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Departure time versus departure rate: How to 
forage optimally when you are stupid

Frederick R. Adler1* and Mirjam Kotar2

‘Departments o f Mathematics and o f Biology and2 School o f Medicine, University o f Utah, 
Salt Lake City, UT 84112, USA

ABSTRACT

Foragers unable to leave a patch at the optimal moment must act as constrained foragers. 
Extending the results of Houston and McNamara (1985), we compare a blundering forager that 
leaves patches at a constant rate with an unconstrained optimal forager that leaves patches at 
the optimal time. When a dimensionless measure of environmental quality exceeds a particular 
value, the blundering forager remains in patches longer on average than the unconstrained 
optimal forager. The relative success of the blundering forager is, paradoxically, lowest when 
its average departure time exactly matches that of the unconstrained optimal forager. When 
foraging in two dimensions, blundering provides a robust spatial foraging strategy for dealing 
with unknown differences in patch size.

Keywords: blundering foragers, error-constrained foraging, Marginal Value Theorem, optimal 
foraging.

IN TR O D U C T IO N

The M arginal Value Theorem  states that an  organism should leave a patch the instant the 
consum ption rate drops below the average rate available in the environm ent (Charnov, 
1976). Some organisms m ight no t be clever enough to do this. W hen powers o f assessment 
are limited, an  organism  m ight have to guess how bad  things have become, as when a 
parasitoid cannot recognize parasitized hosts (Rosenheim and  M angel, 1994), or when a 
guinea pig takes time to assess patch quality (Cassini and  Kacelnik, 1994). W hen knowledge 
o f location is limited, an  organism  m ight have to guess whether it has in fact left the patch 
(Schmidt and Brown, 1996). W hen intelligence is limited, an  organism m ight be unable to 
‘decide’ to leave (H ouston and M cN am ara, 1985; Crowley et a l ,  1990), or have difficulty in 
estim ating either residence or travel times (Brunner et a l ,  1992; Bateson and  Kacelnik, 
1995).

In  this paper, we study a m odel o f a simple organism where the patch departure ‘decision’ 
is based on the probability o f getting lost. The forager can adjust only its rate o f getting lost, 
which controls only the average time it leaves a patch. Such a blundering forager cannot do 
as well as an  unconstrained optim al forager (H ouston  and M cN am ara, 1985). Its behaviour
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will also be m ore variable. Several studies have observed coefficients o f variation o f de­
partu re  time as large as 0.6 (M arschall et a l ,  1989; A strom  et a l ,  1990; Cassini et a l ,  1990; 
Crowley et a l ,  1990). O f course, m any other m echanisms can explain such variation, in ­
cluding differences in experience (Twasa et a l ,  1981) and  changes in state (Newm an, 1991).

Crowley et a l  (1990) distinguish between ‘inadvertent errors’ and ‘error-constrained 
optim ization’. Tn the form er case, organism s miss the optim al target, bu t do no t take those 
errors into account to correct their foraging strategy. Tn the latter case, organism s are aware 
that they have bad  aim and  com pensate to the best o f their limited abilities.

The m odels presented here were inspired by observations o f the nem atode Caenorhabditis 
elegans foraging on patches o f  its bacterial food in the laboratory (M . Kotar, unpublished 
data). These worms, equipped with only 302 neurons (Wood, 1988), left discrete food 
patches when they blundered away and  could no t find the way back. N o ‘decision’ was made 
to leave the patch; departure was a consequence o f foraging within the patch.

Even organisms like C. elegans, which lack the spine to make decisions, can potentially 
adjust the rate at which they leave a patch in response to deteriorating conditions (Driessen 
et a l ,  1995). This paper studies how well a forager can do w ithout even this basic facultative 
adjustm ent. The underlying model thus has an exponential residence time distribution 
(M arschall et a l ,  1989), which is a special case o f  the gam m a distributions studied by 
H ouston and M cN am ara (1985). The exponential distribution is ‘mem oryless’, meaning 
that the probability o f departure does no t change with residence time, and thus models the 
behaviour o f  a blundering forager.

This paper extends and  clarifies the results o f H ouston and  M cN am ara (1985) in three 
ways. First, we com pare the strategies o f unconstrained optim al foragers and  blundering 
foragers, finding that the mean residence time o f the blundering forager exceeds that o f  the 
unconstrained forager when the product o f the patch depletion rate and  the travel time 
between patches exceeds a critical dimensionless value. Secondly, we show quite generally 
that the relative success o f  the blundering forager is lowest precisely at the point where its 
mean strategy m atches that o f the unconstrained optim al forager. Finally, we show that 
blundering foragers can cope with a range o f patch sizes precisely as well as with a single 
patch size, with behaviour governed by the product o f the harm onic mean o f patch 
depletion rates with the travel time. A lthough never optim al, getting lost is a reasonably 
robust foraging strategy in the face o f  uncertainty about patch boundaries. The last result 
provides a hint o f the connection between patch-based optim al foraging theory and  the 
theory o f area-restricted search (Bell, 1991; Benham ou, 1992; Focardi and  M arcellini, 1995; 
Schmidt and Brown, 1996; G runbaum , 1998).

SIN G LE PATCH SIZE

The framework is a special case o f  the M arginal Value Theorem  (Charnov, 
am ount o f food collected from a patch by time t is:

a

The initial consum ption rate is scaled to 1 for later convenience. The travel time between 
patches is assum ed to take the constan t value T. Organisms seek to maximize the rate at 
which food is collected (Stephens and Krebs, 1986). The param eters used in the models are 
given in Table 1.

, 1976). The total 

(1)
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Table 1. Variables and parameters
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Symbol Description

a Rate of depletion of patch
T  Travel time between patches
T  Non-dimensionalized travel time T  = aT
t* Unconstrained optimal departure time
t* Non-dimensionalized optimal departure time
k Departure rate of blundering forager
t Mean departure time of blundering forager
f Optimal mean non-dimensionalized departure time

Optimal departure time for an unconstrained forager

Assume first that all patches have the same value o f a. The unconstrained optim al forager 
can choose its departure time t precisely. It collects an am ount of food G(t) in time T +t ,  
the sum o f travel time and  time in the patch. The intake rate is:

G(t )  (1 -  e-“ )/aRj t) = ^ ±  = ±--------- >—
T + t  T + t

=
the derivative o f the gain function. To facilitate com parison with the blundering forager, 
we write this equation in non-dim ensional form (Cham ov, 1993; Stephens and  Dunbar, 
1993). Set

= =

The non-dim ensionalized travel time T  summarizes the quality o f the environment, while 
the non-dim ensionalized departure time f* summarizes the strategy. Tn term s o f these

=
follows:

1 —P-J
e-p = 4 A -  (3)

+

The solution for t* depends only on T.  A lthough this equation cannot be solved alge­
braically, we can com pare the solution with that o f the blundering forager (for an 
approxim ate solution, see Stephens and  D unbar, 1993).

Optimal departure rate for a blundering forager

To find the optimal departure rate, we m ust average over all possible outcom es o f the 
process o f getting lost (H ouston and  M cN am ara, 1985). Suppose the blundering forager 
gets lost at rate X. The probability that it leaves the patch at time t follows the exponential

-

^  ^  , / l - e -“ \  1
J ,= 0 Ae-^ 0 d t = J \= 0 *e-“  ---------  d? =

+
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The mean am ount of time spent in a patch is t = MX,  so the long-term  rate o f intake can be 
written in terms o f the mean residence time as:

t/( 1 + at)
R b(T) = — ---------

+

This is a special case of the form derived in H ouston and  M cN am ara (1985). This has 
the form o f the intake rate for an unconstrained optimal forager, but the gain function 
<7(0 (equation 1) has been replaced by

Gb(t) = - ^ ~
+

(Fig. 1). For a given mean residence time, the consum ption by the blundering forager lies 
below that o f the unconstrained optimal forager (and does so in general when the gain 
function G is concave down). The intake rate R b has its maxim um  where t = V77a.

How does this strategy com pare with that o f the unconstrained optimal forager? We 
define the dimensionless average residence time I as I = at, which has its optim um  where 
f = ^ r = V f  (the =
residence time o f the optimal blundering forager is equal to the residence time of the 
unconstrained optim al forager. We can check this condition by substituting F = V f  into the 
optim ization criterion for the unconstrained optim al forager (equation 3), or

i ff-Vf 
C .=  e-ff

t + V f '

This equation can be solved numerically for r =  3.215. I f  T >  3.215, the resource en­
vironm ent is poor, and  a blundering forager m ust hedge its bets and risk rem aining in 
patches longer than is optim al. W hen T < 3.215, the resource environment is good, and  the 
blundering forager does best by often rem aining in patches shorter than is optim al (Fig. 2).

The analysis can be repeated to com pare the median departure time of the blundering 
forager with that of the unconstrained optim al forager. The blundering forager is favoured

>

mean time in patch

Fig. 1. Comparison of the gain as a function of residence time for the unconstrained optimal forager 
(solid line) with the gain as a function of mean residence time for the optimal blundering forager 
(dashed line). Parameter values are a = 1 (depletion rate of patch) and T  = 1 (travel time between 
patches).
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The blundering forager always has a lower payoff than the unconstrained optim al forager 
(Fig. 3a) (‘too obvious to require much com m ent’, according to H ouston and M cN am ara, 
1985). The ratio o f fitnesses reaches a m inimum o f 0.7701, precisely at the critical value 
T  = 3.215 (Fig. 3b). It is worst to be stupid precisely when your behaviour, on average, 
m atches the unconstrained optim um . This result is dem onstrated in general below.

The above analysis used an exponential form for the gain function. W ith the alternative 
form

G{t) = - L -  
1 + at

for the unconstrained optim al forager, the optim al departure time is t* = ^T la . The 
optim al departure rate for the blundering forager must be found numerically. The qualita­
tive pattern is identical to the exponential case, but the crossing point occurs instead at 

=
when T exceeds this critical value.

non-dimensionalized travel time

Fig. 2. Dimensionless optimal residence time t* for the unconstrained optimal forager (solid line) 
and optimal mean residence time f for the blundering forager (dashed line) as functions of the non- 
dimensionalized travel time T  = aT. The blundering forager remains longer on average when the 
environment is unfavourable (large values of f ) .

(a)
© 
i 05 —J -i—»o  asc/>

CD CD

non-dimensionalized travel time non-dimensionalized travel time

Fig. 3. (a) The payoffs to unconstrained optimal foragers (solid line) and blundering foragers (dashed 
line) as functions of the non-dimensionalized travel time T. (b) The ratio of the payoff to a blundering 
forager to that of an unconstrained optimal forager as a function of T. The blundering forager does

=
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When blundering foragers do the worst

In each case discussed above, the blundering forager has an effective gain function Gb(1) that 
lies below the true gain function G(t). Tt is indeed too obvious to require much com m ent 
that the blundering forager does worse. But when does it pay the greatest cost for its 
stupidity?

C onsider the general case illustrated in Fig. 4. A superior forager has gain function G 
with optim al strategy /*, and  an inferior forager has gain function Gb with optim al strategy 
/* . These strategies m ust satisfy the M arginal Value Theorem requirements:

We have assum ed that the two forager types have the same travel time T, m eaning that 
differences in foraging within patches do not extend to differences in searching for patches 
(see Charnov and  Parker, 1995, for a discussion o f this case).

We can think o f the optim al departure times t* and  and  the resulting intake rates as 
functions o f the travel time T. The ratio o f intake rates at these optim al times, r(F), has 
derivative

This is zero if, and  only if, t* = t* . All critical points, and  potential m inim a, m ust occur 
when two optim al strategies m atch. Furtherm ore, the derivative is negative when t*  < t* and 
positive when t*  > t*, implying that t* = t*  is a global minimum.

The global minimum always occurs when the average strategy o f the blundering forager 
m atches that o f the optim al forager. The blundering forager does worst precisely when it 
m ight be thought to be doing the best.

MULTIPLE PATCH SIZES

Suppose now that there are patches o f a range o f sizes, denoted by A h and  that patches of 
size A t are encountered with probability Assume that patch / is depleted at a rate inversely

- T 0 time in patch

Fig. 4. Optimal departure times for foragers with two different gain functions, t* (marked with a circle 
on the solid gain function G) and t*  (marked with a circle on the dashed gain function Gb). The 
inferior forager with gain function Gb does relatively worst when t* = t*.
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=
am ount o f food acquired from patch i by time t is:

a.,

As t becomes large, the food acquired approaches A,Ip. Large patches have greater 
potential resources and  are depleted m ore slowly. The initial rate o f intake is the same 
value (scaled to 1.0) in each patch, as in model 2 of A strom  et a l  (1990). Such a model 
corresponds to a case where a patch, like a tree, always has some highly available and  
desirable resource. Patches thus differ in size ra ther than quality.

Optimal departure time for an unconstrained forager

To find the unconstrained optim al departure times, we maximize the average food per visit 
divided by the time per visit as a function o f the departure time t* . The payoff is

=
L;=, (# .% )(!- e -<vQ 

T  + L"= i-‘J= 1 '11  

- =

=

is the same for each patch. The optim al departure time is thus inversely proportional to 
a,:, and  directly proportional to the patch size At.

As before, the equations can be simplified by rewriting them in dimensionless form. 
Define

1
a =

Z ] = iW a)

=
portional to the reciprocal o f the ordinary arithm etic m ean o f the patch sizes (see also 
A strom  et a l ,  1990). This equation generalizes the original definition o f T (equation 2). The 
optim al value o f  t* again satisfies equation (3), the equation for t* with a single patch size.

Optimal departure rate for a blundering forager

Suppose that blundering foragers get lost from a patch at rate Xb which is inversely pro­
portional to the size o f the patch. This is the null model o f  departure rate from a patch for 
an organism  following a random  walk in two dimensions (Berg, 1993). Because depletion is 
inversely proportional to patch size,

=

for some constant w. The value o f w represents the ‘w andering’ tendency and  describes the 
strategy to be optimized. The expected am ount o f food gleaned from a patch, found by 
averaging the total intake over the exponential distribution o f residence times, is:
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^  , / i - e -“'‘\  1 /  1
^ > — J ^ - — -(rdU+ X: \  1 + w

(1/1 +  w ) L " —! ^ / f ly )  (1/1 +  w) (1/a)

The overall average intake rate is

T  + (1/w) L"— i ^-/fly) T  + (1 Iwa)

The value o f w that maximizes R b is w -  l l V f ,  which m eans that the average time spent in 
patch i is

i V f
‘ wo,-, at

The non-dim ensionalized residence time is f,- —afc = V f .
As in the single-patch case, f will equal f* when T — 3.215 and will exceed t* if f  > 3.215. 

A  few small values o f a, corresponding to  a few large patches, bring down the harm onic 
m ean a great deal, potentially inducing blundering foragers to leave patches too  early. In 
contrast, a few large values o f a, corresponding to a few small patches, have little effect on 
the harm onic m ean and the strategies o f the foragers. In this case, a few bad  a s  do no t spoil 
the whole bunch.

Figure 5 com pares the strategies for unconstrained optim al and  blundering foragers in an 
environm ent consisting o f two patches as a function o f the size of the second patch. Below a 
critical value of A 2, the environm ent is perceived as poor and the blundering forager tends 
to rem ain in each patch longer than  the unconstrained optim al forager. Above this value, 
the environm ent is good and the blundering forager tends to leave patches earlier than  the 
unconstrained optim al forager.

—
the blundering forager follows a random  walk in D  dimensions, the value o f p  is 2ID  (Berg, 
1993). Because the optim al strategy requires departure times proportional to patch size 
(equation 4), the blundering forager leaves at the appropriate rate only in two dimensions. 
Simulations with p < 1 find that blundering foragers remain longer in small patches and 
shorter in large patches than  they should.

size of patch 2

Fig. 5. Optimal residence times in each of two patches as functions of the size of the second patch for 
the unconstrained optimal forager (solid lines) and optimal mean residence times for the blundering 
forager (dashed lines). The parameters are A x — 0.25 and T= 1. Thecu^es cross when T  — 3.215, which 
occurs at A2 — 0.372 in this case.
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D ISCU SSIO N

We have seen that the stupidest error-constrained forager, which leaves patches only by 
accident when it gets lost, is favoured to rem ain in patches a shorter time when the world is 
good and  a longer time when the world is bad. Paradoxically, the relative cost o f stupidity is 
maximal precisely at the po in t where the mean strategy o f the blundering forager matches 
that o f the unconstrained optim al forager. This result is a general fact about foragers with 
different gain functions and the same travel time. W hen foragers show a significant degree 
o f variability in residence times (M arschall et a l ,  1989; A strom  et a l ,  1990; Cassini et a l ,  
1990; Crowley et a l ,  1990), they pay the greatest cost for this variability when the average 
residence time matches that com puted for an unconstrained optim al forager. F inding that a 
constrained forager achieves the optim al strategy on average does no t indicate that fitness 
costs can be ignored.

Crowley et a l  (1990) found that foraging sunfish rem ained in patches longer, on average, 
than the optim um  predicted by the M arginal Value Theorem. The non-dim ensionalized 
travel time T  is roughly 0.1 in their data (estimated from their figure 1). According to the 
theory presented here, fish getting lost at the optim al rate should rem ain in patches a shorter 
time on average in such a favourable environment. These data, however, are no t an appro­
priate test o f the theory for at least two reasons: the fish encounter prey discretely rather 
than continuously, and  the fish are probably no t leaving patches because they got lost.

O ur observations o f C. elegans indicate that it m ight provide a m ore appropriate test. 
Patches o f bacteria are depleted continuously, and  worms are no t too intelligent. Even if 
individuals are no t capable o f learning the optim al rate o f getting lost in a particular 
laboratory environment, strains from different environments could be program m ed with 
different foraging behaviours that result in different rates o f getting lost. These foraging 
behaviours should be part of an entire foraging syndrome, ostensibly optim al in the stra in’s 
ancestral habitat.

Tf C. elegans indeed lacks the ability to estimate param eters and  to adjust behaviour 
accordingly, the difficulties in modelling cognition are no t relevant (Yoccoz et a l ,  1993; 
Bateson and  Kacelnik, 1995). Tt would be interesting to test whether C. elegans, like the 
European starling, follows the apparently suboptim al strategy o f maximizing food per 
patch rather than overall energy intake rate (Bateson and  Kacelnik, 1996).

Differences in gain functions m ight result from mechanisms o ther than a blundering 
foraging strategy. Hosts o r groups o f hosts m ight be depleted both  by consum ption and  by 
host defence (Adler and  Harvell, 1990). Some foragers m ight induce defences m ore quickly 
through failure to suppress cues (Levin et a l ,  1977; Adler and G runbaum , 1999). The costs 
o f this failure will again be m ost severe when the optim al strategies o f odoriferous foragers 
exactly m atch those o f scent-free foragers.

Tf one thinks o f the ‘patches’ as having fuzzy boundaries (Schmidt and Brown, 1996), 
the blundering forager ceases to look quite so stupid. Tt may no t know when it has left a 
patch because there are no boundary m arkers to indicate this. Tf foraging success is due to 
occasional prey capture rather than a constant rate o f resource intake, a long period w ith­
out finding food cannot be unam biguously interpreted (Twasa et a l ,  1981). The wandering 
strategy encoded in the value of w (the rate o f getting lost defined by equation 5) can be a 
robust way to deal with this uncertainty.

We can think o f w as the optim al diffusion coefficient. For a known distribution o f patch 
sizes, an organism  that encounters a resource should employ a strategy, such as walking
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speed or turning angle, that creates this optim al diffusion coefficient (always under the 
assum ption that the forager cannot find its way back after leaving a patch). Unlike a full 
model o f  area-restricted search (Focardi and M arcellini, 1995; G runbaum , 1998), this 
model treats travel time T  between patches as being independent o f  strategy. An organism 
with a w andering strategy that involves a large diffusion coefficient (or a small value o f w) 
will follow that strategy even after it leaves a patch, m aking itself inefficient at locating 
subsequent patches (Charnov and  Parker, 1995).
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