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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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1 Introduction

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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1.2 How do territories emerge?

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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1 Introduction

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 Why is territorial behaviour adaptive and how does it evolve?

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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2 What do territory owners
defend against?

Martin Hinsch · Jan Komdeur

Theoretical research on evolutionary aspects of territoriality has a
long history. Existing studies, however, differ widely in modelling ap-
proach and research question. A generalized view on the evolution of
territoriality is accordingly still missing. In this review we show that
territorial conflicts can be classified into qualitatively distinct types
according to what mode of access to a territory which competitor at-
tempts to gain. We argue that many of the inconsistencies between
existing studies can be traced back to the fact that, while using the
same terminology, different instances of these types of conflicts have
been investigated. We discuss the connections of each type of con-
flict to existing research within the wider are of animal conflicts. We
conclude that a clear conceptual separation of different types of territ-
orial conflicts is helpful but that a more general theory of territoriality
has to account for interdependencies between them and that a more
mechanistic approach to modelling territoriality is needed.

Submitted to Proceedings of the Royal Society B
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2 What do territory owners defend against?

Introduction
Territorial behaviour is common in animals. Theoretical musings about the
"function" of territories have a long history (Stamps, 1994; Strassmann &
Queller, 2014), but the first formalized studies only appeared in the 1960ies
(see reviews Owen-Smith, 1977; Stamps, 1994). Since then a considerable
number of theoretical studies have been published that cover various as-
pects of territoriality, such as the optimal size of a defended area (Eber-
sole, 1980; Schoener, 1983), the negotiation over territory borders between
neighbours (Maynard Smith, 1982; Pereira et al., 2003; Vehrencamp et al.,
2014), fights over territories between owners and floaters (Eshel & Sansone,
1995; Kokko et al., 2006; Morris & Maceachern, 2013), defence of territor-
ies against intruders (Davies & Houston, 1981; Hinsch & Komdeur, 2010)
or the emergence of territories by means of local interactions (Stamps &
Krishnan, 1999; Adler & Gordon, 2003; Giuggioli & Kenkre, 2014). While all
of these studies are in a general sense concerned with how owners main-
tain their territories against competition by conspecifics they differ widely
in modelling approach and research question. So far it is not clear whether,
and if so, how these different approaches could be integrated into a general
framework. A general theory of territoriality, that could explain why and un-
der which circumstances territorial behaviour is adaptive is accordingly still
lacking.

In this review paper we strive to facilitate the emergence of such a frame-
work by attempting to resolve some of the apparent inconsistencies between
the many different approaches that have been published so far. We will first
define what we see as territoriality and argue that our definition implies that
a game-theoretical approach is required when attempting to understand
territorial behaviour. We then show that territory defence can be seen as
consisting of several distinct, largely independent types of conflicts between
territory owners and their competitors and that the differences between ex-
isting studies can for the largest part be attributed to which of these kinds
of conflicts they consider. In the last part of the paper we outline how the
different types of territorial conflict connect to a wider theory of resource
defence and make suggestions for future research directions.

What is territoriality?
The terminology related to territoriality is notoriously ill-defined (see re-
views Owen-Smith, 1977; Maher & Lott, 1995). For the purposes of this pa-
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per we follow what appears to be the majority opinion in assuming that a
territory is an area in which the territory owner has sole or prioritized ac-
cess to one or several types of resources it contains such as mates, food or
shelter (Maher & Lott, 1995). Territories are established and maintained by
territorial behaviour (Potts & Lewis, 2014). For the sake of brevity we will in
the following call individuals that own territories as well as populations that
contain these individuals territorial. To distinguish territories from home
ranges we further assume that in a territorial population there is compet-
ition for space or spatially distributed resources (Mitchell & Powell, 2012).
In order to maintain the privilege of exclusive access territorial behaviour
therefore has to include some form of territory defence (Brown, 1964; Börger
et al., 2008). Territoriality finally denotes the complex of territorial beha-
viours and resulting population-level patterns that occur in territorial pop-
ulations.

It is important to note that these are purely phenomenological definitions
that are agnostic with respect to mechanism. In particular it can be very
difficult to determine (empirically as well as theoretically) for a given beha-
viour whether it results in the formation of territories (and thus whether it
is territorial) and conversely, given a situation with territories, which beha-
viour is responsible for creating and maintaining them (Maher & Lott, 1995;
Riotte-Lambert et al., 2015; Potts & Lewis, 2016).

A game-theoretical perspective
Owning a territory entails costs in terms of fitness since owners lose time
and energy as well as potentially health or even their life while advertising
their ownership status and searching for and fighting off intruders (Powers
& Conley, 1994; Mares et al., 2012). Only if these costs are lower than the be-
nefit of exclusive access to the territory’s resources can it be adaptive for the
owner to be territorial (Brown, 1964). Early studies showed that - everything
else being equal - the costs of maintaining a territory increase with the num-
ber of intruders that have to be chased away (Schoener, 1983) and their
willingness to escalate the conflict with the owner (Maynard Smith, 1982).
Many, in particular older studies that investigate aspects of the evolution of
territoriality assume frequency as well as behaviour of intruders to be fixed
or determined in a straightforward way by territory size or quality (e.g. Dill,
1978; Schoener, 1987). In these studies the question whether territorial be-
haviour is adaptive is consequently treated as a straightforward optimiza-
tion problem (Adams & Tschinkel, 2001). Just as the owner, however, in-
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2 What do territory owners defend against?

truders usually have a choice between several alternative actions - such as
whether to intrude or not - that is subject to selection (Hinsch & Komdeur,
2010). That means in particular that other individuals will only intrude on a
territory and risk a fight with the territory owner if it pays for them in terms
of net fitness benefits to do so, which in turn depends amongst others on the
owner’s willingness to defend its territory (Maynard Smith & Parker, 1976;
Hinsch & Komdeur, 2010).

Territory defence can therefore not be the result of a unilateral optimiz-
ation process. Instead it should be seen as the optimal behaviour of only
one side in a series of bilateral conflicts between owner and (potential) in-
truders (Pereira et al., 2003; Hinsch & Komdeur, 2010). Consequently, in or-
der to correctly predict for a given situation whether territorial behaviour is
adaptive or not, a game-theoretical approach is required that analyses the
simultaneous evolution of defence as well as intrusion behaviour (Maynard
Smith & Price, 1973; Maynard Smith, 1982; Morrell & Kokko, 2005).

Di�erent kinds of con�icts
Given our definition of territoriality and the requirement for a game theor-
etical approach we can see territorial conflicts as a special case within the
wider framework of animal conflicts over resources. Various factors have
been shown to affect how best to behave in a conflict over resources.

First, properties of the object of the conflict play a central role, i.e. what
each party can expect to gain or lose depending on the outcome (Maynard
Smith & Parker, 1976; Grafen, 1987; Broom et al., 2015) or physical proper-
ties of the contested resource, such as - in the case of food - size, handling
time or predictability of occurrence (e.g. Stevens & Stephens, 2002; Broom
& Ruxton, 2003). Specific aspects of the context the conflict happens in can,
however, also be important, such as the likelihood of a repeated conflict
(Switzer et al., 2001), or the amount of knowledge an individual has about
the opponents’ strategy (McNamara, 2006; Hinsch & Komdeur, subm.).

We know that even small differences in these factors can result in very
different optimal strategies (Broom & Ruxton, 2003; Hinsch et al., 2012; Mc-
Namara, 2013). If we want to understand the selection pressures acting on
the strategies of individuals participating in a given conflict for resources
such as any territorial conflict, we therefore need to know what exactly the
stakes of the conflict are and in which context it happens in.

A closer look at empirical and theoretical studies on territoriality shows
that while the terminology that has been used to refer to territorial conflicts
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Figure 2.1: Territorial conflicts can be classified according to what an intruder attempts to gain
(rows) and where it comes from (columns). Different types of models have been
used to study each of these conflict types.
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2 What do territory owners defend against?

shows little variation, the properties of the conflicts that have been invest-
igated differ substantially. It is generally agreed that the object of territorial
conflicts is access to the territory (Brown, 1964; Maher & Lott, 1995). The
kind of access that a competitor attempts to gain, however, can vary with
correspondingly varying consequences for the owner (figure 1). More spe-
cifically, we can distinguish three different types of competition that poten-
tially lead to territorial conflicts:

• Competitors can attempt to take over an entire territory from the pre-
vious owner (Kokko et al., 2006; Gintis, 2007).

• Neighbours can attempt to gain space by permanently changing ter-
ritory layout (Stamps & Krishnan, 1999; Pereira et al., 2003).

• Intruders can try to gain additional resources by intruding on a territ-
ory (Gill & Wolf, 1975; Davies & Houston, 1981; Hinsch & Komdeur,
2010).

As we will discuss in the following, for owner and intruder the stakes (in
terms of effect on fitness) of the resulting conflict differ considerably between
these cases and also depending on whether the intruder is itself a territory
owner or a floater (see figure 1).

Furthermore, important aspects such as asymmetry of information between
opponents (McNamara, 2006), likelihood of a repeated conflict (Switzer et al.,
2001) and controllability of access (Stevens & Stephens, 2002) all vary de-
pendent on which of these types of access to the territory individuals com-
pete for. Each of these types of conflicts therefore has its own specific prop-
erties with specific evolutionary consequences for the individuals’ beha-
viour.

The state of the literature
In the existing literature many aspects of these different types of conflicts
have been investigated with most studies focusing on one specific type of
conflict in isolation.

Common terminology, however, does not distinguish between different
types of conflicts (Maher & Lott, 1995). Across different studies the term ter-
ritory defence is used to denote very different things while at the same time
authors often fail to explicitly specify what they intend the term to mean. It
is therefore often unclear which type of conflict is the subject of a specific
study.
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In addition in many models it is even difficult to determine with certainty
what animals are assumed to compete for. In economic defendability mod-
els for example (e.g. Dill, 1978; Ebersole, 1980; Schoener, 1987; see Adams
& Tschinkel, 2001), owners defend their territories against numerous in-
truders. The descriptions of some of these models as well as the way they
have been applied to empirical data suggest that the intruders are assumed
to be floaters looking to steal food on the territory (Gill & Wolf, 1975, 1979;
Davies, 1980). Since conflicts are not explicitly modelled, however, the ef-
fect of losing on the owner and thus the stakes of the conflict are not defined
within the model.

When discussing previous studies we will therefore have to distinguish
between the type of territory access individuals are assumed to compete for
by the authors and the type of competition that is supported by the model
mechanics.

Entire territories

In many territorial populations the benefits accrued by owning a territory
are not distributed equally, either because territories differ in quality or be-
cause only a part of the population is able to occupy a territory in the first
place (Lenda et al., 2012). Territory owners therefore face competition from
other owners with territories of lower quality (Alonzo, 2004) or from non-
territorial individuals (new arrivals or floaters; Lenda et al., 2012; Morris
& Maceachern, 2013). These occasionally attack and subsequently replace
them as occupants of the territory (Davies, 1978), often without significant
changes to the size and shape of the territory itself (e.g. Koda et al., 2012).

There is a considerable amount of theoretical work on the conflict over en-
tire territories. Nearly all of it traces its roots back to the seminal papers by
John Maynard Smith and co-workers (that at the same time laid the found-
ations for the development of evolutionary game theory) and in particular
to the Hawk-Dove-game introduced therein (Maynard Smith & Price, 1973;
Maynard Smith & Parker, 1976). In the most basic version of this model two
individuals compete for an indivisible resource of fixed value and decide
simultaneously whether to fight (Hawk) or concede (Dove). If fighting is
costly enough then only a mix of both strategies (either on population or
individual level) can be evolutionarily stable (Eshel, 2005). More import-
antly, though, in a slightly extended form of the game conventional conflict
resolution can evolve where individuals make their behaviour dependent
on arbitrary asymmetries. Ownership status - if it is visible to the contest-
ants - can serve as such an asymmetry. The evolutionarily stable Bourgeois

13



2 What do territory owners defend against?

strategy - fight as owner, retreat as intruder - then leads to stable territ-
ory ownership and only low levels of aggression (Maynard Smith & Parker,
1976). While this result was able to elegantly explain the existence of territ-
ory ownership and the low frequency of contests in natural populations it
came with a caveat - the stability of the opposite strategy, intruders fight-
ing and owners retreating, is mathematically just as sound and plausible.
Much of the development of the field since then has been motivated by
the attempt to reconcile the prevalence of ownership in the natural world
with the ambiguity of the predictions of these models (Sherratt & Mesterton-
Gibbons, 2015).

Discussing all studies in this area would go far beyond the scope of this
article. We would therefore like to refer to the excellent review by Sherratt &
Mesterton-Gibbons (2015) for further details and will in the following only
give a brief overview within the context of our general question.

Extensions to the basic model can be roughly grouped into three categor-
ies. First, many authors have investigated the effects of adding details to
the basic interaction between contestants, such as variation in size or re-
source holding potential (RHP) (Maynard Smith & Parker, 1976; Hammer-
stein, 1981; Härdling et al., 2004), limited information (Leimar & Enquist,
1984; Crowley, 2000), multiple asymmetries (Eshel & Sansone, 2001) or re-
peated interactions (Houston & Mcnamara, 1991).

A second important development has been the incorporation of popula-
tion-level feedbacks into models on the conflict over entire territories. It
has been noted early on that the basic Hawk-Dove(-Bourgeois)-game is in-
consistent if seen on the population level (Grafen, 1987). The constant pay-
offs of the basic game do not take into account that the fitness effects of
status as an owner or a floater depend on population-level variables such
as the number of free territories or turnover due to death of individuals
(Houston & McNamara, 2006). This was confirmed by subsequent stud-
ies that included a.o. the effects of territory retention (Mesterton-Gibbons,
1992; Eshel & Sansone, 1995; Mesterton-Gibbons & Sherratt, 2014), settle-
ment sequence (Dunham et al., 1995; Broom et al., 1997; Härdling et al.,
2004), mortality (Mesterton-Gibbons, 1992; Gintis, 2007) or population dy-
namics (Kokko et al., 2006).

Finally, although the vast majority of studies directly extend the basic Hawk-
Dove(-Bourgeois)-game, different interaction mechanics have been explored
by some authors, notably the War of Attrition (e.g. Maynard Smith & Parker,
1976; Leimar & Enquist, 1984; Gintis, 2007; Broom et al., 2015).
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Space

The value of a territory in many cases increases with size, in particular if
territories are compressed due to high population density. Owners there-
fore often would profit from extending the borders of their territories at the
detriment of their neighbours (Schoener, 1987; Paterson, 2002). Similarly,
if an individual attempts to gain a territory either by budding off that of its
parents (Komdeur & Edelaar, 2001) or by establishing a new one in the gaps
between existing ones (Beletsky, 1992) it has to claim space from other territ-
ories. In all these cases two or more individuals directly compete for space,
resulting in a conflict over where one territory ends and the other one starts.

Models used in theoretical studies of the conflict between neighbours over
space can generally be divided into two broad categories. In the first, sim-
pler type of model no assumptions concerning the process that leads to the
separation of space or the establishment of a boundary are made. Individu-
als in the models presented by Parker & Knowlton (1980) decide solely on
either how much space they intend to claim or how much effort they invest
into defence. Resulting occupancy and territory sizes (and thus fitness) are
then simply calculated based on order of settlement or ratios of aggressive-
ness, respectively. One of these models (“defensive effort”) has been exten-
ded by López-Sepulcre & Kokko (2005) to be more ecologically consistent
(Houston & McNamara, 2006) by including feedback effects between territ-
ory size, defence costs, number of floaters and population dynamics. Inter-
actions between individuals, however, are similarly not modelled explicitly.

In contrast to that in the second type of model territory size and/or bound-
ary position are the result of interactions between individuals. These inter-
actions have been understood in two distinct ways. Maynard Smith (1982)
and subsequent authors assume that individuals compete for the - continu-
ous - amount of space each owner retains. The resulting conflict therefore
resembles a process of negotiation. Stamps & Krishnan (1999) and Morrell
& Kokko (2003, 2005) on the other hand assume that more or less discrete
pieces of space (“sites”) are being fought over with each fight being similar
to a more traditional one-off Hawk-Dove game.

The earliest example for an interaction-based model of competition for
space is the analysis of the negotiation process between two territory own-
ers by Maynard Smith (1982). Here individuals are assumed to compete over
the location of the territory border on a line between their nest sites. This
model has been extended to take into account how hunting behaviour of
a sit-and-wait predator determines the value of space to its owner (Pereira
et al., 2003) or to explore the effects of landmarks (Mesterton-Gibbons &
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Adams, 2003) or population density (Horiuchi, 2007).
Expanding on earlier purely proximate models (Lewis & Murray, 1993; Stamps

& Krishnan, 1999; Sih & Mateo, 2001) a more mechanistic line of research
has focused on how the evolution of movement behaviour can lead to a par-
titioning of space: Using spatially explicit models several studies show inde-
pendently that if encounters between territory owners are costly, individu-
als evolve to avoid conspecifics which leads to the emergence of territor-
ies (Lewis & Moorcroft, 2001; Adler & Gordon, 2003; Morrell & Kokko, 2005;
Hamelin & Lewis, 2010). It is important to note, however, that aggressive
behaviour is an assumption, not an outcome of these models.

Although the potential significance of the competition between estab-
lished territory owners and founders of new territories for space was recog-
nized early on (Verner, 1977), only few theoretical studies have investigated
this problem. Parker & Knowlton (1980), Getty (1981) and Stamps & Krish-
nan (1990) explore the best strategy for individuals that sequentially settle a
new habitat patch, while López-Sepulcre & Kokko (2005) take into account
the effect of individuals squeezing in between existing territories in their
model. In all cases, however, territory size is assumed to be at the sole dis-
cretion of the founder, without any direct interaction between individuals.

Resources

On the most basic level individuals in a territorial population compete for
the use of limited resources (Davies, 1980; Hinsch et al., 2012). Depend-
ing on various factors such as resource dynamics and distribution, non-
territorial floaters as well as territory owners will therefore be interested in
obtaining resources from the territory of another individual (Matsumoto &
Kohda, 2004; Hinsch & Komdeur, 2010). Via depletion this “theft” can seri-
ously affect the owner of the intruded territory, leading to a potential con-
flict between owner and intruder (Gill & Wolf, 1975, 1979; Davies & Houston,
1981).

The economics of the owner’s side of this conflict have been explored by
a line of - mostly older - theoretical studies that determine the net payoff of
territory ownership in terms of costs of defence and the benefits of exclusive
access to resources (e.g. Carpenter & MacMillen, 1976b; Hixon et al., 1983;
Schoener, 1987; reviewed a.o. in Adams, 2001). This type of model has in
several cases successfully been used to give post-hoc explanations for the
observed behaviour of territorial individuals (Gill & Wolf, 1975; Carpenter
& MacMillen, 1976b). It is, however of very limited use for the study of the
evolution of territoriality: First, intruder behaviour does not evolve at all.
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Second, owners are assumed to always attack (and successfully expel) any
intruder they encounter. Territorial behaviour is therefore part of the as-
sumptions of the model instead of its consequences.

A step towards a more comprehensive approach has been taken by Davies
& Houston (1981, 1983) and Houston et al. (1985). They model the owner’s
decision whether to tolerate the presence of an additional individual on the
territory depending on resource dynamics and intruder pressure. While the
first intruder’s impact on the owner’s foraging success is represented in the
model, the effect of any further intruders is only taken into account as ad-
ditional fixed defence costs. An interesting variation on this approach ex-
plores the effects of some simple optimizations of the intruders’ behaviour
on the owner’s willingness to defend its territory (Switzer et al., 2001). In a
slightly different context Tao et al. (2016) use a similar type of model to in-
vestigate temporal dynamics of home range sizes. Finally, some work has
been done on the related issue of food sharing between foragers or hoarders
(Stevens & Stephens, 2002; Dally et al., 2006; Hadjichrysanthou & Broom,
2012).

In contrast to the competition for resources between owners and intruders,
that between territorial neighbours has received barely any attention in the
theoretical literature. To our knowledge the only study to date to explicitly
focus on this problem has been presented by Hinsch & Komdeur (2010).
They use a game-theoretical model to investigate under which conditions
territory owners should be expected to steal from their neighbours.

Connections with existing theory
Now that we have established a clear logical distinction between the differ-
ent types of territorial conflicts we can attempt to find a way to embed them
into the wider area of resource defence theory. We can indeed find some
clear structural parallels between each of the conflict types and existing the-
ory outside of territoriality.

In models of the conflict over entire territories, ownership is well-defined
and decided by a single interaction between owner and intruder. Territories
are therefore treated as fully controllable, non-shareable resources. Con-
flicts over this type of resource - including for example food items (Broom
& Rychtár, 2007), larval provisioning (Bentley et al., 2009), shelter or mates
(Härdling et al., 2004) - is subject of a large body of theory mostly also based
on the Hawk-Dove game or its descendants (Sherratt & Mesterton-Gibbons,
2015).
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In conflicts over space on the other hand the resource is still assumed to
be controllable, but in this case it can be shared. The amount allocated to
each participant of the conflict therefore has to be determined by some form
of negotiation. Similar conflicts have been investigated in other contexts
such as parental care (Johnstone & Hinde, 2006) or reproductive skew (Shen
& Kern Reeve, 2010; Binmore, 2010).

The conflict over resources on territories between owners and floaters
or neighbours finally has some similarities with that over cached resources
(Vander Wall, 2003), mates (Kokko & Morrell, 2005) or big food sources such
as carcasses (Stevens & Stephens, 2002; Dubois & Giraldeau, 2007). As in
these cases the resources within a territory are in principle shareable and
at the same time not physically controllable by the current owner. There-
fore the decisions that lead to a conflict become asymmetric: An intruder
first decides whether to attempt to use the resource. If the owner does not
react the resource is shared and only if the owner decides to challenge the
intruder does a conflict take place (Hinsch & Komdeur, 2010). As an addi-
tional complication, however, due to resource replenishment the costs of
tolerating theft can be considerably lower than the benefits gained by the
thief in the case of territoriality (Davies & Houston, 1981; Waser, 1981).

Caveats
So far we emphasized the mutual independence of these conflicts - a notion
that is reinforced by the fact that most existing studies focus on one type of
conflict in isolation. While this is helpful for the sake of conceptual clarity
it is important to note that the separation of territorial conflicts into inde-
pendent mechanisms could be less clear-cut in the real world.

First, even if we assume that the conflict types per se can be cleanly sep-
arated, the behaviour individuals show in one of them will influence the
fitness payoffs of behaviours in the others. The value of owning a territ-
ory and thus the payoff in a fight for entire territories for example depends
amongst others on the costs of maintaining it against stealing intruders and
encroaching neighbours (Pereira et al., 2003; Hinsch & Komdeur, 2010). The
costs of establishing a new territory will depend on the willingness of present
owners to defend their borders, which might again be dependent on turnover
and social stability (Beletsky, 1992). On purely theoretical grounds it seems
therefore advisable to take interdependencies between the different types
of conflicts into account (López-Sepulcre & Kokko, 2005; Houston & Mc-
Namara, 2006).
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In addition it is, however, not entirely clear to which degree the concep-
tual separation that we discussed above actually exists for a given system
and if so, whether we are able to recognize it.

As observers we can detect cases in which a conflict has ended in a suc-
cess for the intruder - i.e. territory borders changed, the intruder stole some
resources or took over a territory. However, we can not know what the in-
tentions of the intruder were before a conflict happens and what a conflict
was about if the owner wins.

It is therefore difficult to tell if any or both of the individuals involved in
a territorial conflict make a distinction similar to the one outlined above.
An intruding floater for example might intend to poach on a territory while
at the same time being open for a take over attempt should the owner turn
out to be weak. Even if intruders are committed to a specific action, how-
ever, that does not necessarily imply that owners will be able to detect it.
Although there is in many cases a certain amount of information exchange
between intruders and owners (e.g. Schmidt et al., 2007; de Kort et al., 2009;
Vehrencamp et al., 2014), we do therefore not know how well owners and
intruder can predict each other’s behaviour (Laidre et al., 2008). Limited in-
formation on both sides has not only the potential to drastically change the
optimal behaviour for both parties (McNamara, 2006; Hinsch et al., 2012)
but it might make it impossible to separate different types of conflicts.

The way forward
Given the separation into conflict types we outlined above, their connec-
tion to existing theory and taking into account the caveats we discussed, we
can make some suggestions for a research program that will lead to a more
complete evolutionary theory of territoriality.

First, the similarities between territorial conflicts and other areas of an-
imal conflict need to be explored. It seems that it should be possible to
identify some general properties of resources such as clumpedness, share-
ability, controllability or handling time that affect the evolution of conflict
behaviour independent of the context. Some studies on the effects of “gen-
eric” resource properties have been done (Both & Visser, 2003; Broom & Rux-
ton, 2003; Hinsch et al., 2012). A systematic investigation of these similar-
ities and differences between kinds of resources might pave the way for a
general theory of resource competition that would apply to all situations
where individuals find themselves in a conflict over access to resources.

Second, we need to understand the limitations of modelling each type of
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conflict in separation (see McNamara, 2013). In the first instance a straight-
forward combination of existing approaches, including two or more conflict
types within one model, could be investigated. At the very least this would
allow us to determine to which degree the more complex payoff structure of
these combined models leads to differences in predictions as compared to
previous results and thus whether interdependencies need to be taken into
account.

Whether territorial animals distinguish between different types of con-
flicts in the first place is primarily an empirical questions. Theory can con-
tribute to solving this problem, however, by trying to understand under which
conditions they should make this distinction and whether they would be
able to do it. At this point this is still very much an open field, but there
is a wealth of previous results on intention recognition (Moniz Pereira et al.,
2011), the value of information in conflicts (McNamara, 2006), commitment
(Cant & Shen, 2006), cognitive constraints (Fawcett et al., 2012) and costs of
cognition (Burns et al., 2011) to draw upon.

Finally, for several reasons a more mechanistic theoretical approach might
be useful. By modelling territoriality from first principles the problem of in-
teractions between conflict types could be sidestepped. Furthermore mod-
elling the evolution of territoriality from a non-territorial population without
assuming the existence of any aspect of territorial behaviour probably re-
quires a mechanistic approach (Hinsch et al., 2012). Lastly, we know that
adding details and context to game theoretic models can significantly change
their outcome (Van Doorn et al., 2003b; Houston & McNamara, 2006; Mc-
Namara & Weissing, 2010; McNamara, 2013). In addition it has recently
been argued convincingly that a purely phenotypic view of the evolution
of behaviour is misleading and that the actual mechanisms and constraints
of cognition have to be taken into account (Blumstein, 1996; McNamara &
Houston, 2009; Fawcett et al., 2012; Berg & Weissing, 2015).

Building a mechanistic model of territoriality is not without its challenges,
in particular with respect to the individuals’ cognition. Higher order con-
flicts - such as over border location or territory ownership - presuppose con-
siderable cognitive processes in the individuals. A conflict over territory bor-
ders for example implies the ability to remember ownership of the locations
of their habitat. Furthermore this structure is not static but the emergent
result of the individuals’ activities, namely the history of their movements
and interactions (Stamps & Krishnan, 1997), a process that we have only re-
cently begun to understand (Giuggioli et al., 2011; Giuggioli & Kenkre, 2014;
Potts & Lewis, 2016). If border conflicts are being studied in isolation these
mechanisms can be abstracted away from the single actions of individuals
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and cognition can be made implicit in the model structure (e.g. Maynard
Smith, 1982; Pereira et al., 2003; Hamelin & Lewis, 2010). A mechanistic
model however needs to accommodate them while at the same time allow-
ing for higher order processes such as change of ownership of the entire ter-
ritory to take place.

Promising first steps towards modelling territoriality from first principles
have been made (Morrell & Kokko, 2005; Hinsch et al., 2012; Giuggioli &
Kenkre, 2014; Tao et al., 2016). For a full picture, however, it will be neces-
sary to integrate habitat and species properties (e.g. Iyengar, 2008; Rousseu
et al., 2014), cognitive mechanisms (Fagan et al., 2013), interaction mech-
anics (Számadó, 2008; Broom et al., 2015), population feedbacks (López-
Sepulcre & Kokko, 2005) and resource properties (Waser, 1981; Broom &
Ruxton, 2003).

Territoriality is a complex phenomenon that spans several levels of or-
ganization and relies on a number of different feedbacks with population
and environment variables. It is conceivable that a full theoretical under-
standing of territorial behaviours will only ever be possible for specific cases.
However, we argue that the realisation that previous studies have investig-
ated a number of formally quite different phenomena under the same name
is the first step towards finding connections with existing theory on resource
competition and towards developing a more integrated view of the evolu-
tion of territoriality.
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3 Evolution of defense against
depletion of local food
resources in a mechanistic
foraging model

Martin Hinsch · Jan Komdeur · Ido Pen

Models of resource defense are usually based on the assumption
that individuals fight over the possession of discrete food items. In
many territorial species however conflicts occur over access to an area
in space that contains resources rather than the resources themselves.
We investigate under which conditions defense against depletion of
local resources instead of single resource items can evolve from a non-
aggressive ancestral population using a spatially explicit mechanistic
model with resource dynamics and individual movement. We find
that in general details of the model assumptions have a great influ-
ence on the costs and benefits of different behavior in the model. For
patchy resources defense evolves if fighting costs are very high or if
individuals can not avoid conflicts. If resources are distributed uni-
formly defense appears only if individuals can make their behavior
dependent on distance to their opponent. Introducing role asymme-
tries during conflicts in general increases the frequency of contests
but reduces the probability that they escalate. If losers of a fight con-
trol how far they run aggressiveness disappears or is greatly reduced
for patchy resources but increases significantly for uniform resource
distribution. Our results show how defense of space and territoriality
could evolve even if resources are neither discrete nor clumped. The
fact that seemingly minor differences in how individuals make deci-
sions during encounters lead to huge differences in model outcome
highlights the need for more mechanistic models of animal conflicts.

Behavioral Ecology 24 (1), 245-252
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3.1 Introduction
When competition for food leads to a conflict of interest between conspecifics,
aggression can be a profitable means for individuals to ensure access to
valuable resources (Brown, 1964). Under which conditions individuals are
willing to fight for or defend resource items has been investigated exten-
sively, mostly based on game theoretical models derived from the Hawk-
Dove game (Maynard Smith & Parker, 1976). The early simple versions of
the game have been refined to take into account for example sequential de-
cisions, population dynamics or ecological consistency and applied to var-
ious real world scenarios such as kleptoparasitism or fights for territories
(e.g. Kokko et al., 2006; Gintis, 2007; Broom & Rychtár, 2007). These models
show that if conspecifics compete for discrete resources such as single food
items, peaceful sharing is rare and individuals should be willing to defend
and fight for food resources in at least some contexts within their life cycle
(Mesterton-Gibbons, 1992; Eshel & Sansone, 1995; Kokko et al., 2006).

Next to direct competition for single food items, however, in many species
indirect or exploitation competition occurs, where a focal individual’s for-
aging success is reduced by the depletion of the local food supply caused by
nearby conspecifics (Brown, 1964; Waser, 1981; Houston et al., 1985). Simi-
lar to direct competition exploitation competition can also lead to resource
defense. For example, individuals in many species whose food either does
not occur in discrete items or where the items are too small or abundant
to defend individually nevertheless engage in defense of feeding territories
(e.g. fish competing for algae: Hamilton & Dill, 2003; Alwany et al., 2005;
birds competing for flowers containing nectar: Gill & Wolf, 1975; or for in-
sects: Davies & Houston, 1981).

While it has been shown that costly aggressive interactions between indi-
viduals with overlapping foraging ranges can lead to the emergence of sep-
arate (and defended) territories (Stamps & Krishnan, 1999; Adler & Gordon,
2003; Morrell & Kokko, 2005) it is not clear under which circumstances this
type of aggression should evolve in the first place. In contrast to the exten-
sive literature on conflicts over resource items, there is only little theory on
when and why exploitation competition leads to the evolution of aggressive
behavior. According to Brown’s (1964) notion of economic defendability in-
dividuals should defend local resources against depletion if the increase in
foraging success an individual could gain by excluding competitors from an
area would offset the costs of the fighting this would require. This idea has
been formalized in a number of models that predict the size of the area (con-
taining food) a focal individual should be willing to defend against intruders
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depending on ecological and behavioral parameters such as fighting costs,
frequency of intrusion and resource properties (e.g. Schoener, 1983, 1987;
López-Sepulcre & Kokko, 2005; reviewed by Adams, 2001). Due to a num-
ber of simplifying assumptions these models are, however, rather limited in
scope. In particular, only the optimal behavior of the owner is investigated
(Adams, 2001). This does not account for strategic choices on the side of the
intruders that can substantially alter costs and chance of success of defense
(Hinsch & Komdeur, 2010).

An intermediate position between models on contests for resource items
and fights against depletion is taken by studies on aggression in feeding
groups. In these models individuals fight a resident individual foraging in
a resource patch in order to be able to join it (e.g. Dubois & Giraldeau, 2003,
2007). Although nominally competition happens through depletion of re-
sources in the food patch, due to absence of spatial extent, resource dy-
namics or changes in foraging rate patches are effectively treated as single
(though shareable) resource items.

Here we investigate under which conditions aggressive contest behavior
can evolve if individuals only compete indirectly through local depletion of
resources. The study has several aims. First, we test whether exploitation
competition can lead to the evolution of resource defense from a peaceful
ancestral state. Second, we explore which conditions favour the evolution of
resource defense in this case. Third, we investigate to which degree the ex-
isting theory on animal contests for food items is applicable to the different
competition type.

Following previous work we assume that competitive interactions between
individuals happen in dyadic conflicts that, depending on the individuals’
behavior, can either end peacefully or escalate to a fight. Assumptions con-
cerning the onset and consequences of conflicts, however, can not easily be
transferred from earlier models of direct competition. To explore to which
degree the results are affected by this we compare three submodels with dif-
ferent decision structures as outlined in the following.

If individuals compete for food items opposing interests between con-
specifics immediately arise when an individual that is searching for food
encounters a competitor that is currently handling a food item and cease
as soon as the food item is consumed. Within that short time span the fit-
ness consequences of aggressive versus peaceful behavior only depend on
the opponent’s choice of action and size or quality of the food item (but see
Broom & Ruxton, 2003). In most models these conflicts are therefore appro-
priately approximated as discrete interactions with fixed payoffs.

Exploitation competition, in contrast, occurs between two individuals if
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their mutual presence reduces their respective (future) foraging rates due to
local food depletion. In this case a conflict of interest therefore gradually
increases in strength with decreasing distance between competitors. It per-
sists until either the individuals move apart voluntarily or a fight erupts and
the loser is chased away.

This has two important consequences. First, there is neither a specific
time or event that marks the beginning of a conflict of interest nor is the
period of mutual impairment necessarily characterized by any differences
in the participants’ activities. Consequently there are no obvious discrete
points of decision at which individuals choose whether to be aggressive or
not. We assume therefore that individuals asynchronously perform short
bouts of behavior (movement, foraging, fighting) separated by an orienta-
tion phase during which they can detect and potentially attack competitors.
Since different individuals will be performing different activities at the same
time the initiation of a conflict will necessarily almost always be a unilateral
decision by the attacker that interrupts the attackee. In a one-shot game
this can be interpreted as implying sequential decisions with the attackee
reacting to being attacked (but see Dubois & Giraldeau, 2003). We explore
the consequences of decision sequence by comparing a sequential and a
simultaneous version of our model.

The second consequence of the gradual nature of competition in our sce-
nario is that there is no fixed payoff for winning a fight. The winner gains
an advantage by chasing away the loser and thus increasing its own forag-
ing rate due to a reduction in number of close-by competitors (Davies &
Houston, 1981). This increase is higher the closer the distance between op-
ponents. We therefore compare a “classical” Hawk-Dove game with mixed
strategies with a situation where individuals decide whether to attack based
on distance to the opponent. While winning a fight for a single resource
item implies gaining control of that item this is not the case for fights over
access to local resources. How much the winner of a fight gains from chasing
away a competitor therefore also depends on how far the loser runs after the
fight. The length of this flight distance and whether it can be controlled by
the winner or the loser will depend on details of the species and the actual
mechanics of interactions during a fight. Since these details are beyond the
scope of our study we investigate two simple cases. In the first model vari-
ant losers are chased until the winner can not detect them anymore. In the
second variant we assume that losers are in control and that flight distance
is a part of their strategy.

Since the presence of asymmetries has been shown to potentially signif-
icantly affect which strategies evolve in conflicts (Maynard Smith & Parker,
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1976; Eshel, 2005) we will compare versions of our model with and without
asymmetries. Finally we investigate the effects of population density, re-
source clumpedness and fighting costs which previously have been shown
to be important factors in the evolution of aggressiveness (Maher & Lott,
2000; Morrell & Kokko, 2005).

3.2 Basic Model
As explained above payoffs of winning a fight are in reality determined by
distance to the opponent, local resource density and dynamics as well as
the number of close-by competitors. These factors are in turn not indepen-
dent but interact by means of the individuals’ foraging and fighting behav-
ior (Hixon, 1980; Waser, 1981; Possingham, 1989). The fitness consequences
of attacking a competitor therefore depend non-trivially on interactions be-
tween the population strategy and properties of the local ecology (see Hous-
ton & McNamara, 2006). Although it might be possible to find a higher level
approximation the easiest way to account for the spatial heterogeneity of
resources and the emergent nature of payoffs as well as the aforementioned
fine-grained temporal structure of individual decisions in a model is by us-
ing a mechanistic approach. We therefore use a detailed individual-based
model where position and movement of individuals as well as current local
amount and rate of replacement of resources are explicitly represented.

For the sake of clarity we will throughout the model description use fic-
tive physical units to quantify distances (distance unit, DU), durations (time
unit, TU), movement speed ( DU

TU ) and energy (energy unit, EU).
If no real-world system serves as a template, there is no obvious, easy way

to choose the parameters of a detailed simulation model. We decided to set
energy content of a resource item, movement speed and resource visibility
to unity. Given the technical limits to number of resource items and pop-
ulation size that we could simulate this let us infer “reasonable” values for
world size as well as energy consumption during movement. Similarly the
maximum range within which competitors can be detected was selected to
keep the frequency of encounters between individuals technically manage-
able. Preliminary simulations showed that the durations of the individuals’
activities strongly affect effective fighting costs. We adjusted these durations
so that effects of the model parameters would not be masked by high effec-
tive fighting costs.

The simulation program has been implemented in C++ under GNU/Linux.
Its source code is available online (Dryad repository: http://dx.doi.org/10.5061/
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dryad.2p75f) or from the authors on request.

Evolution and ecology

We assume haploid non-sexually reproducing individuals. Following the
phenotypic gambit individuals’ genes in our model are direct representa-
tions of their phenotypic traits (Grafen, 1984). During reproduction each
evolving trait (see table 3.1) has a probability of 0.01 to mutate. Mutation
step sizes are normally distributed with a mean of 0 and a standard devia-
tion of 0.1.

In our simulation all individuals are born at the same time. After inter-
acting for 5,000 TU their energy store is calculated as the sum of the energy
content of all resources collected minus movement and fighting costs. Then
an offspring population is created with the probability of a parent to repro-
duce being proportional to its energy store. The offspring population sub-
sequently replaces the parent population.

Individuals live in a square world with a size of 200 DU. To avoid edge
effects periodic boundary conditions are assumed (i.e. opposite edges are
connected leading to a toroidal shape).

Resources

Resources are discrete items with a fixed energy content of 1 EU. At the
beginning of the simulation the landscape is seeded with 50,000 resource
items. Consumed resource items are added back to the landscape at a ran-
dom location subject to the resources’ spatial distribution. In this way we
can study the effects of exploitation competition between individuals (through
local depletion) while preventing global depletion and thus excluding ad-
ditional effects from general resource availability. Preliminary simulations
showed that the effective foraging range of individuals (as determined by
movement speed and visibility of resources) was low enough to warrant lo-
cal depletion of resources (see also fig. S1 in the supplementary material).

Next to uniformly distributed resources we investigated two different sce-
narios of spatially correlated resource distribution (see fig. S1). To produce
clumped resources a heightmap with a given Hurst exponent is generated
using the midpoint displacement method (Fournier et al., 1982). The prob-
ability of a resource item to end up at a given point in space is then propor-
tional to that point’s elevation.

A patchy resource distribution is generated by only placing resources in
40 randomly located circular patches of radius 5 DU.
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scan (2TU ) disperse (1 TU
DU )approach (1 TU

DU )

feed (5TU ) contest (2TU ) run (1 TU
DU )

Figure 3.1: All activities available to individuals with durations and possible transitions be-
tween them. Dashed lines indicate alternative choices. Only the transition to the
’contest’ state that can follow a challenge by a competitor can interrupt the current
activity before it is finished (snaked lines).

Individual behavior

Each individual is at any time performing one out of a set of possible dif-
ferent activities (see fig. 3.1). Activities have a specific fixed duration after
which the individual immediately starts the next activity. Since there is no
global time step, start and end of the individuals’ activities are entirely asyn-
chronous. Some activities can, however, be interrupted by contests with
competitors (see below).

The activities available to individuals are disperse, scan, approach, feed,
contest or run. Dispersing individuals perform a long range movement be-
tween different locations. After arrival they scan their surroundings for re-
sources and competitors (see supplementary material for algorithm in pseu-
do-code). If an individual finds no resource (within a radius of 1 DU) dur-
ing its scan it disperses again. If food is found it stays and starts a conflict
with each competitor within detection range (5 DU). If a conflict escalates
both participants start a contest (the challengee aborts its current activity for
this). After a contest the winner starts to scan again whereas the loser runs.
Running losers go back to scanning after having arrived at their destination.
A scanning individual that has found a resource and has not become in-
volved in any contests with competitors starts to approach the resource by
moving to its location at normal speed (see below) and starts to feed on it
after arrival.
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Movement

For the sake of simplicity we assume that all types of movement (i.e. dis-
persal, approaching, running) are performed at the same speed (1 DU/TU)
and carry the same (distance-dependent) energy costs of 0.1 EU/DU (see
fig. 3.1).

While dispersal behavior certainly will have a strong impact on local pop-
ulation density and thus strength of competition between individuals it is
not in the center of our interest. To avoid bias in our results we therefore
attempt to let dispersing individuals move optimal for a given resource dis-
tribution. This in itself is not a trivial problem by any means, however it has
been shown that movement into a random direction with distance following
a Lévy distribution (a so-called Lévy walk) optimizes search efficiency of for-
aging animals under many circumstances (Viswanathan et al., 1999). Given
a probability distribution of movement lengths P (l ) =C l−µ with l ∈ [m,∞[,
we let the distribution’s parameters µ and m evolve so that the actual move-
ment behavior will adapt to the resource settings (see table 3.1). Dispersal
distances are limited to world size (200 DU).

Feeding

As soon as an individual starts feeding on a resource item the item disap-
pears. If the individual finishes feeding without being interrupted it receives
the energy value of the resource.

Con�icts and �ghting

A scanning individual starts a conflict with each competitor within a detec-
tion range of 5 DU that is currently not running, in a contest or dispersing
(and therefore has to be scanning, approaching or feeding, see fig. 3.1 and
pseudo-code in the supplementary material). If there is more than one com-
petitor present conflicts are resolved in random order.

A conflict consists of a simple game with simultaneous moves similar to
the original Hawk-Dove game (Maynard Smith & Price, 1973). Both partici-
pants simultaneously choose whether to remain peaceful or to escalate, re-
sulting in three possible different outcomes - both peaceful; both aggressive;
one peaceful, one aggressive. If both individuals decide to be peaceful noth-
ing happens and both continue with their respective activities. We define a
contest as an interaction in which at least one individual is aggressive. Con-
tests abort the previous activities of both participants. An escalated fight
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3.2 Basic Model

(i.e. both opt for aggressive behaviour) in addition results in fighting costs
for both individuals.

Peaceful individuals interacting with aggressive ones automatically lose
the contest, whereas the winner in an escalated fight is determined at ran-
dom. After the contest the winner starts to scan again, whereas the loser
runs away. A running individual moves in the opposite direction of its op-
ponent until the distance between the two individuals is equal to its (the
loser’s) flight distance f . A description of the algorithm in pseudo-code can
be found in the supplementary material.

Strategies

In the basic model the conflict strategy of an individual consists of a sim-
ple probability to escalate during an interaction (trait aggressiveness, see ta-
ble 3.1). In addition we also investigated the effects of the existence of an
asymmetry during conflicts on the evolution of defense by making aggres-
siveness role-dependent in some scenarios (see table 3.1). An asymmetry
in this context can be thought of as any difference between individuals that
can be perceived by both participants such as e.g. differences in coloration,
size or ownership status. As first shown by Maynard Smith & Parker (1976)
the existence of any such asymmetry - even if it has no direct effect on fight-
ing ability or resource value - can lead to the evolution of role-dependent
strategies that can greatly reduce the occurence of escalated fights. In a sce-
nario with asymmetry both participants in a contest get one of the two roles
- A or B - assigned at random. Individuals then base their behavior on the re-
spective role. This is accomplished by having two independent versions of
the trait aggressiveness (instead of one), each corresponding to one of the
two roles.

Evolutionary stability of a strategy does not necessarily imply that it can
easily evolve (Geritz et al., 1998). We therefore make the conservative as-
sumption that the ancestral state is entirely non-aggressive.

Parameters

We varied asymmetry scenario, loser behavior, population density, clumped-
ness of resources and fighting costs (see table 3.2). In the high popula-
tion density scenarios computation time became a constraint. In these sce-
narios we therefore kept number of individuals at 1,000 (instead of 4,000)
and instead reduced world size to a quarter (i.e. to 100x100 DU) together
with number of patches (where applicable) and number of resources. Re-
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3 Evolution of defense against depletion

Table 3.1: Evolving traits and their initial values

model trait initial value role-dependence
µ 3 -

all min 1 DU -
f 1 -

basic model aggressiveness 0 no, yes

distance model critical distance 0 DU no, yes

sequential model
critical distance 0 DU only attacker
aggressiveness 0 only attackee

Table 3.2: Model parameters

fighting costs [EU ] 0; 0.1; 1; 10
population density [1/(200DU )2] 250; 1,000; 4,000
resource distribution uniform; clumped; patchy
loser behavior f = visibility; f evolving
roles no; random

sults from preliminary simulations suggested that running 10 replicates over
10,000 time steps are sufficient to reliably infer the evolutionary equilibrium
state.

Results

Our scenarios differ with respect to number and meaning of traits evolv-
ing (see table 3.1). It is therefore inconvenient to compare their outcomes
based on trait values alone. Since we are primarily interested in the resulting
behavior during conflicts we instead use as a response variable the proba-
bility that a conflict ends with a specific kind of outcome, as inferred from
the population mean trait values. Specifically we distinguish two outcomes
- contest, i.e. at least one of the participants behaves aggressively and fight,
i.e. both participants behave aggressively. The occurrence of contests re-
flects the general willingness to defend resources while deviations of the fre-
quencies of escalated fights from the expected square of the frequencies of
contests allow us to detect the evolution of role-dependent (e.g. Bourgeois-
like) conflict resolution strategies. The results for uniform and clumped re-
source distribution were nearly identical therefore only results for uniform
and patchy resources are shown.
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Figure 3.2: Evolved proportions of conflict outcomes (white - peaceful, light gray - contest, dark
gray - escalated fights) in model 1 without role asymmetries and with fixed flight
distance. Positions within a group of bars correspond to population density. Ag-
gression only evolves for patchy resources (right) and decreases with fighting costs
and population density.
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Figure 3.3: Evolved proportions of conflict outcomes (white - peaceful, light gray - contest, dark
gray - escalated fights) in model 1 with asymmetric interactions for different re-
source distribution (left - uniform, right - patchy) and loser behavior (above - fixed
flight distance, below - evolving flight distance). Positions within a group of bars
correspond to population density. For high fighting costs escalated fights are rare,
therefore conventional conflict resolution evolves. Letting losers choose how far to
run after a contest reverses the effect of resource distribution.
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3 Evolution of defense against depletion

In the basic model contests do only occur in scenarios with patchy re-
sources, otherwise aggressiveness stays close to 0 (i.e. individuals are always
peaceful). If there is no asymmetry between contestants individuals further-
more are less aggressive for high fighting costs and high population densi-
ties even if resources are patchily distributed (see fig. 3.2).

Introducing an asymmetry leads to the evolution of aggressive behavior
for all fighting costs. However under high fighting costs role-dependent
strategies with one aggressive and one peaceful role emerge so that contests
rarely escalate (fig. 3.3).

Letting losers choose flight distance reverses the effect of resource distri-
bution (fig. 3.3, bottom row): For patchily distributed resources losers re-
main clear within detection range after a fight (fig. S2 in the supplemental
material) which leads to the disappearance of aggressiveness. For uniform
resource distribution and low and medium population density high flight
distances evolve that in turn enable resource defense.

3.3 Model 2 - critical distance
In the second model individuals determine their behavior during a conflict
based on their distance to the opponent. The trait aggressiveness is therefore
replaced by critical distance, which can also be role-dependent. Individuals
only escalate conflicts if their opponent is closer than their own critical dis-
tance.

For scenarios without asymmetry population mean critical distance gives
a rough measure of the likelihood of escalated fights versus peaceful res-
olution. If there is asymmetry, minimum and maximum of the (popula-
tion means of the) two critical distances corresponding to the two roles are
roughly equivalent to p(fight) and p(contest): Only encounters at distances
below maximum distance lead to contest which escalate to fights if the dis-
tance is below minimum distance.

In all graphs values are given relative to the fixed detection range (5 DU).

Results

The existence of a role asymmetry has similar effects in model 2 as in model
1. For the sake of conciseness we will therefore only discuss the asymmetric
case which we consider the more realistic one (see Eshel, 2005).

While critical distance is generally lower for non-patchy resources the dif-
ferences between patchy and uniform resource distribution are much less
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Figure 3.4: Evolved contest outcomes dependent on distance (white - peaceful, light gray - con-
test, dark gray - escalated fights) in model 2 with asymmetric interactions for differ-
ent resource distributions (left - uniform, right - patchy) and loser behavior (above
- fixed flight distance, below - evolving flight distance). Positions within a group of
bars correspond to population density. Defense evolves for patchy as well as uni-
form resource distribution. As before the effect of resource distribution on critical
distance depends (albeit to a lesser degree) on whether loser behavior is fixed or not.
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3 Evolution of defense against depletion

pronounced for distance-dependent behavior than in model 1 (fig. 3.4, top
row). For both resource distributions only opponents that are close to the
edge of the detection range are not attacked. For high fighting costs role-
dependent strategies evolve with individuals in one role having a high crit-
ical distance and thus attacking and those in the other role having a low
critical distance and thus retreating most of the time.

As in model 1 the effect of giving losers control over flight distance de-
pends on resource distribution. For uniform resources evolving flight dis-
tance slightly increases critical distances while for patchy resources the val-
ues are significantly reduced. In both cases a strong effect of population size
appears.

3.4 Model 3 - critical distance, sequential
decisions

In the third sub-model we assumed decisions to take place in sequence:
First the challenger decides whether to attack. If it does not no encounter
takes place. As opposed to models 1 and 2 challengers can therefore uni-
laterally avoid conflicts. Only if the challenger does attack is the challengee
required to decide whether it retaliates. Note that this implies the existence
of a correlated asymmetry (sensu Maynard Smith & Parker, 1976) between
challenger and challengee. We again let the challenger choose its behav-
ior based on distance to the opponent whereas the challengee’s reaction is
described by a simple probability.

Results

If individuals are given the option to avoid entering a conflict they do so,
in particular for patchy resources, except if fighting costs are very high or
population density is low (see fig. 3.5, top row).

Letting flight distance evolve only has an effect if resources are patchily
distributed (fig. 3.5, right column). In this case flexible loser behavior causes
conflicts to be initiated even for moderate fighting costs.

3.5 Interpretation
Comparing the results between scenarios can give us some insight concern-
ing the underlying mechanisms. In general as long as loser behavior is fixed
patchy resources seem to lead to either higher aggressiveness or a higher
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Figure 3.5: Evolved contest behaviour in model 3 for different resource distribution (left - uni-
form, right - patchy) and loser behavior (above - fixed, below - evolving). Distances
above the challengers critical distance (left bar, white area) lead to peaceful resolu-
tion. For closer distances (hatched area) challengee aggressiveness (right bar) de-
termines whether a contest (light gray) or an escalated fight (dark gray) takes place.
Positions within a group of bars correspond to population density. For low fighting
costs individuals rarely enter conflicts. For high fighting costs challengers attack
close-by competitors who back down in most cases. Patchiness and loser behavior
have only little effect.
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3 Evolution of defense against depletion

critical distance. This can be explained by the fact that while fighting costs
as such are similar for all resource distributions, losing a contest when re-
sources are patchily distributed can mean being expelled from a resource
patch (see fig. S1 in the supplementary material).

If conflicts can not be avoided by the participants (models 1, 2) there is
therefore a strong incentive for attempting to win a potential contest and
thus to be aggressive. Letting losers decide how far to run negates this ef-
fect since the low flight distance that evolves (see fig. S2 in the supplemen-
tary material) strongly reduces the costs of losing a contest. Furthermore, if
losers move only a small distance the benefit of winning is low. In this case
losing a potential contest therefore becomes cheaper than risking a costly
escalation for a low payoff and aggressiveness remains low. If decisions are
sequential on the other hand (model 3), conflicts can be avoided altogether
no matter which costs losing implies.

For uniform resource distribution, in contrast, individuals remain peace-
ful in model 1. This indicates that the additional costs resulting from aggres-
sive behavior (foraging time lost by entering a contest and potential fighting
costs) outweigh the benefits of driving away competitors and avoiding to
lose contests. This holds even if the presence of an asymmetry would al-
low individuals to avoid escalated fights and thus would reduce the costs of
contests to the time spent on them. The situation changes if flight distance
evolves. Since resources occur everywhere (see fig. S1) it pays to attempt to
avoid conspecifics altogether by running a long distance which again makes
attacking competitors worthwhile at least for low population density.

The high level of aggressiveness evolving in the scenario where individ-
uals use a critical distance to determine their behavior (model 2) during a
conflict can be explained by a combination of two factors. First, individuals
can choose only to be aggressive if competitors are close enough to affect
them which makes aggressive behavior cheaper in general. Second, an in-
dividual that increases its aggressiveness in model 1 reduces the likelihood
of the outcomes losing and peace and increases the proportion of winning
and escalate for all its encounters thus creating a tradeoff between differ-
ent options. In contrast to that an individual that increases its critical dis-
tance effectively only changes the outcome of all encounters with a distance
larger than the population’s critical distance but lower than its own and only
changes them from peaceful to winning which is usually beneficial.

If decisions happen in sequence on the other hand the only options for
a challengee are to escalate the contest to a fight or to run away since the
challenger has already committed to being aggressive. Running can be the
cheaper option for the challengee under a number of circumstances - if
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costs of running away are low due either to uniform resource distribution
or to evolving flight distance or if fighting costs are high. In these cases chal-
lengees opt for peaceful behavior which in turn makes starting a contest
affordable for the challenger (see fig. 3.5).

3.6 Discussion
Our results show that defense of local resources can indeed evolve from a
peaceful ancestral population, that the mechanisms involved, however, vary
considerably and are only in specific cases comparable to the defense of sin-
gle resource items. Combinations of resource distribution and constraints
on the strategy space within which the individuals’ decisions take place lead
to strong variations not only in effective costs of conflicts but also of the rel-
ative costs of the different outcomes conflicts can have. Therefore details of
the model assumptions determine whether and why conflicts and contests
for access to local resources evolve.

Evolution of defense

We see that competition for a local resource pool - as opposed to competi-
tion for resource items - can indeed lead to conflicts and fights - albeit for
reasons that vary between scenarios. If resources occur in patches individ-
uals defend their position within the patch. If only aggressiveness evolves
this effectively results in a classical Hawk-Dove(-Bourgeois) game (Maynard
Smith & Parker, 1976) with the option to stay in the patch being the payoff
of winning a contest. For uniform resource distribution and if behavior de-
pends on distance individuals defend local resources against depletion by
competitors as described by Brown (1964) or Schoener (1983). If critical dis-
tance evolves and the decisions of contestants are made simultaneously the
size of defended areas escalates. This is similar to the “spiteful” territory
sizes seen by Parker & Knowlton (1980).

One of the most important components in our model turned out to be the
behavior of the loser after the contest, i.e. whether it can control how far it
runs away from the winner. This is not surprising insofar as flight distance
directly determines the benefit of winning a contest. In previous studies
on contests over resources this effect has not been found largely due to the
fact that under the assumption that contested resources are immediately
consumed by the winner loser behavior is indeed not relevant. Ours as well
as previous studies on the defense of territories (Switzer et al., 2001; Morrell
& Kokko, 2003; Hinsch & Komdeur, 2010), however, suggest that for certain
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3 Evolution of defense against depletion

types of resources and situations it is crucial to consider how much future
control the winner of a contest can exert over the contested resource.

It has been argued that due to their better defendability especially clumped
resources should be conducive to the evolution of territoriality (Maher &
Lott, 2000). In contrast to that recent studies show that territorial behavior
can evolve for uniform resource distribution (Adler & Gordon, 2003; Morrell
& Kokko, 2005), however only if it is assumed that individuals attack con-
specifics on encounter. Our results give an explanation for the occurrence
of aggression in these cases and thus indicate how territorial behavior might
evolve even if resources are not defendable in the strict sense (see Brown,
1964).

At this point we can only show that individuals attack nearby conspecifics
if this is their only way of protecting their resources. By letting individu-
als choose between defense of resource items and defense of local resource
level further insights could be gained into the conditions under which we
would expect one or the other to evolve. In particular it would be interest-
ing to systematically investigate the effect of resource properties (beyond
spatial distribution) such as graininess, predictability, size or handling time
that have been empirically shown to influence resource defense (see Maher
& Lott, 2000).

Finally, while we restrict ourselves to competition for food in our study in
order to keep an already complex model manageable, it is well-known that
animals compete for other spatially distributed resources such as mates,
resting sites or shelter from predators (Maher & Lott, 2000). Since some of
these resources show very different properties from food it would be inter-
esting to extend our approach to include additional factors that might affect
defense of space.

Which is the “correct” model?

Simple abstract models tend to be amenable to ambiguity which allows for
differing interpretations of the same model (Eshel, 2005). Parts of this am-
biguity can be avoided by embedding the model in a “realistic” ecological
context and by increasing the level of detail, thus giving a mechanistic inter-
pretation to some of the model’s parameters (Bolker & Deutschman, 1997;
Lomnicki, 1999; Houston & McNamara, 2006). On the other hand this often
opens up several alternative ways to represent the same abstract mecha-
nism in a more detailed way. In our case we ended up with three different
models for the interactions of individuals with several variants each.

Our three sub-models only differ in how individuals decide whether to en-
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ter a contest and when to be aggressive during a contest. These differences
are relatively subtle yet lead to vastly different outcomes. The exact struc-
ture of a conflict - i.e. the sequence of decisions and the information avail-
able to participants at each point therefore is of crucial importance. While
it is not a new insight that the choice of strategy space can determine which
behavior evolves in a model (see e.g. Hurd & Enquist, 1998; Van Doorn et al.,
2003b; Dubois & Giraldeau, 2007) this effect is usually disregarded in studies
on animal contests and deserves to be emphasized.

It is difficult to decide which of the versions of the model is “correct”. It has
been argued before that the symmetrical structure of the classical Hawk-
Dove game for example does not capture how real conflicts between ani-
mals take place and that in particular the decision to appropriate a resource
should be separate from the decision how to behave during a potential con-
flict (Grafen, 1987; Dubois & Giraldeau, 2005). Our model supports the rel-
evance of this claim insofar as it shows that the choice of conflict structure
can make for considerably different outcomes.

While there is obviously no clear owner-intruder asymmetry in a situation
where individuals compete through exploitation (as long as there are no ter-
ritories) it seems plausible to assume that starting a conflict is a unilateral
decision by one individuals aiming to chase away a competitor. Further-
more, since distance determines the effect of depletion by a competitor on
a focal individual it seems natural for that individual to base conflict behav-
ior on the distance to the opponent. A more detailed analysis pitting strate-
gies of varying complexity against each other (see Van Doorn et al., 2003b)
is however needed to confirm these intuitions.

Whether individuals could control their own flight distance turned out to
be an important factor in our model. A model where contests themselves are
not a black box - as in our and most other models of conflicts over resources
- but are resolved into microscopic interaction steps (see e.g. Matsumura
& Hayden, 2006; Számadó, 2008) would be however required to determine
under which circumstances this is a realistic assumption. The spatially and
temporally explicit nature of our modeling framework would easily allow for
this increased level of detail.

Next to strategic effects, under which circumstances individuals can de-
cide to attack others and which information they take into account could
also be constrained by the physiology of the species (sensory and cognitive
capabilities) and the properties of its habitat and the contested resources
(visibility, does feeding impair vision, can feeding be interrupted, etc.). An
even more mechanistic approach taking into account physiological and phys-
ical details might be required to gain a better understanding of these con-
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straints (McNamara & Houston, 2009).
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Supplementary data
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Figure 3.6: Examples of uniform, clumped and patchy resource distribution (grey dots and
density isoclines) with the corresponding distribution of individuals (black dots)
after 10,000 generations (model 3, 1000 individuals, constant flight distance).
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for all visible (5 DU) neighbours n:
if n not running, dispersing, contest:

conflict with n
if no conflicts or all conflicts peaceful:

start approaching resource
else:

start dispersing

control �ow - con�ict

a : focal, n : neighbour

if role-dependence:
a, n get random role

a, n choose action
if a peaceful:

if model 3 or n peaceful:
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else:
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n interrupts current activity
both wait 2 TU
if both escalate:

both pay fighting costs
determine winner
loser starts running
winner starts scanning
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4 On the adaptiveness of
territorial behaviour:
dependence on strategy space
and initial conditions

Martin Hinsch · Ana Duarte · Jan Komdeur

In the last two decades the process by which interactions between in-
dividuals lead to the emergence of territories has become a focus of
theoretical research. The only general evolutionary model of this pro-
cess so far has been presented by Morrell & Kokko (2005). Compar-
ing the invasion prospects of four discrete behavioural strategies they
concluded that high fighting costs lead to the evolution of territorial-
ity whereas low costs result in overlapping home ranges. We show that
a simplified non-spatial version of their model reproduces their res-
ults. In a spatially explicit dynamic evolutionary version this is how-
ever no longer true in general when a continuous range of strategies
is assumed. Instead, depending on the initial conditions different
strategies with a variety of space use patterns evolve.
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4.1 Introduction
In most of the earlier theoretical work on the evolution of territoriality, the
proximate process that leads to the formation of territories received very
little attention. Most authors focused on territorial behaviour within a pop-
ulation with fully formed territories (e.g. Schoener, 1987; Gintis, 2007). If
territory formation was taken into account then it was usually assumed that
individuals establish territories by deciding unilaterally which amount of
space to defend against competitors (e.g. Parker & Knowlton, 1980; for an
exception see Maynard Smith, 1982).

Only in the last two decades a new approach to the theoretical study of
territoriality has emerged that explicitly considers how interactions between
individuals can lead to the formation of territories (Giuggioli & Kenkre, 2014;
Potts & Lewis, 2014). Stamps & Krishnan (1997) were the first to suggest that
territories should be seen as an emergent property of local antagonistic in-
teractions between individuals. They proposed to model territorial beha-
viour as a learning-based process in which individuals adjust the perceived
“attractiveness” of an area dependent on their experiences in that area, in-
creasing it after exploration and decreasing it after aggressive interactions.
Depending on the specific behavioural rules, a model of this process was
indeed able to produce exclusively owned territories or complete sharing of
space (Stamps & Krishnan, 1999, 2001).

Stamps & Krishnan (1999) and Stamps & Krishnan (2001) however only
studied the proximate consequences of different behavioural strategies and
refrained from investigating their evolutionary origins and stability. Expand-
ing on earlier work (Morrell & Kokko, 2003; Adler & Gordon, 2003), Mor-
rell & Kokko (2005) (henceforth abbreviated as M&K) set out to fill this gap
by investigating the adaptiveness of territorial behaviour with a simulation
model based on the general approach described by Stamps & Krishnan (1999).
They determined the relative fitness values and the space use that resulted
from interactions of a set of behavioural strategies. From the results of this
analysis M&K concluded that if the costs of interactions between individu-
als are low, overlapping home ranges evolve whereas high costs lead to the
evolution of territories.

While these results are interesting and valuable it is unclear how gen-
eral they are. M&K investigated a very small part of the set of potential
strategies by selecting only four specific strategies out of a continuous four-
dimensional strategy space. Furthermore their invasion analysis was only
based on selection gradients for pairwise interactions at three specific com-
binations of frequencies in the population (for details see section 2).
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In this article we aim to test how well M&K’s results hold up if we general-
ize their model to a) a continuous strategy space and b) explicit individual-
based evolution. We first give a brief overview of M&K’s model. Then we
analyse a slightly simplified, spatially implicit analytical model that allows
us to find globally evolutionarily stable points. In the second step we present
a strict superset of M&K’s model that simulates the actual evolution of the
individuals’ behaviour over time without imposing any restrictions on which
strategies the population consists of or with which frequencies they occur.

4.2 The original model
We will first give a brief description of the original model as presented by
Morrell & Kokko (2005). For a more detailed description please refer to the
original article.

Individuals live in a habitat consisting of discrete cells in a 2-dimensional
grid. For each individual an occupancy value between 0 and 1 indicates
whether and to which degree it uses any given cell. In each time step in-
dividuals explore cells adjacent to the ones already occupied by them by in-
creasing the occupancy values in these cells. Fights occur wherever two in-
dividuals end up occupying the same grid cell. Fights end either with a draw
(with probability pdraw) or with one of the individuals winning and the other
losing (pwin = plose = (1− pdraw)/2). Individuals then change the degree of
occupancy of the respective cell by adding or subtracting a value δ depend-
ent on the outcome of the fight. Accordingly, the strategy of an individual
consists of a set of δ-values δwin, δlose, δdraw which correspond to the
three possible outcomes win, lose and draw. It is important to note that the
consequences of a specific outcome of a fight are described entirely by these
δ-values. In this sense win and lose are just convenient labels which are
completely interchangeable. A fourth value, δempty, describes the change
in occupancy when a cell is found empty.

The fitness of an individual was assumed to be a product of benefits and
interaction costs. Benefits equal the sum (over all cells) of the relative oc-
cupancy after 100 interaction steps. Interaction costs are calculated as the
negative exponential of the number of interactions (in all time steps) scaled
by a constant factor c (further referred to as “costs”).

M&K investigated four specific strategies, i.e. four combinations ofδ-values:
cautious - always retreat after fights (δwin = −0.1, δlose = −0.1, δdraw =
−0.1, δempty = 0.1), common sense - only retreat after losing and drawing
(0.1,-0.1,-0.1,0.1), daring - only retreat after losing (0.1,-0.1,0.1,0.1), para-
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doxical - only stay after losing, and drawing, the opposite of common sense
(-0.1,0.1,0.1,-0.1). For each combination x and y of two (out of these four)
strategies M&K measured the fitness of a single individual of one type in a
population of individuals of the other type and the respective mean fitness
of x- and y-individuals when both constitute half of the population. These
measures were used to determine which of the four strategies can invade or
be invaded by which other strategy.

4.3 Mathematical Model
In the first step we analyse a mathematical description of M&K’s model. In
order to make the model mathematically tractable we disregard spatial rela-
tionships between habitat sites and simplify the strategy space. This allows
us to derive global stability criteria while still being able to test the adaptive-
ness of avoidance as postulated by M&K.

The model consists of two parts. In the interaction part the distribution
of the ownership of sites in the dynamic equilibrium is determined. In the
evolution part an expression for the fitness of two competing individuals is
derived. The invasion fitness of a rare mutant allows us to determine evolu-
tionarily stable points (Geritz et al., 1998).

Interaction

We model the interaction of two individuals (out of a sufficiently large pop-
ulation) at a time. They compete for a large number of resource sites by
abandoning sites and occupying new ones following a specific strategy d .

Sites can be in one of four states: unoccupied (u), owned by individual a
(a), owned by individual b (b) or shared between a and b (s). The propor-
tion of sites in each of these states changes based on two processes: First,
during each time step individuals explore new sites by occupying a random
fraction ε of all sites. Second, they abandon shared sites as determined by
their strategy d , i.e. a probability of da and db , respectively. Given a large
number of sites we can describe how the fraction of sites currently in each
of the four states changes between time steps:


a
b
u
s

 (t +1) =


1−ε 0 ε(1−ε) db(1−da)

0 1−ε ε(1−ε) da(1−db)
0 0 (1−ε)2 dadb

ε ε ε2 (1−da)(1−db)

 ·


a
b
u
s

 (t ) (4.1)
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From this the long term equilibrium distribution of ownership for given trait
values da and db can easily be derived:

a
b
u
s


∗

(da ,db) =


db (2−da−ε)

(2−ε)(ε+da+db )−da db
da (2−db−ε)

(2−ε)(ε+da+db )−da db
da db

(2−ε)(ε+da+db )−da db
ε(2−ε)

(2−ε)(ε+da+db )−da db

 (4.2)

Evolution

We assume fitness of a given trait value d when interacting with a different
trait d ′ is a function of the amount of exclusive and shared space that results
from the interaction of two individuals showing the respective traits:

wd ,d ′ = w(a∗(d ,d ′), s∗(d ,d ′)) (4.3)

We now look at the fitness of a mutant dinv in a uniform resident popula-
tion dres. If the mutant is rare we can assume that individuals of the resident
type only interact with each other whereas the mutant only interacts with
residents. We can therefore derive invasion fitness of the mutant winv ac-
cordingly:

winv = w(a∗(dinv,dres), s∗(dinv,dres)) (4.4)

Evolution of avoidance

The tendency to retreat after encounters d will increase in the course of
evolution if the fitness of a mutant which is very similar to the resident type
increases with increasing d (Geritz et al., 1998):

δwinv

δdinv

∣∣∣∣
dinv=dres

> 0 (4.5)

Taking the partial derivatives (see equation 4.4) this gives us

∂w(a∗(dinv,dres),s∗(dinv,dres))
∂a∗(dinv,dres) · ∂a∗(dinv,dres)

∂dinv
+

∂w(a∗(dinv,dres),s∗(dinv,dres))
∂s∗(dinv,dres) · ∂s∗(dinv,dres)

∂dinv

∣∣∣∣∣
dinv=dres

> 0

Using equation 4.2 to calculate the derivatives of a∗ and s∗ with respect to
d and simplifying the result we get the condition

∂w

∂a
· 2d

ε(2−d −ε)
+ ∂w

∂s
< 0.
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4 Dependence on strategy space and initial conditions

Following M&K we assume that fitness increases with the amount of exclus-
ive space thus ∂w

∂a > 0. Further we know that d and ε lie between 0 and 1 so

the whole first term ∂w
∂a · 2d

ε(2−d−ε) of the left hand side of the inequality has to

be positive. It follows that the inequality can only hold if ∂w
∂s < 0. Strength of

avoidance d can thus only increase in evolutionary time if a gain of shared
space reduces fitness to a sufficient degree. It is also immediately visible
that to always share (d = 0) can only be evolutionarily stable if ∂w

∂s > 0, i.e. if
a decrease in amount of shared space leads to a decrease in fitness.

Dependence on �ghting costs

The evolutionarily stable value of d∗ has to fulfil the condition

∂w

∂a
· 2d∗

ε(2−d∗−ε)
+ ∂w

∂s
= 0.

Solving for d∗ gives

d∗ = ∂w

∂s
·−ε(2−ε)

/(
2
∂w

∂a
−ε∂w

∂s

)
. (4.6)

Now we assume that the influence of shared space on fitness (∂w
∂s ) is mod-

ulated by a parameter c, “fighting costs”. Everything else being equal higher
fighting costs should lead to a decrease in fitness and to a more negative
influence of shared space on fitness. We can write these two conditions as
follows:

∂w

∂c
< 0,

∂2w

∂s∂c
< 0 (4.7)

The change of the evolutionarily stable degree of avoidance d∗ with fight-
ing cost derives as

∂d∗

∂c
=−2ε(2−ε)

∂w
∂a · ∂2w

∂s∂c − ∂w
∂s · ∂2w

∂a∂c(
2∂w
∂a −ε∂w

∂s

)2 .

Therefore the value of d∗ increases with increasing c when

∂w

∂s
· ∂

2w

∂a∂c
> ∂w

∂a
· ∂

2w

∂s∂c
. (4.8)

Since we know that fitness increases with amount of exclusive space a (∂w
∂a >

0), according to our definition of costs in inequality 4.7 the right hand side
of inequality 4.8 has to be negative. From before we also can say that for a
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positive evolutionarily stable value of d to exist fitness has to decrease with
shared space. If we further assume that the fitness gain through exclusive
space at least does not increase with higher costs the left hand side becomes
positive or zero and the condition holds.

To recapitulate, when fitness decreases with increasing amount of shared
space avoidance becomes adaptive and the evolutionarily stable value of
avoidance increases with increasing fighting costs.

Example

We will illustrate these results with a concrete fitness function. Following
M&K we define fitness as a product of benefits and costs:

w := B ·C = (a + 1

2
s)e−cs (4.9)

Although possible, analysis of the full model with this fitness function
leads to very complicated expressions for the evolutionarily stable trait value.
For this example we therefore use a simplified version of the model which
shows the same qualitative behaviour. We assume that a and b never leave
or enter a site at the same time. Then sites, once occupied, can not become
unoccupied any more so that u = 0 at equilibrium. This allows us to only
consider the states a, b, and s. Further the terms ε2 and dadb disappear,
leaving us with a simple equation for the change of space use over time: a

b
s

 (t +1) =
 a

b
s

 (t ) ·
 1−ε 0 db

0 1−ε da

ε ε 1−da −db

 (4.10)

The equilibrium state of the simplified model derives as

 a
b
s

∗

(da ,db) =


db

da+db+ε
da

da+db+ε
ε

da+db+ε

 . (4.11)

If we plug this into 5.5 and insert the result into the condition for an ESS

δwinv

δdinv

∣∣∣∣
dinv=dres

= 0

we get a simple expression for the ESS at d∗:

d∗ = ε

2
(c −1)
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4 Dependence on strategy space and initial conditions

From this we can calculate the evolutionarily stable space use as: a
b
s

∗

=
 c−1

2c
c−1
2c
1
c


We see that under low costs individuals will not abandon sites after an en-

counter (d∗ close to 0) leading to shared space (s close to 1) whereas high
costs result in complete avoidance and therefore mainly exclusive space
(a,b close to 1

2 ).

4.4 Spatially explicit Simulations
In order to allow for evolution to take place we slightly extended M&K’s
model:

Each individual has a genome consisting of a single set of four δ-values
which is transmitted to its offspring during clonal reproduction. The muta-
tion probability per gene and generation is 0.01. Genes are mutated by
adding a random value uniformly distributed between −0.025 and 0.025.

The population always consists of 300 individuals. At the beginning of a
generation the individuals are randomly distributed over 20 patches, with
a fixed number of 15 individuals per patch. Subsequently interactions take
place in each patch during 100 within-generation time steps in exactly the
same way as in the original model. At the end of a generation all 300 in-
dividuals are lumped together into one population again. An individual’s
probability to reproduce is determined by its relative fitness with respect to
the whole population. After reproduction all parent individuals die.

In situations where conventions, i.e. arbitrary population-wide agreements
are used to settle conflicts the composition of the starting population can
determine which convention will emerge in the population (Maynard Smith,
1982). We therefore tested six different initial conditions, i.e. ways of de-
termining the genetic composition of the population at the beginning of the
simulation runs. In the first scenario we started with a “neutral” population
with all δ values set to zero. In the second scenario we initialized all indi-
viduals in the population at random by drawing for each δ a value between
−0.2 and 0.2 (a range which includes all strategies used by M&K). Finally
for each of the four strategies used by M&K we started a set of simulations
where initially all individuals followed that strategy.

Of M&K’s three parameters we kept draw probability and patch size fixed
(at 0.2 and 15 respectively) and only varied interaction costs. For each scen-
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a) b)

Figure 4.1: Mean and standard deviation of evolvedδ-values for a) low and b) high costs. Since
δwin and δlose are interchangeable (see model description in the text) their ab-
solute difference is used. For each of the scenarios starting with a single strategy
(neutral=0, cautious=CA, common sense=CS, daring=DA and paradoxical=PA)
the starting point (open circles) and the outcome after 15000 generations (filled
circles) is shown.

ario we ran 20 replicates over 15000 generations both at low (c = 0.0001) and
high fighting costs (c = 0.005).

4.5 Results

Strategies

The outcome of evolution of the δ-values shows some general patterns. In
the majority of the cases the evolved values are negative. In most runsδempty
reaches a value around -0.065 (not shown). However there is no single strategy
(i.e. combination of δ-values) or group of strategies which evolves under
all starting conditions. Only when starting with neutral and cautious initial
conditions under low fighting costs the same strategies evolve (see Fig. 4.1).
For all other starting points the δ-values evolved after 15000 generations dif-
fer markedly from each other.

Even given the same initial population, differences between replicates are
large, especially under high fighting costs (Fig. 4.1). The only exceptions are
again neutral and cautious initial conditions under low fighting costs, where
in all replicates very similar combinations of δ-values evolve.

In all cases the δ-values after 15000 generations differ considerably from
the starting points. This indicates that all initial conditions tested - includ-
ing the four strategies used by M&K - are evolutionarily unstable.
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4 Dependence on strategy space and initial conditions

Space use

As can be seen in Fig. 4.2 a variety of patterns of space use evolves. The
shape of the areas occupied by individuals varies strongly. In some cases
they inhabit compact contiguous areas (Fig. 4.2 b,e), in others the cells owned
by an individual are spread out over the whole habitat (Fig. 4.2 d,f). The de-
gree of sharing varies as well, ranging from nearly all space being shared
(Fig. 4.2 a, b) to exclusively used areas (Fig. 4.2 e).

With few exceptions fighting costs as well as initialization seem to have
little systematic effect on which patterns occur. Only when starting with
a neutral or a cautious population a clear picture emerges, with low costs
leading to compact overlapping home ranges (Fig. 4.2 b) and high costs to
exclusive and contiguous territories (Fig. 4.2 e).

These two patterns also occur under random initial conditions. In addi-
tion however we also see patterns c, d and f (Fig. 4.2). In these cases the cells
occupied by an individual no longer form a compact contiguous area. Pat-
terns d and f further show a high turnover rate with ownership of nearly all
cells changing between time steps (not shown).

The patterns which evolve when starting with one of the four strategies
used by M&K differ considerably. Starting with cautious leads to very sim-
ilar results as the neutral scenario showing nearly identical spatial patterns.
Letting all individuals start with common sense leads for low costs to the
evolution of a pattern of spread out dots (Fig. 4.2 d). In all other cases we
encounter a mixture of all patterns seen so far including some intermediate
ones. In some cases we even see “extinction” where no individuals occupy
any space at all (not shown).

All types of patterns occur for low as well as for high fighting costs with -
per pattern - only slight differences in the amount of exclusive space between
scenarios. Nevertheless for most initial conditions the amount of exclusive
space clearly increases with fighting costs (Fig. 4.3).

This effect is strongest when starting out with a neutral or a cautious pop-
ulation (Fig. 4.3 a,c). It is still clearly visible for the cautious initial conditions
(Fig. 4.3 a,c) and weak when starting with daring, common sense (Fig. 4.3 d)
or paradoxical (Fig. 4.3 f).

4.6 Discussion
Our results show that the choice of strategy space as well as taking into ac-
count spatial effects strongly influence which behavioural strategies evolve
as well as which pattern of shared space these strategies produce. While the

56



4.6 Discussion

a) b)

c) d)

e) f)

Figure 4.2: Examples for typical evolved patterns of space use. Each of the small grids
indicates the space use (immediately before reproduction) of one of the 15
individuals inhabiting a patch. Cells in which the focal individual is the
only occupant (exclusive space) are indicated by circles; cells which it does
not occupy (occupancy zero) are left empty, filled cells are those it shares
with other individuals (shared space). In cases a-d most occupied space
is shared by several occupants whereas in e and f each cell is owned by a
single individual. The space used by an individual can form a compact
contiguous area (b, e) or consist of disconnected single cells (d, f). Scenarios
and initial conditions are: a - CS, high costs; b - neutral, low costs; c - PA,
low costs; d - random, low costs; e - neutral, high costs; f - DA, high costs
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Figure 4.3: Exclusive space versus total occupied space per individual after 15000 generations
for low (empty circles) and high costs (filled circles). Each circle represents one rep-
licate. Points on the diagonal represent cases where there is no shared space (ex-
clusive space = total space). The further away from the diagonal, the more cells are
shared between individuals.
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simplified non-spatial analytical model confirms M&K’s results - high inter-
action costs lead to avoidance and thus exclusive space - the results of the
simulation present a considerably more complicated picture.

We see that with the introduction of spatial effects and in a slightly more
complicated strategy space the composition of the starting population de-
termines to a large degree the outcome of evolution. The evolved δ-values
differ strongly between runs with different initializations and even in scen-
arios with a homogeneous initial population the variability between replic-
ates is very high (see Fig. 4.1). This indicates that within the continuous
strategy space not just a single evolutionarily stable strategy exists. Fur-
thermore not only the genetic composition of the initial population but also
stochastic effects seem to determine to a big extent which combination of
δ-values evolves. (see Fig. 4.2).

It is known from game theory that games with multiple parameters tend to
have multiple equilibria (e.g. Haigh, 1975; Broom & Cannings, 1999). There-
fore the possibility exists that an increase in the number of available strategies
will lead to the appearance of additional stable equilibria which might not
be accessible from every initial condition. This has for example been shown
for the Iterated Prisoner’s Dilemma (Lindgren, 1992; Brembs, 1996) and for
models of social dominance (Van Doorn et al., 2003a,b). Therefore it is not
surprising that the four strategies used by M&K turn out to be evolutionarily
unstable within the continuous strategy space and that the analysis based
on them resulted in a different and much simpler picture of the evolution-
ary dynamics.

For the six different initial conditions we investigated, only the results of
the neutral and the cautious scenarios lend themselves to easy interpreta-
tion. The same stable combination of δ-values is reached in all replicates for
low fighting costs, while the variation in evolved strategies is limited for high
costs (see Fig. 4.1). The corresponding spatial patterns are clearly identifi-
able as either overlapping home ranges (low costs) or territories (high costs)
which is in line with our mathematical analysis and M&K’s main conclu-
sions.

For all other starting conditions, however, we see a very different picture.
Corresponding to the variability in δ-values the resulting patterns of space
use are very diverse. Several patterns are difficult to classify as either territ-
orial or non-territorial (see Fig. 4.2). Furthermore for most starting condi-
tions no clear effect of fighting costs on the pattern of space use is detectable
(not shown).

Despite the variety of spatial patterns however we see that in most scen-
arios the amount of exclusive space per individual is significantly higher un-
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der high than under low fighting costs (Fig. 4.3). This indicates that the trend
of higher costs leading to less sharing of space which was found by M&K and
in our analytical model is a general phenomenon, confirming earlier results
(e.g. Adler & Gordon, 2003; Morrell & Kokko, 2003). Future research will have
to investigate under which conditions a high amount of exclusive space is
indicative of territorial behaviour.
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5 Defence, intrusion and the
evolutionary stability of
territoriality

Martin Hinsch · Jan Komdeur

Territorial behaviour can only be adaptive if its costs are outweighed
by its benefits. Territorial individuals incur costs by defending their
territories against intruders. Usually these intruders are assumed to
be non-territorial floaters attempting to take over the whole territory
or neighbours trying to extend the borders of their own territory. We
instead investigate how costs and benefits of territorial behaviour are
affected by neighbours which invade to steal resources on a territory.

We show analytically that in the absence of defence intrusion into
neighbouring territories always pays and that even if territories are
defended intrusion levels can still be high. Using a more detailed sim-
ulation model we find that territory defence usually disappears from
the population even if owners have a strong advantage over intruders
in terms of fighting costs or foraging efficiency. Defence and thus ter-
ritoriality can only be evolutionarily stable if fighting costs for the in-
truder relative to the productivity of the territory are very high or if
crossing the borders between territories carries additional costs.

Our results show that stealing of resources by neighbours can have
a considerable effect on the evolutionary stability of territory defence
and thus territoriality itself. A more mechanistic model of territorial
behaviour is needed to incorporate these kinds of mechanisms into a
general theory on the evolution of territoriality.

Journal of Theoretical Biology 266 (4), 606-613
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5.1 Introduction
Territoriality is one of the most conspicuous ways in which access to local
resources such as food or nest sites can be organised in animal populations.
Territoriality is a situation where many or all of the individuals in a popu-
lation claim ownership of a piece of the available space in the sense that
they have exclusive access to the resources it contains (Maher & Lott, 1995).
Due to ubiquitous competition for resources this claim has to be defended
against other individuals in the population (Malthus, 1798; Brown, 1964).
Territorial behaviour can therefore only be adaptive if maintenance of own-
ership is profitable, i.e. if the defence of a territory is less expensive in terms
of fitness than the potential damage done by competitors in the absence of
defence (Brown, 1964; Schoener, 1987).

The main focus in the study of the adaptiveness of territoriality has in the
past been on the competition between owners and non-territorial intruders
(floaters) either for entire territories (e.g. Maynard Smith & Parker, 1976;
Eshel & Sansone, 1995; Yee, 2003; López-Sepulcre & Kokko, 2005; Gintis,
2007) or for resources within the territory (e.g. Gill & Wolf, 1975; Davies,
1980; Schoener, 1987).

The consequences of the competition between territorial neighbours have
also been explored, although less thoroughly (Adams, 2001). Most models
of neighbour-neighbour interactions assume that conflicts arise from in-
dividuals attempting to increase the size of their territories at their neigh-
bours’ expense and investigate how the position of the border between two
(non-overlapping) territories is negotiated by the respective owners (Maynard
Smith, 1982; Pereira et al., 2003; Mesterton-Gibbons & Adams, 2003). This
process can even lead to the exclusion of some individuals from the territ-
orial population (Parker & Knowlton, 1980).

Borders of territories are however not impenetrable. To increase its access
to resources a territory owner could also intrude into a neighbour’s territory,
effectively “stealing” resources (Vander Wall, 2003). “Theft” by neighbours
can have strong effects on the costs and benefits of territoriality. In low fre-
quencies it can reduce the payoff of having a territory while at the same time
increasing the costs of territory defence (e.g. Gill & Wolf, 1979; Hixon, 1980;
Schoener, 1987). A high incidence of theft would ultimately render territory
borders meaningless and would therefore effectively lead to the disappear-
ance of territoriality.

It has however been shown that a high level of defence by territory own-
ers can make intrusion into territories costly enough that individuals will
restrict themselves to foraging mostly or entirely within their own territories
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(Adler & Gordon, 2003; Morrell & Kokko, 2005). Whether owners do defend
their territories against intruding neighbours on the other hand will depend
on the amount of damage done by these intruders relative to the costs (and
chances of success) of defence (Brown, 1964; Schoener, 1987).

Whether territoriality can be maintained when theft of resources by neigh-
bours is possible therefore clearly depends on a combination of the eco-
nomics of both, intrusion and defence against intruders. We would expect
that territoriality should break down if either defence is not sufficient to dis-
courage neighbours from intruding or intrusion is too frequent to make de-
fence worth wile. On the other hand territoriality should be self-sustaining
if it pays for owners to defend their territories and this defence at the same
time makes intrusion costly enough that individuals do not trespass into
their neighbours’ territories.

In this study we investigate under which conditions stealing of resources
by neighbours poses a threat to the evolutionary stability of territory de-
fence and when the coevolution of defence and respect for ownership leads
to the maintenance of territoriality.

We use a simple analytical model and a more detailed individual-based
simulation to derive our results. In the models we directly track the fitness
costs of defence and intrusion. We implement simple resource dynamics to
determine the payoff of stealing and the effects of exploitation competition.
We investigate which level of territory defence by the neighbour is sufficient
to make stealing unprofitable, and whether the potential damage done by
intruding neighbours is enough to make defence profitable.

This allows us to predict under which conditions territoriality, that is a
combination of low intrusion and high defence can be evolutionarily stable
even if potential intrusion by neighbours is taken into account.

We will first present the basic version of our model which is simple enough
to be analysed mathematically. Then we use a qualitatively equivalent spa-
tially explicit individual-based simulation model to test the validity of some
simplifying assumptions and to explore some interesting extensions of the
basic model.

5.2 The Analytical Model
Similar to others (e.g. Switzer et al., 2001; Adler & Gordon, 2003; Pereira et al.,
2003) we model the fitness consequences of single foraging decisions of in-
dividuals. We assume that everything else being equal an individual with
a higher long-term average resource uptake rate will have a higher fitness.
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In the same way fighting in reality can have various negative consequences
in terms of energy costs, time investment, predation risk or risk of injury or
death. All of these however effectively lead to a reduction in fitness. In our
model we therefore simplify things by measuring costs and benefits in units
of fitness lost or gained.

For the sake of simplicity we restrict the effects of intrusion to direct neigh-
bours. In our model individuals therefore at any point in time forage either
on their own territory or intrude into one of the neighbouring territories. In-
trusion, detection by owners and return to the home territory are assumed
to be Poisson processes, i.e. they occur independently and with a constant
probability for a given period of time. In the analytical model we approxim-
ate these as constant rates.

We ignore the effects of interference competition (with the exception of
fighting costs). The only consequence of intrusion is therefore depletion of
resources. Resources are assumed to slowly regrow, so that resource level
and therefore uptake rate in a territory depends on the long term average
density of individuals (owner and all intruders) in that territory.

Model description

Individuals in our model inhabit identical territories with a fixed number of
N neighbours. The proportion of time they spend as intruders or owners,
respectively, as well as the level of aggression in the population is a result of
the interaction of three behavioural traits: intrusion rate i , aggressiveness a
and return rate e.

Individuals intrude into neighbouring territories with rate i and leave them
again - returning to their own territory - either voluntarily with rate e or be-
cause they were detected and chased away. Intruding individuals can be
detected with rate d by the territory owner which will attack with probabil-
ity a. If an intruder loses the ensuing fight (probability v) it returns into its
own territory. Fights are costly for the owner (co) as well as for the intruder
(ci ).

The payoff an individual obtains from foraging depends on the amount
of resources in the territory it is currently foraging in. Similar to other stud-
ies (e.g. Waser, 1981; Houston et al., 1985; Adler & Gordon, 2003) we assume
that changes in the amount of resources are slow enough compared to the
movement of individuals between territories that short term fluctuations in
density have negligible consequences for the uptake rate of individuals (this
assumption is later relaxed in the simulation). Therefore we approximate
foraging success in terms of increase in fitness as a function r (D) of average
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Table 5.1: Model parameters

evolving traits
i rate of intrusion
e rate of return
a probability to attack an intruder

derived values
I proportion of time spent intruding
D average number of individuals on a territory
to average duration of a stay in the own territory
ti average duration of an intrusion

functions
r (D) uptake rate dependent on average density

parameters
v probability that the owner wins a fight
co fighting costs (owner)
ci fighting costs (intruder)
N number of neighbouring territories
d detection rate of intruders

number of individuals present on a territory (henceforth referred to as dens-
ity) which is equal to the sum of the average proportions of time all eligible
individuals, i.e. the owner (while at home) and all neighbours (while intrud-
ing) spend on the territory. Since we assume exploitation competition, r has
to be a decreasing function.

We use a continuous time spatially implicit mathematical model to de-
scribe the dynamics of intrusion, defence and foraging. We analyse evol-
utionary dynamics within the model based on a straightforward adaptive
dynamics approach (Geritz et al., 1998).

For a list of all model parameters and variables used see table 5.1.

Fitness

To determine the evolutionary dynamics in the model we calculate the fit-
ness of a single (or rare) mutant (which by definition is identical to its ex-
pected long term uptake rate minus costs of fighting) in a homogeneous
resident population.

The average proportion of time an individual spends intruding is denoted
as I and can be calculated from the average time spent as intruder (ti ) or
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owner (to) respectively:

I = ti

ti + to
. (5.1)

Since we approximate the stochastic process with deterministic rates in con-
tinuous time the time spent in a state (after entering it) can simply be calcu-
lated as the inverse of the rate of leaving the state:

to(i ) = 1

i
(5.2)

ti (e, a) = 1

e +ad v
(5.3)

We can therefore derive the proportion of time spent intruding as

I (i ,e, a) = i

e + i +ad v
. (5.4)

For a given territory, density (i.e. average number of individuals present) D
is then just the sum of the proportions of time all individuals spend there.

We define fitness as the sum of the benefits gained through foraging “at
home” (proportion of time 1− I ) and in somebody else’s territory (propor-
tion of time I ) minus the costs of attacking and being attacked. In the fol-
lowing all variables associated with the resident strategy are marked with a
’̂’. If a distinction is necessary behaviour on the mutant’s territory is marked
with a subscript ’m ’, whereas behaviour taking place on one of the residents’
territories is denoted by a ’p ’. For the fitness of a single (or rare) mutant in a
homogeneous resident population we obtain:

w(i ,e, a) = (1− I )r (Dm) (5.5)

+I r (Dp )

−N Îmd aco − I d âci .

In order to be able to calculate foraging success r we have to determine
density on the residents’ and the mutant’s territory, Dp and Dm , respect-
ively.

The density on a resident’s territory (if it is neighbouring the territory of
the mutant) is the proportion of time the focal resident is present plus the
intrusion by N − 1 other residents and the mutant. Assuming for the sake
of tractability that the focal resident’s time at home is not influenced by the
mutant’s behaviour we obtain:

Dp (i ,e) = 1− Îp + N −1

N
Îp + 1

N
Ip (5.6)
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5.2 The Analytical Model

The density on the mutant’s territory consists of the presence of the mutant
itself, 1− I and the density of the resident intruders:

Dm(i ,e, a) = 1− I +N Îm (5.7)

The contribution of resident intruders to density on the mutant’s territory
corresponds to the expected proportion of time each neighbour will spend
intruding on the mutant’s territory Îm times the number of neighbours. Note
that resident neighbours might spend different amounts of time intruding
depending on whether they intrude into the mutant’s or another resident’s
territory (i.e. Îm 6= Îp ). Using the definition of I given in Eq. 5.1 we obtain for
Îm :

Îm(a) = 1

N

t̂i ,m

t̂o + 1
N t̂i ,m + N−1

N t̂i ,p

= 1

N

1
ê+d av

1
î
+ 1

N
1

ê+d av + N−1
N

1
ê+d âv

(5.8)

In the following we simplify our notation by defining the time unit as 1
d so

that d becomes one and can be dropped from all equations.

Selection gradients

Assuming that invasion success of the mutant is predicted by its invasion fit-
ness selection gradients can be calculated as the derivatives of the mutant’s
fitness with respect to the evolving traits. These gradients and their derivat-
ives can then be used to find evolutionarily singular points and their stability
properties (Geritz et al., 1998).

From Eq. 5.5 we can calculate the selection gradients with respect to a,

i and e, evaluated at the current resident’s strategy w ′
a := ∂w

∂i

∣∣∣
(i ,e,a)=(ı̂ ,ê,â)

,

w ′
e := ∂w

∂e

∣∣∣
(i ,e,a)=(ı̂ ,ê,â)

and w ′
i := ∂w

∂a

∣∣∣
(i ,e,a)=(ı̂ ,ê,â)

:

w ′
i =

((
N +1

N
I −1

)
r ′(1)−aci

)
∂I

∂i
(5.9)

w ′
e =

((
N +1

N
I −1

)
r ′(1)−aci

)
∂I

∂e
(5.10)

w ′
a = (1− I )|r ′(1)|N

∣∣∣∣∂Îm

∂a

∣∣∣∣ (5.11)
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−co

(
I −aN

∣∣∣∣∂Îm

∂a

∣∣∣∣)

Stability

Intrusion and return rate

Since we know that level of intrusion has to increase with i and decrease
with e it follows from Eqs. 5.9 and 5.10 that sign

(
w ′

i

) = −sign
(
w ′

e

)
, which

means in particular that w ′
i = 0 ⇔ w ′

e = 0. Thus, any evolutionarily singu-
lar point (sensu Geritz et al., 1998) for i is also a singular point for e and
vice versa. We further see from Eqs. 5.9 and 5.10 that whether a given com-
bination of i and e is a singularity depends only on the value of a and the
resulting level of intrusion I . Therefore for each given value of a there has to
be a line of evolutionarily singular different combinations (i ,e)∗ which lead
to the same singular I∗. Setting w ′

i = 0 we can solve for this point:

I∗(a) = N

N +1

(
1− aci

|r ′(1)|
)

(5.12)

The singular point I∗ turns out to be convergence stable (assuming neg-
ative density dependence r ′ < 0) and continuously stable if r is concave
around 1.

This result can be explained by the fact that the benefits as well as the
costs of intrusion are only a function of the proportion of time spent on the
foreign territory not of the frequency of switching between territories.

We see that without defence intrusion into neighbouring territories clearly
pays: Setting a to 0 in Eq. 5.12 leads to I∗ = N /(N + 1), i.e. an individual
should spend exactly the same amount of time in its own as in each of its
neighbour’s territories. If territories are defended the amount of intrusion
decreases and can even disappear completely if fighting costs for the in-
truders are high, resource production is low or detection rate is high. In
general intrusion increases with the number of neighbours per territory.

Aggressiveness

We can derive three straightforward conditions describing the direction of
selection on a (see 5.4):

• greater a is selected for (w ′
a > 0) if

(1− I )
v |r ′(1)|

co
> e + i (5.13)
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Figure 5.1: Stability of a dependent on e and i . For values of e and i below the a-isoclines
(a = 1: thin solid line; a = 0: thin dashed line) the selection gradient of a is positive,
in the region above the isoclines it is negative. The area between the isoclines (light
grey) leads to bistability. Also shown are the combinations of e and i which lead
to a stable level of intrusion I for a = 0 (fat dashed line) and a = 1 (fat solid line).
(N = 4, ci

|r ′(1)| = 0.9, co
|r ′(1)| = 0.5)

• greater a is selected for for sufficiently large N if

e + i > (1− I )
v |r ′(1)|

co
> e (5.14)

• smaller a is selected for (w ′
a < 0) if

(1− I )
v |r ′(1)|

co
< e (5.15)

Since a is never convergence stable (see Appendix 5.4) only the values 0 and
1 can be evolutionary attractors for a.

We see that although for the evolution of intrusion and return rate only
the actual proportion of time spent intruding is relevant, the evolutionary
stability of defence also depends on the frequency of intrusion events. For
the same level of intrusion I , low intrusion and return rates (i , e) can lead
to maintenance of defence whereas high rates will make it disappear (see
Fig. 5.1).
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5 Defence, intrusion and the evolutionary stability of territoriality

A closer look at how small changes in the mutant’s aggressiveness affect
realised fighting costs and foraging success reveals the underlying mechan-
ism (see Eq. 5.11). The sensitivity of (realised) fighting costs against changes
in aggressiveness depends on intruder density (and therefore on the propor-
tion of time individuals spend intruding) whereas the sensitivity of foraging
success depends on the change in density with aggressiveness.

We can see from Eqs. 5.3 and 5.4 however that under high switching rates
(i.e. high i and e) aggressiveness (and thus change of aggressiveness) has
a much less pronounced effect on density as well as leaving rates of in-
truders than under low switching rates even if the actual intruder density
(and therefore attack rate a ·d · I ) is the same in both cases. To put it dif-
ferently: if we assume two scenarios with the same proportion of time spent
intruding but different frequencies of moving between territories then in the
scenario with the higher frequency of movement a single intrusion bout of
an individual is less likely to have been terminated by an attack and more
likely by voluntary return to the home territory resulting in weaker effects of
aggressiveness.

Therefore the higher switching rates the less effective an increase in ag-
gressiveness is in reducing levels of intrusion and consequently exploitation
competition by intruders.

We can also see that not surprisingly a high win chance v furthers the sta-
bility of territory defence. Equivalently high fighting costs for the owner co

relative to the effect of density on foraging success have a detrimental effect
on aggressiveness. Finally stability of defence increases with the time indi-
viduals spend on their own territory (1− I ), since this determines the degree
to which they profit from a decrease in intruder density.

5.3 The simulation model
The mathematical model described above trades realism for clarity in a num-
ber of ways. First, it averages over (stochastic) differences between individu-
als with respect to state and genetic setup. It has been shown that this kind
of approximation can produce strongly misleading results (Huston et al.,
1988). Second, we assume that individuals always encounter equilibrium
resource levels. To test whether these assumptions affect the behaviour of
our model we implemented a spatially explicit individual-based version of
the model. As an added benefit this allowed us to easily explore two simple
extensions of the model (see below) which would have been difficult to do
analytically.
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5.3 The simulation model

Setup

Territories are placed on a regular grid of size 30 times 30. Territories to
the left, right, above and below are considered adjacent (thus N = 4) - grid
edges are assumed to wrap around (leading to a torus-shaped world). Each
territory is always owned by exactly one individual.

At the beginning of each time step individuals can switch territories - either
voluntarily or because they are chased away by owners: In random order
they decide whether they want to either intrude (if currently at home) or re-
turn (if currently intruding). Currently intruding individuals furthermore
are detected, attacked and chased away with the respective probabilities
(see analytical model). Subsequently all individuals (again in random or-
der) feed at their current location. All probabilities are calculated equivalent
to the corresponding rates in the mathematical model. The free parameter
detection probability d was arbitrarily set to 0.1.

To keep things simple we opted for very basic resource dynamics. Each
time step the resource level in each territory is increased by a fixed amount
R. Feeding individuals reduce the resource level by a fixed proportion f .

After 3000 time steps the population reproduces, generating a new gen-
eration of individuals which completely replaces the old population. The
expected number of offspring of an individual is determined by its fitness,
i.e. the sum of all benefits and costs it accrued during its lifetime relative to
the average population fitness.

Extensions

In the basic model the only costs to intrusion are the fighting costs from
a potential attack (ci ). Apart from that - assuming equal resource levels -
foraging on a foreign territory is exactly equivalent to foraging at home.

In reality however under non-random foraging (e.g. Gill & Wolf, 1977) the
lack of knowledge about foraging schedules automatically reduces foraging
efficiency for an intruder and makes intrusion less desirable (Davies, 1980;
Houston et al., 1985). This effect of “defence by exploitation” can become
even stronger if individuals on purpose adapt their foraging behaviour so as
to make intrusion unprofitable for example by foraging disproportionately
often near the boundaries of their territories (Davies & Houston, 1981; Pos-
singham, 1989; Adler & Gordon, 2003). In the first extension to our basic
model we therefore assumed that intruders forage at a lower efficiency fi

than owners.
In addition it is in many situations conceivable that the movement between
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5 Defence, intrusion and the evolutionary stability of territoriality

Table 5.2: Parameter values (simulation)

v probability that the owner wins a fight 0.5
N number of neighbouring territories 4
d detection rate (of intruders) 0.1

basic simulation model
i0 initial rate of intrusion 0, 1
e0 initial rate of return 0, 1
a0 initial probability to attack an intruder 0, 1
co fighting costs (owner) 0.1, 0.4
ci fighting costs (intruder) 0.1, 1, 2, . . . , 5

owner advantage
fi foraging efficiency of intruders 0.9, 0.5

switching costs
cs costs of moving between territories 0.1, 1.0

territories itself is costly in terms of time, energy or predation risk. We sim-
ulated this by making individuals pay a fixed amount of energy cs on each
return or intrusion.

Results

For all model variants we varied fighting costs ci and co and initial values of
the traits a, i and e. For each parameter combination we ran ten replicates
for 10 000 time steps. For a list of all parameter combinations used see table
5.2.

In general it turned out that the effect of varying the initial values of i and
e conformed to the expectations, i.e. higher values decreased the likelihood
of the the occurrence of defence. Its magnitude however was rather small
compared to the effect of the other parameters. In the following we will
therefore only show the results for i0 = e0 = 0.

Equivalence to the mathematical model

All mechanistic aspects of the mathematical model are reproduced very ac-
curately by the IBM. Given a set of parameters and trait values we can ex-
actly predict the resulting intrusion rates, foraging rates and attack rates in
the simulation with the mathematical model (not shown). Similarly the pre-
dicted stable level of intrusion I∗ corresponds very well to the value reached
in the simulation (see Fig. 5.2).
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Figure 5.2: Predicted level of intrusion versus actual intrusion in the basic simulation model
(dashed line = identity). The measured level of intrusion after 10000 generations is
very close to the evolutionarily stable value of I∗ the mathematical model predicts
based on the evolved level of aggressiveness a in the simulation. All replicates of all
parameter combinations of the basic model are shown.
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Figure 5.3: Evolved level of aggressiveness a versus fighting costs for the intruder ci for high
(a0 = 1, solid line, filled circles) and low (a0 = 0, dashed line, open circles) values
of initial aggressiveness. Results are shown for different values of fighting costs for
the owner (top: c0 = 0.1; bottom: co = 0.4) and owner advantage (left: no owner
advantage; right: f = 0.5). High aggressiveness and therefore territoriality only
persists for high intrusion costs and high initial aggressiveness. Owner advantage
and fighting costs for the owner have little effect.
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On the other hand the evolutionary dynamics of the simulation differ con-
siderably from the expectations based on the analytical model. If the start-
ing value of a is 0 territoriality in the simulation never occurs. For an initial
aggressiveness of 1 territoriality is only kept in runs with very high intru-
sion costs although variation between replicates is considerable (Fig. 5.3 a,
c). A closer look shows that although the level of intrusion in the simula-
tion generally is consistent with the analytical predictions (see above) the
values of e and i undergo strong directional drift towards higher values. As
our mathematical analysis implies (see Fig. 5.1) this will lead to a breakdown
of territoriality as soon as the population moves into the unstable zone for
high values of e and i .

This unexpected effect can be explained by non-equilibrium resource dy-
namics in the individual-based model. The equilibrium level of resources in
a territory depends on the long-term average number of individuals present
which is one. The density experienced by a focal individual is however either
one if it is alone or higher than one if other individuals are present, which
leads to an average higher than one. Therefore on average an individual will
find itself in a situation where resource levels (due to its own and its con-
specifics’ presence) are slowly decreasing towards levels below equilibrium.
The surrounding territories on the other hand have an average density < 1
(since the focal individual is not present) and are thus moving towards a
higher equilibrium resource level. Individuals therefore profit from increas-
ing switching rate to avoid local depletion.

Owner advantage

Assuming that intruders forage less efficiently than owners surprisingly does
have only little effect on the outcome of the simulations even for low values
of intruder efficiency f (see 5.3 B,D). The slow increase of e and i over time
still leads to the breakdown of territoriality in most scenarios.

Switching costs

Already moderate switching costs are sufficient to counteract the selection
for higher switching frequency which considerably stabilises territoriality
(Fig. 5.4 a, c). For low fighting costs for the owner co territoriality even
emerges from a non-territorial population (Fig. 5.4 a). For high switching
costs most populations end up being territorial independent of initial ag-
gressiveness and fighting costs (Fig. 5.4 b, d). Interestingly under the pres-
ence of switching costs low fighting costs for the intruder ci seem to pro-
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Figure 5.4: Evolved level of aggressiveness a versus fighting costs for the intruder ci for high
(a0 = 1, solid line, filled circles) and low (a0 = 0, dashed line, open circles) values of
initial aggressiveness. Results are shown for different values of fighting costs for the
intruder (top: co = 0.1; bottom: c0 = 0.4) and different switching costs (left: cs =
0.1; right: cs = 1). Already moderate switching costs strongly favour the stability
and even the emergence of territoriality.
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mote rather than hinder territoriality.

5.4 Discussion
Our results show that in territorial populations the incentive for stealing re-
sources from neighbours can be strong enough that defence becomes un-
economical and disappears. Only if being attacked by territory owners has
severe fitness consequences for intruders or if crossing the borders between
territories is costly per se can intrusion levels be kept low enough to enable
territory defence.

In the absence of defence stealing from neighbours is always profitable in
our model since individuals can effectively save up on their own resources
by living off the neighbour’s resources for some time. This simple and in-
tuitively plausible result leads to some interesting conclusions. First of all
it means that everything else being equal resource dynamics create a force
counteracting territoriality and furthering the “diluting” of territories by mu-
tual intrusion. Therefore in general, in order to explain the existence of ter-
ritories some additional effect has to be found which compensates for the
profitability of stealing. If we abstract a bit from the details of our particular
model we further see that this conclusion might even apply to other scen-
arios of resource partitioning. In every situation where not using a resource
increases its future value we would similarly expect stealing to be profitable.

The results of our calculations concerning the selection on intrusion and
defence respectively partially confirm earlier studies. Similar to Adler & Gor-
don (2003) and Morrell & Kokko (2005) we find that territory defence can
prevent intrusion by making it costly with defence becoming more effective
the higher the fighting costs and the weaker the effects of density depend-
ence. As previous studies on economic defendability (see Schoener, 1987)
we see in our model that costs and efficacy of defence, the gain in terms of
reduction of competition and the amount of intrusion influence economic
defendability. The combination of both confirms our expectations - without
defence intrusion leads to the complete disappearance of territoriality. High
intrusion levels on the other hand make defence uneconomical.

A factor which surprisingly had barely any effect on the stability of territ-
oriality was the owner advantage in foraging rate. This is interesting since
this has been seen as one of the primary reasons for the respect of owner-
ship by territorial neighbours (Davies & Houston, 1981; Possingham, 1989).
At least partially this puzzling result might be explained by the fact that the
spatial distribution of resources within a territory is not represented in our
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model. If we assume that intruders forage preferentially close to their own
territory then the depletion they cause will be concentrated in these areas
which might make intrusion less worthwhile.

An unexpected result from our analytical model was that not only the ab-
solute level of intrusion but also the frequency of intrusion events determ-
ines the efficiency of defence. It turns out that this effect is quite important.
In combination with the fact that defence results in selection on intrusion
levels and not frequency it causes any factor that affects intrusion frequency
to directly determine the evolutionary stability of territoriality. This is con-
firmed by our simulation results. In the scenario most directly correspond-
ing to the analytical model resource dynamics lead to a strong enough se-
lection for higher intrusion frequency to let defence and thus territoriality
disappear in nearly all cases.

If movement between territories is costly on the other hand frequent in-
trusion is selected against and territoriality becomes stable. This effect cer-
tainly does play a role in natural systems where territories are large or separ-
ated by uninhabited space or where individuals start their foraging activities
from a central point in the territory. There are however also many examples
where territories are tightly packed with no (at least for the human observer)
discernible interstitial space (e.g. Gill & Wolf, 1975; Davies, 1980; Ebersole,
1980; Komdeur & Edelaar, 2001; Adler & Gordon, 2003). In these cases it is
difficult to see why “switching” between territories should be costly.

It is however imaginable that the frequency with which individuals can
move back and forth between their own and a neighbour’s territory is dir-
ectly limited by the individuals’ movement speed or the food resource’s hand-
ling time. As can bee seen in Fig. 5.1 this can be sufficient to make defence
evolutionarily stable. This also gives us an interesting relationship which
could be testable by cross-species comparison.

In addition a decrease of detection rate while intruding can lead to a trade-
off between intrusion and “guarding” the territory (a similar effect has been
shown for mate-guarding by Kokko & Morrell (2005)). This could in some
cases stabilise territoriality.

In general our results show that the interactions between territorial neigh-
bours are economically relevant. This means that calculations of economic
defendability of territories (as done e.g. by Gill & Wolf, 1975; Carpenter &
MacMillen, 1976b; Houston et al., 1985) are incomplete in the sense that
they have to be complemented by an analysis which includes the expected
intrusion rate by neighbours. This might lead to very different results. For
example, although our model predicts that in the territorial case intruders
into territories will always be attacked by the owner, the actual level of intru-
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sion still can vary a lot depending on resource production, fighting costs and
number of neighbours. In contrast to older models of economic defendab-
ility against floaters (e.g. Carpenter & MacMillen, 1976b; Schoener, 1987),
in our model even if defence is high individuals can therefore still lose con-
siderable amounts of their resources to intruders without however that this
necessarily makes defence unprofitable. This might serve as an explanation
for the high levels of reciprocal pilferage found in some food-caching spe-
cies (Vander Wall, 2003; Dally et al., 2006).

More generally our results show that floating intruders do not pose the
only threat to the maintenance of territoriality, an assumption which un-
derlies most models of the evolution of territoriality (Adams & Tschinkel,
2001). We see that interactions between neighbours “per default” act as a
force destabilising territoriality. In order to understand the factors which
determine the evolutionary stability of territoriality it is therefore necessary
to take the economics of interactions between neighbours into account. A
theory of the evolution of territoriality needs to be able to explain which
mechanisms maintain the partitioning of space between neighbours.

There are numerous possibilities to extend our basic approach.
There is a wealth of empirical information on the effects of resource prop-

erties such as abundance, distribution or predictability (Maher & Lott, 2000).
It would be fairly straightforward to take these into account in the simula-
tion model and thus test whether our framework can predict the observed
correlations.

Our model is fairly simple in terms of “game-theoretic structure”. It has
been shown for simple conflict models that for example variations in fight-
ing ability, access to information about the opponent or the ability to change
the behaviour in repeated interactions can have tremendous effects on the
outcome (e.g. Leimar & Enquist, 1984; Van Doorn et al., 2003a). It can cer-
tainly be expected that conflicts between territory owners are no exception
to this.

Another very interesting area for future research will be to integrate our
model with other aspect of territorial behaviour. Additional processes which
likely are tightly interlinked with the direct competition between neighbours
are the founding of territories (Broom et al., 1997; Komdeur & Edelaar, 2001),
the emergence of territory borders (Stamps & Krishnan, 1999; Lewis & Moor-
croft, 2001; Pereira et al., 2003), and the defence of territories against floaters
(Mesterton-Gibbons, 1992; Eshel & Sansone, 1995; López-Sepulcre & Kokko,
2005).

Finally, every theory requires empirical validation. A number of detailed
data sets on the energy budgets of foraging and territory defence for ex-
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ample for sunbirds (Gill & Wolf, 1975), honeycreepers (Carpenter & Mac-
Millen, 1976b) and wagtails (Houston et al., 1985) have been used to test the
validity of classical models of economic defendability. The same data could
be used to calculate for example the expected level of intrusion based on
our model.

The work presented here is a first step towards a better understanding of
the role defence of territories against theft by neighbours plays in the evolu-
tion of territoriality. It suggests however that trying to understand territorial
behaviour in terms of foraging decisions of individuals rather than compet-
ition for indivisible resources might lead to more general valuable insights.
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Appendix

direction of selection for a

We start with the selection gradient for a (eq. 5.11).

w ′
a = (1− I )r ′(1)N

∂Îm

∂a

−co

(
I +aN

∂Îm

∂a

)
= N

∂Îm

∂a
((1− I )r ′(1)− co a)− co I (5.16)

From this we can derive a condition for a positive selection gradient on a:

w ′
a > 0

⇔ 0 < N
∂Îm

∂a
((1− I )r ′(1)− co a)− co I

⇔ co
I

N
< ∂Îm

∂a
((1− I )r ′(1)− co a)

∣∣∣∣ I

N
= Îm for a = â

⇔ Îm

∂Îm
∂a

> (1− I )
r ′(1)

co
−a (5.17)
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With

∂Îm

∂a
= − ti

∂t̂i ,m

∂a

(to + ti )2N 2 + ti
∂t̂i ,m
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(to + ti )N

= −Î 2
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∂a
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+ Îm
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∂a
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∣∣∣∣∂t̂i ,m

∂a
=−v t 2

i

= −v Îm ti (1− Îm), (5.18)

we continue from 5.17:

w ′
a > 0

⇔ Îm

−v Îm ti (1− Îm)
> (1− I )

r ′(1)

co
−a

⇔ 1

ti (1− Îm)
−av < (1− I )

r ′(1)v

co

⇔ e +av

1− 1
N I

−av < (1− I )
r ′(1)v

co
. (5.19)

We can now consider the left hand side of the last condition. Letting N go
from 1 to ∞ (and taking into account that 1− I = (e + av)/(e + i + av), see
Eq. 5.4) we see that

e < e +av

1− 1
N I

−av ≤ e + i (5.20)

always holds, which leads us to conditions 5.13 to 5.15 as described in the
main text.

no convergence stable a∗

Assuming a convergence stable point a∗, values of a < a∗ have to result in a
positive selection gradient whereas the selection gradient for values a > a∗

has to be negative. Therefore condition 5.19 has to be fulfilled for values
smaller than and not fulfilled for values greater than a∗.

A simple transformation of Eq. 5.19 yields:

(1− I ) r ′(1)v
co

e+av
1− 1

N I
−av

> 1 (5.21)
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As the reader can easily verify the derivative with respect to a of the left
hand side is always positive, therefore if the condition holds for a given value
a0 it will also hold for all a > a0. Thus no convergence stable value a∗ can
exist.
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6 Punish the thief - coevolution
of defense and cautiousness
stabilizes ownership

Martin Hinsch · Jan Komdeur

Ownership of non-controllable resources usually has to be main-
tained by costly defense against competitors. Whether defense and
thus ownership pays in terms of fitness depends on its effectiveness
in preventing theft. We show that if the owners’ willingness to defend
varies in the population and information about it is available to po-
tential thieves then the ability to react to this information and thus
avoid being attacked by the owner is selected for. This can lead to
a positive evolutionary feedback between cautiousness in intruders
and aggressiveness in owners. This feedback can maintain owner-
ship when the actual direct effectiveness of defense in reducing theft
is very low or even absent, effectively turning defense into punish-
ment. We conclude that the deterrence effect of defense in many sit-
uations could be stronger than that of prevention and that for many
real-world scenarios the purpose of defense of resources might be to
punish rather than to drive away intruders.

Submitted to Behavioral Ecology and Sociobiology
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6 Punish the thief

6.1 Introduction
Competition for resources such as food or mates is ubiquitous in animals. In
order to be able to profit from a resource an individual therefore has to keep
competitors away from it (Strassmann & Queller, 2014). Some resources
such as small food items can be consumed immediately so that access by
conspecifics is easily prevented. For others such as territories or mates,
ownership has to be established by means of defense, that is, an aggressive
action that reduces a competitor’s access to the defended item (Hinsch et al.,
2012; Brown, 1964; Maynard Smith & Price, 1973).

Defense is usually costly in terms of time, energy or risk of injury (Schoener,
1983). Whether ownership of a given type of resource is viable in a popula-
tion therefore depends on whether defense confers a fitness advantage, i.e.
whether these costs are lower than the benefit of increased exclusiveness of
access to the resource (Brown, 1964). Whether it pays in terms of fitness for
the prospective thief to attempt theft depends in turn on the likelihood of
being attacked by the owner and the costs of the potentially ensuing fight
(Dubois & Giraldeau, 2005). If fighting costs are high and defense (i.e. at-
tack by the owner) is likely enough, therefore, theft can become entirely un-
profitable (Hinsch & Komdeur, 2010). This deterrence effect, however, takes
place solely in evolutionary time and therefore affects the evolution of de-
fense only indirectly by reducing the average level of attempts of theft and
thus the costs of defense.

From studies on the evolution of cooperation we know that deterrence
that instead works on the individual time scale can have much more signifi-
cant effects: If an individual’s tendency to punish non-cooperators is known
to its competitors before they interact with it they can adjust by being more
cooperative towards eager punishers which in turn causes selection for in-
creased punishment. This feedback can be strong enough to lead to the
evolution of full “altruistic” cooperation (Johnstone, 2001; dos Santos et al.,
2011; Schoenmakers et al., 2014). A similar deterrence effect of aggression
has been postulated for dominance hierarchies (Thompson et al., 2014).

Already Stamps (1994) and Stamps & Krishnan (1999) suspected that in-
dividual-level deterrence could have similarly dramatic effects on the evo-
lution of resource defense. They even suggested that the main function of
aggression towards intruders on territories might be to deter them from in-
truding again rather than to actively chase them away. It has indeed been
shown that if aggression towards intruders is assumed to reduce repeat in-
trusions, defense by owners is strongly selected for (Switzer et al., 2001). On
the other hand we know that it can generally be adaptive for individuals to
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avoid returning to the location of a costly encounter (Morrell & Kokko, 2003,
2005). It can therefore be suspected that in a similar way to the co-evolution
of punishment and cooperation, sensitivity of intruders for the owner’s ag-
gressiveness and willingness to defend could co-evolve to the point where
ownership of resources becomes established.

In this study we investigate how the establishment of ownership by co-
evolution of defense and theft is affected if potential thieves can obtain and
react to information about an owner’s willingness to defend. Relative to pre-
vious models we make two additional assumptions. First, potential thieves
either know or are able to learn by experience the owner’s aggressiveness.
Second, intruders can evolve sensitivity, i.e. the ability to adjust their ten-
dency to steal from a particular owner based on perceived aggressiveness.

We first introduce a simple mathematical model which allows for a clear
demonstration of the general mechanisms involved. In order to verify our
results in a more realistic setting we also investigate a more detailed individ-
ual-based simulation of a population of territory owners and floaters.

It is important to note that we do not model a particular species and that
the floater/territory owner scenario we use for the simulation model is only
meant to serve as an example. The evolutionary mechanism we propose is
general enough that it could potentially occur in many different real-world
situations where animals defend some kind of property against competitors
such as defense of feeding territories or mate guarding (van Lieshout & El-
gar, 2011; Rousseu et al., 2014; Sherratt & Mesterton-Gibbons, 2015).

6.2 Analytical Argument
We will first use a simple conceptual model to show under which conditions
there is selection for defense and sensitivity, respectively.

As our base model we choose a basic sequential move game represent-
ing the encounter between an owner and a thief or intruder. The model
is structurally similar to others used previously to investigate conflicts be-
tween owners and intruders (e.g. Dubois, 2003; Hinsch & Komdeur, 2010;
Eswaran & Neary, 2014). For the sake of simplicity, we only model the ac-
tual interactions between individuals, leaving out for now details such as
resource distribution, search time, frequency of owners and non-owners,
etc.

An interaction begins with the intruder deciding whether to attempt theft.
If it does not, it has to search for resources elsewhere which we assume re-
sults in a frequency dependent (due to competition with other searchers)
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6 Punish the thief

Table 6.1: Payoffs in the basic model for owner and intruder, respectively.

owner intruder steal stay away

defend
S −Ct P (t̂ )

V −Co −S V

concede
T P (t̂ )

V −T V

payoff of P (t̂ ), with t̂ as mean population tendency to steal. In this case
the owner will gain the full amount V . If the intruder does attempt to steal
resources, the owner decides whether to defend or not (following its aggres-
siveness a). If the owner concedes, the intruder will steal an amount T of
resources leading to a reduced payoff of V −T for the owner. If the owner
does defend, the intruder only manages to steal a small amount S (S < T )
resources, however both, intruder and owner have to pay fighting costs C
leading to payoffs S −Ct and V − S −Co respectively. Table 6.1 shows the
resulting payoffs for all combinations of actions.

No sensitivity, no variation

Strategies in the basic model - tendency to attempt theft t for the intruder
and aggressiveness a for the owner - are modeled as simple probabilities.
Given these strategies we can easily spell out the expected payoffs w for a
rare mutant intruder (t ) and owner (a), respectively, in a homogeneous res-
ident population (t̂ and â):

wt (t ) = (1− t )P (t̂ )+ t ((1− â)T + â(S −Ct )) (6.1)

wo(a) = (1− t̂ )V + t̂ ((1−a)(V −T )+a(V −Co −S)) (6.2)

We determine the direction of selection by calculating the gradient of the
mutant’s fitness around the resident’s trait value as w ′

t = d wt (t )/d t
∣∣

t=t̂ and
w ′

o = d wo(a)/d a
∣∣

a=â . An increase in trait value is selected for if the respec-
tive derivative is positive (Geritz et al., 1998).

For selection on a we obtain:

w ′
o = t̂ (T −Co −S) (6.3)

It follows that as long as there is any theft (t̂ > 0) aggressiveness increases
if the cost of defense is lower than the benefit of preventing theft:

T −S >Co (6.4)
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6.2 Analytical Argument

In particular, if defense has no direct prevention effect (T = S) then it can
never be selected for.

For the intruders we find:

w ′
t =−P (t )+ (1−a)T +a(S −Ct ) (6.5)

The propensity to steal correspondingly increases if the net benefit of steal-
ing is greater than the benefit of the outside option (searching for resources
elsewhere):

(1−a)T +a(S −Ct ) > P (t ) (6.6)

Since the fitness benefits of aggressiveness are not frequency dependent
in this model we will always end up with pure strategies for a, i.e. either
’always attack’ (a = 1) or ’never attack’ (a = 0).

For these, we can further simplify inequality 6.6 to either T > P (t ) (for
a∗ = 0) or S −Ct > P (t ) (for a∗ = 1). Depending on the choice of function
P pure strategies for t are therefore possible if the benefit of the outside op-
tion is always lower or always higher than the benefit of stealing irrespective
of the frequency of theft. For the purpose of a clear demonstration of the
mechanisms involved we will, however, restrict our discussion in the follow-
ing to the more relevant cases where t has inner equilibria (i.e. 0 < t∗< 1).

Deterrence selects for aggressiveness

In the next step we investigate the effect of sensitivity for aggressiveness on
the evolution of defense. We assume that intruders have a way to know the
aggressiveness of an owner they are about to interact with in advance (e.g.
by observing conflicts with others or by experience) and are able to modify
their behavior accordingly. Therefore, instead of by a fixed probability t to
make an attempt at theft the intruders’ behaviour is now determined by a
sensitivity function t (a) that depends on an owner’s aggressiveness a.

We will first investigate how a evolves dependent on the properties of a
given (unspecified) function t . Only after that will we take a closer look at
the evolution of t itself.

Apart from the change in notation payoffs remain the same as before (see
eqn. 6.2):

wo(a) = (1− t (a))V + t (a)((1−a)(V −T )+a(V −Co −S)) (6.7)

Which gives us the following selection gradient (with t ′ := d t (a)
d a , w ′

o :=
d wo(a)/d a):
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6 Punish the thief

w ′
o = t (a)(T −Co −S)− t ′((1−a)T +a(S +Co)) (6.8)

As before this equation has a straightforward interpretation. The first term
on the right hand side is identical (with t replaced by t (a)) to the selection
gradient in the simple model (equation 6.3) and therefore represents the di-
rect benefits of defense.

In addition, however, as soon as intruders are responsive to the owner’s
aggressiveness (i.e. as soon as t ′ 6= 0), there is now a second term represent-
ing an additional indirect effect of aggressiveness. If intruders are cautious
(t ′ < 0) this term becomes positive and even increases with a if defense is
costly (S +Co > T ). This deterrence effect can thus provide an additional
strong benefit to aggressiveness.

For the situation without any direct benefits of defense (T = S) that always
lead to the disappearance of aggressiveness in the simple model, we obtain
now:

w ′
o = t (a)Co − t ′(T +aCo)) (6.9)

If deterrence is strong enough (i.e. intruders are cautious enough) defense
can therefore be selected for even if it has no effect on the amount stolen at
all.

Variation selects for sensitivity

In the last step we take a look at the evolution of sensitivity, i.e. the ability
of intruders to adjust their behavior. Behavioral flexibility can be costly (e.g.
Auld et al., 2010; Burns et al., 2011), therefore we do not expect it to evolve
in an entirely homogeneous population of owners where sensitivity has no
benefit for the intruders at all. In reality, however, aggressiveness will vary
between owners due to e.g. mutation, developmental effects such as age or
condition or differences in personality (McNamara et al., 2008; Wolf et al.,
2008) so that it might be advantageous for intruders to be able to adjust their
behavior despite additional costs.

As before we assume that intruders know (by experience or observation)
how likely they are going to be attacked when stealing from a specific owner.
Let t (a) again denote the probability that an intruder steals dependent on
the owner’s aggressiveness.

We model variation in a by assuming that with probability pi intruders
will encounter an owner with aggressiveness ai . For a given population of
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6.2 Analytical Argument

owners we obtain the benefit of not intruding as P̂ := P (E t̂ ). The cost of
sensitivity cs we assume to be proportional to the variance in t :

cs(t ) =CsVAR(t (ai ))

With this we can formulate our fitness function for the thief:

wt =−cs(t )+∑
pi

[
(1− t (ai ))P̂ + t (ai )((1−ai )T +ai (S −Ct ))

]
(6.10)

Since the trait value t is a vector, calculating the selection gradient as we
did it before is not easily possible. Instead, in order to determine the direc-
tion of selection, we determine the fitness of a single mutant in a resident
population that is assumed to be sufficiently large and homogeneous with
respect to the trait under consideration. If the mutant’s fitness is positive
there is selection for, if it is negative, against that particular mutation. A trait
value is evolutionarily stable if no mutant with a higher fitness exists.

If we write the mutant’s trait values as t (ai ) = t̂(ai )+ si the difference be-
tween the mutant’s and the residents’ fitness ∆wt derives as:

∆wt =−∆cs +
∑

pi si ((1−ai )T +ai (S −Ct )− P̂ ).

For small mutation step sizes this can be rewritten as:

∆wt =
∑

pi si ((1−ai )T +ai (S −Ct )− P̂ −2Cs(t̂i −E t̂ )).

From this we can show (for details see appendix) that there is a single evo-
lutionarily stable strategy in this system that is given by:

t∗i = (1−ai )T +ai (S −Ct )− P̂

2Cs
+E t̂ .

As we see, in the stable state the probability to steal ti is proportional to
the expected fitness payoff from intruding into a territory that is defended
with probability ai . ti is therefore proportional to the probability not to get
attacked by the owner 1−ai (note that T > S−Ct ). Any variation in defense a
therefore leads to the evolution of an equivalent variation in theft t and thus
to the evolution of sensitivity (t ′ 6= 0) and in particular cautiousness (t ′ < 0).
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Feedback loop

Since cautiousness in turn increases selection for aggressiveness under cer-
tain conditions (see eq. 6.8) a positive feedback loop can occur that drives
a coevolution of defense and cautiousness and in this way greatly stabilizes
ownership. It is worth noting that cautiousness as well as aggressiveness can
be selected for even if defense is never successful in the strict sense, i.e. if it
does not reduce the amount of resources an intruder steals (T = S).

6.3 Simulation
We tested the results of our mathematical analysis in a more detailed in-
dividual-based simulation model. We give a short summary of the model
that will be expanded on in more detail below: A population composed of a
fixed proportion of territorial owners and non-territorial floaters competes
for resources that occur in the territories as well as in an unclaimed area ac-
cessible to all floaters. During each time step each floater decides whether
to forage either in the unoccupied area (potentially competing with other
floaters) or to attempt to intrude into a territory and steal resources. Own-
ers decide whether to start a costly fight in order to attempt to chase away
intruders. Fitness of all individuals is determined as sum of resource items
foraged minus all fighting costs.

The source code of the simulation program is available from the authors
on request.

Evolution

Following common practice we assume haploid parthenogenetic individu-
als with directly heritable traits (i.e. genotype and phenotype are not dis-
tinguished). Each generation of individuals completely replaces the previ-
ous generation. An individual’s fitness is calculated as overall energy uptake
(u, see below) minus costs through fighting and behavioral flexibility (see
below). Its expected number of offspring is then determined by the individ-
ual’s fitness relative to the population mean. On reproduction each evolving
trait mutates with a probability of 0.01. Mutation step size is normally dis-
tributed with a mean of 0 and a standard deviation of 0.1.
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6.3 Simulation

Ecology

At all times the population consists of 1000 individuals. At the start of the
simulation and immediately after reproduction half of the population is as-
signed a territory that they will keep for the rest of their life. The remaining
individuals become non-territorial floaters.

Each unit of space is assumed to refill to a level of 1 resource unit at the be-
ginning of each (interaction) time step. The entire habitat has a size of 3000
space units. Territories measure 5 space units while the unoccupied area
covers the remaining 500 space units. Unless interrupted (see below) forag-
ing individuals are able to cover 5 space units during one time step. Move-
ments during foraging are assumed to be completely random. If, therefore,
several individuals forage in the same area - such as several floaters in the
common area or the owner and one or more intruders in a territory - there is
a chance that their paths overlap. Given size of the area A and space covered
by one individual during foraging fi and taking overlap into account we can
calculate the expected proportion of space visited by at least one individual
as

F = 1−∏
1− f j

A
. (6.11)

Assuming a resource density of 1 unit per space unit, expected resource up-
take of an individual i is then

ui = F A fi /
∑

f j . (6.12)

Intrusion and �ghting

We assume that floaters have a limited home range that covers 20 territories
and does not change during their life time. At the beginning of each time
step each floater visits a random territory within its home range and decides
whether to attempt to intrude into that territory or whether to forage in the
unoccupied area.

In scenarios without sensitivity, floaters intrude with a fixed heritable prob-
ability t . In scenarios with flexible behavior individuals adjust their ten-
dency to steal depending on an estimate of the owner’s aggressiveness based
on their past experience. For each territory floaters keep track of the num-
ber of times they have been attacked while intruding on that territory na

versus the overall number of time steps they spent foraging there n f . From

this the floaters estimate the owner’s attack probability as ãi = na
i /n f

i . The
adjusted tendency to steal t̃ (ã) is then calculated based on traits s and o as:

t̃i (ãi ) = sãi +o (6.13)
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6 Punish the thief

A meaningful estimate ã can only be made after a number of attempts
to intrude into the same territory. In scenarios with sensitivity individuals
therefore use the sum of t and t̃ , weighted by numbers of intrusion n f to
determine the actual probability p to intrude into a territory:

pi =
n f

i t̃i + t

n f
i +1

(6.14)

Behavioral complexity can carry a fitness cost (e.g. for maintenance of the
required physiology or increased reaction times, see Auld et al., 2010), there-
fore floaters pay Cs |t̃ (0)− t̃ (1)| energy units per decision.

After all floaters have made their choice the non-intruding ones move into
the common area while the intruders start foraging on the territory they
have selected. Owners then decide (according to their trait aggressiveness
a) for each intruder on their territory whether to attack or not. Attacks result
in costly fights (with costs Ci for intruders and Co for owners, respectively)
that are won by the owner and the intruder with equal probability. If the
intruder wins, both, owner and intruder forage with equal efficiency. If the
owner wins the intruder is chased away and the area it covers during for-
aging f (see equations 6.11 and 6.12 above) is reduced to f L depending on
effectiveness of defense e:

f L
i = fi (1−e) (6.15)

Different values of e could for example be a result of differences in how
quickly owners detect intruders and consequently in how much time in-
truders have for foraging before being detected. Corresponding to the differ-
ence between T and S in the mathematical model (see table 6.1), the lower
e, the less direct benefits defense has for the territory owner.

The presence of several intruders at once is assumed to have no additional
effects beyond fighting costs and potential reduction on foraging efficiency
(see section Ecology).

6.4 Results
Unless mentioned otherwise all simulations start out with a peaceful (i.e.
non-defending), non-cautious ancestral population and run for 20,000 gen-
erations. Results are presented as mean values (and standard error) of 10
replicate runs.
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Figure 6.1: Evolution of ownership with sensitivity set to 0 (top) and evolving (bottom). De-
fense (left, filled circles), theft (left, lines with open circles at the bottom of the
graph) and sensitivity (right) after 20k generations are shown for low (solid line,
cs = 0), medium (dashed line, cs = 0.05) and high (dotted line, cs = 0.1) costs of
sensitivity. Despite effective defense (e = 1) ownership only evolves for low fighting
costs if there is no sensitivity. If sensitivity can evolve it does so even for high fighting
costs and thus stabilizes ownership.

Sensitivity

Without sensitivity, ownership only evolves for very low fighting costs (fig.
6.1). For higher costs defense disappears and theft is high.

If intruders can change their behavior based on perceived aggressiveness
of an owner then negative sensitivity evolves (fig. 6.1, right). Even a moder-
ate negative slope of tendency to steal versus aggressiveness is sufficient to
trigger the evolution of high levels of defense. These in turn lead to very low
levels of theft so that ownership becomes established (fig. 6.1).
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Figure 6.2: Evolution of ownership for moderately effective (e = 1/2, top) and completely inef-
fective defense (e = 0, bottom). Defense (left) and theft (right) after 20k generations
are shown for low (solid line, cs = 0), medium (dashed line, cs = 0.05) and high
(dotted line, cs = 0.1) costs of sensitivity. Even if defense has no direct effect, deter-
rence can be sufficient to maintain ownership.
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Ine�ective defense

The mathematical analysis predicted that even if defense has little direct
effects it can evolve due to the benefits of deterrence. This is confirmed by
our simulation. High levels of defense and consequently low levels of theft
can even evolve if owners can not prevent theft at all (fig. 6.2).

Increased variation

Based on the mathematical analysis we expect that an increased variation
in attack probability will cause an increase in selection for cautiousness and
thus defense. In order to test this we added a small proportion (10%) of
tough individuals to the population. As owners these pay only 20% of the
fighting costs compared to the rest of the population and consequently can
afford to be more aggressive (see Kreps & Wilson, 1982).

As can be seen from figure 6.3 a strong owner disadvantage prevents the
evolution of ownership. The presence of a small number of tough individ-
uals, however, increases the variation in aggressiveness experienced by in-
truders sufficiently to again let cautiousness and defense coevolve to a point
where ownership becomes established.

Additional choice

Having floaters choose between one (random) territory and the unoccupied
area seems like an artificial restriction given that distances between territo-
ries can be small and that individuals have all the information required to
make a better decision. We therefore investigated an extension of the model
based on the assumption that floaters can choose between intrusion into
either of two territories and foraging in the unoccupied area. Each floater is
first presented with two random territories (out of its home range). Of those
it picks the one with the higher probability to intrude and only then makes
the decision whether to intrude or not.

Figure 6.3 shows that adding this extra step to the floater’s decision pro-
cess significantly increases selection for sensitivity.

6.5 Discussion
We have shown that if potential thieves or intruders are capable of adapting
their behavior to an owner’s aggressiveness in evolutionary time, even small
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Figure 6.3: Evolution of ownership for fixed fighting costs for the intruder (ci = 1) and varying
costs of defense. Defense (left) and theft (right) after 20k generations are shown
for different costs of sensitivity (low: solid line, cs = 0; medium: dashed line, cs =
0.05; high: dotted line, cs = 0.1). Results are presented for the standard scenario
(A, B), with a small number of tough owners in the population (C, D) and with
intruders choosing the best out of two territories before deciding on intrusion (E,
F). A strong owner disadvantage prevents the evolution of ownership for medium
and high costs of sensitivity. Higher variation in a as well as additional choice
compensate for that. [e = 1]
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variations in defense propensity can trigger the evolution of increased cau-
tiousness which again strongly selects for higher aggressiveness and thus
leads to the establishment of ownership.

In classical models on the evolution of defense of resources (e.g. Maynard
Smith & Parker, 1976; Houston et al., 1985; Morrell & Kokko, 2005; Dubois &
Giraldeau, 2005; Gintis, 2007) ownership is viable since intrusion or theft are
uneconomical. This is due to the fact that the expected gain from a conflict
with the owner (i.e. probability to win times value of resource) is lower than
the fighting costs. Although this can be interpreted as a deterrence effect
of defense (in particular in models with optional fights, e.g. Dubois & Gi-
raldeau, 2005) it takes place entirely in evolutionary time and has therefore
no bearing on the fitness benefits of defense itself. Consequently defense in
these models can not be selected for if it has no immediate effect on the in-
truder’s chances of success (Selten, 1978). Similar to Switzer et al. (2001) our
results show that cautiousness, i.e. flexible reactions to the owner’s aggres-
siveness lead to deterrence in sub-evolutionary time which can increase the
benefits of defense up to the point where direct effects are no longer neces-
sary.

Furthermore neither cautiousness nor defense have to be assumed to pre-
exist in the population - small random variations are sufficient to trigger a
positive feedback between the two traits that leads to the establishment of
defense. Defense and ownership can therefore be evolutionarily stable and
even emerge in populations that would remain entirely peaceful in the ab-
sence of deterrence. This suggests that the feedback between cautiousness
and defense can play a much greater role in stabilizing ownership than the
immediate effect of defense.

Our results can therefore give a possible explanation for the existence of
property in situations where the resource in question is not strictly defend-
able in the classical sense. Hinsch & Komdeur (2010) for example predicted
that in many situations territory owners should profit from poaching on
their neighbor’s territory to such a degree that territory defense would be-
come untenable in the long term. The existence of deterrence could explain
why even in cases where resources would be easily accessible to neighbors
only low levels of poaching occur and territoriality is maintained (Carpenter
& MacMillen, 1976a; Young & Monfort, 2009; Dantzer et al., 2012).

If defense has no immediate benefit it becomes functionally equivalent to
punishment (Raihani et al., 2012). In studies on the evolution of coopera-
tion punishment of cheaters has been proposed as a way that the benefit of
unilateral non-cooperation is sufficiently reduced for altruistic behavior to
become advantageous in comparison. However since punishment is usually
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assumed to be costly it can - in equivalence to ineffective defense - only be
selected for if it has some additional positive effects for the punisher (Gard-
ner & West, 2004; Schoenmakers et al., 2014). Similar to our results it has
been shown that the availability of knowledge (by reputation or experience)
about the individuals’ willingness to punish combined with the ability to re-
act to this information can lead to a deterrence effect that is sufficient to
compensate for the costs of punishment (Sigmund et al., 2001; dos Santos
et al., 2011; Thompson et al., 2014). Together with our results this demon-
strates that punishment and defense can be seen as two points on the same
continuum.

The occurrence of the described feedback effect in our model rests on a
number of conditions concerning physiology and ecology of the modeled
species. The generality of our results is determined by how likely it is that
these conditions are met in natural populations.

First, individuals have to be able to obtain information about the aggres-
siveness of their competitors either by personal experience through repeat
interaction or through other mechanisms such as direct observation, repu-
tation or signals (but see Hurd, 2006). In any species with either stable social
groups or a stable spatial organization this condition will be naturally met
(Earley, 2010).

Second, they have to possess the cognitive capabilities to store and use
this information. Most vertebrates as well as many invertebrate species are
assumed to be capable of at least simple forms of learning (Brembs, 2003).
Basic operant conditioning in combination with either spatial memory or
individual recognition should be sufficient for the type of information pro-
cessing assumed in our model (see Gutnisky & Zanutto, 2004; Tanabe & Ma-
suda, 2013).

Third, there has to be sufficient variation in aggressiveness or attack rate
to trigger the feedback. While mutation rates in our simulation are rela-
tively high, epigenetic effects as well as environmental stochasticity during
development provide additional sources of variation in reality that were not
included in the model (see McNamara et al., 2008; Wolf et al., 2008). Our
results furthermore suggest that all variations between individuals that lead
to variations in attack rate can serve as trigger for the evolution of cautious-
ness. Besides purely genetic or physiological effects therefore all variation
that either produces a phenomenological variation in attack rate (such as
detection probability due to e.g. habitat differences) or consistently induces
different strategic decisions in different individuals (such as territory qual-
ity, individual size, condition or experience) will have the same effect (see
Kreps & Wilson, 1982; Przepiorka & Diekmann, 2013). It seems reasonable
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to assume that at least some of these sources of variation will be present in
most natural populations.

It is also important to note that while at least implicitly our models sug-
gest scenarios with intraspecific competition, there is no intrinsic reason
to assume that the same mechanism could not apply to the interaction be-
tween individuals of different species such e.g. as interspecific kleptopara-
sitism (Iyengar, 2008).

In conclusion we think that the conditions for an evolutionary feedback
between cautiousness and defense are probably met in many populations
in which defense of property occurs. This has ramifications for empirical
as well as theoretical research. In empirical studies great effort has been
invested to determine the costs and benefits of defense. If a large part of
the adaptive value of defense however consists in scaring away competitors
from challenging the owner in the first place the measured benefits will nec-
essarily be too low. In most previous models on defense e.g. in the context
of mate guarding, territoriality, resource defense or kleptoparasitism only
direct benefits of defense have been investigated thereby likely significantly
underestimating the range of parameter values for which defense and with
it ownership can be evolutionarily stable.

Finally we want to note that a model can only ever be a proof of principle.
Whether the mechanism we propose does in fact play a role in a given sys-
tem can therefore only be determined with the help of empirical research.

Appendix
Using the fitness function from the main text (eq. 6.10)

wt =−cs(t )+∑
pi

[
(1− t (ai ))P̂ + t (ai )((1−ai )T +ai (S −Ct ))

]
,

and assuming that a mutant differs in tendency to steal by a small amount
si we get for the fitness of the mutant:

wt ,m =−cs(t+s)+∑
pi

[
(1− (t̂ (ai )+ si ))P̂ + (t̂ (ai )+ si )((1−ai )T +ai (S −Ct ))

]
.

The fitness difference between mutant and residents then resolves to:

wt ,m −wt = −cs(t + s)+∑
pi

[
(1− (t̂ (ai )+ si ))P̂ + (t̂ (ai )+ si )((1−ai )T +ai (S −Ct ))

]+
cs(t )−∑

pi
[
(1− t̂ (ai ))P̂ + t̂ (ai )((1−ai )T +ai (S −Ct ))

]
.
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6 Punish the thief

This can be simplified as:

∆wt = −∆cs +
∑

pi ((−si P̂ )+ si ((1−ai )T +ai (S −Ct )))

= −∆cs +
∑

pi si ((1−ai )T +ai (S −Ct )− P̂ ). (6.16)

As mentioned in the main text we now assume the costs of sensitivity to be
proportional to the variance of the values of t (as realized in a given resident
population with its associated distribution of aggressiveness a):

cs(t ) = CsVAR(t )

From this we can derive the change in costs:

∆cs = Cs(VAR(t̂ + s)−VAR(t̂ ))

= Cs(VAR(t̂ )+∑
pi si (2(t̂i −E t̂ )+ si (1−pi ))−VAR(t̂ ))

= Cs
∑

pi si (2(t̂i −E t̂ )+ si (1−pi )).

Since we assume small mutation steps (si ¿ ti ) the last term in the sum
can be neglected, leaving:

∆cs =Cs
∑

pi si 2(t̂i −E t̂ ).

Plugging this into ∆w (eq. 6.16) we obtain:

∆wt =
∑

pi si ((1−ai )T +ai (S −Ct )− P̂ −2Cs(t̂i −E t̂ )).

For the sake of convenience (and without loss of generality with respect
to evolutionary dynamics) we rescale fitness as w ′

t = wt /2Cs and also define
the expected (rescaled) payoff of intrusion as

I ′i := ((1−ai )T +ai (S −Ct ))/2Cs .

This gives us a simplified expression:

∆w ′
t =

∑
pi si (I ′i − P̂ ′− (t̂i −E t̂ )).

We can now see that if

I ′i − P̂ ′ = t̂i −E t̂ ∀i (6.17)
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then invasion fitness will always be 0 for any combination of si . No mutant
can therefore spread in the resident population. On the other hand if we
assume a population with a few “mismatched” ti , so that

I ′j − P̂ ′ > t̂ j −E t̂ , j ∈ J

and

I ′k − P̂ ′ < t̂k −E t̂ , k ∈ K ,

then in particular any mutant with s j > 0 and sk < 0 (∀ j ,k) will have a
positive invasion fitness and thus will be able to invade.

We conclude that for a given a the only evolutionarily stable strategy is the
vector t that fulfills equation 6.17:

t∗i = I ′i − P̂ ′+E t̂

= Ii − P̂

2Cs
+E t̂

= (1−ai )T +ai (S −Ct )− P̂

2Cs
+E t̂

For the sake of completeness we would like to note that since we know
that

∑
ti −Et = 0 we can derive an explicit solution for t∗ that only depends

on a:

t∗i = I ′i −E I ′+P−1(E I ′)

For the points made in the main text, however, this is not relevant.
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7 General discussion

In the following I will come back to the main questions set out in the in-
troduction and discuss the contributions this thesis has made to answering
them.

7.1 What is territoriality?
As laid out in the introduction a single accepted definition of territoriality
is missing. This thesis obviously does and can not change that. The results
put forth do however provide some insight into why this is such a difficult
question and how progress might be made in the future.

Chapter 2 introduces the definition of territoriality that is used - explicitly
or implicitly - throughout the thesis: territoriality means individuals defend
space against conspecifics that compete for it. However, as is shown in the
same chapter, this definition - albeit more specific than many existing ones -
is unexpectedly ambiguous. On closer examination it turns out that defence
of space comprises three very different types of conflicts between territory
owners and intruders all of which have been called territory defence in the
existing literature.

The remaining chapters further demonstrate the limits of the working defin-
ition. In chapter 3 it is shown that under certain conditions “defence” of
local depletable resources can evolve. This defence, however, consists en-
tirely of distance-dependent attacks on conspecifics that are in visible range
and has no relation to the location and thus any kind of territory. In the strict
sense of the working definition this kind of behaviour would therefore not
be seen as territorial. On the other hand it is clearly more “spatial” than a
straightforward defence of resource items and therefore seems to be situ-
ated somewhere in between resource defence and territoriality.

In chapter 4 a similar scenario is investigated but on a slightly higher level
of abstraction. While in this case individuals associate a certain preference
level with locations in space and thus can be thought of as having a notion
of territory there is no concept of winning or losing a conflict. Instead inter-
actions between individuals lead to two different flavours of outcomes that
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individuals can use to determine whether to reduce or increase their pref-
erence for the specific location that the interaction took place at. Therefore,
while there is a clear sense of inhabited area, individuals compete for space
and exclusive use of space evolves in this model, defence in the strict sense
does not take place. Leaving aside the problems with some of the assump-
tions of the model such as fixed interactions costs, the question remains
whether this behaviour should be termed territorial or not.

In a similar notion chapter 6 demonstrates that the concept of defence
is not as straightforward as it might appear. It is shown that under spe-
cific conditions completely ineffective defence that is costly for owner and
intruder but does not prevent exploitation of the owner’s territory can be
sufficient to maintain respect for ownership. In this case defence becomes
equivalent with punishment.

We can see that what is commonly called territoriality is a combination
of complex behaviours and that on the other hand there is a range of phe-
nomena that show some aspects of territoriality but would not be captured
by a strict definition of the term. Promising advances have been made to
define specific aspects of conflicts over resources that connect territorial-
ity with the wider field of resource defence theory (Strassmann & Queller,
2014; Hare et al., 2016). In the end it might therefore be useful to abandon
the idea that there is a monolithic and well-delineated phenomenon that
could be captured by the term ’territoriality’ and instead attempt to see the
various types of territorial behaviour as special cases of resource defence.

7.2 How do territories emerge?
Substantial progress has been made in recent years on the theoretical un-
derstanding of the mechanics of territory creation and maintenance (Giug-
gioli & Kenkre, 2014; Potts & Lewis, 2014). Since the focus of this thesis is on
the evolutionary aspects of territoriality, however, it only contributes to this
topic peripherally.

In chapter 4 the predictions of an evolutionary mechanistic model of ter-
ritorial behaviour are tested. While the original work it is reimplementing
(Morrell & Kokko, 2005) is clearly motivated by an attempt to model territ-
orial behaviour based on first principles the results presented in chapter 4
show that some crucial aspects of the underlying processes that happen in
nature are missing in the model. In some of the scenarios defence of space
evolves, however, the space individuals inhabit ends up consisting of dis-
jointed patches instead of a contiguous area. A promising follow-up of this
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work could be to put the truly mechanistic models as presented e.g. by (Gi-
uggioli & Kenkre, 2014) into an evolutionary context.

In a somewhat similar vein chapter 3 shows that a certain degree of de-
fence of space can evolve without individuals having a concept of the own-
ership of space or even location. All mechanistic models of territory forma-
tion in contrast rely on either stigmergic effects (e.g. via scent marks; Lewis
& Murray 1993; Bateman et al. 2014) or spatial memory (Morrell & Kokko,
2005; Potts & Lewis, 2014) to achieve spatial segregation between individu-
als. The results presented here demonstrate that “sub-territorial” organisa-
tion is possible without these effects. More research is needed to understand
the transition between these two phenomena and which capabilities in in-
dividuals result in which degree of spatial organisation.

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

This thesis contributes in a number of different ways to an evolutionary un-
derstanding of territoriality.

Evolution

It has been shown before that territorial partitioning of space can evolve in
a non-territorial population if interactions between individuals are costly
(Adler & Gordon, 2003; Morrell & Kokko, 2005) without however specifying
how these costs come about. In chapter 3 we see that even without any spa-
tial cognition individuals can evolve to defend local resources against de-
pletion by competitors. This provides us with a mechanism for interaction
costs and thus the origin of territoriality from first principles without hav-
ing to make any additional assumptions. As an aside - these results inter-
estingly also demonstrate that - contrary to previous assumptions (Stamps,
1994; Maher & Lott, 2000) - a clumped resource distribution does not seem
to be a requirement for the evolution of defence of space.

The results presented in chapter 3 lead us to some important and inter-
esting questions for future research. While the model that was used in-
cludes considerably more physical detail than most models on animal con-
flict, the actual interactions between animals are still handled in a rather
abstract way. Similarly the various types of strategy spaces concerning the
individuals’ behaviour during these interactions that have been investigated
are chosen in a somewhat ad hoc manner (see Houston & McNamara, 2006;
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Fawcett et al., 2012). While a model by definition is a simplification of a
part of reality it is in no way clear or even easy to determine whether and
to which degree the simplifications taken here are valid and how the inclu-
sion of more details with respect to physics, physiology and cognition would
affect the model results.

The second major new question has been mentioned before in this dis-
cussion and concerns the connection with previous models of (the evolu-
tion of) territorial behaviour. Given that we now know how the defence of
resources within a certain distance of an individual can evolve, how do we
get to the defence of resources at a certain location? Put differently, how
do we close the gap between chapter 3 and chapter 4? A rigorous approach
would make it necessary to model the emergence of spatial memory and
cognition without assuming any of it (see Fagan et al., 2013). In my opinion
this poses some serious challenges in terms of modelling technique as well
as with respect to the question which scenarios would be required to make
this development happen.

In general chapter 3 demonstrates that there is a large unexplored space
between traditional resource defence models and the most mechanistic mod-
els of territoriality.

Chapter 4 confirms earlier results (Adler & Gordon, 2003; Morrell & Kokko,
2005) that, given costly interactions, it is adaptive for individuals to avoid
sharing space and to maintain non-overlapping home ranges. Taking into
account the results from chapter 3 this might be taken to suggest that there
is a clear evolutionary path from competition for spatially homogeneous re-
sources via defence against depletion to real territoriality. A closer look re-
veals, however, that there are a number of caveats and unresolved issues
that make this conclusion less straightforward than it appears.

First of all, the results presented in chapter 4 show that which of the vari-
ous end states evolves depends heavily on the initial conditions (for a sim-
ilar effect see Van Doorn et al., 2003b,a). Evolution of territoriality from an
entirely non-territorial state would therefore have to pass through one out
of only a few specific intermediary stages in order to end up at a territorial
end point. Then, as discussed before, defended, exclusive space as it evolves
in the model in chapter 4 is not identical to “true” territoriality in the sense
that there is no actual defence (that includes the possibility of choosing not
to attack) and that in many cases non-contiguous home ranges emerge. Fi-
nally, the way benefits resulting from foraging and costs incurred from range
overlap are calculated (following the implementation by Morrell & Kokko,
2005) are difficult to justify in terms of lower level processes. Before a more
rigorous modelling effort has been made, great caution therefore has to be
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applied when making far reaching conclusions from these results. A prom-
ising way towards a more rigorous model might be to translate the more
mechanistic (but still manageably simple) feeding and conflict model from
chapter 6 into a spatially explicit situation.

In general, however, the results of chapters 3 and 4 taken together provide
the first steps towards an understanding of a possible path of the evolu-
tion of territoriality from a non-territorial ancestral state. More research is
needed to find the right modelling approach to implement a full model of
this process.

Adaptiveness

While the discussion about the conditions under which territorial behaviour
can be adaptive goes as far back as Brown (1964)’s idea of economic defend-
ability most of the contributions are based on the assumption that territ-
ory defence is primarily aimed at floaters looking for resources or territories
(e.g. Schoener, 1987, see chapter 2). In chapter 5 the adaptiveness of defence
against poaching neighbours is investigated for the first time. Surprisingly it
turns out that under a large range of conditions it should pay for neighbours
to steal resources which - together with stochastic effects - should lead to
the slow erosion of territory defence in evolutionary time. This presents a
major conundrum since poaching of resources appears to be rare in nature
(e.g. Gill & Wolf, 1979). While it is possible that stealing by neighbours has
been largely overlooked in empirical studies, territoriality obviously exists,
putting the model results at odds with observations.

Chapter 6 shows that respect for ownership can vastly increase in evolu-
tionary time if potential intruders are able to adjust their behaviour to the
owners’ aggressiveness in individual time. This presents a potential solution
to the problem posed by the results of chapter 5 especially since neighbours
necessarily will have the best possible information on an owner’s aggress-
iveness in a given population (Akçay et al., 2009). Furthermore it shows that
the range of scenarios in which defence of resources in general and defence
of territories (in all senses as presented in chapter 2) in particular can be
evolutionarily stable might be substantially bigger than expected. It there-
fore strongly suggests that any model of territoriality and of resource de-
fence in general needs to take into account the effects of deterrence. In a
more general sense the results demonstrate that punishment and defence
can be seen as two points on the same continuum, thereby creating a con-
nection between the two fields of evolution of cooperation and resource de-
fence theory.
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The next step forward from these specific results towards a greater under-
standing of the scenarios in which territorial behaviour can be adaptive will
have to build on both of these models while taking into account the results
from chapter 4 and keeping in mind the classification of conflicts as presen-
ted in chapter 2.

7.4 Future directions
This thesis makes a number of contributions concerning specific aspects of
the mechanics, evolution and adaptiveness of territoriality. It also provide
us with some general ideas concerning promising future directions for re-
search.

Across the different chapters the results give us an indication of the most
crucial aspects of territorial behaviour and the environment that it evolves
in that will become important in future modelling efforts:

Many models of territoriality either do not include space at all (e.g. Hixon,
1980; Switzer et al., 2001; Sherratt & Mesterton-Gibbons, 2015) or only in a
very implicit way (Parker & Knowlton, 1980; López-Sepulcre & Kokko, 2005).
The results presented in chapter 3 and in particular the shortcomings of a
non-mechanistic modelling effort as demonstrated in chapter 4 show that
the “mechanics” of a territory can depend crucially on the movement of in-
dividuals in space as well as their perception of it.

Resources have often been treated as static payoffs in models of territ-
oriality (e.g. McNamara & Merad, 1991; Morrell & Kokko, 2005; Mesterton-
Gibbons & Sherratt, 2014; but see Lewis & Moorcroft, 2001; Pereira et al.,
2003). As chapters 3 and 5 demonstrate the temporal and spatial dynamics
of resources can be of critical importance in some scenarios. This will not-
ably be the case if individuals compete for mates instead of food resources.

In nearly all theoretical studies on territoriality the interactions between
individuals during encounters are treated as a black box that simply pro-
duces an outcome in terms of e.g. win/lose. Results from other areas of
resource defence theory indicate that (agonistic) encounters can be com-
plicated, however, and that details such as sequence of action, knowledge
of the participants or the physics of interactions are often crucial in de-
termining the outcome (e.g. Van Doorn et al., 2003b; McNamara, 2006; van
Lieshout & Elgar, 2011; Gilroy & Hantula, 2016). Chapters 3 and 6 similarly
show that details of the interactions between individuals can have substan-
tial consequences for the evolution of other aspects of behaviour in models
of territoriality.
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7.5 Concluding remarks
By definition simplification is a necessary part of building a model. Only
by leaving out details is it possible to make a model and its results under-
standable and to isolate the relevant mechanisms that produce a given phe-
nomenon. In many systems, however, such as in those presented in this
thesis, the relationship between macroscopic behaviour and level of detail
is highly non-linear. Adding or changing a specific low-level mechanism
can therefore lead to completely different results. Modelling such a system
therefore has to be an iterative process of modifying low-level details in or-
der to determine the sensitivity of the model results to these details.

For that to happen in the course of regular scientific conduct, however, it
is necessary to be aware of a model’s assumptions and to be explicit about
them when publishing its results. As chapters 2 and 4 demonstrate this is
not necessarily an easy task.

As the famous aphorism goes, all models are wrong but some are useful
(Box, 1979). Models with the wrong assumptions are not any more wrong
than others but the class of real-world systems they map to is too small to
make them useful. Even the best model in the end is just a (rather elaborate)
logical statement: ’if assumptions A hold, then behaviour B will be observed’
(Hinsch & Assmann, 2002). It can test for logical consistency and inspire
new hypotheses and research questions. Only if it ultimately increases our
understanding of empirically observed phenomena, however, is it useful.
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Summary

In chapter 2 an attempt is made to develop a scheme to classify the multi-
tude of different and often mutually incompatible theoretical approaches
that exist in the field. It is argued that the interaction between territory
owners and intruders has to be seen as a bilateral conflict in the game-
theoretical sense. It is then shown that the use of similar terminology by
existing studies with very different approaches obscures the fact that there
are three different types of territorial conflicts with different stakes and very
different properties.

Assuming a non-territorial population represents the ancestral state, it is
not very well understood how territorial behaviour could evolve in such a
population. Previous studies have shown that if (presumably agonistic) in-
teractions between individuals are costly in terms of fitness, then avoidance
of neighbours or space that belongs to neighbours can spread in a popula-
tion. Chapter 3 investigates under which conditions individuals would start
behaving agonistically, thereby causing high interaction costs, in a non-ter-
ritorial population in the first place. It turns out that patchiness of resources,
population density, asymmetries between contestants and number as well
as sequence of decisions available to them interact in complex ways to de-
termine the evolution of defence. Defence of homogeneously distributed
resources evolves a.o. if losers in a contest can decide how far to run, if ag-
gressiveness is based on a critical distance or if decisions are not simultan-
eous.

In chapter 4 an existing simple, spatially explicit model is extended to en-
able a full evolutionary analysis of a contiguous strategy space. Contrary to
the original results it is demonstrated that whether avoidance can spread
and to which degree it actually leads to spatially separated territories de-
pends very much on which kind of conflict strategies are possible in the
population as well as on which ones are present initially.

Evolutionarily stable territoriality can only occur if the costs of defend-
ing a territory against intruders are lower than the fitness gained by having
exclusive access to the resources inside it. Stealing from a territory on the
other hand pays if the expected gain in resources exceeds the expected costs
of being attacked by the owner. In chapter 5 it is shown that in a scenario
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with explicit resource dynamics it generally pays for territorial neighbours
to steal from each other in order to minimize local resource depletion, even
if territory owners forage with significantly higher efficiency. Only if fighting
is very costly for intruders or if crossing territory borders does carry a fitness
cost can defence against theft evolve.

This finding is counter-intuitive as well as at odds with the many observa-
tions of territorial populations in which there seem to be negligible levels of
theft. Chapter 6 demonstrates that deterrence can be an effective mechan-
ism in stabilizing territoriality against theft. Assuming a generalized owner-
floater scenario it is shown that if the owner’s willingness to defend varies in
the population while intruders are able to detect owner behaviour and react
to it then the owners’ aggressiveness and the intruders’ cautiousness will re-
inforce each other. Even if defence functions solely as punishment without
any direct effects on intrusion levels, cautiousness and aggressiveness will
co-evolve to produce stable resource ownership with low theft.
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