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Highlights
What are the main findings?

e  Floral buds of Vanda ‘Pakchong Blue” were initiated during the hot season but fre-
quently aborted before anthesis under high-temperature conditions.

¢ An evaporative-cooling greenhouse enabled successful off-season flowering, ad-
vanced flowering time, and improved flower quality compared with a shaded green-
house.

e  Prolonged exposure to 18 °C delayed flowering but did not significantly affect vege-
tative growth.

What are the implications of the main findings?

e  Temperature regulation is a practical strategy for achieving year-round production
of high-quality Vanda orchids under tropical conditions.

e  These findings provide a scientific basis for developing climate-resilient orchid pro-
duction systems and improving the commercial supply of off-season flowers.

Abstract

Blue Vanda hybrids, including Vanda ‘Pakchong Blue’, frequently fail to flower during
Thailand’s hot season (March-May), resulting in reduced market supply despite strong
commercial demand. This study investigated flowering behavior and the effects of tem-
perature management on growth, flowering, and flower quality of Vanda ‘Pakchong Blue’.
In the first experiment, flowering behavior was examined through weekly histological
observations of plants maintained under high-temperature conditions following inflo-
rescence removal. Floral buds were initiated under high temperatures but failed to com-
plete development and subsequently aborted. The period from floral initiation to anthesis
was approximately 75 days. In the second experiment, plants were subjected to low-tem-
perature treatments (18 + 2 °C) for 0, 4, or 6 weeks and subsequently transferred to either
an evaporative-cooling greenhouse (ECG) or a shaded greenhouse (SG). Plants grown in
the ECG flowered during the off-season (March-May), whereas those grown in the SG
flowered during the natural flowering season (August—September). Flowering in the ECG
occurred 136-156 days earlier than in the SG and produced superior flower quality, in-
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cluding longer inflorescences and a greater number of florets. Exposure to 18 °C for 4 and
6 weeks delayed flowering by 24 and 45 days, respectively, but had no significant effect
on vegetative growth. These findings demonstrate that successful off-season flowering
and improved flower quality were primarily associated with cultivation in the evapora-
tive-cooling greenhouse, whereas prolonged exposure to 18 °C delayed flowering without
affecting vegetative growth. This study provides the first detailed characterization of flo-
ral bud development and flowering responses to different temperature-management
strategies in this cultivar and highlights the potential of evaporative-cooling greenhouse
technology for sustainable orchid production, climate-resilient floriculture systems, and
year-round supply of high-quality flowers under tropical conditions.

Keywords: Vanda orchid; floral development; temperature regulation;
evaporative-cooling greenhouse; off-season flowering; sustainable floriculture;
climate-resilient production

1. Introduction

Vanda orchids are among the most economically important tropical orchids in the
global floriculture industry due to their large, colorful, and long-lasting flowers. Among
commercial Vanda hybrids, blue-flowered cultivars derived from Vanda coerulea, such as
Vanda 'Pakchong Blue’, are particularly valuable in both domestic and international mar-
kets for their unique flower color and high ornamental quality [1-3]. However, commer-
cial production of these orchids is constrained by pronounced seasonal fluctuations in
flowering, leading to an inconsistent flower supply throughout the year.

In Thailand, flowering of blue Vanda hybrids is severely reduced during the hot sea-
son (March-May), when daytime temperatures frequently exceed 35 °C. Under these con-
ditions, flower buds often fail to develop fully and may abort before anthesis, leading to
significant shortages during periods of high market demand. This limitation poses a major
challenge for orchid growers and exporters who require a reliable year-round supply of
high-quality flowers. Therefore, developing effective strategies to regulate flowering un-
der high-temperature conditions is essential for improving production efficiency and eco-
nomic returns.

Temperature is one of the most important environmental factors regulating flower-
ing in orchids. Previous studies have demonstrated that temperature influences floral in-
duction, floral differentiation, and flower development through its effects on hormonal
regulation, carbohydrate metabolism, and reproductive meristem activity [3-5]. In com-
mercial orchid production, temperature manipulation has become one of the most effec-
tive environmental approaches for regulating flowering time and improving production
scheduling under greenhouse cultivation [6-10]. Studies in Phalaenopsis have consistently
demonstrated that daytime temperature is a major environmental factor regulating flow-
ering, with elevated temperatures suppressing inflorescence initiation and reproductive
development, whereas appropriate temperature regimes promote reproductive develop-
ment and influence flowering performance [6-11]. Collectively, these studies indicate that
temperature regulates not only the transition from vegetative to reproductive growth but
also the successful progression of flower development following floral initiation.

Similarly, studies on Vanda orchids have shown that environmental manipulation,
including short-day treatments and cultivation in evaporative-cooling greenhouse sys-
tems, can modify flowering time and support off-season flowering [12,13]. Vanda species
produce axillary racemose inflorescences, with flowers developing sequentially along the
inflorescence axis [2].
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Although temperature-mediated flowering responses have been investigated in sev-
eral orchid species, information regarding floral developmental behavior and tempera-
ture requirements in Vanda ‘Pakchong Blue’ remains limited. In particular, the develop-
mental processes associated with flower bud initiation and abortion under high-tempera-
ture conditions have not been clearly characterized. Although high-temperature inhibi-
tion of flowering has been extensively documented in Phalaenopsis, relatively little infor-
mation is available regarding floral developmental behavior, flower bud abortion, and
temperature requirements in blue-flowered Vanda hybrids. Furthermore, the combined
effects of low-temperature exposure and evaporative-cooling greenhouse conditions on
off-season flowering and flower quality in this cultivar have not been fully evaluated.

To our knowledge, no study has simultaneously characterized floral developmental
stages and evaluated the combined effects of low-temperature exposure and evaporative-
cooling greenhouse cultivation on off-season flowering in Vanda ‘Pakchong Blue’. This
knowledge gap limits the development of effective temperature-management strategies
for year-round flower production under tropical conditions.

Therefore, this study aimed to characterize flower bud development and investigate
the effects of temperature regimes on flowering responses of Vanda ‘Pakchong Blue’.

2. Materials and Methods

2.1. Experiment I: Flowering Behavior and Floral Development

The flowering behavior and floral developmental stages of Vanda ‘Pakchong Blue’
were investigated using three-year-old plants grown in a greenhouse with 50% shade at
H.M. The King’s Initiative Centre for Flower and Fruit Propagation, Chiang Mai, Thai-
land. During the study period, plants were grown under average environmental condi-
tions of approximately 30 + 2 °C air temperature, 60% relative humidity (RH), and a pho-
tosynthetic photon flux density (PPFD) of approximately 350 umol m2 s

Histological observations were conducted from January to March. Prior to the exper-
iment, all existing inflorescences were removed to stimulate the development of new floral
buds. A total of 75 plants were used. Floral buds were sampled weekly for histological
observation. Three plants were randomly selected at each sampling date, and 1-2 devel-
oping buds located above the removed inflorescence were collected for anatomical exam-
ination of floral development. After the completion of the histological observations, the
remaining experimental plants were continuously monitored for flowering behavior until
successful flowering was observed in late June.

Air temperature and relative humidity inside the greenhouse were continuously
monitored using HOBO UX100-011A temperature and relative humidity data loggers
(Onset Computer Corporation, Bourne, MA, USA). Photosynthetic photon flux density
(PPFD) was measured using an LI-250A light meter equipped with a quantum sensor (LI-
COR Biosciences, Lincoln, NE, USA). Photoperiod was calculated from sunrise and sunset
times obtained from the Thai Meteorological Department for Hang Dong District, Chiang
Mai Province, Thailand.

2.2. Histological Analysis

Collected floral buds were fixed in formalin—acetic acid—alcohol (FAA) solution for 7
days and subsequently dehydrated through a graded ethanol and tertiary butyl alcohol
(TBA) series (50%, 70%, 85%, 95%, and 100%). The samples were then infiltrated sequen-
tially with pure TBA, a 1:1 mixture of TBA and liquid paraffin, and pure paraffin before
embedding in Paraplast. Embedded samples were sectioned and processed for histologi-
cal observation according to standard plant microtechnique procedures, as described by
Johansen [14].
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Embedded samples were incubated at 60 °C for at least 48 h to ensure complete par-
affin infiltration. Longitudinal sections (17 pm thick) were prepared using a rotary micro-
tome and mounted on adhesive-coated microscope slides. Sections were deparaffinized
with xylene, rehydrated through an ethanol series, stained with hematoxylin, and ob-
served under a light microscope to determine floral developmental stages.

2.3. Experiment 1I: Effects of Temperature Regimes on Growth and Flowering

Three-year-old Vanda ‘Pakchong Blue’ plants were acclimatized for one month in a
greenhouse with 50% shade prior to treatment application.

The experiment was arranged in a completely randomized design (CRD) with six
treatment combinations and 13 replications per treatment. Each plant was considered one
experimental unit, resulting in a total of 78 plants.

The six treatment combinations consisted of three durations of low-temperature
treatment (0, 4, and 6 weeks at 18 + 2 °C) combined with two growing environments: a
shaded greenhouse (SG) and an evaporative-cooling greenhouse (ECG).

The treatments were as follows:

) T1: 0 weeks at 18 °C + SG;
e T2:0weeksat 18 °C + ECG;
) T3: 4 weeks at 18 °C + SG;
) T4: 4 weeks at 18 °C + ECG;
e  T5:6 weeks at 18 °C + SG;
o T6:6 weeksat18 °C + ECG.

Plants assigned to the 0-week treatment (T1 and T2) did not receive any low-temper-
ature pretreatment. Instead, they were transferred directly from the acclimatization green-
house to their designated growing environments without exposure to the 18 + 2 °C cham-
ber. Thus, the 0-week treatment represented the complete absence of low-temperature
pretreatment. In contrast, plants assigned to the 4- and 6-week treatments were main-
tained at 18 £ 2 °C, 80% relative humidity (RH), and a photosynthetic photon flux density
(PPFD) of approximately 53 pmol m= s for the designated treatment duration.

Following completion of the low-temperature treatments, plants were transferred to
their designated growing environments. The evaporative-cooling greenhouse (ECG) was
maintained at approximately 25 + 2 °C and 70-80% RH, whereas plants in the shaded
greenhouse (S5G) were grown under 50% shade under ambient environmental conditions
until flowering.

Air temperature and relative humidity were recorded continuously inside each
greenhouse using HOBO UX100-011A temperature and relative humidity data loggers
(Onset Computer Corporation, Bourne, MA, USA). Photosynthetic photon flux density
(PPFD) was measured using an LI-250A light meter equipped with a quantum sensor (LI-
COR Biosciences, Lincoln, NE, USA). Monthly mean, maximum, and minimum air tem-
peratures were calculated from the recorded data. Photoperiod was calculated from sun-
rise and sunset times obtained from the Thai Meteorological Department for Hang Dong
District, Chiang Mai Province, Thailand, during the experimental period. Detailed
monthly environmental conditions, including average, maximum, and minimum air tem-
peratures, relative humidity (RH), photosynthetic photon flux density (PPFD), and pho-
toperiod recorded inside both greenhouse systems during Experiment II, are presented in
Supplementary Table S1.
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2.4. Growth and Flowering Assessments
Vegetative growth was evaluated monthly by measuring:

e  Plant height (cm);

e Leaflength (cm);

e Number of leaves per plant.
Flowering performance was evaluated based on:

e Days to inflorescence emergence, defined as the number of days from treatment ini-
tiation until an inflorescence reaches at least 0.5 cm in length;

e  Percentage of flowering plants;

e Inflorescence length (cm);

e Number of florets per inflorescence;

e  Flower diameter (cm).

2.5. Statistical Analysis

Data from Experiment II were analyzed using one-way analysis of variance
(ANOVA) under a completely randomized design (CRD), with six treatment combina-
tions as the main treatment factor. When significant differences were detected by the F-
test, treatment means were compared using Fisher’s least significant difference (LSD) test
at p < 0.05. Flowering percentage data were analyzed using the Fisher-Freeman-Halton
exact test because flowering status was a binomial outcome. Statistical analyses were per-
formed using IBM SPSS Statistics for Windows, Version 29.0 (IBM Corp., Armonk, NY,
USA) for continuous variables and R version 4.6.1 (R Foundation for Statistical Compu-
ting, Vienna, Austria) for the Fisher—Freeman—Halton exact test.

3. Results
3.1. Experiment I. Flowering Behavior and Floral Development

Following the removal of existing inflorescences in January, axillary buds remained
dormant for approximately seven weeks. Active axillary buds first appeared during the
second week of March and continued to develop for approximately three weeks (Figure
1). However, all developing buds subsequently aborted before reaching anthesis.

Morphological observations showed a gradual transition from dormant axillary buds
to floral buds. Initially, axillary buds appeared flat and inactive (Figure 1A). During floral
initiation, bud primordia became swollen and distinguishable from vegetative buds (Fig-
ure 1B). Continued development resulted in further enlargement of the developing floral
buds, accompanied by continued differentiation of floral primordia around the apical me-
ristem (Figure 1C).

Histological examination confirmed floral initiation and differentiation during this
period (Figure 2). Longitudinal sections of developing buds revealed the formation of flo-
ral primordia surrounding the apical meristem (Figure 2A). As development progressed,
flower buds approximately 0.5 cm in length exhibited a larger meristematic region and a
greater number of differentiated floral primordia (Figure 2B).

Following the completion of the histological observations, the remaining experi-
mental plants were continuously monitored for flowering behavior. A second flush of
flower bud development was observed in mid-May. Similar to the March flush, these
flower buds developed for approximately three weeks before aborting. Successful flower
development was first observed in the last week of June, when flower buds continued to
develop and eventually reached anthesis.

Flower buds remained enclosed beneath the leaf sheath for approximately four
weeks before emerging through the leaf axil. From floral bud initiation to anthesis, the
complete developmental process required approximately 75 days (Figure 3). Five sequen-
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tial developmental stages were identified: bud initiation, bud differentiation, inflo-
rescence elongation, bud development, and flowering. Inflorescence length increased pro-
gressively throughout development, with the greatest rate of elongation occurring be-
tween 55 and 75 days after bud initiation.

Figure 1. Morphological stages of floral bud development in Vanda ‘Pakchong Blue’. (A) Dormant
axillary bud before floral transition. (B) Early floral bud showing bud swelling during floral bud
initiation. (C) Developing floral bud with an enlarged apex and raised tip.

Figure 2. Longitudinal sections of developing floral buds in Vanda ‘Pakchong Blue’. (A) Early floral
bud showing the apical meristem and the initiation of floral primordia (arrows). (B) Floral bud ap-
proximately 0.5 cm in length, showing a more developed apical meristem and further development

of floral primordia (arrows).
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Figure 3. Sequential stages of flower development in Vanda ‘Pakchong Blue’ from floral bud initia-
tion to anthesis. Floral development was divided into five stages: bud initiation, bud differentiation,
inflorescence elongation, bud development, and flowering. The graph illustrates changes in inflo-
rescence length during development over a total duration of approximately 75 days from bud initi-
ation to the first flower opening.
3.2. Environmental Conditions During the Experimental Period
Seasonal changes in maximum temperature, minimum temperature, and photoper-
iod are shown in Figure 4. Flower bud initiation occurred during the off-season period
from mid-March to early June, when maximum temperatures ranged from 36.8 to 39.4 °C
and the photoperiod increased from approximately 12.4 to 13.6 h day-'. Although flower
buds were initiated during this period, they subsequently aborted before anthesis.
Successful flower development was first observed in late June and continued
throughout the flowering season. This transition coincided with a gradual decline in max-
imum temperature, while minimum temperatures remained relatively stable (Figure 4).
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Figure 4. Seasonal patterns of maximum temperature (Temp-max), minimum temperature (Temp-
min), and photoperiod (PP) during the experimental period. Periods of flower bud initiation, flower
bud abortion, and successful flowering of Vanda ‘Pakchong Blue” are indicated to illustrate the en-

vironmental conditions associated with floral development.

3.3. Experiment Il. Effects of Temperature Regimes on Growth and Flowering
3.3.1. Vegetative Growth Responses

Plant height, number of leaves, and leaf length increased gradually throughout the ex-
perimental period in all treatments. However, no significant differences were observed among
temperature treatments or growing environments at any evaluation date (Tables 1-3).

At 28 weeks after treatment (WAT), plant height ranged from 17.27 to 18.91 cm (Table
1), whereas the number of leaves ranged from 16.80 to 18.71 leaves per plant (Table 2).
Leaf length ranged from 19.33 to 20.29 cm (Table 3). These results indicate that exposure
to 18 °C for up to 6 weeks did not significantly affect the vegetative growth of Vanda ‘Pak-
chong Blue’ during the experimental period.

Table 1. Effects of temperature treatment and growing environment during the off-season on plant
height of Vanda ‘Pakchong Blue’.

Plant Height (cm)
Treatment March April May June July
(12 WAT) (16 WAT) (20 WAT) (24 WAT) (28 WAT)
T1: 0 weeks at 18 °C + SG 16.47 16.70 17.34 18.18 18.91
T2: 0 weeks at 18 °C + ECG 15.91 16.24 16.73 17.51 18.14
T3: 4 weeks at 18 °C + SG 16.00 16.48 17.18 17.51 18.06
T4: 4 weeks at 18 °C + ECG 15.69 16.25 16.86 16.93 17.27
T5: 6 weeks at 18 °C + SG 15.65 16.29 16.78 17.09 17.60
T6: 6 weeks at 18 °C + ECG 15.80 16.31 17.01 17.48 18.46
F-test ns ns ns ns ns
SE 0.23 0.22 0.23 0.25 0.30
Values are presented as treatment means. SE = standard error of the mean. ns = not significant (p > 0.05)
according to one-way ANOVA. SG = shaded greenhouse; ECG = evaporative-cooling greenhouse.
Table 2. Effects of temperature treatment and growing environment during the off-season on num-
ber of leaves of Vanda ‘Pakchong Blue’.
Number of Leaves
Treatment March April May June July
(12 WAT) (16 WAT) (20 WAT) (24 WAT) (28 WAT)
T1: 0 weeks at 18 °C + SG 15.40 16.00 16.70 17.10 17.70
T2: 0 weeks at 18 °C + ECG 16.60 17.11 17.57 17.86 18.71
T3: 4 weeks at 18 °C + SG 15.80 16.50 17.40 17.60 18.50
T4: 4 weeks at 18 °C + ECG 15.70 16.40 17.38 17.71 18.43
T5: 6 weeks at 18 °C + SG 15.60 16.20 17.00 17.20 18.00
T6: 6 weeks at 18 °C + ECG 14.90 15.40 16.30 16.60 16.80
F-test ns ns ns ns ns
SE 0.21 0.21 0.22 0.24 0.25

Values are presented as treatment means. SE = standard error of the mean. ns = not significant (p > 0.05)
according to one-way ANOVA. SG = shaded greenhouse; ECG = evaporative-cooling greenhouse.
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Table 3. Effects of temperature treatment and growing environment during the off-season on leaf
length of Vanda ‘Pakchong Blue’.

Leaf Length (cm)
Treatment March April May June July
(12 WAT) (16 WAT) (20 WAT) (24 WAT) (28 WAT)
T1: 0 weeks at 18 °C + SG 18.77 19.17 19.64 19.99 20.29
T2: 0 weeks at 18 °C + ECG 18.89 19.31 19.50 19.83 19.97
T3: 4 weeks at 18 °C + SG 18.66 19.09 19.80 19.99 20.21
T4: 4 weeks at 18 °C + ECG 18.58 19.08 19.05 19.16 19.33
T5: 6 weeks at 18 °C + SG 18.18 18.69 19.15 19.34 19.51
T6: 6 weeks at 18 °C + ECG 18.74 19.20 19.64 19.85 19.82
F-test ns ns ns ns ns
SE 0.14 0.14 0.13 0.13 0.14

Values are presented as treatment means. SE = standard error of the mean. ns =not significant (p > 0.05)

according to one-way ANOVA. SG = shaded greenhouse; ECG = evaporative-cooling greenhouse.

3.3.2. Flowering Responses

Days to inflorescence emergence differed significantly among the six treatment com-
binations combinations (Table 4). Plants grown in the evaporative-cooling greenhouse
(ECG) consistently flowered earlier than those grown in the shaded greenhouse (SG). Un-
der ECG conditions, inflorescence emergence occurred at 81.9, 105.7, and 126.9 days after
treatment initiation for the 0-, 4-, and 6-week low-temperature treatments, corresponding
to flowering in March, April, and May, respectively. In contrast, plants grown in the SG
flowered during the natural flowering season, with inflorescence emergence at 217.9, 260.6,
and 262.8 days after treatment initiation, corresponding to August, September, and Sep-
tember, respectively.

Increasing the duration of low-temperature exposure delayed flowering under both
growing environments. Compared with untreated plants, exposure to 18 °C for 4 and 6
weeks delayed flowering by approximately 24 and 45 days, respectively, under ECG con-
ditions. A similar trend was observed under SG conditions.

Flowering percentage remained consistently high across all treatments, ranging from
92.3% to 100% (Table 4). Statistical analysis using the Fisher-Freeman-Halton exact test
indicated that flowering percentage did not differ significantly among treatments (exact p
= 1.000). All plants grown in the ECG flowered successfully (100%), whereas flowering
percentages in the SG ranged from 92.3% to 100%. Although inflorescence emergence was
observed in 92.3% of plants in treatment T5, floral development did not progress to an-
thesis, and the developing flower buds subsequently aborted.

Table 4. Effects of temperature treatment and growing environment on flowering responses of
Vanda 'Pakchong Blue’.

Days to Inflorescence Flowering

Treatment Emergence (Days) Month Flowering (%)
T1: 0 weeks at 18 °C + SG 217.92d Aug. 100
T2: 0 weeks at 18 °C + ECG 81.92 a Mar. 100
T3: 4 weeks at 18 °C + SG 260.58 e Sep. 92.3
T4: 4 weeks at 18 °C + ECG 105.69 b Apr. 100
T5: 6 weeks at 18 °C + SG 262.83 e Sep. 92.3
T6: 6 weeks at 18 °C + ECG 126.85 ¢ May 100
F-test * -
SE 8.77 -
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* Significant at p < 0.05 according to one-way ANOVA. Means within the “Days to inflorescence
emergence” column followed by different letters are significantly different according to Fisher’s LSD
test at p < 0.05. Flowering percentage was analyzed using the Fisher—Freeman—Halton exact test,
which indicated no significant differences among treatments (exact p = 1.000). SE = standard error

of the mean. SG = shaded greenhouse; ECG = evaporative-cooling greenhouse.

3.3.3. Flower Quality

Flower quality characteristics were significantly influenced by growing environment
(Table 5). Plants grown in the ECG generally produced higher-quality flowers than those
grown in the SG. Inflorescence length ranged from 32.06 to 34.60 cm under ECG condi-
tions, significantly exceeding the values recorded in SG-grown plants. Similarly, the num-
ber of florets per inflorescence ranged from 6.00 to 6.29 under ECG conditions, whereas
SG-grown plants produced only 3.75-4.71 florets per inflorescence.

The longest inflorescences (34.60 cm) were observed in untreated plants grown in the
ECG (T2), while the highest number of florets per inflorescence (6.29) was recorded in
plants exposed to 18 °C for 6 weeks and subsequently grown in the ECG (T6). Flower
diameter was not significantly affected by treatment and ranged from 10.13 to 11.02 cm.

Flower quality parameters could not be determined for treatment T5 because the in-
florescences aborted before anthesis. Consequently, inflorescence length, number of flo-
rets per inflorescence, and flower diameter were not recorded for this treatment.

Table 5. Effects of temperature treatment and growing environment on flower quality characteris-

tics of Vanda ‘Pakchong Blue’.

Inflorescence Length Number of Flo- Flower Diame-
Treatment rets per Inflo-
(cm) ter (cm)
rescence

T1: 0 weeks at 18 °C + SG 32.29b 471b 11.00
T2: 0 weeks at 18 °C + ECG 34.60 a 6.20 a 11.02
T3: 4 weeks at 18 °C + SG 29.75 ¢ 3.75b 10.13
T4: 4 weeks at 18 °C + ECG 32.06 b 6.00 a 10.50
T5: 6 weeks at 18 °C + SG ND ND ND
T6: 6 weeks at 18 °C + ECG 33.00 ab 6.29 a 11.00

F-test * * ns

SE 0.39 0.20 0.15

* Significant at p < 0.05 according to one-way ANOVA. Means within the same column followed by
different lowercase letters are significantly different according to Fisher’s LSD test at p < 0.05. SE =
standard error of the mean. ND = not determined because inflorescences aborted before anthesis.

SG = shaded greenhouse; ECG = evaporative-cooling greenhouse.

4. Discussion

Previous studies have demonstrated that flowering in Vanda is not strongly influ-
enced by photoperiod under tropical conditions. Most Vanda species grow and flower nor-
mally under daylengths of approximately 12 h [2], while previous work demonstrated
that short-day treatment had only a limited effect on flowering time in Vanda compared
with temperature regulation [13]. In the present study, the photoperiod ranged from ap-
proximately 11.4 to 13.6 h throughout the year (Figure 4), representing only minor sea-
sonal variation. Therefore, the observed seasonal differences in flowering of Vanda ‘Pak-
chong Blue” were unlikely to be attributable to photoperiod alone. Instead, the present
results suggest that temperature was the primary environmental factor influencing flower
development under the conditions of this study. This interpretation is consistent with pre-
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vious studies in Phalaenopsis, which have identified temperature as a major environmen-
tal factor regulating flowering and reproductive development under controlled cultiva-
tion [6-10].

Results from Experiment 1 indicated that floral bud initiation occurred during the
off-season period from mid-March to early June, but many developing buds subsequently
aborted before anthesis. As shown in Figure 4, this period coincided with maximum tem-
peratures ranging from 36.8 to 39.4 °C. In contrast, successful flower development and
anthesis were first observed from late June onward when maximum temperatures gradu-
ally declined. Similar responses have previously been reported in Vanda grown under
evaporative-cooling conditions, where appropriate temperature management promoted
successful flowering [12]. These observations suggest that floral induction and floral de-
velopment are regulated by different environmental requirements. Floral initiation can
occur under a relatively wide range of conditions, whereas successful floral differentiation
and flower development require more favorable temperatures. Comparable responses
have also been documented in Phalaenopsis, where reproductive development is strongly
influenced by temperature. Elevated temperatures suppress inflorescence initiation and
subsequent reproductive development, whereas appropriate temperature regimes pro-
mote floral transition and normal inflorescence development [6-11]. Together, these find-
ings indicate that floral initiation and subsequent floral development are regulated by dis-
tinct temperature requirements.

The inhibitory effects of high temperature on reproductive development observed in
the present study are consistent with findings in other orchid genera. In Phalaenopsis, flow-
ering is strongly inhibited when day temperatures exceed approximately 26-29 °C, re-
gardless of night temperature, indicating that elevated daytime temperatures suppress
floral initiation and reproductive development [6,7]. Likewise, prolonged exposure to el-
evated temperatures has been shown to suppress inflorescence initiation and reduce flow-
ering in several Phalaenopsis hybrids [6,7,11]. High temperatures are known to disrupt re-
productive processes by impairing floral organ development, increasing respiration rates,
reducing carbohydrate availability, and altering endogenous hormone balance [5]. More
recently, Lee et al. [11] demonstrated that intermittent exposure to high temperatures sig-
nificantly reduced leaf soluble sugar contents and inhibited inflorescence initiation in
Phalaenopsis, providing direct physiological evidence that heat-induced alterations in car-
bohydrate metabolism are closely associated with impaired reproductive development.
Therefore, the flower bud abortion observed in Vanda ‘Pakchong Blue” during April and
May may have been associated with heat stress during critical stages of floral differentia-
tion and development. Although these physiological processes were not directly meas-
ured in the present study, the observed flowering responses are consistent with previ-
ously proposed mechanisms of heat stress in plants, including orchids [5,11].

Experiment 2 further suggests the importance of temperature management for suc-
cessful off-season flowering. Plants grown in the evaporative cooling greenhouse (ECG),
where daytime temperatures were maintained below approximately 27 °C, flowered dur-
ing the off-season between March and May, whereas plants grown in the shaded green-
house (SG) flowered only during the natural flowering season (Table 4). The flowering
curves presented in Figure 5 clearly show that flowering occurred substantially earlier in
all ECG treatments compared to the corresponding SG treatments. Moreover, flowering
percentages reached 100% across all ECG treatments, and flower quality was generally
superior, particularly in terms of inflorescence length and the number of florets (Table 5).
These results suggest that maintaining moderate temperatures may promote floral devel-
opment and improve floral quality. These findings are consistent with previous studies in
Phalaenopsis, which demonstrated that temperature management during reproductive de-
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velopment can regulate flowering time, influence inflorescence development, and ulti-
mately affect flowering performance under protected cultivation [6,9,10].

The superior flowering performance under ECG conditions may be attributed to the
maintenance of favorable temperatures throughout the flowering process. Orchid flower-
ing consists of several sequential developmental stages, including floral induction, floral
initiation, floral differentiation, inflorescence elongation, and anthesis [1,2]. Once floral
primordia are initiated, environmental conditions must remain favorable for continued
development. In the present study, ECG conditions may have enhanced floral bud sur-
vival and supported continuous reproductive development, whereas fluctuating high
temperatures under SG conditions may have contributed to delayed flowering and flower
bud abortion. This interpretation is supported by previous studies indicating that favora-
ble temperature conditions during reproductive development contribute to normal inflo-
rescence initiation and subsequent development, whereas supraoptimal temperatures can
suppress reproductive development and reduce flowering performance [6-11].

The duration of low-temperature exposure also influenced flowering behavior. In-
creasing the duration of 18 °C treatment from 0 to 4 and 6 weeks delayed flowering by
approximately 24 and 45 days, respectively, under ECG conditions. Furthermore, flower-
ing became less synchronized as treatment duration increased. As illustrated in Figure 5,
plants receiving a 6-week low-temperature treatment required approximately 40 days to
reach 92% flowering, compared with only 20 and 24 days for the 0- and 4-week treatments,
respectively. Similar responses were observed under SG conditions, where longer treat-
ment durations extended the flowering period and reduced flowering uniformity. These
findings suggest that prolonged low-temperature exposure modifies the timing of repro-
ductive development and may alter the rate at which floral buds progress through subse-
quent developmental stages. Temperature regimes have also been shown to modify flow-
ering time and subsequent inflorescence development in Phalaenopsis, indicating that re-
productive development is highly responsive to changes in thermal conditions during
flower development [6,9,10].

The strong influence of environmental conditions observed in the present study is
consistent with findings reported for other high-value vegetatively propagated crops. In
saffron (Crocus sativus L.), which is also propagated clonally, environmental variation has
been shown to substantially influence vegetative growth, flowering performance, and
overall productivity despite limited genetic variation among planting materials. Multi-
site evaluations have demonstrated that differences in cultivation environments can sig-
nificantly affect crop performance and determine the expression of economically im-
portant traits [15,16]. These observations support the broader concept that optimization
of the growing environment is a key strategy for improving productivity and product
quality in vegetatively propagated horticultural crops. The present findings extend this
concept to Vanda orchids by demonstrating that appropriate temperature management,
particularly through evaporative cooling, is critical for achieving reliable off-season flow-
ering and improved flower quality under tropical conditions.
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Figure 5. Cumulative flowering percentage of Vanda ‘Pakchong Blue’ following low-temperature
treatments at 18 °C for 0, 4, and 6 weeks, and subsequent cultivation in an evaporative-cooling
greenhouse (ECG) or a shaded greenhouse (SG). The x-axis shows calendar months to illustrate the

seasonal timing of flowering.

Although flowering responses differed markedly among treatments, vegetative
growth was not significantly affected. Plant height, leaf number, and leaf length increased
gradually throughout the experiment, with no significant differences among treatments
(Tables 1-3). These results are consistent with previous studies in Vanda, in which envi-
ronmental manipulation primarily affected flowering responses rather than vegetative
growth [12,13]. Minor chlorotic streaks occasionally developed on newly emerging leaves
after low-temperature exposure, which may reflect temporary disturbances in chloroplast
development under cool conditions. However, these symptoms were localized and did
not affect overall plant growth or vigor.

Overall, the present results suggest that floral initiation in Vanda ‘Pakchong Blue’ can
occur year-round, whereas successful flower development appears to depend on favora-
ble temperatures during subsequent developmental stages. The findings further suggest
that high temperatures during the hot season may contribute to flower bud abortion,
while maintaining daytime temperatures below approximately 27 °C in an evaporative-
cooling greenhouse can facilitate successful off-season flowering and improve flower
quality. Collectively, these results demonstrate that successful off-season flowering de-
pends not only on floral initiation but also on maintaining favorable temperatures
throughout the entire reproductive developmental process.

5. Conclusions

Temperature is a key environmental factor regulating flowering in Vanda ‘Pakchong
Blue'. Floral initiation can occur throughout the year; however, successful flower devel-
opment and anthesis require favorable temperatures during subsequent reproductive
stages. High temperatures during the hot season promoted flower bud abortion and pre-
vented successful flowering, whereas plants grown in an evaporative cooling greenhouse
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(ECG) with daytime temperatures maintained below approximately 27 °C completed flo-
ral development and flowered successfully during the off-season.

Exposure to 18 °C for extended periods delayed flowering but did not significantly
affect vegetative growth. In addition, ECG-grown plants produced earlier flowering and
generally superior flower quality compared with plants grown under shaded greenhouse
conditions.

These findings indicate that cultivation in an evaporative-cooling greenhouse is an
effective strategy for achieving off-season flowering and improving flower quality in
Vanda ‘Pakchong Blue’, whereas prolonged low-temperature pretreatment primarily de-
layed flowering without improving flowering performance. The results provide practical
guidance for temperature management to schedule flowering and support year-round
commercial orchid production under tropical conditions.
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