
ANIMAL BEHAVIOUR, 2001, 62, 749–759
doi:10.1006/anbe.2001.1799, available online at http://www.idealibrary.com on
When should a territory resident attack?
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Models of territorial defence tend to omit two characteristics of many territorial systems: repeated
intrusions by the same individual and the learning processes of residents and intruders. Here we present
state-dependent, dynamic models of feeding territories, designed to investigate temporal patterns of
resident aggression towards intruders that are capable of spatial learning. We compare two types of
models: (1) a nomadic intruder model, in which intruders never visit the same territory twice, and (2) a
single, repeat intruder model, in which an intruder may repeatedly intrude into a given territory but is
less likely to do so after being attacked. These two models produce qualitatively and quantitatively
different patterns of aggression by residents. For instance, residents with intruders that may repeatedly
intrude have high initial attack rates, regardless of initial probability of intrusion, but their attack rates
decline over time. In contrast, residents in the nomadic intruder model do not attack intruders if
intrusion rates are moderately high, and their attack rates are constant and high for most of the period of
territory tenure. In addition, residents of both nomadic and repeat intruder scenarios stopped attacking
intruders for a short period before voluntarily abandoning their feeding territories. The results of our
models suggest that repeated intrusions and learning processes have a dramatic effect on territorial
defence.
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For many years, models have played an important role in
advancing our understanding of the role of aggression in
territorial species. However, a dichotomy has arisen
between models investigating territories and models
investigating aggressive behaviour. Most territory models
focus on an individual versus the rest of the population,
and consider such questions as when space should be
defended, how much space should be defended, or what
shape a territory should be (e.g. Ebersole 1980; Hixon
1980; Schoener 1983; Poethke & Kaiser 1987; Provencher
& Vickery 1988; Eason 1992). Generally, these territory
models are static, and compare the costs and benefits of
behaviours at a particular point in time (e.g. Davies 1978;
Kodric-Brown & Brown 1978; Myers et al. 1981; Schoener
1983; Carpenter 1987; Grant 1993; but see Dill 1978).
In contrast, models of aggressive interactions typically
focus on interactions between particular pairs of indi-
viduals and often use game theory; these models predict
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who will win the contest, or the pattern of behaviours
within a contest (e.g. Parker 1974; van Rhijn & Vodegel
1980; Maynard Smith 1982; Enquist & Leimar 1983;
Grafen 1987; Nuyts 1994; Mesterton-Gibbons et al.
1996). Compared to the more spatially oriented territory
models, models of animal contests tend to be more
dynamic, and often investigate sequences of behaviours
between individuals (e.g. Enquist & Leimar 1983).

Many lines of evidence suggest that modelling
territorial behaviour as a long-term, dynamic set of inter-
actions between particular individuals would be useful.
For example, territories are often defended for an
extended period, suggesting that individuals may profit
from a long-term view of their territorial occupation,
rather than just a static snap-shot (e.g. Davies & Houston
1983; Stamps & Tollestrup 1984; Gordon 1995). Further-
more, in any territorial species whose members establish
stable home ranges in or near territorial neighbourhoods,
individuals can repeatedly intrude into particular terri-
tories: examples include species in which neighbours
regularly intrude into one another’s territories (Temeles
1994; Gordon & Kulig 1996), or in which ‘floaters’ living
in or near territorial neighbourhoods repeatedly intrude
into nearby territories (e.g. Smith 1978; Arcese 1987;
Stamps & Eason 1989; Rohner 1997).
 2001 The Association for the Study of Animal Behaviour
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Invasions of a territory by an intruder often elicit
aggressive responses from the resident; this aggression is
assumed to induce the intruder to leave the territory
(reviews in Waser & Wiley 1979; Huntingford & Turner
1987; Archer 1988; Stamps 1994). However, in animals
capable of spatial learning, aggressive interactions
between residents and intruders may have the additional
consequence of reducing the chances that the intruder
will return to that territory at a later time (Stamps &
Krishnan 1999). That intruders may be capable of spatial
learning seems reasonable, given the fact that territory
residents in the same species are capable of learning the
location of their territories and their boundaries (Waser &
Wiley 1979; Patterson 1980; Stamps & Krishnan 1999).
Most existing models of territory defence, however,
do not include learning processes when investigating
aggressive behaviour.

The notion that residents use punishment to ‘train’
intruders to avoid their territories is consistent with
suggestions from comparative psychologists that ‘from an
evolutionary viewpoint, conspecific aggression and con-
specific ‘‘punishment’’ are virtually the same thing’
(Blanchard & Blanchard 1986, page 153), a point recently
echoed by behavioural ecologists (e.g. Clutton-Brock &
Parker 1995). If this perspective is valid, then the exten-
sive psychological literature on the effects of rewards and
punishment on space use may yield powerful insights
into the proximate processes responsible for generating
territorial spacing patterns. In fact, a recent learning-
based model of territory establishment is capable of
generating many phenomena similar to those observed in
territorial animals, including the formation of stable
territories within larger patches of uniform quality habi-
tat, increased home range exclusivity when settlers are
aggressive to one another, and a prior residency advan-
tage whenever previous residents and newcomers com-
pete for the same space (Stamps & Krishnan 1999). Thus,
Stamps & Krishnan (1999) illustrated the value of consid-
ering learning processes when examining territorial
behaviour.

In summary, two potentially key characteristics of
many territorial systems (repeated interactions with the
same individual and learning processes) are missing from
models investigating aggressive behaviour between terri-
torial residents and intruders. In this paper, we begin to
investigate the effects of these processes on territorial
behaviour. We assume that intruders are capable of
spatial learning and that attacks by residents discourage
intruders from returning to the territory at a later time.
We incorporate these assumptions into models in which
residents defend feeding territories, and in which the
fitness of residents is affected by the amount of energy
accrued from the territory, minus the energetic costs of
defending the territory against intruders. Based on the
assumption that territory residents occupy territories over
a finite period, and that their energetic state at the end of
this period affects their fitness, we construct a dynamic
model to determine optimal patterns of aggressive
behaviour for territory residents, as a function of
responses of intruders to previous attacks on those
territories. In particular, we compare resident behaviour
when faced with nomadic intruders, which do not return
to the territory if evicted, with situations in which
residents are faced with a single intruder that may return
after being evicted.

Thus, our model uses a relatively simple approach to
study spatial and learning aspects of territorial behaviour
(we explain and justify the details of the model more fully
below). Our treatment of ‘space’ is limited to one resi-
dent’s territory; however, the surrounding habitat may be
considered meaningful in how it affects the intruders’
behaviour (e.g. how persistent they are in repeatedly
intruding into that resident’s space). Learning, in our
model, occurs only in the intruder and is represented by a
decrease in the probability of intruding as a consequence
of previous attacks (see below; Stamps & Krishnan 1999).
This treatment of learning is consistent with definitions
that describe learning as a change in behaviour that
results from the effects of experience on cognitive state,
as opposed to a change in behaviour that results from
other factors, including development, motor fatigue or
sensory adaptation (e.g. Hinde 1970; Shettleworth 1998).
This definition differs from a Bayesian approach, which
treats learning as a process that reduces uncertainty
(Hilborn & Mangel 1997; Clark & Mangel 2000). The
current study differs in two important ways from Stamps
& Krishnan (1999), by focusing on interactions between
territory residents and intruders after territories have been
established, and by using a state-dependent, dynamic
model to determine the optimal patterns of aggressive
behaviour for territory residents in situations when
aggression directed at intruders discourages them from
visiting the territory in the future.
MODEL FORMULATION AND METHODS

Although we are modelling a single territory, we envision
that residents establish feeding territories within large
patches of habitat (neighbourhoods) that are also
inhabited by nonterritorial individuals (intruders).
Intruders are free to move among different areas in the
patch, so that if they are expelled from a territory they
have the option of visiting other defended or non-
defended areas within the same neighbourhood. When
intruders enter territories, they take food but do not
challenge residents for ownership, and residents do
not lose ownership to intruders (cf. Davies & Houston
1981; Tricas 1989; Carpenter et al. 1993b; Temeles 1994).
Residents inhabit their territories for a finite period of
time, and they can accurately predict the duration of
residency and the time when they will abandon their
territories. In reality, cues such as photoperiod, tempera-
ture, feeding rate and growth rate may allow territory
owners to estimate territory tenure (Carpenter et al. 1983;
Stamps & Tollestrup 1984). For the sake of simplicity, we
assume that resource levels do not change over the
territorial season, and that resource levels and quality
are spatially homogeneous across the neighbourhood. In
this situation, residents and intruders can accurately
assess the resources available in any given territory on
the basis of previous foraging experience in the same
neighbourhood.
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Our model focuses on a knowledge asymmetry between
residents and intruders that is probably common in
territorial animals. By definition, ‘residents’ have lived
in their territory for a finite period. If intruders enter
territories sequentially, and if different intruders in a
given neighbourhood display similar behaviour, then
experience with previous intruders will allow residents to
estimate how future intruders are likely to behave, as a
consequence of being attacked by the resident. In other
words, residents may use previous experience with
intruders in the same territory, or in a different territory
in the same neighbourhood, to assess the effects of their
aggressive behaviour on intruders they are likely to
encounter during the current season. In this situation,
experienced residents will have the information required
to behave appropriately when intruders enter their
territory and therefore do not need to learn about the
specific intruder on their territory.

In contrast, we assume that intruders entering a
territory for the first time lack critical information about
the social situation (e.g. whether the territory is occupied,
whether they will be detected by the territory owner, and
whether the owner will attack if they are detected). We
assume that every territory is occupied and that a resident
detects every intruder that enters its territory, but even
in this simplified situation, our model predicts that
residents vary with respect to whether or not they will
attack the intruder (see below). Hence, we assume that
most intruders need to learn about the social behaviour of
the resident when entering a territory for the first time;
as a result our model focuses on the effects of learning
by intruders on the optimal defensive behaviour of
residents.

A major aim of this study is to construct a resident–
intruder model with assumptions as similar as possible to
those of classic models of feeding territory defence, in
order to produce results directly comparable to those
models. As a result, this model ignores other situations in
which learning affects territorial behaviour. For instance,
when newcomers establish home ranges and territories in
previously empty patches of divisible habitat, ‘residents’
and ‘intruders’ do not yet exist, because all of the settlers
are still in the process of learning about features of the
habitat and one another (Stamps & Krishnan 1999,
2001). In this situation, the assumption of knowledge
asymmetries between opponents does not apply, and
modelling approaches such as dynamic games (cf.
Maynard Smith 1982; Bednekoff 1997; Barta & Giraldeau
2000) would be more appropriate for predicting the
optimal aggressive behaviour of different individuals
during the settlement process. Hence, it is important to
emphasize that the current model is designed for, and
only applies to, cases in which there is a clear dichotomy
between opponents, with respect to their ability to
accurately predict the effects of their social and spatial
behaviour on one another.

Our model diverges from classic models of territory
defence (e.g. Davies 1978; Kodric-Brown & Brown 1978;
Myers et al. 1981; Schoener 1983) in two key respects.
First, these models focus on the optimal behaviour of
residents at a particular instant in time, whereas we use
dynamic programming techniques to investigate optimal
resident behaviour over the entire period of territory
tenure. Second, these models assume that each intruder
visit is independent of intruder experience on previous
visits. This assumption is valid in situations in which
intruders are ‘nomadic’, such that any given intruder is
very unlikely to visit the same territory more than once.
Thus, we have designed one ‘nomadic’ model, which
allows us to compare the predictions of earlier static
models with those of dynamic models, when learning by
intruders is not an issue. In addition, we have designed a
‘repeat intruder’ model that assumes individual intruders
are likely to visit the same territory more than once,
where the probability of returning to a given territory
depends on aggressive experience during previous visits.
A mathematically equivalent interpretation of these two
models would be as ‘nonlearning intruder’ (i.e. nomadic
intruder) versus ‘learning intruder’ (i.e. repeat intruder)
models. However, by focusing our interpretation on
nomadic and repeat intruders, we are able to keep our
assumptions about the learning capabilities of intruders
the same (because all territorial animals are capable
of some spatial learning; see Introduction) while
only varying their propensity to intrude on the same
territory.
Effects of Aggression on Intruder Space Use

We let P(n) denote the probability that an intruder will
appear, given that the territory holder has already
expelled n intruders (in the nomadic intruder case) or the
same intruder n times (in the repeat intruder case). In the
nomadic intruder case, the probability that an intruder
will be on the territory in any given time interval, t, is a
constant so that

P(n)=i0 (1)

In contrast, in the repeat intruder case, we assume that
attacks by the resident reduce the probability that the
intruder will return to the territory. Many learning
studies have indicated that relationships between experi-
ence and performance are best described as exponential
functions (Anderson 1995); therefore, in the repeat
intruder situation

where r reflects intruder persistence in returning to the
territory in the face of attack (Fig. 1), with larger values of
r representing more persistent intruders. Variation in
intruder persistence in returning to areas in which it was
previously attacked might occur as a result of differences
in the resources available to an intruder outside of the
territory. For instance, an intruder with access to many
potential feeding sites in a neighbourhood might be less
persistent in returning to a particular territory after being
attacked there than an intruder living in a patch with
only a few feeding sites. Here, we present results for a
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relatively nonpersistent intruder (r=0.5); results using
larger values for r were qualitatively similar.
Monitoring the State of the Territory Resident

Three variables represent the state of the resident
individual.
(1) Energy state of the resident:
X(t)=energy state of the individual

at the start of period t, (3)

which ranges between 0 and xmax.
(2) Whether an intruder is present on the territory:
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Figure 1. Functional forms for the response of intruders to resident
attacks (see equations 1 and 2). The particular values correspond to
those values used for illustration in the results: nomadic intruder
(i0=0.25) and repeat intruder (i0=0.75, r=0.5).
Table 1. Parameter values for baseline runs

Parameter Description
Baseline

value

y Foraging value 0.5
d Divisor for sharing food with

intruder
2

αd Fighting cost 0.5
αf Foraging cost 0.17
ie Intruder impact on resident fitness

at the end of territory tenure
1.0

i0 Initial probability of intrusion
(repeat intruder)

0.75

Initial probability of intrusion
(nomadic intruders)

0.25

Nmax Maximum number of expulsions 25
r Intruder persistence 0.5
T Length of territory tenure 16
xmax Maximum energy reserves 50

See Model Formulation for more specific descriptions, associated
equations and justification.
(3) Expulsion history:
N(t)=number of expulsions

of intruders up to the start of period t, (5)

which ranges between 0 and Nmax, determined so that
another expulsion has little effect on the probability of
intrusion (Fig. 1, Table 1).

We assume that fitness is related to the energetic state
of the resident and that fitness is maximized when the
energy accumulated at the end of the resident’s tenure is
maximized. We characterize fitness in terms of the three
state variables, so that
F(x,s,n,t)=maximum expected value of fitness
at time t for an individual with

X(t)=x,S(t)=s, and N(t)=n, (6)

where fitness at the terminal time T depends upon
physiological state and whether or not an intruder is
present

where x/xmax is the amount of energy the resident has
relative to the maximum, and the function I(s) devalues
this payoff according to whether an intruder is present at
time T,

where ie ranges between 0 (intruder eliminates resident’s
fitness) and 1 (intruder has no effect on the resident’s
fitness). Alternatives to this formulation could easily be
incorporated.

When a resident forages, it receives an energetic gain y
if there is no intruder and a discounted gain y/d if an
intruder is present; the energetic cost of foraging is �f.
Because gut capacity and processing efficiency will limit
the amount of energy gain an individual can experience
in a short period (Schmidt-Nielson 1984), parameter val-
ues were chosen so that the increase in energy state in one
period was less than 20% of its current value (see below).
Thus, during time periods when there are no intruders on
the territory, the resident forages alone, and its energy
state X(t)=x is incremented by

go(x)=y��f (9)
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Thus, the fitness for a resident with X(t)=x and N(t)=n
is

F(x,0,n,t)=P(n)F(x+go(x),1,n,t+1)
+(1�P(n))F(x+go(x),0,n,t+1) (10)

where P(n) is given by either equation (1) or equation (2).
Nonintegral values of x are calculated by linear
interpolation (Clark & Mangel 2000).

If an intruder is on the territory, the individual may
either ignore the intruder and forage, or attack and expel
the intruder and not forage. If it ignores the intruder, the
energy increment is

Because the intruder was not expelled, the intruder
remains on the territory at the start of the next time
period. Hence, the expected fitness value for foraging
with an intruder on the territory, at energy state x and
number of expulsions n is (only one intruder is allowed)

Vf=F(x+gf(x),1,n,t+1) (12)

If the resident attacks and expels the intruder, its energy
state is decremented by the energetic cost �d. We assume
that the resident is always successful in defending its
territory (i.e. expelling the intruder), so the number of
expulsions is incremented by 1. The fitness value of
defending a territory is thus

Vd=P(n)F(x��d,1,n+1,t+1)
+(1�P(n))F(x��d,0,n+1,t+1) (13)

Maximum fitness for an individual currently sharing a
territory is then determined by comparing the two
options

F(x,1,n,t)=max[Vt,Vd] (14)
Analyses

Equation (14) is solved by backwards iteration (Clark &
Mangel 2000). The results yield the optimal decisions for
an individual at a particular time t, with any energy state
x, intruder presence s, and number of expulsions n. Thus,
the final product is a temporal sequence of behaviours
(forage with no intruder present, forage and ignore the
intruder, or expel the intruder and do not forage) condi-
tioned on the state of an individual. During a resident’s
territory tenure, its state will change as a result of its
behaviours; the resident’s resultant state will then dictate
the best behaviour at that time, which will determine its
new state, and so on until the end of its tenure. Therefore,
in order to understand how these variables affect the
pattern of territorial defence for the duration of a
resident’s tenure, we constructed a forward simulation
model that used the set of optimal behaviours. The
forward model started with a resident at time period 1,
with a given set of parameter values, and used a random
number generator to determine what probabilistic events
(e.g. intruding) occurred. Given the specific event, the
resident behaved optimally according to the previously
determined, optimal behaviour for that time period and
state of the resident.

Our primary aim was to investigate how an intruder’s
response to resident aggression affected the pattern of
a resident’s aggression during its territory tenure.
Consequently, we conducted runs of the model while
varying r (range 0.25 (rapid learning)–3.0 (slow learning))
and i0 (0.1–1.0). To determine baseline parameter values,
we conducted sensitivity analyses on the following
parameters (with the tested range in parentheses):
intruder effect at T, ie (0–1.0); territory tenure, T (11–51);
maximum energy level, xmax (25 and 50); value of forag-
ing, y (0.3–1.0); and starting energy reserves (10–40). The
foraging cost (�f), fighting cost (�d) and food share (d)
were all closely related and thus we explored different
combinations of these values. Qualitatively, the model
was robust to changes in the values of these parameters.
We therefore chose a set of baseline values to be within
the range of values that provided meaningful behaviour
(Table 1).

In most of our runs, all residents started with the same
energy reserves; however, in nature, residents may vary in
their starting energy reserves. To determine how this
variation in starting energy might affect territorial
defence, for some runs we randomly assigned an energy
state between 0 and xmax to each individual from a
uniform distribution of possible energy states. Not sur-
prisingly, the variation in starting reserves generated
more variation in behaviour among individuals (e.g.
exactly how many individuals were fighting at a given
time). Qualitatively, however, the results were very simi-
lar to those runs with equal starting energy reserves.
Because the patterns were similar and because we wanted
to keep the interpretations of our results as simple as
possible, we only present the results of runs where all
individuals started with equal energy.

Results consist of averages of 10 000 territories. To
summarize our results, we calculated the percentage of
these territories that: (1) had intruders on them; (2) had
fighting on them; and (3) had intruders and fighting on
them. For clarity, we present the results of one repeat
intruder case (r=0.5) and one nomadic intruder case
(i0=0.25). The functional forms of these values are given
in Fig. 1.
RESULTS
Responses of Residents and Intruders Early in the
Tenure Period

The response of residents to intruders that enter the
territory in period 1 depends on two factors: the type of
intruder and the initial probability of intrusion (i0). For
the nomadic intruder model, residents always attack
intruders in period 1 if i0 is lower than a threshold value
(Fig. 2). No such threshold exists for the repeat intruder
model; intruders are always attacked in the initial period
(Fig. 2).
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The threshold for attack differs between repeat and
nomadic intruder cases due to the different consequences
of attack on future intrusions. When a resident is inter-
acting with a single, repeat intruder, initial attacks on this
intruder reduce the chance that the intruder will intrude
in the future. Thus, even if i0 is very high, the subsequent
probability of intrusion declines later in the tenure
period. In contrast, in the nomadic intruder model, i0 is
unaffected by the resident’s previous aggressive behav-
iour and therefore remains constant throughout the resi-
dent’s tenure. Therefore, the future expected probability
of an intrusion is higher for the residents with nomadic
intruders than those with repeat intruders.

In both the nomadic and repeat intruder models, if
residents are not aggressive to intruders during period 1,
they are never aggressive to any intruders that enter later
during their tenure. This is because residents attacking at
the beginning of their tenure have the longest time
available for recouping their defence cost; thus, if it is not
beneficial for the resident to attack in period 1, it will be
even less beneficial to attack later in the tenure. Further-
more, if the resident attacked intruders in period 1, it also
attacked intruders throughout the first portion of its
territory tenure (Fig. 3). The length of the defence period
varies with the initial probability of intrusion, with
higher values leading to shorter periods of defence.
Higher values lead to shorter periods of defence because
the higher the probability of intruding, the lower the
expected value of expelling an intruder (i.e. the future
probability of intruding also remains high). Thus, the
higher values require longer periods of time to make up
the cost of expelling the intruder in a given time period.

Because the future behaviour of nomadic intruders is
unaffected by the aggressive behaviour of the residents,
the rate at which these intruders enter the territory is
constant throughout the first portion of the period of
tenure (Fig. 4). In contrast, the intrusion rates for repeat
intruders declines precipitously as the period of tenure
proceeds, as a consequence of the consistent attacks by
the residents (Fig. 4).
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Figure 2. Percentage of residents attacking intruders in the first
period versus the initial probability of intrusion (i0). Percentage is
calculated from those territories that had an intruder in the first
period. See Fig. 1 for the functional forms of intrusion probability for
repeat and nomadic intruders and Table 1 for parameter values.
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Figure 3. Percentage of residents attacking intruders for those
territories that currently had an intruder. See Fig. 1 for the functional
forms of intrusion probability for repeat and nomadic intruders and
Table 1 for parameter values.
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Figure 4. Percentage of territories (N=10 000) that currently had an
intruder. See Fig. 1 for the functional forms of intrusion probability
for repeat and nomadic intruders and Table 1 for parameter values.
Temporal Changes in Aggressive Rates

In field studies, it is difficult to keep track of the history
of intrusions and attacks for individual intruders and
territory owners, but it may be possible to estimate the
proportion of territories on which residents are attacking
intruders at any given time. When intruders are nomadic,
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the proportion of territories with fighting is expected to
be constant during the first portion of the tenure period
(Fig. 5) because the probability of intrusion is constant
(Figs 1 and 4) and because each intrusion is met by attack
by the resident (Fig. 3). With repeat intruders, there is a
dramatic decline in the proportion of territories with
fighting during the first portion of the tenure period
because the probability of intrusion declines (Fig. 4);
recall that residents continue to attack every intruder that
enters (Fig. 3).

In both the nomadic and repeat intruder models,
residents discontinue territory defence several time
periods prior to the end of the tenure period (Fig. 3).
Residents stop defending their territories because as they
approach the time when they will leave their territory,
the expected future benefits of defence decrease relative
to the cost of defence. The exception to this rule occurs in
situations where having an intruder at the end of the
period of tenure eliminates most of the resident’s fitness
(e.g. ie=0). Not surprisingly, in these situations residents
continue to attack intruders until the end of tenure
period.

The response of intruders when residents stop defend-
ing their territories is qualitatively similar for nomadic
and repeat intruder models: intruders begin to accumu-
late on the territories after the residents stop evicting
them (Fig. 4). Quantitatively, however, the models differ.
The fastest accumulation of intruders occurs in the
nomadic intruder model, where intruders continue to
enter territories at the same rate as before (i0) regardless of
whether they have been attacked. In situations with
repeat intruders, many residents have ‘trained’ their
intruder to stay out of their territory by the end of the
tenure period, so the increase of intruders on territories
occurs at a relatively low rate relative to the nomadic
intruder model (Fig. 4).
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Figure 5. Percentage of territories (N=10 000) on which the resident
attacks an intruder. See Fig. 1 for the functional forms of intrusion
probability for repeat and nomadic intruders and Table 1 for
parameter values.
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Figure 6. Average percentage change in the resident’s starting
energy reserves during the course of territory tenure. The lines
compare the energy change for residents that are allowed to fight
(i.e. follow the optimal decisions) for the two intruder types versus
residents that are ‘forced’ to ignore intruders and instead always
forage. See Fig. 1 for the functional forms of intrusion probability for
repeat and nomadic intruders and Table 1 for parameter values.
Energy Stores Over Time

In both nomadic and repeat intruder models, residents
invest energy in attacking intruders when these intruders
first venture onto the territories and recoup the benefits
of that investment later in the period of territory tenure
(Fig. 6). Thus, residents go into an energy deficit when
intruders begin to venture onto the territory, drawing on
their energy stores to attack intruders instead of foraging.
This strategy pays off in the long run, however, because
repeat intruders who are punished when they initially
venture onto the territory are less likely to return there in
the future (Fig. 1), allowing the residents to devote most
of their time to uninterrupted and unshared foraging
during later time periods. Even residents with nomadic
intruders experience a short-term decrease in intrusion
probabilities as a result of attacks, because if the resident
does not attack the intruder, the intruder remains on the
territory (i.e. P(n)=1.0). If the resident attacks the
intruder, however, then the probability that an intruder
will arrive in the next period is the same as the popula-
tion average (i.e. P(n)=0.25 in our nomadic intruder
example).

The nature of the energy deficit experienced by a
resident depends on the type of intruder. All else being
equal, residents with repeat intruders experience a deficit
that is smaller and of shorter duration than residents with
nomadic intruders (Fig. 6) even when the initial prob-
ability of intruding is considerably lower (0.25 to 0.75).
These differences among intruder types can be explained
by the average amount of intrusion that occurs over the
resident’s tenure, which is lower for repeat than for
nomadic intruders.
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DISCUSSION
Dynamic versus Static Models of Territory Defence

Some of our results agree with those of earlier static
models of territorial behaviour. For instance, our model
indicates that there is a threshold of intrusion pressure,
below which defence always occurs, and above which
defence never occurs. This threshold also exists in static
models that consider the effects of intruder pressure on
the presence or absence of territory defence (reviews in
Myers et al. 1981; Davies & Houston 1984).

In other ways, however, the predictions of our dynamic
models differ from those of previous static models. First,
our results indicated that residents suffer an energy deficit
at the beginning of their territorial tenure in order to
accrue the benefits of decreasing future intrusions. Static
approaches, given their ‘snapshot’ of costs and benefits,
would not predict defence in these cases. For example, in
the nomadic intruder model, defence costs at the begin-
ning were so high that it took residents one-third of their
tenure just to break even, and two-thirds of the tenure
period before they surpassed the total energy gain of
residents that never attacked intruders (Fig. 6). Thus, a
long-term view of benefits changes predictions about
when territories will be defended, and highlights the
utility of considering net benefits throughout the period
of territory tenure, rather than focusing on short-term
gains and losses. The value of taking such a long-term
view is illustrated by Davies & Houston’s (1983) classic
study of winter territories in pied wagtails, Motacilla alba.
On some days, territorial individuals would have had a
higher foraging gain if they joined the flock; however,
Davies & Houston suggested that these individuals
remained territorial because over the whole winter the
net benefit to defending a territory was higher (Davies &
Houston 1983).

Second, the results of our models predict that residents
will often reduce territorial defence near the end of the
period of territory tenure. Cessation of defence is
expected if residents voluntarily abandon territorial
defence, if residents are able to predict when they will
abandon their territories, and if the presence of intruders
on the territory at the end of the tenure does not elimi-
nate all accumulated fitness. These assumptions are prob-
ably valid for many animals that establish feeding
territories, and they may also be true for other situations
(e.g. breeding territories in which owners accumulate
fitness on a daily basis; also see below). Again, static
models looking at immediate costs and benefits do not
predict such a pattern.

Although few workers have investigated the behaviour
of animals just before they voluntarily abandon tempor-
ary feeding territories, there are some indications that
residents may become less aggressive during this period.
For example, rufous hummingbirds, Selasphorus rufus,
establish feeding territories at stopovers during migra-
tion, and then voluntarily abandon these territories
when they reach a condition that allows them to resume
migration (Carpenter et al. 1983, 1993b). Carpenter
et al. (1993a) were able to predict when individual
hummingbirds would abandon their territories, based on
relaxation of territorial defence by residents the day
before they resumed migration. In Anolis aeneus lizards,
juvenlies establish feeding territories in clearings; they
then defend these territories until they grow to a certain
size and emigrate to adjacent habitats (Stamps 1978,
1983). Small (e.g. newly settled) territory residents pre-
sented with same-size intruders are highly aggressive,
but territory residents become much less aggressive to
same-size intruders once they have reached the sizes at
which they normally abandon their juvenile territories
(Stamps & Tollestrup 1984). Thus, although these
juveniles are growing on their territories (and our model
only incorporates changes in energy state), this example
suggests that aggression may indeed decrease at the end
of territory tenure.
Repeat versus Nomadic Intruder Models

Our results also indicate that residents should behave
differently when confronted by a series of intruders, none
of whom ever returns to the territory following attack
(nomadic intruder model), versus when facing intruders
who return to the territory even if attacked by the
resident (repeat intruder model). For instance, at the
beginning of the period of territory tenure, the threshold
intrusion pressure (i0) required for the initiation of
territory defence was much lower for the nomadic
intruder model than for the repeat intruder model. In
addition, in the nomadic intruder model, the proportion
of territories that had intruders and the proportion that
had fighting was constant over most of the tenure period,
but both quickly declined in the repeat intruder model
(Figs 4, 5). Interestingly, workers have observed especially
high rates of aggression when birds first establish feeding
territories (e.g. Copenhaver & Ewald 1980; Gwinner et al.
1994; Turpie 1995); at least some of the intruders in these
species were individuals who were residents in the same
neighbourhood, suggesting that a repeat intruder model
may apply to these species.
Caveats and Future Directions

For the sake of simplicity, the repeat intruder model
considered situations in which only one intruder invaded
a territory during the period of territory tenure. However,
this model can be extended to situations in which several
individuals intrude into the same territory, if we can
assume that residents are capable of identifying intruders
as individuals, and that aggressive behaviour directed
by a resident at one intruder varies independently of
aggressive behaviour directed by that resident to other
intruders. In that situation, our results could be inter-
preted as predicting aggressive behaviour in resident–
intruder dyads, rather than predicting the behaviour of
residents towards all intruders. There is abundant direct
and indirect evidence that territorial vertebrates are
capable of individual recognition (e.g. Catchpole & Slater
1995; Gray & Hurst 1997; Hojesjo et al. 1998; Owen &
Perrill 1998), so this assumption seems reasonable for this
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taxon, at least. The second assumption, that an indi-
vidual’s aggressive behaviour with one opponent can vary
independently of its aggressive behaviour towards other
opponents, has been amply validated in species that form
dominant–subordinate relationships (review in Drews
1993), and is also likely to apply to many territorial
species (Stamps 1999). Overall, having multiple, repeat
intruders would not change the qualitative patterns of
defence, but would increase the costs of defence and thus
change the quantitative results and the quantitative dif-
ferences between the nomadic and repeat intruder cases.

Our model was designed for feeding territories. For such
territories, in which energy accumulation by the end of
the period of tenure may provide an appropriate currency
for fitness (e.g. Davies & Houston 1983; Carpenter et al.
1993a), our modelling approach should be valid. How-
ever, results may not apply to aggression patterns on
all-purpose or breeding territories. If a territory is used for
a single breeding event (e.g. one clutch of eggs or litter of
young), the time between the onset of defence and the
realization of fitness benefits is likely to be longer than in
the case for feeding territories, and thus the temporal
patterns of aggression may differ from our results. On the
other hand, some animals defend breeding territories in
which mating occurs on a daily basis (e.g. territorial male
dragonflies; Switzer 1997); if fitness accumulates through-
out a resident’s tenure, our modelling approach may
apply in this situation.

Finally, because our model focused on the resident’s
point of view, we assumed a great deal about intruder
behaviour. This simplification was extremely useful, for
by controlling for variation in intruder behaviour, we
were better able to interpret the resulting patterns of
resident behaviour. Of course, intruder behaviour is often
more complex than envisioned in our models. For
instance, in heterogeneous habitats, intruders might not
be able to estimate the resources available on a given
territory without visiting the territory. In that case, the
probability of intrusion should increase as a function of
previous visits to the territory in which an intruder was
rewarded by food, and not attacked by the resident (e.g.
see Stamps & Krishnan 1999). However, adding this
assumption to our model would only accentuate the
patterns observed in this study (e.g. residents should be
even more likely to attack intruders on their first visits to
the territory if rewarded intruders were more likely to
return than were naïve intruders). Another possibility is
that intruder behaviour might change as a result of
intruder energy reserves over the course of the season. As
long as these changes were consistent across intruders,
this assumption could be incorporated into a modifica-
tion of our current model, in which residents were able to
predict changes in the probability of intrusion during the
period of territory tenure. On the other hand, some
assumptions about intruder behaviour would require new
modelling approaches. For instance, if behaviour varied
among intruders in the same area (e.g. in terms of persist-
ence, nomadic versus repeat nature, etc.), and these
differences were not signalled in ways that were obvious
to residents (e.g. sex, age, colour patterns), then residents
might not be able to discriminate one type from the other
on their first visits to the territory. In that situation, other
modelling techniques such as dynamic games would be
required, because both residents and intruders would be
learning about one another during an intruder’s initial
visits to the territory.

In conclusion, incorporating spatial learning into a
dynamic model of territoriality generated patterns of
resident aggression not predicted by earlier, static models.
Some of these patterns have been supported by empirical
data on feeding territories. Our study suggests that future
models of territorial behaviour would do well to incorpor-
ate learning processes and consider the entire period of
territory tenure. In addition, our results indicate that
further modification of early models of territorial defence
(e.g. investigating resident responses when confronted
with several intruders with repeat visits) may yield new
insights into patterns of defence in territorial animals.
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