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ABSTRACT/RESUMO

ABSTRACT

The PhD thesis contains two different research topics, both related with the ap-
plication of mathematical analysis to non-linear models. On the one hand, we
deal with the development of fixed-point theory techniques and their applica-
tions to boundary or initial value problems for ordinary differential equations.
On the other hand, by means of the qualitative theory of dynamical systems,
we study the dynamics of smooth and non-smooth discrete-time population
models combining analytical results and numerical tools. We provide now a
brief description of the contents of each research line, while a more detailed
information for each chapter is given in the Preface.

In fixed point theory, there exist a huge amount of generalizations of the The-
orem of Krasnosel’skii in cones, whose proofs normally make use of topologi-
cal results, such as those corresponding to degree theory. In this monograph,
we try to generalize this result by means of the classical theory. Furthermore,
we have realized that fixed-point theorems, which allow to prove the existence
and to localize solutions to boundary or initial value problems for differential
equations, have been applied to a wide range of problems in different fields,
however we found a gap in their application to some particular population
models, where we provide some contributions.

In the framework of discrete-time one-dimensional dynamical systems, we
pay special attention to the influence of parameters on population asymptotic
dynamics. In particular, we are interested in determining parameter values
such that all initial conditions converge to an equilibrium (global stability); as
well as those that produce qualitative changes on the asymptotic dynamics
(bifurcations) or other interesting features, such as multi-stability, extinction
windows, hydra effect, etc. One issue of particular interest is the study of bi-
furcations in continuous and discontinuous piecewise-smooth systems arising
from the application of protective fisheries management policies. They involve
border- and boundary-collision bifurcations, basin boundary metamorphoses
and the well-known smooth bifurcations. We also consider a smooth model
for blood cell production, which can be used for modeling populations with
adult survivorship. In this case, we completely determine the stability of fixed
points and find some interesting features in the bifurcation diagrams, such as
different ways in which a sudden collapse occurs.
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RESUMO

A tese doutoral contén o desenvolvemento de duas lifias de investigacién den-
tro da rama da andlise matemaética dos modelos non lineares. Por unha banda,
trabéllase no desenvolvemento de técnicas de punto fixo e na sta aplicacién a
problemas de fronteira ou de valor inicial para ecuacions diferenciais ordina-
rias. Por outra banda, facendo uso da teoria cualitativa dos sistemas dindmicos
discretos, estudamos a dindmica de modelos de poboacién, regulares e non re-
gulares, mediante resultados analiticos e ferramentas numéricas. No que segue,
facemos unha breve descricién dos contidos de cada lifia de investigaciéon, men-
tres que unha informacién detallada por capitulos pode consultarse o0 Resumo
Estendido.

Dentro da teoria de punto fixo, é ben cofiecido o Teorema de Krasnosel’skii
en conos, do que hoxe en dia existen un gran nimero de xeneralizaciéns cuxas
probas se realizan en certa medida facendo uso de recursos topoléxicos como a
teoria do grao. Neste documento, intentaremos establecer xeneralizaciéns deste
resultado a través de resultados clasicos da analise matemaética. No que respecta
as aplicacions, este tipo de resultados tisase para probar a existencia e localizar
soluciéns a problemas de fronteira. A pesar de que a variedade de problemas 6s
que se tefien aplicado é considerablemente ampla, percibese unha carencia na
literatura sobre a aplicacion destes resultados a certos problemas de dindmica
de poboaciéns, onde faremos algunha achega.

No contexto dos sistemas dindmicos discretos unidimensionais, pofiemos es-
pecial atencién & influencia dos pardmetros no comportamento asintético da
poboacién. En particular, estamos interesados en determinar os valores dos
pardmetros para os que todas as condiciéns iniciais converxen cara a un equi-
librio (estabilidade global); asi como aqueles para os que se producen cambios
cualitativos na dindmica asintética (bifurcaciéns) ou outros comportamentos
interesantes, como multi-estabilidade, ventds de extincion, efecto hydra, etc. E
de gran interese o estudo de bifurcaciéns en sistemas dindmicos regulares a
anacos, continuos ou descontinuos, que provefien de aplicar estratexias de pes-
ca protectoras. Estas comprenden bifurcaciéns de tipo “border-collision” ou
“boundary-collision”, metamorfoses da cunca de atraccién e as ben cofiecidas
bifurcaciéns regulares. Tamén se considera un modelo regular para a produ-
cién de glébulos vermellos, que por outra banda pode ser considerado coma un
modelo de poboacién que incliie supervivencia de adultos. Neste caso, fomos
capaces de determinar a estabilidade dos puntos de equilibrio por completo,
e tamén atopamos comportamentos interesantes nos diagramas de bifurcacion,
tales como diferentes formas nas que se produce un colapso.
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PREFACE

The contents of the present thesis are the result of the work developed by
Cristina Lois Prados during the PhD studies in Mathematics at the Universi-
dade of Santiago de Compostela, in collaboration with her supervisors Eduardo
Liz Marzan (Universidade de Vigo, Spain) and Rosana Rodriguez Lépez (Uni-
versidade de Santiago de Compostela, Spain); and the professors responsible
of two research stays, Frank M. Hilker (Osnabriick University, Germany) and
Radu Precup (Babes-Bolyai University, Romania).

The PhD thesis deals with two distinct research lines, both within the frame-
work of mathematical analysis of non-linear models. The main differences
appear in the type of equations we consider and the approach used. In Re-
search Line I, we provide some generalizations of fixed point results that allow
to improve the localization of solutions to initial or boundary value problems
for different types of differential equations, in particular, for the ordinary ones;
and we contribute to the application of fixed point theory to population models
for this class of equations. In Research Line II, our main aim is to describe the
asymptotic dynamics and bifurcations of some discrete-time one-dimensional
dynamical systems. We follow a more applied-oriented approach, dealing with
some population models arising in current fisheries management or blood cell
production modeling.

As the topics of both research lines differ quite a lot, we have decided to
write this monograph in two self-contained parts, each one with a separate
list of references. Nevertheless, they follow a similar structure: they start with
some preliminaries to establish the mathematical and notational framework of
each part of the PhD thesis and finish with the conclusions and some future
research lines. In between, we develop two chapters which comprise the central
contents of our research.

In the following, we give a brief outline of the chapters for each of the re-
search lines.

RESEARCH LINE I

The research within this line corresponds to that in the joint works with Rosana
Rodriguez Lépez and Radu Precup: (Lois-Prados, Precup, and Rodriguez-
Lopez, 2020; Lois-Prados and Rodriguez-Lépez, 2020) (Chapter 2) and (Lois-
Prados and Precup, 2020) (Chapter 3). The majority of the contents in this part
of the thesis were compiled from the three mentioned research articles and re-
organized in the different chapters. The preliminary notions and results stated
and proved by other authors are mainly comprised in Chapter 1. Moreover, in
Chapter 2 (Section 2.2 and Subsection 2.3.1), we have included some contents
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developed by Cristina Lois Prados during her Master degree studies, since they
are the starting point for new achievements in fixed point theory, see the initial
paragraphs of the corresponding sections for further details. In this chapter,
we have also added some extra information to the Introduction and to Sections
2.3 and 2.4. In Chapter 3, we have included additional background in the In-
troductory section and we have provided more insight on the problems found
concerning the applicability when working with some well-known fixed point
results and the model into consideration. The Discussion section is new in both
Chapters 2 and 3.

The structure of Chapters 2 and 3 is similar, since both of them start with
an Introduction and conclude with a Discussion; but differs in the central sec-
tions. In the introductory sections, we show the mathematical interest of our
research and, in Chapter 3, we also include the mathematical formulation of
the non-autonomous Lotka-Volterra type system that we will investigate. In
the Discussion section, we highlight some relevant aspects of our study and we
compare it with other related research works. The intermediate sections/sub-
sections are devoted to show the contributions of our research work. In Chap-
ter 2, we give or improve Krasnosel’skii type compression-expansion results
for set contractions and conical domains determined by balls or star convex
sets. In Chapter 3, we focus on the existence of positive periodic solutions to
Lotka-Volterra systems with general prey growth and functional response of
predators. We use an operator approach based on the homotopy version of
Krasnosel’skii expansion fixed point theorem.

Chapter 1: Background definitions and results I

We start by presenting the mathematical framework where we will develop or
apply fixed point theory techniques. We first consider an initial value problem
for a simple first order differential equation, and we illustrate the procedure
needed to apply the classical Krasnosel’skii compression-expansion fixed point
result, showing the hypothesis that should be satisfied by the associated non-
linear operator. Then, we provide other examples of initial or boundary value
problems that justify the necessity to generalize or replace some of the classical
hypotheses owed to Krasnosel’skii.

We continue by stating the notions and results in which we have based our
research work on fixed point theory. In Section 1.1, we recall some concepts
and results related to compact maps and set contractions, that is, the regular-
ity conditions required to the mappings involved. In Section 1.2, we include
the Krasnosel’skii compression-expansion fixed point theorem and some of its
generalizations. They are divided in two subsections, one for the generaliza-
tions in terms of the mapping hypotheses, and the other for those replacing the
compression and expansion conditions.
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Chapter 2: Krasnosel’skii type compression-expansion fixed point theorem for set con-
tractions and star convex sets

In the framework of fixed point theory, many generalizations of the classical re-
sult due to Krasnosel’skii are known, so we begin with an introductory section,
where we recall some extensions of this result in different directions, and we
also compare two common approaches used in their proofs: direct arguments
or topological degree.

One of the extensions consists in relaxing the conditions imposed on the
mapping, working with set contractions instead of continuous and compact
mappings. These results work for conical domains determined by balls or,
equivalently, by the norm. Therefore, they are not useful to distinguish fixed
points with the same norm. To overcome this necessity, we generalize these
results to star convex sets that can be determined by functionals more general
than a norm.

The first step for the generalization is given in Section 2.2, where we deter-
mine the conditions that we will require to the star convex sets. Then, in Section
2.3, we prove the main results. We first deal with the compressive case, where
we adapt to this more general framework the proof developed by Potter. Then,
the expansive case is reduced to the compressive one by means of a change of
variable. We improve the existing result for balls and provide a new theorem
for star convex sets. Finally, in Section 2.4, we look for functionals that define
an admissible star convex set and, consequently, are appropriate replace the
norm.

To illustrate the theory, we give an application to the initial value problem
for a system of implicit first order differential equations.

We conclude the chapter with a discussion of our findings in the context
of fixed point theory, with special attention to Krasnosel’skii type fixed point
results. We begin explaining the relevance of the obtained generalizations of
compression-expansion type results, we mention the complexity that may ap-
pear when dealing with set contractions and star convex sets and, we comment
the utility of defining the localization domains by means of functionals.

Chapter 3: Applications of fixed point theory to periodic predator-prey differential equa-
tions

In the literature, there exist many several papers devoted to the study of the
classical Lotka-Volterra equations and its generalizations. For instance, Tsvetkov
(1996) considers the classical system with periodic coefficients and proves the
existence of periodic solutions via the topological method of fixed point index.
A different approach was developed in (Teixeira Alves and Hilker, 2017), where
they include logistic prey growth and hunting cooperation between predators
in the autonomous model and, by means of a qualitative study, they observe
the presence of oscillations as a consequence of cooperation. Inspired by the
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general formulation proposed by Teixeira Alves and Hilker (2017) and the pe-
riodicity of the model studied in (Tsvetkov, 1996), we consider the following
non-autonomous Lotka-Volterra population model

X' = a(t)xg(x) — @(t,x,y)xy;
Yy =—b(t)y+c(t)o(t,x,y)xy;

for which we require some conditions to the functions a, b, c, g and ¢, includ-
ing periodicity in the time variable. For particular expressions of the prey
growth g and the functional response ¢, we recover the models consider by
Teixeira Alves and Hilker (2017) and Tsvetkov (1996). As a continuation of their
research work, we are also interested in the existence of periodic solutions.

To that purpose, we use an operator approach as in (Tsvetkov, 1996), but
instead of applying topological methods, we use the homotopy version of Kras-
nosel’skii fixed point theorem. To our knowledge, for these particular predator-
prey models, the application of fixed point results, whose hypotheses are given
directly in terms of the mapping, has not been considered. Other more popu-
lar versions of Krasnosel’skii fixed point theorem have been applied to similar
models, but they do not work for our particular formulation. Thus, we con-
tribute to fill this gap in the literature.

In addition, we study some interesting properties of the localized solutions
that can be seen as a small contribution to the qualitative study of this type of
systems. We first state sufficient conditions to ensure that the periodic solution
does not reduce to a steady state. Then, under uniqueness conditions, we prove
that the nonconstant solutions are positive, therefore the prey and predator
populations do not end in extinction.

To conclude, we summarize our main contributions, we compare our fixed
point theory approach with other related research work and we comment some
aspects of the preliminary qualitative study.

RESEARCH LINE II

The research within this part of the thesis corresponds to that in the joint works
with Eduardo Liz Marzan and Frank M. Hilker: (Liz and Lois-Prados, 2020b),
(Lois-Prados and Hilker, submitted) (Chapter 5) and (Liz and Lois-Prados,
2020a) (Chapter 6). The contents and results which had been previously devel-
oped by other authors are mainly comprised in Chapter 4 and small portions
of Chapters 5 (Subsections 5.2.1 and 5.2.2) and 6 (Section 6.1). The preliminary
contents in Chapter 4 were compiled from the literature and most of them do
not appear in the three mentioned research articles. By contrast, the majority
of Chapters 5 and 6 uses the contents of these three research works; in Chapter
5, we have included some extra information in the initial paragraphs of the In-
troduction section, and we have reorganized the distinct parts of the involved
articles in order to get a similar structure for both of them; in Chapter 6, there is

xviii



a new subsection, where we describe in detail the different smooth bifurcations
of fixed points.

We notice that Chapters 5 and 6 follow a similar structure: we start with an
Introduction where we show several mathematical and biological motivations
of the research study and, in this section of Chapter 6, we also include the math-
ematical formulation of the blood cell production model proposed by Lasota,
while in Chapter 5 we just provide the ecological description of some fisheries
management policies and shift their mathematical formalization to a separate
section. The subsequent sections/subsections are devoted to determine the
asymptotic dynamics of the models considered. For that purpose, we comple-
ment an analytical approach by means of the qualitative theory of dynamical
systems with some numerical tools such as 1-parameter bifurcation diagrams.
By using this information, we plot 2-parameter bifurcation diagrams, which
give a global picture of the long-term dynamics with respect to the variation of
two parameters. We conclude the chapters with a discussion section where we
compare our study with other related research works. It is worth mentioning
that, in Chapter 5, we consider general functions satisfying some typical con-
ditions of discrete-time one-dimensional population maps, and we also work
with some particular cases in order to obtain more information from analytical
results and numerical simulations. However, in Chapter 6, we just deal with
a case study, which is flexible enough to fulfill different typical conditions for
population maps, depending on the choice of the parameters. For instance, the
associated map can be monotone, unimodal or even bimodal.

Chapter 4: Background definitions and results 11

We begin by introducing, in a mathematical and ecological context, the types
of one-dimensional difference equations to be considered. In the mathematical
setting, we distinguish between smooth and piecewise-smooth continuous or
discontinuous equations. In the ecology context, particularly that of unman-
aged single-species populations with discrete-time reproductive seasons, we
recall different stock-recruitment relationships and we state some typical math-
ematical conditions fulfilled by the maps describing these relations.

Then, we present the notions and results we use to carry out the qualita-
tive study of asymptotic dynamics. In Section 4.2, we recall some basic con-
cepts that are useful when determining long-term dynamics of smooth and
piecewise-smooth maps, then we state some auxiliary results which ensure
global stability of an equilibrium. We use some prototypes of stock-recruitment
models to illustrate their applicability. In Sections 4.3 and 4.4, we describe in de-
tail a number of bifurcations and features of 1-parameter bifurcation diagrams
which appear throughout the thesis. The bifurcations are local or global and
the variety or complexity of local bifurcations increases when the regularity of
the piecewise-smooth map is decreased. The features one can find in the anal-
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ysis of bifurcation diagrams suggest unexpected dynamic behaviors which can
have important consequences for the management of ecological systems.

Chapter 5: Combinations of constant quota and threshold based harvesting strategies

We study two discrete-time models for single-species populations subject to
different harvesting rules. Both strategies combine constant catches to obtain
predictable yield and a threshold or minimum biomass level to protect the
population. In Section 5.1, we introduce these control rules in the context of
fisheries management.

From this point of view, the simplest rule allows to harvest a maximum an-
nual quota H if the population size after reproduction is above the threshold
T; and, if it is below the threshold, no harvesting is applied. We refer to this
strategy as threshold constant catch harvesting (TCC). If we require the addi-
tional condition that a minimum biomass level T must remain after harvesting,
then the strategy becomes more protective and difficult to apply, we refer to it
as precautionary threshold constant catch (PTCC).

Discrete-time mathematical models for these strategies lead in a natural way
to piecewise-smooth maps, whose dynamics are challenging because multiple
non-smooth bifurcations may appear. As the map associated to the TCC rule
is discontinuous and that corresponding to PTCC is continuous, the qualitative
study of TCC dynamics is more complex. Thus, we first study the PTCC rule
in Section 5.3; then the TCC rule in Section 5.4. In both cases, we combine
analytical and numerical results to provide a comprehensive overview of the
dynamics, which depend on the two relevant harvesting parameters H and T.

In Section 5.3, we provide a thorough analytical description of dynamics
and bifurcations for general compensatory population models. In the overcom-
pensatory case, where we found more complicated dynamics, we explain the
dynamical behavior in some regions on the 2-parameter plane (H, T), but we
choose the Ricker model as a case study to give a global picture of the dynamics.
In Section 5.4, the discontinuity of the map associated to TCC induces complex
dynamical behavior for the strictly increasing compensatory case. Thus, we re-
strict our study to this type of stock-recruitment relations, for which we use the
Beverton-Holt model as a particular example. For the TCC rule, we devote an
additional subsection to the study of two frequently considered management
objectives: average yield and harvest frequency.

We conclude the chapter with a discussion of our findings in the context of
piecewise-smooth difference equations and harvesting control rules.
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Chapter 6: Lasota discrete model for blood cell production

In an attempt to explain some experimental evidences of chaotic behavior in
blood cell populations, Andrzej Lasota proposed in (Lasota, 1977) the following
discrete-time one-dimensional model:

Xni1 = (1 —0)xn + (cxn)Ye ™, n e NU{0}.

This model includes a destruction rate parameter ¢ € (0,1) and a gamma-
Ricker function as a representation of the quantity of cells produced in the bone
marrow. The gamma-Ricker map incorporates two other parameters y,c > 0.

With the aim of explaining the influence of the destruction rate on the dy-
namics, Lasota fixed the parameter values as ¢ = 0.47 and y = 8, and chose
some values for 0. These values allowed him to describe the dynamics in some
relevant clinical cases: normal conditions (o = 0.1: depending on the initial con-
dition, solutions either go to extinction or converge to a positive equilibrium),
non-severe disease (0 = 0.4: the positive equilibria are unstable and there is a
2-periodic attractor), and severe disease (0 = 0.8, where Lasota observed the
presence of a 3-periodic orbit and, therefore, chaotic behavior).

In this chapter, we study the model in detail, by means of an analytical ap-
proach combined with some numerical simulations. In particular, we revisit the
results which appear in the original paper, but we also discover new interesting
phenomena. In the analytical part, we find sufficient conditions for extinction
and stability (including a sharp global stability condition for y < 1) depending
on the involved parameters. Then, we show some 1-parameter bifurcation di-
agrams using either vy or o as bifurcation parameters, while keeping ¢ = 0.47
as in (Lasota, 1977). These diagrams allow us to discover the rich dynamics
of the model, which exhibits features such as stability switches (bubbles), ex-
tinction windows, hydra effects and sudden collapses, among others. We also
present a 2-parameter bifurcation diagram as an illustration that summarizes
the long-term dynamics.

Finally, we compare our results with those in the previous work carried out
by Lasota, and we additionally interpret them in the context of population dy-
namics. The considered equation is also suitable to model the dynamics of
populations with discrete reproductive seasons, adult survivorship, overcom-
pensatory density dependence and Allee effects. In this context, our results
show the rich dynamics of this type of models and point out the subtle in-
terplay between adult survivorship rates and strength of density dependence
(including Allee effects).
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RESUMO ESTENDIDO

Os contidos desta tese de doutoramento son o resultado do traballo realiza-
do pola autora Cristina Lois Prados durante os seus estudos correspondentes
ao Programa de Doutoramento en Matematicas da Universidade de Santiago
de Compostela, en colaboracién cos seus directores Eduardo Liz Marzan (Uni-
versidade de Vigo) e Rosana Rodriguez Lépez (Universidade de Santiago de
Compostela); asi como cos profesores responsables das duas estadias de inves-
tigacion realizadas, Frank M. Hilker (Osnabriick University, Alemafia) e Radu
Precup (Babes-Bolyai University, Romania).

Este documento comprende duas lifias de investigaciéon diferentes que se
desenvolven no ambito da andlise matemdtica dos modelos non lineais. As
maiores diferenzas obsérvanse no tipo de ecuaciéns que se consideran e na me-
todoloxia utilizada. Na Lifia de Investigacién I (Research Line I), mediante a
xeneralizaciéon dalgutns resultados da teoria de punto fixo, mellérase a localiza-
cién das soluciéns a problemas de valor inicial ou problemas de fronteira para
diferentes tipos de ecuaciéns diferenciais, en particular, para as ordinarias; ade-
mais contribtese 4 aplicacién da teoria de punto fixo a modelos de poboacién
para esta clase de ecuacions. Na Lifia de Investigacion II (Research Line II), o
noso obxectivo principal é describir o comportamento asintético e as bifurca-
ciéns de alguns sistemas dindmicos discretos unidimensionais. Séguese unha
metodoloxia mais aplicada, traballando con modelos de poboacién que xorden
na xestiéon de recursos pesqueiros ou no modelado da produciéon de glébulos
vermellos.

Dado que os contidos das lifias de investigacién mencionadas son bastante
diferentes, decidimos dividir este manuscrito en dias partes autocontidas, que
inclten a sta propia lista de referencias. Sen embargo, seguen unha estrutura
similar: comezan con algtns resultados preliminares que serven para sentar as
bases matematicas de cada parte da tese doutoral e rematan cunhas conclusiéns
e algunhas ideas para continuar as lifias de investigacién deste manuscrito. Os
capitulos intermedios recollen os contidos centrais da investigacion.

No que segue, damos unha breve descricién dos contidos dos capitulos co-
rrespondentes a cada lifia de investigacion.

LINA DE INVESTIGACION I

A investigacion levada a cabo nesta lifia correspéndese cos traballos realizados
conxuntamente con Rosana Rodriguez Lépez e Radu Precup: (Lois-Prados, Pre-
cup e Rodriguez-Lépez, 2020; Lois-Prados e Rodriguez-Lépez, 2020) (Capitulo
2) e (Lois-Prados e Precup, 2020) (Capitulo 3). A maioria dos contidos desta
parte da tese foron recompilados dos tres artigos mencionados e redistribuidos
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nos diferentes capitulos. As nociéns e os resultados preliminares previamente
establecidos por outros autores estdn maioritariamente recollidos no Capitulo
1. Ademais, no Capitulo 2 (Seccién 2.2 e Subseccién 2.4), aparecen algtins con-
tidos que Cristina Lois Prados desenvolveu durante os seus estudos de mes-
trado, dado que son a punto de partida de novas achegas no ambito da teoria
de punto fixo, para madis detalles véxanse os paragrafos iniciais das secciéns
correspondentes. Por outra banda, na Introducién e nas Secciéns 2.3 e 2.4 deste
capitulo, incluiuse informacién adicional & que aparece nos artigos. No Capitu-
lo 3, tamén se amplia a descricién do contexto no que se desenvolve o traballo
realizado (Seccién 3.1) e ofrécense mdis detalles sobre os problemas que apare-
cen ao aplicar versions cofiecidas do resultado de punto fixo de Krasnosel’skii
ao modelo que estamos a considerar. A Discusién é nova en ambos Capitulos
2e3.

A estrutura dos Capitulos 2 e 3 é similar, xa que ambos comezan cunha
Introducién e rematan cunha Discusion, pero diferéncianse nas secciéns cen-
trais. Nas seccions introdutorias, abordamos o interese da nosa investigacién
dende un punto de vista matemaético, no Capitulo 3 tamén se incltde a formu-
laciéon matemética do modelo non-auténomo de Lotka-Volterra co que imos
traballar. Nas secciéns de Discusién, destacamos os aspectos madis relevantes
do estudo realizado e comparamolo con outras investigacions relacionadas. As
seccions/subseccions intermedias amosan a investigacién que se levou a ca-
bo. No Capitulo 2, probamos ou melloramos resultados de punto fixo de tipo
compresivo-expansivo de Krasnosel'skii para aplicaciéns contractivas e domi-
nios cénicos determinados por bolas ou conxuntos estrelados. No Capitulo 3,
centrdmonos na existencia de soluciéns periédicas para modelos de tipo Lotka-
Volterra con termo xenérico de predacion. Facemos uso do operador non lineal
asociado, que se atopa nas condicions do caso expansivo da versién homot6pi-
ca do resultado clasico de Krasnosel’skii.

Capitulo 1: Definicins e resultados preliminares I

Comezamos presentando o contexto matemédtico no que se desenvolveran e
aplicardn as técnicas de punto fixo. En primeira instancia, consideramos un
problema de valor inicial para unha ecuacién diferencial ordinaria sinxela e
ilustramos o procedemento a seguir para aplicar o resultado cldsico de Kras-
nosel’skii de tipo compresivo-expansivo, mostrando as hip6teses que debe ve-
rificar o operador non lineal asociado. Despois, engadimos outros exemplos
de problemas de valor inicial ou de fronteira, que xustifican a necesidade de
xeneralizar ou cambiar algunhas das hipoéteses cldsicas requiridas por Krasno-
sel’skii.

A continuacién lembramos algunhas nociéns e resultados nos que baseamos
a nosa investigaciéon no eido da teoria de punto fixo. Na Seccién 1.1, establece-
mos conceptos e resultados relacionados con aplicaciéns compactas e contrac-
tivas, que son as condiciéns de regularidade que lles esiximos aos operadores.
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Na Seccién 1.2, incluimos o resultado de Krasnosel’skii de tipo compresivo-
expansivo e algunhas das stias xeneralizaciéns. Dividimolas en dtias subsec-
ciéns, unha para as xeneralizaciéns en termos das hipéteses sobre as aplica-
ciéns e outra para aquelas que modifican as condiciéns de compresion e expan-
sion.

Capitulo 2: O teorema de punto fixo de Krasnosel’skii de tipo compresivo-expansivo
para aplicaciéns contractivas e conxuntos estrelados

No dmbito da teoria de punto fixo, existen moitas xeneralizaciéns do resultado
clasico de Krasnosel’skii, polo que comezamos cunha seccién introdutoria, on-
de lembramos algunhas das extensions existentes en varias direcciéns, e tamén
comparamos duas técnicas comunmente utilizadas nas stias demostraciéns: ar-
gumentos directos e teoria do grado topoldxico.

Unha das extensiéns consiste en relaxar as condiciéns que se lle impofien
a aplicacion, traballando con aplicaciéns contractivas en lugar de operadores
continuos e compactos. Estes resultados son validos para dominios cénicos de-
terminados por bélas, ou de xeito equivalente, por normas. En consecuencia,
estes resultados non serven para localizar puntos fixos coa mesma norma. Pa-
ra paliar esta necesidade, obtivemos unha xeneralizacion destes resultados a
conxuntos estrelados que poden vir dados por funcionais mdis xerais que a
norma.

O primeiro paso para dita xeneralizaciéon dase na Seccién 2.2, onde se deter-
minan as condicions que lles imos esixir aos conxuntos estrelados. A continua-
cién, na Seccién 2.3, faise a demostracion dos resultados principais. Traballase
en primeiro lugar co caso compresivo, no que se adapta a demostraciéon de Pot-
ter a este &mbito mais xeral. Despois, na proba do caso expansivo faise unha
reducién ao caso compresivo mediante un cambio de variable. Neste caso, me-
ll6rase o resultado xa cofiecido para bélas e conséguese un resultado novo para
conxuntos estrelados. Finalmente, na Seccion 2.4, buiscanse funcionais que defi-
nan un destes conxuntos estrelados, e que en consecuencia, poidan ser usados
para substituir a norma.

Para ilustrar esta teoria, aplicamos os resultados obtidos a un problema de
valor inicial para un sistema de ecuaciéns diferenciais implicitas de primeira
orde.

Rematamos este capitulo cunha discusién sobre as nosas achegas & teoria de
punto fixo, con especial atencién aos resultados do tipo dos de Krasnosel’skii.
Comezamos explicando a relevancia que pode ter esta xeneralizaciéon dos resul-
tados de tipo compresivo-expansivo, explicamos tamén cal é a complexidade
que se presenta ao traballar con aplicaciéns e conxuntos mdis xerais e, por ul-
timo, pofiemos en valor a posibilidade de definir os dominios de localizaciéon
mediante funcionais.
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Capitulo 3: Aplicaciéns da teoria de punto fixo a ecuacions diferenciais periddicas de
tipo predador-presa

Podemos atopar na literatura unha ampla variedade de artigos nos que se es-
tuda o modelo cldsico de Lotka-Volterra e as stias xeneralizaciéns. Por exem-
plo, Tsvetkov (1996) considerou o sistema de ecuaciéns cldsico con coeficientes
periddicos e demostrou a existencia de soluciéns peridédicas facendo uso dun
método topoldxico cofiecido como a teoria do indice. Unha técnica diferente foi
aplicada en (Teixeira Alves e Hilker, 2017), onde se considerou unha modifica-
cién do modelo auténomo, con crecemento loxistico das presas e cooperacion
entre predadores para cazar e, mediante unha anélise cualitativa, observaron
a presenza de oscilaciéns como consecuencia da cooperacioén. Inspirados pola
xeneralidade do modelo proposto por Teixeira Alves e Hilker (2017) e a pe-
riodicidade do modelo estudado en (Tsvetkov, 1996), consideramos o seguinte
modelo de poboacién non-auténomo e de tipo predador-presa

X' = a(t)xg(x) — @(t,x,y)xy;
Yy =—-b(t)y+c(t)o(t,x,y)xy;

no que impofiemos certas condiciéns 4s funciéns a,b,c, g e @, entre elas, a
periodicidade con respecto & variable t. Baixo determinadas expresiéns do cre-
cemento das presas g e a resposta funcional dos predadores ¢, recuperamos os
modelos de Teixeira Alves e Hilker (2017) e Tsvetkov (1996). Como continua-
cién do seu traballo, estamos interesados na existencia de soluciéns periddicas.

Para realizar o estudo, comezamos seguindo os pasos de Tsvetkov (1996) e
determinamos o operador non lineal asociado ao sistema, a continuacién, en
lugar de facer uso de métodos topoléxicos, aplicamos a version homotépica do
teorema de punto fixo de Krasnosel’skii. Ata onde sabemos, este tipo de formu-
lacién dos modelos predador-presa non fora anteriormente estudada mediante
a aplicaciéon de resultados de punto fixo cuxas hipéteses vefien dadas direc-
tamente en termos do operador. Outras versiéns madis cofiecidas do Teorema
de punto fixo de Krasnosel’skii si que se aplicaron a modelos similares, pero
veremos que non funcionan coa nosa formulacién. Polo tanto, co noso traballo,
contribuimos a cubrir esta carencia.

A maiores, tamén estudamos algunhas propiedades interesantes das solu-
ciéns localizadas, facendo asi unha pequena contribucién ao estudo cualitativo
do sistema. En primeiro lugar, establecemos condiciéns suficientes que asegu-
ran que as solucions periédicas non son puntos de equilibrio. A continuacién,
baixo condiciéns de unicidade de solucién, vemos que estas soluciéns son po-
sitivas, polo que as poboaciéns de presas e predadores non se extinguiran.

Rematamos cun resumo das nosas principais contribuciéns, cunha compa-
raciéon da nosa aplicacién da teoria de punto fixo coa doutros traballos de in-
vestigacion relacionados e cunha reflexién sobre o estudo cualitativo levado a
cabo.
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LINA DE INVESTIGACION II

A lifia de investigacion desta parte da tese corresponde 6s traballos levados a
cabo en colaboracion con Eduardo Liz Marzan e Frank M. Hilker: (Liz e Lois-
Prados, 2020b; Lois-Prados e Hilker, env.) (Capitulo 5) e (Liz e Lois-Prados,
2020a) (Capitulo 6). Os contidos e resultados que foron previamente desenvol-
vidos por outros/as autores/as recéllense principalmente no Capitulo 4 e en
pequenas partes dos Capitulos 5 (Subsecciéns 5.2.1 e 5.2.2) e 6 (Seccién 6.1).
Os resultados preliminares do Capitulo 4 foron recompilados a partir de dife-
rentes referencias bibliograficas e moitos deles non aparecen nos tres artigos
previamente mencionados. Pola contra, a meirande parte dos contidos dos Ca-
pitulos 5 e 6 aparecen nalgtns destes traballos; no Capitulo 5, incltese algunha
informacién adicional nos pardgrafos iniciais da Introducién, por outra banda,
reorganizanse os contidos dos artigos correspondentes para obter unha estru-
tura similar; no Capitulo 6, incluimos unha nova subseccién onde se describen
con detalle as bifurcaciéns regulares de puntos fixos.

Cabe mencionar que os Capitulos 5 e 6 seguen unha estrutura similar: am-
bos comezan cunha Introducién onde se mostran varios motivos de interese
da investigacién no &mbito biol6xico e matematico, no Capitulo 6 esta seccién
tamén inclde a formulaciéon matemadtica do modelo de producién de glébulos
vermellos proposto por Lasota, mentres que no Capitulo 5 s6 se da a descricion
ecoldxica dalgunhas estratexias de pesca, deixando pendente a stia formulacién
para a seccién posterior. As seguintes seccions ou subseccions adicanse a deter-
minar o comportamento asintético dos distintos modelos. Para cumprir este
proposito, acompafiamos o estudo analitico realizado mediante a teoria cuali-
tativa dos sistemas dindmicos con ferramentas numéricas coma os diagramas
de bifurcacién dun pardmetro. Facendo uso desta informacién, construimos
diagramas de bifurcacién de dous pardmetros, que nos ofrecen unha represen-
tacion global da dindmica asintética con respecto da variaciéon de dous pardme-
tros do modelo. Os capitulos conclien cunha secciéon de discusién, na que se
fai unha comparativa do estudo levado a cabo con outros traballos de investiga-
cién relacionados. Cabe mencionar que, no Capitulo 5, considéranse funciéns
xenéricas que cumpren condiciéns tipicas das aplicacions asociadas a modelos
de poboacién en tempo discreto e traballase con casos particulares co obxectivo
de obter informacién extra mediante resultados analiticos ou simulaciéns nu-
méricas. Sen embargo, no Capitulo 6, s6 se traballa cun modelo concreto, que é
suficientemente flexible pois, en funcién da seleccién de pardmetros, verificard
distintas condiciéns habitualmente presentes nas funciéns asociadas a modelos
de poboacién en tempo discreto. Por exemplo, a aplicacién asociada pode ser
monodtona, unimodal ou incluso bimodal.
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Capitulo 4: Definicions e resultados preliminares II

Comezamos introducindo, tanto no contexto matematico coma no ecoldxico, os
tipos de ecuacions en diferenzas unidimensionais que imos considerar. No am-
bito matemadtico, distinguiremos entre ecuacions regulares e regulares a anacos
(continuas ou descontinuas). No marco ecoldxico, prestamos especial atencién
a poboaciéns dunha tnica especie con periodos reprodutivos estacionais en
tempo discreto e que non se atopan baixo os efectos da explotacién, para estas
lembramos distintos tipos de relaciéns entre a poboacién adulta e a stia descen-
dencia e establecemos algunhas condiciéns matematicas tipicas das aplicacions
asociadas a ditas relacions.

A continuacién, presentamos as nocioéns e resultados que se utilizan para le-
var a cabo o estudo da dindmica asintética. Na Seccion 4.2, lembramos algtins
conceptos bdsicos que son ttiles para determinar o comportamento a longo
prazo das soluciéns a ecuaciéns regulares e regulares a anacos, de seguido
establecemos algtins resultados auxiliares que nos permiten xustificar a estabi-
lidade global dun punto fixo ou de equilibrio. Para ver como se aplican estes
resultados, facemos uso dalgins prototipos de relacions entre adultos e a sta
descendencia. Nas Secciéns 4.3 e 4.4, describimos en detalle os distintos tipos
de bifurcaciéns e comportamentos presentes en diagramas dun pardmetro que
atoparemos ao longo deste documento. As bifurcaciéns poden ser locais ou glo-
bais e a variedade e complexidade das bifurcacions locais medra ao reducirse a
regularidade da aplicacién asociada & ecuacién en cuestion. Os comportamen-
tos que se poden atopar mediante unha andlise dos diagramas de bifurcaciéon
suxiren dindmicas inesperadas que poden ter importantes consecuencias na
xestion de sistemas ecoléxicos.

Capitulo 5: Combinacions de estratexias de pesca constante e con limites

Neste apartado, estudamos dous modelos discretos para poboaciéns dunha
Unica especie baixo os efectos de duias estratexias de pesca diferentes. Ambas
estratexias combinan cotas fixas que dan lugar a ganancias predicibles e un
limite ou nivel minimo de biomasa que protexe a poboacién. Na Seccién 5.1,
introducimos estas estratexias no contexto pesqueiro.

Dende o punto de vista pesqueiro, a mdis sinxela destas estratexias é a que
permite pescar unha cota maxima anual H se o tamafio da poboacién tras a
reproducion é maior que un limite T e, se € mdis pequeno que T, non se per-
mite pescar. Referirémonos a esta estratexia como pesca de limite con cota fixa
(TCC). Se, adicionalmente, esiximos que un nivel minimo de biomasa T debe
permanecer tras a pesca, entdn a estratexia volvese mdis protectora e dificil
de aplicar, referirémonos a ela como pesca preventiva de limite con cota fixa
(PTCCQ).

Os modelos matematicos discretos que describen estas estratexias conducen
de maneira natural a aplicaciéns asociadas regulares a anacos, cuxo compor-
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tamento dindmico é mais complexo, xa que poden aparecer multiples bifurca-
ciéns non regulares. Como a aplicaciéon asociada a TCC é descontinua e a de
PTCC é continua, o estudo cualitativo da dindmica de TCC sera médis complexo.
Polo tanto, estudaremos en primeira instancia a estratexia PTCC na Seccién 5.3;
a continuacion traballaremos con TCC na Seccién 5.4. En ambos casos, combina-
mos resultados analiticos e numéricos para ofrecer unha ampla representacion
dos diferentes comportamentos dindmicos, que dependen da eleccién dos dous
pardametros relevantes H e T.

Na Seccién 5.3, levamos a cabo unha descricién analitica completa da diné-
mica e bifurcaciéns en modelos de poboacién xerais con denso-dependencia
compensatoria. No caso sobrecompensatorio, atopamos comportamentos dina-
micos mdis complexos e no caso xeral somos capaces de explicar a dindmi-
ca asintdtica nalgunhas rexiéns do plano (H, T), pero consideramos o modelo
de Ricker como caso particular para dar unha ilustraciéon global da dindmi-
ca. Na Seccién 5.4, a descontinuidade da aplicacion asociada a TCC induce
comportamentos dindmicos complexos en poboaciéns con denso-dependencia
estritamente crecente (caso compensatorio). En consecuencia, restrinximos o
noso estudo a este tipo de relaciéns, para as que consideramos o modelo de
Beverton-Holt como caso particular. En relacién 4 estratexia TCC, dedicamos
unha subseccién adicional para o estudo de dous obxectivos de xestién que se
perseguen con frecuencia: o beneficio medio e a frecuencia de pesca.

Concluimos este capitulo cunha discusion das nosas achegas no contexto das
ecuacions en diferenzas regulares a anacos e no ambito das estratexias de pesca.

Capitulo 6: Modelo discreto de Lasota para a producion de globulos vermellos

Nun intento de explicar a evidencia experimental de comportamento caético en
poboaciéns de glébulos vermellos, Andrzej Lasota propuxo en (Lasota, 1977) o
seguinte modelo discreto unidimensional:

Xni1 = (T —0)xn + (cxn)Ye ™, ne NU{0}

O modelo incltie un pardmetro o € (0, 1) representando a taxa de destruciéon
de glébulos vermellos e unha funcién de tipo gamma-Ricker determinando a
cantidade de glébulos vermellos que se producen na medula 6sea. Esta funciéon
incorpora dous novos pardmetros y e ¢ > 0.

Lasota queria explicar a influencia da taxa de destrucién na dindmica, para
o que fixou os parametros ¢ = 0.47, v = 8 e seleccionou varios valores de o.
Esta seleccion permitiulle describir o comportamento dindmico para algtns ca-
sos clinicos relevantes: condiciéns normais (o = 0.1: dependendo da condicién
inicial as soluciéns poden acercarse & extincién ou converxer a un equilibrio po-
sitivo), enfermidade leve (o = 0.4: o equilibrio positivo é inestable, pero existe
un 2-ciclo atractor), e enfermidade grave (o = 0.8: para o que Lasota observou
a presenza dun 3-ciclo e, como consecuencia, comportamento caético).

Neste capitulo, estudaremos este modelo con detalle, facendo uso de méto-
dos analiticos combinados con simulaciéns numéricas. En particular, revisare-
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mos os resultados que aparecen no artigo orixinal, pero tamén descubriremos
novos fenémenos de interese. Na parte analitica, atoparemos condiciéns sufi-
cientes para a extincion e a estabilidade (incluindo unha condicién 6ptima de
estabilidade global para y < 1) en funcién dos pardmetros involucrados no
modelo. A continuacién, mostraremos algtins diagramas de bifurcacién dun
pardmetro, utilizando tanto y coma o como pardmetros de bifurcacion, pero
fixando ¢ = 0.47 tal e como fixera Lasota (1977). Estes diagramas permiten des-
cubrir a ampla variedade dos comportamentos dindmicos posibles para este
modelo, tales como cambios de estabilidade (burbullas), ventas de extincién e
colapsos, entre outros. Tamén incluimos un diagrama de bifurcacién de dous
parametros que serve para resumir os comportamentos asintéticos mais impor-
tantes nunha tnica imaxe.

Finalmente, comparamos os nosos resultados cos previamente obtidos no tra-
ballo levado a cabo por Lasota e, adicionalmente, incluimos unha interpretacién
no contexto da dindmica de poboaciéns. Nese ambito, a ecuacién considerada
resulta valida para modelar a dindmica de poboaciéns con periodos reprodu-
tivos estacionais e discretos, supervivencia de adultos, denso-dependencia so-
brecompensatoria e efecto Allee. Nese contexto, os nosos resultados mostran
a ampla variedade de comportamentos dindmicos destes modelos e destacan
a sutil relacién entre a taxa de supervivencia de adultos e a intensidade da
denso-dependencia (incluindo efecto Allee).

XXX



AIMS AND OBJECTIVES

The main aim of the PhD thesis is to contribute to the development and appli-
cation of mathematical analysis techniques to non-linear models in population
dynamics. We work on two different research topics.

In the first part of this monograph, we continue the study on fixed point
theory conducted by the PhD student and her supervisor during the master’s
degree (Lois-Prados and Rodriguez-Lopez, 2020). Fixed point theory is a useful
tool to deal with the existence and localization of solutions to initial or bound-
ary value problems for differential equations. However, some classical results
can just be applied to a particular type of problems, so we try to develop some
generalizations which work for a wider range of them. Besides, the PhD stu-
dent should also face the challenging task of finding the suitable result which
applies to a particular class of initial or boundary value problems. Thus, we
work to achieve the following specific goals:

G1 Generalization of Krasnosel'skii fixed point theorem to k-set contractions and
star-convex sets: We first try to extend the recent results obtained during
the master degree for the compressive case to general set contractions.
Then we complement it with an analogous result for the expansive case,
in which the conditions required to the mapping on the boundaries of
the sets are interchanged. We also provide a suitable problem for a dif-
ferential equation that allows us to show the relevance of the obtained
generalizations for applications.

G2 Applications of fixed-point theory to population models: In the particular case
of predator-prey type ordinary differential equations, the study made by
Tsvetkov (1996) provides the existence of periodic solutions to the classical
Lotka-Volterra system with periodic coefficients by means of topological
results. To our knowledge, some well-known Krasnosel’skii type results
have been applied to similar models (see Lv, Lu, and Yan, 2010; Precup,
2007); however, there is a gap in the literature concerning the application
of fixed point results whose hypotheses are given directly in terms of the
underlying mapping to these classical Lotka-Volterra population models,
and we try to contribute to this research task.

In the second part of this document, we study discrete dynamical systems,
particularly those modeling populations subject to protective intervention strate-
gies. For long, the main objective in forestry and fishery was to apply a strategy
that maximizes the yield, but it caused the collapse of several natural resources.
Nowadays, there is a preference for rules that combine high yield with pop-
ulation protection. The supervisor Eduardo Liz and some other authors have
recently carried out a theoretical study on the influence of different strategies
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on the dynamics of discrete time population models (see Liz, 2010b). Here,
we try to obtain similar results for intervention rules that consider a threshold
value or minimum biomass level under which no harvesting is allowed. More
precisely, we work in the following goals:

G3

G4

XXX1i

Dynamical study of one-dimensional piecewise-smooth population models applied
to threshold harvesting: We start by studying the dynamics of different sus-
tainable intervention strategies applied to stricly increasing or unimodal
maps with at most one positive fixed point, such as the classical Beverton-
Holt and Ricker models. It is interesting to study the influence of the
underlying harvesting parameters on the dynamics, for that purpose we
look for regions of global stability, bistability, chaos, or parameter values
where there is a change on the population asymptotic dynamics (bifur-
cations). Once we finish with the qualitative study, we find it significant
to compare the results with those obtained for some related traditional
strategies.

More flexible population models: A similar but more ambitious objective is to
describe the dynamics of the same intervention strategies applied to more
general maps, not necessarily monotone nor unimodal and with 0, 1 or
2 positive fixed points (see, for example, Liz, 2018a). As the model flex-
ibility usually increases the difficulty of the dynamical analysis, we can
start studying the dynamics of these models without harvesting, which
implies a reduction in the number of parameters.



METHODOLOGY

This chapter of the thesis is devoted to describe the methods or approaches
used in the development of the goals G1-G4. In general, the research begins
with a detailed review of some related classical and recent bibliographical refer-
ences in order to acquire some necessary knowledge about relevant results and
techniques in the related field. After that, we start to work on the underlying
problem by following these approaches and, sometimes, we also need to look
for or to develop other statements and methods.

In particular, in relation with the objective G1, we provide a generalization
of the compression-expansion Krasnosel’skii fixed point theorem by using clas-
sical arguments of this theory, following the approach used by Krasnosel’skii
and other authors. For the rest of the goals, unless we use distinct methods,
somehow we follow a similar approach in which we formulate the model and
then we look for the proper results and techniques that can be used for its anal-
ysis. In the following, we provide more details about the methodology that we
use to attain each of the objectives. We use specific results and techniques for
goals G1 and G2. In the case of goals G3 and G4, some methods are applied to
both of them, so we explain the similarities and differences in M3.

M1 For the generalization of the compression-expansion Krasnosel’skii fixed
point theorem to set contractions and star-convex sets, we first observe
that, in the compressive case, the approach carried out by Potter (1974)
for set contractions can be adapted to more general domains determined
by star-convex sets instead of balls. Thus, we start by determining the
properties we have to impose on the star-convex sets in order to reproduce
the proof given by Potter in this more general framework and, then, we
adapt his main results. After that, we observe that the approach due to
Céc and Gatica (1979), in the expansive case, cannot be properly adapted
to our framework. So, we look for other methodologies and we finally
use the idea in (Precup, 2006), that is, a change of variable to reduce the
expansive case to the compressive one. It is worth mentioning that we do
not use topological degree techniques.

M2 In the application of fixed point theory to periodic predator-prey models,
we start by transforming the ordinary differential equation into its equiv-
alent integral formulation, so we obtain an operator T whose fixed points
are the solutions of the predator-prey model. Then, we look for a special
set where we intend to localize a periodic solution, and for a proper fixed
point theorem that could be applied to this type of problems. Finally,
we also use some basic arguments in the analysis of ordinary differential
equations to provide sufficient conditions that ensure the non-constancy
and positiveness of the localized periodic solution.
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In order to realize a detailed study of the long-term dynamics of the one-
dimensional difference equations that we consider in Chapters 5 and 6,
we first determine the number of positive fixed points of the associated
map depending on the parameter values, and we also study its local and
global stability. By using this information, one can classify some of the bi-
furcations in which fixed points are involved. Then, we continue with the
analytical study of other interesting phenomena, such as, the bifurcations
of 2-cycles, the boundary-collision bifurcations, the regions of bistability
or the sudden collapses. Once we conclude with the analytical study, we
use 2-parameter BD to provide a global picture of the long term dynam-
ics, and 1-parameter BD to illustrate the most relevant dynamical features.
This is the general procedure that we follow to attain goals G3 and G4,
however, we use different results and arguments to study the dynamics.
On the one hand, the intervention strategies that we have mentioned in
objective G3 produce a piecewise-smooth map whose long-term behav-
ior presents some features that cannot occur for smooth models. On the
other hand, the map in goal G4 is smooth but more flexible, which in
some sense increases the difficulty of the dynamical study.
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BACKGROUND DEFINITIONS AND RESULTS I

For the sake of completeness, in this chapter we provide some notions and
results on fixed point theory.

We begin introducing the type of problems we will deal with. In general,
given an initial or boundary value problem for differential equations, we are
interested in its integral characterization or, in obtaining a mapping T whose
fixed points are in correspondence with solutions of the initial or boundary
value problem. Once we get the associated mapping, fixed point results con-
stitute a useful tool to prove the existence and to localize the fixed points of
T. Throughout this part of the thesis, this procedure to find solutions of differ-
ential equations is referred to as (classical) operator approach. We illustrate the
process with a simple initial value problem:

x'(t) = f(t,x(t)), t € [0,1];
x(0) =0;

(1)

where f : [0,1] xR — R is bounded and continuous. For some particular
expressions of the map f, there exist techniques that allow to find the solutions
of (1). In general, by using the continuity of f, we can assert that there exists at
least a solution, but it may not be easy to find procedures to solve the problem
explicitly. Thus, it is interesting to get the equivalent problem to which we can
apply some existence and localization fixed point results. For that purpose, let
us consider the non-linear operator T : C([0, 1], R) — €([0, 1], R) given by

t
T(x)(t) :J f(s,x(s))ds, x € C([0,1],R), t € [0, 1]. (2)
0

Each solution of the initial value problem (1) in C([0,1],R) is in correspon-
dence with a fixed point of the operator T given by (2), that is, an element
x € C'([0, 1], R) such that x(t) = T(x)(t) for all t € [0, 1]. The simple expression
of the map T, together with the regularity of f, allows us to use, for instance, the
classical compression-expansion Theorem of Krasnosel’skii (see Krasnosel’skii,
1964, Chapter 4) to localize fixed points of T. However, the above-mentioned
fixed point result cannot be applied directly to the map T in (2) without the
establishment of additional structures and the imposition of certain restrictions
on the mapping f, as we explain below.

We first should equip the set ([0, 1],R) with a norm in order to obtain a Ba-
nach space. For instance, the pair (C([0, 1], R), ||x||) is @ Banach space, where
|IX]|co := max{|x(t)|, t € [0,1]} and |- | denotes the absolute value in RR.

Secondly, the result does not work in the whole space C([0, 1], R), so we have
to consider a particular subset of the Banach space which is called a cone, for
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example, €([0,1],Ry). Thus, if we require that f([0,1] x Ry) C R4, then it is
guaranteed that T maps C([0, 1], R4 ) into itself.

Thirdly, the restriction of T to the cone C([0,1],R;) should be a compact
mapping. This is indeed the case since f is bounded and continuous.

Finally, the compression or expansion conditions should be fulfilled. They
depend on the mapping T and the elements of the cone with ||x|c = r and
|X|loo = R, where v < R are two positive real numbers.

Once we have checked that all the hypotheses are fulfilled, the result provides
the existence of a fixed point x € C([0, 1], R1) with r < ||x||« < R, and, therefore,
a localization for this fixed point is given.

The mentioned classical results due to Krasnosel’skii can be applied to a
huge amount of problems. However, if we relax or replace some of the required
hypotheses, we can improve the localization of fixed points or even apply the
results to a wider range of initial or boundary value problems.

The generalizations of Krasnosel’skii fixed point theorem can be stated by
relaxing different hypotheses: the properties of the domain of T; the compact-
ness of the mapping and the compression-expansion conditions. In Sections
1.1 and 1.2, we state some generalizations for two of these conditions, but for
those regarding the domain of T we refer the reader to Chapter 2.

In Section 1.1, we start describing the concept of compact mapping and recall-
ing the Arzela-Ascoli characterization of relatively compact sets in the Banach
space (C(I,R™), | - |lo), where (I, d) is a compact metric space, that will be use-
ful in applications. Then, we review some concepts that generalize the previous
ones: the measure of noncompactness and «-Lipschitz maps. We also provide
some results that state useful properties of both concepts.

Section 1.2 is devoted to recall some Krasnosel’skii type fixed point theorems
that we use in this part of the monograph. We first review the concept of
cone and the classical Krasnosel’skii compression-expansion result. Then, we
organize the generalizations in two different subsections. In Subsection 1.2.1,
we recall Krasnosel’skii type results for set contractions. These generalizations
allow to localize solutions for implicit first order initial value problems of the
form:

x'(t) = f(t,x(t)) + g(t,x'(t)), t € 10,1];
x(0) =0;

(3)

where f,g: [0,1] x R — R are continuous and g satisfies some Lipschitz type
condition. It is worth mentioning that the non-linear operator T associated to
this problem is not necessarily compact, but it can be a set contraction, see
Chapter 2 for further details. In Subsection 1.2.2, we state three fixed point re-
sults preserving the compactness hypothesis of the mapping T, but considering
different compression-expansion conditions. In Chapter 3, we study their appli-
cability to a class of Lotka-Volterra type equations. The first result is a general-
ization due to Giio and Lakshmikantham (1998), with compression-expansion
conditions of norm type, which localizes the solutions in more general domains
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determined by a cone and two open sets. This generalization works for some
particular Lotka-Volterra models with time-delays, but it cannot be applied
to simpler formulations of these predator-prey systems. The second result is
the vector version given in (Precup, 2007), which was applied to localize posi-
tive periodic solutions of a differential system with linear and non-linear terms.
That system is quite similar to Lotka-Volterra type equations; however, it seems
that the vector version presents some difficulties in its applicability to simple
formulations of these population models, as it happens with the original result
owed by Krasnosel’skii. Besides, the homotopy version of the original Theorem
of Krasnosel’skii, stated at the end of Subsection 1.2.2, works for these type of
predator-prey equations.

1.1 CONDITIONS FOR INTEGRAL MAPPINGS

In this section, we state some basic notions and results related with the regular-
ity of the mapping. These concepts will appear in the hypothesis of our fixed
point results.

We first recall the concepts of (relatively) compact set and compact mapping.
We also provide the Arzela-Ascoli theorem that gives a characterization of rel-
atively compact sets in (C(I, R"),|| - ||«) Where (I, d) is a compact metric space.
This result will help to prove the compactness of mappings in applications, in
particular, we will use Corollary 1.1.4. For further details, see (Precup, 2002,
Chapter 1).

Definition 1.1.1. Let (X,d) be a metric space. We say that X is a compact set
if, for each ¢ > 0, X admits a finite covering by open balls of radius e. More
precisely, for each € > 0, there exist N € N and x; € X,1=1,...,Ng, such that

Ne
X c B, e),
i=1
where B(xi, ¢) ={y € X:d(xq,y) < €}
A subset D of X is relatively compact if its closure D is a compact set (as a metric
subspace of X).

Definition 1.1.2. Let X, Y be metric spacesand D C X. Themap T:D C X — Y

is compact if, for all A C D bounded, T(A) is a compact set.

Theorem 1.1.3 (Arzela-Ascoli). Let (I, d) be a compact metric space and consider the
Banach space (C(I,R™), || - [|s). A set D C C(I,IR"™) is relatively compact if and only
if the following conditions are satisfied:

1. D is bounded, that is, there exists M > 0 such that ||x||c < M for all x € D;

2. D is uniformly equicontinuous, that is, for all € > 0, there exists & > 0 such that
for every x € D,

Ix(t) —x(s)| <e, forall t,s € I, with d(t,s) <.
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By using Theorem 1.1.3, Precup (2002) proved Corollary 1.1, which allows us
to assert:

Corollary 1.1.4. Let 1 be a bounded subset of the Banach space R™ and denote its
closure by 1. The inclusion mapping i : €' (I, R™) — C(I, R™) is compact.

In the following, we state the concepts which allow us to relax the compact-
ness hypothesis assumed in the classical Krasnosel’skii compression-expansion
result. We give their formal definitions and recall some of its principal proper-
ties, that can be found in (Potter, 1974). The first concept presented can be seen
as a tool to determine how much a particular set differs from being (relatively)
compact.

Definition 1.1.5. Let (X, d) be a metric space and A C X be a bounded set. The
Kuratowski measure of noncompactness of A is the nonnegative real number

n
x(A) = inf{s >0:AC UAi' diam(A;) < ¢, Vie {1,...,11}},
i=1

where diam(A;) := sup{d(x,y) : x,y € Aj}, for all i € {1,...,n}, is the diameter
of Ai.

Proposition 1.1.6. Let A,B be subsets of a metric space (X,d). The Kuratowski
measure of noncompactness satisfies the following properties:

1. ACB = «(A) < x(B).
2. x(AUB) =max{x(A), x(B)}.
3. a(A) =« (A).
Moreover, if (X, || - ||) is a Banach space, then:
4. «(A+B) < «(A)+ «(B).
5. a(AA) = [Ax(A), VA € R.
6. a(co(A)) = a(A).
7. A is a compact set if and only if (A) = 0.
In property 6, the term co(A) denotes the convex hull of A, that is,
n n
co(A) := {inxi tneN, Y A=1,x€A Nel01],Vie {1,...,n}} .
i=1 i=1

Now, we can define a concept close to the notion of compact mapping, which

is known as set contraction. We use the notation in (Deimling, 1985, Subsection
2.1):
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Definition 1.1.7. Let X, Y be metric spaces and D C X. Assume that the map-
ping T: D C X — Y is continuous. We say that T is o-Lipschitz if there exists a
constant k > 0 such that

a(T(A)) < kx(A), for all bounded A C D.

When ir is important to mention the constant k, we say that T is a k-o-Lipschitz
mapping, or an «-Lipschitz mapping with constant k. In case that k € [0,1), we
say that T is a set contraction or a k-set contraction.

It is worth mentioning that, by using properties 3 and 7 in Proposition 1.1.6,
we have:

Example 1.1.8. If (X, || - ||) is a Banach space, then the continuous and compact
mappings are in correspondence with 0-set contractions.

Remark 1. If T is an «-Lipschitz mapping, it is implicitly required that T(A) is
bounded when A C D is bounded, since it is a necessary condition to compute
the measure of noncompactness of T(A).

We conclude this section by recalling the following properties of a-Lipschitz
mappings. We use them in Chapter 2 to extend the classical compression-
expansion Theorem of Krasnosel’skii to set contractions and more general do-
mains.

Proposition 1.1.9. Let (X, d;) be metric spaces for i € {1,2,3}, and (X,|| - ||) be a
Banach space. The following properties are satisfied:

1. If Ty : Xy — Xy is a ky-o-Lipschitz map and T, : X; — X3 is a ky-«-Lipschitz
map, then T, o Ty : Xy — X3 is a k1ky--Lipschitz map.

2. If Ty : Xy — Xis a ky-a-Lipschitz mapping, T, : X; — X is a ky-o-Lipschitz
mapping, then Ty + T, : Xy — X'is a (kK1 + K2)-o-Lipschitz mapping.

3. If T: D C X — Xis a k-«-Lipschitz mapping and A : D — Ry is a continuous
function such that sup, . A(x) = 1 < oo, then the mapping

T:DcX—=X T(x)=Ax)T(Kx),xeD,
is kl-a-Lipschitz.

Proposition 1.1.10. Let D, D be closed subsets of a metric space (X, d). Suppose that
T:D — Xis a k-o-Lipschitz mapping and T : D — X is a k-o-Lipschitz mapping
such that Tp g = TleD. Define

T:DUD — X

~ T(x), D;
x— T(x):= A(X) X< .
T(x), xeD;

then T is a k-o-Lipschitz mapping with k = max{k, k).

7
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1.2 KRASNOSEL'SKII TYPE FIXED POINT RESULTS

Here, we provide the Krasnosel’skii type theorems which we will use along this
part of the thesis. We first recall the crucial definition of cone, and provide some
examples which we use to illustrate the compression-expansion hypotheses
or in applications. Before stating the compression-expansion result owed by
Krasnosel’skii, we state some useful notations for specific subsets of the cone
that appear in most of the fixed point results.

Definition 1.2.1. Let (X, || - ||) be a Banach space. A subset C of X is a cone if:

e Cisclosed;
e forall x,y € C, a,b € R, it is satisfied that ax + by € C;
e x € C, —x € Cif and only if x = 0.

Example 1.2.2. Let us consider the Banach space (RZ, || - 11), where

I-11: R* — [0,+00), (x,y) — I, y)ll := V2 +y2.

The set C := {(x,y) € R?* : x,y > 0} is a cone in R?>. We use this cone to
illustrate the restrictions imposed in the statements of the main fixed point
results studied.

Example 1.2.3. Let us consider the Banach space (C([0, 1],IR"), |- |l), Where
the elements in C([0, 1],IR™) are continuous functions on the interval [0, 1] with
values in R™ and

| lloo : €([0, 1], R™) — [0, +00), X > [|X|loo := max max [x;(t)].
i=1,...m t€[0,1]

The set C := {x € C€([0,1],R") : x; > 0, foralli = 1,...,n} is a cone in
C([0, 1],IR™). We use it in the application of fixed point theory to the non-linear
operator associated with the initial value problem (3).

Example 1.2.4. Let us consider w > 0 and the Banach space
Co (]R,IR2> - {(X,y) c (2(]1{,]1{2) x(t) = x(t+w), y(t) = y(t+ w) Yt € ]R}
endowed with the norm

1%, Y) | = Xlloo + lYlloo = max_[x(t)[+ max |y(t)l.
te0,w] ]

telo,w

Given q1, q2 > 0, the set
Ci={(xy) € (R RE) : x(8) > aililoor Y1) > @2l e, Yt € R}

is a cone in C (]R, 1R2>. We use it in the application of fixed point results to
Lotka-Volterra type systems. For the sake of completeness, we show that C
is indeed a cone. Thus, we prove that it fulfills the three conditions given in
Definition 1.2.1:
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e We first show that C is closed. Let {(xn,Un)lnew C C be an arbitrary
sequence that converges to an element (x,y) € Cg <1R, 1R2>, we prove that
(x,y) € C. Since {(xn,yn)} — (x,y) as n — oo, then

xn(t) = x(t), yn(t) = y(t), asn — oo,

for all t € [0, w]. Now, it follows easily that (x,y) € Cy (]R, ]Rz) and, by
taking limits as n — oo in the inequalities
Xn(t) = q1l[Xnlloo, Yn(t) = q2lynllce, forall t € [0, w],

we conclude that (x,y) € C.

* Next, given (x,y), (X,§j) € C and a,b € R, we prove that the linear com-
bination a(x,y)+b(X,§) € C. Itis clear that a(x,y) + b(X,§) € Cy <IR, ]Rz);
so it remains to show that this element satisfies the corresponding inequal-
ities. For each t € [0, w], we have

ax(t) + bx(t) = aqi|[x/[ec + bq1][X[[ec = q1[lax + bX||eo;
ay(t) +by(t) > aqz[ylle +bq2(|[Tlle = g2llay + bf||eo.
e Finally, if (x,y), (—x, —y) € C, we prove that (x,y) = (0,0). We show that

x = 0 and the proof of y = 0 is analogous. Since x(t) > q1]/x|lcc = 0 and
—x(t) = q1]| — x|/ = 0, then we conclude that x is the null function.

Notation 1. Let (X, || - ||) be a Banach space and C C X be a cone. For r,R € R,
with 0 < r < R, let

e C,r={xeC:r<|x| <R}
e B,={xeC:|x| <}
* S;={xeC:|[x]=1h

We are now in a position to state the result due to Krasnosel’skii. We pro-
vide the version which appears in (Krasnosel’skii, 1964, Chapter 4), where the
compression-expansion conditions are more general than those previously re-
quired in (Krasnosel’skii, 1960).

Theorem 1.2.5. Let (X, || - ||) be a Banach space, C a cone in Xand T : C — Ca
continuous and compact map such that T(0) = 0. If there exist 0 < r < R satisfying
x—T(x)¢C, VxeS§;
T(x)—(1+e)x€C, Ve>0 andx € Sg; )
or
Tx)—(1+e)x ¢ C,Ve>0 and x € Sy
x—T(x) ¢ C,Vx e Sg;

then T has a nontrivial fixed point in C, .

(5)

We recall that the conditions in (4) are those of the compressive case, while the
conditions in (5) correspond to the expansive case.
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1.2.1  Generalizations to set contractions

This subsection includes the generalizations of Theorem 1.2.5 to set contrac-
tions obtained in (Potter, 1974) (compressive case) and (Cac and Gatica, 1979)
(expansive case). In Chapter 2, we provide some extensions of their results to
more general sets. For the compressive case, we follow the ideas of Potter, so
we state here some useful results he used in the proof. One tool is an extension
of the Theorem of Schauder to set contractions (see Darbo, 1955), and the other
is a lemma used by Potter (1974) to extend the domain of the set contractions
preserving this property of the mapping.

Theorem 1.2.6 (Darbo). Let (X, | - ||) be a Banach space and B C X a closed, convex
and bounded set. Assume that T : B — B is a set contraction, then there exists x € B
a fixed point of T.

Lemma 1.2.1. Assume that T : S, — C is an «-Lipschitz mapping with constant k.
Let us consider

@T (ﬁx) , x#0;
0, x=0;

T:By —C, x— T(x):=

then T is a k-o-Lipschitz mapping, with k > k, k as near k as we please.

Theorem 1.2.7 (Potter). Let (X, || - ||) be a Banach space, C a cone in X and 0 < <R
real numbers. Suppose that T : C,rx — C is a set contraction and Condition (4) is
satisfied, then T has at least one fixed point in C, g C C.

Finally, we recall the expansive case result, where we can observe that the
expansion conditions are more restrictive that those in Theorem 1.2.5. Thus, in
Chapter 2, we use a different approach to prove the result under the expansion
conditions (5), in this context and for more general sets.

Theorem 1.2.8 (Cac-Gatica). Let (X,||-||) be a Banach space, C a cone in X and
0 < r < R real numbers. Assume that T : C — C is a set contraction, T(0) = 0 and

Tx)—(14+e)x ¢ C,Ve>0 andx € By, x #0;
x—T(x) ¢ C, Vx & Bg;

then T has at least one nonzero fixed point in C.

1.2.2  Norm type, vector and homotopy versions

In this subsection, we recall three Krasnosel’skii type fixed point results that
differ from the original version given in Theorem 1.2.5 in the compression-
expansion conditions. We use them in Chapter 3, where we localize a periodic
solution of some particular Lotka-Volterra population models. Since the asso-
ciated integral mapping will have two components, in this subsection, we use
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the notation N(uj,uz) = N(u) = (Ny(u), Nz(u)), and in Chapter 3 we iden-
tify u = (u,up) with the classical notation (x,y), where x refers to the prey
population and y to that of predators.

We begin providing the norm type version, which also localizes the fixed
points in more general domains.

Theorem 1.2.9. Let (X, || - ||) be a Banach space, C a cone in X and Q;, Q; open and
bounded sets with 0 € Q7 C Q7 C Qy. Assume that N : CN(Q\Qq7) — Cisa
continuous and compact mapping such that one of the following conditions holds:

(NO) [N < [full, if we CNaQ; N[ = [[u], fue CNaQy,
(NB) IN(W)|| = |Jul], ifue CNoQy; [N < |ul, ifue CNoQy;
then N has a fixed point in C N (Q2\Q1).
Now, we provide the vector version stated in (Precup, 2007, Theorem 2.1).

Theorem 1.2.10. Let (X, || - ||) be a Banach space, Cy, C; cones in X and 0 < r1 < Ry,
0 < 1 < Ry real numbers. Assume that N : (Ci)r g, X (C2)izr2 — C1 x G
is a continuous and compact map. If one of the following conditions is satisfied in
(C1)r Ry X (C2)ror2 foreachi=1,2:

(V1) wi —Ni(u) ¢ Cy, if [wi| = Ni(u) —w; € Gy, if ||wif| = Ry,
(V2) Ni(u) —u; ¢ Gy, if |Jugl = vy wg — Ni(u) € Gy, if [[wi]| =Ry,
then N has a fixed point u = (uy,up) in (Cq)r, R, X (C2)r2R2-

We observe that it improves the classical Theorem of Krasnosel’skii, letting
the mapping N to satisfy different compression or expansion conditions in each
component and variable, for example, one component could satisfy a compres-
sion type condition while the other fulfills the expansive one. Moreover, it
localizes the solutions by components, so it could provide a better localization.

We conclude this section recalling the homotopy version provided in (O’'Regan
and Precup, 2001, Theorem 10.8) with expansive type conditions.

Theorem 1.2.11. Let (X, || - ||) be a Banach space, C C X a cone, 0 < r < R and
N : Bg — C a continuous and compact mapping. Assume that:

(H,En) N(u) # Au, for every w € C, ||u|| =randall A > 1;

(H,E2) there exists v € C\ {0} such that u— N(u) # Av, for every u € C, |[u| =R
and all A > 0;

then, N has a fixed point win C, .






KRASNOSEL’SKII TYPE COMPRESSION-EXPANSION
FIXED POINT THEOREM FOR SET CONTRACTIONS AND
STAR CONVEX SETS

The contents of this chapter are comprised in the research articles (Lois-Prados
and Rodriguez-Loépez, 2020)" and (Lois-Prados, Precup, and Rodriguez-Lépez,
2020)?. In both manuscripts, we deal with generalizations of Krasnosel’skii type
compression-expansion results to set contractions and domains determined by
a cone and two star convex sets; and we show the applicability of the results to
initial or boundary value problems. We organize the contents of the chapter as
follows.

We begin with the Introduction section, where we give a contextualization of
our study in the framework of fixed point theory. In particular, we review some
generalizations of the classical Theorem of Krasnosel’skii and we explain how
we contribute to them. We also justify the use of a direct approach by means of
classical fixed point arguments rather than topological degree techniques.

The theoretical results we have developed are contained in Sections 2.2-2.4.
In Section 2.2 we describe the type of star convex sets we use to localize the
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fixed points and we also derive some useful properties. Then, we are in a
position to prove the main fixed point results in Section 2.3. Finally, in Section
2.4, we show that we can use functionals to describe the underlying star convex
sets, and these functionals are more general than a norm.

In Section 2.5, we show the applicability of the compression type result to
an initial value problem for a system of first order differential equations. The
associated integral type mapping is noncompact but a set contraction; and the
outer boundary of the localization domain is defined by several functionals
more general than a norm.

We conclude with the Discussion section, where we summarize our main
achievements and compare our research work with other related studies in the
framework of fixed point theory.

2.1 INTRODUCTION

In this section, we introduce the research work developed within this chapter
in the framework of fixed point theory. We present the contents divided in
blocks.

Applicability of Krasnosel'skii type fixed point results

Krasnosel’skii type compression-expansion fixed point theorems are a powerful
tool to prove the existence of positive solutions to several classes of problems
and also to obtain multiple solutions. Erbe and Wang (1994), Torres (2003), and
Zima (2004) have applied a generalization of Theorem 1.2.5 written in terms
of the norm to different second order boundary value problems. For instance,
Torres (2003) considers a second order equation with periodic boundary condi-
tions and a Caratheodory non-linear term. He also shows several applications,
such as one to equations with jumping nonlinearities. O’Regan and Precup
(2005) have applied to Hammerstein integral equations a generalization of The-
orem 1.2.5 with compression-expansion conditions given in terms of two norms.
Other authors have applied this type of results to first order differential systems.
In (Wang, 2011), it is proved the existence and multiplicity of w-periodic solu-
tions for a non-autonomous singular system; while Bolojan and Precup (2014)
have studied an implicit system with nonlocal conditions.

Generalizations of the Krasnosel’skii compression-expansion fixed point theorem

We already mentioned, in the introductory paragraphs of Chapter 1, that the
classical Krasnosel’skii compression-expansion fixed point theorem can be gen-
eralized by relaxing different hypothesis. In Subsection 1.2.1, we recall some ex-
tensions of the Theorem of Krasnosel’skii working for more general mappings,
more precisely, for set contractions. In Subsection 1.2.2, we consider the norm
type, vector and homotopy versions in which the compression-expansion condi-
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tions differ from the original ones. Moreover, one of these extensions considers
more general domains. This is the result due to Giio and Lakshmikantham
(1998) which localizes the fixed point in the more general region C N (Q; \ Q1),
where C is a cone in a Banach space (X, || - ||) and Q;, Q, are bounded open sets.
Another generalization in this direction can be found in (Precup, 2006), where
the fixed point is located in the region {x € C : r < ||x|[1, ||x]2 < R}, which
is determined by the cone and two norms. These two generalizations work
for continuous and compact mappings, but change the compression-expansion
conditions and consider more general domains. This is also the case of Theo-
rem 4.1 in (Anderson, Avery, and Henderson, 2010), which considers continu-
ous concave/convex functionals that are involved in the Legget-Williams type
conditions and the localization domains. In the work by Kwong (2008), we find
several extensions of Theorem 1.2.5.

In this chapter, we deal with a generalization that preserves the compression-
expansion type conditions of the Krasnosel’skii original result, but works for
set contractions and more general domains, which are determined by a cone
and two star convex sets. The motivation for working with star convex sets
comes from the necessity to distinguish between two solutions in case that they
have the same norm, see Figure 1. It is worth mentioning that the results owed
by Precup (2006) could also overcome this problem. However, our results work
for more general mappings and we claim that the star convex sets can provide a
better localization than the sets determined by two norms. Moreover, in Section
2.4, the statements of Corollary 2.4.4 is given in terms of two norms and it is
similar to Theorem 3 in (Precup, 2006), with the difference that our result works
for more general mappings, but the other does not require the completeness of
the space.

Direct approach vs degree theory

Krasnosel’skii proved his theorem directly, using only classical arguments of
fixed point theory, particularly Schauder’s fixed point theorem (Krasnosel’skii,
1960, 1964). However, it is well-known that this result can also be deduced
as a consequence of the topological degree theory (see Granas and Dugundji,
2013). Moreover, many of the generalizations of the classical results due to
Krasnosel’skii have been proved using topological degree theory, such as those
in (Anderson, Avery, and Henderson, 2010; Giio and Lakshmikantham, 1998).
Nevertheless, from a theoretical perspective, a direct approach without using
degree arguments could be useful when trying to extend the results from com-
pact mappings to more general ones. Such a possibility is shown in (O’'Regan
and Precup, 2001, Chapter 10), where some compression-expansion results are
established for a family of mappings for which the topological degree has not
been developed. Also, for applications, it seems more convenient to use the
Theorem of Krasnosel’skii rather than the degree theory, because the fixed
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Cnky

Sy

Figure 1: Illustration of the regions where the Krasnosel’skii compression-expansion
fixed point theorem (A) and our main results (B) locate the fixed points. The
cone C = {(x,y) € R? : x,y > 0} is represented in gray color; the black
dots are the fixed points and the black arc represents the points with the
same norm as the fixed points. The magenta and blue curves are the sets
where the compression or expansion conditions are satisfied. The regions in
between these curves correspond to those where the results localize the fixed
points. In (A) both fixed points are inside this region, while in (B) the region
isolates one of them.

point result offers directly the compression-expansion conditions that have to
be fulfilled.

The direct approach owed by Krasnosel’skii was also followed by Potter
(1974) and Céc and Gatica (1979), who respectively extended the compression
and expansion result from continuous and compact mappings to set contrac-
tions (see Theorems 1.2.7, 1.2.8). Notice that both Krasnosel’skii and Potter
obtained a solution localized in conical annular sets determined by the norm,
but the result obtained by Cac and Gatica provides a less refined localization,
since they can only assert that there exists a positive fixed point in the cone.

Our main results can be seen as generalizations of the results due to Potter
(1974) and Céc and Gatica (1979) to more general domains; and our proofs also
follow a direct approach without using topological degree techniques.

Overview of the research development

Our study is focused on the generalization of the compression-expansion re-
sults for set contractions to conical domains determined by two star convex
sets. In this regard, we first require some additional conditions to these non
necessarily convex sets. An essential property is the following one: each ray
traveling from zero and passing through any other point in the star convex
set meets a unique element in its boundary. We notice that, for the theoreti-
cal arguments, we use an equivalent condition given in terms of a continuous
functional. Once we have determined the framework where we will develop
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our research, to prove the compression result we adapt Potter’s ideas to star
convex sets. Nevertheless, for the expansive case we do not follow the proof
given by Cac and Gatica, but we use the idea of reducing the expansive case
to the compressive one, as shown in (Precup, 2006) for compact mappings. In
this way, we improve the localization of fixed points provided by the existing
theorem for balls and state a new result for star convex sets. The possibility
to use star convex sets instead of balls allows to determine the conical domain
by functionals more general than a norm. The use of such functionals seems
to be very useful for applications, so we derive some sufficient conditions that
they shall satisfy. Finally, it is important to show the applicability of the new
results. For that purpose, we consider an initial value problem for a system of
first order implicit differential equations, we apply the compression result to
the associated noncompact integral mapping, and we use functionals to define
a star convex set.

2.2 GENERAL FRAMEWORK

We have already mentioned that our results improve the localization of fixed
points in Theorem 1.2.5 by using star convex sets. Thus, we begin this section by
recalling this concept and by stating some additional conditions we will require
to the sets considered. We provide two characterizations of the underlying star
convex sets, one easier for visualization and the other more useful for the theo-
retical aspects. Then we prove the equivalence between these characterizations
and we deduce some helpful properties of these sets.

We notice that most of the section contents were developed for the Master
degree dissertation of Cristina Lois Prados. However, it was during the PhD
period when the equivalence between the characterizations in Condition 1 was
completed with Proposition 2.2.2.

Definition 2.2.1. Let (X, || - ||) be a Banach space, E C X and x¢ € E. We say that
E is an xgy-star convex set if

Ao+ (1T—A)x € E, forallA € [0,1]and x € E.
In case that xo = 0, E is simply called a star convex set.

Condition 1. In the following, we consider a Banach space (X, || - ||), C a cone
in X and E C X a star convex set (which trivially satisfy EN C # ). In addition,
the star convex set shall fulfill:

1. E is bounded and closed;
2. If Fis the boundary of E in X, then 0 ¢ F;
and one of the following equivalent hypotheses:

3. for every x € E\{0}, there exists a unique 3x > 0 with 3xx € F;
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4. there exists a continuous mapping 9 : E\{0} — F, x — 9(x), such that

0(x) =0(Ax), VxeE VAe(0,1];
0(x) =x, Vx e F.

The following result proves that hypothesis 3 in Condition 1 implies state-
ment 4, but in the general context of an xy-star convex set.

Proposition 2.2.2. Let (X, || - ||) be a Banach space, xo € X and E C X be a bounded
closed xo-star convex set such that its boundary F does not contain xo, and

for all x € E\{xo}, there is a unique Ax > 0 with Axyx + (1 —Ay)xo € F. (6)
Then there exists a continuous mapping 0 : E\ {xo} — F such that

0(x) = 0(Ax+ (1 —A)xo), forall x € E\{xo}, A € (0,1];

d(x) =x, forall x € F. (7)

Proof. As xo € E\F, there exists v > 0 such that B := B(xp,y) C E\F. Let S be
the boundary of B, i.e., S :={x € X: |[x —x¢|| = v}. We define the mapping 9
as the composition n o1y, where 1y is the radial projection

Y

=7 (x—%oJ,
[[x —xoll

Mo:EN{xo} =S, mo(x)

and
N:S—F m(x)=Ax+(1—=2A)xo.

From (6), the mapping 1 is well-defined. Also, it is easy to see that condition
(7) is satisfied. Clearly, 1p is continuous, so it remains to prove the continuity
of n. To this aim, it suffices to prove the continuity of the function

A:S— RY, A(x) = Ay

For that purpose, let {yn}, cp be any sequence in S converging to some y € S.
Since E is bounded and A(S) C [0, +00), then there exists m € R* such that
A(S) C [0, m]. Therefore, the sequence {A(yn)lnen is included in the compact
interval [0, m], so any of its limit points is finite. Let |l be any limit point of

{Myn)Inen- From

N(Yn) = AMyn)yn + (1 =Alyn))xo € F,
we find that

ly+(1—1)xp € F.

This, in view of (6), gives 1 = A(y). Hence A (yn) — A (y) as n — +o0. Therefore,
A is continuous as wished. O
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The next result proves the remaining implication.

Proposition 2.2.3. Let C be a cone a Banach space (X, || - ||) and E be a star convex
set satisfying Condition 1 with hypothesis 4. Then, E also satisfies hypothesis 3, that
is, for all x € E\{0}, there exists a unique real number 35 > O such that Bxx € F. In
particular, if x € C N (E\{0}), then Bxx € CNF.

Proof. The existence of such a number is clear since C is a cone and E is closed,
bounded, with non-empty interior, and a star convex set. Suppose that there
exist Bl, B2 € R* such that B} # B2 and Blx, pZx € F. Without loss of

1
generality, we assume that 32 > B}, then 0 < % < 1 and, therefore,

1
o(Bxx) =0 (%ﬁix) = 0(pxx) = Bxx € F. 8)

X
Moreover, since B]x € F, we have d(Blx) = plx € F. By using (8), we obtain
Blx = B2x. Taking the norm, we get B)||x|| = B2|x|, and, since x # 0, we

conclude that B] = [3%, i.e., the element (3« in the statement is unique.
Besides, if x € C and 3x > O, then it is clear that Bxx € C by using the
definition of cone. O

Apart from the continuous map 9 given by hypothesis 4 in Condition 1, the
map defined by the scalar number referred to in the equivalent hypothesis 3
also plays an important role in the theoretical development. Thus, it is interest-
ing to deduce some of its properties.

Proposition 2.2.4. Let C be a cone and E be a star convex set satisfying Condition 1.
Then the mapping

B:CN(E\{0})) — [1,4+00)

X — B(x) == By

where By is the unique positive real number such that Bxx € FN C, is continuous and
B(x) = 4ooasx — 0.

Proof. First of all, we prove that the image of 3 is a subset of [1,+00). Let
x € CN (E\{0}), then it is satisfied that Bxx = 9(x) € CNF. Thus, by using that
E is a star convex set satisfying Condition 1, we get

[0(x)]

By = > 1.
X

The continuity of 3 follows easily since it can be expressed as a composition
of continuous functions:

B:CN(E\{0}) — [1,+00)

~d(0,0(x))  (dpod)(x)
x— Bl = ao,x) —  do(x) ’
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where 0 is continuous by hypothesis and dy(x) := d(0,x) = ||x||, x € X, is
continuous because of the distance properties.

Finally, it remains to prove that 3(x) tends to infinity as x goes to 0. Thus,
for all M € R™, we look for 6 € R" such that

B(x) > M, forall x € CN (E\{0}) with |[x|] < b.

If M € (0,1), then B(x) > M is trivially satisfied for all x € C N (E\{0}), since
B € [1,+o00).
If M > 1, we take 0 < 6 := d(0,F)/M < 400, with d(0,F) :=inf{d(0,y) : y € F}.
Let x € C N (E\{0}) with [|x]| < 6, then we prove that 3(x) > M:

d(0,0(x)) _ d(0,F) d(0,F) _d(0,F)

B =300 Z a0 W~ s W

]

We conclude this section by showing another useful property of both map-
pings 0 and (3, the fact that they can be continuously extended to C\{0}.

Remark 2. Let C be a cone and E be a star convex set satisfying Condition 1.
As E is closed, a star convex set and 0 € E, then the restriction of the mapping
0 to CN (E\{0}) can be continuously extended to C\{0} as follows

¢ :C\[0} — F
o {a(x), x € E\{0};

d (d(O’F)x), x € C\(CNE).

lIxll

Figure 2 illustrates the behavior of 3¢ in a particular case.
By using 9€, we can also continuously extend 3 to C\{0} as:

d(0,3%(x))

Cly) —
B-(x) = 400,x)

, for all x € C\{0}.

2.3 MAIN RESULTS

In this section, we extend the Krasnoselskii compression-expansion fixed point
theorem to set contractions and star convex sets. For that purpose, the first
step will be to reformulate the compression-expansion conditions in (4)-(5) to
star convex sets satisfying Condition 1. After that, we are in a position to
prove the more general results. Since we use different approaches to prove the
compressive and expansive cases, we devote one subsection to each one.

Let us consider C a cone and E;, i = 1, 2, star convex sets satisfying Condition
1. We establish the following notations for i = 1,2:

e E; and F; are the interior and the boundary of E;, respectively.



2.3 MAIN RESULTS

pd

CNF

Figure 2: Illustration of mappings 0 and o€ for the cone C = {(x,y) € R? : x,y > 0}.
The blue curve represents the intersection of the cone with the boundary of
the star convex set. The black segment lines are rays traveling from (0,0) to
the points (xi,yi) € C\{0}, fori=1,2.

* 0;: E;{\ {0} — F; is the continuous mapping given in Condition 1 and ag?
the continuous extension to C \ {0} provided in Remark 2.

* B3;: CN(E;\{0}) — [1, +00) is the continuous map defined in Proposition
2.2.4 and B¢ is the corresponding continuous extension to C\ {0} provided
in Remark 2.

Next, we assume that E; C E;, F; NF, = (), and consider a mapping
T:CN (EZ\E) 5 C.

We say that T is a compression of the set C N (Ez \ E°1) (see Figure 3 (A)) if:
(C1) x—T(x) ¢ C,forall x e CNFy;

(C2) T(x)—(T+e)x ¢ C,foralle >0and x € CNFy.

We say that T is an expansion of the set CN (Ez \ E°1) (see Figure 3 (B)) if:
(E1) T(x)—(1+e)x € C,foralle >0and x € CNFy;

(E2) x—T(x) ¢ C, forallx € CNF,.

Before going through the details of the proof of the generalized results, we
provide some arguments to justify that, unless there exists a bounded homeo-
mophism h that transforms a star convex set E; (i = 1, 2) satisfying Condition 1
in a bounded closed ball B;, we cannot adapt Theorems 1.2.7 and 1.2.8 to these
star convex sets by simply using the classical idea of composing the mapping
T with the mentioned homeomorphic transformation. The main reasons are:

* T is a k-set contraction: while if we first apply a continuous and compact
mapping (0-set contraction) and then a continuous and bounded map,
the composition inherits the compactness property, if k € (0, 1), then the
corresponding condition is not generally preserved.
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e The domain of T is C N (E;\E;): the homeomorphic transformations de-
pend on the star convex sets E; (i = 1,2), then we cannot ensure the
existence of a homeomorphism transforming C N (E;\E;) in CN (B,\By).

e The range of T is C: in order to use the idea of composing with h and h™,
we would have to require that T maps the domain C N (E;\E;) into itself.

* The compression-expansion conditions: even if the previous requirements
are fulfilled, conditions (C1)-(C2) or (E1)-(E2) will not be generally inher-
ited by the composition ho Toh™'.

Cnk Cnk

Figure 3: Behavior of the mapping in the inner and outer boundaries for a
compression (A) and an expansion (B) of the set CN (EZ\EO1 ), where
C={xy) e R? : x,y = 0} and E;, E; are star convex sets. The magenta
and blue curves, are referred as inner and outer boundaries and, represent
the intersection of the cone C with the boundary of E; and E,, respectively.
The arrows illustrate the compression-expansion conditions satisfied by the
points lying in the boundaries.

2.3.1  Compressive case

In this section, we give an extension of the Potter compression result to the
more general domains of the type C N (E;\Ej). For that purpose, we adapt the
proof of Lemma 1.2.1 and Theorem 1.2.7 to this more general framework.

It is worth mentioning that most of this research was developed during the
Master degree studies of Cristina Lois Prados, but with some restrictive as-
sumptions over the constant k. The extension of the results to any constant
k € [0,1) corresponds to the PhD period. This improvement was achieved by
changing the definition of the sets A}, in the proof of Lemma 2.3.1. The proof
of Theorem 2.3.1 remained the same, but we included it in this document for
the sake of completeness.



2.3 MAIN RESULTS

Lemma 2.3.1. Assume that (X, || - ||) is a Banach space, C a cone in X and E a set
satisfying Condition 1. Let T : CNF — C be «-Lipschitz with constant k and
consider the mapping

T:CNE—C

) Tix) o | B T(BONX), X #0;
0, x =0.

Then T is o-Lipschitz with constant k for every k > k as close to k as we wish.

Proof. We first show that T is continuous by distinguishing the cases x¢ # 0 and
xo = 0. Then we prove the existence of k as close to k as we wish such that

« (T(A)) < ka(A), forallA C CNE (9)
and we also consider two cases: «(A) =0 and «x(A) # 0.
Continuity of T

Let xo € CN(E\{0}) and € > 0 be arbitrarily fixed. As xy # 0, then d(0, %) > 0,
therefore we can choose 6 € R with 0 < & < d(0,xp). As a consequence,

“B(x0,8) N (CNE) — C

B (x,8)

W T|B(x0,6) Xl =
is continuous, because T,  and % are continuous too.

Now, let xo = 0. Since X is a Banach space, in particular a metric space,
we can characterize the continuity property of T at 0 working with convergent
sequences. Assume that {xn}neny € CNE converges to 0. We can consider that
xn # 0 for alln € N, so

1 1
B(xn) B Bxn
For all n € N, Bx,xn € CNF. Besides, as CNF is bounded and T is a k-set
contraction, then T(C N F) is necessarily a bounded set in order to consider

its measure of non compactness. Therefore, there exists K € R* such that
sup{T(Bx,xn) : N € N} <K, so

IT(xn) | =

T(B(xn)xn)

[T(Bxnxn |-

1
IT(xn) || < B—K, foralln € N.

Xn

By Proposition 2.2.4, we can assert that {B] } N converges to 0, and conse-

o o ne o
quently {||T(xn)|Inen also converges to 0. As T(0) = 0, the continuity of T at
xp = 0 is proved.

Existence of k.

Let us consider an arbitrary set A C CNE. If x(A) = 0, the proof follows
easily. Indeed, the set A is a compact set and T is continuous, so T (A) is also
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a compact set. Using that the measure of non compactness of a compact set is
null and T(A) C T (A), we have

«(T(A)) < (T (A)) =0=ka(A), Vk € R, k > 0.

Now, let A C CNE be such that (A) # 0 and k > 0 (if this is not true, we
can consider k > 0 as close to k as we wish). As k, &(A) > 0, there exists d > 0
such that k a(A)/2 > d > 0. We fix d satisfying these conditions.

To accomplish the aim of proving that (9) is satisfied, we proceed as follows.

Step 1: Cover any set A by a finite number of subsets with the property that the
restriction of T to each of them is a-Lipschitz for some suitable constant.

To this aim, we start by using the continuity of T that ensures the existence
of 84 > 0 such that

T((CNE)NB(0,084)) C B(O,d).

Then, we have

T(ANB(0,84)) C B(O,d). (10)

On the other hand, for each natural number n > 1, take ¢, = 4/n and, for all
natural number m > 1, define

Ani={x €A B(x)el+(m—1)en, T+ menl}

For any natural number n > 1, there exists N, € IN, N, > 1, such that, if
B(x) > 14+ Npen, then x € ANB(0,84). Therefore,

Nn
A C (ANB(0,84)) U (U A&). (11)

m=1

Step 2: Fix n € IN, n > 1, arbitrarily and, for each m € {1,..., Ny}, we show
that :ﬂ An is a-Lipschitz with constant k (1 +men)/(T+ (m —1)en).
For each m € {1,..., Ny}, we have 0 ¢ A}, so Tjan is given by

T|A1;1 X)) =+

Let m € {1,..., Ny} and define the following auxiliary mappings:

1 1 1
AL — C, x — (x) :=

Biag, Blan B(x)’

St AL — C, x+— Sp(x) == B(x)x.

Since {3 is continuous and its image is a subset of [1, c0), we deduce that 1/B|an
is a continuous function. Besides, for all x € A}, it is satisfied that

] ]
B S T men T+ (m—T)en |’

Bx)ell+(Mm—1)en, 14+me,] &
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hence

1 . 1
S“p{W:XGA} TF(m—T)en

As T is a k-set contraction, in view of statement 3 in Proposition 1.1.9, it
remains to prove that S}, is «-Lipschitz with constant (1+ mey). Let B C AJ,,
then B is bounded and, using the definition of A}, we have

M (B) = {B(x)x L x € B}
{1+ (m=T)en) + (1 =A) (1 +men)lx : A€ 0,1], x € B
=co({[1+ (m—DenlB} U {1 +menB}).
Now, by using the properties of the measure of noncompactness, we obtain
(S (B)) < max {et([1+ (m— 1)enB), ({1 + menlB) | = (1+men)a(B).

Also, as 3 is continuous, then S}, is continuous. Therefore, S}, is a-Lipschitz
with constant (1 + mey).

As a consequence, by using properties 1,3 of x-Lipschitz mappings in Propo-
sition 1.1.9, we can assert that T| AN is an «-Lipschitz mapping with constant
k(T4 men)/(14+ (m—1)eq).

Step 3: Taking into account the two previous steps, we can conclude that T is
o-Lipschitz with constant k as close to k as we wish.

It follows from (10), (11) and the properties of the measure of noncompact-
ness, that:

a (T(A)) < (T(AﬂB (0,84)) U T(AL) )

— o (T(ANB(0,54)) uT(A?) UT(AR,))
= max {« (T(ANB(0,84))), (T(A?)) , X
< max {«(B(0,d)), « (T(A})), ..., (T(Aﬁn)

(TAR)) }
)}

14+ ¢en T+ Nnpen
< 2d, — g (AM), ..., Ko (AT
ma {d 1 AT N = 1)en Nn)}
< max {2d, 1550 (A) THNnen (A
S T S T (N — Den

< (T +en)ka(A),

where the last inequality holds since 2d < k(A ) and

<T+eq forall me{l,..., Ny}

Since &, — 0 as n — oo, if n is large enough, the number k:=(1+en)k can be
as close to k as we wish. O
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Theorem 2.3.1. Let (X, | - ||) be a Banach space, C be a cone in X, and £y, E; be sets
fulfilling Condition 1. Assume that T : CN (EZ\EO1) — C is a k-set contraction and a
compression of the set C N (E;\Ey). Then T has at least one fixed point in C N (E2\Ey).

Proof. We will use Theorem 1.2.6 to prove the existence of a fixed point for T.
But this result cannot be directly applied to this mapping, so we first extend T
from CN (EZ\EO1) to C in a proper way. Next, we look for a bounded, closed
and convex set B that is mapped into itself by the new mapping T. Then, we
shall prove that Tg is a k-set contraction. Finally, we have to show that the

fixed point X € B belongs to the conical domain C N (E\Ej).
Extension of the mapping T to the cone C

We define the mapping T that is the extension of T: C N (E2\E;) — C to the
cone C. To that purpose, we should take into account that, since 0 € E\Fj, then
d(0,Fy) > 0. Hence, it is possible to choose & € R such that 0 < & < d(0, Fy).
We fix arbitrarily some § € R satisfying such condition and we define the set

E? ={x ek :d(x,F) > 05}

Now, we consider T defined by (see Figure 4)

;

sh, X[ = 0;

5 T(B1(c)x) + 8h, x € CN (E\0));
X — T(x) = 61](X)T(B] (x)x) +d(x,F1)h, x€CnN <E1\Eo?> ;

T(x), x € CN(E\E);

T (0S(x)), x € C\ (CNEy);

where h € C and
1
IRl > & [sup{d(0,x) : x € CAE}+sup{l[T(B1(x)x)] : x € CAELY.

We show that there exists such an h. Indeed:
¢ Since CNEy is a bounded set, there exists sup{d(0,x) : x € CNE;} < +o0.

e Foreach x € CNEy, B1(x)x € CNF; and, as T is a k-set contraction, then
the image of the bounded set C N Fy is also bounded, hence there exists

sup{||T(B1(x)x)|| : x € CNE;} < +o0.

Hence, as C is a cone in X, it is possible to choose such an h.
It is worth mentioning that T is well defined, since the different expres-
sions of T coincide at the respective intersections between the sets C N (E?\{O}),

CnN (E]\Eo?>, Cn (Ez\E)]) and C\ (C N Eoz)
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Figure 4: Illustration of the sets used in the extension of the mapping T from the conical
domain C N (E2\E;) to the cone C = {(x,y) € R? : x,y > 0}. The region
with black dashed lines represents the set C N (E2\E;) where T = T. The
rest of the regions are divided as follows: the origin is the light blue point,

the set CN (E%S \ {0}) is represented in purple, C N (E; \E‘?) in magenta and
C\ (CNE,) in dark blue.

Application of Theorem 1.2.6 to Tjg

We look for a bounded, closed and convex set B such that the restriction of T
to this set is a k-set contraction. To accomplish this aim, we proceed as follows.

Step 1: We define the set B that will be mapped into itself by T.

We first prove that there exists Ry € R, Ry = sup {HT(X) H :xeCn Ez}. We
distinguish four cases, since the definition of T depends on the subset of CNE;
under consideration:

e If x =0, then | T(x)| = &||h/.

* If x € C (ENNO)), then [[T()|| = |51 T(B10x)x) +8h|. Taking into
account that 31(x) € [1,+o00) implies m € (0,1], and using the tri-

angular inequality, we obtain ||T(x)|| < [|T(B1(x)x)|| + 8||h|l. As the set
Cnk cCn (EZ\EO1) isbounded and T: CN (EZ\EO1) — Cis a k-set con-
traction, then T(C N F;) is also bounded, therefore there exists M; € R™
such that ||T(x)|| < M; for all x € CNFy. Besides, for all x € CnN (E?\{O}),
we have 1(x)x € CNFy, so we conclude

IT(x)|| < My +8[[R], ¥x € Cn (EO)).
» Ifx € C (E\E}), then

[T < My +8IR],

where we use the existence of M proved before.
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e If x € CN(E,\E}), as it is a bounded set and T is a k-set contraction, there
exists M, € R" such that HT(X)H = ||T(x)|| < My, for all x € C N (E;\Ey).

Therefore, we conclude that there exists Ry € R™ with the above property.

In addition, there exists R; € R™ such that R, = sup{d(0,x) : x € CNEy},
since C N E; is a bounded set.

Thus, we consider R = max{R;,R;} € RT and B=Bgr ={x € C : d(0,x) < R}.
We have chosen R € R such that T (Bg) C Bg. Besides, the set By is bounded,
closed and convex, because it is the intersection of the closed and convex set C
with the bounded, closed and convex set B(0,R) ={x € X : d(0,x) < R

Step 2: We prove that Tjg, is a k-set contraction.
We first show that T is continuous. It is clearly continuous on C\{0} and the
continuity at x = 0 follows from similar arguments to those in Lemma 2.3.1.
Then, we shall prove that there exists k < 1 such that

«(T(A)) < ka(A), for all A C Bg.
In order to prove it, we define some helpful auxiliary mappings:
Ty : BRNEy — Bg is given by
Sh, x=0;
Ti(x) = § 5 =T(B1(x)x) + &h, x € Br 0 (EP\{0}) ;

B1(x)
g 1 (B10)X) +d(x Fi)h,  x € BrN (EAE?) .

T, : B\ (BRNEy) — By is given by
T(x), x € BrN (E2\E1);
T (aZC(X)) , X € Bgr\ (BR M Eoz) .

Th(x) :=

We first deal with Ty, which can be expressed as the sum of two mappings
T} and TZ. The mapping
T} : BRNE; — By
] Sh, x € BRNEY;
x+— T (x) = o
d(x,Fi)h, x€BgN <E1\E§>>

is a 0-set contraction. Indeed, let A C Bg N E4, then A is bounded and
T/(A) =T} (A N (BR N E?)) uT (A N (BR N <E1\E°§’>)> .

By using that T11 (A N (BR N (E1\E?)>> C co({0}u{dh}), and the properties 1,
2, 3, 6, 7 of Proposition 1.1.6, we can conclude

(T (A)) < max{a({8h}), x(co({0} U {8h}))} = 0.
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Furthermore, the mapping
T? : BRNE; — By
0, x=0;

X —> T%(x) =
S T(BIxx), X #0

isa k%-set contraction with k% < 1, because it is the restriction to Bg N Eq of T in
Lemma 2.3.1 with E = E; and F = F;.

Finally, by using statement 2 of Proposition 1.1.9, we can assert that Ty is a
ki =0+ k%-set contraction with k; < 1.

Now, we show that T, is a kjy-set contraction with k, = k, because it can
be written as the composition T o S, where S : B\ (BN Ey) — Br N (E2\Ey),
which is given by

X, x € BrN (Ez\E)]) ;
05 (x) = B2 (d(O’FZ)X> d0F2)y, x ¢ Bg\ (Br N ﬁz);

IIxll Il

S(x) =

is a 1-set contraction. Therefore, statement 1 of Proposition 1.1.9 is satisfied
and, as a consequence, T is a k-set contraction. We now prove that S is a 1-set
contraction. For this, let us consider A : Bg\ (Bk N E;) — R* given by

1, XEBRQ<EZ\EO1>;
5, <d(O,F2)X) dl0F2) * x € Bg\ (BRNE2);

lIxll Il

Alx) =

which is a continuous function and satisfies
sup {A(x) : x € BgN (BR\EO1)} < 1.

Hence, by using statement 3 in Proposition 1.1.9, we can conclude that S is a
1-set contraction, since the identity map also fulfills this property.

Finally, applying Corollary 1.1.10 to Ty and T, we get that Tg, is a k-set
contraction with k = max{k;, k} < 1.

Therefore, the hypotheses of Theorem 1.2.6 are satisfied and Tjg,, has at least
one fixed point X € Bg.

The fixed point is in the conical domain C N (E;2\E7)

We finish the proof by showing that x € Cn (E;\E;). To that purpose, we
assume that the fixed point belongs to one of the other four sets involved in the
definition of T:

* Suppose that x = 0.
Since T(0) = 0, then §||h|| = 0 and this is not possible because 3, | h| > 0.
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e Assume that x € BN (E?\{O}).
Consequently, T(x) = ﬁT([ﬁ (X)x) +dh =X, so

|WH\%MH- 5 IT(Br(x)%)

and it is a contradiction with the selection of h in the definition of the
mapping T: C — C.

e Letx € BN (E1\EY).
Since X is a fixed point, then T(x) = ﬁT(Bl (x)x) + d(x,F1)h =X, so

X — 611(¥)T([31(i)§) =d(x,Fi)h e C,

due to d(x,F;) > 0 and h € C. Moreover, 31(x) € [1,+00), thus

B1(X)x —T(B1(x)x) € C, where Bq(x)x € CNFy,

which contradicts the hypothesis (C1) for T being a compression of the
cone C.

* Suppose that x € Bg\ (Br N Ez).
d(0,F,)—

Let us define yx = —z7~X, then
T(x ( %) =T ()
d(0, 05 ( d(0,F,)_
T (B2 (ys)ys) = ( 2l d(0.F2) )
[yxl| 1]
= (0,02 (yx X
As |lyx|| = d(0,F;), then T(x) =T (Wyﬂ ) Take ¢ = %{‘%D —1,
we have that ¢ > 0 since ﬁ'&ﬁn 1. Moreover, we can express X as

0,6 <)) =
(14 s)%x and

X

By using that %ﬁ"))x € CNF, and

T(«ﬁgﬁug>_“+daammag2060

we arrive to a contradiction with the hypothesis (C2) of T being a com-
pression of the cone C.

Thus, we have shown that the fixed point of T belongs to C N (EZ\EO1). Since
T and T coincide on this set, then we conclude that T has a fixed point in the
mentioned set. O
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2.3.2 Expansive case

We begin this section by improving the expansion type result in Theorem 1.2.8.
The proof developed by Cac and Gatica (1979) followed the ideas used by Kras-
nosel’skii. Nevertheless, by using the idea in (Precup, 2006) to reduce the ex-
pansive case to the compressive one, we can provide a better localization of the
fixed point in a conical annular set. Finally, the same idea is used to extend the
result to star convex sets.

Theorem 2.3.2. Let (X, || - ||) be a Banach space, C bea conein X, 7,R€ R, 0 <r <R,
and T : C,g — C be a k-set contraction satisfying the expansion condition (5). Then,
T has a fixed point in C, g.

Proof. We consider an auxiliary mapping T: C,r — C given by

T(x) = %x)

where 0(x) = (r+R)/||x|| — 1, for every x € C,g. Then, we show that it satisfies
the hypotheses of Theorem 1.2.7 due to Potter, that is, we prove separately that
the mapping T is well-defined, it satisfies the compression conditions given in
(4) and it is a set contraction.

T is well-defined

T(0(x)x],

We need to show that 6(x)x € C,r for every x € C;g. Since 6(x) > 0

and x € C, we can assert that 0(x)x € C. Therefore, it remains to prove that

< ||0(x)x|| < R. If x € Cy g, then r < [|x|| < R, whence r < v+ R—||x|| <R, that

is, r < B(x)[|x|| < R. Due to this, we can assert that 6(x)x € C, and, finally, T
is well-defined.

T satisfies the compression condition (4)

If [[x|| = r, then ||6(x)x|| = R and, if ||x|| = R, then ||8(x)x|] = r. As a
consequence, T satisfying (5) satisfies that T verifies ().

T is a set contraction

It is clear that T is continuous since T, 6 are continuous and 0 > 0. Therefore,
it remains to prove that, for every A C C,r (A is bounded), we have

x(T(A)) < ka(A), (12)

for some constant 0 < k < 1, independent of A. For that purpose, we proceed
similarly the proof of Lemma 2.3.1 or (Potter, 1974, Lemma 3.1). We begin by
distinguishing two cases.

If «(A) = 0, then A is compact. As T is continuous, then T(A) is compact
and, therefore,

«(T(A)) < x(T(A)) =0=ka(A), forany k>0
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If x(A) # 0, let us assume that k # 0, but, if it is not the case, we consider
0 < k < 1 as close to k as we wish. We proceed as follows:

Step 1: We cover A by a finite number of subsets such that the restrictions of T
to each of them are «-Lipschitz with a suitable constant.

As 0 <1 <R, then 4, = % — ¢ > 0 and, for each n € N, we can consider
g = OpR/M.

Let n € IN, n > 1, be arbitrarily fixed, for each integer number m > 0, we
define the following sets:

A%::{XGA:G(X)E[% 1+(m—|—1)5%}}.

n
+ m E':T‘,R’ R

Since A C C,g, we can assert that ; < 0(x) < %
F+0elp=fand g +In—1)+1]el'y = ¥, we get

. Moreover, noticing that

n—1

Ac |JAn.

m=0

From this, by using some properties of the measure of noncompactness in
Proposition 1.1.6, it follows that

n—1
« (T(A)) < « ( U T(A&)) = max {a«(T(A}))}.
m=0

me{0,...n—1}

Step 2: For each m € {0,...,n — 1}, we show that T, An is o-Lipschitz with
constant k (% +(m+1) £2R) / (% +m€?’R).

We study some properties of the following auxiliary mappings:

1 1
AL C, —_—
Oy ™ TR

Sh AL, — C, x —> ST (x) == 0(x)x.

On the one hand, for each x € A7, it is satisfied that 1/0(x) < 1/(g + mg?IR),
then

1 n 1
— < —.
sup{e(x) X € Am} %“‘ms?,]z

On the other hand, for every B C A}, we have

C [ %+melﬁR>+(1 —A) (%%—(m%—])s}‘xﬂx PN € [O,]],XGB}
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Now, by using the properties of the measure of noncompactness, we can assert

o (Sp(B) <o ({ [ +mey] By u{ [+ (m+1)eke| B})

— (% +(m+1) £ER> «(B).

Consequently, ST, is a-Lipschitz with constant /R + (m +1) el
As T is a k-set contraction and T| An = (ToS3)/0an , we finally get that T, An
is a-Lipschitz with constant k (% +(m+1) 5?,12) / (% +m 5?,12)-

Step 3: T is a set contraction.
Indeed, for each m € {1,...,n — 1}, it follows that

Fim+ el el

T n l
R +m€r,R R

Thus, taking into account the different statements which have been proved, we
have

«(T(A)) < max {«(T(A}))}

me{0,...n—1}
g (m+1)el
< max B - — R x(An)
me{0,...n—1} gTm €1 R
I + En
<2 Rra(A).
R

Since €'y — 0 as n — oo, one has that, for n large enough, the number

. ptel
ko= 2Ry

T

R

is as close to k as we wish. Therefore, we can guarantee that k € (0,1).
Existence of a fixed point of T in C,

To finish the proof, we apply Theorem 1.2.7 to the mapping T. Hence, T has
a fixed point X € C, g, that is,

x=T(x) = %}Z)T(G(i)i),

or, equivalently,
O(x)x = T(O(X)X).
This shows that the point X := 6(X)X is a fixed point of T in C, . O

The next result extends Theorem 2.3.2 to star convex sets. We notice that the
proof is quite similar, the main difference appears in the definition of the map
0, which transforms the expansion conditions in compressive ones.
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Theorem 2.3.3. Let (X, || - ||) be a Banach space, C be a cone in X, and E4, E; be star
convex sets fulfilling Condition 1. If T: CN (Ez\Ff]) — C is a k-set contraction and
an expansion of the set C N (E2\Ey), then T has a fixed point in C N (E2\Ey).

Proof. We consider the auxiliary mapping T: Cn (E2\E;) — C given by

where 8(x) = B$(x) + B2(x) — 1, for x € CN (E;\E;). Then, we show that it
satisfies the hypotheses of Theorem 2.3.1, that is, we prove separately that T is
well-defined, it is a compression of the set C N (EZ\EO1) and it is a set contraction.

T is well-defined

We need to show that 0(x)x € CN (E2\E), for every x € C N (E2\Ey). Since
0(x) > 0 and x € C, we clearly have 0(x)x € C. To prove that 8(x)x € E;\E;, we
note the equivalence between Ax € E,\E; and the inequality [S]C(x) <A < Bax).
Now, let us consider x € E;\E;, then [S]C(x) < 1 < B2(x), and we can assert that
BS(x) < BS(x) + Pa(x) — T < Ba(x), that is, B§ (x) < 8(x) < B2(x), which shows
that 0(x)x € E,\E;. Therefore, we conclude that T is well-defined.

T is a compression of the set C N (E2\Ey)

For that purpose, we prove that, if x € Fy, then 8(x)x € F;, and, if x € F;, then
O(x)x € F;. Consequently, if T fulfills (Ex) then T fulfills (C2); and if T fulfills
(E2) then T fulfills (C1). This way, T is a compression of the set C N (E2\Ej).

Indeed, if x € Fy, then B]C(x) = 1 and so 0(x) = P,(x). Hence, according
to Proposition 2.2.4, 0(x)x € F,. Similarly, if x € F,, then ,(x) = 1 and so
O(x) = [31C(x). Thus, by using the definition of B]C, B(x)x € Fy.

T is a set contraction

On the one hand, as B]C, B, and T are continuous and 0(x) # 0, for all
x € CN (E2\Ey), one has that T is continuous.
On the other hand, for every A C Cn (E\Ej), we have to prove that

a (T(A)) < ka(A), (13)

for some constant 0 < k < 1, independent of A.

The proof of (13) is identical to that of formula (12) in the proof of Theorem
2.3.2, once we have shown the existence of two positive numbers r and R with
r < R such that
T R

?

= <0(x) <

2 , forallx € CN (E2\Ey) . (14)

Indeed, as 0 € E;\Fy, there exists r > 0 such that B(0,r) C E;. Since E; C E,
and E; is bounded, then there exists R > r such that E; C B(0, R). Therefore, we
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have that C N (E2\Ey) € CN (B(0,R)\B(0,7)). Hence, for any x € CN (E2\Ey),
we obtain

x, 0(x)x € CN (B(0,R)\B(0,1)),

implying
T < ], 8(x)[|x|| <R,

which immediately yield (14).
Existence of a fixed point of T in C N (E2\Ey)

To finish the proof, we apply Theorem 2.3.1 to the mapping T. Thus, T has a
fixed point X € CN (EZ\EO1). Then

x=T([R) = %}UT(G(%)%),

or, equivalently,
(X)X = T(O(X)X).

This shows that the point X := 8(X)X is a fixed point of T in CN (EZ\EO1). O

2.4 ADMISSIBLE SETS DEFINED BY FUNCTIONALS

The fixed point theorems due to Krasnosel’skii, Potter, or Cac and Gatica pro-
vide the existence of fixed points for a mapping T in certain subsets of a Banach
space (X, -[]). An interesting characteristic of the sets involved in these results,
either in the compression-expansion conditions required to the mapping T or
in the set where the fixed points are located, is that they are determined by a
norm. These sets can be expressed in terms of:

B,=Cn{xeX:|xl<r}, S$s=Cni{xeX: |xl=r},

where 1 is a positive real number.

In Section 2.3, we generalized the mentioned results to star convex sets,
which in general cannot be expressed by using a norm. Thus, for applications, it
is interesting to determine some conditions over a functional ¢ : X — [0, 4+-00)
such that, for a real number r > 0, the sets

Er={xeX:opkx)<r}, Fr={xeX: @kx)=r}

satisfy Condition 1. Thus, in this subsection, we first determine some suitable
conditions to be imposed the functional ¢. Then, we derive some corollaries of
Theorems 2.3.1 and 2.3.3.

We notice that, if ¢ = || - ||, then CNE; = B; and C NF,. = S;. However, this
approach allows to consider functionals with weaker properties in comparison
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with the norm. In order to see that we work with weaker hypotheses, once
we know how to choose a suitable functional ¢, we provide an example of a
functional satisfying the new restrictions that is not a norm. Moreover, we will
show that we cannot relax the continuity hypothesis, at least by considering an
upper/lower semicontinuous functional ¢.

Proposition 2.4.1. Let (X, | - ||) be a Banach space, x € X, r € R, r > 0, and
@ : X — [0, 400) be a functional satisfying:

(F1) if (x) <, then @(Ax) <1 forall A € [0,1];
(F2) o is continuous;

(F3) forall x € E;, @(x) =0 if and only if x = 0;
(Fg) ©(Ax) =A@(x) forall A € (0,400) and x € E;;

(F5) there exists m € R, m > 0 such that
m|x|| < @(x) forall x € X with ||x|| > @(x),

or liminf @(x) > .
Ix|| =00

Under these assumptions, E, and F, satisfy Condition 1.

Proof. We proceed step by step, i.e., we prove each of the properties required
to E; and F, by using the appropriate hypothesis over ¢. Indeed:

¢ (F1) is equivalent to E; being a star convex set.

¢ (F2) implies that E; is closed and e '([0,1)) is open in X. Indeed, we can
write E; = @ 1([0,1]). As [0,1] is a closed subset of ([0, +00),]|-|), where
| - | is the absolute value for real numbers, then E, is closed since it is the
preimage of a closed set by a continuous function. Besides, we can assert
that ¢ '([0,1)) is open in X since [0, r) is an open subset of [0, +-00).

¢ (F3) implies that O ¢ F;, because @(x) =1 > 0 for all x € F,.

* By hypothesis (F4), we prove two conditions over the sets E, and F,.
First, we show that F; is the boundary of E,. We have just proved that E,
is closed and E;\F, = @ '([0,7)) is open, so the boundary of E, is a subset
of F.. Let us consider y € F, arbitrarily fixed, we want to prove that y
is a boundary point of E;. Asy € F, C E,, we must prove that, for all

e >0,B(y,e) N (X\E;) # 0. We take z = (1 + m) y € B(y, ¢), then it is

satisfied that ¢(z) = (1 + (y), and, as ( + L) > 1, we can
2|| I 2|y

conclude that ¢(z) > @(y) = . Therefore, z € X\E; and y is a point in
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the boundary of E,.
Secondly, we prove that the mapping
3 EA\0) — Fr, x — d(x) 1= ——x
P(x)

satisfies the desired conditions. By using hypotheses (F3) and (F4), we can

assert that 0 is well-defined. Let x € E.\{0}, @ (0(x)) = @ ( x| =,

T
®(x)
so 0(x) € F;. Then, (F2) implies that 0 is continuous. Now, if x € F,, then
@(x) =7 and, therefore, d(x) = x. By using again the hypothesis (F4), we

can assert that 9(Ax) = 9(x) for all x € E, and A € (0, 1].
¢ Finally, (F5) implies that E; is a bounded set.
O

Example 2.4.2. Let (C([0,1],R), || - ||o) be the Banach space in Example 1.2.3 for
n = 1. We consider the functional ¢ : C([0, 1], R) — [0, c0) given by

e(x)=a rr}(i)rh Ix(t)| + b||x||eo, forall x € €([0, 1], R), (15)
telo,

where a,b are positive real numbers. It is easy to see that ¢ satisfies the hy-
potheses (F1)-(F5) in Proposition 2.4.1. However, this functional does not fulfill
the triangular inequality, then it is not a norm. Indeed, let us consider the func-
tions x(t) =tforallt € [0,2]; y(t) =1—tift € [0,1], y(t) =t—1if t € [1,2],
then we have

e(x+y)=a+3b > @(x)+ ¢(y) = 3db.

Next, we make the following question: is it possible to extend this study to
upper or lower semicontinuous functionals? In the following, we prove that
the answer is negative, since this assumption is not enough.

Assume that ¢ is upper semicontinuous. We show that E,\F, is open, but E.
is not necessarily closed. Indeed:

e Letre R, >0, then ¢ '([0,1)) is open. We take y € @ 1([0,1)) arbitrar-
ily fixed and show that it is an interior point, i.e., there exists 6 € R, 5 > 0
such that

B(y,8) € @ ' ([0,7)). (16)

As @(y) < 7, we can take ¢ > 0 such that ¢(y) + ¢ < r. Besides, by
using that ¢ is upper semicontinuous, there exists 8¢ such that, for all
x € B(y,8Y),0 < @(x) < @(y)+e <. Thus, B(y, &) € ¢ 1([0,7)), and it
proves that @ 1([0,1)) is an open set.
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@ (x)

> —
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o e

— b
1 2 3 4 5

Figure 5: Graph of the upper semicontinuos function ¢(x) = [x] + 1, x € [0, c0).

e However, ¢ '([0,1]) is not always closed. As an example, we work with
the function
@ :[0,+00) — [0, +00)
x— @(x) = |x] +1,

where |-| denotes the floor function (see Figure 5).

First of all, we prove that ¢ is upper semicontinuous. Let us consider a
real number ¢ > 0 and y € [0, +-00). For &y = d(y, @(y))/2 > 0, we have

¢ (Bo,+00) (U, 8y)) C [0, @(y +8y)) C [0, 0(y)) C [0, 0(y) +¢).
Then, ¢ is upper semicontinuous.

Secondly, for each v € R, r > 0, it is satistied that: if r € (0,1), then
e 1([0,7]) = 0; if r € [1,+00), then @' ([0,1]) = [0, [r]), which is an open
set in ([0, +-00),|- ).

On the other hand, assume that ¢ is lower semicontinuous. We show that E.
is closed, but E;\F; is not necessarily open. Indeed:

e Letr e R, r >0, then ¢ ([0, 1]) is closed. As @' ([0,1]) = X\ ¢ ' ((r, +0)),
we prove that @ '((r,+00)) is an open subset of [0, +00). We consider an
element y € @' (r,+00) arbitrarily fixed and prove that it is an interior
point, i.e., there exists 6 € R, & > 0 such that

B(y,8) C ¢~ '((r,+00)). (17)

Now, as @(y) > 1, we can take ¢ > 0 such that @(y) — ¢ > r. Besides,
by using that ¢ is lower semicontinuous, there exists 6 > 0 such that,
T < @(y)—¢e < @(x) < +oo, for all x € B(y,5¢). As a consequence,
B (y,8¢) C ¢ ' ((r,+00)), and we can conclude that ¢ ' ((r,+00)) is open,
or, equivalently, @ 1([0,7]) is closed.
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e Nevertheless, ¢~ '([0,1)) is not always open. For example, we consider
the function

¢ :[0,+00) — [0, +00)
|x], x ¢ IN;

x—1, xe€N;

X — @(x):=

where |- | denotes the floor function (see Figure 6).

@ (x)

4 T

3 o—e

2 o—e : i

1 —+ : ‘ '

+ i AN R
1 2 3 4 5

Figure 6: Graph of the lower semicontinuous function @(x) = [x], x € [0,00)\IN;

e(x)=x—1,xe€N.

First, we show that ¢ is lower semicontinuous. Let y = 0 and ¢ € R,
e > 0, since

@([0,8)) C [0,4+00) = [@(0),+00) C (@(0) —¢,+0), VO R, 6 >0,

then ¢ is clearly lower semicontinuous at 0. Let y € (0,4+00) and ¢ € R,
¢ > 0 be arbitrarily fixed. We take 6y = d(y, ¢(y))/2 > 0, then it is easy
to prove that

@ (Bio+00) (U, 8y)) C (@(y) — €, +00).

As a consequence, we can assert that ¢ is lower semicontinuous.

Next, let r € R, v > 0, it is satisfied that: if r € IN, then ¢~ '([0,)) = [0, 1],
which is a closed subset of [0, +00); if T ¢ IN, then @' ([0,7)) = [0, [v] + 1],
which is a closed subset of [0, +c0).

To conclude this section, we provide two corollaries of Theorems 2.3.1 and
2.3.3. First, in Theorem 2.4.3, we write the fixed point results in terms of func-
tionals satisfying the hypotheses (F1)-(F5). Then, since a norm also fulfills
these properties, we derive a corollary where the functionals are replaced by
two norms, it is similar to (Precup, 2006, Theorem 3).
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Theorem 2.4.3. Let (X, || - ||) be a Banach space, C be a cone in X and r,R be two
positive real numbers with v < R. Assume that ¢, : X — [0, +00) are functionals
satisfying the hypotheses (F1)-(F5) in Proposition 2.4.1, for v, R respectively; and that
the following condition holds:

P(x) < ?(p(x) forall x € X such that @(x) <. (18)

We consider E1 .= {x € X : @(x) < r}and E; :={x € X : P(x) < R}. Then E,4
and E, satisfy Condition 1, 0 € Ey C E; and Fi NF, = (. Moreover, assume that
the mapping T : CN (Ez\l:f]) — C is a set contraction and a compression or an
expansion of the set C N (Ez\Eo1). Then T has at least one fixed point in the conical
domain C N (E2\Ey).

Proof. First of all, by Proposition 2.4.1, since ¢, satisfy hypotheses (F1)-(F5),
the sets E;, F; fulfill Condition 1, fori =1, 2.

Secondly, we check that 0 € E; C E; and Fy N F, = () in order to deal with the
concept of a compression or an expansion. Since \(x) < %(p(x) for all x € Ey,

we have:
e Forally € Eq, P(y) < %(p(y) < R, theny € E;.

e letyeF,P(y) < %(p(y) =R, theny ¢ F,.

Therefore, the hypotheses of Theorem 2.3.1 or Theorem 2.3.3 are satisfied
and, as a consequence, T has at least a fixed point in CN (E2\Ep). H

Remark 3. The hypothesis (18) in Theorem 2.4.3 can be replaced by:

P(x) < E(p(x), for all x € X such that (x) < 1;

P(x) < ?(p(x), for all x € X such that ¢(x) = .

Corollary 2.4.4. Let (X, || - ||1) be a Banach space, C be a cone in X and v, R be two
positive real numbers with v < R. Assume that || - ||; is a norm in X satisfying the
following conditions:

R
Ix|l2 < =||x||1, for all x € Xsuch that ||x||; < T;
R (19)
x|z < ?Hx||1,for all x € Xsuch that ||x||; = .

We consider By :={x € C : ||x|[y < rv}and E; :={x € C : ||x]|2 < R}. Assume
that the mapping T : CN (EZ\EO1) — C is a set contraction and a compression or an
expansion of the set C N (EZ\EQ1). Then T has at least one fixed point in the conical
domain

Ccn (Ez\Eo]) ={xeC:|x|1=>r x| <R
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2.5 APPLICATION TO A FIRST ORDER IMPLICIT DIFFERENTIAL SYSTEM

Let us consider the following initial value problem for a first order implicit
differential system,

X' (t) = f(t,x(t)) + g(t,x'(t)), telo,1];
x(0) =0;

(20)

where f, g : [0,1] x R® — R™. We look for solutions x € €'([0, 1], R™).

For that purpose, we first transform the initial value problem (20) in an equiv-
alent integral equation and obtain the associated non-linear operator T. Then,
we require some conditions on the mappings f and g to guarantee that T is un-
der the hypothesis of Theorem 2.3.1. In the reminder of the section, we consider
the particular case n = 1, for which we provide two examples of initial value
problems, one as a test for the required conditions on f and g, and the other one
to show the applicability to implicit equations that cannot be explicitly solved.
We conclude this section showing that the expansion result does not work for
this type of problems, at least by using the approach we have developed.

Deduction of sufficient conditions to apply Theorem 2.3.1

Let us define y := ¥/, then the initial value problem (20) becomes
t
u() =1 (4 ] ulo)as) + ot yfe), tep @)
0

where f(t)y(s)ds = (fém (s)ds, .. .,fé yn(s)ds>. Denote by T the mapping as-
sociated to the right-hand side of (21), namely, T : €([0, 1], R™) — €([0, 1], R™),

t
T () =1 (t,Joy(s)ds) gt ylt)).

Thus, the solutions to (20) are the fixed points in €([0, 1], R™) of the mapping T.
To localize the fixed points of T, we use Theorem 2.3.1 and the Banach space
considered in Example 1.2.3, that is, the pair (C([0, 1], R™), || - ||oo), With

oo = max{max Yi(t)l,..., max mmr}, fory = (U1, -+ yn).
te(0,1] t€(0,1]

We begin by stating some conditions on the mappings f and g to guarantee
that the mapping T : €([0,1],R™) — €([0,1],R™) is well-defined and a set
contraction:

(H1) f,g:1[0,1] x R™ — R™ are continuous.
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(H2) For each t € [0, 1], there exists L(t) € Ry such that

’gl(t/u) - gi(tlv)‘ < I—(t) maX{|‘LL]‘ —V)’ ’ J = ]/- . .,Tl},
forallu,ve R",ie{1,...,n}, and
sup L(t) =k < 1. (22)

te[0,1]

Under conditions (H1) and (H2), the non-linear operator T is a sum of a
continuous and compact mapping (0-set contraction) and a k-set contraction.
Indeed, T = A + B, where the mappings A,B : €([0,1],R™) — €([0,1],R") are
given by

t
Amnwzf(nLywmQ, B(y)(t) = g(t,y(1).

The mapping A is continuous and compact as a composition of three contin-
uous bounded mappings J, i and Ny, such that one of them is compact. In fact,
A =Nyfoio], where

t
- e([0,1,R™) — €'(10, 1, R™), Hmmzijms

:€'([0,1,R™) — e([0o,1,RY), i(y)=vy;
Ny €([0, T, R™) — €([0, 1], R™),  N¢ (y) (t) = f(t,y (1)
All these maps are continuous and bounded (they map bounded sets into
bounded sets), while 1 is compact as a consequence of Theorem 1.1.3.

The mapping B is a set contraction with the Lipschitz constant k given by
(22). Indeed, for any y, y € €([0, 1], R™), and every t € [0, 1], one has

Bi(y)(t) — Bi(y) ()] = lgi(t, y(t)) — gilt, y(t))l
< L(t) max{|y;(t) —7; (1)

| <

,j=1,...,n}

=

for each i € {1,...,n}, whence

IB(Y) = B(Y)lloo < klly —Yllo-

Consequently, B is continuous and «(B(D)) < k(D) for all D C €([0, 1], R™).

Next, we consider the cone of non-negative functions C := €([0, 1], R"}) in
Example 1.2.3, and we add the following positivity condition in order to guar-
antee the invariance condition T(C) c C:

(H3) f([0,1] x R}) € RT and g([0, 1] x R}) C R

Now, we define two star convex sets Ey, E; C C([0, 1], R"™) satisfying Condi-
tion 1. For their definition, we use the norm ||-||, and the functionals

0i:C([0,1,R) = Ry, o@i(z) = aitrg}(i)r]l] lz () +bi |z,



2.5 APPLICATION TO A FIRST ORDER IMPLICIT DIFFERENTIAL SYSTEM 43

where a;,b; € Ry and b; # 0, for all i € {1,...,n}. We notice the following
relationship between the functional ¢; and the norm:

bi |zl < @i (2) < (ai +bi) [|2] o,
or, equivalently,

®i (z)

@i (z)
< lzllo < o (23)
1

a; + b;

Given 1,R € (0,00)™ two vectors with (a;+b;)r; < Ri, fori =1,...,n, we
define

E] = {U € G([O’]]’Rn) . ||yl||00 < Ti, l: ""’n};
E:={y € C(I0,1,R") : @i(y;) <Ry, i=1,...,n}.

Clearly, E1 and E; are star convex sets satisfying Condition 1. It is worth men-
tioning that, if n = 1, then E; is the star convex set Ex (R = Ry) defined by the
functional ¢ in Example 2.4.2 with a = aj, b = b;. However, if n > 2, then E,
cannot be expressed by using a unique functional.

Finally, we require some additional conditions to f and g in order to guaran-
tee that T: CN (Eo\E;) — Cisa compression of the set CN (E;\E;). We begin
by stating the following notation, for each i € {1,...,n}

fi:=min{fi(ty): t€[0,1,y; € 0,75, j=1,...,n};
9, = min{gi(t,y) :tel0,1],y; € [O,Tj] SN Ly g ARTH :ri};

R.
f; := max {fi(t,y) :tel0,1], y; € [O, b—]] > o 1,...,n};
j

R.
g = max{gi(t,y) 1 tel0,1], y; € [O,b—J] ,i=1,...,n,§ #1,
j
Ri Ry
i s [ai+bi’bi}}'

Next, we assume that the following conditions are satisfied for each i € {1,...,n}:

(Hg,c1) f; +9, > 15

Ri

(Hg,c2) fi + Gy < o7

Let us prove that, under these conditions, E; C E», and (C1)-(C2) hold.
First, using the inequalities (a;+ b;)ri < R;i, we have E; C E,. Indeed, if
y € Ey, then, for every i € {1,...,n}, one has

ei(yi) = tg}(i)f]l] i)+ bi Uil < (@i +bi) [Juillo < (ai+bi)ri <Ry,

which gives y € E,.
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Next, we show that (Hg,c1) guarantees that condition (C1) is fulfilled. Indeed,
if we assume the contrary, then there exists y € C with Hyj HOO < 15, for all
je{l,...,n}, and ||yk|lco = Tk for some k € {1,...,n}, such that

y(t) = T(y)(t), forall t € [0,1].

Let tg € [0, 1] be such that yi(to) = ||yl = Tk From the previous inequality,
by using the definition of T, we obtain

to
Tk = Yk(to) = T(y)(to) = fi (to, L y(S)dS) + gk(to, y(to)) = fr + g,

which contradicts (Hg,c1). Hence, (C1) holds.

We conclude by proving that (C2) is also satisfied as a consequence of hy-
pothesis (Hg,c2). If we assume the contrary, then there exist ¢ > 0and y € C
with @;(y;) < Rjforall j € {1,...,n}, and @y(yx) = Ri for some k € {1,...,n},
such that

T(y)(t) = (1+¢e)y(t), forall t € [0,1].

Let ty € [0, 1] be such that yi(tg) = ||[Ux|/ec- Then, using the last inequality, the
expression of T, and (23), we obtain

Ry

to
Fet G > e (tO,J y(s)ds) + gr (to,y (ko)) > yalte) > —
0 ay + by

which contradicts (Hg,c2). Hence, (C2) holds.
Therefore, since all the assumptions of Theorem 2.3.1 are fulfilled, we have
the following existence and localization result.

Theorem 2.5.1. Under conditions (H1)-(H3) and (H4,c1)-(Hg,c2), problem (20) has
a non-negative and increasing solution x € €' ([0, 1], R™) such that

||x{<H , for at least one k € {1,...,n}, and

(Pl( ) <Ry, forallie{l,...,n} (24)

Particular case n = 1

In particular, if we assume that n = 1, and the following monotonicity condi-
tion on f and g:

(Hs) For each t € [0, 1], the functions f(t,-) and g(t, -) are increasing in R;

then conditions (Hg,c1) and (Hg,c2), with 1, Ry, a;, by simply denoted by r, R,
a, b, turn into

(Hs,c1) f(t,0)+g(t,v) >, forall t € [0,1];
(Hs,c2) f (t,%) +9(t %) < a+b, forallt € [0,1].

Let us present two examples. The first one, which is in fact an explicitly
solvable equation, is given to test the conditions (H1)-(H3), (H5,c1)-(Hs,c2).
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Example 2.5.2. Let us consider the equation
x'(t) = Mx(t) + oax'(t) + B, t € [0,1].
In this case

f(t,s) =As and g(t,s) =as+ B, forall s € R, t € [0,1],

where we assume that A, x > 0, 3 >0and A+ x < —azb. If
B 1 A+ o
— — = B,
r<1—oc and R a+b b B (25)

then the assumptions of Theorem 2.5.1 are fulfilled.

One we have determined some sufficient conditions on the parameters, we
deal with some particular values and show that the particular solution of prob-
lem (20) satisfies condition (24) in Theorem 2.5.1. First, we have that condition
(25) is satisfied fora=b=1,r=1,R=6,3 =1and A = « = 1/6. In this case,
the exact solution of the problem with x(0) = 0 is x(t) = 6 (e% — 1), t e [0,1],

whose derivative is x/(t) = ge%, t € [0,1]. Then

6 1 6 1
1% |0 = 565 and ¢(x') = 3 (1 + 65) ,

and it is easy to see that condition (24) holds.

The second example deals with an equation that cannot be explicitly solved.
However, for some particular parameter values, this equation reduces to the
solvable implicit problem given in Example 2.5.2. Thus, in this particular case,
we can see that the sufficient conditions required to the parameters correspond
to those in Example 2.5.2.

Example 2.5.3. Consider the equation

x'(t) = Ax(t) + ox/(t) + B +ysin(x'(t)), t €[0,1]. (26)
In this case,

f(s) =As and g(s) =as+p +vysins (s € R),

where we assume that «, 3, Y and A are non-negative.

Now, we explain how to fulfill the conditions (H1)-(H3), (H5,c1)-(Hs,c2) in
Theorem 2.5.1.

Clearly, condition (H1) holds.

Next, if « < 1—"y, then |g’(s)] = |x+ycoss| < x+7vy < 1. Therefore, (H2) is
satisfied fork = ax+7v < 1.

To guarantee condition (H3), we need g(R;) C R4, which takes place if

B=.
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Furthermore, condition (Hs) is fulfilled if g is increasing in Ry, and this
happens if & > . This condition, together with x <1 —vy, givesy < ax < 1—7y
Then, obviously, ¥ has to satisfy 0 <y < %

Finally, we have to check conditions (H5,c1) and (Hs,c2). For the first, we
need r > 0 such that g(r) > 1, that is, ar 4 3 +ysinr > r. This clearly happens
if or + 3 —y > 1, or, equivalently, r < 25_;2:, which requires 3 > vy since r has to
be positive. Condition (Hs,c2) reads as

R R R R
A-+o-+p+ysin- <

b %% b Ya+b (27)

We show that there exists R large enough that satisfies this inequality. Indeed,
if we divide by %, we obtain

inR
b sing . b

A x4+ —

The limit of the left hand side, when R tends to oo, being A + guarantees the
existence of R provided that A —I— a< g b or, equivalently, A < +b — o In view
of A > 0, it requires that oc < +b

Therefore, the conditions of Theorem 2.5.1 are fulfilled if the non-negative
parameters «, 3, Y and A satisty:

b
y<a<l-—y, ?\+oc<a

1
.y andy<min{§, B}.

Under these conditions, for every

Bv

1—oc

there exists a solution x € €'([0,1],R) of equation (26) with x(0) = 0 that is
non-negative, increasing and with [|x/||« > .

If, in addition, a number R is chosen such that inequality (27) holds, then the
solution x also satisfies

a min x’(t) +b max x’(t) < R.
tel0,1] tel0,1]

We finally show that a similar approach does not work for expansion type
conditions, that is, Theorem 2.3.3 does not apply for the initial value problem
(20), at least if we use arguments like those developed for the compressive case.
Indeed, if we take

Ei={yeC(0,1,R): ¢(y) <r}, E2={yeC(0,1,R): |yl
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where ¢ is the functional defined in Example 2.4.2 and r, R are positive numbers
with r < bR; and we proceed similarly to the compression case, we arrive to
the following sufficient expansion type conditions:

(Hg,E1) max f(t,y)+ max g(ty) < ;
t€(0,1],ye[0, 1] tel0,1], e[ 15, 2] at+b

(Hy4,E2) te[o,ﬁlgé o f(t,y) + min, g(t,R) > R.

These conditions ensure that E; and E; are star convex sets satisfying Con-
dition 1, 0 € E; C E, and (E1)-(E2) hold; but, unfortunately, they are not
compatible with hypothesis (Hz2), and thus Theorem 2.3.3 can not be applied.
We prove this incompatibility in the autonomous case, that is, when f and g do
not depend on t, and conditions (H4,E1)-(H4,E2) read as

max f(y)+ max ¢(y) < ;
yelo,§] velats bl a+b

min f +g(R) > R.
Jminy (y) +9(R)

Subtracting the two inequalities yields

g(R)— max g(y)>R— + max f(y)— min f(y). (28)
yelgts ol a+b  yeo] yeloR]

From r < bR, we have [0, r/b] C [0, R], whence

min f(y) < min f(y) < max f(y).
yeor 0 S o d o Suelo g

Hence, the right-hand side in (28) is greater than or equal to R—1/(a+b), so

T

g(R)— max g(y)>R— : (29)
ye[ 15 1] a+b
On the other hand, if §j € [r/ (a +b),r/b] is such that g({) = max

yelr/(a+b), r/b] I
then, by using (H2), we have

g(R)— max g(y)=9g(R)—g(f) <k(R—7)

yelats tl
T T
<k(R— <R— .
( a+b> a+b

This together with condition (29) clearly yields a contradiction.

Thus, we did not succeed in applying the expansion type result to (20). How-
ever, we claim that it may work for other types of initial or boundary value
problems, since the expansion conditions are compatible with many other prob-
lems involving compact operators, as illustrated extensively in the literature.
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2.6 DISCUSSION

In this section, we summarize and discuss the research work we have developed
throughout the chapter. We present the contents classified in blocks for a better
distribution.

Interest of the new extensions of Krasnosel’skii fixed point theorem

In Section 2.1, we consider some of the several generalizations of Krasnosel’skii
compression-expansion fixed point theorem. Then, in Sections 2.2 and 2.3, we
extend the results for set contractions to star convex sets. In the following, we
justify the usefulness of the obtained results.

The initial motivation to work in this particular generalization was the pos-
sibility to localize different solutions with the same norm. We notice that there
exist other results with this potential, like those owed by Giio and Lakshmikan-
tham (1998) and Precup (2006). Our results generalize the ones in (Precup,
2006) (see Section 2.4 for details), but do not work for the general domains de-
termined by two open sets in (Giio and Lakshmikantham, 1998). However, the
key point of our results is that they consider set contractions instead of contin-
uous and compact maps, and it allows us to deal with more general problems,
such as the system of implicit first order differential equations in Section 2.5.

The results in (Precup, 2006) extend the applicability of Krasnosel’skii type
fixed point theorems to boundary value problems for partial differential equa-
tions, such as semi-linear elliptic problems. The key ingredient of these results
is the possibility to work in more general domains determined by two norms.
Since our fixed point theorems can consider funtionals more general than a
norm, we claim that they can be also useful to deal with this type of problems.

It is worth mentioning that, apart from the generalization of the results to
conical domains determined by two star convex sets, we also improve the ex-
pansion type fixed point theorem for balls owed by Céc and Gatica (1979). In
the work (Potter, 1974), it is said that Theorem 2.3.2 follows from similar argu-
ments to those developed for the compressive case, but the proof is not given.
Besides, Céc and Gatica (1979) follow Krasnosel’ski ideas in the proof of the
expansive case in Theorem 1.2.5, but they needed to impose more restrictive
expansion conditions and the balls did not play a role in the localization of
fixed points. Thus, we realized that a change of variable which transforms the
expansive case in the compressive one helps to relax the expansion hypotheses
and to localize the fixed points in a conical shell determined by two balls.

Complexity of the hypotheses in our main results

At the beginning of Section 2.3, we show that the generalization of the existing
results for balls to star convex sets cannot be simply adapted by using the clas-
sical idea of composing with a homeomorphic transformation. We provided
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different reasons related with the set contraction property, the domain and
range of the mapping and the compression-expansion conditions.

Besides, in Subsection 2.3.1, where we adapt Potter’s results to star convex
sets, we observe that the difficulty when working with k-set contractions comes
from the fact that the geometric transformations can change uncontrollably the
constant k. Moreover, the use of star convex sets introduces much more com-
plicated geometric transformations connected to their retro-activity property,
which have to be put into accordance with the constant k, as Lemma 2.3.1
shows.

Relevance of defining the star convex sets by using functionals

We already mentioned that Erbe and Wang (1994), Torres (2003), and Zima
(2004) apply generalizations of Theorem 1.2.5 in terms of the norm to differ-
ent second order boundary value problems. These fixed point results enable
to localize solutions in the general domain C N (Q,;\Q1), where C is a cone
and 7, Q; are open sets. However, for applications, they choose the simplest
possibility and determine the open sets by using the norm. In this way, they
are missing the good localization qualities of this type of results. In our case,
the compression-expansion results work for star convex sets more general than
balls, so to take advantage of this general framework in applications, we deter-
mine conditions over a functional in order to define admissible star convex sets
while being more general than a norm.

To conclude, we recall that there exist other research studies dealing with
generalizations of Krasnosel’skii fixed point theorem in terms of functionals.
We mentioned in the Introduction the work by Anderson, Avery, and Hender-
son (2010), where the conditions required do not meet hypotheses (F1)-(F5),
since they consider convex/concave functionals.
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APPLICATIONS OF FIXED POINT THEORY TO PERIODIC
PREDATOR-PREY DIFFERENTIAL EQUATIONS

This chapter includes the contents of the research article (Lois-Prados and Pre-
cup, 2020)", in which we contribute to the application of fixed point results to
Lotka-Volterra type models. The chapter is organized as follows:

We start with an introductory section, where we first revisit different for-
mulations of predator-prey systems, we provide the formulation of the model
into consideration and we also describe our initial motivation to develop the
present research. Next, we explain the interest of our study in the framework
of fixed point theory, where we contribute to the application of Krasnosel’skii
type fixed point theorems. Finally, we briefly review the research developed
throughout this chapter.

Then, in Section 3.2, we prepare the underlying model for the application
of fixed point techniques, so we obtain its integral version and we state some
useful notations.

The central part of the research is comprised in Section 3.3, which is divided
into three subsections. In the first one, we state and prove the main result
about the existence and localization of periodic solutions as a consequence of
the homotopy version of Krasnosel’skii fixed point theorem; and we discuss
the possibility of localization for some particular expressions of the model. In
Subsection 3.3.2, we study two interesting properties of the localized solutions.
In the last subsection, the existence results are improved for the particular case
in which the predator functional response does not depend on time.

Finally, we include a Discussion section, where we summarize our main con-
tributions to the study of Lotka-Volterra type systems, by means of fixed point
theory techniques, and we compare our approach with other similar research
works. We also devote some lines to talk about the qualitative properties of the
localized solutions.

Cristina Lois-Prados (Instituto de Matematicas, Universidade de Santiago de Compostela,
Spain) & Radu Precup (Department of Mathematics, Babes Bolyai University, Romania), “Pos-
itive periodic solutions for Lotka—Volterra systems with a general attack rate”, Nonlinear Anal-
ysis: Real World Applications (ISSN: 14681218), 52, 2020. The final authenticated version is
available online at: https://doi.org/10.1016/j.nonrwa.2019.103024.

JCR 2019 (category; impact factor; relative position; quartile): Applied Mathematics; 2.072;
37/261; Q1.

PhD student contributions: The authors have equally contributed to the development of the ar-
ticle contents, they were continuously collaborating during the research stay of C. Lois-Prados
at Babes Bolyai University. The initial idea of studying the involved Lotka-Volterra type model
was conceived by C. Lois-Prados.
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3.1 INTRODUCTION AND MODEL DESCRIPTION

In this section, we include the formulation of the non-autonomous predator-
prey population model studied in this chapter, as well as some motivations
and interests of our research work. We organize the contents by dividing them
in blocks with their corresponding descriptive headline.

Review of different Lotka-Volterra type systems and research motivation

Lotka-Volterra type systems are commonly used to describe interactions be-
tween two species, prey and predator. In the autonomous case, these models
have a Kolmogorov structure, being of the form

x' =xF(x,y);
Y =yGlxy);
and most of them satisfy the following conditions:
Fy(x,y) <0, Gx(x,y) > 0 and Gy(x,y) <0

(see, e.g., Brauer and Castillo Chédvez, 2001, Section 5.4). For non-autonomous
Kolmogorov type systems, we refer the reader to the paper by Zanolin (1992).
The original model proposed by Lotka (1925) and Volterra (1926) is given by

x' = ax — Axy;
(30)
y = —by + cAxy.

For a historical note on this classical model see (Bacaér, 2011). As suggested
by Volterra himself, a more realistic prey growth is the logistic one, which was
considered by several authors. For instance, Rosenzweig and MacArthur (1963)
proposed the following model:

X =ax (1-3) — o(x)y;
Yy = —by +ch(x)y.

Some generalizations of the Rosenzweig-MacArthur model are given in (Van
der Hoff and Fay, 2016), where, in particular, it is considered the logistic growth
for both prey and predator populations (see also Buffoni, Groppi, and Soresina,
2011).

In this paper, we look for periodic solutions for the following periodic Lotka-
Volterra type systems with a general prey growth g and a general functional
response of predators ¢:

/

X' = a(t)xg(x) — @(t,x,y)xy; (31)

!

Yy =-btly +c(t)o(t,x,y)xy;
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where a,b,c € C€(R,IR) are w-periodic with the same period w >0, a,b # 0,
mingcp o) ¢(s) > 0; @ € C(R x Ry xRy, Ry) is such that ¢(-,x,y) is w-periodic
for every (x,y) € Ry x R4; and g € C(R4, R) is decreasing, with g(0) < 1. We
notice that x, y represent the prey and predator populations, respectively.

In particular, we use

(linear growth of the prey), or

X

1
g(x) =1—¢ (logistic growth of the prey)
and one of the following expressions for the functional response ¢,

(PI(t/X/y) = }\(t) + (X(t) Y,

_ Alt) +o(t)y
oult oY) = T B+ alD )X

Here, we assume that «, 3, A € C(IR, R ) are w-periodic functions and A, 3 # 0.

The particular expressions for both @1 and ¢j; involving constant coefficients
(A, B > 0and « > 0) are used in the literature to simulate the effects of hunt-
ing cooperation between predators (see Berec, 2010; Teixeira Alves and Hilker,
2017).

The motivation to study the existence of w-periodic solutions of system (31)
comes from the research carried out by Teixeira Alves and Hilker (2017). They
consider constant coefficients and the functional response @(x,y) = A+ vy,
where A is the attack rate and « represents the cooperation term. This model
does not sustain predator-prey oscillations in the absence of hunting coopera-
tion (« = 0), so they can assert that the observed oscillations are clearly gener-
ated by the cooperative behavior.

Fixed point theory and predator-prey models

The existence of w-periodic solutions for Lotka-Volterra type models has been
studied by means of different fixed point theory approaches. For instance,
Tsvetkov (1996) and Zanolin (1992) use topological arguments, such as index
theory or Mawhin'’s coincidence degree. However, Lv, Lu, and Yan (2010) and
Tang and Zou (2006) consider more complex predator-prey models including
periodic time-delays, but they apply directly the norm type generalization of
Krasnosel’skii fixed point theorem given in Theorem 1.2.9.

To our knowledge, there are not research works available in which Kras-
nosel’skii type compression or expansion results are applied to simpler models
such as the one in Tsvetkov (1996). One possible reason is that the most com-
mon versions of Krasnosel’skii fixed point theorem do not apply for this class
of Lotka-Volterra equations.

In this chapter, we contribute to fill this gap in the application of Kras-
nosel’skii type results for Lotka-Volterra population models. For the non-
autonomous predator-prey system (31), which is a generalization of the model
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considered by Tsvetkov (1996), we find that the homotopy version in Theorem
1.2.11 is an appropriate result, while the classical fixed point theorem, the norm
type version used in models with time-delays or the vector version are not ap-
plicable or present some obstacles in their application.

Overview of the research study

Here, we consider the periodic non-autonomous predator-prey type system
(31), which includes general expressions for the prey growth and the functional
response of predators. Our main contribution is the localization of periodic so-
lutions by means of a classical operator approach with the application of fixed
point results whose hypotheses are given directly in terms of the associated
mapping, as it is explained in the previous paragraphs. In addition, we show
that our procedure is not useful to prove the existence of multiple solutions.
We also take into account the possibility to localize steady states instead of non-
constant periodic solutions. Thus, for the general formulation of the model, we
provide sufficient conditions for the localization of non-constant solutions; but
these results do not apply for the autonomous case, where we show that the
steady states may belong to the localization region. In the general framework,
under uniqueness conditions, we also prove that the prey and predator popu-
lations corresponding to a localized non-constant periodic solution cannot end
in extinction.

3.2 INTEGRAL VERSION OF THE SYSTEM AND RELATED NOTATIONS

We are interested in w-periodic solutions of system (31), so for this purpose we
adapt the operator approach used in (Precup, 2007) (see also Tsvetkov, 1996).
Thus, given two w-periodic functions f1, f; € C(R,R) and a,b € C(R,R4),
a,b # 0, there is a unique w-periodic solution (x,y) of the system

x' = a(t)x —fy(t);
y' = —b(t)y + f2(t);

(32)

, (t,s) € R xR.
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Now, if, instead of the linear system (32), we consider the non-linear system

X' =a(t)x —fi(t,x,y);
Yy =—-b(t)ly +f2(t,x,y);

then its w-periodic solutions are exactly the w-periodic solutions of the non-
linear integral system

x(t) = [{TOH(,8) f1(s, x(5),y(s)) ds;

—Jt
y(t) = [T Ha(t, s) fa(s, x(s),y(s)) ds;

which can be studied as a fixed point problem. Therefore, if we express the
model (31) as

/

x' = a(t)x —[a(t)x(1 —g(x)) + o(t,x, y)xyl;
Yy =—-b(t)y+c(t)o(t,x,y)xy;

their w-periodic solutions are the fixed points of the mapping N = (Nj,N;),
where:

t+w
J Hi(t, s)lals)x(s) (1 —g(x(s))) + @(s,x(s),y(s))x(s)y(s)]ds;

t

N1 (x,y)(t) :

t+w
N2l y)(e)i= | Halt, s)els)ls, () y(s)x(s)uls)ds.
t
To conclude this section, we provide a list of useful notations that simplify
the computations related to the application of Theorem 1.2.11 to the previously
defined integral mapping N:

a:= min a(s), b:= min b(s), ¢c:= min c(s);
sel0,w] se[0,w] sel0,w]
@ := max a(s), b:= max b(s), €:= max c(s);
sel0,w] sel0,w] sel0,w]
m min Hi(t,s) ]
= 1 ) I T R —
T s wx it ttw] elo alm)dr _q
t+w
m; ;= min J Hi(t,s) ds;
telo,w] J¢
1
mp = min Hy(t,s) = ————;
27 (1) elo,wl X [t -] 2(ts) elo b(r)dT _q

t+w
m, := min J H>(t,s) ds;
tel0,w] Jt¢
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1
My = max H;(t,s) = - ;
] (t,s)€l0,w]x[tt+w] 1(ts) 1—e Jo a(t)drt

o t+w
M := max J H;(t,s) ds;

telo,w] J¢

1
M; = max H(t,s) = - ;
2 (t,s)el0,w]x [t t+w] 2(t,s) 1—e o b(r)dt

o t+w
M, := max J H,(t,s) ds;

tel0,w] J¢
L R L

m3 = q7 42 min{my, c my}, M3 :=max{M;,cM,};

m3 = 1 g2 min{my, cm,}, M3 := max{M;,cM,}.

3.3 EXISTENCE, LOCALIZATION AND OTHER PROPERTIES OF SOLUTIONS

This section includes the main research contributions of this chapter. In Subsec-
tions 3.3.1, 3.3.2, we work with the general formulation of system (31); while
in Subsection 3.3.3, we assume that the predators functional response does not
depend on time. The first and latter subsections deal with existence and lo-
calization results; since the particular conditions in Subsection 3.3.3 allow us
to provide a better localization of periodic solutions. The central subsection
analyses some other interesting properties of solutions: the non-constancy and
the positiveness of both prey and predator populations.

3.3.1 Existence and localization

In this subsection, we state and prove our main result about the existence and
localization of w-periodic solutions for system (31). The required hypotheses
contain some conditions in which the prey growth g and the functional re-
sponse ¢ are involved. Thus, in Subsection 3.3.1.2, we study the viability of
these conditions, in particular, for linear and logistic prey growth. Moreover, in
each situation, the possibility to localize the periodic solutions is discussed sep-
arately for ¢ = @7 and ¢ = @j;. Before that, in Subsection 3.3.1.1, we discuss
the applicability problems found when working with some different versions
of Krasnosel’skii fixed point theorem.

Throughout this subsection, we assume that the following conditions are
satisfied by the functional response ¢:

(G1) There exists 1 € C(R x R x Ry, R, ) such that
* 1(-,x,y) is w-periodic for every (x,y) € Ry x Ry;
* 1(t,-,y), n(t,x,-) are increasing functions for every (t,y), (t,x) € R x Ry;

® (P(tzxzy) < n(tlxly) for every (tlxly) € R x RJF X R+'
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(G2) There exists P € C(R x Ry, IR ) such that
* (-, z) is w-periodic for every z € R4;
* (t,-) is decreasing for every t € R;
e o(t,x,y) = WP(t,x+y) for every (t,x,y) € R x Ry x Ry.

Now, we can prove the main result of this chapter by using the homotopy
version of Krasnosel’skii fixed point theorem stated in Theorem 1.2.11.

Theorem 3.3.1. Let us consider the Banach space (Gw (]R, ]R2>, |- Hw) and the cone

C in Example 1.2.4, with q1 = m1/M1 and q2 = m2/M2. If conditions (G1) and
(G2) hold and there exist r, R € R, 0 < r < R, such that

T>aM;(1—g(r), (33)

Mial(l —g(r))+M3rL n(s,7,1)ds < 2, (34)
w 2

RJO P(s,R)ds > -~ (35)

then the system (31) has an w-periodic solution (x,y) € C such that

T <[4 Y)llw = X0 + [[Yllo < R.

Proof. From the arguments given in Section 3.2, we can assert that the contin-
uous w-periodic solutions of system (31) are the fixed points in C, (]R, 1R2> of

the non-linear operator N = (N7, N;), where

t+w

Ny () (1) = L Hi (¢, 8)f1 (s, x(s), y(s))ds;
t+w

Na(x,y) (1) = L Ha(t, s)fa(s, x(s), y(s))ds;

and f] (S,X/U) = a(S)X“ - Q(X)) + (P(S,X,U)XU; fZ(S/X/y) = C(S)(P(S/X/U)XU-
In the following, we show that the Banach space <€w (]R, ]R2>, |- Hw>, the

cone C, the positive real numbers r < R, and the mapping Nc, fulfill the
hypotheses of Theorem 1.2.11.

N maps Cy into the cone C

We prove a more general statement, that is, N(C) C C. Thus, we consider a
pair (x,y) € C, and we show that N(x,y) = (Ny(x,y),N2(x,y)) € C. For that
purpose, for each i € {1,2}, we prove that Ni(x,y)(t) = Ni(x,y)(t + w) and
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Ni(x,y)(t) = qil[Ni(x,y)|lco, for all t € R. On the one hand, the w-periodicity
of Nj(x,y) follows easily by means of the change of variable s — s + w and the
periodicity hypothesis on the involved functions. On the other hand, by using
the definitions of q;, m; and M;, we obtain

my t+w
Ny oo =3 max [ Hi(t (s, x(5),y(s)ds
i telo,w] Jt

t+w
< max j mifi(s, x(s),y(s))ds < Ni(x, y)(1);
telo,w] J¢

forall t € R.
Nc, is continuous and compact

It follows from the continuity property required to the involved functions
and the Arzela-Ascoli result provided in Theorem 1.1.3.

Nicg satisfies conditions (H,E1)-(H,E2)
We start by proving condition (H,E1), which in our case reads as follows
(N1(x,y), N2(x,y)) # Alx,y), forall (x,y) € C, [[(x,y)|lw =Tand A > 1. (36)

To this aim, we consider three cases:

Case 1: Assume x = 0 and y # 0. Then condition (36) trivially holds since
Ni(x,y), N2(x,y) = 0.

Case 2: If x # 0 and y = 0, then N;(x,y) = 0 and (36) reduces to
Ni(x,0) # Ax, for all (x,0) € C, [[x||loo =Tand A > 1. (37)

To prove this, assume the contrary, namely that there exist (x,0) € C, ||x||cc =T,
and A > 1 such that

Ny (x,0)(t) = Ax(t), forall t € [0, w].

Let ty € [0, w] be such that x(ty) = ||x|[cc = T > 0, then also using that —g is
increasing, one has

tot+w
r = x(to) < Ax(te) = J Hi (to, s)a(s)x(s) (1 — g(x(s))) ds
’ totw
<ar(l —g(r))L Hi (to,s) ds < ar (1 — g(r)) M.

Dividing by r > 0, it yields 1 < @ (1 — g(r)) M;, which contradicts our hypothe-
sis (33). Thus, condition (37) holds.

Case 3: Finally, we prove that condition (36) holds for x, y # 0. If it does not
hold, then there exist a pair (x,y) € C, ||(x,y)||o =1, and A > 1 such that

N1(x,y)(t) = Ax(t), Na(x,y)(t) =Ay(t), forall t € [0, w].
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Let tg € [0, w] be such that ||x||« = x(to). Then, by using condition (G1) over ¢,
one has

[x]loo = x(to) < Ax(to) = N1(x,y)(to)
to+w

= J Hi (to, s)[a(s)x(s)(1—g(x(s))) + (s, x(s), y(s))x(s)y(s)lds
to (38)

o totw
< Ixllo (am — g0l IV + oMy [ (s e uyuoo)ds) .
to

After dividing by ||x|/« and using the fact that ||X||co, [[Ullec < [[(X,Y)|lw = T
together with the increasing properties of 1 and —g, it gives

1< a(l — oMM + Jyllee My L n(s, T, r)ds. (39)

Similarly, from N;(x,y) = Ay, we obtain
w
1< xleMa | (s, s (40)
0
Now, adding (39) and (40) yields
- w
2 < a(1 = g(r)My -+ M+ [9ll) | (s, 7,1,

which, by virtue of ||x||cc + ||y||cc = T, contradicts our assumption (34). There-
fore, condition (36) is satisfied.

Now, to prove condition (H,E2), we choose the element v € C\{0} as any pair
(x0,Yo) with xg, yo > 0. Then, (H,E2) reads as follows: for all (x,y) € C, with
|(x,y)]low =R, and all A > 0

(%, y) = (N1(x,y), N2(x,y)) # Alxo, o). (41)
To this aim, we distinguish again three cases:

Case I: If x = 0 and y # 0, then N1(x,y), N2(x,y) = 0, so condition (41) trivially
holds.

Case II: If x # 0 and y = 0, then Ny(x,y) = 0. Therefore condition (41) is
satisfied since 0 < Ayp.

Case I1I: Finally, we consider the case x, y # 0. If condition (41) does not hold,
then there exists a pair (x,y) € C with ||(x,y)|w = R such that

x(t) > Ni(x,y)(t), y(t) > Na(x,y)(t), forall t € [0, w],
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where we have used that A, xq, yo > 0.
On the one hand, for each t € [0, w], using condition (G2) over ¢, one has
Ix[loo = x(t) > N7(x,y)(t)

t+w
= L Hi(t, s)lals)x(s)(1 —g(x(s))) + @(s,x(s),y(s))x(s)y(s)]lds

t+w
>L Hi(t, ) (s, x(s), y(s)) x(s) y(s)ds
>mmmﬂwammLuMmm+yMMs
>mmmwwmmemmmmm&

which, after dividing by ||x|/~, yields

w
1>mmmﬁme¢GRM& (42)

On the other hand, in a similar way, from y(t) > Ny(x,y)(t), for all t € [0, w],

we deduce that

w
1> macqqzlil | bis RIS 3)
Now, by adding inequalities (42), (43) and using ||x||ec + [[Ulloc = | (X, Y)||lw = R,
we obtain
w
2> m3RJ P(s,R)ds,
0

which contradicts our assumption (35). Thus, condition (41) is fulfilled.

Application of Theorem 1.2.11

We have proved that all the conditions of Theorem 1.2.11 are satisfied, there-
fore the non-linear operator N has a fixed point (x,y) € C with r < [|(x,y)|| < R.
This fixed point (x,y) is a continuous w-periodic solution of the Lotka-Volterra

type system (31).

3.3.1.1  Applicability problems of Theorems 1.2.5, 1.2.9 and 1.2.10

In this subsection, we show the appropriateness of the homotopy version of the
Theorem of Krasnosel’skii for Lotka-Volterra type systems, as compared to the

other more popular versions.

We first show that the classical Krasnosel’skii compression-expansion fixed
point result considered in Theorem 1.2.5 is not applicable for the Banach space
(Cw(R,R?), || [|w), the cone C in Example 1.2.4 and the integral mapping N

associated to the Lotka-Volterra type system (31).
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One of the compression or expansion hypotheses of the Theorem of Kras-
nosel’skii requires that, for some real number T > 0,

(x,y) —=N(x,y) ¢ C, forall (x,y) € C with [|(x,y)|lw =T (44)

However, if we choose pairs of the form (0,y) € C, with ||(0,y)|lo = [[Yllo =T,
then, since N(0,y) = (0,0), one has

(0,y) —N(0,y) = (0,y) € C.

Consequently, condition (44) does not hold.

Next, we use similar arguments to show that the norm type version provided
in Theorem 1.2.9 can neither be applied to systems of the form (31). We follow
the approach in (Lv, Lu, and Yan, 2010; Tang and Zou, 2006), where they
also use the Banach space (Cy (R, R2), || - |w) and the cone C in Example 1.2.4.
Moreover, for some positive real numbers r; < Ry, 12 < R;, they consider the
open and bounded sets

Q1= {(xy) € (CalR R, |- ) & Ixllos <71, Iyl <72}

Q2 :={(xY) € (CalR R, || flw) ¢ xlloo < Ri, ylloo < Rz}

One of the hypotheses in conditions (NC), (NE) requires that, for some i € {1, 2},
ING Y lw = [[(x,Y) [, forall (x,y) € CNRAQ, (45)

where for T; = 1 or Tj = R; (for both j € {1, 2}) the elements of 0Q); satisfy

IXlloo < 11, [[Ylloo = T2 01 [[X[00 = T1, [[Ylloo < T2-

Thus, if we choose pairs of the form (0,y) € CN0Q;, with ||y|le = T2, since
N(0,y) = (0,0), one has

0 =[N0, Yllw < [0, Y]lw = [Ylleo = T2

Consequently, condition (45) does not hold.

Finally, we consider the classical Lotka-Volterra system with continuous and
w-periodic coefficients and we show that the vector version in Theorem 1.2.10
still cannot be applied, at least by following the proof of Theorem 3.3.1. It
is worth mentioning that the result could work for this type of problems if
we used a distinct reasoning, but the difficulty intrinsic to the computations
obscures the visualization of this possible application.

Let us consider the real numbers 0 < 11 < Ry, 0 < 1 < Ry, the following
cones in the Banach space (C(R,R), | - ||)

C;={x€CR,R) : x(t) =x(t+ w), x(t)
Ca:={y € C(R,R) : y(t) =y(t+ w), y(t)

q1/|x||eo, forall t € [0, wl};

=
> q2]|Y|loo, for all t € [0, wl};
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and the mapping N = (N7, N3) : (Cl)n,m X (CZ)TZ,Rz — C1 x C; given by

t+w
N1 (oY) (t) == L Hi (¢, s)A(s)x(s)y(s)ds;
t+w

Na( y)ft) = | Halt sle(sAlsx(s)y(s)ds,
The non-applicability of the result is deduced once we show that both condi-
tions (V1) and (V2) cannot be satisfied for one of the index values i € {1,2}. Let
us see, for instance, what happens for i = 1 and condition (V1). If we proceed
like in the proof of Theorem 3.3.1, this condition is satisfied provided that the
following inequalities hold

MiAR;w < 1 < miATaqiqaw,

but this is not possible since m; < My, A < A 12 <Ryand q1q; € (0,1).

3.3.1.2  Viability of conditions (33)-(35)

In this subsection, we study the existence of real numbers 0 < r < R satisfy-
ing the required hypotheses in Theorem 3.3.1. For general expressions of the
prey growth g and the predators functional response ¢, we prove the existence
of small enough r > 0 fulfilling conditions (33) and (34). However, we study
condition (35) in the particular cases of linear and logistic growth, where we
also specify how to choose suitable values of r and R. Under the simplest ex-
pressions for g and ¢, we also discuss whether it is possible or not to localize
multiple solutions and compare our results with those in (Tsvetkov, 1996).

Remark 4. Let us consider the Lotka-Volterra model (31) with a functional
response @ satisfying conditions (G1)-(G2). If

1
g9(0) >1— Md (46)

then there exists a number r > 0 such that conditions (33) and (34) hold.
Indeed, by using the continuity of g at 0, if (46) is satisfied, then there exists
o > 0 such that g(r) > 1—1/(M;a), or, equivalently, condition (33) holds for
every r € (0,10).
From (46), we also have g(0) > 1—2/ (M;a), or, equivalently,

(1—g(0))Mya <2,

which, together with the increasing character of n required in condition (G1),
guarantees (34) for any small enough r > 0.

Notice that condition (46) is trivially satisfied when g(0) = 1, which is the
case of both linear and logistic growth of the prey population.
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We consider now the particular expression of g which corresponds to the lin-
ear or logistic growth for the prey population, and we show how the conditions
over 1,R > 0 in Theorem 3.3.1 look like. Moreover, we study the existence of
such numbers r and R, when ¢ = @1 or ¢ = @1;.

For that purpose, let us start by proving that @1 and @y; satisfy all the condi-
tions previously required to a general ¢. It is clear that both functions belong
to C(R x Ry x Ry, R} ) and are w-periodic in the first variable. Concerning
conditions (G1) and (G2), for function ¢, we can take

n=¢rand Y =A,

while for function ¢, we can set

- B At)
n=erand Wit 2) = = N ) 2)z

Additionally, we fix the following notations

A= min A(s), A:= max A(s), & := max «(s) and p := max p(s).
sel0,w] s€0,w] sel0,w] s€0,w]

Linear growth
In this case, the localization result provided in Theorem 3.3.1 reads as follows.

Corollary 3.3.2. Assume that g = 1 and conditions (G1), (G2) over ¢ are satisfied.
If there exist 1,R € R, 0 < v < R, such that

w

2
AV d < A

YL n(s,7,7)ds MG (47)

and (35) hold, then the system

X/ = a(t)X - (p(t/ X,y)Xy,' (48)

/

Y = -btly +c(t)oltx,y)xy
has an w-periodic solution (x,y) € C, being C the cone in Example 1.2.4, such that
T <10 Yllw = [Xlleo + lYlleo < R

Next, for each particular expression of ¢, we give sufficient conditions for
(47) and (35) to hold.

Case I: When ¢ = ¢, conditions (47), (35) read as

@ 2 2
| As)+ax(s)rds< —, R> ———————
J, Mo ratsiras < v et 49)

and are respectively satisfied provided that

2
3(1), /m3(DA,

r(X—i—&r) <
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or, equivalently,

= 2 _
—7\+\/?\ +4%2/(M3w) RS 2
2x " T m3wA’

TS (50)
Therefore, under condition (50), which is satisfied for small enough r and suf-
ficiently large R, Corollary 3.3.2 applies. We notice that the existence of small
enough r > 0 was already proved in Remark 4. However, the expressions in
(50) tell us how to choose suitable values of r and R.

The simplicity of the conditions over 1,R given in (50) allows us to easily
discuss the possibility to localize multiple solutions, reaching a negative con-
clusion, as we will justify.

Remark 5. Since w-periodic functions are also nw-periodic, for every natural

number n > 2, it makes sense to ask to what extent the numbers r and R

depend on the period. For each natural number n > 1, we denote by 1, and R,,

the numbers r and R satisfying the conditions (50), when w is replaced by nw.
Making some computations, it can be shown that

Thal <Th < Rp <Ryiq, forallne N, n > 1;
lim r, =0, lim R, = oo.
n—oo n—oo
Therefore, by taking a multiple of the period w, it may happen to localize the
same w-periodic solution for every n > 1, so that the best localization region
is that for n = 1. It is worth mentioning that one should take into account that
the terms M3 and m3 involved in the inequalities depend on the period.

Remark 6. In the particular case of @ = @7 and & = 0, system (48) reduces to
the model

X' = a(t)x — A(t)xy;
(51)
y' = —b(t)y +c(t)A(t)xy;

which was studied in (Tsvetkov, 1996) by means of index theory. Even in this
particular case, our result based on Theorem 1.2.11 gives a better localization
of w-periodic solutions, namely in the annular conical set

Ciri={(x,y) € C: v <[|X]|loo + [[Yllcc <R},

where

2 2

r= JR= — =
M;s [ A(s) ds m;3 [y Als)ds

Case II: When ¢ = @11, conditions (47), (35) become

er?\(s) +a(s)rds < i, RJw Als) ds >

0 My Ny THB(S)AGs) + a(sIRIR (52)

2
m3
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and are respectively satisfied provided that

_ 2 A 2
rA+ar) < , R—————— > .
Mzw” T+BA+&R)R - mMzw

(53)

The first inequality in (53) is satisfied for r < [ —A + \/ N +4x2/ (Mg,w)) /(2%)

as it happens in Case I. Next, we study the existence of R as required by the
second inequality in (53). To this aim, we consider the auxiliary function

B Az

~ 1+Bz+CZ¥
where A := mz3wA, B:= B A and C := B« Let us show that there exists R > 0
fulfilling the last inequality in (53) if, and only if,

A>2(2V/C+B). (54)

f(z) : z € R\ {0},

One can easily prove that lim, ,o f(z) = lim,_, 1 f(z) = 0 and f(z) > 0, for all
z > 0. Additionally, f has a unique critical point at 1/4/C > 0 and the previous
properties ensure that f attains a maximum at zmax := 1/ V/C. Therefore, if

f(Zmax) = 2,

or, equivalently, A > 2 (2+/C + B), then it is possible to choose R close enough
or equal to zmax, such that the required inequality holds. Moreover, under
assumption (54), we can precise the interval where we can choose R. It is
(z1, 23], where 21, z; are the solutions of the equation f(z) = 2, namely

A—2B—/(A—2B)2—-42C A—2B+ /(A —2B)2—42C
= T , 22 = e . (55)

z1

3.3.1.3 Logistic growth
In this particular case, we can rewrite Theorem 3.3.1 as follows.

Corollary 3.3.3. Assume that g(x) = 1 —x/K and conditions (G1), (G2) over ¢ are
satisfied. If there exist r, R € R, 0 < r < R, such that

K
r< —, 6
v (56)
_m w
aK ! r+M3rJ n(s,r,r)ds <2, (57)
0

and (35) hold, then the system

/

X =a(t)x (1—%) —e(t,x,y)xy;
y' = —b(thy +c(t)elt,x y)xy

(58)

has an w-periodic solution (x,y) € C, being C the cone in Example 1.2.4, such that

T <[4 Y)llw = [Xlloo + [[Ylloo < R.
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It is clear how condition (56) can be satisfied. In addition, it is not necessary
to study again the existence of R > 0 fulfilling condition (35), since it does not
depend on the expression of g, and therefore we can follow the arguments of
Subsection 3.3.1.2. Thus, let us state some sufficient conditions on r > 0, such
that (57) holds when ¢ = @1 or ¢ = @;. We have already mentioned that we
can consider 1 = @ for both expressions of ¢. Then, for both cases, condition
(57) reads as

w

T+ Mng (A(s) + a(s)r) ds < 2,
0

Mﬁ
K

being trivially satisfied provided that

Mﬂ
K

r+Mzwr (A+ar) <2 (59)

We know, from Remark 4, that there exists a small enough r > 0 fulfilling
condition (57). However, condition (59) tells us how to obtain suitable values
of r > 0.

3.3.2 Properties of solutions

We devote this subsection to study some interesting properties of the w-periodic
solutions of the Lotka-Volterra system (31). First, in Subsection 3.3.2.1, we de-
termine the steady states or constant solutions of the model. Then, we use
this information and the localization results in Subsection 3.3.1 to find suffi-
cient conditions that ensure the nonconstancy of the solutions. Finally, under
uniqueness hypotheses, we show that, if the localized solution is nonconstant,
then the prey and predator populations do not get extinct.

3.3.2.1 Steady states

The steady states of system (31) are points (xp,yo) € R+ x R, such that

xo (a(t)g(xo) — @(t,x0,Yo)yo) = 0;

(x
6
Yole(t)@(t,xo,Yyo)xo — b(t)) = 0; (60)

for all t € R. It is clear that (0,0) is a solution of (60). To determine other
possible solutions, we distinguish three cases:

Case 1: xop = 0, yo > 0. Under these conditions, the first equation in (60) is
obviously satisfied, while from the second one we have yob(t) = 0, for all
t € [0, w], which is not possible for yp > 0 and b # 0. Therefore, there are no
steady states of the form (0,yp), with yo > 0.

Case 2: xo > 0, yp = 0. Now the second equation in (60) trivially holds, while
the first one gives a(t)g(xp) = 0, for all t € [0,w]. As a # 0, one must have
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g(xp) = 0. Therefore, a point of the form (x¢,0), xo > 0, is a steady state if and
only if g(xp) = 0.

Case 3: xo > 0, yo > 0. Under these conditions, system (60) is equivalent to

@(t,x0,Yyo) = a(t)g(xo) = b{t) , forall t € [0, w].

Yo c(t)xo

We collect these results about the existence of steady states for system (31) in
the following proposition.

Proposition 3.3.4. A point (xo,yo) € Ry x Ry is a steady state of system (31) if,
and only if, one of the following conditions holds:

1. xo =0and ypo =0;
2. x>0, g(xg) =0andyo=0;
3. x0 > 0,yo > 0and

b
@(t,x0,y0) = a(tLgO(xo) = c(t()tio’ forall t € [0, w]. (61)

Linear growth

According to this proposition, in case of considering the linear growth of the
prey population, statement 2 is not possible, and steady states of the form
(x0,Yo) with xp, yo > 0 exist if and only if

a(t) b(t)

t, X, = = , forall t € [0, w]. 62
@ (t, %0, Yo) v ot (62)

Logistic growth

If one considers the logistic growth of the prey population, then from statement
2 in Proposition 3.3.4 we obtain the steady state (K, 0), and steady states of the
form (x¢,yo) with xo, yo > 0 exist if and only if

at) (1-%) _ b

t, X0, = = , forall t € [0, w]. 6
©(t, %0, Yo) " (U (63)

General prey growth

Coming back to the general system (31), let us note that, if there is not any
constant k > 0 such that

a(t) =k it), forallt € [0, w], (64)

c(t)
then the system has no steady states (xg,yo) with xo,yo > 0. Therefore, under
condition (64), the orbits of all w-periodic solutions (x,y), with x(t), y(t) > 0
for all t € [0, w], do not reduce to points.
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3.3.2.2 Nonconstant solutions

Here, we deduce sufficient conditions to ensure that the periodic solution ob-
tained in Theorem 3.3.1 does not reduce to a steady state, letting it the possibil-
ity to be a limit cycle. We state a general result which is useful for the particular
case of linear prey growth, but cannot be applied to prey populations with lo-
gistic growth. Therefore, we study the latter case separately, and we provide
an example to illustrate the theoretical arguments.

Theorem 3.3.5. Assume that condition (61) does not hold and

g(x) #0, for all x > 0. (65)

Then any w-periodic solution (x,y) of system (31) with ||(x,y)||w > O does not reduce
to a steady state.

Proof. In view of the inequality ||(x,y)|lw > O, the result follows once we have
proved that the unique steady state is (0, 0).

From Proposition 3.3.4, we know that there are no steady states of the form
(0,yo) with yo > 0; moreover, if g(x) # 0, for all x > 0, then there are no steady
states of the type (xo,0) with xo > 0; and, if condition (61) does not hold, then
there are no positive (with both positive components) steady states. Therefore,
the unique steady state of the system is (0,0), as wished. O

Linear growth

In case of linear growth of the prey population, condition (65) in Theorem 3.3.5
trivially holds. Consequently, given two real numbers 0 < r < R satisfying
the required hypotheses in Corollary 3.3.2, if condition (62) is not fulfilled,
then, applying Theorem 3.3.5, we can assert that there exists a nonconstant
w-periodic solution (x,y) € C with r < [|(x,y)[|ow < R

In particular, when ¢ = ¢j, the hypotheses in Corollary 3.3.2 read as (49),
which can always be satisfied for small enough r and sufficiently large R. There-
fore, if we ensure that condition (62) does not hold, then there is an w -periodic
solution which is nonconstant. For instance, if a, b, ¢, A are constants, but the
cooperation coefficient « is nonconstant, then condition (62) is not fulfilled.

Logistic growth

However, for the logistic growth of the prey population, Theorem 3.3.5 does
not apply since g(K) = 0. Nevertheless, if condition (63) does not hold, then
the steady states of system (58) are (0,0) and (K, 0). Recall that we can always
consider small enough r > 0 such that conditions (56)-(57) in Corollary 3.3.3
are fulfilled. Therefore, if the exists a number R > 0 such that K > R >r > 0
and condition (35) holds, then the orbit of the w-periodic solution given by
Corollary 3.3.3 does not reduce to a point.
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For the particular cases of ¢ = @7 and ¢ = ¢y, it is possible to choose a real
number 0 < R < K provided that

2
K>——f—— or z1 <K,
m;3 [y A(s) ds 1

respectively, where z; is given in (55).
In particular, when ¢ = ¢y, if a, b, ¢, A are constants and « is nonconstant,
then condition (63) does not hold. Therefore, for every

2

K>—-:,
m3(,U7\

the w-periodic solution of system (58), given by Corollary 3.3.3, is nonconstant.
We conclude this subsection with an example where all the coefficients, ex-
cept ¢, are nonconstant.

Example 3.3.6. Let the coefficients of system (58), with ¢ = ¢y, be
a(t) :=sin’ mtt, b(t) := cos®mtt, c(t) :=c € (0,1);

A(t) :=0a(t)+ (1—0)b(t) (8 € (0,1)), (t) :=(1—=Db(t))b(t).

We start with a brief interpretation of this particular system, which could be
suitable to model the interplay between prey and predator populations in
which we take into account the following factors: ecological seasonal effects;
the prey growth rate a attains its maximum value when the predator mortal-
ity rate b reaches its minimum and vice versa; the attack rate of predators A
is a convex combination of the prey growth and the predator mortality rates;
and the hunting cooperation coefficient « vanishes when the mortality rate of
predators attains its maximum or minimum.

For this particular system, condition (63) does not hold. Indeed, we can show
that there are no constants k > 0 satisfying condition (64). For t = 0 and any
k > 0, we obtain

2
cos- 0
k
c c

Kk
a(O):sinZO:O%E:

So, condition (64) does not hold for t = 0 and, consequently, condition (63) is
not fulfilled. Therefore, if

2 4e(y/e—1)

K > 1 — s
m3 [y A(s)ds c

then the 1-periodic solution given by Corollary 3.3.3 is nonconstant.
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3.3.2.3 Positive nonconstant solutions

Theorem 3.3.1 yields the existence of a continuous w-periodic solution (x,y)
such that

x(t) = q1]x|loo, Y(t) = q2[Jy||eo, for all t € [0, w], (66)

and 1 < [|X]lo + [[U]lo < R. In general, these conditions do not guarantee that
x and y do not vanish. The following result shows that this is the case when
(x,y) is not a steady state and system (31) is under uniqueness hypotheses.

Theorem 3.3.7. Let us consider the Banach space (Gw <]R, ]R2>, |- ||w) and the cone

C in Example 1.2.4, with q1 = m1/M1, q2 = m2/M2. Assume that the functions
et ) Ry xRy — Ry (t € R) and g : Ry — R are locally Lipschitz. Then,
for every nonconstant w-periodic solution (x,y) € C of system (31) such that

104 Y llw = [Xlloo + Iy lloo >0, (67)
one has
x(t) > 0and y(t) >0, forall t € [0, w].

Proof. First, note that the Lipschitz property over ¢ and g guarantees the
uniqueness of the solution to any Cauchy problem associated to system (31).

Let (x,y) € C be a nonconstant w-periodic solution of system (31) satisfying
condition (67). As (x,y) € C, it satisfies condition (66), therefore we just have
to prove that ||x|lcc > 0 and ||y||e > 0.

Assume that ||x||cc = 0. Then, from (67), one has ||y||cc > 0, so there exists
top € [0, w] such that y(tp) > 0. Also, since ||x||cc = O, i.e., x = 0, the second
equation in system (31) becomes

y'(t) =-b(t)y(t), teR,

and gives the following expression for y:

y(t) = y(to)e_fto b(s)ds, forallt € R.

Since y is periodic and for y (tp) # O the function in the right-hand side is not
periodic, the above equality yields a contradiction. Thus, ||x||« > 0.
Assume next that ||y|| = 0. Then the first equation in (31) reads as

x'(t) = a(t)x(t)g(x(t), t € R. (68)
We claim that

x(t)g(x(t)) #0, forall t € R. (69)
To prove this, we start by showing that

x(t) >0, forall t € R.
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Indeed, if there exists tg € R such that x(ty) = 0, then (x,0) is a solution of the
Cauchy problem with the initial conditions x(ty) = y(to) = 0. But (0,0) is also
a solution of this Cauchy problem, and, by the uniqueness of solution, we must
have x = 0, which is excluded by our assumption (67). Hence x(t) > 0, for all
t € R, as wished. Next, we prove that

g(x(t)) #0, forall t € R.

Indeed, assuming the contrary, there exists t; € R such that g(x(ty)) = 0. Then,
as shown by statement 2 in Proposition 3.3.4, (x(t1),0) is a steady state of sys-
tem (31). Therefore, the steady state (x(t;),0) and (x,0) solve the same Cauchy
problem with the initial conditions x(t;) = x(t;) and y(t;) = 0. Again by the
uniqueness of solution, one has (x,0) = (x(t1),0), i.e., (x,0) is a constant solu-
tion of the system, which is excluded from the hypotheses. Thus, g(x(t)) # 0,
for all t € R and our claim is proved.
Now using (69), we can write equation (68) under the equivalent form

O
Do) ~ ) tER,

which, by integration, gives

(ORI
Jo x(s)g(x(s)) ds = Jo afs)ds, tER. (70)

Let D:={t € R :\{0}: g(t) #0}and G: D — R be such that

Then, from (70), we have

t
G(x(t)) = G(x(0)) +J a(s)ds, t € R.
0
As x is periodic, G(x) is also periodic, while the function at the right-hand side
is not periodic, since a # 0. This contradiction shows that ||y||cc > 0, and the
proof is finished. O

3.3.3 Time independent predators functional response @

If we consider that the functional response does not depend on time, we can
repeat the proof of Theorem 3.3.1 and improve the localization of periodic so-
lutions. As a particular case, we can consider Lotka-Volterra autonomous sys-
tems, such as the classical model with linear or logistic prey growth, for which
we show that the localized solution could be an steady state.
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3.3.3.1 Periodic coefficients

In case that ¢ does not depend on t, then 11 and \{» do not depend on t either
and we can obtain a better localization result.

Theorem 3.3.8. Let us consider the Banach space (Gw <]R, ]R2>, |- ||w) and the cone

C in Example 1.2.4. Assume that @, n and \ in conditions (G1) and (G2) do not
depend on t. If there exist v, R € R, 0 < v < R, such that condition (33) is satisfied
and

Mya(1—g(r)+Msrn(r,T) <2, (71)
2
RY(R) > Es' (72)

then system (31) has an w-periodic solution (x,y) € C such that

T <[ Yllo =[xl + [[Ylloo < R

Proof. The proof is similar to that of Theorem 3.3.1, except Case 3 and Case III
in the proof of conditions (36) and (41), respectively. For instance, in the proof
of hypothesis (36), we can replace the estimations in (38) by:

[x[loo = x(to) < Ax(to) = N1(x,y)(to)

tot+w
_ J Hi (to, s)la(s) x(s)(1 = gx(s))) + @(x(s), y(s)) x(s) y(s)lds
I totw
< @Ixlloo (T — gllIxllso) M1 + [xlloo Illeo n(I1xl1o0r 1ullso) j Hi (to, s)ds

< @llxfloo (1= gllfxlloc) M1 + [%[loo [y [loo NI X]loo, [[Yllso) M,
which gives
T<a(l—g(r) M+ [[ylleon(r, v) M.
Similarly, instead of (40), we obtain
1 < [|x|leo €M n (T, T).
So, adding the two last inequalities, we find that
2<Mia(l—g(r)+rn(r,T) M3,

which now contradicts our assumption (71).
The sufficiency of condition (72) to prove condition (41) can be shown in a
similar way:. ]
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Linear growth

For the linear growth of the prey population, when ¢ does not depend on t,
we have the following result that improves Corollary 3.3.2.

Corollary 3.3.9. Assume that g = 1 and @, n,  fulfill conditions (G1), (G2) without
depending on t € R. If there exist 1,R € R, 0 < v < R, such that

2 2
Tn(T,T) < — Rll)(R) 2 —
M3 mj

then system (48) has an w-periodic solution (x,y) € C such that

T <[4 Y)llw = Xl + [[Ylloo < R.

Logistic growth

For the logistic growth of the prey population, when ¢ does not depend on t,
we improve Corollary 3.3.3 as follows.

Corollary 3.3.10. Assume that g(x) = 1—x/K and @, n, ¥ fulfill conditions (G1),
(G2) and do not depend on t € R. If there exist r, R € R, 0 < r < R, such that

K M] a
K
2
n_lgl

T+ Mzra(r,) <2,

RP(R) >
then system (58) has an w-periodic solution (x,y) € C such that

T <[4 Y)llw = [Xlleo + [[Ylloo < R.

3.3.3.2 Constant coefficients: autonomous case

Under the conditions required to ¢ in Subsection 3.3.3.1, we now assume that
a, b and c are constant. Then

efa(sft) eb(sft)

H;(t,s) = H,(t,s) =

T—eaw’ ebw 7’

Moreover, for every t € IR, one can compute

o t+w 1
M1=m1=J Hi(t,s)ds = —
¢ a
1 1 1 1

Mi=1— @ M= M= e

m min{ 1, ' ind L8l M = max {1, €
e 1 _— — e 1 _— — — JEEN—— .
s = D12 a’b edwebw abf a’b
As a direct consequence of Theorem 3.3.8, we have the following result, where
the conditions over 1, R look much simpler.
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Corollary 3.3.11. Let a, b, ¢ be constant and @, n, \ in conditions (G1), (G2) do not
depend on time. If there exist r, R € R, 0 < r < R, such that

g(r) =0, m(r,7) maX{j;,%} —g(r) <1, (73)

2

qigamin {, £}’

RU(R) >

then the system

X' = axg(x) — o (x,y)xy; (74)
Yy =—-by+ce(xy)xy

has an w-periodic solution (x,y) € C such that
T <[ Yo = [X]loo + [[Yllo <R

Linear growth
Notice that, in particular if g = 1, condition (73) becomes

2
mr, 1) < ———<
max )

and we have the following remark about the classical predator-prey system.

Remark 7. For the particular expressions of g = 1 and ¢ = A > 0, system
(74) reduces to the classical Lotka-Volterra model (30). Then, one can consider
n, b = @ = A, and the conditions over r and R reduce to

2 } { b}]
r< ————=2min{a,~
max{a,b A c) A

2 b eawebw
R> :2max{a,—}—.
q1qzmin {g, §} A cJ A

It is easy to see that the non-trivial steady state (x.,y.) := (b/ (cA), a/A) satis-

fies
b) 1 1 b 1
< i 7 FX k7 — N 2 - N
T me{ac}}\ | (e, y4) || = ( )}\ max{ac}y\

<2max{a E} ] < R
qigaA

Therefore, it may happen that the localized solution given by Corollary 3.3.11 is
in fact the steady state (x.,y.). Besides, in this particular case, we also observe
the unfeasibility to localize multiple solutions.




3.4 DISCUSSION

Logistic growth
In case that g(x) = 1 —x/K, condition (73) becomes

1
r <K, max{—,g} rm(r,r)+ = <2,
ab

and we can make the following remark about the classical Lotka-Volterra model
with logistic growth on the prey population.

Remark 8. For the particular expressions of g(x) = 1—x/Kand ¢(x,y) =A >0,
system (74) reduces to the classical Lotka-Volterra model with logistic growth
on prey

X =ax(1—-%) — Axy;
y = —by + cAxy.
Then, one can consider 1, p = ¢ = A, and the conditions over r and R become
2

%—I—max{1 C}?\'

arb

r<K, <

b 1
R > 2max< a, — .
{ C} q192A (75

If one has

K >2max{a,9} ] /
C q1q27\

then (75) holds for R = 2 max{a, b/c} /A < K. Therefore, we are not localizing
the steady state (K, 0), but it may also happen that the localized solution given
by Corollary 3.3.11 is in fact the steady state

s oo _ (b al b
(X’y)_(cx’xo c?xK))’

where x*, y* > 0.

3.4 DISCUSSION

In this section, we review the research work we have included in this chapter
and compare it with that in some related studies. As usual, we use headlines
to identify the different topics considered.
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Contributions to the direct application of fixed point theorems to Lotka-Volterra models

In Section 3.1, we observe that the existence of periodic solutions to simple gen-
eralizations of Lotka-Volterra type systems has been studied by means of fixed
point theory based on topological arguments. In our view, for applications, the
use of topological techniques may complexify the details of the research devel-
opment in comparison with the use of some classical restrictions in fixed point
theory, i.e., those given directly in terms of the underlying mapping. Thus,
we study the applicability of different versions of Krasnosel’skii fixed point
theorem, whose hypotheses are directly expressed in terms of the non-linear
operator, to the periodic predator-prey system (31).

In Subsection 3.3.1, we use the homotopy version to prove the existence of
periodic solutions to this class of models. We follow a similar approach to
that in (Lv, Lu, and Yan, 2010; Tang and Zou, 2006), where they show the
applicability of the norm-type version to more complex predator-prey models
including time-delays. However, we prove that both classical and norm-type
versions do not apply for system (31). Moreover, for the particular case of the
classical Lotka-Volterra system with periodic coefficients, we also show some
problems with the applicability of the vector version, which had been used to
deal with similar periodic systems (see Precup, 2007).

On the other hand, we improve the localization results in (Tsvetkov, 1996),
where system (51) was studied by means of index theory. Besides, our approach
holds for a more general formulation of Lotka-Volterra type systems.

First steps on the qualitative study of system (31)

Our main result allows to localize continuous and periodic solutions to the
general system (31), which describes a periodic interplay between prey and
predator populations. However, these periodic solutions could be in fact steady
states, i.e, solutions that do not vary with time, as we showed for the au-
tonomous case (see Subsection 3.3.3). Moreover, the localization domain does
exclude the possibility of extinction for some of the species. Therefore, it is
interesting to determine sufficient conditions that ensure the nonconstancy of
the periodic solution and the positiveness of both populations. We develop this
study in Subsection 3.3.2, where we can observe that the sufficient conditions
depend on the expressions of the prey growth g and the predators functional
response ¢@. Thus, we analyzed their viability for the linear and logistic prey
growth and the expressions of @1, @1, which consider hunting cooperation
between predators.

This is a preliminary study of the solutions properties, which lets the possi-
bility to localize a limit cycle. A further step on the qualitative study of this
class of models would be to determine the stability properties of the steady
states and the localized periodic solution.



CONCLUSIONS AND FUTURE PROSPECTS 1

In this research line, we have contributed to both the generalization and appli-
cation of Krasnosel’skii type compression-expansion fixed point results. In our
view, one of the most relevant aspects of our research are the approaches we
used, since one of them allows to continue with the extension of the localiza-
tion region provided by our fixed point results and the other fills a gap in the
application of Krasnosel’skii type fixed point theorems to Lotka-Volterra pop-
ulation models. We devote the following lines to describe the research skills
we have gained working on the objectives of this part of the thesis. Then, we
give details about some ideas to continue with the investigation, which could
potentially increase the interest of our work.

A. CONCLUSIONS

In Chapters 2 and 3 within Research Line I, we include the research we have
developed in the framework of fixed point theory. The most relevant results
we have obtained are summarized and compared with other present in the
related literature at the end of each chapter. In this section, we complement
this discussion by reviewing the learning process in which I got involved when
I was working in goals G1 and G2.

I begin with Chapter 2, where we achieve objective G1. As we already
mentioned, an important part of the research carried out to generalize Kras-
nosel’skii compression-expansion fixed point theorem to set contractions and
star convex sets has been developed during my Master degree studies. For
instance, it was during that period when my supervisor Rosana Rodriguez
Lopez proposed me the idea to adapt the results for balls owed by Cac and
Gatica (1979) and Potter (1974) to more general sets, which contain the rays
connecting the points on its boundary to the origin. Thus, before the beginning
of my PhD studies, I had developed this more general setting and proved the
compression type result. In this way, I had acquired the capacity to analyze
the proof of a result and to adapt it to a more general framework. We had
also proved the expansion type result as a generalization of the work in (Céac
and Gatica, 1979), but the localization domain was not so precise. Moreover,
the boundary value problem we had considered to illustrate the applicability
of our results satisfied the hypotheses of some classical results, so we had not
justified properly the necessity of our generalizations. It was during the PhD
studies when we proved both compression and expansion results under the
general hypotheses considered in this document. For the expansive case, pro-
fessor Radu Precup suggested us to use a change of variable to reduce it to the
compressive one. For both proofs, I needed to become familiar with the par-
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ticular behavior of set contractions. Besides, regarding the applications of the
obtained results, I worked for the first time with a noncompact mapping and
perceived the relevance of defining the star convex sets by means of functionals.

The contents of Chapter 3 contribute to reach the goal G2 and were com-
pletely developed during the PhD studies. In this case, I reviewed some exist-
ing literature and decided to study predator-prey models including coopera-
tion between predators by means of fixed point theory. Our main aim was to
apply directly some Krasnosel’skii type results, since, in our view, this method-
ology is clearer and easier to reproduce than topological approaches that have
been used to localize solutions of similar models. The main difficulties were
to overcome the problems in the application of some popular versions of Kras-
nosel’skii fixed point theorem and also to find the appropriate result for our
problem of interest. Moreover, I also learned how to discuss the possibility to
localize multiple solutions. Finally, it is also interesting to comment that, to
obtain some basic qualitative properties of periodic solutions, we combined the
localization results with some knowledge acquired during my degree studies
about ordinary differential equations.

B. FUTURE PROSPECTS

In this section, we provide some ideas that we would like to develop as a
continuation of the research carried out in this part of the thesis. It is worth
mentioning that we have already started the research on the future prospect I,
which is part of a joint work with my supervisor Rosana Rodriguez Lépez.

I. GENERALIZATION OF KRASNOSEL'SKII COMPRESSION-EXPANSION FIXED
POINT THEOREM FOR SET CONTRACTIONS TO MORE GENERAL DOMAINS

Along this part of the thesis, we provided different reasons to consider new
generalizations of Krasnosel’skii compression-expansion fixed point theorem,
such as the higher applicability and the better localization they can provide.
Moreover, in the Introductory section of Chapter 2, we also commented the
advantages of using classical fixed point arguments rather than topological
techniques, both in applications and to obtain theoretical extensions. In the
latter case, we also consider that the classical approach exhibits the key points
of the proofs in a clearer way, allowing to easily identify the generalization
potential of the results.

We recall that we have obtained a generalization of the classical compression-
expansion Theorem of Krasnosel’skii for set contractions which localizes the
solutions in conical domains determined by star convex sets. A deeper analysis
of the proofs reveals that their key points are the properties of set contractions
and the shape of the localization domain. Moreover, we also observe that we
are not taking advantage of all the possibilities offered by the set contractions,
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and we claim that the obstacle to obtain better localization results comes from
the peculiarities of the cone.

Therefore, to continue with the extension of these results, we decided to pre-
serve the ideas in the proof for both compression and expansion cases, as well
as the regularity of the mapping, but to construct a more general framework for
the localization domains. We notice that, for applications, we must take care of
the extension of the cone, since its characteristics are relevant to determine the
properties of the localized solution.

Apart from the theoretical interest of this research idea, it would also be
interesting to justify its potential in applications.

II. QUALITATIVE STUDY OF THE PERIODIC LOTKA-VOLTERRA SYSTEM WITH
GENERAL PREY GROWTH AND PREDATORS FUNCTIONAL RESPONSE

In Section 3.1, we mentioned that the motivation to study the predator-prey
system (31) came from the research developed in (Teixeira Alves and Hilker,
2017). However, we do not follow their methodology and, inspired by the work
in (Tsvetkov, 1996), we decided to use an operator approach to localize periodic
solutions.

Once we have proved the existence of periodic solutions, we also started to
study some of their properties. We first determined sufficient conditions to
ensure that the localized solutions do not reduce to steady states. Then, under
uniqueness hypotheses, we also proved that the nonconstant periodic solutions
are positive, so none of the species ends in extinction. In this way, we slightly
contributed to the qualitative study of the nonautonomous system (31). How-
ever, there are still many interesting aspects of the dynamical behavior of the
model which deserve to be studied. For instance, in Section 3.4, we proposed
to study the stability of steady states and the localized periodic solution, which
is interesting to understand the long-term behavior of the populations. To that
purpose, as a beginner in this field, the first step would be a careful revision
of the existing literature on the topic. Moreover, it can also be useful to con-
sider the approach in (Faria and Oliveira, 2019), where they prove the global
attraction of a periodic orbit for a nonautonomous model of hematopoiesis.

In the research developed in (Teixeira Alves and Hilker, 2017) for an au-
tonomous model, after the stability study, they continue with an analysis of
bifurcations, that is, they observe how the stability behavior of the system
changes as a parameter is varied. It would also be interesting to develop
a similar study for the more general nonautonomous Lotka-Volterra systems
(31). There are plenty of research works devoted to the study of bifurcations
in autonomous systems; however, the analogous research for nonautonomous
differential equations seems to be under construction and it does not exist a
whole theoretical framework in which we can base our research. In spite of
that, we can start looking at the works in (Langa, Robinson, and Sudrez, 2002;
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Rasmussen, 2007), where two different generalizations of some bifurcation no-
tions are developed for the nonautonomous case.
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For the sake of completeness, we devote this chapter to fix some notions on
single-species population models and the qualitative theory of one-dimensional
difference equations used throughout this part of the monograph.

In Section 4.1, we start describing different prototypes of population mod-
els and the conditions they satisfy. These models are given by discrete-time
one-dimensional dynamical systems, so we devote the remainder sections to
state some useful notions and results in this framework. For that purpose, we
consider an interval ] C R, a general map h : ] — ] and the related one-
dimensional difference equation

Xnt1 = h(xn), n € NU{0}, xo € ]. (76)

If h € €" with v > 1, we say that h is a smooth map and equation (76) is a
smooth dynamical system. Some classical references on the qualitative theory
of this type of one-dimensional difference equations are (Devaney, 1989) and
(Wiggins, 1990).

If h ¢ C' but there exist a finite number m € IN of points d; € ] for all
j € {1,...,m}, such that h|(dj/d]‘+1) e @ forallj e {0,...,m} (dy = —o0 or
dp = inf{x : x € J}, d41 = 00 or dypr1 = sup{x : x € J}), then we say that h is
a piecewise-smooth map and equation (76) is a piecewise-smooth dynamical system.
In particular, if h is continuous, then the dynamical system is piecewise-smooth
continuous, otherwise it is piecewise-smooth discontinuous. Some recent books on
the qualitative theory of this type of systems are (Bernardo et al., 2008) for
piecewise-smooth continuous models and (Avrutin et al., 2019) for the discon-
tinuous ones.

Our main aim is to describe the asymptotic dynamics of system (76), so given
an initial condition xy € J, we are interested in determining the long-term be-
havior of the sequence {xnnen = {h(xn—1)neNn = {h"(x0)nenN, Where ho = id
and h™ = ho h™! for all n € IN. In Sections 4.2-4.4 we state some notions and
results useful for carrying out a qualitative study of its asymptotic dynamics. In
Section 4.2, we review some stability concepts (see (Avrutin et al., 2019, Chap-
ter 1) and (Liz and Lois-Prados, 2020b, Subsection III C), for further reference):
critical point and absorbing interval; repelling set, attracting set, attractor and
basin of attraction; unstable, stable, locally or globally asymptotically stable,
semi-stable fixed point and essential (global) attractor. A discussion of essen-
tial asymptotic stability (Melbourne, 1991) can be found in (Podvigina and Ash-
win, 2011). After that, we state some results useful to ensure the convergence
of all initial conditions to the same point, that is, global stability. In Section 4.3,
we describe the bifurcations and related terminology. We will consider map
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definitions which depend on one or several parameters, and the notion of bi-
furcation is associated with a qualitative change on the asymptotic dynamics of
the related systems under infinitesimal variation of those parameters. Finally,
Section 4.4 is devoted to interesting features which appear in 1-parameter bi-
furcation diagrams, such as long-transients and hysteresis; bubbles and hydra
effect; extinction windows and sudden collapses; periodic windows, star-like
intersections and effectively chaotic behavior. Bifurcation diagrams (BDs) are rep-
resentations of long-term dynamics and bifurcations of a system with respect
to variation of parameters. We use two types of BD:

® 2-parameter BD, where we plot the different bifurcation curves as func-
tions of two parameters of the system and we identify regions in which
qualitative dynamics do not vary. Bifurcation curves are obtained from an-
alytic expressions (often implicit) and are represented using the software
Mathematica.

* 1-parameter BD, where we plot long-term population sizes with respect to
a unique parameter. They are numerically obtained in the usual way: for
a given function h, we fix all parameter values but one; then for each value
of that parameter a random initial condition xy from a suitable interval
is selected, and a number M € N of iterations by h are computed. To
capture the asymptotic dynamics, we remove the first M* < M iterations
and plot the rest of the data. We use blue points/curves to represent
asymptotic population sizes.

It is worth mentioning that the notions related to fixed points in Sections 4.2
and 4.3 can be extended to any m-cycle (m € IN, m > 2), since it is a fixed point
of the map h™.

4.1 TYPICAL CONDITIONS FOR SINGLE-SPECIES POPULATION MODELS

In population dynamics, particularly in the context of fisheries, the mathemat-
ical modeling of the regenerative process of a population is of fundamental
importance. In (Quinn and Deriso, 1999, Chapter 3), there is a list of processes
described by a spawner-recruit or stock-recruit relation R = f(S) which estab-
lishes the recruits R that are produced by the spawning stock S in each time
cycle (Liz, 2018a). Thus, these type of regenerative processes are described by
a one-dimensional difference equation

Xna1 = f(xn), (77)

where x, denotes the population size at the n-th generation (n = 0,1,2,...)
and the function f : [0,00) — [0, 00) is the production or stock-recruitment curve.
In (Liz, 2010a), it is mentioned that these models are usually applied to semel-
parous populations in which the adult population x, dies during spawning and
is replaced by the subsequent cohort of recruits x,, 1 = f(xy). If a fraction of the
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adult population survives the reproductive season, they refer to it as iteroparous
population and consider the equation

Xn1 = (T —0)xn +f(xn), (78)

where o € [0,1]. They notice that the case o = 1 corresponds to equation (77)
and they interpret the term 1 — o as the adult’s probability of surviving one
generation including the reproductive season.

To carry out our theoretical study, we assume some typical conditions for the
stock-recruitment map f:

(A1) f : [0,00) — [0,00) is continuous, has a unique positive fixed point K,
f(x) > x for x € (0,K), and 0 < f(x) < x for x > K. Moreover, f(0) =0 and
there exists limy o f(x) < co.

Most of the results will require additional conditions, which are summarized
in the next hypothesis:

(A2) fisa G2 map with at most one critical point x. € (0, co) such that f'(x) > 0
for all x € (0,x.), and f'(x) < 0 for all x > x.. Moreover, f"(x) < 0
on (0,xc). If f has no critical points, then we consider x; = oo and f
strictly increasing and concave. If f has one critical point, we assume that
limy oo f(x) = 0.

We understand that a model defined by (77) or (78) is compensatory if f satisfies
(A1)-(A2) with x. > K (that is, f is nondecreasing at the positive equilibrium),
and overcompensatory otherwise.

It is worth mentioning that a direct consequence of conditions (A1)-(Az2) is
the existence of a unique X € (0,x¢) N (0,K) such that f'(x) = 1. This property
is derived from the Mean Value Theorem and the concavity of f in (0, x).

Sometimes, we will also assume that f is a €> map with negative Schwarzian
derivative. We recall that the Schwarzian derivative is defined by the expression

)\ 3 (%)

s = () =3 () 79
whenever f’(x) # 0. When (Az2) holds with finite x., the map f is unimodal; if,
in addition, (Sf)(x) < 0 for all x # x., then f is an S-unimodal map (Thunberg,
2001). The concavity condition on (0, x.) is not usually assumed, but it is not
very restrictive and for S-unimodal maps f”(0%) < 0 implies f”(x) < 0 for all
x € (0,%x¢) (Liz and Franco, 2010).

Some prominent models in the context of fisheries satisfy these conditions
(see Figure 7). We next provide a few examples which appear throughout this
part of the thesis.

Example 4.1.1. We first consider the Beverton-Holt model (Beverton and Holt,
1957)

__ T

C14az,

Zn+1
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where 1, a € (0,00) and z, denotes the population size at time step n, for all
n=0,1,2,... Applying the change of variable x, = az,, we get the difference
equation:

T+%xn

Xn+1 = (80)
Thus, we consider the Beverton-Holt model defined by f(x) = r x/(1+x), which
fulfills conditions (A1)-(A2) if, and only if r > 1, with K =1 —1, x. = oo and
ILm f(x) =, that is, f is strictly increasing and the model is compensatory.

Example 4.1.2. Another typical stock-recruitment process is the Ricker model
(Ricker, 1954)

Xni] = Xp e 7)) (81)

where > 0. The associated production map f(x) = x e" ('™ satisfies conditions

(A1)-(A2) with K =1 and x. = 1/r. Thus, it is compensatory if 0 < r < T and
overcompensatory if v > 1. Moreover, the Ricker map is S-unimodal.

Following a convention set by Ricker in (Ricker, 1975), by substituting e" by
B > 0, we get other frequently used form of the spawner-recruitment Ricker
model (81), that is,

Xnil = Pxne M. (82)
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Figure 7: Illustration of the graph of the stock-recruitment map f. We also plot the
line y = x (gray, dashed). (A): Beverton-Holt map f(x) = 3x/(1+x). (B):
Ricker map f(x) = xe"(1=%): in black r = 0.7 (compensatory); in blue r = 1.5
(overcompensatory), in red r = 2.6 (overcompensatory).

The stock-recruitment function of both Beverton-Holt and Ricker models in-
volve a number of parameters that usually have a biological meaning (Quinn
and Deriso, 1999). The parameters offer some flexibility to find a suitable model
that fits well the available population data, but it has been argued that mod-
els with two parameters are relatively inflexible (Liz, 2018a). In (Quinn and
Deriso, 1999), we find some three-parameter generalizations of (80) and (82).
In the case of the Ricker model, the generalized stock-recruitment difference
equation, to which we will refer as gamma-Ricker model, has the form

Xntl = Bxn¥e M, (83)
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where y > 0. Notice that for y = 1, § > 0 we get the Ricker model given by
(82). Some properties of the associated map f(x) = 3 x¥ e”"* have been recently
studied in (Liz, 2018a). By using Propositions 1 and 2 therein we can assert
that, for v € (0, 1), the gamma-Ricker map satisfies conditions (A1)-(A2) with
X =7v/rand Sf(x) < O for all x > x, but the map is not necessarily S-unimodal.
We can also justify the larger flexibility of the model with respect to the Ricker
map, since for y = 1,3 < 1 the gamma-Ricker map has no positive fixed points
(f(x) < x for all x > 0); and for y > 1 the map can have two, one or no positive
tixed points. We illustrate some configurations of the model in Figure 8, which
is a reproduction of (Liz, 2018a, Figure 1).

25
2.0
1.5
1.0
0.5
0.0

Figure 8: Illustration of the graph of the gamma-Ricker map (83) forr =1, f = 4
and different values of y: in black y = 1 (f is the S-unimodal Ricker model
(82)); in blue vy = 0.5 < 1 (f is not S-unimodal but satisfies (A1)-(A2)); in red
Y =2 > 1 (f has 3 fixed points). We also plot y = x (gray, dashed).

4.2 STABILITY CONCEPTS AND RESULTS

We begin this section by stating some basic concepts of points and sets which
play a crucial role in the study of asymptotic dynamics of the one-dimensional
difference-equation (76). Then we state some results which allow to prove the
most desirable long-term behavior of the population, that is, the convergence
of (almost) all initial population sizes xy € ] to an equilibrium of the map
h. To illustrate their applicability, we use the model prototypes described in
Examples 4.1.1 and 4.1.2.

Definition 4.2.1. A critical point c is a local extremum associated with the con-
tinuous branches of h or a limiting value of the function h at the discontinuity
points.

An interval E C ] is absorbing if h(E) C E (either E is invariant, h(E) = E; or it
is strictly mapped into itself, h(E) C E); there exists a neighborhood U of E such
that any point in U is mapped inside E in a finite number of iterations; and E
is bounded by two different critical points, or a critical point and its image.

From the definition of absorbing interval, we see that the critical points are
relevant in the investigation of the asymptotic behavior, since the study of
bounded orbits dynamics can be restricted to absorbing intervals confined by
critical points and their images.
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Definition 4.2.2. A closed invariant set R is called repelling if there exists a
neighborhood U of R such that every point in U\R is mapped outside U in a
finite number of iterations.

An attracting set A C ] is a closed invariant set for which there exists a
neighborhood U of A such that h(U) € U and ﬂf-fiohi(U) = A. An attractor A is
an attracting set with a dense orbit.

The basin of attraction of an attractor A is the set of all points converging to
A, that is, the points x € ] such that nlgglo h"(x) € A.

According to (Avrutin et al., 2019, Section 1.4), discontinuous one-dimensional
maps can have four types of attractors: k-cycles and k-band chaotic attractors,
k > 1; and two other types of attractors associated with quasi-periodic orbits.
In general, we use the notation oscillatory attractor for those attractors which are
not fixed points of the map h.

For a fixed point x* € ], defined by h(x*) = x*, we use some additional
notions.

Definition 4.2.3. A repelling fixed point is also called unstable.

The fixed point x* is stable if for every neighborhood V of x*, there exists
another neighborhood U of x* such that h™(x) € V for all x € U, n > 1. We say
x* is locally asymptotically stable (LAS) if it is stable and an attractor. If x* is an
attractor with U = ], we say that x* is a global attractor. If a global attractor is
stable, then we refer to it as globally asymptotically stable (GAS).

We use the term stabilizing when an unstable fixed point becomes LAS under
variation of a parameter; and destabilizing when a stable equilibrium loses its
stability as a parameter is changed.

If x* is not an attractor, but lim,, .o, h™(x) = x* for all x € [x*,x*+ ¢) or
x € (x* —¢,x*] and some € > 0, then we say x* is semi-stable.

If x* is not an attractor but limy_,o, h™(x) = x* for Lebesgue almost every x in
a neighborhood U of x*, we say that x* is an essential attractor. If U = ], then we
call x* an essential global attractor. In the context of population dynamics, when
the fixed point is x* = 0, then we refer to this phenomena as essential extinction.

Throughout this monograph, the first step on the study of asymptotic dy-
namics is to find parameter restrictions which ensure the existence of positive
fixed points x* of the one-dimensional map h, which is usually an easy task.
Then, we study the stability of the equilibrium points which are located at the
smooth branches of the map h by means of the value h'/(x*). It is also straight-
forward, specially in the hyperbolic case, that is, when [h/(x*)| # 1. For fixed
points which are locally asymptotically stable, it is natural to study their global
stability. Although the statement “LAS implies GAS” is not generally true, it
holds when the map h satisfies some additional conditions. In the work by
Coppel (1955), we find a simple condition which ensures the global stability of
an equilibrium for continuous maps defined on bounded intervals. If the inter-
val is bounded or unbounded, we have to require some additional conditions
(Franco, Peradn, and Segura, 2020):
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Lemma 4.2.1. If the map h related to the difference equation (76) is continuous in J,
then a fixed point x* is GAS if and only if h?(x) # x for all x € J\{x*} and x* is stable
for the dynamical system associated to h™, for some n € IN.

In general, it is difficult to ensure analytically the absence of 2-cycles, but
based on numerical simulations we can use the result to conjecture GAS. In the
literature we can find several papers devoted to find conditions on the map h
that are easier to check, an example is the following simple result which works
for continuous maps and is a generalization of (Braverman and Liz, 2012) stated
in (Liz and Lois-Prados, 2020a):

Lemma 4.2.2. If the map h related to the one-dimensional discrete-time difference
equation (76) is continuous on | = (a,b) (—oo < a < b < oo) and has a unique fixed
point x* such that

1. x < h(x) < x* forall x € (a,x*);
2. a<h(x) <xforall x € (x*,b);
then x* is GAS on ].

This result ensures the global asymptotic stability of the unique positive fixed
point for compensatory models, in particular, we obtain the following result.

Corollary 4.2.4. Let us consider the Beverton-Holt model given by (8o) and the Ricker
model given by (81) with 0 < r < 1, then the positive fixed point K (K < x.) is GAS.

Other results in this line make use of Lemma 4.2.1 in their proof, this is the
case of the following result by Cull and Chaffee (2000) (see also (Cull, 2007)).

Lemma 4.2.3. Let ¢ : [0, 00) — [0, 00) be a decreasing function which is positive on
(0,1) and so that $(x) = x for all x € [0, 00). If the map h related to the difference
equation (76) is continuous on | = [0, 00), has a positive fixed point x* and

1. $(x) > h(x) on (0,x*);
2. b(x) < h(x) on (x*,1);
3. h(x) > x on (0,x*);

4. h(x) < x on (x*,00);
5. h(x) > 0 on (0,00);
then x* is GAS on (0, 00).

This result applies for compensatory and overcompensatory models, in par-
ticular for those with f'(x) > —1 for all x € [0,00) and at most one point in
[0, 00) such that f/(x) = —1. We illustrate it with the Ricker model given by
(81).
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Corollary 4.2.5. Let us consider the Ricker model given by (81). If 0 < v < 2, then
f'(x) = —1 for all x > 0. Moreover, f'(x) = —1ifand only ifr =2and x =K = 1. In
particular, if 0 < v < 2, then the positive equilibrium K = 1is GAS in (0, c0). While,
if 1 > 2, then K =1 is unstable.

Proof. Let us consider r > 0 and x > 0, since
'(x) = (1 —rx)e" " and f"(x) = —r(2 —rx)e"' ™),

it follows that f”(x) < 0 for all x € (0,2/r), f”(2/r) = 0 and f”(x) > 0 for all
x > 2/r. Hence, f’ attains its global minimum at 2/r with f/(2/r) = —e" 2.
Therefore, f'(x) < —1 if and only if r > 2 and f’(x) = —1 if and only if r = 2,
x=1.

Now, we assume 0 < v < 2. The global attraction of the positive fixed point
K =1 follows from Lemma 4.2.3 with ¢(x) = 2K—x = 2 —x and h(x) = f(x) for
all x € (0,00); 1 =2 and x* = K = 1. Let us prove that the required conditions
are fulfilled (see Figure 9).

First we have ¢?(x) = 2— (2—x) = x and it is well-known that the Ricker
map f satisfies conditions 3-5.

It remains to prove that ¢ and f fulfill conditions 1,2. On the one hand, since
G(0)=2>10)=0,p(1)=F1)=1, ¢p'(x) = —1for all x > 0 and f'(x) < —1
for all x > 0, x # 1; then f(x) < &(x) for all x € (0,K) = (0,1). On the other
hand, since ¢(1) =f(1) =1, ¢'(x) = —1 and f'(x) = —1 forall x > 0 (f'(x) = —
if and only if r =2, x = 1), then f(x) > ¢(x) forall x > K =1.

Finally, if r > 2, then we have f/(K) = f’(1) = (1 —r) < —1, so the equilibrium
is unstable. m

1.5

1.0

0.5

0.0/

Figure 9: Diagram showing the Ricker map f(x) = xe"'™*), r < 2 (compensatory,
r=0.7 € (0, 1] in black; overcompensatory, r = 1.5 € (1,2] in blue) enveloped

by ¢(x) =2 —x (red line). We also plot y = x (gray, dashed).

Notice that we have obtained sharp global stability for the Ricker map, that
is, we proved that the positive equilibrium is GAS for all the values of the
parameter 1 > 0 for which the fixed point is LAS.

The next result provides a simple criterion to compare global stability of two
continuous maps (see (El-Morshedy and Jiménez Loépez, 2008, Theorem B)).

Lemma 4.2.4. Assume that the continuous map h related to the difference equation
(76) has a GAS equilibrium x* in ] = (0,00), and let H : (0,00) — (0, 00) be a
continuous map satisfying



4.2 STABILITY CONCEPTS AND RESULTS

1. x < H(x) < max{h(x),x*}, for all x € (0,x*);
2. x > H(x) = min{h(x),x*}, for all x € (x*, 00);
then x* is a GAS fixed point of xn+1 = H(xn).

For smooth maps h € €3, a typical condition required in the global stability
results is the negative sign of the Schwarzian derivative. This term was first
formulated in 1869 by Hermann A. Schwarz in his work on conformal map-
pings, but it was not until the work by Singer (1978) that it was introduced in
the study of one-dimensional dynamical systems. The following result follows
from Theorem 2.7 and Addendum in (Singer, 1978).

Lemma 4.2.5. Let the map h : [0,00) — [0,00) related to the one-dimensional
difference equation (76) be S-unimodal, then the positive fixed point x* = K is GAS in
(0, 00) if and only if h'(K) > —1.

By using that the Ricker map is S-unimodal and the conditions proved in
Corollary 4.2.5 for its derivative when 0 < v < 2, we can also apply Lemma
4.2.5 to prove the sharp global stability of the Ricker model.

A generalization of Lemma 4.2.5 is given in (EI-Morshedy and Jiménez Lopez,
2008), where the condition on the negative Schwarzian derivative is restricted
to a suitable subinterval of J.

Lemma 4.2.6. Let the map h related to the one-dimensional discrete-time difference
equation (76) be continuous in a closed interval | and have a unique fixed point x* € J,
such that h(x) > x forall x € ], x < x* and h(x) < x forall x € ], x > x*. Assume
that there exist ¢, d € J, ¢ < x* < d such that:

1. hl(,q) has at most one critical point;
2. h(x) <h(c) forallx €], x < ¢
3. h(x) > h(d) forallx € ], x > d.

If Wis decreasing at x*, —1 < h/(x*) < 0 and (Sh)(x) < 0 for all x € (c, d) except for
at most one critical point of h; then x* is GAS in J.

For the remainder of this section, assume that 0 < o < 1 and let the map
h related to the one-dimensional discrete-time difference equation (76) be a €3
function on ] = [0, 00) given by h(x) = (1 — o)x + f(x). For general S-unimodal
maps f, the corresponding map h does not necessarily inherit all the properties
of f, this is the case of the condition on the Schwarzian derivative (see (Liz and
Franco, 2010) for details). Thus, the previous results cannot be directly applied
to the system (78). This gap on the literature was filled by Liz and Franco
(2010, Theorem 1) and the next result from (Liz and Lois-Prados, 2020a) is a
generalization.

Lemma 4.2.7. Assume that 0 < o0 < 1 and f : [0,00) — [0, 00) satisfy the following
conditions:
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1. fo(x) = (1/0)f(x) has a unique positive fixed point x* > 0, f5(0) = 0 and
lim f/(x) > 1 (it can be c0);
x—0F

2. f has a unique critical point x.; moreover, f'(x) > 0 for all x € (0,x.) and
f'(x) < 0 for all x > x;

3. f(x) <0 forall x € (0,xc);
4. (ST)(x) < O for all x > xc.
Then the unique positive equilibrium x* of equation (78) is GAS in (0, co) if and only
if
h(x) = (1-0)+f(x) > -1 (84)
Moreover, if condition (84) does not hold, then x* is unstable.

Proof. Equation (78) can be written in the form of equation (4) in (Liz and
Franco, 2010), that is:

Xnt1 = &xn + (1 — o) fe(xn),

with « = 1— 0 and fs(x) = (1/0)f(x).
It is clear that conditions 2-4 hold for f; because

fo(x) = (1/0)f'(x), fg(x) = (1/0)f5(x), and (Sf)(x) = (Sf)(x).

There are two relevant differences with respect to Theorem 1 in (Liz and
Franco, 2010). On the one hand, condition 4 there required (Sf)(x) < 0 for all
x # Xc. However, a simple inspection of the proof shows that the less restrictive
condition (Sf)(x) < O for all x > x. is enough to get the result. On the other
hand, the restriction x. < x* is required in (Liz and Franco, 2010, Theorem 1).
In case x, > x*, the map h(x) = (1 — o)x + f(x) defining the right-hand side
of (78) satisfies the hypothesis of Lemma 4.2.2. First, the fixed points of h are
exactly those of fg, therefore h has a unique positive fixed point. Second, since
h(x) = x if and only if x € {0,x*}, Xli)rgl+ h'/(x) = Xlir&(] —0) 4 ofl(x) > 1 and

h/(x) > 0 for all x € (0,x*), then x < h(x) < x* for all x € (0,x*). Third, as
h satisfies h(x*) = x*, h/(x) = (1 —0) +f(x) > 0 and h”(x) = f"(x) < 0 for
all x € (x*,xc) and h'/(x) = (1 —0) +f(x) < (1 —0) < 1 for all x > x, then
0 < h(x) < x for all x > x*. Thus, we can conclude that x* is GAS in (0,c0). O

4.3 BIFURCATION TYPES

We distinguish between two categories of bifurcations: local and global. We
use the term local for those occurring in a neighborhood of a fixed point and
the term global for all the rest. In Chapters 5 and 6, once we have determined
the stability of fixed points, we use that information to study first local and
then global bifurcations.
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In the category of local bifurcations, there exists a well developed classifica-
tion theory when, at the bifurcation point, the equilibrium lies in a smooth or
continuous branch of the map h. We begin reviewing these types of bifurca-
tions and then we continue with the ones which take place when a fixed point
collides with a discontinuity point.

We use the term smooth bifurcations (SBs) for those bifurcations that are typ-
ical of smooth dynamical systems, which are associated with the multiplier
h'(x*) of a fixed point x* passing through the values +1. We recall that, when
Ih'(x*)| # 1 we say that x* is hyperbolic. We can find the following classification
with illustrations in (Wiggins, 1990, Chapter 3):

A saddle-node or fold SB occurs when two coexisting LAS and unstable
tixed points become a unique equilibrium with multiplier 1 and then dis-

appear.

* A transcritical SB occurs when two coexisting LAS and unstable curves of
fixed points become a unique equilibrium with multiplier 1, and then the
curves of fixed points interchange their stability.

* A pitchfork SB occurs when three branches of fixed points collide and then
only one remains. In the supercritical case, two LAS fixed points collide
with an unstable fixed point and the remaining fixed point is LAS. In the
subcritical case, two unstable fixed points collide with a LAS fixed point,
and the remaining fixed point is unstable. At the bifurcation point, there
is a unique equilibrium with multiplier 1.

* A flip or period-doubling SB occurs when a fixed point x* becomes hyper-
bolic with multiplier —1 and then the fixed point changes its stability
and a 2-cycle {p1,p2} appears, where p; < x* < p2. In the supercritical
case, the LAS fixed point becomes unstable and the 2-cycle is LAS. In the
subcritical case, the unstable fixed point becomes LAS and the 2-cycle is
unstable. We use the term period-halving SB when the bifurcation takes
place in the opposite direction.

For smooth maps h € C" (r > 2 for fold and transcritical; v > 3 for pitchfork
and flip), the book by Wiggins (1990) states a list of sufficient conditions for the
map h under which each of these types of SBs takes place. Similar bifurcations
related to the multiplier of a fixed point passing through +1, but occurring
under some degeneracy conditions, are referred as degenerate SBs (see (Avrutin
et al., 2019, Section 2.2) for details).

Before describing local bifurcations of fixed points for piecewise-smooth (con-
tinuous or discontinuous) maps, we need to adopt some special notations in-
troduced in (Bernardo et al., 2008). For that purpose, we consider h; and h,
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two smooth maps on J, a point d; € Int(J) such that h;’(d;) # h;'(d;), and we
assume that the map h associated to the difference equation (76) is defined by

hi(x), x < dj;
h(x) = { hy(x) or hy(x), x=dj; (85)
h(x), x> dy;

which is not differentiable at d;. The point d; where h is not differentiable is
called a break point. If a break point is a fixed point of h, then we say it is a
boundary fixed point. We recall that the map h in (85) is defined by two smooth
maps h; and h;, so there may are fixed points of h; and h, that are not fixed
points of h, we refer to them as virtual fixed points; while the fixed points of h
are called admissible fixed points.

The local bifurcations at a boundary fixed point where introduced by Nusse
and Yorke (1992) and occur when, under infinitesimal parameter variation, a
fixed point collides with a break point and the collision leads to a qualitative
change on the dynamics, with the fixed point transitioning from being admis-
sible to being virtual or viceversa. We refer to these types of bifurcations as
border-collision bifurcations (BCBs).

A classification of BCBs in piecewise-smooth continuous discrete-time differ-
ence equations is given in (Bernardo et al., 2008, Chapter 3). In Section 3.4,
there is a classification for one-dimensional systems, which is given in terms of
the derivatives of hy, h; at the boundary fixed point. We pay special attention
to the contents in Subsection 3.1.2, where they describe and illustrate the four
basic dynamical scenarios which take place at a BCB:

* A fold BCB occurs when two coexisting admissible fixed points collide at
a break point and become two virtual fixed points.

* A persistence BCB occurs when an admissible and a virtual fixed point
collide at a break point and interchange their roles. No other periodic
points are created or destroyed at the bifurcation point.

* A flip or period-doubling BCB occurs when an admissible fixed point x*
collides with a break point and a 2-cycle {p;,p2}, with p; < x* < py,
appears.

* A period-multiplying BCB occurs when an admissible fixed point collides
with a break point and an m-cycle appears, with m > 2.

We observe that new dynamic transitions at the bifurcation points occur due
to the lack of differentiability of the map h, such as the persistence or period-
multiplying BCBs. Moreover, there exist more complex bifurcations, where
after the border collision of an admissible fixed point, the asymptotic dynamics
become chaotic. It is well-known that such a transition in general does not
occur in smooth systems.
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The previously mentioned bifurcations can also be observed in the long-term
dynamics of a piecewise-smooth discontinuous dynamical system, but the dis-
continuity character increases again the variety of fixed point local bifurcations.
We devote the next lines to describe some additional BCBs taking place at dis-
continuity points of systems that we will consider in Chapter 5 (see (Avrutin
et al., 2019, Chapters 2 and 3) for details):

* An existence BCB occurs when a virtual fixed point of h becomes admis-
sible after a collision with a break point. No other orbits are created or
destroyed at the bifurcation point.

* A period-adding BCB occurs when a LAS admissible fixed point collides
with a break point; at the collision point, there is a homoclinic orbit (we
recall the definition at the end of this subsection); after the collision the
tixed point becomes virtual, and an attracting m-cycle becomes admis-
sible, giving rise to a period-adding scenario. The period-adding scenario
refers to the order of periodicity regions in the parameter space where be-
tween two cycles of periods n and 1 there is an (n + 1)-cycle (see Granados,
Alseda, and Krupa, 2017, for details).

In the category of global bifurcations, we consider two different groups:

* Boundary-collision bifurcations, which are caused by the collision of an at-
tractor with an unstable fixed point or m-cycle (m € IN, m > 2). These
bifurcations where introduced as crises by Grebogi, Ott, and Yorke (1982)
for the case of a chaotic attractor. They use the term boundary crisis when
the unstable orbit is on the boundary of the chaotic attractor and the col-
lision causes termination of the attractor; and interior crisis when the colli-
sion occurs within the basin of attraction. They mention that the interior
crisis often results in a sudden expansion of the basin.

* Basin boundary metamorphoses, which are those related with transforma-
tions of the basins of attraction. We will find transitions from a simply-
connected to a multiply-connected basin. The transitions can be more
complex, as those in (Grebogi, Ott, and Yorke, 1983) from a regular basin
to a fractal one.

We have already mentioned that a homoclinic orbit appears at the period-
adding BCBs, and we will also observe the presence of this type of orbits in
boundary-collision bifurcations and basin boundary metamorphoses. We recall
that a homoclinic orbit is formed by a homoclinic point, its preimages and its
(finite) forward orbit . A point x is homoclinic to an n-cycle p = {p1,...,pn} if
(f")™(x) = px for some m € IN and k € {1,...,n}, and x belongs to the unstable
manifold of py. For further details, see (Devaney, 1989, Section 1.16) or (Liz,
2010a, Appendix C).

Finally, it is worth mentioning that, in general, we study bifurcations of at-
tractors, but bifurcations of other invariant sets also deserve to be investigated
since they can influence the asymptotic dynamics as well.
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4.4 1-PARAMETER BIFURCATION DIAGRAMS FEATURES

The last step in the analysis of asymptotic dynamics is to illustrate the influence
of parameters. For that purpose, we first reflect the information we have on
stability of fixed points and bifurcations in a 2-parameter BD. Then we plot
several 1-parameter BDs to get more insight and complete the global picture of
the dynamics.

In this section we review some relevant features or phenomena that have
been observed in 1-parameter BDs of a wide range of discrete one-dimensional
dynamical systems.

Long-transients and hysteresis

Let us first discuss some consequences of focusing on asymptotic dynamics
in ecology. In (Hastings et al., 2018), there is a review summary on the long
transient phenomena, defined as a dynamical regime that persists for more
than a few and as many of ten generations, but which is not the stable long-
term dynamics that would eventually occur. In the particular framework of
mathematical analysis of the dynamical systems given by (76), the study of
non-asymptotic dynamics has not much interest, since long-transients are just
iterations of an initial condition by the map h. However, the presence of long-
transients can obscure the decisions on the management of ecological systems,
so it becomes interesting to categorize different ways in which transients can
arise.

With this possibility in mind, we start defining the long-term dynamics phe-
nomenon of hysteresis, which can also have unexpected consequences for the
management in biological systems. In (Blackwood, Hastings, and Mumby,
2012), for a system with multiple stable states, the authors say that this feature
occurs when the previous history of the system influences the convergence of
an initial condition to one of the stable states or the others. They also describe
the phenomenon in other words, saying that the critical parameter conditions
under which some points converging to one stable state switch and converge
to another one are different from the conditions that will allow the convergence
of such points to the original state. See Figure 22 (A).

Bubbles, bistability and hydra effect

We now deal with three features that have been observed in bifurcation dia-
grams of both semelparous and iteroparous population models.

We begin with a phenomenon related to the period-doubling sequence of
bifurcations as a universal route to chaos, which can be broken and reversed
as shown in (Bier and Bountis, 1984) for simple non-linear discrete dynamical
systems involving the variation of two or more parameters. As a consequence,
the bifurcation diagrams form closed loop-like structures similar to bubbles
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and the effect is usually referred to as bubbling. Definition 3 in (Liz and Ruiz-
Herrera, 2012) gives a formal definition of the concept of bubble. The complex-
ity of the bubble structure depends on the point at which the period-doubling
sequence is reversed. The simplest bubble occurs when an equilibrium loses
its asymptotic stability through a period-doubling bifurcation and, at the next
bifurcation point, a period-halving bifurcation occurs, so that the local asymp-
totic stability of the fixed point is regained, we refer to it as primary bubble. 1f the
period-doubling sequence of bifurcations is reversed after a region of chaotic
dynamics, we use the term chaotic bubble.

The bistability feature refers to the coexistence of two attractors, and it occurs
due to fold bifurcations (either smooth or border-collisions). Bistability has
important consequences in population dynamics because, in this case, the long-
term behavior of the solutions strongly depends on the initial condition.

Another formal definition stated in (Liz and Ruiz-Herrera, 2012) is the hydra
effect. This term was used by Abrams (2009) and the references therein for the
phenomenon of a population increase in response to an increase in its mortality
rate. This feature has been first recognized by Ricker (1954) for the well-know
Ricker model which assumes that mortality precedes reproduction. That is
one of the three mechanisms underlying hydra effect which are developed in
(Abrams, 2009) for non-overlapping populations models. Liz and Ruiz-Herrera
(2012) studied the hydra effect for iteroparous population models, in which a
percentage of the adult population survives the reproductive season.

Extinction windows and sudden collapses

The following features are typical of models with Allee effect, where populations
cannot survive in the long-term if its abundance is below a critical size, they
are called extinction windows and sudden collapses.

The term extinction window refers to the survival-extinction dynamics de-
scribed by Sinha and Parthasarathy (1996) as an unusual structure with al-
ternating regions of survivals and extinction under variation of parameters, so
that the population can persist under very low and fairly high values of the
parameter, though it is not able to survive at intermediate parameter values.

The sudden collapse phenomenon appears also in (Sinha and Parthasarathy,
1996), but a description of the feature is given in (Schreiber, 2001) where it
is said that there exists a critical parameter value above which populations
are driven to extinction for all initial densities and below which persistence is
possible. By persistence we mean that population remains at densities bounded
away from zero.

Periodic-windows, star-like intersections and effectively chaotic behaviour

We finally describe some typical features of bifurcation diagrams for piecewise-
smooth maps with flat branches (see (Sinha, 1994) for further details).

101



102

BACKGROUND DEFINITIONS AND RESULTS II

If long-term dynamics are governed by an m-cycle (m € IN, m > 2) in a non-
empty interval of the parameter space, we say that there is a periodic-window.

If, given a parameter value, a LAS m-cycle {xy, h(xp),..., h™T(x0)} (m € N,
m > 2) collides with an unstable fixed point x*, we assume that ™1 (xg) = x*,
then all the subsequent iterates of xop must necessarily collide with x*. If for
small variations of the parameter the equilibrium remains unstable, then the
iterates of x( diverge from x* giving rise to many long-period cycles. Thus, in a
neighborhood of x*, the LAS m-cycle forms a star-like intersection and the pres-
ence of many attracting long-period cycles is called effectively chaotic behavior.



COMBINATIONS OF CONSTANT QUOTA AND
THRESHOLD BASED HARVESTING STRATEGIES

This chapter comprises the contents of the research articles: (Liz and Lois-
Prados, 2020b)* and (Lois-Prados and Hilker, submitted)?. In both cases, we
consider single-species population models subject to a protective and yield sta-
bilizing harvesting rule, and we study the influence of harvesting parameters
in the dynamics. The chapter is divided into five distinct sections.

We begin with the Introduction section, where we give a contextualization of
our study in the field of fisheries management and we summarize our contri-
butions to the qualitative theory of piecewise-smooth dynamical systems.

In Section 5.2, we provide the mathematical expression for the harvesting
strategies that appear through the research study in this chapter. For the classi-
cal control rules, we recall some well-known results on long-term dynamics and
we show that they can be obtained as particular or limit cases of the threshold
based strategies. We additionally explain the main differences between precau-
tionary threshold constant catch (PTCC) and threshold constant catch (TCC),
and relate TCC with a similar strategy.

The analytical results and numerical simulations we use to determine the
long-term population dynamics of PTCC and TCC appear in Sections 5.3 and
5.4, respectively. For the TCC rule, we additionally study the influence of
harvesting parameters in two management objectives: long-term average yield
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and harvest frequency. We give a detailed description of the contents at the
beginning of each section.

Finally, in Section 5.5, we discuss the obtained results in the framework of
piecewise-smooth dynamical systems (with special attention to the asymptotic
behavior typical of maps containing flat branches for PTCC and to those fea-
tures induced by discontinuity points for TCC), population dynamics and har-
vesting management.

5.1 INTRODUCTION

This section aims to put in context the research study that we have included
in this chapter. We organize the contents in different paragraphs and each of
them corresponds to a distinct topic.

General contextualization in the field of fisheries management

Rational fisheries management requires to determine harvest or yield levels
that are consistent with management objectives. To prevent historical manage-
ment consequences, such as fish stock declines and even collapses, the rules or
guidelines on how to set harvest levels should be more explicit. These guide-
lines are referred to as harvest policies and aim to determine the best control
rule to meet specific fishery objectives. Control rules or harvest strategies are
specifications of the amount of catch, fishing effort or mortality as a function of
the current estimate of the system state (e.g., the stock or spawning biomass).
Several methods are used to evaluate control rules for meeting given manage-
ment objectives. In this PhD thesis, we use an analytical approach, this type
of methods can be used to determine the optimal control rule between several
candidates. While they provide quite general results, they present some draw-
backs as they are feasible only for simple models and are mainly deterministic.
Another method for selecting an optimal strategy is stochastic dynamic pro-
gramming. This method allows to consider more flexible policies than a sim-
ple control rule, but computational cost of searching between a wide range of
strategies has also generally limited the study to some relatively simple models.
When considering too complex models, many harvest policy works use Monte
Carlo simulations to evaluate the performance and trade-offs of a specific con-
trol rule with fixed policy parameters. This approach permits to include ran-
dom error terms often related to model assessment or implementation errors.
The results work for the chosen policy parameters and cannot prove that a par-
ticular control rule is optimal. For extra details, see (Deroba and Bence, 2008),
where one can find a detailed review of the relevant literature that compares
the ability of control rules to meet some widely used fishery objectives. They
comment that the determination of harvest policies based on a combination of
results obtained by these complementary approaches seems to be very useful.
It is worth noticing that “a harvest strategy is not of much value unless a mech-
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anism or set of tactics can be devised to implement in the field” (Hilborn and
Walters, 1992). In (Hilborn, 2012) we find a review on the changes in qualita-
tive marine fisheries management during the period 1985-2010. They comment
that, in 1985, the majority of fisheries were open-access or relied on technical
measures such as vessel size, closed areas or season lengths. However, the inef-
ficiency of these tactics resulted in a dramatic change during the interviewing
25 years between 1985 and 2010, with most fisheries using total allowable catch
(TAC) levels and open-access almost disappeared. In the following, we pay
special attention to the evolution of control rules and management objectives.

Description of traditional control rules and common management objectives

Harvest policies are based on relatively simple control rules; Deroba and Bence
(2008) argue that complex harvesting strategies can lack appeal for managers
since the intuitive basis of the rule or changes in year’s allowable catch may not
be apparent. Punt (2010) categorizes the traditional harvest control rules into:
constant catch (CC), which removes a constant amount of yield or quota H > 0
from the population per unit time; constant fishing mortality or proportional
harvesting (PH), which removes a constant fraction q € (0, 1) of biomass per
unit time; and constant escapement or threshold harvesting (TH), which reset
the population to a threshold level T > 0 if the population is larger than T, and
takes no harvest if the biomass is below T. Figure 10 shows an illustration of
catch and escapement as functions of the population biomass for these three
harvesting strategies. Several authors have studied the performance of CC,
PH and TH by means of different analytical or statistical approaches. In the
following, we provide a list of benefits and drawbacks for the three rules. They
were compiled from different studies, which were developed under distinct
assumptions on the stock-recruitment relationship. First of all, let us introduce
some common management objectives: “A frequently used fishery objective is
cumulative harvest over the time horizon, which is considered a risky approach,
because performance is measured only by the total catch over the time horizon,
with the frequency of low and high annual values playing no role” (Deroba
and Bence, 2008). A related concept is the maximum sustainable yield (MSY),
which is defined in the book by Ricker (1975) as the largest average catch or
yield that can be continuously taken from a stock under existing environmental
conditions. In (Quinn and Deriso, 1999), it is mentioned that MSY corresponds
with the point where the unharvested population increases the most. Several
risk-averse alternatives to cumulative yield or MSY are mentioned in (Deroba
and Bence, 2008), an example is how frequently the biomass or harvest have
been at or below a reference value.
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Figure 10: Classical control rules illustrated by sketching catch (red solid lines) as a
function of population density or biomass. The blue line represents the iden-
tity map, T is the threshold and H the maximum allowed quota. (A): con-
stant quota harvesting; (B): proportional harvesting; (C): threshold harvest-
ing.

Comparison of the performance of traditional harvesting strategies

In the work by Ludwig (1998), there is a comparison between CC, PH and
TH control rules when maximum yield and low probability of extinction are
the criteria for success. They consider a modification of the Ricker model that
includes random catastrophic years and Allee effect and conclude that TH is
the optimal strategy, as it was previously demonstrated by other authors un-
der different assumptions for the population. In addition, TH is considered to
be the safest rule, but Sinclair, Fryxell, and Caughley (2006) argue that fixed
escapement becomes unsafe when there is uncertainty on stock recruitment
abundance; moreover it produces high variable yields, which make TH less
attractive for managers than CC. In (Punt, 2010), they comment that the time-
invariant catch-limit of CC should theoretically provide industry with a level
of stability that can be applied for the future, but contrary to TH, the constant
catch control rule is considered to increase the risk of population collapse and
to produce lower yields. Indeed, Sinclair, Fryxell, and Caughley (2006) show
that the marten population cannot sustain a constant quota at MSY for any
appreciable length of time. Their simulations show that PH is much more
sustainable than CC. However, the uncertainty in current stock abundance con-
siderably increases the risk of unintentionally overharvesting for the constant
fishing mortality strategy. This drawback was also found out by Deriso (1985),
who considers that TH is in that case less precise than PH. They carry out a
comparison between the performance of TH and PH. While TH is a risk adverse
control rule that maximizes average catch, they highlight two reasons why PH
is a better option than TH. On the one hand, they comment that the type of
sustainable optimal policy depends on the stock-recruitment relationship, and
some numerical simulations show that PH produces high and stable catches.
On the other hand, they found that the parameter identification may be easier
in PH than TH. The research articles cited through this paragraph are based on
statistical and numerical results. Some other authors obtained similar results
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by using an analytical approach: CC (Schreiber, 2001; Sinha and Parthasarathy,
1996), PH (Liz, 2010b; Liz and Ruiz-Herrera, 2012), TH (Hilker and Liz, 2020).

Description of current control rules based on thresholds

In order to minimize the drawbacks of these simple harvesting strategies and
take advantage of their different benefits, many authors have recently consid-
ered several combinations of CC, PH and TH. Besides, in order to prevent over-
explotation, most fisheries management agencies have adopted control rules
based on thresholds or population abundance levels below which harvesting is
suspended (Hilborn, 2012). Above the threshold, several options are possible,
e.g., harvesting a proportion of the excess (PTH) (Enberg, 2005; Engen, Lande,
and Seether, 1997, Hilker and Liz, 2019; Quinn and Deriso, 1999), a propor-
tion of the population (Bischi, Lamantia, and Tramontana, 2014), or a constant
quota (AlSharawi and Rhouma, 2009; Butterworth, 1987; Deroba and Bence,
2008; Hjerne and Hansson, 2001; Liz and Lois-Prados, 2020b; Lois-Prados and
Hilker, submitted; Steiner, Criddle, and Adkinson, 2011). It is worth mention-
ing that the research in (Enberg, 2005; Hjerne and Hansson, 2001) supports the
use of threshold based strategies and introduces precautionary strategies that
include two different threshold levels to prevent harvesting moratoria. Their
control rules use either fixed mortality (Enberg, 2005) or constant catch (Hjerne
and Hansson, 2001) strategies if population biomass is above a high popu-
lation abundance level, harvesting is forbidden when biomass falls below a
lower threshold and, for intermediate values, harvesting is curtailed by taking
a smaller proportion of the excess or a reduced quota, respectively. The “40-10"
control rule used to manage the U.S. west coast ground-fish is an example of
the precautionary combination of TH and PH described in (Enberg, 2005), see
(Deroba and Bence, 2008).

Reasons to consider combinations of constant quota and threshold based control rules

In the following, we focus our attention on combinations of TH and CC. Con-
stant catch strategies above the threshold are referred to as conditional constant
catch strategies by Deroba and Bence (2008).3 Analytical and simulation models
of such strategies are relatively rare and scattered in the literature. We consider
two different control rules, the simplest one consists in allowing to harvest a
constant quota H > 0 if the population size after reproduction is above a thresh-
old T > 0; and prohibiting harvesting when the biomass is below T. We refer
to this strategy as threshold constant catch (TCC). If, in addition, we require
that a minimum biomass level must remain after harvesting, the strategy be-
comes more protective, and we refer to it as precautionary threshold constant
catch (PTCC). Figure 11 shows an illustration of catch and escapement for both

But it should be noted that this term was used by Clark and Hare (2004) for a specific harvest
strategy for Pacific Halibut with CC harvesting above the threshold and PH below it.
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harvesting strategies. The consideration of constant quotas instead of fixed
mortality rates can reduce the risk of overcapacity when the stock decreases,
since PH stimulates investment when stock size is large. The results in (Hjerne
and Hansson, 2001) show that long-term yield for the precautionary combi-
nation of TH and CC (referred to as quasi constant catch, QCC for short) is
10% less than that of PH at MSY. They consider that it is a small difference
and emphasize that the much lower inter annual variability of QCC gives the
opportunity of better fishery capacity utilization. We notice that they first con-
sidered the TCC control rule, and then QCC as a precautionary modification to
reduce fishery closures. To our knowledge, the TCC strategy has been consid-
ered so far only by Hjerne and Hansson (2001) and in a slightly different form
by AlSharawi and Rhouma (2009). We also notice that Punt (2010) cites the arti-
cle (Butterworth, 1987) to talk about threshold management strategies in which
catch becomes constant when the stock size is greater than a target level. We
finally provide a different reason to consider this type of control rules. Steiner,
Criddle, and Adkinson (2011) looked for a solution to the revenue decline of
Bristol Bay sockeye salmon managed with a fixed escapement control rule. In
contrast to other fisheries, the landings had remained high, but the prices fell as
a consequence of competition resulting from the increased production of trout
and salmon farmed species in Chile. They provide several reasons to consider
implementing the PTCC strategy rather than TH or PTH: the fact that PTCC
induces lower harvests allows to improve the quality of the fish delivered, thus
producing a high exvessel price per pound; the lower variability in harvest pro-
vides more efficiency of the management operations because the harvest levels
will be known at the beginning of the season.

(A) (B)
0’&
e“‘e&\& Qe@e
L é@"% ; o
¢ | T
‘ catch | catch !
l T T+H l T i T H
No harvest No harvest No harves't .
Extinction

Figure 11: Different harvesting strategies that combine constant catches with threshold
reference points. We represent the catch (red solid line) as a function of
the population biomass. The blue line represents the identity map, T is the
threshold and H the maximum allowed quota. (A): Precautionary threshold
constant catch harvesting. The other panels show threshold constant catch
harvesting with (B): H < T and (C): H > T.



5.1 INTRODUCTION

Contextualization in the framework of piecewise-smooth one-dimensional difference
equations

As far as we know, we formulate and study the PTCC and TCC rules in the
framework of one-dimensional discrete-time dynamical systems by means of
an analytical approach for the first time. As these harvesting strategies are
based on threshold population sizes, the associated map will be composed of
different branches (corresponding to high or low/no harvesting) defined on
intervals which are separated at the biomass reference points (also called break
points in the mathematical literature). As the maps are not differentiable at
the threshold points, they give rise to piecewise-smooth dynamical systems
(Avrutin et al., 2019; Bernardo et al., 2008). They can exhibit so-called non-
smooth bifurcations that differ substantially from those that occur in smooth
dynamical systems, e.g., border-collision bifurcations (Nusse and Yorke, 1992).
Non-smooth bifurcations are related to invariant sets colliding with a break
point, which is given by the harvesting threshold. In recent years, a lot of
progress has been made in understanding the dynamics of piecewise-smooth
maps, e.g., (Banerjee et al.,, 2000; Radi and Gardini, 2018; Sushko, Gardini,
and Matsuyama, 2014). However, even though they emerge quite naturally
in the context of threshold-based harvesting, their mathematical analysis in
the context of fisheries models is just at the beginning (Bischi, Lamantia, and
Tramontana, 2014; Franco and Hilker, 2013, 2014; Hilker and Liz, 2019, 2020;
Liz and Lois-Prados, 2020b; Lois-Prados and Hilker, submitted; Segura, Hilker,
and Franco, 2016, 2020).

Overview of the research development

Our study is focused on stability and bifurcations; in this regard, we consider
the two relevant harvest parameters H and T and obtain 1-parameter and 2-
parameter bifurcation diagrams that help to understand how a continuous vari-
ation of any of them influences the dynamics, and the interplay between both
parameters. We identify regions where global attraction, periodic attractors,
multi-stability and complex behavior are likely to occur, paying special atten-
tion to non-smooth bifurcations. We first study the long-term behavior of the
continuous map associated with PTCC, which will serve as a baseline against
which we can compare the effects induced by the discontinuity in TCC. For
the PTCC rule, we completely determine the asymptotic dynamics and bifur-
cations for general compensatory population models; we also understand the
long-term behavior in some regions of the parameter plane (H, T) for general
overcompensatory maps, for which we consider the Ricker map as a case study
to give a global picture of the dynamics. For the TCC rule, we just deal with
strictly increasing stock-recruitment maps, while in this case all initial condi-
tions would converge to an equilibrium for the PTCC rule, the discontinuity
point of TCC gives rise to highly complex dynamics, including multiple attrac-
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tors, different periodic cycles, homoclinic orbits and even chaotic oscillations.
The bifurcations in which these dynamical patterns emerge and disappear in-
volve border- and boundary-collision bifurcations as well as basin boundary
metamorphoses. Hence, the discontinuity in the harvest control rule produces
rich dynamics that, to our knowledge, have not been observed in continuous
harvesting models applied to population maps that are strictly increasing in
the absence of harvesting. The research on PTCC totally focuses on dynami-
cal systems theoretical aspects, we notice that for some particular parameter
values the long-term behavior is influenced by the dynamics of constant-catch
or threshold harvesting. Nevertheless, some characteristic dynamics of CC or
TH are not completely preserved, e.g., the extinction attractor of CC or the
convergence of almost all solutions to a periodic orbit containing T of TH. For
the TCC rule, we thoroughly combine the qualitative study of population dy-
namics with management-oriented interpretations; additionally we study the
influence of harvesting parameters in long-term average yield and harvest fre-
quency. We pay special attention to the influence of the threshold point (that is,
the effect that TCC has in comparison to CC) in population, average yield and
harvest frequency behavior.

5.2 MODELS DESCRIPTION

In this section, for the sake of completeness, we first state the mathematical
formulation and recall some results on asymptotic dynamics for the classical
control rules that can be considered as particular cases of TCC or PTCC, that is,
constant quota (subsection 5.2.1) and threshold harvesting (subsection 5.2.2). In
subsections 5.2.3 and 5.2.4, we provide the mathematical expression for PTCC
and TCC, respectively. We compare the TCC control rule with the precaution-
ary version given by PTCC and the similar strategy considered by Avrutin et al.

(2019).
5.2.1 Constant catch rule

For later reference, we state some well-known results for the CC harvesting
rule. For a general map f: [0,00) — [0,00) and the constant quota H > 0, the
model reads

Xn+1 = Fee(xn) = max{0, f(xn) — H} (86)

Let us consider the map g(x) = f(x) —H, x € [0, 00), then we can rewrite Fcc in
the form: Fcc(x) = max{0, g(x)}.

The following result establishes a critical value Hjy for the harvesting quota.
Harvesting above this level (H > Hj) will drive the population to extinction.
Below this level, several long-term dynamics can occur. The simplest dynamics
take place for a map f satisfying conditions (A1)-(A2) (defined in Section 4.1)
with x; = oo, for which the population will survive provided the initial con-
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dition is large enough. By contrast, the most complex dynamics occur when
X¢ < K and there is bistability between the LAS fixed point 0 and other attractor.
The proposition uses that there exists a unique X > 0 such that f'(%) = 1. This
follows from assumptions (A1)-(A2) and the Mean Value Theorem. Moreover,
x € (0,K).

Proposition 5.2.1. Assume that H > 0 and f satisfies (A1)-(A2). Denote by X the
unique solution of f'(x) = 1.

1. If H < Hpo := f(X) — X, then g has two positive equilibria x* and x. with
0 <x* <X <xi <K. While x* is always unstable and 0 is locally asymptoti-
cally stable, the fixed point x*_ can be either stable or unstable:

a) If xc = oo, then x%_is LAS with basin of attraction (x*,oc0) and [0,x*) is
the basin of attraction of 0.

b) If K < x¢ < oo, then x_is LAS with basin of attraction (x*, g '(x*)) and
[0,x* ) U (g~ "(x*), 00) is the basin of attraction of .

c) If xc < K, then x. can be LAS with basin of attraction (x*,g~'(x*)) or
unstable. If x*_is unstable, the dynamics depend on the position of g*(x.)
with respect to x* :

If g*(xc) > x*, then 1 = [g%(xc), g(x¢)] is absorbing and the initial condi-
tions in (x*, g~ (x*)) enter L in finite time; besides, [0,x* ) U (g~"(x*), o0)
is the basin of attraction of 0.

If g%(x¢) < x*, then 0 is an essential global attractor.

2. If H = Hyo, then X is the unique positive fixed point of g. The equilibrium X is
semi-stable and 0 is locally asymptotically stable. If x. = oo, [X, 00) and [0, %)
are their respective basins of attraction; while if x. < oo they are [%, g~ (%)) and
[0,%) U (g (%), 00), respectively.

3. If H > Hy, then g has no positive fixed points and 0 is GAS.
We refer the reader to (Schreiber, 2001) for a rigorous proof and analysis of

the results in Proposition 5.2.1.

5.2.2 Threshold harvesting rule

We consider now the TH rule, which can be seen as the antipode to the CC
harvesting strategy. For a general map f : [0,00) — [0, 00) and a threshold
level T > 0, the dynamics of TH are governed by the difference equation:

f(xn)/ f(Xn) < T/
T, f(xn) >T.

Xnt1 = Fri(xn) = min{f(xn), T} = { (87)

In the recent work by Hilker and Liz (2019), we find a rigorous theoretical
study on the influence of the threshold T on the dynamics of (87). Under some
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general conditions for the map f, they show that threshold harvesting can never
have a destabilizing effect on the managed population. The following result
summarizes the findings in (Hilker and Liz, 2019, Section 2.1).

Proposition 5.2.2. Assume that T > 0 and f satisfies (A1).
1. If T <K, then T is the unique positive equilibrium of (87) and it is GAS.
2. If T > K, the dynamics of the managed system (87) depend on the dynamics of
the unmanaged system xn1 = f(xn):

a) If Kis GAS for the unmanaged system, then K is the unique positive equi-
librium of (87) and it is GAS.

b) If K is unstable but the unmanaged system has a finite number of periodic
orbits, then decreasing threshold induces a sequence of period-halving bifur-
cations until the equillibrium becomes stable.

c) If K is unstable and the unmanaged system is chaotic, for S-unimodal maps
there is a unique periodic orbit that is an essential global attractor of the
managed system (87). Decreasing T from f(x.) to K, there is Li-Yorke chaos
(see Definition 3.1, Aulbach and Kieninger, 2001) as long as the period of
the attracting cycle is not a power of 2. Once the dynamics become simpler
due to smaller threshold values, we have the situation considered in the
previous case.

5.2.3 Precautionary threshold constant catch rule

Applying the PTCC harvesting rule to a semelparous population model given
by (77), we obtain the difference equation
fxn), f(xn) <T;
Xn+1 = Fprec(xn) =4 T, T < f(xn) < T+H; (88)
f(xn)—H, f(xn)>T+H.

The map g(x) = f(x) — H allows to write Fpycc in the form

<
Fprec(x) =< T, g(x) < T < f(x);

The piecewise smooth continuous map Fprcc can also be written in a line as
Fprcc(x) = min{f(x), f(x) —min{H, f(x) — T}} = min{f(x), max{g(x), T}};

and depends on the two harvesting parameters H and T. Throughout the anal-
ysis of the PTCC harvesting strategy (88), we will assume that H > 0 and T > 0.
It is worth noticing that we get the unmanaged map f or the CC and TH rules
as particular or limit cases:
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e If H=0o0r T > sup{f(x), x > 0}, then Fprcc = 1.

® In the limit case T = 0, (88) becomes the usual constant catch policy,
defined by (86).

o If T < sup{f(x), x = 0} < H+T, then the PTCC harvesting strategy be-
comes the pure threshold harvesting rule (87).

The typical shape of Fprcc can be seen in Figure 12. Roughly speaking, the
graphs of f and g are joined by flat segments defined by T, which typically
results in five intervals of smoothness for Fprcc if f is unimodal, and three if f
is strictly increasing.
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Figure 12: Illustration of the graph of the piecewise smooth map Fprcc (blue solid
line). We also plot the line y = x (red, dashed) and the graph of f (black,
dashed). (A): Unimodal Ricker map f(x) = x e2e(1=%) "with H = 0.5 and
T = 0.7. (B): Strictly increasing Beverton-Holt map f(x) = 2x/(1 + x), with
H=02and T=0.7.

5.2.4 Threshold constant catch rule

When harvesting a population that is growing according to (77) with the TCC
rule, we obtain

f(xn), f(
max{0, f(xn) —H}, f(

)< T (89)

<
Xn+1 = Free(xn) := o1
>T.

Xn
Xn
Let us consider the map g(x) = f(x) — H, then we can rewrite the map Frcc in
the form

Frec(x) = 40, T <f(x) <H; (90)
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The piecewise-smooth map Frcc depends on the two harvesting parameters
T and H. For the study of TCC harvesting rule (89), we assume H > 0 and
T > 0. As particular or limit cases, we obtain the unmanaged map f and the
CC rule, asking the same conditions to the harvesting parameters as in PTCC.
By contrast, we cannot get the TH harvesting strategy as a particular case of
TCC.

The typical shape of Fycc applied to strictly increasing maps is shown in
Figure 13. The main differences with respect to Fprcc are the existence of a
point of discontinuity at x = f~1(T) and the absence of a flat segment defined
by T.
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Figure 13: Illustration of the graph of the piecewise-smooth discontinuous map Frcc
(blue solid line). We also plot the line y = x (red, dashed) and the graph of
the Beverton-Holt map f(x) =3x/(1+x). (A): T=1,H=04. (B): T=0.3,
H =04

Related harvesting strategy

We point out that AlSharawi and Rhouma (2009, Section 4) proposed a harvest-
ing strategy very similar to TCC. It reads

f(xn), Xn < Xths
Xn+] = (91)
f(xn) —h,  xn =X

where they considered specifically the Beverton-Holt map for f, xy, € (0,K) is
a threshold population size and h € (0, f(x¢n)) is the constant quota. The dif-
ference with (89) is that TCC compares the threshold with the population size
f(xn) after reproduction, whereas (91) compares the threshold with the popula-
tion size xn before reproduction. However, for the strictly increasing population
maps considered in this paper, there is a correspondence between (89) and (91).
To see this, we note that f is bijective and that we just have to establish the
following relation: T := f(xy), H = h or, equivalently, xy, := f1(T), h:=H
for T € (0,K), H € (0,T). The correspondence allows us to use some results
obtained by AlSharawi and Rhouma (2009) on the existence of (stable or un-
stable) 2-cycles and to describe the bifurcations of F2... For non-monotone
population maps like the Ricker map, there can be two break points in the har-
vest rule (89), and there is no correspondence between (89) and (91). That is,
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the two harvest strategies could differ qualitatively in their dynamics. As the
harvest rule in (91) refers to a measurement of population size that is further
in the past, this introduces a time lag that, for overcompensatory population
maps, could lead to delayed density-dependent effects which are known to
change dynamics quantitatively and qualitatively (Franco and Hilker, 2014).

5.3 PRECAUTIONARY THRESHOLD CONSTANT CATCH (PTCC)

We organize the section as follows: Subsection 5.3.1 is devoted to the study of
fixed points. We start giving the location of positive equilibria depending on
the relevant parameters. Then we provide stability results for the positive fixed
points: while for compensatory models all solutions converge to an equilib-
rium, in the overcompensatory case there are stability switches and the global
picture is more complicated; we give some general results for global stability
and study in more detail the Ricker map, which is a prototype for discrete
population models, especially in the context of fisheries (Quinn and Deriso,
1999; Ricker, 1954). Finally, we describe all posible bifurcations of fixed points
(smooth and border-collision bifurcations). In Subsection 5.3.2, we focus on a
particular region of the parameter plane for which chaos and essential attrac-
tion can occur. We recall that the latter means that an equilibrium is not glob-
ally attracting, but solutions converge to it with probability one. The obtained
results allow us to determine some boundary-collision bifurcations. In Subsec-
tion 5.3.3, we address two case studies: a simple compensatory model, where
only bifurcations of fixed points appear, and an overcompensatory model that
exhibits richer dynamics; in both cases numerical bifurcation diagrams help
to understand the influence of the parameters. In the overcompensatory case
we pay special attention to bifurcations of 2-cycles, bistability regions and the
influence of flat branches on the dynamics.

5.3.1 Fixed points: location, stability and local bifurcations

In this subection, we study the fixed points of Fprcc depending on the param-
eter values H and T. We first focus on the number of positive fixed points and
their location; secondly we study their stability properties; and thirdly we de-
scribe the local bifurcations of fixed points, that is, we determine the critical
values of the parameters for which fixed points are created or destroyed, or
stability switches can occur. We notice that existence and localization results
hold for both compensatory and overcompensatory models, while the stability
ones depend on the type of stock-recruitment relationship.

We recall that a consequence of conditions (A1)-(Az2), the Mean Value The-
orem and the concavity of f in (0,x.) is the existence of a unique point % in
(0, min{K, xc}) such that f’(x) = 1. The point % plays an important role in the
study of fixed points.
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5.3.1.1 Existence and localization of positive fixed points

The following result provides the number of positive fixed points of the map
Fprcc defined in (88). We assume that 0 < T < sup{f(x) : x > 0} and H > 0.

Proposition 5.3.1. Assume that (A1)-(A2) hold. Denote by X the unique solution
of f'(x) = 1and by x*, x% (0 < x* < &% < x < K) the positive fixed points of
g(x) = f(x) — H, when they exist. The following assertions hold:

1. If T > K, then K is the unique positive equilibrium of (88).

2. If x < T < K, then Fprcc has a unique positive fixed point, which is T if
HZ>f(T)—-T,orx% € (T,K)if H < f(T) - T.

3. If 0 < T < %, then:
a) Fprcc has a unique positive fixed point x*_ € (%,K) if H < f(T) —T.
b) Fprcc has three positive fixed points (T and the two fixed points of g) if

f(T) =T <H < f(X) — X

c) T is the unique positive fixed point of Fprcc if H > f(X) —X.

d) Fprcc has two positive fixed points if either H = f(T) — T (T and x7) or
H = f(X) — X (T and ).

Proof. In view of (88), K is a fixed point of Fpycc if and only if K = f(K) < T.
Moreover, if K < T, then K is the only positive fixed point of Fprcc because
Fprec(x) > min{f(x), T} > x if x < K, and Fpycc(x) < f(x) < x if x > K.

If T < K, then there are two possibilities for the positive fixed points of Fprcc:
the threshold T and the positive equilibria of g.

It is obvious from the definition of Fpycc that T is a fixed point if and only if
f(T) < T+H, thatis, H > f(T) — T. The condition T < f(T) holds since T < K.

Since g’(x) = f'(x) and g”(x) = f”(x), g can have at most two positive fixed
points x* < x%. Then, by the Mean Value Theorem, x* < % < x7, where X is the
only point for which f'(X) = 1. It also follows that T < x* < x} < K, because
x* =Fprec(x") =g(x*) =f(x*)—H >T, and g(x) = f(x) —H < x—H < x for
all x > K.

Now, statements 2 and 3 follow easily. We include the proof of 2 and omit the
details of the other assertion since it is analogous, so assume that X < T < K.

If H > f(T) —T, then the threshold T is the unique equilibrium of Fprcc
because ¢(T) = f(T)—H < T and, for T > x, it follows from g’(x) < 1 for all
x > T; while for T < x, it follows from g’(x) > 0, x < x. and g’(x) < 0, x > Xc.
See Figure 14 as an illustration of the proof.

If H < f(T) —T, then Fprcc has a positive fixed point x* € (T,K) because
g(T) = f(T)—H > T and g(K) = f(K) —H = K—H < K. This fixed point
is unique because, if there were two fixed points x* < x*, then T < x* and
g(x) < x for all x < x* would imply that g(T) < T, a contradiction. O
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[llustration of the piecewise-smooth continuous map Fprcc (blue solid
line). We also plot the line y = x (red, dashed) and the Ricker map
f(x) =rx/(1+x) (black, dashed). (A) : v = 26, T = 0.7 € (x¢,K) =
(0.3846,1), H=1>f(T)-=T~0827. (B) :vr =15T = 04 € (X,x) =
(0.3969,0.6667), H=10.6 > f(T) — T ~ 0.5838.

Figure 15 illustrates the number of fixed points in the parameter plane (H, T).

Figure 15:
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Number of positive equilibria of Fprcc with f(x) = xe2-6(1=x) " There are

two positive fixed points for the parameter values in the boundaries colored
inred: H=F(T)—-T,0< T < % and H = f(X) =X, 0 < T < X. There is only
one positive fixed point for parameters at the boundaries colored in blue:
H=f(T)-T,x<T<Tl,and T=1.

5.3.1.2  Stability of positive fixed points

This section is devoted to study the stability properties of the positive fixed

points of

Fprcc. It is worth mentioning that, for a map f satisfying conditions

(A1)-(A2), 0 is a fixed point of Fprcc, and it is always unstable.

We first consider the case T > K, for which we obtain a global stability result
if f is a general map satisfying condition (A1). The proof follows the one of the
analogous result for proportional threshold harvesting (Hilker and Liz, 2019,
Proposition A.3).
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Theorem 5. 3 2. Assume that f satisfies (A1) and K is GAS for the difference equation
Xnt+1 = f(xn). If T > K, then K is GAS for the model given by Fprcc.

Proof. To prove the theorem, let us show that the conditions of Lemma 4.2.4 are
fulfilled with h = f and H = Fpycc.

First, by Proposition 5.3.1, K is the unique positive equilibrium of (88). In
particular, x < Fprcc(x) for all x < K; and x > Fprec(x) for all x > K.

Hence, the result is trivial for x < K, because Fprcc(x) < f(x) < max{f(x), K}
for all x > 0.

Now, it is clear by (88) that Fprcc(x) > min{f(x), T}, and therefore, since
we are assuming that T > K, it follows that x > Fprcc(x) > min{f(x), T} >
min{f(x), K} for all x > K. H

The case 0 < T < K deserves more attention, so that we divide the study into
three parts: we first deal with the simplest case, that is, compensatory mod-
els; then we give some global stability results for general overcompensatory
models; finally, we focus on the overcompensatory Ricker model to get a more
comprehensive description of the stability properties of positive equilibria.

Compensatory models

Recall that the model (77) defined by x,1 = f(x) is compensatory if f satis-
fies (A1) and (A2) with K < x¢. This framework includes strictly increasing
maps like the Beverton-Holt model and unimodal maps as the Ricker function
f(x) =xe™1™, 0 <r <1,

Theorem 5.3.3. Assume that f satisfies (A1) and (A2) with K < xcand let 0 < T < K
and H > 0. Denote by x* < x the positive fixed points of g(x) = f(x) —H when
they exist. Then, every solution of (88) converges to an equilibrium. More specifically:

1. If H < f(T) —T, then there is a unique positive equilibrium x* € (T,K) of Fprcc
and it is globally attracting.

2 IfHZf(T)—Tand T > X or H > f(X) =X and T < X; then T is the unique
positive equilibrium of Fpycc and it is globally attracting.

3. If f(T) = T < H < f(X) — X, then there is bistability between two positive equi-
libria: T and x;. € (T,K). If H < f(X) — X, denote by x* the largest fixed
point of Fprcc smaller than X7, and (x*)~! = min{x € FPTCC( X)) ix > x*}
((x*)~" = oo if there are no x > x* such that Fprcc(x) = x*).

o Iff(T)—T < H < f(X) — X, then the basin of attraction of the threshold T
is (0,x*) U ((x*)71, 00) and the basin of attraction of x* is (x*, (x*)71).
. IfH = f(X) — X, then x|, = x* = X is semistable and its basin of attraction
)
. If H = f(T) —T, then T = x* and the basin of attraction of the threshold T
is (0,x*]U[(x*) ", c0).
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Proof. The existence of positive fixed points follows directly from Proposition
5.3.1. The proofs of 1 and 2 follow from Lemma 4.2.2.

Then, we prove statement 3 when f(T) — T < H < f(X) —X and the limit cases
H = f(X) —X and H = f(T) — T are not described in detail. On the one hand,
Fprcc maps the interval I = (x*, (x*)~") into itself, and Lemma 4.2.2 ensures
that x*_ attracts I. On the other hand, Fpycc maps the interval L = (0, x* ) into
itself, and Lemma 4.2.2 also applies to prove that T attracts L. Finally, it is clear
that Fprcc maps ((x*)~7,00) into L. O

Overcompensatory models: global stability results

In this subsection, we provide some sufficient conditions under which the pos-
itive equilibrium is unique and globally asymptotically stable. Since the com-
pensatory case was previously studied, we deal with the overcompensatory
case, thus we assume that conditions (A1)-(A2) hold with x, < K. This frame-
work includes unimodal maps as the Ricker function f(x) = xe™ 1 forr > 1.

Our next result deals with sufficient conditions for the global stability of T
(T < K).

Theorem 5.3.4. Assume that T < K and H > f(T) —T. If any of the following
conditions holds, then T is the unique positive fixed point of Fprcc and it is globally
asymptotically stable:

1. T<Xand H> f(X) —X;
2. X< T <xe;

3. fixl ) —HST<K;

4. f(g(xe)) = Tand T > xc.

Proof. In all cases, it follows from Proposition 5.3.1 that T is the unique positive
fixed point of Fprcc.

In statements 1 and 2, it is easy to check that x < Fprcc(x) < T for x < T and
0 < Fprce(x) < x for x > T. Hence, the result follows from Lemma 4.2.2.

Since the scheme (88) becomes TH when H+ T > f(x.), in case 3 the result
follows from Proposition 5.2.2.

Finally, condition f(g(x.)) > T in 4 implies that the long-term behavior of the
solutions of (88) and equation x,, 11 = G(xn), n > 0, is the same (see Figure 16),
where

T, gx) <T; (92)
> T.

Since T > xc and H > f(T) —T, T is stable for G. By Lemma 4.2.1, to prove the
global stability, it is enough to exclude periodic orbits of G with prime period
2. However, the conditions T < x¢. and H > f(T) — T imply that G(x) =T for all
x 2> T, then G cannot have 2-periodic orbits. O]
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Figure 16: Illustration of the correspondence between asymptotic dynamics of the
model given by the map G (92) and PTCC if x. < T < K, H > f(T)—-T
and f(g(xc)) > T. We plot the Ricker map with r = 2.6 (black, dashed), the
graph of Fpycc for T = 0.8 and H = 0.6 > f(T) — T = 0.5456 (blue). The
magenta arrows show that f(g(x.)) > T. We also plot the line y = x (red,
dashed).

In the line of case 4 in the previous theorem, we can prove a global stability
result for the fixed point x7 of Fprcc, in case f is S-unimodal.

Theorem 5.3.5. Assume that T < K, H < f(T) =T and f is an S-unimodal map. If
f(g(xc)) = Tand g'(x%) > —1, then the fixed point x*_ of Fprcc is GAS.

Proof. Condition H < f(T) — T implies that x7 is the unique positive fixed point
of Fprec.

Since f(g(x¢)) = T, Fprce can be replaced by the map G defined in (92) for
the analysis of convergence of solutions, as in the proof of Theorem 5.3.4 (see
Figure 16). Now, the proof follows from Lemma 4.2.6, with ¢ = min g_1 (T) and
d = maxg~'(T). ]

We illustrate the results of Theorems 5.3.4 and 5.3.5 in Figure 17.

Specific results for the Ricker map

In this subsection, we focus our attention on the PTCC scheme (88) with the
Ricker map f(x) = xe"!™), r > 1, in order to give a more comprehensive
description of the stability properties of the positive equilibria. Recall that the
compensatory case T < 1 has been previously addressed.

We begin considering the case when the Ricker map has a stable equilibrium,
that is, f(x) = xe"'™), 1 < r < 2 (see Corollary 4.2.5). The following results
prove that the asymptotic dynamics correspond to those of compensatory mod-
els, where every solution of the PTCC model (88) with xo > 0 converge to
a positive equilibrium. We first deal with the case when Fprcc has a unique
positive fixed point. The global asymptotic stability of T when 0 < T < x
was already proved in Theorem 5.3.4, so we work with the case T > x.. Then,
we consider parameter conditions under which Fprcc has at least two positive
fixed points.
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Figure 17: Regions of global stability for PTCC with the Ricker map f(x) = xe?®(1=%),

based on Theorems 5.3.4 and 5.3.5. The red solid curve is the graph of
H=1(T)—T. T is GAS in the regions defined by H > f(T) —T and
(M:T<xand H > f(X) =%, (2): X < T < xe; 3): f(xe) = H KT <K;
and (4) : f(g(xc)) = T, T > x.. Notice that, when H < f(T) — T, condition
f(g(xc)) = T holds to the right of the dashed line, so x* is GAS in region
(5), determined by condition g’(x%) > —1.

Theorem 5.3.6. Assume that 1 < r < 2 and denote by x* < x the positive fixed
points of g, when they exist. The following assertions hold:

1. If H < f(T) =T, then x%_is the unique positive fixed point of Fprcc and it is
GAS.

2. Ifxe < T< Tand H > f(T) —T then T is the unique positive fixed point of
Fprcc and it is GAS.

Proof. The existence of a unique positive fixed point follows from Proposition
5.3.1. We provide a detailed proof for case 1 and illustrate the one for case 2
since it follows from analogous arguments (see Figure 18(B)). An application
of the enveloping method by Cull in Lemma 4.2.3 for h = Fprcc proves both
statements. The same approach was previously used in (Hilker and Liz, 2019,
Proposition A.4) for proportional threshold harvesting.

Let us consider T € (0,1), H € (0,f(T) —T) arbitrarily fixed and the linear
map ¢(x) = 2x% —x. Let us prove that Fprcc fulfills the following inequalities:
x < Fprec(x) < ¢(x) for all x € (0,x%), and x > Fprcc(x) > &d(x) for all x > x%
(see Figure 18(A)).

We know by Proposition 5.3.1 that x% is the unique fixed point of Fprcc in
(0,00). Moreover, x < Fprcc(x) for all x € (0,x7) and x > Fprcc(x) for all
x> x4

Hence, it remains to prove that Fprcc(x) < 2x% —x for all x € (0,x} ) and
Fprcc(x) > 2x4 —x for all x > x%. Let us consider p; and p; the points such
that

0<pr <T<xi<ps glp1)=T=g(pa)
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Note that, for all x € (p1,p2), we have Fprcc(x) = g(x), so Fprec is differentiable
on (p1,p2). We distinguish three cases:

e If x € (0,p1], then Fpree(x) = min{f(x), T} < T < 2T —x < 2x% —x.

e If x € (p1,p2), then Fprec(x) = g(x). By Corollary 4.2.5, g'(x) > —1 for all
x > 0; moreover, g'(x) > —1 for all x # 1. Hence, the Mean Value Theorem
guarantees that g(x) # 2x —x for all x # x’.. Therefore, g(x) < 2x} —x
for all x € (p1,x%) and g(x) > 2x% —x for all x € (x7, c0).

¢ If x > p,, then we have Fprcc(x) > g(x) > 2x7% —x.

An application of Cull’s theorem proves that x7 is globally asymptotically sta-

ble. O
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Figure 18: Diagrams showing the map Fprcc (blue solid curve) enveloped by ¢ (red
dot-dashed line). The original Ricker map f(x) = xe'8(1=*) is represented
by the solid black curve, which is enveloped by the black dot-dashed line
y = 2—x. The black dashed line is y = x. (A): ¢(x) = 2x% —x. The
equilibrium x% is GASfor T € (0,1) and H € (0, f(T) —T). (B): ¢(x) = 2T —x.
The fixed point T is GAS for T € (x¢,1) and H > f(T) —T.

Theorem 5.3.7. Assume 1 < v < 2, T < X, and Fpycc has at least one positive
fixed point different from T. Denote by x* < x7 the positive fixed points of g. If
H > f(T) —T, then T is a fixed point of Fprcc and we distinguish three cases:

e If f(T) =T < H < f(X) =X, then x! attracts (x*, (x*)™") and T attracts
(0,x*)U ((x*)7", 00), where (x* )~ = max g~ (x*).

o If H = f(X) — X, then there are two fixed points T < x* = xI, x% attracts
[x*, (x* )Y, while T attracts (0,x*) U ((x*) ", 00).

o If H = f(T) — T, then there are two fixed points T = x* < x73, x! attracts
(x*, (x*)~ "), while T attracts (0,x*]U [(x*)T, 00).

Proof. The proof of this result partially follows the one of case 3 in Theorem
5.3.3, that is, the analogous result for compensatory models. The main differ-
ence appears when determining the basin of attraction of the positive equilib-
rium x7%. We give a detailed proof when f(T) — T < H < f(X) — X and we skip
the case H = f(X) — X because it is very similar.
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First, recall that, by using Lemma 4.2.2, we can prove that the threshold T
attracts (0,x* U [(x* )77, 00) if H = f(T) —T; or the set (0,x*) U ((x*)~',00) if
f(T)—T<H<f(X)—X.

Now, let as prove that (x*, (x*)~1) is the basin of attraction of x% . Notice
that Fprcc = g in (x*, (x*)7"), so we can use the properties of the map g. As
X < x% < K, by Corollary 4.2.5, g’(x’.) € (—1,1). In addition, g is S-unimodal
and has a unique critical point x, € (x*, (x*)~1). Thus, if we shift the origin of
coordinates from (0,0) to (x*,x* ), the results follows from the application of

Theorem 2.7 and Addendum in (Singer, 1978) t0 gjjx (x*)-1)- O

Now, we state and proof the main result in this subsection, which includes
the stability results already proved and new statements for the case when r > 2,
for which the equilibrium of the Ricker map is unstable. From the properties
of the Ricker map in Corollary 4.2.5 and its proof; if r > 2, then there exists
a unique X € (xc,2/r) such that f'(x) € (—1,0) for all x € (x¢,x); f'(x) = —1;
and f'(x) < —1 for all x € (X, 1). The value of X can be numerically computed
as the smallest root of the equation f/(x) = —1, that is, the unique solution of
(rx—1)e") =114n (0,1).

Theorem 5.3.8. Consider the map Fprcc defined by (88) with f(x) = xe™ 1) > 1.

Denote by x*, x7 the positive fixed points of g(x) = f(x) — H, when they exist, with
T<xE <x}.

1. If T > K = 1, then the positive fixed point K = 1 of f is the unique positive
equilibrium of Fprcc. It is GAS if 1 < v < 2, and unstable if v > 2.

2. IfT<K=1and 1 <r <2, then the conclusions 1, 2 and 3 of Theorem 5.3.3
hold. In particular, every solution of (88) with initial condition xy > O converges
to a positive equilibrium.

3. If T<K=T1andr > 2, then:

o IfH > f(T) —T, then T is a fixed point of Fprcc. Moreover, T is semi-
stable if 0 < T < X and H = f(T) —T, and it is asymptotically stable
otherwise. The threshold T is a GAS in the cases stated in Theorem 5.3.4
(see Figure 17).

* The fixed point x* is unstable if x* < x7, and semi-stable if x* = x7.

* The fixed point x*_ € (X, 1) is unstable if H < f(X) — X, and asymptotically
stable if H > f(x) —X. In the latter case, X7, is GAS if H < f(T) —T and
flglxc)) > T.

Proof. The existence of the different fixed points of Fprcc is given in Propo-
sition 5.3.1. The proof of statement 1 follows from Theorem 5.3.2 and Corol-
lary 4.2.5. The proof of statement 2 follows from Theorems 5.3.4, 5.3.6 and
5.3.7.

Next we consider the three cases of statement 3:
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* First, we deal with the stability of the threshold value T.
On the one hand, if H > f(T) — T, then T is asymptotically stable because
Fprcc is differentiable on an interval (T —¢, T+ ¢), and f'(T) = 0.
On the other hand, when H = f(T) — T, we distinguish several cases:

— First, if T > x., then there exists m; > 0 such that Fprcc(x) = T
for all x € [T, T+ my), which, by continuity, implies that there exists
m; > 0 such that FIZDTCC(X) =T for all x € (T —my, T); therefore T is
asymptotically stable.

— Next, if X < T < x, then T is the unique positive fixed point of Fprcc,
and it is globally stable (see Theorem 5.3.4).

— When T € (0,X), T is semi-stable because there is 1 > 0 such that
Fpree(x) =T for x € (T —n,T], Fpree(x) # T for x € (T, T+mn) and
Foree(TH) > 1.

¢ As for the smallest fixed point of g, if x* < x%, then Fprcc(x) = g(x) on a
neighborhood of x* and x* < X. Hence, Fircc(x2) = f/(x£) > 1 and we
can assert that x* is unstable. When x* and x_ collide, there is a smooth
saddle-node bifurcation and x* is semistable.

¢ Finally, we address the stability of x} € (%,1). As Fprcc(x) = g(x) on
a neighborhood of x%, the local asymptotic stability of x depends on
g'(x%) = f'(x}). Since x% € (%, K), it is clear that x} is asymptotically
stable if x% < X (that is, H > f(Xx) —X), and unstable if x > X (that is,
H < f(x) —X). The global stability result follows from Theorem 5.3.5.

]

5.3.1.3 Fixed points smooth and border-collision bifurcations

The boundaries found in Subsection 5.3.1.1 and the stability results proved in
Subsection 5.3.1.2 help us to analyze the possible local bifurcations of fixed
points, using the bifurcation parameters H and T.

Since the map Fprcc is piecewise-smooth continuous, the bifurcations can be
smooth but most of them are border-collisions.

Smooth bifurcations occur for the bifurcation parameter H:

e A fold SB occurs if H = f(X) —X and T < X: as H increases, the two
coexisting fixed points of g (x; LAS and x* unstable) collide at the critical
point X and then disappear.

e A flip SB occurs if H = f(x) —x and T < K: as H decreases, the LAS fixed
point x* becomes unstable and a LAS 2-cycle emerges.

Now, we describe the different types of border-collision bifurcations for PTCC.
We first recall that Fpycc is a piecewise-smooth map defined by f, g and the con-
stant function T; as a consequence Fpycc can have admissible or virtual fixed
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points. For example, the fixed point T is admissible if and only if T < K and
H > f(T) — T, otherwise it is virtual since it is not a fixed point of Fpycc. Re-
call that a BCB occurs when a fixed point transitioning from being virtual to
admissible (or viceversa) collides with a break point and leads to a qualitative
change in the long-term dynamics. For PTCC model (88) and a map f satisfy-
ing conditions (A1)-(Az2), these bifurcations can only occur when T becomes a
boundary fixed point, that is, when g(T) = T (equivalently, H = f(T) —T) or
f(T) =T (equivalently, T = K).

When H = f(T) —T, the first three BCBs described in Subsection 4.3 can occur
as T or H change continuously. See Figure 19 for illustrations. In particular:

(A1) (A2) (A3)

Figure 19: Illustrations of BCBs arising when H = f(T) — T in (88). The Ricker map
f(x) = xe™ 1) is the black dashed curve, while the blue solid curve is the
corresponding map Fprcc. The red dashed line is y = x. Top row: fold
BCBforr=21and T =0.1 <% ~0.353. (A1): H=03<f(T)—T ~0.562;
(A2): H = f(T)—=T, (A3): H = 0.9 > f(T) — T. Center row: flip or period-
doubling BCB for r = 2.6 and T = 0.7 > X =~ 0.485. The attracting 2-cycle
is represented by a magenta box in (B3). (B1): H=1 > f(T) - T ~ 0.827;
(B2): H=Af(T)—T, (B3): H= 0.6 < f(T) — T. Bottom row: persistence BCB
forr=21and T=07(X<T<x=0.77). (CI):H=05<f(T)—T =~ 0.614;
(C2):H=A(T)—T, (C3): H=0.65 > f(T) —T.
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e A fold BCB occurs if H = f(T) =T and T < % T becomes a boundary
fixed point as T decreases or H increases; after this critical value, two
admissible fixed points arise: an attractor T, and a repeller x* .

¢ A flip BCB occurs if H = f(T) =T, T > x¢, and xJ_ is unstable for g: the
attracting fixed point T becomes virtual after becoming a boundary fixed
point as T or H decrease, while an unstable fixed point x and an attract-
ing 2-cycle {T, g(T)} appear. Notice that the flat shape of Fprcc to the right
of the break point prevents the possibility of a period-multiplying BCB in
our framework.

* A persistence BCB occurs if H = f(T) =T, T > X, and x_ is asymptotically
stable for g: as T or H increase, the virtual fixed point T and the admissible
attractor x’_ interchange their roles.

In view of Theorem 5.3.8, for a Ricker map f(x) = x e"!™), with r > 2: a flip

BCB occurs when H = f(T) — T and T > X, and a persistence BCB occurs when
H=f(T)—Tand X < T <X.

When T becomes a boundary fixed point at the critical value T = K, it only
makes sense to choose T as the bifurcation parameter; in this case, persistence
or flip BCBs can occur as T changes continuously. These bifurcations are typical
of threshold harvesting (Hilker and Liz, 2020; Sinha, 1994). In particular:

¢ A persistence BCB occurs if T = K and K is asymptotically stable for f:
as T increases, the fixed point T becomes virtual and the attracting fixed
point K becomes admissible.

¢ A flip BCB occurs if T = K and K is unstable for f: as T increases, the fixed
point T becomes virtual, K becomes admissible, and an attracting 2-cycle
{T, f(T)} emerges (see Figure 20).

(A1) (A2) (A3)

Figure 20: Illustration of a flip BCB in equation (88) when T = K. The Ricker map
f(x) = xe2(1=%) is the black dashed curve, while the blue solid curve is the
corresponding map Fprcc with H = 1.6. The red dashed line is y = x. The
attracting 2-cycle {T, f(T)} is represented by a magenta box in panel (A3).
(A1):T=09<K=1;(A2): T=K; (A3): T=1.1>K.

For the Ricker map, a persistence BCB occurs if T=1and 0 <r < 2,and a
flip BCB occurs if T =1 and v > 2.
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In Figures 21 and 23, we use solid lines for BCBs of fixed points, and dashed
lines for SBs of fixed points. Specifically, we use red color for fold bifurcations,
orange for persistence BCBs, and brown for flip bifurcations.

5.3.2 Complex dynamics: essential attraction and chaotic behavior

The long-term dynamics of PTCC when the map f is compensatory are com-
pletely determined: every initial condition xy > 0 converges to a positive equi-
librium. There are three regions of global asymptotic stability of x, T or K; and
a region of bistability between T and x’.. For the overcompensatory Ricker map
f(x) = xe"1™), 1 < r < 2, whose positive equilibrium K is stable, we proved
that asymptotic dynamics under PTCC scheme correspond to those for com-
pensatory models. However, for general overcompensatory maps, asymptotic
dynamics can become more complex.

In this section, for a general map f : [0, c0) — [0,00), we assume f € ©3 sat-
isfies conditions (A1)-(A2) with x. < K and has negative Schwarzian derivative
(S-unimodal). We consider the regions of the parameter plane (H,T) where
complex dynamics are more likely to occur: T < X and H > f(T) —T, or
H< f(T)-—T.

First, we consider the case T < X and H > f(T) — T. Shifting the origin
of coordinates from (0,0) to (T, T), we show that the dynamics of (88) can
be derived from the results obtained by Schreiber (2001) for constant quota
harvesting models.

Theorem 5.3.9. If Fpycc has at least 2 positive fixed points, let

—1

*

x* =min{x:x >0, g(x) =x} and (x*)"' =maxg~'(x*).

Assume that T < X and H > f(T) — T. Then, there are three generic categories for the
dynamics of (88):

1. (Global attraction) If H > f(X) — X, then T is the only positive fixed point of
Fprcc, and it is GAS.

2. (Bistability) If H < f(X) — X and g?(xc) > x*, then Fprcc has three positive
fixed points T < x* < x.
T is asymptotically stable with basin of attraction (0,x* ) U ((x*)
is unstable. Moreover,

_],oo); and x*

e if g'(x}) > —1, then x%_is asymptotically stable and attracts (x*, (x*)™")
and, hence, every solution of (88) converges to a fixed point;

e if g’'(x*) < —1, then the interval (g% (xc), g(xc)] is absorbing, with basin of
attraction (x*, (x*) 7).

3. (Essential attraction) If H < f(X) — X and g% (xc) < x*, then Fprcc has three
positive fixed points and T is an essential global attractor.
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Proof. 1t is clear that the long-term behavior of the solutions of (88) and equa-
tion X1 = G(xn), n > 0, is the same, where G was defined in (92). If we shift
the origin of coordinates from (0,0) to (T, T), then the map G satisfies assump-
tions (A1)-(A5) in (Schreiber, 2001). Thus, the proof follows from Lemma 1 and
Theorem 1 therein. O

When H is the bifurcation parameter, the transition from bistability to global
attraction of T occurs through a smooth fold bifurcation when x* and x7 col-
lide for H = f(X) — X. For this critical value, Fprcc has two positive fixed points
T and x*; x* is semi-stable with basin of attraction [x*, (x’i)q], and T attracts
(0,x ) U ((x*) ", 00).

The transition between bistability and essential attraction occurs through a
boundary-collision when H < f(X) — % and g%(xc) = x* is considered at the
end of this subsection.

We now deal with the case H < f(T) — T (when T is a virtual fixed point).
An important issue in this case is the relative position between g?(x.) and T. If
g%(xc) > T, then the long-term behavior of the solutions of (88) is governed by
the map g; and we have two possibilities:

¢ if g(xc) < x¢, then x% is GAS by Lemma 4.2.2;

e if g(xc) > xc then I = [g?(xc), g(xc)] is an absorbing interval whose basin
of attraction is (0, c0).

When g?(x.) = T, two types of bifurcations can occur, a boundary-collision
bifurcation or a persistence BCB. In the following, we provide further details
about these bifurcations.

Boundary-collision bifurcations

The results stated in this subsection and the work by Schreiber (2001) help us
to describe boundary-collision bifurcations for PTCC.

We first consider the case T < %, H > f(T) — T and g%(x.) = x*. Schreiber
(2001) refers to the corresponding dynamics as chaotic semi-stability, because
the interval I = [g%(xc), g(xc)] = [x*, g(xc)] is invariant and Fprcc is chaotic
in I. Actually, there is a homoclinic orbit containing the critical point x. (see
Appendix C in (Liz, 2010a) for further comments). Thus, the chaotic attractor
collides with the unstable equilibrium x* and, following the notation by Gre-
bogi, Ott, and Yorke (1982), we can assert that the transition from bistability
to essential attraction of T occurs through a boundary crisis. Therefore, this
boundary-collision is not due to the non-smooth character of Fpycc.

Let us consider the case H < f(T) — T and g?(x.) = T. In this case, the bifur-
cations occur due to the discontinuity of Fprcc.

If T does not contain any periodic attractor when g?(x.) = T, then the unique
metric attractor of g consists of a finite union of intervals with a dense orbit
(Thunberg, 2001, Section II.3), and a new form of boundary-collision bifurca-
tion occurs at this point, when the metric attractor collides with the break point
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T (see Figure 27). We will refer to this bifurcation as discontinuity-induced crisis.
If g has an m-periodic attractor when g%(xc) =T, then a persistence BCB (for
Fpyce) occurs when this orbit collides with T, that is, when g™(T) = T. In
this case, a sequence of period-doubling and period-halving bifurcations giv-
ing rise to bubbles (Bier and Bountis, 1984) appear in the bifurcation diagram
(see Figure 28).

5.3.3 Impact of harvest parameters on population dynamics

For a compensatory, overcompensatory or S-unimodal map f, the results ob-
tained in the previous subsections give us a good description of long-term
dynamics for the PTCC model (88).

In the case of compensatory models, the long-term dynamics are completely
determined and we give a global picture of asymptotic dynamics in the 2-
parameter bifurcation diagram in Figure 21. However, there are still some
interesting features occurring in 1-parameter BDs (see Figure 22).

For overcompensatory models, the dynamics are richer than those exhibited
by compensatory models. Moreover, the global picture of asymptotic dynamics
depends on the expression of the unmanaged map f. Thus, we develop the
study of global dynamics and construct 2-parameter and 1-parameter BDs for

the Ricker map f(x) = xe>®(1=%),

5.3.3.1 Compensatory models

We begin with the simple case of compensatory models. In the light of The-
orem 5.3.8, analogous dynamics is exhibited by the overcompensatory Ricker
mapif T <r <2

For illustrations, we consider the Ricker map f(x) = x e’ +=0.3 < 1. The
corresponding 2-parameter bifurcation diagram follows from Theorems 5.3.2
and 5.3.3, and it is shown in Figure 21.

We show in Figure 22 the three relevant possibilities for 1-parameter BDs as
one of the harvesting parameters H or T changes.

The values of the bifurcation points are easily found. We first compute nu-
merically the value X &~ 0.4808 such that f'(x) = 1.

We begin fixing two values of threshold T and we use the harvesting quota
H as the bifurcation parameter.
For T = 0.1, a fold BCB occurs at H = H; = f(T) — T ~ 0.031, and a fold SB
occurs at H = Hy = f(X) — % ~ 0.081. Bistability between H; and H; induces
hysteresis, which can have unexpected consequences for management: assume
we increase the harvesting quota from a value slightly smaller than H;; then, at
H = H;, the population falls abruptly to the threshold level T = 0.1. Then, we
decrease again the quota, but relatively high levels of population abundance
might not be recovered until H < H; (see Figure 22(A)).
If T > %, then there is always a GAS equilibrium, with a persistence BCB at
H = f(T) — T, in Figure 22(B), we show the case T = 0.6, with f(T) — T ~ 0.076.
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Figure 21: Stability diagram of PTCC with the Ricker map f(x) = xe®3('=*). There
is a region of bistability, while in the others there is a unique equilibrium,
which is GAS. We use orange color for persistence BCBs and red color for
fold bifurcations (the solid curve corresponds to a fold BCB, and the dashed
line to a fold SB).

When we use T as the bifurcation parameter, the most interesting case occurs
when H < f(X) —%. For H = 0.04 and small T, there are three equilibria: T and
the two positive fixed points x* =~ 0.135 and xi ~ 0.846 of g. T and x are
LAS, and x* is unstable. At the critical value T = x*, x* and T become virtual
fixed points through a fold BCB, and x’ becomes GAS until T = x7, where a
persistence BCB occurs and T becomes GAS. A new persistence BCB occurs at
T =1, and, after that, the positive equilibrium K = 1 of f is GAS (Figure 22(C)).
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Figure 22: Bifurcation diagrams for the PTCC model (88) with the Ricker map
f(x) =xe®301=%) Red dashed lines correspond to unstable equilibria.
(A): T = 0.1 < % as harvesting quota increases, there is a fold BCB
and a fold SB; bistability occurs between the two bifurcation points.
(B): T = 0.6 > X: as harvesting quota increases, there is a persistence BCB.
(C): H=10.04 < f(X) — X: as the threshold increases, there is a fold BCB and
two persistence BCBs. Bistability is observed until the first bifurcation point.

5.3.3.2  Overcompensatory models

In this section, we show some interesting phenomena that can be observed
in (88) for overcompensatory maps. For that purpose, we consider the Ricker
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map f(x) = xe' '™, r = 2.6, whose asymptotic dynamics are governed by an

attracting 4-cycle. We have chosen this value for r because it has been used by
Sinha and Parthasarathy (1996) and Schreiber (2001) for the CC rule, and by
Hilker and Liz (2020) for TH, which can be seen as particular cases of PTCC. In
this way, it is easier to relate our results with those in the previous references.
Although we expect more complicated dynamics for larger values of r, for
which f is chaotic, our case study also shows transitions between order and
chaos. As shown by Schreiber (2001) (see also (Jiménez Lépez and Liz, 2021)),
maps with a periodic attractor can exhibit chaos when CC is applied.

We have seen that, for compensatory models, the dynamics of (88) are trivial
in the sense that all solutions converge to an equilibrium. In the overcompen-
satory case, when T < X, boundary collisions can drive the system from a
periodic or essential attractor to chaos as H increases. Moreover, the BCBs are
not only determined by the pairs (H, T) for which T is a boundary fixed point;
an important role is played by the pairs for which T is a boundary fixed point
of F&;cc. It may also occur that T is a boundary fixed point of Fproc, but for
simplicity we restrict our analysis to bifurcations of 2-cycles. After the study
of BCBs for F&;-., we devote some lines to describe the different bistability
regions in Figure 23; then we plot some numerical 1-parameter BD, which help
to understand the main features of the dynamics; and we finally discuss the
influence of the threshold on the dynamics.

The 2-parameter bifurcation diagram in Figure 23 describes quite well the
long-term dynamics and bifurcations of (88) in terms of the relevant param-
eters H and T. It follows from the stability results in Subsection 5.3.1.2; the
smooth and border-collision bifurcations of fixed points in Subsection 5.3.1.3;
the complex dynamics determined in Subsection 5.3.2 for T < X and the local
bifurcations for F3; discussed in this subsection.

2-cycles smooth and border-collision bifurcations

In this section, we determine the local bifurcations of 2-cycles for Fprcc, that is,
those of fixed points for F3rcc, first BCBs and then SBs.

Specific border-collision bifurcations for Fi;. are determined by the solu-
tions of F%TCC(T) =T (with Fprcc(T) # T), so there are four cases:

1. If T > K = 1 and f3(T) = T, then the 2-cycle {T, f(T)} becomes attracting
as T decreases for a fixed H, through a flip BCB.

2. If T>K=1and g(f(T)) =T, then the 2-cycle {T, f(T)} emerges or disap-
pears as H or T change continuously in a variety of BCBs (fold, persistence,

flip).

3. f T < K=1and f(g(T)) =T, with T < g(T), then the 2-cycle {T, g(T)}
emerges or disappears as H or T change continuously in a variety of BCBs
(fold, persistence, flip).
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4. T < K=1and ¢*(T) = T, with T < ¢(T), then the 2-cycle {T, g(T)}
emerges or disappears as H or T change continuously, through a flip BCB.

(A) (B)
2.0f Fprcc =f 0.35f
(T,f(T),f2(T),f3(T)} atracting | [
) 0.30}
- /g {T, f(T)} attracting 0.25¢
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Harvesting quota, H Harvesting quota, H

Figure 23: (A): Main bifurcation boundaries of PTCC control rule with the Ricker map
f(x) = xe2°1=x)_ We use solid lines for border-collision bifurcations (BCBs)
and dashed or dotted lines for smooth bifurcations (SBs). Bifurcations of
fixed points: red for fold BCB, orange for persistence BCB, brown for flip
BCB, brown dashed for flip SB, red dashed for fold SB. Bifurcations of 2-
cycles: magenta for fold BCB, light blue for persistence BCB, dark blue for
flip BCB, blue dotted for flip SB, magenta dotted for fold SB. The dot-dashed
black line is defined by T = f(x.), so Fprcc = f for larger values of T. Re-
gions labelled with By and B exhibit bistability, while in regions labelled
with G there is a 2-periodic attractor p; — g(p1) = p2 — f(p2) = p1 (see the
text). The blue shadowed region and the green lines are explained in (B).
(B): Zoom of (A) for 0 < T < X. According to the results in Subsection 5.3.2,
when f(T) - T < H < f(X) =X and T < X (blue shadowed region), we find
regions of bistability between T and a periodic or chaotic attractor (marked
with B); bistability between T and other equilibrium x* ; and essential attrac-
tion to T. The green lines for H < f(T) — T (where T is not a fixed point)
are defined by g%(xc) =T. Complex behavior may be expected to appear in
regions B, Ry and R;.

In Figure 23(A), we represent BCBs for F3;. with solid lines: magenta color
for fold BCBs, light blue for persistence BCBs, and dark blue for flip BCBs.

Figure 24 illustrates a fold BCB corresponding to case 2: as H increases and
crosses the magenta bifurcation curve in Figure 23(A), the virtual cycle {T, f(T)}
becomes an admissible cycle of Fprcc after collision with a virtual fixed point
of F,%TCC (a fixed point of g o f). After the bifurcation occurs, the cycle {T, f(T)}
coexists with two admissible stable and unstable 2-cycles (which are destroyed
for a larger value of H through a fold smooth bifurcation for F ).
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Figure 24: [llustration of a fold BCB for F4; . in equation (88) with the Ricker map
f(x) = xe?°1=%) and T = 1.2. The red dashed line is y = x. Top row:
the black dashed curve is the graph of Fpycc, and the blue solid curve
is the graph of F%TCC. (A1): H = 0.2; (A2): critical value H = 0.303, when
F%TCC(T) =g(f(T)) =T, (A3): H = 0.4. Bottom row: the black dashed curve
is the graph of f, while the blue solid curve is the graph of Fptcc. Attracting
or semistable 2-cycles of Fprcc are represented by magenta boxes; unstable
2-cycles in orange boxes. (B1): H = 0.2 (one attracting cycle, corresponding
to region G in Figure 23); (B2): H = 0.303 (the attracting 2-cycle persists,
and a new 2-cycle {T,f(T)} arises at the fold BCB and it is semistable; it
corresponds to the magenta curve between regions G and B; in Figure 23);
(B3): H = 0.4 (bistability between two attracting cycles, corresponding to
region B; in Figure 23).

Now, we describe the smooth bifurcations which occur for the bifurcation
parameter H:

¢ A fold SB occurs at H, ~ 0.44: as H increases, the two coexisting stable
and unstable fixed points of f o g collide and then disappear.

¢ A flip SB occurs at H* ~ 0.126: as H increases, the LAS 4-cycle of Fprcc
becomes unstable and a LAS 2-cycle of f o g emerges.

The value H, is numerically determined as the solution of system f(g(x)) = x,
f'(g(x)) g'(x) = 1, and H* as the solution of f(g(x)) = x, f'(g(x)) g’(x) = —1. In
Figure 23(A) we use dotted lines for SBs of 2-cycles, magenta for fold and dark
blue for flip.

Remark 9. We conjecture that T is GAS for equation (88) with the Ricker map
f(x) = xe2601—x) if (H, T) belongs to the region

R={H,T): H>H.(r), H>F(T)—-T, xc < T < 1}.
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This would complete the global stability region shown in Figure 17.

The graph of the function r — H,(r) can be plotted numerically, and it is an
increasing function of r, with H,(2%) = 0. Recall that, by Theorem 5.3.8, Fprcc
does not have other 2-cycles than the fixed points if r < 2.

The reason why we think the conjecture is true is that Fprcc is a continuous
map and, once the 2-cycle is destroyed in the fold bifurcation, no other 2-cycles
seem to appear. Hence, due to Lemma 4.2.1, T is a GAS equilibrium.

Bistability regions

As H or T change continuously, regions of bistability in the 2-parameter dia-
gram shown in Figure 23 appear between two fold bifurcation curves, with the
only exception of a region of essential attraction.

For small values of T, we find these regions between the curve H = f(T) — T
and the vertical line H = f(X) —X. The regions marked with B represent bista-
bility between the attracting equilibrium T and a periodic or chaotic attractor;
and there is a region where two attracting fixed points coexist. In the region
of essential attraction, solutions converge to T with probability one, so there is
not bistability. This dynamical behavior has already been observed for models
of constant quota harvesting (Liz, 2010a; Schreiber, 2001) and it is explained in
Section 5.3.2.

For larger values of T, we find a region of bistability between fold bifurcation
branches for F5c. We distinguish two types of regions labeled with B; and B,
in Figure 23(A). In region By, the equilibrium T is attracting and it coexists with
another periodic attractor A, with period 2 or 4. In region B,, the attracting 2-
cycle {T, f(T)} (f T > K=1) or {T, g(T)} (if T < K = 1) coexists with the attractor
A. The period of Ais 4 if H< H* =~ 0.126 and 2 if H > H*.

1-parameter BDs varying T

In this subsection, we choose two particular values of the maximum allowed
harvesting quota H and study the changes in the dynamics of (88) as the thresh-
old harvesting T increases, that is, as the harvest rule PTCC becomes more
conservative. As we can see in Figure 23(A), for sufficiently large values of H,
there is a unique attractor, which is the periodic orbit of T (1, 2 or 4-periodic).
For small values of H (in particular, for H < H, =~ 0.44 (see Remark 9), the dy-
namics is more influenced by BCBs for F3;. We plot the bifurcation diagrams
in two cases: H = 0.4 < H, and H = 1 > H,. We pay special attention to bifur-
cations (local and global) and long-term dynamics features. We find bistability
and typical behaviors for maps with flat branches. However, the presence of
consecutive flip bifurcations does not result in a bubbling effect, because the
period halving bifurcation occurs before the period-doubling one.

We begin with H = 0.4. Since g does not depend on T, the fixed points of g
are virtual or admissible fixed points of Fprcc for every T. We obtain numeri-
cally that x* ~ 0.035 < x% ~ 0.852. Since g’(x*) > 1 and g’(x%) < —1, both are



5.3 PRECAUTIONARY THRESHOLD CONSTANT CATCH (PTCC)

unstable. As T ranges from O to 2, there are ten border-collision bifurcations
(see Figure 25). For small values of T, a zoom of the bifurcation diagram shows
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Figure 25: (A): Bifurcation diagram for (88) with the Ricker map f(x) = x e2-6(1—x)

H = 0.4, and bifurcation parameter T € (0,2). (B): Zoom of panel (A)
for 0 < T < 0.3. Red dashed lines represent unstable fixed points of Fprcc
(x* < x% < K = 1), and magenta dashed lines denote unstable 2-cycles of

Fprcc.

the first one, which occurs for T = T; = p ~ 0.035, in a fold BCB: the admissible
fixed point T is an essential attractor for T < Ty; then it becomes virtual and a
periodic attractor containing T arises. Between T; and T, ~ 0.2216, we can ob-
serve typical features of bifurcation diagrams for piecewise smooth maps with
flat branches: intervals of effective chaotic behavior (periodic attractors with
long periods) alternate with periodic windows and star-like structures (Sinha,
1994). For example, we can see a star for T ~ 0.13, when g(T) =x. AtT =T,
(satisfying g*(T,) = T,), there is a flip BCB, and {T, g(T)} becomes an attract-
ing 2-cycle. After a persistence BCB at T = T3 ~ 0.407 (where f(g(T3)) = T3),
{T, g(T)} is replaced by a 2-periodic orbit {p1,p2}, with f(g(p1)) = p2. There is
bistability for T € (T4, T7), where Ty ~ 0.602 and T; ~ 1.294 correspond to fold
BCBs of FIZ,TCC ; in particular, the fixed point T coexists with {py, p2} in (Ts, Tg),
where Ts ~ 0.852 and Tg = 1 correspond to flip BCBs. At Tg ~ 1.5, the 2-cycle
{T, f(T)} becomes attracting after a persistence BCB; this cycle becomes unstable
at To =~ 1.75, in a flip BCB, after which {T, f(T), 2(T), £3(T)} becomes attracting.
Finally, this 4-cycle is replaced by the attracting 4-cycle of f at Ty ~ 1.9.

Next we consider H = 1, which exhibits some new features; the correspond-
ing bifurcation diagram is shown in Figure 26. The fixed points of g are now
x* ~ 0.109 < x7 = 0.637, and they are unstable. Since H > H,, bistability is not
observed for intermediate values of T. However, for small values of T, bistabil-
ity occurs between the equilibrium T and a chaotic attractor of g. Bistability is
observed for T < x*; at T = x*, the admissible fixed point T becomes virtual
after a fold bifurcation. The chaotic attractor persists for T € (x*,T*), where
T* =~ 0.158 corresponds to a discontinuity-induced crisis, when the lower edge
of the chaotic interval collides with T* (g%(x.) = T*); this bifurcation changes
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Figure 26: (A): Bifurcation diagram for (88) with the Ricker map f(x) = xe2¢(17%),

H = 1, and bifurcation parameter T € (0,2). (B): Zoom of panel (A) for
0 <T<0.3. Red dashed lines represent unstable fixed points of Fprcc
(x* <x% < 1), and magenta dashed lines correspond to unstable 2-cycles.

abruptly the dynamics, from a chaotic attractor to a periodic attractor defined
by the superstable orbit of T. After that, typical behavior of maps with flat in-
tervals occur, as explained in the previous case. Notice that the equilibrium T is
globally asymptotically stable for T € (x%, 1) (see Theorem 5.3.4 and Figure 17);
a sequence of two flip BCBs (period-halving and period-doubling) occurs as T
increases and collides with x* and K = 1, respectively. For T > x}, the bifur-
cation diagram coincides with the bifurcation diagram of TH (compare with
(Hilker and Liz, 2020, Fig. 3)).

1-parameter BDs varying H

As we have already mentioned, for T = 0 the PTCC rule becomes the CC har-
vesting strategy defined by the map Fcc(x) = max{f(x) —H, 0}. For the Ricker
map f(x) = x "', the dynamics of Fcc depending on r and H was studied
by Schreiber (2001). In particular, the bifurcation diagram for r = 2.6 corre-
sponds to Figure 5b in that reference, and it is characterized by two intervals of
bistability (where zero and an interval bounded away from zero are attracting),
an interval of essential extinction, and total extinction for large values of H due
to overharvesting. As explained in Section 5.3.2, for small values of T > 0, for
which T is an admissible fixed point, a similar situation holds for (88), but ex-
tinction is not possible due to the positive minimum biomass level T. In this
subsection, we consider three different values of T and plot the corresponding
bifurcation diagrams as H increases; as expected, larger values of T not only
help to avoid extinction, but also tend to simplify the dynamics.

Recall that there is a point X ~ 0.32 such that f'(x) = 1. If T < X, then a fold
SB occurs at H = H := f(%X) — % ~ 1.555, and T is a global attractor for H > H.

We begin with T = 0.13 < X. As H increases from zero, the curve defined
by g%(xc) = T is crossed twice (see Figure 23(B)). Looking at the 2-parameter
bifurcation diagram in that figure, the dynamics starts in region R;, where
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the 4-periodic attractor of g for H = 0 undergoes a route of period-doubling
bifurcations to chaos. After a first discontinuity-induced crisis at the quota
value H = H; = 0.086 (green vertical line in Figure 27(B)), the dynamics is
governed by the superstable periodic orbit of T. Notice that there are still
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Figure 27: (A): Bifurcation diagram for (88) with the Ricker map f(x) = xe2-61—x)

T =0.13, and bifurcation parameter H € (0,2). (B): Zoom of panel (A) for
0 < H < 0.2. Red dashed lines represent unstable fixed points of Fprcc
(x* < x% < 1), and the green vertical line denotes a discontinuity-induced
crisis (see the text).

periodic orbits with long periods until a 6-periodic window appears at the
quota value H ~ 0.098, when g®(T) =T.
Then we observe, as in the previous examples, a typical bifurcation diagram
of maps with flat segments for H € (Hj, Hy) (see, for example, the star-like
structure at H ~ 0.394, for which g(T) = xI_ is a fixed point of g), where at
Hy ~ 0.959 the second discontinuity-induced crisis occurs. We notice that at
the first crisis, the metric attractor of g consists of two intervals, while in the
second one it consists of only one interval; in both cases the bifurcation occurs
when T collides with the smallest point of the attractor, that is, when g*(xc) =T.
The dynamics is again chaotic in region R;, until a series of period-halving
bifurcations leads to an attracting fixed point at Hy ~ 1.364. At H3 ~ 1.118,
T becomes an admissible fixed point in a fold BCB. There is bistability for
H € (H3, Hs), where Hs = H.

For T > X, equation (88) does not exhibit complex behavior. In Figure 28, we
show the bifurcation diagram in two particular cases: T =%, and T = 0.8 > K.

When T = %, we show the bifurcation diagram for H € (1,1.6), where we
underline two interesting features:

e first, as H decreases from H = H, the period-doubling bifurcation cascade
that we observed in Figure 27 is broken. In this case, when the attracting
4-cycle of g collides with the superstable 4-cycle {T, g(T), gz(T), g3(T)} at
H ~ 1.2 for which g?(x.) = T (persistence BCB for Fj;., represented by
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a vertical green dashed line in Figure 28(A)). Thus, the sequence of flip
bifurcations to chaos is replaced by a bubble in the bifurcation diagram;

e second, the fold SB that occurs at H = H when T < % does not take place.
In this case, we observe a persistence BCB, since g(T) = g(X) =x=T.
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Figure 28: Bifurcation diagrams for (88) with the Ricker map f(x) = xe2¢(=*) and

bifurcation parameter H. (A): T =X ~ 032 and H € (1,1.6); (B): T = 0.8
and H € (0,1). In both cases, the red dashed line represents the unstable
fixed point x* of g, and the magenta dashed lines correspond to unstable
2-cycles. The green dashed vertical line in (A) denotes a persistence BCB for
Fprcc, giving rise to a bubble (see the text).

When T = 0.8, we distinguish four bifurcations as H ranges from 0 to 1. For
H < H; = H* = 0.126, there is an attracting 4-periodic cycle of Fprcc; at H = Hy,
a flip SB leads to an attracting 2-cycle of Fprcc. At H=H; ~ 0.211, a fold BCB
occurs when f(g(T)) =T, and {T, g(T)} becomes attracting. These two attracting
2-cycles coexist until the first one disappears at H = H3 = H, ~ 0.44 in a fold SB
for F12>TCC' The segment (H;, H;) corresponds to the region G in Figure 23(A),
and (H;, H3) to region B,. Finally, the 2-cycle {T, g(T)} is destroyed in a flip BCB
atH=Hy; =f(T) — T ~ 0.545, and T becomes an attractor for H > Hy.

The influence of threshold dynamics

In Figure 23, we can identify large regions where the dynamics of (88) is gov-
erned by the flat part of Fprcc. In this situation, we do not expect complicated
dynamics, since, with probability one, all orbits fall into a stable periodic attrac-
tor of the form {T, Fprcc(T), ..., Fpycc(T)}). The period m is the return period
of the orbit to the flat part, starting at T.

In the case of threshold harvesting (TH), m can be determined as the least pos-
itive integer for which f™(T) > T (Sinha, 1994). The simplest case occurs when
m is a power of 2: in this case, decreasing T leads to a sequence of period-
halving bifurcations until T becomes a global attractor for T < K (Hilker and
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Liz, 2020). We observe this bifurcation scenario when H+ T > f(x.), corre-
sponding to the rightmost region in Figure 23(A) (in this case, PTCC becomes
TH).

There are other parameters for which the orbit of T converges to an attractor
that does not contain T. In these cases, it is possible that a single periodic orbit
governs the long-term behavior of almost all solutions, as in regions marked
with G in Figure 23(A) (see, e.g., Figure 24(B1)), but the attractor can also be
chaotic. This complicated behavior can be expected for some values of (H, T)
in regions marked with B, Ry, and R; in Figure 23(B). Increasing T tends to
prevent chaotic behavior, but increasing H can either induce or prevent chaos,
as it happens in a strategy of CC harvesting (see, e.g., (Schreiber, 2001, Fig. 5)).

For the PTCC rule (88), we have also found typical features of the bifurca-
tion diagram for flat-topped maps that are also present in the dynamics of
TH (Sinha, 1994). For example, ranges of effectively chaotic behavior (corre-
sponding to periodic orbits of long period), periodic windows, and “star-like”
intersections in the bifurcation diagram.

5.4 THRESHOLD CONSTANT CATCH (TCC)

We organize this section as follows: In Subsection 5.4.1, we study the existence
and stability of fixed points, as well as the related bifurcations: SBs, BCBs and
basin boundary metamorphoses. Then, Subsection 5.4.2 is devoted to prove
the existence of intervals which do not contain any equilibrium but attract
long-term complex dynamics. We additionally determine the parameter values
where a boundary-collision may occur, that is, when the oscillatory attractor
contained in one of those intervals (without fixed points) reaches one of the
end points of the interval. The results in these two subsections are obtained
for a general map f satisfying conditions (A1)-(A2) with x. = co. In Subsection
5.4.3, we work with the Beverton-Holt model and we classify the local bifurca-
tions of 2-cycles (SBs and BCBs of fixed points for F£..). In Subsection 5.4.4, we
address a case study: we vary the harvest control parameters in (89) to obtain
I-parameter and 2-parameter bifurcation diagrams. In addition, we classify
the asymptotic dynamics in the parameter plane (H, T) in different dynamical
regimes; and we describe the long term behavior at bistability regions, which
may not appear in the usual form, that is, between two fold bifurcations. We
conclude this section with a more management-oriented perspective, by study-
ing average yield and harvest frequency by means of analytical results and
numerical simulations.

5.4.1 Fixed points: location, stability and related bifurcations

In this subsection, we study the fixed points of Frcc depending on the parame-
ter values H and T. We first focus on the number of fixed points, their location
and stability; and we notice that the discontinuity in TCC modifies the fixed
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point structure we had for PTCC. Then, we classify the local bifurcations of
fixed points: smooth and border-collisions. Finally, we also use the information
from the study of fixed points to determine basin boundary metamorphoses.

We recall that, for a map satisfying conditions (A1)-(A2) with x. = oo, there
exists a unique % € (0,K) such that f'(x) = 1. The point X plays an important
role in the study of existence, stability and bifurcations of fixed points.

Existence, localization and stability of positive fixed points

In the following, we provide a theoretical result on the existence and stability
of positive fixed points for the map Fycc defined in (9o). The proof follows
similar arguments to those of the analogous results for PTCC (Proposition 5.3.1
and Theorem 5.3.3). We assume that 0 < T < sup{f(x) : x > 0} and H > 0; for
H>T,let m =inf{x > 0 : Frcc(x) = 0} and M = sup{x > 0 : Frcc(x) = 0}.
Recall that we denote by x7 the unique solution of f(x) =T.

Theorem 5.4.1. Assume that f satisfies conditions (A1)-(A2) with x. = oco. Denote
by x* and x7, when they exist, the positive fixed points of g(x) = f(x) —H, with
0 <x* <X <x* < K. The following assertions hold:

1. If T > K, then K is the unique positive equilibrium. Moreover, for H < T, K is
GAS; while, for T < H, K is LAS with basin of attraction (0, m) U (M, co), and
all initial conditions in [m, M] converge to 0.

2. Iff(R) K T<Kand H< Hyo:=T — X 1, Where f (xfm> =T, then the unique

positive fixed point is X% € [xi Tr K). Moreover, if H < Hyo, then x% is GAS;

while, if H = Hyo, then X%, is a global attractor.

3. If 0 < T < f(X), then:

a) If H < Hyp = T—x:T, where f (xj’T> = T, then x € [X,K) is the
unique positive fixed point and it is GAS.

b) If Hi; < H < Hyp = f(X) — X, then there are two positive fixed points
x* < X < x%. Furthermore, x* is unstable for all H # Hoscin := f(T) =T
and, x* > X is LAS with (x*, o) contained in its basin of attraction. In
particular, if 0 < T < X and Hosein < H < Hpo, then x4 is LAS and it
attracts exactly (x*, c0).

c) If H = Hyp, then X is the unique positive fixed point. It is at least semi-
stable and [X, co) belongs to its basin of attraction.

Proof. We first prove the existence of positive fixed points. From the definition
of the map Fycc in (90), we have:

If T > K = f(K) (as f is strictly increasing, xt > K), then Frcc(x) = f(x) for all
x € (0,x7), and Frce(x) = g(x) = f(x) —H < x—H < x for all x > x7.

If T < K=f(K) (as f is strictly increasing, x1 < K), then Fycc(x) = f(x) > x for
all x € (0,x7), and Frcc(x) =0 or Free(x) = g(x) = f(x) —H for all x > xr.
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Thus, we can conclude that K is a fixed point of Frcc if and only if T > K, and
for T < K the positive fixed points of Frcc are the ones of g.

Since g’(x) = f'(x) > 0 and ¢g"(x) = f"(x) < 0, by the Mean Value Theorem,
g can have at most two positive fixed points x* < % < x7.. Now, the proof of
statements 2 and 3 easily follows.

Next, we show that the stability results follow from Lemma 4.2.2.

To prove statement 1, we apply Lemma 4.2.2 to the map Frcc in (0,x7). As
Frce(x) = f(x) for all x € (0,x7), then K is a global attractor in (0, xT).

If H<T,then 0 < g(x7) < Free(x) = f(x) —H <x—H < x forall x > xr > K
and g(x7) = f(x1) —H = T —H < T. Thus all initial conditions xy > x7 enter
(0,x7) in finite time and converge to K.

If H> T, then g(x) = 0 for all x € [x1, M] = [m, M]. Moreover, for all initial
conditions xp > M > x7, the proof follows as in the case H < T.

Now, we consider the statements 2 and 3-a). In both cases, we know that
X’ is the unique positive fixed point of Fycc. In addition, x* = xt1 if H = Hyy,
since Frcc(xt) = glx1) = f(x7) —Hip =T — (T —x7) = x71; and x} € (x7,K) oth-
erwise. The proof of case 2 with H = Hyj is a direct consequence of the follow-
ing conditions fulfilled by f and g: Frcc(x) = f(x) > x, for all 0 < x < x7 < K;
Free(x) = g(x) < x, for all x > x7; and T = f(xr) > Frce(xr) = g(x1). In
the remainder cases, we apply Lemma 4.2.2 to the map Fycc in (x1,00). As
Frce(x) = g(x) for all x € (x1,00), and we get that x% is GAS in (x1, c0). For all
x € (0,x7), Frece(x) = f(x) > x; and since f(x7) > g(x1), we can conclude that
all initial conditions in (0, xt) enter (xT, o0) in finite time, and thus converge to
X7 O

Figure 29 illustrates the number of fixed points in the parameter plane (H, T)
for the PTCC model (88) and the TCC rule (89) with the Beverton-Holt map
f(x) = 3x/(1 +x). We point out two main differences:

(A) (B)
1 fixed point K 1 fixed point K
2.0 2.0
"\ 15 15 a
% = 1 fixed point x*_f----- s f (%)
'
= >
f"j 1.0 .g 3 1.0 E
o 1 fixed point x* }-----== . X )
c p + —8 a,
o5 & 05 °
: 2 equilibria z
X <X < XY
0.0 0.0
0.0 02 0.4 0.6 038 0.0 02 0.4 0.6 0.8
Harvesting quota, H Harvesting quota, H

Figure 29: Number of positive fixed points of Fprcc (panel (A)) and Frcc (panel (B))
with the Beverton-Holt map f(x) = 3x/(1 + x). There are zero, one and two
positive fixed points for the parameter values in the boundaries colored in
black, blue and red, respectively.
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¢ The parameter boundaries which determine the number of positive fixed
points do not coincide at all.

e While T is an admissible positive fixed point of Fpycc for all T < K and
H > f(T) —T, T is an admissible equilibrium of Fycc if and only if it is a
fixed point of g.

The critical quota values found in Theorem 5.4.1 help us to analyze bifurca-
tions of fixed points and basin boundary metamorphoses. An interpretation of
Hi1o, Hi2, Hoscitt can be found in Figures 30 and 32.

Fixed point smooth and border-collision bifurcations

For 0 < T < sup{f(x) : x > 0} and H > 0, the map Fycc is piecewise-smooth
on [0,00)\{x7} and xt is a discontinuity point. As a consequence, the local
bifurcations of fixed points are either SBs or specific BCBs of piecewise-smooth
discontinuous models.

There is a fold SB when 0 < T < f(X) and H = Hyp = f(X) —X. The bifurcation
occurs under variation of the harvesting quota H in the same manner as in CC
(i.e., when T = 0) and PTCC harvesting strategies: the admissible fixed points
of g collide and suddenly disappear as H increases.

Now we describe the possible dynamical scenarios at a BCB for Frcc. Recall
that, when a general map undergoes a BCB, an admissible or virtual fixed
point collides with a break point. As the unique break point for Fycc is the
discontinuity point x7, the BCBs can only occur when xt becomes a boundary
fixed point, that is, when x1 = X" 1 (equivalently, f(x*_’T) =T or H = Hyy),
XT = xi/T (equivalently, f(x*jﬁT) = T or H = Hjp) or x7 = K (equivalently,
T =K).

When 0 < T < f(X) and H = H;,, an existence BCB occurs as H increases
or T decreases: the unstable fixed point x* becomes admissible and bifurca-
tion diagrams suggest that the GAS fixed point x* becomes an essential global
attractor. See Figure 30, panels (A1)-(A3).

When f(X) < T < Kand H = Hjp, a period-adding BCB occurs as H or T
increase: For H < Hjy, the admissible fixed point x%, with g’(x*) € (0,1), is
GAS in (0,00). At H = Hj, the equilibrium x* collides with a break point
and an attracting long-period cycle becomes admissible. See Figure 30, panels
(B1)-(B3).

When x1 = T = K, the threshold T becomes a boundary fixed point and the
BCBs occur only under variation of the threshold parameter, as in PTCC. For
H < T, there is a period-adding bifurcation; while, for H > T, an existence BCB
occurs:

e If T=Kand H < T, then: For T > K, the admissible equilibrium K is
GAS in (0,00). At T = K, the virtual fixed point K, with f'(K) € (0,1),
collides with a break point; and as T decreases, an attracting long-period
cycle becomes admissible.
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¢ If T = Kand H > T, then: The stable fixed point K of f becomes an
admissible fixed point; and there is a transition, as T increases, from all
initial conditions converging to the unstable equilibrium 0 to a bistable
scenario in which initial conditions in [m, M] converge to 0 and K is LAS.

(A1) (A2) (A3)

oo’
00 05 10 15 20 00 05 10 15 20 00 05 10 15 20

Figure 30: Illustrations of fixed point BCBs arising in the TCC rule (89). The Beverton-
Holt map f(x) = 3x/(1+ x) is the black dashed curve, and the blue solid
curve is the corresponding map Frcc. The red dashed line is y = x.
The attracting cycles {xo, Frcc(xo), F—ZFCC(X()), ...} and homoclinic orbits are
shown in magenta and green color, respectively. Top row: existence BCB for
T=08 < f(X) =~ 1.27. (A1): H = 036 < Hiz = 044; (A2): H = Hyy;
(A3): H = 049 > Hj,. Bottom row: flip or period-adding BCB for
f(k) < T=14<K=2 (Bl):H =045 < Hyp = 053; (B2): H = Hyo,
homoclinic orbit; (B3): H = 0.54 > H;, F%Cc(xo) = Xo.

Basin boundary metamorphoses

The basin boundary metamorphoses that occur for the TCC rule and a strictly
increasing map f are simple transitions from a simply-connected basin of at-
traction to a multiply-connected one. More precisely, there is a transition from
coexistence of an essential global attractor A and an admissible repelling fixed
point R of Fycc to some sort of bistability between the attractor A and R, in
such a way that R is still repelling but some initial conditions converge to it.
These bifurcations take place when:

* 0 <T<Hy="Ff(X)—%X H =T < Hpgiu: Bifurcation diagrams suggest
that x% is an essential global attractor and 0 is an admissible unstable
equilibrium for all 0 < H < T. As H increases or T decreases through
H =T, x% is LAS and the fixed point 0 is still unstable but the initial
conditions in [m, M] converge to it. See Figure 31, panels (A1)-(A3).
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e T>K H=T: Kis GASin (0,00) and 0 is unstable for all 0 < H < T. As
H increases or T decreases through H = T, K becomes LAS and 0 is still
repelling but the initial conditions in [m, M] converge to it.

(A1) (A2) (A3)

0.5

4

0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0

Figure 31: Basin boundary metamorphose arising in the TCC harvesting strategy (89)
with the Beverton-Holt map f(x) = 3x/(1 +x) (black dashed curve) and
0<T=04 < min{Hy, Hoscitt} = 0.46. The blue solid curve is the corre-
sponding map Frcc and the red dashed lineis y = x. (A1): H=03 < T;
(A2): H=04=T,; (A3): H=0.45 € (T,Hoscitl)-

5.4.2 Complex dynamics: absorbing intervals

The long-term dynamics of the TCC rule when the map f is compensatory with
X¢ = oo are not as simple as those of PTCC. While, for the PTCC strategy, every
initial condition xy > 0 converges to a positive equilibrium, for TCC, there
exist regions in the parameter plane (H, T) where there is an absorbing interval
which does not contain any positive attracting or semi-stable fixed point.

Theorem 5.4.2. Assume that f satisfies (A1)-(A2) with x. = oo and T < K. Denote
by x* and x%, when they exist, the positive fixed points of g(x) = f(x) —H, with
0 < xX <X < xX < K. If any of the following conditions holds, then the interval
I = [max{0, T — H}, T] is absorbing and does not contain any positive equilibrium:

1. T=K H>0;

2. f(X) < T<K,H>Hjp,

3. 0< T < f(X), H> Hy;

4. 0<T <% H e (Hoscin, Hao)-

In cases 1, 2 and 3, all orbits of equation (89) enter the interval 1 in finite time. In
case 4, orbits starting at xo € (0,x*) enter 1 after a finite number of generations, but
the positive fixed point x* > T attracts (x*, 0o).

Proof. In all cases, since T < K = f(K), we have Fycc(x) = f(x) > x for all
x € (0,x7). In addition, Frcc(x) = max{0, g(x)}, for all x > xr. In cases 1, 2
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and 3, for all x > x1, g(x) = f(x) — H < x. However, in case 4, g(x) < x if, and
only if, x € [x1,x") U (x%, 00).

Consequently, using that f'(x) = g’(x) > 0 for all x > 0, it is clear that there
exists an invariant or strictly mapped into itself interval

I = [max{0, g(x7)}, f(x7)] = [max{0, f(x1) — H}, T] = [max{0, T — H}, Tl.

It also follows that all initial conditions enter I in finite time in cases 1, 2 and 3.
However, in case 4 (see Figure 32(A) as an illustration), we can assert that just
the initial conditions in (0,x* ) enter I in finite time, since from Theorem 5.4.1
we have that (x*, 00) is the basin of attraction of x7.

Finally, it remains to prove that I does not contain any positive fixed point.
The cases 1, 2 and 3 are trivial since, under that conditions, the map Fycc has
no positive fixed points. In case 4, the positive fixed points of Frcc are x* < x7,
and the statement follows since H > Hggcipp implies that T < x*. H

Boundary-collision bifurcations

When applying the TCC rule to a simple map as f(x) = rx/(1+x), v > 1, the
asymptotic population dynamics can also change through a boundary-collision
bifurcation, in which an oscillatory attractor, which is contained in the absorb-
ing interval I = [max{0, T — H}, T], reaches the break points T or 0, and collides
with an unstable equilibrium, x* or 0. Avrutin et al. (2019, Subsection 1.8.3)
mention that the boundaries of chaotic attractors of one-dimensional maps are
determined by critical points, i.e., local extrema and break points, and their im-
ages. Therefore, if there is an oscillator attractor in I which is chaotic, then
it necessarily reaches a critical point T or max{0, T —H} and the boundary-
collision bifurcation occurs when T = x* or max{0, T —H} = 0. These types
of bifurcations take place when:

e 0<T< X, H=Hgsinu < T: For all Hoscit < H < min{T, Hzo}, [=[T—H,T]
is an absorbing interval, such that all initial conditions in (0,x* ) enter I
in finite time. The oscillatory attractor contained in I collides with T = x*
at H = Hogcinn and, as H decreases or T increases, bifurcation diagrams
suggest that x’ becomes an essential global attractor. See Figure 32 for an
illustration.

e 0<T<X, H=T € (HosciIbHZO) or 0 < T< f(f(),H:T > Hjyy or
f(X) < T <K, H=T = Hyp: For values of the harvesting quota H slightly
smaller than T, the absorbing interval I = [T — H, T] contains an oscilla-
tory attractor, and the initial conditions in either (0,x*) or (0, co) enter I
in finite time. At H = T, the attractor in I collides with T—H = 0 and,
as H increases or T decreases, at least some positive initial conditions in I
converge to the unstable fixed point 0.

In particular, for 0 < T < f(X), H=T > Hyor f(X) < T <K, H=T = Hyy,
bifurcation diagrams suggest that, as H increases or T decreases through
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H = T, either there is some sort of bistability between an oscillatory at-
tractor and the unstable equilibrium 0, or all initial conditions converge
to 0 but there exist long transients.

(A1) (A2) (A3)

0.5 0.5 0.5

0.0 0ol 0ol
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Figure 32: Illustration of a boundary-collision bifurcation for decreasing harvest quo-
tas H in the TCC rule with the Beverton-Holt map f(x) = 2.5x/(1 + x)
and the threshold value T = 0.3 < X ~ 0.58. The red dashed line is
y = x. We plot the orbit of xT such that f(xy) = T in magenta or green
color if it converges to an oscillatory attractor or an equilibrium, respec-
tively. (AT): Hoscint = 0.28 <H =0.3 < T, there is an oscillatory attractor
contained in I = [T—H,Tl. (A2) : H = Hoscitr, the oscillatory attractor
collides with the fixed point T = x*. (A3) : H = 0.25 < Hgscitl, as
f(xt) = T > x*, the point x; < x* belongs to the basin of attraction of
the LAS equilibrium x7.

5.4.3 2-cycles smooth and border-collision bifurcations

The local bifurcations of 2-cycles are BCBs or SBs of the fixed points for the
piecewise-smooth map F2... Here, we can classify them in the light of Theo-
rem 4.4 in AlSharawi and Rhouma (2009) for the TCC harvesting strategy with
f(x) =rx/(14+x), v > 1. See Figure 33 for illustrations.

We focus our attention on the region of the parameter plane (H, T) where
H < T < K. This is because numerical simulations suggest that for H > T there
might be oscillations in addition to the fixed point; but these oscillations could
be complex attractors or long transients that eventually result in extinction.

The BCBs for F%CC are determined by F%CC(T —H) =gof(T-H)=T—H
(with Frec(T—H) #T—H) or F'ZI'CC(T) =fog(T) =T (with Frcc(T) # T). At the
outset, we fix some notations for relevant values of the harvesting parameters
H and T. We define H,, := (r —1)%/(r + 1), which is determined as the solution
of the non-linear system f(g(x)) = x, f'(g(x))g’(x) = 1 and, T., > 0 as the
unique solution of the non-linear equation g o f(T.. — Hii) = T — Hys.

1. For 0 < T < Ty and g o f(T —H) = T — H, the unstable equilibrium of go f
becomes admissible as H increases or T changes continuously through an
existence BCB for F2 ...
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T < T < Kand gof(T—H) = T—H, the admissible stable fixed

point of g o f collides with a break point of F3... At the collision point,
there is a homoclinic orbit; after the collision, an attracting l-periodic cycle
of Frcc becomes admissible, as T or H increase, through a period-adding
BCB for F4..

3. For

H.. < T < Kand fog(T) =T, the stable fixed point of f o g collides

with a break point of F4. and becomes admissible as H or T are increased
in a variety of BCBs. In view of some numerical bifurcation diagrams,
period-adding BCBs for F4.. are more likely to occur for f(%) < T < K.
However, for H.. < T < f(X), we expect more complex bifurcations.
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Figure 33:

Mlustration of a 2-cycle BCB. Panels in the top row show Frcc as a black
dashed curve and F4 ¢ as a blue solid curve. Panels at the bottom row show
f as a black dashed curve and Fycc as a blue solid curve. In all panels, the
red dashed line is y = %, and the TCC rule (89) is applied to the Beverton-
Holt map f(x) = 3x/(1+x) with f(X) = 127 < T=T" =15 < K = 2
Across the columns, parameter H decreases, giving rise to a homoclinic orbit
and several period-adding BCBs. Left: H = 0.83, with the magenta box in
panel (B1) representing an attracting 2-cycle. Middle: H = 0.8 such that
F%CC(T) = f(f(T) —H) = T, with a homoclinic orbit shown in green color
in panel (B2); it appears when the attracting 2-cycle collides with a break
point of F%CC in a period-adding BCB. Right: H = 0.77, with an attracting
7-periodic orbit shown in magenta color.

The coexisting 2-cycles (stable and unstable fixed points of f o g) are de-
stroyed when a fold SB for F%CC occurs at His.
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5.4.4 Impact of harvest parameters on population dynamics

The results obtained in the previous subsections for a strictly increasing map f
under the TCC rule reflect that the presence of the discontinuity point of Frcc
provokes a huge change in the dynamics in comparison with PTCC. Recall that,
for a population map f under conditions (A1)-(Az2) with x. = oo, the dynamics
of PTCC are trivial in the sense that all solutions converge to an equilibrium
and the possible bifurcations are SB or BCB of fixed points. However, we know
that for the TCC rule there exist absorbing intervals which do not contain any
equilibrium and a larger variety of bifurcations, such as, basin-boundary meta-
morphoses, boundary-collisions, SBs and BCBs of fixed points and 2-cycles.

Our aim in this subsection is to better understand the role played by harvest-
ing parameters H and T in the population dynamics of the TCC rule (89). For
that purpose, we consider the unmanaged Beverton-Holt map f(x) = 3x/(1 + x).

We first plot a 2-parameter bifurcation diagram in Figure 34, which gives a
global picture of the long-term dynamics and bifurcations of the TCC rule (89)
in terms of the relevant control parameters H and T. The bifurcation curves
have been obtained using the implicit or explicit expressions previously de-
scribed. The colored areas correspond to different dynamical regimes for TCC.
At each regime, there is a different effect of TCC in population dynamics in
comparison with CC. After the description of the colored areas, we shortly
describe the bistability regions marked with B1 and B2 in Figure 34.

In the remainder of the subsection, we present some 1-parameter BDs which
show bifurcation scenarios that occur when varying one of the harvest control
parameters H and T. The bifurcation scenarios exhibit some typical bifurcation
sequences occurring in piecewise-smooth discontinuous maps, according to a
specific regularity, such as a Farey Tree in a period-adding scenario or a slightly
modified truncated skew tent map scenario; a detailed explanation of both scenar-
ios is given in (Avrutin et al., 2019, Chapter 3). If we consider other threshold
and quota values, for instance T = 1 and H € (Hjp, T), we observe other fea-
tures, such as the bandcount incrementing scenario. In all 1-parameter BDs, the
background color indicates the dynamical regime corresponding to the two-
parameter bifurcation diagram in Figure 34.

Dynamical regimes

For a general population map f satisfying conditions (A1)-(A2) with x, = oo,
we define and identify the following dynamical regimes, which exist in certain
parameter regions. For each dynamical regime, we additionally describe what
the dynamics of CC would look like (see Proposition 5.2.1) and what effect TCC
has in comparison with CC.

* Unconditional persistence (light blue): TCC guarantees persistence and con-
vergence to an equilibrium for all initial conditions. This dynamical
regime is not possible for the CC rule with H > 0 and T = 0. In compar-
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ison with CC, TCC allows for unconditional persistence in the following
ways:

— Bistability between extinction and the LAS equilibrium x* > % in CC
is replaced by the (essential) global attractor x* or K. This dynamics
takes place when: 0 < T < f(X), 0 < H < min{T, Hosci1r, Hao} (see the
top row in Figure 30 and Figure 32(A3)); f(X) < T <K, 0 < H < Hjg
(see Figure 31(A1)) and; K < T < sup{f(x) : x > 0}, H < Hpo.

- Extinction in CC is replaced by global attraction to the fixed point K,
when K < T < sup{f(x) : x > 0}and Hyo < H< T.
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Figure 34: (A): Main bifurcation curves of the TCC rule with the Beverton-Holt
map f(x) = 3x/(1 +x) in the two-parameter plane of the harvest control
variables. Solid lines are for bifurcations involving break points, that is,
border-collision bifurcations (BCBs), basin boundary metamorphoses and
boundary-collision bifurcations. Dashed and dotted lines are for smooth-
bifurcations (SBs) of Frcc and F-ZFCC, respectively. Bifurcations of fixed
points are shown in dark blue for existence BCBs, magenta for period-
adding BCBs and red for fold SB. Bifurcations of 2-cycles are shown in
light blue for existence BCBs, purple for period-adding or more complex
BCBs, and red for fold SB. Basin boundary metamorphoses are shown in
orange and boundary-collision bifurcations in black. Parameter regions la-
beled with B1 exhibit either bistability or tristability. Complex behavior
(m-cycles with m > 3 or chaos) may be expected in regions marked with R.
The region labeled with C has an attracting 2-cycle. In the region labeled
with Extinction, there may exist long transients for some initial conditions
ending in extinction or bistability between 0 and an oscillatory attractor. Col-
ored areas indicate dynamical regimes that are explained in the main text.
(B): Enlargement of (A) for 0 < T < X. The region labeled with B2 exhibits
bistability.

» Conditional persistence (yellow): Some initial conditions lead to population
persistence, whereas other initial conditions lead to extinction. In compar-
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ison with CC, TCC reduces the set of initial conditions which converge
to 0 in several ways:

-If0<T< f(x) and T < H < Hgseit < Hyp, then T > x* and
some initial conditions in (0, x* ) converge to the LAS equilibrium x*
instead of being led to extinction.

-If0 < T < f(X) and max{Hysci11, T} < H < Hyp, then T < x* and
the interval I = [0, T] is absorbing. Numerical bifurcation diagrams
suggest that some initial conditions in (0, x* ) converge to 0; but other
initial conditions in (0,x*) may oscillate in I, at least during long
periods of time before being led to extinction (see Figure 35(A)). All
initial conditions in (x*,00) converge to x7 as in the CC rule.

- If K < T < sup{f(x) : x >0} and T < H, then all initial conditions
in (0,K] converge to the LAS equilibrium K instead of being led to
extinction.

* Unconditional oscillatory persistence of small populations (green): TCC guar-
antees persistence for all initial conditions; there is bistability between x_
and an oscillatory attractor. The latter attracts small population sizes.
More specifically, all initial conditions in (0,x*) remain oscillating in
[T—H,T] C (0,x") instead of being led to extinction in the case of CC.
This situation takes place when 0 < T < % and Hogcinnt < H < min{H;o, T}
(see Figure 32(Al)).

» Unconditional oscillatory persistence of all initial conditions (brown): TCC
guarantees persistence in the form of oscillatory attractors for all initial
conditions. This dynamical regime does not exist in CC and occurs in
TCC in the following ways:

- If 0 < T < Kand Hy < H <T, then extinction in CC is replaced by
persistence in the interval I = [T —H, T] for all initial conditions.

- If f(X) < T < Kand Hjp < H < Hyp, then bistability between the LAS
equilibria x7 and 0 is replaced by persistence in I = [T —H, T] for all
initial conditions.

e Extinction (gray): All initial conditions eventually go extinct. This occurs
in TCCif 0 < T < K and max{T,Hyo} < H. Numerical bifurcation dia-
grams suggest that either all initial conditions lead quickly to extinction;
or that some positive initial conditions converge to 0 while others may
oscillate in I = (0, T], at least during long periods of time before being led
to extinction. The dynamical regime of extinction for all initial conditions
also exists in CC, but the possibility that some initial conditions lead to
long oscillations before eventual extinction is due to TCC.

We can summarize the main characteristics of Figure 34 by distinguishing the
threshold value relative to the maximum allowed quota. On the one hand, in
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the case that T > H, the TCC strategy protects the population from extinction,
for all initial conditions. We can broadly distinguish three different variations.
First, if T > K, there will be no harvesting as the threshold is above the carrying
capacity and K is GAS. Second, if H < Hyp and max{X, H} < T < f(X), then x’_
is an essential global attractor or GAS. Third, if H > Hj so that the population
would collapse under the CC rule, TCC guarantees persistence and there is an
oscillatory attractor in the absorbing interval I, forall H < T < K = 2.

On the other hand, in the case that T < H, the TCC harvesting strategy is
not protective enough that it guarantees persistence for all initial conditions.
Indeed, if H > H;( such that extinction is inevitable under CC, this is also the
case under TCC unless T > K, in which case some initial conditions may persist.
However, if H < H;p, CC leads to conditional persistence. TCC does not change
this dynamical regime when T < H, but it makes extinction less likely because
the set of initial conditions resulting in extinction decreases.

Bistability regions

In view of Theorems 5.4.1 and 5.4.2, there are different regions in the control
parameter plane (H, T) where the long-term behavior of the solutions of TCC
model (89) depends on the initial conditions. They do not appear in the usual
form, that is, between two fold bifurcations. We observe in the 2-parameter
bifurcation diagram in Figure 34 that they occur, when the harvesting quota H
increases, after a bifurcation involving break points: basin-boundary metamor-
phosis or boundary-collision bifurcation. However, if T < X, they end when H
increases through a fold SB at H = Hyo.

The parameter regions labeled with B1 exhibit either “bistability” between
the unstable fixed point 0 and the LAS equilibrium (x7 or K); or tristability if
T < K and there is an oscillatory attractor in the absorbing interval I = [0, T]
instead of long-transients ending in extinction. Thus, the simplest dynamics
occur when T > K, where the basin of attraction of K is (0, co)\[m, M] and the
initial conditions in {0} U [m, M] converge to 0. When T € (0, %), we distinguish
two cases:

o If H € (max{T, Hoscit, H20}), then the basin of attraction of x7 is exactly
(xZ, 00).

e If H € (T, min{Hggci11, Hao}), then the basin of attraction of x7 is larger and
contains (f~'(x*), T) U (x*, o).

The region labeled with B2 exhibits bistability between the LAS fixed point
X’ and an oscillatory attractor (m-periodic with m > 3 or chaotic) contained in
the absorbing interval I = [T —H, T] C (0, c0).

1-parameter BDs varying H

Based on the 2-parameter bifurcation analysis, it is obvious that the impact of
varying H depends on the value of T. Recall that, for T = 0, TCC becomes the
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CC harvesting strategy. Here, we consider three different cases for T > 0. We
first deal with small values of T (0 < T < X), where we can expect oscillations
resulting from TCC. We then consider large values of T (f(X) < T < K), where
increased quota values H lead from an equilibrium being an (essential) global
attractor to complex dynamics. Last, we consider intermediate values of T
(X < T < (%)), where the bifurcation sequence is more complex than for small
or large thresholds. When X < T < K, there is a transition from (essential)
global attraction of x’ to periodic or complex dynamics; the transition is to
periodic dynamics if f'(T) = g'(T —H) < 1 at the bifurcation point; and it is to
chaotic dynamics if f'(T) = ¢g/(T —H) > 1 at the bifurcation point (see Bernardo
et al., 2008, subsections 4.2.3 and 4.2.4).

First, let us begin with a small threshold value, T = 0.52 < X ~ 0.73. There
are five bifurcation points as H increases from zero. For small to intermedi-
ate harvest quotas H, there is (essential) global attraction to the fixed point x*.
of g (light blue background color in Figure 35(A)). At the bifurcation value
H3 = Hggcitt = 0.51, there is a boundary-collision bifurcation, creating bista-
bility between the equilibrium x* and an oscillatory attractor contained in
I = [T —H,T] (green background color in Figure 35(A)). Their basins of at-
traction are separated by the unstable fixed point x* of g. At Hy = T, there
is a boundary-collision bifurcation as the oscillatory attractor collides with the
unstable fixed point 0; we then have a region of bistability between 0 and x7
(yellow background color in Figure 35(A)). Notice that, for quota values slightly
greater than T, we observe oscillations which may be an oscillatory attractor or
long transients; thus, there may be tristability between 0, x% and (long) oscilla-
tions. At Hs = Hyp ~ 0.54, a fold SB occurs and, for H > Hs, apparently, all
initial conditions converge to 0 (grey background color in Figure 35(A)). Fur-
thermore, at H; = Hj, ~ 0.31 and H, =~ 0.45, there are two existence BCBs for
Frcc and F4.., respectively; however, we do not plot the unstable 2-cycle in
Figure 35(A) since it has not so much influence on the long-term dynamics.

Second, we consider a bifurcation sequence that occurs for large threshold
values. This is shown in Figure 35(B) for f(X) = 1.268 < T=T" =15 <K =2.
At H; = Hjp = 0.5, there is a period-adding BCB and, at Hs = T, there is a
border-collision bifurcation. In between these two bifurcations (brown back-
ground color in Figure 35(B)), we observe oscillatory dynamics. As H increases
from Hjo (where f'(T) = ¢/(T —H) € (0, 1)), we find a period-adding scenario.
Between the period-adding BCBs at H,; ~ 0.8 and H3 = Hx = 1, there is an
attracting 2-cycle. For some values of the quota H € (H,, H3), we see that the
average population size is bigger than the GAS equilibrium x* at H; = Hjp;
this means that an increased harvesting quota elevates the average population
size, which is know as hydra effect. At Hy ~ 1.36, there is a transition from an
attracting 3-cycle to chaotic dynamics through a fold SB for F3-. = f? o g.

Finally, we consider a bifurcation sequence that occurs for intermediate thresh-
old values. This is shown in Figure 36(A) for H* =1 < T =1.1 < f(%) = 1.27.
As in Figure 35(B), we observe a region of oscillatory dynamics (brown back-
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Figure 35: Bifurcation sequences for increased harvesting quotas H in the TCC rule (89)
with the Beverton-Holt map f(x) = 3x/(1+x). (A) : Case for a small
threshold value T = 0.52 < X% ~ 0.73. The black dashed curve represents
the unstable equilibrium x* of g. (B) : Case for a large threshold value
f(X) = 1268 < T=T"=15<K=2and H € (0.3,1.6). The red solid
curve represents the average population size in the parameter region where
the 2-cycle of f o g is an attractor.

ground color) between the two bifurcation points at H; = Hyp ~ 0.536 (fold
SB) and Hy = T (border-collision bifurcation). But now we find a different bi-
furcation sequence for this oscillatory parameter region. At H; = Hjp, since
f'(T) = g/(T—H) > 1, there is a transition from the globally attracting fixed
point x% < X to complex dynamics as H increases (see Figure 36(A)). For even
larger values of H, the complex dynamics are replaced by a period-adding sce-
nario (see Figure 36(B)). When further increasing H, we observe a sequence of
bifurcations similar to those in a truncated skew tent map scenario, giving rise
to an exchange between cyclic and more complex dynamics (see Figure 36(C)-
(D)). More precisely, at H3 = H** = 1, there is a fold SB for Ff.. =fog: as H
decreases, an unstable and a stable 2-cycle are created; then, at H, ~ 0.992, the
stable 2-cycle becomes virtual, and after the BCB we observe complex dynam-
ics. If we continue decreasing H (see Figure 36(C)), the unstable orbit plays a
role in the dynamics; between two collisions of the bands of the chaotic attrac-
tor with the unstable 2-cycle, the chaotic attractor does not fill the absorbing
interval I = [T —H, T]. Note that the two boundary-collision bifurcation are
interior crises.

1-parameter BDs varying T

Now we consider T as a bifurcation parameter while keeping the quota H fixed.
Before doing so, we note that, according to the two-parameter bifurcation dia-
gram in Figure 34, the dynamics are strongly influenced by the relative position
of H with respect to the critical value Hyp. We summarize this in the follow-
ing way. First, consider aggressive harvesting with thresholds smaller than the

153



154 COMBINATIONS OF CC AND TH HARVESTING STRATEGIES

(B)

1.2
bad
Q
o
9]
o
o
-
=
=
o
o
A~

0.54 0.57 0.60
Harvesting quota, H
(D)

1.2
bad
Q
o
2]
g
- 0.6¢ 0.7
=
=
Q.
o
~

0.2

0.7 0.73 0.76
Harvesting quota, H Harvesting quota, H

Figure 36: Bifurcation sequence for the TCC harvesting strategy (89) with the
Beverton-Holt map f(x) = 3x/(1 + x) and an intermediate threshold value
H*™ =1 <T=1.1 <f(X) = 1.268 when increasing the harvest quota H. The
black dashed curve in (A) corresponds to the unstable fixed point x* of g.
The red dashed curves represent the unstable 2-cycle of fo g. The panels
show repeated zooms into the bifurcation parameter H.

maximum allowed quota, i.e., T < H. On the one hand, if H > Hjo, then 0
might attract all initial conditions. On the other hand, if H < Hjp, then suf-
ficiently large initial conditions converge to the LAS equilibrium x* . Second,
consider more protective harvesting with thresholds larger than the maximum
allowed quota. On the one hand, if Hyp < Hand T < K = 2, then there is an
oscillatory attractor in the absorbing interval I. On the other hand, if H < Hyg
and max{X, H} < T < f(X), then x_is an essential global attractor or GAS.

It is also worth mentioning that, for H < Hj¢, a continuous variation (increas-
ing or decreasing) of the threshold T can be either stabilizing and destabilizing
(see Figure 37(A)). However, for H > Hjp, an increment on the threshold T
is always stabilizing (see Figure 37(B)), but the stable fixed point is the virgin
stock K and exists for T > K, that is, for a very protective harvest rule that
leads to no harvesting. Notice that, for threshold values slightly smaller than K
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and H < T, there is always a period-adding scenario, since, for T ~ K, we have
f/(T) = g’(T—H) € (0,1).
We illustrate the above comments in two numerical bifurcation diagrams (see

in Figure 37), namely for H = 0.52 < Hyp ~ 0.54 and H = 1.1 > Hy.
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Figure 37: Bifurcation sequences when varying the harvest threshold for the TCC
rule (89) with the Beverton-Holt map f(x) = 3x/(1+ x). The black dashed
curve in (A) corresponds to the unstable fixed point x* of g. (A): Case with
modest harvest quota H = 0.52 < Hyo =~ 0.54. (B): Case with large harvest
quota H = 1.1 > H** = 1. We find a small region of transition from apparent
chaos to a period-adding scenario.

We begin with the case H = 0.52 < Hjyp shown in Figure 37(A). For small,
protective thresholds values T < H, there is bistability between extinction and
x5 ~ 0.9 (yellow background). At T; = H, a boundary-collision bifurcation
occurs and replaces the extinction equilibrium, to which initial conditions in
[m, M] converge, by an oscillatory attractor contained in I (green background).
Hence, there are two regions of bistability for T < T, = x* ~ 0.57. For
T € (x*,x% + H), we observe that the equilibrium x7 is GAS. Finally, there are
two period-adding BCBs at T; = x} + H ~ 143 and Ty = K = 2; the first
one destabilizing the dynamics and the second one stabilizing dynamics at the
virgin stock level where no harvesting takes place anymore.

Finally, let us consider the case H = 1.1 > Hj in Figure 37(B). For small
thresholds T < H, all initial conditions converge to the extinction equilibrium
(grey background). For very protective thresholds T > K, harvesting is ceased
and the virgin stock size K is GAS (light blue background). In between these
two extremes (brown background), there are oscillatory population dynamics.
More specifically, they emerge at T = H in a boundary-collision bifurcation,
which replaces extinction by complex dynamics. As T increases, we observe a
transition from apparently chaotic dynamics to a period-adding scenario. At
T = K, the transition from oscillations to the GAS equilibrium K occurs in a
period-adding BCB.
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5.4.5 Average yield and harvest frequency

Here, we consider a more exploitation-oriented perspective by studying the
average yield and harvest frequency, as functions of the harvest control pa-
rameters. We first recall and extent some theoretical results, before turning to
numerical simulations. For that purpose, let us consider T > 0 and H > 0, then
the catch or yield obtained in generation n € IN with the CC rule (86) (T = 0)
or the TCC harvesting strategy (89) (T > 0) develops according to

0, n) <T;
Yn = f(x ) = (93)
min{f(xn), H}, f(xn) > T.

A rigorous theoretical study on the MSY for the CC rule and the TCC rule,
in the particular case of the Beverton-Holt model (80), can be found in (Al-
Sharawi and Rhouma, 2009). Assuming that the management objective is the
indefinite survival of the population, they conclude that, for the CC rule, the
MSY is Hyp = f(X) —X and can be attained if and only if xo > X. However,
if xo < X, then the optimal catch is Hopt = f(xg) —xo < Hpo. Note that X is
the population size that sustains the MSY. That is, even for the optimal choice
of the harvesting quota H, the MSY can be attained only for initial conditions
exceeding the critical biomass level X corresponding to MSY. For the TCC strat-
egy with T = f(X), AlSharawi and Rhouma (2009) show that the MSY is equal
to Hyo and attainable for all initial conditions. In the following, as an expansion
of the work by AlSharawi and Rhouma (2009), we study the average yield Y
and harvest frequency HF for the TCC rule applied to the Beverton-Holt model
f(x) =rx/(T+x), r>1.

Analytical results

In some particular cases, it is possible to carry out an analytical study of both
the average yield and the harvest frequency. For instance, when an equilibrium
or a 2-cycle is an (essential) global attractor. First, assume that T > Kand H < T,
then K is GAS. So, for all initial conditions, after removing transients, we have
Y = 0 and HF = 0. That is, there is no harvesting in the long run. However, if
T € [ f(X)] and H = Hyp < T, then the equilibrium % is an (essential) global
attractor. In this case, for almost all initial conditions we have Y = H,y and
HF = 1. That is, we can harvest at MSY all the time.

Now, we consider (H, T) values such that Frcc has a 2-cycle which is an (es-
sential) global attractor (see the region labeled with C in Figure 34(A)). The
2-cycle {x7,x;} satisfies f(x1) < T < f(xz), thus Y = H/2 and HF = 1/2. In this
case, the average yield attains a local supremum at H = H** = (r —1 )2/(r+1)
and T = T* (with go f(T*" —H™) = T* —H"). It is easy to prove that
H* < Hyp = (v/r—1)%, for all r > 1, which means that the MSY is not attain-
able. However, numerical simulations show that, in spite of having harvest



5.4 THRESHOLD CONSTANT CATCH (TCC)

moratoria every other generation, the average yield can be close to Hyp (see
Figure 38(B)).

Numerical results

The presence of more complex dynamics or bistability makes it difficult to
develop a rigorous analytical study of the average yield and harvest frequency.
Thus, we study some numerical simulations for the Beverton-Holt population
map f(x) = 3x/(1+ x), which help us to better understand the influence of T
and H on Y and HF.

We begin by considering two different values of the threshold, namely T = 0
and T = f(X) (see Figure 38). For each of the fixed threshold values, we choose a
random initial condition x, in [0, max{Fycc(x),x > 0}]. Then, we vary the fixed
quota and for each value of H we run the system of equations (89)-(93) 650
times. After removing transients (600 iterations), we compute the average yield
and harvest frequency for the last 50 iterations as follows:

650 650

o 1
V=15 > Yo, HF = o5 > HF,,
n=601 n=601

where, at generation n € IN, HF,, := 1 if harvesting takes place and HF, := 0 if
there is no harvesting.
(A) (B)
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Figure 38: Average yield (green lines) and harvest frequency (orange lines) for (A) : the
CCrule with T =0 and (B) : the TCC rule with T = f(%). The blue curve rep-
resents the LAS equilibrium x7 . The red curve is the mean population size
of the 2-cycle. The population bifurcation diagram is shown in gray color.
Simulations are for (89)-(93) with the Beverton-Holt map f(x) = 3x/(1 +x);
see the main text for more details.

First, the case T = 0 (CC rule) is presented in Figure 38(A). For quota values
H < Hpo we observe bistability. If xo < x*, the population perishes in a finite
number of generations, so after removing transients Y = 0 and HF = 0. If
Xo > x*, the population converges to the LAS equilibrium x*, so Y = H and
HF = 1. When H > Hyy, as 0 is GAS, after removing transients we have Y = 0
and HF = 0. Therefore, Figure 38(A) illustrates that Hjy is the MSY for the CC
rule.
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Second, the case T = f(X) is presented in Figure38(B). We observe two main
improvements in comparison with the CC rule. For H < H,, the equilibrium
x* is a global attractor and, for all positive initial conditions, Y = H and HF =1
(after removing transients). For H € (Hjp, T), the population persists in an
oscillatory manner and the average yield is smaller but quite close to MSY.
Notice that for the CC rule (T = 0) it is quite risky to harvest at MSY, because
Y = 0 for all H > Hj. However, for T = f(X) and H € (H;, H**), Y remains
very close to MSY and harvesting takes place at least every other generation as
HF > 1/2.

Now, we vary the threshold and fix the quota value H = Hjp, which is the
MSY for T € [0, f(%)]. In Figure 39, we show the average yield and harvest fre-
quency as the threshold T increases, that is, as the harvesting strategy becomes
more protective. If T € (0,X), we observe bistability as for the CC rule, but the
set of positive initial conditions for which Y = Hyy and HF = 1 increases with
increasing T (not explicitly illustrated in Figure 39). Moreover, for T € [Hyo, %),
Y > 0 for all positive initial conditions. The MSY is attainable for all positive
initial conditions, if and only if T € [, f(X)], since Hyo < %. For T € (f(X), K), the
population persists in an oscillatory manner, and there are some generations
of harvest moratoria and average yields smaller than Hyy. When T is close to
K = 2, the harvesting strategy is very conservative and the average yield is
almost null.

Hyo X (%)
2.0
1.0
? IMSY
0.0t: . :
0.0 1.0 2.0

Threshold, T

Figure 39: Average yield (green lines) and harvest frequency (orange lines) for the TCC
rule with a fixed quota H = H,¢ and increasing harvesting thresholds. The
population bifurcation diagram is shown in gray color. Simulations are for
(89)-(93) with the Beverton-Holt map f(x) = 3x/(1 + x); see the main text for
more details.

5.5 DISCUSSION

Here, we summarize our main achievements and connect our research work
with other related studies. As usual, we organize the contents in paragraphs
with a explanatory headline.



5.5 DISCUSSION

Interests to study piecewise smooth dynamical systems

Piecewise smooth dynamical systems are undergoing an increasing interest
for two main reasons: on the one hand, they find applications in various
tields, like economics, social sciences, electronics, mechanics, population man-
agement, and control, among others (Agliari et al., 2011; Bernardo et al., 2008;
Radi and Gardini, 2018; Segura, Hilker, and Franco, 2020); on the other hand,
they exhibit rich dynamics, including new bifurcations different from the well
known bifurcations for smooth maps. In this chapter, we have presented two
new examples of piecewise maps which come from a threshold constant catch
harvesting strategy (TCC) and a precautionary alternative (PTCC).

Influence of CC and TH in the dynamics of PTCC and TCC

PTCC and TCC can be seen as combinations of constant catch harvesting (CC)
and threshold harvesting (TH) rules. The maps governing these two strategies
are piecewise smooth: the graph of the map for constant harvesting has a flat
part at the bottom (Schreiber, 2001), and the corresponding map for TH is flat-
topped (Hilker and Liz, 2020). The dynamics of PTCC are strongly influenced
by both maps: results valid for CC help to understand the dynamics of PTCC
for small values of T (see Subsection 5.3.2), and typical features of the bifurca-
tion diagrams of TH are present in those of PTCC (see Figures 25(B) and 26).
As a result, the dynamics of PTCC is richer than and qualitatively different
from the dynamics of TH and other threshold-based control rules as propor-
tional threshold harvesting (PTH, for short), see, e.g., (Hilker and Liz, 2019).
By contrast, we show that the dynamics of the TCC rule differ substantially to
those of these three strategies.

General description of long-term dynamics of PTCC and TCC

We have combined analytical and numerical results to provide a thorough
overview of the dynamics of PTCC and TCC. For simple cases (compensatory
models), when applying the continuous control rule PTCC, the dynamics and
bifurcations are thoroughly described analytically, and all initial conditions con-
verge to a positive equilibrium. By contrast, the application of TCC gives rise
to rich and complex dynamics ranging from boundary-collision bifurcations
and basin boundary metamorphoses over multistability and homoclinic orbits
to BCBs. For some parameter values we can assert that a positive equilibrium
is GAS. In some dynamical regimes, we know for sure that oscillations ex-
ist (see Figure 32(A1)), while in other cases there may be long transients (see
Figure 35(A)). If the long transients are actually oscillatory attractors, there is
tristability. In practice, it might not matter whether the oscillations are transient
when they are on a long time scale (Hastings et al., 2018). In parameter regions
with an attracting 2-cycle (see Figure 35(B)), we find a hydra effect. This effect
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cannot occur in non-oscillatory mode (for T < K), since the attracting fixed
points decrease as harvesting parameters increase. The border-collision bifur-
cations come in the form of existence and period-adding BCBs. The boundary-
collision bifurcations come in the form of both boundary crises (Figures 35(A)-
(B), 36(A) and 37(A)-(B)) and interior crises (Figure 36(C)). Bischi, Laman-
tia, and Tramontana (2014) also studied a discontinuous one-dimensional map
without harvesting below a threshold, but with proportional (rather than con-
stant catch) harvesting above the threshold. They found BCBs as well. We recall
that related control rules like pure threshold harvesting, CC, proportional har-
vesting or PTCC are continuous, so their dynamical behavior (e.g., AlSharawi
and Rhouma, 2009; Hilker and Liz, 2020) is less rich.

As expected, overcompensatory models under the PTCC strategy exhibit
more complicated dynamics; in this case, some regions of the 2-parameter
plane (H, T) can be completely understood; for example, some global stability
results (see Subsection 5.3.1.2), and regions where bistability or essential attrac-
tion occur (see Subsection 5.3.2). We have chosen as case study a Ricker model
which in the absence of harvesting is oscillatory but not chaotic. This choice al-
lows us to provide good 2-parameter bifurcation diagrams (see Figure 23) and
also to compare our results with those obtained for CC by Schreiber (2001) and
for TH by Hilker and Liz (2020). Selected numerical bifurcation diagrams illus-
trate the main dynamical features of PTCC, which include bistability regions
created and destroyed by fold bifurcations or boundary collisions, sudden tran-
sitions between chaos and periodic attractors, and bubbles, among others. In
contrast with other continuous threshold harvesting rules (TH, PTH), the fixed
point of Fprcc does not need to be unique for the usual unimodal maps. When
two stable equilibria coexist, we observe a phenomenon similar to the so-called
Allee effect: too low or too high population densities asymptotically approach
the threshold value T, while intermediate population densities tend to a higher
equilibrium.

Significant dynamical characteristics of PTCC and TCC

An important characteristic of the map associated to PTCC is that it is a con-
tinuous piecewise-smooth map that has flat branches. In this situation, border-
collision bifurcations play an essential role. For compensatory models, there
are just two types of BCBs, persistence and fold bifurcations of fixed points (see
Figure 21). For overcompensatory population models, some additional types
of BCBs appear, such as: flip BCBs of fixed points and fold, persistence and flip
BCBs of 2-cycles. For the Ricker model with r = 2.6 under PTCC, we observe
that the variety of BCBs is wider than that corresponding to other continuous
piecewise-smooth models with flat branches, e.g., TH or CC. For TH, we can
deduce from Proposition 5.2.2 that the BCBs are either persistence or flip; while
for CC there are not BCBs, see Proposition 5.2.1. It is worth mentioning that
the boundary-collision bifurcations are not due to the non-smoothness of Fprcc.
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In some cases, the presence of flat branches leads to superstable attractors and
other typical features of flat-topped maps, such as the essential global attrac-
tion of the orbit of T, ranges of effectively chaotic behavior, periodic windows
and star-like intersections. Piecewise-smooth maps with flat branches appear
in different applications, ranging from chaos control (Corron, Pethel, and Hop-
per, 2000; Glass and Zeng, 1994; Sinha, 1994) to economic models (Agliari et
al., 2011; Brianzoni, Michetti, and Sushko, 2010), and sustainable harvest rules
(Hilker and Liz, 2020).

Probably the most notorious feature of the TCC rule from a dynamical sys-
tems point of view is the discontinuity at the harvesting threshold. This makes
the TCC rule a discontinuous piecewise-smooth map. In order to show the
influence of the discontinuity point, we recall that, in the absence of harvest-
ing, models with compensatory population growth like the Beverton-Holt map
always yield stable dynamics and not even damped oscillations. Besides, we
have already mentioned that, when applying PTCC to general compensatory
models, all initial conditions converge to an equilibrium; moreover, we are not
aware of many simple control rules like TCC that can destabilize Beverton-Holt
dynamics. By contrast, for certain control parameter values, TCC can induce
oscillations in population size. The oscillations could be formed by alternating
phases of population size decay (overharvesting above threshold) and recovery
(population growth below threshold). Hence, TCC induces an effect similar to
overcompensation, i.e., reduced population growth at large population sizes,
which is well-known to induce oscillations. Regarding non-smooth bifurca-
tions in discontinuous piecewise-smooth one-dimensional dynamical systems,
we also find some interesting features. Firstly, it is mentioned in (Avrutin et al.,
2019) that, although we usually study bifurcations of attractors, bifurcations of
other invariant sets can also essentially influence the dynamics and are worth
to be investigated. This is the case for the existence BCB of the unstable 2-cycle
in Figure 36(C). However, we observe in Figure 35(A) that, for smaller values
of the threshold T, the same type of bifurcation does not have a significant
influence on the dynamics. Secondly, there are non-smooth bifurcations for
Frcc which appear in a different manner to the one described by Avrutin et al.
(2019). For instance, basin boundary metamorphoses and boundary-collision
bifurcations occur without the existence of a homoclinic orbit (we find homo-
clinic orbits at period-adding BCBs, see Figures 31 and 33). Basin boundary
metamorphoses are simple, that is, they do not involve fractal basins of attrac-
tion as in Grebogi, Ott, and Yorke (1983). Boundary-collision bifurcations are
due to the non-smoothness of the TCC map, which is not the case for PTCC
(see Subsection 5.3.2). There are also some BCBs different to those described by
Avrutin et al. (2019), for instance the existence BCB. Thirdly, we observe typical
sequences of bifurcations in one-parameter bifurcation diagrams, the period-
adding scenario (see Figures 35, 36 and 37) and an apparent truncated skew
tent map scenario (see Figure 36). The last scenario does not exactly follow the
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structure defined by Avrutin et al. (2019, Section 3.2), because it is not possible

to have a degenerated flip bifurcation, since (F%kcc) '(x) > 0 for all x > 0.

PTCC and TCC as sustainable control rules based on thresholds

The PTCC rule is a precautionary strategy with multiple biomass reference
points, such that the escapement is at least as large as the threshold. However,
the TCC control rule has a unique reference point and it is possible that the
population size after harvesting falls below the threshold. This could seem
strange if the threshold is viewed as a minimum below which the population
size should not fall. However, our results show that despite this possibility TCC
is still beneficial for both population conservation and sustained yield. Only
when the harvesting quota is so high that it exceeds the threshold (H > T),
population extinction is possible.

PTCC and TCC overcome some concerning problems of traditional control rules

From a biological point of view, PTCC and TCC are harvesting strategies that
help preventing some undesirable consequences of traditional control rules. On
the one hand, we have shown in this chapter that both PTCC and TCC are, not
surprisingly, protective strategies in the sense of promoting population persis-
tence, where CC harvesting would lead to sudden collapses due to overexploita-
tion. The constant catch strategy is risky because the MSY quota is at a fold
bifurcation point; increasing the quota slightly moves the fishery into the ex-
tinction regime. On the other hand, the main drawback of a threshold approach
is the fisheries moratoria associated with low stock size. A combined strategy
like PTCC or TCC also helps to overcome this weakness of threshold harvesting
rules. In this direction, a manager would be interested in situations where the
long-term dynamics is governed either by g (usual constant harvesting) or by
g and the threshold T in PTCC. The reason is that periods without harvesting
only appear when f plays a role in the definition of Fpycc or Frcc. As it is ex-
pected, this undesirable situation corresponds to a combination of high values
of T and small values of H (more conservative strategies). For the threshold con-
stant catch rule, we have studied the (long-term) average yield complementing
some previous work: with TCC, the MSY is still obtained for the same quota
value that for CC, as already shown by AlSharawi and Rhouma (2009), but for
thresholds T > Hjy there is a “buffer” for harvest quotas H € (Hyy, T) guar-
anteeing population persistence for all initial conditions even if the quota is
beyond the MSY value that would lead to collapse under CC harvesting (e.g.,
Figures 35(A), 36 and 37). Remarkably, the average yield has been found to be
almost as high as the MSY in this buffer range (see Figure 38(B)). Also, the
harvest frequency remains close to 100% near the MSY value (see Figures 38(B)
and 39). This observation coincides with a similar finding in a specific model
for Baltic Sea cod (Hjerne and Hansson, 2001). TCC therefore seems viable for
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adaptive management, allowing quotas around and beyond the MSY, which
typically comes with many problems for fisheries (Sinclair, Fryxell, and Caugh-
ley, 2006). Therefore, TCC remedies many of the well-known and notorious
problems of pure threshold harvesting, such as high yield variability and fish-
ery closures, as it provides high yields with almost no fishing moratoria.

Population destabilization by increasing harvesting

There are two different forms of increasing harvesting effort in PTCC or TCC:
increasing the harvesting quota H or decreasing the threshold value T.

For simple compensatory population models, a variation of harvesting pa-
rameters does not modify the stability of fixed points.

Thus, we have focused on the effects of PTCC applied to overcompensatory
models. For large H, PTCC becomes TH, and therefore a stable equilibrium can-
not be destabilized increasing harvesting by decreasing the threshold (Hilker
and Liz, 2020). However, fixing a lower value of H, decreasing T can produce
several stability switches, some of them destabilizing. For the Ricker map,
increasing H cannot destabilize a stable equilibrium. However, it might oc-
cur for other population models governed by unimodal maps with negative
Schwarzian derivative. Examples of such situations for a strategy of constant
quota harvesting are provided by Jiménez Lopez and Liz (2021).
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LASOTA DISCRETE MODEL FOR BLOOD CELL
PRODUCTION

This chapter comprises the contents of the research article (Liz and Lois-Prados,
2020a)', where we develop a detailed qualitative study of the discrete-time
blood cell model proposed by Lasota. The chapter is divided into four different
sections.

We begin with an Introduction in Section 6.1, where we first include the
model formulation; then we motivate the usefulness of the model as a repre-
sentation of several clinical cases and as a population model including adult
survivorship; finally we summarize our contributions to the previous study of
the dynamics in (Lasota, 1977).

The analytical results and numerical simulations we use to determine the
asymptotic dynamics appear in Sections 6.2 and 6.3, respectively. We first pro-
vide fixed points existence and stability results, that allow to describe the as-
sociated local SBs. Then, we fix ¢ = 0.47 and obtain a 2-parameter BD in the
parameter plane (v, o), where we summarize the results from Section 6.2. We
conclude Section 6.3 by showing some numerical 1-parameter BD, which illus-
trate the rich dynamics of equation (95) and help to complete the information
given in the 2-parameter BD. We find different types of bubbles, hydra effect
and features typical of models with Allee effect, that is, extinction windows
and several mechanisms of essential extinction.

Finally, in Section 6.4, we first consider the model as Lasota did, that is, as a
discrete-time representation of the blood cell production process. In this case,
we revisit the conclusions obtained by Lasota on the influence of the destruc-
tion rate o, giving extra details or advising of some mistakes found in (Lasota,
1977). We additionally interpret the influence of the degree of disturbance vy,
which was not covered by Lasota. We conclude the section emphasizing the
relevance of the study in the framework of population dynamics, in particular
foroe (0,1) and vy # 1.
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6.1 INTRODUCTION AND MODEL DESCRIPTION

In this section, we include the formulation of the discrete model for blood cell
production studied in this chapter, as well as a summary of our research study.
We use headlines to outline the contents comprised within each paragraph.

Formulation of the discrete model by Andrzej Lasota

Based on experimental results, the Polish mathematician Andrzej Lasota pro-
posed in 1977 (Lasota, 1977) a discrete model for the production of red blood
cells (erythrocytes). If x, denotes the number of cells at time n, and ox,, is the
number of cells destroyed in the time interval [t,,, ty11], then the dynamics is
governed by equation

Xni1 = Xn = —0Xn + Pn, (94)

where py, is the number of cells which are produced in the bone marrow during
the same period. The bone marrow has the ability to change production when
the number of blood cells changes, so pn = p(xn). Based on experimental
results, the form p(x) = (cx)Y e™* was proposed for the production function,
thus leading to the difference equation

Xnt1 = (1 = 0)xn + (cxn)Ve ™, (95)

where o € (0,1) and c,y are positive constants.

The model as a representation of different clinical cases

As indicated by Lasota, equation (95) provides a flexible model that explains
the behavior of the blood cell population in many clinical cases. For example, if
Y > 1, then there is a critical value of the population size such that populations
below it cannot survive in the long term. In population dynamics, such effect is
known as a strong Allee effect (Courchamp, Berec, and Gascoigne, 2008). In the
model under consideration, it means that, if the number of cells is too small
(for example, after a heavy hemorrhage), then the organism eventually dies.
Cell populations above the critical value usually persist and they can approach
a stable positive equilibrium (which is considered the normal behavior), but its
number can oscillate when there is a disease affecting the blood cell production,
and even behave in an erratic (aperiodic) way in the case of a severe disease.
As the examples in (Lasota, 1977) show, an increasing value of o leads to se-
vere disease (because a large proportion of cells are destroyed). Even though
this model assumes that the blood production is not a continuous process (a
more accurate model seems to be a delay differential equation (Lasota, 1977;
Wazewska-Czyzewska and Lasota, 1976)), it is quite intuitive and displays a
very rich dynamics.
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Interpretation as a discrete-time model for iteroparous populations

On the other hand, equation (95) can also be considered as a discrete model for
iteroparous populations (which means that, part of the population survives the
reproductive season) whose recruitment function is defined by a gamma-Ricker
map (Liz, 2018a). In this context, equation (95) is a flexible model for popula-
tions with discrete reproductive seasons, adult survivorship, overcompensating
density dependence, and Allee effects.

Overview of the research study

In this chapter, we show some interesting aspects of the dynamics of (95) that
can help to understand the potential effects of increasing either the destruction
rate of cells (in the erythropoietic model), or the adult mortality rate (in the
population model). We proceed as follows:

We provide a detailed study of the fixed points stability and associated local
SBs. Then we fix the parameter ¢ = 0.47 and summarize the long-term dynam-
ics and bifurcations in a 2-parameter BD. In order to complete this information,
we plot some 1-parameter BDs, which we also use to revisit the results obtained
by Lasota (1977). We find several features which he did not observed, such as
the possibility of a bubbling effect, destabilizing and then stabilizing the cell
population, as the destruction rate o increases. In the discussion section we
also include an interpretation of the results in the framework of population
dynamics.

6.2 FIXED POINTS: LOCATION, STABILITY AND BIFURCATIONS

In this section, we study the fixed points of the map associated to Lasota’s
equation (95), depending on the parameter values o, vy and c. By contrast
with the research study carried out in Chapter 5, where we require the stock-
recruitment function to fulfill conditions (A1)-(A2), here we consider a case
study given by the function in (95) and we shall start by determining some
basic properties in Subsection 6.2.1. We continue to study the number of fixed
points, their location and stability. We first consider the case 0 < y < 1 and
then y > 1; in the former case we obtain a sharp global stability condition.
Finally, in Subsection 6.2.3, we classify the local bifurcations of fixed points, all
of them smooth (flip, fold and pitchfork).

6.2.1 Preliminary results

We first introduce the maps f : [0,00) — [0,00) and Fpc : [0,00) — [0, 0)
defined by

f(x) = (ex)Ye™, Fpc(x)=(1—0)x+ (cx)Ye™ = (1 —o)x + f(x), (96)
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where o € (0,1), ¢,y > 0. Notice that equation (95) can be written in the form
Xn+1 = Fec(Xn)-

Some useful properties of the map f have been recently proved in (Liz, 2018a),
and they will be useful in our analysis. Now, we state the intervals of mono-
tonicity of Fgc depending on the parameters. We prove that Fgc can be either
strictly increasing or bimodal (see Figure 40).

2.0

15
10
0.5 4

0.0t

Figure 40: Graphs of the map Fgc for v = 0.3, ¢ = 0.6, and different values of o:
0=0.6 < 0"~ 0.774 in red (Fgc is strictly increasing), and ¢ = 0.9 > 0" in
blue (Fgc has two critical points). The dashed line is the graph of y = x.

Theorem 6.2.1. The map Fgc defined in (96) has the following properties:
1. Fgc(0) = 0 and limy_, o, Fgc(x) = o0.

2. Fgc is differentiable in (0, 00), Fio(0F) =1—0ify > 1, F(07")=T—0+c
ify=1,and Fj(0%) =00 if 0 <y < 1. In any case, li_>m Fie(x) =1—0>0.

3. Define H(y) = /y(y + \/V)V_1 e Y=VY. The following statements hold:

a) If cYH(y) < 1and 0 < o < o := 1—cYH(y), then Fgc is strictly
increasing on (0, 0o).
b) If cYH(y) > 1, or cYH(y) < 1 and o > 0¥, then Fgc has two positive

critical points ¢1 < cp. Moreover, Fgc attains a local maximum at ¢y and a
local minimum at c,.

Proof. The proof of items 1 and 2 is elementary, so we only provide the proof
of 3.
The first and second derivatives of Fgc on (0, co0) are, respectively:

Fhe(x) = (1—0) + "X e ™ (y —x);

" 20,2 2 (97)
Fpe(x) =c¥e *xY “(x" —2yx+ vy~ —v).

We distinguish two cases according to the zeros of Ffj~ on (0,00) (see Fig-
ure 41).



6.2 FIXED POINTS: LOCATION, STABILITY AND BIFURCATIONS

w o o (B
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X X
Figure 41: Graphs of the map Fg (solid, blue) and the line y = 0 (dashed, black),
withc=1. (A): y=025<1,0=08 > 0" = 0707, (B): y =2 >1,
0 = 0.9 > 0" = 0.841. In both cases, there are two intersection points, that
determine the critical points of Fgc.

If v < 1, then F} has a unique critical point at d* =y + ,/y; moreover, Fj-
is decreasing on (0, d") and strictly increasing on (d™, co).

If y > 1, then F{.(d") =Fi(d") =0, withd" =y+,y>d =y— ¥ >0.
In this case, F;-(0") > 0, F. is strictly increasing on (0,d™) U (d*, o0), and
decreasing on (d—,d").

In both cases, it is clear that Fi~(x) > 0 for all x > 0 if and only if Fj~(d*) > 0,
and Fg - has two positive zeros ¢j < ¢, if Fg- (d™) < 0. Moreover, it follows from
the sign of Fy that ¢ corresponds to a local maximum of Fg¢, and c; to a local
minimum.

Finally, it is easy to check that condition F-(y 4+ /y) = 0 is equivalent to
o< 1T—cYH(y). O

6.2.2  Existence and stability

We begin by studying the existence and local stability of positive fixed points.
In this regard, we first address the case 0 < y < 1, for which the map Fpc
can have at most one positive equilibrium. Then, we consider the case y > 1,
where Fgc can have 0, 1, or 2 positive fixed points. Let us note that, in gen-
eral, the fixed points of Fgc are the solutions of equation fj(x) = f(x), where

fi(x) = ox'~Y and fa(x) = cYe ™.

Theorem 6.2.2. Assume that 0 <vy < 1.

1. If v < 1, then Fgc has a unique positive fixed point p. Moreover, Fgc(x) > x if
0<x<p,and Fgc(x) < xifx >p.

2. If y =1, then Fgc has a unique positive fixed point p if ¢ > o and no positive
fixed points if ¢ < o. In the former case, Fpc(x) > x if 0 < x < p, and
Fec(x) <xifx > p.
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3. Assume that 0 < vy < 1, or vy = 1 and ¢ > o. Then the unique positive
equilibrium p is locally asymptotically stable for the Lasota equation (95) if the
following condition holds:

2 1=y 24
¢ <G(y,0):=0 (y+ P 1) e¥to !, (98)

If ¥ > G(v, o), then p is unstable.

Proof. We only prove the case y < 1, since the proof for y = 1 is very similar.
The existence and uniqueness of p follows from the fact that fi(x) = ox! Y
is strictly increasing, with f{(0) = 0, and f;(x) = cYe ™ is decreasing, with
f2(0) > 0, f2(c0) = 0. A simple graphical analysis shows that Fgc(x) > x if
0 <x<p,and Fgc(x) < xif x > p.
The derivative of Fgc at the fixed point p is

Fee(p) =1—0+yc"p’ e P —c'pYe P =T+ 0(y—1-p). (99)

Since y < 1, it is clear that Fj~(p) < 1. On the other hand, it follows from (99)
that

2
Fgel(p) > —1 <:>p<v+g—1.

Using the statement 1, it is clear that the last inequality holds if and only if

2 2
F =1 — =l
BC <Y 5 ) <¥t_=l
and this inequality is equivalent to (98). O

Remark 10. We notice that equation (95) is uniformly permanent if either y < 1
or y =1 and o < c. This means that there exists a compact interval [A, B] such
that 0 < A < liminf, ;o Fje(x) < limsup, _,  Fgc(x) < B, for all x > 0. Indeed,
if Fpc is strictly increasing then the unique positive equilibrium p is a global
attractor, and we can choose A = B = p; if Fg¢ is bimodal, then elementary
arguments show that we can choose A = Fgc(c2), B = Fgc(ct), where ¢, c; are
the critical points of Fgc (0 < ¢1 < ¢3).

Theorem 6.2.3. Assume that y > 1, and define

c* = (G (y—1)"Y ey_1>]/y. (100)

Then the map Fgc defined in (96) has two positive fixed points if ¢ > c*, one positive
fixed point if c = c¢*, and no positive fixed points if c < c*. Moreover:

* If Fgc has only one fixed point q, then ¢ =y —1, Fi(q) = 1 and q is semi-
stable.
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e If Fgc has two positive fixed points q,p, then q <y —1<p, Fge(q) > 1, and
Fic(p) < 1. The fixed point q is unstable, while p is asymptotically stable if
(98) holds.

e If c < c*, then all solutions of (95) converge to 0.

Proof. Since f1(07) = oo, f2(0) = ¢, f; and f; are decreasing and convex, and
limy 00 (f1(x)/f2(x)) = o0, it follows from elementary arguments that Fgc can
have at most two positive fixed points.

Assume that there is at least one positive fixed point of Fgc, and denote by g
the smallest one. It follows from the properties of f; and f; that fj(q) < f3(q).
This inequality, together with the equality fi(q) = f2(q), leadsto q <y —1. If
q =v—1, then f{(q) = f}(q) and y — 1 is the unique positive fixed point of Fgc.
However, if ¢ < y—1, then f{(q) < f5(q). Since limy_,o,(f1(x)/f2(x)) = oo, there
exists another fixed point p > q. Moreover, f|(p) > f;(p), which is equivalent
top >vy—1. Thus,

¢ there is a unique positive fixed point of Fg¢ if and only if ¢ =y —1, that
is, if f1(y —1) = f2(y — 1), which is equivalent to c = c*;

* there are two positive fixed points q and p of Fgc if and only if the follow-
ing inequality holds f;(y — 1) < f2(y — 1), which is equivalent to ¢ > c*;

* Fpc does not have positive fixed points if ¢ < c*.

In the first case, by using the properties of f; and f;, it is easy to check that
Fec(x) < x for all x > 0, x # g. Therefore all solutions of (95) starting at an
initial condition xy € (0, q) converge to zero. Moreover, if Fgc(x) > q for all
x > ¢, then all solutions starting at [q,c0) converge to q. If there are points
x > q such that F(x) < q, then the immediate basin of attraction of q is [q, 7],
where 1 is the smallest point in Fglc(q) \{q}. Therefore, q is semistable.

In the second case, we have that F;-(p) < 1 < F;-(q). Thus, q is unstable. If
(98) holds, then F;-(p) > —1, implying that the equilibrium p is asymptotically
stable.

Finally, if ¢ < c*, then F(x) < x for all x > 0 and therefore all solutions of (95)
converge to 0. O

Figure 42 shows the three different possibilities considered in the statement
of Theorem 6.2.3.

Figure 41 illustrates that the map Fgc can have two critical points either if
Y =0.25<1ory=2>1;and it is well known that a discrete dynamical system
generated by a map with two critical points can lead to the coexistence of
several attractors. However, if y < 1 or y = 1 and o < ¢, we will prove that the
unique positive fixed point p is a global attractor of all positive solutions of (95)
when it is asymptotically stable. Moreover, we get that the parameter region
of global asymptotic stability includes the nonhyperbolic case, thus extending
condition (98) to c¥ < G(y, o). The proof follows from Lemma 4.2.7 by taking
h(x) = Fgc(x) and f(x) = (cx)Ye™™ .
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Figure 42: Graphs of the map Fgc for vy = 8, 0 = 0.8, and different values of c:
c =c* = 0.425 in blue (one positive fixed point), c = 0.4 < c¢* in red (no
positive fixed points), and ¢ = 0.5 > ¢* in black (two positive fixed points).
The dashed line is the graph of y = x.

Corollary 6.2.4. Assume that 0 <y < 1, ory = 1 and ¢ > o. Then, the unique
positive equilibrium p for the Lasota equation (95) is globally asymptotically stable if
and only if ¥ < G(y, o), where G(v, o) is defined in (98).

Proof. 1t is clear from the proof of Theorem 6.2.2 that condition ¢¥ < G(vy, o) is
equivalent to (84). Thus, in order to use Theorem 4.2.7, we only need to check
conditions 1-4.

Conditions 1 and 2 follow from elementary arguments, and 4 was proved in
(Liz, 2018a, Proposition 2). Hence, it remains to prove statement 3. From the
proof of Theorem 6.2.1, we know that f”(x) < 0 for all x € (0,y +,/y). Since
the unique critical point of fis z =y <y + ,/y, then 3 follows. O

6.2.3  Bifurcations of fixed points

The properties of Fgc studied in statement 2 of Theorem 6.2.1, together with the
existence and stability results found in Subsection 6.2.2 allow us to analyze the
fixed points local bifurcations of the Lasota model (95), using the bifurcation
parameters o, Y and c. Since the map Fgc is smooth, then all local bifurcations
are also smooth.

We first consider some properties of c*, which can be seen as a function of
the parameters y > 1 and o € (0,1):

lim c*(y,0) =0 and lim c¢*'(y,0) = .
y—=1+ =1+

Second, we remark that, if y = 1 and ¢ < o, then ¢¥ < G(y, o). The proof

of these properties is elementary. Now, we are in a position to describe the
existing bifurcations:

e A flip SB occurs if y > 0 and ¢¥ = G(vy, 0): if ¢V < G(y, o), the fixed point
of Fgc is GAS (0 < vy < 1) or LAS (y > 1), but it becomes unstable for
c¥ > G(vy, o) and a LAS 2-cycle emerges.
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e A fold SB occursif y > 1, ¢¥ < G(y,0) and ¢ = ¢*: as ¢ decreases, the two
coexisting fixed points of Fgc collide and disappear.

¢ A pitchfork SB occurs if ¢ > o and vy = 1: as vy increases, the unsta-
ble extinction equilibrium becomes LAS and the unstable fixed point q
emerges.

63 IMPACT OF PARAMETERS VARIATION ON LONG-TERM DYNAMICS

In this section, we combine the rigorous analysis from the previous sections
with numerical bifurcation diagrams to show the potential rich dynamics of the
solutions to the Lasota equation (95) and the role of the parameters y and o. For
parameter c, we fix the value ¢ = 0.47 already used by Lasota (1977). Although
his study is restricted to y = 8 and three different values of o (0 =0.1,0.4,0.8),
we will consider more cases to give an idea of the more relevant dynamical
phenomena. In particular, we will revisit the cases studied by Lasota.

We begin by displaying in Figure 43 a 2-parameter bifurcation diagram for
¢ = 0.47, which shows in the parameter plane (v, o) the stability and extinction
boundaries provided in Section 6.2. In this case, condition c¥ < G(vy, o) holds
for all v € (0,1], and therefore Corollary 6.2.4 implies that the unique positive
equilibrium is globally asymptotically stable in this parameter range (if y =1,
this equilibrium exists only for o < 0.47 = c).
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Figure 43: Main bifurcation boundaries and regions with different dynamical behavior
for equation (95) with ¢ = 0.47, in the parameter plane (v, o). The two solid
lines represent the extinction boundary (red color) and the stability bound-
ary of the largest positive equilibrium (blue color). The vertical dashed line
Y =1 (from 0 = 0 to 0 = ¢ = 0.47) is the border between global stability
of the unique positive equilibrium and a bistability region, in which both
the largest positive equilibrium and the extinction equilibrium are asymp-
totically stable.
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The red solid line is given by equation (100) when v > 1. According to
Subsection 6.2.3, this line corresponds to a fold bifurcation and represents the
boundary between extinction and bistability. In the bistable case, there are so-
lutions that converge to the extinction equilibrium and others that converge to
the largest positive equilibrium, so permanence depends on the initial condi-
tion. For o > c, the red line vy = 1 represents the boundary between global
stability of the positive equilibrium and extinction, according to Subsection
6.2.3 it also corresponds to a pitchfork bifurcation.

The blue solid line represents the boundary of local asymptotic stability of p,
which loses its stability at a flip bifurcation, so the region to the right of this line
corresponds to more complicated dynamics, which includes periodic attractors,
chaotic attractors, and essential extinction, as we show below in some numeri-
cal bifurcation diagrams. We recall that essential extinction means that almost
all solutions (in a sense of Lebesgue measure) converge to zero (Schreiber, 2001,
2003). Essential extinction usually occurs after a boundary collision between
the basins of attraction of a chaotic attractor and the extinction equilibrium
0; however, we report below different transitions from bistability to essential
extinction.

In the remainder of this section, we show some relevant numerical bifurca-
tion diagrams to illustrate the rich behavior of equation (95). In some cases
(Figures 44 and 45), we fix a value of v and use o as a bifurcation parameter,
while in Figure 46 we do the opposite.

Bubbles

A first interesting phenomenon is the existence of the so-called bubbles, which
are characteristic in bifurcation diagrams of population models where some
adults survive more than one reproduction period. A primary bubble is shown
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Figure 44: Bifurcation diagram showing a bubble for equation (95) with ¢ = 0.47,
Y =7.65, using o as the bifurcation parameter. Black dashed lines corre-
spond to unstable equilibria.
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in Figure 44: the largest positive equilibrium loses its asymptotic stability in
a period-doubling bifurcation as the destruction rate o increases, but stability
is regained at the next bifurcation point for a larger value of o, after a period-
halving bifurcation occurs. This phenomenon shows that increasing the mor-
tality rate can be either stabilizing or destabilizing. More complex bubbling
effects can be observed in Figure 45(C). In this case, the equation can reach
a chaotic regime inside the bubble (see (Liz and Ruiz-Herrera, 2012) for more
details and related references).

Hydra effect

It is easy to check that the largest equilibrium of (95) decreases as o increases.
However, the average population size of the nontrivial attractor can increase
with o when the largest equilibrium loses its asymptotic stability. This phe-
nomenon can be observed in Figure 45(B), where the average of the 2-periodic
attractor is represented by a red solid line.

Sudden collapses

A typical feature of population models with Allee effects, where population
cannot survive in the long term if its abundance is below a critical size, is
the possibility of sudden collapses. Sudden collapses typically occur when
the basins of attraction of the zero equilibrium and another attractor collide
(boundary collisions). See, e.g., (Liz, 2010a; Schreiber, 2001, 2003).

There are two main mechanisms leading to sudden collapses. The simplest
one is a fold bifurcation, which leads from bistability to extinction when the
two positive equilibria of (95) collide and then disappear (see Figure 42). A
bifurcation diagram showing this first case is given in Figure 45(A), for c = 0.47
and v = 7. A more complex mechanism for sudden collapses is a catastrophe
bifurcation, which takes place when a chaotic attractor collides with the basin
of attraction of zero. This situation is represented in Figure 45(B), for ¢ = 0.47
and vy = 8. We emphasize that these are the values chosen by Lasota (1977)
to investigate the dynamics of (95) as o increases. Although he found chaotic
orbits for o = 0.8, it seems he did not observe the sudden collapse, which
occurs at 0 ~ 0.87, when F*(c;) = q. As before, ¢c; and q are the smallest
critical point and the smallest positive fixed point of F, respectively.

The two above mentioned mechanisms are well known and have been rig-
orously explained (see, e.g., Schreiber, 2001); however, we have found a differ-
ent situation. For ¢ = 0.47, y = 8.5, essential extinction would be expected
to begin at 0 = o7 ~ 0.86, when F(c;) = q. However, at a previous value
o = 03 ~ 0.8315, an attracting 3-cycle disappears in a fold bifurcation for F3, in
such a way that the transition from bistability to essential extinction occurs at
o = 07 (see Figure 45(C) — (D).
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Figure 45: Bifurcation diagrams for equation (95) with ¢ = 0.47, using o as the bifur-
cation parameter. Black dashed lines correspond to unstable equilibria. For
more details, see the text. (A):y=7; (B):y=38; (C):y=85and o € (0,1);

(D): magnification for y = 8.5.

The three examples shown in Figure 45 illustrate that there are multiple pos-
sibilities for the transition to extinction or essential extinction in equation (95).

Extinction windows

The influence of parameter y on the dynamics of (95) is quite interesting, as it
can be observed in the 2-parameter diagram in Figure 43 for ¢ = 0.47. For small
values of o, there is a transition from global stability of the positive equilibrium
to bistability as 'y passes the critical value y = 1. This dynamical change occurs
after a pitchfork bifurcation, where a new branch of (unstable) fixed points is
born; see (Liz, 2018a), where this bifurcation is explained for the gamma-Ricker
map, which corresponds to (95) with o = 1. This case is shown in Figure 46(A)

for o = 0.05.



6.4 DISCUSSION

For larger values of o, there are extinction windows, which were also ob-
served in other models with Allee effects (Liz, 2010a; Schreiber, 2001, 2003). A
simple extinction window originated by two fold bifurcations as y increases
(two positive equilibria disappear at the first one, but are created again in the
second one) is shown in Figure 46(B) for o = 0.1. Since the map F governing
the dynamics of (95) is bimodal for larger values of o (see Theorem 6.2.1), there
can be multiple extinction windows, as it has been reported in (Liz, 2010a) for
a population model with harvesting also governed by a bimodal map. These
complicated dynamics are shown in Figure 46(C) for o = 0.9. Thus, a thorough
analysis of the influence of y on the dynamics of (95) in the parameter region
where oscillations and essential extinction can occur seems to be a very difficult
task.

It is worth noticing that, in some population models, vy is a cooperation pa-
rameter (Avilés, 1999; Courchamp, Berec, and Gascoigne, 2008), and extinction
windows are related to a kind of “rescue effect". That is to say, populations that
go to extinction when cooperation rates are small can persist at intermediate
population levels due to high cooperation intensity. However, larger rates of
cooperation can lead to chaos and essential extinction. For related discussions,
see (Liz, 2018a,b).
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Figure 46: Bifurcation diagrams for equation (95) with ¢ = 0.47 and different values
of 0, using vy as the bifurcation parameter. Black dashed lines correspond
to unstable equilibria, and red dashed lines to unstable 2-periodic orbits.
(A): There are neither oscillations nor extinction windows for o = 0.05. (B):
An extinction window for o = 0.1. (C): Multiple extinction windows for
o=0.79.

6.4 DISCUSSION

Here, we review the research work developed in this chapter and compare
it with the previous study due to Lasota. Moreover, we interpret the obtained
results in the framework of population dynamics. We use headlines to organize
the contents.
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Interests leading to the further study of Lasota’s blood cell production model

Some months before starting to study the dynamics of equation (95), my super-
visor Eduardo Liz contacted Dr. Pawel ]J. Mitkowski to discuss about a model
of delay differential equations for blood cell production, and he sent us a copy
of the paper (Lasota, 1977). In this paper, the beautiful equation (95) was pro-
posed as a simple one-dimensional discrete-time model for the production of
blood cells. To explain the influence of the destruction rate o on the behavior
of the solutions of (95), Lasota fixed ¢ = 0.47 and vy = 8. Then, he considered
three values of o, which were enough to explain the dynamics of blood cell
production in some relevant clinical cases.

Our main motivation to write this paper was to carry out a much more
detailed analysis of the dynamics of (95). We have combined an analytical
study in Section 6.2 with a numerical approach in Section 6.3. While in the
latter section we have fixed ¢ = 0.47 as in (Lasota, 1977), our theoretical results
(Theorems 6.2.1, 6.2.2, 6.2.3 and Corollary 6.2.4) show the strong influence of
c on the dynamics. In particular, very small values of c lead the system to
extinction (see Figure 42).

Revision of the conclusions exposed by Lasota

The main purpose of Lasota (1977) was showing chaotic behavior in some bi-
ological models, including (95); this fact explains the choice y = 8 in (Lasota,
1977). Indeed, Figure 43 shows that, if ¢ = 0.47 and y < 7.5, then the dynamics
of (95) is much simpler, as illustrated in Figure 45 for y = 7.

The three cases studied in (Lasota, 1977) correspond to ¢ = 0.47 and vy = §,
which are the parameters used in Figure 45(B). We are in a position to discuss
these cases in more detail. Lasota distinguished three situations:

1. Normal conditions in blood cell production are assumed to correspond
to small values of o (0 = 0.1 in (Lasota, 1977)). In this case, the number of
blood cells tends to remain constant, but the organism dies if the number
of cells is too small. This situation corresponds to the case when (95) has
three equilibria 0 < q < p, and 0 and p are asymptotically stable. In
this example, this occurs for o € (0, 01), where o1 ~ 0.331 is the value at
which p loses its asymptotic stability after a period-doubling bifurcation.

2. Intermediate values of o0 would lead to a (non-severe) disease. For o = 0.4,
Lasota observed a 2-periodic attractor, explaining some oscillations in the
number of blood cells that are typical of such diseases. The 2-periodic
attractor corresponds to o in the interval (o7, 02) ~ (0.331,0.651).

An interesting remark of Lasota is that the ill system is able to adapt to a
larger destruction rate, because the average value of the 2-periodic orbit
for 0 = 0.4 (about 13.1) is not much worse than the value of the attracting
positive equilibrium (about 15.4) for 0 = 0.1. Actually, we observe a
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hydra effect, characterized by the fact that the average population can
even increase as o increases. For example, the average is 13.05 for o = 0.33,
and 13.074 for o = 0.5 (see the thick red line in Figure 45(B)).

3. Larger values of o in Lasota’s example lead to chaotic behavior. The typi-
cal route of period-doubling bifurcations to chaos is observed in Figure 45.
Lasota used the value o = 0.8, for which a 3-periodic orbit can be found,
and he reported a bistability scenario: solutions starting from an invariant
interval [A, B] converge to the chaotic attractor, while solutions starting at
an initial point xy € (0, A) converge to zero. However, he did not mention
that the basins of attraction of these two attractors collide at a larger value
o = 0.87, leading the population of cells to essential extinction.

One of the main conclusions of Lasota’s example is that increasing o is desta-
bilizing. However, this is not always the case: our results show that a bubbling
phenomenon is possible. For example, in Figure 44, we observe that the larger
positive equilibrium p is asymptotically stable for o = 0.9 but unstable for
o = 0.7. Figure 45(B) shows that the chaotic behavior can also be reversed by
moving o to a larger value. We refer to (Liz and Ruiz-Herrera, 2012) for further
details and relevant references on bubbling.

New results on the influence of parameter y

Another interesting aspect not covered by Lasota (1977) is the influence of pa-
rameter y in the dynamics of (95). Although the meaning of this parameter was
not explained in (Lasota, 1977), for a related model, Mitkowski (2011) argued
that v can be interpreted as the degree of disturbance from the normal response
in the feedback loop that regulates the production of cells in the bone marrow:
when y = 0, the answer is correct, but when vy > 0, the response is inhibited
and the greater is the inhibition, the greater is the value of y. For example,
extinction is not possible for y < 1 (see Remark 10). For vy > 1, the dynamics
strongly depend on the interaction between o and y: while for small values of
o the changes in y do not affect the dynamics (see Figure 43), for larger values
of o there are extinction windows which can alternate with chaotic attractors
(see Figure 46).

Overview of the research study in the framework of population dynamics

To finish, we emphasize that equation (95) is also of interest in population dy-
namics. When o = 1, (95) is equivalent to the gamma stock-recruitment model
used in fisheries (Quinn and Deriso, 1999), and has been also used in other con-
texts such as cooperation interactions in a group of individuals (Avilés, 1999)
and populations with Allee effects (Courchamp, Berec, and Gascoigne, 2008).
An important feature of this model is its flexibility, allowing different forms of
density dependence (compensatory, overcompensatory, depensatory). For re-
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cent results and discussions in this direction, see (Liz, 2018a,b; Liz and Buedo-
Ferndndez, 2019). In this context, equation (95) is a relevant generalization of
the classical Ricker model.

On the one hand, the usual discrete-time models with Allee effects assume
that adults cannot survive the reproductive season (Schreiber, 2003), but this
assumption is not realistic for many populations. The introduction of a positive
adult survivorship rate 1 — o (0 < 0 < 1) increases the generality of the model
and induces some new dynamical phenomena in comparison with the classical
gamma model. The most relevant ones are hydra effects, period-doubling re-
versals (bubbling), multiple extinction windows, and new mechanisms leading
to essential extinction.

On the other hand, although the Ricker model with adult survivorship (cor-
responding to (95) with vy = 1) has been considered before (see, e.g., (Liz,
2010a; Liz and Ruiz-Herrera, 2012; Yakubu et al., 2011) and references therein),
the introduction of the parameter y makes the model more flexible. For ex-
ample,Yakubu et al. (2011) showed that equation (95) with v = 1 fits well the
Atlantic cod fishery data, but the Pacific Halibut data are best fitted with y = 2.
For v > 1, the recruitment function f(x) = (cx)Ye ™ combines both negative
and positive density dependence. The parameter y represents the strength of
cooperation, and its influence on the stability and the size of the positive equi-
libria has been studied in (Liz, 2018a).

The above discussion highlights the importance of studying equation (95) in
the framework of population dynamics. In particular, for y > 1, our analy-
sis points out the subtle interplay between adult survivorship rates and Allee
effects.



CONCLUSIONS AND FUTURE PROSPECTS 11

In our opinion, the qualitative study of asymptotic dynamics carried out in this
part of the thesis could be of potential interest in the framework of (piecewise-
smooth) discrete one-dimensional dynamical systems, but also in fisheries man-
agement. In the following, we first include a section with conclusions, where
we mention the knowdledge acquired during the PhD period in order to reach
the objectives of this part of the thesis. Then, we describe some other ideas for
future research, which we consider that could increase the value of our work.

A. CONCLUSIONS

Through Chapters 5 and 6 within Research Line II, the reader can find our con-
tributions to the qualitative study of discrete dynamical systems that model the
performance of single species populations. Both chapters finish with a discus-
sion section, where we compare our work with some related research studies.
In this section, we also talk about our achievements, but from a different per-
spective, mentioning what we have learned working in goals G3 and G4.

We start with Chapter 6, where we have included the contents of the research
article (Liz and Lois-Prados, 2020a) devoted to attain objective G4. Although I
had started to work in objective G3 before, it was the first objective we achieved
in the framework of Research Line II. In my opinion, it has a justified reason,
that is, the map associated to the model is more regular, so we could use the
classical theory for smooth dynamical systems. However, depending on the
values of the three distinct parameters, the map could be strictly increasing
or have two critical points. Thus, the study was not so simple and, to under-
stand the rich dynamics, the student was introduced in results ensuring that
LAS implies GAS, as well as conditions for local and global bifurcations, rep-
resentation of the main dynamics in a 2-parameter BD and interpretation of
I-parameter BD. Another important aspect of the model into consideration is
that it can describe either the dynamics of red blood cells, or the dynamics
of a single-species populations with adult survivorship and different forms of
density dependence.

In Chapter 5, we included the contents of two articles devoted to attain ob-
jective G3. The presence of the threshold level reduces the regularity of the
map, therefore, as a first step to achieve this goal, the PhD student needed to
go in depth into the qualitative theory of piecewise-smooth one-dimensional
difference equations, which incorporate many new dynamical behaviors with
respect to the smooth ones. Moreover, since the considered discrete-time equa-
tions model the performance of populations subject to protective harvesting
strategies, reading several fisheries management oriented works helped us to
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understand the possible interdisciplinary potentials of our study, as well as to
come up with new ideas for future research.

B. FUTURE PROSPECTS

In the following, we give a brief description of three main research topics that
we would like to carry out in the near future.

I. COMPARISON OF THRESHOLD-BASED HARVESTING STRATEGIES FOR
COMPENSATORY AND OVERCOMPENSATORY MODELS

In the Introduction section in Chapter 5, we have compiled different reasons
to consider control rules combining threshold reference points and constant
catches. To our knowledge, there are not current harvest policies using these
types of control rules. However, we have found in the literature that some
species have been managed by means of harvest policies making use of fixed
escapement (Bristol Bay sockeye salmon) or combinations of threshold refer-
ence points with fixed mortality rates (U.S. west coast ground-fish).

One reason, for the minor or no presence of TH and CC control rules com-
binations in harvest policies, might be the reduced research studies of their
performance or possibilities to meet some management objectives. In this re-
gard, our aim is to use an analytical approach to compare the performance of
PTCC, TCC, TH and PTH (applied to compensatory and overcompensatory
stock recruitment models). A similar study was developed by Hjerne and
Hansson (2001) and Steiner, Criddle, and Adkinson (2011), they followed a
non-analytical approach and recommended to use combinations of CC and TH
control rules rather than TH, PH and PTH.

To accomplish this goal, we aim to complement the research study in Chapter
5 with the aspects mentioned below.

TCC asymptotic dynamics on overcompensatory population models

An equivalent study has been previously developed for the other three strate-
gies: PTCC (Liz and Lois-Prados, 2020b), TH (Hilker and Liz, 2020) and PTH
(Hilker and Liz, 2019).

As TCC is a discontinuous piecewise-smooth model, it may be difficult to
develop a complete analytical study of the dynamics for general overcompen-
satory models. For that reason and in order to compare the results obtained
for the four different control rules, as a case study, we would initially consider
the Ricker model x, 1 = xne" ') with r = 2.6 for the unmanaged population,
since it had already been used in the above mentioned references.

Apart from the interest of the study in fisheries management, the qualita-
tive study of the distinct bifurcations is also significant. We observed, in the
2-parameter BD representing the long-term dynamics of PTCC and TCC for
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compensatory models (i.e., Figures 21 and 34), that the discontinuity of TCC
induces complex dynamics, while for PTCC all initial conditions converge to
a positive equilibrium. In the overcompensatory case, we expect even richer
dynamics, since it is the case for the continuous model given by PTCC (see
Figure 23). In order to carry out this part of the study, we plan to continue
studying some references describing BCBs in discontinuous piecewise-smooth
models. We have found interesting literature in some references cited by Bischi,
Lamantia, and Tramontana (2014), such as (Gardini et al., 2010).

Average yield and harvest frequency

Once we have determined the long-term behavior of the population, we con-
tinue by studying the potential of the different strategies to provide high Y and
low-variable HF.

We can reuse the research carried out in (Hilker and Liz, 2019, 2020; Lois-
Prados and Hilker, submitted) for TH, PTH and TCC, but for TH and PTH
we have to incorporate the harvest frequency to the study. In addition, we
have to develop a similar study for PTCC applied to compensatory models and
for both PTCC and TCC applied to overcompensatory models. Although we
may be able to compare the performance of some harvest strategies for general
models in some particular parameter regions, we predict that to obtain more
precise results we would have to consider some particular case studies for the
Beverton-Holt and Ricker models.

II. QUALITATIVE STUDY OF PROTECTIVE HARVESTING STRATEGIES WITH
TWO THRESHOLD REFERENCE POINTS

In the Future Prospect I, we have cited the works by Enberg (2005) and Hjerne
and Hansson (2001), whose simulation results support the use of different pre-
cautionary strategies, since they help to overcome the fisheries moratoria prob-
lem of simple threshold-based control rules. We recall that these precautionary
strategies incorporate two different threshold levels 0 < Ty < T, rather than a
unique reference point T > 0. The decision taken at the smallest level is allow-
ing or forbidding to harvest, while at the highest threshold they determine the
tishing intensity. Hjerne and Hansson (2001) proposed to use two alternative
constant quota levels, the reduced quota been half of the normal one. Enberg
(2005) considered two different mortality rates in two types of harvesting strate-
gies: one removing a constant proportion of the excess, i.e., the stock biomass
above the threshold; other removing a constant fraction of the total biomass.
In this PhD monograph we have already studied a precautionary strategy, the
PTCC rule formulated in Subsection 5.2.3. The distinct reference points in (88)
are iy = T and T, = T + H. When population is above the highest threshold,
we remove a constant quota H; if biomass is below the smallest threshold, then
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harvesting is forbidden; and for intermediate values of the stock, we apply TH
removing all the surplus population above T;.

The research carried out in (Enberg, 2005; Hjerne and Hansson, 2001) as-
sesses the performance of precautionary strategies which are applied to par-
ticular simulation models for the Baltic Sea cod and the Norwegian spring
spawning herring “Clupea harengus” populations. By contrast, to study the
performance of the PTCC strategy, we have considered deterministic compen-
satory and overcompensaroty models; as well as the generic Ricker model as
a particular case. We are not aware of other analytical studies of precaution-
ary control rules. Therefore, we find interesting to develop a similar analytical
study of other precautionary strategies.

Precautionary control rule using PH and CC strategies

The harvesting strategies used by Enberg (2005) and Hjerne and Hansson (2001)
correspond to threshold-based rules that include different harvesting intensi-
ties, but they only use one control rule: CC or PH. We have already mentioned
that PTCC also includes different harvesting intensities, but uses two distinct
control rules: TH and CC. We have seen that this control rule prevents extinc-
tion for all values of the harvesting parameters, and it seems that the applica-
tion of CC harvesting for high stock levels reduces the yield variability typical
of TH. The use of the TH strategy at intermediate values of the population pre-
tends to reduce harvesting moratoria, but we guess that the use of PTH rather
than TH may improve the performance of the precautionary control rule, be-
cause the population would have a faster recovery to higher values where CC
takes place. Thus, it may be significant to study this control rule, we refer to it
as precautionary proportional threshold harvesting constant catch (PPTHCC).

For the formulation of this strategy, let us consider a map f : [0, c0o) — [0, 00),
two threshold levels 0 < T; < T, < sup{f(x) : x € [0, 00)}, and the intervention
parameters H > 0 and 0 < q < 1, their dynamics are governed by:

f(xn), f(xn) <Ty;
Xnt1 = FpprHec(Xn) = ¢ (1 — q)f(xn) +qT;, Ty < f(xn) < T, +H; (101)
f(xn) —H, T, +H < f(xn).

If we consider the particular value of ¢ = H/(H+ T, — Ty ), then the map Fpprhcc
is continuous and it facilitates the study of the dynamics. Moreover, the pa-
rameters of the harvesting strategy are reduced, because q is expressed as a
function of the other parameters. It would also be beneficial for managers,
since they just have to determine the threshold levels and the constant quota
H. There are also some reasons to consider the biomass reference point T, + H
instead of T,. If the threshold was set at T,, then after removing the constant
quota H, the stock between T, and T, + H would reduce to levels below T,
and the map would be discontinuous. In that case, if we wanted to obtain a
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continuous map, we would have to choose ¢ = H/(T, — Ty}, and apply TH for
population levels in the interval (T,, T, 4+ H]J.

It would be interesting to study the potential of the continuous strategy given
by (101) to provide high Y and low-variable HF. In particular, a comparison of
this strategy with other threshold-based strategies, such as the “40-10” control
rule currently utilized to manage the U.S. west coast ground-fish population,
seems to be particularly significant from a fisheries management point of view.
Notice that the “40-10” control rule is a particular case of a precautionary strat-
egy studied by Enberg (2005).

III. ASYMPTOTIC DYNAMICS OF THE PTCC RULE ON POPULATION MODELS
INCLUDING ADULT SURVIVORSHIP

In the Discussion section of Chapter 6, we provide reasons to study models
including adult survivorship and cooperation of the population. We recall
that the model into consideration does not include exploitation parameters,
for y =1 (no cooperation), it reads as:

Xni1 = (1 —0)xn + cxne ™™,
where o € (0,1) and ¢ > 0. This is a Ricker model including adult survivorship,
which represents a type of iteroparous population with overcompensatory den-
sity dependence. A general formulation of these types of models can be found
in (Liz, 2010a), where they carry out a qualitative study of the asymptotic dy-
namics when the CC control rule is applied. They compare the results obtained
with those in (Schreiber, 2001) for the semelparous case.

Thus, we consider interesting to follow the ideas in (Liz, 2010a) to comple-
ment the research developed in Section 5.3 of Chapter 5. The introduction of
the threshold reference point in the model managed with CC might compli-
cate the study of the dynamics, making the study interesting from a dynamical
systems point of view.

This future prospect would be also relevant in the framework of fisheries
management, since it would provide a wider knowledge to the literature on
threshold-based control rules.
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GLOSSARY

RESEARCH LINE I

Abbreviation/symbol Meaning

(X,d) or (I,4d) metric spaces

B(x, ¢) open ball of center x € X and ratio ¢ > 0

D closure of aset D, D C X

x(A) Kuratowski measure of noncompactness of A, A C X
diam(B) sup{d(x,y) :x,y € B}, BCX

(X/ H ’ H) or (I/H ’ H)
|-
(C(LR™), || - [loo)

Banach spaces
absolute value in R
Banach space of continuous functions from I to R™

with ||x]|c = max max |x;i(t)], x = (x1,...,%n)
i=1,..n tel

C(I,Ry) set of continuous functions from I to the non
negative real numbers R

(I, R™) set of continuous differentiable functions
from I to R™

(Gw (]R, IRZ), || - ||w> Banach space of pairs (x,y), where x, y € C(R,R) are
w-periodic functions, with ||(x, y)|lw = [|X]leo + |Y|lco

co(A) convex hull of A, A C X

TorN operators between subsets of metric or Banach spaces

C cone in a Banach space X

Crr xeC:r<|x| <RLwith0O<r<R

B, xeC: x| <}

Sy xeC:|x|]|=r1}

(V1)-(V2) vector version compression-expansion conditions

(H,E1)-(H,E2) homotopy version expansion conditions

E xo-star convex set (xo = 0, star convex set)

F boundary of E

Bx unique positive real number such that 3xx € F,x € E

0 continuous map from E\{0} to F, 9(x) = xx

3 continuous map from E\{0} to [T, 00), B(x) = B«

o¢, B¢ extensions of 0, 3 to C\{0}
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Abbreviation/symbol

Meaning

194

(C1)-(C2) compression conditions in CN (E2\Eq)

(E1)-(E2) expansion conditions in CN (E2\E7)

@, functionals from a Banach space X into [0, co)

E. xeX: ok <1}

Fr xeX:opkx)=r}

X prey population

Y predator population

a percapita intrinsic growth of preys

b percapita mortality rate of predators

A attack rate of predators

c conversion efficiency

g general prey growth

glx) =1 linear prey growth

glx)=1-—x/K logistic prey growth

K carrying capacity of preys population

@ general functional response of predators

©1, O11 particular expressions of ¢ including cooperation
between predators

08 hunting cooperation

w period of the functions in the Lotka-Volterra models

(G1)-(G2) conditions required to ¢

n, P auxiliary functions in (G1)-(G2)



RESEARCH LINE II

Abbreviation/symbol Meaning

Xn population size at generation n

ICs initial conditions

h map defining a general discrete-time dynamical
system xp+1 = h(xn)

hg auxiliary S-unimodal mapping in
h(x) = (1 —o)x+ ohg(x), o € (0,1)

x* fixed point of a general map

f production or stock-recruitment curve

K tixed point of the map f satisfying (A1)

Xe critical point of a map f satisfying (A2)

X point such that f'(X) = 1 of a map f satisfying (Az2)

X (smallest) point such that f'(x) = —1 of a map f
satisfying (A2) with x. < oo

LAS locally asymptotically stable

GAS globally asymptotically stable

BD bifurcation diagram

SB smooth bifurcation

BCB border-collision bifurcation

H (maximum) harvesting quota

T threshold harvesting parameter

g g(x) :==f(x) —H

X", x4 positive fixed points of g (0 < x* <X < x} < K)

CcC constant catch harvesting

Fce map defining the CC rule

TH (pure) threshold harvesting rule

Frh map defining the TH rule

TCC threshold constant catch harvesting

Frce map defining the TCC rule

PTCC precautionary TCC

Fprcce map defining the PTCC rule

Yn yield or catch at generation n

Y average yield

MSY maximum sustainable yield

HF harvest frequency
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Abbreviation/symbol

Meaning

196

o

1—o

blood cell destruction rate

adult population survivorship rate

degree of disturbance in the blood cell production
process or strength of population cooperation

map defining the Lasota blood cell production model

positive fixed points of Fgc
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