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Abstract

The sowing window and genotype selection play a vital role in optimising the growth, phenology and productivity of chia (Salvia hispanica L.)
under semi-arid conditions. A field experiment was conducted during the kharif-rabi seasons of 2023 and 2024 at M block, All India
Coordinated Research Network (AICRN) on potential crops, University of Agricultural Sciences, Gandhi Krishi Vigyan Kendra, Bengaluru, using
14 treatment combinations arranged in a factorial randomised complete block design (FRCBD) with three replications. Two genotypes (black
and white chia) were evaluated across seven sowing windows from the 2™ fortnight (FN) of July to the 2" FN of October. Black chia recorded
significantly higher seed yield (SY) (1217.441 kg ha) along with improved seed yield per plant (SYP) (15.614 g), number of inflorescences (NS)
per plant (23.098) and inflorescence length (SL) (18.699 cm). Among sowing windows, the 1% FN of August sowing recorded a higher SY
(1325.915 kg ha), SYP (17.013 g), NS (24.722 plant™) and SL (20.324 cm). Early sowing extended crop duration, with the 2™ FN of July requiring
132.01 days to reach physiological maturity, whereas delayed sowing during the 2" FN of October shortened crop duration to 98.27 days,
indicating accelerated phenological progression under comparatively lower temperature and shorter photoperiod. The research results
indicate that cultivation of black chia during 1 FN of August is the most suitable strategy for achieving higher productivity under the semi-arid

conditions of Bangalore.
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Introduction

Chia (Salvia hispanica L.) is an ancient oilseed crop belonging to the
family Lamiaceae, native to Central and South America, where it was
cultivated by the Aztec and Mayan civilisations (1, 2). In recent years,
chia has gained global importance because of its high nutritional
value, particularly its rich content of a-linolenic acid, dietary fibre,
protein, antioxidants and other bioactive compounds (3-6).
Increasing demand for functional foods and plant-based omega-3
sources has expanded chia cultivation beyond its traditional regions
into North America, Europe, Australiaand Asia (1, 7, 8).

Despite its adaptability, chia is highly sensitive to
environmental factors, particularly temperature and photoperiod
(2, 9). As a short-day plant, chia flowering is strongly regulated by
day length, which influences phenological development, biomass
accumulation and seed yield (SY) (1, 7). This strong photoperiod
sensitivity restricts its cultivation to regions and sowing periods
that provide suitable day-length conditions for timely flowering
and seed set, thereby limiting its wider commercial adoption
across diverse agroclimatic zones. Temperature extremes during
reproductive stages can adversely affect grain filling, harvest index
(HI) and reproductive success (10-13). Therefore, synchronisation
of sowing time with favourable thermal and photoperiodic
conditions is essential for optimum crop growth and productivity.

Sowing window is an important agronomic factor
influencing crop growth and yield (8, 14). Delayed sowing may
expose the crop to suboptimal thermal conditions during
flowering and grain filling, resulting in shortened phenological
duration and reduced yield, whereas early sowing may prolong
vegetative growth and biomass accumulation (9, 10, 15, 16).
Thermal accumulation, expressed as growing degree days (GDD),
is widely used to quantify crop development and predict
phenological stages (11, 12). In chia, thermal accumulation
influences flowering initiation, reproductive duration and seed
maturation, while excessive radiation load and prolonged
sunshine hours (SSH) may adversely affect reproductive
development and grain filling (9, 13, 17, 18). Rainfall distribution
during critical growth stages also influences biomass production
and final SY (14, 19). Genotypic variation further plays an important
role in determining growth, phenology and yield stability under
varying climatic conditions. Differences between black and white
chia genotypes have been reported for vegetative vigour, flowering
behaviour and SY, indicating the significance of genotype-
environment interactions in crop adaptation and productivity (2,
17, 19). Although these traits are genetically determined, their
expression is influenced by environmental factors.
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In India, chia cultivation is expanding in semi-arid and sub-
humid agroclimatic zones due to its economic potential and climate
resilience. However, systematic information on sowing windows
and genotypic response under Southern Indian conditions remains
limited (17). Although previous studies have examined sowing date
effects in temperate and Mediterranean regions (8, 9, 14),
information under the agroclimatic conditions of Bengaluru is
meagre. Therefore, the present investigation was undertaken to
evaluate the influence of different sowing windows and genotypes
on growth, phenological behaviour, agrometeorological indices and
SY of chia under semi-arid conditions of Bengaluru and to elucidate
the relationship between weather variables and crop performance
using correlation and principal component analysis (PCA).

Materials and Methods
Experimental site

Field experiments were conducted at M block, All India Coordinated
Research Network (AICRN) on potential crops, University of
Agricultural Sciences, Gandhi Krishi Vignana Kendra (GKVK),
Bengaluru. The site is located at 13°05 'N latitude and 77°33 'E
longitude, at an altitude of 924 m above mean sea level. The
composite soil samples (0-15 cm depth) were collected randomly
from the experimental site before the imposition of treatments and
were analysed for physical and chemical properties of the soil. The
soil of the experimental site was red sandy loam. The soil was slightly
acidic pH (5.71), with an electrical conductivity of 0.26 dS m* and
an organic carbon content of 0.36 %. The soil was low in available
nitrogen (N) (262.64 kg N ha?), medium in available phosphorus (P)
(48.32 kg P-0s ha) and medium in available potassium (K) (246.65
K20 kg ha?).

Experimental details

The experiment consisted of 14 treatment combinations, including
factor-l with genotypes (black and white chia) and factor-Il with
sowing windows, viz., 2™ fortnight (FN) of July, 1% FN of August, 2
FN of August, 1% FN of September, 2™ FN of September, 1% FN of
October and 2™ FN of October, which were replicated thrice. The
field was ploughed once after the harvest of the previous crop and
subsequently harrowed to obtain a fine seedbed. The plots were
laid out with dimensions of 3.6 m x 3.0 m and the land was further
prepared to provide a well-pulverised seedbed before sowing.
Staggered sowing of chia was carried out at different sowing
windows by mixing the chia seeds with sand to ensure uniform
distribution, followed by line sowing. Thinning was subsequently
performed to maintain the required spacing of 60 cm between
rows and 15 cm between plants within the row, as per the
treatments. When 95 % of the inflorescences had reached their
mature colour, the crop was deemed mature and harvested. The
observations for this study were made at 30 days after sowing
(DAS), 60 DAS and at harvest.

Statistical data collection

The data were analysed using a factorial randomised complete
block design (FRCBD), with year as Factor |, genotype as Factor I
and sowing window as Factor Ill. Three-way analysis of variance
(ANOVA) was performed to evaluate the effects of year, genotype,
sowing windows and their interactions. Treatment means were
compared using the least significant difference (LSD) test at the 5 %
level of significance whenever the Ftest was significant.
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Correlation analysis and PCA were performed using the general R-
based analysis platform for experimental statistics, which is
powered by R software (20). Pearson’s correlation coefficients
were computed to assess the associations among growth, yield
and agrometeorological parameters and their significance was
tested at the 5 % probability level. Principal component analysis
was carried out to identify the major sources of variation and to
elucidate the multivariate relationships among the studied traits.
The results of PCA were visualised using biplots generated through
the same platform.

Agrometeorological indices and efficiencies

Agrometeorological indices and efficiencies, derived from various
meteorological factors, are documented in the literature to
examine crop-weather interactions. The present study utilised
indices like GDD, heat use efficiency (HUE), helio thermal use
efficiency (HTUE) and photothermal use efficiency (PTUE). By
using 10 °C as base temperature (21), thermal and photo-thermal
indices were computed for each stage using the appropriate
formula suggested by different research workers. The methods of
computation of the indices are presented here.

Growing degree days

Growing degree days (GDD) at various phenological phases were
computed by summing daily mean temperatures exceeding the
base temperature (Tp = 10 °C) over the period from sowing to
physiological maturity, as proposed (22) and expressed in °C days.

(Tmax + Tmin) -
2

where, Tma = maximum temperature; Trmin = mMinimum
temperature; T, =base temperature (21).

GDD (°C days) =}, T, (Eqn.1)

Heat use efficiency

The biomass accumulated during the specified period per degree-
day is known as HUE, which was also calculated using the
following formula to assess the relative performance of chia
genotypes under different treatments (23, 24).
HUE (kg ha*°C day) =
Seed yield (Kg ha™)
Accumulated growing degree day (°C day)

(Egn.2)

Helio-thermal use efficiency

Helio-thermal use efficiency (HTUE) measures how well a crop
makes use of the actual bright SSH that are available and is
expressed as yield per degree-day hours. Helio-thermal units
(HTU) were calculated by multiplying GDD by the corresponding
actual SSH. The HTUE was calculated using the following formula
(25)

HTUE (kg ha*°C days*hrs?) =
Seed yield (Kg ha?)
Accumulated HTU (°C day hrs)

Photo-thermal use efficiency

(Eqn.3)

The photo-thermal use efficiency (PTUE) measures how well a
crop makes use of the maximum possible bright SSH.
Photothermal units were obtained by multiplying GDD by the
corresponding day length. The PTUE was computed using the
following formula provided (25) and expressed as yield per degree-
day hr.
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PTUE (kg ha'°C days*hr?) =
Total seed yield (Kg ha?)
Accumulated PTU (°C day hr)

(Eqn.4)

Result and Discussion
Weather conditions

The crop growth period extended from July to January during
both the seasons of 2023 and 2024 (Fig. 1). The total rainfall
received in 2023 (829.2 mm) was less than the long-term average
(941.5 mm), indicating a deficit rainfall year. However, significantly
higher rainfall (1436.0 mm) was recorded in 2024, indicating a
surplus rainfall year. During the year 2023, higher rainfall was
received in the month of September (194.0 mm), followed by May
(154.8 mm). In contrast, the highest rainfall in 2024 was recorded
during October (585.4 mm), followed by August (261.2 mm) (Fig.
1A). The maximum air temperature ranged from 27.7 °C in
December 2023 to 36.0 °C in April 2024 (Fig. 1B). January recorded
the lowest air temperature of 13.5 °C in 2023 and 18.3 °C in 2024,
indicating cooler conditions for the early phases of crop growth.
During the crop growth period, the mean relative humidity (RH)
ranged from 81-89 % in 2023 and from 74.0-90.2 % in 2024. In
both years, the monsoon months had relatively higher values.
Early in the crop's growth, lower RH was typically noted. Bright
SSH during the crop growth period were higher during the initial
and terminal stages of crop growth and lower during the monsoon
months (Fig. 1 C). In 2023, February had the maximum bright SSH
(9.6 hr day™), while July had the minimum (4.5 hr day™). Similarly,
in 2024, February had the higher bright SSH (9.6 hr day?), while
July had the lower (2.3 hr day™) because of more cloud cover. The
seasonal variation in rainfall, temperature, RH and SSH created
distinct thermo-moisture environments that influenced crop
growth, phenology and productivity of chia under different sowing
windows.

Growth parameters

Growth parameters were significantly influenced by both seasons,
genotypes and sowing windows (Table 1). Higher vegetative
growth was observed during 2023, with plant height (PH)
(164.333 cm), number of branches (NB) (19.884 plant?) and
number of leaves (NL) (128.823 plant?) at harvest exceeding those
of 2024 (154649 cm, 18811 plant! and 116.902 plant?,
respectively). Seasonal variation in vegetative growth may be
attributed to differences in temperature and rainfall distribution
(Fig. 1). Similar environmental factors influencing chia growth have
been reported (14, 15), in which it is demonstrated that sowing
time and thermal regime significantly influence biomass
accumulation.

Genotypic differences were evident, as G;-Black chia
recorded significantly higher PH (162.071 cm), NB (19.818 plant?)
and NL (124.733 plant!) at harvest compared to Gwhite chia
(156.911 cm, 18.877 plant* and 120.993 plant?, respectively).
Genotypic variability in structural traits has been documented
under contrasting environments (7, 19), indicating differential
adaptability and growth potential. Sowing during the 2" FN of July
(S1) recorded significantly higher PH (170.438 cm) and NL (146.672
plant!) at harvest. However, S, (1 FN of August) recorded a
significantly higher NB (23.483 plant?), whereas delayed sowing
(S7) reduced PH (148.310 cm), branching (14.555 plant*) and NL

3

(91.064) at harvest. Branching appeared to be more responsive to
favourable environmental conditions during the vegetative phase,
which enhanced axillary bud development, while delayed sowing
curtailed the vegetative growth period (9, 26). In contrast, PH is
largely influenced by stem elongation and overall vegetative
growth, whereas leaf number depends on the duration and rate of
leaf initiation. Further, the increase in PH under the 2 FN of July
sowing resulted in greater accumulation of vegetative biomass,
which predisposed the crop to lodging under field conditions.
Excessive stem elongation coupled with higher biomass
production during the 2¥FN of the July sowing window might
have reduced the mechanical strength of the stem, thereby
increasing susceptibility to lodging, particularly under the relatively
favourable moisture and thermal conditions prevailing during the
2" FN of July. Similar observations on higher PH and branching
under favourable environmental conditions were reported (17),
which were attributed to extended vegetative growth and
improved accumulation of photosynthates.

Yield Parameters and agrometeorological efficiencies

Seed yield and yield attributes were significantly influenced by
year, genotype and sowing windows (Table 2). Yield was higher
during 2023 (1198.569 kg ha') compared to 2024 (1170.028 kg ha),
corresponding with greater inflorescence length (SL) (19.081 cm)
and number of inflorescences (NS) (23.537 plant?). However,
agrometeorological efficiencies varied between years; 2024
recorded higher HUE (0.784 kg ha® °C day) and PTUE
(0.067 kg ha °C days? hr), whereas 2023 registered higher HTUE
(0.161 kg ha °C days* hr?). This indicates that although absolute
yield was higher in 2023, thermal resource utilisation per unit
accumulation was relatively more efficient during 2024.

Among genotypes, Gr-black chia recorded higher SY
(1217.441 kg ha') compared to G;-white (1151.156 kg ha?), along
with higher seed yield per plant (SYP) (15.614 g), test weight (TW)
(1.474 g) and SL (18.699 cm). The higher yield of black chia may be
attributed to its superior vegetative vigour, prolonged crop
duration and greater assimilate accumulation, which enhanced
source-sink balance and reproductive sink development. The
longer duration to flowering and physiological maturity in black
chia enabled greater thermal accumulation and dry matter
production, thereby improving inflorescence development and
seed filing. In contrast, Grwhite exhibited higher HUE
(0.771 kg ha* °C day), HTUE (0.144 kg ha* °C days™ hr?) and PTUE
(0.066 kg ha' °C days* hr?), suggesting comparatively better
thermal energy conversion efficiency despite lower absolute yield.
This apparent contradiction indicates that white chia completed
its life cycle within a relatively shorter duration and utilised
accumulated thermal units more efficiently per unit biomass
produced; however, reduced total biomass and sink capacity
ultimately limited final yield. Similar genotypic differences in
phenology, biomass accumulation and yield potential were also
reported (19).

Among sowing windows, the 1% FN of August sowing
recorded significantly higher SY (1325.915 kg ha?), followed by the
2" FN of August sowing (1300.880 kg ha') and the 1% FN of
September sowing (1286.765 kg ha?). The higher yield under the 1%
FN of August sowing was associated with improved yield attributes
such as SYP (17.013 g), TW (1.480 g), SL (20.324 cm) and NS per
plant (24.722). In contrast, delayed sowing (S7) resulted in lower SY
(1020.002 kg ha?), SYP (12.781 g plant?), SL (14.754 cm) and NS
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(20.235 plant?). The superior performance of August sowing may
be attributed to better synchronisation of vegetative and
reproductive phases with favourable thermal and moisture
conditions, which enhanced photosynthetic activity, assimilate
translocation and grain filling. Delayed sowing exposed the crop to
shortened photoperiod and comparatively cooler conditions
during reproductive stages, which accelerated phenological
progression and reduced the duration available for biomass
accumulation and grain filling. Similar observations were reported
(9, 14), which observed that optimum sowing periods improved
reproductive development and SY in chia.

Agrometeorological efficiencies were markedly influenced
by sowing time. Higher HUE was recorded under S
(0.812 kg ha* °C day) and Ss (0.804 kg ha °C day), while S, registered
higher HTUE (0.147 kg ha' °C days*' hr?) and S; recorded higher
PTUE (0.071 kg ha °C days? hr). Conversely, S recorded lower HUE
(0.634 kg ha °C day), HTUE (0.118 kg ha* °C days® hr?) and PTUE
(0.053 kg ha! °C days? hrY). Although delayed sowing exhibited
relatively higher efficiency indices due to reduced thermal
accumulation and shorter crop duration, the absolute yield
remained lower. This indicates that efficiency indices alone do not
necessarily reflect productivity potential. Under delayed sowing, the
crop produced lower biomass but utilised the limited accumulated
thermal units more efficientty on a per-unit basis. However,
shortened vegetative duration restricted canopy expansion,
assimilate production and sink development, thereby reducing final
SY. In contrast, early and optimum sowing windows accumulated
greater biomass and reproductive structures, even though thermal
efficiency indices were comparatively lower. Therefore, optimum
synchronisation between temperature, photoperiod and crop
phenology during S and S; favoured better biomass partitioning
and reproductive development, ultimately resulting in higher yield.
Further, the excessive vegetative growth observed under the 2™ FN
of July sowing increased susceptibility to lodging due to stem
elongation and higher biomass accumulation under favourable
early-season moisture conditions. Lodging may have adversely
affected assimilate translocation, inflorescence orientation and
photosynthetic efficiency during reproductive stages, thereby
limiting yield despite prolonged crop duration and higher thermal
accumulation. This observation indicates that very early sowing may
not always be advantageous under semi-arid conditions, particularly
when excessive vegetative growth predisposes the crop to lodging
stress. Similar enhancement in yield components under optimum
sowing periods was documented (9, 14), who emphasised the
importance of thermo-photoperiod synchronisation for maximising
reproductive development.

Phenology and agrometeorological indices

Phenological progression and thermal accumulation varied
significantly among the treatments (Fig. 2, Table 3). The
phenological stages, viz., emergence, branching, 50 % flowering
and physiological maturity, were attained earlier under delayed
sowing (Ss and S;), whereas early sowing windows (S; and S)
prolonged the crop duration. The crop sown during the 1% FN of
July (S,) took 78.20 days to 50 % flowering and 132.01 days to
physiological maturity, while the 2™ FN of October sowing (S7)
required 58.82 days to 50 % flowering and 98.27 days to
physiological maturity. Similarly, the 1 FN of August sowing (S,)
attained 50 % flowering and physiological maturity in 75.77 and
128.13 days, respectively. Total GDD were higher during 2023
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(1754.643 °C days) compared to 2024 (1527.718 °C days), which
coincided with extended phenophases and improved growth and
yield.

Black chia accumulated higher total GDD (1728.064 °C days)
compared to G-white chia (1554.296 °C days), indicating a relatively
prolonged duration to flowering and maturity. The extended
vegetative and reproductive phases in black chia (G) may have
facilitated greater assimilate accumulation ultimately supporting
better sink development and higher SY. The influence of sowing date
on phenology and thermal accumulation has been widely
documented in chia (2, 15).

Among sowing windows, 1% FN of August and the 2™ FN of
July sowing accumulated significantly higher total GDD (1907.800
and 1887975 °C days, respectively) and exhibited prolonged
duration to flowering and maturity (Fig. 02). In contrast, the 2 FN of
October sowing accumulated significantly lower GDD (1277.487 °C
days) and reached flowering and physiological maturity earlier,
indicating forced phenological advancement due to elevated
temperatures during later growth stages. Reduced heat
accumulation under delayed sowing shortened both vegetative and
reproductive phases, potentially limiting biomass production and
assimilate translocation during grain filing. The accelerated
phenological progression under late sowing may represent an
adaptive response of chia to suboptimal environmental conditions,
wherein the crop completes its life cycle rapidly under declining
thermal and photoperiodic regimes. However, this reduction in crop
duration restricted source development and sink formation, thereby
reducing final productivity. Similar photothermal sensitivity of
flowering behaviour under different sowing windows was reported
(17).

Correlation studies

Correlation analysis revealed a significant positive correlation
between SY and growth parameters (Fig. 3). Seed yield showed a
significant positive correlation with establishment % (r = 0.85), PH
at harvest (r = 0.80), NB per plant (r = 0.97) and NL per plant
(r=10.83), total dry matter production (TDMP) (0.84), leaf area (LA)
(0.74) and leaf area index (LAl) (0.74). The positive correlation of SY
with NL, dry matter accumulation and branching indicates that
plants with greater vegetative growth tended to record higher
productivity. A higher NL, greater biomass accumulation and
increased branching reflect a more vigorous crop growth pattern,
which was associated with superior yield performance under the
experimental conditions. A similar positive correlation between
vegetative growth traits and SY in chia has been reported under
different agroclimatic conditions (8, 14).

Seed yield also exhibited a strong positive correlation with
yield attributes (Fig. 4). The highest positive correlation was
observed between SY and SYP (r = 0.99), indicating a close
association between per plant productivity and overall yield. Seed
yield also showed a strong positive correlation with the NS per
plant (r = 0.96) and SL (r = 0.90), suggesting that increased
inflorescence production and longer inflorescences enhanced sink
capacity and consequently improved yield. Test weight was
moderately and positively correlated with SY (r = 0.75), indicating
that seed size contributed to yield improvement, though its
influence was comparatively lower than inflorescence number
and SL. Harvest index (HI) exhibited a very weak negative
correlation with SY (r = -0.05), suggesting that partitioning
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efficiency alone was not a major determinant of yield variation
under the present study. This suggests that biomass production
and yield components were primary determinants of yield. Similar
associations between inflorescence traits and SY have been
reported in chia (1, 7). The correlation analysis revealed that both
vegetative growth traits and vyield attributes were closely
associated with SY, highlighting their importance in characterising
productivity under the prevailing experimental conditions.

Principal component analysis of weather and growth parameters

Principal component analysis revealed that PC1 accounted for
87.1 % of total variability, while PC2 contributed 7.1 % (Fig. 5).
Together, the first two principal components accounted for 94.2 %
of the total variation. The predominance of PC1 indicates that a
common underlying gradient was responsible for most of the
variability among treatments, whereas PC2 captured a
comparatively smaller proportion of the variation.

Plant height (PH), NB, NL, TDMP, LA and LAl were strongly
and positively loaded along PC1. Establishment percentage (EP)
also aligned positively, suggesting that early stand establishment
contributed substantially to final vegetative development. Similar
strong association between canopy traits (LAI, biomass) and
thermal regime have been reported in chia under semi-arid
conditions (17). The vegetative biomass and canopy expansion in
chia are closely regulated by temperature accumulation and
sowing date effects (14).

Among weather variables, maximum temperature (Tma),
minimum temperature (Tmn) and mean temperature (Tmean)
showed strong positive association with growth traits along PC1,
confirming that thermal accumulation was the dominant driver of

vegetative expansion. Similar temperature-driven biomass
responses in chia have been documented (9, 26) which reported
that growth and phenological progression are highly sensitive to
thermo-photoperiodic conditions. Previous studies have shown
that suitable thermal regimes enhance dry matter accumulation
and leaf development under different sowing windows (15).

Rainfall also aligned positively with growth parameters,
indicating that adequate moisture availability supported LA
development and TDMP. Similar findings were reported (19),
which observed improved vegetative growth and canopy
development under optimum moisture conditions. In contrast,
SSH were positioned in the opposite direction of the growth traits
along PC1, indicating a negative association. Excessive sunshine
duration may increase evaporative demand and canopy stress,
thereby restricting leaf expansion and biomass accumulation. The
study reported that higher radiation load combined with thermal
stress can adversely influence vegetative growth in chia under arid
conditions (18). The PCA clearly demonstrates that vegetative
growth of chia was predominantly governed by temperature-
driven thermal accumulation supported by adequate rainfall,
whereas excessive sunshine exposure exhibited an antagonistic
influence. These findings reinforce the importance of
synchronising sowing time with favourable thermal regimes to
optimise canopy development and biomass production.

Principal component analysis of weather and yield parameters

Principal component analysis revealed that PC1 accounted for the
70.9 % of total variability, while the second principal component
(PC2) explained 16.9 %, together contributing 87.8 % of the total
variability (Fig. 6). Yield traits including SY, SYP, NS, SL, TW and HI
were strongly and positively loaded along PC1, suggesting
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coordinated regulation of sink size and grain filling efficiency.

Maximum temperature (Tma) and Tmen Showed strong
positive alignment with yield parameters, indicating that
favourable thermal regimes during reproductive stages enhanced
inflorescence development and assimilate partitioning. Similar
temperature-driven responses of reproductive growth have been
widely documented in oilseed crops, where optimal thermal
conditions promote floret fertility, seed set and grain filling (10, 11).
In chia specifically, phenology and yield sensitivity to thermo-
photoperiod conditions have also been demonstrated under
contrasting environments (1).

Minimum temperature (Tmin) exhibited moderate positive
association with PC1 but contributed to variation along PC2,
indicating that night temperature may influence grain filling
dynamics. Elevated night temperatures have been reported to
alter assimilate partitioning and reduce yield stability in several
crops (12), highlighting the importance of a balanced diurnal
thermal regime.

Rainfall (RF) also aligned positively with yield traits,
suggesting that adequate soil moisture during flowering and grain
filling supported inflorescence number and seed weight. Moisture
availability during the reproductive phase has been reported to
significantly influence HI and final yield in short-duration oilseeds
(16). In contrast, SSH and RH were oriented opposite to yield
variables, indicating a negative association. Excessive radiation
load combined with high evaporative demand may increase
canopy temperature and accelerate phenological progression,
thereby shortening grain filling duration and reducing seed weight
(13). The antagonistic orientation of SSH relative to SY and TW in
the present study supports this interpretation.

Treatments corresponding to early-mid August sowing
were positioned near the positive PC1 region, reflecting their
association with higher SY and improved yield attributes. Late
sowing treatments clustered away from the positive yield axis,
indicating sub-optimal environmental synchronisation during
reproductive development. The PCA indicates that vyield
performance in chia was predominantly regulated by a favourable
temperature regime and adequate moisture availability during
reproductive stages, whereas excessive sunshine exposure
showed an inverse relationship. These findings emphasise the
need to align sowing window with optimal thermal conditions to
maximise reproductive efficiency and yield stability.

Conclusion

The study revealed that sowing windows and genotypes
significantly influenced growth, phenology and seed yield (SY) of
chia under semi-arid conditions of Bengaluru. Black chia recorded
higher growth and SY, while sowing during the 1% fortnight (FN) of
August provided favourable thermal and moisture conditions for
improved productivity, whereas delayed sowing increased
thermal use efficiencies but reduced overall yield because of
shortened crop duration and lower biomass accumulation.
Correlation and principal component analyses indicated that
temperature-driven thermal accumulation, supported by
adequate rainfall, predominantly governed growth and vyield.
Hence, sowing black chia during 1% FN of August was found to be
suitable for achieving higher productivity in the Eastern dry zone of
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Karnataka. Further investigations on physiological mechanisms
governing thermal accumulation, assimilate partitioning,
genotype and environment interactions and reproductive
efficiency under varying thermo-photoperiodic regimes may
contribute to the development of climateresilient and high-
yielding chia production systems.
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