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Abstract. July-plugged transplants of short-day cv. Strawberry Festival (Fragaria
·ananassa) flowered in October and November although they were grown under long
photoperiods and warm temperatures (greater than 21 8C) in July and August. These
unexpected results were attributed to a high plant density (320 transplants/m2) that
provided continuous and heavy leaf cover, which eliminated red light (less than 700 nm)
from reaching the crowns. This hypothesis was tested by illuminating crowns of
transplants growing in 50-cell packs for 16 h�d–1 with red light-emitting diode lamps
(maximum wavelength at 639 nm and 80% of output between 617 and 655 nm). Red light
treatment caused a significant reduction in fall flowering. It is proposed that a high ratio
of far-red light to visible light reaching the crown will play a role in floral bud induction,
possibly as early as mid-August. Transplants of some short-day cultivars started as plug
plants in early July have the capacity to flower and fruit in the fall and the next spring,
enabling growers in the mid-Atlantic coast region to obtain two harvests within 1 year
from a single planting.

The fall-to-winter strawberry production
system in the mid-Atlantic coast region com-
bines the new technologies for containerized
nursery (plug) plant production with the pro-
tected culture system (Takeda, 1999). Short-
day strawberry cultivars such as Carmine
(Chandler et al., 2004), Chandler (Voth and
Bringhurst, 1984), and Sweet Charlie (Chandler
et al., 1997) have been induced to flower in the
fall without exposing transplants to cool tem-
peratures or short-day conditions (Takeda and
Newell, 2006a, 2006b). Between 73% and
100% of ‘Carmine’ transplants that were pro-
pagated in early July and maintained in a
greenhouse with high temperatures and a long
photoperiod until late August flowered by
mid-November when established in the field
on 1 Sept. These unexpected results were at-
tributed to a high plant density (320 trans-
plants/m2) that provided a continuous and
heavy leaf cover, which eliminated red light
(less than 700 nm) from reaching the crowns
(Takeda, 2008). In contrast, less than 30% of
‘Carmine’ transplants rooted in early August
flowered in November and December (Takeda
and Newell, 2006a). According to Sønsteby
and Hytonen (2005), the conditions in which

July-plugged transplants were grown (e.g.,
long photoperiod and temperatures greater
than 21 �C) before their establishment in the
field are unfavorable for floral bud induction.

Light is a critical environmental factor for
reproductive development (Bernier and
Périlleux, 2005). Where flower induction is
regulated by daylength, the leaves are the
primary recipient of the external signal that is
transmitted to the meristem where the flower-
ing response occurs (Salisbury and Ross,
1992). Light is absorbed by phytochrome
(Phy) and cryptochrome (blue light) photo-
receptors, which promote the expression of
genes that change the fate of the shoot apical
meristem from vegetative growth to repro-
ductive development (Amasino, 1996).

Selective filtering of solar radiation by the
plant cover results in greater preponderance
of far-red radiation relative to red light
(Kasperbauer, 1971). This shift in spectral
composition of light is biologically signifi-
cant in the context of ecological aspects of
light on seed germination and vegetative
development. Plants grown in dense popula-
tions are often taller and lighter in color and
have narrower leaves and fewer lateral
branches than those grown in sparse popula-
tions (Salisbury and Ross, 1992). Changes in
light intensity and spectral distribution of
light within and below a canopy have been
attributed to these growth responses by
shaded plants. The effects of red and far-red
radiation and natural light in the plant canopy
on seed germination have been experimen-
tally established (Mayer and Shain, 1974).

The objective of the present work was to
evaluate the effect of red (600 to 700 nm)
light specifically directed at the crown of
transplants on the fall flowering of short-day
‘Strawberry Festival’ strawberry.

Materials and Methods

On 1 July 2007, runner tips of ‘Strawberry
Festival’ strawberry were plugged into 50-cell
pack trays (�320 transplants/m2) and misted
under intermittent sprinklers for 10 d to pro-
mote rooting. Afterward, all trays were placed
on a greenhouse bench and trays were
watered and fertilized as needed. In late July,
leaves were detached from 10 transplants and
leaf area (cm2/plant) was determined with a
LI-COR leaf area meter (LI-COR Bioscien-
ces, Lincoln, NE). A red light-emitting diode
(LED) lamp (Holiday Creations, Inc., Little-
ton, CO) was placed under the leaf canopy
�1 cm from the crown of each of 100
transplants in two trays (Fig. 1). Individual
LED lamps were characterized for spectral
distribution and output using a LI-COR 1800
spectroradiometer (LI-COR Biosciences)
with a cosine-corrected receptor. The indi-
vidual lamps were placed in a custom fixture
lined with white Teflon paint and positioned
1.5 cm from the detector head. The individual
lamps had a maximum wavelength at 639
nm, a bandwidth of 601 to 672 nm, a total (red
600 to 700 nm) output of 3.5 mmol�m–2�s–1

of photosynthetic active radiation (PAR) per
lamp, with 80% of the output in a 30-nm band
between 617 and 655 nm (Fig. 2). The
thermal effects on the crown were assumed
to be minimal because the total power output
of the 70-lamp strand was 2.81 W, and its
spectral efficiency was 24% (OL 770 Vis/
NIR spectroradiometer and OL ISS 3900 1-m
diameter integrating sphere; Optronics Lab-
oratory, Orlando, FL). That is equivalent to
less than 1.5 W being added to each tray of 50
transplants.

From 1 Aug. to 27 Aug., two trays of
‘Strawberry Festival’ transplants with red
light LED lamps and another two trays not
receiving the red light treatment were placed
in an EGC M-36 growth chamber (Environ-
mental Growth Chambers, Chagrin Falls,
OH) under a 16-h light/8-h dark photoperiod
with 600 mmol�m–2�s–1 PAR using T8 triphos-
phor fluorescent lamps (Sylvania FP541/841/
HO; Osram; Sylvania, Westfield, IN) at a
constant 24 �C and 65% relative humidity. A
partition was placed between the two groups
of trays. The trays received 1–1.5 cm of
irrigation solution, which was replenished
daily with either deionized water or nutrient
solution. Average nitrogen application/tray
was 49 to 140 mg NO3/d. During the 27-d
period in the growth chamber, red light LED
lamps were turned ‘‘ON’’ during the 16-h
light period.

In mid-August, a UniSpec-DC spectrom-
eter (PP Systems, Amesbury, MA) measured
incident and leaf/canopy reflected light above
the canopy and at crown level of transplants
maintained in 50-cell pack trays to measure
intercepted light and transmitted light to the
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crown. A fiberoptic probe was placed just
above the leaf canopy and next to a transplant
in the middle of a 50-cell pack tray at crown
level.

On 29 Aug., all transplants were estab-
lished 27.5 cm apart in grow bags (CropKing,
Inc., Seville, OH) with soilless media atop
raised beds inside a high tunnel (Ledgewood
Farm Greenhouse Frame, Moultonborough,

NH) at the University of Maryland Wye
Research and Education Center in Queens-
land, MD. A plot consisted of four transplants
randomly taken from trays that received red
light LED treatment and from trays without
red light LED treatment (control). Counts of
plants with open flowers were made in Oct.,
Nov., and Dec. 2007. The experiment was a
randomized complete block experimental

design with six four-plant replications. The
raw flowering percentage data were trans-
formed using the arcsine square root trans-
formation before statistical analysis. The
transformed flowering data were subjected
to an analysis of variance using Proc GLIMMIX,
which uses generalized linear models with a
link function to model the binary response
in which an individual plant either flowered
or not at a given time period (SAS Insti-
tute, Cary, NC). This approach allowed mod-
eling the repeated measures aspects of the
study.

Results and Discussion

There was a significant effect of the red
LED light treatment on fall flowering in
‘Strawberry Festival’ plants, but treatment
did not interact with sample time. The results
suggest that red light from LED lamps
directed at the crown delayed flower bud
induction in ‘Strawberry Festival’ strawberry.
Flower bud emergence was observed in only
17% of plants compared with 38% of control
(unlit) plants on 19 Sept. (data not presented).
For each sampling time in October, Novem-
ber, and December, individual tests of the
odds ratios showed evidence of significantly
smaller flowering percentages for the plants
exposed to red light in August than for the
control plants (Table 1). By late November,
95% of control plants had open flowers
compared with only 54% of those illuminated
with red LED light.

In previous studies, ‘Carmine’ and ‘Chan-
dler’ plants initiated flower buds under con-
ditions not favorable for flower bud initiation
(Takeda and Newell, 2006b). July-plugged
transplants, grown in a greenhouse at high
plant density, under long days, and at temper-
atures greater than 21 �C during day and night
until late August flowered in the fall. It is
likely that immature leaves in the bud or
tissues that have just emerged from the crown
can also perceive light cues to evoke the shoot
apical meristem (SAM) to become reproduc-
tive (Kerstetter and Hake, 1997). By late July,
the transplants possessed a total leaf area
of �300 cm2/plant and spectroradiometric
measurements in mid-August showed no
transmission of red light and shorter wave-
length light through the leaves, but only far-
red and near-infrared (IR) light (Fig. 3).

Sunlight reaching the crowns was
depleted of wavelength less than 700 nm,

Fig. 1. Schematic representation of red light-emitting diode (LED) treatment in the growth chamber.
Transplants were placed under triphosphor fluorescent lamps producing a full spectrum of light from
ultraviolet to far-red wavelength. The violet, blue, green, and red (R) wavelength light was absorbed
through photosynthesis or reflected by the leaf canopy. Far-red (FR) light passed through the leaf
canopy to the crowns. LED lamps (�) placed over the crowns provided supplemental red light.

Fig. 2. Spectral output of 70 red light-emitting diode (LED) lamps (Holiday Creations, Inc., Littleton, CO)
from 300 to 1100 nm obtained in a 1-m integrating sphere (Optronics Laboratory, Orlando, FL). Note
that the red LED lamps produced maximum output at 639 nm with bandwidth of 601 to 672 nm and
80% of output in a 30-nm band between 617 and 655 nm. The total photosynthetic output was
3.5 mmol�m–2�s–1 per lamp.

Table 1. Effect of illuminating the crowns of
‘Strawberry Festival’ transplant with red
light-emitting diode lamps for 16 h�d–1 from 1
to 27 Aug. on flowering in October, November,
and December.z

Treatment

Flowered plants (%)

3 Oct. 24 Oct. 27 Nov. 17 Dec.

Control 70.3 83.0 95.7 95.7
Red light 37.3* 45.7* 58.3* 62.3*
zTransplants were established inside a high tunnel
in grow bags on 29 Aug.
*The value was significantly smaller than for
control plants (P # 0.01).
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most likely as a result of chlorophyll absor-
bance of PAR and reflectance by the over-
laying canopy. Only the far-red and near-IR
light passed through to the crowns. It is
possible in a natural setting, transition to
flowering in the SAM can be affected by a
strongly shaded condition. With a full leaf
canopy over the crown, more Pr than Pfr may
be present. A high Pr:Pfr ratio would favor
activating a signaling pathway that leads to
changes in downstream regulation of gene
expression and flower bud formation (Amasino,
1996). In contrast, plants growing with wider
spacing or plants with lower leaf area will
allow sunlight (more red light) to illuminate
the crown directly. It is possible that light
could reflect off the ground between the
plants that would shift Phy to the Pfr form,
thus maintaining the SAM in the vegetative
state.

In the present study, a red (600 to 702 nm)
LED lamp, which provided a total fluence of
3.5 mmol�m–2�s–1PAR at a distance of 1 cm,
was placed under the canopy and 1 cm
directly above the crown of each transplant
in a 50-cell pack tray. With this lighting
configuration, the Phy response was saturated
with only a 38-s exposure (Smith and Whitelam,
1990). Individual LED lamps provided less
than 5% of PAR from lamps above the
canopy. It is unlikely that such a small increase
in PAR from the red LED lamps would
significantly increase photosynthetic rate.

The primary strawberry harvest season in
the mid-Atlantic coast region of the United
States (lat. 39�N, long. 77�W) is from early
May to late June. However, interest in out-

of-season strawberry production systems is
increasing because strawberries harvested in
November and December can be direct-
marketed at $8.80 to $11.00/kg to restaurants
in the metropolitan Washington–Baltimore
area (Takeda, personal observation). Making
transplants from runner tips harvested in early
July and maintaining them through late
August at high plant density is a novel method
for inducing bloom in the fall in short-day
cultivars such as Carmine, Chandler, and
Strawberry Festival. Our method differs from
forcing techniques that require transplants to
be exposed to 14 to 20 daily cycles of 9-h light
and chilling temperatures at night (Durner,
1999; Mochizuki et al., 2007; Oda, 1989). The
economic feasibility and reliability of the
procedure described in this report need to be
compared with previously reported techni-
ques of conditioning strawberry transplants.
In the mid-Atlantic coast region, July-
plugged transplants conditioned to bloom as
early as 1 Oct. in a production system with
plasticulture and high tunnel for environ-
mental modifications would allow fruit pro-
duction from October to late December and
continue into the next spring. This will enable
growers to obtain two strawberry harvests
within 1 year from a single planting.

Although the foregoing work with red
light was done with short-day ‘Strawberry
Festival’ strawberry, we have ample evi-
dence to show that fall flowering is inducible
in three other short-day cultivars (Takeda,
2008; Takeda and Newell, 2006a). The shift
in red light relative to far-red light within a
canopy of strawberry transplants appears to

play a role in controlling flower bud induc-
tion. More studies are needed to fully under-
stand the significance of shade-imposed
mechanism for initiating reproductive devel-
opment in short-day strawberries.
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Fig. 3. Intercepted light measured above the leaf canopy and transmitted light at the crowns of 6-week-old
strawberry transplants in mid-August with a UniSpec-DC Spectral Analysis System (PP Systems,
Amesbury, MA). Spectral response was processed at 2-nm increments. Note that light reaching the
crowns was depleted in wavelengths less than 700 nm because of absorption by the canopy.
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