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ABSTRACT

Temperature driven development of rice brown planthopper (BPH), Nilaparvata lugens (Stal)
(Hemiptera: Delphacidae) population (biotype 4) was examined at seven constant temperatures (15, 18,
20, 25, 30, 32 and 35°C). Complete development of BPH from egg to adult was observed at constant
temperatures ranging from 15 to 32°C with linear development observed till 30°C. Total immature
developmental duration decreased from 74.4 days at 15°C to 22.4 days at 30°C. Linear and non-linear
models fitted to describe developmental rates of life stages as a function of temperature, gave estimates
of bioclimatic thresholds (lower, optimum and upper temperature thresholds). Thermal constants
estimated from Campbell linear model for egg, nymph and cumulative immature development to adult
were, 198.8, 275.5 and 473.9 degree days, respectively. Among empirical non-linear models, Lactin 2
model was selected for estimates of upper temperature threshold at 35°C based on higher coefficient of
determination. Application of thermodynamic SSI model explained the observed nonlinear relationship
of development of BPH life stages at temperatures higher than 30°C. The estimated thermal constants
and bioclimatic thresholds were used in developing temperature dependent phenology model based on
Campbell equation. Phenology model predicted closely the occurrence of different life stages of BPH
with those observed under field conditions.
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Brown planthopper (BPH), Nilaparvata lugens (Stél)
(Hemiptera: Delphacidae) is the most destructive insect pest
inthelowland irrigatedrice ecosystem of tropical Asia. The
insect is widely distributed and has been reported to cause
large scale damage in India, Indonesia, the Philippines, Sri
Lanka, Vietnam, Malaysia and Thailand (Catindig et al.,
2009). InIndia, outbreaks of BPH have become common in
recent times in several rice growing states. Due to the
unpredictable nature of its infestation and the dramatic
impact it causes, BPH is regarded as a pest of national
importance in India. Initiation of field populations of BPH
is often through migration of winged adults over long
distances in many Asian countries (Rosenberg and Magor,
1987). However, in India trivial migration through dispersal
over shorter distances (few km) from one rice growing area
to another is often responsible for starter population
(Krishnaiah and Jhansilakshmi, 2012). Temperature is the
most important climatic factor which directly influences

development, survival and reproduction and indirectly
impacts generation time and population growth rate (Fand
et al., 2015). The developmental rate of an insect over a
range of favourable temperatures increases linearly with
increase in temperature up to certain extent. However, at
temperature extremes this relationship becomes nonlinear
(Wagner et al., 1984). Temperatures below the lower and
above the upper temperature thresholds adversely affect
enzymes involved in physiological processes related to
development (Sharpe and De Michele, 1977). Previous
studies from different countries reported only the optimum
conditions, maximum and minimum tolerance limits of
temperature and RH inrelation to biological parameters of
BPH (Luetal., 1999) and estimation of lower developmental
thresholds (Krishnaiah et al., 2005). However, there are no
reports on nonlinear relationship between rate of
developmentof the pest and higher temperatures which can
be used to estimate the optimum and upper threshold
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temperatures for development. Pest phenology models
provide timely management alerts and optimize pest control
leading to reduction in cost of cultivation.

Hence, in the present study, the effect of different
constant temperatures on development and survival of the
pest was studied, two linear and three non-linear models
were applied to estimate thermal constants and bioclimatic
thresholds of BPH. Sharpe-Schoolfield-Ikemoto model (SSI
model) was used to estimate intrinsic optimum temperature
fordevelopment of BPH. Temperature dependent phenology
models were developed by using the estimated thermal
constants and bioclimatic thresholds which helps in the
prediction of seasonal dynamics of the pest in various agro-
ecological zones of India.

MATERIALS AND METHODS

Insect culture

Insect culture was maintained in greenhouse on 50-
60 days old potted plants of susceptible rice variety (TN1)
inwoodencages (70 X 62 X 75 cm) at ICAR-Indian Institute
of Rice Research, Hyderabad, India. Gravid females were
collected with an aspirator and transferred to oviposition
cages. Oviposited plants were removed daily and placed in
separate cages to obtain cohorts for use in temperature
experiments.

Effect of constant temperatures on development and survival

Developmental durations of pre-oviposition, egg and
nymphal instars were determined at seven constant
temperatures (15, 18,20,25, 30,32 and 35°C) maintained
inenvironmental chambers (MLR 350H, SANYO Electric
Company Ltd., Japan) set at constant relative humidity (60
+ 5 %) and photoperiod (14L:10D). Ten potted rice plants
with freshly emerged females + males in 1:1 ratio covered
with mylar cages were placed in the environmental chambers
for oviposition. Adults were changed daily to fresh plants
for three days to know the pre-oviposition period. Oviposited
plants with egg cohorts placed in environmental chambers
were observed daily for hatched nymphs and egg
development period was calculated. Individual first instar
nymphs (0-12 h old) were transferred to freshly cut rice
stems kept in standing water layer at the base in test tubes
closing the open end with cotton plug. Five individuals were
maintained perreplication with 5 replications per temperature.
Each temperature experiment was repeated twice. A total of
fifty nymphs were studied at each temperature (n=50). Test
tubes were examined daily for shed exuviae which marked
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the successful completion of the current instar duration.
Daily mortality of nymphal instars and adults was recorded.
Adult longevity and sex ratio were worked out at all
temperatures.

Models for parameter estimates of developmental response
as a function of temperature

Two linear and four nonlinear models were applied to
estimate parameters describing the relationship of BPH
development as a function of temperature.

Linear models

Thermal summation model (Campbell etal., 1974)is
the most widely used model thatexplains a linear relationship
between developmental rate and temperature which is
expressed as

r(Ty=a+bT

Where, r is the developmental rate, that is, the
reciprocal of developmental duration (D) at each temperature
(T), ais developmental rate when T is 0°C, bis slope of the
regression line. Lower temperature threshold (T . ) was
estimated as the x-intercept (=- a/b). The number of degree
days (DD) or heat units needed for the development of each
stage was estimated from the reciprocal of the fitted regression
line (b™') represented as thermal constant (k).

The line fitting method proposed by Ikemoto and Takai
(2000) was used as the second linear model which s expressed
as

DT =k+T, D,

where, D is the duration of development (days), T is
the temperature (°C), k is thermal constantand T__ is the
lower developmental threshold.

Nonlinear models

The nonlinear models describe the developmental
rate over a wider range of temperature and provide estimates
of the optimum threshold temperature (Tapt) and upper
temperature threshold (T, ). The developmental rate is
maximum at Toptwhile thedevelopmentceasesatT_ . Lactin-
2 model (Lactin et al., 1995) that combines both sigmoid
and exponential equations, similar 3-parameter Briere-1
model (Briere et al., 1999) and simplified B type distribution
function (Damos and Soultani, 2008) were fitted to assess
the nonlinear relationship between developmental rate (1/
D) and temperature (T). All the three empirical nonlinear
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Table 1 : Mean number of days for development (+ SE) of immature stages of N. /ugens at six constant temperatures.
Temperature N Egg Nymph

*1°C) I I m v \Y Totalnymph  Totalimmature
15 2 284£0.19a 7.5+034a 84+044a 93+045a 109+038a 9.9+042a 46.0+1.06a  74.4+1.10a
18 19  21.4+£0.11b 6.0+0.13b  49+0.15b  52+0.16b 5.1+0.13b  5.1+£0.14b  26.2+0.22b 47.6+0.25b
20 16 15.6+0.13c 5.6+0.13bc  4.9+0.11b  5.1£0.06b 4.7+0.18b 4.4+0.16b 24.7£0.31b 40.3£0.36¢c
25 38 12.0+£0.00d 3.74£0.08d  3.0£0.04d 3.0£0.05d 2.7£0.07c  2.8+£0.10c  15.1+0.10d 27.1+0.10e
30 26 9.0+£0.00f 32+0.08d 23+0.09d 25+0.10d 25+0.11c  3.0+0.15¢c  13.4+0.19d 22.4+0.19f
32 24 11.0+0.13¢ 50+0.18c  4.0+0.13¢  4.1£022c  4.5+0.16b 4.6+£0.18b  22.1£0.53c 33.1£0.50d

F 5119.46 90.79 131.60 14126 288.28 162.75 610.03 1496.47

df 5,139 5,139 5,139 5,139 5,139 5,139 5,139 5,139

P <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

Means within a column followed by the same letter are not significantly different (P <0.05Tukey’s HSD test).

forms differed in number of parameters to be estimated,
inclusion of biologically meaningful parameters in the
equation, model ability to estimate lower or optimum
temperature thresholds and statistical properties of the
estimators of parameters. In addition, a thermodynamic
nonlinear Sharpe-Schoolfield-Ikemoto model (SSI model)
that involves biochemical interpretation based on enzyme
kinetics was used to estimate intrinsic optimum temperature
for BPH (Shietal., 2012).

Lactin-2 model (Lactin et al., 1995) is given by the equation

LN N o O Y )
D

where, D is mean developmental duration (in days), p
is the constant defining developmental rate at optimal
temperature, A isthe range over ‘thermal breakdown’ becomes
the overriding influence, and A is a constant forcing the
nonlinear curve to intercept with the x-axis, therebyallowing
an estimation of the lower developmental threshold. T is
thermal maximum (lethal temperature at which life process
canno longer be maintained for a prolonged period).

The Briere-1 model (Briere et al., 1999) is given by the
expression,

HT)=alT(T-T, )T, —T)

where, risthe developmental rate (day"), T istemperature
(°C), and ‘a’ is an empirical constant, T . is lower
developmental thresholdand T, isupper developmental
threshold.

The simplified B type distribution function (Damos

and Soultani, 2008) fitted to the data is given by the
equation,

5ol

where k, oo and B are model parameters estimated by
Marquardt’s nonlinear least squares algorithm. T and LI
couldnotbe derived as parameters directly from this model.
T . wasestimated graphically from the rapid decline of the

right descending branch (Damos and Soultani, 2008) and
T, was derived using optimization (Prasad et al.,2012).

The nonlinear thermodynamic SSI model (Shi ef al.,
2012) is given by the expression

where, rrepresents developmental rate (r) as a function of
temperature, T (in absolute temperature, K) (273.15K =
0°C), Ris the universal gas constant (1.987 cal deg' mol™),
T, T, and T, represent absolute temperatures below (T)),
above (T,) and an optimum temperature (T¢) at which an
enzyme is 50 per cent active. AH,, AH, and AH, represent
enthalpychanges, P, is the mean developmental rate at the
intrinsic optimum temperature (T ¢)= T, is the intrinsic optimum
temperature at which the probability of enzyme being in the
active state is maximal (K).
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Table 2 : Adultlongevity (days) and sex ratio of N. lugens at constant temperatures.

Temperature (+1°C) n Adult longevity (Mean + SE) Sex ratio (F:M)
15 22 24.1+£2.02a 1.3:1.0

18 19 18.8 +2.23ab 1.4:1.0

20 16 19.0 +2.09ab 1.7:1.0

25 38 13.9+0.96bc 1.0:1.0

30 26 16.6 £ 0.85b 0.9:1.0

32 24 9.9+ 0.69¢ 0.5:1.031.8

F 11.52

Df 5, 161

p <0.0001

Means within a column followed by the same letter are not significantly different (P <0.05; Tukey’s HSD test); n, sample size;

F, F statistic value; df, degrees of freedom; , p value of the statistical test.

Table 3 : Summary statistics for developmental duration of total immatures of N. lugens at constant temperatures.

Temperature (£1°C) Percentile duration for total immature development (days)
25" percentile (LL, UL) 50" percentile (LL, UL) 75" percentile (LL, UL)

15 43 (24, 49) 65 (56, 72) 73 (66, 79)
18 14 (6, 38) 40 (19, 41) 44 (41, 55)
20 9(5,306) 36 (17, 43) 43 (38, 52)
25 23 (9,25) 26 (24, 28) 31 (28, 34)
30 7 (4, 24) 26 (21, 28) 29 (27, 32)
32 9(5,12) 23 (11, 29) 33 (29, 35)

LL and UL are the lower and upper limits of the 95% confidence interval respectively.

Statistical analysis

The effect of temperature on the development of different
stages of BPH was analysed following one-way analysis of
variance (ANOVA) and means were compared using Tukey-
Kramer honestly significant difference (HSD) test at 5 per
centlevel of significance using PROC GLMin SAS 9.2 (SAS
Institute, 2009). Kaplan-Meier or product limit analysis of
the survival datais carried outusing PROC LIFE TEST (SAS
Institute, 2009) to test statistical difference among survival
curves and estimate median survival time at different constant
temperatures.

Linearrelationship between rate of development (1/D)
andtemperature (T) was determined using thermal summation
model (Campbell etal., 1974) and regression was performed
with replicate data using PROC REG to obtain regression
parameters (¢ and b). Nonparametric Wilcoxon Signed Rank
test was used to test two linear models for significant
differencesin the estimates of T . and thermal constants for
differentlife stages of BPH.

PROC NLIN was performed to estimate parameters of
nonlinear Lactin-2 model (A, p, T__Aand A) and Briere-1

max

model(a, T _ andT_ ). Tomof the fitted models was estimated
by using PROC OPTMODEL. Similarly, PROCNLIN was
used to estimate parameters of simplified P type distribution
function (k, cvand B) and to derive Tom. Optim SSI function
in SSIpackage version2.7 inR software was used to estimate
the SSImodel parameters. Model performance evaluation of
the four nonlinear models was made based on R? goodness-

of-fit statistics.
Field validation of phenology based degree day model

The phenologybased degree day model developed for
BPHwas validated with field data collected from Kampasagar
area of Nalgonda district, Telangana State, India during wet
season, 2015. The pest incidence was observed regularly in
the field starting from 15 days after transplanting to know
the first appearance of the macropterous adults of BPH
which was considered as biofix for validation of phenology
model. Further observations on different life stages of BPH
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Table 4 : Estimates of temperature thresholds for egg, nymphal and total immature development of N. lugens using linear and

non-linearregression analysis

Model Parameters Egg Nymph Eggto Adult
Campbell model i 8.1£0.5 8.1+1.4 8.1£0.8
k 198.8 £ 1.7 275.5+6.7 473.9+6.1
R? 0.9916 0.9347 0.9808
df 1, 119 1, 119 1, 119
p <0.0001 <0.0001 <0.0001
Ikemoto Takai model LDT 8.3 9.5 8.8
SET 194.2 249 .4 452.4
R? 0.9860 0.9834 0.9946
df 2,3 2,3 2,3
p <0.0001 <0.0001 <0.0001
Lactin—2 T . 8.7 11.2 10.4
ot 29.8 27.8 28.5
ax 35.0 35.0 35.0
R? 0.977 0.918 0.954
df 3,3 3,3 3,3
p 0.00213 0.01385 0.00596
Briere min 8.7 6.0 7.1
ot 29.0 28.7 28.8
ax 35.0 35.0 35.0
R? 0.966 0.878 0.938
df 2,4 2,4 2,4
p 0.00051 0.00666 0.0017
Simplified beta type function T, 28.2 27.6 27.8
ax 35.1 35.0 35.0
R? 0.912 0.950 0.959
df 2,4 2,4 2,4
p 0.00345 0.0011 0.00073

T ., lower temperature threshold; T

min’ max”’

upper temperature threshold; Topt’ optimal temperature threshold; R?, coefficient of

determination; df, degrees of freedom; p, p value; LDT, lower developmental threshold; SET, sum of effective temperature;

k, thermal constant.

(nymphal instars, and adults) were recorded at weekly
intervals on 10 hills. Daily maximum and minimum
temperature data during the crop season along with estimated
T .andT_ wereused tocalculate the accumulated degree
days (ADD) using single sine method with horizontal upper
cut-off (http://www.crida.in:8080/naip/home.jsp). Expected
starting stage of the BPH and ADD were compared with the

observed stages in field for validation of the model.

RESULTS AND DISCUSSION

Development and Survival

Temperature significantly influenced the
development of BPH (Table 1). Complete development of
BPH from egg to adult emergence was observed at all
temperaturesi.e. 15to 32°C. In the temperature range of 15-

30°C, developmental duration decreased with increase in
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Table 5 : Parameter estimates of non-linear thermodynamic
SSImodel fitted to the mean developmental rate for

different stages of V. lugens.
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temperature for each stage of BPH, but increased at 32°C
indicating a nonlinear response at extreme temperatures.
Developmental duration of egg was significantly higher at

Parameter Egg Nymph Total 15°C and lowest at 30°C with increased duration at 32°C.
o, (day™) 0.0778 0.0550 0.0324 Nymphal instars also sl.lowed. sm.nlartrefld oflinear decrea.se

of development duration with increasing temperature till
H, (cal/mol) ~ 13302.7 14389.1 13841.0 30°C. At 35°C, no egg hatching was observed from the eggs
H, (cal/mol)  -61021.7 -72920.2 -66648.5 laid by 25 gravid females and first instar nymphs collected
H, (cal/mol)  122526.8 145644.1 142036.6 from greenhouse culture of BPH could not survive beyond
T, (°C) 83 9.5 3 8 one week. The Kaplan-Meier survival curves (Fig. 1) revealed

L : : : . . . . . .
T (°C) 23 4 232 234 th.at survwalicurvej‘s werfe statlstlc.:ally not differentin pair-

® wise comparisons in the intermediate range of temperatures
T, (°C) 32.6 31.4 31.8 o . L .

H (18t030°C) butsurvival curve was significantly different
x 0.0009 0.0009 0.0002 atthe lowest temperature tested (15°C). Adult longevity was
R? 0.986 0.983 0.995 significantlymoreat 15°C and it varied from 24.1 t0 9.9 days
LDT (°C) 33 95 8.8 with temperature range of 15 to 32°C respectively (Table 2).
SET (DD) 1942 249 4 452 4 Sexratiowas 1:1 at25°C \fvhereas.female bias was observed

below 25°C and male bias at higher temperatures. The
expected median durations from Kaplan-Meier analysis were
Product-Limit Survival Estimates
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Fig.1: Kaplan-Meier survival curves for the developmental duration of total immature of V. /ugens at six constant temperatures.
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Fig.2 : Temperature-dependent developmental rate of BPH estimated by non-linear models.

65,40,36,26,26and 23 daysat 15, 18, 20,25, 30and 32°C,
respectively (Table 3).

Developmental thresholds and thermal constants

Linear regression of developmental rate on
temperature in the range of 15°C to 30°C was explained well
for egg, nymph and total development of BPH (R*>0.93, P
<0.0001). Theestimated T , foreach life stage of BPH were
8.1°C (Table 4). The thermal constants, k for egg, nymph
and total development were 198.8, 275.5 and 473.9 DD,
respectively.

The nonlinear relationship between developmental
rate and temperature for different life stages of BPHon rice
was fitted well by all the three nonlinear models viz., Lactin-
2, Briere and f type distribution function model (Fig. 2;
Table 4). The estimated T . from Lactin-2 model were 8.7,
11.2 and 10.4°C for egg, nymph and total development of
BPH, respectively. However, they were estimated tobe 8.7,

6.0and 7.1°C from Briere model. The estimated T __ for all
the life stages by Lactin-2, Briere and Simplified 3 type
function was 35.0°C except for egg from Simplified 3 type
function which was 35.1°C. The TO]m for the total development
were 28.5,28.8 and27.8 from Lactin-2, Briere and Simplified
B type function, respectively.

A thermodynamic nonlinear model (SSI) was used to
estimate the intrinsic optimum temperature (Tq)) for
development. Based on enzyme activity, other parameters
such as mean developmental rate (p, ) and enthalpy (H,, H,
and H,)) were also estimated (Table 5). Lower developmental
threshold values of 8.3, 9.5 and 8.8°C, with sum of effective
temperatures (SET) 0f 194.2,249.4 and 452.4 degree days,
were estimated for egg, nymph and total development,
respectively. The intrinsic optimum temperature for the
development of egg, nymph and total development was
estimatedat23.4,23.2 and 23.4°C, respectively. The upper
threshold temperatures (T,) for egg, nymph and total
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Table 6 : Field validation of phenology model based on accumulated degree-days (ADD)
Stage Observed in the field Expected

Date of observation ADD Predicted starting date of the stage ADD
Adult 10-09-2015 22.9 10-09-2015 22.9
Nymph 22-09-2015 371.5 20-09-2015 237.4
Adult 28-09-2015 508 28-09-2015 508
Nymph 11-10-2015 794 09-10-2015 747.3

development were estimated at 32.6, 31.4 and 31.8°C,
respectively.

Validation of phenology model

The estimated thermal constants and developmental
thresholds were used in developing phenology model for
predicting the timing of different stages of BPH in the field.
The degree days required for completion of egg, nymph and
total egg to adult development were 198.8, 275.5 and
473.9,respectively. Degree days required for egg laying of
emerged adults (pre-oviposition period) was estimated from
three temperatures (20, 25 and 30°C) (data not shown in
table). Therefore, the total generation time was taken as
508.4 degree days. Under field conditions, the date on
which the macropterous adults first appeared was treated as
biofix date (10™ September, 2015). Timing of different life
stagesin the field were predicted by computing accumulated
degree days (ADD) starting from the first date of appearance
of adult in the field (biofix date). Field observations on
prevalence of differentlife stages were recorded during the
crop growth period to confirm the predicted pest occurrence
stages. Adult emergence in the first generation was observed
after accumulation of 508 ADD (Table 6). Thus, the damaging
stage of brown planthopper development was accurately
predicted during wet season, 2015 which helps for timely
and effective management of the pest.

Favourable temperature facilitates development,
survival and reproduction of N. lugens (Krishnaiah et al.,
2005). The developmental duration at each stage of BPH
decreased with increase in temperature from 15 to 30°C
(Table 1). A similar decrease in mean duration of egg and
nymphal stages of BPH with increase in temperature from 15
to 30°C was reported by Krishnaiah et al., (2005). Durations
of immature and longevity of mature forms were highest at
15°C with highest survival whereas, they were reduced with
an increase in temperature from 15 to 30°C (Table 1). On the
contrary at 32°C, the duration of immature forms and
longevity of mature forms was increased indicating non-
linear response at high and low temperatures (Wagner et al.,
1984). The per cent survival of BPH was highest at 15°C and

decreased with increase in temperature (Fig. 1; Table 3).
Average rice field temperatures of more than 31°C would
have obvious inhibitoryeffects on the survival and fecundity
of BPH (Yu and Wu, 1992).

Thelinear degree day model estimates thermal constant
and lower developmental threshold for each stage of the
pest while the nonlinear model estimates optimum and
maximum developmental thresholds. The relationship
between temperature and developmental rate typically
increases from a lower developmental threshold until
optimum developmental threshold temperature, at which
pointitrapidlydeclines (Lactin etal., 1995). The estimated
T . foreach life stage of BPH were 8.1°C from Campbell
equation whereas these values were 8.3, 9.5 and 8.8°C for
egg, nymph and total immature forms, respectively from
Ikemoto and Takai linear model (Table 4). The thermal
constants, k for egg, nymph and total development were
198.8, 275.5 and 473.9 DD, respectively from Campbell
equation. A comparative analysis of the published datasets
indicated that lower threshold value obtained in this study
(8.1°C) wasclose to the value reported by Krishnaiah ez al.,
(2005).

Nonlinear models were applied well to the data and
estimated T ; tobe 8.7,11.2 and 10.4°C (Lactin 2 model)
and 8.7, 6.0 and 7.1°C (Briere model) for egg, nymph and
total immature form development, respectively (Table 4).
The estimated T _; through the nonlinear models showed
subtle differences in comparison to the values obtained by
linear regression. This difference is due to the fact that the
linear regression uses only the linear part of the points to
calculate T . whereas nonlinear models also uses the
observedpointsabovethe T Theestimated sum of effective
temperatures (SET) were 194.2, 249.4 and 452.4 degree
days, for egg, nymph and total immature form development
respectively from reduced major axis (Ikemoto and Takai,
2000) method. The estimated upper temperature threshold
T_, forallthe life stages by Lactin-2, Briere and Simplified
beta functionwas 35.0°C except for egg from simplified beta
function which was 35.1°C. The TU]m for the total development
were 28.5,28.8 and27.8°C from Lactin-2, Briere and Beta
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functionrespectively. All the nonlinear models performed
well based on the coefficient of determination, R? as a
goodness-of-fit criterion. Lactin 2 was relatively better fit
than Briere and Simplified beta type function for egg while
Simplified beta type function performed better for nymph
and total immature form development. Thermal constants
and lower temperature thresholds of life stages of BPH were
compared with the earlier published data.

A thermodynamic nonlinear model (SSI) wasused to
estimate the intrinsic optimum temperature (Tq)) for
development which can be used as an indicator for classifying
phylogenetic relatedness (Ikemoto, 2005). The intrinsic
optimum temperature and upper threshold temperatures
(T,) for the development of egg, nymph and total immature
form were estimated at 23.4,23.2,23.4°C and 32.6, 31.4,
31.8°C, respectively (Table 5). T, is the most favourable
temperature to the pest for its distribution and adaptation to
the thermal environment.

Bioclimatic thresholds and thermal constants were
used to develop pest phenology model (Sreedevi et al.,
2013) to predict the timing of damaging life stages in the
field for population dynamics and distribution of species
(Safranyik et al., 2010). In our study, we developed
phenology model based on linear Campbell model and
predicted timing of different life stages in the field by
computing accumulated degree days (ADD) starting from
the first date of appearance of adult in the field (biofix date).
Field observations on prevalence of different life stages
were recorded during the crop growth period to confirm the
predicted pest occurrence stages. The damaging nymphal
stage was observed for timely and effective management of
the pest. The predictive capacityof these phenology models
enables to provide timelymanagement of the pest and thus
minimize crop loss leading to reduction in cost of cultivation.

CONCLUSIONS

Temperature significantly influenced the
development and survival of BPH and it completed its
development from egg to adult stage at constant
temperaturesranging from 15 to 32°C. Linear and nonlinear
models fitted to describe developmental rates of life stages
as a function of temperature, gave estimates of thermal
constants and bioclimatic thresholds (lower, optimum and
upper temperature thresholds) which were used in developing
temperature dependent phenology models. These models
enabled to predict the timing of different life stages of BPH
in the field by computing accumulated degree days (ADD)
starting from the first date of appearance of adult in the field
(biofix date). Thus, prediction ofthe second generation of
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BPH development was accurately done during wet season,
2015 for timely and effective management of the pest.
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