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Weather Disease Interactions and Forewarning Models for Cercospora Leaf Spot of Groundnut (Arachis hypogaea L.) Under Different Varieties and Sowing Environments

ABSTRACT:
Groundnut (Arachis hypogaea L.) is a significant crop of oilseeds suffering from many diseases, including early and late leaf spot and leaf rust, the most commonly distributed and economically significant foliar diseases of groundnut that cause severe crop damage A field experiment was conducted during kharif seasons of 2017 and 2018 at the Department of Agricultural Meteorology Farm, CAFT in Agricultural Meteorology, College of Agriculture, Pune, Maharashtra, to study the weather disease interactions and forewarning models for Cercospora leaf spot of groundnut (Arachis hypogaea L.) under different varieties and sowing environments. The experiment was laid out in a split-plot design with three replications. Treatments comprised four groundnut varieties: JL-501 (V1), RHRG-6083 ‘Phule Unnati’ (V2), TAG-24 (V3), and JL-776 ‘Phule Bharati’ (V4) in main plots, and four sowing windows: 25th MW (18–24 June, S1), 26th MW (25 June–1 July, S2), 27th MW (2–8 July, S3), and 28th MW (9–15 July, S4) in sub-plots. Leaf spot incidence appeared around 30 days after sowing and continued until harvest, with peak intensity during September–October. Across sowing windows, the highest average disease intensity was recorded in S2 (26th MW) at 63.69% and 58.75% in 2017 and 2018, respectively, followed by S4 (28th MW) with 49.43% and 45.43%. Multiple linear regression models based on weather parameters (maximum and minimum temperature, morning and afternoon relative humidity, and bright sunshine hours) were used to predict per cent disease intensity (PDI). The coefficient of determination (r²) for S1 sowing ranged from 86–96% across varieties; for S2, 84–96%; for S3, 87–90%; and for S4, 90–96%, indicating high predictive accuracy. The study demonstrates that sowing time significantly influences leaf spot intensity in groundnut, and weather-based regression models can effectively predict disease progression, supporting timely forewarning and management strategies.
1. INTRODUCTION
Groundnut (Arachis hypogaea L.) is one of the most important oilseed crops, cultivated in over 100 countries. In India, groundnut plays a vital role in the agricultural economy. However, its production is seriously constrained by pest and disease infestations, which occur throughout the growing season and can affect the entire plant. These attacks not only reduce yield but also diminish pod, seed, and forage quality. While some pests cause minor damage, others result in devastating losses. Among foliar diseases, Cercospora leaf spot (commonly known as tikka disease) is one of the most severe and widespread. It is caused by Cercospora arachidicola Hori (early leaf spot) and Cercosporidium personatum (Berk. & Curt.) (late leaf spot), whose perfect states are Mycosphaerella arachidis Deighton and M. berkekeyi W.A. Jenkins, respectively.
[bookmark: _Hlk208071343][bookmark: _Hlk208071362][bookmark: _Hlk208071402][bookmark: _Hlk208071419]Late leaf spot, which is both air- and seed-borne, is considered the most destructive among groundnut foliar diseases. It causes significant qualitative and quantitative yield losses, estimated at 50–80% (Hegde et al., 1995; Grichar et al., 1998; Nutsugah et al., 2007). In Maharashtra, the disease is most severe during the kharif season, moderate during rabi, and least intense in summer (Dey, 2014). Rational disease management, particularly integrating resistant varieties and optimized agronomic practices, can reduce fungicide dependency and enhance productivity in the tropics. Understanding the epidemiology of groundnut foliar pathogens is essential for developing effective management strategies (Smith, 1980). Disease development is governed by interactions among the host, pathogen, and environment—the classic disease triangle (Agrios, 2005). Even a virulent pathogen cannot cause disease on a susceptible host unless environmental conditions are favourable (Ziska & Runion, 2007). Thus, weather plays a decisive role in determining the onset, severity, and spread of epidemics. Previous studies have consistently identified tikka disease as a major production constraint across India (Sundaram, 1965; McDonald & Flower, 1977; Subramanyam & Ravindranath, 1988), with yield losses of 50–60% in susceptible varieties (Subramanyam et al., 1980b). Its incidence and severity are strongly influenced by meteorological parameters such as temperature, rainfall, relative humidity, and cloudy weather (Sulaiman & Agashe, 1965; Ramakrishna & Apparao, 1968; Chohan, 1974; Venkatraman & Kazi, 1979).
Because these weather factors directly govern the occurrence and progression of the disease, forecasting models for Cercospora leaf spot are primarily based on temperature, relative humidity, and sunshine duration. In this context, the present investigation was undertaken to: study the to study the weather disease interactions and forewarning models for Cercospora leaf spot of groundnut (Arachis hypogaea L.) under different varieties and sowing environments for effective prediction and management of the disease under different varieties and sowing environments.
2. MATERIAL AND METHODS
The field experiment was conducted in a split-plot design with three replications. The main plot treatments consisted of four groundnut varieties, namely JL-501, RHRG-6083 (Phule Unnati), TAG-24, and JL-776 (Phule Bharati), while the sub-plot treatments comprised four sowing windows corresponding to the 25th (18th to 24th June), 26th (25th June to 01st July), 27th (02nd to 08th July), and 28th (09th to 15th July) meteorological weeks. The experimental site had medium-deep soil with good drainage, which was suitable for groundnut cultivation. During the cropping season, daily observations on weather parameters, including maximum and minimum temperature, rainfall, number of rainy days, relative humidity (RH-I and RH-II), evaporation, bright sunshine hours, and wind speed, were recorded to monitor environmental conditions and assess their influence on crop growth and the incidence of leaf spot disease.
2.1 Incidence Pattern of Leaf Spot (Cercospora spp.) Disease
The incidence of leaf spot disease caused by Cercospora spp. was recorded at seven-day intervals beginning 30 days after sowing. At each observation, the number of infected plants in the experimental plots was counted, and the percentage of disease incidence (PDI) was calculated using the following formula:


Disease intensity (%) was calculated using the standard 0–9 disease rating scale, according to the formula:



where X represents the number of diseased entities within each sampling unit falling into the respective grade (0, 1, 2 … 9).
2.2 Weather Disease Interaction of Leaf Spot Disease of Groundnut 
The influence of climatic factors such as temperature, relative humidity, wind speed, rainfall, evaporation, and bright sunshine hours on disease intensity was also assessed under different sowing windows and groundnut varieties. To quantify these relationships, correlation and multiple regression analyses were carried out using the following general equation:

Where, Y is the percentage disease incidence, a is a constant, and b₁, b₂, … bₙ are the regression coefficients of the independent variables (x₁, x₂, … xn).
2.3 Disease Severity and Statistical Analysis
The severity of leaf spot disease in groundnut was recorded using the 0–9 scale proposed by Mayee and Datar (1986). Systematic observations were taken throughout the study period, and the data were subjected to analysis of variance (ANOVA) as per the split-plot design. The significance of treatment effects was determined following the procedures of Panse and Sukhatme (1985).
2.4 Symptomatology of Leaf Spot Disease in Groundnut
The symptomatology of leaf spot disease was examined under field conditions during the 2017 and 2018 kharif seasons in crops sown across four different planting windows. Initial symptoms appeared 25–30 days after sowing in all windows. Although the sequence of symptom development remained uniform, differences were observed in symptom intensity and conspicuousness, indicating that sowing date influenced the expression of the disease.
2.4.1 Early and Late Leaf Spot Disease (Cercospora arachidicola and Cercospora personata)
[bookmark: _Hlk208071602][bookmark: _Hlk208071591]The first visible sign of infection usually appeared as lesions on older leaves close to the ground. Conidia produced on these lesions were dispersed by wind, rain splash, and insects, resulting in secondary infections within 10–15 days, as noted by Karunakaran and Raj (1973). These conidia acted as the primary source of inoculum. Initially, small chlorotic spots developed on leaflets and matured into sporulating lesions within about five days. Lesions caused by Cercospora arachidicola (early leaf spot) were sub-circular, ranging from 1 to more than 10 mm in diameter, dark brown on the upper leaf surface with abundant sporulation, and lighter brown on the lower surface, often with a chlorotic halo. The lesions caused by Cercospora personata (late leaf spot) were smaller, nearly circular, darker, and appeared black and slightly rough on the lower surface. Lesions were also observed on petioles, stems, and pegs, where they appeared oval to elongate with sharper margins than leaflet lesions. In severe outbreaks, lesions coalesced, causing chlorosis, necrosis, defoliation, and significant crop losses. These findings are in line with those reported by Woodroof (1933), Karunakaran and Raj (1973), Kucharek (1975), Porter et al. (1982), and Subramanyam and McDonald (1982).



3. RESULTS AND DISCUSSION
3.1. Development of Leaf Spot on Groundnut Varieties in Relation to Different 
	Sowing Windows
3.1.1. Development of Leaf Spot Disease in groundnut variety, JL-501 in Relation to Different Sowing Windows
In both years, leaf spot disease appeared first in S1: 25th MW. During 2017, initial symptoms were observed at the 29th MW (0.16%), with intensity increasing rapidly thereafter. By mid-season (35th MW), disease reached 30.49% and continued to progress, attaining 42.63% at the 40th MW and peaking at 47.69% before maturity. A similar trend was recorded in 2018, with early traces at the 29th MW (0.15%), followed by rapid development to 28.15% at the 35th MW and 39.36% at the 40th MW, ultimately reaching 44.04% before maturity. Thus, S1 showed early initiation, faster progression, and consistently high disease intensity across both years. 
S2: 26th MW recorded the highest disease intensities among all sowing windows. In 2017, symptoms appeared at the 30th MW (0.50%) and increased sharply, reaching 19.86% by the 35th MW. Disease intensity continued to rise steeply, recording 54.17% at the 40th MW and peaking at 63.69% at the 42nd MW. In 2018, the pattern was similar, with disease appearing at the 30th MW (0.46%) and progressing rapidly to 18.32% by the 35th MW, 49.97% at the 40th MW, and a maximum of 58.75% at the 42nd MW. S2 proved to be the most conducive sowing window for leaf spot development, with earlier onset, faster progression, and maximum severity.
Disease incidence in S3: 24th MW was relatively delayed and less severe compared to S1 and S2. In 2017, disease was first noted at the 31st MW (0.22%) and increased moderately to 8.36% at the 35th MW. Intensity then rose steadily, reaching 30.15% at the 40th MW and 37.86% at the 42nd MW, with a final peak of 39.78% at the 43rd MW. In 2018, disease initiation was similar, appearing at the 31st MW (0.20%) and progressing to 7.69% at the 35th MW. By the 40th MW, it reached 27.74%, increasing further to 34.83% at the 42nd MW and peaking at 36.60% by the 43rd MW. These results show that although S3 supported disease development, the intensity remained lower and progression slower compared to early sowings.
S4: 28th MW consistently showed the lowest disease intensity and delayed symptom expression. In 2017, symptoms first appeared at the 33rd MW (0.51%), progressing gradually to 9.67% at the 35th MW. Disease severity remained lower than other sowing windows, reaching 28.94% at the 40th MW and peaking at 49.43% at the 44th MW. In 2018, a similar pattern was recorded, with disease initiation at the 33rd MW (0.47%), increasing slowly to 8.89% at the 35th MW and 26.60% at the 40th MW, before reaching a final intensity of 45.43% at the 44th MW. Although disease intensity increased at later stages, it was consistently lower than S1 and S2, indicating that late sowing delayed disease onset and reduced severity.
3.1.2. Development of Leaf Spot Disease in groundnut variety, RHRG-6083 in Relation to Different Sowing Windows
In S1: 25th MW, disease initiation was observed relatively early in both years. In 2017, first symptoms appeared at the 30th MW (0.40%) and gradually increased to 4.89% by the 35th MW. Thereafter, intensity progressed moderately, reaching 10.54% at the 39th MW and 12.69% at the 40th MW, with a final level of 15.28% at the 41st MW before crop maturity. A similar pattern was seen in 2018, where symptoms began at the 30th MW (0.37%), increased to 4.49% at the 35th MW, and reached 11.64% at the 40th MW, followed by a final intensity of 14.02% at the 41st MW. Thus, S1 showed early appearance but comparatively lower disease intensities at later stages than in JL-501, suggesting some tolerance of RHRG-6083.
S2: 26th MW again recorded the highest intensities among all sowing windows. During 2017, symptoms appeared slightly later than S1 (32nd MW, 0.11%) but progressed sharply thereafter. By the 35th MW, disease had reached 3.58%, increasing to 11.26% at the 40th MW and peaking at 19.76% at the 42nd MW. In 2018, the trend was similar, with initiation at the 32nd MW (0.10%) and steady progression to 10.30% at the 40th MW, ultimately reaching 18.08% at the 42nd MW. Hence, S2 was the most favourable sowing window for disease development in RHRG-6083, though the overall intensities were still lower than those observed in JL-501.
Disease incidence in S3: 24th MW was delayed and lower compared to S1 and S2. In 2017, symptoms appeared only at the 34th MW (0.16%), increasing gradually to 3.61% at the 37th MW and 7.67% at the 40th MW. The disease continued to progress slowly, reaching 9.14% at the 42nd MW and peaking at 12.94% at the 43rd MW. A similar trend was observed in 2018, where symptoms began at the 34th MW (0.15%), increased to 2.13% at the 36th MW, 6.99% at the 40th MW, and finally reached 11.79% at the 43rd MW. This shows that S3 supported only moderate disease development, with later onset and lower intensities compared to early sowing windows.
S4: 28th MW consistently recorded the lowest disease intensities with the most delayed onset. In 2017, disease appeared only at the 36th MW (0.42%) and progressed slowly, reaching 7.23% at the 39th MW and 8.41% at the 40th MW. The final peak intensity was 17.36% at the 44th MW. In 2018, the pattern was almost identical, with initial symptoms at the 36th MW (0.38%), gradual increase to 7.68% at the 40th MW, and final disease intensity of 15.85% at the 44th MW. Compared to other windows, S4 clearly showed delayed infection and reduced severity.
3.1.3. Development of Leaf Spot Disease in groundnut variety, TAG-24 in Relation to Different Sowing Windows
In S1: 25th MW, disease initiation was observed as early as the 29th MW with very low intensity (0.18% in 2017 and 0.17% in 2018). The progression was rapid thereafter, recording 9.55% at the 31st MW and 21.41% by the 33rd MW in 2017, while 2018 showed a similar trend with 8.76% at the 31st MW and 19.64% at the 33rd MW. Intensities continued to increase sharply, reaching 47.16% (2017) and 43.27% (2018) at the 35th MW, and peaking at 67.85% (2017) and 62.25% (2018) at the 41st MW. Final readings before crop maturity recorded over 60% disease intensity in both years, making S1 a highly susceptible window.
S2: 26th MW, consistently recorded the highest disease intensities across both years, indicating it as the most favourable window for leaf spot development in TAG-24. In 2017, disease appeared at the 30th MW (1.76%) and increased rapidly to 23.3% by the 33rd MW and 43.54% by the 34th MW. The epidemic intensified further to 71.38% at the 39th MW and 78.87% at the 41st MW, with the peak reaching 81.45% at the 42nd MW. In 2018, a nearly identical trend was observed with 1.64% at the 30th MW, 21.78% at the 33rd MW, 40.69% at the 34th MW, and a peak of 76.12% at the 42nd MW. Thus, S2 represented the most conducive sowing window for severe disease outbreak.
S3: 24th MW showed relatively delayed initiation of the disease. In 2017, the first symptoms appeared at the 31st MW (0.29%) and progressed gradually to 7.08% at the 33rd MW, 16.51% at the 35th MW, and 33.91% at the 39th MW, before peaking at 58.33% at the 43rd MW. In 2018, disease onset was again delayed, with 0.27% at the 31st MW, 6.56% at the 33rd MW, and 15.29% at the 35th MW, progressing steadily to 31.40% at the 39th MW, and peaking at 54.01% at the 43rd MW. Hence, S3 supported moderate but progressive buildup of disease.
S4: 28th MW, consistently exhibited the lowest disease intensities with delayed onset. In 2017, symptoms appeared at the 32nd MW (0.38%), and disease progressed gradually to 7.29% at the 35th MW, 35.27% at the 39th MW, and a peak of 63.27% at the 44th MW. In 2018, initiation was again delayed (0.35% at the 32nd MW), with slower progression up to 6.69% at the 35th MW, 32.36% at the 39th MW, and 58.05% at the 44th MW. Compared to other windows, S4 showed late onset but substantial buildup at later crop stages.
3.1.4. Development of Leaf Spot Disease in groundnut variety, JL-776 in Relation to Different Sowing Windows
In S1: 25th MW, disease appeared at the 30th MW with a very low intensity of 0.3% (2017) and 0.27% (2018). The buildup was gradual, recording 3.23% (2017) and 2.86% (2018) by the 34th MW, followed by 8.14% and 7.20% at the 37th MW. The disease progressed steadily, reaching 12.34% (2017) and 10.92% (2018) at the 40th MW, and peaking at 14.61% (2017) and 12.93% (2018) at the 41st MW. This indicates slow onset and comparatively low disease intensity in S1.
In S2: 26th MW, disease initiation was delayed (32nd MW, ~0.1% in both years) but the buildup was slightly faster than S1. In 2017, intensity reached 2.64% at the 35th MW, 6.4% at the 37th MW, and 10.32% at the 40th MW, peaking at 18.82% at the 42nd MW. Similarly, in 2018, intensities were 2.34% at the 35th MW, 5.66% at the 37th MW, 9.13% at the 40th MW, and peaked at 16.65% at the 42nd MW. Overall, S2 showed moderate disease buildup, higher than S1 but still relatively contained.
S3: 24th MW consistently exhibited slower onset and lower intensity compared to S1 and S2. In 2017, disease appeared late at the 34th MW (0.14%), increasing to 2.21% at the 36th MW, 6.33% at the 39th MW, and 7.15% at the 40th MW, before reaching 12.04% at the 43rd MW. In 2018, the trend was similar with 0.12% at the 34th MW, 1.96% at the 36th MW, 5.60% at the 39th MW, 6.33% at the 40th MW, and 10.65% at the 43rd MW. Thus, S3 represented the least favourable window for disease development.
In S4: 28th MW, disease appeared late but intensified more steadily in the later crop stages. In 2017, no disease was recorded until the 36th MW, when intensity was 0.39%. The buildup was gradual: 3.34% at the 37th MW, 6.98% at the 39th MW, 8.02% at the 40th MW, and 13.24% at the 43rd MW, finally reaching 16.27% at the 44th MW. In 2018, a nearly identical pattern was observed with 0.35% at the 36th MW, 2.98% at the 37th MW, 6.23% at the 39th MW, 7.16% at the 40th MW, and 14.53% at the 44th MW. Hence, S4 showed late initiation but moderate buildup by maturity.
[bookmark: _Hlk208071867][bookmark: _Hlk208071881]Several researchers working on groundnut and pulse crops have consistently emphasized that the incidence and severity of leaf spot disease are strongly influenced by the date of sowing and prevailing climatic conditions. Gupta and Saharan (1974) reported that early-sown urdbean crops were more severely affected by Cercospora leaf spot, whereas Rewal and Bedi (1976) observed comparatively lower disease intensity in late-sown mungbean crops. Their findings indicated that sowing during the first week of September resulted in the minimum intensity of Cercospora canescens, followed by the last week of August, while the second week of July was identified as the most favourable period for disease development.
[bookmark: _Hlk208071907]Similarly, Awurum (2000) highlighted the significant effect of planting time on both incidence and severity of leaf spot diseases in groundnut. Crops sown on June 01st, June 21st, and July 12th experienced greater disease severity compared with those planted later, on August 02nd and August 23rd. The results further suggested that medium-maturing groundnut varieties performed better when sown in August, not only reducing the risk of severe fungal infections but also favouring higher yields.
The present study corroborates these earlier findings. Across all tested varieties viz., TAG-24, JL-501, JL-776, and RHRG-6083, the crop sown during the 25th and 26th meteorological weeks (late June to early July) consistently recorded higher leaf spot intensity compared to crops sown later in the 28th MW (mid-July) or 24th MW (mid-June). For instance, TAG-24 showed rapid disease buildup under early sowing conditions, with percent disease intensity (PDI) exceeding 70% by the 41st MW, while the same variety sown during the 28th MW recorded comparatively lower intensity, remaining below 60% during the same period. Similarly, in RHRG-6083 and JL-776, early sowing windows promoted quicker disease establishment and higher severity, whereas delayed sowing reduced disease pressure substantially.
[bookmark: _Hlk208071934][bookmark: _Hlk208071948]These results confirm that early sowing creates a favourable microclimate for Cercospora spp. infection and subsequent disease progression, as also highlighted by Gupta and Saharan (1974) and Awurum (2000). Conversely, delayed sowing towards the last week of July to early August minimized disease incidence, suggesting that adjusting the sowing window can be an effective cultural strategy for leaf spot management in groundnut.
3.2. Weather Disease Interactions of Leaf Spot (PDI) disease of Groundnut during   
Different Sowing Windows and Varieties
3.2.1. Weather disease interaction of leaf spot in groundnut variety, JL-501 during different sowing windows
In the first sowing window of 2017, variety JL-501 showed a strong positive correlation of leaf spot intensity with maximum temperature (r = 0.607**) and morning humidity (r = 0.606**), indicating that warmer daytime conditions coupled with higher early morning moisture were favourable for disease development. Negative correlations with minimum temperature (r = -0.224) and afternoon humidity (r = -0.295) suggested that cooler nights and drier afternoons reduced disease progression. Wind speed (r = -0.905**) emerged as a strong suppressive factor, while evaporation (r = 0.433) and bright sunshine hours (r = 0.530*) promoted infection, though rainfall showed only weak influence.
In the second sowing window of 2017 for JL-501, disease incidence was more strongly linked to maximum temperature (r = 0.765**) and morning humidity (r = 0.691**). Minimum temperature (-0.277) and afternoon humidity (-0.445) were unfavourable, while wind speed (-0.445) reduced infection. Evaporation (0.333) and bright sunshine hours (0.537*) supported higher disease levels, whereas rainfall again had little effect.
During the third sowing window of 2017, JL-501 exhibited stronger susceptibility with maximum temperature (r = 0.697**) and morning humidity (r = 0.688**) as the major drivers of disease. Minimum temperature (r = -0.542*) and afternoon humidity (r = -0.568**) showed significant negative associations, pointing to reduced risk under cooler nights and humid afternoons. Wind speed (r = -0.885**) continued to play a major suppressive role. Bright sunshine hours (r = 0.508*) promoted infection moderately.
In the late sowing window of 2017, JL-501 again showed positive correlation with maximum temperature (r = 0.690**), but minimum temperature (-0.681**) and afternoon humidity (-0.710**) were strongly negative. Morning humidity had little effect, while wind speed (r = -0.788**) continued to suppress disease. Extended bright sunshine hours (0.678**) promoted late-season outbreaks.
In 2018, JL-501 exhibited even stronger relationships, with the first sowing window showing high positive correlations with maximum temperature (0.830**) and bright sunshine hours (0.841**). Minimum temperature (-0.717**) and afternoon humidity (-0.822**) exerted a strong negative effect, while wind speed (-0.911**) suppressed disease. Evaporation (0.703**) was highly positive, enhancing infection.
The second sowing window of 2018 with JL-501 demonstrated maximum temperature (0.887**) and bright sunshine hours (0.875**) as key positive factors, further supported by evaporation (0.767**). Minimum temperature (-0.731**) and afternoon humidity (-0.897**) remained strong negative drivers, while wind speed (-0.897**) again restricted infection.
In the third sowing window of 2018, JL-501 recorded maximum temperature (0.923**) as the strongest positive factor across all combinations. Minimum temperature (-0.637**) and afternoon humidity (-0.914**) were strongly negative, while evaporation (0.749**) and bright sunshine hours (0.764**) supported rapid disease progression. Wind speed (-0.897**) was again suppressive.
Late sowing in 2018 for JL-501 showed maximum temperature (0.879**) and bright sunshine hours (0.847**) as highly positive influences. Minimum temperature (-0.719**) and afternoon humidity (-0.941**) strongly suppressed disease, while morning humidity (-0.619**) also turned negative. Evaporation (0.890**) was strongly positive, suggesting that dry and sunny late-season weather favored high disease intensity.
3.2.2. Weather disease interaction of leaf spot in groundnut variety, RHRG-6083 during different sowing windows 
For RHRG-6083 in the first sowing window of 2017, disease was positively correlated with maximum temperature (0.661**) and morning humidity (0.682**). Minimum temperature (-0.124) and afternoon humidity (-0.273) were slightly negative, while wind speed (-0.921**) suppressed infection. Evaporation (0.326) and bright sunshine hours (0.462*) contributed to disease increase.
The second sowing window of 2017 for RHRG-6083 revealed maximum temperature (0.703**) and morning humidity (0.702**) as the dominant factors. Minimum temperature (-0.356) and afternoon humidity (-0.418) were negative, while wind speed (-0.418) reduced disease incidence. Bright sunshine hours (0.413) moderately enhanced infection.
In the third sowing window of 2017, RHRG-6083 showed strong correlations with maximum temperature (0.702**) and morning humidity (0.679**). Minimum temperature (-0.572**) and afternoon humidity (-0.598**) significantly reduced infection. Wind speed (-0.856**) also had a strong negative effect, while bright sunshine hours (0.546*) favoured disease build-up.
The fourth sowing window of 2017 for RHRG-6083 continued to show maximum temperature (0.666**) as a positive driver, while minimum temperature (-0.723**) and afternoon humidity (-0.719**) strongly suppressed infection. Morning humidity (-0.106) was negligible. Wind speed (-0.737**) was negative, and bright sunshine hours (0.679**) promoted late-season outbreaks.
In the first sowing window of 2018, RHRG-6083 demonstrated strong disease promotion by maximum temperature (0.919**) and bright sunshine hours (0.840**). Minimum temperature (-0.641**) and afternoon humidity (-0.908**) were strongly suppressive, while wind speed (-0.930**) showed consistent reduction of infection. Evaporation (0.775**) emerged as a strong positive factor.
During the second sowing window of 2018, RHRG-6083 showed maximum temperature (0.918**) and bright sunshine hours (0.798**) as highly significant, with evaporation (0.742**) further enhancing disease. Minimum temperature (-0.588**) and afternoon humidity (-0.938**) suppressed infection, while wind speed (-0.938**) remained negative.
In the third sowing window of 2018, RHRG-6083 exhibited maximum temperature (0.937**) as the strongest positive driver. Minimum temperature (-0.669**) and afternoon humidity (-0.948**) strongly suppressed disease. Evaporation (0.832**) and bright sunshine hours (0.803**) contributed to disease progression, whereas wind speed (-0.897**) limited infection.
Late sowing of 2018 for RHRG-6083 revealed maximum temperature (0.849**) as a major positive factor. Minimum temperature (-0.721**) and afternoon humidity (-0.901**) were strongly negative, while morning humidity (-0.624**) also reduced disease. Evaporation (0.854**) and bright sunshine hours (0.792) supported high late-season infection.
3.2.3. Weather disease interaction of leaf spot in groundnut variety, TAG-24 during different sowing windows 
In 2017, the first sowing window for TAG-24 showed maximum temperature (0.594**) and morning humidity (0.587**) as positive drivers of disease. Minimum temperature (-0.266) and afternoon humidity (-0.325) were slightly negative. Wind speed (-0.915**) strongly suppressed infection. Evaporation (0.519*) and bright sunshine hours (0.570**) supported higher disease intensity.
The second sowing window of 2017 for TAG-24 demonstrated disease promotion by maximum temperature (0.645**) and morning humidity (0.715**). Minimum temperature (-0.385) and afternoon humidity (-0.356) were negative, while wind speed (-0.356) reduced infection. Bright sunshine hours (0.485*) played a supporting role.
In the third sowing window of 2017, TAG-24 showed maximum temperature (0.689**) and morning humidity (0.703**) as strong positive factors. Minimum temperature (-0.596**) and afternoon humidity (-0.603**) significantly suppressed disease. Unlike other windows, wind speed (0.886**) was positively associated, while bright sunshine hours (0.532*) promoted infection.
Late sowing of 2017 for TAG-24 revealed maximum temperature (0.720**) as highly positive. Minimum temperature (-0.631**) and afternoon humidity (-0.695**) were strongly negative. Morning humidity (-0.014) was negligible. Wind speed (0.799**) correlated positively, and bright sunshine hours (0.670**) enhanced late-season infection.
In 2018, TAG-24 in the first sowing window showed maximum temperature (0.806**) and bright sunshine hours (0.855**) as dominant factors. Minimum temperature (-0.751**) and afternoon humidity (-0.793**) suppressed infection. Evaporation (0.717**) was highly positive, while wind speed (-0.888**) was strongly negative.
The second sowing window of 2018 for TAG-24 exhibited positive correlation with maximum temperature (0.799**) and morning humidity (0.353). Minimum temperature (-0.729**) and afternoon humidity (-0.779**) were negative. Bright sunshine hours (0.794**) and evaporation (0.624**) promoted disease progression.
During the third sowing window of 2018, TAG-24 showed maximum temperature (0.889**) as highly significant. Minimum temperature (-0.688**) and afternoon humidity (-0.898**) were strongly suppressive. Evaporation (0.715**) and bright sunshine hours (0.775**) supported higher disease levels.
In the late sowing window of 2018, TAG-24 again showed maximum temperature (0.894**) as strongly positive. Minimum temperature (-0.609**) and afternoon humidity (-0.908**) suppressed disease, while morning humidity (-0.503*) was also negative. Evaporation (0.846**) and bright sunshine hours (0.773**) promoted infection.
3.2.4. Weather disease interaction of leaf spot in groundnut variety, JL-776 during different sowing windows
For JL-776 in the first sowing window of 2017, maximum temperature (0.667**) and morning humidity (0.670**) were positive, while minimum temperature (-0.110) and afternoon humidity (-0.278) were negative. Wind speed (-0.920**) strongly reduced infection. Bright sunshine hours (0.463*) supported disease spread.
The second sowing window of 2017 for JL-776 showed disease favouring maximum temperature (0.695**) and morning humidity (0.700**). Minimum temperature (-0.365), afternoon humidity (-0.419), and wind speed (-0.419) suppressed infection. Bright sunshine hours (0.400) encouraged higher disease incidence.
In the third sowing window of 2017, JL-776 demonstrated maximum temperature (0.704**) and morning humidity (0.686**) as disease-enhancing. Minimum temperature (-0.570**) and afternoon humidity (-0.598**) suppressed disease. Wind speed (-0.862**) also reduced infection, while bright sunshine hours (0.539*) promoted higher disease intensity.
Late sowing of 2017 with JL-776 showed maximum temperature (0.658**) as positive. Minimum temperature (-0.720**) and afternoon humidity (-0.713**) were strongly suppressive, while morning humidity (-0.095) had no influence. Wind speed (-0.732**) was negative, but bright sunshine hours (0.675**) promoted infection.
In 2018, JL-776 recorded in the first sowing window maximum temperature (0.923**) and bright sunshine hours (0.840**) as highly positive. Minimum temperature (-0.641**) and afternoon humidity (-0.913**) were strongly negative. Evaporation (0.783**) enhanced disease, while wind speed (-0.931**) suppressed it.
The second sowing window of 2018 for JL-776 showed maximum temperature (0.917**) as a very strong factor. Minimum temperature (-0.564) and afternoon humidity (-0.935**) suppressed disease, while evaporation (0.738**) and bright sunshine hours (0.780) promoted infection.
In the third sowing window of 2018, JL-776 demonstrated maximum temperature (0.940**) as the strongest disease enhancer. Minimum temperature (-0.661**) and afternoon humidity (-0.952**) strongly suppressed infection. Evaporation (0.828**) and bright sunshine hours (0.802**) supported higher disease incidence.
Finally, in the late sowing window of 2018, JL-776 showed maximum temperature (0.853**) as positive, while minimum temperature (-0.709**), morning humidity (-0.615**), and afternoon humidity (-0.903**) strongly reduced infection. Evaporation (0.854**) and bright sunshine hours (0.784**) enhanced late-season disease intensity.
[bookmark: _Hlk208072080][bookmark: _Hlk208072094]The favourable temperature range for germination of C. personatum conidia was reported as 16–30 °C, with germination sharply inhibited at higher temperatures (Sommartya and Beute, 1986), which agrees with the findings of the present investigation. Shew et al. (1988) further observed that peanut infection by C. personatum was favoured at 20–24 °C in the presence of high relative humidity (> 93%) sustained for at least 12 hours per day. Similarly, Alderman and Nutter (1994) noted that the cumulative conidia per leaflet increased with the duration of daily periods when relative humidity exceeded 95%, with the greatest conidial production recorded at 20 °C and under prolonged humidity (> 12 h/day). These observations are in close agreement with the present study, which also revealed that microclimatic factors played a crucial role in disease development.
[bookmark: _Hlk208072112][bookmark: _Hlk208072127]The findings are further supported by Mahapatra (2016), who reported that bright sunshine hours (0.399) significantly and positively influenced late leaf spot progression. In contrast, disease severity in all genotypes was negatively correlated with mean minimum temperature, indicating that cooler nights suppressed disease development. This trend was also highlighted by Kanade et al. (2015), who reported a significant negative correlation (–0.55) between late leaf spot severity and minimum temperature during the kharif season.

3.3.    Forewarning Model Developed for One-Week Prior (W-1) Prediction of Percent  
Disease Intensity of Leaf Spot Disease for Different Groundnut Varieties and Sowing Windows
3.3.1. Forewarning Model for Groundnut Variety JL-501 Under Different Sowing Windows
In the first sowing window (25th MW) of JL-501, maximum temperature showed a strong positive effect on leaf spot intensity, whereas minimum temperature suppressed disease incidence. Morning humidity contributed positively, while afternoon humidity and bright sunshine hours reduced disease development. This indicated that warm daytime conditions coupled with cooler nights and less sunshine favoured the epidemic. The model equation was: Y = 126.147 + 5.365(Tmax) – 13.850(Tmin) + 0.733(RH-I) – 0.259(RH-II) – 2.482(BSS), with R² = 0.86.
In the second sowing window (26th MW) of JL-501, disease intensity increased sharply with higher maximum temperature, while minimum temperature exerted a strong negative effect. Morning and afternoon humidity promoted disease development, whereas sunshine hours reduced it considerably, suggesting the importance of cloudy and moist conditions. The fitted equation was: Y = –41.047 + 10.494(Tmax) – 14.796(Tmin) + 0.750(RH-I) + 0.390(RH-II) – 3.864(BSS), with R² = 0.93.
In the third sowing window (27th MW) of JL-501, the relationship of maximum temperature with disease intensity turned negative, while minimum temperature and morning humidity strongly favored disease increase. Afternoon humidity reduced infection, and sunshine hours showed a slight positive role. This balance reflected the sensitivity of mid-season sowings to temperature fluctuations. The model was: Y = –55.855 – 0.641(Tmax) + 1.132(Tmin) + 1.128(RH-I) – 0.665(RH-II) + 0.492(BSS), with R² = 0.89.
In the fourth sowing window (28th MW) of JL-501, maximum temperature again increased the risk of disease, while minimum temperature and afternoon humidity reduced it considerably. Morning humidity had almost no role, and sunshine strongly suppressed disease development. This model gave the best prediction accuracy among JL-501 sowings. The forewarning model was: Y = 17.652 + 6.352(Tmax) – 6.754(Tmin) + 0.055(RH-I) – 0.399(RH-II) – 6.079(BSS), with R² = 0.96.
3.3.2. Forewarning Model for Groundnut Variety RHRG-6083 Under Different Sowing Windows
In the first sowing window (25th MW) of RHRG-6083, maximum temperature positively influenced leaf spot incidence, whereas minimum temperature and afternoon humidity had suppressive effects. Morning humidity was negligible, but sunshine hours showed a strong negative role, aligning with patterns seen in JL-501. The model was: Y = 17.652 + 6.352(Tmax) – 6.754(Tmin) + 0.055(RH-I) – 0.399(RH-II) – 6.079(BSS), with R² = 0.96.
In the second sowing window (26th MW) of RHRG-6083, climatic influences remained similar to the first window, with maximum temperature enhancing disease, while minimum temperature, afternoon humidity, and bright sunshine hours suppressed it. The predictability of this model was also high, and the fitted equation was: Y = 17.652 + 6.352(Tmax) – 6.754(Tmin) + 0.055(RH-I) – 0.399(RH-II) – 6.079(BSS), with R² = 0.96.
In the third sowing window (27th MW) of RHRG-6083, maximum temperature exerted a weak positive effect, while minimum temperature had a suppressive influence. Morning humidity had little contribution, but afternoon humidity and sunshine hours reduced the risk of leaf spot considerably. This model reflected transitional weather conditions in mid-season. The equation was: Y = –9.550 + 1.608(Tmax) – 0.978(Tmin) + 0.050(RH-I) – 0.147(RH-II) – 1.762(BSS), with R² = 0.88.
In the fourth sowing window (28th MW) of RHRG-6083, maximum temperature favored disease development, while minimum temperature reduced it strongly. Morning humidity played a small role, and afternoon humidity had negligible effect, but bright sunshine suppressed infection. This predictive model was highly reliable, with the equation: Y = –3.232 + 2.311(Tmax) – 3.259(Tmin) + 0.210(RH-I) – 0.027(RH-II) – 2.009(BSS), with R² = 0.90.

3.3.3. Forewarning Model for Groundnut Variety TAG-24 Under Different Sowing Windows
In the first sowing window (25th MW) of TAG-24, maximum temperature had a negative role, whereas minimum temperature and both humidity factors strongly supported disease spread. Bright sunshine enhanced infection, suggesting that TAG-24 responded differently to environmental variables than JL-501 and RHRG-6083. The forewarning model was: Y = –341.186 – 1.289(Tmax) + 1.931(Tmin) + 4.715(RH-I) – 1.010(RH-II) + 5.379(BSS), with R² = 0.86.
In the second sowing window (26th MW) of TAG-24, the contribution of maximum temperature became strongly positive, while minimum temperature and morning humidity added considerably to disease buildup. Afternoon humidity had a weak negative role, but sunshine significantly enhanced the disease. This model emphasized the extreme susceptibility of TAG-24 in this window. The equation was: Y = –1179.276 + 1.969(Tmax) + 19.940(Tmin) + 7.969(RH-I) – 0.337(RH-II) + 11.829(BSS), with R² = 0.90.
In the third sowing window (27th MW) of TAG-24, maximum temperature again showed a negative relation, while minimum temperature and morning humidity strongly increased the risk of leaf spot. Afternoon humidity suppressed the disease, and sunshine had a small negative effect. This transitional model suggested reduced accuracy compared to earlier sowings. The model was: Y = –283.441 – 0.512(Tmax) + 2.891(Tmin) + 3.574(RH-I) – 0.946(RH-II) – 1.091(BSS), with R² = 0.87.
In the fourth sowing window (28th MW) of TAG-24, maximum temperature strongly increased disease incidence, whereas minimum temperature reduced it sharply. Morning humidity added positively, while afternoon humidity and sunshine hours suppressed the disease. The equation was: Y = –8.643 + 7.438(Tmax) – 10.385(Tmin) + 1.054(RH-I) – 0.517(RH-II) – 7.803(BSS), with R² = 0.90.
3.3.4. Forewarning Model for Groundnut Variety JL-776 Under Different Sowing Windows
In the first sowing window (25th MW) of JL-776, maximum temperature and minimum temperature both had a weak positive role, along with morning humidity, while afternoon humidity reduced the disease. Sunshine hours had a small promoting effect, leading to moderate prediction ability. The model was: Y = –67.598 + 0.587(Tmax) + 0.743(Tmin) + 0.474(RH-I) – 0.098(RH-II) + 1.059(BSS), with R² = 0.90.
In the second sowing window (26th MW) of JL-776, maximum temperature, minimum temperature, and morning humidity strongly enhanced disease intensity, while afternoon humidity reduced it. Sunshine hours added positively, creating highly favourable conditions for infection. The forewarning equation was: Y = –198.444 + 0.636(Tmax) + 2.684(Tmin) + 1.436(RH-I) – 0.102(RH-II) + 1.656(BSS), with R² = 0.84.
In the third sowing window (27th MW) of JL-776, maximum temperature had a positive effect, minimum temperature showed a weak negative effect, and morning humidity enhanced disease intensity. Afternoon humidity reduced infection, while sunshine hours suppressed it slightly. The fitted model was: Y = –63.150 + 0.881(Tmax) – 0.224(Tmin) + 0.675(RH-I) – 0.179(RH-II) – 0.717(BSS), with R² = 0.90.
In the fourth sowing window (28th MW) of JL-776, maximum temperature increased disease intensity, while minimum temperature suppressed it. Morning humidity had a negligible role, whereas afternoon humidity and sunshine hours both acted as disease suppressants. This model had strong predictive ability, and the forewarning equation was: Y = –3.365 + 2.448(Tmax) – 3.043(Tmin) + 0.062(RH-I) + 0.020(RH-II) – 1.798(BSS), with R² = 0.92.



To better understand these relationships, regression analysis was performed with late leaf spot severity as the dependent variable and mean maximum temperature, minimum temperature, morning relative humidity, evening relative humidity, rainfall, sunshine hours, and wind speed as independent variables. The best fit was determined by multiple regression models based on the coefficients of determination (R²), which quantified the contribution of each weather parameter to disease progression.



	Table 1: Development of leaf spot disease in different sowing dates and groundnut variety JL-501 during kharif season 2017 and 2018

	Particulars
	Per Cent Disease Intensity (%)

	
	2017
	2018

	MW
	S1:25th MW
	S2:26th MW
	S3:27th MW
	S4:28th MW
	S1:25th MW
	S2:26th MW
	S3:27th MW
	S4:28th MW

	29
	0.16
	0
	0
	0
	0.15
	0
	0
	0

	30
	0.51
	0.5
	0
	0
	0.47
	0.46
	0
	0

	31
	0.97
	0.96
	0.22
	0
	0.90
	0.89
	0.20
	0

	32
	4.61
	1.25
	0.46
	0
	4.26
	1.15
	0.42
	0

	33
	7.94
	6.97
	4.98
	0.51
	7.33
	6.43
	4.58
	0.47

	34
	14.34
	11.64
	6.14
	5.21
	13.24
	10.74
	5.65
	4.79

	35
	30.49
	19.86
	8.36
	9.67
	28.15
	18.32
	7.69
	8.89

	36
	31.61
	41.73
	9.91
	13.98
	29.19
	38.50
	9.12
	12.85

	37
	33.12
	43.19
	13.96
	16.14
	30.58
	39.84
	12.84
	14.83

	38
	39.26
	44.57
	21.11
	19.63
	36.25
	41.12
	19.42
	18.04

	39
	40.28
	52.5
	24.23
	26.34
	37.19
	48.43
	22.29
	24.21

	40
	42.63
	54.17
	30.15
	28.94
	39.36
	49.97
	27.74
	26.60

	41
	47.69
	59.61
	31.74
	34.61
	44.04
	54.99
	29.20
	31.81

	42
	-
	63.69
	37.86
	35.73
	-
	58.75
	34.83
	32.84

	43
	-
	-
	39.78
	47.28
	-
	-
	36.60
	43.46

	44
	-
	-
	-
	49.43
	-
	-
	-
	45.43



	Table 2: Development of leaf spot disease in different sowing dates and groundnut variety RHRG-6083 during kharif season 2017 and 2018

	Particulars
	Per Cent Disease Intensity (%)

	
	2017
	2018

	MW
	S1:25th MW
	S2:26th MW
	S3:27th MW
	S4:28th MW
	S1:25th MW
	S2:26th MW
	S3:27th MW
	S4:28th MW

	29
	0
	0
	0
	0
	0
	0
	0
	0

	30
	0.4
	0
	0
	0
	0.37
	0
	0
	0

	31
	0.7
	0
	0
	0
	0.64
	0
	0
	0

	32
	0.22
	0.11
	0
	0
	0.20
	0.10
	0
	0

	33
	0.39
	0.25
	0
	0
	0.36
	0.23
	0
	0

	34
	3.89
	0.46
	0.16
	0
	3.57
	0.42
	0.15
	0

	35
	4.89
	3.58
	0.31
	0
	4.49
	3.28
	0.28
	0

	36
	6.24
	5.12
	2.34
	0.42
	5.72
	4.68
	2.13
	0.38

	37
	8.53
	7.34
	3.61
	3.99
	7.83
	6.72
	3.29
	3.64

	38
	9.3
	8.57
	5.84
	5.35
	8.53
	7.84
	5.32
	4.89

	39
	10.54
	9.99
	6.91
	7.23
	9.67
	9.14
	6.29
	6.60

	40
	12.69
	11.26
	7.67
	8.41
	11.64
	10.30
	6.99
	7.68

	41
	15.28
	16.64
	8.38
	9.46
	14.02
	15.22
	7.63
	8.64

	42
	-
	19.76
	9.14
	11.14
	-
	18.08
	8.32
	10.17

	43
	-
	-
	12.94
	13.59
	-
	-
	11.79
	12.41

	44
	-
	-
	-
	17.36
	-
	-
	-
	15.85




	Table 3: Development of leaf spot disease in different sowing dates and groundnut variety TAG-24 during kharif season 2017 and 2018

	Particulars
	Per Cent Disease Intensity (%)

	
	2017
	2018

	MW
	S1:25th MW
	S2:26th MW
	S3:27th MW
	S4:28th MW
	S1:25th MW
	S2:26th MW
	S3:27th MW
	S4:28th MW

	29
	0.18
	0
	0
	0
	0.17
	0
	0
	0

	30
	1.76
	1.76
	0
	0
	1.61
	1.64
	0
	0

	31
	9.55
	4.68
	0.29
	0
	8.76
	4.37
	0.27
	0

	32
	12.26
	6.49
	0.64
	0.38
	11.25
	6.07
	0.59
	0.35

	33
	21.41
	23.3
	7.08
	1.42
	19.64
	21.78
	6.56
	1.30

	34
	29.15
	43.54
	11.84
	3.82
	26.74
	40.69
	10.96
	3.50

	35
	47.16
	48.26
	16.51
	7.29
	43.27
	45.10
	15.29
	6.69

	36
	49.16
	55.41
	18.63
	7.69
	45.10
	51.79
	17.25
	7.06

	37
	57.26
	58.64
	21.86
	12.21
	52.53
	54.80
	20.24
	11.20

	38
	59.69
	67.53
	29.67
	13.98
	54.76
	63.11
	27.47
	12.83

	39
	60.98
	71.38
	33.91
	35.27
	55.94
	66.71
	31.40
	32.36

	40
	62.31
	74.31
	40.73
	43.51
	57.17
	69.45
	37.71
	39.92

	41
	67.85
	78.87
	41.97
	48.86
	62.25
	73.71
	38.86
	44.83

	42
	-
	81.45
	56.39
	49.51
	-
	76.12
	52.21
	45.42

	43
	-
	-
	58.33
	58.87
	-
	-
	54.01
	54.01

	44
	-
	-
	-
	63.27
	-
	-
	-
	58.05



	Table 4: Development of leaf spot disease in different sowing dates and groundnut variety JL-776 during kharif season 2017 and 2018

	Particulars
	Per Cent Disease Intensity (%)

	
	2017
	2018

	MW
	S1:25th MW
	S2:26th MW
	S3:27th MW
	S4:28th MW
	S1:25th MW
	S2:26th MW
	S3:27th MW
	S4:28th MW

	29
	0
	0
	0
	0
	0
	0
	0
	0

	30
	0.3
	0
	0
	0
	0.27
	0
	0
	0

	31
	0.6
	0
	0
	0
	0.53
	0
	0
	0

	32
	0.19
	0.105
	0
	0
	0.17
	0.09
	0
	0

	33
	0.33
	0.245
	0
	0
	0.29
	0.22
	0
	0

	34
	3.23
	0.455
	0.14
	0
	2.86
	0.40
	0.12
	0

	35
	4.42
	2.64
	0.28
	0
	3.91
	2.34
	0.25
	0

	36
	6.11
	4.18
	2.21
	0.39
	5.41
	3.70
	1.96
	0.35

	37
	8.14
	6.4
	3.25
	3.34
	7.20
	5.66
	2.88
	2.98

	38
	9.26
	7.63
	5.18
	5.14
	8.19
	6.75
	4.58
	4.59

	39
	10.14
	9.05
	6.33
	6.98
	8.97
	8.01
	5.60
	6.23

	40
	12.34
	10.32
	7.15
	8.02
	10.92
	9.13
	6.33
	7.16

	41
	14.61
	15.7
	8.27
	9.13
	12.93
	13.89
	7.32
	8.15

	42
	-
	18.82
	9.05
	10.36
	-
	16.65
	8.01
	9.25

	43
	-
	-
	12.04
	13.24
	-
	-
	10.65
	11.82

	44
	-
	-
	-
	16.27
	-
	-
	-
	14.53



	Table 5: Correlation between occurrence of leaf spot (PDI) disease of groundnut with weather parameters during kharif 2017 and 2018

	Treatment
	r’ values

	Year
	Sowing window
	Variety
	Tmax
	Tmin
	RH-I
	RH-II
	WS
	RF
	Epan
	BSS

	2017
	S1 - 25th MW
	V1 - JL-501
	0.607**
	-0.224
	0.606**
	-0.295
	-0.905**
	0.258
	0.433
	0.530*

	
	S2 - 26th MW
	V1 - JL-501
	0.765**
	-0.277
	0.691**
	-0.445
	-0.445
	0.259
	0.333
	0.537*

	
	S3 - 27th MW
	V1 - JL-501
	0.697**
	-0.542*
	0.688**
	-0.568**
	-0.885**
	0.169
	-0.082
	0.508*

	
	S4 - 28th MW
	V1 - JL-501
	0.690**
	-0.681**
	0.002
	-0.710**
	-0.788**
	-0.170
	0.131
	0.678**

	2018
	S1 - 25th MW
	V1 - JL-501
	0.830**
	-0.717**
	0.198
	-0.822**
	-0.911**
	-0.424
	0.703**
	0.841**

	
	S2 - 26th MW
	V1 - JL-501
	0.887**
	-0.731**
	0.147
	-0.897**
	-0.897**
	-0.253
	0.767**
	0.875**

	
	S3 - 27th MW
	V1 - JL-501
	0.923**
	-0.637**
	0.065
	-0.914**
	-0.897**
	-0.292
	0.749**
	0.764**

	
	S4 - 28th MW
	V1 - JL-501
	0.879**
	-0.719**
	-0.619**
	-0.941**
	-0.810**
	-0.626**
	0.890**
	0.847**

	2017
	S1 - 25th MW
	V2 - RHRG-6083
	0.661**
	-0.124
	0.682**
	-0.273
	-0.921**
	0.333
	0.326
	0.462*

	
	S2 - 26th MW
	V2 - RHRG-6083
	0.703**
	-0.356
	0.702**
	-0.418
	-0.418
	0.292
	0.131
	0.413

	
	S3 - 27th MW
	V2 - RHRG-6083
	0.702**
	-0.572**
	0.679**
	-0.598**
	-0.856**
	0.104
	-0.082
	0.546*

	
	S4 - 28th MW
	V2 - RHRG-6083
	0.666**
	-0.723**
	-0.106
	-0.719**
	-0.737**
	-0.227
	0.202
	0.679**

	2018
	S1 - 25th MW
	V2 - RHRG-6083
	0.919**
	-0.641**
	0.153
	-0.908**
	-0.930**
	-0.383
	0.775**
	0.840**

	
	S2 - 26th MW
	V2 - RHRG-6083
	0.918**
	-0.588**
	0.078
	-0.938**
	-0.938**
	-0.278
	0.742**
	0.798**

	
	S3 - 27th MW
	V2 - RHRG-6083
	0.937**
	-0.669**
	-0.060
	-0.948**
	-0.869**
	-0.397
	0.832**
	0.803**

	
	S4 - 28th MW
	V2 - RHRG-6083
	0.849**
	-0.721**
	-0.624**
	-0.901**
	-0.765**
	-0.553**
	0.854**
	0.792

	2017
	S1 - 25th MW
	V3 - TAG-24
	0.594**
	-0.266
	0.587**
	-0.325
	-0.915**
	0.208
	0.519*
	0.570**

	
	S2 - 26th MW
	V3 - TAG-24
	0.645**
	-0.385
	0.715**
	-0.356
	-0.356
	0.379
	0.296
	0.485*

	
	S3 - 27th MW
	V3 - TAG-24
	0.689**
	-0.596**
	0.703**
	-0.603**
	0.886**
	0.161
	-0.066
	0.532*

	
	S4 - 28th MW
	V3 - TAG-24
	0.720**
	-0.631**
	-0.014
	-0.695**
	0.799**
	-0.169
	0.101
	0.670**

	2018
	S1 - 25th MW
	V3 - TAG-24 
	0.806**
	-0.751**
	0.215
	-0.793**
	-0.888**
	-0.466*
	0.717**
	0.855**

	
	S2 - 26th MW
	V3 - TAG-24
	0.799**
	-0.729**
	0.353
	-0.779**
	-0.779**
	-0.054
	0.624**
	0.794**

	
	S3 - 27th MW
	V3 - TAG-24
	0.889**
	-0.688**
	0.087
	-0.898**
	-0.901**
	-0.284
	0.715**
	0.775**

	
	S4 - 28th MW
	V3 - TAG-24
	0.894**
	-0.609**
	-0.503*
	-0.908**
	-0.766**
	-0.527*
	0.846**
	0.773**

	2017
	S1 - 25th MW
	V4 - JL-776
	0.667**
	-0.110
	0.670**
	-0.278
	-0.920**
	0.317
	0.331
	0.463*

	
	S2 - 26th MW
	V4 - JL-776
	0.695**
	-0.365
	0.700**
	-0.419
	-0.419
	0.292
	0.110
	0.400

	
	S3 - 27th MW
	V4 - JL-776
	0.704**
	-0.570**
	0.686**
	-0.598**
	-0.862**
	0.117
	-0.093
	0.539*

	
	S4 - 28th MW
	V4 - JL-776
	0.658**
	-0.720**
	-0.095
	-0.713**
	-0.732**
	-0.218
	0.184
	0.675**

	2018
	S1 - 25th MW
	V4 - JL-776
	0.923**
	-0.641**
	0.137
	-0.913**
	-0.931**
	-0.383
	0.783**
	0.840**

	
	S2 - 26th MW
	V4 - JL-776
	0.917**
	-0.564**
	0.076
	-0.935**
	-0.935**
	-0.266
	0.738**
	0.780

	
	S3 - 27th MW
	V4 - JL-776
	0.940**
	-0.661**
	-0.059
	-0.952**
	-0.863**
	-0.397
	0.828**
	0.802**

	
	S4 - 28th MW
	V4 - JL-776
	0.853**
	-0.709**
	-0.615**
	-0.903**
	-0.763**
	-0.550**
	0.854**
	0.784**

	* Significant at 0.05%, ** significant at 0.01%



4. CONCLUSIONS: 
The present study clearly demonstrated that the time of sowing had a profound influence on the incidence and severity of late leaf spot in groundnut. Early sowing, particularly during the 25th and 26th meteorological weeks (late June to early July), consistently resulted in early disease initiation, faster progression, and higher final intensities across all varieties. Among these, the 26th MW emerged as the most favourable sowing window for severe disease severity, with varieties like TAG-24 and JL-501 recording over 60–80% disease intensity before crop maturity. In contrast, delayed sowing during the 28th MW (mid-July) significantly delayed symptom expression and reduced final disease intensities, confirming its potential as a cultural strategy for disease management.
The varietal response further highlighted differences in susceptibility. TAG-24 and JL-501 were susceptible, showing rapid disease buildup and peak intensities above 60–80% under favourable conditions. On the other hand, RHRG-6083 and JL-776 displayed tolerance, with delayed disease onset and lower final intensities, usually not exceeding 20%, even in conducive sowing windows. This indicates that varietal tolerance plays a crucial role in mitigating the risk of leaf spot epidemics.
Weather–disease interaction analysis revealed that maximum temperature and morning humidity were the most consistent positive drivers of disease development across all varieties and sowing windows. Conversely, minimum temperature and afternoon humidity showed strong negative correlations, indicating that cooler nights and more humid afternoons suppressed infection. 
The regression-based forewarning models developed in this study provided reliable one-week prior prediction of leaf spot intensity, with high coefficients of determination (R² = 0.84–0.96). The models consistently highlighted maximum temperature, minimum temperature, and relative humidity interactions as the major determinants of disease progression, while sunshine hours also played a significant role. These models hold promise as a valuable component of decision-support systems for forecasting disease epidemics and issuing timely advisories to farmers. From a management perspective, the results suggest that adjusting the sowing time is a simple and effective cultural practice for minimizing leaf spot intensity in groundnut. Tolerant varieties such as RHRG-6083 and JL-776 were better suited to early sowings, as they restricted disease buildup. 
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