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Abstract. ‘Karlo’ and ‘Rosana’, two Boston-type lettuce (Lactuca sativa L.) cultivars, were
subjected to various light treatments in greenhouses equipped with one of two propane
heating systems. Photoperiods of 16, 20, 24, or 24 hours for 2 weeks after transplanting and
then 16 hours (24–16) and photosynthetic photon flux of 50 or 100 µmol•m–2

•s–1 provided
by supplementary lighting (high-pressure sodium vapor lamps) were compared to natural
light during four experiments performed in greenhouses between Sept. 1989 and May
1990. Using supplementary lighting resulted in significant increases in biomass (≤270%),
head firmness, and tipburn incidence and decreases in production cycle length (≈30%).
Treatment effects were most pronounced during the months when natural-light levels
were low. Fresh weights were higher for ‘Karlo’ than ‘Rosana’; however, ‘Rosana’ was
less susceptible to tipburn than ‘Karlo’. In general, the radiant heating system resulted in
earlier crop maturity and a higher incidence of tipburn than the hot-air system.

spectively, were used to determine to what
extent a long-day cultivar could adapt to supple-
mentary lighting during the low natural-light
intensity period. At the third true-leaf stage,
the lettuce plants were transplanted at 30 plants/
m2 into a recirculating-solution, hydroponic
culture system with 2.4-m-long × 8.3-cm-
wide troughs. The experiment was conducted
in four greenhouses, each 70 m2 and covered
with a double polyethylene film on the roof
and a double polycarbonate film on the sides.
Two of these greenhouses were equipped with
catalytic-combustion, radiant heating systems
(Catalor, Torino, Italy), and the other two were
heated with conventional propane-fired space
heaters. The CO2 concentration was main-
tained at 1000 ± 50 ppm. The plants were
subjected to one of three PPF (0, 50, or 100
µmol•m–2

•s–1) provided by high-pressure, so-
dium vapor lamps (PL 90; P.L. Lighting Sys-
tems, St. Catherines, Ont., Canada). Photope-
riods extended to 16, 20, 24, and 24–16 h (i.e.,
24 h during the first 2 weeks after transplant-
ing and 16 h during the subsequent weeks)
were compared to the natural photoperiod for
four trials conducted between Sept. 1989 and
May 1990.

A complete nutrient solution containing
(mmol•liter–1) 8.5 N, 0.78 P, 4.4 K, 2.9 Ca, and
1.2 Mg and (µmol•liter–1) 71 Fe, 18 Mn, 6.1
Zn, 0.4 Cu, 26.8 B, and 0.6 Mo was used for all
four experiments. The pH of the nutrient solu-
tion was checked daily and, if necessary, ad-
justed to 6.0. Electric conductivity was main-
tained at 1.5 mS•cm–1. The temperature of the
nutrient solution was maintained at 18C.

The ambient temperature during the day
was kept at 16C, and fans were activated when
the temperature rose to 20C. Nights were at
12C in compartments heated by space heaters
and 9C for compartments in which catalytic
radiant panels were used. For purposes of the
described conditions, night was deemed to
begin at 6:00 PM and to end at 8:00 AM.

A nested experimental design was adopted,
with the two heating systems as the main plots,
the five light treatments (comprised of the
three light levels and the two photoperiods) as
subplots, and the two cultivars as sub-sub-
plots. The treatments were randomly distrib-
uted within two replications. Homogeneity of
variance was checked by a Bartlett test, and
logarithmic and square-root transformations
were performed to ensure such homogeneity
for Expts. 1–3 (Table 1). Differences between
treatments were determined by analyses of
variance and orthogonal comparisons.

Measurements of aerial biomass were taken
every week on five plants per light treatment,
beginning the first week after transplanting.
Tipburn and head firmness were rated on a
scale from 0 to 5 at the time of harvest. For
tipburn, a rating higher than 1 meant that the
lettuce in question was not marketable. Head
firmness was assessed by tactile pressure where
1 = absence of heading and 5 = a very firm head
of lettuce.

Results

Heating system. More biomass was pro-
duced with the radiant heating than with the air
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ditions have been reported in experiments
conducted in growth chambers. Lengthening
the photoperiod has resulted in substantial
increases in fresh weight for various lettuce
cultivars (Koontz and Prince, 1986). Maxi-
mum production cycle length occurs at the
time when natural light is weakest (Glenn,
1984).

Light conditions also affect lettuce quality
by influencing the incidence of tipburn (Tibbitts
and Rao, 1968) and the heading process
(Benoît, 1987). Tipburn, which appears dur-
ing head formation, is a disorder associated
with low calcium levels and causes young
leaves to become brown and to have necrosis
beginning at the leaf margins (Collier and
Tibbitts, 1982). It is associated with environ-
mental conditions conducive to the rapid accu-
mulation of dry matter (Cox et al., 1976). Head
formation is a major standard of lettuce quality
(van Holsteijn, 1980) and is stimulated by
suitable light and temperature conditions
(Maaswinkel and Welles, 1987).

Our objectives were to assess the influence
of two propane heating systems on lettuce
plant development and to quantify the effects
of long photoperiods and high photosynthetic
photon flux (PPF) levels on greenhouse-grown
lettuce growth and quality.

Materials and Methods

‘Karlo’ and ‘Rosana’ lettuce seeds were
sown in LC-1 Hortcubes (Smithes-Oasis, Kent,
Ohio) on four dates (Table 1). ‘Karlo’ and
‘Rosana’, a short- and long-day cultivar, re-

In 1988, the total greenhouse area devoted
to vegetable production in Quebec was ≈80 ha.
Lettuce accounted for ≈5% of that area, and
the crop’s value was estimated at between 4
and 5 million dollars. Greenhouse-grown let-
tuce production has expanded substantially in
recent years. Formerly, lettuce was grown
mainly as a subsidiary crop; today, it is grown
increasingly as a main crop. This phenomenon
is particularly noteworthy for Boston lettuce.

Heating costs in winter represent a large
fraction of production costs. Roltz and Heins
(1982) showed that a radiant heating system
can yield energy savings. However, to our
knowledge, no one has studied the effects of
infrared radiation on plant growth and devel-
opment of hydroponically grown lettuce.

Light is regarded as a primary factor regu-
lating plant growth and development. Demers
et al. (1990) and Dorais et al. (1990) showed
that using high-energy lighting conditions in-
creased productivity for various greenhouse-
grown vegetables. Increases in dry weight
(Knight and Mitchell, 1983) and relative plant
growth rates in lettuce (Knight and Mitchell,
1983, 1988) under high-energy lighting con-
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Table 1. Timetable used for the four experiments.

Supplementary lighting treatments

Expt. PPF (µmol•m–2•s–1) Duration (h)  Planting date Transplanting date Observation period

1 0, 50, 100 16, 24–16z 18 Sept. 1989 3 Oct. 1989 10 Oct. 1989 to 14 Nov. 1989
2 0, 50, 100 16, 24 7 Nov. 1989 28 Nov. 1989 5 Dec. 1989 to 16 Jan. 1990
3 0, 50, 100 16, 20 2 Jan. 1990 25 Jan. 1990 1 Feb. 1990 to 15 Mar. 1990
4 0, 50, 100 16, 24–16 8 Mar. 1990 28 Mar. 1990 4 Apr. 1990 to 9 May 1990

zPhotoperiod = 24 h during the first 2 weeks after transplanting and 16 h during subsequent weeks.

Table 2. Effects of two heating systems on biomass, incidence of tipburn, and head firmness for ‘Karlo’ (K) and ‘Rosana’ (R) Boston-type lettuce 6 weeks after
transplanting.

Heating Expt. 1z Expt. 2 Expt. 3 Expt. 4

Characteristics  system K R K R K R K R

Biomass (g) Air heater 150 ± 8.7 106 ± 5.8 115 ± 7.9 87 ± 6.1 182 ± 8.1 138 ± 4.9 247 ± 6.4 207 ± 4.7
Radiant 152 ± 5.8 115 ± 4.7 164 ± 8.9 138 ± 5.8 199 ± 6.9 159 ± 6.0 252 ± 6.7 186 ± 4.2

Tipburn ratingy Air heater 0.0 ± 0.0 0.0 ± 0.0 0.3 ± 0.1 0.2 ± 0.1 1.1 ± 0.2 0.2 ± 0.1 1.5 ± 0.2 0.0 ± 0.0
Radiant 0.3 ± 0.1 0.0 ± 0.0 1.8 ± 0.3 0.5 ± 0.2 1.7 ± 0.2 1.6 ± 0.2 2.4 ± 0.2 0.1 ± 0.0

Head firmnessx Air heater 3.5 ± 0.2 2.7 ± 0.2 1.3 ± 0.2 0.8 ± 0.2 3.0 ± 0.2 2.7 ± 0.2 4.5 ± 0.1 4.9 ± 0.1
Radiant 3.8 ± 0.2 3.1 ± 0.2 2.0 ± 0.3 2.0 ± 0.3 3.6 ± 0.2 3.4 ± 0.3 4.5 ± 0.1 4.5 ± 0.1

zSee Table 1 for the timetable used for the four experiments.
yA rating of 0 indicates no tipburn; 5 means that all the leaves were affected.
xRated on a scale of 0 to 5, where 0 = absence of head formation and 5 = very firm head.

heater system in Expts. 2 and 3, which ran
from November to March (Table 2). With the
radiant heating system, we measured substan-
tial increases in crop fresh weight in Expt. 2.
The impact of the heating system was negli-
gible in Expts. 1 and 4, planted in September
and March, respectively, because higher out-
door temperatures at that time of year meant
that less heat was required to keep the green-
houses suitably warm.

In general, using a radiant heating system
was associated with higher tipburn ratings
than the air-heated system (Table 2). For
‘Karlo’, radiant heating resulted in consider-
able increases in tipburn rating, particularly in
Expt. 2.

Most heads were rated firmer for plants
cultivated in greenhouses equipped with radi-
ant heating systems. The impact of the heating
system was more pronounced in experiments
performed between November and March
(Expts. 3 and 4; Table 2).

Supplementary lighting and cultivars. Fresh
weights were significantly higher for ‘Karlo’
than for ‘Rosana’ in all experiments (Table 3).
Plants receiving supplementary lighting pro-
duced significantly more biomass than the
control in all four experiments. The differ-
ences were greatest in Expts. 1–3, which were
performed at the time of year when solar
radiation was weakest.

In Expt. 1, lettuce plants receiving supple-
mentary lighting reached the harvest stage
(150 g) 6 weeks after being transplanted, but
the control plants did not. ‘Karlo’ and ‘Rosana’
plants receiving a 24-h rather than a 16-h
photoperiod during the first 2 weeks produced
significantly more aerial biomass (16% and
17%, respectively, for a PPF of 50 µmol•m–2

•s–1;
19% and 23%, respectively, for a PPF of
100 µmol•m–2

•s–1).
Using a PPF of 100 µmol•m–2

•s–1 reduced
the crop cycle by 14 days compared to the
control treatment in Expt. 2. A PPF of 100
rather than 50 µmol•m–2

•s–1 produced more
biomass with a 16-h rather than a 24-h photo-
period.

In Expt. 3, using a 20-h compared to a 16-
h photoperiod with PPF values of 50 or 100
µmol•m–2

•s–1 resulted in a 15% and 23% in-
crease, respectively, in harvested ‘Karlo’ bio-
mass and a 23% and 19%, respectively, in-
crease in harvested ‘Rosana’ biomass (Table
3).

In Expt. 4, using a 100 µmol•m–2
•s–1 PPF

and a photoperiod of 24–16 h produced biom-
asses that were 35% larger for ‘Karlo’ and
25% larger for ‘Rosana’ compared to the con-
trol treatment (Table 3). As the intensity of
natural light grew steadily with the advancing
season, the increases in fresh weight resulting
from supplementary lighting were not as great
as those obtained in the previous experiments.

Tipburn was more severe with ‘Karlo’ than
with ‘Rosana’, especially in Expt. 4 (i.e., at the
time of year when solar radiation increased
substantially) (Table 4). High light conditions
resulted in even greater tipburn development
compared to control plants. High PPF in-
creased tipburn more than a long photoperiod.

In Expt. 1, tipburn was severe in ‘Karlo’
lettuce plants exposed to 100 µmol•m–2

•s–1

with a 24–16-h photoperiod (Table 4); 12% of
the lettuce was nonmarketable (Table 5). In
Expt. 2, ‘Karlo’ lettuce was more susceptible
to tipburn development than in the previous
experiment (Table 4). Using a 24-h rather than
a 16-h photoperiod resulted in 20% and 63%
tipburn rating increases when PPF was 50 and
100 µmol•m–2

•s–1, respectively. Tipburn was
not severe under conditions of maximum light
intensity and exposure.

Tipburn was more severe on ‘Rosana’ in
Expt. 3 than in Expts. 1 and 2. Tipburn was
highest under a PPF of 100 µmol•m–2

•s–1 and a
20-h photoperiod. In Expt. 4, ‘Karlo’ at a PPF
of 100 rather than 50 µmol•m–2

•s–1 had a 14%
and 35% increase in tipburn when the photo-
period was 16 h and 24–16 h, respectively.
With all light treatments, the percentages of
nonmarketable ‘Rosana’, ‘Karlo’, and control
specimens were 0%, 30%, and 85%, respec-
tively, for plants exposed to 100 µmol•m–2

•s–1

with either photoperiod (Table 5).

Heads were firmer for ‘Karlo’ than
‘Rosana’. Supplementary lighting resulted in
firmer heads than natural lighting in all experi-
ments (Table 6). The impact of supplementary
lighting waned as the season advanced and the
natural light level rose. In Expt. 1, a 24-h
photoperiod during the first 2 weeks produced
firmer heads when PPF was 50 rather than 100
µmol•m–2

•s–1. In Expt. 2, the low natural light
level produced soft lettuce heads, especially
for ‘Rosana’. For ‘Karlo’ lettuce, continuous
lighting resulted in considerably firmer heads,
particularly with 50 µmol•m–2

•s–1.
In Expt. 3, head firmness ratings for ‘Karlo’

grown under a PPF of 50 µmol•m–2
•s–1 with a

16-h photoperiod were 145% higher than for
the control (Table 6). The 20-h photoperiod
resulted in further increase in firmness, for
both PPF and both cultivars. The head firm-
ness increases observed with the various light
treatments were less substantial in Expt. 4
(spring), presumably because of the much
higher energy level of natural light at that time
of year. Firmness ratings were 38% and 14%
higher for ‘Karlo’ and ‘Rosana’, respectively,
exposed to a PPF of 50 µmol•m–2

•s–1 over a
16-h photoperiod than for the controls
plants.

Discussion

Heating system. To our knowledge, no
information is available on the impact of radi-
ant heating on lettuce cultivation, but experi-
ments have been performed on other species,
such as tomatoes (Lycopersicon esculentum
Mill) (Lacroix et al., 1971). Some investiga-
tors found that an infrared radiant heating
system had no effect on fruit growth (Reist,
1983), yield, or quality (van de Burg et al.,
1981), but others reported lower total yields
for tomatoes (Lacroix et al., 1971). The in-
creases in biomass using the radiant compared
to the air-heated system may have resulted
from higher leaf temperatures, higher levels of
CO2, or higher relative humidity levels be-
cause of the combustion gases (CO2, H2O)
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Table 3. Effects of various light treatments on biomass of ‘Karlo’ (K) and ‘Rosana’ (R) Boston-type lettuce 6 weeks after transplanting.

Supplementary lighting treatments Fresh biomass after 42 days (g/plant)

Photoperiod PPF Expt. 1z Expt. 2 Expt. 3 Expt. 4

(h) (µmol•m–2•s–1) K R K R K R K R

Control Control 2 83 64 59 59 123 101 205 173
16 50 141 100 108 90 175 131 253 201

100 167 123 168 134 211 160 256 211
20 50 --- --- --- --- 202 162 --- ---

100 --- --- --- --- 241 189 --- ---
24–16y 50 163 116 --- --- --- --- 250 185

100 199 151 --- --- --- --- 280 214
24 50 --- --- 146 121 --- --- --- ---

100 --- --- 218 160 --- --- --- ---

df Mean squares

Heating 1 0.0397x 276.84x 0.1421x 3391
Error a 1 0.0533 32.79 0.0522 30
Lighting 4

Unlighted vs. lighted 1 2.0639** 567.84** 1.4397** 5977**

50 vs. 100 µmol•m–2•s–1 1 0.2865** 208.81** 0.2175* 14132NS

16 h vs. 20, 24–16, or 24 h 1 0.1795** 91.08** 0.2112* 54NS

Error b 8 0.0157 6.34 0.0198 5073
Cultivar 1 0.6837 63.29** 0.5639** 141236**

Heating × cultivar 1 0.0042NS 1.25NS 0.0022NS 8675**

Lighting × cultivar 4 0.0026NS 5.86** 0.0042NS 7308NS

zSee Table 1 for the timetable used for the four experiments.
yPhotoperiod = 24 h during the first 2 weeks after transplanting and 16 h during subsequent weeks.
xInsufficient number of degrees of freedom. The mean values appearing in this table have been calculated for the two heating systems combined.
NS, *, **Nonsignificant or significant at P ≤ 0.05 or 0.01, respectively.

given off by the catalytic panels and released
inside the compartments. Tibbitts and
Bottenberg (1976) reported that higher rela-
tive humidity during the light period increased
relative growth rates of lettuce.

The substantial increases in tipburn during
Expt. 2 may be associated with the higher fresh
weights of lettuce grown in greenhouses heated
with the radiant compared to the air-heated
system. Cox et al. (1976) reported that tipburn
symptom development was more pronounced

in plants characterized by higher growth rates.
Higher tipburn ratings of lettuce grown in the
greenhouses equipped with catalytic radiant
panels compared to the air-heated system may
be attributed to higher relative humidity or
CO2 levels found in those greenhouses. The
increase in relative humidity during the light
period (Collier and Tibbitts, 1984) and the use
of high CO2 concentrations (Silva and Toop,
1986) are conducive to the development of
this disorder.

The heading process is affected by tem-
perature and PPF. Benoît (1987) has reported
positive correlations between fresh weight and
head firmness in lettuce. According to Benoît
(1987), formation of a loose lettuce head char-
acterized by low aerial biomass, results from
heavier transpiration and greater water losses.
If that is the case, the increased head firm-
ness ratings observed with radiant heating
during the second experiment could be at-
tributed to the higher fresh weight of let-

Table 4. Effects of various light treatments on incidence of tipburn for ‘Karlo’ (K) and ‘Rosana’ (R) Boston-type lettuce 6 weeks after transplanting.

Supplementary lighting treatments Tipburn ratingz

Photoperiod PPF Expt. 1y Expt. 2 Expt. 3 Expt. 4

(h) (µmol•m–2•s–1) K R K R K R K R

Control Control 0.0 0.0 0.0 0.0 0.1 0.0 0.8 0.8
16 50 0.1 0.0 0.5 0.0 0.4 0.4 2.1 0.0

100 0.1 0.0 1.6 0.5 2.1 1.0 2.4 0.0
20 50 --- --- --- --- 1.5 1.1 --- ---

100 --- --- --- --- 2.9 2.1 --- ---
24–16x 50 0.1 0.0 --- --- --- --- 2.0 0.1

100 0.5 0.0 --- --- --- --- 2.7 0.2
24 50 --- --- 0.6 0.0 --- --- --- ---

100 --- --- 2.6 1.2 --- --- --- ---

df Mean squares

Heating 1 0.0397x 276.84x 0.1421x 3391
Heating 1 0.3431w 0.9224w 2.0434w 0.3154w

Error a 1 0.1844 0.1457 0.5396 0.0397
Lighting 4

Unlighted vs. lighted 1 0.1376NS, v 0.9622** 2.6274** 19.5313**

50 vs. 100 µmol•m–2•s–1 1 0.2306*, v 0.6939** 1.7616* 3.3062NS

16 h vs. 20, 24–16, or 24 h 1 0.0933NS, V 0.2725* 1.0369* 0.5062NS

Error b 8 0.0350 0.0484 0.1618 0.040
Cultivar 1 1.2086** 0.5015** 8.2107**

Heating × cultivar 1 0.0746NS 0.3596** 0.1216**

Lighting × cultivar 4 0.1237** 0.0491* 0.1583**

Heating × lighting × cultivar 4 0.3192** 0.0412NS 0.0302NS

zRated on a scale from 0 to 5, where 0 = no tipburn and 5 = all the leaves were affected.
ySee Table 1 for the timetable used for the four experiments.
xPhotoperiod = 24 h during the first 2 weeks after transplanting and 16 h during subsequent weeks.
wInsufficient number of degrees of freedom. The mean values appearing in this table have been calculated for the two heating systems combined.
vAnalysis of variance not performed because of the lack of homogeneity.
NS, *, **Nonsignificant or significant at P ≤ 0.05 or 0.01, respectively.
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susceptibility and the time of year. ‘Karlo’
may be more susceptible because it is a short-
day cultivar developed primarily for autumn
and winter production. Collier and Tibbitts
(1982) reported a genotype × environment
interaction in regards to tipburn development.
Our findings confirm Tibbitts and Rao’s (1968)
and Cox et al.’s (1976) findings; they reported
that this disorder developed more rapidly un-
der high-energy lighting conditions—the high-
est tipburn ratings were associated with treat-
ments involving the high light levels (i.e.,
those where growth was most rapid). Abrupt
changes in environmental conditions (cloudy
days alternating with sunny days, for example)
occurred during the heading period and may
explain the higher incidence of tipburn ob-
served during Expt. 3.

Firmer heads obtained with supplementary
lighting or where the natural light level was
high demonstrate the importance of light in
head development. High-energy light condi-

tions promote head formation, but a low light
level will result in the formation of a loose
head (Benoît, 1987). High temperatures and
low light conditions delay head formation
(Dullforce, 1968). Benoît (1987) reported that
a low light level resulted in some dispropor-
tion in midrib development and some tigella
lengthening. These anatomical changes re-
sulted in a loose head of lettuce, characterized
by comparatively low fresh weight. Our re-
sults tend to substantiate Benoît’s (1987) ob-
servations.

The impact of heating system was most
pronounced during December and January.
Using catalytic radiant heating rather than the
air-heated system resulted in higher biomass
and firmer heads, but also fostered tipburn
development. This type of heating system
seems to be an attractive alternative, provided
that CO2 and relative humidity levels can be
adequately controlled, thereby reducing the
incidence of tipburn.

Table 5. Percentage of specimens deemed nonmarketable because of tipburn for ‘Karlo’ (K) and ‘Rosana’ (R) Boston-type lettuce.

Supplementary lighting treatments Percentage of specimens deemed nonmarketablez

Photoperiod PPF Expt. 1y Expt. 2 Expt. 3 Expt. 4

(h) (µmol•m–2•s–1) K R K R K R K R

Control Control 0 0 0 0 5 0 30 0
16 50 0 0 15 0 5 15 75 0

100 0 0 40 15 65 25 85 0
20 50 --- --- --- --- 40 35 --- ---

100 --- --- --- --- 85 60 --- ---

24–16x 50 0 0 --- --- --- --- 65 0
100 12 0 --- --- --- --- 85 0

24x 50 --- --- 15 0 --- --- --- ---
100 --- --- 65 25 --- --- --- ---

zLettuce with a tipburn rating >1 was regarded as nonmarketable.
ySee Table 1 for the timetable used for the four experiments.
xPhotoperiod = 24 h during the first two weeks after transplanting and 16 h during subsequent weeks.

tuce plants grown under this type of heating
system.

Supplementary lighting and cultivars.
‘Rosana’ (a long-day cultivar) requires more
light than ‘Karlo’, which may explain why
‘Rosana’ produced less in the first experi-
ments performed in the autumn and winter.
Increases in fresh weight as a result of increas-
ing PPF or lengthening the photoperiod are in
agreement with the findings of Koontz and
Prince (1986) and Ikeda et al. (1988). Glenn
(1984) and Klapwijk (1979) noted the impor-
tance of light in determining the production
cycle length. The longest production cycle
was associated with the time of year when
solar radiation was weakest. Our findings,
obtained under northerly conditions (lat. 47°),
tend to substantiate Glenn’s (1984) and
Klapwijk’s (1979) work in Arizona and Hol-
land, respectively.

These findings demonstrate the importance
of selecting a cultivar based on its tipburn

Table 6. Effects of various light treatments on head firmness for ‘Karlo’ (K) and ‘Rosana’ (R) Boston-type lettuce.

Supplementary lighting treatments Head firmness ratingz

Photoperiod PPF Expt. 1y Expt. 2 Expt. 3 Expt. 4

(h) (µmol•m–2•s–1) K R K R K R K R

Control Control 1.7 1.1 0.0 0.0 1.1 0.3 3.4 4.2
16 50 3.4 2.6 0.4 0.4 2.7 2.3 4.7 4.8

100 4.1 3.5 2.6 2.1 3.8 3.8 4.7 5.0
20 50 --- --- --- --- 4.0 4.0 --- ---

100 --- --- --- --- 4.8 4.9 --- ---
24–16x 50 4.4 2.9 --- --- --- --- 4.8 4.7

100 4.7 4.4 --- --- --- --- 5.0 4.9
24x 50 --- --- 1.2 1.4 --- --- --- ---

100 --- --- 3.9 3.3 --- --- --- ---

df Mean squares

Heating 1 2.96w 0.0437w 9.61w 0.0073
Error a 1 9.97 0.3769 2.25 0.0025
Lighting 4

Unlighted vs lighted 1 139.56** 2.9744** 117.72**v 34.4450**

50 vs. 100 µmol•m–2•s–1 1 21.86** 0.2098** 17.11**v 0.6250NS

16 h vs. 20, 24–16, or 24 h 1 16.98* 0.1470* 25.31**v 0.1000NS

Error b 8 1.66 0.5405 1.45 0.0039
Cultivar 1 22.01** 0.0960NS 0.0129**

Heating × cultivar 1 0.01NS 0.3102* 0.0124**

Lighting × cultivar 4 1.94** 0.0933* 0.0103**

Heating × lighting × cultivar 4 2.18** 0.0246NS 0.0013NS

zRated on a scale from 0 to 5, where 0 = absence of head formation and 5 = very firm head.
ySee Table 1 for the timetable used for the four experiments.
xPhotoperiod = 24 h during the first 2 weeks after transplanting and 16 h during subsequent weeks.
wInsufficient number of degrees of freedom. The mean values appear in this table.
vAnalysis of variance not performed because of the lack of homogeneity.
NS, *, **Nonsignificant or significant at P ≤ 0.01 or 0.05, respectively.
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Increasing PPF and lengthening the photo-
period resulted in substantial gains in fresh
weight, thereby affording a means of reducing
the length of the production cycle. The impact
of supplementary lighting was more pro-
nounced during those months when natural
light levels were low; it resulted in biomass
accumulation ≤270% greater and production
cycles ≤30% shorter than under natural light.
Thus supplementary lighting seems to provide
a means of producing more harvests per year.
Increasing PPF to 100 µmol•m–2

•s–1 resulted in
more tipburn when the cultivar possessed lower
tipburn tolerance (‘Karlo’), when weather con-
ditions (such as those occurring in spring)
were conducive for tipburn, or the photoperiod
was 20 or 24 h. Under such conditions, a PPF
level of 100 µmol•m–2

•s–1 seems to be undesir-
able, despite the resulting substantial gains in
biomass. Having a 24-h photoperiod during
the first 2 weeks after transplanting did not
result in any tipburn rating increase where PPF
was 50 µmol•m–2

•s–1, but did produce a sub-
stantial gain in biomass in the trial performed
in the fall.

This research breaks new ground. The re-
sults were obtained under conventional green-
house production conditions at a northern lo-
cation. To our knowledge, no data on lettuce
relating to continuous lighting and divided
photoperiods of 24–16 h have ever been pub-
lished before. In addition, our findings can be
used to develop a growth and harvest date
prediction model.
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