light (400–500 nm) accounted for
36% of the photosynthetically active radiation (400–700 nm), green (500–600 nm)
accounted for 20%, and red (600–700 nm)
accounted for 44%. The red-to-FR ratio in
the FR+ treatment was 1.2, which is the same
proportion in sunlight. The PPFD at the leaf
surface was maintained at 300 mmol·m–2·s–1
during plant growth by adjusting the distance
between the lamps and the canopy surface
daily. The light:dark period was 16:8 h
throughout the experiment. Four days after
starting treatment (i.e., at 10 DAS), some of
the seedlings in each treatment group were
sampled to measure the growth parameters
described here. The remaining seedlings (five
seedlings for each treatment) were transplanted to plastic pots (diameter, 90 mm;
height, 76 mm) containing vermiculite medium and grown without mutual shading
under FR+ for an additional 4 d (i.e., from
10 to 14 DAS). Because the hypocotyls of the
seedlings could not support their shoot, the
plants, which had been grown at medium and
high density under FR+, were supported by
stakes. The environmental conditions, except

Fig. 2. Spectral photon flux of the light sources
containing far-red (FR) at approximately the
same proportion as that of sunlight (FR+) and
light containing no FR (FR–).
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light quality, were the same as those before
transplanting.
The spectra of the two illumination treatments were measured using an SS-110
spectroradiometer (Apogee Instruments,
Logan, UT), and their phytochrome photostationary state (PSS), which represents the
ratio of active phytochrome to total phytochrome, was calculated according to the
method of Sager et al. (1988). In addition,
we estimated the PSS based on the FR+ and
FR– illuminations transmitted through a cucumber leaf.
Measurements of growth parameters.
Four days after the start of treatment (at 10
DAS), we destructively sampled 7, 8, and 11
seedlings from the low-, medium-, and highdensity treatments, respectively. We measured the dry mass (DM) of the leaves, stem
(including hypocotyl and petioles), and roots
after oven-drying for 72 h at 80 C, and we
measured the stem length and leaf area. The
seedlings at the edges of the trays were not
measured in the medium- and high-density
treatments to eliminate edge effects. The dry
matter production of plant stands per unit
growing area (g·m–2) was determined by
multiplying the total DM (g per plant) by
the plant density (plants/m2). We calculated
the ratios of the leaf, stem, and root DM to the
total DM to represent the photosynthate allocation to each organ. Stem length per unit
of shoot DM (leaves plus stem) was calculated to standardize the stem elongation. The
ability to self-support was assessed by dividing the height of seedlings after separating
from the plant stands by the height before
separation to represent the mechanical
strength of the shoots. The self-support measurement only used four replicates. We determined the leaf area index (LAI) of the
plant stands at 4 d after the start of treatment
(i.e., at 10 DAS) by dividing the total leaf
area of the plant stands by the growing area.
Four days after transplanting to the pots
(i.e., at 14 DAS), we measured the DM and
leaf area of the remaining five seedlings in
each treatment group. We calculated the
relative growth rate (RGR, d–1), net assimilation rate (NAR, g·m–2·d–1 DM basis), and
leaf area ratio (LAR, m2·g–1) after transplanting to the pots by using the following equations (Hunt et al., 2002; Radford, 1967):

[1]

where W1 and W2 are the total DM (g per
plant) at times t1 and t2 (at 10 and 14 DAS,
respectively) and A1 and A2 are the corresponding total leaf areas (m2 per plant).
Two days after transplanting to the pots
(i.e., at 12 DAS), we measured the net photosynthetic rate (Pn) of the first true leaves of
four seedlings in both the low- and highdensity treatments with an LI-6400 photosynthesis system (LI-COR Inc., Lincoln,
NE) under growing light condition (FR+).
The Pn of medium-density treatment was not
measured due to time constraints. The measurement of photosynthesis only used four
replicates.
Statistical analysis. The effects of the
plant density · FR interaction on each parameter were determined by the means of a
two-way analysis of variance (ANOVA).
When the ANOVA result was significant,
we identified significant differences between
the treatments by using the Tukey–Kramer
test (with significance at P < 0.05). The
relationships between photosynthate allocation (ratios of the leaf, stem, and root DM to
total DM) at transplanting and the growth
analysis parameters (RGR, NAR, and LAR)
after transplanting to the pots and between
dry matter production of plant stands per unit
growing area and RGR after transplanting
to the pots were analyzed with Pearson’s
product-moment correlation coefficient (r)
for the whole dataset (i.e., all six treatments
in each replicate combined). All analyses
were performed with the Statcel 2 software
(OMS Publishing, Inc., Tokorozawa, Japan).
Results and Discussion
Stem elongation. The stem elongation was
significantly stimulated by the higher plant
density and by FR+ (Fig. 3A). The stem
length had a significant plant density · FR
interaction; the effect of plant density was
stronger under FR+. In the FR+ treatment,
stem length did not differ significantly between the medium and high plant densities.
This is probably because the decreased photosynthate production caused by mutual
shading limited stem elongation at the high
plant density. When we standardized stem
elongation for plant size, stem elongation
(represented by the stem length per unit shoot
DM) was greater at the high plant density
than at the medium density (Fig. 3B). The
stem length had a significant plant density ·
FR interaction; the effect of plant density was
greater under FR+ than under FR–. The
increased stem elongation at higher density
HORTSCIENCE VOL. 55(9) SEPTEMBER 2020

Fig. 3. Effects of plant density and far-red (FR) treatment (FR+, FR light similar to sunlight; FR–, no FR
light) on the (A) stem length, (B) stem length/shoot dry mass (DM), (C) ability to self-support, (D) total
DM per individual plant, (E) leaf area index (LAI), (F) DM production of plant stands per unit growing
area, and the ratios of (G) leaf, (H) stem, and (I) root DM to total DM of the cucumber seedlings at 4 d
after the start of treatment (10 d after seeding). The ability to self-support was assessed by dividing the
height of seedlings after separating from the plant stands by the height before separation. Data are the
average ± SE of seven and four replicates for stem length/shoot DM (n = 7) and ability to self-support
(n = 4), respectively. Bars for a parameter labeled with the same letter are not significantly different at
P < 0.05 (analysis of variance followed by the Tukey–Kramer test).

under FR+ occurred because the increased
mutual shading increased the proportion of
FR in the transmitted light and increased light
competition through the decreased proportion of active phytochrome (Ballare et al.,
1991; Franklin, 2008). The PSS determined
for the incident light spectrum of FR+ and the
spectrum of FR+ transmitted through a leaf
were 0.72 and 0.56, respectively.
However, the effect of plant density on the
standardized stem elongation in the FR–
treatment was less than that under FR+,
especially at low to medium plant densities
(Fig. 3B). This is because light competition
was inhibited by reducing the amount of FR
light (Shibuya et al., 2013, 2016a). As in the
FR+ treatment, the standardized stem elongation in the FR– treatment was greater at the
higher plant density than at the medium
density, indicating that higher plant density
can stimulate shade-avoidance responses
even under FR– through factors other than a
decreased proportion of active phytochrome,
for example, due to decreased light intensity
(Vandenbussche et al., 2003). The PPS of
shaded leaves under FR– light was not
changed by light transmission through leaves
in this experiment. The PSS determined for
the incident light spectrum of FR– and the
spectrum of FR– transmitted through a leaf
were 0.87 and 0.88, respectively.
The ability to self-support in the FR+
treatment decreased significantly as plant
density increased, whereas the degree under
HORTSCIENCE VOL. 55(9) SEPTEMBER 2020

the FR– treatment was not significantly affected
by plant density (Fig. 3C). This indicates
that the mechanical strength of individual
seedlings decreased when light competition was increased by growing the plants
at high density under FR+, but that this
reduction was unlikely to occur under light
with reduced FR.
Total dry mass and leaf area. The total
DM per individual plant was significantly
less under FR– than under FR+ at all densities, and it decreased as the plant density
increased (Fig. 3D). The smaller DM under
FR– is probably due to the inhibition of leaf
enlargement that occurs under light with
reduced FR (Park and Runkle, 2017; Shibuya
et al., 2016a). In addition, photosynthesis per
unit leaf area may be reduced under FR–
because FR light can increase the photosynthetic efficiency of light with shorter wavelengths (Kono et al., 2020; Zhen and Bugbee,
2020; Zhen and van Iersel, 2017). We found a
statistically significant plant density · FR
interaction with total DM per individual
plant; the effect of the plant density on total
DM was less under FR– than under FR+. The
difference in total DM per individual plant
between FR+ and FR– decreased with the
increasing plant density. This is partly because the decreased leaf enlargement under
FR– mitigated the limitation of the lightreceiving area associated with the increasing
LAI (Fig. 3E), which is more likely to occur
at a higher plant density. The dry matter

Fig. 4. Effects of interaction of plant density · farred (FR) treatment (FR+, FR light similar to
sunlight; FR–, no FR light) before transplanting
on the (A) relative growth rate (RGR), (B) net
assimilation rate (NAR), and (C) leaf area ratio
(LAR) of cucumber seedlings after transplanting (10–14 d after seeding), and (D) net photosynthetic rate per unit leaf area (Pn) 2 d after
transplanting to pots (12 d after seeding). Data
are the average ± SE for seven replicates (n = 7),
except for Pn (n = 4). Bars for a parameter
labeled with the same letter are not significantly
different at P < 0.05 (analysis of variance
followed by the Tukey–Kramer test).

production of plant stands per unit growing
area, which is a product of the total DM per
individual plant and plant density, was less
under FR– than under FR+ at all densities,
and it increased as the plant density increased
(Fig. 3F).
Photosynthate allocation. The leaf and
root DM as a proportion of the total DM
(i.e., the leaf and root DM ratios) decreased
with increasing plant density under FR+
(Fig. 3G and I), whereas that of stem DM
increased (Fig. 3H). This is the typical response of shaded plants (Franklin, 2008). The
lower allocation of photosynthate to the
leaves may result from competition between
the stems and leaves (Casal et al., 1987).
However, under FR–, the effect of plant
density on the DM ratios was less than that
under FR+, and the stem and leaf DM ratios
increased slightly and decreased, respectively,
as the plant density increased (Fig. 3G–I). This
is due to the decreased light competition under
light with reduced FR.
Early growth after transplanting to pots.
The RGR of seedlings after transplanting to
pots was significantly less in the seedlings
that had been grown under FR+ at all plant
densities and decreased at higher densities
(Fig. 4A). However, the RGR of FR– was not
significantly affected by plant density before
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teraction of plant density and FR with RGR
and NAR (Fig. 4A and B) was similar to that
with the leaf DM ratio (Fig. 3G). This implies
that seedlings that reduced photosynthate
allocation to their leaves due to excessive
stem elongation also reduced NAR and subsequent RGR. The net photosynthetic rate per
unit leaf area after transplanting was not
significantly affected by the treatment before
transplanting (Fig. 4D). Therefore, the difference in NAR may have resulted from
factors other than the photosynthetic capacity, such as the ratio of photosynthetic to
nonphotosynthetic tissues. This indicates that
the photosynthate allocation to the leaves
could be the key parameter that controls
transplant quality.
Fig. 5. Relationships between the dry matter production of plant stands per unit planting area at
4 d after the start of treatment (10 d after
seeding) and relative growth rate (RGR) after
transplanting to pots (10–14 d after seeding) for
cucumber seedlings that had been grown under
different combination of plant density and farred (FR) treatment (FR+, FR light similar to
sunlight; FR–, no FR light). The relationships
between the variables were analyzed using
Pearson’s product-moment correlation coefficient (r).

transplanting. The RGR after transplanting in
pots decreased as the dry matter production
of plant stands per growing area increased
under FR+ (Fig. 5), indicating that there are
trade-offs between the productivity of transplants and subsequent early growth after
transplanting plants with varying density.
However, such trade-offs were not observed
under FR– (Fig. 5). This means that the
reduction in the quality of individual transplants due to growth at high plant density
(Garner and Bj€orkman, 1996) is less likely to
occur under light with reduced FR.
The effect of the plant density · FR
interaction before transplanting on RGR
was significant, as was the case for NAR
(Fig. 4B), whereas the interaction was not
significant for LAR (Fig. 4C). The RGR and
NAR after transplanting were strongly and
significantly correlated with the photosynthate allocation, as measured by the leaf,
stem, and root DM ratio at transplanting
(Table 1); the seedlings that allocated less
photosynthate to the leaves and root (more
photosynthate to stem) tended to show lower
RGR and NAR after transplanting. The in-

Conclusions
We confirmed that the reduction of photosynthate allocation to leaves that is likely to
occur as a result of light competition at high
plant density can reduce subsequent early
growth when plants are transplanted. This is a
good example of how ecological optimization
may not lead to optimization of plant production. However, this disadvantageous photosynthate allocation can be mitigated by the
decreased light competition that occurs under
light with reduced FR. Our results suggest that
the optimal plant density that maximizes the
productivity of transplants without sacrificing
quality differs in response to differences in the
proportion of FR in light sources.
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