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Abstract

Background: The purpose of this study, mosquito forecast system implemented by Seoul Metropolitan city, was to
obtain the mosquito prediction formula by using the mosquito population data and the environmental data of the
past.

Results: For this study, the mosquito population data from April 1, 2015, to October 31, 2017, were collected. The
mosquito population data were collected from the 50 smart mosquito traps (DMSs), two of which were installed in
each district (Korean, gu) in Seoul Metropolitan city since 2015. Environmental factors were collected from the
Automatic Weather System (AWS) by the Korea Meteorological Administration. The data of the nearest AWS devices
from each DMS were used for the prediction formula analysis. We found out that the environmental factors
affecting the mosquito population in Seoul Metropolitan city were the mean temperature and rainfall. We predicted
the following equations by the generalized linear model analysis: In(Mosquito population) = 2.519 + 0.08 X mean
temperature + 0.001 X rainfall.

Conclusions: We expect that the mosquito forecast system would be used for predicting the mosquito population
and to prevent the spread of disease through mosquitoes.
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Background

Since the Industrial Revolution, humans have over-
exploited the fossil fuels and it caused the global warming
(IPCC 2014). These climate changes are known to affect
the composition of the atmosphere and climate variability.
The rapid increase of mean temperature in Korea due to
global warming may bring unexpected changes and nat-
ural disturbances in the biological systems inhabiting
Korea. Increases of temperature and precipitation lead to
the changes of the ecosystem and the increase of vector-
borne diseases. The infectious disease vector is affected by
environmental factors, such as temperatures and precipi-
tation. The temperature of Korea has steadily climbed at
24 °C for 100years, and the distribution area and the
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upper limit of the vectors increased. According to the
Korea Institute for Health and Social Affairs (2010), as the
temperature increased by 1°, the rate of malaria mediated
by mosquitoes increased by 3.4%.

Mosquito is well known as one of the deadliest disease
vectors in the world. Mosquitoes have excellent flexibil-
ity in the environment. With the global warming
phenomenon, the mosquito population is increasing fas-
ter than the rate of development of science in mankind
(Khasnis and Nettleman 2005). Mosquitoes have been
classified 3500 species worldwide, and 56 species have
been recorded in Korea (Korea Centers for Disease Con-
trol and Prevention. 2014; Fang 2010).

Nowadays, due to increasing temperatures and envir-
onmental changes caused by global warming, the period
of activity and habitat of mosquitoes is getting wider and
gaining more attention as hygienic insect (Lee 2000).
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A. South Korea

as a star. b 50 DMSs (red circle) and 28 AWSs (blue circle) location sites

Fig. 1 The location of Seoul Metropolitan city for the smart mosquito system study in Korea. a The location of Seoul Metropolitan city indicates

Recently, the population of mosquitoes has increased, and
the increase of such disease vectors has led to higher rates
of human diseases such as malaria and Japanese encephal-
itis (Health Insurance Review and Assessment Agency
2016). More than half of the world’s population live in areas
where mosquitoes infect Zika virus, Dengue fever, Chikun-
gunya fever, and Yellow fever. There are already millions of
deaths due to mosquito diseases annually (World Health
Organization 2017).

The mosquito-borne diseases are highly affected by cli-
mate change and are known to be particularly affected
by temperature, precipitation, and humidity (Yi et al.
2014b). With the rising temperature, digestion amount
and nutrition supply of larvae increase, and it shorten
larvae’s growth period (Gillies 1953; Githeko et al. 2000;
Na et al. 2018). This increases the rate at which mosqui-
toes become adults, and the frequency of bloodsucking
by female mosquitoes is increased. As the number of
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Fig. 2 The average number of mosquito population in Seoul Metropolitan city from 2015 to 2017. a The average number of mosquito
population per year. b The average number of mosquito population per month. ¢ The average number of mosquito population per geography
type (I: waterside area, II: residence area, Ill: park area). The different alphabetical letters on each graph bar mean the statistically significance at
each box
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eggs increases, the number of mosquitoes increases (Rei-
sen et al. 1995; Mitchel 1988). As the global warming ac-
celerates, the number of mosquito population and the
incidence of diseases due to mosquito-borne diseases
rise, so research on mosquito control and population
monitoring is urgently required (Khasnis and Nettleman
2005; Xue et al. 2015; Yi et al. 2014a).

This study was carried out with the mosquito forecast-
ing project in Seoul Metropolitan city. The mosquito
forecast system is to let Seoul Metropolitan city citizens
know the mosquito index for the possibility of mosquito
occurrence as four steps: safety, concern, attention, and
danger. Seoul Metropolitan city also suggested the citi-
zens’ behavior tips according to the four steps of the
mosquito occurrence. The mosquito forecast system is
continuously operated to protect the health of the Seoul
Metropolitan city citizens, and its accuracy is improved
by modifying the statistical prediction formula every
year. Since Seoul Metropolitan city has the largest num-
ber of citizens in South Korea, even though the mos-
quito forecast system is still a fundamental step, its
potential is very important for human health.

The purpose of this study was to obtain the mosquito
prediction formula by using the mosquito population data
and the environmental data during the past 3 years. We
expect that mosquito prediction formula will also support
the study on the reduction of disease through mosquitoes.

Methods

Study sites

All of the study sites were in Seoul Metropolitan city,
where it is the capital of South Korea (Fig. 1a). Seoul
Metropolitan city has an area of 605.25 km?* and consists
of 25 districts (Korean, gu). The population size in Seoul
Metropolitan city is about 9,736,962 as of 2020 (KOSIS
2018,  http://kosis.kr/statHtml/statHtml.do?orgld=101
&tblld=DT_1B040A3&checkFlag=N).

Collecting mosquito population data and environmental
factor data

Digital Mosquito Monitoring System

DMS is an abbreviation of the Digital Mosquito Monitoring
System. The DMS consists of steel, PVC, and acrylic (high
strength coating), 1080 mm high, 560 mm wide, and 320
mm in diameter, and it is consuming 30 W/h. DMS also re-
leases CO at a rate of 300 mL/min, which is based on the
human’s breathing amount. The DMS can automatically
count the number of captured mosquitoes and transmit data
via the CDMA communication module. This information
allows mosquito control offices to control mosquitoes more
efficiently and eco-friendly. It can also help manage disease
by capturing mosquitoes and reducing the number of mos-
quitoes. Therefore, it can be applied in various
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environmental and geographical conditions, and the effi-
ciency of the mosquito control system can be improved.

Collecting mosquito population data from DMS

DMS was operated to monitor the mosquito population.
The DMS operation location is shown in Fig. 1b. The mos-
quito population data and instrument installation location
data were collected at the digital mosquito information
monitoring system site (ETND 2018, http://dmsnet.kr).
Seoul Metropolitan city has installed two DMSs in each dis-
trict (gu) since 2015 and is currently operating 50 DMSs.
For this study, mosquito population data from April 1,
2015, to October 31, 2017, were collected.

Environmental factor data provided by the Korea
meteorological administration

The (Meteorological agency weather data release portal.
(n.d.); 2018) provides the weather data, and the KMA
uses various devices such as Automatic Weather System
(AWS), Automated Surface Observing System (ASOS),
and agricultural weather observation (http://data.kma.go.
kr/cmmn/main.do).

The data of the nearest AWS devices from each DMS
were used for the prediction formula analysis. The loca-
tions of the linked DMS and AWS were shown in Add-
itional file 1. This study used data of 23 AWSs out of 28
AWSs in Seoul Metropolitan city from March 28, 2015, to
October 28, 2017. According to the results of previous
studies of this study, the number of mosquitoes 3 days ago
showed the highest correlation with environmental fac-
tors. It is the reason why the DMS collection date and the
AWS environmental factor date shows a 3-day difference.

The monitoring analysis for mosquito population data and
environmental factor data
The average number of mosquito population per year, the
average number of mosquito population per month, the
average number of mosquito population per geography type,
and the average number of mosquito population per district
(gu) were derived by using the mosquito population data
from 2015 to 2017. The geography type was divided into
three parts. The divided types were as follows. Type I: water-
side area, type II: residence area, and type III: park area.
Waterside and rainwater pumping stations were included in
type 1. Residence areas, community service center, physical
education center, public health center, apartments, daycare
center, and welfare center were included in type II. Parks
and forests were included in type III. The mean and standard
error were derived for each analysis and used for ANOVA.
The generalized linear model was used for the analysis
of the mosquito population data and the environmental
factor data from 2015 to 2017 in Seoul Metropolitan
city. For all data analysis, the natural log was applied to
convert mosquito population data.
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Table 1 The average number of mosquito population in Seoul Metropolitan city from 2015 to 2017 (geography type |: waterside

area, II: residence area, Ill: park area)

Mosquito population (mean + SE) p value
Year (2015-2017) 2015 2016 2017 All sites
7446 £ 1.74 86.53 + 231 59.34 + 0.77 73.03 £ 098 0.000*
4 5 6 7 8 9 10 0.000*
Month 1265 + 0.32 5563 + 1.68 9488 + 2.76 110.76 + 2.39 97.63 + 436 81.28 £ 2.14 4259 + 1.03
Geography type | I} 1] 0.000*
14801 + 433 4966 + 0.53 60.84 + 0.93

*Significant at p < 0.001

Derived from mosquito prediction formula in Seoul
Metropolitan city

The mosquito prediction formula of Seoul Metropolitan
city was derived by linking the mosquito population data
and the environmental factor data from 2015 to 2017.

Before mosquito prediction formula analysis, the mos-
quito data were transformed to log values.

Mosquito prediction formula accuracy was tested to
compare the accuracy between actual and predicted
values by using the actual numbers of mosquito
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Fig. 3 The average number of mosquito population per district (gu) in Seoul Metropolitan city from 2015 to 2017
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populations collected in 2017 and the predicted values
derived from the mosquito population prediction
formula.

Results

Monitoring analysis of mosquito population data

The results of the average number of the mosquito
population per day from 2015 to 2017 were 73.03 *
0.98 population in Seoul Metropolitan city. The aver-
age number of the mosquito population analysis per
year was shown in Fig. 2a and Table 1. The largest
number of the mosquito population was 2016.

The results of the average number of the mosquito
population analysis per month were shown in Fig. 2b
and Table 1. The number of mosquito populations
sharply increased in June, and the largest number of
mosquitoes was collected in July. After July, the mos-
quito population sharply decreased.

The average numbers of the mosquito population
analysis per geography type were as shown in Fig. 2c
and Table 1. Mosquito populations were highest in
the order of waterside area, park area, and residence
area.

The average numbers of the mosquito population ana-
lysis in Seoul Metropolitan city from 2015 to 2017 were
as shown in Fig. 3. Mosquito population of Mapo, Dong-
daemun, and Yangcheon were the highest. However, the
mosquito population in Dobong, Gwanak, and Gangnam
were the lowest.
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Monitoring analysis of environmental factor data

The results of linear regression analysis of the mosquito
population according to environmental factors of Seoul
Metropolitan city was shown in the following Fig. 4.

Mean temperature, low temperature, high temperature,
rainfall, mean wind speed, and high wind speed showed
0.0001 p value. Among them, the mean temperature was
selected as a representative factor of temperature. In the
case of mean wind speed and maximum wind speed, they
were excluded due to high p value. As a result, the mean
temperature and rainfall were derived as environmental
factors representing the mosquito population.

The result of linear regression analysis of mosquito
population according to geography type (I: waterside area,
II: residence area, III: park area) per environmental factors
in Seoul Metropolitan city was shown in Fig. 5a, b. Linear
regression analysis of mosquito population according to
geography type per environmental factors showed that the
correlation was not high but there was a tendency.

Derivation and accuracy estimation of mosquito
prediction formula of Seoul Metropolitan city

As a result of the generalized linear model analysis of
mosquito population in 2015-2017, the following equa-
tion was derived (Table 2).

The result of the accuracy of mosquito population pre-
diction formula and mosquito prediction formula by
geography type is as follows (Fig. 6). For all tests, the
prediction formula was found to be highly relevant.

Y = 0.119x + 0.951
P =0.000, * = 0.209

Y =0.102 x + 1.759
P =0.000, * = 0.198

Y = 0.111x + 0.536
P =0.000, r* = 0.179

15 20 25 30
Mean temperature (°C)

15

Low temperature (°C)

20 25 15 20 25 30

High temperature (°C)

In(Mosquito Population)

Y = -0.001x + 3.520
P = 0.000, r* = 0.001

4]
80 100 120 140 160 180 200 1] 5
Rainfall (mm)

o
0 20 40 60

10

15

Mean wind (m/s)

Environmental factors

Fig. 4 The distribution of mosquito population according to environmental factors in Seoul Metropolitan city from 2015 to 2017. The regression
equation and p value and r* were derived through simple linear regression analysis
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Fig. 5 The distribution of mosquito population according to mean temperature, rainfall in Seoul Metropolitan city from 2015 to 2017 (geography type
I: waterside area, II: residence area, Ill: park area). The regression equation and p value and * were derived through a simple linear regression analysis. a
Mosquito population according to geography type by mean temperature. b Mosquito population according to geography type by rainfall
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Discussion

Mosquitoes are sensitive to environmental factors. Exces-
sive heat kills insects as effectively as cold does. Neverthe-
less, within their survivable range of temperatures,
mosquitoes proliferate faster and bite more as the air be-
comes warmer. At the same time, greater heat speeds the
rate at which pathogens inside them reproduce and ma-
ture (Epstein 2000). Therefore, the mosquito population
management is urgent, and environmental factors can be
analyzed to estimate the mosquito population.

The purpose of this study was to predict the mosquito
population in Seoul Metropolitan city by deriving the
mosquito population prediction formula. Furthermore,
this prediction formula was intended to be used as a
basis for predicting the occurrence of disease-mediated
mosquitoes.

The results of the average number of the mosquito popu-
lation per day from 2015 to 2017 were 73.03 + 0.98 popula-
tion in Seoul Metropolitan city. The number of mosquito
populations sharply increased in June, and the largest num-
ber of mosquitoes was collected in July. Since the mosquito
population significantly decreases after July, in order to con-
trol mosquito effectively, it is necessary to intensively control
larvae in May. Also, as the mosquito species in June-July
surges, it is better to do chemical control in parallel.

As a result of the mosquito population analysis by
geography type, the mosquito population was found to
be higher in the order of the waterside area, residence
area, and park area. It is predicted that mosquito popula-
tions are large in the waterside area and park area where
it is suitable for larvae, so mosquito control should be
concentrated around the riverside and park area.
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Table 2 Generalized linear model formula of mosquito population in Seoul Metropolitan city from 2015 to 2017 (geography type I:
waterside area, II: residence area, lll: park area)

Mosquito population prediction formula Geography Mosquito population prediction formula
type
In(Mosquito population) = 2.519 + 0.08 x mean temperature + 0.001 x | In(Mosquito population) = 3.184 + 0.084 x mean temperature — 0.004 X
rainfall rainfall

Il In(Mosquito population) = 2.489 + 0.065 x mean temperature + 0.003 x
rainfall

1 In(Mosquito population) = 2.128 + 0.089 x mean temperature + 0.002 X
rainfall

As a result of the linear regression analysis of the can be the most important factor in providing larval
mosquito population in Seoul Metropolitan city, the habitat.
mean temperature and rainfall were derived as envir- By matching the mosquito population data and en-
onmental factors representing the mosquito popula- vironmental factor data from 2015 to 2017, the gen-
tion. Rainfall was used in this analysis since rainfall eralized linear model analysis was conducted and the
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Na and Yi Journal of Ecology and Environment (2020) 44:13

mosquito population prediction formula with high
accuracy was gained.

Conclusion

This study will have a positive effect if the mosquito
control is carried out at the appropriate time using the
mosquito population prediction formula. In conclusion,
we hope that the mosquito forecasting system in Seoul
Metropolitan city control the spread of mosquito-borne
diseases, reduce the damage from mosquito, and protect
the well-being of citizens in Seoul Metropolitan city.
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1186/541610-020-00155-w.

Additional file 1. Linked DMS and AWS. The nearest AWS devices from
each DMS were used for the prediction formula analysis (geography type:
I: waterside area, II: residence area, IlI: park area).
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