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1 Introduction

In his famous essay Malthus (1798) argued that the existence of competi-
tion in natural populations is inevitable due to the fact that unchecked pop-
ulation growth causes an exponential increase in numbers of individuals,
whereas the amount of resources stays constant or, at most, grows linearly.
In such a situation of ubiquitous competition it seems natural to expect
“misery and vice” as predicted by Malthus.

In animal populations agonistic behaviour and in particular fights for re-
sources are indeed quite common. Serious fights, that result in death or in-
jury for one of the participant, however, are relatively rare (Enquist & Leimar,
1990). In many cases individuals seem to “agree” on a certain set of rules that
keep their conflicts comparably harmless (Strassmann & Queller, 2014). Of-
ten these rules concern only behavioural restraint during one-off direct in-
teractions (e.g. restricted use of weapons, etc.; Számadó, 2008). But some-
times they also involve the establishment and mutual acceptance of some
longer-term convention that is used in each instance to decide on access to
resources such as dominance hierarchies (e.g. while feeding), lekking sys-
tems or various forms of private property (Sherratt & Mesterton-Gibbons,
2015). Attempts to understand why this is the case have inspired the intro-
duction of game theory into biology and remain a major part of behavioural
ecology (Kokko, 2013).

A particularly elaborate instance of regulated access to resources is the
establishment of territories. In this case animals use location as a cue to
determine who is able to benefit from food, mates, hiding places or other
spatially distributed resources. Not only does this result in some fairly con-
spicuous behaviour but it can also have profound consequences for the evol-
ution of other aspects of the life history of a species as well as its population
dynamics and ecology (Brown, 1974; Hatchwell & Komdeur, 2000).

The empirical as well as the theoretical study of territorial behaviour has
a long tradition. There is a wealth of studies on e.g. the mechanics of con-
flicts between territory owners and competitors (e.g. Adler & Gordon, 2003;
Hinsch & Komdeur, 2010), establishment and maintenance of territories (Potts
& Lewis, 2014), consequences of territoriality for population dynamics (Rid-
ley et al., 2004; López-Sepulcre & Kokko, 2005), etc. To this date many as-
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pects in particular of the evolution of territorial behaviour, however, are not
well-understood (chapter 2).

In this thesis I present some theoretical work on the evolution of territ-
oriality with a particular focus on the conditions under which territorial de-
fence can evolve from a non-defending population and those under which
it can be evolutionarily stable.

In the following I will give a brief overview of the main concepts and his-
torical developments in the field. For a more thorough discussion I would
like to refer to chapter 2.

1.1 What is territoriality?
Finding a consensus definition of territoriality or territorial behaviour is not
an easy task. Terminology in the field is notoriously vague and depends
strongly on context (Maher & Lott, 1995; Review chapter). Generally we
can distinguish between population-level definitions of territoriality and
individual-level definitions of territorial behaviour. At the same time there
is a tension between descriptive definitions that are primarily motivated by
observational field work and more mechanistic definitions that are favoured
in the context of theoretical or experimental studies (Maher & Lott, 1995).

On a purely descriptive level most authors seem to agree that territorial-
ity implies that at least some of the individuals in a population have more
or less exclusive access to some resources at specific locations. This phe-
nomenological definition is moderately straightforward to operationalize
and has therefore been used extensively in empirical studies.

In many cases it is, however, not possible to distinguish exclusive home
ranges from territories purely based on observed space use (Riotte-Lambert
et al., 2015). Many authors therefore argue that the way exclusive access
emerges in a population has to be considered as well. In particular the ex-
istence of territory defence is often seen as a defining feature of territori-
ality that separates it from more general phenomena such as home ranges
(Maher & Lott, 1995; Mitchell & Powell, 2012). Making defence part of the
definition unfortunately causes practical as well as conceptual problems.
As is well known from a large body of theoretical work resource defence
can lead to the establishment of conventional ownership in a population
which in turn can massively reduce the frequency of agonistic interactions
actually happening (Sherratt & Mesterton-Gibbons, 2015). In practice it can
therefore be very difficult to find out for a given system by purely observa-
tional means whether exclusive access to resources is based on defence or
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not (Kemp & Wiklund, 2001; Riotte-Lambert et al., 2015). On the conceptual
level it is at the same time not self-evident how defence should be defined
(chapter 2, 6).

The definition of territoriality is discussed again in chapter 2 in the context
of understanding territorial conflicts.

1.2 How do territories emerge?
For a long time most theoretical studies on territoriality focused on the be-
haviour of individuals in populations with established (and often immut-
able) territories. If they took into account the process that leads to the estab-
lishment of territories then it was usually assumed that founder individu-
als pick a location and/or a size for their territory, both of which remain
unchanged afterwards (e.g. Parker & Knowlton, 1980). Stamps & Krishnan
(1997) suggested that the current spatial configuration of any given territory
was the result of local interactions between neighbouring territory owners
and that the same process could also explain the establishment of territor-
ies. This led to the first mechanistic models of territory formation (Stamps
& Krishnan, 1999, 2001). Since then an increasing number of studies has re-
fined these ideas in an evolutionary context (Morrell & Kokko, 2005, chapter
4 in this volume), empirically (Mcgregor, 2011; Bateman et al., 2014) and
theoretically (Giuggioli et al., 2011; Giuggioli & Kenkre, 2014; see also review
by Potts & Lewis, 2014).

In chapter 4 the predictions of an evolutionary mechanistic model of ter-
ritorial behaviour are tested. The emergence of local resource defence - a
potential pre-stage of territoriality - in a mechanistic foraging model is ex-
plored in chapter 3.

1.3 Why is territorial behaviour adaptive and
how does it evolve?

There are many studies that focus on various aspects of territoriality and ter-
ritorial behaviour in a broadly evolutionary context (see reviews by Davies,
1980; Schoener, 1983; Adams & Tschinkel, 2001; chapter 2 in this volume).

1.3.1 Adaptiveness of territoriality

The main emphasis of the theoretical work on territoriality has been on find-
ing the optimal behaviour of individuals under the assumption that a) the
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population is territorial and b) territories have already been founded and
occupied (Adams, 2001; chapter 2 in this volume).

In the first half of the last century there has been a broad discussion on
the “functions of territoriality” with - from today’s perspective - often weak
reasoning mostly based on either species- or group-level selection (Brown,
1964; Fretwell & Lucas, 1969; Brown & Orians, 1970; Kokko, 2013). The sub-
ject was somewhat formalized by Brown’s (1964) concept of territories as
economically defendable space. He postulated that defence of an area can
only be adaptive if the payoff from owning that area is higher than the costs
of defence.

In addition to clearing up much of the conceptual confusion surround-
ing the evolution of territoriality (Stamps, 1994) this idea also triggered the
appearance of the first theoretical studies on territoriality. Authors focus
on the optimal behaviour of a single territorial individual with competition
with other individuals in the population occurring only indirectly (and im-
plicitly) via intruders randomly entering the territory. The behaviour of the
owner is optimized via the minimization of costs of detecting and chasing
away intruders and/or the maximization of the amount of space owned (e.g.
Schoener, 1971; Ebersole, 1980; Hixon, 1980; Switzer et al., 2001).

In parallel and largely independently the introduction of game-theoretical
methods into biology made it possible to model the evolution of two com-
peting behavioural strategies (Kokko, 2013). In owner-intruder models of
territory defence it is assumed that ownership of the entire territory is de-
cided in dyadic contests between territory owners and their competitors.
Based on the first models (e.g. Maynard Smith & Price, 1973; Maynard Smith
& Parker, 1976) an entire area of research on the interaction between territ-
ory owners and usurpers developed (see review by Sherratt & Mesterton-
Gibbons, 2015).

In a separate line of research the conflict between the owners of con-
tiguous neighbouring territories has been investigated. Based on distance-
and state-dependent benefit and cost functions individuals negotiate a bor-
der between their territories (Maynard Smith, 1982; Mesterton-Gibbons &
Adams, 2003; Pereira et al., 2003).

In chapter 5 the adaptiveness of defence against poaching neighbours is
analysed. In chapter 6 I test whether the simultaneous evolution of theft,
cautiousness and defence can stabilize ownership.
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1.3.2 Evolution of territoriality

In comparison the evolution of territoriality from non-territorial population
has received very little attention or if it has then only very specific aspects of
it.

A substantial number of studies - derived more or less directly from the
original Hawk-Dove game (Kokko, 2013) - focuses on the conflict over a
single indivisible resource item. Explicitly or implicitly this type of con-
flict has been understood to be very similar to the one between a territory
owner and an intruder that attempts to take over the territory (see chapter
2). While the early instances of these models only test the adaptiveness of a
steady state in later studies the evolution of defending from non-defending
populations is investigated (e.g. Kokko et al., 2006).

With a very different kind of approach the evolution of territorial parti-
tioning of space from a space-sharing ancestral state has been investigated.
Morrell & Kokko (2005) for example extended the spatially explicit mechan-
istic learning-based models by Stamps & Krishnan (1999) to include an evol-
utionary perspective. Similarly Lewis & Moorcroft (2001) and Adler & Gor-
don (2003) model the evolution of separate territories in wolves and ants,
respectively. While in all cases the authors show that territorial behaviour
evolves, it is in all studies assumed either that individuals automatically
fight on encounter or that interactions are always very costly. In that sense
truly non-territorial behaviour is not part of the strategy space in these mod-
els.

Chapter 4 presents a more rigorous analysis of a generalization of the
model by Morrell & Kokko (2005). In chapter 3 I investigate the evolution
of localized resource defence from a peaceful ancestral state with a mech-
anistic spatially and temporally explicit model.
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