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Abstract. The effects of temperature on flower size and number of flower buds of
Campanula carpatica Jacq. ‘Blue Clips’, ‘Deep Blue Clips’, and Campanula ‘Birch Hybrid’
were investigated in four temperature and light-transfer experiments. In year 1, ‘Blue
Clips’ and ‘Birch Hybrid’ plants were grown initially at 20 °C and then transferred at
visible flower bud (VB) to 14, 17, 20, 23, or 26 °C until flower (Expt. 1). In Expt. 2, ‘Blue
Clips’ and ‘Birch Hybrid’ plants were transferred from 14 to 26 °C or from 26 to 14 °C at
various intervals after flower induction. Flower size of both species was negatively
correlated with average daily temperature (ADT) after VB; flowers on plants grown at
14 °C were 35% larger than those on plants grown at 26 °C. In contrast, temperature
before VB had only a small effect on final flower size in both species, although flower
diameter of ‘Birch Hybrid’ plants grown at constant 26 °C was 20% smaller than that of
the plants grown initially at 20°C and then transferred to VB to 26 °C. For both species,
the longer the exposure to high temperature after VB, the smaller the flowers. Number
of flower buds at flower in ‘Birch Hybrid’ decreased as ADT after VB increased. In year
2, ‘Deep Blue Clips’ plants were grown at constant 20 °C under high or low daily light
integral (DLI, 17 or 5.7 mol·m–2·d–1) until VB, and then transferred to 14, 17, 20, 23, or
26 °C under high or low DLI (Expt. 3). In Expt. 4, ‘Deep Blue Clips’ plants were grown
at 14, 17, 20, 23, or 26 °C until VB, and then transferred to constant 20 °C under high
or low DLI until flower. Flower size (petal length) was negatively correlated with ADT
both before and after VB, while flower bud number was negatively correlated with the
ADT only after VB, regardless of DLI. In both experiments, petal length decreased by
0.3 to 0.5 mm per 1 °C increase in ADT before or after VB. Flowers were larger and more
numerous under high than under low DLIs after VB, regardless of the DLI before VB.

The Campanulaceae include >700 species
that are annual, biennial, or perennial. Cam-
panula carpatica ‘Blue Clips’, ‘Deep Blue
Clips’, and Campanula ‘Birch Hybrid’ are
popular garden perennial species that have
numerous, blue, bell-shaped flowers and can
be grown as flowering potted plants. ‘Blue
Clips’ (Whitman et al., 1997) and ‘Deep Blue
Clips’ (unpublished data) plants have no ver-
nalization requirement and have an obligate
long-day requirement for flowering, while
‘Birch Hybrid’ (Finical et al., 1998) plants
have an obligate vernalization requirement
but are day-neutral for flowering.

Flower size and number, important quality
attributes for many floral crops, generally de-
crease as temperature increases. This phe-
nomenon has been noted in C. carpatica ‘Blue
Clips’ (Niu et al., 2001; Whitman et al., 1997),

There are several phases during the
flowering process: flower induction, which is
the initial biochemical changes that lead to
flowering; flower initiation, during which the
flower bud or inflorescence can be first iden-
tified under a microscope; bud or inflores-
cence development or expansion; and, finally,
anthesis. Since VB can easily be identified
macroscopically, the objectives of this study
were to investigate when flowers of ‘Blue
Clips’, ‘Deep Blue Clips’, and ‘Birch Hybrid’
were responsive to temperature during flower
development and determine how DLI before
or after VB affected flower size and number of
‘Deep Blue Clips’.

Materials and Methods

Year 1

General plant culture. ‘Blue Clips’ seed-
lings with three to five true leaves were re-
ceived from a commercial producer in 128-
cell trays (10-mL cell volume) on 15 Oct.
1998. Upon receipt, seedlings were placed in
a greenhouse maintained at 20 ± 2 °C under
natural daylength. They were transplanted to
10-cm (470-mL) containers when they aver-
aged seven leaves. A commercial medium
(Strong-Lite High Porosity Mix, Pine Bluff,
Ark.), composed of pine bark, fibrous Cana-
dian sphagnum peat, horticultural vermicu-
lite, and screened coarse perlite, together with
a wetting agent, was used. ‘Birch Hybrid’
rooted cuttings in 70-cell trays were received
from a commercial producer on 26 July 1998.
Upon receipt, plants were stored for 15 weeks
in a cooler at 5 °C under a photosynthetic
photon flux (PPF) of 10 µmol·m–2·s–1. Before
transfer to the greenhouses for temperature
treatments, the cuttings were planted in 13-cm
square (1.1-L volume) plastic containers
containing the same commercial medium used
for ‘Blue Clips’. Plants of both species were
irrigated as necessary with well water [electri-
cal conductivity (EC) of 0.7 mS·cm–1 and 105,
35, and 23 mg·L–1 of Ca, Mg, and S, respec-
tively], which was acidified with H2SO4 to a
titratable alkalinity of 130 mg·L–1 of CaCO3

and contained water-soluble fertilizer provid-
ing (mg·L–1): 125 N, 12 P, 125 K, 13 Ca (30%
ammoniacal N) and (mg·L–1) 1.0 Fe, 0.5 Mn,
0.5 Zn, 0.5 Cu, 0.1 B, 0.1 Mo (MSU Special,
Greencare Fertilizers, Chicago). Supplemen-
tal lighting at a PPF of 150 µmol·m–2·s–1 was
provided from 6:00 AM to 10:00 PM and the
measured DLI was ≈12 mol·m–2·d–1.

Experimental design. In Expt. 1, plants of
both species were initially grown in a glass
greenhouse set at constant 20 °C. Plants were
assigned to treatments and, when the first
terminal flower buds were visible, transferred
individually to greenhouse sections set at 14,
17, 20, 23, or 26 °C. In Expt. 2, transfers were
made at different intervals between green-
house sections set at 14 and 26 °C. In addi-
tion, two groups of both species were grown
at constant 14 or 26 °C throughout the ex-
perimental period. The starting dates in both
experiments were 9 Nov. 1998 for ‘Birch
Hybrid’ and 13 Nov. 1998 for ‘Blue Clips’.

C. ‘Birch Hybrid’ (Frane, 1999), and pansy
‘Universal Violet’ (Viola ×wittrockiana
Gams.) (Pearson et al., 1995). Increasing daily
light integral (DLI) can compensate for the
negative effect of high temperatures in many
cases. More and larger flowers of C. carpatica
‘Blue Clips’ were obtained at 20 to 22 °C
under DLI of 10 mol·m–2·d–1 compared to those
at 16 to 18 °C under DLI of 4 mol·m–2·d–1 (Niu
et al., 2001). Supplementary lighting for 22 d
during greenhouse production increased the
size and number of C. carpatica ‘Karl Foerster’
flowers during the marketing and postharvest
periods (Serek, 1991).

Stage of growth may affect response to
environmental conditions. Pearson et al. (1995)
reported that increasing temperature before
visible bud (VB) had little effect on flower size
of pansy ‘Universal Violet’, but affected flower
size in all subsequent bud developmental
stages. If other species respond to temperature
as does pansy, such information might be used
to maintain or improve plant quality by adjust-
ing temperature during crop development.
Whether the effect of DLI on flower size and
number varies with developmental stages is
not known.



The number of plants per treatment was ten for
‘Blue Clips’ and six for ‘Birch Hybrid’. A total
of nine of the ‘Birch Hybrid’ plants did not
flower; data for those plants were not included
in analyses.

Dates of the first VB and flower were
recorded, as well as the diameter of the first
open flower. For ‘Birch Hybrid’ plants, the
number of flower buds per shoot at flower was
recorded for two shoots.

Year 2

General plant culture. Seedlings of C.
carpatica ‘Deep Blue Clips’ with three true
leaves were received from a commercial pro-
ducer in 128-cell trays on 4 Sept. 1999. Upon
receipt, seedlings were placed in a greenhouse
maintained at 20 ± 2 °C under natural photope-
riods. When seedlings had produced an average
of seven leaves, they were transplanted to 10-
cm (470-mL) containers, grown in a commer-
cial medium (Peat-Perlite Mix, Michigan
Grower Products, Galesburg, Mich.), and irri-
gated with the same type of nutrient solution
used in year 1.

In both years, greenhouse temperatures were
controlled by a greenhouse climate-control
computer (model CD750, Priva; De Lier, The
Netherlands). Plant temperatures were mea-
sured throughout the experimental period by
inserting thermocouples (chromel-constantan,
0.127 mm in diameter) into shoot tips. The
thermocouples were reinserted to a new posi-
tion every 1 to 2 weeks as plants grew. Vapor
pressure deficit (VPD) was maintained around
0.7 KPa in all sections by injecting water vapor
as needed. Actual temperatures (air and plant)
and PPF were measured at 10-s intervals, and
the hourly average was recorded by a CR-10
datalogger (Campbell Scientific, Logan, Utah).
The actual plant average daily temperature
(ADT) from forcing to VB (majority of the
plants), from VB to flower, and from forcing to
flower over the entire experimental period were
calculated and used in all data analyses.

Experimental design. Five greenhouse sec-
tions (4.7 × 4.1 m) were set at 14, 17, 20, 23, or
26 °C, and each section had two DLI levels. One
of the three benches (high DLI bench; average
17 mol·m–2·d–1) in each greenhouse section was
lighted by high-pressure sodium (HPS) lamps
at an average 215 µmol·m–2·s–1 for 16 h·d–1. The
low DLI bench (5.7 mol·m–2·d–1) was separated
from the high DLI bench by another bench and
had a PPF of ≈10 µmol·m–2·s–1 provided by
lights over the high DLI bench, a PPF sufficient
to provide a long-day photoperiod. In Expt. 3,
plants with 12–15 nodes were grown in a 20 °C
greenhouse section under high or low DLI until
VB and were moved individually to green-
house sections set at 14, 17, 20, 23, or 26 °C
under high or low DLI in a factorial fashion and
remained there until flower. In Expt. 4, plants
with 12 to 15 nodes were placed under long
days at 14, 17, 20, 23, or 26 °C until they were
individually moved to 20 °C under high or low
DLI at VB, where they remained until flower. A
group of 12 control plants was grown on each
bench at constant temperature and DLI through-
out the experimental period.

Dates of VB and first flower were recorded.
Petal length and number of flower buds were
also recorded. SAS’s PROC REG (SAS Insti-
tute, Cary, N.C.) was used to test the signifi-
cance of correlation, and PROC GLM was used
to test the significance of differences between
regression lines. The linear regression lines are
presented in the graphs only when the correla-
tion was statistically significant.

In order to determine when flower buds
were initiated, plants with ≈15 nodes were
placed under long days at 14, 20, or 26 °C on 20
Dec. 1999. Six plants were dissected and viewed
under a microscope every other day to deter-
mine whether flower buds had been initiated.
The date on which all six plants reached flower
bud initiation and the date of first VB were
recorded.

Results and Discussion

Year 1

‘Blue Clips’. Flower diameter in both ex-
periments was negatively correlated with ADT
after VB (Fig. 1A). Flower diameter in Expt. 1
was largest when plants were grown at con-
stant 14 °C or grown initially at 20 °C until VB
and then transferred to 14 or 17 °C until
flower, and smallest when plants were grown
at constant 26 °C or grown initially at 20 °C
and then transferred to 26 °C at VB.

In Expt. 2, flower diameter of plants that
were transferred from 26 to 14 °C before VB
(Fig. 1A) did not differ significantly from that
of plants held in constant 14 °C. Similarly,
flower diameter of plants that were transferred
from 14 to 26 °C before VB (W1-14-26 and
W3-14-26) did not differ from that in constant
26 °C.

Flower diameter of ‘Blue Clips’ plants that
were transferred from 26 to 14 °C ≈2 weeks
after VB (W5-26-14) was smaller than that of
plants held at constant 14 °C, but larger than
that of those at constant 26 °C (Fig. 1A).
Similarly, flower diameter of plants that were
transferred ≈3d after VB from 14 to 6 °C (W5-
14-26) was larger than the flower diameter of
plants grown at 26 °C, but smaller than that at
14 °C.

The results indicate that when ‘Blue Clips’
plants were grown at cool temperatures ini-
tially and transferred to warm temperatures at
or before VB, the final flower diameter was
comparable to that of plants grown at warm
temperatures throughout. Conversely, when
plants were grown at warm temperatures ini-
tially and transferred to cool temperatures at or
before VB, the flower diameter was similar to
that of plants grown at a constant cool tem-
perature. The longer the plants were exposed
to warm temperatures after VB, the smaller the
flower. After VB, plants grown part of the time
at a cool temperature and part at a warm one
had an intermediate flower size that was
negatively correlated with ADT (Fig. 1A).

‘Birch Hybrid’. Flower diameter increased
as temperature after VB decreased. In Expt.
1, flower diameter of plants grown at con-
stant 14 °C did not differ from that of the
plants grown initially at 20 °C and then trans-

Fig. 1. Relationship between average daily tem-
perature (ADT) after visible bud and (A) flower
diameter of Campanula carpatica ‘Blue Clips’,
(B) flower diameter of Campanula ‘Birch Hy-
brid’, and (C) the number of flower buds of
‘Birch Hybrid’. Symbols represent means for
plants grown at 20 °C and then transferred to
various temperatures at visible bud (●) (Expt.
1), plants transferred from 14 to 26 °C or from
26 to 14 °C at different time intervals (❍)
(Expt. 2), or constant 14 or 26 °C (▲), respec-
tively. The solid line represents the linear re-
gression line from all the data points.

ferred to 14 °C at VB (Fig. 1B). However,
flower diameter at constant 26 °C was 20%
smaller than that of the plants grown initially
at 20 °C and then transferred to 26 °C at VB.
When plants were grown initially at 20 °C
and then transferred at VB to 14, 17, 20, or 23
°C, the lower the temperature after VB, the
larger the flowers. Flower diameter was ≈25%
or 60% larger at constant 14 °C than at con-
stant 20 or 26 °C.

In Expt. 2, flower diameter of plants
grown at 26 °C for 1 week and then transferred
to 14 °C (W1-26-14) was the same as that of
plants grown at constant 14 °C (Fig. 1B).
Flower diameter following transfer from 26
to 14 °C after VB (W2-26-14 and W3-26-14)
was intermediate between those at constant
14 °C and constant 26 °C, whereas diameter
following transfer from 14 to 26 °C before
VB (W1-14-26) was the same as at constant



26 °C (Fig. 1B). In W2-14-26 and W3-14-26,
some plants were transferred from 14 to 26 °C
after VB, so the flower diameter was larger
than that at constant 26 °C.

The number of flower buds per shoot in
‘Birch Hybrid’ also decreased linearly as ADT
after VB increased but the correlation was low
(Fig. 1C). In ‘Blue Clips’, the number of
flower buds at first flower decreased as forc-
ing temperature increased from 14 to 26 °C
(Niu et al., 2001; Whitman et al., 1997) but
was not recorded in this study.

Flowers of ‘Blue Clips’ in W3-26-14, W5-
26-14, W1-14-26, and constant 26 (Fig. 1A)
and of ‘Birch Hybrid’ in W2-26-14, W3-26-
14, W1-14-26, and constant 26 (Fig. 1B) were
smaller than the average (based on the linear
regression line), since some or all of the plants
in the treatments were exposed to 26 °C during
early flower bud development (Table 1). Gen-
erally, flowers of both species were larger in
Expt. 1 than in Expt. 2 at the same ADT after
VB, although differences were not significant.
The tendency toward smaller flowers in Expt.
2 suggests that exposure to 26 °C from flower
initiation to VB had at least some effect on
final flower size.

Time from VB to flower decreased as ADT
from VB to flower increased for both species
(Fig. 2), which agrees with previous reports
(Frane, 1999; Whitman et al., 1997). Time
from VB to flower decreased ≈2 weeks as
ADT increased from 15 to 20 °C (Fig. 2 A and
B). Frane (1999) reported that flower develop-
mental rate in ‘Birch Hybrid’ increased as
temperature increased from 17 to 24 °C but
decreased as temperature continued to increase
from 24 to 29 °C. In this study, time from VB
to flower decreased as ADT increased from 14
to 24 °C, but did not change as ADT increased
from 24 to 26 °C (Fig. 2 A and B). Therefore,
26 °C is probably out of the linear range for
flower development in both species. Flower
developmental rate in ‘Blue Clips’ increased
linearly with ADT from 14 to 25 °C, regard-
less of the combinations of day and night
temperatures (Niu et al., 2001).

For both species, increasing the tempera-
ture hastened flower development but reduced
flower size and number. Flower size was nega-
tively correlated with the temperature after
VB. Although the specific effect of all tem-
peratures before VB on final flower size is not
clear from this study, high temperature (26 °C)
before VB did reduce flower size slightly.

Year 2

‘Deep Blue Clips’. Flower size (petal length)
and number of flower buds decreased as ADT
increased (Fig. 3 A and D) for plants grown at
a constant temperature, irrespective of the DLI
from forcing to flower. The number of flower
buds was higher under high (17 mol·m–2·d–1)
than under low DLI (5.7 mol·m–2·d–1; Fig. 3D).

For plants grown initially at 20 °C until VB
and then transferred to various temperatures
(Expt. 3), flower size and number of flower
buds decreased linearly as ADT after VB
increased under all DLIs (Fig. 3 B and E).
Differences in slopes and intercepts of the

Fig. 2. Relationship between average daily temperature (ADT) and time from visible bud (VB) to flower of
(A) Campanula carpatica ‘Blue Clips’ and (B) Campanula ‘Birch Hybrid’. Symbols represent means
for plants grown at 20 °C and then transferred to various temperatures at visible bud (●) (Expt. 1), plants
transferred from 14 to 26 °C or from 26 to 14 °C at different time intervals (❍) (Expt. 2), or constant 14
or 26 °C (▲), respectively. The solid line represents the reciprocal of developmental rate pooled from
all the data points. Developmental rate and ADT was correlated with r2 of 0.92 (‘Blue Clips’) or 0.82
(‘Birch Hybrid’).

linear regression lines for flower size vs. ADT
after VB were nonsignificant (Fig. 3B), pro-
vided that the DLI after VB was the same.
Therefore, data were pooled under the same
DLI after VB for linear regression lines (Fig.
3 B, C, and E). However, flower size and
number of flower buds differed significantly
when plants were grown under high (solid
symbols) vs. low (open symbols) DLIs after
VB (Fig. 3 B and E). Petal length decreased
≈0.5 and 0.3 mm per 1 °C increase in ADT
after VB under low and high DLIs, respec-
tively (Fig. 3B). Plants averaged five fewer
flower buds for every 1 °C rise in temperature
after VB (Fig. 3E). Plants had ≈100 more
flower buds when grown under the high DLI
after VB, regardless of the DLI before VB or
temperature after VB (Fig. 3E).

Flower size of plants grown at various
temperatures until VB and then transferred to
20 °C (Expt. 4) was also negatively correlated
with the temperature before VB (Fig. 3C).
Except for the plants grown at low DLI before
VB and high DLI after VB (solid triangle
symbol, r2 of 0.89), the number of flower buds
was not influenced by the ADT before VB
(Fig. 3F). Flowers were larger and flower buds
were more numerous under high DLI after
VB, regardless of the DLI before VB.

Time from forcing to VB, from VB to
flower, or from forcing to flower was unaf-
fected by DLI before or after VB, and was
closely correlated with ADT (Figs. 4–5). Time
from VB to flower in Expt. 3 and from forcing
to VB in Expt. 4 are not presented, since ADT
was constant during those periods. Times from

Table 1. Effect of time of transferring plants from 14 to 26 °C or from 26 to 14 °C on days to visible bud
(VB) of Campanula carpatica ‘Blue Clips’ and Campanula ‘Birch Hybrid’ (Expt. 2).

Treatment Time (d) from ADT (°C)z Time (d) from
code forcing to transfer Before VB After VB forcing to VB

Blue Clips
Constant 14 °C --- 14.7 14.7 32.6 ± 0.9y

Constant 26 °C --- 25.1 25.1 21.9 ± 2.3
Transfer from 26 to 14 °C
W1-26-14 7 17.3 14.7 28.1 ± 5.0
W3-26-14 21 22.7 14.7 27.4 ± 8.9
W5-26-14 35 25.1 19.3 22.4 ± 2.5
Transfer from 14 to 26 °C
W1-14-26 7 22.3 25.1 25.9 ± 4.8
W3-14-26 21 17.7 25.1 29.6 ± 4.8
W5-14-26 35 14.7 23.6 32.0 ± 2.8

Birch Hybrid
Constant 14 °C --- 14.5 14.8 14.0 ± 1.8

Constant 26 °C --- 26.1 26.0 12.5 ± 3.0

Transfer from 26 to 14 °C
W1-26-14 7 18.4 14.7 20.0 ± 10.8
W2-26-14 14 25.4 15.3 12.3 ± 7.0
W3-26-14 21 25.4 17.6 13.5 ± 6.3
Transfer from 14 to 26 °C
W1-14-26 7 21.1 25.4 17.5 ± 7.8
W2-14-26 14 16.5 25.4 16.8 ± 8.7
W3-14-26 21 14.7 25.4 21.0 ± 9.5
zAverage daily temperature.
yMeans ± 95% confidence interval.



Fig. 4. Relationship between average daily tempera-
ture (ADT) and (A) time to visible bud (VB), (B)
from VB to flower, or (C) from forcing to flower
of Campanula carpatica ‘Deep Blue Clips’. Sym-
bols ● and ❍ indicate high and low DLIs, respec-
tively. The solid line represents the reciprocal of
the developmental rate pooled from the two DLIs.
Regression coefficients (r2) for developmental
rate vs. ADT in the range of 14 to 24 °C were 0.81
(forcing to VB), 0.98 (VB to flower), and 0.96
(forcing to flower), respectively.

forcing to VB, from VB to flower, or from
forcing to flower decreased as ADT during
those periods increased until ≈24 °C, but in-
creased or did not change as ADT continued to
increase above 24 °C. Flower developmental
rate increases linearly as temperature increases
between the base temperature, at which there is
no growth, and the optimum temperature, at
which developmental rate is maximum (Rob-
erts and Summerfield, 1987). Therefore, the
optimum temperature for rapid flower develop-
ment for ‘Deep Blue Clips’ was ≈24 °C.

Time from flower induction (start of long
days) to flower initiation and to VB and from
flower initiation to VB were longest at 14 °C
and shortest at 20 °C in the temperature range
studied (Table 2). Flower bud initiation was
delayed 5 d when the temperature was raised
from 20 to 26 °C.

In Expts. 3 and 4, temperature before or after
VB affected flower size, but only the tempera-
ture after VB affected the number of flower
buds. Pearson et al. (1995) concluded that flower
size of pansy was influenced only by the tem-
perature after VB. However, at least some of
their data did show that flowers grown at con-
stant 10 °C were ≈13% larger than those of
plants grown initially at 25 °C and then trans-
ferred to 10 °C at VB. Conversely, when plants
were grown at 10 °C until VB and then trans-
ferred to 25 °C until flower, flowers were 25%
larger than those of plants grown at constant 25
°C. In year 1, ‘Blue Clips’ and ‘Birch Hybrid’
plants that were exposed to high temperature
before VB tended to have smaller flowers. The
time from flower bud initiation to VB was 9.5,
6.5, and 7.5 d at 14, 20, and 26 °C, respectively,
for ‘Deep Blue Clips’ (Table 2). Cool tempera-
tures from both flower bud initiation to VB and
VB to flower may be critical for maximizing

flower size. Time from flower bud initiation to
VB may be ≈7 d for ‘Blue Clips’ and ‘Birch
Hybrid’ at 20 °C, since time to flower for these
species was similar to that for ‘Deep Blue Clips’
(Frane, 1999; Whitman et al., 1997). Thus, in
order to maximize flower size, plants should
not be exposed to high temperatures during the
week before VB.

Increasing DLI before VB did not increase
flower size or number of flower buds,
although the low DLI level tested was above 5
mol·m–2·d–1. Therefore, supplementary lighting
to increase the DLI above 5 mol·m–2·d–1 before
VB is unnecessary for ‘Deep Blue Clips’. How-
ever, supplementary lighting after VB partially
compensated for the negative effect of high
temperatures. For example, the number of flower
buds was ≈40% higher under the high DLI (17
mol·m–2·d–1) after VB at 22 to 24 °C than under
the low DLI (5.7 mol·m–2·d–1) at 14 to 16 °C
(Fig. 3E), although flowers were larger at cooler
temperatures.

Quantification of lateral branching is diffi-
cult in C. carpatica. Instead, the number of
flower buds can be recorded to reflect branch-
ing status when the first flower is fully open, a
high number of buds indicating more branch-
ing. Plants developed more lateral branches
from their existing shoots as they elongated
under high DLI after VB.

Since high DLI was obtained by supple-
menting natural light with HPS lamps, both
light quantity and quality may have contributed
to the increased number of flower buds. The
ratio of red (R) to far red (FR) was 5.9 for HPS
lamps (Whitman et al., 1998), but only 1.15 for
sunlight (Smith, 1994). Thus, the actual R/FR
ratio was higher in the high than in the low DLI
treatments. High R/FR conditions enhance
branching and suppress stem elongation (Smith,

1994). Plants were more compact under high
than under low DLI.

Pearson et al. (1995) suggested that produc-
tion of small pansy flowers at high temperature
might be attributable to a reduced duration of
flower development, which would limit the
time for cell division or for cellular expansion.
For the three species tested in our study, flower
size increased linearly as the time from VB to
flower increased (data not shown), indicating
that the flowers were larger when the duration
for flower development was longer. Since we
did not measure cell number or size in flowers,
we do not know which was affected.

In summary, flower size in ‘Deep Blue
Clips’ decreased as the temperature before or
after VB increased. The number of flower buds
was not influenced by the temperature before
VB, while it was negatively correlated with the
temperature after VB. Increasing DLI after VB
increased flower size and number, but a DLI of
5.7 to 17 mol·m–2·d–1 before VB did not affect
flower size and number of flower buds in

Fig. 3. Relationship between average daily temperature (ADT) and (A–C) flower petal length and (D–F) the
number of flower buds of Campanula carpatica ‘Deep Blue Clips’. Symbols indicate the DLI level
before/after visible bud (VB): High/High (●), High/Low (❍), Low/High (▲), and Low/Low ( ). Solid
and dashed lines represent linear regression lines for solid and open symbols, respectively.



‘Deep Blue Clips’. For all species, flower size
and number decreased as temperature after
VB increased.
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Table 2. Time (days) to flower bud initiation and visible bud (VB)
in Campanula carpatica ‘Deep Blue Clips’.

Temp (°C)
14.0 20.0 26.0

To flower bud initiation 29.0 12.0 17.0
To VB 38.5 18.5 24.5
From flower bud initiation to VB 9.5 6.5 7.5

Fig. 5. Relationship between average daily temperature (ADT) and time (A) from visible bud (VB) to
flower or (B) from forcing to flower of Campanula carpatica ‘Deep Blue Clips’ (Expt. 3); relationship
between ADT and time to (C) VB or (D) flower (Expt. 4). Symbols indicate the DLI level before/after
VB: High/High (●), High/Low (❍), Low/High (▲), and Low/Low ( ). The solid line represents
the reciprocal of developmental rate pooled from all the combinations of DLIs before and after VB.
Regression coefficients (r2) for developmental rate vs. ADT in the range of 14 to 24 °C were 0.92 (Fig.
5A, VB to flower), 0.86 (B, forcing to flower), and 0.85 (C, forcing to VB), respectively. That for
developmental rate vs. ADT in the range of 16 to 20 °C was 0.76 (D, forcing to flower).
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