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Abstract. Severe fever with thrombocytopenia syndrome (SFTS) is an emerging tick-
borne zoonotic disease caused by severe fever with thrombocytopenia syndrome virus.
In recent years, there has been an increasing number of human SFTS cases in central
and northeast China. In the study region, Dalian, the number of human cases in years
between 2011 and 2019 exhibited recurrent patterns in synchrony with the seasonal
temperature variation. Here, we develop a transmission dynamics model to incor-
porate contact characteristics of animal and human hosts from published literature,
and fit the model to historical temperature and human incidence data in our study
region to analyze trends in human SFTS incidence and the time trends of SFTS preva-
lence within the natural tick-host cycle. Our analysis highlights the contributions of
the systemic, co-feeding, and transovarial transmission routes, and provides insights
for cost-effective public health interventions targeted to reducing transmission in these
coexisting transmission pathways.

AMS subject classifications: 34C25, 92D25, 92D30
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1 Introduction

Severe fever with thrombocytopenia syndrome is an emerging tick-borne zoonotic dis-
ease caused by severe fever with thrombocytopenia syndrome virus (SFTSV). Most SFTS
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cases in China are distributed in rural areas of central and northeastern China, includ-
ing Shandong, Hubei, Henan, Anhui, Liaoning, Zhejiang, and Jiangsu provinces. Since
its first identification in the central provinces of Hubei and Henan [38] in 2009, SFTS has
gradually spread to other regions of Asia, including Japan and South Korea. The primary
clinical and laboratory characteristics of SFTS include fever, gastrointestinal and neuro-
logical symptoms, as well as thrombocytopenia and leukopenia, with fever being the
most common symptoms. The incubation period is generally 6-14 days with an average
of 9 days. The case-fatality rate ranges from 12% to 50% [13]. According to surveillance
data from the China Disease Prevention and Control Information System, the incidence
and prevalence of SFTS have been increasing annually [22].

Recent studies indicate that ticks are the main hosts of SFTS and play a key role in its
transmission. Ticks, such as Haemaphysalis longicornis, Ixodes nipponensis, Dermacen-
tor silvarum, and Rhipicephalus microplus, are susceptible to severe fever with throm-
bocytopenia syndrome virus, among which H. longicornis being the predominant tick
species [14]. H. longicornis is also capable of transmitting Rickettsia japonica, Russian
spring-summer encephalitis virus, and tick-borne encephalitis virus. The transmission
pathways of SFTS via H. longicornis include tick bites, human-to-human contact (such
as blood and bodily fluid contact), and inter-species co-feeding transmission [2,8,34]. Ex-
perimental evidence has shown that transovarial transmission is also a major source of
infection in ticks [18]. The life cycle of H. longicornis consists of four stages: egg, larva,
nymph, and adult, each post-egg stage requiring a different host to complete develop-
ment. There are a great number of early works on stage-structured population dynamics
models [3,20,32,35]. The main hosts for larvae and nymphs are rodents and birds, while
adult ticks primarily feed on large mammals. In eastern China, domesticated animals
H. longicornis ticks fed on include goats, cattle, pigs, deer, cats, dogs, and chickens [19].
The spread of SFTS is also influenced by environmental factors, such as climate change
and land use patterns, which not only affect tick survival and activity, but also influence
host behavior and distribution, thus altering the risk of transmission of SFTSV.

Early works on SFTS dynamics research mainly focused on time series forecasting.
For example, Deng et al. [5] used a generalized additive model to study the impact of me-
teorological factors and tick density on SFTS transmission in Jiangsu Province, finding
that temperature, wind speed, and duration of sunlight significantly increased incidence.
Wang et al. [31] employed SARIMA, XGBoost, and LSTM models to predict the incidence
trend in Hubei Province, showing that XGBoost performed well in predicting seasonal
trends and monthly incidence rates. In addition, much attention is also paid to the clini-
cal diagnosis and treatment of SFTS. Li ef al. [15] designed a clinical scoring model, com-
bining age and neurological symptoms with laboratory variables, including abnormal
lactate dehydrogenase concentrations, aspartate aminotransferase, blood urea nitrogen,
and abnormal neutrophil percentage. They further suggested the best time for the appli-
cation of ribavirin. Based on hospital data collected from Henan and Shandong between
2011 and 2020, Ge et al. [9] compared clinical progress for patients with SFTS and acute
hyperglycemia and concluded that acute hyperglycemia is responsible for SFTS-related
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death in female patients. However, there have been limited studies to use disease trans-
mission models to examine the roles of different transmission routes to inform the most
effective measures for the prevention and control of SFTS, filling this gap is one of the
objectives of our study.

Our transmission dynamics model will be parameterized and validated using surveil-
lance data from the province of Liaoning. In recent years, confirmed SFTS cases have
gradually increased in the southern Liaoning, mainly in Dalian. Applying descriptive
analysis, joinpoint regression models, and spatial autocorrelation analysis, Qi et al. [24]
revealed that the incidence of SFTS in Dalian shows a growing and expanding trend
characterized by significant spatial clustering and distinct seasonal patterns from 2011
to 2023. Future public health interventions to be designed and used to prevent a larger
outbreak of SFTS require a qualitative assessment of the contribution of transovarial, sys-
temic, and co-feeding transmission to the spread of SFTS in the region, which we aim to
provide using a novel transmission dynamics modeling framework. Future pubic health
surveillance and public health messaging also requires understanding the mechanisms
behind the observed/reported patterns and their variations from month to month and
year to year (as our model aims to achieve), so we can develop an effective early warn-
ing system to alert the public of the incoming public infection risks and to prioritize the
public health investment including the surveillance focus.

The remainder of our paper is organized as follows. In Section 2, we establish a stage-
structured dynamic model for SFTS. In Section 3, we give the main procedure for data
fitting. In Section 4, we estimate model parameters and calculate the basic reproduc-
tion number based on the SFTS surveillance data in the Dalian region from 2011 to 2019.
Moreover, we assess the roles of different transmission routes and predict the future trend
of SFTS in Dalian.

2 Modeling transmission dynamics with temperature variation

From the National Climatic Data Center (ftp://ftp.ncdc.noaa.gov/pub/dataocaa/
isd-lite/), we downloaded the temperature data in Dalian, China. We also obtained
from the Liaoning Province Center for Disease Control and Prevention the SFTS cases
in the Dalian region from 2011 to 2023. We then plotted in Fig. 1 the monthly average
temperature variation in the Dalian region from 2011 to 2023 (blue curve) alongside the
monthly reported cases (red curve). From this figure, it follows that the seasonal trends of
the temperature variation curve and the SFTS case count curve align closely, indicating
that seasonal temperature changes greatly impact the development of tick populations
and human activities. A study [37] also shows that temperature is a critical factor in-
fluencing ticks, and the preoviposition period, the development time from egg to larva,
from larva to nymph and from nymph to adult are all temperature dependent. There-
fore, in our proposed transmission dynamics model for SFTS, all relevant parameters are
temperature-dependent functions.
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Figure 1: Average monthly temperature and reported monthly cases in Dalian region during 2011~ 2023.

We start with the stratification of the main vector H. longicornis in terms of the (eco-
logical) developmental stages and physical activities into 8 subgroups: eggs (E), questing
larvae, nymphs and adults (L;, Ny, Ag), feeding larvae, nymphs and adults (Lf, N¢, Af),
and egg-laying adults (A;). We further divide each subgroup of H. longicornis and com-
petent hosts by the epidemiological infection status as susceptible and infected (denoted
with subscript s and i, respectively). All state variables are listed in Table 1. Our trans-
mission dynamics model for the tick-host interaction is formulated by: 1) taking into
account the dynamics of the tick population that involves the nonlinear birth process of
egg-laying adults and the development of ticks by feeding on the host, 2) incorporating
important pathogen transmission routes including systemic, co-feeding, and transovar-
ial transmissions. Some outputs of the model, primarily the infected nymphs and adults,

Table 1: The state variables of the tick population.

Variable | Description Variable | Description
Es Susceptible eggs N Susceptible feeding nymphs
E; Infected eggs Ny; Infected feeding nymphs
Lgs Susceptible questing larvae Ags Susceptible questing adults
Lgi Infected questing larvae Agi Infected questing adults
Lys Susceptible feeding larvae Afs Susceptible feeding adults
Ly Infected feeding larvae Ay Infected feeding adults
Ngs Susceptible questing nymphs Ajg Susceptible egg-laying adults
Ny Infected questing nymphs Ay Infected egg-laying adults
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will be incorporated into an integration formula to account for the accumulated human
cases during a particular surveillance unit.

Ecological interaction: In the Dalian region, goats are dominant hosts that H. longi-
cornis parasitizes. Therefore, we take rodents (R) and goats (G) as principal hosts of
immature and adult ticks. We consider a tick-host interaction where larvae and nymphs
feed on rodents and adults on goats merely.

Epidemiological process: 1) Through the systemic transmission route, if a susceptible
larva (a susceptible nymph) feeds on an infected rodent, the susceptible larva (the sus-
ceptible nymph) may be infected; and on the other hand, if an infected larva (an infected
nymph) feeds on a susceptible rodent, the susceptible rodent may get infected. Similarly,
systemic transmission may occur between adult ticks and goats. 2) SFTSV can also be
transmitted through the co-feeding mechanism. Once a susceptible larva co-feeds on the
same rodent with infected nymphs, the co-feeding transmission may take place so that
the susceptible larva can acquire infection during the co-feeding period; the co-feeding
transmission can also take place when a susceptible nymph (a susceptible adult) co-feeds
on a rodent (a goat) with infected nymphs (infected adults). Assume that ¢ denotes the
co-feeding transmission probability that a susceptible tick acquires SFTSV through co-
feeding with an infected tick on the same host. The infection probability of a susceptible
tick co-feeding with j infected ticks on the same host is 1—(1—c)/. 3) Through transovarial
transmission, SFTSV can be transmitted from an infected adult female tick to eggs.

A schematic illustration of the SFTS transmission dynamics involving three transmis-
sion routes is given in Fig. 2. The corresponding dynamics model of SFTS transmission
between the tick and host population is given by the following coupled tick-host system
involving ticks in four different stages and two distinct host species:

Population and transmission dynamics of eggs involving transovarial transmission:

EL(t) =77dLegq (£) (Ass(£)+(1—0) Ay ())e sV — dp (#) Eg () — ppEs(£),
E[(t) =rrdpege(t)0 Ay (t)e s DAY —dp (1) E;(t) — ppEi(t).

Population and transmission dynamics of larvae involving systemic and co-feeding
transmission:

Log(t) =de(£)Es(t) = Br, (#) Lgs () —pir, Lys (1),
Lé/i() dp(t)Ei(t) —Br, () Lgi(t) —pr, Lai(t),

2.1)

L) = (1= e () ) B (L) (1= (0)) (=) 5 B (2450
—dr ()L (8) =, Lys(E), (2.2)
L) = () ) B, (L) + i D B (L0

+'7NL(f)(1—PRL)%(tt))ﬁLq(f)qu(f)+/3Lq(f)Lqi(f) —dp, () Lpi(t) —pr,Lsi(t).
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Population and transmission dynamics of nymphs involving systemic and co-feeding
transmission:

Nys(£) =du, ()L s (£) = B, (£) Ns (£) — pi, Nos (1),
Nyi(#) =di () Li(£) = By, (1) Nyi (F) — i, Nyi(£),

N ()= (1= (0) 5 B (0N 0+ (1= (1)) (1= i) 5 B (NG 1)
—dn, (1) Nys (t) = pn, Nps (8), 23)
N}i<t) (( )):BNq< ) ( )+77NN( ) S((:)) ﬁNq(t)N’is<t)
Ri(t)

i (B (1=pry) & R(7 )ﬁNq( )Ngs (t) +Bn, (1) Ngi(t)
—dn, (H)Nri(t) — pn, Nri(t).

Population and transmission dynamics of adults involving systemic and co-feeding
transmission:

Az,qs(t):de(t)Nfs<t)_,BAq<t)AqS(t)_VAquS(t)/
Api(t)=dn, () Nyi(t) = Ba, (£) Agi(t) — pra, Agi(t),

A7 (0= (110 (0) 8 Ba () A0 (1) (110 (1)) (1= pca) B, (D) Age()
(DAL~ Arl®),
A0 =pen Qg Ba (0 Ag(0) 14 1) G LE Ba (1) A1) 24

+1744(t)(1-pca) <<:)),3Aq( )Ags(t)

+ﬁAq(t) ql() dAf<t>A t)— VAfAfl()
Als(t) =arpda, () Aps(t) —dLegg (1) Ars(t) —pa, Aus(t),
Aj(t) =apda, (1) Agi(t) —dLegs (t) Asi(t) —pa, Ani(t).

Population and transmission dynamics of hosts:

pix ()>/qu<> (1) - (())ﬁwq() ()~ prRs(0),

Ry(t) =br (R(t)

0 25)

PG
ﬁAq <t>Aql<t> _}”GGi<t)r

)~

1y Rs(t) Rs(t)

Ri(t)=prr (t)ﬁLq()L i(£)+PNr ()ﬁwq() i(£) —urRi(t),
£) -

Gy(t) =bg (G( Ba, (t)Agi(t) —pncGs(t),

Gs(t)

Gi(t)=pac— €0




X. Zhang et al. / CSIAM Trans. Life. Sci., 1 (2025), pp. 299-319 305

Lq,- oy Lﬂ
Lo Ly,
W
R
E.l ES NI?S Nl?f
()
"j}’ | w| R
Al A Nfs Nﬁ
G
Afs st Aqs -
Aﬁ Aq,- €

Figure 2: A schematic illustration of the SFTSV transmission dynamics involving three transmission routes:
systemic transmission (ST), co-feeding transmission (CT), and transovarial transmission (TT). R and G are
short for two classes of hosts, rodents and goats, respectively. Three major post-egg stages of H. longicornis
are depicted by boxes on the top (larvae), the right (nymphs), and at the bottom (adults). Egg-laying ticks
produce eggs and then grow into questing larvae, which are depicted through boxes on the left. There are two
parallel boxes at each stage since ticks are stratified by their infectious status, and the transmission takes place
when a susceptible tick takes a blood meal from an infected host (systemic transmission) or is co-fed by other
infected ticks (co-feeding transmission). Egg ticks can become infected due to transovarial transmission.

where E,(t) and E;(t) represent the numbers of susceptible and infected eggs at time t,
respectively; Lys(f) and Lg;(t),Nys(t) and Ng;i(t), Ags(t) and Ag;(t) denote the numbers
of susceptible and infected questing ticks at larval, nymphal and adult stages at time ¢,
respectively; L (t) and Ly;(t), N (t) and Ng;(t), Ags(t) and Ag;(t) denote the numbers
of susceptible and infected feeding ticks at larval, nymphal and adult stages at time ¢,
respectively; Aj(t) and Aj;(t) are the numbers of susceptible and infected egg-laying
adults, respectively; Rs(t) and R;(t) are the densities of the rodents that are suscepti-
ble and infectious at time f, respectively; Gs(t) and G;(t) are the densities of the goats
that are susceptible and infectious at time t, respectively; R(t) =Rs(t)+R;(t) and G(t) =
Gs(t)+G;(t) are the total numbers of hosts in rodents and goats, respectively; Host birth
functions follow the classical logistic model

nnL(t) (nnn (t)) listed in Table 2 represents co-feeding probability that a susceptible larva
(or a susceptible nymph) gets co-feeding infection when it co-feeds with infected nymphs
on a same rodent; 744 (t) denotes the co-feeding probability that a susceptible adult get
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infection from an infected adult when they co-feed on a same goat. The descriptions
of all fixed parameters and their values are listed in Tables 3 and 4, and the estimated
parameters are listed in Table 5.

Table 2: The description of infectious parameters in model (2.1)-(2.5).

Parameter Description Value
Probability that a susceptible larva (nymph) gets
L (Ngi() R (1)) non—systetr};ic infection 1:hrough Co—f(ee};inpg '® 1-(1—c )ﬂﬁg]qug)q
O (Nyi(8).R(8)) with infected nymphs on a same rodent
Probability that a susceptible adult gets TA B Ay (VA
naa(Aqi(t),G(t)) | non-systemic infection through co-feeding 1-(1—cq) S0
with infected adults on a same goat
Table 3: The description of fixed parameters in model (2.1)-(2.5)-Part 1.
Parameter | Description Value
Breeg (1 Temper-ature-dependent proportion of see the footnote below [36]
egg-laying adults that can produce eggs
dg(t) Development rate from eggs to hardening larvae see the footnote below [36]
d, ) Devel.opment rate from engorged larvae to see the footnote below [36]
questing nymphs
y, () Devel.opment rate from engorged nymph to see the footnote below [36]
questing adult
as, ) Develol?ment rate from engorged females to see the footnote below [36]
egg-laying females
Brg(t) | Host-attaching rate for questing larvae /\Lq X pr(t) [28]
Bng(t) | Host-attaching rate for questing nymphs g < pn(t) [28]
Bag(t) | Host-attaching rate for questing adults /\ Ag X pa(t)[28]
UE Daily, per-capita mortality rate of egg 0.002(day ") [25]
i, Daily, per-capita mortality rate of questing larvae 0.0046(day 1) [6]
% Daily, per-capita mortality rate of feeding larvae 0.0046(day 1) [6]
1N, Daily, per-capita mortality rate of questing nymph 0.0038(day 1) [6]
HN; Daily, per-capita mortality rate of feeding nymph 0.0038(day ") [6]
Ha, Daily, per-capita mortality rate of questing adult 0.004(day ') [6]
Ha; Daily, per-capita mortality rate of feeding adult 0.004(day ') [6]
Ha, Daily, per-capita mortality rate of egg-laying female 0.34(day ') [10]
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0, T(t)<12.2,
—0.0391+0.00320T(t), T(t)>12.2,
0, T(t)<10.2,
—0.0469+0.00459T (t), T(t)>10.2,
0, T(t) <118,
. iy (t)= (v
—0.0506+0.00428T(t), T(t)>11.8,
0, T(t)<11.1,
° dAf (t) — ( )
—0.130+0.0117T(t), T(t)>11.1.
Table 4: The description of fixed parameters in model (2.1)-(2.5)-Part 2.
Parameter Description Value
Temperature-dependent proportion of
pi(t),i=L,N | active questing immature ticks see the footnote below [23]
(larvae and nymphs)
Temperature-dependent proportion of
pa(t) active questing adults see the footnote below [23]
TN Average duration of feeding for nymphs 3.5 days [27]
fn & 8 ymp y
Tfﬂ Average duration of feeding for adult ticks 12 days [27]
ar Proportion of feeding female adults 0.65 [14]
TR Natural birth rate of rodent host 0.14(day71) [7]
rG Natural birth rate of goat host 0.15(day ') [1]
Kr Carrying capacity of rodents 500 (assumed)
K¢ Carrying capacity of goat 1000 (assumed)
PRL Probability of systemic transmission from 0.5 [29]
(pPrRN,PLR,PNR) | larva(nymph) to rodent or from rodent to tick ’
Probability of systemic transmission
pcalpac) from adult to goat or from goat to tick 071291
UR Natural mortality rate of rodent 0.0277(day 1) [26]
e Natural mortality rate of goat 0.06(day 1) [11]

. PL(f)IPN(f)I{

0, T(t) < LNfemp,
1/ T(t) Z LNtemp/

°pAﬂ={Q T(E) < Avemp.

1

7 T(t) Z Atemp'
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Table 5: The description of estimated parameters in model (2.1)-(2.5).

Parameter | Description Range
0 Probability of infected eggs from a female egg-laying adult 0~1
p Proportion of egg-laying adults that can produce eggs 0~1[36]
rT Per-capita egg production by egg-laying females 1000 ~ 2500 [27]
s The strength of density dependence in fecundity 1~10

Probability of an infected nymph to induce non-systemic

0~1
infection to the co-feeding susceptible larva/ nymph

Cn

c Probability of an infected adult to induce non-systemic 01
‘ infection to the co-feeding susceptible nymph

The temperature-dependent strength on the

Enlea) attaching rate of nymphal and adult ticks 0~001
ALg(Ang) |Host-seeking probability for questing larvae or nymphs 0~1
Aag  |Host-seeking probability for questing adults 0~1
LNtemp |Critical temperature that questing larvae(nymphs) become active| 12~25 [27]
Atgmp Critical temperature that questing adult ticks become active 10~12[27]
w The strength of human outdoor activity 0~1
Etemp |Critical temperature that adults that can produce eggs 12~25[36]

Since nymphal and adult stages are the most important stages for the pathogen trans-
mission to humans, the probability of human infection with SFTSV completely depends
on the densities of questing nymphs and questing adults. The newly reported human
SFTS cases during a period of duration ¢ take the following form:

9= (ANEPNENG()+An(5)pa()Agi(5)) s, 26

where we take one month as a reporting period; Ag(s),® =N, A are attaching rates of
questing nymphs and questing adults on humans at time s, which are proportional to the
temperature that impacts the human outdoor activity. Based on the literature [21], we

will use
Ao (s)= (o x e T,

where (g, ® = N, A represent temperature-dependent strength on the attaching rate of
nymphal and adult ticks, and w is the strength of human outdoor activity.

3 Data fitting

Generally, people infected with SFTSV do not have symptoms or get sick after an average
of 10 days. The incubation period of SFTS has been reported to range from 7 to 14 days,
with an average of 9 days [17]. Many patients had reported tick bites 7-9 days before
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illness [33]. He et al. [12] compared laboratory examination results of patients in the sur-
viving and non-surviving groups and found that 77% of patients lived in rural regions,
and most of the SFTS diagnoses from symptom onset are delayed by 7 days. Hence, in
the process of data fitting, we introduce T as diagnostic delay and fix its value 7=0.5
month.

The optimum parameter values can be estimated by minimizing the sum of between
the monthly estimated data and the reported one. The objective function is given as

f((,b,n) :Z(?(tn)_y(tn—"f))zl

ty

where
(,b - (Ger/S/Cn/Cu//\Lq//\Nq//\Aq/LNtemp/Atemp/EtemngNng/P/w)

denotes a set containing the estimated parameters of model (2.1)-(2.5); §(#,) is the predic-
tion SFTS cases of the nth month following model (2.1)-(2.5) and Eq. (2.6); y(t, — 1) is the
reported cases of the (1 —7)-th month. We aim to fit the model (2.1)-(2.5) and Eq. (2.6) to
compare the predicted number of SFTS cases with the monthly reported data provided
by Liaoning Province Center for Disease Control and Prevention. The main procedures
are as follows:

(i) Specify the parameter set ¢ with appropriate random initial values listed in Table 5.
(ii) Solve model (2.1)-(2.5) numerically by using the fourth-order Runge-Kutta method.

(iii) Combine the reported SFTS data to calculate the objective function f(¢,n) based on
Eq. (2.6).

(iv) Find the minimum objective function value and record the corresponding parame-
ter set ¢ as the optimum parameter value.

4 Results

We now present our data fitting and numerical simulations to estimate the values of
parameters for model (2.1)-(2.5) and investigate the effects of transovarial transmission
on the spread of SFTSV in the study region.

Data Fitting and Parameter Estimation: In Fig. 3, we show the comparison of SFTS cases
between the estimated (the blue line) and the reported (the red line) from 2011 to 2019
with the estimated parameters: the probability of transovarial transmission §=0.072; egg
production numbers per egg-laying female r7 =1071; the strength of density dependence
in fecundity s =1.343; the probability of co-feeding transmission through co-feeding on
rodents and goats c,,=0.335, c,=0.449; the coefficients of temperature-dependent strength
on the attaching rate of nymphal and adult ticks are {y =1.323x10~? and {4 =2.753 x
1078, respectively; the hosting-seeking probability for questing larvae (or nymphs) and
questing adults Ap;=AN,;=0.013,A 4,=0.008; the critical temperature that questing larvae
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Figure 3: Monthly SFTS cases in Dalian from 2011 to 2019. The red line represents the reported cases, and the
blue line represents the estimated. Using data fitting, estimated parameters are 6 =0.072,r7 =1071,s =1.343,

cn=0.335,¢,=0.449,{y=1.323x10"2,0 4 =2.753x 1078, /\Lq :/\Nq =0.013, /\Aq =0.008, p=0.061, LNperp =14.82,
Atemp=11.93, Etemp =13.60,w =0.44, respectively.

(or nymphs) become active LNy, =14.82°C; the critical temperature that questing adults
become active Atenp=11.93°C; the minimal temperature adults when can produce eggs
is Etemp = 13.60°C; the strength of human outdoor activity w =0.44. Moreover, we also
note in Fig. 3 that the monthly SFTS cases increased rapidly in 2018, directly resulting
from high temperature: the highest temperature during the period 2011-2019 occurs in
2018 and reaches 31.58°C.

Validation: During the COVID-19 pandemic, daily life in the considered region returned
to normal after the lockdown was lifted on April 8, 2020. Despite some temporal restric-
tions in specific areas due to the potential importation of COVID-19 cases, daily life in
the considered region also remained normal in 2021. In 2022, the emergence of the Omi-
cron variant triggered a lockdown that started in April, but the lockdown lasted only
two months. In short, during these three years, from 2020 to 2022, the COVID-19 control
restrictions were eased just before each summer, leading to a rapid rebound in summer
tourism. This explains why data fitting yields the adjustment of human outdoor activ-
ity to w =0.52. Using all the values of other parameters listed in Table 5, our model
gives the predicted number of SFTS cases for the years 2020-2023. The estimated and
reported monthly cases are presented in Fig. 4. It should be mentioned that in Fig. 4,
the maximum values of the estimated monthly SFTS cases for the three years (2020-2022)
are in strong alignment with the reported values. However, the model-based estimate
is clearly an underestimate of the reported value in 2023, and this is anticipated since in
2023, China officially ended the dynamic zero COVID policy, and tourism increased sig-
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Figure 4: The comparison of monthly SFTS cases during 2020-2023 based on the estimated parameters listed
in Table 5.

nificantly, leading to increased human outdoor activity. Moreover, we compare the total
SFTS cases per year from 2020 to 2022 with the number in 2023. The effect of lockdown
is a decrease in the risk of acquiring SFTS infection up to 29.8%.

Basic Reproduction Number and Contributions of Three Transmission Routes: H. lon-
gicornis completes its life cycle in six months, with one generation occurring yearly [16].
Therefore, we can treat the model as a periodic system with period 1— year with varying

temperature conditions within a given year to calculate the basic reproduction number

for each year R(()ZOH) (i=1,2,...,9) from 2011 to 2019 to examine the net growth rate of the

SFTS each year over a period of 9 years. The basic reproduction number is a metric of the
pathogen’s capacity to reproduce given the particular environmental conditions, and we
include in the Appendix A the detailed procedure how the basic reproduction number is
calculated for our model.

The calculated basic reproduction number per year from 2011 to 2019 is plotted in
Fig. 5, where the blue, red, and yellow bars present distinct contributions of systemic
transmission, co-feeding transmission, and transovarial transmission to the basic repro-
duction number. In Table 6, we also list the numerical values and percentages of the three
transmission routes towards the reproduction numbers. The basic reproduction numbers
varied slightly from year to year but consistently exceeded the threshold value to sustain
the SFTS epidemic in the region during this period. In fact, we also considered these
years from 2011 to 2019 as a single period and considered the model as a periodic system
with 9 years as the period. We calculated the corresponding average basic reproduction
number of model (2.1)-(2.5) as Ry_gy =1.2956, and estimated the contribution of transo-
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Table 6: The contributions of systemic transmission (ST), co-feeding transmission (CT), and transovarial

transmission (TT), on the basic reproduction number R8201i),i:1,2,...,9 from 2011 to 2019.

Year Contribution of ST Contribution of CT Contribution of TT
2011 0.5676 (44.41%) 0.1410 (11.03%) 0.5694 (44.56%)
2012 0.5802 (43.69%) 0.1560 (11.75%) 0.5918 (44.56%)
2013 0.5501 (44.22%) 0.1420 (11.41%) 0.5519 (44.37%)
2014 0.5633 (43.80%) 0.1480 (11.51%) 0.5747 (44.69%)
2015 0.5617 (43.34%) 0.1511 (11.66%) 0.5833 (45.00%)
2016 0.5575 (44.44%) 0.1434 (11.43%) 0.5535 (44.13%)
2017 0.5582 (42.88%) 0.1538 (11.81%) 0.5898 (45.31%)
2018 0.5586 (43.11%) 0.1518 (11.71%) 0.5855 (45.18%)
2019 0.5624 (44.32%) 0.1470 (11.58%) 0.5596 (44.10%)
2019 | .
2018 -
2017 | A
2016 \ .
2015 |
2014 ‘ )
2013 | .
2012 | A
2011 i
0 0.2 0.4 0.6 0.8 1 1.2 1.4

The basic reproduction number

Figure 5: Bar chart of the basic reproduction numbers per year R(()ZOH) from 2011 to 2019: the blue, red,

and yellow bars represent the contributions of three transmission routes, systemic transmission, co-feeding

transmission, and transovarial transmission, to the basic reproduction numbers R52011),i:1,2,...,9.

varial transmission to the basic reproduction number around 44.50%. This rather high
contribution shows the importance of interventions in eradicating transovarial transmis-
sion.

Sensitivity Analysis: To inform the relative importance of plausible public health in-
terventions, we used the method developed in [4] to perform a sensitivity analysis to
evaluate the influence of some parameters on the average 9-year basic reproductive num-
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Table 7: Sensitivity indices of the average 9-year basic reproduction number and the 9-year total estimated
SFTS cases.

Parameter | Value | Sensitivity index of Ryp_gy | Sensitivity index of Cgprs

0 0.072 0.2002 0.5234
rT 1071 0.2562 1.4946
Cn 0.335 0.1086 0.5769
Ca 0.449 0.0520 0.1115
PrL(PRN) 0.5 0.8915 3.3652
PGa 0.7 0.0459 0.2202

TR 0.14 —0.1275 —0.4431

rG 0.15 —0.0266 —0.1127

S 1.343 —0.6220 —2.8358

ber and the estimated 9-year total case of SFTS. The sensitivity analysis is presented in
Table 7, which shows that the sensitivity indices of 9-year averaged basic reproduction
number Rj_gy and the 9-year total estimated SFTS case Csrrs are negative with respect
to rr,7G,s are negative, and positive with respect to 0,77,c,, s, PrL, Pca- Our sensitivity
analysis shows that the probability of systemic transmission pry (pry) has a significant
impact on both the average 9-year basic reproduction number and the estimated 9-year
total SFTS cases.

Impact of Temperature: We considered further the influence of high temperature on
SFTS transmission. 13.60°C is the lowest temperature at which egg-laying adult H. longi-
cornis ticks produce eggs. Moreover, we observed the duration with a daily average
temperature greater than 13.60°C as follows: 177 days in 2018 and an average of 171 days
in other years. This shows that the longest duration with a daily average temperature
greater than 13.60°C occurred in the year 2018. The higher temperature and longer du-
ration (average daily temperature >13.60°C) in 2018 clearly facilitated the development
and questing and feeding activities of H. longicornis at different stages (eggs, larvae,
nymphs, and adults). Therefore, more ticks developed from the previous stage to the
next in 2018.

The Roles of Adult Ticks: Fig. 6 presents the monthly densities of adult infected quest-
ing ticks (in the red curve) from 2011 to 2019 and the estimated cases of SFTS (in the
gray curve) in the Dalian region. It is clear that the peak times of the two curves are
not synchronized. The number of adult infected ticks peaked during each of the nine
years 2011-2019 roughly in September or October, which was 1~ 2 months later than the
peak time of monthly SFTS cases in the same year. This shows that adult infected ticks
contributed less to SFTS cases in the same year, but contributed significantly to the cases
in the following year. For example, we observed that the abundance of A;; in the year
2017 caused a rapid increase in SFTS cases in 2018. This adds another evidence for the
significant role of transovarial transmission.
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Figure 6: The densities of infected H. longicornis during 2011-2019. The light red curve is for infected questing
nymphs; the dark red curve is for infected questing adult ticks.

5 Conclusion and discussion

We formulated a stage-dependent transmission dynamics model for the emerging tick-
borne zoonotic disease SFTS, taking into consideration the coexisting systemic, co-feeding
and transovarial transmission pathways. The model was fitted to the SFTS cases in the
Dalian region during the period 2011 to 2019 and then validated using the surveillance
data in the same region during the period 2020-2023.

The fitted model allowed us to estimate the average basic reproduction number
Ro=1.3 for the transmission of the severe fever with thrombocytopenia syndrome virus
in the tick-host system subject to the seasonal temperature variations in the region. This
clearly shows that the disease has been established in the natural system, so SFTS will
remain an endemic disease in human and animal populations and public health inter-
ventions must be planned to mitigate the disease burden.

The developed model also allowed us to quantify the contribution to the basic re-
production number and SFTS cases in the human population of the three distinct trans-
mission pathways. Given the estimated contribution 44.50% to the basic reproduction
number which is around 1.3, transovarial transmission has been playing a major role in
the establishment of the virus in the tick-host system so any public health intervention to
block this transmission pathway will be significant. This calls for the development of safe
and effective vaccines to immunize the main host, goats, for adult ticks. More modeling
studies motivated by emerging public health interventions are needed.

Our numerical study on the earlier arrival of the peak time of SFTS cases than the peak
time of adult infected ticks, in conjunction with the high percentage of contribution of
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transovarial transmission, provides insight into the importance of an appropriate public
health message of a severe SFTS season after a year of production and infection of adult
ticks due to a larger number of days with higher temperatures (13.60°C in the study
region). A future study, based on our proposed model and incorporating the prediction of
future temperatures under different climate change scenarios, can provide an assessment
of the future risk of SFTS infection.

Appendix A.

Here, we provide a detailed procedure to calculate the basic reproduction number of the
proposed model.
Let

u(t) = (Ei(t),Lgi(t),Li(t),Ngi(t),Nyi(£), Agi (), Afi(t), A (£),Ri(t),Gi(t))

be the vector which includes all infectious variables for system (2.1)-(2.5). Linearizing
system (2.1)-(2.5) at the disease-free periodic solution

(E5(1),0,L55(1),0, L7, (),0, Ny (£),0, N5 (1),0,As(4),0, A% (1),0, AL (#),0,R; (£),0,G{ (t),0),
we then produce the following system:

du(t)

o = (F()=V(5)u(t),
where
_(R(t) E(t) _(n(t) Va(t)
F0=(r nem) YO=(a0 i)
with
00 0 0 0
00 0 0 0
0 0 0 In(1—cn) " TH, (£)Brg () Brq(t) L (t)
Fi(t)= R:(t) ,
00 0 0 0
n(l—c, —17N 2 *s
0 0 0 In(1—cy) Tz%i?)ﬁw(twq () .
00 0 0 0
00 0 0 0
PRLBLy (1) Lis(t)
BH—|0 00 = g;(t)q 1,
00 0 0 0
0 0 0 PRNBNG (1) N7 (1) 0
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0 0 0 0 0
0 0 0 0 0
F(t)=|0 0 0 0 ol
0 prrBrg(t) 0 pNrBNg(t) O
0 0 0 0 0
0 000 0
In(1—ca) 7' Tf (1) B, (1) Asis(t) oo PeaBaDAL(D)
Fy(t)= Gz (t) Gt ,
0 000 0
0 000 0
PAGIBAq(t) 0 00 0
de(t)+pe 0 0 0 .
—de(t)  Brg(t)+prg 0 0 0
no=r0 —P(t)  drp(D)+ s 0 0 ,
0 0 _de(t) ,BNq(t)+]/qu 0
0 0 0 —Bng(t)  dng(t)+pny
0 0 —rrdpeg(t)fe*MeasAil) o 0
0 0 0 00
Va2(t)=10 0 0 0 ol,
0 0 0 0 0
0 0 0 00
000 0 —dys(t)
0000 0
V3(t)=10 0 0 0 0 )
0000 0
0000 0
Bag(t)+1aq 0 0 0 0
—Bag(t)  dar(t)+par 0 0 0
Vi(t)= 0 —apda (t)  diegg(t)+pa, 0 0
X 0 0 ur 0
! 0 0 0 e

LetY(t,s),t>s, be the evolution operator of the linear periodic system dy /dt=—V (t)y.
That is, for any s € R, the 10 x 10 matrix Y (t,s) satisfies

dyY(t,s)
dt

where Iy is the 10 x 10 identity matrix. Let C,, be the ordered Banach space of all w-pe-
riodic functions from R! to R'?, equipped with the maximum norm. In the periodic envi-

=—-V(t)Y(ts), Vt>s, Y(s,s)=Iy, (A1)
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ronment, we assume that {(s) € C,, represents the initial distribution of infected egg, lar-
val, nymphal, and adult ticks with different behaviors, questing, feeding, and egg-laying.
Then F(s)y(s) characterizes the distribution of new infections caused by the initial infec-
tious ticks and hosts who were introduced at time s. Given t >s, then Y(t,5)F(s){(s)
denotes the distribution of infectious ticks and hosts who were newly infected at time s
and remain infectious until time ¢. It follows that

o]

t

/ Y(t,s)p(s)¢(s)ds:/ Y(tt—a)F(t—a)y(t—a)da
—0o0 0

represents the distribution of accumulative new infected ticks at time t produced by all

those infected ticks ¥(s) introduced at previous time to . Then, we can define a linear

operator L:C, — C,, by

(L) (t) :/OOOY(t,t—a)F(t—a)gl)(t—a)da, VIER, peCo.

Based on the next generation matrix method in [30], we denote L as the next population
reproduction operator and define the net reproduction number as Ry:=p(L), the spectral
radius of L.
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