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2.

Abstract

Project Code: RSA5880004
Project Title: Investigating the outbreak of insect pests and plant diseases

of rice, cassava, sugarcane and maize: A modeling approach

Investigator: Assoc. Prof. Dr. Chontita Rattanakul, Mahidol University
E-mail Address: chontita.rat@mahidol.ac.th
Project Period: July 1, 2015 - September 30, 2017

Rice, cassava, sugarcane and maize are important agricultural products of
Thailand. Weeds, animal pests and pathogens are regular concerns of economic
importance. In order to maximize the agricultural products, the efficient strategies to
control the outbreak of insect pests are necessary. In this project, we investigate the
outbreak of insect pests by developing mathematical models and constructing
cellular automata models. The available reported field data are utilized to estimate
parameters in our models. The models are analyzed theoretically/ numerically. The
different manners of the control for insect pests are investigated so that the

appropriate controls are obtained.

Keywords: mathematical model, cellular automata model, pest control
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Executive Summary

1. Rationale:

Agriculture has been the backbone of Thailand’s economy for several
decades. Cassava is considered to be one of the major agriculture crops of Thailand.
Although Thailand is not a major consumer of cassava, it is the world’s biggest
exporter of cassava with the world’s market share of 60.72% in 2011 according to the
office of agricultural economics, ministry of agriculture and cooperatives, Thailand.
Even though cassava can survive both hot and dry conditions, an increase in insect
pests might easily cause a major loss in crop vyield. Mealybugs (Hemiptera:
Pseudococcidae) constitute a major family of insect pests of cassava. In Thailand,
there are four species of mealybugs found in cassava fields which are striped
mealybugs, Madeira mealybugs, pink mealybugs (cassava mealybug) and Jack-
Beardsley mealybugs. In 2008, cassava mealybugs were first identified in Thailand and
has spread aggressively throughout cassava’s planting area in Thailand. In 2010, there
was an outbreak of cassava mealybugs in Thailand resulting in a major loss in cassava
yield. The total cassava yield reduced from 30 million tons per year to 22 tons per
year according to the information from the Office of Agricultural Economics, Thailand.

There are various practices to control the spread of mealybugs in cassava
fields in Thailand. Farmers might use biological controls, insecticides or a mixture of
biological controls and insecticides. With biological controls, various practices have
been recommended by the Thai Tapioca Development Institute and the Department
of Agriculture, Ministry of Agriculture and Cooperatives, Thailand. The suggestions on
the number of natural enemies to be released in a field and the period between

each natural enemies released are diverse and also depend on the type of the
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natural enemies to be released. Natural enemies that have been used popularly to

control the spread of cassava mealybugs are Anagyrus lopezi and green lacewings.

2. Objectives:

The objectives of this project are as follows:

2.1

To study the outbreak of insect pests of cassava.

2.2 To obtain mathematical models for studying the spreading of insect

pests.

2.3 To obtain the efficient controls for the outbreak of insect pests in terms

of how often/ how much farmers should release natural enemies of
insect pests in order to control the outbreak of insect pests and

maximize profit.

3. Methodology:

3.1

3.2

3.3

3.4

Gather information about rice, cassava, sugarcane, maize and the

outbreak of their plant diseases and insect pests.

Develop mathematical models/ cellular automata models to study the
outbreak of plant diseases and insect pests of rice, cassava, sugarcane

and maize.

Use the available reported field data to estimate some parameters in the

developed mathematical models.

Analyze the developed mathematical models theoretically/ numerically
to obtain the appropriate controls of plant diseases and insect pests of
rice, cassava, sugarcane and maize by using Hopf Bifurcation theorem,
singular perturbation technique, Runge Kutta method or cellular

automata/ Monte Carlo simulation.



4. Results:
4.1 Cellular automata Model

In this part, cellular automata together with Monte Carlo simulation are
employed to investigate the spread of mealybugs in a cassava field with the usual
practices of biological control in Thailand when green lacewings are used as the
biological control agent. The effect of increased global temperatures, the frequency
of the release of green lacewings as well as the stage of green lacewings released in
the field are investigated.

A cellular automaton with Moore’s neighborhood of a square lattice with the
size Lx L represents a cassava field. The states of every cell in the lattice will be
updated in parallel at each time step (1 time step At = 1 day). Each cell in the
lattice represents a state of cassava planted in the cell which will be updated at
each time step according to given rules. The updating cell will be indexed by (i,j)
with its immediate neighborhood, distant neigshborhood and far distant neighborhood
represented as the light grey, grey and dark grey areas, respectively. The possible
states of each cell in the lattice are

® susceptible cassava (S) which indicates that the cassava plant in that cell

is free from mealybugs, or

® infested cassava (/) which indicates that the cassava plant in that cell has

mealybugs on it, or

® empty cell (E) which indicates that the cassava plant in that cell was

removed from the field.
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The light grey, grey and dark grey areas represent immediate neighborhood,

distant neighborhood and far distant neighborhood, respectively.

Firstly, we investigate the use of green lacewings as a biological control agent.

We let P',P" and P° denote the numbers of mealybugs in the instar state, adult

state, egg state, respectively, at the time step . M!,M?,M" and M? denote the
numbers of green lacewings in the larva state, pupa stage, adult state and egg state,
respectively, at the time step . P and M, denote the total numbers of mealybugs
and green lacewings, respectively, at the time step .

At each time step, a number r,0<r <1 is randomized and each cell will be

updated at random as shown in the following flowcharts.
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The neighbourhood checking loop of the susceptible cassava updating loop
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The green lacewing releasing loop
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Apart from the effect of the wind, the effects of the life cycles of mealybugs

and green lacewings are also taken into account and the number of mealybugs and

green lacewings at each stage are updated on each cell according to the system of

difference equations. Parameters in the model are calculated from literatures. The

simulation results are as follows.
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Figure 1 The average estimated cassava's crop yield of the 100 runs using MATLAB

software.
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The increase in global temperatures affects the sex ratio, survival rate,
reproduction rate and life cycle of both mealybugs and green lacewings. Without
biological control, the estimated crop yield decreases dramatically and tends to zero
at 25°C, and at 27°C approximately 4 months after planting. At 30°C, the estimated
crop yield decreases and tends to a constant level which is lower than 30% of the
maximum estimated crop yield.

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 increases which might be the results of shorter life cycle, lower
survival rate, lower fecundity 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 mealybuss.

With the increase of temperature, the survival 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 mealybugs. 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 satisfy with
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the estimated crop yield at the end of planting period when the temperature is
25°C, they might reduce the number of green lacewings 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 25°C.
However, the cost for a green lacewings is approximately 0.50 baht (0.015 USD) while
the selling price for cassava is quite low, approximately 2.50 baht (0.072 USD) per
kilogram. Hence, the cost of biological control and the increase in crop yield should
be calculated in order to obtain the most efficient biological control that maximizes
profit.

Next, the cellular automata model is then modified to investigate the effect
of the release frequency of green lacewings. The simulations of the spread of
mealybugs are carried out by using parametric values that are estimated from the
available reported data at the temperature of 30°C. The averaged values of the 10

runs using MATLAB software. The results are as follows.
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Figure 2 Average estimated crop yields.
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Figure 7 Average number of larva green lacewings.

From the simulation results shown in Figures 2-7, we can see that the release
frequency of 2 weeks gives the better result as the estimated crop yields in this case
is higher than in the other cases. However, the cumulative numbers of released
green lacewings every 2 weeks and every 2 months are at about the same level
while it is a little bit higher when they are released every month. Moreover, the
spread of mealybugs seems to be controllable in all three cases.

Since the cumulative numbers of released green lacewings every 2 weeks and
every 2 months are at about the same level, the costs for the release of green
lacewings every 2 weeks and every 2 months are then different only with the wage
costs. The wages in the case of 2 weeks release frequency will be four times those of

the case of 2 months release frequency. In Figure 2, the estimated crop yields for the
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release frequency of 2 weeks is approximately 50 kg higher than the release
frequency of 2 months at the end of the planting period. Suppose that the market
price of cassava is 3 baht per kilogram, the release frequency of 2 weeks will give 150
baht or 1.67% more on the total crop sale income and hence, the increase in wages
will not be covered by the increased income in this case. Therefore, the release
frequency of 2 months seems to be the better option. However, in this study the
cassava field of interest is just 1 rai (0.16 ha) and hence the infected probability
through the wind might be higher compared to the larger field whereas more labor
force may be necessary. It also depends on how high the wages are for such labor
and how long it takes to finish the task. On the other hand, the increased income
from the yields would be higher for a larger field. Therefore, further study is needed
before any general conclusion can be drawn.

Next, we then modify the cellular automata model to investigate the use of
Anagyrus lopezi as a biological control agent for controlling the spread of cassava
mealybugs. Here, starting from the second month of planting, the survey for cassava
mealybugs will be carried out every two weeks. If cassava mealybug is found when
the survey is conducted during the 5th and the 7th month of planting, Anagyrus
lopezi will be released in the field once or every three weeks for three times with
the amount of 50-100 pairs per rai, 200 pairs per rai or 400 pairs per rai.

We then investigate six different tactics of releasing Anagyrus lopezi in a
cassava field when the spread of cassava mealybugs is detected. The six tactics are
listed as follows.

l: Release Anagyrus lopezi only once when the spread of cassava mealybug is first
detected in the field at the amount of 50-100 pairs per rai.
Il: Release Anagyrus lopezi only once when the spread of cassava mealybug is first

detected in the field at the amount of 200 pairs per rai.
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ll: Release Anagyrus lopezi only once when the spread of cassava mealybug is first
detected in the field at the amount of 400 pairs per rai.

IV: Release Anagyrus lopezi three times every three weeks when the spread of
cassava mealybug is first detected in the field at the amount of 50-100 pairs per
rai.

V: Release Anagyrus lopezi three times every three weeks when the spread of
cassava mealybug is first detected in the field at the amount of 200 pairs per rai.

VI: Release Anagyrus lopezi three times every three weeks when the spread of

cassava mealybug is first detected in the field at the amount of 400 pairs per rai.

Computer simulations of the six tactics are carried out by MATLAB software.
The average of the 100 runs on the estimated crop yield of cassava at the end of
planting period and the average of the 100 runs on the total number of Anagyrus

lopezi released in the field are as follows

Tactic  Average estimated crop yield of cassava  Average total number of wasps Anagyrus lopezi

(kes) released in the cassava field (pairs)
| 14,277.96 60
1 14,234.04 160
11 14,252.09 320
v 14,298.75 440
Y 14,289.57 1,760
VI 14,301.05 3,520

The results indicate that the tactic VI (Release Anagyrus lopezi three times
every three weeks when the spread of cassava mealybug is first detected in the field
with the amount of 400 pairs per rai) gives the highest average estimated crop yield

of cassava with the lowest number of infested cassava plants compared to the other
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five tactics. Even though the results indicate that the tactic VI is the best option for
the control of the spread of cassava mealybugs and gives the highest average
estimated cassava's yield at the end of planting period, the cassava's selling price is
approximately 2.50 baht (0.072 USD) per kilogram and the cost for the biological
control agent Anagyrus lopezi is approximately 4.50 baht (0.13 USD) per pair. In order
that the most efficient biological control in terms of maximum profit for farmers may
be obtained. The average estimated cost of Anagyrus lopezi released in the field, the
average estimated income from selling cassava’s yields and the average estimated
(income - cost of biological control agents) at the end of planting period for each

tactic is also provided here

Average estimated Average estimated income Average estimated
cost of from selling (income — cost of
Tactic wasps textitAnagyrus lopezi cassava's crop yields wasps Anagyrus lopezi)
released in the field (baht) at the end of planting period
(baht) (baht)
| 270 35,694.90 35,424.90
I 720 35,585.10 34,865.10
11 1,440 35,630.23 34,190.25
v 1,980 35,746.88 33,766.88
V 7,920 35,723.93 27,803.93
VI 15,840 35,752.63 19,912.63

We can see that even though the tactic VI give the highest average estimated
cassava's crop yield, the tactic that gives the maximum profit is the tactic | (releasing
Anagyrus lopezi only once when the spread of cassava mealybug is first detected in
the field at the amount of 50-100 pairs per rai). Note that the planting area that we
considered here is just 4 rai (0.64 ha). When the planting area is a large-scale cassava
farm the results might not be the same as what we have found here. One reason is

that the spread of cassava mealybugs might not be detected in the large-scale
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cassava farm as fast as in a small-scale cassava farm. Hence, further investigations are
needed for a large-scale cassava farm.

Next, we then modify the cellular automata model to investigate the use of
both green lacewings and Anagyrus lopezi as a biological control agent for controlling
the spread of cassava mealybugs. Here, starting from the second month of planting,
the survey for cassava mealybugs will be carried out every two weeks. If cassava
mealybug is found when the survey is conducted during the 5th and the 7th month
of planting, green lacewings and Anagyrus lopezi will be released in the field.

Here, the total of 54 manners of biological controls with Anagyrus lopezi and
green lacewings are investigated. Computer simulations of 54 cases are carried out

using MATLAB software. The results are as follows.

Green Release GL every 2 weeks Release GL every month Release GL every 2 months
Lacewings 800 800 800
(GL) 200 - 2,000 200 - 2,000 200 - 2,000
Anagyrus per rai 1,000 | perrai | per rai 1,000 | perrai | perrai 1,000 | perrai
Lopezi (AL) per rai per rai per rai
50-100
pairs 1 2 3 4 5 6 7 8 9
per rai
Release 200
AL only pairs 10 11 12 13 14 15 16 17 18
1 time per rai
400
pairs 19 20 21 22 23 24 25 26 27
per rai
50-100
pairs 28 29 30 31 32 33 34 35 36
Release per rai
AL 200
3 times pairs 37 38 39 40 41 42 43 44 45
every per rai
3 weeks 400
pairs 46 47 48 49 50 51 52 53 54
per rai
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Average estimated cassava’s crop yields at the end of planting period (kgs)

Green Release GL every 2 weeks Release GL every month Release GL every 2 months
Lacewings 800 800 800
(GL) 200 or 2,000 per 200 or 2,000 200 or 2,000
Anagyrus per rai 1,000 rai per rai 1,000 per rai per rai 1,000 per rai
Lopezi (AL) per rai per rai per rai
50 or 100
pairs 12,585.32 | 12,869.36 | 12,687.20 | 12,096.44 | 12,753.40 | 12,818.47 | 12,466.70 | 12,325.67 | 12,400.82
o~ per rai
AL 200
sl pairs 12,645.89 | 12,27428 | 12,798.67 | 12,684.55 | 12,353.08 | 12,784.36 | 12,531.10 | 12,616.24 | 12,743.27
. y per rai
1 time
400
pairs 12,883.40 | 13,001.48 | 12,685.94 | 12,985.06 | 12,899.29 | 12,832.78 | 12,283.33 | 12,448.12 | 12,491.41
per rai
50 or 100
pairs 13,093.96 | 13,013.14 | 12,963.50 | 13.130.09 | 12,946.81 | 13,173.83 | 12.451.63 | 12,995.18 | 13,002.16
Release per rai
AL 200
3 times pairs 13,193.32 | 13,061.92 | 13,179.23 | 12.879.94 | 13,393.21 | 13,479.34 | 13,166.41 | 13,127.44 | 13,308.79
every per rai
3 weeks 400
pairs 13,312.70 | 13,283.81 | 13,370.84 | 13.,024.61 | 13,570.01 | 13,565.65 | 13,522.94 | 13,646.20 | 13,425.16
per rai
Average total numbers of AL and GW released in the field at the end of planting period
Green Release GL every 2 weeks Release GL every month Release GL every 2 months
Lacewings 800 800 300
GL) 200 or 55 ’ 200 or 2,000 200 or 2,000
Anagyrus per rai 1,000 ol per rai 1,000 per rai perrai 1,000 per rai
Lopezi (AL) per rai per rai per rai
IDSBO 0;"5 AL = 200 pairs AL = 200 pairs AL = 200 pairs AL = 200 pairs AL = 200 pairs AL= 200 pairs AL = 200 pairs AL= 200 pairs AL = 200 pairs
perpm GL = 10,400 GL=44,800 GL = 120,000 GL=6.400 GL = 25,600 GL = 64,000 GL=3,200 GL=12,800 GL =32,000
REIMSIEVAL ZU.O AL = 800 pairs AL = 800 pairs AL = 800 pairs AL = 800 pairs AL = 800 pairs AL = 800 pairs AL = 800 pairs AL = 800 pairs AL = 800 pairs
st porey GL=11.200 GL=35200 GL=112,000 GL=6400 GL=22400 GL =48,000 GL=3200 GL=12800 GL=32,000
1 time per rai
400_ AL = 1,600 pairs AL = 1,600 pairs AL= 1,600 pairs AL = 1,600 pairs AL = 1,600 pairs AL = 1,600 pairs AL = 1,600 pairs AL= 1,600 pairs AL = 1,600 pairs
‘S':i GL=11,200 GL=44,800 GL=96,000 GL=46400 GL= 16,000 GL = 64,000 GL=3,200 GL=12,800 GL =32,000
Iljﬂo or. AL = 600 pairs AL = 600 pairs AL = 600 pairs AL = 600 pairs AL = 600 pairs AL = 600 pairs AL = 600 pairs AL= 600 pairs AL = 600 pairs
perprnallm GL = 10,400 GL=51,200 GL= 128,000 GL=#6400 GL = 25,600 GL = 48,000 GL=3,200 GL=12,800 GL =24,000
Release AL
3 times 290, AL = 2,400 pairs AL = 2,400 pairs AL = 2,400 pairs AL = 2400 pairs AL = 2,400 pairs AL = 2400 pairs AL = 2,400 pairs AL= 2400 pairs AL = 2,400 pairs
every pairs GL=9.600 GL=44,800 GL = 80,000 GL=5.,600 GL =25,600 GL = 64,000 GL=3.200 GL=9.600 GL =32,000
3 weeks per rat
400 AL = 4,800 pairs AL= 4800 pairs | AL= 4,800 pairs AL= 4800 pairs | AL= 4.800pairs | AL= 4,800 pairs | AL= 4,800 pairs | AL= 4,800pairs | AL= 4,800 pairs
p‘i‘; GL=8800 GL=25,600 GL =96,000 GL=6.400 GL = 25,600 GL =56,000 GL=3,200 GL=12,800 GL =24,000
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Average estimated cost of AL and GW released in the field at the end of planting period

Green Release GL every 2 weeks Release GL every month Release GL every 2 months
Lacewings 800 800 800
(GL) 200 or 2,000 per 200 or 2,000 200 or 2,000
Anagyrus per rai 1,000 rai per rai 1,000 per rai per rai 1,000 per rai
Lopezi (AL) per rai per rai per rai
50 or 100
pairs 6,100.00 | 23,300.00 | 60,900.00 | 4,100.00 | 13,700.00 | 32,900.00 | 2,500.00 7,300.00 16,900.00
per rai
Release 200
AL only pairs 9,200.00 | 21,200.00 | 59,600.00 | 6,800.00 | 14,800.00 | 27,600.00 | 14.800.00 | 58,000.00 | 144.400.00
1 time per rai
400
pairs 12,800.00 | 29.600.00 | 55.200.00 | 10,400.00 | 15,200.00 | 39,200.00 | 5.200.00 | 10,000.00 | 19.600.00
per rai
50 or 100
pairs 7.900.00 | 28,300.00 | 66,700.00 | 5,900.00 | 15,500.00 | 26,700.00 | 15.200.00 | 58,400.00 | 144,800.00
Release per rai
AL 200
3 times pairs 15,600.00 | 33.200.00 | 50,800.00 | 13,600.00 | 23.600.00 | 42,800.00 | 8.800.00 | 13,600.00 | 23,200.00
every per rai
3 weeks 400
pairs 26,000.00 | 34.400.00 | 69,600.00 | 24.800.00 | 34,400.00 | 49,600.00 | 14.700.00 | 57,900.00 | 144.300.00
per rai

1 pairs of AL = 4.50 baht

1 green lacewings = 0.50 baht

Average estimated income from selling cassava’s crop yields at the end of planting period

Green Release GL every 2 weeks Release GL every month Release GL every 2 months
Lacewings 800 800 800
(GL) 200 or 2,000 per 200 or 2,000 200 or 2,000
Anagyrus per rai 1,000 rai per rai 1,000 per rai per rai 1,000 per rai
Lopezi (AL) per rai per rai per rai
50 or 100
pairs 35,404.33 | 35.452.70 | 34,804.13 | 33,917.08 | 35,100.00 | 34,748.45 | 31.860.00 | 35,016.20 | 34,375.50
per rai
Release 200
AL only pairs 35,528.63 | 35,620.88 | 35,337.95 | 33,837.75 | 35,191.70 | 35,240.63 | 32,646.95 | 35,233.88 | 35,458.33
1 time per rai
400
pairs 35,390.25 | 35,334.00 | 35,395.33 | 35,346.95 | 35,155.13 | 35,182.13 | 33.777.63 | 32.,940.63 | 34,855.33
per rai
50 or 100
pairs 35,502.20 | 35,319.38 | 35,286.20 | 35,185.50 | 35,235.58 | 35,380.70 | 31.642.33 | 34.986.95 | 35,623.70
Release per rai
AL 200
3 times pairs 35,546.63 | 35,275.50 | 35,521.88 | 35,367.75 | 35,397.58 | 35,047.70 | 34.851.38 | 34,891.88 | 35,058.95
every per rai
3 weeks 400
pairs 35,644.50 | 35,669.83 | 35,542.13 | 35,398.13 | 35,210.83 | 34,998.20 | 34.740.00 | 34.939.70 | 35,291.25
per rai

1 kg. = 2.50 baht
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Average estimated (income — cost of biological control agents) at the end of planting period

Green Release GL every 2 weeks Release GL every month Release GL every 2 months
Lacewings 800 800 800
(GL) 200 or 2,000 per 200 or 2,000 200 or 2,000
Anagyrus per rai 1,000 rai per rai 1,000 per rai per rai 1,000 per rai
Lopezi (AL) per rai per rai per rai
50 or 100
pairs 29,304.33 | 12,152.70 | -26,095.88 | 29,817.08 | 21,400.00 1,848.45 29,360.00 | 27.716.20 17,475.50
per rai
Release 200
AL only pairs 26,328.63 | 14,420.88 | -24,262.05 | 27,037.75 20,391.70 7,640.63 17,846.95 | -22,766.13 -108,941.68
1 time per rai
400
pairs 22,590.25 | 5,734.00 | -19,804.68 | 24,946.95 19,955.13 -4,017.88 28,577.63 22,940.63 15,255.33
per rai
50 or 100
pairs 27,602.20 | 7,019.38 | -31,413.80 | 29,285.50 19,735.58 8,680.70 16,442.33 | -23,413.05 -109,176.30
Release per rai
AL 200
3 times pairs 19,946.63 | 2.075.50 | -15,278.13 | 21,767.75 11,797.58 -7,752.30 26,051.38 21,291.88 11,858.95
every per rai
3 weeks 400
pairs 9,644.50 1,269.83 | -34,057.88 | 10,598.13 810.82 -14,601.80 | 20,040.00 | -22,960.30 -109,008.75
per rai

The results indicate that the method 53 gives the maximized estimated
cassava's crop vyield at the end of planting period and should be the most efficient
biological control of the spread of cassava mealybugs. However, the numbers of
Anagyrus lopezi and green lacewings released in Method 53 is quite high (4,800 pairs
of Anagyrus lopezi and 12,800 green lacewings) whereas the selling price of cassava is
approximately 2.50 baht (0.072 USD) per kilogram. The average estimated cost of
Anagyrus lopezi and green lacewings released in the field, the average estimated
income from selling cassava’s crop yields at the end of planting period and the
average estimated (income - cost of biological control agents) at the end of planting
period, respectively, are then given here to compare the profit for the 54 biological
control methods. We can see that although the method 53 gives the maximum
estimated cassava's crop yield at the end of planting period, the cost for biological
control is overcome the income from selling cassava's crop yield. On the other hand,
the method 4 gives the maximum profit even though it gives the minimum estimated
cassava's crop yield at the end of planting period. Therefore, to maximize the

estimated cassava's crop yield at the end of planting period, the method 53
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(Releasing 800-1,000 green lacewings per rai every 2 months together with 400 pairs
of Anagyrus lopezi per rai every three weeks for three times after cassava mealybugs
were first detected) is the most efficient biological control and to maximize profit,
the method 4 (Releasing 200 green lacewings per rai every month together with
releasing 50-100 pairs of Anagyrus lopezi per rai once after cassava mealybugs were
first detected) is the most efficient control.
4.2 A Predator-Prey Model with Age Structure

In this part, a predator-prey model with age structure are developed in order
to study the control of cassava’s insect pest. The Sharpe-Lotka-McKendrick equation
is extended and combined with an integro-differential equation to study population
dynamics of mealybugs (prey) and released green lacewings (predator). Here, an age

dependent formula is employed for mealybug population. The model is as follows

) PG na (1) ()
dM (t)

- y(IP(a,t)daJM(t)—5M(t)+g

with the following initial and boundary conditions

0

P(O*,t) = lim P(a,t) :bJ.P(a,t)da,

a—>0"
0

P(a,O):pO(a),
M(0)=c, ¢>0

where all variables and parameters are as in the following Table

Variable Symbol Unit
Prey age population density  P(a,t) BM T
Predator population M (t) BM
Death rate of prey 7, BN =1
Death rate of predator ) 1=
Introduced predator rate g BM T
Total prey (all ages) K(t) BM
Renewal rate of prey b i
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The solutions and their stability of the system are considered. The steady age

distributions and their bifurcation diagrams are as follows

K, — stable M, 5
(i) My ==
| -== unstable 8
b| ¥ )
' " ? = —-T—— (i) M, =-—
I,
4 ¢
4
v () K =0 )’
- a
BE N 4 bd
- LY
u
. b&-
(ii) Ky =22
(a) (b)
Ficugrg 1. Bifurcation diagrams for (a) prey and (b) predator
3.5 T T T T T
ar J
25 7
2 = -
= Ll".I
1.5 II‘U-/-L 3
1 N -
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n 1 1 1 1 1
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time
Fi1GUuRE 2. Population of predator for b=05,u=16,6=07,g=1
'3.5 T T T T T
lnl
3r [ N 4
[\ f —
25+ .'Il Il"n "\,v,-f’ N —————
2+ "\.:"' .
= I|I
1.5 'I,‘ .
A _
05F 4
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Ficurg 3. Population of predator for b=0.5, p=02,6=0.7,g=0.3
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By employing the steady age distribution, two steady states of the system are
obtained: one is mono-species and another one is coexisting species. Numerical
results with biological meaning are provided which is very useful to visualize the
mealybug controlling problem. Here we have shown that this useful hybrid model,
with one age-structured compartment coupled to an unstructured compartment has
exactly one asymptotically globally stable steady state. The solution of the transient
model is obtained analytically, albeit implicitly, thus providing a check on
computational solutions in more complex situations. This parallels the outcome in
systems which are not age or spatially structured. To prevent recurring outbreaks
requires that this predator release rate should ideally be maintained. It is expected that

a similar outcome will apply when the parameters are functions of time and/or age.
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211910

1. Rationale:

Agriculture has been the backbone of Thailand’s economy for several
decades. Cassava is considered to be one of the major agriculture crops of Thailand.
Although Thailand is not a major consumer of cassava, it is the world’s biggest
exporter of cassava with the world’s market share of 60.72% in 2011 according to the
office of agricultural economics, ministry of agriculture and cooperatives, Thailand.
Even though cassava can survive both hot and dry conditions, an increase in insect
pests might easily cause a major loss in crop vyield. Mealybugs (Hemiptera:
Pseudococcidae) constitute a major family of insect pests of cassava. In Thailand,
there are four species of mealybugs found in cassava fields which are striped
mealybugs, Madeira mealybugs, pink mealybugs (cassava mealybug) and Jack-
Beardsley mealybugs. In 2008, cassava mealybugs were first identified in Thailand and
has spread aggressively throughout cassava’s planting area in Thailand. In 2010, there
was an outbreak of cassava mealybugs in Thailand resulting in a major loss in cassava
yield. The total cassava yield reduced from 30 million tons per year to 22 tons per
year according to the information from the Office of Agricultural Economics, Thailand.

There are various practices to control the spread of mealybugs in cassava
fields in Thailand. Farmers might use biological controls, insecticides or a mixture of
biological controls and insecticides. With biological controls, various practices have
been recommended by the Thai Tapioca Development Institute and the Department
of Agriculture, Ministry of Agriculture and Cooperatives, Thailand. The suggestions on
the number of natural enemies to be released in a field and the period between

each natural enemies released are diverse and also depend on the type of the
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natural enemies to be released. Natural enemies that have been used popularly to

control the spread of cassava mealybugs are Anagyrus lopezi and green lacewings.

2. Objectives:

The objectives of this project are as follows:

2.1

To study the outbreak of insect pests of cassava.

2.2 To obtain mathematical models for studying the spreading of insect

pests.

2.3 To obtain the efficient controls for the outbreak of insect pests in terms

of how often/ how much farmers should release natural enemies of
insect pests in order to control the outbreak of insect pests and

maximize profit.

3. Methodology:

3.1

3.2

3.3

3.4

Gather information about rice, cassava, sugarcane, maize and the

outbreak of their plant diseases and insect pests.

Develop mathematical models/ cellular automata models to study the
outbreak of plant diseases and insect pests of rice, cassava, sugarcane

and maize.

Use the available reported field data to estimate some parameters in the

developed mathematical models.

Analyze the developed mathematical models theoretically/ numerically
to obtain the appropriate controls of plant diseases and insect pests of
rice, cassava, sugarcane and maize by using Hopf Bifurcation theorem,
singular perturbation technique, Runge Kutta method or cellular

automata/ Monte Carlo simulation.
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4. Results:
4.1 Cellular automata Model

In this part, cellular automata together with Monte Carlo simulation are
employed to investigate the spread of mealybugs in a cassava field with the usual
practices of biological control in Thailand.

A cellular automaton with Moore’s neighborhood of a square lattice with the
size Lx L represents a cassava field. The states of every cell in the lattice will be
updated in parallel at each time step (1 time step At = 1 day). Each cell in the
lattice represents a state of cassava planted in the cell which will be updated at

each time step according to given rules. The updating cell will be indexed by (i,j)

with its immediate neighborhood, distant neigshborhood and far distant neighborhood
represented as the light grey, erey and dark grey areas, respectively, in Figure 1. The
possible states of each cell in the lattice are
® susceptible cassava (S) which indicates that the cassava plant in that
cell is free from mealybugs, or
® infested cassava (/) which indicates that the cassava plant in that cell
has mealybugs on it, or

® empty cell (£) which indicates that the cassava plant in that cell was
removed from the field.

(3-3) | (-3-2) | (=34-1) (-3) | (357D | G-34+2) | (-35+3)

025-3) | (-2j-2) | G241 (1-2,)) G-2541) | (-212) | (-2,j+3)

(i-1,4-3) (i-1,j-2) (i-14-1) (i-1,) (i-1j+1) | @-1j+2) | @-1+3)

(i-3) @j-2) @j-1) @) @A+ 1j+2) (0j+3)

(13 | (1132 | GHg-D | Gy | G | GHi2) | GHis)

@2,§-3) | (+25-2) | G(+2-1) | G2 | (25+1) | (+25+2) | (#2+3)

@+3,j-3) | (+3j-2) | (+3j-1) @+35) | GH34+D) | GF3,§+2) | (+35+3)

Figurel The light grey, grey and dark grey areas represent immediate neighborhood,

distant neighborhood and far distant neighborhood, respectively.
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4.1.1 Using green lacewings as a biological control agent

We let P',P" and P° denote the numbers of mealybugs in the instar state,

adult state, egg state, respectively, at the time step t. M/,M?,M" and M’ denote
the numbers of green lacewings in the larva state, pupa stage, adult state and egg
state, respectively, at the time step ¢. P and M, denote the total numbers of
mealybugs and green lacewings, respectively, at the time step .

At each time step, a number r,0<r <1 is randomized and each cell will be

updated at random as shown in the flowcharts in Figure 2 - Figure 8.

set L,Sq, 1o, B, B, B, ME, MY, M, M!

WY, W), My, M, 3, B

v
Update PS,BP" B" ME M ME M

f2B1Ba. P34

'

Random (i,j)

I
O, @

l

—_—

NO __— ) —
=___ All cells are updated e
e -

— 4_7/-"
I YES

| Count#of S,I,.E l

Figure 2 The main loop of CA.
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YES

NO

NO

A y
=t > Random 7 in [0,1] N W=na

YES

cell(i,j) =1

Tinf (1.7)=1
B (i,j)=1
Tin (f,j) =il

Figure 3 The main susceptible cassava updating loop.

Check all cells in the immediate

.

Check all cells in the distant

neighborhood

Checking cellis 7 &
has not been updated

Bi (Checking cell) > 1

NO

| Random 7" in [0,1] |

NO

YES

NO

neighborhood

Checking cell is 1 &
has not been updated

P} (Checking cell) > 1

Random 7 in [0,1] |

No

YES

Coll(.7) = T & tyg (1,7) = g (1,)+1
B(.j)=F @)+

P} (Checking cell) = B (Checking cell) -1

|

All cells in the

Cell(i,) = I & tins (i, )=ty (i, 7) +1
B G.)=F(j)+1
P! (Checking cell) = B (Checking cell) -1

'

Check all cells in the far distant
neighborhood

Checking cellis I &
has not been updated

P/ (Checking cell) =1

| Random 7 in [0,1] ‘

No

YES

Cell(,/) = I & tyyr (1, ) =ty (1, 1) +1
B (i,/)=F (i.j)+1
P! (Checking cell) = B (Checking cell) -1

immediate
neighborhood
are checked

All cells in the

All cells in the far
distant

distant
neighborhood
are checked

neighborhood
are checked

| Go back to the main loop |

Figure 4 The neigshbourhood checking loop of the susceptible cassava updating loop.
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I>S
Tinf (i'j) =0
t231 & NO
(t-31) mod 14=0
o
Random 7 in [0,1] 7'y

Figure 5 The main infected cassava updating loop.

YES i=loti=2oci=L-1loci=Lor NO

Jj=lorj=2aj=L-locj=L

W=w) 4’| Random 7" in [0,1] W=wy

0 N0, (1) =t ()41

YES

linf (1.j)= inf(i'j)'*'l
B (i,j)=F (i,j)+1

Figure 6 The number of mealybugs updating loop (incorporating wind effect) of the

infected cassava.
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Check all cells in the immediate

neighborhood

Checking cellis 7 g
has not been updated

B} (Checking cell) > 1

Random 7 in [0,1]

!

Check all cells in the distant

neighborhood

Checking cellis 7 g
has not been updated

B! (Checking cell) > 1

} ves
Random 7 in [0,1]

}

Check all cells in the far distant

neighborhood

Checking cellis I g
has not been updated

P! (Checking cell) > 1

Random 7 in [0,1]

B (i.j)=F (i.j)+1
P/ (Checking cell) = P/ (Checking cell) -1

B (i.j)=F (.)+
P! (Checking cell) = P/ (Checking cell) -1

All cells in the
immediate
neighborhood
are checked

NO

All cells in the
distant
neighborhood
are checked

loop (incorporating wind effect) of the infected cassava.

t231 && (+-31) mod 14=0

B (.))=F (Lj)+1
P! (Checking cell) = B (Checking cell) -1

All cells in the far
distant
neighborhood
are checked

Go back to the main loop

Figure7 The neighbourhood checking loop of the number of mealybugs updating

NO YES

(r—31-1,) mod 60=0

ti=t

Mn; = Mn; +(R; x4)

Bt

Mn; = Mn; +(R, x4)

Release R, Green Lacewings /rai

Release R; Green Lacewings pairs/rai

Go back to the main loop | ¢

Figure 8 The green lacewing releasing loop.
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Moreover, the populations of mealybugs and green lacewings in each cell at
every stage are also monitored. We also assumed that only mealybugs of the instar
stage may be blown from one infected cassava to other cassava plants in the
immediate/ distant/ far distant neighborhood in the cassava field with the
probabilities n;,n, and n,, respectively (0<n, <n, <n <1).

When a month has passed after cassava planting, if there is an infected
cassava plant among the surveyed cassava plants, the green lacewings at the larva
stage or the adult stage are to be released every two months if there still are
mealybugs on the surveyed cassava plants in the field (Boonseng 2009). If the
number of surveyed infected 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 else the number of green lacewings to be released in the
field is R, per rai.

Despite the effect of the wind, the numbers of mealybugs at all stages on the
cassava plant in each cell of the lattice are also updated according to the mealybug
life-cycle as follows. For each cell(i,;),i=12,....L and j=L12,...,L, using the
following difference equations.

Mealybugs at the instar stage:

Pi

v =B+ reg B —a, P = (B M) M,
Mealybugs at the adult stage:

Pl =B +roP —aB" =~ f, (B M) M,
Mealybugs at the egg stage:

P

VD AR ALY Al Ay o (BQ»M;)M;
where ¢, and a, are the fractions of mealybug’s eggs and instar mealybugs that

develop into instar mealybugs and adult mealybugs, respectively, in one time step.
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r, and r, are the survival rates of mealybug’s eggs and instar mealybugs that
develop into instar mealybugs and adult mealybugs, respectively. a; is the natural
death rate of adult mealybugs. 7 is the fraction of female adult mealybugs. «, is
the fraction of female adult mealybugs in the reproductive period. v, is the average

number of eggs laid by a female adult mealybug in one time step.

,b’l(IJIi,Mf),,BZ(Bm,M;) and ﬂ3(Be,Mf) are the average numbers of instar

mealybugs, adult mealybugs and mealybug’s eggs eaten by green lacewings of the
larva stage in one time step.

Apart from the release of green lacewings as a biological control agent of
mealybugs, the number of green lacewings at every stage on the cassava plant in
each cell of the lattice is also updated according to green lacewing life-cycle as
follows:

Green lacewings at the larva stage: (Only green lacewings in larva stage behave like
a predator on mealybugs)
= M +s;\M§ —yoM}

i
M t+At

Green lacewings at the pupa stage:
= Mf +say0 (B B BE M) ME

d
M t+At

Green lacewings at the adult stage:
= M{" +s3p3Mf -5 M]"

m
M t+At

Green lacewings at the egg stage:

Me

Fiar = ME +samMi" — M

where y,,7, and y, are the fractions of green lacewing’s eggs, larva green lacewings

and pupa green lacewings that develop into green lacewing larva, green lacewing

pupa and adult green lacewings, respectively, in one time step. s,,s, and s; are the
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survival rates of green lacewing’s eggs, green lacewing larva and green lacewing pupa
that develop into green lacewing larva, green lacewing pupa and adult green
lacewings, respectively. o, (Ri,Bm,Ee,Mf) is the efficiency of converting green
lacewing larva to green lacewing pupa. o, is the natural death rate of adult green
lacewings. s, is the fraction of female adult green lacewings. v, is the average
number of eggs laid by a female adult green lacewings in one time step.
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 cassava field. The estimated crop yield will be reduced by 100%,
30% and 10%, approximately, if mealybugs spread on the cassava plants during the
first 4 months, during the 5th and the 7th month, and during the 8th and the 12th
month, respectively, according to the surveys of the Thai Tapioca Development
Institute in 2007-2010. We then assume that the estimated crop yield will be
reduced by 100%, 30% and 10%, approximately, if mealybugs spread on the cassava
plants during the first 4 months, during the 5th and the 7th month, and during the
8th and the 12th month, respectively, if the infection period is more than two weeks.

Hence, the estimated crop yield at each time step, Y (), is
Y(1)=a-CS(t)+(0.9xa)-C1,(1)+(0.7xa)-CI, (1)

where CS(t) represents the total number of susceptible cassava at the time step ¢,

Cl, (t) represents the total number of cassava infected by mealybugs during the 8™

and the 12" month at the time step ¢ and CI, (t) represents the total number of

cassava infected by mealybugs during the 5 and the 7" month at the time step ¢.
4.1.1.1 Effect of different temperatures
Parameters in the model are then estimated from the available reported data

the values are as shown in Table 1.
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Parameter Temperature

25°C 27°C 30°C
a1 0.1075 0.1163 0.1493
a 0.0435 0.0482 0.0388
a3 0.0612 0.0665 0.0596
ay 0.4591 0.4991 0.4468
n 0.89 0.87 0.912

0.7737 0.6079 0.6589
) 0.74 0.72 0.85
V] a0 36.53 2.9126
71 0.1639 0.2222 0.2703
72 0.0521 0.0585 0.0625
73 0.0714 0.0885 0.1053
81 0.804 0.821 0.817
5 0.9191 0.9629 0.7938
s3 0.9586 0.9614 0.7402
54 0.54 0.55 0.485
%) 7.2789 5.8237 2.3876
& 0.0227 0.0175 0.0206

Table 1. The estimation of the parameters in CA model.

The simulation of the spread of mealybugs in a cassava field at 25°C, 27°C and
30°C are as shown in Figures 9-13 (the averaged values of the 100 runs using MATLAB

software).
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Figure 9 A simulation of the spread of mealybugs in a cassava field at 25°C.(a) the

number of infected cassava (/). (b) the number of susceptible cassava (S). (c) the

estimated crop yield (Y).
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Figure 10 A simulation of the spread of mealybugs in a cassava field at 27°C. (a) the
number of infected cassava (/). (b) the number of susceptible cassava (S). (c) the

estimated crop yield (Y).
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Figure 11 A simulation of the spread of mealybugs in a cassava field at 30°C. (a) the
number of infected cassava (/). (b) the number of susceptible cassava (S). (c) the

estimated crop yield (Y).
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Figure 12 A simulation of the spread of mealybugs in a cassava field. (a) the

total number of released green lacewings in the cassava field at 25°C. (b) the total
number of released green lacewings in the cassava field at 27°C. (c) the total number

of released green lacewings in the cassava field at 30°C.
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Figure 13 A simulation of the spread of mealybugs in a cassava field. (a)

number of instar mealybugs in the cassava field at 25°C. (b) number of instar
mealybugs in the cassava field at 27°C. (c) number of instar mealybugs in the cassava
field at 30°C.
The simulation results indicated that
B Without biological control, the estimated crop vyield decreases
dramatically and tends to zero at 25°C, and at 27°C approximately 4
months after planting. At 30°C, the estimated crop yield decreases and
tends to a constant level which is lower than 30% of the maximum

estimated crop yield.
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B With biological control, the number of infected cassava plants
decreases whereas the number of susceptible cassava plants increases
when the temperature increases which might be the results of shorter
life cycle, lower survival rate, lower fecundity 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 green lacewing larva 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 survival 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 mealybugs. On
the other hand, the estimated crop yield also increases when the
temperature increases, however, the number of green lacewings
released in the cassava field is also increased. Hence, the cost of
biological control and the increase in crop yield should be calculated
in order to obtain the most efficient biological control that maximizes
profit.

4.1.1.2 Effect of different release frequencies of green lacewings
In addition, the simulation of the spread of mealybugs in a cassava field at

30°C with different frequencies of the release of green lacewings are as shown in
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Figures 14-16 (the averaged values of the 10 runs using MATLAB software). In the
simulations, we assume that
L =40,a=3.601, R, =800,R, =1,000,n, =0.05,n, =0.005,n, = 0.0005,

w, =0.01,w, =0.001
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Figure 14 Simulation results of the spread of mealybugs in a cassava field. (a) The

estimated crop yields. (b) The cumulative number of released green lacewings.
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Figure 15 Simulation results of the spread of mealybugs in a cassava field. (a) The

number of susceptible cassava. (b) The number of infected cassava.
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Figure 16 Simulation results of the spread of mealybugs in a cassava field. (a) The

number of instar mealybugs. (b) The number of larva green lacewings.
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From the simulation results shown in Figures 14 - 16, we can see that the
release frequency of 2 weeks gives the better result as the estimated crop yields in
this case is higher than in the other cases. However, the cumulative numbers of
released green lacewings every 2 weeks and every 2 months are at about the same
level while it is a little bit higsher when they are released every month. Moreover, the
spread of mealybugs seems to be controllable in all three cases.

Since the cumulative numbers of released green lacewings every 2 weeks and
every 2 months are at about the same level, the costs for the release of green
lacewings every 2 weeks and every 2 months are then different only at the wages.
The wages in the case of 2 weeks release frequency will be four times those of the
case of 2 months release frequency. In Figure 14 (a), the estimated crop yields for
the release frequency of 2 weeks is approximately 50 kg higher than the release
frequency of 2 months at the end of the planting period. Suppose that the market
price of cassava is 3 baht per kilogram, the release frequency of 2 weeks will give 150
baht or 1.67% more on the total crop sale income and hence, the increase in wages
will not be covered by the increased income in this case. Therefore, the release
frequency of 2 months seems to be the better option. However, in this study the
cassava field of interest is just 1 rai (0.16 ha) and hence the infected probability
through the wind might be higher compared to the larger field whereas more labor
force may be necessary. It also depends on how high the wages are for such labor
and how long it takes to finish the task. On the other hand, the increased income
from the yields would be higher for a larger field. Therefore, the further study is

needed before any general conclusion can be drawn.
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4.1.2 Using Anagyrus Lopezi as a biological control agent

According to the recommended cassava’s planting instructions of the
Department of Agricultural Extension, Ministry of Agriculture and Cooperatives,
Thailand, the appropriate planting distance between two cassava plants is 1 metre.
Suppose that the cassava’s planting area is 4 rai (0.64 ha) and the total number of
cassava plants in this field is then 6,400 plants initially. Cellular automata and Monte
Carlo simulation technique are then employ. A 80 x 80 lattice will be used to
represent the cassava field while each cell in the lattice represents a cassava plant.
There are three possible states for each cell. Susceptible cell (S) represents the
cassava plant which is not infested by cassava mealybug. Infested cell (1) represents
the cassava plant which is infested by cassava mealybug. Empty cell (E) is the cell
that the cassava plant is removed from the field because it was infested during the
first 4 months or the last 5 months of planting period (the planting period of cassava
is about a year) and will be removed immediately when it is surveyed (this is the
usual practice recommended by the Department of Agricultural Extension, Ministry of
Agriculture and Cooperatives, Thailand).

Initially, every cell in the lattice will be assumed to be susceptible cells. After
that, at each time step (1 time step (A7) = 1 day), the states of every cell in the
lattice will be updated at random order according to the following rules where a
number r,0<r<1 will be randomized.

Rules for updating susceptible cell (S)

If the randomized cell is a susceptible cell, the following rules are used.

(i) The randomized cell might become an infested cell due to the infestation of
instar cassava mealybugs through wind transfer with the probability v. Note that the

probability that the cells belonged to the first two rows next to each of the four
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borders of the lattice might become an infested cell (w=w,) is higher than the
probability that the other cells in the lattice might become an infested cell (w=w,)
that is 0<w, <w, <1.
(i) The randomized cell might become an infested cell if at least one of the cells in
the immediate neighborhood, distant neighborhood and far distant neighborhood of
the randomized cell is an infested cell with the probabilities n,,n,,n,, respectively
where 0<n, <n,<n <1 (The immediate neighborhood, distant neighborhood and
far distant neighbood are as shown in Figure 1).
Rules for updating infested cell (1)
If the randomized cell is an infestation cell, the following rules are used.
() The randomized cell might become a susceptible cell if the wasp Anagyrus lopezi
successfully feed/parasitism on cassava mealybugs so that there is no cassava
mealybugs on the cassava plant in the randomized cell.
(i) After a month of planting, each of the cassava plants might be surveyed with the
probability s every two weeks.
(@) If the randomized cell is surveyed during the first 4 months or the last 5
months after planting then the cell will become an empty cell.
(b) If the randomized cell is surveyed during the 5th month and the 7th month
of planting and the number of cassava mealybugs on the cassava plant in the
cell is greater than M,, then the cell will become an empty cell.
Rule for updating empty cell (E)

If the randomized cell is an empty cell, then no change occurs.
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Starting from the 2nd month of cassava planting, the cassava field will be
surveyed every 2 weeks. If cassava mealybugs are found on the surveyed cassava
plants, the wasp Anagyrus lopezi will be released randomly on the infested cassava
plants. The number of the wasp Anagyrus lopezi to be released in the cassava field
depends on the severity of the spread of cassava mealybugs. We then assume that if
over 50% of surveyed cassava plants are infested then the number of Anagyrus
lopezi to be released is 4, or else the number of Anagyrus lopezi to be released is
4.

In addition to the wind effect, the numbers of cassava mealybug and Anagyrus
lopezi at all stages on each cassava plant are also updated based upon their life-
cycle as follows
Mealybugs at the instar stage:

Gl =G +10,CE =, G = B (C W, )W,
Mealybugs at the adult stage:
Cly=C" +ronCl = aC = B,(CI W )W
Mealybugs at the egg stage:
ce

t+At

=C +nanC -G =B, (G )W
Anagyrus lopezi at the larva stage:

W =W+ =77,
Anagyrus lopezi at the pupa stage:

Wis =W, + 5,00~y W
Anagyrus lopezi at the adult stage:

Wiy =W +s5y W = SW"
Anagyrus lopezi at the egg stage:

we

t+At

=W +S4§2(Cti1qm’CfJW;m)W;m -

t



-51-

where C/, C" and C‘ represent the number of cassava mealybugs in instar stage,
adult stage and egg stage, respectively, at the time step ¢; W', W‘.W" and WS
represent the numbers of Anagyrus lopezi in larva stage, pupa stage, adult stage and
egg stage, respectively, at the time step ¢. ¢, and «, are the fractions of eggs and
instar cassava mealybugs that develop into instar cassava mealybugs and adult
cassava mealybugs, respectively, per time step. r and r, are the survival
probabilities that cassava mealybugs of egg and instar stage in this time step develop
to cassava mealybugs of the instar and adult stage in the next time step,
respectively. «, is the natural death rate of adult cassava mealybugs per time step.
r, is the fraction of adult female cassava mealybugs. «, is the fraction of adult
female cassava mealybug in the reproductive period. v, is the average number of
eggs that laid by an adult female cassava mealybug in the reproductive period per
time step. B,4, and f, are the average numbers of instar cassava mealybugs, adult
cassava mealybugs and cassava mealybug’s eggs, respectively, eaten by an adult
Anagyrus lopezi per time step depending on the number of cassava mealybugs at
the instar and adult stage and the number of Anagyrus lopezi on each cassava plant.
7,,7, and y, are the fractions of Anagyrus lopezi at the egg, larva and pupa stage in
this step develop into the larva, pupa and adult stage in the next step, respectively,
with the corresponding survival probabilities s,,s, and s,. &, is the natural death
rate of the adult Anagyrus lopezi per time step. s, is the fraction of adult female
Anagyrus lopezi. 52(Ct",Ct"’,Cf,VVt") is the efficiency of laying eggs of an adult female
Anagyrus lopezi per time step depending on the number of consumed cassava
mealybugs.

In addition, the estimated crop yield y(¢) at the end of the planting period is

also monitored at each time step ¢. Assuming that the estimated crop vyield is e
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kilograms per a cassava plant if the plant has never been infested with cassava
mealybugs longer than 2 weeks during the planting period, whereas the estimated
crop yields will be reduced by 100%, 30% and 10% if the cassava plant is infested
with cassava mealybugs longer than 2 weeks during the first 4 months, during the
period between the 5th and the 7th months, and during the period between the 8th
and the 12th months, respectively, the estimated cassava’s crop yield at each time
step can be calculated as follows
y(t)=e-y, (t)+(0.9xe)-y,1 (t)+(0.7xe)-y,2 (¢)
where y,(¢) represents the total number of cassava plants that have never been

infested with cassava mealybugs at the time step ¢. y, (1) represents the total

number of cassava plants that have been infested with cassava mealybugs longer
than 2 weeks during the period between the 8th and the 12th months of planting at

the time step ¢. y, (1) represents the total number of cassava plants that have

been infested with cassava mealybugs longer than 2 weeks during the period
between the 5th and the 7th months of planting at the time step ¢.

4.1.2.1 Effect of different temperatures

Parameters in the model are then estimated from the available reported data

the values are as shown in Table 2.

Parameter Temperature
20°C 25°C 30°C

o 0.0613 0.1075 0.1493
o 0.0199 0.0435 0.0388
3 0.0440 0.0612 0.0596
a4 0.4836 0.4591 0.4468
n 0.9100 0.8900 0.9120

0.5602 0.7737 0.6589
3 0.7800 0.7400 0.8500
V] 23.6364 40.0000 29126
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Parameter Temperature
20°C 25°C 30°C
71 0.6885 0.6849 1.0000
72 0.1780 0.2346 0.3385
73 0.1065 0.1659 0.2087
81 0.9710 0.9390 0.9700
5 0.8856 0.8789 0.7828
3 0.8856 0.8789 0.7828
54 0.5405 0.6579 0.5405
o, 0.0223 0.0541 0.1099

Table 2. The estimation of the parameters in CA model.
The simulation of the spread of mealybugs in a cassava field at 20°C,

25°C and 30°C are as shown in Figures 17 (using MATLAB software).

AL20C

Estirnated crop yield(ky)

08¢

na 1 1 1 1 1 1 1
0 a0 100 150 200 250 300 350 400

Days

Figure 17 Simulation results of the spread of mealybugs in a cassava field at 20°C,
25°C and 30°C when Anagyrus lopezi are released once cassava mealybugs are
detected.

4.1.2.2 Effect of different release frequencies and different number of
released Anagyrus Lopezi

There are various recommended practices for farmers when an outbreak of

cassava mealybug occurs in Thailand. One suggestion is to release Anagyrus lopezi
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once when cassava mealybugs are detected whereas the other suggestion is to
release Anagyrus lopezi every three weeks for three times since cassava mealybugs
are detected. Here, the simulation of the spread of mealybugs in a cassava field at
25°C with different frequencies of the release of Anagyrus lopezi and different
number of released Anagyrus Lopezi are as shown in Figures 18 (the averaged values
of the 10 runs using MATLAB software). Here, we investigate six different manners of
releasing of Anagyrus Lopezi in a cassava field when the spread of cassava
mealybugs is detected. The six manners are listed as follows.
I: Release Anagyrus Lopezi only once when the spread of cassava mealybug is first
detected in the field with the amount of 50-100 pairs per rai.
ll: Release Anagyrus Lopezi only once when the spread of cassava mealybug is first
detected in the field with the amount of 200 pairs per rai.

lll: Release Anagyrus Lopezi only once when the spread of cassava mealybug is first
detected in the field with the amount of 400 pairs per rai.

IV: Release Anagyrus Lopezi three times every three weeks when the spread of
cassava mealybug is first detected in the field with the amount of 50-100 pairs
per rai.

V: Release Anagyrus Lopezi three times every three weeks when the spread of
cassava mealybug is first detected in the field with the amount of 200 pairs per
rai.

VI: Release Anagyrus Lopezi three times every three weeks when the spread of
cassava mealybug is first detected in the field with the amount of 400 pairs per
rai.

Computer simulations of the six manners are carried out using MATLAB
software. In the simulations, the parameters in the system of difference equations

are as in Table 2 at 25°C where
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L =80, n,=0.001,n, =0.0001,7, =0.00001,w, =0.0001,w, =0.00001 and a=2.25.
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Average number of infested cassava plants (1)
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Days

Figure 18 Simulation results of the spread of mealybugs in a cassava field at 25°C
when Anagyrus lopezi are released in the six different manners.
4.1.3 Using a mixed of green lacewings and Anagyrus Lopezi as

biological control agents

Based upon the recommended instructions of the Department of Agricultural
Extension, Ministry of Agriculture and Cooperatives, Thailand, we then make the
following assumptions. Initially, all cassava plants in the field are free of cassava
mealybugs. However, the wind might blow instar cassava mealybugs into the field
and some cassava plants might be infested. Note that only cassava mealybug at the
instar stage can be blown with the wind.

Starting on the 2nd month of cassava's planting the surveyed for cassava
mealybugs will be carried out every two weeks by collecting 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
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two rows of plants, and every eleven plants as instructed by the Department of
Agricultural Extension, Ministry of Agriculture and Cooperatives, Thailand.

If the plant infested with cassava mealybugs is subjected to be surveyed and
the day that the survey is conducted is during the first 4 months or the last 5 months
of planting period, the plant will then be removed from the field. On the other hand,
if cassava mealybug is found on a surveyed plant during the 5th - 8th month of
planting, Anagyrus lopezi and green lacewings will be released in the field in order to
control the spread of cassava mealybugs in the field. Note that the planting period of
cassava is assumed to be one year.

We then assume further that if a cassava plant is infested with cassava
mealybugs longer than two weeks, the estimated crop yields at the end of planting
period will decrease. Crop yields will be reduced by 100\%, 30\% and 10\% if the
cassava plant is infested with cassava mealybugs during the first 4 months, during the
period between the 5th and the 7th months, and during the last 5 months,
respectively, according to the surveys of the Thai Tapioca Development Institute in
2007-2010.

Here, a square lattice of the size LxL lattice will be used to represent a
cassava field while each cell in the lattice represents a cassava plant. The possible
states for each cell in the lattice are susceptible cell (S) representing the cassava
plant which is not infested by cassava mealybug, infested cell (/) representing the
cassava plant which is infested by cassava mealybug and empty cell (E) representing
the cell that the cassava plant was removed from the field. At first, every cell in the
lattice will be assumed to be susceptible cells. After that, at each time step (1 time

step) = 1 day), the states of every cell (i,j) in the lattice will be updated at random
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order according to the following rules where a number r,0<r<1 will be
randomized.
Rules for updating susceptible cell (S)
If the randomized cell is a susceptible cell, the following rules are used.
() The randomized cell might become an infested cell due to the infestation of
instar cassava mealybugs through wind transfer with the probability v. Note that the
probability that the cells belonged to the first two rows next to each of the four
borders of the lattice might become an infested cell (w=w,) is higher than the
probability that the other cells in the lattice might become an infested cell (w=w,)
thatis 0<w, <w <1.
(i) The randomized cell might become an infested cell if at least one of the cells in
the immediate neighborhood, distant neighborhood and far distant neighborhood of
the randomized cell is an infested cell with the probabilities n,,n,,n,, respectively
where 0<n, <n,<n <1 (The immediate neighborhood, distant neighborhood and
far distant neighbood are as shown in Figure 1).
Rules for updating infested cell (/)
If the randomized cell is an infestation cell, the following rules are used.

() The randomized cell might become a susceptible cell if the wasp Anagyrus lopezi
successfully feed/parasitism on cassava mealybugs so that there is no cassava
mealybugs on the cassava plant in the randomized cell.
(i) After a month of planting, each of the cassava plants might be surveyed with the
probability s every two weeks.

(@) If the randomized cell is surveyed during the first 4 months or the last 5

months after planting then the cell will become an empty cell.



- 58 -

(b) If the randomized cell is surveyed during the 5th month and the 7th month
of planting and the number of cassava mealybugs on the cassava plant in the
cell is greater than M,, then the cell will become an empty cell.
Rule for updating empty cell (E)
If the randomized cell is an empty cell, then no change occurs.

Starting on the 2nd month of cassava's planting the surveyed for cassava
mealybugs will be conducted every two weeks.

(i) During the first 4 months and the last 5 months of cassava's planting period: if the
infested plant is surveyed, it will be removed from the cassava field.

(ii) During the 5th and the 7th month of cassava's planting period: if the infested
plant is surveyed, Anagyrus lopezi and green lacewings will be released in the
cassava field in the following manners

Anagyrus lopezi:

Anagyrus lopezi of the adult stage (the only stage that feed on/parasitism
cassava mealybugs) will be released only once or every 3 weeks for 3 times. The
number of Anagyrus lopezi to be released in the field is assumed to be R5 pairs per
rai.

Green lacewings:

Green lacewings of the larva stage (the only stage that feed on cassava
mealybugs) will be released every 2 weeks, every month or every two months until
there is no cassava mealybugs found on the surveyed cassava plant. The number of
larva green lacewings to be released in the cassava field depends on the severity of
the spread of cassava mealybugs. 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
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number of green lacewings to be released in the field is R; per rai or else the
number of green lacewings to be released in the field is R, where 0<R; <R,.

In this study, we also monitor the number of cassava mealybugs, Anagyrus
lopezi and green lacewings at each stage on each cell of the lattice.

Apart from the wind effects the number of cassava mealybugs on each
cassava plant is also subjected to change according to its life cycle. Similarly, the life
cycles of Anagyrus lopezi and green lacewings will also effects the numbers of
Anagyrus lopezi and green lacewings, respectively, on each cassava plant in the field
apart from the numbers of Anagyrus lopezi and green lacewings released in the field
to control the spread of cassava mealybugs. Hence, we also assume that the
following systems of difference equations represent the change in the numbers of
cassava mealybugs, Anagyrus lopezi and green lacewings at each stage on each cell

(i,/) of the lattice according to their life cycles.

Cassava mealybug

Instar Stage: Cian; = Cj+riaiCs — axC; — 511(Cy, AT, GY AT
—B12(CY, AV, G}) G
Adult Stage:  Cltn, = CF +1202C; — asCi — Ba1 (CF, AT, Gy AT
—B2(C", A", G})G,
Egg Stage: Cfay = Cf +r304v1C" — 0nCf — B3:1(C, A7, GH A

—B32(CF, AT, G}) G

Anagyrus lopezi

Larva stage: A, n; = Ai+sumnd; —ymd;
.ogd _ 2 ) e A o Al
Pupa stage:  Aj n; = A7+ s217214; — v As
; A s s - 1
Adult stage: A7\ A, = A7 + 83173147 — 611 AT

Egg stage: A, = Af+sadn(Cy, O Cf AT)AY — i Af
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Green lacewings

Larva stage:  Gipa, = Gi+ 812712GF — 722G
Pupa stage: G\, = Gf+ 829722012(C, O, Cf, Gy) Gy — 132G
Adult stage: Tar = GU A 830732G — 602GT

Egq stage: trar = Gi+ 82002GY" — 712G
Parameter Definition Value
® Cassava Mealybug
o the fraction of cassava mealybug's eggs that develop into instar cassava mealybugs in one time step 0.1299
o the fraction of instar cassava mealybugs that develop into adult cassava mealybugs in one time step 0.0571
g the natural death rate of adult cassava mealybugs 0.0483
vy the fraction of survived female adult cassava mealybugs in the reproductive period 0.5334
1 the survival rate of cassava mealybug's eggs that develop into instar cassava mealybugs 0.9575
ra the survival rate of instar cassava mealybugs that develop into adult cassava mealybugs 0.9666
ra the fraction of female adult cassava mealybugs 1.0000
v the average number of eggs laid by a female adult cassava mealybug in one time step 16.9250
e Anagyrus lopezi
Y11 the fraction of Anagyrus lopezi's eggs that develop into larva Anagyrus lopezi in one time step 0.5000
a1 the fraction of larva Anagyrus lopezi that develop into pupa Anagyrus lopezi in one time step 0.1000
Y31 the fraction of pupa Anagyrus lopezi that develop into adult Anagyrus lopezi in one time step 0.1667
811 the natural death rate of adult Anagyrus lopezi per a time step 0.0855
s11 the survival rate of Anagyrus lopezi's eggs that develop into larva Anagyrus lopezi 0.9000
s21 the survival rate of larva Anagyrus lopezi that develop into pupa Anagyrus lopezi 0.9000
s3] the survival rate of pupa Anagyrus lopezi that develop into adult Anagyrus lopezi 0.9000
s41 the fraction of female adult Anagyrus lopezi 0.5290
e Green lacewings
i the fraction of green lacewing's eggs that develop into larva green lacewing in one time step 0.1639
Va3 the fraction of larva green lacewings that develop into pupa green lacewing in one time step 0.0521
32 the fraction of pupa green lacewings that develop into adult green lacewings in one time step 0.0714
daa the natural death rate of adult green lacewings 0.0227
512 the survival rate of green lacewing’s eggs that develop into larva green lacewing 0.8040
522 the survival rate of larva green lacewing that develop into pupa green lacewing 0.9101
532 the survival rate of pupa green lacewing that develop inte adult green lacewings 0.9586
540 the fraction of female adult green lacewings 0.5400
va the average number of eggs laid by a female adult green lacewings in one time step 7.2789

Here, the total of 54 manners of biological controls with Anagyrus lopezi and
green lacewings are investigated. Computer simulations of 54 cases are carried out

using MATLAB software. The results are as follows.
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Green Release GL every 2 weeks Release GL every month Release GL every 2 months
Lacewings 800 800 800
(GL) 200 - 2,000 200 - 2,000 200 - 2,000
Anagyrus per rai 1,000 | perrai | per rai 1,000 | perrai | perrai 1,000 | perrai
Lopezi (AL) per rai per rai per rai
50-100
pairs 1 2 3 4 5 6 7 8 9
per rai
Release 200
AL only pairs 10 11 12 13 14 15 16 17 18
1 time per rai
400
pairs 19 20 21 22 23 24 25 26 27
per rai
50-100
pairs 28 29 30 31 32 33 34 35 36
Release per rai
AL 200
3 times pairs 37 38 39 40 41 42 43 44 45
every per rai
3 weeks 400
pairs 46 47 48 49 50 51 52 53 54
per rai

Average estimated cassava’s crop yields at the end of planting period (kgs)

Green Release GL every 2 weeks Release GL every month Release GL every 2 months
Lacewings 800 800 800
(GL) 200 or 2,000 per 200 or 2,000 200 or 2,000
Anagyrus per rai 1,000_ rai per rai 1 ,000_ per rai per rai 1.000_ per rai
Lopezi (AL) per rai per rai per rai
50 or 100
pairs 12,585.32 | 12.869.36 | 12,687.20 | 12,096.44 | 12,753.40 | 12,818.47 | 12,466.70 | 12,325.67 | 12,400.82
e per rai
200
;\1]";' pairs' 12,645.89 | 12,274.28 | 12,798.67 | 12,684.55 | 12,353.08 | 12,784.36 | 12,531.10 | 12,616.24 | 12,743.27
. per rai
1 time
400
pairs 12,883.40 | 13,001.48 | 12,685.94 | 12,985.06 | 12,899.29 | 12,832.78 | 12,283.33 | 12,448.12 | 12,491.41
per rai
50 or 100
pairs 13,093.96 | 13,013.14 | 12,963.50 | 13,130.09 | 12,946.81 | 13,173.83 | 12,451.63 | 12,995.18 | 13,002.16
Release per rai
AL 200
3 times pairs 13,193.32 | 13,061.92 | 13,179.23 | 12,879.94 | 13,393.21 | 13,479.34 | 13,166.41 | 13,127.44 | 13,308.79
every per rai
3 weeks 400
pairs 13,312.70 | 13,283.81 | 13,370.84 | 13,024.61 | 13,570.01 | 13,565.65 | 13,522.94 | 13,646.20 | 13,425.16
per rai
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Average total numbers of AL and GW released in the field at the end of planting period

1 pairs of AL = 4.50 baht

1 green lacewings = 0.50 baht

Green Release GL every 2 weeks Release GL every month Release GL every 2 months
Lacewings 300 300
GL) 200 or 5566 s 200 2,000 200 or 2,000
Anagyrus perrai 1,000 g per rai 1,000 per rai perrai 1,000 per rai
Lopezi (AL) per rai per rai per rai
Iljﬂo or. AL = 200 pairs AL = 200 pairs AL = 200 pairs AL = 200 pairs AL = 200 pairs AL = 200 pairs AL = 200 pairs AL = 200 pairs AL = 200 pairs
perprT GL = 10,400 GL=44,800 GL = 120,000 GL=6,400 GL = 25,600 GL = 64,000 GL=3.200 GL=12,800 GL =32,000
R“I“TAL 20 AL=800pais | AL= 800pairs | AL=800pairs | AL=800pairs | AL=800pais | AL=800pais | AL=800pairs | AL=800pairs | AL= 800 pairs
ey pairs GL=11200 GL=35200 GL=112,000 GL=6400 GL=22,400 GL = 48,000 GL=3200 GL= 12,800 GL=32,000
1 time per rai
4907 AL= 1,600 pairs | AL= 1,600pairs | AL= 1,600pairs | AL= 1,600pairs | AL= 1,600 pairs | AL= 1,600pairs | AL= 1,600 pairs | AL= 1,600 pairs | AL= 1600 pairs
p‘z"zi GL=11.200 GL=44,800 GL=96,000 GL=6400 GL= 16,000 GL = 64,000 GL=3,200 GL = 12,800 GL =32,000
mﬁuﬂ uar"; AL = 600 pairs AL = 600 pairs AL = 600 pairs AL = 600 pairs AL = 600 pairs AL= 600 pairs AL = 600 pairs AL= 600 pairs AL = 600 pairs
perpral GL = 10,400 GL=51,200 GL = 128,000 GL=46400 GL = 25,600 GL = 48,000 GL=3,200 GL=12,800 GL =24,000
Release AL
3 times 290 AL= 2400 pairs | AL= 2400pairs | AL= 2400 pairs AL = 2400 pairs AL = 2,400 pairs AL = 2400 pairs AL = 2,400 pairs AL = 2400 pairs AL = 2,400 pairs
every pairs GL=9,600 GL=44,800 GL=380,000 GL=5,600 GL=25600 GL = 64,000 GL=3.200 GL=9,600 GL =32,000
3 weeks per rat
0 AL= 4,800 pairs | AL= 4800pairs | AL= 4,800 pairs | AL= 4800 pairs | AL= 4,800 pairs | AL= 4,800pairs | AL= 4,800 pairs | AL= 4,800 pairs | AL = 4,800 pairs
p‘i’; GL=83800 GL=25,600 GL =96,000 GL=6.400 GL = 25,600 GL =56,000 GL=3,200 GL=12,800 GL =24,000
Average estimated cost of AL and GW released in the field at the end of planting period
Green Release GL every 2 weeks Release GL every month Release GL every 2 months
Lacewings 800 800 800
(GL) 200 or 2,000 per 200 or 2,000 200 or 2,000
Anagyrus per rai 1,000 rai per rai 1,000 per rai per rai 1,000 per rai
Lopezi (AL) per rai per rai per rai
50 or 100
pairs 6,100.00 | 23,300.00 | 60,900.00 | 4,100.00 13,700.00 | 32,900.00 | 2,500.00 7,300.00 16,900.00
per rai
Release 200
AL only pairs 9,200.00 | 21.200.00 | 59,600.00 | 6,800.00 14,800.00 | 27,600.00 | 14,800.00 | 58.000.00 | 144.400.00
1 time per rai
400
pairs 12,800.00 | 29,600.00 | 55,200.00 | 10,400.00 | 15,200.00 | 39,200.00 | 5.200.00 | 10,000.00 | 19,600.00
per rai
50 or 100
pairs 7,900.00 | 28.300.00 | 66,700.00 | 5,900.00 15,500.00 | 26,700.00 | 15,200.00 | 58.400.00 | 144.800.00
Release per rai
AL 200
3 times pairs 15,600.00 | 33,200.00 | 50,800.00 | 13,600.00 | 23,600.00 | 42,800.00 | 8.800.00 | 13,600.00 | 23,200.00
every per rai
3 weeks 400
pairs 26,000.00 | 34,400.00 | 69,600.00 | 24,800.00 | 34,400.00 | 49,600.00 | 14,700.00 | 57.900.00 | 144,300.00
per rai
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Average estimated income from selling cassava’s crop yields at the end of planting period

Green Release GL every 2 weeks Release GL every month Release GL every 2 months
Lacewings 200 800 800
(GL) 200 or 2,000 per 200 or 2,000 200 or 2.000
Anagyrus per rai 1,000 rai per rai 1,000 per rai per rai 1,000 per rai
Lopezi (AL) per rai per rai per rai
50 or 100
pairs 35,404.33 | 35.452.70 | 34,804.13 | 33,917.08 | 35,100.00 | 34,748.45 | 31,860.00 | 35,016.20 | 34,375.50
per rai
Release 200
AL only pairs 35,528.63 | 35,620.88 | 35,337.95 | 33,837.75 | 35,191.70 | 35,240.63 | 32,646.95 | 35,233.88 | 35,458.33
1 time per rai
400
pairs 35,390.25 | 35,334.00 | 35,395.33 | 35.346.95 | 35,155.13 | 35,182.13 | 33,777.63 | 32,940.63 | 34,855.33
per rai
50 or 100
pairs 35,502.20 | 35,319.38 | 35,286.20 | 35.185.50 | 35,235.58 | 35,380.70 | 31,642.33 | 34,986.95 | 35,623.70
Release per rai
AL 200
3 times pairs 35,546.63 | 35,275.50 | 35.521.88 | 35,367.75 | 35,397.58 | 35,047.70 | 34,851.38 | 34,891.88 | 35,058.95
every per rai
3 weeks 400
pairs 35,644.50 | 35,669.83 | 35,542.13 | 35,398.13 | 35,210.83 | 34,998.20 | 34,740.00 | 34,939.70 | 35,291.25
per rai

1kg. =2.50 baht

Average estimated (income — cost of biological control agents) at the end of planting period

Green Release GL every 2 weeks Release GL every month Release GL every 2 months
Lacewings 800 800 800
(GL) 200 or 2,000 per 200 or 2,000 200 or 2,000
Anagyrus per rai 1,000 rai per rai 1,000 per rai per rai 1,000 per rai
Lopezi (AL) per rai per rai per rai
50 or 100
pairs 29,304.33 | 12,152.70 | -26,095.88 | 29,817.08 | 21,400.00 1,848.45 29,360.00 | 27.716.20 17,475.50
per rai
Release 200
AL only pairs 26,328.63 | 14,420.88 | -24,262.05 | 27,037.75 20,391.70 7,640.63 17,846.95 | -22,766.13 -108,941.68
1 time per rai
400
pairs 22,590.25 | 5,734.00 | -19,804.68 | 24,946.95 19,955.13 -4,017.88 28,577.63 22,940.63 15,255.33
per rai
50 or 100
pairs 27,602.20 | 7,019.38 | -31,413.80 | 29,285.50 19,735.58 8,680.70 16,442.33 | -23,413.05 -109,176.30
Release per rai
AL 200
3 times pairs 19,946.63 | 2.075.50 | -15,278.13 | 21,767.75 11,797.58 -7,752.30 26,051.38 21,291.88 11,858.95
every per rai
3 weeks 400
pairs 9,644.50 1,269.83 | -34,057.88 | 10,598.13 810.82 -14,601.80 | 20,040.00 | -22,960.30 -109,008.75
per rai

The results indicate that the method 53 gives the maximized estimated
cassava's crop yield at the end of planting period and should be the most efficient
biological control of the spread of cassava mealybugs. However, the numbers of

Anagyrus lopezi and green lacewings released in Method 53 is quite high (4,800 pairs
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of Anagyrus lopezi and 12,800 green lacewings) whereas the selling price of cassava is
approximately 2.50 baht (0.072 USD) per kilogram. Figures 8, 9 and 10 showing the
average estimated cost of Anagyrus lopezi and green lacewings released in the field,
the average estimated income from selling cassava’s crop yields at the end of
planting period and the average estimated (income - cost of biological control
agents) at the end of planting period, respectively, are then given here to compare
the profit for the 54 biological control methods. We can see that although the
method 53 gives the maximum estimated cassava's crop yield at the end of planting
period, the cost for biological control is overcome the income from selling cassava's
crop yield. On the other hand, the method 4 gives the maximum profit even though
it gives the minimum estimated cassava's crop yield at the end of planting period.
Therefore, to maximize the estimated cassava's crop yield at the end of planting
period, the method 53 (Releasing 800-1,000 green lacewings per rai every 2 months
together with 400 pairs of Anagyrus lopezi per rai every three weeks for three times
after cassava mealybugs were first detected) is the most efficient biological control
and to maximize profit, the method 4 (Releasing 200 green lacewings per rai every
month together with releasing 50-100 pairs of Anagyrus lopezi per rai once after

cassava mealybugs were first detected) is the most efficient control.

4.2 A Predator-Prey Model with Age Structure

In this part, a predator-prey model with age structure are developed in order
to study the control of cassava’s insect pest. The Sharpe-Lotka-McKendrick equation
is extended and combined with an integro-differential equation to study population
dynamics of mealybugs (prey) and released green lacewings (predator). Here, an age

dependent formula is employed for mealybug population. The model is as follows
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) PO na (1) ()
dM (t)

- ,u@P(a,t)dajM(t)—éM(t)+g

with the following initial and boundary conditions

o0

P(0+,t) = lim P(a,t) :bIP(a,t)da,

a—0"
0

P(a,0)=p0(a),
M(0)=c, c>0

where all variables and parameters are as in the following Table

Variable Symbol Unit
Prey age population density P(a,t) BM -T*
Predator population M(t) BM
Death rate of prey " Byt -1
Death rate of predator 0 =i
Introduced predator rate g BM -T1
Total prey (all ages) K(t) BM
Renewal rate of prey b et

The solutions and their stability of the system are considered. The steady age

distributions and their bifurcation diagrams are as follows
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Ficure 1. Bifurcation diagrams for (a) prey and (b) ]u'twhtllrl‘
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By employing the steady age distribution, two steady states of the system are
obtained: one is mono-species and another one is coexisting species. Numerical
results with biological meaning are provided which is very useful to visualize the
mealybug controlling problem. Here we have shown that this useful hybrid model,
with one age-structured compartment coupled to an unstructured compartment has
exactly one asymptotically globally stable steady state. The solution of the transient
model is obtained analytically, albeit implicitly, thus providing a check on
computational solutions in more complex situations. This parallels the outcome in
systems which are not age or spatially structured. To prevent recurring outbreaks
requires that this predator release rate should ideally be maintained. It is expected that

a similar outcome will apply when the parameters are functions of time and/or age.
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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.

Keywords: biological control; cassava; cellular automata; green lacewings;
mealybugs; Monte Carlo simulation

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 1880 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 0.1-0.2°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 [1]. 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 [2, 3]. 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 [4]. Since it
© The Author(s) 2017. This article is distributed under the terms of the Creative Commons Attribution 4.0 International License
(http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium, pro-

vided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and
indicate if changes were made.
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requires little skill to cultivate with moderate soil nutrient and water, this crop is very at-
tractive to agriculturists worldwide [5]. In 2005, the top importers of cassava are East Asia
(US$460,070,000), EU25 (US$59,534,000), and NAFTA (US$48,725,000) while the pri-
mary exporters are South East Asia (US$533,926,000), Central America (US$66,173,000),
and EU25 (US$ 7,853,000) [6]. For Thailand, the cassava export of the year 2015 has been
reported as 79.56% of the global market share [7]. 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 1970s and quickly became the most severe pest on cassava [8]. To control the
spread of mealybugs, biological control using their natural enemies has proved experi-
mentally to be successful [9-14]. 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 [15, 16] 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 [17], 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 [17]. 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 1 m and the planting period of cassava is 1 year. We also assume further that the survey
for the spread of mealybugs will be conducted every 2 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 [18].

A cellular automaton with Moore’s neighborhood of a square lattice with the size 80 x 80
is used to represent a cassava field of the area 4 rai (or 0.64 ha) as shown in Figure 1. The
possible states of each cell in the lattice are susceptible cassava (S), infested cassava (/) 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 (1 time step At =1 day), anumber r, 0 < r <1israndomized 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. %ﬁ % %ﬁ
cell (1.1) | cell (1,2) | cell(1.3) cell (1.5)
cell (2,1) | cell (2,2) | cell (2,3) cell (2.5)
cell 3.1) | cell (3.2) | cell(3.3) cell (3.§)
cell (i.1) | cell(i.2) | cell(i.3) cell (i. )

(i-3,§-3) (i-3,§-2) (i-3,§-1) (-3,§) -3+ | @-3j+2) | @-3,j+3)

(i-2,j-3) (i-2,j-2) (i-2,j-1) (i-2,j) (i-2,j+1) (i-2,j+2) (i-2,j+3)

(i-1,j-3) (i-1,j-2) (i-1,j-1) (i-1,)) (i-1,j+1) (i-1,j+2) (i-1,j+3)

(1-3) (ij-2) (ij-1) () (@,j+1) (ij+2) (1,j+3)

(i+1,§-3) (i+1,§-2) (i+1,j-1) (i+1,j) (i+1,j+1) (i+1,§+2) (i+1,j+3)

(i42,§-3) (i+2,§-2) (i+2,j-1) (i+2,j) (i+2,j+1) (i+2,j+2) (i+2,j+3)

(+3,-3) | (43,2) | (i+34-1) (i+3,)) @+3,4+1) | (43,j+42) | (i+3,§+3)

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

(a) Ifthe 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 wy, 0 < w; <1 or else the
randomized cell may become an infested cell with the probability w,,
O<wy<w; <1.

(i) 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 2. 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 1, 1, and 3,

respectively, where 0 <ng <ny <m <1.
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Figure 3 The main loop of CA. Set

LSy To, B By, B MG MY, MY MG vy, vy, my,

Update
BB B B ME, ML ME M, £, B, P8y
Using the system of difference equations (1)-(7)

No

F E_

(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 4 months or the last 5 months of planting or the number of mealybugs on
the randomized cell is greater than ;.

(i) 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 2 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 Ry per rai
(or R;/0.16 per ha) or else the number of green lacewings to be released in the field is R,
per rai (or R,/0.16 per ha).

In what follows, we let Pi, P/, P¢ be the number of instar mealybugs, adult mealybugs
and mealybug’s eggs, respectively, at time ¢. Let M!, M?, M”" and M¢ be the number of
larva green lacewings, pupa green lacewings, adult green lacewings and green lacewings’
egg, respectively, at time ¢. 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:
Pj, 5, = P+ non P — aa Py — By (Pf, My) M. Q)

Equation (1) represents the number of instar mealybugs at the time step ¢ + At. The
first term on the right hand side represents the number of instar mealybugs at the time
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Figure 4 The main susceptible cassava updating q
loop.

—

Yes No

m

Cell(i, j)=1

B (i.j)=1
tg (1. 7)=1
1, (1) =t

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 ¢. The third term on the right hand
side represents the number of instar mealybugs of the time step ¢ that develop into adult
mealybugs in the time step ¢ + At. 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 ¢.

Adult mealybug:
P}ine = Pl + raasPr — a3 P} = Bo (P, M) M. )

Equation (2) represents the number of adult mealybugs at the time step ¢ + At. The first
term on right hand side represents the number of adult mealybugs at the time step ¢. The
second term on the right hand side represents the number of adult mealybugs developed
from instar mealybug of the time step ¢. The third term on the right hand side represents
the number of adult mealybugs of the time step ¢ that die in the time step ¢ + 1 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 ¢.

Mealybug’s egg:
Pf, 5, = P+ rsaan P — oy P — B3 (PF, M;) M. 3)

Equation (3) represents the number of mealybug’s eggs at the time step ¢ + Az. The first
term on the right hand side represents the number of mealybug’s eggs at the time step ¢.
The second term on the right hand side represents the number of mealybug’s eggs laid
by adult mealybugs of the time step . The third term on the right hand side represents
the number of mealybug’s eggs in the time step ¢ that develop into instar mealybugs in the
time step ¢ + At. 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 ¢.



Promrak and Rattanakul Advances in Difference Equations (2017) 2017:161
‘s 4 Check all cells in the immediate neighborhood e g Check all cells in the distant neighborhood g Check all cells in the far distant neighborhood
. Checking cell is 7and it has not . Checking cell is 7 and it has not . Checking cell is 7 and it has not
‘been updated ‘been updated been updated
No Yes Yes No Yes Yes No Yes
Random r in [0,1]
No
Cell(i,j) =1 Cell(i,j)=1
B (i, B (i.j)=F (i.J)+1
P! (Checking cell) = P/ (Checking cell)~1 P! (Checking cell) = P (Checking cell)~1
i) =ty (1. ) +1 tong (17) =t (1) +1
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neighborhood are checked neighborhood are checked neighborhood are checked
Yes
v
Figure 5 The neighborhood checking loop of the susceptible cassava updating loop.
Larva green lacewing:
i _ i e i
M, Ay = M, + siyiM; — oM. (4)

Equation (4) represents the number of larva green lacewings at the time step ¢ + At.
The first term on the right hand side represents the number of larva green lacewings at
the time step ¢. 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 ¢. The last term on
the right hand side represents the number of larva green lacewings in the time step ¢ that

develop into pupa green lacewings in the time step ¢ + At.

Pupa green lacewing:
MY, 5, = MY + 537081 (P, P, PE MU ME — ys MY (5)

Equation (5) represents the number of pupa green lacewings at the time step ¢ + At.
The first term on the right hand side represents the number of pupa green lacewings at
the time step ¢. The second term on the right hand side represents the number of pupa
green lacewings developed from larva green lacewings of the time step ¢ 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 ¢ that develop into adult green lacewings

in the time step ¢ + At.

Page 6 of 17
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Figure 6 The main infested cassava updating ?
loop.

(10)= P ) B ) B ) >0 e
ting (1,7)=0

Yes

v

1231 & (1-31) mod 14=0 e N e

Yes
Random rin [0,1]

Yes
Psl, = PsI, +1

1>120 &t <210

Cell(i,j)=E

ViS
w—m—» B (i.j)=0

Lg (1:7)=0

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

i=lori=2ori=L-1ori=Lor
j=lorj=2orj=L-lorj=L

Adult green lacewing:
M5 = M + s3ysMY — 8,M)". (6)

Equation (6) represents the number of adult green lacewings at the time step ¢ + At.
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 ¢. The last term on
the right hand side represents the number of adult green lacewings of the time step ¢ that

die in the time step ¢ + At due to green lacewing’s life cycle.
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mmmmg Check all cells in the immediate neighborhood mmmg  Check all cells in the distant neighborhood ‘e g Check all cells in the far distant neighborhood

Checking cell is 7and it has not

Checking cell is 7and it has not
been updated been updated been updated

o Yes Ye o Yes Ye o Yes
No $ No a No a
Yes Yes Yes

B (i.))=B (i.j)+1

Checking cell is 7and it has not

N es N es N

B(i.j)=F (i.j)+1
B (Checking cell) = B! (Checking cell)—1

B (i.j)=B (i.j)+1

P} (Checking cell) = B! (Checking cell)1

P/ (Checking cell) = B! (Checking cell)—1

All cells in the far distant
neighborhood are checked

Yes

All cells in the immediate _ All cells in the distant |
neighborhood are checked neighborhood are checked
Go back to the main loop

Figure 8 The neighborhood checking loop of the number of mealybugs updating loop (incorporating
wind effect) of the infested cassava.

Green lacewing’s eggs:
M, A, = M + 54vo M} — i M. (7)

Equation (7) represents the number of green lacewing’s eggs at the time step £ + At. 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 ¢. The last term on the right hand side
represents the number of green lacewing’s eggs in the time step ¢ that develop into larva
green lacewings in the time step ¢ + At.

Bi(PL, M), B2 (PY, M!) and B5(P¢, M) 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 8; (P}, P, P¢, M!) is the efficiency of converting larva green lacewing to pupa
green lacewing. The definitions of other parameters in the model are given in Table 1
together with their approximated values calculated from the literature [19-21] at three
different temperatures.

Furthermore, the approximated total crop yield is also monitored. We also assume that
the estimated crop yield is 4 kilograms per cassava plant if there is no mealybug in the cas-
sava field. The estimated crop yield will be reduced by 100%, 30% and 10%, approximately,
if mealybugs spread on the cassava plants during the first 4 months, during the 5th and the
7th month, and during the 8th and the 12th month, respectively, according to the surveys
of the Thai Tapioca Development Institute in 2007-2010. Hence, the estimated crop yield
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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(¢), is then assumed to be represented by the following equation:

Yt)=a-C+(09 xa) C,+(0.7 xa)-Cs, (8)

where C; is the total number of susceptible cassava at the time step ¢, C; is the total number
of cassava infested by mealybugs during the 8th and the 12th month at the time step ¢ and
Cs is the total number of cassava infested by mealybugs during the 5th and the 7th month
at the time step ¢.



Promrak and Rattanakul Advances in Difference Equations (2017) 2017:161 Page 11 of 17

N
2
S

N

y) ,° = = =t =25C (without biological control)
t =27C (without biological control)
[/ S | - t =30 C (without biological control)

F'y
e
=]

~

2000 7

Average number of
infested cassava plants

2000

= = = t=25C (when larva green lacewings are released)
=1 =27C (when larva green lacewings are released)

L R £ A e PP B t=30C (when larva green lacewings arc relcased)

1000

500

Average number of
infested cassava plants

Days
(b)

30001 ‘r = = =t=25C (when adult green lacewings are relcased)

t=27C (when adult green lacewings are released)
N ] - t=30C (when adult green lacewings arc relcased)

2000 -

1000 [ y Y

Average number of
infested cassava plants
'

]

Days
(c)

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 25°C, 27°C and
30°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 11 plants. On the cassava field of the size 80 m x
80 m with 1 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 3-9. The results shown in Figures 10-
15 are the averaged values of the 100 runs using MATLAB software. In the simulations, the
parameters in the system of difference equations (1)-(7) are as in Table 1 where n; = 0.05,
ny = 0.005, n3 = 0.0005, wy = 0.001, w, = 0.0001, a = 2.25, R, = 800, R, =1,000 and

) ] Pl’ .’ .
By (P, M) :min{20, (5)) }
M (i,))
| P ]
,sz(p;",M;):min{zo, fl.(l,")},
M;(i,))
| [y
p( ) = minf 20, 7500,
M (i,))

' ' Pl’ .,, pm .,, Pe.’,
81(P;,Pf’,Pf,M;):0.0521><min{1, (b)) + P76 + t(”)+60}.

Mi(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 25°C, 27°C and 30°C are as shown in Figures 10, 11,
12 and 13.
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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
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Next, the total numbers of larva and adult green lacewings that are released to control
the spread of mealybugs in a cassava field at 25°C, 27°C and 30°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 14. 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
25°C, 27°C and 30°C are also shown in Figure 15.

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 30°C are also given in Figures 16 and 17 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 25°C, 27°C and 30°C have been carried out.

Without biological control, the estimated crop yield decreases dramatically and tends to
zero at 25°C, and at 27°C approximately 4 months after planting. At 30°C, the estimated
crop yield decreases and tends to a constant level which is lower than 30% of the maximum

estimated crop yield.

Page 14 of 17
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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 25°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 25°C. However, the cost for a green
lacewings is approximately 0.50 baht (US$0.015) while the selling price for cassava is quite
low, approximately 2.50 baht (US$0.072) 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.

Acknowledgements

This work was supported by the Development and Promotion of Science and Technology Talents Project (DPST), the
Centre of Excellence in Mathematics, Thailand, The Thailand Research Fund and Mahidol University, Thailand (contract
number RSA5880004).

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions
The first author carried out a numerical investigation of the developed model and the second author developed the
model and carried out numerical investigations. All authors read and approved the final manuscript.



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

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.
Received: 2 February 2017 Accepted: 23 May 2017 Published online: 08 June 2017

References

1. Union of Concerned Scientists: Global warming impacts.
http://www.ucsusa.org/our-work/global-warming/science-and-impacts/global-warming-impacts#.WS6Pe-Hfw-U

2. Sharma, HC, Prabhakar, CS: Impact of climate change on pest management and food security. In: Integrated Pest
Management, pp. 23-36. Elsevier, Amsterdam (2014).
http//www.sciencedirect.com/science/article/pii/B9780123985293000038

3. Fuhrer, J: Agroecosystem responses to combinations of elevated CO2, ozone, and global climate change. Agric.
Ecosyst. Environ. 97, 1-20 (2003)

4. Deutsche, GTZ, Stumpf, E: Postharvest loss due to pests in dried cassava chips and comparative methods for its
assessment: a case study on small-scale farm households in Ghana. Dissertation (1998).
http://www.fao.org/wairdocs/x5426E/x5426e02.htmi#1.%20introduction

5. Economic importance of cassava.
http://plantbiostudy.blogspot.com/2013/09/economic-importance-of-cassava.html

6. Trade and Industrial Policy Strategies (TIPS), Australian Agency for International Development (AUSAID): Trade
information brief - cassava. http://www.sadctrade.org/files/Cassava-Trade-Information-Brief.pdf

7. The situation of cassava trade in the world.
http://thaitribune.org/contents/detail/3407content_id=16778&rand=1452192136

8. Neuenschwander, P: Control of the cassava mealybug in Africa: lessons from a biological control project. Afr. Crop Sci.
J.2(4),369-383 (1994)

9. Chakupurakal, J, Markham, RH, Neuenschwander, P, Sakala, M, Malambo, C, Mulwanda, D, Banda, E, Chalabesa, A, Bird,
T, Haug, T: Biological control of the cassava mealybug, Phenacoccus manihoti (Homoptera: Pseudococcidae), in
Zambia. Biol. Control 4(3), 254-262 (1994)

10. Sarkar, MA, Suasa-Ard, W, Uraichuen, S: Host stage preference and suitability of Allotropa suasaardi Sarkar & Polaszek
(Hymenoptera: Platygasteridae), a newly identified parasitoid of pink cassava mealybug, Phenacoccus manihoti
(Homoptera: Pseudococcidae). Songklanakarin J. Sci. Technol. 37(4), 381-387 (2015)

11. Fernandes, MHA, Oliveira, JEM, Costa, VA, De Menezes, KO: Coccidoxenoides perminutus parasitizing Planococcus citri
on vine in Brazil. Ciénc. Rural 46(7), 1130-1133 (2016)

12. Erkilic, LB, Demirbas, H, Guven, B: Citrus mealybug, biological control strategies and large scale implementation on
citrus in Turkey. Acta Hortic. 1065, 1157-1164 (2015)

13. Marras, PM, Cocco, A, Muscas, E, Lentini, A: Laboratory evaluation of the suitability of vine mealybug, Planococcus
ficus, as a host for Leptomastix dactylopii. Biol. Control 95, 57-65 (2016)

14. Beltra, A, Soto, A, Tena, A: How a slow-ovipositing parasitoid can succeed as a biological control agent of the invasive
mealybug Phenacoccus peruvianus: implications for future classical and conservation biological control programs.
BioControl 60(4), 473-484 (2015)

15. Choeikamhaeng, P, Vinothai, A, Sahaya, S: Utilization of green lacewing Plesiochrysa ramburi for control cassava
mealybugs in field. Department of Agricultures research database, Thailand (2011)

16. Suasa-ard, W: Natural enemies of important insect pests of field crops and utilization as biological control agents in
Thailand. In: Proceedings of International Seminar on Enhancement of Functional Biodiversity Relevant to
Sustainable Food Production in ASPAC, pp. 9-11 (2010)

17. Promrak, J, Rattanakul, C: Simultion study of the spread of mealybugs in a cassava field: effect of release frequency of
a biological control agent. Kasetsart J. Natur. Sci. 49, 963-970 (2015)

18. Field Crops Research Institute, Department of Agricultural Extension, Ministry of Agriculture and Cooperatives,
Thailand: Cassava producing technique...to stand up to cassava disaster (2014).
agrimedia.agritech.doae.go.th/book/book-rice/RB%20043.pdf

19. Chong, JH, Roda, AL, Mannion, CM: Life history of the mealybug, Maconellicoccus hirsutus (Hemiptera:
Pseudococcidae), at constant temperatures. Environ. Entomol. 37, 323-332 (2008)

20. Pappas, ML, Broufas, GD, Koveos, DS: Effect of prey availability on development and reproduction of the predatory
lacewing Dichochrysa prasina (Neuroptera: Chrysopidae). Ann. Entomol. Soc. Am. 102, 437-444 (2009)

21. Pappas, ML, Koveos, DS: Life-history traits of the predatory lacewing Dichochrysa prasina (Neuroptera: Chrysopidae):
temperature-dependent effects when larvae feed on nymphs of Myzus persicae (Hemiptera: Aphididae). Ann.
Entomol. Soc. Am. 104, 43-49 (2011)


http://www.ucsusa.org/our-work/global-warming/science-and-impacts/global-warming-impacts#.WS6Pe-Hfw-U
http://www.sciencedirect.com/science/article/pii/B9780123985293000038
http://www.fao.org/wairdocs/x5426E/x5426e02.htm#1.%20introduction
http://plantbiostudy.blogspot.com/2013/09/economic-importance-of-cassava.html
http://www.sadctrade.org/files/Cassava-Trade-Information-Brief.pdf
http://thaitribune.org/contents/detail/340?content_id=16778&rand=1452192136
http://agrimedia.agritech.doae.go.th/book/book-rice/RB%20043.pdf

-90 -

AMARNUIN

1.2 Promrak J., Wake G., Rattanakul C. A Predator-Prey Model with Age
Structure. ANZIAM Journal (Accepted).
= JCR (ISI-Web of Science) with IF (2016) = 0.898 (Q3)

= SJR (Scopus) (Q4).



InCites™

Web of Science™ ‘ InCites™

Journal Citation R

InCites

dorts

https://jer.incites.thomsonreuters.com/JCRJournalProfileAction.action...

Journal Citation Repons@" Essential Science IndicatorsS™ | EndNote™

Sign In= ‘ Help ‘ English ‘

13702

Home Journal Profile

ANZIAM JOURNAL
ISSN: 1446-1811

CAMBRIDGE UNIV PRESS
EDINBURGH BLDG, SHAFTESBURY RD, CB2 8RU CAMBRIDGE, ENGLAND
AUSTRALIA

Go to Journal Table of Contents  Go to Ulrich's

I Key Indicators

Titles

I1SO: Anziam J.
JCR Abbrev: ANZIAM J

View TitleChanges
Categories

MATHEMATICS, APPLIED - SCIE

Languages

4 Issues/Year;

Impact
Factor
Year Total Journal  Without ~ 5Year Immediacy Citable Cited citing  Eigenfacto Article % Normalizec Average
Cites Impact Journal Impact Index Items Half-Life  Half-Life Score Influence  Articles  Eigenfacto JIF
Graph Factor Self Cites  Factor Graph Graph Graph Graph Graph Score in Citable Graph Percentile
Graph Graph Graph ~ ltems Graph
Graph
Graph
2016 421 0.898 0.816 0.074 27 8.3 >10.0 0.00093 0.584 100.00 0.10611 49.216
2015 346 0.957 0.914 0.083 24 8.0 >10.0 0.00102 0.615 100.00 0.11657 60.827
2014 344 1.025 0.950 0.125 24 7.4 >10.0 0.00095 0.479 100.00  0.10655 67.899
2013 328 0.829 0.829 0.176 17 75 10.0 0.00098 0.444 100.00 0.10851 57.570
2012 244 1.043 1.043 0 4 59 >10.0 0.00115 0.425 100.00  NotA... 70.648
20M 266 0.254 0.238 0.167 6 6.2 >10.0 0.00118 0.364 100.00 NotA... 6.327
2010 220 0.414 0.371 0 13 55 9.1 0.00130 0.360 100.00 15.890
2009 141 0.286 0.271 0.227 22 53 10.0 0.00091 0.233 100.00 1.716
2008 17 0.380 0.380 0.050 20 3.8 >10.0 0.00122 0.272 100.00 9.429
2007 99 0.455 0.428 0.036 28 NotA... >10.0 0.00119 0.246 100.00 22727
2006 63 0.282 0.243 0.034 29 NotA... >10.0  NotA... NotA... 100.00 10.333
2005 33 0.198 0.186 0.135 37 NotA... >10.0 NotA... NotA... 100.00 6.291
2004 37 0.167 0.155 0.024 41 NotA... >10.0  NotA... NotA... 100.00 2.160
2003 29 0.181 0.168 0.044 45 NotA... >10.0 NotA... NotA... 100.00 3.595
2002 13 0177 0.161 0.044 45 NotA... >10.0 NotA... NotA... 100.00 5.449
2001 10 0.333 0.333 0.053 38 NotA... >10.0 NotA... 100.00 25.000
Source Data
JCR Impact Factor
Al
Rank icr \ MATHEMATICS, APPLIED \
Year ‘ Rank Quartile JIF Percentile ‘
Cited Joumnal Data 2016 130/255 a3 49216
2015 100/254 Q2 60.827
Citing Jounal Data 2014 83/257 Q2 67.899
2013 107/251 Q2 57.570
Box Plot 2012 73/247 Q2 70.648
201 230/245 Q4 6.327
J | Relati hi 2010 199/236 Q4 15.890
ournal Relationships 2009 201/204 Q4 1.716
2008 159/175 Q4 9.429
2007 128/165 Q4 22727
2006 135/150 Q4 10.333
2005 142/151 Q4 6.291
2004 159/162 Q4 2.160
2003 148/153 Q4 3.595
2002 148/156 Q4 5.449
2001 119/158 Q4 25.000
ESI Total Citations
JCR Year MATHEMATICS 600 7 X:Iﬂ
2016 332/487-Q3 500 Years
2015 333/488-Q3
2 421
2014 3261488-03 S 400 |
2013 317/473-Q3 S 346 344 328
]
2012 334/463-Q3 = 300
o 244
g 200
[
100 o
o0
2016 2015 2014 2013 2012
JCR Years

Tell us what you think.

Help us improve the Journal Citation Reports by provi

InCites Journal Citation Reports dataset updated May 23, 2017

ing your feedback! Click Here >

5/7/60 21:13



ANZIAM Journal http://www.scimagojr.com/journalsearch.php?q=4700152860&tip=sid...

SJ R Scimago Journal & Country Rank  Enter Journal Title, ISSN or Publisher Name

Home Journal Rankings Country Rankings Viz Tools Help About Us

ANZIAM Journal

Country  United Kingdom

Subject Areaand Mathematics
Category Mathematics (miscellaneous)

Publisher Cambridge University Press H Index
Publication type Journals
ISSN 14461811
Coverage 2000-ongoing

Scope The ANZIAM Journal considers papers in any field of applied mathematics and related
mathematical sciences with the aim of rapid publication in print and electronic formats. Novel
applications of mathematics in real situations are especially welcomed. All papers should
include some indication of applicability, and an introduction that can be understood by non-
specialist readers from the whole applied mathematical community. (source)

Quartiles +

S IIIIIIIIIIIIIIIII

1997 1999 2001 2003 2005 2007 2009 2011 2013 2015

SJR + Citations per document +
0.6 0.7
0.4 0.6
0.2 05
0 0.4

1999 2002 2005 2008 2011 2014
0.3

Total Cites Self-Cites + 02

100
0.1

A

13702 20/9/2560 23:13



Print

https://mg.mail.yahoo.com/neo/launch?.rand=77594jgopfnho#2625175602

Subject: Fwd: FW: [ANZIAMJ] Editor Decision

From: Jairaj Promrak (jpjairaj@gmail.com)
To: g4136815@yahoo.com;
Date: Monday, July 24, 2017 2:36 PM

---------- Forwarded message ----------

From: Wake, Graeme <G.C.Wake@massey.ac.nz>

Date: Mon, Jul 24, 2017 at 5:04 AM

Subject: FW: [ANZIAMJ] Editor Decision

To: "Jairaj Promrak (jpjairaj@gmail.com)” <jpjairaj@gmail.com>

Hullo Jairaj,

Here is the official acceptance, please inform Chonitta. Congratulations. | assume we
will get asked for the LaTeX version quite soon, in the ANZIAM format.

Will you do this? If not forward it as is and | will get it done here..

| think it being in the ANZIAM journal is great...it represents your connection to New
Zealand, and it was presented at the ANZIAM 2017 conference in 2017.

| am sorry that it took seven months.
Regards,

Graeme

Professor Emeritus Graeme Wake D Sc FRSNZ, Centre for Mathematics in Industry and Principal of
Wakes' Scientific Consulting (Wakescience), Institute of Natural and Mathematical Sciences, Massey
University at Albany, P.B 102904, North Shore MC, Auckland, New Zealand. Room 2.19, MS Building:
Tel +64 (0) 9 2136602; Mobile +64 (0) 27 441-8247. E-mail g.c.wake@massey.ac.nz Web
http://www.riddet.ac.nz/our- people/professor-graeme-wake

From: e-Editor [mailto:editor@journal.austms. org.au]
Sent: Monday, 24 July 2017 9:42 a.m.

26/7/60 22:19



Print

https://mg.mail.yahoo.com/neo/launch?.rand=77594jgopfnho#2625175602

To: Wake, Graeme
Subject: [ANZIAMJ] Editor Decision

Graeme Wake:

I am pleased to advise you that your submission to ANZIAM Journal, "A
Predator-Prey Model with Age Structure for Prey: Application to the Control
of Mealybugs in Crops™ is now accepted for publication. You should hear from

our copyediting team in due course.

Thank you for your contribution to the ANZIAM Journal.

Naku noa, na

Dr Michael John Plank

University of Canterbury

Phone +64 3 3692462

michael.plank@canterbury.ac.nz

ANZIAM Journal

http://journal.austms.org.au/ ojs/index.php/ANZIAMJ

26/7/60 22:19



Re: ANZIAM 11568 (Promrak) Author Declaration https://sawebmail.mahidol.ac.th/owa/?ae=Item&t=IPM.Note&id=Rg...

Re: ANZIAM 11568 (Promrak) Author Declaration

Nandita Rath [nandita.rath@utas.edu.au]
&9:19 Auenau 2017 8:57
§9:CHONTITA RATTANAKUL

Many thanks for the signed form. | am sure you have sent the Open Access form to the email given below; they will
contact you directly about funding etc. for the Open access.

Regards,

N. Rath

(ANZIAM)

From: CHONTITA RATTANAKUL <chontita.rat@mahidol.ac.th>
Sent: Tuesday, September 19, 2017 9:46 AM

To: Nandita Rath

Cc: chontita.rat@mahidol.edu

Subject: paunAU: ANZIAM 11568 (Promrak) Author Declaration

Dear Professor Rath:

Attached please find a scanned copy of the signed Author Declaration form.
Reagrds,

Chontita Rattanakul, Ph.D.

Associate Professor,

Department of Mathematics,

Faculty of Science, Mahidol University,
Thailand

a1n: Nandita Rath [nandita.rath@utas.edu.au]

s 19 Aueneu 2017 6:13

é19: CHONTITA RATTANAKUL

13a9: Fw: ANZIAM 11568 (Promrak) Author Declaration

Dear Professor Rattanakul,
Thank you for sending the signed forms, however the forms have to be sent separately to two different
destinations; so I am requesting you to do the following (see the details in the original email below)

1) Send a scanned copy of the signed Author Declaration form (as ONE pdf file) via email to
nandita.rath@utas.edu.au

2) Send a scanned copy of the signed
Open Access form via email (as one pdf file) with subject line "ANZIAM 11568 (Promrak)-Open Access" to

journalscopyright@cambridge.org

I have attached the two forms, in case needed.
Thanks for your cooperation.

N. Rath

(ANZIAM)

From: Nandita Rath

Sent: Wednesday, September 13, 2017 11:39 PM

To: jpjairaj@gmail.com

Subject: ANZIAM 11568 (Promrak) Author Declaration

13702 20/9/2560 23:04



THE ANZIAM JOURNAL
A Publication of The Australian Mathematical Society
http://www.austms.org.au/Publ/ANZIAM
School of Mathematics & Physics,
University of Tasmania,
Private Bag 37, Hobart TAS 7001, AUSTRALIA

Editors-in-Chief:
Professor A. Bassom (a_nf(j!g\,v,_b_qssom@l_lt_as,-.ed.!l-,%l!)
Professor G. C. Hocking (g.hocking@murdoch.edu.au)

Executive Editor: Dr. N. Rath
(nandita.rath@utas.edu.au)

AUTHOR DECLARATION FORM

Plcase complete all Sections A, B and C. By completing and returning this form you hereby agrce to the terms and
conditions presented below.

In consideration of the publication in ANZIAM of the contribution entitled
"Predator-prey model with age structure"

(ANZIAM reference # 11568) (including all supplementary materials)
by J. Promrak. G. C. Wake and C. Rattanakul,

Section A -Assignment of Copyright (Please fill in only one of part 1,2 or 3)
1. (To be filled in if copyright belongs to you)

1/we hereby assign to Australian Mathematical Society, full copyright in all forms and media in the said contribution,
including any supplementary material that I/we may author in support of the online version.

Signed (tick one) m/ one author (preferably the corresponding author) authorized to execute this transfer on behalf of
all the authors
o the solc author(s)

CHONTITA  RATTANAKYL
Signature: O&’m-h/l'" ﬂXM : Date: ’Q/Oq ,1"}'

*(All authors’ names, affiliations and nationalities should be provided on the second sheet of this form and all
should be aware of, and accept the terms of this form.)
2. (To be filled in if copyright does not belong to you)

Name (Please PRINT):

a Name and address of COpyright holder e cme e e e

b The copyright holder hereby grants to Australian Mathematical Society, the exclusive right to publish the

contribution in the Journal including any supplementary materials that support the online version and to deal with

requests from third parties.

(Signature of copyright holder or authorized agent) ---
3. Government exemption

I'we certify that the paper above was written in the course of employment by the Government of Australia, Canad

that no copyright exists.

Name (Pleasc PRINT): e

SIZNAMUIE: === mmmmmm e e e e e B —

a. UK or USA so




Section B - Warranty and disclosure of conflict of interest

1'we warrant that | am/we are the sole owner or co-owners of the contribution and have full power to make this
agreement, and that the contribution has not been previously published, contains nothing that is in any way an
infringement of any existing copyright or license, or duty of confidentiality, or duty to respect privacy, or any other
right of any person or party whatsoever and contains nothing libelous or unlawful; and that all statements purporting to
be facts are true and that any recipe, formula, instruction or equivalent published in the Journal will not, if

followed accurately, cause any injury or damage to the user.

1/we furl|1cr warrant that permission for all appropriate uses has been obtained from the copyright holder for any
material not in my/our copyright including any audio and video material, that the appropriate acknowledgement has
been made to the original source, and that in the case of audio or video material appropriate relcases have been obtained
from persons whose voices or likenesses are represented therein. I/we attach copies of all permission and release
correspondence.

mbridge University Press indemnified against any

I'we indemnify and keep Australian Mathematical Socicty and Car
any claim)

loss, injury or damage (including any legal costs and disbursements paid by them to compromisc or scttle
occasioned to them in consequence of any breach of thesc warrantics.

(Please disclose any potential conflict of interest pertaining to your contribution or the Journal; or write ‘'NONE" to
indicate you declare no such conflict of interest exists. A conflict of interest might exist if you have a competing interest
(rcal or apparent) that could be considered or viewed as exerting an undue influence on you or your contribution.
Examples could include financial, institutional or collaborative relationships. The Journal's editor(s) shall contact you if
any disclosed conflict of interest may affect publication of your contribution in the Journal.)

Vong
CHONTITA RATTANAIKUL
Cho s Ruttradd o Iglealr.

eferably the Corresponding Author) is authorized to execute this warranty statement above and conflict of interest

Potential conflict of interest

Name (Please PRINT)

Signature

(One author (pr
statement below on behalf of all the authors of the above contribution.)

held in perpetuity for record purposes. The name(s) and address(es) of

The information provided on this form will be I
ded to print and online indexing and

the author(s) of this contribution may be reproduced in the journal and provi
abstracting services and bibliographic databases.

Section C — Open Access Options
I'we have the following option for publication of the above contribution:

No Open Access (at NO COST)
Open Access at the cost of $ 600 (USD)
(If you choose this option, please fill out the additional "Open Access Form")

CHONTLTA RATTANA KUL
Name (Please PRINT): -
Chmtk  ReHapmalnd . N g (o9 /1%
ate:

Signature:
(For more information on Open Acc
hup. /fjournals.cambridge.o rg/action/displaySpecialPage?

Signed (tick one) O

ess for accepted articles, please refer to the link
pageld=4608 )

*(Please provide all authors’ names, addresses, affiliations, and nationalities on this page. All authors should be

aware of, and accept the terms and conditions.)

1. Jairaj Promrak _
L-mail’ ir)_uuiraj(ﬂ?gnlanl,coxn , .
Address/Affiliation: Department of Mathcmaltics,
Nationality: Thai

2. Graeme C. Wake

F-mail. g.c.wake@massey.ac.n/ v ‘ . »

Address/A Mliation: Institute of Natural and Mathematical Science, Massey University, Auckland, New Zealand

Nationality: New Zealander

3. Chontita Rattanakul (Corresponding Author)

-mail: chontita.rat@mahidol.ac.th o - .
E-mai athematics, Faculty of Science, Mahidol University. Bangkok. Thailand

,\ddrcss/,\rﬁlia(ion: 1.) Department of M ! i ce. ‘ A
2.) Centre of Lxcellence in Mathcmatics, Commission on Higher Education, Bangkok, Thailand

Faculty of Science, Mahidol University, Bangkok. Thailand

Nationality Thai 5




ANZIAM J. 0(2017), 1-13

PREDATOR-PREY MODEL WITH AGE
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Abstract

Mealybug is an important pest of cassava plant in Thailand and tropical
countries leading to severe damage of crop yield. One of the most successful
controls of mealybug spread is using its natural enemies such as green
lacewings, where the development of mathematical models forecasting
mealybug’s population dynamics will improve implementation of biological
control. In this work, the Sharpe-Lotka-McKendrick equation is extended
and combined with an integro-differential equation to study population
dynamics of mealybugs (prey) and released green lacewings (predator).
Here, an age dependent formula is employed for mealybug population. The
solutions and their stability of the system are considered. The steady age
distributions and their bifurcation diagrams are presented. Finally, the
threshold of the rate of released green lacewings for mealybug extermination

is investigated.

2010 Mathematics subject classification: 45F99.

Keywords and phrases: Sharpe-Lotka-McKendrick equation, predator-prey

model, steady age distribution, mealybugs.

1. Introduction

Mealybug is a serious pest of food crops, fruit trees and many other
cultivated plants such as cassava, cotton, mango, grape vine and orchid
[9]. It is in the Pseudococcidae family. The commonly found species
are Phenacoccus manihoti, Ferrisiana wvirgata (cockerell), Phenacoccus
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madeirensis, Phenacoccus solenopis and Phenacoccus jackbeardsleysi.
Mealybug at any stages can cause damage in plants. It sucks sap from
many parts of the plant leading to reduction of photosynthesis, distortion
of leaf and stem and death [15]. In the absence of its natural enemies and
other control managements, this damage can reduce yields by more than
80% [9].

To control the spread of mealybugs, the biological control by releasing
their natural enemies has proved experimentally to be an effective method
where one of the most powerful pradators is green lacewing [11, 12]. There
are many sources of guidelines to deal with the rate of releasing green
lacewings to control the spread of mealybugs. In 1995, Broadley and Thomas
[6] employed green lacewing Malladasignata (Schneider) to control aphid
populations with releasing rates of 500-1,000 larvae lacewings per hectare or
1-5 larvae lacewings per plant. Alternatively, pest management specialists
in Australia offered that suitable releasing rate for biological control is
about 2,000-10,000 green lacewings per hectare [7]. In January 2010,
National Biological Control Research Center (NBCRC)-Central Regional
Center suggested to release 10,000,000 eggs of green lacewings to control the
spread of mealybugs in the infested areas of Kanchanaburi and Suphanburi
provinces in Thailand [32]. To verify the optimal rate of releasing green
lacewings in farm work, an in-depth understanding of the mealybug-green
lacewing (predator-prey) interactions is necessary.

Traditionally, the population dynamics of two species have been described
by Lotka and Volterra [25, 35] as follows:

d

d—f =cr — axy, (1.1)
dy

— = —d 1.2
o =y —dy, (1.2)

where z(t) and y(t) denote the populations of the prey and predator species,
respectively; c¢ is natural growth rate of prey, d is natural death rate of
predator, « is the death rate per encounter of prey due to predation, and
is the efficiency of conversion eaten prey into predator. Over the past few
decades, this model has been improved and applied by many researchers.
Because of the difference of two behavioural time scales, Arditi and Ginzburg
[4] suggested to include predator abundance term into the trophic function
(the per capita rate of consumption) which led to ratio-dependent models.
This new form of function is more appropriate for heterogeneous systems,
and can solve the problems which may occur in the classical predator-prey
model (1.1)-(1.2), including paradoxes of enrichment and biological control
[3, 5]. Since the integer-order differential operator is local, the fractional-
order differential operator is introduced to obtain non-local properties by
paying attention to all preceding states to result in the next state [21].
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A fractional Lotka-Volterra model was proposed by Das et al. [13]. Its
solution was obtained through an analytical method, called the homotopy
perturbation method. The influence of the fractional order on both
predator and prey populations was discussed [14]. On the other hand,
the approximate analytical solutions of fractional Lotka-Volterra model was
derived by using hybrid approach which is the combination of homotopy
analysis method, Laplace transform and homotopy polynomials [21]. To
handle spatial and individual behaviours of heterogeneity, Hugo et al.
proposed a population-driven, individual-based model where the individual
scale was used only for the predation process [33]. Their work demonstrated
the link between individual and population scales. Recently, the Lotka-
Volterra model with the state-dependent riccati equation control technique
was employed to study biological control of spider mite Panonychus Ulmi.
The results indicated that the approaches are efficient to stabilize the system
at the desired point, which can minimize economic damage [34].

Due to the widely recognized biological fact that age plays an important
role in death and fecundity rates of a population, a partial differential
equation in which time and age are independent was introduced. Let u(a, t)
be the population density (or age distribution) of individuals of age a at time
t,a>0,t>0. A general age structured model for the evolution process was
proposed by Sharpe et al. [26]:

Ou(a, t) n ou(a, t)
da ot

where p(a, t) is the mortality rates per capita. Equation (1.3) is also known
as the Sharpe-Lotka-McKendrick equation used to describe the dynamic of
population density of individuals.

The birth rate process is described by the renewal law:

= —u(a, t)u(a, t), (1.3)

u(a, t) = /0 ~ B(a, ula, 1) da, (1.4)

where ((a,t) is the renewal rate, and gives the proportion of newborn
population at time t with parents of age a. The initial age distribution
is given by

u(a, 0) = up(a). (1.5)

The derivation and properties of this age structure model are discussed
(for example, see [2, 16, 27]). Equations (1.3)-(1.5) have been developed
in many directions including partition into two subpopulations [18], spatial
effect with diffusive process [8, 17, 22, 23], and age-sex structured population
[31].  Different numerical methods for age-structured population were
reviewed and their numerical solutions were also presented [1, 24, 28, 36].
Solutions of common age-structured models: the Leslie matrix, the difference
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equation, the integral equation were compared [20]. The approximation of
equations (1.3)-(1.5) in various forms of mortality function was discussed
[19].  Moreover, age-structured models have been tested with the real
data. Sharpe and Lotka derived the expression of fixed age-distribution
(independent of time), and applied this formula to calculate the population
of England and Wales 1871-1880. Their results indicated the calculated
values conform quite closely to the observed data [30]. Chiu [10] proposed
some new algorithms used to estimate parameter functions in the models by
practical data. With these algorithms and a numerical method, the human
population can be predicted.

Unlike the previous research which considers predator-prey interaction
regardless to age or focuses on the age structure model of a single population,
in this work, we study population dynamics of two species with age-structure
for prey by extending equation (1.3) and considering the equation for prey
in the Lotka-Volterra model. We then also introduce released-predator term
in the system as a biological control. Therefore, this model will be useful in
the areas of pest management program.

In Section 2, the predator-prey model with age-dependent formula for
prey is proposed. We initially derive the implicit solutions, one for predator
and another for prey. To simplify the model, we analyze the steady age
distributions (s.a.d.) in Section 3. Then, the system can be solved explicitly.
After the steady distributions are found, we investigate their stabilities and
obtain the bifurcation diagrams presented in Section 4. In Section 5, we
focus on numerical examples for the mealybug problem controlled by green
lacewings. Finally, in Section 6, we summarize the discussion of the results
and draw some conclusions.

2. The predator-prey model with age-dependent formula for the
prey

Let P(a, t) be the population size density of prey over age a at time ¢, and
M (t) be the population size of predator at time ¢ for a,t > 0. To investigate
the population dynamics of prey, we extend the Sharpe-Lotka-McKendrick
equation (1.3) by multiplying mortality rate with the population size of
its predator. Combining this equation to integro-differential equation for
predator leads to a population model with age structure for prey as follows:

OP(a,t) n OP(a,t)

= —uM(t)P(a,t), (2.1)

da ot
dﬂflt(t) - u( /0 ~ Pla,t) da)M(t) — M) + g (2.2)



[5] Predator-prey model with age structure

at

TABLE 1. Details of variables and parameters used

Variable Symbol Unit
Prey age population density P(a,t) BM -T!
Predator population M(t) BM
Death rate of prey 1 BM—t.T!
Death rate of predator ) T-!
Introduced predator rate g BM -T-1
Total prey (all ages) K(t) BM
Renewal rate of prey b T-1

with initial and boundary conditions

POt t)= alil})l+ P(a,t)=0 /00 P(a,t) da, (2.3)
P(a,0) =po(a), (2.4)
M@O)=¢, ¢>0. (2.5)

We also define -
K(t) = / P(a, 1) da. (2.6)
0

Variables and their units are given in Table 2 where BM and T stand
for biomass and time (usually in days), respectively. We have taken f
in equation (1.4) as a constant and denoted it by b as shown in (2.3).
Parameters u, 0, and g are also constants for sampling where the rate of
released predator ¢ is used to control the growing population of prey (see
more information in [29]).

2.1. Implicit solution of prey We solve the equation (2.1) using method
of characteristics. Let s =t — a and 7 = t. Then equation (2.1) becomes the
partial differential equation

8P(;ST’ ) = —u(7)P(s, 7).

We solve this equation by integrating by parts and obtain
P(s,7)=F(s)e ™ Iy M(T/)dT/’

where F' is an arbitrary function to be found. The solution of the original
equation is, therefore,

P(a,t) = F(t — a)et Jo M) dt" (2.7)
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CaseL: t<a
The initial condition at ¢t =0 gives P(a,0) = F(—a) =po(a), so F(t —a) =
po(a —t) and
P(a,t) = pola — t)e #Jo MEV A for ¢ <, (2.8)

Case II: t > a
The renewal condition at a =0: from equations (2.3) and (2.7), P(0,t) =

F(t)erJo M) d —p I.° P(a,t) da. So,

t [e'e]
F(t) = be* SEMy ae’ (/ P(a,t)da+ / P(a,t) da)

— per Jo M) </ F(t—a)e” w M@ )de! da+/oop0(a_t)euf(f ]\/I(t’)dt/da>
t

—b/ F(t—a) da—i—b/ pola —1)

(2.9)
Let ¢’ =t — a and o’ = a — t. Then equation (2.9) becomes
t o0
F(t)= b/ F(a") da" +b/ pola
0 0
which yields
F'(t)=bF(t) and so
F(t) = Ce". (2.10)
From equation (2.9)
F(0)=C = b/ po(a) da. (2.11)
0
Substituting for C' into (2.10)
F(t) = be" / po(a) da = be" K,
0
where Ky = [ Py(a) da. Thus,
P(a,t) =be" =D Koe #Jo MEV A for ¢ q, (2.12)

2.2. Implicit solution for the predator Solving equation (2.2) by using
integrating factor e=#Jo K(2) 4=+t and the definition of K () in equation (2.3)
yields

t ’
M(t) = ge* Jo K(2) dz—6t / et Jo K(z)dztst" gy (2.13)
0

Later in Section 4, we find an equation for M(t).
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3. The steady age distribution of the system

Let P(a) and M, be the equilibrium solutions of our age structured
population model (2.1-2.5) called the steady age distributions which are
independent of time; we then obtain the corresponding system:

dP;

= —uM,P,, 3.1
70 I (3.1)
dM,
T UK M, — M, +g=0 (3.2)
with renewal condition
P.(0) = b / Py(a) da = bK.,. (3.3)
0

Here we define K, = [;° Pi(a)da. So either there is no prey (the
monoculture solution), or

P,(a) = bK e "M, (3.4)
From equations (2.2), (3.2)—(3.4), we obtain
b bo — bo —
M,=—, Pa)= Je*“b, and K, = 209K
I % pb

Thus, the solutions of the system (3.1)—(3.3) are
1' (PS7 MS) = (07 9/6)
2. (P,, M) = (e “*(bd — gu)/p, b/p) which is biologically feasible, pro-
vided that P(a) >0 if and only if ¢ <bd/u = 6 M.
4. Stability

Recall from equation (2.2) that

dM(t)

da

u </ P(a,t) da> M(t) —oM(t) + g.
0
Substituting P(a, t) from (2.8) and (2.12) into the following formula
oo t o]
/ P(a, t)da :/ P(a,t) da +/ P(a,t)da
0 0 ¢

¢ (o)
= </ beb(t*a)KO da +/ po(a . t) da> e—u fO M(t,) dtl'
0 t
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Let @' = a — t; then

/ Pla,t) da = (Koebt(l — ) + / po(a’) da’)e“ Ji (e ar
0 0

t ’ ’
— Koebt_“ Jo M(t) dt

leads to
dM (t)

dt
with M(0) =ec.
To obtain a local equation, we differentiate (4.1) with respect to ¢ which
gives

= Ko o MW DLy — SM(t) + g (4.1)

2
ddi\zf _ (IUKoebt—u fot M(t") dt’ N 5)% + MKoM(b . /J,M)ebt_u fot M(t') dt'.
(4.2)
From equation (4.1)
ebt—n Jo M(t') dt’ _ 4 . g
pKo  pKoM
Then, equation (4.2) becomes
d*M dmM
=~ L L4 (b— pM)(SM — g). (4.3)

a2 M dt

For stability of the steady-age distribution, we let solutions of model (4.3)
be
M(t) = Ms +m(t),

where |m(t)| < 1, that is, m(t) is a small disturbance from the fixed point.
We get

d*m g dm
=L b M ) GO, + ) —g).

From the previous section, we have two steady-state age-distributions, which

are (PS7 MS) = (07 9/5) and (Psa 8) = (e_ab(b(s - g,u)/,u, b//J) .
For M, = g/d, we have

d*>m dm
O— —0b Sum? =0.
s + o + (ug ym + &n_/ 0

higher order term

We determine the stability of this system wusing the corresponding
eigenvalues. We then obtain that (P, M) = (0, g/d) is stable when g >
db/p, and is unstable elsewhere.
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K — stable M p
i) M, =2
-—- unstable O Ms =35
v
b S Ao Giym =2
v k4 ¢ #
/
v () K, =0 . s’
g
A
b \T bé
I AN
. _ bé—gu
(i) K, =220k

(@ (b)

FIGURE 1. Bifurcation diagrams for (a) prey and (b) predator

For M, =0b/p,
d*m  gudm )
a2 —i-?ﬁ—l—(c%—/ﬁg)m—i— opm =0.

higher order term

Again, the eigenvalue-technique is employed providing the stability condition
for (Ps, M) = (e=**(bd — gu)/p, b/p) which is g < b/u. Therefore, the
stabilities of this system are found and shown on the bifurcation diagrams
in Figure 1.

5. Numerical results: application to the control of mealybugs in
crops

In this section, specific examples are presented to verify the theoretical
results divided into two cases based on the steady state where the threshold
is g=0b/u. Let b=0.5,u=1.6,=0.7,9g=1 (g > 0b/u) for the first case,
and b=0.5, 4 =0.2,6 =0.7, g = 0.3 for the second one. By breaking the
second order equation (4.3) into two first order equations, the population
dynamics of predator are carried out, as shown in Figures 2 and 3. The
long-term solutions for the first and the second cases are M, = g/ = 1.429
and M, =b/u=2.5, respectively. Observe that the behaviour of predator
population is very fluctuated, and it takes more time before stable period
when g is smaller. In other words, the more predator is added, the faster the
controlling of mealybugs is achieved. Moreover, there is no overwhelming
population of predators which may cause another problem.



10 J. Promrak, G. C. Wake and C. Rattanakul [10]

3.5 T T T T T

25F .

=
1.5 =
1 ]

0.5F ]

O 1 1 1 1 1
0 20 40 60 80 100 120

time

F1GURE 2. Population of predator for b=0.5,u=1.6,§ =0.7, g =1
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time

F1GURE 3. Population of predator for b=0.5, u=0.2,6 =0.7, g =0.3

After obtaining the numerical results of M, we can simulate the prey
density using equations (2.8) and (2.12). Define the initial condition (2.4)
as P(a, 0) = py(a) = Ce* for some positive constants C and k. This function
represents the population of mealybugs over age a at the first observed time.
We then evaluate the population density of prey for corresponding cases.
The results are illustrated in Figures 4 and 5.

In the case that g > db/u, P(a,t) tends to zero for large ¢, that is,
no mealybug survives. Otherwise, P(a,t) converges to e~ (bd — gu)/p =
1.45¢70-54,
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6. Discussion and conclusion

We have analyzed the predator-prey population model with age-
dependent formula for the prey. The implicit solutions for both predator
and prey are evaluated as equations (2.3), (2.12) and (2.13). By employing
the steady age distribution, two steady states of the system are obtained:
one is mono-species and another is coexisting species. Then, local stability
of both steady states is explained. Furthermore, we get the threshold of the
introduced predator level leading to mealybug extinction. Numerical results
with biological meaning are provided in Section 5, which is very useful to
visualize the mealybug controlling problem.

Here we have shown that this useful hybrid model, with one age-
structured compartment coupled to an unstructured compartment, has
exactly one asymptotically globally stable steady state The solution of the
transient model is obtained analytically, albeit implicitly, thus providing a
check on computational solutions in more complex situations. This parallels
the outcome in systems which are not age or spatially structured. The
threshold for extermination of the mealybugs (g > db/u) will be useful for
practical situations. To prevent recurring outbreaks, requires that this
predator release rate should ideally be maintained. It is expected that a
similar outcome will apply when the parameters are functions of time and/or
age.
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Simulation Study of the Spread of Mealybugs in a Cassava Field:

Effect of Release Frequency of a Biological Control Agent

Jairaj Promrak!? and Chontita Rattanakul'-2"

ABSTRACT

Cellular automata and Monte Carlo simulation techniques were employed to study the spread of

mealybugs (a major cassava insect pest) in a cassava field. There are various recommended instructions

on how often farmers should release green lacewings (a biological control agent) to control the spread

of mealybugs. In this study, the effects of different release frequencies of green lacewings in controlling

the spread of mealybugs were investigated.

Keyword: Cellular automata, cassava, mealybugs, green lacewings, biological control

INTRODUCTION

Cassava is one of Thailand’s agriculture
crops of importance and its share on the world’s
export market has been reported as approximately
61% (Office of Agricultural Economics, 2007).
The spread of mealybugs in cassava fields in
Thailand might cause a dramatic loss in crop yields
as was recorded in 2009 when the total cassava
yield was reduced from 30 million tonnes per year
to 22 million tonnes per year (Boonseang, 2010).
Therefore, the efficient control of the spread of
mealybugs is essential.

The spread of mealybugs might be
controlled by using insecticide, biological control
or a mixed approach incorporating both insecticide
and biological control. With biological control,
green lacewing is considered as one of the major
natural enemies of mealybugs and hence, it is
often used as a biological control agent and there
are various recommended release frequencies of
green lacewings such as every two weeks, every

month and every two months until there are no
mealybugs on the surveyed cassava plants in the
field (Centre for Pest Management, 2014). This
study investigated the effect of different release
frequencies on estimated crop yields.

CELLULAR AUTOMATA MODEL
DEVELOPMENT

We assume that planting of cassava
follows the recommended instructions of the
Department of Agricultural Extension, Ministry
of Agriculture and Cooperatives, Thailand (Field
Crops Research Institute, 2014). In the simulations,
a 40 x 40 lattice will be considered to represent a
cassava field, so that the planting area is 0.16 ha
(40 % 40 m). The planting distance between two
cassava plants is 1 m and hence the total number
of cassava plants in the field is 1,600 plants.

The states of every cell in the lattice will
be updated in parallel at each time step (1 time step
(Af) =1 day). Each cell in the lattice represents a
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state of the cassava planted in the cell which will
be updated at each time step according to given
rules. There are three possible states for each cell
in the lattice. S, [ and E representing susceptible
cassava, infected cassava and removed cassava,
respectively.

Anumber r, 0 <r <1 will be randomized
at each time step and each cell will be updated at
random according to the following rules:

Updating rule for removal cassava
If the randomized cell is a removed
cassava (E), then no change occurs.

Updating rules for susceptible cassava

If the randomized cell is a susceptible
cassava (), the following rules will be applied.

(a) The cell might become an infected
cassava with the probability w due to the infection
of instar mealybugs from outside of the cassava
field through wind transfer. Note that if the
randomized cell belongs to the first two rows next
to each of the four borders of the lattice then w =
wporelse w=w,, 0<w,<w; <1,

(b) The cell might become an infected
cassava with the probabilities n;, n,and n5 if at least
one of the cells in the immediate neighborhood,
distant neighborhood and far distant neighborhood
of the randomized cell is an infected cassava,
respectively, where n3, 0 <ny <n, <n; < 1.

Updating rules for infected cassava

If the randomized cell is an infected
cassava (/), the following rules will be applied.

(a) The cell might become a susceptible
cassava if green lacewings successfully feed on
mealybugs and there are no mealybugs on the
cassava plant in the randomized cell.

(b) One month after cassava planting, a
survey will be done every two weeks. We assume
that each of the cassava plants might be surveyed
with the probability f. We also assume further
that the planting period is 12 months. If the cell
is surveyed during the first 4 months or the last 5

months after planting then the cell will become a
removed cassava. On the other hand, if the cell is
surveyed during the 5th month and the 7th month
and the number of mealybugs on the cassava plant
in the cell is greater than m, then the cell will
become a removed cassava.

The flowchart of the main loop is given
in Figure 1.

The cassava field will be surveyed every
2 weeks starting from the 2nd month of planting.
If mealybugs are found on the surveyed cassava
plants, green lacewings at the larva stage will be
released randomly on the infected cassava plants
every two months until there are no mealybugs
on the surveyed cassava plants. The number of
green lacewings to be released depends on the
severity of the spread of mealybugs. If over 50%
of surveyed cassava plants are infected then the
number of green lacewings to be released is G; or
else the number of green lacewings to be released
is G,.

Apart from the wind effect, the numbers
of mealybugs and green lacewings at all stages on
the cassava plant in each cell of the lattice are also
updated according to their life-cycle as given in
Equations 1-7:

Py =B +ro4Bf —oy B =, (PxiaMti)Mzi (1)

Bl = B +1,0,F —as P = By (B M )M (2)
By =B +raw B —onBf - By (B M] ) M (3)

M, =M +sM{ —y,M] “)
MLy =M a8, (PP B M)t =y (5)
Mg =M +5373M] =5,M" (6)
M;ip =M +sv,M[" =y M (7
where P, P" and Pf represent the numbers of
instar mealybugs, adult mealybugs and mealybug

eggs, respectively, at the time step £; M, M, M "
and M/ represent the numbers of larva green
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lacewings, pupa green lacewings, adult green
lacewings and green lacewing eggs, respectively,
at the time step ¢ . ay and a, are the fractions of
mealybug eggs and instar mealybugs that develop
into instar mealybugs and adult mealybugs,
respectively, in one time step; »; and r, are the
probabilities that mealybug eggs and instar
mealybugs survive this time step and develop
into instar mealybugs and adult mealybugs,
respectively, in the next time step; a5 is the natural
death rate of adult mealybugs in one time step;
r3 is the fraction of female adult mealybugs. a4

965

is the fraction of female adult mealybugs in the
reproductive period; v, is the average number of
eggs laid by a female adult mealybug in one time
step; B (B, M} ). B (B, M} ) and B (B¢, M)
are the average numbers of instar mealybugs, adult
mealybugs and mealybug eggs, respectively, eaten
by a green lacewings of the larva stage in one
time step; v, Y, and y; are the fractions of green
lacewing eggs, larva green lacewings and pupa
green lacewings, respectively, that develop into
green lacewing larva, green lacewing pupa and
adult green lacewings, respectively, in one time

Set

L;SO;IO;P()eafz)i;P()maMgaMé,Mg;M(;n

v

Update

e i m e i d m
PP P MM MM,

'

A 4

Random (i, j)

Cell(G,))=S8 Cell(G,))=1 Cell(4,j)=E
Update Update Leave
S 1

All cells are updated

YES

Count#of S,I,FE

Release green lacewings

Stop

Figure 1 Main loop of Cellular Automata Model.
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step; s1, s, and s3 are the probabilities of green
lacewing eggs, green lacewing larva and green
lacewing pupa that survive this time step and
develop into green lacewing larva, green lacewing
pupa and adult green lacewings, respectively,
in the next time step; &, (Pf,P,’",Pf,Mf) is the
efficiency of converting green lacewing larva to
green lacewing pupa in one time step; d, is the
natural death rate of adult green lacewings in one
time step; s, is the fraction of female adult green
lacewings; and v, is the average number of eggs
laid by a female adult green lacewings in one
time step.

Moreover, the estimated crop yield at the
end of the planting period is also monitored at each
time step. By assuming that the estimated crop
yield per cassava plant is ¢ kilograms if the plant
has never been infected with mealybugs longer
than 2 weeks during the planting period, whereas
the estimated crop yields will be reduced by 100%,
30% and 10% if the plant is infected for longer
than 2 weeks during the first 4 months, during the
period between the 5th and the 7th months, and
during the period between the 8th and the 12th
months, respectively, the estimated crop yields at
each time step can be calculated using Equation
8:

P(t)=c-Cs(1)+(0.9xc)-Cp () +(0.7x¢)-Cp, (1) (8)

where P(f) represents the estimated crop yields at
the time step #; Cs(f) represents the total number
of cassava plants that have never been infected at
the time step #; C, (7) represents the total number of
cassava plants that have been infected longer than
2 weeks during the period between the 8th and the
12th months of planting at the time step; and C;,
(¢) represents the total number of cassava plants
that have been infected longer than 2 weeks during
the period between the 5th and the 7th months of
planting at the time step .

SIMULATION RESULTS

The simulations of the spread of

mealybugs were carried out using parametric
values that were estimated from the available
reported data at 30°C (Office of Agricultural
Economics, 2007; Chong et al., 2008; Pappas et
al., 2009; Pappas and Koveos, 2011).

The results shown in Figures 2—4 are
the averaged values of the 10 runs using the
MATLAB software (Version 7.11.0.584 (R2010b);
MathWorks Inc.; Natick, MA, USA) with a; =
0.1493 per day, a, = 0.0388 per day, a; = 0.0596
per capita per day, a, = 0.4468 per day, r;=0.9120,
r,=0.6589, r; = 0.8500 per day, y; = 0.2703 per
day, y,=0.0625 per day, y;=0.1053 per day, s, =
0.8170, 5,=0.7938, 53 =0.7402, 54 = 0.4850, v; =
2.9126 per capita per day, v, = 2.3876 per capita
per day, 0, = 0.0206 per capita per day, n; = 0.05,
n, = 0.005, n; = 0.0005, w; = 0.01, w, = 0.001, ¢
=2.25kg, G; = 1,000 green lacewings, G, = 800
green lacewings,

o P (i,j
B (B’ M, ) = min ZO,M mealybugs per
M, (l, J )
larva green lacewings per day,

N B (i,j)
P" M= 20,27 lyb
ﬂz( / ,) mm{ v (l_’j)}meay ugs per
larva green lacewings per day,
) Pe(i,j
B ( P M! ) =min {20,%} mealybugs per

larva green lacewings per day,

_ the number of surveyed cassava plants in the field
the total number of cassava plants that have not been removed from the cassava field

Pl PR Pn] PR Pg PR
and 5, —0.0521xmin 1, 700+ ’i(li"’4)+ P2 60
M, (l,])

where min is the minimum and other terms are as
previously defined.

DISCUSSION

From the simulation results shown in
Figures 2—4, we can see that the release frequency
of 2 weeks gives the best result as the estimated
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crop yield in this case is higher than in the other
cases. However, the cumulative numbers of
released green lacewings every 2 weeks and every
2 months are at about the same level while they is
a little higher when they are released every month.
Moreover, the spread of mealybugs seems to be
controllable in all three cases.

Since the cumulative numbers of released
green lacewings every 2 weeks and every 2 months

Tl

=

Averge esbrmbed crop viekds (kg

1{HN} -

967

are at about the same level, the costs for the release
of green lacewings every 2 weeks and every 2
months are then different only with regard to the
wage costs. The wages in the case of a 2 week
release frequency will be four times those of the
case of a 2 month release frequency. In Figure 2a,
the estimated crop yields for the release frequency
of 2 weeks is approximately 50 kg higher than
the release frequency of 2 months at the end of

[
Rekease green lawewings every 2 weeks

HRelease preen lacewings every momh

= = = Release green lawew ings every 2 monibs

FE(HH)

MM} =

il e L s

JEHM)

LU

1 5 +

[[EETTT

Vitage cuiitulal e Puinhel

S{HH) =

Releas e green Lcewings cvery 2 weeks

Heleaa e groen Laocew mgs evedy maosil

= = = Releane groen Lssewmgs cvery 1 swnths

Tirmee i

Figure 2 Simulation results of the spread of mealybugs in a cassava field: (a) Average estimated crop

yields; (b) Average cumulative number of released green lacewings.
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the planting period. Suppose that the market
price of cassava is 0.08 USD per kilogram, the
release frequency of 2 weeks will give 4.17 USD
or 1.67% more on the total crop sale income and
hence, the increase in wages will not be covered
by the increased income in this case. Therefore,
the release frequency of 2 months seems to be
the better option. However, in this study, the
cassava field of interest is just 0.16 ha and hence

Kasetsart J. (Nat. Sci.) 49(6)

the infected probability through wind might be
higher compared to a larger field whereas more
labor may be necessary. It also depends on how
high the wage level is and how long it takes to
finish the task. On the other hand, the increased
income from the yields would be higher for a larger
field. Therefore, further study is needed before any
general conclusion can be drawn.

[0

1550F
-
v
=
E 1500
£ 1500
]
2
g
&
§ 1450 1
-]
&
E
-
=
e Release groen lacewmgs every 2 wecks
Relexse green lacewimgs every month
= = = Release green lacewmgs every 2 months
1350 L L L 1 1 L L Fi|
[i] & 100 180 Tl 250 £} 150
Time (d)
250 T T
[+]
""""" Release green lacewings every 2 weeks
20 -
m— Release green lacewings cvery momih
a
] == = Release green bewimgs overy I months
w
B 50l
E 100 |
-1
a
i
=
5 b

150

L1 1]

b1 ] 250

T

Figure 3 Simulation results of the spread of mealybugs in a cassava field: (a) Average number of

susceptible cassava; (b) Average number of infected cassava.
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CONCLUSION

The release frequency of green lacewings
is one of the factors that must be taken into
account to achieve the most efficient control of
mealybugs. The cost of biological control for
each of the different release frequencies of green
lacewings such as wages and the reproduction cost
of green lacewings, will be investigated further
in comparison to the increased crop yields so that

250 Y T T

969

the optimal frequency that maximizes profit can
be obtained.
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Abstract: Mealybugs are a major pest for many crops (such as the vegetable Cassava, in Thailand). An environmentally-friendly
bio-control method is implemented using an introduced predator (green lacewings) of the mealybugs to mitigate plant damage. This
is analyzed so as to devise and determine an optimal strategy for control of the mealybug population. A predator-prey model has been

proposed and analyzed to study the effect of the biological control of the spread of the mealybugs in the plant field. The behaviour of
the system in terms of stability, phase space and bifurcation diagrams are considered. The results obtained from different numbers of
predators being released are compared. In particular we obtain thresholds of introduced-predator level above which the prey is driven
to extinction. Future models will include age-structured multi-compartments for both the prey and predator populations.

Keywords: Predator-prey model, mealybug, biological control

1. Introduction

Mealybugs are a type of scale insect which is

belongs to the family Pseudococcidae, order
Homoptera (Johnson and Triplehorn, 2004). They are
serious pests that infest a wide range of agricultural,
horticultural and forest species including cassava,
mango, tomato, peach, grape vine, redcurrant, cotton
and orchid (Royal Horticultural Society, 2015). In
1980s, exotic mealybugs caused 50-90% loss of
mango yields in West Africa (Moore, 2004). In 1999,
the cost of Postharvest Management (PHM) of the
pink hibiscus mealybug invading crops in the U.S.
was estimated to be around $750 million per year in
the absence of control (Moffitt, 1999). During
2006-2007, the damage
mealybug in cotton area reached $500,000 in north
India while 0.2 million bales and 50,000 acres of

cotton region were destroyed in Pakistan (Nagrare et

economic caused by
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Mathematics, Faculty of Science, Mahidol University, Thailand.

E-mail: jpjairaj@gmail.com.

al., 2009; Institute of Science in Society, 2010). In
2008, the spread of cassava mealybug over 160,000
hectares led to a 8-10 million tonnes decrease in the
cassava production in Thailand (Department of
agriculture, 2008). Not only is this an enormous
economic loss, but these pest infestations also cause
social and cultural problems.

To control mealybug population, the biological
method by releasing natural enemies has proved
experimentally to be successful as shown in Table 1.
Although the impact of the biological control of
mealybugs has been widely tested, there are few
established

projects.

theoretical models to support such

Mathematical modelling is an important tool to
study the behaviour of prey and its predator populations.
It allows us to determine the range of parameters
required for a stable system and also provides a way
of determining the effect when conditions are changed,
especially where there is a distinct abrupt change
in the long-term behaviour. Determination of these
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Table 1 Successful experiments in controlling mealybugs using its natural enemies.

Mealybug Natural enemy Plant Area Reference
Phenacoccus manihoti Par.as.1t01d: . . Cassava Africa Herren et al., 1991
Epidinocarsis lopezi
Rastrococcus invadens lz;ar:;s’lit;qlcc)i:. Jea tebvoi Man Benin Bokonon-ganta et
Williams JrAnusor V! £o ¢ al. 1995
Noyes
Encyrtid wasps - - Kairo et al., 2000
Mani et al., 2008
Coccinellid beetles Sapota (India) India, Caribbean, Egypt |Baskaran et al., 2007

Kairo et al., 2000

Maconellicoccus hirsutus [Parasitoid:

var. acridum

Anagyrus kamali and - Egypt Bartlett, 1978
Achrysopophagussp.
Metarhizium anisopliae Laboratory Ujjan et al., 2007

thresholds is crucial for effective management of the
situations.

The aim of this paper is to apply methods from the
theory of dynamical systems to pest-control problem.
We modify the predator-prey equations to analyze
mealybug population with and without releasing its
natural enemy. In the beginning, the population
dynamics of two species using the predator-prey
equations have been studied.

Let P and M be the population size of prey
(mealybugs) and predator respectively. The first
mathematical model is given by the following system
of coupled differential equations:

dp

T=apP(1-%)-bPM =, (1)

L= —cM+dPM = f, @)

aP(1— P/K) and cM are the growth rate of prey and
death rate of predator, respectively. Further, bPM
represents the decreasing rate of prey caused by its
predator whereas dPM 1is the increasing rate of
predator growth depending on its prey. This model is
corresponding to the following assumptions:

(1) Prey grows logistically.

(i) Predator eats only the particular prey, under a
mass-action law.
By solving equations (1) and (2), we can obtain the
behaviour of the system in terms of steady states,
phase planes and bifurcation diagrams which are the

main focus of this work.

The outline of this paper is as follows. In section 2,
the models and theoretical solutions are given.
Numerical simulations and bifurcation diagrams are
presented in section 3. Section 4 is devoted to
discussion our results. Finally, in section 5, we draw

conclusions and suggest the idea for future research.
2. Methods

In this work, three models are considered. The first
model is the original predator-prey model with logistic
growth for prey. The last two models are modified
predator-prey models by adding the natural enemy
continuously and periodically.

2.1 Predator-prey Model

a,b,c,d,
parameters. A predator-prey model is shown in

Assume that and K are positive
equations (1) and (2). To deal with a system of two

first-order equations, the eigenvalue-eigenvector
method is applied.

2.1.1 Steady-state solutions

A steady state (also called equilibrium point or
fixed point) is a situation in which the system does not
change [10]. Setting derivatives equal to zero;
dP/dt =0 and dM/dt = 0. Equations (1) and (2)

become

aP (1 - g) — bPM =0, 3)
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—cM + dPM = 0. @)
From equations (3) and (4), we obtain three steady
states which are (Pyq,Ms1) = (0,0), (Psp, My,) =
(K,0) and (Pg3,Mg3) = (c/d,a/b(1 - c/dK)).

Get better setting out. Call them respectively

“Extinction”, “Monospecies” and “Coexisting species”.

The last one is feasible if and only if ¢ < dK.
2.1.2 Stability
After finding all steady-states, the type of each
point is specified to complete the solution’s diagram.
From (1) and (2), the Jacobian matrix of this system is
o of:

J _|oP oM
(PoMs) f, 0f,

0P oMl u,

2aP _wm —bp
= a K .
aM —c+dP (Ps,My)

At (Py1, Mgq) = (0,0), “extinction”
a 0
Joo =g S - m=ar=—c

where a > 0 and ¢ > 0.
Since there is one eigenvalue which is positive and one
which is negative, (Pgq, Ms1) = (0,0) is an unstable
saddle.

At (Psy, Mg;) = (K, 0), “ monospecies”
o = | 0 def c
where a,c,d, K > 0.
(Pg, My,) = (K,0) is stable if both eigenvalues are
negative, i.e., dK — c < 0.

At (Pg3,Mg3) = (c/d,a/b(1 — c/dK)) ,

]—>kl=—a,k2=dl(—c

“coexisting species”

e b

_ dK d

Jes-2) =) o
K

Casel: dK <c
=g _%J(g)z_m@_ﬁ) >0,
=3 _%J(g)z_m@_ﬁ) <0

Since there is one eigenvalue which is positive and one
(Pg3, Mg3) is an

which is negative, in this case,
unstable saddle.

Case2: dK > ¢

A1 <0,1,<0

Both eigenvalues have negative real parts so this point
is stable (either a node or a spiral in the phase-plane).

To verify that the stability is defined within the
appropriate area, we will show that R = {(P,M):0 <
K<P<c/d0<M<M,} is positively invariant.
Let A and B be the upper bounds of P and M
respectively. Consider the boundary region of four
components:

£, - straight segment from (4,0) to (4, B),

0, - straight segment from (4, B) to (0, B),

03 - straight segment from (0, B) to (0,0),

£, - straight segment from (0,0) to (4,0), see
Figure 1.

M
2 (4,B)
&
<
23 L N o
> P
(0,0) _(24

Fig.1 A two-dimensional positively invariant region.

Choose the normal vectors ny = (1,0) and n, =
(0,1) to point outside the region for segments (2; and
0, whereas apply the normal vectors nz =n; =
(1,0) and ny = 7n, = (0,1) to point inside the area for
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segments (23 and {2, using dot product.
(a) Along 0, (P,M) - (1,0) < 0;

(B.11)-(10) = = ap(1-1) - bPM

A
— N I <0.
—aA(l ) bAM <0

aA(l—é) < bAM - g(l—é) <M
K/~ b K/~
Since 0 <M <B,A>K.
(b) Along 2,, (P,M)-(0,1) <0;
(P,M)-(0,1) =M = —cM + dPM
=—cB+dPB <0.
dPB <cB - P <c/d.
Since 0 <P <A, A<c/d.
(c) Along (23,

(p,M).(Lo):P: aP(l—%)—bPM=O.

That is, when P = 0, M is on the y-axis with M<0
(cannot cross (23).
(d) Along (24,
(P,M)-(0,1) =M = —cM + dPM = 0.
That is, when M = 0, P is on the x-axis with P > 0
(cannot cross (1y).
(e) Find B = max{M}.
M = —cM + dPM < —cB + dPB
<—cB+d(c/d)B=0 for P<c/d.
M <0 - M(t) < M(0) = M,.
Let ¢t > 0. Suppose P(0) € R and M(0) e R. We
then obtain P(t) €ER and M(t) €ER, ie., R=
{((P,M):0<K<P<Z<c/d,0<M<My} is a
positively invariant set with respect to equations (1)
and (2) for K < c¢/d.

2.2 New Model for Biological

Continuous effect

Control with

Assume P,M,a,b,c,d, and K are defined as in the

previous model. We modify the predator-prey
equations by adding a natural enemy of the mealybugs
into the system at a positive constant rate g. Our new

model is shown below.

T=apP(1-2)—bPM = f, (5)

S=g—cM+dPM=f; (6)

Then, we analyze this system in the same manner.
2.2.1 Steady-state solutions
Setting derivatives equal to zero; dP/dt = 0 and
dM/dt = 0. Equations (5) and (6) become

P
aP (1 - E) — bPM =0, 7)
g—cM+dPM = 0. ®)
So, three steady states are (Pgq,Mss1) = (0,9/¢),

(PSSZ' MssZ) = (PSSZl c—;ﬁ) and (Pss3' Mss3) =

(PSS3,C_:—P3) where Pg, and Py are defined in
S§S

equations (9) and (10), respectively.

P, = (adK +ca)++/(adK 42-22)2—4ad (cak —gbK)’ )

_ (adK +ca)—/(adK +ca)?—4ad (cak —gbK)
Pss3 - 2ad

. (10)

The first one only is a monospecies while the last two
solutions are coexisting species.
2.2.2 Stability
The Jacobian matrix of (5) and (6) is
o ofi

; _|op am
(Pss,Mss) af3 af3

P oM p )

29F oM —bp
aM —c+dP (Pgs,Mgs)
(11)
At (PsslﬂMssl) = (O,Q/C),
b
a— Tg 0 bg
](O,g/c)= dg - Afl_a_T:kZ__C

—C
C

where a,b,c, g > 0.
We obtain that (P, Mss1) = (0, g/c) is stable when
g > ac/b (both eigenvalues are negative).

At (PSSZ’MSSZ) = (PSSZIC_(:ﬁ)a
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J (Psszrc_dgﬁ)

2aPq,, bg 1
- - —bP
|7k Tc=ar,, 52
= dg
_ - dP.
Cc — dPSSZ ¢+ ss2
2aP, bg
73—( _Ssse —c+dP )x
T Tk Tc—dp,, T4
B <a B 2aPq, 3 bg )(c
K C — dPSSZ
dP,.,) + bP ( dg ) -0
552) ss2 c— dPssZ -
(12)

The eigenvalue A can be calculated from the quadratic
equation (12). However, for convenience, particular A
for the corresponding parameters will be considered. In
other words, the stability of equations (7) and (8) at
(Pggp, My») and (Pyg3,Mye3) will be approached
numerically by the following steps.

(i) Separate value of g.

(i) Find the corresponding Py, and Pyz from
equations (9) and (10).

(iii) Apply equation (11) to obtain the Jacobian
matrix.

(iv) Calculate the eigenvalues A.

(v) Classify the stability.
By solving equations (7) and (8), we obtain

e I

—__9
M=— (14)

It leads to the following formula:

ad P2 —(adK +ca)P+cakK
= oK (15)

Equation (15) is a parabola which has vertex at
(9P = (5~
through the points

(g,P) = (0,K),(0,c/d),(ac/b,0).
Suppose

(adK +ca)? 5 c )

P Traa i and passes

K=1,a=13b=0.5,c=0.7
and
d=16
in appropriate units. The graph of g is shown as

Figure 2.

25

Fig.2 Graphof g against P.

Remark: (a) Py, is the upper half of the parabola and
P53 is the lower half of it.

2

®) g =5 =S <0
Separate the graph into three regions based on the value
of g as follows:

Rl. g" < g <0,

R2. 0< g <ac/b,

R3. g > ac/b.
We pick up the value of g for each region and then
calculate the eigenvalue by the step as we mention
earlier. Finally, the stability can be specified shown in
Table 2.

Moreover, we found that the positively invariant
region of equations (5) and (6) is R = {(P,M):0 <
K<P<c/d,M>0} for K<c/d.

2.3 New Model for Biological Control with Impulse
Effect

In practice, predator will be released not continuously
but periodically so modified predator-prey equations
with impulse effect are considered as follows:
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Table 2  Stability of modified predator-prey model at (P, Mgr) and (Pggz, Mg3).

Region g P; Jacobian matrix A Stability
P.,R1 202 0.89 ‘01426 ‘00;*35] -1.05, 0.62 unstable
P, -R2 0.2 1.08 [:3/3“1) ‘10(')524] -1.47,1.09 unstable
P.,-R3 2.0 1.47 [:1'21 _1°é753] 227,201 unstable
PRI 202 0.54 _10;3701 _ooi277] -0.27+0.57i stable
P, 5-R2 0.2 0.36 _206457 :g'ig] -0.30£0.67i stable
P, s-R3 2.0 -0.03 g'gg _0(')0715] 0.11, 0.8 unstable

dP p coexisting species steady states when ¢ = 3.2 and

L —ap(1-%)-bPM (16) XSG Spetie 4

¢ = 0.7 consecutively.
dM Secondly, the corresponding bifurcation diagrams

— = —cM +dPM, T; < t < Ty (17)

M(T;+) = M(T;-) + m,m = g * (At) (18)
where P,M,a,b,c,d,g and K are defined as section
2.2. Let m be the size of the added predator with
period At. The relationship of parameters in equations
(17) and (18) can be drawn in Figure 3.

Tiq T; Ti1

At At
Fig. 3 Relationship of parameters for added predator.

The numerical results from this model will be shown
and compared in section 3.

3. Simulation Results

The simulation of models leads to the following
numerical results. Firstly, we show illustrative phase
plane plots for the original model where the arrows
represent temporal changes. From Figure 4, we obtain
that the solutions tend to the monospecies and the

of equations (1) and (2) are shown in Figure 5 where
solid and dash lines represent stable and unstable
states, respectively. We simplify the problem by
assuming b =d . Then, Ilong-term solutions
depending on parameter b can be explained. In the
case that dK <c, solutions will converge to
monospecies (P, My;) = (K,0) . Otherwise, they

will tend to the coexisting species (Py3,Mg3) =

G.% (1 - i)) where Pg3 is strictly decreasing.

Next, we move to the bio-control model satisfying
equations (5) and (6). Phase plane graphs with
different rate of added predator are compared and
shown in Figure 6. For g =1, solutions meet
coexisting species steady state. And we obtain
monospecies as a long-term solution when g = 3.

Again, bifurcation diagrams are employed to
determine the stability of the system. Since we focus
on the effect of added predator to mealybug population,
our bifurcation diagrams are drawn with respect to g.
Recall from Figure 1 that g can be negative (take
some existing predators out of the system); however, it

is out of our domain. From Figure (7a), we can see
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Fig. 5 Bifurcation diagrams of the predator-prey model for K =1,a =1.3,c¢ = 0.7 (5a) mealybug population (5b)
predator population.
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(b)

Fig. 7 Bifurcation diagrams of modified predator-prey model (7a) mealybug population (7b) predator population.

that population size of mealybug is dropped by
increasing g and it becomes zero after g = ac/b.
Behaviour of predator population is divided into two
cases, see Figure (7b). The first one occurs when
g < ac/b; solutions grow logistically while g is
enlarged. The second type is for g > ac/b; solutions
linearly increase corresponding to higher rate g.

Comparisons of the results of two models are
shown in Figures (8) and (9) where figures on the left
and the right hand sides represent the simulation
results of biological control models of continuous and
periodic predator-adding, respectively. Two values of
g are studied: g=1 (g<ac/b) and g=3
(g > ac/b).
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From Figures (8f) and (9f) satisfying impulse effect

model, we obtain the periodic solutions with
coexisting-species for g = 1 and with mono-species

for g = 3.
4. Discussion

From the simulation results shown in Figures 4, we
verify that our solutions will converge to
(P,M)=(K,0) if dK<c

Otherwise, the long term steady-state solution is

mono-population

(P,M) = (5,%(1 —ﬁ)). That is, for a non-control
situation, some mealybugs survive finally. Moreover,
from Figures (5a) and (5b), we can see that the
bifurcation occurs at b = d = ¢ /K.

After introducing its natural enemy, the size of the
population of mealybugs is decreasing as desired.
With the same conditions, the mealybug’s level
reduces from 0.45 (as a proportion) in Figure (4b) to
0.18 in Figure (6a). From Figures (6a) and (6b), we
can see that if more predators are added, more
mealybugs are eliminated. Furthermore, bifurcation
diagram in Figure (7a) reveals that if added predator
rate is more than ac/b, the mealybugs are driven to
extinction.

Furthermore, our experiment provides the same
trend for two models of biological control (continuous
or impulse effect) that is if we add large enough
amount of predator, mealybugs can be eliminated, see
Figures (8) and (9).

In future work, the multistage physiological
structures of the predator and prey will be taken into
account before applying such model to the real
experimental data.

5. Conclusion

This work presents mathematical models for a
mealybug population with biological control. The
stability of the system has been analyzed by the
eigenvalue-eigenvector method. Some examples of
relationship between the predator and its prey are

given in terms of phase planes. The simulation results
obtained from different parameters are compared.
Finally, the bifurcation diagrams have been proposed
in order to describe the overall behaviour of our
models. In particular we discover thresholds of the
predator release-rate which can eliminate mealybugs

ultimately.
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Abstract

In this paper, a cellular automata model and Monte Carlo simulation are utilized
in order to investigate the control of cassava mealybugs in a cassava field when
wasps Anagyrus lopezi are used as a biological control agent. The model is
constructed based upon farmers’ usual practices of cassava's planting in Thailand.
The effects of life cycles of cassava mealybugs and wasps Anagyrus lopezi are
also taken into account. Computer simulations of six different tactics of biological
control are carried out. The results indicate that to maximize the profit farmers
should release wasps Anagyrus lopezi only once when the spread of cassava
mealybug is first detected in the field at the amount of 50-100 pairs per rai.

Keywords: cassava; cassava mealybug; cellular automata; wasps Anagyrus lopezi

1 Background

Nowadays, the crops that could survive hot and dry conditions such as cassava (Ma-
nihot esculenta Crantz) are getting more attention when the global temperatures
increase every year. Cassava is a root crop with high starch content and can be used
in many food and non-food industries such as pharmaceuticals, material, plywood,
paper, textiles. It can also be used as biomass to produce ethanol fuel [1]. Cassava is
considered to be one of the major agriculture crops of Thailand. However, a major
loss in crop yield might occur if there is the outbreak of it’s insect pest. In 2008,
cassava mealybugs were first identified in Thailand as one of the most important
cassava’s insect pests. Since then, cassava mealybugs have spread throughout Thai-
land’s cassava fields [3]. In 2010, there was an outbreak of cassava mealybugs in
Thailand resulting in a major loss in cassava yield. The total cassava yield reduced
from 30 million tons per year to 22 tons per year as recorded by the information
from the Office of Agricultural Economics, Thailand.

The controls of the spread of mealybugs in Thailand are practiced in various
ways. Farmers might use biological controls, insecticides or both of biological con-
trols and insecticides. The Department of Agriculture, Ministry of Agriculture and
Cooperatives, Thailand and the Thai Tapioca Development Institute suggest vari-
ous practices for biological controls. The recommended instructions on the amount
of natural enemies to be released and the period between each natural enemies
released are diverse and depend on the type of the natural enemies to be released.

One of natural enemies that have been used frequently to control the spread

of cassava mealybugs is wasps Anagyrus lopezi (Apoanagyrus lopezi) [2]. Wasps
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Anagyrus lopezi was first imported to Thailand in the year 2009 in order to control
the outbreak of cassava mealybugs in the infested cassava fields because it attacks
cassava mealybugs specifically. However, there are various instructions on how to
released wasps Anagyrus lopezi when a spread of cassava mealybugs occurs. Wasps
Anagyrus lopezi is suggested to be released once or three times every three weeks
when cassava mealybugs is first detected in a cassava field where the recommended
number of wasps Anagyrus lopezi to be released in a cassava field are also varied
such as 50-100 pairs per rai (0.16 ha), 200 pairs per rai (0.16 ha) and 400 pairs
per rai (0.16 ha). In this paper, different tactics of biological control of cassava
mealybugs in a cassava field are investigated.

2 Model development

According to the cassava’s planting instructions recommended by the department
of agricultural extension, ministry of agriculture and cooperatives, Thailand, the
suggested distance for planting any two connected cassava plants is 1 metre. Suppose
that the total area of cassava field is 4 rai (0.64 ha), the number of cassava plants
on the first day of planting is 6,400 plants in total. A Cellular automata model is
constructed as follows to investigate biological control of cassava mealybugs in the
cassava field.

A 80 x 80 lattice will be used to stand for the cassava field. A cassava plant in the
field is represented by a cell in the lattice. There are three possible states for each
cell. Susceptible cell (S) refers to the non-infested cassava plant (the cassava plant
that is free of cassava mealybug). Infested cell (I) refers to the infested cassava
plant (the cassava plant that has cassava mealybug on the plant). Empty cell (E)
refers to the removed cassava plant.

At first, every cell in the lattice will be assumed to be in the state S. In each
time step (1 time step (At ) = 1 day), the updates for the state of every cell in the
lattice will be carried out at random order based upon the following rules.

Rule for updating FE

If an empty cell E is randomized, it will remain at the state E.
Rules for updating S

If a susceptible cell S is randomized and it is located on the 1st or 2nd row next to
the borders of the lattice, the state of the cell might become I because the cassava
plant in the cell might be infested with cassava mealybugs that blown in by the
wind from outside of the field with the probability w = w;. On the other hand,
if the randomized susceptible cell is not located on the 1st and 2nd row next to
the borders of the lattice, it might become an infested cell I with the probability
w = we where 0 < wy < wy < 1.

Moreover, the randomized susceptible cell might become I with the probability
n because it is infested from cassava plants in its neighborhood shown in Figure 1.
The probability that the cassava plant in the randomized cell will be infested from
the cassava plants belonging to its immediate neighborhood is higher than from the
distant neighborhood. The probability that the cassava plant in the randomized
cell will be infested from the cassava plants belonging to its distant neighborhood
is higher than from the far distant neighborhood.

Rules for updating I

Page 2 of 13
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If an infested cell I is randomized, it might return to the susceptible state S in the
next time step if wasps Anagyrus lopezi successfully eliminates cassava mealybugs
on the randomized cell.

On the other hand, when cassava has been planted in the field for a month, a
surveyed for cassava mealybugs will be done every two weeks. If the randomized
infested cell I is surveyed during the 1%%, 120" or 211**, 360" day of planting, the
state of the cell will then change to F.

Rule for release of wasps Anagyrus lopezi

Starting from the second month of planting, the survey for cassava mealybugs will
be carried out every two weeks. If cassava mealybug is found when the survey is
conducted during the 5th and the 7th month of planting, wasps Anagyrus lopezi will
be released in the field once or every three weeks for three times with the amount
of 50-100 pairs per rai, 200 pairs per rai or 400 pairs per rai.

Rule for updating numbers of cassava mealybug

In addition to the wind effect that might bring cassava mealybugs from inside or
outside of the field so that the number of cassava mealybugs on each cassava plant
might be changed, the effect of the life-cycle of cassava mealybug is also taken into
account. Here, the difference equations (1)-(3) are employed to update the number
of cassava mealybugs at each stage on each cell in the lattice due to the effect of
the life-cycle of cassava mealybug where C},Ci™ and Cf are the numbers of cassava
mealybugs of the instar stage, adult stage and egg stage, respectively, at the time
step t.

Instar Stage: CZJFM = Cf+ria1Cf — axCy — B1(CF, A AT (1)
Adult Stage:  Cfipn, = C" +1200C) — azCl" — Bo(C", A A" (2)
Egg Stage:  Cf pny = Cf +r3aqviC" — a1 Cf — B3(Cy, AMAT (3)

where (31 (C’ti, A;"), B2 (C7, A7) and B3 (Cf, A}*) are the average numbers of instar
cassava mealybugs, adult cassava mealybugs and cassava mealybug’s eggs, respecti-
vely, killed by an adult wasps Anagyrus lopezi per time step. The definitions of
other parameters in equations (1)-(3) are provided in Table 1 as well as their ap-
proximated values calculated based on the literatures [7]- [11] at 25 £ 2°C.
Rule for updating numbers of wasps Anagyrus lopezi

Apart from the increase in the number of wasps Anagyrus lopezi in the field due
to the release of wasps Anagyrus lopezi when cassava mealybug is first detected, the
effect of the life-cycle of wasps Anagyrus lopezi is also taken into account. Here, the
difference equations (4)-(7) are employed to update the number of wasps Anagyrus
lopezi at each stage on each cell in the lattice due to the effect of the life-cycle of
wasps Anagyrus lopezi where AL, A¢ A and A¢ are the numbers of wasps Anagyrus
lopezi of the larva stage, pupa stage, adult stage and egg stage, respectively, at the

time step ..
Larva stage: tiar = AL+ simAL — 1A (4)
Pupa stage: Al n, = AL+ syrpAl— AL (5)
Adult stage: Tar = AT+ sy Al — 5 AT (6)
Egg stage: Coar = AL +5465(CF O CE AT AT — i AS (7)

Page 3 of 13
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where 9 (CL?, (GHEN G A;") is the efficiency of an adult female wasps Anagyrus lopezi
on laying eggs per time step depending on the amount of consumed cassava mealy-
bugs. The definitions of parameters in equations (4)-(7) are provided in Table 1 as
well as their approximated values calculated from literatures [7]- [11] at 25 + 2°C.

Note that, on each cassava plant, the number of cassava mealybugs at each stage
and the number of wasps Anagyrus Lopezi at each stage are also monitored. In
this study, wasps Anagyrus Lopezi at the adult stage on an infested cassava plant
might fly to another infested cassava plant in their immediate, distant or far distant
neighbourhood. Cassava mealybugs of the instar stage on an infested cassava plant
might be blown by the wind to a cassava plant(infested or non-infested) in its
immediate, distant or far distant neighbourhood.

In addition, we also monitor the approximated total crop yield. Here, the esti-
mated crop yield is assumed to be a kilograms per cassava plant if the plant has
not been infested by cassava mealybugs longer than two weeks. The crop yield of
the plant will be damaged by 100%, 30% and 10%, approximately, if the cassava
plant has been infested during the 1%, 121%¢, 210" and 360" day, respectively, by
cassava mealybugs longer than two weeks. At each time step, the total estimated
crop yield, Z(t), can then be calculated by

Z{t)=a-Z+ (0.9 x a)- Zo + (0.7 x ) - Zs (8)

where Z; is the number of cassava plants that have not been infested by cassava
mealybugs longer than two weeks in total at the time step ¢, Z5 is the number of
cassava plants that have been infested by cassava mealybugs longer than two weeks
in total during the 211%¢ and 360" day at the time step ¢t and Z3 is the number of
cassava plants that have been infested by cassava mealybugs longer than two weeks
in total during the 121°¢ and 210** day at the time step ¢.

Page 4 of 13



Table 1 Definition and calculated value of parameters in equations (1)-(7)

Parameter Definition Value
e Cassava Mealybug
ay the fraction of cassava mealybug of the egg stage that develop into cassava mealybug of the instar stage in one time step 0.12990
ag the fraction of cassava mealybug of the instar stage that develop into cassava mealybug of the adult stage in one time step 0.05710
as the natural death rate of cassava mealybug of the adult stage 0.04810
ay the fraction of survived female cassava mealybugs of the adult stage in the reproductive period 0.63530
1 the survival rate of cassava mealybug of the egg stage that develop into cassava mealybug of the instar stage 0.95750
9 the survival rate of cassava mealybug of the instar stage that develop into cassava mealybug of the adult stage 0.96660
rs3 the fraction of female cassava mealybugs of the adult stage 0.97700
U1 the average number of eggs that are laid by a female cassava mealybug of the adult stage in one time step 16.92500
o Wasps Anagyrus lopezi
Y1 the fraction of wasps Anagyrus lopezi of the egg stage that develop into Anagyrus lopezi of the larva stage in one time step 0.50000
Y2 the fraction of wasps Anagyrus lopezi of the larva stage that develop into Anagyrus lopezi of the pupa stage in one time step 0.16670
Y3 the fraction of wasps Anagyrus lopezi of the pupa stage that develop into Anagyrus lopezi of the adult stage in one time step  0.16670
o1 the natural death rate of wasps Anagyrus lopezi of the adult stage per a time step 0.06040
S1 the survival rate of wasps Anagyrus lopezi of the egg stage that develop into Anagyrus lopezi of the larva stage 0.78325
S2 the survival rate of wasps Anagyrus lopezi of the larva stage that develop into Anagyrus lopezi of the pupa stage 0.78325
s3 the survival rate of wasps Anagyrus lopezi of the pupa stage that develop into Anagyrus lopezi of the adult stage 0.78325
S4 the fraction of female adult wasps Anagyrus lopezi 0.39710
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3 Numerical Simulations

In the simulations, the lattice is of the size 80 x 80 that is the area of cassava’s
planting is 4 rai (0.64 ha) while the distance between each of the two connected
cassava plants is one metre and hence, the initial number of cassava plants in the
field is 6,400. The planting period is one year. The simulations are carried out step
by step as indicated in Figure 2.

Here, we investigate six different tactics of releasing wasps Anagyrus lopezi in a
cassava field when the spread of cassava mealybugs is detected. The six tactics are
listed as follows.

I: Release wasps Anagyrus lopezi only once when the spread of cassava mealybug
is first detected in the field at the amount of 50-100 pairs per rai.

II: Release wasps Anagyrus lopezi only once when the spread of cassava mealybug
is first detected in the field at the amount of 200 pairs per rai.

II1: Release wasps Anagyrus lopezi only once when the spread of cassava mealybug
is first detected in the field at the amount of 400 pairs per rai.

IV: Release wasps Anagyrus lopezi three times every three weeks when the spread
of cassava mealybug is first detected in the field at the amount of 50-100 pairs per
rai.

V: Release wasps Anagyrus lopezi three times every three weeks when the spread
of cassava mealybug is first detected in the field at the amount of 200 pairs per rai.

VI: Release wasps Anagyrus lopezi three times every three weeks when the spread
of cassava mealybug is first detected in the field at the amount of 400 pairs per rai.

Computer simulations of the six tactics are carried out by MATLAB software. In
the simulations, n; = 0.001, ny, = 0.0001, ng = 0.00001, w; = 0.0001, wy = 0.00001
and « = 2.25. The averaged simulation result of the 100 runs are shown in Figures
3-8. The average of the 100 runs on the estimated crop yield of cassava at the end
of planting period and the average of the 100 runs on the total number of wasps
Anagyrus lopezi released in the field are also given in Table 2.

Table 2 The average estimated crop yield of cassava at the end of planting period and the
average total number of wasps Anagyrus lopezi released in the field for each tactic.

Tactic  Average estimated crop yield of cassava  Average total number of wasps Anagyrus lopezi

(kgs) released in the cassava field (pairs)
| 14,277.96 60
1 14,234.04 160
I 14,252.09 320
\% 14,298.75 440
\ 14,289.57 1,760
Vi 14,301.05 3,520

The results indicate that the tactic VI (Release wasps Anagyrus lopezi three times
every three weeks when the spread of cassava mealybug is first detected in the field
with the amount of 400 pairs per rai) gives the highest average estimated crop yield
of cassava with the lowest number of infested cassava plants compared to the other
five tactics.

Page 6 of 13
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4 Discussion and conclusion

We investigate the biological control of cassava mealybugs in a cassava field when
wasps Anagyrus lopezi are used as a biological control agent. The six tactics of
the control are considered. Even though the results indicate that the tactic VI
is the best option for the control of the spread of cassava mealybugs and gives
the highest average estimated cassava’s yield at the end of planting period, the
cassava’s selling price is approximately 2.50 baht (0.072 USD) per kilogram and
the cost for the biological control agent wasps Anagyrus lopezi is approximately
4.50 baht (0.13 USD) per pair. In order that the most efficient biological control
in terms of maximum profit for farmers may be obtained. Table 3, showing the
average estimated cost of wasps Anagyrus lopezi released in the field, the average
estimated income from selling cassava’s yields and the average estimated (income
— cost of biological control agents) at the end of planting period for each tactic is
also provided here.

Table 3 The average estimated cost of wasps Anagyrus lopezi released in the field, the average

estimated income from selling cassava’s crop yields and the average estimated (income — cost of
biological control agents) at the end of planting period for each tactic.

Average estimated Average estimated income Average estimated
cost of from selling (income — cost of
Tactic wasps textitAnagyrus lopezi cassava's crop yields wasps Anagyrus lopezi)
released in the field (baht) at the end of planting period
(baht) (baht)
| 270 35,694.90 35,424.90
Il 720 35,585.10 34,865.10
I 1,440 35,630.23 34,190.25
\% 1,980 35,746.88 33,766.88
\% 7,920 35,723.93 27,803.93
Vi 15,840 35,752.63 19,912.63

In Table 3, we can see that even though the tactic VI give the highest average
estimated cassava’s crop yield, the tactic that gives the maximum profit is the tactic
I (releasing wasps Anagyrus lopezi only once when the spread of cassava mealybug
is first detected in the field at the amount of 50-100 pairs per rai). Note that the
planting area that we considered here is just 4 rai (0.64 ha). When the planting
area is a large-scale cassava farm the results might not be the same as what we
have found here. One reason is that the spread of cassava mealybugs might not be
detected in the large-scale cassava farm as fast as in a small-scale cassava farm.
Hence, further investigations are needed for a large-scale cassava farm.
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(3.-3) | (i-3)-2) (i-3.j-1) (i-3.) (-3.j+1) | (-3,j+2) [ (i-3,+3)
(F2,-3) | (i-2-2) (2,-1) (i-2.j) (F2,j+1) | (-2j+2) [ (-2,j+3)
(1,j-3) | (-1-2) (-1,j-1) (i-1,j) (1) | (-1,j+2) | (-1,j+3)
(i,j-3) (i.j-2) (ij-1) (i.j) (i.j+1) (i.j+2) (i.j+3)
(i+1,j-3) (i+1,j-2) (i+1,j-1) (i+1.j) (i+1,j+1) (i+1,j+2) (i+1,j+3)
(i+2,-3) | (i+2)-2) | (i+2j-1) (i+2.) (i+2j+1) | (+2,j+2) | (i+2,j+3)
(i+3,-3) | (i#3,-2) [ (i+3,-1) (i+3.) (i+3,j+1) | (i+3,j+2) | (i+3,+3)

Figure 1 The blue, yellow and green areas represent immediate neighborhood, distant
neighborhood and far distant neighborhood, respectively, of the cell (3, j).
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The average number of susceptible cassava
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The average number of removed cassava

Figure 5 The average number of removed cassava plants.
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ABSTRACT

Cassava is one of the most important agricultural products of Thailand. Weeds,
animal pests and pathogens are regular concern of economic importance. In this
paper, a cellular automata (CA) model is constructed to investigate the spread of
cassava mealybugs in a cassava field with the usual practices of biological control
in Thailand. The available reported data from many sources will be utilized so that
parameter values in the model are obtained. To obtain an efficient control of the
spread of cassava mealybugs in a cassava field, computer simulations are then carried
out for 54 different manners of biological control when Anagyrus lopezi and green
lacewings are used as biological control agents. The results indicate that the most
efficient control yielding maximum profit is to release 200 green lacewings per rai
every month together with 50-100 pairs of Anagyrus lopezi per rai once after cassava
mealybugs is first detected.

KEYWORDS
Cassava; cassava mealybug; Anagyrus Lopezi; green lacewing; biological control;
cellular automata; Monte Carlo simulation

1. Introduction

Agriculture has been the backbone of Thailand’s economy for several decades. Cassava
is considered to be one of the major agriculture crops of Thailand. Although Thailand
is not a major consumer of cassava, it is the world’s biggest exporter of cassava with
the world’s market share of 60.72% in 2011 according to the office of agricultural eco-
nomics, ministry of agriculture and cooperatives, Thailand. Even though cassava can
survive both hot and dry conditions, an increase in insect pests might easily cause a
major loss in crop yield. Mealybugs (Hemiptera: Pseudococcidae) constitute a major
family of insect pests of cassava. In Thailand, there are four species of mealybugs
found in cassava fields which are striped mealybugs, Madeira mealybugs, pink mea-
lybugs (cassava mealybug) and Jack-Beardsley mealybugs (Boonseng 2009). In 2008,
cassava mealybugs were first identified in Thailand and has spread aggressively throug-
hout cassava’s planting area in Thailand (Winotai et al. 2010). In 2010, there was an
outbreak of cassava mealybugs in Thailand resulting in a major loss in cassava yield.
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The total cassava yield reduced from 30 million tons per year to 22 tons per year
according to the information from the Office of Agricultural Economics, Thailand.

There are various practices to control the spread of mealybugs in cassava fields in
Thailand. Farmers might use biological controls, insecticides or a mixture of biolo-
gical controls and insecticides. With biological controls, various practices have been
recommended by the Thai Tapioca Development Institute and the Department of Agri-
culture, Ministry of Agriculture and Cooperatives, Thailand. The suggestions on the
number of natural enemies to be released in a field and the period between each na-
tural enemies released are diverse and also depend on the type of the natural enemies
to be released. Natural enemies that have been used popularly to control the spread
of cassava mealybugs are Anagyrus lopezi and green lacewings (Boonseng 2009).

In Thailand, different manners are recommended when an outbreak of cassava me-
alybug occurs. When Anagyrus lopezi is used as a biological control agent, one recom-
mendation is to release Anagyrus lopezi once when cassava mealybugs are detected
whereas the other suggestion is to release Anagyrus lopezi every three weeks for three
times since cassava mealybugs are detected. The recommended number of Anagyrus
lopezi to be released in the field is also various such as 50-100 pairs per rai (300-600
pairs per ha, approximately). On the other hand, when green lacewings is used as a
biological control agent, the recommended release frequencies are various such as every
two weeks, every month or every two months. The instructions on how many of green
lacewings to be released in the field are also various such as 200 per rai (1,200 per ha),
800 green lacewings per rai (4,800 per ha) or 1,000 per rai (6,000 per ha).

The lack of the knowledge may cause a major loss in cassava crop yields. When an
outbreak of cassava mealybugs occurs and farmers have to determine on how much/
how often the natural enemies of cassava mealybugs should be released to control the
outbreak, might turn to use insecticide instead if they do not know which instructi-
ons should be applied. The outbreak might get worst depending on the type of the
insecticide and the age of the plant when the insecticide is applied because the insect
pest might resist to the insecticide while the natural enemies of the insect pest might
be destroyed and the plant might be damaged.

In this paper, the 54 different manners of biological control using both Anagyrus
lopezi and green lacewings will be investigated to get a better understanding on each
manner. In order to do so, a cellular automata (CA) model will be constructed in the
next section.

2. A Cellular Automata Model

Based upon the recommended instructions of the Department of Agricultural Exten-
sion, Ministry of Agriculture and Cooperatives, Thailand, we then make the following
assumptions.

Initially, all cassava plants in the field are free of cassava mealybugs. However, the
wind might blow instar cassava mealybugs into the field and some cassava plants might
be infested. Note that only cassava mealybug at the instar stage can be blown with
the wind.

Starting on the 2nd month of cassava’s planting the surveyed for cassava mealybugs
will be carried out every two weeks by collecting 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 eleven plants as instructed by the Department of Agricultural Extension,



Ministry of Agriculture and Cooperatives, Thailand.

If the plant infested with cassava mealybugs is subjected to be surveyed and the
day that the survey is conducted is during the first 4 months or the last 5 months of
planting period, the plant will then be removed from the field. On the other hand, if
cassava mealybug is found on a surveyed plant during the 5th - 8th month of planting,
Anagyrus lopezi and green lacewings will be released in the field in order to control
the spread of cassava mealybugs in the field. Note that the planting period of cassava
is assumed to be one year.

We then assume further that if a cassava plant is infested with cassava mealybugs
longer than two weeks, the estimated crop yields at the end of planting period will
decrease. Crop yields will be reduced by 100%, 30% and 10% if the cassava plant is
infested with cassava mealybugs during the first 4 months, during the period between
the 5th and the 7th months, and during the last 5 months, respectively, according to
the surveys of the Thai Tapioca Development Institute in 2007-2010.

Here, a square lattice of the size L x L lattice will be used to represent a cassava
field while each cell in the lattice represents a cassava plant. The possible states for
each cell in the lattice are susceptible cell (S) representing the cassava plant which
is not infested by cassava mealybug, infested cell (I) representing the cassava plant
which is infested by cassava mealybug and empty cell (E) representing the cell that
the cassava plant was removed from the field.

At first, every cell in the lattice will be assumed to be susceptible cells. After that,
at each time step (1 time step (At) = 1 day), the states of every cell (7,7),1 < i <
L,1<j<Li,j€Zin the lattice will be updated at random order according to the
following rules where a number 7,0 < r < 1 will be randomized.

2.1 Rules for updating each cell in the lattice

2.1.1 Rules for updating a susceptible cell (5)

If the randomized cell (i, j) is a susceptible cell then the following rules are applied.

(i) If the randomized cell (4, 7) is belonged to the first two rows next to each of the
four borders of the lattice, the cell might becomes an infested cell because the cassava
plant in that cell might be infested with cassava mealybugs blown with the wind from
the outside of the field with a probability w = w;, or else it might becomes an infested
cell with a probability w = wy where 0 < wo < w; < 1. Hence, if r < w then the
randomized cell changes the state from S to I.

(ii) The randomized cell (i,j) might become an infested cell if there is cassava
mealybug in the cells belonging to it’s neighborhoods with the probability n. Here,
the neighborhoods of the randomized cell refer to the immediate neighborhood, distant
neighborhood or far distant neighborhood as shown in Figure 1. The the randomized
cell (4, 7) might change the state from S to I if r < n where n = ny,n = ng and n = ng
when there is cassava mealybug in the immediate neighborhood, distant neighborhood
and far distant neighborhood, respectively where 0 < nz < ns <mn; < 1.

2.1.2 Rules for updating an infested cell (/)

If the randomized cell (i, 7) is an infested cell then the following rules are applied.

(i) The randomized cell (7, j) might become a susceptible cell if green lacewings and
Anagyrus lopezi successfully feed /parasitism on cassava mealybugs so that there is no
cassava mealybugs on the cassava plant in the randomized cell. In this case, the state
of the randomized cell (7, 5) will change from I to S.

(ii) Starting from the 2nd month of planting, each of the cassava plants might
be surveyed with the probability f every two weeks. Here, a cassava plant might be



surveyed with the probability

f = the number of cassava plants to be surveyed in the field according to the
above manner = the total number of cassava plants that have not been

removed from the cassava field

(a) If the randomized cell (7, 7) is surveyed during the first 4 months or the last 5
months after planting then the cassava plant in the randomized cell will be removed
and the state of the randomized cell will change from I to E.

(b) If the randomized cell (i, j) is surveyed during the 5th month and the 7th
month of planting and the number of cassava mealybugs on the cassava plant in the
cell is greater than mq, then cassava plant in the randomized cell will be removed and
the state of the randomized cell will change from I to E.

2.1.3 Rule for updating an empty cell (E)
If the randomized cell (i, 7) is an empty cell then it remains an empty cell.

2.2 The release of Anagyrus lopezi and green lacewings

Starting on the 2nd month of cassava’s planting the surveyed for cassava mealybugs
will be conducted every two weeks.

(i) During the first 4 months and the last 5 months of cassava’s planting period: if
the infested plant is surveyed, it will be removed from the cassava field.

(ii) During the 5th and the 7th month of cassava’s planting period: if the infested
plant is surveyed, Anagyrus lopezi and green lacewings will be released in the cassava
field in the following manners

Anagyrus lopezi: Anagyrus lopezi of the adult stage (the only stage that feed
on/parasitism cassava mealybugs) will be released only once or every 3 weeks for 3
times. The number of Anagyrus lopezi to be released in the field is assumed to be Rj
pairs per rai (or 01?136 pairs per ha).

Green lacewings: Green lacewings of the larva stage (the only stage that feed on
cassava mealybugs) will be released every 2 weeks, every month or every two months
until there is no cassava mealybugs found on the surveyed cassava plant. The number
of larva green lacewings to be released in the cassava field depends on the severity of
the spread of cassava mealybugs. 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 0ﬁ16 per ha) or else the
Ry

number of green lacewings to be released in the field is Ry per rai (or 5%
where 0 < R1 < Ro.
2.3 Effects of life cycles of cassava mealybugs, Anagyrus lopezi and green
lacewings

In this study, we also monitor the number of cassava mealybugs, Anagyrus lopezi
and green lacewings at each stage on each cell of the lattice.

Apart from the wind effects the number of cassava mealybugs on each cassava
plant is also subjected to change according to its life cycle. Similarly, the life cycles
of Anagyrus lopezi and green lacewings will also effects the numbers of Anagyrus
lopezi and green lacewings, respectively, on each cassava plant in the field apart from
the numbers of Anagyrus lopezi and green lacewings released in the field to control
the spread of cassava mealybugs. Hence, we also assume that the following systems
of difference equations represent the change in the numbers of cassava mealybugs,
Anagyrus lopezi and green lacewings at each stage on each cell (i,7) of the lattice

per ha)



according to their life cycles.

Cassava mealybug: The life-cycle of cassava mealybugs consists of three stages which
are eggs, instar and adult stages.

Instar Stage:

Clinr = Ct +1101CF — a2Cf — Bua (G, AT, GHAT — Bia(CyL AT GHG - (1)

Equation (1) represents the number of instar cassava mealybugs at the time step
t + At. The first term on the right hand side represents the number of instar cassava
mealybugs at the time step ¢ while the second term represents the number of instar
cassava mealybugs developed from cassava mealybug’s egg of the time step ¢. The third
term on the right hand side represents the number of instar cassava mealybugs of the
time step ¢ that develop into adult cassava mealybugs in the time step ¢ + At. The
fourth term on the right hand side represents the number of instar cassava mealybugs
killed by Anagyrus Lopezi of the adult stage in the time step t. The last term on
the right hand side represents the number of instar cassava mealybugs eaten by green
lacewings of the larva stage in the time step t¢.

Adult Stage:
Cltar = O + r200Cf — a3C" — Bar (CF", AT, GD AT — Boa(C]", AT, GG (2)

Equation (2) represents the number of adult cassava mealybugs at the time step ¢+ At.
The first term on right hand side represents the number of adult cassava mealybugs at
the time step t. The second term on the right hand side represents the number of adult
cassava mealybugs developed from instar cassava mealybug of the time step ¢. The
third term on the right hand side represents the number of adult cassava mealybugs of
the time step ¢ that die in the time step ¢t + 1 due to cassava mealybug’s life cycle. The
fourth term on the right hand side represents the number of adult cassava mealybugs
killed by Anagyrus Lopezi of the adult stage in the time step t. The last term on
the right hand side represents the number of adult cassava mealybugs eaten by green
lacewings of the larva stage in the time step t.

Egg Stage:

Frar = COf +r3aquiC)" — a1 Cf — Ba1(Cf, AT, G AT — B2 (CF, AT, GGy (3)

Equation (3) represents the number of cassava mealybug’s eggs at the time step ¢+ At.
The first term on the right hand side represents the number of cassava mealybug’s
eggs at the time step £. The second term on the right hand side represents the number
of cassava mealybug’s eggs laid by adult cassava mealybugs of the time step t. The
third term on the right hand side represents the number of cassava mealybug’s eggs
in the time step ¢ that develop into instar cassava mealybugs in the time step t + At.
The fourth term on the right hand side represents the number of cassava mealybug’s
eggs killed by Anagyrus Lopezi of the adult stage in the time step ¢. The last term on
the right hand side represents the number of cassava mealybug’s eggs eaten by green
lacewings of the larva stage in the time step t¢.

Anagyrus lopezi: The life-cycle of Anagyrus lopezi consists of four stages which are
eggs, larva, pupa and adult stages.



Larva stage:
Al ar = A} + s1y11 47 — 121 A} (4)

Equation (4) represents the number of larva Anagyrus lopezi at the time step ¢t + At.
The first term on the right hand side represents the number of larva Anagyrus lopezi
at the time step t. The second term on the right hand side represents the number of
Anagyrus lopezi developed from Anagyrus lopezi’s eggs of the time step t. The last
term on the right hand side represents the number of Anagyrus lopezi in the time step
t that develop into pupa Anagyrus lopezi in the time step t + At.

Pupa stage:

AL Ay = AL+ 591721 AL — 31 AY (5)

Equation (5) represents the number of pupa Anagyrus lopezi at the time step ¢t + At.
The first term on the right hand side represents the number of pupa Anagyrus lopezi
at the time step t. The second term on the right hand side represents the number of
pupa Anagyrus lopezi developed from larva Anagyrus lopezi of the time step t. The
last term on the right hand side represents the number of pupa Anagyrus lopezi in the
time step t that develop into adult Anagyrus lopezi in the time step t + At.

Adult stage:

Tar = A+ s31731 47 — 611 A (6)

Equation (6) represents the number of adult Anagyrus lopezi at the time step t 4+ At.
The first term on the right hand side represents the number of adult Anagyrus lopezi
at the time step ¢. The second term on the right hand side represents the number of
adult Anagyrus lopezi developed from pupa Anagyrus lopezi of the time step t. The
last term on the right hand side represents the number of adult Anagyrus lopezi of the
time step t that that die in the time step ¢ + At due to Anagyrus lopezi’s life cycle.
Egg stage:

¢ At =AY + 501001 (CF, O, Cf, AT AT — 11 AS (7)

Equation (7) represents the number of Anagyrus lopezi’s eggs at the time step ¢t + At.
The first term on the right hand side represents the number of Anagyrus lopezi’s eggs
at the time step t. The second term on the right hand side represents the number of
Anagyrus lopezi’s eggs laid by adult Anagyrus lopezi of the time step t depending on
the number of consumed cassava mealybugs. The last term on the right hand side
represents the number of Anagyrus lopezi’s eggs in the time step t that develop into
larva, Anagyrus lopezi in the time step ¢t + At.

Green lacewings: The life-cycle of Anagyrus lopezi consists of four stages which are

eggs, larva, pupa and adult stages.
Larva stage:

Gipny = Gi + s12712G — 722G} (8)

Equation (8) represents the number of larva green lacewings at the time step ¢+ At.
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 + At.

Pupa stage:

G?+At = G + 522722012(C}, C", CF, GG} — 732G 9)

Equation (9) represents the number of pupa green lacewings at the time step t+ At.
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 ¢ 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 ¢ that develop into adult green
lacewings in the time step ¢t + At.

Adult stage:

Tae = G + 53273267 — 602G} (10)

Equation (10) represents the number of adult green lacewings at the time step t+At.
The first term on the right hand side represents the number of adult green lacewings
at the time step ¢. 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 ¢ that that die in the time step ¢ + At due to green lacewing’s life cycle.
Egg stage:

trar = Gi + s12022GY" — 712Gy (11)

Equation (11) represents the number of green lacewing’s eggs at the time step ¢+ At.
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 ¢ + At.
where (11 (C;‘,A;n, Gﬁ), 821 ( AT Gi) and (31 (Cf,Ag”,G%) are the average num-
bers of instar cassava mealybugs, adult cassava mealybugs and cassava mealybug’s
eggs, respectively, killed by an adult Anagyrus lopezi per a time step. 812 (C’Z, A, Gé),
Bag (C, A", Gi) and B3z (Cf, A", G}) are the average numbers of instar cassava me-
alybugs, adult cassava mealybugs and cassava mealybug’s eggs, respectively, eaten by
an instar green lacewings per a time step. 12 (Cg, (GHEN G G%) is the efficiency of con-
verting larva green lacewings to pupa green lacewings depending on the number of
consumed cassava mealybugs. do; (C’ti, cy, Cf, Ag”) is the efficiency of laying eggs of
an adult female Anagyrus lopezi per a time step depending on the number of consumed
cassava mealybugs. The definitions of other parameters in the model are given in Ta-
ble 1 together with their approximated values calculated from literatures (Chong JH,
Roda AL, Mannion CM 2008)-(Souissi R, Rit BL 1997) at 25 + 2°C.



Table 1. Parameters in the system of difference equations (1)-(11)

Parameter Definition Value
e Cassava Mealybug
i the fraction of cassava mealybug’s eggs that develop into instar cassava mealybugs in one time step  0.1299
2 the fraction of instar cassava mealybugs that develop into adult cassava mealybugs in one time step  0.0571
Qs the natural death rate of adult cassava mealybugs 0.0483
Qy the fraction of survived female adult cassava mealybugs in the reproductive period 0.5334
71 the survival rate of cassava mealybug’s eggs that develop into instar cassava mealybugs 0.9575
79 the survival rate of instar cassava mealybugs that develop into adult cassava mealybugs 0.9666
r3 the fraction of female adult cassava mealybugs 1.0000
V1 the average number of eggs laid by a female adult cassava mealybug in one time step 16.9250
e Anagyrus lopezi
Y11 the fraction of Anagyrus lopezi’s eggs that develop into larva Anagyrus lopezi in one time step 0.5000
Y21 the fraction of larva Anagyrus lopezi that develop into pupa Anagyrus lopezi in one time step 0.1000
Y31 the fraction of pupa Anagyrus lopezi that develop into adult Anagyrus lopezi in one time step 0.1667
011 the natural death rate of adult Anagyrus lopezi per a time step 0.0855
S11 the survival rate of Anagyrus lopezi’s eggs that develop into larva Anagyrus lopezi 0.9000
$21 the survival rate of larva Anagyrus lopezi that develop into pupa Anagyrus lopezi 0.9000
831 the survival rate of pupa Anagyrus lopezi that develop into adult Anagyrus lopezi 0.9000
841 the fraction of female adult Anagyrus lopezi 0.5290
e Green lacewings
Y12 the fraction of green lacewing’s eggs that develop into larva green lacewing in one time step 0.1639
Y29 the fraction of larva green lacewings that develop into pupa green lacewing in one time step 0.0521
Y32 the fraction of pupa green lacewings that develop into adult green lacewings in one time step 0.0714
099 the natural death rate of adult green lacewings 0.0227
S192 the survival rate of green lacewing’s eggs that develop into larva green lacewing 0.8040
599 the survival rate of larva green lacewing that develop into pupa green lacewing 0.9191
$39 the survival rate of pupa green lacewing that develop into adult green lacewings 0.9586
S49 the fraction of female adult green lacewings 0.5400
Vg the average number of eggs laid by a female adult green lacewings in one time step 7.2789




2.4 Estimate cassava’s crop yields

The estimated total crop yields at the end of cassava planting period is also mo-
nitored. Assuming that the estimated crop yield is a kilograms per a cassava plant if
the plant has never been infested with cassava mealybugs longer than 2 weeks during
the planting period, whereas the estimated crop yields will be reduced by 100%, 30%
and 10% if the cassava plant was infested with cassava mealybugs longer than 2 weeks
during the first 4 months of planting, during the period between the 5th and the 7th
months of planting, and during the period between the 8th and the 12th months of
planting, respectively, the estimated cassava’s crop yield at each time step will be
calculated using the following equation:

Y(t)=a-Y1+ (09 xa) Yo+ (0.7xa) Vs (12)

where Y7 is the the total number of cassava plants that have never been infested with
cassava mealybugs at the time step ¢, Y5 is the total number of cassava plants that have
been infested with cassava mealybugs longer than 2 weeks during the period between
the 8th and the 12th months of planting at the time step ¢ and Y3 is the total number
of cassava plants that have been infested with cassava mealybugs longer than 2 weeks
during the period between the 5th and the 7th months of planting at the time step t.

3. Numerical Simulations

In the simulations, the lattice is of the size 80 x 80 that is the area of cassava’s planting
is 4 rai (0.64 ha) while the distant between two cassava plants is 1 metre and hence,
the initial number of cassava plants in the field is 6,400. The planting period is one
year. The total of 54 methods of biological controls with Anagyrus lopezi and green
lacewings are investigated. The number of cassava mealybugs, the number of Anagyrus
Lopezi and the number of green lacewings at each stage on each cassava plant are also
monitored. Here, Anagyrus Lopezi and green lacewings of the adult stage on an infested
cassava plant might fly to another infested cassava plant in their immediate, distant
or far distant neighbourhood. Cassava mealybugs of the instar stage on an infested
cassava plant might be blown by the wind to a cassava plant(infested or non-infested)
in its immediate, distant or far distant neighbourhood as well.

Computer simulations of 54 cases are carried out using MATLAB software. The 54
cases are as listed in Figure 2. The parameters in the system of difference equations
(1)-(11) are as in Table 1 where n; = 0.005, ngy = 0.0005, n3 = 0.00005, w; = 0.0001,
wg = 0.00001 and a = 2.25. The results are as shown in Figures 2-5. The average
estimated cassava’s crop yield at the end of planting period and the average total
number of Anagyrus lopezi and green lacewings released in the field are also given in
Figure 6 and 7, respectively.

Figures 2-5 indicate that the method 53 (Releasing 800-1,000 green lacewings per rai
every 2 months together with 400 pairs Anagyrus lopezi per rai every three weeks for
three times after cassava mealybugs were first detected) gives the maximum number
of susceptible cassava plants with the minimum numbers of infested cassava plant
and removed cassava plants whereas the method 4 (Releasing 200 green lacewings per
rai every month together with releasing 50-100 pairs of Anagyrus lopezi per rai once
after cassava mealybugs were first detected) gives the minimum number of susceptible
cassava plants with the maximum numbers of infested cassava plant and removed
cassava plants. In addition, the estimated cassava’s crop yield summarized in Figure



6 shows that the method 53 gives the maximum estimated cassava’s crop yield at the
end of planting period whereas the method 4 gives the minimum estimated cassava’s
crop yield. Hence, in order to maximized estimated cassava’s crop yield at the end of
planting period, farmers should apply method 53 for a biological control.

4. Discussion and conclusion

Cellular automata model and Monte Carlo simulation are utilized in this paper to
investigate the 54 manners of biological control of the spread of cassava mealybugs in
a cassava field with the planting area of 4 rai (0.64 ha) where Anagyrus lopezi and green
lacewings are used as biological control agents. The results indicate that the method
53 gives the maximized estimated cassava’s crop yield at the end of planting period
and should be the most efficient biological control of the spread of cassava mealybugs.
However, the numbers of Anagyrus lopezi and green lacewings released in Method
53 is quite high (4,800 pairs of Anagyrus lopezi and 12,800 green lacewings) whereas
the selling price of cassava is approximately 2.50 baht (0.072 USD) per kilogram.
Figures 8, 9 and 10 showing the average estimated cost of Anagyrus lopezi and green
lacewings released in the field, the average estimated income from selling cassava’s
crop yields at the end of planting period and the average estimated (income — cost of
biological control agents) at the end of planting period, respectively, are then given
here to compare the profit for the 54 biological control methods. We can see that
although the method 53 gives the maximum estimated cassava’s crop yield at the
end of planting period, the cost for biological control is overcome the income from
selling cassava’s crop yield. On the other hand, the method 4 gives the maximum
profit even though it gives the minimum estimated cassava’s crop yield at the end of
planting period. Therefore, to maximize the estimated cassava’s crop yield at the end
of planting period, the method 53 (Releasing 800-1,000 green lacewings per rai every
2 months together with 400 pairs of Anagyrus lopezi per rai every three weeks for
three times after cassava mealybugs were first detected) is the most efficient biological
control and to maximize profit, the method 4 (Releasing 200 green lacewings per rai
every month together with releasing 50-100 pairs of Anagyrus lopezi per rai once after
cassava mealybugs were first detected) is the most efficient control.
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Figure 1. Neighborhoods of the updating cell (7,7). The blue, yellow and green areas represent immediate
neighborhood, distant neighborhood and far distant neighborhood, respectively.
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Green Release GL every 2 weeks Release GL every month Release GL every 2 months

Lacewings 800 300 800
(GL) 200 - 2,000 200 - 2,000 200 - 2,000
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490 Method | Method | Method | Method | Method | Method | Method | Method | Method
pairs 19 20 21 22 23 24 25 26 27
per rai
50-100
A Method | Method | Method | Method | Method | Method | Method | Method | Method
pare 28 29 30 31 32 33 34 35 36
Release per rai
AL 200
e nire Method | Method | Method | Method | Method | Method | Method | Method | Method
p - 37 38 39 40 41 42 43 44 45
every per rai
3 weeks 400
g Method | Method | Method | Method | Method | Method | Method | Method | Method
i 46 47 48 49 50 51 52 53 54
per rai

Figure 2. Methods of biological controls with Anagyrus lopezi and green lacewings.
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Figure 3. The average number of susceptible cassava at 25+ 2°C when Anagyrus Lopezi and green lacewings
are released in the cassava field with the 54 different manners.
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Figure 4. The average number of infested cassava at 25 4+ 2°C when Anagyrus Lopezi and green lacewings
are released in the cassava field with the 54 different manners.
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Figure 5. The average number of removed cassava at 25 + 2°C' when Anagyrus Lopezi and green lacewings
are released in the cassava field with the 54 different manners.
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Green Release GL every 2 weeks Release GL every month Release GL every 2 months
Lacewings 800 800 800
(GL) 200 or 2,000 per 200 or 2,000 200 or 2,000
Anagyrus per rai 1,000 rai per rai 1,000 per rai per rai 1,000 per rai
Lopezi (AL) per rai per rai per rai
50 or 100
pairs 12,585.32 | 12,869.36 | 12,687.20 | 12,096.44 | 12,753.40 | 12,818.47 | 12,466.70 | 12,325.67 | 12.,400.82
s per rai
200
';::; pairs 12,645.89 | 12,274.28 | 12.,798.67 | 12,684.55 | 12,353.08 | 12,784.36 | 12,531.10 | 12.616.24 | 12,743.27
s per rai
400
pairs 12,883.40 | 13,001.48 | 12.685.94 | 12,985.06 | 12,899.29 | 12,832.78 | 12,283.33 | 12.448.12 | 12,491.41
per rai
50 or 100
pairs 13,093.96 | 13,013.14 | 12.,963.50 | 13,130.09 | 12,946.81 | 13,173.83 | 12,451.63 | 12,995.18 | 13,002.16
Release per rai
AL 200
3 times pairs 13,193.32 | 13,061.92 | 13.179.23 | 12,879.94 | 13,393.21 | 13,479.34 | 13,166.41 | 13.127.44 | 13,308.79
every per rai
3 weeks 400
pairs 13,312.70 | 13,283.81 | 13.370.84 | 13.024.61 | 13,570.01 | 13.565.65 | 13.522.94 | 13.646.20 | 13.425.16
per rai

Figure 6. The average estimated cassava’s crop yield at the end of planting period when Anagyrus lopezi and green lacewings are used as biological control agents (baht).
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perpr:u- GL = 10,400 GL = 44,800 GL= 120,000 GL = 6400 GL = 25,600 GL = 64,000 GL=3.200 GL=12,800 GL =32,000
Rel AL 200
© ED’:; s AL = 800 pairs AL = 800 pairs AL = 800 pairs AL = 800 pairs AL = 800 pairs AL = 800 pairs AL = 800 pairs AL= 800 pairs AL = 800 pairs
P B : GL =11.200 GL =35,200 GL= 112,000 GL = 6400 GL =22.400 GL = 48,000 GL =3.200 GL=12,800 GL =32,000
1 time per rai
‘:1?11 AL= 1,600 pairs AL= 1,600 pairs AL = 1,600 pairs AL = 1,600 pairs AL = 1,600 pairs AL = 1,600 pairs AL = 1,600 pairs AL = 1,600 pairs AL = 1,600 pairs
pr;r r;li GL=11.200 GL = 44,800 GL =96,000 GL = 6400 GL = 16,000 GL = 64,000 GL =3,200 GL=12,800 GL =32,000
50
100 c:irs AL = 600 pairs AL = 600 pairs AL = 600 pairs AL = 600 pairs AL = 600 pairs AL = 600 pairs AL = 600 pairs AL= 600 pairs AL = 600 pairs
perprai GL = 10,400 GL=51,200 GL= 128,000 GL = 6400 GL = 25,600 GL = 48,000 GL=3.200 GL=12,800 GL = 24,000
Release AL
3 times za[i]?s AL = 2400 pairs AL = 2,400 pairs AL = 2,400 pairs AL = 2,400 pairs AL = 2,400 pairs AL = 2,400 pairs AL = 2,400 pairs AL = 2,400 pairs AL = 2400 pairs
every P : GL=9,600 GL = 44,800 GL = 80,000 GL = 5,600 GL = 25,600 GL = 64,000 GL=3,200 GL = 9,600 GL =32,000
3 weeks penE
400
2 AL = 4,800 pairs AL = 4,800 pairs AL = 4,800 pairs AL = 4,800 pairs AL = 4,800 pairs AL = 4,800 pairs AL = 4,800 pairs AL = 4,800 pairs AL = 4,800 pairs
pllr r;ii GL=8,800 GL = 25,600 GL =96.000 GL = 6400 GL = 25,600 GL = 56,000 GL=3.200 GL=12,800 GL = 24,000

Figure 7. The average total number of Anagyrus lopezi and green lacewings released in the field.
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Green Release GL every 2 weeks Release GL every month Release GL every 2 months
Lacewings 800 800 800
(GL) 200 or 2,000 per 200 or 2,000 200 or 2,000
Anagyrus per rai 1,000 rai per rai 1,000 per rai per rai 1,000 per rai
Lopezi (AL) per rai per rai per rai
50 or 100
pairs 6,100.00 | 23.,300.00 | 60,900.00 | 4.100.00 13,700.00 | 32.,900.00 | 2.500.00 7,300.00 16,900.00
per rai
Release 200
AL only pairs 9,200.00 | 21,200.00 | 59,600.00 | 6,300.00 14,800.00 | 27,600.00 | 14,800.00 | 58,000.00 | 144,400.00
1 time per rai
400
pairs 12,800.00 | 29,600.00 | 55,200.00 | 10,400.00 | 15,200.00 | 39,200.00 | 5,200.00 | 10,000.00 | 19,600.00
per rai
50 or 100
pairs 7.900.00 | 28,300.00 | 66,700.00 | 5,900.00 15,500.00 | 26,700.00 | 15,200.00 | 58.400.00 | 144,800.00
Release per rai
AL 200
3 times pairs 15,600.00 | 33.200.00 | 50,800.00 | 13,600.00 | 23,600.00 | 42,800.00 | 8.800.00 | 13,600.00 | 23,200.00
every per rai
3 weeks 400
pairs 26,000.00 | 34,400.00 | 69,600.00 | 24,800.00 | 34,400.00 | 49,600.00 | 14,700.00 | 57,900.00 | 144,300.00
per rai

Figure 8. The average estimated cost of Anagyrus lopezi and green lacewings released in the field (baht).
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Green Release GL every 2 weeks Release GL every month Release GL every 2 months
Lacewings 800 800 800
(GL) 200 or 2,000 per 200 or 2,000 200 or 2,000
Anagyrus per rai 1,000 rai per rai 1,000 per rai per rai 1,000 per rai
Lopezi (AL) per rai per rai per rai
50 or 100
pairs 35,404.33 | 35.452.70 | 34,804.13 | 33,917.08 | 35,100.00 | 34,748.45 | 31,860.00 | 35,016.20 | 34,375.50
per rai
Release 200
AL only pairs 35,528.63 | 35,620.88 | 35,337.95 | 33,837.75 | 35,191.70 | 35,240.63 | 32,646.95 | 35,233.88 | 35,458.33
1 time per rai
400
pairs 35,390.25 | 35.334.00 | 35,395.33 | 35,346.95 | 35.155.13 | 35,182.13 | 33.777.63 | 32.940.63 | 34.855.33
per rai
50 or 100
pairs 35,502.20 | 35,319.38 | 35,286.20 | 35,185.50 | 35,235.58 | 35,380.70 | 31,642.33 | 34,986.95 | 35,623.70
Release per rai
AL 200
3 times pairs 35,546.63 | 35,275.50 | 35,521.88 | 35,367.75 | 35,397.58 | 35,047.70 | 34,851.38 | 34,891.88 | 35,058.95
every per rai
3 weeks 400
pairs 35,644.50 | 35,669.83 | 35,542.13 | 35,398.13 | 35.210.83 | 34,998.20 | 34.740.00 | 34,939.70 | 35.291.25
per rai

Figure 9. The average estimated income from selling cassava’s crop yields at the end of planting period (baht).
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Green Release GL every 2 weeks Release GL every month Release GL every 2 months
Lacewings 800 800 800
(GL) 200 or 2,000 per 200 or 2,000 200 or 2,000
Anagyrus per rai 1,000 rai per rai 1,000 per rai per rai 1,000 per rai
Lopezi (AL) per rai per rai per rai
50 or 100
pairs 29,304.33 | 12,152.70 | -26,095.88 | 29,817.08 | 21,400.00 1,848.45 29,360.00 27,716.20 17,475.50
per rai
Release 200
AL only pairs 26,328.63 | 14,420.88 | -24,262.05 | 27,037.75 20,391.70 7,640.63 17,846.95 | -22,766.13 -108,941.68
1 time per rai
400
pairs 22,590.25 | 5,734.00 | -19.804.68 | 24.946.95 19,955.13 -4,017.88 28,577.63 22.940.63 15,255.33
per rai
50 or 100
pairs 27,602.20 | 7,019.38 | -31,413.80 | 29,285.50 19,735.58 8,680.70 16,442.33 | -23,413.05 -109,176.30
Release per rai
AL 200
3 times pairs 19,946.63 | 2,075.50 | -15,278.13 | 21,767.75 11,797.58 -7,752.30 26,051.38 21,291.88 11,858.95
every per rai
3 weeks 400
pairs 9,644.50 1,269.83 | -34,057.88 | 10,598.13 810.82 -14,601.80 | 20,040.00 | -22,960.30 -109,008.75
per rai

Figure 10. The average estimated (income — cost of biological control agents) at the end of planting period (baht).
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