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Abstract

We analyse a model that describes the propagation of many pathogens within and
between many species. A branching process approximation is used to compute the
probability of disease outbreaks. Special cases of aquatic environments with two host
species and one or two pathogens are considered both analytically and computationally.
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1 Introduction

The ranges of species are continuously changing (Kirkpatrick and Barton 1997; Sexton
et al. 2009). However, the process has accelerated in recent years because of climate
change (Atkins and Travis 2010; Parmesan 2006). Regardless of what is driving their
evolution, a consequence of the modification of ranges is more frequent interactions
between species that did not use to interact or interacted quite infrequently.

This has a wide variety of consequences. Competition for resources is modified if
an invading species is, for instance, using the same resource as a resident one. This
is thought to be one of the main drivers of species evolution (Phillips et al. 2010).
Range shifting can also lead to the introduction into ecosystems of pathogens from
which they were absent, when species whose range now includes these ecosystems
become more frequent there (Carlson et al. 2022). Introductions of pathogens due to
range shifting is also very similar to what happens when human populations encroach
into the ranges of species (Ellwanger and Chies 2021), which has led to an increasing
number of spillover events (Meadows et al. 2023).

In both cases, some of the populations involved may be hosts to a wide variety of
pathogens. Understanding a situation with different pathogens and different species is
therefore important.

The specific motivation for the present work comes from the observation that
salmonids are observed increasingly frequently the Mackenzie River, in the west-
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ern Canadian arctic. Of interest to collaborators from Fisheries and Oceans Canada
(see Acknowledgments) is the fact that these vagrant salmon species spend most of
their lives in distant ecosystems, where they can acquire pathogens that are, to this
point, mostly absent from the Mackenzie River aquatic ecosystem. When they are
collocated in that ecosystem, those vagrant species can in turn transmit those novel
pathogens to resident species.

While pathogens abound in terrestrial ecosystems, the situation is even more pro-
nounced in aquatic ecosystems, where numerous pathogens are present (Bergh et al.
1989; Wommack and Colwell 2000; Wyn-Jones and Sellwood 2001). Viruses, for
instance, are estimated to be the most abundant “lifeforms” in the oceans, represent-
ing over 90% of the nucleic-acid-containing particles and about 5% of the biomass
there (Suttle 2007). Many aquatic pathogens infect fish species, so that the invading
species mentioned earlier may be coming into contact with a wide variety of pathogens
prior to their entering a novel ecosystem.

Our aim is therefore to establish models to help understand the introduction of
pathogens in species from which they were absent up to that point, when these species
come into contact with other species potentially bearing the pathogen. The model in
this paper is a simplified model and serves to set the general setting in which we
operate. We use a simple SLIR model, whose dynamics in a single location and single
population is well understood, but assume that there are multiple species of hosts as
well as multiple pathogen species. We also assume that there is no coinfection with
multiple pathogens.

The article is organised as follows. In Sect. 2, an ordinary differential equations
(ODE) multi-species epidemiological model is introduced, followed by its continuous
time Markov chain (CTMC) equivalent. The section also presents an analysis of both
the ODE and CTMC models, the latter using a branching process approximation to
compute the probability of a disease outbreak. Section 3 focuses on the case of two
species and one pathogen, with example scenarios corresponding to three different fish
viruses investigated numerically, as well as a particular case focusing on introduction
of a pathogen by a species in which it is endemic. In Sect. 4, the case of two species
and two pathogens is discussed.

2 The General Model

Consider P populations. These populations could be the same or different species, the
important feature being that they be distinguishable according to some criterion. In
the sequel, we use both terms, species and population, interchangeably. Within and
between these populations, V pathogens can propagate. Specifically, each population
is described by an SLIR epidemic model, where susceptible individuals in a given
population can become infected by any of the V viruses if they come into contact with
an individual infected by it, regardless of the population that individual belongs to.
Further, we assume that coinfection does not occur, i.e., once infected by a given
pathogen, an individual cannot acquire infection from another pathogen. This is a
strong assumption. Coinfections are known to occur frequently both in fish species
(Kotob et al. 2017) and more generally (since our model could be applied to other situ-
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ations) Karvonen et al. (2019). However, as noted by Kotob et al. (2017), coinfections
are poorly understood and the data is scarce for coinfections in animal species. This
true also in humans; see, e.g., Klein et al. (2016). Some pathogens interact synergis-
tically, others are antagonistic, so it is not clear a priori whether being infected with
one pathogen facilitates or hinders infection with another. As a consequence and as a
first approximation, we make this assumption, meaning that in a way, we are focusing
on the primary infection.

Another strong assumption of the model is that infection with one pathogen confers,
upon recovery, permanent immunity to all pathogens. This is, of course, an oversimpli-
fication, but it is applicable for example in situations where pathogens are antigenically
close and natural infection induces broad and long-lived immune responses Krammer
(2019). It is also important to bear in mind that, depending on the species under con-
sideration, recovery from infection with some pathogens may take a long time or even
never occur, so that an individual may remain infectious and potentially immune to
infection with another pathogen until they die.

2.1 Formulation of the Deterministic Model

For p = 1,..., P, denote S, the number of individuals susceptible to infection in
the pth population. Individuals of species p may become infected by any of the V
pathogens present when they come across an individual infectious with that pathogen.
The parameter describing the rate at which contacts between a susceptible from species

p and an infectious individual from species ¢ = 1, ..., P infected with pathogen
v =1,...,V,results in new infections, is B4y, i.€., in words, the parameter 8 has
indices

IBWho becomes infected, who infects, with which pathogen-

Incidence is assumed to be mass action.

Upon infection, individuals of species p = 1, ..., P infected by pathogen v =
1,...,V become latently infected, with numbers denoted L ,,. We do not consider
coinfection with multiple pathogens; once an individual is contaminated with any of
the viruses, they cannot become infected by any other pathogen.

After an incubation period of mean duration 1/¢,, time units, individuals of species
p infected with pathogen v become infectious to others. The number of such infectious
individuals is denoted I,,. Finally, after an average 1/y,, time units spent infectious
with the pathogen, individuals recover and move to the R, compartment. Note that
the recovery rate may be very small or even zero in the case of some pathogens,
with individuals remaining infectious until they die. At this point, the pathogen they
were infected with is ignored as it is not relevant to the problem under consideration.
Regarding species demography, birth into population p = 1, ..., P occurs at the fixed
rate b, while death occurs in all compartments at the per capita rate d,.

Taking all this into account, we have a group model, with dynamics of the different
states governed for population p = 1,... P and pathogen v = 1,...,V by the
following ordinary differential equations:
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Table 1 State variables and their meaning

Variable Meaning
Sp Susceptible individual in population p
Lpy Latent individual in population p infected by virus v
Ipy Individual in population p infectious with virus v
Rp Recovered individual in population p
PV
Sp=0bp— Z Bpavlqu +dp | Sp, (1a)
g=1v=1
P
va = Z.quvlqup - (Spv +dp)va7 (1b)
g=1
Ipv :Svapv - (va+dp)1pv7 (Ic)
%
Ry = Vpulpy —dpR,. (1d)
v=1

System (1) is considered with nonnegative initial conditions. To avoid a trivial case,

it is assumed that L, + I, > 0 for at least one (p,v) € {1,..., P} x {1,..., V}.
The total size of each population p fori =1, ..., P is given by:
v v
Np=Sp+ Y Lpw+ Y Ip+Ry 2)
v=I v=1

2.2 Notation
Equations (1b) and (1c) involve two different indices. Analysis of the system often

requires to list these indices. To simplify presentation, for given symbols X and Y, we
use the notation

[[Xp]] =Xi...,Xp,
[Xpol = X11, X12, ..., Xiv, Xo1, X2, ..., Xov, ..., Xp1, Xpo, ..., Xpy

and

Xpp+Y, =Xt +Y1, X0+ Y1, ..., X1y + Y1,
X1+, Xoo+Ya,..., Xov+12,...,
Xp1+Yp, Xpo+Yp,...,Xpy +Yp.
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Thus, when multiple indices are present, we present indices as would the row-first
enumeration of indices of the entries of a P x V matrix. Note that the assumption is
that indices p and v are reserved, respectively, for population and virus species indices
and thereforeruninl, ..., Pand1,..., V.

2.3 Basic Analysis of the Deterministic Model

The disease-free equilibrium (DFE) of system (1) is
E(()l) = ([[Sgﬂ, ORP(2V+1)> s 3)

where Sg =b,/d, for p=1, ..., P. Note that for equilibria as well as for the basic
reproduction number, we use a superscript to refer to the specific form of the system
that is being considered.

To determine the matrices used in the computation of the basic reproduction number
using the next generation matrix method of van den Driessche and Watmough (2002),
order infected variables by type: [L ], [Zpy]. Then the nonnegative 2PV x 2PV -

matrix G has block form
_10G12
G [0 ! } , )

where the PV x PV-matrix G, is itself a block matrix, with each V x V sized block
taking the form, for p,q € {1, ..., P},

Gfg = Sgdiag(ﬁpqlv ey ,quv). (5)

The matrix W is a nonnegative 2PV x 2PV -matrix and has block form

Wi 0
W= , 6
|:—W21 sz] ©

with the PV x PV-sized block taking the form
Wi = diag([[spv + dpﬂ), Wy = diag([[spvﬂ) and Wy, = diag([[ypv + dpﬂ). (7)

The basic reproduction number of (1) is then the spectral radius of GW~! and is

given by R(()l) = p(GW™1). Since W is block lower triangular,

_ wi! 0
w1l = |: oot a :|
szlWZqu1 sz1

whence, from the form of G, we obtain
d _ -1 -1
Ry’ = p(G12W5, W Wi ).
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The matrices (7) are diagonal and the structure of Gy, is relatively simple; it is
therefore possible to further simplify the expression above. We obtain

5 v
Ry’ = R, 8

R ®)
where

RS = IO(BU)s
is the basic reproduction number of virus v = 1,...,V and B, is a P x P-matrix
defined as

Bv = [quv]pqa 9

where B, denotes the element in the p-th row and g-th column of the matrix 3, and
is given by

Iquvgqng
pqv — s
(eqv + dq)(yqv + dq)

forp,g=1,...,P,v=1,..., V.
From (van den Driessche and Watmough (2002),,Theorem 2) we deduce the fol-
lowing result concerning the local asymptotic stability of the disease-free equilibrium

b
E.

Lemma 1 The disease-free equilibrium E (()1) of (1) is locally asymptotically stable if
R(()l) < 1 and unstable if R(()l) > 1.

Remark that in the absence of interaction between the populations, i.e., when B¢, =
01if p # ¢, the basic reproduction number in each population p = 1, ..., P is given
by
B ppv€pu N g

L., (epv +dp)()/pv +dp)’
Various forms of the reproduction numbers appear in the remainder of the text. To
clarify, we list them here.

(10)

e Ry denotes the basic reproduction number of species p in the presence of multiple
pathogens V, excluding other species.

e Ry » denotes the basic reproduction number of species p in the presence of a single
pathogen v, excluding other species.

e Ry denotes the basic reproduction number of a single pathogen v across P inter-
acting species.

e Rpdenotes the basic reproduction number of multiple pathogens V across multiple
interacting species P, i.e, for the full (1).

Asymptotic stability is in fact global for a given pathogen when Ry < 1, as estab-
lished in the following theorem.
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Table 2 Events, transitions k — j and transition rates o (K, j) of the general CTMC model (11)

Event Transition Transition rate
Birth of S Sp—> Sp+1 bp

Natural death of ) Sp—>Sp—1 dpSp

Natural death of L py Lpy = Lpy —1 dpLpy
Natural death of I, Ipy = Ipy — 1 dplpy
Natural death of R, Rp — Rp —1 dpRp
Infection of S, by Iy Sp—=> Sp—1,Lpy = Lpy+1 BpgvlqvSp
End of incubation of L py Lpy = Lpy — 1, Ipy — Ipy + 1 epvLpy
Recovery of 1y Ipy = Ipy — 1, Rp — Rp + 1 Ypulpy

Theorem 2 [f R(()l) < 1, then the DFE E(()l) is globally asymptotically stable (GAS)
in 2, where

Q= {([[Sp]]’ [[va]], [[Ipv]], [[RP]]) c R2P(VAHD) :

1%

bp
NPZSP—FZ(LPU—FIPU)_‘_RPSZ; pzl,...,P}.

v=1

This result is proved in Appendix B.

2.4 The Continuous time Markov Chain Model

We now consider a continuous time Markov chain (CTMC) related to the ODE system
(1). CTMC:s allow to explore various scenarios that the deterministic models cannot
capture. In particular, CTMCs of the type used here have discrete state variables,
thereby allowing transitions toward a state where the disease is eradicated. In ODE
models, such states are typically approached only as limits, which leads to implausible
situations (Fowler 2021).

Let T denote the set of all finite-dimensional vectors whose components are non-
negative integers. The CTMC model related to the deterministic model (1) then takes
the form,

Xl‘: ([[Sp(t)ﬂv[[va(t)]]v[[lpv(t)]]sHRp(t)H)v t€R+v (lla)
where each element of the vector is a collection of discrete random variables that take
values in 7T and where the time between events is exponentially distributed (Allen
2010). The process is time-homogeneous as the rates in the ODE are constants, so the
CTMC is characterised by transition probabilities from state Kk to state j,

PX(r + A1) =j | X(1) =k) = o (k, j), (11b)

with transition rates o (K, j) given in Table 2.
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Note that the 8,4, used in the CTMC and the ODE do not have the same units. How-
ever, since the total population N, of species p is asymptotically constant in the ODE
(1), the transmission parameter f8,,4, in the ODE can be written as g0 = Bpgv/Np-
In this sense, using mass action or proportional incidence makes no difference except
in the units and values of the transmission parameter.

2.5 Branching Process Approximation of the CTMC

We use a multitype branching process approximation (MBPA) to approximate the
CTMC X; near the disease-free equilibrium. This approximation allows to study the
early phase of the epidemic, when most individuals are still susceptible, meaning that
the infection process can be treated as being approximately linear. Indeed, by the
scaling mentioned in Sect. 2.4, it can be assumed that transmission takes the form
BSI/N with S >~ N at the start of the outbreak.

Let Z(¢) = ([[wa o], [[Z;,v(t)]]) = [[Z’;,U(t)}] be a 2PV -type branching process,
where Zf,v(t) denotes the number of individuals of type (k, p, v) at time ¢. Here,
k € {£, i} refers to latent or infectious states, p = 1, ..., P is the host species, and
v = 1,...,V is the virus type. The set of all possible types (k, p, v) defines the
structure of the multitype process.

Each individual of type (i, g, v), denoted I ,, remains infectious for a time that
follows an exponential distribution with parameter d; + y,,. During its infectious
period, it produces individuals of type (¢, p, v) atrate pqng foreachp=1,..., P,
where Sg denotes the initial number of susceptibles of species p. This transmission
is independent from transmissions by other infectious individuals since almost all the
population is susceptible. Each infectious individual then recovers with probability
Yqv/(dy + y4v) or dies before recovering with probability d, /(dy; + y4u)-

In turn, each latent individual of type (¢, p, v), denoted L p,, remains so for an
exponentially distributed time with parameter d), 4 €,,. Upon transition out of Ly, it
produces anindividual of type (i, p, v) with probability &, /(dp+¢€py), corresponding
to the progression from the latent to the infectious state, or dies without producing
infectious offspring with probability d,,/(d), + &,y). All lifetimes, infection events,
and transitions are assumed to be mutually independent across individuals.

The associated discrete-time multitype Galton-Watson (GW) process describes the
evolution across successive generations: each infectious individual of type (i, g, v)
produces, for each p = 1, ..., P, anumber of latent individuals of type (¢, p, v) fol-

lowing a geometric distribution with parameter 8,4 S?, / (dq + Y+ ;’:1 Bpgv S?,) .

Having described the process, we now derive the probability generating function
(p.gf) F(t,u) = [F ;fv (u)] for the full process using (Athreya and Ney (1972),Chapter
V Sect. 1), with

k z
Fp,(t,u) =E |:u Q)

Z(0) = e’;v} , (12)

where [ is the expectation, e’;w

(k, p,v)andu = ([[u’;;v]], [[uiw]}) = [[u’},v]] is a vector with u’;,v € [0, 1]. The notation

is the standard unit vector corresponding to type
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u?® stands for the product

!
z ¥o\ZK
u?) = H () 7
(k',p"v")

Using the branching property and standard results from the theory of branching
processes (Athreya and Ney (1972),Chapter V Section 7.1), we obtain the backward
Kolmogorov differential equation for all (k, p, v) types,

9
~Fj ) = o), [ (Faw) = Fh e w] (13)

with initial condition [ F [lﬁv 0,w)] = [[u’,‘,v]] Here, a)ll‘,v is the parameter of the exponen-
tial distribution for the time that an individual spends as an (k, p, v)-type individual
and fll,‘v(F (t,u)) is the contribution of the offspring of (k, p, v)-type individuals to
the generation of offspring.

The function f 1])(11 (u) := fll,‘v (F (0, u)), which we call the offspring generating func-
tion, is the distribution of the number and types of first-generation offspring produced
by a single individual of type (k, p, v) during its time as an (k, p, v)-type individual.
Formally,

=3 IP’([[r;U]D I1 (u’;ﬂv,)’ﬁiw, (14)
[r%,]=0 ®.p' V')

where ]P’([[rfw}]) denotes the probability that an individual of type (k, p, v) produces
rllj/,v, individuals of type (k’, p’, v) during its time as an (k, p, v)-type individual.

Using the general form in (14) and using the infinitesimal transition rates of the
CTMC near the disease-free equilibrium, assuming S, = S?, is constant, the offspring
generating functions are given by

eppttly, +d
0 pv¥pu p
e T 15
s (152)
P
Z,quvsguflv I/llpv + ypv + d[?
: =1
fiy = , (15b)

Apy

with

P
Apy = Zﬁpqug + ¥Ypv + dp.
g=1

The following result then holds, which is proved in Appendix C.
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Theorem 3 The multitype branching process is positive regular and nonsingular, the
probabilities of extinction and outbreak in the multitype branching process with prob-
ability generating functions (15) are given by

\4 e Z +d [0
v . .
H H(zpv)fpw (@) = ﬂ [TI=2—) @
p=1v=I1 p=1v=1 epv +dp
(16a)
Poutbreak = 1 — Pexs, (16b)

where

z:= ([zbl. [2h])

is afixedpointon [0, 11*FV of the p.g.f. (15) and [ L »u(0)] = [€pw0], [1pv (@] = [i pwo]
is the initial condition. Moreover, the following alternative holds:

o if RV <1 thenz =1, i, Py = 1;

° ifR(()l) > 1, then additionally to z = 1, there is a unique vector 0 < z < 1 such
that F(z) = z.

In MBPA, processes either reach zero or approach infinity. The probability of extinc-
tion is interpreted in our model as the probability of a minor epidemic, while an
outbreak is the establishment of the pathogen. However, once the number of infected
individuals in the branching process reaches a certain level, it is no longer an accurate
approximation of the epidemic, as the MBPA does not adequately represent dynamics
far from the disease-free equilibrium.

3 Case of One Pathogen and Two Species

To get better insight into the behaviour of the system in a tractable case, we consider the
case with P = 2 species and V = 1 pathogen. We first specialise the model and results
of mathematical analysis to this special case (Sect. 3.1), then consider numerically four
specific transmission scenarios, which we also summarise by indicating the type of
propagation taking place between populations P; and Ps.

1. Pathogen propagation within and between species (Sect. 3.2, P| <> P»).

2. The pathogen is transmitted to both species, but one species can only infect members
of its species (Sect. 3.3, Py — P>, P, /> Pp).

3. Both species can acquire the pathogen, but one of the two species does not become
a transmitter (Sect. 3.4, Py — P>, P, /).

4. The pathogen is established at an endemic level in one species and is absent from
the other species (Sect. 3.5, P} — P»).
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3.1 The Models and Their Basic Analysis
Because V = 1, the second index of ¢ and y and the third index of B always equals 1.
To simplify notation, in the remainder of Sect. 3, we drop this superfluous index and

write &p, ¥p and Bpg, for p,g =1,..., P.

3.1.1 The ODE Model WhenP =2andV =1

Setting P =2 and V = 1 in (1) gives

S1=0b1— BuSili — pr2Si, — di S (17a)
Ly =BuSili+ Bi2Sil, — (e +di)Ly (17b)
hi=eiLy = (n +dpl (17¢)
Ri=wnlL —diR (17d)
So =0y — P12y — PaSalr — daSs (17e)
Ly = B Sali + BaSaly — (82 4+ da) Lo (17f)
L=eLl,—(n+d)h (17g)
Ry =yl — o Ry, (17h)

The system is considered with variables ordered as S, Sz, L1, L2, I1, I, Ry, R».
The analysis in Sect. 2.3 carries through, taking into account that since V = 1, a
few adaptations of the terms and matrices defined there are required. The disease-free
equilibrium (DFE) of (17) is

a7 _ 0 _ lﬂ 12
ES _([[sp]],oRgp)_ (dl’d2’0R6>’ (18)

infected variables are [L ], [,], P x P matrix G2 is not a block matrix but instead
has entry (p, ¢) equal to Sgﬂpq and, since P = 2,

Br1S) ,31250>
G = ) P2spy
= (/32188 p22SY

Blocks in the matrix W take the form
Wi = diag([[e,, + d,,ﬂ), Wy = diag(ﬂe,,}]) and Wy, = diag([[y,, + d,,]]),

so that in the case P = 2 under consideration,

&1+ d; 0 0 0
0 e+d O 0
W =
—é&] 0 wm+d 0
0 —& 0 v+ da
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Table 3 Reaction rates used to determine transition probabilities for 2-species and 1-pathogen CTMC
model

Event (p =1,2) Transition Transition rates
Birth of §) Sp—> Sp+1 bp

Natural death of ) Sp—> Sp—1 dpSp

Natural death of L Ly—Lp—1 dpLp

Natural death of /) Ip — 1p—1 dplp

Natural death of R, Rp — Rp —1 dpRp
InfectionofSp by Iy Sp*)Sp*l,Lp*)Lp+l ﬂpquIq

End of incubation of L Lp—Lpy—1,1p—1Ip+1 epLp
Recovery in I, Ip—1Ip—1,Rp = Rp +1 vplp

It follows that the basic reproduction number of (17) is

2
a7 Brik1SY + Baoka 89 + \/(ﬂnlﬂ SY — BoakaSY)” + 4B12Baikik2SYSY
R = 5 ,
(19)

where, for p =1, 2,

Ky, = 8p
P (ep +dp)(yp +dp)

Results of Lemma 1 carry forward to the local asymptotic stability or instability of
(18) based on the value of R as defined by (19).

3.1.2 The CTMC Model WhenP =2and V =1
In this case of one virus and two species, the CTMC takes the form
Xy = ($10), $2(1), L1(2), L2(1), 11 (1), I2(1), R1 (1), Ra(2)), t € Ry (20)

and is characterised by the transition rates in Table 3.

3.1.3 Branching Process Approximation
Theorem 3 is specialised to the P = 2, V = 1 case by letting Z = (L1, L, I1, I») be

a MBPA of the CTMC defined in (20), with infeqted_ types 210, £20, i10 and ipg. The
p.g.f. (15) takes here the form, for u = (uf, ug, uy, u’z),

F(u) = (f{ ), ff @), fi@, fiw), 1)
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where
¢ 81141‘1 +d
u) = — 223
J1 (@) ot dy (22a)
¢ 821412 +dy
u = ———— 22b
fo () S (22b)
; (Bi1SYui + o1 Squbu'y + 1 + dy
flw = —————2= (22¢)
/ (B12SVul + B SQubyul + yo + do
fr(w) = A , (22d)
with

P
Ap = Zﬁqpsg +yp+dy,, p=1,2
qg=1

Solving the equation F(z) = z in the present case involves finding (z1, 22, 23, z4)
such that

= €123 +d o= £224 +da
1T e xd T et d

(Bu1SYz1 + Ba1SY22)z3 + vi +di = (BuiS) + BarSY + 1 + d)z3 (23b)
(B12SVz1 + B22SV22)z4 + v2 + da = (B128Y + B22SY + 12 + da)za. (23¢)

(23a)

This is easily done numerically in applications and is known by Theorem 3 to have a

A7)
0

unique solution in [0, 1) when R, > 1.

3.2 Infectious Hematopoietic Necrosis (P < P;)

Initially observed at fish hatcheries in Oregon and Washington in the 1950s Rucker
et al. (1953), Infectious Hematopoietic Necrosis (IHN) is a viral disease that affects
various species of salmonids, including Sockeye Salmon (Oncorhynchus nerka) and
Chum Salmon (Oncorhynchus keta). The causative agent of IHN is the Infectious
Hematopoietic Necrosis virus (IHNV), which belongs to the Rhabdoviridae family.
This virus primarily targets the hematopoietic tissues, leading to severe anaemia and
necrosis. The incubation period ranges from 5 to 45 days (Spickler 2024). Clinical
signs of THN include lethargy, darkening of skin colour, haemorrhages in various
organs and eventual death. Infected fish may display reduced swimming ability and
impaired feeding behaviour due to anaemia caused by red blood cell destruction (Yong
etal. 2019). IHN can have a significant economic impact on fish farms that raise young
rainbow trout or salmon, with mortality rates reaching 90-95% in highly susceptible
fish species (Dixon et al. 2016; Spickler 2024). The virus can be transmitted hori-
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zontally through direct contact or vertically from infected parents to their offspring.
Waterborne transmission is also possible, particularly in crowded aquaculture settings.

Assume Chum Salmon is species 1 and Sockeye Salmon is species 2. IHN can
spread within and between these two species. From (23), the fixed point is solution to

_a1z3+d et d

= , 20 = 24a

“ e1+d 2 &+ da (242)
SO

Ro123 — <7€01 +%(1 —Z4)+1) 34+1=0 (24b)
1+ di
SO

Roozz — [ Roz + '322—1(1 —z3)+1)z4+1=0. (24c)
V2 +da

Computing exact expressions of z3 and z4 is not easy, but from Theorem 3, this fixed
point exists. The probabilities of IHN extinction and INH outbreak are:

di\ bo o\
<s1z3+ 1) (82Z4+ 2) Zozin, R(()l7)>1

PHN — &1 +d & +dy
1, R <1,
THN IHN
Poutbreak = 1 — Pext (25)

We perform a sensitivity analysis of the probability of an outbreak of the INH
virus, assessing the impact of each parameter. Note that here and throughout the
computational work, we assume reproduction numbers larger than 1 unless otherwise
specified.

Chum salmon has a lifespan of 3 to 6 years, during which females lay between
2,000 and 4,000 eggs National Oceanic (2023a). Similarly, sockeye salmon has a
lifespan of 4 to 5 years, with females laying between 2,000 and 4,500 eggs National
Oceanic (2023b). Assuming an 80% hatch rate, the birth rates for Chum (species 1) and
Sockeye (species 2) in (17) are within the range of [355.55, 711.11] and [355.55, 800]
per year, respectively. In a study Foott et al. (2006), the incidence of infection after
release ranged from 0% to 20%. These percentages do not indicate transmission rates.
However, when considering the transmission rates of (17), we compute their values
using the corresponding basic reproduction number. Refer to Table 4 for parameter
values ranges used in the sensitivity analysis. Moreover, with an expression of the
basic reproduction number of species 1 given by Ro1, the transmission rates are given
by

_ Roi(er +di)(y1 + dr)

(26a)
£1 S?

B11

and
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Table4 Parameter ranges and values for IHN transmission between Chum Salmon (species 1) and Sockeye
Salmon (species 2)

Meaning Range/day
by Birth rate species 1 [1,5] National Oceanic (2023a)
by Birth rate species 2 [1,5] National Oceanic (2023b)
£1 Incubation rate of 1 [0.02, 0.2] Spickler (2024)
& Incubation rate of 2 [0.02,0.2] Spickler (2024)
Y1 Recovery rate of 1 [0.1,0.33] LaPatra et al. (2000)
2 Recovery rate of 2 [0.1, 0.33] LaPatra et al. (2000)
dy Mortality rate of 1 [é, %]x %]
dy Mortality rate of 2 [%, %] X %]

1.0
05 ' o
v ‘ Initial condition
o . ° o ® (0,0,0,1)
€ o0 o e e e 9 PS (0,0,1,0)
o ‘ ‘ 3 4 e (0,1,0,0)
e (1,0,0,0)

-0.5 ‘ . ”

-1.0

by by PBir Bz Por B & €2 M1 2 dy dp
Parameter

Fig. 1 Partial rank correlation coefficient (PRCC) of the probability (25) of IHN outbreak for different
initial conditions yg = (l10, [20, i10, i20) € (e1, €2, e3, e4). The range of parameter values remaining in
Table 4 (Color Figure Online)

_ Roa(e2 + do)(y2 + do)
8258 '

B2 (26b)

We assume that the infection rate of species 2 by species 1 and species 1 by species 2
is five times higher than the infection rate within species 1 and species 2, respectively,
i.e., fo1 = 5B11 and B2 = 5p2n.

Figure 1 presents a sensitivity analysis of the probability of disease outbreak, illus-
trating the significant impact of incubation rates on the probability of an IHN outbreak.
Also important are demographic parameters b; and d;.
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3.3 Transmission from Wild to Farmed Fish (P; — P, P > Pq)

Interactions between wild and farmed fish populations are complex and crucial aspects
of ecological and economic landscapes. In the scenario where wild fish could penetrate
the space where fish are farmed, the potential transmission of diseases between these
populations becomes a significant concern (Arechavala-Lopez et al. 2013). Note that
contamination of wild fish by farm fish is also of concern (Johansen et al. 2011;
Krkosek et al. 2007).

The situation we consider here has wild fish (species 1) able to introduce diseases
to farmed populations, while farmed fish (species 2) cannot transmit diseases to wild
fish, because they are raised in captivity. This asymmetry in transmission dynamics
implies that (20) is considered with 81 # 0, while 812 = 0.

It follows that the fixed point relations (23) take the form

= B3 + 4 o= €224 +do . R (272)
]_81+d1’ 2 = 82+d2’ 3_R019
Rz — Rz +c+1za+1=0. 27b)
where we have denoted ¢ = 21 (Ro1 — 1)(y1 +d1)/(B11(y2 + d2)) and
SO
Ros B22€2S;5 28)

~ (e2+d)(2+dp)
the basic reproduction for the pathogen in species 2 in the absence of contact with

species 1.
To solve (27b), we first consider the discriminant and using the fact the ¢ > 0,

D= Rz +c+1)> —4Rp2 > (Roz + 1)* = 4Ro2 = (Roz — ) > 0.
Therefore, (27b) has two real solutions z, and zj‘ given by

- Rz +c+1)—+/D and ot — (Roz + ¢+ 1) ++/D
4+ 2Ro2 $ 2Ro2 ’

Given that Rz > 1, both z; and zI are positive, zj{ > 74, and zjzz = 1/Rpo.
Moreover, since D > (Rgp — 1)2, we obtain

+ c L _ _ 1
2y >1+W02=>Z4Z4 >z, =2y <R—02,

Thus, zj > 1, z, < 1 and solution to the fixed point problem has

- (Roz +c+ 1) — V(R +c+ 1) — 4Ry

= 29
41=12 3 (29)
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Table5 Parameter ranges and

values for transmission from Parameter Range Value
wild to farmed fish Ro (0.1, 5] ]
by [2,20] 3
by [2,20] 10
€1 [0.01, 0.2] 0.05
) [0.01, 0.2] 0.05
Y1 [0.01, 0.1] 0.02
V2 [0.01, 0.1] 0.02
d [11—0, %] X % -
dy [11—0, %] X % -

Then the probability of extinction of the disease in a wild-to-farmed (W — F) context

L1020 10 P20
PWt_)F _ Zl Z2 Z3 Z4 R()l, ROZ > 1
. I, Ro1, Rz < 1,

where 71, z2 and z3 are given by (27a) and z4 by (29); furthermore,

Poutoreak = 1 = Pexi - (30)

For the sensitivity analysis of (30), we utilized the assumed parameter values pro-
vided in Table 5. The parameter ranges for 811 and B>; were computed using the
relations given in (26a) and (26b).

Sensitivity analysis of disease outbreak probability IP)X‘(II?)I‘?&J( (30) (Figure 2) shows
that birth (b), death (d;) and recovery (y1) rates of species 1 are key drivers of
the probability of an outbreak, regardless of initial conditions. Interestingly, for the
incubation rates (&1 and &7) of species 1 and 2, respectively, there is a notable difference
in impact based on the initial condition. The PRCC is 0.3 and 0.22 for the initial
condition starting with one latent individual in Species 1 and Species 2, respectively,
while it is very small when initially starting with infected individuals.

In contrast, factors such as infection rates 8 of both species and death rate of
species 2 exert minimal influence on the probability of an outbreak. Moreover, specific
cases involving parameters ), and d; exhibit interesting patterns depending on where
the infection starts. For instance, these parameters show a positive impact when the
infection originates within species 1 but have a negative impact if it starts in species
2.

Focusing on sensitivity to mortality rates, we observe that effects can be both
positive and negative. To investigate this further, we consider in Figure 3 the probability
Pov‘lllt_)brgflk of an outbreak as a function of the mortality rates di and d> of species 1 and
2, respectively. When the infections start with one infectious individual in species 1,
the probability of an outbreak is between 0.55 and 1. When the disease starts with one
infectious individual of species 2, this range narrows to between 0.9 and 1. For initial
infections in species 1, it is primarily the mortality rate of species 2 that impacts the
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1.0
0.5
o PS W (] Initial condition
o B o e (0,00,1)
Q oo 0 & & p * ¢ ‘#.D ° (00,10
o ° * (0100
e (1,0,0,0)
®
-1.0

by ba B Bar B B £ M Y2 dy  dp
Parameter

Fig. 2 PRCC of the probability (30) of disease outbreak P >F for four different initial conditions

outbreak
yo = (€10, €20, i10, i20) € (e1, e2, €3, e4). Parameter values ranges in Table 5 (Color Figure Online)

¥0=(0,0,1,0) ¥0=(0,0,0,1)

0.010 1.00 0.010 i 1.00
3 3
= 0.008 % = 0.008 -*
& 0758 & 075 3
o o
E E 3
5 0.006 - 0.006 - c
b 050y & 050
£ 0.004 2 £ 00041 z
- e = Qo
> o > [
& 0258 £ 0259
£ 0.002 & £ 0002 a
2 g
0.00 L 0.00
0.002 0.004 0.006 0.008 0.010 0.002 0.004 0.006 0.008 0.010
Mortality rate of wild fish (d1) Mortality rate of wild fish (d1)

Fig.3 Probability (30) of disease outbreak as a function of mortality rates of wild and farmed fish. For two
initial conditions yg = (£19, £20, {10, i20) € (€3, e4). Parameter values in Table 4, with 811 = B2y = 1073,
B21 = 5811 (Color Figure Online)

value of this probability. In contrast, when the infection is initiated by species 2, both
mortality rates play a role in determining the outcome. Specifically, as the mortality
rate d; of species 1 increases, there is a decrease in the probability of an outbreak,
while an increase in d> leads to a higher probability value. Thus, initial infections in
different species can lead to varying probabilities of outbreak.

3.4 Viral Hemorrhagic Septicaemia (P — P>, P; =)

Viral Hemorrhagic Septicaemia (VHS) is a highly contagious and deadly disease that
affects various species of fish in both cultured and wild populations. It is prevalent
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in freshwater and marine environments across several regions of the Northern Hemi-
sphere (Gagné et al. 2007; Meyers and Winton 1995; Takano et al. 2001). VHS is
caused by the Viral Hemorrhagic Septicemia Virus (VHSV) and was first isolated
in Alaska from skin lesion material of two Pacific cod Gadus macrocephalus (Mey-
ers et al. 1992). VHSV is known for causing hemorrhagic septicemia, which leads
to severe internal bleeding and organ damage in infected fish. The symptoms vary
depending on the species and the stage of infection. Some common signs include
lethargy, loss of appetite, abnormal swimming behaviour and external haemorrhag-
ing. Over 100 species of freshwater and marine fish have been reported to be naturally
or experimentally susceptible to VHSV (Batts et al. 2020). These species include the
Pacific herring Clupea pallasii Kocan et al. (2001); Meyers et al. (1994).

We consider the latter as species 1 in (17). We suppose that the latent stage is an
enzootic stage, the infectious stage is the combination of disease amplification and
outbreak stage and the recovery stage combines recovery and refractory as suggested
by Mitro and White (2008). Now, while VHSV can infect a wide range of fish, not all
infected individuals show signs of clinical disease and not all are capable of transmit-
ting the virus to others (Ord et al. 1976). So we consider as species 2 the hybrid fry,
Steelhead trout (Salmo gairdneri)x Coho Salmon (Oncorhynchus kisutch), which can
get infected, but whose ability to transmit VHS has not been demonstrated (Ord et al.
1976), further simplifying the situation by making the assumption that this hybrid fry
cannot transmit VHS. As a consequence, 8121 = 0 and 8221 = 0. Then, the fixed point
relations (23) become

= €123 +d1’ = €224 + do G31a)
g1 +dy &+ dy
Roiz3 — (Ro1+ Dz3 +1=0 (31b)
B S{ziza+ v +do = (B S) + 12 + do)za (lc)
where we have denoted
Rol Brie1r Sy 32)

- (e11 +d1)(y11 +dy)

the basic reproduction for species 1 and the virus in the absence of contact with species
2

Solving (31) yields
(1, 1,1, 1) and (z1, 22, 23, 24)
where
. _az+d . _ & +d . _ o (33)
1_—81+d1 ; 2_—82+d2 ) 3_R01’ 4=

with ¢ = B21(Ro1 — D(y1 +d1)/(Bir1(y2 + d2)).

Therefore, the probability of extinction (no outbreak) is one if Rg; < 1, butless than
one if Rg; > 1. Given the initial conditions L{(0) = £1¢, 11(0) = i1g, L2(0) = £,
and I>(0) = iy, it follows from the independent branching process approximation
that the probabilities of the disease extinction and the disease outbreak are
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Cro oo ivo i
PVHS B Z110Z220Zl3102220, Rop > 1
=
e 1, Roi < 1,
VHS _ VHS
IP>outbreak =1- ]Pext ’ (34)

where the expressions of z1, z2, z3 and z4 are given in (33).

On average, a female Pacific herring lays 20,000 eggs each year (Alaska Department
2024). If we suppose that the viable percentage of the population is around 60%, then
b1 = 12000/ year ~ 33/day. In laboratory experiments with infected herring, it was
observed that shed VHSV can be identified in water within 4-5 days after exposure
(PE), preceding the onset of host mortality due to the disease. The peak of viral
shedding occurs between 6-10 days PE (Garver and Hawley 2021). We then consider
the incubation period of 5-100 days. The duration of recovery varied depending on the
phase of the epizootic. During the acute phase, which occurred around day 13 post-
exposure, virus loads in tissues were significantly higher compared to the recovery
phase, which spanned days 30 to 42 Hershberger et al. (2010); for sensitivity analysis
of this duration is taken between 20 and 100 days. We suppose hybrid fry averaging
12,000 eggs per year with 80% viability, giving by = 9600/ year = 26.3 /day. For the
sensitivity analysis of the probability Pg’lﬁlgreak of VHS outbreak, the range of parameter
values are given in Table 6, (26a) and (26b) is used to compute infection rates.

In Fig. 4, a sensitivity analysis of the probability of disease outbreak Pgﬂgeak is
presented for four different initial conditions. The birth rate b; of species 1 stands out
as having a significant impact on the probability of an outbreak regardless of the initial
condition. When the infection begins with one latent and one infectious individual in
species 2, parameters by, |, 2, and d; all exhibit a similar level of impact on the
probability of an outbreak. The mortality rate d; of species 1 shows varying effects on
the probability of an outbreak depending on where the disease originates. When the
infection starts in species 2, d; has a significantly positive impact on the likelihood of
an outbreak. However, this impact becomes negative when the disease originates in
species 1.

Amongst all parameters analysed, certain factors show no discernible impact on the
probability of an outbreak. This includes parameter b,, as well as transmission rates
P11 and Boy.

These findings highlight which variables have little to no effect on influencing
whether a disease outbreak will occur. Moreover, the influence of different initial
conditions on outcomes is a crucial aspect to consider.

3.5 The Pathogen is Endemic in One Species (P: — P3)

The problem motivating this study concerns vagrant species coming in contact with
resident species while bearing a pathogen the resident species has not been exposed
to yet.

To model this situation, we artificially impose that species 1 be at an endemic
equilibrium while species 2 be at a disease-free equilibrium. A situation with mixed
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1.0 ﬁ
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o o ° (01,00
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b, b, B Pt & € T Yo d do
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Fig. 4 PRCC of the probability of disease outbreak (34) for different initial conditions yg =
(10, €20, 110, i20) € (e1, €2, €3, e4). Parameter values ranges in Table 6

equilibria of this type is not possible in (17), so we “cheat”: we start by assuming
that both species are not in contact and that species 1 is at the endemic equilibrium
EY := (87, L7, I}, R}), in which

. (S Rou—DGi+dydi (Roi —Ddi (Rt — Dy 35)
Ror’ Briel ’ B ’ Bu ’

where R given by (32) is the basic reproduction for the pathogen in species 1 in the
absence of contact with species 2. We suppose that this determines the dynamics of the
pathogen in species 1, which we now ignore except insofar as the infecting potential
of the I} individuals from species 1 infectious with the pathogen potentially coming
into contact with susceptible individuals from species 2. We then consider the second
population, focusing on conditions leading to the disease becoming established there.

3.5.1 The ODE Introduction Model

Given a prevalence of infection /7" in species 1, the infection dynamics in species 2 is
governed by

So=by — o1} Sr — Pr2Salr — da'Ss (36a)
Ly = B I{S2 + BSala — (62 + do) Lo (36b)
L=eLl,—(n+d)h (36¢)
Ry =yl — da Ry, (36d)
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considered with nonnegative initial conditions.

Model (36) is not a classic immigration model, since the term B 1] is factor of S5,
not a constant. However, similarly to immigration models, the term 811> in (36b)
precludes the existence of a disease-free equilibrium for (36). As a consequence, no
basic reproduction number can be computed for (36). The method of Almarashi and
McCluskey (2019) is not applicable here since immigration occurs at the per capita
rate f711], not at a constant rate. The term 1] cannot be considered as encoding
horizontal transmission either, at least not in the usual sense, since inflow into (36b)
is function of S», not 1.

As a consequence, a thorough analysis of properties of (36) is difficult and beyond
the scope of this work. Instead, we focus on simple properties as well as computational
considerations.

System (36) admits a unique equilibrium, an endemic equilibrium taking the form
E5 = (S5, L3, 13, R3), where

. a+d ., ntd . . 0
2= e aly Ly=——0hL, Ry=—=
B Iy + B 13 L) dy
and 75 is a root of the second order polynomial
x e Bdal{Roz
B2 (I3)* — (Roy — Do — o I3 — ————— =0, (37)

B2

where Rz given in (28) is the basic reproduction for species 2 and the virus in the
absence of contact with species 1.

Since the coefficients B2 > 0 and B21Ro2/[/B22 > 0, Descartes rule of signs
implies that the polynomial (37) has a unique positive solution. The expression of this
solution is given by

(Ro2 — Dda — Bar 17 + \/((Roz — Ddy — o117)? + 4Roxdo por I}
B 2822 '

Iy 38)

In Fig. 5, we show how (equilibrium) prevalence of infection in species 2 depends
on prevalence of infection in species 1. For low values of the reproduction number
in species 2, the situation is quite dependent on the prevalence of infection in the
“introducing species”, but as the reproduction number increases, this dependence

diminishes to the point of the situation becoming indistinguishable for large values of
Roz.

3.5.2 The CTMC Introduction Model

Note that it is not possible here to use a multitype branching process approximation,
for roughly the same reasons that a basic reproduction number does not exist for the
deterministic model (36). Indeed, while branching processes incorporating immigra-

tion exist (Heathcote 1965; Pakes 1971), they assume that immigration is a process
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Fig. 5 Equilibrium prevalence of infection 7} in population 2 as a function of the reproduction number
Ry for the pathogen in species 2. The different curves correspond to different values of prevalence 1 1* in
population 1 (Color Figure Online)

that is independent from the population immigrants are joining. In our model, this is
not true, since “immigration” depends on the susceptible population S>. So we focus
here on the computational analysis of the CTMC. In all results presented here, 10,000
simulations (realisations) of the CTMC associated to (36) are used for each data point.

Figure 6 shows the percentage of 10K simulations in which at least one transmission
occurs from species 1 to species 2 (red curve) and from species 2 to species 2 (green
curve). Simulations assume that Rgy = 1.5 and are run for 90 days. Note that the
latter type of transmission always requires that introduction by species 1 has taken
place. Additionally, we show the percentage of realisations in which spread by species
1 occurs followed by extinctions, where we characterise an extinction of the infection
in species 2 as a moment when the total number of infected in species 2, Lo (t) + I> (),
is zero after having been positive.

This illustrates a very important part of the introduction process. In keeping with the
terminology in Arino et al. (2021, 2020), let us assess success of an introduction from
the perspective of the pathogen. In view of Fig. 6, what drives successful introductions
is the size of the introduction, i.e., the so-called inoculum size. However, before it
becomes established in species 2 (the consequence of which is shown in a deterministic
context by Fig. 5), the infection in species 2 must “survive” the stochastic phase of the
epidemic; see, e.g., the one location case in Arino and Milliken (2022). This illustrates
that spillover events are often unsuccessful, as observed in the zoonotic case with bats
Séanchez et al. (2022).

To better understand this issue, consider Fig. 7, where we show violin plots of the
distribution of times at which the first infection in species 2 arises stemming from
contact with, respectively, species 1 and species 2. These values are from the same
simulations as used in Fig. 6 and thus represent the percentages shown there of 10K
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Fig. 6 Percentage of 10K realisations in which spread by species 1 (introductions) and species 2 occurs.
Also shown is the percentage of realisations where introductions by species 1 are followed by extinctions
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Fig. 7 Distribution of the times at which the first infection event occurs in species 2 following contact with

an infected individual from species 1 (red) and species 2 (blue), for different values of 7 1* . Boxplots within
the violins show the median, interquartile range and whiskers extents

simulations. First, consider infections with source species 1, i.e., introductions into
species 2. We observe that as the prevalence I in species 1 increases, the time to first
introduction progressively diminishes, with the interquartile range covering smaller
and smaller values. Now consider the timing of infections originating from species 2,
i.e., taking place after the infection has become somewhat established in species 2.
There, we observe that as the prevalence /" increases, times to the first transmission
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decrease, but not as acutely as those to the first introduction. This confirms our earlier
observation that introduction and establishment, although evidently correlated, are not
as tightly tied as can be expected.

4 Case of Two Pathogens and Two Species

Here the dynamics with P = 2 species and V = 2 pathogens are considered. While the
cases in Sect. 3 are more tractable mathematically, the situation here is more realistic. In
practice, the collaboration motivating this work is interested in over a dozen pathogens
potentially infecting four fish species. We do not consider such a general situation here,
but illustrate the computational complexities that arise even when P = V = 2. One
particularly interesting feature is the existence of mixed equilibria, i.e., equilibria in
which one of the pathogens is present and the other absent.

4.1 Deterministic Model and Basic Analysis

2 2 2 2
Si=bi =YD Biglgp+di | Si. Sa=ba— [ DD Bogulyy +da | S2.

g=1v=1 g=1v=1
(39a)

2 2
Ly =) BiglgSi — (en +d)Li. Loy =Y Pogilg1S2 — (e21 +da) Loy,

g=1 g=1
(39b)
2 2
Ly = Zﬂlqzlqzsl — (2 +di)L, Lxn= Zﬁzqzlqzsz — (e +d2) L,
q:l q:]
(39¢)
Ity = enLi — (i +d)h, b1 = e21La1 — (21 + do) o1, (39d)
Iin = el — (yi2 +di) o, by = enly — (y2 + do) o, (39%)
2 2
Ry = Zylvllv —diRy, Ry = ZVZUIZU —drRs. (391)
v=I v=1
The disease-free equilibrium of (39) is
b b
ES? = (59,80, 0uo). with S0 = —and 89 = 2. (40)
1 2
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To compute the basic reproduction number R, observe that the matrices G2 and W
derived in Sect. 2.3 take here the form

Gll G12
G12:|: 12 ~12 ,
G 61

where G|} = S)diag(B111, B112). G|3 = SVdiag(Bi21. Bi22), G}y = SYdiag(Bai1, B212)

and G%% = Sgdiag(ﬂzy , B222) are diagonal matrices, and S? and S(z) are scalars. The
matrix W is block lower triangular, with blocks

Wi =diag(d) + €11, d1 + €12, do + €21, da + €22),
Wz = diag(ei1, €12, €21, £22)

and
Wi, =diag(d; + y11. di + yi2, d2 + y21, da + v22).

The basic reproduction number of system (39) following the formula in equation (8)
is given by:

RE? = max(R), R2)

where R(l) = p(B)) and R(z) = p(By), with the matrices 31 and B; obtained by using
a form of a matrix in equation (9), and then

Bren s? Broien Y Brize1ns? Bi2enS)
By = (en+d)(yii+d) (e21+d2)(v21+d2) B, = (e12+d1)(yia+d1) (e22+d2)(y22+d2)
Bai1€11 Sy Baie21 S, ’ B126125; Ba2en S,
(er1+d)(yn+di) (e21+d2)(y21+d2) (e12+d1) (yi2+dy) (822+d2)()/22+d2()41

Note that the result provided by using R(()39) does not show the whole picture.
Indeed, one interesting characteristic of (1) is that the viruses function in a disconnected
way. This can be inferred from the reducibility of the system discussed in Appendix A.

Theorem 4 Consider (39) with Ro1 > 1 and Roy < 1. Then the DFE of (39) is
unstable and consists of a mixed equilibrium wherein pathogen 1 is present at an
endemic level and pathogen 2 is absent. Stability of the pathogen-2-free equilibrium
is global and asymptotic with respect to the pathogen-2 subsystem.

The existence part of the proof of this result is shown in Appendix D. Global asymp-
totic stability of the pathogen-2-free equilibrium follows directly from Theorem 2 and
reducibility of the system.

4.2 Branching Process Approximation

Let Z = (L11, L12, L21, L2o, 111, I12, 21, I22) be the multitype branching process
approximation of CTMC X2’2(t) with infected types €11, £12, £21, 22,111, i12, i21 and
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i22. The p.g.f. foru = (ufl, uf2, ”511 u’éz, u"“, uél, uél, uéz) is defined as
F(w) = (ff; (W), fha), f5 @), fH), fli, fim), i, fLhm), (42
where, for p,v =1, 2,

i
Epvllpy +d,p

[l = , (43a)
e Epv +dp
2 BapoSul Nl 4y, +d
£ = g=1PapvOglpy | Uy T ¥Vpu P (43b)
pv Apv :
The Jacobian matrix then takes the form
0 | My
DFu)=| —— —— —— |,
My | Mo
where
) e11 £12 €21 £
My, = dia ( s , s ) ’
9 en1+dy enn+d en+dy exn+d
B Shut | 0 Bra1Shu' | 0
A1y X Aql .
0 BraSui, 0 B122SSui,
Mz] = . A ) A2
Ba11 SYub, 0 89 Baiub, 0
A21 }3 SO i AZI ,E SO i
21291 Uy 22207 Uy)
0 A 0 A
and
My, = diag(ﬂms?u/{l + Bi21S9ub,  Br12SVul, + BiaShub,
Aqy ' Aqp '
Ba11SVut | + Boo1 S9ub,  Bar2SVul, + BaraSul,
A2y ' Ao ’

Theorem 3 applies here. Given L11(0) = €119, L12(0) = €120, L21(0) = £210,
L2»(0) = €220, 111(0) = i110, [12(0) = i120, 121(0) = iz10 and 12(0) = ino, it
follows from the independent branching process approximation that the probabilities
of extinction and disease outbreak are:

42)
]P)ext
B (Zfl)il10(Zli’z)llzo(251)5210(Zgz)lzzo(Zill)il10(Zliz)ilzo(Zél)izlo(zéz)izzo’ R(()39) -1
1, RGP <1,
42) 42)
Poutbreak =1- IPjf:xt (44)
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5 Discussion

We formulated an SLIR model for the spread of V pathogens between and within P
species. The model was first formulated as a set of 2P (1 + V) ordinary differential
equations, of which we considered elementary properties: basic reproduction number
‘Ro and local asymptotic stability as a function of the value of the reproduction number.
Global asymptotic stability when Ry < 1 was also established. We then considered
the corresponding continuous-time Markov chain (CTMC) model, which provides a
better tool to study the behaviour of the system close to the disease-free equilibrium
(DFE), which is our main interest here. To do so, we employed a multitype branching
process approximation of the CTMC near the DFE, obtaining an expression for the
probability of an outbreak when Ry > 1. This probability was interpreted, in the
context of our model, as the probability that the pathogen becomes established in the
population, at least temporarily. (The result is local and does not address the proper
establishment at an endemic level.)

The case of a single pathogen spreading between two species was then investigated
computationally. A metapopulation (spatial) version of this situation with a slightly
different underlying SLIR model was investigated both mathematically and compu-
tationally in Arino et al. (2005), with, using the notation here, P species present.
However, focusing on just two species as we did here allows to get a better under-
standing of the processes. To this effect, in particular, we investigated the sensitivity
of the system to its parameters in the case of three viruses affecting fish leading to
very different transmission scenarios. These highlighted in particular the important
role played by demographic parameters. A fourth, more abstract case concerned intro-
duction of a pathogen in a population by another in which the pathogen is present at
an endemic level.

One interesting feature of the model is that despite its complication, pathogens
function more or less independently from one another. This was shown in the case
P =V = 2, which we considered next. We conjecture that the following natural
extension of Theorem 4 holds.

Conjecture 5 Consider (1) in which pathogens a = 1, ...,k have Ro, < 1 and
pathogens e = k+ 1,...,V have Ro, > 1, for some k € {1,...,n}. Then (1) has
an unstable mixed equilibrium in which pathogens 1, . .., k are absent and pathogens
k+1,...,V are present at an endemic level.

By Theorem 2, those pathogens that are absent would naturally be globally asymp-
totically stably so. This highlights a limitation of the model: because we assume that
species dynamics is independent of the pathogens and that coinfections cannot occur,
a situation as described by Theorem 4 or Conjecture 5 is possible. While not neces-
sarily unrealistic, taking into account more advanced interactions between pathogens,
or effects of pathogens onto their host species, could be interesting and lead to wholly
different results. Competition effects between species could also be incorporated and
would also likely lead to different results.

Another interesting variation could involve considering an epidemic model. In its
current form, the model is an endemic model, with the basic reproduction numbers
distinguishing between a situation where the disease is absent and one where the
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disease is present at an endemic level. In this case, of course, the pathogen always
becomes extinct; it is not clear, though, if a situation similar to that in Theorem 4 and
Conjecture 5, in this case with some pathogens undergoing an epidemic and others
not, would hold.

Finally, note that we considered an SLIR model, not an SLIRS model, i.e., we
assumed that acquired immunity is permanent. With respect to the work carried out
here, this makes very little difference. Indeed, adding a flow from R to S does not
modify the expression of the disease-free equilibrium nor of the basic reproduction
number, which is the focus of most of our work. The only difference between the two
model formulations would appear, in the present work in the particular case where
the pathogen is endemic in one species (Sect. 3.5). There, (35) would be slightly
modified, but this has no consequence since E7 is used as a parameter. The expressions
in Sect. 3.5.1 would also change, as some would incorporate the rate of movement
from R to S, but the overall conclusions remain.

A Normal forms of matrices

When considering the global asymptotic stability of the DFE in Appendix B or exis-
tence of threshold behaviour in Appendix C, we observe that the matrices involved are
reducible. While the presentation used in the body of the paper is the most natural, the
proofs in these appendices require to use the normal form of the matrices involved.
Further understanding of the reproduction number is also gained by using the normal
form. Let us illustrate this using matrix Ay in Appendix B. The permutation matrix
obtained in the process is the same for all four matrices we consider here.

Itis clear that matrix Ao; as given by (48) is reducible. Indeed, consider the weighted
loop-directed graph having A> as its adjacency matrix. Diagonal entries of the two
main diagonal blocks correspond to loops. The blocks W (xs, x;) and diag([e,»]),
on the other hand, show that vertices form PV strongly connected components, with
each component comprising 2 vertices. Consider for instance the (1, 1) entry in W
and the (1, 1) entry in diag([e pv]]). They establish that vertex 1 is connected to vertex
PV + 1 and that vertex PV + 1 is connected to vertex 1. All entries in these matrices
define similar pairs of vertices, giving the PV strong components. Ordering vertices
(and corresponding matrix entries) so that vertices in a strong connected component
are listed consecutively, it is then easy to find the permutation matrix IT such that

—(epu+dp) XF_ B vs>
I Ay (xs, x) T = ( pv T Ep) £ag=1Papvea ) (45)
2R % Epv —(ypo +dp)

Applying II to DF given by (50) in Appendix C, we find

0 _Em
' Epv + dp
H DF K7 1 HT — . . 46
e % o Bravity Zq=1 Sguﬁv o
P Ay Apy
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B Proof of Theorem 2

To prove global asymptotic stability of the disease-free equilibrium of (1) when Ry <
1, we use a result of (Kamgang and Sallet (2008),Theorems 4.3 and 4.5). For the
convenience of the reader, we recall this result but with notation adapted to the problem
under consideration here.

Let xs = ([S,], [R,]DT € R and x; = ([Lpy], [Ipu])T € R?PY be, respec-
tively, the vectors of non-infected compartments and infected compartments. Denote
x) = ( [[Sgﬂ , [0 € R?P the part of the disease-free equilibrium of (1) corresponding
to Xg, i.e., the DFE is (xg, 0,py). Rewrite (1) in the following compact form,

X5 = A11(Xs, X7)(Xs — X9) + A12(Xs, X)X/,

. 47)
X; = Apn(Xs, X)X,

with
B —d|ag ([[dp]]) 0 2P x2P
An(xs, Xp) = < 0 —diag ([4,])) © . ’
0 —®(xs, x
Ap(Xs, Xp) = (0 F(i);SXf;)) SR

_ (—diag ([epy +d,]) ¥ (xs, X7) 2PV X2PV
stssoxn = (TGRS g (i L) <FI

where ®(xg,X;) is a P x PV-matrix whose jth row is a PV-vector with entries
[S;Bjpv], T(xs,x7) is a P x PV-matrix with jth row having V nonzero entries
Yjl,-..,yjvincolumns (j — 1)V +1to jV and W (xg, X) is a diagonal PV x PV-
matrix,

P
Y (xs,xp) = diag | [ BypuSql |+
g=1
with the enumerator running over indices p =1,..., Pandv=1,..., V.

As discussed in Appendix A, it is clear that matrix Ay as given by (48) is reducible.
So we apply the method described in that Appendix and instead work with the similar
normal form matrix (45). We can apply (Kamgang and Sallet (2008),Theorem 4.3) to
each of the PV blocks in (45) or apply (Kamgang and Sallet (2008),Theorem 4.5),
which considers the reducible case. We use a combination of the two results.

Let Q C REFP X R%FP V be the set defined in the statement of Theorem 2. If the
following five conditions hold true, then (Kamgang and Sallet (2008),Theorem 4.5)
establishes that the disease-free equilibrium (xg, 0,py) is globally asymptotically
stable when Ry < 1.

C1 System (47) is defined on a positively invariant set 2 of the nonnegative orthant
and dissipative on 2.
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C2 Subsystem x5 = Aq1(Xs, 0)(xs — xg) is globally asymptotically stable at the
disease-free equilibrium xg on the canonical projection of €2 on RiP .

C3 Matrix/igz(xs, x7) given by (45) is block upper triangular, with each diagonal
block A5 being Metzler and irreducible for any x = (xg, X/) € Q.

C4 For each p, v, there exists an upper-bound matrix Agzv for M {A T(x) €
R?>*2;x € Q} with the property that either Agzv ¢ M or if A22 e M, (e,
Asy = maxg M), then for any X € € such that Ay = A»n(X),X € RzP x {0}2PV

C5 The spectral abscissa of the matrix Az verifies cr(A ") < 0 when R( ) <1

The right-hand side of (47) is of class C' on the open set RZP X R2P V. so solutions
are defined. Solutions in €2 remain in . Furthermore, extendmg Q as

Qs = H(Spl, [Lpo]s [1po], [Rp]) € R2PVHD
%
b,
Np=Sp+Y (Lpv+1Ipn)+R, <Z_+8 p=1,..., Pr},

v=1

we have that solutions with initial conditions in R*”(V+D eventually enter s, for any
6 > 0. As a consequence, (47) is dissipative and C1 is satisfied. Then note that in the

original form, the model without disease is, for p =1, ..., P,
$p = by —dyS,. (492)
Ry = —dpR . (49b)

Thus itis clear that foreach p =1, ..., P, S,(t) — by/dp and R, () — Oregardless
of initial conditions, meaning that condition C2 holds. Matrix (45) is in block-diagonal
form and as a consequence, is block upper triangular. Recall that a matrix is Metzler
if its offdiagonal entries are nonnegative, so C3 holds.

To verify that C4 holds, remark that for solutions in €2, the maximal value for
a given §) is attained when S, = N, i.e., at the disease-free equilibrium xg. In
other words, for X € R3” x {0}?"V, x5 < xJ. Thus, the upper-bound matrix is
Ay = Ay (xg, 0) = G — W. Note that the result can also be formulated using blocks
A22 as in (45) and selecting the relevant components in II(G — wW)In”, but we do
need the form using the unreduced matrix Azz to show that condition C5 holds.

Indeed, to show CS5, return to the unreduced form (48) and note that we have
J(Azz) = o(G — W), with the matrices as defined in Sect. 2.3 and satisfying the
conditions of (van den Driessche and Watmough (2002),Theorem 2). The proof of
that theorem establishes that Rg < 1, i.e., the spectral radius ,o(GW_l) < 1,1s
equivalent to the spectral abscissa o (G — W) <0.Asa consequence when Rop < 1,
then O'(A22) < 0 and the same is true for each diagonal block A22 in the matrix in
normal form (45), since it is similar to (48).

Since conditions C1-C5 are satisfied, the proof is done.
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C Proof of Theorem 3

The Jacobian of (15) is the 2PV x 2PV block matrix

¢ i\ _( 0 Mp
DF(“’“)_<M21 My, )’ (50)

where each block has size PV x PYV. First,

Epv Z;)—l Sz(; 51}

Mu:diag<—>, My, =diag | [—/—————] | -

] (=5

Then, the PV x PV -matrix Mly; is itself a block matrix, with each V x V sized block
taking the form, for p,q € {1, ..., P},

Kpg = Sgdiag <[[%ﬂ) .

pv

(1) It is clear that (50) is such that 1f X,y € [0 1)2PV are such that x <y, one has
DF(x) < DF(y). Indeed, terms u’ and u’ appear as sums in the numerators of the
expressions involving them. Furthermore, F(0) > 0, i.e., it is a nonnegative matrix
with some positive entries. This implies that the multitype branching processes are
not singular (Berman and Plemmons (January 1979),Theorem 2.3).

(i) The matrix of first moments is Ml = DF(1,py), where 1;py is the unit column
vector of size 2P V. In the transformed matrix (46), diagonal blocks of M take the
form

0o v

8[,1;)+ d,a

50 Bpqv Zq=1 Sq
P Apy Apy

and are therefore irreducible (and even primitive). Consequently, the matrix of first
moments M is block-primitive.

From (i) and (i7), we conclude that the branching process is positive and regular. As a
consequence, applying the (Allen and van den Driessche (May 2013),Threshold The-
orem) together with (Harris (1963) ,Theorem 7.1 (Chapter 2))to each of the diagonal
blocks in the matrix in normal form (46), gives the threshold behaviour, with existence
of a fixed point (0, 0) < (zpv, va) < (1, 1) additionally to (zl,v, va) (1, 1) when
the process is supercritical. Putting things together, under the conditions of Theorem 3,
there exists an additional fixed point 0 < z < 1 when Ry > 1. Then the probability
of extinction is given by:

PV
Pex = [ [ [[ @507 @00 (51a)

p=1v=1
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Poutbreak = 1 — Pext, (51b)

To finish the proof, it is clear that (15a) implies that sz = (spuzi,v +dp)/(Epy +dp),

i
where z),,,

defined for ’R(()l) > 1 become those in (16).

is the fixed point of (15b). As a consequence, the probabilities in (51)

D Existence of a mixed equilibrium for (39)

Suppose that the conditions of Theorem 4 are satisfied: P = V = 2, virus 2 is at
the disease-free equilibrium (DFE), i.e., L1 = Lo = I12 = Ipp = 0 and Ry < 1.
We seek equilibria of (39) with positive values for LY, I3}, I}} and I}, under the
assumption that Rg; > 1.

Substituting the DFE of species 2 into (39), we obtain from (39c¢) that

* e11 +dy . N &1 +dp N
1= * * 11> SZ = * * 21>
Binlf| + Bia113 Bari 1| + Ba21 15,
while (39e) gives
N it +di . 21 +da
LYy = ——1I, L} =——1}
£11 £21
and, finally, from (39f),
Vi1 Y21
RY=""14, Ry =221
1 4, 2=,

Since the total population of each species is governed, fori = 1, 2, by N; = b; —d; N;,
at an equilibrium, b; — d; N} = 0 and thus, when (39) is at an equilibrium with virus
2 at the DFE, one has

bi—dy (Sf+ L7, + I, +R})=0 and by —d>(S5+ L5 + 13 + R5) =0.

Expressing all terms as functions of /;1, i = 1, 2, and using the expressions of Sy,
Ly, Ry, $5, Loy and R gives

* * * ﬁ *
Biin(I1)? = [di (Ror — 1) — Bion I3, ] I — ﬁdﬂ%ﬂm =0, (52a)
Booi (I3)? = [da (Roy — 1) — Boni I, ] 131 — %dﬂ%zlﬁ =0. (52b)

To simplify computations, let us denote x = I} and y = I3;. Then (52) can be
written as

Ti(x, y) i= Br11x> + Bra1xy —di (Ro1 — 1) x — %dﬂzm)’ =0, (53a)
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Fig. 8 Situation leading to the existence of a mixed equilibrium. Red curve: I'j. Blue curve: I'. The
centres of the hyperbolas are shown as triangles of corresponding colours, as are the vertical and horizontal
asymptotes relevant to the problem. The shaded box shows the possible range of values of the endemic
component of the mixed equilibrium

Ta(x, ) == Born1xy + Boa1y* — %dﬂzmx —dr (R — 1)y =0. (53b)

Both I'y and I'; are conic sections. Their discriminants — ,81221 and — ,32211 are both neg-
ative, hence they are both hyperbolas. As (53a) has no second degree y monomial, one
of its asymptotes is vertical. Likewise, since (53b) has no second degree x monomial,
one of its asymptotes is horizontal. If both of these asymptotes intersect the positive
(or first) quadrant Q1 = R4 x R, then 'y and I'; intersect a single time there. The
situation is shown in Figs. 8 and 9.

Let us show that this is indeed the case. There are two ingredients:

1. The curves I'{ and I'; intersect Q1.
2. The vertical asymptote of I'; and the horizontal asymptote of I'; intersect Q.

First, note that the point of intersection (x, y) = (0, 0) is obvious since neither
(53a) nor (53b) have terms of degree 0. Now consider the x- and y-intercepts of 'y
and I';. For I', x-intercepts satisfy

I'i(x,0) = (Br11x —di(Ro1 — 1) x,

ie, x = 0and x = d1(Ro1 — 1)/B111 > 0 by the assumption Rg; > 1. For y-
intercepts,

10, y) = —%dﬂ%m
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i.e., 'y intercepts the y-axis only at the origin. For I'y, x-intercepts are given by

T (x,0) = —%dﬂzozx,

giving only the origin as x-intercept, while y-intercepts are given by
200, y) = (Ba21y — d2(Ro2 — 1)) y,

i.e., y-intercepts are y = O and y = d2(Roa — 1)/B221 < 0 by assumption.
We can therefore establish that I'; and I'; intersect Q1. Indeed, from the gradients
VI'1(x,y) and VI'2(x, y), we deduce that vectors tangent to I'; and ', are

B
Ti(x,y) = <,3121x - ﬁdﬂzm, di(Ro1 — 1) = 2B111x — ,3121y) )

Tr(x,y) <2ﬂ221y + Bor1x —d2(Roz — 1), %dﬂ%z - /3211Y) .

At the origin, T7(0,0) = (—B121d1Ro1/B111,d1(Ro1 — 1)) has signs (—, +). This
means that I'; “moves” through origin from the second quadrant Q> = R_ x R4
when x < 0 to the fourth quadrant 04 = Ry x R_ when x > 0. On the other hand,
T>(0,0) = (—=d2(Ro2 — 1), P211d2R02/Ba21) has signs (+, +), implying that left of
the y-axis, I, is in the third quadrant Q3 = R_ x R_, while itis in Q| when x > O.

It remains to show that the vertical and horizontal asymptotes of 'y and "2, respec-
tively, intersect the positive quadrant Q1.

The centre of I'1 is (d1Ro1/B111, —d1(Ro1+1)/B121) € Q4 (red triangle in Fig. 8).
Since I'y intersects O, the asymptote to I'{ N 0> has negative slope. It follows that the
vertical asymptote to I'; is the one to I'1 N O and therefore, intersects Q1. Reasoning
similarly, observe that since the centre (—d2(Roz2 + 1)/B211, d2Ro2/B221) of I'; lies
in Q7 (blue triangle in Fig. 8) and I'; intersects Q4, the asymptote to ', N Q4 has
negative slope and that to the part of I'; N Q1 is horizontal.

As a consequence, there is a point in the interior of the positive quadrant Q| where
I'; intersects I'y. More precisely, remark that since the centres of the hyperbola lie
on the vertical and horizontal asymptotes, respectively, the x-coordinate of the point
of intersection cannot be larger that the x-component of the centre of I'j and its y-
coordinate cannot exceed the y-component of the centre of I';. This means that the
endemic equilibrium belongs to the box

(O, lem] » (0’ dzRoz] (54)
Bi11 B221

shown shaded in Figs. 8 and 9.
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|

Fig.9 Situation leading to the existence of a mixed equilibrium. Zoom on Fig. 8 focusing on the positive
quadrant. I'y and its related features is shown in red, while I'; is in blue (Color figure online)
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