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Abstract

Poultry production contributes immensely to the economic growth of a country. For instance in Kenya, 20
tonnes of poultry meat worth 3.5 billion kenya shillings and 1.3 billion eggs worth 9.7 billion Kenya Shillings
come from this sector. However, the sector is greatly threatened by poultry diseases among them, Gum-
boro(IBD) and Salmonella as inadequate knowledge exists of optimal control strategies for various poultry
co-infections. In this research, a Gumboro-Salmonella co-infection mathematical model with optimal control
is developed using a system of ODEs to perform an optimal control analysis. The analysis was done by for-
mulating an optimal control problem and using Pontryagin’s maximum principle to solve it. The Numerical
simulation results showed that the best Gumboro-Salmonella co-infection control strategy involved combining
all the interventions
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1. Introduction

Poultry production is an enterprise that plays a major role in the growth of an econ-
omy as well as in poverty reduction. The poultry population in Kenya is estimated to be
31 million birds of which the Indigenous chicken form 75%, broilers 22%, breeding stock
1%, and 2% of all other poultry species such as Turkey, Ostriches, Pigeons, Geese, Guinea
fowl, and Ducks [1].

In Kenya each year, about 20 tonnes of poultry meat worth 3.5 billion Kenya shillings and
1.3 billion eggs worth 9.7 billion Kenya shillings come from the poultry sector,a production
which has greatly increased due to increased demand for quality protein [2]. Indigenous
chickens which form the largest of the chicken population are kept by the rural community
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under a free range system by children and women since bird keeping is a less involving
activity[3].

The commercialization of chicken is an emerging phenomenon that is rapidly gaining pop-
ularity. However, the sector is greatly threatened by diseases classified as biological, viral
and parasitic poultry diseases with Gumboro and Salmonella forming a part of these dis-
eases that lead to huge economic loss in the poultry industry [4].

Gumboro disease also called Infectious bursal disease(IBD) is a viral disease caused by
IBD-virus transmitted through feacal-oral route(Horizontal transmission) [5]. The dis-
ease was reported in 1957 in Delmarva Pensulla leading to acute morbidity and mortal-
ity in broilers with first Kenya’s Gumboro case reported in 1991 in commercial birds on
the Kenyan coast and since then the disease has remained a great threat to the poultry
industry[6].

Salmonella on the other hand is a bacterial disease caused by strains of bacteria [7].
The disease is transmitted both Horizontally and vertically with exposed animals(infected
but symptoms haven’t started showing) such as poultry and pigs being the main disease
spreaders to other flocks, animals, and even human beings[8].

Mathematical modelling has been considered as a crucial tool in comprehending trans-
mission dynamics for various diseases so as to manage them. Scientists have developed
various mathematical models to investigate the transmission dynamics of various poul-
try diseases as well as their preventive and control strategies. For instance, mathematical
models to investigate impacts of various control strategies on the transmission dynamics of
Avian influenza disease in both human and poultry populations have been developed (see
details in [9, 10, 11]), mathematical models for fowl pox disease were formulated and
analyzed by [12, 13, 14], to investigate the transmission dynamics of above-mentioned
disease in poultry with controls. Additionally, an optimal control model for newcastle dis-
ease was developed and analysed (see details in[15, 16]).

A number of models that describe the dynamics of Gumboro disease(disease in question)
have been studied in the recent past (see[17, 18, 19]), However, few models have been
proposed to study salmonella disease. For instance, a mathematical model to analyze the
transmission dynamics of salmonella disease by[20].

It is important to note that scholars have developed co-infection mathematical mod-
els for various Human diseases to describe their transmission dynamics (see details in
[21, 22, 23]), and as Co-infection affects the course of infection in human beings, so it
does in plants and even poultry. However, co-infection in poultry is an overlooked area and
therefore this research work aims to study the optimal control of Gumboro-Salmonella co-
infection in poultry to establish an effective strategy so as to avoid endemicity of Gumboro-
Salmonella co-infection in poultry.

2. Model Formulation

This research builds upon a study conducted by [19] which described the Transmis-
sion dynamics of Gumboro disease. To describe the dynamics of Gumboro-Salmonella
co-infection we developed a ten-compartmental model in which the chicken population
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Figure 1: Flow chart of epidemic chicken population

was divided into eight classes namely; susceptible chicken S, birds at early stages of Gum-
boro infections Eg, birds at early stages of Salmonella infection Eg, birds at early stages
of Gumboro-Salmonella co-infection Eg4s, birds at acute stages of Gumboro infection I,
at acute stages Salmonella infection I, birds at acute stages of Gumboro-Salmonella co-
infection I4s and birds Recovered from Gumboro, Salmonella, and Gumboro-Salmonella
diseases in both early and acute stages of infections simultaneously R and pathogen pop-
ulation divided into two compartments namely Gumboro virus concentration in the envi-
ronment Cy and Salmonella bacteria concentration in the environment Cg. Thus the total
population at a given time (t) is N(t) = N¢(t) + Ng(t) + N (t).The model was schematically
described in Figure 1.

From Figure 1, the following equations were derived:

ds
w - A (I—=u)ysS—(1—uz2)ygS—nms
dE
dts = (I—w)ysS+ (7'[9 +u4)Egs -1 _u2)YgEs —(0s +u3)Es — (ps +1n +K)Es
dE
Tf = (1-u)ygS+(ms +uzg)Egs — (1 —u1)yskg — (0g +wg)Eg — (Pg +n+ wky
dE
d,?s = (1 _U—l)YsEg +(1 _U—Z)YgEs — (7 +U—3)Egs - (7[9 +LL4)E95 —(0gs +us)Egs
_((bgs tn+u+ K)Egs
dI
d7t5 = ¢skEs+ (eg +UAL)Igs — &1 - uZ)'YgIs —(0s +uz)ls — (M +K)I;
dI
ditQ = d)gF—g +(0s +u3)Igs - &1 _ul)YsIg - (69 +u4)19 —(+ P")Ig
dlgs

at = §1-— LL1)YsIg +&(1 _uZ)YgIs + d)gsEg —(0s +u3)lgs - (99 + u4)Igs - (695 +u5)Igs
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—M+p+ K)Igs

dR
I = (0s+u3)bs +(0g +ug)bg + (0gs +us5)Egs + (85 +uz)ls + (89 +ug)lg + (8gs +us)Igs
—nR
dC
T,[B = p1Es +p2ls + p3Egs + palgs — (1 +u6)Cp
dC
Ttv = (UlEg + wzlg + nggs + w4Igs — ((X2 +LL7)CV

2.1)

Where A is the recruitment rate of birds to the susceptible class through Hatching and
migration, the Susceptible birds are infected with Gumboro and salmonella diseases at the
rate of yg = T‘;CCVV and ys = T‘l’fgg respectively. Where, w is the contact rate of susceptible
birds with an infectious bursal disease(IBD) virus-contaminated environment, T, is the
IBD-virus concentration in the environment with a 50 percent probability of Gumboro
infections, p is the contact rate of susceptible birds with a salmonella typhi bacteria in the
environment and T is the salmonella typhi concentration in the environment that have
50 percent probability of salmonella disease infections. All bird populations experience
natural death at the rate n and they also die from Gumboro and salmonella at the rates
w and k respectively. The Gumboro-infected birds in both stages of infection shed the
virus to the environment at the rates wq_4 which die at the rate ,, while the Salmonella
infected birds in both stages of infection shed the bacteria to the environment at the
rates pj—4 which die at the rate oy. &yg and &y are the infection rates of I and I
with Gumboro and Salmonella diseases respectively. While 7tg, 05, g, 04, 0g, 05, Ogs,
dg, 85, 0g4s are recovery rates. Birds at the early stages of Gumboro, Salmonella, and
Gumboro-Salmonella infections move to the acute stages of infection at the rates ¢y,
¢s and ¢y respectively. Additionally, the time-dependent control measures (ui(t),i =
1,2,3......7) defined as;

(i) wy -Vaccination of susceptible birds against Salmonella disease to boost their immu-
nity hence preventing salmonella infections.

(ii) u, Vaccination of susceptible birds against Gumboro disease to boost their immunity
hence preventing Gumboro disease infections.

(iii) us-Treatment of Salmonella-infected birds by applying supportive measures such as
administration of mild antibiotics.

(iv) ug-Treatment of Gumboro disease by use of supportive measures such as proper
ventilation, increased intake of clean and quality water, and antistress multivitamins.

(v) us-treatment of birds with Gumboro-Salmonella co-infection using Supportive mea-
sures.That is combining the treatment of Salmonella and Gumboro diseases.

(vi) ue- Elimination of Salmonella bacteria from the environment using relevant disin-
fectants and detergents such as TH4, Norocleanse, and ultrawide.

(vii) uy- Eradication of Gumboro virus from the environment through curling and proper
disposal of critical Gumboro cases.
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3. Basic properties of the model

Here the positivity and boundedness of the model solutions is discussed.

3.1. Positivity of the solutions of the co-infection model

Lemma 3.1. Let S(0) > 0, Es(0) > 0, E4(0) > 0, E45(0) > 0, Is(0) > 0, Ig(0) >
0, I4s(0) = 0, R(0) > 0, Cg(0) > 0, Cv(0) > 0 be the initial conditions of the system then
the solution set {S, Es, Eg, Egs, Is, Ig, Igs, R, Cg, Cy}(t) of model (2.1) is non-negative
forallt >0

Proof. From the first equation of system (2.1)

% =A—(1—upys+(1 _uZ)Yg +M)S
we have q
s
> (@ —uw)ys + (1 —uz)yg +m)S. (3.1
Separating the variables we obtain
ds
5 > (@ —uw)ys + (I —w)yg +m)dt (3.2

Integrating on both sides of equation (3.2) we have
InS>—(1—w)ys+ (1 —u)yg+mt+c
or
S(t) > ce (I—w)ys+(I—uz)yg+n)t (3.3)

From equation (3.3), it is clear that S(0) = ¢ for t = 0.

Therefore, S(t) > S(0)e—(1-w)vs+(1-12)ve+mt and as t — — oo we have S(t) >0V t > 0.
Also from the second equation of system (2.1);

ddE;: =(1—w)ysS+ (T[g + U«4)Egs —(1- uZ)YgEs — (05 +u3)Es — (bs +1n +K)Es

we have

ddF:: P _((1 _uZ)Yg +0s+us+bs+n+ K)t

solving the above equation by separation of variables we have

InEs(t) > —(1—w)yg+os+uz+dps+n+x)t+c

which implies that

In Es(t) > Ce—((l—uz)yg+03+u3+¢s+n+|<)t (3.4)

Clearly for t = 0, ¢ = E5(0).

Thus, equation (3.4) becomes;

Es(t) > ES(O)ef((lfuz)yg+U$+u3+cbs+n+|<)t

and as t — — oo,we have

Est) >0vVt>0

Applying the same method to other equations of the system (2.1) we get
Eg(t) > Eg(O)Qf((lful)vswg+u4+d>g+n+u)Eg > 0;
Egs(t) > Egs(O)e—(u4+7rg+u3+7ts+u5ogs+n+u+|<) > O;
Is(t) > IS(O)ef(a(lfuz)yg+55+u3+n+n<)t >0

I4(t) > Ig(o)e—(a(l—ul)vs+6g+u4+n+u)t >0

Igs(t) > Igs(O)ef(es+u3+69+u4+693+u5+n+p.+|<)t >0
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R(t) > R(0)e "t >0
Cg(t) = Cp(0)e ™' >0
Cv(t) > Cv(0)e*2' > 0 hence proof of the theorem. O

3.2. Boundedness of the solutions of the co-infection model

Let QO = (Qc UQc, UQc,) C R be a feasible region in which the solutions of the
total population are bounded. Where Q)¢ is the feasible region of the solutions of birds
population and that of Salmonella and Gumboro pathogens population is given by Qc,
and Q)c,, respectively. We show that the solutions of the system (2.1) are bounded in the
feasible region.

The total bird population is N¢ given by
Nc = S(t) + Es(t) + Eg(t) + Egs(t) + I (t) + Ig(t) + Igs(t) + R(t)

and
ANe dS 5 dEg dE 4 S dIg dIgS 4R
I = +4 + =31 +4Ls 4 + +

Thus, from system (2 1) we have

d]:itc =A—n(St)+Es(t)+ Eg(t) + Egs(t) + I5(t) + Ig(t) + Igs(t) +R(b))

— (KEs + uEg + uEgs + kEgs + kI + plg + plgs + klgs). (3.5)

When the birds are not infected, equation (3.5) reduces to

dN¢

o SA-TN (3.6)

Upon solving the equation (3.6), we get
Ne(® < 2+ (Ne(0) - f)e‘nt (3.7)
and taking limits as t — — oo we have

N < (3.8)

s>

Thus the birds population is bounded in

Qc = {(S(t% Es(t), Eg(t), Egs(t), Ls(t), Ig(t), Igs(t), R() € RY : N < ;\}

Considering the Salmonella pathogens population compartment, that is the ninth equation
of system (2.1),we have;

dCg

dt = p1Es + p2ls + pBEgs + p4Igs — o Cg, (3.9

equation (3.9) reduces to

dNj o A(p1+p2+ 03+ p4)

< — ot N. 3.10
dt n X1\ ( )
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Solving equation (3.10) for Ng, yields

(p1+p2+pP3+p4) N
n«i

Na(h < 2 3.11)

Ap1+p2+p3+ 94)) et
n&1

(NS(O) -

and taking limits as t — — oo we obtain

g A(p1+p2+p3+p4)
h Ny

Hence, the Salmonella population is bounded in the region

Ni(t)

A(pr+p2+p3+
QCB={CB(t)61Rl:NS(t)< (P1+p2+p3 p4)}

noy
considering the last equation of system (2.1),that is equation ten,we have;

dCy

at = w1Eg + wQIg + (U3Egs + w4Igs — (XQCV. (312)
Upon reduction of equation (3.12), we have

ng < A(w1+w2+w3+w4)
dt = n

— N, (3.13)

By use of integrating factor we solve equation (3.13) to get

A(w1 + Wy + w3 + w4) +
n«2

(3.14)

Alwq + wy + w3+ w
Ny < (w1 + wy + w3 4)>e_°‘2t

n«,

(Ng(O) -

A(w1+w2+w3+w4)
noa

Taking the limit of equation (3.14), as t tends to infinity, gives Ng <
Thus the Gumboro population is bounded in the region

A(wi +wy + w3+ w
QCV={CV(t)eJR1:Ng< (Wi +wz+ ws 4)}

no«z

Since the birds population, Gumboro pathogen population and the Salmonella pathogen
population are bounded, then the model will be analysed in a suitable feasible region

Q ={(S3EQ)ES)EQS)IS)IQ)IgS)R) € ]Ri} CgeRy; CveRy; S>0;
A
Eg)EsaEgS)I&Ig)IgS)R) CB)CV p 0; Nc < H/‘

A + Wy + w3 + Alp1+p2+p3+
Ny < (w1 +wz + w3 w4); N (b) < (P1+p2+p3 P4)}

1%%) nxi
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4. Optimal Control Problem

Optimization of disease prevention and control is one of the branches of Mathematical
modeling which helps in determining the effective strategies for disease prevention and
control. The model aims at minimizing the number of infections as well as the costs for
the control strategies. The objective function to be minimized is formulated as follows

te
] = min J[alEs(t) +axEg(t) + azbEgs(t) + agls(t) + asIg(t) + aslgs(t)
U1,U2,U3,Us,Us5,Us, U7
to

7
1
+a7Cp(t) + asCy(t) + 5 > wiufldt

i=1

7
where the coefficients ai, ap, as, a4, as, ag, a7, ag and Y _w; are the constant weights.
i=1
The optimal control model is taken into consideration on the full-time horizon [tg, t¢].
Therefore, the optimal control model’s solution is (uj, uz, uz, uy, ui, ug, uz), in which
I(uika u>2k) u;» 'LLZ, 'LL;, UZ» 'LL;) = mln{](ula Uz, Uz, Ug, Us, Ug, LL7)|LL1, U2, U3, Ug, U5, Ug, U7 € u}
Where U = {(u}, u3, u3, uy, us, ug, us)} such that uy, uj, uj, uj, us, ug, u; are measur-
ablewith0 <uf <1,0< 1wy <L,0<uy<,0<u; <L,0<ui<L,0<u <1,
0 <ujy <1forte [0, ty]is the control set.

5. The Hamiltonian and optimality system

By applying the Pontryagins Maximum Principle [24], the Hamiltonian (H), is defined
as:

H :alES(t) + azEg(‘t) + (13Egs(t) + (14IS(t) + (15Ig(t) + aﬁlgs(t) + Cl7CB(t) + Clng(t)

+1wu2+1wu2+1wu2+1wu2+1wu2+1wu2+1wu2+ (t)d—S
I T g T WAt T Tt T WS T Welle T W TP gt

dE 4

dt

dR dCg dCv
+p8(t)a +p9(t)F + Plo(t)ﬁ

dE dE al dl a1
+pz(t)T: + pa(t)(Ttg +Ppa(t) + 105(t)(Tts + 106(t)(Ttg +p7(t)ﬁ

where pi(t), pa(t), pa(t), pa(t), ps(t), pe(t), P7(t), Ps(t), po(t), p10(t) are adjoint vari-
ables associated with the state variable S, Es, Eg, Egs, Is, Ig, Isg, R, Cp, Cyv respectively.

Theorem 5.1. Given an optimal control set uy, Uy, Us, g, Us, Ug, Wy that minimizes | over U,

there exist adjoint variables, p1(t), p2(t), ps(t), pa(t), ps(t), pe(t), p7(t), ps(t), po(t), P1o(t)
satisfying
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dp] _ aH' dp6 _ aH.
dat - dS’ at a1y’
dpz _ aH' dp7 _ oH .
dt 9y dt 3l
dps aH dps  OH
dt  9E,” dt R’
dps aH  dpy oH
dt | dE4 dt | oCy’
dps  OH dpip  OH
dat 9L,/ dt Gy’

(5.1)

and with transversality conditions pi(tf) = 0 where i =1,2,---,10. Furthermore,

—VsSP1+YsSP2 — VsEgP3 + YsEgpa — EvsIgpe + &Yl gp7}}

uy(t)* = max {O,min {1,
Wi

Ug(t)* = max 4 0, min

=)
)

Proof. Suppose U = {(uf, uy,u3, us,us, us,us)} is an optimal control and

S(1), Eq(t), Eg(t), Egs(t), Ls(t), Ig(t), Igs(t), R(t), Cp(t), Cy(t) are the corresponding
state solutions. Applying the Pontryagin’s Maximum Principle [24], there exist adjoint
variables satisfying:

uy(t)* = max < 0, min

W) = | “YaSP1+YgSPs —VgEsPa+VgEsps— Evglsps + &yglspy

2 ) Wo
us(t)* = max{O mln{l sP2 — Egsps + Egspa + Lsps — gsp6+Igsp7Esp818p8}}

- Y )
w3

ws(t)* = max 4 0, min 4 1 Egps —Egsp2+ Egspa+ Igps — Igsps + [gsp7 — Egps — IgPps

4 ) ) Wy
u5(t)* max{O,mm{l, gsP4— gsp8+Igsp7_Igsp8}}

Ws

d oH
% =~%5 = (1 —w)ysp1+ (1 —w2)ygpr+np1 — (1 —w)ysp2 — (1 —u2)vgps
d oH
% =5 = at (1 —up)ygp2 +(0s +us)p2 + (ps +n+ K)p2 — (1 —w2)ygps — dsps
S
—(0s +u3)ps — P1P9
dp3 oH

& - L. - et (1 —=ug)ysps +(0g +ug)ps + (bg +n+ wWp3 — (1 —u1)ysps — dgpe
g
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—(0g +ug)ps — W1P10

% = _aal:_:ls = —a3 — (s + u3)p2 — (g +Ug)P3 + (75 + U3)Pa + (g +Ug)Ps + (0gs + Us)Py
+HPgs +M+ 1+ K)ps — Pgsp7 — (0gs +Us)Pg — P3P9 — W3P10
% = —?)E = —ag+ &1 —up)ygps +(8s +uz)ps — (M + K)ps — E(1 — wu2)ygpr — (8s + u3)ps
—P2P9
% = —% = —as+ &1 —w)yspe + (8g +wa)ps + (N + Wps — E(1 —u1)ysp7r — (8g + Usa)ps
i —Ww2P10
% = _aaI:lS = —ap+(0s +u3)p7 +(0g +ug)py + (8gs +Us)p7 + (M + L+ K)p7 — (05 + U3)ps
—(0g +us)ps — (0gs + Us5)Ps — P4P9 — W4P10
dps oH
dt = "R = nps
% = —aa(;[g = —azr+(x +u6)p9+m (Sp1—Sp2 + Egps — Egpa + Elgp7 — E1gPs)
% = —aaé_\l/ = —ag+(x2+uy)pro+ m (Sp1 — Sp3 + Egp2 — Espa + ELps — ELps)

(5.2)

with transversality conditions p1(tf) = pa(te) = pa(te) = pa(te) = ps(te) = pe(te) = pr(te) =
ps(ts) = po(ts) = p1o(ts) = 0. In a manner similar to that described in [24], we solve the

equation E?T]i =0atu; fori=1,2,---,7 to obtain the controls:

oH

0= o YsSP1—YsSP2+YsEgP3 —VsEgpa+ Eyslgps — Eyslgp7 + wiwg
oH

0= Tuz = Ygspl _YgSPB +YgEsp2 —VYgEspa + Eyglsps — Eyglspr + wown
oH

0= aiu?’ =—Espa + Egsp3 - Egsp4 —Isps+ Igsp6 - Igsp7 +Esps + [sps + waug
OoH

0= 6711,4 = —Egp3+Egsp2 — EgsPa — Igps + Igsps — Igsp7 + Egps + Igps + wauy
oH

0= aiug, = _Egsp4 + Egsp8 —Igsp7 + Igsps + wsus
oH

0= 67116 = —CBpg + Wglg
oH

0= w —Cvpio + wruy

Therefore, we have

_ —YsSP1+VYsSp2 —VsEgps + YsEgpa — Eyslgpe + Eyslgp7
Wi

u
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= ZYoSPLEYSP3 — VgEeP2 +YgEsPs — EVglips + Eyglep7

W
_ ESPZ — Egsp3 + Egsp4 + IspS — Igsp6 + Igsp7 — ESPS — IspS
w3
_ Egps —Egsp2 + Egspa+ Igpe — Igsps + [gsp7 — Egps — [gPs
Uy = W
Us = F—gsp4 — Egsp8 + Igsp7 — IgspS
5 Ws
C
g = BP9
We
C
Uy = VP10
wyz

—YsSP1+VsSp2 —VsEgPs +VsEgpa — Eyslgps + Evslgp7 }}
Wi

—YgSP1+YgSP3 —YgEsp2+VYgEsps — Evglsps + Evglspr }}
W»

1 Esp2 — Egsp3 + Egsp4 + Isps — Igsp6 + Igsp7 —Esps — Isps }}
y
w3

Wy

1 Egsp4 — Egsp8 + Igsp7 — Igspéﬁ }}
) Ws

{1 Egp3 — Egsp2 + Egsp4 + Igpé - IgspS + Igsp7 — EgPS — Ig‘p8 }}

(5.3)

6. Numerical Simulation Results

Finding the solutions of the optimality system analytically is sometimes impossible
which leads to the employment of the numerical methods in the approximation of the
solutions and the displaying of the results. The optimality system contains the state system
(2.1), the adjoint system (5.2), control characterization (5.3) and corresponding initial
conditions and it is solved using the fourth-order runge kutta iteration method to so as to
produce the simulation results shown in this section. The state and adjoint equations are
solved using the fourth-order Runge Kutta algorithms. The parameter values in Table 1
are used.
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Table 1: Parameter description

Parameter | Value Source
A 10/day [17]

w 0.000143/day | [17]

el 0.009/day Assumed
p 0.01/day [20]

Ty 0.009/day Assumed
n 0.000143/day | [17]

w 0.032143/day | [17]

K 0.091/day Assumed
w1 0.008/day Assumed
wy 0.009/day Assumed
w3 0.0091/day Assumed
Wy 0.0092/day Assumed
o 0.0900982/day | Assumed
P1 0.03/day [20]

P2 0.1/day [20]

P3 0.00811/day Assumed
P4 0.1/day Assumed
o1 0.1/day [20]

& 0.009/day Assumed
Tl 0.009/day Assumed
g 0.009/day Assumed
Os 0.0039/day Assumed
Og 0.0039/day Assumed
Os 0.01/day Assumed
o 0.0165 /day [18]

Ogs 0.01/day Assumed
ds 0.0048/day [20]

dg 0.021429/day | [17]

dgs 0.0052/day Assumed
bs 0.5 /day [20]

by 0.033/day [18]

bgs 0.1/day Assumed

In the simulation process, the following control strategies were employed to determine
the effective control strategy for Gumboro-Salmonellosis co-infection.

i) Strategy I: Vaccination only
Here, chickens are vaccinated against Salmonella and Gumboro diseases (u; and
U #0,u3 =uy = us = ug = uy = 0).
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ii) Strategy II: Supportive measures
Here the supportive measures that help in the recovery of the birds at both early and
later stages of infections are used (us, 1y and us # 0,17 = up = ug = uy = 0).

iii) Strategy III: Environmental sanitation only
Here the environmental strategies to eliminate the Salmonella bacteria and Gum-
boro virus in the environment are employed (ug = uy # 0,u; = up = Uz = Uy = us =
0).

iv) Strategy IV: Vaccination and Supportive Measures.
Vaccination of the birds and the Supportive measures are employed in this stage
(u1, Uz, u3, ug and us # 0,us = uy = 0).

v) Strategy V: Vaccination and Environmental Sanitation
Here vaccination of chicken and environmental sanitation control measures are em-
ployed (u,up,u6 and uy # 0,uz = uy = us = 0.

vi) Strategy VI: Supportive measures and Environmental sanitation
Here supportive measures and environmental sanitation strategies are employed.(u; =
up = 0, u3, Uy, Us, Up and uy # 0.

vii) Strategy VII: Vaccination, Supportive Measures and Environmental Sanitation
Here all the control strategies are employed (u; = up = uz = uy = us = ug = uy # 0).

6.1. Numerical results and discussion

6.1.1. Control Strategy I-vaccination of birds against Salmonella and Gumboro (uy,1,)

In this strategy vaccination of birds against salmonellosis u; and vaccination of birds
against Gumboro u, are used to optimize the objective function ] while the other con-
trol strategies , that is (us, ug, us, ug, uy) are set at zero. The simulation results of the
infected, co-infected, and pathogen compartments when the vaccination strategy is imple-
mented are illustrated in Figure 2 below.

From Figures 2(a), 2(b), 2(c) and 2(d), it’'s shown that whenever birds are vacci-
nated against salmonella and gumboro diseases the solution curves for birds at early of
Salmonella infection Eg, birds at early Gumboro infection Eg, birds at early stages of
Salmonella-Gumboro co-infection E4s and birds at acute stage of salmonella infection I,
converges to zero implying that vaccination has a positive impact in controlling bird infec-
tions in Eg, E4 and Egs. Figure 2(f) shows no significant impact of the control strategy at
acute stages of Gumboro-Salmonella co-infections as the solution curves with and without
control converge to zero an observation that can be related to the increased death rates at
this stage. From 2(e), 2(g), and 2(h) it is observed that birds at acute stages of Gumboro
infection I, salmonella pathogens Cg, and Gumboro pathogens Cy increase with control
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Figure 2: Effects of Strategy I on the dynamics of the co-infection optimal control model

though at a slower rate than without control probably because no other strategies are em-
ployed to curb shedding of pathogens to the environment and thus vaccination strategy
alone is not an effective strategy in controlling the salmonella -Gumboro co-infection

6.2. Control Strategy IT

Here the simulation results are illustrated to show the impact of implementing sup-
portive measures control strategy only on infection, co-infection, and pathogen classes
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Figure 3: Effects of Strategy II on the dynamics of the co-infection optimal control model

(See Figure 3) From figures 3(a), 3(b), and 3(d), it is observed that birds in Eg, E4 and
Is decreases then increases with control probably because birds aren’t immune and their
environment is contaminated. Figure 3(e), birds at I initially increase then decrease,
and then increase. From Figure 3(c) and Figure 3(f) birds at early stage of Gumboro-
Salmonella co-infection E g and birds at acute stages Gumboro-Salmonlla co-infection Iy
decreases sharply and then converges to zero with control hence the control strategy is ef-
fective for birds at E4s and I4s. From Figure 3(g) and Figure 3(h) the solution curves for
Cp and Cy with control are seen to increase though at a lower rate than without control
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probably because birds atEg,Eg,Isand I still sheds pathogens Which renders this strategy
ineffective.

6.3. Control Strategy III

Figure 4 illustrates the simulation results whenever the environmental sanitation-only
control strategy is implemented on the infection, co-infection and pathogen classes. From
Figure 4(a), 4(b), 4(c),4(d),4(e) and 4(f) it is observed that the control strategy has no
impact on birds at Eg,Eg,Egs,Is,Igand I4s as the solution curves with and without control
are same however in figures 4(c) and 4(f) the solution curves with and without control for
birds at E4s and I4s assumes a down tragectory probably due increased death rates again,
From Figure 4(g) and Figure 4(h) it observed that the salmonella pathogen and Gumboro
pathogen decrease initially and then rise. This can be associated to the fact that chickens
at Eg,Eg,Ls, and 14 keep on shedding pathogens to the environment hence the control is
ineffective in preventing and controlling the Gumboro-Salmonella co-infection.

6.4. Control Strategy IV

Figure 5 illustrates the simulation results whenever vaccination and supportive mea-
sures control strategies are implemented on the infected,co-infection, and the pathogen
concentration in the environment. From figure 5(a), 5(b), 5(c), 5(d), and 5(f) it is shown
that birds in Eg, Eg, Egs, I, Igs converges to zero with controls. From Figure 5(g) and
5(h), it is observed that the Cg and Cy increases initially and then decreases.Probably
because of the reduced shedding from ineffective birds. however, 5(e) shows an increase
followed by a decrease then an increase of birds at I hence the inefficiency of the control
strategy.

6.5. Control Strategy V

Figure 6 illustrates the simulation results whenever vaccination and environment san-
itation control strategies are implemented on the infection, co-infection, and pathogen
concentration in the environment. From the Figures 6(a), 6(b), 6(c) it is observed that
the solution curves for birds at Es, E4 and E4s converges to zero,while from figure 6(d),
the birds at I are seen to increase and decrease with controls. From figure 6(f) it is ob-
served that vaccination combined with environmental sanitation has no impact on birds at
I4s and therefore, the decrease of chicken at this stage with and without control might be
as a result of mortality cases experienced at this stage. Figure 6(e), shows that the solution
curves for birds at I, increase though at a lower rate with controls than without controls
and also from figures 6(g) and 6(h) a decrease followed by an increase is observed in
Salmonella Cgand Gumboro pathogenCy with controls probably because of shedding by
birds at infective classes declaring this control ineffective.

6.6. Control Strategy VI

Figure 7 illustrates the simulation results whenever supportive measures and environ-
mental sanitation control strategies are implemented on the infection, co-infection, and
pathogen environment concentration. Figures 7(a), 7(b), 7(d), 7 (g) and 7 (h) show that
the birds at Es, Eg, I, and Cg and Cy initially decrease then rise with control and also
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Figure 5: Effects of Strategy IV on the dynamics of the co-infection optimal control model

from Figure7(e) shows an initial increase followed by a decrease and then an increase for
I4.Results that can be associated to the fact that the birds are not immuned to diseases.
Hence, rendering the strategy ineffective although from 7(c) and 7(f) the strategy seems
effective as Egs and 145 converges to zero.

6.7. Control Strategy VII

Figure 8 illustrates the simulation results whenever all control strategies that is vac-
cination, supportive measures, and environmental sanitation control strategies are im-
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Figure 6: Effects of Strategy V on the dynamics of the co-infection optimal control model

plemented on the infection,co-infection, and pathogen environment concentration. From
figure 8(a), 8(b), 8(c), 8(d), 8(f), 8(g), 8(h) it is observed that birds at Es, Eg, Egs, I,
I4, I4s together with Cg, Cyv converges to zero with controls, also figure 8(e) indicates a
initial increase then decrease of birds at I with controls which qualifies this strategy as
the most effective in prevention and control of Gumboro-Salmonella co-infection.
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Figure 7: Effects of Strategy VI on the dynamics of the co-infection optimal control model

7. Conclusion

A Gumboro-Salmonella co-infection mathematical model with vaccination of birds
against gumboro diseases, vaccination of birds against salmonella disease, treatment of
birds with Gumboro infections, Salmonella infections, and Gumboro-salmonella co-infection
by use of supportive measures, elimination of Gumboro virus from the environment and
elimination of salmonella bacteria from the environment was developed in this paper. The
model’s solution set is positive and bounded as revealed by the model’s qualitative ex-
amination. Pontryagin’s maximum principle was used to formulate the optimal control
problem and the optimal control condition was analyzed. The optimality system is de-
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Figure 8: Effects of Strategy VII on the dynamics of the co-infection optimal control model

veloped and the optimal control requirement existence identified seven (7) strategies for
elimination of Gumboro-Salmonella co-infection are recommended and the effectiveness
of each strategy is carefully examined. A numerical examination of the recommended
strategies was used and the results graphically presented. From the results, it was realized
prevention and control of Gumboro-salmonella co-infection is possible only by combining
all the strategies.
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