Optimal patch residence time of a
sit-and-wait forager

This paper addresses optimal giving-up time of a sit-and-wait forager by a rate maximization
model. It was assumed that a forager takes at most only one prey item in a patch in one trial,
that is, the forager leaves a patch with a prey item (if it attacks it) or without prey (if it gives
up). Some kinds of sit-and-wait foragers, like owls, hunt in this manner. The following assumptions were made: (1) A forager recognizes the habitat type of patches (e.g., forest type or
grassland type). (2) Spatial or temporal heterogeneity generates the uncertainty of the environment in each habitat type. It was assumed that in a patch (in habitat type i), prey encounter
rate (X) is fixed during the trial and encounter with prey depends on a Poisson process. However,
prey encounter rate varies across trials within each habitat type according to /-(X). Thus the
forager does not know the prey encounter rate that is assigned to each patch in the type, but
it knows the probability density function, /(X). (3) The forager encounters each habitat type
randomly in the environment. The patch residence time for each habitat type was considered
as the only decision parameter. Considering stochastic change of prey encounter rate in patches
of a habitat type, information limitation for the foraging animal can be treated. Patch residence
time was influenced by the pattern of the stochasticity. When the forager knows perfectly the
encounter rate of prey in each patch (i.e., no stochasticity), the optimal giving-up time is infinite
or zero (reject the patch). With the limited information (stochastic environment), the condition
for a finite, nonzero optimal giving-up time in patches of a habitat depends on how far the
worst case is below the average among patches of the habitat and how bad the worst case is
compared to the average of the whole environment. In a negatively skewed habitat, these
conditions tend to hold easily. The optimal forager should perform pessimistically or doubt
whether the patch contains prey, that is, set a finite giving-up time. In a positively skewed
habitat, the optimal forager should perform optimistically, that is, set an infinite giving-up time.
The expected gain is higher in the positively skewed habitat than in the negatively skewed
habitat. When the forager must choose between the two habitats, it should choose the positively
skewed habitat. [Behav Ecol 1991;2:283-294]

P

atch exploitation has been one of the main
topics in foraging theory (e.g., Andersson, 1981; Charnov, 1976; Fitzpatrick, 1981;
Green, 1980, 1984; reviewed by Gross, 1986;
Iwasaetal., 1981; Pyke, 1984;Schoener, 1986;
Stephens and Krebs, 1986). In early versions
of patch exploitation models, environmental
stochasticity and information limitation were
not incorporated (e.g., Charnov, 1976; Orians
and Pearson, 1979), but recently many studies
also include environmental stochasticity (e.g.,
Caraco, 1980; Caraco and Gillespie, 1986;
Caraco et al., 1980, 1990; Iwasa et al., 1981;
Real, 1980a,b; Real et al., 1982; Schmitz and
Ritchie, 1991; Stephens, 1989; Tuttle et al.,
1990). There are two different approaches to
environmental stochasticity. The first is mod-

eling the learning process of uncertain parameters of the environment, which addresses optimal decision rules (Iwasa et al., 1981; Green,
1980; Krebs et al., 1978; McNamara, 1982).
A Bayesian approach is used to address the
problem. This approach treats a priori knowledge and a posteriori knowledge about the
environmental parameter after gaining experience. The knowledge of the environment
occupied by the forager is not stationary between the early phase and the latter phase of
the sampling process (Krebs et al., 1978; McNamara and Houston, 1985). The second approach is an option-choice problem, where
the forager chooses habitat types, each of
which has a different degree of" uncertainty
(e.g., Caraco, 1980; Caraco etal., 1980,1990;
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Real, 1980a,b; Real et al., 1982; Schmitz and
Ritchie 1991; Stephens, 1989; Tuttle et al.,
1990). In this case the forager already knows
the environmental uncertainty of each option.
The first approach has been mainly used to
address the patch departure problem, and the
second has been used for the habitat choice
problem. The distinction between these two
approaches is mainly based on the knowledge
of the forager and the environmental situation.
It is usually assumed that foraging animals
are constantly making decisions based on a
number of parameters. Relationships between
the parameters and the decisions are termed
decision rules (Pyke, 1984). The decision rules
depend on the assumptions of a model and
the parameter sets of the model. Decision rules
must employ parameters that the forager can
recognize directly or indirectly. If resource
exploitation is continuous and the forager can
recognize the local rate of gain, Charnov's
model (Charnov, 1976) may be appropriate
to understand the decision process for patch
departure of a foraging animal. In this case,
the forager uses the instantaneous information available each time during the foraging
process. On the other hand, if a forager exploits resources in a discrete manner and it
can use information during the foraging process in the patch, a decision rule should differ
from the case of continuous resource exploitation. Furthermore, the number of available
choices may depend on the number of types
(or classes) that the forager can recognize.
Even though the environment is heterogeneous spatially or temporally, if the forager
knows the quality of each patch and the location of these patches, the sequential patch
choice, as well as patch departure time, might
be the decision parameters for the forager.
Thus, the kinds of decision parameters that
should be considered are also associated with
the forager's knowledge about the environmental parameters (e.g., Mangel, 1990; Stubblefield and Seger, 1990).
In this paper, I address a patch exploitation
strategy of a sit-and-wait forager that takes at
most only one prey item per trial in one patch.
The forager may give up waiting for prey if it
spends a certain time without encountering
prey in the patch. The giving-up time may be
affected by various factors, such as information about the encounter rate with prey in a
patch, susceptibility of prey, energy taken from
a prey item in the patch, average gain rate in
the environment, hunger level of the forager,
and so on. I assume that the waiting time in
a patch is the only decision parameter of the
forager. I incorporate some assumptions for
simplicity, but consider realistic situations to
understand the foraging behavior of a sit-andwait forager.
284
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General assumptions
I set the following assumptions throughout
the paper: (1) There exist one or more habitat
types, and each habitat type is distinctive for
the forager. The environment that the forager
searches consists of several patches of those
habitat types. (2) The forager can discriminate
habitat type of the patches. (3) The forager
randomly encounters each patch. (4) Encounters with prey occur as a Poisson process in a
patch. (5) Attack success by the forager is perfect and cost to attack prey in either time or
energy is negligible. (6) Energy cost of searching is small and can be ignored. (7) The prey
encounter rate does not vary in a patch when
the forager is searching. Instead, prey encounter rate varies across trials among patches of each habitat type according to the probability distribution of prey encounter rate for
that habitat type. (8) The forager has been
living in the environment and knows the state
of each habitat. (9) The forager determines a
giving-up time (T) at the time of entering the
patch to maximize the long-term reward rate
according to the expectation of future gain.
Constant environment
Single habitat type

First, I consider the following situation: There
is one habitat type in an environment; each
patch contains the same type of prey; energy
derived from each capture is one unit. The
quality of each patch is characterized by the
parameter of instantaneous encounter rate of
prey (X). Instantaneous encounter rate may
be determined on the basis of the number of
prey in the patch or the activity of the prey.
If the forager chooses a giving-up time, T, the
expected gain by time T from the patch is
-

e~XT

(1)
The expected waiting time given that an attack
occurs is
1
X

Te -XT

(2)

This is a conditional waiting time given that
the forager encounters a prey. The probability that the forager meets no prey by time
Tis
(3)

Therefore, the expected waiting time in the
patch is
(4)

The long-term expected reward rate, G{T),
given that forager uses a giving-up time (7), is

G(T) =

1 - e~XT 1

CT

(5)

(Xi, X2, 7i, g, and c). If the following inequality
is satisfied,

X

(7)
where T is the average traveling time between
patches, and c is traveling cost per unit traveling time. Because this function is a monotonically increasing function of T, the optimal
giving-up time is infinity. Thus the optimal
policy is to stay in each patch until a prey is
found. As a result, the expected waiting time
in a patch is 1/X. A similar argument was developed by McNamara and Houston (1985)
without considering travelling cost, c.
More than one habitat type

Next, I consider more than one habitat type
in a single environment. For simplicity, suppose that there are two habitat types in the
environment. Assume that patch quality is
characterized not by prey type (energy derived
from a prey item is g in both habitats) but by
instantaneous encounter rate of prey in each
habitat type; X, (in a patch of habitat type 1)
and X2 (in patch of habitat type 2), respectively. Without loss of generality, I assume X,
> X2. This assumption means that there are
more prey items in habitat type 1 than in habitat type 2, or prey activity in habitat type 1
is higher than in habitat type 2. The forager
encounters each habitat type randomly. When
the forager moves around patches with a constant speed, the instantaneous encounter rate
of a patch of each habitat type is 7! (for type
1) and 7 2 (f° r tyPe 2), respectively. That is,
the mean traveling time between patches is
1/CYI + Y2K a n d t n e proportion of encounter
to type 1 is 7^(71 + 72). The long-term expected reward rate is

r2|Tl)T2)
(6)
—
X2

where c is the average traveling cost per unit
traveling time. This function is also a monotonically increasing function of T, and T2. As
in the single habitat type model, if the forager
decides to search in both habitat types, the
forager sets the giving-up time in patches of
each habitat type as infinity, and the expected
waiting times to meet a prey item are 1/X] and
1/X2 in patches of habitat types 1 and 2, respectively. However, it is intuitively predictable that when there are many good patches
(patches of habitat type 1 in this context) in
the environment, if the forager arrives at a
poor patch, it should spend no time in the
poor one. Indeed, whether the forager ignores patches of poor habitat type depends
on the relationship among the five parameters

the forager should ignore patches of poor
habitat type; that is, the forager sets the giving-up time at 0 in patches of habitat type 2
(see Appendix A). If c > g/(l/X2) (i.e., mean
gain per unit searching time in poor habitat
type g\2 is smaller than the traveling cost per
unit traveling time c), Equation 7 always holds;
that is, the forager should ignore the patch of
poor habitat type. This condition means that
searching in patches of poor habitat does not
pay. But even if the previous inequality does
not hold, if the encounter rate for the richer
habitat type in the environment (7J is large,
Equation 7 may still hold. Difference in the
quality of two habitat types and the traveling
cost and expected intake from patches of poor
habitat also affect whether the forager should
ignore patches of poor habitat type.
Variable environment
Single habitat type

In the discussion in the previous section, I
assumed two habitat types in an environment.
In this case, when the forager encounters a
patch, there are two possible decisions for the
forager; either it should wait until it encounters a prey item in the patches of both habitat
types or wait until it encounters a prey item
in patches of good habitat and spend no time
in patches of poor habitat. The forager's decision should be optimal for every encounter
of patches. However, it is not always true that
patch quality is constant nor can the forager
recognize the patch quality accurately just at
the time of entering a patch. Stochasticity imposes uncertainty in the foraging process. The
environmental stochasticity disturbs an accurate decision for patches of each habitat
type. There are two cases of uncertainty for
a sit-and-wait forager. First, patch quality may
change stochastically at each arrival of the forager in a patch. Second, there are many patches in an environment, and patch quality is
different from patch to patch, but the forager
cannot recognize the differences in patch
quality. In these cases, the most rational strategy is to adopt a unique giving-up time, T, for
all patches (e.g., DeGroot, 1970: 228; Iwasa
etal., 1981).
Assume that there is one habitat type in the
environment and the temporal or spatial heterogeneity of patch quality is characterized by
encounter rate of prey (X) on every search
trial. Also let us define/(X) as the probability
density function of X. Then the long-term exNishimura • Patch use of a sit-and-wait forager
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pected reward rate by adopting a unique giving up time, T, for all patches is expressed by:
g

/(X)(l - e-™) d\ - cr

1

P°
Jo

A

or
G(T) =

(8)

where T is the average traveling time between
patches, c is traveling cost per unit traveling
time, g is energy gain from a prey item, ^f(T)
is the expected gain, and <£>(7) is the expected
waiting time from adopting a unique givingup time, T. The optimal giving-up time can
be evaluated by solving the following equation

*'(7)

= G(T),

X= A

0

X# A

where A is a positive constant. However, if
prey encounter rate changes with a density
function /(X), it is not always true that the
optimal giving-up time is infinity. The condition where the giving-up time is finite for an
arbitrary density function of prey encounter
/(X)is

\nin

g

or

where Xmin is a lower boundary of/(X), or the
lowest encounter rate of prey among the
patches, and £(1/X) is the expected mean waiting time among patches in the habitat type
(see Appendix C). If g/(l/Kmn) < c (i-e-> mean
gain per unit waiting time in the worst case is
smaller than the traveling cost), Equation 10
always holds. But even if Equation 10 does
not hold, that is, g/il/Xn^) 2: c, if the traveling
time (T) is small or die expected waiting time
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Numerical example
Unfortunately, Equation 9 cannot be solved
explicitly with respect to T. We cannot know
an optimal giving-up time for each parameter
set analytically. To clarify how the giving-up
time changes with the density function/(X), I
present two simple numerical examples. The
density function of prey encounter rate is assumed as follows; there are two states, X, and
X2, with the probability/)] and/>2> respectively
(X, > X2, p\ + pi = 1). Then the long-term
expected reward rate by adopting giving-up
time, T, is
G(T)

(9)

where the left-hand side of Equation 9 represents the first derivative of ir(T) and <i>(T)
with respect to T, respectively (see Appendix
B). The left-hand side of Equation 9 corresponds to the marginal value of a classical
patch use theory (Charnov, 1976). In the previous section, I showed that the giving-up time
is infinity for a special distribution of/(X), that
is,
1

to encounter a prey in the worst patch
(1/Xmin) is large, Equation 10 holds. Note that
the lower boundary of probability density
function/(X) strongly affects the existence of
finite optimal giving-up time.

(11)
A,

The condition for a finite giving-up time is

^2

^1

P\

(12)

Equation 12 is a simple case of Equation 10.
Effect of proportion of a habitat type, traveling
cost, and traveling time. Figure 1 shows the
optimal giving-up time for various parameter
sets. Figure la shows the optimal giving-up
time when the parameter/*! (probability of X^
was changed while the other parameters remained fixed (X, = 0.9, X2 = 0.1, g = \, T =
2, and c = 0.05). According to the analytical
prediction, when/?, is more than 0.3375 and
less than 1, the giving-up time is finite. The
optimal giving-up time does not drastically
change around the center of this interval, and
when pi is close to 0.3375 or 1, the optimal
giving-up time drastically increases. Figure l b
shows the optimal giving-up time when the
parameter c (traveling cost) was changed while
the other parameters remained fixed (Xj =
0.9, X2 = 0.1, g = 1, T = 2 and/>! = 0.5). When
c is less than 0.12, the optimal giving-up time
is finite. Average traveling time between
patches (r) also affects the optimal giving-up
time. Figure lc shows the optimal giving-up
time when the parameter T was changed and
the other parameters were fixed (X, = 0.9, X2
= 0.1, g = 1, c = 0.05, andp, = 0.5). When r
is less than 2.96 the optimal giving-up time is
finite. As the traveling time gets close to the
threshold, the optimal giving-up time drastically increases.
Effect ofvariance. The optimal giving-up time
is also dependent on die variance of the ex-

—
ca

K

a
oa

ving-up time

pected waiting time. The expected waiting time
to certain prey encounter rate (X) is I/A. I
assume a simple two-point distribution of 1/X,
(i = 1 and 2) in which the frequency of both
is 0.5.1 fixed the expected waiting time [E(l/X)
= 5.5] and changed the variance of the expected waiting time V(l/X) while holding the
other values of the parameters as follows; g
= 1, T = 2, and c = 0.05, respectively. Just as
qualitatively predicted, the smaller the variance, the longer the optimal giving-up time
(Figure 2). When the variance is large, it means
that in half the cases, the time to encounter
the prey occurs soon, and in the other half of
the cases, the encounter seldom occurs even
with long waiting times. In an extreme case
of such a situation, giving-up time would approach zero asymptotically.
Effect of skewness. Next I compare two environments in which the probability distributions of prey encounter rate have the same
mean and variance but opposite skewness. In
environment 1 (negatively skewed), X, = 0.98
and X2 = 0.18 with probability 0.7 and 0.3,
respectively, between patches. On the other
hand, in environment 2 (positively skewed), X1
= 0.5 with probability 0.7, and X2 = 1.3 with
probability 0.3 between patches. Both environments have the same mean and variance
(mean = 0.74, variance = 0.1344). Average
traveling time between patches, traveling cost
per unit traveling time, and energy gain from
a prey are also assumed to be the same in both
environments (T = 0.2, c = 0.05, and g = 1).
Figure 3 shows the reward rate for each giving-up time in both environments. The optimal giving-up time in environment 1 is shorter
than that in environment 2. The optimal giving-up time is longer, and the expected reward
rate under the giving-up time is higher in environment 2 than in environment 1. From Figure 3, we can derive the following prediction
in an environment that has a negatively skewed
probability mass (or density) function of prey
encounter rate: the forager suffers a risk by
making an incorrect decision about giving-up
time. In an environment that has a positively
skewed probability mass (or density) function
of prey encounter rate, the forager does not
suffer a serious risk by making an incorrect
decision about giving-up time.
Previously, I assumed that the forger cannot evaluate the particular value of X that is
assigned to each patch, but the forager can
estimate a density function f(X) that is assigned
to the habitat type. Indeed, the prey encounter rate may not be homogeneous temporally
or spatially in a natural environment, and the
forager cannot know the exact value of X in
each search trial. If prey actively moves from
the patch to another place, the above consideration will make sense. In such a case, finite
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Figure 1
The optimal giving-up time
for various parameter sets, (a)
The optimal giving-up time
when the parameter/),
(probability of X,) was
changed while the other
parameters remained fixed (X,
= 0.9, X2 = 0.1, g = 1,T = 2,
and c = 0.05). (b) The optimal
giving-up time when
parameter c was changed, but
the other parameters
remained fixed (X, = 0.9, X2 =
0.1, g = 1, T = 2 and/>, =
0.5). (c) The optimal giving-up
time when the parameter T
was changed, but the other
parameters remained fixed (X,
= 0.9, X2 = 0.1, g= \,c =
0.05 and />, = 0.5).

giving-up time may be more realistic than an
infinite giving-up time. Furthermore, even if
X is homogeneous, a finite giving-up time can
be optimal. Consider the way a forager estimates the parameter X in an environment. If
the forager evaluates X by experience during
a finite time interval in a patch, and the estimated X is stored in the memory of the forager, the forager may have a subjective density
function of X. If no prey encounter occurs for
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Variance of the expected waiting time
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Figure 2
The relationship between the
optimal giving-up time and
the variance of the expected
waiting time. For details see
text.
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Figure 3
The curves of expected
reward rate in relation to
giving-up time in negative
skewed (I) and positive skewed
(II) environments. The
parameters for each
environment are given in the

1

text.
Glvlng-up time

a LCI Lam uuiduun ui nine, n suuuiu ui. evaluated as zero. Storing those X values in memory, the forager would have a subjective density function of X. Using Ural owls (Strix
uralensis), I showed (Nishimura, 1988) that
giving-up time of a sit-and-wait forager is prolonged when the variance of the expected
waiting time is low compared to when the variance is high. I have also proved (Nishimura,
1991) that giving-up time is shortened when
owls have little experience in a given environment and that it is prolonged after gaining
experience and knowledge in a given environment. When the forager has little experience
in the environment, the subjective probability
of prey encounter diverges, and after gaining
experience it converges. Both studies showed
that the actual uncertainty of expected waiting
time and subjective uncertainty prolonged
giving-up time.
More than one habitat type

In the single habitat model, I assumed that
the forager cannot recognize the patch quality
when it encounters the patch due to the spatial
or temporal stochastic heterogeneity of prey
encounter rate (X) in the identical habitat type.
In such a situation, there exists only one habitat type in the environment. Thus, the forager
should adopt a unique giving-up time for all
patches that the forager encounters during a
foraging bout. However, in various foraging
situations, there exist some distinctive habitat
types, each of which contains indistinctive
patches. Different habitat types may have different types of prey or different probability
distributions of prey encounter rate. Imagine
patches with different vegetation. These patch
characters may be distinguished by the forager, and the different vegetation patches may
have different types of prey or different probability distributions of prey density among the
patches. Even if the forager does not know
the encounter rate of prey in each patch, these
vegetation types offer sufficient information
to make efficient decisions. Therefore, the
forager may use different giving-up times in
patches of different habitat types.
I suppose the following situation: (1) There
are n vegetation (habitat) types of patches in
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an environment, and the forager can recognize the habitat type. The proportion of
patches of habitat type, i (i = 1, . . . , n) is p{
in the environment. (2) Each habitat type contains a different type of prey, and energy gain
from a prey item that is taken at habitat type
i is gi. Because the prey type that inhabits a
patch is strongly correlated with the vegetation type, the forager knows what kind of prey
inhabits each patch. (3) However, the prey
encounter rate is different in each search trial
in patches within each habitat type due to a
stochastic heterogeneity of prey density among
the patches. (4) The parameter of prey encounter rate is distributed with a probability
density function / (X) among patches of habitat type i. In this situation, the forager can
determine a unique giving-up time (T,) for
habitat type i to maximize the long-term expected reward rate. When the forager adopts
a giving-up time T,- in patch of habitat type i,
the expected time that the forager spends in
a patch of habitat type i is

=f

(13)

Jo
and the expected gain in a patch of the habitat
type is

=f

dX.

(14)

Jo
The expected long-term reward rate when the
forager adopts giving-up time T,- (i = 1, . . . .
n) in patches of each habitat type is
G(Tlt

,

...,

(15)

where T is average traveling time between
patches and c is traveling cost per unit traveling time. When Xmin_, is the minimum boundary of probability density function of /(X), if
gi/(l/Amin,,) » c (the expected gain per unit
searching time given that prey encounter rate
is the lowest in patch of type i is relatively
larger than traveling cost per unit traveling
time c) for any habitat type i, then we can
ignore the traveling cost, c, in this context. I
assume that the above assumption holds.
If there is a finite nonzero optimal givingup time for each habitat type, the optimal
giving-up times are given by solving the following equation:

^

= G(r,,...,
(i = l, . . . , n ) .

(16)

(See Appendix B.) Equation 16 and Equations
B1-B5 (Appendix B) cannot be solved explicitly. However, we can describe an implicit re-

