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Abstract

Temperature is an important environmental factor influencing phenological development and productivity of sweet corn through heat unit
accumulation. This study evaluated heat unit accumulation, heat use efficiency (HUE), yield components, and sweetness of seven
commercial sweet corn cultivars grown under tropical lowland conditions during one growing season. The experiment was arranged in a
randomized complete block design with seven cultivars and three replications. Heat unit accumulation was calculated using growing
degree days (GDD) with a base temperature of 10°C. Phenological stages, plant height, cob yield components, total soluble solids (°Brix),
and HUE were recorded. Significant differences among cultivars were observed in GDD required to reach vegetative emergence,
tasseling, and silking, whereas GDD at the milk stage and HUE did not differ significantly. Exsotic F1 produced the highest cob weight
with husk (354.88 g), cob weight without husk (264.16 g), cob length (20.37 cm), and cob diameter (60.27 mm), while Hibrix 72 F1
exhibited the highest total soluble solids (15.11 °Brix). Pcobson correlation analysis showed that HUE was positively associated with cob
weight and cob size, whereas °Brix was negatively correlated with cob yield components. Principal component analysis separated
cultivars according to phenological, yield, and quality traits. Under the environmental conditions of this study, commercial sweet corn
cultivars differed in thermal requirements, yield characteristics, and sweetness, providing comparative information on cultivar
performance under tropical lowland conditions.
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Abbreviations: CSI: Corn Sweetness Index; DAP: Days After Planting; GDD: Growing Degree Days; HEW: Husked Cob Weight; HUE:
Heat Use Efficiency; R1: Silking Stage; R3: Milk Stage; UEW: Unhusked Cob Weight; VE: Vegetative Emergence; VT: Tasseling Stage.

INTRODUCTION describes the relationship between daily temperature and
plant developmental rate, allowing accurate prediction of
phenological stages, flowering time, and physiological
maturity (Wang et al. 2025). In addition, Heat Use

Efficiency (HUE) has been widely used to evaluate the

Zea mays saccharata Sturt L.) is one of the most
economically important horticultural crops because of its
high nutritional value, desirable taste, and wide

utilization in both fresh and processed food industries.
The increasing demand for fresh vegetables and
processed sweet corn products has encouraged the
expansion of sweet corn cultivation in Indonesia, where
it has become an important commodity in several major
production regions (Paranhos et al. 2023; Sudjatmiko &
Chozin 2024). However, sweet corn productivity remains
highly dependent on environmental conditions,
particularly air temperature, which regulates plant
growth, phenological development, and yield formation
(Liu et al. 2025).

Temperature controls crop development through the
accumulation of thermal time, commonly expressed as
Growing Degree Days (GDD). The GDD approach

ability of plants to convert accumulated thermal energy
into biomass and economic yield, making it an important
indicator of varietal adaptation and productivity under
different climatic conditions.

The thermal requirement of sweet corn varies among
cultivars due to differences in genetic characteristics and
physiological adaptation to environmental conditions
(Radocaj et al., 2025). Cultivars with lower thermal
requirements generally reach developmental stages more
rapidly, whereas those requiring greater heat
accumulation often exhibit longer growth duration and
may be exposed to greater environmental stress during
the growing season (Li et al., 2022). Consequently,
understanding  varietal differences in heat unit
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accumulation is essential for selecting suitable cultivars
and improving crop management under specific
agroecological conditions.

Several studies have demonstrated that temperature
variation significantly affects flowering time, crop
duration, and yield performance of maize and sweet corn.
Under tropical conditions, differences in temperature
have been reported to alter heat accumulation and
consequently influence crop productivity (Paranhos et al.
2023; Sudjatmiko & Chozin 2024). Furthermore,
projected increases in global temperature are expected to
accelerate crop development, shorten vegetative growth,
and shift planting calendars in many maize-producing
regions (Franch et al. 2022; Wang et al. 2025).

Beyond phenological prediction, GDD has practical
applications in determining optimum planting dates,
fertilizer scheduling, irrigation management, and harvest
timing (Vellidis et al., 2025). Recent studies have also
integrated thermal time models into crop productivity
forecasting across diverse agroecosystems (Menendez-
Coccoz et al. 2025); Liu et al. 2025). Nevertheless,
information regarding the thermal requirements of
commercial sweet corn cultivars under tropical lowland
conditions in Indonesia remains limited. Previous studies
have primarily focused on phenological development or
yield performance, whereas studies integrating heat
accumulation at each phenological stage, heat use
efficiency, and yield characteristics among commercial
sweet corn cultivars are still limited.
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Therefore, this study was conducted to evaluate heat
unit accumulation at each phenological stage and to
analyze the effects of varietal differences on heat use
efficiency, yield, and cob quality of several commercial
sweet corn cultivars grown under tropical lowland
conditions during one growing season. The results are
expected to provide additional information on varietal
differences in thermal requirements and heat use
efficiency under the environmental conditions of this
study, which may serve as a reference for further
research under different locations and growing seasons.

MATERIALS AND METHODS

Study area

The experiment was conducted from February to May
2026 in Untoro Village, Trimurjo District, Central
Lampung Regency, Indonesia (Figure 1). The
experimental site was located at 5°0527.49” S and
105°14'58.37" E, at an altitude of 54 m above sea level,
on Podzolic Red-Yellow soil. During the experimental
period, the average daily air temperature ranged from
25.3 to 28.7 °C, total rainfall was 566.8 mm, and relative
humidity ranged from 68% to 93%. The experiment was
arranged in a randomized complete block design (RCBD)
with a single factor consisting of seven commercial
sweet corn (Zea mays saccharata L.) variety (Table 1)
and three replications, resulting in 21 experimental plots.

Figure 1. Reseasrch Location.

MATERIALS AND EQUIPMENT

The materials used in this study consisted of sweet corn
(Zea mays saccharata Sturt L.) seeds of seven
commercial cultivars, namely NB Super FI, Romanza

F1, Exsotic F1, Paragon F1, Madu 59 F1, Hibrix 72 F1,
and Fresty F1. Other materials included cattle manure,
NPK fertilizer (15-10-12), urea, synthetic herbicides
containing ammonium glufosinate, atrazine, mesotrione,
and carfentrazone-ethyl as active ingredients, as well as
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pesticides containing imidacloprid, emamectin benzoate,
dimethomorph, metalaxyl, and pyraclostrobin. The
equipment used in this study included hoes, sickles,
watering cans, measuring tapes, a 16-L knapsack sprayer,
an analytical balance, a digital refractometer, and a
digital caliper.

Experimental Design and Treatments

The experiment was arranged in a Randomized Complete
Block Design (RCBD) with a single factor consisting of
seven commercial sweet corn cultivars: NB Super F1
(V1), Romanza F1 (V2), Exsotic F1 (V3), Paragon F1
(V4), Madu 59 F1 (V5), Hibrix 72 F1 (V6), and Fresty
F1 (V7). Each treatment was replicated three times,
resulting in a total of 21 experimental plots. Each
experimental plot measured 2.5 m x 2.8 m and was
planted at a spacing of 0.7 m x 0.25 m. Each plot
consisted of four planting rows with a total of 40 plants.
Data were collected from 10 sample plants located in the
two central rows (second and third rows) of each plot to
minimize border effects. In total, the experiment
consisted of 840 plants, of which 210 plants were
selected as observation samples.

Heat Unit Calculation

Daily maximum and minimum air temperature data were
obtained from the Indonesian Agency for Meteorology,
Climatology, and Geophysics (BMKG) Radin Inten II
Meteorological Station, the ncobest weather station to the
experimental site. Daily mean temperature was
calculated as:

_Tx+Tn
- 2

Heat unit (HU), expressed as Growing Degree Days
(GDD), was calculated using the following equation:

HU =X (T-T0)

where HU is the accumulated heat unit (°C day), T is
the daily mean air temperature (°C), Tx and Tn are the
daily maximum and minimum air temperatures (°C),
respectively, and TO is the base temperature. A base
temperature of 10°C was used for all calculations, as it is
widely accepted for maize and sweet corn phenological
studies (McMaster et al. 1997; Paredes et al. 2025;
Vellidis et al. 2025).

Observed Parameters
Phenological observations were conducted at the
vegetative emergence (VE), tasseling (VT), silking (R1),
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and milk (R3) stages. The VE stage was recorded when
the coleoptile emerged above the soil surface, VT when
the last branch of the tassel was visible, R1 when silks
emerged from the cob, and R3 at 20 days after silking.
Heat unit accumulation was calculated from planting to
each phenological stage (Sholikah, 2020). Plant height
(cm) was measured from the soil surface to the highest
growing point at 14, 28, and 42 days after planting
(DAP). At harvest, cob weight with husk (g), cob weight
without husk (g), cob length (cm), cob diameter (mm),
and total soluble solids (°Brix) were determined using a
digital balance, ruler, digital caliper, and handheld
refractometer, respectively.

Heat use efficiency (HUE) was calculated according
to Sankar et al. (2023) and Hussain et al. (2023) using the
following equation:
HUE=Gop
where HUE is heat use efficiency (g °C™! day™), Y is cob
yield per plant (g plant™), and GDD is the accumulated
growing degree days from planting to harvest.

Data Analysis

Prior to the analysis of variance (ANOVA), the data were
tested for normality using the Shapiro-Wilk test and for
the homogeneity of the variance using the Levene test.
The data were then ANOVA tested at a significance level
of p < 0.05, followed by Duncan's Multiple Range Test
(DMRT) for mean separation when significant
differences occurred. Pcobson correlation analysis was
performed to evaluate the relationship between heat
accumulation, heat use efficiency, yield components, and
corn sweetness index variables. Statistical analysis was
conducted using STAR version 2.0.1 and Microsoft
Excel LTSC Professional Plus 2021. Data visualization,
including key component analysis (PCA) and correlation
heatmap construction, was performed using RStudio

version 2025.09.1+401with  ggplot?2 and corrplot
packages.
RESULTS AND DISCUSSION

Heat Unit Accumulation Across Phenological Stages
Accumulated heat units significantly influenced the
phenological development of sweet corn throughout the
growing cycle. Significant differences among cultivar
were observed at the VE, VT, and R1 stages, indicating
variation in heat units requirements under tropical
conditions.
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Table 1. Heat unit accumulation at each phenological stage.

Cultivar VE (°C day) VT (°C day) R1 (°C day) R3 (°C day)
NB Super F1 84.65 +0.00 ¢ 694.32 +18.33b 742.51 +£19.61 ¢ 1046.78 £ 18.31
Romanza F1 102.30 £0.00 a 699.55+27.40 b 753.68 £ 38.95 be 1125.50 £32.22
Exsotic F1 90.53 £10.19 be 720.72 £9.06 a 770.66 £9.53 b 1030.01 +£10.74
Paragon F1 96.42 £10.19 ab 710.14 £24.18 ab 759.34 £25.73 be 1104.25 £ 62.90
Madu 59 F1 102.30 £0.00 a 720.72 +£9.06 a 770.66 £9.53 b 1135.73 +=38.88
Hibrix 72 F1 102.30 £0.00 a 725.96 £9.06 a 798.93+17.40 a 1119.94 £49.98
Fresty F1 90.53 £10.19 be 699.64 £ 15.88 b 748.01 +29.14 be 1083.71 £41.87
Sig. * * Hok ns

CV % 6.16 1.39 1.65 3.73

Note: Values are mean + SE (n = 3). Means followed by different letters within the same column differ significantly according to DMRT
at p < 0.05. ns = non-significant; * p < 0.05; ** p <0.01. CV (%) = coefficient of variation

Table 4 presents the accumulated growing degree
days (GDD) required by each variety to reach vegetative
emergence (VE), tasseling (VT), silking (R1), and milk
stage (R3). At the VE stage, NB Super F1 showed the
lowest GDD requirement (84.65 °C day), whereas
Romanza F1, Madu 59 F1, and Hibrix 72 F1 required
significantly higher heat accumulation (102.30 °C day).
At the VT stage, Hibrix 72 F1 exhibited the highest
accumulated GDD (725.96 °C day), followed by Exsotic
F1 and Madu 59 F1 (720.72 °C day). In contrast, NB
Super F1 showed lower heat accumulation at tasseling
(694.32 °C day). Similar trends were observed at the R1
stage, where Hibrix 72 F1 required the highest GDD
(798.93 °C day), while NB Super F1 required the lowest
(742.51 °C day). Although differences at the R3 stage
were not statistically significant, variation among variety

Table 2. Yield, cob characteristics, and heat use efficiency.

remained apparent. Exsotic F1 and NB Super F1 reached
the milk stage with relatively lower GDD values,
whereas Hibrix 72 F1 and Madu 59 F1 showed higher
heat accumulation.

Yield Components and Cobs Characteristics

Yield components and cobs characteristics are important
indicators for evaluating the agronomic performance and
market quality of sweet corn variety. Parameters such as
cob weight, cob length, and cob diameter reflect the
efficiency of assimilate partitioning and kernel
development during the generative stage. Variations in
these traits among variety indicate differences in genetic
potential and physiological responses to accumulated
heat units under tropical growing conditions

Cultivar Plant height (cm) :x?kgl(l;)()f cob with x:llf)l:t(;nfucs(l,(b(g) (Cc(r)rll)) length Cob diameter (mm)
NB Super F1 163.82 +29.64 314.58 +£24.23 230.69 +21.85 19.61 £0.59 ab 53.06 +9.51 bed
Romanza F1 174.93 + 14.86 325.80 +41.70 227.56 +33.84 19.71 £ 1.36 ab 58.17 £2.09 ab
Exsotic F1 164.88 +5.03 354.88 + 54.75 264.16 + 38.06 20.37+0.83 a 6027+237a
Paragon F1 161.73 +18.68 309.76 +25.64 215.13 £10.26 1891+£0.20b 52.76 + 1.60 bed
Madu 59 F1 167.30 + 28.86 323.95 +51.40 217.79 £ 38.14 18.63£0.85b 46.88 £2.56d
Hibrix 72 F1 163.73 £9.11 331.47 +65.33 232.96 +43.98 17.04+£1.13 ¢ 51.07+£3.37cd
Fresty F1 177.57 +13.23 316.06 + 56.63 241.29 +£45.02 19.03+£1.01b 56.01 +£4.73 abc
Sig. ns ns ns Hok *k

CV% 6.57 6.57 9.95 3.55 6.45

Note: Values are mean = SE (n = 3). Means followed by different letters within the same column differ significantly according to DMRT

at p < 0.05. ns = non-significant; * p <0.05; ** p <0.01. CV (%) = coefficient of variation

Heat use efficiency (HUE) ranged from 0.28 t0 0.34 g
°C! day!' and was not significantly influenced by
cultivar, indicating a relatively uniform ability among
sweet corn cultivar to convert heat units into biomass
under tropical lowland conditions. Exsotic Fl1
numerically exhibited higher HUE (0.34 g °C™' day!),
while Paragon F1 recorded the lowest (0.28 g °C™
day™). In contrast, Corn Sweetness Index differed

significantly among cultivar. Hibrix 72 F1 exhibited the
highest °Brix value (15.11), followed by NB Super F1,
Romanza F1, and Madu 59 F1 (13.47-13.85 °Brix),
while Paragon F1 showed the lowest sweetness (11.05
°Brix). The results indicate that postharvest quality is
strongly variety-dependent, despite similar although
HUE wvalues were statistically comparable among
cultivars across cultivar.
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Figure 2. Principal Component Analysis (PCA) of sweet corn cultivar and agronomic traits under tropical lowland conditions. (A) PCA score plot showing
the distribution and clustering of sweet corn cultivar based on phenological, yield, and quality traits. (B) PCA loading plot illustrating the contribution and
association of variables, whereas variables located in opposite directions indicate negative relationships.

The PCA analysis revealed substantial variation
among sweet corn variety based on phenological, yield,
and quality-related traits under tropical lowland
conditions. Principal component 1 (Figure 2.a) explained
52.1% of the total variation and was mainly associated
with yield-related variables, particularly husked cob
weight (HEW), unhusked cob weight (UEW), cob
diameter (ED), and heat use efficiency (HUE). This
indicates that productivity differences among variety
were primarily driven by generative sink strength and the
efficiency of heat energy utilization. Exsotic F1 was
positioned closer to the positive direction of these
vectors, suggesting superior cob productivity and greater
biomass accumulation compared with the other variety.
In contrast, cultivar located farther from the main
productivity axis exhibited relatively lower yield
performance.

Principal component 2 (Figure 2.b), which accounted
for 24.3% of the total variation, was more strongly
related to phenological traits, including tasseling (VT),
silking (R1), and vegetative emergence (VE), as well as
corn sweetness index (CSI). The opposite orientation
between CSI and several yield-related traits indicates a
physiological trade-off between sweetness retention and
biomass accumulation. Cultivar characterized by higher
sweetness tended to exhibit lower cob productivity,
whereas high-yielding cultivar were associated with
stronger assimilate partitioning toward generative
growth. The relatively isolated position of plant height
(PH) suggests that vegetative growth contributed less to
varietal differentiation compared with generative and
quality traits under tropical environmental conditions.
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Figure 3. Pcobson correlation heatmap showing the relationships among
growing degree days (GDD), heat use efficiency (HUE), corn sweetness
index (CSI), plant height (PH), cobs weight with husk (CWTH), cobs
weight without husk (CWH), cobs length (CL), and cobs diameter (CD) of
sweet corn cultivars under tropical lowland conditions. Positive correlation
coefficients indicate direct relationships among variables, whereas negative
coefficients indicate inverse relationships. Color intensity represents the
strength of the correlation coefficient (r).

The Pcobson correlation heatmap revealed strong
associations among heat accumulation, heat use
efficiency, yield traits, and kernel sweetness of sweet
corn under tropical lowland conditions. Growing degree
days (GDD) showed negative correlations with heat use
efficiency (HUE), cob weight, cob length, and cob
diameter, indicating that variety requiring greater heat
accumulation tended to exhibit lower productivity and
reduced heat efficiency. In contrast, HUE was strongly
and positively associated with cob weight traits and cob
size variables, suggesting that efficient utilization of
accumulated heat units contributed directly to generative
biomass formation and yield improvement. Strong
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positive relationships among cob weight, cob length, and
cob diameter further indicate that larger cob morphology
was closely related to increased productivity.

Corn sweetness index (CSI) exhibited negative
correlations with most yield-related traits, particularly
cob weight variables, indicating a physiological trade-off
between sweetness retention and biomass accumulation.
Cultivar with higher sweetness tended to produce smaller
cobs and lower yield performance, whereas high-yielding
variety were associated with stronger assimilate
allocation toward structural biomass and kernel filling.
Plant height showed relatively weak correlations with
yield and heat efficiency variables, suggesting that
vegetative growth contributed less to productivity
variation than generative sink strength and assimilate
partitioning efficiency under tropical conditions

Discussion

Phenological development differed among the evaluated
sweet corn cultivars, as reflected by wvariation in
accumulated growing degree days (GDD) required to
reach each developmental stage. These differences
indicate variation in thermal requirements among
cultivars under the environmental conditions of this
study. Previous studies have shown that temperature
influences maize developmental rate by regulating heat
accumulation and phenological progression (M. Liu et
al., 2022). Therefore, differences in GDD observed in the
present study may reflect cultivar-specific responses to
thermal conditions.

Differences in heat requirements were accompanied
by wvariation in yield performance among cultivars.
Cultivars with shorter growth duration reached
physiological maturity coblier, whereas others required
greater heat accumulation before harvest. Similar
observations have been reported in maize, where crop
duration may influence biomass production and yield
formation depending on environmental conditions (Wang
et al. 2022a; El-Sappah et al., 2022). However, because
this study was conducted during a single growing season,
these relationships should be interpreted within the
conditions of the present experiment.

Variation in cob weight and cob size among cultivars
suggests differences in assimilate allocation during the
reproductive stage. Higher-yielding cultivars tended to
produce larger cobs, indicating greater assimilate
accumulation during grain filling. Previous studies have
reported that post-silking assimilate availability
contributes to kernel development and final yield,
particularly under favorable growing conditions
(Bheemanahalli et al., 2022). Nevertheless, the present
study did not directly measure assimilate partitioning or
physiological processes; therefore, this interpretation is
based on observed yield characteristics and supporting
literature.

Temperature during the reproductive stage has been
reported to influence pollen viability, silk emergence,
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and grain filling in maize (EI-Sappah et al. 2022; Tas
2022). Although the present study did not evaluate heat
stress responses directly, differences in phenological
duration among cultivars may indicate differences in the
timing of reproductive development under the prevailing
temperature conditions.

Heat use efficiency (HUE) did not differ significantly
among cultivars, although numerical differences were
observed. These results suggest that the evaluated
cultivars exhibited relatively similar efficiency in
converting accumulated heat units into yield under the
environmental conditions of this experiment. Similar
findings have been reported in maize, where HUE may
vary with genotype and environmental conditions (Wang
et al. 2022b; Ru et al. 2022).

Differences in total soluble solids (°Brix) among
cultivars indicate variation in sugar accumulation during
kernel development. Cultivars with higher °Brix values
may have retained a greater proportion of soluble sugars
at harvest, whereas cultivars with higher yield tended to
show relatively lower °Brix values. Similar relationships
between sugar accumulation and grain filling have been
reported in sweet corn (Yousaf et al., 2022). Although
additional physiological measurements would be
required to confirm the underlying mechanisms. Overall,
the evaluated cultivars showed differences in
phenological development, heat unit accumulation, yield
components, and sweetness under tropical lowland
conditions during one growing season. These results
provide comparative information on cultivar performance
under the environmental conditions of this study and may
serve as a basis for further evaluation across different
locations and growing seasons.

CONCLUSIONS

The evaluated sweet corn cultivars showed differences in
phenological development, heat unit accumulation, yield
components, and sweetness under tropical lowland
conditions during one growing season. Differences in
growing degree days (GDD) among cultivars indicated
variation in thermal requirements during crop
development.

Among the evaluated cultivars, Exsotic F1 produced
higher husked and dehusked cob weight, larger cob
dimensions, and relatively higher heat use efficiency
(HUE), whereas Hibrix 72 F1 recorded the highest total
soluble solids (°Brix). Pcobson's correlation analysis
showed that HUE was positively correlated with cob
yield components, while °Brix was negatively correlated
with cob weight and cob size.

Within the environmental conditions of this study,
greater heat accumulation was not consistently associated
with higher yield performance, suggesting that
differences in thermal requirements among cultivars may
influence yield and quality characteristics. These findings
provide comparative information on the performance of
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commercial sweet corn cultivars under the conditions of
this experiment and may serve as a reference for future
studies across different environments and growing
seasons.
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