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Abstract

Schistosomiasis is caused by parasitic flatworms known as schistosomes. Humans become infected when they come into contact with freshwater
containing these parasites. Many communities have only a limited understanding of how schistosomiasis spreads or how mass drug administration
(MDA) can help to manage it. Furthermore, some regions neglect snail control efforts, despite snails are key intermediate hosts in disease
transmission. In this study, we employ mathematical equations to illustrate how schistosomiasis spreads when public enlightenment campaigns,
mass drug administration, and snail control measures are implemented. We calculate the control reproduction number, Rc, and examine the
existence and stability of both the disease-free and endemic equilibrium states. Our results indicate that when people are aware of the disease,
participate in mass drug administration, and intensify snail control efforts, the spread of the disease slows. Sensitivity analysis reveals that
mass drug administration and increasing snail mortality rates are the most effective strategies for reducing Rc. Simulations suggest that improved
sanitation and educating people about the benefits of taking medicine can reduce the number of infected individuals. Furthermore, treating water
or introducing predatory fish can help to lower the population of disease-carrying snails. These findings provide valuable insights that can assist
public health stakeholders in making informed decisions to control schistosomiasis.
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1. Introduction

Schistosomiasis is a disease affecting over 230 million peo-
ple, with Nigeria being one of the most severely impacted coun-
tries [1, 2]. Women and children are at the greatest risk owing to
their frequent visits to water bodies [3]. The Schistosoma par-
asite undergoes a complex metamorphosis, with mammals and
freshwater snails serving as definitive and intermediate hosts,
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respectively [4]. Infected mammals excrete faeces or urine
containing Schistosoma eggs, which hatch into miracidia. The
miracidium penetrates a snail and develops into a cercaria un-
til it encounters a mammal, penetrates its skin, and migrates to
the liver of its host, where it matures into an adult [3, 5]. The
progression of schistosomiasis infection occurs through dis-
tinct stages, including acute, chronic, and advanced phases [6].
At the advanced stage, Schistosoma worms develop complex
mechanisms to modulate the host’s immune system, thereby
sustaining the infection [7]. Treatment alone does not eradicate
the disease, as re-infection remains possible [8, 9].
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Mathematical modelling is an important tool in solving
real-life challenges, as many researchers, such as Bada et al.,
Chiyaka & Garira, Kadaleka et al., Kanyi et al., Koutou et al.,
Lopez et al., Nur et al., Nur et al., Ronoh et al., and Tabo et al.
[2, 10–18], have applied the concept of mathematical modelling
to solve problems related to schistosomiasis. Among these re-
searchers, Abokwara & Madubueze [19] examined the effect of
public health education and snail control activities on the dy-
namics of schistosomiasis. Madubueze et al. [20] investigated
the impact of public enlightenment campaigns, early diagnosis
and treatment, and molluscicide use on the spread of the dis-
ease, while Temfack [21] tackled the implication of effective
control using reaction-diffusion equations. Additionally, Wu et
al. [22] explored the influence of seasonality and spatial hetero-
geneity, while Tabo et al. [23] considered biological control on
the dynamics of schistosomiasis. Although these works have
helped mitigate the challenges posed by schistosomiasis, they
also have limitations, such as the impact of mass drug adminis-
tration and environmental control activities on the elimination
of snails in endemic communities. Mass drug administration
(MDA) helps to mitigate disease morbidity or eliminate trans-
mission [24], yet establishing effective control mechanisms re-
mains challenging due to continued exposure of affected in-
dividuals to infested waters [25]. King and Bertsch [26] ob-
served that schistosomiasis transmission could be reduced if
MDA is combined with snail control activities in endemic com-
munities, thereby mitigating infection and re-infection. Sim-
ilarly, Abokwara & Madubueze [19] suggested that raising
widespread awareness of schistosomiasis within communities
would minimize the number of infected individuals in the pop-
ulation, while Madubueze et al. [20] argued that lowering the
snail population would directly curb schistosomiasis transmis-
sion among humans, ultimately contributing to its eradication.
Thus, this research develops an eight-compartment model in-
corporating suggestions from Abokwara & Madubueze, King &
Bertsch and Madubueze et al. [19, 26, 27] in examining the in-
fluence of public enlightenment campaigns and environmental
control activities for the elimination of snails in the surround-
ings while incorporating a compartment for individuals partici-
pating in MDA.

The remainder of the paper is organised as follows: Section
2 presents the model formulation. In Section 3, we examine the
model’s behaviour, including its equilibrium states, the control
reproduction number, and the local and global stability of these
states. Section 4 presents numerical simulations and a sensi-
tivity analysis of the basic reproduction number to assess the
influence of model parameters on disease dynamics. Finally, in
Section 5, we present the results and draw conclusions.

2. Model formulation

The model examines the transformation of the Schistosoma
parasite between mammals and snails at time t. The human pop-
ulation, Nh, is classified into four mutually exclusive compart-
ments: susceptible humans, S h; individuals involved in MDA,
Mh; exposed (pre-infectious) humans, Eh; and infected humans,
Ih. The snail population, Ns, is classified into susceptible snails,

S s, and infected snails, Is. In addition, the miracidia population,
M, and the cercariae population, C, representing the immature
and mature developmental stages of the Schistosoma parasite,
are considered. The susceptible human population, S h, com-
prising individuals without infection, is recruited at a rate Λh,
as well as through recovery from the infected stage of the dis-
ease at a rate η. Humans exit the susceptible class either as a
result of infection, when they come into contact with cercariae
at a rate λh; through natural death at a rate µh; or when they are
introduced to MDA at a rate θ.

This is given by

dS h

dt
= Λh −

(1 − ω)βhC
1 + εC

S h − ηIh − θS h − µhS h, (1)

where βh is the effective contact rate between susceptible hu-
mans and cercariae, ω is the public enlightenment rate, and ε is
the limitation of the growth velocity of the pathogen [10].

The exposed human population, Eh, consists of individuals
who have been exposed to contaminated water. The increase in
this class arises from contact between susceptible humans and
cercariae, at a rate given by (1−ω)βhC

1+εC . Individuals exit this class
at time t either through natural death at a rate µh, by progressing
into the infectious stage of the disease at a rate α, or by moving
into the MDA class following the administration of drugs at a
rate θ. This yields

dEh

dt
=

(1 − ω)βhCS h

1 + εC
− αEh − θEh − µhEh. (2)

The infected human population, Ih, arises from the continuous
deposition of parasite eggs, which become trapped in the host’s
tissues. Individuals are recruited into this class from the ex-
posed compartment, Eh, at a rate α. They exit the class either
through natural death at a rate µh, death resulting from the dis-
ease at a rate δh, or by moving into the MDA class following
drug administration at a rate θ.

Since recovery from the disease is possible, individuals may
return to the susceptible class at a rate η, yielding

dIh

dt
= αEh − ηIh − θIh − δhIh − µhIh. (3)

Due to the complex nature of the disease dynamics, mass
drug administration (MDA) may be implemented in endemic
environments. These MDA activities occur across all human
classes at a rate θ, thereby reducing the spread of the disease
within the environment. Individuals in this class exit through
natural death at a rate µh. The dynamics is given by

dMh

dt
= θS h + θEh + θIh − µhMh. (4)

Infected humans shed a portion of the parasite eggs through
their faeces or urine at a rate γh. These eggs enter the freshwater
supply and hatch into free-swimming, ciliated larvae known as
miracidia. The miracidia, M, die naturally at a rate µm. The rate
of change is

dM
dt
= γhIh − µmM. (5)
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Figure 1: Schematic diagram of the schistosomiasis model with λh =
(1−ω)βhC

1+εC and λs =
βs M

1+εM .

The snail population is subdivided into susceptible snails, S s

and infected snails, Is, at any time t. Recruitment into the sus-
ceptible snail class occurs through birth, while exit takes place
as a result of disease infection when susceptible snails come
into contact with miracidia at a rate βs M

1+εM ; through death caused
by environmental modification for snail control, at a rate d; or
through natural death at a rate µs. The rate of change of this
compartment is

dS s

dt
= Λs −

βsM
1 + εM

S s − µsS s − dS s, (6)

where βs is the effective contact rate between miracidium and
snail, and ε is the limitation of the growth velocity of the
pathogen [10].

Snails get in contact with this contaminated water and be-
come infected. These infected snails increase as a result of con-
tact with miracidia at the rate, βs M

1+εM . They die either naturally
at the rate, µs, or die as a result of the disease [28] at the rate, δs

or as a result of environmental modification for snail control d.
This yields

dIs

dt
=
βsMS s

1 + εM
− δsIs − dIs − µsIs. (7)

The infected snails release a free-living larva called cer-
cariae at the rate γs, which is the shedding rate, and the free-
living larva has the capacity of human infection. The cercariae
die naturally at the rate µc.

dC
dt
= γsIs − µcC. (8)

The definitions of the parameters used in the schisto-
somiasis model, along with the model flow diagram, are
provided in Table 1 and Figure 1, respectively. Figure 1
and Table 1 illustrate that the schistosomiasis model is rep-
resented by a set of non-linear ordinary differential equa-
tions, as described in System (9), with the initial conditions
S h(0),Mh(0), S s(0), Eh(0), Ih(0),M(0), Is(0),C(0) > 0.

dS h

dt
= Λh − (1 − ω)

βhCS h

1 + εC
+ ηIh − θS h − µhS h,

dEh

dt
= (1 − ω)

βhCS h

1 + εC
− θEh − αEh − µhEh,

dIh

dt
= αEh − ηIh − θIh − µhIh − δhIh,

dMh

dt
= θS h + θEh + θIh − µhMh,

dM
dt
= γhIh − µmM,

dS s

dt
= Λs −

βsMS s

1 + εM
− µsS s − dS s,

dIs

dt
=
βsMS s

1 + εM
− µsIs − δsIs − dIs,

dC
dt
= γsIs − µcC.

(9)

3. Qualitative analysis of the model

3.1. Positivity of the state variables

To show the positivity of the solution, we state and prove
the following theorem.

Theorem 1. The solutions
(
S h, Eh, Ih,Mh,M, S s, Is,C

)
, of the

system (9) are non-negative for all time t > 0 for any given
non-negative initial conditions.

Proof. We prove that the solution, S h, is non-negative. Suppose
that at time t1, S ′h(t1) < 0, Eh(t1) > 0, Ih(t1) > 0, Mh(t1) > 0,
M(t1) > 0, S s(t1) > 0, Is(t1) > 0, C(t1) > 0. From the first
equation of system (9),

S ′h(t1) = Λh+ηIh(t1)−
(1 − ω)βhC

1 + εC
(t1)S h(t1)−θS h(t1)−µhS h(t1)

= Λh + ηIh(t1) > 0,

contradicting the assumption that S ′h(t1) < 0. Therefore, S h > 0
for t > 0.

For Eh, assume there exists a time, t2, t1 ̸= t2 such that
Eh(t2) = 0, with E′h(t2) < 0 and all other variables being non-
negative at t ̸= t2, then from the second equation of model (9),

E′h(t2) =
(1 − ω)βhC

1 + εC
(t2)S h(t2) − (θ + α + µ)Eh(t2)

=
(1 − ω)βhC

1 + εC
(t2)S h(t2) > 0.

This is a contradiction since E′h(t2) < 0. Hence, Eh ≥ 0 for
t > 0.

For Ih, assume there exist a time, t2 such that Ih(t3) = 0,
with I′h(t3) < 0 with all other variables being non negative at
t = t3, then from the third equation of model (9),

I′h(t3) = αEh(t3) − (η + θ + µ + δ)Ih(t3)
= αEh(t3) > 0.

This is a contradiction since I′h(t3) < 0. Hence, Ih ≥ 0 for t > 0.
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Table 1: Parameter values used in the simulations.

Parameter Symbol Unit Values Sources
Recruitment rate for snail population Λs snails per time 20000 Assumed
Environmental modification for snail control d dimensionless [0, 1] Varied
Natural death rate for human population µh per time 1

365×54 Calculated
Natural death rate for snail population µs per time 50685

10000000 [29]
Effective contact rate between miracidia and snail βs per time 615

1000 [10]
Effective contact rate between cercariae and human βh per time 406

1000 [10]
Movement rate of humans to the MDA class θ dimensionless [0, 1] Varied
Progression rate from exposed human class to infected human class α per time 1

55 [17]
Recovery rate of the infected human population η per time 1

43 [17]
Shedding rate of the infested snail population γs dimensionless 26

10 [28]
Shedding rate of the infested human population γh per time 232

10000 [28]
Mortality rate for the cercariae population µc humans per time 4375

10000 Calculated
Mortality rate for the miracidia population µm humans per time 2778

10000 Calculated
Public enlightenment campaigns ω dimensionless [0, 1] Varied
Disease-induced death rate for the infected human population δh per time 27

10000000 [30]
Disease-induced death rate for the snail population δs dimensionless 4012

10000000 [28]
Growth velocity limitation of the pathogen ε dimensionless 2

10 [10]

(a) (b) (c)

Figure 2: Surface plots showing the influence of (a) mass drug administration and snail control efforts, (b) public awareness and mass drug
administration, and (c) snail control efforts and mass drug administration.

In the same way, it can be shown for Mh,M, S s, Is and
C for t > 0. Therefore, we can conclude that the solutions
(S h, Eh, Ih,Mh,M, S s, Is,C) of system (9) are non- negative for
t > 0. This implies that the model is well-posed and makes
biological sense, as living organisms cannot have negative sub-
populations.

It follows that the model is realistic and could help plan
interventions.

3.2. Invariant region

For time t ⩾ 0, the model parameters make biological
sense, that is, they are assumed to be non-negative with non-
negative initial conditions. The model (9) will therefore be
analysed in a suitable feasible region, obtained as follows. The
total human population, Nh, at any time t, is given by

Nh = S h + Eh + Ih + Mh, (10)

M is the miracidia population, C is the cercariae population and
Ns represents the total snail population given by

Ns = S s + Is, (11)

with initial conditions M(0) = M0,C(0) = C0,Nh(0)= Nh0, and
Ns(0) = Ns0 respectively. We state the following lemma.

Lemma 1. All feasible solutions are uniformly bounded in a
proper subset

ϱ = ϱh × ϱm × ϱs × ϱc,

where

ϱ =

{
(S h, Eh, Ih,Mh) ∈ R4

+ : Nh(t) ≤
Λh

µh

}
,

ϱm =

{
M ∈ R+ : 0 < M(t) ≤

Λhγh

µhµm

}
,

ϱs =

{
(S s, Is) ∈ R2

+ : Ns(t) ≤
Λs

µs + d

}
,

and
ϱc =

{
C ∈ R+ : 0 < C(t) ≤

Λsγs

(µs + d)µc

}
.

are subsets for human, miracidia, snail and cercariae popula-
tions, respectively.
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Figure 3: Baseline plots for (a) the human populations, (b) the snail populations, (c) the miracidia population, and (d) the cercaria population.

Proof. Considering the human population,

dNh

dt
= Λh − µhNh − δhIh < Λh − µhNh. (12)

Applying Birkhoff and Rota theorem, Ref. [31] on differen-
tial inequality and integrating both sides of equation (12), we
have ∫

dNh

Λh − µhNh
≤

∫
dt.

This implies that

Λh − µhNh ≥ Wh exp(−µht) (13)

with Wh as a positive constant.
Furthermore, applying the initial conditions to equation

(13), we obtain

Λh − µhNh ≥
[
Λh − µhNh(0)

]
e−µht,

which simplifies to

Nh ≤
Λh

µh
−

{ (Λh − µhNh(0))
µh

}
e−µht. (14)

As t −→ ∞ in equation (14), the human population size, Nh

approaches Λh
µh
.

Therefore, all feasible regions of the human populations,
S h, Eh, Ih, and Mh enter the region

ϱh =
{
(S h, Eh, Ih,Mh) ∈ R4

+ : Nh ≤
Λh

µh

}
.

For the miracidia population, we have from the fifth equa-
tion in system (9) that

dM
dt
= γhIh − µmM.

But, Ih ≤ Nh and Ih ≤ Nh ≤
Λh
µh
.

Thus, we have

dM
dt
≤
γhΛh

µh
− µmM. (15)

Applying Birkhoff& Rota theorem, Ref. [31] on differential
inequality and integrating both sides of equation (15), we have∫

dM

γh
Λh
µh
− µmM

≤

∫
dt,

which implies that

−
1
µm

ln
(
γhΛh

µh
− µmM

)
≤ t + Vm, (16)
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Figure 4: Plots for (a) the human populations, (b) the snail populations, (c) the miracidia population, and (d) the cercaria population. (ω =
0.2, θ = d = 0) .

with Vm as the constant of integration.
It follows from equation (16) that

ln
(
γhΛh

µh
− µmM

)
≥ −µm(t + Vm).

Therefore,

γhΛh

µh
− µmM ≥ Wme−µmt, (17)

where Wm is a positive constant.
Furthermore, applying the initial condition, M(0) = M0, to

equation (17) yields

Wm ≤
γhΛh

µh
− µmM(0). (18)

Substituting equation (18) into equation (17) gives

M ≤
Λhγh

µhµm
−

[
γhΛh

µhµm
−
µmM(0)
µh

]
e−µmt. (19)

As t −→ ∞ in equation (19), the population size, M, ap-
proaches

M ≤
Λhγh

µhµm
.

Hence, the miracidia population will enter the positive in-
variant region, ϱm, where

ϱm =
{
M ∈ R+ : 0 < M ≤

Λhγh

µhµm

}
.

For the snail population, we have

dNs

dt
= Λs − (µs + d)Ns − δsIs < Λs − (µs + d)Ns. (20)

Applying Birkhoff& Rota theorem, Ref. [31] on differential
inequality and integrating both sides of equation (20), we have

Λs − (µs + d)Ns ≥ Wse−(µs+d)t (21)

with Ws as a positive constant.
Applying the initial conditions Ns(0) = Ns0, to equation

(21), we obtain

Λs − µsNs ≥ [Λs − (µs + d)Ns(0)]e−µst,

6
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Figure 5: Plots of (a) the human populations, (b) the snail populations, (c) the miracidia population, and (d) the cercaria population. (θ = 0.2, ω =
d = 0).
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Figure 6: Plots of (a) the human populations, (b) the snail populations, (c) the miracidia population, and (d) the cercaria population. (d =
0.2, ω = θ = 0)

implying that

Ns ≤
Λs

µs
−

[Λs − (µs + d)Ns(0)
µs + d

]
e−(µs+d)t. (22) As t −→ ∞ in equation (22), the snail population size, Ns

approaches Λs
µs
.
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Figure 7: Plots of (a) the human populations, (b) the snail populations, (c) the miracidia population, and (d) the cercaria population. (ω = θ =
d = 0.2)

s
d

c m s h s h s s

Parameters

-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

S
en

si
ti

v
it

y
 i

n
d

ex
 f

o
r 

R
c

Figure 8: Normalised forward sensitivity indices of model parameters
on the control reproduction number, Rc. (ω = 0.02, θ = d = 0.001).

Therefore, all feasible regions of the snail populations, S s

and Is, enter the region

ϱs =

{
(S s, Is) ∈ R2

+ : Ns(t) ≤
Λs

µs + d

}
.

Furthermore, we have for cercariae population that

dC
dt
= γsIs − µcC. (23)

But, Is ≤ Ns(t) ≤
Λs
µs+d ,

then

dC
dt
≤
γsΛs

µs + d
− µcC. (24)

Applying Birkhoff& Rota theorem, Ref. [31] on differential
inequality and integrating both sides of equation (24) gives

−1
µc

ln
[
γsΛs

µs + d
− µcC

]
≤ t + Vc (25)

with Vc as the constant of integration.
It follows from equation (25) that

ln
[
γsΛs

µs + d
− µcC

]
≥ −µc(t + Vc),

which implies that

γsΛs

µs + d
− µcC ≥ Wce−µct, (26)

where Wc is a positive constant.
Applying the initial conditions to equation (26) yields

Wc ≤
γsΛs

µs + d
− µcC(0). (27)

Substitute equation (27) into equation (26) and simplifying
gives

C ≤
Λsγs

(µs + d)µc
−

[
γsΛs

(µs + d)µc
−
µcC(0)
µs + d

]
e−µct. (28)

8
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Figure 9: prcc results showing sensitivity indices of the model parameters with (a) the exposed human class, (b) the infected human class, (c) the
miracidia population, (d) the infected snail population, (e) the cercariae population, and (f) the control reproduction number. (ω = 0.02, θ = d =
0.001).

As t −→ ∞ in equation (28), the population size, C, ap-
proaches C ≤ Λsγs

(µs+d)µc
.

Hence, the cercariae population will enter the positive in-
variant region

ϱc =
{
C ∈ R+ : 0 < C ≤

Λsγs

(µs + d)µc

}
.

This implies that every solution with initial condition in
R8
+ remains in that region for t > 0, which is a positively in-

variant set under the flow induced by the model, equation (9).
Thus, the system, equation (9) is epidemiologically meaningful
and mathematically well-posed in the interior of the domain, ϱ.
Therefore, in this domain, it is sufficient to consider the dynam-
ics of the flow generated by model equation (9).

It follows that the model system, equation (9) is biologically
meaningful and mathematically valid, making it a reliable tool
to slow down the spread of schistosomiasis.

3.3. The disease-free equilibrium state

An equilibrium state is one in which the system remains
steady, with no changes recorded. This implies that the rate of
change, given by dX

dt , is equal to zero. The disease-free equilib-
rium state implies that there is no infection, which means that

Eh = Ih = M = C = Is = 0. (29)

By the definition of an equilibrium state, it implies that

dS h

dt
= Λh − (1 − ω)

βhCS h

1 + εC
+ ηIh − θS h − µhS h = 0,

dEh

dt
= (1 − ω)

βhCS h

1 + εC
− k1Eh = 0,

dIh

dt
= αEh − k2Ih = 0,

dMh

dt
= θS h + θEh + θIh − µhMh = 0,

dM
dt
= γhIh − µmM = 0,

dS s

dt
= Λs −

βsMS s

1 + εM
− µsS s − dS s = 0,

dIs

dt
=
βsMS s

1 + εM
− k3Is = 0,

dC
dt
= γsIs − µcC = 0,

(30)

where

k1 = θ + α + µh, k2 = η + θ + µh + δh, k3 = µs + δs + d. (31)

Substituting equation (29) into system (30) gives the disease-
free equilibrium state, E0 = (S 0

h, E
0
h, I

0
h ,M

0
h ,M

0, S 0
s , I

0
s ,C

0).

E0 =

(
Λh

µh + θ
, 0, 0,

θΛh

µh(µh + θ)
, 0,

Λs

µs + d
, 0, 0

)
. (32)

3.3.1. The control reproduction number
The control reproduction number, Rc, represents the av-

erage number of new individuals to whom one infected per-
9
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Figure 10: Numerical simulations of varying values of γh and βh for (a) The Exposed human population Eh, (b) The Infected human population,
(c) The miracidia population, (d) The infected snail population, and (e) The cercaria population. (ω = θ = d = 50%) .

son can transmit schistosomiasis in a population where control
measures are in place [32]. One way to calculate the control
reproduction number, Rc, is by using the next-generation ma-
trix approach, which involves finding the spectral radius while
the system is at the disease-free equilibrium, E0. The next-
generation matrix is made up of two components; F and V,
where F = ∂Fi(E0)

∂xi
and V = ∂Vi(E0)

∂x j
. The Fi are the new infections

while the Vi are transfers of infections from one compartment to

another, and E0 is the disease-free equilibrium state. Rc is the
spectral radius of the matrix FV−1 with the associated matrix
F and matrix V as Jacobian matrices of Fi and Vi at disease-
free equilibrium state. The next-generation approach focuses
on the compartments that involve individuals who are infected.
We consider the infected compartments Eh, Ih, M, Is and C.
Applying the next-generation matrix method to the model (9)

10
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Figure 11: Numerical plots for varying values of γs and βs for (a) The Exposed human population Eh, (b) The Infected human population Ih, (c)
The miracidia population, (d) The infected snail population, Is and (e) The cercaria population, C. (ω = θ = d = 50%).

gives

F =


0 0 0 0 (1−ω)βhΛh

µh+θ

0 0 0 0 0
0 0 0 0 0
0 0 βsΛs

µs+d 0 0
0 0 0 0 0


, V =


k1 0 0 0 0
−α k2 0 0 0
0 −γh µm 0 0
0 0 0 k3 0
0 0 0 −γs µc

 ,

and

FV−1 =


0 0 0 (1−ω)βhΛhγs

k3µc(µh+θ)
(1−ω)βhΛh
µc(µh+θ)

0 0 0 0 0
0 0 0 0 0

βsΛsγhα
k1k2µm(µs+d)

βsΛsγh
k2µm(µs+d)

βsΛs
µm(µs+d) 0 0

0 0 0 0 0


.

The spectral radius of FV−1, which is the control reproduc-
11
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tion number is given by

Rc =

√
(1 − ω)ΛhΛsβsβhγhγsα

µmµc(θ + α + µh)(η + θ + µh + δh)(µs + δs + d)(θ + µh)(d + µs)

=
√

RhmRsc,

(33)

where

Rhm =
(1 − ω)Λhβhγhα

µm(θ + α + µh)(η + θ + µh + δh)(θ + µh)
and

Rsc =
Λsβsγs

µc(µs + δs + d)(d + µs)
.

In this context, Rsc represents the impact of the snail population
on the disease dynamics, while Rhm indicates the contribution
of the human population. The basic reproduction number, Rc,
is calculated as the geometric mean of Rsc and Rhm. This is be-
cause when an infected person enters a previously unexposed
population, the parasite must first pass through a snail host be-
fore it can infect another human.

In the absence of mass drug administration, snail control
activities and public enlightenment campaigns, we have the re-
production numbers as

Rphe =

√
ΛhΛsβsβhγhγsα

µmµc(θ + α + µh)(η + θ + µh + δh)(µs + δs + d)(θ + µh)(d + µs)
,

Rmda =

√
(1 − ω)ΛhΛsβsβhγhγsα

µmµhµc(α + µh)(η + µh + δh)(µs + δs + d)(d + µs)
,

Rd =

√
(1 − ω)ΛhΛsβsβhγhγsα

µmµsµc(θ + α + µh)(η + θ + µh + δh)(µs + δs)(θ + µh)
.

(34)

In this case, Rphe denotes the disease spread without public en-
lightenment campaigns, Rmda denotes the spread without mass
drug administration, and Rd denotes the spread without con-
trolling the snails. For ω = θ = d = 0, we have the basic
reproduction number as

R0 =

√
ΛhΛsβsβhγhγsα

µmµcµsµh(α + µh)(η + µh + δh)(µs + δs)
. (35)

Comparing equation (33) and equation (35), Rc ≤ R0. This
shows that each of the factors θ, ω, and d plays a role in how
schistosomiasis spreads and behaves in the population. Thus,

lim
ω−→1

R0 = 0,

lim
θ−→1

R0 =

√
(1 − ω)ΛhΛsβsβhγhγsα

µmµc(1 + µh)(1 + α + µh)(1 + η + µh + δh)(µs + δs + d)(d + µs)
,

lim
d−→1

=

√
(1 − ω)ΛhΛsβsβhγhγsα

µmµc(1 + µs)(θ + α + µh)(η + θ + µh + δh)(µs + δs)(θ + µh)
.

(36)

Figure 2 shows the influence of public awareness, ω, mass drug
administration, θ, and snail control efforts, d, on the control
reproduction number. Parameter values used are from Table 1.

3.4. The endemic equilibrium state
The endemic equilibrium state, Ee, is the point at which

schistosomiasis persists in both humans and snails. We find
this point by setting the rate of change in the model, equation

(9) over time to zero and solving for the values of the variables.
Recall that

λh =
(1 − ω)βhC

1 + εC
and λs =

βsM
1 + εM

.

We have at equilibrium state that

Eh =
λhS h

k1
, Ih =

αλhS h

k1k2
, Is =

λsS s

k3
,

C =
γsIs

µc
, M =

γhIh

µm
, Mh =

θ(S h + Eh + Ih)
µm

.

(37)

Substitute equation (37) into the first and sixth equations of sys-
tem, equation (9) and simplify yields

S e
h =

Λkk1k2

ak1k2 + (k1k2 − αη)λh
, S e

s =
Λs

e + λs
, (38)

where a = θ + µh, e = µs + d. Substituting equations (37) and
(38) into λs =

βs M
1+εM yields

λs =
αΛhβsγsγh

αεΛhγh + bµm)λh + αk1k2µm
,

with b = k1k2 − αη > 0. Substituting λs into equations (37) and
(38), simplify and substitute the outcome into

λh =
(1 − ω)βhC

1 + εC

gives

λh = 0 or λh =
αΛhΛh(1 − ω)βhβsγhγs − aek1k2k3µmµc

A
,

where

A = αεΛhΛsβsγhγs + αΛhβsγhk3µc − ek3µc(αεΛhγh + bµm).

With the definition of Rc, we have

λe
h =

B(R2
c − 1)
A

,

where B = aek1k2k3µmµc. Substituting λh into λs yields

λe
s =

αΛhβsγhB(R2
c − 1)

Aak1k2µm + B(αεΛhγh + bµm)(R2
c − 1)

.

If you substitute S e
h =

Λhk1k2
ak1k2+bλh

and S e
s =

Λs
e+λs

into equation
(37), it yields

S e
h =

Λhk1k2

ak1k2 + bλe
h
, Ee

h =
λe

hΛhk2

ak1k2 + bλe
h
,

Ie
h =

αλe
hΛh

ak1k2 + bλe
h
, Me

h =
θΛh(αλe

h + k1k2 + k2λ
e
h)

(ak1k2 + bλe
h)µh

,

S e
s =

Λs

e + λe
s
, Ie

s =
λe

sΛs

(e + λe
s)k3
,

Me =
γhαλ

e
hΛh

(ak1k2 + bλe
h)µm
, Ce =

γsλ
e
sΛs

(e + λe
s)k3µc

.

(39)

12
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3.5. Stability of the equilibrium states

3.5.1. Local stability of the disease-free equilibrium state
The local stability of the disease-free equilibrium (DFE) is

determined by the control reproduction number, Rc, which is
calculated using the next generation operator [32]. To assess
this stability, we apply the method of linearization around the
equilibrium point. We now present and prove the following
theorem.

Theorem 2. If E0 is the DFE of the model, then E0 is locally
asymptotically stable if Rc < 1, but unstable if Rc > 1.

Proof. The Jacobian matrix at DFE, E0, is given by

J(E0) =



−(θ + µh) 0 η 0 0 0 0 −
(1−ω)βhΛh
θ+µh

0 −k1 0 0 0 0 0 (1−ω)βhΛh
µh+θ

0 α −k2 0 0 0 0 0
θ θ θ −µh 0 0 0 0
0 0 γh 0 −µm 0 0 0
0 0 0 0 −

βsΛs
µs+d −(µs + d) 0 0

0 0 0 0 βsΛs
µs+d 0 −k3 0

0 0 0 0 0 0 γs −µc


.

The eigenvalues of the Jacobian matrix J(E0) are −(θ+µh), −µh

and the roots of the characteristic equation

λ6 + A1λ
5 + A2λ

4 + A3λ
3 + A4λ

2 + A5λ + A6 = 0, (40)

where

A1 = µc + k3 + µs + d + µm + k2 + k1,

A2 = d(k1 + k2 + k3 + µc + µm) + k1(k2 + k3 + µc + µm + µs) + k2(k3 + µc + µm + µs)
+ µcµm + µcµs + µsµm,

A3 = k1(dk2 + k3d + µcd + dµm + k3k2 + µck2 + µmk2 + µsk2 + µck3 + k3µm + k3µs + µcµm

+ µcµs + µsµm) + k2(k3d + µcd + dµm + µck3 + k3µm + k3µs + µcµm + µcµs + µsµm)
+ k3(µcd + dµm + µcµm + µcµs + µsµm) + dµcµm + µcµmµs,

A4 = dk1k2k3 + dk1k2µc + dk1k2µm + dk1k3µc + dk1k3µm + dk1µcµm + dk2k3µc + dk2k3µm

+ dk2µcµm + dk3µcµm + k1k2k3µc + k1k2k3µm + k1k2k3µs + k1k2µcµm + k1k2µcµs + k1k2µmµs

+ k1k3µcµm + k1k3µcµs + k1k3µmµs + k1µcµmµs + k2k3µcµm + k2k3µcµs + k2k3µmµs

+ k2µcµmµs + k3µcµmµs,

A5 = (µs + d)
(

1
µm
+

1
µc
+

1
k1
+

1
k2
+

1
k3

)
+ (1 − R2

c),

A6 = (d + µs)(1 − R2
c).

Here, Ai > 0, i ∈ [1, 6] and the roots of the polynomial have
real parts.

Thus, the stability of the disease-free equilibrium of the
model (9) is determined solely by the sign of the constant
term of the characteristic equation where all parameters are
non-negative [33]. Also, A1, A2, A3, A4, A5, A6 has the prop-
erty that A1, A2, A3, A4, A5, A6 > 0. Hence, we can conclude
that the eigenvalues of the system have negative real parts if
Rc < 1, therefore, the DFE, E0, is locally asymptotically stable
if Rc < 1.

Schistosomiasis can be effectively controlled if detected
early, highlighting the importance of proactive measures such
as public enlightenment campaigns (ω). This also indicates
that, under current circumstances namely, sustained interven-
tions comprising MDA, public enlightenment campaigns, and
snail control efforts when the control reproduction number, Rc,
is maintained below unity, sporadic introductions of the parasite
are insufficient to initiate endemic transmission. Under these

conditions, the disease cannot propagate autonomously within
the population. Nevertheless, regular monitoring and prompt
responses remain essential, even when the situation appears to
be under control.

3.5.2. Bifurcation analysis
We study how certain factors influence the spread of the dis-

ease by examining a critical point called bifurcation, where the
reproduction number, Rc = 1. If a backward bifurcation hap-
pens, it means the schistosomiasis can persist in different steady
states even when Rc is less than 1. This makes predicting and
controlling the disease more complicated [34]. We investigate
the bifurcation of the model at Rc = 1 using the centre manifold
theorem by Castillo-Chavez & Song [35] with

p1 =

n∑
k,i, j=1

mkwiw j
∂2qk(E0)
∂xi∂x j

and p2 =

n∑
k,i=1

mkwi
∂2qk(E0)
∂xi∂π

as bifurcation coefficients and π as bifurcation parameter. Let
βs = β̂s be the bifurcation parameter at R2

c = 1 = Rc then

β̂s =
k1k2k3µmµc(θ + µh)(d + µs)

(1 − ω)ΛhΛsβhγhγsα
.

Let

x1 = S h, x2 = Eh, x3 = Ih, x4 = Mh, x5 = M, x6 = S s, x7 = Is, x8 = C,
(41)

and q1, q2, q3, q4, q5, q6, q7, q8 be the right hand sides of the sys-
tem of equations (9). Therefore the non-zero second order
partial derivatives of q1, q2, q3, q4, q5, q6, q7, q8 at disease-free
equilibrium state, E0 results in

∂2q1(E0)
∂x1∂x8

=
∂2q1(E0)
∂x8∂x1

= −(1 − ω)βh,

∂2q2(E0)
∂x1∂x8

=
∂2q2(E0)
∂x8∂x1

= (1 − ω)βh,

∂2q6(E0)
∂x5∂x6

=
∂2q6(E0)
∂x6∂x5

= −β̂s,
∂2q7(E0)
∂x5∂x6

=
∂2q7(E0)
∂x6∂x5

= β̂s,

(42)

and

∂2q6(E0)
∂x5∂β̂s

= −
Λs

µs + d
,
∂2q7(E0)
∂x5∂β̂s

=
Λs

µs + d
. (43)

Additionally, the left and right eigenvectors w and m are given
as

m1 = m4 = m6 = 0, m8 = m8 > 0.

m2 =
αβ̂sΛsγsγh

k1k2k3µm(µs + d)
m8, m3 =

β̂sΛsγhγs

k2k3µm(µs + d)
m8,

m5 =
β̂sΛsγs

(µs + d)µmk3
m8, m7 =

γs

k3
m8,

(44)
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and

w1 = −
βhΛh(1 − ω)
θ + µh

[
k1k2 − ηα

k1k2

]
w8,w2 =

βhΛh(1 − ω)
k1(µh + θ)

w8,

w3 =
βhΛhα(1 − ω)
k1k2(θ + µh)

w8,

w4 =
θβhΛh(1 − ω)
µh(µh + θ)

[
1 −

ηα

k1k2
+

1
k1
+
α

k1k2

]
w8,

w5 =
γhβhΛhα(1 − ω)
k1k2µm(θ + µh)

w8, w6 = −
β̂sΛsγhβhΛhα(1 − ω)
k1k2(θ + µh)(µs + d)2 w8,

w7 =
β̂sΛsγhβhα(1 − ω)

k1k2k3µm(µs + d)(θ + ω)
w8, w8 = w8 > 0,

(45)

with w ·m = 1, where w = (w1,w2,w3,w4,w5,w6,w7,w8) and
m = (m1,m2,m3,m4,m5,m6,m7,m8). Employing the non-zero
second order partial derivatives of equation (42) and equation
(43), we have

p1 = m2w1w8
∂2q2(E0)
∂x1∂x8

+ m7w5w6
∂2q7(E0)
∂x5∂x6

and

p2 = m7w5
∂2q7(E0)
∂x5∂β̂s

.

(46)

Substituting equations (44) and (45) into equation (46)

p1 = −m8w2
8
[βhΛ

2
h(1 − ω)2µc

β̂sγs

(k1k2 − ηα

k1k2

)
+
µ2

ck3µm

Λs

]
,

p2 =
ΛsΛhγhγsβhαm8w8(1 − ω)
k1k2k3µm(θ + µh)(µs + d)

> 0,

(47)

and k1k2 − αη > 0. A forward bifurcation occurs since p1 < 0
and p2 > 0. Forward bifurcation implies that when Rc < 1, the
disease-free equilibrium state, E0, is stable, that is, the disease
dies out. Epidemiologically, this means there is minimal risk
of sustained transmission below this threshold. In comparison,
when Rc > 1, the endemic equilibrium persists in the popula-
tion. Furthermore, the endemic equilibrium, Ee becomes glob-
ally asymptotically stable when Rc > 1, while the disease-free
equilibrium, E0 is globally asymptotically stable when Rc < 1.

Thus, the World Health Organization [36] underscores the
resilient nature of schistosomiasis, even under conditions where
transmission potential is low due to environmental and be-
havioural factors. Colley et al. [37] further explain its per-
sistence, highlighting the parasite’s ability to remain in small
endemic pockets. King [38] emphasises that patchy transmis-
sion can sustain the disease burden in endemic communities
over extended periods.

3.5.3. Global stability of the disease-free equilibrium state
The following theorem establishes the global stability of the

DFE, E0.

Theorem 3. The DFE, E0 of system of equations (9) is globally
asymptotically stable if Rc ≤ 1 and unstable if Rc > 1.

Proof. Let us define the new variables and break the system
given by equation (9) into subsystems. We use the notation
X1 = (S h,Mh, S s), which denotes the number of susceptible
individuals and individuals undergoing MDA. In addition, the

notation Y1 = (Eh, Ih,M, Is,C) denotes the numbers of exposed
and infected individuals as well as the miracidia and cercariae
compartments. The system can be presented as

dX1

dt
= F(X1, Y1),

dY1

dt
= G(X1, Y1),where

X1 ∈ R3
+, Y1 ∈ R5

+.

Then, the two vector-valued functions are

F(X1, Y1) =
(
Λh − (1 − ω)

βhCS h

1 + εC
+ ηIh − θS h − µhS h,

θS h + θEh + θIh − µhMh,

Λs −
βsMS s

1 + εM
− µsS s − dS s

)T
,

G(X1, Y1) =
(
(1 − ω)

βhCS h

1 + εC
− k1Eh,

αEh − k2Ih,

γhIh − µmM,
βsMS s

1 + εM
− k3Is,

γsIs − µcC
)T
,

where T denotes the transpose. For simplicity, we identify X1
with (X1, 0) and Y1 with (0, Y1) ∈ R3

+ × R5
+. Hence the reduced

system: dX1
dt = F(X1, 0);

dS h

dt
= Λh − θS h − µhS h,

dMh

dt
= θS h − µhMh,

dS s

dt
= Λs − µsS s − dS s.

(48)

The Jacobian matrix of the subsystem (48) is given as

J(x∗) =

−(θ + µh) 0 0
θ −µh 0
0 0 −(µs + d)


with negative eigenvalues −(θ+µh), −µh, and −(µs+d), and X∗ =
(S ∗∗h ,M

∗∗
h , S

∗∗
s ) =

(
Λh
µh+θ
, θΛh
µh(µh+θ)

, Λs
µs+d

)
is a global asymptotically

stable equilibrium point for the reduced system dX1
dt F(X1, 0).

The asymptotic dynamics are independent of initial conditions
in R8

+. According to Castillo-Chavez et al. [39], the fixed point
X∗ is a globally asymptotically stable equilibrium of system (9)
provided that Rc < 1 is locally asymptotically stable and the as-
sumptions dX1

dt = F(X1, 0), X0 is globally asymptotically stable.
The second condition states that G(X1, Y1) = AY −

G∗(X1, Y1), where G(X1, Y1) ≥ 0 for X1, Y1 ∈ ϱ, and A =
DYG(X∗, 0) is an M − matrix.

Clearly G(X1, Y1) satisfies the condition that

14
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G(X1, 0) = 0 and G(X1, Y1) = A∗Y1 −

G∗(X1, Y1),G∗(X1, Y1) ≥ 0, where

A∗ = DYG(X1, 0) =


−k1 0 0 0 (1−ω)βhΛh

θ+µh

α −k2 0 0 0
0 γh −µm 0 0
0 0 βsΛs

µs+d −k3 0
0 0 0 γs −µc


and

G∗(X1, Y1) =


βhC

(
Λh
µh+θ
− S h

)
0
0

βsM
(
Λs
µs+d − S s

)
0


.

Since the human and the snail populations assume a steady-
state value, βhC

(
Λh
µh+θ
− S h

)
≥ 0 and βsM

(
Λs
µs+d − S s

)
≥ 0.

Hence, it is globally asymptotically stable and this concludes
that the infected snails and humans eventually vanish and the
disease dies out irrespective of the number of individuals that
were initially infected.

From an epidemiological standpoint, reducing the spread
of schistosomiasis is an achievable goal if appropriate con-
trol measures are implemented. When transmission rates are
reduced, the likelihood of disease resurgence is significantly
lower. This not only supports the planning and execution of
control efforts but also strengthens strategies aimed at mitigat-
ing the spread of the disease by maintaining the reproduction
number, Rc, below unity. Furthermore, it provides clear guid-
ance for health workers, who play a crucial role in determin-
ing where to concentrate their efforts. Successfully reducing
transmission may help shift schistosomiasis elimination from a
theoretical concept toward a more tangible objective.

3.5.4. Global stability of the endemic equilibrium state
We investigate the global asymptotic stability of the en-

demic equilibrium state, Ee, by stating and proving the follow-
ing theorem.

Theorem 4. The unique endemic equilibrium Ee, is globally
asymptotically stable if Rc > 1, and it is not stable if Rc < 1.

Proof. Let X = (S h, Eh,Mh, Ih,M, S s, Is,C)T . Then, we con-
tract a Lyapunov function for the model (9) given as

V(X) =
[
S h − S e

h − S e
h ln

S h

S e
h

]
+ a1

[
Eh − Ee

h − Ee
h ln

Eh

Ee
h

]
+ a2

[
Ih − Ie

h − Ie
h ln

Ih

Ie
h

]
+

[
Mh − Me

h − Me
h ln

Mh

Me
h

]
+ a3

[
M − Me − Me ln

M
Me

]
+

[
S s − S e

s − S e
s ln

S s

S e
s

]
+ a4

[
Is − Ie

s − Ie
s ln

Is

Ie
s

]
+ a5

[
C −Ce −Ce ln

C
Ce

]
.

(49)

A direct differentiation along the trajectory of the solutions of
the model (9) leads to

V ′ =
[
1 −

S e
h

S h

]
S ′h + a1

[
1 −

Ee
h

Eh

]
E′h + a2

[
1 −

Ie
h

Ih

]
I′h

+

[
1 −

Me
h

Mh

]
M′h + a3

[
1 −

Me

M

]
M′

+

[
1 −

S e
s

S s

]
S ′s + a4

[
1 −

Ie
s

Is

]
I′s + a5

[
1 −

Ce

C

]
C′.

(50)

Substituting the system of equations (30) into equation (50) re-
sults in

V ′ =
[
1 −

S e
h

S h

] [
Λh − (1 − ω)

βhCS h

1 + εC
+ ηIh − θS h − µhS h

]
+ a1

[
1 −

Ee
h

Eh

] [
(1 − ω)

βhCS h

1 + εC
− k1Eh

]
+ a2

[
1 −

Ie
h

Ih

]
[αEh − k2Ih]

+

[
1 −

Me
h

Mh

] [
θS h + θEh + θIh − µhMh

]
+ a3

[
1 −

Me

M

] [
γhIh − µmM

]
+

[
1 −

S e
s

S s

] [
Λs −

βsMS s

1 + εM
− (µs + d)S s

]
+ a4

[
1 −

Ie
s

Is

] [
βsMS s

1 + εM
− k3Is

]
+ a5

[
1 −

Ce

C

] [
γsIs − µcC

]
.

(51)

At the endemic equilibrium point, we have the following rela-
tions

Λh = (1 − ω)
βhCeS e

h

1 + εCe + ηI
e
h − θS

e
h − µhS e

h,

k1 = (1 − ω)
βhCeS e

h

Ee
h(1 + εC)

, k2 =
αEe

h

Ie
h
, µm =

γIe
h

Me ,

Λs =
βMeS e

s

1 + εMe + (µs + d)S e
s, k3 =

βsMeS e
s

Ie
s (1 + εMe)

, µc =
γsIe

s

Ce .

(52)
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Upon substituting equation (51) into equation (52) yields

V ′ =
[
1 −

S e
h

S h

] [
(1 − ω)

βh(1 + εCe)
CeS e

h

(
1 −

CS h(1 + εCe)
CeS e

h(1 + εC)

)
+ ηIe

h

(
Ih

Ie
h
− 1

)
+ θS e

h

(
1 −

S h

S e
h

)
+ µhS e

h

(
1 −

S h

S e
h

) ]
+ a1

[
1 −

Ee
h

Eh

] [
(1 − ω)

βh(1 + εCe

CeS e
h

(
CS h(1 + εCe)
(1 + εC)CeS e

h
− 1

)
+ (1 − ω)

βhCeS e
h

1 + εCe

[
1 −

Ee
h

Eh

] ]
+ a2

[
1 −

Ie
h

Ih

] [
αEe

h

(
Eh

Ee
h
− 1

)
+ αEe

h

(
1 −

Ih

Ie
h

)]
+

[
1 −

Me
h

Mh

] [
θ

(
S h

S e
h
− 1

)
+ θ

(
Eh

Ee
h
− 1

)
+ θ

(
Ih

Ie
h
− 1

)
+ µhMe

h

(
1 −

Mh

Me
h

) ]
+ a3

[
1 −

Me

M

] [
γhIe

h

(
Ih

Ie
h
− 1

)
+ γhIe

h

(
1 −

M
Me

)]
+

[
1 −

S s

S e
s

] [βs(1 + εMe)
MeS e

s

(
1 −

MS s(1 + εMe

MeS e
s(1 + εM)

)
+ (µs + d)S e

s

(
1 −

S s

S e
s

) ]
+ a4

[
1 −

Ie
s

Is

] [βs(1 + εMe)
MeS e

s

(
MS s(1 + εMe

MeS e
s(1 + εM)

− 1
)

+
βsMeS e

s

1 + εMe

(
1 −

Is

Ie
s

) ]
+ a5

[
1 −

Ce

C

] [
γsIe

s

(
Is

Ie
s
− 1

)
+ γsIe

s

(
1 −

C
Ce

)]
.

(53)

Let
S h

S e
h
= n1,

Eh

Ee
h
= n2,

Ih

Ie
h
= n3,

Mh

Me
h
= n4,

M
Me = n5,

S s

S e
s
= n6,

Is

Ie
s
= n7,

C
Ce = n8,

b1 = (1 − ω)
βh(1 + εCe)

CeS e
h
, b2 =

1 + εCe

1 + εC
,

b3 = ηIe
h, b4 = θS e

h, b5 = αEe
h, b6 = γhIe

h,

b7 =
βs(1 + εMe)

MeS e
s
, b8 =

1 + εMe

1 + εM
,

b9 = γsIe
s , b10 = (1 − ω)

βhCeS e
h

1 + εCe ,

b11 =
βsMeS e

s

1 + εMe , b12 = θEe
h, b13 = θIe

h.

(54)

Then,

V ′ = −
[
µhS e

h
(1 − n1)2

n1
+ µe

h
(1 − n4)2

n4
+ (µs + d)S e

s
(1 − n6)2

n6

]
+

[
1 −

1
n1

]
(b1 − b1b2n1n8 + b3n3 − b3 + b4 − b4n1)

+ a1

[
1 −

1
n2

]
(b1b2n1n8 − b1 + b10 − b10n2)

+ a2

[
1 −

1
n3

]
(b5n2 − b5 + b5 − b5n3)

+

[
1 −

1
n4

]
(b4n1 − b4 + b12n2 − b12 + b13n3 − b13)

+ a3

[
1 −

1
n5

]
(b6n3 − b6 + b6 − b6n5)

+

[
1 −

1
n6

]
(b7 − b7b8n5n6)

+ a4

[
1 −

1
n7

]
(b7b8n5n6 − b7 + b11 − b11n7)

+ a5

[
1 −

1
n8

]
(b9n7 − b9 + b9 − b9n8) .

(55)

The bis, i ∈ [1, 13] are carefully selected such that a1 = a4 = 1,
a2 = a3 = 0 and a5 =

b11
b9
. Thus, equation (55) becomes

V ′ = −
[
µhS e

h
(1 − n1)2

n1
+ µhMe

h
(1 − n4)2

n4
+ (µs + d)S e

s
(1 − n6)2

n6

]
+ b3

(
n3 − 1 +

1
n1
−

n3

n1

)
+ b4

(
1 −

n1

n4
+

1
n4
−

1
n1

)
+ b10

(
2 − n2 −

1
n2

)
+ b11

(
1 −

1
n7
− n8 −

n7

n8

)
+ b12

(
n2 − 1 −

n2

n4
+

1
n4

)
+ b13

(
n3 − 1 −

n3

n4
+

1
n4

)
.

(56)

Let us examine the function v(x) = 1− x+ ln(x), which satisfies
v(x) ≤ 0 for all x > 0, with equality occurring precisely at
x = 1. Given that 1 − x ≤ − ln(x), it follows that the b3 term
transforms into

(
1 −

n3

n1

)
−

(
1 − n3

)
−

(
1 −

1
n1

)
≤ − ln

n3

n1
+ ln n3 + ln

1
n1
= ln

(n1

n3
· n3 ·

1
n1

)
= 0.

Similarly, the b4, b11, b12 and b13 terms become

(
1 −

n1

n4

)
−

(
1 −

1
n4

)
+

(
1 −

1
n1

)
≤ − ln

n1

n4
+ ln

1
n4
− ln

1
n1
= ln

(
n4

n1
·

1
n4
· n1

)
= 0,

(
1 −

1
n7

)
+ (1 − n8) −

(
1 +

n7

n8

)
≤ − ln

1
n7
− ln n8 − ln

n7

n8
= ln

(
n7 ·

1
n8
·

n8

n7

)
= 0,

(
1 −

n2

n4

)
− (1 − n2) −

(
1 −

1
n4

)
≤ − ln

n2

n4
+ ln n2 + ln

1
n4
= ln

(
n4

n2
· n2 ·

1
n4

)
= 0,

(
1 −

n3

n4

)
− (1 − n3) −

(
1 −

1
n4

)
≤ − ln

n3

n4
+ ln n3 + ln

1
n4
= ln

(
n4

n3
· n3 ·

1
n4

)
= 0.

Applying the Arithmetic mean-Geometric mean inequality on
the b10 term results in

V ′ = −
[
µhS e

h
(1 − n1)2

n1
+ µhMe

h
(1 − n4)2

n4
+ (µs + d)S e

s
(1 − n6)2

n6

]
≤ 0.
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By LaSalle’s invariance principle [40], we can conclude that
as t −→ ∞, for Rc > 1, the endemic equilibrium state, Ee, is
globally asymptotically stable.

This implies that, in areas where schistosomiasis is en-
demic, the disease continues to spread between humans and
snails, thereby maintaining a consistent level of prevalence.
Consequently, short-term or small-scale interventions are in-
sufficient to address the problem. Comprehensive intervention
strategies are required, including regular mass drug administra-
tion (represented by θ), snail control programmes (represented
by d), and public enlightenment campaigns (represented by ω).

As the disease reaches a steady state, where the number
of new infections equals the number of recoveries and deaths,
health officials can use this information to plan and allocate re-
sources more effectively. Schistosomiasis will persist within
the population unless significant changes are made to its trans-
mission dynamics, emphasising the need for a coordinated and
comprehensive approach to disease control.

4. Numerical simulations

Schistosomiasis continues to be classified as a neglected
tropical disease with significant public health implications, par-
ticularly across Africa. In Nigeria, it remains highly prevalent
[1, 2]. Consequently, when conducting numerical simulations
of the disease, it is essential to calibrate model parameters to
reflect real-world situations. This ensures the simulation’s ac-
curacy and relevance to Nigeria’s specific context.

4.1. Parameter estimation

In this study, we examined a case where the human popu-
lation remains steady at 1 million people. We used the average
life expectancy in Nigeria to estimate the natural death rate,
which comes out to about µh =

1
54×365 = 5.0735 × 10−5 per

day [41]. We estimate that about Λh = 1000000 × µh recruited
persons are added to the population each day, with the assump-
tion that a year has 365 days. A study in Sudan by Kheir et al.
[30] found that out of every 1,000 people infected with Schis-
tosoma mansoni, one person dies each year. Based on this, we
set the daily death rate from the disease as δh = 0.0000027.
We assumed that people recover on their own in about 6 weeks,
which corresponds to a recovery rate of η = 1

43 = 0.02325 per
day.

The miracidia stage of S. mansoni lasts for a short time, typ-
ically 5, 6, or 9 hours [42]. Based on this, we set the death rate
at about µm =

20
3×24 = 0.2778 per day. Similarly, the cercariae

stage of S. mansoni lasts approximately 10.5 hours on average
(ranging from 8 to 17 hours) [43]. So, we set the death rate as
µc =

10.5
24 = 0.4375 per day. According to estimates from Mc-

Creesh et al. [28], infected humans release the parasite at a rate
of 0.00232 per day, whereas infected snails release it approxi-
mately 2.6 times per day. These values indicate the frequency
at which the infectious stages of schistosomiasis enter the envi-
ronment. Also, the growth velocity of the pathogen, ε is limited
by a rate of 0.2 [10].

We assumed the recruitment rate for the snail population is
20000 per day and used an average snail death rate of about 12
deaths every 6.5 years, which works out to roughly 1.85 deaths
per year, or 5.0685 × 10−3 per day. Due to infection, snails die
at a rate of δs = 4.012 × 10−4 per day, based on findings from
McCreesh et al. [28].

4.1.1. Baseline plots
Using the parameter values in Table 1, we performed

numerical simulations of the system of equations (9) with
initial conditions given as (S h, Eh, Ih,Mh,M, S s, Is,C) =

(10000, 0, 0, 0, 1, 8000, 0, 1).
Figure 3 shows how the system behaves when there is no

public enlightenment campaign (ω), no snail control measure
(d), and no mass drug administration (θ). From the plot, we can
see that the number of exposed humans (Eh) and infected hu-
mans (Ih) increases very quickly. At the same time, the number
of people who are still susceptible and those in the drug ad-
ministration compartment drops to almost zero (see Figure 3a).
Similarly, Figure 3b shows that the infected snail population
(Is) grows rapidly, while the population of healthy, susceptible
snails (S s) gradually disappears. Additionally, the cercaria and
the miracidia populations also increase with time.

In Figure 4, we analyse the dynamics of the system of equa-
tions (9) at ω = 0.2 with θ = d = 0. It is evident that the
number of infected individuals continues to rise, even with a
public enlightenment rate of 20%. This unexpected outcome
indicates that merely raising awareness is insufficient to control
the spread of schistosomiasis. Without complementary changes
in attitudes or the implementation of interventions such as mass
drug administration or environmental modifications to control
snail populations, information alone does not lead to effective
disease management.

In Figure 5, where θ = 0.2 and both ω and d are equal
to 0, the Mh compartment shows a sporadic increase. In con-
trast, the compartments for miracidia and cercariae peak at rel-
atively lower values. Although the Is compartment continues to
grow, it reaches its peak more quickly and with fewer infected
snails compared with scenarios without mass drug administra-
tion. This outcome results from the effects of drug usage, which
decreases the worm burden in the human population. Conse-
quently, this reduction influences the rate at which infected in-
dividuals shed parasites into the environment.

Figure 6 illustrates the dynamics of the system described by
the equations in (9) under the conditions d = 0.2, ω = 0, and
θ = 0. With these parameters, the Eh compartment shows spo-
radic growth, although at a slower rate compared to situations
without snail control measures. Additionally, the miracidia
compartment exhibits irregular growth patterns, whereas the
cercaria compartment reaches its peak more quickly, albeit at
a lower overall value. This behaviour can be attributed to the
decreased snail population in the environment, which directly
leads to a reduction in the number of cercariae released. Con-
sequently, the overall transmission potential of the parasite is
diminished.

In Figure 7, the Mh compartment shows sporadic growth,
while the compartments for miracidia (M), cercariae (C), and
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infected snails (Is) all peak at lower values.
This outcome is due to the control parameters being set at

ω = θ = d = 0.2, which significantly impact the system’s dy-
namics. These parameters represent strategic interventions such
as drug administration, snail control, and public enlightenment
campaigns. Implementing such measures could help mitigate
the spread of schistosomiasis by reducing the populations re-
sponsible for disease transmission and infection.

4.2. Sensitivity analysis

To identify the key parameters for intervention strategies
aimed at reducing the spread of schistosomiasis, it is crucial to
understand how these parameters influence the disease dynam-
ics. This requires conducting a sensitivity analysis on the con-
trol reproduction number, to assess how variations in different
parameters affect it. The analysis will employ the normalised
forward sensitivity indices, defined as follows:

Γ
Rc
A =

∂Rc

A
×

A
Rc
, (57)

where A is any parameter of Rc [44]. The sensitivity indices
of the parameters of the control reproduction number, Rc, are
shown in Figure 8.

The sign of the sensitivity indices (whether positive or neg-
ative) indicates how input variables influence the outcome. A
positive index implies that, as the input variable increases, the
number of future schistosomiasis cases will also rise. Con-
versely, a negative index signifies that an increase in the input
variable will lead to a reduction in future cases of schistosomi-
asis.

Specifically, the public enlightenment rate (ω), the disease-
induced death rate for the snail population (δs), environmental
modifications for snail control (d), the mortality rates for the
cercaria and miracidia populations (µc and µm), the recovery
rate for the human population (η), the progression rate into the
MDA class (θ), and the mortality rate for the snail population
(µs) all exhibit an inverse relationship with the control repro-
duction number (Rc).

This means that increases in any of the variables ω, δs, d,
µc, µm, η, θ, or µs lead to a decrease in the transmission potential
of schistosomiasis. For instance, a 1% increase in µc, µm, or η
results in approximately a 0.88% reduction in Rc, while a 1%
increase in θ reduces Rc by roughly 0.7%. A 1% rise in µs

lowers Rc by about 0.8%, all demonstrating a strong negative
sensitivity.

In contrast, an increase in α, γh, γs, βh, βs, or Λs will result
in a rise in future schistosomiasis cases, as these factors directly
influence the rate at which the disease spreads. For example, if
γs, γh, βh, βs, or Λs each increase by 1%, the basic reproduction
number Rc will increase by approximately 0.5%, indicating a
strong positive influence on disease transmission dynamics.

We employed the Latin Hypercube Sampling–Partial Rank
Correlation Coefficient (LHS–PRCC) method on the schisto-
somiasis model (9) to examine how different parameters influ-
ence the various infected classes within the system. This anal-
ysis provides a comprehensive understanding of the parameter

space in relation to different population variables, as illustrated
in Figure 9. We assumed that the parameters are uniformly dis-
tributed, and considered various response functions, including
Eh, Ih,M, Is, and C, to conduct our analysis.

The effectiveness of this approach is evaluated by calculat-
ing the PRCC values, which reveal the sensitivity of the param-
eters within the schistosomiasis model. To obtain these values,
the LHS method was employed to stratify the samples without
replacement. Baseline values for the parameters were first es-
tablished, followed by simulations to perform the PRCC anal-
ysis. The magnitude and direction of the PRCC values for the
distinct parameters are crucial in understanding each parame-
ter’s contribution to the model’s predictive accuracy.

PRCC values greater than 0.5 or less than -0.5 are partic-
ularly significant [45], as they indicate a substantial impact on
the outcomes measured by the LHS parameters. Figure 9(f)
supports the findings presented in Figure 8, demonstrating the
influence of each parameter on the control reproduction num-
ber, Rc. This suggests a higher level of uncertainty in the fluc-
tuation of infected cases.

Overall, we observe that the correlations between each vari-
able and its corresponding parameter, as indicated by the PRCC
values, are consistent with the behaviour predicted by the re-
spective model equations.

4.3. Simulation results

By using the parameter values in Table 1, we investigate the
performance of sensitive parameters in the infected compart-
ments.

Figure 10 illustrates that increases in the effective contact
rate between humans and cercariae and in the shedding rate for
the infected human class (βh and γh) results in a higher number
of individuals falling into the Exposed and Infected categories,
as depicted in Figures 10a and 10d. This rise in infection rates
also leads to an increase in the number of miracidia, the parasite
stage that originates from human waste, as shown in Figure 10c.
Notably, this occurs despite public enlightenment campaign ef-
forts (ω), the progression into treatment programmes (θ), and
snail control measures (d) all remaining at 50%.

This highlights the essential role of public enlightenment
campaigns in promoting proper waste disposal. These cam-
paigns should not only focus on educating the public but
also actively advocate for the safe disposal of faeces, for ex-
ample through the construction of adequate toilet facilities.
Such a proactive approach is crucial in preventing miracidia
from reaching freshwater environments, where they can in-
fect snails and perpetuate transmission. Furthermore, the cam-
paigns should emphasise the benefits of mass drug administra-
tion (MDA), which reduces the worm burden in exposed and
infected individuals, thereby slowing the spread of the disease.

In Figure 11, when public enlightenment campaigns (ω),
snail control (d), and treatment progression (θ) are maintained
at 50%, we still observe an increase in both the number of in-
fected snails, as shown in Figure 11d, and the cercaria popula-
tion, displayed in Figure 11e. This indicates that enlightenment
campaigns alone are insufficient to halt the spread of infection.
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Therefore, public enlightenment campaigns should promote ac-
tions aimed at reducing the snail population in the environment,
such as treating water bodies or introducing natural predators of
snails, including the pea puffer fish.

5. Conclusion

We investigated the transmission of schistosomiasis be-
tween humans and snails. In this disease, cercariae infect hu-
mans, while miracidia infect snails. Using a mathematical
model, we incorporated essential factors such as mass drug ad-
ministration (MDA), public enlightenment campaigns, and en-
vironmental modifications to control snail populations. We cal-
culated the control reproduction number, Rc, which provides
insight into how easily the disease can spread. The results indi-
cated that increasing participation in MDA programmes (θ) and
raising snail mortality rates (d) are the most effective strategies
for reducing the reproduction number, Rc, and consequently
lowering the transmission rate. Additionally, we examined the
stability of the system over time. We found that enhancing pub-
lic enlightenment, improving environmental control of snails,
and encouraging participation in MDA programmes can help
prevent the spread of the disease. We also investigated how
contact rates between healthy humans and cercariae, as well as
between healthy snails and miracidia, influence the transmis-
sion of schistosomiasis, while keeping public enlightenment,
MDA participation, and snail control efforts constant at 50%.

The results suggest that enlightenment campaigns should
not only inform the public but also promote practical actions,
such as the proper use of toilet facilities to prevent contami-
nation of water bodies, participation in MDA programmes to
reduce parasite levels in humans, and strategies to lower snail
populations, including the introduction of snail-eating preda-
tors. This approach is crucial because enlightenment alone is
insufficient; campaigns must translate into actual behavioural
change.

This study has some limitations. We relied on data from
previous research and had to make certain assumptions, such
as the manner in which snails are recruited into the popula-
tion. Moreover, we did not account for seasonal variations,
even though changes in season can influence attitudes and be-
haviours in both humans and snails. Nonetheless, our findings
align with the observations of King and Bertsch [26], who sug-
gested that mass drug administration (MDA) programmes can
effectively reduce the incidence of schistosomiasis as well as its
transmission. These insights can assist policymakers in devel-
oping more effective strategies to combat schistosomiasis and
mitigate its impact.
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