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S1 Behaviour of solution

Theorem S1 All the solution trajectories of the model system (mentioned in
the manuscript) initiating inside T, will remain within the interior of T.
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I'r = {(Ts,TE,T[) :0< TS7TE,T[ < W_T}
M

I'y = {(LS,LE,LI,LR) :0< Lg,Lg,L;,Lr < E}
1275

Iy = {<HS>HE>HI,HR> 0 < Hg,Hg, H;, Hg < ”—H}
HH

Theorem S2 The solution of the model system is positive, ¥t > 0.



S2 Model Parameters

H Parameter Value Reference H
NRo 0.013 Bolzoni et al. (2012)
lRo 0.013 Bolzoni et al. (2012)

6 0.55 Bolzoni et al. (2012)
O Ro 0.003676 Bolzoni et al. (2012)
oL 0.127 Bolzoni et al. (2012)
fs 0.1 Matser et al. (2009)
dfeed,, 5 Hoch et al. (2018)
dfeedN 8 Hoch et al. (2018)
dfeedA 14 Hoch et al. (2018)
T 0.45-0.8 Hoch et al. (2018)
Nro 2.5-8.8 Hoch et al. (2018)
Lro 2.5-8.8 Hoch et al. (2018)
£ 0-0.2 Rosa and Pugliese (2007)
Ap 10 Bolzoni et al. (2012)
Bu [0.5,0.75] Mondal et al. (2017)
N [0.0005, 0.0075] Mondal et al. (2017)
An 0.85 Mondal et al. (2017)
TH 0.65 Mondal et al. (2017)
Vi [0,0.075] Mondal et al. (2017)
oH 0.90 Mondal et al. (2017)
Lo 0.28 Hoch et al. (2018)
Qg 0.1 Hoch et al. (2018)

Table S1: Model Parameters



S3 Basic reproduction number

S3.1 Tick-Human-Livestock Model
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To find the next generation matrix K4, = —FrVr: "', we can further

reduce K%, to K7, according to Diekmann et al. (2010).

S3.2 Tick-Human-human-Livestock Model
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To find the next generation matrix K%, = —FrenVren ', we can fur-
ther reduce K%, to K723 according to Diekmann et al. (2010).

S3.3 Tick-Human Model
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To find the next generation matrix K%, = —FruVru ', we can further

reduce K%,, to K74 according to Diekmann et al. (2010).

S4 Mathematical properties of DFE

S4.1 Jacobian stability analysis

To perform the stability analysis, we discard the expressions containing R in
the model system because its value can be determined if we know the values
of S;, F;, I;, where ¢« = T, L, H respectively. Therefore, we have the following
reduced system,
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To analyse the local stability at Ejy, we found the Jacobian of the reduced
system (S1)
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where,

L]O’l T]O’Q TSO'Q TSO'1
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At the DFE (Ep), the Jacobian J(Ep) is
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After finding the characteristic polynomial of 7 (Ey) and applying Routh-
Hurwitz criterion, we can claim following Mpeshe et al. (2011) that the model
system S.1 has a unique DFE(Fy) which is locally asymptotically stable.

S5 Tick Parameters and transmission parame-
ters

According to Hoch et al. (2018)

T;
pr = po + aoln(l + ) (52)

where ¢ stands for S, F, I.

S6 Expression of Ry

If we exclude the CCHFV transmission through co-feeding, we have the basic
reproduction number as follows:

R, = \/Rp where W stands for without co-feeding (S3)
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S7 Impact of seasonally varying rodent density

Seasonal fluctuations in rodent density have a positive influence in driving
the variation in the prevalence of CCHF in the ticks. Additionally, we set
up a simulation to understand the influence of seasonally varying density of
the rodents on the prevalence of CCHF in the ticks. We therefore modified
the rodents density o(t) — o™ + §F(t), where o™ is the initial density, §
is the strength of the changes, i.e. positive ¢ leads to an increasing o with
time, while negative a leads to a decreasing o with time and F(t) is a generic
trigonometric function. We explored the influence of seasonally varying the

density of the rodents on the prevalence of CCHF in the ticks. The equation

Ts+Tp+TT
o(t)wr+Lwa J*

To incorporate the seasonality in the easiest way, we set o(t) = o1+ 0 cos(dt).
Due to the lack of information about the seasonally varying density of the
rodents, we have chosen § = 1, then after running the simulation, we have the
following, when p; is 100 and p is as mentioned in the main-text. Figure S1
reveals that the impact of seasonally varying carrying capacity of Rodent (o)

of the birth term of the ticks is as follows: mp = orwr exp (—7T
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Figure S1: Relationship between seasonally varying density of rodents and the
CCHFYV prevalence in the adult ticks. The values of the parameters are taken from
the Table 2 in the main text.
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S8 Impact of contact rates

With the purpose to understand the influence of the contact rates, we intro-
duce a scaling factor n on the host-specific infection rates o; and o3 follow-
ing Nguyen et al. (2019). After using the scaling factor 7, the host-specific
infection rates change to 0 — no; and o3 — nos. Now, we compute the
values of basic reproduction number (Ry4) for the values of n € [0,1]. Fig-
ure S2 represents the graphical representation of the relationship between 7
and RL A-

000 025 050 075  1.00
n
Figure S2: Relationship between basic reproduction number (Ry4) and the
scaling factor (n). The values of the parameters are taken from the Table 2
in the manuscript.

Figure S2 reveals that the value of Ry 4 is less than unity, when n ~ 0.18.
This simulation suggests that curbing the contact of adult ticks and livestock
to less than 18% may help to reduce the number of CCHF cases.

S9 Human-to-human transmission term

According to Mondal et al. (2017), the human to transmission has been
modelled as

06 = Bu(l —nuAute)(1 — yuAuon) (S5)
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S10 Initial condition and variables

Variable Description of Model Variables

Ts Susceptible ticks

Tk Exposed ticks

Tr Infected ticks

Lg Susceptible livestock
Lg Exposed livestock

Ly Infected livestock
Lg Recovered livestock
Hg Susceptible humans
Hp Exposed humans

Hj Infected humans

Hp Recovered humans

T Total tick population
L Total livestock population
0 Total rodent population
H Total human population

Table S2: Variables used in the model as described in the main text.

Variable Initial Value
Ty 30
Ty 10
T; 10
Lg 970
Ly 20
L; 10
Lp 0
Hg 99
Hp 0
H; 1
Hp 0

Table S3: Initial values for the simulations.
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S11 Control strategies in different geographic
locations

Combined Control If we combine both the control options then our target
set is S = {(1,2),(2,1),(3,1),(3,2),(3,3)}. Target reproduction number 7
with respect to S is

0 Ky 0
KK
Ko 124821
plrin 0 0 ZmaX{Kss, 1—K11} (S6)
i K5 K

Isolation: 1t is difficult to prevent or control the CCHFV infection cycle
in livestock and ticks, as the tick—animal-tick cycle usually goes unnoticed,
and CCHFV infection in livestock is not evident due to the lack of clinical
symptoms in animals. Moreover, the abundance of tick vectors is widespread
and large in numbers, which requires an efficient tick control strategy. This
may be possible mainly in structured livestock farms. In farms, where tick
control may not be possible due to economic or other constraints Atif et al.
(2017); only isolation could be a realistic option. In this situation the
target set is S = {(3,3)}.

0 0 0
0 0 0 i
P Ki19K31 Ki9K3; — 33
K3 e ), — P - <T1§1;K32)K33 K33
KoK _
(K- (522 4r) - ku-l SPLT
(S7)

It is interesting to note from the mathematical perspective that the efforts
required to eradicate the disease are same for both Human Sanitation €&
Isolation and only for Isolation. This can be attributed to the fact that the
latter case is a subset of the former control method.
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S12 Summary of sensitivity analysis

original bias std. error min. c.i. max. c.i.
Tr 0.37  0.001 0.04 0.25 0.50
o1 0.40 -0.004 0.04 0.28 0.53
lop) 0.40  0.002 0.04 0.28 0.54
Ur -0.89  0.002 0.01 -0.92 -0.86
er 0.35 -0.009 0.04 0.24 0.51
T 0.23 -0.008 0.05 0.08 0.38
03 0.52  0.005 0.04 0.42 0.63
WL -0.22  0.001 0.05 -0.38 -0.08
er 0.27 -0.009 0.05 0.13 0.45
ar, 0.09 -0.003 0.05 -0.05 0.23
TH 0.20  0.002 0.04 0.06 0.34
o4 0.29 0.004 0.05 0.14 0.45
05 0.18 -0.003 0.05 0.04 0.34
115t 0.19 0.002 0.05 0.05 0.37
ey 0.22  0.003 0.05 0.08 0.38
oy 0.22  -0.009 0.05 0.06 0.38
oy 0.26 -0.006 0.05 0.12 0.41

S13 Initial conditions for estimation

Different initial conditions (IC) are used for the data fitting. Here, first we list
the ICs for the human population of the concerned countries. For Iran it is
(487, 2, 1, 2900, 29, 20, 23), Afghanistan it is (370, 3, 8, 1208, 29, 38, 4),
Bulgaria it is (241, 23, 4, 1278, 3, 3, 2), Turkey it is (569, 23, 29, 1589, 68, 198,
8), Pakistan it is (444, 25, 3, 897, 30, 35, 6), and for Kosovo it is (200, 9, 2, 238,
23,9, 2). We have used Hegde (2019) for the ICs.
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S13.1 Fitted transmission parameters
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Figure S3: Differences among the parameter sets of the considered countries.
(a) List of fitted transmission parameters (b) Stack-bar plot of the fitted
transmission parameters of different countries from the model fitting.

‘ Parameter Pakistan Bulgaria Kosovo [ran Turkey Afghanistan
09 0.03403  0.0568  0.0255 0.06502 0.06502 0.0989
o 0.883 0.03046  0.15219 0.9160  0.960 0.983
ot 0.6200 0.1191 04914 0.1179  0.3179 0.712

The values of the fixed parameters such as my, my etc are mentioned in
the main text.
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Figure S4: Differences in the parameter sets of the considered countries. (a)
Cosine similarity matrix of the fitted transmission parameters and the values
from the literatures Mondal et al. (2017); Bolzoni et al. (2012); Rosa and
Pugliese (2007); Hoch et al. (2016) (b) Generalised spatial embedding of the
cosine distances amongst the estimated infection parameters and literature
values.

S13.2 Parameter estimation statistics

Calculated Parameter Values

H Country Parameter Initial guess Final estimate Standard error t  Prob(t) H
op) 0.0056 0.03403 16.5969 1.51 0.06502
Pakistan o4 0.00288 0.883 14.9690 218 0.960
o 0.0007 0.6200 11.9148 7.01  0.3179
H Country Parameter Initial guess Final estimate Standard error t  Prob(t) H
o) 0.0036 0.0568 1.5969 1.51  0.0542
Bulgaria o4 0.0068 0.03046 4.9690 2.18 0.1867
ol 0.0001 0.1191 11.9148 4.18  0.1999
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H Country Parameter Initial guess Final estimate Standard error t  Prob(t) H
op) 0.0021 0.0255 1.5969 0.51  0.472
Kosovo 04 0.0095 0.15219 4.9690 0.18  0.867
o} 0.0001 0.4914 11.9148 0.88  0.32
H Country Parameter Initial guess Final estimate Standard error t  Prob(t) H
op) 0.0047 0.06502 1.5969 791  0.472
Iran 04 0.0055 0.9160 15.9942 5.18 0.0571
ot 0.0041 0.1179 1.9918 6.88  0.0826
H Country Parameter Initial guess Final estimate Standard error t Prob(t) H
op) 0.0061 0.06502 0.8591 17.18  0.672
Turkey 04 0.0063 0.960 15.9942 1.897  0.5871
ofh 0.0076 0.3179 1.9918 6.014  0.526
H Country Parameter Initial guess Final estimate Standard error t Prob(t) H
op) 0.0061 0.0989 0.8591 47.98  0.0907
Afghanistan oy 0.0063 0.9830 45.0993 16.805 0.01819
ot 0.0076 0.7120 31.0907 12.784  0.0781
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