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Analysis of Agrometeorological efficiencies, Phenothermal index and yield of Brinjal varieties under different growing environment 


ABSTRACT
A field experiment was conducted to evaluate the effect of dates of transplanting and varietal differences on phenological development, agrometeorological indices use efficiencies and fruit yield of Brinjal (Solanum melongena L.) during the autumn–winter season. The experiment was conducted during the year 2020 at Research Farm of Department of Vegetable Science, CCS Haryana Agricultural University, Hisar .It comprised of  four dates  of transplanting, viz., 5th July (D₁), 15th July (D₂), 25th July (D₃) and 4th August (D₄), and three brinjal varieties, namely Hisar Shyamal, HLB-12 and BR-112. The study assessed number of days to attain major phenophases, phenothermal index, agrometeorological use efficiencies (HUE, HTUE, PTUE and HYTUE) and fruit yield in Brinjal crop. Results revealed that transplanting dates significantly influenced phenological progression and agrometeorological indices. Early transplanting hastened bud initiation and flowering, while delayed transplanting prolonged phenophases and reduced agrometeorological use efficiencies. Transplanting on 15th July (D₂) recorded the highest fruit yield (271.22 q ha⁻¹), attributed to optimum synchronization of temperature and radiation with critical growth stages, resulting in improved resource-use efficiency. The lowest yield was observed under 4th August transplanting (D₄) due to sub-optimal thermal conditions during reproductive stages. Among varieties, Hisar Shyamal consistently exhibited superior performance with higher agrometeorological use efficiencies, favourable phenothermal indices and maximum fruit yield (276.81 q ha⁻¹), indicating better adaptability to autumn–winter growing conditions. The study concludes that transplanting brinjal around mid-July using the variety Hisar Shyamal is most suitable for maximizing yield during the autumn–winter season under prevalent agroclimatic conditions. Knowledge of phenological stages and weather conditions prevailing helps in preparation of crop weather calendar and agroadvisory services that are helpful to farmers to save their crops from losses.
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1. INTRODUCTION
            Brinjal (Solanum melongena L.) is an economically important vegetable crop belonging to the family Solanaceae. It is commonly known as eggplant, as the fruits of some varieties resemble the shape of chicken eggs. It is valued for its high yield potential, year-round cultivation and nutritional importance, contributing significantly to vegetable-based food security and farmers’ livelihoods (FAO, 2021). Temperature, solar radiation and photoperiod, governs crop growth, phenological development and yield formation (Hatfield and Prueger, 2015). Brinjal is very sensitive to frost, and the growth of young plants is restricted when temperatures fall below 16 °C or rise above 30 °C under limited availability of water. The crop has its highest water requirement during flowering and fruit development (Ertek et al., 2006). For profitable cultivation, the growing period of brinjal should be approximately 120 days (Chen and Li, 1996). Autumn–winter is a popular season for brinjal cultivation and which extends from July  to February (Pandit et al.,2010).Vegetable crops are highly sensitive to climatic variables such as precipitation, temperature, and light (Adedapo, 2017). According to Bhardwaj (2012), reduced availability of irrigation water, flooding, rising temperatures, salinity, and erratic rainfall patterns adversely affect the productivity of vegetable crops. Therefore, consideration of crop–climate relationships is essential for improving vegetable crop production. Crop response to weather is more accurately explained using agrometeorological indices than by calendar days alone. Indices such as growing degree days (GDD), heliothermal units (HTU) and photothermal units (PTU) to integrate temperature with sunshine hours and day length to explain variations in crop phenology and biomass production (Monteith et al., 1981). Agrometeorological efficiencies such as heat use efficiency (HUE), radiation use efficiency (RUE) and photothermal use efficiency (PTUE) reflect the crop’s capacity to convert available thermal and radiative resources into economic yield. Higher efficiencies indicate better synchronization between crop growth processes and prevailing weather conditions, whereas reduced efficiencies suggest thermal or radiation stress during sensitive growth stages (Monteith et al., 1977). These efficiency indices are useful to evaluate crop performance across transplanting dates and genotypes crop performance under different agroclimatic situations. Brinjal varieties differ in growth habit, duration and thermal requirements, resulting in differential accumulation and utilization of agrometeorological indices. Evaluating varietal performance under varying transplanting dates helps identify cultivars with superior adaptability and higher efficiency under specific agroclimatic conditions. Among these, the photothermal index (PTI), which expresses the ratio of accumulated thermal units to phenophase duration, is an effective indicator of the efficiency with which crops utilize combined thermal and photoperiodic regimes (Pandey et al., 2010). Phenological development in brinjal, including transplanting to flowering, fruit initiation and final harvest, is highly sensitive to temperature fluctuations and day length. Deviations from optimum temperature ranges can either accelerate or delay phenophases, thereby affecting assimilate partitioning and fruit yield (Hatfield and Prueger.,2015). Therefore, understanding phenological responses in relation to agrometeorological indices is essential for optimizing sowing time and improving yield predictability under variable climatic conditions.
2. MATERIALS AND METHODS
 The present investigation was undertaken during the autumn winter season of 2020 at Research Farm of Department of Vegetable Science, CCS Haryana Agricultural University, Hisar to study the effect of four dates of transplanting (5th July, 15th July, 25th July and 4th August) and three brinjal varieties (Hisar Shyamal, HLB-12 and BR-112) on phenological development, agrometeorological indices, phenothermal index and yield. The experiment was laid out in a factorial random block design with three replications. The study aimed to quantify agrometeorological efficiencies and identify the optimum transplanting window and suitable variety for maximizing brinjal productivity under prevailing climatic conditions. Although several studies have documented the effects of weather parameters on vegetable crops, comprehensive information on the combined assessment of phenological behavior, agrometeorological efficiencies and photothermal index in relation to brinjal yield remains limited. Hence, the present investigation was undertaken to study the phenological development of brinjal, quantify agrometeorological indices and efficiencies, and evaluate their relationship with yield, with the aim of identifying favourable thermal and photothermal conditions for enhanced productivity. For computation of various agrometeorological indices the Daily meteorological data recorded at Agro-meteorological Observatory situated nearby in the research farm of Department of Agricultural Meteorology, was used .
2.1 Phenological Study 
Daily observation of crop field to note down number of days taken to attain different phenophases in different varieties of Brinjal crop grown in different growing environment.
2.2. Heat use efficiency
Heat use efficiency (HUE) was calculated as the ratio of fruit yield of brinjal and growing degree days (ΣGDD) accumulated between any two consecutive phenological stages of the crop. It can be calculated by the following formula:
HUE  =    Fruit yield (kg haˉ¹)/ GDD (0C day)    
                                                          b         (Tmax + Tmin)
 Growing degree days (0C day) =    ∑    (                             -  Tb )
                                                          a                    2
Where,
		a = Date of start of a phenophase
		b = Date of end of a phenophase
		Tmax. =Daily maximum temperature (oC)
		Tmin. =Daily minimum temperature (oC)
		Tb = Base temperature 
2.3.  Heliothermal use efficiency 
Heliothermal use efficiency is amount of HTU ( Heliothermal units) required to produce a set amount of fruit yield. It can be calculated by the following formula:
                                     HTUE = Fruit yield (kg ha-1)/ HTU ( 0Cdayhours)
HTU (0C day hours) = ∑ (GDD x BSS)
Where, BSS = Bright sunshine hours 
2.4. Photothermal use efficiency 
Photothermal use efficiency is amount of PTU ( Photothermal units)  required to produce a set amount of fruit yield. It can be calculated by the following formula:
 PTUE = Fruit yield (kg ha-1)/PTU (0C day hours)
PTU (0C day hours) = Σ (GDD x N)
Where, N = Maximum possible sunshine hours or day length	
2.5.  Hydrothermal use efficiency 
Hydrothermal use efficiency is amount of HYTU (Hydrothermal units) required to produce a set amount of fruit yield. It can be calculated by the following formula:
HYTUE = Fruit yield (kg ha-1)/HYTU (0C day%)
HYTU (0C day%) = GDD*RH
            Where, RH = Relative Humidity avg of morning and evening 
2.6. Pheno thermal index 
PTI = (GDD/Number of days taken between two phenophases).
2.7. Fruit yield (q/ha)
Weight of fruits of each picking of each plot was recorded in gram separately in each replication. After the last  picking fruit weight of all the picking was summed up  and then divided by area of plot to find yield per meter square and then multiplied by area of 1 hectare to find yield/ha and than yield in quintal per hectare was calculated.
3. RESULTS AND DISCUSSION
3.1 Phenological Observation
Days taken to attain different phenophases in Brinjal as presented in Table 1 were significantly influenced by dates of transplanting, whereas varietal effects were significant only for bud initiation and 50% flowering. Early transplanting on 5th July (D₁) recorded the minimum days to bud initiation (21 days) and 50% flowering (39 days). Delay in transplanting progressively increased the duration to these stages, with D₃ (25th July) and D₄ (4th August) taking the longest time (24 and 43 days, respectively). Days to first picking varied from 58 to 62 days and were not significantly affected by transplanting dates. Although early transplanting (D₁) hastened bud initiation and flowering, the maximum yield was recorded under D₂ (15th July transplanting), indicating that optimum rather than earliest phenological development favoured higher productivity. Transplanting on 15th July likely provided a better balance between vegetative growth and reproductive development by synchronizing critical growth stages with favourable temperature and moisture conditions, resulting in improved flower retention and fruit set. In contrast, delayed transplanting on 4th August (D₄) significantly prolonged early phenophases and recorded the minimum yield, which may be attributed to exposure of the crop to sub-optimal climatic conditions during flowering and fruit development, leading to poor assimilate partitioning and reduced fruit formation. Thus, D₂ emerged as the most suitable transplanting time for achieving higher yield, while D₄ proved least favourable despite comparable days to first picking. Among varieties, Hisar Shyamal (V₁) and BR-112 (V₃) attained bud initiation earlier (22 days), while HLB-12 (V₂) was slightly delayed (23 days). BR-112 required the maximum days to reach 50% flowering (43 days). However, days to first picking (60 days) were statistically non-significant among varieties. The varietal differences in phenological development indicated that Hisar Shyamal (V₁) attained bud initiation earlier, reflecting better adaptation and faster transition from vegetative to reproductive phase coupled with efficient assimilate partitioning and better sink strength, which ultimately enhanced fruit set and yield despite similar picking time across varieties. Knowledge of phenological stages and weather conditions prevailing helps in preparation of crop weather calendar and agroadvisory services. The crop weather calendar of brinjal provides comprehensive information on its climatic requirements from sowing to harvesting. It also includes details on favourable weather conditions at different phenological stages, ranging from germination to harvest, along with information on major pests and diseases affecting brinjal, particularly shoot and fruit borer and Fusarium wilt (Gehlot et al.,2024). Crop contingency planning and agrometeorological advisory services are important approaches for managing crises, as they require a sound understanding of crop phenology and the influence of environmental factors on crop growth.( Rouphael et al.,2010 and Uzun et al.,2007). Under these circumstances, the crop weather calendar assumes a crucial role. Crop weather calendars enable crop insurance specialists to identify critical growth stages and relevant weather indices, thereby aiding in the development of insurance products, agricultural contingency strategies, and agrometeorological advisory bulletins. (Pandit et al.,2010, Prakash et al.,2000, Rao et al.,2015)
Table 1. Days taken to attain different phenophases in brinjal varieties under various growing environments
	Treatments
	Days taken to

	Dates  of  transplanting
	Attain bud initiation
	 Attain 50% flowering
	Attain first picking

	D1: 5th July, 2020
	21
	39
	58

	D2: 15th July, 2020
	22
	40
	60

	D3: 25th July, 2020
	24
	43
	60

	D4: 4th August, 2020
	24
	43
	62

	SE(m)
	0.28
	0.35
	N/A

	C.D. at 5 %
	0.84
	1.02
	NS

	Varieties

	V1: Hisar Shyamal
	22
	40
	60

	V2: HLB-12
	23
	41
	60

	V3: BR-112
	22
	43
	60

	SE(m)
	0.25
	0.3
	N/A

	C.D. at 5%
	0.73
	0.89
	NS


 
3.2. Agrometeorological indices use efficiencies 
The Agrometeorological indices use efficiencies exhibited by brinjal varieties under different growing environment have been worked out and presented in Table 2. Agrometeorological indices use efficiencies (HUE, HTUE, PTUE and HYTUE) in brinjal were significantly influenced by dates of transplanting and varieties. Among transplanting dates, D₁ (5th July) and D₂ (15th July) recorded higher values of all use-efficiency indices compared to delayed transplanting. The highest HTUE (3.30 Kg/ha⁰Cdayhour) and PTUE (1.66 Kg/ha⁰Cdayhour) were observed under D₂, which corresponded with the maximum fruit yield. In contrast, D₄ (4th August) registered the lowest HUE (18.65 Kg/ha⁰Cday), HTUE (2.67 Kg/ha⁰Cdayhour), PTUE (1.46 Kg/ha⁰Cdayhour) and HYTUE (0.25 Kg/ha⁰Cday%), and also recorded the minimum yield. Among varieties, Hisar Shyamal (V₁) consistently recorded the highest use efficiencies with maximum HUE (22.41 Kg/ha⁰Cday), HTUE (3.25 Kg/ha⁰Cdayhour), PTUE (1.70 Kg/ha⁰Cdayhour) and HYTUE (0.29 Kg/ha⁰Cday%), followed by BR-112 (V₃), while HLB-12 (V₂) showed the lowest values. The higher agrometeorological efficiencies in Hisar Shyamal were closely associated with its superior yield performance. Higher agrometeorological indices use efficiencies indicate more effective utilization of thermal, radiation and heliothermal resources for biomass production and yield formation. Although D₁ recorded marginally higher HUE, D₂ exhibited superior HTUE and PTUE, suggesting a more favourable synchronization of temperature, sunshine hours and radiation with critical growth stages, ultimately resulting in maximum yield. Rani et al., (2012) reported that the heat and radiation use efficiencies decreased with delay in sowing. Delayed transplanting under D₄ markedly reduced all efficiency indices, reflecting poor utilization of available heat and radiation due to exposure to sub-optimal climatic conditions during flowering and fruit development. This resulted in lower photosynthetic efficiency, reduced assimilate translocation and consequently minimum yield. Among varieties, the superior performance of Hisar Shyamal (V₁) in terms of agrometeorological use efficiencies explains its maximum yield, as higher efficiency in converting environmental resources into economic yield is largely governed by varietal genetic potential. 
Table 2.  Agrometeorological indices use efficiencies in brinjal varieties under various growing environments
	Treatments
	Agrometeorological indices use efficiencies

	
	HUE
(Kg/ha⁰Cday)
	HTUE
(Kg/ha⁰Cdayhour)
	PTUE
(Kg/ha⁰Cdayhour)
	HYTUE
(Kg/ha⁰Cday%)

	Dates  of  transplanting
	
	
	
	

	D1: 5th July, 2020
	22.18 
	3.12 
	1.64 
	0.29 

	D2: 15th July, 2020
	22.03 
	3.30 
	1.66 
	0.28 

	D3: 25th July, 2020
	20.15 
	2.96 
	1.54 
	0.26 

	D4: 4th August, 2020
	18.65 
	2.67 
	1.46 
	0.25 

	SE(m)
	0.42
	0.06
	0.03
	0.01 

	C.D. at 5 %
	1.24
	0.18
	0.1
	0.02 

	Varieties

	V1: Hisar Shyamal
	22.41 
	3.25 
	1.70 
	0.29 

	V2: HLB-12
	19.75 
	2.87 
	1.50 
	0.26 

	V3: BR-112
	20.09 
	2.92 
	1.52 
	0.26 

	SE(m)
	0.36
	0.05
	0.03
	0.01 

	C.D. at 5%
	1.07
	0.16
	0.08
	0.01 




3.3. Phenothermal  Index (PTI)
The phenothermal index of various brinjal varieties transplanted on different dates have been worked out and presented in Table 3 which was significantly influenced by dates of transplanting and varieties. Among transplanting dates, D₁ recorded the highest PTI values at bud initiation (21.86) and 50% flowering (48.23), indicating faster thermal accumulation during early growth. However, D₂ (15th July) showed relatively optimum and balanced PTI values at bud initiation (20.68), 50% flowering (46.44) and first picking (61.45), which coincided with the maximum fruit yield. In contrast, delayed transplanting under D₄ (4th August) resulted in comparatively lower PTI at early stages and higher PTI requirement up to first picking (66.39), and recorded the minimum yield. Among varieties,  Hisar Shyamal (V₁) recorded comparatively favourable PTI values, particularly at 50% flowering (47.29) and first picking (62.06), which was associated with its superior yield performance. BR112 (V₃) required higher PTI up to first picking (72.02), indicating delayed maturity, while it  showed comparatively lower PTI at flowering. Phenothermal index reflects the combined effect of temperature and duration on crop development. Rithichai et al. (2004) corroborated the findings that the number of days required to attain particular phenophase depends upon temperature values as signals for starting the reproductive phase in the crop plant.  Although D₁ accumulated higher PTI during early phenophases, D₂ exhibited optimum thermal utilization explainable by better synchronization of temperature with crop growth stages, resulting in improved flowering, fruit set and ultimately maximum yield. Delayed transplanting under D₄ exposed the crop to less favourable thermal regimes during reproductive stages, increasing the thermal requirement to reach first picking and resulting in poor assimilate partitioning and minimum yield. Among varieties, the superior yield of Hisar Shyamal (V₁) can be attributed to its efficient utilization of accumulated thermal units, as reflected by favourable PTI values across phenophases. Thus, mid-July transplanting (D₂) combined with Hisar Shyamal proved most suitable for maximizing brinjal yield under the given growing environments. 
Table 3. Phenothermal index in different brinjal varieties under various growing environments
	Treatments
	Phenothermal  Index

	
	Bud initiation
	50 % flowering
	First picking

	Dates  of  transplanting
	
	
	

	D1: 5th July, 2020
	21.86
	48.23
	64.00

	D2: 15th July, 2020
	20.68
	46.44
	61.45

	D3: 25th July, 2020
	20.97
	45.64
	72.08

	D4: 4th August, 2020
	20.97
	45.60
	66.39

	SE(m)
	0.03
	0.44
	1.18

	C.D. at 5 %
	0.09
	1.30
	3.49

	Varieties

	V1: Hisar Shyamal
	21.13
	47.29
	62.06

	V2: HLB-12
	21.08
	48.87
	63.86

	V3: BR-112
	21.16
	43.27
	72.02

	SE(m)
	0.03
	0.38
	1.02

	C.D. at 5%
	NS
	1.128
	3.02



3.4.   Yield of Brinjal varieties
Fruit yield of brinjal was significantly influenced by dates of transplanting and varieties (Table 4). Among transplanting dates, D₂ (15th July) recorded the highest fruit yield (271.22 q ha⁻¹), which was statistically at par with D₁ (270.94 q ha⁻¹). A progressive reduction in yield was observed with delayed transplanting, with D₃ (25th July) producing 247.10 q ha⁻¹, while the minimum yield was recorded under D₄ (4th August) (236.00 q ha⁻¹).Among varieties, Hisar Shyamal (V₁) produced the maximum fruit yield (276.81 q ha⁻¹), which was significantly superior to HLB-12 (244.03 q ha⁻¹) and BR-112 (248.11 q ha⁻¹). HLB-12 recorded the lowest yield among the tested varieties. The higher fruit yield obtained under D₂ (15th July transplanting) can be attributed to optimum agroclimatic conditions prevailing during critical growth stages, which ensured better synchronization of vegetative growth, flowering and fruit development. Although early transplanting under D₁ promoted faster phenological development and higher agrometeorological use efficiencies, D₂ provided a more balanced thermal and radiation environment, as reflected by favourable phenothermal index and higher HTUE and PTUE, resulting in improved flower retention, fruit set and ultimately higher yield. Delayed transplanting beyond mid-July adversely affected yield, with D₄ recording the minimum fruit yield. This reduction can be attributed to prolonged phenophases, lower agrometeorological use efficiencies and higher thermal requirement to reach maturity, as discussed earlier. Exposure of the crop to sub-optimal temperature and radiation regimes during reproductive stages under late transplanting likely reduced photosynthetic efficiency and assimilate  partitioning towards fruits. The superior performance of Hisar Shyamal (V₁) in terms of fruit yield is closely associated with its efficient utilization of thermal and radiation resources, as evidenced by higher HUE, HTUE, PTUE and favourable phenothermal index values across phenophases. In contrast, HLB-12 and BR-112 required higher thermal accumulation for reproductive development, resulting in delayed maturity and lower yield. 





Table 4. Yield of different brinjal varieties under various growing environments
	Treatments
	Fruit yield (q/ha)

	Dates  of  transplanting
	

	D1: 5th July, 2020
	270.94

	D2: 15th July, 2020
	271.22

	D3: 25th July, 2020
	247.10

	D4: 4th August, 2020
	236.00

	SE(m)
	5.23

	C.D. at 5 %
	15.44

	Varieties
	

	V1: Hisar Shyamal
	276.81

	V2: HLB-12
	244.03

	V3: BR-112
	248.11

	SE(m)
	4.53

	C.D. at 5%
	13.37



4. Conclusion     
The present study clearly demonstrated that dates of transplanting, varietal differences, and seasonal growing conditions significantly influenced phenological development, agrometeorological indices, and fruit yield of brinjal during the autumn–winter season. Transplanting around mid-July (15th July- D₂) during the autumn–winter cropping period provided the most favourable growing environment by ensuring optimum synchronization of temperature, radiation and crop phenophases. This resulted in efficient utilization of thermal and heliothermal resources, reflected through higher agrometeorological use efficiencies and favourable phenothermal indices, ultimately leading to maximum fruit yield. Although early transplanting hastened phenological stages, the mid-July transplanting (D₂) achieved a better balance between vegetative and reproductive growth under autumn–winter conditions. In contrast, delayed transplanting on 4th August (D₄) during the autumn–winter season exposed the crop to sub-optimal thermal regimes, leading to prolonged phenophases, reduced resource-use efficiencies and minimum yield. Among the evaluated varieties, Hisar Shyamal exhibited superior adaptability during the autumn–winter season by efficiently utilizing prevailing agroclimatic resources, resulting in higher agrometeorological indices and the maximum fruit yield. Overall, the study concludes that for successful brinjal cultivation during the autumn–winter season, transplanting in mid-July combined with the variety Hisar Shyamal is the most suitable strategy for achieving higher productivity under prevailing agroclimatic conditions.
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