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a b s t r a c t 

The Pyricularia oryzae is a fungus that leads to rice blast disease (RBD) in rice cultivar (Khao Dawk Mali 

105), which grew in Thailand. The weather condition is one of the factors that affect plant and disease 

development. A Mathematical model is a useful tool for studying the dynamics and severity of plant 

disease. In this research, the severity of RBDs is simulated under environmental conditions, temperature, 

humidity, and dryness, in different parts of Thailand. The adopted model is developed to investigate the 

pathogen’s life cycle together with the disease development in the paddy field. The result illustrates that 

temperature, the climatic factor, is the highest affected by the disease severity. In addition, the disease 

severity is high when it is low temperature and high humidity. On the other hand, the low severity also 

tends to be inverse in high severity. Moreover, the model can capture the outbreak period and predict 

the spatial distribution of the disease severity under climate conditions. 

© 2020 Elsevier Ltd. All rights reserved. 
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. Introduction 

Global warming (causing changes in the environment) and an 

ncrease in population are now the two main issues facing the 

orld. Climate changes in the temperature, wetness and dryness 

ould have an impact on the food production required to support 

opulation growth. Most of the rice is grown in tropical climate 

ountries. Asia accounts for more than 80 percent of global rice 

roduction and 75 percent of global consumption. Thailand, Viet 

am and India are the major exporters controlling more than 60 

ercent of the world market during the last decade [1] . 

Rice blast disease is one of the major rice diseases in rice grow- 

ng areas all over the world including Thailand. The causal agent 

s the fungus Pyricularia oryzae Sacc. with the perfect stage be- 

ng called Magnaporthe grisea Sacc. The blast fungus is capable of 

nfecting rice at any stage of the host life cycle. The disease ap- 

ears early as white to gray (or brown) leaf spots or lesions on the 

eaf, followed by nodal rot and as neck blast. Changing climatic 

onditions can alter the degree of infestation of the rice crop by 

he pathogen. Moderate field infections can cause approximately 

0% grain yield reductions. It has been estimated that P.oryzae de- 

troys enough rice grain each year that could feed 60 million peo- 

le [2] . The effect of the actual climate changes should be taken 
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nto account. The disease can be severe during periods of cool tem- 

eratures and high moisture, while the inactive conidia (seeds or 

pores) do not germinate under direct sunlight [3] . 

The mathematical operator is frequently used to construct in 

athematical models as the differential and integral operators. To 

xtend derivatives and integrals to any order is known as a frac- 

ional derivative. The fractional derivative can capture the com- 

lexities of existing nature in several areas of science and engi- 

eering such as biological, physical, mechanical and financial sys- 

ems [4–6] . Many researchers developed new method by solving 

he numerical solution of high order as a class of non-linear frac- 

ional boundary value problems [7] , the fractional Euler-Lagrange 

quations [6] . To study the complex behaviours of the dynami- 

al systems can be very helpful for controlling such phenomena 

8] . The models of fractional features were simulated on a choas- 

ic dynamical systems [9] , a harmonic oscillator with the position- 

ependent mass [6] and synchronization and hyperchaos control 

f a biology snap oscillator [10] . The application of the fractional 

odel is studied on the blood ethanol concentration [11] and the 

ffects of vaccination on measles dynamics [12] . 

Several methods for forecasting the effects of rice blast disease 

ave been examined and tested under field conditions for evaluat- 

ng for accuracy of the predictions. Researchers in Japan and Ko- 

ea have developed concise and extensive disease warning systems 

or this disease in the temperate rice regions of Asia [ 13 , 14 ]. In

ropical and subtropical areas such as India, Taiwan, Philippines, 

https://doi.org/10.1016/j.chaos.2020.110530
http://www.ScienceDirect.com
http://www.elsevier.com/locate/chaos
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hailand, Iran, and China, forecasting schemes have also been for- 

ulated. They have not been fully applied for predicting the dis- 

ase occurrences in the field [ 15 , 16 ]. Many researchers have used

hese models to forecast the evolution of disease epidemics us- 

ng PYRICULARIA [17] , LEAFBLAST [18] and EPIBLAST [19] . Other 

esearchers used the CERES-rice model [20] . Lately, [21] cou- 

led the model to a disease epidemic model BLASTSIM [22] . 

ther researchers have developed regression and dynamic mod- 

ls. [23] used a simple generic EPIRICE model to develop global 

isk maps of potential epidemics for five rice diseases. Most rice 

last models examine the correlation of the weather variables 

o the occurrence and development of disease, using statistical 

rocedures. 

In this study, the model of rice blast disease is developed by 

onsidering the pathogen life cycle together with the disease de- 

elopment that effects the weather parameters change. The data of 

ice blast disease were obtained at the fields, compared with the 

imulated for validation of the model and analyzed the elasticity 

f weather parameters on severity. The model is investigated the 

everity as the disease distribution on the map under the tropical 

onditions linked the El Nino phenomenon. In the light of above 

iterature, this work focuses on the current need for rice blast dis- 

ase in Thailand. The aim of this research was to simulate disease 

everity using a dynamic model and analyze the disease elasticity 

f weather variables for rice blast disease. 

. Data and method 

.1. Data 

The seasonal rice field studies were conducted on 12 plots of 

and in the eastern province of Thailand called Prachinburi. The 

hao Dawk Mali 105 rice seedlings was planted in 12 beds in the 

rachinburi Rice Research Center at the beginning of each month. 

t is started the dates of planting, harvesting and outbreak of the 

ice blast disease. The growths in all beds were monitored between 

8th July 2015 to 2nd November 2016. Information on the daily 

alues of the climatic conditions such as air temperature, relative 

umidity, soil temperature and rainfall were recorded. By observ- 

ng the actual growth of the rice in the 12 beds of rice, it was

ossible to determine the daily severity of the rice blast disease. 

.2. Method 

This research looked at the mathematical method used for sim- 

lating the disease severity of the diseases. It was developed by 

he susceptible, exposed, infectious and removed (SEIR) model that 

as widely used model to describe the dynamics of plant disease. 

The general model divides the problem into two parts, the 

anopy dynamics and the disease components. The canopy (or the 

ice crop field) dynamics involves three quantities; the total canopy 

rea A ( t ), the canopy growth f ( t ) and the senescence σ (t) , which

re connected to each other in the single differential equation 

dA 

dt 
= f (t) − σ (t) A (1) 

The canopy growth or the growth of leaf depends on maxi- 

um growth rate ( R RG ) , the maximum size of the canopy ( M ) and

he number of total sites ( A ) (the sum of healthy, latent, infected

nd removed sites). The growth of the canopy can be expressed 

y the logistic growth function f (t) = R RG A ( 1 − A 
M 

) . Senescence or 

he loss of the ability to function in a normal manner starts later in

he growing season at time t sen , and the senescence rate increases 

xponentially with time, i.e., as σ (t) = σ e r s ( t−t sen ) . 
0 

2 
For the disease components, it starts from the canopy host H ( t ) 

hich can be healthy or infected sites, but is still green. After the 

eaf is infected, it becomes a latent site L ( t ). During the latent pe-

iod, lesions can develop and become an infected site I ( t ). After the

nfectious period, the infected sites dead and labeled as removed 

ite R ( t ). The model of rice blast disease is described by the fol-

owing equations : 

dH 

dt 
= f (t) − σ (t ) H(t ) − αI E (E (t)) S(E (t )) I(t ) H(t ) , (2)

dL 

dt 
= αI E (E(t)) S(E(t)) I(t) H(t) − L (t) 

p(E(t)) 
− σ (t) L (t) , (3) 

dI 

dt 
= 

L (t) 

p(E(t)) 
− I(t) 

i (E(t)) 
− σ (t) I(t) , (4) 

dR 

dt 
= 

I(t) 

i (E(t)) 
− σ (t) R (t) . (5) 

The pathogen life cycle parameters that are affected by the 

nvironmental conditions are the parameters; infection efficiency 

 I E ) , latent period ( p ), infectious period ( i ) and spore production

ate ( S ). The set values of the set of environmental conditions are 

enoted by E ( t ). These parameters are the measured values at the 

alues of climatic conditions at a given location at a given time. To 

ndicate that the infection efficiency depends on the air tempera- 

ure, it denoted as I E (T ) . However, if it depends on the wetness

uration ( W ), it denoted it as I E (W ) [24] . Instead of actually mea-

uring the efficiency of at different temperatures at a given loca- 

ion, the functional dependences can be used. 

 E (T ) = k IE 

(
T − T IE min 

T IE max − T IE min 

)x IE ( T IE max − T 

T IE max − T IE min 

)y IE 

, (6) 

Similarly, the functional dependence of the infection efficiency 

n wetness duration can be calculated as: 

 E (W ) = 1 − e (−d) ( D −W min ) , (7) 

The latent period ( p ) is the interval between the onset of spore 

ermination and the lesion appearance. It has been reported to de- 

end on the inoculum and lesion density [25] , but the period is 

ainly affected by the temperature [26–28] . The functional depen- 

ence on the air temperature is given by 

p = k p 

(
T p opt − T p min 

T − T p min 

)(
T p max − T p opt 

T p max − T 

)(
T p max −T p opt 
T p opt −T p min 

)
, (8) 

The infectious period ( i ) is the interval between the exposure 

nd onset of symptoms. During this period, the pathogen can be 

ransmitted to other hosts. The infectious period depends on the 

ir temperature. 

 = i 1 + i 2 i 3 T , (9) 

The spore production rate depends on the air temperature [3] 

 t = k S 

(
T − T S min 

T S max − T S min 

)x S ( T S max − T 

T S max − T S min 

)y S 

, (10) 

After calculating the disease components as in Eq. (2) –(5) , then 

he severity of rice blast disease at time t can be calculated as 

 t = 

L t + I t 

A t 
× 100 , (11) 

here A t is the number of total site at time t ( A t = H t + L t + I t +
 t ) . 

Parameters for the model of rice blast disease have been de- 

ived from the scientific literature on rice crops. The parameters 

nclude canopy dynamics and pathogen life cycle as infection effi- 

iency, latent period, infectious period and total spore production. 
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Table 1. 

Parameters and their variables using in the simulation of rice blast disease. 

Attribute Parameter Interpretation Value Source 

1. Canopy dynamics 

f(t ) Canopy growth rate 

R RG Max. growth rate 0.209 Fitted from LAI 

M Max. canopy size 5.524 Fitted from LAI 

σ ( t ) Senescence rate 

r S Senescence increase rate 0.103 Fitted from LAI 

t sen Date of senescence 115 Fitted from LAI 

2. Pathogen life-cycle 

2.1 Infection efficiency 

α Maximum infection efficiency 0.307 [24] 

I E (T ) Relative infection efficiency depends on temperature 

T IE min Minimum temperature for infection 11 [24] 

T IE max Maximum temperature for infection 33 [24] 

x IE , y IE , k IE Shape parameters of I E (T ) 3, 1, 0.6 [24] 

I E (W ) Relative infection efficiency depends on wetness duration 

W min Minimum wetness period for infection 70 [24] 

d Shape parameters of I E (W ) 0.1 [24] 

2.2 Latent period , p ( T ) 

T p min Minimum temperature for latent period 5 [25] 

T p max Maximum temperature for latent period 33 [25] 

T p opt Optimum temperature for latent period 27 [25] 

k p Shape parameter of p ( T ) 4 [25] 

M Latent stage 4 Fitted from model 

2.3 Infectious period , i ( T ) 

i 1 Shape parameters of i ( T ) 20 Fitted from model 

i 2 433.7 

i 3 0.233 

N Infectious stage 4 Fitted from model 

2.4 Total spore production , S ( T ) 

T s min Minimum temperature for S ( T ) 11 [24] 

T s max Maximum temperature for S ( T ) 33 [24] 

T s opt Optimum temperature for S ( T ) 27 [24] 

x S Shape parameters of S ( T ) 3.3 [24] 

y S 1 

k S 5000 
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n the component of canopy dynamics was fitted value from the 

eaf area index (LAI). The meaning, value and reference of the pa- 

ameters in the functional dependences is given by Eqs. (6 )–(10) 

nd are listed in Table 1 . 

. Results 

This research simulated the disease severity using the model 

f rice blast disease. The results displayed on the relationship be- 

ween disease severity and weather factors as in Section 3.1 . The 

imulated model was compared with the observed data shown 

n Section 3.2 . However, the elasticity of the weather factors on 

he disease severity was analyzed in Section 3.3 . Finally, the dis- 

ase distribution under tropical climate conditions was simulated 

n Section 3.4 . 

.1. Disease severity related to the weather factor 

Looking at the correlations between the daily severity of the 

ice disease and daily weather conditions, it was observed that the 

esion growth caused by the fungus P.oryzae was enhanced for cer- 

ain climatic condition values. The best spreading of the fungus 

ccurred when the air temperature was in the lower temperature 

ange for rice growing and when the relative humidity was quite 

igh. The optimal weather conditions for the development of the 

isease are air temperatures of 25–29 °C, relative humidity of 60–

0% and 28–31 °C of soil temperature [29] . It is noted that the soil

emperature is 3 °C higher than the air temperature. Rainfall is an- 

ther factor that affects the rice blast disease since high rainfall 

nhibits the development of P.oryzae . It should be noted that when 

he fungus is in the filamentous phrase, it cannot produce spore. 
3 
n these periods, no weather change will lead to more spores be- 

ng released, thus leading to the survival decreased of P.oryzae de- 

reasing. 

.2. Severity of rice blast disease 

The model of rice blast disease can be used to simulate the out- 

reak of rice blast disease and determine the severity of the dis- 

ase. The simulated data (solid line) of disease severity of rice blast 

isease is compared to the observed data (dot line) collected from 

he experiment beds for the accuracy assessment of the model. 

he numerical values in the model were chosen so that the pre- 

icted day of the outbreak of the disease matched the observed 

ay. The severities of the disease in experimental plats predicted 

y the model were less than the severities seen (See Fig. 1 ). 

It was seen that the air temperature and relative humidity af- 

ect the rice blast disease the most, keeping in mind that the rice 

as planted in each plot at different times and so the environ- 

ental conditions changed for the rice grown in different plots. In 

ig. 1 , depicts the observed and predicted severity of the disease 

n the rice in the different beds of rice. In the plots labeled 2, 3

nd 4, no outbreak observed of the disease on the rice plants. One 

f the reasons for this is that it was too cold or there was no rain

or the fungus to germinate. The model can simulate the outbreak 

uration of rice blast disease agree with the observed data. In case 

f the highest severity in the fifth bed, the simulated data is un- 

erestimated the observed data. The differences between the daily 

hanges in the severity of the disease in the different plots are 

ost likely to the changes in the environmental conditions which 

ill make environmental parameters favorable or unfavorable for 

he growth of rice plant or fungus. 
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Fig. 1. Severity of rice blast disease in Prachinburi province. 

4 
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Fig. 2. The elasticity of a) temperature and b) relative humidity on disease severity of rice blast disease. 

Fig. 3. Oceanic Niño Index (ONI) (Trenberth et al., 2020). 
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.3. Elasticity of the weather dependent parameters on the disease 

everity 

As shown above, the severities of the rice blast disease are af- 

ected by the temperature and relative humidity at the sites of the 

ice fields. To analyze the elasticity of these weather conditions, it 

as examined that the rice crops on the fifth bed since that bed 

xperienced the highest severity of the disease. If the temperature 

ncreases, the severity will decrease. On the other hand, the sever- 

ty will increase when the relative humidity increases. Overall, the 

everities on all beds were found to mostly depend on the tem- 

erature. The observed severity of that bed was seen to increase 

lmost linearly during the period 38 to 50 days planting. The tem- 

erature was then adjusted and used the dynamic model to calcu- 

ate the daily change in the severity at the different temperatures. 

he results are shown in Fig. 2 (a). In Fig. 2 (b), shows the severity

f the disease when the relative humidity is changed. 

.4. Disease distribution under tropical climate conditions 

There are eight agricultural meteorological stations closed to 

rachinburi, Chachoengsao and Nakhon Nayok; Chai Nat, Ayut- 

haya, Pathum Thani, Bangna (Bangkok), Pak Chong (Nakhon 
5 
atchasima), Chachoengsao, Huai Pong (Rayong) and Phlio (Chan- 

haburi) which would allow us to obtain daily values of the climate 

onditions. The severities of the disease were calculated in the 

ifferent places in Prachinburi, Chachoegsao and Nakhon Nayok 

rovinces using the daily values of the climatic data reported by 

he weather stations. The maps are based on the actual values of 

he local climatic conditions on July 19 each year between 2013 

nd 2016. 

The interest was in the event from 2013 to 2016 because it 

as El Niño phenomenon (drought in Thailand) in 2015, but the 

ormal phenomenon in 2013, 2014 and 2016. [30] demonstrated 

he sea surface temperatures (SST) anomalies in the tropical Pa- 

ific Ocean known as Oceanic Niño Index (ONI) as shown in Fig. 3 .

t is a commonly used index to define El Niño and La Niña phe- 

omenon. Fig. 3 showed the SST anomalies must exceed + 1 °C or 

1 °C as the warm (red) and cold (blue) phases that were El Niño 

nd La Niña phenomenon. 

The model of rice blast disease was simulated the disease dis- 

ribution using the input weather data from the eight weather sta- 

ions collected by Thailand Meteorology Department (TMD) and 

nterpolating the results of disease severity in Prachinburi, Cha- 

hoengsao and Nakhon Nayok provinces of Thailand. During 2013 

o 2014 and 2016 were in the normal year. It was found that 
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Fig. 4. Disease distribution under climate conditions in Prachinburi, Chachoengsao and Nakhon Nayok provinces during 2013–2016. 
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here was high disease distribution in the eastern of Nakhon Nayok 

rovince. In 2015, it was in the El Niño event (drought in Thailand) 

hich affected the high temperature in Thailand. The map shows 

hat there was low disease severity in all areas that link the cli- 

ate, as shown in Fig. 4 . Then, the weather is not suitable for oc-

urring the rice blast disease. This model’s potential is represented 

y what could occur if no plant protection measures were taken 

o prevent or reduce disease. It can be simulated areas that the 

limate is conducive to rice cultivation. 

Fig. 4 shows the severity maps for July 19, 2013 −2016. This day 

ad the highest outbreak of the rice blast disease. In 2013, Chacho- 

ngsao province had the highest severity of about 55–75% while 

he other two provinces had a severity of 40 to 60%. In 2015 the 

ighest was in Nakhon Nayok. It was 20–70% and lowered in the 

ther two provinces. In 2016, the severities in the three provinces 

ere low, 0–28%. In 2017, the severity of the disease in Nakhon 
6 
ayok raised to 20 – 50% and remained low in the other two 

rovinces. 

. Conclusion 

A general model for describing the development of a plant dis- 

ase based on a SEIR mathematical model of the plant growth. The 

lant is the rice, in particular the Khao Dawk Mali 105 rice specie, 

hich is grown in Thailand in-season rice field. The development 

f the disease, which in this case is a fungus, depends on various 

limate conditions of the rice plant. The rice blast disease is caused 

y the fungus, Pyricularia oryzae ( P.oryzae ). The transitions into dif- 

erent stages of the fungus depend on the climatic conditions the 

ungus is exposed. The model includes two sections, one for the 

anopy (rice plant) and the pathogen life cycle. The parameters for 

he canopy dynamics were determined for different locations. The 
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[  

[  
nitial data is obtained from twelve plots of land in the Prachinburi 

ice Research Center on which rice seedlings was planted around 

he beginning of each month. The climatic conditions were taken 

y an automatic weather station located at the center. The daily 

isease severity was then determined using the simulate results of 

he model by comparing them with the actual data. It was seen 

hat the temperature had the most effect on the severity. 

. Discussions 

This research aimed to simulate the severity of rice blast dis- 

ase as the climatic changes occurring in the different parts of 

hailand using a dynamic model and analyze the disease elasticity 

f the weather variables on the rice blast disease. It was studied 

he correlations between the daily severity of the rice disease and 

aily weather conditions. The best conditions for the fungus ger- 

ination on rice leaf to the first grow is the low temperature and 

igh humidity. The best temperature for the rice plant to grow is 

arm. Rainfall can inhibit the growth of the fungus but the need 

or the growth of the rice plant. Also, the temperature of soil rel- 

tives to that of air plays a role in determining the severity of the 

isease in the damaging the rice plant. The soil temperature should 

e 3 °C, which is higher than the air temperature [29] . If the cli-

atic conditions are different from these favorable conditions, the 

ungus will be a filamentous phrase and will not be able to pro- 

uce the spores and respond to environmental changes. Well, of 

ourse, the inability to respond to the change will decrease the 

urvival of the fungus. 

The model of rice blast disease was developed from the Suscep- 

ible Exposed Infectious Removed (SEIR) model. It is a widely used 

odel to describe the dynamics of plant disease and study the dis- 

ase’s mechanisms which are the diseases spread, predict the fu- 

ure course of an outbreak and evaluate the strategies to control an 

pidemic [31] . This model of rice blast disease was considered two 

arts of the canopy dynamics and disease components. The param- 

ters for the canopy dynamics such as the maximum growth rate, 

aximum canopy size, date of onset of senescence, and senescence 

ate are determined from the leaf area index (LAI) for the different 

ocations. The pathogen life cycle parameters are affected by the 

nvironmental conditions on the disease. The latent period, infec- 

ious period, and spore production rate depend on the air temper- 

ture [ 23 , 24 ], but the infection efficiency depends on both the air

emperature and relative humidity [24] . Due to the required model, 

he parameters of the model were given by some literature stud- 

es and fitted values using from the collected data in the field to 

evelop in the model. After simulating the disease progress curve, 

he observed data in the field were validated for evaluating the 

erformance of the model. Moreover, the elasticity of the weather 

onditions was analyzed. The results showed that temperature is 

he major factor affecting the disease outbreak. When the temper- 

ture increases, the disease severity will increase. This model’s po- 

ential is represented by what could occur if no plant protection 

easures were taken to prevent or reduce disease. It can be simu- 

ated areas that the climate is conducive to rice cultivation. 
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