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Abstract

A characteristic feature of living organisms is that they respond to the environment in
search for food and reproductive opportunity. In particular, predators can move towards
high prey density, which is called prey-tazis. In this thesis we investigate how predators
actively react to the spatial configuration of the prey on the landscape rather than passively
respond, relying on random movement. We derive carefully a prey—taxis model. For that
we use a modified Kareiva—Odell approach and finally a parabolic limit gives rise to a
prey-taxis model. Alternatively we derive a prey-taxis model from a model with resting
stages. We incorporate prey-taxis into spatial predator-prey dynamics and study a role
of prey-taxis on spreading prey population and pattern formation. We find that prey—
taxis alone does not slow prey spread although it does in the presence of an Allee effect
for the prey. However, prey—-taxis does tend to reduce the occurrence of dispersal-induced
instability in predator—prey systems, where predator diffusion is crucial to dispersal-induced
instability. In a special case, a Lyapunov function can be constructed for the purpose of
studying global stability. We also explore some features of a predator—prey—taxis model by
means of numerical simulations. Fractional step methods are described as the framework
for simulations. For each case of the diffusion, advection, and reaction terms, the Crank—
Nicolson scheme, the Nessyahu-Tadmor scheme, the second—order explicit Runge-Kutta

method are considered respectively.
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Chapter 1

Introduction

Mathematical modeling has provided useful tools to understand biological phenomena such
as disease spread, insect outbreak, animal coat patterns, wound healing, and interspecific
interactions. There are three main types of interspecific interaction: predator—prey, compe-
tition, and mutualism. In a predator—prey relationship, the predator species benefits from
killing and consuming the prey species, and the prey population may be regulated as a
result.

Predation rates are determined to some extent by the predator’s level of satiation, or
gut fullness. The goal of this thesis is to investigate how predators react spatially to prey,
depending on their satiation level. In particular, first, we focus on understanding the
underlying mechanisms for predator dispersal towards high prey density, a phenomenon
called prey-taxis. Second, we explore how these mechanisms generate spatial patterns such
as traveling wave in predator—prey interactions.

This research is motivated by the interesting paper written by Kareiva and Odell [46]
(1987). They investigated the phenomenon that predators (ladybugs) tend to search for
food in areas of higher prey (aphids) density, and derived the mechanism for this non—
random foraging. Based on this mechanism, they studied predator aggregation in high prey
density areas and produced realistic aggregation simulations based on field data. Since the
mechanism of modeling was analogous to chemotaxis, they coined the term prey—taxis for
this phenomenon. Although their research has potential applications to various ecological
phenomena, few papers have been published on prey-taxis in the two decades since the
original 1987 study. One of the main reasons for this hiatus is the difficulty of collecting
empirical evidence of prey—taxis. However, new technologies such as field video recording
and computer motion analysis (see [96, 97]) may enable us to collect the necessary but
difficult field data including moving speed and turning rates. Thus, it is an opportune
moment to reintroduce the concept of prey-taxis and resume active research on it.

This research is different from that of Kareiva and Odell in several aspects. First, we use
rescaling to obtain a parabolic limit to the original hyperbolic system rather than simply
using a quasi-steady state assumption as in Kareiva and Odell. Second, we use Poisson
processes to derive turning rates, rather than a third—degree polynomial as in Kareiva
and Odell. Third, we also consider various types of functional responses, which determine
the nature of local population dynamics, satiation dynamics and predator dispersal. This
differs from the approach of Kareiva and Odell, who used Type II functional response and
considered that local population dynamics of the predator stems only from emigration of
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the predator. Fourth, we show there is another way to derive prey—taxis models from the
limit of the resting models, in which we consider resting state in addition to right-and left-
moving states. Fifth, using different local population dynamics of the predator, population
growth corresponding to the prey density and decaying exponentially without the prey
instead of the emigration in Kareiva and Odell, we look for traveling wave solutions and
pattern formation.

In the following sections, we briefly describe predator—prey models, numerical simula-
tions, travelling wave solutions, and pattern formation. Chemotaxis models which motivated
the idea of prey—taxis are described. Because functional responses are an important factor
in determining the population dynamics of predators interacting with prey, and regulate
the mechanism for predator dispersal, we discuss them in a separate section. Finally, we
give an outline of Chapters 2-7.

1.1 Predator—Prey Models

In this section, we discuss various forms of predator—prey models. Predator—prey models
have been studied by numerous people using different frameworks, such as discrete models
[29], ODE models [99, 5], and diffusion-reaction models [72, 73]|. In spatially homogeneous
models, the temporal variation in each species is considered explicitly and the effects of
their movement are considered implicitly. In contrast, diffusion-reaction models describe
spatial structures explicitly by means of diffusive motility of species in heterogeneous envi-
ronments, and describe temporal structures via reaction terms. In these models, the effects
of movement on predator—prey interactions may play an important role in generating spatial
patterns (see Murray [68]). Diffusion equations have shown that the movement of insects
and other animals may be very significant [71]. For example, constant diffusion may in-
crease the chance that predators find prey and therefore survive. Models also have shown
how predators aggregate around high prey density [46] and move towards stimuli [58]. Fur-
thermore, the inclusion of directional movement towards prey-rich environments seems to
increase the chance of predator survival in a heterogeneous prey distribution.
Predator—prey systems may not always be presented in a continuum model. In a patchy
predator—prey model, predator and prey are assumed to recognize the environment as dis-
crete patches. Thus, the dispersal of prey and predator is formulated in the form of mi-
gration among patches, rather than in the form of continuous diffusion or advection. In
his thesis [41], Huang assumed that predator foraging activity is the main mechanism by
which predators move from one patch to another instantaneously. By considering mobile
and immobile states respectively as well as searching and handling states in the classical
Holling time budget argument, he formulated four states of the predator population, i.e.,
mobile—searching state, immobile-searching state, mobile-handling state, and immobile—
handling state. Immigration and emigration of the predator occur during mobile searching
and mobile handling states. When the prey is also dispersing, he showed that diffusion—
driven instability may occur for small predator migration rate. Huang considered how
cross—migration can be generated under the assumption that the predator population has
a behavioral subgroup with quick transitions between subgroups occurring on a faster time
scale. This quasi-steady-state assumption in the behavioral transitions produces cross—
migration in the total predator population model. A strong response of predator in the
case of a cross—emigration response is shown to be able to stabilize an unstable system
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rather than to generate diffusive instability.

In this thesis, we focus on the continuous environment rather than discrete patches.
Specifically, we extend the diffusion-reaction model to incorporate the concept of taxis into
spatial predator—prey systems. We save the remainder of this section for the development
of the first prey-taxis equation and its subsequent works. We first describe the concept of
taxis.

A characteristic feature of living organisms is that they respond to the environment in
search for food and reproductive opportunity. One such response is movement toward or
away from an external stimulus, which is called tazxis. Taxis is facilitated by both directional
behaviours— change of velocity, and turning angle (higher dimension), and nondirectional
behaviours—change of speed or turning rate in response to stimulus (see Okubo [70]). Cor-
responding to the type of external stimulus, various types of taxis are defined, such as
aerotaxis, chemotaxis, geotaxis, haptotaxis, prey—taxis and others. The purposes of taxis
may be numerous, including movement toward food and fleeing from enemies. Taxis can
thus provide mechanism for optimal foraging {76, 77).

Now we incorporate the concept of taxis into spatial predator—prey models. Temporal
predator-prey models describe the interaction of predators with prey over a period of time.
In the simplest form, it is assumed that when a predator encounters a prey, the predator
may kill the prey and consume it. This may result in the growth of the predator population
and decline in the prey population. Thus, predator growth depends on the prey. The
prey is assumed to have self-limitation such as a logistic growth. In addition, the predator
population decreases exponentially without prey. However, the above assumptions do not
tell us how the predator—prey interactions occur spatio-temporally. To fully explain the
spatial interaction between the two species, an important aspect is whether the predator
perceives the heterogeneous spatial distribution of the prey.

In chemotaxis models, organisms respond to an external chemical stimulus. Kareiva and
Odell [46] extended the idea of chemotaxis to an insect predator-prey model, in which the
prey plays the role of stimulus and the predator indirectly senses the external stimulus only
via internal satiation. They assumed that predators do not necessarily have the memory to
recognize prey, and cannot estimate prey density. External ways by which the predator can
sense prey, such as visual and olfactory abilities, were excluded. The only method by which
the predator can detect the prey density is through its own gut fullness. In other words,
when the predator is satiated, prey density is high and when it is not, prey density is low.
Predator movement is determined by the level of satiation. Hence, it is interesting to study
the direct relationships between satiety and prey density and its effects on the predator
foraging strategy. To model this process, we consider the satiety as another space and
time dependent compartment and investigate how satiety combined with predator motility
generate foraging strategy in complex environments.

The characteristic feature of prey—taxis equations is that taxis is incorporated into dis-
persal terms as an advection term. This result can be obtained via approximation pro-
cedures. Predator—prey-taxis equations were successfully derived in [46] under a so—called
quasi-steady state assumption, which was used both to derive the chemotaxis equations and
to estimate the relevant model parameters from experimental data. Macroscopic predator—
prey interaction equations are derived from the individual movement behaviours which give
a spatial connection of local predator—prey interactions. There may be various approaches
to obtain prey-taxis equation. One such approach is that which Hillen and Stevens [35]
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used to derive chemotaxis equations from the parabolic limit of hyperbolic equations. The
similarity between chemotaxis and prey-taxis comes from the fact that both share the con-
cept of taxis. Thus, the development of the prey-taxis equation inherited those ideas from
the case of chemotaxis. However,we note the main following difference between chemotaxis
and prey-taxis equations. Unlike most chemicals, satiety in prey-taxis does not diffuse
independent of the predator population. The movement of predator population, moreover,
depends directly on satiety rather than on prey density itself. It is thus one of the topics of
this thesis to extract satiety equations related to the individual movement of predators.

In contrast to the rich development of chemotaxis models, the subsequent works of prey—
taxis model are quite limited. Here we review the subsequent works of prey—taxis model
after Kareiva and Odell introduced their prey-taxis model in 1987. The original ideas of
Kareiva and Odell were modified in [9] by Cantrell and Cosner to allow the predator and
the prey to recognize the environment in different ways; relatively high motility of the
predator helps the predator experience the environment as the collection of patches. Thus,
the model of Cantrell and Cosner focuses on emigration and immigration of the predator
between patches. The model thus includes no predator diffusion and taxis terms. It is
assumed that the prey move slowly and do not jump between patches. These assumptions
naturally generate multiple temporal and spatial scales; for the temporal scales, predator
dispersal was considered as very fast, prey dispersal and reproduction were moderately fast,
and predator reproduction was slow. For the spatial scales, the predator operates on a large
spatial scale and the prey on a small scale. For the immigration and emigration rate of the
predator, Cantrell and Cosner considered two aspects: the size of the patch, and the other is
the average prey density with finite and infinite supply of the predator from the air around
the patch. Under certain conditions, maximum and minimum patch sizes were calculated
for the prey to survive without extinction.

The model in [9] was applied in [10] to the situation in which the introduced species
competes with the resident species for the prey. To understand foraging strategies in the
competition between two different predator species, Cantrell and Cosner investigated the
role of the emigration rates. To compare foraging strategies adapted by different species,
they used the net rates of energy uptake of the old and new species.

The Kareiva and Odell model was applied to estimate the mean travel time of a predator
to reach a prey resource. To do so, Griinbaum [23] focused on the predator dispersal term in
the absence of the predator population dynamics. He introduced two statistical indicators.
One is the expected payoff of satiety per predator per unit of time as a foraging strategy,
and the other is the travel time statistic of how quickly a predator finds and aggregates
around a prey. He introduced a family of turning rates with one free parameter called
the turning threshold A. Then he compared the success of two predator species who used
different foraging strategies by means of different turning thresholds.

In this section, we reviewed predator—prey models and introduced the development of the
prey-taxis model by Kareiva and Odell [46]. In the next section, we will discuss chemotaxis
models, which gave a motivation for the prey—taxis model.

1.2 Chemotaxis

In this section, we review the history of the chemotaxis equation, highlighting developments
that will inform the remainder of this thesis, that is, model derivation, model approximation,
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travelling wave connections, and pattern formation. We begin by describing the concept of
chemotaxis which inspired the concept of prey—taxis.

In chemotaxis models, an individual’s dispersal consists of two processes: the first is
random motion, and the second is movement up a chemical density gradient, which is
considered as chemotaxis.

In earlier work, a chemotactic interaction model was formulated for amoebae with three
chemicals: acrasin, acrasinase, and a complex from the kinetic reaction between acrasin
and acrasinase. Keller and Segel [47] assumed that amoebae move up the acrasin gradi-
ent. Under the assumptions that the chemical complex is at steady state and that the
total concentration of enzymes is constant, they studied amoeba aggregation by finding the
instability conditions driven by the diffusion and advection of amoebae and acrasin.

In 1971, this chemotaxis (Keller-Segel) model was further applied by Keller and Segel
[48] to explain travelling bands of the motile bacterium Escherichia coli. They used a pair

of coupled PDEs,
Js 8%s
5 = kb+D [a_zz’] (1.1)
8 0 ] 8 s
%~ 5 |05 - 5 [x0%]. (12)

where k is the consumption rate of the substrate, s the density of the substrate, D a constant
diffusion coefficient of the substrate, b the density of bacteria, u(s) a diffusion coefficient of
bacteria, and x(s) chemotactic sensitivity of the bacterium.

Parabolic systems such as (1.1) and (1.2) may arise from related hyperbolic models.
In subsequent work, a parabolic model was approximated from a hyperbolic model in the
papers [79, 80]. In the parabolic model, the organisms move in response to an external
chemical signal with a quasi-steady state assumption. The external chemical signal is
assumed to diffuse after it is produced from the organism.

In a similar approach, the Keller-Segel equation can also be obtained via the parabolic
limit process of their hyperbolic model for chemotaxis. Hillen and Stevens [35] showed this
by considering right moving and left moving subgroups whose movements are determined
by a one space dimensional hyperbolic model with chemotaxis. The turning rates and
velocity of the two subgroups are assumed to depend on an external stimulus, which follows
the diffusion-—reaction equation. They also proved existence of a unique solution for a
hyperbolic chemotaxis equation with spatio-temporally variable stimulus.

Further discussion of one—dimensional hyperbolic models and a multi—dimensional trans-
port model for chemotactic movements was carried and some known results for the Patlak—
Keller-Segel model were reviewed in Hillen’s review paper [33].

Independently, a chemotaxis advection term was introduced into the Lotka—Volterra
equations by Pettet and McElwain [75] to describe angiogenesis and wound healing. In
this model, a chemotactic sensitivity is independent of the density of the chemoattractant.
Thus the capillary tip » moves in response to a gradient of chemoattractant a produced by
macrophages as follows

= f(n,a)— X% [n%], (1.3)

o
at
o

= = g(naa’)a (14)
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where f(n,a) and g(n,a) are local population dynamics of n and a respectively. They
found conditions for the existence of continuous travelling wave solutions, which connect
the wounded state and the healed state (heteroclinic orbits). Equations (1.3) and (1.4) are
transformed with travelling wave coordinates z = z — ct

fg(n,a)-g—z = fi(n,a), (1.5)
g—: = gi(n,a), (1.6)

where g% in (1.5) is replaced with g;(n,a). They also recognized that heteroclinic orbits
may not always be connected due to a so—called ‘wall of singularities’ when fy(n,a) = 0.
No trajectory can cross this 'wall of singularities’ because equation (1.5) is undefined on
the 'wall’. They mentioned that when a ‘wall of singularities’ occurs, additional analyses
other than the usual phase plane analysis are required for equations (1.5) and (1.6).

The analysis of Pettet and Mcelwain was continued by Landman et al. [52] based on the
phase plane analysis and hyperbolic theory used by Marchant {64], in which a discontinuous
travelling wave solution was considered. In another article, Landman et al. [53] considered
how cells with chemotactic migration colonize uniformly growing domains via the chemoat-
tractant wavefront. The mobility of each species is enhanced in an additional convection
term by the local velocity of domain growth, v(z,t) and the reproduction dynamics of
migrating cells is assumed not to depend on a chemoattractant.

The bacteria E. coli and S. typhimurium are observed to generate patterns associated
with chemotaxis toward the asparate concentration in a liquid medium, under the assump-
tion that succinate concentration is constant. Although linear analysis of this system showed
no pattern formation, Tyson et al. [94] explained how initial patterns appeared but then
disappeared as the chemotactic response saturated. In another paper [93], they included
the dynamics of succinate concentration in the reaction with bacteria density, and from
numerical simulations found three types of patterns: (i) aggregates occur temporally in
liquid medium, (ii) S. typhimurium generates a thin bacterial lawn and stationary rings as
the lawn expands in semi-solid medium. (iii) F. coli forms a swarm ring initjally and then
aggregates in semi—solid medium.

In this section, we discussed chemotaxis models, which motivated the prey-taxis model
([46]). For chemotaxis models, discontinuous wave solutions were considered and spatial
patterns have been studied analytically and numerically. In the subsequent sections, we
will discuss numerical simulations, travelling wave solutions, and pattern formation.

1.3 Numerical Simulations

Here we briefly review numerical methods for the numerical simulations in this thesis. The
models we study consist of three parts: reactions terms, diffusion terms, and advection
term.

Models for slime molds and for bacteria in Dolak and Hillen [16], which share those three
components, were analyzed numerically for pattern formation. To do this, a fractional
step method was used: a one-step implicit method for the reaction terms, a standard
alternating direction implicit method for the diffusion terms, and the Lax—Wendroff scheme
for the advection terms. This fractional method enabled us to choose the most efficient and
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accurate methods available for each component of the model. Since advection terms are
treated as a hyperbolic system by the fractional step methods [95], the numerical scheme
for the advection terms has to be chosen carefully.

For advection terms Tyson et al. [95] use high-resolution methods, which are based on
the Godunov method, implemented in the CLAWPACK package (see [55] for details). We
used high resolution central schemes rather than the Godunov method on CLAWPACK
because first, we may easily extend one-dimensional codes to higher dimensional ones and
two species to more than three species and second, high resolution central schemes are more
easily implemented, but still show accurate simulation results.

For diffusion and reactions terms, we use the Crank—Nicolson scheme and a second order
Runge-Kutta scheme, respectively.

In summary, in this research we implement efficient and accurate numerical methods for
each terms via a fractional step method by using MATLAB.

1.4 Travelling Wave Solutions

So far, we have discussed the study of models: chemotaxis models and predator—prey models
closely related to our own and the numerical simulations of models. We now briefly describe
the two analysis approaches for our models; travelling waves in this section and pattern
formation in the following section. In this thesis, travelling wave solutions represent both
species invasion (prey) and territory expansion (predator).

Travelling wave fronts are solutions to partial differential equations (PDE), which have
fixed shape and translate at a constant speed as time evolves. These waves are described
by the so called travelling wave coordinate, z = z — ct with wave velocity c. If U(z) =
u(z,t) denotes the solution of the PDE, then U is called the profile of the travelling wave.
Murray [68] illustrates the calculations of travelling wave solutions for various equations
including the Fisher equation. In the Fisher equation, the diffusion process combined with
logistic population growth is used to investigate genetic propagation in one dimensional
space (Fisher (1937), see [68] for detailed discussion). Since then, the Fisher equation has
been studied extensively in population biology and ecology. The Fisher equation

2

% = ku(l —u) + D%,
where k is an intrinsic growth rate and D a constant diffusion coefficient, is one of the
simplest models that generate a biological travelling wave solution like the one shown in
Figure 1.1. Travelling wave solutions can be found using the ansatz w(z,t) = U(z). The
PDE translates into a system of ODE’s in the travelling wave coordinate z, with specific
boundary conditions at z — Fo00. In the ODE system, the travelling wave front solutions
appear as heteroclinic orbits that connect a saddle point to a stable equilibrium or to a
stable limit cycle. For instance, under the travelling coordinate and rescaling of time and
space, the Fisher equation turns into

1.7)

U'+cU' +U(1-U)=0, (1.8)
where ¢ is the wave speed with the boundary conditions

U(—o0) =1 and U(cc) =0. (1.9)
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Figure 1.1: Travelling wave simulation for the Fisher equation (1.7) with ¥ = 0.8 and
D =10.

Phase plane analysis is used to seek heteroclinic orbits (see Figure 1.2). When the wave
speed c passes the threshold ¢ = 2, a biologically reasonable heteroclinic orbit begins to
be generated, that is, there is a non—negative population density. For the scaled Fisher
equation (1.8), ¢ > 2 guarantees a nonnegative heteroclinic orbit. Applied to predator—
prey models, travelling wave front solutions represent the spatial transition of the saddle
point through the unstable manifold to the stable coexistence equilibrium. They show how
the predators invade an area where prey has already stabilized to its carrying capacity.
Dunbar (17, 18, 19] demonstrated the existence of various travelling wave trains (travelling
wave solutions which show periodic behaviours) and travelling front solutions for a diffusive
predator-prey system. Huang [40] extended Dunbar’s result to the case that prey has
diffusion term as well. When prey dynamics are regulated by an Allee effect, predator-
prey systems with constant diffusion terms for both species have a unique travelling wave
solution {21]. Here an Allee effect is negative population growth at low densities due to

various mechanisms such as a lower chance of finding mates, less efficient group defense,
and so forth [1, 57].

1.5 Pattern Formation

We now describe the second analysis direction for our derived models, that is, pattern for-
mation. Let us assume for now that, in the absence of dispersal, solutions of a predator—prey
system converge to a coexistence steady state or a limit cycle. The first case corresponds
to a spatially uniform pattern in prey and predator densities. However, the introduction of
dispersal with diffusion may generate spatially non-uniform patterns. In general, diffusion
terms tend to give rise to homogeneous densities over long time. In some cases, however,
heterogeneous spatial patterns can result (diffusion-induced instability [70], Turing instabil-
ity). Diffusion-induced instability describes the situation where, in the absence of diffusion,
the homogeneous steady state is stable to small perturbations, but a diffusion process makes
it unstable to small spatial perturbations. Murray [68] showed various models which ex-
hibit diffusion—driven instability, and found necessary and sufficient conditions for pattern
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Figure 1.2: Travelling wave simulations for the Fisher equation (1.7) with ¢ =2 and ¢ = 1.

formation. Zero flux boundary conditions are usually used to avoid boundary effects on
the pattern. Hillen [31] found that a Turing model with correlated random walk produces
a spatially unstable constant equilibrium under certain conditions for turning rates and
speeds. Lewis [56] showed that a spatial pattern may occur in a plant-herbivore model,
in which only herbivores are assumed to move with random motion, herbivory-taxis, and
density dependent aggregation. '

To analyze our models, we first look at systems that are stable to small perturbations
without diffusion, but unstable to small perturbations with diffusion. Therefore, we can use
the linear stability analysis, and look for solutions in the form

n,v ~ exp(At), (1.10)

where the frequency A is an eigenvalue, n is the predator density, and v is the prey density.
A positive eigenvalue, A > 0 implies that the densities of the prey and the predator increase
exponentially for a short time. We also define a time-independent solution of n(zx, t), v(z, t)
satisfying the spatial eigenvalue problem defined by

Nez + k*n =0 and v,y + k*v =0 (1.11)

with n, = 0 and v, = 0 on the boundary. Here, we consider a small perturbation of the
system temporally and spatially around the steady state. After solving the eigenvalue prob-
lem defined above, we have eigenfunctions ng(z), vx(z) corresponding to the wavenumber
k. The linearity of the problem gives the superimposed solution as follows:

n(z,t) = Z Ay exp(At + tkx), (1.12)
k

Viz,t) = Z By exp(At + tkz), (1.13)
k

where the constants Ay, Bj are determined by a Fourier expansion of the initial conditions,
but these constants are not used. Substituting these n(z,t) and V(z,t) into the linearized
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system about the steady state, we get the eigenvalues A in terms of the wavenumber k. As
time increases, modes with A(k) > 0 grow and other modes decline exponentially to zero.
Thus, we can find the range of the wavenumber k for diffusive instability and obtain the wave
length corresponding to k such that if the domain is small compared to this wavelength,
diffusive instability will not occur. Using this property, we can determine a critical domain
size and a maximum population for persistence of the prey population (See Murray [68]).
This has applications to the problem of the pest population at a refuge level (Ecological
control strategy : When and where to release biological control agents to reduce the pest
population).

Prey—taxis allows predators to search more actively for prey, and can generate different
spatial patterns from those in models with only predator diffusion. Kareiva (1990) found
(field) experimentally the spatial patterns that predator and prey distribution generate
a halo of predators (ladybug) surrounding a prey (aphid) outbreak, which may not be
stable. However, this pattern is generated by a diffusive component. Numerical simulations
confirmed this result (see [46, 44]). Likewise, he did not explain what role the taxis term
plays in the pattern formation. By studying pattern formation, we identify the role of prey—
taxis in prey and predator pattern formation. Linear stability theory cannot always predict
long term dynamics, but if there exists an invariant set including the unstable steady state,
these linearly unstable solutions tend eventually to be balanced by the nonlinear terms
and a steady state spatially inhomogeneous solution occurs (84]. Alternatively, we may use
nonlinear stability analysis and numerical solutions [56]. In addition, singular perturbation
analysis for the ratio of two diffusion rates near the bifurcation that initiates the pattern
formation has been used to obtain a heterogeneous pattern for the nonlinear case.

1.6 Functional Response

In this section we describe the idea of functional responses. A functional response describes
the prey consumption rate by an individual predator across a range of prey densities. Holling
[36] suggested three functional responses based on handling time, under the assumptions
that prey density is the dominating factor and that predator satiation, environmental tem-
perature, and prey and predator motility do not significantly affect the functional responses.
Thus, the number of prey consumed, f(v), is proportional to searching time, T, times the
prey density v, so we have the equation (See Holling [37]):

f(v) = aTyv, (1.14)

where a is the probability that an individual predator encounters an individual prey for
a unit time interval, and a may not be a constant. The searching time, T, is given by
Ty, = T — Ty f(v), where T}, is the total handling time and T is the characteristic (given)
time. T is now taken to be 1. Substituting this equation into (1.14) and isolating f(v) on

the left side gives
av

f) = 1T Thar’

which is a type II functional response if T} is a constant. Under the assumption that the
handling time is negligible and a is a constant, we have a type I functional response:

(1.15)

f(v) = av + O(T}). (1.16)
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Note that equation (1.16) is usually called Lotka—Volterra or described as the absence of any
functional response (from comment by Chris Cosner). The true form of a type I functional
response is that f(V) is constant for v bigger than some threshold v*. However, for purposes
of linear stability analysis near v = 0 and near v = vg non—zero steady state there is no
difference between f(v) = av and a true type I functional response. Hence, we call a type
I functional response throughout this thesis without too much confusion.

In area-restricted foraging, predators search more actively in high prey density areas. If
we assume that a is a linear function with respect to prey density, then a type III functional
response is obtained: ,
agv

flv) = 15 Thage?’
where ag is a linear coefficient and T}, is a constant. The type III functional response indi-
cates that predators search more efficiently as the prey density rises. These three functional
responses are all based on the principle of mass action and a spatially uniform predator—
prey density. In addition, it is assumed that the interactions between the prey and the
predator do not generate spatial heterogeneity, and that predators forage independently. If
the prey population is much bigger than the predator population, the above assumptions
are satisfied. Cosner et al. (see [13] for details) studied various scenarios of functions a,
i.e. the prey—dependent case, ratio-dependent case, predator-dependent case under differ-
ent assumptions of prey and predator spatial distribution, and derived functional responses
in 2- and 3- dimensions. In another study, Metz et al. [65] derived functional responses
based on predator satiation in which the time for digestion, the rate of gut emptying, the
effect of temperature, and the movement speed of both species were considered instead
of handling time (see also [38]). In deriving these functional responses, Metz et al. used
the differential equation of the predator with respect to time ¢ and satiation s for a given
prey density. For the gut emptying, a delay term with respect to satiation was used. The
same method was applied for the functional responses with two different prey items, and
for two—dimensional satiation state (satiation measured at the different part of gut). See
[92] for detailed information on various functional responses.

Jeschke et al. [42] developed the steady-state satiation (SSS) equation of functional
responses by considering five stages of the predation cycle: search, encounter, detection,
attack, and eating. Classic Holling type functional responses are based on handling time,
and the SS8S equation considers digestion time as well. Because the SSS model takes various
predation stages into account, the effects of prey defences can be included.

(1.17)

1.7 Outline

In this thesis, we are interested in a mechanism which explains spatial predator foraging
behaviour in response to a heterogeneous prey environment, and in how foraging directly
affects predator movement in response to prey density. Here the predator’s satiation level
is considered as an indicator of a local prey density. As a framework, we focus on the prey—
taxis model introduced by Kareiva and Odell [46]. We analyze the derivation of this model,
understand the assumptions used, release unnecessary assumptions, and modify some parts
of the derivation procedure in a mechanistic way. Our derived prey-taxis model is applied
to study the spatial predator—prey interaction. The rest of this thesis is organized as follows.

In Chapter 2, we develop a model of the interaction between prey and predators. The
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model consists of a predator movement model, spatial satiation variation, turning rate,
predator temporal dynamics, and prey dynamics. The directional movement of predators
is described with a 1-D hyperbolic system. A satiation function is derived under the as-
sumption that it is regulated by both prey distribution and satiation. Temporal variation in
satiation is derived and combined with predator movement to approximate spatio—temporal
satiation variation. Increasing the satiation level leads to frequent turning by predators,
which affects predator movement. Turning rate, which is determined only by satiation, is
derived mechanistically by a Poisson process and is confirmed among four candidates mod-
els via statistical selection procedures. Finally prey spatial dynamics are introduced briefly,
in which prey dispersal is determined by a diffusion process and local prey population dy-
namics are limited by the interaction with predators. We do not derive prey dynamics
rigorously.

In Chapter 3, we reduce the number of total equations derived from Chapter 2. First of
all, we use rescaling and a parabolic limit to approximate the hyperbolic system of predator
movement. As a result we obtain an equation in the form of (1.2). Here the counterpart
of chemosensitivity x(s) is called prey sensitivity x(v) depending on prey density v. Prey
sensitivity and diffusion rate are derived through turning rate and spatio-temporal satiation
variation. An alternative derivation of prey—taxis is considered using the transition between
mobile and resting states of the predator. We derive the prey-taxis equation for predator
spatial variation in the form of an advection—diffusion equation, to which local population
dynamics reacting to prey density are added.

In Chapter 4, we review the numerical methods used in this thesis. Numerical simula-
tions are done using a fractional step method. For the prey-taxis term, we carefully choose
high resolution central schemes, such as Nessyahu-Tadmor (NT) scheme, Kurganov and
Tadmor scheme, etc. For the diffusion terms, the standard second order Crank—Nicolson
method and the second order Runge-Kutta (RK) method are used.

In Chapter 5, we consider the global pattern in a predator—prey model from Chapter 3
via travelling wave connections. Here we look at the situation in which introduced predators
catch up with a spreading prey. We consider two questions: 1. whether prey spread is
slowed down by the predators and 2. whether it is stopped by the predators. We address
these questions with diffusion—only dispersal, prey—taxis dispersal, and several other local
population dynamics. We also consider that predator diffusion rate is small and prey do
not have spatial mobility. We modify the model which Pettet and Mcelwain [75] considered
with a nonconstant prey sensitivity x(v) = % Without predator diffusion we consider the
condition for a discontinuous travelling wave solution. Here so called ‘Hole in the Wall’
appears. The full model with small predator diffusion is investigated and compared with
the approximate model. In the last section, we consider traveling wave speeds to the resting
models derived in Section 3.6.

In Chapter 6, we consider the spatial pattern formation induced by diffusion and prey-
taxis combined with various local population dynamics. We perform a mathematical anal-
ysis to find conditions for which prey can persist under the predation pressure.

In the last chapter, we summarize and discuss the results we obtained in this thesis, and
talk about further research.
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Chapter 2

Modelling Prey—Taxis

In this chapter, we construct mathematical models for area-restricted foraging where the
foraging strategy depends on the prey density. Since we are interested in modeling directed
movement of the predator depending on their satiety in detail, we begin the modeling in
one spatial dimension. The resulting model for non—-tumble and oriented movement of the
predator is a hyperbolic model of correlated random walk for the species, which is coupled
to a hyperbolic model for the satiation and coupled to a prey—diffusion equation.

Aphids are observed to actively aggregate around their own species to reduce the chance
of predation {11, 90], even though their grouping strongly attracts predators. Using a math-
ematical model Turchin and Kareiva [90] argued that prey grouping decreases predation
pressure via two components. First, the probability of prey killed per predator per unit
of time is a decreasing function of an aphid colony size. Second, the expected number of
predators attacking an aphid colony is an increasing function of aphid colony size but is not
increasing as quickly as aphid colony growth.

Our research is motivated by the observation of area-restricted searching of the ladybug
beetle Coccinella septempunctata in response to the goldenrod aphid (plant lice) in predator—
prey models. Kareiva and Odell [46] fit their models to field data of the ladybug beetle and
the goldenrod aphid and showed that the predation by lady beetles at low densities of
aphid populations seems to be crucial to the control of aphid outbreaks. Therefore, time of
release of ladybug is an important aspect in the control of an aphid population. Like most
ladybugs, Coccinella beetles exhibit area-restricted foraging following the consumption of
aphids. Hungry ladybug predators travel long straight paths without changing direction
often. As they consume prey, their turning rate is seen to increase, and zig-zag movement
is observed [46]. Ladybug predators are not able to detect prey visually at distance over 1
cm.

Predator satiation is an important factor for predator foraging behaviour, hence we
begin the modeling in Section 2.2 by modeling temporal satiation dynamics. In Section 2.3,
we formulate a model for spatial movement of the predator and we combine both partial
models to obtain a movement model for predators that includes the satiation dynamics in
Section 2.4.

We study the drift—diffusion approximation in Chapter 3, where we also extend the limit
equation to more than one space dimension.

13
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+/- positive/ negative direction moving [N-D)]
u speed at which a predator travels [L/T]
V(z,t) prey density [N/L}
nt(z,t) | right-moving predator density [N/L]
n=(z,t) left-moving predator density [N/L]
n(z,t) total predator density (= n*(z,t) + n (z,t)) [N/L]
7= R(S) | direction-reversal probability per unit time for predator [1/T)
S(z,t) degree to which a predator is satiated ([0, 1]) [N-D]
K max density of prey [N/L]
Jp flux density of predators [N/T]
So = So(V') | steady-state value of S [N-D]

Table 2.1: Notation and units of the predator—prey-satiation model

2.1 Notation and Units

In this section, the dependent functions that are used for our final predator-prey-satiation
model are summarized in Table 2.1 (Units: L — length, T — time, N — number, and N-D -
nondimensional).

2.2 Temporal Satiation Dynamics

In this section, we consider satiation dynamics. We first consider a system where there is
no space dependence. Hence the satiation of a predator S(t) and the prey density V (¢) vary
with time ¢t only. The satiation S(¢) increases each time the predator consumes a victim
and decreases as the predator digests and excretes. The predation rate depends on the
prey density V(t) experienced by the predators, and on the satiation S(t), since stomach
fullness clearly influences a predator’s inclination toward further predation. The rate of
digestion, which is the rate at which S(t) decreases in the absence of feeding, also depends
on S(t). Thus, we assume the existence of a differentiable function f(S,V’) that determines
the satiation dynamics of each predator as follows ‘

dS(t)
S = 150, V(). (21)

Here f(S, V') can be understood as the foraging strategy (foraging intensity) of the predator,
depending on the satiation S and available food V.
We assume the following condition that is derived from biological reasoning

of

== <0. 2.2
It describes the situation that, as gut-fullness increases, satiation growth rate is slowed. In
other words, increased satiation makes the predator less efficient in searching for more food
. This situation may occur because predators tend to kill less prey or because predators
change the consumption pattern to partial consumption of prey killed [82].
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We also assume that
£(0,V) > 0 and £(1,V) <0, 23)

which says that, for a fixed prey population, an empty gut drives predator to consume prey
and increase its satiation level, and that, for a fixed prey population, a full gut restricts
predator from higher satiation.

In Section 2.5 we relate the turning rates to the predator satiation and to the prey
density. In the final section of this chapter we derive the coupled predator—prey—satiation
model.

We normalize satiation S(t) to be within D = [0,1]. Assumption (2.3) is sufficient to
prove that D is positively invariant for (2.1).

Lemma 2.1 Assume condition (2.3) and let V(t) be a given continuous non-negative prey
density, then the region D = [0, 1] is positively invariant for the solutions of (2.1).

Proof. ~ We prove that D is positive invariant by showing that S(t) starting inside of D
does not cross the boundary of D. Assume that D is not positively invariant. Then there
exists a solution of (2.1) such that initially S(0) is in D but for some T > 0, S(T') is not in
D. It means that S(t) crosses the boundary of D for some t > 0. At S = 0, we first consider
the case of f(0,V) > 0 in condition (2.3) so that we have dS/dt = f(0,V) > 0, which means
that the solution of (2.1) is increasing at S = 0, hence it cannot cross the boundary of D
through S = 0. Now we consider the case of f(0,V) = 0 in condition (2.3) so that we have
dS/dt = f(0,V) = 0. Here we consider S; = —e for small positive constant ¢. For such
S1, we can see that f(S1,V) > 0 from the assumption (2.2). Thus a trajectory starting on
S = 0 cannot decrease any further. Similarly at S = 1, we find dS/dt = f(1,V) < 0, which
means that the solution of (2.1) is decreasing at S = 1. In addition, a trajectory starting on
S =1+ e should decrease due to the assumption (2.2), hence a satiation starting at S =1
cannot grow any further . Therefore D is shown to be positively invariant (see [89]). O

When the prey density is held constant for a long time, it will be shown that the satiation
S(t) approaches the steady-state solutions of equation (2.1) that satisfy f(S,V) = 0. With
assumption (2.2), the implicit—function theorem [4] is used to show that S is expressed
uniquely as a function of V. We denote this steady—state value of S by So(V).

Since f(S,V) is the rate at which satiation of predator varies, we need to consider two
processes to express f(S, V). The one is the rate of satiation increase through consumption
of prey, and the second is the rate of the satiation decreasing by activity and energy intake,
such as searching for prey and digesting and excreting eaten prey. For the case of increasing
satiation, we need to consider the rate of consuming prey with variable satiation, because
the rate of consuming prey has been observed to vary with respect to predator satiation
[46]. Therefore, f(S,V) consists of energy intake and energy decay terms. The energy
intake is expressed as a classical killing rate in the form of a functional response g(V) times
the conversion of killed prey into energy e(S). The second is an energy decay which may
be proportional to satiation level or may follow a functional response form if we take into
account an increased energy level due to the partial consumption of prey [82].

In this model, we assume that energy decay is proportional to satiation and does not
depend on prey density. Then, we have

F(S, V) = Cre(S)g(V) — C2S, (2.4)
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where C; converts units of prey into satiation units, and C5 is an energy decay coefficient.
Besides three types of functional responses g(V) introduced by Holling [36], we consider
a fourth functional form, which has been introduced by several researchers [14, 49]. The
prototypes of the functional responses that we show in Figure 2.1 are

by for0<V<e
I,91(V) = a - =
Type L, g:(V) {% forV>c¢
Type IT , g (V) = —2% 2.5)
pe ll,grr = 1w 2.
aV?
Type IIl , gr 11 (V) = =52
aV
Type IV ,gIV(V) m,

where a, b, and c are positive constants. We define e(S) = (1 — S)7, which describes
how satiation regulates the intention of partial consuming prey. (1 — S) indicates that as
predator is satiated more, an energy intake occurs more slowly for the same prey density.
As v approaches zero, e(S) approaches 1 for all satiation S except for high satiation S = 1,
so that predators show the same foraging behaviour with respect to varying satiation (See
Figure 2.2).

To find a steady state relationship between Sy and V, we need to understand the rela-
tionship g(V) = C—?g%; from equation (2.4) for the four functional responses defined above.

Let So(V) be a solution to g(V) = 5?3%5 = &(Sp) providing it exists. Then we have

Lemma 2.2 (i). ®(Sq) is monotonically increasing. (ii). ®(Sq) is continuously differen-
tiable in [0,1).

Proof. (i) When we take a derivative of ®(Sp) with respect to So, we have &'(Sp) =
%3(1 — So)~"1(1 — S + 4Sp), which is always positive for Sy < 1 and nonnegative 7.
Therefore ®(Sp) is monotonically increasing. (ii) ®(Sp) is product of two functions (let,
®,(S0) = gfSo and ®3(Sp) = (1—5p)~7). ®1(So) and $5(Sp) are all infinitely differentiable
in [0,1), hence the product of two infinitely differentiable functions is infinitely differentiable.
a

Thus, ®(Sp) is a one-to—one function on its domain, which implies that the inverse
function of ®(Sop) exists [4].

Lemma 2.3 Under the assumption that g'(V) ezists, let So(V) = @~ 1(g(V)), then

oV) > 0iffd(V)>0
(V) < 0iffd(V) <0 (2.6)
SHV) = 0iffg(V)=0.

Proof. When we differentiate both sides of g(V) = ®(Sp(V)) with respect to V, we have
d—?{(—VQ = %Si—‘)l‘fi—‘f}, in which g%(—g‘z—ol is always positive by Lemma 2.2. Thus, %‘p and %‘%}1
have the same sign, which shows (2.6). Hence So(V) and g(V) have the same extremal
points. O

Note that for Type I, g‘g/_ does not exist at V = c. We use Matlab to show the behaviour
of the curve So(V) as v decreases to zero (See Figure 2.3). As -y approaches zero, we can
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Figure 2.1: Four types of functional response dependent on prey density (V). Type I-IV
are shown in formula (2.5) and the parameters are: Type I) a = 11, b =1 and ¢ = 10, Type
IT) and Type III) a = 10/11 and b =1 ,Type IV) a = 15/11, b= 1 and ¢ = 10.
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\

Figure 2.2: As satiation S increases, food consuming expressed by e(S)g(V') is shown to
decrease. The parameters are: v = 0.1, a = 10/11 and b= 1.
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see that Sp(V') has classical functional response forms corresponding to g(V'). In addition
to condition (2.2), Kareiva and Odell [46] assumed the following condition
of
Fiz >0, (2.7
which describes the situation that as there are more prey, the predator has a higher inclina-
tion to consume prey and it takes shorter time to search for prey so that satiation increases
more quickly.
Type I, IT and III satisfy all required conditions (2.2-2.7) for f(S, V') but Type IV fails
to satisfy condition (2.7) for large prey density. We have the following property for Type I,
IT and III functional responses
8So(V)
v
which means that, when V is held fixed, the equilibrium satiation of the predator’s gut
should be larger for larger values of prey density. But Type IV functional response does
not show this kind property of predator. However, releasing condition (2.7) in this thesis,
we may include Type IV functional response. Without condition (2.7), So(V') is not a one-
to—one function, but the above three Lemmas 2.1-2.3 still hold. For Type IV curve, So(V)
is decreasing for large prey density, which can be explained with the concept of implicit
prey defense or predator resting for mating or reproduction. The resting for mating or
reproduction might increase with prey consumption. Sy(V') is the solution that should
be observed in predators that forage in a fixed constant—prey density, V, for a long time.
Indeed we find

Lemma 2.4 Under conditions (2.2) and (2.3) , the equilibrium So(V') of equation (2.4) is
unique and it is asymptotically stable.

>0, (2.8)

Proof. By the way that So(V) is defined, we can see it is assigned uniquely with V. It
implies that f(S,V) can be zero only one time at any fixed prey density. Under condition
(2.3) (f(0,V) > 0), and condition (2.2) (3f/8S < 0), f(S,V) is a function of S that starts
nonnegative at S = 0 and is monotonically decreasing with respect to S. By equation (2.1),
we can see that for S < So(V'), S(t) is monotonically increasing and approaching Sp(V'), and
for S > So(V'), S(t) is monotonically decreasing and approaching So(V)) (Figure 2.4). Thus
when V is held fixed at any value, that equation (2.1) has a unique steady—state solution—
namely, So(V)- and as t — oo, S approaches So(V), i.e. Sp(V) is globally asymptotically
stable. O

A functional response is a per predator consumption rate as a function of prey density.
In our case, satiation can be interpreted in two ways. The first is to directly account for
the killed prey, as described by the functional response curves. The second is to assume
implicitly an energy conversion with a constant energy conversion rate from the killed prey
to satiation.

Kareiva and Odell used ¢(S) =1—S and g(V) = ﬁ They estimated Cy = 0.018632
m/day, » = 711.2/m, and Cy = 2.3384/day. The relation between S and V at equilibrium
is shown in Figure 2.5. As prey increase, the killing rate approaches a plateau of value v.
When the killing rate is near this plateau, the satiation equation (2.1) can be expressed as
a function of satiation only as follows,

ds

i Civ — (Cv + Cy)S. (2.9)
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Figure 2.3: As < decreases to zero, So(V') shows similar behaviour corresponding to four
functional responses (g(V)). With « closer to zero, the steady satiation level for a fixed
prey density increases. The parameters are: v = 0.5, 0.3, 0.1 and 0.01, Co = 1/11, Type
Da=11,b=1,¢=10 and C; = 1/11, Type II) and Type IIl) a = 10/11, b = 1, and
C,=1/11 , Type IV) a = 15/10, b =1, ¢ = 1/2, and C; = 13/11. The arrows show the
direction of decreasing ~.
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Figure 2.4: With condition (2.2) and (2.3), for the fixed prey density, all initial values of S
approach Sp(V).
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v

Figure 2.5: Satiation equilibrium using the Kareiva and Odell [46] functional form and
parameters: So = mﬁﬁg)@—@ Cy = 0.018632, v = 711.2, and C; = 2.3384

21

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



0.9

o8

0.7 $(0) increasing 4
0.6

[+X-]

SO

04

0.3

0.2

0.1

A n N ) L L L L
] 0.1 0.2 03 0.4 [oX.} [+X3 0.7 X ] [+ X-] 1
t

Figure 2.6: § = (O (CutCaSOYaplCuaGl)-Cw o) = 0.018632, v = 7112, and

Cy = 2.3384. With different initial satiation, satiation approaches the plateau quickly.

The analytical solutions of equation (2.9) are shown in Figure 2.6 for increasing initial
satiation S(0) from O to 0.8.

To summarize, it is seen that when the prey density is held constant for a long time,
the satiation S(t) is expressed uniquely as a function of V', So(V).

2.3 Predator Movement Model

In this section, we derive predator movement mode] in two ways; the conservation law and
a discrete random walk.

2.3.1 Derivation of Predator Movement Model

Here we derive a mathematical model for predator movement by using the conservation law.
To motivate the general movement rules we consider a cylinder of fixed cross—sectional area
A, oriented along the r—axis (Figure 2.7). Assuming that all quantities of right— and left-
moving predators vary with z, let us examine the rate at which the number of right-moving
predators nt changes in a slice of the cylinder that extends from some fixed z to = + Az,
where Az is a small constant spatial increment.

The total amount of the right-moving predator n* in this slice is n* AAz. We assume
that n* changes (i) due to the fact that a left-moving predator become right-moving and
vice-versa, and (z2) through flux across the boundaries of the slice. Written as an equation
we obtain

d(nt AAzx)
at
The volume factor AAz converts densities into the total number of predators in the ”slice”.

To obtain (i), consider that a directional turning rate of the right-moving preda-

tor r* is the probability per unit of time that a right-moving predator reverses. Thus

/; 2+A% ++ Adg is the expected number of right-moving predators within the slice that

z
z+Axr

reverse per unit time. Similarly [ r~n~ Adz is the expected number of left-moving

= (i) + (i) (2.10)

22

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



T T+ Az

Conservation Law

Figure 2.7: Equations of balance are derived for flow of predators [concentration n(z,t)]
with constant velocity, u, along a cylinder with uniform cross—sectional area A.

predators within the slice that reverse per unit time. Then (i) = [ ; AT - Adx —

f;’LA“ rtntAdz. Derivation of (i) begins with the observation that the rate at which
right-moving predator move into the ”slice” from the left is uAn*(z,t). Because the den-
sity of predator varies with z, the predators generally leave the slice at a different rate from
that at which they enter, that is uAn*(z + Az,t). The net rate at which n* flows into the
slice through its two sides is therefore

uAnt(z + Az,t) — uAn*(z,t) = uAjnt(z + Az, t) — n*(z,t)]. (2.11)
Putting everything together, we have

d(ntAAz)

z+Az z+ Az
5t / r‘n‘Ada:—/ rtntAdz —uAnt (z + Az, t) —nt(z,t)]. (2.12)

Dividing by AAz, and then letting Az approach zero we obtain the equation

on* +,.,+ on*

5 T M TR —ups, (2.13)
which is rearranged as
+ +
% + uaan— =r n” —rtat (2.14)
z

Similarly we can derive a left-moving predator movement equation using left-moving ve-
locity with —u as follows

on~ on~

ol e ot '
5~ Y aa (r~n” —r*tn™). (2.15)

where r*(z,t) is the turning rate of the right-moving predator at time ¢ and position = and
similarly r~(z,t) can be assigned for left—-moving predators.

A more rigorous derivation can be made without the assumption of small Az and with
nonhomogeneous cylinder. Alternatively, (2.14)—(2.15) can be derived as conservation laws
using the divergence theorem (see [49]) or from correlated random walk (see [100, 91, 24, 35]).
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Figure 2.8: Change of locations on a discrete grid due to the moving and turning values
described in the text.

For the hyperbolic system (2.14-2.15) on an interval 0 < z < [ zero Dirichlet boundary
conditions are

n*(0,t) = 0, n=(I,¢) = 0. (2.16)

No predator can enter at z = 0 and = = [ into the domain [24]. However the right-moving
predators can leave through z = [ and the left-moving ones through = = 0.
No-flux boundary conditions on an interval are

nt(0,t) = n=(0,t), n=(I,t) = nt(l,1t). (2.17)

The left-moving predators arriving at x = 0 turn into the right-moving predators and
similarly the right-moving predators arriving at z = [ turn into the left—-moving predators.
Moreover, we consider travelling waves on unbounded domains —o0 < z < 00.

2.3.2 Derivation from Discrete Model

In this section, we provide an alternative derivation of the predator movement model that
is based on a discrete random walk [100].

We discretize an one dimensional domain with stepsize Az and denote the grid points by
i—1, %, and 7+ 1 and so forth, Right-moving predators move from location i—1 to location ¢
in one time step and left-moving predators move from location i+1 to location . We assume
that a predator’s turning can occur immediately after the predator’s arrival at a location
7, and no turning happens while predators move (see Figure 2.8). The number of right—
moving predators at location i increases by the immigration of right-moving predators from
the 7 — 1 location, but decreases by the immediate turning of some right-moving predators
after their arrival at location i from the location 4 — 1, i.e. v} | (t)Atn} ,(t) , and increases
by the immediate turning of some left-moving predators after their arrival at location ¢ from
the location i + 1, i.e. 7 ,(t)Atn;, (t). Hence we have a discrete right-moving predator
movement equation as follows

nt(t+ At) = nf ((t) + 15, @) A (1) — rf () Atn} ((2), (2.18)
and with the similar argument, we can derive the following equation for the left-moving
predators

n; (t+ At) =ng (1) + i () Atnt (2) — v (@) Atng, ( (¢). (2.19)
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Moving ngil (t) to the left-hand side by subtraction and dividing both terms by At produce

ni+ A0 —nf (o) | m ) - nl, @)

At Az/u
At(ri  (Ong () — it (On (1)
+ +1 ~ 1 AN (2.20)
n; (t + At) —ng (¢) N n; (t) —ni (1)
At Az/u N
At(r @)n (1) = ri (O, (1)
1 1 7 +1 +1 , (221)
where At = Az/u and At can be canceled out from the right term. As At and Az — 0,
we have
D) TN o), gn @), ) - @@ O @0, @22)
0 WD ), 9nm @), ) - O, 0 @0, 0). (229

Thus equations (2.22)—(2.23) are equivalent with equations (2.14)—(2.15).

2.4 Spatio—Temporal Satiation Dynamics

In Section 2.2, we looked at satiation dynamics inside of a predator that is not moving.
As predators move around for searching food, the satiation variable varies spatially as well.
Here we extend the derivation from a discrete model to derive a model for spatio-temporal
satiation dynamics.

Spatial satiation variation is a change of satiation due to a spatial predator movement.
Indeed, Spatio—temporal satiation varies due to the moving behaviour of predators, the turn-
ing behaviour of predators, i.e. the satiation level of right-moving predators S* and the
satiation level of left-moving predators S~ interchange. The variable ntS* describes the
satiation (or total amount of eaten food) as transported to the right by right-moving preda-
tors. Note that we assume here that each right-moving predator has the average satiation
S*. The moving behaviour and the turning behaviour of predators cause the total satiation
level of right-moving predators at location i to change. It increases by the immigration
of right-moving predators from location ¢ — 1 to location ¢ by (n+tSt);_1(¢). It decreases
by the immediate turning of some right-moving predators after their arrival at location ¢z,
—1} () At(n+S*);_1(t). It also increases by the immediate turning of some left-moving
predators after their arrival at location 4, +r ; (£)At(n~S57);41(¢). In addition, satiation
changes due to the predator activities, such as searching, handling, and digesting prey so
that satiation variation should be included approximately as n} (t+At)Atf (S} (t+At), V).
Hence we have a spatio—temporal satiation dynamics inside of right-moving predators as
follows

(ntS*)i(t + At) = (nt8)i_1(t) + i ()AL RT ST )iy (B)
— 7 (ALY ST) i1 (t) + nf(t + AYALF(S](t + At), ). (2.24)
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With a similar argument, we can derive the following equation for a spatio—temporal sati-
ation dynamics inside of left—-moving predators
(n™87)i(t+ At) = (n” 87 )i1(t) + 1 () At(ntST)_1(2)
=i (AN S7)ip 1 (t) +ny (8 + AALF(S; (t + At), ). (2.25)
We move (n*S+);_1(¢) and (n=57);11(t) to the left-hand side by subtraction, divide both
terms by At, and rearrange equations (2.24-2.25) as follows
(SNt + At) = (ST (1 Slt) = (S s
At Az/u
_ At () (n” 8T )in () — iy () (nt §1)ina (1)

+nt(t+A)F(SHE+ AL),-), (2.26)

At
(n7S7)i(t + At) = (n787)i(t) | (n757)i(t) = (n757 )i (t)
At Az/u
_ A ()0t ST (O) — ri (B ST )in ()

At +n; (E+ A F(ST(t+ AY), ). (2.27)

Here At = Az/u and At can be canceled out from the right term. As At and Az — 0, we
arrive at the hyperbolic model

d(ntSt) N d(ntSt)

S — ettt ot

p U= =rn ST —r™TnTST +nTf(ST,V), (2.28)
d(n~S7) on=87) 4 iot o

5 U= = S™T+r TSt +n7 f(S7,V). (2.29)

In particular, if we regard the satiation level of moving predators S* as constant variables
and the local saitaion dynamics as f(S*,V) = 0, then we can see that equations (2.14)
and (2.15) are considered as a special case of equations (2.28) and (2.29) respectively. Thus
when we look at the more detailed mechanism such as including satiation dynamics to a
predator movement, we may understand the more realistic phenomena.

The term n*S* denotes the total satiety (or total gut content) of right and left-moving
predators respectively at location z and time t. Thus un*S* is the flux of gut fullness as
transported by the moving predator. r¥ntS* describes a change in the transport of gut
contents due to a change of direction of predators. n* f(S*,V) describes uptake, decay,
and consumption of food during the walk of a predator.

The product rule applied to equations (2.28-2.29) and combination with equations (2.14—
2.15) leads to the following equations for the effective dynamics of satiation, divided into
gut content transported right/left respectively:

O uZ o _(n (St - 57+ £(5H,V), (2:30)
O w2 = ()8 - )+ (57V) (2.31)

2.5 Turning Rate

As we saw in the derivations of the predator movement model (Section 2.3) and spatio—
temporal satiation dynamics, directional turning rates of predators r* and r~ are key
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parameters for the model. In the following we assume that turning is only influenced by
the satiation and we write 7+ = R(St*) and r— = R(S™). The turning function R(S) will
be derived from experimental data. Kareiva and Odell [46] measured the turning rate of
ladybug as a function of mean satiation. They fitted the data using a third order polynomial
Ry(S) = A+BS+CS2+DS3. In the fitting process, they estimated additional parameters
simultaneously, such as moving speed u, and parameters for the functional repsonse. We
propose a mechanistic model for the turning behaviour and fit it to the data. To derive a
mechanistic model for turning events, we assume that turning events follow a Poisson pro-
cess with rate A . Then e~** is the probability of not changing direction in a time interval
(0,t), or 1 — e is the probability of changing direction in (0,t). We assume that the
rate A(S) depends on the satiation S. We assume that the probability to change direction
in one unit of time 4t is proportional to the relative satiation, so that 1 — e~ %) = SS

max

where Spqx denotes a hypothetical maximum satiation and can be obtained by parameter
estimates as a free parameter. Thus A(S) = —In (%ﬁ;—s) We consider Sy..; a8 an un-
known parameter which we fit from the data. Hence as a second candidate for a turning
function we assume Ry(S) = —Bln (i'gfnﬂ;—s) where B is the strength of this effect. Here it
is the case that R2(0) = 0. We may generalize to a different situation so that Ry(0) = A for
a positive constant A, which results in R3(S) = A— Bln (g%;,:l—_s) The third candidate

for a turning function is the third order polynomial R4(S) = A+ BS + CS? + DS3. We
will take the number of free parameters into account and we will use the corrected Aikaike
information criterion (AICc) to choose the best model from the data of Kareiva and Odell.
To summarize the candidates for turning functions are:

1. Kareiva and Odell: R,(S) = A+ BS+C8?+ Ds3, parameters A, B, é’, ﬁ, predator
velocity u, functional response parameters.

2. Ry(S)=-Bln (ﬁgﬁ;—s), parameters B, Spax.
3. R3(S)=A—-Bln (§§M—), parameters A, B, Spax.

=S
max

4. Ry(S) = A+ BS +CS? + DS®, parameters A, B, C, D.

Y

To fit the turning rates as a function of satiation, we use least squares approximation
of all four candidates to the data of Kareiva and Odell (Fig. 1. [46]).

We can summarize Table 2.2 by saying that model 4 would be more likely than model
1, model 2, and model 3 if we only consider the maximum likelihood. However, the models
have different number of parameters and we use AIC test to compare the models.

AIC = —2log(L(bly)) + 2K, (2.32)

where K is the number of parameters and £(f|y) the maximum likelihood, given the data
y. Note that AIC test considers the penalty of models from the number of parameters and
a smaller AIC indicates a better model. Especially, the small number of data (13) requires
using AlCc.

2K(K +1)

AIC,. = AIC + K1

(2.33)

where n is sample size (see (8] for detail).
In this section, we considered the turning function R(S) from experimental data. Thus,
the lowest value of AICc gives the best model. Figure 2.9 and Table 2.2 indicate that
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R(S)=1.7115+45.3098 S+-180.172 §%+272.991 §°.

R(S)=-26.2683 In(1-5/0.895388).
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Figure 2.9: Turning rate vs Satiation. Four models of turning rates from Table 2.2 are
plotted with data from Kareiva and Odell [46]. The parameters of four models are obtained
from the best fit to experimental data (Fig. 1. [46]).
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Model equation Lmax AlIC AlCce

Ri=A+BS+CS?2+DS3| 00034 [19.3957 | 24.3957
Ry = —BIn(1 — 8/Smaz) 5.7784e-04 | 18.9124 | 20.1124
R3 = A— BIn(1 — S/Smas) | 6.4754e-04 | 20.6847 | 23.3513
Ri=A+BS+CS?2+DS3| 0.0041 19.0072 | 24.0072

Table 2.2: To compare four models of the predator turning rate R(S), a Likelihood ratio
test and the Aikaike information criterion (AIC) are used. In addition, since the number of
data is less than 40, a correction term to the AIC is added (AICc).

Ry =-Bln (1 - %ﬂ) gives the best model (see Table 2.2 and Figure 2.9). It is interesting
to see that a mechanistic model is as good as or slightly better than other types of models.

2.6 Summary: Formulation of the
Predator—Prey—Satiation Model

In this chapter we derived the predator—prey-satiation model. For that, we considered each
component of the predator-prey-satiation model except the prey model. The complete
predator—prey—satiation model consists of three components; 1. the predator movement
model (Section 2.3), 2. the spatio-temporal satiation dynamics (Section 2.4), and 3. the

prey model.
First of all, the predator movement model is derived in Section 2.3 and reads
ont on*t —p ot
W—Fug—rn —-r'n’, (2.34)
On” _ On” 4o+
w —’U,E = (7‘ n —rn ), (235)

where the turning rates R(S*) depending on the satiation is obtained by comparing four
models in Section 2.5. Here we do not consider birth—death terms for predators in equations
(2.34)—(2.35) because equations (2.34)—(2.35) are not the final form of a model we analyze in
this thesis. In the next chapter, equations (2.34)—(2.35) are approximated with a parabolic
type single equation and a reaction term is added to the parabolic equation. The spatial
satiation transport through predators is derived in Section 2.4 and reads

A(n*tS*) /ot + ud(ntS*)/8z = r n~ S —rtatSt 4t f(ST, V), (2.36)
A(n~87)/8t —ud(n~87)/8zx = —r n~ 8™ +rtnt St +n (S, V). (2.37)

Instead of equations (2.36)—(2.37), we could use equations (2.30)—(2.31). Applying the
product rule to equations (2.36)—(2.37) and cancelling the results with equations (2.34)-
(2.35) lead to equations (2.30)—(2.31). Similarly equations (2.34)—(2.35) can be obtained
from equations (2.36)—(2.37) and equations (2.30)—(2.31).

For the prey we assume that they move randomly with local population dynamics related
to predation,
(n* +n7)

g(V)), (2.38)

29

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



where h(V) is a prey growth function and g(V') is a predator functional response (see (2.5))
as used for temporal satiation dynamics.

For n* and n~ zero Dirichlet boundary conditions were described in (2.16) and (2.17).
For S* and S~ on an interval 0 < z < L, zero Dirichlet boundary conditions are

S5*(0,t) =0, S~(L,t)=0. (2.39)
For the prey dynamics, zero Dirichlet boundary condition is
V(0,t)=0, V(L,t)=0. (2.40)
No-flux boundary conditions come from

nt(0,t)S*(0,t) = n~(0,t)S(0,t) (2.41)
n~(L,t)S™(L,t) = n*(L,t)S*(L,t). (2.42)

With boundary condition (2.17) we have
S*(0,t) = S7(0,t), S™(L,t) = S*(L,1). (2.43)

For the prey dynamics, no-flux boundary condition is
1% 2%

Furthermore, we consider travelling waves on unbounded domains —oo < z < o0.

The significance of this chapter is that we derived the predator movement model (2.34—
2.35) and the spatio-temporal satiation dynamics (2.36)—(2.37). Hence we now understand
the difference and similarity between prey—taxis and chemotaxis. The predator movement
model is common for both prey—taxis and chemotaxis. However, the spatio-temporal satia-
tion dynamics are different. In chemotaxis, chemical stimulus move randomly independent
of amoebae or bacteria. However, in prey—taxis, the dispersal of the level of satiation occurs
by the dispersal of predators. Hence, different temporal satiation dynamics predict different
predator—prey interactions. This opens a further research direction.

In the following chapter we will derive a simpler approximation for the model equations
(2.34)—(2.35) and (2.36)—(2.37).
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Chapter 3

Drift—Diffusion Approximation

In the previous chapter, we derived the prey—predator satiation model. Equations (2.34)—
(2.35) and (2.36)—(2.37) describe spatial predator dynamics induced by movement and spa-
tial satiation dynamics caused by both movement and the interaction with the prey, respec-
tively. In this chapter, we find a drift—diffusion approximation for equations (2.34)—(2.35)
and (2.36)—(2.37).

In order to obtain an approximation, various approaches may be taken. Quasi-steady
state assumption is one of such approaches. Kareiva and Odell [46] applied the quasi—
steady state assumption to find a parabolic type of the prey-taxis approximation. The
purpose of this chapter is to eliminate unnecessary assumptions and derive an approximation
more rigorously. Here we adapt different approaches from that by Kareiva and Odell [46].
In Sections 3.1, 3.2, and 3.3, we consider constant, symmetric spatially dependent, and
nonsymmetric spatially dependent turning rates, respectively. With rescaling variables and
parameters, we approximate the hyperbolic predator movement equations (2.34)—(2.35)
with the parabolic type of a drift-diffusion equation. The parabolic limit is also used to
obtain the spatial dynamics of the total predator population composed of the right and
left moving predators. This parabolic limit procedure provides the main body of the drift—
diffusion approximation in Section 3.4. The coefficients of the drift—diffusion approximation
are obtained in Section 3.5 from the spatial satiation dynamics (2.36)—(2.37). As a result,
this drift—diffusion approximation gives a prey-taxis equation. Alternative derivations of
prey—taxis equations are achieved from resting models in Section 3.6.

3.1 Constant Turning Rates

In Section 2.5, we considered a spatially homogeneous turning rate. In Section 2.3, it was
seen that predator movement equations are determined by a general turning rate. In this
section, we consider constant turning rates and investigate an approximation of (2.34)-
(2.35). In next several sections, spatially general turning rates are considered. We restate
equations (2.34)—(2.35)

- = — T —ptpt 3.
tup—=7F"n" —int, (3.1)
on~ on~ R I
LA —#pt), 3.2
: U (F~n~ —#Tn") (3.2)
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For some characteristic time scale T and length scale L, let € = % be a small parameter.
We assume that the turning rates can be written as r* = #*p*(z,t) with #* constant and
pE(z,t) = O(1) with respect to e. First of all, we consider the case that p*(z,t) = 1, that

is, a spatially homogeneous turning rate. We introduce t* = %, é = (T“'#W’ =7,

w=7*T and ¢ = ﬂ'_uil Then equations (3.1)-(3.2) are expressed as follows,

on* ant

2 — — 2y, _ 2+

€“6—— +€d B (1 — wde*)n™ — whe“n™), (3.3)
on~ on~

2 - — —((1 - Nn— —wéent

€0— —€b e ((1 — wée*)n~ — wde*n™). (3.4)

We assume that turning rates #+ and #~ are constant so that w, ¢ and § are constants as
well. Later we handle the case where w, ¢ and § depend on z and ¢.

For the simplicity of analysis, from now on we use n; instead of 8n/dt, and so forth. We
also rename t* and z* with ¢ and z respectively. We definen=n*+n- andv=n*—n",
and cancel € on both sides of equations (3.3)-(3.4). Addition and subtraction of equations
(3.3)-(3.4) yields

eng +vy =0 (3.5)
€26v; + edng = eddn — v. (3.6)

We assume that the parameter 0 < € <« 1 is small and that the other parameters § and ¢
are O(1) with respect to e. What does this mean? There are three possible scenarios:
Case 1. We let the time scale of interest get large (T large) and let the average turning
rate '—+—‘2£ get large but assume that #* and 7~ are similar (#* — #~ is O(1)) with spatial
scale, L = O(1).

Case 2. We consider the spatially and temporally bounded case ( T and L are O(1)).
Instead, we let velocity get large (u large) and we let the average turning rate LA get
large with assuming that the difference between #* and 7~ is large (#* — 7~ is O(3)).
Case 3. We consider spatially and temporally unbounded case; we let the time and spatial
scale of interest get large (T and L large) with the relationship of %: = O(1), and let #+
and 7~ are very similar (#* — #~ is O(¢)) with u = O(1) and #* = O(1).

Among these three scenarios the second case refers to the parabolic limit. In addition
to the assumptions we mentioned above, we assume that v; = O(1). The second scenario
says that movement speed is large relative to the ratio of characteristic length and time
scales and turning rates are fast relative to the time scale. In this case, we can study the
quasi-steady state approximation of equation (3.6). We differentiate once with respect to

z and get
vy = €d(Png — Ngz), 3.7
which is put into equation (3.5) to yield
eny + €8(dng — nzg) = 0. (38)
By dividing both sides with ¢, we have
g — 0Ny + PO, = 0. (3.9)

With rescaling variables and parameters, we here approximate the hyperbolic predator
movement equations (3.1)—(3.2) with a parabolic type equation (3.9).
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3.2 Symmetric Spatially Dependent Turning Rates

In the previous section, we assume the condition p*(z,t) = 1 so that §, ¢ and w are
constant with respect to z and t in Case 2. Here we tackle the more general case of non—
homogeneous p*(z,t) so that &, ¢ and w are functions of z and t. We like to keep &,
¢ and w as constants, hence we introduce new paramter functions as with new naming,
d(2,t) = rpyatemm (@.t) = eI @I and O(z,t) = r(z,t)T. We restrict
to the case where p(z,t) = p*(z,t) = p~(z,t), that is, right turning and left turmng
have the same spatial distribution with different amplitude. Then we have d(z,t) = —(m,

&(z,t) = ¢p(z,t) and Q(z,t) = wp(z,t), where §,¢ and w are constants defined as before,
and equation (3.7) is turned into

vz = —€(d(z, t)n)s + €(B(z, t)d(z, t)n)s . (3.10)

Since ®(z,t)d(z,t) = ¢ and d(z,t) = Tiﬁ’ we have

- -“5<,,(x t)) + edona, 1)

which is put into equation (3.5). With dividing both sides by ¢, we get

Ng B
With expanding each term, we have
Pa(Z, ) _ 6 _
ng + <6p2(:z:,t) + ¢6) o @) nge = 0, (3.13)
which is equivalent to
ng + (d(m t) Pa:(( )) + ®(z, t)d(z, t)) ng — d(z,t)ngg = 0, (3.14)

In addition to d(z,t) = O(1) and ®(z,t) = O(1), we assume p,(z,t) = O(e).
Thus we have a similar result with equation (3.9)

— d(z, t)ngy + ®(z, t)d(z, t)n, = 0. (3.15)

The only difference is that equation (3.15) has d(z,t) and ®(z,t) instead of § and ¢ respec-
tively.
Steady State Analysis of equation (3.12)

As time approaches infinity, we assume n; = 0 so that the steady state solution of
equation (3.12) can be considered. Setting n; = 0 and dividing by J changes equation

(3.12) into
_ ("%_(S”)l)x + éna(z) =0, (3.16)
After integrating, we have o
@ @ =C (3.17)
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where C is determined by initial or boundary conditions. Assuming n(oo) = 0 and n,(c0) =
0, that is, predator density at the right end edge of the domain is zero, leads to

ne(z) = p(z)¢n(z) = &(z)n(z). (3.18)

This equation is solved by
n(z) = no(z) exp( / (s)ds), (3.19)
0
where no(z) is an initial predator distribution. This solution is expressed in detail as

n(z) = no(z) exp{/oz (r(s) _ur+(s))Lds}. (3.20)

Under constant turning rates, #* = r* the steady state solution (3.20) is
A _ A+ L
n(z) = no(x) exp{(r—ur—)z}. (3.21)

With #~ = #%, the solution is n(z) = no(z). However, if we adopt a different boundary
condition, we may have a different steady state solution (recall that we assumed that n(cc) =
0 and n,(o0) = 0). Multiplying equation (3.17) by p(z) yields

ng(z) — ®(z)n(z) + Cp(z) = 0. (3.22)

If p(z) is continuous on the domain, then there exists a unique solution of equation (3.22)
[6]. Letting u{z) = exp(f —®(s)ds), then the solution of equation (3.22) is

S u(s)Co(s)ds + ¢
n(z)

n(z) = , (3.23)
for some integral constant ¢, which can be determined by an initial condition.

In summary, in this section, it was assumed that turning rates are symmetric and
spatially dependent. Then an approximation (3.15) of (2.34)—(2.35) was obtained.

3.3 Nonsymmetric Spatially Dependent Turning Rates

In this section, we consider spatially general turning rates for an approximation of (2.34)-
2

(2.35). We now consider r* = #*p*(z,t) where p* # p~ so that d(z,t) = =7 t):‘_rlj(z NIZ
&(z,t) = (=t = T@OL ang Q(z,t) = r*(z,t)T. This case is important for the applica-
tion to the satiation based model, since we assume p* = R(S*) and S*(z,t) and S~ (z,t)
are spatio-temporal functions. Again we assume that d(z,t) and ®(z,t) are O(1), then

equation (3.7) is turned into

vy = —€(d(z,t)ng)s + €(P(z, t)d(z, t)n),. (3.24)
We substitute this into equation (3.5) with dividing both sides by ¢ to get

ny — (d(z,t)ng )y + (®(z, t)d(z, t)n); = 0. (3.25)
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With expanding each term, we have
nt + (da(z, 1) — (2, 1)d(, t))ns — d(z, t)Naz + (B(z, t)d(,t))zn = 0. (3.26)

In addition to d(z,t) = O(1) and &(z,t) = O(1), we assume p¥(z,t) = O(e) as before,
which implies that d.(z,t) = ®,(z,t) = O(e) from the following calculations:

_ i pi(z,t) + 7 pz (x,)

dy(z,t) = — = ~ b))y .
T ETar= el 327
and o 4 L

Qx(x, t) — (T Pz (.’E,t) _ur Pz (.’B, t)) ) (328)
Thus we have a similar result with equation (3.9) up to the order O(e)

ng — d(z, t)ngy + (z,t)d(z, t)n, = 0. (3.29)

3.4 Parabolic Limit

In this section, we approximate the hyperbolic system (3.1)—(3.2) with a parabolic equation
by applying the parabolic limit process.

Addition and subtraction of equations (3.1)—(3.2) lead to the following hyperbolic sys-
tem.

ng +uvy =0 (3.30)
v+ ung = —€n — o, (3.31)

wheren=nt+n",v=nt —n", ¢ =rt —r~ and n = r+ + r—. In this section, we focus
on a general relation among u, £ and n in order to lead equations (3.1)—(3.2) to a parabolic
equation like (3.8).

We first differentiate the first equation with respect to ¢ and the second one with respect
to z. Rearranging the second equation after the differentiation, we have

Wgt = —UNgy — u(én)g — unv — Nuv, (3.32)
= —ulng, — u(én)y — unzv +nng,
with uvy; = —n;. By using the result of differentiating the first equation, i.e. uvz: = —nyy,
we get
Tt — Uy — u(én)y — unzv +qny = 0. (3.33)

If the term including v in (3.33) vanishes, we obtain an equation for n alone. For the scaling
below we assume that this term un,v is of low order. To obtain the desired parabolic limit
we assume that there exist a small parameter ¢, (for example u~1) such that the following
quantities scale as u ~ %, &~ %, and 7 ~ ;1; It is important to note that the sum n and
the difference £ of the turning rates scale differently with respect to € — 0. Other scalings
are possible too but it turns out that the above scaling leads to the most general diffusion
limit (that includes a drift term). We give examples where the above scaling is reasonable

35

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



later. To be specific we assume the model parameters, u, n, and £ are replaced by u., 7,
and £, which scale as

1 1 1
Ue = EU, &= E& and Ne = 6—277, (334)
where u, 5, and £ are terms of order one. In addition we assume that
62’u€(17€)z'v —0ase—0. (3.35)

That is, even though 7, is order of ;1;;, the order of (), is less than % Otherwise we would
keep a term including v.
When replacing u, ¢ and 7 in (3.33) by u, , & and 7, we get

Nt — ufnm — ue(€en)z — ue(ne)2v + neny = 0. (3.36)
Then using equation (3.34), we get
14t — ung, — u(én)z +nny — eu(ne)zv = 0. (3.37)
If nye = O(1), then we get the following parabolic equation.

u? 1

ng = ;nza: + ;}u(gn)z + 0(67)v (338)

with vy >0Ase— 0,

(3.39)

This equation is of divergence form. Dropping € from u, for simplicity, we define a total
predator flux as

2 - _pt
U on rT—r
=—|—] = _ 3.40
In (r‘+r+) 8a:+n(r‘+r+)u’ (3.40)
Example 1. Especially with the example of r+ = 24:7 T %%%, we have lim,_,g €2(r~ +
r*) = A and lim._o &’;,__T’;;_); = 1lim, o e(rt—r7)= %(—Ax%%). Here A is some constant

and V is a prey density. After borrowing chemotactic notation, for ¢ — 0, we formally get

ny = (Dng — xndV/0z),, (3.41)
with
p=% (3.42)
= .
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The above formal calculation of a parabolic limit allows two interpretations. Firstly if
r* and u are known from experimental data then we derive expressions for the diffusion
coefficient D and preytactic sensitivity x of the whole population. Secondly if D and x of
the parabolic system are given then we choose turning rates r} and speed u, such that the
hyperbolic model (2.14) and (2.15) converges formally to the parabolic equation (3.41)

Now we consider the boundary conditions of (3.41). A Dirichlet boundary condition
is obtained from equations (3.30)—(3.31) by using a limit process. In section 2.6 the zero
Dirichlet boundary condition for the hyperbolic system is

nt(0,t) =0, n=(l,t) =0, (3.43)

which leads to n(0,t) = n=(0,t) = —v(0,t) and n(l,t) = n*(l,t) = v(l,t). At z = 0,
the above statement gives n4(0,t) = —v:(0,t) and equation (3.30) n:(0,t) = —uv,(0,¢). In
addition, equation (3.31) isolates —wv(0,t) with un,(0,t) +£&n(0,t) +nv(0,t). Thus we have
one equation

—uvg(0,t) = uny(0,t) + &n(0,t) + nu(0,t). (3.44)
By using the limiting process (3.34), equation (3.44) gives v(0,tf) = 0, which leads to
n(0,t) = 0. Similarly we have n(l,t) = 0.

The no—flux boundary condition for the hyperbolic system is

nt(0,t) = n=(0,t), n=(I,t) = nt(l,¢t). (3.45)

Thus for all ¢ we have v(0,t) = n*(0,t) —n=(0,t) = 0 and v(l,t) =n*(l,t) — n=(l,t) = 0,
which yield that v:(0,t) = 0 and v;(l,t) = 0. At z = 0 equation (3.31) leads to

v(0, t) + un;(0,t) = —€n(0,¢) (3.46)

since v(0,t) = 0 and v(0,t) = 0. Therefore n,(0,t) = —%n(O, t). Similarly we have
nz(l,t) = —En(l,1).

In this section, we approximated the hyperbolic system (3.1)—(3.2) with a parabolic
equation by applying the parabolic limit process. We also considered the boundary condition
for the parabolic equation based on the boundary condition for the hyperbolic system (3.1)—

(3.2). In the next section, we will consider the two coefficients of the parabolic equation
(3.41).

3.5 Prey Sensitivity and Diffusion Rate Approximation

In this section, we consider two coefficients of the parabolic equation (3.41). In the last
section, one example of r* was introduced. In this section, we consider turning rates as
derived in Sections 2.4-2.5. We will approximate r~ +r* and r~ —r* in equation (3.40) to
find prey sensitivity and diffusion rate in terms of average turning rate and satiation related
functions. We begin with the assumption of S* = Sy — g and S~ = Sg + g, in which Sy is
a temporal equilibrium state of satiation at a given location (see Section 2.2 for detail) and
g is a small variable (much smaller than 1). Then Taylor expansions of r+ and r~ are

#* = R(S*) = R(So ~ 5) = R(S0) ~ S(S0)g + O&?)

r~ = R(S7) = R(So + g) = R(So) + Z_ISE(SO)Q +0(g?)
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From these expansions, we get
r~ + 1 ~ 2R(Sp) + O(g?), (3.47)

and
rT—rt & 2—(So)g +0(g%). (3.48)

g here can be 1dent1ﬁed with ¢ in the parabolic limit formulation. If we now assume that
R(So) ~ O(1/¢%) and 4&(Sp) ~ O(1/¢?) and in addition u ~ O(1/g) then we find r~+r* ~
O(1/e?) and v~ — 7+ ~ O(l /€) as was assumed in the parabolic limit. Thus the next step
is the identification of g to complete the approximation of the prey sensitivity. To estimate
g, We use spatial satiation variation equations (2.30)—(2.31). Plugging S~ = Sy + g and
St = Sy — g into equations (2.30)—(2.31), we have

830 650 ag 89 B 8f
ot ' ‘oz (a tUss) T V)= 3550, V)e,  (349)
35’0 650 9g Og _ rtnt af
o Yoz T Yoz~ n- (29 + (5 V)+55(5, Ve, (3.50)

Since Sp is a temporal equilibrium state of satiation, 8Sp/8t = 0 and f(Sp, V) = 0. Thus
equations (3.49-3.50) are simplified as

050 Og Og rn” of
vl (a‘*‘ 8:1:) —‘(—29) aS(So,V)g, (3.51)
88y Og g r+n+

With the additional assumptions of 8g/8t < 1 and r* = R(S;) + O(g), we have

350 0g _R(So)n_ o Of
080 Og R(So)'n. 6f

Subtracting equation (3.54) from equation (3.53), we have

S, s
222 a(r(so) (5 + - s )a (3.55)
Therefore, g is isolated as
a5,
u
g= — z , (3.56)
(R(S0)(ZF + 2£) — §£(S0, V)
where %‘%Q = 4309 is expanded. From (3.48) we find,
dR(c \3S
rm—rt a2 ugs (So) 3 +0O(g%). (3.57)

(R(So)(&x +22) — §£(S0,V))
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We plug all results into the predator flux (3.40) and borrow the idea of prey sensitivity from
equation (3.41). Then prey sensitivity is approximated as follows:

_ LSRR V)
x(V,nt,n7) = as[5o(V)I v . 3.58)
(Riso)I{ RISW))(n=/m+ + e+ /=) — B[S0V, V1}) (

Note that x(V,n*,n™) is a little different from the approximation by Kareiva and Odell
[46], who chose

W ESWVIFV) |
(RiSo(V)I{2RIS0(V)] - 85150(V), V1})

xxo(V) = (3.59)

If we assume that %[SO(V)]%Q(V) > 0 then we can use the inequality 2t + :_,: >2to
observe that 0 < x(V,n*,n™) < xko(V). It is seen that xxo(V) is the maximum of
x(V,nt,n~). In addition, the formula of Kareiva and Odell has the advantage, that is,
xko(V) does not depend explicitly on the predator populations nt and n~. Thus we use
xko(V') as a prey sensitivity x(V') throughtout this thesis.

Example 2. For specific choices of S(V) = M-—V%‘LWW’ f(S,V) = 7114__SVV — A8, and

R(S) = —aylog(l — S/by), we analytically calculated prey sensitivity x(V) for small prey
density V. We have

x(V) = é + B+ 0O(V), (3.60)

where A = % and B = —4 @bt Bbidqvidvar) wigh ) — 9.3384/day, v = 0.018632,
v = 711.2/m and u = 5.87m/day from ][46] and a; and b; from the best fit of the turning
rate (see section 2.5).

In general, the diffusion rate is #‘:T and from the Taylor expansion (3.47)

2

u
DV)~ ————. 3.61
For the above example 1, we have the following approximation of order O(1):
D(V) = T+ E+O(V). (3.62)
where C = ¥4 and | — Y@madbidm) qyyg we have
2a1y dvarv . ’
XV) _y0a L oy, (3.63)

D(V) _ “2%,

Kareiva and Odell [46] estimated parameters in the prey sensitivity (3.59) and diffusion
rate (3.61) (see Table 3.5), where R(S) = Bo+ 815+ B25% + 3353, So(V) = T—ng‘iw;?’ and
g-g =—-(A+ ﬁ’%;). The diffusion rate D(V') and the prey sensitivity functions x xo(V)
are shown in Figures 3.1 and 3.2 as functions of prey density V, respectively. According
to the estimation of the diffusion rate and the prey sensitivity functions from Kareiva
and Odell, the diffusion rate is much bigger than the prey sensitivity. To compute the
prey sensitivity function (3.59), we need to know four functions; %[SO(V),V], R[So(V)],
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parameter | value parameter | value
u 5.87 m/day %o 1.7115
B 45.3098/day Ba -180.172/day
B3 272.991/day ¥ 0.018632
A 2.3384/day v 711.2/m

Table 3.1: Parameters used to compute the prey sensitivity (3.59) and diffusion rate (3.61)
in [46]

o =200 <400 [=Jele) 800 1000

AV

Figure 3.1: The diffusion rate approximated by Kareiva and Odell [46].
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Figure 3.2: The prey sensitivity approximated by Kareiva and Odell [46].

%[SO(V)], and %(V). In Figure 3.3 we plot these four functions with parameters from
Kareiva and Odell. In section 2.5, we compared four turning rate models to find the best
fit to the data from Kareiva and Odell. Those four models are substituted into the prey
sensitivity function (3.59) of Kareiva and Odell and plotted in Figure 3.4. The best fit of
the turning rate model (model 2) shows qualitatively similar features with model 1 which
Kareiva and Odell used. Model 3 and model 4 show negative quantative when prey density
is low. In particular, when prey density is low, Model 3 show two singular points because
R[So(V)] = 0 and 2R[Sp(V)] — %(So, V') = 0 make the denominator of x(V) zero (see the
form of x(V') (3.59)). It is noted that the prey sensitivity may be negative if we use different
functional response. With the type IV functional response, %[So (V)] is negative for a large
prey density so that in the prey sensitive functions, (3.58) or (3.59), for any turning rate
models x(V') becomes negative as prey density increases over some threshold density.

In this section, we approximated two coefficients of the parabolic equation (3.41); the
prey sensitivity and the diffusion rate. The results were compared with the prey sensitivity
and the diffusion rate found by Karieva and Odell [46].

3.6 Alternative Derivation of Prey—Taxis Equations
from Resting—Model

We now derive prey-taxis equations from models interchanging between resting state and
directional moving state. Hillen [34] considered the exchange between resting phase and
directional moving state in n spatial dimensions to derive taxis equations in a scaling limit.
Here, as before, we consider a one-dimensional setting. We are interested in the effect of a
resting compartment for the predators on the overall population dynamics. In the following
sections we introduce a resting compartment g(z,t) where the transition rates for stopping
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Figure 3.3: Various functions, §£[So(V),V], R[So(V)], 4&[So(V)], and %8(V), used for
approximating prey sensitivity and diffusion rate are displayed vs prey density or satiety
for the Kareiva—Odell case.
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Figure 3.4: Four turning rate models in Section 2.5 are applied for the prey sensitivity x(V)
in response to prey density V.
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and resuming moving depend on a given prey density V(z, t).

In section 3.6.1 we focus on the moving-resting dynamics without random directional
changes and without population dynamics. We introduce the method of asymptotic expan-
sions in macroscopic time and space scales. In section 3.6.2 we extend the model to include
random directional changes and birth and death events in the moving compartment. In sec-
tion 3.6.3 we consider birth and death events in the quiescent compartment and in section
3.6.4 we study a combination of the previous models.

It turns out that the diffusion and taxis coefficients are scaled by the mean fraction of
moving predators. The effective population kinetics is given as a convex combination of the
birth and death terms of the moving and resting phases, respectively. The relative weights
are given by the mean fraction of the population at resting or moving state.

3.6.1 Moving-Resting Dynamics

In this section, for right moving and left moving predators, we introduce a resting state of
predators. It is assumed that transitions between right— and left-moving states occur via
the resting state, that is, there is no direct transition between right— and left-moving states.
The dynamics of the total predator population will be expressed in a parabolic equation.

on* on*t S
_gT + U—;T = —a(V,S)n* + E%—lq, (3.64)
2~ a(V,8)(n* +77) = B(S)a, (3.66)

where ¢(t) is a density of resting predators, a(V, S) a stopping rate from moving state to

resting state, and 3(S) a transition rate from resting state to moving state. We assume

that predators that enter the moving state choose either direction with probability %
Setting n = n*t +n~ and v = n* —n~ and adding and subtracting equations (3.64-3.65),

we have
nt +uvg = —aV, S)n + B(S)q, (3-67)
v + un, = —a(V, S)v, (3.68)
4 = oV, S)n — B(S)a. (3.69)

We now introduce the scaling of 7 = €2t and & = ez for small 0 < ¢ <« 1. Then equations
(3.67— 3.69) turn into

e2n, + uevg = —a(V, S)n + B(S)q, (3.70)
2, + ueng = —a(V, S)v, (3.71)
2, = a(V, S)n — B(S)g. (3.72)
We consider series expansions:

n(Ts 6) = nO(Ta é) + 67’1.1(7', £) + €2n2(Ta 5) + 0(63) (373)
(T, €) = vo(T, €) + evi (T, &) + ua(7, &) + O(€?) (3.74)
g(1) = qo(7) + equ(7) + Eqa(r) + O(%). (3.75)
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We introduce these expansions into equations (3.70- 3.72) and collect orders of e:

602

a(V, S)ng — B(S)g =0 (3.76)
a(V,S)v =0, (3.77)
el:
wvge = —a(V, S)ny + B(S)qy (3.78)
ungg + oV, S)v; =0, (3.79)
€%
nor +uvyg = —a(V, S)na 4 B(S)g2 (3.80)
vor +ungg = —a(V, S)vy, (3.81)
gor = oV, S)na — B(S)ge. (3.82)

From equation (3.76), we have g = aﬂvés ng, and equation (3.77) gives vo = 0 so that
voe = vor = 0. Using the result from equation (3.82) and equation (3.79), that is, v; =
—a“,‘—s)nof, equation (3.80) is rewritten as

nor +u (—ﬁnog)g = —qor = — (%m); (3.83)
T ) ), e

Defining a = nogﬂ—?i) = ng + qo, We have ng = 3—%0" Plugging this into equation (3.84),
we have an equation for the total population (resting population plus moving population)

as follows: \
_ (¥ (_5
ar = (a (B+aa)£>£. (3.85)

The expansion of the right hand side of the above equation gives

2 2
a= (L P i (L) ). (3.86)
a B+« a \f+a/; ¢
Here %2,6%4“6 term is interpreted as a diffusion term and %(ﬁ%)ga as a taxis term.

Example 3: We assume specifically that predators tend to change into a resting state
as energy input increases, e.g. «(V,S) = kS. Resting predators resume moving as the
satiation related energy level decreases, e.g. B(S) = (1 — S). That is, as a predator is
satiated, it tends to move into a resting state and as satiation level diminishes, a predator
tends to resume its mobility for searching food. We recall the notation of Sg in Section 2.2
that Sp(V) is a solution to (1 — S)g(V) — &S = 0. Then we have a(V, Sg) = (1 — So)g(V)
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Figure 3.5: In Example 2, the prey sensitivity x(So, V') and the diffusion rate D(Sp, V) are
calculated with rescaled functional response g(V'), i.e. V € [0, 1], and moving speed u used
by Kareiva and Odell [46].

and B(Sg) = (1 — Sp). As a result, a diffusion rate, D(Sp, V), and a taxis term, x(Sg, V),

are defined,
. u? B u2(g(V) + K an
DY) = e ) - ey Ry 2 68D
. u? 1 _ u2gV(V)
x50 V) = T 5)qm) (1 ¥ g(V>)V BT GRS

so that equation (3.86) is expressed as follows:
14
o = (D(SO,V)ag - x(So,V)aa—ga) . (3.89)
¢

With rescaling prey density, we used the functional response g(V) by Kareiva and Odell
[46] to draw the graphs of a diffusion rate, D(Sy, V), and a taxis term, x(So, V). Figure 3.5
demonstrates that both diffusion rate and prey sensitivity are inversely proportional to the
prey density V.

3.6.2 The Resting—Model Including Reproduction and Death in Moving
State Only

In this section, we consider that there are direct transitions between right— and left-moving
states. We also include reproduction and death of predators in moving state (we will
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consider reproduction and death of predators in resting state in the next section) as follows

_8n_+ + u_an_+ — _a(‘/’ S)n+ + —'B@q — rn+ +rn"
ot Oz 2
+ e (b(nQ—S)n — m(n, S)n+) , (3.90)
+é? <l>(77,2_,5’)n —m(n, S)n_) , (3.91)
¢
ﬁzaW$Wﬁ+nﬂ—M$% (3.92)

where ¢(t), a(V, S), and B(S) are defined as before. b(n, S) is a birth rate of total moving
predator population and m(n, S) a death rate of total moving predator population.

Setting n = n* +n~ and v = n* —n~, and adding and subtracting equations (3.90)-
(3.91), we have

ny +wvy = —(a(V, S) + €2(m(n, 8) — b(n, S))n + B(S)g, (3.93)
v +ung = —((V, 8) + 2r + €2m(n, 8))v, (3.94)
@ = oV, S)(nt +n7) — B(S)g. (3.95)

We now introduce the scaling of 7 = €t and ¢ = ez for small 0 < € < 1. Then equations
(3.93- 3.95) turn into

en, +uevg = —(a(V, S) + €2(m(n, S) — b(n, $))n + B(S)q, (3.96)
v, + ueng = —a(V, S)v — 2rv — 2mu, (3.97)
g, = a(V, S)(n* +n7) - A(S)a. (3.98)

We consider series expansions as before:

n(r,€) = no(7,€) + en1(1,€) + €*na(7, €) + O(°) (3.99)

v(r,€) = vo(T, €) + ev1(7,€) + €*v2(7, €) + O(e®) (3.100)

q(r) = qo(7) +eqi(7) + €qa(7) + O(E). (3.101)

We introduce these expansions into equations (3.96- 3.98) and collect orders of e:

&

oV, S)ng — B(S)q0 = 0 (3.102)

(a(V,8) +2r)vo =0, (3.103)
el:

wvgg = —a(V, S)nt + B(S)a (3.104)

unge + ((V, S) + 2r)v; =0, (3.105)
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nor + wvig = —a(V, S)ng + B(S)g2 — (m — b)ng (3.106)

vor + unyge = —{a(V, S) + 2r)vy — muy, (3.107)

q0r = o(V, S)ng — B(S)a2 (3.108)

From equation (3.102), we have ¢ = aﬂ\{,gs ng, and equation (3.103) gives vg = 0 due to

r > 0 so that vg; = vor = 0. Using the result from equation (3.108) and equation (3.105),
that is, v; = _Wﬁmm’f’ equation (3.106) is rewritten as

ngr +u (—

gor—(m—b)ng = — (ag(/g?)no> —(m—>b)ng, (3.109)

N
——m)
((V, S) +-2r) ¢
which leads to

(“0 (1 * aé?’sf))), - <<a<v,—§§+2—r>”°f>f Fe-mne. (3110

Defining a = noiﬂ";—a) = ng + qo, we have ng = Ej_Laa. Plugging this into the equation
(3.110), we have a equation of total population (resting population plus moving population)

as follows: \
_ u B B
e ((a+2r) (ﬂ+aa)§>f+(b m)ﬂ+ & (3111)

The expansion of the right hand side of the above equation gives

ar = u? B ag + w ( B ) a
T (a+2r),3+a£ (a+2r) \B+a/, ¢

Here W ﬁ T5a¢ term is interpreted as a diffusion term, m( yiie a)sa as a taxis term,
B

and (b— m)m_—aa a population dynamics term. It is noted that including reproduction and
death does not change the diffusion term and prey sen31t1v1ty but affects total population
dynamics. Here we encounter reproduction term (b — m) 5a, which is interpreted as
product of population growth rate (b — m) and the relative population of reproduction in

the total population B%a

B

(3.112)

3.6.3 The Resting—Model Including Reproduction and Death in Resting
State Only

In the previous case the population dynamics was happenning only in the moving compart-
ment. Here we assume the opposite, that is, we include reproduction and death in resting
state only again on a slow time scale.

ant  ont +@

on" , .o _ _ + R - )
p +u e oV, S)n ™’ +rn”, (3.113)
on~ on~ - 5( ) -
5 Ve a(V,S)n™ + —=q+rnt —rn", (3.114)
7]
63 = a(V,S)(n* +n ) — B(S)q + (b — m)q, (3.115)
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where q(t), a(V, S), B(S), m(q, S), and b(g, S) are defined as before.

An asymptotic analysis as done above, an asymptotic analysis for n = nt +n~ and
v =nt —n~ with respect to transformed time and space scales 7 = €t and ¢ = ez leads to
a leading order approximation of

nor +u (—mm}g)g =- ("‘(I(/S‘)g ) ) — (m— b)%ng, (3.116)
which leads to
(ro(1+%50)). = (Gwsy ragree) + e-mfre (a1

Defining a = nog— = ng + g, we have ng = jiae aa, Plugging this into equation (3.110),
we have an equa.tlon of total population (resting population plus moving population) as

follows:
u? 8
T 3.118
: ((a+2r) (ﬂ+aa)£)£ g+ (3.118)
The expansion of the right hand side of the above equation gives
u? B ul 8
" ((a+2r)ﬂ+a“f+(a+2r) (5+a)6“ E (3.119)

Here Tt +2T) 1 +aa§ term is interpreted as a diffusion term, (aizr)(fi%)
and (b—m) 5350 a population dynamics. As we saw in the previous section, it is noted that
including reproduction and death in a resting state does not change the diffusion term and
prey sensitivity but affect only total population dynamics. But it changes the reproduction

term because the relative population of reproduction in the total population is ma

¢a as a taxis term,

3.6.4 The Resting—Model Including Reproduction and Death in Resting
and Moving State

In a last case we introduce reproduction and death in all compartments. The result is a
combination of the effects found in the previous sections. As before we include reproduction
and death on a slow time scale in resting and moving states as follows

ont  ont +, B(S) + -
W—kug——a(V,S)n +—=qg—rn" +rn
&2 (b(ng, S)n — m(n, S)n+> , (3.120)
o 2= e + B et
L (”(_“25_),1 — m(n, S)n-) , (3.121)
% — (V)" +n) — B(S)g + (b — mu)g (3.122)
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where ¢(t), a(V, S), B(S), m(q, S), and b(q, S) are defined as before. b;(g,S) and m,(q, S)
are a birth rate and a death rate of resting population respectively. Then after similar
computations as before, we have the following result

afz( v___# v ( i )a) phrmmlat b-mB g 1
¢/

(a+2r),3+aa§+(a+2r) B+a B+a

Here (_a}:-QTT)Ej—Laaf term is interpreted as a diffusion term, #22,5(3%)561 as a taxis term,

and (brmlzﬁt(b_m)ﬁ a as population dynamics. The population growth rate is expressed

as a convex combination of the moving population growth rate and the resting population
growth rate

bh-mpa+(b-m «

(G l)ﬂ ++a( )8 = ﬂ+a(bl -my) + %(b—m). (3.124)
Thus the total population growth rate lies on a straight line between the growth rates of
resting group and moving group. In addition, the location of the total population growth
rate is proportional to the fraction of time that an individual stays in the moving states
and in the resting states. Especially, if b = b; and m = m, then we can see the population
dynamics (b — m)a.

3.7 Summary

In this chapter we derived a drift-diffusion approximation for equations (2.34)—(2.35) and
(2.36)—(2.37) by rescaling parameters and taking the parabolic limit. Alternatively, we also
approximated a drift—diffusion equation from the resting models in Section 3.6.

In Chapter 2 the predator movement model is expressed in two equations (2.34)—(2.35).
The spatial satiation dynamics of the predator corresponding to prey density are also de-
scribed in two equations (2.36)—(2.37). By the use of approximations, these four equations
can be collapsed into one equation

ny = (Dngy — xndv/0x),, (3.125)

where D is a diffusion coefficient, x is a prey—sensitivity, n is the total population density
of the predator, and » is the population density of the prey.

With local population dynamics related to predation, we formulate the complete
predator—prey—taxis model

Ut = €Ugy + U (f('v) - %h(v)) , (3.126)
ng = Ngg — (X(V)vzn)g + yn(h(v) — 95), (3.127)

where f(v) is a prey growth function and h(v) is a predator functional response.
The zero Dirichlet boundary condition for (3.126)—(3.127) is

n(0,t)=0, n(L,t)=0, v(0,t)=0, wv(L,t)=0. (3.128)
The no-flux boundary condition for (3.126)—(3.127) is

nm(O,t)z—én(O,t), nx(L,t):—gn(L,t), v (0,8) =0, vy(L,8)=0, (3.129)
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where v is moving speed of the predator.

The significance of this chapter is that we derived a prey-taxis model mechanistically.
Hence, we understand what determines the coefficients of the prey sensitivity x(v). That
is, a different functional response results in a different prey sensitivity. As a result, a prey
sensitivity could be different from one species to the other.

We obtained prey—taxis models by two approaches by using a parabolic limit (rescaling)
and considering resting and moving. This gave some idea that a prey-taxis equation does
not occur by a unique source.

The speed of the predator was assumed to be a constant. However, leg length, which
differs among species, is one factor to determine the speed of movement [15]. Thus, under
the assumption of a constant turning rate we may investigate the role of leg length in
prey—taxis in the future.

The prey—taxis model is the system of two nonlinear advection—diffusion-reaction equa-
tions. Thus analysis of this system will be challenging. We will use numerical simulations
to support the results of the analysis and demonstrate what analysis may fail to show. We
consider numerical methods in the next chapter.
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Chapter 4

Numerical Methods

In Chapter 3 we derived a drift-diffusion approximation from a hyperbolic system. In later
chapters, we will use this drift—diffusion approximation to study traveling wave solutions
and pattern formations to the predator-prey model.

In this chapter we study numerical methods for the predator-prey equations which
include diffusion, advection, and reactions terms. These diffusion terms, advection terms,
and reaction terms may be handled by applying one method—an unsplitting method. A
simple example is the forward—time central-space scheme (FC). That is, it uses the forward
difference operator in time and the centered difference operator in space. The scheme is
known to give oscillations near a sharp front [2, 88]. Another example is the scheme FB,
which uses upwind differencing of the advection term. This scheme is known to smear near
the sharp front. Kurganov and Tadmor introduced a second order semi—discrete scheme,
which was applied for the advection term with the central differencing of the diffusion term
to obtain high resolution for convection—diffusion equations [51]. However, it was noted
that the ODE solver has to be chosen carefully for unsplit methods unless we can afford
very small time steps. In general, an unsplit method may more closely model the correct
equations, but it is harder to obtain high resolution when handling sharp front problems
[55]. Thus to be able to use high resolution methods for discontinuous problems, we adapt
a fractional step method, which allows us to choose a scheme for each of the diffusion,
advection, and reaction terms.

In Section 4.1 we review fractional step methods. In Section 4.2 we discuss several
methods for numerically solving hyperbolic equations for the advection term. The Crank—
Nicolson scheme is described in Section 4.3. In Section 4.4, some numerical methods are
considered for the reaction terms.

4.1 Fractional Step Methods

In this section, two fractional step methods are described: Godunov and Strang fractional
step methods. A fractional step method is applied to find the numerical solutions of systems
of predator—prey equations of the form,

Vv = €Ugg + g(n,v), (4.1)
Ny = Ngg — (X(V)vzn)x + f(n,v), (4.2)
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where f(n,v) and g(n,v) are the local population dynamics of n and v, respectively, and ¢
is small, ¢ <« 1. x(v) is constant or ~ % Our full predator—prey model consists of diffusion
terms for both species, an advection term for the predator population, and reaction terms
for both species. Thus we adapt a fractional step method, in which diffusion, advection
and reaction terms are handled independently and individually with the most efficient and
effective scheme for each case. An approximation process for the full model occurs via three
split steps. Here the full model can be expressed in the form

U, = AU) +DU) + R{U), (4.3)

where A is an advection operator, D is a diffusion operator, and R is a reaction operator.
An operator has the following meaning: if v is any function, then an operator £ converts v
into a new function Lv. For instance, £ = %27 is the diffusion operator that transforms v
into its second partial derivative v,,. Numerical operators are defined as algebraic analogs
of differential operators. These numerical (advection, diffusion, and reaction) operators are
obtained by applying three numerical methods for the advection term, the diffusion term,
and the reaction term, respectively. For instance, we consider a constant diffusion rate, say
D, and apply the classic explicit scheme under Neumann boundary condition. Then the
numerical diffusion operator is

) (4.4)

with r = Dﬁkf' the time step size is k = §t and the mesh grid size is h = dz.

In the first step, only the advection term is approximated, i.e. Uy = A(U), and trans-
ferred to the (second) diffusion process. Various numerical schemes may be applied for
approximating the advection equation [55]. Secondly, diffusion terms, U; = D(U), are
implemented by numerical methods and the new data are passed to the (third) reaction
process. Finally, reaction terms are handled, i.e. U; = R(U) to completely update U at the
next time step (Godunov splitting [55]), that is,

U = R(ADD(AL)A(AL)(UY), (4.5)

where A is a numerical advection operator, D is a numerical diffusion operator, and R is
a numerical reaction operator. For the case of Godunov splitting, the length of time step,
At, is identical for all three processes. The splitting error was evaluated via Taylor series
expansions for a general linear PDE with a time step, At, in [55]. LeVeque showed that
there is no splitting error for the simple case: n; +un, = —un, which includes an advection
term and a reaction term, but not a diffusion term. It is, however, not generally true, even
with slight modification to the simple example case. Linear PDEs may generate splitting
error. For instance, ny = (A + B)n with differential operators A and B may have splitting
error unless the differential operators A and B commute.

Generally the fractional step method gives second order accurate approximation, i.e.
O(At?) in each time step and a first order accuracy for an accumulated time period, {it for
some fixed T. The Strang splitting takes different combinations of splitting operators used
in (4.3) in order to give second order accuracy for an accumulated time period, % for some
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fixed T. In the first step, the Strang splitting updates data using the advection term with a
half time step, i.e. At/2. Approximating diffusion terms are followed with a half time step
as well. In the third step, reaction terms take the full time step. Then the Strang splitting
procedure applies to diffusion operator for another half time step, followed by the advection
term to update new data, U7*+! ( see [95] for details).

Ui+t = A(At/2)D(AL/2)R(A)D(AL/2).A(At/2)(UY). (4.6)

Although the Godunov splitting and the Strang splitting are formally first order and second
order accurate, respectively, the Godunov splitting actually often gives as accurate results
as the Strang splitting does [55]. It was shown numerically that the Godunov splitting
generates slightly less accurate results than the Strang splitting if both fractional methods
adapt the second order Lax—Wendroff method for the advection equation and the second
order two stage Runge-Kutta method for the reaction equation. The Godunov splitting
generates much more accurate results than the Strang splitting if the first one uses the
second order Lax—Wendroff method for the advection equation and the second one uses the
first order upwind method for the advection equation. Note that for the scalar advection
equation u; + au, = 0 with advection speed a, the first order upwind method is written as

; . k. )
U7 = U7 ~ ol (U7 - ULy, (47)

where 4 indicates the location of a mesh point, and the second order Lax—Wendroff method

18
2

.  ak . k . . 4
Uittt =i - E(Uijﬂ Uy + Wa2(Uz?+l —2U] + U y). (4.8)

1)

Furthermore, the Godunov splitting is easier and more efficient to apply. Therefore in
this thesis high resolution methods for the advection equation are used via the Godunov
Splitting. For more details on fractional step methods, see [55].

4.2 Advection Terms

Here we consider several numerical methods for the advection term of the predator—prey
equations (4.1) and (4.2). A typical form of a system of non-linear advection equations is
as follows

ou af(U) _

5 T Ter
where U is a vector of species (in this thesis, U are two or three variables) and f(U) is a flux
function of U. We briefly describe Godunov-type schemes and delve into central difference
schemes in order to solve system (4.9).

Courant, Friedrichs, and Lewy recognized in 1928 a necessary condition for convergence
of the numerical solution to a solution of (4.9) [54], that is, a necessary condition for the
convergence of a finite-difference approximation to an initial-value problem is that the
numerical domain of dependence, Di(zx;,t;), at any grid point contains the exact domain
of dependence, D(z,t), at that point, i.e. D(Z,t) C Di(x;,¢;). This condition has been
known as the CFL Condition since then.

For a non-linear system, the CFL condition requires that

0, (4.9)

2k 1<, (4.10)
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for each eigenvalue A, of the Jacobian matrix of f(U) where k is the time step size and h
the spatial mesh size. Here the Courant number is naturally defined by 5,{5 For stability
of a numerical scheme, the Courant number is required to be less than 1, which is adapted
as an important restriction for computing advection terms of the simulations in this thesis.

For nonlinear problems the discontinuous solution may cause the numerical schemes to
converge to a solution that is not a weak solution even though the CFL condition is satisfied.
Thus keeping a conservation form for the numerical methods is necessary for the solution
to converge to a weak solution, which satisfies the integral form of the system (4.9)

Tit1/2 Zit1/2
/ U(z,tjy1)dz = / U(z,t;)dz

Ti_1/2 Ti_1/2
te1 tra1 (4.11)
- [ 10 = [ (0@
5 5
Dividing both sides by the spatial mesh size h, then we have

. s tit1 141

mﬂ =0 - % [/ ’ FU(ziy1/2,1))dt — / ’ f(U(mi—l/z,t))dt:I , (4.12)
t tj

where UZ is a cell average on the ith cell, ie. UJ = [212 Uz, t;)dx. If we know the

t Ti_1/2
right hand side of (4.12), we can update a cell average on the ith cell at the j + 1 time

step. However generally it is not possible to compute the time integrals on the right hand
side of (4.12). Thus the cell averages, U?, and the average flux along z = Tip12, le.
% Lj"“ f(U(%i41/2,t))dt, should be numerically approximated, namely, @ and F},, /o> T€
spectively. This provides the numerical method of the conservation form

@ = - NFL - FL ) (4.13)

with A = k/h.

This way of using an integral form to get approximations is called a Finite Volume
Method. Equation (4.13) says that the 7 th cell average @ at the j+1 time step is determined
by the i th cell average « at the j time step and the difference of two numerical flux functions
at two cell edges, i.e. 2 =7;_y/5 and z = ;. In order to approximate a solution of (4.9)
numerically, Godunov-type schemes are widely used. To approximate the numerical flux
function F}, /o from the ith cell average % | :]_"“ FU(xiy1/2,1))dt, U(zitq)2,t) are replaced
with a piecewise polynomial approximation u(z,t;) = u(z;y1/2,t) of the form

a(x,t;) = Z pi(z)1x(z), (4.14)

where p;(z) are piecewise polynomials defined at the discrete cells, X = [z;_1/2,Zit1/2]

and 1x(z) is the characteristic function of X defined by 1x(z) = 1 for z € X, otherwise

1x(z) = 0. Generally Godunov-type schemes follow the three steps algorithm [55]:
Algorithm (Godunov’s method).

1. Given cell average ﬁf , construct a function @(z,t;) for = € [Zi—1/2, Tiy1/2]- Godunov
himself used a piecewise constant @(z,t;), i.e. @(z,t;) =@ for all z € [z;_1/2,Ti11/0]
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2. Solve the conservation law exactly or approximately with this data to obtain @(z, ;1)
for € [z;_1/9, Tit1/2]. A Riemann solver is involved in this process.

3. Compute cell averages at the resulting solution to obtain

alth =k [200 iz, 1) da.

Here we describe how Godunov’s method works with a simple example. With a piecewise
constant %(z,t;) = @ and Courant number less than 1, the flux function is Fj,, /25 =
%fttjj“ F@(zig1/0,))dt = £ f(@(zi,t;))k = f(t;;), if we assume that the Jacobian matrix
J'(#; ;) has only nonnegative eigenvalues for all %; ;. Dropping the bars, a first order upwind
method for the hyperbolic system (4.9) is expressed as

Wt =l — A(f(d) - F(2_))), (4.15)

here we interpret u as the cell average at the jth time step on the sth cell with Courant
number less than 1 rather than approximations on the grids. Thus for the general hyperbolic
systems, eigenvalue computations are required for upwind—style methods.

Among Godunov types methods, central difference schemes have an advantage over
upwind-style methods for nonlinear advection terms due to the relative simplicity of appli-
cation. The first order central-difference scheme of the Lax-Friedrichs (LxF) method for a
nonlinear system (4.9) takes the form

UHI _(uz 1 +uz+l) - —(f(uz+1) f(“f—l))- (4.16)

In the conservation form of (4.13), the LxF method takes the numerical flux function with

F!. /2 = (f(“z D+ Fudyy)) - (U —ul_y). (4.17)

Due to its simplicity (no Riemann solvers involved), the LxF scheme is straightforward to im-
plement compared to Godunov type methods, which require Riemann solvers as the second
step in the above algorithm (Godunov’s method). On the other hand, due to 75 (u —u]_;)
interpreted as numerical diffusion, the LxF scheme produces large numerical dissipation so
that this scheme generates poor resolution of shock discontinuous solutions. Thus several
high resolution schemes based on LxF type schemes have been presented. Nessyahu and
Tadmor [69] introduced one of such schemes (the second order NT scheme), which inherited
the simplicity of the LxF framework —~Riemann solver free- but still gained high resolution.
To improve the resolution, the NT scheme looks for cell averages, @ rather tha.n point val-
ues, u’ Since the cell average of u over the interval I, = [z;, %i41] is ", T /2 = f 1, ul&, t)dg,

the NT scheme actually computes 7 o on the staggered grids, which can be identified

+1/
with the point values, u/ +1 /2, up to second order accuracy. « "Il P is approximated as follows
_ 5 G Az i+1/2 i+1/2
Wi = -(U? +dyy) + 5 ()] = (wa)lyy) - AF @l - Fud 2], (4.18)
where u’ +1/2 i3 estimated by a Taylor expansion as
Wt = o - %(f, ] (4.19)
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and (uz){ is obtained via the minmod limiter,

uj - “1—1 UZ+1 “j
(uz)! = Imnmod( Az Al , (4.20)
with minmod(a,b) = }[sgn(a) + sgn(b)] - min(|a|, |8]). (fz)} can be computed from the

Jacobian matrix of f (u) or from a discrete approximation based on neighboring values
of f (ul_l) f(@), and f @ 1) Without loss of high resolution [60]. With (u;)’ = 0 and
(fz)] = 0, the NT scheme collapses into a staggered form of the LxF scheme.

Wiy = (u +aly,) - Nf(al,,) - f@)) (4.21)

The second—order NT scheme shows high resolution due to the considerably lower amount
of numerical dissipation compared to the amount of the dissipation by the first—order LxF
scheme. The dissipation in the NT and LxF schemes has an amplitude of O((Az)? /At),
where r is an order of accuracy. Even though the second-order NT scheme produces rel-
atively less dissipation, a small time step At leads to large dissipation. In the case that
small time steps are required, the second—order NT scheme loses high resolution due to its
accumulated numerical dissipation (see [51, 69] for details).

Thus, to deal with this loss of resolution, Kurganov and Tadmor introduced Kurganov—
Tadmor schemes that have smaller numerical dissipation and admit a semi—discrete form
[51]. For (4.9), the fully discrete second—order central scheme by Kurganov and Tadmor is

uitl = a;_ 1/2w’+11/2 +[1- /\(az_l/2 + a{+1/2)]wg+l
+ /\a,+1/2w’+1/2 + z[(’\af—1/2)2(ux)’ H 2) — (Aa? +1/2)2(u1)3111/2)], (4.22)
with
a{+1/2 = max (P (%(’ui—ﬂ/z)) (Bf (ut+1/2))) (4.23)

where u, | 2= =l — & (u,)! 41 80d ugyp = = ol + 42(u,)] are the intermediate values
of u(z,t;) at z;41/2 , and p(A) is the absolute value of the largest eigenvalues of matrix A.
(ug)! is defined in (4.20).

Here w’! o and w! *+1 are defined as follows

i+1/

le,]—}—'(,l;7 Am_aj+12
Wiy == 2‘“+ T (wa)] - (wa)a)

(4.24)
i+1/2 1/2
T od [f(ugiu/z,r) - f( zil//z Dl
1+l/2

. At . .

wit = + 7(0'3—1/2 - af+l/2)(um)f
A i+1/2 1/2 (4.25)

HCHY-DES{Caty:- )k

1- )‘(a{—l/2 + ag+1/2)
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where

i+1/2 _ At ;

”Z+1/2,l = “Z+1/2,l - Tf ("fH /2,l)z (4.26)
i+1/2 At ,,

“§+1/2,r - “Z+1/2,T - Tf(ug_u/g,,-):r (4.27)
j - 1

Upryon = ¥+ Ba(ua)] (5 — Adl, ) (4.28)

ufﬂ/w = ug_,_l - A:c(u,)fﬂ(— - /\az+1/2). (4.29)

We can use the Jacobian of f directly or a componentwise evaluation based on nelghbor-

ing values of f(u1 W, f@l ), and f('u1 4+1) for computing f, terms. Finally (ux) i1 /2 is
approximated by
1 j+1 +1 j+1
2 wit —w! w’ A

()12 = nmod( T e ) (430)

1+ ’\("‘z 12~ i+3/2) 1+ )‘(“i+1/2 - ai—1/2)

Setting (ug)?+} i11/2 = 0 and (uz)! = 0, we obtain a first order Rusanov scheme.
ult =] - —(f('“z+1) Fad_y) +5 [)‘az+1/2(u1+1 uf) = dal_yp(uf —wl )], (431)

where af +1/2 e the maximal local speeds. The Kurganov-Tadmor fully discrete scheme

gives high resolution, but it is complicated to implement as shown from (4.22-4.31). On
the contrary, the semi—discrete version of the Kurganov—-Tadmor scheme is relatively easy

to apply,
d . Hiyp(t) - Hi 1/2(t)
dtu'(t) = Az (4.32)
where the numerical flux on the edge of each cell is
Fuf1 o) = Fluyy (1) _ Giv1 2(t) _
Hippolt) = — 02— 1) — vy @) (433)

with ) 5 () = win(t) - S (uz)ir1(t) and ul ,(8) = wi(t) + 22 (u,)i(t). To compute
(4.32), any ODE solver may be used. Here we use the explicit Euler method or a two step RK
method. However, due to a stability restriction, a very small time step is required. In order
to release this restriction, implicit or explicit-implicit ODE solvers can be used. Kurganov
and Tadmor use the explicit embedded integration methods introduced by Medovikov (see
(51] for details).

When (u;)! = 0, the NT, and semi-discrete and fully discrete Kurganov and Tadmor
schemes become the first order schemes, which generally show better resolution than the
first order Lax—Friedrichs scheme, but the assumption of (u;)! = 0 leads to the zero flux
function in our mode] because the flux function in the predator equation depends on the
gradient of the prey density. Therefore, in this thesis, a second NT scheme is mainly used
and fully—discrete or semi-discrete schemes are used to validate the results from the second
NT scheme.

When we apply conservative methods, such as Gonunov type methods, the following
Lax and Wendroff theorem gives confidence in a solution, which is a good approximation
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to some weak solution.

Theorem (Lax and Wendroff). Consider a sequence of grids indexed by ¢ = 1,2, --- , with
mesh parameters k;, h; — 0 as ¢ — 0o. Let o) (z,t) denote the numerical approximation
computed with a consistent and conservative method on the ith grid. Suppose that u(?
converges to a function u as i — oo, in the sense made precise below. Then u(z, t) is a weak
solution of the conservation law [54].

Over every bounded set @ = [a, b] x [0,7] in z — —t space

T b
/ / W (z, ) — u(z, £)|dzdt — 0 as i — oo.
0 a

We now use Burgers’ equation to compare the numerical methods discussed in this
section. The conservative form of Burgers’ equation is

ug + (1u2) =0. (4.34)
2 xz

Figures 4.1 show numerical solutions to Burgers’ equation computed with the six methods
described in this section. With k/h = 0.5, the numerical results are plotted at time t = 1
with the solid line of the exact solution. The first order Lax-Friedrichs scheme is shown to
give the most smeared solution while the second order Lax—-Wendroff scheme produces os-
cillations, which occur behind the discontinuity. The second order non—oscillatory schemes,
that is, semi—discrete Kurganov—-Tadmor, and NT, show very similar results, but Figure 4.2
shows that the fully—discrete Kurganov-Tadmor scheme has a better resolution than the
NT scheme.

4.3 Diffusion Terms

Here we consider the numerical schemes for the diffusion terms. Both predator and prey
equations have diffusion terms, but there is no cross diffusion term, so we can apply one
numerical scheme twice for the diffusion terms with the different diffusion coefficients. A
typical form of a system of diffusion equations is

aUu U

& _pZ=. 435

ot Ox? (4.35)
where D is a diffusion coefficient and U is the species we are concerned with. Computa-
tionally a simple classic explicit method, which employs a forward difference operator for
the temporal derivative operator and a centered difference operator for the spacial deriva-
tive operator, requires a very small time step since its accuracy is O(k + h%). Here k
stands for a time step and h for a s2patia.l mesh size. Furthermore the condition for the
convergence is severe due to k < %. On the contrary, the Crank—Nicolson scheme ap-
proximates the diffusion equation at the mid-point of ¢,, and ¢,,4; temporal points, that is,
(%L{-)Z +1/2 _ (D%)g“/ L employs centered difference operators for both the temporal

derivative and the spatial derivative, that is,

(4.36)

J+1 7 J+l _ o, 5+1 j+1 I 9,0 J
uim —u 1% 2up Tty 4 Yitt Ui+,
k 2 h? h?
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Figure 4.1: Numerical solutions and exact solutions to (4.34) are dashed and solid lines,
respectively, with A = 0.0025, k = 0.00125, and at time ¢ = 1. The following numerical

methods are used: (a) staggered Lax-Friedrichs, (b) (Fully-discrete) Kurganov-Tadmor,
(c) Semi—discrete Kurganov—Tadmor, (d) NT, (e) Lax—Wendroff, (f) Upwind.

1.8

— - Kurganov--Tadmor
—— @xact solution

[oX-1 o4

Figure 4.2: Comparison of NT and (Fully discrete) Kurganov—Tadmor along with exact
solution to (4.34). Exact solution is a solid line, the numerical solution using the Kurganov—

Tadmor scheme is a dashed line, and the numerical solution using NT scheme is a dotted
line with A = 0.0025, k = 0.00125, and at time t = 1.
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Rearranging the above algebraic expression with r = %1,3- gives

—rul ] 4+ (2 + 2r)ud ! ruﬁll =rul_ +(2-2r) + 'rulH, (4.37)

where u{ is an approximate solution at the point {h,jk}. If there are N internal mesh

points along each time step, then the diffusion equation can be approximated with N coupled

linear equations of u! at each time step with i =1,... , N as follows.
2+2r —r AR 2-2r r u’1
—r  2+42r -r %“ r 2-2r r )
- .7+1 — J
r 242r uly r 2-2r uly

which is a generic expression of the C-N scheme in matrix form, namely AU+! = BU7 with
the vector U? = (u], -+ ,u N)T Boundary conditions may change the first and last rows of
matrix A and B or the format of AU*! = BUY. For example, under the fixed bounda.ry
condition, such as U(0) = a and U(L) = b, then u}) = a holds for all j > 1 and wy,, = b
for all j > 1 so that we know approximate values of U at two boundary points for all
time. Therefore there are N unknown variables left to be computed, that is, uy,ug, - ,un
so matrices A and B are now N x N matrices. For the fixed boundary condition such
as U(0) = a and U(L) = b, there is an extra vector, R = (2a,---,2b)T in the matrix
form of the C-N scheme so that the matrix equation form is now AU7+! = BUJ + R with
U = (uy,ug, - ,upn). With zero boundary condition the vector R becomes zero. When we
handle the zero flux boundary condition, i.e. 8U/8x = 0 at the boundary points, the first
row and last row of A are modified to (2 +2r,—2r,---) and (--- , —2r,2 + 2r), respectively.
Similarly the first row and last row of B are modified to (2 — 2r, 2r -Yand (---,2r,2-2r),

respectively. Here v’ | and v}, +o are replaced with u) and v}, respectlvely for second order
accuracy on the boundaries. For the zero flux boundary condition, the matrlces Aand B
are (N +2) x (N +2) matrices and U7 is a size (N +2) vector of (u},u], - ,uly, )T

When we have AUt = BUJ or AU+ = BU7 + R, we need to convert AU’“L-Y
and AU*! = BU? + R into U7*+! = A~1BUY and U?*! = A~1BUJ + A~ 'R, respectively by
computing an inverse matrix of A, that is A~!. Since the tridiagonal matrix A is symmetric
and positive definite, the system is guaranteed to have an inverse matrix A~! at each time
step computation. Gaussian elimination requires only O(N?) to compute an exact inverse
matrix A~!, which is acceptable compared with expensive advection solvers. We thus use
direct methods, such as Gaussian elimination or LU (LDLT) factorization rather than
iterative methods.

The C-N scheme is of O(k? + h?) meaning that temporal and spatial approximations
for the diffusion equations show second order accuracy. In addition, although large value of
T = %9—, such as 40, can generate oscillations in the numerical solution, the C—-N scheme is
unconditionally stable in the sense that the errors approach zero as j gets larger [83]. Thus
throughout this thesis the C-N scheme is applied to approximate diffusion terms (prey and
predator diffusion). For more detailed explanations and examples of numerical scheme for
parabolic equations you are referred to |2, 83, 88].
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4.4 Reaction Terms

In this section we consider the numerical schemes for the reaction terms. In equations (4.1)
and (4.2), local predator- prey population dynamics are described in the form of ODEs. A
typical form of a system of first order non-linear ordinary equations is

dUu
T — s, (4.38)
where f is a function of U and the unknown U is a differentiable function with respect to

time, t.
To handle reaction terms, we replace temporal differential equations with approximate
difference equations. A simple form is the explicit one-step Euler method as follows

Wl = + kf(W), (4.39)

where 47 is a numeric approximation of U at the jth time step and k is the step size. We
here use a uniform step size rather than an adaptive one for the simplicity of computing the
full equations. The explicit Euler scheme is easy to implement to approximate differential
equations, but it requires very small step sizes to exhibit sufficiently accurate results since
its accuracy is O(k). Therefore improvements on the Euler method have been suggested by
replacing f(w’) in (4.39) with modified functions, say ®(u’). Indeed the generic form of
the explicit one step scheme is

Wl = o 4 kdj (). (4.40)

The Runge-Kutta method is one of the explicit one-step methods, which produce higher
accuracy than the explicit Euler scheme (4.39).
For example in a fourth order Runge-Kutta method, ®x(u’) is expressed by

By () = %(ﬁ + fa + f3+ f4), (4.41)

where f1 = f(u7), fo = f(v +1kf1), fa= f(w? + }kf2), and fy = f(u? + kf3). As a result,
the RK4 scheme presents fourth order accuracy in time. However, fourth order accuracy
is not necessary for the simulations in this thesis due to the lower accuracy of the schemes
used for diffusion and advection terms. Therefore, Runge-Kutta second order scheme is
adapted for computing reaction terms. The second order Runge-Kutta method used in this
thesis is expressed by

Wl = %(u* +u™), (4.42)

where
u = W +kf(d) (4.43)
ur =+ kf(ut), (4.44)

so that a modified function, ®x(w’) = L(2f(w?) + f(? + f(w))).

When the RK2 scheme is implemented as one of schemes for computing the full equation,
(4.42), it needs to be applied repeatedly at each spatial grid point ¢ from 1 to N (or O to
N + 1 depending on the boundary conditions) as follows

ultl = —;—(u’{ +ul*), (4.45)

1
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where

up = w +kf(ul) (4.46)
o= u H k() (4.47)

e
I

fori=1,.--,Nori=0,1,--- ,N,N +1.

The explicit one-step method for (4.38) with a function f satisfying the Lipschitz condi-
tion is defined to converge if the global error, ex(t;) = U(t;) — w/ approaches zero as k — 0
for every t concerned. Here U(t;) is an exact solution of the equation (4.38) at the time
t; and «’ an approximate solution computed from (4.40). How well a difference scheme
approximates the original ODE is defined as follows. The one-step scheme (4.40) for the
IVP (4.38) is said to be consistent with order p if the truncation error (or local discretization
error), Tx(u) = O(kP) as t — 0, that is, if there are positive constants C and k independent
of k, such that || 7x(u) ||< CkP whenever k < k and f € CP*! in a given domain [2].

4.5 Summary

In this chapter we reviewed numerical methods for solving spatial predator-prey models
of reaction—diffusion-advection equations (4.1)-(4.2). Finding numerical solutions of the
advection part is challenging especially when steep gradients occur [95]. Thus we use a
fractional step method, which allows us to choose a efficient and accurate scheme for each
case of the diffusion, advection, and reaction terms.

Fractional step methods were described in Section 4.1. The Strang splitting method
provides better accuracy than the Godunov Splitting does. However, the difference is not
quite obvious. The fact that the first requires more computations than the second makes us
use the Godunov Splitting over the Strang splitting. As a result in the following sections we
considered numerical schemes for each case of the diffusion, advection, and reaction terms.
In Section 4.2 we discussed several methods for numerically solving hyperbolic equations
for the advection term. The NT scheme provides high resolution and is easy to implement,
so we use the NT scheme for the advection term. The Crank—Nicolson scheme, which is
well known as a second order method, is described in Section 4.3. In Section 4.4, some
numerical methods are considered for the reaction terms. Indeed the RK2 scheme is used
for the reaction terms.

The significance of this chapter is that a fractional step method will be the cornerstone
of the intensive numerical simulations in the future. We considered eight different schemes
for an advection term. In further researches we will consider not only different schemes
for an advection term but also a different combination of three schemes for advection—
diffusion-reaction terms to reduce numerical errors and increase resolution. To understand
the efficiency and accuracy of fractional step methods, unsplitting methods need to be
studied and compared with fractional step methods.
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Chapter 5

Travelling Waves

In this chapter, we consider travelling wave solutions to prey-taxis models. In particular, we
study the effect of a predator on a spreading prey population, and a discontinuous travelling
wave solution. We also consider the spread rate of resting models derived in Section 3.6.

Owen and Lewis [72] showed that in some cases the predator catching up to the prey is
not sufficient to slow down the prey spread. To show this the following system is used

Vg = €Uz +v(f(v) — %h(v)), (5.1)
ng = Ngz + yn(h{v) — 8), (5.2)

where ¢, v and é are positive dimensionless quantities. It is also assumed that ¢ <« 1. Here
v and n are prey density and predator density respectively for consistency. f(v) is the
prey population dynamic per prey without the predator, h(v) is the functional response per
predator, and 4 is the decaying rate of the predator without the prey. They linearized this
system about the leading edge of the wave where the densities of the prey and the predator
are both zero and found that the population dynamics of prey only plays a dominant role
in the spatial feature of the predator, slowing down (even reversing) the prey invasion.
Without loss of generality, it was assumed that the diffusion rate of the predator is much
faster than that of the prey. When the prey dynamics were developed under an Allee effect,
they applied a singular perturbation analysis to consider the coexistence wavefront after
the front of the predator arrives at that of the prey and found two conditions for stopping
the prey invasion. We observe that it may be an interesting topic to see what kinds of
effects on the predator—prey relationship can be expected by the introduction of prey-taxis
in the spatial predator—prey interactions. That is, whether it can play a role in stopping
the prey invasion. Here, we add the prey-taxis term —(x(v)vyn), to equations (5.1)—(5.2).
The prey-sensitivity, x(v), is a nonnegative decreasing function of the prey density.

5.1 Prey Dynamics with a Logistic Growth and Type I or II
Functional Responses

Here, we study the wavefront after the predators catch up with the prey and achieve coex-
istence. In this section, we consider logistic growth, f(v) = 1 — v, and a Type I functional
response, h(v) = v or a Type II functional response, h(v) = %—ﬂ)& Here we consider various
forms of the prey sensitivity, x(v) = x, x(v) = % and x(v) = ;b;

64

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Slow movement of the prey generates a sharp transition in prey population from the
coexistence steady state to zero population on the right. In this section we consider type
I and II functional responses, and ratio—dependent functional responses for the local prey
population dynamics. The dispersals of predators are of three types: zero prey-taxis (x(0) =
0), bounded prey-taxis (x(0) < o0), and unbounded prey-taxis (x(0) = 0c). The first case
is the same as the diffusion—only case. However, we may consider the first and the second
cases under the bounded prey-taxis (x(0) < 00).

The system is considered as follows

v = €vgg + v(f(v) — %h(v)), (5.3)
N = Ngg — (X(v)vmn)z + 'Yn(h('v) - 6)’ (5'4)

where ¢, v and ¢ are positive dimensionless quantities. It is assumed that e < 1. f(v) = 1—-v
is the prey population dynamic per prey without the predator as a part of logistic growth.
h(v) is the type I or II functional response per predator, i.e. h(v) = v and h(v) = S‘;—J:lem,
respectively. 4 is the decaying rate of the predator without the prey.

First, we consider the case where prey sensitivity is bounded at zero prey density, i.e.
x(0) < oo. We transform equations (5.3)-(5.4) with travelling coordinate, z =  — ¢t (with
wave speed ¢) to get

0= oV +eV" L V(f(V) — gh(V)), (5.5)
0= cN' + N — (x(VYV'NY +N(h(V) — 5, (5.6)

with N(2) = n(z,t) and V(z) = v(z,t). We consider the travelling wave connection be-
tween the coexistence steady state (R,9) = (ng,vg) and trivial steady state (&, %) = (0,0)
with the conditions that lim, o N(2) = lim; 0o V(2) = 0, lim,_, o N(2) = ng, and
lim, ,_o V(2) = vy, which describes the situation where an established prey population
begins to spread along the positive direction and newly introduced predators follow prey
spreading. Since predator density changes via diffusion and local population dynamics in-
duced by the existence of prey density, initially predators may easily catch up with prey
spread. However, as soon as predators reach a frontier of spreading prey, predator spreading
speed is slowed down due to the lack of prey density.

We consider whether travelling waves of prey go slower due to the interaction with
predators. We use linear analysis for this. In a small neighborhood of a hyperbolic equilib-
rium (3,4) = (0,0) for (5.3)-(5.4), flow of the nonlinear system is topologically equivalent
with that of its linearization [28]. The linearized equations of equations (5.5)—(5.6) are,

0=cV/ + V" + (5f'(5) + F(8) — Ak (5)V — R(H)N, (5.7)
0=cN' + N" — (x()A) V" + yAh! ®)V + 7(h(#) — §)N. (5.8)

The linearized prey-taxis term can be obtained by

(x(v)van)e = (x(@) + X' (D)V)Va(t + N))a
= X(Ii\))ﬁ‘/za: + Xl(ﬁ)ﬁ(v‘/;:)z + X('ﬁ) (NV;: )z + X,('{)) (NVV’L)I
= x(9)AV;q, (5.9)

up to the order V2 approximation.
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We now look for solutions in the form
N,V x exp(Az), (5.10)

where A is the eigenvalue. A having negative real parts implies that the steady state
(7, 9) = (0,0) is linearly stable, since, after small perturbation, (#,%) — (0,0) as t — oo.
Substitution of (5.10) into (5.7)—(5.8) gives that the eigenvalues satisfy

X2 + A + 8f/(8) + F(5) — Ak'(D) k() o (5.11)
—x(8)AN2 + vk (3) Mty -8) |~ '
Since we are interested in the predator-prey—free steady state, i.e. (,9) = (0,0), (5.11)
becomes ) 0 0
X2 +cA+ £(0 ~h(0 B
0 A2 4 A +~(h(0) - 0) ‘ =0 (512)

Hence, A can be computed from two quadratic equations. That is,
eA? +cA+ f(0) =0, or A2 +cA+~(h(0) — &) =0. (5.13)
Analysis about the leading edge of the wave (4,7) = (0,0) yields

—cx+/c? —4ef(0)
2¢ ’

A= (5.14)

and

—c+/c? — 4v(h(0) — §)

2 )
in which AY is always negative if A(0) > 8. Indeed h(0) = 0 for any speed ¢, guarantees
that predators have non-negative density from equation (5.15). Thus, from (5.14), the linear
analysis gives a necessary condition

A = (5.15)

¢ > 4¢f(0). (5.16)

Without predator interruption, prey spread with the Fisher rate of 24/¢f(0), which provides
an upper limit of prey spread when prey population is regulated by predator interactions.
Hence with the bounded prey sensitivity, predators cannot slow down the prey spread in
the form of travelling waves. Since h(0) = 0, for any speed ¢ predators have non-negative
density from equation (5.15). It is shown in Figure 5.1 and Figure 5.2 that predators,
whose prey sensitivity is bounded at zero prey density with type I functional response to
prey of logistic growth, cannot slow down prey spread. In this case predators slow down and
adjust their own spread rate to the prey’s spread rate. Thus predators with bounded prey
sensitivity function are the same as predators with diffusion—only case for their dispersal.

We now consider the case that prey sensitivity is unbounded at zero prey, i.e. x(v) = %
or x(v) = 5.

We first consider the prey sensitivity x(v) = 2 in system (5.5)—(5.6). The linearization
of equations (5.5)-(5.6) about (4,7) = (0,0) is,

0=cV' +eV” + f(0)V — h(O)N, (5.17)
VINY
0=cN +N"- (b 7 ) +v(h(0) = §)N., (5.18)
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Figure 5.1: With logistic growth, f(v) =1 — v, type I functiona] Tesponse, h(v) = v, ang
Zero prey sensitivity (y = 0), introduced predators, which catch up with Prey spread, do
not slow it down. Here § = 0.75, vy = 1, and € = 0.01. Dashed lines show initial conditions,
solid lines show solutions up to t=100 at intervals of 5 dimension]ess time units,
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Bounded prey sensitivity with type I functional response and without an Allee

effect
Numerical solution of the Diffusion-—Taxis: prey-predator
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Figure 5.2: With logistic growth, f(v) = 1 — v, type I functional response, h(v) = v, and
constant prey sensitivity (x = 7.0), introduced predators, which catch up with prey spread,
do not slow it down. Here § = 0.75, v = 1, and ¢ = 0.01. Dashed lines show initial
conditions, solid lines show solutions up to t=100 at intervals of 5 dimensionless time units.
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We look for solutions in the form of
V = krexp(Az), N = kgexp()z), (5.19)
Substitution of (5.19) into (5.17-5.18) gives that the eigenvalues satisfy

0 = chky exp(Az) + eA?ky exp(Az) + F(0)k; exp(Az) — h(0)k; exp(Az2),

Ak; exp(Az)kg exp(Az) '
ki exp(Az)

0 = cAkg exp(Az) + A2kg exp(Az) — (b
+ (h(0) — 6)k2 exp(A2).
After cancelation in the prey—taxis term, we have

0 = chky exp(Az) + eA?k; exp(Az) + F(0)k1 exp(Az) — h(0)ks exp(Az),
0 = chky exp(Az) + A2kg exp(Az) — (bAkg exp()z))’
+ v(h(0) — 8)kg exp(A2).

Dividing the above equations by exp(Az) leads to

0 = chk1 + eX2k; + f(0)k; — h(0)ks, (5.20)
0 = cAkg + A2ky — bA%ky + y(R(0) — &)k,.. (5.21)

We now look for non-zero k; and k2 so that with h(0) = O we have the following equation

e + e + f(0) 0 _
0 X2 BN p A ry(=5) | (5:22)

Hence, A can be computed from two quadratic equations as before,
A2+ A+ f(0) =0, or (1—b)A%2+ch+~(=0) =0. (5.23)

The first equation for A is the same as the case of bounded prey sensitivity. When b < 1,
the second equation gives one negative root and one positive root. For b > 1 we have a
necessary condition for the existence of positive eigenvalues A. The second equation above
is rewritten as follows

(b—1A —ch++6 =0, (5.24)

where b > 1, and 4,6 > 0. Complex A leads to negative prey density, so
> 4(b—1)y8 (5.25)
2 _ —
is a condition for prey density to remain non—negative. Thus A = ek c2 bf(lb Dl guarantees

at most two positive roots. In addition to condition (5.25), condition (5.16) has to be
satisfied for non—negative density. While ¢ = 4¢f(0) gives a upper bound of prey spread,
condition (5.16) may give a lower bound. Thus, prey spread rate should be

4(b—1)v6 < ¢ < 4¢£(0). (5.26)

If (b—1)vé > €f(0), there may be no travelling wave connection. This may indicate that as
predators approach the tip of prey spread they adjust their catching-up speed not to exceed
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the tip of the prey’s spread. In other words, predators change their catching—up speed in
order not to suffer from the insufficient prey density due to the prey sensitivity. Through a
series of simulations it is seen that as constant b decreases, the tip of predators catching up
with prey retreats behind the tip of prey spread, so a predator free zone appears near the
tip of the prey spread. A diffusion process of the predator tend to make predators smear
into the tip of the prey spread, but strong prey—taixs makes predators move back. Thus, at
some distance from the tip of the prey spread, the tip of the predator catching up may be
formulated. Then predators passively follow the prey spread and eat enough prey behind
the tip of the prey spread.

We now consider the prey sensitivity x(v) = ;”7 in system (5.5)-(5.6). Then the eigen-
values satisfy

0 = chk1 exp(Az) + eX2k; exp(Az) + f(0)k1 exp(Az) — h(0)k2 exp(Az),

Ak; exp(Az)kg exp(Az) '
k? exp(2)z)

0 = chky exp(Az) + A2kg exp(Az) — (b
+ v(h(0) — 6)kq exp(A2).
After cancelation in the prey-taxis term, we have
0 = cAkj exp(Az) + eA%k; exp(Az) + £(0)ky exp(Az) — h(0)k; exp(A2),
0 = cAkg exp(Az) + A%ky exp(\z) — (bA%l)' + 4(h(0) — 8)kg exp(Az).

Thus the prey-taxis term becomes zero. Dividing the above equations by exp(Az) leads to

0 = chky + eA2ky + F(0)ky — h(0)kz, (5.27)
0 = chky + A2ky + y(R(0) — d)k3., (5.28)

which is the same as the case of the bounded prey sensitivity. Thus we cannot expect the
case that predators slow down prey spread.

In this section, we investigated a combination of a logistic growth and a Type I functional
response and a combination of a logistic growth and a Type II functional response with
various forms of the prey sensitivity x(v). We found that the predators fail to slow down
and stop the prey spread. Hence, we conclude that for Type I and II functional responses
prey—-taxis may not play any role in stopping the prey spread. We will consider different
functional responses next.

5.2 Prey Dynamics with Logistic Growth and
Ratio—Dependent Functional Responses

Here, we consider hyperbolic ratio dependent and linear ratio dependent functional re-
sponses in order to examine whether predators may slow down prey spread. In the previous
section, we found that prey-taxis did not play any role in stopping the prey spread. We here
consider only a diffusion process for the predator. Hyperbolic ratio dependent functional
response is h(v,n) = g5 and linear ratio dependent functional response h(v,n) = £ for
some positive constant u, v, and d. What h(v,n) approaches as (v,n) — (0, 0) seems to be
crucial and will be considered during the computation.
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Unbounded prey sensitivity with type I functional response and without an

Allee effect
Numerical solution of the Diffusion--Taxis: prey—predator
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Figure 5.3: With logistic growth, f(v) = 1 — v, type I functional response, h(v) = v, and
constant prey sensitivity (x(V) = 1.5/V), introduced predators, which catch up with prey
spread, do not slow down prey spread. Here § = 0.75, v = 1, and ¢ = 0.01. Dashed lines
show initial conditions, solid lines show solutions up to t=100 at intervals of 5 dimensionless
time units.
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We are thus interested in the following system

v = €vgg +v(f(v) — gh(v, n)), (5.29)
ng = Ngz + yn(h(v,n) — 8), (5.30)

We transform equations (5.29)—(5.30) with travelling coordinate, 2 = z — ¢t (with wave
speed ¢) to get

0= oV + eV + V(F(V) — gh(v, NY), (5.31)
0=cN +N" +yN(h(V,N) - §), (5.32)

where N(z) = n(z,t) and V(2) = v(z,t). We consider the travelling wave connection
between the coexistence steady state (7, %) = (ng,vo) and trivial steady state (7, 3) = (0,0)
with the conditions that lim, ., N(2) = lim, .o V(2) = 0, lim,,_oc N(2) = ng, and
lim, ,o, V(2) = vg. We now consider the diffusion-only system of equations (5.31)—(5.32)
to show whether prey travelling waves can go slower due to the interaction with predators.
Here we do not consider the prey—taxis because in the previous sections we saw that prey—
taxis had no effect. We use linear analysis to elucidate what happens at the wavefront. In a
small neighborhood of the hyperbolic equilibrium (%, @) = (0,0) of equations (5.29)—(5.30),
flow of the nonlinear system is topologically equivalent with the one of its linearization.
Before linearizing equations (5.31)-5.32), we need to consider linear and hyperbolic ratio
dependent functional response individually and plug each case into equations (5.31)—(5.32)

to get
0=cV' +eV" + V(f(V) —v), (5.33)
0=cN' + N" + yvV —~4N, (5.34)
and
0=V + eV +V(F(V) — L) (5.35)
dN +V7” '
0=cN' + N" +yN(h(V,N) — ), (5.36)

for linear and hyperbolic ratio dependent functional response, respectively. The linearized
equations of the linear ratio dependent functional response case are

0= V' + eV + (55/(8) + F(8) — )V, (5.37)
0=cN'+ N"+~V —~44N. (5.38)

We look for solutions in the form of (5.10). Substitution of (5.10) into (5.37-5.38) gives
that the eigenvalues satisfy

XL +eA+of(0) + (fF(B) —v) 0 B
yv M red—q8 |~ 0 (5.39)
Since we are interested in the predator—prey—free steady state, i.e. (#,9) = (0,0), (5.39)
becomes X4 oA+ £(0) 0
EAY 4+ CcA + -V _
v A2 eh—n6 ‘ =0 (5.40)
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Hence, A can be computed from two quadratic equations, that is,
XA+ f0)—v=0, or N24cA—~45=0. (5.41)
Analysis about the leading edge of the wave (3,7) = (0,0) yields

\Y —c+/c? — 4¢(f(0) — v)
V=

5 , (5.42)
and
AN = —cx ;:2%—4')'6. (5.43)
Thus, linear analysis gives a necessary condition
& 2 4e(£(0) - v), (5.44)

for non-negative prey density. Hence when the predator follows ratio dependent functional
response, it may slow down or stop the prey spread with diffusion as a searching strategy
depending on the parameter v. Without predators prey dynamics follow logistic growth,
but introduced predators lead to a different prey population growth about the leading edge
of the wave. The main cause of prey slowing down is that prey intrinsic growth rate becomes
smaller due to the potential interactions with predators at the leading edge of the wave, i.e.
£(0) .

The linearized equations of the hyperbolic ratio dependent functional response case are
more complicated than the ones of the linear ratio case, so we need to consider three different
N/V, ie. N/V =0, N/V is constant, and N/V = 00 as (V,N) — (0,0). For N/V = 0, the
linearized equations of (5.35)—(5.36) are

0=cV'+eV" + (35 (0) + F())V, (5.45)
0=cN' +N" +yuN — 4éN. (5.46)

Substitution of (5.10) into (5.45)—(5.46) gives that the eigenvalues satisfy

€A+ A+ f (D) + f(D) 0 B (5.47)
0 MieAtyp—v6 | '
Since we are interested in the predator-prey—free steady state, i.e. (7,9) = (0,0), (5.47)
becomes 24 ox s £(0)
eEX*+cA+ f(0 0 .
0 A2 A+ yu -8 ‘ =0 (5.48)

Hence, A can be computed from two quadratic equations, that is,
A2 4+ ed+ f(0) =0, or A2 +eA+yu—~8=0. (5.49)
Analysis about the leading edge of the wave (4,7) = (0,0) yields

—c £ +/c? - 4¢f(0)
2¢ ’

MY = (5.50)

and

- el — —
A = ZeEVe 247(“ % (5.51)
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Thus, linear analysis gives a necessary condition
? > 4ef(0), and ¢ > 4y(u — ) (5.52)

for non-negative prey density. Hence when predators follow a ratio dependent functional
response with the assumption that n/v — 0 as (v,n) — 0, they do not slow down or stop
the prey spread with diffusion.

For N/V constant, say 6, the linearized equations are

0=V + V" + (67'(5) + F(6) ~ - e”i . (5.53)

_ ! 1" [ _
O0=cN'+N +7—d0+1N ~éN. (5.54)

Substitution of (5.10) into (5.53)—(5.54) gives that the eigenvalues satisfy

2 APl AN 0
€A’ +cA+0f' (D) + F(9) — £y ) 0 _o. (5.55)
0 M+ t+ygg =0
Since we are interested in the predator-prey—free steady state, i.e. (#,4) = (0,0), (5.55)
becomes
X +eh+ f(0) - #4 0 _
0 X2 4+ Yo — 0 =0 (5.56)
Hence, A can be computed from two quadratic equations, that is,
2 _ u_ﬁ _ 2 Y .
eX* + e+ f(0) d0+1_0’ or A +c/\+'yd9+1 76 =0. (5.57)
Analysis about the leading edge of the wave (9,7) = (0,0) yields
—cE4/c? — 4e(f(0) — £
/\Z — \/ d6+1 , (5.58)
2¢
and
—cx /e —Ay(z87 — 0)
AV — v - = (5.59)
Thus, linear analysis gives a necessary condition
b [z
&> -2 ) and >4 ) 5.60

for non-negative prey density. Hence when predator follows ratio dependent functional
response with assumption % = constant, it can slow down or stop the prey spread with
diffusion as a searching strategy depending on the parameters u, d, and 8.

For N/V = oo, V/N = 0 so that the linearized equations are

0=cV' +eV" + (0f'(6) + F(5) — %)V, (5.61)
0=cN' + N" + 7gv — ~8N. (5.62)
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Substitution of (5.10) into (5.61-5.62) gives that the eigenvalues satisfy

Xl + A +Of(D) + f(5) - & 0 _
b N rermns | =0 (5.63)
Since we are interested in the predator-prey—free steady state, i.e. (7,49) = (0,0), (5.63)
becomes . )b
€A  +cA+ f(0) - § 0 B
i A2 4 eh— A6 ‘_0. (5.64)

Hence, A can be computed from two quadratic equations, that is,
e/\2+c/\+f(0)—§:0, or X2 4eh—~5=0. (5.65)

Analysis about the leading edge of the wave (9,7) = (0,0) yields

y_ TCE NCRYTUORT)

AL % , (5.66)
and
— 2
A = TRV +40 (5.67)
Thus, linear analysis gives a necessary condition
¢ > 4¢(£(0) - 5), (5.68)

for non-negative prey density. Hence when predator follows ratio dependent functional
response with assumption % = 00, it can slow down or stop the prey spread with diffusion
as a searching strategy depending on the parameters y and d.

In summary, the case of N/V = 0 is described as predator population decreasing much
faster than prey population. Because of that, predators may stay a little distance from the
tip of prey spread. That is, at the leading edge of prey spread, prey enjoy the non—predator
environment so that prey intrinsic growth rate is preserved. The case of N/V = ¢ (constant)
is that the decreasing rate of predator population is proportional to the decreasing rate of
prey population at the leading edge of prey spread. In this case prey and predator coexist
near the prey and predator zero state. Thus the new intrinsic rate of prey population
dynamics related to predator interruption is f(0) — Eg%, a combination of x, d and 6. For
instance, bigger u tends to slow down or even stop the prey spread under the fixed d and
6. For the case of V/N = 0, predators still patrol the area near the head of the tip of prey
spread. In other words, predators roam around the prey free area and prepare to attack
the front of prey invasion so that the intrinsic rate of prey population decreases due to
the predators’ ambush, i.e. f(0) — §. Therefore increasing ;1 tends to restrict prey spread.
Figures 5.4 and 5.5 demonstrate prey spreads with 4 = 0.1 and g = 0.95, respectively. It is
noted that the case of y = 0.95 shows slower prey spread than that of x = 0.1.

5.3 Prey Dynamics with an Allee Effect

In the previous sections, we used linear analysis to find the prey spread rate. However,
when the prey dynamics include an Allee effect we cannot use linear analysis (see [57]).
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Bounded prey sensitivity with ratio dependent functional response and

without Allee effect

Numerical solution of the Convection-Diffusion PDE: prey-predator
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Figure 5.5: With logistic growth, f(v) = 1 — v, linear ratio dependent functional response,
h(v,n) = 2, and constant prey sensitivity (x = 0), introduced predators, which catch up
with prey spread, can slow down prey spread. Here v = 0.95.
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Instead of linear analysis, Owen and Lewis [72] used a singular perturbation analysis of the
wavefront for the diffusion—only case. In this section, we follow the analysis of Owen and
Lewis [72] to find a necessary condition for the predator to stop the prey spread, i.e. ¢ = 0.
They require the following two conditions in order to have zero wave speed solutions. The
conditions restrict the values of vg and 4.

/vo v(f(v) — Mh(’u))d'v =0, (5.69)
0 v
[ vs@d v = 35900, (5.70)

h(v
D for detailed analysis). The meaning of two conditions (5.69)—(5.69) will be considered in

subsequent paragraphs.

A singular perturbation analysis of the wavefront consists of two steps and each step
ends up with one condition. The first step is finding the stationary wave solution of a
completely immobile prey. The temporal steady state of system (5.3)—(5.4) with x = 0, and
zero wave speed leads to

Here v, is the value of v at the coexistence steady state and g(v) = ﬁz'f)f (see Appendix

0= o(f(v) - ~h(v)), (5.71)
0 = ngy + yn(h{v) - 9). (5.72)

Figure 5.6 A shows the initial distributions of the predator and prey density. Predators
spread forward and eventually they stop moving forward since there are no prey to sustain
the population for x > 20. Figure 5.6 B shows the distributions of the predator and prey
density after 500 time units, which is regarded as a stationary wave solution to equations
(5.71) and (5.72). In Figure 5.6 B, there is one point at which the predator curve crosses the
prey curve. At this point, the predator density is n = ng and the prey is v = vg = g~ (ng).
The value vg is in the condition (5.70) and this vy can be computed from equation (5.70).
In this case vg is the peak of the prey curve.

Now we consider the meaning of condition (5.69). When prey move slowly compared to
their predators, a transition layer appears at the front (see Figure 5.7. B). Condition (5.69)
says that in the transition layer predator density is assumed to be constant, say n = ng,
rather than slowly decreasing as we can see in Figure 5.7 B. Then in the transition layer,
the prey equation is

0 = vy + v(f(v) — %h(v)), . (5.73)

The sign of wave speed c is determined by the sign of
V0 no
/ o(f() ~ "2 h(w))do (5.74)
0
(see [68] for details). Thus zero wave speed occurs when [ v(f(v) — %2h(v))dv = O for
nonzero vg. However, the logistic growth f(v) = 1 —v gives positive f;° v(f(v) — 22h(v))dv
for non—zero vy, which gives the same result from the linear analysis, that is, positive

wavespeed. In contrast, when considering an Allee effect, for example, f(v) = k(1—v)(v—a)
may give [i° v(f(v) — 22h(v))dv = 0, which is shown as condition (5.69).

78

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Stationary wave solution
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Figure 5.6: Stationary wave solution to equations (5.71) and (5.72) with logistic growth,
f(v) = 1 — v, type I functional response and h(v) = v. Here § = 0.7, e = 0, and v = 1.
In A, dashed and solid lines show initial predator and prey distribution, respectively. In B,
dashed and solid lines show predator and prey distribution, respectively, at t=500.
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Figure 5.7: Stationary wave solution to equations (5.71) and (5.72) with logistic growth,
f(v) =1 —v, type I functional response and h(v) = v. Here § = 0.7, ¢ = 0.01, and v = 1.
In A, dashed and solid lines show initial predator and prey distribution, respectively. In B,
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dashed and solid lines show predator and prey distribution, respectively, at t=10.
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In summary, when we examine whether predators can slow down or stop the prey spread,
we need to consider two steps. First, we need to find vg and ng. Second, we put these vy
and ng into condition (5.69) and see whether this ng and vy satisfy the equality (5.69).

Before we derive a necessary condition for stopping prey in the predator—prey model
with prey-taxis, we note that a singular perturbation analysis of the wavefront can be
applied for the case without an Allee effect. We now use an example to see how a singular
perturbation analysis of the wavefront can be used for the case with an Allee effect.

We now consider f(v) = k(v — a)(1 — v) and h(v) = v. Substituting g(v) = f(v),
h(v) = v, and f(v) = k(v — a)(1 — v) into condition (5.69),

/Om ko((v — a)(1 —v) — (v — a)(1 — v0))dv

v3(—3vp +2 +2a)
12 N

Thus vg is 0 or 2’32—“ from the condition (5.69).
First, we substitute vg = 0 into (5.70) with v, = §, which leads to

[ ot v - 38900.°
= k? vs'v— v)(v—a)2v—a-— 0—6(1_6)2(6_a)2
—k (/0 (1 +v)(w—a)(2 1)d )

=~k 0.

2
66? — 156° — 156%°a + 40624 + 1062 + 102262 — 306a — 30a26 + 30a?)
—k25
60

=0.

The last equation shows that & = 0 or 654 — 1583 — 156%a +4062a + 1062 + 10a26% — 3060 —
30426 + 30a? = 0, which can be expressed as a polynomial in a as follows

(1082 — 306 + 30)a? + (—156° + 406? — 308)a + 66% — 1583 + 1062 = 0, (5.75)

which is quadratic with respect to a so that we can find the roots. The coefficient of a2,

1082 — 306 + 30, is positive for all § and the constant term, 664 — 156% + 1062 is positive for

all § except for § = 0, in which case the constant term also becomes zero. The coefficient

of a, —156% + 4062 — 306 is negative for & > 0. Therefore we can expect two positive a’s in

terms of § for 6 > 0. However, the determinant, (—156° + 4052 — 3056)% — 4(106% — 306 +

30)(66* — 156% + 106?), is negative so that there is no real root. Thus vo cannot be zero.
Second, we substitute vg = 2 32" into (5.70) with vs = 6, yielding

[ o1 @dv - 36022

vo

= k? (/v;)s v(-14+0v)(v —a)(2v—a—1)dv — o —6);(6—11)2) =0.

We can rearrange the above equation into

2 6(664 — 158 — 156%a + 406%a + 1082 4 10a26% — 30da — 30025 + 30a?)
60

1+ a)3(2 — 11a + 242?)

_ 2
=2k 1215
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Diffusion—only case with type I and Allee effect

14

deilta

Figure 5.8: When v = @, the relation between 4 and a to satisfy equation (5.76) is
drawn with the straight line § = a.

We can simplify to get

—6((106% — 305 + 30)a? + (—156% + 4062 — 308)a + 66* — 1583 + 1062)
= 8;81(1 + a)3(2 — 11a + 242). (5.76)

When we consider the condition for the existence of the coexistence state, thatis,a < 6 < 1,
Figure 5.8 shows that there exist pairs of (a, ) to satisfy the condition that predators with
diffusion—only dispersal and a type I functional response on the prey may stop the prey
spread with an Allee effect. a is approximately located between 0.28 and 0.5 while § is
between 0.28 and 0.91. § determines a, say aq, for prey stopping. For a > ag, the prey
retreats, and for a < ag, the prey spread slows down.

It is noted that when we apply these two conditions (5.69)—(5.70) to the situation where
the prey population growth is logistic or shows an Allee effect, the predator density is
slightly overestimated in the transition area (see Figure 5.7. B). With logistic growth, the
overestimated predators fail to stop the prey spread. Therefore the predators from the exact
solution cannot stop the prey spread. In contrast, with an Allee effect, the overestimated
predators stop the prey spread, however it does not guarantee that the predators from the
exact solution may stop the prey spread. As the prey diffusion rate € increases, the error
estimate increases. Thus, the parameter a shown in the Allee effect would have to increase
for predators to stop the prey spread as € increases.

We now resume finding the stopping conditions for the case of prey—taxis. Recall that
a key difference between our model and the model of Owen and Lewis is that prey-taxis is
added in our model. To find a spread rate, we study the wavefront after the predators catch
up with the prey and the coexistence is observed. Slow movement of the prey generates a
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sharp transition in prey population from the coexistence steady state to the zero population
on the right.

We now want to find out whether predators with a prey—taxis strategy stop prey spread,
Le. ¢ = 0. First we consider a constant prey sensitivity, i.e. x(v) = x. Here we aim to
find two conditions like (5.69)—(5.70) for predators with prey-taxis. Basically, we follow the
steps in Appendix D.

Due to the zero wave speed we consider the temporal steady state of the following system

n
Ve = €Vgg + ¥ ( f(v) - ;h(v)) , (5.77)
Ny = Ngg — (xvzn)z + yn(h(v) —6), (5.78)
where the constant x is the prey sensitivity of the predator and ¢, v, 4, f(v), and h(v) are

the same as before (see (5.1)—(5.2). Later we will consider various forms of f(v), and h(v)).
The stationary system is as follows

0 = evgg + v ( F(v) = gh(v)) : (5.79)
0 = ngg — (xven)z +yn(h(v) — 0). (5.80)

Transition layer. Rescaling the spatial coordinate to & = %, equations (5.79)—(5.80)
are written as

0= vge +v ( fw) - gh(v)) , (5.81)
0 = nge — (xven)e + eyn(h(v) —9), (5.82)

which is the stationary front solutions of (5.77)—(5.78)). In addition, the boundary con-
ditions are: limg_, 40 ve(€) = 0, limg_,oov(§) = 0, and limg_, o v(§) = vo. As e — 0, n
follows nge — (xven)e = 0. Integrating this equation, we have ng — xven = Cp. As € — +oo,
ng — Co, since vg — 0. For large |¢|, ng = Co. Integrating one more time, then for large |¢|
we have n =~ C£ + Cy where Cy and C} are integral constants. However, for any non-zero
constant Cjp, a different sign of £ generates a negative population for the predators, i.e. if
Co > 0, then for negative large £, n becomes negative. Thus, Cy must be zero. We now
have ng — xven = 0 for all £ and ng = 0 for large |£|. Isolating n on the left side and v on
the right side, we have

1

—ng = xvg. 5.83

7€ = XU (5.83)
This can be integrated directly with respect to £ so that

3
in(n(€)) ~ In(n(-00)) = [ xvedé = x(o(€) = o(~o0), (584

Since n(—o00) = ng, a constant to be determined, we have
n(€) = np exp(x(v(€) — vp)). Thus, we have a single equation for v,

vee +v ( flw) -2 e"p(X(:(g) — %)) h(v)) =0, (5.85)
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where the boundary conditions are: limg_, 400 v¢(€) = 0, lim¢ o0 v(§) = 0, and
limg_, oo v(€) = g7 1(ng) = vo. Multiplying equation (5.85) by dv/d¢, and integrating with
respect to £ from —oo to oo gives us

/_: {% Y (f(v) _ mexp(x(z(ﬁ) - vo))h(v))} %dg = 0. (5.86)

The first term is integrated directly and the second term is done by using a change of
variables from € to v, to get

: (%)2]“’ + /0 e ( fl) =™ exp(xv("’ - ”0))h(v)> dv = 0. (5.87)

—0o0

Applying the boundary conditions and ng = g(vg) yields

/Ovo . (f(v) _ g(vo) exp(x(v — o)) h(v)) dv =0, (5.88)

v

which determines vg consistent with a stationary solution.
Right-hand outer solutions. We now consider equations (5.79)—(5.80) setting ¢ = 0 so
that v and n satisfy

0=v(f(2) -~ ~h(v)), (5.89)
0 = ngy — (xvzn)s + yn(h(v) — 9). (5.90)

From equation (5.89), v =0or n = g(v) = %% Since we are looking for right-hand outer
solutions, we here focus on v = 0 so that in equation (5.90) v, becomes zero and we get

Ngy — YoM = 0, (5.91)
with boundary conditions: lim,_, n{z) = 0 and n(0) = ny = ng exp(—xve). This equation

(5.91) is the same as (D.11). Therefore after applying boundary conditions we get

n(z) = ny exp(—+/70z), or equivalently %:—(0) = —ng exp(—xvo) V9. (5.92)

Left-hand outer solutions. We now consider the other outer layer. Recall that with-
out prey—taxis, in the transition layer n was constant so that equation (D.13) played the
role of a boundary condition to find left-hand outer solutions. However, the prey-taxis
term makes the procedure of matching the solutions more complicated. Here we consider

the conserved flux in the transition layer so that (22 — yn%® = (& _ yn& =
4 (da: X dx =0 (d:z: X dz =00

%) = —ngexp(—xv0)v/78. The last equality comes from matching the inner solution
=00

and the outer solution of the transition layer and the right hand outer solution. n = g(v)
is put into equation (5.80) to get

Mz — (xvsn)s +yn(h(g™'(n) = 8) = 0, (5.93)

with boundary conditions: n(0) = ng, lim,_,_ n(z) = n,,

(&2 — xng | ;=™ exp(—xv0)v/79, and 92(—o0) = 0, which satisfy the conservation of
=l

flux in the transition layer.
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Multiplying equation (5.93) by dn/dz — xndv/dz, and integrating with respect to z from
—o0 to 0 we find

/ {nex = Qoo +mlha™ () = O} (e —xnZe ) ds =0 (590

As we did for the analysis in the transition layer, the first term is integrated directly and
the second term is done by using a change of variables from ¢ to n, to get

s (& -0) T 4 [t - (1-xg e Jn =0 @99

With the change of n with v in some part of the above expression, the second part is turned
into

[ 260) ()9 0) - hw)xato) + xa(e))do — [ y8ndn. (5.96)

Vs
Applying the boundary conditions to equation (5.95) and ng = g(v) yields

Vg

Y / " @) @)dv +7x / *(@)(8 = h(v))dv

0 vo

(nd—n?) 1/[dn dv\?
W 3 (5 B X"a) oo
(92('03) -9 ('UO))
2

which gives a condition that the left— and right— hand outer solutions match at ng if and
only if

+ g ?(vo) exp(—2xv0)79,

/v " 0 f0)g ()dv + x / " P(0)(6 - hv))dv =

" (P) - o)
P 5 0

1
+ §g2 (vo) exp(—2xv0)4,

after ~ is canceled from both sides.
Thus, we have the following two conditions in order for zero wave speed solutions and
those conditions restrict the values of vp, &, and x.

/Ovo . (f(v) _ 9(wo) exp(jc('v — vp)) h('v)) dv =0, (5.97)

/ " o) () + x / " P(0)(6 - h(w))dv =

0 (9%(vs) = g%(v0)) N
J 2

If x is zero, then conditions (5.97)—(5.98) reduce to conditions (5.69)—(5.70). It is noted
that for the diffusion—only case the predator density is constant in the transition layer, but
including prey-taxis allows the predator density to vary in the transition layer. Therefore
when we match the right-hand and left-hand outer solutions we need some adjustment.

1
+ 5° (v0) exp(~2xv0)9. (5.98)
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Second, we consider x(v) = % as the form of prey—taxis and the outcome for the stopping

conditions. We follow a similar procedure as before. Then from the transition layer analysis,

we have 5
/0“0 Y ( F(v) - @h(v) (vio) ) dv = 0. (5.99)

In the transition layer the predator—prey relationship is

b
n=rng (1) , (5.100)
Vo
and as v — 0, we have n — 0. Thus the right-hand outer solution is

) dn
n(z) = 0, or equivalently d—(O) =0. (5.101)

T
For the left—hand outer solution, we can follow similar steps as before. Conservation of flux
across n = ng gives % — %%n](u,n) = (vo, ) = 52 - %%n](v,n) = (0,0). Since g,;—‘ =0 at

(v,n) = (0,0), we need to find %%n](v’n) = (0,0). As v — 0, we first compute %;‘g from

equations (5.79) and (5.100). If h(0) = 0, then the linearization of equation (5.79) with n
given in equation (5.100) near v = 0 is

0 = evyy + f(0)w. (56.102)

Multiplying both sides by v, and integrating it leads to

2 2
C= e%m + f(O)%, (5.103)

with integral constant C. We apply the boundary condition, that is, v = 0 and v, = 0,
then we have C = 0. Rearranging the above equation gives

”7" =+ _fe(o). (5.104)

Since € is a constant, %%’n — 0 as (v,n) — (0,0). Indeed, zero flux occurs across n = nq.

Then the matching procedure between right-hand and left-hand outer solutions gives

/ " 0t (0)d (v)du + b / K -":ﬂ(a _ h(w))do = 69 - o). (5.105)

In this section, we found that when there is an Allee effect of the prey the predator
may stop the prey spread. We considered this problem with two prey sensitivity functions,
x(v) = x and x(v) = £. Then we found two necessary conditions (5.97)—(5.98) for stopping
the prey spread.

5.4 Discontinuous Travelling Wave Solution

In this section we take a look at the case that prey are immobile and predators take mainly
directional movement with weak diffusion. We modify the model, which Pettet and Mcel-
wain [75] considered, with a nonconstant prey sensitivity x(v) = %. When an approximate
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mode] with the assumption of no diffusion is considered, we look for the existence of discon-
tinuous solutions. Then we put the diffusion term back and consider the role of the diffusion
term with respect to discontinuous solutions. This problem originated from wound healing.
Macrophage generates growth factors (prey) and endothelial cells (predator) eat growth
factors. Understanding this model will give an insight how the wound heals and give a
guideline for more efficient wound healing.

5.4.1 Traveling Wave Analysis

In this section, we begin travelling wave analysis with the phase plane analysis. Here we
consider the following system

v = v(f(v) — %h(v)), (5.106)
Ny = engg — (x(v)vzn)y + yn(h(v) —98), (5.107)

where f(v) =1 — v, h(v) = v, and x(v) = b/v are mainly considered. Here it is assumed
that the prey have a negligible ability of movement and predators are able to move directly
towards high prey density. In addition, predators are assumed to have small diffusion-
induced dispersal. As ¢ — 0, we have approximate equations as follows

v = v(l —v —n), (5.108)
ny = _(%’Uzn)z +yn(v - 8). (5.109)

With travelling coordinate, z = = — ct with wave speed ¢, the system becomes
—cv, = v(l —v —n), (5.110)

—cn, = —(%vzn)z +yn(v - 8). (56.111)

Thus v, is isolated as v, = —ﬂl_c"—_"l. Substituting this result into equation (5.111), we
have

—cn, = c—l;m;(l —v—n)+ g(l —v —2n)n; + yn(h(v) —9). (5.112)

Here we put n, terms together into the left hand side as follows
—(c+ g(l —v—2n))n, = c%nv(l —~v—n)+yn(v-—9). (5.113)

When ¢ + %(1 — v —2n) = 0, equation (5.113) becomes singular. Thus the curve

c+ 2(1 — v — 2n) = 0 becomes a barrier so that phase plane trajectories cannot cross this
curve. The coexistence steady state of equations (5.106) and (5.107) is

(vs,ms) = (6,1 = 9). (5.114)
Depending on where the coexistence lies, we may not expect a continuous connection be-
tween the prey-only state (v,n) = (1,0) and the coexistence state (vs,ns) = (4,1 — 6)

(see Figure (5.9)). When the coexistence state is located below the wall of singularity, i.e.
K = 9; > 1 — 4, there may be a continuous connection from the prey-only state to the
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Figure 5.9: Wall of singularity n = ﬁ% is drawn with two possible locations of coexistence

states. K = 0.3 and two é = 0.5 and § = 0.8.

coexistence state, however when the coexistence state is located above the wall of singu-
larity, i.e. K < 1 — 4, there will be no continuous connection from the prey-only state to
coexistence since trajectories cannot cross the wall of singularity. One exception to this is
when the n nullcline, 2nv(1 —v — n) +yn(h(v) — 8) = 0, intersects the singular curve. This
intersection point is called the ’hole in the wall’ (see [75] for detail). Thus the hole in the
wall is the intersection point(s) of the following two curves

c+ g(l —v—-2n)=0 (5.115)
c%m)(l —v—n)+yn(v—-46) =0, (5.116)
equivalently
" K+21—’” (5.117)
n=1 —v+w. (5.118)

Since an equation collapsed from equations (5.117)—(5.118) becomes a quadratic equation,
there may be no intersection, one intersection, or two intersections depending on the pa-
rameter K. The number of intersections can be computed from the number of solutions

of
M:l—v—kw, (5.119)
2 v
or equivalently
v? + (K —1-2Ky)v +2K~3§ = 0. (5.120)
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Figure 5.10: Determinant curve, equation (5.122) shown in dashed line and K = 1 —§ is
shown in dotted line with v = 1.

The condition for two intersections is when v has two roots, i.e.

(K —1-2K~)? —8K~6 >0, (5.121)
similarly the condition for one intersection is

(K —1-2K~)? —8K~6 =0, (5.122)
and the condition for no intersection

(K —1-2Kv)? —8K~é < 0. (5.123)

Here we assume vy = 1 for the simplicity of analysis. On the right side of the curve
(see Figure 5.10), there is no intersection, i.e. no hole in the wall. On the curve, there
is one intersection, i.e. one hole in the wall. On the left side of the curve, there are two
intersections, i.e. two holes in the wall. Thus when K < 1 — é there are always two holes,
but when K > 1 — § three cases may occur; no hole, one hole, or two holes.

The v and n values of the hole in the wall then are respectively

_K+1 V142K +K?-8Ké

Vi 5 5 (5.124)
T
NHZK:1¢\/1+2K-ZK 8K5. (5.125)

When there are two holes, if § > 11;, one v-value of two holes is larger than 1 and the
other is less than 1. If § < %, then both v-values of two holes are less than 1. Recall that
(v,n) = (1,0) is the prey—only steady state. When there is no continuous connection from
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the prey-only state to coexistence due to the wall of singularity, we may have a discontinuous
connection of two states.
The v-intersections of n—nullcline (5.118) are

K+1 +1+2K +KZ—4Ké
Vonulleline = —5— * 5 : (5.126)

The v-intersection of n—nullcline , V, . 1eline = &L + VI+2K +K-4K? ig |arger than 1. It
is also seen that v—values of the holes in the wall are located between the two v—intersections
of n—nullcline (5.118).

In this section, we began with considering the travelling wave coordinates, and converted
a system of two PDEs into a system of two ODEs for the phase plane analysis. However,
we found ‘the wall of singularities’, which prohibits us from doing the phase plane analysis.
The existence of the singular barrier may require a discontinuous solution. Hence, we will
consider shock conditions next.

5.4.2 Shock Conditions

Here we consider the possibilty of a discontinous connection from the prey-only state to the
coexistence state via transforming equations (5.108) and (5.109) into a non-linear hyperbolic
system. When K < 1 -9, there is no continuous connection between the coexistence steady
state and the prey-only steady state due to the singular barrier lying between those two
steady states. Thus we cannot use phase plane analysis. Instead, we view the model in the
form of a hyperbolic system. To do so, we introduce a new variable w = v,. Then equations
(5.108) and (5.109) turn into

vy = v(l —v —n), (5.127)
ng = —x' (v)win — x(v)wzn — x(¥)wn, + yn(v — §) (5.128)
wy = w — 2w — wn — vNg, (5.129)

which can be expressed in matrix form as follows

51 0 O 0 PR v(l1 —v —n)
—|n|+ |0 x@w x(n| o |n| = |y -0 - X (@)wn (5.130)
ot Or

w 0 v 0 w w—2vw —wn

. . . . . 2 2
Provided w > 0, there are three real distinct eigenvalues, i.e. A\; = x(g)w _¥x (")w2+4ux(v)n

<A =0< A= X(g)w + X Xz(v)w;HuX(U)n so that equations (5.127-5.129) are a strictly
hyperbolic system. Thus system (5.130) allows shocks in any of the three characteristic
fields.

We are looking for travelling wave solutions moving at a positive speed ¢ > 0 so that
the jump occurs in the A3 field. In order to find jump conditions, equation (5.130) is now
changed in the conservative form as follows

0 v(l—v—n)

R MR
vl ki x{v)wn =| yn{v-29) (5.131)
w Tl=v(@ -v=-n) 0
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For U = (v,n,w), the system is now in the hyperbolic system form of U, + 4, = C.
Rankine-Hugoniot jump condition in the kth field is

[Olsi = [4]

where [U] denotes the jump in U and s; the shock speed. Applying the jump condition for
Az > 0, then we have

[v]sg =0, (5.132)
[mlsa = [x(v)wn] = x(o) wn] (5.133)
[w]sg = —[v(1 — v — n)] = v[n], (5.134)
with [v] = VI — Vg. We assume travelling wave solutions so that positive speed, ¢ > 0 leads

to [v] = 0, that is, Vg, = Vg. With w = v, = —1(16"—"2 and s3 = ¢, equation (5.133) is
[n]ec = —ﬁcﬂv[(l — v — n)n|, which is expanded as (N — Ng)c = —XZv((1 —v) — (N +
NRg))(Nr — Ng). Thus if N # Ng, for v = Vi = Vg we have the jump condition

2
N, +Np=1l-v+——=1-v+K (5.135)
x(v)v
with x(v) = 2 and K = b Indeed, it is noted that the average of Ny and Ny is located
on the wall of singularity, i.e. ﬂﬂ;—Nﬂ = -—2+— Equation (5.134) always holds.
Uniqueness of the discontinuous wave solution can be shown by the Lax entropy condi-

tion. A jump in the kth field is admissible only if
/\k([—]L) > Sk > /\k(ﬁR)-
Equation (5.133) and w = —1’11—”—_"1 give the shock speed

(V)W \/x2(V) W3 +4Vx(V)N;
2 2 ’
and eigenvalue A in the 3rd field is

A3 = X("Q’)w N \/X2(v)w22+ 4vx('v)n,

83 =

which yields

VWL, VXR@WE +4VX(V)N

M(0) = X 2 |
2(v)W2 + 4aVx(V)N
)‘3([7R) — X(VQ)WR n \/X ( ) R;—4 X( ) R'

Therefore a jump in the 3rd field is admissible since
)\3((7[,) > 83 > /\3([712),

provided that Ny > Npg, which leads to W > Wg from the relation w = M

Here we found the necessary conditions for the existence of a dlscontmuous travelling
wave solution. The shock speed was computed. We will consider the proof of the existence
of a discontinuous solution.
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5.4.3 Existence of Traveling Waves

Here we consider the existence of traveling wave solutions as K varies given 8. For each
parameter space, we investigate travelling wave solutions. We begin with the existence of
continuous wave solutions connecting the coexistence state (vs,ms) = (6,1 — ) and the
prey—only state (v,n) = (1,0) of an ODE system (5.110) and (5.113).

Linear stability analysis says that the prey—only state (v,n) = (1,0) is a saddle as long as
6 < 1. Thus there is one stable manifold and one unstable manifold. The stable manifold is
tangent to an eigenvector (2—£5, 1), which lies above the v—nullcline » = 1 — v, corresponding
to a negative eigenvalue at prey-only steady state (v,n) = (1,0).

The Jacobian matrix of equations (5.110) and (5.113) at the coexistence state (vs,n,) =

(6,1 —190) is
J= [11_5)((55_1{) 11_65)5] (5.136)
K-1+8 K-143
The trace of J is SK
tr(J) = K155 (5.137)
and the determinant of J 5(1 - §)K
det(J) = K145 (5.138)

If det(J) < O, that is, K < 1 — 4, the system (5.110) and (5.113) has a saddle at the
coexistence state (vs,ns) = (6,1 — ). When K > 1 — §, the trace of J is positive and
tr(J)? — 4det(J) is

SK(5K6 — 4K + 4 — 86 + 482)

tr(J)? — 4det(J) = & =170y ’

(5.139)

in which the 5K§ — 4K +4 — 85 + 462 term determines the sign of tr(J)? — 4det(J). That is,
2
ifK > - (l_ﬁ , tr(J)? —4det(J) is non-negative so that the coexistence state is an unstable

node. If K < —%5_:643, then tr(J)? — 4det(J) is negative so that the coexistence state is an
unstable spiral.

In Figure 5.9, when the coexistence state is below the singular barrier, i.e. K > 1-39, it
is noted that the coexistence state is an unstable spiral or node. On the other hand, when
the coexistence state is above the singular barrier, i.e. K < 1 — 4, the coexistence state is
seen to be a saddle.

First of all, we consider a node( or spiral)-saddle connection, i.e. K > 1—4§. When there
is no hole in the wall, Figure 5.11 shows a typical feature of the phase plane of equations
(5.110) and (5.113). We follow the proof of the existence of a traveling wave connection in
[20]. The prey-only steady state (v,n) = (1,0) is a saddle, so there is a unique trajectory
T landing on (1,0) via a stable manifold. We follow this trajectory T back into the region
PAB bounded by P-A line (a part of the v—nullcline), A-B line, and P-B curve (a part
of the n—nullcline). Then it must either lead to a steady state in the closed region PAB or
cross the boundary.

First, in the closed region PAB, there are only two steady states, the prey—only steady
state and the coexistence state. Since vector fields in the closed region push the trajectory
T increasing along the v axis and decreasing along the n axis, it is easily checked that the
trajectory T originally did not leave the prey—only steady and returns the prey—only steady,
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Continuous connection of two steady states via phase plane
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Figure 5.11: Coexistence state is located below the wall of singularity and an unstable node.
K = 0.45 and é = 0.6 are used to demonstrate a continuous connection from the coexistence
steady state to the prey—only steady state. Vector fields are shown in terms of + and —.

i.e. no homoclinic orbit. Thus if any, we would follow the trajectory T back to another
steady state, that is, the coexistence state.

Second, we can exclude the situation that the backward trajectory T does not cross
the boundary. From vector fields, v is strictly increasing on the trajectory T. Therefore
T cannot come through the side AB. In addition, n is decreasing and v is increasing in
the closed region PAB, so all trajectories approaching the line PA approach from the left.
Therefore T cannot get back to this line PA. Similarly, so all trajectories approaching
the curve PB approach from the left. If all n values of PB are smaller than that of the
coexistence state, i.e. K < 6, T cannot get back to this curve PB. With K > 1 — §, we
have § > 0.5. specifically Figure 5.12 shows that K < § guarantees that the coexistence
steady state is an unstable node. Therefore one place the trajectory T possibly leads to is
the coexistence state and we have the existence of a wave connection.

So far, we considered the one of seven cases with K > 1 — 4, i.e. G region in Figure
5.12). In region A, there are two holes, the coexistence state is an unstable spiral, and
n values of PB near the coexistence state is bigger than one of the coexistence state. In
region B, there is no hole, the coexistence state is an unstable spiral, and n values of PB
near the coexistence state is bigger than the n value of the coexistence state. In region C,
there is no hole, the coexistence state is an unstable node, and n values of PB near the
coexistence state is bigger than that of the coexistence state. In region D, there are two
holes, the coexistence state is an unstable node, and n values of PB near the coexistence
state are bigger than that of the coexistence state. In region E, there are two holes, the
coexistence state is an unstable node, and all n values of PB near the coexistence state are
smaller than the one of the coexistence state. In region F, there is no hole, the coexistence
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Condition for a spiral and a node

T

Figure 5.12: Curve 1 and curve 2 denote K — —%15__—?1 and § = %ﬁ, respectively.

state is an unstable node, and all n values of PB near the coexistence state are smaller
than that of the coexistence state.

With K < 1-4, in region G, there are two holes, the coexistence state is a saddle, and
n values of PB near the coexistence state is bigger than the coexistence state value. In
region H, there are two holes, the coexistence state is a saddle, and all n values of PB near
the coexistence state are smaller than the coexistence state value. Next, we consider the
case that n values of PB near the coexistence state is bigger than one of the coexistence
state, i.e. K > 4. Figure 5.12 indicates that the coexistence state is either an unstable
spiral or else an unstable node. Unless there is a limit cycle around the coexistence state,
the trajectory T possibly leads to the coexistence state, but more work is needed. Figure
5.13 demonstrate phase plane, in which the vector fields around the coexistence state show
a spiral behaviour.

The proof of the other cases of the existence of continuous or discontinuous travelling
wave solutions and their uniqueness needs to be studied. We also need to show whether a
travelling wave solution is uniquely determined for given parameters b and 4. If the wave
speed c is uniquely determined, K is fixed, so we can easily determine whether the solution
is continuous or discontinuous. For that, we need to do intense simulations.

We did numerical experiments where the wave speed is uniquely determined given &
and b and prey sensitivity function x(v) = % First, we chose § = 0.5 and found the wave
speed ¢ = 0.4 and K = 0.16. Thus the solution is discontinuous as shown in Figure 5.14.
However, more simulations need to be done for various parameter space.
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Continuous connection of two steady states via phase plane
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Figure 5.13: Coexistence state is located below the wall of singularity and an unstable
spiral. K = 0.9 and § = 0.4 are used to demonstrate a continuous connection from the
coexistence steady state to the prey—only steady state. Vector fields are shown in terms of
+ and —.
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Figure 5.14: When é = 0.5, numerical solution computed wave speed as ¢ = 0.4, so K =
0.16 < 1 — 4 = 0.5. Singular barrier, v— and n— nullclines are drawn together. dz = 0.01,
dt = 0.005, and ¢t = 5 are considered. NT scheme is used for the simulation.
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5.4.4 Full Model

Now we look at the full equations (5.107)—(5.107) and consider the role of a diffusion process
in a discontinuous travelling wave solution. For that, we consider an inner expansion around
the singular barrier. With travelling coordinate, z = z — ct, the equations (5.107)—(5.107)
are transformed to

—cv, = v(f(v) — gh(v)), (5.140)
—cn, = —(x(v)vn), + yn(h(v) — 8) + eng,, (5.141)
or equivalently
—cv, = (1 — v —n), (5.142)
—en = < (x(®)o(1 — v = mm)s + (o — 8) +en, (5.143)

With x(v) = £, equations (5.142-5.142) are

_o(f(®) - 2h(v))

. =
C

—(c+ (—12(1 —v—2n))n, = -c%nv(l —v—n)+yn(v—49) +en,,. (5.145)

(5.144)

Here we consider the inner expansion of equations (5.144-5.145) around the singular barrier
with z — 29 = €€ so that

(@) = 2h)

vg = — . (5.146)
—(c+ g(l —v—2n))ne = e%m}(l —v—n) +eyn(v — 8) + ng,. (5.147)
With regular expansion of v and n, i.e.

v = vg + evy + O(€?) (5.148)
n = ng + eny + O(?), (5.149)

the leading order terms are calculated as
—cvge =0 (5.150)
—(e+ %(1 — v — 2n0))ngg = noge- (5.151)

Therefore vg = constant and ngg + (¢ + 2(1 — vg — 2ng))nge = 0. The last equation is
integrated as nge — 2nd + (¢ + 2(1 — v))no + A = 0 with integral constant A. We can
isolate ngg so that ng = %n% —(c+ g(l — vg))ng + A. Depending on b, ¢, and A, there
may be two equilibrium points, one equilibrium point, or none (see Figure 5.15). If there
are two equilibrium points, let N, = nd, Ng = nf, then ﬁl’% is the extremum of the
quadratic, which lies on the singular barrier since g(ng) = %'n.% —(c+ g(l —w))ng + A
and ¢'(ng) = 22ng — (¢ + &(1 — vo)) so that ¢’(ng) = 0 gives rise to ng = S 3‘11?'21
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Figure 5.15: Two discrete points are smoothly connected through inner expansion.

Figures 5.16 and 5.17 demonstrate the situation that introduced predators spread into the
area in which prey density reaches its full carrying capacity so that the predator and prey
density approach the coexistence steady state. In other words, the prey—only steady state,
(v,n) = (1,0), is connected to the coexistence steady state, (v,n) = (4,1 — §). Figure
5.16 demonstrates a discontinuous connection between the prey-only steady state and the
coexistence steady state. In Figure 5.17 those two steady states are connected smoothly by
the help of a diffusion process.

In this section, we applied a prey-taxis model to wound healing. In particular, we
considered the case that prey (growth factors) are immobile and predators (endothelial
cells) take mainly directional movement with weak diffusion. Without diffusion, the prey—
taxis model exhibits rich possibilities of a discontinuous travelling wave solution. Even
though we found some necessary conditions for the existence of a discontinuous solution
and computed a shock speed, more work needs to be done to understand the mechanisms
for wound healing.

5.5 Comparison of the Wave Speeds for Resting Models

In this section we take into account the wave speeds for the resting models in Section 3.6.

Here we consider two states, moving and resting states. In a moving state, there are two

subgroups as before, right-moving and left-moving species. Then we investigate the spread

rate of the total population and compare the result with that found from other approaches.
The classic diffusion-reaction model is

on d%n
i D@ + F(n), (56.152)
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Figure 5.16: From the left predators invade rightward to the area in which prey dominate
upto its full capacity. € = 0.
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Figure 5.17: From the left predators invade rightward to the area in which prey dominate
upto its full capacity. ¢ = 0.1.
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where D is a diffusion rate and F(n) the population dynamics. In particular, when the
population growth function F'(n) is logistic growth, i.e. Fi(n) = yon(1—n/K) with intrinsic
growth rate v and carrying capacity K, equation (5.152) is the well-known Fisher equation
[57, 68, 72]. The wave speed ¢ of the Fisher equation asymptotically converges to the
minimum wave speed, ¢? = 4yoD.

When a population’s dispersal shows a correlated random walk rather than random walk,
the population dynamics can be eventually combined with telegraph dispersal as follows

on  18n 4?8'n 1 0F(n)

5t 2w o 2o 2 ot
where r is an individual’s turning rate and w an individual’s speed [32]. The diffusion process
(5.152) is the limit of the telegraph process (5.153) as r and u go to oo while '2‘—: goes to
a constant, say D = ‘2‘—: When the intrinsic growth rate - is relatively small compared
to the turning rate r, the wave speed was computed in [39] as ¢ = (7: o) u?. When we
then consider the diffusion process as a limit of the telegraph process, the diffusion rate D
is equivalent to D = ‘2‘—3, which allows us to compare the wave speeds for diffusion-reaction
(5.152) and telegraph-reaction (5.153) models with the ratio

+ F(n), (5.153)

Ctele 1
= <1, 5.154
Cliff (’70/27" + 1) ( )

where cj;f and ¢yl are the wave speeds of diffusion-reaction (5.152) and telegraph-
reaction (5.153) models, respectively [39]. Since the wave speed for the telegraph—reaction
(56.153) model was computed under the restriction of relatively small vo compared to r, the
comparison ratio (5.154) is close to 1. In addition, as a limit of the telegraph related wave
speed, the diffusion related wave speed leads to a slight overestimate.

In the classic Fisher equation (5.152), individuals move randomly without having a rest,
which excludes the situation that sometimes individuals take a rest for various reasons such
as handling food. In [59], Lewis and Schmitz consider two subgroups. The first group is a
subgroup in the moving state with diffusion process and the second one is one in the resting
state allowing only local dynamics with a moving subgroup. They consider population
spread with the following model,

on n
15)
53— = an - Bq +v4(1 — ¢/K), (5.156)

where ¢(z, t) is a population density in the resting state, « is a transition rate from moving
to resting, B is a transition rate from resting to moving, and u is a death rate of the
individuals in the moving state. Reproduction is assumed to occur only in the resting state,
but death occurs in both the moving and resting states.

In particular, when ~g is very small, the transition rates « and 3 are equal, and g = 0,
the minimum wave speed of the total population, say a = n + ¢, was computed in [59] as
¢ = v D (see also [25]). Recall that D can be approximated as D = ‘2‘—: (see [39] and section
3.4).

In equation (5.155), the dispersal term of the moving population is determined by a
diffusion process. Now we consider the case that a correlated random walk is the primary

99

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



dispersal mechanism. Section 3.6.4 deals with the similar situation with models (5.155)-
(5.156), that is, where a correlated random walk is the primary dispersal mechanism with
reproduction in the resting state and death in the moving state. If the resting population
shows logistic growth, we have

+ +
ag—t + uaaix = —a(V,S)n* + @q —rnt +rn” — unt, (5.157)
on~ on~ S
5 u%— =—alV,S)n" + @q +rnt —rn” —un", (5.158)
9q + - 2
3 = a(V,8)(n* +n7) ~ B(S)q + F(a), (5.159)

with F(q) = v1¢(1 — ¢/K). When the death rate of the moving group is zero, i.e. u =0,
the resting and moving groups are combined via rescaling to lead to the total population
spatial dynamics of the diffusion—advection—reaction equation (see section 3.6.3 for details),

u2 B u2 ﬂ
L= : .16
a ((a+2r),6+aa5+(a+2r) (ﬁ_'_a)ea £+F(a) (5.160)
where a is the total population and F(a) = 715550 (1 — 7520/ K )

We now compare the wave speed of (5.160) with that of (5.155)—(5.156).

First, we consider the case that the transition rates o and 8 are equal and constant as
Lewis and Schmitz did in [59] and as shown in equations (5.155)-(5.156). Then equation
(5.160) leads to a diffusion-reaction equation as follows

,u2
B

since (m)f =0and ﬁ-l-ia = % We now recover the original scales, i.e. 7 = €%t and ¢ = ex

to get
2

u 2
=% . , 16
a o +2T)ax +€°F(a) (5.162)

which is the form of the Fisher equation. Now the diffusion coefficient is D = ﬂ%? and
the intrinsic growth rate is 2 with v = €2v1. Here the diffusion coefficient is determined
by the turning rate r and the transition rate «, which were disregarded when the diffusion
coefficient was originally calculated as D = ’Q‘; However, D = Wtﬁm does not contradicted
with D = -E_é at all. We revisit equations (5.157)—(5.159) with the same rescaling in Section
3.6. The leading term of g is go = Fno, which we put into equations (5.157) and (5.158)

to get leading terms of the right and left moving groups, ng and ng . With the original
coordinates, we have

+ +
8%0— + uaa—r;o = —a(V,S)nd + a(l;', 5) (nd +ng) —rnd +rng — pnd, (5.163)
ong dng _ aV,8) _ _ -
731% - ua—zo = —o(V,S)ng + 3 (n¢ +ng) +rad —rng — png, (5.164)
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which are rearranged with the additional assumption 1 = 0 as follows

ong  ond aV,S), a(V,S), _
Bt TYa = —(r+ T)no +(r+ —2—)n0 , (5.165)
ong ong a(V,S), . a(V,S), _

5 Yar (r+ ——2—)n0 —(r+ 5 ng - (5.166)

Thus the turning rate here is r + a(#z and twice the turning rate is 2r + a(V, S), which
explains why D = ﬂ%’h) Therefore, the minimum wave speed of the model of (5.155)-

(5.156) is ¢% = Za_f?)ﬂo' It is interesting to note that the intrinsic growth rate of the total
population is half that of the resting group. Also, the diffusion coefficient here is slightly
different from that derived in [59], i.e. the diffusion coefficient of the total population is
the half that of moving group D = ',_j—:, which is independent of the transition rate «. We
label the wave speed from equations (5.155) and (5.156) cy,,_q;f and that from equations
(56.157)~(5.159) Cm-hyper> Where "m” denotes multiple states of a species. The comparison
between the two wave speeds is shown by the ratio

‘m-hyper _ L1 (5.167)
Cr—diff 1+a/2r

If the turning rate r is very big compared to the transition rate «, then c,,_4;f becomes
approximately the same as ¢m-hyper: ie. cm dif = “m-hyper- Thus the ratio 37 is an
important factor that makes two models different. As a limit of cm-hyper’ ‘m—diff leads
to a slight overestimate. Thus we may interpret c,, jif as a special case of ‘m-hyper-
Likewise, the models of (5.155)—(5.156) are a special case of the resting models in section
3.6.

We considered the case of & = # and u = 0. We now release these restrictions for the
more general case of ¢, 8, and u in equations (5.155) and (5.156). Then the total population
equation of combined moving and resting groups is obtained in [34] as follows

a = (ﬁ%mz +D (Mial a)x + F(a), (5.168)

where a is the total population and F'(a) = y05%54 (1 - B%a/K) - p,miaa.
Likewise, equations (5.157)—(5.159) lead to

o = ((a f‘:%) ﬂfaaz 5 :‘f?r) (ﬂia>xa)z + F(a). (5.169)

If & and B are constant and D = '2‘—:, the comparison between the two wave speeds is the

C
speeds of the two resting models, (5.155)—(5.156) and (5.157)—(5.159), decreases from 1 to
0.817 as the ratio a/r increases from 0 to 1. Thus an increased transition rate, given a
fixed turning rate, reduces the invasion speed of a species with the resting and moving
states compared to that of a species only with the moving state. From equation (5.169) the
diffusion coefficient is D = Za:‘_%yﬂ% If o is big, in other words, moving individuals take

C.
same as (5.167), i.e. in_—Eﬁfﬂ = ,/ﬁf_,—, < 1. Figure 5.18 shows that the ratio of wave
m
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Comparison of Traveling Wave Speeds
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Figure 5.18: A ratio of wave speeds of two resting models, (5.155)~(5.156) and (5.157)—
(5.159), decreases as a a/r ratio increases

a rest very often, so the diffusion rate decreases. Alternatively, small 3, which means that
resting organisms rarely launch into the moving state, reduces the diffusion rate of the total
population.

This result has important implication for interpreting model prediction. For examples,
Holmes [39] calculated turning rates from diffusion rates and moving speeds. Kareiva and
Odell computed the moving speed of ladybugs by using a diffusion rate and a turning rate
estimated from field data. However, those turning rates, which Holmes found, may consist
of both turning rate and transition rates as D = ﬂ%%), and as a result, those turning
rates may be an overestimate. Likewise excluding the transition rates between resting and
moving subgroups may lead to an underestimate of the population moving speed.

A comparison of the wave speeds for diffusion—reaction and telegraph-reaction models,
which was studied using empirical data in [39], indicates that the wave speed difference
between the two models is at most 7.3 %, and that the wave speed for diffusion-reaction
model is a slight overestimate. However, comparison of the wave speeds for diffusion—
reaction (5.155) and (5.156) and hyperbolic-reaction (5.157)—(5.159) models of moving and
resting subgroups predicts that the wave speed difference between the two models may
increase depending on the transition rates between the moving and resting states. Indeed,
the main difference between those two models is that the wave speed for hyperbolic-reaction
models of moving and resting subgroups also depends on the transition rates between the
moving and resting states, whereas the wave speed for diffusion-reaction models of moving
and resting subgroups is independent of these transition rates.

Invasion speeds of cabbage butterflies were computed in [39]. Holmes considered two
populations with three or seven generations per year and an adult life expectancy of 10
or 20 days, respectively. For the first group with 3 generations per year and a 10 day life
expectancy, the diffusion coefficient is D = 3.87 km?/yr and an individual’s moving speed
is u = 21 km/yr. Because the intrinsic growth rate of cabbage butterflies is relatively small
compared to the diffusion coefficient (9.0 per year vs. 3.87 km?/yr), the derivations of the
invasion speeds for diffusion—reaction and hyperbolic-reaction models of moving and resting
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subgroups are valid. We apply these results to diffusion-reaction and hyperbolic-reaction
models of moving and resting subgroups.

First we consider the model (5.155)-(5.156). Since D = 3.87 km?/yr applies to the
total population, the actual diffusion coefficient for the moving population is twice that,
Le. Dmoving = 2D = 7.74 km?/yr (see [59]). From the diffusion approximation that

Dmoving = E_,‘—:, we can compute the turning rate r = 28.49 /yr which can be converted
into 9.5 per generation or 0.95 per day. However, it has been reported that in a single day
the butterflies tend to move in straight lines and they only change directions from one day
to the next, so the turning rate 0.95 per day seems to be an overestimate (A turning rate
of 0.5 might be more reasonable since on each new day an individual butterfly picks a new
direction randomly (0.5)).

Now we consider the hyperbolic-reaction mode] of moving and resting subgroups, and
take the limit approximation (5.162). Here the diffusion coefficient D = 5 a"f% and the
individual moving speed u gives a+2r = 56.98 per year or 1.9 per day. With t;e assumption
that the turning rate r = 0.5, we come to the conclusion that the transition rate o = 0.9
per day. If we consider a 10 day life span, there are only 9 new days, so 4.5 turns per
generation may be expected and the transition rate a = 10 per generation is obtained.
Converting these data to a daily scale gives us Figure 5.19. We consider 15 and 30 time
(day) units, representing a butterfly population with 3 generations per year and a 10-day
adult life expectancy. Thus, the wave solutions project the butterfly spread for one year.
Figure 5.19 shows that the approximate mode] (5.169) is an overestimate of the full model
(5.157)—(5.159).

The second butterfly population with 7 generations per year and a 20 day adult life
expectancy gives the diffusion coefficient D = 18.05 km?/yr and an individual moving
speed u = 98 km/yr. With these results, the turning rate of the diffusion-reaction model
of moving and resting subgroups is r = 19.00 per generation or r = 0.95 per day, which
is almost the same result as for the first butterfly population. For the hyperbolic-reaction
model of moving and resting subgroups, the transition rates are 1.0 per day with the same
assumption of the turning rate r» = 0.45.

So far, we considered the diffusion coefficient of the resting models, with which the
reproduction function determines the wave speed of the population. We now consider
the reproduction function F(a) in the approximate model (5.168). Recall that F{a) =

Y750 (1 - ﬁa/K ) - uﬁ—_ﬂ;a. The intrinsic growth rate is now 5707"‘4_’—5@. The bigger «
tends to increase the intrinsic growth rate and the bigger 3 tends to decrease that.

It is interesting to note that a resting model may be thus able to explain the appearance
of Allee effect. Here for the simplicity of example, we assume that K is very big so that

we can disregard the term of ﬁ%‘a/ K. In addition, we assume that the death rate p is a

function of a. With p = T°°‘+A'i;3—+A)“+“2 for some positive constant A, the local population
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Comparison of Traveling Wave Speeds
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Figure 5.19: Traveling wave solutions to full model (5.157)—(5.159) and approximate model
(5.169), with butterfly data. @ = 8 = 1 per day, w = 0.7 km per day, r = 0.45 per day,

~0 = 0.3 per day. A, 15 days after release; B, 30 days after release.
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Density dependent death rate
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Figure 5.20: Density dependent death rate u = %ﬁ is plotted.

function F(a) is now

Fla) = —5(roa — uf) (5.170)
= aiﬁ(ma_ (roa + A — (1 + A)a + a?)) (5.171)
= + A)a — a?) (5.172)
- a+ﬁ(1 —a)a- A). (5.173)

in which an intrinsic growth rate is negative, i.e. —ﬁ even though at ¢ = 0, a death

rate pu = m‘;"—A is smaller than rq for big 3, i.e 8 > a + TA. Here we demonstrate how an
Allee effect may occur and how it acts in the full model (5.157)—(5.159) and an approximate
model (5.169). To do so, we use, for example, K = 1 and u = Mi— Figure 5.20
shows one candidate function of the death rate u(a), which determines that the population
has a high death rate at low and high densities and a low death rate at intermediate density.
Here the intrinsic growth rate of the resting group is v9 = 0.6, which is bigger than the
death rate of moving group u = 0.47, at a = 0. This could represent, for example, efficient
group defence but also greater disease spread at high density. Thus the population may
have a lower death rate at intermediate density, which may represent the optimal size of the
population. Figure 5.21 demonstrates traveling wave solutions to full model (5.157)—(5.159)
and approximate model (5.169). At 15 and 60 time units after release, the approximate
model still shows forward spreading due to small A. In contrary, the full model shows
much slower spreading. It is also noted that even if the population spreads forward in the
approximate model, it may retreat in the full model.
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Figure 5.21: Traveling wave solutions to the full model (5.157)—(5.159) and the approximate
model (5.169), showing an Allee effect. a =058 =15u=0.7, r = 0.45, A = 0.4, v¢ = 0.6.
A, 15 time units after release; B, 60 time units after release.
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When there are two states, moving and resting, the spread rate of the total population
decreases not only as the turning rates increase but also as the transition rates increase.
Moreover, an Allee effect may occur due to the different transition rates between the moving
and resting states, which reminds us of diffusion-induced instability. Without exchanging
two states, there is no Allee effect shown, but with exchanging two states, there may be an
Allee effect occurred.

5.6 Summary

In this Chapter, we considered travelling wave solutions to prey—taxis models. In Sections
5.1-5.3, we considered a predator—prey system given by

v = evgg + v(f(v) — %h(v)), (5.174)
ne = nzg — (X(v)vzn)z + Yr(h(v) - 9), (5.175)

where € < 1.

In Sections 5.1-5.2, we considered logistic growth and various functional responses: type
I and II functional responses as well as ratio dependent functional responses. We used linear
analysis to investigate whether the predator may slow down and stop prey spread. It was
shown that without an Allee effect, the predator with any type of functional response cannot
stop prey spread. However, it was seen that the predator with ratio dependent functional
responses can slow down the prey spread. We found that prey-taxis is not involved in this
slowing down phenomenon.

In Section 5.3, we considered an Allee effect in the prey growth term and derived the
conditions for stopping the prey spread with prey taxis. For x(v) = x the conditions are

/ “ ( f(w) = 00 exP(x(v ~ v0)) h(v)) dv = 0, (5.176)
0 v

/ " vf@)d @)dv + x / " P@)(6 - hw))dv =

0 vo

6(92(1;3) ;g2(’00)) + %92(’00) exp(—2xwo)0. (5.177)

If x is zero, then conditions (5.176)—(5.177) reduce to conditions (5.69)—(5.70) that Lewis
and Owen [72] found.

In Section 5.4, we considered that the prey have no mobility and the predator motility
is determined by a directional movement and small diffusion.

v = v(f(v) — %h(v)), (5.178)
ng = €ngy — (x(v)ven)s + yn(h(v) —9), (5.179)

where f(v) =1 — v, h(v) = v, and x(v) = b/v. We first considered an approximate model
with ¢ = 0 and found this approximate model may have a discontinuous travelling wave
solution under shock conditions. The shock speed was calculated. Regions for a continuous
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wave and a discontinuous wave were considered. The diffusion coefficient € played the role
in connecting a discontinuous solution smoothly.

In Section 5.3, we considered the wave speeds for the resting models in Section 3.6.
Furthermore, we compared the results with those Lewis and Schmitz found in [59]. The
comparison between the two wave speeds was shown by the ratio

‘m-hyper _ L _ <1, (5.180)
Con—diff 1+ a/2r

with a turning rate r and a transition rate o. It was also noted that the different transition
rates between the moving and resting states produce an Allee effect to the total population.

The significance of this chapter is as follows. With prey-taxis an Allee effect is a
necessary factor for the predator to stop the prey spread. Ratio dependent functional
responses enable predators to slow down the prey spread but not stop it. In the last section
we found that an Allee effect may occur under certain circumstances independent of the
difficulty of finding a mate. Hence, when we attempt to control pest, it needs to be studied
how we can generate an artificial Allee effect for the pest, because an Allee effect is a
necessary factor for the predator to stop the prey spread.
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Chapter 6

Pattern Formation

In this chapter we investigate the potential of spatial pattern formation for predator—prey
taxis model (5.3)—(5.4). For the predator-prey systems with diffusion, it is noted in the
book of Okubo [70] that an Allee effect and a density dependent death rate of the predator
are necessary to generate spatial patterns. Jorné [43] argued that the inclusion of species
migration (advection) as an additional transport process may increase the possibility of
pattern formation. In this chapter we investigate pattern formation induced by dispersal
terms for the spatio-temporal predator—prey taxis system (3.126)—(3.127). Furthermore,
we consider the role of the prey taxis term as an initiator or an inhibitor of spatial patterns.

6.1 Pattern Formation in Prey Taxis Systems

The ability of the predator-prey taxis system (3.126)—(3.127) to exhibit a spatial pattern
crucially depends on the parameter functions h(v) (or h(v,n) for ratio dependent functional
responses), 6(n), and f(v). Thus we study various typical cases separately. An overview of
the cases and the corresponding results is given in Table 6.1.

In this section we focus on constant x(v) = x. The predator—prey taxis system derived
in Section 3.7 reads

v = evg +0(f(v) — Zh(v)), (6.1)
= Ngz — (Xv2n)z + Y1(h(v) — &(n)), (6.2)

on an interval [0, L] with homogeneous Neumann boundary condition given by
v2(0,t) =0, wv,(L,t)=0, n.(0,t)=0, n,(L,t)=0. (6.3)

We first consider (6.1)—(6.2) for the general f(v), h(v), and §(n), and study the specific
functional forms later. We assume that a non-trivial coexistence steady state (v, ns) exists.

We first investigate the stability of the coexistence equilibrium with respect to spatially
homogeneous perturbations. For that we set all spatial derivatives in (6.1)-(6.2) equal to
zero and linearize about (vs,n;)

Vo= (us " (02) + F(05) = moK ()Y — h(ws)N (6.4
N = ’Y"Shl(vs)v + v(h(vs) — 8(ns) — 5/(ns))N’ (6.5)
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Section | functional death rate prey pattern
response d(n)y=6+vn growth f(v) | formation
h(v) or h(v,n)
6.1.1 | Typel constant logistic no
6.1.2 | Typell constant logistic no
6.1.3 | Typel density dependent | logistic no
6.14 | Typel density dependent | Allee yes, with
diffusion
6.1.5 | Typel density dependent | Allee yes, with taxis
and diffusion
6.1.6 | linear ratio constant logistic no
6.1.7 | hyperbolic constant logistic yes, with taxis
ratio and diffusion

Table 6.1: The possibility of pattern formation is considered in spatial predator—prey system
(3.126)—(3.127) with various functional responses, h, prey population dynamics, f, and
predator death rates, §. We study Type I functional response of the form h(v) = v, Type
II functional response of the form h(v) = (Zi}))v, linear ratio functional response of the
form h(v,n) = 1}, and hyperbolic ratio functional response of the form h(v,n) = Z£¥.
Constant death rate means d(n) = é and density dependent death rate means 6(n) = §+wvn.
In the logistic growth rate, we have f(v) = 1 — v, and for an Allee effect we have f(v) =

K(1 — v)(v — a). The parameters «, v, y, d, v, K, and a are all positive constants.
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where |N|,|V| <« 1. Thus, we have

(4)- 09

(OTCE I ™D i st - 5oy ) (%)

We look for solutions in the form
V, N x exp(At), (6.7)

where A is the eigenvalue. Negative real parts of A imply that the steady state (v,,n,) is
linearly stable. Substitution of (6.7) into (6.8) gives

(vsf,(vs) + f(vs) - nsh,(vs)) -2 _h('US) =0 (6 8)
'Ynshl(vs) '7(h(vs) - 5(“’3) - 6,('"‘3)) -A ' .
Hence, the eigenvalues A satisfy the following quadratic equation
M —(A+D)A\+ AD - BC =0, (6.9)

where

A= (v, f'(vs) + f(vs) — nsh,(”s))
B = —h(vy) (6.10)
C= '7nshl(vs)
D = ~v(h(vs) — 6(ns) — &' (n,)).
To investigate pattern formation induced by spatial movement, we assume that (v, n,) is
linearly stable for the purely kinetic equations (no spatial terms).

Assumption:
A+D <0, AD-BC>0, (6.11)

which guarantee linear stability, that is, Re()) < 0.
Now, we consider the full reaction-taxis—diffusion system (3.126)—(3.127) and again
linearize about the homogeneous coexistence steady state, (vs,ns),

Vi=€Var + ('vsf’('US) + flvs) - nshl('vs))v — h(vs) N (6.12)
Nt = Nyg — xnsVaz + 'Ynsh,('vs)v + 'Y(h(vs) - 6("7’3) - 61("’8))N’ (6'13)

where |N|,|V| <« 1. Here, we consider the small perturbation of n and v so that the product
of two small terms, V. N, and V,V,, can be disregarded. Therefore, we have the following

linearized system
V; A+e B 1%
( t)___ 22, 5 <N>:o_ (6.14)
Nt C b anw D + 3z2

We look for solutions of the form

V,N x exp(At + ikz), (6.15)
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where V' and N satisfy zero flux boundary conditions (6.3) on the interval [0, L]. Substitu-
tion into (6.14) gives the dispersion relation between eigenvalues A and wavenumber k. The
dispersion relation A(k) gives the growth rate of the corresponding mode. The eigenvalues
A are determined by the roots of the characteristic polynomial

A—ek?— ) B

Cixnsk? D—k2—=x|"0 (6.16)
which can be simplified as follows
22— Mi(k¥)\ + My(k?) =0, (6.17)
where
Mi(k*) = A+ D - (1 +€)k?, (6.18)
and
M, (k?) = AD — BC + ¢k* — (A + €D + Bxn,)k?, (6.19)

with A, B, C and D defined in equations (6.10). Nonnegative ¢ and k? guarantee M;(k?) <
A+ D < 0 for all k, so the only way A(k?) can be positive is the case that Ma(k?) < 0 for
some k2. Hence a necessary condition for pattern formation is A + eD + Bxns > 0.

In the following subsections we consider specific choices for the functional responses, h,
the death rate of the predator, &, and the growth of the prey, f.

6.1.1 Type I Functional Response, Constant Predator Death Rate and
Logistic Growth

In this subsection we consider f(v) = 1—v, h(v) = v, and §(n) = 4. The coexistence steady
state is (vs,ns) = (4,1 — §), which is biologically relevant for 0 < 4 < 1. Then A, B, C and
D defined in equations (6.10) are as follows

A=-4 B=-46 C=~(1-9), D=0, (6.20)
and M;(k?%) and M;(k?) are now
Mi(k*) = =6 — (1 + €)k? (6.21)
Ma(k?) = 6v(1 — &) + ek* + (& + dxns k2. (6.22)
We note that My(k?) > 0 for all k, hence the homogeneous steady state is linearly stable.

Lemma 6.1 Assume f(v) = 1 — v, h(v) = v, and 8(n) = &, then no pattern formation
occurs about the coeristence steady state, (vg,n;) = (6,1 — &) for the system (6.1)—(6.2).

In Figure 6.1 we use x = 6.5 and random initial conditions. The solution approximates
the coexistence equilibrium (vs,ns) = (0.75,0.25) for ¢ — oo. Thus Figure 6.1 confirms
Lemma 6.1.

Although not treated analytically, we tested a nonconstant prey-sensitivity x(v) = %
Also here initial perturbations are damped and (vs,ns) is stable (see Figure 6.2)

112

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Diffusion—taxis with constant prey
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Figure 6.1: Coexistence steady state is shown to be asymptotically stable for the system

(6.1-6.2) with x = 6.5, f(v) =1 —v, h(v) = v, and § = 0.75. Spatial grid size is dz = 0.25,

and time step dt = 0.05 with 60 time units. Here the coexistence steady state is (vs,n,) =
(0.75,0.25).
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Diffusion—taxis with non—constant prey sensitivity
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Figure 6.2: Coexistence steady state is shown to be asymptotically stable for the system
(6.1)-(6.2) with x(v) = & f(v) = 1 — v, h(v) = v, and § = 0.75. Spatial grid size is

dx = 0.25, and time step dt = 0.05 with 60 time units. Here the coexistence steady state is
(vs,ns) = (0.75,0.25).

114

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



6.1.2 Type II Functional Response, Constant Predator Death Rate and
Logistic Growth

We now consider type II functional response, h(v) = (:Ll))v as in Lewis and Owen [72],
d(n) =6, and f(v) =1 — v. Thus the coexistence steady state is

(vs,ms) = ( I +5§_ 5 “&:Z"g;ﬁ), which is biologically relevant for 0 < § < 1. In this case

A:—H, B=—-5 C=+(1-8), D=0, (6.23)
and M;(k?%) and M3(k?) are now
9 0a—1+9) 2
Mi(k) = e gy ~ (1 + ok (6.24)
My (k*) = 6v(1 — 8) + ek* + (5 + dxng)k?. (6.25)

We note that Ma(k%) > 0 for all k, hence the homogeneous steady state is linearly stable.

Lemma 6.2 Assume f(v) =1—v, h(v) = fetl) ), ond d(n) = &, then no pattern formation

a+v
occurs about the coezistence steady state, (vs,ng) = ((1 +‘5aa_ 3 (I(J;ﬂf’_(fs)_f)) for the system

(6.1)-(6.2).
It is noted that type II functional response does not play any role for pattern formation
versus type I. Figure 6.3 shows a numerical solution with x = 6.5 and randomly chosen

initial distribution. We observe that the coexistence equilibrium (v, ns) = (0.6,0.2667) is
stable.

6.1.3 Type I Functional Response, Density Dependent Predator Death
Rate and Logistic Growth

We now include competition in the predator death rate, so the predator death rate is
8(n) = d+wvn. In addition, we consider type I functional response, h(v) = v and f(v) = 1-wv.
Thus the coexistence steady state is (vs,n;) = (%, %;—S)’ which is biologically relevant for
0 < < 1. In this case

and M;(k?) and My (k?) are now
M(k?) = A+ D — (1 +¢)k? (6.27)
My (k?) = AD — BC + ek* — (A + €D + Bxny)k?. (6.28)

We find A < 0 and D < 0 for biologically relevant 8, which result in A + D < 0. Moreover,
B < 0 and C > 0 give rise to AD — BC > 0. In addition, A < 0,D < 0, B < 0, and
AD — BC > 0 give My(k?) = AD — BC + €k* — (A + €D + Bxn,)k? > 0 for all k. Hence
we note that My (k?) > 0 for all k, hence the homogeneous steady state is linearly stable.

Lemma 6.3 Assume f(v) = 1—v, h(v) = v, and 6(n) = é +vn, then no pattern formation
occurs about the coezistence steady state, (vs,n;) = (%;—Z, ﬁg) for the system (6.1)-(6.2).
Figure 6.4 shows a numerical solution with x = 6.5 and randomly chosen initial distri-

bution. We observe that the coexistence equilibrium (v, ns) = (0.792,0.208) is stable.
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Diffusion—taxis with constant prey sens1t1v1ty and type II response

predator density
o
N

—
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prey density

spatial grids

time step

Figure 6.3: Coexistence steady state is shown to be asymptotically stable for the system
(6.1)~(6.2) with f(v) = 1—wv, x = 6.5, h(v) = vgi}}, and & = 0.9. Spatial grid size is
dx = 0.25, time step dt = 0.05, and a = 0.2 with 60 time units. Here the coexistence steady
state is (vs,ns) = (0.6,0.2667).
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Diffusion—taxis with constant prey sensitivity
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Figure 6.4: Coexistence steady state is shown to be asymptotically stable for the system
(6.1)—(6.2) with x = 6.5, f(v) = 1— v, h(v) = v, and §(n) = 0.75 + 0.2n. Spatial grid size
is dx = 0.25, time step dt = 0.2, and v = 1 with 60 time units. Here the coexistence steady
state is (vs,n,) = (0.792,0.208).
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6.1.4 Type I Functional Response, Density Dependent Predator Death
Rate and Allee Effect with Diffusion Only

In this subsection we consider an Allee effect on the prey population dynamics f(v) =
KQ-v)(v—a)with0<a<1land K = (1—_4;5;, h{v) = v, §(n) = § + vn, and without
taxis, i.e. x = 0 and v > 0 is a constant parameter. Here the parameter a is a threshold,
below which the prey population declines Okubo et al. [70] argued that a predator-prey
mode] with dispersal may generate diffusion driven instability if the mortality of the predator
depends on the population density and the per—capita growth rate of the prey is determined
by an Allee effect. Note that the trivial steady state (v,n) = (0, 0) is locally stable because
for (v,n) = (0, 0) the characteristic polynomial (6.8) has two negative eigenvalues, A = —v4
and A = —Ka. We assume biologically relevant parameters region 0 < § < 1 and a < 1.
For the prey-only steady state (v,n) = (1,0) the characteristic polynomial (6.8) has one
positive eigenvalue A = (1 — §) and one negative eigenvalue A = —K(1 — a).
For the homogeneous coexistence steady state (vs,n,), we find

A=Kvs(l+a—2vs), B=-v,, C=1n,, D= —yn,, (6.29)
and M;(k?) and M;(k?) are given by

M(k*)=A+D—(1+ek* (6.30)
My (k*) = AD — BC + ¢k* — (A + €D + Bxn,)k?. (6.31)

It is noted that the sign of A depends on the sign of 1 +a—2v,. We here set 7 = 1_452 Hence,
when v, > 7, A is negative and when v, < v, A is positive. Recall that the coexistence
steady state (vs,ms) comes from the intersection of the two nullclines: v — § — vn = 0 and
K(1 - v)(v —a) — n =0 (see Figure 6.5).

First, we consider v, > “’T“ Since v, > ¥ we find that at v = ¥ the v-nullcline is above
the n—nullcline. This means that K(1-2)(7 —a) > ‘_’—;‘5, which translates into the condition

a+1<2(6+v). (6.32)

For this case we prove stability.

Lemma 6.4 Assume that h(v) = v, 8(n) = 6 + vn, f(v) = K(1 —v)(v —a), and x = 0.
Ifa+1 < 2(6 +v), then no pattern formation occurs about the coezistence steady state,
(vs,ns) for the system (6.1)-(6.2).

Proof.  The condition a + 1 < 2(§ + v) implies that v, > 3% Hence A < 0. In
addition, we find B < 0, C > 0, and D < 0 and A < 0, B < 0, and D < 0 imply
My(k?) = AD — BC +¢k* — (Ae + D + Bxn,)k? > 0 for all real k. Hence, we cannot expect
diffusion—taxis driven instability about the coexistence steady state.]

In Figure 6.5 it is noted that v, should be between a and 1, i.e. a < v, < 1, otherwise
ng is negative. In Lemma 6.4, we considered that v; > 1%“ and found no pattern. Thus we
now consider a < vy < ¥ = H'T“ First we investigate how many vs may exist between a and
v, and then we find conditions for the existence of v, between a and .

The v vaules for the coexistence steady state are obtained from

K(1-v)(-a)="2 ; S (6.33)
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The two nullclines and the coexistence steady state

N

Figure 6.5: The v—nullcline N = K(1 - V)(V —a) is shown as a solid curve. For two values
of v we show the corresponding n—nullcline, N = VT“’ as a dashed line and a dash—dotted
line. The equilbrium (v, n,) is the intersection of the nullclines. We have chosen two values
of v so that v, < ¥ for vy and v, > v for vy with v < 1.
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which is a quadratic equation, so there are up to two real roots v depending on the param-
eters a, v, and 4. Equation (6.33) is rearranged as follows

Kvv? — (Kv(1 +a) —1)v+ Kva— 6 =0. (6.34)

When a < 6, Figure 6.5 shows that equation (6.34) has two real roots. Here V = § is a
z-intersection of the n—nullcline and V = a is a z—intersection of the v—nullcline. One root
is bigger than a and the other is less than a. Thus, for the root less than a, n, would be
negative, which is not biologically relevant. Hence, when ¢ < § equation (6.34) has one
biologically relevant root. In addition, vs < v leads to

a>2(6+v)-1. (6.35)

Therefore, for
20+v)—-1<a<, (6.36)
the biologically relevant coexistence state exists and its v value is located between § < v, <

v.

When a > §, we may expect two positive roots from equation (6.34). For that, Kva > §
and Kv(1+a) > 1 are required, in addition to the positive discriminant (Kv(1 +a) —1)% —
4Kv(Kva — §). The discriminant implies a < 4v + 1 — 4v/v — vd. However, the assumption
Kva > § implies a > 2”—“3@, which contradicts a < 4v + 1 — 44/v — 18, because

Mg@ > 4v + 1 — 4v/v — vé. Thus we cannot have two positive roots. In sum, in
order to have a biologically relevant coexistence steady state we found conditions (6.36).
Under assumption (6.36) the biologically relevant solution of (6.34) is given by

vg =
Kv+ Kva—1+ /K?/2a? + (-2Kv —2K?v%)a + K22 +1 ~ 2Kv + 4Kvé (6.37)
2Kv ’ '
The discriminant in (6.37) is zero for
Kv+Kva—1 1+a 1
= = — . .38
v 2Kv 2 2Kv (6.38)
(6.37) and (6.38) give a condition for the existence of the coexistence steady state,
— 12
wry=ite (-of (6.39)

2 8v

which will be used to show that AD — BC > 0, whenever v, exists.

We find A > 0 from the condition v, < 12 (6.36). Additionally. from (6.29) we
find B <0, C >0, and D < 0. The stability conditions require that A + D < 0 and
AD — BC > 0. The condition A + D < 0 leads to a condition

A+ D= Kvs(1+a—2vs) —ynsv (6.40)
= Kvs(1 +a — 2v5) — y(vs — 6) <0, (6.41)

which with nsv = v; — 6 is rearranged as

Kvs(1 +a — 2v,) < y(vs — 9). (6.42)
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f2(vs) = (vs - 9)

fi(vs) = Kv,(1+ a — 2v,)

Vs

The existence of positive v, T

Figure 6.6: Plot of the left and right hand sides of (6.42) as function of vs. The region of
A + D < 0 is where the dashed line lies above the curve.

In Figure 6.6 we plot the left and right hand sides of (6.42). As v varies from zero to infinity,
the intersection of Kvs(1 + a — 2v,) and +y(vs — ) changes from v = % to vy = 4. Given
a value for v; we can always choose v small enough such that condition (6.42) is not true.
Thus « should be greater than a minimum value, 4. Here y¢ = M::_fs—ﬂl where v, is
computed in (6.37). Therefore for v > 79, we have A + D < 0.

Thus a biologically relevant v, is in the interval

l+a (1-a)? a+1
- < . .
max ((5, 5 = Svs<—5 (6.43)

We found that (6.43) holds under assumption (6.36).

Theorem 6.1 Assume that h(v) = v, 6(n) = d +vn, f(v) = K(1 —v)(v — a), and x =
0. If a satisfies condition (6.36), then (i) the coeristence steady state (vs,n,) exists, (ii)
AD — BC > 0, (iii) if in addition, there exists €1 > 0 such that for each € < €; there
exists an nonempty interval [k, k] of unstable modes, so we may ezxpect diffusion driven
instability about the coexistence steady state, (iv) if € > €1, then (vs,ng) is linearly stable.

Proof. (i) It was shown that condition (6.36) implies the existence of a unique positive
root v,. (i) When a positive v, exists, v, satisfies condition (6.43). Now we consider the
condition for AD — BC > 0.

AD — BC (6.44)
= —Kvs(1 + a — 2v)ynsv + yngvs (6.45)
= ynvs(1 — Kv(l +a — 2v,)) > 0, (6.46)

which holds if vg > l—"r“ + 2‘11(5 Indeed, this is true by condition (6.43). Therefore AD — BC
is always positive under the assumption of the existence of a coexistence steady state. (iii)
M;(k?) and My (k?) are now

My(k*) = A+ D — (1 + €)k?, (6.47)
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and
M, (k?) = (—ek? + A)(—k? + D) — BC, (6.48)

with A = Kvs(1 +a — 2v,), B= —v;, < 0,C =vng > 0and D = —yn,v < 0.

A+D < 0 guarantees M;(k*) = A+ D — (1 +¢)k? < 0. Hence instability can only occur
if M3(k?) is negative for some real k. My(k?) is rearranged as AD — BC + ek — (A + De)k?.
If e > 1, then D < 0 gives A+ De < A+ D < 0, hence Ma(k?) is always positive, which
results in no diffusion—driven instability for ¢ > 1. Therefore ¢ should be strictly less than
1. Indeed, setting e¢g = %ﬁ%f”‘l, for € < €9, we have A + De > 0 and M,(k?) can be
negative for some k.

Setting T = k%, M2(T) = 0 may have two roots (see Figure 6.7)

Kus(1 +a — 2v,) — eynsvs TVP
2 ’

with P = K%? + 2K%*%a + 2Kv,eyngy — 4K%0? + K%02a? + 2Kv,aevny — 4AK*03a +
2v*n2v? — deyn,vKov? + 4K%0? — 4evyyn,. Then critical T, is

T = (6.49)

_ Kus(1 +a—2v,) — eyn,ug
N 2¢ ’

for P=0. For P > 0, k; 2 are real numbers. P = 0 is a quadratic equation with respect to
€. Hence P = 0 has two roots ¢, and ¢; with €; < €3 such that for € < €¢; or € > €3 there
exist real k; and ko with k; < k2. These €¢; and €3 are found by the quadratic formula.
Moreover, it is seen that eg > e¢g > €;. Thus for € < ¢; there exist real k; and k;. For
unstable modes k € [kq, ko] with k; = +/T7 and ky = +/Tj, eigenvalues \ are given by
A = M)ty Mlék2)2_4M2(k2). Hence, for k; < k < kg, we have Re(\)> 0 and we may

T.

(6.50)

expect diffusion driven instability about the coexistence steady state (see also [81]).

(iv) if € > €1, then M3 (k?) is always positive for all k. Hence we cannot expect diffusion
driven instability about the coexistence steady state.d

Segel and Jackson ([81]) also considered diffusion driven instability in a predator—prey
interaction . They used §(n) = vn and f(v) = 1 + Kv, and found the wavelength of the
instability (see also [70] for general discussion on diffusion driven instability in a predator—
prey interaction).

In particular, for € < 1, we can approximate two values of k2, say kf and k%, s0 that
for k1 < k < ko, Ma(k?) is negative. To find k; and ks we set T' = k% and My(T) =0,

€T? — (A+eD)T + AD — BC = 0. (6.51)

Letting ¢ = 0, equation (6.51) has a unique solution, T' = , which is positive due
to A > 0 and AD — BC > 0. To find a second root for ¢ <« 1 we use a rescaling,
T = l;Q + Ty +---. Plugging this rescaling into the equation (6.51), we have the leading
term as follows

AD—-BC
e R

T2 — ATy = 0. (6.52)

Thus nonzero Tp = A leads to T = f. With small ¢, it is seen that % > %&. The equa-
tion (6.51) is quadratic with positive leading coefficient and two positive roots. Therefore
for %ﬁ <T< é, M,(T) is negative.

For example, we consider an interval [0, L] with homogeneous Neumann boundary con-
dition given by (6.3). If k» = 2 in [kj, ko] of (6.49) with positive integer n, then pattern

122

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



The positive real part of eigenvalues vs. wavenumbers
Re(p)

wavenumbers of unstable nodes

Figure 6.7: Plot of the eigenvalue A\(k?) as a function of T with T = k2.

formation occurs. Thus we can calculate a minimum domain size for pattern formation.
Since k1 < kn < k2, we substitute k, = & and rearrange the inequality with respect to L.

Then we have
nw nw

k—2' <L< K, (653)
which should hold for some n. Therefore, the minimum length for possible instabilities is
L*= £, and for L < %;» We cannot expect pattern formation.

In Figure 6.8 we show phase portraits of the predator—prey system (6.1)—(6.2) without
dispersal terms. As < increases, the coexistence steady state bifurcates from an unstable
spiral to a stable spiral. From simulations with various +, it is noted that an unstable limit
cycle occurs for a certain range of y. When + is smaller than the lower bound of this range,
the coexistence steady state is an unstable spiral. When # is bigger than the upper bound of
the range, the coexistence steady state is a stable spiral with nonempty basin of attraction.
Figure 6.9 shows that the stable coexistence steady state without dispersal terms becomes
unstable if diffusion terms are introduced. As a result patterns are generated.

6.1.5 Type I Functional Response, Density Dependent Predator Death
Rate and Allee Effect with Diffusion and Prey Taxis

Now we consider the reaction—diffusion—taxis system (6.1)-(6.2) for x # 0. f(v) = K(1 —
v)(v—a)with0<a<1land K = —(1_;“0)7, h{v) = v, and 6(n) = & + vn. We have shown in
the previous subsection that for x = 0 pattern formation may occur. In this subsection we
consider how the conditions of pattern formation change if x is introduced.

Lemma 6.5 Assume a, 8, and € satisfy instability conditions of Theorem 6.1 Then there
exists @ x* = Krallta- 2"’)+67("’—6) such that the coeristence steady state (vg,ns) for system
(6.1)-(6.2) is linearly stable for each x > x*. For x < x* there exists an interval [ky, kq| of
unstable modes.

Proof. My (k?) and M;(k?) are now
Mi(k*) = A+ D - (1+€)k?, (6.54)
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Phase plane analysis of the temporal equations
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Figure 6.8: Coexistence steady state is shown to be locally asymptotically stable for system
(6.1)-(6.2) without dispersal terms and with f(v) = 16(1 — v)(v — 0.5), h(v) = v, and
d(n) = 0.6 + 0.1n. Time step is dt = 0.01 and v = 13. Here the coexistence steady state is
(vs,ms) = (0.695,0.952).

and
My(k?) = AD — BC + ¢k* — (A + €D + Bxn,)k?, (6.55)

where A, B, C, and D are defined in (6.48). Here Mj(k?) is the same as in the case of
diffusion—only (6.47) so that it is negative for all k. But M;(k?) is different by the term
Bxn,. Setting My(k?) = 0 and T = k?, we obtain after rearrangements

€T? — (A +€D)T + AD — BC = Bxn,T. (6.56)

Figure 6.10 shows three typical situations of intersections of the left hand and the right
hand sides of equation (6.56). In the diffusion—only case, we saw that there may be two
roots, T1 and Ty, of €T? — (A+€D)T + AD — BC = 0 under the conditions that A+eD > 0.
Between Ty < T < T, €I? — (A + eD)T + AD — BC is negative. Ty = kf and T = k2.
In order for My(T) to be negative, the left hand side of equation (6.56) should be less than
the right hand of the equation (6.56). In Figure 6.10, the region T3 < T' < Ty where the
solid curve is below the dashed line makes My(T') negative. As we can see in Figure 6.10,
T3 is always greater than T; and T4 smaller than T» for positive x. As x gets bigger, the
slope of the line of the right hand side of equation (6.56) is steeper so that for x > x* there
will be no intersection of the curve and the line (see Figure 6.10). In that case, Ma(k?) is
always non negative, which leads to negative eigenvalues and to stability. In Theorem 6.1,
for x = 0 we found a threshold of ¢g = M’{Kl:"—':?&z. For x # 0, the threshold for pattern

Kvs(I4a-2us)—vsxne < ¢ Thus as x gets bigger, €; requires smaller value

formation is ¢; = (o=t
. vs —5)
¢ for pattern formatlon.li
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Figure 6.9: Coexistence steady state is shown to be locally unstable for system (6.1)—(6.2)
with x(v) = 0.0, f(v) = 16(v — 0.5)(v — 1), h(v) = v, and §(n) = 0.6 + 0.1n. Spatial grid
size is dz = 0.25, time step dt = 0.01, and v = 14 with 60 time units. Here the coexistence
steady state is (vs,ns) = (0.695,0.952).
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The role of prey—-taxis to generate instability

fi(T) = €T? — (A+€D)T + AD — BC

Figure 6.10: Plot of the left and right hand sides of equation (6.56) as a function of T with
T = k2. The solid curve is from the left hand side of equation (6.56) and the dashed lines
are from the right hand side of equation (6.56). As x varies, the number of intersection
changes from zero to two. Note that B is negative.

Therefore prey-taxis tends to reduce the occurrence of dispersal-induced instability.
Furthermore, it is noticed that predator diffusion is crucial to dispersal-induced instability.
Prey-taxis pushes predators into high prey density area, otherwise predators move opposite
direction. Thus, prey—taxis seems to reduce predator diffusion. In prey only situation, prey
diffusion is considered as a rate of making heterogeneous prey distribution homogeneous.
Prey-taxis seems to make this process faster. Thus,prey diffusion seemingly increases due
to prey—taxis. When prey diffusion is large enough, we may not expect pattern formation
from Theorem 6.1.

Figure 6.8 shows that the coexistence steady state for the spatially homogeneous predator—
prey system (6.1)—(6.2) without dispersal terms is stable. In Figure 6.9, introducing the
diffusion term generates patterns. Figure 6.11 shows that when we introduce a large prey—
taxis term patterns disappear.

6.1.6 Linear Ratio Dependent Functional Response, Constant Predator
Death Rate and Logistic Growth

We now consider the linear ratio dependent functional response, h(v,n) = vo2 with f(v) =
1— v and §(n) = 4 and vy is a constant parameter. Thus the coexistence steady state is
now (vs,ns) = (1 —wvp, 2 (1 — 1)), which is biologically relevant for 0 < 19 < 1. In this case

A=-(1-w), B=0, C=~vyy, D=-4 (6.57)

and M;(k?) and M,(k?) are now
Mi(k*) = A+ D — (1 +€)k?, (6.58)
M;y(k*) = AD — BC + ¢k* — (A + €D + Bxn,)k%. (6.59)

We observe that A < 0 ,D < 0, B =0, AD — BC > 0, and My(k?) = AD — BC + ¢k* —
(A + €D + Bxn,)k? > 0 for all k. Hence the homogeneous steady state is linearly stable.
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Diffusion—taxis with constant prey sensitivity
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Figure 6.11: Coexistence steady state is shown to be locally asymptotically stable for system
(6.1)-(6.2) with x(v) = 6.5, f(v) = 16(v — 0.5)(v — 1), h(v) = v, and §(n) = 0.6 + 0.1n.

Spatial grid size is dz = 0.25, time step dt = 0.01, and - = 14 with 60 time units. Here the
coexistence steady state is (vs,n;) = (0.695,0.952).
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Lemma 6.6 Assume f(v) = 1 — v, h(v) = vk, and §(n) = 6 + vn, then no pattern
formation occurs about the coezistence steady state, (vs,ns) = (1—vp, 2(1—1p)) for system

(6.1)-(6.2).

6.1.7 Hyperbolic Ratio Dependent Functional Response, Constant Preda-
tor Death Rate and Logistic Growth

We now consider hyperbolic ratio dependent functional response, h(v,n) = Er‘:i_v with
f(v) =1—wvand §(n) =4, and g > 0 and d > O are constants. Thus the coexistence
steady state in this case is (vs,n;) = ((d—ff‘s), (d_"“;f_,s?s(“ %) ), which is biologically relevant

for § < 1 < d+ 4. In this case, we have

282 2 Y
a- - +d) g F o w0

dy © dy 7
and M;(k?) and My(k?) are now

. Cad) (6.60)

My(k?) = A+ D — (1 +€)k?, (6.61)
My(k*) = AD — BC + ¢k* — (A + D + Bxn,)k?. (6.62)

In this case pattern formation is possible.

We now consider conditions that A + D < 0and AD — BC > 0. For A < 0, it is seen
that A+ D < 0 and AD — BC > 0. For A > 0, AD — BC = iﬁ;"xz—;fﬁ—"ﬁy is positive
due to the fact of § < 4 < d + 6. However, A + D < 0 is not always true. Since A is
independent of v for the fixed parameters u, d, and § and the magnitude of D is linearly
increasing as v gets bigger, A + D changes its sign over v from positive to negative. That
%s, fo'r > —%_ﬁ&%k, A+ D becomes negative. Thus v > vq, with g = —%gﬂ > 0,
implies that A+ D < 0.

Lemma 6.7 Assume f(v) = 1-v, h(v) = g&5, 8(n) =6, and x = 0. (i) If (du—p?+4%) >
0, no pattern formation occurs about the coexistence steady state, (vs,ns) for system (6.1)-
(6.2).

(i3) Assume (du—u?+62) < 0. If there exists e; > O such that for each € < € there exists an
nonempty interval [ky, ka| of unstable modes, so we may expect diffusion driven instability
about the coexistence steady state, (iii) in case (i) if € > €1, then (vs,ng) is linearly stable.

Proof (i) First, (du — p? + 6?) > 0 implies A < 0. In addition, we find B < 0, C > 0,
and D < 0. Thus M;(k?) < A+ D < 0 for all k, so the only way A(k?) can be positive is
the case that M3(k?) < 0 for some k?. Since B < 0, A <0, and D < 0, we find

M,(k?*) = AD — BC + ¢k* — (A + ¢D)k? > 0. (6.63)

Hence, we cannot expect diffusion—taxis driven instability about the coexistence steady
state.

(ii) Second, we consider (du — u? + &%) < 0, which gives A > 0. However, it is seen
that AD — BC > 0. In addition, for 4 > 7, it is straightforward to show that A + D < 0,
which implies that M;(k?) = A + D — (1 + €)k? is still negative. However, My(k?) =
ek? — (A+eD)k? + AD — BC could be negative if A+ €D is positive. Indeed, when ¢ is less

than ¢ = _(d‘i;;_:iwﬂ)’ A + €D is positive. Thus Ma(k?) can be negative. With the same
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steps in Theorem 6.1, we can find k; and kp with k%, = (u? — dp — 8% — edu~yd + edvé? T
VGo + Gie + Gae?) /(2edu) where

Go = (—dp + p? — §%)? (6.64)
Gy = 2d(p — 8)yo(u? — dp — 2ué + 6%) (6.65)
Gqy = v28%d%(u — 6)2. (6.66)

For Gg + Gie + Gae? > 0, k1,2 are real numbers. It is seen that Go > 0 and Gy > 0.
However, G is not always positive. The discriminant is now Gr‘l’ —4GoGs = 4d? 283 (u —
8)3(d — u + &) > 0 for the biologically relevant § < u < d + 8. Hence, there exist €; and
€2 with €; < €2 such that for € < €, or € > €5 there exist real k; and k; with k; < ks.

€12 = _Gﬁ” G2 —4G0G2 ' Moreover, it is seen that e > €y > €;. Thus for € < €; there
exist real k; and ky. Furthermore, for k; < k < kg we have Re(A)> 0 and we may expect
diffusion driven instability about the coexistence steady state.

(iii) If € > €1, then My(k?) is positive for all k. Hence we cannot expect diffusion driven
instability about the coexistence steady state.[]

Alonso et al. [3] also considered a hyperbolic ratio dependent functional response for
pattern formation by using numerical exploration of the parameter space.

Now we can follow the argument of the case including an Allee effect. Thus the reaction—
diffusion system may show diffusion—driven instability depending on parameters u, d, d, v,
and e. Furthermore, prey—taxis term tends to limit the occurrence of dispersal-driven
instability (see subsection 6.1.5 for the full argument).

In Figure 6.12 we show phase portraits of the predator-prey system (6.1)-(6.2) with
hyperbolic ratio functional response and without dispersal terms. As < increases, the co-
existence steady state bifurcates from an unstable spiral to a stable spiral. Figure 6.13
demonstrates that the stable coexistence steady state without dispersal terms becomes un-
stable if diffusion terms are introduced. As a result patterns are generated. Figure 6.14
shows that when we introduce a large prey-taxis term patterns eventually disappear.
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Phase piane analysis of the temporal equations

0.9 T T T T T T Y — T T

No dispersal

Figure 6.12: Coexistence steady state is shown to be locally asymptotically stable for system
(6.1)—(6.2) without dispersal terms and with h(v,n) = 6.35_?&_1:’ fw) =1-w, and §(n) =
0.76. Time step is dt = 0.005, and -y = 15. Here the coexistence steady state is (vs,n;) =

(0.2,0.211).

6.2 Global Stability

In the previous section, we showed that without both the Allee effect and the density
dependent predator death rate, diffusion and prey-taxis do not change the local stability
of the coexistence steady state. We choose one of the cases without pattern formation to
study the global stability of (v, ns). We consider f(v) =1~ v, h(v) = v, 8(n) = § + vn,
and x(v) = % for the spatially homogeneous case of system

v = €vgg + v(f(v) — gh(v)), (6.67)
Ny = Ngy — (Xv:tn)m + 7n(h(v) - 6("‘)) (6'68)

on an interval Q = [0, L] with homogeneous Neumann boundary conditions given by

v:(0,t) =0, wv,(L,t) =0, ng(0,t)=0, ny(L,t)=0. (6.69)
Lyapunov function, Y - -
1% :/ ”_.”sd»a+/ D= s i, (6.70)
v, U n, 1N

has been used to show the global stability. We will show that V(v,n) = f, V(v,n)dx is a
Lyapunov functional for the full spatially dependent problem (6.67)—(6.68).

Theorem 6.2 For f(v) = 1 —w, h(v) = v, 6(n) = § +vn, and x(v) = &, in the case of
boundary condition (6.69), we assume that 4ey > %:bQ. Then there ezist positive invariant
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Diffusion—only
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Figure 6.13: Coexistence steady state is shown to be locally unstable for system (6.1)—(6.2)
with h(v,n) = %=, f(v) = 1 — v, and 6(n) = 0.76 and with x(v) = 0.0. Spatial grid

size is dz = 0.25, time step dt = 0.01, and v = 15. Here the coexistence steady state is
(vsyms) = (0.2,0.211).
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Diffusion—taxis with constant prey sensitivity

predator density
o
N

ey
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50 N =7

spatial grids time step
Figure 6.14: Coexistence steady state is shown to be locally asymptotically stable for system
(6.1)~(6.2) with h(v,n) = g2%=, f(v) = 1 — v, and §(n) = 0.76 and with x(v) = 6.5.

Spatial grid size is dz = 0.25, time step dt = 0.01, and « = 15. Oscillations are eventually
seen to be damped out. Here the coexistence steady state is (vs,ns) = (0.2,0.211).
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sets N such that for all (v,n) € N the functional, V(v,n), defined in (6.70) is a Lyapunov
functional for system (6.1)-(6.2). For 4ey > b2%:, V(v,n) - 0 ast — o0, so (v,n) —
(vs,ns), and the coexistence steady state is asymptotically stable.

Proof.  Setting N = {(v,n)|V(v,n) < L} for L large enough, then we claim that the
level sets Ny, are positive invariant. When (v,n) = (vs,ns), V(v,n) becomes zero due
to V. = 0. Otherwise, V is positive in Np because for v > vs and n > ns, 2% and
"%1’:1 are positive, respectively and for v < v; and n < n;, *5* and ";—:f- are negative
respectively. Hence the functional, V(v,n) is bounded below. Since V =v—uv, In(v) — v, +

vsIn(v;) + =2 ln(")_:”"" In{ns) it is straightforward to see that limy_,0n0V(v,n) = 0o

and My o0,n 00 V (2,7) = 0. Since 2™ = [ 2=bedg and Tm) = [ n=tedy, V(v,n)
is continuously differentiable for v,n > 0. The next step is showing that for (v,n) € N
dV'/dt is negative definite for a certain parameter space.

dV/dt = / Mdz
o dt

V—VUs. N —nNg.
:/ v+ ndx
Q v n (6.71)
vV — Vs
_ / Vaz + (v — v5) (f (v) — n)da
N v

+/g; m - (enag — (x(v)ven)e) + (0 — 1) (v — 6 — vn)dz.

We arrange the right hand side of this equation into two parts; one including the local
dynamics and the other on including the dispersal terms. First we look at local dynamics

/('v — ) (f() = 1) + (n — ng)w — § — vm)dx
Q
= /('v —v)(f(v) —ns +ns—n) + (n —ns)(v— 8 —vn)dz
Q
= /(v —vs){(f(v) —ns) + (n —ns)(v — 6 —vn — v+ v,)dz
Q
= [@=0)(@) = @) + (= ne)ws — 8 = m)ez
(see [7] for the case of a constant death rate of the predator). Here (v—wv,) and (f(v)— f(v,))
have the opposite sign with f(v) = 1—wv so that (v—wv,)(f(v) — f(v,)) is negative. Similarly,
(n—mn;) and (vs — § —vn) have the opposite sign due to (vs— 6 —vn) = v(ns —n). Therefore

Jo(v = v)(f(v) —n) + (n — n,)(v — & — vn)dz is negative unless (v,n) = (v,,ns). We now
take into account the dispersal term of (6.71) by using integration by parts with zero flux
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boundary condition

v—v n—n
[+ P e — (x(0vam)a)s

- n
= Uy + n 2 (fnz - X(v)vzn)‘an

(vx)2 + e(n — ns)n(nz)z - (2;—%)nx(1})nvznzdx

I
:o\
TN
4
[
v

n ()

- _/9(1}:; 3),,(%)2 +f(n;nns)n(nx)2 - (n;n s)nx(v)nvznzd:c

= [ Sy

n n
77;2 (ng)? — ’Y—;x(v)vznzdx

=— / XT AXdz,
Q
where X = (v") and A = o 2“’"X( v) . Thus the matrix A is symmetric.
T 27nX('U) 6%‘2’

Hence if A is positive definite, all eigenvalues of the matrix A are positive. Here tr(A) =
o+ eﬁﬁy is positive. Thus a positive determinant A(A) = ;’j&e B, 4—:,%; x(v)? guarantees
two posmve eigenvalues for the matrix A. As a result, for (v, n) € N, &¥ < 0. Hence the
level sets N, are positive invariant. With the specific example of x(v) 5 we have the
condition for positive eigenvalues that 4ey > —4-b2 For the special case of x(v) =0, ie.
diffusion—only case, the matrix A is always posmve definite for Nj,. Therefore the functional
V(v,n) is shown to be a Lyapunov functional under the condition specified above.(]

6.3 Summary

In this chapter we considered pattern formation for a predator—prey taxis model of reaction—
diffusion-advection type given by

vy = €vzg + v(f(v) — gh('v)), (6.72)
ng = ngy — (x(v)vzn)y + yn(h(v) — é(n)) (6.73)

with a constant prey sensitivity, i.e. x(v) = x. We considered various reaction terms: for h
including type I and II functional responses as well as ratio dependent functional responses.
We considered constant and density dependent death rate é of the predator, and a logistic
growth or an Allee effect in the prey growth term.

The combination of a type I functional response, a constant death rate of the predator,
and a logistic growth rate of the prey was shown in Section 6.1.1 to not generate a spatial
pattern. In Section 6.1.2, a type I functional response was replaced with a type II functional
response, however this combination also failed to show a spatial pattern. In Section 6.1.3
a density dependent death rate of the predator was studied instead of a constant death
rate. The combination of a type I functional response, a density dependent death rate of
the predator, and a logistic growth rate of the prey cannot produce a spatial pattern. An
Allee effect was considered in Sections 6.1.4 and 6.1.5 instead of a logistic growth rate of
the prey. In these cases, pattern formation occurs for certain parameter values (Theorem
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6.1). However, in general we observed that a prey taxis term stabilizes the coexistence
steady state of system (6.72)—(6.73) (Lemma 6.5). In Section 6.1.6 a linear ratio functional
response was considered. The combination of a linear ratio functional response, a constant
death rate of the predator, and a logistic growth rate of the prey was shown to not generate
patterns. However, in Section 6.1.7 it is seen that a hyperbolic ratio functional response
can lead to pattern formation (Lemma 6.7). In summary, the following functional forms
support spatial pattern formation:

— a hyperbolic ratio dependent functional response, h(v,n) = Zt5-

— a density dependent death rate, e.g. d(n) = § + vn and an Allee effect, e.g. f(v) =
K(1-v)(v-a).

For the global stability of the coexistence steady state, in Section 6.2 we considered
the case of Section 6.1.3. We derived a Lyapunov functional and proved the existence of
invariant regions. Moreover, the global stability of the coexistence steady state follows
(Theorem 6.2).

The significance of this chapter is that prey—taxis is a process that makes the coexistence
of predator—prey interactions stabilized. In other words, prey—taxis plays a role in homo-
geneous environments. In the long run, it tends to carve heterogeneous environments into
homogeneous environments. At an initial pest onset, prey-taxis helps predators to move
towards high prey density. Hence, when pesticides are used at this moment, pesticides need
to be selected carefully. Otherwise, pesticides would kill all predators before prey would be
controlled. As a result, there will be more severe pest onset following. In particular, we
found that a combination of an Allee effect of the prey and a density dependent death rate
of the predator generates spatial patterns. In this case, due to spatial patterns prey exhibit
the local onset and predators patrol high prey density areas. If pesticides expel predators,
the local prey onset will be the global onset.
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Chapter 7

Concluding Remarks

The response of living organisms to the environment relies on two basic instincts; living and
death instincts. Individuals move toward where they increase a chance of living and move
away from high predation risk.

The purpose of this research was to investigate how predators actively react to the
spatial configuration of the prey on the landscape rather than passively respond relying on
predator’s random movement. To this end, the level of predator satiation was assumed to
mediate the prey—taxis process such that predators search more actively in high prey density
areas. Subsequently we incorporated the concept of prey-taxis into spatial predator—prey
dynamics to understand the underlying mechanisms for predator dispersal towards high prey
density. Then we explored how these mechanisms generate spatial patterns in predator—prey
interactions.

In Chapter 2, we derived a predator—prey satiation model, which consists of five equa-
tions. The complete predator—prey satiation model consists of three components: a pair of
hyperbolic equations for the predator movement model, a pair of hyperbolic equations for
the spatio-temporal satiation dynamics, and the prey model. Lastly, the turning rates of
the predator, which depend on the satiation level, was obtained using a Poisson process.
The system of five equations is not amenable to analysis, so we considered simplification.

In Chapter 3, we investigated approximations of the predator-prey satiation model,
which resulted in a prey-taxis model. The prey—taxis model consists of two components;
the spatial predator dynamics and the spatial prey dynamics. A pair of hyperbolic equations
for the predator movement model and a pair of hyperbolic equations for the spatio—temporal
satiation dynamics were collapsed into a parabolic equation for the spatial predator dynam-
ics. In addition to analyzing the resulting system, numerical solutions also provide some
insight into the prey-taxis model, so we considered numerical methods next.

In Chapter 4, we discussed numerical methods for simulations of the prey-taxis model.
Fractional step methods were described as the framework for simulations. For each case
of the diffusion, advection, and reaction terms, the Crank—Nicolson scheme, the Nessyahu—
Tadmor scheme, the second—order explicit Runge-Kutta method were considered respec-
tively. In the next two chapters, we analyzed prey—taxis models to investigate spatial
patterns; for a large spatial scale, we considered travelling wave solutions and for a small
scale, we studied pattern formation.

Owen and Lewis [72] found predators may not slow down prey spread without an Allee
effect in the prey dynamics by means of linear analysis and singular perturbation analysis.
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In Chapter 5, we derived the conditions for the predator to stop the prey spread with prey—
taxis incorporated. A ratio-dependent functional response was not previously considered
but we included it here. We also considered a special case of the predator—prey model with
prey-taxis, in which the predator diffusion rate is small and the prey do not have spatial
mobility. Then we found the condition for a discontinuous travelling wave solution without
predator diffusion. Here the so called ‘Hole in the Wall’ appears. Subsequently the full
model with small predator diffusion was investigated and compared with the approximate
mode] without predator diffusion. We also considered traveling wave speeds to the resting
models and found that the spread rate of the total population depends on a turning rate,
transition rates between moving and resting states, moving speed, and an intrinsic growth
rate.

In Chapter 6, we found that the following functional forms support spatial pattern
formation: a hyperbolic ratio dependent functional response, a density dependent death
rate, and an Allee effect. A diffusion process tended to induce instability. In contrast, we
observed that a prey—taxis term stabilizes the coexistence steady state of prey—taxis models.

The significance of this study is two—fold; first, this research refreshes a prey-taxis
concept in predator-prey interactions. We investigated the derivation of a prey—taxis model,
and opened possibilities of various forms of prey—taxis models. Hence, this research may
lead to active studies on prey-taxis in predator-prey dynamics. Second, understanding
prey-taxis can be applied for biological control strategies.

Investigating travelling waves enables us to understand how the prey population can be
controlled by the predator released as biological control agents. A specialist and a generalist
predator are said to show Type II and Type III different functional responses respectively
[92]. Hence understanding the mechanism of the predator response to spatial prey density
helps us to select a proper control agent. In addition, we may be able to diagnose the
sources of failure and success in biological control campaigns. As a result, we could suggest
management possibilities that are likely to be successful.

Prey-taxis models can be applied to medical applications. For instance, a wound healing
model was considered in Chapter 5 and we considered a discontinuous travelling wave
solution. Understanding this model will give an insight how the wound heals and give
a guideline for more efficient wound healing. Adding strong prey—taxis seems to speed up
wound healing (prey—taxis may be correlated with wave speed), but more work is required.

Studying pattern formation provides ideas of a critical domain size and a maximum
population for persistence of the prey population. This has applications to the problem
of the pest population at a refuge level (Ecological control strategy : When and where to
release biological control agents to reduce the pest population).

This thesis can be broadened in three directions; first, modelling with different functional
responses and satiation dynamics, extending the models to two dimensions and considering
more than two species; second, validation of models with field data; and third, analysis of
two dimensions models. We discuss more details of future directions in the next section.

Future directions

When we formulated the predator-prey satiation model in Chapter 2 and the prey-
taxis model in Chapter 3, we considered a Type II functional response. The selection of
functional responses affects not only the population growth of the predator but also the
satiation dynamics, which may result in different prey sensitivity x(v). For instance, it is
noted that prey sensitivity can be negative for a type IV functional response. This negative
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prey sensitivity may generate spatial patterns without an Allee effect. It is noted that some
predators prefer attacking a particular size of prey group [50], which may support a type
IV functional response.

Mobile species may show different functional responses from Holling type functional
responses. Vucetich et al. [98] compared three types of killing rates of wolf predation:
prey dependent, predator—prey ratio dependent, and prey and predator dependent killing
rates. They indicated that in the wolf-moose interaction, ratio dependent killing rates
show a better fit than other types (see also [92] for more explanation). We may incorporate
satiation dynamics into deriving ratio dependent functional responses. Here the growth of
satiation depends on predator and prey densities and the level of satiation. Hence, we will
have a different type of prey sensitivity.

Simple predator—prey interactions may not be enough to explain the diversity and com-
plex webs of interactions so that higher order interactions have been emphasized (Kareiva
[45]). Losey and Denno [63] studied the aphid anti—predator defensive behaviours. The
most popular method adapted by aphids is dropping from plants and fleeing from the pri-
mary habitat in which they reside. Generally, their dropping rate is proportional to their
population density and predator size, and inversely proportional to the habitat quality.
After dropping from the plant, prey need to overcome desiccation, starvation and ground-
foraging predators before prey settle down on new plants. Losey and Denno [61] compared
the dropping tendency of two aphid species according to their abilities such as relocating
speed and off-plant survival. Foliar-foraging and ground-foraging predators have different
abilities to attack prey, i.e. different moving speed and prey—sensitivity. Losey and Denno
[62] found the synergistic effects on regulating prey density from the positive interactions
of foliar-foraging and ground-foraging predators compared to their individual effect on sup-
pressing aphid populations. Hence, it is worth considering a model of two predators and
one prey for investigating biological control strategies.

The modelling framework in Chapters 2 and 3 could be modified to investigate the
effect of prey defences. Prey tend to adjust their relative position to the predator to reduce
predation risk [27, 67, 96, 97]. We may apply the concept of prey-taxis to prey escape
response to predator density. It may refer to predator-taxis. For instance, crayfish (prey)
exhibit different activities depending on the presence of a predator (bass). An increased
predation risk restricts crayfish foraging and increases anti—predator behaviour such as
shelter seeking {22, 30).

For predator—prey interactions, satiation dynamics are determined by the predator’s
satiation level and prey density. We may develop this idea further, and show that satiation
dynamics may be used to classify types of species interactions. If the satiation level of one
species is independent of the satiation level of the other but depends on the other’s density,
then the interaction is classified as predator—prey. If the satiation level of one species
positively correlates with the satiation level of the other but is independent of the other’s
density, then the interaction is mutualism. If the satiation level of one species negatively
correlates with the satiation level of the other’s density but is independent of the other’s
density, then the interaction is classified as competition. Thus the concept of prey—taxis may
be applied to various other phenomena in ecology. In particular, interspecific interactions
of competition are a matter of obtaining resource (prey). Hence, we may incorporate prey—
taxis into competitive interactions and consider the role of prey—taxis in winning strategies
to obtain more resource (prey) and in dominating the other competitor. We may also
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consider the role of prey-taxis in mutualism models. Here the satiation dynamics may be
related to mutualism.

Results in this thesis were obtained theoretically. Hence, the next step should be vali-
dating prey-taxis model with field data. For that, we may collect data from the literature.
To do field experiments, we need to investigate a field experimental design (see Appendix
B for example).

The modelling framework in this thesis is based on a one-dimensional landscape. In
two dimensions chemotaxis models with spatial patterns have been considered [94, 95, 16].
With a two—dimensional prey-taxis model we may explain various spatial patterns from
phytoplankton and zooplankton interactions. The phytoplankton shows vertical and hori-
zontal spatial distributions in response to physical processes such as upwelling, thermoclines
and eddies [87]. On the other hand, the mechanisms of spatial pattern formation of the
zooplankton, which are foraging on the phytoplankton, are not explained well with only
physical processes. Various biological approaches have been contributed to indicate the
characteristic features of the spatial structure of the zooplankton with respect to the spatial
structure of the phytoplankton. Steele and Henderson [85, 86] studied spatially homoge-
neous nutrient-plant-herbivore models with deterministic phytoplankton growth rates and
stochastic zooplankton mortality in which trajectories can approach limit cycles. Steele and
Henderson [87] added the same diffusion terms to the zooplankton and the phytoplankton
for the spatial variation. They considered a logistic growth for the prey and a type III
functional response, and allowed stochastic effects on the predator mortality. Here, the
zooplankton—phytoplankton model, with diffusion coefficients determined by the water cur-
rents and a nonlinear reaction term including a stochastic element, showed the spatially and
temporally complex structure. Rothschild and Osborn 78] studied the effects of small scale
turbulence on the predator—prey contact rate, which is determined by the product of the
prey density and the effects of the predator—prey motility and the mean square turbulent
velocity. The active and passive motilities of each species increase the contact rate. At
different spatial and temporal scales, different types of interactions may occur.

The existence of travelling wave solutions to predator—prey models has been considered
by many authors [68]. However, the existence of travelling wave solutions to prey-taxis
models has not been considered. The sufficient conditions for the existence of discontinuous
travelling wave solutions were considered in Chapter 5. However, the proof of the existence
of such solutions and their uniqueness has not been completed. It will be a challenge to
prove the existence of travelling wave solutions and their uniqueness to prey-taxis models.

There are various methods that can be used to show the existence of such a heteroclinic
connection; we single out two approaches: 1. the Conley connection index (topological
method), and 2. analyzing the property of trajectories of the ODE system with Wazewski'’s
theorem.

The basic steps involved in proofs by using the Conley index theory are as follows.
First, construct a homotopy of the four-dimensional system to a system with an invariant
two-dimensional subsystem on which the dynamics are those of the standard one-species
problem. Second, prove the existence of a wave speed for which the heteroclinic orbit
oceurs in the two-dimensional subsystem. Third, construct a homotopy back to the original
problem, and last conclude that for some wave speed the heteroclinic orbit persists and
hence the travelling wave exists for the original problem. To construct a homotopy, two
(Conley index) or three (connection index) invariant sets should be defined. The Conley
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index is associated with isolated (maximal) invariant sets in some compact neighborhood N
(isolating neighborhood). A suitable isolating neighborhood N allows the connection index
and Conley index to be defined. Since the index is invariant under continuation (homotopy
invariant index), the equations are deformed to a simpler case where the index is nontrivial.
This implies the existence of an orbit which stays in the isolating neighborhood for all time
[12, 84]. For instance, using the Conley index approach Mischaikow and Reineck [66] proved
the existence of various types of travelling waves solutions to reaction-diffusion equations
which mode] two-species predator-prey nonlinear interactions. These include the existence
of bistable waves (providing a transition between two stable steady states), Fisher waves
(providing a transition from an unstable steady state to a stable steady state), higher-
dimensional analogue (n—dimensional system) of Fisher waves, which all correspond to
heteroclinic orbits in a four-dimensional system of ordinary differential equations. Moreover
they find homoclinic travelling waves (often called a travelling pulse or a solitary pulse:
providing a transition starting and ending at the same steady state), using the Conley
index, continuation arguments, and the connection matrix and transition matrix theory.
When prey dynamics are regulated by an Allee effect, predator-prey systems with constant
diffusion terms for both species have a unique travelling wave solution. Gardner [21] showed
the existence of such travelling wave solutions by using a connection index argument (see
Conley and Smoller [12, 84] for details).

For the second approach, a particular Wazewski set is constructed and then the Wazewski
theorem and the Lasalle Invariance Principle indicate that a positive orbit approaches the co-
existence equilibrium after it leaves the saddle point through the unstable manifold (see Ap-
pendix A for more details). As an example of the second approach, Dunbar used Wazewski’s
theorem [17, 18, 19]. He demonstrated the existence of various travelling wave trains (trav-
elling wave solutions which show periodic behaviours) and travelling front solutions for a
diffusive predator-prey system by using shooting techniques, invariant manifold theory, and
the qualitative theory of ordinary differential equations. By modifying Dunbar’s methods,
Huang [40] extended Dunbar’s results to the case that the prey has a diffusion term as well.
When a Hopf bifurcation occurs in the reaction term, the existence of the connection orbit
from the saddle point (prey only at its carrying capacity) to the limit cycle around the
coexistence equilibrium is shown in a similar way [19].

The concluding chapter began with addressing the goal of this research. Then the results
of the thesis were presented by chapters. Subsequently the contributions of this thesis to
research community were presented and further research directions were described.

We conclude this thesis with contemplating the goal of this thesis and its potential
extensions. The purpose of this research was to investigate the mechanisms of spatial
predator—prey interactions. Our perspective on predator—prey interactions was not that
predator—prey interactions occur by chance but that predator—prey interactions are gener-
ated by the active foraging behaviours of predators. In previous predator-prey models, this
perspective was disregarded. In contrast, we considered satiation dynamics and turning
rates of the predator to understand predator—prey interactions. In particular, the level of
the predator’s satiation related to prey density was considered as a key factor to determine
predator-prey interactions. Hence, understanding the key factor leads to understanding
the interactions, which are seemingly complex. This approach enables us to understand
underlying mechanisms causing phenomena. We conjecture that our approach may be used
more widely to understand ecological phenomena such as animal learning behaviours and
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evolution in ecology. Moreover, the mechanisms for formulating habits and dispositions of
an individual could be derived. The mechanisms of the evolution of virulence would be
understood in this perspective.
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Appendix A

Definitions and Theorems

A.1 Notation and Units

The following notation and units for the variables are used in this thesis.
(Units: L - length, T - time, N — number, and N-D - nondimsensional.)

Definition (Wazewski set [12]) Let I" be a topological space and let R denote the
real numbers. Let a continuous function from I' x R — I' be denoted by (v,t) — v - t.
This function is called a flow on T if the following conditions are satisfied for all v € I" and
s,t € R:

(@) v 0=17
(b) - (s+8) = (7)1
ForI" cT and R’ C R, let I’ - R’ be the set of points « - ¢t such that vy €I’ and t € R'.

Definition Given W C I, let W° be the set of points v € W such that , for some
positive ¢,y -t € W. For yo € W?, define T(yo) = sup{s : yo-[0,s] C W}. T(yo) is called an
exit time. Let W~ be the set of points v € W such that, for any positive ¢, v - [0,¢) ¢ W.
The set W~ is contained in W and is called the exit set of W. The set W is called a
‘Wazeski set if the following conditions are satisfied:

(a) fy€ W and ~-[0,t] C cl(W), then v-[0,t] C W,

(b) W~ is closed relative to We.

Definition: A subset A of a topological space X is a strong deformation retract of X
if there is a continuous function r : X x [0,1] — X such that: (1) for z € X, r(z,0) = z
and r(z,1) € A; and (2) for z € A and ¢ € [0,1], r(z,0) = z. The function r is called a
strong deformation retraction.

Theorem If W is a Wazeski set then W~ is strong deformation retract of W° and W°
is open relative to W.
Wazeski Theorem shows that if W is a Wazeski set and W~ is not strong deformation
retract of W then W\W?° is not empty, i.e. there exist solutions which stay in W for all
positive time.

Theorem (Invariance Principle) Let V be a real-valued function and let U = {z €
R? : V(z) < k}, where k is a real number. Suppose further that V' is continuous on the
closure U of U and C! on U with V(z) < 0 for € U. Consider the subset S of U defined
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+/—- positive/ negative direction moving [N-D]
u speed at which a predator travels [L/T]
V(z,1) prey density [N/L]
nt(z,t) | right-moving predator density [N/L]
n~(z,t) left-moving predator density [N/L]
n(x,t) total predator density (= n*(z,t) +n~(z,t)) [N/L]
r = R(S) | direction-reversal probability per unit time for predator [1/T]
S(z,t) degree to which a predator is satiated([0, 1]) [N-D]
K max density of prey [N/L]
Jp flux density of predators [N/T]
So = So(V') | steady—state value of S [N-D]

Table A.1: Notation and units of the predator—prey—satiation model

by={zeU: V(a:) = 0} and let M be the largest invariant set in S. Then every positive
orbit that starts in U and remains bounded has its w— limit set in M. [26]

Poincaré—Bendixson Theorem [26, 74, 89].  Suppose that z’ = f(z) is a planar
system with a finite number of equilibrium points. If the positive orbit 4+ (z%) of 20 is
bounded, then one of following is true:

o The w-limit set w(z?) is a single point Z which is an equilibrium point and ¢(t, %) — Z
as t — +-o00.

e w(zY) is a periodic orbit I' and either v+ (z°) = w(z%) =T or else v+ (z°) spirals with
increasing time toward I" on one side of T.

o w(z°) consists of equilibrium points and orbits whose a- and w- limit sets are the
equilibrium points.
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Appendix B

Literature review

In this appendix, two prey—taxis related articles are reviewed.

Using spatially explicit models to characterize foraging performance in het-
erogeneous landscapes

Grilinbaum [23] focused on the predator dispersal term without predator population
dynamics. He computed two statistical indicators ; one is the expected payoff of satiety per
predator per unit of time and the other is the travel time statistic of how quickly predator
find and aggregate around a prey, and how quickly they get to homogeneous predator

distribution.
He began with the following master equation for the predator redistribution
oP 0 oP

where P(t, z) is the predator density at time ¢ and position z, D is the diffusion coefficient of
predators, and U describes the directional movement of predators due to external stimulus.
The diffusion coefficient D is assumed to vary in space. The advection term, U, is presented
as U = x% with prey density V(t,z). x is a taxis coefficient.

The equilibrium solution of equation B.1 was computed with reflecting boundary con-
ditions for both predator and prey populations,

d oP 171%
OZE (D%—XEP>,
where both sides are integrated

OP ov
bz Xoz
with ¢ for integral constant. Reflecting boundary conditions justify ¢ = 0 so that predator
density distribution is computed explicitly,

c=D P,

\4 (4
PE) = PV o) = exp ( [ Xzav),

where P is a constant determining the total predator population, and V) is prey density.
With the result of predator distribution, the expected payoff is calculated

s BSVE@P@Is SV @)V @)z
Jo' P(a)dz [EoV(@)dz

3
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with 0 the left end location of the domain, L the right end location of the domain and S a
satiation function of V.

The expected time, T, to reach a resource peak is an estimate of the travel time taken
by a predator that starts from a low-resource area to make its way to a resource center.
T is a useful indicator of how long it takes the forager distribution to reach equilibrium,
so it can help determine how long the expected payoff experiment should run. For the
computation of T, the left boundary has a constant flux condition (foragers are added
at the low-resource end), and the right boundary has a zero-density condition (foragers
that reach the resource peak are removed). The equilibrium forager distribution is then
calculated with the following steps; smce P is zero on the right end due to the zero—density
condition, that is, P(L) =0, ¢ = D(L) |z L. After rearranging the equation, we have

1 ¢ X

which can be integrated as

InP@) PO = [ *-dz’ Y X gy
—_ — - + il
n P(z) — In P(0) A DP T /;/ o D

With moving In P(0) to the right side and removing ’In’, then we have

d l

P) = POV e [ b

but this result is not the same as the author’s calculation

L
P =BV @) [ S B2

And the travel time statistic is

_ L L 1 ,
1= [[ @) [ sremsmeyis

with the resource distribution fixed in time. Even though the travel time statistic can be

expressed only with predator distribution, T = M how the travel time statistic was

computed in the original article is not clear.
Griinbaum applied the expected time statistic and pay—off statistic to aphids and lady-
birds mteractlon according to the data by Karelva and Odell. The diffusion coefficient,

D = TT, and prey-taxis coefficient, x = —% g{f., were used to calculate the specific

pay—off and travel time statistic, where 7 = m (remark: D = mg.—f(vﬁ and x =

— RGO s Esarryvy)- In this case, p(V) = exp (fygy —frdr) = (V)72 -
r(V(0))~3/2 = R(S(V))3/? — R(S(V(0)))%/? = R(S(V))3/? with the 1mp1101t assumption of
R(S(V(0))) = 0. Therefore, the expected payoff is as follows
Jo S(V (=) R(S(V (2))*2ds

fo R(S(V(z)))3/2dz

S=
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Using p(V)D(V) = R(S(V))3/2“T2'r = g—zR(S(V))l/z, the expected travel time is

L L
T=3 /0 (R(S(V (2)))¥? /z R(S(V (@)™ /2da)de.

For a simulation, he used

08V
He introduced a family of turning rates (R(S) = 3.19+7.43( fﬁ;)’\ with Sp = 0.0379),

which has one free parameter (\) except for satiation variable. If the turning threshold (one
parameter) is changed, the turning rate R(S) shows different qualities. Griinbaum computed
different turning thresholds , the expected payoff (in the ladybug case, it is satiety) for
foraging strategy, and mean time to reach resource. He then compared the success of two
predator species who used different foraging strategies, due to different turning thresholds.
He says the significance of the turning threshold in that ladybirds tend to remain in aphid
patches above the threshold and leave patches below the threshold. Thus the turning
threshold, A, is highlighted as the essential link between the ladybirds’ area-restricted search
and the patching-leaving criteria from foraging theory. He used simulations to show the
effects of the turning threshold. He said that comparing behavioral thresholds in different
species of predators may provide important insights into the ecological circumstances that
give one species a competitive advantage over another.

In sum, Griinbaum worked on the results of steady state solutions of predator dynamics
and did some simulations of prey—predator dynamics without predator population dynamices.

Models for predator—prey systems at multiple scales

Out of Kareiva and Odell’s models [46] Cantrell and Cosner [9] focused on the migration
effects of the predator on the persistence of the prey with the assumption that the prey
population and the predator population experience space and time on quite different scales;
The time scale for predator dispersal is very fast, the time scales for prey dispersal and
reproduction are moderately fast, the time scale for prey dispersal is relatively slow. These
assumptions are based on the phenomenon that the predator and the prey recognize the
environment in different ways; Relatively high motility of the predator helps it experience
the environment as the collection of patches. With these assumptions, Cantrell and Cosner
did not need to use prey-taxis term and diffusion term in the predator dynamics. The
prey—taxis term and diffusion term were excluded, and they could focus only on emigration
and immigration of predator between patches as a dispersal for the predator. It is assumed
that prey move slowly and do not jump between patches. Thus, only prey equations have
diffusion term, which is different from the articles that exclude prey diffusion and include
only predator diffusion for the simplicity of analysis. It is assumed that the predator ag-
gregation response is so rapid that the predator number is immediately adjusted to prey
densities. Thus, quasi-steady-state assumptions are used to incorporate the predator pop-
ulation dynamics into the prey population equations. Instead of considering the predator
dynamics, Cantrell and Cosner focused on the prey persistence by the relationship between
patch size and prey density due to the presence of predators.

They consider two cases in that the total predator population , saying C, is finite or
unlimitedly supplied. For the finite case,

N
C=Pa+) Pu

n=1
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where P4 is the number of predators in the air, P, is the number of predators on nth
patch, and N is the total number of patches. For the unlimited supply of predators, P4 =

constant.
The master equations are
dP,
_dt—n = InPA_EnPn,

Ov % 0% v P,

w25 aE) (R e ()
where 0 < z < I, 0 < y < I, for the domain and v,(z,y,t) = 0 for z = 0,1,,, y = 0,1,.
The nth patch is considered as a squared area, i.e. [2 = A, = area of the nth patch. v,
is the prey density on the nth patch. The parameters I,, and E,, describe the per capita
immigration and emigration rates on the nth patch.

The choices of hypotheses which are most crucial in determining the qualitative struc-
ture and properties of their models are the choices between finite and unlimited predator
populations and between dependence on purely geometric factors and dependence on prey
densities in the per capita immigration and emigration rates I,, and E,, . For the immigra-
tion and emigration rate of the predator, Cantrell and Cosner considered two aspects: the
one is the size of the patch, and the other is the average prey density with finite and infinite
supply of predator from the ajr.

The focus was on examining the effects of changing the size of patches on the prey
persistence of the models. In their models the coupling between patches occurs only in the
equations for the predator populations, and those are coupled only in the case where the
total predator population is finite.

Unlimited supply of predators with immigration and emigration depending only on geo-
metric effects

Under the quasi-steady state assumption for predator dynamics, I,Ps — E,P, = 0,
P, = I"—Eid is calculated and prey dynamics is described as

%:D(B2vn+62vn) +r(1—%) vn_c(M) - (B.3)

ot 8r2 = Oy? 2

The immigration and emigration rates are assumed to be I, = ilf and E,, = el for
constants i, e, p, and q. The specific hypothesis is that p = 2 and ¢ = —1, since the patch
size is considered to be the main factor of the immigration rate as randomly falling out
of sky on the patch, and the perimeter/area ratio is reasonably assumed to be the main
factor of the emigration rate. A patch shape is assumed to be a square for the simplicity of
analysis.

Most of the effects of the patch size on the prey in their models depend on the following
result.

Theorem B.1 Let D, R, and B be positive constants. The model

ov v d%
EZD(@—FW) + Rv — Bv?
forO<z<,0<y<,t>0,v=0forz=0,l, y=0,1

has a unique equilibrium »*(z,y) with v*(z,y) > 0 for 0 < 2 <l and 0 < y <! and with
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v —v* ast — oo if v(z,y,0) >0, v(z,y,0) # 0, provided
R - (27?D/1%) > 0. (B.4)

The equilibrium v*(z,y) increases for each (z,y) if R is increased. If B.4 does not hold,
then all positive solutions approach zero as t — o0.
Remark: 72D/I? is the principal eigenvalue for —D(%g + ai;;)

Since there is no coupling between patches in prey equations, n can be deleted for the
simplicity of calculation. If we change the equation B.3 in the form of Theorem B.1., we

have 5 o2 52 0
v _ gv  gv v _ /o) [P—9—2
5 D (8:1;2 + 6y2) +rv— = cPy4(i/e)l v
forO<z<!,0<y<,t>0,v=0forxz=0,l, y=0,1.
The quantity corresponding to R in Theorem B.1. is
R =1 — cPy(i/e)lP172;
The inequality corresponding to B.4 and characterizing when the prey can persist is

212D

212D
12 )

12

r— cPAél”_q_2 - > 0, or equivalently r > cPA%l”"q‘r" + (B.5)
If | is too large, then IP~9-2 — oo given by p — ¢ — 2 > 0. Too small ! turns the left hand
size into infinity due to =2 term. This case thus yields a maximum patch size which will
sustain a prey equilibrium as well as the usual minimum patch size.

Finite predator supply with immigration and emigration depending only on geometric
effects

Using I,P4 = ilh P4 = i(C - EkN=1 Py)E, the model becomes

dP, al
n _ . 2 -1
— = iC- ;Pk)ln — (el 1Py,

ov, 0%, B%v, Up P,

i D(W*a—yz tr(t-g)um-c(F) v
where 0 < z < I,, 0 < y < [,, for the domain and v,(z,y,t) = 0 for z = 0,{,, y = 0,1,.
This system is coupled in the predator equations, which are independent of the prey.

With the quasi-—steady-state assumption, the number of predators on the nth patch is

. —q—2
calculated as P, = z—ggfi;_—u—e Thus prey equations become

v . [P, By rvd icClBI72
W‘D(az”ay? TR i e )

for0<z <1, 0<y<l,, v,(t,z,y)=0forz=0,l,,y=0,l,,n=1,...,N.
Oy, v, 0%, rv2 icClﬁ_q_2
U _p(L¥% T % [ ),
at (fh? T )T TR T \in )"
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for0<z<1,, 0<y <, va(t,z,y) =0forz=0,1,,y=0,l,,n=1,...,N.
For each n, the quantities corresponding to B and R in Theorem B.1. are

icCIE972
i B T+

the inequality corresponding to B.4 and characterizing when the prey can persist is

B=r/K, R=Rp=71-—

r

icClp 172

> —————— + (272D/1}). B.6
e e (B.6)
In this case, it was shown that there would be a maximum patch size which could sustain
a prey population.

For the density—dependent model, the total prey population on patch n at time ¢ was
used for the average prey density on the nth patch. V, = fol" Jo" vn(z,y, t)dxdy = total
prey population on patch n at time ¢. The basic form of the predator equations in the
density-dependent mode] is

dP,

d_tn =I,Ps —2E,P,/V,.
It is assumed that predator aggregation occurs at a much faster rate than prey dispersal
and dynamics, which yields the quasi-steady state.

P, = (InP4/E,12)V,,

which changes prey dynamics as

Ovn, B vy, n n n
L:D(_u@% )+ (1-22) o —c (22 uath

Bt 812 | oyl K E.l3

Unlimited supply of predators with immigration and emigration depending only on geo-
metric effects and the prey density

With the assumptions of I,, = il2 and E,, = e/l,, the predator population was calculated
with a quasi-steady-state assumption;

P = (i/e)P4IP717%V,

Since the unlimited predator case generates a decoupled case, n is ommited for the simplicity
of analysis. Thus the prey equation is

Bv (82'0 8%v

7 P\am tap

ot ) + (1 - %) v — c(3/e)PalP~ 1"V, (B.7)

where zero density boundary conditions are used. Due to the V term in equation B.7,
Theorem 3.1. cannot be applied to this case so that Cantrell and Cosner [9] introduced
some other theorems for the condition of prey persistence due to the predator presence. In
this case they showed that there must be an inverse relation between patch size and average
prey density V.

Finite predator supply with immigration and emigration depending on geometric effects
and the prey density
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With the assumptions of I,, = z’li and E,, = e/l,, the predator equations become

d
% = il2Py — el, P, /Vy

N
=i (C -3 Pk) 12 — elyPy/Vs.
k=1
The quasi-steady state assumption then yields

Ov, &%, 6%, v cPX(V1,...,.V,)
7{*”(@* aya)”(l‘f)”n-—lg—

where P;(V1,...,V,) are the solutions of 0 = #(C — Zﬁ:l P12 — el,,P,/V,, in terms of the
average prey density in each patch.

For this scenario, Cantrell and Cosner considerd a single patch case and many patches
case. In the single patch case, it is shown that a maximum prey population will occur for
some finite patch side, I, and the population will be smaller on the patches of larger size.
In the case of many patches, the similar result may occur according to parameter values.

In sum, Cantrell and Cosner were concerned with the persistence of the prey population
due to the migration of the predator without predator mobility on each patch, which is not
quite related with what this thesis is interested in. Nonetheless, the methods that were used
to find the patch size for the prey persistence would be applied to consider the biological
control in this thesis.

Un,
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Appendix C

Numerical Codes

In this appendix, we introduce numerical codes for the spatio-temporal predator—prey—
taxis system (3.126)—(3.127). In particular, we focus on the codes for the advection term.
Because RK2 scheme and Crank—Nicolson scheme are well known, we do not include those
codes in this appendix. Among the numerical schemes for the advection term, the code for
N-T scheme will be presented written in MATLAB. This code is for one species and was
used for computing numerical solutions to Burgers’ equation in Section 4.2 and in Figures
4.1. However, this code is easily extended for two species by modifying the flux function.
function n = ntmethodld(a,dt,dx,q,theta);

%% NT Scheme

%% a: old data of a species, nstar: midpoint valuse n
%% n: updated data of a species

%% dx : spatial grid size, dt : time step

%% theta gives a choice of minmod

%% q : number of grid cells

%% f is a flux function

e=0.5*%(dt)/dx;

j+1/2
)

%% finding a, at t =t/ and z = z;

for i=2:q;
a,())=rminmod(a(i+1),a(i),a(i-1),theta) /(dx);
end

az(1)=0; a(q+1)=0; %% on the boundary
%% finding fz at t = ¢’ and z = x;

for i=2:q
fz(1)=rminmod(f(a(i+1)),f(a(i)),f(a(i-1)),theta);
end

f=(1)=0; fz(q+1)=0; %% on the boundary
%% computing the midpoint value nz +172

for i=1:q+1;

nstar(i)=a(i)-0.25 e f,(i);

end

%% updating data
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for i=2:q;
n(i)=0.5(a(i+1)+a(i))+0.125*dx*(a, (i)-a, (1+1))-e*(f(nstar(i+1))-f(nstar(i)));
end

n(1)=a(1); n(q+1)=a(q+1); %BC
function x=rminmod(X,Y,Z,theta)
%%minmod limiter

a=X-Y;

b=X-Z;

c=Y-Z;

ifa>0 & b>0 & ¢>0
x=min{min(theta*a,0.5*b),theta*c);
elseif a<0 & b<0 & c < 0
x=max(max(theta*a,0.5*b),theta*c);
else

x=0;

end
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Appendix D

Singular Perturbation Analysis of
the Wavefront

In this appendix, a singular perturbation analysis of the wavefront, which Owen and Lewis
([72]) used, is described in detail. We consider the temporal steady state for system (5.3)—
(5.4) with x = 0 and the zero wave speed ¢ = 0 given by

n

0= cvgg +v ( fw) — ;h(v)) , (D.1)

0 = ngy + yn(h(v) — 6). (D.2)

Transition layer. Rescaling the spatial coordinate to ¢ = %, equations (D.1)—(D.2) are

written as

n

0= vee +v (1() - 2h(v)) (D.3)

0 = nge + eyn(h(v) —9), (D.4)

which is the stationary front solutions of (5.3)—(5.4). In addition, the boundary conditions
are: limg 400 vg(§) = 0, lime,oov(é) = 0, and lime,_v(€) = vo. As € — O, the n
equation ends up with ng = 0. Integrating this twice, n satisfies n = Co§ + Cy where C
and Cj are integral constants. We are looking for nonnegative predator population, n > 0.
Since for large |¢| non—zero Cp eventually make a negative population for the predator, Co
should be zero and then the predator population is constant in the region of this transition
layer, saying n = ng. Thus, we have a single equation for v only,

vee + v ( F) - %h(v)) —0, (D.5)

where the boundary conditions are: limg_, 400 v¢(§) = 0, limg_o0 v(€) = 0, and limg_,_ v(¢) =
g~} (ng) = vo. Multiplying equation (D.5) by dv/d¢, and integrating with respect to ¢ from
—00 to oo gives us

/ - {% +v(f() - %h(u))} %d& = 0. (D.6)

—oo
The first term is integrated directly and the second term is done by using a change of
variables from € to v, to get

()T [ meyee o
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Applying the boundary conditions and no = g(vg) yield

/0 e (f(v) - -"(vﬂh(v)) dv =0, (D.8)

which determines vg consistent with a stationary solution.
Right-hand outer solutions. We now consider equations (D.1)—(D.2) setting ¢ = 0 so
that v and n satisfy

0= ( fw) - %h(v)) , (D.9)
0 = ngy + yn(h(v) — 8). (D.10)

From equation (D.9), v = O or n = g(v). Since we are looking for right-hand outer solutions,
we here focus on v = 0 so that in equation (D.10) we get

Ny — YO = 0, (D.11)

with boundary conditions: lim,_ ., n(z) = 0 and n(0) = ng. The general solution of (D.11)

n(z) = Aexp(y/v0z) + B exp(—+/véz). (D.12)

With the boundary conditions, we have

n(z) = ng exp(—+/vdz), or equivalently Z—:(O) = —ng+/7é. (D.13)

Left-hand outer solutions. We now consider the other outer layer. Recall that in the
transition layer n = constant so that equation (D.13) plays the role of a boundary condition
to find left-hand outer solutions. Now n = g(v) is substituted into equation (D.10) to get

nae = 1m(h(g™" (n)) — ) =0, (D-14)

with boundary conditions: n(0) = ng, limz— oo n(z) = ns, $2(0) = —ng+/73, and & (—00) =
0. Multiplying equation (D.14) by dn/dz, and integrating with respect to z from —oo to 0
we find 0 (2
d’n 1)) - 6) L Py =
/;oo {da;2 +yn(h(g” ' (n)) 6)} dmdx 0. (D.15)
As we did for the analysis in the transition layer, the first term is integrated directly and
the second term is done by using a change of variables from £ to n, to get

%(j_;‘)z]" + [ m(hg™ () ~ §)dn = . (D.16)

—_ I

Applying the boundary conditions and rearranging equation (D.16) yield

ne h( -1 ))d ___1_ d_n ? +/"0 od (D 17)
/n’ ynh(g™ " (n))dn = s\dz) o™ /., ynédn .
1 .9 1 4 1 _,
= —=yénj + =vyéng — ~yon;, (D.18)
2 2 2
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which gives a condition that the left— and right— hand outer solutions match at ng if and
only if
/ nh(g~(n))dn = %6713, (D.19)
no

which can be translated in terms of v as follows
Vg 1
/ vf(v)g'(v)dv = 56g(vs)2, (D.20)
vo

by using a change of variable with n = g(v). Thus we have the following two conditions in
order to have zero wave speed solutions and those conditions restrict the values of vg and é.

" _9@0) N gy —
/0 v (f(v) w0l )) dv =0, (D.21)
/ " o f)d (v)dv = %59(%)2. (D.22)
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