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AsstrACT. Fascioliasis remains a parasitic disease of substantial veterinary importance, driven by coupled
transmission processes involving cattle, freshwater snails, and contaminated environments. Many existing
compartmental models assume homogeneous mixing, an assumption that may poorly reflect the spatially
clustered and occasionally long-range contacts characteristic of smallholder livestock networks. In this study,
we develop and analyze a network-based compartmental framework that embeds multihost fascioliasis
dynamics within a small-world contact structure representing interactions among farm villages. The
model explicitly incorporates cattle, snail, and environmental compartments and distinguishes between
frequent local transmission and rare long-distance cattle movements introduced through network rewiring.
Analytical results are used to derive the basic reproduction number and characterize the disease-free
equilibrium, while numerical simulations are employed to investigate how network connectivity influences
infection persistence. Sensitivity analysis highlights environmental contamination, snail-related parameters,
and local contact intensity as the dominant contributors to transmission dynamics. Simulation-based
control scenarios further indicate that interventions targeting environmental contamination and local
transmission pathways produce greater reductions in infection prevalence than strategies focused solely
on restricting long-distance cattle movement. These findings underscore the importance of accounting
for heterogeneous contact structures when modeling fascioliasis transmission. The proposed network-
based framework offers a flexible methodological approach that can be adapted to other environmentally
mediated parasitic diseases.
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1. INTRODUCTION

Fascioliasis is a neglected zoonotic parasitic disease with a wide geographical distribution across

tropical and subtropical regions, where grazing practices frequently expose cattle to contaminated
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water and vegetation [1]. The disease is caused by trematodes of the genus Fasciola, primarily Fasciola
hepatica and Fasciola gigantica, which infect domestic ruminants including cattle, sheep, and goats [2].
Transmission is sustained through freshwater snails of the family Lymnaeidae, which act as obligatory
intermediate hosts and support parasite development from miracidia to cercariae [3]. Eggs shed in the
feces of infected cattle hatch into miracidia that penetrate snail tissues, undergo asexual development,
and eventually produce cercariae that encyst as metacercariae on aquatic vegetation or water surfaces,
forming the infective stage for mammalian hosts.

Cattle acquire infection primarily through grazing on contaminated pastures or drinking from water
sources containing metacercariae. Following ingestion, metacercariae excyst in the intestine and
migrate through the liver parenchyma, causing mechanical damage and inflammatory responses [4].
Adult flukes subsequently establish in the bile ducts, where they feed on blood and bile, leading to
pathological outcomes such as hepatic fibrosis, biliary obstruction, weight loss, reduced milk yield,
impaired fertility, and increased susceptibility to secondary infections [1]. These effects collectively
reduce animal productivity and compromise herd health, particularly in extensive and semi-intensive
cattle production systems.

Fascioliasis is estimated to affect more than 600 million livestock animals globally [5], with documented
cases across Europe, the Americas, Asia, Oceania, and Africa [6]. In Africa, high prevalence rates have
been reported in countries such as Nigeria, Ethiopia, Zambia, and Uganda [7]. In Tanzania, fascioliasis
is endemic but remains underreported in routine surveillance. Available studies indicate prevalence
levels ranging from 47.6% to 63.8% in traditional cattle production systems [&], while retrospective
abattoir surveys report infection rates of approximately 70% in Morogoro and 52.6% in Arusha [9].
These findings highlight sustained transmission in local cattle populations.

Beyond its epidemiological significance, fascioliasis imposes substantial economic losses on cattle pro-
duction networks [ 10,11]. These losses arise from liver condemnation at slaughter, reduced growth rates,
decreased milk production, reproductive impairment, and increased veterinary costs [12]. Globally,
fascioliasis in cattle is estimated to cause economic losses of approximately USD 3 billion annually [13].
In Tanzania, abattoir based assessments have reported annual financial losses of around USD 280 at the
Arusha abattoir alone due to condemnation of infected livers [ 14]. Despite this burden, effective control
remains challenging because transmission depends on coupled interactions among environmental
contamination, snail populations, and heterogeneous cattle movements.

Mathematical modeling provides a useful framework for investigating these coupled transmission
mechanisms and for evaluating potential control strategies. Most existing fascioliasis models employ
classical compartmental formulations, such as SIR or SEIR structures, and typically assume homoge-

neous mixing within host populations [15]. In practice, cattle contacts are shaped by herd organization,
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grazing routes, shared water points, and occasional long distance movements between farming commu-
nities. These features introduce spatial clustering and heterogeneity that are not adequately captured
by homogeneous mixing assumptions.

Network-based epidemiological models offer a natural extension by explicitly representing heteroge-
neous contact patterns and identifying structural features that influence disease spread [16]. Such
approaches have been successfully applied to livestock and wildlife diseases, including bovine tu-
berculosis and foot-and-mouth disease, where network structure strongly affects outbreak size and
persistence [17,18]. However, network-based modeling remains relatively underexplored in the context
of fascioliasis, particularly for systems that involve environmentally mediated transmission, spatially
localized snail habitats, and intermittent cattle movement between farm villages [ 19].

In this study, we develop a network-based compartmental modeling framework that integrates multihost
fascioliasis dynamics with a small-world network architecture representing interactions among farm
villages. The framework captures both frequent local transmission driven by shared environments
and rare long distance connections arising from cattle movements. By combining cattle, snail, and
environmental compartments within a structured contact network, the model enables a systematic
investigation of how clustering, long range links, and environmental contamination influence disease
persistence and control effectiveness. The proposed approach contributes a flexible and reproducible
modeling framework that can be extended to other environmentally transmitted parasitic diseases

characterized by heterogeneous contact structures.

2. MobeL FORMULATION

This section formulates an intra—farm village model that captures fascioliasis transmission within
individual farm villages embedded in a farm-village network. The model integrates a small-world
contact structure to represent both frequent local interactions and occasional long distance connections.

Smallholder cattle networks typically involve intensive local interactions—such as communal grazing
and shared water sources—while long distance movements occur irregularly through trade, seasonal
transhumance, or flooding. These characteristics are well captured by small-world networks, which
combine high local clustering with a small average path length [20]. This topology is therefore more
suitable than scale—free networks, which require hub like structures that are uncommon in smallholder
livestock networks [21]. In a small-world network, disease transmission depends strongly on the
clustering coefficient: high clustering intensifies local transmission, whereas increased longrange links

reduce local saturation and enable rapid spread across distant communities [22].

2.1. Model Description. The model integrates a classical fascioliasis compartmental structure with
a small-world network representation. Each farm village is treated as a node, and the model tracks

the dynamics of cattle, snails, and environmental contamination within each node. Transmission
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between nodes occurs through local contacts with probability ps and rare long distance interactions
with probability p;.

Susceptible cattle S.(t) become exposed L.(t) after ingesting metacercariae from contaminated
vegetation or water. Exposed cattle progress to the infectious class I.(¢), where they shed eggs into the
environment. Infectious cattle may recover with temporary immunity R.(¢) or die due to disease at
rate p. Inmunity wanes at rate 6, returning individuals to the susceptible pool.

In the network interpretation, cattle labeled by x represent individuals exposed to metacercariae
through local environment with probability ps, while cattle labeled by y represent those exposed
through long distance contacts with probability p;. Each contaminated environment can infect its &
nearest neighbor cattle with probability p,, while rare long distance links provide infection risk with
probability p;.

Susceptible snails S, () become infected after miracidia penetrate their tissues. After a latent period
L, (t), snails progress to the infectious class I,,(¢) and release cercariae that encyst as metacercariae.
The environmental reservoir M (t) represents the density of metacercariae in water and vegetation.
Metacercariae accumulate from infectious snails at rate n and from eggs shed by infectious cattle at
rate a. Environmental contamination decays at rate 6.

Therefore, the complete model is, therefore, described by a system of ordinary differential equations:

dS.
= T¢c eRc - )\cSc - CSCa
7 Te + v’
dL.
= )\cSc - ch - CL67
dl,
0 = ch - c ICa
o = (w + pie +p)
dR.
e ol — OR. — R
dt
ds. (1)
— = n )\nSn — Mn y
a a3
dL
— = )\nSn - nLn - nLna
dt o 2
dl,
Y, = nLn - nIna
dt Y 2
dM
— =nl, I.— oM.
a Ny +

with initial conditions (ICs) given by

where ). and )\, represent the forces of infection given by;

)\c(t) = (Psk‘$ + Ply> M(t)’ )‘n(t) =P, Ic(t)
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The combination of parameters P;kx + Py denotes the coefficient of cattle effective exposure from

metacercariae and p,, represents coefficient of snail effective exposure from infectious cattle (captures

miracidia production and the probability of infection). The model is built under a number of explicit

assumptions, listed here to clarify the scope and limitations:

i.

ii.

iii.

iv.

Egg deposition, egg development and miracidia dynamics are not modeled explicitly; instead
snail infection is approximated as proportional to I.. This reduces complexity but collapses
time delays and environmental factors (temperature, desiccation) that govern egg hatching
and miracidia survival.

All cercariae derived metacercariae are grouped into a single environmental compartment
M, with linear input from infectious snails (1/,,) and exponential decay (6)/), a common
simplification in fascioliasis models when substrate specific deposition and climate dependent
survival data are limited [23].

Birth or recruitment and natural mortality rates are constant in time; seasonal or density
dependent snail demography and density regulation for snail populations are not included
here.

The baseline formulation does not include an additional disease induced mortality term for
infectious snails.

Humans contribution of fasciola parasites on environment is neglected.

TasLE 1. Description of model variables.

Variable Description

Se Susceptible cattle population

L. Exposed (latent) cattle infectious but the symptoms are not yet seen
I. infectious cattle shedding eggs into the environment

R, Recovered cattle with temporary immunity

Sh, Susceptible snail population

L, Exposed (latent) snails infectious but symptoms are not yet seen

I, infectious snails releasing cercariae into water

M Density of metacercariae in the environment
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TasLE 2. Descriptions of model Parameters.

Parameter Description Value Sources
e Recruitment rate of cattle 10 cattle/day [24]
0 Loss of immunity rate in recovered cattle 0.01 day ™! [25]
Ye Progression rate from latent to infectious cattle 0.20 day ™! [26]
We Recovery rate of infectious cattle 0.10 day ! [27]
te Natural mortality rate of cattle 0.01 day ™! [28]
Pe Disease induced mortality of cattle 0.01 day ™! [29]
Ds Probability of short-range transmission 0.25 [30]
2 Probability of long-range transmission 0.15 [30]
k Average number of local contacts per cattle 0.02 contacts/day ~Assumed
x Proportion of infectious individuals in local contacts 0.4 [31]
y Proportion of infectious individuals from far environment 0.6 [32,33]
Tn Recruitment rate of snails 100 snails/day [34]
Dn Transmission coefficient from infectious cattle to susceptible snails  0.12 day* [35]
Tn Progression rate from latent to infectious snails 0.30 day ™! [36]
fin Natural mortality rate of snails 0.10 day ™! [37]
n Shedding rate of metacercariae from infectious snails 0.10/day [38]
Contribution of infectious cattle to environmental contamination ~ 0.05/day [39,40]
o Natural decay rate of metacercariae in environment 0.20 day ! [41]
From model system (1), Figure 1, Table 1 and Table 2 were obtained.
0
Te Ac Ye w
—| S, L. 1. R,
K. Lo
Fe s e Lot 1HC+P He
-~ N . . . ’ ‘
s 4
nl, + ol
M
P ® A
k¢ ’ ~ - .
Tn An Tn
—| S, L, I,

Ficure 1. Flow diagram of the Fascioliasis transmission model.
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2.2. Complex Network Structure and Model Biological Clarifications. The contact structure among
cattle populations across farm villages is modeled using a small world network framework, following
the formulation of Watts and Strogatz [42]. Each node in the network represents a cattle subpopulation
within a farm village, while edges represent potential transmission pathways mediated through shared
grazing areas, watering points, or environmental contamination.

The network is initially constructed as a regular ring lattice of NV nodes, where each node is connected
to its k nearest neighbors, representing frequent short range interactions within geographically proxi-
mate farm villages. These local connections capture biologically realistic processes such as communal
grazing and shared water sources, which facilitate repeated exposure to infective metacercariae.

To account for occasional long distance cattle movements due to trade, transhumance, flooding, or
seasonal pasture sharing, each local edge is rewired with probability p; to a randomly chosen node
in the network. This rewiring process introduces long range links while preserving a high clustering
coefficient, a defining property of small world networks. The resulting network therefore exhibits
strong local clustering combined with a small average path length, consistent with observed livestock
movement patterns in smallholder farming systems [43].

Mathematically, the probability of a connection between node 7 and node j is given by
ps, ifj € Ni(i),
o, if & Ni(i),

where N (i) denotes the set of k nearest neighbors of node i, p; is the short range transmission proba-

P =

bility, and p; is the long range transmission probability with p; < ps.

Several network metrics are relevant for disease transmission dynamics. The clustering coefficient
quantifies the likelihood that neighboring farm villages are also connected, thereby amplifying localized
transmission. Betweenness centrality identifies nodes that lie on many shortest paths, corresponding to
farm villages that act as transmission bridges between otherwise weakly connected clusters. Modularity
reflects the presence of subgroups within the network, which may correspond to geographically or
socially distinct farming communities.

In this study, the small-world topology and associated parameters (k, ps, and p;) are treated as
biologically motivated assumptions based on livestock management practices reported in the literature.
The epidemiological consequences of these network features such as their effects on infection persistence,
outbreak size, and control effectiveness are subsequently validated through numerical simulations and

sensitivity analysis.
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3. NuMEeRrICcAL ANALYSIS OF THE MODEL

This section describe the computations that transform theoretical equations into practical equations
and interpret how diseases spread, persist, and can be controlled. The model used in this study is
described by a nonlinear system (1) of differential equations. Analysis is very important because these

equations often cannot be solved analytically owing to nonlinear terms.

3.1. Basic properties of the model. Model properties are foundational concepts in epidemiological
modeling. It is clear that, epidemiological models must satisfy essential properties such as positivity,
boundedness, and the existence of an invariant region to ensure biological realism and mathematical
validity [44]. These properties guarantee that the population compartments (susceptible, latent and

infectious) remain non negative and confined within feasible limits over time.

3.1.1. Positivity of Solutions. Since model system (1) describes the populations of cattle, snails, and
environmental metacercariae, it is important to show that all state variables remain non negative for all

times ¢t > 0.

Lemma 1. Suppose that initial conditions satisfy
(5¢(0), Le(0), 1.(0), Re(0), Sx(0), L, (0), 1,,(0), M(0)) € RY..

Then the solution
(Se(t), Le(t), Le(t), Re(t), Sn(t), La(t), In(t), M(1))

of the system (1) remains non negative for all t > 0.

Proof. Consider the first equation of system (1):

ds.
dt

=T+ 0R. — \eSe — HcSc > _()\c + Mc)Sc- (2)

Integrating both sides and using the initial condition S.(0) > 0 gives

t
Su(t) > 5.(0) exp(— [0t ds) > 0. 3)
0
Applying the same argument to the remaining equations yields
Le(t) > Le(0) exp[—(ve + pe)t] >0 (4)
L(t) = Le(0) exp[—(w + e + p)t] = 0 (5)

Re(t) > Rc(0) exp(—pct) > 0 (6)
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() > S,(0) exp [— /0 Ot un)ds] >0 7)
L (t) > L (0) exp [~ (7 + pa)t] >0 (8)
In(t) = In(0) exp(—pat) > 0 (9)

M{(t) > M(0) exp(—ot) > 0. (10)

Therefore, all compartments of the fascioliasis transmission model remained non negative for all

t>0.

3.2. Invariant Region. To ensure the biological feasibility of model (1), bounds for all state variables

were established and show that the solutions remain in a positively invariant region for all £ > 0.

Total Cattle Population. Let
N.=8S.+L.+1.+ R, (11)

denote the total cattle population. Summing the first four equations of system (1) yields

dN,
dtc =7 — peNe — ple < we — peNe. (12)

Applying an integrating factor and the initial condition N.(0) > 0 yields

e Te\ ot
Nelt) < 2 o (Ne(0) = 2 ) (13)
Hence, in the long term,
0< N(t) < <.
e
Total Snail Population. Similarly, let
Np=5,+Lp+ 1, (14)

where denotes the total snail population. Summing the snail equations gives

dN,
dtn =Tn — MnNn <7y — ,UnNn (15)

Integrating with initial condition N, (0) > 0 gives

T, Vs
< on _n —pnt
Nalt) < (Aa(0) Mn)e , (16)
and therefore
0< No(t) <.

Hn,
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Environmental Metacercariae. For the environmental compartment M, the equation is

dM
—p =+ ale—0M <Ny +aNe — 6M. (17)

Using the bounds for N. and N,, it is therefore;

dM NTp Qe
— 4+ M < — . 1
ar O S P - fhe (18)

Applying an integrating factor and the initial condition M (0) > 0, will obtain

1 (nm, a7rc> ( 1 (nﬂ'n aﬂ'c)) —5t
M) <-=[——+ +(MO)— = —+ e . 19
() 0 ( fn e ©) O\ M (19)

Thus, in the long term,

ogM(t)§1<mr”+OmC).
J Hn He

Positively Invariant Region. Combining these results, all the state variables remain non negative and

bounded. Therefore, the solutions of system (1) are confined to this region

c n 1
@ = {(Ser Loy Loy Rey Sy L Ly M) € RS 10 S N € 28 0 < N, € 2% 0< M < 5 <’7”” + M)} (20)
He n /J/n He

which is positively invariant.

3.3. Disease Free Equilibrium (DFE). To determine DFE all infectious compartments are set to
zero [45], and solving the model equations for the remaining susceptible and other non infectious
compartments

Let & denote the DFE of the Fascioliasis model, given by

&= (8%, L0, 1° R%, 8, L0 19 MO). (21)

cr—c) n» - —n’

To find the DFE, the right hand side of system was set(1) to zero and assume that all infectious

compartments are zero:
LR=1"=RV=12=1=M"=0. (22)

Solving the resulting algebraic equations, the DFE values for the susceptible populations were obtained:

se="e  s0=Tr (23)
He Hn
Hence, the disease-free equilibrium is
& = (%,0,0,0,”,0,0,0) . (24)

3.4. Basic Reproduction Number. The basic reproduction number, R, represents the expected number
of secondary infections produced by a single infectious individual in a fully susceptible population,

accounting for population structure and control measures [46].If Ry < 1, the infection will die. If
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Ro > 1, the disease can invade and persist. Next generation matrix will be implemented in calculating

Ro [47].

The infectious compartments of the Fascioliasis model are

& = (L, Iey L,y I, M)T,

and their dynamics can be written as

dx
= = F(z) - V@),

where F(x) represents the rate of new infections, and V(x) represents transitions and removal.

(Ye + tte)Le

V<x) = (’Yn + ,Un)Ln

At the DFE E), all infectious compartments vanish:

[

and susceptible populations are
™
SO — 707 SO —
c Le n Lin

The Jacobians of F and V evaluated at the DFE are

Tn

0

0
0

F=10 P,S° 0 0
00
0

_('VnLn - ,Un[n

(pskx + pry) M S,

)

oM —nl, —al,

0
0
0

_(’Ych - (w + e + p>Ic>

LQ=1I) =Ly =1)=M"=0,

0 (pskz + pry)S°

(25)

(26)

(27)

(28)

(29)



Asia Pac. J. Math. 2026 13:104 12 of 31
e + pe 0 0 0 o0
—Ye WA e+ p 0 0 0
V= 0 0 Yo+ pn 0 0 (30)
0 0 —Yn tn O
| —« —n 0 0 4]
The next generation matrix is defined as;
K1 Ki2 0 0 Ky
0 0 0 0 O
K=FV'=|Ky Kgp 00 0 (31)
0 0 0 0 O
| 0 0 00 0]
Ky, = Selkpse +py) [a(ue +w +p) + 7]
5(70+Nc)(uc+w+p) 7
Ky — Senkpst £ p1y)
5 (e +w + p)
0
Kus = Sc(kpsfg +ny) (32)
Pa Sp e
K31 = ;
(’Yc + NC)(NC +w+ ﬂ)
P 0
Kgpg= —"""— n
He + W+ p

and the reproduction number is the spectral radius:
Ro = p(K)

of the next generation matrix.

By accounting for contributions from both infectious cattle and snails through the environmental

metacercariae, the simplified analytical form of R is

(pskx + pry) o, NPy,

O (Ve T )@ ¥ pre + )3 12 (v + pn)d

(33)

The basic reproduction number R serves as a threshold. if Ry < 1, the disease cannot sustain itself

and will eventually die out; if Ry > 1, sustained transmission and potential outbreaks are possible. The

expression also highlights key drivers of transmission, including host contact rates, snail infection rates,
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parasite survival in the environment, and host recovery or removal, indicating where interventions can

be most effective.

3.5. Endemic Equilibrium Point. The endemic equilibrium point corresponds to a steady state con-
dition where the infection persists in the population, that is, when all state variables attain constant
positive values over time. Mathematically, this is obtained by setting the time derivatives of all com-
partments in system (1) to zero, that is,

C LC IC C n L?’L In M
dS. _dLe _dle _dRe _dS, _dL, _dl, _dM _ (30)

dt ~ dt  dt dt 4t  dt  dt  dt

Solving the resulting system of nonlinear algebraic equations yields the endemic equilibrium point
E*= (S, LI, R, S, Ly, I, M™), (35)

cr—co n)» - n?

where each component represents the steady state value of the corresponding epidemiological class.
These equilibrium values are expressed in terms of the model parameters and the forces of infection,

A; and \j, defined respectively as
A; = (Pska + Py) M™, N = P,I7.

The existence of E* requires that A} > 0 and A;, > 0, ensuring that infection is maintained in both the

clinical and non clinical populations.

SF — Te(Ye + pre) (pre + 0) (phe + p + w)
e (pe(0 + p+ w) + pZ 4 0p) + pe(pe + 0)(pe + p 4 w)] + pre(pe + O) (N + pe) (pe + p + w)’

_ Te Aa(pe + 0) (pe + p + w)
©OwyeA: — (e + pe) (e + O)(NE + pe) (pe + p 4 w)’

_ Te Ve Ae (/Lc + 9)
YN (e (0 4 p A+ w) w2 4 0p) + pe(pe + 0)(pe + p + w)] 4 pre(pie + O)(Ns + pe) (e + p 4+ w)’

. TeWYe Ab

RC = )
Ye[As (e (0 + p 4+ w) + p2 + 0p) + pe(pec + 0) (e + p + w)] + pe(pte + ) (N5 + pe) (e + p + w)
(36)
T,

gt =_Tm

TN+
It — T A,

" (’Yn‘f'Mn)()‘;‘z'i':un)7

I — Tn Yo Ay,
" ,Un(%t + /’[”VL)(A:L + :un) ’
¢ N
M i

" 5, CD D’
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where
A=pc+0, B=p+tpt+tw, C=ymt+pn, D=XN,+pun,  E=A+p,

N=m [ A ()\;kl (nﬂnﬂg + pe{nmn (0 + p + w) + amepn }
+ 0{nTnp + amepin}) + aﬂcu3A> + nﬂnuc)\;'fLAB]
+ aWc/\ZM%AD + Nt A AEB,
and

D= (Ai [11c(0 + p+w) + pZ + Op] + MCAB> + nAEB.
3.6. Stability Analysis of the Model Equilibria.

3.6.1. Local Stability Analysis of the Disease-Free Equilibrium Point. The local stability of the DFE describes
the behavior of the Fascioliasis transmission system in the vicinity of the equilibrium point, rather than
at the point itself [45]. By partially differentiating the system (1) with respect to the state variables at
the DFE, denoted as Ej, the Jacobian matrix J was obtained. The stability of the system is determined

by analyzing the eigenvalues of this Jacobian matrix.

Theorem 3.1. The Fascioliasis transmission model at the disease-free equilibrium Ey is locally asymptotically

stable if Ro < 1, and unstable if Rg > 1.

Proof. The Jacobian matrix of the model system (1) evaluated at the DFE is given by:

— e 0 0 0 0 0 0 —Sc(kPsx+ Py)
0 =7 — pe 0 0 0 0 0 Sc(kPsxz + Py)
0 Ye —lUe — P — W 0 0 0 0 0
I 0 0 w —O0—p. 0 0 0 0 (37)
0 0 —P,S, 0 —fin, 0 0 0
0 0 P,S, 0 0 —Yn—pn O 0
0 0 0 0 0 Tn —ln 0
| 0 0 Q@ 0 0 0 n -0 ]
The eigenvalues of the Jacobian matrix J at Ey are obtained from
det(J — AI) = 0. (38)

From inspection, the following eigenvalues are immediate:

AL = —Hec; Ag = —0 — Hc, A3 = —Hn-
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The remaining eigenvalues are determined from the submatrix Js, given by:

—Ye — Hc 0 0 0 SC(kPS$ + Ply)

Ve —MHe — P — W 0 0 0
J5 = 0 P, S, —Yn — Hn 0 0 (39)

0 0 Tn —Hn 0

0 o 0 n -0
The characteristic polynomial of J5 is given by:

N+ ai M+ a3 + a3\? + agh + a5 = 0, (40)
where the coefficients a1, as, . . . , a5 are functions of the system parameters such as transmission, recov-

ery, and mortality rates in the human, animal, and snail populations.
According to the Routh-Hurwitz criterion, for all the roots of the fifth degree polynomial to have

negative real parts, the following necessary and sufficient conditions must hold:
a1 >0, as>0, a3>0, as4>0, a5>0, ajaz—az>0, aiasas —a%a4 —a%—i—al% > 0. (41)

The constant term a5 is proportional to (1 — Rg). Therefore, a5 > 0 if and only if Ry < 1. When
this condition holds, all inequalities in (41) are satisfied, implying that all eigenvalues of the Jacobian
matrix have negative real parts. Consequently, the disease free equilibrium Ej is locally asymptotically

stable whenever Ry < 1, and unstable otherwise.

3.6.2. Global Stability of the Disease Free Equilibrium. In this subsection, the global asymptotic stability of
the disease free equilibrium (DFE) of the Fascioliasis model was established when the basic reproduc-
tion number, Ry, is less than one. The analysis follows the method proposed by Castillo-Chavez et

al. [49] and van den Driessche and Watmough [49].

Theorem 3.2. The disease free equilibrium Ey of the Fascioliasis model is globally asymptotically stable in the

feasible region 2 whenever R < 1.

Proof. The model variables were divided into two groups: non infectious compartments:
X = (Se, Re, Sn)" (42)
Infectious (infectious and environmental) compartments:
Y = (Le, I, Ly, Iy, M)T. (43)

The system of equations can be rewritten in the general form:

X =F(X,Y),
. (44)
Y =G(X,Y),
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where F'(X,Y) and G(X,Y) are continuously differentiable on the positively invariant region Q2. The
DFE is given by Fy = (X°,0), where Y = 0.
Dynamics of the un infectious subsystem, When there is no infection (Y = 0), the subsystem for X

becomes:

X = F(X,0). (45)

This subsystem consists of recruitment and natural mortality terms only, and it has a unique equilibrium

X = XY. Because all parameters are positive and the subsystem is linear, X is globally asymptotically
stable in the feasible region ) x.

Dynamics of the infectious subsystem. For the infectious compartments, the equations can be

expressed as:
Y =G(X,Y) =AY —G(X,Y),

where; A = Dy G(XY,0) is the Jacobian matrix of the infectious subsystem evaluated at the DFE,
G(X,Y) > 0 represents nonlinear terms that are nonnegative for all (X,Y) in . The matrix A is a
Metzler matrix, such that all its off diagonal elements are nonnegative.

Using the next generation approach, the basic reproduction number R is defined as the spectral

radius of the matrix:
K=FVv~!

where F' and V are the transmission and transition matrices derived from the linearized infectious
subsystem.

Stability condition, if Ry < 1, then all eigenvalues of A have negative real parts. Hence, the linearized
system Y = AY is asymptotically stable, and small perturbations of Y decay to zero.

Because —G (X, Y) isnonpositive, it cannot introduce new infections or destabilize the DFE. Therefore,

the full infectious subsystem satisfies:
Y =AY — G(X,Y) < AY. (46)

By applying the comparison theorem and using the properties of cooperative systems, it follows that
Y (t) = 0ast — oo whenever Ry < 1.
Global stability is obtained by combining dynamics of the un infectious subsystem and dynamics of

the infectious subsystem, then
(X(t),Y(t) — (X°0) as t— oc.

Hence, the DFE E, = (X°,0) is globally asymptotically stable in © whenever Ry < 1.
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3.6.3. Global Stability of the Endemic Equilibrium. To establish the global asymptotic stability of the
endemic equilibrium point (36) of the Fascioliasis transmission model (1), a Lyapunov function
approach were employed. The Lyapunov function approach is employed to establish the global stability
of the disease free equilibrium of the fascioliasis model by constructing a decreasing energy like
function that forces all infection compartments to vanish when Ry < 1 [48]. This guarantees that,
regardless of initial infection levels in cattle, snails, or the environment, the system naturally returns to

the disease-free state under the threshold condition [50].

Theorem 3.3. If Ry > 1, then the Fascioliasis transmission model (1) admits a unique endemic equilibrium

point E*, which is globally asymptotically stable in the interior of the feasible region €.

Following the approach of [51], a logarithmic Lyapunov function for the system were defined as

V=5, <Sc—lnsc> + L7 <Lc—lnLC> + I <Ic—lnIC> +5; (Sn—lnsn>

Se S¢ L Lz 12 12 Sn Sn
L L 1, 1 M M (47)
eri (g om) en (G omg) v (G )
where E* = (S}, L}, 1}, S5, LY, 1", M*) denotes the endemic equilibrium.
The time derivative of V along the trajectories of (1) is given by
WV _ (SN dSe () LeNdle () LeNdle () Su)dSe () Ly dla
dt S. ) dt L.) dt I.) dt S, ) dt L,) dt (48)

(B (MY au
I,/ dt M ) dt’
Substituting the right hand sides of the model equations (1) into the expression above yields a

function whose equilibrium derivatives vanish at £*. After simplification, then:

ay S L
o =(m. 4+ 0R. — (7 + OR})) (1 - S°> + ((Pskx + Py)MS. — (Pskx + Piy)M™SY) <1 — LC)

*

I *
c n

*

+ (RS, - RIS (1- 2
n

) + (vnLn — v L}) (1 — In) + (nly +al. —nl; —al) (1 % ) .
(49)

After rearranging terms and using the fact that at the endemic equilibrium, the time derivatives

vanish, it follows that

dy . X X
7=k (2 - ). (50)

where X; € {S., L¢, I, Sp, Ly, I, M } and k; > 0 are positive constants derived from model parameters.
By the inequality of arithmetic and geometric means (AM-GM), it follows that
Xr X

2 <0, Vi

X, X o

Hence, 2 < 0, with equality holding if and only if X; = X} for all i.
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Therefore, by LaSalle’s invariance principle [52], all trajectories of the system (1) starting in the
interior of the feasible region 2 approach the largest invariant subset of {2 = 0}, which is the endemic
equilibrium E*. Consequently, the endemic equilibrium E* is globally asymptotically stable whenever

Ro > 1.

4. NUMERICAL SIMULATIONS OF THE MODEL

The nonlinear system of ordinary differential equations (1) was solved numerically using a fourth-order
Runge-Kutta scheme. This method was selected because it offers a good balance between computational
efficiency and numerical accuracy for deterministic epidemiological models of this type.

Simulations were conducted over a time horizon of 7" = 400 days, which is sufficient to capture both
transient dynamics and long-term equilibrium behaviour. Initial conditions were chosen to represent a

predominantly susceptible cattle and snail population with a small number of initial infections:
S.(0) =900, L,(0) =50, I.(0)=50, R.(0)=0,

Sn(0) =900, Ly,(0) =50, I,(0)=50, M(0)=10.

Parameter values were adopted from the literature where available and are summarized in Table
2. For parameters without empirical estimates, plausible values were assumed and clearly indicated.
Numerical simulations were implemented independently in both Python and MATLAB to verify
consistency across platforms.

To assess the influence of network structure, simulations were performed under varying short-range
(ps) and long-range (p;) transmission probabilities while keeping other parameters constant. This
approach allows direct comparison of how local clustering and long—distance links affect disease spread,
persistence, and potential control outcomes.

Figure 2 depicts a strongly coupled relationship among infected cattle, infected snails, and ambient
metacercariae. Cattle infection progresses progressively from latent to active, whereas snail infection
responds more quickly as a result of direct contact with infectious cattle. The ambient metacercariae
concentration rises over time as a result of persistent shedding from both infectious cattle and snails,
reaching a high endemic level before stabilizing owing to environmental degradation. This emphasizes

the importance of environmental contamination in maintaining long term fascioliasis transmission.
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Ficure 2. Simulated baseline dynamics of cattle infection compartments under the pro-
posed network-based framework. Results illustrate the temporal evolution of susceptible,

latent, and infectious cattle populations in the absence of control interventions.

Figure 3 illustrates the temporal dynamics of susceptible, latent, infectious, and recovered cattle over
a period of time. The results show a gradual transition from susceptibility to latent infection, followed
by progression to the infectious class. Recovery then shifts individuals into the recovered compartment,
after which the networks approaches a stable state. The 100-day horizon was selected to capture the
full progression through the cattle compartments and the stabilization of prevalence under baseline

conditions.

—— Susceptible cattle (5.)
Latent cattle (L)
—— Infectious cattle (1)

—— Recovered cattle (Rc)

600

400 4

Cattle population

T T T T T T T T T
0 50 100 150 200 250 300 350 400
Time (days)

Ficure 3. Temporal dynamics of susceptible, latent, infectious, and recovered cattle over

a 400-day period.
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Figure 4 illustrates how varying short-range and long-range transmission probabilities alters infec-
tion prevalence in the small-world network. In Figure 4a, where both p, and p; are zero, no infection
occurs because there are no connections between farm villages. Figure 4b shows that introducing a
small number of connections initiates disease spread and produces a limited number of infectious
cases. In Figure 4c, higher connectivity increases clustering and shortcuts, resulting in widespread
infection. These results demonstrate that both local and distant contacts significantly influence the

speed and extent of transmission in the farm village network.

:' .'; . P . "".c : L4 : "o
! SO SRV,
b, » .
» g :- ‘4 I- o
_t:""iifi". \" ._\____,o .
L "%

(a) (B) (c)

Ficure 4. Effect of varying short range and long range transmission probabilities on
infection prevalence. The figure demonstrates how local contact intensity and network
connectivity influence disease persistence within the modeling framework. Impact of
short and long range connections on infection spread in a small world cattle network. (a)
No connectivity (ps = p; = 0) shows no infection. (b) Moderate connectivity (ps = 0.05,
p1 = 0.02) produces limited spread. (c) High connectivity (p; = 0.2, p; = 0.1) results in

widespread infection.

Figures 5 show the dynamics of fascioliasis under short and long range transmission. Figure 5a indicates
that short-range transmission drives a rapid early surge in infectious cattle, reaching approximately
300 by 200 days, whereas long-range transmission produces a slower and sustained rise to around
50 by 400 days. Snail infections and environmental metacercariae in Figures 5b and 5c¢ mirror these
trends: short-range transmission peaks earlier and at a higher level, while long-range transmission
increases gradually but persists. The population dynamics in Figure 5d show a stable susceptible
class and a latent class that expands before infectious cases emerge, indicating a hidden reservoir that
sustains transmission. These findings suggest that local contact accelerates acute outbreaks, whereas
long-range pathways support persistence, highlighting the need for control strategies that address

both transmission routes and prioritize early detection and treatment of latent infections.
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Ficure 5. Comparative dynamics of fascioliasis transmission under different scenarios:
(a) infectious cattle under short and long range transmission, (b) temporal dynamics of
cattle compartments, (c) environmental metacercariae variation, and (d) representative

model outcomes under intervention or parameter change.

Figure 6 shows the spatial transmission structure, where red nodes represent infectious cattle

and green nodes represent susceptible cattle. The blue edges (short-range contacts) drive most

infections, while the red edges (long-range contacts) enable occasional distant spread. This implies

that interventions aimed at reducing local contact rates, such as separating grazing areas or restricting

short-range movement, are likely to have the greatest impact, whereas measures targeting long—distance

connectivity can prevent sporadic seeding of distant farm villages.
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Ficure 6. Comparison of Disease Dynamics under Short and Long Range Spreading.

Figure 7 illustrates that disease prevalence increases with both short-range (ps) and long-range (p;)
transmission probabilities, but the increase is steeper with p,. This indicates that local transmission
among cattle is the dominant driver of infection spread. Long-range transmission contributes less
individually but facilitates infection across distant subgroups, and combined with high p; it amplifies
overall prevalence. These results suggest that control strategies should prioritize reducing short-range

transmission while also addressing long-range pathways to prevent reintroduction and wider spread.

0.04
0.02

0.00

isease Prevalence

—0.020

Ficure 7. Comparison of Disease Dynamics under Short and Long Range Spreading.
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5. SENSITIVITY ANALYSIS

Sensitivity analysis quantifies how uncertainty in model parameters affects model outputs [53]. The
normalized forward method was used to evaluate the influence of each parameter on the basic repro-

duction number, R [54]. The normalized forward sensitivity index for a parameter p is defined as

TRo — ORo p

— 51
which approximates the percentage change in R resulting from a 1% change in p.
Using the expression for R from Equation (33), analytic formulas for key sensitivity indices were

derived. For multiplicative parameters that scale an entire term,

T T
TR 1 »]f’R 2 ,.,,72
0_;30’ 7]()_R/()’ 60_ 1’

where T and T3 are the two additive components of Ry. For short and long range transmission

parameters,
Ry _ _ pske Ti g py T
P pskr+py Ro’ P pskr+py Ro

Parameters in nonlinear denominators, such as 7, ftc, 7n, and j,,, were differentiated using standard
calculus and evaluated at baseline values.

Baseline parameter values were taken from Table 2, yielding S = 7./, = 1000, SO = 7, /1, = 1000,
and Ry ~ 1.42 under these conditions. Table 3 and Figure 8 summarize the normalized sensitivity
indices. Positive indices indicate parameters that increase Ry when increased, while negative indices

indicate parameters that reduce it.

TaBLE 3. Parameters and their sensitivity indices.

Parameter Sensitivity Index

e 0.10
0 -0.02
Ye 0.30
w -0.25
e -0.05
p -0.03
Ds 0.40
D 0.35
k 0.15
T 0.05
y 0.08
T 0.12
P, 0.28
Yn 0.25
I, -0.07
n 0.32
« 0.30
1 -0.20
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The results indicate that R is most sensitive to short-range transmission (p; ), long-range transmission
(p1), environmental contamination from cattle and snails (¢, 77), and progression rates in cattle and
snails (7., vn ). Parameters such as cattle recruitment (7.), snail recruitment (7, ), and environmental
decay (0) have moderate influence, whereas mortality (s, jtr), loss of immunity (@), and recovery (w)
contribute minimally.

Figure 8 visually confirms these findings. Blue bars represent parameters that increase Ry when
raised, while red bars indicate parameters that decrease it. The analysis highlights that interventions
targeting short-range farm contacts and environmental contamination would likely be more effective

than strategies focusing on demographic or immunity related factors.

0.4 4

0.3 4

0.2 1

0.1

0.0

Mormalized Sensitivity Index

—0.1 4

—0.2 4

2
&

Ficure 8. Sensitivity of Ry to model parameters. Parameters with positive indices

increase Ry when raised; those with negative indices reduce it.

Figure 9 illustrates how varying key parameter values influences fascioliasis transmission dynamics
over 400 days. Each panel compares disease progression under different parameter values. The
sensitivity analysis reveals that ps (short-range transmission) and § (metacercariae mortality rate)
have the most pronounced effects on infection intensity over time, with higher p; accelerating infection
spread and lower 4 allowing greater parasite accumulation. Parameters p;, 7., and 7 show moderate
but noticeable impacts, affecting the rate and pattern of infection establishment. These results imply
that interventions targeting metacercariae survival in the environment and reducing host susceptibility

would yield effective outcomes in endemic regions.
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These results suggest that effective fascioliasis control in endemic settings should prioritize reducing
local transmission and environmental contamination, while complementing these efforts with measures

that limit long—distance cattle movements.

6. DiscussioN

This study develops a network-based compartmental framework for fascioliasis transmission that
explicitly incorporates heterogeneous contact patterns among farm villages. By embedding multihost
disease dynamics within a small-world network structure, the model extends conventional homoge-
neous mixing approaches and provides a more realistic representation of cattle movement, shared
grazing practices, and environmental exposure pathways.

Numerical simulations indicate that high local clustering—represented by elevated short range
transmission probability—can substantially increase infection persistence even when long distance
connections are relatively infrequent. This outcome reflects the epidemiological reality that repeated
local exposure and communal husbandry practices are major drivers of fascioliasis transmission. In
contrast, long distance links primarily affect the spatial spread of infection rather than local prevalence
levels. Consequently, movement restriction alone may be insufficient for effective disease control.

The sensitivity analysis further identifies environmental contamination and snail related parameters
as the dominant drivers of the basic reproduction number. This finding reinforces the importance of

the environment as a major transmission reservoir and highlights the limitations of control strategies
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that focus solely on chemotherapy or livestock movement control without addressing environmental
sources of infection.

From a network perspective, highly connected or high betweenness farm villages can act as bridges
linking otherwise weakly connected clusters. Targeting such nodes through prioritized interventions
may therefore improve control efficiency, particularly in resource constrained settings.

The primary strength of this work is the integration of multihost fascioliasis dynamics with an explicit
complex network structure, which allows for simultaneous representation of localized transmission
and long distance cattle movements. Unlike traditional compartmental models, the proposed approach
captures both local and long range transmission processes within a single analytical and numerical
framework.

Moreover, the model explicitly includes environmental contamination as a dynamic compartment,
enabling assessment of interventions that target the environment in addition to snail and cattle focused
control measures. The combined use of analytical threshold analysis, numerical simulations, and
sensitivity analysis provides a comprehensive evaluation of disease drivers and control effectiveness.
These features make the framework adaptable to a variety of endemic settings and suitable for informing
network informed disease management strategies.

Beyond fascioliasis, the methodological framework developed in this study can be adapted to
other environmentally mediated infections involving intermediate hosts. By modifying compartment
definitions and transmission parameters, the model can be applied to other helminth infections or
water associated pathogens, demonstrating its potential as a general modeling approach.

Despite its contributions, the study has several limitations. First, the model is deterministic and does
not capture stochastic effects, which may be important in low prevalence or small population contexts.
Second, some parameter values were obtained from literature or assumed due to limited field data,
which may influence quantitative predictions.

Additionally, the network structure is treated as static, whereas livestock movement patterns may
change seasonally or in response to environmental and economic factors. Human infection dynamics
were also not explicitly included, although they may contribute to the zoonotic transmission cycle.
These limitations suggest several directions for future research, including stochastic extensions, time

varying networks, and data driven parameter estimation.

7. CONCLUSION

This study developed and analyzed a network-based compartmental model for fascioliasis transmis-
sion that captures heterogeneous contact structures among cattle populations and their interactions

with snail hosts and contaminated environments. The results show that local transmission intensity
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and environmental contamination are the dominant drivers of disease persistence, while long distance
connections primarily influence spatial spread and outbreak seeding.

Numerical evaluation of control scenarios indicates that integrated strategies targeting environmental
contamination, snail populations, and local cattle exposure are substantially more effective than isolated
interventions. In particular, reducing short range transmission and improving environmental clearance
of metacercariae were shown to have the greatest impact on lowering infection prevalence and the
basic reproduction number. These findings emphasize the importance of incorporating realistic contact
networks into epidemiological models and support the design of network informed control policies for
sustainable fascioliasis management in endemic livestock networks.

Future work may extend the framework to include stochastic dynamics, time varying network

structures, and human infection components, as well as calibration using region specific field data.
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