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a b s t r a c t
MarkSim simulation data of future daily maximum (T. max) and minimum (T. min) air temperatures from
seven General Circulation Models (GCM) viz., BCCR-BCM2.0, CNRM-CM3, CSIRO-Mk3.5, ECHams5, INCMCM3.0 and MIROC3.2 along with Ensemble AVERAGE-AVG for three emission scenarios (A2, A1B & B1)
were generated for eight pigeonpea growing locations of India to estimate the number of generations of
Helicoverpa armigera Hub. using growing degree days (GDD) approach during future climate periods viz.,
2020, 2050 and 2080 and were compared with 1975 as baseline period. It is predicted that higher number
of generations of H. armigera would occur during the three future climate periods over baseline. One
to two additional generations of H. armigera with reduction of generation time (15%) were predicted to
occur with CSIRO-Mk3.5 and ECHams5 models due to higher temperatures during all three future climate
periods. Geographical locations explained higher per cent (65–73%) of the total variation for number of
generations and generation time followed by time period (21–32%). Higher number of generations with
reduced generation time of H. armigera during future climate periods suggests that the incidence on
pigeonpea could be higher due to the increases in temperature projected.
© 2016 Published by Elsevier B.V.

1. Introduction
Developing improved techniques for management of pests
requires a better understanding of climate-pest relationships and
hence data on climate and insect pests is a prerequisite. Climate
plays a major role in the growth, development and distribution
of insects. The short term change in weather conditions at a location is termed as climate variability and the long term change in
average climate of the location is referred to as climate change
and both inﬂuence the growth and development of insects. Current estimates of climate changes indicate an increase in global
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mean annual temperatures of 1 ◦ C by 2025 and 3 ◦ C by the end of
the next century (Manikandan et al., 2013). This kind of increase
in temperatures is reported across various nations, regions and
provinces (Tshiala et al., 2012). Climate change projections made
for India indicate an overall increase in temperature by 2–4 ◦ C and
precipitation by 9–16% towards 2050s (Krishna Kumar et al., 2011).
Most of the predictive models indicate that average temperature
increases by 1.7–5.3 ◦ C within next 60–100 years (Jaworski and
Hilszczanski, 2013). However, the extent of increase is expected
to be non-uniform across geographical locations. Increases in temperature have signiﬁcant implications on temperature-dependent
development of insects. Temperature inﬂuences food consumption, developmental rates, distribution, population size, outbreaks
and migration, larval emergence and the number of generations
per year of the insects. Under global warming scenario, in general,
increase in temperature in the range of 1 ◦ C–5 ◦ C would increase
the survival of insects, population build-up, early infestations and
resultant crop damage (Harrington et al., 2001). As thermal requirements of insects vary with species, it is important to know the
effect of temperature on development and survival of each species
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(Marchioro and Foerster, 2011). Species speciﬁc response to temperature is well known and thus studies are conducted on several
insect species (Bale et al., 2002). Insects are ectothermic in nature,
their growth and development are affected by surrounding temperature and hence a particular amount of heat units are required for
their existence. Every insect has its own upper and lower threshold temperatures within which its development occurs (Srinivasa
Rao et al., 2015). The temperature variations within the range of
upper and lower thresholds have a signiﬁcant effect on the rate of
growth of the insects. Growing degree day (GDD) is a measure of
the amount of heat that accumulates above a speciﬁed base temperature during a 24 h period and it is a valuable tool for predicting
pest activity. Changes in climate conditions may therefore result in
population growth rates and increases in the number of generations
(Porter et al., 1991). An increase in number of generations means an
increase in the number of reproductive events per year. This would
inﬂuence the intensity of crop-insect interactions (Yamamura and
Yokozawa, 2002). The physiological sensitivity of the insects to
temperature makes them vulnerable to even a small temperature
increase resulting in severe impact including their voltinism i.e.
the annual number of generations (Lange et al., 2006). It is in this
context that the simulated variations of temperature for the projected periods across locations of the present study would be able
to predict the effect on the insect development.
Climate models are currently the best tools we have for simulating future climate scenarios. It is understood that the temperature
forecasts mainly depend on the type of models and scenarios considered. Climate projections are studied over three time slices viz.
short (2020, i.e. 2011–2040), medium (2050, i.e. 2041–2070) and
long (2080, i.e. 2071–2098). The model projections indicate signiﬁcant warming over India towards the end of the 21st century
(Krishna Kumar et al., 2011). In the present paper, the data was
downscaled from MarkSim GCM. The daily weather data was simulated which is representative of average of 20 years on either side
of the year selected—20 year slice (Jones et al., 2011a). We obtained
data of GCM deviations for three time slices mentioned. Pigeonpea
(Cajanus cajan L.), a diploid legume, is a member of the tribe Phaseoleae. Pigeonpea is grown on ∼5 million hectares (ha), making it
the world’s sixth most important legume food crop. Domesticated
about 3500 years ago in India, it is the main protein source for
more than a billion people in the developing world and a cash crop
that supports the livelihoods of millions of resource-poor farmers
in Asia, Africa, South America, Central America and the Caribbean.
The crop is attacked by more than 150 insect species among which,
the gram pod borer Helicoverpa armigera (Hubner.) is a major pest
causing 20–30% yield losses (Gaur et al., 2010).
Considering the importance of the pigeonpea and the H.
armigera, the present study was taken up to understand the climate
change effects on number of generations of the insect pest across
eight pigeonpea growing locations of India for the future climate
change periods using seven GCM models under three emission scenarios.

2. Materials and methods
2.1. Future temperature data
Temperature data (maximum and minimum) on daily basis
were obtained from MarkSim GCM (http://gismap.ciat.cgiar.org/
MarkSimGCM). Detailed information on MarkSim can be found
in Jones et al. (2011b). Pigeonpea duration of 180 days between
standard meteorological weeks (SMW) 26–52 was considered for
predicting the number of generations and generation time of
H. armigera. Since the pigeonpea duration is mostly of 180 days
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between these SMW, future temperature data pertaining to the
relevant duration was accounted.
2.2. Variations in projected temperature across pigeonpea
growing locations
Minimum and maximum temperatures of mean of GCM models
for eight pigeonpea growing locations of the country besides the
annual mean temperature obtained for the future periods under
the three emission scenarios (A2, A1B and B1) were compared over
baseline period (1975) (Table 1). The range of increase in T.max
and T.min was 0.4–2.38 ◦ C, 0.41–2.81 ◦ C, respectively for the future
climate change periods (2020, 2050 and 2080).
2.3. Insect generations
Expected number of generations was estimated through ‘ingen’
software (Srinivasa Rao et al., 2014a). Insect generations (ingen)
is a software developed to estimate the number of insect generations following the degree day approach using data on maximum
and minimum temperature (T.max and T.min) for a given temperature threshold speciﬁc to the insect following the horizontal
cut-off (degree day accumulations above the upper threshold do
not count) method. The output of ‘ingen’ is number of degree
days, insect generations and generation time during calendar year
(whole year), crop season or any particular stage or period of the
year (www.nicra.in). In this study only the pigeonpea growing season (26th–52nd-SMW) was considered.
In the present work, the number of generations of H. armigera
was estimated using lower threshold temperature of 13.8 ◦ C. GDD
was calculated by using the formula (Elsaadany et al., 2000). Web
introduction for the Insect Development Database (IDD) was consulted for obtaining the degree day units of H.armigera (www.
nappfast.org/databases/). Number of generations and generation
time of H. armigera during crop season (26th–52nd SMW) was predicted across pigeonpea growing locations.
2.4. Statistical analysis
Mean number of generations were compared using two-sample
t-test assuming equal variances. The variation in the number of generations and generation time was decomposed by subjecting the
data to ANOVA to understand the contribution of location, model,
scenario and period to the total variation (Ziter et al., 2012). The sum
of squares attributable to each source was divided by the total sum
of squares explained by the model to obtain the individual contribution of each source. All statistical analyses were done using SPSS
version 16.0.
3. Results
Accounting the temperature projections made through the GCM
models under the three emission scenarios and the estimated number of generations and respective generation time of H. armigera
obtained comparative analyses have been done for the later across
different locations of India towards understanding the differential
effects of rising temperatures of the future.
3.1. Variation among scenarios and models
More generations with shortened generation time was observed
with CSI (24.99 days and 7.47 generations) and ECH (7.27 and
25.59 days) models under A2 emission scenario during 2020. In
other two scenarios also viz., A1B (CSI–7.10 with 25.83 days and
ECH models–7.28 with 25.49 days) & B1 (CSI–6.59 with 27.81 days

132

Scenario/Variable

T. Max
BL
A1B/T.Max
A1B/T.Max
A1B/T.Max
A2/T.Max
A2/T.Max
A2/T.Max
B1/T.Max
B1/T.Max
B1/T.Max
T.Min
BL
A1B/T.Min
A1B/T. Min
A1B/T. Min
A2/T.Min
A2/T.Min
A2/T.Min
B1/T. Min
B1/T. Min
B1/T. Min.

Period

Akola
20◦ 42 N
77◦ 2 E

Ananthapur
14◦ 41 N
77◦ 35 E

Bengaluru
12◦ 58 N
77◦ 35 E

Bhubaneswar
20◦ 16 N
85◦ 50 E

Coimbatore
10◦ 57 N
78◦ ’58 E

Gulberga
17◦ 21 N
76◦ 51 E

Jabalpur
24◦ 8 N
80◦ 58 E

Kanpur
26◦ 27 N
800 14 E

1975
2020
2050
2080
2020
2050
2080
2020
2050
2080

33.06
34.60
35.58
36.10
33.72
34.69
36.33
33.77
34.50
35.18

33.08
33.91
34.75
35.78
33.77
34.65
36.09
33.87
34.48
35.04

30.18
30.98
31.82
32.84
31.01
31.71
33.11
29.99
31.53
30.91

31.59
32.36
33.14
34.10
32.18
32.93
34.30
32.33
32.83
33.38

34.04
34.05
34.85
35.76
34.00
34.76
36.03
34.08
34.58
35.03

33.44
34.24
35.15
36.24
34.13
35.04
36.55
34.18
34.82
35.45

31.46
32.26
33.48
34.47
32.11
33.04
34.67
32.20
32.96
33.65

32.08
32.82
33.90
35.19
32.76
33.73
35.34
32.78
33.56
34.12

1975
2020
2050
2080
2020
2050
2080
2020
2050
2080

20.50
21.82
23.07
24.23
21.49
22.73
24.62
21.56
22.38
23.13

21.93
23.05
24.10
25.23
22.88
23.95
25.60
22.96
23.65
24.28

19.45
20.48
21.45
22.52
20.47
21.31
22.83
19.03
21.04
20.18

22.56
23.44
24.32
25.30
23.25
24.14
25.53
23.41
23.96
24.49

24.79
24.81
25.72
26.71
24.69
25.59
27.01
24.74
25.32
25.88

21.23
22.40
23.54
24.75
22.23
23.38
25.13
22.29
23.03
23.73

18.70
19.88
21.47
22.44
19.64
20.87
22.77
19.75
20.60
21.34

19.21
20.32
21.57
22.93
20.15
21.39
23.25
20.22
21.06
21.66
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Table 1
Variation in annual mean of Tmax and Tmin of three emission scenarios across eight pigeon pea growing locations.
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Fig. 1. Inter-model and scenario variation in number of generation of H. armigera.

Fig. 2. Inter-model and scenario variation in generation time of H. armigera.

and ECH models–6.71 with 27.44 days) higher number of generations with reduced generation time were predicted for 2050.
Similar trend was noticed for 2080 period with CSI and ECH models
under all three emission scenarios (Figs. 1 and 2).

The data of generation time was plotted against number of generations for the three climate change periods, (2020, 2050 and
2080), three (A1B, A2 and B1) emission scenarios and across seven
models. A signiﬁcant linear relation was observed between number of generations and generation time and is more evident during
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Fig. 3. Illustration of predicted number of generations and generation time of H.armigera across three climate change periods, three emission scenarios and seven models.

2050 and 2080 periods with CSI and ECH models indicating that
higher numbers of generations are expected to occur with reduced
generation time (Fig. 3).
3.2. Variation across locations
Signiﬁcant variation in generation time and number of generations of H. armigera was observed across locations under the three
emission scenarios. In A2 scenario, Coimbatore location would
experience more generations (8.10) with reduced generation time
(23.23 days) in a crop season during 2080 period followed by
7.53 generations of 24.82 days in 2050 and 7.17 generations of
26.22 days in 2020 as evidenced through all the models. Similar
trends were found with other emission scenarios at Coimbatore.
Lower number of generations with higher generation time is predicted at Bengaluru (6.11 generations with 30.52 days) during 2080
followed by 5.41 generations with 34.41 days and 5.03 generations
with 37.14 days in 2050 and 2020, respectively. Similar trends were
found for A1B and B1 scenarios (Tables 2 and 3).
3.3. Percent change in generation time
Higher number of generations of H. armigera with shortened
generation time over base line period were predicted to occur
in each emission scenario for future periods. The highest percent
reduction in generation time over baseline (Fig. 4) is predicted for
2080 (15.35%) followed by 2050 (9.35%) and 2080 (6.82%) across
three emission scenarios. Higher percent reduction was noticed
with ECH model over other models. Generation time is expected
to be shortened by 4.50–15.35% with all seven models under three
emission scenarios. Similar trend was reﬂected even with mean of
three emission scenarios (Fig. 4).
The aggregate values of multiple data variables viz., number
of generations of H. armigera under three future climate change
periods across three emission scenarios at three representative

pigeonpea growing locations of India is depicted in a radar chart
which represents the values of each category along a separate axis
that starts in the centre of the chart and ends on the outer ring.
Two dimensional variations were evident across three data variables viz., locations, climate change periods and emission Scenarios
(Fig. 5).
3.4. Partitioned variation
Most of the variation in number of generations of H. armigera
was due to geographical location (65%) and time period (32%) which
together explained up to 97% of the total variation. Models, scenarios and the interactions of the variables accounted for only a
small part of the total variation. Generation time of H. armigera
also exhibited a similar trend with geographical location (73%) and
time period (21%) explaining most of the total variation. (Fig. 6).
4. Discussion
Temperature changes can directly affect the growth and development, survival, population density and number of generations
of insects (Bale et al., 2002). Some studies are available indicating the response of insect pest to climate change and the model
based studies are common in predicting the incidence of insect
pests due to climate change (Jonnson et al., 2009). Elevated temperature often reduces the time taken for completion of life cycle which
helps insect species to have more generations within a period of
time. In the context of climate change the projected temperature
data using GCM models helps to predict the number of generations during future climate change periods. Present paper predicted
the pest scenarios during future climate change periods across
various emission scenarios at different locations following modeling approaches for the climatic as well as pest variables. Degree
day models and empirical functions were mostly used. Ziter et al.,
2012 studied the climate change and voltinism in California insect
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Table 2
Variation in number of generations of H. armigera on pigeonpea in three emission scenarios under future climate change periods.
Scenario/ Period

Akola

Ananthapur

Bengaluru

Bhubaneswar

Coimbatore

Gulberga

Jabalpur

Kanpur

BL
A1B/2020
A1B/2050
A1B/2080
A2/2020
A2/2050
A2/2080
B1/2020
B1/2050
B1/2080

5.37 ± 0.00
6.04 ± 0.10
6.50 ± 0.15
6.78 ± 0.28
5.70 ± 0.10
6.15 ± 0.16
6.90 ± 0.24
5.74 ± 0.07
6.05 ± 0.14
6.35 ± 0.24

6.01 ± 0.00
6.43 ± 0.10
6.84 ± 0.10
7.28 ± 0.19
6.36 ± 0.07
6.77 ± 0.13
7.41 ± 0.21
6.41 ± 0.09
6.67 ± 0.13
6.90 ± 0.12

4.77 ± 0.00
5.17 ± 0.09
5.56 ± 0.09
5.99 ± 0.17
5.03 ± 0.26
5.41 ± 0.28
6.11 ± 0.20
5.17 ± 0.09
5.41 ± 0.11
5.01 ± 0.11

6.07 ± 0.00
6.42 ± 0.09
6.78 ± 0.12
7.20 ± 0.22
6.34 ± 0.07
6.69 ± 0.12
7.30 ± 0.19
6.38 ± 0.07
6.63 ± 0.12
6.86 ± 0.18

6.84 ± 0.00
7.21 ± 0.09
7.58 ± 0.08
7.99 ± 0.12
7.17 ± 0.08
7.53 ± 0.13
8.10 ± 0.18
7.20 ± 0.08
7.43 ± 0.10
7.65 ± 0.09

5.70 ± 0.00
6.11 ± 0.09
6.54 ± 0.10
7.01 ± 0.20
6.04 ± 0.12
6.47 ± 0.12
7.14 ± 0.18
6.08 ± 0.08
6.35 ± 0.12
6.61 ± 0.14

4.84 ± 0.00
5.22 ± 0.13
5.79 ± 0.40
6.23 ± 0.33
5.14 ± 0.10
5.59 ± 0.20
6.34 ± 0.31
5.19 ± 0.10
5.53 ± 0.20
5.83 ± 0.28

5.54 ± 0.00
5.92 ± 0.18
6.38 ± 0.27
6.93 ± 0.38
5.86 ± 0.12
6.33 ± 0.24
7.33 ± 0.95
5.90 ± 0.14
6.22 ± 0.25
6.44 ± 0.32

Note: Two sample t-test assuming equal variances; N = 20 replicates/scenario/period/location.

Table 3
Variation in generation time of H. armigera in future climate change scenarios across pigeonpea growing locations.
Scenario/ Period

Akola

Ananthapur

Bengaluru

Bhubaneswar

Coimbatore

Gulberga

Jabalpur

Kanpur

BL
A1B/2020
A1B/2050
A1B/2080
A2/2020
A2/2050
A2/2080
B1/2020
B1/2050
B1/2080

33.95 ± 0.00
29.76 ± 0.73
28.49 ± 0.88
27.41 ± 1.26
30.78 ± 1.69
29.81 ± 0.63
26.82 ± 1.07
30.15 ± 1.20
29.81 ± 0.60
29.25 ± 1.32

30.40 ± 0.00
29.17 ± 0.58
26.56 ± 0.57
25.81 ± 0.69
29.44 ± 0.39
27.08 ± 1.01
25.31 ± 0.92
29.21 ± 0.44
27.53 ± 1.05
26.27 ± 0.34

37.00 ± 0.00
36.21 ± 0.47
33.57 ± 0.67
30.78 ± 0.53
37.14 ± 1.90
34.41 ± 1.48
30.52 ± 0.61
36.26 ± 0.60
34.63 ± 0.83
36.20 ± 0.29

29.55 ± 0.00
28.31 ± 0.64
26.04 ± 0.56
25.58 ± 0.70
28.86 ± 0.54
26.44 ± 0.82
25.38 ± 0.82
28.59 ± 0.46
27.02 ± 0.96
26.01 ± 0.47

26.60 ± 0.00
26.09 ± 0.37
24.61 ± 0.36
23.34 ± 0.21
26.22 ± 0.23
24.82 ± 0.58
23.23 ± 0.42
26.11 ± 0.37
25.19 ± 0.44
24.32 ± 0.33

30.60 ± 0.00
30.45 ± 0.35
28.67 ± 0.62
26.44 ± 0.67
30.19 ± 0.43
29.03 ± 0.73
26.00 ± 0.20
30.38 ± 0.28
29.59 ± 0.68
27.98 ± 1.30

31.45 ± 0.00
33.16 ± 0.63
29.04 ± 2.21
27.99 ± 1.55
33.76 ± 0.89
30.11 ± 2.26
27.76 ± 1.56
33.73 ± 0.56
30.79 ± 2.08
29.16 ± 1.44

27.85 ± 0.00
26.93 ± 0.98
26.16 ± 1.74
24.69 ± 0.95
26.26 ± 0.57
26.51 ± 1.63
23.61 ± 1.70
26.47 ± 0.97
26.31 ± 0.80
26.46 ± 2.30

Note: Two sample t-test assuming equal variances; N = 20 replicates/scenario/period/location.

Fig. 4. Per cent change in generation time of H. armigera during future climate change periods across different models and emission scenarios.

species and estimated the sensitivity of impact predictions to differences in geographical locations and choice of climate change
scenarios and climate model projections. Zidon et al., 2016 adopted
ensembles of local daily temperatures representing current and
future climatic conditions under two emission scenarios for three
locations and by following the degree day model, predicted a signiﬁcant increase in the average number of annual generations of
Bemisia tabaci and population size and a signiﬁcant lengthening of

growing season in three locations. Adoption of empirical functions
which were developed between the model simulated temperature
and the pest population life table parameters was followed in case
of leafminer agromyzid pest distribution over Limpopo province
under changing climate (Tshiala et al., 2012). Similar approach was
followed by the authors (Srinivasa Rao et al., 2014b) in case of
Spodoptera litura on peanut. Present study brings out the impact
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Fig. 5. Inter model and scenario variation in number of generations of H. armigera during future climate change periods in three locations of pigeon pea growing areas of
India.

of climate change on H. armigera following similar approaches narrated above.

4.1. Projected increased temperature through GCM models of
MarkSim
MarkSim GCM is a stochastic climate simulation platform that
creates annual charts of daily a) rainfall, air temperatures (maximum and minimum), and solar radiation and b) annual data ﬁles
that are compatible with the Decision Support System for Agro
technology Transfer (DSSAT) crop modeling system. MarkSim GCM
utilizes datasets from 10,000 stations that are grouped into 702 climate clusters across the globe. These are then used to estimate
the 117 model parameters for each climate cluster (Srinivasa Rao
et al., 2015). MarkSim’s climate clustering is based on current climate types: climates are changing through time, and the climate
cluster to which any point belongs often changes into the future.
In the present study, MarkSim GCM generated daily data that are

characteristic of future climatology (2020, 2040 and 2080) for the
eight study locations selected.
The temperature projections for the locations showed an
increasing trend during future climate change periods. It is under◦
stood that T.max (0.5–2.4 C) and T.min (0.5–2.8 ◦ C) would increase
substantially during these 2020, 2050 and 2080 periods under all
three emissions scenarios (A2, A1B and B1) at pigeonpea growing
locations in India. Rajib et al. (2011) reported similar increase of
temperature with projected annual increase of 2.06–3.63 ◦ C for the
period 2071–2100 in other parts of Asia. Different GCM models
showed signiﬁcant variations in future temperature across different parts of the world and Leopold et al. (2012) also explained
variations of temperature during three emission scenarios among
seven models. As insects have short life cycles and are sensitive
to temperature variations, even a small change in climate has the
potential to inﬂuence their distribution and abundance (Ayres and
Lombardero, 2000). Several authors have attempted the prediction of insect generations by using growing degree days approach
(GDD) where the summation of temperature over base temperature
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Fig. 6. Estimated proportion of variation in predicted number of generations and generation time of H. armigera by different variables.

is adopted and also characterized the inﬂuence of diurnal temperature range in addition to mean temperature alone on degree
day accumulation and insect life history (Chen et al., 2015). In the
present study the prediction of future pest scenario of H. armigera
on pigeonpea was attempted during baseline and three future climate change periods (2020, 2050 and 2080) across three emission
scenarios.
4.2. Scenarios and models
Pollard and Yates (1993) mentioned that higher temperature
resulted in additional generations of multivoltine insect species
(aphids and lepidopterans). Srinivasa Rao et al. (2014c) predicted
that S.litura on peanut would produce more number of generations
under increased temperature conditions of near and distant future
climate. Lastuka (2008) reported that higher temperature and gradual warming would result in production of more generations in
a calendar year or during the crop season. Our earlier ﬁndings
(Srinivasa Rao et al., 2015) on number of generations of S. litura
on peanut in India with temperature data of seven different models including ensemble predicted 1–2 additional generations during
2050 and 2080 due to higher future temperatures in CNRM-CM3,
ECHams5 & CSIRO-Mk3.5 models. The temperature projections of
these models indicated that the generation time would decrease by
18–22% over baseline. These results were in agreement with earlier research (Das et al., 2011) indicating that the insects respond to
higher temperature with increased rates of development and more
generations with less time between generations. An upper threshold temperature of 36 ◦ C for H. armigera (Younis and Ottea, 1993)
was used in the present study. Substantial evidence of evolutionary responses to climate change is available in some species with
short/reduced generation times and is able to adapt fast enough to
keep pace with climate change (Morecroft and Speakman, 2015). H.
armigera being a polyphagous insect with larger spread over time
and space having developed resistance to many of the insecticides
across globe only indicate faster adaptation to the changing climate.

indicate very well the inﬂuence of temperature on the population dynamics of pest (Ziter et al., 2012). The ﬁndings of present
study indicate that possibility of occurrence of one or two additional generations during 2050 and 2080 climate change periods
at eight locations of the country. Shortening of generation time
resulted in occurrence of more number of generations at these locations. Among various pigeonpea growing locations of the country
the number of generations varied and was higher at Coimbatore (7.41–7.28) and lower at Bengaluru (5.37–5.09) across three
emission scenarios. Increased temperature causes the accelerated
development of insects which would result in occurrence of more
number of generations leading to greater crop losses during the
season or year. Roy et al. (2002) opined that prediction of development time or mean generation time of insect pests in relation
to temperature is an important tool for pest management so that
optimal pest control measures could be planned. The likelihood
of more interventions for the management of H. armigera has been
indicated through the present study by the temperature projections
of the different models and emission scenarios
4.4. Partitioned variation
Model based studies are a valuable method for predicting the
impacts of climate change on insect pests (Olfert and Weiss, 2006).
Modeling offers the prediction of climate projections which in
turn are useful in estimating the sensitivity of impacts which
vary with geographical location and climate change scenarios. A
study using degree day models used to predict the voltinism of
13 insect pest species had indicated the importance of climate
model (42%) >geographical location (33%) > time period (17%), climate change scenario (1%) while GCM and geographical location
together accounted for 5% variations in the number of generations
per year (Ziter et al., 2012). Our study showed that a higher per cent
of variability was accounted for by geographical location (65%) followed by time period 32% for number of generations of H. armigera.
5. Conclusions

4.3. Across locations
The accumulated thermal heat units expressed as degree days
(DD), the number of generations and mean generation time of
H. armigera were estimated at eight representative pigeonpea
growing locations of India using the MarkSim model outputs of
temperature. It is well known that the number of generations

Present study is the signiﬁcant case of H. armigera on pigeonpea
in having increased number of generations of multivoltine insect
species as an effect of climate change with an expected exacerbated population on pigeonpea at majority of locations of India
during future climate change periods across three emission scenarios. The present results may call for revision of existing pest
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management strategies. Increase in mean surface temperature of
>2 ◦ C can have dramatic effects on insect voltinism by causing
shift in the development period. The present study has considered the increase in temperature alone albeit other factors also
inﬂuence the generation time. Since climate change scenario represent increase in temperature along with elevated CO2 , change in
crop and pest phenology with multiple species interactions and
altered tritrophic (crop/pest/parasitoid) interactions inﬂuencing
the growth and development of insect pests needs consideration
(Ziter et al., 2012; Robinson et al., 2012). Although availability of
data on increase in temperature and variations of CO2 levels across
scenarios, models and locations will give the complete understanding of pest dynamics during future climate change periods present
results are a glimpse on the effects of climate change happening on
insect pests in general, and on H. armigera in particular.
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