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Forecasting the incidence and severity of aphids, the major insect pest of wheat, is expected to significantly help in their management. In the 
present study, a set of weather-based models were developed to predict the timing and severity of Rhopalosiphum maidis infestation at Ludhiana falling 
under the North Western Plain Zone and R. padi at Niphad in the Peninsular Zone of India.

The weather indices-based regression models for two locations, Ludhiana and 
Niphad, were developed using the aphid population and weather data gathered over eight years 
(2006–14), and the models' predictive accuracy was successfully tested over four additional 
years (2014-18). The developed statistical models were transformed into three-tier architecture, 
web-based system, i.e. Presentation, application and data tier for dissemination of information.

The developed models can predict the crop’s age - when aphids first colonize the 
plants, when the aphid population attains the peak and the information about the peak intensity 
of the aphid population. For predicting the crop’s age at which population peaked at Ludhiana, 
the weighted interaction of the relative humidity (RH) in the evening and the number of hours of 
sunshine (NHS) along with the weighted interaction of minimum temperature and RH (morning) 
were important parameters while, at Niphad, the weighted NHS and the interaction of RH 
(morning and evening) were important. Likewise, for predicting the maximum aphid population 
at Ludhiana, the weighted interaction of minimum temperature and RH (morning) were 
important, while at Niphad, the key parameters were the weighted interaction of RH (evening) 
with the NHS.

A prototype system developed to forecast the location-specific (Ludhiana and 
Niphad) infestation of wheat crops by aphids is expected to facilitate aphid management through an accurate forewarning at the locations.
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linear) methods (Kumar et al., 2012, 2016; Sharma et al., 2015; 
Singh et al., 2016). While the major purpose of forewarning is to 
trigger pest management measures in a timely fashion, it also 
facilitates communication between researchers and farmers. 
Web-enabled services, which typically utilize a three-tier 
architecture, consisting of presentation, application and data 
(Kumar et al., 2008), are highly flexible and user-friendly. In order 
to address the need for such a system geared to the problem of 
wheat aphid infestation, the aim here was to develop a web-
based forewarning system. The prediction models built in this 
study will help to predict the incidence and population surge of 
wheat foliar aphids in time, which in turn would aid in taking pre-
emptive measures for successful pest suppression.

Materials and Methods

Data collection: The data used to develop and validate the 
weather-based regression model for forewarning of R. maidis and 
R. padi infestation were collected as the number of aphids/tiller 
weekly over twelve years (2006-07 to 2017-18) at Ludhiana 
(Punjab) and Niphad (Maharashtra), respectively. Ludhiana and 
Niphad are the hot spots for wheat aphids in India and thus 
selected for the development of prediction model. Weather data 
were available throughout the period 2006-07 to 2017-18, in the 
form of maximum and minimum air temperature, morning and 
evening relative humidity, and the number of hours of sunshine. 
These meteorological data for the respective locations were 
obtained from Punjab Agricultural University, Ludhiana (Punjab) 
and Agricultural Research Station, Niphad (Maharashtra). Crop 
age was counted from the date of sowing and the aphid 
population size was recorded at weekly intervals.

Development of models: The weather parameters were 
considered from the time of sowing of the crops till the time the 
forecasting was monitored. The use of data collected over short 
time intervals, however, necessarily increases the complexity of 
the model, so it is essential to identify a manageable number of 
parameters i.e., at the same time as representative as possible of 
the variation in weather conditions. Here, weight was assigned to 
various parameters according to their importance in particular 
periods. Two indices were developed for each weather variable: 
one was an aggregate of the set of variables, and the other was a 
weighted total, based on correlation coefficients calculated 
between variables to forecast weather variables in each week. 
Similarly, to estimate the joint effect of weather variables, indices 
were calculated as weighted accumulations of the product of 
weather variables (taking two at a time), weights being correlation 
coefficients between variable to forecast and product of weather 
variables considered in respective weeks.

Among weather variables, numerical value 1 was 
assigned to the maximum temperature, 2 to minimum 
temperature, 3 to relative humidity (morning), 4 to relative 
humidity (evening), and 5 to the number of sunshine hours. The 
crop age at first appearance, peak appearance, and pest 
population were among the dependent variables whereas the 

Introduction

Bread wheat is a staple crop in India, second only to rice 
in terms of its area cropped and its volume of production. 
Recently, various aphid species have been identified as pests in 
most of the Indian wheat-producing areas (Babu et al., 2012). Of 
the 11 species reported to date, the corn leaf aphid, 
Rhopalosiphum maidis (Fitch) and the bird cherry oat aphid, 
Rhopalosiphum padi (Linnaeus) are the most common (Deol et 
al., 1987). R. maidis is confined to leaf whorls only (Shekhar and 
Singh, 1999) whereas R. padi infests all above ground parts, but 
is predominant on leaves and stems. These two aphid species 
enjoy more or less cosmopolitan distribution and have been 
reported from different parts of India (Ghosh and Singh, 2002; 
Chander et al., 2003; Kumar, 2014). However, R. maidis is the 
predominant species at Ludhiana falling under North Western Plain 
Zone, which is the most important wheat-growing zone of India 
contributing approximately 90% of the national buffer stock of wheat 
grains, while R. padi is major at Niphad falling under Peninsular 
Zone of the country. Though there can be instances when both 
species occur at the same time in a crop (Singh and Deol, 2003).

The population growth of these aphids is characterized by 
an initial slow build-up, followed by a phase of rapid multiplication, 
a slow decline, and a final collapse. The insects’ ability to multiply 
so rapidly is a consequence of their asexual mode of reproduction 
(Shrivastava et al., 2014). Aphids feeding on wheat plants not 
only weaken the plant directly but also promote the transmission 
of both viral and fungal pathogens (Khan et al., 2012). Both 
nymphs and adults suck the sap from leaves and other parts of 
the plants wherever they infest (Patil et al., 2014). The damage of 
aphids first starts from the periphery of the field, particularly on the 
side on which trees are present. Aphid  infestation at different crop 
stages causes different kinds of damage. Due to the infestation of 
aphids in the early crop stage, root and shoot growth may be 
impaired as a result of aphids competing for nitrogen. Inadequate 
nitrogen for the crop may make the crop more vulnerable to the 
impact of an aphid infestation (Navarro et al., 2020). The 
estimated extent of the losses to Indian wheat production 
resulting from aphid infestation ranges from 3-21% (Puri, 2000; 
Singh and Deol, 2003). No reliable sources of host resistance to 
aphid infestation have been identified so far, so the only effective 
means of managing them is by the well-timed application of 
appropriate insecticides (Singh et al., 2018).

The efficacy of systemic insecticides is such that their 
usage is increasing, but the timing of their application remains 
critical. The judicious use of these insecticides would benefit from 
an effective forewarning system of likely wheat aphid infestation. 
For the effective management of many agricultural insect pests 
including aphids, long-term forecast models of pest pressure are 
essential (Kumari et al., 2013). Crop modeling can act as a 
decision-making support system for concurrent climate 
scenarios. Several weather-based models have been developed 
for forewarning aphid infestation in a range of crop species; 
typically, these models rely on regression (either linear or non-
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the data from the database and provides the resulting information 
to the end-user in the form of a web page. The application tier was 
implemented in a Net Beans 8.0.2 Integrated Development 
Environment (https://netbeans.org/). The database (the data tier) 
houses a set of organized data, which can be used to access, 
modify, and update information. It runs on PostgreSQL9.3, which 
can function in any operating system (Linux, Unix, and Windows) 
environment. The forewarning system can be accessed from the 
link http:// www. wheat aphid forecast. iari. res. in /icar/cimmyt/ 
index. html. This system is highly interactive. Users’ need to 
select crop, pest and then desired year and place to forecast the 
characteristics viz. crop age at the first appearance of pest, crop 
age at a peak population of pests and maximum population of the 
pest. Upon selection of these characteristics, a result on tentative 
population (aphids/tiller) along with crop age (days), will be 
displayed stating these characteristics of selected crop and pest 
for a particular year. Based on pest status, advisories for its 
control measure will be available to users. The population of pests 
may also be monitored on weekly basis, thus upon selection of 
year and place, the user can select the week to forecast the 
population, which is likely to occur in the selected week. 

Results and Discussion

The models generated for the prediction of crop age both 
at the time of first appearance and the peak population of aphids 
and the maximum numbers of aphids per tiller at both locations 
are presented in Table 1, which also gives the relevant 

2coefficients of determination (R ). The equivalent models used for 
weekly monitoring of aphid numbers, with their R2 coefficients, 
are given in Table 2. Maximum and minimum temperatures, 
relative humidity in the morning and evening, and the number of 
hours with intense sunshine are the weather variables that were 
taken into account while developing the forecasting model. These 
factors were selected because they have the greatest impact on 
the aphid infestation of wheat crops. Any variations in these 
weather factors are directly related to variations in the infestation. 
Another assumption taken into account was considering these 
weather variables from the time of sowing of crops till the first 
appearance of pests, secondly till the peak population appeared 
in the field and finally the pest infestation monitoring. In these 
models, Z  represents the weighted interaction of relative 351

meteorological variables were regarded as independent 
variables. At Ludhiana, weather data from the week of sowing, i.e. 

th nd45  Standard Meteorological Week (45 SMW) to 2  SMW (of the 
subsequent calendar year) were utilized to assign the crop’s age 
at the first appearance of aphids, while data up to 6 SMW (of the 
subsequent calendar year) were utilized to assign the crop’s age 
at the time of peak population of aphids and the maximum number 
of aphids per tiller. Models for weekly monitoring of pest 
population size at Ludhiana were developed from data during the 
period 7-10 SMW. These data were considered to forecast the 
values 15 days before the actual occurrence of the pests in the 
field. Whereas at Niphad, weather data from the week of sowing, 
which was between 45 to 48 SMW were utilized to define the 
crop’s age at the time of first appearance of aphids, while data up 
to 52 SMW was utilized to assign the crop’s age at the time of peak 
population of aphids, and the maximum number of aphids per 
tiller. Models for weekly monitoring of pest population size at 
Niphad were developed from 1-4 SMW. A stepwise regression 
technique was used to develop the model. The partial F value for 
each variable in the regression was evaluated and checked for its 
significance, and any variable which featured a non-significant 
partial F value was removed from the model. The process was 
continued until no more variables were admitted, and none were 
rejected. Estimates of the root mean squared error, the mean 
squared error, and the mean absolute percentage error (MAPE) 
were taken as performance evaluation measures.

Web-enabled system: A web-enabled forewarning system 
based on statistical models was developed using three-tier 
architecture. The presentation tier was designed to make the 
system as user-friendly as possible. The system requires no prior 
set-up: the user merely needs to form a query based on what 
information is needed. The application tier provides the link 
between the user interface and the database. Its function is to 
convert the query into a form that can be recognized by the 
database. This task was achieved by mounting a set of scripts on 
the web server. These were arranged as active server pages 
(ASPs), which, to make the web pages as interactive and 
dynamic as possible; were written in HTML format. Java 
programming was used to generate the necessary codes. The 
connection to the database was achieved using an ASP so that 
when the user requests information, the application tier fetches 

Table 1: Predictive models for various aspects of aphids infestation on wheat at Ludhiana and Niphad with the coefficient of determination

2Aphid spp. (Location) Character to forecast Model R

Rhopalosiphum maidis Crop age at first appearance of wheat aphid Y =93.42537+0.00540*Z +0.1538*Z 0.921 351 231

(Ludhiana)
Crop age at peak population of wheat aphid Y =118.40905+0.00524*Z +0.1571*Z 0.932 351 231

Maximum aphid population Y =-8.04479+0.01911*Z 0.873 231

Rhopalosiphum padi Crop age at first appearance of wheat aphid Y =17.33916+5.63940*Z +0.09166*Z 0.751 51 451

(Niphad)
Crop age at peak population of wheat aphid Y =103.98022+0.01032*Z +6.19695*Z 0.742 341 51

Maximum aphid population Y =216.31773+0.69835*Z -0.66571*Z + 0.983 451 250

61.16185*Z11
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humidity in the morning with the number of hours of sunshine, Z  231

the weighted interaction of minimum temperature and relative 
humidity in the morning, Z  the weighted number of hours of 51

sunshine, Z  represents the weighted interaction of relative 451

humidity in the evening with the number of hours of sunshine, Z  341

the weighted interaction of relative humidity in the morning with 
relative humidity in the evening, Z  the weighted maximum 11

temperature, Z  the weighted interaction of minimum temperature 251

with the number of hours of sunshine, Z  the weighted interaction 131

of maximum temperature with the relative humidity in the 
2morning. The R  estimates related to the crop’s age at the time of 

first appearance of aphids ranged from 0.75-0.92 across the two 
locations. For the crop’s age at the time of peak aphid population, 

2the R  estimates ranged from 0.74-0.93, and 0.87-0.98 for the 
maximum number of aphids per tiller (Table 1). 

Concerning the weekly monitoring of aphid numbers, the 
2R  ranged from 0.87-0.99 across the two locations (Table 2). 

2These high values of R  support the robustness of the models. 
Table 3 enumerates the deviations between the predicted and 
observed values, along with the MAPE statistics, and confirms 
the predictive power of the models. For each trait, the tests of 
randomness and the normality of residuals showed that, in most 
cases, the calculated values of the run test lay below 1.96, 
equivalent to a 5% threshold level of significance. Similarly, for 
each data set, the calculated values of the Shapiro-Wilk statistic 

lay within the acceptance region defined by a 5% level of 
significance. The conclusion was that none of the assumptions of 
randomness and normality of residuals was violated for any of the 
data sets. The various models were then validated over the four 
subsequent seasons at both locations. The levels of agreement 
between the predicted and observed values are illustrated in Fig. 
1 (a-f), further confirming the validity of the models.

Statistical models are developed on crop age at the first 
appearance of pest, crop age at peak population of pest, 
maximum population of pest along with weekly monitoring of pest 
using weather variables. Considering these developed models in 
the background, a web based forewarning system was developed 
(www.wheataphidforecast.iari.res.in/icar/cimmyt/index.html). 
The screenshot of the home page of this system is presented in 
Fig. 2. Its front end was developed using HTML and CSS, the 
models were coded using Java and Java script. The output of the 
system, in the form of forewarning of aphid infestation concerning 
the predicted time of their first appearance of aphids, the time of 
their peak population, and the maximum number of aphids per 
tiller is given along with the advisories in the developed system. 
Based on the developed system, the aphid population in the 
wheat crop at two locations, Ludhiana (Punjab) and Niphad 
(Maharasthra) can be forecasted on weekly basis. In addition to 
these two locales, the developed forecasting model can also be 
extended for adjoining wheat growing regions sharing similar 
agro-climatic conditions. According to changes in weather 

Table 2: Models for weekly monitoring of aphids population on wheat at Ludhiana and Niphad along with their coefficient of determination

2Pest (location) Data used (SMW) Models for Weekly Monitoring R

thRhopalosiphum maidis 45 to 7 Y3=11.68181+0.01621*Z +0.02621*Z -0.12188*Z 0.98451 251

th(Ludhiana) 45 to 8  Y3=25.23954+0.01455*Z +0.02765*Z -0.13464*Z 0.97231 451 251

th45 to 9 Y3=17.02994+0.01763*Z +0.02996*Z -0.29602*Z 0.97231 451 251

th45 to 10 Y3=15.57383+0.01762*Z +0.2514*Z -0.19300*Z 0.99231 451 251

thRhopalosiphum padi 45 to 1 Y3=1697.86793+0.25573*Z +97.73922*Z +0.98689*Z 0.98131 11 251

th(Niphad) 45 to 2  Y3=2005.50382+0.88182*Z +62.91097*Z +1.24939*Z 0.94131 11 251

th45 to 3 Y3=2110.63672+0.15914*Z +34.53594*Z +1.60748*Z 0.91131 11 251

th 11 25145 to 4 Y3=2332.13947+0.17323*Z +16.71142*Z +1.40799*Z 0.87131

231

Table 3: Percent deviation between predicted and observed values of aphids infestation on wheat along with Mean Absolute Percentage Error (MAPE) 
at Ludhiana and Niphad

Year Ludhiana Niphad

Y1 Y2 Y3 Y1 Y2 Y3
2006-07 3.9 1.7 0.5 5.2 12.2 18.3
2007-08 1.4 1.7 2.5 14.3 2.2 17.6
2008-09 2.4 0.8 6.6 2.9 5.6 7.3
2009-10 1.3 1.9 0.8 0.7 2.3 46.5
2010-11 1.1 1.7 3.6 8.1 3.0 6.5
2011-12 1.3 1.6 0.7 8.0 1.8 52.0
2012-13 2.4 0.8 0.3 7.6 4.9 33.6
2013-14 1.3 0.0 1.0 15.7 1.1 1.3
MAPE 1.9 1.3 2.0 7.8 4.1 22.9
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Fig. 2: Home page of the web-enabled forewarning system for wheat aphids.

predicting the crop’s age at the first appearance of aphids at 
Ludhiana, the weighted interaction of relative humidity (RH) in the 
morning and the number of hours of sunshine (NHS) were found 
to be the key parameters, whereas at Niphad, the weighted NHS 
and the interaction between RH (evening) and NHS were 
important predictive parameters. Similar interactions were also 
computed for predicting the crop’s age at which the population 
peaked at both locations. Chattopadhyay et al. (2005) also 
reported that models based on weather data and population 
dynamics of Lipaphis erysimi on rapeseed-mustard crop could 
provide effective prediction about the crop age as related to 
their time of first appearance and peak number on the crop. 
Likewise, for predicting the maximum aphid population at 
Ludhiana, the weighted interaction of minimum temperature 
and RH (morning) were important, while at Niphad, the key 
parameters were the weighted interaction of RH (evening) with 
the NHS. Thus, the weighted interactions of temperature, 
relative humidity and sunshine hours were found to be the most 
important parameters for wheat aphids’ prediction.

The present results corroborated with Kumar et al. (2012) 
who developed web-based forecast software for prediction of 
aphids on oilseed Brassicas, using weather parameters as 
independent variables and crop age at time of first appearance of 
aphids on the crop, the peak number of aphid and crop age at 
peak population as dependent variables, fitted by multiple step-
wise regressions. Elango et al. (2021) also used different 
prediction models by fitting covariates to the time series data and 
concluded that the autoregressive integrated moving average 
model with maximum temperature was best for predicting 
Aleurodicus rugioperculatus incidence. Similarly, Chiu et al. 

characteristics, these types of models have shown to be most 
effective in detecting pest and disease infestation (Agrawal and 
Mehta, 2007). The models may depict both low and high 
intensities of pest outbreaks (Chattopadhyay et al., 2005). The 
prediction values obtained from the developed model were found 
to be pretty similar to the actual measured values in the field, as 
also reported by Kumar et al. (2016, 2018).

Since the normal sowing time of wheat in India is 
between the last week of October and mid-November (44-46 
SMW), the model was designed using weather data from 45 
SMW onwards. The historical data revealed that the highest 
aphid populations generally developed during 2-6 SMW at 
Niphad, while at Ludhiana, aphid populations peaked during 8-
11 SMW. These results are in close proximity to the findings of 
Ahmad et al. (2016) and Dixit et al. (2019) who found that the 
aphid population commenced on wheat from the first or second 
week of January and reached a peak during the third week of 
March. Predictions were possible 1-2 weeks before the aphids’ 
first appearance (51 SMW at Niphad and 2-3 SMW at 
Ludhiana); this extent of forewarning should be sufficient to 
provide the farmers enough time to procure and apply 
appropriate insecticides (Dean et al., 2021). 

Most models described in the literature have been based 
solely on weather conditions (Narayanasamy et al., 2017). 
However, here weather data collected from the time of sowing 
until the time of the aphids’ first appearance were integrated to 
develop informative weather indices. This approach may also 
take care of various biological phenomenons of the pests (like life 
cycle) as well as of the crops (Lessio and Alma, 2021). For 
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(2019) also found temperature and humidity as key contributing 
exogenous factors in their prediction models to determine the 
abundance of Trialeurodes vaporariorum in greenhouses. Several 
forecasting systems, some based on accumulated air temperature 
(Coaker and Wright, 1963), others on soil temperature (Finch and 
Collier, 1986) and still others on a combination of weather 
parameters (Kumar et al., 2012), have been suggested in the 
context of protecting crops from insect damage. In these systems, 
the farmers are required to input certain data to retrieve a 
forecast, but in reality, such information may not be available to 
them (Liu et al., 2022). With the system proposed here, in 
contrast, the user is only asked to provide the identity of the crop 
and the pest and his/her location, which is sufficient for the system 
to return the desired result. Because the system has been web-
enabled, its forecasts are immediately disseminated to the user 
via internet.

The predictive power of any system depends heavily both 
on the validity of the underlying model and on the accuracy of the 
weather data used. The present model was successfully 
validated by testing against data obtained over four seasons at 
two locations. The precision of the weather data is considered to 
be high since it was collected by standard meteorological 
methods (Ghadekar, 2002). What has been described here is a 
prototype system developed to forecast the location-specific 
(Ludhiana and Niphad) infestation of wheat crops by aphids. The 
same approach can readily be adopted for other crops/ pest or 
disease combinations, provided that relevant historical data are 
available to formulate the models, as the one suggested for 
monitoring pest and disease threats in banana cropping system 
by Kreuze et al. (2022).

The system has been deliberately developed using open 
source software, and in such a way that there is no requirement 
for any additional software or hardware to be acquired before the 
forewarning system is implemented (Wang et al., 2022). It can be 
foreseen that the advice generated by the system can be widely 
disseminated through mobile phone networks, employing push 
notifications and also statistical models, which run in the backend of 
this forewarning system. It can be further enhanced in the future by 
incorporating the dynamic statistical model (in each year, the data 
will be added to this historical data, and the parameters of the model 
can be obtained) and the influence of biotic factors in the model 
(Singh, 2009).

The forewarning system though validated for two 
predominant wheat aphid species in India, i.e., R. maidis and R. 
padi, however it will work for the entire wheat foliar aphid complex. 
The model predicts the crop’s age when aphids will either first 
appear, when their population will peak and what the size of the 
peak population will be. This information can be communicated to 
farmers well in advance to allow the effective timing of insecticidal 
sprays to protect the crop’s productivity.
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