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Abstract

We consider an SI model of three competing species that are all affected
by a single pathogen which is transmitted directly via mass action. The total
population sizes of the three species satisfy a three-dimensional Lotka-Volterra
competition model. We address the interaction between competition and dis-
ease dynamics, and show that infected coexistence in the model is determined
by the values of the basic reproduction numbers as well as the relative strengths
of intraspecific crowding versus interspecific competition for all three species.
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1 Introduction

Competitive interactions are one of the primary ways that multiple species can inter-
act. Although many mathematical models of competing species have been developed
and analyzed, the influence of disease on a competitive system is less understood,
particularly among systems of more than two species.

Examples of disease that affect systems of competing species can be readily found
in nature [7]. The American grey squirrel was recently introduced to the UK, where
they have proven both competitively stronger than the native red squirrel and serve
as a vector of squirrelpox virus (SQPV) to which they are immune. This virus is
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nearly always fatal to red squirrels, who have little to no natural resistance to the
disease [11]. SQPV accelerates ecological replacement of red squirrels to 17-25 times
its rate in the absence of disease [9].

Competition between the native noble crayfish in Europe and the introduced
American signal crayfish is similarly affected by crayfish plague. Signal crayfish are
competitively stronger and are not killed by plague, which is fatal to noble crayfish [8].

The impact of the tick-borne louping ill virus can extend to much larger systems
of host species. Gilbert et al. investigated its effect on varying systems including
grouse, hares, and deer [3]|. In their model, the host species do not directly compete
for resources and the population of the tick vector was explicitly modeled.

In 2006, Hatcher et al. presented a survey of literature describing the effect of
parasites on competitive and predatory relationships [4]. They note that complex
host communities may be able to better support disease, citing the tick-grouse-hare-
deer system. Additionally, they note that disease can produce apparent competition
between species that do not directly compete, since the presence of a vector species
is detrimental to the host species.

One of the first papers to examine a mathematical model for a system of three
species was published by May and Leonard in 1975 [5]. The model consists of a Lotka-
Volterra type system, assuming equal birth rates for all three species and symmetric
competition (species 2 affects species 1 as 3 affects 2 as 1 affects 3). The authors
demonstrate the existence of nonperiodic solutions with indefinitely increasing cycle
times. Although mathematically intriguing and an excellent example of the complex
dynamics of three-species systems, the biological relevance of this behavior is limited.

This work was continued in 1979 when Schuster et al. published an analysis of
three models of three competing species [10], including the original May-Leonard
model, a generalized version without the assumption of symmetry, and a related
model incorporating constraints of constant organization to simulate macromolecular
self-organization. They found that solutions of all models converged to cycles of three
saddle points and three orbits between them.

Chi et al. conducted a further analysis of the asymmetric May-Leonard model in
1998, using alternate assumptions on its parameters to find and determine stability
of equilibria, as well as obtain conditions for the existence of periodic solutions and
neutral orbits [2].

Our primary reference for models involving both competition and disease are those
developed by Bokil and Manore [1]. The authors examine two-species competition
and disease systems with either mass action or frequency incidence disease transmis-
sion. Their analysis of the models includes locating equilibria and determining the
biological conditions (in terms of the basic reproduction number and relative com-
petitive strengths) necessary for their feasibility and stability. In the mass-action
transmission case, the authors consider bifurcations in the model resulting in neutral
state equilibria.

In this paper, we extend and combine these previous models and results to the



three-species system with Lotka-Volterra competition and mass action disease trans-
mission. In particular, we show that in our model, the presence of disease cannot re-
verse the competitive outcome, indicating that system dynamics are primarily driven
by competitive interactions.

The remainder of the paper is organized as follows. In Section 2, we introduce
our model and the biologically-meaningful parameters with which we perform our
analysis. In Section 3, we list the equilibria of the model and derive the conditions
for their existence, using the basic reproductive numbers of the disease among 1, 2,
and 3 species. In Section 4 we conduct a local stability analysis on each equilibrium.
A summary of our results and further biological interpretation is given in Section 5.

2 Three Species Competition and Disease Model

Our three-species competition and mass action disease model is extended from the
two-species SI model by Bokil and Manore [1]. For species i = 1,2, 3, we have

dsS; N, Ny Nj

=aN;|1———————| =05 —08Si(lLi + L+ [ 2.1
dt @i ( 01 O 9i3) b5 = AS(L A L+ L), (2.1a)
dl;
T BSi(Ii + I + I3) — bl;, (2.1b)

where S; is the population of susceptible individuals of species 7, I; is the population
of infected individuals of species i, and N; = S; + I; is the total population of species
1. This results in a system of six equations, which we simplify by making the following
assumptions on its parameters:

(A1) The death rate b is constant, density-independent, and the same for all species
and for both susceptible and infected individuals.

(A2) Birth rates are density-dependent, with the intrinsic birth rate a reduced by
both interspecific and intraspecific Lotka-Volterra competition.

We define the intrinsic per capita growth rate for each species to be r =a — b > 0.

We focus on mass action disease transmission, which is density-dependent and
assumes contacts between individuals occur at a rate proportional to the total pop-
ulation size. Mass action is often used for directly-transmitted disease, whereas
frequency-incidence transmission, which assumes a fixed contact rate, is more suitable
for vector-transmitted disease [6]. Furthermore, mass action transmission is used in
the model of the red-grey squirrel system developed by Tompkins et al. [11], which
also leads us to assume:

(A3) The transmission coefficient 3 is constant for all species.

This model can be divided between dynamics due to competition and crowding
and dynamics due to disease, as shown in Figures 1 and 2.
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Figure 1: Conceptual model of competitive interactions between species. Dotted lines
indicate inhibitive relationships; solid lines indicate non-competitive dynamics.

.
.
.
.
v,
’
’
’
’
\
\
\
\
.
.
.
.

)
‘\
AY
Y AY
Y AY
~
P
&y

v s~ v
RN LR RAN
. . P [IANRN . .
4 ~ - 1 ™ ’ ~
’ N - . N
. PR * LalS .
4 - ~ ~
. Phd . . S .
. - N ’ ~ N
- ~
£ - > 4 >
~ - ~ -
PEES _=-=" Seal =T
N S~ - _ Pt Pk
~ - ~.
| > |- Rl N
~ .
~ .
o e
~ -
AR . e 4
~ ~ - 4

Pran—
,

,

Y4

’

’

1
1

'

1

vy
S -
r

I}

\

AY
AY

AY

AY

AY

AY

AN
AY
Pran——

b b

Figure 2: Conceptual model of disease dynamics between species. Dotted lines indicate
infective relationships; solid lines indicate non-infective dynamics.



2.1 Additional Parameters

The competition parameters ¢;; are defined by the equality

a r
o= T iaj:172737

where KL” < 1 represents the inhibition strength of species j on species i. The carrying
capacity of species i is K;;. We make a final simplifying assumption:

(A4) All species have the same carrying capacity. Define K = K3 = Ky = Kzg;
similarly, 0= 911 = 022 = ‘933.

We define the relative strength of intraspecific crowding versus interspecific com-
petition of species j on i to be

1 1 o
§ij = E - E, i,j=1,2,3. (2-2)
Since K = Kj; = Kj;, there are two possible interpretations for this parameter. First,
&j; > 0 implies species j restricts its own growth more than it restricts the growth of
species . Alternatively, &; > 0 also implies growth of species ¢ is more inhibited by

its own population than by the population of species j.

3 Equilibria and Feasibility

There are 15 equilibria. Nontrivial equilibria are written Ec; or Er;, where the
subscript C' denotes a disease-free equilibrium, I denotes an infected equilibrium, and
1 is a combination of 1,2, or 3 indicating the species present. Equilibrium components
are notated

Ec, = (Sy", 85", 55",0,0,0)
and
Er=(S1", 83", 8y IV I, I,Y).
It is convenient to introduce the following lemma at this time:

Lemma 1. The per-species total population sizes of the nontrivial equilibria are the
same regardless of the presence of disease. Thus, for j = 1,2,3, we have Njc’l = le”,

. Ci _ ali | rli

e ST =57+ 1"

Proof. From (2.1), the change in total population does not depend on the presence
of disease:

dN; Ny Ny N Ny Ny N
— Ny faf1- 2 G I (S VA e N, . N G B
dt [a < 01 O 91’3) } : [ ; ; (3:1)

We now begin the equilibrium analysis.



3.1 Trivial Equilibrium
The trivial equilibrium is
Ey =(0,0,0,0,0,0)

and is always feasible.

3.2 One Host Disease-Free Equilibria

With one species and no disease, the susceptible population reaches carrying capacity:

EC’,l = (K70707 07070)7
EC’,2 = (O,K,O, 07070)7
Ecs=(0,0,K,0,0,0).

These equilibria are always feasible.

3.3 One Host Infected Equilibria

In the presence of disease, the total population remains at carrying capacity but
is divided between the susceptible and infected classes. For infected equilibria, a
threshold quantity called the basic reproduction number (BRN) [12] plays a very
important role.

The BRN is the expected number of secondary infections arising from the intro-
duction of an initial infected individual into an entirely susceptible population. For
a single species, the BRN is defined as

Ro1 = KTB (3.2)
for the disease affecting a species ¢ in isolation [1]. We can then write these equilibria
as

Feasibility of these equilibria requires Ro; > 1.



3.4 Two Host Disease-Free Equilibria

The two host disease-free equilibria are

KK KK
Eopp = | ———& S ———1,0,0,0,0], (3.3a)
K12+K§—; 612 K12+K£2T;
KK KK
Ecus = | ———&= o ——>—1,0,0,0], (3.3b)
Kis + K¢ §13 K3+ K¢
KK KK
Ecps = [0, ———r, b ——=2—1.,0,0,0]. (3.3¢)
K23+K§T3 523 K23+K£‘T3

The feasibility of these equilibria is determined by the ratio §;;/&;;, where ¢ and j
represent the two persisting species. As described by Bokil and Manore [1], there are
four cases:

1. &; > 0,&;; > 0: Intraspecific crowding is stronger than interspecific competition
for both species. The equilibrium is feasible.

2. &j <0,&; > 0: Species ¢ is inhibited most by interspecific competition, whereas
species j is inhibited most by intraspecific crowding. Species i “loses” the
competitive interaction and the equilibrium is not biologically feasible.

3. &; > 0,&; < 0: Species ¢ is inhibited most by intraspecific crowding, whereas
species j is inhibited most by intraspecific competition. Species j “loses” the
competitive interaction and the equilibrium is not biologically feasible.

4. &; <0, < 0: Interspecific competition is stronger than intraspecific crowding
for both species. The equilibrium is feasible.

3.5 Two Host Infected Equilibria

Theorem 1. The basic reproduction number for the two host equilibrium with popu-
lations of species i and j is

RO,ij = %(Sf’ij + Sjc’ij) = %Sic’ij (1 + %) .
ij

Proof. The proof follows from [1]. O



We can then write the two host infected equilibria as

b & b b(Ro12 — 1) &xn b(Ro,m -1)

Ero = ﬁ(l—i—éf—;)’@ﬁ(l—k%)’ 7ﬁ<1+%>’5ﬂ<1+%)70 , (3.4a)
b ¢ b b(Rows—1) & b(Ross— 1)

Prs= | oy (e e) 551"5( ) ﬁ(fi%) é’;—ﬁ <ff§;> . (3.4b)
- b b b(Roas — 1) &s2b(Roas — 1)

Frn =\ ) (i m) s (e m) Ea(em) ) O

Therefore, feasibility of Ej;; requires Ro;; > 1 and §;;/&; > 0, for ¢,7 = 1,2, 3.

3.6 Coexistence Disease-Free Equilibrium
We will denote the coexistence disease-free equilibrium as
EC - EC,123 - (N107 N207 N307 07 07 O)

The values of N, N, and NY can be determined analogously to the method used
by Chi et al. [2]. From (2.1) and (3.1), this equilibrium must satisfy

N NS NE
Kil Ki2 Ki3 -

(3.5)

for i = 1,2, 3, since each species’ birth rate equals its death rate. Let
D .
T A
M = Kor i74 Tom | 5 A = det M,
S G U
K31 K32 K

and A; for ¢ = 1,2, 3 be the determinant of the matrix formed by replacing the i-th
column of M with a vector of ones. Then, using (2.2), it can be shown that

Ay = &12893 — 23832 + E32613 (3.6a)
Ay = &23831 — &1z + &isén (3.6b)
Az = &31612 — 12601 + 132 (3.6¢)
A+ Ay + A
A==~ iabntn — &nbnbn (3.6d)
From Cramer’s rule, it follows that
Ay Ay A
(N{, N5, Ng',0,0,0) = (Al L 0) (3.7)



Making an assumption analogous to that made by Chi et al. [2], we have

O<1<1<1 0<1<1<1 010<1<1<1
— < =< =, — < =< —=, an — < =< =
K12 K KlS K23 K K21 K31 K K32

Rewritten in terms of the constants &, this is

(A5) 612a 5237531 > (0 and 513,521,532 < 0.

This assumption guarantees that A > 0 and A; > 0 for ¢ = 1, 2, 3, so the equilibrium
E¢ is feasible.

3.7 Infected Coexistence Equilibrium

Denote this equilibrium
Er=Er93=(5,5,5, 11,13, 1).
Theorem 2. Let Ag = Ay + Ay + As, where the A; are defined as in (3.6). The

basic reproduction number of the infection among 3 species is

8 Ag
= - —
Ro.3 b A
Proof. We use the next-generation matrix approach to compute Ry3 [12]. Let X =

(1 &2 15]". Then the system (2.1) can be written as

ixX B (I + Iy + I3) a8
55’3([1 +[2+[3) b[g

where F(X) represents new infections and V(X) represents all other dynamics. Let
F and V be the Jacobians of F and V respectively evaluated at the coexistence
disease-free equilibrium Es. Then

BNy BNy BNY b
F=|BN{ BN§ BNS| and V=10
BNS BN BNy 0

o o O
St OO

Then Ry 3 is the spectral radius of the matrix

g [N N NY
PVt = |Ng NSNS
N§ Ny Ny

A routine computation shows the eigenvalues of F'V ! are 0,0 and %(Nlc +N§ + NS).
Then from (3.6),

Ros =3 A



Theorem 3. The infected coexistence equilibrium has components SI = % ﬁ;’ and
= S{(Ro,g — 1) fOT?: = 1, 2,3
Proof. Since dS; = 0 and dI; = 0 at the equilibrium, (2.1) gives
1 = N/ I = N/ I - I
j J _
sila 1—2 0. —b| 4 al 1—2 0, — BS! le =0, (3.8)
J=1 = j=1
3
BSI>y If—bIl =0. (3.9
j=1
fori=1,2,3. Let
3
y=8Y I (3.10)
j=1
and assume v # 0. Thus from (3.9),
bI!
Sf L (3.11)
Y

Substituting (3.11) into (3.8) and using N/ = S! + I7 yields

bI! S (vrfIf
~la|1l-— L+ -1 —b

Divide by I7 # 0 and multiply both sides by 4% to get

bII II b[l I!
abv—abZ( 7 ) b’y + av? _OWZ(@ 57 — by =0,
j=1 4

U (]

+all

:>(a—b)(b+’y)’y—a(b~|—7)z(b—;ﬂ:0.

ij

Since b+ v # 0, it follows that
3 7!
ry —a(b+ ) Z 6_j =

1
Use b = ak

w

i=1

3 I I
bI; I
1—- Ly 2| —bI] =0.

(3.12)



and subtract this from the equation (3.12) corresponding to i = [ to obtain

3
1 1
S --1)=o
J (K-- Klj)

Since &;; % — Kl__, we get

Enl] — Eiady + (&3 — &13) 15 = 0. (3.13)
Similarly, for = 1 and [ = 3,

Earl] + (§32 — E12) I3 — &asly = 0. (3.14)

From (3.13) and (3.14), we have

1l (512531 —&126o1 + 532521) _ I <§13§21 — 13831 + 523531)
’ Enén ’ Enan '

Thus, I3 = R2I3. It can be shown analogously that

A
Il = A—zl,g, (3.15)

where k =1,2,3 and j = 1,2,3. Setting Ag = A; + Ay + Az and substituting (3.15)
into (3.12) for i = 1, we can obtain

Ve Ve VEd A A A
(@) b G2
& S(A1 AV AV AV S e

Setting d; = % + ?—122 + ﬁ—g, it follows that

I
BAs—b&—M:Q
Ay
Then
b A, (B A
r_ 221 (P as
H=55 (b 5 1). (3.16)

Similarly, for i = 2,3, we obtain

A A A, A A
S i i




and j,l = 1,2,3 where ¢ # j, .
Note that from (3.11) and (3.15), we have

S

St =~ 3.17

5 As (3.17)
for i = 1,2,3. Thus, (3.16) can be written as
A

II=5! bAs_4). (3.18)
b 0,

From (3.7) and (3.5) for i = 1, we know A; = AN and N71C + g—i + g—i = 1. Thus,

ANC ANS  ANS

)
'K Ky | K

A. (3.19)
It follows that

A
5—S:NE+N§+NSC,
1

and therefore (3.18) can be written as I{ = S{ (Ro3 — 1). This can be proved similarly
for the general case, and so for i = 1,2, 3,

IiI - S{(Ro,g - 1).

4 Local Stability Analysis

Trivial Equilibrium

The Jacobian of the system (2.1) evaluated at Ej is

r 00 a 0 O
O 0 0 a 0
00r 0 0 a
j(EO)_OOO—bOO
000 0 —b 0
000 0 0 b

The eigenvalues of J(Ey) are r and —b, each with algebraic multiplicity 3. Since
r > 0, this equilibrium is always unstable.

12



4.1 One Host Equilibria
One Host Disease-Free Equilibria

The Jacobian evaluated at, for example, E¢ 1, is

[—r = % —a- K - —pK 7K — K]
0 T’ngl 0 0 —;(21+CL 0

j(E01): 0 0 ’I“ngl 0 0 —;;.I?i +a
’ 0 0 0 BK —b BK BK
0 0 0 0 —b 0

00 0 0 0 b |

J(Ecz2) and J(Ec3) are similar. For i = 1,2, 3, the equilibrium E; has eigenvalues
—r,—=b, =b, BK — b,rK§;;, and rK¢&;, where j and k represent the absent species.
Thus, stability requires £;; < 0,&; < 0, and K < % From the basic reproduction
number (3.2), these conditions are that Ry ; < 1 and that species ¢ inhibits the other
species more than it inhibits itself, preventing them from invading the system.

One Host Infected Equilibria

The Jacobian at Ey; is

_2b—a,—5K _IT(IZ _;'(_[1(3 —r _%_ _},,‘(_[1(3_[)_
0 a—BK — &= 0 0 —f.-+a 0
0 0 — K_TK 0 0 _rK

TP g 0 TR e
0 BK —b 0 0 —b 0

i 0 0 K —b 0 0 b

which has eigenvalues —r, =K, —8K,b— BK,rK&, and rK&s;. The equilibria Fj o
and Ey 3 are similar.

Thus, as in the disease-free case, species ¢ must inhibit the other species more
than itself (implying &;;, & < 0). The requirement Ry; > 1 implied by the feasibility
of the equilibria is now also a stability requirement.

4.2 'Two Host Equilibria

Consider the equilibrium of species 1 and 2. For any equilibrium with nonzero popu-
lations of species i, (3.5) holds. Thus, the characteristic polynomial of the Jacobian
evaluated at E. = (57, 55,55, I, 5, IS) is

P(z) = (x4 n)*(z +€) (2° + 612° + doz + b3)

13



where

n=>b+p(I5+1I5)
e =0+ B(IT + I5) — B(ST + S5)

1 1 1 1
= M=t 4Nt — )1
' 7‘{1([(+K31>jL 2<K+K32) }
1 1 N1+N2 Nl N2
S =12 [N\ Ny | — — -1
> { ! 2<K2 K12K21)+ K (K31+K32 ﬂ

1 1 Ny Ns
Oa = 13N, Ny | — — —1
s= N 2(K2 K12K21) (K31+K32 )

The eigenvalue —n is clearly negative. In the disease-free case, we can use Theorem
1 to rewrite the eigenvalue —e as b(Ro12 — 1). In the infected case, Theorem 1 and
(3.4a) yield —e = b(1 =Ry 12). By extension to the other two-host equilibria, it follows
that R ;; < 1 is required for stability of the disease-free equlibria with species i and
J, and Rg,; > 1 is required for stability of the analogous infected equilibria.

The quantity a® + §;2% + do2 + 05 is the characteristic polynomial of

NP N g
K K K
A=—r | ¥
- Ko1 K . K?\:}e
0 0 JH4E-
K31 K32

Let A; be the 2 x 2 matrix formed by removing the last row and column from A.
Since the bottom rightmost element of A is one of its eigenvalues, we can factor the
original cubic polynomial into (z + 7)(z? + a1x + o) where

( N¢ N;) { 1 ng}
’y = —T _—— — = — R
K31 Ka N3 dt Foas

a1 = —(N¢ + N§) = [—tr(/(l)}

K Ec 12
g = r*N{N§ (@ + g) = [det(./il)]
K K Ec 2
To simplify notation, define
[ 1dN,
v {EE] Ec,ij

to be the per capita growth rate of species [ at the coexistence disease-free equilibrium

of species 7 and j.
Then in order for the eigenvalue —y = k12 to be negative, we require the growth
rate of species 3 to be negative at the disease-free equilibrium of species 1 and 2,

indicating that it cannot invade the system.

14
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Figure 3: Phase planes showing possible competitive interactions between two species in
the absence of disease. Here, species 1 and 2 are shown.

By the trace-determinant theorem, we need aq > 0 and «ay > 0 for stability. It is
obvious that a4 is positive. Since &15/& > 0 for feasibility and stability of E¢ 12 and
FEra2 (cf. Section 3.4), the only way to have apy > 0 is to have &5 > 0 and & > 0.
This indicates that species 1 and 2 are affected more by intraspecific crowding than
by interspecific competition.

These results can be extended to the other 2-host equilibria. Thus conditions for
stability of the disease-free equilibrium are Ro;; < 1, §; > 0, &; > 0, and k;; < 0.

4.3 Coexistence Equilibria

Since (3.5) holds for any equilibrium with nonzero populations of species i, the Jaco-
bian of the system (2.1) computed at a coexistence equilibrium E, = E¢, E; can be

15



written as the block matrix

A(E.) B(Ee)
7= |25 o) 42
where the 3 x 3 sub-blocks are
A(Ee) = (Ay;) — diag(b+ Z(Ee)),
B(E.) = (Ay) — (BS)),
C(E.) = diag(Z(E.)),
D(E.) = (8S}) — diag(b),

with the definitions

Z(E.) = BT + L5 + I3),

rNf
Aij = — KZ —+ béz‘j7

)

where 0;; is the Kronecker delta function

L
=4 7
0 i#]

A routine computation shows the characteristic polynomial of J(FE.) to be

P(z) = (z+n)*(x +¢€) (z° + 012° + bp + b3) , (4.3)
where

n=>b+p(I;+ I5s + I3), (4.4a)

e = b+ BUIE+ IS + I5) — B(SE + S5+ 55), (4.4b)

5y = %(Nf + NS+ NS, (4.4c)

1 NENS NENE NSNS

5 :7,2 . NeN6+N6N6+NeNe o 1-'2 -3 2-'3 ’ 4.4d

2 e (VTN 14V3 5 N3) Kioks  KiKa  Kosks ( )

83 = 1 AN{NENS. (4.4e)

The eigenvalue —n is clearly negative. In the infected case, it follows directly from
Theorems 2 and 3 that the eigenvalue —e is b(1 — Ry 3), so stability requires Ro3 > 1.
In the disease-free case, —e = b(Ro 3 — 1), so stability requires Ry 3 < 1.

We then consider x4+ ;22 + do2 + d3. This is the characteristic polynomial of the
matrix

_er _ere _er
K K K
rN§ 'rI\JT% T]\JT% .
Q= _Ki — —KZ = —rdiag(Ny, Ny, N5)M.
_7‘]\33 _TN§ _7"]\%3
Kz K32 K

16



This matrix has an eigenvalue Ay = —r with corresponding eigenvector [Nf N§ N?ﬂ T,
since
. 1 1 1 e e e
Ny 0 0 K Ka K Ny Ny 0 0 1 Ny
-0 N5 O| |z % %mal |[NsS|=-r|0 N5 O |1l|=—r|Ns
0o o N |:& & L] 0 o N |1 Ng

This follows as a consequence of Lemma 1 and (3.5).
To find the remaining eigenvalues Ay and A3, note that A\ Ao\ = —r>ANENS NS
and A1 + Ay + A3 = —%(NT + N5 + Ng5). Thus we have

Aoz = 12 AN NS NE

and r
)\2+)\3 = —?<Nf+N§+N§ - K),
giving
1| r r2 9
/\2,/\325 E(K—Nf—NQG—Ng):l: ﬁ(Nf‘f‘Nze‘f‘Nf—K) —4T‘2AN1€N2€N36 .

(4.5)

From Lemma 1 and (3.7), note that the discriminant of (4.5) is

A+ Ay + Ay
K

7,,2

A?

2
— A) — 4A1 A5 A3

2
= 5 (€108 + 2usbana bt + EheHEh
— 4 (6126533851 + E136565) + G(6rz, &3, €21, €03, €31, E32)) |

where G is a homogenous polynomial of §;;. Making the assumption (A5) guarantees
G > 0. Since we assume K > 1, the discriminant is negative, so the stability of the
equilibrium depends on

Re(A2) = Re(A3) = _i(flsfszle + £12623831).

Thus, under these assumptions, we have local asymptotic stability for &£;3€32891 +
£19€23631 > 0 and a saddle point with one-dimensional stable manifold if &3€32691 +
5125’23531 < 0. A HOpf bifurcation occurs at §13£32€21 + glgfggggl =0.

5 Summary of Results

A review of the biological quantities used in our analysis is given in Table 1. Our
results from the feasibility analysis in Section 3 and local stability analysis in Section
4 are then summarized in Table 2.
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Parameter Definition

&ij The relative strength of intraspecific crowding versus interspecific com-
petition of species j on i.
Ro The basic reproduction number of the disease affecting one species in
isolation.
Ro,ij The basic reproduction number of the disease affecting two species i and
j in coexistence
Ro,3 The basic reproduction number of the disease affecting all three species.
Kij The per capita growth rate of species [ at the disease-free equilibrium of

species ¢ and j

Table 1: Quantities used to define conditions for equilibrium feasibility and stability.

Equilibrium Feasibility Stability

Trivial always never

1-host DFE always Emis&ni <0, Rop <1

1-host Infected Ro1 >1 Emir&ni <0, Ro1 > 1

2-host DFE fzj/fﬂ >0 fij,fji > O, Kij < 0, R()’Z'j <1
2-host Infected fzj/fﬂ > 0, RD,ij >1 fij,fji > 0, Kij < 0, ’Roﬂ'j >1

3-host DFE §12,823,831 > 0, 13,832,821 <0 £12823831 + 13832821 > 0, Ro3 < 1

3-host Infected &12,823,831 > 0, £13,832,821 <0,  &§12823831 + &13€32821 > 0, Ro3 > 1
R073 >1

Table 2: Summary of conditions for feasibility and stability. In the one-host case, m and
n refer to the absent species and 4 to the persisting species. In the two-host case, ¢ and j
refer to the persisting species and k to the absent species.

We conclude this section with a further interpretation of the A;, which we can re-
late to the stability of the 2-species coexistence disease-free equilibrium that does not
include species 7. Consider the per capita growth rate of species 3 at the equilibrium

E¢ 2. From (2.1), this is
c, c,
. 1_N1 12_N2 12 |
Fos K3y K3

which, substituting in the equilibrium values given in (3.3a), can be shown to be

1 dN;
N3 dt

K12

NE2 A K
=r )
12 ’ §12 + &1 — K&12én

K12 = TA3

Therefore,

Az = :—1}? (E12 + &1 — K&12601) -
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In Section 4.2 we proved that stability of E¢ 12 requires &i2,821 > 0. Since

NO12 _ K&io NOA2 _ K&y
! E1a+ &1 — K&12€o1’ 2 E12+ &1 — K&12€o1’

and ¢ 12 is assumed feasible, then &9 4+ 21 — K282 has the same sign as &2 and
&91. Note that the denominator can be rewritten as

1 1
Kl——-_—_—-
(K2 K12K21)’

so it is a measure of the strength of crowding versus the strength of competition in
species 1 and 2.

Therefore, As contains information about the competitive aspects of stability
of this equilibrium (there is no dependence on Ry12 so disease dynamics are not
included). Az < 0 implies either stability or instability due to both the condition
on interspecific competition between species 1 and 2 and the condition on the per
capita growth rate of species 3 being unsatisfied. A3 > 0 implies exactly one of these
conditions is unsatisfied, resulting in an unstable equilibrium. A similar interpretation
can be made for A; and As.
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