
CHAPTER FOUR 

TERRESTRIAL VERTEBRATES 

The arena of terrestrial migration turns out for this symposium to be represented 
b)' a collection of otherwise neglected taxa. Except for phytoplankton, plants have 
generally been excluded from consideration. I suppose the topic of migration and 
dispersal in animals seems already complex enough without getting encumbered in 
pollination mechanisms, seed dispersal and the like. Birds and insects are covered 
extensively in sessions of their own, as is amply justified by the major advances that 
investigators with these taxa have contributed to the subject. One other major 
terrestrial group not covered in this symposium but for which important data on 
dispersal exist is the arachnids. I am sure that much of interest resides with this 
group, but it could not be accommodated here. This leaves for us mammals, 
including the quasi-terrestrial bats, reptiles, and amphibians. An assemblage of 
leftovers, perhaps, but for the subject before us and for understanding our own 
species, they are of critical importance. 

Having determined that the boundaries of my subject encompassed tetrapod 
vertebrates minus birds, I next had to decide whether to approach the subject by taxa 
or along functional lines. My preference was the latter, since this was to be a 
symposium whose major objective was to foster communication among workers using 
diverse organisms. Would it not be ideal to fmd speakers who would review, across 
terrestrial vertebrates, such topics as navigation, demographic features, evolutionary 
issues, true (round-trip) migration versus dispersal, behavioral aspects, and 
physiological substrates? 

Unfortunately, this idea was quickly abandoned when I realized that most 
researchers in this field are taxon-oriented. It would be a test of the success of this 
symposium in enhancing communication to see if future symposia could be organized 
functionally. 

Four of the five speakers were chosen to represent key taxa. Ross Kiester 
(Tulane University) is an authority on dispersal in amphibians and reptiles, groups 
which have been relatively little-studied in this regard. Marine turtles of course are 
known for their spectacular migrations to egg-laying beaches, but technically are 
outside the limits of this terrestrially-oriented session. Kiester's own work on box 
turtles is destined to be a classic for this group of vertebrates. Brock Fenton (Carlton 
University) has had extensive research experience with various aspects of bat biology. 
He summarizes here information on dispersal and migration in this extremely diverse 
group of mammals . Other than birds, bats represent the one tetrapod group in which 
studies of navigation have been an important aspect. Dale McCullough (University of 
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California, Berkeley) reviews movements in large mammals, primarily ungulates. His 

own research has concerned the population and social dynamics of a variety of 

ungulate species, and he has an impressive overview of this group. My own review 

on dispersal in small mammals mainly concerns rodents. Rodents are the most 

speciose of the living mammalian orders and have figured importantly in basic 

research on ecology and behavior. Because of their size and numbers, small mammals 
are especially suited for ecological and genetical investigations. 

As extensive as is the coverage by these speakers, several major mammalian 
groups remain neglected. Of most importance to this field are the primates and 

marine mammals. Both of these groups would justify a symposium session for 
themselves. The latter of course are not terrestrial, and we can excuse their omission 

on those grounds. The fmal speaker, Robin Baker (University of Manchester) has had 
extensive experience with a variety of mammalian groups, including primates. His 

contribution thus serves to some extent to fill this taxonomic gap. But, more 
importantly, he attempts to generalize principles of navigation across vertebrates, 
including humans. His research has often been controversial, but all can agree that it 

is both synthetic and stimulating. The invited speakers were supplemented with a ftne 
series of seven contributed papers and posters. Three of these are represented by 
contributions to this volume. 

I would like to express my appreciation for the enthusiastic cooperation of all 
the speakers; it has been a pleasure working with them. And, finally I offer my 

gratitude to Mary Ann Rankin who invited me to participate in what was for me a 
productive, stimulating and enjoyable conference. 

WiUiam Z. Lidicker, Jr. 
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ABSTRACf 

Early views of dispersal as being equivalent to mortality and occurring only from 
saturated habitats have changed with an appreciation that dispersal can occur at densities below 
carrying capacity (pre-saturation dispersal) and can involve both sexes, multiple ages and be 
seasonally correlated. Current thinking incorporates habitat patchiness and population 
structuring into this complex. The demographic implications of dispersal have been extensively 
explored in small mammal populations and found to be profound. Effects on population growth 
rates, sex ratios, age structure, and social conditions can be anticipated. To explore the potential 
role of dispersal in population density regulation, two hypotheses for explaining the multi
annual cycles often seen in microtine rodents which involve dispersal as a major component are 
reviewed. One (Chitty-Krebs) involves a dispersal polymorphism and the other pre-saturation 
dispersal combined with habitat patchiness. 

Emphasis is placed on the heterogeneous nature of movements beyond the boundaries of 
home ranges, and a heuristic classification of dispersal types is suggested. Aside from 
nomadism, exploratory excursions ·and true migration, five kinds of dispersal are postulated. 
Motivations for dispersal and the characterization of dispersers with respect to sex, age, 
behavior, condition, and genetics are closely linked and of course vary with dispersal type. 
Some future directions for research are suggested. 

INTRODUCTION 

While species of non-volant, small-sized mammals are generally less spectacular 
.and of less economic benefit than typical large-sized mammals, colorful birds, fish, 
lobsters, or butterflies, it is the thesis of this paper that studies on small mammals 
(less than 5 kg in body weight) have contributed and will continue to contribute in 
major ways to dispersal theory. Such contributions have been primarily in the areas of 
ecology and evolution with much less being offered to our understanding of navigation 
and the physiological and behavioral substrates of dispersal movements. Some redress 
of this imbalance seems likely in the future. 
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The process that we wish to understand is the leaving home, travel, and re
establishment in the new home that is such a common phenomenon among organisms. 
Even pennanently sessile creatures achieve dispersal by using propagules or mobile 
gametes. Small mammals are not sessile and often move their home several times 
during their lifetimes. True migration (round-trip) is known to occur in only a few 
species of small mammals, and so has not been a major focus of research with this 
group of organisms. Rather, attention has been focused on the amount and timing of 
movements, their motivation, and their demographic and genetic consequences. One 
of the critically important results of this effort is the realization that dispersal often is 
not a simple nor homogeneous phenomenon even within a particular species. 
Understanding therefore requires an appreciation of this complexity and heterogeneity. 

In this contribution, I will comment on the historical progression of views about 
dispersal in small mammals and on what is known about the demographic implications 
of such movements, attempt to outline a classification of dispersal, indicate the 
relation between the nature of dispersers and the kind of dispersal in which they 
participate, and finally, suggest some possibly productive directions for future 
research. 

HISTORICAL PROORESSIONS 

It was the classical view among small mammal ecologists, as well as that of 
ecologists in general, that dispersal was appropriately considered a component of 
"gross mortality" (Lidicker 1975). Perhaps it could be admitted that an occasional 
disperser achieved spectacular success, but generally whether a disappearing individual 
died or dispersed mattered not at all. The consequences for the source population and 
for the individual were identical. Besides, it was terribly difficult in practice to 
distinguish these two kinds of losses. Concordant with this view was the notion that 
individuals only left home under desperate circumstances. An individual's home must 
be economically or socially untenable to justify the risks of almost certain death to the 
disperser. Only the spectacular seasonal migrations, known for many temperate and 
Arctic species, were considered to have adaptive significance. From our current 
perspective, it is hard to believe that such a naive view was so generally acceptable. 
For further comments on this early attitude, see Lidicker (1975) and Lidicker and 
Caldwell (1982: pp. 1-2, 202). 

In the last several decades it has become unavoidably apparent that most 
dispersal actually occurs when conditions are not desperate for the disperser. That is, 
dispersal actually occurs routinely by particular sex or age groups, at certain seasons 
of the year, and during low and increasing population densities. I labeled this common 
sort of dispersal "pre-saturation" (Lidicker 1975) to contrast it with the classical 
"saturation" type which occurs when habitats are filled to capacity. Pre-saturation 
dispersal is therefore defined as dispersal occurring when the carrying capacity of the 
habitat has not been reached (see Fig 1). Carrying capacity for this purpose is 
measured in tenns of essential economic resources such as food, water, and shelter 
(Lidicker 1978, pp. 126-127). 
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Figure 1 
Saturation and pre-saturation dispersal (and both combined) as a function of population numbers (N) 

and canying capacity (CC) of the habitat. The level of saturation dispersal wiJl vary depending on whether 
equilibrium densities are achieved primarily by increases in mortality rates (r-strategy) or decreases in 
natality rates (K-strategy). The nature of dispersal from declining populations (DOl shown) will depend on 
whether or not a falling canying capacity is responsible for the decline. 

The recognition of pre-saturation dispersal carries profound implications for the 
ecological and evolutionary consequences of dispersal movements. Not only is the 
timing and quantity of dispersal strongly influenced, but the nature of the dispersers 
themselves is expected to be fundamentally different. Unfortunately, we still have 
very little direct evidence for the qualitative nature of dispersers under these two 
strikingly different conditions. We can, however, predict the following. Saturation 
dispersers, constituting surplus individuals from saturated habitat, will generally be 
those in poorest condition to compete for limited resources. These will be those in 
poor health, juveniles, the very old, and otherwise socially subordinate individuals. 
We can presume that such individuals are least likely to be successful when faced with 
the harsh realities of being a disperser. See Lidicker and Caldwell ( 1982, Part III) for 
a review of the hazards accruing to dispersers. Pre-saturation dispersers will represent 
quite a different collection of individuals. These dispersers will be in relatively good 
condition, having left home when resources were not in overall short supply. They 
may represent a random cross-section (rank-order template) of the source population or 

some genetically prescribed age or sex cohort. Such individuals can be expected to 
have a much greater chance of surviving and re-establishing elsewhere than do 
saturation dispersers. Because of this presumed difference in average success rates, it 
is pre-saturation dispersal that is likely to be favored and molded by natural selection. 
For further development of this point, see comments and references in Lidicker and 
Caldwell (1982, Part V). 
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Current thinking about dispersal incorporates the rapidly expanding knowledge 
that we have about the patchiness of species distributions. Rather than an assumed 
generality, it now appears to be a rarity for species to exhibit fairly homogeneous 
distributions across the landscape. With patchiness comes the question of movements 
among patches. Hence dispersal is the glue that ties the ecological, genetic and 
behavioral parts of modem population biology together. It has also become an 
essential ingredient in wildlife management and in the design of nature reserves. Thus 
what was only a few years ago a "humdrum process" (Elton 1927, p. 148), largely 
neglected by biologists, has become an integral part of research on life history 
strategies, population dynamics, evolutionary processes, and resource management. 

DEMOORAPHIC IMPLICATIONS 

Once dispersal became appreciated for its generality and impressive magnitude, 
demographic causes and consequences of this behavior soon became apparent. These 
have been reviewed for small mammals by Lidicker (1975), Gaines and McClenaghan 
(1980), Tamarin (1980), and Stenseth (1983), and for the extensively studied voles 
(meadow mice), genus Microtus, by Lidicker (1985). 

The demographic effects of dispersal are predicated upon: (a) the quantity of 
dispersal and its timing, (b) the possibility that dispersers are a nonrandom subset of 
residents, (c) the success rate of dispersers in establishing new home sites, and (d) the 
spatial structuring of populations among which dispersers move. Little is known 
about the success rate of dispersers, but we can presume that pre-saturation dispersers 
will have much higher average success records than will saturation dispersers. Also 
some data are available on the abilities of a few species to cross water barriers (for 
review, see Carter and Merritt 1981). 

It seems generally to be the case in small mammals that dispersal is nonrandom 
with respect to age, sex, and reproductive state relative to residents. Two well
documented exceptions are the cotton rat Sigmodon hispidus (Joule and Cameron 
1974, Stout and Demmer 1982, Stafford and Stout 1983) and the beach vole Microtus 
breweri (Tamarin 1977). Where dispersal is differential, the possibility is opened for 
effects on age structure, sex ratio, and reproductive state of the resident population. 
Such populations will be diminished by whatever class of individuals is over
represented among dispersers. Likewise, populations composed largely of immigrants 
will be characterized by traits which dominate among dispersers. A growing number 
of examples are available to support this class of phenomena (see reviews cited 
above). 

It is the quantitative and timing aspects of dispersal that have so far received the 
most attention. A close relationship between dispersal and population density can be 
predicted both because dispersal is likely motivated by deteriorating economic and 
social conditions, and because, where dispersal takes the form of emigration and 
immigration, it becomes part of the basic growth equation. Population growth rates 
can be equated to birth rates plus immigration rates diminished by death rates plus 
emigration rates. A suppressing effect on population growth rates can therefore be 
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expected where there is a positive net emigration rate and densities are below carrying 
capacity. Perhaps the best-documented example of this among small mammals is the 
California vole Microtus calijornicus (Lidicker 1975, 1980; see Fig 2). Similarly, 
immigration can enhance growth rates (note, for example, that the annual population 
growth rate for the United States is approximately double what it would be based on 
births and deaths alone). 

Gaines and McClenaghan ( 1980) have reviewed the literature on dispersal and 
density and conclude that: (1) the number of dispersers tends to be positively 
correlated with density, (2) a less consistent positive relationship is found between 
numbers of dispersers and rates of population increase, and (3) more dispersal 
consistently occurs during periods of increasing density than during phases of decline. 
Overall, they feel that dispersal rates are density independent. Stenseth (1983) 
proposes a model in which dispersal will be maximal when population growth rates 
are maximal, dropping off again as density approaches asymptotic levels. This 
generally supports Gaines and McClenaghan's conclusions but would further weaken 
any positive correlation between numbers of dispersers and ·population growth rates. 
Neither summary adequately accounts for phases of stable or declining densities. 
According to the graphical model shown in Figure 1 , dispersal rates at such times will 
vary greatly among different species but generally will be much lower than at 
comparable densities during increase phases, especially during declines (not shown in 
the figure). Any consistent relationship between density and dispersal is not likely, 
therefore, unless phase of population growth is considered. On the other hand, Joule 
and Cameron (1975) claim that dispersal is consistently and positively correlated with 
density in both Sigmodon hispidus and Reithrodontomys fulvescens. 

The fourth variable in considering the demographic aspect of dispersal is that of 
spatial structuring of populations. By spatial sructuring, I refer to the uneven 
dispersion of individuals that generally characterizes small mammal populations. 
Interest in the ecological implications of such uneven distributions over space has been 
expanding rapidly in recent years. Clearly, dispersal is the process by which 
subpopulations are variously connected. Individuals, genes, and even information are 
exchanged in this way. If there is zero exchange, each subpopulation becomes an 
independent unit demographically and genetically. If exchange is rampant, the 
subpopulations effectively merge into a single functional unit. The interesting and 
difficult cases are the vast majority lying in between these two extremes. 

We are now poised for a consideration of the important question of the potential 
role of dispersal in the regulation of population density. This topic has been reviewed 
by Lidicker (1975), Krebs (1978b) and Tamarin (1980). In principle, dispersal could 
serve as a regulating factor for population growth if net losses to emigration increased 
proportionately as density increased. The critical time for this relationship would be 
just below or above density equilibrium levels. Several levels of involvement by 
dispersal in density regulation as well as several models for how dispersal could act as 
a regulating factor are described in Lidicker ( 1975). 
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Figure 2 
A comparison of populatioo growth rates with and without emigration. Mean percentage increases in 

density (monthly intervals) from starting densities during periods of rapid population growth are shown for 
Microtus aJlijomicus. The dashed line represents four enclosed populations (enclosures or islands) and the 
solid line four unenclosed ones. Sample sizes below 4 are shown in parentheses. Data are from same 
sources as Figure 5.2 in Lidicker (1975). There is no overlap after month two in the values for the two 
classes of populations. (Reprinted from The Biologist 65: 51, 1980). 

The role of dispersal in population regulation has been pursued most vigorously 
in attempts to model the multi-annual cycles commonly exhibited by species of 
microtine rodents. These enigmatic fluctuations show a two- to five-year periodicity, 
and have been the subject of intensive research for at least 50 years (for recent review 
see Krebs and Myers 1974). Two recent models invoke dispersal as a critical 
component of the cycle determining mechanism. The first of these is the Chitty-Krebs 
model named after its two principal architects (Krebs 1978a). It postulates a genetic 
polymorphism for dispersal behavior. At low densities a nonaggressive dispersal 
morph is favored. As density increases, the other morph which is aggressive and 
nondispersive is favored. It progressively drives the dispersal morph into marginal 
habitats. At peak densities, populations are composed largely of the aggressive morph 
which also has lower fecundity and is less able to cope with adverse conditions. 
When the next harsh season comes (usually winter), the population crashes to low 
numbers. Conditions again become favorable for the dispersal-type, and an increase 
phase again ensues. Thus the multi-annual cycle derives its primary mechanism from 
alternating selective pressures on these two behavioral morphs. Criticisms of this 
model have focused on: (1) its lack of connection to the nonsocial environment of the 
voles, (2) the need to invoke extremely strong selective pressures in order to cause 
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major shifts in gene frequencies over relatively short periods of time, and (3) the need 
to explain the extremely variable form and periodicity of fluctuations observed among 
different species of microtines and also often among different populations of the same 
species. Other criticisms as well as some support can be mustered. 

The second model involves interactions between dispersal and micro-spatial 
structuring of populations and is outlined in Lidicker ( 1985, in press). It requires 
pre-saturation dispersal and the periodic development of large amounts of frustrated 

dispersal. When an individual is motivated to disperse but is prevented from doing so 
by physical, biotic or social barriers, it becomes a frustrated disperser (Lidicker 1975, 
pp. 117-120). The accumulation of such individuals in a population can have 
profound demographic effects. Such high levels of frustration typically occur on small 
islands or in artificially fenced populations but also occur periodically in unenclosed 
populations (as will be developed below). The result of such circumstances is a 
dramatic increase in densities, often followed by a severe crash or even extinction. 
This so-called "fence effect" is known for at least six species of Microtus (Lidicker 
1984). The implication is that pre-saturation dispersal ordinarily keeps densities from 
increasing to such high levels that a massive decline follows. 

This scenario is incorporated in my model for the multi-annual microtine cycle. 
This model has the additional feature of requiring a spatially sub-structured 
population. Considerable attention has been directed in recent years toward connecting 
multi-annual cycles in microtines to micro-spatial structuring of populations 
(Abramsky and VanDyne 1980; Anderson 1980; Bowen 1982; Charnov and Finerty 
1980; Cockburn and Lidicker 1983; Hansson 1977; Hestbeck 1982; Mackin-Rogalska 
1979; Rosenzweig and Abramsky 1980; Stenseth 1977, 1983; Stenseth, Hansson and 
Myllymili 1977). These papers emphasize both the ubiquitous nature of patchy 
distributions, their association with multi-annual cycles, and the differential 
performance of voles in different quality patches. For my model only two classes of 
patch quality need to be distinguished. "Survival habitat" refers to patches in which 
survival is generally possible on a year-round basis, and reproduction is regularly 
supported during the appropriate breeding season. "Colonizing habitat" is excellent 
habitat for parts of an annual cycle and supports breeding during favorable times. 
However, it does not permit survival over the harshest seasons (winter or dry season) 
in most years, and in especially poor years reproduction may not be successful. 

Some aspects of my model are shown schematically in Figure 3. Following a 
population crash, survivors are sequestered in survival habitat. During the frrst year 

(year 2 in Fig 3), reproduction is partitioned into modest growth within the survival 
patches and dispersal to uninhabited other patches. By the second year (year 3 in Fig 
3) dispersers are moving out extensively into colonizing habitat. Growth in density is 
limited by the availability of extensive "dispersal sinks" (see Lidicker 1975). If such 
a breeding season is followed by a relatively favorable nonbreeding period such that 
survival of voles is extensive in the colonizing habitat, the population is poised to 
reach peak densities in the following year. If survival is poor in the colonizing 
habitat, the development of peak numbers will be postponed. In the peak year, 
dispersal sinks are quickly filled leading to massive frustrated dispersal and very 
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Figure 3 
Model of population size and dispersal changes over an idealized microtine multi-annual cycle. 

Numbers are shown for the relatively rare patches of survival habitat, the abundant colonizing habitat and 
both combined (meta-population). The proportion of tbe population involved in dispersal movements is 
shown by the solid line under tbe meta-population numbers. Dashed lines encompassing balcbcd areas 
indicate the extent of frustrated dispersal. 

rapidly growing numbers. Individuals presumably become "aware" of filled sinks 
through exploratory excursions and increased immigration pressures. Physiological 
and behavioral consequences of the frustrated dispersal, plus resource depletion and 
other factors, leads to a population crash. This is a multi-factorial model (Lidicker 
1978), and this brief description does not include a number of other critical factors 
included in the regulation machinery. For our purposes here, the important ingredient 
is the spatial substructuring with the further proviso that availability of survival habitat 
patches is small relative to colonizing habitat. This stipulation is needed to insure that 
numbers are periodically brought to extremely low levels. If survival habitat is too 
abundant, harsh season numbers will not be depressed to a level that will prevent peak 
densities being reached on an annual basis. Some populations of microtines show this 
annual pattern (Lidicker 1973, Tamarin 1977). 

Finally, it should be mentioned that there are circumstances in which pre
saturation dispersal alone can prevent the development of multi-annual cycles. This is 
the circumstance when a small survival patch is surrounded by a permanent dispersal 
sink. Abramsky and Tracy (1979) provide an example of this in their studies of 



Dispersal in Small Mammals 377 

Microtus ochrogaster living in artificially fertilized and watered plots surrounded by 
short-grass prairie. Such prairie is relatively poor habitat but provides a continuously 
available dispersal sink, and this dispersal prevents high densities from developing in 
the favorable patches. 

A CLASSIFICATION OF MOVEMENTS 

One of the strongest messages to emerge in recent years from studies on 
dispersal in small mammals is that it is a heterogeneous phenomenon. In retrospect, 
this is hardly surprising. No one would expect that phenomena like mortality and 
natality would be simple and homogeneous processes in natural populations. Just as 
these major classes of demographic processes can have multiple causes and 
consequences, so too will dispersal have a variety of motivations, timings and 
consequences. It is critical that this heterogeneity be acknowledged before our 
understanding of dispersal can be substantially improved. 

The following classification attempts to define those movements which 
organisms make outside of their normal home ranges (Table l). Deliberately excluded 
are the ordinary movements engaged in during daily activity patterns within 
established home ranges. Thus the single unifying behavior for the movements 
considered here is that an organism leaves its home range. If it also leaves the 
population under study, it can be said to have emigrated. Similarly, individuals 
entering a population of which they are not members are immigrants. This tentative 
classification is derived from studies on small mammals, but should be more generally 
applicable. 

Nondispersal Movements 

First to be considered are two kinds of movements not ordinarily considered to 
be dispersal. These are nomadism in which no home range is established, and 
excursions. Exploratory excursions are probably common among small mammal 
species. Individuals leave their home range for a short period of time (few days or 
less) and then return home. Such trips may represent incipient dispersal, or they may 
be attempts by either sex to find mates. Of course if an individual fails to return from 
such an excursion for whatever reason, it automatically becomes a dispersal event. 
Excursion data for Peromyscus are summarized by Stickel (1968, pp. 398-399). 
Madison (1980a,b) claims that such trips are common in Microtus pennsylvanicus. 
Based on homing data (Fisler 1962), this is likely true also forM. califomicus, and 
Saitoh (1983) documents age and sex variations in excursions in Clethrionomys 
rufocanus. Shill ito (1963) concludes that in the laboratory, reconnaissance behavior 
in M. agrestis is both instinctive and regularly occurring. As techniques improve for 
following the details of individual movements (such as radio-telemetry), many more 
examples will undoubtedly be reported. 
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Table 1 
A classification of extra-b~me range movements. 

A. Nondispersal B. Dispersal 

1. 
2. 

Nomadism 
Excursions 

1. Migration 
2. Saturation 
3. Pre-saturation 

a. Seasonal 
b. 
c. 
d. 

Ontogenetic 
Colonizing 
Interference 

Dispersal Movements 

True dispersal occurs whenever an organism leaves home either permanently or 
at least for a long period of time. A special class of dispersal is migration. Among 
vertebrate biologists this term is usually restricted to movements which have both 
going and coming back components. They are thus like excursions, but are long-term. 
Usually they are organized seasonally and involve fairly synchronous movements by 
entire populations. Such migratory movements have not often been described for 
species of small mammals. Perhaps best known are seasonal habitat shifts indulged in 
by lemmings (Lemmus). These data are summarized by Stenseth (1983). Small-scale 
movements of the same type have also been recently reported for both Lemmus and 
Dicrostonyx on the Alaskan tundra by Batzli, Pitelka and Cameron (1983). Storer, 
Evans and Palmer (1944) have described seasonal migrations by Peromyscus boylii in 
the Sierra Nevada of California, and Tast (1966) reports on the regular seasonal 
movements of Microtus oeconomus into and out of river flood plains. A similar 
pattern has been described for several species of rodents and shrews inhabiting the 
Kafue River Flats of Zambia (Sheppe and Osborne 1971, Sbeppe 1972). It seems 
likely that migratory movements are more widespread among species of small 
mammals than these few examples would indicate. Obviously, the detection of 
migration is more difficult for small cryptic species than it is for those more easily 
observed. 

Nonmigratory dispersal is the ubiquitous and quantitatively important behavior 
of small mammals. The following categories of dispersal represent a firSt attempt to 
organize our thinking about this complex of behaviors. No attempt is made to review 
exhaustively the extensive literature on this subject. Recent reviews have been 
provided by Gaines and McClenaghan (1980) and Stenseth (1983), and I have recently 
summarized available information on North American members of the genus Microtus 
(Lidicker 1985b). 

The concepts of saturation and pre-saturation dispersal have already been 
defined. As these are based on when dispersal occurs relative to bow population 
density relates to the carrying capacity of the habitat, both categories can be usefully 
subdivided on the basis of other criteria. Current attention is directed primarily at 
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pre-saturation dispersal because it is this type that is both quantitatively most 
important and most strongly subject to natural selection. Four categories of pre
saturation dispersal are suggested (Table 1). These are not mutually exclusive nor 
likely to be exhaustive. They are based on the circumstances surrounding particular 
dispersal events. 

a. Seasonal dispersal occurs regularly at particular seasons of the year. It is 
generally independent of density or other potentially important nonseasonal 
motivating factors. An example is the commonly reported re-organization of 
small mammal populations that occurs just prior to and at the beginning of 
breeding seasons. 

b. Ontogenetic dispersal is that which occurs at a particular developmental stage. 
In small mammals this typically occurs among juveniles or around the time of 
sexual maturity. 

c. Colonizing dispersal occurs when individuals move into empty habitat patches 
and establish homes there. This can occur as a consequence of other types of 
dispersal whenever a disperser happens to discover suitable open habitat. It can 
also occur independently of other motivations when a resident individual becomes 
aware of empty habitat either because it is adjacent to its home range or because 
it has been discovered on an exploratory excursion. 

d. Interference dispersal is that type which is motivated by the presence of some 
other species of organism that renders a home range less desirable. Predators, 
parasites, or competitors are the obvious agents of interference. Fulk (1972) has 
described how Microtus pennsylvanicus shifts its activity area and even increases 
exploratory behavior in the presence of the predatory shrew Blarina brevicauda. 

THE NATURE OF DISPERSERS 

Considerable effort has been directed toward characterizing dispersers. This is 
important because, to the extent that dispersers as a class differ from residents, 
profound ecological and evolutionary consequences may accrue. These efforts have 
been hampered by: (1) the considerable technical difficulties of identifying dispersers 
(Lidicker 1985b) and (2) the generally unappreciated heterogeneous nature of the 
dispersal process. The results so far provide very few generalizations that can be 
applied to small mammal dispersers. In the future, much better characterization 
should be possible as technical difficulties are resolved and attention is focused on 
particular subclasses of dispersal. We should anticipate that different classes of 
dispersal will be characterized by different kinds of individuals with varying 
motivations for leaving home. Predicted properties of saturation and pre-saturation 
disperSers have already been summarized. 

It is often the case among small mammals that males are the more dispersive sex 
(Greenwood 1980, Dobson 1982), although numerous cases are known in which both 
sexes disperse equally (Lidicker 1975, Greenwood 1983). I am aware, however, of 
only two cases for which female dominated dispersal is claimed to characterize a 
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species of small mammal. Meredith (1974) makes such a claim for a small sample (n 
= 6) of long-distance dispersers in the least chipmunk (Eutamills minimus), and 
Brandt (this volume) reports females dispersing farther than males in some colonies of 
the pika (Ochotona princeps). Dobson (1982) proposes that non-sex-biased dispersal 
is correlated with monogamy. Typically, the sex ratio varies with the type of 
dispersal. For example, saturation dispersers in Microtus are either not sex biased or 
favor females (Lidicker 1985). 

The reproductive state of dispersers also depends strongly on the kind of 
dispersal involved. Dispersing juveniles are often on the verge of reproductive 
maturity. Sometimes, at least, this involves the breaking of reproductive inhibition 
perpetrated pheromonally by like-sexed parents. A particularly well-documented case 
of this is the prairie vole Microtus ochrogaster (Getz and Carter 1980). On average 
this means that dispersing juveniles become reproductively mature at an earlier age 
than those that remain at home. Saturation dispersal often occurs at times of declining 
carrying capacity; conditions are severe and reproduction is turned off. In contrast to 
this, male-biased dispersal at the beginning of the breeding season invariably involves 
reproductively competent adults. A surprising finding is that in a number of species, 
pregnant or recently lactating females disperse to new homes leaving their previous 
home ranges to their last-weaned litter. This has been described for the black-tailed 
prairie dog Cynomys ludovicianus (King 1955) and 10 species of microtine rodents 
(Jannett 1980). 

Interest in the behavioral attributes of dispersers has been pursued most actively 
in the context of attempts to understand the multi-annual cycles of microtine rodents. 
This is because the Chitty-Krebs model, referred to earlier, requires a genetic 
polymorphism in the behavior which controls aggression and/or dispersal. A well
supported generalization for these rodents is that dispersers are less aggressive than 
residents . Whether or not this difference has a genetic basis is a hotly debated issue 
(reviewed in Lidicker 1985b). My own bias is to view this difference as phenotypic, 
with residents being characterized by the greater aggressivity associated with 
territoriality. 

The larger issue concerning whether or not dispersers are a genetically distinct 
subset of a population has been extensively investigated. For a general discussion of 
the genetic basis of dispersal behavior, see Lidicker and Caldwell (1982, part 1). Of 
particular interest is the question of genetic polymorphisms for dispersal. These are 
known to be widespread in some groups such as insects (Southwood 1962). For small 
mammals, two approaches have been utilized extensively. The frrst is to search for 
biochemical polymorphisms which may, fortuitously, be correlated with dispersal 
behavior. A review of the available data (Lidicker 1985b) leads me to the conclusion 
that while dispersal may be nonrandom in some cases, with respect to particular 
allozyme genotypes, no consistent associations with dispersal have been found. The 
second approach has been to plot the frequency distribution of dispersal distances. 
Assuming that habitat discontinuities are not implicated, a bimodal distribution is then 
interpreted to imply the existence of both short and long distance morphs. Such 
distributions have been described for Peromyscus maniculatus (Howard 1960), 
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Perognathus formosus (French, Tagami and Hayden 1968), Dipodomys merriami, D. 
microps (males only) and Perognathus longimembris (Allred and Beck 1963). A lack 
of bimodality, however, has been found in many more instances. 

Another possibility is that dispersers may have higher levels of heterozygosity 
on average than residents. Some support for this is provided by the biochemical data, 
in that heterozygotes are sometimes found to predominate among dispersers in the 
genus Microtus (Lidicker 1985b). More persuasive is the conclusion by Garten (1977) 
that there is a positive association between exploratory activity and heterozygosity at a 
series of biochemical loci in Peromyscus polionotus. 

Finally, Tamarin (1977) reports that the frequency of a white forehead blaze is 
higher among dispersers of Microtus breweri, and Lidicker (1976) found a higher 
frequency of albino pelages among feral house mice (Mus musculus) attempting to 
escape from two large experimental enclosures. 

FUTURE DIRECI10NS 

I expect that small mammals will continue to provide interesting and productive 
subjects for studies of dispersal. Extensions into new directions such as navigation 
will surely be important (Mather and Baker 1980, 1981; Hoeck 1982). Much more 
needs to be learned regarding the genetic basis of dispersal and its behavioral and 
physiological underpinnings. When further explored, the extent and nature of true 
migratory movements (back and forth) among small mammals may produce surprising 
results. Certainly a variety of spatial arrangements, social dynamics, and demographic 
patterns are available against which various evolutionary and demographic questions 
can be pursued. This should include the possible role of interdemic selection in the 
evolution of dispersal. 

Predicated on the acceptance of the heterogeneous nature of dispersal, a whole 
new generation of investigations needs to be pursued in which the kinds of dispersal 
can be clarified. As with other areas in biology, diversity should be acknowledged 
and appreciated, not forced into conformity with unrealistic simplifications and 
generalizations. Concordant with this is the need to define the nature of dispersers 
and their motivations for moving, in numerous particular instances. Only then can a 
comprehensive understanding of this critically important class of phenomena be 
developed. 
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ABSTRACf 

Recently, P.J. Greenwood proposed that sexual differences in natal dispersal were by
products of mating systems. Specifically, if males defend resources in order to attract mates, 
females rather than males will be selected to disperse. Greenwood suggested that males will be 
hampered in their attempts to acquire breeding space away from their places of birth by the 
territorial activities of adult males, but because females do not defend territories, females will 
be free to disperse to areas with better resources or fewer male relatives . If males defend mates 
instead of resources, then male dispersal will be favored. 

To test this hypothesis, the breeding and dispersal patterns of a population of pika 
(Ochotona princeps) were studied over a three-year period. These animals were found to 
exhibit predominantly female natal dispersal. The single most important factor influencing 
female reproductive success was whether or not females denned in holes or in open talus. 
Suitable denning holes were found to be in shon supply and distributed such that males could 
defend them. Males defending such holes mated more consistently and sired more offspring than 
did other males . Males did not herd or attempt to influence the movements of females; thus the 
suggestion that resource defense mating systems and female natal dispersal are linked was 
upheld . The causal connection that Greenwood proposed to link the two phenomena was not 
supponed, however, as both sexes of pika were found to defend similarly-sized territories 
during the dispersal period of juveniles. 

INTRODUCTION 

The dispersal of individuals from one locale to another is a fundamental 
ecological process. Natal dispersal may be defined as the movement an animal makes 
from its place of birth to another area where it reproduces or attempts to reproduce 
(Howard 1960). Within populations, variation in dispersal tendency or natal site 
tenacity is common: particular subsets of populations show consistently lower site 
tenacity than others. This paper focuses on one aspect of this variation, namely, the 
tendency for one sex to perform the major share of dispersal in a population. 
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The taxonomic distribution of sexual differences in natal dispersal is striking. 
Among mammals, the predominant dispersal of females is rare, being known in only 
five species (Greenwood 1980). In contrast, the predominant dispersal of males is 
rare among birds (Greenwood op. cit.). This nonrandom distribution of dispersal 
patterns suggests the operation of a single, fundamental cause for sexual differences in 
dispersal. 

One commonly accepted hypothesis concerning the evolution of sexual dispersal 
patterns was proposed by P.J. Greenwood (1980). He suggested that the manner in 
which males gain access to mates will determine whether males or females are the 
predominant dispersers. Generally, males may defend resources, such as nesting sites 
and food sources, as a means of acquiring mates (Verner 1964), or they may directly 
sequester females without defending resources (Bradbury and Vehrencamp 1977). 
Greenwood suggested that male natal dispersal would be favored if males defend 
females rather than resources, because males would be able to gain more, 
reproductively, from local variation in sex ratios than could females. Thus young 
males would emigrate from areas or groups containing fewer females per male to areas 
with more favorable sex ratios. If males defend resources, females should be the 
predominant dispersers. Greenwood reasoned that young males, because of the 
territorial activities of other males, would be hampered in their attempts to acquire 
breeding space away from their places of birth. Familiarity with the natal area 
would, in contrast, make that area more valuable than an unfamiliar one. Also, 
familiarity could be an important factor in determining the outcome of competition for 
breeding sites. Females, because they are not territorial, would be free to disperse 
from their natal areas and could thereby enhance their reproductive output by avoiding 
close inbreeding and gaining access to areas with more or better resources. 

This paper concerns a test of this hypothesis. Pika (Ochotona princeps: 
Lagomorpha) have been suggested to exhibit predominantly female dispersal (Millar 
1971). If this trend in dispersal is confirmed, the predictions from Greenwood's 
hypothesis are: (l) male pika should defend resources rather than mates, and (2) 
males, not females, should defend territories during the period when juveniles 
disperse. 

METHODS 

Pika are small (150 g adult weight), diurnally active, montane mammals of 
western North America. They are almost strictly confined to talus areas where they 
occupy the talus-meadow ecotone. Both sexes breed as yearlings, producing 2 to 3 
young in each of 2 consecutive litters (Millar 1973). Pika do not hibernate in the 
winter; instead they feed on vegetation which is gathered during the summer and 
stored in haypiles. By the start of the haying period, all young are weaned and have 
begun to disperse and establish themselves in the population. Pika are quite vocal, 
giving 3 distinct types of vocalizations: a short call, a long call and a submissive 
squeak. The short call is believed to be associated with territory maintenance 
(Svendsen 1979). 
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I studied a population of pika which occupies 5 ha of limestone talus in 
northeastern Oregon (44°48'N, 118°5'W) at 1900 m elevation. The entire study area 
was divided into 5- by 5-m squares with numbered stakes as reference points. Studies 
were conducted from 10 May to 1 September of 1980 through 1982. All animals on 
the site were live-trapped, weighed, sexed and given numbered and color coded ear 
tags before being released at the point of capture. No significant departures from 1:1 
sex ratios were found. 

All individuals in the population were observed in a random sequence for 15 
minutes per animal per observation period. Continuous notes of the focal animal's 
location and activities were made. A digital watch was used to make temporal 
references to the start and termination of each activity. From these data, activity 
fields (Waser and Wiley 1979) were computed that consisted of all 5- by 5-m quadrats 
visited by an animal during a given period of time. The "diameter" for each activity 
field was calculated from a circular range of the same area as the activity field. 
Encounters between animals were defined to be instances when animals were less than 
2m apart. 

The reproductive period extended from early May to early June. Mated pciirs 
were determined from direct observations of copulations and extrapolation of 
associated behavior, such as male sentinel activity outside the den of a female with 
young. Juveniles were live-trapped, marked and sexed as they appeared outside their 
dens. Litters were ascribed to the adult pair associated with the den. No adult female 
was seen within 10m of another's den, so little error was associated with this method. 
By l September, most fU'St-litter juveniles were established in or very close to areas 
where they could be found the following spring, if they could be found on the study 
site at all. The closest suitable talus was over 4.5 km distant, and no tagged animals 
were ever found there. Thus disappearances from the study site were presumed to be 
equivalent to death. Dispersal distances were calculated as the straight line between 
the center of each juvenile's activity field during August and the animal's natal den. 

Several characteristics of the dens and their surroundings were measured. The 
shortest distance from the den to vegetation (DISVEG) was measured. The percent 
cover of grasses (GRASS) and dicot herbaceous vegetation (HERB) near the den was 
determined from randomly scattered 1/4- by 1/4-m squares. Talus dimensions (ROCK) 
near dens were estimated from diameter measurements (in 1/4-m increments) of rocks 
at 9 grid points of a 3- by 3-m grid centered on each den. Finally, dens were classed 
according to whether they were in a naturally formed hole or were in the open talus 
(NEST). These data along with measurements of maternal and paternal ages (MAGE, 
PAGE) and body weights (MBW, PBW) were subjected to a multiple regression 
analysis to discover which factors had the greatest influence on the number of 
offspring weaned per female per year (hereafter "female reproductive success"). 

The locations of all holes that might have been used as dens were plotted on 
scale maps of the study site. Lloyd's Index of Patchiness (Lloyd 1967) was calculated 
using quadrats the size of the average activity field of males as determined during the 
haying period. Index values greater than 1 indicate a distribution clumped on the 
scale of the quadrat used in the calculations and thus a resource that could be defended 
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by individual male pika. 
Mean values are reported plus-or-minus one standard error. Data were 

transformed, when necessary, to conform to normality assumptions. 

RESULTS 

By their frrst September, juvenile female pika were found farther from their 
natal dens than were juvenile males (Fig 1A). Males also bred closer to their places 
of birth than did females (Fig 1B). No significant sexual differences were found in 
the sizes of adult activity fields during the haying period (males: 923 ± 78 m2 (15); 
females: 944 ± 81 m2 (14 ); t = 0 .18), thus the metric distances of dispersal were not 
influenced by sexual differences in adult dispersion. 

11 
A 

10 

meles 

>- 3 

~ 2 
• 1 
::I 

•
cr 
... 1 

u.. 2 

B 

20 40 60 80 100 120 140 1&0 180 200 220 240 HO 280+ 

Distance !meters] 

Figure 1 
Distances moved by first-litter juvenile male and female pika from their places of birth to (A) their 

August residences (1980-1982) and (B) their first breeding sites (1981-1982). Kolmogorov-Smirnov two
sample test: (A) p < 0.0002; (B) p = 0.033. 

The conditions for the evolution of resource defense mating systems (Borgia 
1979, Bradbury and Vehrencamp 1977) are: ( 1) some resource other than males must 
limit female reproductive success; (2) this resource must be economically defendable; 
and (3) male reproductive success must be correlated with the resources he defends. 
Eviden~e that can be used to infer that males defend resources rather than mates is: (1) 
male territorial activities are tied to resource quality and not to the presence or absence 
of females nearby (Cronin and Sherman 1977), and (2) males do not herd or interfere 
with the movements of females (Bradbury 1980). 
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Table 1 
Hierarchal multiple regression analysis of the effects of year, maternal, 

paternal and habitat factors on the number of offspring weaned by female pika. 

Variable Set Increment R2 d.f. F p 

Year 0.0314 1,28 0.910 0.35 
Maternal 0.0690 2,26 0.997 0.32 
Paternal 0.0437 3,23 0.390 0.75 
Habitat 0.6324 5, 18 10.051 < 0.()()1 

FRS= 0.08 - 0 .29 YEAR + 0.12 MAGE + 0.03 MBW - 0.37 PAGE 
(t-test) (-1.75) (0.61) (0.16) (-1.96) 

+ 0.64 PBW - 0.24 PAGEPBW + 1.40 NEST - 0.08 GRASS + 0.26 HERB 
3.29•• ( -1.30) (5.19···, (-0.58) (1.93) 

- 0 .07 DISVEG + 0.38 ROCK 
( -0.46) (1.81) 

p < 0.01 

••• p < 0.0001 

See text for abbreviations. 

The results of the multiple regression analysis indicate that resources other than 
males limited the reproductive success of female pika (Table l). Characteristics of the 
den area accounted for more than 60% of the variation in female reproductive success, 
with the most influential variable being whether or not the den was made in a hole or 
the open talus . All else being equal , females denning in holes weaned 1.4 more 
young than females that denned in open talus (over all, females weaned 2.6 ± 0.3 
offspring/year/female). The number of offspring weaned per female was strongly 
correlated with the number of young surviving to adulthood (r = 0.78 (18), 
p < 0.000 l ), but was not significantly related to maternal survival (r = 0.28 (20), 
p > 0.5). 

The second condition for the evolution of a resource defense mating system, 
namely that resources be defendable, was also met. Potential denning holes were not 
distributed at random but were strongly clumped (Lloyd's Index: 4.99 ± 0.60, n = 4 
quadrats of study site). Furthermore, areas with suitable den holes were scarce 
relative to the number of females in the population (Table 2). Fifteen areas the size of 
the average activity field of the adult females contained potential den holes. These 
areas were almost always occupied by females every year (% occupancy: 98% ± 2%, 
n = 2 years); females that failed to den in holes had no holes in their activity fields, 
nor were any nearby. 
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Table 2 
Number of sites with suitable den holes per female on study 

site at three times of the year. 

Date No. Sites per Female ~ s.e. a 

May lOb 0.910 ~ 0.028 
June we 0.417 ~ 0.019 

an = 2 years (1981-1982). 

b Corresponds to start of reproductive period. 

c Corresponds to beginning of dispersal period. 

d Corresponds to end of haying period. 

Finally, the reproductive success of male pika was correlated with the quality of 
resources they defended. Males whose activity fields encompassed potential den holes 
were more likely to have had a female living close by than were males without 
suitable den holes (Table 3A), and as a result, males holding suitable dens were more 
likely to have mated (Table 38). Such males sired more weanlings per year 
(2.9 ± 0.4 (28)) than did males without suitable den holes (0.6 ± 0.4 (8), t = 3.204, 
p < 0.003). This difference was not due to variation in male age or size, as these 
factors of themselves had insignificant effects on female reproductive success (Table 
1). 

Several observations indicate that male pika defended resources rather than 
females. Males defended territories during the mating period: all males excluded 
others from a portion of their activity fields. When the resident male was 
experimentally removed (n = 7), his formerly exclusive area was invaded within 24 
hours. Male territorial activities were not significantly influenced by whether or not a 
male had a mate (Table 4). Unmated males gave short calls as frequently as mated 
males, held similar portions of their activity fields in exclusion of other males and 
were as aggressive toward intruding males as were mated males . The contrast 
between males with and without suitable den holes was marked (fable 5). The 
activity fields of males without den holes were less exclusive of neighboring males, 
and males without den holes called less often. Encounters between animals were too 
rare to allow comparisons on this basis. 

No herding of females was ever observed. During the mating period, 
encounters between sexes (40) were more frequent than encounters between animals of 
the same sex (22), yet intersexual encounters comprised only a small fraction of the 
time the males were under observation (9.0% ± 2.5% (10 males)). Intersexual 
encounters were usually passive (35 of 40), involving no chases or spatial 
displacements of either animal. All instances of aggression involved females chasing 
males. Furthermore, a good deal of each female's activity field was outside the 
activity field of her mate during the mating period (58% ± 5% (15 females)), thus 
much of the activities of females were outside the influence of their mates . 
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Table 3 
Effect of defense of suitable den holes on the reproductive 

success of male pika. 

A. 

Suitable den hole in male's 
activity field? 

Yes No 

Number of cases of female activity center 
:s D + sa from male activity center 

Number of cases of female activity center 
> D + sa from male activity center 

27 3 

5 

(Fisher's exact p = 0.0008) 

B. 

Number of cases male mated 
Number of cases male unmated 

25 
3 

4 
4 

(Fisher's exact p = 0.03) 

a D = mean diameter of activity fields during haying period. 
S = standard deviation of above distribution 

As noted earlier, adult females occupied activity fields during the haying period 
which were no smaller than the activity fields of adult males. Both sexes exhibited 
territorial behavior during the haying period, with no significant sexual differences on 
the basis of any measure of territoriality (Table 6). Females emitted advertisement 
calls as often as did males; they were as aggressive toward other adults, and they 
excluded other adults from similar portions of their activity fields. In all cases, each 
female's exclusive area was rapidly invaded by other adults once the resident was 
removed. 

DISCUSSION 

Greenwood's hypothesis is in part a statement that a population's mating system 
will cause that population to evolve a particular dispersal pattern. In this regard, one 
prediction of this theory is that a particular mating system, e.g., one in which males 
defend resources rather than mates, and a particular natal dispersal pattern, e.g., the 
predominant dispersal of females, will be found in the same population. This 
prediction was upheld for pika: pika exhibit both a resource defense mating system 
and the predominant dispersal of females. The conditions thought to be necessary for 
the evolution of a resource defense mating system (Borgia 1979, Bradbury and 
Vehrencamp 1977) were shown to have been present, and pika's social behavior 
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Table 4 
Evidence for territoriality of male pika during reproductive 

period: contrast by mating status 

Mated Males Unmated males p 

Percent activity field 82.3 ± 5.2% (15) 88.4 ± 4.4% (6) > 0.5 a 
exclusive of other males 

Number of short calls given 2.1 ± 0.4 (6) 1.6 ± 0.3 (6) > 0.5a 
per 10 minute interval 

Number of aggressive encounters 10/12 515 
with intruders out of total 
.number of encounters 

at-test 
b Fisher's exact 

TableS 
Evidence for territoriality of male pika during the reproductive 

period: contrast by quality of resource defended. 

Males with suitable Males without 
den holes den holes p 

Percent activity field 90.3 ± 9.6% (13) 75.0 ± 6.7% (4) 
exclusive of other males 

Number of short calls given 2.4 ± 0.3 (13) 1.2 ± 0.3 (4) 
per 10 minute interval 

a Mann-Whitney U = 5.5 
b t = 2.338 

conformed to that predicted for animals that defend resources rather than mates. That 
females were the predominant dispersers was clear from the observation that female 
pika were found farther from their places of birth than were juvenile males both at the 
end of their firSt haying period and at the beginning of their first mating period. 

Mating systems based upon the defense of resources are rare among mammals, 
perhaps occurring in no more than 15% of species (Brandt 1984). Five mammalian 
species are known to exhibit female natal dispersal. The mating systems of only two 
of these five species have now been studied, and in both cases (pika and the white
lined bat Saccopteryx bilineata, Bradbury and Vehrencamp 1977) a resource defense 
mating system was found. By chance, such a result would be expected only 2.5 times 
out of a hundred. 
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Table 6 
Evidence for territoriality of adult male and female pika during 

the haying period. 

Percent activity field 
exclusive of other adults 

Number short calls given 
per 10 min interval 

Number of aggressive encounters 
with intruder adults out of 
total number of encounters 

Number of cases exclusive area 
invaded within 24 hrs. 
after removal out of 
total number of removals 

a t-test 

b x-square test 

c Fisher's exact 

Males Females p 

49 ± 4% (17) 48 ± 5% (13) 

2.0 ± 0.2 (17) 1.8 ± 0.2 (13) 

7/10 13/22 

7n 515 1.0' 

Greenwood's hypothesis is also a logical statement outlining the presumed causal 
connection between resource-defense mating systems and female natal dispersal. In 
resource-defense mating systems, the reproductive success of both sexes depends upon 
the relative quality and quantity'of resources to which they have access. All animals, 
regardless of sex, that find themselves in areas with poor quality resources could 
theoretically make reproductive gains via dispersal to better areas. Consequently, no 
sexual differences in dispersal would be expected unless other factors constrain the 
movements of males or otherwise make the movements of females more likely. The 
mechanism that Greenwood suggested would hinder male dispersal was sex-dependent 
territoriality. He noted that where resources are to be found in the same locales from 
one breeding period to another, animals may make use of the competitive advantages 
that accrue from site familiarity in settling their territorial disputes. Territorial males 
competing for space away from their natal areas would thus be at a disadvantage 
relative to residents. Because they do not defend territories, emigrant females would 
not be at such a disadvantage and would be free to disperse. 

The present study has shown sex -dependent territoriality to be an unnecessary 
condition for the predominant dispersal of females. Sex-dependent territoriality may 
be a sufficient condition for the predominant dispersal of females in species with 
resource-based mating systems, but other mechanisms are apparently as effective. 
One such mechanism may be inbreeding depression, which usually results when 
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closely related individuals mate (e.g., Haigh 1983; Ralls, Brugger and Ballou 1979). 
Inbreeding will generally be more costly for females than for males in polygynous 
populations (Clutton-Brock and Harvey 1976, Smith 1979). Thus more females than 
males might be able to benefit from dispersal even though dispersal is constrained by 
the territorial activities of others. Females of species using resource rather than mate 
defense tactics would be expected to disperse (a) if ample improvement in resources 
could be had by doing so, or (b) if they could not outbreed in their natal areas. 
Where inbreeding costs are low or where females have outbreeding opportunities on 
their natal areas, female natal dispersal may be no more likely than male natal 
dispersal. Where inbreeding costs are heavy and females are unable to outbreed on 
their natal areas, female dispersal should predominate. 

Pika seem to fit the latter condition. Observed instances of father-daughter and 
mother-son matings produced approximately 60% fewer weaned young than did 
matings between less-related individuals (Brandt, unpublished data). Fourteen percent 
of males mated with more than one female in a year, and males lived longer than 
females (Brandt 1984). Thus inbreeding costs would be heavier, on average, for 
females than for males. Furthermore, because the same males held tenure in the same 
breeding sites for several years (Brandt 1984), few females would have been able to 
avoid incest without emigrating from their places of birth. 

Sex-dependent territoriality and inbreeding costs may be equally potent forces 
favoring female rather than male natal dispersal among many species that exhibit 
resource-defense mating systems. Whether or not such a plurality exists could be 
tested by examining truly monogamous species where males defend resources and 
females do not. Future theories and exploration of the causes of natal dispersal 
patterns must also incorporate mating systems other than resource or mate defense, 
such as lek systems. Finally, as this study suggests, no single line of causation may 
lie behind all dispersal patterns. Comprehensive hypotheses may need to be pluralistic 
rather than simplistic. 
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ABSTRACf 

The purpose of this study was to attempt preliminary identification of the physiological 
causes of natal dispersal in two populations of Belding's ground squirrels (Spermophilus 
beldingr) living at different elevations in the Sierra Nevada of California. We tested two 
competing hypotheses, each suggesting a different endocrinological cause for natal dispersal in 
this species. Data collected by observation, trapping and telemetry during three field seasons 
(1979-1981) contradict predictions of the hypothesis that concurrent, high levels of circulating 
gonadal steroids cause natal dispersal. Rather, the data tentatively suggest that perinatal 
exposure to androgen subsequently results in dispersal of treated individuals. The hormone may 
engender dispersal behavior through its mediating effects on juveniles' exploratory and social 
behaviors. Possible interactions of endocrine mechanisms with other proximal and ultimate 
causes of dispersal are discussed. 

INTRODUCTION 

Sherman ( 1977) and Holekamp ( 1984) observed a marked sexual dimorphism in 
natal dispersal in Belding's ground squirrels (Spermophilus beldingz): young males 
emigrated from their natal areas, but females were usually philopatric. This sex 
difference in dispersal behavior is typical of that found in most mammals (Dobson 
1982, Greenwood 1980). The purpose of this study was to attempt preliminary 
identification of the physiological mechanisms of dispersal behavior in this species. 
We hypothesized that dispersal might be mediated by endocrine activity, in particular 
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by gonadal steroid honnones. Earlier work with both insect dispersal (Caldwell 1974, 
Caldwell and Rankin 1972, Johnson 1969) and migration in fish, amphibians and birds 
(Meier and Fivizzani 1980) indicated that honnones function importantly in the 
regulation of long-distance movements in these organisms. Androgens were most 
strongly suggested as control agents for natal dispersal in S. beldingi because males 
emigrate but females remain in their natal areas. 

Much recent work in behavioral endocrinology has focused on the ontogeny and 
hormonal mediation of sexually dimorphic behavior patterns in mammals. From this 
body of research has emerged the finding that gonadal steroids can affect adult 
behavior in two general ways: (I) by acting during fetal and/or neonatal life on neural 
tissues later destined to mediate dimorphic behavior patterns (Arnold 1980, Toran
Allerand 1978, Whalen 1982), and (2) by direct action on neural and other substrates 
in the adult organism (McEwen 1981 ). Phoenix, Goy, Gerall and Young (1959) chose 
the terms "organizational" and "activational," respectively, to describe these two 
modes of hormone action. 

An activational hypothesis suggests that natal dispersal is caused by high levels 
of circulating androgen at the time of dispersal. It therefore predicts that blood titers 
of androgen should be elevated during the dispersal period. This hypothesis also 
predicts that castration of pre-dispersal males, by eliminating the source of androgen, 
should feminize dispersal behavior. Thus castrated males should fail to disperse, 
whereas females treated with exogenous androgen and sham-operated males should 
exhibit masculine dispersal behavior. Similarly, if philopatric behavior in females is 
facilitated by ovarian hormones, then ovariectomized females should exhibit 
masculinized dispersal behavior. By contrast, an organizational hypothesis suggests 
that the physiological cause of natal dispersal is exposure of the pre- or early post
natal nervous system to androgens. The organizational hypothesis predicts that 
treatment of perinatal females with androgen should masculinize their dispersal 
behavior. 

METHODS 

Spermophilus beldingi is a group-living, diurnal rodent inhabiting alpine and 
sub-alpine meadows in the Sierra Nevada of California. With nine student assistants, 
we monitored the dispersal behavior of these animals during the periods from 20 April 
to 17 September 1979, 16 April to 16 September 1980, and 13 April to 9 September 
1981. During the three-year study period we observed these animals for 2337 hours 
and permanently marked 1698 animals with ear tags and toe clips as described 
previously (Holekamp 1983). We also marked all animals in observation areas with 
individually distinct patterns of hair dye. 

Our two study sites in Mono County, California, comprised a 3.13 ha meadow 
in lower Lee Vining Canyon (henceforth LVC; 38°56'N, 119°l0'E, elevation 2246 m), 
and a 4.14 ha meadow 13 km west in the Harvey Monroe Hall Natural Area 
(henceforth HMH; 38°57'30"N, ll9°17'E; elevation 3050 m). 
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We adopt Lidicker's (1975) definition of dispersal. Thus natal dispersal involves 
complete and permanent departure from the natal area prior to attainment of 
reproductive maturity. An individual's natal area was the home range of its mother 
when it first emerged from the natal burrow. Because the largest home range of any 
dam at that time had a radius of 80 m, "natal area" was operationally defined as the 
area of a circle 160 m in diameter with the natal burrow at its center. An individual 
was classified as a disperser if, after its activity ceased in the natal area, it was 
eventually relocated by means of observation, trapping, telemetry, or identification as 
a road kill (Holekamp 1984). Activity in the natal area was considered to have ceased 
when the individual was not trapped, telemetered, or seen there during daylight hours 
and also failed to spend the night there. 

All juveniles were trapped and marked at their first emergence from their natal 
burrows, approximately 27 days after birth. Marked squirrels were observed daily, as 
described elsewhere (Holekamp 1983). To discriminate between true dispersal and 
mere exploratory excursions and to delimit the age range during which dispersal 
occurred, we conducted "nightwatch" each evening in both study meadows. That is, 
observers were present in the meadows at sunset to determine whether juveniles were 
still spending the night in their natal areas. Beginning 18 days after a litter's frrst 
emergence above ground, each observer watched a single litter each evening and noted 
burrows entered by litter members. 

Between 60 and 97 days after their births we attempted to recover individuals 
born in our meadows using 4 techniques (Holekamp 1984). (1) We conducted 
extensive visual searches for dispersers in habitat peripheral to HMH, up to 4 km from 
its center. (2) Where visual scanning was impossible due to vegetation height (L VC), 
we set baited Tomahawk traps at 20 m intervals in large grids, up to 4 km from the 
center of the meadow. (3) We collared 51 juveniles (40 males, 11 females) with radio 
transmitters before they dispersed and tracked them on alternate days. ( 4) We 
examined all road-killed rodents in Lee Vining Canyon. When a marked squirrel was 
relocated by any of these methods, its distance from its natal burrow was later 
established with large-scale aerial photographs. 

To test the activational hypothesis we bilaterally gonadectomized 59 males and 
19 females and performed sham surgeries on 19 males and 6 females. The mean age 
at which surgeries were performed was 33 ( ± 11) days for males and 39 ( ± 6) days 
for females. All surgeries were performed in the field. Operated animals were held 
in traps until they recovered from anesthetic (Metofane) effects and then were returned 
to their natal burrows after a mean period of 3.6 h. To monitor plasma androgen 
levels in young males, 6 litters were born and reared in captivity and blood samples 
were drawn from their 26 male members at 3-wk intervals throughout the juvenile 
summer. Animals were anesthetized with Metofane, and 1.25 ml plasma was 
removed via capillary tubes inserted in the ocular orbit (Riley 1960). Successive 
bleedings alternated between left and right eyes. Plasma was stored at -70°C until 
assayed. Testosterone content in blood samples was determined by radioimmunoassay 
(RIA) as described by Licht, Zucker, Hubbard and Boshes (1982). The minimum 
detectable level of testosterone in the RIA analysis was 0.05 ng·ml- 1• 



400 Kay E. Holekamp, H. Blair Simpson arid Laura Smale 

To test the organizational hypothesis we maintained eleven pregnant S. beldingi 
in captivity until their litters were born. Within 36 hours of birth, all female offspring 
from 9 litters were injected subcutaneously with 500 f.Lg of testosterone propionate 
(TP) in 0.05 ml sesame oil. All female offspring from 2 control litters were treated 
with 0.05 m1 oil alone. At dawn on the day following this treatment, each dam and 
her offspring were transported together to HMH and released there. 

RESULTS 

Activational Effects 

Untreated males and females from marked cohorts first showed sex specific 
differences in mean minimum distances of recapture point from their natal burrows 
during the third month after birth, and these differences persisted and increased with 
age (Fig l). Table l compares recovery of untreated squirrels with recovery of 
operated subjects . Of 158 untreated females recovered after 60 days of age, only 12 
(8%) had dispersed, whereas 68 of 92 recovered males (74%) had emigrated. Thus 
males were significantly more likely to disperse than were females (x2 = 117 .52; 
df = 1; p < 0 .()0 1). Neither castrated nor sham-operated animals differed significantly 
from untreated individuals of the same sex. 

Dispersal occurred most commonly when untreated males were 9-10 weeks of 
age. Although castration did not significantly reduce the probability of male dispersal 
(Table 1 ), operated males dispersed significantly more frequently during later age 
intervals than did untreated males (Fig 2: x2 = 28.051; df = 5; p < 0 .001). Sham
operated males (n = 6) also tended to disperse during later age-intervals than did 
untreated males. Thus surgical trauma apparently retarded dispersal, but removal of 
the teste.., did not significantly change the probability that males would disperse. 
Radioimmunoassay results showed that androgen levels in male S. beldingi were 
consistently very low ( < 0.3 ng·ml- 1) throughout the juvenile summer, and there was 
no elevation of these levels during the primary dispersal period (Holekamp, Smale, 
Simpson and Holekamp 1984). 

Organizational Effects 

Transplanted litters contained 21 TP-treated females, 6 oil-treated females, and 
17 males. Twelve hormone-treated females were recovered when they were at least 
60 days old (Table 2); none of the oil-treated females were recovered. Table 2 
suggests that neonatal TP-treatment engendered masculine dispersal behavior in 
experimental females. Chi-square comparisons of numbers of dispersers in each group 
revealed that TP-treated females differed significantly from untreated females, but not 
from males . Transplanted males did not differ significantly from resident males in 
their tendency to disperse. 
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Figure I 
Mean minimum distances from the natal burrow at which marked male and female S. beldingi were 

relocated during their first three years of life. Vertical bars represent standard errors and numbers represent 
sample sizes. Data from HMH and LVC animals have been aggregated . 

Analysis of variance of mean minimum distances from their natal burrows at 
which TP-treated females, their brothers, and untreated juveniles were found during 
their first summers revealed no significant differences between the male groups nor 
between either male group and TP-treated females (Fig 3). All three of these groups, 
however, differed significantly from untreated females . 

Finally, frequencies of several exploratory, locomotor, sexual and play 
behaviors were found to differ significantly between TP-treated and untreated females 
but not between transplanted and resident males (Holekamp et al. 1984). 
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Table 1 
Chi-square comparisons of normal and operated male and femaleS. 

Beldingi with respect to dispersal. 

Groups Compared Number 
Dispersed 

Number not 
Dispersed 

p 

U nope rated Males 
U noperated Females 

68 
12 

24 
146 117.520 < 0.001* 

Unoperated Males 
Gonad-X Males 

68 
19 

24 
2 2.644 > 0.10 

U noperated Males 
Sham-Op Males 

68 
6 

24 
6 2.958 > 0.05 

U noperated Females 
Gonad-X Females 

12 
1 

146 
6 0.914 > 0.10 

Unoperated Males 
Gonad-X Females 

68 
1 

24 
6 10.951 

• indicates statistical significance (p < 0.05) 

DISCUSSION 

Our test of the activational hypothesis was based in part on hormonal data from 
captive males. Because we cannot currently evaluate some of the assumptions 
underlying the use of these data, conclusive interpretation of our results is not yet 
possible. For example, plasma androgen levels may differ between wild and captive 
juveniles. Furthermore, blood may have been drawn from captive juveniles too 
infrequently to detect transient increases in hormone levels. Finally, we cannot rule 
out the possibility that extragonadal androgens may have influenced dispersal behavior 
in free-living castrates. However, because circulating testosterone levels were 
extremely low at the time of dispersal, and castration appeared not to affect dispersal 
behavior except to retard its occurrence, we tentatively reject the activational 
hypothesis. 

Although this study should be replicated with larger samples and neonatal 
castration of males, our results offer preliminary support for the hypothesis that 
perinatal TP exposure did promote natal dispersal in S. beldingi. The proportion of 
TP-treated females that dispersed was signiftcantly larger than that for untreated 
females but not than that for males. Nor was the mean distance dispersed by TP
treated females significantly shorter than that for males (Holekamp et al. 1984). Their 
mean dispersal distance was, however, much greater than that for untreated females. 
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Figure 2 
Ages at which dispersal was observed to occur in castrated males and unoperated juveniles whose 

ages of dispersal were known (by means of telemetry and nightwatch data) to within 10 days. The linear 
curves represent cumulative percentages of surviving castrates, unoperated males. and unoperated females 
known to ttave dispersed during each age interval. Thus, by the end of their 54th week of life, all surviving 
untreated males and 80% of all surviving castrated males had dispersed. 

Because none of the oil-treated control females were observed after their 60th 
day of age, the hypothesis cannot be ruled out that changes in the dispersal behavior 
of TP-treated females were induced by transplantation into the meadow rather than by 
the hormone treatment. However two lines of evidence suggest that TP-treatment 
induced these changes. First, a partial control for the effects of transplantation was 
achieved with the male littermates of TP-treated females. Most monitored behaviors 
of transplanted males did not differ from those of resident males (Holekamp et al. 
1984). This indicates that transplantation did not significantly affect juvenile 
behavior. Second, in addition to dispersal, TP-treatment appeared to masculinize 
various exploratory, locomotor and social behaviors that are sexually dimorphic in 
untreated juveniles (Holekamp et al . 1984). These data suggest that TP-treatment 
selectively affected some monitored behaviors but not others. 

The hypothesis that TP-treatment, not transplantation, modified dispersal 
!Y!havior is also supported indirectly by findings of laboratory workers in behavioral 
endocrinology showing that exploration, locomotor activity, aggression, play and 
sexual behaviors are all importantly influenced in other rodents by perinatal androgen 
secretion (Beatty 1979, MacLusky and Naftolin 1981). Thus, although not 
conclusive, our results suggest that neonatal TP-treatment masculinized dispersal 
behavior in experimental females . Perhaps natal dispersal in S. beldingi is caused 
physiologically by early androgen exposure of neural substrates underlying exploratory 
and/or social behaviors . Ontogenetic changes in these behaviors might promote the 
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Table 2 
Chi-square comparisons of TP-treated females and their brothers 

(transplanted males) with untreated resident juveniles. 

Groups Compared Number Number not p 
Dispersed Dispersed 

TP-treated Females 
Normal Females 

TP-treated Females 
NOmlal Males 

Transplanted Males 
Normal Males 

8 
12 

8 
68 

3 
68 

4 
146 

4 
24 

2 
24 

37.485 < o.oo1· 

0.283 > 0.10 

0.468 > 0.10 

• indicates statistical significance (p < 0.05). 

expansion and shift of home range that ultimately results in dispersal from the natal 
site. 

Investigators have long been aware of the ubiquity of dispersal behavior in birds 
and mammals (e.g.. Farner 1945; Howard 1949, 1960). Yet, even with modem 
analytical tools, identification of the proximal causes of dispersal has proven quite 
difficult (Gaines and McCieneghan 1980). Although complete understanding of natal 
dispersal's physiological mechanisms is far in the future, we have attempted here to 
develop some methodological and theoretical alternatives to traditional dispersal 
research that we hope other investigators will pursue. 

If the organizational hypothesis is eventually confrrmed, it will be consistent 
with many pertinent data describing not only sexually dimorphic mammalian dispersal 
patterns but also genetic and endocrine substrates underlying other sex differences and 
sex differentiation in birds and mammals. That is, in mammals, males are 
heterogametic (XY), while in birds the reverse is true. 1be relationship between 
chromosomal sex, sex differentiation, and subsequent behavioral capacity in birds and 
mammals has been reviewed by Adkins-Regan (1981), Macl..usky and Naftolin (1981) 
and by Wilson, George and Griffin (1981). Sometime after their formation in male 
mammals, the testes secrete androgens for a brief period during fetal development. 
Castration of the male fetus prior to this secretory period results in a morphologically 
and behaviorally female phenotype. Perinatal exposure of female mammals to 
androgens results in masculinization (and defeminization) of behaviors that are 
normally sexually dimorphic. By contrast, perinatal treatment of male mammals with 
female gonadal hormones (estrogens and progestins) has no analogous effect oo 
dimorphic behavior patterns. Thus sex-typical adult behavior of homogametic 
mammals can be reversed by prenatal exposure to the gonadal bonnooe which is 
normally secreted at this stage of development only in members of the heterogametic 
sex. This is also true in birds: the developing gonads of the heterogametic avian sex 
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(female) normally secrete steroid hormones (estrogens) during a brief embryonic 
period, and this subsequently results in a morphologically and behaviorally feminine 
phenotype (Adkins-Regan 1981 ). 

In both birds and mammals the homogametic sex typically exhibits philopatric 
behavior, while the heterogametic sex engages in natal dispersal (Greenwood 1980). 
We therefore suggest that natal dispersal might be caused physiologically in 
representatives of these taxa by organizational effects of gonadal steroids in members 
of the heterogametic sex. However we emphasize that this hypothesis should apply 
only for natal dispersal and not for the various other types (e.g., saturation dispersal, 
breeding dispersal) described in the literature (Greenwood 1980; Lidicker 197 5, this 
volume). 
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When they are eventually elucidated by future investigators, the proximal and 
ultimate causes of dispersal will probably be found to vary together. Thus an 
organizational endocrine mechanism such as that described here might proximally 
cause natal dispersal only where natural selection has favored regular dispersal by one 
sex. Where the success of individuals depends on their ability to respond 
differentially to environmental variables, dispersal might be an inappropriate response 
to local conditions. Therefore a physiological mechanism that abolished or greatly 
reduced behavioral polymorphism would probably prove maladaptive. However, 
where sexually dimorphic dispersal behavior is consistently favored, selection might 
promote a metabolically efficient and relatively infallible mechanism such as 
organizational action of gonadal hormones on the developing nervous system. 

We stress that the existence of such a mechanism would not preclude the 
operation (concurrent or otherwise) of other proximal factors in dispersal's causation. 
For example. it has long been suspected that resource shortages and/or social 
aggression promote natal dispersal in some birds and mammals (Dobs()n 1979, 
Creenwood and Harvey 1982, Lidicker 1975). In fact, it seems likely that such 
mechanisms must certainly operate if not regularly, then at least from time to time in 
many species. We suggest only that the endocrine mechanisms discussed here may 
operate in conjunction with other ontogenetic or ecological variables in the causation 
of natal dispersal. 
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ABSTRACT 

Infonnation about the dispersal and migration of bats comes mainly from reports of 
seasonal appearances and disappearances of different species at specific localities, supplemented 
by some recoveries of banded individuals. Most data come from temperate populations in North 
America, Europe and Australia, but tropical evidence mainly from the Paleotropics concerns 
both frugivorous and insectivorous species. Migrations of bats in tropical and temperate zones 
coincide with seasonal changes in food supply, but in tropical communities some bat species are 
resident throughout the year. Recent studies of Myotis grisescens (V espertilionidae) provide 
evidence of point-to-point migrations. Studies with Tadarida brasiliensis (Molossidae) indicate 
the importance of mortality associated with the stress of migration. Although band recovery data 
for many bats suggest a high level of roost fidelity and philopatry, genetic studies indicate 
considerable mixing of populations. In the case of Myotis lucifugus, a random and 
promiscuous mating system and vagrancy of individuals during the breeding season seem to 
promote gene flow over large areas. Even species with more structured mating systems (e.g., 
some Phyllostomidae) show genetic evidence of dispersal. 

INTRODUCfiON 

Aight gives bats along with birds the ability to move over considerable 
distances, whether migrating to exploit seasonal changes in resource distribution or 
dispersing to distant areas. The available data on the migrations of bats were reviewed 
by Griffm ( 1970) who considered evidence that pointed to seasonal movements 
(migrations) by several species. Migrations appear typical of many temperate and 
tropical species, both frugivores and insectivores. Despite the rapid increase in 
published information about bat ecology since Griffin's ( 1970) review, we have 
accumulated relatively little solid data on point-to-point movements of bats beyond 
occasional reports of recoveries of banded individuals. Some recent studies, however, 
have added to our knowledge about bat migration and dispersal. 
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The purpose of this paper is to consider new data on migrations and dispersal of 
bats which have accumulated since Griffin's (1970) review, without unnecessary 
duplication of his synthesis. We consider data from a variety of sources, including 
banding studies, investigations of communities of bats, and anecdotal evidence. We 
also consider how mating systems and genetic studies have produced results that bear 
on the question of mixing of populations of bats through dispersal. In this paper we 
define dispersal as the permanent movement of individuals, usually young of the year, 
away from the parental home range (equivalent to Baker's (1978) one-way migration). 
Migration signifies the seasonal round-trip movements of individuals between more or 
less distant sites. 

CUES FOR ORIENTATION 

A topic not addressed here in detail but one which is relevant to the general 
question of migrations of bats is the orientation cues that migrating bats may use. 
Bats, including some echolocating species, are capable of using a variety of cues 
including visual and non-echolocation acoustic cues while orienting within their 
normal home range (Buchler and Childs 1981 , Childs and Buchler 1981). Given its 
short range of operation (Kick 1982), echolocation may be of limited value in long
range orientation. To date, however, there have been no studies of long-distance 
navigation in migrating bats, and most of the evidence for orientation cues comes from 
homing studies. Work with Phyllostomus lulstatus (Phyllostomidae) involving radio
tracking individuals under varying degrees of sensory deprivation showed that these 
bats relied to some degree on vision to relocate their roost (Williams, Williams and 
Griffin 1966; Williams and Williams 1967). Visually deprived animals were slower to 
return home and used more circuitous routes. The relevance of most homing studies 
in providing evidence for long-distance orientation, however, is questionable since 
Wilson and Findley ( 1972) argued that all of the bat homing studies that they 
considered could be explained by random movements rather than directed homing. 
These studies, including those of P. lulstatus, are also complicated by the lack of 
knowledge of the home ranges of the animals under study. Indeed, data on home 
ranges or familiar areas are unavailable for most species. 

An additional complication plaguing homing studies is the lack of a clear 
identification of 11 home. 11 A review of patterns of roost use by different species of 
bats (Table 1) makes it clear that while some species predictably and repeatedly return 
to the same roost (in some cases for years), other species often change roost sites, 
sometimes on a daily basis. In some cases, roost switching may be a result of roost 
availability, e.g., the situation facing Thyroptera tricolor (Thyropteridae) whose roost 
sites in partially furled banana or Heliconia leaves are exploitable for only 24 hours 
(Findley and Wilson 1974). In others, the reasons for roost hopping are not clear, 
e.g . , the vespertilionid Scotophilus leucogaster which moves among a number of 
continuously available roosts (Fenton 1983a). 
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Table 1 
Patterns of day roosts by different bats. 

Roost Study Roost Fidelity; Patterns of 
Species Site Technique Movement between Roosts Source 

Pteropodiclae 

Epomophorus Fl rtl frequent moves between Thomas and Fenton 1978 
gambianus adjacent but close trees 
(in Zimbabwe) 

Epomophorus F rt use of a variety of sites within Thomas 1982 
gambitmus a small area (300m diameter) 
(in Cote d'lvoire) 

Hypsigntlthus F rt shift between sites at Bradbury and Vehrencamp 1977b 
moostrosus short intervals 

Epomops F rt use same roost unless disturbed Thomas 1982 
buettilroferi 

Emballoouridae 

Rhyndwnycterl.! T3 rb4 3 to 6 roost sites, moves Bradbury and Vehrencamp 1976 
IIQSO between them at intervals 

StlccoptByx T rb use one roost for long periods Bradbury and Vehrencamp 1976 
biJiMata 

StlccoptByx T rb set of roosts, move between Bradbury and Vehrencamp 1976 
lqtunJ them at intervals 

Pbyllostomidae 

Carollia C!Fs rt most bats consistently Heithaus and Aeming 1978 
perspicillata used one roost 

Phyllostomus c rt consistently used the same McCracken and Bradbury 1981 
hastatus roost over 2 or 3 years 

Vampynun If rt used one roost vt:hrencamp et al . 1977 
sp«trum 

Vampyrodes F rt remained in same general area Morrison 1980 
ctJITICCioli but used a range of roost sites , 

rarely used same roost two nights 
consecutively 

Artibeu.s 
litmJtus 

F , rt as for V. caraccioli Morrison 1980 

Artibeu.s HIF rt fidelity depended upon nature of Morrison 1979 
jamaicensis roost, some moves between roosts 

vespertilionidae 

Eptesicw B7 rt frequent moves between roosts Gedggie 1983 
juscus over large area (over I km diameter) 

Scotophilus H rt frequent moves between roosts Fenton 1983b 
kucogaster from day to day over small area 

Antrozous c 08 frequent shifts from roost to roost Vaughan and O'Shea 1976 
palJidus 

1 2 5 7foliage; radio-tracking; 3 tree trunk; 4 reflective band; C-cave; 6 hollow tree; 
building; 8 observation 
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Data on roost fidelity (Table 1) have important implications for studies of 
homing by bats. The failure of an individual to return to the roost from which it was 
removed could reflect the animal's response to disturbance and its choice of an 
alternate roost. Failure to return to the original capture site may tell nothing about the 
animal's ability to fmd home. 

MIGRATION 

The evidence for migration in bats comes primarily from the seasonal 
appearances and disappearances of bats from roosts, and to a lesser degree on 
recaptures of banded individuals. Work published since 1970 has not provided any 
major departures from these indirect data but has expanded the data base considerably. 

Tropical Bats 

Thomas (1983) conducted a two-year study of the seasonal changes in a 
community of fruit bats (Pteropodidae), mainly in Ivory Coast in west Africa (Fig 1). 
The primary study area was in southern Guinea savanna (l...amto), but he also sampled 
communities in Sudanese savanna (Wango Fitini) to the north and in high forest to the 
south (Tai Forest). Along this south to north axis (forest to dry savanna) the seasonal 
rainfall patterns are determined by the northward movement of the intertropical front 
into the savannas. This front brings rains in the March to June period, and the 
subsequent southward retreat of the front brings a second rainy season in September to 

November. Using observations and netting to monitor the seasonal changes in 
community composition, Thomas (1983) found that all three sites bad some resident 
species, but three species (Eidolon helvum, Myonycteris torqllllla and Nanonycteris 
veldkampl) showed striking complementary patterns of abundance between the sites. 

During the dry season when they were absent from savanna sites, E. helvum 
roosted in at least one major colony (300,000500,000 individuals) in the forest zone 
(Abidjan). Following the birth of young in January and February, this colony 
declined rapidly to only a few hundred individuals during March to June and remained 
small until October. Concurrent with the apparent desertion of the forest colony, 
small scattered groups of males were found roosting in the savanna Borussus 
aethiopum palms to the north at Lamto. Between 12 (1980) and 14 (1979) days after 
the frrst males appeared at Lamto, about 100,000 males and females carrying non
volant young arrived overnight and formed a colony covering about 50 ha at Lamto. 

These bats remained only 45 days ( 1979) and 37 days ( 1980) and departed en masse 
in a single day. Following the departure from Lamto, a smaller colony (2,0005,000) 
appeared at Ferkessedougou to the north in April and remained there until the end of 
May. Again concurrent with the movement of this colony, Thomas (1983) found a few 
E. helvum at San to the north in Mali in July (Fig 1). After July there was no 
evidence of colony formation between San and Lamto, but netting at the latter site 
showed a major increase in abundance preceding a build-up in the Abidjan colony 
which reached its peak in December. Thomas (1983) concluded that E. helvum 
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Figure 1 
A map of part of west Africa showing tbe study locations at Abidjan, Lamto, Wango Fitini (Wango), 

Ferkessedougou (2), the Tai Forest (1), and San (3). High forest is represented by crosses, southern Guinea 
savanna by closely spaced stipples and southern Sudanese savanna by widely spaced stipples. 

followed the movement of the rains into the Niger River basin, a flight of some 1500 
km annually. 

Seasonal changes in colony size of E. helvum have been documented throughout 
its range (Thomas 1983, and references cited therein). In east Africa, where north
south movements are not restricted by the coast, migrations may be considerably 
greater, and colonies of E. helvum fluctuate in size at either end of the continent 
(Sudan and South Africa). The links between colonies at the northern and southern 
extent of its range, however, remain unknown. 
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Two solitary species, M. torquata and N. veldkampi, show minor variations in 
this pattern of movement. During the dry season (November to March) M. tortplllltl 
was the most commonly captured species in the Tai Forest, but it was absent at that 
time from both Guinea and Sudanese savanna sites. As the intertropical front and 
rains progressed northwards into the southern Guinea savanna (March/April) and later 
into southern Sudanese savanna (April/May), capture rates increased sequentially in 
both habitats. Myonycteris torquata was fli'St caught at Lamto in April and May and 

was the most commonly captured species in this community in June. It was rare or 
absent at Lamto in July and August. Twelve days after the fli'St capture at Lamto, M. 
torquata appeared in southern Sudanese savanna to the north where the catch rate 

peaked in May and June before declining between July and October. With the 
subsequent retreat of the rains southward between July and November, catch rates first 
peaked at the southern Sudanese savanna site and then at Lamto. Thomas (1983) 
suggested the successive peaks in captures indicated that M. torquata moved through 
and beyond Guinea and southern Sudanese zones during the rainy season and then 
retreated to the forest during the dry season. Interestingly, this over 750-km round
trip migration into the northern savanna appeared (from capture data) to be restricted 
to pubertal and subadult males. These individuals may have moved into the savannas 
to exploit local super-abundances of fruits, while adult males and females tended to 
remain in the forest zone and peripheral savannas. Sex ratios of specimens of M. 
torquata in museum collections from other parts of its geographical range are 
consistent with a predominantly male migration. 

Nanonycteris veldluunpi exhibits a similar bimodal pattern of abundance at 
Lamto, but the timing of the single peak in the southern Sudanese site (Wango Fitini) 
to the north suggests that this species does not move beyond this zone. Thomas 
(1983) found no evidence of a sex bias in captures of N. veldluJmpi at either site, 
indicating that both males and females migrate the ca. 750 km annually. 

Thomas ( 1983) concluded that the bats migrated to exploit wet season peaks of 
availability in fruit in the savanna zones but questioned why the species should leave 
the forest when there was a concurrent peak in fruit production there. He suggested 
that seasonality and changing population levels combine to foster competition which is 
partly resolved by migration. Interestingly, these bats may not be energy limited since 
they over-ingest energy daily by processing large amounts of protein-poor fruits 
(Thomas 1984). The energetic cost of migration, therefore, may be minimal to the 
bats, requiring only re-channeling of existing energy intake. 

There are no startling new finds from pteropodids in other parts of the Old 
World. Nelson (1965) demonstrated that some seasonal changes in colonies of 
Pteropus poliocepiUJUus in Australia constituted local movements from main camps to 
satellite locations rather than migrations over long distances. Prociv ( 1983) reported 
fluctuations in numbers of bats at camps of Pteropus scapullltus which were 
complementary over distances of 500 km and which he interpreted as evidence of 
migration in this species. 
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Vaughan ( 1977) documented seasonal changes in populations of the 
insectivorous Hipposideros commersoni (Hipposideridae) at different sites in Kenya. 
O'Shea and Vaughan (1980) reported data collected over one year at a site in Kenya 
which showed seasonal changes in faunal composition. Sampling with mist nets and 
traps, these authors encountered 25 species representing 7 families (10 
Vespertilionidae, 6 Molossidae, 5 Rhinolophidae, and one each of Pteropodidae, 
Emballonuridae and Nycteridae: O'Shea and Vaughan treated the Hipposideridae as 
part of the Rhinolophidae). Only ten insectivorous species and one frugivore were 
present throughout the year; they found lower species richness and diversity during the 
dry season, a fact they attributed to emigration. O'Shea and Vaughan (1980) noted 
that areas within less than 500 km had complementary patterns of rainfall and 
suggested that the bats oscillated between these sites. They also found build-ups of 
subcutaneous fat in several species suspected of migration, including: H. commersoni, 
Miniopterus natalensis, Scotophilus nigrita, Scotoecus hindei, Tadarida condylura, 
T. pumila, T. bemmelini and Platymops setiger. McWilliam (1982), however, found 
a good correlation between fat deposits and the demands of different mating systems 
in some east African bats, and the fat reported by O'Shea and Vaughan (1980) may 
not have been used for migration. 

We have similar data from a community of bats in Zimbabwe where seasonal 
changes in the composition of the bat community coincided with the rainy season. 
Some species, e.g., Otomops martiensseni (Molossidae) which is easily monitored via 
its loud and audible (to man) echolocation calls (Fenton and Bell 1981), do not occur 
in mopani and miombo woodland during the wet season, apparently arriving there at 
the end of the rains and leaving again before the rains begin. 

It is interesting and perhaps significant that studies of neotropical communities 
of fruit bats (Phyllostomidae) have produced little evidence for migrations. 
Bonnacorso ( 1979) and Humphrey and Bonnacorso ( 1979) documented important 
seasonal changes in food availability over one year at Barro Colorado Island (Panama) 
but paid little attention to the role of migration in the community of phyllostomid bats. 
Bonnacorso ( 1979) noted that some species appeared to be absent from Barro 
Colorado Island in some seasons but presented no real case for migration. Humphrey 
and Bonnacorso (1979) refer only to data from some nectar feeders from the American 
southwest in considering evidence for migration in the Phyllostomidae. Other workers 
have found the data on the seasonal abundances of these nectar-feeders and the flowers 
they visit more convincing (e.g., Fenton and Kuntz 1977, Howell 1979). However, 
the lack of either recaptures of marked individuals or obvious complementary changes 
in populations at different locations mean that evidence for migration is at best 
circumstantial. 

Although some species in tropical situations from forest to savanna show 
seasonal cbanges in abundance, often providing strong circumstantial evidence for 
migration, other species are more sedentary (e.g., O'Shea and Vaughan 1980, Thomas 
1983). Some resident bats adjust their patterns of food consumption to the prevailing 
conditions (e.g., Advani 1981), others may pass long inclement periods by aestivation 
(Brossett 1966). Long-term investigations of both bats and their food supplies are 
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needed to elucidate the details of bat migrations in the tropics. Ongoing work on the 
fruit bat communities in Australia (G.C. Richards, personal communication) and 
elsewhere promise to provide more details in the relatively near future. 

Temperate Bats 

There have been two important developments in the study of migration by 
temperate bats since Griffin's (1970) review. Tuttle (1976) reported a detailed study 
of the migrations of the vespertilionid Myotis grisescens, and others, including Tuttle, 
have provided data about migration as a mortality factor in bats (Geluso, Altenbach 
and Wilson 1976; Tuttle and Stevenson 1977). 

Tuttle (1976) banded 19,817 M. grisescens over several years and from this 
population obtained 11 , 133 recoveries. Adults showed higher rates of recovery than 
subadults. The bats were strongly philopatric to maternity caves, although they 
sometimes roosted in several caves within their home ranges. Band recovery data 
which included a number of individual round trips between summer and winter caves 
indicated that bats tended to hibernate in caves where they had spent their frrst winter. 
The bats invariably spent the summer in wann caves and the winter in cold caves 
(hibernacula). Movements between the two types of locations involved one-way 
distances of 17 to 437 km and occurred in the spring and fall. The migration routes 
between caves were not always the most direct, being longer apparently to provide 
access to caves en route. Tuttle (1976) found definite patterns of arrival and departure 
according to sex and age. The bats showed variable rates of travel, in some cases 
moving 20 km·h- 1 and covering 15 to 52 km per night. Tuttle (1976) used sampling 
of populations (as opposed to data from individuals) to establish that greater migration 
distances positively correlated with greater weight loss. 

Tuttle's (1976) data provide a relatively complete picture of the migratory 
biology of M. grisescens, making our knowledge of these movements comparable to 
the situation for the molossid Tadarida brasiliensis (Davis, Herreid and Short 1962; 
Griffin 1970). These two data bases could only be improved by further work on the 
precise movement patterns of individuals. Although bats with body masses of ~ 20 g 
can now be studied by radio-tracking, neither M. grisescens nor T. brasiliensis is 
large enough to carry even 0.9 g transmitters, and with ranges of about I km these 
small instruments are not suitable for studies of the paths of migrating bats. 

Building on data accumulated about the migrations of T. brasiliensis in the 
American southwest and adjacent Mexico, Geluso et al. ( 1976) demonstrate how 
migration led to increased levels of mortality in this species. Mortality usually 
involved young of the year and resulted from the metabolism of accumulated body fat 
and subsequent release of toxic levels of DDT, DOE and ODD. These data and those 
of Tuttle ( 1976) suggest that during migration the bats relied heavily on body fat, 
implying that the animals did not feed substantially during migration. 
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MIGRATION, DISPERSAL AND GENE FLOW 

As mentioned earlier, we consider dispersal as the permanent movement of 
individuals away from the parental home range. Such movements can enhance gene 
flow within and between populations, so dispersal has important implications in the 
population biology of species, especially sedentary ones. For bats, however, the 
distinction between migration and dispersal is often clouded by the nature of seasonal 
movements made by individuals between different roost types. In temperate zone 
bats, movements between nursery colonies, fall roosts, and winter hibernation sites 
represent round-trip migrations for most individuals. Some proportion of the 
population, however, may not return to the same nursery colony in successive years, 
and this may represent dispersal. To what extent this dispersal is real (not an artifact 
of banding disturbance) and contributes to genetic mixing across the range of 
temperate species such as Myotis lucifugus is not clear at this time. Currently, there 
are no satisfactory data on dispersal of any bat species. 

Data on dispersal of bats are generally inferred from banding studies. Band 
recoveries, however, may or may not be an accurate means of defining movements. 
From recovery of banded individuals several authors (e.g., Barbour and Davis 1969) 
have suggested that the vespertilionid Eptesicus juscus is a sedentary species. 
Recently, Brigham (1983) used radio-tracking to follow the movements of 38 
individuals (total of 229 bat-days). His data which cover the period of May to 
September suggest that the animals are indeed roost-loyal and sedentary. Another 
study (Geggie 1982) provided some evidence of roost-switching by E. Fuscus, but 
none of the movements were over long distances. Accepting that Brigham's data may 
not have spanned an important dispersal period, they still provide preliminary 
confrrmation of band data. There is, however, no similar "calibration" of the band 
recovery data forM. lucifugus. 

In their study of M. lucifugus, Humphrey and Cope (1976) arbitrarily defined 
migrations as the movements of individuals from summer nursery colonies to 
hibernation caves, and dispersal as all other movements. Since M. lucifugus visits a 
variety of roost sites prior to entering the hibernation caves, these movements do not 
necessarily represent permanent movements from the parental home range. 

On the basis of band recapture data from their own and other studies, Humphrey 
and Cope (1976) identified several demes (defined as a "functional unit whose 
distribution is defined ... a distinct population of interbreeding animals," p. 62) in 
populations of M. lucifugus in eastern North America. If the band recoveries 
accurately portray the extent and limits of dispersal movements, then colonies should 
be genetically similar within demes and genetically dissimilar between demes. 

Carmody, Fenton and Lee (1971) used electrophoretic techniques to compare 
three hibernating populations of M. lucifugus in southern Ontario (Fig 2). Fenton 
(1969) had previously reported the movements of two banded males between 
hibernation caves I and 3, and 4 and 3 (Fig 2). Bats known to hibernate at sites 2, 3 
and 4 had also been recovered at a single nursery colony (inverted triangle in Figure 
2) and Humphrey and Cope (1976) recognized this area as defining one deme. The 
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Figure 2 
A map of the Great Lakes of eastern North America showing the locations of hibemacula (boxes) and 

one summer colony (triangles) used by Myotis lucifurus. Sites I, 2, 3 and 5 have been used to obtain bats 
for genetic studies (Carmody et al. 1971, Herd 1983), and bats banded at hibemacula 2, 3 and 4 have been 
recovered at the summer colony (Fenton 1970). 

three hibernating populations showed no evidence of genetic isolation, consistent with 
the evidence based on movements. In a more extensive electrophoretic study, 
however, Herd (1983) and Herd and Fenton (1983) found no evidence of genetic 
isolation between populations of M. lucifugus as widely separated as the Okanagan 
Valley of British Columbia and Ontario (Fig 3). These data suggest considerable gene 
flow across the range of M. lucifugus in northern North America and cast doubt on 
the validity of demes as defmed by band recoveries. 

Until it is possible to distinguish dispersing from migrating individuals, it will 
be impossible to know the contribution of dispersal to this apparently high gene flow. 
Probably three factors, true dispersal of individuals to new areas, the timing of mating 
with respect to seasonal migrations to hibernation sites, and the mating system of M. 
lucifugus, together enhance gene flow between populations. During the latter part of 
the summer, from August until frost, M. lucijugus is vagrant, moving to different 
locations, swarming at hibernacula (Fenton 1969) and visiting different nursery 
colonies (Humphrey and Cope 1976). The late summer and early autumn swarming at 
hibernacula involves adults and subadults of both sexes, and this is the time when 
most long distance band recoveries have been noted. In Ontario, mating begins in the 
middle of August and peaks at the beginning of September coincident with swarming 
and the period of considerable movements. These movements, whether technically 
migration or dispersal, result in maximal mixing of populations during mating. 
Interestingly, Thomas, Fenton and Barclay (1979) found that the mating system of M. 
lucifugus was random and promiscuous, apparently determined by the inability of 
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Figure3 
Genetic distance and similarity between several species of Canadian bats. See text for details . 

either sex to protect its investment in mate choice. Such a mating system must 
increase the probability that migrating or dispersing individuals will successfully mate 
and make genetic contributions to local populations. 

Unfortunately since we lack equivalent genetic and mating systems data for 
other temperate species such as E. fuscus and M. grisescens, it is impossible to 
determine the incidence of the M. lucifugus pattern of genetic mixing. One set of 
genetic data from a tropical species, the phyllostornid Uroderma bilobatum, suggests 
that the situation in M. lucifugus is not typical of bats in general. Several studies 
(e.g., Baker, Bleier and Atchley 1975; Baker 1981; Greenbaum 1981; Hafner 1982) 
have identified a contact zone between two karyotypically distinct subspecies of U. 
bilobatum. Although Baker ( 1981) and Greenbaum ( 1981) proposed that this contact 
zone was unique in a number of ways, notably its great width (400 km), Hafner 
( 1982) has challenged these conclusions and maintains that the hybrid zone is 
narrower (35 km) and within the range reported for similar zones in other taxa. Either 
interpretation suggests a level of genetic isolation contrasting with the data for M. 
lucifugus. 
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There are no data about the mating system of U. bilobatum, but harem defense 

polygyny is common among other phyllostomids (Bradbury 1977a). In some cases 

(Phyllostomus hastatus) harem males sire up to 95% of the young born in their 
harems (McCracken and Bradbury 1977). Harems are known from some other 

phyllostomids (Porter 1979; Kuntz, August and Burnett 1983; Vehrencamp, Stiles and 
Bradbury 1977) where they seem more stable than those reported from some 

emballonurids (Bradbury and Emmons 1974). Porter and McCracken (1983), 

however, showed by genetic analysis that harem male CaroUio perspidlklta 
(Phyllostomidae) cared for young that were not theirs, so harem defense polygyny is 
not necessarily a genetically "tight" situation (cf. Wilson, Bush, Case and King 
1975). 

We suggest that the evidence from genetic studies, movements of banded 
individuals and the mating system in M. lucifugus indicate a level of genetic mixing 
of populations which is not compatible with the deme model proposed by Humphrey 

and Cope (1976). Species with more structured mating systems (-more skewed male 

contributions) may show more evidence of genetic isolation, but the data base for bats 
in general is too meager to permit broad generalizations, and genetic mixing of even 
chromosomally distinct populations occurs (Hafner 1982). 

The importance of migrations and dispersal in the lives of bats pervades several 

facets of their biology. In one setting, flight permits them to colonize otherwise 
isolated areas such as oceanic islands. Periods of the year, whether long or short, 
when individuals are vagrant, particularly when they occur during the mating season, 

can completely neutralize high levels of philopatry. Banding studies permit only a 
general identification of basic patterns of movement, and details about the behavior of 
individuals are necessary to document patterns of movements and to distinguish 
dispersal from migration. 

Circumstances may lead to remarkable dispersal by bats. Fenton (1983b) 
reported that undetermined numbers of M. lucifugus moved from Dalhousie, New 
Brunswick, in eastern Canada to Rotterdam in Holland and perhaps to Southampton in 

England. The bats used a vessel that loaded forest products in Dalhousie as a night 
roost and were carried by it to the ports in Europe. Movements appear to have covered 
two summers, but there are no data about the success of this dispersal to another 
continent. 

We still have a great deal to learn about the dispersal and migrations of bats. 
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ABSTRACf 

A model of sex-specific dynamics of aggregation and dispersal is presented. The model 
introduces a dispersal analog of the demographer's marriage dominance function. Simulation 
analysis shows that for species such as many amphibians and reptiles, males will respond to 
changes in the spatial pattern of the environment by moving more readily than females. Data 
from three-toed box turtles (Terrapene carolina triunguis) are analyzed in terms of this model 
and in terms of their relevance to the problem of the evolution of sex ratio in turtles. 

INTRODUCfiON 

Many species of amphibians and reptiles undergo seasonal cycles of aggregation 
for breeding followed by dispersal. In addition in temperate climates many species 
show seasonal cycles of aggregation and dispersal for hibernation or aestivation. In 
this paper I investigate the sex -specific dynamics of such bouts of aggregation and 
dispersal. A model of sex-specific movement patterns is introduced following the 
methodology of Kiester and Slatkin (1974), but with the addition of a movement 
pattern analog of the marriage dominance functions of two-sex demographic dynamics. 
Qualitative properties of the model are presented which show differences between the 
sexes in response to a change in the environment or to a seasonal necessity such as 
hibernation. The model is then applied to seasonal fluctuations in the numbers of box 
turtles, and this application is further analyzed in terms of the problem of the 
evolution of sex ratio in turtles. 
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Migration and Dispersal in Amphibians and Reptiles 

At the substanstial risk of over-simplifying the life history patterns of two entire 
Classes of vertebrates, I will describe three general patterns of aggregation and 
dispersal in amphibians and reptiles. 

The first, which I will call the 11 classical pattern, 11 is where both sexes 

seasonally aggregate at patchy breeding sites for both mating and egg laying. The 
adults then disperse after breeding, while the young disperse after reaching a given 
age. This pattern is shown by many frogs and salamanders and is, of course, the one 
presumed to be the case for the original species of amphibians which colonized the 
land. 

The 11 neo-classical pattern 11 is an important extension of the original pattern. 
Here mating may take place at various distances away from the actual site of egg 
deposition. Among recent reptiles the most spectacular cases are the sea turtles. For 
the Ridley turtle (Lepidochelys kempl) something like the entire Caribbeaq population 
breeds on a single beach in a few nights (Carr 1963). 

Finally the 11 modem pattern 11 has both dispersed mating and dispersed egg 
deposition (or parturition for ovoviviparous species). This pattern occurs for most 
lizards and snakes but also for those terrestrial salamanders that have evolved live
bearing reproduction (Taylor and Guttman 1977; Huey, Pianka and Schoener 1983). 

Aggregation for hibernation occurs for those species which have specific 
requirements for hibemacula which are patchily distributed. The most spectacular 
example is the red-sided garter snake (Thamnophis sirtalis parietalis) in Canada. 
Aleksiuk (1976) found " ... as many as 5,000-8,000 may use a given hibemaculum." 
Brown and Parker (1976) found several hundred racers (Coluber constrictor) utilizing 
a den in Utah. Many other species of snakes as well as terrestrial turtles seasonally 
aggregate for hibernation. From the point of view of the spatial dynamics of mating, 
this pattern of seasonal aggregation and dispersal has a similar effect to that of the 
neoclassical pattern of reproduction, in that mating may occur as aggregation or 
dispersal takes place. 

Types of Dispersal Models 

Many types of mathematical models of dispersal or migration have been 
proposed (Endler 1977, Hom 1983). While a complete review of the various kinds of 
models would be desirable, the field has probably not stabilized enough to allow such 

an undertaking. Some distinctions between kinds of models are worth noting, 
however. First, we may distinguish genetic models which monitor genes and 
genotypes (and possibly individuals) from non-genetic models where only individuals 
are counted. Second, we may contrast demographic models with behavioral models: 
the former concern the locations of individuals only at their times of birth and 
reproduction, whereas the latter track the location of individuals more or less 
continuously. Finally, we may distinguish what can be called adjacency models from 
non-adjacency models. An adjacency model is one in which the decision an animal 
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makes to move some relatively short distance is assumed to depend only on a 
comparison of nearby available environments for which the animal can develop some 
immediate knowledge. In non-adjacency models, animals are assumed to make 
decisions to move not just on the relative merits of nearby localities, but on the basis 
of environmental cues valid for long distances, memory, and genetic predisposition as 
well. Non-adjacency models obviously are needed for such phenomena as long 
distance migration but ultimately will be required for a complete understanding of any 
species with more complex behavior. 

The purpose of this paper is to help understand the sex-specific dynamics of the 
patterns of movement that occur during aggregation or dispersal for either the 
neoclassical pattern of reproduction or the use of dispersed hibernacula. In both cases, 
mating can occur as the individuals move, and therefore these dynamics will directly 
influence the patterns of mating in the population through time. The question is: how 
might the two sexes differentially evolve strategies of movement for use during these 
cycles? Bateman (1948) showed that on the whole, males have a greater variance in 
reproductive success than females. We might therefore expect that the evolution of 
different male and female movement patterns would be consonant with this overall 
pattern. 

THE MODEL 

The model proposed here is a generalization to two sexes of the movement 
pattern model presented by Kiester and Slatkin ( 1974). It assumes a fixed number of 
individuals of each sex. These individuals move about in response to changes in the 
level of resources and in the numbers of each sex . Individuals are postulated to assess 
the relative merits of neighboring patches and their current patch and either to move to 
one of the neighboring patches or to stay put. Sex -specific differences are introduced 
through functions which describe the relative weights given by members of each sex 
to members of each sex when assessing patch value. In particular, if we take K as the 
carrying capacity, then the model assumes that individuals will tend to move into 
areas where the difference between the carrying capacity and the weighted (by sex) 
number of conspecifics is greater. This weighting function is the movement pattern 
analog of the the marriage dominance function used in two-sex demographic models 
such as the Kendall-Goodman equations (Kendall 1949, Goodman 1953) which weight 
the sex-specific effects on reproduction in a population (see Keyfitz 1968). Letting 
Em (i ,t ) and E 1 (i ,t ) be the merit or value of a location i at time t to a male and a 
female respectively , Rm and R 1 be the sex-specific weighting functions for males 
and females, and M (i ,t) and F (i ,t) be the numbers of males and females in patch 
i at time t we have 

Em (i ,t) = K (i ,t) - Rm (M (i ,t ),F (i ,t )) (1) 

E 1 (i ,t) = K (i ,t) - R 1 (M (i ,t ),F (i ,t )) (2) 

The R functions can have many forms similar to the many possible forms of marriage 
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dominance functions. Perhaps the simplest case is given by the sex-specific 
differential weighting of the sum of the numbers of the sexes: 

Rm = 'YMM M + 'YMF F (3) 

(4) 

with all -y constants. 
The simplest case is where each sex weights the members of both sexes equally 

so that 

'YMM = 'YMF = 'Ynt = 'YFF = 1 (5) 

Rm = M +F = N (6) 

= M +F = N. (7)R 1 
Thus this case reduces to the single sex case. Much more interesting are the cases in 
which each sex weights the two sexes differently. In what follows we shall assume 
that 

'YMM = 'YFM = 'YFF (8) 

'YMF = -} (9) 

so that 

Rm =M- F (10) 

Rf =M + F (11) 

and hence 

Em = K -M + F (12) 

Ef = K - M -F. (13) 

This particular version of the model assumes that females respond to the 
difference between the carrying capacity and the total number of conspecifics, that is, 
to the total amount of excess resource available. Males on the other hand are assumed 
to respond to the difference between the carrying capacity and the number of males as 
well as to the total number of females. Put another way, females are responding to 
the environmental resources available, whereas males are responding to the resources 
available and are also considering females as another type of resource. This situation 
may be called female movement dominance in analogy to female marriage dominance 
of demography. (Recall that "dominance" in this context does not imply any 
behavioral relations, only which sex is determining the dynamics to the greater 
extent.) 

With a description of how each sex evaluates a patch in hand, we can now 
derive the dynamics of the movements of a population using the method of Kiester 
and Slatkin (1974). We model the environment as a discrete one-dimensional array of 
small patches. Each patch contains a value of K, and a number of males and females. 
Each animal is assumed to be able to estimate the value of the discrete patch it is in 
and that of the patch to the left and the patch to the right (that is, a total of three 
patches). Time is considered to be discrete as well. The number of, say, females in 
patch i at time t + ~t is then equal to the number of females that were there at time t 



Sex Specific Aggregation and Dispersal 429 

plus the number that come in from the left patch (or minus the number that go out to 
the left patch) plus the number that come in from the right patch (or minus the number 
that go out to the right patch). The number that cross a boundary is proportional to 
the difference between the value of the two patches times the number of females in the 
patch that is being left. The patch that is being left is the one with the lower value and 
this determines the direction of movement in or out of a given patch. Thus if m, (i ) is 
the net number of males and I, (i ) is the net number of females which enter or leave 
patch i from the right and m, (i) and I 1 (i) are the net numbers which enter or leave 
from the left, then the model can be written as 

M (i ,t + 41 ) = M (i ,t ) + m, (i ) + m,(i ) (14) 

F (i ,t + 4t ) = F (i ,t ) + I, (i ) + I I (i ) (15) 

with 

m, (i) = P M (i ,t) [E,. (i) - Em (i + 0] Em (i + 1) >Em (i) (16) 

= P M (i + 1 ,t) [E .. (i ) - Em (i + 0] E .. (i + 1) < Em (i ) (17) 

m,(i) = P M (i ,t) [E.. (i) - Em (i - 0] Em (i - 1) >Em (i) (18) 

=P M(i -1,t)[Em(i)-Em(i -1)] E,.(i -1)<Em(i) (19) 

I, (i ) = P M (i ,t ) [E1 (i ) - E 1 (i + 1)] E 1 (i + 1) > E 1 (i ) (20) 

= P M (i + 1,t) [E I (i) - E I (i + 0] E I (i + 1) < E I (i) (21) 

I ,(i) = P M (i ,t) [E1 (i) - E1 (i - 0] E1 (i - 1) > E 1 (i) (22) 

= P M (i - l,t) [E I (i) - E I (i - 0] E I (i - 1) < E I (i) (23) 

where Pis a proportionality constant which measures an individual's tendency to move 
given a difference in E values. This system of two coupled difference equations 
describes the movement of a population for a given initial distribution of males and 
females and a known pattern of spatial and temporal variation in the carrying capacity. 

As developed in Kiester and Slatkin (1974), these equations can be 
approximated by their corresponding partial differential equations which for the model 
considered here would be 

aM~~ ,t) = -P ( :x) (M (X ,t)! [K (x ,t )-M (X ,t )+F (x ,t JJ) (24) 

oF (x ,t) = -P (~) (F (x ,t )~ (K (x ,t )-M (x ,t )-F (x ,t )]) (25)
at ax ax 

Analytical results for this continuous system will be presented elsewhere. For now, we 
revert to the difference equation system and study its qualitative dynamical properties 
using simulations. 
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SIMULATION OF THE MODEL 

Simulations of the difference equation system were constructed for an array of 
100 patches. Initially each patch contained 10 individuals of each sex and the 
carrying capacity was set to a given spatial pattern that did not vary temporally (see 
below). The constant P, measuring the tendency of an individual to move, was taken 
to be 0.01. Simulations were run for 24,000 time steps. All calculations were done 
with 64 bit precision. A copy of the source code is available from the author. 

Results of Simulations 

Three spatial patterns for the carrying capacity were simulated. The figures show 
the spatial pattern of the carrying capacity chosen for each simulation with the 
horizontal axis representing the value of the carrying capacity in arbitrary units. The 
first pattern ( 11 ramp 11 

) is given in Figure 1 a. Here the environment is constant at either 
end and increases linearly to a peak in the middle. Figure 1b shows the distribution of 
males and Figure 1c the distribution of females at times t = 6000 and t = 24000. 
Note that males have moved in to a much sharper, higher concentration than females. 
Figure 2a shows the second environmental pattern ( 11 exp 11 

) which consists of centered 
back-to-hack exponentials. Figures 2b and 2c show that males moved in to an even 
sharper concentration over the resource high point. Figure 3a shows the fmal pattern 
( "step 11 

) in which the environment is constant at a lower level at either end and then 
constant at a higher level in the middle with a discontinuous break. Figures 3a and 3b 
show that females move on to this resource high faster than do males, but that both 
sexes tend to have the same spatial pattern. 

DISCUSSION 

The results of these simulations show that for the case of female movement 
dominance, males respond more rapidly, converging faster onto new resource highs 
than do females. Moreover, males become more concentrated on the center of the 
resource high, whereas females remain more evenly distributed. That is, the response 
time of males is faster. An exception occurs when the variation in the environmental 
resource is discontinuous, but this may be biologically unreasonable since most 
animals can move enough to cross discontinuities. Although results of simulations 
creating only aggregations were presented, the same qualitative result holds for 
dispersal away from a disappearing resource high as well: males will depart more 
rapidly than females. Thus in a temporally variable environment, males will move 
about more than females. For the case of aggregation, a wave of advance of females 
moves onto the resource high at a relatively slow rate, while a higher and faster 
moving wave of advance of males moves through the wave of females. One result of 
this pattern of dynamics is that individual males encounter a greater number of 
different females than would be the case if both sexes responded similarly. 
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Figure 1 
a) Arbitrary ramp pattern of spatial environmental variation. This pattern of resource distribution is 

assumed to come into existence at time t = 0. b) Distribution of males after 6000 (lower curve) and 24000 
(upper curve) time steps. c) Distribution of females after 6000 (lower curve) and 24000 (upper curve) time 
steps. 
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Figure 2 
a) Pattern of spatial environmental vanatton constsbog of back-to-back exponential curves. b) 

Distribution of males after 6000 (lower curve) and 24000 (upper curve) time steps . c) Distribution of females 
after 6000 (lower curve) and 24000 (upper curve) time steps. 
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This pattern of dynamics affects the pattern of mating for a species that mates 

promiscuously during cycles of aggregation and dispersal to and from either mating or 
hibernating sites. Many species of reptiles and amphibians may meet the assumptions 
of this model. 

For example, three-toed box turtles (Terrapene carolina triunguis) hibernate in 
selected areas of good soil and cover. In the spring they disperse away from these 
areas and return to them again in the fall. During the active season there is a great 

deal of variability in the amount of movement that individuals undergo. Most remain 
in home ranges of various size, while a few are transients that move more or less 
continuously in one direction (Kiester, Schwartz and Schwartz 1982). This species 
mates promiscuously and appears to have female marriage dominance. In a nineteen 
year study of the population dynamics and movement patterns of this species in central 
Missouri, Schwartz, Schwartz and Kiester (1984) found sex-specific differences in 
demographic parameters. In addition, the data show sex-specific differences in 
movement patterns. In this study 1505 turtles were captured and recaptured a total of 
6502 times. For each successive capture the distance from the previous capture was 
computed (the difference in the lengths of time between captures was ignored since the 
average time between captures was long enough to permit several recrossings of an 
area. Mean values for males and females for these distances were not different 
t = 0.0077, d.f. = 4395, not significant). However, the variance in distance moved 
was greater for males than females: F = 1.10, v1 = 2296, v2 = 2099, p < 0.02). 
Thus males are more variable in distance moved than females. This method does not 
include movements of individuals who were just passing through the study area since 
they are not recaptured. Known transient individuals are male, so this method may 
underestimate male movements. 

This model and these empirical results may have a bearing on an outstanding 
problem in turtle biology: the control of sex ratios in natural populations. Many 
species of turtles possess a temperature dependent sex determination mechanism (Vogt 
and Bull 1982). While there may be some geographic variation in the response (Bull, 
Vogt and McCoy 1982) and some weak polygenic sex determination as well (Bull, 
Vogt and Bulmer 1982), it is still not clear how relatively even adult sex ratios are 
achieved in natural populations given that environmental variation could skew sex 
ratios in one direction or the other. Variation in female nest site choice may play a 
role (Vogt and Bull 1982). Sex -specific differences in movement pattern strategies 
may also be important. If one sex responds more rapidly to changes in the relative 
numbers of the sexes (for a given level of environmental resources), then individuals 
moving out of subpopulations with skewed sex ratios will effectively even out the 
population-wide sex ratio over time. High dispersal rates are thought to stabilize 
population numbers (den Boer 1968, Hastings 1982). In a similar manner they may 
stabilize long term effective sex ratios. 

Bulmer and Taylor ( 1980) have argued that evolution will favor a sex ratio bias 
toward the sex which disperses more widely or more evenly. Turtle sex ratios are 
usually (but not always) female biased (Vogt and Bull 1982), and the model presented 
here shows that they will usually disperse more evenly. To understand the evolution 
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Figure 3 
a) Pattern of spatial environmental variation consisting of a discontinuous step. b) Distribution of 

males after 6000 (lower curve) and 24000 (upper curve) time steps. c) Distribution of females after 6000 
(lower curve) and 24000 (upper curve) time steps. 

of sex ratios in turtle populations it will therefore be necessary to analyze the 
evolution of sex determination, sex-specific movement pattern strategies, and mating 
systems taken together. All of these aspects of turtle biology are components of a 
syndrome that characterizes animals like turtles, and they must be studied as a whole. 
Elton (1930) developed an analogy between dispersal and sexual recombination. The 
two may be even more intimately related than he thought. 
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ABSTRACf 

The seasonal migrations of female green iguanas (Iguana iguana) to nesting clearings on 
small islands around Barro Colorado Island in Panama were investigated using mark-recapture 
and radio-telemetry techniques. Although iguanas explored and occasionally nested in new 
clearings that became available during this study, our recapture results indicate that once iguanas 
locate a suitable nesting site, they usually return to nest there year after year. Female iguanas 
appear to nest annually upon reaching sexual maturity. Radio-tracking of iguanas as they 
moved away from one nesting site demonstrated that the lizards moved only moderate distances 
away from the site and always remained along the lake shoreline. Two iguanas were followed 
in successive years, and each returned to the same general vicinity each year, which suggests 
they were returning to established home areas. Because nesting sites are scarce and widely 
separated in this area, the limited movements and nesting site fidelity of the female iguanas may 
be contributing to a genetic structuring of their population. 

INTRODUCfiON 

Green iguanas (Iguana iguana) are large, arboreal Neotropical lizards. 
Although the species has broad ecological tolerances and is widely distributed, it has 
rather specific nesting requirements. Unlike most tropical lizards (Fitch 1970), iguanas 
have a restricted annual breeding season. Nesting usually occurs during the dry 
season (Rand and Greene 1982), and the incubating eggs apparently must be laid in 
clearings that receive direct sunlight and have soils suitable for burrowing in to the 
proper depths (Licht and Moberly 1965, Rand 1972). Where such areas abound, 
gravid females presumably do not need to make extensive movements in order to nest. 
But in densely forested habitats where suitable clearings are scarce, iguanas .gather 
together in large numbers to nest at the available sites, some presumably having 
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migrated considerable distances to do so (Rand 1968). 
Nesting movements such as these are exceptional in lizards. Typically female 

lizards nest either within their home ranges or at most make only limited excursions 
from their home ranges to the site of nesting (i.e., Blair 1960, Parter and Pianka 
1976). Besides green iguanas, the only other well-documented cases of extensive 
( > 1 km) nesting migrations in lizards are in two closely related genera: Conolophus 
(Werner 1982, Christian and Tracy 1982) on the Galapagos Islands and Cyclura 
(Wiewandt 1977, 1982) in the West Indies. As in the green iguana, their movements 
appear to be in response to a scarcity of soils on these islands that are suitable for 
nesting. 

We report here the results of our investigation on the nesting migrations of green 
iguanas (Iguana iguana) which inhabit the dense semi-deciduous lowland forests of 
Barro Colorado Island (BCI) in Gatun Lake of the Panama Canal. Each year in mid
dry-season, gravid females congregate to nest in several open clearings located on 
small islands around BCI. We have carried out an intensive mart-recapture effort 
over four successive nesting seasons to investigate nesting site fidelity in these lizards. 
We were also able to monitor the movements of a number of iguanas away from one 
nesting site using radio-telemetry techniques. 

METHODS 

The most accessible and consequently most thoroughly studied BCI nesting site 
is located on the 0.3 ha islet of Slothia which lies adjacent to the laboratory clearing 
on BCI. Previous studies of iguana nesting there have relied on unobtrusive 
observation, but in 1979 we captured several gravid females on Slothia by noosing 
them from a blind located at the edge of the nesting clearing. After their release, the 
iguanas returned to the clearing and continued nesting. During the 1980 nesting 
season we intensified our noosing efforts and still found no evidence that we were 
significantly disrupting nesting on Slothia. Most captured iguanas were seen back in 
the clearing shortly after their release, and those present in the clearing during a 
noosing attempt soon returned to their activities. We therefore noosed iguanas 
intensively during the 1981 , 1982 and 1983 nesting seasons as well. 

In 1981, construction activity at a site on BCI about 200 m away from Slothia 
produced a clearing that attracted nesting iguanas. We placed live-animal traps 
covered with palm fronds for shading around this new area and found that the iguanas 
readily entered the traps while exploring this new nesting site. This Construction 
Clearing site was trapped again in the same fashion during the 1982 and 1983 nesting 
seasons. 

In 1981 and 1982, iguanas were also trapped and occasionally hand-captured 
from within their burrows at other known nesting sites around BCI (Fig 1). In 1983, 
the dry season began early and was unusually severe, producing exceptionally low 
lake levels. We therefore shifted our trapping emphasis in 1983 to the numerous 
beaches that had formed along the BCI shoreline. We were interested in how the 
iguanas would respond to these natural potential nesting areas that had not been 



Iguana Nesting Migrations 437 

available to them during the previous years. 
Captured iguanas were weighed, measured, marked, and released at the site of 

capture to finish laying. Marking involved systematically clipping the dorsal crest 
scales so as to give each iguana a unique, individually characteristic pattern of missing 
scales. No evidence of regeneration of scales was observed over the course of this 
study. 

The details of our investigation of iguana movements as determined through the 
use of radio-telemetry will be presented elsewhere (in preparation). Here we merely 
report the information obtained relating to those iguanas successfully tracked as they 
moved away from Slothia during the 1979, 1982 and 1983 nesting seasons. Radio
transmitters were force-fed to five iguanas in 1979 and four iguanas in 1982. In 1983, 
the transmitters were mounted upon acrylic saddles and glued to the lower backs of 
four iguanas. 

RESULTS 

A majority of the iguanas that visited the Slothia nesting site during the 1981 , 
1982 and 1983 nesting seasons were captured; all but two of the iguanas that nested 
on Slothia over this period were marked individuals . A total of 142 different iguanas 
were seen on Slothia during one or more of the four nesting seasons in which iguanas 
were intensively noosed. Of the iguanas seen on Slothia in a given nesting season, 
between 30-45% returned again the next year, and those iguanas seen over two 
consecutive nesting seasons had an even higher probability (44-55%) of returning. 
Of the 15 iguanas whose flfSt and last captures spanned three years, 13 were seen in 
all three years and two missed the intervening year. Of the eight iguanas whose flfSt 
and last captures spanned four years, five were seen in each year, and the remaining 
three skipped only one year. 

All of the iguanas seen on Slothia during this study had been marked there 
originally, except for two iguanas that had been captured previously in traps at the 
nearby Construction Clearing site. A total of 23 iguanas were trapped in the 
Construction Clearing site from 1981 to 1983. Seven iguanas were captured either at 
this site or on Slothia in one year and on the other site in a subsequent year, and six 
iguanas were seen on both sites during the same year. Given the close proximity of 
these two sites and the evidence of free movement between them, they will be 
considered hereafter as a single, collective nesting aggregation. The traps at the other 
nesting sites and beaches around BCI yielded an additional 144 marked iguanas from 
1981 to 1983. Most of these iguanas were captured at the nesting aggregations of 
DeLesseps and Mosca. Our impression is that we captured only a small fraction of 
the iguanas that visited these sites each year. There was also limited nesting activity 
on the small island of Pepper in 1981 and 1982, but none during 1983. In 1983, tail 
tracks in the sand revealed that iguanas were exploring most of the newly formed 
beaches, and there was actual nesting on two of these: a mainland beach that suffered 
heavy clutch predation and an insular beach that experienced a successful hatch (see 
Rand and Robinson 1969, Drummond 1983). 
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Figure I 
Locations of iguana nesting sires around Barro Colorado Island, Lake Gatun, Panama. 

During the four years of intensive capturing, 307 individual iguanas were 
marked at the various nesting sites around BCI. Fifty-five iguanas were recaptured at 
least once at these sites over successive nesting seasons (Fig 2). 

Radio-telemetry efforts produced information on the movements away from 
Slothia of five iguanas in 1979 and of four iguanas in 1982. Four iguanas were 
radiotracked away from Slothia in 1983; of these, two were individuals that had also 
been successfully followed in 1982 (Fig 3). After leaving Slothia the iguanas 
occasionally remained on the adjacent BCI shoreline for a few days but would then 
move fairly rapidly and directly for short to moderate distances ( < 1.5 km). 
Movements stopped as abruptly as they began, and the iguanas made only minor local 
movements thereafter until their transmitters were lost. All movements were confined 
to areas of BCI near the lake's shoreline. 
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Figure 2 
Recapture results for nesting iguanas over four nesting seasons. Arrows into cells indicate the number 

of new iguanas marked at a site that year, arrows out of cells indicate the numbers of iguanas that were 
captured at a site and not seen again, and arrows between cells represent recaptures over years. 

DISCUSSION 

While iguanas obviously do explore and occasionally nest in new areas that 
become available to them, our evidence seems to indicate strong fidelity once they 
locate a suitable nesting site. Our results may even underestimate the actual amount 
of nesting site fidelity: some of the iguanas marked at DeLesseps and Mosca in 1981 
probably returned in 1982 but avoided the traps. This seems especially likely given 
that only three of the 161 trapped iguanas released during this study were re-trapped 
again during the same nesting season, despite the fact that we repeatedly saw marked 
iguanas fleeing the nesting area as we approached to check the traps. This learned 
avoidance of the traps probably contributed to the low recapture rates at the trapped 
sites over successive nesting seasons as well. 

Although noosing and trapping disturbances could have caused the iguanas to 
change nesting sites during the years of this study, only one instance of cross-over 
between nesting sites was documented (Fig 2) . An iguana captured on Slothia in 
1980, 1981 and 1983 was trapped in 1982 attempting to nest at the clearing on the 
island of Pepper, located approximately midway between the Slothia and DeLesseps 
nesting sites. If substantial numbers of other iguanas changed nesting sites from year 
to year, we would have expected more of the trap-naive Slothia iguanas to have been 
trapped while nesting elsewhere and certainly should have noosed any DeLesseps or 
Mosca iguanas had they appeared on Slothia. 
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Figure 3 
Points of return for iguanas that were followed away from the Slodlia nesting site, as determined by 

radio-location. The X and • characters represent two different iguanas that were successfully followed over 
two consecutive nesting seasons. 

When many of the iguanas marked in 1980 were not seen again the following 
year, we initially suspected that the iguanas might be skipping years reproductively. 
Since clutch size and female size are highly correlated in iguanas (Fitch and 
Henderson 1977, Rand 1984), we thought that some iguanas might be foregoing 
reproduction in a given year to invest more energy towards growth, so that larger 
clutches could be produced in subsequent nesting seasons. Of the 55 iguanas 
recaptured during this study, however, only six were recaptured over nonconsecutive 
years, and each of these iguanas may well have nested undetected at the Construction 
Clearing site during their year of absence. Also, five of these six iguanas were larger 
than average when first captured, and none experienced marked growth over the year 
they were not seen. Thus female iguanas appear to nest every year after they reach 
sexual maturity. The fate of the numerous iguanas marked each year and not seen 
again still remains unexplained. Rates of return over successive years on Slothia 
varied from 30-45%, and an additional 10% or so of the iguanas not seen in a given 
year were known to be elsewhere. Thus between 45-60% of the iguanas marked 
each year were never seen again. Adult iguanas do experience predation (Greene, 
Burghardt, Dugan and Rand 1978); ten of the 55 iguanas we recaptured showed 
evidence of tail loss between the year when they were marked and their next capture. 
But unfortunately our knowledge of iguana demographics is insufficient at present to 
enable us to say whether adult mortality rates of this magnitude are reasonable. We 
suspect that mortality only accounted for a portion of the marked iguanas that were 
not seen again. 
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Another unresolved question, probably related to the disappearance of the 
marked iguanas, is why so many of the iguanas seen on Slothia each year were not 
seen to nest there. We have no evidence that they were going to any of the other 
known nesting sites around BCI, but the possibility exists that there may have been 
scattered isolated nesting which we did not detect. If so, the iguanas certainly were 
using areas that we would consider at present to be unsuitable for incubation purposes. 

Three gravid iguanas were successfully radiotracked away from Slothia but 
provided no clues as to where else iguanas might be nesting. But both gravid and 
spent iguanas moved only moderate distances from Slothia (Fig 3), and except for 
brief crossings of peninsulas, no inland movements were observed. The two iguanas 
that were followed over successive years each returned to the same general vicinities 
each year, suggesting returns to established home areas. The limited movements of 
these iguanas away from Slothia and the strong nesting site fidelity shown by those 
that returned to nest over successive years are consistent with the possibility that the 
iguanas are philopatric to their natal site. During the years preceding this study, more 
than 700 hatchling iguanas were toe-clipped and released near Slothia. We recaptured 
seven of these as nesting females, all on Slothia. 

Hatchling iguanas are known to go through a brief dispersal phase but soon 
settle down (Drummond and Burghardt 1982), and iguanas appear to remain quite 
sedentary thereafter, both as juveniles (Henderson 1974) and as adults (Dugan 1980). 
Limited hatchling dispersal followed by sedentariness might be advantageous to these 
iguanas if the scarcity of suitable nesting sites around BCI is limiting to them. 
Females remaining near their natal site would stand a better chance of re-locating this 
proven site when they first nest, and would also minimize the costs of their nesting 
migrations. If males also remain near their natal site in order to insure access to such 
females, then the iguana population around BCI could be clumped into semi-isolated 
demes associated with each nesting site. Electrophoretic data to be presented elsewhere 
(Bock and McCracken, in preparation) suggest that there is indeed a restriction of gene 
flow between Mosca, the most isolated nesting aggregation, and the other two major 
nesting sites of Slothia and DeLesseps. 
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ABSTRACT 

Many species of large mammals perform long range movements, some of which are 
annual migrations, to occupy environments that are only seasonally favorable . Movements may 
be altitudinal in mountainous areas, latitudinal in northern areas, or from dry to wet regions in 
dry tropical areas. They may vary from movements between highly specific home areas that are 
passed on by tradition from parent to offspring (as in deer and bighorn sheep), to broad regional 
population shifts between suitable seasonal ranges (in species such as caribou and wildebeest), 
to true nomadism (species such as bison and saiga antelope). The latter species form large 
social groups and occupy large expanses of homogenous environments. Dispersal is related to 
social structure, population genetics and population dynamics. In expanding populations, 
dispersal can result in rapid range extension as shown by rate of spread of large mammals 
introduced into unoccupied habitat. Highly gregarious species disperse by budding off of social 
groups, while more solitary species disperse as individuals. Dispersal is induced by social 
interactions between parent and offspring and between social competitors. In nomadic species, 
movements by large aggregations accomplish the functional role of dispersal. Dispersal has 
implications for gene flow and inbreedingloutbreeding coefficients as well as distribution of 
populations over available habitats of differing quality and quantity. 

INTRODUCfiON 

Movements of large mammals, which in this paper are taken to include 
ungulates and carnivores of approximately 40 kg or greater in weight, can be 
categorized roughly into local movements, migration, dispersal and nomadism 
(Lidicker and Caldwell 1982, Shields 1982). Local movements are those encompassed 
by daily travels to obtain food, water, escape or concealment cover, den sites, etc., 
plus minor seasonal shifts as resource availability changes. Because many large 
mammals have high mobility, the range of local movements can be large. This review 
will focus on movements that exceed local movement patterns. 
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Migration can be defined as more or less consistent seasonal shifts of the 
population between different geographic areas in response to seasonal changes in 
resource availability and quality. At their most extreme, migrations may take animals 
from a goographic area that is totally uninhabitable at some season. In less extreme 
cases, migrations are related to high seasonal amplitude in resource quality, such as 
movement from an area of dry vegetation to one with green growing vegetation for a 
herbivore species. 

Dispersal is a movement from one geographic area to another that is not related 
to seasonal resource availability. It typically results in non-return and is a more 
permanent change in distribution of individuals or social groups than is migration. 

Nomadism is broad-scale movement that is erratic or random in space, but not 
necessarily in time. 

Movements of large mammals form a rich array of shifts in location in response 
to a complex set of environmental and social variables. The boundaries between local 
movement, migration and dispersal are blurred, and the categories are arbitrary. Thus 
the categories are a matter of convenience and may be taken as "archetypical" models 
influenced by habitat characteristics and climate. 

MIGRATION 

Altitudinal migration 

Altitudinal migration is well represented by mule deer (Odocoileus hemionus) 
and elk (Cervus elaphus) in the mountainous regions of the western United States. 
Migrations result in annual movement from high altitude summer ranges that cannot be 
occupied during time of deep snow depths, to milder winter range at lower elevations. 
Leopold, Riney, McCain and Tevis ( 1951) describe migratory movements of mule 
deer in the Sierra Nevada of California as movements along a migratory pathway 
between individual home ranges on the summer areas in the mountains and individual 
home ranges on the wintering areas in the western slope foothills. Fidelity to given 
home ranges has been confirmed by subsequent studies with marked and radio-collared 
animals. Leopold et al. (1951) assumed that each major watershed was a self
contained unit of deer range, and the simplest movement pattern for migration would 
be perpendicular to the mountain slope, without lateral movement. However, 
subsequent studies of marked deer showed that they did not follow the simplest 
pattern. For example, Gruen and Papez (1963) trapped and marked 789 mule deer 
over 4 years on 12 winter ranges in northeastern Nevada. In performing seasonal 
migrations, deer on given winter ranges did not simply migrate to the nearest or even 
nearby summer ranges but scattered broadly to widely separated summer ranges. The 
male with the longest movement covered 155 airline km, crossing 6 mountain ranges 
to summer in Idaho (Gruen 1958). The female with the longest movement covered 
130 km over 7 mountain ranges. These movements are remarkable, given that once 
on the home range at either end of the migration, individual deer remained within 
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several km. Neither did animals on a given summer range move to a specific winter 
range. In some cases the movements of individual deer crossed as each moved in the 
opposite direction between summer and winter ranges. In the reverse experiment, 
Ashcroft ( 1961) marked 115 deer over 2 years on summer range in the western Sierra 
Nevada in California. These deer migrated to 7 different winter ranges, only 2 of 
which were down drainage. 

Clearly migration by mule deer is not the result of moving the shortest distance 
in elevational gradient that would take the individual from a suitable summer area to a 
suitable winter area. The unpredictability of individual movements can be understood 
on the basis of the origin of such movement patterns in the social structure of the 
population. First, learning of home ranges and the migratory pathway occurs during 
the first year that the offspring is with the mother, and this tradition is continued via 
mother-offspring association. Second, deer have well-developed dispersal patterns 
based upon individual movement of offspring from the mother's home area. Males 
typically disperse widely and such patterns are established during the frrst year. 
Females often settle near the mother but sometimes disperse over greater distances, 
and dispersal patterns are usually established later, at 2 or 3 years of age. Direction 
of dispersal appears to be random, except to the extent that preferred habitat is 
nonrandomly distributed. Given that individual migration is the accumulation of 
generations of learned migration routes and home ranges, elaborated by dispersal at 
each generation, it is easy to see why erratic patterns have developed. 

Origins of new migratory patterns have been observed that reinforce the role of 
tradition in the development of such patterns. Prior to about 1950, the upper reaches 
of the McKenzie River drainage in the western slope of the Cascade Mountains in 
Oregon were covered by a vast old-growth forest of 400- to 600-year-old Douglas frr 
(Pseudotsuga menziesil), a vegetation type supporting virtually no deer. Deer 
occurred mainly on river flood plains along the McKenzie River where flooding and 
meandering of the river channel created favorable habitat. A few deer apparently 
migrated to summer ranges around mountain meadows in the headwaters where open 
areas occurred naturally. Beginning in the 1950's these old-growth forests began to be 

opened up by logging in a patchwork of block clear-cuts. Deer, presumably offspring 
of deer already migrating to natural meadows, quickly occupied the new, favorable 
habitat patches. The first deer were usually observed the year following clear-cutting, 
as vegetation resprouted, and these deer were typically yearlings. Fall migration 
occurred prior to the breeding season, and deer from the higher mountains moved 
down to the McKenzie River Valley, where they intermingled with deer that were 
resident year-round in the valley (McCullough 1964). Thus populations that were 
resident were interbreeding with long-range migrants from natural meadows and 
shorter range migrants occupying newly logged areas, as well as with subpopulations 
which shared a common gene pool that had migrated into alternate secondary 
drainages. However, in the following spring, individuals from these various subunits 
of the population resegregated over the available summer habitat according to their 
learned movement patterns. 
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Reginald Barrett (University of California, Berkeley) has brought another case to 
my attention. On Dye Creek Ranch, a deer wintering area on the northern edge of the 
Sacramento Valley in California, there was no resident, nonmigratory population. A 
ranch worker captured fawns on the summer range and hand-reared them on the ranch, 
and this nucleus has expanded into a resident, nonmigratory population. 

While intermingling of interbreeding populations is common on winter ranges, 
some non-interbreeding populations intermingle on the summer range. Thus the 
black-tailed deer (0. hemionus columbianus), a well-marked subspecific form of 
mule deer, commonly overlaps with the typical Rocky Mountain mule deer (0. h. 
hemionus) on the summer range in high mountains of Washington, Oregon and 
California, and the forms are sufficiently distinct as to be readily recognized in the 
field. There is hybridization along the crest of the Northern Cascades (Nellis, 
Fairbanks, Terry and Taber 1974), but further south, winter storms prior to the 
breeding season push black-tailed deer west of the divide and Rocky Mountain mule 
deer east, to separate winter ranges, and the forms remain distinct. In certain places 
in Oregon, some black-tailed deer move east, and hybrid swarms occur. 

Factors that trigger migratory movements are subtle despite the obvious role of 
the ultimate factor, winter snow depth. Deer cannot move effectively in snow depths 
greater than about 46 em (Loveless 1967; Gilbert, Wallmo and Gill 1970). Spring 
migrations are not controlled by the snowline (Russell 1932, Leopold et al. 1951, 
McCullough 1964). Russell (1932) and Leopold et al. (1951) thought that spring 
migrations were controlled by the appearance of new, green plant growth at the higher 
elevations. Track counts made by deer as they crossed a dirt road during spring 
migration showed that females and yearlings started to migrate earlier in the season 
than bucks. Numbers of migrating deer increased slowly at first, then rose rapidly to 
a peak, after which they descended sharply. During the migration, a drop in 
temperature, especially if accompanied by stormy weather, resulted in a slowing down 
of the migration (Wright and Swift 1942). 

Russell (193 2), Leopold et al. (1951), and Leach (1956) reported that fall 
migrations of deer are initiated by fall storms that drive the deer from higher 
elevations. In some cases, however, fall migrations cannot be explained on the basis 
of snow storms. Russell (1932) reported that in Yosemite National Park (California) 
the fall migration may precede snowfall by as much as two months and is related to 
temperature change. Fischer, Davis, Iverson and Cronemiller (1944) reported that 
according to local folklore, fall migrations of the Interstate deer herd 
(Oregon -California) start with fall storms, when actually they start with an almost 
imperceptible change in weather. Rasmussen ( 1941) reported that the Kaibab 
(Arizona) deer herd very definitely shows responses in their migration activities that 
cannot be explained on the basis of climatic changes, available food, lack of water, 
snow depth or unfavorable terrain. In a study of migration of Oregon deer, 
McCullough ( 1964) found that both the spring and fall migrations were closely 
correlated with changes in relative humidity. Furthermore, a summer reverse 
migration apparently occurred due to aseasonal changes in relative humidity. 
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Given the complex migratory pathways, it would be unlikely that the movements 
of all individuals would be synchronous or in response to the same stimulus. Deer 
having to cross several mountain ranges can hardly wait for fall snow storms to drive 
them out of the summer range since the same snow storms may block their paths. 
Deer that must cross high divides to reach the slope on which they winter must 
precede storms that produce deep snow. In a good food year, deer that summered on 
the west slope but wintered on the east slope of the Sierra Nevada in California 
arrived in the winter range in November; in the following year, a poor food year, deer 
numbers on the core winter range remained low until February despite heavy snowfall 
at high elevations (McCullough 1969). In another case, radio-collared elk on the 
western slope of the Cascade Mountains in Washington did not leave the summer 
range in a cold but snow-free winter until late snowfall occurred (R. D. Taber, 
personal communication). 

Other North American species that show altitudinal migration are elk ( Cervus 
elaphus) and bighorn sheep (Ovis caruulensis). Both of these species differ from deer 
in social structure, ordinarily living in medium to large social groups, while deer are 
solitary or form small groups. Migration in elk has been reviewed recently by Adams 
(1982). In general pattern it is similar to that in deer, with resident and migratory 
herds intermingling in winter areas (Martinka 1969, Houston 1982). Winter grounds 
in this species tend to be open grassy valleys and foothills while summer range is in 
more timbered areas in the mountains. Studies of individual associations between 
marked animals showed little consistency of social groupings, with individuals 
switching groups frequently (Knight 1970). However, most studies show a larger herd 
unit consistency (McCullough 1969), and this conclusion agrees with observations that 
most individuals summer and winter in the same areas from year to year, with a 
certain degree of dispersion due to dispersal (Picton 1968; Knight 1970; Craighead, 
Atwell and O'Gara 1972). 

Bighorn sheep show migratory movements between highly specific summer and 
winter areas. While elk and deer show relatively broad habitat requirements and tend 
to be rather broadly distributed, bighorn sheep have isolated ranges because of their 
dependence on steep rocky terrain for escape cover (Smith 1954, McCullough and 
Schneegas 1966, Geist 1971, Wehausen 1980). Because suitable summer and winter 
habitat is patchily distributed, the maintenance of traditions in the population is 
important (Geist 1971). If the only individuals familiar with the location of a given 
habitat patch are lost to the population, the traditional transmission of knowledge will 
be lost, and the use of that area discontinued. Because bighorn sheep are conservative 
dispersers , rediscovery of a suitable habitat patch through natural range expansion is a 
slow and uncertain process. 

Geist (1975) has advocated that restoration programs through reintroduction be 
based on hand-rearing of lambs, with humans leading the naive young animals from 
winter range to summer along appropriate migration routes . Subsequently, yearling 
wild animals can be integrated into the group of experienced yearling animals that 
know the suitable areas and migratory pathways. Bergerud (1974) used calves to 
reestablish woodland caribou (Rangifer tarandus) into Newfoundland in order to 
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prevent dispersal from the release site. 
The problem of isolated habitat patches for bighorn sheep in a vast area reaches 

extremes in the Sierra Nevada Mountains in California (Jones 1950, McCullough and 
Schneegas 1966, Wehausen 1980). A few steep rocky canyons on the eastern scarp 
are the only suitable winter ranges, and suitable summer areas are highly localized 
along the crest. Migratory paths are associated with an extreme scarp in which about 
3,000 m elevational change occurs over a lateral distance of about 5,000 m. Attempts 
to reestablish populations of the Sierra sheep have been based on relocating animals to 
appropriate wintering areas in winter and allowing them to migrate upslope to 
summering areas on their own. Nine released animals remained on those winter 
ranges and migrated to summering areas (Andaloro and Ramey 1981). However, in 
the following winter most of the animals remained at high elevation (about 3,000 m) 
despite large snowstorms. Only an ewe and her lamb returned to the winter range. 
Animals wintering at high elevation suffered high mortality (5 animals). Similar 
failure of relocated bighorns to migrate to lower elevation was reported in Colorado 
(Bear 1979). In April the survivors returned to low elevation and eventually joined 
the ewe and lamb that wintered at low elevation. In 1980, 10 additional sheep were 
introduced, and in the following winter 20 bighorns were observed on the winter 
range. The relocated animals have established winter and summer ranges with 
migratory routes connecting them and by all indications are now a successful 
population (Andaloro and Ramey 1981). A more complete review of problems related 
to conservation of large mammals by reintroduction to original ranges from which they 
were extirpated is given by Jungius (1978). 

Lateral Migration 

Many species of ungulates migrate from unfavorable to favorable areas 
seasonally by lateral movements. White-tailed deer in the eastern United States near 
the northern boundary of their range showed this behavior (Severinghaus and Cheatum 
1956, Siglin 1965). These migrations may be made in any direction and take deer 
from good summering areas to good wintering areas, usually referred to as "deer 
yards" because of the high density of animals. Yards are extensive stands of conifers, 
most commonly white cedar (Thuja occidentalis), that grow with closed canopies in 
lowlands. The green canopy forms an infrared thermal shield to reduce radiant heat 
loss, and because the canopy collects snow, evaporation and melting lower snow 
depth under the canopy (Ozoga 1968). The high density of deer results in a packed 
trail system in the snow that facilitates movement, and white cedar is a good food 
species. Furthermore, basic metabolic rate of deer is reduced in winter (Silver, 
Colovos, Holter and Hayes 1969; Seal, Verme, Ozoga and Erickson 1972), and food 
intake is voluntarily reduced (Ozoga and Venne 1970). 

Individual deer show fidelity to given summering and wintering areas (Venne 
1973, Nelson .and Mech 1981). Adult deer livetrapped in one yard and released in 
nearby yards returned to their "home yards" and were recaptured in the same or 
following winter (Switzenberg, as cited by Verme 1973). Some returned within a 
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week despite deep snow. However, only 2 of 78 relocated fawns were recaptured. It 
is not known if they did not attempt to return or suffered high mortality in the 
attempt. 

Lateral movements of white-tailed deer between summer and winter areas show 
the same criss-cross pattern as previously described for altitudinal movements of mule 
deer (Venne 1973, Nelson and Mech 1981). Thus discrete population "units" are not 
represented in migrations; rather migration is undertaken by individuals or small social 
groups, each following its own pathway between a given summering and wintering 
area. Once again tradition passed from mother to young, as modified over time by 
dispersal, seems to be the basis of this pattern. 

While snowfall and its impediments to deer locomotion may be the ultimate 
factor favoring migration, temperature changes were reported to be the proximal factor 
triggering migration (Verme 1973, Nelson and Mech 1981). Sometimes changes in 
temperature caused reversal of migration, such that animals that had moved to the 
winter range returned to the summer range (Nelson and Mech 1981), similar to the 
reversal reported by McCullough (1964) for humidity changes in black-tailed deer. 
Once again it seems likely that appropriate proximal factors that trigger migration are 
also learned, since the distances, directions, intervening barriers, etc., vary with the 
individual migratory pattern. 

Lateral migrations reach their greatest extent in species of ungulates that occupy 
large open areas of grassland or tundra. These species form large aggregations that, in 
the absence of escape cover, are necessary as anti-predator strategies (McCullough 
1969, Hamilton 1971, Bergerud 1974b, Estes 1974, Kitchen 1974, Hirth and 
McCullough 1977, Sinclair 1977). Because the herd serves different functions 
according to habitat type and because the herd is mobile, these species are freed from 
dependence on known home areas, and philopatry is poorly developed. Furthermore, 
the food of these animals tends to be of very low quality over much of the year and 
distributed widely over relatively homogeneous environments of immense scale. 
These factors favor much more erratic movements that verge on being truly nomadic 
in some cases. Distribution varies unpredictably within a year and between years. 

In northern regions, caribou and reindeer perform extensive seasonal movements 
that tend to be north-south in orientation due to the extremes in climate (see Bergerud 
1974b, Kelsall 1968). Generally, caribou spend the summer in open tundra in the far 
north and migrate to taiga, the timbered areas to the south, for winter. Banfield 
( 1954) reported midsummer southward movements from the extreme north; this 
movement culminated in early summer and was followed by a return in late summer to 
more northerly areas. In fall, snow storms prompt movements back to the taiga for 
winter. Thus there is a major migratory movement in spring and fall, with a minor 
migration in the reverse direction in summer. Some traditional routes of movement 
are usually followed but may be abandoned in given years (Kelsall 1968), with dire 
results for native peoples dependent upon caribou for food. The same general pattern 
appears to hold for domestic reindeer in the old world. Woodland caribou, a 
subspecific form occupying the more southerly boreal forest in North America, are 
largely nonmigratory or, in the more northern areas, show relatively short movements 
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between summer and winter range (Simkin 1965). 
In African savannas and plains that are near the equator, dry seasons rather than 

winters become the major force favoring migratory behavior in large mammals. 
Although many species show spatial shifts between the wet and dry seasons, the most 
pronounced migrations are performed by wildebeest ( Connochaetes taurinus), zebra 
(Equus burcheU1) and Thomson's gazelle (Gazella thomsonii) (Schaller 1972, Kruuk 
1972, Sinclair 1977, Maddock 1979). Wildebeest, the species showing the most 
spectacular migrations, form large aggregations and migrate in search of green grasses. 
They move from the southeastern plains in the dry season to the woodland savannas in 
the northwest where moister conditions prevail. Movements of zebra and Thomson's 
gazelle are similar but less elaborate and involve much smaller aggregations. There is 
a clear grazing succession with zebra being frrst and taking the coarsest grasses, 
followed in several weeks by the more selective wildebeest, which in tum is followed 
by the most selective Thomson's gazelle (Gwynne and Bell 1968, Bell 1971, 
McNaughton 1976). 

There are many irregularities in movements due to distribution of rainfall 
(Pennycuick 1975), occurrence of fire (Anderson and Talbot 1965), previous grazing, 
and life history requirements for birth and breeding (Maddock 1979). However, 
populations of these species that live in more favorable and stable environments are 
nonmigratory. In Ngorongoro Crater, for example, these species become sedentary 
and occupy home areas or move only small distances (Estes 1969, Klingel 1967, 
Kruuk 1972). 

NOMADISM 

In temperate areas, bison (Bison bison) in the New World and saiga antelope 
(Saiga tatarica) in the Old World show nomadic, broad-scale movements. Roe 
(1970) reviewed the early records of accounts of bison on the prairies and great plains 
of North America. He concluded (pp. 594-595) that there was no convincing 
evidence for regularity in movements of bison; on the contrary, bison movements 
showed "an imponderable, incalculable, wholly erratic and unpredictable caprice." It 
must be recalled that this region is characterized by low topographic relief, relatively 
low snowfall, and homogeneous vegetation in the uplands that constitute most of the 
area. Also, bison are large, winter-hardy animals. In the mountainous areas of 
Yellowstone National Park, bison show regular migratory movements between 
traditional summering and wintering areas (Meagher 1973). Considerable exchange 
between subpopulations occurs even in winter with deep snows. 

The saiga antelope is a small antelope (males 43 kg, females 31 kg) that 
occupies steppe grasslands of the Soviet Union where it occurs in great abundance and 
forms large herds (Bannikov, Zhimov, Lebedeva and Fandeev 1967). It is nomadic, 
much as the bison in North America, with movements changing with season, climate 
and between years, as the animals seek out suitable pasturage and avoid winter 
extremes. 



452 D. R. McCullough 

MOVEMENT OF CARNIVORES 

Large carnivores exist at much lower density than their prey, and their winter 
ranges are often extensive. Wolf (Canis lupus) packs in northeastern Minnesota have 
ranges between 110 and 2580 km2 (Mech, Frenzel, Ream and Winship 1971) and on 
Isle Royale 270 to 545 km2 (Mech 1966). Home ranges from other areas reviewed 
by Mech (1966) range from 90 to 1400 km2. Clearly the "home" areas of some 
carnivores exceed the distances covered by a number of "migratory" ungulates 
discussed above. Home range sizes of 23 grizzly bears (Ursus horribilis) radio 
tracked in Yellowstone National Park ranged from 190 to 1640 km2 (Knight, 
Blanchard and Kendall 1982). Home ranges for mountain lions (Felis concolor) (see 
review of Anderson 1983) in Idaho ranged from 140 to 290 km2 (Seidensticker, 
Homocker, Wiles and Messick 1973), 120 to 160 km2 in Arizona (Shaw 1979), and 
230 to 1825 km2 in Texas (McBride 1976). In west Texas, mountain lions moved 
between mountain ranges that were separated by desert areas of low prey density. 
Similar large home ranges or territories are typical of large carnivores in Africa 
(Schaller 1972; Kruuk 1972; Frame, Malcolm, Frame and van Lawick 1979). 

Carnivores are forced to respond to movements of their prey base. Bears, which 
are marginal predators on large ungulates and take mainly the very young or the sick 
and injured, go into deep sleep (not true hibernation) over winter in extreme 
environments. Thus, they do not need to follow movements of prey. Mountain lions 
follow altitudinal migrations of their prey, and tundra wolves follow the movements of 
their major prey, caribou. Wolves in the northeastern United States do not migrate, 
but rather maintain large home ranges that encompass summer and winter ranges of 
white-tailed deer. Mech (1977) and Nelson and Mech (1981b) present evidence that 
deer select disproportionately for areas that lie on the boundaries between wolf packs 
and thus are subject to lower predation pressure because each pack avoids the 
boundary where aggressive encounters between packs are likely. 

In the east African savanna and plains, lions do not follow the migrations of 
wildebeest, zebra and Thomson's gazelles but remain in pride territories (Schaller 
1972). Spotted hyenas (Crocuta croeuta) migrate to some extent but do not follow 
the full movement of wildebeest (Kruuk 1972). Wild dogs (Lycaon pictus) also 
remain on permanent territories (Frame et al. 1979). The inability of these large 
predators to follow migrations has been attributed to the needs of non-mobile young. 
Kruuk (1972) found that hyenas in Ngorongoro Crater formed clan territories, were 
nonmigratory, and lived at population densities much higher than their more mobile 
con specifics on the Serengeti. 
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DISPERSAL 

Dispersal capability in large mammals is substantial, as shown by rate of spread 
of species introduced into new environments. Caughley ( 1963) reported rates of 
spread of 9 ungulates introduced into New Zealand, where ungulates were not 
endemic. These ranged from 8.7 km2 per yr for chamois (Rubricapra rubicapra) to 
0.6 for elk. 

Among ungulates, three major patterns of dispersal are observed that are related 
to their social systems. 

Dispersal in Solitary Species 

Species with solitary or small group formation, most of which use cryptic 
strategies to avoid predation, disperse as individuals. This system is best suited to 
colonization of new habitats, and it is probably not accidental that many of these 
species occupy subclimax vegetation types that occur irregularly in time and space. 
Food quality varies greatly due to rate of plant growth, and plant growth is highest 
where recent disturbance of a tree canopy allows sunlight to reach ground level and 
where competition for water and soil nutrients is reduced. 

Male white-tailed deer disperse as yearlings; they are driven away by their 
mothers as time of birth of new fawns approaches. It is not surprising that yearling 
males are the frrst animals to be observed in newly created patches of subclimax 
vegetation. Dispersal of white-tailed deer usually leads to emigration from favorable 
habitat to poor habitat (Hawkins and Klimstra 1970, Kammermeyer and Marchinton 
1976) and from high to low density (McCullough 1979). However, net dispersal is 
related to economic density (related to carrying capacity) rather than density per se. 
Robinette (1966) showed that mule deer dispersed from lower to higher density areas 
if relative availability of resources was greater in the area of higher absolute density. 
Dispersing yearling males are subjected to high mortality rates (McCullough 1979). 

Dispersal of females in white-tailed deer shows a distinctly different pattern. 
Although yearling females are excluded by their mothers at the same time as males, 
they remain in the vicinity and later are allowed to rejoin the mother when the new 
fawns can follow at heel. Female offspring show philopatry and settle into home 
ranges on the periphery of their mother's ranges (Nelson and Mech 1981; Ozoga, 
Venne and Bienz 1982). This results in extended matriarchal groups consisting of 
socially dominant older females with several generations of daughters and their 
combined offspring. Daughters disperse from the matriarchal range at 2 or 3 years of 
age and attempt to establish their own matriarchal groups. Thus while males are cast 
off at an early age with little experience, females are retained within the mother's 
sphere of influence and disperse at a later age after they have gained in social position 
and experience. 
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In a study of dispersal in black-tailed deer, Bunnell and Harestad (1983) found 
that both sexes apparently dispersed as yearlings, with males dispersing somewhat 
greater distances than females. They reported both disperser and nondisperser 
individuals in the population. More work is needed to determine if the matriarchal 
social stature of white-tailed deer is less developed in black-tailed deer and perhaps 
accounts for the apparent difference in dispersal behavior between the species. 

Dispersal in Social Groups with Herd Home Ranges 

The second major pattern of dispersal in ungulates occurs in species with 
moderately sized groups with herd home ranges, such as bighorn sheep and elk. The 
herd structure that is required for predator avoidance allows sanctuary for young 
animals. These are not driven from the social unit, although once they are 
independent of the mother, they assume the lowest social position and are most 
vulnerable to predators, resource limitations, etc. In fact, the only individuals known 
to be excluded are those suffering from obvious injuries, perhaps because they attract 

the attention of predators and encourage attacks on the group, thus increasing the risk 
to healthy individuals (McCullough 1969). In elk, young males at sexual maturity 
(usually yearling age) are excluded from harem breeding groups by the master bull. 
The young males join bachelor groups close by. Although some young males disperse 
to bachelor male groups at this time, most rejoin the female groups after the rut and 
do not disperse to male groups until they are 2 and occasionally 3 years old. Male 
gro~ps are much smaller and more fluid in membership than female groups. The 
largest and oldest male elk are often solitary (McCullough 1969); this is also true of 
bison. Males wander widely, even though they are usually found most frequently in 
traditional male areas (McCullough 1969; Geist 1971; Clutton-Brock, Guinness and 
Albon 1982). Following introductions of tule elk (C. e. nannodes) in Owens Valley, 
California, in 1933 and 1934, within a year, bulls were seen over the full length of 
the valley, some 230 km, while the groups of young females remained in the vicinity 
of the release site. Similarly, bighorn sheep rams are observed over broad geographic 
areas and many habitats, while females are restricted to the traditional areas (Geist 
1971, Wehausen 1980). In Owens Valley, female tule elk gradually fonned separate 
herds centered on favorable habitat patches. Herds resist movement into unknown 
range; new habitat is explored, under the leadership of a dominant older female, by 
smaller subunits of a herd facing resource competition. If favorable habitat is located 
in such exploratory movements, a new herd may form due to the non-return of the 
exploring group to the original herd range. A new herd range is thus established 
which then becomes traditional. Similar budding-off of social groups in new areas 
occurs in bighorn sheep (Geist 1971). If suitable areas occur in proximity to existing 
areas, this conservative manner of dispersal works well. If suitable areas are far apart 
and patchily distributed, dispersal to new habitat is slow and highly uncertain. 
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An interesting variation in dispersal, budding off of social groups, occurs in the 
collared peccary (Dicotyles tajacu), a highly social species which holds group 
territories. Both sexes defend territorial boundaries against peccary groups from 
adjacent territories (Bissonette 1982). Feeding subgroups within the territory may 
occupy separate parts of the territory, rejoining only occasionally. If food conditions · 
are favorable, subgroups spend longer times separately, and rejoining the main group 
is accompanied by higher levels of aggression. Thus circumstances that favor spatial 
segregation of feeding groups for longer periods of time also favor formation of new 
territorial boundaries along a line demarcating the separation of the feeding groups. 

Dispersal and Large Aggregations 

The third pattern of dispersal occurs in large herd-fo~g ungulates of open 
environments. Because these animals form large migratory or nomadic aggregations 
that move broadly about the expanses of open country, the movements of the herd 
perform the functional role of spatial dispersal. Thus dispersal is social and 
unorganized other than by mother-dependent offspring bonds and occurs between 
subunits of the larger herd (Lott and Minta 1983). Social bonds in caribou, bison and 
wildebeest are fluid and approach randomness. Thus the large dominant males that 
account for a disproportionate amount of mating in these highly polygynous species 
(Talbot and Talbot 1963, Lott 1974, Bergerud 1974a) are rather unlikely to breed with 
closely related females. However, in zebras (Klingel 1969), year-round family groups 
within the large aggregations ·are formed by females and offspring and a single 
dominant stallion. Dominant stallions defend the family group against predators 
(Kruuk 1972) and can be effective even against lions (Bartlett and Bartlett 1982). 
Young males are tolerated by the dominant stallion so long as they show no sexual 
behavior towards females and remain subordinate to the dominant stallion. When the 
maturing young stallion violates these restrictions, he is driven from the family group 
by the dominant stallion and joins bachelor male groups until he is old enough to 
compete for a family group. There is little likelihood of male offspring breeding with 
their own mother or full sisters. 

Conversely, there is a high likelihood in zebras of female offspring breeding 
with their fathers because of the relatively long tenure of dominant stallions. 
However, when young females reach sexual maturity, they are frequently abducted by 
rival males and may move between several unrelated family groups before becoming a 
permanent member of a group (Klingel 1974). Thus females of the band are usually 
not closely related to one another. Rival males are not successful in abducting older 
adult females. 

Two other species of ungulates form year-round family groups with dominant 
males:- feral domestic horses (Equus cabaUus) in which family groups have broadly 
overlapping horne ranges (Feist and McCullough 1975, 1976) and vicuna (Vicugna 
vicugna) in which families occupy defended territories (Koford 1957, Franklin 1974). 
Similar to zebras, dominant stallions in feral horse family groups either do not defend 
young females from rival stallions or do so lackadaisically (Feist and McCullough 
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1976). In vicuna, young males approaching sexual maturity are driven out of the 
territorial group by the dominant male, while both he and the mother exclude young 
females. 

Dispersal in Large Carnivores 

Similar patterns of dispersal are present in large carnivores. Among species that 
are solitary hunters, young disperse from the home range of the mothers and wander 
in search of a suitable place to settle (Homocker 1969, Seidensticker et al. 1973). 
Among wolves, young adult animals disperse from pack territories and usually attempt 

to form a pair bond with the opposite sex in areas little used by existing packs (Fritts 
and Mech 1981). 

Dispersal in lions from prides is by young males, often brothers (Schaller 1972, 
Bertram 1975), perhaps because they are excluded by the adult males (Bertram 1979). 
After several years of wandering, they take over a pride of females whe(e inales have 
died or are on the decline (Bertram 1978, 1979). In wild dogs, all female young leave 
the natal pack and join unrelated packs (Frame and Frame 1976). In hyenas, 
dispersal, usually by males, is less regular, but the large clan sizes result in low 
probability of related individuals breeding (Kruuk 1972). Greenwood (1980) and 
Dobson ( 1982) have reported that dispersal by juvenile males is most prevalent in 
polygynous or promiscuously breeding mammal species, while either sex disperses in 
monogamous I y breeding species. 

DISCUSSION 

Lidicker and Caldwell ( 1982) have cogently and conveniently summarized the 
major questions about migration and dispersal; these questions can be addressed by the 
results presented here for large mammals and can be stated as the following 
hypotheses: 

I. Migration and dispersal have a genetic basis. 
2. Dispersal has an important bearing on population regulation. 
3. Dispersal often precedes resource limitation. 
4 . Dispersal is a response to heterogeneous environments. 

Results of studies on large mammals suggest that migration is not genetically 
controlled but rather is phenotypically determined. Tradition and the long prenatal 
care period allow learning through experience as the predominant factor in adaptation 
to a variable environment. Migration of hundreds of km over several drainages when 
a short altitudinal move would achieve the same end is hardly parsimonious or a likely 
candidate for innate control (see Baker, this volume). Similarly, cues for migration 
are likely learned, for even if a single cue could suffice, each individual would still 
have to learn to interpret the cue relative to problems presented by its own migratory 
pathway. Of course, genetics is involved in large mammal migration to the extent that 
it governs the occurence of migratory vs. sedentary behavior. 
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Genetic control of dispersal is modified by the social context in which it occurs 
in large mammals. Individual offspring may disperse voluntarily, or they may be 
forced to leave by socially and physically dominant animals, often their own parents. 
In these long-lived animals, parents must weigh (in an inclusive fitness sense) the 
benefits of allowing existing offspring to remain in the home area, against the cost of 
foregoing production of new offspring. If this equation always had the same solution, 
one would expect genetic fixation of behavior. Because the variables in the equation 
are continually changing due to the changing physical environment (resource 
utilization, creation and loss of habitat) and the social environment (age, strength and 
density of competitors), the best solution to the equation must be determined 
phenotypically. This is not to imply that animals decide consciously; they rather 
respond facultatively to current conditions and social status through physiological and 
behavioral mechanisms. 

As to the second point, there can be no doubt that dispersal plays an important 
role in population regulation and adjustment of animal density to resource capacity. 
There is considerable evidence that high quality habitats are net exporters of animals 
to low quality habitats and that dispersal is the source of colonization of new habitats . 

On the third point, solitary or small-group-forming species which use cryptic 
behavior to avoid predators are pre-saturation dispersers. Young disperse even at very 
low density. Group-forming species appear to be dispersers primarily at saturation, 
since the herd structure absorbs young animals so readily, and dispersal, when it does 
occur, involves socially organized groups expanding into new areas. In species that 
form large aggregations in open land environments, nomadic movements assume the 
role played by dispersal in species that associate with spatially discrete environments. 

On the fourth point, Lidicker and Caldwell ( 1982) have reviewed the extensive 
literature on the relationship of dispersal to fluctuating environments. However, they 
also included the model of Hamilton and May ( 1977) on dispersal in stable 
environments. For large mammals, the relationship of dispersal ability to fluctuating 
environments seems apparent. The white-tailed deer is an excellent disperser, and 
dispersers are rewarded by location of recently created subclimax habitat. Bighorn 
sheep live in stable climax environments and are poor dispersers. 

In large territorial mammals, the home area is large and discrete, and the young 
animal is inevitably confronted by the need to disperse. Even if the parent dies, the 
time of death needs to be most fortuitous for occupation of the territory by any of its 
own offspring to occur, and this would not help other young produced earlier in life. 
There is also serious doubt if young with developmental periods of a year or longer 
can hold the parental area from older and dominant competitors. Because an animal 
can only die once but can reproduce many times, dispersal is the typical case for large 
mammals by virtue of Malthusian population increase. 

Viewed in this light the question is not so much whether to disperse or not but 
rather how far, and how many young are produced that need to disperse. This is true 
whether the environment is heterogeneous or homogenous, stable or fluctuating. Each 
new offspring produced by a solitary female is forced to disperse. In species which 
form social groups, each new young individual that is added to the population and 
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not balanced by death of a previous individual means one more unit of pressure for 
dispersal of groups to new habitat; for nomadic aggregations such pressure results in 
increased wandering to achieve the same quantity and quality of foraging per 
individual. Thus dispersal occurs as movements of individuals in species that are 
solitary, as increased budding-off of social groups in species with moderately-sized 
social groups that are spatially organized, and as greater distance of movement in 
species that form large nomadic aggregations. Socially the process is different, but in 
terms of the distribution of the population according to the availability of resources 
over space, the outcome is the same. 

Treating dispersal as a universal "given" may clarify the question in some 
ways. How far to disperse in terms of population density and resource availability Is 
related to fluctuations in the environment. In a patchy environment, wandering far in 
search of a new habitat patch is rewarded frequently and handsomely enough to 
overbalance the failure of many dispersers to find suitable conditions. In stable 
environments, suitable habitat is likely to be close to home, and the probability of 
improving success by wandering widely is extremely small. Dispersal over long 
distances carries additional risks of inadequate resources, increased predation, 
accidents and other vagaries in the unfamiliar environment. How many animals 
disperse is a function of birth rates and subsequent recruitment rates. Recruitment will 
be high in species occupying patchy environments and low in species occupying stable 
environments. Among ungulates, the reproductive rate per female of subclimax 
species is approximately twice that of comparably sized climax species, and sexual 
maturity is usually reached at an earlier age. Social organization and population 
parameters represent the suite of life history characteristics that adapt the species to the 
characteristics of its environment. Migration and dispersal are the short and long-term 
spatial elements of that adaptation. 

The genetic benefits of dispersal are unclear at this time. Shields (1982) has 
argued that short dispersal (philopatry) occurs because inbreeding retains parental 
genomes that are most adapted to the local environment. This controversial view is 
probably a useful counter to an inadequately evaluated traditional view that 
outbreeding is always beneficial and inbreeding always detrimental. Determination of 
the degree of relatedness that is most fit in a given population must await further 
study. There is clear evidence in large mammals that dispersal reduces the probability 
of mating between highly related individuals (parent-offspring, full-sib). But there is 
also curiously low genetic variability in some natural populations of large mammals 
that have not gone through a genetic bottleneck, including moose (Alces akes) 
(Ryman, Beckman, Bruen-Petersen and Reuterwall 1977), elk (Cameron and Vyse 
1978), and polar bears (Ursus maritimus) (Allendorf, Christiansen, Dobson, Eanes 
and Feydenberg 1979). This may have been due to inbreeding. 

The genetic argument is likely to be long and heated (Theberge 1983, Shields 
1983), and the answer is likely to be an equivocal "it depends." The dependency 
relates to the variable environmental circumstances that confrontgiven populations, and 
it should serve as a caution to remind outselves that populations adapt by simultaneous 
solution of genetic and environmental problems. 
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ABSTRACT 

Most, if not all, terrestrial vertebrates organize their movements when adult within an area 
of familiarity built up by exploration when younger. Many apparently unconnected movement 
patterns may in fact be different facets of exploration. 

A crucial element in the efficiency both of exploration and of subsequent movements 
within the resulting familiar area is the ability to navigate. The displacement-release experiments 
by which navigation is studied are in effect mimics of natural exploration. Non-random 
orientation toward home following displacement and release has been shown for birds, bats, 
rodents and humans (both in Britain and the U.S.A.). 

Navigation during exploration may occur both during the outward journey and at the new 
site to be incorporated into the expanded familiar area. An ability for magnetoreception offers 
particular advantages for route-based navigation in the context of exploration. Exposure to 
artificial magnetic fields during displacement influences homeward orientation by homing 
pigeons, woodmice and humans. For both pigeons and humans, applied magnetic fields may 
improve as well as disrupt orientation. If magnetoreceptors are based on aligned arrays of 
magnetic particles in tissue, improved magnetoreception may result from improved net 
alignment of particles in response to the applied field. 

INTRODUCilON 

All individual organisms are born at a site determined for them by their .mother. 
Some time later they die at a site determined largely by their own migrations. 
Between these two events and places they trace through time and space a usually 
invisible path, their lifetime track (Baker 1978). 

At first sight, the terrestrial vertebrates that are the subject of this paper present 
for study a bewildering variety of lifetime tracks. A useful first step, therefore, is to 
seek common denominators. If such exist, use can be made of the perspective 
generated by a comparative approach. 
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Accordingly, this paper has two major themes. The first is that, despite their 
variety, the lifetime tracks of terrestrial vertebrates while adult are nevertheless all 
founded on a common process of exploration and navigation when younger. The 
second is that the perspective to be gained from a study of human lifetime tracks can 
provide a powerful tool in our attempts to understand the lifetime tracks of other 
species. 

FAMILIAR AREAS 

As humans, it is our subjective experience that we organize our lifetime tracks 
around an area of familiarity within which, most of the time, we know where we are 
and where we are going. In particular, we know when and where to obtain this or that 
resource. Most often, also, we know the most economical route between any pair of 
resource sites. 

Even for humans, it is by no means easy to fmd objective evidence for what, 
subjectively, we know to be true about our life within a familiar area (Baker 1982). 
Suitable data may be obtained from: (1) observation of the frequency with which 
individuals return again and again to the same site while ignoring adjacent sites of 
apparently equal suitability and (2) displacement-release or 11 homing 11 experiments. 
However, if we apply the same tests to virtually any other terrestrial vertebrate, we are 
likely to obtain the same results as for humans: site faithfulness and homing after 
experimental displacement. This should not be so surprising. Life within a familiar 
area has many advantages, leading, as it does, to economy of travel and efficient 
exploitation of available resources. With such advantages, it would be even more 
surprising if man were the only vertebrate to organize its movements in this way. 

It is a safe assumption that all who read this paper have little seasonal pattern to 
their shifts of home range. There are people, however, with a distinct annual cycle to 
their lifetime track. Examples are some Lapps, moving to-and-fro between winter and 
summer home ranges in Scandinavia, and some Bedouin who traverse huge annual 
migration circuits within the deserts of Arabia (Baker 1978). Few readers, however, 
would suggest that such Lapps or Bedouin are any less familiar than themselves with 
the area in which they each live and move. The possibility emerges, therefore, that 
all terrestrial vertebrates, whether or not they show long-distance seasonal shifts of 
home range (e.g., McCullough, this volume), may be equally familiar with the total 
area in which they live. Such evidence that exists tends to support, rather than 
contradict, this view (Baker 1982), and perhaps few people would resist application of 
the familiar area model to the movements of terrestrial mammals. There may be 
greater reluctance to accept such a model for other vertebrates (e.g., Swingland 1983, 
for the Aldabran giant tortoise Geochelone gigantea). 
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EXPLORATION 

When a human or other terrestrial vertebrate is born, it has no familiar area. By 
the time it is old enough to reproduce, it should ideally be exploiting with economy 
and efficiency the resources available within a suitably large familiar area. Even for 
some invertebrates (e.g., social insects) infonnation concerning unfamiliar sites may 
first be collected through visual, acoustic or olfactory communication with other 
individuals. Eventually, however, either solitarily or with others, individuals can only 
extend their useful familiar area by exploration: traveling beyond the current limits of 
their familiar area, visiting and evaluating new sites, and incorporating those that are 
useful within the expanded familiar area. 

Exploration is a means to collection of infonnation for future use. Indeed, an 
exploring animal, as it travels through unfamiliar terrain with unappraised danger and 
resources, is, in effect, trading the short-term disadvantages of exploration for the 
longer-term advantages of life within a larger familiar area. 

Characteristically, vertebrates seem to be more motivated to explore as 
adolescents than as adults (Baker 1978, 1982). There is some evidence for rodents 
from breeding experiments and gonadectomy that this motivation to explore during 
adolescence is genetically based and hormonally mediated (Baker 1981b). 

Many features of the lifetime tracks of vertebrates that at fmt may seem 
unconnected could in fact be different manifestations of exploration. The post
weaning and other "dispersals" of small mammals (Lidicker, this volume) including 
bats (Fenton and Thomas, this volume), "transience" (see below), and, for birds, 
post-fledgling and post-breeding migrations, "reversals" during seasonal migration 
(Richardson, this volume), and even extreme examples of downwind migration 
(Gauthreaux and Able 1970) can all be interpreted in terms of exploration (Baker 
1982, 1984b). 

Kiester (this volume) describes the behavior of a "transient" box turtle that 
moved through his study area. The animal moved in a more or less straight line for 
several weeks and eventually had traveled a few kilometers. At fmt sight, such 
behavior may seem difficult to reconcile with exploration, the latter requiring, as it 
does, retention of the ability to return to the original home range. Yet turtles are able 
to return home from several kilometers even after absences of at least several months. 
For example, Bertram (1979) describes a radiotracking study of a female leopard 
tortoise Geochelone pardalis, displaced 7.3 km from home and released. For 3.5 
months she stayed within 400 m of the release site. Then, suddenly, her behavior 
changed and over a period of 53 days she traveled an indirect route of at least 12 km 
to return to within 50 m of the place where she was captured. 

11 Evidence 11 in support of the combined familiar area and exploration models 
was initially more anecdotal than experimental (Baker 1978) and some authors (e.g., 
Swingland 1984) have suggested that the models are, in fact, untestable (and therefore 
unscientific). Since 1978, however, a variety of predictions based on these models 
have been made (Baker 1982, 1984b). Many involve specific differences to be 
expected between adults and young in terms of activity, search and migration patterns 
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and in their use of resources. All are testable by combinations of observation, 
radiotracking, banding and experiment, and the first results have been published 
(Baker 1980a, Mather 1981). 

NAVIGATION 

Navigation as Part of Exploration 

Exploration has three major facets (Baker 1982): (1) the exploratory migration 
by which the animal travels beyond its pre-exploration familiar area; (2) habitat 
assessment, determining which habitats are to be incorporated within the expanded, 
post-exploration familiar area and (3) navigation. 

In the discussion that followed this paper at the Port Aransas symposium, 
Professor Schmidt-Koenig questioned whether, by definition, navigation could be 
considered part of exploration. His point was that the familiar area expands as the 
animal explores. At no time, therefore, is the animal beyond its familiar area. Thus, 
if navigation is the means by which an animal returns from unfamiliar to familiar 
locations, it cannot by definition be considered part of exploration. 

Sometimes, of course, an animal will return from exploration by retracing its 
steps-pilotage rather than navigation (Baker 1982, 1984b). Except when the outward 
exploratory route is a straight line, however, the most economical return route will 
take the explorer across terrain that it has never before traveled. Thus, if navigation is 
the means by which an animal fmds its way to a familiar destination over terrain that 
is unfamiliar in that the animal has never before traveled that same route, then 
semantically we can accept navigation as part of exploration. 

Clear evidence that animals ever return home from natural exploration by 
navigating a direct route rather than by retracing their steps is scarce. Perhaps the 
most conttolled data are available for geese. Led by human foster mothers, young 
birds walked along unfamiliar paths away from their home. When deserted, the birds 
rarely retraced their circuitous outward track but most often returned home by 
pioneering a more direct route (Saint Paul 1982). Recent advances in telemetry hold 
out the hope that before long we may be able to quantify how often exploring animals 
navigate home and how often they retrace their steps. 

It is usual to view navigation in the short term as the means by which animals 
avoid becoming lost. Viewed in the context of exploration, however, navigation is 
much more than this; it is the means by which an animal pioneers the most efficient 
route from one resource site to another. In the long term, therefore, the efficiency 
with which an animal travels around within its final familiar area depends ultimately 
on its navigational ability. The navigational solution produced by an animal the frrst 
time it returns from a new site may not be its final solution on future occasions when 
more information may be available. 



470 R. Robin Baker 

Displacement-release Experiments as Enforced Exploration 

The usual way to study navigation is by means of displacement-release or 
11 homing 11 experiments which mimic closely the behavior of natural exploration (Baker 
1982). The animal is taken from its normal home range, displaced to a site it is 
unlikely to have visited before, then assessed for its ability to: (l) indicate the 
direction of home from the release site and/or (2) return home. 

Examples of animals returning home after displacement and release, often over 
long distances, are known for a variety of terrestrial vertebrates (reviewed by Baker 
1978). Relatively few species, however, have also been tested for an ability to orient 
in the direction of home at the release site. Yet, without such evidence, it is always 
possible that homing is achieved simply by chance (Wilkinson 1952). 

Apart from the well-known case of the homing pigeon, examples of terrestrial 
vertebrates for which there is evidence of an ability to orient towards home following 
experimental displacement are: the turtle Testudo hermanni (Chelazzi and Francisci 
1979), woodmouse Apodemus sylvaticus (Mather and Baker 1981), and bat 
Phyllostomus hastatus (Williams and Williams 1970). 11 Bus" experiments to test 
whether humans show such an ability after blindfolded displacement over tens of 
kilometers have been carried out both in Britain and the United States (Baker 1980b, 
1981a, 1984b, 1985a,b, in press; Gould 1980; Gould and Able 1981). 

In Britain, over 350 subjects have now taken part in over 30 bus experiments 
carried out by myself and my students from Manchester University. Whether analyzed 

e0by subject (n = 372; = 2 ± 18; r = 0.245; p < 0.00001: V-test; where 
eo = mean error ± 95% confidence interval in estimating home direction; r = length 
of the mean vector; V -test measures probability of obtaining observed homeward 
component of mean vector by chance; Batscbelet 1981) or journey (n = 31; 
eo = 13 ± 29; r = 0.509; p = 0.()()()()6: V -test), the results show a nonvisual ability 
to indicate the direction of home. 

According to Gould (1980), initial bus experiments at Cornell by the late W.T. 
Keeton also 11 met with success, 11 though the results have never been published for 
general appraisal. In contrast, Gould and Able (1981) could see little evidence of 
homeward orientation, either in their own bus experiments at Princeton and Albany or 
in the collaborative experiments between Gould and myself at Princeton. However, 
according to my own analysis (which avoids the "technique" employed by Gould and 
Able of testing multiple hypotheses against non-independent data), both of the 
collaborative series at Princeton and Cornell showed significant homeward orientation 
(Fig 1). Even if all 10 American experiments (7 at Princeton, 2 at Albany, 1 at 
Cornell) for which data are available are combined, the same conclusion emerges. 
Whether analyzed by subject (n = 154; eo= -1- 50; r = 0.147; p = 0.005: V-test) 
or by journey (n = 10; eo = 13; r = 0.404; p = 0.039: V-test), the results show a 
nonrandom ability to indicate the direction of home (Fig 1). 
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PRINCETON (1) PRINCETON (2) COONELL 

(a) 

•• 

(b) 
6 Princeton (1) 
• Princeton (2) 
• Cornell 
o Albany 

Figure 1 
American Bus Experiments: (a) Individual mean errors at Princeton and Cornell. Each dot is the 

mean error of estimates of the compass direction of home by a subject as caJcu1aaed over the I -5 test sites 
oo a single blind-folded bus journey. Anow and data show the mean vector(~. r) where~ is the mean 
error of the dots shown and r is the vector length (Batschelet 1981 ); p is the probability that the observed 
homeward component of the mean vector occurred by chance (V-test, Batscbelet 1981). Home direction is 
sbown by the dotted vertical line. PriDcetoo (1), drawn from data provided by J.L. Gould for 4 journeys in 
1980; Princeton (2), data for 3 coUaborative journeys in 1981 (JLG, RRB, J .G. Malber); Cornell, data for I 
coUaborative journey (K. Adler, RRB, JGM). (b) Journey mean errors at Princdoo, Cornell and Albany. 
Albany data from Gould and Able ( 1981). 

It is interesting to note that a homeward component of about 0.15 (U.S. A.) to 
0.25 (Manchester) for inexperienced humans is similar to, or even better than, the 
homeward component of about 0.15 for inexperienced homing pigeons from six 
German lofts reported by Foa, Wallraff, loale and Benvenuti (1982). Yet the pigeons 
could see while making their "estimates," whereas humans could not. 

Route-based and Location-based Navigation 

There are two broad categories of navigation (Baker 1981a): route-based and 
location-based. In route-based navigation the animal collects information during 
exploration or experimental displacement, thus maintaining a more or less continuous 
awareness of home direction throughout the journey. Location-based navigation uses 
information available at the new or release site. Usually, we should expect these 
techniques to be complementary, but if one mechanism becomes or is rendered 
impossible, navigation may be achieved solely by the other. 
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In the 1950's and 60's, studies of birds concentrated on mechanisms for 
location-based navigation (e.g., Matthews 1968). Since the frrst indication (Papi et al. 

1978) from detour experiments that pigeons also use route-based navigation, more 
attention has been given to the latter, particularly the possible use of olfactory (e.g., 
Papi 1982) and magnetic information (Kiepenheuer 1978, Wiltscbko and Wiltscbko 
1978). 

Magnetoreception and Route-based Navigation 

There are obvious advantages in maintaining an awareness of home direction by 
route-based navigation during exploration. There are also disadvantages. Not least is 
the mutual interference caused by the conflicting demands of exploration and 
navigation on particular senses. If exploration is to be adaptive, there has to be 
continuous vigilance, both for dangers and resources. Vision, olfaction and/or hearing 
will be in continuous demand. Any background navigational sense should be 
advantageous. At intervals, route-based navigation from this background sense may be 
integrated with location-based information from these other senses in accord with tbe 
various techniques for route-based navigation (Baker 1984b, Cbapter 4). 
Magnetoreception, either to monitor the compass direction of ttavel or to follow tbe 
twists and turns of the journey. would seem to meet most of these demands and to be 
a valuable supplement to the navigational annory of any exploring animal. 

Until 1981, it was assumed that artificial magnetic fields applied to animals 
during displacement/release experiments could only reduce homeward orientation, 
away from the correct direction. However in the proceedings of the International 
Symposium for Avian Navigation held at Pisa in September, 1981, Walcott and Gould 
(in Walcott 1982) reported that homing pigeons exposed to a strong, static magnetic 

field before taking part in a homing experiment seemed to show more accurate 
homeward orientation than controls. These authors suggest that the effect may be due 
to the artificial field influencing the alignment of magnetic particles that are 
hypothesized to be the basis of the magnetoreceptor-more strongly aligned particles 
allowing more accurate magnetoreception. 

This report by Walcott and Gould has one very important consequence: until 
empirical results and/or our understanding of the physiology of the magnetoreceptor 
allow a clear prediction as to whether a particular magnetic treatment should lead to 
reduced or enhanced orientation, no assumptions can be made. Experiments should be 
designed to allow for either effect, and analysis of results should use two-tailed tests. 

Manipulation of the magnetic field during the outward journey of displacement
release experiments has been shown to reduce the strength of homeward orientation by 
homing pigeons (e.g., Wiltschko and Wiltschko 1978; Kiepenheuer 1978; Benvenuti, 
Baldaccini and Ioale 1982). woodmice (Mather and Baker 1981) and horses (Baker 
and Panagakis, unpublished). Until now, only for homing pigeons has enhancement 
of homeward orientation been reported (Walcott and Gould, in Walcott 1982), though 
one wonders how many past experiments may not have been published beaJuse 
magnetic treatments improved orientation. 
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Navigation experiments on humans not only provide further examples of 
enhanced homeward orientation but also hint at a pattern consistent with the proposal 
(Baker 1981a, 1984a,b, 1985a; Baker, Mather and Kennaugh 1983) that the 
magnetoreceptor may be located in the region of the ethmoid/sphenoid sinus complex. 
Subjects wearing magnets on their forehead in a bus experiment at Princeton showed 
significant homeward orientation (n = 20; e = 12°; r = 0.27; p = 0.047: V-test) 
(Gould and Able 1981, p. 1061; though Gould fails to point out that the V-test yields 
significance) as did subjects wearing magnets on their right temple in bus experiments 
at Manchester (n = 21; e = -llo; r = 0.382; p = 0.008: V-test) (Baker 1985a, in 
press). Subjects wearing bar magnets behind the right ear on the same journeys at 
Manchester did not show significant homeward orientation (n = 24; e = -18°; 
r = 0.216; p = 0.077: V-test), nor did subjects with magnets on the back of the 
head, either at Barnard Castle (n = 15; e = - 36°; r = 0.323; p = 0.075) (Baker 
1980b) or Princeton n = 14; e = -124°; r = 0.19; p = 0.715) (Gould and Able 
1981). 

The good homeward orientation shown by subjects with magnets forward of the 
ear represents a significant improvement over that by controls wearing magnetically 
inert bars in the same positions (n1•2 = 41, 45; U = 676; p = 0.033 (2-tailed): 
Wallratrs test, Batschelet 1981, pp. 127-8). Homeward orientation by subjects with 
magnets behind the ear was also marginally but not significantly (nu = 24, 25; 
U = 313; p = 0.168 (2-tailed)) better than that by controls. However, in both 
experiments with magnets on the back of the head, subjects with magnets showed 
poorer homeward orientation than controls, though even for the combined data the 
difference was not significant (n1,2 = 29, 28; U = 313; p = 0.136 (2-tailed)). Full 
details of these analyses are given in Baker (in press). 

These data show that applied magnetic fields can, under some circumstances, 
improve homeward orientation. They also suggest that magnets exert the greatest 
influence on human orientation when placed forward of the ear. A similar conclusion 
was reached in rotating chair experiments on human compass orientation (Baker 
1984b). 

Walcott and Gould's report has temporarily complicated predictions of the 
influence of artificial magnetic fields on orientation. Further levels of complexity 
have been added by other rotating chair experiments (Baker 1984a, b). Not only do 
the results show that the position of the magnet on the head is important, they also 
indicate that the polarity and axis of the magnet may be equally critical. Moreover, 
the influence of a magnet may differ between individuals in accordance to their bed 
alignment (Baker 1984a). 

According to Walcott and Gould's hypothesis, magnets left in position 
throughout a navigation experiment may exert two separate, and perhaps contradictory, 
influences. Not only will they alter the ambient magnetic field, they may also 
manipulate the magnetoreceptor to function either more or less efficiently. Walcott 
and Gould attempted for homing pigeons to separate these two effects by the 
technique of pre-treatment, exposing the animals to an artificial magnetic field before 
the experiment but only to the earth's magnetic field thereafter. 
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Figure 2 
Influence of prior exposme to magnets on goal oricotalion by humans in walkabout experiments Each 

dot shows one subject's estimate (made by drawing an arrow) of the starting point of their journey. 
Although measured to the nearest degree, estimates are illustrated to the nearest 10". Homeward orientation 
by subjects exposed to N-up magnets is significantly beuer than that by subjects exposed to brass 
(N1.2 = 35, 30; U = 340; p = 0.015 (2-tailed) or S-up magnets <N1•2 = 35,31; U = 378; p = 0.034 (2
tailed); the latter two not being significantly different (U = 414; p = 0.532 (2-tailed)) (Wallraff's test). 

Pre-treatment tests on humans in rotating chair experiments have shown that a 
20 mT bar magnet placed vertically between the ear and the eye for 10 minutes and 
then removed continues to influence compass orientation for several hours after 
removal (Baker 1984a,b, 1985a). In summer 1983 a series of "walkabout" 
experiments was carried out to test whether similar pre-treatment might influence goal 
orientation under conditions that approached natural exploration. In walkabout 
experiments, subjects are not blindfolded or passively displaced but follow 
experienced guides along winding paths, in this case through Gloucestersbire 
woodland. They are allowed to use any visual or other cues they wish but are not 
allowed to discuss the route. None of the subjects had visited the area before; the 
walk therefore qualified as an exploration. 
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The route taken was about 3 km long and led eventually to a test site 0.67 km 
to the ENE of the starting point of the journey. A bar, sealed inside an opaque, 
brown paper envelope, was worn on the right temple 15 minutes before departure and 
was removed 5 minutes before the walk began. The bars were of three types: ( 1) 
brass (2) a magnet with S-pole uppermost or (3) a magnet with N-pole uppermost. 
All measured 77 x 15 x 6 mm and magnets had a pole strength of about 20 mT. 
Field strengths experienced by the subjects in the region of their sphenoid/ethmoid 
sinuses are given in Figure 2. At the test site, subjects were tested individually for 
goal orientation. Made to face a fiXed direction (east) and provided with paper, clip 
board and pencil, they were asked to draw an arrow pointing toward the starting point 
of the journey. Neither experimenter nor subject knew the treatment the subject had 
received before the walk began. 

The 96 subjects were students (19-21 years old) from the Universities of 
Manchester and Liverpool and were tested in three groups (June; July and September). 
Three major points emerge from the results shown in Figure 2: 

1. Exposure to an artificial magnetic field stronger than the geomagnetic field can 
improve goal orientation; 

2. Magnetoreception seems to be part of the navigational armory of humans during 
exploration even when able to see; 

3. The influence of an applied field persists for at least 1.5 hours, the duration of 
the walk. 
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ABSTRACf 

The roles of the ocean in promoting or preventing the early spread of man and culture 
traits have been a major topic of debate in anthropology, and yet no branch of that diversified 
science is devoted to marine matters. Consequently, the discussions and conclusions are largely 
based on personal opinions or accepted assumptions. The right to pass judgement on the 
navigability of any stretch of open sea or the seaworthiness of any type of ancient watercraft has 
long been open to any theorist. 

Studies and experiments conducted during a number of decades by myself and others have 
shown the need for a more serious and unbiased approach to research into man's early activities 
at sea and the role of readily constructed wash-through watercraft as a very early tool that 
permitted seabom populations to engage in either planned or unpremeditated voyages more 
quickly and easily than any trek over large stretches of land or ice. This is a report of my own 
experience crossing the three main world oceans with prehistoric types of wash-through craft. 

INTRODUCTION 

A major problem in modem anthropology is to determine the role of the world 
oceans in the early spread of man and culture. It is obvious that coastlines and other 
open stretches of water played a leading part in determining human migration routes in 
the earliest ages when man still moved about as a strictly terrestrial food gatherer, 
compelled to alter course wherever dry land ended. In the early days before the use 
of either sails or wheels, ocean shores and riverbanks forced man, and sometimes 
lured him, along the routes that brought the human species to all continents. 

But man did not forever remain a pedestrian. He became an off-shore fishennan 
and even a merchant mariner. His abilities to travel increased when he began to build 
watercraft, and he built floating vehicles before he invented the wheel. Through 
archaeology we know that mast and sails were in common use millennia before horse 
and cart. It must have been exceedingly early when man learned, like swimming 
animals, that by creeping up on floating wood or reed clusters he would get support, 
sometimes even a convenient ride. 



482 T. Heyerdahl 

How early our human ancestors began to build proper rafts of reeds and logs, or 
to hollow out the first canoe, will perhaps never be known. Crude bundle-boats for 
mere buoyancy were as simple to build as any shelter and did not require tools. The 
great steps forward were taken when watercraft were made seaworthy and navigable 
and permitted man to venture beyond swimming distance of the shore. 

Even this step was taken very early. The first ships were in use before any 
major civilization developed, for the oldest civilizations have been found on islands. 
This is a recent and quite unexpected discovery in archaeology. A readjustment of 
available carlxm-datings shows that the megalithic structures left on the island of 
Malta and certain islands around Great Britain are older than the oldest temples and 
pyramids of Egypt, and also that the harbor-city excavated on the island of Bahrain in 
the Persian Gulf antedates Sumerian civilization on the mainland. 

This new evidence is as revolutionary to our understanding of the obscure 
human past as is the fact that man walked about on this planet two million years 
before any date suspected until a few years ago. What happened to our ancestors in 
the thousands of millennia between their appearance as a race of Homo sapiens and 
their reappearance as navigators and experienced architects who were constructing 
impressive buildings far away from any continent? How did man acquire the drive 
and expertise to venture out into the ocean? 

We are clearly still missing important pieces in the archaeological puzzle. We 
have not yet quite digested the new data and taken the logical consequences. Man 
was two million years old when the first kingdom was founded on the banks of the 
Nile. Before the days of the frrst Pharaoh or the first dynasty in Sumer, before the 
existence of any scribes to record their deeds, master masons from unknown ports 
were crisscrossing the open seas with their families to choose widely separated island 
homes. These frrst deep-sea explorers, who escaped all documented records, had 
indeed spread themselves very far apart, if they had even set out from the same ports, 
for the islands they had chosen for their structures were on either side of the Straits of 
Gibraltar and on either side of the Arabian peninsula. A significant cultural evolution 
with considerable maritime experience must have preceded this early spread from the 
fertile continents to small and often barren islands off three continents. 

Less than a decade ago it was generally assumed that civilization was the logical 
product of the favorable conditions in Egypt and Mesopotamia, where large masses of 
organized people had access to vast expanses of agricultural land along the banks of 
the river Nile and of the Euphrates and Tigris. Two civilizations, it was thought, 
were born during one and the same century, 3100 B.C., when land dwellers on the 
river banks on either side of the Arabian peninsula simultaneously invented script and 
started building pyramids. As long as man's age as a species was estimated at a few 
thousand years, it seemed natural that time was ripe for civilization to burst into full 
bloom in the Biblical lands of Sumer and Egypt during the very same century five 
thousand years ago. But then came the discovery that a third and equally fully 
developed civilization, also with fully developed script, settled along the banks of the 
navigable Indus river at the same time. First, the impressive ruins of the large cities 
of Mohenjo-Daro and Harappa were discovered and dated to 2500 B.C., then the older 
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city ruins of Amri and Kot-Diji were excavated closer to the sea and dated to just 
about the same century as the sudden appearance of fully grown civilization in Egypt 
and Sumer. 

Was this remarkable triple concurrence in time, shared by the world's three 
oldest known civilizations, a sheer coincidence, or was it the result of earlier contact 
and mutual inspiration? Today we know that the chances for coincidence in time 
would be one in twenty thousand (one century to two-million years). In contrast, the 
chances for common inspiration would be great, since we know that anonymous 
maritime explorers with a highly developed culture had settled islands in these very 
same waters on either side of Asia Minor before this time. If they had found islands 
that far apart, they would have had no difficulties in also fmding the only three large 
and navigable river mouths on the adjacent mainland. The art from the very earliest 
period of these three great and simultaneous civilizations shows that they all had 
ships, just like their predecessors on the islands, and all three had ships of the same 
rather peculiar type. In the earliest art of Mesopotamia and that of the Indus Valley, 
illustrations of these ships are engraved on the seals of the merchant sailors. In Egypt 
they are shown on the oldest pottery near the mouth of the Nile, in frescoes and reliefs 
of royal tombs and temples, in funeral models, and in pre-Pharaonic petroglyphs along 
the desert plateau between the Nile and the Red Sea. In all three areas they represent 
reed ships with strong curves and highly up-swung bow and stem for ocean voyaging, 
cross-lashings around the bundle hull, mast with sail, and one or two cabins on deck. 

The remarkable resemblance between the former reed ships of Egypt and 
Mesopotamia have long been lmown, but the fact that the Indus Valley civilization 
also shared the same kind of vessel was not recognized until E.J.H. Mackey published 
his findings from excavations at Mohenjo-Daro. They included a seal showing a 
sailing vessel with double-mast and cabin, which Mackey properly identified as a reed 
ship of the same type, he says, as on the pre-Dynastic pottery of Egypt and the 
cylinder seals of Sumer (Mackey 1938, Vol. 1, pp. 341-342). 

Another archaeologist, P. Amiet, studying the archaic glyphs which antedate the 
cuneiform script in Mesopotamia, found that the earliest sign for "ship 11 in Sumer was 
the same as the sign for "marine 11 in the earliest hieroglyphic script of Egypt (Amiet 
1961, pp. 121-122). It depicts the same sickle-shaped reed boat with crosswise 
lashings and reeds sprawling out in bow and stem. 

As is well known, the earliest Sumerians quickly changed their own script from 
hieroglyphic symbols to the cuneiform characters that have been deciphered. From the 
inscribed clay tablets of these founders of the First Dynasty in Mesopotamia, we learn 
that they were mariners from the time their earliest ancestors arrived by boat and 
established themselves at Ur, then a harbor city at the outlet of the twin rivers. Their 
cylinder seals consistently showed the ancestors of their divine kings navigating the 
sea, guided by sun and stars. The texts on a great number of their clay tablets give us 
details, the actual size of their ships, their carrying capacity, their cargo, and the 
names of distant islands and mainland kingdoms with which they carried out intensive 
maritime trade. 
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The Egyptians, in contrast, seemed rather to have settled down to become a self 
contained river people almost as soon as they had established their First Dynasty on 
the banks of the Nile. Nevertheless, on the river, the Pharaonic ships maintained the 
typical ocean-going lines of their pre-Dynastic ancestors such as is represented in the 
pre-Pharaonic art, and the successive lines of Pharaohs, like their neighbors in 
Mesopotamia, always depicted their earliest divine ancestry as traveling on reed boats, 
never on wheeled transport. That the Pharaohs descended from a maritime ancestry is 
rather obvious, for the rulers of the First Dynasty continued for a long time to collect 
taxes imposed upon distant islands in the Mediterranean Sea. 

All available evidence documented in the earliest written records and illustrated 
in contemporary art thus concur with modem archaeology in showing that there was a 
very early period of maritime activity of which we are still almost totally ignorant 
because it antedated historic record. Historic record began with script, and ships were 
in use before script announced them. In other words, ships antedated the three earliest 
known continental civilizations. They were not, as formerly assumed, a product of 
these civilizations, but more likely the primary cause for cultural growth through 
contact and trade. 

Once the three great ship-building kingdoms had been established on the banks 
of the three largest rivers in the area surrounding the Arabian Sea, the entire Middle 
East began to abound in interlocking civilizations, all with different forms of script. 
As suddenly, and in the very same centuries, different, equally advanced civilizations 
began to bloom all along the coasts of south and east Asia. For two million years or 
more, man had conducted a modest terrestrian life, incapable of long range trade and 
cargo transport, until ships gave birth to maritime nations. Once three such 
kingdoms, possessing both ships and script, had been established around 3100 B.C., 
coastal civilizations burst forth during a few centuries as far east as Indonesia and 
China, and west along the north African coast and out to Cyprus, Crete and other 
Mediterranean islands. Everywhere history took a sudden new tum. Two millennia 
would pass, however, before Europe was to participate in this vortex of cultural and 
economic growth, which finally reached Greece through sailors from Crete. The early 
Greeks influenced the Romans, and from the Mediterranean nations, script, art styles, 
architecture and all basic elements in the old Asiatic civilization finally spread 
throughout Europe. Another two millennia passed before the birth of Columbus who 
was directly responsible for the historic diffusion of all these same borrowed cultural 
elements to tribes and nations in aboriginal America. With the arrival of the 
Spaniards in Central America, a historically documented diffusion was completed. 
With their Bible and Cross, powder, compass, sail and rigging all inherited from Asia, 
Europeans introduced a new epoch to ancient civilizations in what was to become the 
New World. 

Since the days of the great founders of religion, no single individual has set 
such deep traces in history as Columbus. No sea voyage since Paul the Apostle sailed 
to Rome to disperse Christianity throughout the world has caused such profound 
changes in human lives on all continents. It is understandable then that, in addition to 
being a time marker, Columbus seems to many to represent a sort of founder of deep
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sea ventures. We lack the names of the countless voyagers whose experience enabled 
them to design the sails and rigging which medieval Europe so faithfully copied in 
every detail five millennia later. Ship-building, maritime experience, courage, 
curiosity and enterprise were nothing new to mankind in the dark medieval ages when 
the Spaniards changed world history, nor when the Vikings wrote their sagas. 

DIFFUSIONISM AND ISOLATIONISM 

On these and the other points so far outlined there seem to be no dissent among 
modem anthropologists. Disagreement tends to abound as soon as the question arises 
as to whether pre-Columbian watercraft would have been able to cross from one 
continent to another with or against the will of the crew. When did the world ocean 
cease to be a total barrier for early man and instead become a principal conveyer for 
trade and transfer? 

In some regional discussions, particularly those pertaining to the origins of 
civilizations in nuclear America, the views have been so conflicting that the terms 
"diffusionist" and "isolationist" have been coined to distinguish two ways of thinking 
which became almost petrified into two schools of learning. One became a 
diffusionist by believing that the oceans on either side of the Americas were navigable 
before 1492, and an isolationist by claiming that nobody could have reached or left 
America by sea before Columbian time. 

As scientific denominations, these terms are inexact, often misleading. Who is 
a diffusionist, the one who plots extensive migration routes from tropical Asia to 
tropical America by foot the roundabout way through Siberian ice and tundra, or the 
one who sends them the fast way from coast to coast by boat? Any buoyant 
watercraft would bring drift voyagers from the Philippine Sea leisurely to northwest 
America with warm water in the Japan Current, not during generations but in a few 
weeks. Is the diffusionist route the hard one or the easy one? If the long terrestrian 
route by way of the Behring Strait is not diffusion, then the term diffusion applies 
only to maritime transfers. Yet this is not so. Easter Island, the loneliest speck of 
inhabitable land in the world, could only have been reached by sea. It lies 2000 miles 
from America and 8000 miles from Asia, yet the diffusionist becomes the one who 
proposes the shortest route from South America, which furthermore is a natural 
down-wind ride with the west-bound tradewinds and ocean currents. 

Indeed, as originally defined, the term "diffusionist" should apply to one who 
undervalues human ability to make independent inventions, and ascribes all cultural 
parallels to contact; the "isolationist" unconditionally argues that the mere presence of 
an open ocean guarantees that no contact can have occurred prior to A.D. 1492. The 
roles of the ocean in promoting or preventing the early spread of man and culture 
traits C<}ntinues to be a major topic in anthropology, and yet no branch of that diverse 
science is devoted to marine matters. Consequently, the discussions and conclusions 
have been largely based on personal opinions or accepted assumptions. The right to 
pass judgement on the navigability of any stretch of open sea or the seaworthiness of 
any type of ancient watercraft has long been open to any theorist without fear of 
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trespass into any person's special sphere. 
This was very much the situation when, with an academic background in 

biology, I left for Polynesia in 1937-38 to conduct field research for the Department of 
Zoology at the University of Oslo. Three years of research also on Polynesian 
origins in the Bjarne Kroepelien Library, then as now the world's largest private book 
collection on Polynesia, had indoctrinated me in the general belief that only Asia 
could have contributed to the population of these distant islands in pre-European 
times. All authors agreed on this point, claiming there were no seaworthy watercraft 
on the American side of the ocean prior to the arrival of Columbus. Yet the problem 
of Polynesian origins was clearly not solved merely by eliminating America, for not 
two of the large number of authors who had proposed a migration route had picked the 
same theoretical itinerary or point of departure. With no concern for either 
diffusionism or isolationism, theoretical migration routes were proposed by someone, 
and disproven by someone else, from almost every part of Asia ranging from China to 
Mesopotamia and even farther beyond. 

It was my original background in biology and the hardship of living one year at 
realistic grips with nature among aboriginal Polynesians in total isolation from the 
outside world that forced me to some rethinking. Reality was by no means reflected 
by the dots and arrows symbolizing islands and migrations on a map. The Pacific 
alone curves as a complete hemisphere covering half of our planet, and I had come to 
Fatu-Hiva, a tiny speck of land in the Marquesas Group 4000 miles from the nearest 
continent, America. The object of the field research was to study how biological life 
bad spread to such ocean-hom islands once formed by submarine volcanoes. Winds, 
currents, and transport by aboriginal man could have been the only agents of supply 
prior to European arrival. All the Polynesian islands are located within the tradewind 
belt with strong winds from America prevailing twelve months of the year. All the 
nuclear groups, and most notably the Marquesas first in the line, are also clustered in 
the main sweep of the fast current. Under these conditions it was easy to understand 
why the Polynesians use the terms "upwards" and "downwards" for east and west in 
the ocean. Upwards is the direction of America, downwards the direction of Asia. 
Dependent for one year entirely on an open outrigger canoe for fishing and travel, one 
felt the constant menace of being blown off into the powerful current which rushed 
like a westbound river past the coast. 

Even the flora, and with it the distribution of insects and land shells, were 
dominated by this constant westward sweep of the elements, to the extent that most of 
the mountainous Marquesas islands had a moist eastern side with rain forest and a dry 
western side with semi-desert vegetation. What anthropologists had overlooked, but a 
biologist could not miss, was F.B.H. Brown's volumes on the Flora of Southeastern 
Polynesia, from which it appears that a number of strictly American cultivated plants, 
the most conspicuous among them being the sweet potato, the husk tomato, the 
pineapple and the papaya, grew on the Marquesas islands when the Europeans came, 
yet none could have spread solely by winds or currents. Some of them were therefore 
"doubtless of aboriginal introduction. " Purely from botanical evidence, Brown was 
led to conclude that, "undoubtedly some intercourse may have occurred between the 
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natives of the American continent and those of the Marquesas. 11 (Brown 1931, 1935). 
Other botanists had made similar observations on other islands throughout 

Polynesia, but left it to the anthropologists to draw the conclusions, and the 
anthropologists denied the feasibility of aboriginal arrivals from America in pre
Columbian time. But the pan-Polynesian cultivation of the American sweet potato 
was hard to dismiss. It was grown in Polynesia with its aboriginal South American 
name, kumara, and was duly recorded by the European discoverers as the principal 
crop plant in islands as far apart as Easter Island, New Zealand and Hawaii. Together 
with the equally important and also pan-Polynesian bottle gourd which archaeologists 
began to discover in early pre-Inca tombs of Peru, anthropologists faced two cultivated 
plants of such basic importance to Polynesian culture that their dispersal across the 
ocean had to be explained. Several noted scholars then suggested that canoe voyagers 
from eastern Polynesia might have reached America andre~ with these plants. 

More numerous still were all the Polynesianists who pointed out specific 
American traits in the skeletal structures and blood groups of the Polynesians, or 
remarkable cultural correspondence between these two neighboring areas. 
Nevertheless, any indication of common origins or pre-European contact was 
explained as the result of Polynesian visits to America, or dismissed as coincidence, 
with a never-failing reference to the dogma that no New World people could have 
survived an ocean voyage prior to Columbus. There was no dissent about this claim 
as late as 1945 when the dean of Polynesian anthropology, the late Sir Peter Buck, 
published his Introduction to Polynesian Anthropology and opened by stating: 
"Since the South American Indians had neither the vessels nor the navigating ability 
to cross the ocean space between their shores and the nearest Polynesian islands, they 
may be disregarded as the agents of supply. 11 (Buck 1945, p. 11). 

Previously his colleague and successor at the B.P. Bishop Museum, the 
archaeologist K.P. Emory, had argued that it was quite within reason to entertain an 
American origin for a cultural element so specialized as the stone facing on Easter 
Island. In a subsequent publication, however, he abandoned his own view because, as 
he said, his colleague, the prominent Polynesianist R.B. Dixon, had pointed out to 
him that the balsa raft of Pacific South America quickly became waterlogged and sank 
(Emory 1933, p. 48; 1942, p. 129). 

SOUTH AMERICAN BALSA RAFfS 

Where had the Polynesianists acquired their negative attitude towards the 
aboriginal South American balsa raft? Certainly not from the eyewitness reports of the 
Spanish chroniclers who praised them in all their records. The coasts of Inca Peru had 
not yet even been sighted by the arriving European discoverers when they met the frrst 
Inca mariners northbound for Panama. They were encountered in the open ocean off 
Ecuador navigating a balsa raft against the Nino Current with twenty Peruvian men 
and women aboard as well as over thirty tons of precious cargo which was seized by 
the Spaniards. The report sent to the King of Spain by Juan de Saamanos with this 
booty contains a description of a very seaworthy although most unusual form of 
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watercraft. It was a raft with an underbody of huge logs awash in the waves but 
covered by a raised deck of canes so that crew and cargo remained dry. Further: 11 It 
carried masts and yards of very fine wood, and cotton sails in the same manner as on 
our ships. It has a very good rigging of ... henequen, which is like hemp, and some 
mooring stones for anchors formed liked grindstones. 11 (Saamanos 1526, p. 196). 

Advancing further down the coast, Pizarro's party of discoverers encountered 
fleets of the same seaworthy kind of sailing rafts in the unsheltered waters off the 
open coast of the Inca Empire. Some carried soldiers bound for Ecuador, others were 
regular merchant vessels with cargoes of precious metals and fine cloth which the 
Spaniards again seized to show their King even before they had set foot ashore. 

This traffic of intrepid Peruvian mariners was witnessed in the Humboldt 
Current where it turns west straight for Polynesia. It had taken place for more than a 
millennium. Pre-Inca pottery vessels illustrating mariners on watercraft, and even 
buried boat accessories, have been excavated in vast quantities all along the open 
desert coast of western South America, and testify to an intensive maritime activity 
from Columbia through Ecuador and Peru down to northern Chile since Early Chimu 
and Early Nazca times. This off-shore activity was quenched by the Spanish 
conquest, but not until all the main chroniclers had described the impressive 
seaworthiness and carrying capacity of the Inca balsa rafts, which were recorded as 
capable of carrying up to fifty men and three horses, with both cabin and cooking 
place on board. Both Zarate (1555, Bk. I, Chap. VI) and Father Reginaldo de 
Lizarraga (1560, pp. 32, 33) wrote during the century of conquest that the coastal 
population of Peru were great mariners, 11 grandes marineros, " and as late as in 1748 
the Spanish naval officers Juan and Ulloa (1748, pp. 189-ff.) were able to test the 
navigability of the last of these indigenous balsa rafts before they disappeared from 
general use. They were amazed at the performance of such a seemingly primitive 
vessel, and wrote: " ... the greatest singularity of the floating vehicle is that it sails, 
tacks and works as well in contrary winds as ships with a keel, and makes very little 
leeway. This advantage it derives from another method of steering than by a rudder, 
namely, by some boards three or four yards in length, and half a yard in breadth, 
called guaras, which are placed vertically, both at the head and stem between the 
main beams, and by thrusting some of these deep in the water, and raising others, 
they bear away, luff up, tack, lay to, and perform all the other motions of a regular 
ship." 

Such historic records would seem to make it difficult to eliminate early South 
America as a possible contributor to the complex settlement of Polynesia, islands 
which are not separated from, but united to, that continent with constantly favorable 
winds and currents. The Polynesianists, however, did not consider it their concern to 
consult source references pertaining to early American history, and accepted the 
verdicts published by their Americanist colleagues. Actually, not many Americanists 
had been attracted to rafts as a topic of study. Already a century ago T .J. Hutchinson 
(1875, pp. 426, 454) in a paper on the "Anthropology of Prehistoric Peru" scornfully 
referred to the balsa raft as a "floating bundle of corkwood" and ridiculed the 
possibility that such a vessel could support a crew and cargo on the open ocean. This 
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negative attitude gradually penetrated the anthropological literature, and by 1942 it 
prompted the noted Inca authority P.A. Means to state with direct reference to the 
Peruvian balsa raft : " ... it was obviously a type of boat that would awake nothing but 
scorn in the breasts of shipbuilders of almost any other maritime people in the world." 

A major source for this gradually universal depreciation of the balsa raft was a 
casual remark by a nineteenth-century British traveler, G. Byam (1850, p. 200) who 
saw a balsa raft in full sail tacking southwards against a very strong contrary wind off 
the coast of Peru. Asking the captain of his own ship what it was, he was told that it 
was a peculiar kind of log-raft able to tack .to windward with less lee-way than a 
European whale-boat, but made from porous balsa wood, it would absorb water and 
lose buoyancy in a few weeks. 

Byam's reference to this alleged problem of water absorption was quoted a 
century later by the leading authority on aboriginal American watercraft, S. K. 
Lothrop. Lothrop (1932, pp. 229-256) gave a very precise description of the balsa 
raft and its rigging and accessories in his excellent study on "Aboriginal Navigation 
off the West Coast of South America", but was mislead by Byam's informant to 
conclude that, "balsa wood, while extremely buoyant, nevertheless absorbs water 
rapidly and loses its buoyancy completely after a few weeks. Owing to this 
characteristic, it was necessary to take the jangcula [balsa raft) apart at intervals, haul 
the logs ashore, and there allow them to dry out thoroughly. " 

THE KON TIKI EXPERIMENT 

These fmal verdicts on the balsa raft published by the leading Americanist 
authorities became the stumbling stone in any attempt to suggest that South American 
rafts might have brought South American crop plants down-wind to Polynesia more 
easily than Polynesian canoes could have paddled or tacked to America and returned 
again with plants. Confronted in the 1940's with this compact block of opposition to 
any thought of American sea-faring possibilities in pre-Columbian times, I saw no 
other way of challenging the accepted dogma than by testing a balsa raft through an 
empirical experiment. This was done in 1947, and with a balsa raft named KON
TIKI, manned by an inexperienced crew of six Scandinavians, the raft drifted 
successfully from Peru to the Tuamotu islands in Polynesia. The balsa raft covered 
4300 miles or about 8,000 kilometers in 101 days, and subsequently maintained its 
buoyancy for a year floating in the Oslo fiord before being hauled ashore for 
permanent housing in the Kon-Tiki Museum. A number of lessons could be drawn 
from this experiment: 

1. Polynesia lies within the range of aboriginal South American watercraft. It is 
accordingly incorrect to maintain that only Old World canoes could have entered 
this part of the Pacific before the Europeans came by way of South America. 

2. It is true that dry balsa wood absorbs water quickly and sinks, but this does not 
apply to freshly cut balsa logs with sap keeping the water out. 

3. It is highly unjustified to assume that the culturally advanced people of the Inca 
Empire maintained the use of balsa rafts for navigation because they were 
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backward in marine matters. On the contrary, the balsa raft survived from the 
earliest pre-Inca civilizations to the very fall of the Inca Empire because it was 
by far the most suitable of all aboriginal vessels for maneuvers in the 
treacherous surf over the rocks and shallows that make up the two thousand 
miles of completely unsheltered Peruvian desert coast. Knowing the principle of 
the hull from their own river canoes and from the plank-built dalcas of the 
Chilean archipelago, the Inca mariners had every advantage in going to sea in 
shallow, flat-bottomed, wash-through and navigable vessels built from the 
world's lightest wood, logged in Ecuador. 

4. A balsa raft has more in common with a catamaran or trimaran than with a 
common type of raft. Balsa is lighter than cork and yet, as big logs, too strong 
to break in high waves or during crash landings. Broad and corky, it is steadier 
than any other small boat and less exposed to crashing seas than big boats 
because form and size leave it room to move comfortably between and over the 
large ocean swells. 

5. The fear of foundering and the need of bailing in rough seas are eliminated on a 
balsa raft voyage, for the little water that enters runs out by itself through the 
bottom. 

6. The flexibility allowed by the rope lashings, the shallow draft, and the compact 
logs combine to make the balsa raft the safest of all aboriginal watercraft in atoll 
navigation with unknown coral reefs and the only one able to carry its crew 
safely ashore through the towering surf on the windward reef side of the 
Tuamotu archipelago. 

7. The space and carrying capacity for cargo and provisions greatly surpass the 
commodities of other small craft, and the added freedom to move about on a 
wide deck or inside a roomy cabin permits long voyages. 

8. Marine boring worms represent a menace to wooden ships long afloat in warm 
Pacific waters. These organisms sank the experimental junk Tai Ki when it 
made a futile attempt to cross the Pacific from the Asiatic side in 1974, yet they 
may freely drill the balsa logs without affecting the security of a raft. 

9. The feeling of complete security on board a balsa raft sets it apart from a canoe 
or other small craft which will sink if waves break over the gunwales or if the 
bottom cracks. It also encourages the crew to venture where no other watercraft 
is safe. 

10. The assumption that a South American crew would starve before they reached 
Polynesia on an unpremeditated drift voyage is unfound~. The coastal 
population of aboriginal Peru survived ashore by going to sea for food. In 1619 
the Dutch Admiral Spilbergen (1619, p. 83, Pl. LSVII) described and illustrated 
a balsa raft entering Payta harbor in north Peru under full sail, maneuvered by a 
crew of five Indians who were raising and lowering guaras. He recorded that 
the raft had been to sea for two months and returned with enough fish to supply 
all the ships in Spilbergen's fleet. Nor were the assumptions true (commonly 
held prior to the KON-TIKI voyage), that fish were restricted to the coastal area 
and that the mid-ocean between Peru and Polynesia was void of fish. A slim 
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and fast moving ship does not attract fish and a propeller scares them away, but 
a broad raft, drifting noiselessly over the surface, covered by seaweeds and 
barnacles, attracts marine life, and small and large fish follow along in the shade 
under the logs. 

11. Water could be stored in any quantity desired under the raised bamboo deck 
where humidity and shade kept it fresh throughout the voyage. Additional 
supply could be obtained from rain, and a thirst-quenching liquid could be 
squeezed from the lymph glands of fresh fish. A noted feature in pre-Inca 
iconographic art is the large quantity of water jars stored under the deck of their 
vessels. 

12. Live food plants could be carried dry in baskets on the foredeck or inside the 
cabin. Coconuts stored under the deck, exposed to constant splashes, lost their 
·germinating power long before arrival in Polynesia; but coconuts and gourds 
stored on deck were planted with success on Raroia and Tahiti upon our 
landing. 

The fact that Polynesia will automatically be reached by drift voyagers from 
Peru, without any effort of the crew, does not signify that any ocean is a conveyor 
rather than a barrier to aboriginal man. This depends on the respective speeds of the 
vessel and the water. The dead distance from Peru to the Tuamotu Islands is 
approximately 4,000 miles. Yet, after actually crossing only about I ,000 miles of 
surface water, the KON-TIKI raft reached the Tuamotu Islands from Peru. If another 
primitive craft had been able to travel with the same speed and in an equally straight 
line but in the opposite direction, it would have had to traverse about 7,000 miles of 
surface water to reach Peru from the Tuamotus. The reason is that the ocean surface 
itself was displaced about 3,000 miles, or about 50° of the earth's circumference, 
during the time needed for the crossing. This means that, in traveling distance, 
Polynesia is actually located only 1,000 miles from Peru, whereas Peru is located 
7,000 miles from Polynesia, for any voyager traveling in this part of the Pacific with 
the speed of the KON-TIKI. 

Similarly, the dead distance between Peru and the Marquesas Group is also 
approximately 4,000 miles, and the average westward set of the current is about 40 
miles a day. This means that, if an aboriginal craft were sailing westwards from Peru 
with a surface speed of 60 miles· a day, it would actually make 60 plus 40, or 100 
miles a day, and complete the voyage to the Marquesas in 40 days. Traveling the 
opposite direction also in a straight line (assuming this would have been possible 
against the prevailing winds), it would make 60 minus 40, or 20 miles a day and thus 
require 200 days to reach Peru. 

If, however, the craft could only make 40 miles a day, it would move west with 
a speed of 40 plus 40, or 80 miles a day, and still reach the Marquesas after only 50 
days, but if it aimed in the opposite direction it would make 40 minus 40, or zero 
miles a day, and never get away from the Marquesas. 
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RAFf NAVIGATION WITH GUARAS 

The KON-TIKI voyage was one of pure drift, and thus demonstrated only one 
way of possible transfer from aboriginal Peru to Polynesia. No effort was made to 

control the course other than by keeping the stem to the weather to ride the following 
seas with the sail tight. An unsuccessful attempt was made to rediscover the former 
system of tacking into the wind with the aboriginal system guara boards which we 
had correctly inserted in cracks between the logs. We immediately found that a new 
course could be set by lifting or lowering guaras fore and aft, but efforts to turn about 
and tack to the windwards, as described by Juan and Ulloa, resulted in a wild 
battering of the big square sail, and further trials were abandoned. 

Well after the KON-TIKI drift voyage, archaeological evidence turned up in the 
Galapagos group which supported early eyewitness records describing aboriginal balsa 
rafts coming and going as the crew desired. The Galapagos group lies 600 miles from 
the mainland shore, on the equator and in the midst of a most treacherous vortex of 
currents. Two years after Byam's report of 1850, testifying that he saw a balsa raft 
sailing into the wind and yet spreading the heresy about its loss of buoyancy, a 
Swedish traveler, Captain C. Skogman (1854, Vol. 1, p. 164) also saw balsa rafts 

tacking to the windwards in the same area and added that the local balsa rafts were 
even visiting the Galapagos group. 

The first archaeological survey of the arid Galapagos islands was organized in 
1953 with participation of the two archaeologists E.K. Reed and A. Skjolsvold. A 
total of 1 , 961 ceramic sherds of coiled aboriginal ware, representing at least 131 
different pots, were uncovered on three separate islands, besides a Mochica terra cotta 
flute, flint and obsidian scrapers, and a chalk-stone spinning whorl. The material, 
analyzed by specialists on South American aboriginal pottery at the Smithsonian 
Institute in Washington, was identified as originating from various cultural areas 
extending from the Guayas region of Ecuador and as far south as to Casrna Valley on 
the north coast of Peru, 1,000 miles from the Galapagos. The dating of the 
identifiable pottery types showed that aboriginal visitors had come to these 
inhospitable islands since the very early period when Tomaval Plain ware and 
Polychrome Tiahuanacoid ware were manufactured on the coast, until the take-over of 
Black Chimu moulded with frog applique which immediately preceded the Inca 
conquest. 

With only seasonal fresh water supply, a permanent settlement in the Galapagos 
would be difficult in aboriginal times, and the considerable number of broken vessels 
would suggest a repeated use of these rugged lava islands over a long period by the 
crew of fishing rafts, perhaps camping ashore to catch giant tortoises or iguanas. 

The evidence of pre-Spanish use of the Galapagos group prompted the members 
of the archaeological expedition to attempt renewed experiments with guara raft 
navigation. On return to the continent, a balsa raft was built with the aid of fishermen 
in the bay of Playas, Ecuador, where the Ecuadorian archaeologist Emilio Estrada 
succeeded in locating surviving memories of guara navigation. With proper 
instructions on the critical movement of simultaneously turning the square sail and 
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reversing the guaras fore and aft, our little group of scientists managed to sail the 
balsa raft out of the bay and then tum about to tack back to our place of departure. 

The discovery of the seaworthiness and navigability of the balsa raft inspired 
others to repeat the Pacific crossing, and at intervals between 194 7 and 197 3, no less 
than thirteen manned balsa rafts were launched from different ports along the former 
Inca coast. Two of them landed in the Galapagos group, the remaining eleven all 
reached Polynesia or Melanesia. Five of them, including a fleet of three balsa rafts 
sailing together, continued even through Melanesia and landed safely in Australia. 
Attempts were also made to sail pre-European types of craft across the South Pacific 
in the opposite direction, but none of them succeeded, and the vessels were abandoned 
as the crew were rescued. (Heyerdahl, 1978, Chapter 2). The Polynesian reference to 
east and west as 11 uphill 11 and 11 downhill 11 seems warranted for aboriginal craft in the 
Polynesian part of the Pacific. 

REED SHIPS 

The comfortable feeling of complete security on board a buoyant wash-through 
raft-ship directed my attention towards the second of the strange types of watercraft 
preferred by the coastal civilizations of Peru: the reed ship. We have all grown up 
with the conviction that a reed was something exceedingly frail and brittle, and the 
concept of riding stormy ocean waves on a boat of reeds was not in conformity with 
the conventional idea of boat-building impressed on our minds. Yet, as is well 
known, the Spanish chroniclers recorded reed-bundle boats in very common use on the 
ocean off the Andean coast, and regular reed ships of impressive proportions and with 
a full crew were seen in use contemporarily with the balsa rafts. To judge from the 
maritime motifs in prevalence on pre-Inca pots all along the coast, the reed boat would 
seem to have been more common, or at least more popular among the artists, than the 
flat balsa raft. Reed boats were depicted both by the potters and the weavers. Early 
Chimu line drawings on pots show their early divine ancestors traveling on the 
elevated deck of truly impressive reed ships with elaborate double stem and with the 
lower deck packed with people and water jars. 

An archaeological expedition to Easter Island subsequent to the one to the 
Galapagos group convinced me of the need to revise our opinions also on the qualities 
of the reed ship. On this lonely island, the frrst inhabitable land in the open ocean off 
South America, early European visitors saw and illustrated small reed floats 
indistinguishable from those used in the coastal surf of Peru. They were made by the 
islanders from a fresh-water reed growing in their own crater lakes which were at first 
believed by botanists to be an Easter Island variety of the totora reed cultivated in 
aboriginal irrigation fields along the Pacific coast of Peru. This plant was later 
reexamined by the leading authority on the Easter Island flora, C. Skottsberg (1956, 
pp. 407, 4212; 1957, p.3) who found that the Easter Island reed was actually identical 
with the Peruvian species, Scirpus riparius, and concluded: "A direct transport of 
seeds across the ocean without man's assistance is difficult to imagine, and it is futile 
to speculate in land connections. " 
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In the course of six months of field work on Easter Island all the expedition 
archaeologists uncovered representations of sickle-shaped reed ships with mast and 
sail. E.N. Ferdon found them as polychrome paintings in the ceiling of ceremonial 
stone houses at Orongo; W. Mulley found them incised on the buried part of the 
temple wall at Vinapu; and A. Skjolsvold and C.S. Smith found them engraved on the 
front of statues they excavated respectively in Rano Raraku and La Perouse Bay. 
(Heyerdahl and Ferdon, 1961, pp. 117, 203, 237, 239, 353, Figs. 12a, 29, 44). 

Four of the older Easter Islanders still knew how to build a reed boat and 
proudly demonstrated how perfectly it rode the ocean waves on the windward side of 
the island with the four of them onboard. 

The reed ships of Easter Island were made from the same reeds and with the 
same technique as those in ancient Peru. Apart from the notedly maritime Northwest 
Coast Indians of British Columbia, who navigated the sea in large double canoes 
remarkably similar to those of Polynesia, no American Indians, not even the Maya 
with their colossal dugout canoes, were as dependent on the open sea for food and 
transport as the coastal population of Inca and pre-Inca Peru. With timber of all sorts 
in the jungle of the northern and eastern parts of their empire, they preferred reeds as 
building material for elevated, boat-shaped watercraft, as did the founders of the great 

Old World civilizations. At sea these cunning marine architects forsook endurance for 
levity in weight and flexibility in structure, while ashore all of them quarried 
enormous building blocks or burnt bricks to build lasting pyramids and temple 
structures which continue to fill visiting tourists with awe even in our days. 

As we have seen, the oldest reed ships antedate the frrst dynasties in 
Mesopotamia and Egypt. From the Middle East they spread with maritime cultures to 
the islands of Cyprus, Crete, and Malta, where reed ships are depicted in the ancient 
art, and to Corfu and Sardinia where they have survived as small craft until the 
present century. They even spread outside the Straits of Gibraltar, to the Phoenician 
port of Cadis in Spain, where three reed ships ornament a Phoenician jar recovered 
from the sea, and also down the Atlantic coast of Morocco, where reed ships survived 
in the ancient Phoenician port of Lixus until recent generations. Their early role in 
the spread of culture should not escape the attention of Polynesianists, as reed ships 
also reappear on all the outlayers forming the extreme corners of the Polynesian 
triangle; Easter Island, Hawaii and New Zealand. In a paper on "Traces of Reed 
Boats in the Pacific", K. Knudsen (1963, pp. 43, 44) shows that such important 
Polynesian ancestors as Kana and Lono navigated the ocean in boats made of reeds, 
according to Hawaiian traditions. On New Zealand such craft survived until historic 
time among some Maori tribes. The early Europeans saw a reed ship nearly 60 feet 
long abandoned on the beach (Polack, 1838, Vol. 2, p. 221), and another of the same 
impressive dimensions was made by the Maoris during the coronation celebration for 
King Edward VII in 1902, in honor of their own ancestors who had first brought them 
to New Zealand. (Orig. photo Canterbury Museum, Christchurch). 
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The falling into disuse of reed boats in Polynesia except for Easter Island, is a 
logical consequence of the lack of perfectly suitable reeds throughout this area, except 
on Easter Island where South American totora was grown. Along the Pacific coast of 
America, reed boats were seen by the first Europeans all the way from California 
down to Chile; they were used by the Seris Indians of Mexico until recent years but 
survive today in original form only on Lake Titicaca in the high Andes. 

The fact that open canoes and wash-through raft-ships represented the only 
forms of maritime architecture in America prior to the arrival of Europeans was a 
standard argument against cultural influence across the Atlantic in pre-Columbian 
times. Nobody would come as culture bringers to America by sea, it was argued, and 
then forget how to build the ship that brought them across the ocean. Many observers 
noted the remarkable resemblance between the reed boats of ancient Mexico and Peru 
and those of the early Mediterranean, and this concurrence was often pointed out as 
one of the striking cultural parallels between the Old and the New World civilizations; 
but it was never suspected to be the one that had made the others possible. One of 
the most ardent isolationists even went so far as to pick the reed ship as an example of 
how even such a specialized cultural element could have been invented independently 
in two continents which he said were too far apart for any possible contact (Rowe 
1966). 

In Africa, papyrus was chosen by the ancient cultures as the reed best suited for 
boat-building. It was therefore surprising when the president of the Papyrus Institute 
in Cairo tested the buoyancy of papyrus stalks in a tank in 1969 and reported that they 
absorbed water, putrified and sank within two weeks. The same year I decided to 
build a papyrus ship, having seen that the reed-boat builders tied the ropes of their 
bundles tight to reduce water absorption through the cut ends. The ship was built in 
Egypt, the only place today with ready access to reed-boat designs showing every 
detail of how such vessels were shaped and rigged four thousand years or more ago. 
It was difficult to conceive that such complex vessels with ocean-going lines and full 
rigging were built if they lasted only a fortnight on the calm river. Realistic funeral 
decor and small models from tombs and temples showed the very special curves of the 
ship's body, the rope lashings, the complicated rigging to the bipod mast and the 
square sail, the cabin and the interplay of the double rudder-oar. The problem was 
that papyrus reed, once the dominant plant along the Nile, was now virtually extinct 
in Egypt, and the art of reed-boat building long since lost. Papyrus reeds for our 
experiment were therefore brought from Lake Tana in Ethiopia and reed-boat builders 
were imported from Lake Chad in Central Africa. 

Launched in the former Phoenician port of Safi in Morocco and manned by 
seven men from as many nations, the 50 foot papyrus ship RA sailed for two months 
and had covered 2, 700 miles of the Atlantic Ocean when several of the main ropes 
holding the reeds together were chafed off by the floor of the bamboo cabin, and most 
of the papyrus on the starboard side was lost in our wake, still buoyant. This mishap 
was due to defective construction of the elevated stem, crudely improvised in 
Egyptian style by the Chad boat builders who always built a flat and low stem on the 
papyrus vessels they used on their own inland lake. 
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One year later A ymara Indians from Lake Titicaca were brought from South 
America to Africa to build a second papyrus ship using their own technique. The 
Aymara, Quechua and Uru Indians of Lake Titicaca are the only boat builders in the 

world today that still recall the lost Middle East method of fastening reed bundles 
together so that the boats maintain their upright sickle-shape in stormy seas. This 
second test ship was built only 39 feet long, which was 11 feet shorter than the first 
one and 21 feet shorter than the one found on the New Zealand beach. With the same 

crew, now augmented to eight, RA II safely crossed the Atlantic Ocean from Morocco 
to Barbados, sailing 3,200 miles or 6,100 kilometers in 57 days. On both voyages the 
solid timber of the rudder-oars broke in storms, but the high stem on RA II protected 
the vessel which rode the high seas without the loss of a single reed, with bundles 

tough as rubber (Heyerdahl 1971). 
The reed ship had been proven capable of ocean voyages, and America had been 

found to be located within the reach of aboriginal Old World craft. In the westward 
drifts of the tropical tradewind belt, America could have received impulses from 
Africa and transmitted impulses to Polynesia before the local presence of European 
craft. Our two experiments with papyrus ships had been pure drift voyages. Small 
and very heavily loaded, RA II had become completely saturated long before arrival in 
America, and was too deep in the water to be easily navigable, although it remained 
afloat with no risk for lives but with considerable inconvenience for crew and cargo. 
Obviously these elegant ships with the complicated rigging had not been designed by 
their creators for mere drift voyages such as ours, so the original reed boat navigators 
must have known a method for keeping their vessels high and dry in the seas. 

Egyptian texts had little to say about their ships although the art abounded in 
detailed illustrations of ships and rigging. The Sumerians, in contrast, were rather 
cursory in their ship representations but recorded a wealth of information on their clay 
tablets. From their written records we learn that, when a big reed ship was built, a 
blend of six sar of pitch, three sar of asphalt and three sar of oil went into the 
melting pot. There are numerous references to large vessels of reed, tenned ma-gur, 
which first brought the Sumerian ancestors to Mesopotamia and later served as 
merchant vessels carrying cargo back and forth at will from distant lands. 

In spite of these written records, modem scholars remained as prejudiced 
towards the Sumerian reed ships, which were built from the local Typha aungustata, 
as they had been towards vessels of balsa wood or papyrus reeds. The Typha reed of 
Mesopotamia, like the papyrus of Egypt, had been tested and found to absorb water 
and sink. The leading authority on Mesopotamian ships, A. Salonen (1939, p. 70), 
in his otherwise excellent and most exhaustive study of Sumerian and Babylonian 
watercraft, shows that in the earliest Sumerian period the large ma-gur were built from 
reeds, yet he assumes that ocean navigation could not start until the Sumerians learned 
to import wood for planked ships because the ships of Typha reeds 11 unquestionably 11 

had to be brought ashore to dry out after use. 
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Visiting the present-day Marsh Arabs, who live in the reed swamps of Iraq 
where the Sumerians fonnerly built their reed ships, I learned that reeds retain their 
buoyancy if cut in the month of August. In 1979, the Aymara Indians who built RA 
II were brought to Iraq, and assisted by Marsh Arabs, they built a ma-gur of local 
Typha reeds, 18 meters or almost 60 feet long. With a multinational crew of eleven 
men and loaded with provisions for half a year, this Sumerian type reed ship was 
navigated independent of winds and currents for five months, and was still undamaged 
and riding high on the waves at the termination of the testing. Built from untreated 
Typha reeds cut in August, the reed ship Tigris, named after the river into which it 
was launched, sailed down the Shatt-al-Arab to the open Gulf, visited the island of 
Bahrain, navigated through the difficult Honnus Strait and sailed south to Muscat in 
Oman, then turned and sailed northeast to Pakistan; from Karachi the voyage went 
straight from Asia to Africa across the Indian Ocean, to terminate in Djibouti at the 
entrance to the Red Sea (Heyerdahl 1980). 

CONCLUSIONS 

The combined lesson from these three ocean crossings is that a sounder, more 
empirical approach to the study of the role of the oceans in the global spread of man 
and culture is needed. A full understanding of the capacities of early types of 
watercraft concerns biologists as well, whether the problem confronted is the spread of 
spinnable cotton, the gourd, the domestic dog or parasitic hookworms. In the brief 
timespan of our own generation, replicas of pre-European watercraft manned by 
inexperienced crews have managed to cross the three world oceans once assumed to 
have represented insunnountable barriers for such vessels. It seems unrealistic to 
assume that nothing similar might have happened during the millennia of formative 
cultures and fully developed civilizations that preceded the European epoch in world 
history. 
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