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Abstract

In this paper, we present a deterministic schistosomiasis climate based model, in
order to examine the effect of climate variability on the transmission dynamics of
schistosomiasis. Firstly, we explore the theoretical mathematical analysis of the
schistosomiasis model dynamics. The model equilibrium states are then analyzed
and the disease-free equilibrium is proved to be locally asymptotically stable when
the respective epidemic basic reproduction number (Rsc) for the model is less than
unity. The model further exhibit backward bifurcation phenomena, the implication
of this occurrence is that the classical epidemiological requirement for effective
eradication of the disease, Rsc < 1, is no longer sufficient, even though necessary.
Secondly, we presented the numerical simulations. Our results show that climate
change enhances the reproduction number of schistosomes and the reproduction
rate of snails.

AMS subject classification: 49K05, 49K15, 49S05.
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1. Introduction

Schistosomiasis, also known as bilharzia, happens to be one of the groups of neglected
tropical diseases (NTDs), ranked second most prevalent among NTDs ([10, 11]). Schis-
tosomiasis, is caused by flatworms belonging to a class of trematode within the phylum,
Platyhelminthes and genus schistosoma. The life cycle of Schistosoma species is related
to each other but, they are biologically complex whereby they alternate between two
hosts; the intermediate (snail host) and the definitive (human) host, as well as two free-
living transmission stages; cercariae and miracidia. Also, the parasite requires distinct
environments ([12, 13, 14]).

Humans are the principal definitive host of the five notable Schistosoma species
which are; Schistosoma haematobium, Schistosoma mansoni, Schistosoma japonicum,
Schistosoma intercalatum and Schistosoma mengiko ([12, 13, 14]). The infections caused
by these parasites result into chronic and acute diseases which include fever, abdominal
severe pain, malaise, skin rashes, liver disease, intestinal disease, lung disease and urinary
tract disease depending on the Schistosoma species. The reoccurrence of Schistosoma
infections over the years may result into cancer of the bladder, obstruction in urinary
tract, portal or pulmonary hypertension and even death ([15, 16, 17, 18, 19]).

Over the years, Schistosoma infection has been estimated to affect over 218 million
people who are in need of preventive treatment and over 800 million people are at high
risk of the infection in not less than 78 countries of the world; most of these countries fall
within Africa, Eastern Asia and South America ([20]). There is a significant difference
in the prevalence of schistosomiasis from one area to another due to environmental and
ecological factors, and activities embarked upon by the residents of that area ([10]). It
has been observed that the prevalence of schistosomiasis in an endemic area normally fall
within the equator at 36◦ north and south; this region of equator has a favourable condition
that enhances the survivability of freshwater snails (intermediate host) ([21, 22, 10]).

In Africa, the burden of Schistosoma infection is alarming among children of school
age, women and young adults, accounting for about 93% (192 million) of the total
world estimated cases of schistosomiasis. In the African nations, the prevalence of
Schistosoma infection is very high in Nigeria, with Tanzania taking the second lead,
followed by Ghana, Mozambique and Democratic Republic of Congo (DRC) ([11, 23]).
Additionally, countries within African and Asian continents are presently experiencing
flooding as a result of change in temperature which may pose serious challenges to good
health and available limited resources. Studies have shown that flood leads to a serious
outbreak of schistosomiasis ([2, 14, 3]). During flooding, majority of people comes
in contact with contaminated water, leading to a higher proportion being infected by
schistosomes ([2, 14, 3]). Consequently, the impact of climate change parameters such
as temperature, precipitation, flood and other climatic factors have been postulated as
potential factors that may influence the transmission of schistosomiasis ([25, 26, 2]).
Added to that, variations in weather conditions have been recognized to have significant
impact on lifespan or mortality and fecundity rate of both snails (intermediate host) and
Schistosoma species in schistosoma lifecycle ([27]). Although, the exact mechanism
by which precipitation affects the population of infectious stage of Schistosoma parasite
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(cercaria) is not well understood ([28]). Xue and co-workers, 2011, observed that the total
monthly and time series of precipitation obtained through rain gauge and four different
satellites has been shown to have a significant negative correlation in the transmission of
schistosomiasis. They further observed that an increase in rainfall can lead to turbulence
with increasing rate of velocity of water flow which can kill the cercaria as a result of
high shears.

An important tool in gaining insight to dynamics of disease transmission is mathe-
matical modelling. It is also very useful in the decision-making processes with regards
to intervention mechanisms for infectious diseases control. Just for example, the first
mathematical models of malaria transmission was developed by Ross in 1911 [34]. He
focused on mosquito population control, and he proved that, for the disease to be elimi-
nated, the population of mosquito should be brought below a certain threshold. Further
studies by Koella and Anita [38] included a latent class for mosquitoes. They examined
different scenarios to curtailing the spread of resistance and also studied the sensitivity of
their results to the model parameters. While in Nikolaos et al. [36], the authors proposed
detailed analysis of a dynamical model in order to describe pathogenesis of HIV infec-
tion. In Chiyaka et al. [1], the authors constructed a deterministic mathematical model to
study the transmission dynamics of schistosomiasis by incorporating the miracidia and
cercariae dynamics. Also, a mathematical model for the human-cattle-snail transmission
of schistosomiasis was presented by Chen et al. [35]. In [32], the authors considered
the co-infection of malaria and schistosomiasis. These studies have used mathematical
modelling by ignoring the influence of climate variables in their models. But recently, in
[31], the authors studied influence of temperature and rainfall on the population dynamics
of Anopheles arabiensis and in [33], the modelling and analyzes of the impact of temper-
ature and rainfall on mosquito population dynamics over Kwazulu-Natal, South Africa
was presented. Their model consisted of six ordinary differential equations that describe
susceptible and infected human, cattle and snail sub-populations. While Longxing et al.
[3] went further to examined a mathematical model of schistosomiasis transmission
under flood in Anhui province. The authors developed a biology-driven model to as-
sess the potential impact of rising temperature on the transmission of schistosomiasis in
China [37]. While in [39], an agent-based model of the temperature-sensitive stages of
Schistosoma was investigated.

However, studying the relationship between the production of snails, Schistosoma
species and climate change can be helpful in ascertaining the population dynamics of
the snails and Schistosoma parasite, as well as a futuristic prediction of areas with high
risk of schistosoma infections. Therefore, the aim of this present paper is to design
a deterministic schistosomiasis based model detailing the influence of temperature and
rainfall on population dynamics of the Schistosoma parasite. In addition, the influence of
temperature and rainfall on the breeding site dynamics of the parasite will be considered.
As a result of the significant burden of diseases associated with vector-borne diseases
in the developing countries, it is very important to incorporate issues of climate change
into public health policies [29].

This paper is arranged as follows: Section 2 is concentrated on the model formulations



8456 T.A. Adekiya, A.P. Kappo, and K.O. Okosun

and the assumptions underlying the model. In Section 3, we present the analysis of
the model, while in Section 4, we present the numerical results and discussions. The
conclusions is finally presented in Section 5.

2. Model Formulation

The model total population denoted by Nh is sub-divided into sub-classes of Susceptible
humans Sh, the individuals infected with schistosomiasis Isc, the Individuals who recov-
ered from schistosomiasis Rs . Such that, we have Nh = Sh + Is +Rs. Also, we have the
total snail vector population, denoted by Nsv, sub-divided into Susceptible snails Ssv,
the snails infected with schistosomiasis Isv. Thus, Nsv = Ssv + Isv.

The model is given by the following system of ordinary differential equations:


d

dt
Sh = �h + εRs − λ1Sh − µhSh

d

dt
Isc = λ1Sh − (ω + µh + η)Isc

d

dt
Rs = ωIsc − (ε + µh)Rs

d

dt
Ssv = B(t) − λ2Ssv − µsvSsv

d

dt
Isv = λ2Ssv − µsvIsv

(2.1)

where,

λ1 = λIsv

Nh

, λ2 = λsIsc

Nh

B(t) = Bm

e−c(T −T0)

1 + ea+bP (R,T )

(2.2)

where, B(t) and �h are the reproduction rate of snail and human birth rate respectively.
The schistosomiasis related death rate is denoted by η. The immunity waning rate is
represented as ε and while ω is the recovery rate. Also, µh and µsv are respectively the
humans and snails mortality rates.

Furthermore, the term P(R, t) is the daily average precipitation, and Bm is the
maximum reproduction rate, while T0 is the optimum reproduction temperature (20 −
25◦C), where a and b are the logistic parameters.

Table 1 lists the parameter descriptions and values used in the numerical simulation.

3. Analysis of the schistosomiasis model

3.1. Positivity and boundedness of solutions

For the transmission model (2.1) to be epidemiologically meaningful, it is important to
prove that all solutions with non-negative initial data will remain non-negative for all
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Table 1: Parameters in the model.
Parameter Description value Reference
λ schistosomiasis transmissibility to humans 0.406 day−1 [30]
λs schistosomiasis transmissibility to snails 0.615 day−1 [1]
µh Natural death rate in humans 0.00004 day−1 [7]
µsv Natural death rate in snails 0.000569 day−1 [1, 30]
�h human birth rate 800 people/day [1]
ω recovery rate of schistosomiasis-infected 0.0181 day−1 assumed

individual
η schistosomiasis-induced death 0.0039 day−1 [1]

Table 2: Parameters of the schistosomiasis model
Description of parameter Symbol Value Ref

snail reproduction rate B(t) Bm

e−c(T −T0)

1 + ea+bP (R,T )
[3]

Precipitation P(R, T ) R0T0

(
1 + R1T1sin

(
2πT

365

))
[6, 8, 9]

time.

Theorem 3.1. If Sh(0), Isc(0), Rs(0), Ssv(0), Isv(0) are non negative, then so are Sh(t),

Isc(t), Rs(t), Ssv(t) and Isv(t) for all time t > 0. Moreover,

lim sup
t→∞

Nh(t) ≤ �h

µh

and lim sup
t→∞

Ns(t) ≤ Bm

µsv

. (3.1)

Furthermore, if Nh(0) ≤ �h

µh

, then Nh(t) ≤ �h

µh

. If Ns(0) ≤ Bm

µsv

, then Ns(t) ≤ Bm

µsv

.

The feasible region for system (2.1) is therefore given by

D = Dh × Ds ⊂ R
3+ × R

2+ (3.2)

where

Dh = {(Sh, Isc, Rs) ∈ R
3+ : Sh + Isc + Rs ≤ �h

µh

}
Ds = {(Ssv, Isv) ∈ R

2+}.
Note that D is positively invariant.
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Proof. Let

t1 = sup {t > 0 : Sh, Isc, Rs, Ssv and Isv are positive on [0, t]} .

Since Sh(0), Isc(0), Rs(0), Ssv(0) and Isv(0) are non-negative, t1 > 0. If t1 < ∞, then,
by using the variation of constants formula to the first equation of the system (2.1), we
have

Sh(t1) = U(t1, 0)Sh(0) +
∫ t1

0
�hU(t1, τ )dτ

where U(t, τ ) = e− ∫ t
τ (λ1+µh)(s)ds.

This implies that Sh(t1) > 0. It can be shown in the same manner that this is the case
for the other variables. This contradicts the fact that t1 is the supremum because at least
one of the variables should be equal to zero at t1. Therefore t1 = ∞, which implies that
Sh, Isc, Rs, Ssv and Isv are positive for all t > 0.

For the second part of the proof, adding the last two equations of system (2.1), we

obtain
dNs

dt
= Bm − µsvNs. This implies that Ns(t) = Ns(0)e−µsvt + Bm

µsv

(1 − e−µsvt ).

Thus lim sup
t→∞

Ns(t) = Bm

µsv

. Moreover, if Ns(0) ≤ Bm

µsv

, then Ns(t) ≤ Bm

µsv

.

From the first three equations of (2.1), we have
dNh

dt
= �h − µhNh − ηIsc. Since

0 < Isc ≤ Nh, then

�h − (µh + η)Nh ≤ dNh

dt
≤ �h − µhNh.

By using a standard comparison theorem [24], we obtain

Nh(0)e−(µh+η)t + �h

µh + η
(1 − e−(µh+η)t ) ≤ Nh ≤ Nh(0)e−µht + �h

µh

(1 − e−µht ).

This implies that

�h

µh + η
≤ lim inf

t→∞ Nh(t) ≤ lim sup
t→∞

Nh(t) ≤ �h

µh

.

The other cases are similar.

Moreover, if Nh(0) ≤ �h

µh

, then Nh(t) ≤ �h

µh

. This establishes the invariance of D
as required. �

From this theorem, we see that system (2.1) is epidemiologically feasible and math-
ematically well-posed in D.
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3.2. The disease-free equilibrium (DFE) stability analysis

The schistosomiasis model (2.1) has a DFE, obtained by setting the right-hand sides of
the equations in the model to zero, given by

E0c = (S∗
h, I ∗

sc, R
∗
s , S

∗
sv, I

∗
sv) =

(
�h

µh

, 0, 0,
B(t)

µsv

, 0

)
.

We established the linear stability of E0c by using the next generation operator method
described in Driessche and Watmough [5] on the model (2.1).

Hence, we have the reproduction number of the schistosomiasis model (2.1), which
is denoted by Rsc, given by

Rsc =
√

B(t)λλsµh

�h(η + ω + µh)µ
2
sv

,

(3.3)

By using the Theorem 2 presented in Driessche and Watmough [5], we established the
following result: The DFE is locally asymptotically stable whenever Rsc < 1 and
unstable otherwise when Rsc > 1.

3.2.1 Sensitivity indices of Rsc to model parameters

Here, we derive the sensitivity of Rsc in (3.3) to each of the 8 different parameters.
However, for parameters whose expression for their sensitivity indices are complex, we
evaluate the sensitivity indices of these parameters at the baseline parameter values as
given in Table (1). The sensitivity index of Rsc with respect to λ, for example is,

ϒ
Rsc

λ ≡ ∂Rsc

∂λ
× λ

Rsc

= 0.5 (3.4)

The detailed sensitivity indices of Rsc resulting from the evaluation to the other param-
eters of the model are shown in Table 3.

Table 3 shows the parameters, arranged from the most sensitive to the least. For Rsc <

1, the most sensitive parameters are the precipitation, logistic parameter, snail mortality
rate, the probability of a snail getting infected with schistosoma and the reproduction rate
of snail (P(R, T ), b, µsv, λs and B(t), respectively). Since ϒRsc

µsv
= −0.5, increasing

(or decreasing) the snail mortality rate µsv by 10% decreases (or increases) Rsc by
5%. In the same way, increasing (or decreasing) the prob. of snails getting infected
with schistosoma, λs , by 10%, increases (or decreases) Rsc by 5%. By increasing (or
decreasing) the precipitation P(R, T ) by 10% decreases (or increases) Rsc by 49.9%
(25◦C) and Rsc by 19.7% (10◦C) respectively.
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Table 3: Sensitivity indices of Rsc

Parameter Description Sensitivity Sensitivity
index 10◦c index 25◦c

1 P(R, T ) precipitation −1.97 −4.99
2 b logistic parameter −1.97 −4.99
3 c weight constant −1.0 −2.5
4 µsv snail mortality −0.5 −0.5
5 λ prob. of humans getting infected 0.5 0.5
6 λs prob. of snail getting infected 0.5 0.5
7 Bm max. reproduction rate of snail 0.5 0.5
8 �h human birth rate −0.5 −0.5
9 µh humans mortality rate 0.499 0.499
10 ω recovery from schisto −0.4106 −0.4106
11 η schisto-induced death −0.0885 −0.0885
12 a logistic parameter −0.15 −0.15

3.3. Existence of endemic equilibrium

Lemma 3.2. The schistosomiasis-only model has a unique endemic equilibrium if and
only if Rsc > 1.

Proof. Using the schistosomiasis force of infection λ∗
1 from (2.2), the endemic equilib-

rium point satisfies the following polynomial:

P(λ∗
1) = λ∗

1

[
A(λ∗

1)
2 + B(λ∗

1) + C
]

= 0 (3.5)

where

A = �hµsv(µh + ε + ω)[λs(ε + µh) + (ε + ω + µh)µsv]
B = (ε + µh)�h(ω + µh)

µ2
sv

µh

(
ε(m + µh) + µh(η + ω + µh)

)
[Rf − R2

sc],
C = µ2

sv�h(ε + µh)
2(η + ω + µh)

2(1 − R2
sc)

Rf = µh[λs(ε + µh) + 2(ε + ω + µh)µsv]
µsv(ε(η + µh) + µh(η + ω + µh))

�

Proposition 3.3.

1. If Rf ≥ 1, then system (2.1) exhibits a transcritical bifurcation.

2. If Rf < 1, then system (2.1) exhibits a backward bifurcation.
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Proof.

1. For Rf ≥ 1, we obtain when Rsc > 1 that C < 0. This implies that system (2.1)
has a unique endemic steady state. If Rsc ≤ 1, then C ≥ 0 and B ≥ 0. In this
case, system (2.1) has no endemic steady states.

2. For Rf < 1, we have the following cases:

i. If Rsc > 1, then C < 0, so system (2.1) has a unique endemic steady state.

ii. If Rsc ≤ √
Rf , then both B and C are positive, implying that system (2.1)

has no endemic steady states.

iii. If
√

Rf < Rsc < 1, then C > 0 and B < 0 while the discriminant of (3.5),

(Rsc) ≡ B2 − 4AC, can be either positive or negative.

We have 
(1) = B2 > 0 and 
(
√

Rf ) = −4AC < 0; it follows that there
exists R0sc such that 
(R0sc) = 0, 
(Rsc) < 0 for

√
Rf < Rsc < R0sc and


(Rsc) > 0 for R0sc < Rsc. This, together with the signs of B and C, imply
that system (2.1) has no endemic steady states when

√
Rf < Rsc < R0sc, one

endemic steady state when Rsc = R0sc and two endemic steady states when
R0sc < Rsc < 1. �

The existence of two endemic equilibria for Rsc in (R0sc, 1) is established by Propo-
sition 1. To investigate the stability of these equilibria we use the centre manifold method
by Castillo-Chavez and Song ([4]).

3.3.1 Backward bifurcation analysis of the model

By aplying the centre manifold theory on the system (2.1), we can prove the existence
of backward bifurcation. Using Center Manifold theorem [4], first we carry out the
bifurcation analysis by re-arranging and modifying model variables (2.1) by letting x1 =
Sh, x2 = Isc, x3 = Rs and x4 = Ssv, and x5 = Isv. Also, using the vector notation
X = (x1, x2, x3, x4, x5)

T , the model (2.1) can then be formulated as dX/dt = F(x),
with F = (f1, f2, f3, f4, f5)

T given in the following:

dx1

dt
= �h + εx3 − λ1x1x5 − µhx1

dx2

dt
= λ1x1x5 − (µh + ω + η)x2

dx3

dt
= ωx2 − (µh + ε)x3

dx4

dt
= B(t)x2 − λ2x2x4 − µsvx4

dx5

dt
= λ2x2x4 − µsvx5

(3.6)
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where

λ1 = λx5

x1 + x2 + x3
; λ2 = λsx2

x1 + x2 + x3

λ = λ∗ = λsµhB(t)

�hµ2
sv(η + ω + µh)

.

Evaluating the Jacobian matrix at the disease-free equilibrium of the model (2.1) at E0c,
choosing λ as the bifurcation parameter and solve Rsc = 1, we have

J =




−µh 0 ε 0 −λ

0 −(η + ω + µh) 0 0 −λ

0 ω −(ε + µh) 0 0

0 −λsB(t)µh

µsv�h

0 −µsv 0

0
λsB(t)µh

µsv�h

0 0 −µsv




The Jacobian matrix J has one simple zero eigenvalue and while the remaining eigen-
values have negative real parts. Therefore, the center manifold theory is appropriate to
be used to analyze the dynamics of the system (2.1). For the case when Rsc = 1,
the Jacobian matrix J has a right eigenvector denoted by W , which is express as
W = [w1, w2, w3, w4, w5]T . These are

w1 = −
(

�h(εη + µh(ε + η + ω + µh))µ
2
sv

B(t)λsµ
2
h(ε + µh)

)
,

w2 = �hµ
2
sv

B(t)λsµh

, w3 = w2ω

(ε + µh)
, w4 = −w5,

w5 = w5 > 0

and the left eigenvector denoted by V , is express as V = [v1, v2, v3, v4, v5]. These are

v1 = v3 = v4 = 0, v2 = B(t)λsµh

�hµsv(η + ω + µh)

After rigorous computations, we get a and b

a = 2v5w4w2
λsµh

�h

− 2v2w5
λµh

�h

(w2 + w3)

− 2v5w2
λsB(t)µ2

h

µsv�
2
h

(w1 + w3 + w2) − v5w3w4
λsµ

2
h

�2
h

and

b = w5
B(t)λsµh

�hµsv(η + ω + µh)
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(a) (b)

(c) (d)

Figure 1: Simulations of the model showing the effect of temperature on the population
dynamics

Here, it is clear that the coefficient b is positive and it is the sign of a that will determine
the backward bifurcation of the model (2.1).

Backward bifurcation has been studied for schistosomiasis and some other diseases
by many authors ([1, 12, 32]). The occurrence of such bifurcation only suggests that
eradication of schistosomiasis is achievable only when the (constant) controls are greater
than a critical value less than one. Hence, this implies that for the disease not to become
endemic again, treatment or intervention controls must be maintained at this level for
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(a) (b)

(c) (d)

Figure 2: Sensitivity of the model dynamics to temperature. The effect of constant
temperature on (a) the infected humans, (b) the recovered humans, (c) the susceptible
snails and (d) the infected snails

all time. This is because the system will ultimately re-stabilize at its previous endemic
steady state when intervention is stopped.
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Figure 3: Spatial distribution of the Schistosomiasis reproduction number over South
Africa

4. Numerical Results and Discussions

In this study, we simulated the snails reproduction rate and schistosoma reproduction
number spatially over South Africa for December 2000–2002 was done by running the
model over the daily temperature of 1.0◦ spatial resolution of the dataset. The results
obtained are shown in Figures (3–4), suggesting why schistosomiasis transmission is
seasonal. It is noticed that snails reproduce more during summer period (December–
February), while there are still some snails producing during spring (September–November)
and autumn (March–May). The results further gave a clear indication that climate vari-
ability contributes to the increase in the reproduction number of schistosomes.

4.1. Model sensitivity to parameters

From the population dynamics results, we observed as shown in Figure (1) that the
susceptible snails population present a very strong seasonal variability within the period.

In other to gain better understanding of the relationship between temperature and the
humans-snails dynamics, we carried out both humans and snails populations sensitivity
to temperature and this is presented in Figure (2). In other to achieve this, we assume
that for the first 100 days, the temperature is constant while we vary rainfall. In each
of the population class, the dynamics of the disease is examined using the following
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Figure 4: Spatial distribution of the snails reproduction rate number over South Africa

temperature range: 20, 25, 30, 35 and 40◦C. We observed that the disease dynamics are
more sensitive to temperature at 20◦C.

5. Conclusion

We have in this study, investigated a climate-based mathematical model in order to ex-
amine the impact of temperature and rainfall on schistosomiasis transmission. From the
numerical simulations, we found that in the presence of climate variability, the increases
observed in schistosomes reproduction number and the snails reproduction rate are as-
sociated with the increase in the climate parameter values. The model further suggested
future opportunity for modification and refinement, for the prediction of the effects of cli-
mate variability on the transmission dynamics schistosoma. From the sensitivity analysis
of Rsc to other model parameters, the reproductive number Rsc is more sensitive to the
precipitation (P(R, T )) and the reproduction rate of snails and probability of infections.
The model further exhibit backward bifurcation phenomena.
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