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a  b  s  t  r  a  c  t

The  simulation  of  insect  pest  populations  in  agricultural  and  forest  ecosystems  is  an  important  and
useful  tool  for integrated  pest  management  (IPM).  Insect  population  models  are  mainly  driven  by  envi-
ronmental  temperature  data,  which  are  usually  collected  from  agrometeorological  stations  or derived
from  geographic  statistical  extrapolations.  The  present  study  describes  the  modeling  of olive  fly (Bac-
trocera  oleae)  populations  in the  Eastern  Mediterranean  region  using  the  MODIS  (Moderate  Resolution
Image  Spectro  Radiometer)  land  surface  temperature  (LST)  product  from  NASA  TERRA  satellite.  These
data,  together  with  in  situ temperature  data,  were  used  to  estimate  the  tree-canopy  temperatures  at  the
pixel resolution  (1  km).  The  estimated  canopy  temperature  was  used  as  input  for  the  olive  fly population
model.  Our main  aim  was to demonstrate  the  use  of  satellite-acquired  information  for  modelling  bio-
logical  and  ecological  phenomena.  Eleven  years  (2001–2012)  of  olive  fly  population  fluctuations  were
simulated  for  three  different  geographic  locations,  representing  different  geo-climatic  conditions.  The
model  successfully  simulated  the seasonal  population  fluctuations  throughout  the  11-year  period  and
did a good  job  of  connecting  all of the  life  stages  of the  insect.  To evaluate  the validity  of  these findings,
we  compared  them  with  adult  olive-fly  trapping  data. We  observed  a high  degree  of  correlation  between
the  trapping  data  and  our  model’s  predictions.  Here,  we  demonstrate  that  satellite  thermal  data  can  be
used to predict  insect  pest  population  fluctuations  for  IPM  purposes.  The  study  also  advances  some  new
modelling  concepts,  such  as  the  “window  of opportunity”  which  links  physiological  development  with
chronological  age.

© 2015  Elsevier  B.V.  All rights  reserved.

1. Introduction

Population modeling and epidemiological forecast models have
traditionally been driven by temperature indices derived from
meteorological stations and/or in situ data-loggers (Olatinwo and
Hogenboom, 2014). For large geographic areas, temperature data
from meteorological stations (usually separated by more than
10 km)  are interpolated to create meaningful and useful spatial
databases that can provide reliable topographic temperature data
sets (Logan et al., 2004). Accuracy in temperature measurements
is important for applying integrated pest management (IPM) in
both forest and agricultural settings (e.g., Fand et al., 2014; Faye
et al., 2014), for exploring the possible effects of global warming
on ecosystems and organisms (e.g., Logan et al., 2004; Gutierrez
et al., 2009; Ponti et al., 2009) and for developing strategies for the

∗ Corresponding author. Tel.: +972 39683690.
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management of vector-borne diseases of humans and animals over
large geographic areas (e.g., Rogers et al., 1996; Gilioli and Mariani,
2011; Amek et al., 2012; Chen and Hsieh, 2012). Recently, land
surface temperature (LST) data derived from satellites have been
proposed as a possible source of temperature data to be fed into
insect population models and used to explore ecological and envi-
ronmental questions (Carbajal de la Fuente et al., 2009; Coops et al.,
2009; Chuang et al., 2012; Lensky and Dayan, 2011; Morag et al.,
2012; Steinman et al., 2012; Blum et al., 2013; Aharonson-Raz et al.,
2014). Lensky and Dayan (2011) used LST data to investigate the
variability in the developmental rate of an agricultural pest (Helio-
this sp.) found in a relatively small geographic area. They showed
that differences (resulting from the local topography) in climatic
conditions between fields separated by only few kilometers might
be responsible for a three-week delay in the emergence of adult
moths in the field.

The present study demonstrates the utilization of the estimated
olive-tree canopy temperature derived from retrieved satellite data
as input for a deterministic model of olive fly populations (Gutierrez

http://dx.doi.org/10.1016/j.ecolmodel.2015.05.005
0304-3800/© 2015 Elsevier B.V. All rights reserved.
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a  b  s  t  r  a  c  t

The cotton  bollworm  (Helicoverpa  armigera)  is  among  the most  damaging  agricultural  insect  pests  in
the  world.  The  life  cycle  of H. armigera is  temperature  dependent  and  as such  modeling  its population
dynamics  for  integrated  pest  management  (IPM)  purposes  requires  accurate  temperature  information
throughout  the area  of interest,  which  is not  always  available.  We present,  for  the  first  time,  a  continu-
ous  age-structured  insect  population  model  driven  by satellite-derived  land  surface  temperature  (LST)
to  derive  population  dynamics  of H.  armigera.  We  use  LST data  from the  Moderate  resolution  imaging
spectroradiometer  (MODIS)  conducting  model  simulations  and validating  the  model  with H. armigera
larvae  counts  from  in-field  scout  reports  in  nine  sweet  corn (Zea  mays convar)  and  four  tomato  (Solanum
lycopersicum)  crop  fields  in Northern  Israel.  We  compared  our  results with a  similar  model  that  uses
air temperature  derived  from  the  nearest  weather  station  as an  input.  To  accurately  predict  population
dynamics,  we used  different  model  initiation  scenarios  considering  pesticide  application  and  migration
patterns  between  neighboring  corn and  tomato  fields,  which  were  identified  as  sink and  source of the
adult  population.  Results  show  that  our LST-driven  model  outperformed  the model  driven  by ambient  air
temperature.  Model  simulations  generally  followed  the  larval  population  development  observed  in  the
field when  the model  was initiated  the  day  before  the first  larvae  were  detected,  providing  realistic  pop-
ulation  dynamics.  Simulations  with  different  adult  population  migration  rates showed  the  importance
of  including  between-field  migration  in  the LST-driven  model.  In conclusion,  this  study  provides  a  basis
for  future  development  of real-time  IPM support  systems,  particularly  when  combining  a  temperature-
driven  age-structured  insect  population  model  with  real-time  satellite-derived  information.

©  2017  Elsevier  B.V. All rights  reserved.

1. Introduction

The cotton bollworm Helicoverpa armigera (Hubner: Lepi-
doptera Noctuida), known also as Heliothis, is a polyphagous insect
(i.e. an insect that feeds and develops on many different kinds of
foods) endemic in cotton, corn, tomato, hot pepper, and tobacco
crops (Liu et al., 2004). It is a cosmopolitan pest present in China
(Gao et al., 2010; Liu et al., 2004; Wu  et al., 1993, 2008), Pakistan
(Hameed et al., 2015), Australia (Fitt et al., 1995; Maelzer and
Zalucki, 1999), Central Africa (Brévault et al., 2008), and also in

∗ Corresponding author.
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Israel (Cohen et al., 2015). Modeling population dynamics of this
pest is therefore critical in pest management programs worldwide.

The developmental rate, size, survival and migration patterns
and rate of the H. armigera is thought to be a function of the host
in which its larvae develops (Liu et al., 2004). In addition, stud-
ies characterizing the developmental, survival and egg-laying rates
of H. armigera also indicate that this pest can develop at differ-
ent temperatures and relative humidity levels (Liu et al., 2004;
Mironidis and Savopoulou-Soultani, 2008; Song et al., 2007; Wu
et al., 1993, 1980). Depending on environmental temperature, stud-
ies have reported up to three generations per year of H. armigera
(Hameed et al., 2015; Gao et al., 2010; Rochester et al., 2002). In
addition, the population of H. armigera is also known to be affected
by migration (Brévault et al., 2008; Gao et al., 2010) and the type

https://doi.org/10.1016/j.ecolmodel.2017.12.019
0304-3800/© 2017 Elsevier B.V. All rights reserved.
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temperature dependent and as such
modeling its population dynamics for inte-
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Short summary

Model description

Our model captured well Heliothis population dynamics as well as the effect of
pesticide application and adult population migration patterns. Results were
consistent with field observations of the larvae population showing the great potential
of these kinds of models driven by satellite data in the use of IPM applications.
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Conclusions

Helicoverpa armigera

Study area

Results

Crop type Field Pearson’s-r RMSE
Corn a 0.95* 0.12

e 0.85 0.23
g 0.85 0.25
h 0.57 0.34
m 0.74* 0.29

Tomato b 0.95* 0.15
k 0.96* 0.13
l 0.91* 0.15

Mean 0.85a 0.21a

Std 0.13 0.08

Fig.5. Modeled (black lines) and observed (red dots)
normalized larvae populations in tomato (left) and sweet corn
(right) fields. Dates of pesticide applications are indicated with
dashed blue lines. Shaded area indicates model uncertainty.
Horizontal error bars in observed populations are ±SE.
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Fig.4. Modeled normalized populations of H. armigera in corn and tomato fields. Simulations 
did not include migration and mortality due to pesticide application.

Table 1. Pearson’s-r and RMSE
scores of the regressions of
modeled vs. observed (in situ)
larvae populations. Statistically
significant (P<0.05) scores are
indicated with an asterisk.

First, modeled populations of a single generation of the five life stages of Heliothis
were simulated with neither migration nor pesticide application under long-term
average temperature conditions (LSTclim). Shown in Fig. 4 are the normalized
populations (i.e. actual population of each stage divided by its maximum population
size) of the different life stages.

Simulated larvae populations were compared with in-field
observations (Fig. 5). Average Pearson’s-r scores for all
fields was 0.85 ± 0.13 with a relative RMSE of 0.21
(Table 1). The average scores for model runs in tomato
fields were r = 0.94 ± 0.03 and RMSE = 0.25; and r =
0.79 ± 0.14 and RMSE = 0.14 in corn fields.

-grated pest management (IPM) purposes requires accurate temperature
information throughout the area of interest, which is not always available.
We present, for the first time, a continuous age-structured insect population model
driven by satellite-derived land surface temperature (LST from MODIS) to derive
population dynamics of H. armigera. We validated our model with larvae counts
from in-field scout reports in nine sweet corn (Zea mays convar) and four tomato
(Solanum lycopersicum) crop fields in Northern Israel.
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LST, LSTclim

Yes No

Solving equation for each stage

Current population and death

adults

DD, µ(T)

Update population

initial population

N2,5(t)

N1,5(t)

Nk,5(t)

N2,1(t)

N1,1(t)

Nk,1(t)

r1 (t)!1 (t)

!2 (t)

!k (t)

Eggs

Larva

Pupa

Non-reproductive

Sexually-mature

Death

N0,2(t)

N2,2(t)

N1,2(t)

Nk,2(t)

N2,3(t)

N1,3(t)

Nk,3(t)

N2,4(t)

N1,4(t)

Nk,4(t)

N0,1(t)

N0,3(t)

N0,4(t)

N0,5(t)

Attrition	(!i)
Flux	from	ith cohort	(ri)
Initial	flux	(N0,j)
Flux	due	to	oviposition (N0,1)

Pesticides Migration

Oviposition

!"#(%)
!% = (

!)* ["#−-(%) − "# % ] 	− 	0#(%)"# % ]

Fig.1. Schematic representation of the model procedure and corresponding input datasets
(left) and the differential equation used to solve the age-mass structured H. armigera
population dynamics (right).

Figure 3

0.2
0.4

0.6

0.8

1.0

0.2

0.4

0.6

0.8

1.0

0.2

0.4

0.6

0.8

1.0

L
ar

va
e 

/ h
a 

(n
or

m
al

iz
ed

)

Feb Mar Apr May Feb Mar Apr May Feb Mar Apr May

B CA
LST2010
LSTclim
Pesticide
Obs

Field	b
Field	k

Field	l

Tomato	fields

0.2

0.4

0.6

0.8

1.0

0.2

0.4

0.6

0.8

1.0

0.2

0.4

0.6

0.8

1.0

L
ar

va
e 

(n
or

m
al

iz
ed

 #
 h

a-
1 )

Feb Mar Apr May Feb Mar Apr MayFeb Mar Apr May

0.6

0.2
0.4

0.8
1.0

A B C

L
a
rv

a
e
 /

 h
a
 (

n
o

rm
a
li

z
e
d

)

F
ie
ld
	m

F
ie
ld
	a

F
ie
ld
	e

F
ie
ld
	g

F
ie
ld
	h

0.6

0.2
0.4

0.8
1.0

0.6

0.2
0.4

0.8
1.0

0.6

0.2
0.4

0.8
1.0

0.6

0.2
0.4

0.8
1.0 LST2010

LSTclim
Pesticide
Obs

Figure 4

Corn	fields

0.2

0.4

0.6

0.8

1.0

0.2

0.4

0.6

0.8

1.0

Field b

Field k

Field l

Field a

Field e

Field g

Field h

Fieldm

Fig.3. A schematic represen-
tation of the observed adult
population migration patterns
from tomato to neighboring
corn fields in the study area.
Migration took place only up
to a limited distance of 1000
m (Cohen et al. 2015).

Migration

1000 m

תוינבגע

סרית



A Integration (physiological) time



A Integration (physiological) time B Data saving procedure



A Integration (physiological) time B Data saving procedure C (Real) spatial representation



A Integration (physiological) time B Data saving procedure C (Real) spatial representation

w
w

w
.p

o
s

te
rs

e
ss

io
n

.c
o

m

The cotton bollworm Helicoverpa
armigera (Hubner: Lepidoptera Noctuida),
known also as Heliothis, is among the
most damaging agricultural insect pests
in the world. This polyphagous insect is
endemic in cotton, corn, tomato, hot
pepper, and tobacco crops (Liu et al.,
2004). The life cycle of Heliothis is
temperature dependent and as such
modeling its population dynamics for inte-

Predicting Heliothis (Helicoverpa armigera) pest population 
dynamics with an age-structured insect population model 

driven by satellite data
Moshe Blum1,2, David Nestel2, Yafit Cohen3, Eitan Goldshtein3, David Helman1,3 and Itamar Lensky1,*

1. Geography and Environment, Bar-Ilan University, Ramat Gan 52900, Israel.
2. Department of Entomology, Agricultural Research Organization, Volcani Center, Rishon LeZion, Israel.
3. Department of Agricultural Engineering, Agricultural Research Organization, Volcani Center, Rishon LeZion, Israel

Short summary

Model description

Our model captured well Heliothis population dynamics as well as the effect of
pesticide application and adult population migration patterns. Results were
consistent with field observations of the larvae population showing the great potential
of these kinds of models driven by satellite data in the use of IPM applications.

Blum M., Lensky I.M., Rempoulakis P., Nestel D., 2015. Modeling insect population fluctuations with satellite land surface 
temperature. Ecol. Model. 311, 39–47. 
Liu Z., Li D., Gong P., Wu K., 2004. Life Table Studies of the Cotton Bollworm, Helicoverpa armigera (Hübner) (Lepidoptera: 
Noctuidae) on Different Host Plants, Environ. Entomol. 33, 1570–1576.
Cohen Y., Hezroni A., Goldshtein E., Geula F., Shaltiel L., Lensky I.M., Alon T., Raviv R., Blum M., 2015. Improving areal 
pest management in the northern valleys in Israel (No. 458-534–13). Report. Agricultural Engineering Institute, ARO, Israel

References

Conclusions

Helicoverpa armigera

Study area

Results
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Fig.5. Modeled (black lines) and observed (red dots)
normalized larvae populations in tomato (left) and sweet corn
(right) fields. Dates of pesticide applications are indicated with
dashed blue lines. Shaded area indicates model uncertainty.
Horizontal error bars in observed populations are ±SE.
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Fig.4. Modeled normalized populations of H. armigera in corn and tomato fields. Simulations 
did not include migration and mortality due to pesticide application.

Table 1. Pearson’s-r and RMSE
scores of the regressions of
modeled vs. observed (in situ)
larvae populations. Statistically
significant (P<0.05) scores are
indicated with an asterisk.

First, modeled populations of a single generation of the five life stages of Heliothis
were simulated with neither migration nor pesticide application under long-term
average temperature conditions (LSTclim). Shown in Fig. 4 are the normalized
populations (i.e. actual population of each stage divided by its maximum population
size) of the different life stages.

Simulated larvae populations were compared with in-field
observations (Fig. 5). Average Pearson’s-r scores for all
fields was 0.85 ± 0.13 with a relative RMSE of 0.21
(Table 1). The average scores for model runs in tomato
fields were r = 0.94 ± 0.03 and RMSE = 0.25; and r =
0.79 ± 0.14 and RMSE = 0.14 in corn fields.

-grated pest management (IPM) purposes requires accurate temperature
information throughout the area of interest, which is not always available.
We present, for the first time, a continuous age-structured insect population model
driven by satellite-derived land surface temperature (LST from MODIS) to derive
population dynamics of H. armigera. We validated our model with larvae counts
from in-field scout reports in nine sweet corn (Zea mays convar) and four tomato
(Solanum lycopersicum) crop fields in Northern Israel.
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data used for validation are bordered with a solid bold
line (fields a, b, e, g, h, k, l and m). Control (corn) fields
c and i were used to estimate the initial (‘background’)
number of reproductive adult individuals in the model at
the other seven corn fields.
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Fig.1. Schematic representation of the model procedure and corresponding input datasets
(left) and the differential equation used to solve the age-mass structured H. armigera
population dynamics (right).
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Fig.3. A schematic represen-
tation of the observed adult
population migration patterns
from tomato to neighboring
corn fields in the study area.
Migration took place only up
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m (Cohen et al. 2015).
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STAGE A - Biology
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STAGE B – Test the model with real Tsat 
data on a short period of time (1.5 months)
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STAGE B – Test the model with real Tsat 
data on a short period of time (1.5 months)

(not considering mortality)
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STAGE C – Initiate model with real data (egg population)
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STAGE C – Initiate model with real data (egg population)
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