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CONTINUOUS HOST-MACROPARASITE MODELS WITH
APPLICATION TO AQUACULTURE

CATHERINE BOULOUX MARQUET

ABSTRACT. We study a continuous deterministic host-macroparasite system
which involves populations of hosts, parasites, and larvae. This system leads
to a countable number of partial differential equations that under certain hy-
potheses, is reduced to finitely many equations. Also we assume hypotheses
to close the system and to define the global dynamics for the hosts. Then, we
analyze the spatially homogeneous model without demography (aquaculture
hypothesis), and show some preliminary results for the spatially structured
model.

1. INTRODUCTION

The aim of this paper is to study the dynamics of epidemic models for a host-
macroparasite system. A spatially discrete model concerning a marine host-parasite
system was first modelled in [I3] [20]. The host is a fish, the sea bass Dicentrarchus
labraz, and the parasite is a flat worm, Diplectanum aequans (Plathelminth, Mono-
genea), which parasitizes the gills of this host. After a cross-fertilization on fish
gills [I8], adult parasites lay eggs from which larvae hatch. The larvae try actively
to find a host. If they succeed, the larvae settle on the host’s scales and then move
to its gills. At that time, the larvae undergo a maturing process leading to an adult
stage that is capable of laying eggs.

A more complete age-structured formulation of the parasite population dynam-
ics has been proposed in [7,[§]. This model, which is also a discrete model, concerns
a fish-farmed population of sea bass, so the parasite population dynamics are de-
scribed for a cohort of fish having the same age and initially without parasites. We
have incorporated in this model a couple new features. First, we have integrated
the existence of different cohorts into the parasite population. Second, as some
demographical parameters (development of eggs, death rate or fertility rate of par-
asites) are under the influence of temperature linked to the season, we have added
some temperature effects to this model.

The discrete model involves numerous parameters which cause two main prob-
lems. First, the complexity of the model makes the mathematical analysis of it ex-
tremely difficult. Second, this complexity results in long computation times when
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attempting to study the behavior of the model by performing numerical simula-
tions. These difficulties lead to the consideration of a new approach. In the first
part of this paper we introduce a continuous spatially structured model. The model
will follow the idea first used by Anderson where one breaks the host population
into a countable number of “populations” —hosts with 0,1, 2, ... parasites.

In [I4] 5] we can find another approach. The authors introduced modelling
host-parasite dynamics through a convection then a convection-diffusion partial
differential equation which uses the parasites density as a continuous structure
variable. Here, one conserves the Anderson’s well accepted hypothesis:

(H1) These “populations” could increase by the death of one parasite within the
next higher increment of infection or by immigration of one parasite into a
host belonging to the “population” of hosts with the next lower increment
of infection[I].

This gives a countable number of equations —one for each class of host having k
parasites, where k is a nonnegative integer. As with the discrete model, one assumes
a particular parasite distribution on the hosts. This assumption allows to reduce the
model to a system of equations involving three population classes: hosts, parasites,
and larvae. We will show that hosts and parasites have the same spatial structure.
Also, if one supposes there is no spatial structure, one obtains some known models
1, 2, 3], @, 5, [6].

In the second part of this paper, we analyze the ordinary differential equation
model and give some results for the partial differential equation model. Describing
the model, one includes births and intrinsic mortality, mortality not due to the
presence of parasites, with the host population, but in the analysis one ignores it,
because one is thinking of situations where it is not important, for example, in some
aquaculture situations.

2. DESCRIPTION OF A CONTINUOUS SPATIALLY STRUCTURED MODEL

2.1. The structured populations. Let h* = h¥(z,t) denote the spatial density
of hosts having k parasites, k € N, at a point  and time ¢. So fQ hE (z, t)dz is the
total number of hosts in the region © with a load of k parasites. Let H = H(x,t)
be the spatial density of the total number of hosts. It is given by

“+o0
H=> h" (2.1)
k=0

One defines the following parameters related to hosts.

o b((h');,z,t) is the natural fertility rate of hosts at a point = and time ¢,
where (h'); = (R, ht, B2, ...).

e (k) is the factor reducing the fertility of hosts having k parasites; 0 <
v(k) < 1.

e my((h');, z,t) is the intrinsic mortality of hosts at a point = and time ¢.

e a(k) is the induced mortality of hosts due to the burden of having k para-
sites. So, in each class of hosts with & parasites, the host mortality is given
by mn ('), z,t) + ka(k)

e d, VA" is the flux of the host population.
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Let P = P(x,t) denote the spatial density of parasites at a point x and time t.
It can be obtained by

+o00
P=> kh*. (2.2)
k=0

Parasites are subject to three mortalities:

e A natural mortality for parasites with a rate u(k)

e A mortality due to the intrinsic host mortality

e A mortality due to the induced mortality of hosts caused by a burden of k
parasites linked to a(k).

The last two mortalities are due to the fact that if a host dies, its parasites must
die.

The spatial density of larvae at a point x and time ¢ is given by L = L(x,t).
One defines the following parameters related to larvae.

o v(L,x,t) is the natural death rate of larvae at a point z and time ¢;
. S\(k) is the laying rate per host in the class h* of parasites at time ¢;
e RFE((RY);, L,z,t) is the fixation rate of larvae on hosts of class h¥;

e d; VL is the flux of the larvae population.

2.2. The population dynamics. First we consider hosts having no parasites.
The following assumption is made

(H2) Hosts are born free from parasites. That is, at birth they belong to the
class hY.
Aside from spatial migration, the rate of change of the size of the class h® consists
of the following four terms.
o my((hY), z,t)h° = mph® 1 > 0, is the spatial density of hosts having 0
parasite which die from natural mortality at a point x and time t.
o RO((hY),z,t)h°, 1 > 0 is the spatial density of hosts having 0 parasite at a
point = and time ¢ that recruit larvae with rate R°.
e u(1)h! is the spatial density of hosts which come into the class h® from
class h' because of natural mortality of their parasites (H1).
e The fertility of hosts having k parasites is v(k)b((h');,z,t), and the total
birth rate of hosts is

> A R)b((h s, )R,
k=0

Then the equation for hosts having 0 parasite is

on° =
T dp AR = " b((B')y, @, t)y (k)R = mph® — ROBO + p(1)h'. (2.3)
k=0

Second, we consider hosts having parasites. The equation for the class h*, k > 1,
is similar to . Because of (H2), the birth term is not present. These hosts
possess parasites, so there is an added mortality term, ka(k)h*, due to parasitism.
There is also an additional positive term on the right side of the equation, R¥~Th*~1,
that takes into account hosts from class A*~! that recruit a parasite and enter class
h¥. Finally, there is an additional negative term, ku(k)h*, that takes into account
hosts from class h* that have a parasite that dies moving these hosts to class R~ 1.
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The other terms are analogous to the ones in (2.3). So the equation describing the
dynamics of hosts with k& parasites is

k
aait — dp ARk
= (k + Dp(k + DA — [my + ka(k) + R* + ku(k)p* + RE=1pe-t (24)
=F*.

One adds some hypotheses to close the system and to define the global dynamics
for hosts, H = ZZ:S hE. First one assumes
(H3) R* = R*((h');,L,z,t) = R(H, L).
One considers two different functions for R:
R(H,L)= (L (2.5)
where 3 is a positive constant, and
__»rL
Co+H
where p and Cy are positive constants. The function 1D was proposed by An-
derson [4]. With it one supposes the recruitment function is proportional to the
number of larvae. For the second function ([2.6)), one takes inspiration from what
was proposed by Langlais et al. [I3] and Bouloux et al. [§] in the discrete model.
One also includes the following hypotheses in order to describe the global dynamics
of hosts.
(H4) The fertility rate is spatially and temporally homogeneous, and density
dependent: b((h');,x,t) = b(H).
(H5) The intrinsic death rate of hosts is spatially and temporally homogeneous,
and density dependent: m;, = my((h');, z,t) = my (H).
(H6) dp, > 0.
(H7) The natural death rate of larvae is spatially and temporally homogeneous,
and density dependent: v(L,z,t) = v(L)
The global dynamics of hosts can be described as follows. One assumes that X is
a random variable that represents the number of parasites. The probability for a
. . hk .
host to have k parasites is P(X = k) = %7 ; see [9, 10, 11]. Summing 1) and |D
over all classes, we obtain

O A = [p(H)B((X)) — ma(H) ~ B(Xa(X))|H. (27)

To obtain the global dynamics for parasites, we multiply (2.4) by k, then sum over
all k, and recall (2.2). Using (H6), this gives

P = =
—— =dn Y kAR + > kFF (2.8)
k=1 k=1

R(H,L)

(2.6)

ot

where F* is defined by (2.4). After some calculations using hypothesis (H3) and
the fact that h* = P(X = k)H, one can express the dynamics of parasites by

%1; — dyAP = [R(H, L) — my(H)E(X) — E(Xu(X)) — B(X?a(X))H. (2.9)

The larvae dynamics involves three phenomena:



EJDE-2004/131 CONTINUOUS HOST-MACROPARASITE MODELS 5

e There is one gain term which corresponds to the number of larvae that
parasites lay. 5\(l<:)h’c is the number of eggs laid by parasites on hosts having
k parasites, so 37 A(k)h* is the total number of laid eggs by parasites
on all hosts.

e There are two loss terms:

— One is the recruitment of larvae by hosts at a point x and time t.
R(H, L)H is the rate at which larvae manage to attach themselves on
hosts.

— The other is the number of larvae which die from natural death at a
point  and time ¢, v(L)L.

Following (H3) and (HT), one models the larvae dynamics as

%f —dpAL=FE(\X))H — R(H,L)H — v(L)L. (2.10)

Putting equations (2.7, , and (2.10) together, the dynamics for the host-
parasite system is described by

%I — dpAH = b(H)E(v(X))H — [mn(H) + E(Xa(X))]H,
%]: — dyAP = H[R(H, L) — my(H)E(X)] - [E(Xp(X)) + E(X?a(X)) H,
%f —dp AL = E(\(X))H — R(H, L)H — v(L)L.

(2.11)
For biological reasons, all parameters are nonnegative. So one has

(H8) myp,(H) >0, b(H) >0, A(k) >0, v(L) >0, a(k) > 0, (k) > 0, R(H, L) >

0.
(H9) /f(k) :Auk‘l_l and a(k) = ak!™t for | = 1,2, v(k) = 7%, 0 < v < 1,
Ak) = Ak,

where [ = 2 means that natural parasite death rates or induced mortality of hosts
are dependent on the number of parasites, whereas [ = 1 means that those rates do
not depend on how many parasites are present on hosts.

To have a generic model in terms of H, P and L, one makes assumptions on the
distribution of parasites in hosts. One assumes that parasites are distributed on the
host population according to a Poisson law with mean z = % or a negative binomial
with the same mean and a clumping parameter ¥ [4, [5]. The second distribution is
characterized by the fact that a few hosts carry a high parasite burden, while the
majority of hosts have few parasites [T}, 2, Bl [4} 5] [7, 8} [13]. This type of distribution
is said to be owverdispersed.

One obtains four types of models, denoted I to IV, in which one supposes the
induced mortality of hosts is intensity dependent or independent, and the natural
death rate of parasites is density dependent or not.

e In model I the induced mortality of hosts is intensity independent, and
the natural death rate of parasites is density independent. This can be
expressed by a(k) = a and p(k) = pu.

e In model IT the induced mortality of hosts is intensity dependent, and
the natural death rate of parasites is density independent. This can be
expressed by a(k) = ak and pu(k) = p.
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e In model ITI the induced mortality of hosts is intensity independent, and the
natural death rate of parasites is density dependent. This can be expressed
by a(k) = a and p(k) = pk.

e In model IV the induced mortality of hosts is intensity dependent, and the
natural death rate of parasites is density dependent. This can be expressed
by a(k) = ak and u(k) = pk.

For each model, using the Poisson or binomial distribution, one can calculate the
different moments in the model , and whatever the distribution used, one has
the generic model

%{ —dyAH = H[h(H, P) —my,(H) — M(H, P)],
%]Z — dyAP = R(H,L)H — P[(mu(H) + pu+ ) + Q(H, P)], (2.12)
oL

5 AL = AP — R(H,L)H — v(L)L,

where M (H, P) = E(a(X)), Q(H, P) satisfies
Plp+a+Q(H,P)] = HIE(Xu(X)) + E(X?a(X))]

and h(H, P) = b(H)E(y(X)) (see the second equations of and (2.12)). What-
ever the model one chooses, one always finds the terms 1+ « in the second equation
of . Finally, using the Poisson or negative binomial distributions, one obtains
the forms for h(H,P), M(H,P) and Q(H, P) [7] listed in Tables 1 and 2 in the
Appendix. In the rest of the paper, it will be assumed that M (H, P) and Q(H, P)
are given by one of those forms.

3. ANALYsis oF ODE MODELS WITHOUT DEMOGRAPHY
As for the discrete model in , we assume that
b(H) = mh(H) =0.

When there is no spatial structure, in order to work with the total parasite pop-
ulation, one uses the mean number of parasites on hosts, z = %. This gives the

spatially homogeneous model without demography
dH ~

— =-M(2)H
= —M()H,
dz ~
CETI; = A\zH — R(H,L)H — vL,
with initial conditions
H(0)=Hp >0, 2z(0)=2y>0, L(0)=Ly>0, (3.2)

and under the hypotheses

(BO) p=0,a20,04+p>0v>0,

(B1) M(z) = a1z + az2?, a; > 0, az > 0 (defined in the appendix),
(B2) Q(2) = byz + by22, bl,bg >0 (deﬁned in the appendix)
(B3) R

(H, L) defined by or
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Note that R(H,0) =0, R(H,L) >0 for H >0, L >0 and Ry, = g—f(H, L) > 0 for
H >0 and L > 0. See the Appendix for explicit values for a; and b;, for j =1, 2.
These values do not affect the analysis.

Proposition 3.1. B={(H,z,L): H >0,z > 0,L > 0} is an invariant region for
(3-1)-(3.2). In addition, under hypothesis (B0), (B1), (B2), and (B3), the system
61)-G2)

has one and only one nonnegative solution defined on [0, +00).

Proof. The persistence of nonnegativity is a consequence of the fact that the vector
field F(-,-,-) defined by

~M(z)H
F'(]f7 zZ, L) = {Fz(H, Z, L)}i:Lg,g = REH, L) — Z[,LL + o+ Q(Z)]
A\zH — R(H,L)H — vL

does not point out of the positive octant Rﬁ_, and hence Ri is an invariant region
for solutions. From hypothesis (B1), (B2), and (B3), F(-,-,-) is locally Lipschitz
continuous, so from the Cauchy-Lipschitz theorem, there exists a unique local max-
imal solution defined on a maximal interval [0, Tinaz)s Tmaz > 0. If Thyar < 400,
then

lim (IH()| +[2(t)] + [L(1)]) = +oo.

t—

From the equation for H in (3.1), one sees that H(t) is non-increasing by the
nonnegativity of M (B1) and H, so limy_,4 o H(t) = Hs > 0. Also we have

dz dL S
— — < .
o = < R(Hoo, L) + AzHo

One can write R as R(Hs, L) = cL. Then by (B3),

dz dL .
— — < .
o + T max (¢, A\Hp)(z + L)

One concludes that Ty, = +00. O

max

Theorem 3.2. One has lim;—, o, H(t) = Hy > 0. In addition, trajectories of
(3.1) are bounded and z(t) — 0, P(t) — 0 and L(t) — 0 when t — +oo.

Proof. First, we show that lim; o L(t) = 0. If one considers the expression
AH'(t) + L'(t) where A > 0, one has

AH'(t)+ L'(t) = —AM (2)H + A\zH — R(H(t), L(t))H — vL
= —Alarz + a22*)H + \zH — R(H(t), L(t))H — vL
< (A= Aay)zH — vL
Choosing A > May, AH' + vL’ < 0. One integrates over [0,¢], and obtains

0 < AH(t) + L(t) + u/t L(r)dr < AH(0) + L(0) = C

So, L € L' N L* and thanks to the nonnegativity of L, liminf; ., L(t) = 0.

Besides,
dL
— < \zH
at ="°
But, from the equation for H,

dH

i (—a1z — a222)H < —a1zH
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Integrating over [0, t],

/0 H)(r)dr < —% (H(t) — H(0)) < %H(O)

Therefore, zH € L'. L can be written as the function L(t fo L'(t)dr + L(0).
From the fact that L' € L', and liminf,_ 4 o, L(t) = 0, one has hmt_,+oo L(t) = 0.

Next we show that lim; 4 2(t) = 0. Note that from the expression of R (see
(B3)), R(H, L) € L* N L*>°. Consider the equation for z:

Z(t) < R(H,L) — (n+a)z
& TS (6) 4 (u+ )32 (s) < R(H, L)erte)s
d

2l elpta)s < (pt+a)s
Rl {e z(s)] < R(H,L)e

t
& BT (1) _ 5(0) < / R(H, L)e(+)s g
0

t
S z2(t) < e*(ﬂﬂx)tz(o) +/ R(H, L)ef(qua)(tfs)dS
0

The right-hand side is in L' N L>; therefore, (1) z € L* N L*. Since % < R(H, L),
one can immediately conclude that (2) ¢¢ € L' N L>. ;From (1) and (2), z is

dt
uniformly continuous. Indeed,

2(t) = z(to) —|—/ 2 (s)ds

to
Thanks to (2), there exists B > 0 such that ||2'|| < B, so

¢
|2(t) — 2(to)| < |2'(s)|ds < |t — to| B < Bn.

to
Choosing 7 = 5, one obtains the desired result. The uniform continuity and the
fact that z € L', implies that lim; .. z(t) = 0.
Next we bhOW that limy_o H(t) = Hs > 0. One has M(z) = a1z + a222, so
integrating over [0, ¢], one obtains

/ |M (2(7))|dr < /ta1|z(r))|d7+/0t as|2%(7))|dr

< a1||Z||L1 +azllz]| g |2l o

So M(z) € L*. From the H equation in ,

H(t) = H(0)exp ( / (= (3.3)

where H(0) > 0. Suppose that lim;_,., H(t) = = 0. This implies
t +oo
tlim M(z(1))dr = M(z(1))dT = +00.
—>Jo 0

But this is inconsistent with the fact that M(z) € LY. Solimy oo H(t) = Hy > 0.

We may conclude that without demography on the host population, trajectories
are bounded and the origin is globally asymptotically stable-there is no regulation
of parasite and larva populations. And the theorem is proven. [
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Besides, from (3.3),
t+s

H(t+s)=H(0)exp(— M(z(1))dr)

t+s
0) exp ( /M ))dr) exp (— t M (z(7))dr)

— H(t)exp (— [ NI(2(r))dr)

When s — 400, one obtains
—+00

Ho = H(t)exp (— t M (z(7))dr)

We remark that the set {(z, L) = (0,0)} is an invariant manifold for the system
(3.1)), so each point (H,z, L) = (H,0,0) is a stationary solution for (3.1)).
4. SOME RESULTS FOR THE PDE MODEL
Once again one has the assumption that
b(H) =mp(H) =0.

One must define some notation. Suppose €2 is a bounded domain in R™, n = 1 or
2, with a smooth boundary, 9Q. Let Q(0,t) = Q x (0,t). If u € LP(Q)), one takes
the LP-norm of u, |ju||, o, to be

[ ()lp,s (Jo lu(@)[Pdz)/P i 1 < p < +oo,
P esssup,eq |u(z)| if p = +o0.
The LP(Q(0,t))-norm is
t 1/ .
e Moo = 4 o G DIede) i 1< p < oo,
’ ’ €8S SupTE(O,t) Hu('vT)”oo,Q lfp = +4-00.

For (z,t) € Q x (0,400), one recalls the spatially structured model

OH 4 AH = —HM(H, P),
ot
oP
5 ~duAP = R(H L)H — P[(p+a) + Q(H, P)], (4.1)
g—f —d,AL=\P— R(H,L)H — VL,

with the initial conditions on © x {0}
H(z,0) = Hyo(z) >0, P(z,0)=Py(z) >0, L(z,0)=Lo(z)>0, (4.2)
and for (x,t) € 092 x [0, +00) one chooses homogeneous Neumann conditions
8H(x t)  O0P(xz,t)  OL(xz,t)

— —0. 43

an n (4.3)

Here hypotheses (B0) and 3 apply, and M (H, P) and Q(H, P) are defined in
the appendix. Problem 4.3) is a singular problem because M (H, P) = M (%)

and Q(H,P) = Q(F) (see the appendlx So, one approximates this problem by a
regular problem containing a small coefficient ¢, where 0 < € < 1. One replaces H
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in the functions M and @ by H.+ . This gives the following approximate problem

8;.;6 —dyAH.=—-HM(H, +¢,P.),
OP.
ot dgAP. = R(He, L )He — Pe[(p+ a) + Q(He + ¢, Pe)], (4.4)
0L,

5~ AL = AP. — R(H,, L.)H, — vL,,

with initial conditions, on © x {0},
H.(z,0) = Ho(x) >0, P.(x,0)=PFPo(z) >0, L(x,0)=Lo(x)>0, (4.5)
and the boundary conditions on 2 x (0, 400)
8H;(nm,t) _ 8P?a(7:;:,t) _ 8L€8(;:,t) _o. (4.6)
One now shows that — possesses a unique, nonnegative solution.

Theorem 4.1. For any initial condition (Ho, Py, Ly) € C(Q)3, there exists a unique
nonnegative continuous classical solution, (He, P., L) defined on Q(0,00) = X

(0,400) to [EA)-(E6). In addition, if X\ < p+ «, Jo(Pe(z,t) + Le(x,t))dx is a
partial Lyapunov function and the solution is globally bounded in L*°(Q(0,00)).

Proof. As in the previous section, one may check that (H., P, L.) for the sys-
tem — is nonnegative [2I]. In addition, the regularity of the vector field
F(-,-,-) ={F;(H,P,L)}i=1,2,3 implies local existence of a unique classical solution
(He, P., L) > (0,0,0), defined on Q(0,Trnqz). Also, by the positivity of H, and
M(H, + ¢, P.), looking at the first equation in one can see that

OH.
ot

Then, by the maximum principle, H, is globally bounded in L™ (2 x (0,+0c0)),
because

— dyAH, <0. (4.7)

[He (-, t)]loo,2 < [[Ho()[loc,02, (4.8)
for t > 0, and so
Sup [He (- 1)]loo,2 < [[Ho(:)[loo.0- (4.9)

One now considers P. and L.. If one sums the last two equations in (4.4) and
integrates over 2, one has, after throwing out some negative terms on the right
hand side,

d “
P t) + Le( Dllne < (A = u = o[ |

There are two cases to be considered.
Case 1: A < 1+ a. One has

L0 (4.10)

d
%”Pﬁ(at) + Le('at)”l,ﬂ S 07

80 || Pe(+,t) + Le(+, t)|l1,0 is a Lyapunov function. In addition, one has the following
two inequalities. First,
OP.
ot

— dyAP. < CL., (4.11)
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where C' is a constant depending on choice for R(H,, P.), and second,
0L,
ot

Thus, the condition of partial sums referred to as the intermediate sums conditions

of Morgan in [16] [I7] are satisfied. One may directly apply global existence and

boundedness results contained therein to guarantee a global solution (H,, P., L),

globally bounded in L*(Q(0, c0)).

Case 2: \ > 1+ . According to 7

—d, AL, < \P.. (4.12)

%”PE(’J) + LE(’vt)Hl,Q < (;\ I a)”Pe('ﬂt) + Le("t)||1,ﬂ~ (413)

The L' norm does not blow up, so there is global existence in (0,+o00) with
(He, P., L) bounded in L>*(Q(0,T)), for each T > 0, by Morgan [16, I7]. So
one has shown the existence of a global, unique, classical, nonnegative solution
(H, P, L) defined on Q(0,00), with 0 < € < 1, for —, and the theorem is
proven. ([l

The final step is to take solutions to the approximate problems, lets e shrink
to 0, and obtain a solution to the desired problem. Before one argues that this is
possible, one needs a couple a priori estimates.

Proposition 4.2. There exists a; > 0 such that for each initial condition Hoy €
C (), and for each T > 0, (H¢)e>o s bounded in C**(Q x [0,T]) independently
of €, for 0 < e < 1.

Proof. We have shown that H. is nonnegative and bounded in L>®(£ x [0, +00))
independently of €. Using the inequality (4.7), we conclude the result thanks to
[12, theorem 10.1 chapter III]. O

Proposition 4.3. For each initial condition (Py,Lo) € C*(Q)?, and for each
T >0, P. and L. are bounded in C*(Q x [0,T])? independently of €, for 0 < e < 1.

Proof. We will outline the two steps required. First, note that one has coupled
equations, thanks to the inequalities and . Then one uses [12, theorem
2.2 chapter VII], to ensure that P, and (. are bounded in L*> (€2 x [0,T]) indepen-
dently of e. Second, one uses [12] theorem 3.1 chapter VII| to conclude that P. and
L. belong to a bounded set of C*(Q x [0, T])%. O

One is now ready to pass to the limit.

Proposition 4.4. There exists three subsequences (He, )nen, (Pe,)nen, (Le, Jnen
which converge strongly to (H, P,L) in C°(Q x [0,00])%). In addition, for each
(x0,t0) such that H(xo,tg) > 0, there exists a neighborhood v(xo,to) in which
(H,P,L) is a solution of the partial differential equations (4.1) in D (v(xo, to)).

Proof. One knows the family (H., P., L.). is bounded in C*1(Q x [0,7])3, so one
can extract three subsequences (Hcy), (Pey), (Ley) which converge strongly to
(H,P,L) in C°(2x [0, 00[)®. But, because of singularities, one defines the following
set

0 ={(z,t): H(x,t) > 0}.
If (z,t) ¢ 6, then H(x,t) = 0. If (zo,%0) € 0, there exists a neighborhood v(xo, tg) C
0. In v(xg,to), the problem (4.1) has no singularities. So one can pass to the limit in
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the sense of distribution to obtain that (H, P, L) is a solution in I’ (v(zq, t9)). Some
questions are not answered here and will be addressed elsewhere. For example, is
there uniqueness and can H be null in  x (0,+00)? One remarks that if one
adds a diffusion term to the infinite system, there are no problems with existence,

uniqueness and positivity. But that would create a different mathematical model.
O

Proposition 4.5. The nonnegative steady states are (H* > 0,0,0)
Proof. For these models, M(H, P) = C’lg + C’gfl—z, with C; > 0 and Cy > 0 (see
Appendix). The equation for H in system is
oOH
ot
and the steady states satisfy
OH 0P 0L

— dyAH = —M(H, P)H, (4.14)

o ot o
So the PDE system associated at equilibrium satisfies
—dyAH* = —M(H*, P*)H", (4.15)
—dyAP* = R(H*,L*) — P*[u+ o + Q(H*, P*)), (4.16)
—dpAL* = \P* — R(H*, L*)H* — vL*. (4.17)

One multiplies (4.15) by H*, and one integrates over 2. One thus obtains
dH/ \VH*|*da = —Cl/ H*P*dx — 02/ P dr <0,
Q Q Q
because H* and P* are nonnegative. In order to have the equality instead of less
than or equal to, H* and P* must satisfy
VH*=0, H*P*=0, P* =0, in®.

So, H* = C > 0, a constant, and P* = 0. Then equation (4.17) becomes

—dpAL* = —R(H*,L*)H* — vL"*. (4.18)
But R, which is defined by (2.5)) or , can be expressed in the general form

R(H*,L*) = CsL".

So, (4.18) can be expressed as

A AL* = —CyL*. (4.19)
Now multiply (4.19) by L*, and integrate over €2, to obtain that L* = 0. Conse-
quently, the nonnegative steady states are (H* > 0,0,0). O

Conclusions. We introduced a continuous spatially structured model for host-
macroparasite systems. To obtain a finite system of equations, one assumed that
parasites are distributed on the host population according to a Poisson or a nega-
tive binomial distribution. The choice of distribution along with the choices one has
for the factor reducing the fertility of host due to parasitism and for the mortality
rate of parasites, (H10), result in eight different possibilities for right hand sides
of generic model (see the appendix for the different forms the functions h,
M, and @ can take). One then eliminated demography in the host population in
order to apply the model to a system where the birth and intrinsic death rates of
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the host population were not important. In this situation, with the hypotheses one
made, one did not prove that the long term behavior of the solution of the con-
tinuous spatially structured model does not depend on the spatial variable. Some
analysis of the system showing existence of a solution was performed. Such issues
as uniqueness, positivity and the asymptotic behavior of the solution of the partial
differential equation system will be discussed elsewhere. Possible continuations of
this work would be to apply this model to a host-parasite system where demogra-
phy in the host population needs to be considered or to a system where birth and
death rates may not be spatially homogeneous.

5. APPENDIX

Let
h(H, P) = berr (V=1 for a Poisson distribution
’ N b(%)‘l’ for a negative binomial distribution.

Then we have

TABLE 1. Functions M, M, Q and Q for a Poisson distribution

Model Ia | Model ITa | Model IIIa Model I'Va
M(H,P) al al(1+ 1) al af(1+ 1)
Q(H,P) ol abB+8)| (w+o)g | Ep+3ataf)
M(z) az az(l+ z) az az(l+ z)
Q(2) 0 20z wz (L +2a)z

TABLE 2. Functions M, M, Q and Q for a negative binomial distribution

Model Ib Model IIb
M(H, P) al ab 1+ (5N %)
Q(H, P) a5 g a3 B+ () 7]
M(z) az az(1+ (HH)2)
Q) T2 az[(2F) +2(°57)4]
Model ITIb Model IVb
MEP]| ok AT (50T
QUH,P) | (n+a)g(*FH) | () glu+3a+a(%g2) 7]
M(z) az az[l + (4)z]
Q(z) | 2[g + (D] | () + (352 + 22 2]
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