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Mathematical modeling for the
control of fly-borne mastitis
disease in cattle

Moses Olayemi Adeyemi* and Temitayo Olabisi Oluyo

Department of Pure and Applied Mathematics, Ladoke Akintola University of Technology, Ogbomoso,
Nigeria

Several diseases cause losses in cattle farming, especially in the dairy industry
among which mastitis disease (Bovine mastitis) is the leading cause of health and
economic damages globally as it results in animals’ ill health and reduced quality
and quantity of milk produced by infected cows. Some mathematical studies have
been conducted that focused on mastitis transmission from one udder-quarter
to another in an infected cow, even though clinical studies established the
cow-cow and flies—cow transmissions. The present study, therefore, proposed a
mathematical model for the control of mastitis disease in cattle in the presence of
flies as vectors. The formulated model was shown to have non-negative solutions
in feasible regions for both cattle and flies populations. Furthermore, the model has
a stable disease-free equilibrium if the sum of the effective reproduction numbers
for cattle—cattle and fly—cattle transmissions (%2 and %7 is less than unity, and
there is a possibility of multiple endemic equilibria if otherwise. The numerical
results indicated that the infectious populations can be reduced if the rates of the
control parameters are increased, thereby curtailing or eradicating mastitis in the
cattle population.

KEYWORDS
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1. Introduction

The word mastitis is derived from two Greek words: masto (meaning mammary gland)
and itis (meaning inflammation) [1]. Thus, mastitis is referred to as the inflammation of
the mammary gland. Mastitis disease is caused by bacterial infection, trauma, or injury to
the udder. It is the most common and expensive disease that affects dairy cattle throughout
the world. Mastitis is caused by several different bacteria or other microorganisms (fungi,
yeasts, and possibly viruses) that invade the udder, multiply and produce harmful substances
there and then result in inflammation [2]. The most common microorganisms, causing
mastitis, can be divided into two groups: (i) contagious bacteria (e.g., Staphylococcus
aureus, Mycoplasma spp., and Streptococcus agalactiae) and (ii) environmental bacteria
(e.g., Streptococcus uberis, Streptococcus dysgalactiae subsp. dysgalactiae, coliforms including
Escherichia coli and Klebsiella spp.) [3].

Mastitis disease has well-recognized detrimental effects on animals’ wellbeing and dairy
farm profitability [4]. Mastitis can, directly, affect the mammary gland of the cow, leading
to a significant reduction of the quantity and quality of the milk and, therefore, to reduced
value of the production [5]. Despite decades of implementation of control strategies, mastitis
continues to be one of the most significant and economically challenging problems of dairy
cows [6, 7]. It reduces the productivity of the cows and the quality of milk causing enormous
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losses for breeders and, consequently, to the national income of the
country [2]. According to the estimation of the National Mastitis
Council (USA), mastitis costs more than $2 billion to dairy farmers
annually [3, 7].

Mastitis is transmitted by direct contact between an infected
and a susceptible animal which becomes infected by inhaling
droplets disseminated in the environment. It can also be
transmitted through an infected vector (such as a horn fly and,
possibly, a housefly) [8-10]. The presentation of mastitis in a cow
can be either a clinical or subclinical infection. In the subclinical
type, the infection is asymptomatic and there are no visible changes
in the appearance of the milk and/or the udder, milk production
decreases by 10-20% with undesirable effect on its constituents
and nutritional value rendering it of low quality and unfit for
processing [11]. Subclinical (or acute) mastitis is the most common
and economically harmful infection. Clinical mastitis, on the other
hand, is characterized by heat, pain, swelling, and redness of the
udder, along with reduced and an abnormal nature of milk yield.
It is usually accompanied by a mild fever and animal depression.
The affected quarter is sensitive to touch and painful to the animal.
If acute mastitis is not attended, the inflammatory process persists
for long, it gets converted into chronic mastitis which renders
the milk-secreting tissue unable to produce any more milk. These
changes are generally incurable and permanent [2]. The control
of subclinical mastitis is more important than simply treating
clinical cases because of the following reasons: The cows that
have subclinical mastitis are reservoirs of organisms that lead to
infection of other cows; and most clinical cases start as subclinical;
thus, controlling subclinical mastitis is the best way to reduce
the clinical cases [5]. Therefore, routine physical examination of
the udder and diagnostic screening tests for early detection of
mastitis and proper treatment of affected animals are of paramount
importance to minimize losses due to subclinical and clinical
mastitis [2].

Cows suffering from mastitis may recover spontaneously,
but usually, drug therapy is required to maintain productivity
[2]. Treatment of mastitis disease is achieved via systemic and
intramammary administration of antibiotics, supportive fluid, and
anti-inflammatory therapy [4]. Strict hygiene has to be maintained
in cattle bedding to prevent transmission of infection during
milking via contaminated milk, hands of the milker, and udder
cloths (in the case of the milking machine) [2]. Culling of cows
suffering from recurrent clinical mastitis (i.e., chronic mastitis)
[2], and vector control via the application of insecticides (such
as methoprene, synthetic pyrethroids, organophosphates, and
abamectins) [9] are also good mastitis disease control measures.

Some mathematical studies have been conducted that focused
on mastitis transmission from one udder-quarter to another in an
infected cow [8, 12-14], even though clinical studies established
the cow-cow and flies—cow transmissions [4, 5, 7, 10]. Therefore,
the present study proposed an epidemic mathematical model
for the control of mastitis disease in cattle in the presence
of flies as vectors. The goals were to analyze the dynamic
transmission and to investigate the impacts of various control
measures available for vector-borne mastitis. The rest of this study
is presented with the following organization: Section 2 provided
the detail of the model’s description and a domain in which it is
feasible epidemiologically and well-posed mathematically. Section
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3 demonstrated the analyses of the equilibrium points, which
include the fundamental reproduction number derivation and
analyses of local and global stabilities of the equilibrium points and
the sensitivity analysis. Section 4 contained the model’s numerical
simulations and graphical illustrations and a discussion of the
results. Section 5 included the conclusion of the study.

2. Mathematical model

To study the control of fly-borne mastitis disease in cattle
using a mathematical model, a mathematical model is hereby
formulated using a system of ordinary differential equations as
follows. Furthermore, the model was shown to be well-posed by
establishing the positivity of solutions and the region where the
model is epidemiologically feasible.

2.1. Model formulation

The cattle population and fly population are the interacting
host and vector populations, respectively. The cattle population is
subdivided into the subpopulations of susceptible [S.(t)], exposed
[E(t)], subclinical infective [A(t)], clinical infective [I.(t)], chronic
infective [C(t)], and recovered cattle [R(¢)], so that the total cattle
population at any time, £, is given as:

Ne(t) = Sc(t) + E(t) + A(t) + 1.(t) + C(t) + R(¢). (1)

The vector subdivided into the
subpopulations of susceptible [S,(t)] and infected flies [I,(t)],

and so that the total vector population at any time, t, is given as:

(flies) population is

Nv(t) = Sv(t) + Iv(t)- (2)

The model takes into consideration cattle-cattle transmission,

flies—cattle  transmission, and  cattle-flies  transmission
with transmission coeflicients B, bp, and bq, respectively.
Thus, the forces of infection for both populations are
re = [B(A(®) +al(t)) + bpL(t)] and A, = bg(A(t) + I.(1)).
The interaction between the cattle and fly populations is, therefore,
governed by the following proposed model, depicted by the

schematic diagram in Figure 1.

2.2. Model's assumptions

Other assumptions on which the model’s formulation is based
are as follows:

i. Both populations are assumed not to be constant since births,
immigrations, emigrations, and deaths occur in the populations.

ii. The model assumes a homogeneous mixing of individuals in
both populations where all individuals have an equal likelihood
of contracting mastitis if they come into effective contact with
infectious individuals, and that transmission of the infection
occurs with a mass action incidence.
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FIGURE 1
Schematic diagram showing the dynamics of mastitis in cattle and fly populations.

iii. The probability of survival till the infectious state for cattle

exposed to mastitis is less than or equal to unity. As a result,

the exposed class of cattle is included in the model for the cattle
population but ignored for the fly population since flies generally
have a short lifecycle.

iv. The chronic infective cows are assumed not to transmit mastitis

because they are weak and, therefore, are culled from the herd at

arate, d.

. Mastitis-induced deaths of cows only occur at the chronic stage
of the infection at a rate §. The flies also experience induced
deaths, at a rate ¢, due to the application of insecticides such
as methoprene, synthetic pyrethroids, organophosphates, and
abamectins [9].

vi. Individual cattle who recover from mastitis, spontaneously

or as a result of treatment via systemic and intramammary

administration of antibiotics, supportive fluid, and anti-
inflammatory therapy [4], their

become susceptible since mastitis is not known to confer

lose immunity, and

permanent immunity.

From the schematic diagram in Figure 1 together with the set
of the model’s assumptions, the model is formulated as a system
of ordinary differential equations, using the mass action incidence
rate, as given in Equation (3).

Bl = A —[B(A®) + ali(t)) + bpl, ()] Se(t) — pcSc(t) + kR()
LD = [ (A®) + al(t) + bpl, (O] Sc(t) = (e + p) E(1)
G — epB(t) — (e + +y) AD)
L) = (1= )pE(t) + ¢ A(t) = (e +6 + v + D L) 3)
E = 01.() — (e + 6 +d) C(1)
RO — AW + (v + O L) — (e + ) R(D)
B — A, — bg (AW + L) So () — (o + 0) Su(1)
A = bg (A1) + L(D) Sy(1) — (o + $) (1)
Frontiersin Applied Mathematics and Statistics
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subject to the initial conditions:

SC(O) = SC()) E(O) = Eo, A(O) = Ao, IC(O) = IC()) C(O) = Co,

R(O) = Ry, SV(O) = Svm IV(O) = IVO' (4)

The feasible region for the model is £2 = £2; U £§2, where

2 {Sct),E@®), A),I (1), C(t), R(t) €R : S (t)
+FEBO+ABO+ L) +C(H)+R(H) =N (1)} and £,
{Sv (), I (1)) €RE =S, (1) + I, (1) = N (1)} are the region of
feasibility for cattle and fly populations, respectively.

The parameters of the model are described in Table 1.

2.3. Positivity and boundedness of
solutions of the model

Theorem 1: Suppose the initial conditions (4) of the state variables
are non-negative in the region £ £21 U £2,, then the
solutions set {S.(t), E(t), A(t), I(t), C(t), R(t), Nt} € 2,
and {Sv(t), L,(t), Nv(t)} € §2; are non-negative in the region £2
for all time ¢t > 0.

Proof: It follows from the first equation of the model (3) that

dse(t) _

3 = [1e + B (A(t) + al(1)) + bpL,(1)] Sc(D).

Separating the variables and integrating both sides gives

i) = = [ [uc-+ B (A + al(0) + bpL,(0)] e
= S.(t) > Ale—[uctﬁ (B(AM)+ale(0)+bpL,(1)dt]

S(0) =8 = A =S
U S(t) > Spe~ et [ (BAWD+ale()+bpl(1))dt]

Thus Sc(t) > 0, provided that Sy > 0.
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TABLE 1 Description of the model’s parameters.

10.3389/fams.2023.1171157

Parameter Description Value (day)~! References
A, Ay Rates of recruitment of cattle and flies, respectively ﬁ , 1000 [8]

B Rate of transmission of mastitis from A(t) and I () cattle 0.0023 [12]

a Increased infectivity rate of the clinical infective cattle 1.005 Assumed
b Biting rate per cow per fly 0.020 Assumed
pq Probabilities of effective biting resulting in transmission 0.09, 0.09 Assumed
P, Progression rates from E(t) and A(t) cattle, respectively & , 0.01 [8]

€ Proportion of sub-clinical cases arising after exposure 0.333 Assumed
4 Rate at which chronic cases develop 0.010 Assumed
e S Rates of natural and mastitis-induced mortalities of cows, respectively ﬁ, 0.005 [8]

d Rate of culling chronically infected cows from the herd 0.0025 Assumed
s Rates of natural and insecticide-induced mortalities of flies, respectively %, 0.025 [4]

y Rate of spontaneous recovery 0.015 [12]

T Rate of recovery due to administration of therapeutic/non-therapeutic drugs i [8]

k Immunity loss rate of cows 0.016 [12]

Similarly, it can be shown that 3. Ana lySiS of the model

E(t), A(t), I.(t), C(t), R(t), S,(t) and I,(t) are non-negative.
Hence, all the state variables are non-negative for all time ¢t > 0,
whenever the initial conditions are non-negative.

.Ql (0] .Qz are
positively invariant with respect to the mastitis model (3) in cattle

Theorem 2: Every solution in the region £2 =

and fly populations.
Proof: Differentiating (1) and then substituting the first six
equations of the model (3) gives,

B = A, — peN(t) — (8 +d) C0)
= % < Ac — ucN(t)
= % + ueN(t) < Ac

NO)=Ny = A;=Ny— 3—
Solving, using the integration factor, I.LF = of medt , gives,

= N.(t) < e ! [f Ace"”dt]
= N(f) < Mt [%eﬂf’ + Az]
= N.(t) < ;‘— + Age et

NO)=Ny, = A2=N0—%.

Ne(®) = 4+ (No = ¢ ) ene,

As t — 0, Ne(t) = No and As t — 00, Nc(t) — %

Thus 0 < N(t) < %

Moreover, differentiating (2) and substituting the last two
equations of the model (3) and then following the above procedures
give 0 < N, (t) < (l‘«?_“‘:@

These results imply that the mastitis model (3) has non-negative
QU2 Vi >

0. Hence, the proposed mastitis model is both epidemiologically

and bounded solutions in the region £2 =

feasible and mathematically well-posed, and so, it suffices to
consider the dynamics of the model in the feasible region 2.

Frontiersin Applied Mathematics and Statistics

In this section, the mastitis model (3) is analyzed as follows:
the equilibrium points and the effective reproduction number
were obtained. Moreover, the local and global stabilities for
both equilibria were investigated, and a sensitivity analysis was
carried out.

3.1. Equilibria and effective reproduction
number

Equilibrium points are steady-state solutions of the
model satisfying
dsc(t)  dE(t) dar,(t)
g T a ¢ ()

3.1.1. Mastitis-free equilibrium

In the absence of mastitis, i.e., when E(t) = A(t) = I.(t) =
C(t) = IL,(t) = 0, then both cattle and fly populations are in a
state of mastitis-free equilibrium, Ey, obtained by solving the model
equation (3) subject to (5) and E(t) = A(t) = L(t) = C(t) =
I,,(t) = 0 as follows:

A A,
Eo=(=5 100 0 0 0 ——, 0). (6)
M (e + @)

3.1.2. Effective reproduction number

The effective reproduction number, R, is the actual average of
secondary cases per primary case observed in a population with an
infectious disease in the presence of control measures. Using the

frontiersin.org
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next generation operator, described by [15, 16],
Re=p (FV") 7)

where F is the Jacobian of the transmission matrix, obtained at Ey as

0 0 0 0 0

F=1]0 0 0 0 0 s (8)
0 0 0 0 0
0 bgA, bgA, 0 0

(v +9)  (nvte)

and V is the Jacobian of the transition matrix, obtained at Ey as

He+p 0 0 0 0
—ep e ta+y 0 0 0
V=|-0-¢)p —a He+0+y+r 0 0 ,
0 0 —0 me+8+d 0
0 0 0 0 ny + ¢

Therefore, by (7), the effective reproduction number is
the leading eigenvalue of the matrix FV~!, computed as

10.3389/fams.2023.1171157

where S7() = 1 {Ac+ £ [ 42 + B (42 + (1 - 2)p) — k1]
E*(0};

A = CEO;

(1) = é (‘9,’(’—2“ +( - s)p) (1)

cH (1) = k307k4 <% +01- e)p) E*(t);

Sit) = 2—5 —I;(0);

o A, [% +% (% +(1- s)p)]E*(t);

T+ 24+ & (2 + (= e)p) B0

and E*(¢) is obtained as the roots of the quadratic equation

AE**(t) + BE*() + C = 0, (13)

or equivalently, using the approach of [17]

Ay (R = 1) B0 + [k + By (9t — 1) + Ba (0 — 1) E*(0)

+k5[(m?+mg)—1]=o, (14)
M= DAL 8 (0
N7 duekr Lk e \ ko P
BA. [sp a (e,oa )]}2 b2pqAcA, [sp 1 (e,oa )]
+ Ly —(o—+a- D (S (- , 10
/{mckl bk PO e+ 9 kks Lk Tl (TP (10

where ki = puc+p, ky = pcta+y, ks =puc+0+y+t, ks =
e+ 68+d, and ks = u, + ¢.
This can be summarized as

2
1 1
Re = 5sn’g+ (5911;) + 9, (11)

where %i‘ = % [% + % (%a +(1— e)p)] and
b’pgAcAy &p 1 [ epa
n e [+ 8 (B + (0 —ep)]  represent

the reproduction numbers for cattle-cattle transmission and
fly—cattle transmission, respectively.

3.1.3. Mastitis-endemic equilibrium

In the presence of mastitis disease, i.e., when E(t) # A(t) #
I.(t) # C(t) # L(t) # 0, then both cattle and fly populations are
said to be in a state of mastitis-endemic equilibrium, E,, obtained
by solving (3) subject to (5) and E(t) # A(t) # L(t) # C(t) #
I,(t) # 0 as

Ee = (Si(1), E*(1), A*(1), IX(1), C*(1, R*(1), S;(1), L;(1),
(12)

Frontiersin Applied Mathematics and Statistics
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with positive constants A}, By, and B; defined as follows:

=Sk R (o) |17
+ ylzr(%ﬂl—s)p)];

B, :bq[%Jrk%(%Jr(l—e)p)]; and

e d e ()

so that the coefficients of (13) are given as

Av (8 = 1),B = [ks + By (9t — 1) + B2 (97 — 1) ] and

ks [ (il +917) - 1] .

We will now explore different cases of the mastitis-

endemic equilibrium with respect to conditions placed on
A1, By, By, 9, 9t and (m’g+mg) as follows:

c?

LR <1, R < 1 and

unique mastitis-endemic equilibrium;

R+ mg) > 1; then there exists a

frontiersin.org
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i IERE < 19 < L (E4RY) = 1 and £ B+ By <

1, where cis a constant; then the model has two
endemic equilibria, such that E*(tf) = 0 or E*(t) =
%[l—é(Bl-f-Bz) ],

IR < 1, W< 1, (m’g+mg < land £ (B +By) <

1, where cis a constant; then the model has two endemic
equilibria, one of which might coincide with the mastitis-
free equilibrium;

iv. I > 1, 9 (o0t + 9t
endemic equilibria for the mastitis model;

v. IR > 1, %Y > 1, and (9“1? + ?RZ) > 1; then the model has

two distinct endemic equilibria.

> 1, and ) > 1; then there exists no

3.2. Local asymptotic stability of the
mastitis-free equilibrium

Theorem 3: If the sum (9'{? + SRZ) < 1,
BAclep+(1—¢)p]
pelkiko+ksks+(ki+ky ) (ks+ks) |
BAc(ks+ks) [ep+ (g +1-e)p) [ +42paAc Avep
welkika (ks+ks )+ (ki +ka ) ksks |
free equilibrium is locally asymptotically stable. Otherwise, it is a

and the

quantities < 1 and

< 1, then the mastitis-

saddle point that is unstable.
Proof: The stability of the mastitis-free equilibrium depends on
the Jacobian matrix of the mastitis model (3), evaluated at Ey as

BAc apAc
~etd) 0 ke o
BA. aBA;
0 —(ki+2r)  E T
0 ep — (k2 +4) 0
Tl = 0 (1—g)p a — (ks +2)
0 0 0 0 0
0 0 y Y+t
_ bgAy _ bgAy
0 0 s B T
0 0 bgA, bgA,
(yv+e) (py+)
This has eigenvalues A = —p., A = —ky, A = —ks, A =

—ke; others being the roots of the quartic equation (16) as follows:

Y (ki ke ks 4 ks) A
+ [kiks + ksks + (ki + k2) (k3 + ks) ] [1 — Ry] A2
+ [kikz (k3 + ks) + (ki + k2) kaks ] [1 — Ry] A

+ kikoksks [1 — (o + mg)] - (16)
where
R, = BAc[ep + (1 —¢) p]
te [kika + ksks + (ki + k2) (ks + ks) ]’
epa 2
2 = BAc (ks + ks) [ap + ((k T Ta-o p)] + b*pqAcAvep

e [k1k2 (k3 + ks) (k] + kz) k3k5]

Now, if (m? + mg)
both less than unity, then the quartic equation (16) has negative

< 1, and the quantities Ry and R, are

roots or complex roots with negative real parts. Hence, the mastitis-
free equilibrium is locally asymptotically stable. Otherwise, it
is unstable.
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3.3. Local asymptotic stability of the
mastitis-endemic equilibria

In Section 3.1.3, we established that the mastitis model has
some cases of the existence of endemic equilibrium. Of interest
are the cases with unique (one) and two endemic equilibria.
When two endemic equilibria exist (especially in cases (ii) and
(iii) of Section 3.1.3), then this might cause the mastitis model
to exhibit a subcritical (backward) bifurcation in which case
a stable endemic equilibrium co-exists with stable disease-free
equilibrium for M, < 1. When this happens, then, we have
the occurrence of bi-stability [18, 19] as a result of backward
bifurcation and the condition i, < 1 is a necessary but not a
sufficient condition to eradicate mastitis in both cattle and the fly
populations [20]. The condition for the existence of this backward
bifurcation is described in the result of Theorem 4. When only
one equilibrium exists, it is unique and the stabilities of this
unique endemic equilibrium are established in Theorem 4 and
Theorem 6.

Theorem 4: If N, > 1,
equilibrium is locally asymptotically stable.

then the mastitis-endemic
Otherwise, it
is unstable.

Proof: The center manifold theory approach, described by
Castillo-Chavez and Song [21, 22], is employed to establish the
local asymptotic stability of the mastitis-endemic equilibrium
around N, = 1.

From (11), we have,

0 P 0 _ A
bp%c
0 0 0 “h
0 0 0 0
0 0 0 0
s 15
— (kg +2) 0 0 0 (15)
0 — (ke + 1) 0 0
0 0 — (ks + 1) 0
0 0 0 — (ks + 1)
1 nh ls‘h ? v
Me= M+ [(50E) +o
Let B = pB*, where B* is the chosen bifurcation parameter
at N, = 1.
1 1\?
1= Em?h/(isnfg) + %Y
=1 = g’\l’l g’\V
D A[ & (frra-0)]
=1 = —+—|—+0—-9)p
ek ks \ ky
b? _ VpgAcA, |:e,o (spot
+ —+ = +(1- e)p)}
e (y + @) kiks 2
N ﬂ* _ Mckl thqu

Azt g (pEra-op)] Wrokk”

so that the mastitis-free equilibrium is locally asymptotically
stable if B < B*, ie.if N, < 1, and unstable whenever 8 >
B*, ie if N> 1.

Now, let Sc(t) = x1, E(t) = x, A(t) = x3, I(t) =
x4, C(t) = x5, R(t) = x6, S,(t) = x7, I,(t) = xg, then the model
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in terms of these new state variables becomes

% =fi = Ac — B (x3 + axy) + bpxg]| x1 — jucx1 + kx6

% =fo = [B (x3 + axy) + bpxs| x1 — (1uc + p) %2

B —fy = epxy — (e + o+ y) X3

B fi=(—e)pxr+oxs — (e +O+y +T)xy (17)
% =fs =0x4 — (uc+ 8 +d)xs

% =fo=yx3+(y +71)xs — (he + &) X6

B2 =fr= Ay — bq(x3 + x4) X7 — (U + §) x7

B — fy = bq (x3 + x4) X7 — (tty + ¢) xs.

The Jacobian matrix of the model (17) at the mastitis-free
equilibrium, Eg, when 8 = B*, such that®. = 1, is obtained as
in (15) with the calculated eigenvalues. If 9, = 1, this implies that
Eﬁi’ + N = 1. Then, the quartic equation (16) has a zero eigenvalue
A = 0; with other eigenvalues being negative.

Applying  the let
(w1, wa, W3,..,ws)T be the right eigenvector associated with
the zero eigenvalues, A = 0, where

center manifold theory, w

_wa [BA a

10.3389/fams.2023.1171157

bgA, |:8,0 1 <8pa )]
Wy, = —— | —+ — [ =+ (1-¢ wa;
T Tt ok Lk T Uk TETER)
bgA, |:8p 1 (s,ooz )]
wg = ————— +—(—=—+U-¢) wy.
STt okl ks \k Pl

Similarly, the left eigenvector associated with the zero
eigenvalues, A = 0, is given by v = (vq, v2, v3,...,¥g), such that
v. w = 1, where

vy = Vs =V =v7 =0;

vy = v2 > 0 (a free eigenvector);
) [ i

vy = 1—— + va;

7 ek ks A (v + O ks |
A |: B b’ pqA, :|

vy = ap™ + —————— | va;

YT ks (ty +d) ks | 2
bpA

Vg = 4 CV2.
/'LckS

Computation of a and b
The coeflicients a and b as defined by Castillo-Chavez and Song

£p gpa
wp = 7+7(7+(1_8)p)] 8 92fi(Fo.B* 8 9%f(Eo.B*
e { e |:k2 ks \ k [21] area = kZlvkwiwjj%”(‘iig;j) and b = kzl vkwijg‘)gii;w);
kK [e 0(y +1) [epa i« =
- [% (l):ik) (% +(1—2¢) p>i| and are algebraically computed as follows, considering only the
6 § 2 I 2 non-zero components fi: k = 2, 3, 4, 8. With these definitions, the
n bpqAc A, |:8£ + 1 <spoz +a- s)p)]} : following was obtained:
Me (v + @) kiks Lk ks \ k2
wy = wy > 0 (afree eigenvector);
& _ * *
Wy = £W2; a=2vyw (W3,8 + wgaf* + w8bp) + 2vgwybq (w3 + wy) .
)
_a [(epa .
"= 0 U +d—e)p ) wa On substitution of necessary quantities and simplifying, the
i epa above reduces to
ws = — | — +0—¢ w2,
5= ok ( 5 ( )/0) 2
wy [epy Oy +1) [epa Sk /o 2
we = — | L 4+ L T2 (L i—e)p) | =— —(5)1 mV) 1-Q; 18
7 ke |: ka kska ka ( » ¢ 2 A NE i) 4-Q 18
A B 1
6F g
09t 4
05} 08} J
07t J
04}
~ 08f E
:_3., .| il-‘ o5l Stable E| ]
g < 0a} ]
02} 03k J
\\
o1} 0.2r ™ Unstable EE b
~
01 N J
pL__Stable,DFE __Unstable DFE N o |_Stable DFE Badoward B'f”’°a“°>'§a"ge_‘ _Unstable DFE
0 05 1 15 2 25 3 0 02 04g06 08 1 12 14 16 18 2
Effective Reproduction Number, Rc Effective Reproduction Number, Rc
FIGURE 2
Bifurcation curve at the threshold value, % = 1: (A) forward bifurcation plot and (B) backward bifurcation plot.
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where Q

K £PY
Ackiks | k2 k3ky

ny2 g 1
[2+2 (2 +a-00)]

ki (R40)

Similarly, the coefficient b is obtained as

S
|

= vax1 (W3 + awy)

ky k3 \ k2

O(y+1)

(% r(- e)p)] +

Vsz% [8—p + 1 <8'0—a +(1— 8);0)] . (19)

Thus b > 0, since v5, w, > 0, and all parameters are positive.
Now, from (18), if the quantity Q < 1, thena < 1, b >
0, and the model exhibit a forward bifurcation around i, = 1;

TABLE 2 Sensitivity indices of $icin terms of the model’s parameter

baseline values.

10.3389/fams.2023.1171157

when B* < 0, then there exists a positive stable equilibrium. This
implies that the disease-free is globally stable while the endemic
equilibrium is locally asymptotically stable when, > 1, but close
to 1. This scenario is depicted in Figure 2A, and in this case, the
condition M, < 1is sufficient to eradicate mastitis disease from
the populations.

If, however, Q > 1, then a > 1, b > 0, and so the model
exhibits a backward bifurcation at i, = 1; when g*
then x = 0 is unstable and there exists a negative and locally

< 0,

asymptotically stable endemic equilibrium. This implies that the
disease-free is not globally stable while the endemic equilibrium
is locally asymptotically stable, whenever i, > 1. This scenario
is shown in Figure 2B, and in this case, the condition i, < 1 is
not sufficient to eradicate mastitis in both populations. For mastitis
disease to be curtailed or eradicated from the population, the
condition R} < N, < 1 must hold.

Parameter Baseline value Sensitivity index
Ac e +0.5316444039
4, 1,000 ++0.4683555959 3.4. Global asymptotic stability of the
B 0.0023 +0.0632888077 equ ilibria
a 1.005 +0.0316802868 ) ) ) N -
In this section, the global asymptotic stability of the mastitis-
b 0020 09367111925 free and mastitis-endemic equilibrium are investigated. It should
p 0.09 +0.4683555964 be noted that whenever a stable endemic equilibrium co-exists
q 0.00 £0.4683555964 with the disease-free equilibrium (for the existence of backward
; bifurcation), then the mastitis-free equilibrium cannot be globally
L &7 00119588989 stable and the endemic equilibrium also might not be globally stable
a 0.01 —0.0777086122 [18, 23, 24]. Given this, the global stabilities are considered for the
R 0333 101985291852 case with unique endemic equilibrium or when Q < 1 in Section
3.3 above and the model exhibits a forward bifurcation.
0 0.010 —0.0433447877
e e —0.5526171471
Hy % —0.5510065839 3.4.1. Global asymptotic stability of the
y 0.015 02467743465 mastitis-free equilibrium
) N 01548028133 To show the global stability of the mastitis-free equilibria, the
= two conditions for the global stability of disease-free as contained
4 0.025 —0.3857046086 in [25-27] for R, < 1 were established.
1
0.8
06 g
2
0.4 'g
ol
02
£ N
o i
0 —_—
,2 = ==
-0.2 &
-0.4
o Parameters
H/c Wy M Hg Wb Hp Mg M), Mg ME MY My My My M7 NG
FIGURE 3
Graphical representation of the sensitivity indices of %i..
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We begin by re-writing the model equation (3) in the form

10.3389/fams.2023.1171157

where X = (Sc(t), R(1), Sc(t)) and Y =
(E(t), A(t), I.(t), C(t), Iv(t)) are the non-infectious and
the infectious states of the system; F(X,Y) and G(X,Y)

X ay are the right-hand sides of X and Y, respectively,
i F(X,Y) and i GX,Y), G(X,0)=0; with E(t) = A(t) = I.(t) = C(¢t) = I,(t) = 0.
A B
150:
1804
= = 1604
b =
& 2 1401
§ 1004, §
8 s £ 120!
£ £
o = 1001
H 3
3 5 804
Al e
*g 50 g gl
5 g
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S 3
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[ LY
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il
il
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FIGURE 4

Plot of the global stability of the equilibria with various initial conditions: (A, C, E) are the global stability plots for the Mastitis-free equilibrium; (B, D, F)

are the global stability plots for the Mastitis-endemic equilibrium.
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Now, from the model (3), the reduced system ‘% = F(X,0) is
given as

dsét(t) = A — 1cSe(t) + kR(t)

S == (e + O RW)
E? = Av— (1 + ) S0

Let X* = (S50, R0, Si0) = (% 0, ) ve
the equilibrium of the reduced system (20) then the following
result holds.

Theorem 5: The mastitis-free equilibrium, Ey, of the model (3)
is globally asymptotically stable if 9%, < 1; provided that the
conditions (H1) and (H,) below are satisfied:

Hj: For "% =F(X,0), X*is global}y asymptofically stable;
Hy: G(X,Y) AY — GXY), GX,Y) >
0 for (X,Y) e £2.

where A = DyG(X*,0) is a Metzler matrix (the off-diagonal
elements of A are non-negative) and §2 is the region where the
model is biologically feasible.
Proof: First, we show that X* is globally asymptotically stable by
solving each equation in the reduced system (20) and then taking
the limit as t — oo.

Thus, solving the second equation in (20) subject to the initial
condition R(0) = Ry gives

10.3389/fams.2023.1171157

Moreover, from the first equation in (20), we have that

ds.(t
$)+m&m=AﬁwM0
dS,(t
dct( ) + weSe(t) = Ac + KROei(MCH(){

Solving this with its integrating factor, /<!, and subject to the
initial condition S.(0) = S, gives

s = 2

(1 _ e_,uct) + SCOe_N«ct + RO (e_(ﬂc“"()t _ e_ﬂct> (22)
Me

As t — oo, S.(t) — %, and independent of S, .

c

From the last equation in (20), we have,

as,(t)
dt

+ (Uy + @) Sy(t) = Ay

Solving this with its integrating factor, e***®)* and subject to
the initial condition §,(0) = S,, gives

+ (SV()

As t — 00, S,(t) — ﬁ, and independent of S,,,.

B My + @

Ay
Hy + ¢

Sy(1) ) e~ (mte)t, (23)

This implies that the asymptotic dynamics of the system are
independent of the initial conditions, i.e., every solution of the
model with initial conditions in 2 approaches X* = Ey, as t —
0o. Hence, the equilibrium X* is globally asymptotically stable

R(t) = Roe™ ()1, (21)
for ‘% = F(X,0).
Next, it is left to show H,: G(X,Y) = AY —
As t — 00, R(t) — 0, and independent of Ry. G(X,Y), GX,Y) >0 for (X,Y) € £2.
A B
=T 9000 s
/ We K.
& ~ .
- Tirg 8000 ¥
.~ £
g .
P g 7000 #
T 400 T = A
% 3= /
=, =" 6000 ¥
® = F
q —s0| £ i
w300 i R & 5000 £
§ - = A1) g & ()
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8 i —_— (1) & ;
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FIGURE 5
Plot of the (A) cattle and (B) fly populations with time at the given model's parameters.
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From the model (3), 3.4.2. Global asymptotic stability of the
mastitis-endemic equilibrium
[B (A1) + al(t)) + bpL (D] Sc() — (e + p) E(D) Theorem 6: If i, > 1, then the mastitis-endemic equilibrium,
epE(t) — (ue + o + y) A(Y) whenever it is unique, is globally asymptotically stable in £2,
GX,Y)=| (1-e)pEt)+aAlt) — (uc+60+y+1)I(t) | provided that I, > [5; C > C% R = R SE > SE%
0I.(t) — (e + 8 + d) C(t) S = SI;.
bq ( Alt) + Ic(t)) Su(t) = (y + @) L(£) Proof: The global stability of the mastitis-endemic equilibrium

is analyzed by constructing a suitable Lyapunov function V(t)
of Goh-Volterra type, following the approach of [26-30],

and such that
A = DyG (X*,0)
_ BAc apAc bpAc
(ke +p) e ™ 0 o
ep —(Ue+a+y) 0 0 0
=] Q-¢)p o — (e +0+y+1) 0 0 ,
0 0 6 — (e +8+4d) 0
bqA, bgA,
0 (vt @) Gt ®) 0 —(uc+¢)
C C b C
— (e + p) £ a4 0 ‘;—f E(t)
ep —(Ue+a+vy) 0 0 0 A(t)
AY = | (1—¢)p a —(Ue+0+y+1) 0 0 I.(t)
0 0 6 — (e +8+4d) 0 C(t)
bgA, bgA,
0 Gut9) (0 F9) 0 —(ue+¢)) \L(®)
S E
= (e + ) B(O) + B at) + LAe 1 (1) + 2221, (1) V() = (sc ~ 8 —S¢n S—*> + <E —E*—EIn E)
epE(t) + — (e +a +y) A(t) ¢ A :
= (1 — &)pE(t) + aA(t) — (e +0 +y + 1) I.(t) . + K(A—A*—A*ln;)+<Ic—1f—1fln1—:>
OI(t) — (Mc 46+ d) C(1) c ¢
bqA, bqA,
Dl 4 0) + L1 (0) — (e + B 1D + (c _ ¢ —C(Hhn E)
R S K R* N ] R
Then G(X,Y) = AY — G(X,Y) implies G(X,Y) = AY — +m R—R"—R nﬁ

G (X,Y), so that S I
+ (sv — St —Stlns—:) + <Iv - —Ijlnl—:>, (25)

14 v

[8 (A() + aLe(®) + bpL,(0)] (42 = 5:(0)

R 0 where K = [W] Sk
GX,Y) = 0 The time derivative of V(t) along the solutions of the system (3)
0 is obtained as
ba (A +10) (7255 - $u0)
P dv(t *\ d E*\ dE A*\ dA
(1 9)8 () ()
Gz (X, Y) t S: t E t t
=|[Gon|. (24) +(1_£)ﬂ+(1_i)d£
Gy (X, Y) I.) dt C ) dt
Gs (X, Y) N KR* Ry ar
VA + (y +1) I R ) dt
Obviously, Gy (X, Y) = &3 (X, Y) = Ga (X, Y) = 0. Moreover, n (1 _ ﬁ) Sy <1 _ 5) dar,
Gi(X,Y) = 0 and Gs (X, Y) > Osince Sc(f) < 2 and $,(1) < Sy /) dt L) dt
u:‘-!t 7 atany time £, as shown in H;.

Now, it has been established that: (i) For %( = F(X,0), X*is Putting the appropriate equations of the system (3) into the

globally asymptotically stable; and derivative of V'(t) gives

() GX,Y) =AY —G(X,Y), G(X,Y)>0 for (X,Y) € £2.
Hence, the mastitis-free equilibrium, Eo, is globally gy () S
asymptotically stable whenever %, < 1, and unstable otherwise. a <1 - ?) (A = [B (A +alo) + bpL] S — peSe + «R)

c
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4—0—%)Qﬂm+ﬂa+@M&—u%+mm
+ K(l—%) (¢pE — (e +a+ y) A)
+ (1—%) (1—e)pE+aA — (uc+0+y +1)1L)

N (1_%*) (0L — (e + 8+ d) C)

KR* R*
<1_ )(YA+(]/+I)IC_(/VLC+K)R)

+ e — P
yA* + (y + 1) I} R

10.3389/fams.2023.1171157
S*

+ (1 — va> (Av —bg(A+1)S, — (Mv+¢)sv)
4
%

+ (1 - %) (bg(A+10S, — G+ D) 1) . (26)

v

At the mastitis-endemic equilibria of the model, the following
relationships hold from the model (3):

Ac = [B (A" +aIf) + bpI}] S} + neSi — kR

]
g

.,$,

©
3
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FIGURE 6

cattle, (E) susceptible fly, and (F) infected fly populations.

Plot of the effect of fly's biting rate “b" on the (A) susceptible cattle, (B) subclinical infective cattle, (C) clinical infective cattle, (D) chronic infective
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(e +p) =

(Heta+y) =

(Ue+0+y+71)

[B (A* + aI) + bpI}] St '
E*(t) '

epE*
A*

)

(1 —e)pE* +aA*

)

I
or*
(net+8+d) = =5
A4y +1)IF
(e +K) = r R):‘ <

Ay = bq (A* +IF) Sk + (1y + ¢) S

bg (A* +I¥) Sk

(hy + ) = I

Using these relations in (26) yields

S*

s (1 - ?> {([B(A* +aI}) + bpI] Sk

(A + aIc) + bpl, ()] Sc) + pc (SE —

Se) +« (R—R")}

10.3389/fams.2023.1171157

st B (A* + al) + bpI*
¢ &p E*
+(1 L
I

()

* * R
([VA+(J/+I)IC] —[vA +(V+T)Ic]§>

KR*

ey,
C*

; <1 - %) (b (A" +12) S, — b (A + L) S,

+ (/va + ¢) [St - Sv])

+(1— ?) (bq(A+I(t))S —bg (A* +1})

Expanding and simplifying this gives

I

dav(t)

.
o =SE[B(A* +al}) + bpI}] {3— S A
c

J(0- %) e

—C*) ([(1 —&)pE+ aA] — [(1 — &)pE* + aA*] f—i)

yA* + (y + 1) I}

S*IV)
=)

E*A
A*

R*

7

<1_

dt
+(1- A+ al) + bpl,] 8 S
B (A+al) + bpl, | S, +Sc[B (A + alo) + bpL(t)] 11 — o0
c
B (A" +art) 4+ bpr] bl —5) (125 ) e wory (1= E
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chronic infective cattle populations.

Plot of the effect of cattle’s transmission rate 8" on the (A) susceptible cattle, (B) subclinical infective cattle, (C) clinical infective cattle, and (D)
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It I

+[(1 — &)pE + aA] (1 - I—f) +[(1 = &)pE* + 2 A*] <1 - Ti)

c c
cC CI I
il — — — —= 4 =
+‘{ oo n

+/<R*{17£7 YA+ (y+10)l |:VA+(V+T)IC]R:}
R yA + Gy +DIF  |yA*+(+0DI | R

S
+bgS; (A* +17) {z— - l}
*
v

s

+bqS, (A + I.(1)) {1 _% } :

}+Sv(uv+¢){2_§_§

This simplifies to

dv(t S& . A | AE
20 = 5 (B (4 +arz) + bpr] [3— [ + 4 + 4
_ _BAtal)+bply (1 _ SE

B(A*+al¥)+bpI; SYE
o, (171 o[£+~ B (1 35
s o= [+ 5]
+S; o 2= [$ - E] + [0 -appr +aar] @)

1— I _(1—¢)pE+aA 1— I
I* (1—¢)pE*+aA* I
S Re | SR
+eR{1-[§+ 5+ 55 ]}
R yA+(y+oL R*
TR {1— ey Ca o (1— T)]}
-~ 4( 6))

Now, by this theorem’s hypothesis and the arithmetic-
geometric mean inequality (i.e., the fact that the arithmetic mean is
greater than or equals the geometric mean) [18, 31], the following
inequalities are true:

A | A'E B(A+al)+bpl, S .
T - A (1-¥) 2
o bgS, (A+1. Wi
N (e s

v

Sy bqS; (A*+IF) - S

g+k>2. &_§>2' (28)
ST 2% 57524

I _ _(—g)pEted (1 I .S R SR .

T~ =pp+arr !~ T) 2L s+ +5gzh

R _ yA+(+OL (1 _ R . C L (y_c

¥ yatoor L")z zorll-%F)=z L

It follows from (27) that % < 0, and that % =0 iff Sc=
Siy E=E% A =A% 1 =1 C=C%R = R" §, =
S§; I, = I. Thus, the largest positively invariant set in the feasible
region §2 is the unique endemic equilibrium. Hence, by LaSalle’s
invariance principle [32], the endemic equilibrium, whenever it is
unique, is globally asymptotically stable in £2 if %, > 1. Otherwise,
it is unstable.

3.5. Sensitivity analysis of the reproduction
number

In this section, the robustness of the mastitis model to its
parameter values was explored by performing the sensitivity
analysis of the effective reproduction number, R., of the model.
By doing this, we have information on those parameters which
significantly impact the mastitis model with respect to the
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effective reproduction number, i.. To achieve this, the approach
of the normalized forward sensitivity index of a variable to a
parameter was employed as used in [31, 33-35]. By this approach,
the normalized forward sensitivity index of N, that depends
differentially on a parameter p is defined as:

N N
Xp = ap

L
X n (29)

With this definition, we derive an analytical expression for the
sensitivity of i, with respect to each component parameter of i..
For instance, the sensitivity index of 9t with respect to the fly’s rate
of biting, b, is obtained as

me _ 0N b 09367111925 (30)
— X — = +0. .
Xp ab N,

Similarly, the values for the sensitivity index of %, with respect
to the other parameters for the given baseline parameter values are
displayed in Table 2 and Figure 3.

It can be read from the above index table in Table2 and
from Figure 3, that the most sensitive parameter is the fly’s biting
rate (b). Other parameters such as the spontaneous recovery
rate (y), rate of administration of antibiotics (7), and rate of
insecticide application (¢), among others, are also sensitive to the
mastitis effective reproduction number, .. To interpret these,

Zt‘ = +0.9367111925 implies that increasing (or decreasing)
b by 10% increases (or decreases) i. by 9.367%; while X;‘C =
— 0.3857046086 means that increasing (or decreasing) ¢ by 10%
decreases (or increases) M. by 3.857%. The interpretation of the
sensitivity indices of other parameters follows a similar manner as
for b and ¢.

4. Numerical simulations and
discussion

This section presents the numerical simulation results for the
mastitis model (3). The simulations were carried out with the aid
of Maple 18.0 software to show the solution of the model equation,
the global stability of the mastitis-free equilibrium, and the effects
of sensitive parameters on mastitis transmission and control.

The parameter values used for the numerical simulations were
sourced from existing literature, and where unavailable, values were
assumed and fixed within a reasonable range as given in Table 1.
The initial conditions are: S.(0) = 500, E(0) = 100, A(0) = 30, I.(0)
=50, C(0) = 20, R(0) = 10, for cattle population; and S, (0) = 750,
I,(0) = 100, for fly population.

The results of the numerical simulations are given in
Figures 4-11 to illustrate the system’s behavior for different values
of the mastitis model’s parameters.

The plots in Figure 4 illustrated the global stabilities of the
mastitis-free and mastitis-endemic equilibria, Ey and E,, and they
agree with the results of the global stability analyses given in
Theorems 5 and 6. These results imply that regardless of the
initial value of the infective, mastitis can be wiped out from both
cattle and fly populations, whenever :, < 1, since the plots in
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Figures 4A, C, E revealed that the solutions converge at the mastitis-
free equilibrium points for subclinical and clinical infective cattle
population and infected fly population. It should be noted that
this result may not hold for the cases where the mastitis-endemic
equilibria co-exist with the mastitis-free equilibrium at %, <
1, because at this point, the mastitis model exhibits backward
bifurcation as shown in Figure 2B. However, the reverse is the case
when 9, > 1, since the plots in Figures 4B, D, F showed that the
infective populations converge at the endemic equilibrium above
the x-axis.

Figure 5 is the plots of all the solutions for both populations
against time for the given parameter values in Table 1. The plot in
Figure 5A indicates that the susceptible cattle declines as a result
of the infection. This consequently increases the population of
exposed cattle. The recovered cattle population increases due to the
presence of various control measures. In Figure 5B, the plot shows
the behavior of the fly population with time. The plot revealed
that both susceptible and infected flies increase with time and the
susceptible later decreases just above 3,000 flies.

The effects of the fly’s biting rate (b) on the dynamics of mastitis
disease were shown in Figures 6A-F. It was revealed by the plot in
Figures 6A, E that increase in the fly’s rate of biting (b) decreases the
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populations of the susceptible cattle and fly. This, in turn, caused
an increase in the population of the subclinical infective, clinical
infective, and chronic infective cattle, and the infected flies, as
shown by the plots in Figures 6B-D, F, respectively. In Figure 7, the
effects of the cattle transmission rate, B, were investigated. The plots
in the Figure showed that an increase in the rate of transmission
via contact with the infectious cattle declines the population of
susceptible cattle, as can be seen in the plot in Figure 7A, while the
increase in this rate caused an increase in the populations of the
subclinical infective, clinical infective, and chronic infective cattle
as depicted by the plots in Figures 7B-D, respectively.

From Figure 8, which showed the effect of the rate of
spontaneous recovery, ¥, on the cattle populations, it was observed
that an increased rate of spontaneous recovery, y, significantly
reduced the infectious cattle, including the chronic infective ones,
as shown by the plots in Figures 8A-C. Consequent to this
reduction, the recovered cattle population was increased. This is
depicted by the plot in Figure 8D. Furthermore, we investigated
the effect of boosting the recovery from mastitis disease via
the administration of pharmaceutical/non-pharmaceutical therapy
(such as the use of antibiotics), the rate of which is denoted by
7. It was then observed that the use of this control measure has
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a significant effect on decreasing mastitis disease, as can be seen
from the plots in Figures 9A, B, that increase in 7 decreased the
populations of the clinical infective and chronic infective cattle but
increased the population of the recovered cattle as in Figure 9C.
This control measure also, interestingly, decreased the population
of the infected flies, as shown in Figure 9D, thereby reducing the
number of infected flies available to cause mastitis disease whenever
biting occurs.

The plot in Figure 10 showed the effect of the rate of culling “z”
on the dynamics of mastitis disease. Culling is a control measure
that involved the total separation of infected, and weak cattle from
the herd, to prevent the further spread of the disease. The result of
this control measure as shown in Figure 10 revealed that an increase
in the rate of culling will decrease the population of the chronically
infective cattle and so they do not partake in the transmission
of mastitis disease. This is one of the assumptions on which the
proposed mastitis model in this study is based.

This study also simulated the effect of the rate of application
of insecticides “¢” on the populations of flies that transmit mastitis
disease, and the results are plotted in Figure 11. These plots showed
that the more the use of insecticides against such flies, the lesser

Frontiersin Applied Mathematics and Statistics

the population of the flies, irrespective of their infection status.
This implies that both susceptible and infected fly’s populations are
reduced whenever insecticides are applied as revealed by the plots
in Figures 11A, B, respectively.

5. Conclusion

In this study, we proposed and formulated an epidemic
mathematical model for the dynamics of mastitis disease in
cattle (host) and fly (vector) populations with standard incidence
rates. The intervention strategy focused on the treatment of
infected cattle, culling of chronic infective cattle, and application
of insecticides on the flies that bite cattle. The proposed model
was shown to be epidemiologically feasible and mathematically
well-posed by establishing that the solutions set is non-negative
and bounded in a feasible region. The existence and stability
of both disease-free and endemic equilibria were obtained, and
these depended on the effective reproduction number, N,. If this
threshold value, R, < 1, mastitis disease is under control, but if
N > 1, then mastitis will persist in the population.
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We performed a sensitivity analysis on the effective
reproduction number, M., and the result revealed that the
most sensitive parameter was the biting rate of flies. This
can be significantly reduced by the use of insecticides, such
as methoprene, synthetic pyrethroids, organophosphates,
and abamectins [9] against the flies, as revealed by the
results of the simulations. Other parameters such as the
spontaneous recovery rate (y), rate of administration of
antibiotics (7), and rate of insecticide application (¢), among
others, are also sensitive to the mastitis effective reproduction
should

be based on these parameters, among others, so that the

number, N.. Therefore, mastitis control measures

Population of Chrovic ivfective Cattie [ C(f) ]

0 5 10 15 20
Time | Days]

10.3389/fams.2023.1171157

spread of mastitis disease could be reduced in both cattle and
fly populations.

The numerical simulations performed revealed that parameters
like the biting rate of flies and cattle transmission rate both reduced
healthy cows and increased mastitis infection in both populations.
However, control measures such as infected cattle treatment (7),
culling of chronic infective cattle (d), and the use of insecticides
against flies (¢), all have the effect of decreasing the spread of
mastitis disease and decreasing the number of infective cattle and
increasing healthy ones. It is, therefore, recommended that these
control measures be adopted in the livestock and dairy industries,
as this will increase the number of healthy cows available, and also
improve the quantity and quality of milk produced for human
consumption. Then meat and milk economy can also be greatly
enhanced. Future study would be based on determining which of
the control measures would yield an optimal result for controlling
the disease. Control measures such as media advertisement and
community awareness [36-38] would be explored, among others,
in the optimal control analysis of the mastitis model.
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