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ABSTRACT 

I develop a theory of animal space use that integrates behavioral ecological and 

neuropsychological approaches. Specifically, I present a theory of space use for animals 

that create and use cognitive maps; and I test the hypothesis that the size of the 

hippocampus (a brain structure essential to cognitive mapping) varies with selection 

pressures on cognitive mapping abilities both within and between species. 

Chapter 1 introduces and justifies the approach with an overview of space-use 

theories in behavioral ecology, psychology, and neurobiology. I argue that integrating 

these disparate approaches benefits each. 

In Chapter 2 I develop a theory of space use for cognitive mapping foragers by 

imbuing optimal foraging theory with recent fmdings from psychology and 

neurobiology. The theory views foragers as integrators and users of two types of spatial 

information: information about the geometric relations among places (cognitive maps), 

and information about what is likely to be in places (site-specific information). I 

formalize the value of spatial information as the increment to foraging rate in an area 

of an informed versus an uninformed forager. Information value is dynamic and usually 

declines with time since learning. I show how incorporating this dynamic view of 

information into foraging models predicts animal home ranges and movement patterns 

within them. 

In Chapter 3 I apply the theory to models that make predictions about space use 

patterns of animals constrained to use linear cognitive maps. Chapter 4 introduces some 

models for two-dimensional foraging situations. In Chapter 5 I review the important 
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predictions of the theory, discuss its assumptions and applications, and present a series 

of case examples from the literature. 

. In Chapter 6 I test the hypothesis that the hippocampus of the mammalian brain 

should vary in size with the relative selection pressure on cognitive mapping abilities. 

I compare relative hippocampal size between two species of kangaroo rat, and between 

sexes within each of the two species. The species most reliant on cognitive mapping 

has a larger hippocampus. Likewise,' within each species, the sex (male) most reliant 

on cognitive mapping has the larger hippocampus. Hippocampal size is apparently 

affected by both natural and sexual selection. 
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CHAPTER 1: 

ON THE ECOLOGY AND PSYCHOLOGY OF SPACE USE 

Modern physics notwithstanding, we animals live in a four-dimensional universe. 

Everything we do takes place in the matrix of space and time, and how we react to 

distributions of objects or events in these dimensions can directly influence our fitness. 

"Find food;" "avoid dangerous places;" and "always know where home lies" are adages 

of fitness for nearly everyone. 

Appropriately, behavioral biologists invest considerable effort explaining how 

animals organize their activities in space and time. Psychologists watch rats in mazes 

and test postulates about how animals "represent" space and time and solve spatial and 

temporal problems. Neurobiologists measure the firing rates of neurons in rats exploring 

mazes and investigate how brain circuitry creates spatial and temporal maps. And 

behavioral ecologists observe animals in the wild and test predictions about how and 

why animals move through their environment, schedule their activities in space and 

time, and space themselves relative to habitats or each other. 

This dissertation is about the effects of spatiotemporal distributions on the lives 

of vertebrates, and therefore on how vertebrates use space. More specifically, it is an 

attempt to put findings from psychology and neurobiology into behavioral ecological 

models of space use, and vice versa. 

Spatial behavior offers a splendid opportunity for linking behavioral ecology, 

psychology, and neurobiology. Behavioral ecology contributes optimal foraging theory, 
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which can be used to present testable hypotheses about how animals "ought" to solve 

particular classes of spatiotemporal problems if they are to maximize fitness. 

Psychology contribues a large body of controlled experime.nts involving learning and 

spatiotemporal problem solving. And neurobiology contributes an understanding of 

portions of the brain essential to spatial cognition and models of how neural nets might 

integrate spatial and temporal information. 

Space-Use Models in Behavioral Ecology 

Theories about how animals distribute their activities in space are of central 

importance in behavioral ecology. Different theories predict space-use patterns at 

different spatiotemporal scales, which range from the transient movement decisions of 

foraging animals (e.g., Pyke 1984, Stephens and Krebs 1986), to patterns in the 

cumulative area an animal uses over time (e.g., McNab 1963, Waser and Wiley 1979) 

to how populations of animals divide up the available habitat (e.g., Wynne-Edwards 

1962, Brown and Orians 1970, Fretwell 1972, Bacon et aI. 1991, Rosenzweig 1991). 

Population spacing, in tum, strongly affects the evolution of social systems (e.g., Smith 

1968, Hom 1968, Orians 1969, Waser and Wiley 1979, Wittenberger 1979, 

Slobodchikoff 1984, Carr and MacDonald 1986). 

These models assume in common that space-use patterns are somehow fitted to 

the distribution of resources in space and time, due to fitness benefits presumed to 

follow from the efficient harvesting of resources.. There are many proximate 



15 

mechanisms potentially affording such a fit, ranging from neurally hard-wired behaviors, 

such as tropisms and kineses (Loeb 1918, Fraenkel and Gunn 1940, Benhamou and 

Bovet 1989), to complex behaviors dependent upon learning and the cognitive 

integration of diverse information. However, most space-use models ignore the 

behavioral mechanisms underlying the patterns they seek to explain. And many of them 

assume that foragers are either ignorant or omniscient about resource distribution. For 

example, most models in optimal foraging theory either assume that encounters with 

resources are random in time, or that foragers direct their movements between resource 

points in an omniscient and systematic way. 

In reality, resource locations in most foraging situations are likely to be partially 

predictable, obliging the use of imperfect information and updating by exploration. 

Furthermore, predictions about space-use patterns made at one scale often ignore 

patterns at other scales. For example, models of home range size tend to ignore the 

movements that have "built up" the home range, while models of movement paths often 

overlook the existence of home ranges. 

In Chapter 2, I suggest a general theory of space use that treats space-use 

patterns as functions of foragers' information or expectancies about resource distribution. 

It allows predictions about space use ranging from the momentary movement decisions 

of foragers, to patterns in their use of space over time, to patterns in the spacing of 

individuals in a population. It also covers the continuum from ignorance to 

omniscience regarding the state of a forager's information about resource distribution. 

Thus, this approach also allows predictions about the ontogeny of an individual's space-
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use patterns as it gains information about an area, as, for example, after dispersal into 

a new habitat. 

The approach I take is to view foragers as gatherers and integrators of two types 

of information: representations of the geometric (distance and direction) relationships 

between places, and infoImation about what is likely to be in these places. Thus, 

movements serve not only to exploit resources, but also to build up "cognitive maps" 

(Tolman 1932, O'Keefe and Nadel 1978, Gallistel 1990) of the areas visited and to 

obtain information about the resources (and other objects or events) they contain. This 

information is valuable if it at least partially predicts future resource distributions and 

if using this predictive power elevates the potential fitness of the forager, for example, 

by increasing its resource acquisition rate. 

Foragers can only have information about places they have visited; and this 

information can only stay perfect in perfectly stable environments. If resource 

distributions change with time, the predictive power of spatial information declines. I 

hypothesize that the motivations provided by the spatial expectancies of foragers reflect 

in part this decline in the value of information, and in part the effects of resource 

renewal. Cognitive maps and information about resources can be updated. Information 

about resource dispersion can also be forgotten, ignored, or integrated with other 

information with passing time and experience. 

In Chapters 3 and 4, I present a series of models that incorporate this view of 

information use and predict space-use patterns in different foraging situations. The 

models determine when a forager ought to use infoImation to return to previously visited 
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sites. Iterating these decisions in computer simulations yields predictions about space

use patterns over various spatial and temporal scales for foragers in different niches. 

Thus, the models make predictions about the movement paths of foragers as well as 

patterns of space use that these movements build up over time-for example the size, 

shape, or plasticity of the home range. 

By seeding multiple foragers into the model system, this approach also yields 

predictions about how individuals ought to space themselves in populations. Having 

information about an area makes that area more valuable to the possessor of the 

information than to a naive visitor. I argue that this can result in exclusive use of space 

without recourse to defense of space (i.e., territoriality). Exclusive foraging areas 

without defense is often observed in vertebrates (Brown and Orians 1970). 

The models in Chapter 3 are for foragers constrained to use linear cognitive 

maps. Assuming one-dimensional geometry simplifies modelling, yet retains enough 

substance to allow robust predictions that clearly differ from those of previous models. 

In Chapter 4, I introduce some models for two-dimensional maps. More work is 

required on these, but some tentative conclusions result. Again, these conclusions differ 

from those of models that ignore dynamic information values. 

Space Use Mod~ls in Psychology and Neurobiology 

The brains of mammals (and many other animals, vertebrate and perhaps 

invertebrate) integrate spatial information into map-like representations of the areas they 
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traverse (Tolman 1932, O'Keefe and Nadel 1978, Gallistel 1990, Nadel 1991). 

However, many questions remain about these cognitive-mapping processes. How might 

the mechanisms used in building and using cognitive maps vary with ecology or 

phylogeny? How are temporal patterns in resource dispersion overlaid on a spatial map? 

What constraints are there on the number of locations encoded in the map, the precision 

of the geometric relations they contain, or the duration of the memories involved? 

Spatial ecology, using the hypothesis-generating tools of foraging theory, can suggest 

intra- and interspecific comparisons to be made regarding spatial cognition and brain 

anatomy. 

The hippocampus of the mammalian brain is essential to cognitive mapping 

(O'Keefe and Nadel 1978, Nadel 1991). Different animals experience different types 

of spatiotemporal distribution problems. These should set up different selection 

pressures for species' cognitive-mapping abilities. Hence, I expect adaptive variation 

in hippocampal anatomy amongst mammals. I test this hypothesis by comparing relative 

hippocampal anatomy between species, and between sexes within species, of kangaroo 

rats that vary in their space-use patterns. Of two species that differ in how they use 

space while foraging, the one most reliant on spatial memory and the need to map 

locations in novel areas has a larger hippocampus. Within both species, the sex (males) 

most reliant on the need to explore and map novel locations has a larger hippocampus. 

These data are consistent with an hypothesis that relative hippocampal size reflects 

selection pressures on spatial abilities via natural selection for foraging efficiency and 

sexual selection for increased access to mates. 
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Finally, cognitive mapping may represent one of the most fundamental sets of 

processes in the evolution of vertebrate cognition. Mter all, the need to locate food and 

mates was a strong selective force long before tool use, social deceit, symbol 

manipulation, or other phenomena discussed in treatises on animal cognition could have 

evolved. Furthermore, if the hippocampus-which is essential to much of human 

learning and cognition-actually did evolve first as a spatial mapping organ (O'Keefe 

and Nadel 1978, Nadel 1991), then spatial cognition may represent a basic model from 

which other cognitive functions or "modules" (Fodor 1983) were jury-rigged. It has 

even been suggested that the dependence of human language upon hippocampal function 

is due to a "semantic mapping" operation (O'Keefe and Nadel 1978; Nadel, 1991; 

Iackendoff and Landau, in press) that takes advantage of the primal spatial mapping 

system-and that conscious thought requires a functioning hippocampus (0 'Keefe 1985). 

Thus, perhaps if we can unravel the tangle of selection pressures and constraints that 

have guided the evolution of spatial cognition in vertebrates we will better understand 

ourselves. 
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CHAPTER 2 

A THEORY OF SPACE USE FOR COGNITIVE-MAPPING FORAGERS 

Theories about how animals distribute their activities in space playa central role 

in behavioral ecology. Various models predict (1) the shapes of search paths and rules 

for how foragers should choose resource patches or decide when to leave them; (2) the 

size or shape of foraging ranges and how foragers should distribute their activities 

within them; and (3) how individuals should distribute themselves among habitat types 

or (4) relative to one another. 

Most of these models assume that space-use patterns coincide somehow with 

patterns of resource dispersion in space and time. For example, Fretwell's (1972) "ideal 

free distribution" of individuals between different habitat types assumes that the 

densities of individuals correlate perfectly with the densities of resources in the habitats 

(Rosenzweig, 1991, provides a review of this and related models). 

Various behavioral mechanisms may facilitate correlations between space-use 

patterns and resource distributions. These include neurally hardwired behaviors, such 

as tropisms and kineses (Benhamou and Bovet 1989), as well as more flexible behaviors 

dependent upon learning and cognition. Generally, however, space-use models fail to 

clearly state assumptions about what psychological mechanisms might be involved; and 

those assumptions made explicit often contradict current understanding of animal 

learning and cognition. 
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A wealth of recent fmdings in psychology and neuroethology about how animals 

learn and use spatial infonnation (O'Keefe and Nadel 1978, Olton 1985, McNaughton 

and Nadel 1990, Gallistel 1990, Nadel 1991) can now enrich space-use models in 

behavioral ecology. In particular, many animals, vertebrate and perhaps invertebrate, 

create and use "cognitive maps" (Tolman 1948) to systematically guide their movements

through the environment (Gallistel 1990). 

I present a theory of space use for foragers that use cognitive maps. This use 

involves the integration of infonnation about the geometric relations between places 

(cognitive maps) and about what is expected in places (site-specific or resource location 

infonnation). The fonner allows for navigation from place to place, while the latter 

provides motivations for where 10 go. I assume that spatial infonnation is useful, but 

that the predictive value of site-specific infonnation changes-in most cases 

declines-with time since it was obtained. Models based on the theory predict patterns 

in space use, from the momentary movement decisions of foragers, to overall home

range use patterns, to population spacing patterns. 
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Foundations 

Cognitive Maps and Spatial Information 

The neural basis of cognitive mapping and its effects on behavior are best understood 

in mammals, in which the hippocampus of the forebrain helps create a map (a neurally 

encoded, geometric representation of a set of places). Neural projection from other, 

neocortical areas of the brain presumably "overlay" onto the map infonnation or 

"expectancies" about phenomena associated with places. Think of these expectancies 

as predictions or "place hypotheses" (Krechevsky 1932, O'Keefe and Nadel 1978) about 

characteristics of locations in the environment. Neural connections within the 

hippocampus allow the animal to extract distance and direction infonnation and interpret 

routes between different locations represented in the map (Nadel et al. 1985). Thus, use 

of cognitive maps involves the integration of two types of infonnation: infonnation 

about the geometric relationships between places, and infonnation about what may be 

in those places (O'Keefe and Nadel 1978, Gallistel 1990). 

Places don't generally move around or disappear, but things or events associated 

with them may move or change over time. Thus, the use of cognitive maps also 

involves integrating temporally stable and temporally variable infonnation (Olton 1985). 

Appropriately, memories for geometric relations between places are stable (O'Keefe and 

Nadel, 1978; Nadel 1991), whereas motivations to visit places vary between situations 

and species. 
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I use the tenn lIexpectancyll to denote the time-dependent value assigned to a 

particular place by a forager. I assume that expectancies reflect the relative foraging 

returns the forager anticipates in different places, and that they therefore motivate 

foraging movements. 

If expectancy-based decisions are adaptive (increase fitness), then expectancies 

should correlate with actual foraging returns; i.e., they should at least partially predict 

reality. Such correlations could be achieved by a variety of neuropsychological 

mechanisms (e.g., changing motivational states) or constraints (e.g., memory interference 

or decay; see Olton, 1985) that weight expectancies in time. I assume that expectancies 

depend upon prior experience in a place (Were prey found there previously?), the time 

since it was last visited (Will they be there again?), and the costs of getting there (Are 

there closer sites?). The motivation to revisit a site may decline with time as the 

predictive power of infonnation about that site declines (or as the forager gets farther 

away), or may increase as resources renew. Motivations may also vary periodically, as 

when resources cycle or when needs re-emerge (e.g. hunger). 

Animal movements serve to build and improve cognitive maps and to update 

expectancies about sites on maps. Foragers approach or avoid sites in a goal-directed 

fashion (Tolman 1932, Nadel et ale 1985) as motivated by expectancies and facilitated 

by map infonnation. Repeated use of an area improves the map by increasing the 

accuracy or precision of the encoded geometric representation or by increasing the 

completeness of the set of places it contains. This allows more accurate and rapid 

navigation among sites. 
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Spatial Predictability and The Value of Information 

I define the value of spatial information as the increment it adds to the foraging 

rate of an infonned forager versus that of an uninformed forager in the same area. It 

is the product of the time-dependent predictive value of information and the increment 

to foraging rate given perfect predictability. Thus, information about resource locations 

gained at one time has value at a later time if resource distributions correlate over time 

and if correctly anticipating resource locations increases foraging rate. Animals may 

have some average expectancy about places they have never visited, but they can have 

specific infonnation only about those they have visited. 

Although I assume that expectancies correlate with actual foraging returns, in any 

environment that is not perfectly predictable, the correlation will be less than one. 

Perfect predictability denotes perfect correlation between past and future resource 

locations within an area. 

A distinction must be drawn here between spatially predictable and spatially 

structured distributions. By spatially predictable, I mean that the locations of resources 

in absolute space (and in a cognitive map) remain constant over time. By spatially 

structured, I mean that the positions of resources relative to each other are not fully 

random and thus may be predictable (perhaps probabilistically), although their absolute 

locations may change. Figure 1 illustrates the distinction for a population of three 

resources that shifts position, so that the coordinate location of each resource point is 

unpredictable, while the geometric relations amongst resource points are preserved. This 
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Figure 1. Spatially predictable versus spatially structured resource distributions. 
Left panels: two identical distributions of three resource points. Right 
panels: the same populations at a subsequent time. Top panels: In a 
spatially predictable distribution, the coordinate locations of the points are 
preserved over time. Bottom panels: In a spatially unpredictable, but stably 
structured distribution, the coordinate locations change, while the geometric 
relations among resource points are preserved (the whole distribution is 
shifted up and right). A cognitive map of the coordinate locations would 
be useful for the spatially predictable distribution, but not for the other 
distribution. 
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distinction is important, because spatially predictable resource distributions may favor 

use of cognitive maps, whereas spatially unpredictable but spatially structured resources 

may favor use of location-independent search mechanisms. Examples of the latter 

include the increased rate of turning by invertebrate predators when they encounter one 

of a patchily-distributed species of prey (Laing 1937), changes iri path sinuosity with 

habitat type (Powell 1982) or prey density (Bovet and Benhamou 1991), and variations 

in saltatory search movements as a function of prey dispersion in planktivorous fish 

(O'Brien et a1. 1990), ground foraging birds (Cody 1971), or sand dwelling lizards 

(Huey and Pianka 1981). 

Perfect predictability does not of itself make map information useful. Knowing 

the locations of rare and cryptic prey may have great value, since anticipating their 

locations may increase search, detection, or capture efficiencies. Knowing the locations 

of abundant and easily detected prey has minimal value, since random encounters may 

yield foraging returns little different from directed encounters (see Chapter 5). If spatial 

information has value, the forager in a spatially stable environment should move in a 

deterministic fashion between resource points or patches. In a spatially unpredictable 

and unstructured environment, foragers encounter resource patches or items at random, 

and their expectations should not differ among locations. 

Most resource distributions lie between the extremes on a continuum of, 

predictability-they are partially predictable over time. Mobile prey may not be in 

precisely the same location at two times, but a prey that escaped a first encounter is 
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unlikely to move far. And resource distributions may change via death, recruitment, 

immigration, and emigration. 

Often, the correlation between resource distributions at two times (spatial 

predictability) declines with increasing intelVal. One might expect therefore, that spatial 

infonnation is best used early, before conditions change. On the other hand, resources· 

require time to renew. This favors a delay in returning to previously exploited sites 

(Kamil 1978, Davies and Houston 1981). The optimal time to use site-specific 

infonnation may thus be a compromise between that favored by declining infonnation 

values and that favored by renewing resource values. Below I fonnalize this idea of the 

optimal return time and use it as the basis for predictive models of animal movements. 

Implications for Animal Space-Use Patterns 

Given that it pays to use spatial infonnation, foragers should sometimes direct 

their movements to previously visited areas, and hence will concentrate their movements 

in space. In other words, in environments that are at least partially predictable, animals 

should have home ranges. 

Nevertheless, the movement pattern within the home range can take many fonns, 

because it depends upon the potentially complex and changing distribution of expectancy 

values. Expectancies, in tum, reflect the dynamics of the value of information and 

resource renewal, as well as the cognitive capacities and mobility of the forager. Thus, 

whereas nearly all mobile animals that benefit from spatial infonnation should 
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concentrate their activities within a home range, the pattern of movement creating the 

home range and the stability of home range boundaries should vary among species (or 

even individuals). 

Below I illustrate how specific foraging models based on this theory can be used 

to predict animal space-use patterns. First, I develop the concept of decision profiles 

and fonnalize the optimal time to use spatial infonnation. Decision proflles show the 

value of any site to a forager as a function of resource availability and infonnation, both 

of which are time dependent. I use decision profiles to predict the optimal time to 

return to previously visited sites for foragers in different environments or having 

different cognitive abilities. Iterating the moment by moment decisions of foragers then 

predicts various patterns of movement, such as "traplining" (Janzen 1971), "shifting core 

areas" (Siniff and Jessen 1969; Samuel et al. 1985), or apparently "random" movements 

(e.g., Siniff and Jessen 1969). Such models also predict to what degree animal 

movements should comprise a stable home range versus a continually expanding or 

shifting range (e.g., Doncaster and MacDonald 1991). Finally, by seeding multiple 

individuals into model systems, the models predict how individuals in a population 

should distribute their activities relative to one another in the absence of defense 

mechanisms. 

In Chapter 3 I model movements of foragers in linear habitats or foragers 

constrained to use linear maps. In Chapter 4 I introduce some models for foragers 

capable of interpreting shoncuts and novel routes in two-dimensional habitats and show 
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how the usefulness of spatial infonnation alters predictions of traditional patch-use 

models in foraging theory. 
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Temporal Decision Profiles and Optimal Return Times 

Assumptions and Logic 

Define a site as a finite area of habitat that may contain resources. It may 

correspond to a discrete patch of rescu.."'Ces in the sense often modelled in foraging 

theory; it may also be a smaller unit of area within a patch, or a larger one containing 

multiple patches. 

Define the value of a site, V, as the net gain in resources a forager lexpects 

during a visit. V is positively correlated with resource density, R: 

v = J(R), such thllt dV/dR > O. (1) 

Assume for now that a site requires a constant amount of time for exploitation. Thus, 

V also represents the rate of resource uptake in the site, andf(R) is HoIling's (1959) 

functional response, which may incorporate such factors as the costs in time or energy 

of searching for and handling resources. For simplicity I assume a Type I functional 

response (HoIling 1959), in which V is directly proportional to R: 

y = pR, 0 ~ p ~ 1, (2) 

where p is the proportion of R removed by the forager during a single visit. 

lBecause these models are detenninistic, V represents the expectancy values that motivate 
the forager as well as the actual foraging returns it receives at a site. However, in the 
probabilistic real world, these may not be equivalent, and actual payoffs will relate to 
expectancies according to some probability distribution. 
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Thus, during a visit, the forager reduces R and hence V in the site. Many 

foraging models, most being variations on Chamov's (1976) Marginal Value Theorem, 

consider the time course of this reduction and propose rules for when foragers ought 

therefore to leave a site (usually, a patch) for another (Stephens and Krebs 1986). Here 

I wish to consider when, if ever, a forager ought to return to a site after having reduced 

its value. 

Call the ending resource density and ending value of the site Ro and Vo, 

respectively. All else being equal, a forager ought not to return to an exploited site 

unless Vo increases with time to or above V at other (unexploited) sites. Foraging 

models assume that resources renew back to an unexploited maximum (i.e., a carrying 

capacity) following exploitation. Hence, the resource value of an exploited site is never 

greater than that of unexploited sites. Most models assume that the optimal rule is delay 

return for as long as possible to allow this return to maximum R (Kamil 1978, Davies 

and Houston 1981). If the forager has unlimited sites available to it, it would best move 

continuously on to virgin sites. If sites are limiting (e.g., due to territorial neighbors or 

habitat boundaries), the forager must eventually revisit them. Yet it should maximize 

the time between these visits, thus developing a repeating circuit, or traplining strategy 

(Anderson 1983). 
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Now consider that while exploiting a site the forager also gains infonnation 

about that site which can raise its foraging efficiency there upon a subsequent visit. The 

value of this information, /, is the increment it adds to V. Hence, 

Y = pR(l + I). (3) 

For example, assume that the site contains multiple potential resource points, some of 

which yield payoffs upon initial sampling, others of which are empty. If productive 

points are spatially predictable, the forager can reduce search costs upon a revisit, 

relative to sites about which it is uninfonned, by focusing efforts on those points. 

Finally, consider that the usefulness of this site-specific information declines with 

time. Productive points may eventually change locations; or the forager may have a 

limited memory capacity or suffer memory decay. This decline could take various 

forms, but I assume in my models that infonnation value decays exponentially, in part 

because forgetting has been repeatedly shown to approximate an exponential curve in 

animals and humans (Ebbinghaus 1885, Gleitman 1971, Mayes 1983). Also, 

correlations between point distributions will decline at a decelerating rate with time if 

changes in point locations occur independently and randomly. 

The maximum value of /, /0' is the increment to foraging returns that a perfectly 

infonned forager experiences relative to an 2uninfonned forager. Thus, the value of 

2 For comparison I sometimes use shorthand terms like "naive", "uninformed", or "non
learning" to refer to hypothetical foragers that do not benefit from Site-specific information. This 
lack of benefit may be due to constraints on the forager's abilities or to environmental factors 
that make information useless. Functionally, a naive forager, a non-learning forager, or a 
learned forager that ignores information behave alike. 
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infonnation at time t, I" is 

(4) 

where d is the rate of decay in the value of infonnation. 

Assume that resources renew according to a negative exponential function: 

(5) 

where r is the intrinsic rate of resource renewal (I have scaled the maximum resource 

density to 1 for simplicity). Thus, the value of the site at time t becomes: 

(6) 

Optimal Return Times 

Figure 2 illustrates an optimal return time rule derived from Equation 6. It 

shows both decay in the value of information, and the renewal of resources foIIowing 

exploitation at a site. The value of the site to the forager (from Equation 6) is initially 

lower than that of unexploited sites due to low resource density; it then rises above the 

unexploited background value, peaks, and finally asymptotes on the background value 

as information value declines toward zero. (From here on I always scale the background 

value of unexploited sites to 1 for ease of comparisons.) The optimal return time is 



1 

, , , 

.. .. 
" " .. 

Optimal Return Time 

... ...... 

--Resource DensIty 

- - - - - InformatIon Value 
-Value to Forager 

----Value of Unexploltecl SItes 

....... ......... ...... ----- ------o ~ ____________ L_ ________________________________________________ _ 

o 
Time Since Exploitation 

Figure 2. The value of resources in a site and the optimal time to return to the site 
as a function of time since exploitation. Value of the site to a forager is a 
function of increasing resource density and decreasing information value 
(Equation 6). The value of other, unexploited sites is scaled to 1. 
Parameter values: p = .8; 10 = 1.5; d = .025; r = .05. 
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obviously that which maximizes net returns, which occurs only when 

dVfdt = 0, (7) 

and 
(8) 

Figure 3 compares the foraging returns of an infonned versus an uninformed 

forager at a different site as a function of time since it was last exploited. Note in this 

example that the value for the informed forager falls below that of the unexploited 

background level after peaking, owing to a higher rate of information decay than in 

Figure 2. Note also that ·the optimal return time for the uninformed forager occurs at 

the asymptote, or when time becomes infinite. A forager that doesn't benefit from site

specific information can never do better by returning to a site than by visiting new sites, 

although given infinite time for renewal it may do as well. 

If the number of sites available is finite, and if all sites renew at the same rate, 

the non-learning forager ought to "trapline" between sites, always visiting them in the 

same order, thus allowing maximum time for renewal between visits (Kamil 1978, 

Anderson 1983, Davies and Houston 1981). Note that the "uninformed" forager may 

actually use a cognitive map of site locations to accomplish this, and hence may benefit 

from geometric information. However, the uninformed forager is unable to benefit from 

information about resources within sites. The difference is partly one of scale (the 

habitat is homogenous among sites but heterogenous within sites), but it also reiterates 
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Figure 3. The value of resources at a previously exploited site to an infonned 
forager vs. an uninfonned forager as a function of time since exploitation. 
The value to the uninfonned forager is a function only of resource density, 
whereas that to the infonned forager is a function of resource density and 
infonnation. Optimal return time for the uninfonned forager occurs only 
when time is infinite, since it can always do better by visiting unexploited 
sites. If the non-learning forager is constrained to return, it should do so 
after as much delay as possible (open arrow). Parameter values: p = .99; 
I = 8; d = .2; r = .08. 
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the difference between geometric infonnation and site-specific infonnation in cognitive 

maps. 

The "infonned" forager benefits from both site-specific and geometric 

infonnation. It does best by returning to exploited sites after a short time, because, even 

though resources are not fully renewed, it can exploit them more efficiently. If it 

returns too early, resource levels are insufficient for information to payoff; too late, and 

the infonnation has become too inaccurate to overcome the cost of resource depletion. 

Because the infonned forager actually does better on a well-timed revisit than on an 

initial visit to a site, it may limit its use of space to a finite set of sites even if available 

sites are infinite. Hence, infonnation can lead to fonnation of a home range. 

Types of Decision Profiles 

I call these graphic depictions of site expectancy value versus return time 

decision profiles (in later models spatial position may substitute for time). Figures 2 

and 3 illustrate two qualitatively different decision profiles for Equation 6, the difference 

being whether foraging rate asymptotes to the background rate from above or below. 

Other decision profIles result from changing the fonn of resource renewal, the functional 

response, the maximum value of infonnation, or rates of information decay or resource 

renewal. They are defined by the pattern of rise and fall in expected foraging returns 

with time, relative to the background value expected of a naive forager. 
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My models use three forms of resource renewal (Fig. 4), which have been 

demonstrated empirically for various types of resources and can have differing effects 

on space use (Waser 1981). In linear renewal, resources increase at a constant rate up 

to a maximum (the carrying capacity); in exponential, resources renew at decreasing 

rate, asymptoting at the carrying capacity; in sigmoidal, resources renew first at 

increasing, then at decreasing rates. 

Figure 5 illustrates the different fonns of decision profile possible using Equation 

6, which assumes exponential resource renewal. Figures 6 and 7 illustrate the different 

forms of decision profile possible with sigmoidal and linear renewal. There are 6 

important decision profiles given exponential resource renewal (Fig. 5). Three of these 

(Cases 1-3) occur when the starting value of the exploited site is lower than the 

background, which is true given 

10 < _P_, 
I-p 

(9) 

and three (Cases 4-6) when the initial value is elevated. The three cases within each of 

these two groups result primarily from the ratio of infonnation decay rate to resource 

renewal rate, as well as the values of 10 and p. Cases 1 and 4 have low infonnation 

decay, resulting in a high peak in value which asymptotes to the background value from 

above. Cases 2 and 5 (intennediate infonnation decay) also peak above the background 
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value, but then drop below it and asymptote from below. Cases 3 and 6 (high 

infonnation decay) also asymptote from below. In case 3, the infonned value never 

rises to the background value; and in Case 6 the value drops immediately and remains 

below the background value. 

These qualitatively different decision profiles and the different optimal return 

times they predict can result in different movement patterns when introduced into 

specific foraging models. At least some of these cases have clear biological meanings 

and real-world examples. I will briefly explain the meanings, but limit examples for 

brevity at this point. 

In Cases 1-3, the forager has depressed resources to the point that it should leave 

for other sites. But in Cases 1 and 2 it has gained infonnation useful at a later time, 

when resources have renewed sufficiently. In Case 1 the infonnation remains useful in 

perpetuity, although if the forager waits too long the infonnation declines in value 

almost to the point where the site is equivalent to sites about which it is uninfonned. 

For example, consider a nectarivore that has learned the locations of flowers in an area: 

since flowers don't generally move around, spatial predictability is high, and infonnation 

value decays slowly. Once the forager has reduced the nectar at a site it ought to delay 

revisits to allow for renewal. However, eventually it pays to revisit flowers to avoid 

costs of searching for new ones. If the nectarivore waits too long, however, phenology 

or competitors may change the distribution of good flowers, making encounters chancy 

again. 
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In case 3 infonnation loses value so quickly relative to resource renewal that it 

never becomes useful. For example, consider a guild of small carnivores on the 

Serengeti plain that feeds on randomly dispersed ground-dwelling insects (Waser 1981). 

Here, the emergence of insects constantly renews the overall density of prey in the 

habitat, but there is little predictability in prey locations. With little incentive to revisit 

particular sites, a good foraging rule is to systematically cover the territory in a way that 

delays site revisitation. 

Case 2 lies between Cases 1 and 3. Infonnation is useful for a period, but the 

forager actually does worse by returning late to the site than by not returning at all, 

because resources are stiII depressed after the infonnation has lost value. 

In cases 4-6 the forager could immediately benefit from infonnation in spite of 

resource depression. This is most likely when resources are not rapidly depressed 

during initial exploitation or when information has great value. This may correspond 

to a case where a forager searches for rare or cryptic patches of prey. In Case 6, the 

forager ought to take advantage of its information immediately, before it loses value and 

the effects of resource depression dominate the forager's expected returns. In cases 4 

and 5, however, the forager would do even better by leaving the site to forage in (and 

learn about) others for a time before using its information. Consider a predator that 

locates a prey colony with defensive reactions (e.g., aardwolves attacking termites whose 

soldiers secrete repeIIent terpenes: Kruuk and Sands 1972). It may capture some prey 

on the initial encounter, but should leave once defenses become effective. By returning 

after prey defenses relax the predator may increase its foraging rate over that expected 
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of searching for new colonies, but only if its timing is good: too early and defenses are 

high (i.e., availability is low), too late and the colony has moved on to new foraging 

areas (i.e., spatial information has lost value). 

In Case 4 (as in Case 1) the forager never does worse by returning late than by 

not returning (the prey patch is spatially predictable); whereas in Case 5 (as in Case 2) 

there is a penalty for returning after information has lost value (perhaps prey actively 

avoid areas they recently occupied or where they encountered predators). 

Similar types of decision promes are produced using sigmoidal (Fig. 6) and 

linear (Fig. 7) renewal functions. Sigmoidal renewal produces 5 important cases, having 

no equivalents of Exponential Cases 2 and 5 but producing one case (Sigmoidal Case 

4) not seen with exponential. Here, infonnation may be immediately useful, but the 

optimal return time is delayed, with a penalty for earlier return. In general, sigmoidal 

renewal lengthens optimal return times relative to exponential or linear renewal, given 

the same parameter values given the equation I used. 

Decision proflles using linear renewal are similar to those for exponential 

renewal. However, values increase more rapidly for linear renewal given the same 

parameter values; and the discontinuity in the linear renewal equation can introduce a 

second extremum in the value function, resulting in two additional cases (Linear Cases 

3 and 6). I do not know if this mathematical result has biological significance. 

The usefulness of these decision proflles comes in applying them to particular 

models that incorporate specific assumptions about the foraging environment and the 

forager's abilities and constraints. In Chapters 3 and 4 I illustrate some such models. 
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In these I often assume that all sites in the environment are identical at the start and 

hence yield equivalent decision proflles. As a result, the value of different sites may 

vary at any moment in time due only to differences in time since each site was last 

visited. However, in many environments different sites may contain different types, 

amounts, or distribution patterns of resources and hence may yield different types of 

decision profiles. Therefore, I also add habitat heterogeneity to some models. In 

Chapter 5 I discuss the assumptions and results of these models, compare them with 

previous space-use models, and provide some examples of spatiotemporal infonnation 

use by animals and their influences on space-use patterns. 



CHAPTER 3 

MOVEMENTS OF FORAGERS 

WITH ONE·DIMENSIONAL COGNITIVE MAPS 
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Imagine an animal, such as a pied wagtail, foraging along a one-dimensional 

habitat, such as a river bank (Davies and Houston 1981). Altematively, imagine a two

or three-dimensional habitat foraged by an animal with only one-dimensional cognitive

mapping abilities: it can remember locations along a route but cannot infer novel 

routes, such as shortcuts, so that it must always retrace its steps to return to previously 

visited sites. In either case, the forager can, at any moment, make one of two decisions 

about direction of travel: proceed ahead or turn around to retrace its previous route. 

Here I present a model that uses the decision profiles introduced in Chapter 2 to predict 

when such a forager should turn around. In spite of its simplicity, this model predicts 

some movement patterns with analogues in nature and clearly demonstrates differences 

between my theory's predictions and those of foraging models that ignore the dynamics 

of spatial infonnation. 

Assumptions and Logic 

Assume that at the start, the forager is naive about the resource distribution (e.g., 

it has just immigrated), but that it has an average expectancy about prey density, perhaps 

estimated from average densities experienced elsewhere. Thus, from the forager's initial 



48 

point of view, all sites along the habitat are equivalent in expected value. Further 

assume that geometric infonnation neither improves nor decays once obtained, so that 

changing infonnation values represent changes in foraging rate due only to gaining and 

losing site-specific resource infonnation. Geometric map information facilitates these 

benefits, but the value of geometric infonnation, and hence its effects on movements, 

remain constant 

Define a site as an arbitrarily small unit length of habitat. The value of any site, 

x, along the habitat is Vox' the net energetic returns the uninfonned forager can expect 

in x. Assuming the forager moves at constant rate, a, in one direction along the habitat, 

its expected total net gains after time, T, spent foraging are 

(10) 

Vox is determined by the expected resource availability in x, R,x, and the proportion 

of R,x the forager can expect to capture on a pass through x (i.e., the functional response: 

Holling 1959). Assume a type I functional response (Holling 1959), such that the naive 

forager takes a constant proportion, p, of encountered prey. Rx is everywhere expected 

the same by the naive forager, so I use R to denote average expected resource 

availability before exploitation. Thus the uninfonned forager expects foraging returns 

in any site, x, to be 

(11) 
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Since this is a constant, I scale Vx to 1 to facilitate later comparisons. 

After passing through x the forager leaves behind an ending value of resources, 

Vo = cx(l-p)R, where 0 ~ Yo ~ 1. (12) 

However, resources renew with time following exploitation: 

(13) 

where Ro is resource density immediately following exploitation. Note that as long as 

p > 0 and complete resource renewal is not instantaneous, the forager that turns around 

would immediately experience reduced returns relative to expectations of continuing 

ahead. This accords a classic prediction of foraging theory-viz, a forager ought to 

maximize time between revisits to a site to allow for resource renewal (Kamil 1978, 

Davies and Houston 1981). 

However, the forager may have gained infonnation during its pass through the 

environment that could elevate its returns in spite of resource depression. Assume, for 

example, that those points where prey were encountered on the fIrst pass accurately 

predict future prey locations and that cOlTectly anticipating prey locations increases the 

probability of their capture. Note that this advantage may pertain to that proportion of 

prey, p, that were captured on the fIrst pass and that are being replaced by renewal, as 

well as those prey, I-p, that were encountered but not captured on the fIrst pass. My 

question is: Under what conditions does the value of this information more than 
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overcome the negative effects of resource depression if the forager turned around? That 

is, when does it pay to turn back and use infonnation? 

Ix,t is the increment to foraging rate in x due to information about x used at time 

t. Ix,o is the value of this information given perfect predictability; i.e., before the 

resource distribution changes. Ix,t declines from this maximum as the distribution 

changes. 

In the presence of a lone forager, the value of any position, x, at time t is 

(14) 

where g(Rx,t) is the functional response. For the naive forager (having not yet turned 

around), Ix,t = 0, and foraging returns are determined solely by g(Rx,t). Hence they are 

directly proportional to resource density (as in most previous foraging models). If the 

forager turns around, it faces depressed resources. However, if Ix; > 0, it can exploit 

those resources more efficiently. Furthermore, resources are renewing, and the farther 

back the forager goes after turning the longer the site has had to renew. 

The forager cannot instantly transport itself to any point, but must retrace its 

steps at constant rate. Hence, the decision to turn-around is based upon the value of the 

point expected upon arrival back at the point, rather than at the time of decision: 

(15) 
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where Yx,l represents the value of point x, expected upon arrival there but evaluated at 

the current time. 

The total returns the forager can expect by continuing in the initial direction until 

time Tare 

(since V~ = 1). (16) 

and the total returns expected for a return trip becomes 

(17) 

Obviously, the forager should turn around only if 

(18) 

Spatial Decision Profiles 

By plugging specific functional forms and parameter values into Equation (15) 

I generate decision profiles for linear cognitive maps. These profiles represent snapshots 
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in time of the value of sites ahead of and behind the forager. They resemble the 

unconstrained temporal decision profiles introduced earlier, except that here (1) the x

axis is distance (or location) rather than time (although distance can be converted to 

travel time); and (2) here values represent those expected upon arrival at each site, 

rather than at the time of evaluation. This is because the value of a site will continue 

to change, as resources renew and information decays, after the forager has decided to 

return to it. Hence, the forager's expectancies must reflect the total round-trip time to 

a site rather than the time that has passed when it makes the decision to turn. As a 

result, spatial decision proflIes that look identical to temporal decision profiles result 

using 1/2 the values of rand d (because values have twice as long to change before 

revisitation). Finally, (3) because the forager must experience all sites along a route 

(rather than choosing to return directly to a particular site) the optimal tum-around time 

cannot be deduced as easily as the unconstrained optimal,return time was. Nevertheless, 

spatial decision proflIes reveal whether spatial information will be beneficial and 

motivate a forager to tum around. 

For illustration, assume exponential resource renewal. If a forager traveled a 

long way in one direction in homogeneous, virgin habitat, the returns it would expect 

at each previously-visited site were it to now turn back are: 

(19) 
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(Again, the expected value in the unexplored habitat still ahead is constant and scales 

to 1.) 

Figure 8 illustrates an Exponential .Case 1 proflle for this scenario. It can be 

used to show how the forager would have fared by turning earlier. A forager using this 

decision profile should not turn until it has passed a minimum distance, xmin' of 44 sites 

in the initial direction. Since it moves at a constant speed of lxllt, it should not turn 

before t = t'urn = xmin' But the minimum time necessary to complete the round trip is 

twice this, so tmin = 2t,urn' where tmin is the minimum time necessary for information to 

pay. If the forager turns earlier than t'urn (or has less than tmin available to forage), the 

potential gains it forgoes for the first 18 sites revisited exceed the elevated value of the 

remaining sites. Once Vb = Va (here, at distance 44), the increased benefits reaped from 

the information balance the initial "missed opportunity cost" the forager experiences. 

The equivalence of the two shaded areas in the figure illustrates this. Note that xmin is 

not necessarily the optimwn distance moyed before turning, because the hump in site 

values exceeds the background value for greater distances (and times). At xmin the 

forager breaks even by turning around. Going a few steps farther would benefit it more. 
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Figure 8. A spatial decision profile for a forager with a linear cognitive map. It 
shows resource density, information value, and site value to the forager 
(from equation 19), at a moment in time, as a function of distance back 
over the length of habitat just covered, compared with the value of 
unexploited sites ahead. The arrow at Va = Vb indicates the minimum 
distance moved in the initial direction before it pays to turn around. The 
other arrow indicates the fIrst site at which the forager begins experiencing 
benefits of information after turning around. Missed opportunity cost 
represents the temporary loss in benefits after turning around, before 
information begins paying off. 
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Turn-around Rules 

In the previous section I derived the minimum time (or distance) a forager should 

move before turning around. But what is the optimal time to do so? The strategy "turn 

when Vb > Va" is not aD evolutionarily stable strategy (ESS; Maynard Smith 1972), 

because a mutant with an alternative strategy could outcompete one with this strategy. 

For most decision profiles, superior alternative rules are possible, such as "go a bit 

farther once Vb> Va". However, solving for globally optimal (or ESS) turn-around rules 

is a complex problem, requiring further assumptions about (1) the time available to the 

forager, (2) how it perceives this time, and (3) whether the forager can predict its own 

influence on future resource values or (4) plan more than one turn in advance. Optimal 

rules also vary with the type of decision proflle. 

Regardless of other assumptions, a forager able to integrate expected returns over 

a non-zero time horizon wiII have a superior strategy to one that makes decisions based 

on instantaneous returns, at least in cases where infonnation is not immediately useful 

(e.g., Exponential Cases 1 and 2). An instantaneous rate maximizer (the one most 

modeIIed in optimal foraging theory) never turns around in these cases and would be 

out competed by a value-integrating forager. 

Rather than attempting to derive optimal rules for the many possibilities alluded 

to above, I iIIustrate some simple rules for one biologicaUy reasonable situation. 

Consider a forager that perceives a temporal deadline before which it must maximize 

foraging returns (e.g., a diurnal forager that must maximize returns by sunset). Further 
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assume that (1) the forager does not anticipate its future effects on resource values, but 

makes moment by moment decisions based on the values expected upon arrival at each 

site; and (2) it uses an Exponential Case 1 decision profile. 

Figure 9 illustrates this situation using the same decision profile as Figure 8, 

except that I rescaled its x-axis to reflect round-trip time (recall that the forager travels 

at a rate of one site per unit time but takes twice that time for a round trip). T is the 

length of the available foraging period, and t'lITn is the minimum time at which turning 

around would just become beneficial (i.e., when Vb = Va)' The optimal turn-around time 

is a function of the length of T relative to tmin (= 2t'UTn>. T shorter than tmin negates any 

potential benefits of information and the forager never turns. If tmin < T S 2tmin' the 

forager should move in one direction for 1/2 T, and then return. As T becomes longer, 

solving for the optimum decision rule becomes a more complex problem in dynamic 

programming-· a problem I defer. However, it is clear that early in a long foraging 

period (T > 2tmin), the forager may benefit from integrating expected returns over a 

relatively long time horizon and using this information to sometimes turn around. But 

as the deadline approaches (remaining time < tmin), it should cease turning. 

A problem in deducing optimal rules for a forager that integrates returns over a 

period greater than 2tmin is that return trips create asymmetries in decision profiles, as 

the forager updates information and further reduces resources. Thus, each tum 

influences later decisions. Figure 10 illustrates the decision profiles of a forager at 

various snapshots in time: (1) after an initial pass through a region, (2) after it has 

turned and come half-way back, and (3) when it has returned to the start point. Note 
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Figure 10. Value profiles for a forager at three times during a trip up and back 
over a length of habitat starting at position zero. Arrows indicate the 
forager's movements over the previous time period. Top: just before the 
forager turns for the fIrst time, at time = 24. Middle: the forager is half 
way back to the start point at time = 36. Note asymmetries in resource 
density, the value of information, and site value. Bottom: the forager is 
back to start point at time = 48. Note that its further reduction of resources 
on the return trip makes turning again at point zero a poor strategy. 
Parameter values: p = .75, 10 = 2, d = .0125, r = .0125. 
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that the third decision profile does not mirror the fIrSt. Instead, the return trip reduced 

values to where turning again at the start point does not pay. 

Nevertheless, for a forager not facing an imminent deadline, if it pays to turn 

once to use infonnation, it eventually pays to turn again. Since the forager's 

expectancies were assumed homogeneous at time zero, they were also symmetrical from 

the start point. If the forager turns (according to some decision rule) after moving for 

1* in one direction, there must also come a time, 1** (0 < 1** oS. 31*), when it pays to 

turn again (when the forager has gone no more than twice the distance in the opposite 

direction after turning). By extending this argument, you can see that as long as the 

value of infonnation creates a turn-around advantage at least once, the forager will 

repeatedly turn around after moving some distance each time. 

However, the movement pattern generated is not necessarily periodic, with the 

forager continually covering the same stretch of habitat. The time (or distance) moved 

after each tum can vary, because the decision profIle changes with each pass. It is 

prohibitively complex to analyze these dynamics beyond a few turn-around decisions. 

Hence, I use computer simulation to iterate the decisions of the forager and determine 

the space-use patterns that result from different functional fonns, parameter values, and 

types of turn-around rules. For most simulations I report, I used the simple rule, "tum 

when the current value of sites behind exceeds that of sites ahead." This contrasts with 

the rules discussed above, in which site values were calculated/or time 0/ arrival (recall 

Equation 19 and Figures 8-10). Although both rules improve foraging returns relative 

to a naive forager, neither is globally optimal. The rule, "turn when you can do better, 
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calculated for arrival time," improves the forager's returns marginally at best relative to 

an ignorant forager. The rule using current site values improves returns considerably 

for many decision profiles. 

Movement Simulations 

Simulations were done in the C programming language on an 80386 computer. 

The foraging environment consisted of 100 initially identical sites along a line segment 

closed into a circle. Closure avoids the possibility of the forager encountering a habitat 

boundary and allows for the possibility that it eventually reencounters sites without 

turning around (imagine a mink foraging around a pond). Thus, the forager might 

circumnavigate the environment before finding infonnation about a site useful. This 

would happen if resources renew slowly relative to the rate of information decay. 

A single forager is introduced at time 0 to a site, which it depletes by p, while 

simultaneously gaining information there of value 10, It then steps to an adjacent site, 

again foraging and learning. Meanwhile, resources in the fIrSt site begin renewing at 

rate r according to one of the three renewal functions, while information value begins 

decaying at rate d. 

The forager doesn't face an absolute deadline, but integrates expectations over 

a finite period of length T. Thus, at each step the forager sums the current value of 

each site, ahead and behind, out a distance set by T; it then steps in the direction of 
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greater expected returns. The cycle of forage, evaluate, and step takes one time unit and 

repeats up to a time limit. 

Movements 

Figure 11 illustrates the major types of movement patterns that result for the six 

types of Exponential decision profiles and for varying lengths of foraging horizons 

(although variations on each theme are possible). Similar results obtain with sigmoidal 

and exponential decision profiles. As expected, a forager that doesn't benefit from 

infonnation-either because infonnation never pays or because time is too short-never 

turns around. Foragers that benefit immediately from infonnation (Cases 4-6) turn 

around with every step, roughly equivalent to a "sit-and-wait foraging strategy" (Huey 

and Pianka 1981). 

Note that in Cases 4 and 5, payoffs may be lower for this "turn immediately" 

strategy than if the forager delayed turning until resources renewed. The decision rule 

here "traps" the forager by offering immediate rewards. A mutant that ignored 

immediate benefits and took a few more steps before turning could out-compete a 

forager using the "turn immediately" strategy. 

Foragers that benefit from infonnation after a time delay (Case 1 and 2) tum 

repeatedly given T > tmin' However, as demonstrated earlier, they don't necessarily 

move back and forth over the same length of habitat-at least not until an equilibrium 

is established between resource depletion and renewal. The length of habitat used may 



Figure 11. The types of movements that result from exponential decision profiles 
as a function of foraging horizon length, T, given the rule turn when current 
Vb > Va. Left: the six exponential decision profile types. Right: the 
forager's movements, shown as position versus time; the forager starts at 
position O. Top: the forager never turns given Case 1 or 2 if T < tmin' or 
Case 3 for any T. Middle Right: the forager turns repeatedly given Case 
1 or 2 and T > tmin. Bottom Right: the forager turns at every step for 
Cases 4, 5, and 6, for any T. 
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at first expand with each turn, and then settle into a repeating pattern (Fig. 12). The 

home range reaches equilibrial size after a few turns (within 6 for the range of 

parameter values I tested). 

Optimal Home Range Size 

Although it is difficult to derive globally optimal decision rules, I used the 

simulations to determine optimal home range length for a forager that develops an 

equilibrial cycle (repeatedly covering the same home range length). I forced model 

foragers to adopt a particular range length, which they covered repeatedly, and 

calculated the average foraging rate over a cycle once it reached an equilibrium between 

depletion and renewal. By varying range length for any combination of functional fonns 

and parameter values, I could then determine optimal range length and how it varies 

with assumptions. 

Figure 13 illustrates how optimai home range size varies with renewal type. 

Generally, a forager whose resources renew linearly up to a maximum should have a 

smaller home range than one experiencing exponential or sigmoidal renewal. Figure 13 

also illustrates that beyond a certain range length, there may be little variance in 

foraging returns with further increases in range length, especially for exponential and 

sigmoidal renewal (note the broad, flat regions near the peaks). This flat laxity is most 

pronounced when 10 is low. As infonnation value increases, the peak becomes more 

pronounced and the optimal range length more critical. An example using higher 10 and 
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Figure 12. Foraging movements that expand to a stable home range. The length 
of habitat used (the home range) expands until the sixth tum, after which 
the forager settles into a stable home range of length 49. Functions and 
parameter values vide Fig. 10. 
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exponential renewal is illustrated in Figure 14. Here, deviations from an optimal range 

length strongly impact foraging returns (the humps are narrow) due to higher 10 then in 

the previous figure. 

Figure 14 also shows the effects of infonnation decay rate on foraging returns 

as a function of range length. The three curves were created using assumptions for Case 

1-3 decision profiles (see Figure 5). As expected, foraging returns drop with increasing 

infonnation decay rates for all range lengths. Furthermore, optimal range length 

decreases with increasing information decay rate, because the forager must turn sooner 

to use its infonnation. 

Equilibrial range size is also a decreasing function of maximum infonnation 

value (10) and resource renewal rate (r), and an increasing function of prey depletion rate 

(p). A forager using a Case 3 Exponential decision profile doesn't benefit from 

returning to use information and hence doesn't benefit from having a home range. 

Interestingly, the simple turn-around rule used earlier, turn when current Vb > Va' 

can yield opposite predictions about changes in range length (Fig. 15). As stated above, 

for the forager constrained to repeatedly cover a home range, optimal home range size 

and equilibrial foraging returns within the home range decrease as information decay 

rates increase (Fig. 15, Top). If infonnation decay is sufficiently high that the forager 

can no longer benefit from site fidelity (an unconstrained, non-learning forager has 

higher returns), it should abandon the home range. If spatially constrained for other 

reasons, however, it should use as large a home range as possible for foraging. 

Compare these results with those at the bottom of Figure 15, which shows equilibrial 
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home range length and foraging returns for the forager that uses the "turn when current 

Vb > Va" rule. Here, range length increases with increasing information decay rate. 

Again, however, at high decay rates site fidelity doesn't pay, and the forager never turns 

around. However, for some combinations of parameter values there is an intermediate 

region where the forager does sometimes turn around, but without necessarily travelling 

all the way back to the start point before turning again. This results in a conti~ually 

shifting, or "drifting" home range, one variation on the basic movement patterns shown 

in Figure 11. 

Figure 16 compares foraging returns of a forager that uses the "turn when current 

Vb > Va" decision rule to those of a forager that uses an optimal home range for two 

values of 10 and varying information decay rates. The decision rule does well for 

parameter values that produce modest improvements in foraging returns relative to an 

uninformed forager. However, as the potential benefits of information increase (and as 

the optimal time to use information increases), the foraging returns obtained via the rule 

deviate notably from returns of an optimal home range user. In all cases this is because 

the rule-following forager turns sooner (and develops a smaller home range) than is 

optimal. 

Subdividing the Home Range 

Many mammals, particularly carnivores and primates, seem to subdivide their 

home ranges into smaller regions which they cover intensively for a period before 
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Figure 15. Home range length and equilibrial foraging returns as functions of 
information decay rate for an optimally constrained home range (fop) and 
for a forager that uses the rule, turn when current value behind exceeds 
value ahead (Bottom). Parameter values: p = .95, 10 = 5, r = .05, d varies. 

Top: Optimal range length and foraging returns decrease with 
increasing information decay rate. The vertical line divides the graph into 
a left region, in which it pays to use the optimal home range, and a right 
region, in which the forager cannot benefit from site fidelity and should use 
as large a range as possible. 

Bottom: Equilibrial range length increases and foraging returns 
decrease with increasing decay rates for the rule-following forager. Vertical 
lines divide the graph into three regions. Left: The forager benefits from 
a home range. Middle: The forager occupies a home range that "drifts" 
(see text). Right: The forager never turns so never develops a home range; 
if spatially constrained for other reasons the forager should use as large a 
range as possible. 
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shifting to a new region. This "shifting core area" pattern has been described, for 

example, in Mangebeys (Cercocebus albigena; Waser 1976), yellow baboons (Papio 

cynocephalus; Altmann and Altmann 1970), Jaguars (Panthera onca; Rabinowitz 1986), 

American pine martens (Martes americanus; Spencer 1981 and unpublished 

observations), and mink (Mustela v;son; Gerell 1972). I hypothesized that this is due 

to rapid decay in the usefulness of information relative to the time necessary to patrol 

the entire range area. Foragers that can benefit from information about resource 

locations in the short term should concentrate their movements in a small area over this 

period, and then move abruptly to fresh areas. 

To test whether subdividing the home range in this manner may increase 

foraging returns in the present model, I forced foragers to cover one-half of the range 

length twice, then shift to the second half and repeat the pattern, thus, effectively forcing 

them to develop a 2-cycle pattern of movement (Fig. 17, Top). I compared equilibirial 

foraging returns for this pattern versus the I-cycle pattern described above. 

Figures 17 and 18 illustrate some results of this analysis. Given the current 

assumptions (homogeneous, linear habitat), subdivided home ranges never yield higher 

returns than the optimal range length for the I-cycle pattern. However, subdividing 

increases returns relative to not subdividing for a wide range of suboptimal range 

lengths by effectively flattening out the hump in returns versus range length. This effect 

holds significance for cases where foragers are constrained to have larger or smaller 

home ranges than is otherwise optimal. Competition from neighbors, for example, 

constrains a forager to use an area smaller than would be optimal without neighbors-in 
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Figure 17. The effects of subdividing the home range into two foraging ranges. 
Top: Patterns of movement for un subdivided (I-cycle) and subdivided (2-
cycle) home ranges. Bottom: Equilibrial foraging returns are shown as a 
function of range length and rate of information decay for unsubdivided and 
subdivided home ranges. Note that subdivided ranges have a lower optimal 
return rate than unsubdivided ranges, but may yield a higher rate if range 
length is not optimal. This affect increases with increasing rate of 
information decay. Parameter values: p = .88, 10 = 12, r = .05, d varies; 
resource renewal is exponential. 
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Figure 18. The effects of subdividing a home range into two foraging ranges given 
sigmoidal renewal. Explanations and parameter values vide Figure 17, 
except d = .1. Note the subdivided range yields higher returns if the home 
range is constrained to a length of less than about 13 sites. 
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which case the forager could improve foraging success by subdividing its range to take 

greater advantage of ephemeral information values. Similarly, requirements for other 

resources or the need to search for mates may force a forager to adopt a larger range 

than optimal for obtaining another resource. In this case it may improve foraging rate 

by subdividing the area into smaller "information ranges". 

As hypothesized, the potential benefits of subdividing the home range increase 

as the rate of information decay increases (Figure 17; compare the relative elevation in 

returns for subdivided and unsubdivided ranges at low versus high decay rates). In 

addition, adding habitat heterogeneity to the system will likely enhance the benefits of 

subdividing home ranges. Unless habitat patches are evenly distributed, animals may 

benefit from grouping them into "patches of patches" to reduce unnecessary travel costs 

between distant patches. Below I iIIustrate that adding habitat heterogeneity can lead 

to multicyclic movement patterns within home ranges without having to force the model 

forager to subdivide its range. 

Adding Habitat Heterogeneity 

So far all sites have been assumed identical at the start. But most foragers face 

a heterogenous world. Here I illustrate some impacts of habitat heterogeneity on 

movements. 

I consider heterogeneity at two scales. First, envision a forager in homogenous 

habitat of sufficient area to support it, but surrounded by unsuitable habitat. In the 
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second case, the habitat is patchy at a fmer scale, requiring the forager to use multiple 

patches interspersed with unsuitable habitat (unless renewal rate is very high and 

infonnation decay very low). In either case the forager is unaware of habitat 

discontinuities until encountering them. 

The forager is introduced to the length of habitat as above, but here the initial 

value of sites varies. The forager's expectations are the same at all sites and equal to 

the average value for the habitat. Knowledge of actual site values comes only as the 

forager exploits them. 

Habitat heterogeneity creates complexity in movement patterns. Whereas the 

movements produced in initially homogenous habitats often develop into simple cycles, 

patchiness generally forces movements into multi-cyclic or chaotic dynamics. The 

presence of any habitat discontinuity, once detected by the forager, can force such 

changes. 

Figure 19 illustrates one pattern to emerge with large-scale heterogeneity. It 

shows a forager initially exploring the entire region before turning to use infonnation. 

Having created a cognitive map of the region it develops a home range within the 

suitable habitat. It appears to subdivide this range while using the site-specific 

infonnation it possesses. Note that the movement pattern is nearly two-cyclic, but does 

not repeat itself precisely--a hallmark of chaos. 

Figures 20 and 21 illustrate some patterns given small-scale patchiness. Figure 

20 illustrates the effects of resource renewal rate on movements. At low renewal, the 

forager explores the entire habitat, sometimes turning back for short distances within 
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Figure 19. Movements of a forager exploring suitable and unsuitable habitats. 
Positions 0 and 100 are identical, as the habitat closes into a circle. The 
forager starts at position 60 in the suitable habitat (shaded area) and 
completely explores the foraging space before establishing a home range in 
the suitable habitat. Note that movements within the home range approach 
a stable 2-cycle pattern, but have chaotic tendencies forced by perception 
of habitat boundaries. Parameter values: resource density = 0 in unsuitable 
habitat, 2 in suitable habitat (mean density = 1); T = 20, P = .9,10 = 1, d 
= .1, r = .005. 
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patches. Once it has mapped the patches the forager tends to remain longer in them. 

As renewal rate increases, visits within patches prolong, and between-patch movements 

become more systematic, eventually contracting the home range to a subset of the 

available (and previously explored) patches. At very high renewal rates, the forager 

remains in the fIrst patch encountered, remaining ignorant of surrounding habitat and 

perhaps even settling on a portion of the patch. Finally, given sufficient renewal rate 

to compensate for depletion, the forager becomes a sit-and-wait predator (not shown). 

Figure 21 shows similar patterns as information decay rates increase. At low 

decay rates the forager covers the entire region, sometimes lingering in patches; the 

duration of patch visits generally increases once patches are identifIed by exploration. 

As decay rates increase, the forager tends to spend longer in each patch, and contracts 

its home range to fewer patches, in order to take advantage of information before it 

becomes obsolete. In the extreme, the forager remains in a single patch following 

exploration, and may become a sit-and-wait predator. 

Adding Multiple Foragers 

Adding individuals also introduces habitat heterogeneity for each forager in the 

habitat. Because individuals reduce resource levels, they create heterogeneity even in 

an initially homogeneous environment. Each also gains information over the length of 

habitat it covers. A forager encountering sites previously exploited by another 

experiences the costs of decreased resource levels without the benefIts of information, 



Figure 20. Effects of resource renewal rate on movements in a patchy habitat. As 
renewal rate increases, the forager contracts the home range to fewer 
patches (shading) and spends greater durations in each. Renewal is 
exponential. Parameter values: starting resource density = 2 in patches, 0 
between patches; T = 25; p = .6,10 = 1, d = .01; r varies. 

A. r = .001. The forager explores the entire habitat, sometimes 
tarrying in patches; stays in patches are slightly longer after the entire space 
has been explored. B. r = .005. The forager still uses the entire habitat 
but spends longer in each patch. C. r = .01. After exploring the habitat 
the forager alternates between two patches, spending increasing time in 
each. D. r = .05. The forager never explores beyond the fIrst patch, 
settling into a portion of it. 
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Figure 21. Effects of infonnation decay rate on movements in a patchy habitat. 
As infonnation decays faster the forager contracts its home range to fewer 
patches and spends greater durations in each. Explanations vide Fig. 20, 
except: r = .01, d varies. 

A. d = .001. The forager explores the entire habitat, sometimes 
tarrying in patches. B. d = .005. The forager explores the entire habitat, 
but thereafter alternates between three, and then two patches, spending 
increasing durations in each. C. d = .01. After exploring the habitat the 
forager alternates between two patches, spending increasing duration in 
each. D. d = .05. After exploring the habitat the forager settles into the 
first patch encountered, eventually adopting a sit-and-wait strategy. 
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thereby increasing the usefulness of turning back to known sites. Hence, multiple 

individuals will tend to space themselves out over time even if they never encounter one 

another or experience any form of territorial defense. 

Simulations incorporating multiple individuals should further elucidate how 

dynamic information values may affect population spacing. I speculate that home-range 

overlap will decrease with increasing information values. However, home range overlap 

may either increase or decrease with increasing rate of information decay, depending 

upon temporal scale. High decay rates favor early turn-around times (so the forager can 

reap benefits of information before it loses value), which promotes spatial contagion in 

the movements of an individual. On short time scales, this, in tum, should promote 

dispersion of individuals, as discussed above. However, if resources are highly variable 

in both space and time, home ranges measured over longer time scales may overlap 

greatly, but with short-term use of exclusive areas by individuals. Thus, we should see 

cases of "shifting core areas" (Siniff and Jessen 1969, Samual et al. 1985) or "drifting 

territoriality" (Doncaster and MacDonald 1991) when spatial information is useful on 

short time scales, but resource values are unpredictable on somewhat longer time scales. 
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CHAPTER 4 

MOVE~NTSOFFORAGERS~H 

TWO·DIMENSIONAL COGNITIVE MAPS-PRELIMINARY INVESTIGATIONS 

In the one-dimensional models of Chapter 3, foragers lack some of the major 

benefits of cognitive mapping. They cannot interpret novel shortcuts or flexible routes 

among points. In a two- (or three-) dimensional habitat, a forager with cognitive 

mapping abilities has greater possibilities for increasing its search efficiency with 

infonnation (i.e., the value of infonnation, 1%,0' is potentially much higher). Rather than 

retracing its steps to revisit a previously-visited site, the forager can benefit from 

increased dimensionality by traveling through new or replenished sites on its way to 

others. It can also shortcut between widely spaced resource points rather than retracing 

longer, indirect routes along which it first located them. In the extreme, imagine a 

forager solving the "travelling salesman problem" (Anderson 1983) and taking the 

shortest route between a set of points in a continuous trapline circuit. 

In addition, because travel paths are quasi-one-dimensional, lacunae (areas of 

little or no use) can develop within a two- or three-dimensional home range. Once these 

lacunae are fonned, their presence is reinforced via the positive-feedback nature of 

infonnation, which raises the value of previously explored sites relative to unexplored 

sites and encourages preferential re-use. Such lacunae may allow individuals in a 

population to interlace or overlap their home ranges without ever foraging the same 

sites. 
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Two dimensional habitats and maps introduce nearly unlimited possibilities for 

model approaches. Here I introduce two, both of which require further analysis and 

simulations. Nevertheless, they both illustrate how adding dynamic information values 

can alter predictions of space-use models. In the first, a forager explores a set of sites 

that it links into a circuit for systematic revisitation. Next, I consider how cognitive 

mapping affects predictions of traditional patch-use models in foraging theory. 

Unconstrained Circuit Foraging 

Consider a forager in an environment containing many potential foraging sites 

that it can link into circuits for systematic revisitation. Thus, this model assumes 

advanced cognitive mapping abilities, allowing for flexible and insightful routes between 

mapped points. The primary advantage this creates, relative to the constrained linear 

model above, is elimination of the missed opportunity cost in a round trip. 

Assumptions and Logic 

Assume that all sites in the potential circuit have the same initial value, and that 

the forager can set a circuit of length x* = 1*, where travel speed is lxllt and 1* is the 

optimal return time to a site (from a temporal decision profile; Chapter 2). The initial 

visit to each site would yield the background payoff value of 1. However, the second 

visit would yield the maximum payoff of V*, at the peak of the profile (Fig. 22, Top). 
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Thus, if infonnation has value, the forager should always complete at least two cycles 

around the circuit 

IT resources renew completely in S t*, the forager would experience V* forever 

after and the optimal rule would be to follow the circuit perpetually. However, this only 

happens in linear decision profIles. With exponential or sigmoidal renewal t* occurs 

before resources renew completely. As a result, resource density, and hence foraging 

rate, declines toward a non-zero asymptote from one cycle to the next. However, within 

each cycle the foraging rate is constant, resulting in step-wise changes in foraging rate 

(Fig. 22, Bottom). Eventually, foraging rate may reach an equilibrium as renewal 

balances depletion between cycles. 

The forager should travel around the circuit until the foraging rate expected on 

the next cycle falls below the average for establishing and using a new circuit; i.e., when 

e 

EVe 
y 1 < _1 __ , 

c+ C 

(20) 

where c is the number of cycles already completed. At this point the forager should 

explore and follow a new circuit. (Note that inequality 20 doesD:'t necessarily come 

to pass. Given sufficient renewal, the per-cycle foraging rate may equilibrate above the 

background value of establishing a new circuit.) Once the forager moves to a new 

circuit, resource levels in the first will rise. IT renewal is rapid relative to infonnation 

decay, the forager may eventually return to the first circuit. The forager may continue 

adding new circuits to its home range until establishing an overall equilibrium with 
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Figure 22. Predicting number of cycles around a foraging circuit. Top: A 
decision profile for a forager that should develop a circuit of 10 sites that 
takes t* = 10 time units per cycle. The first (exploratory) cycle yields 
foraging rate = 1; the second cycle yields maximum rate = V*. Bottom: 
Foraging rate as a function of cycle number for the circuit. Foraging rate 
is constant within but changes between cycles. Rates for cycles 1 and 2 
obtain from the top graph; thereafter rates fall asymptotically as resource 
depletion exceeds renewal between cycles. The forager should quit the 
circuit and start a new one when expected foraging rate on the next cycle 
falls below the average of preceding cycles. 
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renewal. The result is a network of circuits, each of which the forager treats like the 

patch often modelled in foraging theory (e.g., Chamov 1976): The forager should leave 

a circuit when the foraging rate within the circuit falls to the average rate for the entire 

set of circuits. 

The major differences between this and existing patch-use models are: (1) here 

the "patch" (circuit) is defined by the forager rather than the environment; (2) changes 

in foraging rate within the circuit are discontinuous because the forager covers it 

systematically rather than randomly; (3) there is an acceleration in foraging rate between 

the fIrSt and second cycle in a circuit (patch depletion models assume continuously 

declining returns); (4) there is reason for foragers to preferentially revisit circuits (there 

is no such tendency in traditional patch-use models); and (5) I have so far assumed no 

costs of establishing a new circuit (patch-use models assume a cost of traveling between 

patches). In the next section I consider how making the habitat patchy alters foraging 

movements. 

Patch-Use Models with Cognitive Mapping 

Patch-use models in foraging theory generally predict when a forager ought to 

leave a patch for another as it depletes the patch of its resources. Chamov's Marginal 

Value Theorem predicts that a forager should leave when its instantaneous foraging rate 

falls to the mean rate expected for the habitat, a rule that is often depicted graphically 

(Fig. 23, Top). Because this and other patch-use models assume that encounters with 
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patches and encounters with prey within patches are randain, iterating the decisions of 

the forager results in a random walk through a habitat. There is no incentive to direct 

movements to particular patches or sites within patches. If forager's can benefit from 

information gained in patches, however, they may systematically revisit patches or sites 

within patches. Now I re-formulate the above circuit model as a patch model to 

illustrate this and to suggest further avenues for modelling. 

Assumptions and Logic 

Instead of establishing an optimal circuit from an unlimited set of sites, assume 

that the forager is constrained to use sets of sites clumped into discrete patches 

surrounded by unsuitable sites. The forager moves systematically through the patch, 

avoiding revisits until all sites within the patch are visited, or until the optimal return 

time obtains for the first site visited (see above, and Fig. 22, Top). For now, assume 

a Case 1 decision proflle and that the patch is large, such that values of previously

visited sites within the patch rise above the background value before all sites in the 

patch are visited (i.e., information is valuable within a single patch visit). Given a 

sufficiently large patch (i.e., a habitat), this model is identical to the circuit model 

above, so foraging rate changes in step-fashion with acceleration when information 

becomes valuable (Figure 22, Bottom). However, the form of the decision profile and 

hence optimal movements within and between patches vary with patch size and 

distances between patches. 



Figure 23. Charnov's Marginal Value Theorem without (Top) and with (Bottom) 
systematic use of infonnation. The curves show cumulative gains while in 
a patch. Travel time is the expected time necessary to encounter the next 
patch. Optimal time to leave for another patch (1*) obtains when the slope 
of the gain curve (dVldt) equals the average returns expected from moving 
to and exploiting the next patch (Vlt). In Charnov's model, gain rate 
decelerates smoothly with time in patch since prey encounters are random. 
In the bottom graph gain rate changes discontinuously, because the patch 
is searched systematically; also, there is an acceleration in the gain rates 
when infonnation becomes valuable. 
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Integrating foraging rate over time provides the cumulative gains of the forager 

while. in the patch (Fig 23). In Charnov's formulation, which assumes random 

encounters with prey, cumulative gains rise at continuously decelerating rate. However, 

in my version (1) cumulative gains change discontinuously, as a series ofline segments, 

and (2) there is an acceleration in gains due to information used on revisits. (In order 

to ensure comparability between models I must also assume that resources renew within 

Charnov's patches while the forager exploits them. So long as resources deplete faster 

than they renew, this doesn't change the form of the cumulative gain function, only its 

rate of change.) 

Once a forager leaves a patch it should move to the next nearest one. In general, 

call the expected distance to the next patch encountered Tp. For a naive forager, Tp = 

Tpn' where Tpn represents the mean distance the forager expects to experience to 

encounter a patch at random. In contrast, an informed forager, having mapped patch 

locations during initial exploration, can move directly to the nearest patch using its 

cognitive map. Call this expected distance given information Tpi' On average Tp; < Tpn. 

Furthermore, the variance in Tpi is less than that in Tpn. Hence, information about 

patch locations reduces both mean and variance in expected travel costs between patches 

(see Morrisson 1978). 
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EfTects of Patch Size 

Now examine the effect of varying patch size. At small patch sizes, the forager 

will visit all sites within a patch before any sites are worth revisiting. If the expected 

cost of travelling to a new patch (Tpn or Tp;) is less than the missed opportunity cost of 

revisiting sites within the current patch, the forager should leave (in accordance with the 

Marginal Value Theorem). However, it may pay to revisit the first patch sometime 

later, when its value rises above that of other patches (accounting for travel costs). 

Hence, information value provides an incentive to revisit patches even if there is no 

incentive to revisit sites within a single patch visit. This incentive is accentuated if 1) 

Tp; < Tpn' as it usually will be, or if 2) variance in Tp; < variance in Tpn and the forager 

is "risk averse" (Caraco 1980). 

As patches increase in size, information may be valuable within a single patch 

visit, and the forager should visit all sites at least twice. It should continue revisiting 

sites in the patch until 

e 

EVe 
Y < _1 ___ T 

e+l p' 
C 

(21) 

where Tp is either Tpn or Tp;, whichever is less. When inequality 21 obtains, the forager 

should leave the patch. Again, it may pay to revisit it later, and the forager may 

develop a systematic pattern of movement among patches as well as within patches. 
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If patches are larger than the optimal circuit size the forager should subdivide 

the patch, using one "subpatch" (circuit) until inequality 20 obtains, then switch to 

another subpatch. Eventually it may pay for the forager to leave the patch for a new 

one. A non-learning forager would not benefit from subdividing patches in this way. 

Regardless of patch size, and so long as information is useful, the average inter

patch movement distance will decrease as the forager shifts from encountering patches 

randomly to directing its movements to known patch locations. Eventually, this can lead 

to constriction of the home range to a smaller area of neighboring patches than was used 

during initial exploration, especially if patches are widely spaced so that random 

encounters are rare. Depending upon patch dispersion the forager may, using its 

cognitive map, also group together "patches of patches" and use them sequentially. 

Comparison with Other Models and Future Work 

This model requires further analysis and simulations to determine the effects of 

varying decision profiles, patch sizes, patch dispersion patterns, and the forager's 

sensitivity to variance on intra- and inter-patch movements. However, some differences 

in predictions from other patch-use models are already apparent: 1) the learning forager 

will systematically revisit patches, as opposed to randomly walking from patch to patch, 

and hence will develop a home range; 2) movements within a patch should be 

systematic so that gains are not constantly decelerating; 3) at intennediate and large 
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patch sizes foraging returns will accelerate as infonnation becomes useful; and 4) large 

patches should be subdivided. 

In addition, I expect that the tendency to stay in a patch or revisit known patches 

willI) increase with increasing 10, d, and r; 2) increase with increasing variance in Tpn 

and the forager's sensitivity to this variance; and 3) decrease with increasing p. 
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CHAPTERS 

GENERAL DISCUSSION OF THE THEORY 

No vertebrates, indeed, few macroscopic animals, wander aimlessly across the 

face of the Earth. Rather, they concentrate their activities within an area known as the 

home range (Seton 1909, Burt 1943, Jewell 1966, Siniff and Jessen 1969, Brown and 

Orians 1970, Waser and Wiley 1979). The ubiquity of this phenomenon begs for a 

general explanation, which I believe to be the benefit of possessing infonnation about 

places. In short, it is better to live in familiar surroundings than to wander continuously 

into unfamiliar territory. 

The concepts of home range, territoriality, and social spacing have been reviewed 

numerous times in this century, and many authors mention that an animal's familiarity 

with its home area is an important factor in determining its fitness (e.g., Jewell 1966, 

Waser and Wiley 1979). However, to my knowledge, no one has taken this idea the 

additional step and modelled space-use decisions as functions of spatial infonnation. 

By explicitly modelling the value of spatial information as a dynamic factor in 

movement decisions, my theory not only predicts the presence of home ranges, it also 

predicts an array of other space-use phenomena that have heretofore gone unexplained. 

Movement patterns of animals within their home ranges vary widely-from regular and 

systematic coverage to apparently random meandering. My models demonstrate how 

purely deterministic movement decisions based on dynamic information values can 
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generate this range of patterns. They suggest that movements that appear random to an 

observer may actually be informed and systematic, yet chaotic. 

Furthennore, many animals forage over relatively exclusive areas with no 

evidence of aggression toward one another. My models suggest that relatively exclusive 

use of sites should develop when foraging reduces resource levels and increases valuable 

site-specific information, because a forager entering a site recently exploited by another 

will experience the effects of resource depletion without the benefits of information. 

Defense of the area, or advertisement by a forager that it uses an area, may evolve 

secondarily. But the value of spatial information is the catalyst for exclusive use of 

space. 

Review of Predictions 

Home Range 

The most general prediction of the theory is that animals that benefit from 

information should have home ranges. Most foraging models predict either that animals 

should wander continuously into fresh territory, or that their movements should describe 

a random walk: (e.g., Chamov's forager would wander randomly from patch to patch). 

Clearly, home ranges exist. Is infonnation the reason? Let us examine other 

explanations. 
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Suppose foragers need a severely limiting, spatially stable resource to which they 

must return regularly. Perhaps this requirement constrains movements and results in site 

tenacity. For example, some vertebrates return periodically to a particular site (a central 

place: Covich 1976), for shelter, to cache food, or to feed dependents. Indeed, central

place models comprise the one group of existing foraging models that predict home 

ranges (Andersson 1978, Ford 1983, Pyke 1983). However, non-central-place foragers 

also use home ranges. Moreover, animals use home ranges regardless of season or their 

need for shelter. And the existence of home ranges seems independent of denning 

habits, caching proclivity, sociality, diet, habitat, body size, or life span (Jewell 1966, 

Brown and Orians 1970, Waser and Wiley 1979, Mace et al. 1983). Perhaps reliance 

on a central place evolves only after using a home range has become a good strategy. 

A second potential explanation for restricted movements is that tenitory defense 

by neighbors constrains the available space. However, vertebrates often occupy home 

ranges with no evidence of aggression or advertisement of tenitorial possessions (Brown 

and Orians 1970, Waser and Wiley 1979). And individuals in social groups may forage 

in relatively exclusive areas in spite of amicable relations. Nevertheless, another group 

of foraging models predicts the size or shape of feeding areas by assuming tenitoriality 

(see Carpenter 1987 for review; and many accompanying papers in American Zoologist 

No. 27). In these models, the tenitory is not predicted, but is treated as a given. This 

manifests a common assumption in behavioral ecology, that territoriality is an evolved 

trait (see, e.g., Brown 1975). However, tenitoriality per se is not evolved. In my view, 

territoriality is a result of site tenacity coupled with aggressive behavior, not the cause 
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of site tenacity. If this is true, we must still explain site tenacity. Again, I believe it 

results from the value of spatial information. 

To eliminate the alternative explanations and test the hypothesis that home ranges 

result from the benefits of spatial information, one should observe space-use patterns of 

individuals in habitats free of boundaries, competitors, or central-place constraints. In 

such situations, models that ignore the effects of spatial information on movements 

predict a continually expanding home range. 

A relevant experiment occurs whenever wildlife are introduced into new habitats 

or reintroduced into habitats from which their species was formerly extirpated. In such 

cases, individuals generally develop stable home ranges after initial periods of homing 

and exploration (e.g., pronghorn antelope, Goldsmith 1985; pine martens: Davis 1983; 

wolves, Weise et al. 1979). 

A natural experiment occurred in southeastern British Columbia when a lone, 

adult, female wolf wandered a great distance into an area that had been free of wolves 

for many years. Ream et al. (1985) radio- and snow-tracked her and seemed surprised 

that after a period of apparent exploration in the new habitat, the wolf settled into a 

"well-defined home range" with two intensively-used core areas, despite the lack of 

obvious constraints on her movements (she was not pregnant or lactating and had no 

territorial disputes to worry about). She remained within this home range for at least 

the 30 months of study. Ream et al. (1985) suggested two hypotheses for this behavior: 

(1) This wolf was the sole survivor of a hypothetical pack that had lived there years 

before, and her "distinct movement pattern represented a vestige of their tenitorial 
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behavior"; or (2) she established a home range in order to saturate it with her scent, 

which thus "increased the probability that a dispersing male might fmd her". They 

neglected to suggest the possibility that after exploring a new part of the world she 

found a place that was good, got to know it, and settled down. 

Home Range Size 

Body size and diet explain much of the variance in home range size among 

species (McNab 1963, Mace et ale 1983, Calder 1984). I predict further that home range 

size will vary inversely with the maximum value of information and rate of information 

decay. Furthermore, variance in home range size among individuals of a species should 

decrease with increasing information value and rate of information decay, because high 

10 and d narrow the hump in foraging returns plotted against range size (Fig. 14). 

Animals that can benefit more from information should restrict their movements more 

to a well-known area; and the faster this information changes, the smaller this area 

should be. Deviations from the optimal home range size are likely to be most costly 

when the timely use of information strongly impacts fitness. If information has 

marginal utility or decays very slowly, there is little variance in foraging returns with 

increasing home range size (beyond a minimum threshold size), so other factors are 

more likely to constrain movements. 
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Subdivided Home Ranges 

When the optimal area for information use (infonnation range size) is smaller 

than the area necessary to maintain the animal (home range size), the forager should 

subdivide the home range into smaller foraging ranges. It should cover these intensively 

for short periods and then shift to new ones. This is precisely the pattern seen in many 

carnivores, especially males, and some primates, especially frugivores (Waser 1976, 

Milton 1980, Terborgh 1983). 

Carnivores require large home ranges for their body size (McNab 1963) and 

often hunt elusive prey. Capture success is generally low for active predators (see, e.g., 

raptors, Craighead and Craighead 1956; fishers, Powell 1982; wolves, Mech 1970). 

Encounters with potential victims often result in hungry predators and hiding, alert, or 

otherwise defensive prey. However, the prey's location is likely to change slowly 

relative to relaxation of defenses. So it may pay the predator to return and try again. 

This situation favors concentrating in a relatively small area of the home range for a 

time before shifting to a new area. 

Male carnivores occupy territories larger than those of females-and apparently 

larger than necessary to supply food resources-presumably to maximize overlap with 

ranges of potential mates (Gittleman 1983). They also show the shifting core area 

pattern of movement to a greater extent (Rabinowitz 1986, R. Hopkins, pers. comm.). 

Rabinowitz (1986, p. 310) described the pattern in jaguars: 
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When we could follow the same male jaguars on consecutive days, we saw that, 
despite the size of their overall range, the jaguars would often stay within a 
square-mile area for about a week before shifting, in a single night, to another 
part of their range. The jaguar's weren't just randomly moving looking for prey. 
. • • . jaguars may spend as much as a week in an area where game is plentiful. 
However, such small areas cannot sustain a jaguar long. Soon changes in prey 
density, or behavioral changes of the prey related to the jaguar's presence, make 
it inefficient to hunt an area of that size. Thus the jaguars in Cockscomb 
[Belize] needed to move within overall areas thirty to forty times the size of 
these small transient feeding areas. 

In extreme cases of unpredictably changing distributions, the entire home range 

may shift over time. Fidelity to a home range may be beneficial in the short term, but 

gross changes in resource distribution favor shifting to new areas as they increase in 

value. Doncaster and MacDonald (1991) describe such a case for red faxes in an urban 

environment. Territories of faxes living in urban (but not suburban) Oxford "drifted" 

at a rate equivalent to complete displacement every 13 months. City and suburban foxes 

had similar diets and home ranges of comparable size. However, the authors concluded 

that unpredictable perturbations in the pattern of food availability, coupled with greater 

social instability due to higher mortality rates, resulted in the shifting territories in the 

urban population. Appropriately, my computer simulations produced drifting home 

ranges using high information value coupled with rapid information decay (see Chapter 

3, Fig. 15). 
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Movements 

Circuit Foraging-5ystematic movements that avoid revisitation of recently 

foraged sites should occur either when site-specific resource information is not valuable 

(and the forager constrains its use of space for other reasons), or when information is 

valuable and decays very slowly. Examples of the fonner case include territorial pied 

wagtails foraging for invertebrates that wash up randomly along stream shores (Davies 

and Houston 1981) and small carnivores foraging for insects on the Serengeti Plain 

(Waser 1981). 

Classic examples of the latter case include nectarivorous birds (Kami11978, Gill 

1988), insects (Janzen 1971, Heinrich 1979), and bats. Spatial predictability for a 

nectarivore is high relative to resource renewal rates, because flower distributions change 

on a scale of days, while nectar renews within hours (paton and Carpenter 1984, Kodric

Brown and Brown 1978). Thus, information decays primarily because of the increasing 

probability of probing a flower already emptied by a competitor (Gill and Wolf 1977). 

Multiple Circuits and Shifting Core Areas-H information value decays rapidly 

relative to renewal (but not so quickly as to make it useless) a forager should tum back 

quickly to recently exploited sites. This leads to intensive use of small areas over short 

time scales. Once resources are sufficiently depleted in a local area, the forager should 

move a longer distance to a new area and repeat the pattern. Such movements create 

the shifting core-area pattern discussed adequately above in the context of subdivided 

and drifting home ranges. 
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Chaotic Movements-In heterogeneous habitats movements may appear 

unp~ctable, even though foragers direct their movements in an informed an systematic 

manner. The timing of revisits to particular sites should correlate with revisitation times 

predicted from temporal decision profiles. 

"Random" movements are frequently described in the literature on mammalian 

home ranges. Of course, the fact that these movements delineate a home range indicate 

that they indeed are not random. Furthennore, these same studies often also describe 

directed revisits to particular sites, or repeated statistical patterns in the overall coverage 

of the home range (e.g., Siniff and Jessen 1969, Benhamou 1991). 

Population Overlap 

Habitats in which information is valuable favor exclusive individual or group 

home ranges. However, decreasing spatial predictability (increasing information decay 

rates) may either favor or disfavor home range overlap. Ephemeral information value 

favors contagion in an individual's movements as the forager returns to recently visited 

sites. This, in turn, may result in hyperdispersed populations, as individuals avoid areas 

in which they experience low resource values caused by other individuals. However, 

if other, extrinsic, factors make resource sites highly variable in both space and time, 

home ranges may overlap greatly, but with exclusive use of smaller areas at any given 

time. Morrison's (1978) observations on fruit bats provide a good example (see below). 
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Relation to Other Theories 

This theory of space use is quite general. It applies to foraging environments 

that range in spatiotemporal predictability from zero to one, and thus makes predictions 

about foragers that should ignore spatial information as well as those that can benefit 

greatly from it. It also predicts space-use patterns over a range of spatiotemporal 

scales-from single movement decisions, to within-home range movement patterns, to 

temporal patterns in home range boundaries, to population spacing patterns. Finally, it 

predicts space-use ontogeny as foragers gain infonnation about an area. 

The classic models in optimal foraging theory assume that foragers are ignorant 

about certain aspects of resource dispersion, while perfectly infonned about others. For 

example, Charnov's Marginal Value Theorem assumes ignorance about resource or patch 

locations (implicit in the assumption that encounters with prey or patches follow a 

Poisson distribution in time), but perfect knowledge of prey and patch density. 

Similarly, models of search paths either assume that foragers are incapable of 

anticipating prey locations based on prior experience (e.g., Cody 1971, 1974, Pyke 1978, 

1981,011ason 1983, Benhamou and Bovet 1989, Bovet and Benhamou 1991, Turchin 

1991), or that they are perfectly infonned about prey (e.g., Anderson 1983) or patch 

(e.g., Ford 1983) locations. 

In reality, few foragers are either perfectly infonned or perfectly ignorant about 

resource dispersion. Many animals learn and adjust their movements as they forage. 

Although recent models allow foragers to learn, their foragers are learning about prey 
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density in a patch during exploitation. Thus, these models still implicitly assume that 

foragers are ignorant or omniscient about the locations of prey or patches (Oaten 1977; 

Green 1980, 1984; Iwasa et aI. 1981; McNamara 1982; McNamara and Houston 1985, 

1987; Mangel and Clark 1986; Valone 1990. Bernstein et aI. 1991). Further. in complex 

or changing environments, information about resource dispersion is likely to be 

imperfect and becomes obsolete with time. This effect has been inadequately considered 

in foraging models. which have been constructed primarily for completely predictable 

or completely unpredictable habitats. 

Other models (e.g .• Kamil 1978, Davies and Houston 1981. Armstrong et al. 

1987) inspired largely by studies of nectarivorous birds (Gill and Wolf 1975. Kamil 

1978, Cole et al. 1982, Paton and Carpenter 1984), allow foragers to learn resource 

locations and delay return until resources have renewed. They differ from my models 

in that where I assume informed. foragers direct their movements towards sites oj high 

expectancy, these models assume foragers direct their movements away from sites oj low 

expectancy. These rules are equivalent when information has no value or when 

information has value but does not decay. In such cases the optimal return time is 

determined solely by expected resource levels, so "avoid recently-used. sites" is a good 

rule. Hence. when information has very low value or decays very slowly relative to 

resource renewal. predictions of my models are similar to those of models that ignore 

information value. But my approach allows predictions over a broader range of foraging 

situations. For example, when information decays more rapidly, the optimum return 

time is earlier than that predicted. by resource renewal alone. In addition, my theory 
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predicts home ranges and preferential revisitation of sites rather than assuming them as 

do other space-use models. 

Effects of the Assumptions 

Application of the theory requires an animal capable of associating stimuli (e.g., 

encounters with prey or predators) with places; of associating places one to another by 

distance and direction estimates; and of somehow weighting experience as a function 

of time. The resultant expectancies provide the motivation for goal-directed, or 

"purposive" behavior (Tolman 1932, O'Keefe and Nadel 1978) and hence are the 

currency of behavioral decisions. 

Many, if not all vertebrates, as well as many invertebrates, meet these 

assumptions (Gallistel 1990). Many animals learn particular locations that are likely to 

yield resources and use this information to direct their foraging movements-for 

example, bees (Heinrich 1979), ants (Johnson 1991), desert tortoises (Marlow and 

Tollestrup 1982), Gila monsters (D. Beck, pers. comm.), hummingbirds (Bene 1945, 

Gass and Sutherland 1985), starlings (Tinbergen 1981), ovenbirds (Zack and Falls 1976), 

kestrels (Rijnsdorp et al. 1981), fruit bats (Monison 1978), fishers (powell 1982), 

wolves (Peters 1978), foxes (Fabrigoule and Maurel 1982), chimpanzees (E. Menzel 

1973), baboons (Altmann and Altmann 1970), and Japanese macaques (C. Menzel 1991). 

Furthermore, the ability to navigate to goal locations that are beyond immediate 

perception has been experimentally demonstrated in myriad vertebrates and arthropods 
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(Gallistel 1990). Nevertheless, these capacities are omitted from the assumptions of 

many space-use models. 

There is also good evidence that many animals weight experience appropriately 

in time. Some animals learn particular times of day or time intervals that yield the 

greatest rewards. For example, laboratory rats (Bolles and Moot 1973, Gallistel 1990, 

Olton 1985), bees (Beling 1929), and songbirds (Stein 1951, cited in Galliste11990) can 

associate rewards with particular places at particular times of day. Rijnsdorp et al. 

(1981) demonstrated that European kestrels (Falco tinnunculus) return to sites of 

successful but not unsuccessful hunts after 24 h. Experiments have also demonstrated 

that bees (Heinrich 1979) and hummingbirds (Gill 1988) learn time intervals giving 

maximum rewards at particular locations. 

I need not make assumptions about the neural calculations involved in making 

or using cognitive maps (see, e.g., Nadel et al. 1985, McNaughton and Nadel 1990, 

Gallistel 1990, O'Keefe 1991), nor enter the controversy over whether non-vertebrates 

have "true" maps (see Gould 1986, Dyer 1991). My theory requires only that the 

animal's nervous system allows for "map-like" behavior. For example, navigating 

between two points can be done using two fundamentally different methods-"piloting" 

(steering towards unobserved goals by reference to observed landmarks, and a map 

encoding geometric relationships between landmarks and the goal) or "dead-reckoning" 

(integrating a vector of distance-direction pairs over time to track changing position on 

the map}-each of which have multiple variations in tenns of the types of sensory 

inputs used and how they are integrated by the nervous system (reviews in Gallistel 
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1990, O'Keefe 1991). Any of these variants results in "purposeful" approach to a 

distant location, even though the goal position may be imperceptible until reached. Any 

neural mechanism that allows for such behavior I treat as functionally map-like. 

In all models I assume a linear functional response, one of three forms of 

resource renewal, decay in infonnation value, and a perceived constraint on foraging 

time. The particular form of each of these functions should be chosen as appropriate 

for particular foraging systems. Tentatively, predictions about qualitative patterns in 

space use remain unchanged as long as the following conditions hold: resource uptake 

is a monotonically increasing function of resource density (i.e., Type I, IT, or ill-but 

not IV-functional responses: Holling 1959); resource renewal occurs monotonically 

with time; the value of infonnation decreases monotonically with time; and time to 

forage is not perceived as infinite. Of course, changes in the exact shape of each of 

these functions may affect quantitative predictions about space use. 

My models have so far assumed that one resource type influences movement 

decisions, whereas a variety of resources-with differing patterns of depletion, repletion, 

and spatial predictability-generally influence animal movements. Future models could 

incorporate multiple resource types as inputs to decision profiles. Cognitive maps may 

also increase fitness in ways not directly linked to foraging returns, such as knowledge 

of escape routes or locations likely to hold potential mates or predators. These 

influences and others, such as distance to escape cover or to one or more central places 

(Covich 1987), could be incorporated into future models. 
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Finally, these models are detenninistic, although distributions of resource values 

change probabilistic ally. Explicit modelling of probability distributions in detennining 

site values over time may promote insights about foraging movements, particularly for 

predators whose prey come in large, discrete packages. 

Decision profiles, which portray the expected values of resources as a function 

of place and time, incorporate the probabilistic nature of changes in resource distribution 

via decay in information value. However, the actual values experienced by the forager 

will usually differ from these. Since decision proflles incorporate probability functions, 

they tend to smooth out variation in the actual value of sites at a given time. For 

illustration, consider a predator returning to search for a recently escaped prey-e.g., a 

fox searching for a rabbit. The actual value of sites within the rabbit's home range is 

essentially zero everywhere to the fox except within that small area from which the fox 

could detect the rabbit, where the value is high. However, the foxes' expectations, 

given its uncertainty about the rabbit's location, are spread out over some larger area in 

which it concentrates its search. It's highest expectations should center on the location 

where it last saw the rabbit, and decline in some fashion with distance from that point. 

The longer it has waited since the last encounter, the less likely the rabbit is to be near 

the same location; hence the more "flattened" should be the foxes' expectation profile. 

One way to model this situation is to assume the prey's movements approximate a 

random walk from its last known location. In this case the predator's expectations 

resemble a circular normal probability distribution centered on the prey's previous 

known location, with increasing variance over time (see Weiss 1983). 
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Learning, Types of Information, and Information Value 

My theory agrees with recent ecological views on learning (Johnston 1981, 

Kamil and Roitblat 1985, Johnston and Pietrewicz 1985, Gallistell990) in that I do not 

treat learning as a single mechanism. Learning a cognitive map differs fundamentally 

from, say, learning to identify prey or learning to estimate the density of resources in 

a patch. Putting experience into a spatial-geometric representation depends (in 

vertebrates) upon a functioning hippocampal system. Damage to this system disrupts 

spatial learning without affecting learning tasks that lack spatial components (O'Keefe 

and Nadel 1978, Bingman 1990, Nadel 1991). Cognitive mapping allows for the 

inference of relationships never directly experienced by the individual (e.g., infening a 

shortcut between places first visited on a more circuitous route). It also allows for 

"action at a distance", or goal-directed behavior when the goal is beyond the immediate 

perception of the animal. Furthermore, place learning can occur as a one-time, a11-or

nothing input (O'Keefe and Nadel 1978). In contrast, operant conditioning tasks or 

parameter estimation tasks may take animals many trials to learn (Staddon 1983, Kamil 

and Roitblat 1985). Place memories also seem more resistant to decay than other 

memories (O'Keefe and Nadel, 1978; Nadel 1991): memories of geometric relationships 

between places are preserved even if the things found in those places change or are 

forgotten. Hence, I assume that decay in geometric information is very slow (or absent), 

while site-specific information may decay more rapidly. 
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Nevertheless, the accuracy or precision of an animal's estimates of geometric 

relations between places can improve with repeated experience in travelling among those 

places (Ellen et al. 1982, Thinus-Blanc et al. 1991). In the models I presented, spatial 

infonnation influenced fitness only through updating of information about the recent 

distributions of resources; I assumed the influence of geometric information to remain 

constant once obtained. However, the precision, accuracy, and richness of the cognitive 

map itself may increase with increasing experience in an area. This in turn can increase 

foraging returns via increases in searching efficiency or the accuracy of the forager's 

estimates of the distance-direction relationships provided by the map. Johnson (1991) 

provided marked individuals of two species of ants with novel seed patches in the wild. 

Return time decreased asymptotically with experience over the first five trips by =50% 

due partly to improving route directionality between nest and patch. 

In future models, geometric infonnation provided by the cognitive map should 

increase towards a maximum with increasing experience, and decay independently (and 

more slowly) than infonnation about resoUrces associated with places on the map. This 

change would create stronger positive feedback between past and future experience in 

areas, and thus greater contagion and repeatability in space-use patterns. This would 

facilitate fonnation of stable home range boundaries or systematic circuits. 

In addition to partitioning spatial information into geometric and site-specific 

infonnation, my models divide the value of site-specific infonnation into two 

multipliers-its time-dependent predictive power and the increment it adds to foraging 

returns given perfect predictive power. Perfect information about resource locations may 
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be useless, as in the case of abundant and easily-detected prey. And valuable 

infoMlation may be inaccessible or lose predictive power too rapidly for use, as in the 

case of rare or cryptic prey that move swiftly and unpredictably. 

Spatial Information and Environmental Predictability 

In a rapidly changing environment (e.g., one in which resource patches or points 

move randomly) a forager will rarely know much about the C11lTent resource distribution; 

i.e., information about resource locations will decline rapidly in accuracy and value. 

Thus, in the extreme, the forager may experience resource dispersion as essentially 

random (as is generally assumed in classic foraging models; e.g., Chamov 1976). On 

the other hand, in a very stable environment, infoMlation gained during a pass through 

an area retains its value for a long time. The forager in such an environment may gain 

nearly complete infonnation about resource dispersion and develop a highly systematic 

movement pattern, as in the traplining of nectarivores (Janzen 1971, Gill 1988). 

In reality, most environments are partially predictable, with various 

spatiotemporal scales involved in detennining the value of spatial infonnation. 

Understanding these scale effects is essential to detennining how spatial infOMlation 

affects behavior. Grass blades don't move around, yet it doesn't pay the wildebeest to 

remember the location of each. On the other hand, wildebeest do move around, yet it 

may pay the lioness to remember where she saw the herd the day before. Thus, the 

motivations to use infonnation and the selection pressures acting on spatial cognition 
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depend upon the spatiotemporal predictability of the environment as well as the fitness 

advantages to be gained by accurate predictions. 

If resource locations are not predictable over time, it does not pay for foragers 

to direct their foraging to particular sites. In the extreme, a distribution of resources 

random in both space and time would favor no particular movement pattern (and in fact, 

would favor a sit-and-wait strategy if movements have costs). However, even if their 

locations in absolute space are unpredictable, prey often distribute themselves relative 

to one another in a consistent, probabilistic pattern (e.g., by clumping or avoiding one 

another; see Chapter 1, Fig. 1). This favors the evolution of site-independent, or 

egocentric (O'Keefe and Nadel 1978) movement rules, which increase probabilities of 

encountering prey from moment to moment by taking advantage of relative spacing of 

prey. One clear example is the tendency for many predators on patchily-distributed prey 

to increase their rate of turning upon an encounter (Laing, 1937). The sinuosity of 

search paths may also change with prey density (Bovet and Benhamou 1991) or habitat 

(Powell 1982). Other egocentric search mechanisms include taxes (Kuhn, 1919; 

Fraenkel and Gunn 1940), kineses (Fraenkel and Gunn 1940, Benhamou and Bovet 

1989), and hardwired orientation mechanisms that avoid path recrossing, such as the 

spiral paths of some marine invertebrates or the zig-zag movements of bark beetles. 

Clearly, such mechanisms don't depend upon a mapped coordinate system (SchBne 

1984). 

My models assume that the value of resource infonnation decays exponentially 

with time since learning. But other fonns of change in infonnation value are also 



120 

possible. Regular environmental fluctuations, as in daily or seasonal cycles, may favor 

cyclic patterns in the use of spatial information by foragers (e.g., Rijnsdorp et al. 1981; 

see below). Changing internal states of the forager, such as hunger levels, could also 

affect the motivations assigned to particular times and places in the cognitive map. The 

affects of such influences on the value of infonnation and on space-use patterns could 

be incorporated into my theory to create appropriate models. 

Calculating the Value of Information 

Given a degree of spatial predictability, site-specific expectancies increase net 

foraging returns in at least two ways: increased search efficiency (encounter rate) or 

increased capture (uptake) efficiency given encounter. For example, a forager that 

anticipates sites likely to hold prey can concentrate search efforts there and avoid others; 

and a forager that correctly expects a cryptic or elusive prey item in a particular site 

may increase its detection or capture probability relative to a naive forager. A forager 

may also increase payoffs (uptake efficiency) from a resowce site by returning before 

a competitor reduces its value. 

One can theoretically compare the effective search rates expected of a forager 

that encounters resowces at random with one that directs its movements to known 

resowce sites. The increment to search rate by the informed versus the uninformed 

forager, lOt is a function of the probability distribution of encounters in time by the two 

foragers, which varies with such variables as prey density and distribution (e.g., patchy 
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vs. hyperdispersed vs. random), and area searched per unit time by the forager. Figure 

24 illustrates how 10 varies a~ a function of prey density and the detection distance, or 

scan width, of a forager. It shows two identical, random distributions of prey. In the 

fIrst, a naive forager courses through the population, encountering prey at random and 

thus in direct proportion to prey density and the area it searches per unit time. In the 

second case, a forager with information about likely prey locations adjusts its foraging 

path to advantage. The informed forager's advantage drops as scan width increases (or 

prey density increases). A forager that searches for widely scattered prey, detectable at 

relatively short range, benefIts far more from information about prey locations than one 

that detects multiple prey simultaneously (e.g., a fIlter feeder or grazer). Of course, 

these represent ends of a continuum, which is generalized at the bottom of Figure 24. 

Empirically, the value of information can be measured by comparing the foraging 

returns obtained by two foragers, one informed and one naive, introduced to the same 

foraging environment. In the example above (Figure 24), the encounter rate of the 

informed forager was 150% greater than that of the random forager given short detection 

distance, so 1 = 1.5. For the greater detection distance, 1 dropped to 0.71. 

Examples of Calculated Information Values 

Gill and Wolf (1977) estimated that territorial sunbirds (informed) improve their 

foraging by =25% (I = .25) over intruders (naive) due to avoidance of recently-depleted 

flowers. Johnson (1991) measured I = 0.9 for two species of ants due to decreased time 
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Figure 24. The influence of prey density and predators' detection distance on the 
value of infonnation. 
Top: Identical prey distributions foraged by naive (left) and infonned 

(right) foragers. The naive forager encounters prey at random, so encounter rate 
is detennined solely by its speed, detection distance (width of shaded path) and 
prey density. The infonned forager increases encounter rate by directing its 
movements towards sites holding prey. This benefit is greater for short detection 
distance (narrow shading) than long (wide shading): INUTOW = 10/4 - 1 = 1.5; IWide 
= 12n - 1 = 0.71. 

Bottom: A generalization this relationship. The value of infonnation, I, is 
a function of scan width and prey density. Very rare and difficult to encounter 
prey (scan width narrow relative to prey dispersion) confer high infonnation values; 
abundant prey (multiple prey simultaneously detected) confer low information little 
values. 



,... 
I 

Q) -CU Q) 
CI: m 
L-CI: 
Q) L
- Q) c_ 
::l c o ::l o 0 
C 0 
W c 
"OW 
Q) Q) 

E .~ 
.Ez 
.E 

II -

Naive Forager Informed Forager 

• •• •• • 

• • • • • 
4 Encounters 10 Encounters 

7 Encounters 12 Encounters 

oL----------------====2 o 
(Scan Width)(Prey Density) 

123 



124 

per foraging trip with learning. For one species, I = 2.85 when calculated with an 

additional increase in harvest rate due to learning to harvest multiple seeds per trip. 

Values of I are also obtainable from literature on food hoarding in birds and 

mammals. Food caching generally occurs when storable food is available in excess of 

current needs, followed by a period with low or unpredictable food availability (Vander 

Wall 1990). By hiding food in scattered locations, a forager ensures high spatial 

predictability in food locations known to itself, but low predictability to potential looters. 

Because looting is rare, infonnation value to the cacher decays slowly. Appropriately, 

decay in memory for cache locations is also very low (Sherry 1985, Vander Wall 1990). 

In fact, memory feats in food-cache recovery are quite remarkable (Balda et al. 1987). 

At the same time, 10 can be very high, as has been demonstrated in several 

species of seed-caching birds (Vander Wall 1990) and small mammals (Jacobs and 

Liman 1991, Jacobs 1991). Vander Wall (1982) found I = 31.7-41.5 in Clark's 

nutcrackers (Nucifraga colwnbiana) by comparing recovery among cachers and pirates 

in an arena. Balda (1980) calculated that a Eurasian nutcracker (N. caryocatactes) in 

an experimental enclosure would require 680 random probes to fmd 12 caches. In fact, 

using its memory for cache sites, the bird found 12 caches in only 15 probes. In this 

case, I = 680/15 - 1 = 42.33. 

Using data provided by L. Jacobs (pers. comm.) I calculated values of I for grey 

squirrels retrieving acorns cached by themselves versus by other individuals in an 

experimental enclosure. Squirrels were allowed to forage for cached acorns after delays 



125 

of 2, 4, and 12 days following caching. Mean 1 was 1.2 after 2 days, 1.3 after 4 days, 

and 0.8 after 12 days. 

In all of these examples, constraining cache and recovery behavior to a small 

arena undoubtedly elevated the discovery rate of caches by random searches over those 

in naturaI situations; hence these are all underestimates of I. 

Anticipating prey locations can also increase the probability of detecting cryptic 

prey (Croze 1970) or capturing elusive prey. Unfortunately, quantification of these 

effects is rare, although anecdotal evidence abounds (see, e.g., Schaller 1972). For 

example, I observed an American pine marten (Martes americana) happen upon a 

ground squirrel. The squirrel detected the marten and escaped into a hole before the 

surprised predator could mount an affective attack. An hour later, the marten returned 

stealthily to the site and captured the fugitive (Spencer and Zielinski 1983). 

If P n is the probability of a naive predator detecting and capturing a prey upon 

encounter, and Pi is the probability of capture given that the forager anticipates the 

prey's location, then 1 = P;lPn - 1. Experiments could be designed to measure these 

probabilities and calculate 1 for various predators. 

Examples of Spatiotemporal Information Use 

Nectarivorous birds learn the locations of flowers and use this infonna~on by 

returning to these sites. However, they delay revisits to allow nectar tubes to refIll 

(Wolf et aI. 1975, Kamil 1978). Such behavior suggests that the birds are integrating 
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infonnation about spatial and temporal patterns in their environment: flowers don't 

move around, but they take time to refill. Behaving accordingly improves the foraging 

rate over that expected of a "random" forager which would waste time searching 

flowerless areas or revisiting flowers too soon after depletion. Gill and Wolf (1977) 

estimated that systematic foraging improved returns by 25% owing to avoidance of 

recently-depleted nectaries. 

What if flowers did move? Then the usefulness of infonnation about where 

flowers were encountered previously would decline over time. If the flowers moved 

very rapidly, it probably would not pay to remember locations at all. However, if they 

moved relatively slowly, it might still pay to remember their locations, but to revisit 

them earlier than predicted by nectar renewal rates alone. Now, flowers don't move, 

but they may be depleted by a competitor if one bird cannot control access to the 

flowers. Such competitive depletion has much the same effect as movement of the 

flowers. It promotes the decay of infonnation. 

Hermit Hummingbirds 

Gill (1988) studied lekking hermit hummingbirds (Phaethornis superciliosus) in 

a non-territorial feeding situation. He showed, in concordance with my predictions, that 

they revisited flowers on a shorter schedule than predicted based on renewal alone, 

because further delay increased the probability of a competitor exploiting nectar (i.e., 

the predictive value of a bird's infonnation about a site decreased with time due to 
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competitors). Further, although space was not defended and home ranges overlapped 

considerably, feeding sites used by each bird became relatively exclusive over time, 

because visits to a site primarily used by another bird were likely to be poorly timed and 

yield little nectar. If a bird could guarantee exclusive use of sites, the optimal rule 

would be to delay site revisits for as long as possible to maximize renewal. However, 

in a non-territorial situation such as this, where exclusive use of sites cannot be 

guaranteed, a forager should return earlier, before resources and infonnation value are 

reduced by others. Over time this creates relative exclusivity of sites, as each forager 

concentrates on those sites about which it is best infonned and thus gets the greatest 

rewards. 

Gill also demonstrated the role of learning in the system. He provided artificial 

feeders with nectar on a fixed-interval schedule. Since the birds explored for new nectar 

sources, they readily discovered the feeders and initially competed at them by 

exploitation. Because the bird that arrived first after nectar replenishment (initially, by 

chance) obtained all the reward for that interval, by chance some birds would experience 

runs of bad luck at the feeder and stop coming. Eventually one bird became the primary 

user at a site. At first, birds revisited frequently, often before scheduled renewals. 

However, the primary user gradually adjusted its revisitation schedule to the 

replenishment schedule. On two occasions Gill deliberately emptied a feeder when the 

user failed to return within 10 minutes after replenishment. The bird adjusted 

immediately to this loss; it revisited the site at shorter intervals until nectar was again 

obtained, and then readjusted its schedule to the replenishment schedule. Hence, these 
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birds are sensitive to the costs of improper timing, and apparently adjust their temporal 

decision profiles with experience. 

Kestrels 

Rijnsdorp et ale (1981) studied kestrels hunting for voles in a flat, treeless habitat 

in the Netherlands. Foraging in this habitat involves energetically costly "flight

hunting"-hovering with short flights between hovers. Voles emerge from nests to feed 

periodically throughout the day, generally resulting in three brief peaks of availability 

at 2-h intervals, depending on season. Within a local site voles tend to emerge 

synchronously, but synchrony may vary between sites. Individual kestrels have 

apparently learned strategies to maximize their foraging success: They exhibit a distinct 

peak in flight-hunting over a site 24-h after a vole capture there, but not after an 

unsuccessful hunt. Using this tactic saved one kestrel an estimated 10-22% of her total 

time spent flight-hunting. 

Baboons 

Temporal autocorrelations in the value of sites may also affect movements. 

Stuart and Jeanne Altmann (Altmann and Altmann 1970, and pers. comm.) reported a 

remarkable case of apparent cognitive integration of spatial and temporal information 

in yellow baboons. A troop occupied a large home range comprising excellent year-
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round habitat and a large area of desert which they generally avoided. However, a 

species of shrub with temporally unpredictable but highly desirable berries was rare in 

the preferred habitat, but abundant on the far side of the desert. Upon encountering a 

shrub with ripe fruits, the baboons cleaned it of berries and then bee-lined across the 

desert to the dense population, apparently "aware" of the marked temporal 

autocorrelation in the ripening of the fruits as well as locations of the shrubs. Similar 

observations were made by Milton (1980) on howler monkeys (A/ouatta palliata) 

seeking preferred foods on trees with synchronous phenologies. 

Macaques 

Field experiments by C. Menzel (1991) also demonstrated cognitive integration 

of infonnation by Japanese macaques (Macacafuscata). Menzel presented free-ranging 

macaques with ripe akebi fruit outside the season when ripe akebi fruit is naturally 

available in the home range. Native akebi fruit are highly prized but difficult to detect 

at a distance. Upon encountering the experimentally presented fruits, macaques abruptly 

changed their foraging behavior. They moved quickly and directly to native akebi 

vines (out of sight of presentation sites and previously unknown to Menzel) and initiated 

specific fruit searching behaviors. In contrast, macaques that found a desirable non

native food (chocolate) showed no such tendencies, but repeatedly returned to the exact 

location at which they found chocolate to search again on the same and following days. 
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Fruit Bats 

Morrison (1978) studied fruit bats in Panama that commute for several 

consecutive nights to a fig tree from a central roost. The bats commuted on average 

three times farther than the nearest ripe fig ttee at any given time, apparently out of. 

ignorance of closer trees. He demonstrated that costs of intensive searches designed to 

find the nearest tree explain this behavior. The bats apparently compromise between 

highly tortuous search paths-which may find the closest tree but result in redundant 

searching over close sites-and more directional search paths-which find a ripe fig tree 

with less effort but farther away on average. One result of this compromise is that 

many fig trees in the home range of one group go unutilized by them when they are 

ripe, perhaps to be used by another group with a day roost farther away. 

Ants 

Johnson (1991) reported similar fmdings in two species of desert seed-harvester 

ants, Messor pergandei and Pogonomyrmex rugosus. Both species learned patch 

locations and qualities of resources within patches, which decreased both search and 

travel time. Harvest rates of individuals increased 1.9- to 3.85-fold over the uninfonned 

rates. The decrease in travel time to a distant known patch outweighed advantages of 

searching for nearer ones. Thus, once an ant found a patch, it revisited it preferentially 

to searching for nearer seed sources en route. Johnson also sunnised that the advantages 
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of information apparently resulted in "overutilization" of known patches, which were 

foraged until "patch qUality" (resource density) was well below the habitat mean. This 

agrees with my predictions. Foragers should reduce resource densities in patches about 

which they are well informed below densities in other patches, because the increase in 

foraging rate due to information more than overcomes the costs of depletion. 

Fishers 

The fisher (Martes pennanti) is the only North American predator to regularly 

prey on porcupines (EritJuzon dorsatwn). A porcupine is a very valuable food item, 

providing on average four days worth of meals to an adult fisher (Powell 1982). But 

they are difficult to obtain. Porcupines are relatively rare, solitary, and hyperdispersed 

in habitat that offers little else to a hungry fisher. Furthermore, fishers do not have a 

great chance to capture a porcupine once they find one, owing to the porcupines' 

defenses. A porcupine is safe from attack when in its den (a hollow log or stump) or 

in a feeding tree (it hides its quill-free face against the trunk). The fisher's only chance 

for capture is to happen upon a porcupine in transit between den and feeding tree; then 

the predator can circle the prey and attack its undefended face. 

Powell (1982, and pers. comm.) has demonstrated that fishers maximize their 

chances of capturing porcupines by using spatial information to reduce search costs. He 

concluded from tracking records that fishers use a combination of spatial memory and 

scent to move straight-line from one den site to another. This differs greatly from the 
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fisher's tortuous movements in other habitats, designed to maximize encounters with 

cryptic prey in unpredictable sites. Although they apparently have little control over the 

temporal aspect of successful encounter, this control over the spatial aspect is beneficial. 

The Value of Information and Psychological Mechanisms 

Psychological mechanisms may act as "rules of thumb" (Krebs et ale 1983) to 

approximate optimal strategies. I use the term expectancy to designate a time-dependent 

value assigned by the forager to a site. Expectancies motivate movements. They are 

based on specific information about the value of sites on previous visits (e.g., where 

prey were encountered during recent foraging movements), and on any psychological 

mechanisms that weight the motivational power of this information in time .. 

If expectancies represent psychological mechanisms shaped by natural selection 

and learning, than their motivational affects on behavior should correlate with the actual 

foraging benefits the animal receives by their use. In other words, expectancies should 

correlate with reality. Forgetting may be one mechanism that weights expectancies to 

achieve such a correlation. Studies on humans and other animals consistently show that 

memories decline with decreasing rate subsequent to learning (Ebbinghaus 1964, 

Gleitman 1971) and exponential decay functions are incorporated into many theories of 

forgetting (Staddon 1983, Mayes 1983, Roitblat et ale 1984). However, failure to exhibit 

a learned behavior (or possession of information) occur for other reasons, including 

changing internal states (e.g., hunger) or competing motivations (e.g., avoiding predation 
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or finding mates). Expectancies are the products of any such mechanisms that weight 

the motivation of an individual to approach or avoid places. 

Milinski and RegeJmann (1985) found that 3-spine sticklebacks (Gasterosteus 

aculeatus) devalue the quality of a patch stored in their memory (their expectancy) with 

time since they stopped feeding there, in a manner consistent with the decay in value 

of information I have used. 

Maze experiments with rats also demonstrate that the probability of infonnation 

use declines with time in accord with the spatial predictability of the rewards provided 

by the environment. For example, rats attempting to escape from a pool of opaque 

water learn after one trial the location of a slightly submerged (and invisible) platfonn 

and will swim to its location on subsequent trials, even after long delays (Morris 1982, 

1983). This is appropriate; structural aspects of the environment are spatially 

predictable, and animals should act accordingly. In contrast, rats learning locations of 

more environmentally variable items, such as food rewards, show more variable 

motivations to return to previously visited" sites (Olton 1985, Olton et al. 1984, Roberts 

1984). 

The Role of Exploration 

In my models exploration is included as an essential process in learning about 

and exploiting resource distributions, and in establishing a home range. I define 

exploration as foraging for information, which is not necessarily exclusive of foraging 
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for other resources. Although exploration can consist of an exclusive set of directed 

information-gathering behaviors (Thinus-Blanc et al. 1991), including the classic 

"investigatory reflex" (pavlov 1927), information is also gathered simultaneously with 

many other activities. Such information gathering may produce no immediate change 

in behavior (what psychologists call latent leaming-Thistlethwaite 1951). Thus, I 

reject (along with most modem learning theorists) the behaviorists' definition of learning 

as a change in behavior with reinforcement (Skinner 1974). 

Foragers can accumulate, update, and consolidate information about the 

spatiotemporal distribution of resources (or other fitness-affecting entities) at the same 

time that their movements "build up" home ranges. Once a home area is established, 

the cognitive map may be continually updated during exploitation or directed patrolling 

of the area. Occasional exploration beyond the already mapped area assesses potential 

benefits of shifting or expanding it. This is no doubt involved in cases of adult 

dispersal (e.g., Zeng and Brown 1987) and "drifting territoriality" (Doncaster and 

MacDonald 1991), with individuals taking advantage of increased resource availability 

or decreased competition in areas outside their cunent home range. 

My models have assumed that movements are completely deterministic and 

continuously motivated by expected resource values. However, stochastic factors and 

additional mechanisms or motivations for exploration could be incorporated. Benhamou 

(1991) tracked wood mice (Apodemus sylvat;cus) continuously with a visual tracking 

technique and quantified the detailed structure of paths. He found the statistical 

structure of the paths to include both random and directed components and surmised that 
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the random component constituted an adaptation to environmental stochasticity. In other 

words, random movements led mice to explore new sites. Including stochastic functions 

in my models may produce more realistic movement patterns. 

Infonnation is itself a resource, and foraging for it (exploring) has its own 

motivations (curiosity) and rewards (increases in the future acquisition of resources or 

avoidance of predators). Rats will cross electrified fields, or ignore food (even when 

hungry) to explore novel environments (see Archer and Birke 1983 for review). Future 

models could incorporate directed foraging for infonnation as an additional factor in 

space-use decisions. 

I assume a forager's expectancies are initially homogeneous upon introduction 

to a novel environment. Because it alters resource distribution as it moves, the forager 

imposes heterogeneity on the environment (even if it was initially homogeneous) as well 

as on its expectancies. Thus, initial exploration of even homogeneous habitats creates 

"infonnation patches" in the forager's cognitive map. These patches may be more 

valuable to the forager, in spite of resource depletion, than unexplored areas. However, 

dwindling resources, curiosity, or a random component to movements will induce 

exploration of novel areas and increase the area represented by infonnation patches. 



CHAPTER 6 

NATURAL SPACE-USE PATTERNS 

PREDICT HIPPOCAMPAL SIZE IN KANGAROO RATSl 

SUMMARY 
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The size of the hippocampus, a forebrain structure in bitds and mammals 

necessary to spatial cognition (O'Keefe and Nadel 1978), correlates with foraging 

demands on spatial memory among species of passerine birds (Krebs et al. 1989, Sherry 

et aI. 1989) and with sex-specific patterns of space use within species of microtine 

rodents (Jacobs et al. 1990). However, the influence on hippocampal anatomy of 

sexual selection within species and natural selection between species have not yet been 

studied in concert. Here we report that natural space-use patterns predict hippocampal 

size differences between two species of kangaroo rats (Dipodomys) as well as between 

sexes within both species. 

Differences in foraging behavior suggest that Merriam's kangaroo rat (D. 

merriami) experiences greater selective pressure on spatial cognition than bannertailed 

kangaroo rats (D. spectabilis); sex-specific differences in mating strategy suggest that 

males of both species experience greater selection pressure on spatial cognition than 

females. As predicted, hippocampal size (relative to brain size) is larger in Merriam's 

IThis research was done in collaboration with Dr. Lucia Jacobs, Department of Psychology, 
University of Utah. 
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than in bannertailed kangaroo rats (by 19.2%). Allometric arguments suggest the 

difference is even greater. Also as predic~ males have larger hippocampi than 

females (11.7% in D. merriami, 15.8% in D. spectabilis). Total brain size did not vary 

significantly with sex or species after controlling for body size. These results suggest 

that both natural and sexual selection affect hippocampal size and reassert that measures 

of functional subunits of the brain reveal more about brain evolution than measures of 

total brain size. 

INTRODUCTION 

Diverse selective pressures, including diet, structural diversity of the 

environment, and rate of postnatal development, correlate with brain size in birds and 

mammals (reviewed in Harvey and Krebs 1990). However, because the brain is a 

multifunctional organ, measures of its functional subunits should succeed those of total 

brain size in the study of brain evolution (Harvey and Krebs 1990). 

The hippocampus, a forebrain structure in birds and mammals, is essential for 

integrating sensory information about cues in the environment into a geometric 

coordinate system, or cognitive map (O'Keefe and Nadel 1978, Nadel 1991, O'Keefe 

1991). Recently, natural differences in spatial learning have been correlated with 

variation in hippocampal size. Passerine birds that store food in scattered locations have 

larger hippocampi than species that do not, indicating that natural selection for foraging 

efficiency, via the ability to remember cache locations, affects hippocampal size (Krebs 
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et a1. 1989, Sherry et al. 1989). In contrast, microtine rodents show sex differences in 

hippocampal size that correlate with sex differences in home range size and spatial 

leaming ability (Jacobs et al. 1990), suggesting that sexual selection affects relative 

hippocampal size. Unfortunately, it is difficult to integrate these results because they 

were collected on different taxa and because neither considered the alternative influence. 

We present evidence that both mechanisms, natural selection for foraging behavior and 

sexual selection for increased access to mates, influence hippocampal size in wild 

rodents. 

We measured relative hippocampal volume in Merriam's and bannertailed 

kangaroo rats. Merriam's kangaroo rats store seeds in scattered locations and use spatial 

memory to relocate them (Jacobs, 1991), whereas bannertails return food to one central 

cache which they defend (Randall 1984; Schroder 1979). Although bannertails are 

larger than Merriam's (Table 1), their home ranges are smaller (Schroder 1979, 1987; 

Behrends et aI. 1986a). Bannertails are highly philopatric, usually spend their entire 

adult lives in a single burrow, and exploit rich food sources via trails radiating out from 

the burrow (Schroder 1979; Jones 1984, 1987). In contrast, Merriam's kangaroo rats 

wander more widely while exploiting sparser patches of loose seeds, use trails less 

frequently, and shift home range and burrow locations often (Behrends et aI. 1986a, 

1986b; Jones 1989; Zeng and Brown 1987). Together, these differences suggest that 

Merriam's kangaroo rats experience greater selection pressure than bannertails on spatial 

memory and the ability to map spatial relationships in novel areas. In accordance with 

J erison' s (1973) principle of proper mass in brain evolution (see also Krebs et aI. 1989; 
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Nottebohn 1981), we predicted that Merriam's kangaroo rats should therefore have 

larger hippocampi, relative to total brain size, than do bannertails. 

Although these species differ in foraging tactics, they have the same mating 

system. Males are polygynous, ranging widely during the breeding season to locate 

receptive females, which are sedentary (Behrends et al. 1986a, 1986b; Randall 1991). 

Thus we predicted that in both species males should have larger hippocampi than 

females. 

METHODS 

We collected adult kangaroo rats (Table 1) in Sherman live traps during the 

breeding season (March, 1989) near Portal, Arizona, adjacent to sites where both species 

have been studied intensively (Randall 1987; Jones 1984, 1989; Zeng and Brown 1987). 

All animals were trapped in the same habitat, with different species or sexes sometimes 

collected in the same trap on different nights. All males were scrotal. 

We anesthetized kangaroo rats by intraperitoneal injection of sodium 

pentobarbital (40 mg/kg body weight). Animals were then transcardially perfused with 

physiological saline followed by 10% buffered formalin solution. We dissected brains 

from the skull and placed them in formalin. In the laboratory, the brains were trimmed 

uniformly caudal to cerebellum, weighed, postfixed in formalin and embedded in 0.05% 

gelatin and 30% egg albumin. The embedded tissue was then transferred sequentially 

to 15% and 30% sucrose in phosphate buffer. Frozen sections were cut in the horizontal 
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plane at 80-J.1m intervals; every fourth section was mounted and stained for Nissl 

substance with cresyl violet. We traced the boundaries of the hippocampus at X14 

magnification with a projection microscope, confmned at higher magnification when 

necessary. The slides were coded so that the tracing author was naive to the sex of the 

animal. 

Hippocampal area (summed areas of dentate gyrus and Ammon's hom) was 

measured from serial sections of whole brain. We calculated the volume between 

sequential sections using the formula for the volume of a truncated cone (Sherry et aI. 

1989) and summed these for total hippocampal volume. Total brain volume was 

converted from brain weight using brain specific gravity (Stephan, 1960) and divided 

by body weight to yield a measure of relative brain size. The ratio of hippocampal 

volume to brain volume yielded a measure of relative hippocampal size (RHV), which 

we compared between species and sexes using two-way analysis of variance. 

RESULTS 

As predicted, RHV was greater in Merriam's than in bannertailed kangaroo rats 

regardless of sex (F = 22.59, P = 0.0003) by 19.2% (Table 1). Ideally, this comparison 

must be corrected for body size differences by allometry. Unfortunately, hippocampal 

allometry has been adequately established only in primates and insectivores 

(Schwerdtfeger 1984). In both groups the hippocampus scales with body mass to the 

0.57 power. There is no reason to expect different scaling in rodents, yet the slope on 



Table 1. Summary statistics for study specimens. 

N 

Dipodomys merriami 

Males 5 
Females 4 
All 9 

t-test between sexes 

Dipodomys spectabilis 

Males 5 
Females 4 
All 9 

t-test between sexes 

Body 
Weight (g) 

48.7 ± 1.4 
42.0 ±2.4 
45.4 ± 1.6 

2-tailed 
t = 2.39 
p= .124 

130.2 ±2.9 
109.5 ± 13.0 
121.0 ± 6.6 

2-tailed 
t = 1.75 
P= .124 

Brain 
Weight (g) 

1.41 ± .048 
1.36 ± .036 
1.39 ± .031 

2-tailed 
t = .912 
p= .392 

2.18 ± .021 
2.22 ± .049 
2.20 ± .024 

2-tailed 
t = .813 
P= .443 

RBS 
(%) 

2.90 ±.1 
3.23 ±.2 
3.06 ±.1 

2-tailed 
t = 1.86 
P = .106 

1.67 ± .05 
2.03 ±.2 
1.82 ±.1 

2-tailed 
t = 2.09 
P= .075 

Hippocampal 
Volume (mm3) 

88.30 ± 1.67 
76.51 ± 2.53 
83.06 ± 2.48 

I-tailed 
t =4.03 
P = .003 

117.21 ± 1.82 
102.89 ± 8.27 
110.85 ± 4.32 

I-tailed 
t = 1.90 
P= .050 

RBS = brain weight/body weight x 100. RHV = hippocampal volumelbrain volume x 100. 

RHV 
(%) 

6.50 ±.2 
5.82 ±.2 
6.20 ±.2 

I-tailed 
t = 2.15 
P = .034 

5.56 ±.1 
4.80 ±.3 
5.23 ±.2 

I-tailed 
t = 2.82 
p= .013 

-~ -
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a log-log plot of hippocampal volume versus body weight for our two species is only 

0.30, confIrming that the smaller Merriam's kangaroo rat has a larger than expected 

hippocampus relative to body size. Furthermore, a preliminary analysis on five rodent 

species for which the hippocampus has· been measured indicates that the scaling 

exponent for rodents may be even larger (0.87: Fig. 25). This figure also illustrates' 

that D. merriami has the largest hippocampus for its body size of any rodent measured 

thus far. 

If hippocampal size in rodents actually scales at 0.57, we can back-calculate 

expected hippocampal volume for Merriam's kangaroo rat from its body size and the 

hippocampal and body size of bannertailed kangaroo rats. Expected hippocampal 

volume in Merriam's kangaroo rat thus calculated is 63.4 mm3, versus the observed 83.1 

mm3-a difference of 31.1 %. Using the preliminary rodent scaling of 0.87 would 

magnify this difference even more. Thus, the measured difference in RHV of 19.2% 

underestimates the actual difference between species when we comct for body size. 

As predicted, we also found a sex difference in both species '(F = 12.05, P = 

0.0037). Relative hippocampal volume was 11.7% (Merriam's) and 15.8% 

(bannertailed) larger in males than in females. There was no statistical int~raction 

between sex and species (F = 0.042, P = 0.84). Since the sexes within both species 

have similar home range sizes and foraging tactics (Behrends et al. 1986a, 1986b; 

Randall 1991), these sex differences are likely due to selection on males for navigating 

to and mapping spatial relations in novel areas during breeding forays. Unfortunately, 

while these patterns within and between species fit an adaptive hypothesis for variation 
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Figure 25. Allometric regression of log hippocampal volume versus log body 
weight for five rodent species. 
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in hippocampal size, we cannot test the relative roles of genetic and experiential affects, 

since all specimens were wild-caught adults. 

To detennine whether the selection pressures we identified also affect total brain 

size, we calculated a regression for log brain size versus log body size for the genus 

Dipodomys, using data from males of 7 species (from Hafner and Hafner 1984). The 

scaling exponent thus obtained is 0.46 ± 0.09 SE. The . exponent defining the slope 

between males of D. merriami versus D. spectabilis is 0.44 (our data) or 0.49 (data from 

Hafner and Hafner 1984), neither of which differ significantly from the genus slope. 

A slope calculated from our data combining sexes is 0.47-likewise no different from 

the genus slope. Thus, we found no significant departures in total brain size for our 

species from the established allometric relationship for the genus. Similarly, there are 

no within-species sex differences in relative brain size, although there may be a trend 

towards larger brains in female bannertails (one-way ANOV A, F = 3.90, P = 0.087). 

DISCUSSION 

This study provides further evidence that ecological demands on spatial cognition 

affect hippocampal size. We also provide evidence that two mechanisms, natural 

selection for foraging behavior and sexual selection for increased efficiency in locating 

mates, simultaneously act upon hippocampal size in kangaroo rats. Finally, we 

demonstrated that total brain size is too coarse a measure to correlate with behavioral 

differences in these animals. 
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Because some components of the hippocampal fonnation grow continually 

throughout life in the laboratory rat (Bayer 1982, Bayer et al. 1982), the patterns we 

observed might have resulted if our male kangaroo rats were older on average than the 

females. However, all of our animals were adults, and demographic studies in our 

collection site have shown no sex differences in survivorship in either species (Zeng and 

Brown 1987, Jones 1986). 

Evidence to date indicates that sexual dimorphism in hippocampal size is the rule 

in polygynous mammals (Jacobs et a1. 1990; present study). Nevertheless, sex 

differences in hippocampal size have not been studied in rats or humans, despite 

intensive study of hippocampal function in these polygynous mammals. Warren et al. 

(1991) have shown that male rats consistently perfonn better than females on place 

learning tasks. 

The patterns of relative hippocampal size described here have important 

implications. First, it appears that hippocampal size responds to the ensemble of 

demands on spatial abilities, not necessarily with every such demand. Pine voles and 

meadow voles (Microtus pinetorum and M. pennsylvanicus) have the same RHV despite 

major differences in home range size (Gaulin and Fitzgerald 1988, Jacobs et al. 1990), 

perhaps because .they use their home ranges in similar ways. In contrast, the home 

ranges and movement patterns of male and female kangaroo rats are similar during 

much of the year, but males have larger hippocampi, perhaps due to selection on 

behavior during the breeding season. And, although scatter-hoarding bird species have 



146 

larger hippocampi than non-hoarders (Krebs et aI. 1989. Sherry et aI. 1989). male and 

female Meniam·s kangaroo rats differ in RHV despite similar caching behavior. 

Thus. relative hippocampal size appears to cmrelate with the special function of 

the hippocampus-which is not just spatial memory. but specifically the cognitive 

integration of locations to fonn a map of aIlocentric space. Such maps may contain 

information about locations of food caches. receptive females. or any other 

environmental attributes. yet it appears that they are processed and stored in a similar 

manner by the hippocampus. The need for maps of greater richness. complexity. or 

magnitude may select for a larger hippocampus. 
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