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Abstract: Cholera is a bacterial disease that is commonly transmitted through contaminated water,
leading to severe diarrhea and rapid dehydration that can prove fatal if left untreated. The complexity
of the disease spread arises from the convergence of several distinct and interrelated factors, which
previous research has often failed to consider. A significant scientific limitation of the existing
literature is the simplistic assumption of linear or logistic dynamics of the disease spread, thereby
impeding a thorough assessment of the effectiveness of control strategies. Since environmental factors
are the most influential determinant of Vibrio bacterial growth in nature and are responsible for
the resurgence, propagation, and disappearance of cholera epidemics, we have proposed a S-I-R-S
model that combines bacterial dynamics with the Allee effect. This model takes into account the
environmental influence and allows for a better understanding of the disease dynamics. Our results
have revealed the phenomenon of bi-stability, with backward and forward bifurcation. Furthermore,
our findings have demonstrated that the Allee effect provides a robust framework for characterizing
fluctuations in bacterial populations and the onset of cholera outbreaks. This framework can be
used for assessing the effectiveness of control strategies, including regular environmental sanitation
programs, adherence to hygiene protocols, and monitoring of unfavorable weather conditions.

Keywords: cholera; Allee effect; bacterial population growth; basic reproduction number; disease-free
equilibrium; control strategies; mathematical epidemiology

1. Introduction

Cholera, a bacterial waterborne disease caused by Vibrio cholerae [1], remains a major
public health concern worldwide, particularly in low- and middle-income countries. The
disease is primarily transmitted through contaminated water, via the fecal-oral route, or by
the consumption of contaminated food, and can cause severe diarrhea and dehydration,
leading to death if left untreated. Bacteria are typically transmitted among humans, and
the characteristic pathology of the disease is caused by a toxin secreted by the bacteria,
which targets receptors in the human intestine. Studies have estimated that every year,
cholera results in 1.3 to 4.0 million cases and 21,000 to 143,000 deaths globally [1].

Understanding the dynamics of cholera transmission is crucial for developing effective
prevention and control strategies. In addition to human factors (for instance, cultural habits
that can negatively impact the quality of hygiene), environmental factors such as water
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quality, temperature, rainfall, and nutrient availability also play a critical role in the disease
spread [2]. Some decades ago, temperature and nutrient availability have been shown to
affect the growth and survival of V. cholerae in water, while changes in rainfall can lead to
contaminated water sources [3].

In a prior study [4], we suggested a mathematical model of cholera that examines the
effects of environmental factors on the dynamic transmission of the disease within a human
community. However, the proposed model comprised nine state variables, with four
specifically representing the bacterial population. A research question therefore arises upon
completing the previous work: what should be the realistic formulation of a cholera model
that considers the effects of environmental factors and can contribute to improving the
understanding and defining efficient control strategies of the epidemic? In this article, we
develop a simplified version that preserves the environmental factors while incorporating
the Allee effect into the dynamics of the bacteria. This modification will enhance our
understanding of the complex relationship between human and environmental factors in
cholera transmission and can assist in the formulation of more effective prevention and
control strategies. The main objective of this research is to comprehensively explore the
dynamics of cholera outbreaks, specifically through the analysis of the Allee effect and
its integration into a robust mathematical model. Such an approach provides compelling
evidence supporting the existence and stability of disease equilibria.

The present research work focuses on the epidemiological dynamics of cholera out-
breaks by analyzing the interplay between the human host and bacterial population through
a mathematical modelling framework. In particular, the study conducted delves into the dy-
namical behavior of both populations and their interdependence, utilizing a mathematical
epidemiology approach. A common epidemiological S-I-R model, used to study the spread
of infectious diseases in a population, divides this population into three compartments:
susceptible (S), infected (I), and recovered (R) individuals. Such a model assumes that
individuals move between compartments based on certain rates. In this study, we made
the assumption that recovered individuals can become susceptible again, which aligns
with the definition of a S-I-R-S model. Furthermore, we incorporated the Allee effect on
bacterial population (B) growth to gain profound knowledge and understanding of the
disease spread and the interrelationship between human and environmental health.

The present research work calls for a one-health approach and aims to provide a
comprehensive analysis of the study results and their implications for developing strategies
to prevent and control cholera, taking into account the interplay between human health
and environmental health.

The rest of the paper is organized as follows: In Section 2, the materials and methods
of the scientific proposal are presented, including a brief summary of the related work, and
the description of the modelling approach. Section 3 presents the results of the research
conducted, in terms of mathematical modelling of the dynamics of cholera, while Section 4
provides discussion on numerical simulations of few scenarios. The concluding section
summarises the scientific proposal and highlights potential avenues for future research
aimed at expanding upon the current findings.

2. Materials and Methods

This research is rooted in mathematical epidemiology and utilizes simulations to offer
valuable insights into the key findings. In this section, the main results of the research
conducted, in terms of mathematical modelling of the cholera dynamics with the Allee
effect, are described and then discussed, through sensitivity analysis and simulations. To
highlight the fundamental of the modelling approach, a brief summary of the related work
is first presented.

2.1. Related Work

For a chronological history of the modelling of cholera, we refer the reader to the
works [5,6] which represent the earliest mathematical models of cholera. We also proposed



Sustainability 2023, 15, 10384

3 0f 30

a mathematical model of cholera in a periodic environment with public health worker
interventions such as sanitation or campaign awareness. In this study, we combined the
bacteria model that we developed and studied in [7] with a S-I-R-S human cholera model
in [8]. The findings showed that the control cholera should consider both sensitization and
sanitation with a strong focus on sanitation.

Most of the current models in the literature assume that bacterial growth follows a
linear or logistic dynamic. This assumption has the advantage of simplifying some of the
mathematical analyses and making it easier to apply well-known theories in dynamical
systems. However, the current information on the V. cholerae bacteria necessitates a review
of its mathematical dynamics in the environment. It has been discovered that environmental
aquatic bacteria, including V. cholerae O1 and V. cholerae non-O1, have the ability to survive
the stress caused by environmental factors such as temperature, pH, and lack of nutritional
resources [9]. To adapt to these conditions, the bacteria undergo metabolic changes that
allow them to survive the environmental stress, similar to a phenomenon of dormancy.
These cells are considered “viable but non-culturable” (VNC) because their ability to be
cultivated on bacteriological culture media is lost [10]. This dormant state is considered a
survival strategy in the natural environment for many species of bacteria [9].

The return to a cultivable state is possible when environmental factors causing stress
become favorable for the development and growth of the bacterial population. This
metabolic change necessitates reconsideration of the survival of pathogenic bacteria in the
environment and its dynamics in the aquatic ecosystem. This metabolic change is also
considered a possible hypothesis for the “disappearance” of V. cholerae in aquatic ecosystems
during colder months. These field observations therefore highlight the limitations of some
current mathematical cholera models in handling the full dynamics of the disease studied,
and indicate that mathematical models of cholera must consider these environmental
factors that are responsible for the resurgence and propagation of this epidemic.

The mathematical model of cholera proposed in [4] examines the effects of environ-
mental factors on the dynamic transmission of the disease within a human community.
This model accounts for the virulence of the bacteria and the commensalism relationship
between the bacteria and their aquatic reservoirs. The findings showed that the aquatic
reservoirs play a significant role in explaining the endemicity of the disease. However, the
proposed model included several state variables (nine in total), with four representing the
bacteria population. We suggest simplifying it, retaining the environmental factors while
incorporating the Allee effect on the bacteria dynamics. The model construction, including
its main principles, is presented in the next subsection.

2.2. Model Construction

In the context of bacterial population dynamics, unfavorable environmental condi-
tions can limit the maximum population size, denoted 6. This value represents a critical
concentration below which the population will go extinct, and above which the population
will grow to a saturation value, denoted p. This type of dynamic is known as the “Allee
Effect”. The Allee Effect is a biological phenomenon, named after W. C. Allee, that describes
a positive relationship between population density and per capita growth rate of a species.
In the presence of the Allee Effect, the population growth rate decreases at low population
densities. Species under the Allee Effect do not thrive at low population densities, but the
effect typically saturates or disappears as populations grow larger.

Since environmental factors greatly influence the growth of Vibrio bacteria in na-
ture, and are responsible for the resurgence, propagation, and disappearance of cholera
epidemics, we proposed a mathematical model that combines a bacterial dynamics with
Allee effect and a S-I-R-S model to account for these environmental factors. Sensitivity
analysis of the proposed model is conducted to determine the degree of influence of each
parameter. Additionally, the different disease-free equilibrium (DFE) points of the system
are computed, and their local stability conditions and attraction domains are determined.
We also analyzed the basic reproduction number Rg and Ro(Q,) of the DFE Qg and Q,
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respectively. This allowed us to infer that the phenomena of backward bifurcation and
forward bifurcation could be realized at R8 = 1 in the neighborhood of Q. However in a
neighborhood of Q,, only forward bifurcation is realized at R = 1.

We classify individuals in a population of interest according to their disease status,
distinguishing between susceptible individuals (S), infected individuals (I), and recovered
individuals (R). Once infected, individuals can recover from the disease at rate a. As
suggested in many studies [11,12], recovered individuals may only have partial immunity.
Then, recovered individuals can lose their immunity and return to the susceptible stage at
rate . The parameters y and d are introduced to represent the natural human mortality
and cholera induced death rate of infected individuals, respectively. Infected individuals
contribute to the concentration of Vibrios at rate 4.

For the population of bacteria, denoted B, we assume that their reproduction with the
Allee effect includes the limitation of resources and the natural mortality is therefore:

f(B) = rB(B—0)(p—B), @
= —rB3+r(p+06)B>—rp6B,

where r(p + 0)B? is the reproduction of bacteria, the term —B? is the intra-specific compe-
tition due to limited resource, and the term —rp6B is the mortality of bacteria.

Therefore, drawing upon these hypotheses, the dynamics of cholera epidemics pro-
posed to address the research question can be described by the following system of non-
autonomous differential equations with the Allee effect:

S = A—(A+u)S+1R,
I = AS—(u+d+a)l, @
R = al—(u+17)R,
B = rB(B—0)(p—B)+4I,
where 0 < 6 < p and the force of infection of the model suggested is defined by:
B
M PeE ®

The structure of the proposed model is depicted in Figure 1. The dashed arrow from
to B indicates contamination of the environment by humans and the second dashed arrow
indicates influence of contaminated environment on infection force.

v
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rB(B—0)(p—B)

Figure 1. Graphical representation of proposed model of cholera dynamics.
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In the following, we consider w = y 4 d + &, and define the values used for numerical
simulation in Table 1. To evaluate the robustness of the proposed model, a sensitivity
analysis was conducted, as elaborated in the following section.

Table 1. Numerical values for the parameters of model (2).

Definition Symbol Estimated Source
Recruitment rate A 10 day ! Assumed
Bacteria ingestion rate B 0.0001 person—'day ! Assumed
Human population death rate U 0.0104 day ! [13]
Bacteria shedding rate ) 70 cells/(mL day) [14]
Half-saturation constant K 107cells/person/mL/day ~ Assumed
Cholera related death d 0.6 year ™! Assumed
Loss of immunity rate 0% 0.01 day_1 Assumed
Recovery rate o 0.045 day ! [15]
Growth rate of Vibrios r 1 x 10718 day~! Assumed
Carrying capacity bacterial population p 1 x 108 cell/mL Assumed
Allee threshold bacterial population 0 1 x 10° cell/mL Assumed

3. Results

The main results presented in this section are concerned with (i) the sensitivity analysis
of proposed model (2), (ii) the proof of the basic properties, (iii) the existence and stability
of the model equilibria, and (iv) a few simulations of the model using parameters of Table 1.
Three of these parameters are found in the literature and the others were assumed (chosen
arbitrarily, yet within admissible boundaries). This is highlighted in column “source” of
Table 1.

3.1. Sensitivity Analysis

The aim of the sensitivity analysis was to determine the robustness of the model to
changes in parameter values, which can help identify the most influential parameters
in the disease dynamics [16]. A Latin Hypercube Sampling (LHS) scheme [17,18] was
utilized to sample 1000 values for each input parameter. The sampling was conducted
using a uniform distribution over a range of biologically realistic values. It should be noted
that the parameters of Table 1 were used as central values of the uniform distribution
sampling performed.

Using model (2) with a time period of 7000 days, 1000 model simulations were per-
formed by randomly pairing sampled values for all LHS parameters. Then, four outcome
measures were calculated for each run: the maximum and total size (cumulative effective)
of state variables S, I, R, and B over the model’s time span, Partial Rank Correlation
Coefficients (PRCC), and corresponding p-values.

The decision rule for the sensitivity analysis is the following: an output is assumed
sensitive to an input if the corresponding PRCC is less than —0.50 or greater than +0.50,
and the corresponding p-value is less than 0.05.

The results are presented in Table 2 where each row displays the value of a parameter
against its corresponding variable: positive PRCC value indicates a parameter whose
increase causes an increase in the corresponding output variable, while on the contrary,
negative PRCC value indicates a parameter whose increase leads to a decrease in the
corresponding output variable.

According to these results:

*  the parameters A, 8, J, 6, and p should significantly affect at least one state variable of
model (2);

e Aisnot related to transmission of disease;

* influence of B suggests to sensitize population to avoid getting in touch with bacteria;

* influences of § and p suggest to intensify sanitation campaigns by destroying reservoirs
of V. cholera.
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To sustain these results, the mathematical validity of the proposed model is analyzed
in the next section.

Table 2. Table of PRCC parameters with the variables of the model.

PRCCs and Significance

Parameters Range S I R B

A [1-300] 0.8970 ** 0.0968 * 0.0171 —0.0332
B [10~0-0.999] —0.9580 * —0.2359 ** 0.1221 ** —0.1702 *+
B [1-1000] —0.8934 ** —0.0545 0.0885 —0.1173 *
U [1070-0.999] —0.0718 —0.0255 0.0270 —0.0818
d [1070-0.999] 0.0290 0.0432 —0.0676 —0.0462
r [10~6-0.999] —0.0282 —0.0180 0.0395 0.0291
¥ [1076-0.999] —0.0388 0.0147 0.0577 —0.0106
« [1076-0.999] 0.1010 0.0680 0.0530 0.0948
K [104-10%7] 0.0050 0.0335 0.0092 —0.0213
0 [105-10%] —0.0723 —0.1149 * 0.0561 0.6220 **
0 [103-1017] 0.0210 0.0628 0.0473 0.5029 *
p-value < 0.01, **: p-value < 0.001.

3.2. Basic Properties

In this section, we examine the basic properties of the solutions of the proposed model,
namely their positivity, boundedness, and positive invariance of sets used in studying the
dynamical system. These properties are crucial in demonstrating the mathematical and
epidemiological coherence of model (2), as well as in establishing the stability of the results.

3.2.1. Positivity and Boundedness of Solutions

Obviously, model (2) which is a C* differential system, admits a unique maximal
solution for any associated Cauchy problem.

Theorem 1. The region Q) defined by:
Q= Q0p xQg, 4

where

2 _
an={(sLR) &, 0en<? i Op={Be, 0<p<ErO=0+N]
H rpu(p —6)

is positively invariant and attracting for model (2).

Proof. The proof is provided in two steps.

Step 1. We show that for any initial condition (ty = 0, Xy = (
the maximal solution ([0, T[, X = (S(¢),I(t),R(t), B
sociated with system (2) is non-negative.

LetT = sup{f € [0;T[, (S(t), I(t), R(t), B(t)) € (R%)*} and letus show that T = T.

Suppose that T < T. At least one of the following conditions is satisfied: S(T) = 0,
I(T) =0,R(T) =0,0r B(T) = 0.
Suppose S(T) = 0. Then from the first equation of model (2),

5(0),1(0), R(0), B(0)) € (R%)%),
(t))) of the Cauchy problem as-

w@ﬁ’ ) — (A +yR)elo MO+mdr vy e [0, T]. ®)

This implies that
Seldo (A(r)+p)dr .
ﬂ(eo )>Q vt € [0; T]. )
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Integrating Equation (6) from 0 to T yields:
S(T) > S(0)e™ Jo (A0 +mdr - . @)
Similarly, one can show that I(T) > 0, R(T) > 0, and B(T) > 0, which is contradic-

tory. Therefore, T = T and consequently, the maximal solution (S(t), I(t), R(t), B(t))
of the Cauchy problem associated to model (2) is non-negative.

Step 2. We then prove that the total population of humans and bacteria satisfies the bound-

edness property. We first split model (2) into two parts, the human population (i.e.,
S(t), I(t) and R(t)) and the pathogen population (i.e., B(t)).

Let N = S + I + R. Using the equation of model (2), one can deduce that
N=A—-uN-dl <A—puN.

Thus,
0<N(H <2y <N(0> - A)eﬂf,
H H

where N(0) represents the initial value of N (t).

The lower limit comes naturally from the fact that the model variables are non-
negative (¢t € [0, T]) since they monitor human populations.

A A
Thus, 0 < N(#) < ﬁ whenever 0 < N(0) < ?
Suppose 0 < N(0) < /; From the last equation of model (2) and using the fact that

I(t) < A/pforallt > 0, one has:
B f(B)+ 2, ®
H
where f(B) = rB(B —0)(p — B).
Note that BEToo f(B) = —co and f(B) is a decreasing in [p; +oo[. The equation of the
tangent of f(B) at B = p is given by y(B) = —rp(p — 8)B + rp*(p — 0).
It follows that, for B > p, we have:

. SA
B <1p*(p—6)+ e — 0B

Integrating the above differential inequality yields:

2 2

rpp(p —6) + oA < rp u(p—9)+5A) —rp(p—0)t

0<B(t) < + ( B(0) — e Ple=0)
) rou(p —6) ©) rpu(p —6)

where B(0) is the initial condition of B(t).
Thus, as t — +oo,

rp*p(p — 0) + oA
Bl1) < rou(p—0)

Since each maximal solution of the Cauchy problem associated to model (2) is positive

and bounded, each solution is global.

Combining Step 1 and Step 2, Theorem 1 can be derived from the classical theory of

dynamical systems. This completes the proof. [

In conclusion, the proposed model (2) is mathematically and epidemiologically well-

posed, thereby making it adequate to study the dynamics of the flow generated in Q2.
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3.2.2. Positively Invariant Sets

We present here some results that will be useful for studying the dynamical system
modeled in (2), based on two Lemmas which are described and subsequently proved below.

To undertake a comprehensive analysis of the dynamical system defined in (2), we
introduce essential sets that are positively invariant, and offer valuable insights into the
behavior of the system.

2 J—
Lete €]0;0[ and By, — 10 =0) TA
rou(p —0)

One denotes:
Qo ={(S,,R,B)eN:0<B<0—¢€},0 «={(S,,R,B)e Q:0—€ <B< By},
Q9 ={(S,,R,B) € Q: 0 <B(t) <Byp}and Qp = {(S,I,R,B) € O: p < B(t) < By }.
Lemma 1. The sets Qg and Q) are positively invariant for model (2).

Proof. To prove Lemma 1, we simply consider the fact that B > 61 > 0 for all value of
B € [0; p]. This means that every trajectory of B starting in [6; p] will grow and cross the
value p, and then remain in [p; By,|. It would be maintained on the value pif I = 0. O

Lemma 2. The set (), is a compact attractor for model (2).

Proof. The proof of Lemma 2 is essentially based on the fact that (), is an invariant set and
also on the fact that for every solution X(t) of model (2) associated to the initial condition
X(0) = (5(0),1(0),R(0),B(0)) € Oy, we havet lin+1 dist(X(t),Qp) = 0.

—>+00

Thus, (), is an attractor and his attraction domain contains (}y. [

3.3. Existence and Stability of Equilibria

The existence and stability of equilibria in epidemiological models are important
properties that allow us to make robust predictions about the spread of infectious diseases
in a population. By understanding these properties, we can develop effective strategies for
controlling and preventing the spread of diseases.

3.3.1. Existence of Disease-Free Equilibria

The proposed model has three disease-free equilibria obtained by setting the right side
of the equations in (2) to zero with I = 0.

QO = (SO/ 0/ 0/ 0)/ Q9 = (59/ 0/ 0/ 9)/ and Qp = (Sp/ 0/ O/P)/ (9)

where
s s AO+K) _ A(+K)
T BO + (6 +K)’ P Bo+u(p+K)

3.3.2. Stability of Equilibria and Threshold Quantities
The local stability of the DFEs of model (2) is summarized in the following Proposition.

Proposition 1.
Let R = pAs , (10)
KrpOu(p+d + «)

and
o B xpy KAS

Ry = .
O (o +K) +Bol(p+d+a) lp+y  (K+p)rp(p—0)
For the dynamical system (2),
(i) IfRY <1, the DFE Qy is locally stable.

(11)
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(i) IfRf <1, the DFE Qp is locally stable.
(iii) The DFE Qy is always unstable.

To prove Proposition 1, we will use Lemma 3 proposed by Kamgang J.C. and Sallet [19].

Lemma 3. Let M be a square Metzler matrix written in block form M = [ A B } where A and

cC D
D are square matrices. Then, matrix M is Metzler stable if and only if matrices Aand D —CA~1B
(or D and A — BD~C) are Metzler stable.

Proof. Let Qx = (Sx,0,0, By) any DFE. The Jacobian of model (2) at the point Qy is denoted
by the following matrix J(Qx):

By SxK
H-dFx 0 T Gy
BBy B 0 BS K
J(Qx) = B, 1K w K+B. )2 |,
0 o —(p+) 0
0 5 0 —Ly

where Ly = r0p —2r(0 +p)By +3rB2and w = y+d + « .
Matrix J(Qx) can be expressed in the form of the matrix M in Lemma 3, with:

1 — ISBx 0 0% _7/85sz 0 a
Al ],B:{ P e o],

i — X
B.+K w 0 wisp

and D = [_(V0+ 7) —OLJ'

Obviously, matrix 4 is a Metzler stable matrix. A simple calculation gives:

,3500(
—(p+7)
(D~ CA™'B)lq.=q, = r K@gs0s |/
0 —1’9p + ﬁ
Bp BSpKap
—(r+7)+ ] -
_cA- _ Bp + u(p + K)] (K+p)w[pp +n(p + K)]
(D—CA™'B)lq,—q, = 5vBp o 6)pt ﬁéupK(Sy ’
w[pp +p(p +K)] (K+p)w[Bp+ n(p + K)]
and

_ aypo BSoKap

DcaBy o= | BT Olpo+ @+ K (K 0)[po + (o 5 K
X0 ’)/,B r(P o 9)9 + grop

w[BO + u(6 + K)] (K+0)w[B + u(6 + K)]
Thus, matrix (D — CA™1B)|q,—q, is stable if and only if:

Sod
tr((D—CA™'B)|q,—g,) <0 <= p <1
(( )lQ.=q,) Kgu[rep ] (12)
Det((D —CA™'B)lq,=q,) >0 = Kwrfp <1
so that (D — CA™!B)|q,~q, is a Metzler stable matrix when:
RO BSod < 1. (13)

0= Krép(p +d+«)
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Similarly, we can easily prove that matrix (D — CA~!B) lQ.=q, is a Metzler stable
matrix if:
RP — B wpy KAs
O [ulo+K) +Bol(p+d+a) Lty (K+p)rp(o—0)
For the matrix (D — CA™'B)|q,—q,, the condition det((D — CA™'B)|q,—g,) > 0

<1 (14)

gives:
(n+)[BO+ p(0 + K)] | SpKO(p +7)p(6 + K)
+ <1. 15
aypo rp(p —0)ayb )
Also, the condition tr((D — CA™B)|q,—q,) < 0 gives:
aypo rf(p —6) BSeKdp

(1 +7)[Bo + u(0 + K] w4y (K+6)w[po + 1(6 + K)] <l (16)

This contradicts the condition det((D — CA™'B)|q,~q,) > 0.
This concludes the proof. O

We are now interested in global and asymptotic stability of the disease- and bacteria-
free equilibrium point Qp.
Following Kamgang and Sallet [19], model (2) can be written in the following form:

{ x5 = Ap(x)(xs — x0) + Ana(x)x;,

xi = Azxi/ (17)

where x; = (S, R)T represents susceptible and recovered individuals, x; = (I, B) repre-
sents the infectious individuals and the population of bacteria. x? = (Sp, 0) is the non-zero
component of the DFE, x = (x;, xi)T,

_ | —r+A) 7 _ |0 % = | v ik
Aq(x) = 0 _(7+y>},A12(x)_[“ %+K],andA2(x)_[ 5 r(B—?)ﬁ(p—B) .

The conditions described below, Hjy, . . ., Hs, should be satisfied to guarantee the global
asymptotic stability (GAS) of Q.

Hypothesis 1 (H;). Model (17) is defined on a positively invariant set D of the non-negative
orthant, and is dissipative on D.

Hypothesis 2 (Hy). The sub-system xs = A1(xs,0)(xs — x0) is globally asymptotically stable at

the equilibrium x2 on the canonical projection of D on R

Hypothesis 3 (H3). Matrix Ay(x) is Metzler (a Metzler matrix is a matrix with non-negative
off-diagonal entries) and is irreducible for any given x € D.

Hypothesis 4 (H,). There exists an upper-bound matrix Ay for M = {Ay(x)|x € D} with
the property that either Ay ¢ M or, if Ay € M, then for any x € D such that Ay = Ay(x),
x € R% x {0}.

Hypothesis 5 (Hs). p(Ay) < 0 is satisfied, where p(Ay) < 0 denotes the largest real part of the
eigenvalues of Aj.

If conditions Hj, ..., Hs are satisfied, then Q is globally asymptotically stable in D.

The result of the Kamgang—Sallet approach [19] uses the algebraic structure of model (17),
namely the fact that A;(x) and A;(x) are Metzler matrices. Since in the said approach the
matrix Ap(x) is required to be irreducible, we further restrict the domain of the system to:

D = {(xs,x;) € Q, x5 # 0}.
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The set D is positively invariant because only the initial point of any trajectory can
have x; = 0. Therefore, we restrict the domain of model (17) to D, where A;(x) irreducible.
Therefore,
Ay(x) is Metzler and irreducible for all x € D.

0

The sub-system x%; = A (xs,0)(xs — x7) is equivalent to:

{ S=A+9R—us, (18)

R=—(6+pu)R.

Resolving the above equations and taking the limit of solutions when ¢ goes to infin-

ity yields:
lim S(t) = A and lim R(t)=0.
t—5 oo i t—+oo

Therefore, x? = (Sp, 0) is a globally asymptotically stable equilibrium of the reduced
system (18) on the sub-domain D. Then, the hypothesis H is satisfied.

Let € €]0; 0], since I%lax ]{r(B —0)(0— B)} = —re(p — 0) — re* we have the follow-

Bel0,0—e

ing upper-bound matrix of A;(x) in Qy C O

So

_ —w So

Ay = K
2 5 —re(p—0)— re?

Using Kamgang and Sallet’s result [20], the sub-matrix A is a Metzler stable matrix if:

RY<E (19)
where o ( )
_ p—€lp—
=1 6o <1

We can now apply Theorem 4.3 in Kamgang and Sallet [20] and conclude that under
the condition (19) the DFE (x?;0) of model (2) is globally asymptotically stable in Qy. We
have established the following result for the global stability of the DFE Q.

Theorem 2. Let € €]0;60[, if R} < & < 1 then the DFE point Qg of model (2) is globally
asymptotically stable in the domain Qg and unstable if R} > 1. However, when § < RY < 1
the backward bifurcation phenomenon may occur in Yy, i.e., the DFE Qo, may coexist with two
endemic equilibria, one asymptotically stable and one unstable.

Figure 2 is an illustration of Theorem 2, showing the stability of the DFE of model (2)
when initial conditions are taken in the basin of attraction of Qg and Rg < ¢ < 1. So, when
A =10, B = 0.0001, € = 50,000 (so that § — € = 9.5 x 10°) and the remaining parameters
are consistent with those listed in Table 1, we have Rg = 0.0103 and ¢ = 0.0495. Under
these conditions, when various initial conditions are chosen in attraction domain of Qy, it
is seen in Figure 2 that the disease disappears.

The backward bifurcation phenomenon is illustrated by Figure 3 where time series of
model are presented (2) when A = 50, 8 = 0.0015, § = 10° (so that § — e = 9.5 x 10°) and
€ = 50,000 (so RY = 0.7702 and ¢ = 0.0495 ). It clearly appears that ¢ < R < 1.

The epidemiological significance of the phenomenon of backward bifurcation is
that the classical requirement of ¢ < RY < 1 is, although necessary, no longer suffi-
cient for disease eradication when initial conditions are taken in attraction domain of
Qo. In such a scenario, disease elimination would depend of various initial sizes of
the population (state variables) chosen ()y. That is, the presence of backward bifurca-
tion in the cholera transmission (2) suggests that the feasibility of controlling a cholera
epidemic when ¢ < RJ < 1 is always dependent on the initial sizes of the popula-
tion even if they are chosen in ()y. To illustrate this situation, model (2) was simu-
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lated for various initial conditions (S(0),1(0),R(0),B(0)) taken firstly in the domain
Dy =]0;50,000] x]0;10]x]0;50] x {2 x 10°,3 x 10°,4 x 10°,5 x 10°} and secondly for vari-
ous initial conditions (S(0), I(0), R(0), B(0)) taken in the domain D, =]0;50,000] x]0; 10] x
]0; 50] X {7.5 x 10°,8 x 10°,9 x 10°,9.5 x 105}. As is presented in Figure 3, the cholera
epidemic disappears in the first case while in the second case disease and bacteria persist
in the environment.

5000 10

2 3000

3 2000

Susceptible individuals: S
= ~
o o
o (=1
(=1} (=]
Infectious : |
o el S~ =z oo

0 1 1 1 1 J it i i
0 1000 2000 3000 4000 5000 0 10 20 Kl 4 50
Time(Days) Time(Days)
(a) (b)
x10°
15
id
g
g
) o 10 : : :
>
g g
< §
T 3]
0 @
g o 5\ ‘ ‘
>
0
9]
0
14
; i i 0 : :
0 100 200 30 400 500 600 0 05 1 15 2
Time(Days) Time(Days) 0
(c) (d)

Figure 2. Simulation of model (2) when A = 10, 8 = 0.0001 and € = 50, 000 (so that§ —e = 9.5 x 10°,
Rg = 0.0103, and ¢ = 0.0495) using various initial conditions chosen in attraction domain of Q. The
remaining parameters are consistent with those listed in Table 1. Each subfigure corresponds to each
state of model (2). (a) Susceptible. (b) Infected. (c) Recovered. (d) Bacteria.

In order to derive an expression for the region of stability of the boundary equilibrium
Q, we measure the capacity of infectious to invade and persist in a human population at
the in the neighborhood of Q,. Applying the methods in van den Driessche and Watmough
at equilibrium Q, [21], we find the basic reproduction number of infectious in a population
model (2) is (see Appendix A for details):

BAKS
Bo + u(p + K)[(K+ p)wrp(p —0)

This formalism permits the derivation of a threshold condition for endemicity of
cholera epidemic in population where model (2) is at equilibrium Q,.

Ro(Qp) = [ (20)
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Figure 3. Simulation of model (2) when A = 50, f = 0.0015, 6 = 106 and € = 50,000 (so that § — e =
9.5 x 10°, ¢ = 0.0495, and R = 0.7702) using various initial conditions (S(0), I(0), R(0), B(0))
chosen in the domains D; =]0;50,000] x]0;10] x]0;50] x {2 x 10°,3 x 10°,4 x 10°,5 x 10°} and
D, =]0;50,000]x]0; 10] x]0;50] x {7.5 x 10°,8 x 10%,9 x 10°,9.5 x 10°}. The remaining parameters
are consistent with those listed in Table 1. Each subfigure corresponds to each state of model (2).
(a) Susceptible. (b) Infected. (c) Recovered. (d) Bacteria.

Proposition 2 expresses this result in terms of stability for equilibrium point Q.

Proposition 2. The equilibrium point Q, of model (2) is stable if Ro(Qp) < 1 and unstable if

The following Proposition gives relationship between stability of Qo and of Q.

Proposition 3. Let 0 < € < 6, if R) < ¢ then Ro(Qp) < 1

)

00
2
Sop €
= Ro(Qp) < ( > ?05
0

Proof. Let0 < e < 0,

R°<g<:>7z°<e(

= Ro(Qp) < 1.
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The restriction of model (2) on state variables I and B gives the following system:

(21)

I = AS—(p+d+ua),
B rB(B —6)(p — B) +4I,

where state variable S is fixed. One notes X; p)(#) solution of reduced model (21) associated
to the initial condition X; 5)(0) € Q| (s p) (the restriction of set (g on the plane (I, B)).
Similarly to the proof of Lemma 2 it is easy to state that the set Q| ; p) is a attractor set for
model (21). According to the Poincare-Bendixson Theorem, X(; p) (t) will tend to either a
fixed point or a periodic orbit in Q| (; p). Now we will use the Bendixson-Dulac criteria to
state that ()| (1,8) does not contains periodic orbit:

ﬂ—i-de:—(,u—i-til—l—oc)—C—S;'Bz—i-Zr(Q—l—p)B—1*(9p. (22)
dl  dB

Since % + g—g < Oforall B > p. According to the Bendixson—-Dulac criteria, reduced
model (21) does not admit a periodic orbit entirely contained in Q,|(; g). The projection
on plane (I, B) of every periodic attractor (different from Qp) of model (2) contained in (2,
corresponds to a limit cycle in Q)| (1,B)- Since for every fixed value of S fixed, model (21)
does not contain a cycle limit in (,|(; p), there are no periodic attractors in (3, for model (2).

Let 0 < € < 6. If we suppose R) < ¢ < 1 according to Proposition 3, this implies
that Ro(Q,) < 1. Thus equilibrium point Q, is a unique asymptotically stable point in
). Consequently every solution of model (2) associated to an initial condition in (g will
converge to Qp.

Theorem 3. Let € €]0;60. If R < & < 1, equilibrium point Q, of model (2) is globally
asymptotically stable in Q.

Remark 1. Considering the hypothesis of Theorem 3, it will be numerically observed that Q, is
GAS in Qp_e.

By Figure 4 global stability of Q, in (g_ is also illustrated. Considering d = 0.7,
v = 0.5, « = 0.45, and the remaining parameters are consistent with those listed in Table 1,
we obtain Rg = 0.0058, & = 0.0505, and Ro(Q,) = 0.0033. Choosing various initial
conditions in D3 =]0;50,000] x]0;10] x]0;50] x [0.9 x 106,1.2 x 108]. It is seen in Figure 4
that solutions of model (2) converge to Q,.

3.3.3. Endemic Equilibrium

Let Q* = (S*,I*,R*,B*) be a homogeneous endemic equilibrium of model (2) with
§*, I*, R*, and B* satisfying the following equations:

A— (A +u)S* +9R* =0,
A¥S* —wl* =0,

al* — (u+v)R* =0,

rB*(B* — 0)(p — B*) + 6I* =0,

(23)

pB*
K+ B*’

where A* = Expressing endemic states S* and R* as a function of I* and A* gives:

=Y and RF = -2

I 24
A* u+y @9

Using Equation (24) and the first equation of model (2), one has

A¥S* AN w Yo
- = | = ——=I"4+ ——T. (25)
w wlp op u(p+17)

I*
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Figure 4. Simulation of model (2) whend = 0.7, ¥ = 0.5, « = 0.45 (so that Rg = 0.0058, ¢ = 0.0505
and Rg(Qp) = 0.0033) and initial conditions are chosen in D3 =]0;50,000] x]0;10]x]0;50] x
[0.9 x 10%,1.2 x 108] . The remaining parameters are consistent with those listed in Table 1. Each sub-
figure corresponds to each state of model (2). (a) Susceptible. (b) Infected. (c) Recovered. (d) Bacteria.
(e) Zoom of bacteria graph.
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Using Equation (25), one can deduce that

[hew +(p + d)A* + wp(p +7)
Using expression A* = pB” in Equation (26) btain:
sing expressio _K+B*1 quatio we o :

[(nw +v(p+d))B+wpu(p +7)]B* + wp(p + 1)K

Using Equation (27) in the last equation of (23) we obtain the following equation in B*:

a3(B*)® + ay(B*)* + a1B* +ag = 0, (28)
where
a3 = —r[Bu(p+d+a)+By(p+d)+(p+d+a)up+),
ap = r(@+p)Bup+d+a)+py(p+d)+(p+d+a)u(p+7)]
—rK(p+d+a)u(p+1),
ap = —rp[Bu(p+d+a)+py(p+d)+ (pu+d+a)u(p+7)]

+rK(p +d +a)u(p +7)(0 +p),
a9 = rBp(p+d+a)Kp(p+7)(RY—1).

Thus, positive endemic equilibria Q* are obtained by solving the cubic Equation (28) in
B* and substituting the result (positive values of B*) into the expression of A* and deducing
the values of other state variables using relation (24). It is worth noting that the coefficient
a3 is always negative. The coefficient a is positive (negative) if 7?,8 is greater than (less
than) unity, respectively. As is demonstrated in Appendix E, System (2) may have zero, one,
two, or three interior equilibria, depending on parameter values. The various possibilities
for the roots of Equation (28) are summarized in the following Lemma.

Lemma 4. Model (2) could have:

1. either one or three interior equilibria if R) > 1,
2. either zero or two endemic equilibria if R < 1.

Lemma 5. For every positive solution By of polynomial equation (28), we have B €]0;6[U]p; By |.

Proof. The proof of Lemma 5 is straightforward and evident. Let Bj be a solution of
polynomial Equation (28). Suppose that B} €]6;p[. Consider Qj = (5§, I;, R§, Bj), the
endemic equilibrium state deduced from Equations (26) and (24). Using the last equation
of (23) we have:

Iy = _gBS (By — 6)(p — By) < 0 which is impossible.

O

Now, using the center manifold theory, we are going to show that if ¢ < R} < 1
and for a certain set of model parameters, model (2) has exactly two endemic equilibria,
with one stable and another one unstable. To achieve this, we applied the Theorem of
Castillo-Chavez and Song [22]. We have the following result.

Theorem 4. Model (2) undergoes a backward bifurcation at R = 1 if the coefficient a defined as
in Equation (A6) is positive, otherwise (a < 0) there exists an endemic equilibrium Q* which is

locally asymptotically stable for RY > 1 but close to 1.

The proof of Theorem 4 is given in Appendix C.
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Figure 5 shows time series of model (2) when A = 30, 8 = 0.01 (so that RY =3.0809 > 1)
and the remaining parameters are consistent with those listed in Table 1. Various initial con-
dition have been taken in D3 =]0;7.5 x 10°]x]0;1.5 x 10%]x]0;7.5 x 103] x [10°,1.5 x 108].
It clearly appears that the trajectories of model converge to an unique endemic equilibrium
belonging to (). This means that cholera persists within the community and the disease is

uncontrollable.
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Figure 5. Simulation of model (2) when A = 30, B = 0.01 (so that Rg = 3.0809 > 1) and various
initial conditions have been taken in D5 =]0;7.5 x 10%]x]0; 1.5 x 10%]x]0; 7.5 x 10%] x [0,1.5 x 10%]. The
remaining parameters are consistent with those listed in Table 1. Each subfigure corresponds to each
state of model (2). (a) Susceptible. (b) Infected. (c) Recovered. (d) Bacteria. (e) Zoom of bacteria graph.
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To derive the stability region of any endemic equilibrium when R} > 1, we ap-
plied the methods in van den Driessche and Watmough [21] once again. We found
the basic reproduction number of infectious in a population where endemic equilibrium
Q* = (S*,I*, R*, B*) is fixed (see Appendix D for details):

BK5S*

RO(Q*) = (K+ B*)Zw(rep — 21’(9 + P)B* + 37’(B*)2) ' )

According to the van den Driessche and Watmough [21] methods, this endemic
equilibrium is locally asymptotically stable when Ro(Q*) < 1.

Now,
* OS* K 2 * *\2
Ro(Q") <1<+= Ry= rfp < rfp —2r(6 + p)B* + 3r(B*)*. (30)
So \ K+ B*
Thus,
Ro(Q*) < 1 <= RYrbp < r6p — 2r(6 + p)B* + 3r(B*)?
<=0 < 3r(B*)? —2r(0 +p)B* —rfp(RJ — 1)
<= B* €]0; B][U]B53; Bul,
where

1 1
B] = 3[6+p—\/(p—6)2+6p+36p728] and B; = 3[6+p+ \/(p—6)2+6p+36p7€8

Considering B > 0, we get R < 1. Since we have assumed that R > 1 this imply
that B} < 0 and consequently B* €]B5; Bul.
One has

B; = {9+p+ \/(p—9)2+9p+39p7€8]

> {29 /02 (0 —0) + 39p7€8]

D W= W=

>

Considering Lemma 5, we get B* €]p; B,[. We have the following result:

Proposition 4. If R) > 1, then any stable endemic equilibrium Q* = (S*,I*, R*, B*) of model
(2) verifies B* € ]p; By|.

Now, what would happen if R(Q,) > 1? The contrapositive of Proposition 3 gives:
If Ro(Qp)>1 then Vee]0;0 RY>CE
This implies the existence of one stable endemic equilibrium for model (2) in Q.

Theorem 5. There exists an endemic equilibrium Q* which is locally asymptotically stable when
Ro(Qp) > 1but close to 1.

The proof of Theorem 5 is given in Appendix C.

4. Discussion

This section presents two main simulations: numerical simulations of the model, and
numerical simulations of the threshold quantities.
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4.1. Numerical Simulations of the Proposed Model with Variation of Threshold Quantities

It is important to have a global view of dynamic on model (2) when various initial
conditions are taken in R% and when threshold quantity R and Ro(Qp) are varying
around critical values (unity and value of ¢). Therefore, four cases will be examined
through graphs of bacteria and infected population.

Case 1: Ro(Qp) <1< R

To get Ro(Qp) < 1 < RJ we can fix A = 50, B = 0.02 and r = 1072 (so that
Ro(Qp) = 0.0526 and R = 1.7594 x 10%) and the remaining parameters are consistent
with those listed in Table 1. The numerical simulations obtained in Figure 6 show that all
the solutions of model (2) converge to an endemic equilibrium. It is therefore numerically
observed that the instability of Qg also implies instability of Q,.

8
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- o
g 60 P
§ 40 % !
€ B
2 05y
O Il Il Il Il Il 0 Il Il Il Il Il Il
0 05 1 15 2 25 3 0 1 2 3 4 5 6 7
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Figure 6. Simulation of model (2) when A =50, p = 0.02and r = 10~20 (so that Ro(Qp) = 0.0526
and Rg = 1.7594 x 10%) and various initial conditions in Ri. The remaining parameters are consistent
with those listed in Table 1. Each subfigure corresponds to a specific state of model (2). (a) Infected,
(b) Bacteria.

Case 2: Ro(Qp) < R <& <1

According to Theorems 2 and 3, case 2 should illustrate the convergence to Qg or
Q, of every solution of model (2) when initial conditions are taken in their attraction
domain respectively. Figure 7 is obtained by considering parameter values in Table 1 with
€ = 50,000.

For these values we have R (Qp) = 0.0023, Rg = 0.0045 and ¢ = 0.0495. Extinction
of the infectious agent does not depend on the initial conditions. Extinction of population of
bacteria is obtained when initial values are chosen in D3 =]0; 50, 000] x]0; 10] x]0;50] x [10°,
9.9 x 10°]. Saturation of the bacterial population is obtained for initial conditions chosen in
Dy =]0;50,000] x]0; 10] x]0; 50] x [10°,2 x 108].

Case3: ¢ < Ro(Qp) < RJ <1

The phenomenon of backward bifurcation occurs. But the fact that an stable equi-
librium endemic exists in (), implies consequent instability of Q, even if Ro(Qp) < 1.
The simulations of Figure 8 are obtained when A = 30, 8 = 0.001 and € = 1000 (so that
& =0.0010, Ro(Q,) = 0.027, and RY = 0.308).

Extinction of epidemic and population of bacteria are obtained for initial values chosen
in D5 =]0;50,000] x]0; 10] x]0; 50] x [0,5 x 10°]. The endemicity situation is observed for
initial values chosen in Dy =]0;50,000] x]0; 10]x]0;50] x [7 x 10°,2 x 10%].

Cased: { <RJ<1< Ro(Qp)

The following parameters are modified = 0.1, p = 1.04 x 1073, 6 = 0.999 x 108
and e = 50,000 (so that & = 5.005 x 1078, R} = 0.0104 and Ro(Q,) = 4.5370). This is
illustrated in Figure 9 where we can see the previous situation.



Sustainability 2023, 15, 10384 20 of 30

From these different cases, it is easy to project the dynamics of model (2) in other

situations.
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Figure 7. Simulation of model (2) when all parameters values are as in Table 1 (so that
Ro(Qp) = 0.0023, Rg = 0.0045, ¢ = 50,000 and ¢ = 0.0495) and various initial conditions cho-
sen in D3 =]0;50,000] x]0;10]x]0;50] x [10°,9.5 x 10°] and in D4 =]0;50,000]x]0; 10] x]0;50] x
[106, 2 % 108} . Each subfigure corresponds to a specific state of model (2). (a) Infected, (b) Bacteria,
(c) Zoom on Bacteria population.

4.2. Numerical Simulations of Threshold Quantities with Variation of Allee Parameters 6 and p
and Bifurcation

The theoretical findings presented in Section 3.3 corroborate the biological and epi-
demiological evidence that bacterial growth plays a critical role in cholera emergence [23].
Our model (2) captures this growth mathematically through a dynamic that incorporates
the Allee effect, allowing us to represent the distinct phases of bacterial growth fluctu-
ations resulting from environmental variations. These phases are characterized by the
parameters 0 and p, which correspond to the Allee threshold and carrying capacity of
bacteria, respectively.

The significance of these parameters in determining bacterial growth in the envi-
ronment highlights the need for a comprehensive analysis of their impact on cholera
persistence and extinction through rigorous simulations.

A three-dimensional simulation depicting the relationship between the basic repro-
duction number R, and the Allee effect parameters (6 and p) is presented in Figure 10.

It is evident that the basic reproductive number R approaches zero as f exceeds 10°.
This indicates that the likelihood of disease outbreaks is significantly reduced when the
Allee effect threshold is above 10° in this scenario.
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Figure 8. Simulation of model (2) when A = 30, § = 0.001 and e = 1000 (so that { = 0.0010,
Ro(Qp) = 0.027 and Rg = 0.308). The remaining parameters are consistent with those listed in
Table 1. Various initial conditions chosen in D5 =]0;50,000] x]0; 10]x]0;50] x [10°,5 x 10°] and
De =]0;50,000] x]0; 10] x]0;50] x [7 x 10°,2 x 108]. Each subfigure corresponds to a specific state of
model (2). (a) Infected, (b) Bacteria, (¢) Zoom on Bacteria population.
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Figure 9. Simulation of model (2) when g = 0.1, 4 = 1.04 x 1073, 6 = 0.999 x 10® and e = 50,000 (so
that & = 5.005 x 108, ’Rg = 0.0104 and Ro(Qp) = 4.5370). The remaining parameters are consistent
with those listed in Table 1. Various initial conditions chosen in Dy =]0;50, 000] x]0;10] x]0; 50] x

0°,2 x 10°|. Each subfigure corresponds to the two following states of model (2): (a) Infected.
10° 108]. Each subfig pond h foll g f model (2): (a) Infected
(b) Bacteria.
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In Figure 11, we present variations of Ro(Qp) for some values of 6 and p:
*  The curves obtained highlight the importance of emphasizing that the risk of disease
outbreaks cannot be neglected for any value of 0.

* Additionally, as 8 approaches p, the probability of epidemic outbreaks significantly
increases.

15

0 sl
10
10

7

Figure 10. Simulation of R for various values of 6 € [0;10°] and p € [10%;10%] when r = 10713 and
the remaining parameters are consistent with those listed in Table 1.

0.5
10
10

6

Figure 11. Simulation of R(Q,) for various values of 6 € [0;10°] and p € [10°,107] when A = 70,
B = 0.001 and the remaining parameters are consistent with those listed in Table 1.

Figure 12 displays the range of values for § and p in which the conditions R =
(with a fixed €) and Ro(Q,) = 1 are simultaneously satisfied: Figure 12a,b are obtained for
€ = 1 and € = 50, 000, respectively. By considering various values of € within the interval
(0,0), it is evident that the conditions RY < ¢ and R(Q,) < 1 are almost indistinguishable
when € exceeds 50.

The numerical results presented in Figure 12 support the theoretical Proposition
outlined in Proposition 3, which asserts that the stability condition of Qg also implies that
of Q,.
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p x107 p x107

(a) (b)
Figure 12. Region of plane (p, 6) in which Qg and Q, are stable when r = 1013 and the remaining
parameters are consistent with those listed in Table 1. (a) For e = 1, (b) For e = 50, 000.

It was stated in Theorem 4 that the model undergoes a bifurcation at R} = 1. When
we vary parameter value R around unity through parameter f3 (the remaining parameters
are fixed) of model (2), we obtain for each value of § different solutions of polynomial
Equation (28) which permit us to deduce different persistent infection forces.

Figure 13 provides visual confirmation of the findings presented in Lemma 4 which
highlights how the number of equilibrium points of model (2) varies with changing pa-
rameters. The illustration serves as a visual aid for the discussion and provides empirical
evidence that supports the theoretical underpinnings of the Lemma.
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Figure 13. Bifurcation Diagram of Rg when (a) 6 =23 (b) A =20and y = 0.05 (c) A =20, » = 0.05,
and 6 = 33. Each of the three curves in each subfigure is associated with a specific solution of
Equation (28).
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5. Conclusions

The principal aim of this study was to comprehensively analyze the impact of environ-
mental factors on the dynamics of bacterial populations via the Allee effect. Existing models
in the literature often suffer from unrealistic assumptions, such as linear or logistic growth
of bacteria, which fail to consider the complex dynamics of bacterial populations. In this
work, we proposed a novel S-I-R-S epidemic model for cholera transmission that takes into
account multiple crucial factors, including the Allee effect in bacterial reproduction, loss
of immunity in recovered individuals, and logistic dose-response of bacteria on infection
force to cholera. The model exhibits three DFEs, each corresponding to a distinct epidemi-
ological scenario. The Qg equilibrium represents the ideal situation where there are no
infected individuals, and the bacterial concentration is extremely low. The Qp equilibrium
represents the critical scenario under which the disease and bacteria may disappear if the
basic reproduction number is below a certain threshold and the initial conditions are within
the attraction domain of Qy. However, when the bacterial concentration exceeds the value
of 0, the solutions of the model converge to Q, or an endemic equilibrium, depending on
the value of the basic reproduction number. The Q, equilibrium corresponds to a situation
where bacteria are present in the environment without any infected individuals, which is a
common occurrence in endemic regions in Africa, such as Cameroon. Our findings can be
summarized as follows:

1. The model exhibits three disease-free equilibria related to three different real situations.
2. The dynamics of the proposed model are determined by the threshold quantity RY.
3.  The phenomenon of bi-stability is observed, with backward and forward bifurcation.
4. This research demonstrates that the Allee effect provides a robust framework for
characterizing fluctuations in bacterial populations and the onset of cholera outbreaks

Sensitivity analysis of the model revealed that parameters related to human-bacteria
contact and bacterial dynamics significantly affect the global dynamics of the model. Hence,
during an epidemic situation, it is imperative to conduct awareness campaigns on hygiene
practices and initiate sanitation campaigns in high-risk areas. Finally, the numerical simula-
tions presented in this study support the theoretical findings and demonstrate the stability
of the DFEs and the existence and stability of the endemic equilibrium. Future improve-
ments and extensions of the model include expanding it to multiple patches and integrating
time-dependent parameters to account for periodic variations in environmental factors.
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Appendix A. Calculation of Persistence Threshold for Disease-Free Equilibrium Q,

Considering the disease-free equilibrium Q, = (Sp, 0,0,p) and using the notations
in van den Driessche and Watmough [21] for model (2) the matrices F and V for the new
infection terms and the remaining transfer terms are, respectively, given by:

0 BRA w 0
P |0 EraBo s eK] | and v=1 % .

—rp(p —0)

Following van den Driessche and Watmough [21], the basic reproduction number of
infections in population where Q, is fixed is then the spectral radius of the next generation
matrix FV 1,

BKOA

[Bo + (o + K) (K + p)wrp(p — 0)

Ro(Qo) = (A)

Appendix B. Proof of Lemma 4

The number of positive roots of (28) determines the number of endemic equilibria of
model (2). In order to identify the number of endemic equilibria, we require the partial
derivative of function P : B* —s a3(B*)° + a2(B*)? + a1 B* + ag with respect to B* which
is given by:

dP(B*)

B :303(3*)3—1-2&2(3*)24-&11.

*

dP
Thus, when A = 4a% —12a1a3 > 0, equation ——=

(
dB*
2 p— .

6{13 6113

= 0 has two real roots v;,i = 1,2
given by:

01 =

Therefore, we conclude that:
if Rg > 1 model (2) has:

* one endemic equilibrium if (v; < v, < 0, P(vy) > 0) orif (v; < 0 < vy,
P(Z]z) > 0) orif (vp > v; > 0, P(Z)l) < 0, P(Uz) < 0)orif (vp > vy >0,
P(v1) > 0, P(v2) > 0),

e three endemic equilibria if (vp > v1 > 0, P(v1) < 0, P(v2) > 0).

if ’Rg < 1 model (2) has:

*  noendemic equilibrium if (0 < v1 < v, P(v1) < 0, P(v2) < 0) orif (v; < vy <0,
P(U]) < 0orif (17 < vp <O, P(U]) > 0, P(Uz) > 0)orif (7 < 0 < vy,
P(Ul) <0, P(Uz) < 0),

e  two endemic equilibria if (v; < 0 < vy, P(v1) < 0, P(v2) > 0) orif (0 < v1 < vy,
P(U]) <0, P(Uz) > 0).

Appendix C. Proof of Theorem 4

We present the proof of Theorem 4 on the local stability of the endemic equilibrium
point of model (2) when RY > 1. To do so, the following simplification and change of
variables are made first of all. Let x; = S, x, = I, x3 = R, x4 = B.
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Further, by using the vector notation x = (x1, X2, X3, x4), model (2) can be written in
the form % = f(x) with f = (f1, f2, f3, f1) as follows:

X1 = A= (A+p)x+xs,

Xy = )\Xl — WXy, (AZ)
X3 = axy—(7+p)xs,

Xy = rxy(xg—0)(p — x4) + 6x2,

where A = xfj_ X

Model (A2) has a DFE given by Qp = (S0,0,0,0) where Sy = % The Jacobian of
model (2) at the DFE Qg is

—u 0 Yy B

|0 —w 0 B30
HG) 0 a —(u+7) O

0 1) 0 —rpf

The basic reproduction number of the transformed (linearized) model (A2) is the same
as that of the original model given by Equation (2). Therefore, choosing f3 as a bifurcation
parameter, solving for B from R = 1, we obtain:

« _ Krpbuw
B = AS

It follows that the Jacobian J(Qp) of model (A2) at the DFE Qp, with B = p*, denoted
by Jp+ has a simple zero eigenvalue (with all other eigenvalues having negative real
parts). Hence, the Centre Manifold theory [24] can be used to analyze the dynamics of
model (A2). In particular, the Theorem of Castillo-Chavez and Song [22], reproduced
below for convenience, will be used to show that when ’Rg > 1 there exists an endemic
equilibrium of model (A2) which is locally asymptotically stable for R near 1 under
certain conditions.

(A3)

Theorem A1l. (Castillo-Chavez and Song [22]). Consider the following general system of ordinary
differential equations with a parameter ®:

%—f(xcp) fiR'"XR—R and feC*R"xR), (Ad)

where 0 is an equilibrium point of the system (that is, f(0,®) = 0 for all ®) and assume

1. A=D;f(0,0) = (%(0, 0)) is the linearization matrix of model (A4) around the equilib-
rium 0 with O evalua;ed at 0. Zero is a simple eigenvalue of A and other eigenvalues of A
have negative real parts;

2. Matrix A has a right eigenvector u and a left eigenvector v (each corresponding to the zero
eigenvalue). Let fi be the k'™ component of f and

aZ n 9?2
Z Okl 55 g (0,0) and b= ) Vklliz S5 glép (0,0),
k,i,j=1 k,i=1

then, the local dynamics of the system around the equilibrium point 0 is totally determined by
the signs of a and b.

1. a>0,b>0 When ® < 0with |®| < 1, 0 is locally asymptotically stable and there exists
a positive unstable equilibrium; when 0 < ® < 1, 0 is unstable and there exists a negative,
locally asymptotically stable equilibrium;

2. a<0,b<0. When ® < 0with |®| < 1, 0 is unstable; when 0 < ® < 1, 0, is locally
asymptotically stable equilibrium, and there exists a positive unstable equilibrium;
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3. a>0,b<0. When ® < 0 with |®| < 1, 0 is unstable and there exists a locally
asymptotically stable negative equilibrium; when 0 < ® < 1, 0 is stable, and a positive
unstable equilibrium appears;

4. a<0,b>0. When ® changes from negative to positive, 0 changes its stability from stable
to unstable. Correspondingly a negative unstable equilibrium becomes positive and locally
asymptotically stable.

In order to apply the above Theorem, the following computations are necessary
(it should be noted that we are using * as the bifurcation parameter, in place of ® in
Theorem Al).

Eigenvectors of g« For the case when Rg = 1, it can be shown that the Jacobian of
model (A2) has a right eigenvector (corresponding to the zero eigenvalue), given by
u= (Lll, Uur, us, u4)T, where

ya w
= — — — , e 0, =
" [u(ﬂ+v) u}uz Ha =2 = 0t

1)

Uy, and uy =
Similarly, the components of the left eigenvectors of g (corresponding to the zero
eigenvalue), denoted by V = (vy,v,,0v3,04)7, are given by:

BSo
=0, =0;>0, v3=0, and vy =
01 (%) (%) 03 and 04 = Kr 0 9
Computation of b For the sign of b, it can be shown that the associated non-vanishing
partial derivatives of f are:

’fi So f So
g V0 =" and 5 as (00 =3
It follows that:
b= 702112 > 0.
p
Computation of a For system (A2), the associated non-zero partial derivatives of f (at the
DEFE Qo) are given by:
*f1 B A 2B*Sy  9%*f> B _2B*So
8x1x4 (0,0) N _?’ ox 2 (0 0) K ! ax18x4 (0,0) o f’ ox 2 (0 0) K
0% fy
and a—xﬁ(0,0) =2r(p+90).
Then, it follows that:
0fa Pf
a=uvp ]2:1u Uz o %, (0,0) +v4lzlu Ujm o o, (0,0),
’ (A6)

= Uzu%

wi”é“)so”(é’i?o)z“ 005w )

Thus, depending on the values of the parameters of model (2), the value of a can
be positive or negative. So, if b > 0, if a > 0, model (2) undergoes the phenomenon of
backward bifurcation (see Theorem A1, item (1)). Also, if a < 0 (by Theorem Al, item (4)),
we have established the result about the local stability of the endemic equilibrium Q* of
model (2) for Rg > 1 but close to 1.

This concludes the proof of Theorem 4.
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Appendix D. Calculation of Persistence Threshold for Endemicity

Consider any endemic equilibrium Q* = (§*, I*, R*, B¥).

Suppose cholera is transmissible in the population at point Q*. Using the notations
in van den Driessche and Watmough [21] for model (2), the matrices F and V for the new
infection terms and the remaining transfer terms are, respectively, given by:

0 _BKS” w 0
_ *\2 ‘7 —
F= 0 (k OB ) and V= [ —6 1o —2r(6 4 p)B* +3r(B*)?

Following van den Driessche and Watmough [21], the basic reproduction number of
infections in population where Q* is fixed is then the spectral radius of the next generation
matrix FV 1,

BK5S*

Ro(Q") = (K+ B*)2w(r6p — 2r(6 + p) B* + 3r(B*)?) "

(A7)

Appendix E. Proof of Theorem 5

The proof will be the same as in Appendix C. Let us make the following simplification
and change of variables: Let y; = S, y» = I, y3 = R, ya = B. Further, by using the
vector notation y = (y1,Y2,Y3, Y1), model (2) can be written in the form y = g(y) with
g = (81,82,83,84) as follows:

Y1 = A= (A+uy+vs,
Yo = Ay —wyy,

: A8
Y3 = aya— (v +nys, (A8)

ys = rys(ys —0)(0 —ya) + 3y,

where A = :ByfiK' System (A8) has a DFE given by Q, = (S0, 0,0, p) where S, = %

The Jacobian of model (2) at the DFE Q, is:

P y _ PKA
p+K (k+p)[%0+#(9+1<)]
Q) = Bp w 0 KA
J(Qp) = p+K (k+p)[Bo + n(p + K)]
0 o —(p+7) 0
0 o 0 —rp(p—0)

Therefore, choosing f8 as a bifurcation parameter and solving for B from Ro(Q,) = 1,
we obtain:

B—p = (K+p)wrp(p —6)[Bp + u(p + K)]
AKS '
It follows that the Jacobian J(Q,) of model (2) at the DFE Q,, denoted by simple J4+
has a simple zero eigenvalue (with all other eigenvalues having negative real parts).

Eigenvectors of [z For the case when Ro(Qp) = 1, it can be shown that the Jacobian of
model (A8) has a right eigenvector (corresponding to the zero eigenvalue), given by
U = (uq, up, us, u4)T, where

_ 94
rp(p—06)

Similarly, the components of the left eigenvectors of Jg« (corresponding to the zero

ur =0, up=1up >0, uz =

«
U, and uy = Us. A9
JrAyzém 4 2 (A9)

eigenvalue), denoted by V = (vy,v2,v3, 04)T, are given by:
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v =101 >0,

[Bo + p(p + K)]

Uy = 01,

po

U3 U1,

v +u

oo — |WBetue+K)]  ay Jur
y =

Bp Y+ul o

Computation of b: For the sign of b, it can be shown that the associated non-vanishing
partial derivatives of f are:

azi( y=—_F
W10 K+p’
021 0,0) = — KA
dy10p* " (k+p)[Bo + ulo + K)]’
9’82 P
0,0) = ——.
dy10p* 00 =% P
02> KA
and 0,0) = .
anop % = Gor o+ rlp+ K]
It follows that:
p= HEEPw,
Frp
Computation of a: For system (A8), the associated non-zero partial derivatives of g (at the
DFE Q) are given by:
1 'K
0,0) = ———=5,
9x1 x4 (0,0) (K+p)?
9%¢ (0,0) = 2B*KA
Pxg " (K+p)?[Bo+ o+ K))

82g2 IB*K
0,0) = —=g,
ax1x4( ) (K+p)2g

2B*KA

2
and m(0,0) = -

0%xy (K+p)2[Bp + p(o + K)]
Then, it follows that:
(8 2B*KAp wpp+ulp+K)]  ay 2
‘= (rp(p—G)) [(K+p)[5p+#(p+1<)]ﬁ*p+< Boé (7+;¢)5)]W2 <0

Thus, thea < 0and b > 0 model (2) undergoes the phenomenon of forward bifurcation
(see Theorem A1, item (4)).

So, we have established the result about the local stability of the endemic equilibrium
of cholera disease model when Q, is suppose be a disease-free equilibrium (note that this
result holds for Ro(Q,) > 1 but close to 1).

This concludes the proof of Theorem 5.
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