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Abstract

This research dissertation focuses on the symbiotic interaction of mutualism, we give ex-
planations as to what it is before mathematically modelling population dynamics of two
species displaying mutualistic behaviour. Throughout the course of this dissertation, we
shall be re-examining the work done in the book by Kot [16] and the paper by Joharjee
and Roberts [32], whilst providing further explanations of the mathematics involved and
the steps taken. We begin by constructing a model for mutualism before attempting to
improve the model in order to make it more realistic. We go on to add delays to our im-
proved model and determine the stability of its equilibrium points. We formulate models
via piecewise constant arguments and via a simple Euler scheme before determining stabil-
ity for both systems. A graphical comparison will then be made to explain the differences
in behaviour between the two discretised systems.
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Chapter 1

Introduction

1.1 What is mutualism?

Mutualism is an interaction between different species in which they benefit each others
existence.

1.2 Why are we studying mutualism?

It is said by Boucher that Elementary ecology literature tells us that organisms interact in
three fundamental ways; competition, predation and mutualism [3]. There has been plenty
of credible work done in the areas of predator-prey and competition models, however we
find that when researching our chosen area, it has been largely neglected in ecological
literature until very recently. It is hard not to agree with Bascompte and Jordano’s view,
that mutualism represents one of the main mechanisms for shaping animal’s and plant’s
life histories and that understanding mutualistic interactions and their consequences in
species-rich communities remains one of the most challenging tasks in ecology [1]. The
importance of mutualism is surely cemented when we find that it was even noted early on
by Charles Darwin on his travels; ”If such great moths were to become extinct in Madagas-
car, assuredly the Angraecum would become extinct” [5], he saw with this example that
certain species would have perished had they not have found mutualistic partners. So, we
are studying mutualism in order to gain a better understanding of an area of ecology that
in terms of research is in short supply when compared to its peers.

1.2.1 Examples of mutualism

Having thoroughly studied the natural history of mutualisms, Janzen [14] argued that
most mutualisms can be classified into one of four types;

Seed-dispersal mutualism

A lot of plants rely on animals to carry their seeds to favourable destinations. Plants
frequently produce fruits and nuts to attract the animals, the food also serves as positive
reinforcement for the animals to return again. Squirrels are very popular dispersal agents,
they will collect acorns and nuts from trees and bury them elsewhere before forgetting
about them hence allowing them to grow into other trees. Other examples include birds
such as the Western Scrub Jay (Aphelocoma californica) who use the technique of ’caching’
which involves storing the food like acorns or insects in a cache for later retrieval. They
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will carry seeds long distances and cache them in small clumps, where they may germinate
[16].

Pollination mutualism

Pollination is the transfer of a plant’s pollen grain before fertilisation. The classic example
here is between bees and flowers, bees use the flowers for nectar and in return pollinate
other flowers that they encounter on their travels. In gymnosperms, the transfer is from a
pollen-producing cone directly to an ovule. In angiosperms, the transfer is from an anther
to a stigma. Most gymnosperms are wind-pollinated. In contrast, many angiosperms
are animal pollinated. The obvious advantage of animal pollination is that pollen may
be transferred far from the host anther in a way that promotes outbreeding and genetic
variability. Angiosperm flowers often reward pollinators with nectar and pollen to promote
this process. Plant-pollinator mutualisms are particularly important, and involve nearly
170,000 plant and 200,000 animal species [19, 16].

Digestive mutualism

The guts of many animals are filled with mutualists (e.g. bacteria, yeast etc.) that help
to break down food. Often, the host animal is unable to digest the food on its own.
Animals such as cattle, deer and sheep rely on bacteria to break down plant cellulose into
subdigestible subunits. The microorganisms are rewarded for this behaviour by having an
environment in which they can survive i.e. the animal’s gut [16].

Protection mutualism

Protection mutualism is when one species protects another from predators, usually for
some kind of return favour. A very good example of a protection mutualism is one be-
tween clown fish and sea anemones. The clown fish are immune to the stinging nematocysts
of giant sea anemones and will feed and nest amongst their tentacles. Horse mackerels
appear to have a similar relationship with Portuguese man-of-war jellyfish [16].

There most likely exists many more types of mutualisms that occur throughout the natural
world many of which may be undiscovered by science.

1.2.2 Dependency of the mutualism

The dependency of mutualism refers to how much a species is in need of the interaction,
we shall define the notes two different types of dependency that are used by the ecologist
Kot [16];

Definition 1 (Facultative Mutualism). A type of mutualism in which the interacting
species derive benefit from each other but are not fully dependent that each cannot survive
without the other. This is the most common type of mutualism and is exemplified by plants
producing fruit that is eaten by birds and the birds helping to dispose the seeds through
excretion [2].

Definition 2 (Obligate Mutualism). A type of mutualism in which the species involved
are in close proximity and interdependent with one another in a way that one cannot
survive without the other. A good example of this is between fungus and alga forming
lichen. In nature, the fungus in lichen provides the alga with water and minerals while the
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alga uses the minerals and water to make food for the fungus and itself (by photosynthesis.)
When the alga and fungus of lichens were cultured separately under laboratory conditions,
both of them cannot grow without the symbiotic partner [2].

In the next chapter we shall attempt to construct a mathematical model to represent

mutualism.
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Modelling mutualism

2.1 Initial attempt at modelling mutualism

Throughout the next two chapters we will follow the work done in chapters 12 and 13 by
Kot in the book ‘Elements of Mathematical Ecology’ and also reproduce the graphs found
there through a MATLAB program called ‘pplane?’ [25].

Let us begin by assuming that we have two species, 1 and 2, each with population sizes
N; and N, respectively that grow logistically! in the absence of the other. Each species
has a per capita growth rate that decreases linearly with its population size. Therefore
we begin with the following model

1 dN1 Ny
1 dN2 Ny
—— = 1-—= 2.1b
Ny dt 2 < KQ)’ (2.1b)

where each species has its own respective intrinsic rate of growth and its own respective
carrying capacity K1 and Ko. Now let’s add competition to the model; we can do this by
assuming the effect of interspecific competition? is similar to that of intraspecific crowding.
Due to competition, each individual of the second species causes a decrease in the per
capita growth of the first species, and vice versa. Now, because the two species are
different, individuals from different species (heterospecific) may have a stronger effect or
a weaker effect on the per capita growth rate than individuals from the same species
(conspecific). To parameterise this effect, we introduce a pair of competition coefficients
a12 and as, that measure the strength of the effect of species 2 on species 1 and of species
1 on species 2 respectively. So, we let

Logistic growth - Population growth in which the growth rate decreases with increasing number of
individuals until it becomes zero when the population reaches a maximum[20].

2Interspecific competition is a form of competition in which individuals of different species compete for
the same resource The other form of competition is intraspecific competition, which involves organisms of
the same species [12].
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N1 — N1+ a12Na
and
Ny — Na + 91 Ny

then the system (2.1a) - (2.1b) becomes the Lotka-Volterra competition model

1 dN1 Nl + CM12N2
—_—— = 1-— 2.2
N at ! ( K1 (222)
1 dN2 No + ao1 Ny
—— = 1—-—. 2.2b
Ny at ? < K> (2:2b)

Let us take out a factor of K% and 1% and multiply both sides by N7 and Ny in respective
equations to arrive at a more concise model

dN1 (&

— = —N; (K{ - N{ — N 2.
7 i@ 1 (K 1 — a12N2) (2.3a)
dN2 9

—— = — Ny (K9 — Ny — N7). 2.3b
7 e 2 (K2 9 —ag1Np) (2.3b)

Now, we want to modify this competition model to create a mutualism model between
the two species. To do this, it seems a natural step to simply change the competition
coefficients ar19 and a1 from having a negative effect to a positive effect on both equations
since mutualism is defined as a beneficial interaction. So, let’s change their signs from —
to 4+, this gives us

dN7 1

— =—N;(K{ - N N. 2.4
qt e 1 (Kq 1+ a12N2) (2.4a)
ClN2 9

—= = =Ny (K3 — N- Np). 2.4b
o Ky 2 (K> 2+ a1 Ny) ( )

This is now a model for facultative mutualism so far as the parameters

re > 0, r9 > 0, Ki > 0 and Ky > 0, (2.5)

in other words, each species can survive without its mututalist.

We note that the model would be for obligate mutualism should the parameters be set as
follows

rr < 0, rg < 0, K1 < 0 and Ky < 0. (2.6)

2.1.1 Finding and determining stability of equilibrium points of the sys-
tem (2.4a)-(2.4b)

dNy1 __ dNa =0

We can find the equilibrium points of the system (2.4a) - (2.4b) by setting 7% = “
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So, let’s consider (2.4a), we set

dN,
dt

l.e.

,
lel (K1 — N1+ aiaN) =0
1

therefore, either
™
—N;1 =0 or K{—Ni+a1aNy=0
K

which implies that our zero-growth isoclines for Nj are

Ny =0 and N; = K7 + a19Ns
Similarly setting % =0, we get

%]\@ (Ko — Ny 4+ a1 N1) =0
2

hence either
T2
—Noy=0 or Koy—No+asNi =0
Ky

which implies that our zero-growth isoclines for N» are

No=0 and Ny = Ks+ asN;.

So, our four equilibrium points are

(N7, N5) = (0,0) in which both species die out, as shown in figure 2.1.
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Figure 2.1: Obligate mutualism phase portrait for ajsan; < 1.
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(N7, N5) = (K1,0) in which species 2 dies out and species 1 settles at its carrying capacity.

M2
b4

Figure 2.2: Nj zero-growth isoclines, K7 < 0.

In Figure 2.2 we see that to the left of the line N1 = K1 4+ a12N3, N7 increases and to the
right of this line N7 decreases.

Ny, Ny) = (0, K2) in which species 1 dies out and species 2 settles at its carrying capacity.
1 2 ’ p

N2
e —

N1

Figure 2.3: Ny zero-growth isoclines, Ky < 0.

In Figure 2.3 we see that below the line No = K9 + a9 N1, N increases and above this
line N9 decreases.
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(N7, N5) = (K1 + a1aN3, Ko + o1 NY) which is our non-trivial equilibrium point that lies
is the positive quadrant.

Ny

. Non-trivial point

.

Three trivial points

4T e Ny

Figure 2.4: Graph showing an arbitrary (N1, Na) plane with its four equilibrium points.

Note that the zero-growth isoclines divide each graph into two parts. To the left and below
of the isocline (in respective graphs) the population size increases because the combined
abundances of both species are less than the carrying capacity of the one, while to the right
and above of the isocline (in respective graphs) the population size decreases because the
combined abundances are greater than the carrying capacity. For Figure 2.3, the isocline
intersects the graph on the Nj-axis when Nj reaches its carrying capacity (K7) and no
individuals of species 2 are present. For Figure 2.2, the isocline intersects the graph on
the Np-axis when N reaches its carrying capacity (K2) and no individuals of species 1
are present.
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Figure 2.5: Facultative mutualism phase portrait for ajoao; < 1

The zero-growth isoclines
Ni=Ki;+a19Ny and No =Ko+ a1 N7
may either converge or diverge. They converge if

1
— > Q9] = w1091 < 1
a12

In this case, the two isoclines cross and orbits approach a stable node in the interior of the
first quadrant (as shown in Figure 2.5). Since the slopes of the two zero-growth isoclines
are positive, the coordinates of this equilibrium are greater than the carrying capacities
K7 and K»y; each species surpasses its carrying capacity because of its mutualist.

If

oo > 1

then the zero growth isoclines

N1 = Ki +a12Na  and Ny = Koy 4+ a1 Ny

diverge. In this case, the zero-growth isoclines do not cross and the only nontrivial equi-
librium point in the first quadrant exists at the point (oo, 00).
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Figure 2.6: Facultative mutualism phase portrait for ajoae; > 1

The populations undergo unlimited growth (as shown in Figure 2.6) this is also known as
an "orgy of mutual benefaction” a phase coined by the ecologist May [26].

Again, if the interaction is strong with

o991 > 1
T LU Ly Ny =Sy
184 \LLL&/&\NH“&/?: A
7| "
161 \L\\/x/&‘_&.&‘:&w’;’ (%7
RV Pt
£l A e RN 9
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Figure 2.7: Obligate mutualism phase portrait for ajoao; > 1

then we have a saddle point. If mutualist densities are low, i.e. there are too few mu-
tualists to rescue either population then both populations become extinct. If mutualist
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densities are high, both species increase to another orgy of mutual benefaction (as shown
in figure 2.7).

The orbits of our mutualism model have either tended to an equilibrium or diverged to
infinity. However, we must make sure that there are no limit cycles® that we have missed.
To do this, we shall prove that the system is cooperative.

Definition 3 (Cooperative system). The system

dNy
—— = ¢(Ny, V-
7 ¢(N1, N2)
dN,
—= =0o(Ny, N
dt o (N1, Na)
defined on D C R? is cooperative if
0¢ oo
— >0, — >0 2.7
ONy — ’ ONy — ( )

for all (N7, Ny) € D.
For the model (2.4a) - (2.4b), we let

dN1 71
N (K =N Na) = f1(Ny, N
7 X 1 (K 1+ a12N2) = f1 (N1, Na)
dN2 9
—— = —= Ny (Ko — N- Ny) = Ny, N-
g7 e 2 (Ko 2 + a21N1) = g1 (N1, Na)
so, we get
8f1 8 ™
I % (N (K - N N.
Ny _ 9Ny <K1 S
T
— atEN
2N
and
891 8 (]
99 % (2 N, (K, N. N
N, _ ON, <K2 2 (Ko = Nz + a21V1)
T2
— L2 N,
02132 N
clearly
df1 og1
—— > d—>0 2.8
N, = N, = (2:8)

3 A limit cycle is a closed trajectory in phase space having the property that at least one other trajectory
spirals into it either as time approaches infinity or as time approaches negative infinity [22].
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therefore our system (2.4a) - (2.4b) is cooperative on the invariant quadrant.

Ny

Fourth Quadrant First Quadrant (Invariant)

Ny

Third Quadrant (Invariant) Second Quadrant

Figure 2.8: Graph illustrating the four quadrants an arbitrary (Ny, Na) plane

We shall now state and prove theorem 2.1.

Theorem 2.1. The orbits of a cooperative system either converge to equilibria or diverge
to infinity.

Proof. Every trajectory of a system generates an orbit in this (N7, N2) plane (see figure
2.8). If the system is cooperative everywhere, the first quadrant of the (N1, N3) plane is
invariant. To exhibit this, consider an orbit that attempts to leave the first quadrant by
crossing the positive Ny -axis. Using our definition for cooperativity, we can show that

d’N, _ 0¢ dNy d¢ dNo  O0¢ dNo

dt2  ONy dt = ONy dt ~ ON, dt

on the positive No-axis. Thus, the orbit cannot cross the positive Nj-axis. We also
note that the orbit cannot pass through the origin, as this would imply that the original
trajectory passes through a rest point. We can show similarly that the third quadrant is
invariant. As t — oo, Ni’s and No’s signs will stay constant, i.e. if we start in the first
or third quadrant, we stay in that quadrant. If we start in the second or fourth quadrant,
we either stay there or move to one of the two invariant quadrants [16]. O

(2.9)

2.2 Is this a suitable model?

This is not a suitable model for mutualism due to the fact that there exists an equilibrium
point at (0o, 00) when ajaaie; > 1 as illustrated in figures 2.6 and 2.7. This is not realistic
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because we cannot have infinite populations. We have been allowing the models to grow
in an unbounded manner which is also totally unrealistic since physical aspects of our
world such as space limitations and availability of resources will always bound growth of
populations. We also cannot entertain the idea of populations being negative in reality.
With these problems identified, we shall attempt to construct mutualism models that
reflect reality better as we progress through this paper.



Chapter 3

Attempts at constructing a more
realistic model

We must attempt to construct a model that is more suited to a real world situation. One
approach to preventing unlimited growth is to construct a resource-based model.

3.1 A Resource-Based Model

This model is taken exclusively from Kot [16]. An example can be found in the work of
Lee et al [21] on the interaction between a lactic acid bacterium Lactobacillus plantarum,
and a propionic acid bacterium Propionibacterium shermanii.

Lactobacillus plantarum grows on glucose and produces lactic acid. Propionibacterium
shermanii takes lactate (a salt of lactic acid) and metabolizes it to produce propionic acid
and carbon dioxide. Although this is a model for commensalism, a (+,0) interaction, the
resulting framework can easily be extended to mutualism (which can be found in works by
Meyer et al., [27] 1975; Miura et al., [28] and Dean [6]). Lee et al’s model can be written
as

% = D(S; - 5) - éf;lsiv; — ey, (3.1a)
% Esi\g - DN, (3.1b)
il e AL Vg DP (3.1¢)
ng f{iNfo — DNy, (3.1d)

where S is the substrate (glucose), P is the product (lactate), Ny is the density of Lac-
tobacillus plantarum, and N is the density of Propionibacterium shermanii. The model
contains the usual dilution rate, inflowing substrate concentration, functional responses,
half-saturation constants. The two terms c¢/N7 and bIN7 account of Lactobacillus plan-
tarum’s large maintenance cost. (Lactobacillus plantarum must consume glucose without
growing in order to stay viable [16].) This model is very specific, in the next section we
look at a more generalised way to make our mutualism models more realistic.

15
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3.2 A Model that limits per capita birth and death rates

An example of the approach of constructing a model that limits the per capita birth and
death rate can be found in the work of Wolin and Lawler [37]. They began by considering
a single-species (N7) population model in which the per capita birth rate (5) decreases
with density,

b= by — bNy, (3.2)

and the per capita death rate (ci) increases with density,

d = dy+ dNy, (3.3)

where by and dy represent the maximum birth and death rate respectively and . The
growth rate of the population N is therefore the per capita death rate subtracted from
the per capita birth rate multiplied by the population at time ¢, i.e.

dN;
dt
substituting (3.2) and (3.3) into (3.4), we obtain

- (6 - d) M (3.4)

dN1
T ((bo —bN71) — (do +dN1))N1
which expands to
dN-
dTl = boN; — bNZ — dgNy — dN?

taking out factors of N7 and N? gives us

dN
d—tl = (bo — do)Ny — (b+ d)NY. (3.5)
We notice that (3.5) is simply the logistic differential equation,
le T 2
—— =rN; — —N. .
dt TNy K 1 (3 6)
with
by — dp

r=by—dy, K=

b+d

Now, let’s assume that a facultative mutualist No increases the per capita birth rate of
Ny, we add mN3 to (3.2) where m € R is some mutualistic constant

E:bo—le-l-mNQ, (37)

but has no effect on the per capita death rate,

d = dy+ dNy, (3.8)

so again, by substituting into (3.4) we get
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dNy

= ((bo = by + mN2) — (do+dNy) )Ny

= (b(] —bNy + mNy — dy — le) N1
= byNy — bN? + mN; Ny — dgNy — dN?

= (bg — do)N1 — (b— d)N? + mN No,

taking out a factor of N7 we can rearrange this to get an equation in the form

dNq T mK
— = —N{ | K — N —N. 3.9
a K ( 1T 2) (3.9)

where again

bo — do
b+d

We notice that replacing % with « then (3.9) takes the form of the equations of the sys-
tem (2.4a) - (2.4b), a model we have already deemed to be unrealistic. A further reason
that this route is an unwise one to take is that equation (3.7) implies that the presence
of many mutualists will raise the per capita birth rate above by. However, since by is the
maximum per capita birth rate, this cannot happen therefore we cannot continue with
this idea; we must approach the situation in a different way.

T:bo—do, K=

Let us imagine, instead, that the mutualism decreases the density dependence in the per
capita birth rate of N1, as follows

~ b
b=by— — Ny, 3.10
T Tt anpN ! (3.10)
substituting this into (3.4);
dNy b
— =|bp——N; —dop—dN; | N
i <0 1+ aph, L% 1) 1
=|(bg—dy) — ——=N; —dN; | N
(0= do) = e = v ) Ny
letting r = by — dp again we arrive at the equation
dNy bINy
—=|r——— —dN; | Ny.
dt <T 1+ a19No 1> !

By making a similar assumption with regard to the second species and adding appropriate
subscripts to each unsubscripted b, d and r, we derive the system
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dN1 blNl
—_— = - —d1N; | N 3.11
dt (Tl 1+ algNQ ! 1) ! ( a)
dNQ b2N2
— = — ==  —dyNs | N 3.11b
dt <T2 1+ as Ny 2 2) 2 ( )
where
r1 72
Ki=——, Ky= . 3.12
Y bt d 2T byt ds (3.12)

This is the model that we shall focus on throughout the rest of this paper.

Nﬁ“{-a\é__x'

/e

IR ATAr et o

=L

o8-

Yol e
-
i e

N2
PRERTETARS

P
FPPEPEPIANASN

06

04

A B N

E
-
AAAA A 2R

Sy

0.2

R“Q\:&‘S\)\\\,
!
ik
7
!

PA A
!
7
/
)

—
e

[ T RV ol ket o
=

Ly sy yuvyy W drwveee
sbl Vv N NAMNY LY Lo ]
Ly y NNy NyY VY ey
Py oy NN NNy Y L e

T

t

Y I B T

1.2

SE L v Y N NN Y e

=1
o

=
(=1
-]

Figure 3.1: Bent zero-growth isoclines with parameter values 11 = ro = by = by =
1, 12,91 = 0.9, d1 = d2 =0.5

Let’s find the non-trivial equilibrium point for this system. Consider equation (3.11a), by

setting % =0 we get
b1 NY
rn——————dN;y | Ny =0
(= g %)
so either
b1 Ny
Nf =0 ————— —d;N{ =0.
1 or Tl 1 + O[]-ZN; 1 1
We are looking for the non-trivial point, so we choose
b1 NY
r———————dN;y =0
T a2 N3 i

removing a factor of Ny, we obtain
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b
=N (e ) =0

1+ a1aN;
Since dq = %, we derive
2
% bl dl(l + algNé‘) —
"\1+ a1 1+ a12N;

N b1 + di(1 + a12Vy) .,
! 1+ a1oNg '

NF — Tl(l + a12N2*)
Vb + di(1T4 aeNg)

Similarly, we can use (3.11b) to find that

NF ?”2(1-}-0421]\71*)
27 by +da(1 4+ aNj)

Therefore, our non-trivial equilibrium point for the system (3.11a) - (3.11b) is

NN — ( r1(1 4+ a12N3) r2(1 4+ a1 NT) )
( 1» 2) - *\? * 9
b1 +di(1 + a1aN3) by + da(1 4 a1 NY)

as illustrated by the intersecting point of the two zero-growth isoclines in figure 3.1.

3.2.1 Confirmation of computational work through a worked example

We have the equation
«  ri(l4+aaNyg)
Vb +di(1 4 apNg)'

Let us confirm that the graph created from MATLAB is correct by inputting the following
parameter values r1 =ro =b; = by =1, aq2, 01 = 0.9, di = do = 0.5. We get

. 1(1+0.9N3)
L 140501 +0.9Ny)

by setting N5 = 0, we can find a numerical value for Ny

. 1(1+09x0)
17 1405(1+0.9x0)
_ 1

15

=0.6

by referring to figure 3.1 we see that the zero-growth isocline for N (displayed as a pink
line) crosses the Nj-axis at this value. We can show in a similar manner that the NJ
isocline will cross the Ns-axis at the same value.

This confirms our computational work.



Chapter 4

Delay differential equations

4.1 Introduction to delay differential equations

4.1.1 What are DDEs?

Delay differential equations (DDESs) are equations of the form

y'(t) = f(ty), y(t — n(t (1), y(t — ma(t, (1)), ) (4.1)

where the values 7;, ¢ = 1,2,--- are delays that are measurable physical quantities and
may be either constant, a function of ¢ or a function of £ and y itself. There are many
similarities between the theory of ODEs and that of DDEs and analytical methods for
ODEs have been extended to DDEs when possible. However, their differences have made
new approaches necessary [23]. Delays cause severe mathematical complications and by
the same token make a much richer range of phenomena possible [11].

4.1.2 Differences between ODEs and DDEs

An ordinary differential equation assumes that the effect of any changes to the system are
instantaneous whereas a delay differential equation takes past history into account when
dealing with such effects, ODEs generate a system that is finite dimensional, however DDEs
generates a system that is infinite dimensional. Also in terms of solving the equations,
ODEs require an initial value and DDEs require an initial function in order to determine a
particular solution. An advantage of DDEs is that they enable a more accurate reflection of
the system being modelled than ODEs, however the analytical theory is less well developed
in DDEs than ODEs. [23]

4.2 Why are DDEs useful in modelling?

When modelling using mathematics, we of course want to represent the real world as best
we can. With this in mind we notice that in some if not most situations, there is a time-
lag between the inception of an action and the resulting change. Even though ordinary
differential equations have been used as a fundamental tool of mathematical modellers for
a very long time. An ODE model formulation of a system does not take in to account the
presence of any delays. Formulation of a functional differential equation, which includes all
ODEs, DDEs, FDEs (fractional differential equations), etc enables both the current and
all previous values of a function and/or its derivatives to be considered when determining
the future behaviour of a system. This often leads to an improved model.

20
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Use of delays are sought in the modelling many situations, for example, in everyday
occurrences;

e Pressing the ’on’ button on a remote control = The television turning on
e Shower tap being turned = Water temperature change.

e Driver applying the brakes in a car =- Car physically slowing down
In biology, there are also many examples in which delays take place;

e Foreign cells in the blood stream =- White blood cells being produced

e Alcohol consumption = Consumer feeling the effects.

e Pain stimuli = Pain registering in the brain.

In our particular case, working with population dynamics. There are a large number of
cases in which a time-lag must be taken into account. For example

e Seeds being planted = Seeds growing into pollenating plants.
e Animals being born = Animals developing into adults capable of reproduction.

If acquisition of food caused immediate birth of fully mature adults instead of merely pro-
ducing eggs which develop into adults later on, then a system like f(N) = r (1 — %) would
be non-oscillatory. It would simply wander around its carrying capacity as a stochastic
logistic process. The time-lag 7 between appearance of eggs and adults is therefore fun-
damental to the observed process. However, whilst understanding the underlying biology
may be described as fairly easy, translation of these biological ideas into mathematical
equations is not so simple [31].

The size of the delay relative to the underlying time-scales influences the modellers decision
about the choice of model formulation. Systems for which a model based on a functional
differential equation is more appropriate than one based on an ODE can be referred to
as problems with memory. A delay differential equation model may also be used to
approximate a high dimensional model without delay by a lower dimensional model with
delay, the analysis of which is more readily carried out. This approach has been used
extensively in process control industry [23]

4.3 Constructing and solving the Verhulst-Pearl logistic equa-
tion

The following extract is taken from an MSc mathematical modelling coursework done by
A. Rowntree [34]. It shows an example of how delays can be added into a well-known
ecological model.

Definition 4 (Natural Period of a system). If the growth of a species in the absence of

regulation obeys the equation d]zlft(t) = rN(t) then the 'natural period’ of the system is %

In general if the feedback loop is longer than the 'natural period’ of the system, then large
amplitude oscillations will result. [31]
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Let’s construct a model to represent a situation in which the net growth rate per individual,
denoted by f(IV), is a function of the total population size N(t). Then the deterministic
rate of increase is represented by the equation

dN

= = NJ(V). (4.2)

Now when N is large d];(f\,v ) must be negative, since the larger the population becomes the

greater must be its inhibitory effect on further growth. The simplest assumption to make
is that f(V) is linear, that is

f(N)=r—sN (4.3)
for some positive constants r and s. Substituting (4.3) into (4.2) gives us

dN
= = N(r — sN), (4.4)

this is known as the Verhulst-Pearl logistic equation.

An alternative argument is to let r denote the intrinsic rate of natural increase for growth
(the rate at which a population increases in size if there are no density-dependent forces
regulating the population), and to let K be the carrying capacity. Then when N is near
0 and K we require f(N) to be near r and 0 respectively. So let’s consider

N
N) = 1-—= 4.5
s =r(1- %) (4.5)
which drops linearly as N increases. Substituting (4.5) into (4.2) we get
dN N
—=rN{(1-—=]. 4.
a ( K > (4.6)

Now let’s solve equation (4.6). Separation of variables yields

dN

w = rdt. (4.7)

We can use partial fractions to separate the LHS of (4.7)

AN A B
NO-9) O NT-D

giving all terms a common denominator gives us

(4.8)

N dN _A(l—%)Jr BN
N(i-%) NOl-%) NO-%)
N
dN:A(l—K)+BN
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Let N=0
= A=dN
N
o (1-Y)=0
dN
B=—.
K

So, substituting our expressions for A and B back into equation (4.8) gives us

AN N AN
N0 TN K-

therefore by (4.7), (4.9) becomes

(4.9)

dN AN
+——— =rdt. (4.10)
NOE@1-g)

Integrating both sides of (4.10), we get

/NdN+K/ ——dN = /
(

— )
%)
In(N) — —g>:?"t+0

using laws of logs on the LHS we get

N
In ((1_%)> =rt+C.

Taking the exponential of both sides;

where p = €©,

N
N = rt —_
- e ( K)

N
N = rt rt [ 25
ue pue < )

Rearranging further for N gives us our general solution of (4.6)
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rt

ue

rt
(1)
We can eliminate our constant of integration p by letting ¢ = 0 and N(0) = Ny be our
initial condition, this gives us

N(t) = (4.11)

No
= 4.12
=N (4.12)
Substituting (4.12) into (4.11) gives us a particular solution to (4.6)
N, rt
N(t) = 0 . (4.13)

(K = No) (1+ 256 )
4.4 Adding a delay term to equation (4.6)

Introducing a delay term 7 to equation (4.6) gives us

Lz; t(t) — N (1) (1 - N(tK_ T)> (4.14)

The delay differential equation (4.14) can now be used to model the dynamics of a sin-
gle species population growing towards K with a constant reproduction rate r; the term
(1 — W) denotes a density dependent feedback mechanism which takes 7 units of time
to respond to changes in the population density represented in the equation by V.

By a change of variables in the following manner; let N(¢t) = Ky(t), « = r7 and t = s,
(4.14) can be brought to an equation in the dimensionless form

dy(s

) (s 1) (1 + () (1.15)

where « is a positive constant that represents the ratio of delay to growth time [11, 9].

Equation (4.15) has been studied in depth by a number of authors, notably Kakutani and
Markus [15] and Wright [38]

This is a good example of how delays can be introduced to significant equations, we shall
take note of these techniques in the next chapter when we introducing delays to the model
(3.11a) - (3.11b).



Chapter 5

Introducing delays to the model
(3.11a) - (3.11b)

The next several chapters follows the work done by Joharee and Roberts [32], however,
we have elongated and elucidated proofs and methods used to provide a more thorough
explanation of the mathematics occurring’.

Considering the model (3.11a) - (3.11b)

dNy b1 Ny

s R (AL LS S R B
dt (T‘l 1+ a19N9 1 !
dN2 bQN2

2 (- 22 LN W
i (7“2 1T oo Vs 2 2> 2,

we can introduce a delay into the equations to reflect the idea that mutualistic effects on
the population are not realised instantaneously, the model now takes the following form

dN1 blNl

— = — —diN1 | N 5.1
dt (Tl 1+ o No(t — 72) L 1) ! (5-1a)
dNy bo N>

— = — — da Ny | N: .1b
dt <r2 1+ ag Nyt — 1) ? 2) > (5:10)

in order to obtain a specific solution, this model must be coupled with a pair of initial
functions;

Nl(t) = fl(t) for — 1 S t S 0, (5.2&)
Ng(t) = fg(t) for — T2 § t § 0, (5.2b)

where each initial function is differentiable over its domain and that its range be the set
of positive real numbers. In this chapter, we shall try to prove that the system (5.1a)
- (5.1b) displays asymptotic stability, however before we can do this we must prove the
following inequality is true.

"When studying this paper, a number of discrepancies in the form of typing errors were found, correc-
tions have been made for this dissertation.

25
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Lemma 5.1. If r1, T2, bl, bQ, dl, do € (0,00), 12,0921 € [1,00) then

120021 b1 bo (N N3 )
(1 -+ a12N2*)2(1 -+ Oégle)Q

< riry (5.3)

Proof. When finding the non-trivial equilibrium point, we ignore the delay aspect of (5.1a)
- (5.1b) as it has no bearing on our equilibrium. Hence we obtain the same point as the
system (3.11a) - (3.11b), we can refer back to Chapter 3 to recall the process of finding it.
Recall that

[ (NT,NQ*) _ < 1 (1—{—0[12]\72*) 9 (1—|—0521Nik) >

bi +di (14 a1aN3) by + da (1 + a1 NY)
Note that multiplying Ny by N3, we get

172 (1 + OélgNQ*) (1 + alel*)

NIN; = 5.4
VU2 by + dy (1 4+ a1aNg)) (bg + da (14 g N})) (54)
and solving for 179 gives us
NN (b +dq (1 N3)) (bg +da (1 Ny
S—— 5 (b1 +di (14 c12N3)) (b + da (1 + o 1)) (5.5)

(14 a12N3) (1 + a21NY)
Since by, by, di, d2 € (0,00), a12,a21 € [1,00) and (N7, N3) # (0,0) it is clear to see that

b1 < b1 +dy (1 + 0412N5) and by < by + do (1 + OéglNl*) , (56)

therefore it follows from (5.6) that

12091 b1ba (N7 N3 )2
(1+ a12N3)2(1 + a1 Ny)?

a1 (b1 4 dy (1 + 01aN3)) (by + da (1 4 aa1NY)) (Nf N3)?

5.7
(1+a12N2*)2(1+a21N1*)2 ( )

is true. For the sake of simplicity let

o _ 212021 (b1 +di (14 a1aN3)) (b2 + da (1 + a1 NT)) (NF N3)?
(1 + a12N3)?(1 + a1 Ny)? ‘

Therefore by substituting the value for Ny N5 from equation (5.4) into the RHS of (5.7)
we get

o— <a12a21 (b1 +di (1 + a12N3)) (b +do (1 + 0421Nik))>
(14 a12N5)?(1 + a1 N7)?

< 7179 (1+CM12N2*) (1 +0421Nf> >2
(b1 + di (1 + a1aN3)) (b2 + d2 (1 + a1 NY))
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which simplifies to the single fraction

Q19021 (7’17‘2)2 (1 + Oé12N2*)2 (1 + agle)2 (bl + dl (1 + algNé‘)) (bg + dg (1 + 0121Nf))
(14 a12N)2(1 4+ agi N2 (by + dy (14 a12N3))? (by + da (1 4 ag1 NF))?

0=

cancelling gives us

2
12021 (T1T2) (5 8)

Q-
(b1 +di (1 + a12N3)) (be + da (1 + a21NY))

removing 1 x riry from (5.8) we get

o— Q120217172 (r1r)
(b1 + di (1 + a1aN3)) (b2 + d2 (1 + a1 NY))

(5.9)

we now replace the rirs that has been taken out of the fraction with the expression for
riro found in equation (5.5);

o=

< Q1200217172 >
(b1 + di (14 a12N3)) (b2 + da (1 + a21NT))

« <NikN§k (b1 +d; (1 -+ O£12N2*)) (b2 + dy (1 + agle))>
(I 4+ a12Ng) (1 4+ a1 NY)

cross-cancelling gives us a more simple fraction

041204217“11"2]\7ng
(1 4+ a12Ng) (14 a1 NY)

o=

that can be rearranged to

0412N2* Ozlef
0= r17r9 - ¥ |-
1+ 0412N2 1+ 0621N1

Now, since we know that

Q12,091 € [1,00) and (N{, N3) # (0,0)

this implies that

N3 N
14+ a12N; 1+ a1 Ny

Therefore it is clear to see that
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Oélgazlblbg(NfNék)2 . 0412]\7; OéQlNik
o g — T2 " -] <Trire
(1+0412N2) (1+a21N1) 1—|—O¢12N2 1+a21N1
holds true, hence the proof of the lemma (5.3) is completed. O

Next, let’s introduce some preliminary to characteristic equations and stability theory.

5.1 Preliminaries

5.1.1 Characteristic equations with regard to delays

Characteristic equations are used in the process of determining a system’s stability. Through-
out the remainder of this chapter, we will notice that the characteristic equations for the
delay model differ to those of our ODE model. It is mentioned by Kuang [17] that as
with linear ODEs, stability properties of linear DDEs can be characterised and analysed
by studying their characteristic equations. For example, the characteristic equation for
2'(t) = ax(t) +bx(t—7) is A—a—be 7 = 0. The roots ) of the characteristic equation are
called characteristic roots. Notice that the root appears in the exponent of the last term
in the characteristic equation, causing the characteristic equation to possess an infinite
number of roots [18]. We shall use this information when determining the asymptotic
stability of our delay model.

5.1.2 A note on asymptotic stability
It is written in Braun (1993) [4] that

”...suppose a vector-valued function

g(z) g(z)
lzl] — max{|z1],...|zal}

is a continuous function of x1,...x, which vanishes for x = 0. Then, the equilibrium
solution z(t) = 0 of % = Az + g(x) is asymptotically stable if the equilibrium solution
z(t) = 0 of the linearised equation Cfi—f = Az is asymptotically stable. Equivalently, the
solution x(t) = 0 of g—f = Ax + g(x) is asymptotically stable if all the eigenvalues
of A have negative real part....”

Now, we are not interested in linearising our system, so let’s focus on the second part of
this text which is on bold. We can now state and prove the following stability theorem.

5.2 Stability of the DDE

Theorem 5.1. Assume that 71, ra, b1, ba, d1, d2 € (0,00), 12,91 € [1,00). Then the
positive steady state E = (N7, NJ) of the delay differential system (5.1a) - (5.1b) with
initial functions (5.2a) - (5.2b) is asymptotically stable
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Proof. Recall again that our on-trivial equilibrium point is

71 (1 + a12N2) 2 (1 4 a21N7) )
bi +di (14 aiaN2) by +dy (1 4+ a2iN1) )~

Let us construct the Jacobian matrix (see Appendix A) of our system (5.1a) - (5.1b).
Firstly by defining the new functions f> and go as

B=vi.ng) = (

AN, b1 Ny N NN
dt (Tl 1+ aaNo(t —15) 1> 1= f2(N, )
AN, by Ny N N
dt <T2 l+auN(t—7) - 2) 2= g2(N1, o)

Next we calculate the following partial derivatives 8871]\6721’ g—]@ , g—]g\?l and g—]“{é that shall

become the elements in our Jacobian matrix

O Of
g_ | ON1 0N,
99> 992
ONy ONs

Firstly, for g—]]\cfl and g—]%i

df2 0 b1 Ny
I B — —diN1 | Ny |.
8N1 8N1 ( (Tl 1+ 0512N2(t — 7‘2) ! 1> 1)

Using the product rule?

8f2 < b1 ) < blNl )

= —dy | N1+ — —d1N1 ) x1
ON, T+anNyt—m) ) T\ T T aphit-—n)

by
=r; — 2N, +d
" ! <1—|—0412N2(t—7'2) 1>
hence

ofs bi +di (1 + aiaNa(t — m2))
—= =r; —2M .
ON, 1+ a1aNo(t — 72)

Similarly we can show that

992 _oN <52+d2(1+0121N1(t7'1))>.

8N2 - 1+O[21N1(t—7’1)

Of2 992
Next, for Ny and N, we have

of 0 b1 N1
m‘m((” T+ anaNa(t — 72) le1> N1>
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Using the product rule

dfa 3, 1 b1 N1
92 _(g_pN ~0)N - — N
ON> ( AN, <1+0412N2(t—72)> > 1+<r1 L+ aiaNa(t — 72) o 1>X0
df2 o O 1
—= = - N
oN, — T ON, <1+0612N2(75—72)>

removing constants from the differential gives us

0fs

1 0
—Z = _pN?(— < > X No(t —
N, 1NV7 (—au2) L+ oMot — 7)) N, 2(t — 1)
N Ofy a12b) N? )

= X No(t — T
ON2 (14 apNy(t —7))2 ~ ONa 2(f = 72)
hence

Ofa _ av12b1 N{ am
8N2 (1—}—0&12]\[2@—7’2))2
Similarly we can show that
092 Qo1by N2 oA

N1 (14 anNi(t — 7))

So, our Jacobian matrix takes the following form

r — 2N (b1+d1(1+a12N2(t—7'2))>
J =

alzblNIQ
14+a12N2 (tf‘l'g)

—A\T2
(1+O¢12N2(t—7'2))2 €

2
0421b2N2

—A\T1
(4o N1 (I—1))2 €

bo+dz (14021 N1 (t—71))
rg — 2No ( 2 11(121]\2/11(,5171) : )

Now, we can construct the Jacobian matrix of the system evaluated at our equilibrium
point E = (N7, N3);

bi+di (14+a12N3) anbi (N7)*
ri — 2N} () rerowrve Ll
Ty — 1 12+C¥12N2 (1+cx12N2*)2
anb2(N3)" _xmy

(1+O¢21N1*)2 T2 2N2 ( I+azi Ny
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The diagonal elements in the matrix Jg can be simplified as follows

r_ ON* b1 + dy (1 +O£12N2*) 9 by + dy (1 +a12N§) 1 (1 —l—OélgNg)
! ! 14 a1aN3 ! 1+ a12N3 b1 + di (1 4+ a12N2)
=7ry —2r]
= —7’1
and
o O\ <b2—|—d2(1—|—a21Nf)) 9 <52+d2(1+0¢21Nf)> < ro (1 + a1 N7) )
2 2 1+ ag Ny 2 1+ a1 Ny by + da (1 4+ a1 N1)
=T9 — 27"2
= —T9.

So our the Jacobian matrix of the system evaluated at the equilibrium point £ now looks
like

o ()7,

- 2
Jp = . (14er2N) . (5.10)
ania(N5) s )
(1—‘,—0421]\]{‘)2
Using
rL— A alel(Nf)z e~ A2
e e
(Jp — M) = 2 (1a12Ng) , (5.11)
ot an
(1+a21N1*)2

we can now find our characteristic equation by
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det (Jg — M) =0

—ry— A
" (1+a12N2*)
= det =0
ot an
(l—l—aglNik)
by (N7)? by (NZ)?
S (5 IS W By et NGO PSS LR I L ACL DS
(14 a12N3) (1+ a2 Ny)
biby (N#)* (N3)?
N )\2 i (7"1 4 ’["2))\ ¥ riry — 1202101 22( 1) ( 2) 267)\(T1+7'2) — 0’ (512)
(14 a12N5)" (1 + a1 NY)
which, for convenience we shall write (5.12) as
M4 AN+ B - Ce™ M =0, (5.13)
where
A=7r1+19 (5.14)
B = T17r9 (515)
K2 [ ATy 2
_ _u2021b1by (NT)™ (N3) (5.16)
(1+ 012N3)* (1 + az Ny)?
T =11+ 7. (5.17)

Our equilibrium point F is asymptotically stable if the roots of the characteristic equation
(5.13) have negative real part?.

Substituting A = x + iy into (5.13) gives us

(x+iy)? + Az +iy) + B— Ce @t —

which expands to

2%+ 2ixy — y* + Az + Aiy + B - C (e cos(yT) — ie”"T sin(yr)) = 0. (5.18)

Separating real and imaginary part of (5.18) yields the following two equations

31t is well known that if the characteristic equation associated with a linear neutral equation has roots
only with negative real parts, and if all the roots are uniformly bounded away from the imaginary axis,
then the trivial solution of the linear neutral equation is uniformly asymptotically stable [17]. We also
refer back to our preliminary at the start of this chapter.



CHAPTER 5. INTRODUCING DELAYS TO THE MODEL (3.11A) - (3.11B) 33

Real = (2? —y?) + (Az+ B) = Ce " cos(yr) (5.19)

Imaginary = 2xy + Ay = —Ce™ " sin(yr). (5.20)

Squaring and adding (5.19) - (5.20) we get

( (:L’2 — y2) + (Az + B) )2 + (2zy + Ay)? = (Ce™™T Cos(yT))2 + (—Ce™™" sin(y7’))2

which expands to

ot — 2% + 3A+ 2B — 22+ oyt — 2P A — B+ 23 A — ayP A+ 2? A% + 2AB
+2°B — y*B + 2AB + B? + 42%y® + 2Axy® + 2Axy® + A%y?

— C?e 2% (cosQ(yT) + SinZ(yT)) =0.

Simplifying terms gives us

2+ 22022 oyt + 2? A%+ 20 A+ A%y? — 2y’ B+ 203 A+ 22’ B+ 20 AB+ B — C?e %7 =0

which can now be factorised into the following equation

2
(a:2 + y2)2+x2A2—|—y2 (23:/1 + A% — 2B) +2zx (sz +zB+ AB)+B2 (1 — 2262”> =0.

(5.21)
Using our Lemma (5.1), we have the additional information that
aigazbiba (Ny N3)?
0< <rr
(14N (A +anNp)2 =2
that is
0<C<B (5.22)

It is also clear that AB > 0 and A2 — 2B > B. If we assume that x > 0 then (5.21) is
only satisfied if x = y = 0 and B = C. This contradicts (5.22) and so x = Re(\) < 0.
Therefore we conclude that every root of the characteristic equation (5.13) has a negative
real part and hence asymptotic stability of the equilibrium point E is confirmed. This
concludes our proof. ]

Asymptotic stability of this system is not conditional on the delay, to show this we shall
determine stability of the underlying ODE without delays.
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5.3 Stability of the underlying ODE

Setting the delays 7, 2 = 0 we can confirm asymptotic stability of the underlying ordinary
differential system in a similar manner, we have the system of equations f3 and g3

avy _ (b
dt !

dNs B boNo
di 2

with equilibrium points

1 N 1 N
E:(Nf,Ng):< r1 (14 a12N?) ro (1 4 ag1 V1) )

b1+ di (14 a12N2) " ba + da (1 + a1 Ny)

Again, calculating the following partial derivatives g%:”l, g—@ , g—ﬁ’l and g%, as before

df3 b1 +di (1 + aj2N2)

—= =1y — 2N

0Ny " ! < 1+ 12N>
similarly,

893 — o _ 9N by + do (1+a21N1)

8]\72 2 2 1+ Oz21N1 (t

calculating g—J{g is slightly different as there is no delay term to differentiate,

Ofs 0 b1 N1
Jo Y - —d{Ny | Ny .
ONy  ONs < <r1 1+ 12Ny i 1) 1)

Using the product rule we get

af?) 0 1 b1N1
. = (00N ~0)N - —diN1 ) %0
ON> ( L ON> (1—!—0412Ng) ) 1t (Tl 14+ a19Ng ! 1) x

P 1
= —b N? .
AT <1+a12]\72>

Using the chain rule, we arrive at

dfs _ a12b) N?
ON> (1 + 0412N2)2
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and again, we can show that

dg3 _ o1by N2
ON1 (14 agNp)?

The Jacobian matrix takes the following form

. b1+di(1+a12N2) ai12b1 N2
J = 1 2N1 ( 1+ai2N2 (1+a12N2)2
a21by N2 . ba+da (1421 N1)
(1+a21N1)2 2 2N2 14+a91 N1

which, when evaluated at our equilibrium point simplifies to

arabi (N7)?

(ranans) (5.23)

We can hence find our characteristic equation by
det (Jg —AI) =0

ai12by N2

_Tl - )\ (1+a12N2)2 _ 0

= det
a21b2N22
(1+a21N1)?

£\2 *\2
= [N+ (r1+ro)X+mrre | — c12b1 (N7 5 ozbs (N5) 5] =0
(1—|—C¥12N5) (1—|—0421Nik)

1901 b1by (N7)? (N3)? _
(1+ a1aN3)? (1 + ag Np)?

—TZ_)\

= A+ (r1 +ro)A+rire —

which can simplify to

M4+ AN+ (B-C)=0 (5.24)

where
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A=r1+r
and
N2 (N3)?
B—C =iy — aj20i01b1b2 (N7)” (N3)

(14 a1aN3)? (1 + an NF)?'

We can now solve our characteristic equation by using the quadratic formula. So we get

_ ~A+ /A2 -4(B-0C)

A 2
which yields two solutions
- —~A+./A2-4(B-C)
b 2
and
~A—\/A2-4(B-C)
Ay = .

2

To confirm asymptotic stability of the system, we must show that the real part of X is
negative i.e. to show that the real parts of both solutions A\; and Ay are negative.

Now, consider the discriminant?, let’s call it A, if A > 0 then there exists no imaginary
part in the solution. So let’s show this; We know that A, B,C > 0 and that B > C

A=A?-4(B-0)

biba (NF)? (N3)?
= A:(T1+T2)2—4<T’1T2— Q12021 12( 1) ( 2) )

(14 a1aN3)? (1 + ap N})?

arzao1biby (N7)? (N3)?
(14 a12N3)? (1 + ag N3)?

= A:rf+2r1r2+r§—4nr2+4

1200210102 (NT)Q (NQ*)Q

= A=7r2—92rro+r2+4
! 2T (14 a1aN))? (1 + g Nj)?

a12a21b1by (NY)? (N5)?
(14 a12N5)? (1 + a1 N7 )?

= A:(T1+T2)2+4

A > 0.

4The discriminant of the quadratic formula is b? — 4ac that is under the square root sign.
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Now that we know A > 0 then of course VA > 0, so it is clear to see that Ao < 0. Next
is to show that A\; < 0, which is essentially to show that

0>—-A++/A2—4(B-C). (5.25)
We know that multiplying the RHS of (5.25) by % will make no change to its sign. So,

0>—-A++/A2—4(B-C)

A>\/A2—4(B-C)
A?> A% - 4(B-0)

0>—-4(B-C)

which holds true since B > C'. Therefore A\; < 0 hence A < 0 which of course implies that
Re()) since A has no imaginary part. Asymptotic stability is now confirmed for our delay
system in the special case of 71,75 = 0.



Chapter 6

Discrete time models

6.1 Introduction to discrete time models

6.1.1 What is a discrete time model?

function

time

Figure 6.1: Graph showing continuous behaviour (red) compared with discrete behaviour
(blue) of an arbitrary function of time

Dealing with discrete time is to think of time as occurring at distinct, separate points.
The idea that time jumps from once point to the next is considered as opposed to the idea
that time moves in a continuous manner. We can take the often used example of clocks
to visualise this concept better, many analogue clocks have the minute and the hour hand
moving around the face in a slow continuous circular motion whereas a digital clock will
jump from say, 19:59pm to 18:00pm; each minute in the digital clock is a discrete time
period. See figure 6.1 for an illustrative example of continuous behaviour versus discrete
behaviour.

6.1.2 Why is a discrete model necessary in modelling population dy-
namics?

Often in nature, births of organisms occur during regular ’breeding seasons’ that are mostly
very specific. For example, many insects will reproduce during their lifespan and lay their
eggs before they die. This leaves a period of time between generations.

38



CHAPTER 6. DISCRETE TIME MODELS 39

Most models are considered to have a constant environment, meaning the model is assumed
to be autonomous, that is, all biological and environmental parameters have been assumed
to be constants in time. However, this is rarely the case in real life, because many of
these parameters do in fact vary in time (naturally subject to seasonal fluctuations for
example). When this is taken into account, a model must be nonautonomous. This is of
course, more difficult analyse in general but in doing so, one can take advantage of those
varying parameters [8]. It has been argued by Freedman [10] that the discrete time models
governed by difference equations are more appropriate than the continuous ones with the
populations have non-overlapping generations.

6.2 Discretising our mutualism model (3.11a) - (3.11b) using
piecewise constant arguments

Let’s start by proposing discrete analogues of the model (3.11a) - (3.11b) and use an
approach described and applied in the work by Fan and Wang, 2002 [8]. In order to do
this we take the system (3.11a) - (3.11b) which we recall after dividing both sides by N;
and Ny respectively looks like;

1 dvV; b1 N1 (t)
LA S E SO N AT
Nl(t) dt n 1+0412N2(t) ! 1()
1 AN, by No (t)
— =19 — ————2— — dyNo(1).
No(t) dt 2T TtamNi(t) 2 2(t)

We are going to discretise the RHS such that it takes the following form

1L dhy o uN(E) .
M) dt ' T+ N (f) di N1 ([t]) (6.1a)
1 dNp _ - ba(lt])
M@ d " Tranny el (6.1b)

where [t] represents the integer part of ¢, ¢ € (0,00). Equations of the type (6.1a) - (6.1b)
are known as differential equations with piecewise constant arguments and these equations
occupy a position midway between differential equations and difference equations [32].

On any interval [k, k + 1], £k =0,1,2,..., we can integrate (6.1a):

Po1odNy(t) [P ANy [t A
- /kNl(t) a " kNl(t)_/k: <” 1+ o Na([f) lel(W))dt
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CANL [N
—/k 1dt /k [t])dt /klel([t])dt

M) E A
L (Nl(t))]; _ [rlt}z _ [%t]; - [lel(k)t};

= In(Ni(t)) — In(Ny(k)) = [(ﬁt) - (Tl’f)} - [<mt> B ((%k»]

— | @NR)) ~ (MR |

b1 N1 (k)

= In(Ni(t)) —In(Ni(k)) =ri(t — k) — m

(t —k) — diN1(k)(t — k)

we can use the laws of logs to rewrite the LHS and take out a factor of (¢ — k) on the RHS
to obtain

Nl (t) blNl (k’)
1 = ———— —d1Ny(k) ) (t — k).
! <N1(’f)> (Tl L+ anNy(k) k) J =)
Taking exponentials of both sides yields

Ni() _ (-2 - ®) )

Ny (k)

we can now multiply both sides by Nj(k) to give us

Ni(t) = N (e (1~ TP 0 ) 1)

By letting ¢ — k + 1, we obtain the discrete analogue of (3.11a) - (3.11b):

(k)

Ny(k+1) = Nl(@e(m%*dﬂwk)) (6.2a)
(k)

No(k+1) = Ny(k)e2 - it —daNa(®) (6.2b)

We can also show, very similarly, that we can construct a discrete model with delays in
the effect of mutualistic reactions represented as follows

by Ny (k)

Ni(k+1) = Nl(k)e(“_m—dﬂ\h(k))

bo N (k)

N2(k + 1) = NQ(k)e(mi1+0421N1(7€*7'1)7d2N2(k))
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The discrete systems also possess a nontrivial equilibrium point and this point coincides
with that of the continuous model from which they are derived. So, by setting Ni(k+1) =
Ni(k) = Ny in (6.3a), and ignoring any points where one or more species are extinct,

by Nq (k)
Nl (k + 1) = Nl(k?)e(rli1+O¢1;N12(k*72)7d1N1(k)>

gives

*

by N}
N — e (nm D)
1 — 1

__WNT
N 126(“ TraaNg d1N1))

we can take natural logs of both sides to obtain

by N}

In(l)=r; - ——
(1) ! 14 a1a2N3

— AN}

* by
> 0=n-0 (g )

s +d1(1+a12N§‘)
=N
" ! ( 1+ a12N3

" 7‘1(1 —|-0412N2*)

V7 b+ di(1+ aeNg)'

Again we can similarly show that by setting Nao(k + 1) = Na(k) = N3 in the (6.3b), we
can find N3 and obtain our equilibrium point for the discrete model;

7’1(1 + 0512N2*) 7“2(1 + Ozgle) > (6 4)

E = (N*, NI)= :
(NT, N2) (bl+d1(1+a12N2*) by + da(1 + a1 NT)

Now, let’s evaluate the Jacobian for the delay model at this point. Next, consider (6.3a)
b1 N
Ji(V1, Ng) =y iy —)

Using the product rule

af4(N17 N2) 9 ( ) b1 Ny lel) 8 ( ) b1 Ny lel)
- - Z — 1+aq9 N (N ) 1+aq9 N
] —Nl X N1 e 12N2 —+ N1 1] Xe 12N2



CHAPTER 6. DISCRETE TIME MODELS 42

Using the chain rule for the first term

DANLNY _ (b ( 4 0sNe)Y (o (i) | (oo (i)
ON; 14 a12Ny

Substituting in our value for Ny

8f4(Nf,N2*) :_< 7’1(14—&12]\75) > <bl+d1 (1+0412N2*)> y
0N, b1 +di(1+ a12N3) 1+ a1aV5

. r1(1+a1aN3) by+dy (1+a12N3)
e 1 b1+di (1+a12N3) T+ajoNg

. r1(1+aaN3) by+dy (1+a12N5)
+e 17\ br+d (a2 N3) 1+aiaNg

which cancels down to

9fs(N{, N3)

= 1T p 1

0Ny
= —’1“160 +¢°
=-r1+1
=1~ r1,
similarly, we can show that
0g4(N7{, NS
g4( 1 2) -1— ro.

ON>

Next, we compute the remaining two elements of J

b1 N
f4(N1a NQ) :N:le(rl_ﬁ_dl]\[l)
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using the chain rule

Ofs(Nu, No) _ y (n-miagig =) (g o 9 !
ON, ONy \ 1+ a1aNo(k — 72)
Ny -1
:N16< 17 TFa 5Ny d1N1) (—blNl X 8?\[2(1 + algNQ(k — TQ)) )
2 ( T — A d1N1) _ 0
:b1N1 e 1+a12N2 (1 + O£12N2(k - TQ)) a9 X BT (Ng(k — 7—2))
2
= on2b Ny 6(7‘1714:7&1]\;1\72 *d1N1> X —— 0 <N2(k - T2>>
(14 a1aNy(k — 7))? Ny
B a12b1 N? 6(7’1 N1 7b1+§l}r(;f2aj\1,§]v2))>\772
(1+O¢12N2(/€—7‘2))2 ’
hence

N )2 r1(1+a1aN3) b1+dy (1+a1aN3)
8f4(N1 ) N2) _ O£12b1 (Nl) 6(7“1_(b1+d1(1+a121\r§)) ( 1+aig N3 )) AT T2
ONy (14 a12N3)?

the exponential term cancels down to

Ofs(N{,N3)  a1zbi (N})?

(7"1*7“1))\*7'2
= e
ON (14 a12N3)?

_apb (N])? O)\—T2

(1+ a1aN3)?

therefore

Ofas(N{, N3) _ caabr (N})?
0Ny (1+ a1aN3)?

—T9

We can show in the same manner that the final element is

0ga(NY,N3) _ amby (N3)”
0Ny (1 + OéglNik)Q

thus our Jacobian matrix looks like

—T1
)
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aishi (N0)* |,

1—
Ti = Ll (65
0621b2(N*)2 _
2/ 3 AT 1-— 9
(1—}—0421]\71*)

Before we state our characteristic equation for this matrix, let’s introduce some new ideas.

6.2.1 Preliminary

The following preliminary is from the work done by Elaydi [7]
Consider the kth order equation

z(n+k)+pizn+k—1)+pn+k—2)+ -+ Px(n)=0 (6.6)

where the p;’s are real numbers.

The zero solution of equation (6.6) is asymptotically stable if and only if |A\| < 1 for
every characteristic root A of equation (6.6), that is for every zero of the characteristic
polynomial

p(A) =N p N (6.7)

We present the Schur-Cohn criterion which defines the conditions for the characteristic
roots of equation (6.6) to fall inside the unit circle . Hence, this criterion is also a criterion
for asymptotic stability.

Definition 5 (Inners of a matrix A). The inners of a square matrix A are the matrix
itself and all the other matrices obtained by omitting successively the first and last rows
and the first and last columns. For example, the inners for the following matrices are
highlighted

ail a2 ais

Asxz = | a2 a3

az1 asz2 as3

aip a2 a3 a4
az1 | Q22 a23 | 24
a1 | 32 asz3z | a34
a4q1 Q42 G43 Q44

Asxa =

a1 a2 G13 a4 as
agi | age a3 a4 | azs
Asws = | a31 | asz | asz | ass | ass
asq1 | Q42 Q43 Q44 | Q45
as1 as2 G53 as4 455

Definition 6 (Positive Innerwise). A matrix A is said to be positive innerwise if the
determinants of all of its inners are positive.
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Theorem 6.1 (Shur-Cohn criterion). The zeros of the characteristic polynomial (6.7) lie
inside the unit circle if and only if the following hold:

1. p(1) >0,
2. (=1)kp(~1) >0,
3. the (k — 1) x (k — 1) matrices

1 0 .- 0 0O 0 - i

D1 r - 0 0 N B
+ . ) . i
Ak71 = Sl : :
Dk—3 0 p D3
Pk—2 Pk-3 -+ p1 1 Pk Pk—1 " D3 D2

are positive innerwise.
Ezxample 6.1. Consider the equation

z(n+2)+pix(n+1)+pax(n) =0 (6.8)

Its characteristic polynomial is given by

p(A) = N+ p1d +po.

Let us attempt to discover the conditions which make the zero solution of equation (6.8)
asymptotically stable. Using the Schur-Cohn criterion (see Theorem 6.1), we require

p(1)=1+pi+p2>0
and

p(=1) =1—p; +p2 > 0.

This implies that 1 + ps. From condition 3 we stipulate that 1 — ps > 0 or p < 1.
Thus a necessary and sufficient condition for the zero solution of equation (6.8) to be
asymptotically stable is

1. 1+p1+p2 >0,
2.1=-p1+p2>0,

3. pa <1

See [7].

We shall use this information when determining the stability of our discrete model of
mutualism. We notice that the Jacobian matrix (6.5) leads to a characteristic polynomial
of the form

A2 QAT L R -5 =0 (6.9)
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where

Q=2—(r1+r2),
R = (1 — 7'1)(1 — 7’2),

20210102 (N1*N2*)2
(14 a1aN3)? (1 + ap N})?

-7
)

T =11+ To.

We focus on the special case, 71 = 70 = 0 of our derived model and show that this model
corresponds to a different stability region to that of (3.11a) - (3.11b). For the non-delay
case, our characteristic equation becomes

>\O+2 . Q}\O—i-l + R)\O - S=0
which can be more simply written as

N—QA\+R-5=0

where

QZQ—(T1—|—T‘2),
and
a120101by (NFNZ)?
(1 + 0512]\[;)2 (1 + OéglNik)Q

We notice that Q = 2 — (ry + o) is equal to the trace! of J. We also notice that the
determinant of J is equal to R —S. So, with this information at hand we can re-write our
characteristic polynomial as a quadratic in the form

R*S:(].*Tl)(].*TQ)*

A2 — Tr(J)X + det(J) =0 (6.10)

where
Tr(J) =2— (r1 +r2),

and

1200210162 (NfNék)Q

det(J)=(1—r1)(1 —ry) — i auN;)z 0+ 0421N1*)2‘

We can now prove the following result:

!The trace of an n X n square matrix A is the sum of the leading diagonal elements of A i.e. Tr(A) =

n
§ A5
i=1
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Theorem 6.2. Assume that ri,79,b1,b2,d1,da € (0,00), 12,01 € [1,00). Then the
positive steady state £ = (N7, Nj) of the discrete system (6.2a) - (6.2b) with initial
conditions N1(0) > 0, N3(0) is asymptotically stable providing that
P
2+§ > (r1+m) > (6.11)

where

1200210162 (Nl*Nz*)Q
(14 a1aN3)2 (1 + ag N;)?

(I):’l“l’l"g -

Proof. 1t is stated (see preliminary section earlier) that, for asymptotic stability of a second
order system we require the following conditions to hold

1. 1+ Tr(J) + det(.J) > 0,
2. 1—Tr(J) +det(J) >0,
3. det(J) < 1.

Let’s prove the first condition. Using our identities for Tr(J) and det(J) we get

1202101 b9 (NfNék)Q
(14 a1aN3)? (1 + ag N7)?

14+ Tr(J)+det(J) =1+2—(r1 +72) + (L —71)(1 —rg) —

19091 b1by (N3 NZ)?
(14 a1aN3)? (1 + ag N})?

:1+2—7’1—7°2+1—7’1—7'2—|-7‘17'2—
:4—2(7“14-7“2)4-@

with ® as stated in the theorem. Let’s assume that this is greater that zero, we get
4—2(T1+T2)+(I) > 0.
Dividing both sides by 2 yields

(0]
2—(T‘1+T2)—|—§>0

which can be rearranged to

P
2+§><7’1+T2)

which we know is true from (6.11). Hence, the first condition holds.

For the second condition, using our identities for Tr(.J) and det(J) we have
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120021010y (NTN2*)2
(14 a12N3)? (1 + ag N7)?

1—Te(J)+det(J)=1—[12—(r1 +r2)]+ (1 —r1)(1 —re) —

Q20210102 (NfNék)Q
(14 a1aN3)* (1 + ap NF)?

=1—-24ri+r9+1—ry —r9+rirg —

120021010 (NTN2*)2
(14 a12N3)? (1 + ag N7)?

=T1r9 —

by lemma (5.1) we know that

a19a91b1by (NFNZ)?

riry >
(14 a12N3)? (1 + ag N3)?

hence it is clear to see that

a1202101by (NFNG)?

>0
(1 + OélgNék)Q (1 + aglNik)z

rr2 —

is true, thus proving our second condition.

Finally we shall prove our third condition. Using our identity for det(.J), consider

1—det(J)=1-— ((1 )1 =) — Q1200210102 (N1*N2*)2 )

(14 a1aN3)? (1 + an N})?

05120421511)2 (NikNQ*)Q

:1—(1—7‘1)(1—T2)—|—
(14 a1aN3)? (1 + an N})?

Q12091 b1bg (N N3 )?
(14 a12N3)? (1 + ag N7)?

=1-(1—=r—ra+mrry)+

1200210102 (Nisz*)Q
(14 a1aN3)? (1 + an N})?

=ry+reg—rire+

a1202101by (NFNG)? )

=Tr1+re—|rmr2 —
( (14 a1aN3)? (1 + ap N})?

=ri+rg—®

by (6.11), we know that

r+re>d
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therefore, it is clear to see that

rm+rg—P>0
hence

1 —det(J) >0
l.e.

det(J) < 1.

So our third and final condition holds, thus proving the theorem and confirming asymp-
totic stability for the system (6.2a) - (6.2b).

6.3 Numerical Methods

6.3.1 Introduction to Numerical Methods

It is very often not possible to solve differential equations analytically, take the following
initial-value problem for instance

y/(t) - f(ta y)7 y(tO) = Yo- (612)

Therefore, in order for such differential equations to have any practical use to us, we must
devise ways of obtaining accurate approximations of the solution y(¢) of (6.12). Now,
there’s no way we could approximate a function on an entire interval tg < t < ty + a
since this would require an infinite amount of information. However, what we can do
is approximate values yi,y2,...,yn of y(t) at a finite number of points t1,ts,...,tN to
obtain an approximation of y(t) on the entire interval to <t < to+ a [4].

6.3.2 Euler’s Scheme

The following construction of Euler’s scheme is heavily based on a similar construction
taken from Braun [4]. Let §(¢) be the function whose graph on each interval [t;, t;11] is the
straight line connecting the points (¢;,y;) and (t;41,¥i+1) (see Figure 6.2), we can express
y(t) analytically by the equation

. 1
u(t) = vi + E(t —t)(Yir1 —¥i),  ti <t <t
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(to,%0) (t2,92)

Figure 6.2: Graph showing the comparison between ¢(¢) and y(t)

If g(t) is close to y(t) at t = t;; that is, if y; is close to y(t;), and if ¢;41 is close to t;, then
g(t) is close to y(t) on the entire interval ¢; < ¢ < t;41. This follows immediately from
the continuity of both y(t) and g(¢). Thus, we need only devise schemes for obtaining
accurate approximations of y(t) at a discrete number of points t1, ¢, ..., ¢ty in the interval
to <t < tg+a. For simplicity, we will require the points t1,¢2, ..., N to be equally spaced.
This is achieved by choosing a large N € Z and setting t,, = to + k (%), n=12,...,N.
Alternatively, we may write t,411 = t, + h where h = .

Now, the only thing we know about y(t) is that it satisfies a certain differential equation
(i.e. (6.12)), and that its value at t = ¢ is yo. We shall use this information to approximate
a value for y; of y at t = t; = tg + h. Then, we will use the approximation y; to find an
approximate value for ys of y at t = to = t1 + h and so on. In order to accomplish this
we must use a theorem which enables us to compute the value of y at ¢t = t,, + h from the
knowledge of y at ¢t = t,. The theorem we shall use, is Taylor’s Theorem,

2 2
y(tn +h) = y(tn) + hdyc(;”) + % d Zg”) I (6.13)
Thus, if we know the value of y and its derivatives at ¢t = t,, then we can compute the
value of y at t = ¢, + h. Now, y(t) satisfies the initial-value problem (6.12). Hence, its
derivative, when evaluated at ¢ = ¢, must equal f(¢,,y(t,)). Moreover, by repeated use

of the chain rule of partial differentiation (see Appendix A), we can evaluate
d*y(t,) _[0f  ,Of
= tn, Y(tn
72 at Ty (tn, y(tn))

and all other higher-order derivatives of y(t) at t = t,,. Hence, we can rewrite (6.13) as an
equation in the form

+f

o[RS RS (A Y0

The simplest approximation of y(t,+1) is obtained by truncating the Taylor series (6.14)
after the second term. This gives rise to the numerical scheme

h2
Vit ) = y(t2) 4 1 e yta)) + | 51+ S

y1=yo+ hf(to,v0), y2=wu1+hf(ti, ),
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and, in general

Yn+l = Yn + hf(tm yn)a Yo = y(tO)' (6'15)

Notice how we use the initial-vlaue yo and the fact that y(t) satisfies the differential
equation y/(t) = f(t,y) to compute an approximation y; of y(t) at t = t;. Then, we use
y1 to approximate yo at t = to, and so on.

Equation (6.15) is known as Euler’s scheme [4].

6.4 Discretising the model (3.11a) - (3.11b) through applica-
tion of Euler’s Scheme

Applying Euler’s scheme to our earlier system

dN1 blNl
N (- M NN
dt ( T 12Ny ! 1) !
dNQ b2N2
B2 (- — 22 N, | N
dt < 2T 1+ a1 N1 2 2) 2
yields the following discrete system
b1 N1 (t) >
Ni(t, = Ni(t,) + hN1(t, — — d1 N1 (t, 6.16
i) = Na(t) + RNa(t) (71 = o s = D) (6162

NQ(tn+1) = Nz(tn) + th(tn) <T2 — — dQNQ(tn)> . (6.16b)

Let’s find the nontrivial equilibrium points in a similar manner as before. Setting N1 (t,,41) =
Ni(t,) = Ny, equation (6.16a) becomes

by N7
N} = Nf + hN} <r1 L duvf)

1+ a12Ny
hby (N7)? 2
= 0=hrNf— — hdy (N7
M T oL N 1(NV7)
dividing both sides by Ny gives us
hbi Ny
0=hry — — hdy1 N{
TN .
which can be rearranged to obtain
hbi NT
hr 4 hdy NY.
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Taking out a factor of N| on the RHS yields

hb
hn:Nf< ! +hd1>,

1+ aiaN;

we can find a common denominator on the RHS to obtain a single fraction

hb hdq (1 N3
h7’1=Nf( 1+ hdy (1 + a2 2))

1+ a1a N5
and solving for N{;

hry (1 + algN;)
h (b1 +di (1 + a12N3))

Ny =

the h’s cancel on the RHS and we arrive at

A — "1+ anN3)
1 bl +d1 (1+0112N2*)

and we can find again that

. _ ro (1 + ao1 NT)
27 by +do (1 + g NY)

giving us our non-trivial equilibrium point

1 N5 1 Ny
E:(Nf,Nz*):( Tl( + a9 2) TQ( + a9 1) )

bi +di (1 +a12N3) " ba +da (1 + a1 NY)

for the system. We notice that it corresponds to those found before. We can now find the
partial derivatives required to construct our next Jacobian matrix. Let

Nl(tn+1) = Nl(tn) + th(tn) (7"1 —

Na(tni1) = Na(tn) + hNa(ty) (7”2 —

consider f5

b1 Ny
=N +hNy (= —22 4N
f5 1 1 <T1 1—|—0412N2 1 1)

expanding brackets gives us

hby N2

—— 1 hdyN?
14+ a12No B

f5 =Ny + hNyirp —
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differentiating fs with respect to Ny yields

Ofs hby Ny
—— =1+hri —2—>-——— —2hd{ N
oN, T T AT N, 1

by
=14+hri—2hN, | ——— +d
& 1<1+012N2 1)

by +d; (1 N.
:1+hr1—2hN1< 1+11+(aj;;;2 2)>

the partial derivative at our equilibrium point is therefore

0fs (NT, N3)
0N,

1 Ny
=1+ hry — 2hN <b1+d1( o 2)>.

1+ a2N3

Substituting our value for N7 into the RHS gives us

71 (1—}—0[12]\72*) ) <bl+d1 (1+a12N;)>
by +di (1 + a12NJ) 1+ a2 N3

0fs (N{, N3)
0Ny

:1+h’l”1—2h<

which simplifies down to

9fs (NY, N3)

=14 hr; —2h
N, + hry 1
=1-—hr.
Again, we can similarly show that
=" =22 =1 — hr.
ON, "2
Next, we have
hby N?

fs5 = N1+ hNyr1 — *hleIQ

1+ a1oNo

differentiating with respect to Ny gives us

ofs  hbiN?
ONy 14+ aaNy
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use of the chain rule yields

8f5 2 ( —12 )
—2 = _hbN;7 | —————
ON> H (1+ a12N2)2

the partial derivative at our equilibrium point is therefore

0fs (N7, N3) _ hauaby (N)?
ON> (1+a12N5)2.

Again, we know that we can show that also

995 (N, N5) _ hasiby (N3)
ONy (14 az Ny)*’

thus giving us our Jacobian matrix for our system

L hr haizby (N7)?

JE = ' (1+O¢12N2*)2
haziby(N3)? 1 — by
(1+a21N1*)2 2

Next, we state our final result and give a proof.

54

(6.17)

Theorem 6.3. Assume that r1,72,b1,b2,d1,d2 € (0,00), 12,21 € [1,00). Then the
positive steady state E = (Nj, Ny) of the discrete system (6.16a) - (6.16b) with initial

conditions N1(0) > 0, N2(0) is asymptotically stable in the limit as h — 0.

Proof. We can find the characteristic equation of the Jacobian matrix (6.17) in the fol-

lowing manner

det (Jg — AI) =0

1 hry -y (D)
= det 1 (eNz)™ | _ g
2
homba(N3) )y
(1+a21Nf)

which yields

(1—hr1—)\)(1—hr2—)\)—<

(14 a1aN3)? ) \ (1 + ag NF)?

haiaby (Nf)2> (hoémbz (Nik)2> —0
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expanding brackets gives us

h2ayaazbiby (N N3)? _
(14 a12N3)? (1 + a1 Ny)?

M= X=X = hry — hrg + My + Mg + A2ryrg +1 —

Further rearranging and factorisation occurs over the next two steps

h204120621b1b2 (NTNQ*)Q =0

A2\ —h r1+19) + A (r1 + 1o +h27’17‘2+1— =
( ) ( ) (14 a12N§)? (1 + ag Ny)?

b1by (N{N3)*
A= X2 = h(ri+7r2)) + 1= h(r+r) + h? (T’N’Q— 120210102 (NTN;) ):0_

(14 a1aN5)? (1 + a1 N7)?

We note again that the trace and the determinant of the Jacobian matrix (6.17) are

Tr(J) =2 — h(r + r2)

det(J) =1 — h(ry +ro) + h2®
respectively, where

a12021b1b2 (Nl*NQ*)2
(14 a1aN3)? (1 + ag NF)?

We therefore notice that the characteristic equation can be rewritten as

CI>:’I“1’I”2 -

A — Tr(J) 4 det(J) = 0. (6.18)

In order to determine asymptotic stability in the limit as A — 0, we again need to show
that the following conditions hold;

1. 14 Tr(J) + det(J) > 0,
2. 1—Tr(J) + det(J) >0,
3. det(J) < 1.

Let’s begin, this time, with the third condition,
det(J) <1

substituting our expression for det(.J) gives us

1L—h(ry+r) + 020 <1

which simplifies down to

h2® < h(ry + 1) .
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Dividing both sides by h, we get

hd < (7“1 + 7’2)

which holds true since ® > 0 (from Lemma (5.1)), since we can only choose 71,72 € (0, 00)
in the limit h — 0. Next, let’s prove the first condition,

1+ Tr(J) + det(J) >0

may be rewritten as

14+2—h(ri4+7m)+1—h(ri+r) +h2d >0

Oé120121b1b2 (NTN§)2 > 0
(14 a12N35)? (1 + a1 Ny)?

= 1+2—h(7‘1+7”2)+1—h(7“1+T2)—|—h2 (Tlrg—

a12091b1by (NFNG)?

>0
(14 a1aN$)? (1 + a1 N7)?

= 44— Qh(h -+ 7’2) + h27“17’2 — K2

taking the limit as h — 0 yields

N;N3)?
lim {4 — 2h(r1 + 72) + h2rirs — 2 a120i21b1b2 (N N3) .
h—0 )2

(1 + a12N5)? (1 + aa1 Nf

The first condition holds since 4 > 0. Finally, for the second condition,

1 —Tr(J) +det(J) >0

may be rewritten as

0412Ck21b1l)2 (NfN;)2 > 0
(1+ a12N3)? (1 + a1 Ny)?

1—(2—]1(’/“1—|—7"2))—|—1—h(7‘1—|—1”2)—|—h2 <T’17"2—

1209101by (NFNZ)?

> 0.
(14 a1aN5)? (1 + a1 N7 )?

= 1—24h(ri+7r) +1—h(r, +r) + h%riry — h?

Thus

a12091b1by (N N3 )?
(14 a12N3)? (1 + ag N3)?

h27’17’2 — h2 >0
o uaagibiby (NFNG)?

< h2’f’1’l“2
(14 a1aN3)? (1 + a9 Ni)?
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dividing through by h? gives us

Q12091 b1by (N N3 )?
(14 a12N3)? (1 + ag N3)?

< 7rir9

which we know to be true from Lemma (5.1) thus proving our second condition. All three
conditions are now proved to be true, this confirms asymptotic stability for the system
(6.16a) - (6.16b). O
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6.5 Graphical Comparison of Discrete Models

There are a range of parameter values that exist for which the discrete model, derived using
the methodology of piecewise constant arguments does not possess an asymptotically stable
equilibrium in the positive quadrant. We must be very careful when using this approach
when creating discrete models: the underlying stability properties do not transfer across
so readily [32].

w@
1

=]
1

Population size (N1 - Blue, N2 - Red)

'

*]

0 2 4 6 [ 10 12 14 16 18 20
time

Figure 6.3: Graph showing the piecewise discrete model (6.2a) - (6.2b) with parameter
values ajg = g1 = by = by =dy =dy =1, r1 =3, ro =4 and a step size h = 0.1
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35

25F B

Population size (N1 - Blue, N2 - Red)

Figure 6.4: Graph showing the Euler scheme model (6.16a) - (6.16b) with parameter values
g =91 =by=by=d; =dos =1, ry =3, ro =4 and a step size h = 0.1

The above graphs illustrate, quite clearly, the differences between the two models when
the same parameter values are used. Figure 6.3 shows persistent oscillatory behaviour
from both species for the discrete model (6.3a) - (6.3b). Figure 6.4 shows clear asymptotic
stability from both species as they plateau, as we would expect, species 2 reaches a higher
plateau since r9 > r1. Despite the fact that all parameter values are the same, as is the
step size of both methods used on exactly the same model (3.11a)-(3.11b) (in fact, only
the methods themselves are different), we see dramatically different results.



Chapter 7

Conclusion

7.1 What have we found?

We have found that simply changing the signs of a simple competition model to create
a positive interaction yields unrealistic long term population behaviour. We have found
that the improved models we have constructed are asymptotically stable at their non-
trivial equilibrium point for the non-delay ODE and the DDE. Our discrete models are
also asymptotically stable although we have found that when discretising our model, it is
important to do so with caution as different techniques can yield substantially different
behaviour over time. We see in chapter 6 that using piecewise constant arguments yields
tremendously different results than when the Euler scheme is implemented. We note that
our model (3.11a)-(3.11b) may not be applicable to every real world situation, there may
indeed be situations where behaviour from figure 6.3 is displayed and other situations
where behaviour from figure 6.4 is displayed.

7.2 Future work

When considering further work to undertake beyond this dissertation, we must contem-
plate where the area of mutualism within population dynamics is heading with regard to
the world of mathematics. Now, this field of study is remarkably vast, hence there are
many directions in which the research we have done may head.

Alternative numerical schemes

We can create even more accurate models by applying more complicated numerical schemes
instead of our Euler one, such schemes may include the improved-Euler scheme, Runge-
Kutta and the Newton-Raphson methods. Care should be taken though since application
of more complicated schemes will undoubtedly create very difficult difference equations
and problems in computing such schemes may arise on MATLAB etc.

Stochastic models

We can make our models more complicated and thus more realistic through a number of
ways, one of which could be to note that we have featured fixed constants in our systems
throughout this dissertation. The constants b1, bo, for example denote the birth rate for
species 1 and species 2 respectively, however, it is very naive to assume that the birth
rate is a constant as it is much more likely to be a function. Let’s assume that all of our

60
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constants are now functions of time, the system (3.11a)-(3.11b) now takes the following
form;

dNy(t) _ (rl(t) - fﬁig;z(\g 7 dl(t)Nl(t)> Ni(t)

dN5(t) LUy
2\ <T2(t) 1 +2a?1(t§N1(t)

- dg(t)Ng(t)> No(t).

Occurrences such as death, for example, may not always be subject to time. Especially in
nature, death is something that can happen at any time from many different factors. In
fact, population systems in reality are often subject to environmental noise making it even
more difficult for mathematicians to entertain the idea of having parameters as absolute
constants. As a result of this, the field of study has seen the rise of stochastic population
systems, Mao et al [24] put across the conclusion that even a sufficiently small noise can
suppress explosions in population dynamics. Qiu et al [30] also looks into this by taking
the following mutualism model originally proposed by Gopalsamy; [11]

d]\;lt(t) =r1()N1(t) <K1 (tii?\;g(fngQ(t) - N2(t)) (7.2a)
Do niomate) (FELONY ) (7.20)

transforming (7.2a)-(7.2b) into the system of the following form

da;(tt) _ 2 (al(t) tatylt) (t)m(t)> (7.3a)

M () (bl( )1‘:_b2gt)

- alth(o) (7.3b)

and by taking into account the effects of a randomly fluctuating environment, they in-
corporate white noise in each equation of the system (7.3a) - (7.3b). Therefore the non-
autonomous stochastic system can be described by the following It6 equation

da(t) = a(t) (“1(”11‘;2((;) v . (t)ac(t)) dt + o (D()dBi(t)  (7.4a)
i) =oto) (PO ey o+ ontonama (1.0)

where a;(t), bi(t), ¢i(t), o4, i = 1,2 are all positive, continuous and bounded functions
on [0,+00) and Bj(t), Ba2(t) are independent Brownian motions and o1, 02 represent the
intensities of white noise. The paper goes on to consider dynamical properties of the
stochastic system (7.4a) - (7.4b). For future work, we would look to study this further
and use similar techniques in order to introduce stochasticity to our models.

Data Collection

One important aspect of mathematical modelling that has eluded us here is the ability
to verify the models through collection of data, an aim for our future work would be to
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do this. An example of data collection in population modelling can be found in the book
by Braun [4] in which we can find an equation for population as a function of time. The
model is used to predict the population of the U.S. from the years 1790-1950 at seventeen
intervals, this is then compared with the actual data. This could be extended to population
numbers of insects and plants for example.

Considering the specificity of the mutualism

The ’specificity’ of the mutualism interaction is a way of classifying the mutualism in terms
of the number of species involved, we have the terms specialised mutualism which involves
a one-to-one interaction and diffuse mutualism which involves many species. So far, we
have only considered specialised mutualism models, but of course in the reality of nature
there is very rarely only ever two species in any given space. Suppose that we consider a
model for diffuse mutualism that involves n > 2 species, could it be that all species benefit
each other’s existence? If this is the case, then what would happen to the model? Well,
firstly we would need n equations representing the growth rate (with respect to time) of
each species whose populations shall be denoted as before, i.e. N1, No, ..., N,. We would
also have (n — 1) x «;; parameters representing the strength of the mutualistic effects of
species j on species ¢, where ¢ = 1,2,...,n, j = 1,2,...,n, © # j within each of our n
equations. Each equations shall also include b, d,, r, terms as before, e.g.

dNy
—— = f1(N1, Na,... N,
7 f1(N1, Ny, n)
dNo
—= = fo(N1, Na,... N,
dt f2( 1,4V2, n)
dIN,
dt" = fo(N1,Na, ... Np)
where f;, i = 1,...,n represents a function of all n species. Such a model would of course

be very difficult to be investigated and its behaviour would prove even more difficult since
phase portraits would only be available through graphical representation at a maximum
of three species in a 3D graph.

Vicinity dependent models

An interesting assumption is being made when modelling this subject matter. We assume
that vicinity has no impact on our models; that mutualists are readily available for the
species we are modelling. Now, this makes sense due to the fact that if two species help each
other thrive then they should naturally tend towards each other. However, many species
of animals do not travel individually, they travel in groups. An intriguing suggestion for
further work would be that modelling certain species that we assume to exist in "herds’,
and that their herd covers a certain area, would there be a point at which mutualism
between two species can reach an optimum should their respective ’herds’ interact to
form, in essence, a virtual Venn diagram? Would there be a certain area of the Venn
diagram that would make the model unstable?
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X

Figure 7.1: Visual representation of the idea of a vicinity based model in which the species
1 and 2 occupy the blue and red circles respectively and the mutualistic strength of the
model is dependent of the area of the intersection (purple).

More parameters must be introduced to facilitate this idea. A two-dimensional plane (see
figure 7.1) could be modelled with the mutualistic effects of each species being a function
of both space and time e.g. aj2(x,y,t).

Spatial models

In reality, certain geographical locations may not be ideal for mutualism to occur at the
best rate, constants within the models that we construct may be influenced as a result of
the location in which the model is based. Also, in light of the idea of a vicinity dependent
model, we realise that groups of organisms do not conveniently position themselves into
uniform patterns. It has been found, however, that their distribution is not random
either; in fact, they form some sort of spatial pattern. Natural environments are spatially
structured by various ecological processes, which in combination with the behavioural
response of the species, generally results in gradients (steady directional change in numbers
over a specific distance), patches (a relatively uniform and homogenous area separated by
gaps) and noise variation (random fluctuations) [35]. As interesting and idea as this is, it
is also noteworthy that there are few models of this kind that exist due to nature rarely
following an expected order, mostly observational data has been collected in this area
as opposed to theoretical models. Spatially structured models look heavily into PDEs
(partial differential equations).

Continuous time Discrete time
Continuous space | Reaction-diffusion equations | Integrodifferential equations
Discrete space Coupled-patch models Coupled lattice maps
Metapopulation models Cellular automata

Table 7.1: Table taken from Kot [16] displaying examples of spatially structured models
as they differ between continuous and discrete time and continuous and discrete space.

The recent research letter [36] by Suweis et al looks at how an optimisation principle
aimed at maximising the species abundance in mutualistic communities can give rise to
the emergence of nested! interaction networks.

!Nestedness is a measure of order in an ecological system, referring to the order in which the number
of species is related to area or other factors. The more a system is ”nested” the more it is organized [29].
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Further evidence that the aspects of structure, nestedness and optimisation in the research
area of mutualistic models is becoming more and more important can be found by Rohr
et al [33] in which it is investigated to what extent different network architectures® of
mutualistic systems can provide a wider range of conditions under which species can exist.
It is noted in the article that framework of structural stability has not been as dominant
in past research into theoretical ecology as has the concept of local stability. The article
also highlights the need for a stochastic aspect in this field as they use a mean field
approximation for the competition parameters in models that are used.

Diverting from mutualism

If we were to take a step aside from mutualism, and avoid the well-researched predator-prey
models, there are numerous other symbiotic interactions that may be studied in depth.
Notable interactions include;

Parasitism

Parasitism is where one species benefits at the expense of the other e.g. leeches suck blood
from its host in order to survive.

Commensalism

Commensalism is an interaction that involves one species benefiting and the other receiving
no effect e.g. trees provides homes for birds whilst receiving no beneficial return.
Amensalism

Amensalism is when the existence of one species has a detrimental effect on another but
remains unaffected in return. An example of this includes the black walnut tree which
secretes a chemical from its roots that harms plants and vegetation within its vicinity.

Type of symbiosis | Effect of species 1 on species 2 | Effect of species 2 on species 1
Mutualism + +

Parasitism +

Commensalism + 0

Amensalism - 0

Table 7.2: Displaying effects of different types of symbiosis where ”+4” denotes a positive
effect, ”-” denotes a negative effect and ”0” denotes no effect. Similar tables express this
idea, e.g. the one found in Kot [16]

2Rohr defines network architectures as ’combinations of nestedness, mutualistic strangth and mutualistic
trade off’
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Appendix A

Chain rule for partial differentiation

Let f = f(z1,...,2n) and xj = g;(y1,.- ., Ym), j=1,...,n, k

g are differentiable, then

0f _ ~0f 0z

Y =

This is the chain rule of partial differentiation [4]

Jacobian Matix

81']' 8yk .

66

=1,....,m. If fand

In vector calculus, the Jacobian matrix is the matrix of all first-order partial deriva-
tives of a vector values function. Suppose F' : R" — R™ is a function given by

m real-valued component functions, Fi(zq,..

)y .oy Fp(x1 ..., 2). Should they

exist, the partial derivatives of all these functions with respect to the variables can
be organised in an m X n matrix, the Jacobian matrix J of F', as follows

oF  oF
0x1 0o
OFy  OFs
J— 0x1 0o
OF, OFn
Ox1 Oxo

See [13].

Appendix B

MATLAB code used to create figure 6.3

h=0.5;

tmax=100;
Ni=zeros(1,tmax/h+1);
N2=zeros(1,tmax/h+1);
N1(1)=1;

N2(1)=1;

ri1=3;

bil=1;

al2=1,;

di=1;

r2=4;

b2=1;

a21=1;

d2=1;

for k=1:(tmax/h)

O
OTn

OF
Oy

OF
Oxn

N1 (k+1)=N1 (k) *exp (ri-((b1*N1(k))/(1+a12xN2(k)))-d1*N1(k));

N2 (k+1)=N2(k)*exp (r2-((b2*N2(k))/ (1+a21*N1(k)))-d2*N2(k))

end
t=0:h:tmax;



plot(t,N1,t,N2);

MATLAB code used to create figure 6.4

h=0.01;

tmax=100;

Ni=zeros(1,tmax/h+1);

N2=zeros(1,tmax/h+1) ;

N1(1)=1;

N2(1)=1;

r1=3;

bl=1,;

a12=1;

di=1;

r2=4;

b2=1;

a21=1;

d2=1;

for n=1:(tmax/h)
N1(n+1)=N1(n)+(h*N1(n)*(r1-((b1*N1(n))/(1+al12xN2(n)))-d1*N1(n)));
N2 (n+1)=N2(n)+(h*N2(n) *(r2- ((b2*N2(n) )/ (1+a21*N1(n)))-d2*xN2(n)))
end

t=0:h:tmax;

plot(t,N1,t,N2);
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