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ABSTRACT

DISPERSAL IN SMALL ANIMAL POPULATIONS:
A MODELING APPROACH TO EXAMINE ALTERNATIVE HYPOTHESES

By

Jay Brian Hestbeck

Dispersal mechanisms were classified into two causal
categories, demographic and genetic polymorphisms. The
demographic hypotheses were composed of the random walk
mechanism, the induced emigration hypothesis and the den-
sity-dependent hypotheses. The genetic polymorphism hypo-
theses were further classified into mechanisms that consi-
der temporal variation, increased sensitivity to density
changes and dispersal of highly aggressive individuals.

A sensitivity analysis was utilized to determine which dis-
persal mechanism was most logically inferred from the eco-
logical theory on which the model was designed. The in-
dividual aggression hypothesis was the most logical demo-
graphic hypothesis. The most reasonable genetic polymorph-
ism hypotheses were that presaturation dispersal operates
equivalently to saturation dispersal and presaturation
dispersal individuals were more sensitive to increasing

aggression levels than saturation dispersal individuals.
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INTRODUCTION

Field techniques in small mammal ecology fail to
identify dispersers. Consequently, dispersal has commonly
been included with mortality to create a gross loss term
for a population. Evidence from Lidicker (1962), Pearson
(1963), and Krebs, Keller and Tamarin (1969) has shown
that dispersal fmay be a key demographic parameter.
Lidicker (1975) has also shown that dispersal could affect
gross mortality, age structure, sex ratio, growth rates
and social structure of populations. With increasing
evidence, dispersal has received much attention as an
important demographic parameter, but the actual mechanism
controlling dispersal remains highly controversial, and
many hypotheses have been proposed to explain possible
mechanisms.

I have examined several hypotheses by initially clas-
sifying dispersal mechanisms into two causal categories,
demographic and genetic polymorphism, following Lidicker
(1975) . The demographic hypotheses were futher classified
into random walk, induced emigration and density-dependent
dispersal hypotheses.

1) The random walk mechanism proposes that indivi-

duals begin moving in a completely unbiased
manner from birth, and a probability of being

located in one position at any time is deter-
mined by a normal probability distribution.



2

2) The induced emigration hypothesis states that
animals shift their home range as a function
of perceiving neighbors.

3) The density-dependent hypotheses propose that
the force behind dispersal is directly related
to the population density of the area.

The genetic polymorphism dispersal hypotheses were
further classified into mechanisms that consider temporal
variation, increased sensitivity to density changes, and
dispersal of highly aggressive individuals.

1) The temporal variation hypothesis states that
dispersal is a direct result of temporal envi-
ronmental variation.

2) The hypothesis that considers increased sensi-
tivity to density changes as a mechanism of
genetic dispersal proposes that genetic dis-
persers are more sensitive to increasing den-
sities than demographic dispersers.

3) The hypothesis that highly aggressive indivi-
duals disperse proposes that genetic dispersers
are more aggressive and less tolerant of their
neighbors; as a result, these individuals dis-
perse during early population increases.

The nature of these hypotheses make experimental
testing very difficult, due to the lack of adequate tech-
niques or to the impossible experimental design. 1In order
to evaluate the contribution of these hypotheses, a design
other than field experimentation is necessary. A simula-
tion model allows examination of hypotheses that are other-
wise untestable in the field.

Part of the problem in studying dispersal is the
lack of a functional definition. Johnston (1961) clas-

sified population movements of birds into spacing, dispersal
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and migratory movements. Spacing was defined as a result
of territorial behavior of adults and was responsible
for the dispersal of breeding units (Johnston, 1961).
Dispersal was defined as the movement of an individual
from its site of birth to its site of breeding; Johnston
(1961) stressed that although dispersal and spacing occur
simultaneously, they existed as two independent forms
of movement.

Separation of movements into spacing and dispersal
movements has also been followed in studies of small mam-

mals. Populations of Microtus pennsylvanicus rarely reached

densities where territorial behavior would expel members,
and thus spacing was not a likely cause for dispersal
(Getz, 1961). In a later study, Getz (1962) noted that

Microtus ochrogaster displayed little aggressive behavior

towards members of its own species, yet M. ochrogaster

was found to disperse (Myers and Krebs, 1971). This would
indicate that dispersal was not dependent upon aggression
or territorial aggression, and hence spacing. This was
also noted by King (1973), who stated that all species of
sSmall mammals disperse but few express overt aggression;
therefore, there must be an alternate mechanism for disper-
sal.

A distribution of dispersal distances similar to
those obtained in natural populations could be simulated

Solely by considering spacing movements for the procure-
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ment of breeding sites (Murray, 1967). This indicated
that spacing movements alone could explain dispersal data.
This presented a major problem in the study of small mam-
mals in that the general habits of rodents prevented the
elucidation of their social organization, such as that
accomplished in the study of birds by Johnston (1961).
Consequently, the study of dispersal in rodents has also
been a study of spacing movements (Krebs and Myers, 1975).

Although dispersal in general was believed to gonsist
of both dispersal movements and spacing movements, the
relative contribution of these two to dispersal was unknown;
the relative contribution was assumed to vary for differ-
ent species. Lidicker (1975) supported this assumption
by stating that the importance and nature of dispersal
varied greatly among different species. Considering the
difficulties associated with studying small mammals in
the field, a definition of dispersal different from Johnston's
was formulated. Dispersal was defined as any movement an
individuals organism made from its place of birth but not
including temporary exploratory movements. This definition
thus incorporated Johnston's ideas on spacing and dispersal
movements.

As mentioned above, the random walk hypothesis is
one of the demographic hypotheses. Under the random walk
hypothesis, all individuals were expected to start moving

at birth in a completely unbiased manner (Chapman, 1967;
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Pielou, 1969; and Richardson, 1970). The probability of
being found at any given location in the future was found
to be normally distributed (Chapman, 1967). Since a random
walk mechanism for dispersal produced a normal distribution,
a test of this hypothesis could be made by comparing a
distribution of dispersal distancés from the field to the
theorized normal distribution. 1In an early study, the

distribution of dispersal distances for Peromyscus maniculatus

was non-normal (Dice and Howard, 1951). Smith (1968) also

tested this hypothesis for Peromyscus polionotus and found

that individuals leaving their homesites would probably
move longer distances than would be predicted by a normal
distribution. The most recent test of this hypothesis

concluded that dispersal movements in Perognathus formosus

were not random because too many movements were excessive
in length, and too few were short; dispersal was believed
to be purposefully directed movements made by certain in-
dividuals (French, Togami, and Hayden, 1968). The hypo-
thesis that dispersal operated through a random walk mech-
anism was thus contradicted in these three studies.

Another hypothesized demographic mechanism for dis-
persal is that small mammals shift their place of habita-
tion due to a response directly related to the relative
intensity and/or frequency of perceiving neighbors (Calhoun
and Webb, 1953). They proposed two alternative mechanisms.

First: as an animal moves around its home range, it per-
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ceives its neighbor. If an avoidance response is asso-
ciated with this perception, each individual becomes po-
sitioned away from its neighbors; when a change occurs
in this perception pattern, the animal shifts away from
the higher concentration of animals due to the increased
level of perception. This mechanism is assumed to produce
a uniform distribution of animals since an accumulation
of a portion of population in one area could cause the
frequency of perceptions to increase. The animals sur-
rounding this area shift their home range away from this
increased number of perceptions to maintain the former
frequency of perceptions. This shift results in a chain
reaction which finally produces equal perception levels
on all sides for every individual in the population; thus,
a uniform distribution is created. It follows that a rea-
sonable test of this hypothesis is to determine whether
a population has a uniform dispersal pattern or not.

Mus musculus populations have been found to have extremely

high densities in very localized areas where the habitat
was relatively homogeneous (Pearson, 1963), and the dis-
tribution in this homogeneous area was clumped. The ori-
ginal hypothesis proposed by Calhoun and Webb (1953) was
thus contradicted.

The second proposed mechanism to explain induced
emigration is based on the fact that each individual may

have become conditioned to a certain pattern of perception
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from its neighbors. This pattern may be unequal in in-
tensity or frequency of perceptions. When this perception
pattern changes, the animal shifts its home range in an
attempt to recreate the former perception pattern (Calhoun
and Webb, 1953). If the density increases in one area,
the perception pattern increases, causing animals to move
in the opposite direction in order to find their initial
perception level. Density changes only occur after a new
generation of individuals are conditioned to a new per-
ception pattern.

From the above hypothesis, one would predict that
densities do not change rapidly. Myers and Krebs (1971)

found that Microtus ochrogaster had an instantaneous growth

rate of 0.231 per week from August to October. Many other
species of microtines were also found to have very high
population growth rates (Krebs and Myers, 1974). Since
the growth rate in these populations was very high, indi-
viduals entering the population would increase the per-
ception level. With an increased frequency of perception,
animals with the orignal number of perceptions at lower
density (adults) would shift their home range. Adults
would therefore make up the largest proportion of dispers-
ing individuals. However, field studies show that disper-
sers are almost invariably young adults (Wilson, 1975).

As a result of these studies, the hypothesis of perception-

induced emigration as the mechanism by which dispersal



acts was contradicted.

The density-dependent dispersal hypotheses are of
three kinds: territorial spacing mechanisms, mechanisms
involving intraspecific interaction, and those involving
aggression. Dispersal as a function of spacing movements
and territorial aggression was explored for Microtus

pennsylvanicus (Van Vleck, 1968). When traveling outside

an individual's home range, encounters with a resident
individual would force the transient individual to move.
Absence of an encounter allows the animal to remain. As
the density increases, the number of resident animals in-
creases, causing increased numbers of encounters with
transient animals; therefore, animals would continue to
move and disperse. In this case, dispersal results solely
from territorial spacing.

Territorial spacing was also found in studying

Spermophilus undulatus (Carl, 1971) and Ochontona princeps

(Smith, 1974); females became intolerant of their young
shortly after weaning and attempted to exclude them from
their territories. The juveniles either filled in vacant
territories or dispersed when the preferred habitat be-
came saturated. From these studies, the territorial be-
havior hypothesis seems a feasible mechanism for dispersal.

As stated earlier, populations of Microtus pennsyl-

vanicus rarely reach densities at which territorial be-

havior would expel individuals from the population (Getz,
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1961) . This indicates that dispersal could operate by
a mechanism other than territorial behavior. A density-
dependent dispersal hypothesis was proposed. This hypo-
thesis sates that as density increases, dispersal increases
either by following changing environmental conditions as

in Sigmodon hispidus and Reithrodontomys fulvescens

(Joule and Cameron, 1975), or by an intraspecific inter-
action (Strecker, 1954; Archer, 1970; and Grant, 1971).
The nature of the interaction was not known, but it was

demonstrated with Mus musculus that the interaction was

not directly related to available food since dispersal
occurred before the food supply was exhausted (Strecker,
1954) . This was supported by the experiment by Krebs

et al. (1969) with Microtus pennsylvanicus and M. ochro-

gaster, which showed that by preventing dispersal, the
population would grow until the food supply had been ex-
hausted. In the control group, dispersal occurred, and
the food supply was not decimated. Dispersal was there-
fore assumed to act through some density-dependent inter-
action other than food supply.

This intraspecific density-dependent interaction is
hypothesized to be intraspecific aggression (Thiessen,
1966; Delong, 1967; Newsome, 1969; Christian, 1970; and
Wilson, 1975). This dispersal mechanism operates by in-
creases in densities causing increased levels of aggres-

sion. The rise in aggression then forces the subordinate



10
individuals to disperse. Therefore, the magnitude of
dispersal varies directly with population density and the
degree of mutual intolerance.

Another form of dispersal mechanism has been proposed
which involves a genetic polymorphism. A genetic basis
for dispersal was initially proposed by Dice and Howard
(1951) . Blair (1953) states that dispersal is caused by
either an inherent tendency to disperse activated by phys-
iological changes and/or population pressure working through
intraspecific competition, thus suggesting that dispersal
could result from two mechanisms in the same population.
Howard (1960) then introduced the concept of genetic poly-
morphisms by stating that dispersal involved two mechanisms,
an inherent form and an environmental form which operates
simultaneously. Howard also indicated that a heritable
characteristic controls the expression of each form.
Lidicker (1962) supported the polymorphism hypothesis,
but stated that the ultimate mechanism by which inherent
dispersal operates is equivalent to the mechanism for
environmental dispersal. The difference between the two
is that inherent dispersal is more sensitive to increasing
densities than eﬁvironmental dispersal.

The genetic polymorphism hypothesis thus proposes
two dispersal forms, inherent dispersal and environmental
dispersal. Inherent dispersal (presaturation dispersal)
is defined as any movement by an individual from a pop-

ulation before its habitat becomes saturated with its
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own species; environmental dispersal (saturation dispersal)
is defined as the outward movement of surplus individuals
from a population living at or near its carrying capacity
(Lidicker, 1975).

From this definition, saturation dispersal utilizes
the same mechanism as density-dependent dispersal. Since
the mechanisms for density-dependent dispersal exclude a
denetic basis, saturation dispersal also operates without
a genetic basis. The argument for the existence of a ge-
netic polymorphism mechanism for dispersal then focuses
on whether presaturation dispersal could have a genetic
basis. It is presumed that if both presaturation and sa-
turation dispersal exist, and if presaturation dispersal
has a genetic basis, a genetic polymorphism mechanism for
dispersal must also exist.

The existence of a genetic basis for presaturation
dispersal was suggested by the fact that individuals sea-
sonally colonizing a habitat differed genetically from
the founding population (Anderson, 1970). Further evidence
indication dispersers were genetically different from
resident individuals was provided by findings that iso-

enzyme differences existed between Microtus pennsylvanicus

and M. ochrogaster (Myers and Krebs, 1971; Pickering,

Getz, and Whitt, 1974). Dispersers therefore could be
considered to be genetically different from resident in-
dividuals, but a genetic locus for dispersal was not es-

tablished.
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Although a genetic basis for controlling dispersal

was found in Drosophila melanogaster (Narise, 1962; and

Luchnikova, 1966), the strongest evidence for a genetic
locus for dispersal was provided by demonstrating that

by exerting a selection pressure for and against dispersal
in Tribolium, a dispersal phenotype could be selected for
(Ogden, 1970).

Since a genetic component of dispersal had been demon-
strated, a situation for the evolution of genetic dispersal
was investigated. Gadgil (1971) suggested that species
which inhabit areas with a variable carrying capacity would
develop a sensitive density response for dispersal. Since
increasing environmental variability reduced the proba-
bility of persistence of a population, the evolution of
dispersal would increase the persistence of the population
by several orders of magnitude (Roff, 1974). This sug-
gested a possible condition where a dispersal mechanism
could have evolved.

Where conditions favor the evolution of a dispersal
response, a genetically evolved dispersal mechanism would
develop (presaturation dispersal) (Lidicker, 1975). Con-
sequently, presaturation dispersal was expected to evolve
in a variable environment. Lidicker (1975) verified this
by stating that presaturation dispersal, or genetically-
evolved dispersal, occurred in two situations: 1) in spe-
cies that regularly colonize new habitats and 2) in spe-

cies which affect their future food supply by feeding
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activities. Colonizing behavior would allow the species
to more efficiently utilize new habitat; a species which
affects its future food supply would have the ability to
exploit new suitable habitats. Both of these situations
are examples of a variable environment, and therefore sup-
port Gadgil's (1971) earlier statement. This concept was
supported by the observation that small mammals living in
a highly unstable environment seem to be more mobile than
mice from stable areas (Sheppe, 1972).

Since environmental variation is composed of temporal
and spatial variability, it follows that the level of
presaturation dispersal would increase as the temporal
variation in the environment increases, and decrease as
the average spatial heterogeneity decreases (Levins, 1964).
The magnitude of presaturation dispersal is related to
temporal variation in the environment and average spatial
heterogeneity. Bryant (1974) later analyzed variation
in polymorphisms using factor analysis and multiple re-
gression to show that temporal variation of the environ-
ment is the major contributor to genetic variation exhi-
bited in the polymorphism, but spatial heterogeneity still
provides a minor contribution to the increase in the de-
gree of polymorphism.

A genetic characteristic for presaturation dispersal
presumably evolved in areas where temporal variation was

large. However, the mechanism for presaturation dispersal
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was still unkown. Three major hypothesis as to the mech-
anism of presaturation dispersal are: temporal environ-
mental variation, individual differences in sensitivity
to density-dependent interaction, and individual differ-
ences in aggressivity and intolerance of others.

The temporal variation hypothesis is an extension of
work by Bryant (1974). Since temporal variation was the
main contributor to the creation of a genetic polymorphism
as Bryant had concluded, a proposed mechanism for presat-
uration dispersal is that dispersal results directly from
environmental variation. Lidicker (1962) presented the
hypothesis that presaturation dispersal operated equiva-
lently to density-dependent dispersal except when indivi-
duals differed in sensitivity to increasing densities.

A third hypothesis for presaturation dispersal pro-
posed that highly aggressive individuals are more likely
to disperse, and that high levels of aggressiveness are
genetically controlled. The intensity of dispersal increased

in Drosophila melanogaster as the overall heterozygosity

of the population increased (Narise, 1969). This suggested
that dispersers are heterozygous. Heterozygotes are as-
sumed to be more aggressive since phenotypic variation

in aggression depended on hereditary variation (Lagerspetz,
1964) . Therefore, the presaturation disperser is assumed
to be a heterozygous individual which disperses due to

its aggressive nature and intolerance of other individuals.
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An example of this form of dispersal was found in Marmota

flaviventris; here, aggressive females occupied small

harems or lived as solitary individuals in a surrounding
area while social females lived either in large harems
or on the periphery of a large colony (Svendsen, 1974).
The purpose of this study was to examine alternate
hypotheses of dispersal. By exploring the feasibility
of each hypothesis with the use of a simulation model,

the controversy surrounding dispersal can be reduced.



THE SIMULATION MODEL

Assumptions and Rationale

A FORTRAN-DYNAMO simulation model of dispersal was
constructed (Figure 1; a listing of this program is in
Appendix 1). Explicit assumptions inherent in the model
are:

1) Individual aggression is a function of breeding
season, age, number of encounters with others,
available resources, and whether the animals is
a resident or non-resident.

The aggressive interactions of most animal spe-
cies were found to peak during the breeding season
(Krebs, 1970; Turner and Iverson, 1973; Lidicker,
1973; and Wilson, 1975). Age was also important in
determining dominance and aggression (Christian,
1970) . The number of encounters made by an indivi-
dual was used as a measure of crowding; it was assumed
that as animals moved closer, the encounter rate in-
creased exponentially (Wilson, 1975). It was impor-
tant to determine whether the animal was a resident
or non-resident since Wilson indicated that the strong-
est evoker of aggression was the sight of a stranger.

Available resources were included since aggression

increased as competition for environmental resources,

16
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notably food and shelter, increased (Wilson, 1975).
2) Localized aggression is the sum of the aggression

levels for all individuals whose home range either
overlaps or touches at any point.

3) Population aggression level is the sum of the
aggression levels for all individuals within
the population.

4) Resource availability is the local abundance of
cover, food and water, for all individuals whose
home ranges either overlap or touch at any point,
as a function of season and the number of indi-
viduals present in the locale during the previous
season.

In a study by Lidicker (1973), a relationship
between seasonal drying of vegetation and population
survival was demonstrated. It was shown that as the
population entered the dry season, its density ex-
ceeded the decreasing carrying capacity. As a result,
mortality increased and reproductive rates decreased.
The magnitude of these effects was directly related
to the density of the population during the previous
winter and the amount of vegetative drying.

5) Litter size is assumed normally distributed, with
a constant mean and variance.

Although seasonal variation in litter size occurred
in microtine rodents, it was found to be constant
from phase to phase (Hoffman, 1958; Keller and Krebs,
1970; and Krebs and Myers, 1974). Since Myers and

Krebs (1971a) demonstrated that dispersal rate varied
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from phase to phase, litter size was not considered
to have a direct effect on dispersal, and was treated

as a constant.

6) Pregnancy rate is assumed to be constant.
Although Southwick (1958) reported that the pro-

portion of fecund mice decreased as the density in-

creased, and Hoffman (1958) found that the prevalence
of pregnancy varied inversely with density, pregnancy
rate was considered constant. This was justified
since Krebs and Myers (1974) foundlthat the pregnancy
rate during each population phase of a microtine
cycle were equivalent. Since the dispersal rate was
significantly different between populations, and
since the pregnancy rate did not vary in relation to
population phase, pregnancy rate was assumed not to
have a direct effect on dispersal and was treated

as constant.

7) The length of the breeding season is negatively
related to population aggression level and
average resource availability for the population.
Length of breeding varied through time (Errington,

1956; Krebs, 1964 and 1966; Keller and Krebs, 1970;

Krebs and Myers, 1974), but the mechanism for a varying

length in breeding season was unknown. Sadlier (1969)

stated that an increased level of aggressive inter-

actions between individuals resulted in a shorter
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breeding season. Delong (1967) reported that a re-
duction in resource availability caused a reduction
in breeding activity. Barkalow, Hamilton, and Scoots
(1970) found that reproductive parameters were re-
sponsive to availability of nutritious food. There-
fore, the length of breeding was assumed to be inverse-
ly related to population aggression level and average
resource availability.
8) Annual recruitment is the product of pregnancy

rate, litter size and length of breeding season.
9) The sex ratio is one at birth.

Myers and Krebs (1971b) found that although males
were less abundant than females, the sex ratio did
not correlate with population density. The sex ratio
was therfore treated as unity.

10) Age at sexual maturity is a function of resource
availability.

Puberty was reached at an older age in peak-
density populations than low-density populations in
Microtus (Keller and Krebs, 1970; and Krebs and Myers,
1974). Since there was less competition for available
resources in low-density populations, nutrition was
assumed to be better for juvenile Microtus. Voles
under good nutrition have been found to have a faster
growth rate and have subsequently reached puberty

at an earlier age (Sadlier, 1969). Growth rate was
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directly related to better nutrition, and better
nutrition was directly related to abundance of re-
sources. Sexual maturity was thus directly related

to resource availability (Delong, 1967).

11) Prenatal mortality is constant.

No significant difference was found in prenatal
mortality during a microtine cycle (Hoffman, 1958;
and Keller and Krebs, 1970). Prenatal mortality
was therefore treated as a constant.

12) Survival is determined as an age-specific func-
tion of individual aggression, localized aggres-
sion, number of encounters, resource availabil-
ity and dispersal.

Individual aggression was assumed to have the
largest single effect on an individual's behavior.
Since differential survival was associated with an
individual's behavioral type (Krebs, 1970; and Turner
and Iverson, 1973), an individual's aggressiveness
was assumed to affect its probability of survival.
Survival was also dependent on the aggressiveness of
an individual's neighbors (Southwick, 1955); it was
assumed that as localized aggression increased, sur-
vival decreased. While nestling and juvenile survival
was inversely related to density (Whitney, 1976),
the model assumed that survival was inversely depen-

dent upon the frequency of individual encounters.

Resource availability was considered to be inversely



23
related to survival. Individuals which dispersed
were considered to have a greater probability of
death than individuals that did not disperse (Metzgar,

1967; and Ambrose, 1972).

13) Nestlings remain inside the nest and have an
insignificant effect on the localized aggression
level, population aggression, local resource
availability and frequency of social encounters.

14) Confrontations are defined as occurring whenever
two individual's home ranges overlap or touch
at any point, and whenever one or both individuals
exceed an intolerance threshold, measured as
individual aggression.

15) Whenever a confrontation occurs, any individuals
who exceed a dispersal sensitivity threshold
move one fixed step in a random direction. The
dispersal sensitivity threshold is that point
at which highly aggressive animals disperse.
This assumption is applicable only when the
evolutionary hypotheses were tested.

16) Whenever a confrontation occurs, the less aggres-
sive animal moves one fixed step in a random
direction, provided the more aggressive indivi-
dual did not move as defined in 15).

17) An individual's home range is constant.

Although home range size decreases as density

increases (Sanderson, 1966), home range size was

assumed to have an insignificant effect on dispersal.

18) Both sexes are assumed to behave alike.
Behavioral responses for both sexes were similar

since male and female Microtus operated under similar
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tensions with regard to spatial contacts (Conley,

1976).

Although the following assumptions were not speci-
fically designed into the simulation model, they are im-
plied by the model structure. These implicit assumptions
are:

1) The effect of resource availability, localized
aggression, and existence of confrontations on
an individual by its neighbor is exactly the
same whether the neighbor's home range complete-

ly overlaps an individual's home range or touches
at only a single point.

2) Although resource availability fluctuates as a
function of season and previous population den-
sity, the environment was considered to be homo-
geneous and unbounded.

3) All females that enter estrus are fertilized
according to the defined pregnancy rate.

After the simulation model was constructed, each
variable was examined to ensure that the values produced

within the model were biologically realistic.

Methods
At the beginning of each simulation run, a given
number of animals were randomly placed onto the grid and
their ages were initialized according to a stable age
distribution. Each time a new run was made, the same num-

ber of animals and initial conditions were defined. After
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the initial conditions were defined, the simulation was
run in a Monte Carlo mode.

Dispersal was measured by calculating the distance
an animal moved from its placement or its place of birth.
These distances were calculated for the entire population
and were recorded as a frequency distribution of dispersal
distances.

A sensitivity analysis was conducted on the following
variables, each of which were associated with a specific
dispersal hypothesis. Territorial aggression was a mea-
sure of territorial spacing. Since the term intraspeci-
fic interactions is a broad term that implies no specific
mechanism, and since intraspecific interactions were all
density-dependent, a measure of importance of density-
dependent intraspecific interactions was assumed to be the
frequency of encounters. Aggression as a dispersal mech-
anism could have resulted from two forms of aggression,
individual aggression and localized aggression; each form
was tested. The temporal variation in the environment
was measured by the magnitude of seasonal environmental
change. Increased sensitivity to increasing crowding by
presaturation individuals was measured by varying the con-
frontation aggression threshold and varying the density-
dependent response through the frequency of encounters.
The hypothesis that highly aggressive individuals were
more likely to disperse was examined by using an aggres-

sion threshold at which highly aggressive animals would
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disperse.

In order to provide a basis for comparison, a demo-
graphic control and a genetic polymorphism control were
calculated by averaging the frequency distribution of dis-
persal distances for four simulation runs. Each experi-
mental frequency distribution was then determined by taking
one variable from above in a stepwise manner and increasing
or decreasing its value by 20% from the control value.
Again four simulation runs were taken, and the average
dispersal distance frequency distribution was calculated.

A comparison between the experimental distributions and
control distribution was made, and the amount of deviation
between these distributions was measured by the Kolmogorov-
Smirov goodness-of-fit D statistic (Sokal and Rohlf, 1969).
The degree of sensitivity for each variable was then de-
termined by adding the Koclmogorov-Smirov D statistic from
the 20% increase frequency distribution to the D statis-
tic of the 20% decrease frequency distribution. The de-
gree of sensitivity is thus a measure of the deviation

of the experimental distribution relative to the original
steady-state distribution.

The purpose of a sensitivity analysis is to deter-
mine which hypotheses merit further testing. A sensiti-
vity value taken by itself is meaningless; the power of
the sensitivity analysis comes from the comparison of the
sensitivity value of one experimental distribution with

that of another distribution, and provides an indication
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of the relative importance of each mechanism. Since the
relative sensitivity is the total sensitivity for each
hypothesis divided by the smallest total sensitivity, the
highest relative sensitivity value indicates which hypo-

thesis best explains the mechanism of dispersal.



RESULTS

Comparisons of the dispersal frequency distributions
were made within the demographic hypotheses and the genetic
polymorphism hypotheses, but not between groups; this com-
parison was not made since the gentic polymorphism mech-
anisms described a form of dispersal different from the
demographic mechanisms. The genetic polymorphism hypothe-
ses assumed a genetic characteristic was responsible for
dispersal, while the demographic hypotheses proposed that
dispersal was a function of demographic pressures such
as density. A direct comparison between these two sets
of hypotheses would therefore not be valid.

The sensitivity analysis of demographic hypotheses
indicated that individual aggression was the most sensi-
tive variable in eliciting changes in the dispersal fre-
quency distribution. Individual aggression was followed,
in decreasing degree of sensitivity, by local aggression
level, territorial aggression and density-dependent in-
teractions (Table 1).

The most sensitive variables in the genetic polymorph-
ism hypotheses were, in decreasing order of sensitivity,
aggression threshold for confrontations, density-dependent

interactions, environmental variability and dispersal of

28



29

highly aggressive individuals (Table 2).
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DISCUSSION

While many hypotheses for dispersal can be tested
in the field, some cannot. Simulation models have been
used to avoid this limitation in field research of dis-
persal and have explored large numbers of hypotheses in
order to determine those meriting experimental testing.
In this study, several mechanisms for dispersal were ex-
amined through computer simulations to determine which
dispersal mechanism could be most logically inferred from
the ecological theory on which the model was designed.

Through evolutionary time, a mechanism for dispersal
evolved; the evolved mechanism was theorized to be more
responsive to population pressures and cause a greater
dispersive force than other intraspecific processes.
I used a sensitivity analysis to evaluate the dispersive
force of each possible dispersal mechanism. I assumed
that the dispersal mechanism which had the greatest impact
on the dispersal distance frequency distribution was the
most logical mechanism for dispersal. Although the oper-
ation of less sensitive hypotheses for dispersal was not
ruled out, they were considered to be of lesser importance.

The sensitivity analysis of the demographic hypothe-

ses indicate that the least sensitive mechanism examined

32
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is the hypothesis that dispersal has a direct relationship
to density changes (relative sensitivity 1.00). Analysis
also indicates that although the territorial spacing hypo-
thesis as a cause of dispersal and the hypothesis that
local aggression levels have a direct relationship to
density and have equal relative sensitivities, they both
have considerably less sensitivity than the individual
aggression hypothesis (relative sensitivity 1.54, 1.56.
and 2.81 respectively). The individual aggression hypo-
thesis results in the greatest deviation in the distri-
bution of dispersal distances, which indicates the indivi-
dual aggression hypothesis as the most feasible demographic
dispersal hypothesis. The proposed mechanism for the in-
dividual aggression hypothesis is that as density increases,
individual aggression levels rise; this rise in aggression
increases the frequency of aggressive confrontations.
Once a confrontation occurs, the dominant individual in
the encounter forces the subordinate animal to disperse.
Dispersal then results from subordinate animals losing
confrontations to more dominant animals, instead of sub-
ordinate animals moving as a result of living in an ag-
gressive neighborhood as proposed by the local aggression
level hypothesis. My results support the proposed dis-
persal mechanism of Thiessen (1966), Delong (1967),
Newsome (1969), Christian (1970), and Wilson (1975).

As stated earlier, the genetic polymorphism hypo-

theses propose two forms of dispersal, a saturation form



34
and a presaturation form. Saturation dispersal is syn-
onymous with demographic dispersal, and presaturation dis-
persal results from a genetic characteristic for dispersal
that presumedly evolved in variable environments. Since
the evolutionary hypotheses assume that a genetic char-
acteristic for dispersal exists, the importance of the
evolutionary hypotheses is directly related to the degree
in which a species evolved a genetic dispersal locus.

Of the genetic polymorphism hypotheses, the proposed
mechanism that highly aggressive individuals are more like-
ly to disperse has the smallest contribution in causing
presaturation dispersal (relative sensitivity 1.00). A
small contribution to presaturation dispersal also exists
for the hypothesis that temporal variation directly causes
dispersal (relative sensitivity 1.18), despite the fact
that a dispersal polymorphism has been proposed to evolve
in a temporal and spatial variable environment.

The two genetic polymorphism hypotheses with the high-
est sensitivities are presaturation dispersal operates
equivalently to saturation dispersal, and presaturation
dispersal is more sensitive to increasing aggression (rel-
ative sensitivity 2.50 and 2.54 respectively). This indi-
cates that the ultimate mechanism for presaturation dis-
persal is a density-dependent mechanism, with presaturation
dispersal individuals being more sensitive to increased

aggression levels than individuals living in conditions
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of saturation dispersal. Since individual aggression has
the largest contribution to dispersal for the demographic
hypotheses, and since the proposed aggression mechanism
is density-dependent, I assumed the ultimate mechanism
for presaturation dispersal is an increase in individual
aggression, causing presaturation individuals to disperse
before saturation individuals. Presaturation dispersers
are therefore more sensitive to increases in individual
aggression. My results support Lidicker's (1962) hypo-
thesis that the dispersal mechanism for innate dispersers
is similar to that for environmental dispersers; however,
innate dispersers are more sensitive to increasing den-

sities than environmental dispersers.



MANAGEMENT IMPLICATIONS

Although a controversy exists regarding the mecha-
nism of dispersal, the importance of dispersal to the
management of wildlife species is unquestioned. This
importance lies in the fact that dispersal must be con-
sidered in determining management goals in wildlife sanc-
tuaries and refuges, recolonizing ability of species,
areas requiring restocking from wildlife refuges, and in
predicting the future size and demographic character of
wildlife populations.

Dispersal affects the future size and demographic
character of wildlife populations by increasing the gross
mortality rate and reducing population growth rates. It
can also change an area's existing social hierarchy and
shift the sex ratio away from a value of unity, since more
males disperse than females. As dispersing animals are
predominantly composed of juveniles, dispersal is a mech-
anism which can drive the existing age structure towards
a more stable one.

Populations of animals restricted from dispersing have
a lower intrinsic rate of increase than unrestricted popu-
lations (Mazurkiewicz, 1972; and Lidicker, 1974). By

studying dispersal patterns of a species, a more accurate
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prediction of future population size and future population
surpluses can be made. Hunting limits are based on pro-
jected population trends; as a result of dispersal studies,
a determination of length of the hunting season and of
hunting limit is facilitated.

Dispersal of hoofed animals should be considered
when management goals for animal reserves are determined.
Since populations of hoofed animals tend to outgrow their
available food supplies (Wodszicki, 1950), a force to
disperse arises as the carrying capacity of the area is
approached. 1Islands of natural sanctuaries or refuges
however, serve as small areas of suitable habitat (Petrides,
1974) ; dispersal of animals from these areas would not
occur. Analogously, where dispersal was prevented in

Microtus pennsylvanicus, population levels increased to

a point where the habitat was destroyed (Krebs et al.,
1969). In order to protect natural reserves from over-
grazing, the large herbivore populations must be prevented
from reaching a density at which they can destroy their
habitat (Petrides, 1974).

An application of dispersal studies occurs in the
management of hunting activity. Since the majority of
hunting activity occurs in accessible areas, game species
in these areas suffer high hunting mortality. Dispersal
is then important in determining the species' ability
to recolonize vacant areas.

Dispersal ability is an important factor to consider
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when determining the value of wildlife refuges in the
restocking of local areas. Sanctuaries and refuges are
designed to serve as breeding grounds for a population;
in evaluating their proposed function, studies of the an-
imal's ability to disperse can indicate whether the refuge
can effectively serve as grounds for a breeding population.

Dispersal is an important management and research
consideration; by increasing our understanding of the mech-
anisms behind dispersal, movement patterns can be explained
more accurately. From these further studies, improved

management plans and goals can be designed for future use.




APPENDIX
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