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	ABSTRACT	
Cotton	leaf	curl	disease	is	a	major	devastating	disease	of	cotton	causing	signi�icant	reduction	in	yield	in	the	northern	region	of	India	
where	around	17.96	lakh	hectare	areas	exists	in	the	states	of	Punjab,	Haryana	and	Rajasthan.	Present	study	was	under	taken	to	
evaluate	 the	 relationship	 between	 weather	 parameters	 and	 white�ly	 population	 in	 the	 CLCuD	 development	 of	 cotton	 under	
consideration	in	south	west	zone	of	Haryana	over	a	period	of	four	years	i.e.	Kharif,	2021	-2024.	The	maximum	disease	intensity	was	

th threcorded	as	33.62	%	(45 	SMW)	in	the	year	2021	and	the	lowest	(0.1%)	during	30 	SMW	during	all	the	years	of	experimentation.	It	
was	inferred	that	across	all	years,	T 	and	T 	exhibited	consistently	negative	correlations	with	both	CLCuD	PDI	and	incidence,	max min

suggesting	that	lower	temperatures	favoured	increased	disease	expression.	Notably,	T 	showed	stronger	negative	correlations	than	min

T ,	indicating	that	cooler	night	temperatures	play	a	critical	role	in	promoting	virus	development.	In	contrast,	morning	relative	max

humidity	 (RH )	 displayed	 a	 positive	 correlation	with	 CLCuD	 severity	 and	 incidence	 supporting	 the	 notion	 that	 high	morning	m

humidity	 favours	 both	 white�ly	 activity	 and	 virus	 infection.	 Evening	 relative	 humidity	 (RH )	 showed	 weak	 and	 inconsistent	e

correlations.	Rainfall	showed	variable	and	generally	weak	correlations.	Among	all	parameters,	white�ly	population	consistently	
showed	signi�icant	positive	correlations	with	both	PDI	and	disease	incidence.	This	clearly	highlights	the	central	role	of	white�ly	as	the	
vector	of	cotton	leaf	curl	virus	(CLCuV).	Furthermore,	white�ly	population	was	negatively	correlated	with	T 	and	evaporation	and	max

positively	with	RH 	indicating	that	cooler,	more	humid	environments	support	vector	proliferation	and	subsequent	virus	spread.	The	m

regression	analysis	clearly	identi�ies	low	minimum	temperature,	high	morning	humidity,	and	increased	sunshine	hours	as	the	most	
important	weather	parameters	in�luencing	CLCuD	epidemics	and	vector	build-up	in	cotton.The	highest	model	�its	were	recorded	for	
CLCuD	PDI	(R²	=	0.9238)	and	incidence	(R²	=	0.9143),	underscoring	the	reliability	of	these	models	for	long-term	disease	forecasting.	

Keywords:	CLCuD,	correlation,	devastating,	exhibited,	forecasting,	in�luencing,	proliferation,	regression,	white�ly.

INTRODUCTION
Cotton is the most important �iber crop of Indian farming 
community and plays an important role in rural economy of 
India. Although cotton is primarily a �ibre crop, it is also used as 
source of oil and its seed are utilized as feed for ruminant 
livestock (1). Cotton waste, trash and other residues can be 
converted into ethanol with no environmental pollution (2). 
Dried cotton sticks are an important source of fuel for domestic 
use. All four cultivable species viz., Gossypium	 arboreum, G.	
herbaceum, G.	barbadense and G.	hirsutum are grown in India, 
occupying largest area in the world (113.6 lakh ha). India is the 
second largest producer of cotton in the world accounting for 
about 20.7 per cent of the world cotton production. However, 
India ranked second with a production of 371 lakh bales but 
productivity is very low i.e., 448 kg/ha as compared to world 
average of 854 kg/ha during the year 2024-25 (3). Though 
occupying largest acreage in the world, the productivity of 
cotton is very low in India. Among the several reasons for low 
productivity of cotton; high incidence of insect pests and 
diseases caused by fungal, bacterial and viral pathogens are the
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major constraints. Among the diseases, Cotton leaf curl disease 
is one of the most serious diseases of cotton particularly in the 
northern region of India where around 17.96 lakh hectare areas 
exists in the states of Punjab, Haryana and Rajasthan. It is 
characterized by typical disease symptoms like vein thickening, 
stunted growth, leaf curling and leaf like enations on the 
underside leaf under extreme conditions (4). Cotton leaf curl 
disease (CLCuD) causing enormous loss to the crop (5,6). noted 
The loses in yield up to 54 per cent due to CLCuD was noted by 
Monga (7). Depending on the cultivars used, yield losses are 68-
79 per cent posing serious threat to cotton production (8) and 
even up to 90 per cent in severe cases (9, 10). Cotton leaf curl 
virus belongs to the genus Begomovirus and is transmitted by 
its exclusive vector white�ly (Bemisia	tabaci gem) in a circulative 
and persistent manner (11). Epidemiology is the study of the 
variable incidence of diseases in populations (12). The 
important populations are those of the host and the pathogen. 
Diseases are however not independent entities but the result of 
a complex interaction among host plants, pathogens and the 
environment. This is embodied in the basic concept of the 
disease triangle. As the same way of ecology, epidemiology 
includes the biotic environment (alternate sources of infection, 
vectors, and even the activity of man such as in pathogen 
dissemination) and the abiotic environment i.e.	 climate, soil 
nutrition, etc. (13, 14). Temporal and spatial variance of 
meteorological conditions can affect soil conditions, water 
availability, agricultural yields and susceptibility to pest and
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pathogen infestations. However, weather has a very crucial role 
in CLCuD spread and development and also affects vector 
white�ly. Therefore, the present study was conducted over a 
period of four years i.e. Kharif, 2021 -2024 to evaluate the 
relationship between weather parameters and white�ly 
population in the CLCuD development of cotton under 
consideration in south west zone of Haryana. The ultimate aim 
was to develop prediction equation with better accuracy and 
reliability for disease incidence through regression which 
ultimately can help the timely application of management 
decisions in the prevailing climatic conditions.

MATERIALS	AND	METHODS
Experiment	details
The experiment was done from Kharif, 2021 to 2024 to 
investigate the effect of weather factors on the development of 
CLCuD at CCS HAU, Regional Research station, Bawal (Rewari) 
on susceptible cotton cultivar HS-6. Every year, the sowing was 
done by the dibbling method during �irst fortnight of May, at a 
depth of 4-5 cm keeping row to row and plant to plant spacing of 
67.5 cm X 30 cm, respectively. To ensure an optimal plant 
population per plot, gap �illing was carried out �ive days after 
germination. Additionally, thinning was performed after the 
�irst irrigation to maintain single plant per hill. The crop was 
raised by following standard package and practices as 
recommended by CCHSAU, Hisar for cotton crop (15).

Observations	recorded
Percent	disease	intensity	(%)
Percent disease intensity (PDI) was recorded with appearance 
of initial disease symptoms of CLCuD as per disease scale (0-6) 
proposed by AICCIP (2016) on weekly basis and PDI was 
calculated as per following formula:

Disease	incidence	(%)
The observations on disease progress were recorded at each 
standard meteorological week (SMW) from the initiation of 
disease symptoms. Disease incidence (%) was computed using 
the formula:

     No. of diseased plantsDisease incidence (%) = ______________________________ X 100
               Total no. of plants examined

White�ly	population:	
White�ly population was noted by observing the number of 
white�lies on lower, middle and upper leaves of �ive randomly 
selected cotton plants on weekly basis during early morning 
hours.

Meteorological	data: 
The meteorological data during the course of study were 
recorded and used to assess the impact of weather parameters 
on CLCuD development and white�ly population. The 
meteorological data were obtained from the meteorological 
laboratory of Regional Research Station, Bawal.

Statistical	analysis
Data collected during the course of investigation was 
statistically analysed using standard procedures by software 
OPSTAT (Sheoran et	 al., 1998), SPSSv23 (IBM Corp, 2015). 
Correlation among various parameters was found out by 
computing Karl Pearson coef�icient of correlation. 

Step-wise regression analysis was performed and linear models 
were designed to quantify the effect exerted by weather factors 

®on white rust disease development. OriginPro  graphing and R 
statistical analysis software (R Core Team, 2025) was used to 
prepare the correlograms.

Results
However, diseases are not independent entities; instead, they 
are the outcome of complex relationships between pathogens, 
plants, and the weather variables. Variability in weather 
conditions over time and space can impact various aspects of 
agricultural production, including soil health, water availability 
and vulnerability to infections by pathogens and insects. To 
understand the in�luence of weather conditions on CLCuD 
development in cotton, correlation coef�icients were calculated 
between PDI (percent disease intensity and key weather 
parameters i.e.	 maximum temperature (T ), minimum max

temperature (T ), morning relative humidity (RH ), evening min m

relative humidity (RH ), rainfall, sunshine, and evaporation e

across different kharif	 seasons of 2021 to 2024. A pooled 
analysis was also conducted to assess the overall trends. 
Maximum CLCuD incidence was recorded as 33.62%, 11.7%, 
21.66% and 21.26% during kharif, 2021, 2022, 2023 and 2024 

threspectively in 45  SMW. Whereas, minimum CLCuD incidence 
was recorded as 1.2%, 0.67%, 0.56% and 0.46% during 2021, 

th2022, 2023 and 2024 respectively in 30  SMW. Maximum PDI of 
CLCuD was observed as 6.34, 2.3, 4.22 and 4.58 during kharif, 

th2021, 2022, 2023 and 2024 respectively in 45  SMW, whereas, 
ththe lowest PDI (0.1) was recorded in 30  SMW of all the year of 

Experimentation. 

In�luence	 of	 sowing	 dates	 on	 PDI,	 disease	 incidence	 and	
white	�ly	population	of	CLCuD	in	cotton	and	its	correlation	
with	weather	variables
To understand the in�luence of weather conditions on Cotton 
Leaf Curl disease (CLCuD) development in cotton, correlation 
coef�icients were calculated between percent disease intensity 
( P D I ) ,  d i s e a s e  i n c i d e n c e  a n d  k e y  w e a t h e r 
parameters—maximum temperature (T ), minimum m a x

temperature (T ), morning relative humidity (RH ), evening min m

relative humidity (RH ), rainfall, sunshine, evaporation and e

white�ly population—across different years from 2021 to 2024. 
A pooled analysis was also performed to assess overall trends 
and the �indings are summarized in Table 1, Fig 1-5. It was 
inferred that across all years, T  and T  exhibited consistently max min

negative correlations with both CLCuD PDI and incidence, 
suggesting that lower temperatures favoured increased disease 
expression. Notably, T  showed stronger negative correlations min

than T , particularly during the	year	2022 (r = –0.765**) and in max

pooled data (r = -0.802** for PDI), indicating that cooler night 
temperatures play a critical role in promoting virus 
development. In contrast, morning relative humidity (RH ) m

displayed a positive correlation with CLCuD severity and 
incidence. The highest correlation was observed in pooled data 
(r = 0.489** for incidence), supporting the notion that high 
morning humidity favours both white�ly activity and virus 
infection. Evening relative humidity (RH ) showed weak and e

inconsistent correlations, suggesting a less direct in�luence. 
Rainfall showed variable and generally weak correlations, with 
some negative associations noted in 2023 and 2024. These 
�indings suggest that rainfall may play an indirect role, 
potential ly  in� luencing white� ly  dynamics or  plant 
susceptibility, rather than directly affecting disease 
development.
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Among all parameters, white�ly population consistently showed 
signi�icant positive correlations with both PDI and disease 
incidence across all seasons, with the strongest association in 
the year, 2024 (r = 0.868** for incidence). This clearly highlights 
the central role of white�ly as the vector of cotton leaf curl virus 
(CLCuV). Furthermore, white�ly population was negatively 
correlated with T  and evaporation (r = -0.673** and –0.601**, max

respectively) and positively with RH  (r = 0.604), indicating that m

cooler, more humid environments support vector proliferation 
and subsequent virus spread. The pooled correlation analysis 
con�irmed that low temperature, high morning humidity and 
high white�ly population are the most critical drivers of CLCuD 
epidemics under cotton-growing conditions. Thus, these results 
underscore the importance of adjusting sowing windows and 
monitoring white�ly populations in relation to local weather 
patterns to mitigate CLCuD outbreaks in cotton. These results 
are in line with the �indings of Monga who analyzed data from 

th th 1999–2009 (27 –37 SMWs), found the highest disease 
incidence (98%) in 2001 and lowest (2.7%) in 2008 (16). Peak 
white�ly populations aligned with high disease years, with

weather parameters signi�icantly in�luencing both disease 
progression and vector abundance. Similarly, negative 
correlations between disease intensity and several parameters 
including temperature, wind speed, vapour pressure, and 
evapotranspiration (17). In contrast, morning relative humidity, 
cumulative rainfall,  and solar radiation had positive 
correlations. The optimum temperature range for disease 
development at Hisar was 33-37 °C, with rainfall above 100 mm 
sharply accelerating disease progression. A negative correlation 
b e t we e n  C LCu D  s eve r i t y  a n d  m a x i m u m / m i n i m u m 
temperature, rainfall, and wind speed was reported, while 
relative humidity showed a positive association across sowing 
times (18). Disease development was favoured in the �irst 
sowing at 35-38 °C (max temp), 23-24 °C (min temp), 65-75% 
RH, and 1-2  mm rainfall. Similar trends were observed in the 
second sowing under slightly lower temperatures and higher 
humidity. The impact of weather on CLCuD using correlation 
and regression analysis was demonstrated, showing that 
temperature had a negative, and relative humidity a positive 
effect on disease and vector dynamics (19). 

Table	1:	Correlation	matrix	of	CLCuD	and	white	�ly	population	in	cotton	with	weather	parameters	

	Fig	1.	Correlation	heatmap	2021 Fig	2.	Correlation	heatmap	2022
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Fig	3.	Correlation	heatmap	2023

Regression	Analysis	of	CLCuD	PDI,	disease	 incidence	and	
white	�ly	population	in	Relation	to	Weather	Parameters	and	
Sowing	Time	in	Cotton
To further understand the in�luence of weather variables on 
Cotton Leaf Curl disease (CLCuD) development and its primary 
vector, white�ly, a multiple linear regression analysis was 
conducted using data of four years (2021–2024). Regression 
coef�icients were derived to quantify the direction and strength 
of in�luence of individual weather parameters on CLCuD PDI, 
disease incidence and white�ly population. The pooled results 
and seasonal breakdowns are presented in Table 2. Across all 
years, minimum temperature (T ) consistently exhibited min

negative regression coef�icients, particularly for CLCuD

Fig	4.	Correlation	heatmap	2024

Fig	5.	Correlation	heatmap	(pooled)

 incidence, indicating a strong inverse relationship. This implies 
that lower night temperatures signi�icantly favour disease 
progression. Likewise, T  had a variable but generally weak max

in�luence, with both positive and negative coef�icients across 
years, suggesting that maximum temperature plays a less 
consistent role in CLCuD dynamics. Morning relative humidity 
(RH ) showed positive regression coef�icients in most seasons, m

with the strongest in�luence in 2024, reinforcing the earlier 
correlation results that higher morning humidity favours virus 
development, possibly by supporting vector survival and viral 
transmission. However, its overall magnitude remained 
moderate compared to temperature variables. Evening RH 
(RH ) generally had negative or weak positive effects, indicating e

a limited and inconsistent role in in�luencing disease 
parameters. Rainfall exhibited small and largely negative 
coef�icients, especially in the pooled data, suggesting a minimal 
or suppressive role in CLCuD development. This may be due to 
the washing-off effect on white�lies, or because excessive 
moisture interferes with their activity. However, due to its 
generally low magnitude and inconsistent direction across 
years, rainfall appears to have no major direct in�luence on 
disease pressure. Sunshine hours showed consistently positive 
coef�icients for CLCuD incidence and PDI, with the highest 
values in pooled data (1.673 for incidence). This suggests that 
increased solar radiation promotes white�ly activity, which in 
turn enhances virus spread. On the contrary, evaporation had 
variable effects, being negatively associated with disease 
incidence in 2021 and 2022, but showing weak or slightly 
positive values in 2024. The overall pooled result (–0.783 for 
incidence) points to a moderate suppressive effect, likely due to 
drier conditions reducing vector activity and virus viability.
When examining the regression for white�ly population, 
sunshine emerged as the most in�luential positive predictor, 
especially in 2024 (0.439) and in the pooled analysis (0.410), 
reaf�irming its role in enhancing vector proliferation. T  again min

had a negative effect in most years, particularly in 2024 
(–0.312), highlighting that cooler nights may suppress vector 
build-up. RH  occasionally showed a weak positive relationship m

with white�ly population (0.102 in 2024), but overall, the 
regression strength remained low, suggesting indirect or 
secondary in�luence. The pooled regression further con�irmed 
that T  (–0.900), RH (0.472) and sunshine (1.673) are key min m 

drivers of CLCuD incidence. In conclusion, the regression 
analysis clearly identi�ies low minimum temperature, high 
morning humidity, and increased sunshine hours as the most 
important weather parameters in�luencing CLCuD epidemics 
and vector build-up in cotton. These insights emphasize the 
need for adjusting sowing windows and strategic vector 
management, especially under climate-resilient agricultural 
planning. Similarly, the multiple regression analysis was 
evaluated of CLCuD and identi�ied minimum temperature and 
sunshine hours as having signi�icant negative correlations with 
disease incidence, whereas morning relative humidity and 
rainfall were positively correlated (16). also observed that the 
temperature is the most frequent factor in�luencing the 
development and prediction of CLCuD (20).
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Regression	 models	 and	 predictive	 strength	 of	 weather	
parameters	on	CLCuD	and	white�ly	Population
To better understand the in�luence of weather variables on the 
dynamics of cotton leaf curl disease (CLCuD) and its vector, 
white�ly, multiple regression models were constructed using 
CLCuD Per cent Disease intensity (PDI), disease incidence, and 
white�ly population as dependent variables, and eight 
meteorological factors—maximum temperature (X₁), minimum 
temperature (X₂), morning relative humidity (X₃), evening 
relative humidity (X₄), rainfall (X₅), sunshine hours (X₆), 
evaporation (X₇) and wind speed (X₈)—as independent 
predictors, as detailed in Table 3. The models, analysed across 
four consecutive years (2021–2024) with pooled data, revealed 
consistent and robust associations between speci�ic climatic 
parameters and CLCuD progression. During the 2021 season, 
moderate-to-strong model �its were observed for both CLCuD 
PDI (R² = 0.8349) and incidence (R² = 0.8153), indicating that 
weather variables explained a substantial portion of disease 
variability. Sunshine hours (X₆) and evaporation (X₇) exerted 
the strongest positive and negative in�luences, respectively, 
while minimum temperature (X₂) showed a prominent negative 
impact across all disease metrics. White�ly population models in 
this season had moderate predictability (R² = 0.4082), with 
maximum temperature and sunshine emerging as notable 
contributors. The 2022 season exhibited similarly high model 
performance for CLCuD parameters (R² = 0.8068 for PDI; R² = 
0.8281 for incidence), with minimum temperature again acting 
as a strong suppressor of disease, while sunshine hours and 
evaporation continued to be critical positive and negative 
drivers, respectively. Interestingly, in 2022, the white�ly 
population was moderately predicted (R² = 0.4642), with 
sunshine and morning humidity (X₃) showing positive 
contributions. In 2023, the regression models remained strong 
for CLCuD PDI and incidence (R² = 0.7709 and 0.7597, 
respectively), though white�ly prediction accuracy slightly 
declined (R² = 0.3311). Here, maximum temperature (X₁) had a 
consistently positive relationship with CLCuD, whereas 
minimum temperature continued to exert a negative effect. 
Morning relative humidity (X₃) gained prominence in disease

Table	2:	Regression	coef�icients	of	weather	parameters	in�luencing	CLCuD	PDI,	disease	incidence	and	white	�ly	population	in	cotton

expression, while sunshine and wind (X₈) appeared in�luential, 
likely due to their roles in enhancing vector movement. By 2024, 
the regression strength reached its peak, with CLCuD PDI and 
incidence models achieving R² values of 0.9333 and 0.9107, 
respectively. Maximum temperature, morning humidity, 
sunshine, and evaporation were highly in�luential, whereas 
minimum temperature retained its inhibitory effect. Notably, 
white�ly population predictions were strongest in 2024 (R² = 
0.7100), indicating favourable climatic alignment with vector 
proliferation, especially under high sunshine and humidity. 
Pooled regression analysis across all four years reinforced these 
�indings. The highest model �its were recorded for CLCuD PDI 
(R² = 0.9238) and incidence (R² = 0.9143), underscoring the 
reliability of these models for long-term disease forecasting. 
Sunshine hours (X₆) consistently emerged as a dominant 
positive predictor across both disease and white�ly models, 
while minimum temperature (X₂) was the most stable negative 
factor, reaf�irming the suppressive role of lower night 
temperatures in both disease development and vector 
dynamics. Morning relative humidity (X₃) and evaporation (X₇) 
also played key roles in modulating disease intensity and white 
�ly activity. These results are in correlation with the study, which 
showed that that the coef�icient of determination (R²) for CLCuD 
development ranged from 0.19 to 0.90, indicating year-to-year 
variability. Predictive regression models were developed for 
disease incidence (Y = −12.913T  + 2.489T  + 0.242RHm − max min

0.197RH  − 0.890Rf + 459.368) and percent disease intensity e

(PDI) (Y = −8.962T  + 2.608T  + 0.232RHm − 0.567RHe − max min

0.570Rf + 306.433) (19). A strong positive correlation was 
found between white�ly population and CLCuD incidence/PDI. 
White�ly abundance was signi�icantly in�luenced by weather, 
particularly relative humidity, with 25–62% variability 
explained by climatic factors through the regression model: Y = 
−0.194T  − 1.610T  − 0.439RH  + 0.911RH  + 0.020Rf + max min m e

44.733. Similarly, a multiple regression model was developed 
th st with a high R² value (0.82) for the 27 –31 SMW, indicating 

strong predictive power for disease progression: Y10 = 199.50 − 
6.26X2120 − 3.33X121 + 0.68X133 + 0.55X140 + 0.40X144 − 
4.33X153 + 0.43X181 + 0.44X162 (16).
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Conclusion
The regression analyses highlight the pivotal roles of maximum 
temperature, morning humidity, and sunshine hours as positive 
drivers of CLCuD progression, with minimum temperature 
acting as a key inhibitory factor. The consistency of these effects 
across years and their prominence in pooled models make them 
valuable for predictive modelling and integrated disease 
management strategies and monitoring key weather variables 
to mitigate CLCuD outbreaks under changing climatic scenarios.
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