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Abstract

Background

This study aimed to explore whether the transmission routes of severe fever with thrombo-

cytopenia syndrome (SFTS) will be affected by tick density and meteorological factors, and

to explore the factors that affect the transmission of SFTS. We used the transmission

dynamics model to calculate the transmission rate coefficients of different transmission

routes of SFTS, and used the generalized additive model to uncover how meteorological

factors and tick density affect the spread of SFTS.

Methods

In this study, the time-varying infection rate coefficients of different transmission routes of

SFTS in Jiangsu Province from 2017 to 2020 were calculated based on the previous multi-

population multi-route dynamic model (MMDM) of SFTS. The changes in transmission routes

were summarized by collecting questionnaires from 537 SFTS cases in 2018–2020 in Jiangsu

Province. The incidence rate of SFTS and the infection rate coefficients of different transmis-

sion routes were dependent variables, and month, meteorological factors and tick density

were independent variables to establish a generalized additive model (GAM). The optimal

GAM was selected using the generalized cross-validation score (GCV), and the model was

validated by the 2016 data of Zhejiang Province and 2020 data of Jiangsu Province. The vali-

dated GAMs were used to predict the incidence and infection rate coefficients of SFTS in

Jiangsu province in 2021, and also to predict the effect of extreme weather on SFTS.

Results

The number and proportion of infections by different transmission routes for each year and

found that tick-to-human and human-to-human infections decreased yearly, but infections
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through animal and environmental transmission were gradually increasing. MMDM fitted

well with the three-year SFTS incidence data (P<0.05). The best intervention to reduce the

incidence of SFTS is to reduce the effective exposure of the population to the surroundings.

Based on correlation tests, tick density was positively correlated with air temperature, wind

speed, and sunshine duration. The best GAM was a model with tick transmissibility to

humans as the dependent variable, without considering lagged effects (GCV = 5.9247E-22,

R2 = 96%). Reported incidence increased when sunshine duration was higher than 11 h per

day and decreased when temperatures were too high (>28˚C). Sunshine duration and tem-

perature had the greatest effect on transmission from host animals to humans. The effect of

extreme weather conditions on SFTS was short-term, but there was no effect on SFTS after

high temperature and sunshine hours.

Conclusions

Different factors affect the infection rate coefficients of different transmission routes. Sun-

shine duration, relative humidity, temperature and tick density are important factors affecting

the occurrence of SFTS. Hurricanes reduce the incidence of SFTS in the short term, but

have little effect in the long term. The most effective intervention to reduce the incidence of

SFTS is to reduce population exposure to high-risk environments.

Author summary

Severe fever with thrombocytopenia syndrome (SFTS) is an emerging vector-borne dis-

ease caused by SFTS virus. After the first case was detected in China in 2009, SFTS

endemic areas have gradually increased, with more than 23 provinces and cities reporting

SFTS cases. In order to explore the transmission mechanism of SFTS and explain the

impact of meteorological factors and tick density on the transmission routes of SFTS, this

study collected SFTS cases data, meteorological data and tick surveillance data in Jiangsu

Province from 2017 to 2019 to investigate the study question. The multi-population and

multi-route dynamic model established in the previous study was used to calculate the

infection rate coefficients of various transmission routes of SFTS in Jiangsu Province, and

the generalized additive model was established to further elaborate the influence of SFTS

transmission mechanism.

Introduction

Severe fever with thrombocytopenia syndrome (SFTS) is an infectious disease caused by SFTS

virus infection with fever, leukopenia, and thrombocytopenia as the main clinical symptoms.

The prevalence of SFTS is mainly in Asia [1], including Japan, South Korea and China. SFTS

cases were first detected in the rural areas of Hunan Province and Hubei Province, China in

2009. In early years, the fatality rate of SFTS in China was as high as 30% [2]; however, an in-

depth research on SFTS, the average fatality rate in China has gradually decreased to 5.3%

from 2010 to 2016. Although the case fatality rate has decreased, its epidemic area has contin-

ued to expand. 23 provinces in China reported SFTS cases, and the absolute number of infec-

tions increased from 2010 to 2016 [3]. Even in 2017, more than 90% of SFTS cases reported in

China and the World Health Organization once listed SFTS as one of the nine major infectious
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diseases in the key list, which is one of the most serious public health problems in recent years

[4,5].

Previous studies have shown that SFTS is a tick-borne disease, and the environment is one

of the important factors influencing SFTS [6]. The high-risk groups of SFTS are mainly the

people living in mountainous or hilly rural areas. The most effective way to prevent SFTS is to

reduce exposure to ticks [7,8]. At the same time, studies have shown that meteorological fac-

tors may affect the spread of SFTS by affecting the growth dynamics of ticks and the interac-

tion between ticks and humans [9]. Many researchers choose statistical models or niche

models to find that the occurrence of SFTS is positively related to precipitation, temperature,

and altitude [10], and negatively related to atmospheric sub-and wind speed [11,12]. Although

previous studies have explored the correlation between meteorological factors and the inci-

dence of SFTS, the research on the causal relationship between meteorological factors and

occurrence of diseases and is still little, and there was no research to prove how meteorological

factors affect the spread of SFTS. This is known as the most difficult "black box" problem in

the spread of infectious diseases. Regarding this problem of SFTS transmission, only a few

studies speculate that temperature increase will affect the reproduction rate of ticks and

increase the incidence of SFTS [9].

The transmission dynamics model uses the real natural history and reported data of the dis-

ease to model, which can simulate the true transmission state of the disease [13–15]. Some

researchers have established a seasonal transmission dynamics model of hand, foot, and

mouth disease (HFMD), and explored meteorological factors and morbidity and transmissibil-

ity the relationship between the two has initially revealed the "black box" problem of the spread

of HFMD [16]. In the previous research, we also established the first SFTS multi-population

and multi-route dynamic model (MMDM) [17], by fitting the real SFTS report data of Jiangsu

Province from 2010 to 2019 through the model, and calculating the infection rate coefficients

of the four transmission routes (human-to-human transmission, tick-to-human transmission,

environment-to-human transmission and host animal-to-human transmission) over time,

which are human-to-human respectively infection rate coefficient (β1), tick-to-human infec-

tion rate coefficient (β21), environment-to-human infection rate coefficient (βw1) and host ani-

mal-to-human infection rate coefficient (β31).

In this study, Jiangsu Province was selected as the study area. And the infection rate coeffi-

cients of different transmission routes of SFTS in Jiangsu province in 2017–2020 and in Zhe-

jiang province in 2016 were calculated using MMDM. And the impact of different infection

rate coefficients on SFTS incidence was reduced by MMDM simulation. A generalized additive

model (GAM) developed SFTS incidence and various infection rate coefficients as dependent

variables and meteorological factors and tick density as independent variables. The GAM was

used to elaborate how meteorological factors and tick density affect SFTS incidence by influ-

encing which transmission route and thus SFTS incidence. The GAM was used to simulate the

effects of different meteorological conditions on SFTS and to uncover the "black box" problem

between meteorological factors and SFTS.

Methods

Study area

Jiangsu Province is located at the eastern coastal area of mainland China, spanning 30˚45’~35˚

08’ north latitude and 116˚21’~121˚56’ east longitude. Jiangsu has a transitional climate from

temperate zone to subtropical zone. It has a mild climate, moderate precipitation, and four dis-

tinct seasons. It is bounded by the Huaihe River and Subei Irrigation Channel. The north is a

warm temperate humid and semi-humid monsoon climate, and the south is a subtropical
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humid monsoon climate. The forest area of Jiangsu Province is 1.56 million hectares, and the

forest coverage rate is 22.8%.

Data collection

The 2017–2020 SFTS incidence data in Jiangsu Province came from the Jiangsu Provincial

Center for Disease Control and Prevention (CDC). The data is transmittal card data, which

includes personal information such as location of onset, date of onset, and gender. We also col-

lected case questionnaires of 537 cases in Jiangsu Province from 2018 to 2020, which included

information on the place of residence, history of tick bites, whether or not to keep pets, and

whether or not to come into contact with SFTS patients. The 2017–2021 meteorological data

of Jiangsu Province came from the China Meteorological Administration, which includes the

average wind speed (1m/s), sunshine duration (1h), average temperature (1˚C), and 24-hour

precipitation (1mm) in days, average air pressure (1hPa) and relative humidity (1%). The vege-

tation coverage data of Jiangsu Province came from GlobeLand30.

The data of tick density was monitored by the 2018 Jiangsu Provincial monitoring project,

which means the monitor will be carried out once a month from March to October. The cloth

flag method was collected for two consecutive mornings, and the monitoring points were

mainly around the place where the current cases of vector-borne diseases or the previous cases

occurred.

Data on the incidence of SFTS in Zhejiang Province in 2016 and previous meteorological

data for Zhejiang Province were obtained from published data.

Study design and infection rate coefficient calculation

This study was designed as the Fig 1. This study used the established SFTS multi-population

and multi-route dynamic model (MMDM) [17] to calculate the infection rate coefficients of

SFTS in Jiangsu Province from 2017 to 2020, including the coefficient of human-to-human

transmission (β1), the coefficient of tick-to-human transmission (β21), and the coefficient of

environmental-to-human transmission rate (βw1) and the infection rate coefficient of the host

animal to humans (β31). The individual transmission rate coefficients are used to indicate the

different transmission routes of SFTS and to reflect the infection dynamics of SFTS by describ-

ing the trend change.

Based on the data from the 537 case questionnaire in Jiangsu province in 2018–2020, we

defined human-to-human transmission as infected individuals without a history of tick bite

but exposed to other patients; tick-to-human transmission as infected individuals with a his-

tory of tick bite; environmental-to-human transmission as infected individuals without a his-

tory of tick bite and without keeping or contacting animals but living in hilly areas; and

animal-to-human transmission as infected individuals without a history of tick bite but who

had contact with or kept animals.

Applying the MMDM already established by previous studies [17], the incidence data of

Jiangsu Province in 2017–2020 and Zhejiang Province in 2016 were fitted to calculate the

transmission rate coefficients of SFTS in different transmission routes in the two provinces by

Berkeley Madonna 8.3.18.

Simulation of interventions

There is no clear and systematic program for prevention and control measures for SFTS.

Given that for dengue fever, which is also an insect-borne disease, it mainly includes house-

hold survey, health promotion, environmental cleaning, residual spraying and space spraying

using insecticides [14]. Meanwhile, the effects of interventions regarding case isolation and
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Fig 1. Study design of meteorological factors and tick density affect the SFTS transmission. SD = Sunshine duration, RH = Relative humidity,

AT = Average temperature, PRCP = 24-hour precipitation, WS = Wind speed, TD = Tick density, and GCV = generalized cross-validation score; GAM:

Generalized additive model; MMDM: Multi-population and multi-route dynamic model of SFTS.

https://doi.org/10.1371/journal.pntd.0010432.g001
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treatment with potent drugs have been simulated in previous articles [17]. In this paper, we

change the infection rate coefficient by adding the contact efficiency (θ) in MMDM as a way to

simulate the effect of controlling the prevention and control of different transmission routes.

Different transmission routes have certain contact efficiency, where the contact efficiency

between human and human is set as θ1, between tick and human is set as θ2, between animal

and human is set as θ3, and between environment and human is set as θ4.

We assume that the contact efficiency of different transmission routes can be reduced to

different levels (10~100%). The impact of SFTS can be controlled by varying the exposure effi-

ciency of a single route of transmission and the impact of multiple routes of transmission by

varying the exposure efficiency of multiple routes. According to the literature [14], total attack

rate (TAR), absolute effectiveness (AE), and relative effectiveness (RE) will be used as indica-

tors to reflect the effectiveness of the intervention.

Establishment of the generalized additive models

Previous studies have proved that the relationship between meteorological factors and infec-

tious diseases is complicated. Therefore, this study adopted a GAM, using the original inci-

dence rate (per 1,000,000), β1, β21, βw1, and β31 as dependent variables, and using tick density

(TD, One�flag/hour), and average wind speed (WS, 1m/s), sunshine hours (SD, 1h), average

temperature (AT, 1˚C), 24-hour precipitation (PRCP, 1mm), average air pressure (AP, hPa)

and relative humidity (RH, 1%) as independent variables, the complete model is as follows:

Yit ¼ f0 þ sðAPtÞ þ sðATtÞ þ sðSDtÞ þ sðWStÞ þ sðRHtÞ þ sðPRCPtÞ þ sðTDtÞ

Among them, Yit represents the value of different dependent variables at day t, i can take

the reported incidence rate, β1, β21, βw1, and β31; t represents the value of the independent vari-

able at time t. In addition, most studies believe that there was a time lag effect between the inci-

dence of diseases and meteorological factors, so we constructed a GAM with a time lag effect,

as shown below:

YiDt ¼ f0 þ sðAPDtÞ þ sðATDtÞ þ sðSDDtÞ þ sðWSDtÞ þ sðRHDtÞ þ sðPRCPDtÞ þ sðTDDtÞ

Among them, the dependent variable was still the value at time t, the value of the indepen-

dent variable was all 30 days before time t, Δt = 30, and the rest were consistent with the above

expression.

GAM validation and prediction

In this study, we validated the GAM model using meteorological data and tick surveillance

data from Jiangsu Province in 2020 and Zhejiang Province in 2016 to prevent overfitting and

geographical limitation of the GAM. Subsequently, we used the established and validated

GAM to predict the incidence of SFTS in Jiangsu province in 2021, while we predicted the

impact of extreme weather on SFTS. Due to the special geographic location of Jiangsu prov-

ince, the most likely extreme weather includes hurricane and drought, and the two types of

weather are set as follows: hurricane = highest historical wind speed (16.8 m/s) � 1.1 + highest

historical rainfall (552 mm) � 1.1; drought = highest historical average temperature (35˚C) �

1.1 + longest historical sunshine duration (10) � 1.1. Also based on the maximum rainfall and

maximum temperature occurrence point, the hurricane period was set to start on April 30,

2020 and last for 7 days; the drought was set to start on August 30, 2020 and last for 30 days.

We used GAM to predict changes in SFTS incidence at the time of extreme weather, one

month after the occurrence, and one year after the occurrence as a way to assess short- and
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long-term effects, with key outcome indicators including TAR and cumulative number of

cases.

Data analyze

We used Berkeley Madonna 8.3.18 to calculate the transmission rate coefficients and interven-

tion simulations. The correlation tests between independent variables were performed using

Spearman’s test, and correlation coefficients greater than 0.7 were chosen with caution. We

used the "MGCV" library in R 3.2.3 to build the GAM and make predictions; the GAM was

estimated using the great likelihood method; different GAMs were selected based on the lowest

generalized cross-validation (GCV) score. Image production was done using R 3.2.3 "ggplot2"

and table production was done using EXCEL 2019.

Results

Characteristics of epidemiological and meteorological factors

In the part of epidemiology of SFTS in Jiangsu Province, the analysis of the months and years

of SFTS onset revealed a strict seasonal variation in SFTS onset. We combined the incidence of

SFTS with the land use map of Jiangsu Province, as shown in Fig 2. We found that most of the

cases were concentrated in the southwestern region of Jiangsu Province, including Nanjing

City and Huai’an City, and in areas with high vegetation coverage, such as areas with more

broad-leaved forests and shrubs, while water bodies and residential areas have relatively fewer

cases. Additionally, we found that the incidence of SFTS had an upward trend in the past three

years, with the highest months of incidence mostly occurring in summer. According to the

epidemic curve, the peak incidence of SFTS in Jiangsu Province was mainly in summer and

autumn, and the incidence rate was higher in autumn than in summer (S1A Fig).

Based on the results of the SFTS case questionnaire in Jiangsu Province for 2018–2019, we

collated the number and proportion of infections by different transmission routes for each

year and found that tick-to-human and human-to-human infections decreased as the years

increased, but infections through animal and environmental transmission were gradually

increasing. See Table 1 for details.

In the part of meteorological factors in Jiangsu Province, during the study period, the high-

est temperature in Jiangsu Province was 34˚C, the lowest temperature was -3.5˚C, and the

average temperature was 16.3˚C (S2D Fig); the average air pressure was 987~1040hpa, the sun-

shine duration was 0~12h (S2C Fig), the relative humidity was 31~98% (S2A Fig), and the pre-

cipitation was 0~67mm (S2B Fig), wind speed was 0.7~6.3m/s (S2F Fig), tick density was

0~68�flag/hour (S2E Fig).

Transmission dynamics model fitting and interventions simulation

As the Fig 3 shown, the MMDM fitted well with SFTS incidence data from 2017–2019 in

Jiangsu Province (P<0.05). The model fitting results found that the coefficient of infection of

environment to human (βw1) was increasing year by year (S1D Fig), and it was found that the

coefficient of infection of human to human (β1) was very low in 2018 (S1B Fig).

We reduced the effective exposure rates for the different transmission routes to varying

degrees to simulate interventions such as wearing protective clothing, insecticides and disin-

fection. As shown in Table 2, we found that only the reduction of the environmental-to-

human infection rate factor had the greatest impact on the incidence of SFTS, and when the

effective contact rate was reduced by 50%, the number of SFTS patients was correspondingly

reduced by half.
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Correlation test between meteorological factors and tick density

According to the Spearman correlation test results of meteorological factors and tick density,

we found that air pressure was negatively correlated with other factors, and the correlation

with temperature was relatively high (r = 0.899). At the same time, it was found that the duration

Table 1. Transmission routes of infection in 537 SFTS patients in Jiangsu Province, 2018–2020.

Year Tick to human

transmission

Human to human

transmission

Animal to human

transmission

Environment to human

transmission

Unclassified Total (%)

2018 37(45.67%) 6(7.40%) 20(24.69%) 10(12.34%) 8(9.9%) 81(100%)

2019 62(46.97%) 3(2.27%) 35(26.52%) 22(16.67%) 10(7.58%) 132

(100%)

2020 109(33.64%) 13(4.01%) 95(29.32%) 82(25.31%) 25(7.72%) 324

(100%)

https://doi.org/10.1371/journal.pntd.0010432.t001

Fig 2. Land use map of each SFTS case location in Jiangsu Province from 2017 to 2019. http://www.globallandcover.com/defaults.

html?type=data&src=/Scripts/map/defaults/browse.html&head=browse&type=data (Map source).

https://doi.org/10.1371/journal.pntd.0010432.g002
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of sunshine was positively correlated with temperature and tick density, and negatively correlated

with other factors, and the correlation was small. Humidity was positively correlated with temper-

ature, rainfall, and month, and has no correlation with tick density. There was no correlation

between air temperature and wind speed, but a positive correlation with rainfall, tick density, etc.

Although precipitation has no correlation with tick density, it was positively correlated with wind

speed and month. The density of ticks was positively correlated with air temperature, wind speed

and sunshine duration, but negatively correlated with air pressure, and the correlation was high (r
= -0.51), as shown in Fig 4. After lagging the meteorological factors for 30 days, the results of

Spearman test were shown in Fig 5, and there was no significant difference in the results. The two

sets of Spearman correlation test results showed that the correlation between average air tempera-

ture and average air pressure was too high (r = 0.897, P<0.01). After adding the average air pres-

sure and average air temperature into the GAM separately, it was found that the average air

pressure was meaningless, so we eliminated it from the model.

Construction of generalized additive model

To establish a GAM, the average temperature, relative humidity, sunshine duration, precipitation,

tick density, month and different dependent variables were used. According to the GCV score

and R2, the models with the lowest GCV scores for the different dependent variables among all

the GAMs we developed are shown in Table 3. According to the results in Table 3, we can find

that for GAMs, the GCV scores of the models with 30-day lags are generally higher than those of

the models without lags, and also the model fit is better for the models without lags. For tick den-

sity and meteorological factors, the most suitable dependent variable was the coefficient of infec-

tion rate of tick-to-human, which had the lowest GCV scores (GCV = 5.9247E-22, R2 = 96%).

The relationship among SFTS reported incidence, meteorological factors,

and tick density

For the reported incidence, in the no time lag GAM, all factors were nonlinear except for rela-

tive humidity, precipitation and wind speed. Among them, the effect of sunshine duration on

incidence was not significant, but there was an increasing trend when the sunshine duration

Fig 3. MMDM fitting result of SFTS incidence of 2017–2019. MMDM: Multi-population and multi-route dynamic model of SFTS.

https://doi.org/10.1371/journal.pntd.0010432.g003
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Table 2. Simulation of interventions for SFTS by the multi-population and multi-route dynamics model.

Intervention Number of cases TAR AE RE (%)

H-H-T-R�

10% 1140 4.32E-05 0.00E+00 0.00%

20% 1140 4.32E-05 2.28E-14 0.00%

30% 1140 4.32E-05 4.55E-14 0.00%

40% 1140 4.32E-05 6.83E-14 0.00%

50% 1140 4.32E-05 9.11E-14 0.00%

60% 1140 4.32E-05 1.14E-13 0.00%

70% 1140 4.32E-05 1.37E-13 0.00%

80% 1140 4.32E-05 1.59E-13 0.00%

90% 1140 4.32E-05 1.82E-13 0.00%

100% 1140 4.32E-05 2.05E-13 0.00%

T-H-T-R�

10% 1140 4.32E-05 0.00E+00 0.00%

20% 1140 4.32E-05 7.85E-16 0.00%

30% 1140 4.32E-05 1.57E-15 0.00%

40% 1140 4.32E-05 2.35E-15 0.00%

50% 1140 4.32E-05 3.14E-15 0.00%

60% 1140 4.32E-05 3.92E-15 0.00%

70% 1140 4.32E-05 4.71E-15 0.00%

80% 1140 4.32E-05 5.49E-15 0.00%

90% 1140 4.32E-05 6.28E-15 0.00%

100% 1140 4.32E-05 7.06E-15 0.00%

A-H-T-R�

10% 1140 4.32E-05 0.00E+00 0.00%

20% 1140 4.32E-05 1.05E-09 0.00%

30% 1140 4.32E-05 2.09E-09 0.00%

40% 1140 4.32E-05 3.14E-09 0.01%

50% 1139 4.32E-05 4.19E-09 0.01%

60% 1139 4.32E-05 5.24E-09 0.01%

70% 1139 4.32E-05 6.28E-09 0.01%

80% 1139 4.32E-05 7.33E-09 0.02%

90% 1139 4.32E-05 8.38E-09 0.02%

100% 1139 4.32E-05 9.43E-09 0.02%

E-H-T-R�

10% 1140 4.32E-05 0.00E+00 0.00%

20% 1026 3.89E-05 4.32E-06 10.00%

30% 912 3.45E-05 8.63E-06 20.00%

40% 798 3.02E-05 1.30E-05 29.99%

50% 684 2.59E-05 1.73E-05 39.99%

60% 570 2.16E-05 2.16E-05 49.99%

70% 456 1.73E-05 2.59E-05 59.99%

80% 342 1.30E-05 3.02E-05 69.98%

90% 228 8.64E-06 3.45E-05 79.98%

100% 114 4.33E-06 3.88E-05 89.98%

H-H-T-R100%+A-H-T-R100%+T-H-T-R100% 1139 4.32E-05 9.43E-09 0.02%

�TAR: Total attack rate; AE: Absolute effectiveness; RE: Relatively effectiveness; H-H-T-R: Human to human transmission rate; E-H-T-R: Environment to human

transmission rate; T-H-T-R: Tick to human transmission rate; A-H-T-R: Animal to human transmission rate

https://doi.org/10.1371/journal.pntd.0010432.t002
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was too high (>11 h); the incidence decreased rapidly when the average temperature was higher

than about 26˚C; the effect of tick density on incidence was positive, and the incidence showed

an increasing trend as the tick density increased; for months, the incidence of SFTS was highest

Fig 4. Correlation analysis between no time lagging meteorological factors and tick density. AP = Air pressure; SD = Sunshine duration; RH = Relative humidity;

AT = Average temperature; PRCP = 24-hour precipitation; WS = Wind speed; TD = Tick density. Correlation coefficient (r) greater than 0.7 indicates a strong

correlation between the two.

https://doi.org/10.1371/journal.pntd.0010432.g004
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in May to September (Figs 6A1 and S3A). In the 30-day lagged GAM, only mean temperature

and month were significant (P<0.05), where the effect of month was the same as non-lagged,

but the effect of mean temperature on incidence was attenuated (Figs 6B1 and S3B).

Fig 5. Correlation analysis between time lagging meteorological factors and tick density. AP = Air pressure; SD = Sunshine duration; RH = Relative humidity;

AT = Average temperature; PRCP = 24-hour precipitation; WS = Wind speed; TD = Tick density. Correlation coefficient (r) greater than 0.7 indicates a strong

correlation between the two.

https://doi.org/10.1371/journal.pntd.0010432.g005
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The relationship among human-to-human transmission, meteorological

factors, and tick density

As shown in Fig 6A2, for the coefficient of infection rate of human-to-human, the effects of

average temperature, month, wind speed and tick density were all nonlinear in the GAM with

no time lag. However, wind speed had a smaller effect on inter-population; while temperature

was more pronounced for transmission among populations, which was reduced when temper-

atures were too low (<5˚C) or too high (>25˚C). The effect of tick density on incidence was

negative, with population-to-population transmission decreasing as tick density increased;

month had only a peak for between-population (S4A Fig). In the 30-day lagged GAM, all mete-

orological factors except tick density had a nonlinear effect on transmission among popula-

tions, with the largest changes compared to the model with no time lag being that relative

humidity and sunshine duration had a negative effect on transmission among populations,

and that transmission of SFTS among populations decreased as both increased, with no differ-

ences in the remaining factors (Figs 6B2 and S4B).

The relationship among environment-to-human transmission,

meteorological factors, and tick density

For the coefficient of infection of the environment-to-human, in the GAM without time lag,

the effects of all factors were non-linear except for the sunshine duration, and the effect of

average temperature was not significant (P>0.05). Among the remaining factors, the most

Table 3. Optimal generalized additive models built with time lags and non-time lags.

Model type Formula GCV R2

No time lag model

Dependent variables

Reported incidence f0+s(SDt) + RHt + s(ATt) + PRCPt + s(Montht) + WSt
+ s(TDt)

4.05E-

15

86%

Coefficient of infection of human to

human (β1)

f0+SDt + RHt + s(ATt) + PRCPt + s(Montht) + s(WSt)

+ s(TDt)

1.59E-

19

62%

Coefficient of infection of environment to

human (βw1)

f0+SDt + s(RHt) + s(ATt) + s(PRCPt) + s(Montht) + s

(WSt) + s(TDt)

9.04E-

18

86%

Coefficient of infection of tick (β21) f0+SDt + RHt + s(ATt) + PRCPt + s(Montht) + s(WSt)

+ s(TDt)

5.92E-

22

96%

Coefficient of infection of animal to

human (β31)

f0+SDt + s(RHt) + s(ATt) + s(PRCPt) + s(Montht) + s

(WSt) + s(TDt)

3.33E-

18

75%

Time lag 30 days model

Dependent variables

Reported incidence f0+SDΔt + RHΔt + s(ATΔt) + PRCPΔt + s(MonthΔt)

+ WSΔt + TDΔt

4.87E-

15

83%

Coefficient of infection of human to

human (β1)

f0+s(SDΔt) + s(RHΔt) + s(ATΔt) + s(PRCPΔt) + s

(MonthΔt) + s(WSΔt) + TDΔt

1.76E-

19

58%

Coefficient of infection of environment to

human (βw1)

f0+s(SDΔt) + s(RHΔt) + s(ATΔt) + PRCPΔt + s(MonthΔt)

+ s(WSΔt) + s(TDΔt)

8.36E-

18

87%

Coefficient of infection of tick (β21) f0+s(SDΔt) + s(RHΔt) + s(ATΔt) + PRCPΔt + s(MonthΔt)

+ s(WSΔt) + TDΔt

6.05E-

22

96%

Coefficient of infection of animal to

human (β31)

f0+s(SDΔt) + s(RHΔt) + s(ATΔt) + PRCPΔt + s(MonthΔt)

+ s(WSΔt) + TDΔt

3.69E-

18

72%

�SD = Sunshine duration, RH = Relative humidity, AT = Average temperature, PRCP = 24-hour precipitation,

WS = Wind speed, TD = Tick density, and GCV = generalized cross-validation score

https://doi.org/10.1371/journal.pntd.0010432.t003
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Fig 6. Non-linear relationship between SFTS incidence and different transmissibility with meteorological factors and tick density in Jiangsu Province.

Part A: SFTS incidence and different infection coefficients with meteorological factors and tick density in no time lag GAM; A1: Plots of non-linear

relationship with factors associated with reported incidence; A2: Plot of non-linear relationship with factors associated with the infection coefficient of human-

to-human; A3: Plot of non-linear relationship with factors associated with the infection coefficient of environment-to-human; A4: Plot of non-linear

relationship with factors associated with the infection coefficient of tick-to-human; A5: Plot of non-linear relationship with factors associated with the infection

coefficient of animal-to-human. Part B: SFTS incidence and different infection coefficients with meteorological factors and tick density in time lag GAM; B1:

Plots of non-linear relationship with factors associated with reported incidence; B2: Plot of non-linear relationship with factors associated with the infection

coefficient of human-to-human; B3: Plot of non-linear relationship with factors associated with the infection coefficient of environment-to-human; B4: Plot of

non-linear relationship with factors associated with the infection coefficient of tick-to-human; B5: Plot of non-linear relationship with factors associated with

the infection coefficient of animal-to-human).

https://doi.org/10.1371/journal.pntd.0010432.g006
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important factor is the effect of tick density, which gradually increases the transmission of the

environment as tick density increases; for relative humidity, the transmission of the environ-

ment decreases as relative humidity increases, with less effect when relative humidity is greater

than 50%. The effect of month for environmental transmission is consistent with human-to-

human transmission, with only one peak (Figs 6A3 and S5A). Compared to the model with no

time lag, the larger differences in the GAM with a 30-day lag are the effects from relative

humidity and average temperature. The time lag attenuates the effect of relative humidity, but

the transmission in the environment gradually decreases as the average temperature increases

(Figs 6B3 and S5B).

The relationship among tick-to-human transmission, meteorological

factors, and tick density

For the tick-to-human transmission coefficient, only the effects of average temperature, tick

density and month were nonlinear in the GAM without a time lag, but the effects of all factors

were small, with tick-to-human transmission decreasing gradually, but to a lesser extent, as

temperature and tick density increased (Figs 6A4 and S6A). After lagging the time by 30 days,

relative humidity also affects tick-to-human transmission, which gradually decreases with

increasing relative humidity, but to a lesser extent, and the remaining factors do not differ sig-

nificantly, as detailed in Figs 6B4 and S6B.

The relationship among animal-to-human transmission, meteorological

factors, and tick density

For the animal-to-human infection coefficient, in the GAM without time lag, all factors except

relative humidity affect transmission. Among them, the effect of mean temperature is opposite

to the transmission between populations, with a trend of decreasing and then increasing ani-

mal-to-human transmission as the temperature increases, and the weakest animal-to-human

transmission occurs when the temperature is between 10 and 16˚C. Also, the month makes a

difference for animal-to-human transmission, which decreases rapidly after April (Figs 6A5

and S7A). Among the GAMs with a time lag of 30 days, the greatest effects were sunshine

duration and wind speed, with animal-to-human transmission gradually increasing as both

increased (Figs 6B5 and S7B).

No time lag GAM validation and prediction

Based on GCV scores, R2 and the effect of different factors, we chose no time lag GAM to pre-

dict the change in incidence in future and extreme weather conditions. We found that the

established GAM predicted better results for the reported incidence of SFTS and individual

infection rate coefficients in Zhejiang Province in 2016, and the predicted data differed less

from the real data (Fig 7A–7E).

In Fig 8 and Table 4, we predicted the incidence rate and the transmission rate coefficients

of each transmission route in Jiangsu Province from 2020 to 2021 using the GAM we estab-

lished, and also verified again using the incidence rate reported in Jiangsu Province and the

transmission rate coefficients calculated by MMDM, and found that the GAM predictions

were better except for tick-to-human transmission. In Fig 8, we predicted the effect of SFTS on

incidence and transmission in hurricane occurrence, respectively. As shown in Table 4, for

incidence, SFTS incidence is substantially reduced during the hurricane, bringing the number

of incidences down from 229 to 0; however, the hurricane has less impact on SFTS incidence

one month and one year later afterwards. For different transmission rate coefficients, all
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transmission rate coefficients were reduced at the time of the hurricane. And for transmission

in 2021, each transmission rate factor is reduced compared to when no hurricane occurs. In

Fig 8, we predict the impact of SFTS on incidence and transmission in the event of drought,

respectively. As shown in Table 4 and Fig 8, for incidence and each infection rate, there was lit-

tle effect of drought either at that time period.

Fig 7. Comparison of reported data of SFTS incidence and different infection coefficients with predicted GAM

data without time lag in Zhejiang Province, 2016. A: Reported incidence and GAM simulated incidence; B:

Calculated human-to-human infection coefficient and the GAM simulated infection coefficient, β1:Infection

coefficient of human-to-human; βw1:Infection coefficient of environment-to-human; β21:Infection coefficient of tick-

to-human; β31:Infection coefficient of animal-to-human).

https://doi.org/10.1371/journal.pntd.0010432.g007

Fig 8. GAM predicts the incidence of SFTS, infection coefficient and the impact of extreme weather in Jiangsu Province in 2020–2021. Part 1: the prediction of GAM

about SFTS incidence and different infection coefficients in normal weather; Part 2: the prediction of GAM about SFTS incidence and different infection coefficients in

hurricane; Yellow part is the duration of the hurricane; Part 3: the prediction of GAM about SFTS incidence and different infection coefficients in drought; green part is

the duration of the drought).

https://doi.org/10.1371/journal.pntd.0010432.g008
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Discussion

Although many studies have explored the relationship between meteorological factors and

SFTS incidence, they are limited to correlation analysis and cannot reveal how meteorological

factors affect SFTS. this study first used the established multiple population multiple route

transmission dynamics model (MMDM) to calculate the infection rate coefficients of SFTS by

different transmission routes. The effect of meteorological factors and tick surveillance density

on SFTS transmission was investigated by combining meteorological factors and tick density

with reported data and infection rate coefficients of SFTS through generalized additive model

(GAM).This study found that the incidence of SFTS had gradually increased in recent years,

and most of the cases occurred in places with high vegetation coverage, which was consistent

with the characteristics of places with high incidence of SFTS revealed in previous studies

[11,18]. However, it should be noted that most of the SFTS incidence data collected in this

study were concentrated in Nanjing City and Huai’an City, Jiangsu Province. SFTS cases in

other areas were relatively rare. This may be due to the low population density in the local area

or the incomplete SFTS monitoring and reporting system [12,19].

In this study, we found a sharp increase in the incidence of SFTS when the sunshine hours

exceeded 10 h. Previous studies have also shown that sunshine hours are a key factor in the

occurrence of SFTS [6], but it is believed that sunshine hours are an intermediate function of

temperature that affects SFTS and does not independently affect SFTS. The results of this

study showed that the length of daylight hours severely affects the infection rate coefficient of

animal transmission, with a rapid increase in animal-to-human infection rate when daylight

hours are greater than 8 hours. The reason for this may be that with increasing daylight hours,

the prolonged stay of host animals (e.g., goats) outdoors leads to an increased chance of animal

or human exposure to ticks and animal excreta, leading to an increased incidence of SFTS

[20,21]. In addition, the length of daylight also affects human-to-human transmissibility. β1

decreases gradually when the duration of sunlight is higher than 10 hours. This result is consis-

tent with previous studies. Excessive sunshine hours can lead to high temperatures and lower

human travel rates, and population density is one of the key factors in the spread of SFTS [22].

Table 4. Extreme weather forecast in Jiangsu Province.

Condition Stage� TAR Cases

Normal weather stage 1 2.71E-06 229

stage 2 1.23E-05 1044

stage 3 6.03E-05 5111

Hurricane� stage 1 0.00E+00 0

stage 2 1.23E-05 1044

stage 3 6.03E-05 5111

Normal weather stage 4 6.65E-06 564

stage 5 5.76E-06 488

stage 6 8.05E-05 6819

Drought� stage 4 6.65E-06 564

stage 5 5.76E-06 488

stage 6 8.05E-05 6819

�Hurricane: highest historical wind speed (16.8 m/s) � 1.1 + highest historical precipitation (552 mm) � 1.1;

Drought = highest historical average temperature (35˚C) � 1.1 + longest historical sunshine duration (10) � 1.1; stage

1: 2020.04.30–2020.05.06; stage 2: 2020.05.07–2020.06.07; stage 3: 2020.04.30–2021.04.30; stage 4: 2020.08.30–

2020.09.30; stage 5: 2020.10.01–2020.10.30; stage 6: 2020.10.01–2021.10.01

https://doi.org/10.1371/journal.pntd.0010432.t004
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Therefore, we believe that daylight is one of the important factors affecting SFTS transmission,

mainly affecting animal-to-human and human-to-human transmission routes, and that the

activity time of animals kept outside should be limited as much as possible [23].

Compared with the duration of sunshine, relative humidity was also one of the factors that

affect the incidence of SFTS reports. According to previous studies, the wet days may affect the

metabolic rate and reproductive capacity of ticks [9]. The results of this study indicate that rel-

ative humidity had a small effect on the ability of ticks to transmit to people. This may be

because we only studied the process of tick’s transmission, rather than the relationship

between relative humidity and ticks themselves. In addition, the relative humidity has a more

obvious influence on β31, and it increases with the increase of relative humidity. It may be due

to the increase in relative humidity that enhances the reproductive capacity and metabolic rate

of ticks that live on the host animal, plus the long sunshine duration [24]. The increase leads to

an increase in the surface temperature of the host animals. As shown by previous studies, the

temperature is also one of the factors affecting the growth and development of ticks [25].

As we know, temperature plays an important role in vector-borne diseases, which can affect

the replication and transmission of pathogens. The faster the virus multiplies, the fewer times

it needs to be transmitted to animals and humans [26]. Many studies have used the distributed

time lag nonlinear model to explore the time lag effect of temperature, indicating that the inci-

dence of SFTS is highest when the temperature is 20–24˚C. This is the same as the results of

this study. The results of this study also indicate that a temperature (>26˚C) will inhibit the

reported incidence of SFTS. This may be affected by two main reasons. First, the transmissibil-

ity between people will increase when the temperature increases, which means the temperature

suitable for the reproduction and growth of ticks was also just suitable for humans to travel

and work. Therefore, when the temperature is lower than 30˚C, human-to-human contact will

cause the spread of SFTS more frequently. Secondly, the host animal’s ability to transmit to

humans also remains stable at 20–25˚C. When the temperature is too high, β31 will also

decreased, which can also prove the impact of temperature on the reproduction of ticks and

human travel [27]. Therefore, in fact, temperature really affects humans and host animals in

the transmission dynamics of SFTS. The SFTS epidemic warning is issued at 20–25˚C to

remind people that they should take protective measures as much as possible when going out

to work, or reduce travel and tourism. For the host animals, it is essential to eliminate ticks on

the body surface to reduce the chance of infection due to direct contact with ticks [9].

In this study, wind speed and precipitation had little effect on the incidence rate and the

infection rate coefficient of each transmission route, although previous studies have speculated

that wind speed will increase the diffusion of carbon dioxide and increase the mortality of

ticks, thereby affecting the occurrence of SFTS [28]. However, the research evidence on wind

speed and precipitation was rare, and the only research was the same as our research results,

and it is relatively insensitive to the occurrence of SFTS and rainfall [12].

In addition to meteorological factors, this study introduced month and tick density into

GAM, and found that both had a certain contribution to different GAMs. As far as we know,

SFTS is a seasonal disease, which usually occurs in summer and autumn [29]. But for the infec-

tion rate coefficients of different transmission routes, the peak of infection of β1, β21 and β31

was generally from May to September, while the transmission of the environment was mainly

in winter. This may be because the virus transmission in the environment requires a certain

time lag. Based on the peak of infection of various transmission routes, the peak of SFTS inci-

dence shown in our report was mainly from May to October reported by existing researches

[30]. In this study, the influence of tick density on each transmission route and incidence rate

was non-linear, but it is worth noting that the influence of tick density on β21 was small, which

may be due to the consideration of the route of tick transmission in the modeling process. It is
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not comprehensive enough, but from the reported incidence rate and other infection rate coef-

ficients, the tick density will also have two peaks, which were 20�flags/hour and 45� flags/hour.

We should strengthen tick monitoring, set warning thresholds, remind people to pay attention

to areas with high tick density, and even set up warning areas for perennial monitoring to

reduce the occurrence of SFTS.

By establishing the GAM of meteorological factors and tick density on the incidence of

SFTS and the transmission rate coefficients of different routes, combined with meteorological

characteristics of Jiangsu Province, we also explored the changes in the occurrence of SFTS

under extreme weather conditions. In this study, we found that extreme conditions of precipi-

tation and wind speed caused a sharp decrease in the incidence of SFTS in the short term,

which may be due to the restriction of human activities due to hurricanes and the simulta-

neous decrease in tick density. Although the GAM showed that temperature and sunshine

duration were important factors influencing the occurrence of SFTS, the fact that both temper-

ature and sunshine duration were at extreme values simulating drought conditions had less

effect on the occurrence of SFTS, probably due to the large values taken for temperature and

sunshine duration.

After we performed simulations of the interventions, it was found that the most important

thing was to control the transmission from the environment to humans, which is consistent

with the results of previous studies. This may be due to the inability to completely separate

each transmission route when modeling transmission dynamics. Transmission in the environ-

ment is also a newly proposed transmission route, and it is difficult to abstract out the environ-

mental ticks to consider the effect of the environment separately.

In summary, although the simulation results are poor for the interventions according to

MMDM, this may be due to the difficulty of simulating pure transmission dynamics models

without real prevention and control data. However, we can also find that controlling human-

environmental exposure can lead to a reduction in the incidence of SFTS. Therefore, combin-

ing the transmission kinetic model with the distribution of SFTS incidence areas and the rela-

tionship between various transmission routes and meteorological factors, we can still make the

following recommendations for SFTS prevention and control: 1. SFTS has a high incidence in

hilly or forested areas, so we should focus on the people living in these areas and do a good job

in health education. 2. Avoid working outside for too long when it’s hot, and also to do a good

job of temperature threshold warning and avoid going outside as much as possible.3. To con-

trol ticks, it is important not only to monitor the density of ticks in each area, but also to elimi-

nate ticks on the surface of livestock and animals to reduce the chance of direct contact and

transmission.4. When working in a field environment, one should do a good job of self-protec-

tion and minimize direct contact.

Limitations

This study was based on the MMDM established in the previous stage to calculate the infection

rate coefficient of each transmission route. Because the multi-population and multi-route

dynamics model was more complicated, the factors considered may not be perfect, so the basic

reproduction number of SFTS was not calculated. The generalized additive model used in this

study requires certain professional background knowledge for the interpretation of the results,

and certain subjective judgments may appear. The validation for Zhejiang Province may be

biased because no data on tick density are available for Zhejiang Province, which is the result

of our separate simulation of a generalized additive model of tick density and meteorological

factors. When performing simulations of interventions, there may be some errors due to the

complexity of SFTS transmission.
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Conclusions

As is well known, this study is the first to date to explore SFTS transmission by exploring the

relationship among different transmissibility, meteorological factors and tick density. Our

results show that sunshine duration, temperature and relative humidity are key meteorological

factors for SFTS transmission, and different meteorological factors affect different transmis-

sion rate (multi-population multi-route transmission). Hurricanes reduce the incidence of

SFTS in the short term, but have little effect in the long term. The most useful interventions

against SFTS are to reduce the exposure of the population to high-risk environments, while

tick density is an important factor influencing the occurrence of SFTS, and monitoring sys-

tems should be further improved.

Supporting information

S1 Fig. SFTS reported incidence rate and coefficient of infection rate by different transmis-

sion routes over time in Jiangsu Province, 2017–2019. A: Reported incidence rate changes

over time; B: Coefficient of environmental-to-human transmission of infection rate changes

over time; βw1: Coefficient of environmental-to-human transmission of infection rate; C: Coef-

ficient of human-to-human transmission of infection rate changes over time; β11: Coefficient

of human-to-human transmission of infection rate; D: Coefficient of animal-to-human trans-

mission of infection rate changes over time; β31: Coefficient of animal-to-human transmission

of infection rate; E: Coefficient of tick-to-human transmission of infection rate changes over

time; β21: Coefficient of tick-to-human transmission of infection rate.

(TIF)

S2 Fig. Meteorological factors and tick density changes over time in Jiangsu Province,

2017–2019. A: Relative humidity over time in Jiangsu Province; B: Precipitation changes over

time; C: Sunshine duration changes over time; D: Average temperature changes over time; E:

Tick density changes over time; F: Wind speed changes over time.

(TIF)

S3 Fig. Non-linear relationship between SFTS incidence with meteorological factors and tick

density in Jiangsu Province. Part A: SFTS incidence with meteorological factors and tick density in

no time lag GAM; Part B: SFTS incidence with meteorological factors and tick density in time lag

GAM; SD = Sunshine duration; AT = Average temperature; WS = Wind speed; TD = Tick density.

(TIF)

S4 Fig. Non-linear relationship between human-to-human transmissibility with meteoro-

logical factors and tick density in Jiangsu Province. Part A: human-to-human transmissibil-

ity with meteorological factors and tick density in no time lag GAM; Part B: human-to-human

transmissibility with meteorological factors and tick density in time lag GAM; SD = Sunshine

duration; RH = Relative humidity; AT = Average temperature; PRCP = 24-hour precipitation;

WS = Wind speed; TD = Tick density.

(TIF)

S5 Fig. Non-linear relationship between environment-to-human transmissibility with

meteorological factors and tick density in Jiangsu Province. Part A: environment-to-human

transmissibility with meteorological factors and tick density in no time lag GAM; Part B: envi-

ronment-to-human transmissibility with meteorological factors and tick density in time lag

GAM; SD = Sunshine duration; RH = Relative humidity; AT = Average temperature;

PRCP = 24-hour precipitation; WS = Wind speed; TD = Tick density.

(TIF)
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S6 Fig. Non-linear relationship between tick-to-human transmissibility with meteorologi-

cal factors and tick density in Jiangsu Province. Part A: tick -to-human transmissibility with

meteorological factors and tick density in no time lag GAM; Part B: tick-to-human transmissi-

bility with meteorological factors and tick density in time lag GAM; SD = Sunshine duration;

RH = Relative humidity; AT = Average temperature; PRCP = 24-hour precipitation;

WS = Wind speed; TD = Tick density.

(TIF)

S7 Fig. Non-linear relationship between animal-to-human transmissibility with meteoro-

logical factors and tick density in Jiangsu Province. Part A: animal-to-human transmissibil-

ity with meteorological factors and tick density in no time lag GAM; Part B: animal-to-human

transmissibility with meteorological factors and tick density in time lag GAM; SD = Sunshine

duration; RH = Relative humidity; AT = Average temperature; PRCP = 24-hour precipitation;

WS = Wind speed; TD = Tick density.

(TIF)

S1 Table. The analyzed data in this study.

(XLSX)
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