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ABSTRACT. We develop a finite difference scheme to approximate the solution
of a novel size-structured mathematical model of the transmission dynamics of
Mycobacterium marinum (Mm) in an aquatic environment. The model con-
sists of a system of nonlinear hyperbolic partial differential equations coupled
with three nonlinear ordinary differential equations. Existence and uniqueness
results are established and convergence of the finite difference approximation
to the unique bounded variation weak solution of the model is obtained. Nu-
merical simulations demonstrating the accuracy of the method are presented.
We also conducted preliminary studies on the key features of this model, such
as various forms of growth rates (indicative of possible theories of develop-
ment), and conditions for competitive exclusion or coexistence as determined
by reproductive fitness and genetic spread in the population.

1. Introduction. Despite extensive public health efforts, Mycobacterium tubercu-
losis (Mtb), the etiological agent of tuberculosis (TB) in humans, continues to pose
a major global public health problem, afflicting more than two billion people, or
about one-third of humanity [37]. Activation of TB occurs relatively infrequently
(~0.1%), and yet, because of the large size of the TB-infected population, acute TB
remains the leading cause of mortality by a single infectious agent, killing approx-
imately 2 million annually [16, 19, 37]. A fish pathogen, Mycobacterium marinum
(Mm), is one of the most closely related species to the Mtb complex, sharing many
of the same bacterial virulence genes required by Mtb to infect, grow, spread and
cause disease in humans [17, 30, 41, 44].
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The impact of Mm infections provides substantial motivation for their study
independent of the additional benefit of providing insight into the persistence of
an important human pathogen. Mm is known to infect at least 200 fish species in
marine and fresh water environments [17, 19, 28]. Annually, fish mycobacteriosis
costs billions of dollars in combined losses to wild-caught fisheries, to aquaculture-
raised fish, to the aquarium trade and to research colonies [22, 24, 28]. The study
of these pathogens in animal models provides an attractive alternative to working
with TB directly. Since Mm grows much faster than Mtb, represents less risk to
researchers, and similarly infects host macrophages (both human and fish), Mm
has recently become a tractable surrogate pathogen to study TB-like infections
[17, 18, 30, 36, 42, 44]. Transmission studies have indicated that Mm retrieved
from infected tissues is considerably more infectious, likely because these bacteria
reside in host macrophages of the target organs [17, 20, 21, 31, 36], and are in an
‘activated’ state. The work of [17, 18, 33] has made significant progress toward
establishing a model of Mm infections in medaka, a Japanese ricefish, which have
been shown to be efficiently infected from ingestion of mosquito larvae carrying a
number of Mm. This mechanism is thought to be relevant to a natural situation.
Mosquito larvae, which are plentiful in aquatic environments, feed readily on Mm
in the laboratory setting. Further, it is commonly known that mosquito larvae
are a food source for ricefish and other small fish. Therefore, the spread of these
infections within a food network must be considered for this pathogen. Since this
inherently involves nonlinear processes between dynamically changing quantities, a
mathematical model has been developed in [9] as a tool to understand and make
use of this biological model.

The structure of the model developed in [9] to address Mm transmission dynam-
ics in aquatic animals, necessitated the development of a novel scheme with which
to compute its solutions, similar to the one we discuss in this paper. Key to the
model’s structure is a food network, since many modes by which Mm is transmitted
are a result of the consumption of infected tissues. Therefore, the metabolic activity
of the fish is important, and so is any process that may accelerate or hinder that
activity. To account for commonly observed variability in feeding behavior (even
within genetically inbred fish stocks) as well as variability in other processes repre-
sented in the model (susceptibility, growth, death, etc.), the authors considered m
‘physiological groups’. Within these, all individuals were characterized as equiva-
lent and the processes therefore occurred at the same rates. These rates depend on
the size of the fish or possibly also the severity of its infection. A model structured
by size allows for the study of various metabolic effects on transmission dynamics
through the network, whereas a bacterial load-structured model allows one to con-
sider the effect of differences in infection severity; namely, the effect of progressing
from a chronic to an acute state. A general model would include the dependence
on both fish size and intra-animal bacterial load. However, for tractability, a model
structured by bacterial load only is presented in [9], and here, we consider a size-
structured version. In [9], theoretical foundations for the numerical scheme were not
developed; the aim of the paper was mainly on the development and preliminary
studies of the model. However, since the differences between the model we present
here and that in [9] are not major from a mathematical point of view (they are from
the biology point of view as each model is well suited to answer different biological
questions), the theoretical results we establish here - existence and uniqueness of
solutions and convergence for the computational scheme - apply to the model [9].
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Structured models have been studied numerically using various approaches in-
cluding finite element methods [13, 14, 32], monotone approximations [5], finite
difference schemes [4, 6, 7, 38, 43], integration along characteristics [1, 3, 11, 12,
25, 26, 29, 35], and ideas from semigroup theory [15]. Several different methods
for numerically solving structured population models are reviewed and compared
in [2]. Here, we develop an implicit first order finite difference method for solving a
novel structured model and establish the convergence of this method to a bounded
variation weak solution of the model using an approach in the spirit of those used
in [4,6,7,8,10, 43]. As will be clear in the next section, the model we develop here
is complex and consists of a large system of partial differential equations coupled
to a system of ordinary differential equations. Thus, we choose a finite difference
approach due to its simplicity of implementation even when the vital rates are
nonlinear and time dependent (see [2]). Other popular approaches like integration
along characteristics require solving two coupled problems simultaneously: 1) the
characteristic curves have to be numerically solved to obtain the grid points and
2) the PDEs have to be numerically solved along characteristics [2]. Often in these
methods the number of grid points increase in every time step and hence a grid
selection method has to be used to control the grid size [2, 12].

In addition to the fact that the model we present here is new, there are mathemat-
ical differences in the structure of this model and those studied in [4, 6, 7, 8, 10, 43].
One key difference is that here, as mentioned above, we explicitly model genetic
or phenotypic heterogeneity between individuals in a size-structured framework for
susceptible and infected fish. This results in 2m partial differential equations cou-
pled to three ordinary differential equations with quadratic nonlinearities to model
the transmission of the disease. These nonlinearities, in turn, require a clever choice
of mixed explicit and implicit approximations to preserve positivity, which is im-
portant for the biological integrity of model solutions. Also, our choice of mixed
explicit and implicit approximations resulted in stability of the method without the
need of a CFL condition. Thus, to obtain a priori estimates needed for proving
convergence, substantial modifications of existing techniques are necessary to adapt
them to the new model.

We succinctly present the size-structured model of Mm transmission dynamics
between aquatic animals in Section 2, highlighting the key differences between this
and the model structured by bacterial load in [9]. The weak solution for the model is
given in Section 3. The finite difference approximation is given in 4, and its conver-
gence is established in Section 5. We then numerically demonstrate the convergence
as the time and mesh sizes decrease, as well as examples of the model’s behavior
under investigations of differences in growth functions, and long-term effects of
different reproductive patterns on the genetic heterogeneity of the population in
Section 6.

2. Mathematical model structured by fish size. We present here a model of
Mm transmission dynamics in an aquatic environment, in which the fish dynamics
are structured by size. This is complementary to the model developed recently in
[9], where each mechanism was derived carefully, citing either biological evidence
or rationale for each assumption. These models have several similarities and a few
key differences. Those differences will be highlighted here. For further explanation
on mechanisms that appear in both models, we point the interested reader to the
more detailed derivation in [9]. This model is well suited to explore questions of
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metabolic effects and reproductive fitness on the overall infection dynamics, which
is particularly relevant to study the establishment and maintenance of a chronically
infected population. The large chronically infected population is likely a key aspect
of the persistence of this pathogen, and therefore, of great interest.

We consider m distinct physiological groups of fish with identical characteristics
amongst fish of the same group. The density (per size) of susceptible and infected
fish is represented by S%(t,x) and I‘(t,x), respectively, of physiological group i for
i =1,...,m. Other model variables are the number of carrier mosquito larvae M(t),
activated bacteria B, (t), and unactivated bacteria B, (t). To account for the effect
of fish size on model processes (growth, death, susceptibility, etc.), we model the
dynamics of these fish populations as they change in time ¢ using the following
system of partial differential equations:

asi  a(g'Sh)

ot + oz + w‘si + (1161 By + 1202 B, + 1/3<CéM + V4C§Bu)5i —0,
oI o(FIy . | -
ot + (gx ) +,U'LI747 (V161Bu+V2($QBQ+1/3CC;M+V4C71BU)S'L :07

with initial conditions
50,2) = §"0(x), I'(0,z) = I""(x),

for 0 <t < T,z € [Tmin, Tmax], and i = 1,...,m. Here Ty, is the assumed
smallest fish size (the average birth size of the fish population considered), max is
the assumed largest fish size, and T is some arbitrary finite time.

Susceptible and infected fish of type i grow at rates g'(P,z) and §*(P,x), and
die at rates p'(P,z) and ji*( P, z) respectively. Both the growth and death rates are
dependent on the total size of the population P(t) of susceptible fish and infected
fish at the current time ¢ and the size x of the fish. The dependency on population
size, given by P(t) = Y" | ;""‘ (S(t, ) + I'(t, ))dz, allows for the possibility of
reduced growth and increased death at high population levels, and the dependence
on the size of the fish allows for varying growth rates depending on the individual’s
current stage of development. For instance, it may be reasonable to consider much
faster growth rates for smaller (juvenile) fish than larger (adult) fish. We also note
that ¢'(P, Tmax) = §'(P, Tmax) = 0 to implement the assumption that growth will
stop when a fish reaches its maximum size.

The remaining terms are new infection rates by distinct transmission modes, and
therefore are loss rates from the susceptible population and corresponding gains in
the infected population. Fish can be infected (per capita) through consumption
of various contaminated food sources (feces of other fish, etc.) containing plank-
tonic inactivated (v161B,) or activated (v202B,) bacteria. They can also become
infected by consuming mosquito larvae that are carrying an effective load of bacteria
(v3¢cy M), and by consuming biofilms, which potentially contain Mm (v4ct B,). It
is a reasonable assumption that these Mm are not activated, but this assumption
will be explored in the future, and the model can easily be modified. The rates
v1, s, 3,1y are effective transmission rates and ¢t (), ci(z) are fish consumption
rates that may depend on the size of the animal.

The boundary condition for the susceptible fish of type i is given by
Tmax

|8 (P)S" (@) + B(P,2)I"(t, )| da,

min

gZ(Pa xmin)Si(ta Imin) = szé/
=1 z
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and for the infected fish is given by
Ii(t, xmin) = 0

The conditions reflect the assumption that all individuals are born susceptible, as
this disease is not transmitted vertically [17, 18]. Here, p* is the probability of the
progeny of fish of type ¢ being of type 4, and is the (¢, £)-th entry of the selection-
mutation matrix p. The construction of this matrix is such that the entries are
ordered according to similarity. We observe that y /" | p* = 1 since the fractions of
all type-i hatchlings from an individual of type £ must add up to one. The fecundity
kernel of a fish of type £ is dependent on P(t) to account for the possible impact of
crowding on the ability of a fish of type ¢ to reproduce where this factor decreases
at high population levels. In the special case of progeny being genetically identical
to their parents (where individuals of type ¢ produce individuals of type ¢ only),
the only nonzero entries are p® = 1 for i = 1,..,m. To mathematically represent
the case in which fish beget fish of similar genetic make-up in addition to identical
types, there are other nonzero entries, for example, p** where £ = {i — 1,4, + 1}.
The extent of genetic spread (mutation) can be represented by choosing different
probabilities in this manner.

The dynamics of the unactivated bacteria B,(t) (which may be planktonic or
residing in biofilms) and planktonic activated bacteria B, (t) in the environment are
given by

dB,

T = H+ABy—cuM B, —61B,P - S(t;c1) By — I(t;¢1) B,
dB,

5 = It;p) = 02BuP — ABy,

where we have used the notation

S(t;cl) = / T S’ (t,z)dx

min

Z(t;¢1) Z/zmw x)I*(t, x)dz,

min

Tmas . T — i
Z(t; p) Z/ x)I'(t,z)dz, where p'(z) = p' —— .
xT

min ZTmax — Lmin
The (indirect) actions of humans H(t) (for example, agricultural run-off, industrial
waste, etc.) can provide a source of unactivated mycobacterial populations. Unacti-
vated bacteria in biofilms are lost through consumption by susceptible and infected
fish at rates S(t;c1) and Z(t;¢1), respectively. All unactivated bacteria may be
consumed by mosquito larvae at rate cy; M*B,,, where cp; is the consumption rate
of bacteria per capita mosquito larva and M* denotes the (constant by assumption)
total larval population. Planktonic unactivated and activated bacteria are taken up
by fish along with other planktonic sources of nutrients, which are contaminated by
these bacterial populations. The planktonic unactivated and activated bacteria are
taken up at rates 1B, P and 628, P, respectively. Activated bacteria are released
into the environment primarily through shedding by infected fish at rate Z(¢; p)
(where p’(z) is the per capita shedding rate of fish of type i and size ), and go into
an unactivated state if they remain planktonic for a period of time 1/\.
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TABLE 1. Description of Model Parameters

V1 effective number of planktonic unactivated bacteria required
to result in infection

Vs effective number of planktonic activated bacteria required
to result in infection

Vs effective number of ingested carrier mosquito larvae required to result
in infection

V4 effective number of unactivated bacteria found in biofilms required to
result in infection

ci(x), &(x) consumption rate of unactivated bacteria in biofilms by susceptible
and infected fish, respectively, of size x in physiological class ¢

ch(x), E(x) consumption rate of mosquito larvae by susceptible and infected fish,
respectively, of size x in physiological class i

¢ bacterial dose within a “typical” mosquito larvae

o1 encounter rate of planktonic unactivated bacteria with fish
per unit of time

02 encounter rate of planktonic activated bacteria with fish
per unit of time

ptt (3,1)-th entry of the selection mutation matrix: probability of the
progeny of fish of type £ being of type i

A inactivation rate of activated bacteria

cM mosquito larvae consumption rate of bacteria

€ effective number of bacteria necessary to consider a mosquito larvae
a carrier of Mm

pi(x) per capita shedding rate of fish of type i and size x

Lar mortality rate of carrier mosquito larvae

M* total mosquito larvae population

H(t) number of unactivated bacteria in the environment due to

human action

The dynamics governing the size of the mosquito larvae population carrying Mm
are given by

%4 =ecp (M* — M)B, — pyM — S(t;c0) M — I(t;62) M,

and we note that it is not necessary to explicitly consider the non-carrier larvae
since we have assumed the total larvae population is always in excess, and therefore,
constant. Mosquito larvae become carriers upon consuming an effective number of
unactivated bacteria at rate ecps (M* — M)B,,. That is, the larvae feed on bacteria
(presumably unactivated Mm aggregated in biofilms) at rate ¢y, the factor e scales
for the effective number of bacteria necessary to consider a mosquito larvae a carrier
of Mm, and M* — M are larvae that are not carriers. These carrier larvae are lost
through consumption by the susceptible and infected fish at (per capita fish) rates
cb(r) and &(x), respectively, and are the feeding rates of susceptible and infected
fish of type ¢ on mosquito larvae. The terms S (t; 02)M and 7 (t; 62) M are analogous
to the consumption rate of unactivated bacteria by fish, as specified above.
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The model, in summary, is then

25" 9(g'S" i ' '

ot + (% ) + 1'S" + (1101 By + 1202 By + v3Cch M 4 vaci B, )S' = 0
or-  o(g'r - j ’ ’

ot + (gx ) + p' 1" — (1101 By + 1202 By + v3Cco M + v4¢1 By, )S* =0

B
ddta =I(t;p) — 62BaP — AB, @)

dZu =H+ B, —cyyM*B,, — 61 B, P — S(t;cl)Bu —I(t;El)Bu
dd—]\f = ecM(M* — M)Bu — pup M — S(t;CQ)M —I(t;Eg)M,

with the boundary conditions (for the susceptible and infected fish equations only)
given by

9' (P, Zamin) S* (¢, Tmin) i / o [ﬁf(P, 2)S(t,z) + B (P, ») Ié(t,:c)}dx,
(=1 x

Cmin

I'(t,Tmin) =0
(2)

and initial conditions

I'0,2) = T1%%(x),

Ba(o) = B((z)v (3)
BU(O) = Bga

M(0) = MO,

for 0 <t < T,z € [Tmin, Tmax), and for i = 1,...,m. We note that for simplicity of
notation, we let the function

max

Zp“ [ easten s pEareo)e @

ZTmin

throughout the paper.

3. Weak solution. Throughout the discussion we let ¢ > 1 be a sufficiently large
positive constant. We assume that the parameters in (1)—(3) satisfy the following
assumptions for ¢ =1, ..., m:
(A1) The functions g*(P,x) and §*(P, z) are twice continuously dif-
ferentiable with respect to  and P. Also, 0 < ¢*(P,z) <
¢, 0 < g'(P,x) < cfor (P,z) € [0,00) X [Tmin, Tmax) and
G (P, Zmax) = §'(P, Zmax) = 0 for P € [0, 00).
(A2) The functions p*(P,z) and i(P, z) are continuously differen-
tiable with respect to x and P. Also, 0 < pi(P,z) < ¢, 0 <
fH(P,z) < cfor (P,z) € [0,00) X [Tmin, Tmax]-
(A3) The functions 5(P,z) and 3¢(P,z) are continuously differen-
tiable with respect to x and P. Also, 0 < B¢(P,z) < ¢, 0 <
B(P,x) < ¢ for (P,z) € [0,00) X [Zmin, Tmax)-
(A4) The functions ¢} (x), ¢4(x), & (z), ¢ (x), are continuously dif-
ferentiable and 0 < c¢i(z) < ¢, 0 < cy(z) < ¢, 0 < & (z) <
¢, 0 <& (x) < cfor @ € [Tmin, Tmax)-
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(A5) The functions S*%(z) and I*%(z) are nonnegative functions
having total variation bounded by ¢, and B,(0), B, (0), M(0)
are nonnegative constants less than c.

(A6) The function H(¢) is a nonnegative function bounded above
by cfor 0 <t <T.

(A7) The parameters vy, va, V3, vy, 01, 02, C, car, A, ', €, M*, and
war are nonnegative constants less than c.

We point out that the characteristic curve for the equation for S* i =1,...,m,
n (1) passing though the point (g, zp) is given by

d$i t'to o) : . .
WHELT) _ i (pt), o110, 20)). #0110, 0) = 0,
and that for equation I%, i = 1,...,m, in (1) passing through the point (tg, ) is
given by

3 .
W =§’(P(t),xl(t;to,a:0)), .’L‘Z(to;to,xo) = Xg-
These characteristic curves are nonlinear and their solutions are coupled to the
solution of the model (1) due to the dependency of g and § on the total population
P of susceptible and infected fish. Furthermore, from assumption (A1) it follows
that the characteristic curves are monotone and asymptotically approach & = xyax
as t — oo.

We now proceed to define a weak solution for the model (1). To this end, for
notational convenience, we let

Li(Ba, By, M,z) = 1161 By + 1262B, + Vchg(x)M + 1/4c’i(x)Bu, (5)

for the remainder of the paper. We let the vectors S = (St,...,8™7T and I =
(I',...,I™)T denote the susceptible and infected fish densities for all m physio-
logical groups. Multiplying the first and second equations of (1) by ¢(¢,z) and
Y (t, x), respectively, and formally integrating by parts, we define a weak solution of
our system (1)—(3) as a tuple (3,1, By, By, M) € T2, BV([0,T] X [Zmin, Tmax]) X
T2, BV([0,T] X [Zmin, Tmax]) X C[0,T] x C[0,T] x C[0,T] satisfying (6)—(7) below

[Fmax G, x)¢(t z)dw — [ S10(2)p(0, x)dx

me] 1 ZTmin

= I (T 2 [P0 ) + 5P )1 )] )l i)

Tmin

+ Jy S 81, @) (6 (r,2) + g1 (P(7), 2)u(r,2) — i (P(7), 2)8(7, 2) ) dudr

Zmin

—fo fzmix S (1, 2)LY(By(7), Bu(), M (1), 2)¢(T, )dxdrT,

S It @) (¢, @)de — [ T () (0, x)da

Tmi n min

= Jo J2m 1 2) (e (7, @) + G (P(7), @) (7, 0) — i (P(7), @) (7, @) ) v

Zmin

+f0 fx"::xw x T)SZ(T 2)LY (B, (1), Bu(7), M(7), x)dxdr,

(6)
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Ba(t) = Ba(0) + Jy [Z(s:p) = 6:Bu()P(s) = ABu(s)] ds,
Bu(t) 0)+ Ji [ ) 4+ ABa(s) — ear M*By(s) — 81 By(s)P(s)
—S(s;cl)Bu(s) Z(s;¢1)Bu(s )}ds (7)

M{(t) = M(0) + [ [ecM(M* — M(8))Bu(s) — puas M(s)
~S(s;c0)M(s) — I(s; ég)M(s)] ds,

for each t € (0,T), i = 1,....,m, every ¢ € C*([0,T] X [Tmin, Tmax]) and every
’(/} € Cl([O7T] X [-Tminymmax])-

4. Numerical scheme. As described in Section 2, we assume that there is a small-
est size Tmin and a largest size Tpmax (we may assume that Zmax < ¢) for the fish
population(s) considered. We divide this interval into N subintervals of equal length
so the size of the mesh length is given by Az = (Zmax — Tmin)/N and the mesh
points are given by ; = Tmin + jAz, with j = 0,1,..., N (thus, 20 = Tmin and
TN = Tmax). However, the scheme readily applies to a nonuniform mesh also, as
was done in [9]. We denote by K the number of time steps taken over the finite

interval [0, 7] so the time points are t = kAt, for k =0,1,..., K and At = T/K

We denote by S;k the numerical approximation of S*(ty,z;) and we use [
to represent the approximation of Ii(tk,xj) We use M*, B* and BF to denote
the approximations of M (ty), B,(tx), and B, (t;). We let Bg, BY, M°, S; 0 and
I 0 represent the initial conditions for the variables B, B,, M, Si I, for i =
~1,k i,k

1 ,m, respectlvely We denote by g] ,g] s 15 ”k Blk ﬂ] cij» € ’j, cg’j,
ch i, and ph, the values ¢'(P* x;), g'(P*,x;), (P mJ) {(PF, mJ) BH(P*, x)),
BH(Pk, x;), ¢ (x)), & (x;), cy(x;), &(x;) and pi(mj), respectively.

We now discretize the model (1)—(3), using the approximation of (5) which is
given by

ik k k ] k ] k
L; = V151Bu + V252Ba + V3CC§,jM + 1/46217_7»Bu7 (8)
and we have

Sz‘,k+1 _ S;-’k @,kS§,k+1 _ @,k: Sz‘,k+1

At Az

+ N;,ks‘;,k+1 + Lj,ks‘;,kﬁ’l — 0’ (9)

[iktl _ pik Gk piakt1 ~z k pik+1
j j 77 9j—1tj—1 ~ik ri,k+1 ik qi,k+1
+ [ Ij —Lj Sj =0, (10)

At Az
Bk+l m o
=> Z P Ax | — G, BT PRI — ABET (11)
i=1 | j=1
Bk+1 _ Bk

= H* + AB’““ — earM* BEFY — 6, BiH1 phit

~BiH! Z Z (St Y A,

i=1 j=1

At (12)
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Mk+1 _ Mlc

~ — 601\4(‘]\4'* _ Mk:+1)Bk+1 — s Mk:+1

AL i piktl
S S 4, A
=1 j=1
where 0 < k< K—-land1<j< N,fori=1,...m
The boundary conditions for the susceptible and infected fish are approximated
by

(13)

m N
ki k41 i0 Lk olk | Bk bk ik
g5t ST = Do B 4 A A and IpF =0, (14)
=1 j=1
We note that from (4) we have gl kSZ AL — 7k Then one can compute the ap-

proximate solution explicitly in the order specified below. First from (14) compute

R N N R
Y90

Then for j =1,..., N, compute the following quantities:

A
e S ah S
i ik R (16)
i, i, i,
1+At<Ang il +Lj)

At ~zk i,k+1 i,k ot k+1
— I AtL-’ S
PO v e R (17)

7 1+ At(g7" + ")

Bk +At21 12] 1/)_]‘[Z k+1A$

B+l = 18
1+ At(52Pk+1 + /\) ’ ( )
Bi+ BF + At(H® + ABr1)
u o m N i 1
1+ At {CMM* SRUVAEE IS DA G Mg N k+1)A$}
(19)
MM = . ME 4 Ateen M" B, — T (20)
1+ At [GCJMB b + Y0 Zy 1(0235” e ]IZ i )Af}
fori=1,...,m.

The novelty of the approximation above lies in the preservation of positivity and
unconditional stability (no CFL condition) using an implicit form without having
to pay the computational price of matrix inversion (which is common with implicit
schemes). Namely, using a clever mixture of implicit and explicit approximations
for the nonlinear terms in equations (9)—(10) where the coefficients (which may de-
pend on the total population) are evaluated at the current (k) time step while the
unknown functions, S and I, are evaluated at the next (k+ 1) time step, allows one
to solve this implicit scheme in an explicit fashion, resulting in the aforementioned
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benefits. Furthermore, using such an implicit-explicit approximation mixture in the
mortality terms allows for one to incorporate large mortality rates (which are very
common for infected individuals) without affecting the stability of the scheme. We
remark that an explicit-implicit mixture approach has been used for the approxi-
mation of other models (e.g., [6, 7]).

5. Convergence of finite difference approximation. We begin this section by
defining the difference operator
ik “;k - “3121
Dy, (u; ):T’ I1<j<N,
and we let the ¢! and ¢*° norms be given by

N
ik :Z ik ik _ ik
Il = 3 5 1ae, and e = e 105"
]:

We establish several results to prove that the above finite difference approxima-
tion converges to the weak solution of the model (1). For convenience, we include
the proofs of these results in Appendiz A. We begin by establishing the fact that
our system has a unique nonnegative solution.

Lemma 5.1. The system (9)—(14) has a unique nonnegative solution.
Next, we establish a bound on the ¢; norm of the approximations S;-’k and I;k

Lemma 5.2. There exists a positive constant Cy such that

m

> US™ l + I17]h) < G

i=1

As a consequence of Lemma 5.2, we now have that 0 < P*¥ < () for k =
0,1,..., K. For the remainder of the paper we will define D = [0, C1] X [Zmin, Tmax]-
We now establish the boundedness of B,, B,, and M.

Lemma 5.3. There exists a positive constant Co such that
| Bl + By + [M*| < Co.

In the next two lemmas we establish the boundedness of L;-’k, Dy, (Lj’k), and
the boundedness of the approximations of the susceptible and infected fish in each
physiological group ¢ € {1, ...,m}, and at any time tx, k € {0, 1, ..., K} in the infinity
norm.

Lemma 5.4. There ezist positive constants C3 and Cy such that fori=1,...,m,

0 < Ly* < Cs and |Dy, (LYM)| < Cu.

Lemma 5.5. There exists a positive constant C5 such that fori=1,...,m,

15" oo + 1T loo < Cs.

The next two lemmas are necessary to show that the approximations for S* and
I' have bounded total variation.
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Lemma 5.6. There is a positive constant Cg such that for k=0,1,..., K —1,

Pk+1 _Pk
| <Co

At

Lemma 5.7. There is a positive constant C; such that for k=0,1..., K —1,

ik+1 ik
Sy — Sy

< .
At < Cr

In Lemma 5.8, we show that the approximations S;-’k and I;’k have bounded total
variation.

Lemma 5.8. There exists a positive constant Cg such that fori=1,...,m,

1D, (ST 1 + |1 Dag (7)1 < Cs.

The next result shows that the difference approximations satisfy a Lipschitz-type
condition in time ¢.

Lemma 5.9. There are positive constants Cg, C1g, C11, C12 and Cy3 such that for
any r > q the following hold.

N 0,7 i N 0T i
gir _ giva i _ i
Z % Az < Cy(r — q), Z # Az < Cio(r — q),
j=1 j=1
BI, - B Br — Bt M — M
u Ul < _ a a| < — — | < —q).
v < Cu(r—q), ‘ AL < Ci2(r —q), ’ A7 < Ci3(r —q)

Following [40], we define a family of functions {S; r, }, {Tas.az}s {Baae }s {Bua, }»
and {Ma;} by

. ik k
SZALAI(t?m) = SJZ ) lAt,Aw(t,.’E) = I; ,

Bk+1 _ Bk:
At

k+1 k
Bu — Bu

B,. (t) = B*
At() a+ At

(t - tk)’ Eum (t) - sz; +

MEFL_ gk
At

for € [zj,2;11),t € [tk,tg41), where j =0,..., N —1land k =0,..., K — 1.

Then the sets of functions {Sy; A, }, and {T, A, } are compact in the topology of

L'((0,T) X (@min, Tmax)) for each i = 1,...,m and {B,,,}, {Bu,, }, and {Ma,} are
compact in the topology of C'(0,T). We now have the following result.

(tftk)a

Mas(t) = M* + (t —tr),

Theorem 5.10. There exist sequences {Sh; an} C {Shpnet and {Ih;, apt C
{Tas.nn} which converge to BV ([0, T] X [Zmin, Tmax]) functions S*(t,z) and I'(t,z)
for each i = 1,...,m. There are also sequences {Bo,, } C {Bas,}, {Bua,} C
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{Bus,}, and {May,} C {Mat} that converge to functions By(t), By(t), M(t) €
C[0,T]. This happens in the sense that for allt > 0,

Tmax . .
/ Sht,, az (tx) — S*(t, a:)‘dx — 0,

Zmin

Tmax . )
/ ZAtl,Arl(tax) 7I1(t,$)’d$4)07
T

min

T (Tmax | )
/ / Siaiy, s (1) = S'(t, )| dadt 0,
0 .

Tmin

T [ Tmax
/ / At Az (6T) — Il(t,x)‘dxdt -0,
0 T

min

and

maXtG[O)T] BGA” (t) — Ba (t)’ — O, maxte[QT]

maxieqor) [Mag (1) — M(8)] - 0,

Bua,, (t) = Bu(t)| = 0,

for each i and as | — oo. Furthermore, there exists a positive constant Ci4 such
that the limit functions satisfy

||S|| + ||I||BV([0,T]X[Imin’xmaX])
+|Ballcjo,r) + | Bullejo,r + 1M || cjo,r) < Cha.

BV ([O,T] X [Tmin ,zmax])

The next theorem shows that the set of limit functions S%(¢,z), I'(t,x), Ba(t),
B, (t), and M(t) constructed using our difference scheme is a weak solution of (1)-

(3)-
Theorem 5.11. The set of limit functions S*(t,x), I'(t,z), Ba(t), Bu(t), and M(t)
defined in Theorem 5.10 is a weak solution of (1)—(3) and satisfies
1St llx + ()l + [Ba(®)] + [Bu(®)] + [M(#)] < Cus,
and

1S4 oo ((0,7) x (wamimsmaman)) F 1AL ((0,7) x (monimsma)
+|Ballcro,r) + 1 Bullepo, ) + M|l cpo,r) < Css

for some positive constants Cy5 and Cig.

The following theorem shows the continuous dependency of the solution set
{S;’k, I;’k, BF BE M*} to (9)-(13) with respect to the initial conditions {S;’O7
I, BY, BY, M°}.

Theorem 5.12. Let {S;’k, I;’k, Bk BF, M*} and {S'Jlk, f;k, Biﬂ B, M*} be the
solutions to ('9)7(13) corresponding to the initial conditions {S;’O, I;-’O, B BY, MO}
and {S;’O, I;’O, BY, BY MY}, respectively. Then there exist constants hy and hs
such that

(1 — hi At EFHY < (1 + hoAt)EF,
where

BV = ||§5% = SUF |y 4 |1 — Iy + |BY — Byl + |BY — Byl + | M* — M*|.
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We now give an argument for uniqueness of the weak BV solution of (1). Suppose
fori =1,...,m, P(t), Z'(t), Z(t; p), S(t; cl), S(t; 02),I(t; 61), and I(t; 52) are given
Lipschitz continuous functions, where we are not imposing the conditions P(t) =
S e (Si (t,2)+1(t, m))dx, Z'(t) as in (4), or the previous integral definitions

ZTmin

of S(t; cl), S(t; 02), I(t; 51), and Z(t; 62). Then the initial value problems

dfi;t(t) — Z(t; p) — 63Ba(t)P(t) — ABa(t), Ba(0) = B, 21)

dBd“t(t) — H(t) + ABa(t) — st M* Bu(t) — 61 By (1) P(1) (22)
_S(t§cl)Bu(t) _I(t§ él)Bu(t)v Bu(o) = Bgv

P _ o (M — MO)B(E) ~ ias b (1) )

=8 (t;c0) M(t) — I(t;62) M(t), M(0) =M,

where 0 < ¢ < T, have unique solutions when calculated in the given order. Now,
consider the initial-boundary value problem with the unique solutions B, (t), B, (t)
and M(t),

i A(a*(P.x)S(t ) ) ) .
05'(,x) | NG WBDSWL)) | i p oy it ) 4 L (Bay Bus M, ) S (1) — 0,

ot
' 0<'t<T, mmin<'1'<xmaxa
gz‘(Pa ‘Tmin)sf(txmin) = Zl(t)7 0<t< T’
S’L(O,l') = SZ’O(‘T), Lmin <z < Tmax,

(24)
where LY(B,, By, M, z) is defined in (5). Then one can easily show that (24) has a
unique solution S%(¢, z) (note that this is a nonlinear equation with a local boundary
condition). In fact, a weak solution can be defined as a limit of the difference
approximation (9)—(14) with the given numbers B¥ = B, (ty), B¥ = B, (tx), M* =
M (t,), and uniqueness can be established using a similar technique as in [40] (p.282).
With the unique solution S%(¢,z) of (24) now known, we can argue in a similar
manner that the problem

oI'(t, ) N o(g"(P,)I'(t,z))

o + p (P, x)I'(t,x) — L'(B,, By, M,z)S'(t,z) = 0,

0<t<T,$min<$<xmaxa
I'(t,zmin) =0, 0<t<T,
11(0737) = 07 Lmin S X S Tmax

(25)
has a unique solution. Let (S;’k,lj’k,ij,Bﬁ,Mk) and (S;’k,f;’k,ég,B57Mk) be
solutions to (9)—(14) corresponding to the given functions (P, Z%* Tk(p), S*(cy),
T5(E1), S*(e2), T (¢)) and (P*, Z0F, T%(p), S*(c1), T (¢1), S¥(ca), TF (&2)) respecti-
vely, where we denote by Z¥(p), S*(c1), S¥(ca), Z%(¢1), and Z%(&,) the values of
I(tk; p)_, S(tr;er), S(tr;ca), Z(ty;é1) and Z(tg; ¢2). Also, let u;k = S;-’k—g;’k, v;k =
I;’k ff;’k, wh = B¥ — B¥ 4k = BE — B¥ and zF = M* — M*. Then from the proof
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of Theorem 5.12, we refer to (43),(47),(49), (50), and (51) to obtain

™y — [l ]l
At

< wollu 1 wr(lw®] + y*] + 12¥]) + ws| PE — P
_’_‘Zl,k _ Zl,k

[
At

|1 < wH”ui,kJrl”l _’_w12||vi,k+l|‘1

+wr (|| + [y + |2F]) + wio| P* — PF|

< [T (p) — I (p)] + waa PETY — PPHY 4 wrs|u

|wk+1| _ |wk|

k41| _ k A
|y |At |y | S w18|wk+1| +w19|yk+1| +0J25|Pk+1 _ Pk+1|
+wae|SEH (1) — SFH(e1)] 4 wae [T (61) — ZFH(ey)],
|zk+1| - \Zk\ < wzg\yk+1| +w23\zk+1|
At -

+wog|SHH () — SFF(c2)| + was T (E) — THHL(G)).

The conclusion of Theorem 5.12 becomes

Ei,k+1 < l—hlgAtEA%k + 1—Z§At |wk| + |yk| + |Zk| + |Pk _ pk‘ + |Zi,k _ Zz,k|

H[PEFL = PR SR () — SFFL ()] + |85 (c2) — SFH (c2)]
HIH () = T @) |+ [T (@) - 244 (@) ) A,
where E%* is the same as in Theorem 5.12 and

hs = max{we + w11, w12, wis + wig, Wig + waz, was}

hy = max{wr, ws + wio + was + wWas, wae }-

Equivalently,
k—1
N 1 ke, haAt 1 \k-1-n
Ez,k < ( ) E'L,O ( ) ( n n
=\ 1 hpar +17h3Ath:O 1~ hyAt o™+ 1y
+|Z"|+‘Pn—pn|+|Zi’n—ZAi’"|+|Pn+1—pn+1| (26)

HSMer) = 87 o) + 187 ) — 7 ew)
HTME) = 27 )| + [T @) — 27 E)) ).

Using Theorem 5.10, we can take the limit in (26) to obtain

t
Ei(t) < M3t E(0) + hyehst / (1Ba(7) = Ba(9)] + [Bu(r) = Bul7)
0
+ M (1) = M(7)| +2|P(r) = P(r)| + | Z(r) = Z'(7)]
+S(r501) = S(mier)| +S(T5¢2) = S(7302)]
+ 1T @) = L&) + [T(rs ) — Lri ) ) dr,
where (S, 1%, By, By, M), (5%,1%, By, By, M) are the unique solutions to (21)—(25)

with the given functions (P¥, Z"% T%(p),8%(¢y),T%(é1), 8% (¢a), T%(é2)) and (PF,
Z0k TF(p), 8% (1), IF(é1), S*(c2), Z%(é2)), respectively, and
Ei(t) = |87t ) = S, )la + 117t -) = () 1+ [ Ba(t) = Bal()]
+[Bu(t) = Bu(t)| + [M(t) — M(t)].
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Then applying the estimate given in (26) to the corresponding solutions of (21)-
(25), where for any continuous function a(x),

P(t) =30 [ (St x) +P’(t z))dz,

Zmin

P(t) =300 foo (St 2) + I'(t,2))da
Zl(t) = m 22—11) Ixr::( (ﬁé( )Sé(tvx) + ﬁ[(Pa x)]%t,x))da:,
Zi(t) = —phs S o [ (B4, @) St ) + BU(P, ) (1, ) ) de,
S(ta) =320 fr::xa( )S'(t, v)dx
S(t;a) =", [ a(x) )Si(t, ) da
I(t;a) = X7 “’ml:x a(z)Ii(t,z)ds
Z(t;a) = o0, [T o(x) T (t, z)dx

Tmin

are defined in Theorem 5.10, we obtain the following result.

Theorem 5.13. Suppose that (S, I¢, By, By, M), and (S’i,fi,éa,éu,M) are two
weak solutions of (1)—(3) corresponding to the initial conditions S*°(x), I*°(x), BY,
BY, M° and S*9(z), I"°(x), B, BY, MO, respectively. Then we have

185G ) = 57ty + 178, ) = Tt )l + 1 Ba(t) = Ba(d)] + | Bu(t) = Bu(t)
M () = M(2)] < haesT exp(hae™s ) {]|SE0 = 85 + |11 — 1]

+1BY — B+ |BY — Byl + M0 — N,
which implies that the weak solution of (1)—(3) is unique.

Hence, from Theorem 5.13 it follows that the finite difference solution converges
to the unique bounded variation solution of (1)—(3).

6. Numerical simulations. We begin this section by demonstrating that the con-
vergence of the numerical scheme presented here (in Section 4) is indeed of first
order. In Section 6.1, we first demonstrate convergence through direct computation
of errors made from approximating the solution to a simplified version of the model
with the numerical scheme. We also demonstrate, in Section 6.2 that convergence
is maintained for the full model when we compute errors using an approximated
solution with very small time and mesh sizes in place of the exact solution. We
then, in Section 6.3 examine the effects of different forms of growth functions on
the population dynamics. Lastly, in Section 6.4 we conduct preliminary studies on
reproductive fitness and conditions for competitive exclusion within the context of
our model as determined by the fecundity kernel as well as the selection-permutation
matrix p. Throughout the remainder of these discussions, we will allow zy, = 0
and Tyax = 1, which can always be achieved by a simple transformation.

6.1. Convergence for a simplified model. In order to illustrate the first order
convergence of this approximation scheme (presented in Section 4) we calculate the
error between solutions computed with this scheme and an exact solution. Since we
cannot analytically obtain a solution to the full model, we make some simplifications,
essentially by eliminating all nonlinear terms, so that we can. We then use this exact
solution for comparison with our approximated solution to the simplified model.
Without loss of generality, we take m = 1 to consider only one physiological
class and for simplicity, we denote S'(¢,z) by S(t,x) and use similar notation for
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the other functions that have dependence on physiological class. We choose simple
growth, death, and fecundity kernels,

o(P) =1z, §(Pa)=(1-a)

u(Pw) = (Px) =1, A(Pa)=—, B(Px)=0,
and we add the nonhomogeneous terms
filt,x) = —ze* 4+ S(t, ) (ulélBu(t) + 1202 B,(t) + v3Cea M (t) + u4clBu(t)),

fa(t,x) = —ixex_t + iex_t — ixge”‘_t
_S(t, ) (V151Bu(t) 1982 Ba(t) + vaCeaM (1) + z/4clBu(t)),
to the righthand sides of the equations for the dynamics of the susceptible, and

infected fish, respectively (first and second equations of (1)). Then the pde system
governing the fish dynamics is linear, and simplifies to

oS 9(g9) _
dad “\IV) S — _ x—t
ot * ox e e o
or a@gl) | - Loae Loy L o0y
il Y\ J = ——qpe® -z _ = T—t
ot + oz + i 43:6 + 46 41‘ e
If we also then choose the initial conditions S(0,z) = €%, I(0,2) = %a:e”“', and

boundary conditions S(¢,0) = e~*, I(¢,0) = 0, then the linear system is readily
solved to give the simple solutions

. 1
S(t,r)=e""" I(t,x)= §xex_t.

The activated Mm, unactivated Mm, carrier mosquito larvae equations, and total
population equations can then be solved to obtain

92 _

_ o t t

B,(t) = B, exp ( 5 (1—2e)(e" —1)e ),

B (t) = BY exp (%(51 — 2616+ d1e "t (2e — 1) — QCMM*t)>7

1
M(t) = M%exp(—ppt), P(t)=e"f— ie_t.

We use the parameter values given in Table 2 and note that these parameters are
chosen merely to demonstrate the achievement of the designed order of accuracy
and are not biologically realistic.

We compute several solutions using the finite difference scheme (15)—(20), suc-
cessively halving the time At and mesh Az step (with a uniform mesh). The cor-
responding error and order of convergence, in the L' norm, calculated from those
approximations are presented in Table 3. The computed solutions with the numer-
ical scheme clearly converge to the exact solution with order one, as anticipated.

6.2. Convergence for the full model. To demonstrate that first order conver-
gence is maintained with the introduction of the nonlinearities in the model, we
approximate the error of computed solutions for the full model by using a solution
with very small time At = 3.90625 x 107° and mesh Az = 7.8125 x 10™% steps,
which we refer to as the ‘reference solution’, in place of an exact solution to calculate
the error. Again, we compute several solutions using the finite difference scheme
(15)—(20) (with uniform mesh), successively halving the time and mesh steps. We
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TABLE 2. Parameter values for the simplified (linear) model. Ini-
tial conditions are B,(0) =5, B,(0) = 3, and M(0) = 10.

Parameter Value Parameter Value
vy 1.0 x 1077 Vo 0.125 x 10~%
o1 1/500 O 1/500
CM 0.45 12373 1/60
o 0 M* 20
c1(x) 0 ¢1(x) 0
ca(x) 0 éa(x) 0
H(t) 0 A 0
€ 0

TABLE 3. Convergence of the method for the simplified linear model

At Az S(2,x) 1(2,z)

LT Error Order LT Error Order
(x1073)  (x1073) (x1073) (x1079)
6.25 3.125 4.5859 3.1818

3.125 1.5625 2.2905 1.0015 1.5413 1.0457
1.5625 0.78125  1.1447 1.0008 0.7582 1.0234
0.78125 0.39063 0.5722 1.0004 0.3760 1.0119
0.39063 0.19531  0.2861 1.0002 0.1872 1.0060

At Az B, (t) B, (t)

Max Error Order Max Error Order
(x1073) (x1073) (x1073) (x1077)
6.25 3.125 5.7287 2.8648
3.125 1.5625 2.8636 1.0004 1.2844 1.1573
1.5625 0.78125 1.4316 1.0002 0.6083 1.0783
0.78125 0.39063 0.7158 1.0001 0.2960 1.0390
0.39063 0.19531  0.3579 1.0000 0.1460 1.0195

At Ax M (t)

Max Error Order
(x1073)  (x1073) (x107%)

6.25 3.125 1.6791

3.125 1.5625 0.8396 1.0000
1.5625 0.78125 0.4198 1.0000
0.78125 0.39063  0.2099 1.0000
0.39063 0.19531 0.1049 1.0000

use model parameters and auxiliary functions as displayed in Table 4. These were
chosen in accordance with those used in [9], the focus of which, we reiterate, was
primarily to study the Mm-medaka animal model, and produce biologically reason-
able solutions for that scenario. There was no birth rate, however, in the solutions
considered in [9] since the goal in that work was to achieve agreement with biologi-
cal experiments, which were on a much shorter timescale (2-3 weeks). We continue
to consider only one physiological class m = 1 here. We note that the initial condi-
tion for the susceptible fish does not satisfy the boundary compatibility condition,
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and therefore one does not expect solutions to be smooth; in fact a discontinuity is
evident along the characteristic curve starting at the point (0, Zmin). Yet, the first
order accuracy is still conserved, as can be seen in Table 5.

TABLE 4. Parameter values and forms of the rate functions for the
full (nonlinear) model. Initial conditions are S(0,z) = exp(—(5x —
2)2), 1(0,2) = 0, Bo(0) = 1 x 104, B,(0) = 1 x 10%, and M(0) =

1 x 10%.

Parameter Value Parameter Value
vy 0.125 x 10=% Vo 0.125 x 1071
U3 2.5 x 107° Vs 2.5 x 107°
01 1/500 o 1/500
¢ 2.4 x 103 € 0.05
cm 0.5 M* 2 x 1030
AL 7/60 A 2.0
P 3 x 10*

Function Form Function Form
g(P,x) (x —1)In(0.34)/13 | g(P,x) (z —1)1In(0.34)/26
w(P, ) 1/156 (P, x) 2/156
B(P,x) 2z B(P,x) @

i (z) 0.5 é(z) 0.5
ch () 0.5 & () 0.5

We again note that because of the clever choice of mixed explicit and implicit
approximations, the scheme is stable without a CFL condition. This is corroborated
by the results in Tables 3 and 5.

6.3. Effects of different growth rates. We turn our focus to the preliminary
implications of the model presented in this work, and specifically, to the exploration
of features that are distinct from the model in [9]. Therefore, we are particularly
interested in the role of size in the model. Again, we use parameters that have
given biologically reasonable solutions in [9] (where possible), and are relevant for
the Mm-medaka animal model, although we remind the reader that the model
applies to more general situations as well.

To study the role of size in the dynamics of the model, it is natural to turn to
the growth functions, as these determine how the fish size changes with time. Sim-
ple variations in the magnitude of the growth (for example, scaling by a constant
multiple) would not be necessarily instructive as the resulting dynamics would be
merely accelerated or decelerated. Rather, the manner in which a fish grows is of
interest to us, as there is variability in the growth cycles between species, and in
many cases, their rate of growth or development is unknown. Additionally, the
growth function of the medaka is measurable in an experimental setting. For this
discussion, we neglect crowding, or dependence of the growth functions on popula-
tion size. We choose three different growth functions, all of which are potentially
reasonable biologically, although we impose the condition

/W¢®@=/Wf@wzfmf@w

min min min
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TABLE 5. Convergence of the method for the full (nonlinear) model

At Az S(7,x) I(7,2)
LT Error Order LT Error Order

0.05 0.05 0.0781 0.4612

0.025 0.025 0.0318 1.2962 0.2852 0.6935
0.0125 0.0125  0.0177 0.8456 0.1873 0.6063
0.00625 0.00625 0.0096 0.8848 0.1132 0.7270
0.00313 0.00313 0.0048 1.0281 0.0588 0.9450

At Az By, (t) B,(t)
Max Error Order Max Error Order
(x10%) (x10727)
0.05 0.05 1.2654 2.5309
0.025 0.025 0.5796 1.1264 1.1593 1.1264
0.0125 0.0125 0.2711 1.0963 0.5421 1.0965
0.00625 0.00625 0.1247 1.1205 0.2493 1.1205
0.00313 0.00313 0.0534 1.2244 0.1067 1.2244
At Ax M (t)

Max Error Order
0.05 0.05 20.8145

0.025 0.025 9.0261 1.2054
0.0125 0.0125  4.1063 1.1363
0.00625 0.00625 1.8831 1.1247
0.00313 0.00313 0.8312 1.1798

in an attempt to maintain the total growth on the same scale, for the sake of
comparing results. The three growth functions chosen can be found in Figure 1.
The first function, g'(z) = %(m — 1), is the simplest representation of the
observation that smaller (hatchling and juvenile) fish likely grow at much faster rates
than larger (adult) fish. We take a simple decreasing linear function, and we use the
information that they are approximately 66% of their maximum size [27, 33, 34] at
the time at which fish are able to reproduce. At that size, fish are usually around
13 weeks old, and we therefore use 13 weeks as the generation time throughout the
remainder of the paper. The second function, g?(z) = —0.2398(z + 0.01)(z — 1)
is consistent with the first in that large fish grow very slowly. But, if we consider
that very small fish may grow slowly also, with an optimal period of growth in
the middle (or juvenile) period, then this parabolic form is more appropriate. The
third function, ¢3(z) = —0.0519(x — 0.5)'/% + 0.0412 is a modification of the first
function to incorporate the idea from ecology that animals have finite energy and
resources. Therefore there is a drastic shift in energy and resource expenditures
from growth to reproduction as animals reach sexual maturity. Therefore, many
animals of various species notably grow much slower, if at all, upon reaching sexual
maturation. To emulate something similar, this function was chosen so that the
growth rate would be high for small sizes, decreasing only slightly. For the mid-
range sizes, the growth rate drops drastically, and remains low for all larger sizes.
We take the growth rate functions for the infected fish to be half that of their
uninfected counterparts, so §'(P,z) = %gi(P,x) for ¢ = 1,2,3. Parameter values
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FIGURE 1. Growth rate functions for each class, i = 1,2,3 as a
function of size. These are: g'(P,z) = %(m - 1), ¢*(P,x) =

—0.2398(z +0.01)(z — 1), ¢*(P,z) = —0.0519(x — 0.5)'/3 +0.0412.

and functions are the same as in Table 4 with the exception of the initial condition
for susceptible fish S*9(z) = 105 - exp(—(5x — 2)?), for i = 1,2, 3, and the fecundity

kernels S(P,z) = 1 _:; 7 and B(P,x) = 13(P,z) for the susceptible and infected

fish, respectively. For the solutions shown in Figures 2 and 3, b = 5 x 107 and
v=>5x10"".

In Figure 2, we see the size distributions of each group after three generations
(t ~ 39 weeks). This gives us a sense of the size composition of each subpopulation
(the proportion of the population that will be of the smaller, medium, larger, etc.,
sizes). Both strictly decreasing growth functions, g'(x), ¢3(x), result in a relatively
large proportion of the population being centered at large sizes (z =~ 0.6 and = ~ 0.9,
respectively). In both of these cases, the fish experience very low growth rates
around these sizes, so it is reasonable that they grow past the smaller sizes quickly
and do not progress past these larger sizes rapidly. Further, the sharp decrease in
growth rate around z = 0.5 in g®(z), as opposed to the linearly decreasing g'(z),
results in the sharper peak of that size distribution in both the susceptible and
infected populations. Also, it agrees with our intuition that the peak observed
in the first subpopulation i = 1 occurs at a larger size than that of the third
subpopulation, since that group grows at a faster rate for larger sizes x > 0.5.
The infected population of the third group appears to follow the same trend, in
that there is a concentration of individuals around a large size as the growth rate
decreases to very small values. Similar behavior is not obvious in the susceptible
population of the second group; however, the (hatchling) fish at the boundary grow
from there very slowly, and thus, a comparatively large concentration is evident at
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FI1GURE 2. The densities of susceptible and infected fish as a func-
tion of size after 3 generations (¢ = 39) using the growth functions
shown in Figure 1.
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FIGURE 3. The total population size for each class where each class
grows according to the growth functions shown in Figure 1 over a
(a) shorter and (b) longer time interval.

the smallest size xn,in = 0. While these plots show the overall size composition
of the subpopulations under the growth functions g'(z), ¢?(x), ¢3(x), we cannot,
however, deduce which of these result in larger or smaller population sizes for each
subpopulation. That is, we cannot immediately discern whether the subpopulation
will flourish or languish under each growth scenario.

From the solutions shown in Figure 3, we see the differences in population sizes
of each subgroup resulting from the different growth functions. We stress that the
initial condition for each subgroup is the same, and also that they gave rise to
progeny of the same subgroup. Therefore, any differences observed are simply due
to the differences in growth and consequently, any subsequent effects of growth-
dependent dynamics in this model. It appears that the third growth function ¢3(z)
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gives that subgroup a slight advantage over the first subgroup (linearly decreasing
growth rate g'(z)) after only three generations, as suggested by the trajectories in
Figure 3a. Interestingly, we see that after an initial period (shown in Figure 3b),
the first subgroup’s population size actually increases substantially more than the
third. During this first period in which the third group’s population size is bigger,
more of this subpopulation is at larger sizes (and hence reproducing faster), and
fewer at smaller sizes as compared with the first group. This is due to ¢®(z) > g*(z)
for small x, thereby growing faster to larger sizes. However, individuals in the first
subpopulation overall grow faster (as can be seen by comparison of the two groups’
peaks in Figure 2), and eventually, after several generations, this effect makes up for
the differences in the size composition of the two populations in the earlier times.
The second subgroup’s population size is markedly lower as these individuals spend
a substantially longer time at the lower sizes, and thus, the slower reproducing sizes.

6.4. Spread of Genetic heterogeneity. Another key feature of our model, that
we explore here, is the ability to study reproductive fitness, and genetic spread
throughout several generations. From the principal of competitive exclusion, we
anticipate that when all other rates and parameters amongst the m classes are
equal, that eventually, the only type remaining will be that which reproduces the
most during its lifetime. For this model, there are competitive or crowding effects
in the form of the birth rate, and limitless growth is not possible. Generally a
physiological class would have a reproductive advantage if the largest proportion of
progeny from each generation of any type is of that type. That is, if ¢* fori =1,..,m
represents the proportion of the total new fish of type i for a fixed generation, then
the subtype with the reproductive advantage is that with the largest ¢’. If the
growth rates are fixed, then this is determined by the fecundity kernels, and the
selection-mutation matrix p.

X 1016

—P)
PR
0.5 —-—p3t) |

Total Fish
H

LA N,

0 2340 4680 7020 9360 11700
t (weeks)

FIGURE 4. Competitive exclusion between classes with different
birth rates.
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In this section, all parameters and functions are equal within the three classes
by using g!(z) for the growth rate (as in Section 6.3) and the values and functions
in Table 4. As in Section 6.3, we are using the modified initial condition, S*%(z) =
10% - exp(—(bx — 2)?), for i = 1,2,3. To study the effect of changes in values of
parameter in the fecundity kernel, we choose

bz

— "~ where b =5x107,5.3 x 107,5.6 x 10" and v =5 x 107".
1+vP

(27)
For this example, we use the identity matrix for p, so all progeny is of the same
type as the progenitor to remove any genetic spread; each adult fish gives rise to
individuals of the same type. With these values, the third class reproduces at the
fastest rate, and therefore enjoys an advantage over the other two classes. The first
class is the slowest to reproduce. The total population sizes of all three classes
over 900 generations (¢ = 11,700) are shown in Figure 4. As expected, the first
physiological class is able to reproduce much faster, achieving and maintaining a
high population size, while the other two classes go extinct. The second class is
slower to go extinct than the first. So, not surprisingly, in the absence of genetic
spread, the reproductive fitness of the individuals belonging to a physiological class
is determined entirely by the birth rate. Thus, the principle of competitive exclusion
holds, and the only surviving class is that with the highest birth rate.

If genetic spread occurs, or in other words, if a proportion of a fish’s clutch
(batches of eggs) are eggs of different type(s), then reproductive fitness of one sub-
type cannot be determined by birth rate alone. Further, it may be possible for this
effect to counteract the dominant birth rate of one subgroup, which would other-
wise result in that subgroup being the only one remaining, as seen in Figure 4. To
examine the extent to which this spread, or mutation, may affect the simultane-
ous persistence of each type, we consider model solutions with different choices of
the matrix p. In some instances, genetic spread may actually be the probability
of mutations (although not exclusively so), and therefore, may be relatively rare.
Therefore, the off-diagonal elements of the matrices considered here are small in
comparison to the diagonal elements. The first three p matrices considered are
reducible and the fourth one p is irreducible; these are given by

ﬁi(P7 x) =

0.90 0.00 0.00 1.00 0.15 0.10
p1=| 0.05 090 0.00 p2=| 0.00 0.85 0.10
0.05 0.10 1.00 0.00 0.00 0.80 (28)
1.00 0.15 0.02 0.70 0.10 0.10
ps= | 0.00 0.85 0.02 pa= | 025 0.70 0.20
0.00 0.00 0.96 0.056 0.20 0.70

We note that:

e By the first choice p1, the offspring of individuals in the third class (with
the largest birth rate) belong to that class only (pure selection). However,
individuals in the second class can produce individuals of the second and
third types, and individuals of the first type give rise to individuals of all
three types.

e By the second choice psy, the individuals in the third class with the highest
birth rate produce individuals that belong to all three classes. Individuals in
the second class give rise to individuals in the first (lowest birth rate) and
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second classes. Individuals in class 1 produce individuals within their class
only (pure selection for this class).

e The matrix p3 is similar to p but with reduced mutation rates for the third
class, i.e., the fraction of offspring from individuals in class 3 being of the
other two classes, is smaller in this case; the genetic spread of class 3 is less.

e The matrix p4 is irreducible, with all fish able to produce individuals belonging
to any of the three classes, but with most progeny belonging to the same class
as the progenitor.

,x10° gx10°
—1}(39,%)
ol 12(39,%)
-+ 13(39,x)
1
o 05 1
X (size)
(A) Susceptible (B) Infected
16
X 10

—P()
. .Pz(t)
=P()

0 1300 2600 3500 5200
t (weeks)

(c) Total population

FIGURE 5. The susceptible (a) and infected fish (b) in each sub-
group at t = 39 (three generations), and the long term behavior of
the subgroup total population (c) sizes with birth rates as in equa-
tion (27) and with the selection-mutation matrix p; as in equation

(28).

In Figure 5, we have the model solutions with p; as the matrix p. Being that
the third class, with the highest birth rate only produces progeny of its own kind,
it is not surprising that the mutations, or genetic spread allowed between the first
and second classes, with lower birth rates, are not able to compete effectively and
go extinct. The model solutions using ps, shown in Figure 6 in which the slowest
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reproducing class (the first class) not only does not produce offspring of other types,
but its population growth is enhanced by fish of the other types begetting fish of
this type, albeit at lower rates. So, this is a clear case in which genetic spread can
counteract the reproductive disadvantage of a low birth rate.

14 10

15% 10 : 3X 10

—s1(39,%) —1}(39,%)

a2
10 83(39,x) oll==-1%(39,x)

--53(39,) --13(39,x)
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X (size) X (size)
(A) Susceptible (B) Infected
15
15% 10

10} —P(
a- Pz(t)
el *P()

-y
......
-----
-

Y OO0

390

0 300 '
t (weeks)

(¢) Total population

FIGURE 6. The susceptible (a) and infected fish (b) in each sub-
group at ¢t = 39 (three generations), and the long term behavior of
the subgroup total population (c) sizes with birth rates as in equa-
tion (27) and with the selection-mutation matrix ps as in equation

(28).

In Figure 7, we see the model solutions with p3, which is only different from ps in
that there is less mutation by the fastest reproducing class. Here, class three again
enjoys a reproductive advantage, as its genetic spread is less. This suggests that
the determining factor of the first class’ competitive advantage in Figure 6 was that
the third class was disadvantaged, by allowing a higher proportion of its offspring
than in p3 to be of the other classes. Thus, there appears to be a delicate balance
between birth rate and genetic spread in determining reproductive fitness between
the three subgroups.

While we see examples of competitive exclusion in Figures 5 — 7, we see coexis-
tence of all three subgroups in Figure 8c with the use of p4 for the selection-mutation
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FIGURE 7. The susceptible (a) and infected fish (b) in each sub-
group at t = 39 (three generations), and the long term behavior of
the subgroup total population (c) sizes with birth rates as in equa-

tion (27) and with the selection-mutation matrix ps as in equation
(28).

matrix. This is the only irreducible, and indeed the only positive matrix p consid-
ered. In this case, the extinction of any of the three subgroups is not a possibility,
since the survival of either of the other two classes would result in new offspring of
all the subgroups. Of the scenarios considered here, this matrix is the only one that
does not involve pure selection of any of the three classes, and indeed, is the scenario
in which genetic spread occurs to the greatest extent. This suggests that genetic
spread can result in a situation in which the competitive exclusion principle does
not hold, and can diminish reproductive advantages that would otherwise benefit
fish of faster reproducing classes.

Note that the infection dynamics do not appear to play a key role here, as the
susceptible populations at ¢ = 39 (Figures 5a, 6a, 7a, and 8a), and the infected
populations (Figures 5b, 6b, 7b, and 8b) are qualitatively similar, with the only
differences being the relative size of each subpopulation, which is likely simply due
to the reproduction scenarios considered in each case. We would expect this to
change if there are other differences between the subgroups’ parameter values, such
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FIGURE 8. The susceptible (a) and infected fish (b) in each sub-
group at t = 39 (three generations), and the long term behavior of
the subgroup total population (c) sizes with birth rates as in equa-
tion (27) and with the selection-mutation matrix p4 as in equation
(28).

as those governing the Mm transmission, feeding behavior, etc. However, that is
not the case in the examples presented here.

7. Conclusion. We developed a first attempt at a size-structured mathematical
model to describe the spread of Mycobacterium marinum between aquatic animals.
Our model consists of 2m partial differential equations and three ordinary differen-
tial equations with nonlinear parameter functions, initial conditions, and boundary
conditions. The scheme is designed as implicit, but can be solved explicitly in the
order presented in (15)—(20) and is therefore numerically efficient. Convergence of
the numerical approximation to the weak solution with bounded total variation was
presented in Section 5. In Section 6 we demonstrated the convergence as time and
mesh sizes decrease. We also illustrated some of the key features of the model that
distinguish it from others. We explored the size composition under different forms
of the growth function, and also the implications of that size composition on the
population size of each physiological subgroup. Additionally, we explored questions
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of reproductive fitness and genetic spread throughout generations and determined
conditions under which the competitive exclusion principle would hold. Also, in this
model, the reproductive advantage afforded one subpopulation via a high birth rate
can be counteracted by sufficient permutation probability. We demonstrated that
coexistence is possible when the permutation-selection matrix is irreducible, which
amounts to each subpopulation eventually producing offspring of all other subpop-
ulation types, so that long-term extinction of any subpopulation is not possible.

As the model developed here is complex, as a first attempt, we resorted to a
first-order finite difference scheme. In the future, we plan to develop second-order
high-resolution minmod based MUSCL schemes [23, 38]. Establishing convergence
of such schemes will require significantly more complicated analysis because of the
nonlocal nonlinearities and quadratic nonlinearities in the model (1). Future work
will also include the design of higher order WENO schemes (e.g., see [39, 46] for
fifth-order schemes) with suitable treatment for the boundary conditions and the
quadratic terms modeling the disease transmission. Establishing stability (let alone
convergence) results for such WENO schemes is in general very difficult. In fact,
within the framework of size-structured models we only know of the result in [46],
where the authors proved that the finite-volume scheme they developed is positivity-
preserving and L' stable.

Appendix A. Proofs.

A.1l. Proof of Lemma 5.1. Uniqueness is obvious from (15)—(20). Note that
SH0 140 BY BY MY are nonnegative by assumption (A5). Now assume for some
k>0, S 1" >0fri=1,...,m j=1,...,N and B¥, BF, M* > 0. By
assumption (A3) and by (15) we have that S5*™* > 0 and I&*™ = 0. Then it is
clear from (16) and (17) that S;’kﬂ, I;’kﬂ >0 for j = 1,...,N, which ensures
BE+1 BE+1 Afk+1 > 0. This establishes the result. O

A.2. Proof of Lemma 5.2. By multiplying (9) by AxzAt, summing over j =
1,...,Nand i=1,...,m, we have

m N m N
33 - s A3 S

i=1 j=1 i=1 j=1
m N ] m N . .
+Y O S AT AL+ Y TN T LY S Az AL = 0.
i=1 j=1 i=1 j=1

Collapsing the telescoping sequence, incorporating the boundary condition from
(14), and using the facts that g%" = 0, and 27", p = 1 we arrive at

m_ N m N
=YY st aw+ arY N (Bt 4 B A
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m N

3D 1) e

i=1 j=1
Then by using (A2) and (A3), we determine

Z 1SR+ < Z |SHE | + cAtZ(HSi’kHl +[17%* 1)
i=1

i=1 =1
m N

=N LS AzAL.
i=1 j=1

Following similar arguments to those we used above for S;-’Jrk“ we have
m m m N
SN <Y T+ 0> LS Az At
i=1 i=1 i=1 j=1
Adding (29) and (30) we have

(ISP M+ 175 R) < (L4 eat) Y (18" + 117]h)

1 i=
< e (IS +I11)
i=1

(2

=

and the result follows.

A.3. Proof of Lemma 5.3. From equation (18), we determine

BE < | B+ AUSTL T 1 Al
< Byl + At 35 T
< |B¥| + cAtCy
<|BY + c(k + 1)ALC;.
Then,
|Bg| < |Bg| + cKAtC
<|BY +cTCy = Oy, .
Treating (19) similarly, we have
|BETY < |BY 4+ ¢T(1+ Cy,5,) = Ca. 5, -
Now, treating (20) similarly we have
|MFHY < |MO| + AT Cy, gy = Cau.
Thus, letting Cy = Cy g, + C2 B, + C2,pr we have our result.

O

A.4. Proof of Lemma 5.4. Clearly, Lé’k > 0. Considering (8) and using (A4),

(A7), and Lemma 5.3, we have
LY* = 116, BE + 1505 BE + vsCch ;M* + vyl BE
<2¢2BF 4 2 BF + AM*
< (3 + 40y = Cs.



A NUMERICAL SCHEME FOR A M. MARINUM MODEL 709

Using (A4), (A7), and Lemma 5.3, we obtain

‘ Lik _ ik
- iky) | ZJ j—1
A ot
< sz( 2,j 2,371) Bk( 1,j 17371))
_‘C Az + by Ax

<B3CH+ PCy = Cy.
O

A.5. Proof of Lemma 5.5. If S?**! = ||§%++1|| _ then from the boundary con-
dition (15), the assumption (A3), and using the fact that p* < 1, we have

f: i [sjff’“ + If’k} Az.
=1 j=1

z
90 =

Sz k+1

Since 0 < P* < Oy for k =0,..., K, we let a < min g*(P,z) for P € [0,C4] and
1 <i<m. Then

m
ik+1 _ € , ,
SeT < 2 3 IS I I .
=1

Using Lemma 5.2 we get
1S4+ o < S04
o

If ||S%#+1]|| is not obtained from the boundary, then there exists an integer, jo,
1 < jo < N such that
i k+1 i k1
S = 15" s
From (9) we have
i k41 ik k41 k41
S; -5 I 9]0 SL - 930 1 ;0 L | ikgiktl | pikgiktl _
At Ax o o o

Multiplying by At, combining like terms, and using the fact that S
we obtain

zk+1 < Sz Jk+1

i k41 i, k i, k 93 - 93 -1 i, k+1 ik

y (Al), (A2) and Lemma 5.4,

ik ik
9jo ~ Gjo—1

(1*CAt)||Si’k+1Hoo < (lJrAt,uZ kJrAtLJOJrAt )”Si,kJrIHOO < ”Si,k”oo

Ax
Thus,
, 1 .
i,k+1 < i,k
5%+ oo < (=5 ) 15" o
1 +1
< (_—— Sl,o o
< (=) 15"

So we obtain

i k1 ¢ 1 * LI
15" oo smaxq ~Cv{ 7— ) | T oA7 1S [loc ¢ < Cs,s.
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If ||[I%*+1]| is obtained at the left boundary, then ||[I%**!||,, = 0. Thus, using
arguments similar to those made above, we have

e 1 . k41 kt1—1
7R+ o < (m) 11790]| oo + Z ( ) AtC5Cs.5 < Cs 1.

Letting Cs = Cs 5 4+ Cs 1 we obtain the result. O

A.6. Proof of Lemma 5.6. From the definition of P(t) we arrive at

pktl_pk EN:Si,k—&-l_Szk m N zk+1_Izk

Ax—i—zz j Az,

i=1j=1 =1 j=1

Incorporating (9) and (10) into the above, then collapsing the telescoping sums we
acquire

Pk“ - k qi k1 k+1 k qisk+1
'L 'L 'L 2, 7,
3 s - s - st
i=1 j=1
N
~i,k 7i,k+1 ~i,k 7i,k+1 ~i.k 1k+1
+90 lo" T —an I = ) Ax}
i=1
Since g&F, g&F, 1% = 0 we obtain
Pk“ G . ke rik+1
Z[’s’* leﬁ*m-Z” 1’+Ax}
i=1 Jj=1 Jj=1

Incorporating the boundary condition (14) into the above we have

N

m m N
S S S W

i=1 =1  j=1 j=1

Pk+1

=

m m N
7Pk:ZZ MSM—i—BMI“ x_zzu;,ks;’_,k—i-le

=1 j=1 i=1 j=1

Thus, applying absolute value, and using (A2), (A3), and Lemma 5.2 we have

PkJrl _ Pk
‘ < 201

At
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A.7. Proof of Lemma 5.7. Observe that

ik i k1 i k—1 ik i k+1 ik ik i k—1
90" 5o " ~ 9 Sy _ i,ksé " - Sy _,_g(l) — 96 gik
At 0 At At 0

Incorporating the boundary condition (14) into the left-hand side of the above

equation, we have

i, k—+1 ik ik i, k—1
ik S(Z) - S(Z) 96 —96 gik
9o At At 0
m N I 0, k—1 N O,k—1
=> > W’ksj A it/ AT
¢ J At At J
=1 j=1
Y L . B]ék B szf,k—l

If’kfl} Azx.

kg J
+5; At At

Using (9), (10) and the mean value theorem, we obtain

i, k+1 i,k i,k i, k—1
ik S = Sh +96 — 90 ik
90 At At 0
m N
) Ok (e [ Lk—1 bk k=1 b,k Lh—1 ol k
=27 Z[*ﬂj (Dm(gj S;7) +uyt S A LTS, )
=1 =1

k k—

05 pk — ph-1 Gk—1 |, 30 /5 ! £k—1

alk — (~lk—1 1Lk ~0k—1 70,k 0k—1 ol,k

where P; and P, are values (dependent on ) between P* and PF-1.

Summing from ¢ = 1,...,m then applying absolute value we have
m ik ik ik dk—
Z [gi,k Sy o So + 90 — Yo 151‘,/1
P 0 At At 0
m N m N
Ok e o Lk—1 ol k 30k e <l k—1 10,k
< DD B DA gy S A+ | Y B DA, (@ ) | A
=1 j=1 =1 j=1
N [ otk ket otk | ekl ok ‘5 PF— PFL
SO B[S LS (P S A
(=1 j=1
e S0k [ ~0k—1 16,k 2,k—1 ol k 3005 D
=1 j=1
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Using summation by parts and the facts that gﬁvk, §§Vk, Iy Sk — 0 we obtain

K1 ik ik k—1
zm: {gszl oS L% — gy Si,k]
17 At At 0

m m N
L,k Zk 1 €k lk l,k—1 b,k
= E ‘ 0 S0 EE ‘ 22(B857)9571 5'71‘A$
=1 j=1

=1
m N
20k <0 k—1 70,k
+ZZ DAz(ﬁ )gj L Lo ’Ax
=1 j=1
ual k[ Gh=1 gtk | [ ek—1glk PrF— PFL
+ZZ B; [“J S+ Ly } +6P(P1,I3)7At S; Az
(=1 j=1
- Sek[~0k—10k pOk—1abk] | A0 (5 ) S
+>_ > | [“j’ " =Ly Sj’}JFBP(P%%)iAt 7 |A
=1 j=1
Hence,
k Kk ik k-
3 [ S e S|
At 0
m
2 - 0k—1 0k 0k
< 'me C5+128£>;1|Dm(ﬂ Mgt (I1SS* 11 + 15| o)
1<G<N =1
m m
— ~€k 1 N 0,k Wk ~ fk} 1 0.k
+1I<HZEEEW|DA$(5 )9, |Z (I + 115" o) + max 185 |ZHI’ ll1
1<G<N =1 1<j<N
m
Lk Lk—1 Ok lk—1) | |36k Lk—1 0k
o mase (18555 BRLER T 1B ) S S
152N =1

m m
¢ k-1 30 k-1
+Cs max |B5] E S 1+ Cs Jax 1Bp| E 1§ [1-

1<0<m <¢<
(P,z)eD =1 (P,z)eD =1

The result follows from (A1), (A2), (A3), Lemma 5.2, Lemma 5.4, and Lemma
5.6. O

A.8. Proof of Lemma 5.8. Set n;k =Dy, (S;k) and apply the operator Dy, to
(9) to get for 2 < j < N
ik+l ik ik giktl _ ik gkt

1; _ 79 gj 1951 — 1k i k+1
A+ DA Az J + DRl sy

+ Dy, [LY* Sy =o.

Multiplying the above by sgn(n;’kH)Ax and noting that —77;’ sgn(n; LRy > —|77;k|

we have

i k1 ik
™ = |n;

At

J

Ax 4 { Dy, [ D, (55" )]
D5, (1S + DR (LS b sgn(n) T A <0,

(31)
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for 2 < j7 < N. When j = 1 we have that

ni,k+1 o nzl',k _ L(S?Hl - Si‘,k - Sé,k+1 . Sé,k)
At Az At At '

Incorporating (9) into the above, we have

i k41 ik i k41 ik ik o kb1 ik o k1
Tt —1<58 oSt et gt ST i
At Ax i %tl Ax L
i i k+
Lk )

o Gkt _ gik
We set for notational convenience Dy, (gé’kSS’kH) =0 "0 and multiply

. At
the above by sgn(ni’kﬂ)Ax to obtain
" = ™Y — [ = ik qik+1 — (i qikt1
At Az + DAx DA:L’(gl Sl ) +DAI(:U’151 )
Mz’,kSi,k—&-l ke ik gikt1 . (32)
— ik qi, i,k+
420 70 on + DA, (L7"S] th =20 A; }sgn(n1 YAz < 0.

Adding (31) and (32), then summing over the indices j = 1,2,..., N we obtain

I = I s S £ [ (o giktiy] 4 pe ik gkt
AL +Z{DA:U[DA$(9J S; )} +DA3:('UJ Sj )

ik ikl Fl'k:1 1 ik gikt1 (33)
+D5, (L") fsen(n ™) Az — — (Li* Syt

S sl ) A <0

We consider the first term in the summation and find

N
— [ ik ik i ke
> D5, [Pl s sen(n ) A
j=1
N ikl ikl ik ik
. N —SJ q; —gﬁ . .
_ D= ik~ j—1 J J*lsyk-i'l ik+1 A
— (= ik ik ik
+ Da, [DR (g ST sen(ni* ) A
N
— ik ik ik
:ZDAx(gj n; +1)Sgn(77j +1)Ax (34)
=2
N gk gk
_ 19; =1 ik ik
+ZDA${#S];1H} sgn(n; HAz
=2

+ D3, | D3l (97515 | sen(ni* ) A
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Using methods similar to those presented in [7], we obtain

N

> Dx. | Daa(gi* s3] sen(n)* ) Aa
j=2

+D3, [D;x (975 sgn(ni* ) A

SN (D2 (9835 | sen(ni ™) Aa

j=2

N i, 7, SZ k1 SZ" i,
+Dx, (97" ) S sgn(ny i) + 220 Kty

A senln
where Jump = {j : 77’ k+177;+kf1 < 0}. Thus (33) becomes

[l 1y — [In™* [l

At
i ik ik+1
< ((max (D3, (g;")+ max (s + L") ln" ]l
1<5<N 0<j<N
— ik ik — ik 2
+ (max DR, [DR, (6] 4+ max (DR, (n5)| + 1D, (L") IS+
2<j<N 1<G<N
- - 1 Sz k41 Sé,k
i, 1, i,k+
+ (e 1D, (07" e (25" 41582 oo [ 2=,

1<j<N 0<j<N

Incorporating (A1), (A2), and Lemmas 5.2, 5.4, 5.5, and 5.7, we see that there are
positive constants w; and wy such that

i,k+1||1
At

I (R

< willnFll + wa. (35)

Setting §;k =Dy, (I;’k), using similar arguments as above, and setting for no-

Jiktl ik
tational convenience Dy (g5"I2F+!) = —%7 we obtain
||£Z k+1|| - ||£Zk||1 ( — [~i,k yik+1 — i,k+1
D3, (P LMY) + DR, (i I
At + Z Az A:c(gj )) + Aw(“J J )+ (36)

DM(L’ ok gis k+1)) Sgn(g k+1)Ax -~ Lé,ksé,k+1 Sgn(ﬂykﬂ) <0.

j <
Straightforward computations give

N
> Da. (DR LM ) sen(g) Aa
j=1

N
> Z ( AI ;m ~z k))ljz kiﬁ—l) sgn(fz k—H)Ax.
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Thus, (36) becomes

-1 — g™
At
ik ok -
<(max ID5 (i) + max D5, (D5, @)1,
1SI=N 23j<N
k) |gnr ik ik+1 ik+1
+1IS111_?2§71(UJ‘ Mg ”1+1I§n¢a§§n(LJ )(HU [ ||o<>>
0<j<N 035N
— i,k ik+1
+ e D LGNS L.
1<EN

Using (A1), (A2), and Lemmas 5.2, 5.4, and 5.5, we see that there are positive
constants ws, w4, and ws such that

€74 1 — [lg*]1x
At
The result now easily follows from (35) and (37) . O

< ws|l€ ML + walln™F Tl + ws. (37)

A.9. Proof of Lemma 5.9. Multiplying (9) by Az, summing over j, then using
Lemmas 5.2, 5.4, 5.8, and assumptions (A1) and (A2), we obtain

Sz Kl Szk N ik gik _ ik ik o o
_ J —1 ik ot k+1 ik ot,k+1
Z Al Ar=) |- Az —u ST LS
j=1 j=1
N 'Lk: ik ik
9] 1 i,k ik Q5 Sy
JrC||Sl’k+1||1 + G| SHF |y
< C: max |Dy,( ;k)\ + ¢Cg + ¢C1 + C5Cy = Cy.
1<i<m
1<j<N
Thus,
N r—1

Sil,'r‘ 7 Si,q -1 N z Jk+1 Sz k
D v SZZ Az < Co(r —q).
j=1 k=q j=1
The result for I can be established blmllarly.

Applying absolute value to (12), and using Lemmas 5.2, 5.3, 5.6, and assumptions
(A4), (A6), (A7) we get
Bluc-i-l _ nk

At

< |H*| 4+ |ABF| + |eas M* BEHY| 4 |6, B+ PR+

+ZZ|61]B]C+1SZ k+1|Am+ZZ|CUBk+1Iz k+1|Ax

i=1 j=1 =1 j=1
S c+ CCQ + (62 + 2601)02 = Cll~

Thus,
-1 Bk+1 _ Bk

<2 |

k=q
The results for B, and M can be established similarly. O

u U

B — B4
’ At < Cu(r—yq.
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A.10. Proof of Theorem 5.10. The results for S%(t,z) and I(t,z) follow from

Lemmas 5.2-5.9 and the proof of Lemma 16.7 (p. 276) in [40]. The results for
B, (t), Byu(t), and M(t) follow from the Ascoli-Arzela Theorem (p. 74) in [45]. O

A.11. Proof of Theorem 5.11. Let ¢’ € Cl([O,T], [xmin,xmax]) and ¢* € C’l([O7

T, [Zmin, mmax}) for : = 1,...,m. We denote the finite difference approximations of
©'(tg, ;) by @;’k and ¢'(ty, z;) by gjk Multiplying (9) by <p;’k+1Ax, rearranging
terms, then summing over j =1,..., N, and over £k =0,..., K — 1 we get
N
K i K 1,0 4,0
(55795 = 55795 ) A
j=1
K71 N . . . .
_ Z (S;—’k(QD;)k+1 )A(E + gz k Sl Jk+1 (@;,kﬁ%l _ SD;)ETl)At
k=0 j=1
_(p;,k+1uj Sl k+1AtA1‘ z k+1L1 ksl k+1AtAl‘)
K—-1 m
4 @zk+1(zpzézﬂéksék+66kllk]Ax)At.

k=0

In a similar manner, we multiply (10) by g}’kHAx, rearrange terms, then sum over
j=1,...,N,and over k =0,..., K — 1, to obtain

N -1 N .
Z IzK i, K Izo 7,0 ZZ(I;,k(gjz_,k-&-l_g;,k)Ax

j=1 k=0 j=1

~i,k yi,k+1/ i,k+1 i,k+1
+ 975010 (s =Gy )AL

R ER R AL A g;’kJrlL;’kS;’kHAtAx).
Using the above and then by a similar argument to those in the proof of Lemma
16.9 (p. 279) in [40], it can be shown that the limit of the difference approximations
defined in Theorem 5.10 is a weak solution to (1)—(3) by allowing N, K — oo. The
bounds on the functions are found by takmg the limit in the bounds of the difference
approximations in Lemmas 5.2, 5.3, and 5 O

A.12. Proof of Theorem 5.12. Recall that we let u;k = S;-’k S’lk ”f =
I;’k - f;k, wh = BF — ij, y* = BF — B’;, and 2F = MF — MF. Denote the
corresponding approximations of the total fish population by P* and P* and let
g;k = g'(P*,z;) and g;’“ = gi(Pk7 x;). Similar notation is used for the other model
parameters. Also, we let S*(a) and Z¥(a) to denote the approximation at t* of
S(t*; a) and Z(t*; ), respectively. Then we have from (9)—(13)

LR ui,k _
J A + DAm(g] S’L k41 g;,ksz k+1) + u; k 24 Jk+1
Az k i, k+1 i,k i,k+1 i,k ik\ &t k+1
. (gt = ) S LR (L - LS =, (38)
v — ik ikl 2igk i k1 k. ik+1
S e VLU R T A

ik 24k k+1 ik i,k+1 k i,k &t k+1
L Al A R
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wh — ok ) R
— (IkJrl(p) o Ik+1(p)) _ 52B§+1(Pk+1 _ Pk+1)
_52pk+1wk+1 —AwktL

Yl gk R
LT = bt - e Myt — 5 BEYL(PREL - PR

At . R
_51Pk+1yk+l _ Bﬁ+1(8k+1(61) _ Sk+1(cl))
,Sk+1(cl)yk+1 _ BZJrl (Ik+1(51) _ Ik+1(51))
—jk"'l(él)yk"'l,

Zk—i—l _ Zk ~
At — EC]VIM*yk+1 _ GCM(Mk+1yk+1 + Bllj-l—lzk—i-l) _ MMZk+1

_ Mkt (Sk+1(62) _ $k+1(62)> _ $k+1(02)zk+1
—Mk+1 (Ik+1(52) — fk—i_l(ég)) — Ik—H(ég)Zk—H.

Multiplying the first equation of (A.12) by sgn(u;’kH)Aaﬁ, and summing over

j=1,...,N, we get

HULk+1H1“HULkH1 al — ik ikl aik Gi k4L ik+1
A7 —I—ZDAI(gj S = ;78" ) sen(uy ) A

j=1

ik iy &isk ik iky Gk ik
+ > ((uy" = a7")s; H—&-(Lj = L3")S; H) sgn(u; HAz

-

j=1

N
+ u;’k|u§’k+1|Aac + Z |L§’kué’k+1|Ax <0.

1 j=1

-

J
Using methods similar to those found in [7] we obtain

N
Z Dy, (g;-’k,S';-’k+1 - g;ké';k“) sgn(uj.’kH)Ax
j=1

N
ik ikl i b1 Caikdl, ik ik i b1
> —gg"ug™  sen(uy™) + ) DR (5P (gt - g5")) sen(ul T Az,
j=1
Thus,
b5 4|y — [Ju™F]y
At
N
ik ikl i b+l Caikdl, ik ik i k1
< 9o ug"  sen(u™h) + = > DR (S5 (g - 957)) sen(uft T Ax
j=1
(39)

N
_ Z ((M}k _ ﬂyk)ﬁ;,kﬂ + (L;;k _ i;7k)§;7k+1) Sgn(u;,k-i-l)Ax

i—1
]N . . N . .

+ Z u;’k|u2’k+1|Az + Z \L;’kué’k+1|Az.
J=1 J=1

We next establish a bound on the terms on the right of (39), beginning with the

first. Using the definition of u;k and (15) we realize

ik ik i k41 ; 5 dik+1, ik aik i k+1
gy g () = (0% - 20 S g — o)) sen(u™ )
< Zi,k _ Zi,k 4 Sl, i,k ~i,
<] | 0 90 90 (40)

< |Zik — Zik| 4 05( max |gip|)|Pk — P*|.
1<i<m
(P,z)€D
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Using (A1), (A2), Lemmas 5.2, 5.4, 5.8, and the mean value theorem for the
second term in (39), we obtain

N
= " DA, (8P g — %)) sen(ui T Aw

= (41)
i 7 k Dk
< (Cs max lgbl+Cy max [gh.)|P* — P
(P,z)eD (Px)eD

and for the third term

N
ik ~iky &i k1 ik Fiky &bkl i k+1

=2 (5" = )8+ (L — L) 87 sen(uy T Aw

j=1 4 ) (42)
< Oy max [ P* — PH 4+ O (g + ¥ + |25

(P,z)eD

Incorporating (40), (41), and (42) into (39) we see that there are positive con-

stants wg, w7, and wg such that

[JutF 4|y — [Ju*|y

< wllut |+ wr ([ [wF] + 5]+ ws| PE = Py

At , A
+|Zok — Z0k|.
We note here that

m
2% = 24 < 3 (el Ml + o 1) + 20| PR — P, (44)

=1
|PE— P < S (u o+ o™ ). (45)

=1

Incorporating (44) and (45) into (43), we see that there is a positive constant wy
such that

oty — flutF ]l
At

< wol[u |y 4 wollv™ ¥y + welutF ]y (46)
+wr(y*] + ] + [2F]).
Using similar arguments as above, we determine

[ * = ot

At
~i ~i ~i k _ Pk
< (Cs jmax |gp|+Cr max |gp,|+C1 max IuPI)IP P (47)
(P,z)eD (P,z)eD (P,z)eD

+ACU(|YF] + [wF] + |27]) + Callu M|y + el[o™ .
Hence, there are positive constants wig, wy1, and wio, such that

NS RTRTI N '

1 4 wiol[v?F|l1 + wir [lutF 48)
Fwig[[vPF L + wr (Jy] 4 Jwh] 4 ]27).

We now multiply the third, fourth, and fifth equations of (A.12) by sgn(wk*1),
sgn(yFt1), and sgn(zF*1), respectively, to get

[wh ] — Jw¥| - A
W o i) - 2o () 4 spBE TR - pE)
0o PR k1| 4 \[wht ],
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|y ] — Jy*] .

A7 < AW ep MF[yR T 4 6 BETY PR — PR
+51f3k+1|yk+1| + B{f+1|8k+1(61) _ Sk+1(01)| (50)
+Sk+1(cl)|yk+1| + Bl7j+1|l-k+1(5l) —Ik+1(51)|
+jk+1(61)|yk+1|

\zk+1| _ |Zk| R
T < ECMM*|yk+1| + ECMMk+1|yk+l| + ECMBS+1|Z]€+1|

g |2 4 MEFHSR () — S5 (co))| (51)
+3k+1 (02)|2k+1| + Mk+l|Ik+1(Eg) _ ik+1(52)|
+jk+1(52)|zk+1|'

‘We note here that for any continuous «,

|85 (@) = S* ()] < Xy ellutF

Z(a) = ZF(a)] < 352 cll™ Iy,

Incorporating (45) and (52) into the above equations, along with (A7), Lemma

5.2, and Lemma 5.3 we see that there are positive constants wi3, wi4, wis, wis, W7,
w18, W19, W20, Wal, wa2, and weg such that

e el O

(52)

At < wigl[u T+ wig o) 4+ wis|[w Y, (53)
|yk+1| - |yk| ik+1 ik+1 k+1 k+1
A S wiellu"" T L+ wir|[v"T [ 4 wis|w T+ wiely™ T, (54)
|Zk+1| - |zk| < ik+1 ik+1 k+1 k+1
gy Sweollu™ I Awa [0l A waaly™ T 4 was 2. (55)

Multiplying (46), (48), (53), (54), and (55) by At and then adding the resulting
inequalities, we have

(1 — hi At EPF L < (14 ho A EVF,
for each i = 1,...,m and where
h1 = max{we + w11 +wig+wie+wao, Wit +wia +wir +war, wis +wis, wig +waz, waz},

ha = max{wy, wio, w7},
and the result is established. O
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