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Abstract

Habitat loss is a significant problem and the leading cause of species extinctions and
decreases in biodiversity worldwide. This issue is primarily driven by human activities,
making it crucial to understand the consequences of our actions as a global commu-
nity. The empirical study of habitat loss is complex, expensive, and time-consuming,.
Moreover, habitat is being lost at an accelerating rate, and so there is a substantial
need for a timely assessment of the impacts of habitat loss. Fortunately, mathematical
modelling allows us to assess the impacts of different aspects of habitat loss in a general
setting, applicable to numerous species in various environmental scenarios.

In this dissertation, we delve into three critical aspects of habitat loss: habitat
degradation, habitat destruction, and habitat fragmentation. By employing the frame-
work of reaction-diffusion equations, we investigate the global dynamics of single and
multi-species models under different forms of habitat loss. This analysis includes a
detailed exploration of the global dynamics of time-dependent single and multi-species
models using tools from the theory of partial differential equations and the theory of
monotone flows. We develop robust modelling frameworks specific to habitat loss pro-
cesses derived from a careful consideration of the ecological definitions of these forms
of habitat loss. Of significance is a rigorous, analytical connection between the degra-
dation and destruction formulations through an asymptotic limit. This connection
between habitat degradation and destruction appears to be the first of its kind, estab-

lishing a connection consistent with the observation that the level of degradation of
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different habitats lies on a spectrum, ranging from intact to destroyed.

A central object of study in this analysis is the so-called principal eigenvalue, which,
in our context, provides a theoretical net growth rate of the population, at least for
small population sizes. By examining these principal eigenvalues, we can assess habitat
fragmentation’s impact independently of or in conjunction with habitat degradation
and destruction. This results in a fitness index intimately dependent on the arrange-
ment and geometry of the degraded/destroyed regions. Compared to existing measures
of habitat fragmentation, our approach offers a mechanistic and species-oriented tool,
providing unique insights into the effect of fragmentation on diffusive species while
also providing a robust framework for translation to other environmental factors or
non-diffusive movement mechanisms.

Importantly, this framework is versatile enough to be applied to both the landscape
and patch scales. It is essential to note that fragmentation is often studied at the patch
scale, which can lead to misleading conclusions regarding the overall impact of habitat
fragmentation. Since habitat fragmentation is sometimes measured empirically in ways
incompatible with our fitness index metric, we also examine the impacts of habitat
fragmentation on the theoretical total abundance of a population, considered for both
single- and multi-species models.

In all assessment methods, we consider fragmentation as an arrangement and a
process. By doing so, we take into account the spatial distribution of habitats and
the changes that may occur over time, relating more closely to habitat fragmentation
as it occurs in the natural world. In turn, this allows us to analyze habitat loss’s
consequences more comprehensively and generate more accurate conclusions about the
effects on species populations.

This dissertation presents a detailed and thorough investigation of habitat loss

and its impacts on species, focusing on the connections between habitat degradation,
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destruction, and fragmentation. By employing mathematical modelling and the frame-
work of reaction-diffusion equations, we are able to study the global dynamics of single
and multi-species models under different scenarios of habitat loss. This work provides
numerous assessment tools and viable hypotheses which can be tested and verified, ei-
ther experimentally or in the field, giving precise mechanisms and, ultimately, answers

to some of the most pressing questions surrounding the complex effects of habitat loss.
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Preface

This dissertation is broken into three main chapters which consider habitat degrada-
tion, habitat destruction, and habitat fragmentation. The second chapter, concerning
habitat degradation, is based on the work published with my current supervisors, Dr.
Hao Wang & Dr. Zhongwei Shen. This was published in the Journal of Mathematical
Biology in 2022 [104]. In the present work, the results are generalized further to include
cases not previously considered.

The third chapter, concerning habitat destruction, is based on work also done with
my current supervisors. Similar to the degradation chapter, the work of chapter three
provides more detail than would otherwise be found in publication. There is also a
direct development of the theory for linear equations in the ‘destruction’ setting, which
is less appropriate for a scientific paper, but is great to include in a dissertation setting.

The fourth chapter, concerning habitat fragmentation, contains the most recent re-
sults obtained during the final year of my doctoral degree. This chapter is a slight de-
parture from the previous two in that the mathematical analysis is less developed, and
so we appeal to the use of numerical simulation to complement the analytical insights.
As one may soon read, this is a requirement if we really want to study fragmentation
in an ecologically meaningful way, as analytical results are incredibly challenging to
obtain for ‘geometric’ problems in partial differential equations in general.

Throughout this work, a number of numerical simulations are used to compliment
the analytical insights. All of these are done using the MATLAB software.

As a final note, shifting to first person momentarily, this work is centred in the field
of mathematical biology; yet, I must admit that biology or ecology was never particularly

motivating, at least prior the start of my doctoral degree. My background, both in



my undergraduate degree and in my master’s degree, was in the theoretical analysis of
partial differential equations. While there was always a loose connection to biological,
chemical, or physical phenomena, this was not the selling point of the work, so to
speak. I do not think I appreciated it at the time, but the analysis and the analysis
alone was the motivating factor of my work.

Starting my PhD at the University of Alberta, I have since had the pleasure of
working with some of the top experts in mathematical biology the field has to offer.
Through these interactions I have, I believe, begun to understand how mathematics
can be connected and used to describe the natural world in greatly diverse ways. In my
own work, this includes a deeper understanding of the types of problems I am familiar
with mathematically, but had never studied from the perspective of yes, but what do
these analytical results tell us? 1 had not even seen a simple derivation of the heat
equation before taking a graduate level Mathematical Biology course at the University
of Alberta. In hindsight, this feels somewhat embarrassing.

The point of all of this is: the thesis you are about to read, whether intentional
or not, seems to reflect my own personal journey, moving from a very theoretical
standpoint to a much more applied point of view. This is not to say that the work
actually becomes more applied as we progress; indeed, this does not seem to be the
case. Instead, what is reflected as the thesis progresses is my own change in attitude
towards these problems. This paradigm shift has been an important one, and I hope

that it is reflected in this work.
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To Atticus
For teaching me everything I need to know about meth life.
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You are not controlling the storm, and you are not lost in it. You are the storm.

— Sam Harris.

Who would have guessed reading and writing would pay off ?

— Homer Simpson.
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Chapter 1

Introduction

1.1 On “Habitat Loss”

Habitat loss is one of, if not the contributing factor to the loss of biodiversity worldwide
[65], including birds [115], mammals [3], reptiles [51], amphibians [114], invertebrates
[26], and plants [69]. While some forms of habitat loss are naturally occurring (e.g.,
flooding, geological processes, other substantial weather events), the unfortunate reality
is that the majority of habitat loss is a result of human activity [25], [97], [98], especially
through deforestation, agricultural development and urbanization, but also through
resource extraction, pollution, climate change, trawling, and more. On one hand, we
have a broad understanding of the impacts of habitat loss on local species populations.
This can be seen through some prototypical mathematical models that capture the
relative effects of habitat loss on competing species ([116] is a classic example), as well
as empirical studies that span decades [18], [97]. As a result of reduced biodiversity,
cascading effects include decreased pollination and seed dispersal, decreased climate
regulation, and diminished pest and disease control [29]. On the other hand, when
seeking more precise descriptions of the relative impacts of differing forms of habitat
loss, such as degradation, destruction, and fragmentation, there are many competing
ideas.

Perhaps the lack of clarity stems from a lack of consistency in terms and definitions
used across disciplines and research areas. On the empirical side, for example, the

definition(s) of habitat loss, as well as the related concepts commonly used to describe



and study these phenomena, (e.g., habitat, patch model, landscape scale, measurement
effects, etc.), are not so clear. Indeed, some authors have noted these issues explicitly
and the downstream effects these oversights can have [72]. In some cases, different
empirical studies and setups result in different directions of effect. This is best ex-
emplified by differing mechanisms and interpretations of habitat fragmentation [39],
[46], [49]. Ultimately, this leads to further confusion, especially for policymakers, when
the science that should be informing their decisions is inconclusive at worst, and not
entirely convincing at best. To further exacerbate these issues, this lack of consistency
has spilled into the modelling literature as well. Given the accelerated rate of habitat
loss worldwide [25], we may not have the time to appeal to continued data collection
and observation; the timescales at which negative effects are realized may not be com-
mensurate with the timescales of data collection, or more importantly, the timescales

at which we may meaningfully respond as a human collective.

Why should we care?

We first ignore the question of what habitat loss is, exactly, and instead focus on why
we should care about its consequences in a more broad sense. The argument is obvious:
humans, as a species, are a part of the natural world and benefit from the resources it
provides. These benefits are referred to as ecosystem services in the ecological literature
[22]. We have become incredibly efficient at using the resources on offer. This has led
to a massive increase in population (we are currently around 8 billion people; in 1992,
the year I was born, there were around 5.5 billion people; in 1951, < 75 years ago,
there were around 2.6 billion people).

Unfortunately, however, this increase in efficiency comes with costs, and these costs
are conveniently delayed, often at a time scale that allows for downplaying of conse-
quences through arrogance, willful ignorance, or both. Humans, generally speaking,
like (and sometimes, admittedly, need) stuff. Once a population has determined that
it likes a certain thing, economic theory suggests that a “free market” will minimize
the cost associated with producing said thing through competition, supply, demand,

and so on, allowing many people to enjoy said thing at a minimal cost. Alas, this
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minimization procedure does not often take into account other negative consequences
of such processes, let alone address potential long term consequences. This minimiza-
tion of cost, as a consequence, is not often innovative, but instead transfers the cost to
others elsewhere, both in space or in time. This point is made eloquently in Nature’s

Services: Societal Dependence On Natural Ecosystems [22] over two decades ago:

“In the space of a single human lifetime, society finds itself suddenly con-
fronted with a daunting complex of trade-offs between some of its most
important activities and ideals. Recent trends raise disturbing questions
about the extent to which today’s people may be living at the expense of
their descendants, casting doubt upon the cherished goal that each suc-
cessive generation will have greater prosperity. Technological innovation
may temporarily mask a reduction in earth’s potential to sustain human
activities; in the long run, however, it is unlikely to compensate for a mas-
sive depletion of such fundamental resources as productive land, fisheries,

old-growth forests, and biodiversity.”

We then beg the question, how do these negative effects of habitat loss actualize?
The general hypothesis, now widely agreed upon, is that habitat loss is the primary
contributing factor to the global decline in biodiversity. Biodiversity refers simply to
the variety and variability of organisms, ranging from the gene level to the ecosystem
level. This decrease in diversity is a direct consequence of habitat loss, and the realized
negative effects described above are symptoms of this decline. These interactions are
not well understood, so it is not possible to give concrete answers in a general sense to
questions such as when will this species go extinct?, or how much land can we remove
before extirpation of a local population?. However, we present a few case studies to

highlight some of the underlying mechanisms we see these negative effects.

e Bananas: Banana crops suffer from disease outbreaks due to the use of crop
monocultures. This means that, since the banana population in crops are very ho-
mogeneous (genetically speaking), disease outbreaks are much more likely, which

reduces yield, alters appearance, shelf life, and marketability; debilitates the host
3



plant, or at worst, kills the plants [100]. The conversion of natural ecosystems to
monocultural plantations (an example of minimizing cost and maximizing yields),

has devastating effects on the local environment.

Coffee beans: Climate change, a broad form of habitat degradation, can af-
fect coffee bean production through a reduction in quality and yield, as well as

increased exposure and sensitivity to certain insects and diseases [40].

Climate regulation: Forests and tropical forests are well-known for their role
in carbon capture [6], [73]; a removal of these ecosystems naturally reduces their
capacity to continue to do so! Forests are also useful in temperature regulation,
regulating freshwater flows, and more [6]; indeed, forests’ interactions with carbon
should be seen “as one co-benefit of reforestation strategies designed to protect

and intensify the hydrologic cycle and associated cooling” [30].

Loss of pollinators: Pollinators provide an essential service to ecosystems, and
habitat loss is a primary driver of their decline [101]. While pollination can
occur naturally through, e.g., wind, a majority of plants rely on animals. The
destruction of the habitat of pollinators has the downstream effect of drastically

impacting cultivated and wild plants alike.

Hence, habitat loss does not directly affect humans nearly as often as it does indi-

rectly through other negative consequences®, and these consequences do not impact

everyone equally. To better parse these complexities, mathematical modelling offers

a unique perspective to better understand the consequences of habitat loss on species

and biodiversity in general.

How to model habitat loss

In the present work, the phenomenon we are most interested in is that of habitat

loss; but, this is somewhat misleading, as habitat loss is not a single, well-defined

occurrence [82]. It is the author’s opinion that clarifications are desperately needed

3This is not to discount special cases, such as indigenous tribes that live in tropical forests: defor-
estation practices directly affect their population by destroying their home [102].
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due to gaps in the connection between the mathematical and ecological study of habitat
loss. Admittedly, the following is by no means a new argument, at least at the meta
level; such points have been raised a number of times for habitat loss specifically [32],
[33], [39], [44], [46], [49], but also in other areas of ecology [57]. Yet, there is still a lack
of clarity in the wider literature. For this reason, we take a detour to elucidate some
common points of confusion.

First, a non-trivial question to ask is: what is habitat? As asserted in [49], [57],
habitat is sometimes used synonymously with concepts of vegetation type or landscape
features more generally. Understanding that this has evidently led to ambiguity and

confusion, we opt for a more precise definition.

Definition 1.1.1 (Habitat [57]). The resources and conditions present in an area that
produce occupancy - including survival and reproduction - by a given organism. Habi-
tat is organism-specific; it relates the presence of a species, population, or individual

(animal or plant) to an area’s physical and biological characteristics.

We refer to a general region of interest as a landscape, with the distinction being
that a given landscape is independent of the species occupying it. Our models will be
formulated at the landscape scale, with some regions comprised of habitat as defined
above, and other regions comprised of non-habitat.

In particular, we note that habitat is not mere vegetation type or structure; it is
the accumulation of particular landscape features required by an organism to survive
and reproduce. Given an area where an organism is provided with resources (food,
water, shelter, etc.) that allow it to survive, it is habitat. This perspective will be
important when we develop our models later.

We now ask: what is habitat loss? Even those far removed from its study can
imagine that habitat loss must be related to the removal of natural habitat by some
means - it is in the term itself, the habitat is lost! For example, on February 6, 2023, the
top Google search result from The National Wildlife Federation provides the following

description:

“Habitat loss—due to destruction, fragmentation, or degradation of habi-

tat—is the primary threat to the survival of wildlife in the United States.
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When an ecosystem has been dramatically changed by human activities—such
as agriculture, oil and gas exploration, commercial development, or water
diversion—it may no longer be able to provide the food, water, cover, and

places to raise young that wildlife need to survive.” [56]
The second search result, found on Wikipedia?, gives the following description:

“Habitat destruction (also termed habitat loss and habitat reduction) is the
process by which a natural habitat becomes incapable of supporting its na-
tive species. The organisms that previously inhabited the site are displaced

or dead, thereby reducing biodiversity and species abundance.” [55]

One may note that neither provides a definition of habitat loss, which may indeed be
intentional. Between these two descriptions, there are notable similarities and distinc-
tions. The similarities between the two are changes to natural habitat and the impact
these changes have on local species. This is a good start, perhaps, as it aligns with
the intuitive understanding of habitat loss described earlier; but, there are several key
differences that produce more questions than answers.

In the first definition, we immediately notice three subcategories of habitat loss,
namely degradation, destruction, and fragmentation. This appears to be at odds with
the second definition, where habitat loss is equivalently termed habitat reduction or
habitat destruction, while degradation and fragmentation are nowhere to be found.
Similarly, the first definition attributes habitat loss directly to human activities while
the second does not. Human activities are understood to be a primary driver of habitat
loss [25], [106] (in some sense that will be made clearer), but can also be a consequence
of events less directly connected to human activity (forest fires are one such exam-
ple). The second definition of habitat loss does not make such an anthropomorphic
distinction. Furthermore, the first definition leaves some ambiguity as to what extent

species need to be affected by habitat changes in order for the habitat to be considered

20f course, one should delve into the citations provided for these definitions rather than working
directly from Wikipedia - this is not the purpose of this exercise; instead, we are looking at what a
layperson may first find should one do their own research



“lost”. On the other hand, the second definition appears to require local species to be
displaced or wiped out entirely for the habitat to be considered lost.

Keen readers may tacitly claim that this is a strawman argument: these descrip-
tions were pulled from a google query, and so surely do not represent the more academic
exploration of habitat loss from the ecologists’ point of view. To conclude this point
more concretely, Table 1.1 compiles a handful of definitions used for some key terms
introduced here. This includes habitat loss, habitat degradation, habitat destruction,
habitat fragmentation and habitat fragmentation per se. Note that these definitions
were taken from papers that included them in an explicit way. This table, similar to
those found in [49] or [57], highlights more clearly the concern: these definitions are
woefully inconsistent at best and contradictory at worst! What is even more unfortu-
nate, perhaps, is the fact that many references studying these phenomena do not even
provide a working definition of the term)!

This discussion is not all encompassing, but highlights some of the potential issues
when trying to model these processes using mathematical tools: we require underlying
assumptions and precise definitions of the processes being modelled. Initially, what
we find instead are descriptions of the consequences of environmental modification on
species. In such a case, habitat loss is, by definition, the end result of species decline
upon modification of the habitat (presumably in a negative way). This may be a suit-
able formulation for an ecologist, but it is wholly inadequate and outright misleading
from a modelling perspective. If the mathematician has an idea of what habitat loss
is, but their idea is inconsistent with the idea that the ecologist holds, it becomes very
difficult to utilize interdisciplinary communication. In fact, this mismatch may even
invalidate the model to begin with! Of even more consequence, perhaps, are cases
where models are meant to be connected to observations of empirical data - a mis-
match between a model formulation and data collection casts doubt on any concrete
conclusions drawn.

The general thrust being made here is simple: before diving into deeper scientific
questions and insights, we must first clearly define our terms so that we all know what

we are talking about! If terms cannot be clearly well defined, this aspect should also

7



*9INJRIANI] 9Y) Ul PASn PUBR PUNO] SUIIS) UOTITIOD JO SUOIIUYSP Jo uorjeqidmiod y :1'T 9[qR],

« (uoryejuoWSeI] 1e)Iqey se 0}

l2€] Pa1I9Jol I0jJe-010Y) JUNOUTR Jejiqer] JO s309]J9 oY} Jo juepuadepul uolpejusmidel] o) sasuodsal jueoyrudis -,
log] « SNOIOWNU 9IOWL JN( IS[[ets are seydyed Jururewal Jey) yons
02 ‘yeqiqer] Jo uoryeIN3guoo [eryeds paIsje o) sestdurod [9s 1od UoIyRIULMISRI]| ‘SSO] 1RIIQRY OU SI oIoY) JT'™,,
as 4ad
[6€] Junoure gejiqey Jo juepuedepul uoljejUIUIIRI] JRII(RH, | UOI)ejUsSWIel]
FellqeH
"SjuswI3eI) Paje[ost 10w
TV N._ «
pue Io[ews 0JUl PIPIAIPGNS A[2A1Ssa1301d ST yRyIqey og1ads e yorym ur ss9001d [aas[-odeospue] & ",
[2€] . reliqey jo jrede Sunfesiq o1} pue ssO[ o) Yj0q SuIA[oAur ssed01d & se Jo JSnoT) uajo ",
izs] *89001d 9OUTISIP OJUI ‘PURIGNIYS PIIR-TUISS IO
e8 18910] Teo1doa} se yons ‘yeliqey SNOnunuod jo Jrede Juryesiq, oy} sI ‘Uorjugep Aq ‘uolyejuswdelj 1eIrqe,,
« ¥BHqEY JO S80]
[9€]
Adwt jou seop uoIyRIULWISRI] 20U ‘ejiqey Jo 1rede uryesiq oy) se (A[[eI1o91]) pauyep ST UOIIRIUSWIRI,
[9%] « SSO[ 7RJIqRY JO JUNOUTe USALS ® IOJ JejIqe(] Jo uolrIndyuoo [eryeds peIsl|y,,
izz1] «[@UISLIO 9] oyI[un syejIqey JO XLIJewW © AQ IS0 UYOBd WO POYR[OSI
“eare @10} Io[rewS JO soydjed IO[RWS JO JOQUINU € OJUI POWLIOJSURI) SI Je)Iqey Jo osuedxo a8Ie[ © USYA,,
. 98 Iad UOIjRIUSWSRI] PUR SSO[
(2 1e)Iqe Yjoq Ul S}[NSaI UoTjejusuider] Je)Iqel] "s909ld IS[[BWS [RISASS OJUT JejIqey Jo jrede Sunyealq oY,
«pourrexs SurRq sorads oY) 0} JURAS[AI S[BIS © 1@ paunep oq IsIy Isnur jejiqey ‘Apyenbope
UorjR)USW IR} JR)Iqey SULSp O} ‘SN J, ~1elqey Jusde[pe uo 100[o [eIINauU IO ‘9A1Ye3au ‘9A1)ISOd e oAy ARWI | UOI}RIUSUIIRT)
67} 1211qeY-UOU JO XLITeW SYJ, ‘1e}Iqey-uou Jo uor}isodurod sy} uo juspuadop Os[e ST uorjejuaurder] Jejiqey Jo 1eqeH
$309]J0 oY} ‘19ASMOY ‘Je}Iqey -UOU PUR Je}Iqe]] JO SINJXIW 9Yj :ULIOf Jso[dulls ST Ul AJIoUa301939Y SI' ",
«KI1SIOATPOIQ JO SSO[ & 09 Surpes| ‘paoe[dsip 10
UOIJOTLIISOP
[z8] pofoaysop oxe suoryendod [ewitue pue JuR[J pourelsns A[eursno 31 soads o) sjroddns 108U0l OU T Je) enqe
A[[eoryeureIp 0Os paldjfe SI ‘Pur[loM IO IS9I0f B SB YONS ‘98IIqey [BINJeU B USUM SINOD0 UOIJONIISIpP 1eIqeH,, YeHqEH
«9oue)sisIad uoryendod pue [BAIAINS [RNPIAIPUL I0] (S92INOSSI *3°T) SUOIIPUOD
[g9] operrdordde o1} op1aoid 03 o[qe SS9 oIe SIBIIQRY PUR PIJNPal ST A)fendb 18R UleIoTM
‘yeqiqey] Tewrido-qns 0 rewijdo UIOI] UOTJRULIOJSTRI) MO[S B U99JO ST UOIjepeIsop Jejiqer],,
« OBUTH uoryepeidap
[z8] 9)eWI[d PUR ‘SowlI3a1 91 PaId)e ‘Surpunyreso ‘uornyjod ‘Surd3o] 9A1109[s ‘S109)j0 93pe paseaIdul " enae
‘uorjejuewiBer] jejiqey Aq se yons—sAem SNOLIeA Ul Papeldep Sureq SI yonur ‘yejiqey Suralains ayj jQ,, ¥eR9eH
6¢ «10A00 pue] oTua30dOoITIueR 03 PIIOATOD ST JOAOD PUR] [RINJEU USYM,,
28 oW} I0A0 PakoI)sep sI yejiqey Aqaioym sseooid & -,
[cL] «(P1ey do1d 09 18010] JO WOISIOATOD ‘*3°9) 0IoY) SUIAI WO so10ads & sjuaseld Jer) eare ue 0} ouey Y, SSO[ 1eHqeH

Eit. |

papiaoad uonugaq

LIS,




be highlighted explicitly rather left vague and up to interpretation. For this reason, we
will take a moment to explore some of the key terms found in the literature surrounding
habitat loss, primarily from the perspective of the ecologist. This exploration will lead
us to a handful of postulates, which are useful guiding tenets or heuristics that are
ecologically reasonable while providing guidance into how one may incorporate key
aspects of habitat loss in a mathematical setting.

Despite their shortcomings, these descriptions of habitat loss still give us some
useful information. In particular, the first definition highlights three (possibly distinct)

processes closely related to habitat loss. We define these more clearly now.

Definition 1.1.2 (Habitat Degradation [82]). A general term describing any set of

processes resulting in a decrease in quality of habitat.

Definition 1.1.3 (Habitat Destruction [82]). When a natural habitat is altered so

dramatically that it no longer supports the species it originally sustained.

What may be useful to note is the following caveat: total destruction of a natural
habitat is much less common than one might think. Instead, habitat quality is often
reduced while simultaneously increasing its level of heterogeneity. This process can take
a long time, and so it is difficult to say exactly when the habitat has become “destroyed”
except for in very extreme cases. This suggests that the line between degradation and
destruction is fuzzy, and these are instead two ends of a spectrum, ranging from not at
all degraded to completed degraded. At the point of total degradation, the habitat can
be considered destroyed. This is the convention we will use throughout this manuscript
when we discuss habitat degradation and/or destruction. Furthermore, this will align
in a favorable way with model formulations to be introduced later. In this sense,
definitions 1.1.2 and 1.1.3 will be agreeable to a majority of biologists/ecologists while
also providing an implicit mechanism suitable for mathematical description.

Postulate One: Habitat degradation and habitat destruction lie on a spectrum.

intact degraded destroyed\

V4
State of the Habitat
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Another interesting distinction gleaned from this discussion is the alteration of
habitat, and the ¢mpact said alteration(s) have on local species. From the ecologists’
perspective, some argue that one cannot and should not separate these two aspects [33],
[72]. The difference here is therefore purely mathematical: from the modelling point
of view, it is conceptual to describe habitat loss independent of the effect on species.
One can imagine a scenario in which habitat is “lost” by some means, but some subset
of local species (bacteria, insects) are more/less affected than others (large mammals).
This suggests that not only does the process of habitat degradation/destruction lie on
a spectrum, but it is also species dependent: properties of the population itself may
determine whether a particular instance of habitat loss is better or worse than another,
leading to the following.

Postulate Two: Habitat and habitat quality, however described, is species dependent.

The exact same observable characteristic(s) of a given landscape (food, water, shelter,
availability of space, etc.) may be ideal for some species while terrible for another. In
this sense, habitat loss in any form should not be viewed in a vacuum.

This distinction between habitat loss independent of impact, and habitat loss as it
effects local species, becomes more important when one considers habitat fragmenta-

tion. Fragmentation, in a general sense, is defined as follows.

Definition 1.1.4 (Fragment (noun) [47]). A part broken off or detached; an isolated,

unfinished or incomplete part.

Definition 1.1.5 (Fragment (verb) [47]). To collapse or break into fragments; to divide
into fragments: disunify

Definition 1.1.6 (Fragmentation [47]). The act or process of fragmenting; the state
of being fragmented.

Habitat fragmentation, as previously discussed, is a much more precarious term. A

common definition of habitat fragmentation is the following.
Definition 1.1.7 (Habitat Fragmentation (vague)).

e A process by which large and contiguous habitats get divided into smaller, isolated

patches of habitats [33], [38];
10



e Landscape transformation that includes the breaking of large habitat into smaller

pieces [48].

Funnily enough, the first definition, taken again from Wikipedia, follows the term
“more specifically”; the comedy here being that this is not very specific at all! The
second definition from another author is similar. While they capture the rough idea
behind habitat fragmentation, it is a difficult definition to work with from a modelling

perspective. A slightly more useful definition, perhaps, is the following.

Definition 1.1.8 (Habitat Fragmentation (more precise) [33]). The process during
which a large expanse of habitat is transformed into a number of smaller patches of

smaller total area isolated from each other by a matriz of habitats unlike the original.

Readers should be careful here: the use of the term habitat above does not appear
to be the same as that used here. Instead, they probably mean something closer to
vegetation type.

We distinguish the previous definitions from the following, also commonly found in

the ecological literature.

Definition 1.1.9 (Habitat Fragmentation per se). Changes in habitat configuration
that result from the breaking apart of existing habitat, independent of other forms of

habitat loss (e.g., habitat degradation or destruction).

In particular, when we refer to habitat fragmentation per se, we are discussing the
arrangement of the regions of habitat alone, independent of other forms of habitat loss
(degradation or destruction). More precisely, this point of view considers the study
of the effects of the mere arrangement for a given total amount of habitat. There is
much debate on the use and validity of studying such perspectives in detail, however we
take motivation from [44]: rather than dismissing one definition in favor of the other,
we will explore habitat fragmentation from multiple perspectives as they can provide
complimentary results and insights. This motivates our third postulate.

Postulate Three: Habitat fragmentation can be viewed in two distinct ways: in the

sense of as an arrangement, and in the sense of as a process.

11



Studying habitat fragmentation as an arrangement, as suggested, considers the
effect of shape and geometry of habitat in a given landscape. The effect part of the
study can be varied and sometimes quite complicated; we discuss this in more detail in
Chapter 4. Some critics suggest that this point of view is not a good representation of
habitat fragmentation as it occurs in the natural world. For a more ecologically minded
perspective, we also study habitat fragmentation as a process: this is the idea that,
through the process of habitat degradation and destruction, fragmentation occurs as
an inevitable consequence. The end result of a fragmented landscape is therefore an
epiphenomenon. We expand upon this in Chapter 4.

We then take the general term habitat loss to be as follows.

Definition 1.1.10 (Habitat Loss). Any combination of one or more of the processes

of habitat degradation, destruction or fragmentation.

In this way, habitat loss remains somewhat vague, but its constituent components

are better defined.

1.2 Preliminaries

In this section, we highlight some of the standard notations and conventions used
throughout the dissertation. We also explore some of the abstract theory used to prove
later results. This preliminaries section will focus on all of the mathematical tools
to be used in this thesis in detail. This includes key definitions, theorem statements,
lemmas, and propositions. What will be lacking is a detailed repetition of proofs for
many of these statements. In some cases, if the key ingredients are enlightening and
not overly cumbersome, some further detail or insights may be provided. In other
cases, the technical nature of the results and their proofs can be incredibly tedious,
outweighing any novel insights one may gain through the exposition of a proof. In
such cases, at minimum two different references should be provided for further reading
and additional context. Ultimately, a judgement call will be made, balancing the big
picture with the technical details. Sometimes, when a proof technique is very similar,
we will prove only the “more challenging” case(s). In particular, we provide proofs

12



for results that may essentially follow from existing arguments, but do not themselves

have a nice reference to point to.

1.2.1 Function spaces

We briefly introduce some notations and conventions. Spoiler alert: this work deals
with partial differential equations, almost exclusively of parabolic or elliptic type. Nat-
urally, this involves a few key components: space, time, derivatives, and their rela-
tionships. Functions will be denoted by the usual letters (u,v,w,z,f,g, etc.). Unless

otherwise clear, we write u = u(z,t) to denote dependence on a point z € RY with
8 2

dimension N > 1, and on a point ¢ € [0,00). Derivatives will be written as 2, 7,

etc. Sometimes we may use subscripts, i.e., % =: Uy, g—;ﬁ =: ugz, and so on. We denote
by V = (8%1, ey %) the gradient. We denote by A = Efil 3%2? the Laplacian. We
then denote by 2 C R¥ a smooth (C? unless otherwise specified), bounded domain. Q
denotes the closure of the domain, while 02 denotes the boundary. Q)1 will occasion-
ally denote the (open) parabolic cylinder 2 x (0,7T) for some fixed time T > 0, while
Q will denote the closed cylinder. When dealing with integrals, we often suppress the
variable of integration when the context is clear. In most cases, the domain over which

we integrate provides the required context.

Continuous function spaces

In classical PDE theory, we work with smooth solutions, which are understood to be
solutions sufficiently differentiable in the classical sense. We highlight some of these

spaces and their basic properties here.

Continuous functions in space only

C*(Q) (C*(£2)) denotes the set of all functions having continuous derivatives up to order
kin Q (). C°(Q) and C°(R2) will be denoted simply by C(Q2) and C(Q), respectively.

If we denote by a = (a4, .. .,a,) a multi-inder for non-negative integers o; satisfy-

13



ing |a| = a; + - -+ + an, we can define a norm on C*(Q) by
||U||ck(ﬁ) = Z sup | D%ul,
la|<k z€Q

where
dlely,

Duy= —————.
Ozt - - Ozl

It is readily verified that C*(Q) endowed with this norm is a Banach space (see, for
example, [1]). Note that when k = 0, we have the space of all continuous functions,

denoted simply by C(2), with the usual sup-norm

|u|C’(Q) = sup [u(z)|.
€N

Definition 1.2.1. Given a function u(x) defined over S, we define the support of the

function u by

supp(u) = {z € Q : u(z) # 0}.

Definition 1.2.2. Denote by C¥(2) the set of all functions belonging to C*(Q) with
compact support in €.

To generalize these spaces of continuous functions a little bit, one may introduce

the following semi-norm for a function u defined on €:

o 1@ = u)

a b
o,yEQaty |z —

for any o € (0,1). We then consider the Holder class, denoted by C*(Q), the set of all

functions such that the norm

[u(z) — u(y)|
Wl raron = |l + sup ————H—
[ull ga(y = l1llog) syeioty T — ]

is finite. We then define the function space for any non-negative integer k&
C**(Q) = {u : DPu € C*(Q) for any multi-index S such that |3| < k},

with the associated norms built in an analogous way. Of particular interest are the
spaces C1*(Q2) and C%*(f2), the set of functions that are once (or twice) differentiable,

with its first (or second) derivative being Holder continuous.
14



Finally, we say that a subset ¥ is compactly contained within 2, denoted 2’ € €2,
if (¥ is compact and €’ C Q. If given any subdomain Q' € 2 there holds u € C**((/),
we say that u € C**(Q). The space C%*(f2) is exactly the Holder space C*((Q2).

As noted previously, all spaces are Banach when equipped with the norms intro-
duced here. Also note that in the case when « = 1, the Holder class is referred to as a
Lipschitz class.

Finally, for functions on Hilbert spaces, we have the following standard result. Its

statement is found in [8], for example.

Proposition 1.2.1. Let H be a Hilbert space. Denote the inner product on H by (-, )

and the corresponding norm by ||-||. Let T be a compact, symmetric operator on H. If
m = sup {(T'u, u) : [Jul| =1} > 0,
then 1y is an eigenvalue of T, i.e. there exists uy € H \ {0} so that Tu; = myu;.

Continuous functions in space and time

In the case where our domain is a parabolic cylinder, we introduce similar spaces that
are convenient for the study of second order parabolic equations. Given two points

A = (z,t),B = (y, ) € Qr, define the parabolic distance between A and B as
1/2
d(A, B) = (Jz — yf* + [t — s[)"*

Then, given a function defined on @7, we introduce the semi-norm

() — ()
p

A,BeQr,AxB  d*(A, B)

for any o € (0,1). We denote by C**/2(Q) the space of all functions such that the

norm
|u(A) — u(B)|
U] goa = ||u + su —_
lullc /2() [ ”C(QT) A,BeQEA;éB d*(A, B)
is finite, where [|-||5(q,, is now the sup-norm over @r. We then define the following

space appropriate for second order parabolic partial differential equations.

15



Definition 1.2.3. For any non-negative integer k and any o € (0,1), we define the

space

C2ral+e/2(Q.) = {u : DPu, u ¢ C*%(Qy) for any B such that |B| < 2}

endowed with the norm

||u||02+a,1+a/2(QT) = ||%||Ca,a/2(QT) + Z ”Dau”Cavaﬂ(QT) .
|a]<2

Sobolev spaces in the domain )

Here we remind readers of some basic facts and definitions for the theory of Sobolev
spaces. We discuss the case of a spatial domain only. The more complicated case of
t-anisotropic Sobolev spaces [123] is discussed after.

When a classical, smooth setting is not appropriate, it is common to appeal to
notions of integrability and weak derivatives. This naturally involves the theory of

Sobolev spaces. For 1 < p < oo, define the norm

1/p
|mm@=(4u© .

We then denote by L?(2) the space of all integrable functions (in the sense of Lebesgue,
see [1, Ch. 1]) such that its LP-norm remains finite. In the case of p = oo, L*((2)
is understood to be the set of functions that are essentially bounded, i.e. the set of

functions such that
esssup(u) = inf{c € R : u(z) < ¢ for almost every z € 2}

remains finite. In this case, [|u| e q) = esssup(u). For continuous functions, we have

that
1m0y = 1l
The space LP(2) can be obtained through the completion of C*°(£2) with respect to the

norm ||| sy If, given any K € Q2 there holds || f||1»(x) < 00, we say that f belongs
to L ().

16



Definition 1.2.4. Suppose u € L} (Q) and i = 1,...,N. If there exists functions
gi € L}, .(Q) such that

loc
0

holds for any function ¢ € C§°(Q2), we say that g; is a weak derivative of u. In such a

case, we then write

ou '
axi = Gi-

In the definition above, the function ¢ is commonly referred to as a test function.
Using this framework, we now have notions of weak gradients and higher. This is a
key ingredient that allows one to develop notions of solutions that are not necessarily
classical.

We are then able to introduce higher order Sobolev spaces. If a function has k weak
derivatives (through repeated application of Definition 1.2.4), we say that it belongs
to the space W¥(£2). We define the following Sobolev space.

Definition 1.2.5. Let k be a non-negative integer and p > 1. Then we denote by
Wk?(Q) the class of functions

W(Q) = {u € W*(Q) : D*u € LP(Q) for all |o| < k}

endowed with the norm

1/p

T / S | D

o<k

For all p > 1, W*?(Q) is a Banach space. Finally, we have the following space of

functions that “vanish along the boundary” in a weak sense.
Definition 1.2.6. Denote by WEP(Q) the closure of CP () in WH?(Q).

Remark 1.2.1. In the definitions above, when one takes p = 2 we have a Hilbert space
with an inner product given by the norm. It is customary to denote these spaces as

H*(Q). Of particular interest are the spaces H*(Q) and H}(S).

17



We also have the following Poincaré-type inequality for functions which vanish on
a set of positive measure. This is Theorem 4.4.2 in Weakly Differentiable functions by

Ziemer [125], modified as to align with the notation used here.

Proposition 1.2.2. Suppose Q C RY is bounded. Suppose u € H'(Q) has the property

that
/Vuz/uzO,
E E

where E C Q is a measurable set of positive (Lebesgue) measure. Then, there ezists a

constant C = C(Q) so that
lull 2@y < C IVl 2y -

This is usually presented in the case of H}(2), the set of functions whose trace
vanishes on 0f). In Chapter 3, we will require the same inequality for functions which

vanish on some set contained within €.

Sobolev spaces in the domain Qr

We now introduce the so-called t-anisotropic Sobolev spaces for problems that depend
on time. The most important space is W' (Q2), also appropriate for the study of second

order parabolic equations.

Definition 1.2.7. For any p > 1 we define the space
W2 (Qr) = {u: D*u, % € LP(Qr) for every |a| < 2}

endowed with the norm

1/p

ullys gp = //Q S Do + |22 | dodt
T

|of <2

sz’l(Q) is also a Banach space. There are additional special cases for sz’m when
k,m are 0 or 1. There are also precise definitions for smooth functions vanishing along

0Q x (0,T) or along 99 x (0,T) UQ x {t = 0}. For these cases, we refer to [123, Ch.
18



1.4.1]. Here, we will simply refer to such functions as test functions where the context
will be clear.
What will be useful for later chapters is the special space Va(Qr), which is also

found to be a Banach space.

Definition 1.2.8. Let L>(0,T; L*(Q)) be the set of all functions for which almost
every t € (0,T), u € (-,t) € L*(Q) with |lu(-,t)|| 2y bounded. We denote by Va(Qr)
the set L°(0,T; L*(Q)) N Wy (Qr) endowed with the norm

1llvai@ry = Sup [uC Dl 2y + IVl p2gpy -

There are many fine and useful properties of these function spaces, including proper-
ties of weak derivatives, equivalencies under certain hypotheses, density and compact-
ness properties, interpolation inequalities, relations to less regular boundary conditions,
and so on. We do not expand any further here, instead referring to [1], [123] for further

insights. When these properties may be used, we provide references as appropriate.

1.2.2 Inequalities, convergence and embeddings

In this section we compile some useful inequalities, along with convergence and em-

bedding results.

Inequalities

We have the following, Cauchy’s inequality with epsilon: given € > 0 and a,b > 0 there

holds

€ 1
<2, 132
ab_2a +2€b

Its generalization, Young’s inequality with epsilon, is as follows: given any € > 0,

a,b >0, and p,q > 1 satisfying % + % =1, there holds

g~a/p

ab < Sa? + b,
P

This inequality allows one to prove Holder’s inequality.
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Proposition 1.2.3 (Hélder’s inequality). Let p,q > 1 satisfy % + é =1. If f € L*(Q)
and g € LI(Y), then fg € L* () and

1£9ll 1y < N1fllzo () 191l Loy -

Select convergence results

Here we highlight some standard convergence results. First is the Arzela-Ascoli Theo-

rem.

Theorem 1.2.1 (Arzela-Ascoli Theorem). Suppose a sequence of real-valued functions
fn(x) are uniformly bounded and equicontinuous on Q. Then, there exists a uniformly

convergent subsequence.
Similarly, we have Dini’s theorem.

Theorem 1.2.2 (Dini’s Theorem). Suppose a sequence of real-valued functions { fn(z) }nen
are monotone (increasing or decreasing) and converge pointwise in Q. If the limit func-

tion is also continuous, the convergence is uniform.

Embeddings

Let X and Y be Banach spaces such that X C Y. Recall that we say X is compactly
embedded in Y, denoted by X € Y, provided that i. |ju|y, < C|lu|lx for some C
independent of u; and ii. each bounded sequence in X is precompact in Y. We have

the following two standard embedding theorems.

Theorem 1.2.3 (Sobolev embedding). Let @ C RY be a smooth, bounded domain and
p > Nk. Then, WH(Q) Cc C*(Q) for any 0 < o < 1 — N/p, and for any function
u € WLP(Q), there holds

lullge@ < COV, 2, 9) lullyan -

Furthermore, the embedding is compact.
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Theorem 1.2.4 (t-anisotropic Sobolev embedding). Let Q C RY be a smooth, bounded
domain and p > (N +2)/2. Then, W2*(Qr) C C*(Qr) for any 0 < o < 2—(N+2)/p,
and for any function u € W2'(Qr), there holds

”u”C"""/z(QT) < C(N,p,Qr) ”'U'HWI?J(Q) .

Furthermore, the embedding is compact.

A simple example

Here we briefly explore a simple example demonstrating the application of the Sobolev

embedding theorem. Consider the equation
U = dugy + u(m(z) — u)

in a bounded domain Q)7 subject to appropriate boundary conditions. In classical PDE
theory, one assumes that m € C%*(2) for some a € (0,1) in order to obtain a classical
solution u € C*H*!+%/2(Qr). Suppose instead that we merely assume m(z) € L®((Q).
Classical theory no longer applies, but we may regularize m by m, so that m,. is smooth
for every € > 0, and m, — m in L?(Q) as € — 0% for any p > 1. The corresponding
solution, denoted by wu,, is then classical. It is possible to obtain uniform bounds on
U, independent of €. This shows that u. € sz’l(QT) for any p > 1 by the LP-theory
of parabolic equations. Hence, there exists a convergent subsequence, converging to a
weak solution of the original problem. Using Theorem 1.2.4, we may choose p as large
as we like to conclude that in fact u € C*T(+2)/2(Q.) for any o € (0,1). This shows
that the solution is differentiable in space, with its derivative Holder continuous, but

with (perhaps) no second derivative (in a classical sense)!

1.2.3 Monotone dynamical systems

In this section, we highlight some of the standard abstract results applied to monotone
dynamical systems, and more specifically continuous monotone dynamical systems. We
focus on continuous-time order-preserving flows as this will be the primary use of these
tools here. For further precision and details, we refer readers to [68], [124]. We hope

to provide a reminder and some context for more familiar readers.
21



We begin with some standard definitions and their notations. Let X be a Banach
space with Y € X. A subset K of X is said to beaconeif K+ K C X, AK C K
for all A > 0, and K N (—K) = {0}. We will assume a cone has non-empty interior
unless otherwise specified. There is then an ordering induced by the cone K. For each
u,v € K, wevwriteu >vifu—veK;u>vifu—ve Ku>vifu—ve K™,
where Kt = K \ {0} and K* is the interior of the set K, i.e., the set consisting of
all points oy € K such that there exists an open ball around zy contained within K.

A simple but instructive example is the space X := C(Q2). Then, C*(f) is simply

the set of non-negative continuous functions on Q. C*+(Q) is the set of strictly positive

functions in 2. For w!,w? € C(R), the following ordering is often used in literature.

w' <w? iff w?-w'eCtQ),

Q)
w' <w?® iff w?—-w'eCt Q)

w' < w? iff w?-—w'e Q).

{0},

Note that the cone we work in depends on the problem we study; the ordering above
is appropriate for homogeneous Neumann boundary data, but is not sufficient for ho-
mogeneous Dirichlet boundary data.

We now present some important theorems concerning compact, positive operators,
their spectral radius, and connections to eigenvalues. Let 1" be a linear operator on a
Banach space X. T is called positive if T(K) C K. Denote by o(T') the spectrum of T
and spr(7") the spectral radius of 7. We have the following theorems of Krein-Rutman,
both found in e.g., [68, Ch. L.7].

Theorem 1.2.5 (Krein-Rutman I). Suppose an operator T : X — X is compact and
positive. Assume that A = spr(T') > 0. Then X is an eigenvalue of T with eigenfunction
Y >0.

Assume now that K has nonempty interior. An operator T is called strongly positive
if T(Kt) Cc K*t*. We have the second theorem.

Theorem 1.2.6 (Krein-Rutman II). Suppose the operator T is compact and strongly
positive. Then X\ = spr(T) > 0, and X is the unique eigenvalue of T having a positive

22



eigenfunction 1. Furthermore, ¥ > 0 and A is algebraically simple. Finally, |r| < A
forallr € o(T), 7 # A.

Finally, we have the following result for the inhomogeneous problem. We assume

h € X* and consider the solution of the equation
yu+Tu=h inXT.

Theorem 1.2.7 (Krein-Rutman III). Assume the hypotheses of Theorem 1.2.6 hold.
Then

(i) There exists a unique solution v € Xt solving the inhomogeneous problem for

every v > A, there is no positive solution for any v < A.

(ii) If vy = A, there is no solution at all.

We next recall the definition of a semi-flow. A semi-flow is a continuous map
S = S(t,u) : Dom(S) C [0,00) X Y — Y such that Dom(S) is open in [0,00) x Y and

satisfies the following three properties:
i) S(0,u) =u, Vu€ey;
ii.) S(t,S(t',u)) = S(t+t,u) for any ¢, > 0, u € Dom(S(¢t + t'));
iii.) S(t,u) is strongly continuous in (¢, u).

Property ii. is often referred to as the semigroup property. The map S is called strictly
order preserving (resp. strongly order-preserving) if for any ¢ > 0, u < v implies that
S(t,u) < S(t,v) (resp. S(t,u) < S(t,v)). Note that in some references, the term
order-preserving is exchanged with monotone. Hence the term monotone dynamical
systems.

Beyond monotonicity, there is the notion of subhomogeneity.

Definition 1.2.9 (Subhomogeneous function). A continuous function f : X — X is
said to be subhomogeneous if f(Au) > Af(u) for any u € X and A € [0,1]; strictly
subhomogeneous if f(Au) > Af(u) for any v € X with u > 0 and X € (0,1); and

strongly subhomogeneous if f(Au) > Af(u) for any u € X with u >0 and A € (0,1).
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We now present a useful “threshold dynamics”-type theorem in the language of
[124] (the precise theorem statement is given in [124, Thm. 2.3.4]). Similar results and

further discussion can be found in [68].

Theorem 1.2.8 (Threshold dynamics). Suppose a continuous map f : X+ — X+
is either strongly monotone and strictly subhomogeneous, or monotone and strongly
subhomogeneous. Suppose further that f is asymptotically smooth, and every orbit in
X is bounded. Finally, suppose that f(0) = 0 and that Df(0) is compact and strongly
positive. Then the following threshold dynamics hold.

e Ifspr(Df(0)) <1, then every orbit in X+ converges to 0;

e Ifspr(Df(0)) > 1, then there exists a unique fized point u* > 0 such that every

orbit in Xt converges to u*.

To give some additional context, we also state the following two theorems from [68]

concerning subhomogeneous continuous time semiflows. Denote by [u;, us] the order

interval {u € C(Q) : u1 < u < uy}.

Theorem 1.2.9 (Monotone theorem I). Let u; < ug be equilibrium points of the strictly
order-preserving semiflow S, and let X = [uy, ug).
Assume [0,00) X X C Dom(S) and that S(t, X) is relatively compact for eacht > 0.
Then either

(i) there is a further equilibrium in X, or

(ii) there is a strictly monotone entire orbit v = {z; : t € R} connecting u; and us,

i.e., 2Zeyr = S(7,2) for everyt € R, 7 € [0,00), and either
Ty < Tygr, VEER, 7>0, and lim 2z =wuy, lim 2 = u,,
t——o00 t—o0

or

Ty > Tpyr, VEER, 7>0, and lim 2z, =uy, lim 2z = uo
t—o0 t——o0

For the next theorem, we also require the notion of subequilibria and superequilibria.
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Definition 1.2.10 (Subequilibria & Superequilibria). A point u € X is called a sube-
quilibrium (superequilibrium) of the continuous dynamical system S if u < S(t,u)
(u > S(t,uw)) for all t € [0,T), where 0 < T = T(u) is the (possibly infinite) mazimal
existence time of the flow S. A point u is a strict subequilibrium (superequilibrium) if

it is a subequilibrium (superequilibrium), but not an equilibrium.

Theorem 1.2.10 (Monotone theorem II). Let S be strongly order-preserving, and let
v1 < v be subequilibrium and superequilibrium, respectively. Let V := [vy,vs], and
assume that [0,00) X V' C Dom(S) and that S(t,V) is relatively compact for each
t > 0. Finally, assume each equilibrium in V is stable. Then all positive semiorbits in
V' converge, i.e. w(v) = {v*}, v* equilibrium, for all v € V. In addition, the set £ of

equilibria of S in V is totally ordered and connected.

The language is sometimes difficult to parse so we will use the same simple example

to demonstrate its use.

Return to a simple example

We return again to the equation
U = dUgg + u(m(z) — u)

in €2, subject to appropriate boundary conditions. The abstract Theorem 1.2.8 can
be applied to this problem to conclude that there exists a unique steady state uj,, if
and only if the sign of a principal eigenvalue is negative, otherwise 0 is the only steady
state. Using the maximum principle, we can show that the PDE generates a strongly
monotone flow. Furthermore, since the reaction term is concave in the variable u,
it is also strongly subhomogeneous, and so the PDE generates a strongly monotone
subhomogeneous flow.

The “asymptotic smoothness” property follows from the regularizing effect the PDE
operator has. In this case, the operator takes a merely continuous function and returns
a twice differentiable function (if m(z) € C*()). Using standard methods one can

show that solutions remain uniformly bounded for all time due to the strict concavity

of the reaction term.
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It is easy to verify that u(z,0) = 0 implies that u(z,t) = 0 for all ¢ > 0. Com-
pactness again follows from the regularity of the PDE operator (in this case, a simple
diffusion operator). Since the PDE has the “infinite propagation speed” property, i.e.,
solutions with non-negative, non-trivial initial data are strictly positive for any ¢t > 0,
the PDE is strongly positive.

Thus, the PDE map S(¢; up(z)), taking a continuous function uo(z) = u(z,0) as
an input, returning a solution to the given problem satisfies all of the conditions of
Theorem 1.2.8. In practice, the higher order terms (diffusion, advection) relate to
compactness properties of the PDE map S. On the other hand, properties of the
low order term (generally f(z,u), in this case the logistic form u(m(z) — u)) provide
monotonicity or subhomogeneity properties of the PDE map S.

As it turns out, the dichotomy between [0, 1] and (1,00) in this case can be made
equivalent to the sign of a principal eigenvalue. This eigenvalue corresponds to the
linearization of the time-dependent problem about the trivial steady state. This eigen-
value, in turn, depends on the diffusion rate d and the heterogeneity m(z), giving

insights into the nature of persistence for diffusing species.

1.2.4 Maximum principles, comparison principles, and Hopf’s
lemma

In this section, we highlight briefly the two main “types” of solutions we work with.
The first is the classical solution, which is sufficiently differentiable to plug directly
into the relevant equation and satisfies it everywhere in Q or 7. The second is the
weak solution (in our case, this often turns out to be a strong solution). Also of note
is the mild solution, though we do not use this notion in the present work and will not

focus deeply on the theory of semigroups.

Elliptic equations

Suppose we are given a general, second order linear elliptic operator:

N 0%u N Hu
D= 2 0 g, 2 i, -y
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We always assume that a;;(x), bi(z), c(x) belong to L*(f2), ai; = aji, and that there
exists constants 0 < A < A so that

N
MEP <Y ay(@)6d; < ALEP, VEERY, zeQ.

ij=1
This lower bound is commonly referred to as a uniform ellipticity condition, which

)

essentially ensures a “non-degeneracy” condition on the highest order term of the

operator L. We may then consider equations of the form
Lu=f inQ,

where f(z) is some given, suitably smooth function. A quintessential tool in the study
of PDE is the so-called mazimum principle, see e.g., [123, Ch. 8], [95, Ch. 2], [8, Ch.

]. In what follows, % denotes the outward unit normal vector to the boundary 0f2.

Theorem 1.2.11 (Maximum principle for elliptic equations). Let ¢(z) > 0, and a;;(z),
bi(z), c(z) belong to L>(f2). Suppose that u € C*() satisfies Lu < 0 in Q. Then,

o If u attains a non-negative mazimum M > 0 at any point o € 2, thenu = M

in all of Q.

e Suppose further that uw € C(2) and that Q0 satisfies the interior ball condition
(i.e., every point xy € 0N lies on the boundary of a ball B,(yo) C ). Ifu=M

at some point o € 0N for which % exists, then either % >0atxzygoru=M in

Q.

The second part of this theorem ensuring the strict positivity of the outward facing
normal

Note that our general assumption that 0N is of class C? ensures the interior ball
condition holds automatically; less regular domains, such as those with cusps, can still
satisfy an interior ball condition.

The maximum principle has many consequences. Of particular use is the compar-

ison principle, which now incorporates some information along the boundary. In this
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work, we primarily consider only the homogeneous Dirichlet or Neumann boundary
condition:

0
Bpu:=u=0o0n 0, or BNu:=6—Z=00nOQ.

Then, we can formulate the boundary value problem

Lu=f in, (1.2)
B;u = 0 on 01,

where ¢ = D, N and f(z) is a given, suitably smooth function. We then have the

following.

Theorem 1.2.12 (Comparison principle for elliptic equations). Suppose c(z) > 0 and
bi(z), c(z) belong to L=(R). Suppose that u,v € C%(Q) N C(Q) satisfy Lu < Lv in Q,
and Byu < B;v along 02 for i = D or N. Then there holds

u(z) <v(z) Vre.

Remark 1.2.2. This theorem statement was taken from [123, Ch. 8.1] which is valid
only for the Dirichlet boundary condition. The same is true for a Neumann bound-
ary condition (or a Robin boundary condition, not discussed here), in which case we

reference [95] or [8] and the references therein.

As we will explore in the next section, often the requirements for these results are

too strong.

Parabolic equations

Here we compile the analogous results to the previous section for the case of second
order parabolic problems. In this case, the operator is still of the form given in (1.1),
but now a;; = a;i(z,t), b; = bi(z,t), ¢ = c(z,t), each of which are assumed bounded
in Qr. It is still assumed that a;; satisfies the uniform ellipticity condition for all
(z,t) € Q.

We then consider solutions to the equation

ut—i-Lu:f in QT
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where f = f(z,t) is some given, appropriately smooth function. We have first the

maximum principle.

Theorem 1.2.13 (Maximum principle for parabolic equations). Suppose a;j(z,t),
bi(z,t), c(z,t) belong to L>°(Q). Suppose that u € C*(Qr) satisfies uz + Lu < 0
in Q. Then,

e If u attains a non-negative mazimum M > 0 at any point (xo,to) € Qr, then
u=M in all of Q x (0,%].

o Suppose further that u € C(Q x (0,T)) and that Q satisfies the interior ball
condition (i.e., every point xo € ON) lies on the boundary of a ball B,(yp) C ).
If u = M at some point (zo,to) € 02 x (0,T) for which g—’,j exists, then either
% > 0 at (zo,to) oru=M in Q x (0,t).

Then, we can formulate the parabolic initial-boundary value problem analogous to

problem (1.2):

u + Lu = f(z,t) inQ x (0,7,
B;u(z,t) =0 on 09 x (0,T), (1.3)
u(z,0) = up(z) > 0 in Q

where i = D, N as before, and f(z,t) is a given. We then have the following.

Theorem 1.2.14 (Comparison principle for parabolic equations). Suppose a;;(z,t),
bi(z,t), c(x,t) belong to L°(Q). Suppose that u,v € C*(Qr)NC(Qr) satisfy us+Lu <
vt + Lv in Qr, and B;u < By along 0 x (0,T) for i = D or N. Then there holds

u(z,t) <v(z,t) VY(z,t) € Qr.

Similar results under weaker conditions

As we will explore in the next section, often the conditions for maximum/comparison
principles are too strict, particularly when we consider solutions that may not be
differentiable in the usual sense. As it turns out, strong maximum principle-type
results still hold for weak and strong solutions, where differential inequalities are now
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understood in the weak or almost everywhere sense. For the case of elliptic equations,
we state the so-called Aleksandrov maximum principle, with statement taken from [52,

Ch. 9.1]. We modify the statement slightly for the conventions used here.

Theorem 1.2.15 (Aleksandrov maximum principle). Suppose u € W2V (Q) satisfies
—Lu < 0andc =0 (c > 0). Then u cannot achieve a mazimum (nonnegative

mazimum,) in Q unless it is a constant.

In the case of parabolic equations, we state the result found in [4, Theorem 1]. We

again modify the statement slightly to align with the conventions used here.

Theorem 1.2.16 (Aleksandrov maximum principle for parabolic equations). Suppose
that u(z,t),v(z,t) € CY1(Qr). Suppose that there exists a point (zo,ty) € Qr such
that u(zo, to) = v(zo,to) and that u < v in Q. Suppose further that v and v satisfy

w—Lu<0<wvy—Lv
in Q, in the weak sense. Then, u =v in Q.

Remark 1.2.3. Actually, the result in [4] is much more general, allowing for nonlin-
earity at the highest order. We do not require such machinery generally; the value is
in the decreased reqularity assumptions on the functions. Notice that we require u and
v to satisfy some differential inequalities (similar to the classical case), but now they

hold only in a weak sense. We elaborate further on this point in the subsequent section.

Essentially, so long as the appropriate differential inequalities are satisfied, even in
a weaker sense, we have the same results as those found in Theorem’s 1.2.11-1.2.13.

We also state the following result, commonly known as Hopf’s lemma. This lemma
is of particular use when applying the maximum principle and considering boundary
points. Of note is the lack of regularity required: the result holds for strong solutions
(see the following section for details!). Since our solutions are not always classical such

considerations are necessary. The statement is taken from [103, Theorem 1.1]

Theorem 1.2.17 (A general Hopf’s lemma). Let Q C RY be a smooth bounded domain,
a;; € C*(Q) with a;j(z) = a;(z), 1 <i,j < N, z € Q, and ZQ;:I a;i ()€€ > 0 for
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all z € Q and £ € RV \ 0. Assume that u € C*(Q) solves, in the weak sense,

N N
— Z 0z, (ai(2)05,u) + Z bi(2)0p,u+ c(z)u >0, inQ,

ij=1 i=1
where b; € L>®(Q) for1 <i < N, c € L>(Q), and c(x) > 0 a.e. in Q. Suppose that for
zo € 0N there exists a ball B C Q) with zo € 0B where u = u(z) > u(xo) for z € B. If
u(zo) < 0 then

ou
5(.’1)0) < 0,

where v is the outward unit normal at x,.

Remark 1.2.4. Note that in the statement above, the operator is in divergence form.
This is different from L introduced in (1.1), which is not in divergence form. This
can cause some confusion, however, we note that under appropriate smoothness as-
sumptions on the coefficients they are equivalent. In particular, we always consider
a;j(z) = did;j, where 6;; is the Kronecker-Delta function and d; > 0 is a constant.

Hence, the two forms are equivalent for our purposes.

1.2.5 Notions of solutions to PDEs

Here we explore which kind of solutions we expect to obtain in this work.

Classical solutions of elliptic equations

Definition 1.2.11 (Classical solution). We call a function u(z) a classical solution of
problem (1.2) if it belongs to C***(Q)NC(Q) for some o € (0,1), satisfies the equation

everywhere in §, and satisfies the boundary condition pointwise everywhere along 0).

From this definition, we see that a classical solution is the easiest to work with, at
least in one sense: all derivatives are the usual derivatives that we are familiar with
from calculus I, and the equation is satisfied in an intuitive way. This is different from
the notion of weak and strong solutions. Notice that in this case, the operator L is
taken in divergence form. As stated previously, this will not make a difference for our

purposes since a;; will be constant for each of its entries; despite this, it is worth noting
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that in general, weak formulations are a little more natural for equations in divergence

form.

Weak and strong solutions of elliptic equations

In most cases of interest, regularity assumptions required for classical solutions are
much too restrictive. It is nice to be able to work with less regular functions and still
have a notion of a solution in a meaningful way. To this end, we use the notion of weak
derivative introduced previously. In particular, weak solutions are made well-defined

through integration by parts.

Definition 1.2.12 (Weak solution (elliptic case)). A function u(z) belonging to H*(Q)
is said to be a weak solution of the equation Lu = f in Q if, given any test function
¢ € C§°(Q), there holds

ou 6(15
A(Zam(fﬂ)a 3

t,5=1

¢>+c( )u¢> dx—/f¢dx (1.4)

If, in addition, u € Hy(Q), u is said to be a weak solution to the boundary value problem
(1.2) with Bp = 0.

Remark 1.2.5. In the definition above, if u € H3(Q), u is said to vanish along
in the sense of the trace. The trace theorem is an important result that allows one to
consider functions taking values on “sets of measure zero”. Indeed, from the point of
view of 2, ) has measure zero since it is N — 1-dimensional! In the case of Dirichlet
boundary conditions, this is obtained somewhat directly. In the case of Neumann bound-
ary conditions, a similar perspective is taken, with the Neumann boundary condition

satisfied in some integral sense.

We highlight the trace theorem here for convenience. The following is taken from

31, Ch. 5].

Theorem 1.2.18 (Trace theorem I). Let Q have a C* boundary and fir p > 1. Then,
given any u € WHP(Q), there exists a bounded linear operator T : WHP(Q) — LP(0Q)

such that
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e Tu=ulsq if ueW(Q)NC(Q); and

® ||ITull oaqy < C llullwroi),
where C depends only on p and Q.

In some references, the statement is more “direct” for the Hilbert space H'(f2), and

so we state this version as well, taken from [123, Ch. 1].

Theorem 1.2.19 (Trace theorem II). Let Q have a C? boundary. Then, anyu € H'(Q)
has a trace Tu along ) such that Tu € L*(0), which is to say, there exists a function
Tu € L%(0R) satisfying

lim / |up, — Tul? dS = 0,

where {Uy }nen C C*(Q) is an arbitrary sequence converging to u in H'(S).

Further discussion on traces can be found in, e.g., [8, Ch. 1.6].

In the definition of a weak solution, we make no assumption on the regularity
of the solution beyond H!(Q2). In many cases, the regularity can be improved so
that the solution, while not classical, may still have some classical differentiability or

integrability properties. This motivates the definition of a strong solution.

Definition 1.2.13 (Strong solution (elliptic case)). A function u € W2P(Q) is said to
be a strong solution to the equation Lu = f if u satisfies the equation almost everywhere

in Q. If, in addition, v € H}(Q), u is said to be a strong solution of the boundary value

problem (1.2) with i = D.

Remark 1.2.6. Similar to the case of weak solutions, analogous formulations exist
for the case of Neumann boundary conditions. In fact, in the case of homogeneous
Neumann boundary data, both weak and strong solutions are defined through the identity
(1.4) with H}(Q) replaced by the larger space H'(SY). These distinctions are covered in
detail in [89, Ch. IV].
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Classical solutions of parabolic equations

We now highlight the analogous results to the previous section for the parabolic case.
All results are almost identical aside from a handful of technical details that change.
Overall, the philosophy to develop notions of classical, weak, and strong solutions

remains the same.

Definition 1.2.14. We call a function u(z,t) a classical solution of problem (1.3)
if it belongs to C**1%*/2(Qr) N C(Qr) for some a € (0,1), satisfies the equation
everywhere in Qr, satisfies the boundary condition pointwise along 02 for all t > 0,

and there holds lim;_,o+ u(z,t) = ug(x) pointwise in Q.

Weak and strong solutions of parabolic equations

As in the case of elliptic equations, requirements for classical solutions are often too
restrictive. Using the same notion of weak differentiability, we have the following

definition of a weak solution.

Definition 1.2.15 (Weak solution (parabolic case)). A function u(z,t) belonging to
HY(Qr) := Wy (Qr) is said to be a weak solution of the equation uz + Lu = f in Qr
if, given any test function ¢ € C3°(Qr), there holds

N

Bu 809 ~, Ou B

If, in addition, u(-,t) € H3(Q) for almost every t € (0,T), u is said to be a weak
solution to the boundary value problem (1.3) with Bpu = 0.

Remark 1.2.7. As in the case of elliptic equations, we may treat the homogeneous
Neumann boundary condition though choosing test functions from the space H(Qr).
Furthermore, as in the case of elliptic equations, boundary conditions are considered
satisfied in the sense of the trace. This notion extends to satisfying the initial data in

the sense of the trace.

For convenience we highlight some trace theorems for parabolic problems. In what

follows, we denote by 0Qr the set 9Q x (0,T) UQ x {t = 0}.
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Theorem 1.2.20. Let Q) have a C? boundary. Given any function v € H (Qr), u has
a trace Tu € L%(0Qr).

We conclude with the notion of strong solution for parabolic problems.

Definition 1.2.16. A function u € W2'(Qr) is said to be a strong solution of the
equation uy + Lu = f if u satisfies the equation almost everywhere in Qr. If, in
addition, u(-,t) € H}(Q) for almost every t € (0,T), and lim; o+ u(z,t) = uo(z) in
the sense of the trace, u is said to be a strong solution of the initial-boundary value

problem (1.3) with ¢ = D.

Remark 1.2.8. As in the case of elliptic equations, most textbooks consider in detail
only the case of Dirichlet boundary data. The analogous formulation for the homo-
geneous Neumann problem follows by replacing Hy(Qr) with H*(Qr), the details of
which can be found in, e.g., [89, Ch. VI].

1.2.6 Schauder Theory for elliptic and parabolic equations

To complement the material introduced in previous sections, we now state some results
sometimes generally referred to as the Schauder theory of elliptic and parabolic equa-
tions. This theory provides conditions which ensure the existence and uniqueness of a
classical solution to linear, second order elliptic and parabolic equations. Additionally,

we have the so-called Schauder estimates for these classical solutions.

Elliptic equations

Theorem 1.2.21 (Existence of classical solutions (elliptic case)). Assume o € (0,1),

and a;;,b;,c, f belong to C*() with ¢ > 0. Then, problem (1.2) admits a unique
classical solution u € C**(2) N C(Q).

Theorem 1.2.22 (Schauder estimates (elliptic case)). Assume a € (0,1), and a;;,b;,c
belong to C*(2). Suppose also that f € C*(Q). Ifu € C*>*(N) NC(Q) is a classical
solution to problem (1.2), then

lellney < € (Iflloe + Iellow)

for some constant C > 0 depending on N, a, 2, and the C*-norms of a;;, b;, c.
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Parabolic equations

Theorem 1.2.23 (Existence of classical solutions (parabolic case)). Assume a € (0,1),

and a;;,b;,c, f belong to C*(2). Then, problem (1.3) admits a unique classical solution

u € CH*2(Qr) N C(Qy).

Theorem 1.2.24 (Schauder estimates (parabolic case)). Assume a € (0,1), and
aij,bi,c belong to C**/2(Qr). Suppose also that f € C**/%(Qr). Ifu € C*r1+e/2(Qr)N
C(Qr) is a classical solution to problem (1.3), then

lullgatassoraary < € (I lomerziam + e

for some constant C' > 0 depending on N, o, 2, and the C*-norms of a;j, b;, c.

1.2.7 L[P-theory for elliptic and parabolic equations

We conclude with the weak and strong analogues to the Schauder theory briefly pre-
sented in the previous section. In these cases, the Holder condition on the right hand
side is exchanged for an L? condition. For the case of weak solutions, we state some
theorems from the L2-theory of elliptic and parabolic equations. Then we state results

for the LP-theory versions leading to strong solutions.

Theorem 1.2.25 (L2-existence for linear elliptic equations). Suppose b; =0 and that

¢ > 0. Then, given any function f € L*(Q), the following hold.
o There ezists a unique weak solution v € H(Q) solving problem (1.2) withi = D.

e If, in addition, c 2 0 in Q, then there exists a unique weak solution v € H'(Q)

solving problem (1.2) withi= N.

Remark 1.2.9. This result for the case of Dirichlet boundary conditions (homogeneous
or otherwise) can be found in, e.g., [31, Theorem 8 Ch. 6.2/ or [123, Theorem 2.3.2).
The result for Neumann boundary data (homogeneous or otherwise) can be found in
[89, Ch. IV]. In the case where ¢ = 0, the problem reduces to Poisson’s equation, which
is easier and can be treated separately. Actually, this is precisely Problem 4 in [31, Ch.
6.6].

36



Remark 1.2.10. If the condition b; = 0 is violated, Theorem 1.2.25 is still true; in
this case, the equation solved must be written as Lu+ pu for some p € R. Then, there
exists a v > 0 so that Theorem 1.2.25 holds for all u > 7. This can be found in the
two Theorems referenced in the previous remark. Essentially, the first order terms ruin
the symmetry of the operator L, and so the “usual” techniques (Riesz’s representation

theorem or variational methods) do not apply.

Along with the existence of a solution, we also obtain the following estimates for

the solution obtained.

Theorem 1.2.26 (L>-type estimates for linear elliptic equations). Suppose the hy-
potheses of Theorem 1.2.25 hold. Then, there exists a constant C > 0 such that the

solution u satisfies
lull gy < Cllfllz2gy

where the constant C is independent of f. If 02 has a C? boundary, then there further
holds

lellzoy < € (1) + il )

for some C > 0 independent of f and u.

Remark 1.2.11. The first estimate is obtained rather directly with limited regularity
requirements on 0S). Usually, the second estimate is presented as an “interior estimate”
first, holding only in any compact subset Q' € Q. Since we always assume Q has a
smooth enough boundary, we jump straight to the punchline: we obtain H?-estimates
in terms of the data f and lower order norms of the solution u. For the Dirichlet
problem, we refer to [123, Ch. 2|. For the homogeneous Neumann problem, we refer
to [89, Ch. IV.3].

Theorem 1.2.27 (L?-existence for linear parabolic equations). Suppose aj, b;,c €

L>(Qr). For simplicity, we assume that a;; are independent of t. Suppose also that

ug € HY(Q). Then, given any function f € L*(Qr), the following hold.
o There exists a unique weak solution solving problem (1.3) with i = N.
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o Suppose further that ug € H}(Y). Then, there exists a unique weak solution u

solving problem (1.3) with i = D.

Remark 1.2.12. For the homogeneous Neumann boundary data case, we refer to [89,
Ch. VIJ. For the homogeneous Dirichlet boundary data case, we refer to [123, Theorem
3.5.1].

Theorem 1.2.28 (L2-type estimates for linear parabolic equations). Suppose the hy-
pothesis of Theorem 1.2.27 hold and that 052 is C?.. Then, there exists a constant
C > 0 such that the solution u satisfies

lellwsry < € (113 + ol ey

Remark 1.2.13. Unlike the case of elliptic equations, we choose to jump straight to
the global regularity estimate in W22 ’I(QT) rather than starting in some weaker space,
like W9(Qr). These results exist, but compiling the varying technical details is cum-

bersome and distracting to the main goal.

Finally, we conclude with the so-called LP-theory of elliptic and parabolic equations.
In this case, we increase the requirement on the right hand side, which improves the
space in which solutions are obtained from W22(Q) and W3 (Qr) to W2P(Q) and
Wg’l(QT). In particular, this is most useful when applying the Sobolev embedding
theorems (Theorem 1.2.3 and 1.2.4). For the following theorems, we now present the

existence and apriori estimates in the same place.

Theorem 1.2.29 (LP-theory for linear elliptic equations). Suppose that a;;,b;,c €
L®(Q), ¢ > 0, and a;; € C(Q). Assume p > 1 and that OQ is C%. Then, given any
function f € LP(Q), there exists a unique strong solution u € W%P(Q) solving problem

(1.2). Furthermore, the solution u satisfies

lellwas@y < C (Ifllzsgay + Il
for some C > 0 independent of f and u.

Theorem 1.2.30 (LP-theory for linear parabolic equations). Suppose that a;;,b;,c €

L®(Qr) and ai; € C(Qr). Assume p > 1, that 9Q is C2, and up € W??(Q). Then,
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given any function f € LP(Qr), there exists a unique strong solution u € W2'(Qr)

solving problem (1.3). Furthermore, the solution u satisfies

lllwz @ry < C (I lzsqe + Nollwss@ + 14l or) )
for some C > 0 independent of f and u.

Remark 1.2.14. These results contain so-called global estimates over the entire do-
main Q. Generally, one first obtains interior estimates for any compact subset Q' € Q.
For general LP-estimates, we refer to [119]. In it, interior estimates are obtained for
some general second order linear elliptic and parabolic equations (note that they do not
contain first order terms in the operator, i.e., b; = 0). One may then apply a local
flattening of the boundary technique in order to prove these estimates are in fact global
across the whole domain §2, where the smoothness requirement of OS2 is what allows
one to perform this “trick”. This is covered in detail for the Dirichlet case in [123,
Ch. 9.1] (for elliptic) and [123, Ch. 9.2] (for parabolic). For the case of Neumann
boundary conditions, one may use the interior estimates found in [119], along with the
approaches used in [89] (to handle the Neumann boundary condition) and the methods
of [128, Ch. 9] (to handle the local flattening of the boundary).

1.2.8 Monotone methods for nonlinear elliptic and parabolic
equations

We conclude with a brief discussion of so called monotone methods in proving the well-
posedness of certain general nonlinear problems. It is important to note that this sense
of “monotone” is different than the “theory of monotone flows”. In the present setting,
monotone refers to the construction of monotonic sequences of sub/super solutions.
For quasilinear parabolic and elliptic equations, particularly those with nonlinearity in
the reaction term only, we can prove the existence/uniqueness of solutions based on
some rather reasonable conditions on the right hand side (particularly, Assumptions
2.2.1-2.2.2).

These results are well-known and not original here. For the purpose of this pre-

sentation, we follow references such as [123] or [95]. We use sub/super solutions in
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the classical sense, applying the classical comparison principle, Theorem’s 1.2.12 and
1.2.14, to show that the generated sequences are indeed monotone. Paired with Dini’s
theorem and the Schauder estimates, we prove the sequences converge to a solution to
the original problem. In some cases, this solution is unique; other times, we obtain at
least two solutions that are ordered.
The result we present here is for the case of a scalar parabolic problem. The
elliptic case is similar with some important modifications. More precisely, notice the
non-negativity of ¢(z) in Theorem 1.2.12; there is no such requirement for parabolic
equations, an essential difference between the two. This is what may lead to a lack of
uniqueness in the steady state problem.
Beyond scalar equations, these monotone methods can also be applied to systems of
elliptic and parabolic equations. In these cases, the differential inequalities may change
depending on the nature of the interaction on the right hand side. The three com-
mon cases are quasimonotone nonincreasing, quasimonotone nondecreasing, or mized
quasimonotone. We focus only on the nonincreasing case, since this corresponds to
competitive systems.
We now introduce the notion of sub and super solutions. Actually, we have already
seen this for linear equations in Theorems 1.2.12 and 1.2.14, where u and v are respec-
tively sub and super solutions. Note that in some references these are called lower and
upper solutions. Suppose we are given the following nonlinear problem:
w—Au= f(u), in Qr,
Biu =0, on 00 x(0,T), (1.6)
uw(z,0) = up(xz), in Q,

for some non-trivial initial data up(z) and ¢ = B or 1 = N. We assume that f(u) is at

least Lipschitz continuous in its argument.

Definition 1.2.17. A function u (@) belonging to C*'(Qr) is called a sub (super)
solution of problem (1.6) if it satisfies

wy—Aw < () f(w) in Qr,

satisfies
Bw< ()0 on 00Qx(0,7),
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and satisfies w(z,0) < (>) uo(z) in Q.

Sometimes we say that u, u are ordered if u < % in Q7. Notice that a solution is
both a sub and super solution. Since f is Lipschitz, there exists a constant ¢ > 0 so

that

f(u) = f(v) 2 —c(u—v) (1.7)

whenever u > v. If we consider functions lying between our sub and super solutions,
this means that the function

F(u) :=cu+ f(u)

is monotone nondecreasing for u < u < u. Later, we will actually assume that f is

differentiable and is therefore Lipschitz. We then set up an iteration scheme via

w} — Aw" +cw” = F(w™™), in Qr, (1.8)
Baw"=0, on 89 x(0,T), (1.9)
w™(z,0) = up(x), in Q, (1.10)

where we choose our initial iterate w®(z,t) € C%*/2(Qy) for some a € (0,1). Since the
right hand side is known, classical theory (e.g., Theorem 1.2.23) ensures the existence
of a unique classical solution w'(z,t). Bootstrapping this process, we have a classical
solution for each m > 1. Putting some of these pieces together, the natural initial
iterates we might choose are given by w® := u and w® := uw. These initiate our
upper and lower sequences which, with some care, can be shown to converge to a
true (classical) solution of the original problem. This is what we find in the following

statement, modified from [123, Ch. 12.1.3].

Theorem 1.2.31. Let w and w be ordered supersolution and subsolution of prob-
lem (1.6), respectively, and assume f is Lipschitz continuous. Then, the upper se-
quence {W"}n>0 converges monotonically from above to a solution W™ and the lower
sequence {w}n>o converges monotonically from below to a solution w™, and w™(z,t) <

w>(x,t)in Qr; in fact, w™® = W™ is the unique solution.
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Since the proof is somewhat instructive for future sections, we provide the key

details here.

Proof. Step 1: monotonicity. First we show that the iterates {w"}n>0 , {W"}n>0

are monotone increasing and decreasing, respectively. We show the second case only,

with the first following in a similar fashion. Set z := u — w' = w® — w'. Then, we

compute directly to find that
zn—Az+cz>F@u)—F@’) =0 in Qr,

since © = w°. The maximum principle implies that z > 0 in @r, since we also have

that B;z > 0 along 092 x (0,T) and 2(z,0) = 0. Therefore,
Arguing in the other direction yields w® < w!. Then we set Z := w' — w!. Z satisfies
Z—Az=F@u)-F(w20 in Qr

which holds since u < @ by assumption and F'(w) is nondecreasing for all u < w < w.

Since B;Z = 0 and 2(z,0) = 0, the maximum principle again yields that 2 > 0, and so
w'<w' in Q.
We now proceed inductively. Assume that for some k£ > there holds
"t <w <A LT
Set 2 := w™ — w"™!. Then 2 satisfies

%—ANi=F@ ")~ F@") >0 in Qr,

which follows from the non-increasing property of F' and the inductive hypotheses. We

again have that B;? > 0 with 2(z,0) = 0, and so



by the maximum principle. Similarly, we find that w™ < w™! in Q. One repeats
the procedure one last time to obtain that w™* < w™t!, which proves the desired
monotone property of the respective sequences.

Step 2: convergence. We now show that these sequences converge, and in fact
converge to a solution of problem (1.6). We show the result for {w"},>o. Since F
is monotone nonincreasing and Lipschitz, the (pointwise) monotone convergence of
w" S w*™ as n — oo implies that F(w™) — F(w™) as n — oo. Since the initial iterate

is smooth, each iterate is itself smooth, i.e.,
wn,wn c C2+a’1+a/2(QT),

for each n > 1, which holds by the existence Theory Theorem 1.2.23. In fact, by the

Schauder estimates for parabolic equations there holds

”wn”C2+a,1+a/2(QT) <C (||u0||02+a’1+a/2(QT) + ||Qn_1”02+a,1+a/2) )

for some C > 0, independent of n. This implies that {w"},>p is uniformly bounded
in C?#*®1+e/2 and hence w — w™ is indeed a solution to problem (1.6). Notice that
in this step we use the monotone property of the sequences generated. This completes
the proof of the first part of the theorem.

Step 3: uniqueness. Since f is Lipschitz continuous, w™® — w™ satisfies
(w™ —w%) — Alw™ —w*) = f(w™) - f([@™) 2 —¢(w™ -w>) in Qr,

for some ¢ > 0. With B;(w® —w™) = w*(z,0) —w*>(z,0) = 0, the maximum principle
implies that
w®—-w® >0 in Qp

and so w*® = w™, completing the proof. m

Remark 1.2.15. Under weaker conditions on the function f, we may lose the unique-
ness of the solution. Instead, we have that any other solution W lying between the
sub/super solution pair satisfies w® < @ < wW*™. Additionally, the ordered property of
the sub/super solutions is not necessary! They are necessarily ordered by virtue of the

equation that they solve, see Chapter 2.
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Some further discussion is warranted. As we have just proven, a Lipschitz condition
is sufficient to ensure that the solution to the time-dependent problem is unique. The
same cannot be said for the elliptic equation without additional hypotheses on the
function f. The next theorem will require in addition that the constant ¢ in the
Lipschitz condition (1.7) be non-negative. Looking at Step 3 of the previous proof,
we see where this requirement will be necessary: for parabolic equations, the sign of
the low order coefficient ¢(z,t) does not affect the fact of the maximum principle.

Furthermore, the use of monotone sequences, let alone the use of classical sub/super
solution pairs, is not a requirement for a similar result to hold. Just as we introduced
notions of weak derivatives and weak/strong solutions, we may consider weak/strong
sub/super solutions. In such cases, equality in (1.4) or (1.5) can be replaced with <
and> for sub and super solutions, respectively. It is weak if the integral inequality holds
for any test function belonging to the appropriate space. It is strong if the integration
by parts is unnecessary so that the equation holds almost everywhere in the domain.
Using these notions of sub/super solutions, one may emulate the techniques used in the
previous proof. The main ingredient that changes is the application of the maximum
principle for strong or weak solutions. To do away with the monotone property, we
use the Bolzano—Weierstrass theorem in place of the monotone convergence theorem:
every bounded subsequence has a convergent subsequence. Compactness properties of
the spaces in which the sequences are bounded allow one to extract a subsequence that
converges in some nice way. This is the strategy used in the following proof, modified

from a handful of results found in [95, Ch. 3] concerning elliptic equations.

Theorem 1.2.32. Suppose w, W are strong sub/super solutions to the steady state for
problem (1.6). Then, the upper and lower sequences {w, }n>1 and {Wn}n>1 given by
the iteration scheme (1.8) with initial iterates w and W, respectively, are monotone in
the sense that {w,, }n>1 is nondecreasing and {W,}n>1 is non-increasing. Furthermore,

w™ < Ww" for each n > 0. Therefore, the monotone pointwise limits

lim w"=w>* and lim @" =w>
n—00 n—o0
exist; they are each a strong steady state solution to problem (1.6). Finally, there exists
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another solution w* lying in w < w* < w, then w™ < w* < wW*™.

Remark 1.2.16. When we have the homogeneous Neumann boundary condition, we
must further assume that ¢ Z 0 in Qr; otherwise, the iterates we generate may not
have a unique classical solution. In fact, the problem has a continuum of constant

solutions.

We omit the proof as we use the same techniques in Chapter 2. The technical
details are similar to the proof of Theorem 1.2.23; the difference is in the arguments
for the convergence step, appealing instead to Sobolev theory and the Sobolev em-
bedding theorem. Then, we can bootstrap to prove that the sequence converges in
C+e(1+2)/2(Qr); continuing further, we obtain a classical solution via Schauder esti-
mates. The monotonicity of the sequences still holds, giving us convergence of the
entire sequence. Repeating these arguments, one can prove that any other solution
must lie between the lower and upper limits.

In future chapters, we apply a similar technique; however, we do not get convergence
of the entire sequence. The subsequence extracted still produces a strong solution,
however, and the solution is unique under appropriate conditions on the right hand
side. These results as presented are meant to give insights into the big picture for
monotone methods. Further discussion on the uniqueness problem for elliptic equations
can be found in [95, Ch. 3.3]. The following condition is sufficient to guarantee the

uniqueness of the solution:
f(u) < f(v) whenever w<wv<u<u.

Finally, we comment that similar existence-comparison theorems exist for coupled
equations of reaction-diffusion type. The sense in which functions are sub/super solu-
tions in the competitive case is given in Chapters 2 and 3, see the proof of Theorem
2.5.2. Some useful references include [123, Ch. 12] and [95, Ch. 3], where weaker

conditions on the reaction term f and more general operators are considered.
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1.2.9 Existing mathematical works

We take a moment to highlight briefly some of the existing literature most related
to the present work. Here, we emphasize works focusing primarily on the analysis of
reaction-diffusion equations of the form to be studied in the present work; within each
chapter, we will highlight in more detail efforts made to model habitat loss specifically.

In the mathematical context, we are studying the effects of environmental hetero-
geneity on diffusing species in a reaction-diffusion equation setting. This area has been
well studied, and so we do not expect to be comprehensive here. Instead, we highlight
some of the key works by authors who have frontiered this perspective, especially in
application to biological systems. Key textbook references include [8], [90], [93], [94],
[109].

For a single species, the pioneering work of Cantrell & Cosner explore in the late
1980’s and early 1990’s exemplifies the utility of diffusive logistic equations in hetero-
geneous environments. In [13], properties of a principal eigenvalue with sign-indefinite
weight is considered, an application of results obtained in [7], [43]. In [12], a diffusive
logistic model with sign-indefinite weight is considered, providing a foundational frame-
work on which all subsequent results essentially follow. Their analysis uses the study of
the principal eigenvalue to determine local stability of trivial steady states. Subsequent
works, including [14]-[17], explore further the effects of environmental heterogeneity
on diffusing species.

Later, multi-species models are considered, either in a cooperative or competitive
setting. [28] considers a n-species population model, where differing phenotypes rep-
resent differing dispersal strategies, while all other traits remain identical. This led
to the classic result “the slower diffuser always wins!”, which is robust in a tempo-
rally static but non-homogeneous landscape. This concept has been widely explored
since then, including further study of the 2-species competition case and time-periodic
environments, see [70], [71].

More recently, a rather complete description of the global dynamics of a 2-species
competition model has been described by He and Ni in a series of papers, see [59],

[60], [64] and [61], [81]. These works provide a complete description of the global
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dynamics under biologically relevant environmental properties, such as one species
with a heterogeneous environment while the other has a homogeneous environment.
These works, while general, rely again on the study of a principal eigenvalue, and so
the stability criteria are often abstract, and impossible to verify in many cases. For this
reason, a direct application to habitat loss is not possible: mathematical generality is
favoured, perhaps at the cost of precise, quantitative information.

Different from existing works, we seek to combine the mathematical rigour of previ-
ous efforts with the biological precision of more ecologically minded efforts to gain deep
insight into the effects and relative impacts of different processes of habitat loss. This
will follow from our three postulates introduced previously, beginning with habitat

degradation, followed by habitat destruction, and finally, habitat fragmentation.
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Chapter 2

Habitat Degradation

In this chapter, we present some novel habitat degradation models using reaction-
diffusion equations. Continuing from the introduction, we introduce some additional
key ecological terms to solidify the connection between the model and ecological in-
sights. We discuss briefly some existing efforts to model habitat loss in a general sense,
noting that they are not necessarily specific enough to distinguish between different
forms of habitat loss described thus far. In Section 2.2, we derive our PDE model using
postulates and definitions given thus far. In Section 2.3, we take a detour to establish
some of the technical background we will need to fully determine the global dynamics
of the time-dependent system. In Section 2.4, we discuss the scalar equation subject to
habitat degradation. This includes well-posedness results, comparison principles, and
a full description of the global dynamics. Finally, we discuss a two-species competition
model with habitat degradation in Section 2.5. In order to fully analyze the problem,
we make some biologically reasonable simplifications. We prove the well-posedness of
the problem as well as some comparison-principal type results for competitive systems.
We are then able to fully describe the global dynamics. We present some numerical
simulations to demonstrate some of our theorem statements, particularly in the two-
species competition model case, in Section 2.6. We conclude with a discussion of the

results and related implications in Section 2.7.
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2.1 Preface

Habitat degradation, as defined in Chapter 1, is the gradual deterioration of habitat
quality. As noted in [44], “in [a/ degraded habitat, a species may decline, occur at a
lower density, or may be unable to breed”. In contrast to obvious habitat destruction,
habitat degradation is sometimes more difficult to detect because of the timescale at
which effects are realized, and some species with longer lifespans may persist in an
area for a long period of time before extirpation. Moreover, habitat degradation is
implicitly linked to habitat quality; often, habitat quality is not explicitly considered

for landscape-level habitat analysis. Consider the following quote from [65]:

The exclusion of habitat quality from many landscape-level habitat analy-
ses likely results from the difficulty in measuring habitat characteristics and
reliably associating those conditions with demographic outcomes. Habi-
tat quality is often multi-faceted, affecting multiple population outcomes
(e.g., survival and reproduction), difficult to directly describe with remotely
sensed imagery and evaluate alongside measures of habitat amount and
fragmentation (Johnson, 2007). Consequently, habitat quality is often omit-
ted or more subjectively represented in habitat management or conservation

planning.

Hence, we have significant motivation to study the effects of habitat degradation with a
little more nuance. Mathematical modelling offers unique insights into such subtleties.
Evidently, essential to the definition of habitat degradation is an understanding of

habitat quality. We adhere to the following,.

Definition 2.1.1 (Habitat quality [57]). The ability of the environment to provide
conditions appropriate for individual and population persistence. It should be considered
a continuous variable, ranging from low to medium to high, based on resources available

for survival, reproduction, and population persistence, respectively.

Recalling that habitat is species-specific, habitat quality is also intrinsically species-
specific in this context. We also have a rough ordering of priority: low-quality habitat
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may allow for survival alone; medium-quality habitat will facilitate reproduction; high-
quality habitat facilitates persistence of the population. In this sense, terms like “bad
habitat” or “unsuitable habitat” are somewhat oxymoronic; if a ‘habitat’ is bad, it is

not habitat by definition. Alternatively, habitat is good by definition.

2.2 Model derivation

Our focus in this section is on providing a heuristic derivation of the modelling frame-
work to be used in describing habitat degradation. Taking motivation from Section 1.1,
we aim to incorporate postulates one and two: habitat degradation and destruction lie
on a spectrum, and this level of impact is dependent on the species considered. We
then cast this problem in the context of partial differential equations and explore the
predictions made by this simple model. We consider first the case of a single species
and then formulate the reaction-diffusion system between two competing species.

To start, we assume that there is some landscape given by a bounded region. For
simplicity, we will assume that the landscape can be divided into two distinct regions:
the undisturbed region, unaltered by processes of habitat loss, and the modified region,
assumed to be degraded by some natural or anthropomorphic process. We will assume
that it is “business as usual” in the undisturbed region, with the population dynamics
described by some reasonable functional form. We then assume that there is a negative
impact on the species in the degraded region, and so the population level will either
remain static or decrease in these regions. This negative impact, which is implicitly
dependent on the species considered, will be described by the parameter ¢ > 0. This
parameter will be a key aspect of our analysis. This parameter can be thought of in
two ways: as a net death rate in those regions, a consequence of the modified habitat,
or as the inverse of the resilience of a species in terms of its ability to withstand
modifications to its environment. This perspective is important for future discussions,
as pests are often species that are rather resilient to environmental change, putting
them at a competitive advantage compared to other native species [27], [105], [108].

To this end, fix @ C RN, N > 1. This will be our landscape occupied by the local
species. Note carefully that, should we refer to (2 as habitat, we are assuming implicitly
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that it once was habitat. We assume that the species move according to diffusive
movement at a constant rate d > 0. In the absence of birth/death processes, we
assume the total population remains fixed. This yields a zero-flux boundary condition,
which in this case corresponds to a homogeneous Neumann boundary condition (such
as in problem (1.2) with boundary operator By). To model the effects of habitat

degradation, we assume the following according to our previous descriptions:

(i) The habitat Q is split into two regions such that 2 = G U B. G denotes the
undisturbed region(s), while B denotes the region(s) of degraded habitat. We

always assume that 0 < |B| < ||, where |-| denotes the Lebesgue measure.

(ii) In region G, the population grows according to a logistic growth or similarly

shaped functional response (to be made precise below).

(iii) In region B, the population declines at rate ¢ > 0.

9

Figure 2.1: A two-dimensional representation of assumption (i), where the whole do-
main ) is broken into disjoint subdomains representing the undisturbed region of habi-
tat “G” and the degraded region of habitat “B”. The regions can be of any (fixed) shape
or size, as long as both regions have positive area.
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These assumptions give us a simple setting to explore the impacts of a degraded
habitat on diffusing species. Assumption (i) simply ensures that there are both better
and worse quality regions within the available habitat; of course, this is a simplification.
In the natural world, these boundaries may not be so well defined. One may then
debate whether the region B is indeed habitat in our present context; on one hand,
species will persist in these regions due to the nature of the PDE model. Therefore,
we may interpret the region B is a low-quality habitat. On the other hand, if the
entire landscape is made of only the region B, the species goes extinct; in this case, B
is no longer habitat by definition, as it can no longer sustain the local population(s).
Assumption (ii) is the “business as usual” assumption in the good region G. (iii) is
the assumption of, at worst, a non-positive impact the degraded habitat has on local
species. This satisfies postulates one and two, where ¢ is the net (negative) result
on the population growth, and the level of impact ranges from ¢ = 0 (completely
neutral) to ¢ = oo (completely lethal). We should take care, however, as assumptions
(ii)-(iii) implicitly assume that forms of “competition” (intraspecific competition in
the single species case) do not take place in the degraded region B. This is more
or less reasonable depending on the actual mechanism of competition. In the case of
interference competition (i.e. competition that occurs directly between individuals),
the species may still interact within a degraded area of habitat. This could be through
direct acts of aggression in order to prevent other individuals (within the same species)
from accessing their mating partner. In this case, the intraspecific competition might be
considered independent of the quality of the habitat, and so assumption (iii) may not be
reasonable. Alternatively, if the interference competition occurs in order to maintain
access to a specific resource, such as water or territory necessary for survival, it is
assumed that the degraded region(s) do not contain such resources, and so competition
is no longer necessary in these regions. Similarly, in the case of exploitative competition
(i.e. competition that occurs indirectly between individuals), the use of a necessary
resource by one species results in less resource for other species. In the degraded
region(s), there are no such resources available, and so it is reasonable to assume that

there is no competitive interaction.
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Denote by 1x(x) the indicator function of a set K C RY, that is,

Ig(z) =1 forz € K,
Ig(z) =0 otherwise.

Then, we can formulate the single species model as follows:

wy = dAw + lgf(z,w) —clpw in Q x (0,7T),

w(z,0) = wo(z) = 0 in Q, (2.1)
=0 on 09 x (0,T),

In general, we always assume that the reaction term satisfies

Assumption 2.2.1. f(z,w) € C%(Q xR*), £(0) =0, and there exists U > 0 so that
f(z,w) <0 for allw > U, for all z € N,

along with one of the following:

Assumption 2.2.2. For any z € Q there holds f(x, \w) > Af(z,w) for all w € RT
and A € (0,1). Moreover, there exists an open set I' € G such that the inequality is
strict, i.e., f(z, \w) > Af(z,w) for allz €T.

Assumption 2.2.3. For any x € €2 there holds
(1 =N f(z,wr) + Af(z,we) < f(z, (1 — Nw;y + Aw,)

for any wy # wy and A € (0,1). In fact, since f is assumed differentiable in the variable

w, this is equivalent to the function being bounded by its Taylor approxrimation:

f(z,we) < flz,wy) + f(z, wi)[wy — wi]
for any x € Q and any wy,ws belonging to RY.

Assumption 2.2.1 is a standard regularity condition for well-posedness, though the
notation may not be standard. Here, C*! means that for each w > 0 fixed, f(z,-) is
Holder continuous with exponent o, and for each z € Q fixed, f(-,w) is differentiable.
It also assumes that if the population is zero there is no birth or death, and that the
population growth becomes negative for sufficiently large population sizes. Techni-

cally, this condition is a minimal requirement ensuring the existence of a non-trivial
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steady. The first part of Assumption 2.2.2 is sometimes referred to as a subhomo-
geneity condition [124, Ch. 2.3] in the variable w. In particular, a subhomogeneity
condition automatically implies that f(z,w) < f/(x,0)w for all w > 0. Assumption
2.2.3 is a standard concavity condition in the variable w. Notice that concavity implies
subhomogeneity. We can see this through a few examples. One example of a function

satisfying assumptions 2.2.1 and (2.2.2) but not (2.2.3)) is

flz,w) = w(e™ =)

for v € (0,1). An example of a function satisfying all assumptions is the logistic growth
form w(1 — w). Since we allow environmental heterogeneity in the good region G, we

may more generally consider

f(z, w) = w(m(z) — w)

for some function m(z) € C*().

Scalar problems are, generally, easier to analyse than systems, and so we can treat
more general forms of the reaction term f. For the competition system, we instead
assume a simple Lotka-Volterra form of reaction. In this case, the habitat degradation

competition-diffusion model can be written as follows:

{ut =diAu+ legu(l —u—yv) —cilpu in Qr,

vy = daoAv + 1gu(l —you —v) —celpy in Q.

Through this construction, we still split the domain into two (almost) disjoint regions
- assumption (i). We see logistic growth and competition in the undisturbed habitat
G, while both species experience mortality in region B at rates ¢; > 0, i = 1,2 -
assumptions (ii) and (iii), respectively. In particular, we note that c; is not necessarily
equal to co, even if each population exists in the same environment. This moves towards
addressing the subtlety in the effect of altered habitat on species, as it depends on the
species and their individual traits. For simplicity, we assume the rate of competition is
equal, that is, 73 = 75 = 1, so as to isolate the effects of degradation on the interacting
species alone. We take species u as the slower diffuser and species v as the faster

diffuser so that 0 < d; < ds are held fixed. This assumption can be made without
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loss of generality since the system has some nice symmetry properties. The Neumann

problem may now be more conveniently written as follows:

up = di1Au + ufme, — lg(u + v)] in Qr,
v = doAv + v[me, — Lg(u + v)] in Qr, (2.2)
u(-,0) =up =0, v(-,0) =2 =0, in Q, '
fu — % — on 09 x (0,7),
where
me,(z) = 1g(z) — ¢lp(z), i=1,2. (2.3)

Our goal now is to investigate the global dynamics of the scalar equation (2.1) as
they depend on d, ¢, along with its associated steady state. We can then perform a
detailed analysis of the competition-diffusion system (2.2) depending on the relation
between the parameters d; and c;, resulting in a complete description of the global
dynamics.

In order to use the tools of monotone dynamical systems, we must first introduce
some relevant eigenvalue problems. As it turns out, these problems will allow us to

determine the precise local stability of all of the steady states.

Existing results

We now introduce some comparisons to existing habitat loss modelling efforts. First
and foremost, it should be noticed that this model is spatially explicit, and so it
explicitly captures the impact that heterogeneity has on competing species. As a
comparison, one may consider a classic habitat loss model given in [116] in which n
species compete for a shared resource. The model is given as a system of ordinary
differential equations, and is therefore spatially homogeneous. The species are ordered
in terms of their competitiveness, i.e. superior species can occupy the area of inferior
species, whereas inferior species cannot occupy an area held by a superior competitor.
The destruction is described in terms of the proportion of available habitat remaining,
i.e. the total available habitat is 1, and the proportion of available habitat is 1 — D,

where D is the proportion of total habitat that has been removed. Such models do not
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consider the effect (whether positive or negative) of configuration or fragmentation,
as there is no distinction between possible configurations. Furthermore, this type of
model is more accurately described as a habitat destruction model (as opposed to
habitat degradation model), as it is assumed the lost region is no longer viable in any
way for any species, and so no consideration is given to the precise quality of the lost
habitat. This framework has been investigated extensively, including other effects not
considered here, such as variation in patch quality [54] or the Allee effect [19]. Such
constructions align more closely with the habitat amount hypothesis, see [34].

More generally, it has been a popular approach to model habitat loss through
metapopulations, or multiple patches, as introduced by Levins in 1969 [83]. Such mod-
elling efforts vary in their construction, application and complexity, see for example,
[66], [77], [92] or more recently [88]. In [66], for example, a single-species metapop-
ulation model is used to explore the effect of immigration rates between patches on
population persistence. While an implicit heterogeneity of the landscape is built into
the model, the relation to habitat fragmentation is also implicit as a consequence. Ar-
rangement is not considered as much as the exchange between neighbouring patches,
and the cost of moving between patches (if any) must be determined apriori, rather
than as a consequence of the model formulation itself. An important development
described in [77] is the rate at which habitat is lost; when investigating extinctions
thresholds, as is common in these metapopulation models generally, one implicitly as-
suming a rate at which the habitat is lost. Whether this rate is fast or slow has a
dramatic impact on the time it takes for extinction/extirpation to occur. Similar to
some of the conclusions drawn later in this Chapter, [92] concludes that the systematic
removal of habitat can favor ‘weedy’ species, emphasizing the counter-intuitive effects
that habitat loss can have on competing species. The more recent work [88] considers
similar modelling frameworks, where individual patches may now variation in habitat
quality over time, with the binary ‘suitable’ and ‘unsuitable’ perspective as a special
case. Nevertheless, all metapopulation models suffer from the same drawback of im-
plicit spatial structure and uniformity within and between patches. These models are

mathematically similar to the ODE habitat loss model prototype described previously,
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and so suffer from similar drawbacks. However, even in the cases where the models
differ (both mathematically and conceptually) in a more significant way, the precise
measurement of “habitat loss” is often obscured, or at least inconsistent across mod-
elling efforts. One may refer to [72], which highlights some of the measures that may
be used in these contexts. This includes measures such as number of patches, mean
patch size, mean patch isolation, or total edge amount. Depending on the modelling
framework, any combination of these measures can be interpreted as habitat loss or
fragmentation. This results in confusion, as highlighted by Figure 3 in [72]. Roughly
speaking, one can hold any variable fixed and alter the remaining variables positively
or negatively in order to draw widely varying conclusions regarding the sustainability
of species. One benefit of using a spatially explicit model is that all of these factors
are encapsulated within the model, with the drawback being an increased difficulty in
performing analysis for any particularly chosen configuration. Such drawbacks may be
overcome through the use of numerical simulation, however.

Some authors have proposed spatially explicit models comparable to that presented
here [112], however, the analysis involves simplifications in order to make comparisons
to the spatially homogeneous ODE model. Such simplifications include an appeal to
a one dimensional model only, writing the spatially dependent solution in its Fourier
series expansion. After dropping higher order terms, one retains only the linear terms,
reducing to the form of an ordinary differential equation. Such efforts are valuable in
determining the disparity between spatially homogeneous and spatially heterogeneous
models; however, they still lack the explicit spatial structure required to study habitat
fragmentation.

In the form of (2.2), the mathematical model most closely resembles existing models
investigating the effect of heterogeneous environments, see chapter 4 in [93] and the
references therein, and more recently [61]-[63], which provide a rather complete picture
of the global dynamics under fairly mild assumptions on the heterogeneity appearing
in the system. Additionally, readers are directed to some interesting results found in

[8] where the authors consider a one dimensional habitat (0,1) with heterogeneity of
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the form

-1 in [0,a),
me(z) :=qk  in[a,a+ L),
~1 infa+L,1

Then, the authors investigate the optimal location of the favorable region given by the
parameter a. This is done for both Dirichlet and Neumann boundary conditions, and
a more general investigation is given in [9]-[11]. Such works provide some motivation
and insight into the investigation presented here, but tend to focus on the particular
locations of favorable habitat patches in single species models rather than the impact
of the measure of detriment within the favorable and unfavorable regions.

We now investigate the long-term behaviour and properties of the steady states
corresponding to problem (2.2) depending on the parameters appearing within the
model. In particular, we explore changes in stability based on the parameters c;, which

measures the effect of the degraded region on the competing species u and v.

2.3 Eigenvalue problems with a sign-indefinite weight

In this section, we highlight some of the key results from the study of eigenvalue
problems. These solutions, and in particular the principal eigenvalue/eigenfunction
pair, is closely related to the stability properties of solutions to the scalar equation. In
fact, from our assumptions made thus far, our solution process is a strongly monotone
dynamical system. The threshold dynamics found in theorems such as Theorem 1.2.8
will depend critically on the sign of a particular principal eigenvalue. Then, we can use
the same monotone theory to determine the global dynamics of the competition system.
Therefore, a detailed description of the local stability of possible steady states through
these eigenvalues is critical to our analysis. To study the eigenvalue problem allowing us
to apply Theorem 1.2.8 to problem (2.1), we first introduce a closely related auxiliary
eigenvalue problem. Originally studied by Brown and Lin [7], this problem is often
referred to as an “eigenvalue problem with sign-indefinite weight”. Further references
and discussion can be found in [8]. A warning: this problem, while important, is more

of a technical piece of information useful for our analysis rather than a meaningful
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ecologically connected concept.

2.3.1 The first problem

Let m € L*°(£2) and consider the problem

(2.4)

®=0 on 0.

{A¢+Am¢ =0 in Q
If there exists a value A\;(m) € R and a positive function ¢; € H'(Q) solving (2.4) in
the weak sense, we call A\;(m) the principal eigenvalue to problem (2.4). The following
is a well-known result. Manes and Micheletti originally discussed this problem under
Dirichlet boundary data in [84] (in French), while Brown and Lin [7] discussed the
more subtle case of homogeneous Neumann boundary data yielding the result below.
A rather complete discussion of this problem can be found in [8], where the authors
discuss the more general case of Robin-like boundary data. The main result we will

use here is the following, which can be found in, e.g., [93, Chapter 4], [8, Ch. 2], a

result of the conclusion reached in [7].

Proposition 2.3.1. Let m € L*(Q) be non-constant. Problem (2.4) has a nonzero
principal eigenvalue A1(m) if and only if m changes sign (on sets of positive measure)

and fQ m # 0. More precisely,
(1) Jom <0= X(m)>0;
(i) fom > 0= A(m) <O0;
(iii) fQ m = 0 = 0 is the only principal eigenvalue;
(iv) A(h) > M(k) if h S K
(v) Ai(hn) = A1(h) if by — b in L®(Q).

Since the proof of this theorem uses tools that are very similar to those used in the
proof of Theorem 3.4.1, we omit it here.
One can see how this eigenvalue problem might relate to the population models we

want to analyse. Since we have assumed that both sets B and G have positive measure,
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the heterogeneity for the competition system will always change sign in Q (m, is 1 in
G and —c in B). Thus we will always have a principal eigenvalue, the sign of which is
determined only by the sign of |G| —c|B|. For the general scalar equation, it is slightly
more complicated, where the function we care about will be the linearization about 0,

ie., lgf'(z,0) — clp. Yet, we still have an easily verifiable formula given by

/ f'(z,0)dz —¢|B),
G

the sign of which determines the sign of A\;(Lgf'(z,0) — clp). This will become im-
portant in later sections. Implicit in this formulation is the shape and geometry of the
sets G and B, but we save this discussion for Chapter 4.

Notice that this problem features only the environmental heterogeneity, but not
the rate of diffusion d. In the following section, we introduce the primary eigenvalue
problem of interest. This will incorporate information from Theorem 2.3.1 and the size

of d, with precise asymptotic information as d — 0% or as d — oo.

2.3.2 The second problem

From the construction of our original problem, we see that there are two primary
pieces of information at play given a fixed habitat 2: the first is the heterogeneity of the
environment, given by 1¢f(z, w)—cl pw, and the second is the diffusion rate d > 0. The
eigenvalue problem introduced in this section corresponds directly to the local stability
of a steady state via a linearization process. The sign of this new principal eigenvalue
can be characterized by the principal eigenvalue of problem (2.4). In particular, when
we linearize about the trivial steady state, the principal eigenvalue is the net growth
rate of the entire population over the entire domain for small population sizes. A
necessary condition for the persistence of the population will be net positive growth
for small population sizes. Before we get ahead of ourselves, let us introduce the
problem and the main results to be used in subsequent analysis.

Let m € L*(£2) and consider the following eigenvalue problem:

(2.5)

% _ on O0.

{dA¢+m¢+u¢= 0 in Q
ov
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We call p;(d, m) a principal eigenvalue for problem (2.5) whenever there exists a pos-
itive solution ¢; € H*(Q). It is well-known that this problem has a unique principal

eigenvalue admitting the variational characterization:

pa(d,m) = inf{/Q [d|Vg)* —mg?]dz: ¢ € Hl(Q),/Q¢>2dx = 1}. (2.6)

The following proposition highlights some of the classical properties of this eigenvalue

as related to problem 2.4.

Proposition 2.3.2. Suppose m € L>(R2) is not a constant function. Then the follow-
ing hold.

(i) Jgm >0 = pi(d,m) <0 foralld> 0.

pa(d,m) <0, if d<AH(m),
(i) fym<0 = {m(dm) =0, i d=r'(m)
pi(d,m) >0, if d>AH(m).

(iii) pi1(d,m) is strictly increasing and concave with respect to d > 0.
(iv) pa(d,m) < pi1(d, M) whenever m = M.
(v) u1(d,m) satisfies the following limiting behaviour:

. _ . - _ -1
Jim (@ m) = —mgxm  and Jim pa(d,m) =~ |01 [ m

(vi) pi(d,my,) — p1(d, m) whenever m, — m in L*°(£2).

Similar to before, the proof of this result uses similar techniques in proving Proposi-
tion 3.4.2, and so we omit the details here. Points (i)-(v) appear in [93], however point
(vi) is not explicitly discussed. Point (v) is proven in [68] when m, — m in C(Q),
whereas a weakened regularity case (with respect to LP(2), p > N/2) is discussed in
detail in [23], [45], [67], for example.

Returning to our previous discussion, we recall that if m = 1gf'(z,0) — cl g, the

principal eigenvalue corresponds to a growth rate for small population sizes. From

the convention used here, —u;(d, m) is therefore the net growth rate of the population
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near m. This gives a concrete connection to the ecological impact of the environmental
heterogeneity on a diffusing species: (i) if the average heterogeneity is non-negative, the
net growth of the population is positive for all d > 0; (ii) if the average heterogeneity
is negative, the net growth rate may be positive or negative depending on the size of
the diffusion rate d. We notice the sign of the net growth rate changes precisely when
d = A1 (m). This is the direct connection between p;(d, m) and A;(m); (iv) tells us that
better environments increase the net growth rate; (v) tells us that the net growth rate
is continuous with respect to changes in the environment. Each of these facts gives
a preliminary verification that the model is consistent with what we often observe in
the natural world; (iii) is less intuitive, but suggests that a slower rate of diffusion is
advantageous for population survival when the resources are held fixed in time. This
is less universally true than the other properties, but can be understood biologically
as well: suppose m(x) is the resource density in 2. When the diffusion rate is very
large, the species are moving so quickly that they use only the average resource density
available. This is made precise by the limiting behaviour as d — oo found in point
(vi): in the limit, the net growth rate is exactly the average of the resources available
given by m(z). In this case, if the average resource density is negative, the population
will decay. On the other hand, as d — 0%, the net growth rate is the maximum value
of the resource function m(x). Thus, as long as there are resources somewhere in €,
the net population growth will also remain positive for small enough rates of diffusion.
Therefore, in this modelling paradigm, a slower rate of diffusion somehow allows the
population to concentrate around resource peaks, or at the very least, utilize the best

resource areas between the faster movers.

2.4 The scalar equation

We now have the tools to explore in detail the well-posedness and global dynamics

of problem (2.1). We first prove the well-posedness of the time-dependent problem

under biologically reasonable assumptions. Since the system is nonlinear, we must

prove some comparison principle results that allow us to apply a monotone method

to obtain a global solution. This monotone method is similar to the ideas presented
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in Section 1.2.8. There are some areas of care, however, since our right hand side
is, in general, discontinuous. Therefore, the classical theory presented in Section 1.2
is not directly applicable. Instead we appeal to the notion of strong solutions, using
regularity results to ensure that the solution obtained is smooth enough to apply the
monotone dynamical theory. We then prove a similar existence theorem for the steady
state problem depending on the sign of a principal eigenvalue. We then apply the
monotone theory to obtain the global threshold dynamics, followed by a special case

to be used in the study of the competition system.

2.4.1 Well-posedness

We start with the definition of a strong solution of the time-dependent problem (2.1)
and its associated steady state (i.e., when we take w; = 0), which differ slightly from

the notion of strong solution introduced in Section 1.2.

Definition 2.4.1. (1) A strong solution on Qr to (2.1) is a solution which belongs to
W21 (Qr)NC([0,T); C()) for all p > 1, satisfies the equation almost everywhere
in Qr and satisfies the boundary condition everywhere on OS2 for allt € (0,T).
A global strong solution is a strong solution on [0,T) for all T > 0.

(2) A steady state to (2.1) is a solution which belongs to W2P(Q) for all p > 1,
satisfies the equation almost everywhere in  and satisfies the boundary condition

everywhere on 0S).

Remark 2.4.1. Since we may choose p as large as we like, the boundary condition
is satisfied in the classical sense due to the Sobolev embedding, Theorem’s 1.2.8 and
1.2.4.

Recall that we denote by C**(Q) the interior of the cone C*(2) with the ordering
<, <, X introduced in Section 1.2. We state the following comparison principle whose
proof, being much simpler than that of Proposition 2.5.1 for the competition system,

is omitted.
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Proposition 2.4.1. Suppose F(z,w) € C%'(Q xR*) satisfies Assumption 2.2.2. Sup-
pose w',w? € W21(Qr) N C([0,T); C(R)) for any p > 1, and satisfy

w} < dAw! + 1gF(z,w!) — cl gw? a.e. in Qx(0,7),
%SO on 00 x(0,T),

w? > dAw? + 1gF (z, w?) — cl pw? a.e. in Qx(0,7),
aal:ZO on 0 x(0,T).

(1) If w(-,0) < w?(-,0), then w(:,t) < w?(-,t) for allt € (0,T).

(2) Suppose, in addition, w',w? € C*((0,T);C(Q)). If w'(-,0) < w?(-,0) and
w!(-,0) £ w?(,0), then w'(-,t) € w?(-,t) for allt € (0,T).

Similarly, we have the following comparison theorem for non-negative steady states.

Proposition 2.4.2. Suppose F(z,w) € C%(Q x R") satisfies Assumption 2.2.2. Sup-
pose w',w? € W2P(Q) for any p > 1 are non-negative and satisfy

—dAw! < 1gF(z,w!) — cl pw? a.e. in £,
66%1 <0 on 01,

—dAw? > 1gF(z,w?) — cl pw? a.e. in €,
66%2 >0 on ON.

Then, w* < w?. Moreover, there holds either w' < w? or w! = w?.

Proof. We argue by contradiction: suppose that w! < w? were false. Set o* :=

! and w? implies that o* > 1 and w! <

inf {& > 1: w! < aw?}. The continuity of w
a*w?, and that there exists a point zo € Q such that w!(zp) = a*w?(x).

Since F(z,w) satisfies o*F(-,w) > F(-,a*w) for w > 0 by Assumption 2.2.2, we
find —dA(a*w?) > 1¢F (z, a*w?)—cl ga*w?. In particular, w! and o*w? are an ordered
sub/super solution pair according to the differential inequalities found in the statement
of the proposition.

If 2o € Q, Theorem 1.2.16 (from [4, Theorem 1]) implies that w! = o*w? in Q.

Then, 0 < w? < w' due to o* > 1, and hence,

0 = —dA(w' — a*w?) < 1g(F(z,w') — o*F(z,w?)) < 1lg(F(z,w') — F(z,a*w?)) =0
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in I' € G by Assumption 2.2.2, a contradiction. If o € 012, Hopf’s lemma gives

9
ov

1 — a*w?) > 0 at zp, in contradiction to the boundary conditions assumed. Hence,

(w
wt < wl.
Repeating the previous steps using the maximum principle and Hopf’s lemma, we

find that either w! < w? or w! = w? in Q. This completes the proof. O

We now prove the following Theorem concerning the well-posedness of problem

(2.1).

Theorem 2.4.1. For any initial data wy € CT(Q), (2.1) admits a unique global strong
solution w € C*([0,00); C*(Q)) N C1((0,00); C*(Q)) for any a € (0,1).

Proof of Theorem 2.4.1. The proof essentially follows regularization arguments and
standard theory. In what follows, we remind readers that Q7 := Q x (0,T) for some
T > 0 fixed. Note that the uniqueness of global strong solutions follows immediately
from Proposition 2.4.1 point (2).

We now show existence. We first approximate 1¢ and 1p by the functions 1§ and
1% belonging to C*°(f2) (through mollification, for example), so that 1§ — 1 and
15 — 1p in LP(Q) for any p > 1. We first prove the existence of a positive classical
solution we(z,t) for each € > 0. We then argue that in the limit as e — 0%, we retain
a strong solution w(z,t) to problem (2.1) for some 7" > 0 fixed. It is then easy to show
that the solution is in fact global and will in fact be globally bounded.

In what follows, we essentially use a sub/super solution argument. First, 0 is clearly
a subsolution since f(z,0) = 0. Then, by Assumption 2.2.1, there exists M > 1 so that
f(z,U) <0 for all z € Q for any U > M, and so M is a supersolution. By Theorem
1.2.31, there exists a classical solution we(z, t) for every € > 0. By the uniqueness of the
classical solution, it is also a strong solution. Since f(z,U) < f'(z,0)U for all U > 0,
Gronwall’s inequality implies that there exists constants C,y > 0 so that w(z,t) <
Ce" for all t > 0, and so w,(z,t) is a global solution. By the same sub/super solution
argument, there holds 0 < w,(z,t) < M for all ¢ € (0,00), and so w(z,t) is globally
bounded. Notice also that these bounds holds uniformly in € as well. Therefore, the

right hand side is uniformly bounded in L*(Qr). In particular, 1% f(z, w.) — cljw,
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belongs to LP(Qr) for any p > 1. By Theorem 1.2.4, the right hand side is therefore
bounded in sz’l(QT), and so there exists a subsequence which we do not relabel such
that

we — w  strongly in W"*(Qr), weakly in W2'(Qr),

and by Theorem 1.2.4, w, — w in C***(+%)/2(Qr) for any a € (0,1). Therefore, since

&, 1% are uniformly bounded in ¢, it is not difficult to show that Aw, is a Cauchy
sequence in LP(Qr). The completeness of LP implies that Aw. — Aw strongly in
LP(Qr), and so w, — w strongly in W2'(Qr). Note that there is a bit of a jump here:
we have estimates on Aw,, but not on D?w,, which includes the mixed derivatives as

well. This is not difficult to overcome since

fremr=[(S5%) - L (S (Z2)) - foor

which is obtained via integration by parts. The regularity of w. for each ¢ > 0 justifies

the calculation, and so w is indeed the unique strong solution to problem (2.1).
Again, by Gronwall’s inequality and Assumption 2.2.1, we find that w(z,t) is global
and uniformly bounded in time. Furthermore, w € C1*+®/2([0, 00); C(2)). The regu-
larity of w is an immediate consequence of [111, Theorem 3]. Indeed, since wy € C*+(12)
and (z,t) — 1g(z)f(z, w(z,t)) — clp(z)w(z,t) is Holder continuous in time, 22 exists
and is uniformly continuous on (0,00) x Q. Hence, w € C*((0,00); C(Q)).
We verify that w satisfies the Neumann boundary condition. Since w, — w in

C'*2(Q) as € — 0, we see for any fixed ¢t > 0 and z, € 6Q

G, 0 Owe
—w(xo,t)‘ < ‘5(10(%,1:) —'ws(xo,t))‘ +‘ = (xo,t)‘

Ov
lim (w — w,)(zo,t) — (w — we)(z,t) ‘

T—T0 T — Xy

< lw = wellgr gy -

Taking € — 0 shows that g—’,‘j = 0 for all x € 02 and ¢t > 0. This completes the
proof. n

Similarly, we have the following Theorem for the existence and uniqueness of non-

trivial steady states.
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Theorem 2.4.2. Denote by p1(d, Lgf'(x,0) —clpg) the principal eigenvalue to problem
(2.5). If p1(d, 1gf'(z,0) — clg) < 0, then there exists a unique positive steady state
wy , € W?P(Q) solving problem (2.1). If p1(d, 1¢f'(x,0) —clp) > 0, then 0 is the only
steady state solving problem (2.1).

Proof of Theorem 2.4.2. Denote by ¢, the positive eigenfunction to problem (2.5) as-
sociated with p(d, lgf(z,w)—clp). We treat first the case when y; < 0. We compute
directly to see that

—dA(e¢1) = ep1(laf'(2,0) — clp + ) < lgf(x,e61) — clpé,

which holds for all € sufficiently small since —g; > 0. Similarly, M > 1 is a super-
solution by Assumption 2.2.2. By Theorem 2.4.2 and Theorem 1.2.31, there exists a
unique positive solution wj . satisfying e¢1 < wy, < M for all z € Q.

Suppose now that p; > 0 and there exists a strong solution wj, that is positive

somewhere in (2. We compute directly to see that

_dA(6¢1) = 6¢1(]lgf/($, 0) - CILB + Nl) 2 ﬂgfl(.’L', 6¢1) - CILBEQSD

which holds for all £ > 0 sufficiently small by the subhomogeneity of f. Hence, for
all ¢ > 0 sufficiently small, Theorem 2.4.2 guarantees that wj, < €¢;. Since ¢ was
arbitrary, choosing € small enough contradicts the positivity of the steady state. This

proves the second part of the theorem, completing the proof. m

Remark 2.4.2. In Theorem 2.4.2, the steady state is a strong solution belonging to
the class W2?(Q) for any p > 1. In particular, choosing p sufficiently large yields that
in fact wj, € C***(Q) for any o € (0,1) by the Sobolev embedding Theorem 1.2.3.

2.4.2 Global dynamics

We now prove the following theorem concerning the global dynamics of (2.1). Recall
that —u4(d, Laf'(z,0) — clp) can be understood as the net growth rate for small

population sizes, obtained through a linearization of (2.1) about 0.

Theorem 2.4.3. Suppose wy € CT(Q) \ {0} and that f(z,w) € C*'(Q x R*) satisfies

Assumption 2.2.2. Then, we observe the following global dynamics.
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(i) Suppose that pi(d, 1af'(x,0) — clp) < 0. Then, w(,t) — wi, in C(Q) as
t — oo, where wj . is the unique positive steady state to problem (2.1) obtained

in Theorem 2.4.2.
(ii) Suppose that pyi(d, 1gf'(x,0) —clp) > 0. Then, w(-,t) = 0 in C(Q) as t — co.

In the following proof we apply some of the existence/regularity results we have

obtained thus far, Propositions 2.4.1 and 2.4.2, and the abstract Theorem 1.2.8.

Proof of Theorem 2.4.3. The existence and uniqueness of a global strong solution fol-
lows from Theorem 2.4.1.

To prove this result, we apply some of the theory of monotone flows presented in
Section 1.2.

Denote by {®;:}:>0 the semiflow on C*(f2) generated by solutions of (2.1). Let
up € CT(Q) \ {0}. Replacing up by ®,up, we may assume without loss of generality
that ug € C*+(Q).

Claim 1: When y,(d, 1lgf'(x,0) —clp) < 0, (2.1) admits a unique positive steady
state wj,, by Theorem 2.4.2. Denote by ¢; the associated positive eigenfunction.
Notice that ®;(0) = 0 and ®;(w]}.) = w}..

Fix € so small and M so large that e¢; < ug < M. Then, &;(e¢1) < Pyug < M
for all £ > 0 thanks to Proposition 2.4.1. In fact, choosing € < 1 so that

b+ 1g (f'(w, 0)— ﬂ%‘“)) <o,

we have by Proposition 2.4.1 that e¢p < ®;(£¢), and so e¢ is a strict subequilibrium
by the subhomogeneity of f. Similarly, choosing M large enough so that f(z,U) < 0
for all U > M, Proposition 2.4.1 again gives that ®;,(M) < M. M is therefore a
strict superequilibrium. By Theorem 1.2.9, ®;(¢¢;) is increasing in ¢ and converges
pointwise to the positive steady state wj,, as ¢t — oo, and ;M is decreasing in ¢
and converges pointwise to a positive steady state wj, as ¢ — oo. Proposition 2.4.2
guarantees that wj , = wy . since the positive steady state is unique. By Dini’s theorem,

the convergence holds in C(2). It follows that ®;ug — wj, in C(Q2) as t — oo.
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If ui(d, laf'(x,0) — clp) > 0, then 0 is the only steady state to (2.1). Indeed, it
follows that for each M > 1, ®;M is decreasing in ¢ and converges in C(2) to 0 as
t — oo. Fixing M so large that up < M, we conclude that ®;up — 0 in C(Q) as

t — oo. This completes the proof. O

A special case

We briefly treat a special case of the more general theorem proved here. This is the
form explored in [104].

When f(z,w) = w(l —w), Llaf'(2,0) — clp = 1g — clg. Theorem 2.4.3 tells us
that the persistence of a single species depends on the sign of the principal eigenvalue
p1(d, 1g — clg), which depends directly on the size and shape of the region B, the
diffusion rate d, and the level of impact ¢ in the region B. In particular, given any size
or location of destroyed habitat, one can always choose c sufficiently small such that
Jomdz = |G| — ¢|B| > 0 so long as |G| > 0 (see Lemma 2.4.1). From Proposition
2.3.2, we see that this is enough to ensure that u; < 0. Notice that the same cannot be
said concerning extinction if we take c large! That is to say, we do not necessarily have
that py(d, 1g — clpg) > 0 for some ¢ > 1. This implies that given any configuration of
good and bad regions, there is always a value c sufficiently small such that the species’
population persists.

This observation motivates consideration of the special case when ¢ = 0. Our
nonlinear term becomes w(lg — Llegw) = Lgw(l — w). In this form, w = 1 is the only
steady state, and hence, w — 1 as ¢ — oo for any nontrivial initial data. This is an
interesting result as it indicates that as long as there is some region where the growth
rate of the species is positive (in this case, in the region G at rate 1), the species
will reach carrying capacity everywhere. This point will become important later when
discussing a similar limiting case of the full system (2.2).

Let us make this rigorous and concrete. In what follows, u;(d, m.;) denotes the

principal eigenvalue to problem (2.5) with m = 1g — cl .

Lemma 2.4.1. Suppose that [, f'(x,0) > 0. Then, there exists c* = c*(d) € (0, o0]
such that p1(d, 1laf'(x,0) — clp) < 0 if and only if c € [0,c*).
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Proof. Direct computation shows that [,(1gf'(x,0) —clp) = [, f'(2,0) —¢c|B| >0
for all 0 < ¢ < [, f'(,0). It follows from Proposition 2.3.2 (i) that y1(d, 1af'(x,0) —
clp) <0 for all c € [0, [, f'(x,0)].

By Proposition 2.3.2 (iv) and (v), the function ¢ — p(d, lgf'(z,0) — clp) is
increasing and continuous on [0, 00). Thus, if lim. . p1(d, 1gf'(z,0) — clg) > 0, then
there is a unique ¢* € (0,00) such that p;(d, Llaf'(x,0) — clp) = 0 when ¢ = ¢*, and
p1(d, lgf'(z,0)—clp) < 0 if and only if ¢ € [0, c*). If lim, o p1(d, Lgf'(x,0)—clp) <
0, then py(d, 1gf'(z,0) — clp) < 0 for all ¢ € [0,00). In this case, ¢* = oo. O

The following is an immediate consequence which we note for later use.

Corollary 2.4.1. Suppose f(z,w) = w(l —w). Then, f'(z,0) =1, [, f'(x,0) =G|,

and so p1(d, m.) < 0 for all c € [0, %]

Let ¢* = ¢*(d) be as in Lemma 2.4.1. Theorem 2.4.1 ensures that problem (2.1)
admits a unique positive steady state wj, for each c € [0,c*). We prove the following

result.

Lemma 2.4.2. There holds wj, < wj, in Q for all c € (0,c*). Furthermore, w}, —

wyo i C(2) as c— 0.

Proof. We write w; for wj , as the context for the current proof should be clear.
Notice that for any ¢ € (0,c*), w} S w§ by Proposition 2.4.2. Theorem 1.2.16 then

implies that w} < w§ in Q. If wk(xe) = w§(xo) for some zy € 2, Hopf’s lemma implies

that

owy}
]

"2 (x9) > 0, which contradicts the boundary condition satisfied by w}, and so

w < w in Q for all ¢ € (0,c*).

By Proposition 2.4.2, w} is increasing as c decreases. Hence, the pointwise limits
w* := lim, 0w} exist in , and 0 < w* < w} in Q. We now show that w* = w.

Since wg is bounded for all ¢ € [0,¢*), |lgf(z,w}) — clpw}| < M < oo for all
c € [0,c*). In particular, the right hand side belongs to LP(Q2) for any p > 1. Theorem
1.2.29 then tells us that in fact sup,o .« wi € W2P(Q)(Q) for any p > 1. Thus, the
compactness of W2?(Q) (i.e., the Rellich-Kondrachov compactness theorem [31, Ch.
5]) yields the existence of a subsequence such that

wy > w*, Vw! — Vw* strongly in LP(2) as ¢ — 0.
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Note that, since w}(x) is monotone increasing for each z € 2 as ¢ — 0, the limit point
is unique, and so we are guaranteed that the limit is exactly w*.

Consequently, if we multiply the equation for w} against a test function ¢ and
integrate by parts, we immediately find that w* is a weak solution solving the same
problem as wg. The Sobolev embedding ensures that in fact w* € C***(Q) for any
a € (0,1), and so the weak solution is in fact a strong solution. Uniqueness of the
strong solution tells us that wg = w*. Finally, Dini’s theorem ensures that w; — wy;

uniformly in €2, completing the proof. n

We then have the following corollary for later use.

Corollary 2.4.2. Suppose f(z,w) = w(l —w). Then, w§ =1 in Q, w} < 1 for all

c € (0,¢*), and wk — 1 uniformly in Q as ¢ — 0%.

2.5 A competitive system

With the results proved in the previous section, we are now ready to tackle the com-
petitive system. Since the system is more complicated than the scalar equation, we
consider the special form of reaction given in problem (2.2). We essentially apply the
same theory to the system, but there are now possibly four (or more) steady states.
Therefore, we must discuss the appropriate cone in which to work so that we generate
a strong monotone flow, and we must determine precisely the local stability of possible

steady states. We begin to address the first piece of the puzzle now.

2.5.1 Comparison principles for competitive systems

In what follows, the orderings <k, <k and <k denote the skew orderings for compet-

itive systems: for uy, ug, v1,vs € C(Q),
(1, ) S (g, v0) I w2 — w1 € CH@) and v~ € D),
(ur, 1) <x (ug,v2) i wp—uw €CH@)\{0} and v —vy € C*(@)\ {0},
(u1,00) < (ug,00) i wp = €CH(@) and v — v € CH (@),
Thus, we work in the cone (X*+) x (=X*) = (C(@") x (~C(@)) so that our com-

petitive system can be treated as a cooperative system. We now present an analogue to
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the comparison theorem for scalar problems, Theorem 2.4.1. The approach to proving

the result can easily be translated to a proof for the scalar case.

Proposition 2.5.1. Let T € (0,00). Suppose that u, @, v, v belong to W2 (Qr) N
C([0,7); C(Q)) for any p > 1 with u(-,0),v(-,0) > 0 and satisfy the conditions:

u, — diAu < u(me, — lg(u+7)) a.e. in Qx (0,7),
v, — doAv < v(me, — lg(@+v)) ae in Qx(0,7),
Uy — d1Au > 4

— daAU > v(me, — lg(u+7)) ae in Qx(0,T),

me, — lg(@+v)) ae in Qx(0,71),

ou _Ou
<< —
w5 " o0 x (0,7),
ov _Ov
<< .
% = 5 on 02 x (0,T)

Then, the following hold.

(1) If (@("0)’6(30)) <k (ﬁ(',O),Q(',O)), then (@('at)’ﬁc’t)) <k (ﬁ('at):g(°:t)) for
allt € (0,T).

(2) Suppose in addition u, U, v, v belong to C*((0,00); C(Q)). If (u(-,0),v(-,0)) <k
(E('a O)a 'l_)(', 0)), then

(u(-,8),0(-, ) <k (@(,1),0(-1), Vte(0,T).

Proof. (1) First, we claim that @, v > 0 holds necessarily. Consider w = —u. Then by

assumption, w satisfies
— d1Aw < B(t)w, (2.7)

for some nonnegative B(t), the existence of which follows from v,u € C([0,T); C(Q)).
Set w~ = max{0, —u}. Multiplying (2.7) by w_, integrating the resulting inequality
over (2 and integrating by parts yields that 12 [ (w™)dx < B(t) [,,(w™)?dz. From
the Gronwall inequality and the nonnegativity at ¢ = 0, we obtain w~ = 0. The same

argument applies to v, and hence u,v > 0.
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Now, set w; := u — % and wy = v — . We show that w} := max{0,w;} = 0 for

i = 1,2. Setting fi(z,u,v) = u(me, — lg(u+v)) and fo(z,u,v) = v(me, — lg(u+v)),
we estimate

1d +12 12
S dt Q[(“’1) + (wg)?] dz

S [2 [wi’_ (dlAwl + fl(xa@aﬁ) - fl(x)ﬂa 1_])) + ’LU;_ (d2Aw2 + f2(x7ﬁay) - f2(x7ﬁay))] dz

< / wt (fule, u,7) — fi,m ) do + / wt (falz, B, 0) — fole,,v)) de,
(2.8)

where we used the assumed differential inequalities in the first inequality, and integrated

by parts and dropped non-positive gradient terms in the second inequality.
We now write

fl(xvyaﬁ) - fl(a"vﬁay) = ﬂ(mq - ILG(@_FE)) - ﬂ("ncl - ILG’(E'FQ))
= Mg, (u — ) — le ((u+8)(u — @) + 9(u — ) — (v — V)
= (mc1 — llc(u+ﬂ+17))w1 + lguws,

fo(z,1,v) — falz, 4, v) = (M, — 1g(v + v +B)ws + Levw:.
Inserting these into (2.8) yields

ld +\2 +12
2 dt Q[(wl) +(w2)]dac

< / (mey — L+ +))(w})?de + / (M1ey — La(v + 5 + 1) (i) da

Q
+ / (wwfws + vwiw,) dz
Q

< /Q [(me, — Lou)(w])? + (Me, — 1gv)(wy)?] dz + /Q(E+ﬁ)wfw;dx.

Notice that in the second inequality we have used that w,» > 0 so that wwjw, =
uwy (wi —wy) < uwiwy. A similar inequality holds for w3 w;.

Next, applying Young’s inequality to the mixed term yields
1d
2dt ). [(wi)? + (w5)?] dz
< /(mc1 — leu+ (@ +)/2)(w)?dz + /(mC2 — 1lgv + (T +)/2)(wy)3dz
Q Q
<8 [ [ +wh)) da,
Q
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where the existence of such a function §(t) again follows from the fact that all sub/super
solution pairs belong to C([0,T), C(Q)). Gronwall’s inequality then gives

| (@? + ) do < 28209 [ (@i ©)% +(wf 0))) da =0,

Q
since w; (0) = max{0, u(z, 0) —u(x,0)} = 0 and w; (0) = max{0, v(z,0) —v(z,0)} =0
by assumption. Consequently, w;” = 0, and hence w; < 0 a.e. in Qr for each i, i.e.
u < uand v <7 a.e. in 7. Finally, by the Sobolev embedding Theorem 1.2.4, all
quantities are continuous in Qr, and hence the inequality holds everywhere in Qr.
This completes the proof of the first part of the theorem.

(2) Next, notice the Sobolev embedding ensures that u,u,v,v € C*(Q) for all
t € (0,T). If in addition we assume that u,u,v,v € C*((0,7T); C(Q)), we may apply
the strong maximum principle Theorem 1.2.16 as follows. Since w; < 0, the hypothesis
of Theorem 1.2.16 is satisfied. Suppose there exists a point (zo,%9) € @Qr such that
w; = 0. By Theorem 1.2.16, it must be the case that w; = 0in Q for all ¢ € (0, o). This
contradicts the continuity of w(-,t) and the fact that w(z,0) = u(z,0) —u(z,0) <0
for some z € Q. Hence, wy < 0 for all (z,t) € Qr, i.e. u < for all (z,t) € Q.

We now consider points on the boundary 0Qr. Suppose that there exists zy € 02
such that wi(xo,t) = 0 for some ¢, > 0. Hopf’s lemma (the parabolic version of
Theorem 1.2.17) then guarantees that % > 0, which is clearly in contradiction to the
assumption that 2 = g—% — %% < 0. Hence, u < @ for all (z,t) € 2 x (0, T).

The same procedure yields that v < ¥ using instead that u < @ from (1) and
the boundary conditions for v,7. This completes the proof of the second part, and

concludes the proof of the theorem. n

We also have the following existence-comparison theorem for the elliptic system,
which is partially an analogue of Proposition (2.5.1). In this case, we actually have more
since we strengthen our assumption: a comparison theorem holds, but we also obtain
solutions to the elliptic system through a monotone iteration scheme. This is similar
to the strategy explored in Section 1.2, but the complexity is increased due to the
coupled system. On the other hand, the form of the reaction terms are appropriately

quasimonotone [123, Ch. 12|, and so the sequences generated are monotone.
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Proposition 2.5.2. Suppose that u, u, v, U belong to W*P(Q) for any p > 1 and

satisfy the conditions:

—di1Au < u(me, — lg(u+7)) a.e in Q,
_d2A7_J < Q(mc2 - ]lG(ﬂ—l_ 1_))) a.e. in Q’
—di AT > u(mg, — 1g(@+v)) ae in Q
—do AT > U(me, — 1g(u+7)) a.e in 9,

Oou _ Ou

Z 2

Oov — Ov on 9,

Oov _0Ov

=< = )

ov — Ov on 99

If u, u, v,V satisfy (1_1'a @) <k (ﬂa Q); then
e there exist steady states (u*,v*) and (u*,v*) to (2.2) such that

(u,7) <k (u*,7*) <k (u*,v") <k (T,v);

e any steady state (i,0) to (2.2) obeying (u,v) <k (4,0) <k (u,v) must satisfy
(g*,q_}*) <k ('&" f}) <K (ﬁ*aq_j*)'

Proof. The proof follows from “standard” iterative arguments for quasimonotone sys-
tems and Theorem 1.2.16 in place of the classical maximum principle. The scalar case
was considered in Section 1.2.8.

First, let K be so large that Fi(z,u,v) := Ku+u(m., —lg(u+v)) and Fo(z, u,v) :=
Kv + v(me, — Llg(u + v)) are non-decreasing in the arguments u and v, respectively.

We then iterate through the process
—d1 Aug + Kuy = Fy(%, k-1, Vk-1),
—doAvy, + K, = Fo(z, ug—1, Vk-1).
subject to homogeneous Neumann boundary data along 0f2.

We use our sub/super solution pairs (u,v) = (ug, V) and (4, v) = (U, v,) as initial

iterates to create monotonic sequences satisfying

US U SUpyg SUkp1 SUSU, VS U S Vg SV SV ST,
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in Q for all £ > 1. We follow a similar procedure as that outlined in, e.g., [123, Ch.
12] or [95].

We show the details for (uy,Ux) with the same approach applying to (@,v). Since
u, ¥ belong to W2P(2), they are uniformly bounded in Q by the Sobolev embedding.
Hence,

Fl(xaua 5)) F2(xaﬁa @) € LOO(Q)

By the existence result Theorem 1.2.29, there exists a unique positive strong solution
u,,v; € W2e (Q). Set w; = u—wu, and 2; = U; —T. By the assumptions in the statement

of the theorem there holds
_dlAwl + le S Fl(xall_'ta 6) - Fl(xa,l_j/)ﬂ) = 0)

and % < 0 along 0f). Similarly, —dsAz; < 0. By the comparison principle we have
that w; =u—u4;, <0and 2y =7, —v < 0.
Consider now wy = uj, — Uy, and 25 = Ug41 —Vg. Assume w;, 2; < Ouptoi=k—1.

We proceed inductively. First we have that
—di Awg + Kwy = Fy(z,uy_q, Uk—1) — F1(, Up_s, Uk—2).
Write the right hand side as
Fi (2, 1, Uk-1) — F1(®, U1, Uk—2) + F1(@, Up_y, Vk—2) — Fi(2, up_y,Tk—2) <0,

which holds by the non-increasing property of F; and the fact that our iterates are
positive. The same argument holds for z.
Using the same setup, one can show that uy > U4, and v, > vy, for every k.

Finally, we consider wy = uj, — Ux. By assumption, wo < 0. For k >!, wy, satisfies
(wr)s — diAwy + Kwy, = Fi(z, up_q,0p—1) — F1(%, Up—1, 74 _1)

Assume the above holds up to k£ — 1. Using the same rearrangement used previously
along with the fact that vy_; — v,_,, it is not difficult to obtain w; < 0. The same

argument holds for z; = v; — vx. Hence, the monotonicity of our sequences holds for

all k.
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Since the sequences are monotone and uniformly bounded, the following pointwise
limits exist

lim u, =u*, lim ¥ =%" lim v, =v*, lim v, =7%
k—o0 k—oo k—oo k—o0

and are uniformly bounded in W?2?(Q) for any p > 1. Thus, the compactness of W?2?(Q)
yields a subsequence that we do not relabel which converges strongly in W1?(Q) and
weakly in W%P(Q). Since each Fj(z,u,v) are Lipschitz continuous in the arguments
u,v, we find that the pairs (u*,7*) and (u*,v*) are steady state solutions to problem
(2.2) in the weak sense. Furthermore, by the Sobolev embedding we have convergence
in C**%(Q). In particular, the boundary condition is satisfied everywhere along Of2.
Again by the regularity of F; in the arguments u, v, we can show that the convergence
is strong in W2P(Q) and (u*,v*) and (u*,v*) are strong solution pairs to problem (2.1).

The ordering relation of these solutions obtained then follows immediately due to
the ordering of the original sequences.

Finally, if (u*,v*) is any other solution lying between the original sub/super solu-
tions pairs, choosing (uy, Up) = (u*,v*) yields u* < u* and v* > v*. A similar argument

yields w* > u* and v* < v*, completing the proof. O]
We conclude this subsection with the following simple result.

Corollary 2.5.1. If a coezistence steady state (u,) to (2.2) exists, there must hold

(@,7) € O+ (Q) x CH(Q).

Proof. 1t is easy to see that (0,v*) <k (4,0) <k (u*,0) from Proposition 2.5.2. The
result then follows from of Proposition 2.5.1 (2) with (u,v) = (0,v*) and (u,v) =
(u*,0). O

2.5.2 Well-posedness

Using the results of the previous section, we are now ready to prove the well-posedness
of the time-dependent competition system. Furthermore, the solution process generates

a strongly monotone flow on the space (C+(Q2) x (—C*(Q2)). We have the following

theorem.
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Theorem 2.5.1. For any initial data (ug,vo) € C*(Q) x C+(Q), there exists a unique
global strong solution (u,v) to (2.2) satisfying

(u,v) € [C*([0, 00); C* () N C*((0, 00); C*(Q))]*

for any a € (0,1). Moreover, solutions to problem (2.2) are strongly monotone in the
sense that if (ug, vo), (tig, Vg) € C*T(Q) x CT(Q) are such that (ug, vo) <x (%o, Vo), then
(u(-,t),v(-,t) <k ((-,t),0(-,t)) for allt >0

Proof of Theorem 2.5.1. We may repeat the same process given in the scalar case in
order to deduce some preliminary regularity results. To this end, regularize by 1§, 1%.
It is easy to see that 0 is a subsolution while M suitably large is a supersolution for both
equations v and v. By a standard monotone iteration schemes (see Section 1.2.8) we
deduce the existence of a unique classical solution (u.,v.) € C*1*/2(Qr) N C(Qyr)
for each € > 0 fixed. Furthermore, u.,v. are uniformly bounded in ¢ since M is a
supersolution for all & > 0. Thus, Fj(x,u.,v.) are uniformly bounded in L*(Qr),
and so by Theorem 1.2.30 (u.,v.) are uniformly bounded in W2!(Qr) for any p > 1.
Choosing p large enough we have that in fact (u,v) € [C*F*(+)/2(Q x [0,T))]? for
any a € (0,1) by the Sobolev embedding. It is easy to verify the boundary condition
as in the scalar equation case due to the convergence in C*(2).

Next we show that solutions are positive and global. First, we assert that the
solution (u,v) is non-negative. To see this, note that the equation for each solution

can be written as

u = diAu + uFi (),
v = daAv + vFy(2),

where F;(t) = m; — lg(u + v) are bounded by some nonnegative function 5(t) for
any T' > 0. Multiplying each equation by v~ = max{0, —u} and v~ = max{0, —v}

respectively and integrating over 2, we find that

3t L 10+ @] de < 86) [ [+ (] de
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The result then follows from Gronwall’s inequality and the fact that u=(-,0) = v~ (+,0) =
0.
Next, if one considers the pair (u,v) = (Me"@1,0) where ¢, is the first eigenfuction

solving (2.5) corresponding to u;(dy, m,), it is easy to see that
Uy — dAT > U(me, — 1g(T +v)),

so long as v > pi(di,m.). Hence, u is exponentially bounded in time and thus
necessarily exists globally. Furthermore, we see that u(z,t) > 0 in Q for all ¢ > 0 so
long as up(z) = u(x,0) > 0 somewhere in Q. A similar argument holds for v(z,t) when
one considers (u,7) = (0, Me$,) where ¢, corresponds to 1y (da, m,) and v is chosen
such that v + u;(ds, mc,) > 0.

We may now improve the regularity in the time variable for application in the
following section. Most important in this argument is the Hoélder continuity of the
solution in the variable ¢. This allows us to apply [111, Theorem 3] once again: since
up € C(Q) and (z,t) — u(z,t)[me, — 1g(u(z,t) + v(z,t))] is Holder continuous with
exponent « in the variable ¢, we may conclude that % exists and is uniformly continuous
on (0,00). Similarly, we conclude that % exists and is also uniformly continuous on
(0,0). Consequently, the unique strong solution (u, v) belongs to [C*(]0, 00); C(2)) N
C*((0, 00); ()]

With the sufficient regularity obtained, an application of Proposition 2.5.1 (2) im-
mediately gives us the strong monotonicity of the system in (C(Q) x (—C(f)), com-
pleting the proof. O

2.5.3 Global dynamics

We now state one of the main results of this chapter. Denote by pq(di, mc,) (resp.
p1(de, me,)) the principal eigenvalue associated with the linearization of (2.1) at 0
with (d,m) = (dy,m¢,) (resp. (d,m) = (da, mc,)). See Proposition 2.3.2 for details.
By Theorem 2.4.1, we have a unique positive steady state when the principal eigen-
value is negative. Whenever p;(d;, m.,) < 0, denote by u* the unique positive steady

state of (2.1) with (d,m) = (di,mc,). Similarly, whenever p;(da, mc,) < 0, denote
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by v* the unique positive steady state of problem (2.1) with (d,m) = (d2,m,,). The
following result provides a full description of the global dynamics of the competition

system (2.2) depending on d; and c;.

Theorem 2.5.2. Let 0 < d; < dy. Then the following hold (with all convergences hold
in C(Q) x C(Q)).

(1) Suppose p1(di,me,) >0 and py(de, me,) > 0. Then, (u,v) — (0,0) as t — oo.
(2) Suppose pi(di,me,) <0 and py(de, m,) > 0. Then, (u,v) — (u*,0) ast — oo.
(3) Suppose pi(di, me,) >0 and py(d2, me,) < 0. Then, (u,v) = (0,v*) as t — oo.

(4) Suppose p1(di,me) < 0 and py(de,me,) < 0. Then, there exist critical values

0 < ¢ < C < c1 such that the following results hold.

(i) If c; € (¢3,00), then (u,v) = (u*,0) as t — oo.

(i) If cy € (c3,C), then (u,v) — (4,0) as t — oo, where (u,V) is the unique

coexistence steady state of (2.2).

(iit) If c2 € (0,¢5), then (u,v) = (0,v*) ast — oo.

Furthermore, ¢ and €, are given by the unique zero of the functions c; —

p1(di, me, — 1gv*) and co — p1(da, me, — 1gu*), respectively. That is,

co=cy <= w(di,me —1gv*) =0 and cy=7¢ <= pi(de, me, — Lgu*) =0.

Remark 2.5.1. Note that in the description of ¢, the dependence of pi(dy, me, —1gv*)
on cy is gien implicitly by the dependence of v* on cy. This is in contrast to ¢5 where

the dependence is more explicit, seen directly by the presence of m,.
We also prove the following limiting case extending point (iii) of Theorem 2.5.2.

Theorem 2.5.3. Let 0 < dy < dy and co =0 < ¢;. Then,
(u,v) = (0,v*) in C(Q)xC(Q) as t— oo.
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To complete the picture of potential asymptotic outcomes, we highlight the follow-
ing limiting cases when either the diffusion coefficients are identical, or the level of

degradation for each species is identical.

Theorem 2.5.4. Suppose that dy,ds > 0 and ¢y = co = 0. Then, there exists a curve
of steady states of the form {(0,1 — o) : 0 € [0,1]}. Furthermore, the linearization
about the semi-trivial steady states (1,0) and (0,1) have a zero eigenvalue, that is, the

semi-trivial steady states are neutrally stable.

Theorem 2.5.5. Suppose that dy = ds > 0, and u* and v* exist. The following hold.
(1) Ife1 < ca, then (u,v) = (u*,0) in C(Q) x C(R) as t — .
(2) If c; > cg, then (u,v) — (0,v*) in C(Q) x C(Q) as t — oo.

This result is of notable significance due to its implications for the sustainability of
multiple species’ populations. This result suggests that, under the introduction of any
amount of degraded habitat, if one species is particularly resilient in the degraded re-
gion, not only will it survive, but it will drive the other species to extinction! Moreover,
this result holds for any such 0 < d; < dy;. Hence, under the introduction of variable
heterogeneity, the slower diffuser may not always win! In fact, in the limiting case,
as long as species u experiences some level of mortality in some region of €2, species
v always drives species u to extinction! The remarkable fact is that this holds for any
c1 > 0, for any region B, regardless of how small c; or the region B might be. This
behaviour can be observed in the numerical results of Section 2.6.

In order to prove Theorem 2.5.2, we use the following crucial result.

Proposition 2.5.3. Let dy,d> > 0 and c1,c2 > 0 be such that pi(d;,me) < 0 for
i =1,2. Suppose that every coezxistence steady state of (2.2), if exists, is asymptotically

stable. Then one of the following alternatives holds.

(a) There exists a unique coexistence steady state of (2.2) which is globally asymp-

totically stable.

(b) System (2.2) has no coexistence steady state, and one of (u*,0) or (0,v*) is

globally asymptotically stable, while the other is unstable.
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For notational simplicity, we omit Neumann boundary conditions whenever no con-

fusion is caused.

Proof of Theorem 2.5.2 (1)-(3). We address cases (1)-(3) together since they are the
most straightforward. Denote by (u,v) the unique global strong solution to (2.2) with
initial data (ug,vp) € [C*(Q2) \ {0}]2.

(1) Suppose p1(d;, me,) > 0 for i = 1,2. Define (u,v) := (0, ws) and (4, v) := (wy,0)
in 2% [0, 00), where w; and ws are respectively solutions to (2.1) with (d, m) = (dy, m,,)
and (d,m) = (da, m,) subject to the initial conditions w;(-,0) = up and wsy(-,0) = vp.
By Theorem 2.4.3, w;(+,t) — 0 in C(Q) as t — oo for i = 1, 2.

Direct computation shows that the differential inequalities in Proposition 2.5.1 hold,
that is, (u,v) and (u,v) are respectively a sub solution and a super solution of (2.2).
We conclude from Proposition 2.5.1 that 0 < u < and 0 < v < 7 in Q for all £ > 0.
Hence, (u,v) — (0,0) in C(R2) x C(Q) as t — co, completing the proof of part (1).

Next we prove the result for case (3). Case (2) follows in an identical fashion.
Suppose that u(dy, me,) > 0 while u;(ds, m.,) < 0 so that v* exists.

Let w be the unique solution of (2.1) with (d,m) = (d;,m.,) and initial data
wp = Up. Theorem 2.4.3 (ii) ensures that w — 0 in C(R) as t — oco. Obviously, w

satisfies

wy — diAw > w(m,, — lg(w+v)) ae. in Q x (0,00),

and hence, u < w by Proposition 2.4.1. It follows that v — 0 in C(Q2) as t — oo, and
thus, for any 0 < € < 1, there is t, > 1 such that 0 <u < ein Q for all t > ¢.. Let 2.

be the strong solution to the following auxiliary problem

2z = doAz + 2(Me, — La(z+¢€)) in Qx (t,00),
2(-t) = v(- te) in Q.

Proposition 2.4.1 yields that z. < v for all ¢ > t,.
Recall that py(de,m.,) < 0. By Proposition 2.3.2 (iii), we may choose ¢ so small
that uy(da, me, — €lg) < 0. Then, the following equation:

doAZ* + 2*(Mmey, — 1g(2* +€)) =0 in
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admits a unique positive solution zZ. It follows from Theorem 2.4.3 that z. — 27 in

C(Q) as t — co.

Finally, let v solve

Uy = do AT + U(mye, — 1g0) in Q x (0,00),
7(-,0) = vg in Q.

By Theorem 2.4.3, 7 — v* as t — 0o. Note that by Proposition 2.4.1, v < 7 in § for
all £ > 0. Combining these results, we deduce that

z; = lim 2z, <liminfv <limsupv < lim v =% WV0<e<k 1l
t—o00 t—o0 t—00 t—o0

We conclude by showing that 2¥ — v* in C(2) as € — 0. Actually, the exact
same argument as that used in the proof of Theorem 2.4.2 applies except we replace
c with €. Dini’s theorem proves the uniform convergence over Q. Furthermore, the
convergence holds in C**%(Q) for any a € (0,1), and so the boundary condition is
satisfied everywhere on 0f).

It follows that zj is a strong solution satisfying the same equation as v*. The
uniqueness of solutions implies that z; = v* in Q. Sending ¢ to zero completes the

proof of part (3), and we are done. ]

The rest of this section is devoted to the proof of Theorem 2.5.2 (4) with the short
proof of Theorem 2.5.3 presented afterward. In what follows, we analyze in detail the
local stability of the steady states. Since p1(d;, m,) < 0 for ¢ = 1,2, we have at least
three steady states: (0,0), (u*,0), and (0,v*). In particular, recall that Lemma 2.4.2

applies to u* and v* with respect to ¢; and cs, respectively.

Lemma 2.5.1. Suppose ¢; > 0 and p;i(di,me,) < 0. Then there ezists a critical value

¢ € (0,c1) such that the following hold:
(i) if c2 € (0,¢5), then (u*,0) is unstable;
(1) if c2 € (G5, 1), then (u*,0) is linearly stable.

Furthermore, ¢ satisfies ¢; > ¢y = %ﬁ > 0.
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Proof. Consider the following eigenvalue problem associated to the linearization of

(2.2) about (u*,0):

di Aty + (me, — 2lgu*)Yy — legu*ha + APy =0  in Q, (2.9)
d2Ad12 + (’I’I’I,c2 — I[GU*)¢2 + Adlz =0 in Q. )
In particular,
d2A¢2 + (mcz - ILG'U*)d& + A¢2 =0 in Q: (210)

and so all eigenvalues are real.

Since |G| > [, u* due to Lemma 2.4.2, we deduce [,(mc, — lgu*) = |G| — [, u* —
c2|B| > 0 for all cs < ¢, where ¢ is as in the statement. It follows from Proposition
2.3.2 that

pi1(de, me, — lgu*) <0, Veu <6, (2.11)

where p(da, me, — 1gu*) is the first eigenvalue of (2.10).
Assume c; < ¢ and let ¥, be the positive eigenfunction associated to A :=

p1(de, me, — Lgu*) < 0. We solve for 1, in the first equation of (2.9) given by
diAY; + (me, — 21gu*)h; — Lgu*he + AP =0 in Q. (2.12)
Since p1(dy, me, — 21gu*) > p1(dy, me, — lgu*) = 0 and A < 0, the operator given by
diA + (me, —21gu*) + A : C(Q) = C(Q), (2.13)

is invertible. This together with the third theorem of Krein-Rutman, Theorem 1.2.7,
imply that (2.12) admits a unique positive solution. Hence, ) is a negative eigenvalue
to the problem (2.9) and (u*,0) is unstable.

So far, we have shown that (u*, 0) is unstable for c; € (0,¢;]. We extend this
interval to (0,¢3) for some ¢; > ¢p. First, if we choose c; = ¢; so that m,, = m,,,
we see from Proposition 2.3.2 (iii) that u;(dg, me, — Lgu*) > ui(dy, me, — Lgu*) = 0.
This together with (2.11) and the monotonicity of ca — u;(d2, m., — Llgu*) yields the
existence of a unique value ¢ € (¢y, ¢1) such that p(da, me, — 1gu*) = 0. In particular,
p1(de, me, — Lgu*) < 0 for all ¢ € (0,¢;). Hence, the operator (2.13) is again invertible

for all ¢, € (0,¢3) and so (u*,0) is unstable. This proves part (i) of the proposition.
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It remains to show that (u*, 0) is linearly stable for all ¢, € (€3, ¢;). Referring back to
the eigenvalue problem (2.9), if ¢, # 0, then A must satisfy A > p1(da, me, — 1gu*) > 0,

as ¢y € (C3,¢1). On the other hand, if 95 = 0, one considers only
diAY; + (M, —2Lgu™)h1 + Ay =0 in Q,

and notices that A\ > p;(dy, me, — 21gu*) > p1(di, me, — Lgu*) = 0. In either case, all
eigenvalues of (2.9) are positive, and thus, (u*,0) is linearly stable for all ¢z € (¢35, ¢1).
This completes the proof of part (ii). O

We now prove the analogous result for the local stability of (0, v*).

Lemma 2.5.2. Let ¢; > 0 and py(da, me,) < 0. There exists a critical value ¢ € (0,¢1)
such that the following hold:

(i) if ca € (0,¢3), then (0,v*) is linearly stable;
(i) if c2 € (cb,c1), then (0,v*) is unstable.
Furthermore, ¢} satisfies ¢ > ¢, :=sup{c2 > 0:v* > u* in G} > 0.

Proof. Consider the following eigenvalue problem associated to the linearization of

(2.2) about (0, v*):

(2.14)

d1A¢1 + (mc1 - ]lG’U*)/wl + >‘¢1 =0 in Qa
daAthy + (mcz - 2]1G'U*)¢2 — lgv*1 + AP =0 m €.

By Corollary 2.4.2, u* < 1in ©, and v* — 1 in C(Q) as c; — 0, and thus, u* < v* in
G for every c, sufficiently small. Hence, ¢, is well-defined. From Proposition 2.3.2 (iv)

it follows that
pa(dy, me, — Lgv*) > pa(dy, me; — Igu*) =0, Veg € (0,c,).

If ¢ £ 0, then X > py(di,me, — Igv*) > 0. If ¢p; = 0, then A > py(de, me, —
21gv*) > p1(dg, me, — Lgu*) = 0. In either case, all eigenvalues of (2.14) are positive

for ¢, € (0,¢,), and so (0,v*) is linearly stable for ¢, € (0,¢,).
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We now extend the interval (0, ¢,) to (0,c}). Notice that if we choose cs = ¢, then
pa(dy, me, — 1gv*) = pa(di, me, — 1gv*) < pa(de, me, — 1gv*) =0,

and hence there exists a critical value ¢ > ¢, such that p;(di,m, — 1gv*) = 0.
Consequently, (0, v*) is linearly stable for all ¢, € [0, c3).

Finally, we show that (0,v*) is unstable for all c; > c3. Referring back to the
linearized system (2.14), set A = py(dy, me, — 1gv*) < 0 and denote by 1, the corre-
sponding eigenfunction. We now solve for /5. This follows immediately from the fact
that the operator deA + (m., — 21gv*) + A is invertible since p;(ds, M, — 21gv*) > 0
and A < 0, i.e., we apply the third Krein-Rutman theorem once again. Hence, (2.14)
has a negative eigenvalue for all c; > ¢ and so (0,v*) is unstable. This completes the

proof. H

Next, we state a result asserting that every coexistence steady state is linearly sta-
ble, whenever it exists. This key result in conjunction with Proposition 2.5.3 will allow
us to prove the subsequent Lemma, which results in conclusions of global asymptotic

stability.

Lemma 2.5.3. Suppose 0 < d; < dy and 0 < c3 < c;. Then, any coexistence steady

state of (2.2), whenever it exists, is linearly stable.

Proof. We adapt the proof of [61, claim (S)]. Let (@, %) be a coexistence steady state
of (2.2). Then, (0,7) <k (%,0) by Corollary 2.5.1. Consider the eigenvalue problem

associated to the linearization of (2.2) about (i, 9):

{dlmpﬁ(mcl—na(aw)—ﬂaa)«m—ﬂaﬂwﬁwl=0 5 15)

dgAwg —|— (mc2 — ﬂg(fb —I— 17) —_ ﬂgﬁ)¢2 —_ ]lgf)ibl —|— )\1/}2 = 0 iIl Q
Denote by (¢1,¢2) the eigenfunction pair associated to the principal eigenvalue A,
whose existence and simplicity is ensured by the second Krein-Rutman theorem, The-
orem 1.2.6. We may choose @1, @ such that (0,0) <x (41, 2), that is, (¢1,¢2) €
(X*) x (—=X7), and ||¢1]|; + | ¢2|l; = 1. Direct calculations give
dlv - ('azv (%)) = ﬂgsz((bl + ¢2) - )\117,¢1 in Q.
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Multiplying the above identity by %; and integrating over €2, we find

2 3

Similarly, there holds

2 3

Combining these two identities, we find

s _ - o1
_)\1\/9 (El — ?2) dr = —2d1/ﬂu¢>1 \Y4 (E)
+2d2/91~1¢2 \Y (%)

<- / (61 + o) (& — P)dw = — / (614 6) (1 — o)z < 0.
G G

2
dw — /G B (b1 + do)da

2
dz + / ¢3(p1 + ¢2)dx
G

This implies that A\; > 0 with equality if and only if %1 = const, % = const and
¢1 = —¢2.

If (&,) is not linearly stable, then A; = 0. It follows that & = k¥ for some k > 0,
which together with the system satisfied by (%, ) gives

di AT + &(mcl — ]lg(]. + k_l)fb) =0 in ,
de AV + ¥(mey, — 1g(1+ k)0) =0 in Q.

Clearly, w* := (1 + k1)@ = (1 + k) satisfies

diAw* + w*(m, — Lgw*) =0 in Q,
do Aw* + w*(me, — Lgw*) =0 in Q.
Hence, w* satisfies (do — d1)Aw* — 1g(c; — co)w* = 0 in Q, leading to w* = 0 in Q.
This contradicts the positivity of & and ©. In conclusion, A; > 0, and hence, (@, ?) is

linearly stable. L

Lemma 2.5.3 allows us to show an additional property of the quantities ¢; and

Gy they are ordered. This gives us an existence/non-existence result for a positive

coexistence steady state.

Lemma 2.5.4. It holds c; < ¢;. Moreover,
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(i) If co € [0,c5) U (G5, 00), there is no coexistence steady state;
(it) If co € (c},C;), then there exists a unique coexistence steady state.

Proof. First, we claim that ¢j < ¢;. Suppose otherwise. We then consider two cases:
c; > ¢ and ¢ = C;.
In the first case, whenever ¢, € (€3,¢}), both (u*,0) and (0,v*) are linearly stable
according to Lemmas 2.5.1 and 2.5.2. Such a case is contradictory to Proposition 2.5.3.
Suppose now that c; = ¢;. Let cy be exactly this value. Note that v* is fixed
corresponding to cs, whereas u* is fixed and independent of c;. From the definition of

¢; and ¢, we find simultaneously that
)u'l(dla me, — JlG',U*) =0= )U‘I(d27m02 - lGU*)

for some eigenfunctions ;,%,, while 0 = py(di, me;, — Lgu*) = p1(de, me, — Lgv*)
with eigenfunctions u* and v*, respectively. In other words, the following equations

are satisfied:

dlA’(pl + (mcl — ﬂg’l}*)wl = 0, dlA’LL* + u*(mcl — ﬂgu*) = 0,
d2A¢2 + (m02 — ILGVU,*)’(L’Q = 0, dzA’U* + v*(mw - ﬂg’l)*) = 0,

From the variational characterization of these eigenvalues, we have that

0< [ [d2|V6* = gH(mey — 16u")] da, Vi € D) : 6 20,

0= /Q [y |Vo ? — (0*)2(me, — L") da, (2.16)
and also

0< /Q [y [V — $(mey — 1ev™)] do, Ve HY(Q): 6 £0,

0= /Q [y [Va*? = (u*)2(me, — Lou®)] da. (2.17)

Note that the inequalities above are strict when ¢ is any function other than the
principal eigenfunction. Hence, if we choose ¢ = v* in the first equation appearing in

(2.16) and take the difference of the two, we find that [,,(v*)*(u* — v*) > 0. Similarly,
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if we choose ¢ = u* in the first equation appearing in (2.17) and take the difference of
the two, we obtain [, (u*)?(v* —u*) > 0. Adding these two quantities, we find

0< /(v*)2(u* —v*)dz + / (u*)?(v* — u*)dz = — / (u* — v*)?(u* + v*)dz < 0,

G e G
which is a contradiction. Hence, ¢} # ¢5, and so combining these two cases implies
that ¢ < ¢ must hold.

(i) Let 0 < ¢ < ¢}. Suppose on the contrary that there exists a coexistence
steady state (&, ?). In this case, (0,v*) is linearly stable by Lemma 2.5.2, while (@, 9)
is globally asymptotically stable by Lemma 2.5.3 and Proposition 2.5.3, leading to a
contradiction.

A similar argument holds when ¢, > ;.

(ii) Suppose ¢z € (c},¢3). Then, both (u*,0) and (0,v*) are unstable, and hence,
Proposition 2.5.3 ensures the existence of a unique coexistence steady state. This

completes the proof. H
We are ready to prove Theorem 2.5.2 (4).

Proof of Theorem 2.5.2 (4). By Lemmas 2.5.1, 2.5.2 and 2.5.4, there holds ¢} < ¢; <
cy.

(i) Suppose ¢ € (G5, ¢1). By Lemma 2.5.1, (u*,0) is linearly stable. Since ¢, > ¢,
Lemma 2.5.2 implies that (0,v*) is unstable. By Lemma 2.5.4, there is no coexistence
steady state. From Proposition 2.5.3, we conclude that (u*, 0) is globally asymptotically
stable.

(ii) Suppose ¢z € (cy,¢5). Then, both (u*,0) and (0,v*) are unstable. By Lemma
2.5.4, there exists a unique coexistence steady state, and is hence globally asymptoti-
cally stable by Proposition 2.5.3.

(iii) Suppose c2 € (0,c3). Then, (0,v*) is linearly stable by Lemma 2.5.2. By
Lemma 2.5.1, (u*,0) is unstable, and by Lemma 2.5.4, there is no coexistence steady

state. Hence, Proposition 2.5.3 implies that (0, v*) is globally asymptotically stable. [

Theorem 2.5.3 follows almost immediately from the previous results.
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Proof of Theorem 2.5.3. Tt is easy to see that when c; = 0 < ¢;, (u*,0) is unstable
while (0,v*) is linearly stable. From Lemma 2.5.4, we see that there cannot exist a
coexistence steady state when c; = 0. Hence, (0, v*) is globally asymptotically stable

by Proposition 2.5.3. O

Proof of Theorem 2.5.4. In this case, our system becomes
up = d1Au+ Lgu(l — u — v),
vy = doAv + 1gv(1 — u — v).
Clearly, constant steady states consist of {(¢,1 — o) : ¢ € [0,1]}. Linearizing about
the steady state (u*,0) = (1,0) gives
d1AY; — lgthy — Lgtpe + A1 =0,
do Ay + App = 0.
Obviously, A = 0 is an eigenvalue with an eigenfuntion (11,12) = (1, —1). The same

argument applies to (0,v*) = (0, 1), showing this state also has a zero eigenvalue. [

Proof of Theorem 2.5.5. The proof is identical to the case when ¢; = ¢; and d; < da.
More precisely, the result follows from the monotonicity of the eigenvalue u,(d,m.)

with respect to c. O

2.6 Numerical simulation

In Figure 2.2 we find a region plot showing the globally asymptotically stable steady
state in the co-ds plane. Using MATLAB’s pdepe function, we solve the time-dependent
problem for the coupled system (u,v) and compute the L!-norm of the solution, now
close to a steady state after sufficient time has passed. We then compute separately
the solution in the absence of a competitor, that is, the solutions (&,0) and (0, %)
each corresponding to its scalar equation counterpart. We then plot a “relative total
abundance”, which compares the abundance of each population in the competitive
system (u,v) relative to the total abundance in absence of a competitor given by the
solutions (&, 0) and (0, ?).

In this example, we fix d; = ¢; = 1 for population u; the black vertical line denotes

c1 = 1. Note that since di, c; are held fixed, we need compute the total abundance
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at steady state for (%,0) only once! On the other hand, we must compute the total
abundance at steady state of (0,7) for each fixed value in the (cg,ds) plane. The
landscape is given by 2 = (0, 10), the habitat by G = (0,4) U (6, 10), and the degraded
region by B = (4,6). The quantities ¢}, ¢; are the quantities defined in Theorem 2.5.2.
The subplot is a cross-section of the case when dy = 10. This figure can be found in

[104].
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2.7 Discussion

In this chapter we developed a habitat degradation model using reaction-diffusion equa-
tions. We consider both the scalar (single-species) case as well as a two-species compe-
tition case. Different from existing works, we include ecologically relevant components
not commonly considered in tandem: a diffusive movement mechanism with explicit
spatial heterogeneity and species-dependent habitat quality. Our main result, Theorem
2.5.2, highlights the importance of species-dependent habitat quality as a considera-
tion. It is found that, for any degraded area B with positive Lebesgue measure, a
sufficiently resilient species (e.g., c2 < 1) will always displace the slower diffuser! This
result is robust in that any size or shape for the region B facilitates this result. This
is exemplified by the key thresholds 0 < ¢§ < € < c;, where c2 < cj ensures that
population v always displaces population u, ca > ¢; returns to the classical case where
population u always displaces population v, and intermediate values of c; guarantee
the global asymptotic stability of the coexistence steady state. Of course, the rela-
tive size of these thresholds in relation to 0 or c¢; certainly depend directly on the
geometric properties of the region B. These quantities are of significant importance.
First, they demonstrate explicitly that a resilience to environmental change can act as
a viable evolutionary strategy. This is in contrast to classical results suggesting an evo-
lution towards slow dispersal rates [28]. Of note is the potential for application across
differing species, rather than merely across different phenotype expression within the
same species as in the aforementioned reference. Moreover, these thresholds highlight
the importance of considering species-specific traits. Typically, it is assumed in many
works that sharing the same landscape or environment means that we can take the
same function m(x) to describe the spatially-dependent growth rates of two competing
species. On the contrary, given that habitat itself is a species-specific concept, we need
consider the existing landscape and its relation to the needs of each competitor. This
is of further interest when considering questions of conservation, where the removal of
existing habitat while maintaining some subset of said habitat may counter-intuitively
lead to the displacement of the “stronger” competitor due to an unforeseen or dis-

regarded resiliency of the “weaker” species. This also gives a mechanism by which
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invasive species can easily displace native species through a lack of natural mortality
or an enhanced ability to occupy less resource-rich areas of the landscape.

To prove this main result, we describe completely the global dynamics of the scalar
equation and establish useful existence-comparison results. Due to the lack of regu-
larity of the environment (i.e., we have discontinuities along the boundary 0B), we
must appeal to notions of strong solutions. Fortunately, the regularity of the obtained
solutions is sufficient to apply the theory of monotone flows.

Important in this analysis is the detailed study of the sign of some principal eigen-
values. These eigenvalues, corresponding to a linearization about 0 (and other steady
states for the competition system), determine the local stability of the steady states.
The framework developed here allows for a precise description of these principal eigen-
values. This extends some of the existing mathematical literature in an interesting way.
In classical works studying two-species competition-diffusion models, it is assumed that
the environmental heterogeneity is identical for each species. It is then found that the
slower diffuser always wins, indicating an evolutionary selection pressure for slower dis-
persal rates [28]. However, this perspective assumes the only difference between agents
is the diffusion rate. This is almost certainly quite rare in the natural world; more
nuance is desirable. We extend this result, showing that slow diffusion is still beneficial
to survival, but that resilience to environmental changes can also facilitate persistence.
This offers an alternative strategy to slower rates of diffusion: higher rates of resilience
in a modified habitat. In works such as [59], [60], [64], [81], similar descriptions of the
global dynamics are established; however, they are somewhat limited in their ecological
application due to the assumptions required for their results to hold. For example, in
[59], [60], [64], the environmental heterogeneity must be non-negative. This setting is
inadequate for the study of habitat loss and its effect on interacting populations. We
extend this literature by establishing similar results for functions that may be negative
in some regions. Furthermore, their results are established in an abstract setting: their
conclusions follow from an assumption of the sign of a principal eigenvalue a priori!
That is, the set of parameters for which coexistence or mutual exclusion is a possibility

may be empty. This is concerning for ecological application, as we do not have an ex-
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plicit understanding of how these principal eigenvalues behave. We extend such results
by considering a configuration that can be studied in detail (indicator functions with
‘good’ or ‘bad’ regions only), giving explicit behaviour as it depends on parameters in
the model, while also remaining general enough to be applied across a wide variety of
species and environmental scenarios. Of significance is the fact that there is always a
parameter window in which coexistence is guaranteed; the trade-off between dispersal
rates and levels of resilience can promote biodiversity, at least from the point of view
of this simplified analysis.

Of further interest is the behaviour of the critical values cj and ¢5. Is it possible
to increase the size of this window indefinitely? That is, can the parameter regime for
which coexistence is guaranteed be made arbitrarily large? Can we obtain bounds above
for ¢5 or below for ¢;?7 In describing either of these quantities, we gain information for
the principal eigenvalue which tells us more information about whether a population
may persist or be extirpated.

From our analysis, we also begin to observe some general heuristics when judging
the impacts of habitat loss. In the case of habitat degradation, we have a necessary
condition for population persistence: the total resources in the region G must be greater
than c¢|B|. This indicates that we can first facilitate persistence by either improving
habitat quality (decreasing the value of c), or by decreasing the size of the degraded
region B. In practice, we can ideally reduce both.

There are limitations to the perspective. We make a big assumption on the nature
of the movement of the organism. Diffusive movement is widely applicable, but is
not universal [8], [94]. Different movement mechanisms, such as advection or spatially
dependent diffusion, may be ecologically relevant in many cases and may alter the
results established here. We also assume that competition (either intra- or inter-)
occurs only in the good region G. We justified this earlier; it may be interesting to
study the case when competition occurs across the entire landscape, even within the
degraded region B. Unfortunately, our results rely on the convergence of the steady
state u* — 1~ as ¢ — 0%, which no longer holds if the competition occurs across the

entire domain. More precisely, this convergence result is what allows us to determine
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precisely the sign of all relevant principal eigenvalues. It is not immediately obvious

how this will translate, and so we leave this question for future efforts.
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Chapter 3

Habitat Destruction

In this chapter, we move towards a novel habitat destruction model under a similar
framework. Continuing to take motivation from our introductory discussion, we use
heavily Postulate One: habitat degradation and habitat destruction lie on a spectrum.
We first discuss briefly some modelling context, noting that existing works discussed in
Chapter 2 are also appropriate examples here; therefore we do not discuss other efforts
in much more detail. In Section 3.2, we derive our habitat destruction model from
some basic ecological principles. In Section 3.3, we introduce some further technical
preliminaries necessary to study the destruction problem in detail. As in the degra-
dation models, eigenvalue problems are a key tool for analysis; Section 3.4 introduces
the relevant eigenvalue problems for this new setting, and also includes an important
convergence result between the degradation eigenvalue problem and the destruction
eigenvalue problem. We then study the scalar habitat destruction problem in Section
3.5. This includes well-posedness, comparison principles, and a complete description
of the global dynamics, and a connection between the dynamics of the degradation
problem and the dynamics of the destruction problem. Most importantly, we prove
Theorem 3.5.10, which provides an analytical connection between our habitat degrada-
tion problem and the habitat destruction problem in an asymptotic limit. In Section
3.6, we analyze the two-species competition model in the destruction setting, and then
prove another convergence result between the degradation and destruction systems.
Section 3.7 includes some numerical demonstrations of these results. We conclude with

a discussion of the broad impacts and insights of these results in Section 3.8.
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3.1 Preface

Habitat destruction, as defined in Chapter 1, suggests that the habitat has been altered
so dramatically that it can no longer sustain the species it once did. In contrast to
mere degradation, destruction is the most extreme case: species cannot survive there
at any level. While easier to identify in practice due to its drastic appearance, its
effects are comparably drastic, and paradoxically may still take much time for a local
species to feel the full effects. Therefore, following the model formulations of Chapter
2, we propose similar models that now feature regions of truly destroyed habitat. In
this case, our destroyed regions fall squarely within non-habitat; a question of quality
is no longer relevant. It is as bad as it can possibly be! This motivates our following

derivation process.

3.2 Model derivation

We now propose a new model meant to capture habitat destruction. To this end,
we appeal once again to postulate one: levels of degradation lie on a spectrum, with
increasing degradation leading to destruction. If degradation is measured by some
parameter, such as ¢ > 0 in the habitat degradation model derived in Section 2.2,
we logically ask the question: what happens in the limit as ¢ — oo?. In a reasonable
habitat degradation model, this limit should correspond to a habitat destruction model,
at least in some sense.

We then try to intuit what problem might be solved in such a limit. Denote by
we(z,t) the solution to the scalar degradation problem (2.1). We make the following

observations:
e w.(z,t) > 0in Qr for all ¢ > 0.
e w.(z,t) is monotonically decreasing in Q@7 with respect to c.
o w.(z,t) < wp(zx,t) in Qr for all ¢ > 0.

The first fact follows from the maximum principle. The second fact will follow from

a refinement of Lemma 2.4.2. The third fact follows from the second. It is therefore
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quite reasonable to assume that there is a well-defined limiting problem corresponding
to the case when ¢ = +o0.
We then make a slight jump using a relatively simple observation. If we multiply

the equation for w,. by w. and integrate by parts, we have

d 2
A Tw? —d/|Vwc|+/fch /Bw

Rearranging and integrating from 0 to 7" gives further that

//BX(OT)w _//GX(OT) f (@, we)w // Ve | —/wc(x t)

Therefore, dropping the negative terms and using the boundedness of w,, we find that

[well 2B 0,7y) < M7

for some M > 0 independent of c. Consequently, at least on the bounded interval
(0,T), our solution w, vanishes in the region B as ¢ — co. Hence, whatever problem
the limit solves, it should always be zero in the destroyed region B. We therefore

formulate a potential habitat destruction problem as

w; = dAw + f(z,w), in Q\ B x (0,00),

g—’,‘/’ =0, on 0N x (0,00), (3.1)

=0, on OB x (0,00).

In this way, the habitat destruction problem is described by a reaction-diffusion
equation subject to homogeneous Neumann boundary data on the outer boundary
09}, but also features interior sub-region(s) with homogeneous Dirichlet boundary data
along 0B, that is, there is a hostile boundary within the available habitat 2. Note that
while intuitive, it is not immediately clear that this is the correct problem to study.
Problem (3.1) will be our candidate for the limiting problem as ¢ — oo in problem
(2.1).

In addition to studying connections between these scalar problems, we also want to
investigate again the corresponding competition destruction system. The degradation

competition system given by 2.2 has the following analogous competition destruction
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system:
ug = diAu + fi(z,u,v), in Q\ B x(0,7T),
vy = dagAv + fo(z,u,v), in Q\ B x(0,T),

3.2
%:%:0, on 0N x(0,7), 32)
’u,:’UZO, on an(O,T)

One may consider general forms of the functions f; with minimal changes to existing
methods to study the global dynamics of this problem. However, since we also wish
to provide concrete, analytical connections between these degradation and destruction
problems, we take the prototypical Lotka-Volterra form of competition in a heteroge-

neous environment
fi(z,u,v) = u(m(z) — u—v), fo(z,u,v) = v(m(z) —u—v), (3.3)

where m € C%(Q \ B) for some «a € (0,1).

We now seek to connect problems (2.1) and (3.1), (2.2) and (3.2) as well as their
respective steady states, through a limit as the level of degradation c in the region B
becomes arbitrarily large.

From Chapter 2, we already understand that the global dynamics for such problems
can be understood via the theory of monotone flows. This naturally led to a detailed
study of some related eigenvalue problems. Thus, we have two tasks before discussing
the time-dependent problem: first, we must develop the corresponding eigenvalue prob-
lems to (3.1), obtaining results similar to those found in Section 2.3. This will allow
us to describe the global dynamics of problems (3.1) and (3.2), assuming that we have
a reasonable solution process to work with. Second, if we want to produce an analyt-
ical connection between the degradation and destruction problems, it will prove very
useful to first prove some convergence results between corresponding eigenvalues and
eigenfunctions. These are the results we obtain in Section 3.4. Before we can tackle
these, however, we first require some technical preliminaries concerning assumptions

and appropriate function spaces to work in.
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3.3 Technical preliminaries
Assumptions

We begin the assumptions for the bad habitat B and the growth rate function f
appearing in (2.1). In contrast to the habitat degradation problem, we now require
some technical conditions on the geometry of the set B. This is not a significant
restriction as we may approximate an open set B by a smooth set B’ such that the
sets differ by an arbitrarily small amount (in symmetric difference, for example). The

assumption for the set B is the following.

Assumption 3.3.1. B € (2 is an open subset with smooth boundary, comprised of

finitely many disjoint components, each of which are themselves simply connected.

Biologically, such a condition is in correspondence with the “cookie cutter” inter-
pretation of habitat loss [98], [99], which suggests that habitat loss is “like a cookie
cutter stamping out poorly mized dough”. Mathematically, this assumption ensures
that the inner boundary 0B does not touch the outer boundary 0f2, and more impor-
tantly ensures that B does not “split” the domain 2 into disjoint components in the
case of spatial dimension > 1. In two dimensions, for example, an annulus is not an
allowable configuration in our setting; despite this, it is worth noting that in such a case
where the domain is split, one may consider each separate component individually. In
the case of the annulus, one would treat the outer region as we do in the current work,
while the inner region is merely a circle with hostile boundary, which can be treated
through classical methods. Readers may also note that this restriction is used in the
destruction case, but such a restriction is not necessary in the case of a fixed level of
degradation. Some sample configurations, both allowable and not, can be found in
Figure 3.1.

The assumptions on the growth rate f : (2\B)x[0,00) — R will remain the same as
in assumptions 2.2.1 and (2.2.3)) but now holding only in the set Q\ B. Unfortunately,
an assumption of mere subhomogeneity is not sufficient to obtain uniform estimates
in time. Hence, we require the stronger condition of concavity, but we note the places

where subhomogeneity is sufficient. Similar to the scalar degradation case, we assume
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(a) Allowable (b) Not Allowable

Figure 3.1: A visual depiction of allowable and not allowable configurations of the
region B. In (a), all regions are simply connected, have regular enough boundary, and
there is distance between the edges of B and the edge of Q. In (b), one region features
a hole and is therefore not acceptable; another touches the boundary of €2 at exactly
two points, essentially cutting off a chunk of {2 which is also not allowed. The third
touches the edge of €2 at a single point; For technical reasons, we cannot allow this
either.

some standard regularity requirements for the reaction term in each argument. The
positivity of f/(-,0) somewhere in Q \ B is necessary to ensure that a positive steady
state may exist; without this condition, the only steady state will be the trivial one.
Paired with the regularity of the domains €2 and B, we also have regularity up to the
boundary 02 and up to OB for problem (3.1). The concavity condition ensures that
the flow induced by the differential equation is strongly monotone, and ensures the
uniqueness of the positive steady state, whenever it exists. More importantly, at least
in the current context, we require a strict concavity condition to obtain convergence
from the time dependent problem to the corresponding steady state, uniform in the
variable c. Some prototypical examples of functions satisfying these hypotheses can be
found in Chapter 2.

Assumptions 3.3.1, 2.2.1, and 2.2.3 are always assumed in what follows whenever

B and f are involved.

Some new function spaces

Despite the amount of function spaces introduced in Section 1.2, we require yet further

function spaces to study these new problems. In the remainder of this section, we
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introduce these function spaces over the domain 2 \ B and their relation to similar
spaces over the entire domain Q. We remind readers that we denote by 0/0v the unit
outward facing normal vector along either 02 or, in this chapter, B. To be clear:
the outward facing normal vector on 0B is outward facing from within Q \ B; in other

words, the inner facing normal vector from within the set B.

We denote by C5(f2) the space
Cs(Q) = {v e C*(Q\ B) : v|sp = 0},

and consider H5(Q) to be the closure of the space CL(Q) with respect to the usual
H'-norm over Q \ B. In this way, H5(2) can be thought of as similar to the space
H;(Q), with functions now vanishing along B in the trace sense. More precisely, it

can be checked that
Hgy(Q) = {ue H'(Q\ B) : Tu =0},

where T denotes the trace operator extending the notion of restricting a function on
2\ B to 0B. This follows from some of the standard arguments used in, e.g., [123,
Ch. 1.5.2], which gives some equivalencies between functions that vanish in the sense
of the trace and the space H}(2).

For any u € Cg(R) or H5(Q), we always identify it with its zero extension into
B. Ifu € HE(Q) N C(Q\—E), then u is continuous over all of Q. Furthermore, if
u € H5(Q), then the resulting function belongs to H'(2), where its weak derivative
identical in © \ B and identically zero in B. This follows from problem 18 in [31, Ch.
5].

Conversely, if u € H'(2) with u = 0 a.e. in B, then u|q € H5(Q). Therefore, we
identify H5(Q2) with {u € H*(Q) : u =0 a.e. in B}, and simply write

Hy(Q) ={ue H(Q):u=0ae. in B}.

We wish to emphasize that these results crucially rely on the smoothness of 0B and
the fact that B € (2.
Recall that for T' > 0, we write Qr := Q x (0,T). Similarly, we write Qg := (2
B)x(0,T), and define H5(Qr) to the closure of {v € C*((2\ B) x [0,T]) : v(8B x [0, T]) = 0}
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under the usual H'-norm over (2 \ B) x (0,T). Similarly, there holds
HL(Qr) = {ue HYQpr): Tu= 0} ={ue HY(Qr) :u=0a.e. in B x 0,7)}.

We have already introduced the spaces L?(Qr) and H'(Qr) in Section 1.2. We
similarly consider H5(Q1) to be the completion of the set of all smooth functions v
vanishing in a neighbourhood of dB X (0,T) with respect to the H*(Qr) norm. Similar
to the previous discussion, we have the following observation: if v € H(Qr) is such
that v = 0in Bx (0,7, then v € H5(Qr). This result follows from the same arguments
made in the purely spatial case, see [123, Ch. 1.5.3]. In particular, when OB is smooth
any function belonging to H'(Qr) has a trace on 0B x (0,T) (e.g. [123, Theorem
1.5.3])). Then, one may modify the proof of [123, Theorem 1.5.4] to obtain the desired

result.
3.4 Eigenvalue problems in domains with holes

3.4.1 The first problem (reprise)

Motivated by the form of problem (3.1), we formulate the associated destruction eigen-

value problem as follows:

AY+AImp =0, in Q\B,

% =0, on 9Q, (3.4)
Y =0, on 0B,

where m € L*(Q\ B). Different from problem (2.4), we note that 0 is NOT a principal
eigenvalue of (3.4) due to the zero Dirichlet boundary condition on 8B, which actually
causes some essential differences between (2.4) and (3.4). Also different from problem
(2.4), there is always a principal eigenvalue. If problem (3.4) is to be connected to
problem (2.4) through a limit, we observe that for any set satisfying |B| > 0 we may
always choose ¢ > 1 sufficiently large so that

/(ILGm—c]lB)=—c|B|—I—/m<O.
Q e

By Proposition 2.3.1, we therefore have the existence of a value ¢* > 0 such that a
principal eigenvalue \;(c) exists for every ¢ > c¢*. Consequently, it seems reasonable to

expect the following result, an analogue of problem (2.4) for the destruction case.
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Proposition 3.4.1. Suppose m € L®(Q\ B) is positive on a set of positive Lebesgue
measure. Then, (3.4) admits a unique positive principal eigenvalue A\1(m, B), which is

simple and given by

fQ\P |V¢|2 )

vers@ | Joz™m¥®  Jas

A1(m,B) = inf { my? > 0} .

Moreover, A1(m, B) is monotone in the following sense:

(i) for any By, Bs such that By C Bs, A1(m, B;) < A1(m, Bg) with strict inequality

whenever By \ By has positive measure;

(i) for any my,my € L*®(2\ B) satisfying mq < ma, A1(m1, B) > Ai(mg, B) with

strict inequality whenever m; # ms.

Such existence results can be obtained from the more general abstract framework
found in [121, Chapter 3], for example. A direct proof is provided here for our case,
which mimics closely the case of homogeneous Dirichlet boundary conditions along 02,

see [7].

Proof of Theorem 3.4.1. First, recall that the norms ||Vul|;2q\5) and [ull g 5 are
equivalent by Poincaré’s inequality. We now justify an application of Proposition 1.2.1.
For any u,v € Hy(R) fixed, we define the symmetric quadratic form (u,v) — fQ\E muv
on the space H5(Q) x HE(2). The Riesz representation theorem [31, Ch. D.3] guar-
antees the existence of an operator T' such that (T'u,v) = (u,v), where (-,-) denotes
the inner product on H5(Q2) given by
(u,v) = VuVo.
O\B
Furthermore, it is easy to verify that T' is symmetric since (u,v) — fQ\P muv is sym-
metric. Since m is bounded, Holder’s inequality shows that T is bounded:
[(Tu, v)| = . muv < [|m|| g @5 14l 23 01l z20\35) -
We now show that the operator T is compact. Suppose {u,} is a bounded sequence

in H5(Q). Since Hg(R) is Hilbert, the sequence converges weakly in Hg({)) to some
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element u € H5(Q), i.e. u, — u in H;(Q). Since the space Hj({2) embeds compactly
in L4(Q), we have that u, — u strongly in L4(Q). The Cauchy-Schwarz inequality
then implies that Tu, — Tu in H5(Q):
| Tw, — Tu||§11(9\§) = (Tuy, — Tu, Tuy, — T'u)
= / - m(up — u)(Tuy, — Tu)
O\B

< mll ooz l1tn — ull 25 1 TUn — Tull 20\ 5)

< Cllmll ooy 1tn — vl 23 1TUn — Tull ro\3) -
Hence, T is compact. Consequently, under the assumption that ' := {z € Q\ B :
m(x) > 0} is a set of positive measure, we may choose 4 € HL(f2) to be a function
which is positive on ' and zero elsewhere so that

(T4, ) = / m@@ = [ m@)i®>o.
O\B o
Proposition 1.2.1 then ensures that there exists a principal eigenvalue 7; > 0 and
corresponding eigenfuntion ¢ for T" such that T4y, = m;1;. We then assert that ¢, can
be chosen to be strictly positive in Q \ B. Indeed, the usual bootstrapping argument
allows one to show that ¢, € LP(Q \ B) for any p > 1, and so the Sobolev embedding
ensures that in fact ¢, € C**%(Q\ B) for any « € (0,1). To see this, notice that since
miy € LA(Q\ B), 1 € W?2(Q2\ B) by the LP-theory of elliptic equations, Theorem
1.2.29. Using the Sobolev embedding Theorem 1.2.3, we have that ¢, € L¢(Q\ B) for
some q > 2. We then repeat the process, concluding that ¢; € W24(Q2\ B). Eventually
we conclude that i; € C"‘(Q\—F) and so 1); is bounded and belongs to W2P(Q \ B)
for every p > 1.
Then, v, is a strong solution solving problem 3.4 for A\ = n;'. We then consider the

positive and negative parts ¥ = max{y;,0} and 17 = max{—1,0}. Each belongs
to Hp(Q) and are thus both weak solutions to the same problem. Using the same

notation for m*/~, we may then write
—AP +mTyY = Am Ty > 0,

and so the strong maximum principle and the regularity of 02, 0B ensure that w;r /=

are sign definite or constant. Due to the boundary condition along 0B, the latter is
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impossible and so we choose ¥, = 9] to be our eigenfunction. Further, dv,/0v < 0
along 0f2.

Uniqueness follows immediately. Indeed, suppose #;,1, are eigenfunctions corre-
sponding to n;'. Then, for each 8 € R, v + B, is also an eigenfunction of definite
sign. We may then choose 3 so that

/ (1 + Bibs) = 0,
Q\B

in which case ¥, + B, = 0, and hence 1/, and 1), are linearly dependent. The first part
of the proof is completed by setting A;(m,B) = 1/m;. A standard scaling argument
allows one to deduce the variational formulation as presented in the statement of the
theorem, following directly from Proposition 1.2.1.

With the variational formulation at hand, the monotonicity of A;(m, B) with re-
spect to subsets follows immediately once one realizes that ¢ € Hg (Q) = ¢ € Hp (Q)
whenever By C Bj, and so a simple choice in test function yields the desired result:
in the variational formulation of A;(m, B;), choose the principal eigenfunction corre-
sponding to A;(m, Bs) as your test function.

Similarly, the variational formulation allows one to conclude that whenever m; <
mo, the eigenfunction corresponding to my is a valid test function for the eigenvalue
corresponding to m;. The strict inequality follows from the uniqueness of the eigen-

function. This completes the proof. n

3.4.2 The second problem (reprise)

Similar to Section 2.3, we formulate the associated destruction eigenvalue problem as

dA¢p+me+pup=0, in Q\B,

% =0, on 09, (3.5)
¢ =0, on 0B,

where m € L*(Q\ B). This can be viewed as the destruction analogue to problem
(2.5). We again recall the previous degradation result, which characterized the principal
eigenvalue depending directly on the average of the environmental heterogeneity. Since

we are taking ¢ — 0o, we remove the possibility of the principal eigenvalue to problem
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(3.5) to be negative for all d > 0. Instead, we have a threshold depending on d where
the sign may change; this is comparable to the standard Dirichlet eigenvalue problem.

We have the following result.

Proposition 3.4.2. Problem (3.5) admits a principal eigenvalue p,(d,m,B). It is

simple and given by

pi(d,m,B) = inf {/Q\B (d|Ve|* — mg?) : /Q\B¢2 = 1}.

PEHE ()

Moreover, u1(d, m, B) enjoys the following properties:

(i) d— pa(d,m, B) is strictly increasing on (0,00); in fact, it is strictly concave on
(0,00).
(i) p1(d, me, B) < pa(d, ma, B) if my 2 my.
(iii) m < 0= pi(d,m,B) > 0 for all d > 0.

pi1(d,m,B) <0, if d< >\1(m B
(iv) m > 0 on some nontrivial subset = { pi(d,m,B) =0, if d= >\1(m L
ljll(da m, B) > 0, lf d> )\1(m B)*

(v) If my = m in C(Q\ B), then ui(d, my,, B) = pi1(d,m, B) as n — co.

Proof of Theorem 3.4.2. We take for granted the variational formulation of the prin-
cipal eigenvalue, which follows from the theory of symmetric, compact operators on
Hilbert spaces. We focus instead on the properties of u;(d, m, B) as it depends on the
rate of diffusion, the environmental heterogeneity, and the set B.

Fix m and B. If 0 < dj, dy, the variational form of u; allows us to write
o (s, m, B) + (1 — o) (dg, m, B) < / i+ (1= ) V2 — my?,
O\B

for any o € (0,1) and any 9 € Hx(Q2). Since 1 was arbitrary, we take the infimum to

conclude that
api(dy,m, B) + (1 — a)p(d2, m, B) < p1(ady + (1 — a)da, m, B),
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where strict inequality follows from the uniqueness of the eigenfunction. This proves
(Q).

Point (ii) follows from the same reasoning, using the variational formulation and
choosing the correct test function to show that u;(d,mg, B) < ui(d, my,B). Strict
inequality follows from the uniqueness of the eigenfunction.

For m < 0, the positivity of the eigenvalue follows immediately from the variational
form, proving point (iii).

Suppose now that m > 0 on some nontrivial subset. By Theorem 3.4.1 it fol-
lows that the principal eigenvalue A\;(m, B) > 0 exists. Choosing ¢; € H5(Q) the
corresponding eigenfunction, the variational form of p(d, m, B) gives us that

ya(d,m, B) < (ds — 1) / mé.
Q\B
Since fQ\E mg2 > 0, we see that yy(d, m, B) < 0 whenever d\; — 1 < 0. This proves
the first part of (iv).

Similarly, we choose 1, € H5(f2), the principal eigenfunction to p;(d, m, B), in the

variational form of A;(m, B) to find that

l"’l(dama B) +1

B) <
)\1(m7 ) — d

Choosing d = A;*(m, B) and combining with the previous result yields u;(d, m, B) =
0 <= A['(m,B) = d, proving the second part of (iv). The third part follows
immediately, completing the proof of part (iv).

Finally, if m,, — m in C(Q\ B), there exists a sequence {&, }nen 0 that —e, < m—
my, < &, for each n, and €, \ 0 as n — co. Then, using the fact that p;(d,m=+te, B) =
p1(d, m, B) F e, we find that |u;(d, m, B) — p1(d, mp, B)| < &,. Sending n — oo yields
(v), completing the proof. H

3.4.3 Connections with Section 2.3

Now that we have the degradation and destruction eigenvalue problems formulated and
some of their properties described, we are ready to prove rigorously some convergence

results between these sets of problems.
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Denote by A; . := A;1(m,) the principal eigenvalue to problem (2.4) with m :=m, =
1gm(z) — clp. Denote by ;. the corresponding eigenfunction for each ¢ > 0 fixed.
Here, m € L(Q2\ B) can be considered a bounded function over all of 2 via an extension
by zero in B. Denote by A; o := A1(m, B) the principal eigenvalue to problem (3.4) and
by 11« its corresponding eigenfunction. The following result establishes a connection

between these eigenpairs.
Theorem 3.4.1. The following hold.

(i) There exists a unique ¢, > 0 such that the function ¢ — A1 is strictly increasing

on (cx,00), and lim. o0 A1,c = A1,00-

2

(i) lime oo Y1,c = V1,00 in H'(Q) under the normalization [, mey3, = fQ\ gl =

1.

Proof of Theorem 3.4.1. Since the proof is almost identical to the proof of Theorem
3.4.2, and arguably a bit easier, we outline only the key steps. First, it is easy to
deduce that A;. is strictly increasing and bounded above by A\; . As a result, its
limit exists and is given by the supremum, denoted by A\,. Then, we find that .
is uniformly bounded in H!(2) and thus has a convergent subsequence, weakly in
H(Q) and strongly in L?*(Q2). Denote this by 9. Furthermore, ¢;, — 0 a.e. in
B, and so the candidate function v, € HE(f) as argued previously. We may then
show that A\ o < Ao by the weak lower semicontinuity of the norm. This implies that
V)1, = Vb in norm, and hence the convergence is in fact strong. Uniqueness of the

eigenfunction allows one to conclude that 1o = 91,0, and the proof is complete. [J

Our second result, while similar to Theorem 3.4.1, is of more consequence in an
ecological sense. This result establishes a connection between the principal eigenpairs
of (2.5) and (3.5) in the limit as ¢ — 0o, which corresponds directly to a linearization of
the scalar problem. Denote by ;. := p1(d, m) the principal eigenvalue to problem 2.5
with m := m,(z) as previously defined. Denote by ¢, . its corresponding eigenfunction.
Denote by p1 o := p1(d, m, B) the principal eigenvalue to problem (3.5). We prove the

following,.
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Theorem 3.4.2. The following hold.

(1) The function c — 1. is strictly increasing on (0,00), and lim, o0 fl1c = H1,00-

In fact, p1 . is strictly concave on (0, 00).

(2) lim, o0 1,c = B1,00 0 H(Q) under the normalization ||$1.cl|z2(@) = P10/l 23 =

1.

Proof of Theorem 3.4.2. Since m., > my, for ¢; < ca, Theorem 2.3.2 (iv) guarantees
that p1¢ > p1c, with strict inequality whenever ¢; < c;. This shows p . is increasing.

Then, we compute directly via the variational form to obtain for any a € (0, 1)

QU e + (1 - a)lul,cz < /Q (d |v¢|2 - m(l—a)cl+a02¢2)

for any v € H(Q) satisfying ||¢|| r2@) = 1. Taking the infimum over functions ¢ €
H'(Q) and noting again the uniqueness of the principal eigenvalue, we find that u; . is
strictly concave with respect to c.

Since ¢100 € HE(R), d1,00 € H(Q) by zero extension in B. It follows from the

variational form (2.6) and the normalization [, ¢% ., =1 that

fiye < / (d|V1,0m]* — med? o) = / (A Vrel* — M2 o) = 1,00,
Q Q\B

where the second equality is a result of the eigen-equation satisfied by (1,00 and @1 eo.
Thus, p, . is strictly increasing, strictly concave and uniformly bounded by p1 .. Hence,
a8 Unique floo = lim, ,o 11, exists and is finite. It is clear that we must have oo < i1 00-

From the eigen-equation satisfied by ;. and ¢1 . (or (2.6) with the understanding
that the infimum is attained at ¢; ),

d / Vol = pre+ / M. < oo + 1] o)

where we have thrown away the negative term and used the normalization fQ ic =
1. Hence, {¢1.}c>0 is uniformly bounded in H'(2). Consequently, there exists a
subsequence (still denoted by ¢; ;) and some ¢, € H'(Q) such that

li)m P1e= P weakly in H(Q) and strongly in L3(Q). (3.6)
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Notice also that

o[ Gempmet [ mt—d [ (V61 < b+ Il e
B Q\B Q

170—2

leading to [ ¢2, < 1 (uoo + ||m]| Lw(Q\F)) — 0 as ¢ — oo. This together with the
strong convergence in (3.6) implies |, B ioo = 0. Hence, ¢oo = 0 a.e. in B, and so,
¢ € Hp(2) by the discussion in Section 3.3. Furthermore, since [, ¢?, = 1, the
strong convergence in (3.6) implies that fQ 2, = 1. Hence, ¢, is nonzero and is a
valid test function in the variational characterization of p1 oo.

We now show that f; oo < fleo. Since pi1 o has the variational characterization given

in Proposition 2.3.2, we find

fico = inf {/ (d|Ve]* — mg?) : #? = 1}.
¢eHL(Q) \Ja\B Q\B

This together with the weak lower semicontinuity of the norm || - || z2(q) and (3.6) leads

to
proe< [ dIVel = [ mdh
OB OB
~ [dIVeul~ [ mest.
Q Q
< lim inf/ d |V<;51’c|2 — lim / med3 . = liminf py ; = floo-
c—00 Q c—=x Jqo ’ c—00
Hence,
Poo = lim p1 0 = i1 0. (3.7)
c—>00

In particular, this implies that ¢, solves the same eigenvalue problem as ¢; , and
hence, ¢ = 01,00 by the uniqueness of the eigenfunction and the normalization.
It remains to show lim, o V1. = Voo in L%(Q) so that limeeo @1 = Poo In
H'(Q). Notice that
d [ (V1 = 1V6aP) = e — e+ [
Q

Q\B

m(@te— ) —c [ &
< H1i,e — H1,00 + / m( ic - (bgo)

Q\B
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Letting ¢ — oo in the above inequality, we see from (3.7) and the strong convergence in
(3.6) that limsup, e, [y [Vé1e” < fo Voo’ As iminfe e [y [Vérel® > fo | Vool
due to the weak lower semicontinuity of the norm || - ||z2(q) and the weak convergence
in (3.6), we find lime o0 [, |Vh1el” = [, |Vhoo|?, Which together with the weak con-
vergence in (3.6) yields lim, o, V1. = V1 o in L3(2) (i.e., weak convergence plus
convergence in norm implies strong convergence in a Hilbert space). This completes

the proof. O

Uniform upper and lower bounds of principal eigenfunctions

These convergence results, while essential to the study of the degradation and destruc-
tion models, are not sufficient on their own. While we have solutions belonging to
HY(2) and H'(Q\ B), we seek a stronger result, namely some uniform L*-bounds on
the eigenfunctions with respect to c.

Denote by 1. := pa(d, 1lgm — clg) the principal eigenvalue with eigenfunction
¢. solving problem (3.5), normalized so that ||¢c||;2q) = 1. We prove the following
technical lemmas which give some uniform boundedness estimates from above and

below on ¢, with respect to ¢ > 1.

Lemma 3.4.1. Given any subset K € Q\ B, there holds
inf inf ¢, < 2 .
0< inf inf ¢ < §1>1>11)5111{p¢ < 00
Proof. By a slight modification of the proof of Theorem 3.4.2,

Bm ¢ = ¢oo in H(Q), (3.8)

Cc—>00

where ¢, € H5(Q) is the first eigenfunction solving problem (3.5) normalized so that
| #coll L2(@\5) = 1. Since m € L*(2\ B) and ¢o = 0 on 9B (in the sense of the trace),
LP-theory of elliptic equations applies. This is a similar argument to that used in the
proof of Theorem 3.4.1. The Sobolev embedding, Theorem 1.2.3, ensures that for all
c> 1, ¢, € L1(Q\ B) for some q > 2. We repeat until we may choose ¢ > N which
guarantees that ¢, € C(Q\ B).
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Without loss of generality, we may assume K has a smooth boundary. Then,
from the L2-theory of elliptic equations, ( essentially Theorem 1.2.29, or the improved
global regularity case for Theorem 1.2.25), {@c}cs1 is bounded in H%(K). Repeated
application of the LP-estimates yields that in fact {¢.}es1 is bounded in W%P(K) for
any p > 1, since m € L*(Q2 \ B) does not depend on c. By the Sobolev embedding
Theorem 1.2.3, {¢.}¢>1 is bounded in C*(K) for some a € (0, 1), and so, lim, o0 ¢ =
b in C(K) thanks to the Arzela-Ascoli theorem and (3.8). Since 0 < infx ¢, <

U

SUpg ¢ < 00, the conclusion of the lemma follows.
We now obtain the global L> estimate.
Lemma 3.4.2. There holds sup,s,; supg ¢. < 00.

Proof. From Lemma 3.4.1, we see that {¢.}es1 is uniformly bounded from above for
any K € Q\B. The delicacy in this case comes in deriving a uniform upper bound on ¢,
in a neighbourhood of B. Unlike the previous methods applied, we cannot use the same
bootstrapping arguments since Lo pm — clp becomes unbounded in L? (Q) as ¢ — o0
for any p > 1. For this reason, we appeal to an application of the Moser iteration
technique. While somewhat technical in the calculations, the result is a brilliant one.

To this end, we seek to obtain a bound of the form

||¢c||L2Nk/(N_2)k(BRk+1(mo)) < Gk ”¢c||L2Nk_1/(N_2)k_1(BRk(-’EO)) J (3.9)

for some constants Cj, such that their product [, C, is bounded independent of
c¢> 1, and Bg,,(%0) € Bg, (o) concentric balls of particular radii R; defined below.
In the above estimate, N > 3 is the spatial dimension. The cases N = 1,2 are simpler
and the explicit calculations are omitted. Briefly, one notices that for p = 2, the
Sobolev embedding gives a stronger result when N = 1,2. For N = 1, we obtain
boundedness essentially for free (in fact, we obtain Hélder continuity from a W'2(()
estimate!). For N = 2, we are in the case where N = p, and so W2(Q) C L(Q) for
any 1 < ¢ < 0o. For N > 3, the best we can do is a L4(2) estimate for ¢ = 2N/(N —2),

as we explore in detail now.
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Step 1 By Theorem 3.4.2, {1 }es1 is bounded and lim, ;o0 ¢ = ¢oo in H(Q) for
some @, € Hy(R), considered as an element in H*(f2) by zero extension.

Since B € (2, there is R > 0 such that the R-neighbourhood of B is compactly
contained in Q. Fix an arbitrary point o € B. Then, Br(z) € . We drop the
dependence on xy moving forward for notational brevity. Choose a cut-off function
n € C§°(Bg) so that 0 <7 < 1in Bg, n =1 in Bgu_1/n), and |Vn| < 4N?/R(N —2).
Multiplying the equation for ¢, by n?@. and integrating by parts yields

d/ |V¢C|2772 < 2d/ n |V¢C| |V"7| bc +/ 772(1[9\3777, —clp+ :U‘I,C)¢z- (3'10)
Bpr Bpr Bpr

Applying Young’s inequality to the first term on the right hand side of (3.10) side

yields

d

2d [ 0o (Onlg. <G [ o196t +2d [ g9
Bg Bg Br

[ et sa gyt ) [ &
< Vool +2d (- ¢2.
2 Jp. " Vel RN—=2)) /s,

Combining this with (3.10), using the boundedness of m, {1 ¢}es1, and dropping the

negative term, we are left with

I L (L e R ) I A P

2 Ba el M = R(N—2) L= (Q\B) e Bn c = -0 By c*
(3.11)

Since n¢. € H3(Bg), the Sobolev inequality and Poincaré’s inequality yields

||77¢c||L2N/(N—2)(BR) <C ||77¢c||H1(BR) <C ||V(77¢c)||L2(BR) )

where C' may change between inequalities but does not depend on ¢ > 1. Using the

fact that V(n¢d.) = Vneo. + Vé.n paired with the estimate (3.11), we see that

d d

LIV @8I Eaa <5 [ (V0P G2+ Va7
4 2 /gy

d( 4N* \?

< | st 2 2< 2
<5 (mveg) [ #+0 [ ¢<colodinm,
where again Cjy may change from line to line but remains independent of ¢ > 1. Finally,

using the fact that 7 = 1 in Br;_1/n) We obtain the estimate

el amrov— ey < O I9ellzagary (3.12)
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where C; depends on all quantities thus far but can be chosen independent of ¢ > 1.

Step 2 We seek to show the induction step. Set ax = (N/(N — 2))*~! for integer
k > 1 and consider the sequence of radii Ry = %(1 + ;') so that Ry = R and R, :=
limg o Ry = R/2. Note that we have established (3.9) for £ = 1 (namely, (3.12)),
where C is as defined above. Then, we consider a sequence of cut-off functions 7 €
C°(Br,) so that 0 < m < 1, m, = 1 in Bpg,_,, and |V, < 4/(Rx — Rg41) = 4Nag/R.
Multiplying the equation for @. by n?¢2*~1, integrating by parts and throwing away

negative terms yields

d2ar — 1
d(2o — 1) / Vg2 < 2d / e |V el | V| 522
Bg, Bgr,

A
+ (Imllmsy + linel) [ 82 (313)
B,

We again control the first term on the right hand side via Young’s inequality and absorb

into the left hand side. To this end, we compute

Zd/ M |V e| 421 Vg | = _/ M Vo] ge* |V
Bry, Qe Bgry,

d(20; — 1 3 2d 3
R
ak BRk o — BRk

< d(204 — 1) / |V¢°"“|277,% + 32dN?%a? / 2.
- 201,% BRk ¢ R2(2ak — 1) BRk ¢

Combining this result with (3.13) leaves

T 9.2
2ak BRk

N 32dN?o; o
90 < (mllmaney + el + s ) 162 g

(3.14)

Notice again that n;¢%* belongs to H}(Bg, ). Therefore, applying the Sobolev inequal-
ity, Poincaré’s inequality and the fact that V(ny¢2*) = Vneo2* + n,V(¢2*) gives us
that

d(QOék )

d(2ozk )
402 [ e 2(Bg,) =

> (Il g2 + (Vg )
ak

Bg,
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and so combining this estimate with (3.14) and using that n; = 1 in Bg,,, yields

d 2a -1 32dN%a2 8dN2 2a -1 a2
( = e |lde* ||L2N/(N 2(Bpy,,) = (||m||L°°(Q\B) + |pre| + Rz(zak—’i) + ( = )) ||¢ck||L2(BRk)'
(3.15)
An elementary manipulation gives that
1622 vy = Wl Eonrscon,_y 195" rmny) = Welhon iy (310

Finally, rearranging (3.15) and using (3.15) we obtain the final estimate

[9ell 2w o,y < O 19ellpros )

where Cj is a constant depending on all quantities used throughout this procedure
but can be chosen independent of ¢, and is dominated by a term of order (o} /(2a —

1)2)1/2e% ~ ()Y for k large.

Step 3 We complete the limiting process. The uniformity in c is clear; on the other

hand, upon iteration we find that

k
||¢c||L2Nk/(N—2)’°(BRk+1) < HCn ||¢c||L2(BRk)7 (3.17)
n=1

and so we now ensure that the product of the constants Cj are bounded. First, note
that there exists a constant A depending on ||m|| () s [41,6] ;d; N, R but independent
of ¢, k so that

Cr < (Aag)Y

Here, the constant A can be obtained by extracting the highest order terms (with
respect to powers of o) and estimating the remaining terms from above, which are
already known to be uniformly bounded. Then, we use the fact that [[>>,C, <
00 <= > > log(Cy,) < oo. Using the bound above and some elementary calculation,

we see that

O-'n,l

0o 0o _ 1/(n-1)
Z log S Z ’I'L 1 ].Og A 0') OO,
n=1 n=1
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where 0 = N/(N — 2) > 1 ensures the convergence. Thus, (3.17) is bounded, and
taking k — oo yields

||¢C||L°°(BR/2(mo)) S M ||¢c||L2(BR(1‘0)) :

Since o € B was arbitrary, we have that ¢, is uniformly bounded on some set B’ such
that B € B'. Combining this with Lemma 3.4.1, we conclude that sup_s,; supg ¢, is
bounded. This completes the proof. O

3.5 The scalar equation

3.5.1 Well-posedness

In this section we focus now on building solutions to problem (3.1). We begin with the

definition of a solution in this context.

Definition 3.5.1. (1) A classical solution on Qpr to problem (3.1) is a solution
belonging to C?+*+/2((Q\ B) x (0,00)) N C*T((Q\ B) x [0,00)) satisfying the
equation everywhere in Q \ B, satisfying we = 0 everywhere along 0B, and

Owe /Ov = 0 everywhere along 0N).

(2) A steady state to problem (3.1) is a solution belonging to C?+*(Q\ B)NC(Q\ B)
satisfying the equation everywhere in Q \ B and boundary conditions everywhere

along 02 and OB.

Remark 3.5.1. Notice that, different from the degradation problem, we actually as-
sume sufficient regularity on the function f(x,w) restricted to Q\B. This will guarantee

the existence of a classical solution.

Before we can prove the existence of such a solution, we briefly develop some of the

theory for linear parabolic equations in domains with holes.

Second order linear parabolic equations in domains with holes

In order to discuss the well-posedness of problem (3.1), we must first highlight some

of the standard theory for linear equations of the same form. For our purposes, it is
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sufficient to establish some standard theory for the following problem:

w; = dAw + c(z,t)w + f(z,t), in Q\ B x (0,T),

ow _

% — 0, on 092 x (0,7), (3.18)
w =0, on 0B x (0,7T),

w(z,0) = wy = 0, in Q\ B.

We first state the following strong maximum principle, plus a comparison theorem
for the nonlinear problem. The maximum principle result is identical to the classi-
cal case, except we must treat both cases along 02 and 0B, using the “Neumann”

boundary arguments along 02, and the “Dirichlet” boundary arguments along 0B.
Theorem 3.5.1. Suppose w € C*(Qp 1) satisfies

wy — dAw + ¢(z,t)w >0, in Qpr,

g—“jZO, on 092 x (0,7T),
w >0, on 0B x (0,T),
w(z,0) = 0, in Q\ B,

where c(z,t) is bounded in Qpr. Then w(z,t) >0 in Qpr, and w(z,t) > 0 in O\ B

unless it is identically zero.
Theorem 3.5.2. Suppose that w,w belong to C?+!+/2(Qp 1) with w(-,0),w(-,0) > 0
and satisfy the following:

w, —dAw < f(z,w), inQpr,
wy — dAwW > f(z,w), inQpr,

g_% < g_f, on 0S) X (O,T),
wsw Onan(OaT)

If w(-,0) < w(-,0), then w(z,t) < w(z,t) for all (x,t) € Qpr. Furthermore, if
w(-,0) < w(-,0), then w(z,t) < w(x,t) for all (z,t) € Q\ B x (0,T).

Remark 3.5.2. This result is essentially identical to that found in Theorem 2.4.1 of
the previous chapter. The key differences are that the inequalities now hold in the

classical sense, and we must satisfy an inequality along both boundary portions.

Proof. This result follows from a standard argument, see e.g. [95, Ch. 2 Lemma

3.6], where one uses the fact that the nonlinearity f(z,-) is a C'-function. First,
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one deduces that w < w in Qpr via Theorem (3.5.1). Next, one uses the Neumann
boundary condition along 02 to conclude that the inequality must be strict. The
strong maximum principle implies that w — w = 0 cannot occur for an interior point
(%o0,%0) € QBT, and so w < w in @pr. Then, one makes use of Hopf’s lemma to
O(w—w)

conclude that w—w = 0 cannot occur along 92, since this would imply that =5~ > 0,

a contradiction. This completes the proof. O

Next, we establish the following existence result.

Theorem 3.5.3. Suppose OQ and OB are smooth and wo(z) € Hy(Q) N C*(Q) for
some o € (0,1). Suppose also that f(x,t),c(z,t) € C*(Qpr). Then there ezists a
unique classical solution w(z,t) € C2ro*e/2(Qp 1) N HE() solving problem (3.18).
In addition, g—f < 0 along 0B.

Proof. The well-posedness of the linear problem follows from standard arguments with
essentially no change aside from building weak solutions from the space Hy(Q2). For
this reason we highlight the key steps only.

First, we note that —dA + m(z) is a self adjoint operator on H5(Q2) and is further-
more compact. The compactness follows from Poincaré’s inequality and the bounded-
ness of m(x). By the theory of self adjoint, compact operators in a Hilbert space, we
have that the eigenfunctions of —dA + m(z) form an orthogonal basis for the space
H%(Q). Actually, this is just the spectral theorem, see [31, Ch. D.6, Theorem 7).

Next, we apply the Galerkin method using the aforementioned eigenfunctions as
our basis in order to deduce the existence of weak solutions to problem (3.18), see e.g.
[31, Ch. 7.1]. In particular, we first assume that f € C“(@B’T) in order to deduce
the existence of a solution w € C®(Qp ) N Hp (). Uniqueness of this solution follows
from the usual argument, i.e. assume there are two solutions and apply the maximum
principle.

With the existence of a smooth solution, we then take an approximating sequence
fe(z,t) € C*(Qpy) so that f. — f € C**/?(Qpr) as € — 0. An application of

Schauder estimates (Theorem 1.2.24) then yields the existence of a unique solution

w(z,t) € CHoHe/2(Qp )N C(@B,T) N Hp(9)
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which also satisfies the boundary conditions in the classical sense. Finally, since w > 0
in @pr and u = 0 along 0B, u attains its minimum value (of 0) along B. Since
w is not constant, the maximum principle then implies that g—’l‘/’ < 0 along 0B. This

completes the proof. O

Finally, we may use a standard method of sub/super solutions applied to the prob-
lem (3.1) in order to deduce the existence and uniqueness of solutions for this nonlinear

problem. This is summarized in the following theorem.

Theorem 3.5.4. Suppose there exists functions u,u satisfying the hypotheses of The-
orem 3.5.2 in Qpr. Then there exists a unique solution u < u < u solving problem

(3.1) in (0,T), and this solution is in fact global. Furthermore, 2 < 0 along OB.

Proof of Theorem 3.5.4. The proof follows from a standard monotone iteration proce-
dure. See the proof of Proposition 3.5.6, which uses the same technique for the elliptic
system. The only modification is an application of the existence theory for linear

equations developed above. O]

Second order linear elliptic equations in domains with holes

Similar arguments and results hold for the corresponding elliptic (or steady state)

problems. We highlight two key results here to be used later.

Theorem 3.5.5. Suppose that w,w belong to C***(Q\ B) and satisfy the following:

—dAw < f(z,w), inQ\B,
—dAw > f(z,w), inQ\B,

Sw ow
By S 3_111/)’ on 69,
w<w on OB.

Then w < w. Furthermore, either w < W or else w < w.

Theorem 3.5.6. Let yy o be the principal eigenvalue to problem 3.5 for m = f'(z,0).
Then we have the following dichotomy.

(1) Suppose p1,00 < 0. Then, (3.1) admits a unique positive steady state w?,.
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(2) Suppose p1,00 > 0. Then, wi, = 0 is the only steady state solving problem (3.1).

Proof of Theorem 3.5.6. When p; o, < 0, the existence of a positive steady state w* €

X+ follows from a sub/super solution argument. In such a case, e¢; o« acts as a sub
f('7€¢1,0°) <

5¢1,oo

—u1(00). Choosing M > 1 as a super solution, we apply the existence theorem for

solution for any € < 1, where we choose € small enough so that f'(-,0) —

monotone elliptic problems Theorem 1.2.32. Therefore, there exists a steady state
w* satisfying €100 < w* < M. The concavity of f in the argument w (actually,
subhomogeneity is sufficient) ensures that the steady state is unique and so w* = w,
is the positive steady state solving problem (3.1).

In the case that u; o > 0, we may choose €¢; o as a super solution. Since € > 0

was arbitrary, sending € — 0 yields (2). This completes the proof. O

3.5.2 Global dynamics

For the global dynamics of the destruction problem, there are three perspectives we
take. First, we naturally want to describe the global dynamics for the scalar destruction
problem (3.1). Second, we seek to describe fully the global dynamics of the degradation
problem in relation to the principal eigenvalue y; . In Chapter 2, we fully described
the global dynamics of the degradation problem in Theorem 2.4.3. We will reformulate
this result in the context of the current chapter. Third, we finish with a uniform
connection between these in a global sense. We begin with the global dynamics of the

habitat destruction problem.
Theorem 3.5.7. Assume 0 < weo(+,0) € CL(R2). The following hold.

(1) If p1,00 < 0, then Theorem 3.5.6 ensures that (3.1) admits a unique positive

steady state w?,. Then, we, — w, in C(Q\ B) ast — oo;

(i) If p1,00 > 0, Theorem 3.5.6 guarantees that 0 is the only steady state to (3.1).

Then, we — 0 in C(Q\ B) ast — oo.

Remark 3.5.3. Notice the similarities with Theorem 2.4.3. Indeed, these theorems
are essentially “equivalent” in their respective settings.
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Proof. This result follows from similar arguments made in the proof of Theorem 3.5.8,
but there are some technical issues to address due to the Dirichlet boundary condition
along the boundary 0B. To address this, we set X := C%5(f) and recall the strong
partial order on X generated by the cone X+ = {v € X : v > 0} with interior

X++:{UEX:v>0inﬁ\§and%<00n83}.

The global existence, uniqueness and regularity of solutions to (3.1) with initial data in
X follow from Theorem 3.5.3. The comparison principle ensures that (3.1) generates
a strongly monotone flow on X*+. In contrast to the degradation problem, the de-
struction problem requires information about the normal derivative on the boundary.
Luckily, we have the required result, stated at the end of Theorem 3.5.3.

When g1 < 0, the existence of a positive steady state w* € X+ follows from
Theorem 3.5.6. Since problem (3.1) generates a strongly monotone flow in X+t we
then conclude that w* is globally attractive for any initial data ug € X+ \ {0} through
an application of Theorems 1.2.9-1.2.10. This is essentially an identical argument to
that used in the proof of Theorem 2.4.3.

When 11 0 <0, 0 is the only steady state solving problem (3.1) by Theorem 2.4.2.

Hence, 0 is globally attractive and the proof is complete. n

Remark 3.5.4. [t is worth mentioning that the concavity assumption is not essential
for Theorem’s 3.5.7 and 3.5.7 to hold. Indeed, a weaker condition of subhomogeneity
(Assumption 2.2.2) is sufficient. In fact, concavity is only needed when taking the limit

c — 00.

3.5.3 Connecting the asymptotic behaviour of degradation
and destruction

We now state a result connecting the dynamics of the degradation problem (2.1) and
the destruction problem (3.1). In this case, we are not yet concerned about uniform

behaviour necessarily.
Theorem 3.5.8. The following hold for each ¢ € (0,00).
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(i) If pie <0, then (2.1) admits a unique positive steady state w} € W2P(Q) for any
p > 1, and we(-,t) = w} in C(Q) as t — oo whenever w,(0,-) #Z 0;

(i) If p1c > 0, then O is the only steady state solution to (2.1) and wc(-,t) = 0 in
C(Q) ast — oo.

Moreover,
o if p1,00 <0, then (i) holds for any c € (0,00);

® if 100 > 0, then there exists a unique c* > 0 such that (ii) holds for all c €

(c*, 00).

Proof. The proof of this result follows from results found in Chapter 2. We include the
additional arguments as necessary.

The first part of the theorem follows directly from Theorem 2.4.3.

The “Moreover” part follows directly from Theorem 3.4.2 (1). That is, since p,.
is increasing and bounded above by p o, we have two cases. In the first case, p1 . <
M1,00 < 0, and the result follows. In the second case, the monotone convergence of
P, — 1,00 implies the existence of a unique value c, so that ;. > 0 for all ¢ € (¢4, 00).

The second conclusion follows, completing the proof. m

3.5.4 Uniform convergence between degradation and destruc-
tion
Finally, we are ready to establish a connection between the scalar degradation and

destruction problems. We prove the following two results, the first for the steady state

problems, and the second for the time-dependent problems.
Theorem 3.5.9. The following hold.

(1) Suppose p100 < 0 so that Theorem (3.5.6) ensures that problem (3.1) admits a
unique positive steady state w*,. Then, problem (2.1) admits a unique positive

steady state w} for all ¢ > 1, and there holds

lim w; =w}, in C(Q).

c—00
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(2) Suppose p100 > 0 so that Theorem (3.5.6) guarantees that wk, = 0 is the only
steady state solving problem (3.1). Then, there ezists a unique c* > 0 such that
wk = 0 is the only steady state solving problem (2.1) for all c € (c*,00).

(3) Suppose p100 = 0. Then, wi > 0 exists for all ¢ > 0 by Theorem 2.4.3, and

wr — 0 in C(Q) as ¢ — oo.

Theorem 3.5.10. Assume that 100 7 0. Let w. and we be the unique solutions to
problems (2.1) and (3.1), respectively, with the initial data satisfying 0 < w,(-,0) =
Weo(+,0) € CE(Q) and supp(weo(-,0)) € Q\ B. Then,

lim w, = wo uniformly in Q x [0,00).
c—00

The proof of Theorem 3.5.9

In this section we prepare for and provide the proof of Theorem 3.5.9. To do so, we use
a monotonicity argument, Dini’s theorem, and uniqueness of the steady state. First

we establish the following monotonicity result.

Lemma 3.5.1. Assume py,. < 0. Then, for any 0 < c <¢, there holds w}, < w; < w;

in Q.

Proof. Note that since p1,0, < 0, w} exists for all ¢ > 0. Then, it is easy to see that
wi < wj by the concavity of f(z,-) and the strong maximum principle for strong
solutions, e.g., Theorem 1.2.16. The strong maximum principle and Hopf’s lemma
imply that either w; < w; or w; = w} in Q. By the uniqueness of the steady state
solution, the second cannot hold, and the strict inequality follows.

Let ¢ > 0. Note that both w} and w?, satisfy

0 =dAw + f(z,w), in Q\B,
g—:‘/’ =0, on ON.
As wX, = 0 < w’ on B, we apply Theorem 3.5.2 to conclude w?, < w? in Q\ B. Since
w?, is identified with its extension by zero in B, we automatically have that w’, < w}

in B by the positivity of w}. Hence, w, < w} in £, and the proof is complete. n

125



We now establish Theorem 3.5.9. Its proof is instructive for the more difficult
parabolic analog, Theorem 3.5.10, as we require fewer estimates to conclude our desired

result.

Proof of Theorem 3.5.9. The existence and uniqueness of positive steady states follow
from Theorems 3.5.6 and 3.5.8. We consider three cases separately.

Case 1: Suppose first that p; o < 0. Lemma 3.5.1 asserts that {w}}.s1 is a
decreasing sequence of functions and is uniformly bounded below by w} . Hence, the
pointwise limit w* := lim,_,o, W} exists in Q and is nontrivial. This is our candidate
solution to the limiting problem.

Multiplying the equation satisfied by the steady state w} by itself and integrating

over ), we obtain

a1t = [ sCutz—e [ @0 SI7C Ol Iotle (319

where used Assumption 2.2.3 in the inequality (actually, subhomogeneity is sufficient
here). Hence, {w}}¢s1 is uniformly bounded in H'(2). Consequently, there exists a

subsequence, still denoted by w?, such that

lim w! = w* strongly in L?(2) and weakly in H'(f). (3.20)

c—>00

In particular, for any ¢ € HE(Q) (considered as an element in H'(Q2) after zero exten-

sion in B), we have —c [, w}¢ =0 for all ¢ >> 1, and

lind [ Vurve—d [ vuve, lm [ feu)e= [ feu

Therefore, w* satisfies —dAw* = f(z,w*) in Q \ B in the weak sense.
We now show that w* € H5(Q2). We see from the equality in (3.19) that

c [ @ <17 0)lmang) [ (w2

As sup,s; [o(w})? < oo, we arrive at lime, [5(w})? = 0. It then follows from the
convergence in (3.20) or the monotone convergence theorem that [,(w*)? = 0, and

hence, w* =0 a.e. in B. In particular, w* € H(Q).
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Combining these results, we conclude from the elliptic regularity theory that w* is
a steady state to (3.1), and therefore, w* = w?, by the uniqueness of positive steady

states. As w* € C(2), we conclude the result from Dini’s theorem, and thus, complete

the proof. O

Remark 3.5.5. Unfortunately, we cannot expect a stronger notion of convergence in
the entire space ) in a classical sense than what was shown above. Informally, this

can be made intuitive if one considers the fact that ag—u‘; is negative along OB while

*

Woo

is tdentically zero inside of B. Hence, we ezpect the classical derivative of w},
to be discontinuous along OB. However, stronger notions of convergence are readily

established away from the boundary of B through the usual arguments.

Preparing for the proof of Theorem 3.5.10

In this section we prepare for the proof of Theorem 3.5.10. In order to do so, we prove
convergence in a number of steps, treating separately the convergence in Q \ F, E, as
well as the time intervals (0, 7] and (T, 00). The strategy is to abuse the monotonicity
of the family of solutions w,,w} with respect to parameter c. This is similar to the
proof of Theorem 3.5.9, but the time dependence makes things a little more delicate.

The following schematic gives an overview of how this result is proved.
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Figure 3.2: A schematic showing the strategy to prove uniform convergence in the scalar
case. First, we have the monotonicity of the steady states (dashed lines, decreasing
in ¢). We see monotonicity of the time-dependent sub/super solutions (in ¢). From
above, we have a decreasing property in both time and c for sufficiently large initial
data (solid red, orange, green, respectively). From below, solutions are increasing (in
time) for sufficiently small initial data (dashed red, orange and green), however this is
counteracted by the decreasing nature in ¢ (dashed green, orange, red, respectively).
To overcome this, we use w, as the lower bound, which converges in time independent
of c.

We establish the following monotonicity result.

Lemma 3.5.2. Denote by w.(z,t) the unique solution to problem (2.1) for ¢ > 0.

Assume 0 < ¢ < ¢. If we(-,0) = wq(-,0) € CH(Q) \ {0}, then w, > ws; > 0 in
Q x (0,00).

Proof. Set w := ws — w, and w* := max{0,w}. Note that w; and w, are bounded.

This together with the regularity assumption on f implies the existence of some K > 0
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such that

2 f @ == [ [P [wr(w) - £ u) < K @

Q Q Q Q

Gronwall’s inequality implies that w™ = 0 a.e. in Qr and hence w; < w, holds in
all of Qr by the smoothness of the solutions. Then, since w, € C*((0,0); C*(Q)),
the strong maximum principle for strong solutions applies, e.g., Theorem 1.2.16. In
particular, if there exists a point (zo,%) € Q7 such that w = 0, it follows that w =0
in  for all ¢ € (0,t), a contradiction to the uniqueness of solutions. Finally, if there
exists a point gy € 0Q such that w(z,te) = 0 for some ¢y > 0, Hopf’s lemma implies
that g—:‘/’(xo, to) > 0, a contradiction to the homogeneous Neumann boundary condition
satisfied by w along 9. Hence, w < 0 = w; < w, in Q X (0,00). The conclusion

we > 0 in Q x (0, 00) follows from similar arguments and the proof is complete. O

As an immediate consequence of Theorem 3.5.8 and Lemma 3.5.2, we have the

following result.

Corollary 3.5.1. Suppose 1,0 > 0. Then, for any initial data w.(0,-) € C+(Q)\ {0}
independent of ¢ > 1, there holds

lim sup ||we(+, )| oy = 0.

e c>>11)” ( )”C’(Q)
Proof. By Theorem 3.5.8, there is ¢* > 1 such that lim; e |wes (-, ¢)[|g@ = 0. The
result then follows from the monotonicity result Lemma 3.5.2: w.(z,t) < we for all

¢ € (c*,00). This completes the proof. O
The next result addresses the uniform convergence over finite time intervals.

Lemma 3.5.3. Ifw,(+,0) = woo(+,0) € H(Q)NC*(Q) for allc > 1 and supp(we(+,0)) €
Q\ B, then for each T > 0,

lim w, = we, uniformly in Q x [0,T].
c—00

Proof. Fix T > 0 and denote by wy the common initial data. The proof is done within

four steps.

129



Step 1 We show the existence of some M = M(T') > 0 such that

ow
2 2 Y%
//QT (wc+|vw°| +‘ ot

Due to the lack of smoothness of the solution w,., we first mollify the indicator

2
) <M, Ve 1. (3.21)

functions on the right hand side of (2.1) so that the approximate solution belongs to

H'(Qr). To this end, we set g := 1dist(0Q,B) and define for each € € (0,¢o) the

sets:
B°={z € Q:dist(z,B) <e}, B.={z€ B:dist(z,0B) > e}.
Note that B, € B € B € (). We regularize 1q\p such that
Ip=1inQ\ B 155=0inB, 0<1H5<1inB°\B,
and lim,_, I\ = la\p in L%(€)). Similarly, we regularize 15 such that
13=1inB,, 153=0inQ\B, 0<13<1in B\ B,

and lim,_,o 1§ = 1p in L*(Q2). Consider (2.1) with Igyp and 15 replaced by 155 and

1%, respectively, that is

(3.22)

v ~ 0, on 09 x (0,00).

{wt = dAw + 14 pf(z,w) — clgw, in Qx(0,00),
Denote by w¢ the unique solution of (3.22) satisfying the initial data wg(-,0) = uo.
Note that the standard L2-theory of parabolic equations, e.g., Theorem 1.2.25, ensures
that

limwé =w, in WP(Qr), (3.23)

e—0
and that 2% € H'(Qr) for each & > 0.
We establish some uniform-in-¢ estimates of wg. First, we differentiate ||w§||i2(9)

with respect to time and integrate by parts to obtain:
d e(12 € € € € €
a ||wc||L2(Q) =2 We (dch + ]lG’\Bf("wc) - CILB)

Q
<2 [ 1090l <200 limoim / (we)™
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Gronwall’s inequality implies that ||w§(-,t)||i2(9) < eMT ||w0||iz(9), where M, :=

21 £(-s0)|l Lo\ 5)- Integrating with respect to time yields
2 2
Wil z2(@ry < T + llwollzag))- (3.24)

We now seek to estimate higher order terms. Clearly, wé satisfies

//T (367122 c ) = //T (15\f (- ws) — 13wl v, Vv € H(Qr).

(3.25)
Setting v = we in (3.25), legal by the regularity of ws, we have
Td 2 2 2
— ||ws +d||Vw; =// f-,wiwi—c// we
|} Wil +aIvetlingn = [ 6w [
<17 ¢ 0 o) ”wZ”i%QT) :
Note that Sup.e(g o) SUPes1 [|WE | £2(gp) < 00 by (3.24). Setting
My = M(T) = |If'(-, 0)||L°°(Q\B) Sup SUP [|wg “L2(QT) + ||u0||L2(Q)a
e€(0,e0) >1
we find the uniform bounds
2 N2 Ml
Oiup ”w ( )||L2(Q) < Ml’ ”Vwc”L2(QT) < 7) Ve>1lande€ (0,80), (326)

%4% in (3.25), made possible

We now seek to obtain estimates o m

due to the mollification procedure, we deduce

//T 2:__/QT6t|V 5|—I—//T]19\Bf W__//T 82 oy

< 4 IVt D~ IVle) + 5 [ |2 +
-5 [ 15 (@) - )

d ow;
< g1l + ([ |5

where we have applied Young’s inequality, thrown away the negative terms, and used

the fact that ug = 0 in B. Setting

ows

LG w2
2 We L2(@QB,T)

2
2 £112
5 ”fl("o)”Lw(Q\P) ”wC”L2(QT) ’

2
My = M,(T) :=d ||VU0||L2(Q) +[1FC )||L°°(Q\B) S(“P )31>1>P [|wg ||L2(QT) 5
750
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we find

/ / ows
or| Ot

Passing to the limit € — 0 in (3.26) and (3.27), we conclude (3.21) from (3.23).

2
< M,, Ve>1andec€(0,&). (3.27)

Step 2 By (3.21), there is a subsequence, still denoted by w,., and a function U €
HY(Qr) such that

limw,=U in L*Qr),

Cc—00
. Ow, 0U ) 9
_ou 2
cll{{}o 5t 5t weakly in L*(Qr), (3.28)
ILm Vw,=VU weakly in L*(Qr).

Note that in light of Lemma 3.5.2, U must be the pointwise and monotone limit of w,
as ¢ — 00. We show U =0 a.e. in B X (0,T) so that U € H5(QT).

Recall that ¢;. is a positive eigenfunction of (2.5) associated with the principal
eigenvalue pt1.. The normalization ||¢1c||z2() = 1 is fixed. Set w, := Me #1t¢, , for

some M > 0 to be determined. Direct computations yield
(wc)t - dch = (ILQ\BfI('a 0) - CﬂB)wc > ILQ\Bf() wc) - CILcha

where we used in the inequality the fact that f(-,u) < f/(-,0)u for any u > 0 due to

Assumption 2.2.3 (subhomogeneity is sufficient). Obviously, %":jc =0 on 0f).
Theorem 3.4.2 (2) says lim, ,o0 1. = G100 in H'(Q), where we recall that ¢

is a positive eigenfunction of (3.5) associated with the principal eigenvalue i1 o, and

satisfies the normalization ||¢1,c0llz2@5 = 1. This together with a"gf < 0 on OB

and the conditions on u, ensures the existence of M > 1 such that ug < M¢, . for all

c¢> 1 by Lemma 3.4.1. For such a M, we apply the comparison principle to conclude
that w, < w, in Q x [0,00) for all ¢ > 1. This together with Theorem 3.4.2 and the
fact 1.0 € Hy(Q) yields

T T
lim sup/ / w? < limsup M2/ 6_2“1v°tdt/ 2. =0.
c—oo Jo JB c—00 0 B

We then conclude from the monotone convergence theorem or the convergence in (3.28)

that U =0 a.e. in B x (0,T), and hence, U € H;(Q7).
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Step 3 We show U = w,, on 2 x [0, T]. Note that w, satisfies
// ( ) // ILQ\Bf we) — cﬂ%wi) v, Yve H'(Qr).
Qr

(3.29)
For v € C'([0,T]; HE(£2)) with v(T") = 0, we see from (3.29) that

-/ O e+ J[ vuevo= [[seuwpr [ w0, @30
QB,T ot QB,T @B, Q\B

Note from (3.29) and (3.28) that U satisfies

In particular, for v € C1([0, T]; H5(Q?)) with v(T) = 0,

//czBT_U+/QBTVU W—/Q”f woo)”+/Q\BU(-,0)v(-,0). (3.32)

Comparing (3.30) and (3.32) and taking ¢ — oo, we find that indeed U(-,0) = ugp by

the arbitrariness of v(-, 0).

Consequently, we have shown that U satisfies (3.31) and U(-,0) = up. This is
actually a weak formulation of (3.1). Moreover, as the pointwise and monotone limit
of w, as ¢ — oo, U must be bounded. We show that the weak formulation admits at
most one bounded solution, and then, U = wy, on Q x [0, T].

To this end, we make note of the following fact (see e.g. [123, Lemma 3.1.2]): given
a function w € H}(Qr) such that w(-,0) = 0, there holds

t
/ w2(-,t)=z// WO ae te(0,T) (3.33)
O\B o Jag Ot

Suppose now that there are two bounded solutions u;,us € Hg(Qr) satisfying the
weak formulation (3.31) and the same initial data belonging to Hx(2) N C*(Q), which
is assumed to hold in the trace sense. Set w := u; — uy and note that w(-,0) = 0 in
Q\ B. Then, w satisfies

//Q (_“ tdvu- W) -/ /Q (Cm) = Sl o € Hy(@r).
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Take v = wt € Hy(Qr) and apply (3.33) and the Lipschitz continuity of f(z,-) to

3 ) LGOS M / /Q @

The integral form of Gronwall’s inequality implies that fQ\B(wJF)2 = 0 for a.e. t €

obtain

(0,T). Repeating the procedure for v = w~, we conclude that w = 0 a.e. and the

uniqueness follows.

Step 4 As U is the monotone limit of w, as ¢ — 00 and U = wy, is continuous in
Q% [0, 7] when extended by zero in B, we conclude from Dini’s theorem that w, — W

uniformly in  x [0,7] as ¢ — oco. This completes the proof. O
Now, we treat infinite time intervals.

Lemma 3.5.4. Assume t1 o < 0. If we(-,0) = weo(+,0) € HE(Q) N CH(Q) for all
¢ > 1 and supp(we(-,0)) € Q\ B, then there exist 7 > 0 and M = M(wo,) > 0 such
that

[we(-2) — willo@ < Me™™ + ||lw}, — Wello@y, Vt>0andc>1.

Proof. The conclusion of the lemma follows from the following two steps. Denote by

Woo := We(+,0) = Weo(+, 0) the common initial data.

Step 1 We show the existence of r; > 0 and M; = M;(up) > 0 such that
we(-,t) —wi < Mye™™t Vt>0and c> 1.

By Theorem 3.5.8, w} exists for all ¢ > 0. Denote by u(d, lo\sf'(-,w;) — clp)
the principal eigenvalue of (2.5) with m := lq\sf'(-,w}) — clp, and by {bc the as-
sociated positive eigenfunction satisfying the normalization fQ {pizl. Notice that
pa(d, Lozs f'(-,w}) — clp) > 0 for any ¢ € (0,00) due to the concavity of f(z,-).

Actually, subhomogeneity is sufficient, since subhomogeneity implies that

f@w) _ o

we
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and so Proposition 2.3.2 (iv) implies that
m(d, Lo\ f'(-,w;) — clg) > 0 = 1 (d, la\af(z,w;) — clB),

where the second equality follows from the existence of a unique steady state.
We claim that
lirginf pa(d, Lova f'(-,w}) —clp) > 0. (3.34)

Denote by pi(lo\sf'(-,w},) — clp) the principal eigenvalue of (2.5) with m =
lo\af'(-, w},) — clp. By a minor modification of the proof of Theorem 3.4.2, it is not

difficult to find that
clg{.lo :U'l(d’ ]lQ\Bf/(°7 w:o) - CILB) = /'Ll(da fl(°7 w:o)v B): (3'35)

where p1(d, f'(-, w?,), B) is the principal eigenvalue of (3.5) with m = f'(-,w?,).

By the variational characterization of u:(d, Lo\gf'(-,wk) — clg), we find

m(d loyaf (- ul) — cis) <d [ [V,
Q

2 ~2
- [ #amar ul) - cta)
Q
* 2 * *
= (&, Lo (w) —eo) + [ B w) £ u)
Theorem 3.5.9 and the normalization [ {p§=1 imply that lim, s fQ\ B {pi( f(w) —
f'(-,wk)) = 0. It then follows from (3.35) that
M1 (da lﬂ\ffl(" w:o)’ B) = hﬂglf M1 (da lﬂ\Bfl('a w:o) - CILB)
< liminf yiy(d, To\pf'(-, wg) — clp).
Since p1(d, 1o\ gf (-, ws,), B) > 0, the claim (3.34) follows.
Since wgp is continuous and compactly supported in Q \ B, and {{pc}c>>1 is locally

uniformly positive in £\ B by Lemma 3.4.1, there exists M, > 0 such that vy < M9,

for all ¢> 1. Set
Wc = Mle_ul(d’ﬂn\B‘fl(.’w:)_dlB)t{pc.

It is straightforward to check that W, satisfies

(We)e — dAW, = (Ia\g f'(-,w}) — clg)W, in Q x (0,00).
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Note that @, := w. — w} obeys
(We)e — dAD = 1o\p(f (-, we) — f(-,wy)) — elpwe < (Lavsf' (- W) — clp)we

in © x (0,00), where we used the concavity of f in the inequality. Obviously, both
W, and w,. satisfy the homogeneous Neumann boundary condition on 9. Since
We(-,0) = weo — w* < M 1{&0 = W(-,0), we apply the comparison principle to ar-
rive at w, < W,. Note that Lemma 3.4.2 yields sup,s,; supq {bc < oo. Hence, set-
ting 7 := liminf, oo {1 (f'(-,w?) — clg} — & > 0 for some fixed 0 < § < 1 and
M, := M sup,s, supq ¥, + 1, we find we(-,t) — w! < Mye ™ for all ¢ > 0 and ¢ > 1.

Step 2 We show the existence of ro > 0 and My = M(up) > 0 such that
wi — we(,t) < Mae™™ + |Jwk, — Wellom, Vt=0andc> 1

As we are treating the lower bound for w,, we may assume without loss of generality

that up < u%, . Note that Lemma 3.5.2 ensures that we, < w, for all ¢ > 1, leading to
wg — we(t) < [lwe — willgm) + weo — Weo(+t), VE>0and ¢> 1, (3.36)

where w, solves (3.1) with initial data ug. Hence, it suffices to derive an exponential-
in-time upper bound for w¥, — wu(+,t).

We claim that there exist to > 1 and v € L*(f2) such that
0Sv<we(,t) in Q\B, Vt>t,. (3.37)

Indeed, since Theorem 3.5.7 ensures that we(-,t) — w?, uniformly in Q\ B as t — oo,
for some fixed V' € Q\ B there is ty > 1 such that infyy(t,00) Weo > 0. The claim
follows readily.

Set F(w) := % We show 7o := p4(d, F(v),B)) > 0. Indeed, since
Weo(+,t) < w?, for all ¢ > 0 by the choice of the initial data wg, we find v < w,
from (3.37). It follows from the concavity of f that F(v) < F(0). Noticing that
p1(d, F(0),B) = 0 (as w?, is exactly the associated eigenfunction), we deduce from
Lemma 3.4.2 (ii) and v 2 0 (by (3.37)) that ro = pa(d, F((v), B) > u1(d, F(0), B) = 0.
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Set Woo 1= Mye 20~y in Q\ B x [to,00), where 9, is the positive eigen-
function of (2.4) with m = F(w,,v) associated with the principal eigenvalue r, =
p1(d, F(v), B), and M > 0 is such that w?, < Mayp),. Such a M, exists due to the
positivity of w? and {boo in Q\ B and the negativity of the outer normal derivative of

w}, and 12100 along 0B. It is straightforward to check that W, satisfies
(Weo)s — dAWoo = F(v)Wo in  (2\ B) X (tg, 00),

while w := w}, — wy satisfies

wt—dsz<f(w’wu§i):{uf’w°°))wfﬁ’(v)w in (Q\B) x (to, ),

where the inequality follows from (3.37) and the concavity of f. Obviously, both W,
and w satisfy the homogeneous Neumann boundary condition on 02 and homogeneous
Dirichlet boundary condition on 8B. Since w(-,ty) < w’, < Mythy, = Wo(-,to), We
apply the comparison principle to find w(:,t) < W (:,t) for t > ty. This can be readily
extended to hold for all t > 0 by making M, larger if necessary. The conclusion in this
step then follows from (3.36). O

We are ready to prove Theorem 3.5.10.

Proof of Theorem 3.5.10. Clearly, for any T' > 0,

te(0,00)
< sup ”wC('at) - ww('at)”C(ﬁ) + sup ”'wC('at) - ww('at)”(](ﬁ) (3'38)
te(0,T te(T,00)
=: A(T) + A(T)
By Lemma, 3.5.3,
lim AXT)=0, VT >0. (3.39)

To treat A%(T'), we consider two cases. Denote again by wp the common initial data.

Case 1: pi0 > 0. It follows from Corollary 3.5.1 and Theorem 3.5.7 (ii) that
limg_yo0 lim,_s00 A2(T') = 0, which together with (3.38) and (3.39) yields lim, ;o A, = 0.
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Case 2: [1,,, <0 Obviously, for any T > 0,
AYT) £ sup Jlwe(,t) — willgay + 1wl — willom + sup llwh, — weol- )l o)
t€(T,00) t€(T,00)

= A(T) + A2 + A(T).

By Lemma 3.5.4, there exist r > 0 and M = M(wg) > 0 such that Zli(T) <
Me T 4+ Ai for all T > 0 and ¢ > 1. Since lim,,o Ai = 0 by Theorem 3.5.9 and
limr_ o0 ;13(T) = 0 by Theorem 3.5.7 (1), we find limr_,co lim.—o, A%(T") = 0, which
together with (3.38) and (3.39) yields lim, ,,, A, = 0.

]

3.6 A competitive system

In this section, we prove the uniform convergence of a competition system subject
to habitat degradation, problem (3.2), to a competition system subject to habitat
destruction, problem (2.2). To make the problem more tractable, we assume that
0 < d; < ds and take the prototypical form given in (3.3). As in the scalar case, we
reserve the notation (ue,vs) for the unique solution to problem (3.2) and denote by
(Ue, vc) the unique solution to problem (2.2) for each ¢ > 0.

The main result of this section is the following.

Theorem 3.6.1. Suppose 0 < di < da, p1o(d1) # 0 and p1oo(d2) # 0. Denote by

(e, Ve) and (Uoo, Voo) the unique solutions to problems (2.2) and (3.2), respectively,

with the initial data satisfying 0 < uc(-,0) = uo(+,0) € CL(Q) and 0 < v (+,0) =

Voo (+,0) € C5(2) such that supp(uc(-,0)) € Q\ B and supp(v.(-,0)) € Q\ B. Then,
im (te, Vo) = (Uoos Vo) uniformly in  Q x (0, 00).

Cc—>00

Similar to the scalar case, we set for d > 0 and ¢ > 0,
pac(d) == pa(d, loygm — clp) and g ,00(d) := p1(d, m, B).
By Theorem 3.4.1 (1), ¢ — p1.(d) is increasing and lim, o0 ft1,(d) = p1,00(d).
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To this end, we first reformulate a previous result, namely Theorem 2.5.2, suited
to the current context. This provides a similar result to Theorem 3.5.8, connecting
the asymptotic behaviour of the degradation and destruction scalar problems, but not

necessarily in a uniform sense.
Theorem 3.6.2. Consider problem (2.2) with fized ¢ > 0.

(1) If p1c(dy) < 0, then the semi-trivial steady state (u},0) exists, and for any initial
data uo,vo € C*T(Q) \ {0}, there holds

B (ue(-, 2), ve(, 1)) = (u,0) in C(Q) x C(Q).
Furthermore, if 11.00(d1) < 0, then py(di) <0 for all c € (0,00).

(2) If p1,c(d1) > 0, then the only steady state is the trivial one, and for any initial
data ug,vg € CT(Q) \ {0}, there holds

lim (2o(-, ), ve(-,2)) = (0,0) in C() x C(Q).

t—00
Furthermore, if 11 0o (d1) > 0, then there exists C sufficiently large so that pi1 o(dy1) >
0 for all c € (C, ).

Proof. This result follows directly from the proof of Theorem 2.5.2 when ¢; = cs.
Roughly, one proves that problem (2.2) induces a strongly monotone flow. From
the assumption of 0 < d; < ds and identical resource distribution, one can then show
that (u,0) is locally stable while (0,v}) is unstable, whenever it exists. Recall that
the existence of non-trivial (0, v}) is given by the sign of y; .(dz) as found in Theorem
3.5.8. One can then show that there are no coexistence steady states. The conclusion

then follows from the theory of monotone flows, e.g., Theorems 1.2.9-1.2.10. O

A similar result holds for the competition destruction problem. We omit the details
of the proof as they are essentially the same as the proof of Theorem 3.6.2, with the

only change being the cone due to the homogeneous Dirichlet condition along 0B.
Theorem 3.6.3. Consider problem (3.2). If p1,00(d1) < 0, then the semi-trivial steady

state (u’,,0) exists, and for any initial data 0 < ug,vo € Cx(),

tli)x&(uoo(-,t),voo(-,t)) = (u%,,0) in C(Q) x C(Q).
139



In the following, we seek to prove Theorem 3.6.1. Unlike the scalar problem, how-
ever, it is no longer expected that ¢ — (u,, v.) is decreasing. This is due to the interplay
between the decrease in m, as c increases, and the competition between species; for, if
U, is decreasing, —u, is increasing in the equation for v,. This is a subtle but important
difference between the degradation system and its corresponding scalar equation. De-
spite this, we are still able to prove a uniform convergence result in a number of steps.
Taking motivation from the scalar case, we consider separately the intervals (0,7") and

[T, 00). We first prove convergence in an arbitrary, finite time interval.

Lemma 3.6.1. For any initial data (uc(-,0),vc(-,0)) and (uwo(-,0),v0(+,0)) satisfying

the same assumptions as in Theorem 3.6.1, it holds that for each T > 0,

lim (e, Vo) = (Yoo, Vo) uniformly in  Q x [0, T).
c—>00

Proof. Denote by ., ¥, the unique solutions to problem (2.1) with d = d;, f =
f1(+,+,0), @c(-,0) = ue(+,0) and d = do, f = fa(,0,-), Ue(+,0) = ve(+,0), respectively.
We finish the proof within four steps.

Step 1 We show that v := max {supc>>1 SUPg[0,00) Ues SUPes1 SUPRx[0,00) 1”)0} < o0
and

e ", <u, <%, and e "9, <v, <V, in Qx[0,00), Ve> 1.

We first demonstrate y < co. Lemma 3.5.2 implies that @, < %; in Q X [0, 0o) for all
¢ > 1. Since @, is bounded thanks to Assumption 2.2.1, we find Sup.s,1 SUPgy|o,00) Ue <
co. A similar argument yields sup,s,; Supgy|o o) Uc < 00. Hence, v < oo.

For the two-sided inequalities of u, and v, to hold, it suffices to show that for each
c> 1, (u,v) = (e &, v.) and (u,v) := (i, e "D.) are respectively subsolution and
supersolution thanks to the comparison principle.

Clearly,
u, — diAu = —yu + u(lo\gm — clp — @) < u(lo\gm — clp — e ", — U.) = fi(z,1,0),
where v > 7, is used in the inequality, and

U — d1AT =U(lg\gm — clp — @) > U(lg\gm — clp —u —v) = fi(z,u,v),
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where we used vu > 0 in the inequality. Similarly, we find that v and v obey v, <
d2Av + fo(z,w,v) and v; > da AU + fo(z,u,v), respectively. Obviously, u, U, v and v

satisfy the homogeneous Neumann boundary condition on 0f).

Step 2 We show that

lim (te, V) = (Uoo; Vo) uniformly in  (Q\ B) x [0, 7.

c—00

Recall that Qpr := (2\ B) x (0,T). We introduce the following auxiliary problem:

'ut =dAu+ fi(z,u,v), in Qpr,
Ve = d2AU + f2(xa u, ’U), in QB,T’

T&=0=2, on 80 x (0,T), (3.40)
U= U, on 0B x (0,T),
(v =1, on 0B x (0,T).

Since u, and v, are Holder continuous, this problem is well-posed (see, for example, [95,
Ch. 8] for a treatment of time dependent boundary data; see also [80, Ch. III, §5]).
Denote by (@, ?9.) the unique solution of (3.40) with initial data (4.(:,0),9.(+,0)) =
(ue(:,0), ve(+, 0)).

Uniqueness of solutions ensures that (&, 0c) = (uc,v) in 2\ B for ¢ € [0,T), and
hence, 4, < %,y and 9. < U, < v in @p,r for all ¢ > 1. In particular, this implies that
{fi(:,G¢, D) }es1, @ = 1,2 are uniformly bounded in LP(Qp 1) for any p > 1. Theorem
1.2.30 along with Ehrling-Nirenberg-Gagliardo’s interpolation inequality (see, e.g. [123,
Theorem 1.3.1] or [1, Theorem 5.2]) ensure that {@.}cs1 and {0.}es1 are uniformly
bounded in sz’l (@) for any p > 1. The Sobolev embedding Theorem 1.2.4 then
implies the existence of a subsequence, still denoted by (&.,?.), which converges to
(flooy Doo) in C1H*(+)/2(Qp 1) as ¢ — oo for any «a € (0,1).

We then proceed with the usual bootstrapping argument. Since f;(z, G, Uc), t = 1,2
are Holder continuous in @ p r, interior Schauder estimates for parabolic equations (see,
for example, [123, Theorem 7.2.5]; this is similar to Theorem 1.2.24 which gives global
estimates) ensure that {f}es1 and {9 }e»1 are uniformly bounded in C2+*+2/2(Qp 1)

for some a € (0,1). We may then deduce the existence of a further subsequence (still
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labelled by ¢) such that

Aty = Alley, Ve = Vi, e —+ Uoo,

Aty = ADs, V0o = Vg, Ve — Voo,

in CP#2(Qp 1) as ¢ — oo for any B € (0, ).

We now show that the limit (4, Uoo) satisfies the same initial data and boundary
conditions as the solution (U, Vs ) solving (3.2). We provide the details for i, with the
same arguments holding for . Note that since B € {2, the boundary data along 02
is trivially satisfied. From Step 1 we have already shown that e ™%, < i, = u, < 1,
in @p,r for all ¢ > 1. In the limit, we therefore have that

0 < limsup fieo(z,t) < lim Ue(z,t) =0, V(zo,t) € OB x [0,T].

O\B z€Q\B
zme—).’}o T—To

Hence, %o, = 0 on 0B X [0,T]. Similarly, we also find that

(-, 0) = lim e~ "3 (- im G (- im @ (-, 1) = G (-
oo+, 0) = lim €™ lioo(+,2) < M floo () < HIM oo (-, ) = Thoo(-, 0),

and 80 fieo (-, 0) = (-, 0). Thus, we find that in fact (fieo, Do) belong to C2He1+2/2(Qp )N
C(Qpy) for some o € (0,1), and is a solution to problem (3.2). The uniqueness of

solutions then implies that (tieo, Voo) = (Uoo; Voo)-

Step 3 Since Theorem 3.5.10 gives that 4, 7, — 0 uniformly in B x [0, T] as ¢ — oo,
we find from Step 1 that lim, oo (te, Ve) = (Uoo, Voo) Uniformly in B x [0, T]. The result
then follows from Step 2. O

We conclude with the proof of Theorem 3.6.1.

Proof of Theorem 3.6.1. Again, we denote by ., 7. the unique solutions to problem
(2.1) with d = dy, £ = fi(-,-,0), (-, 0) = ue(-,0) and d = d, f = f3(-,0,-), %(-,0) =
ve(+, 0), respectively. Denote by @i, ¥ the unique solutions to problem (3.1) with
d=d, = fi(,+,0), (-, 0) = u(,0) and d = da, f = fa(:,0,"), Te(",0) = ve(:, 0),
respectively. By Theorem 3.5.10, lim, o, Ul = oo and lim, ;oo U¢ = Vo uniformly in

Q x [0,00). Set

A= sup |luc(+?) —uoo(, )l and AZ:= sup [lve(-t) — oo, )|l oy -
t€[0,00) t€[0,00)
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To treat A¥ and A? as ¢ — oo and in consideration of the fact that 1 00(d1) < p41,00(d2),

we consider three cases: p100(d1) > 0, p1,00(d1) < 0 < p1,00(d2), and pi1,00(d2) < 0.

Case 1: py00(d1) > 0: It is straightforward to check that (0,%.) and (&,0) are

subsolution and supersolution, respectively. The comparison principle then yields
Ue < Uey Ve < Ve, Ve 1. (3.41)

Similarly, #e < e and v < Voo. It is evident that, for any 7" > 0,

A7 < sup |lue(-,t) — Uoo('at)”c(ﬁ) + , S(‘;;P ) (”ﬂc('at)”c*(ﬁ) + ”'Z‘oo(':t)”c(ﬁ))
e(T',00

=: A¥L(T) + A%*(T).

Lemma 3.6.1 yields that lim, o, A%(T) = 0 for any T > 0. As limg o0 the = oo
uniformly in © x [0,00) thanks to Theorem 3.5.10, we arrive at lim,_,o, A%%(T) =

2 SUPye(T,00) | Boo (s E) |l ()~ Since p1,00(d1) > 0, Theorem 3.5.7 ensures that
1m oo )y = O,

leading to limp o lim, 0o A%2(T) = 0. Hence, lim,_,, AY = 0.
Since p1,00(d2) > 1,00(d1) > 0, an identical approach shows that lim. ,., A2 = 0,

concluding the proof of case 1.

Case 2: f11,00(d1) < 0 < p1,00(d2). In this case, (3.41) still holds. Since 11 00(d2) > 0,
we apply Corollary 3.5.1 to arrive at lim;,oo SUPes1 [|Uc(+ )o@ = 0. Hence, for each
0 <6 < 1, there is T5 > 1 such that sup.s; [|[ve(+ )||lc@) < 6 for all ¢ > Ts.

Consider the following auxiliary problem:

{Ut = diAu+u(lgpm —u—6) —clgu, in Q x (T; 00), (3.42)

&~ 0, on 00 x (Ty,0).

Denote by u$ the unique solution of (3.42) with the initial condition u$(-, Ts) = u,(-, Ts)-

First, we claim that

ul <wu, in Qx[T500), Ve> 1. (3.43)
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Indeed, since —v, > —4, there holds
(te)s — d1AU = uc(lo\pm — Ue — Ve) — clpue > uc(la\gm — ue. — ) — clpu,.

Then, as u(-,T) = u(-,T), (3.43) follows from the comparison principle.
Second, we claim that for § > 0 sufficiently small (in fact, § < —p1,00(dy) is suffi-
cient), there exists a non-trivial steady state u* corresponding to problem (3.42) that

is globally attractive. To see this, we note that
pi(dy, la\pm — 6 — clp) = p1c(d1) + 6 < p1,00(d1) +6 <0,

where the first inequality follows from Theorem 3.4.2(1). Our second claim then follows
from Theorem 3.5.8. Moreover, we have that lim, ,., u>* = u%* in C(Q) by Theorem
3.5.9, where u* is the unique positive steady state of (3.1) with d = d; and f(z,u) =
u(m(z) — § — u).

Third, we claim that

b,

lim u%* = v} uniformly in Q. (3.44)

60t

Indeed, using the comparison principle, it is not difficult to see that u%* is increas-

ing with respect to J, and is bounded above by u} . Clearly, the pointwise limit

lims_o+ uS* = u

0% exists and is non-trivial. Uniqueness of solutions ensures that

ud* = u* . Dini’s theorem ensures that the convergence is indeed uniform, and so
(3.44) holds. In fact, these arguments are almost identical to those used in the proof
of Lemma 2.4.2. We omit further details.

We now treat AY and AY. Since pq o0(d2) > 0, we can follow the arguments as in

Case 1 to conclude that lim, ,., A = 0. For A¥, we see that for any 7' > 0,
A < sup |ue(-,t) — uoo(-,t)||c(§)+t s(l;p ) e (-5 ) = too (V) | oy = A»Y(T)+A%2(T).
e(T',00

By Lemma 3.6.1, lim, ,o, A%'(T) = 0 for any T' > 0. We now estimate A»*(T). It
follows from (3.41) and (3.43) that 0 < u, — u® < @, — ud in Q x [T}, 00), leading to

et 2) = v, Bll oy < o) = w2 D)oy V6> T
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Thus, for T' > Ty,

u,2 . _ 0. o, — .
APT) < sup [Juelt) — w0 oy + sup (400 — el B

~ F) é
= tes(ggo) ||uc(-,t) h u°(°’t)||0(§) + tes(lill“go) ”uc("t) — Uoo (" t)“C(ﬁ)

~u,l ~u,2
= Ac,& (T) + Ac,5 (T)
From our second claim and Theorem 3.5.10, we have for T' > Tj,
1 A ’LL,l e 77 . —_ 6 . .
lim Ac5(T) = sup {[Geo1) = ol Dl oy

. ~u,2 _ s . _ .
lm ATT) = sup [ (1) = e Doy

Given Theorem 3.5.7, we let T' — oo to find that

Jim tim A%5(T) = |83, — vl = %o v o).
%EEOCIH&AZ"?(T) = [lueg = wicll ey

where we used the fact that @}, = u? . It then follows from (3.44) that

lim Tim lim (A5(T) + 435(T)) =0,

6—0t T—o0 c—0
Hence, limy_o lime oo A%%(T) = 0, resulting in lim, ., A* = 0. In conclusion,

lim, 00 (A¥ + A?) = 0, which completes the proof in this case.

Case 3: p100(d2) < 0 This is the most difficult case since we do not have direct
control via @ or 0. Instead, we carefully construct new sub/super solutions to show
that v, — 0, and then proceed as in Case 2. As in the previous cases, we focus on the
large time interval (T, 00) for some 7' > 1 fixed since convergence in any finite time
interval [0, T follows from Lemma 3.6.1.

To this end, we still choose (u,v) = (., 0), which satisfies the appropriate differ-
ential inequalities as shown in Theorem 3.5.10, Case 1. We then set (u,v) = (4, D),

where v, solves

(Ve)s — AV = Ve(lgppm — clp+ 0 —u} — 9.), in Q x (T, 00),

Ve, T) = ve(+, T, in Q, (3.45)
% =, on 09 x (T, 00),
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and 1, solves

(Ge)e — diAtle = Ge(Laygm — clp — Ve — 1), in Q x (T, 00),

(-, T) < ue(-,T), in Q, (3.46)
8 =, on 90 x (T, 00).

In (3.45), 0 < ¢ < 1 is held fixed to be chosen independent of c. Without loss of
generality, we may assume that (-, 7") < u} for all ¢>> 1. The comparison principle
readily yields that @.(-,t) < u? for all ¢t > T and ¢ > 1. Moving forward, we suppress
the dependence of (i, 9) on o.
We first claim that for o sufficiently small,
Jim sup [9e(-, B)ll oy — O- (3.47)

To see this, let W, solve

(We)t — doAhe = We(Ll\pm — clp + 0 — ul, — W), in Q x (T, 00),

’[I)C('aT) = (P(), in ﬁa (348)
% =0, on 9Q x (T, 00),

where ¢ € CT() satisfies sups,; ve(-,T") < ¢(cdot), which is possible due to the fact
that sup,s; [|ve(-, T)ll g < o0 by Lemma 3.5.2. Then, since ug, < ug for all ¢ > 1,
the comparison principle yields .(-,t) < w.(,t) for all t > T and ¢ > 1. Moreover,
we have that

p1(da, me — ug,) < pa(da, me — uy)

by Proposition (2.3.2)(iii). Furthermore, Lemma 3.4.2 yields
ILm pa(de, me —ul) / pa(de,m — uly, B) > py(di,m —ul,,B) =0,

where p1(d2, m — ul,, B) is the principal eigenvalue to problem (2.5) with d = d» and
fu(z,0) = m — u’,. Hence, for c sufficiently large, there exists 0 < 0 < 1 so that

pi1(de, me — u) — o = p1(da, me — u; +0) >0, Ve > 1. (3.49)

Choosing c* > 1 fixed and o < 1 small enough so that (3.49) holds, we set

W — Me_p‘l (d2 SNk _u:* +U)t¢c* ,
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where 1.« is the corresponding eigenfunction to p;(de, me — uls + o). One readily

obtains that W is a super solution to wes by choosing M >> 1 so that

Hence, lim;o, || Wer|| c@ < lim;_, o HWHC(Q) = 0. Finally, by Lemma 3.5.2, it is not
difficult to see that . is decreasing with respect to c. Consequently, for all ¢ > c*, we

have that
@c(’a t) S ﬂjc(', t) S wc*(', t)a
and so it follows that

=0,
o)

. A . o < . . o < . T .
Jim sup [9(-, 1)l < Jim sup (- &)l oy < Jim || W

and (3.47) holds.
Next, notice that while %, depends on ., ¥, remains independent of %, and so
(3.45)-(3.46) do not comprise a fully coupled system of equations.

Through construction, u trivially satisfies
u, — diu = u(lg\gm — clp —u — ). (3.50)
For ¥ we then compute

Uy — do0 = U(1lgz\gm — clp+ 0 —u; —v) > 9(Llg\gm — clp —u — D)

= u;<u+o=1uU+o. (3.51)

c — =

Since (3.47) holds, we may choose T' = T'(§) > 1 independent of ¢ so that v(:,t) < 4
for all t > T, for any given 0 > 0 fixed. We then proceed as in Case 2 to show that
(3.51) holds for T sufficiently large, for all ¢ > 1.

To this end, for a (possibly new) value § > 0 satisfying 0 < § < o < 1, we construct
yet another solution @] solving problem (3.42) with @(-, T) = d.(-, T). Arguing as we
did to show (3.43) in the proof of Case 2, one similarly finds that

W(,1) < @) Sui(), VE=T, Ve 1, (3.52)
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and for § small enough there exists a unique non-trivial steady state u®* such that

#(-,t) = ud*(-) in C(Q) as t — oo for all ¢ > 1. Note that (3.52) also gives us
0 < ug() = (-, t) S ug() = A, 8) = llup(-) = @e(, )l oy < J|us() = 85 1) |l oy »
for all t > T, for all ¢ > 1. We then estimate as follows:

||U':() - ag('at)ng(ﬁ) < ||u: - ug’*”(;(ﬁ) + ||ug’*() - ﬁg("t)”C(ﬁ) =: Ag’l + Ag’2(t)'
(3.53)

By Theorem (3.52) and the subsequent remarks, there exists 7' >> 1 such that for all
t > T, c> 1, there holds
A2y <2,
(1) < 2

Estimating now A%? we find
4,1 * * * O, O,% 4% .
Ac S ”uc - ’u’oo”C’(ﬁ) + ||uoo — Uy ||C(§) + ||uoo — U ||C(§) - Il + I2 + I3- (354)
By Theorem 3.5.9, we may choose C' sufficiently large so that

I1+I3S% VCZC

Similarly, by (3.44) we may choose § sufficiently small so that

g
I2§Z.

Combining these results, we find that
[t () — ag(.,t)nc@ <A 4 At <o VE>T, Ve 1.
Finally, we are able to conclude that
u() el ) < Jud() = 8, 1) |y < 0

for all t > T, for all ¢>> 1, and so (3.51) indeed holds.
Combining (3.50) and (3.51) and noting the ordering of the initial data, the com-

parison principle yields that

0=v <v.(:,t) KT =7.(,t), Vt>T, Ve> 1. (3.55)



We are now prepared to estimate A%, AY. Obviously,

A? < sup |[|ve(+t) — voo t)”c*(ﬁ) + tes(g’l;) [ve(+2) — 'Uoo('at)”c*(ﬁ) =: ApH(T) + APX(T),
(3.56)
Lemma 3.6.1 gives that lim, ., A%*(T) = 0 and lim,_,, AY*(T) = 0.
We continue now to estimate A%?(T). Using (3.55), we may write for any ¢ > C
A1) < sw (el Dllogy + sl Dllo)
t€(T,00)

< swp_(lfet:Ollom + Il Dlom)

te(T,00
where the second inequality follows from the monotonicity of 9.(-,-) given by Lemma
3.5.2. From (3.47) and Theorem 3.6.3, we may then take the limit as 7' — oo to obtain
lim A2%(T) < Jlim sup _([lo6 (1) oy + ool D)l ) = 0.

T—o0 T—o0 te(T,00)

We now treat A%?(T) using (3.55) once more:

u, . _ 6. ~G( — .
Ac 2(T) < tes(lill“,]zo) ||u0( at) uc( at)”(;(ﬁ) +tes(g,1c:o) ||uc( at) U'oo( at)”()(ﬁ)

A

~ ) ~0
= gy 0 =8 Dl + gy 6600~ vl ) 05

By Theorem 3.5.10, we may take the limit as ¢ — oo in (3.57) to find

1 u,2 1 7 (- _ g . 70 . — .
lim A2*(T) < lim (tejggo)lluc( 1) — G ’t)||0<ﬁ)+t§3£o)||u°( ) — thoo( ,t)||0(9)>
_ . o .5
— tes(g};) ||uoo(-,t) — Uoo('at)”c(ﬁ) + tes(lil“,l;) ||uoo(.,t) — uoo(-7t)||c(§) ,

where i, solves problem (3.1) with d = dy, f = (M — 1is) and 4, solves problem
(3.1) with d = d; and f = Qo (M —J —liss). Note that in this step, we must also choose
6 small enough so that Assumption 2.2.1 holds. Taking now 7" — oo, we further obtain
by Theorem’s 3.5.10 and 3.6.3 that

lim lim A3*(T) < lim ( Sup)“ﬁoo("t)—ﬁio(',t)||c(a)+tes(gp)||ﬁio(',t)—Uoo(',t)Hc(n))
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Steady state profile

Finally, by (3.44), we may take § — 0% to get the final estimate

lim lim A%*(T) < lim 2 ||a% 0.

T—00 c—0c0 0—0t h u:° ||C(§) -

Combining all estimates, we are able to conclude that
lim (A7 + A7) =0,
Cc—»00

completing the proof of Case 3, and the Theorem is proven. O

3.7 Numerical simulation

In Figure 3.3, we observe numerical validation of Theorem 3.5.9. Actually, these profiles
are obtained using MATLAB’s pdepe function after running long enough to reach a
steady state. Then we plot the solution profile as the parameter ¢ increases. As in the
degradation case, we fix the domain 2 = (0, L) with a single degraded region B = (4, 6)
in the centre of Q. The habitat quality is 1 everywhere in G = (0,4) U (6, 10).

Steady state solution profile as c varies

Figure 3.3: A simulation demonstrating Theorem 3.5.9 in one spatial dimension.
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Note that we do not consider the simulation of results for the competition system.
Indeed, the dynamic results are a little less interesting in this case (population u always

wins), and so it will look essentially identical to Figure 3.3 above.

3.8 Discussion

In this chapter we developed a habitat destruction model using reaction-diffusion equa-
tions. This was formulated from two perspectives. The first, coming from the definition
of habitat destruction appealed to in this work, we conceptualize a model in a ‘domain
with holes’. These holes represent the destroyed region of habitat, prescribed a homo-
geneous Dirichlet boundary condition along the inner boundary of the hole 9B. The
second perspective, coming from Postulate One (degradation and destruction lie on a
spectrum), involves taking a limit as ¢ — oo in the degradation problem of Chapter 2;
naturally this should correspond to a habitat destruction problem. As was established
analytically, these two perspectives are equivalent. These constitute the key results of
this chapter: the uniform convergence between the habitat degradation model devel-
oped in Chapter 2 and the new habitat destruction model developed here. This result
is proven for a general right-hand side in the parabolic scalar case; a similar result holds
for the elliptic steady states. Of note is the fact that this convergence holds uniformly
in time. For the competition case, we appeal to a standard Lotka-Volterra competi-
tion model. As far as we can tell, this is the first modelling perspective establishing
a mathematically rigorous connection between the process of habitat degradation and
habitat destruction.

To study the habitat destruction problem in the first perspective (independent of
any connection with the degradation model), we had to develop some fundamental
theory. These developments are new in that they do not appear to exist in any present
texts, at least in an explicit way. However, these developments do follow from existing
theory of Hilbert spaces and standard ‘energy method’/Galerkin approximation tech-
niques. This establishes a well-posedness theory for linear equations in domains with
holes. Nevertheless, in Chapter 4, this development will prove very useful in that it

indicates where and why, exactly, our assumptions on the set B are required. This is
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particularly relevant for the question of habitat fragmentation.

Related to the convergence the parabolic and elliptic problems are the convergence
results between the related eigenvalue problems. As we have seen in the last two chap-
ters, an understanding of the global dynamics depends critically on the behaviour of
these principal eigenvalues. A significant portion of this chapter was dedicated to ex-
actly this. In Section 3.4, we introduce the relevant principal eigenvalue corresponding
to the habitat destruction problem. The properties of these new eigenvalue problems
are closely related to the eigenvalue problems introduced in Chapter 2. Indeed, a pre-
cise convergence result is established between both the principal eigenvalues and the
corresponding eigenfunctions. This is the steppingstone required to connect the global
dynamics of the degradation problem with the global dynamics of the destruction prob-
lem, and ultimately, to prove the uniform convergence between these solution sets. Also
of note is the uniform upper and lower bounds of the principal eigenfunctions as they
depend on the parameter c¢. This result, while intuitive, is highly non-trivial in the
end. An application of the Moser iteration technique seems to be the only applicable
method to obtain these bounds.

The results found in this chapter are also ecologically relevant. On the surface,
they validate the modelling perspective: increasing degradation leads to regions with
a population density of zero. This is in agreement with what many consider to be
the definition of habitat loss: the habitat is altered so dramatically that it can mo
longer sustain the species it once did. In this case, the extirpation of species is a
consequence of habitat destruction and the modelling formulation used. This gives
a ‘lower bound’ on the likelihood for persistence of a population: if the principal
eigenvalue of the destruction problem indicates persistence, the population will always
survive in a degraded region. This may seem like a trivial fact, but it is also robust.
Moreover, to establish this and to demonstrate it rigorously in any modelling setting
is a challenge not often taken on.

In addition, we can make a comparison to the results obtained in Chapter 2: when
the habitat is merely degraded at some level, coexistence is always a possibility for

some parameter regimes. In contrast to the results of the present chapter, we find
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that when a habitat is destroyed, coexistence is never a possibility, and we recover the
‘slower diffuser always wins!” result. While interesting, this is a consequence of the fact
that we assume the environmental heterogeneity in the remaining good region Q2 \ B is
identical for each population. As noted previously, this may be too restrictive to draw
broad conclusions. It may then be of interest to combine the perspective of the last
two chapters: one may consider ‘good’ and ‘degraded’ regions, in addition to destroyed
regions. Trade-offs in resilience and dispersal rates may then facilitate coexistence,
even in the habitat destruction setting. We leave such explorations for future work.
Inside of these results are some rather technical assumptions on the set B. Unlike
Chapter 2, we now require the boundary of B to be smooth and to be compactly
contained in the landscape 2. The reason is simple enough: our analysis requires
some distance between the boundary of B and the boundary of Q2. With some further
technical arguments, it is likely that such conditions can be weakened significantly. In
increasing order of difficulty, one may consider less regular sets B, allow 0B to touch
0f1 at a single point, and then allow 0B to touch 912 along an interval. One difficulty is
that along this shared portion, the problem may become ill-posed due to the ‘double’
boundary condition (homogeneous Neumann and Dirichlet at the same time). For this
reason, one may need to modify the problem further to study such cases in detail.
Related to this, we require some rather strong assumptions on the initial data. In
particular, we must have that the initial data start with zero population density in the
destroyed region B. This is again more of a technical requirement and does not limit its
ecological application. Despite this, it may be possible to prove a similar convergence
result on the open interval (0,7) for any § > 0. Such compatibility conditions are
common in the study of PDE, and so such restrictions are not entirely unexpected (e.g.,
the initial data satisfying a homogeneous Dirichlet boundary condition for convergence
up to ¢t = 0 in a standard Dirichlet problem setting). We leave a further study of such

technicalities for future work.
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Chapter 4

Habitat Fragmentation

In the last two chapters, we studied in detail the global dynamics of some reaction-
diffusion equations and systems. This chapter is a departure from this level of math-
ematical analysis, opting now for a combination of analytical insights which are com-
plementary to some numerical insights. This is of necessity, in some sense, as the
analytical challenges of the problems we are about to explore are significant. More
precisely, we seek to investigate the impacts of habitat fragmentation in this chapter.
Under any reasonable definition of habitat fragmentation, this naturally leads to the
study of the influence of the size and geometry of the degraded/destroyed region B.
First, we discuss in more detail some of the conceptual and practical challenges that
arise when studying habitat fragmentation. In Section 4.1, we discuss some challenges
from the perspective of an ecologist. We then discuss how these confusions appear
to have bled into the modelling literature, and how we might remedy this (possibly
growing) disconnect. In Section 4.2 we describe some of the existing measures used
to assess fragmentation in a quantitative way. We will not use these formulations in
any direct way; however they provide insights into the kinds of qualitative behaviour
of fragmentation that researchers explore. Essential to our exploration will again be
some principal eigenvalues, all of which have been introduced in Chapters 2-3; we prove
some analytical results concerning the geometry of the region B and changes in prin-
cipal eigenvalues in Section 4.3. These results are rather technical, and no effort is
made to connect to the ecological application there. In Section 4.4, we finally explore

how to assess the impact of habitat fragmentation using the setting of partial differ-
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ential equations. Recall from Chapter 1 Postulate Three: habitat fragmentation can
be studied as an arrangement or as a process [33]. There are actually further distinc-
tions to make: in each setting, we may consider so-called species-oriented measures or
pattern-oriented measures. We construct one measure for each, namely, the SOFFI
score and POFI score, respectively. A third approach, somewhat removed from the
first two, will assess the impact of fragmentation from the perspective of population
sizes. We construct two measures for this perspective: the TAFI score for single-species
models, and the R-TAFT score for multiple-species models. In Sections 4.5-4.6, we ex-
plore in detail each of these measures as an arrangement and as a process, respectively.
These sections include some analytical insights, but the most detailed and interesting
information will come from numerical simulations. We conclude with a discussion and

broad implications of these results in Section 4.7.

4.1 Preface

In Chapter 1, we introduced three primary components of habitat loss: degradation,
destruction, and fragmentation. From this discussion and the subsequent results of
Chapters 2-3, we found that while habitat degradation and destruction are intimately
linked, assumed to lie on a shared spectrum and then rigorously connected through an
asymptotic limit, the process of habitat fragmentation is more distinct. In some sense,
habitat fragmentation is an epiphenomenon: as a natural habitat undergoes a process
of degradation and destruction, it contemporaneously becomes fragmented. It is the
process of habitat removal itself that results in a fragmented landscape!.

This fact can, it seems, lead to some confusion in the literature. The following
references provide insights into the robust nature of the debates: [32], [33], [39], [44],
[46], [49]. These works motivate the discussion found here.

In particular, such confusions are found in the disconnect between modelling efforts
seeking to describe and quantify habitat fragmentation in some meaningful way, and

the perspectives and insights provided by ecologists most interested in the preservation

!Note carefully that we distinguish habitat fragmentation as a consequence of habitat loss from
natural changes in the heterogeneity of the environment.
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of species. From the point of view of the ecologist, there are a number of challenges

when using field studies and data to assess the impacts of fragmentation:

e Lack of consensus. There does not appear to be a consensus on what we mean
by habitat fragmentation (this point was discussed at length in Section 1.1), let
alone which measure is most useful to assess impacts of habitat fragmentation.
One commonly used approach includes measuring and comparing population-
level fitness quantities, such as net population growth rates or total abundances
under different landscape circumstances (quality or arrangement) [44]. The im-
portance of the distinction between measuring a growth rate versus the total

abundance will become evident shortly.

e Scale matters. Many data are collected at the patch scale rather than the land-
scape scale: if a landscape is made up of many smaller, roughly distinct patches,
data collected within these smaller patches making up the entire landscape ma-
trix may not accurately reflect the trends at the landscape scale [33], [39]. This
naturally leads to inconsistencies in modelling when it is not clear whether a

model is appropriate for the patch or landscape scale.

e Data collection can be challenging. Fitness alone is difficult to quantify and
measure. For example, we cannot easily measure the growth rate of a popula-
tion directly, particularly in natural ecosystems [2]; instead, we often count the
number of instances of a particular species in a given area (methods include a
mark-recapture study, using (births-deaths)/(time) to estimate a net growth rate,
recording changes in population sizes over time, or using a laboratory setting.
Some useful resources in this regard are [117] and [78]). This is expensive and
time-consuming work, therefore making it difficult to repeat for a large number
of species. This in turn makes generalization difficult. Pairing these challenges
with the complex dynamics of habitat fragmentation as it occurs in the natural

world introduces a second challenge highlighted below.

e How to connect with fragmentation. Even once a fitness measure is obtained

or data collected, one must introduce a mechanism to connect with habitat frag-
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mentation. This could focus on the particular species, its unique traits, and
reasonable assumptions on what is required for its survival. On the other hand,
one could describe independently different arrangements of habitat, and then cor-
relate this with collected data statistically. This approach is explored in [58] and

[120]; we expand on this point and discuss some of their insights momentarily.

e Context matters. It is not clear that measuring population growth rates and
total abundances will tell us the same thing; actually, it may be unreasonable to
assume that they would in the first place. To see this, one may consider a sin-
gle population that is in decline from a previously thriving population; the total
abundance may be very high while their net population change is negative. This
can lead to a number of logical errors. First, if one models habitat fragmenta-
tion with the output a predicted growth rate, while the data is total abundance,
one must take care in connecting these pieces of information directly. Second,
it leads to a logical inconsistency if we do not clarify what is meant by a “bet-
ter” or “worse” outcome: if population v under arrangement B; has a smaller
growth rate but larger total abundance than population v under arrangement
Bs, fragmentation could be “better” or “worse” for one population depending on
what we care about. This is highly relevant for both industry and conservation
efforts: a struggling population would benefit more from maximizing its growth

rate, while industry may prefer to maximize yield.

e Confounding factors. Even if the issues raised above are addressed, many ex-
isting measures of fragmentation correlate highly with total available habitat [33],
[120]. This raises issues when studying in more realistic, less idealized scenarios,
where habitat arrangement and amount are varied simultaneously. Untangling

their relative effects then becomes an additional challenge [35].

These challenges are explored in more detail in [74], asserting “..most manipulative
and mensurative fragmentation experiments have not provided clear insights into the
ecological mechanisms and effects of habitat fragmentation.”. Furthermore, habitat

fragmentation is evidently intimately related to the species under consideration, and
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the environment in which they live. Hence, we have substantial motivation to construct

novel and informative modelling techniques which

i.) Make predictions and hypotheses derived from biologically reasonable first prin-

ciples that can be rigorously tested; derivation should be mechanistic.

ii.) Assess impacts of habitat fragmentation in a general enough setting that a wide

range of species can be considered.

iii.) Assess the impacts of fragmentation in combination with other environmental

factors.

iv.) Are accessible to mathematical biologists and ecologists. Such tools should com-

plement existing efforts and experimental findings.

Generally, a species-area approach is utilized to study the effects of habitat loss [34];
this does not consider the configuration of the landscape, however, which introduces
confounding factors and unclear results [32].

From this discussion, we are inspired to take motivation from [44]: rather than
choosing a particular perspective and ignoring others, we aim to study the problem
of habitat fragmentation from two distinct perspectives, wherein we consider two fur-
ther standpoints within each overarching perspective. This will be comparable to our
efforts to study habitat degradation and destruction on a (continuous) spectrum, in
some sense. The modelling of habitat fragmentation can be broken roughly into two
categories. One end of this spectrum is species-oriented approaches. This approach
focuses heavily on the species and their individualistic responses to their environment,
and in our case, their response to environmental change. These approaches study
exogenous threats (habitat loss), endogenous threats (behaviour changes, biological
changes, species interactions), stochastic threats (environmental, genetic), or extinc-
tion proneness (interaction between species attributes and processes that threaten).
On one hand, this perspective is useful in that it considers explicitly the individual
traits of a species; on the other hand, it is limited in scope as it is impossible to do

this for every species across widely varying landscapes.
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On the other end of the spectrum are the patiern-oriented approaches. These
cases essentially focus on classifying different patterns as geometric objects through
some measure, then connecting this quantification with habitat fragmentation through,
e.g., statistical correlations with empirical data [44]. These approaches study native
vegetation (amount, size and structure of patches), edge effects, landscape connectivity,
and the interaction between matrix and landscape heterogeneity. This perspective may
be easier to apply in some cases, offering more flexibility and multiple perspectives
through numerous measures available; yet a lack of mechanistic connection to the
species considered makes generalization difficult, or even misleading [44].

These two approaches can be used in a complementary fashion, each providing dif-
ferent insights or providing alternative hypotheses to be tested and verified. Note that
this distinction and exposition, while closely related to the study of habitat fragmen-
tation “as an arrangement” versus “as a process”, is not equivalent. To be clear, one
may apply a species-oriented or pattern-oriented approach to either fragmentation “as
a process” or fragmentation “as an arrangement”.

Before we explore these ideas in more detail, we briefly explore some existing per-

spectives for measuring the impacts of habitat fragmentation.

4.2 Existing methodologies to assess impacts of frag-
mentation

In this section we present some of the existing measures of fragmentation, most of which
are from the perspective of a ‘pattern-oriented’ approach. While there are many ecolog-
ical studies assessing the impacts of fragmentation from a ‘species-oriented’ approach,
there are limited works presently in the literature that study this from a rigorous math-
ematical perspective. For this reason, we direct most of our attention to the general
trends found in statistical approaches.

We present primarily some of the ideas found in [58] and [120]. Suppose we are given
a population growth rate for two identical populations under different arrangements
of habitat, but with the total available habitat kept equal. One must first determine

which arrangement is “more” or “less” fragmented. Then we can correlate these quan-
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tifications with the measured fitness levels to determine the impact of a fragmented
landscape. In the first paper, authors present and compare a handful of common ana-
lytical tools that measure the level of fragmentation of a two-colored image; the second
paper, appearing over a decade after the first, performs a similar analysis, but with
many variations of the measures found in the first. As described earlier, they then
perform an analysis of correlations between each fragmentation measure.

In [58], they do not connect these measures to ecological findings necessarily; in-
stead, they look for correlations between measures, indicating which measures tell us
something unique about the landscape, or which measures may be superfluous. These
measures are therefore deemed pattern-oriented approaches, since they do not connect
directly to any particular species or individual traits. The purpose of the presenta-
tion here is not to give a detailed account of their findings, but rather to gain some
perspective into what kind of qualities or properties are commonly used to assess “frag-

mentation”.

Edge density: The total length of patch edge per unit area within a landscape [87].
In principle, one imagines that as the edge length per unit area increases, the landscape
is more fragmented. This measure is, however, susceptible to misinterpretation as it
is sensitive to the resolution of the map used (think of fractal-like objects, which can
have infinite edge length and finite area).

Contagion: Describes to what extent pixels are clustered. In [58], it is calculated as
the sum of two probabilities: “the probability that a pizel belongs to cover type i, equiva-
lent to the proportional representation of the cover type on the map, and the conditional
probability that, given a pizel is type i, that one of the neighbouring cells is cover type
j” [87]. This measure will be relevant to later constructions of fragmented landscapes
in the present work, where this concept of contagion motivates our construction of
simulated, fragmented landscapes.

Mean nearest neighbour distance: Defines an average edge-to-edge distance be-
tween a given patch and its nearest neighbouring patch. This measure does not use

patch area, and the distance is calculated based only on the closest other patch.
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Mean proximity index: A prorimity index measures the level of isolation of a patch
within a group of patches. The determining factor is the search radius, which deter-
mines which neighbouring patches are included in the calculation. The value is given
by a sum of the ratio of patch size to nearest neighbour edge-to-edge distance. The
mean proximity indez is then the average of the proximity index over all patches. Note
that, different from the mean nearest neighbour distance, patch size is incorporated.
Perimeter-area fractal dimension: Provides information on the roughness of a
patch edge. It is calculated as a slope of a ratio of the log of the perimeter and area of
each patch [87]. This measure actually lies between 1 and 2, where values closer to 2
indicate a more complex patch edge. The average across all patches is then calculated.
Mass fractal dimension: Calculates the complexity of the entire landscape, rather
than of individual patches. The measure describes how the relationship between the
number of pixels of a given landcover type in a pre-sized box changes with respect to
changes in the size of the box.

Many additional measures can be obtained through modification of these prototyp-
ical measures, each of which are studied in detail in [58].

The authors then used simulated landscapes to explore what each measure predicts
for a level of fragmentation. In most cases, this is done for two landcover types only
(good or bad). The authors found that correlations were highest between any combina-
tion of edge density, contagion, and mass fractal dimension, which implies that these
three measures roughly tell us the same thing. This is perhaps unsurprising based
on the nature of the construction of the measures. Edge density and contagion over
increasing land removal were almost exactly inversely proportional. In [120], a huge
number of other fragmentation measures, mostly modifications of similar forms to those
found here, are considered (see [120, Table 1], listing over 50 different measures).

While an interesting and useful contribution, the issues raised previously permeate
these approaches. Some authors even assert that classifying all of these measures
can be a daunting task [118], with endless modifications available. Related to the
mass fractal dimension are other perspectives that seek to measure fragmentation

through a single index. One rudimentary tool was developed in [5]. Others include
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“image-classification” approaches, which measure fragmentation via the complexity
(in a computer science sense) of an image. This can be studied using compression
algorithms, for example, where a more “fragmented” landscape has higher complexity
and therefore takes more space to store [118]. This is more of a “top-down” approach,
similar to the approach we will develop here.

Finally, there are a handful of modelling efforts falling under a more species-oriented
approach. The first is [113], where a PDE approach is used. While the original formu-
lation features explicit spatial structure, simplifying assumptions are used to reduce
it to ordinary differential equations. To achieve this, the authors write the solution
to their one-dimensional PDE as a Fourier series expansion, retain only the first term
and drop all higher order terms (i.e., a linearization procedure). This first mode sat-
isfies an ordinary differential equation which they then analyze. We instead seek to
retain an explicit spatial structure due to the important connection it has to habitat
fragmentation. More recently, [21] develops what they refer to as the Preston func-
tion, which describes triphasic species—area relationships for contiguous regions. This
Preston function comes from a spatially neutral model, and the authors construct new
formulas that relate it to several new fragmentation scenarios. They apply their mea-
sure to real and simulated landscapes to determine species-area relationships as they
also depend on spatial arrangements. The potential drawback to this approach is that
the results may be biased due to its derivation from a spatially neutral setting, re-
quiring the distribution of the species considered to be ‘statistically similar to those of
neutral species’, limiting its scope.

Our ultimate goal in this chapter is to develop robust assessment tools. In what
follows, we develop some fragmentation measures using tools and results obtained in
Chapters 2-3. The primary object of study will be the associated eigenvalue prob-
lems, and in particular, changes in the size of the principal eigenvalue with respect to
changes in the lost region B. As it turns out, the principal eigenvalue obtained via a
linearization procedure (about 0) is directly related to the intrinsic growth rate of the
population, at least for small population sizes [8], [94]. Hence, studying changes in this

population growth rate allows one to make direct connections between the geometric
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properties of a degraded/destroyed region and the fitness of the population. There-
fore, we take a moment to explore some technical analytical results. We then connect
these results to some fragmentation indices developed in Section 4.4. Due to the level
of complexity in studying such problems analytically, we use numerical simulation to

gain further insights.

4.3 Properties of principal eigenvalues as a function
of B\

In this section, we explore properties of the principal eigenvalues for problems 2.4, 2.5,
3.4 and 3.5. We focus primarily on demonstrating some results for \;(m, B); similar
results follow for all other eigenvalue problems. As we soon find, these proofs depend
critically on certain properties of the principal eigenvalue \;(m, B), all of which are
satisfied by the other eigenvalue problems as well.

For tractability, we simplify the problem and consider only A;(B) := A1(1, B), the
special case where the habitat quality is 1 everywhere in Q \ B. Note that in such a
case, the connection to p(d, 1, B), the principal eigenvalue to problem (3.5), is rather

direct.

Continuity of \;(B) with respect to B

We prove the following theorem regarding the continuity of \;(B) with respect to the
set B, in some sense. Denote by B,.(xg) the ball of radius r > 0 about the point zy € Q.

Recall that the Hausdorff distance between two subsets of Euclidean space is given by
d(Al,Ag) = inf {r >0: A2 C FT(Al) and Al C FT(AQ)},

where F,.(A) := UzeaB, () is the so called “r-fattening” of the set A. We have the
following continuity result with proof following modification of the techniques used in
[42, Theorem 1.6].

Theorem 4.3.1. Suppose A, A, are closed subsets compactly contained in Q such

that d(A, A,) — 0 as n — oo. Denote by A\1(An), M(A) the principal eigenvalues to
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problem (3.4) with B := A,, n € N, and B := A, respectively. Denote by ¥}, 1, the

corresponding eigenfunctions. Then it is true that
iz Pa(4) = Ma(4n)] =0,
Furthermore, there holds
nh_)r{.lo Yt =1y strongly in  H'(Q).

Proof. Let A, = F¢(A) for some € > 0 and assume that d(A4,A,) — 0 as n — oo.
Then for any fixed € > 0, there exists 7 large enough so that A, C A; for all n > 7.
Obviously A C A, holds by definition, and so we then have that

H () C Hy (Q) N Hy(Q). (4.1)

Consequently, A;(A4,) < A\i(Ac) by Proposition 3.4.1 (i) for all n > 7.

By the density of C4(Q) in H}(Q2) (by definition; recall that under our regularity
assumptions for the hole in Q, H}(f2) can be identified through the completion of C (£2)
with respect to the H'-norm), there exists a function ¢ € C*°(Q2), which vanishes in

a neighbourhood of A, and is H'-close to 1, i.e.

e — %2 sy < 6

for each § > 0. Furthermore, we may choose & small enough so that the support of 3¢
is contained within Q\ A.. This implies that ¢ € H} () C H} (), and ¢ is a valid

test function in the variational characterization of \;(A,):
2
Au(4n) < [[V9ill
2
<IVellzs + V81 - Ve[ o

< M(A) + 4.

Repeating this process for the eigenfunction 9} associated to A;(A,) (which is possible

due to (4.1)), we find that

M(A) < Mi(4n) + 4.
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Note that, as A, A, C A., we may choose § depending only on A.. Combining these

results we conclude that
|A1(4) — Ai(An)] <9,

as desired.

Next, since A\;(A4,) — A1(A), under a unit L?-normalization we find that
||V¢?||i2(9) = A1(4n) < oo,

and so {7}, is uniformly bounded in H(2). A subsequence therefore exists (which
we still denote by n) such that ¢¥7 — 1, strongly in L?(Q2) and weakly in H*(Q2), for
some ¥ € H4(Q). In particular, $° = 0 a.e. in A by the strong convergence in
L*(Q). By the variational characterization of \;(A) and the weak lower semicontinuity

of the norm, we then observe that
Ai(A4) < IVYPlze < liminf V977, < lim Ay(An) = Au(4),
and so {° = 1), by the uniqueness of the eigenfunction. This completes the proof. [
We have the following corollary for problem (3.5).

Corollary 4.3.1. Under the same assumptions, Theorem 4.3.1 also holds for p;(d, m, B),

the principal eigenvalue for problem (3.5).

This result holds for the degradation eigenvalue problems as well. Note that in
this case the result is somewhat trivial: the convergence result p;(d,my,) — u1(d, m)
for m, — m in C(Q) actually holds if m,, converges in LP(Q) for p > N/2 [8], [43].
Hence, the continuity of \;(1gm—clg) and p;(d, 1lgm—cl g) with respect to B follows
immediately whenever

nh_)-'ff,lo |14, — ]1A||LP(Q) =0
for any p > 1. This is a different form of convergence than in the Hausdorff sense; one
may replace Hausdorff with convergence in the sense of symmetric difference, i.e., the

(Lebesgue) measure of the set (A; \ As) U (A2 \ A;). The technicalities surrounding

different measures with respect to different metrics in different spaces are quite complex
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and beyond the scope of the present work; for this reason, we focus less on true rigour
and more on the big picture as it applies to biological application. This does leave
room for future work, however, as such an exploration may yield different insights into

the measures which we use to assess fragmentation.

Differentiability of \;(A) under certain deformations

In this section, we prove (using essentially existing results) that the function A;(A)
is differentiable with respect to perturbations of the set A. The sense in which this
differentiability holds is the following: consider a smooth map V : RN — R¥ referred

to as the deformation field. Then, we consider perturbations of the set A of the form
Ay = Id+tV)(A) ={z+tV(x), z € A}.
Then the following theorem holds.

Theorem 4.3.2. The function A\;(A;) is differentiable with respect to t att = 0 and
has the form

d o\

—A(A =N (A) = — —

dt)‘l( t) o )\1( ) AA(aV) <‘/,1/>dS,

where 1y is the normalized eigenfunction associated to \1(A) and v denotes the outer

normal vector to dA.

Remark 4.3.1. This result is emblematic of Hadamard’s variational formula and re-
lated formulations, see [58]. The pairing (V,v) plays the role of the usual outward
facing unit normal vector, denoted by 8/0v throughout the present work. The more
abstract form (V,v) is somewhat complicated; we avoid most of the technical details

but provide appropriate references and key steps in the following proof.

Proof. The proof of this result follows from identical computations found in the [41].
Actually, our setting is much simpler. We highlight the key steps only, leaving out
technical computations.

First, one shows the differentiability of A\;(A:) and its associated eigenfunction 1)

at t = 0 through an application of the implicit function theorem ([41, Lemma 2.1])
166



and the Fredholm alternative. Such a result also follows from the more abstract theory
developed in [75, Chapter 5|, but the following approach is more direct. Essentially,
one applies the IFT to the map

9(t) = (M(Ar), %) € R x H, ().

From our previous results, g(0) = (A1(A),%:) and is continuous at zero. Using the
weak formulation of solutions to the eigenvalue problem for ¢ > 0 and the IFT, it
follows that g(t) is differentiable at t = 0, that is, \;(A;) and 1); are differentiable at
zero (see the proof of [41, Lemma 2.7]). This does not, however, immediately give us
the form for A'(A) found in the theorem.
Once differentiability is established, one formulates the associated PDE to which
P = %ﬁ .o 18 a solution. In fact, ¢’ solves
AP + Ny + M9, in Q,
38%’ =0, on 01,
P = —% (V,v), on OA,
where (-, -) denotes a pairing along A between the deformation field V' and the normal
vector v. Again, this formulation is somewhat complicated, so we refer to the detailed
discussion in [53] regarding the interpretation of (V,v). Roughly, it is defined as the
rate of deformation of the surface OA in the instantaneous normal direction. Also note
that in the derivation of this problem, the normal derivative 0, /0v actually appears
as the gradient Vi, along 0A; therefore, the gradient along 0A is actually in the
direction of the normal, and so they are equivalent along 0A.
Once it is verified that 1)’ satisfies the problem above, we multiply by a test function

¥ € H'(Q) with unit L2-norm. Integrating over {2 yields

[avsax [wwen [wp=o
Q Q Q
Substitute 1 := 9, and apply Green’s second identity to obtain

AL+ / Y AP + N / P'hr + W% =0,
Q Q oA v

where all other boundary terms vanish, and we have used that 1); has unit L?-norm.

Substituting the equation satisfied by A; and the boundary condition along 0A sat-

isfied by 1/, we obtain the result found in the theorem statement. O
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This result yields the following interesting corollary.

Corollary 4.3.2. Consider Q2 = Bg(0) for some R > 0. Then the hole A := B,(0)
for 0 < r < R fized is critical in the sense that N;(A) = 0 for all divergence free

deformations of A. Furthermore, B,.(0) is a global mazimum with respect to translations

of the set B,(0) such that B.(0) CC Bg(0).

Proof. First, one immediately finds that when A = B,(0), Q = Bg(0), solutions to the
problem are radially symmetric. Hence, % = C' > 0 for some constant C' all along

O0A. Hence, using the formula for A{(B,(0)) obtained in Theorem 4.3.2 we have

B0 =~ [ (g_w) V,v)dS

=—C’2/ (V,v)dS =0,
oA

since V is a divergence free vector field.

Next, we consider transformations of the form A; := B,(—t,0,...,0), i.e. a transla-
tion of the ball in the first coordinate. Note that due to symmetry of the problem under
translations, we may consider without loss of generality translations in one coordinate
direction along that particular axis. In two dimensions, this is simply the ball of radius
r centred at the point (¢,0) for 0 < t < R—r. Note the upper bound on ¢ ensures that
A, Ccc Q.

We now construct a test function for any appropriately chosen translation based
on the radially symmetric solution )y corresponding to A\1(Ag) = A1(B,(0)). To this
end, take 1 and define 9 = 4i(—t,0,...,0) so that ) = 0 in a (fixed) translated
hole B,; := B,(—t,0,...,0). Then we extend ¥ to RY by a constant value, where
the constant is given by max, .q1o. We can better understand the approach through

Figure 4.1.
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—R —p —p+t0 p ptt R

Figure 4.1: A schematic demonstrating the idea behind the proof of Corollary 4.3.2.
The solid curve denotes the eigenfunction o when the hole B,(t) is placed exactly in
the centre ¢ = 0. The dashed curve denotes the shifted eigenfunction . On the right
side, we ‘lose’ some of the eigenfunction. On the left side, we extend the eigenfunction
by a constant value. This is our test function. Then, since the (weak) gradient of this
test function is identically zero in the extended region, it contributes nothing in the
variational characterization of the eigenvalue.

Claim: max, g %0 = MaX,caBR(0) Yo, and so this extension is continuous on Bg(0).
In particular, 9 € Hp, ,(Bg(0)) and is thus a valid test function on this space.

The proof of this claim can be seen as follows. Since 1y is radially symmetric,
denote by ¢(s) the solution solving ¢” + s~1¢’ + A\;¢ = 0 subject to ¢'(R) = ¢(r) = 0.
By the positivity of ¢ in 2 and the boundary condition at r, one readily finds that
an interior minimum is impossible. Suppose now that an interior maximum occurs at

some point sy € (r, R). Because an interior minimum is impossible, there is no other
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such maximum in (sg, R). Then, on the interval (so — €, R) we would find

#'(s) > 0 on (so — €, 50);
¢'(s0) = 0;
¢'(s) <0 on (s, R);
¢'(R) = 0.
Then,
. ¢'(R)—¢'(R—h) ¢ (R—h)
// _ e
e T L T
for h small. This is a contradiction, since ¢"(R) = —A\1¢(R) < 0. Hence, no interior

maximum exists and max g Yo = maXzesBy(0) Yo-

We now estimate as follows: since 9 = const. in Bg(0) \ Br;, we find that

/ ‘V{prdx:/ prrdx—l—/
Br(0) Br(0)\Br,

Bgr(0)NBRg,:

< / |Vao|® dz + /
Br(0)\BRg,t Br(0)NBg,t

= / |Vapol? dzz.
Bg(0)

Next, by the claim above, since ¥ < 1 in Bg(0) \ Bry, we have that

~12
vw‘ dz

~12
v¢| dz

YRdr < P de.
B(0) Br(0)

Consequently, from the variational characterization of A;(B;;), we have that
-2
Ja |79
~2
Ja¥
2

a fBR(O) %
=M\ (Br (0))

M (Brt) <

Furthermore, since 171 is not an eigenfunction of the translated problem, this inequality
is strict. Hence, A1(Brz) < A1(Br(0)) for any ¢ > 0. In particular, this implies that

A1(Br(0)) is a maximum among translated balls within a larger ball. O
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We can also prove the following result which provides the asymptotic behaviour of

the principal eigenvalue A\;(B,) as p & R™.

Theorem 4.3.3. Suppose N =2. Fix R > 0 with 0 < g9 < p < R. Then there holds

A(B,(0)) > ma.x{ﬁ _ % (M? +&3Y), 0} ,

where M = M(R) := maXyecaB,(0) ¥1- In particular, since 1, is uniformly bounded for
all S (60’R)7
M(By(0)) ~ (R~ p)~

as p— R™.

Actually, this result will follow from a relatively elementary result: a Poincaré-type

inequality that is a property of the underlying space H ;(BR(O)).

Lemma 4.3.1. For any ¢ € H,(Bg(0)) it is true that

R R
/ Fdr < (R— p)’ / &2 dr.
p p

Proof. Let r € (0, p). Using the fundamental theorem of calculus and applying Holder’s

/p ' d'ds

<t-p [ Pds
p

inequality we can write

2

p(r)[* =

R
<(R-p) / ¢ ds.
o

Hence, if we integrate this with respect to r we find

/quder < /pR ((R —p) /pR |¢’|2ds) dr
~ (R [ “g s
p

and the result is proved. O

We now prove Theorem 4.3.3.
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Proof of Theorem 4.5.3. Set Q := Bg(0) C R?, A := B,(0) C R? with 0 < p < R.
Then, the solution to our eigenvalue problem is radially symmetric, and our eigenvalue

problem can be written as follows through a polar-coordinate transform:

r2¢" +r¢' + Mir2¢=0, in (p, R),
¢I(R) =0,
$(p) = 0.

The abstract framework in Chapter 3 guarantees the existence of a principal eigenvalue
A1 (B,(0)) with eigenfunction ;. Choose 9; with unit L2-norm. Since p > 0, \; > 0
by Theorem 3.4.1.

Dividing both sides of the equation by %, multiplying by %; and integrating by

parts on the second order derivative term yields

Note that we have only A; on the left-hand side by the normalization of the eigenfunc-

tion. Applying the Lemma and integrating by parts once more, we find

N(BO) 2 (R )2~ (ﬁ(R) v (¢—)> .

Finally, using the normalization of 9/, once more along with the fact that 0 < gq < p

to obtain
M(BA(0)) > (R~ p)2 — 3 (B(R) +5"),

and the proof is complete. H

We have the following consequence, relating the previous result to behaviour of
pa(d, 1, By(0)).

Corollary 4.3.3. Fiz d > 0. Then, there exists p* = p*(d) > 0 such that
pa(d, 1, B,(0)) > 0

for all p € (p*, R).
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Proof. The result follows from the asymptotic behaviour of A;(B,(0)) as p = R~ and
Theorem 3.4.2. In fact, p* is given by the unique value such that

M (By(0)) =d,

whose existence for any d > 0 follows from the monotonicity properties of A; and the
fact that A\1(B,(0)) \ 0 as p — 0. O

We now state an interesting result found in [8] which applies to the degradation

problem (2.4). We modify the statement to fit the notation used here.

Theorem 4.3.4. Let m,(z) € L®(Q) for each n = 1,2,.... Suppose further that
there is a constant M so that ||m.|| L) < My for alln. Denote the positive principal
eigenvalue of problem (2.4) with m = my(z) by A\i(my). We have A\ (m,) — oo as

n — oo if and only if there exists My > 0 such that

/ my(z)de < —My  for all n.
Q
and

n—00

lim sup / mp <0
Q

for all ¢ € LY(Q) with ¢ > 0 a.e.

This has interesting implications for the problem of habitat fragmentation, which
we explore in the following sections. Before we get there, notice that combined with
Proposition 2.3.2 we can conclude that if \; (m,,) — 400, then lim inf,, o, p1(d, m,) > 0
for all d > 0. This provides a simple mechanism by which “chopping up” the landscape
into good and bad regions can cause deterministic extinction if the average habitat

quality is non-positive!

4.4 ‘Species-oriented’ versus ‘pattern-oriented’ ap-
proaches

Previously, we used a reaction-diffusion equation approach to model habitat degra-

dation and habitat destruction, both in a single species model and in a two-species
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competition model. In those results, we obtain very general rules that are consistent
with our current understanding of habitat loss and its impact on biodiversity. This
indicates that, roughly, the models make predictions that are consistent with our un-
derstanding of these two aspects of habitat loss. In particular, the models are successful
in that they predict species extirpation as a consequence of habitat loss.

At the heart of this analysis was the nature of the problems themselves (they
are continuous-in-time monotone dynamical systems) and a detailed study of local
stability. The local stability, as it was, depended precisely on the sign of a principal
eigenvalue u;: p; < 0 predicted persistence, while p; > 0 predicted extinction. If we
set r; := —u4, 71 is the average net growth rate over the entire landscape €2, at least for
small population sizes'!. Depending on the form of the reaction term, we may decay to
zero, grow indefinitely, or saturate at some threshold, generally given by the carrying
capacity. Therefore, this growth rate can be used as a proxy to assess the fitness of a
population: r; > 0is a fit population, while r; < 0 is not; a population with growth rate
71 satisfying #1 > r; > 0 is more fit than the first. In the ecological literature, this is
just one method to assess the fitness of a population [50], [110]. Therefore, we propose
that this principal eigenvalue as it depends on the subset B can be used as a proxy for
assessing impacts of fragmentation. The sense in which we mean fragmentation will
depend on the measure we use, which we describe shortly and will connect directly to
our discussion of habitat fragmentation.

To construct our measure, we let
iy (d, M, ¢, B) :== pi(d, lgm — clp)

be the principal eigenvalue to problem (2.5) with m := 1lgm — clp. m describes the
habitat quality in G, while the region B is assumed degraded at some level ¢ > 0. Each

of our measures will be built from the following quantity:
I'(d, ™, ¢, B) :== max{—f, (d,m,c, B),0}. (4.2)

The preliminary measure (4.2) simply says:

1Recall that this quantity in the given form is obtained through a linearization about the trivial
steady state.

174



e Larger values of I" imply a relatively more fit population.
e A value of 0 implies population decline, indicating deterministic extirpation.

We refer to I' generally as a Fitness Index (FI) due to its ability to measure fitness
(through a theoretical population growth rate) in relation to some key biological pa-
rameters (diffusion rate d, habitat quality 7, level of degradation in destroyed habitat
¢, and the geometry of the set B).

Through construction, this is very much a species-oriented measure. It depends
on key parameters that are species-dependent, but more notably, it does not make an
effort to differentiate between particularly bad arrangements of habitat in a landscape.
This is in contrast to the usual pattern-oriented approaches, where any configuration
can, in principle, be classified and compared in a less coarse fashion. We are able to
take such liberties because, unlike most other habitat fragmentation models, we have
a direct and mechanistic connection to the growth rate of the population via the PDE
model®. Of course, it is not difficult to modify the definition above to compare the
theoretical growth rates directly whether positive or negative; we are instead interested
in cases where it is possible to facilitate population persistence or predict population
decline through the properties of the set B alone. Also note that, as opposed to the
destruction perspective of Chapter 3, we choose the degradation perspective of Chapter
2 as the foundation of our framework. This is due to the generality of the problem (the
destruction case can be obtained through the limit as ¢ — +00, as shown in Chapter
3) and the weaker assumptions on the set B.

We now simplify the setting to further isolate the effects of fragmentation alone.
Similar to the competition-degradation system case, we take m = 1 so that the habitat

quality is fixed to 1 in the region G. Denote by w the set of subsets
w:={BCRY:BeQ}
and by w, the set of subsets

we:={Bew:|Bl=ac€(0,|Q])}
2In such a case, we would take 7 = f/(z,0), the linearization of the reaction term at zero.
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Species-Oriented Fragmentation Fitness Index (SOFFT)

Our proposed Species-Oriented Fragmentation Fitness Index (SOFFI) is a function
Rt x Rt X w > [0,1) defined by

SOFFI(d,c, B) :=T(d,1,c, B), (4.3)

with a focus on changes to the set B. Notice that as |B| — 0% in measure, SOFFI — 1~
for any d > 0 and ¢ > 0, giving the upper bound found in the range. The lower
bound follows from the definition of I'. These results and others are found in Theorem
4.5.1. This inherits the same interpretation as I': the larger the SOFFI, the more fit
the population is predicted to be in that particular habitat arrangement. Through
construction, the measure is species-oriented in three ways: an assumption of diffusive
movement of the population, a variable rate of diffusion, and a variable level of impact

in the degraded regions.

Pattern-Oriented Fragmentation Index (POFI)

On the other hand, the fitness index I'" can be modified to construct pattern-oriented
measures. In this case, we seek to remove some of the dependence on biological pa-
rameters in addition to some normalization procedure. This way, the measure depends
primarily on properties of the set B while neutralizing the influence of other species-
dependent parameters. We can remove two of the biologically related components,
however it is important to note that we cannot remove the assumption of diffusive
movement!

To this end, we fix the diffusion rate d = |Q|*” and the degradation level at ¢ = 0.
This way we study the problem at an approximately fixed scale, so that we do not
bias the measure towards small domains® and the average of the environmental het-
erogeneity remains positive, guaranteeing the positivity of the measure by Proposition

2.3.2. Then, we restrict ourselves to the space w,. As shown in [42, Theorem 1.2] for

3Since we can rescale space through a rescaling of diffusion, using the volume of the domain to the
power 2N where N is the spatial dimension, we keep the measure roughly fixed across diffusion rates.
For example, if @ = (0,L) or (0,L) x (0,L), d = L? so it is as if we study the problem in (0,1) or
(0,1) x (0,1), respectively.
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a different but closely related problem, there is evidence to suggest that, given any

a € (0,]9]) fixed, there exists a set B C Q such that
SOFFI(|Q*Y |0, B) < SOFFI(|Q)*™ ,0, BY),

for any other subset B € w,. In ecological terms, there exists an optimal habitat
mazimizing the SOFFI score. Our Pattern-Oriented Fragmentation Index (POFI) is a
function w, — (0, 1] defined by

SOFFI(|Q*Y |0, B)
~ SOFFI(QN 0, By)

POFI removes much of the novelty of the species-dependent properties included in

POFI(B) : (4.4)

SOFFI, however we must note that the measure is intrinsically species-oriented in

some capacity since the measure assumes a diffusive movement mechanism/!

Total abundance as a measure of fragmentation

In other cases, such as the competition systems previously explored, the eigenvalue
problems are not as easy to study, either analytically or numerically. This is because
the stability now depends on eigen-systems, in which case tools like the variational
characterization of the principal eigenvalue do not exist. As an alternative, one may
assess the ‘fitness’ of a population through the total abundance at a steady state.

There are two important caveats to make here:

e Total abundance is not a standard measurement of fitness. Fitness is generally
understood in the sense of an ability to reproduce, survival, reproductive rates,
and the ability for a population to persist [96]. A population with high total
abundance but low reproductive output may be less fit than expected (especially

if the population is in decline, for example).

e Total abundance predictions are sometimes inherently at odds with the popula-
tion growth rate measure of fitness, at least in the present setting: as the popu-
lation is at a temporally constant steady state, the change in total population is
zero! This indicates a population-level fitness of “zero” from the perspective of

population growth rates.
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Despite these caveats, total abundance is sometimes used to assess ecosystem health
[24], [107]. The Biodiversity Intactness Index (BII) gives a score between 0 and 100,
indicating the percentage of population decline in some region, where we compare to a
presumed population before human-induced habitat loss. This could, in principle, be
used for a single species, but seems to generally be used in systems with multiple species
coexisting (hence the biodiversity aspect of the index). Due to the straightforward
mathematical formulation this provides, we study this perspective in some detail as
well.

Suppose we are given a population density uq . (), assumed at steady state, where
¢, B indicate the dependence on the level of degradation ¢ > 0 and the properties of
the set B. Assume we have a theoretical population density u*(z) representing the
outcome when there is no disturbance to the habitat. More precisely, u* corresponds
to the case when |B| = 0, and so is never identically zero so that persistence is always
a possibility. Our Total Abundance Fragmentation Index (TAFTI) is then a function

C(Q)* x C(2)* — [0,1] defined by

c.Bd
TAFI (g5, u*) i= M

= s (4.5)

Since 0 < uge,p < u* in 2, the range of TAFI follows. Beyond the reasoning above, we
study this perspective in some detail since it is commensurate with some experimental
methodologies (such as measure incidence rates of a given species in some area) and is
of general interest to the understanding of the consequences of habitat fragmentation.

There are some other changes in perspective (as opposed to the BII) that may
make this a more reasonable, relative fitness measure of the population: in the case of
a competition system, we can compare the theoretical population abundance of each
population in the competition system relative to the theoretical population abundance
of all populations. This gives a relative measure of population fitness between two (or
more) populations by comparing their relative incidence rates as they depend on habitat
quality and arrangement. Given a j-species competition model for j > 2, denote by

u;(z) the population abundance of population i at steady state. The Relative-Total
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Abundance Fragmentation Index for each population u; is then

*
R-TAFI(u}) = _Jowidz

J *
k=1 fn uidz

R-TAFI may be considered as a BII measure for reaction-diffusion equations.
In the following two sections, we explore the predictions and hypotheses produced
from these fragmentation measures. In all perspectives, we are able to consider habitat

fragmentation as an arrangement as well as habitat fragmentation as a process.

4.5 Assessing the impact of fragmentation as an ar-
rangement

In this section, we focus on assessing the impact of fragmentation as an arrangement.
As described in Chapter 1, studying habitat fragmentation as an arrangement alone is
sometimes referred to as habitat fragmentation per se. This is a perspective where we
study the effect of arrangement independent of total available habitat [33].

To suit this perspective, we will work in landscapes with degraded region B C 2

such that the total area of B is fixed. Therefore, in this section we always assume:
B €w, forsome ace€(0,|Q.

This way, the total available habitat © \ B is held fixed, and there is always some
amount of habitat lost. We will then assess the differing impacts for habitats of different
configurations of B, isolating the effect of changes in arrangement of habitat and non-
habitat. Due to the complexity of this geometric problem, we study it both numerically

and analytically where possible.

4.5.1 Species-oriented approach

We begin with the species-oriented measure SOFFI. We state first some analytical

results which can be verified and explored further later using numerical techniques.
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Analytical insights

First, we connect some properties of the principal eigenvalue to the SOFFI measure.

We have the following properties.
Theorem 4.5.1. Assume d > 0, ¢ > 0. The following hold.
1.) For d,c fized, SOFFI(d,c, B) € [0,1).

2.) SOFFI(d,c, B) is decreasing in both d and c. If By C By, SOFFI(d,c, B,) >
SOFFI(d, ¢, By).

3.) Ford,c fized, SOFF1(d,c,B) — 1~ as |B| = 0% in measure (i.e., as o = 0%).

4) If |G| > ca for G,c fized, SOFFI(d,c,B) € (0,1) for all d > 0. Moreover,
lim, o+ SOFFI(d, ¢, B) = 1 and limy_,., SOFFI(d, ¢, B) = |G| — ca.

5.) If |G| < ca for G, c fized, limg_,o+ SOFFI(d, c, B) = 1. Furthermore, there exists
a d* > 0 such that
e SOFFI(d,c, B) € (0,1) for all d € (0,d*);
e SOFFI(d,c, B) =0 for all d* € (d*, )

6.) If |G| = ca for G,c fized, then SOFFI(d,c,B) € (0,1) for all d > 0, but
limg_yeo SOFFI(d, ¢, B) = 0.

7.) Fiz d,B and let pu1(d, 1, B) be the principal eigenvalue to problem (3.5). We have
the following.
e If u1(d,1, B) <0, then inf..o SOFFI(d,c, B) € (0,1).
o If u1(d,1,B) > 0, there exists ¢* > 0 such that SOFFI(d,c, B) € (0,1) for
all ¢ < ¢*, and SOFFI(d,c, B) =0 for all ¢ > c*.

8.) Fiz d,c. We have the following.

e Suppose |G| > ca. Then SOFFI(d,c, B) € (0,1) for any configuration B €
Wa-

180



e Suppose |G| < ca. Then there exists a sequence of habitats {By}nen with
fized volume such that SOFFI(d,c, B,) — 0 as n — oo; in fact, there exists
a sequence such that SOFFI(d,c, B,) =0 for alln >7n > 0.

Proof. Each of these properties follow from properties of p;(d, m) found in Proposition

2.3.2 and the definition of SOFFI. O

Ecological interpretations of SOFFI’s properties

All of these properties are ecologically relevant and fall within the scope of works such
as [68]: we want to know, and more importantly understand, the limits of any given
measure of fragmentation. Unlike many existing fragmentation measures, these results
provide detailed hypotheses that can be verified experimentally, at least in principle.

We interpret each of the statements in Theorem 4.5.1.

1.) The range of values possible for SOFFT lies between [0,1). It is important
to know the range of values our index might take; between 0 and 1 is simple and
interpretable. This could, in practice, be normalized as is desired, so the range is
somewhat arbitrary in this sense.

2.) SOFFI is decreasing with respect to increased degradation. This is an entirely
expected behaviour: as habitat quality decreases, the score should also decrease. On
the other hand, SOFFI is also decreasing with respect to d. This is a consequence of
the assumed movement mechanism. Since the movement is diffusive at a constant rate,
increased diffusion spreads out the population uniformly through the domain (this can
be shown rigorously). This means that the species use the average amount of available
resources. In contrast, smaller rates of diffusion allow the population to concentrate
around the peaks of resources or around areas of high-quality habitat; we see this in
the limiting behaviour as d — 0.

3.) If we remove the entire degraded region, SOFFI reaches a value of 1. A value
of 1 corresponds to an undisturbed habitat, in which case d and ¢ have no influence.

This is reasonable as diffusion has no effect in a homogeneous landscape’. Since the

!With homogeneous Neumann boundary conditions.
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degraded region B does not exist, ¢ never appears in the equation.

4.) If the average landscape quality is positive, SOFFIis positive for any positive
rate of diffusion. In such cases, one can compare fitness levels based on the relative
sizes of their SOFFTI scores.

5.) If the average landscape quality is negative, there is a diffusion rate at which
SOFFT becomes zero. This is consistent with a previous property: if increased diffusion
causes a homogeneously distributed population, agents spend as much time in the
good regions as in the bad. Since the overall landscape quality is negative, eventually
increasing diffusion results in a zero SOFFI score.

6.) If the average landscape quality is exactly zero, the SOFFI score is always
positive, but increased diffusion leads to a smaller and smaller SOFFI score.

7.) We proved some limiting analytical results in Chapter 3 concerning conver-
gence between the degradation and destruction eigenvalue problems. Hence, we have
information for large values of ¢ depending on the sign of a different principal eigen-
value. This is also reasonable: based on information known in the ‘worst case’ scenario,
we can determine whether the SOFFI score will always remain positive for larger and
larger c, or if it will eventually reach a zero SOFFI score.

8.) We also have some information based on arbitrary configurations of B. If the
average habitat quality is positive, then the SOFFI score will always be positive! On the
other hand, a negative average habitat quality always has bad enough configurations
that ensure a zero SOFFI score. This is interesting as it connects quite directly to
the habitat amount hypothesis: the easiest way to ensure a positive SOFFI score is
to ensure that the amount of habitat G is sufficiently large! Therefore, SOFFI may
be most informative for edge cases where little habitat G remains, or the degradation

level c is particularly high.

Applications of the SOFFI score

From these explanations, it is now even more evident the species-oriented nature of the
SOFFT score. All of these properties tell us valuable information about the impacts of

habitat arrangements in a general sense, depending precisely on a few key biological

182



parameters. However, we are also interested in more precise examples, in which case we
appeal to some of the analytical results proved in the previous sections of this chapter.

Example 1. ‘Placement of a factory’ This this example, we evaluate the
behaviour of the SOFFI score with a ball inside of a ball in two spatial dimensions.

Fix R>0,0<p< R,and t € [0,R— p). We then take
Q := Bg(0), B := B,(t),

and so

|Q| = 7R?, |B|=a=mp%

We then explore changes in SOFFI with respect to the parameter ¢ > 0, d > 0, and
the location of B,(t) depending on the centre ¢. Recall that due to the symmetry of
this problem, we consider only translations along the z;-axis. The range of ¢ ensures
that B € (2. See Figure 4.2.
First, we make some analytical observations following from [93, Ch. 4 Prop. 4.4]:
lim SOFFI(d,c,B,(t)) =1, and lim SOFFI(d,c,B) = M
d—0+ d—o0 R?
This holds for any ¢, p > 0 fixed. We also expect a global minimum across all t € (0, R—
p) when ¢t = 0. This follows from the fact that the principal eigenvalue is maximized
across translations when it is exactly in the centre of Bg(0). Finally, SOFFI(d, c, B,(t))
is obviously decreasing with respect to c for d, p > 0 fixed.

We observe the following behaviour numerically. This problem is solved using the
PDE Modeler applet in MATLAB. For technical reasons, we explore this problem from
two separate perspectives.

First, in Figure 4.3 we fix the centre ¢ = 0 and observe changes in the SOFFI
score with respect to the size of the inner radius p, and the level of impact ¢ within the
degraded region. We find that for any level ¢ € (0, 1), the SOFFI score is approximately
1 (its maximal possible value, indicated by the color yellow) when the degraded region
is not too large. We then find a sharp drop-off when the inner radius is greater than
~ 0.4, quickly decreasing to a minimal value of 0 (indicated by the color blue). The

contour lines contain labels indicating the changing intermediate values.
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Figure 4.2: Schematic demonstrating the placement of a factory, depicted in red, in a
habitat 2 = B;(0). In this example, the factory is placed at 1/2 with radius 1/4.

Second, in Figure 4.4 we consider the destruction case (¢ = 4o00) and observe
changes in the SOFFI score with respect to the location ¢ of the inner region and
the size of the destroyed region p. As in Figure 4.3, yellow denotes areas of maximal
values whereas blue denotes areas of minimal values, and labelled contour lines indicate
changes in intermediate values. We restrict ourselves to 0 < ¢ < 1 — p so that B,(t) €
B;(0). As expected, the radius of the ball has a drastic effect on the SOFFI score.
This is somewhat an artifact of the fact that we are in the destruction case. More
informative is the impact of the centre ¢: the SOFFTI score is increased if we move the
destroyed region away from the centre of the domain.

Example 2. ‘Increasing fragmentation’ In this example, we explore changes
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Figure 4.3: SOFFI Score Example 1a. A numerical simulation of the SOFFI score
as it depends on c and p. Note that the centre ¢t = 0 is fixed. Note also that the noise
found in the lower half of the plot is due to small variations coming from numerical
error. In the raw data, all values found below p ~ 0.4 are within 1078 of the maximal
value 1.

in the SOFFI score when B is a set of the form
0<i<k—1

in Q= (0,1), forsome k € N. Ifk =1, By = (0,3). If k =2, B, = (0,1/4)U(1/2,3/4).
Therefore, the total area of By is fixed (it is exactly 1/2 of the area of the total
landscape), but as k increases, By becomes more and more divided. In some sense, it
is becoming more fragmented in terms of its arrangement alone.

One prototypical example of an environment that has this behaviour is sin(2k7z).
In our setting, we will study the same kind of periodic function which is instead constant
1in (0,1) \ By, and is constant —c in By, for some ¢ > 0. In fact, numerically we may

approximate this by
my(z; ¢) := (max{sin(2krz), 0})*/™ — ¢ (max{— sin(2krz), 0})*/

for some n > 1 and k € N fixed.
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Figure 4.4: SOFFI Score Example 1b. A numerical simulation of the SOFFI score
as it depends on ¢ and p. In this case the level of degradation is infinite, i.e., ¢ = oc.
Also note that we consider only 0 < ¢ < 1 — p, and so the figure is symmetric about
this line.

In Figure 4.5, we observe changes in SOFFT score ranging from 1 resource peak
8 resource peaks. As expected, the score is decreasing as ¢ increases for any level of
fragmentation. More interestingly, perhaps, is the compounding effect that the level
of degradation and the level of fragmentation has: it is much worse when both factors

are high, rather than only degraded or only fragmented.

186



SOFFI Score in Fragmented Landscapes

4
o

Degradation level ¢
I <
=
I

o
w
I

o
)
/
40

0.1

Fragmentation level k

Figure 4.5: SOFFI Score Example 2. A numerical simulation of the SOFFI score as
it depends on the degradation level ¢ and the fragmentation level k. In this case, we
have up to k = 8 patches of habitat.

4.5.2 Pattern-oriented approach

We now complete a similar analysis for the pattern-oriented measure POFI. This will
be a little easier since the results are similarly obtained (POFT is made from SOFFI,

after all).

Analytical insights

We again start with some analytical properties of POFI. Notice that in comparison to
the analytical results for SOFFI, we are much more limited in our analytical insights.

This is because we now focus exclusively on the geometric properties of B.
Theorem 4.5.2. The following hold.

1.) For any B € w, with a € (0, |Q|) fized, POFI(B) € (0, 1].

2.) POFI(B) —+ 1~ as |B| — 0" (i.e. as a — 01).

3.) POFI(B) — 0% as |B| — |Q]".
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4.) For each a € (0,|Q|) fixed, there exists a sequence {By}r>1 such that

G

POFI(By) — 1| - SOFFI(Bz)

as k — oo.

Proof. The first three results follow directly from properties of the principal eigenvalue.
The fourth property follows from the limiting property of the principal eigenvalue as
d — oo and a rescaling argument. That is, a sequence of increasingly fragmented

landscapes can be made equivalent to sending the diffusion rate to infinity. ]

Ecological interpretations of POFI’s properties

We may interpret these results ecologically as follows.

1.) The range and interpretation of POFI is very similar to SOFFI. The main
difference is that POFI now provides a ratio describing how far away the arrangement
B is from an optimal arrangement B*. A POFI score of 1 implies that there are no
changes in the arrangement that could improve outcomes; the smaller the POFI value,
the further it is from an optimal configuration.

2.) As the degraded region vanishes, POFI has a score of 1. This makes sense as
no degraded region is optimal for species survival!

3.) As the degraded region fills the entire landscape, the POFT score tends to zero.
This makes sense as if there is no habitat left, the species cannot survive!

4.) This result is somewhat convoluted, but we attempt to explain here. Since
|B| > 0 is fixed, % is always smaller than one. Therefore, by chopping up the degraded
region in a pathological way, you can force the numerator of POFI to tend towards
this ratio (the average habitat quality, in fact). This is, in some sense, the ‘worst
case’ scenario for a degraded region of fixed volume o when the level of degradation

is neutral (¢ = 0). Hence, the smaller the total available habitat I', the smaller the

theoretical limits of the measure POFI.
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4.5.3 Total abundance approach

Unlike the previous two approaches, this total abundance approach is somewhat more
difficult to study analytically as it actually involves the qualitative study of the steady
state to an elliptic reaction-diffusion equation. Therefore, we simplify our setting in
similar ways as in the species- and pattern-oriented approaches. We do this for a

single-species setting and a multi-species setting.

The single species case

First, we assume that u. g is the steady state to problem (2.1) with d > 0, f(z,u) =
u(1 — u) and ¢ > 0. Then, for B € w, fixed, u.p solves

—dAu* = u*(1g — clg — 1gu®).

Furthermore, we can guarantee the existence of a unique, non-trivial steady state
whenever u(d,1,B) < 0, where u;(d,1, B) is the principal eigenvalue to problem
(3.5). Then, we notice that if either ¢ = 0 or |B| = 0, u* = 1 is the unique steady
state. In fact, as proven in Chapter 2, for fixed B there holds u,p — 1 uniformly in Q

as ¢ — 0%. Therefore, in our setting the denominator of the TAFI score is

/ u*dz = ||,
Q

and so TAFI reduces to the average population density of u,p over the landscape (2:

1
TAFI(u.5,1) = ﬁ/uc,de.
Q

As it turns out, this is a popular object of study, see [85], [86], [91], [93] and the

references therein. In particular, we make note of two important facts:

e Maximizing the total population is not equivalent to maximizing the growth
rate of the population. That is to say, information gained from a linearization
procedure near zero is almost entirely disconnected from the solution behaviour at
steady state. From the perspective of linearization, we do not ‘see’ steady state

behaviour at all.
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e Unlike the growth rates via principal eigenvalues, it is not clear (and is in fact not
true) that the total abundance is monotone with respect to any parameters aside
from c. Of course, we know that the steady states are monotonically decreasing

with respect to ¢ by Lemma, 3.5.1.

Therefore, questions of total abundance require different approaches of analysis. We

highlight a few basic properties now.

Analytical insights

We have the following theorem regarding some properties of the TAFT score.
Theorem 4.5.3. Suppose d >0, ¢ > 0 and B € w,. The following hold.
1.) For any d,c, B fixed, TAFI(ug4.5) € [0,1].

2.) For any c, B fized, there holds

[ ] limd_)(]"r TAFI(’UId,c,B)) = %;

e limg oo TAFI(ud,c,B)) = max{l - C%, 0}

3.) For any d, B fized there holds lim, o+ TAFI(ug4. ) = 1.
4.) For any d, B fized, there holds for some gy > 0

lim TAFI(ugeg) > €0 >0 <= ui(d,1,B) <0,

c—00

where p1(d, 1, B) is the principal eigenvalue to problem (3.5) withm =1 in G.
5.) For any d,c fized, TAFI(ug.p5) — 1 as |B| — 0%.

6.) Foranyd,cand o € (0,|Q2) fized, there exists a set B* € wq such that TAFI(ugcp~) >
TAFI(uq.p) for any other B € wy.

We will also observe the following fact: there exist configurations which are more
fragmented from the perspective of SOFFI, but has a higher TAFI score than the least
fragmented arrangement. This demonstrates analytically a fundamental and important
difference between the perspective of population growth rates and total population

sizes.
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Remark 4.5.1. We wish to highlight that, while deep and interesting results exist
regarding the mazimization of total abundance [85], [91], their depth is somewhat reliant
on particular assumptions. This means that, in terms of more general application or
insights to be gained, we are restricted in making generalizations. For example, results
assume the heterogeneity is non-negative [86] (so ¢ = 0 is the only possibility in our
setting), and the form of reaction must be precisely u(m(x) — u), which is slightly
different than the format found here (i.e., competition occurs across the entire domain

rather than only in the region G).

Ecological interpretations of TAFI’s properties

These properties can be interpreted ecologically as follows.

1.) The range of TAFT lies between 0 and 1; closer to 0 indicates a less ‘fit’
population, while closer to 1 indicates a more ‘fit’ population.

2.) For ¢, B fixed, we have precise values of TAFI when diffusion is arbitrarily
small or large. When d — 0%, the TAFI score is simply the ratio of total available
habitat over the total size of the landscape. When d — oo, TAFI may vanish. When
¢|B| < |G|, the TAFI score remains positive. This gives an interesting heuristic in
regard to fragmentation: regardless of the arrangement, we can either reduce the size
of the degraded region or reduce the level of impact within the degraded region (or
both) to improve outcomes for local species.

3.) If the level of degradation in B is neutral (¢ = 0), the TAFI score is maximized.

4.) We can relate the uniform positivity of the TAFI score with the negativity
of the principal eigenvalue in the destruction case. This simply says that, if TAFI is
positive in the worst possible scenario, it will be positive for any other fixed value ¢ > 0.

5.) The TAFI score is maximized if the degraded region does not exist, which is a
biologically reasonable expectation.

6.) Similar to previous suggestions, there exist works that study the existence of

optimal regions B* maximizing the total abundance.
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Figure 4.6: A numerical simulation of the TAF1I score as it depends on d and c. In this
case, we have just 1 large patch of habitat.

Applications of the TAFI score

Example 2. ‘Increasing fragmentation’
As in the case of SOFFI, we know that the optimal scenario is when k£ = 1. When

¢ =0, mg(z;0) is given by
mx(z;0) = (max{sin(2krz), 0})*/™.

We can observe the following behaviour across 4 plots. We fix the fragmentation level
k for each (choosing k = 1,2, 3,8). We plot the resulting TAFI score as a function of
rate of diffusion (parameter d) and the level of degradation (parameter c). Since our
domain is fixed as = (0, 1), our normalization factor is exactly 1, and the TAFI score

is simply the total abundance.

The multi-species case

We also have the R-TAFI score for multi-species models. In our case, we appeal again
to a two-species model under habitat degradation as in Chapter 2. Since the complexity
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Figure 4.7: A numerical simulation of the TAF1I score as it depends on d and c. In this
case, we have 2 smaller patches of habitat.
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Figure 4.8: A numerical simulation of the TAFT score as it depends on d and c. In this
case, we have 3 smaller patches of habitat.
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Figure 4.9: A numerical simulation of the TAF1I score as it depends on d and c. In this
case, we have 8 very small patches of habitat.

of multi-species models is significantly higher than that of single-species models, the

only real analytical insight we can determine assuredly is the following.

Theorem 4.5.4. Suppose (uc,,v.,) s the unique steady state to problem (2.2) with
0 <di <ds fized, B € Q) fized, and 0 < c3 < ¢; for some ¢; > 0 fized. Then, there

ezists 0 < ¢, < Cy < ¢1 such that
e For all ca > ¢2, R-TAFI(u,,) = 1 and R-TAFI(v,,) = 0;
e For all ca < ¢y, R-TAFI(u,,) = 0 and R-TAFI(v,,) = 1;
e For all c; € (cy,¢2), 0 < R-TAFI(u,, ), R-TAFI(v,,) < 1.

Proof. The proof follows directly from the global dynamics established in Theorem
2.5.2. O

This result suggests a continuum of possibilities. We explore this numerically now.
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Figure 4.10: A numerical simulation of the R-TAFI score as it depends on d and c;.
In this case, we have 1 patch of habitat.

Applications of the R-TAFI score

In this section, we use a numerical exploration to investigate Theorem 4.5.4. In this
case, we appeal to the R-TAFI score as we now have two populations. We use the
same environmental setup as in the single species case, but we now fix the degradation
level ¢; = 1 and diffusion rate d; = 0.1 for population u, while population v has
a degradation level ¢y := c varying between 0 and 1 and diffusion rate ds varying
between 0.1 and 10. In Figures 4.10-4.13, we observe changes in the R-TAFTI score as

it depends on the rate of diffusion and the level of degradation for population v.

4.6 Assessing the impact of fragmentation as a pro-
cess

The perspective taken in Section 4.5 most accurately corresponds to habitat fragmen-
tation per se: we are interested in separating the effects of remowval of habitat and the

arrangement of habitat. Inherent in this standpoint is essentially the consideration of
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Figure 4.12: A numerical simulation of the R-TAFT score as it depends on d and c;.
In this case, we have 3 smaller patches of habitat.
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Figure 4.13: A numerical simulation of the R-TAFI score as it depends on d and c;.
In this case, we have 8 very small patches of habitat.

snapshots in time. In some applications, this may be precisely the insights desirable,
such as optimization of yield under well-controlled environmental conditions. There
are limitations to this point of view, especially from an ecological perspective: habitat
fragmentation, while intimately tied to the geometry of the patterns generated, is more
often an ecological process occurring over some period of time. An intact habitat is
gradually broken apart into disjoint, less connected patches lying within some environ-
mental matrix. As described in [33], assessment of fragmentation as an arrangement
generally implies four effects of fragmentation (as a process) on the resulting landscape
patterns observed: a reduction in total habitat amount, increases in number of distinct
habitat patches, a decrease in the size of habitat patches, and an increase in isolation
of habitat patches. This is what much of the measures/approaches discussed in Section
4.2 consider, sometimes in tandem but often only one effect at a time. This motivates
a completely different approach to assessing fragmentation while using the same tools
developed in the previous section. In particular, we are motivated by the following

supposition found in [33]:
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“Habitat can be removed from a landscape in many different ways, resulting
in many different spatial patterns (Figure 2). Do some patterns represent a
higher degree of fragmentation than others, and does this have implications
for biodiversity? If the answer to either of these questions is “no,” then the
concept of fragmentation is redundant with habitat loss. The assertion that
habitat fragmentation means something more than habitat loss depends
on the existence of effects of fragmentation on biodiversity that can be
attributed to changes in the pattern of habitat that are independent of
habitat loss. Therefore, many researchers define habitat fragmentation as

an aspect of habitat configuration.”

Using some of our measures developed, we will show that the answer to each of
the key questions raised above is yes!/, and that habitat fragmentation as a by-product
of habitat loss is indeed meaningful and worth further exploration, both theoretically
and empirically. Furthermore, our approach remains at the landscape scale, and so we
are able to investigate the impacts of habitat fragmentation beyond mere patch-level
effects.

To achieve this, rather than considering snapshots in time and comparing the pre-
dictions of different measures (the pattern-oriented approach), we now start with an
entirely intact landscape: the entire domain {2 is habitat for the species under consid-
eration. We then systematically remove patches of habitat of a prescribed size. This
process replaces habitat with degraded/destroyed regions, resulting in a (potentially)
fragmented habitat. The nature of the process of removal of patches is what determines
whether or not it is ‘fragmented’. Naturally, this results in a discrete “time series” of
sorts, where each successive time-step indicates another chunk has been removed. This
process more accurately reflects habitat fragmentation as it occurs most commonly in
the natural world [33], and allows us to study the effects of habitat fragmentation over
time.

Let us make this more practical for our purposes. It is important to first note
that an analytical study of this setup is quite impractical. It is already difficult to
study arrangements of fixed sizes; studying sequences of arrangements of varying sizes
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complicates things further. Hence, we develop this idea with numerical implementation
in mind. To this end, we consider the fixed habitat Q := (0,L) x (0, L), a square of
side length L > 0. We then ‘discretize’ the habitat into N2 patches of side length L/N.
For example, we may have a domain of length L and choose N = 7 so that we have

exactly 72 = 49 discrete patches of length L/7:

L
We can then generate sequences of habitat matrices indexed by 1 < k < N2. This
sequence is always at most of length N2, for at step N2, the final patch of habitat
is removed, and the species must undergo deterministic extinction by definition (i.e.,
there is no habitat left to facilitate persistence!). For example, we may have a sequence
as follows. At time-step to, the entire landscape is comprised of habitat (denoted by
green blocks). At timestep tg, we have 8 patches removed; at t46, we have 46 patches

removed (or, N? — 46 = 3 patches remain).

to ts ta6



We then study the changes in our previously developed measures of fragmentation
as this sequence of habitat matrices evolves. Our general strategy in this section is

thus:
1. Generate sequences of habitat matrices of length (at most) N?;
2. Compute measures of fragmentation at each time step &k, 1 < k < N?;

3. Compare results and explore implications for habitat fragmentation.

4.6.1 Fragmentation as a process and the SOFFI score

In what follows, we develop a strategy for Step 1 for the SOFFI score. This will be
slightly different from the approach taken for the total abundance approaches.

Step 1. Habitat matrix generation

Built into the approach described above is the generation of these sequences of habitat
matrices. We develop a method to generate such sequences here. In fact, our approach
takes inspiration from the so-called contagion measure of habitat fragmentation.
First, we fix two sequences of square matrices { M*};<x<n2,{ H*}1<p<n2 Of size N.
H* will denote the habitat matrix at step ¢, where H° is simply the ones matrix (all
entries have value 1, indicating the entire landscape is habitat). The matrix M* will
be an auxiliary probability matrix for the time step ¢x: each entry M;;, 1 <4,5 < N,
corresponds to the entry H; ;. We then systematically prescribe probabilities to each

entry M; ;. Note that this requires Zgjzl

M;; =1 (in practice we achieve this through
normalization). These probabilities then correspond to the likelihood that a given
patch within H will be removed. For example, if we have M; ; = 1/N? for every 1, j, it
is equally probable that any patch of H could be removed. Deviating from this may
make a certain patch more or less likely to be removed at the next time step. Once a
matrix entry (z,7) of H is chosen, based on the probability matrix M, the entry H;
is changed from a value of 1 to a value of 0 (it is now degraded at some level). (4,7)

is then assigned a value of zero in M, indicating that it has a probability of zero to
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be chosen at any subsequent step; biologically, this assumes that the patch has been
degraded or destroyed and does not become habitat again at any future step.

This algorithm generates a sequence of matrices {H*}x, 1 < k < N? — 1, where
we remove the final entry as we need not compute any measure for the trivial case of
no habitat available. Note that, at each time step tx, we generate a new probability
matrix with N2 — k non-zero entries. This new probability matrix then determines the
patch to be removed at the subsequent time step, and the process repeats.

One may now ask: what does this have to do with fragmentation? Of course, we
also need some method to prescribe these probabilities to each entry of M. This is
where the concept of contagion returns. We first introduce a parameter A € (0, 1),
which will be our level of ‘fragmentation’ in the matrix H. We initialize the algorithm
with an equal probability across all matrix entries. That is, M° is a matrix with a
value of 1/N? in each entry. The first patch is therefore removed randomly with a
uniform distribution. Once the entry (%, j) is chosen to be removed, the habitat matrix
H' is the matrix with all 1’s except for the single entry (5,3), now assigned a value of
0.

We then generate the next probability matrix M?!, where (5,3) now has a value
of 0 (it is removed and cannot be chosen again). This leaves N? — 1 patches to be
assigned a probability. We then use the parameter A to determine how likely it is that
the next patch removed is adjacent to a previously removed patch. This is similar to
contagion, but in the reverse direction. The endpoints are easiest to demonstrate the
idea: when XA = 0, there is ‘zero’ fragmentation, and therefore there is a probability
of 1 that the next patch removed will be adjacent to a previously removed patch.
Thus, A = 0 logically corresponds to a no fragmentation case, since the matrix H*
will have a connected degraded region at any time step t; through construction. On
the other hand, when A = 1, there is ‘the most’ fragmentation, and therefore there
is an equal probability that any block could be removed at the next time step. This
logically corresponds to a much more fragmented habitat, since the patches removed are
more uniformly distributed throughout the landscape. Then, we may vary A € (0,1)

continuously, corresponding to less fragmented (values closer to 0) or more fragmented
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(values closer to 1).

In our case, our algorithm is built as follows. In H*, there are k entries with 0.
We then classify patches as adjacent or not adjacent. In our simulations, we classify
adjacent patches as either left/right, above/below, or on a diagonal from a removed
patch. Adjacent patches are assigned a probability lying between 1 (when A = 0) and
1/(N%? — k) (when A = 1). All non-adjacent patches are assigned a probability lying
between 0 (when A = 0) and 1/(N? — k) (when A\ = 1). The parameter A controls the
scaling between these two edge cases. In some sense, we have built a rather dichotomous
algorithm: there are only two probability values, with all adjacent patches receiving
the same value and all non-adjacent patches receiving the same value.

The following shows the outcome of a single simulation for A = 0 (no fragmentation)
versus A = 1 (most fragmentation). In it, we fix N = 7 and show time-step to5

(approximately half of the habitat removed).

versus

A=0 A=1

From this simplified example, we see that the A = 0 case has a more ‘connected’
habitat remaining compared to the A = 1 case. Hence, we see that this algorithm does
roughly what we want it to do: as lambda increases from 0 to 1, the habitat sequences

generated move from ‘less fragmented’ to ‘more fragmented’

Step 2. Computation of fragmentation measures

Once we have our sequence of habitat matrices, we must next compute the measures
which are meant to assess the impact of fragmentation. For now, we focus on an
application of the SOFFI score. We first note a few facts. In the following, we abuse
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notation slightly and denote by SOFFI(d, c, H*) the SOFFI score at step k, where we

understand that H* corresponds to the domain §2 with & patches removed.
Proposition 4.6.1. Suppose d > 0, ¢ > 0 are fixred. Then, there holds
e SOFFI(d,c, H®) = 1, and SOFFI(d,c, HN") = 0.

e SOFFI(d,c, H*) > SOFFI(d, c, H**') for every k = 1,2,..., N2. Furthermore, if

¢ = 0 the inequality is strict.
e SOFFI(d,0,H*) >0 forallk=1,2,...,N?2 — 1.

Proof. The first property follows directly from the definition of SOFFI and properties
of the principal eigenvalue. The monotonicity in item two follows from Theorem 4.5.1
2.), where the strict inequality can be observed from Theorem 4.5.2 1.) and Theorem

4.5.2 1.). The final property can be observed from Theorem 4.5.2 1.). O

These properties, while somewhat trivial mathematically, are important to note for
the ecological interpretation of results: when there is no habitat removed, SOFFI = 1.
When the entire habitat is removed, we of course have SOFFI = 0. In this setup,
SOFFI is monotonically decreasing as habitat is removed; this is consistent with our
understanding of the impact of habitat loss on a single species. The third property
says that if the removed habitat is neutral to the species, our SOFFI score will always
predict persistence; extirpation is only possible when the entire habitat is removed.

Different from the previous section, we no longer use the PDEModeler app from
MATLAB. Due to the number of repetitions required, we instead construct a simple
discretization of the Laplacian (using a second order central difference scheme and
‘ghost nodes’ to handle the Neumann boundary condition). We then solve for the
principal eigenvalue of the discrete problem using Newton’s iterative method, setting up
N2 equations for the discretized problem and the final equation through normalization
of the eigenvalue (i.e., N2 + 1 equations and N2 + 1 unknowns). Note that we must
take some care at this step: Newton’s method, while brilliant, can have some stability

issues [76], especially for larger, more sparse matrices (such as in our case). Based
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on some rudimentary testing!, this becomes an issue with small diffusion rates and/or
finer mesh scales. To avoid this, we choose our diffusion rate and domain size not too

small and not too large, respectively.

Step 3. Comparison of results

We now present the outcomes found for this setup for the SOFFI score. We first fix
N = 10, so that we have a habitat matrix H with N2 = 100 patches. We compute the
SOFFI score every 1 — 5 steps, depending on the case, to save decrease computation
time. This is reasonable due to the continuity of SOFFI with respect to changes in
B, which follows from the continuity of the principal eigenvalue. We fix our habitat
length L = 1, and choose a mesh of 4 for each patch; therefore, the true mesh when
we solve for the principal eigenvalue is ~ 0.025 (i.e., ~ L/(4N) = 0.025.

We compare the SOFFI score across a number of variables. First, we are most
interested in changes with respect to the parameter A\ as well as changes with respect
to the number of blocks removed. Therefore, we first plot the SOFFI score versus
the number of patches removed over the values A = 0.0,0.25,0.5,0.75,1.0. We also
observe changes with respect to the level of impact in the removed regions. This is
described by the parameter ¢, and so we consider cases ¢ = 0,0.1,1.0,10.0. We hold
the diffusion rate fixed at d = 0.1, which is 1/10 the size of the domain®. Finally, we
note an important caveat: since the habitat matrices are generated in a probabilistic
way, we cannot rely on a single sequence to garner meaningful insights. To overcome
this, we repeat the process for a number of trials. In the following, we run 30 trials for

each fixed value A. We then take an average of the SOFFI score across all trials. This

!The author readily admits numerical analysis is not the focus of this work; instead, we point out
that this method does not appear to be universally useful in this context. The issue seems to stem
from other eigenvalues being rather close to the principal eigenvalue, in which case the iterates may
return an incorrect (but close) result. This occurs most obviously when the diffusion rate is taken
small (< 1071) and the spatial mesh must be chosen small enough to compensate. We avoid such
cases here to keep in mind the big picture. To study these edge cases, alternative methods may be
used to extract the principal eigenvalue

2 A further note on the choice of diffusion rate: since we know the limiting behaviour of the principal
eigenvalue as d — 0T or d — oo, we do not want to choose d too small or too large. More precisely,
for d < 1, our SOFFI score will remain close to 1; for d > 1, our SOFFI score will remain close to
the average habitat quality. Such limiting cases can mask the influence of fragmentation alone.
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Effect of Fragmentation on SOFFI Score for ¢c=0.0
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Figure 4.14: A numerical simulation of the SOFFT score as it depends on the number of
patches removed. The level of degradation in the removed patches is fixed at ¢ = 0.0.

is meant to remove bias due to the random removal of patches. These results are found
in Figures 4.14-4.17, where the only change across figures is the level of degradation c

within the region B.

4.6.2 Fragmentation as a process and total abundance

Of interest is also the assessment of fragmentation as a process in relation to total
abundance. As previously noted, the habitat arrangement optimizing the growth rate
(i.e., maximizing the SOFFI score) is not necessarily the same as the arrangement
maximizing the total abundance. For this reason, we briefly explore the effect of
fragmentation as a process on two competing species.

Unlike the SOFFT score, the TAFI or R-TAFT scores require that we calculate the
total abundance at steady state. In a square domain, this can be rather involved. For
this reason, we take the same approach in a one-dimensional spatial domain: given
the domain (0, L) for L > 0 fixed, break the habitat into N pieces of length L/N and

systematically remove a patch, with A € (0,1) a parameter determining how connected
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Effect of Fragmentation on SOFFI Score for c=0.1
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Figure 4.15: A numerical simulation of the SOFFTI score as it depends on the number of
patches removed. The level of degradation in the removed patches is fixed at ¢ = 0.1.

Effect of Fragmentation on SOFFI Score for c=1.0
T T T T

1
—A=0
0.9 —X=0.25
A=05
0.8 —\=0.75
—A=t
0.7 - _
0.6~ -
[}
?
T 05 :
o)
D 0.4
0.3 - 4
0.2- s
0.1 - :
0 | 1 1 1 1 L
0 10 20 30 40 50 60 70 80 90

Number of Patches Removed

Figure 4.16: A numerical simulation of the SOFFT score as it depends on the number of
patches removed. The level of degradation in the removed patches is fixed at ¢ = 1.0.
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Effect of Fragmentation on SOFFI Score for c=10.0
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Figure 4.17: A numerical simulation of the SOFFT score as it depends on the number of
patches removed. The level of degradation in the removed patches is fixed at ¢ = 10.0.

the habitat will be at each time step.

Once a sequence of habitats H*, 0 < k < N, has been generated, we calculate
the total abundance at steady state for each time step. Carefully note the distinction
between the time step tx, which refers to the current state of the landscape, and the
time dependence of the problem we look at. This may seem contradictory, since the
steady state is obtained by letting ¢ — oo in the parabolic problem. On the other hand,
when the reaction term is concave (like the logistic form used in these examples), the
rate of convergence is exponential in time. Hence, this setup is most reasonable if the
landscape changes are occurring on a timescale slower than the population dynamics.
We then calculate the TAFI (single-species case) and R-TAFTI score of each population
(two-species case), plotting the score versus the number of patches removed, identical

to the SOFFT score case.
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The TAFT score

Note that we already have insights into one property of the TAFI score under this
configuration: since the environmental heterogeneity is monotonically decreasing (we
always remove patches), the TAFI score will always be monotonically decreasing. This
is mathematically obvious but has significant ecological implications: habitat fragmen-
tation as a process is always bad for a single species. The same is not necessarily true
for the multi-species case, since a decrease in competition could improve the overall
habitat quality, even though habitat is being degraded/destroyed! What we are more
interested in are differences between less fragmented cases (A = 0) and more fragmented
cases (A =1).

In Figures 4.18-4.20, we observe an interesting departure from the SOFFT score
predictions. First, note that we do not include the case of neutral degradation (¢ = 0)
due to Theorem 4.5.3 point 3.): in this case, the TAFI score is always 1. We show
the cases ¢ = 0.1, ¢ = 1.0, and ¢ = 10.0. Unlike the SOFFI score, we find that
when the degradation level is low (Figure 4.18), fragmentation as measured by A is
actually a good thing! For A > 0, intermediate levels of lost habitat (~ 15 — 35 patches
removed) actually increases the total abundance substantially compared to the no
fragmentation case (A = 0). This is most pronounced at ~ 25 — 30 patches removed,
where fragmentation alone can account for an almost 40% decrease in abundance. We
then see that when a large portion of the habitat has been removed (~ 36 — 37 patches
removed), the relationship reverts back to what was found for the SOFFI score.

When we increase the level of degradation from 0.1 to 1.0 and 10.0, we find that
this phenomenon disappears completely! Of course, the TAFI score decreases when
c increases; what is more interesting is the difference between fragmentation regimes.
This is most pronounced in Figure 4.20, where the no fragmentation regime decreases
in a roughly linear fashion, while increasing A results in a roughly ordered decrease in
TAFT score. This time, the differences are apparent with as little as ~ 5 — 10 patches
removed! When ~ 10 — 15 patches are removed, fragmentation alone can account for
an almost 90% decrease in abundance. As expected, when enough blocks are removed

(> 30), the TAFTI score is zero, indicating deterministic extinction. This behaviour is
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; TAFI Score under fragmentation as a process when c=0.1
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Figure 4.18: A numerical simulation of the TAFI score as it depends on the number of
patches removed. The level of degradation in the removed patches is fixed at ¢ = 0.1.
The diffusion rate is fixed at d = 0.1 in a domain Q = (0, L).

now consistent with predictions made by the SOFFTI score.

The R-TAFT score

We now repeat this process for the R-TAFI score. Recall that R-TAFI is a relative
measure. In the case of two competing species, it is a zero-sum game: if population
u is thriving, population v is necessarily not thriving. Therefore, in Figures 4.21-4.25,
we plot only the R-TAFI score for population u. The R-TAFI score for population
v is obtained by taking TAFI(v) = 1 — TAFI(u). We fix the diffusion rates as d; =
0.1 < dy = 1.0 so that u is always the slower diffuser. We fix the degradation level
for population u at ¢; = 1.0 and consider cases when ¢; < ¢; so that population v is
the more resilient population. We study the problem in the domain Q = (0, L) with
N = 12 (12 patches to remove). We again run 30 trials for each value of A and take

the average of the R-TAFI scores.
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; TAFI Score under fragmentation as a process when c=1.0
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Figure 4.19: A numerical simulation of the TAFI score as it depends on the number of
patches removed. The level of degradation in the removed patches is fixed at ¢ = 1.0.
The diffusion rate is again fixed at d = 0.1 in a domain = (0, L).

First, we know that for 0 patches removed, both populations persist. This is actually
the kinetics (ODE) case, since the environment is homogeneous, and the boundary
condition is homogeneous Neumann. Importantly, we note that population u will
survive up to step t;;. This means that when the R-TAFI score decreases,
we eliminate the possibility that both v and v go extinct simultaneously.

Beginning with Figure 4.21, we observe that when 1 — 3 patches are removed,
population v is the winner (R-TAFI(u) = 0 = R-TAFI(v) = 1). We then find that
when fragmentation is low (A = 0, blue line), we have coexistence for 4 — 10 patches
removed. Once 8 patches are removed, R-TAFI(u) > 0.5 and so population u becomes
the ‘winner’. Under increasing fragmentation, we also find coexistence, but population
u is at much lower levels. In this sense, fragmentation appears to favor population v.

As the degradation level c increases from 0.25 to 0.9 in Figures 4.22-4.25, we find

some potentially expected behaviour: as population v approaches a similar level of
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; TAFI Score under fragmentation as a process when ¢c=10.0
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Figure 4.20: A numerical simulation of the TAFI score as it depends on the number of
patches removed. The level of degradation in the removed patches is fixed at ¢ = 10.0.
The diffusion rate is again fixed at d = 0.1 in a domain = (0, L).

resilience as population u (i.e., as ¢ approaches ¢; = 1), population u should eventually
start to increase in its R-TAFI score. Indeed, this is what we observe, where population
u wipes out population v for 1 — 11 patches removed. What is interesting, though, is
the change in behaviour when almost all patches are removed: we again begin to see
coexistence! In Figure 4.25, we find that coexistence is only facilitated when A > 0.
When the degraded region is entirely connected, population u sees the benefit. This
trend holds across all figures: when A = 0, coexistence is not facilitated at all when
too many patches are removed. On the other hand, when ) is positive (indicating the
habitat is at least somewhat fragmented), coexistence is much more likely to occur.
Population v seems to benefit the most under low- or high-habitat loss scenarios with
fragmentation. Conversely, population u seems to benefit most under intermediate

habitat loss and no fragmentation.
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R-TAFI Score for species u under fragmentation as a process when c=0.1
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Figure 4.21: A numerical simulation of the R-TAFT score as it depends on the number
of patches removed. The level of degradation in the removed patches for population v
is fixed at ¢ = 0.1.

4.7 Discussion

This chapter has been dense with both numerical and analytical investigation. Here,
we aim to bring all of our findings together in a concise and interpretable fashion.
Fundamentally, we are interested in the following question: is habitat fragmentation
good or bad for species? As has been made evident, this question is ill-posed: habitat
fragmentation is not universally good or bad as context matters! Instead, we reframe
the question as: under what circumstances can habitat fragmentation be good, bad, or
neutral for diffusive species? We answer this question from the numerous perspectives

explored earlier.

4.7.1 When is habitat fragmentation neutral?

We first discuss cases where fragmentation is neutral. Through construction, frag-

mentation is generally not neutral, since we are removing habitat. However, through
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R-TAFI Score for species u under fragmentation as a process when c=0.25
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Figure 4.22: A numerical simulation of the R-TAFT score as it depends on the number
of patches removed. The level of degradation in the removed patches for population v
is fixed at ¢ = 0.25.

simulation we observe some cases where habitat alteration does not cause significant
changes in our assessment measures.

In Figure 4.3, we consider the SOFFI score in a landscape B;(0) and degraded
region B,(0) for 0 < p < 1. We use a contour plot to view the SOFFI score with
respect to changes in the size of the degraded region (p) and the level of degradation
in the degraded region (c). We notice that the level of degradation ¢ matters much less
than the size of the degraded region: if the inner radius is below ~ 0.4, the SOFFI
score is ~ 1 (its maximal possible value). In this simple example, we observe that for
‘fragmentation’ in the arrangement sense, total habitat is more important
than habitat quality.

A similar observation can be made from Figure 4.4. In this case, we have a com-
pletely destroyed region of radius p within the domain B;(0). This time, we consider

the effect of moving the location of the destroyed region, given by the parameter t. We
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R-TAFI Score for species u under fragmentation as a process when c=0.5
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Figure 4.23: A numerical simulation of the R-TAFT score as it depends on the number
of patches removed. The level of degradation in the removed patches for population v
is fixed at ¢ = 0.5.

find that for small destroyed regions (p < 0.1), the location of the destroyed region has
little effect (the SOFFI score is roughly constant over vertical cross-sections when p is
small). complementing the previous insight, this indicates that for ‘fragmentation’
as an arrangement, the location of a destroyed region matters much less for
small regions.

In Figures (4.6)-(4.9), we find an example of fragmentation per se: the total avail-
able habitat remains fixed while the arrangement alone changes. In this case, we exam-
ine changes in the TAFI score (identical to the total population in this particular sce-
nario). In these figures, we observe that for small rates of diffusion (d < 1), increasing
fragmentation has little effect on the TAFT score (it remains near 0.5). This is consis-
tent with Theorem 4.5.3 point 2.), which says that as d — 07, TAFI — |G|/ || = 0.5.
Similarly, we observe that for low levels of degradation (when c is small), the level of

fragmentation has less impact; this is observed in Figures (4.6)-(4.8) across all diffusion
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R-TAFI Score for species u under fragmentation as a process when c=0.75
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Figure 4.24: A numerical simulation of the R-TAFT score as it depends on the number
of patches removed. The level of degradation in the removed patches for population v
is fixed at ¢ = 0.75.

rates and ¢ < 0.2. Of course, this trend breaks down in the limit as the number of
distinct patches increases arbitrarily.

Similar conclusions are drawn when studying habitat fragmentation as a process.
In Figure 4.14, we observe that the SOFFI score, while decreasing, always remains
positive. This is consistent with item three of Proposition 4.6.1. But this is not exactly
what should interest us most: instead, we are interested in differences between different
values of A\. In particular, when ¢ = 0, the SOFFI score decreases approximately
proportional to the amount of available habitat. All values of A produce approximately
the same result. This is not necessarily an example of fragmentation being neutral;
instead, it indicates that for low levels of degradation, the total available habitat matters

more than the arrangement of the habitat patches.
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R-TAFI Score for species u under fragmentation as a process when c=0.9
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Figure 4.25: A numerical simulation of the R-TAFT score as it depends on the number
of patches removed. The level of degradation in the removed patches for population v
is fixed at ¢ = 0.9.

4.7.2 When is habitat fragmentation bad?

On the other hand, we have many more insights into when fragmentation is particularly
negative for a population. In Figure 4.3, we find that when the inner radius grows
beyond 0.4 (i.e., when the degraded region occupies more than ~ 20 — 25% of the
landscape), there is a sharp drop off of the SOFFI score. Somewhat obviously, the
higher the level of degradation, the sharper the drop off.

Similarly, Figure 4.4 indicates that the location of a destroyed region can make a
significant difference in outcomes: when the destroyed region has radius > 0.1 (i.e.,
when the degraded region occupies more than ~ 1 — 2% of the landscape), the centre
value t can actually determine the difference between extinction and persistence as
predicted by the SOFFT score. Of course, the dramatic effect is amplified by the fact
that the level of degradation in this region is arbitrarily large. For finite values of c,

one expects the contour plot to stretch to the right (more areas of orange and yellow).
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In Figure 4.5, we observe a roughly decreasing SOFFT score with respect to both
level of degradation c and the level of fragmentation k. Recall that in this case, we
study habitat fragmentation per se, since the total available habitat remains fixed
while levels of fragmentation and degradation increase. The decrease in SOFFI score
is more dramatic over increasing degradation at higher levels of fragmentation. When
the landscape is less fragmented, the impact of degradation level is less pronounced.
This suggests that the negative effects of degradation are amplified by frag-
mentation per se.

We observe a similar trend in Figures 4.6-4.9: increasing the level of fragmentation
per se dramatically increases the size of the blue regions, indicating an increase in
parameter regions with 0 SOFFI score. This is most pronounced in Figure 4.9, where
almost the entire parameter region has a SOFFI score less than ~ 0.2 — 0.3. This
suggests the same conclusion: the negative effects of degradation are amplified
by fragmentation per se.

The negative effects of habitat fragmentation are, perhaps, most evident in the
progression from Figure 4.14 to Figure 4.17. When the level of degradation is neutral
(c = 0), the SOFFI score decreases in a way that is proportional to the total available
habitat. That is, it is decreasing in a similar way across different fragmentation levels
(as described by the parameter A € (0,1)). As the level of degradation increases, the
difference between the no fragmentation case (A = 0) and the high fragmentation case
(A =1) is quite dramatic. This is most pronounced in Figure 4.17: we observe that in
the low fragmentation case, the SOFF1I score is zero after ~ 35 patches are removed.
This is in contrast to the case A = 1, where the SOFFI score is zero after only ~ 15
patches are removed! In this setting, the significant difference between these values of
A indicates a significant difference due to fragmentation alone. Therefore, the level
of degradation greatly amplifies the impact of habitat fragmentation as a
process.

When we consider instead the effect of fragmentation on total abundance, we find
trends similar to those described above under certain scenarios. For a single species,

we use the TAFI score. In Figures 4.19-4.20, it is evident that fragmentation at any
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level (A > 0) is much worse than the zero-fragmentation case (A = 0). This is most
pronounced in Figure 4.20 where fragmentation alone can account for a ~ 90% decrease
in total abundance. Therefore, the level of degradation greatly amplifies the
impact of fragmentation on total abundance as measured by the TAFI score.

For the case of two competing species, we appeal to the R-TAFI score. As previously
discussed, fragmentation appears to have a negative effect on the relative abundance
of population u (the slower diffuser). However, this case is more complicated than the
single species case, as the success of population u and the impact of fragmentation now
depend intimately on the level of impact felt by population v. As expected from our
analytical results, when c; < 1, we expect population v to thrive. This is observed
clearly in Figure 4.21, where population v is the winner for 1 — 7 patches removed.
Interestingly, R-TAFI(u) is increasing when the amount of habitat lost is high; note
that this benefit is decreased when fragmentation is high.

The story becomes more interesting as the impact felt by population v increases. As
c approaches 1, R-TAFI(u) starts to increase. This is expected, as a worse environment
for population v is a good thing for population u. However, the increase found for pop-
ulation u depends significantly on the level of fragmentation. For example, in Figures
4.22-4.23, we see that the zero-fragmentation case has a much higher R-TAFI score
than any case with fragmentation. Specifically, in Figure 4.23, the zero-fragmentation
case has population u wiping out population v for 3 or more patches removed. When
A > 0, there is always coexistence, except for when A = 0.25 and 7 — 8 patches are
removed. Therefore, habitat fragmentation is generally worse for the slower,

less resilient population.

4.7.3 When is habitat fragmentation good?

As found in the discussion thus far, we primarily observe habitat fragmentation to
have a negative impact on a population. This is easy enough to understand in some
sense. When we consider only a single species, habitat fragmentation as a process is
always bad. This is simply due to the fact that habitat is being removed, and so we

expect all of our measures to decrease. This trend appears to hold for fragmentation
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as a pattern: fragmentation, even when controlling for the total amount of habitat, is
negative in the sense that the SOFFI score decreases. Does this mean that we have
created a tautology? Habitat fragmentation is bad, essentially by definition? In the
cases mentioned above, the answer is perhaps yes. There are cases where this does not
hold, however.

First, habitat fragmentation, while negative for the SOFFI and POFI scores, may
actually improve the TAFI or R-TAFI scores. This is due to the disconnect between
persistence and total abundance: as noted previously, maximizing the SOFFI score is
not necessarily the same as maximizing the TAFI score. This is observed in Figure
4.18. In this case, the level of degradation is mild (¢ = 0.1). We then see that any
level of fragmentation actually increases the TAFI score quite a bit, at least when the
amount of habitat loss is high. For example, when 25 — 30 patches are removed, the
fragmentation cases (A > 0) can account for a ~ 45% increase in total abundance!
This effect seems to disappear at high habitat loss or high levels of degradation.

Of particular interest are the more complicated cases of interacting species. In our
case, we explore the influence of habitat fragmentation on a two-species competition
model. In Figures 4.10-4.13, we explore the effects of fragmentation per se. In each
successive plot, the total available habitat remains the same, while the number of
patches increases. Notice first that this measure does not portray any negative effect
on the total population of either u or v; it is a relative measure! What we do find,
however, is that increasing fragmentation per se increasing the size of the
parameter region which predicts species v as the survivor! This is in stark
contrast to the classic result the slower diffuser always wins!. It is well-known that for
reaction-diffusion equations, a smaller rate of diffusion is preferable. However, when
the faster diffuser (species v in this case) has even a slight advantage in the degraded
region (i.e., if ¢ is even slightly less than 1), we observe that the range of diffusion
rates for which population v out-competes population u grows significantly as the
landscape becomes more fragmented. Furthermore, it also appears that the window
for coexistence increases as fragmentation increases. This point may deserve further

attention, as it is more likely not monotone (i.e., there exists some ‘optimal’ level of
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fragmentation maximizing the size of the window (¢, ¢).

We find similar behaviour when we measure the R-TAFI score as a process. In
contrast to the impacts for population u, who generally does not benefit from habitat
fragmentation, fragmentation alone can be the difference between persistence and ex-
tirpation. This is most clearly found in Figure 4.23: when there is no fragmentation
(A = 0), population u always wins when 3 or more patches are removed. On the other
hand, when there is some level of fragmentation (A > 0), coexistence is more often a
possibility than not. Therefore, fragmentation is generally better for the faster,
more resilient population.

This is a particularly enlightening point, especially when paired with the insights
gained for a single-species model: habitat fragmentation can be good or bad, but the
mechanism by which fragmentation is good appears to require the presence of other
species. In our case, it appears that despite the habitat quality decreasing for both
populations u and v, since the decrease in quality affects population u more than it
affects population v, this may result in a ‘net’ increase in habitat quality! This can

actually be observed mathematically: consider the reaction term for population v:
f(z,u,v) =v(lg — clp — 1g(u+v)).

In it, the habitat ‘quality’ is given by 14 — cl g. This quantity appears in many of our
theorems, giving insights into the local stability at zero. However, with a slight change
in perspective, the habitat quality may just as well include the presence of competitors.

In such a case, the habitat quality is
]lG —cl B — ﬂgu.

Thus, if population u is decreasing due to increased fragmentation (we found exactly
this behaviour in the scalar case!), —u is increasing. Therefore, the habitat quality
for species v may be increasing when population u is decreasing! We should remind
readers again of an important point: this investigation depends closely on the diffusive
assumption for animal movement. We carefully note that other movement mechanisms

may result in drastically different predictions.
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We summarize these findings in Table 4.1, providing direct answers to some of the

questions raised by ecologists and the nature of the impact of habitat fragmentation.

4.7.4 Concluding remarks

In this chapter, we discussed in detail some of the challenges associated with studying
habitat fragmentation. Of particular concern is the wide variety of definitions and ter-
minologies used in the literature. In the worst cases, the same term is used for entirely
distinct processes. This lack of clarity bleeds into the modelling literature, with many
authors not providing clear terminology. Interpreting results becomes much more diffi-
cult as a consequence. As evidenced by works such as [39] and [46], interpretations and
outcomes of fragmentation impacts are sometimes contradictory and often confusing.

To combat this, we distinguish two perspectives: habitat fragmentation as an ar-
rangement and as a process. We propose 4 distinct, but closely related, measures of
fragmentation. Using tools developed and used in Chapters 2-3, these measures devel-
oped are closer to the species-oriented perspective, including species-specific quantities,
such as diffusion rates and varying resilience to landscape changes. The first two in-
dices, SOFFI and POFI, are presented as measures of fitness since they relate directly
to the net growth rate of the population. The SOFFI score is easiest and most useful
to interpret. The POFI score, meant to remove some of the species-specific qualities,
is more of a theoretical object, providing a proof of concept that these measures can be
modified to fit more closely with pattern-oriented approaches. To complement these,
we also introduce the TAFI and the R-TAFI, relative measures of total abundance.
In the single species (TAFI) case, it is relative to the maximal theoretical population
size should there be no habitat disturbance. In the multi-species case (R-TAFI), it is
relative to the total abundance of all populations.

Using these scores, we assess the impact of fragmentation as a pattern and as a
process. By approaching the problem from several angles, we are able to tease apart
some general trends that appear to hold across all cases. These findings are summarized
in Table 4.1.

Due to the lack of consistency in conclusions found in the existing literature, we do
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not expect this problem to have an easy answer. The results obtained here reflect this
quite clearly: arguing whether habitat fragmentation is good or bad is moot. Instead,
we reframe the question as when is habitat fragmentation good, bad, or neutral? We
find that, in almost all cases, the impact of habitat fragmentation is amplified by
higher levels of degradation. On the other hand, low levels of degradation with high
fragmentation can sometimes be a good thing, even in the single species case. We then
observe that habitat fragmentation effects are much more complicated when there are
interacting species: depending on the species-specific features (dispersal rates, resilience
levels), fragmentation can be the difference between extirpation and persistence.
These results, while not definitive or necessarily conclusive, provide many mecha-
nisms by which the variability in fragmentation effects can be explained. We hope that
these results stimulate some new avenues of study, leaning more towards mechanistic

and species-specific perspectives for wide application and assessment.
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Chapter 5

Conclusion

5.1 Discussion and broad impact

Much of the main conclusions drawn and insights gained in this work are discussed
in detail at the end of each chapter, so we do not seek to repeat them here. Instead,
we will discuss some of the overarching themes of the dissertation and aim to connect
back to some of the original goals of this work from Chapter 1.

As has been argued, habitat loss is a timely issue which needs to be better under-
stood before it can be fully addressed. Habitat loss is inevitable, and so we are highly
motivated to study its impacts now so we can mitigate its impacts on biodiversity and
sustainability in the future. Moreover, habitat loss is a highly complex process with
many counter-intuitive components and impacts. Part of this complexity is inherent
in the problem; the rest of this complexity is perhaps a consequence of ambiguity in
both the mathematical and ecological literature. Before addressing habitat loss from
a modelling perspective, we must first define it in a way that is amicable to analytical
study. This is what was argued in Chapter 1.

In Chapter 2, we introduced a habitat degradation model following the precise
definitions found in the preceding chapter. From the discussion of Chapter 2, we con-
clude that the habitat degradation model developed offers valuable insights into the
dynamics of some ecological systems subject to habitat degradation. The inclusion of
ecologically relevant components, such as a diffusive movement mechanism with ex-

plicit spatial heterogeneity and species-dependent habitat quality, has allowed for a
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more nuanced understanding of the impacts of habitat degradation on interacting pop-
ulations. The main result of the chapter, a complete description of the global dynamics
of a competition-diffusion system, highlights the importance of species-dependent habi-
tat quality as a consideration. This indicates that a sufficiently resilient species will
always displace the slower diffuser, and this result is highly robust in that it holds
true for a degraded region of any size or shape. Different from existing mathematical
works studying similar problems, we fully describe the asymptotic behaviour with less
abstraction. In particular, we found that for any fixed configuration, there is always a
window giving coexistence of the competing species.

The framework developed in this chapter also extends existing mathematical liter-
ature in an interesting way, offering an alternative strategy to slower rates of diffusion
through higher rates of resilience in a modified habitat. The chapter’s results show
that slow diffusion is still beneficial to survival, but that resilience to environmental
changes can also facilitate persistence.

These insights offer a promising avenue for promoting biodiversity through a trade-
off between dispersal rates and levels of resilience. This is in contrast to classical
results, such as ‘the slower diffuser always wins!’ result: even moderately different
species-specific qualities can drastically change the dynamical outcomes. This is best
understood through the detailed study of the principal eigenvalue, which contains all
of the necessary information to draw such strong conclusions. Significant effort was
given towards obtaining these sharp results.

While the assumptions on the nature of the movement of the organism and the
extent of competition may have its limitations, the insights provided by this model can
inform strategies for facilitating population persistence in the face of habitat degra-
dation. In practice, improving habitat quality and reducing the size of the degraded
region are both promising approaches. The habitat degradation model offers valuable
insights into the impacts of habitat degradation on ecological systems and highlights
the importance of considering species-dependent habitat quality in these analyses.

Using our three postulates, we then formulate a habitat destruction model from two

different perspectives, as explored in Chapter 3. First, from the definition of habitat
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destruction given here, we construct a habitat destruction model giving rise to reaction-
diffusion equations ‘in domains with holes’. Then, from our understanding that habitat
degradation and destruction lies on a spectrum, we consider an asymptotic limit as the
level of degradation becomes arbitrarily high. As it turns out, these two perspectives
are equivalent, giving some consistency to the models’ development.

From the discussion of Chapter 3, we can conclude that the habitat destruction
model developed also offers some valuable ecological insights, complementing the re-
sults of Chapter 2. First, we prove a uniform convergence between the habitat degrada-
tion model and the new habitat destruction model in a single-species setting. Beyond
its mathematical interest, this is the first convergence result of its kind, providing a di-
rect connection between the processes of habitat degradation and habitat destruction.
In the limit, we obtain a problem that is comparable to a classical Dirichlet prob-
lem, suggesting that there is an equivalent ‘critical domain size’ result to be obtained.
More interestingly, the convergence between these problems suggests a critical domain
size even in the degradation setting. We also establish a convergence result between
the degradation and destruction competition systems, indicating that in a destroyed
habitat, the slower diffuser regains the competitive advantage. In other words, vari-
able responses to habitat degradation are required to facilitate coexistence. Within
these results is a direct connection between the asymptotic behaviour of the solutions,
obtained via a detailed study of the associated principal eigenvalue problems.

These results demonstrate the importance of understanding the behaviour of prin-
cipal eigenvalues as they relate to the global dynamics of ecological systems. Indeed,
the intrinsic growth rate of a population is given by the negative of this eigenvalue, giv-
ing a direct connection to a populations’ fitness. The uniform convergence established
between the principal eigenvalues and corresponding eigenfunctions of the degradation
and destruction problems offers a steppingstone for connecting the global dynamics of
the two models, as well as for determining the likelihood of population persistence in
degraded or destroyed regions.

While Chapter 3’s assumptions on the nature of the set B and the initial data are

more limited than those of Chapter 2, the insights provided by the model can still
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inform strategies for mitigating the impacts of habitat loss on ecological systems. As
previously discussed, these are technical assumptions that may potentially be weakened
with further effort. In either case, these technical requirements do not detract from
the broad conclusions made.

Synthesizing these results and referring again to the arguments made in Chapter 1,
we begin to develop a unique approach to assess the impacts of habitat fragmentation.
We sought to study this aspect of habitat loss both as a process and as an arrangement.
The key tool to do so is, again, the associated principal eigenvalue.

In Chapter 4, we made a slight departure from the previous chapters, focusing more
closely on ecologically relevant scenarios of habitat fragmentation. This chapter high-
lights the importance of clarifying terminology and definitions in ecological research,
especially when we seek to model these processes mathematically. By distinguishing
between habitat fragmentation as an arrangement and as a process, and by proposing
several measures of fragmentation, Chapter 4 provides a framework for assessing frag-
mentation impacts in a more rigorous and mechanistic way. The measures developed
adopt both a species-oriented and a pattern-oriented approach, an attempt to broaden
the possible application of these measures, rather than close one off to a particular
perspective already existing in the ecological literature. The key measures introduced,
the SOFFI and POFI scores, give a single quantity between 0 and 1, indicating the
population’s fitness. Despite its simplicity, its derivation from first principles relies
on an assumption of diffusive movement; while this is a strong assumption to make, it
also provides very rich and complex information about a given landscape. Importantly,
the measure captures implicitly many of the key properties (edge length, edge density,
contagion, etc.) of fragmentation that ecologists care about. Given the mechanistic
beginnings, this approach is readily generalized to other movement mechanisms beyond
diffusion.

Using these scores, we assessed fragmentation as a pattern and as a process. As
a pattern, we provide analytical insights based off of the analytical properties of the
principal eigenvalue. These give general rules to promote a populations’ fitness, stated

as an abstract theorem, and then explained in simpler terms. As a process, it was
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found that fragmentation (as simulated via ‘contagion’) is negative for a population’s
fitness.

Despite its utility, it is also recognized that assessing fragmentation through growth
rates is not always commensurate with empirical studies of habitat fragmentation.
Indeed, many studies collect data indicating a total population abundance rather than
a growth rate. Hence, we introduce two additional measures, the TAFI and R-TAFI
scores, which provide a relative total abundance compared to some theoretical ‘optimal
state’. This is motivated again by existing measures found in the ecological literature,
such as the biodiversity intactness index. In both cases, it was found that fragmentation
can sometimes be good for increasing the total abundance of a population; however,
this was heavily dependent on the level of impact in the degraded region.

These findings suggest that the impact of habitat fragmentation on a species de-
pends intimately on 1. what metric is being used to assess said impacts, and 2. what
the quality of the habitat and surrounding matrix is. We summarized differing scenar-
ios in a table, providing viable answers to some of the toughest questions surrounding
the seemginly contradictory conclusions reached in some of the existing ecological lit-
erature.

These results combine to provide a nuanced overarching view into all of the processes
which comprise habitat loss. As discussed in Chapter 1, we have substantial motivation
to study the broad impacts of habitat loss of species. Due to the complexity of this
problem, mathematical modelling offers an alternative to costly and time-consuming
field studies. In [79], the authors state “Not only is research on the impacts of alien
species necessary to understand why some species are more disruptive than others and
why some systems are more susceptible to being disturbed by alien species, but it is
also of practical importance in determining how limited management resources should
be allocated.” Whether studying invasive species or otherwise, this is of significant
importance: we must strive to optimize our conservation efforts. The results found
here provide a number of mechanisms by which we can understand more deeply the

impacts of habitat loss.
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5.2 Future directions

From the work found in this document, there are many different directions one might
take to extend these insights further. We discuss briefly future directions for each

perspective somewhat separately.

Degradation

For the degradation models of Chapter 2, there are a few directions one might con-
sider. First, we consider a binary classification of the landscape, defining regions of
habitat (G) and non-habitat (B). This is, of course, a simplification. One may retain
the novelty of the ‘indicator function’ approach and it potential for precise analytical
insights by considering a higher-grain perspective. For example, one might separate
multiple ‘good’ regions Gi,...,Gy and bad regions By, ..., B;, k,j > 1, each of which
are (almost) disjoint, whose union comprise the entire landscape Q. Then, we can
assign different constant habitat quality values in each G;, and different degradation
levels in each B;. This will increase the difficulty of analytical study but may also
provide insights that cannot be captured in a binary setting,.

Related to this point is the assumption that the ‘good’ regions and ‘bad’ regions
overlap exactly for the two competing species. Instead, one may consider a shared
‘bad’ region B, but then species specific growth rates in subsets of GG; that is to say,
there may be separate regions of habitat for each species. This would almost certainly
further promote coexistence through niche differentiation.

Finally, one may consider competing species with 3 or more interacting populations.
This would provide richer insights into questions of biodiversity, but it is unlikely that
the global dynamics can be established in a general setting. In particular, competition
models with 3 or more interacting populations no longer fall under the umbrella of

monotone dynamical systems, and so alternative methods must be utilized.

Destruction

Similar to some future directions for the degradation model, it would be interesting to

consider the combined effects of habitat degradation and fragmentation. That is, we
229



assumed a unit growth rate in the undisturbed region(s) 2\ B. It would be interesting
to consider a good region G and a moderately degraded region B’ such that GUB' = Q.
This would, of course, decrease the likelihood for persistence, but it may also facilitate
coexistence in the competition model.

Aside from broadening the biological application, it would be of mathematical in-
terest to determine where our technical assumptions are necessary, and where they
might be weakened. In particular, it may be useful to weaken the condition on the
initial data so that it can be positive over the entire domain. It would also be of
great interest to prove an exponential rate of convergence in time, independent of the
parameter c. We come close to this result, but the devil is always in the details. It is
very difficult to use sub/super solution arguments to obtain uniform estimates of the
rate of convergence to a steady state across all values of c.

For the competitive system, it is likely possible to consider a more general right-
hand side satisfying appropriate monotonicity conditions. The form u(m — u — v) is
prototypical for competition in the sense that

of
ou

of
W

=m — 2u — v,

and so both are decreasing in the argument w. This is usually a sufficient condition to
apply the theory of monotone flows (i.e., we require a ‘cooperative’ system or something

equivalent).

Fragmentation

This chapter holds some of the most interesting avenues for future study. First, the
influence of the size and geometry of the degraded/destroyed region B on the size/sign
of principal eigenvalues is of mathematical interest and can also provide ecological in-
sights. The existence of an optimal hole, for example, is of great interest for conserva-
tion efforts. As was demonstrated, optimal is relative to what you care about: optimal
for population growth rates does not always agree with optimal for total abundance.
Several measures of habitat fragmentation were developed, but the application was

in the setting of simulated landscapes or particular forms of heterogeneity. While
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general trends were found, these insights are likely biased by the nature of the simulated
landscape considered. It would be interesting to apply these measures to fragmented
landscapes that are generated by different means and determine if the same conclusions
can be reached.

Finally, it would be a significant contribution to the literature if we could apply
these measures to real habitat loss data. Even a cursory image search for ‘deforestation
satellite images’ gives an idea of what shapes/patterns we might expect. It would be
useful to develop algorithms to translate such satellite imagery to a ‘black-and-white’
pixelated matrix. Then, we can classify each pixel as ‘habitat’ or ‘non-habitat’ and
feed this landscape matrix into the measures developed in this dissertation. This would
be the most ecologically appropriate, as habitat fragmentation is a process that occurs

in the natural world in a less algorithmic way than mere simulated landscapes.
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