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Abstract
Even though the effect of release frequency of green lacewings in controlling the
spread of mealybugs in a cassava field was investigated by Promrak and Rattanakul in
2015, the effect of increased global temperature was not taken into account. In this
work, cellular automata and Monte Carlo simulation are employed in order to study
the effect of an increased global temperature on the life cycles of mealybugs and
green lacewings which in turn effects the efficacy of the biological control of the
spread of mealybugs. Computer simulations are carried out at different temperatures
so that an efficient biological control of the spread of mealybugs in a cassava field is
obtained.
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1 Introduction
The term ‘global warming’ refers to an increase in the average temperature of Earth’s at-
mosphere and oceans. According to the report from Goddard Institute for Space Studies
(GISS) and Climatic Research Unit (CRU), the temperature has been increasing almost
every year since  and has climbed up fast in the last few decades. The Intergovern-
mental Panel on Climate Change (IPCC) forecasts that, for the next two decades, a further
warming trend will occur at the rate .-.◦C per decade. Global warming may cause sev-
eral severe problems such as the increase in the spread of insect-borne diseases, heavier
rainfall and flooding, food and water deficiency, season changing and migration []. On
crops and insect pests, the increase in the global temperature may lead to the change in
the life cycle of insect pests at any stage and the rate of pest development might be higher
while the host plants are more attractive to insect pests in drought areas [, ]. As a result,
the loss of crop yields will then increases.

Under the global increased temperature condition, crops which can thrive in hot and
dry climates such as cassava is considered as a key for food security. Cassava (Manihot
esculenta Crantz) is also known as yuca, manioc, tapioca, mandioc, etc. Its root and tu-
ber are the main source of food for Africans and are popular in the tropics []. Since it
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requires little skill to cultivate with moderate soil nutrient and water, this crop is very at-
tractive to agriculturists worldwide []. In , the top importers of cassava are East Asia
(US$,,), EU (US$,,), and NAFTA (US$,,) while the pri-
mary exporters are South East Asia (US$,,), Central America (US$,,),
and EU (US$ ,,) []. For Thailand, the cassava export of the year  has been
reported as .% of the global market share []. Therefore, cassava is considered as an
economic plant of Thailand.

The major crop loss of cassava is due to its insect pests, especially cassava mealybug
(Phenacoccus manihoti Matile-Ferrero) which was first detected in Zaire and Congo in
the early s and quickly became the most severe pest on cassava []. To control the
spread of mealybugs, biological control using their natural enemies has proved experi-
mentally to be successful [–]. One of the natural enemies of mealybugs that has been
used popularly is green lacewings. It has been used in a mealybug controlling project in
Thailand [, ] as well. However, various instructions are recommended to farmers in
Thailand when the spread of mealybugs is detected. Moreover, the effect of an increased
global temperature on the life cycles of both mealybugs and green lacewings has not been
taken into account yet.

In our previous work [], a cellular automata (CA) model together with the Monte
Carlo simulation technique has been employed to study the effect of the release frequency
of green lacewings in controlling the spread of mealybugs in a cassava field []. Since
the effect of an increased global temperature on the life cycles of mealybugs and green
lacewings should be investigated so that we can appropriately modify the usual practices
in the control of the spread of mealybugs in response to those changes, we investigate
the effect of an increased temperature on the controlling of the spread of mealybugs in a
cassava field using green lacewings in this paper.

2 Cellular automata model
We assume that cassava is planted in the field based on the recommended instructions
of the Department of Agricultural Extension, Ministry of Agriculture and Cooperatives,
Thailand. Cassava is then planted at the beginning of the rainy season and the stem cut-
tings are soaked by the recommended chemical reactants before they are planted in the
cassava field. Hence, the major factor of the spread of mealybugs in the field that we will
take into account is the wind. Note that only mealybugs of the instar stage can be blown
by the wind. Moreover, the recommended planting distance between two cassava plants
is  m and the planting period of cassava is  year. We also assume further that the survey
for the spread of mealybugs will be conducted every  weeks after a month of planting in
the recommended manner by many agricultural technical officers from the Thai Tapioca
Development Institute and the Department of Agriculture, Ministry of Agriculture and
Cooperatives, Thailand [].

A cellular automaton with Moore’s neighborhood of a square lattice with the size ×
is used to represent a cassava field of the area  rai (or . ha) as shown in Figure . The
possible states of each cell in the lattice are susceptible cassava (S), infested cassava (I) and
removed cassava (E) representing a cassava plant that is free from mealybugs, a cassava
plant that is infested with mealybugs and a cassava plant that is removed from the field,
respectively.

At each time step ( time step �t =  day), a number r,  ≤ r ≤  is randomized and each
cell will be updated at random according to the following rules:
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Figure 1 A lattice representing a cassava field.

Figure 2 Neighborhoods of the updating cell (i, j). The light gray, gray and dark gray areas represent
immediate neighborhood, distant neighborhood and far distant neighborhood, respectively.

(a) If the randomized cell is a removed cassava (E), then it remains the removed cassava.
(b) If the randomized cell is a susceptible cassava (S), then there are possibilities that the

randomized cell may become an infested cassava (I) due to the following reasons:
(i) Mealybugs of the instar stage from outside of the cassava field might be blown

through the wind to the randomized cell. If the randomized cell belongs to the
first two rows next to each of the four borders of the lattice then the cell may
become an infested cell with the probability w,  ≤ w ≤  or else the
randomized cell may become an infested cell with the probability w,
 ≤ w < w ≤ .

(ii) Mealybugs of the instar stage from the neighborhood of the randomized might
be blown through the wind to the randomized cells. Here, we consider only
three levels of neighborhood of the randomized cell which are the immediate
neighborhood, the distant neighborhood and the far distant neighborhood as
shown in Figure . The probabilities that mealybugs of the instar stage from the
immediate neighborhood, distant neighborhood and far distant neighborhood
might be blown through the wind to the randomized cells are n, n and n,
respectively, where  ≤ n < n < n ≤ .
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Figure 3 The main loop of CA.

(c) If the randomized cell is an infested cassava (I), then the following rules will be
used.
(i) It may become a removed cassava (E) if it is subjected to a survey during the

first  months or the last  months of planting or the number of mealybugs on
the randomized cell is greater than m.

(ii) It may become a susceptible cassava (S) if green lacewings feed on mealybugs
on the cassava plant in the randomized cell successfully and there is no
mealybug on the cassava plant in the randomized cell.

When a month has passed after cassava planting, if there is an infested cassava plant
among the surveyed cassava plants, green lacewings are to be released every  months
if there still are mealybugs on the surveyed cassava plants in the field. If the number of
surveyed infested cassava plants is less than a half of the total number of surveyed cassava
plants in the field, the number of green lacewings to be released in the field is R per rai
(or R/. per ha) or else the number of green lacewings to be released in the field is R

per rai (or R/. per ha).
In what follows, we let Pi

t , Pm
t , Pe

t be the number of instar mealybugs, adult mealybugs
and mealybug’s eggs, respectively, at time t. Let Mi

t , Md
t , Mm

t and Me
t be the number of

larva green lacewings, pupa green lacewings, adult green lacewings and green lacewings’
egg, respectively, at time t. The numbers of mealybugs and green lacewings at each stage
on the cassava plant in each cell of the lattice are also updated according to the life cycles
of mealybugs and green lacewings using a system of difference equations as follows.

Instar mealybug:

Pi
t+�t = Pi

t + rαPe
t – αPi

t – β
(
Pi

t , Mi
t
)
Mi

t . ()

Equation () represents the number of instar mealybugs at the time step t + �t. The
first term on the right hand side represents the number of instar mealybugs at the time



Promrak and Rattanakul Advances in Difference Equations  (2017) 2017:161 Page 5 of 17

Figure 4 The main susceptible cassava updating
loop.

step t. The second term on the right hand side represents the number of instar mealy-
bugs developed from mealybug’s egg of the time step t. The third term on the right hand
side represents the number of instar mealybugs of the time step t that develop into adult
mealybugs in the time step t + �t. The last term on the right hand side represents the
number of instar mealybugs eaten by green lacewings of the larva stage in the time step t.

Adult mealybug:

Pm
t+�t = Pm

t + rαPi
t – αPm

t – β
(
Pm

t , Mi
t
)
Mi

t . ()

Equation () represents the number of adult mealybugs at the time step t + �t. The first
term on right hand side represents the number of adult mealybugs at the time step t. The
second term on the right hand side represents the number of adult mealybugs developed
from instar mealybug of the time step t. The third term on the right hand side represents
the number of adult mealybugs of the time step t that die in the time step t +  due to
mealybug’s life cycle. The last term on the right hand side represents the number of adult
mealybugs eaten by green lacewings of the larva stage in the time step t.

Mealybug’s egg:

Pe
t+�t = Pe

t + rαvPm
t – αPe

t – β
(
Pe

t , Mi
t
)
Mi

t . ()

Equation () represents the number of mealybug’s eggs at the time step t + �t. The first
term on the right hand side represents the number of mealybug’s eggs at the time step t.
The second term on the right hand side represents the number of mealybug’s eggs laid
by adult mealybugs of the time step t. The third term on the right hand side represents
the number of mealybug’s eggs in the time step t that develop into instar mealybugs in the
time step t +�t. The last term on the right hand side represents the number of mealybug’s
eggs eaten by green lacewings of the larva stage in the time step t.
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Figure 5 The neighborhood checking loop of the susceptible cassava updating loop.

Larva green lacewing:

Mi
t+�t = Mi

t + sγMe
t – γMi

t . ()

Equation () represents the number of larva green lacewings at the time step t + �t.
The first term on the right hand side represents the number of larva green lacewings at
the time step t. The second term on the right hand side represents the number of larva
green lacewings developed from green lacewing’s eggs of the time step t. The last term on
the right hand side represents the number of larva green lacewings in the time step t that
develop into pupa green lacewings in the time step t + �t.

Pupa green lacewing:

Md
t+�t = Md

t + sγδ
(
Pi

t , Pm
t , Pe

t , Mi
t
)
Mi

t – γMd
t . ()

Equation () represents the number of pupa green lacewings at the time step t + �t.
The first term on the right hand side represents the number of pupa green lacewings at
the time step t. The second term on the right hand side represents the number of pupa
green lacewings developed from larva green lacewings of the time step t depending on
the number of consumed mealybugs. The last term on the right hand side represents the
number of pupa green lacewings in the time step t that develop into adult green lacewings
in the time step t + �t.
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Figure 6 The main infested cassava updating
loop.

Figure 7 The number of mealybugs updating
loop (incorporating wind effect) of infested
cassava.

Adult green lacewing:

Mm
t+�t = Mm

t + sγMd
t – δMm

t . ()

Equation () represents the number of adult green lacewings at the time step t + �t.
The first term on the right hand side represents the number of adult green lacewings at
the time step t. The second term on the right hand side represents the number of adult
green lacewings developed from pupa green lacewings of the time step t. The last term on
the right hand side represents the number of adult green lacewings of the time step t that
die in the time step t + �t due to green lacewing’s life cycle.
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Figure 8 The neighborhood checking loop of the number of mealybugs updating loop (incorporating
wind effect) of the infested cassava.

Green lacewing’s eggs:

Me
t+�t = Me

t + svMm
t – γMe

t . ()

Equation () represents the number of green lacewing’s eggs at the time step t + �t. The
first term on the right hand side represents the number of green lacewing’s eggs at the time
step t. The second term on the right hand side represents the number of green lacewing’s
eggs laid by adult green lacewings of the time step t. The last term on the right hand side
represents the number of green lacewing’s eggs in the time step t that develop into larva
green lacewings in the time step t + �t.

β(Pi
t , Mi

t), β(Pm
t , Mi

t) and β(Pe
t , Mi

t) are the numbers of instar mealybugs, adult mealy-
bugs and mealybug’s eggs eaten by green lacewings of the larva stage, respectively, in one
time step and δ(Pi

t , Pm
t , Pe

t , Mi
t) is the efficiency of converting larva green lacewing to pupa

green lacewing. The definitions of other parameters in the model are given in Table 
together with their approximated values calculated from the literature [–] at three
different temperatures.

Furthermore, the approximated total crop yield is also monitored. We also assume that
the estimated crop yield is a kilograms per cassava plant if there is no mealybug in the cas-
sava field. The estimated crop yield will be reduced by %, % and %, approximately,
if mealybugs spread on the cassava plants during the first  months, during the th and the
th month, and during the th and the th month, respectively, according to the surveys
of the Thai Tapioca Development Institute in -. Hence, the estimated crop yield
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Figure 9 The green lacewings releasing loop.

Figure 10 The average number of susceptible cassava at 25◦C, 27◦C and 30◦C. (a) No biological control
is applied, (b) larva green lacewings are released in the cassava field, (c) adult green lacewings are released in
the cassava field.

at each time step, Y (t), is then assumed to be represented by the following equation:

Y (t) = a · C + (. × a) · C + (. × a) · C, ()

where C is the total number of susceptible cassava at the time step t, C is the total number
of cassava infested by mealybugs during the th and the th month at the time step t and
C is the total number of cassava infested by mealybugs during the th and the th month
at the time step t.
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Figure 11 The average number of infested cassava at 25◦C, 27◦C and 30◦C. (a) No biological control is
applied, (b) larva green lacewings are released in the cassava field, (c) adult green lacewings are released in
the cassava field.

3 Simulation results
In this section, numerical simulations at the three different temperatures ◦C, ◦C and
◦C are carried out in order to investigate the effect of increased temperatures on the
control of mealybugs.

When biological control is applied, we assume that the survey for the spread of mealy-
bugs will be done every two weeks beginning one month after planting as recommended
by many agricultural technical officers from the Thai Tapioca Development Institute and
the Department of Agriculture, Ministry of Agriculture and Cooperatives, Thailand. Ac-
cording to the recommendation of the Department of Agricultural Extension, Ministry
of Agriculture and Cooperatives, Thailand, the cassava field will be surveyed by collect-
ing the numbers of mealybugs at all stages on the cassava plants that are not planted on
the two rows next to the four borders of the cassava field. The survey will be conducted
on every two rows of plants, and every  plants. On the cassava field of the size  m ×
 m with  m between two cassava plants, a cassava plant might be surveyed with the
probability

f = the number of surveyed cassava plants in the field

÷ the total number of cassava plants that have not been removed

from the cassava field.
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Figure 12 The average number of removed cassava at 25◦C, 27◦C and 30◦C. (a) No biological control is
applied, (b) larva green lacewings are released in the cassava field, (c) adult green lacewings are released in
the cassava field.

Flow charts of the simulations are given in Figures -. The results shown in Figures -
 are the averaged values of the  runs using MATLAB software. In the simulations, the
parameters in the system of difference equations ()-() are as in Table  where n = .,
n = ., n = ., w = ., w = ., a = ., R = , R = , and

β
(
Pi

t , Mi
t
)

= min

{
,

Pi
t(i, j)

Mi
t(i, j)

}
,

β
(
Pm

t , Mi
t
)

= min

{
,

Pm
t (i, j)

Mi
t(i, j)

}
,

β
(
Pe

t , Mi
t
)

= min

{
,

Pe
t (i, j)

Mi
t(i, j)

}
,

δ
(
Pi

t , Pm
t , Pe

t , Mi
t
)

= . × min

{
,

Pi
t(i, j) + Pm

t (i, j) + Pe
t (i, j)

Mi
t(i, j)

÷ 
}

.

First, we investigate the spread of mealybugs when there is no biological control, when
larva green lacewings are released to control the spread of mealybugs and when adult
green lacewings are released to control the spread of mealybugs. The number of suscepti-
ble cassava plants, the number of infested cassava plants, the number of removed cassava
plants and the estimated crop yield at ◦C, ◦C and ◦C are as shown in Figures , ,
 and .
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Figure 13 The average estimated cassava’s crop yield at 25◦C, 27◦C and 30◦C. (a) No biological control
is applied, (b) when larva green lacewings are released in the cassava field, (c) adult green lacewings are
released in the cassava field.

Figure 14 The total numbers of green lacewings
that are released to control the spread of
mealybugs in a cassava field at 25◦C, 27◦C and
30◦C. (a) Larva green lacewings are released in the
cassava field, (b) adult green lacewings are released
in the cassava field.

Next, the total numbers of larva and adult green lacewings that are released to control
the spread of mealybugs in a cassava field at ◦C, ◦C and ◦C are presented in com-
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Figure 15 The average numbers of instar mealybugs at 25◦C, 27◦C and 30◦C. (a) No biological control
is applied, (b) larva green lacewings are released in the cassava field, (c) adult green lacewings are released in
the cassava field.

parison as shown in Figure . Moreover, the number of instar mealybugs when there is no
biological control, when larva green lacewings are released to control the spread of mealy-
bugs and when adult green lacewings are released to control the spread of mealybugs at
◦C, ◦C and ◦C are also shown in Figure .

We can see from the simulation results that even though the average numbers of instar
mealybugs is very high when a biological control is applied, the number of the infested
cassava plants is not that high. This means that the spread of mealybugs can be controlled
to be located on only a small number of cassava plants although the number of mealybugs
might be high on those cassava plants. Here, snapshots showing the distribution of sus-
ceptible cassava, infested cassava and removed cassava in the cassava field of a simulation
at ◦C are also given in Figures  and  for a better understanding.

4 Discussion and conclusion
The increase in global temperatures affects the sex ratio, survival rate, reproduction rate
and life cycle of both mealybugs and green lacewings. Simulations of the spread of mealy-
bugs in a cassava field at ◦C, ◦C and ◦C have been carried out.

Without biological control, the estimated crop yield decreases dramatically and tends to
zero at ◦C, and at ◦C approximately  months after planting. At ◦C, the estimated
crop yield decreases and tends to a constant level which is lower than % of the maximum
estimated crop yield.
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Figure 16 Snapshots showing the distribution of susceptible cassava, infested cassava and removed
cassava in the cassava field of a simulation at 30◦C on the 125th day of planting. (a) No biological
control is applied, (b) larva green lacewings are released in the cassava field, (c) adult green lacewings are
released in the cassava field.

With biological control, green lacewings at the larva stage or adult stage may be released
in the cassava field to control the spread of mealybugs. Hence, we study both manners
of biological control. We can see that the number of infested cassava plants decreases
whereas the number of susceptible cassava plants increases when the temperature in-
creases which might be the results of shorter life cycle, lower survival rate, lower fecun-
dity and shorter adult longevity of mealybugs. We can also see that the release of green
lacewing larva gives a better result when there is a spread of mealybugs even though the
lower amount of larva green lacewing is released compared to adult green lacewings.
The reasons for this might be the shorter life span, lower survival rate, lower fecundity
or shorter adult longevity of green lacewings because only green lacewings at the larva
stage behave like a predator of mealybugs and if we release adult green lacewings it will
take a period of time before they will lay eggs which develop into green lacewing larva,
finally behaving like a predator of mealybugs. With the increase of temperature, the sur-
vival rate and the fecundity rate are even lower and hence the greater amount of adult
green lacewings should be released in the cassava field to control the spread of mealy-
bugs. On the other hand, the estimated crop yield also increases when the temperature
increases with the same level of released green lacewings. This implies that if farmers are
satisfied with the estimated crop yield at the end of planting period when the temperature
is ◦C, they might reduce the number of green lacewings released in the cassava field
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Figure 17 Snapshots showing the distribution of susceptible cassava, infested cassava and removed
cassava in the cassava field of a simulation at 30◦C on the 285th day of planting. (a) No biological
control is applied, (b) larva green lacewings are released in the cassava field, (c) adult green lacewings are
released in the cassava field.

so that the cost for biological control will be decreased and the farmers then earn more
profit. On the other hand, if the farmers would like to gain more estimated crop yield at
the end of planting period, they might keep the released amount of green lacewings at
the same level as they use when the temperature is ◦C. However, the cost for a green
lacewings is approximately . baht (US$.) while the selling price for cassava is quite
low, approximately . baht (US$.) per kilogram. Hence, the cost of biological con-
trol and the increase in crop yield should be calculated in order to obtain the most efficient
biological control that maximizes profit.
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