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ABSTRACT

For any two animals, three majof factors limit communication.
These are (1) whether appropriate signallmechanisﬁs are avéilable
to them, (2) whetherAthe animals are motivated to communicéte,
and (3) whether their movements and 1ocati§ns afe such that
signal can pass between them. In thié study; signéllmechaniSms
and ﬁotivation were not conéidered és variables, butlﬁhé r§1e>
of animal movement in limiting communicatiop~was. A computer

simulation study of amounts of communication which occur in

fed fox (Vulpes~vulpes) dyads when various meané of signélling
are used, and when:the animals mo&e about and signal with'
various emission intensities and at various time'intgrvals is
reppftea. |

Two parameters determined bf the.movements of any two -
.animals affect the.poténtialifor communication'byAindiéating‘A
thimal means of signalling and by'restrictiﬁg information
transfer via those means. The parameters are (1).ai§tanée
between the animals at points_iﬁ time,.ana (2) times befween
the animals when they use corresponding a;eas:of spage,.'Because
signals for various modes of communication differ in>the way
in which they are emifted and in thé'time'oyer ﬁﬁich thefi'
rémain effective, the same pair of movement patterﬁs cén give
more or less dyadic communication depending on the sensory
mode used for signalling and, within each mode,'on'how the
animals signal. Likewise, becéuse of the dependence for

communication on the temporal and spatial locations of the
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animals, different patterns of movemeﬁt will résult‘in differen&
levels of communication with a given meané of signalling and
level at which signals are emitted. Limiting conditions fd;
dyadic communication which depended on the movements of‘both
individuals were developed for tactile, visual, vocal, and
olféctory‘signalling{ Theée conditions were then employed
to develop simplified models oféthé ways in which red fox can -
commﬁnicate. |

Computer programs were written to control thg movementé
of both members of redqux dyéds énd, on the basis of thél
communication models, to control the means of signaliing'ﬁsea
for communication within the dyads.l Only ﬁni—diregtioﬁal"
 communication, in which one animals always acﬁedAas a signéller
and the other always acfed as a receiver of the‘signal, Qas
simulated. |

* Five simulated dyads ﬁere used in the étudy{h for eéch
.dyad, commuﬁication under a total of.154 different contrdis
on means ofxsignalling was simulated. Movement paiterns of
the animals in each ﬁyad were different. |

While the animals-moved about, one of tﬁem emittéd signals
" of a programmned kind, of a prbgrammed emission intengity) ahd;
: on a programmed schedule. Whenever the other animal moved |
within spatial or temporal range of these signals, éommunicatidn
was assumed to occur. The percent of time during which'communi;'
" cation occurred was measﬁred for each of the 154 diffefent

controls on means of signalling, for each of the dyads.
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No.tactileAcommuqication occurfed(bepween members of any ..
of tﬁe five dyads, and close-range yisﬁal or vocélvcommhnication
(from 16 m or less) occurred very rarely.

Simulation indicated that visual communiéation could occur
frequently with reasonably short visual fanges (20 pefcent of
the time from 306 m). However, visual'comﬁunication iﬁ ﬁildA
red fox is probably usually limited by darkness énd terrain.

ScentApath communication,-where one animal érossédAand‘

reacted to the trail of scent left as the other moved zhout,

could provide moderate levels of communication. An average of.

7.6 hours of scent effect resﬁlted in communication 20 percent.
of the time. Increasing séent effect times Eeyoﬁd aﬁout 9 héurs
did not result in further increases in level of é&mmuniéation.
The primary function of scent path signalling may be to revéai_
the location of é signaller during the same daily aﬁtivity feriod
that scen£ trails are left in the wild. Aﬁbiguitf_ffom scent
persisting from one'daily aqtivity period to the‘next.may be
avoided by a signaller emitting scent which proviaes an optimal
scent effect time of 9 hours, approximately the 1ength éf fhe
red fok daily activity period.

For voéal(signalling, changes in ;ommunicétidn-variableé
which increased the area coveredAby vocal'signai, the time
covered by suéh signal, of both, resulted in‘highef'levels of
communication. Linear increases in communiéation occurred
with linear increases in frequency of vocalization, but‘th;

effect of increasing the vocal range on communication became
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less and less as the vocal range increased with a given frequency
of ﬁocalization. Vocal signalling could be an effective means
for maintaining social contact in red fox dyads. Vocal signals
which could be Heard,from 644 meters gave4commgnication 20_
.percent of the time when the signaller vocalized 4.7 times per
hour. However, wild red féx seldom emit loﬁd vocalizations,
'and vocél‘communication is probably. not éf prime imﬁo;tance in
maintaining dyadic social bonds. '

With scent point signailing tscent marking),éombinationsj
‘Qf.the three communication vafiables thch resuited in relatively
sparse, small circles of scent on the home range Space‘gave'
4low levels of communication. Communication was increased‘By
changesAin any combination of the threé variables such that ﬁhe
total area of effective scent increased. When scent remainedA
effective for 8 hoﬁrs, could be smelled 96 m from the scent
mark, and when the signaller marked twice éer haur,icommuniéationA
occurred 20 percent of the time. Wild red fox sceﬁt mark
more frequently, and the scenﬁ may remain effective for feriods-
ofAdays. Thus, high levels of dyadic communication may be
achieved through scent mafking, and this form of signaliiﬂg
may be of gfeat importance in maintaining dyadic Spacing and .
sécial bonding. o

Tﬁe particular movement patterns of'thé animals Which formed
each dyad had a differential effect 6n the level ofICOmQunication;
regardless of the.meﬁﬁs of signalling. The maximum levels of

tactile and scent path communication which could be reached
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were limited by movements’of the animals. Limitations plaqu
by animal movement on visual and vocal commuﬁicatidn could be -
overcome by increasing the spatial area of effect of the signal,
and for scent point'communication by increasing the spatial
and temporal area éf effect. Those means of signalling which
involved the fewest cbmmunication variables_wére most.seVerely
limited by movements of the animals. Whére more variables |
associated with emission of signal were available to the animal,
emission couid be optimized to ﬁinimiée effects of ﬁovemeﬁﬁ
on éommunication. |

Likewise, because various ways of moving about differen- ‘
Atially.affected the level of communication wi;h a particular
means of sigqalling, levels of communication éouldibe~changed
by chénging the movement pattern of one 6r both animals. .With
tactile and élose—range signalling, communicéﬁion could ber
increased only by coordinating movements of dyéd members éﬁch
that they iere seldom far apart.l Some other meaﬁsiof communi—
cation would be necessary to establish this coordination, and
to allow the animals to find each other when they became separated.
Scent path coﬁmunication could likewise be enhancéd by coordina-

tion of movements, but not necessarily such that the animals

traveled together. Rather, the coordination would require

a leader-follower set of movement patterhs. As shown by simula- -

tion, the initial contact or contact following separation would
be enhanced by the signaller moving in a pattern in which it
seldom turned and traveled at relatively high speed. For visual .

signalling, and for the spatial range variables of both vocal
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and sceﬁt point signalling, communication could be enhanqed

by proper choice of emission intensity éhd By'travel by the
signaller at relatively high speed._ For‘the temporal variéblesl
of scent point signalling, comﬁunication cquld bé made'moré
efficient by -the signaller moving at high speed and_iﬁ relatively -
straight paths, aqd by choiceé of frequency of séent marking -
and scént effect time which reduce theiprob;biliﬁy that
effecfive circles of scent overlap.

This study suggests that the.animals can adjﬁst the
distance betwéen ﬁhem,Athe time betweenAthem, or both if,prior'f
communication has given mutual awareness of‘the locations and
moveﬁent-patterns; In these adjustments, they can increase
or.decrease the efficiency of signalling'in one or more ways,
and'thus control the level of dyadic commuhicétibn. These
adjustments'requi;e changes in the movement ﬁétterns 6f one
" or both dyad members, and will be reflecﬁéd By changes iﬁ one
“or both home range spaces. The degree of mutual adjuétment
in movement patterns which the two animals caﬁ make to chgnge.
the level.of dyadic communication Qill be 1imited By-factors
extraﬁeous to dyadic communication, such as communicatioq and
social relations wiﬁh other individuals,.and dispersioﬁ of life

requirements in the respective home range spaces of the dyad

" members.



INTRODUCTION

This paper reports a study, by computer simulation, of
amounts of communication which occur in red fox dyads when -

the animals paired to form a dyad move about and signal in

various sensory modalities and in various ways. The reader

is cautioned at the outset that the situations in whicﬁ wildA

red fox communicate were simplified in 6rder to model movements

of the animals and communication between them. In efféct, I
attempted to model the case in which the féwesp variébles

affected the amount of communication which occurred. - For

example, communication wés modeled such that tﬁe woré communi-
cation, as used throughout this paper, is_synonymoﬁs with,ﬁeception'
of signal, although factors other than whetﬁer signal is received
surely determine whether or not éommunicatioﬁ actually occurs

(see below).

Because of Fhis simplification,‘the resulté of simuiafion-
repo;ted here may only approximate those whiéh will regult- |
when more variables are added to the models ‘and ﬁore_complex
situations are.simulgted. As more and more variables which
affect communication are added, the simulation models»méy become
a closer approximation of real situations in which communication
between wild red fox occurs. The study_is an attempt to
establish base-line.information which can give a basis for'
comparison as more and more variables are sﬁccessively addéd

to the models, and as the simulated situation more closely
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. approaches the real one. This study is but a beginninglof this
approach to computer simulation study of commﬁnication pfocesses
among wild mammals, with red fox as an ekample. |

In addition to establishing base-line information and in
general pointing up the role §f animal movement in comﬁupication,
the oﬁjectives of the study were (l) to compareAthé various
means of communication available to red fox and estimate the
relative amount of communication provided by each méaﬁs, (2)
to determine some of the factors which limiﬁ communicatioﬁ.wiﬁh
various means of signalling, and.(3) to learn Qhether different
ways of mdving about have an effect on the level of;communication
in red fox dyads.

The role of the movements of individual mammals in limiting
tﬁe amounts and kipds of communication which occur is not well 1

.understood. Of the three major- factors which contribute to‘
communication between any two frée—living mgmmalé;‘éignal .
mechanisms, motivation, and location, only the firsttho havé
been subjects of major reviews (Tinbergen 1964:206—23@; Andrew
1972; and others) which indicates the relative emphasis in‘
research on the three factors. Emphasis in this papef is on
the role of movement and location in commﬁniqation; This
emphasis does not minimize.the roie of siénal mecﬁaﬁisms and

" motivation, but will.serve to show that all three facﬁofs are

necessary for effective communication among mobile, free-

living mammals.
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Most écudies of communication begin with iﬁdividuals which
are at places from which they can comﬁunicate if they arel
motiv#ted to do so ‘and if they have the means fér signalling
and receiving signal. Yet it is clear that not all members
of local spgcies populatiopé‘or'even pf loésaly organized:
social groups can communicéte at all times because distances .
between them are too great for signal to pass among them."As
an example of the way in which location of the iﬁdividualé
has generally been ignored in studies of :ommunication'Altmann
(1962a; 1965) studied communication among wild rhesus moﬁkeyé_

(Macaca mulatta) and computed the probabilities that certain

communicative behaviors would occur in the populaﬁion;. These
computations were made without regard for the ﬁfoportion—bf |
time that the study animals were not at_locatipns fiom which
they could communicate. That spatial arrangementg of individuals‘
within a group could influence communication waé mentiqned:
(Altmaﬁn'l965:521), but was igﬁored'in the exhaﬁstive4énalysis.
The study of communication among free-living mammals has
ceﬁtered on those forms which live in groups (cf. Wicﬁlér 1967:
89-90; Rowell 1967), and the limitations which ﬁovéments of
individuals blace on communication are leSs‘obvious when the
;individuals move about togetber; Howevef, even where' the animals
under study tend fo be solitary, observations on communication
have been made (cf. Leyhausen 1965) only on indiviudals which

were at places from which communication could occur.
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_The mo&ements of individual mammgls pla;e limits:on the .
amounts and kinds of communication which cah.take piace among 
them. qu communication between any two mobile, free-living
mammals to occur, as defined in termsvof a demonstrablel |
behavioral reaction to receiving signal (Klopfer and'Hatch'
1968:32-33; Mackay 1972:3-6), locatibns of the.individuals'
in time and space must of course be such that signals éan-'
pass between them. Thus, given that signal mechahisms:and
"motivation are aﬁequate; movements of the individuals must?"
bring them to certain locations before communicétién is possibie.

Given that animals can communicate if fhéy are at appropriate
locations, how much is the amount of communication which:bccﬁrsl
influenced by how the animals move ﬁbout? qu'kinds of limits
are placed on communication by movements of the aﬁiméls and the
resultant spacing between them. First, movements'determine_a
the sensory modality and within tﬁe modality fﬁe meéns (Scotf
1968:17-19) Sy which communication can or céﬁnot_occurAat a
particular time (Theberge and Falls 1967:377)5 For ekample,-f
movements may bfing individuals to locationé from which they
can hear each other but cannot see4éach other. To éuote
Marler (1967:773):

"The usefulness of certéin modalities may be

restricted by an animal's habits. A stricfl& nocﬁurnai

species has less use for visual communication than a

diurnal animal has. A solitary species may have less
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use for tactile signals than does an animal
in constant proximity with several companions.”

Further, Lancaster (1968:442) and Marler (1965:583) point out

that location of the animals can affect the range of choice

in means of signailing which the animal canlpse. As distancés
bétween animals increase, there is a general tendéncy for less
use. of multimodal constellaﬁions of sigﬁél elements and greater
use of less ambiguous signals sen# in a single optiﬁal modality.
In the second kind of limit on communication,'ldcétions
of the animals limit tﬁe.amount or kind of information which
.can be transmitted oﬁée a commuﬁication link is pdssible.i‘The
information content of messages is determined'to some extént .
by the sensory modality by which they are tranémitted (Kléﬁfer
and Hafch 1968:33; Sebeok 1967:367—368§ Marler 1965:547) and |
movements of the animals can éliqw choices in the.ﬁodalities‘
which the animals can use at a barticular fime., ﬁhen, for |
example, both vocal and visual means of communication afe .
possible, an animal might choose to use vocalizatioﬁs; which
might convey more information than visual signals.' Discussién'
of whether or not non-human mammals do in fact chooée_tﬁe |
modality by which they communicatern the basis of aftempting
to maximize communicapion is outside the.SCOpe of this papef.
Suffice it to say that movements of the individuals can provide

for such choice.
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- Within a-particular.modaliﬁy,.different ioéations
continue to affect the amount of communication ﬁhich can 6qcur.
Marler (1968:106) points out that problems of transmiésion of
visual signals are lessened by reduced distanéevbetween
individualé.._Shorter distance allows greater latitude in the
visual signal me;hanisms which cén be successfully used, and -
presumably increases the amount of information which éaﬁ Be -
transmitted.

Is it important to.knOW'how often animals communicate,'asA
well as to infer what information is ¢oﬁmunicétéd? Rowell
(1967:284) poin;s'out that_different types of sociai organizatioﬁ
ﬁill result émong animals which communicate the samé:iﬁfofmation,
but communicate that information more or 1ess‘frequent1y.A‘Thus
oné of the factors whigh determines the social érganizationgl
pattern in a population of mammals is the fredﬁency withlwﬂich
the individuals can communicate. If the total amount.of
" communication between any two individuals whiéﬁ form a ‘dyad
is important in maintaining social relationé between them, it
seemglworthﬁhile to ask how often the animals ére.at'places{'
from which they can communicate, and how often their mbvementsn
prevent communication. .

When the members of a dyad do not travel'togethef, tﬁen
the opportunitiés for communication depénd oﬁ the iqteréctionv
of their patterns of movement and the range of effect of éheir

signals. Busnel (1963:73-74) recognized this interaction,
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but‘only'as it applied to the probabilities of,communication
among any members of a population, not between sneeific indivi-
duals: |

"....the probabilities of individuals meeting (male

and female, for example) depend on their density per

surface unit, on their total mobility and on the

richness and qualities of the mneans of information |

they have at their disposal enabling them to |

increase their individual field of radiation and

their perceptive universe. ....The range of a 31gnal

is in direct porportion to its 1nten51ty, other

physical conditions of the medium and 31onal being

equal.... if the density of the animal population :"

is high, signals of low intensity will-sdffice for

the information to be received, while if the density

is low, the emission intensitf must be greater té‘

attain the same aim."

Communication can take place at two 1eve13° universal
and individual (Theberge and Falls 1967:335). In universal
commnnication, some of the effects of communication may be r
shown through influencing other members of a population;
regardless of the identities of those individuals-andhtheir
social relationships with a signalling anlmal (Wynne -Edwards
1962:16- 17 Calhoun 1963:38, 41; Altmann l962b 280). However,

~many of those effects which relate directly to maintaining
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social relationships and social structure depend on a signaller

communicating with specific individuals (individual communication),

rather than with any individual which happens to be within

range when he signals.

it is useful (Poirier l968a)-to'analyze<soéial communication
in terms of dyads formed by pairs of animals_vhich communiéafe,
even when a signaller may communicate simulﬁaﬁeousiy with several
Aindividua1§. In fed fox, some dyads are formed by mated pairs
which occupy home range épace from which othér red fox.ére
excluded (Sargeant et al. in ms.; Storm 1972:73). " Yet even -
within these dyads, red fox are generally solitary. Red fox

in captivity also move and act independently of each other

" (Kleiman 1967:367).

Most of the communication which is assumed to occur within
red.fox dyads must therefore involve signalling over rélativeiy
long distances; or involve signalling by scent over rélétively
long time spans. Study of communication in red fox (Fox 1971:
78—79;‘Tem5rock 1968:362-368) has concentrated on sigﬁalg wﬁich- A:;
function over short distances. For example, publishedla;fél
on the distance over which vocal signals from éne red fox are
heard and reacted to by other red fox are not évailable. The
study of communication in this and other mammalian'spécies has
concentrated on the physical form of various visual aﬂd vocal
signalé, and'on responses to signals which'can be heérd over

relatively short distances (usually less than 10 m).




METHODS

BASES FOR SIMULATION MODELS: METHODS OF SIMULATION

Home Rénge Space and Individual Movement Patterns:

The movements of an individual mammal'are usually confined
to a limited area for at least a large'ﬁortioﬁ of its lifetime.
The portion of space used By anAanimal'has beeq“called its homé-
range (Burt 1943). In my'view,'the major factor-wﬂich detérmines

;where tﬁe animal goes, and thus the liﬁité énd featurés of the
way it uses its hoﬁe range space, is a set of learnedArespbnses
to the iocal environment. This vigw is refiected in the way
in which both home range space and individuai movement‘pétte¥ns
were simﬁlated. |

The life of an individual ﬁammal occurs within limitév
of time and space, the beginning points of whith are controiléd ,
by tﬁe parent(s). Sﬁitable places where the animal ééuld go
from this initial point are, ip theory, limited bnlyvﬁy geographic
and biotic barriéfs, by the mobility ofAthe individual,:and by |
its lifespan. However, most mammals éonfine their mé&ementé.
to a relatively small.area for long.perio&s qf time, perhaps
for their lifetime (Jewell 1966).' This_iocalization {Scott
1963:241) forms early in the lives of many mammals; but may-
formAlater after dispersal from the natal range'(cf; Storm

1972:66-122; Hawkins et al. 1971; Phillips et al. 1972).
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Dispersal movements generally occur in relation to sexual
maturity (Blair 1953:26), a relationship confirmed for red

fox (Storm 1972:71), and may be an important:population'

- regulation mechanism in some species (Krebs et al. 1973).

From a beginning point which has bgen determined for it,
or from a point which it.chooses after dispefsal, an_indiﬁidual.A.
uses particular'areas of space more 6ften than it uses other
areas, as time progresses. Many factors way influence LHlS
differential use as, for example, 1nnately determined preference"
for unevenly distributed bibtig and structural féétufes of thé
habitat (Wecker 1963), preferences gained through infiuépcef
of social aséociate§ (Terman 1963; Montgomery and Sunquisf in

ms.) and responses to the presence of non—assoc1ates and’

‘ nelghbors (Poirier 1968b:353; Hawkins and Montgomery 1969 202)

As Burt (1943) conceived the home range, this differentlal
use of an area which is smaller than the area potentially
available to the animal is avnecessary feature for determining“

whether or not an individual has a hHome range. In my view,"v

~and in that of others (Scott 1963:241) those placés which an

animal remembers,; and to which it returns more ox less regularly
become parts ofbits home range. Washburﬁ and ﬁamburg (1965:
616-617) éonsider that familiarity with'an aréa is'the prime,:
factor which limits use of space, rather th;n availabiiity of

food or method of 1ocomotion.' Jewell (1966) in his term
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"lifetime range" means the total area with which a mammal

has become familiar. Some areas known to a mamma 1 mAy change
or be forgotten, and thus will no longer be included in the’
homevrange (Ewer 1965:65).

In my view, a distinction should be made’between how,
as observers, we conceive an individual'e home range’cn
evidence provided by movements of tne animal, and the.concept

which the animal has of the space in which it lives. 1 choose .

to call the latter concept the animal's "home range', and the

former the animal's 'home range space ' Places‘which the mamnal
has not visited, but which it is aware of become part of the
home range (but not of the home range space) when they" contrlbute

to orientation of the individual in.the space which it actually

’uses, its home range space.

In this view, the concept Wthh the anlmal has of the space
in which it lives gives rise to the differential way in which
it uses space. Generally, the individual will spend time in

its home range space in a non-random manner; its pattern of use

. of the home range space will be distinguishable'fromfrandom

movement. As time progresses, radio-marked mammals of several

species, such as snowshoe hare (Lepus americanus), raccoon -

(Procyon lotor), white—tailed deer (Odocoileus virginianus)

and red fox, have been shown to use a series of locations, and

' the spatial distribution of these locations is demonstrably

different from a random distribution (Tester and Siniff 1965;
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Siniff and Jessen 1969). That animals move directly between
points on their homelrange Spacé has been shown'for white;
tailed deer (Rongstad and TesterA1969:375) and for a blina

raccoon (Sunquist et al. 1969).

Red Fox Movements and Home Range Space:

Considerable information is available on the characteristics

of red fox home range spaces, and on the patterns of movement

which occur on them. Sargeant et al. (in ms.) conducted a

three-year study of radio-marked red fox on the Cedar Creek

Natural History Area, near Bethel, Minnesota."Their'work,
supplemented with that of Ables (1959), Stofm (1965; 1972), -
Scott (1943), Scott and KlimstraA(1955) énd Arnola‘and " 
Schofield (1956), provided generalizations about patterns of
movement, size, shape, and spacing of red fox_home~range spéces;
and other.aspects of red fox biology summarized below. |

In general, each red fox home range:space isjsurrouﬁded
by neighboring home range spaces, except at the 1imits éf the
species range and in other special situa;ions. The,fotal area
of a typical home fange space is one to three séuare mileé,
(259 to 777 ha), the space being about one and one;half milesl
(2.4 km) across at its widest point. The space is usually
shared by one adult male, one (rarely two) adultvfemale(é),
aqd seasonally by their young. Othéi'red fox are excluded .

from this space.:
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Although the dyad formed by a mated pair shares the sgmé
space, the iﬁdividuals are seldom together. The& may use the
same portions of the space, but do so -at different ﬁimes althoughi
they are usually active simultaneously. Moét of ﬁhe activity
occurs at night, and the remainder during late afternoon and .
éarly morning. The animals aré typically‘active for 8 to 10
hours of each 24. |

While a fox is active, more than 80 percent of itéltime
is spent in travel; an individual covers a majof portion of
the home range space during the time it moves eaéh nightf

Red fox éverage about 8 miles (12.8 km) of travel per 24 hours,

. and may travel as much as 15 miles (24.1 km), all within the

confines of the home range space. Borders of the space .are

not patrolled.

Slmulatlon of Indl?ldual Movemént Patterns. ‘

- §imulated movement patterns of 8 1nd1V1dual red fox were
created with a Fortran IV computer program quified from the -
program which represents the Siniff-Jessen model of animal
movement (Siniff and Jessen 1969). All simulations‘for'this
study were done with a CDC 6600 computer at the University
of Minnesota. |

The location, size, and shape of the area in which a

‘simulated animal's home range space could lie were specified,.
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and were controlled by the program; All such areas.in this
study corresponded to the same ellipse, whlch had axes of
1.0 and 1.5 miles (1,609 and 2,563 m). The movements of each
animal determined where on this area its home range space -
actually was. Movements had a high probability of being confined
to the area, because the'animal was programmed so that the )

probability of moving to areas it had used previously was

‘higher than movement to areas where it had never been. Before

the simulation of each movement pattern, the animal was given
a number of locations distributed equally. over the elliptical

area, and none outside it, equivalent to uniform use of all the

area. Thus at the beginning, the‘animal could seek out-any -

part of the area, but avoided going outside the area. As‘the
simulation proceeded the anlmal differentially used various

portlons of the area and tended to seek -those places where it
had been most often as it built up its home.range space. <For_

this study, I programmed the animals to tend to go toward

places which were within 0.15 miles (241 m) of those which’

" had been used 5 or more times prev1ously. If they falled to

f1nd such a place, they were programmed to tend to go toward .
the center of the elliptical area. | |
The individual's movements .on the area were controlledl
by.a modified random walk procedure,las foliows. With the
animal at a 1ocation, initially set By me, the angle which

it would turn (resulting in a direction which it would travel)
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and the rate of travel (resulting in the distance which it would

travel during the next regular time interval) were chosen from

probgbility distributions. Direction of travel could be biaéed .'
by where the animal had previously been, as outlined above.’.
The.X—Y coordinates of the animal's next location we?e computed,
based on the direction .and distance of travel, the animall

was advanced to that loéation,<and‘time was incremented.
Subsequent 1oéations were coﬁputed in a like manner until a
series of locations resultéd. Additional features of fhe -

Siniff—Jessen model, the logic used in its deveiopment; and

examples of simulated movement patterns are given in Siniff

and Jessen (1969) and Siniff (1967).

In this study, all animals moved onée»per»S minuteé,
in simulated time, until =a seriés of 900.locations had
accrued. This movement pattefn, represénted'ﬁy the 900 serial
iocations, was stored on magnetic tape unfil'néeded.

The computer program tested the movement pa;te;ns'whiéh:'
it simulated against the distribution of locations which
resulted from the movement patterns of radio—trécked red fox
(Siniff and Jessen 1969:210-213). For this study, a gfid;
system of 0.10 mile-square (161 m square) grids &as éuper-A
imposed o&erAthezelliptical_area. 'Tﬁe number'qf simulated
locations which fell into each square was counted. The |
frequency distribution of number of locations per square

was tested, by a goodness of fit procedure, against the
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.disfribu;ion of locations which resulted when.radio—tracking
data from red fox were summarized in a like manner. All
movement patterns simulated for this study showed satisfactory
Cfit. Moreover, visual comparisons of computer-generated
plots of feal and simulated movement patterns sho&ed them to

be very similar.

Characteristics §f Simulated Individ;al Movement Pafterns:‘
Eight movement patterns were simulated,-and each pétte?nv
ha& ipdividual.charécteris;ics which reéuited from the random
walk procedure used in the simulaﬁion. Four parameters were
used to distinguish among the movement patferns (Table 1). N
Two parameters: mean fate of movement, énd anéle turned béfween
succeséive locations (Siniff and Jessen'1969:189), were used
to characterize the way an individual moved. about its homel
range space. Angles turned were compared with respecf to the
tendency of an individual to travel-étraight ahead, oerifhin.'
30° of straight ahead, in sﬁcceséivé movemehts. An animal with
a high mean rate of travel and a high tendency to tra§e1 straight
ahead (for example, No. 5; Table 1), would cover its home faﬁgé
space relatively quickly. Siniff (1967:41) showéd no apparent
rélationship between these parameteré fbr a particular.real‘
" movement pattern. :However, animals simulated for this_study
tended to travel in relatively stfaighter paths when they '

moved at higher rates of travel.
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Comparison of 4 parameters of the movement patterns
of the 8 simulated red fox used in the study. Two
parameters: mean rate of movement and; percentage
of the movements which tended toward straight ahead
travel, describe the way in which an individual
moved about the home range space. . The other two
parameters: the K value of the negative binomial

distribution and; the total number of grid squares . -

used, describe the distribution of locations on
the home range space after a series of movements
by the individuals. '

Percent of .
Movements Total Number

Numbervof Mean Rate  Within +30° : of
the of Movement of Straight - .. Grid-squares -
Individual (mph) Ahead K- Used
1 0.721 32.1 - 0.562 78
2 0.719 29.8 0.231 1A56_’
3. 0.731 - 34.0  0.559 77
4 0.736 4.7 0.675 'A'77
5 '0.759 344 © 0.676 77
6 0.697 . 2.2 " 0.665 74
7 0.748 30.9 0.394° . 78
8 0.722 29.8 1.140 - . 92
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The remaining two parameters: the K value of the negative

binomial distribution fit to the number of locations per square

" (Siniff 1967:38; Siniff and Jessen 1969:197-199), and the total

number of squares used by the animal, were used to describe
eacﬁ individual's distribution of locations after a sefiés

of moveﬁents, With respect to the Qveréli patterﬁ with &hich._
an animal used the elliptical area, a ﬁigh K value-and use of

a high number of squares indicate that ﬁhe individual uséd-

a relatively large portién of the area, and that it used all
parts of it reiatively infrequently. ‘Animal No. 8 (Iéble i)
provides an example of such a movement pattern. Thé aniﬁal'_
used 92 squares, while animal No. 2 used only 56, bofﬁ in their

respective series of 900 locations.

Communication and the Location of Home Range Space:

The relative locations of the home ranges of any two

individuals have a great influence on whether or not they can

_communicate and if so, on the constraints which movement patterns

and signalling place on the amount of communication.  There is

no possibility for direct communication when two animals have

home ranges which are far apart in time and space. A red fox .

~which died in 1960 cannot cdmmunicaté directly with one born

in 1970, even when they have the same home range space.  Likewise,’

a red fox whose home range is in Illinois cannot communicate

. directly with a contemporary fox in Minnesota.
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Between these extremes, we might expéct that an individual
would move and signal in such a way as to optimize communication
with certain members of the population which are within limits
of time and Space such that communication can occur. Calhoun
(1963:41) has proposed that small mammals will have évolved
signal mechanisms which insure that an animal at the center of
its home range space will respond to>another.individual which -

signals from the border of that space. hediger (1961:54)"

" considers that individuals of a society will be apart only to

some maximum distance, termed the "social distance"; red fox
seem to be what he termed "distance tyﬁe" animals which avoid
ébntact and stay at a diétance»from each other. -Maintaining
such a distance implies that the animals communicate regularly..
The area about an individual iﬁ which it éan infiueﬁce othért
animals has been termed a "social férée field" (McBride 1964:"
79—84); this field generates the individual distances among
animals. That author discusses social factors which may modify
the.eitent of such a field, including spcial position of theA
individual, size of the group in which it livés; an& frequencies

of agonistic contacts.

Given that any two animals have sufficient motivation and -

the appropriate signal mechanisms to communicate, the felationship:f

émong movement patterns, spatial relationship of the home'range

spaces, and range of effect of sigﬂéls which determines whether

or not communication can occur, other things being equal, differs
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for the various modes of communication. Modes of communication
as listed by Scott (1968:18—19), and classified in terms of ;he
sense organ through which information is :eceived,'are considered.
Electrical and kinaesthetic modes of communication‘(Busﬁel
1963:69) are not considered. Many variables othervthén those
considered below surely affect communicatioﬁ."Fdr4examp1e,
motivational states of the animais may prevent éomﬁpnicafion'

although the movement patterns and range of effect of signals

. are adequate to allow signal to pass between them. Physical -

barriers, &arkness; and wind may interfere with signal and
prevent communication even though the conditiéﬁs giveh below
are met. However, introduction of tﬁese adéitionai Qariablés
would have deterred from the basié aim of tﬁis,stuay; thch

was to simulate communication with the fewest pumber of

. variables. Additional variables, such as those above, can be

programmed into the communication models at a later time.

‘Tactile communication can occur only when (1) the home

range spaces of two individuals overlap in bothvtime and

sﬁaée, and (2) the indiviudals move'iﬁAsuch-a way thag they
both arrivélvery near the same place(s) -at tﬁe sémé time(s).
Close~range cbmmunication by any meéns has similar‘reSCraiﬁts,f
except that the animals caﬁ be some short distance(s) aparé.

Visual communication can occur only when (1) the home range

spaces overlap or when they have proximal boundaries no
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farther apart than some maximum distance over which the
animals can be seen; and (2) the individuals‘move in_suéh
a way that they are no more than this distance apért at

some point(s) in time. -

‘Vocal communication can occur only when (1) the home range

spaces overlap or when they.héve‘proximal boun&aries no
farther apart tﬁan s¢me maximum distancé over which.thé
-animals can be heard, and (2) the individuals.mOVe:in
such a way that they are no moreAthan;this'distancénapart

when one of them vocalizes.

Olfactory communication. can occur only wh;n'(l) tﬁe homei
range spaces overlap or ﬁave proximal boundéries no farther.
apart than a écent substance can disperse and remain at

a- concentration which will elicit a reséonée,;énd kZ)‘the
individuals move in éuch ; way that(one'of‘them:affives
atla point in space, or within some maximum'distaﬁce of
‘that point, within some time aftgr the other Qasiétlthe
pbiht{ both the distance and time limitsAare determined

by dispersal of séent from the point ‘used by the first

animal.

The Communication Models:

These limiting constraints which movement of the animals.

place on communication were used as a basis for programming
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'simpie models which describe the way in which red fox ﬁight
- ﬁommunicate in the varius modes. Several simplifying ;ssump-
tions were used to minimize the number of variables.

With réspect fo the location of home range space, the-only
case considered was that in which boundaries of the areas
containing the home range spaces of both members of the each
dyad corresponded‘in time and space.' The animals of a dyad
moved abéutvindependently of each other-on this space.v.ThuS;'
only the range of effect of signals in time and'éﬁace,'the
frequency with which signals ﬁefe-emipted, and the mévement
patternS»of the individuals affected thg amount of communication
which oécurred.

I assumed that only one of a dyad (signaller) couldfémitv'
Asignals wvhile the other (receiver) céuld only recéive'those
sigﬁalé. Although I assumed that‘communication occurred each
tiﬁe the one animal received signal from the otﬁef, the feceiver
could not react to such communication by changing its movement
pattern. Signal mechanisms gnd motivation té communicate’
were assumed to be always available when I programmed the
signaller to emit signal, and Qhenever theAreceiver camé witﬁin
" range of the signal. Environmental factors such as terrain, wind,
or vegetation were assumed not to interfere withvsignal;

Five models; each describing a means of communication,
weré developed to simulate communication in the four modes.

Tactile, visual, and vocal modes of communication may be "
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envisioned, in théir simplest form, aé each fitting one-model.'
Howevef, two models were necessary to exhaust the simplest
means of communication in fhé olfactory mode. Scent pa;hA

communication, as discussed by Fuller and Fox (1969:472—474)

- is distinguished from scent point communication (scent marking)

as diécussed by Eibl-Eibesfeldt (1970:310"312)'. A schematic
summafy.of the processes and decisions used in the compuer |
simulation models for all means of communication is éﬁown as
Figure 1.

In all the models exceptvthat for tactile cdmmﬁﬂication,..
I controlled, through the appropriate parts of thé‘éomputef

program, one or more of the variables (communication variable(s))

"which influenced the amount of communication between the animals.

The uncontrolled variable in all the models was where the animals
were at particular times. Descriptions of the models are
grouped according to the number of cormunication variables

which I controlled.

The Tactile Communication Model:

Tactile communication (Fig. 2) occurred each fimevthe
simulated animals were at the same location at the saﬁé time..
Animals had point dimensions,. thus their locations haa:to_
exactly match. No communication variables were under my
control, because only the movement pétterns determined when

the individuals would be at a particularllocétion.  In this



Figure 1.

Schematic summary of the flow of_proceéses and

the decision used in the computer simulation -

‘models of communication in red fox dyads. See

text for details of the different limitations

placed on communication between the animals.

-
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| B Figure 2. Diagramatic illustration of the operation of

the tactile communication model. Symbols

indicate the locations of the members of the

dyad, with circles representing the signaller
and squares the recei.ver.. .Numbers‘ inside Athe"
symbols indié_ate the time at which the. |
_animals were at their respectivé locations.
' Movements leading to cbmmunication at time 2

between. a signaller and a receiver are shown.

At time 1 the signallef isAat @ and the
receiver at [I]J. At time 2, both animalé :
‘move to the same loc'atio’n, and co-mmunication
oCccurs. At tiﬁe 3,. both animals move fo
locations @, from which tactiie
communication cannot occur. Communication
at time 2 ciid not af'febct the movements of v

either animal from time 2 to time 3.
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ana all other communication models, the number of pridr times
' communication had occurred did not affect the receiver's response
to signal; communication occurred each tiﬁe he and fhe éignaller

were in the same place at the same time.

The Visual Communication Model:

Visual communication (Fig. 3) occurred éach timé the 
animals were within some distance Xi (visual fange)'of each
other; The visual range was uﬁdef my control. Ihe.signalléf
»waé eqﬁally visible to the receiver at all times from anywhere'
within a circle around the signaller;s locatioﬁ; tﬂe'radius:“
of the circle was the visual range. 'Theré wés no gradation'of
'effect of the visual signal as the distance from the‘signaller'
increaséd, thus visual signal of strength equal.to or greater
than some single response threshﬁld.occurred throqghout the -
circle of effect while signal outside ﬁhe circle was below

the response threshold.

The Scent Path Communication Model:

Scent path communication (Fig. 4)_occurfed éacﬁ time the
receiver crossed the travel path of the‘sigﬁQIIer_witﬁin Xi'
minutes (sbent.effect time) after theAsiéﬁalletlhadAused'that'
portion of its travel patﬁ. The travel path was the iine

which connected successive locations used by an animal. The

communication variable, scent effect time, was under my control.
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Diagramatic illustration of the operation of
the visual communication model. Symbols 
indicate the locations of the members of the
dyad, with circles repreéenting the sighaller
and séuares the receiver. Numbers inside thé
symbols indicate the time at which the énimais
were at their respective locations. The
shaded areas around locations of the signaller
represent the simulated visual range, and the
resulting.areas in which visual,communi;ation
could occur. Movements leading to commuﬂiéa4
tion at time 2 are éhown: The signaller is
at @ and the receiver at at time 1.

At time 2, the animals move to (:) and {:)’ :
ahd communication occurs because the ;eceiver
is within visual range of the signaller
(within the shaded area which represents‘thé .
circle of radius visual range). At time'3,
the animals move to locations @, from

which visual communication cannot occur.

"In this sequence of movements, there were .

two times when communication could not occur
and one when it did. Communication thus

occurred 33 percent of the time.
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biagramatic illustration of the operation éf the
scent path communication model. Symbolé indiéate
the locations of the members of the dyad, with
circles represénting the signaller and sqﬁares

the receiver. Numbers inside the symbols indicate

the time at which the animals were at their

. respective locations. Heavy lines connecting .

circles indicate effective scent paths, while
the open line between circles indicates a scent
path which ié no 1ongér effective. Scent gffeét
time is 10 minutes, thus the scent path ieft by
the signaller between times 1 and 2 Begoﬁes
ineffective when the signaller moves between
times 3 and 4. Movements leadiﬁg to. communica-
tion between tiﬁes 3 and 4 are shown._ The
receiver moves from to and no coxﬁmuni—
cation results because the signaller has not yet
traveled from @ to @ When ;he receiver:
moves from to E] it croséés a scented
travél path, the scent is still éffective,‘and

communication occurs. Had the receiver crossed

" the line connecting (' and (2) when it moved

between times'3 and 4, no communicationiwould

have resulted from its last move.




 SCENT PATH COMMUNICATION
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I assumed that the signaller constanfly emitted a scent substance
aé it moved about the home range, thus leaving a path of séént;
The scent was emitted such that the scent path did not increase
in width with time, but had only liné ﬁidth aé all times while
scent remained effective. The scent remained equally.effectivg
dufing fhe entire scent effect time, and disappéaréd instanta;
ﬁeously, (or reached a concentration Which was below response -

threshold), at the end of that time.

Thé'Vocal Communication Mbdel:

Vocgl communication (Fig. 5) occurred-eaca time the‘
animals were within some distance Xi (vocal range)‘of eégh
other at a time‘when the signaller vocalized; thé signaller
i vocalizéd after each regular Yith time interval.(yocaliéation
frequency). The vocal signal coﬁld'be heard'edual;y well fromA.
anywhere withip a circlé of radius‘Xi aboﬁt theAlocafiép of
the signaller. There was no gradation of éffeét of thé'signal_
as the distance from the signaller increased. Tﬁo communication
variableé, vocal raﬁge and vocalization frequency, were uﬁder

my control.

The Scent Point Communication Model:

Scent point communication (Fig. 6) occurred each time the
receiver was within some distance X, (scent range) of a location

scented by the signallef when not more than'some time Yi



Figure 5.

Diagramaﬁic illustration of the operation of -
the vocal communication mc;del. Sy@ols i‘ndica'te
the locations of members of the dyad, with
circles representing the signaller and'sduares
tﬁe'reéeiver. Numbers inside the symbolé

indicate the time at which the animals were at

-their respective locations. The signaller is

programmgd to vocalize at‘intervals of 25
minutes (at every fifth location), and the
shaded areas around (i) and (:) indicate the
vocal range. Movements leading to communica-
tion at time 5 are shown. At time 1 the
signaller vocalizes at (:) but the feceivér

is outside the vocal range at and no

communication occurs. No communication occurs '’

when the receiver moves to‘ because the -

~ vocal signal is no longer effective. No.

communication occurs at times 3 and 4 becéuse
the signaller does not vocalize at<ﬁho§e'
times. At time 5 the signaller vocalizes
from (:) and communication_occurs beéauéenfhe

receiver, at , is within the vocal range.
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Diagramatic illustration of the operation of

the scent point communication model. Symbols

‘indicate the locations of members of the dyad, .-

with circles representing the signaller and
équares thé receiver, .Numbers inside the symbols
indicate the time at which the animals were at-
their respective 1oéations. Scent.effeéf time
was programmed to be 15 minutes. -Three scent
points, in this case those placed at times 2,:‘
3, and 4, are thus effective at any time.‘

Shaded areas surrounding circles represent the
areas,in which scent is effeétive. Mo&ements
which result in communication'gt time 3 éré

shown. No communication occurs at time 2

. because the signaller has not yet reached (:). ‘

Communication occurs at time 3 because the
receiver at is within séent range'of'@ |
and the scent left there at time 2 is still -
effective. No communication occurs at time 4

because scent left by the signaller at'(:)

is no longer effective.




SCENT POINT COMMUNICATION



32

(scent effect time) had passed after scent was deposited.

The signaller deposited scent after each regular ZithAtimé.

interval (scenting frequency), i.e. at each Zith location which
it used. The three‘communication,variablés; scent raﬁge, |
scent effect time, and scenting freduency; were under my
control. |

i assumed that scent diffused.instantaneously out.to‘scent<
range Xi and that it was equélly effective throughout avci;clé
about the Zith 1ocation‘for thé‘entire-scent time’Yi. Theve
was no gradation of effect with either'diStance ffom the séent

source or the time after scent was deposited. -Scent disappeared

instantaneously at the end of scent time. When scent circles

overlapped each other, there was no increased effect on the

receiver in the area of overlap.

"Use of the Models for Simulating Communication:

" The movements of each of five dyads (Table 2) for éach
of a number of values of the communication variables were
éimulated using each of the five communicatioﬁ mbdéls.i“‘
For each of the dyads, movements with‘8 viéual rangés‘
from 0 to 0.0l miles (16 m) were simultated to sfudy tactile
and close-range communication. (total 40 simulations).‘ Movements

with 10 visual ranges from 0.05 miles to 0.90 miles (80 fé

© 1,448 m) were simulated for each of the five dyads (total

50 .simulations) to study visual communication. Movements with
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Table 2. The combinations of movement patterns used to form
the five dyads used in the study. Animal numbers
refer to particular movement patterns;
characteristics of the patterns are shown in
Table 1. The dyads are identified by letters (A
to E) throughout the paper. ' S

Animal Numbers

Dyad Signaller - Receiver
A 1 8

B 2 7

c 3 6

D 4 5
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8 scent effect fimes from 0.33 to 24'hours (total 40 siﬁuiations)
were used for each of the five dyads to stﬁdy scént path._
communication. For each dyad, mbveméhts with 48 different
cémbinations of roal range and'vocali?ation ffequency (total
240 simulations) were ;imulated to study vécal communication;‘“
: voéal ranges of 0.1 to 0.8 miles (161<to 1,287 m) were combined
with vocalization frequencies of 0.33 ta 6.00 per hour (once’,-
per 1-1/2 hours to once per 10 minutes). HovementéAof‘each
of the five dyads were simulated with 80 diiferent ﬁombinatiohs
of scent range, scent effect time, and scenting‘ffequency to “f
'study scent point communication (total‘AOO simulations); scent
ranges from 0.05 to 0.50 miles (80 to 800 m), scent-effect timesvw
of 1 to 8 héurs, and scenting frequencies of 0.33 to 2.00 per
hour (one pér 1-1/2 hours to one per 30 miﬁutes)'wére used in f
various combinations. | |

The study thus involved, for each of the five dyads,
simulated communication under a total of 154 different limits
on communication. In all, 770 simuiations wére dqneAfor thg

.study.

For each dyad,.when a particular communicétionAmodel-andl
value(s) of the communication variable(s)‘were used, the |
simulation began by fetrieving the moveméntlpatpérns éf,the tﬁﬁ ﬁ
animals from magnetic tape (Fig. 7). The movement patterns
were then recreated_simultaneously og the ﬁome range space.

The initial locations of the animals were randomized, and they
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Schematic summary of the flow of processes
and decisions used in simuiating coﬁmuni~
catiﬁn between a particular pair of red
fox which formed a dyad on the same home

range space.
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could have been anywhere on the space. As simulated time

advanced in 5-minute increments, both animals moved from

location-to-location, following their previously determined’
movement patterns. fhe computer pfogram.whicﬁ controlled_‘
these processes, and those described beléw, is sﬁown'as‘
Appendix A. -The commentAcards in the printed p;dgrém (iineé 
in Appendix A with C in the left margin) prov1de an under-—
standlng of the logic of the program and the flow of operations
Whlch simulated communlcatlon between red fox. .
While the animals moved about, the 51wnaller eﬁltted -
signalé according to the.schedule which 1 programmgd for the
simulation. The interaction of the mdvement patterns, how  ‘

often the signaller emitted signals, and the rangé of effect -

.of the signals; determined the level of communication which

occurred.

I used 540 locations from each movement pattern (the

remaining 360 were used to allow the animals to start from

randomly determined locations), thus a simulation wasreQuivalent
to the movements of tw§ red fox.for 45 hours (5 days.of 9
houré-of fox activity each déy). The progfém céﬁnted tﬁe number
of times the merments of the animals brought'éhem‘to locatiéns
from which édmmunicationAcould occur, and how 6fteﬁ they‘wéré

outside the limits on communication{, The number of times

communication was possible was divided by the total (communication

‘plus non-communication) to. give the percentage of time during

each simulation when communication occurred.
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The movement patterns of each of the members of a dyad

remained the same, regardless of which communication model

'was used in a simulation, or of the values of the communication

variable(é) used.. éhoice of the movement patterns which
represenfed a dyéd wéré made without regard for individual .
characteristics of the movement patterns; movemént patterns
of tﬁe.animals were fhus random variables in each of the
simulations.

For each dyad, movement pétterns of'the aniﬁals ﬁere»l'
controlled variables, ailowing comparison of'amoungé of
cémmunication which occurred with a commﬁnicatioﬁ mﬁdel when
the values of the communication vafiable(sj were changed betweeﬁ
simulations. Comparisons among the dyads were also made,‘forl
the same communication model and value(s) of the communicatioﬁ

variable(s), to indicate variation in amounts of communication

attributable to characteristics of the individual movement

patterns.

To compare movement patterns with levels of communication,:

 scores for each dyad for the level of communication which

resulted from each means of communication were ranked. ‘These

rank scores were then compared with rank scores for the four -

vparametérs of the movement patterns. The homparisons indicated

ways in which communication was enhanced by the slight differenbes

in the way various simulated animals moved about.
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When a particular communication variable or a combination’

.of variables was held constant. for all dyads, diffefent levelé

of communication resulted among the dyads (see below), because

movement patterns influenced communication and each pair of

- movement patterns was unique., The levels of communication which

resulted from each value of a communication variable (for
example, a visual range of 0.40 miles of 644 m) or for each
combination of communication variables (for example, a vocali-

zation frequency of 1 per hour and a vocal range of O.80'miles

or 1,287 m) were averaged for the five dyads. .Many values of

the communication variable(s) were simulated for each means of
commﬁnication, and the average level of communication was
computed for each value or combination of values. All thé.l
average values for a particular means bf communication were
plotted (see for example, Figs. 8, 9 and 10)‘énd ;he.value(sj
of the communication variable(s) which ga?e, on thg avérage, Co
20 percent communication were interpolated from each plot.

Then for each means of communication, the level of communication

which resulted when the value(s) of the communication variable(s)

‘used in simulation equalled these interpolated value(s) was

ranked among the five dyads. ARank 1 was given to the dyad
which showed the maximum level of communication with these -
value(s) of the communication vériable(s).

For comparison of movement patterns with levels of qommﬁﬁi-

cation, the five signallers and the five receivers were ranked
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for each of the four movement parameters. A rank of 1 for

rate of travel among signallers means, for example, that the

simulated animal had the highest mean rate of travel among the

- five signallers. Numerical bases for the rankings are shown

in Table 1, while identities of signallers and receivers are -

shown in Table 2.

RESULTS AND DISCUSSION
LEVELS OF COMMUNICATION WITH FIVE MEANS OF SIGNALLING

Results from the simulatioﬁ of each means of commupiéation
are presented as follows. The level of communication'which
occurred;for.the various values of tﬁe communication variable(s)
is shown in a figure and discussed. Factors thch reduced -
the effectiveneés of attempts to increase comﬁuniéation are
éutlined and discuésed. Characteristics of the movement patterns.
which £esulted in higher or 1ower level§ of communication for
particular dyads.are considered; Finally the reéults of the“. ‘
simulation are compared with available informafiqn on communi;'
cation among red fox. It should be kept in mind ;hat simulation -
was with deliberately simplified models. The ;iﬁulation results
thus may not reflect levelg of communication thch occur with

the many variables which affect levels df_pommunicationvamong'

wild red fox.
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. Tactile and Close-range Communication:

No tactile communication occurred between members of any

of the five dyads (Fig. 8). Tactile communication depended

on the animals being in the same place at the same time.

Close-range visual and vocal communication was arbitrarily

" defined as occurring with visual or vocal ranges of 0.0l miles

(16 m) or less and with continuous or less frequent vocaijzétion 
where. appropriate. Close-range communication occurred 0.15
percent of the time or less for the average of the five éya&si
(Fig. 8). No close-range communication occurred witﬁ signal

ranges less than 0.05 miles (8 m) for any dyad, and three of

the dyads showed no communication with ranges as great as .

- 0.10 miles (16 m).

Tactile and other close-range means of communication
were'sevefely limited by movemenfs of the simulatgdlanimals.-
TheseAresults suggest that communicétion,by close-range means
w0u1d‘occgr very rarely between red fox, unless some other means .. .
of communication was first employed to allow the‘memﬁers of a
dyaa to move closer together. In the absence of such éoﬁmﬁni*.A
cation and coordination of movements, it is doubtful thaﬁ‘close‘
range qommunication would occur often enough ﬁp accouﬁt for

social bonding in red fox dyads.

Visual Communication:

Increasing the visual range, which increased the area in

which the signaller could be seen by the receiﬁer, increased .




Figure 8. 
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Levels of tacéile, closeérange visual, and
close-range vocai comnunication which
occurred in five simulated red fox dyads :
(A-E) with signal ranges of 0.0l miles

(16 m) and lesé, and the mean levels of
communication'for the five dyads. Note
that none of the dyadé conmmunicated mére
than 00.5 percent of the time of these
meané, and dyads B, C, and D did not

communicate at all.
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the level of communication for all dyads (Fig. 9). Becaﬁse
of the specified dimensions of the ellibtical a}ea which
included the home range spaces, visual communication would
have occurred 100 percent of'the time for all dyads with a
visual range of 1.50 miles (2,413 m). With that visual rangé
a siénal from aﬁywhere on the home range space would have covered
thé entire space. The maximum visual range which I simulated
waé 0.90 miles (1,448 ﬁ), and Qith this range.four of the five
dyads communicated more than 80 percent of the time. The
maximum rate of commuﬁication was 96 percent for dyad B and
tﬁe minimum was 75 percent for dyad A.

With linear increases in visual range, increases in,levél.A
of communication were non-linear (Fig. 9).  On the a&eragé,'
a greater increase in‘communication‘resulted from a unit
increase in viéual fange when the range was less than.b.éo miles
(644 m). For visual ranges of 0.10 to 0.40lmiles (161 tQ;644 ﬁ)‘
each increase of 0.10 miles (161 m) in range ééve an additionai‘
15 percent éommunication. However,-for ranges of 0.40 to 0.70
miles (644 to 1,126 m), an increase in visual range of 0.10
miles (161 m) résulted in only 8 percent more communicétién;
This result may indicate that attempts byAa red fox to increase
visual communicatiop by becoming more conspiéuods will be more
efficient if thg visual signalltrévels less than 0.40 miles

(644 m) to reach a potential receiver of the signal.
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Levels of visual communication which occurred

in five simulated red fox dyads (A-E) with visual

rangés of 0.05 to 0.90 miles (80 to 1,448 m),

‘and the mean levels of visual communication for

the five dyads. 'On the average, the animals

communicated 20 percent of the time when the

 receiver could see the signaller from 0.19

" miles (306 m).
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With increased visual ranges the curves (Fig. 9) showing
the-relationship between visual range and level of communication

were inflected. This inflection suggests that some limit on an

‘increase in level of communication was approached as the visual

- range increased. Wastage of visual signal emitted beyond the

boundary of the home range space accounts for the limit on

effectiveness of increasing visual range. For communication

~within any dyad by any means, signai is wasted when it goes

into space not uséd by the.receiving animal. .Howeﬁer, such
signal may not in faﬁt be wasted when it is uséd for communi-
cation outside the particulér dyad under consideratidn.. Visual.
signal emittea to places on the home range space other.than that

place occupied by the receiving animal was wasted as well;'but

more visual signal on' the home range space increased the chances

that the recei&er would be in é location from whiéh it could see
the signaller. |

Signal was not wasted beyond the boundary of the receiver's
home range space when the signaller was the same distaﬁcé éé

the visual range from the nearest boundary of that space, or

more than the visual range from any of its boundaries. For a

given visual range, there was thus a set of locations which

" formed a threshold for such wastage of signal. Beyond these

threshold locations, the-amount of wasted signal increased
for a given visual range whenever the signaller moved toward

the boundary of the receiver's home range space or, from a given
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location, és the visual ranée increased. in general, such a
Aset of threshold locations exist for all means of communication
for each signaller using a given emission infénsity in dyadic
g A A comﬁuhicétion. Given that the signaller is aware of the extent
1 R - | of the receiver's hbme range space, the iocations outline an
:area from which the signaller could most efficiently signal
the other member of the dyad. |

For a particular yisual range, only differences in movement
patterns could account for the.different-levels of’éoﬁmunicafion
whiéh were shown among the dyads (Fig. 9), since all otﬁer
variables were heid constant., On the_éverage, the dyadsl
communicated 20 percent of the time wheﬁ the viéuél range waé
0.19 miles (306 m) . Theré was considérable»vafiation among.
the dyads. in the amount of communication whichropcurred with
that visual range, from 7 percent.for.dyad A tb»36_percent for
dyad'D. For this and a Qiﬁe variety of_ﬁisual r;nges,'the

dyads consistently ranked as follows ﬁith respect to levels

of(communication with a particular visual range:  D %'1; B = 23
]l 4 E = 3; CA=.4;'A = 5.
| It is thus shown by variation in level of'éommuniéation
among the dyads that the way in which one or both members.of'
each dyad moved about influencedbtheir abiiigy ﬁo communicate -
'_ ' ' visually. There was no appAaren_t rank correlation between the

level of visual communication in a dyad and any of the four

parameters of movement of signallers (Table 3), and the manner



Table 3. A comparison of the level of visual communication provided by the pairs of movément patterns -
which formed each of the five dyads with 4 parameters of the movement patterns of signallers
and receivers within each dyad. Criteria for ranking the levels of communication among the
dyads, and for ranking the movement patterns among signallers aud among receivers are given
in the text. '

: Contagion of ,
Rate of Movement Straight Ahead - Locations Total Number .

Communica- (mean) Travel +30° (K) : Grid-squares
Dyad tion Rank Signaller Receiver Signaller ‘Receiver Signaller Receiver ASignaller Receivgr
b - 1 2 1 1 2 2- .2 - 3 - . 2.5
B 2 5 2 5 4 5 5 14
E 3 1. s 2 1 1 3 '3 2.5
c 4 3 5 3 3 4 4 3 1

9%
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in which signallers moved about apparently did not greatly

"influence visual communication. However, there was a good rank

correlation between rate of movement of receivers and level

of visual communication. This result may indicate that the

. way in which receivers moved about had a great influence on

the level of visual communication, regardless of the movement

.pattern of signallers. If this were true, the signaller could

do little to enhance gommunication ekéept changé the visual

range, unless it exerted some control ove:r thé recei&er's.'

movement pattern, and in so doing increased the rate at thch

the réceiver-&oved about its hdme rénge_spéce.' |
Although simulation shows that moveﬁents of the,aﬁiméls

alone does not prévent significant levels of yiéual'communication

(Fig. 9), red fox are primarily nocturnal, which précludes

use- of visual signalling in long—ranoe dyadic communication..

Even for short ~range locatlon of prey (from 30 m or less),

vision was shown to be important only during daylight hours

(Osterholm 1966:54), and senses of hearing and particulérly

smell became more important in twilight and darkness. As"
stated by Osterholm (1966:55):
". . . the fox's own daily rhythm has the result,

that in nature the sence of sight is not a

particularly important receptor to the red fox".

In general (Marler 1965:547), in spite of adaptations for

improved vision in darkness, nocturnal animals can rely less
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on vision than other éenses for communication. An additive
factor which would further reduce the effectiveness of visual
'signalling is interference by topography aﬁd vegetation;
Interference with visual signals‘by‘vegetatioﬁ was shown by
Bronson (1964) to seasonélly decrease visual comﬁunication N

among woodchucks (Marmota monax), a diurnal mammal. - Inter-

~ ference, when combined with darkness, would make visual

éoﬁmunication.over moderate or long dis?ance very difficgl#

for red fox. Visual commupication is thus probably of little
importance in maintaining social bonds iﬁ red fox dyads,'not_
because movements prevent it, but becaﬁse4fox are p?imarily;'

nocturnal and because the habitat interferes with visual signals.

- Scent Path Communication:

‘Increasing the scent effect time, which increased the.A

‘length of the path of effective scent which was available ét

any time, increased levels of communicatién for ali dyéds

(Fig. 10). However, amoﬁnts of communication.afforded by lpnger—.
lasting scent quickly reached an upper.limit.' On the average,
scent path signalling proﬁided comrunication ﬁo ﬁore than 25
percent of the’time, even when scent remained éffectivé'for.lz

hours or more. At the extremes for the five dyads, the upper

“limit in level of communication was reached with 18 hours of

scent effect for dyad A and 10 hours for dyads B, C, and D.

At the upper limit in level of communication'fbr the dyads
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Figure 10. Le&els of scent-path communication which -
occurred in five simulated red fox dyads
(A-E) with scent‘effect times of 0.33 to 24
hours, and the mean ie&els of commﬁnication
for the five dyads. Note that an incfease'
in level of communication with increésing
scent effect times occurrgd only until
scent was effective for about 12 hours,Aand
further increases in scent effect timeldid
not give further incfeases in commpnication.
On the aQerage, the animals communicated
20 peréent of the time when scent remained

effective for 7.6 hours.
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considered separately, the maximum level wés 38 percent for
dyad D and the minimum level was 19 percent for.Hyad A. 'Dyé& A,
which could communicate no more than 19 percent of the timeAby
scent path signalling regardless of thé scent effect tiﬁe,“
:reqﬁired a longer scent effect time to reach ifs maximum  level
of commﬁnication. Dyad D, inlcontrast, needed a sﬁdrterAscent
effect time to reach a higher maximum level of communication. -

A limit oﬂ the effect of increasing scent effect times '
was approacl.ed as these times increased (Fig;AlO).‘ The limiting
- factor(s) are unknown; no scent path sigﬁal was wasted By emission
outside the boundary'of the elliptical aréalwhich included the
home range spéces. However, the home rangé.spaées'ofvthe two
~members of each dyad depended on where within the elliptiqal.‘
area each animal actually mbved. The home range space§ of dyaa
members may have diverged enough so tha; soﬁe scentApéth signal
could not bz received, and was wasted.

lAs with'the other means of communication, only differenqes
in movement patterns among the ayads could éccount for the
different levels of communicaﬁion with the same sceﬁf effect
time (Fig. 10). On the average, the dyads communicgted 20 .
-percent of the time when écent was effectivg for 7.6.hoﬁrs.
: Variation aﬁong the dyads with a scent effect time of 7.6
hours ranged from 15 percent communicati&ﬁ'fqr dyad. A to 28
percent for dyad D. TFor a particular scent'effgct time, the
dyads consistently ranked'as follows with respect to levels'of:'

communication: D = 1; E = 2; C= 3; B= 4; A =5,
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The variation among dyads, and the consistency in relative
level of communication with each of many scent effect times
shows that the merments of one or. both d&ad members influenced
the level of scent path communication. 1In contrast to Qisual.
signalling, the way in which signallers movéd about while
sigﬁa}ling with scent paths apparently influénced the level of
communication (Table 4). Signallers‘Which héd a relativeli
high rate of travel, and particularly those which tended to travel :
straight ahead at a rapid rate, were more successful in sigﬁélling
the receiver of their dyad. A critical féctor iﬁ séent péth~
comnunication is the fotal length of path whi;h carries éffeétive

scent at any time, because a longer effective path increases

- the probability that the receiver will move across it before

.

" the scent becomes ineffective. Where the animals move over

large areas, a second critical factor is‘tﬁe total area in
which scent paths are effective. -Given the same length. of
effective scent path, the probability of communication would
be lower when that path is concentrated in one small'parf of
the receiver's home range space because thé féceiver‘méy be
mo?ipg in an entirely different part of the space while the
scent is effective. A movement pattern in whichAthe signaller
moves rapidly and seldom ﬁurns would provide both a longer : 
effective scent path at.any time, and a tendency'tb disﬁribqté

that path over a large portion of the receiver's home range spaCé.



Table 4. A comparison of the level of scent pathAcommunication provided by the pairs of movement

‘patterns which formed each of the five dyads with 4 parameters of the movement patterns of
signallers and recelvers within each dyad. Criteria for ranking the levels of communication
among the dyads, and for ranking the movement patterns among signallers and among receivers
are given in the text.

: ' ' Contagion of . .
Rate of Movement Straight Ahead Locations Total Number

Communica- (mean) Travel #+30° (K) , Grid-squares
Dyad tion Rank Signaller Receiver Signaller Receiver Signaller Receiver Signaller Receiver
D L 2 1 1 2 2 2 3 2.5
E 2 | 1 5 | 2 | 1 1 ' 3 3 - 2.5
c 3 3 5 | 3 3 4 4 3 1
B 4 5 2 5 4 5 5 1 4
A 5 4 4 4 v5 3 1 5 5

es
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Scent path signalling is potentially an‘efficient means
for providing'moderate levels of communication in red fox
dyads. "Red fox have interdigital glands which produce odér'
distinguishéble even to humans, and which may cOntribute to
. leaving a scent trail és the animals move about (Fo# 1971:201);
Anal and other scen£ glands maf also producé odors whicﬁ aré'
left as a trail; along with distinctive chemical substances
from non-glandular parts of the fox's body surfacé.  BecauseAa'
scenf trail is left as the aaimal moves abogt; incidentél to its
other.activities (Ewer 1968:112-113), alfox need not spend
much additional time and‘energy in communication. Scent frails
can carry information about the identity.and sfate of the
inéividual which leaves them (cf. Wilson 1968:9Q) and;‘because
of concentration gradients along a trail,‘about the direction
of travel and the amount of time which has passed since theA
'traii was laid (Bossert and Wilson 1963:458-463). Iﬁformationu
4inherent‘in scent trails could thus alloﬁ_fox tb‘maintain a
degree of spacing or help to bring-them together.

Red fdx almost certainly can use information_frpm scent
trails, althohgh gqod evidence for them doing so is lacking.

Certain breeds of the domestic dog (Canis familiaris) have

outstanding ability to discriminate among and to foliow scent
trails (reviewed by Fuller and Fox 1969:472—4745.  That this
ability is generally developed in canids is indicated by
observations of timber wolveé following the scent trails of con- -

specifics (Mech et al. 1971:23; Jordan et al. 1967:243).
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Simulation indicates that moderate levels of cﬁmmunicatiqn
are possible wiﬁh_red foﬁ movements when écent reﬁains effective
for about 9 hours, but that furthef increases in scent éffect'
time are inefficient in terms of increasing communication.
Thus, the optimal level of scent emission is that‘which provides
communication over a time approximately equal to the leﬁgth of
the daily activity period. It seems possible that the primary
function of scent path signalling is to revéal the location of
the signaller during tﬁe same daily activity period that séent
trails are left. Ambiguity introduced by scent persisting :
from one daily activity period to the next may be a&oided:by
the signaller emitting only that kind or amount of.scent which

provides an optimal scent effect time.

Vocal Communication:

Changes in the communication variables whicﬁ tended to
increase the area covered by signal, the time'covered by.signal,
or both resﬁlted in higher levels of communication for ail
d&ads in the complex relationship among vocal range, vocalizétion
frequency, and communicdtion (Fig. 11). Vocal communication. |
would ﬁave occurred 100 percent éf the time for all dyadé with.

a vocal range of 1.50 miles (2,413 m) and a vocalizatién fréquency
of 12 per hour. With those values a signal'from anywhere on
the home range space covered theveﬁtire elliptical érea, and

vocalizing 12 times per hour (once per 5 minutes) was equivalent



.Figure 11.
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Mean levels of vocal communication which
occurred in five simulated red fox dyads

with vocal ranges of 0.10 to 0.80 miles

- (161 to 1,287 m) and vocalization frequenciés

'of 0.33 to 6.00 per hour (one per 1-1/2 hour

to one per 10 minutes). Note that a linear
increase in vocalization freéuenéy gaﬁe a
linear increase in level of communicatiop fof.
each simulated vocal range. Several vocalv
ranges and vocalization frequencies gave an
average of 20 percent communication,
inciuding 2.8 VOcalizétions per hour witﬁ a.
vocal range'of 0.80 ﬁiles (1,287 m), and 4.7
vocalizafions per hour with a vocal range.of

0.40 miles (644 m).
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to continuous vocalization in the communication model. With

‘the maximum values which I simulated, a vocal range of 0.80

miles (1,287 m) and a vocalization fréquency of 6 per hour (once
per 10 minutes), three dyads communicated more thaﬁ 40 percent
of the time and the remaining two dyads more than 30 percent
of the time. The maximuﬁ rate of communicﬁtion,with these
values was 45,9 percent for dyad:D and the minimum was 34.6 -
percent for dyad A.

There was a linear increase in communication with lineér-l
increase in vdcalization frequency’(Fig,'ll) for.each Vocél-
range from 0.10 to 0.80 miles (161 to 1,287 m). Vocal range

and vocalization frequency interacted such that, as vocal range

" increased the effect of increasing vocalization frequency

became more pronounced. For example; an incre;§e>of one“
vocalization per hour with a vocal rangé of 0.20 miles_(322 uQ'A
gave 1.6 ﬁercent more communication,'while én increase of dné‘
vocalization per hour with a vocal range of 0.80 miles (1,287 ﬁ)
gave 7.0 percent more communication.' This result indicates
that an'inérease in the frequency with which a fbx vocalizés
will have a greater effec£ on tﬁe level of dyadic ébmﬁunicationA~
when the vocalizations are emitted‘such tﬁat fhey can be heard
from far away. .

The effect of increasing vocal range on level of commu-—

nication was non-linear, becoming more and more limited as

the vocal range increased with a given vocalization frequency .
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(Fig. 12). VWastage of vocal signal emitted beyond the bbﬁndary
" of the elliptical area accounts for a part of this limit. As
with visual communication, signal was wasted when it went into
spaée not used by the receiving animal; and a ;imilar set of.
threshold locations existed for such wastage of vocal signal.
“In contrasﬁ to visual signalling, the signaller could move
outside these threshold locations without reducihg~the‘efficiency
of signalling, so‘long as it did so between the times whén
it emitted vocal signals, . Given that'a signaller is aware of
the location of a poténtial'receiver,‘vocal-signélling may‘be
made more efficient by directional emission of signal towafd‘
the receiver (Busnel 1963), which reduces wastage of sigﬁal;
Directional emission was excluded from the communicatiénAmddel
when I assumed that all communicatibnAwas dnidirectionai;A

For a barticﬁlar combination of vocal raﬁge and vocaliza--
tién ffequency, only différences in movement patterns could -
account for the different levels of communication éhown'aﬁong
- the dyads. On the.average (Fig. 11) the minimum vélueé of vocal
rénge'and vocalization frequency which‘gave communication 20
pércent of the time were: 2.8 vocalizations per hour witﬁ a
-vocal range of 0.80 miles (1,28Z m), and 4.7 vocalization§<per
" hour Qith a vocal range of 0.40 miles (644 m)..»There was
considerable variation among the dyadé in the levels of éommuni—
cation which occurred with these seﬁs of values. ‘Witﬁ'2.8_

vocalizations per hour and a vocal range of 0.80 miles'(l,287 m),
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The relationship between increasing vocal

range and mean amount of communication which

resulted for five dyads with the 6 vocalization

-frequencies indicated at the right of the figure.

The inflection of the curves for vocalization
frequencies greater than 0.50 per hour illus— -
trates the limit which wastage of vocal signal

placed on the effectiveness of increasing the

. vocal range.
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communication ranged from 16.0 percent for dyad A to 21.2 percent

for dyads D and E. Communication rangad from 13.5 percent for

dyad A to 26.0 percent for dyads D and E with 4.7 vocalizations

per hour and a vocal range of 0.40 miles (644 m). The relative -

amount of communication per dyad was consistent among the dyads

- for these two and many other sets of values of the communication

variables. Levels of communication among the dyads ranked as .-
follows: D =E =1.5; B=3; C=4; A =05, |
Although the way in which the animals movéd-about iﬁflééﬁced
their ability to communicate vocally, there were.po obvious |
correlations between ways of moving about and leQels of
commﬁnicétion (Table 5). However, dyads whose members tended
tottra§¢1 at greater spéeds and tended to turn less often
(both.members) ranked highest in.levels of vocal communication;'
Lowest levels of communication resulted when both members of
a dyad traveled slowly and turned frequently. Theoretically,
either pattern of movement could have resulted in higher levels
of communication if the movement patterns éf ﬁhe animais hgd
been coordinafed such that they used the saﬁe portioﬁs of thel
ellipticél area:at the same times. Where the movemeﬁts were
ﬁot.coordinated, the ﬁrobability that they wefe close ﬁogether

depended on chance alone, and the chance that both animals

. would be in the same part of the elliptical area at the same

time was apparently increased when both animals traveled at

~ high rates in fairly straight lines.



Table 5. A comparison of the level of vocal communication provided by the pairs of movement patterns
which formed each of the five dyads with 4 parameters of the movement patterns of signallers
and receivers within each dyad. Criteria for ranking the levels of communication among the
dyads, and for ranking the movement patterns among signallers and among receivers are given
in the text. ‘ ‘

Contagion of

_ Rate of Movement Straight Ahead : Locations Total Number
Communica—- (mean) Travel +30°° (X) Grid-squares
Dyad tion Rank Signaller Receiver Signaller Receiver Signaller Receiver Signaller Receiver
D s 2 1 12 2 2. 3 2.5
E 1.5 1 3 .2 I 1 .3 3 2.5
B 3 5 2 5 b 5 S 4
c 4 3 5 3 3 4 4 3 1

09
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Parameters which summarize the distribution of locations

~resulting from a pattern of movement should show less correla-

tion with levels of communication than do parameters which
describe the pattern of movement per se. Communication by
any means of signalling depends on the individuals being at

certain places at certain times, and the over-all distribution’

of locations does not reflect the timing of the animal's

movements. For example, both members of a dyad might concentrate
a poftion of their activity on the same part éf'the elliptical
area without enhancing vocal communication if they were not both
in that parﬁAat the same tiﬁe.

There was an indication, however, thaﬁ mdvemeﬁt patterns
which resulted in maximum dispersion of locatibns.(higth
values) gave more.vocal commdniéation than~patterné which
resulted in greater clumping of loéations (Table. 5). TUnless
the two members of a dyad were mutually'aWare bf locationns
used by the other member and had clumps of locations in the
same portion of the home range space, or unless-clumping'in

the same portions occurred by chance, there should have been

. an advantage in maximizing dispersion of locations used by both

the members. This is because clumps ofAlocatiéns fof the two
animals located in distal portions of the elliptical area, Qhen'
coﬁbined with short vocal ranges, would have resulteﬁ in low |
levels of communicaﬁion regardless of when the animals used

these clumps.
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‘Vocal signalling could be an effective means for maintaining
social contact in red fox dyads. As shown by siﬁulation,
novements of the animals allow them to communicate a reasonably
ﬁigh proportion of the time ﬁith relétively low emissioﬁ inten-
éities and frequencies of signalling. Vocal signalling is

efficient in terms of energy cost to the animal, relative to

other means of communication (Sebeok 1967:368) and may require o

less interference with bngoing behavior of.the énimal than do
othe# means of signélling (Marlex 1967:773); "In the total -
energy budget for a_fedlfOX, the cost of vocalizing a few times.Ai
ﬁer hour is probably not important, regardless of the emission
intensity. . High frequencies of signalliﬁg’with gréater vocal
ranges might allow a'potential predator of reﬁ'fox‘to bétter
locate its prey (Hall 1965), and thus promote selective pfessure
against such vocal signalling. 'Héwever_the mbsé probable:
predator, the timber wolf, generaily locates its prey by scenf
or sight (Mech 1966:118-125).

Red fox probabl& are capable of‘emitting vécalizatibns

which can be heard over distances at least as great as the vocal

rangés which I simulated. TFox (1971:48) indicates that'auditory f

~signals are well developed in the more solitary canids for

communication over greater distances, ndﬁably iﬁ the red fox. -
That author, however, presents no data on absolute vocal ranges.
The loud vocal signals are highly stereotyped (Fox 1971:185) as

predicted (Marler 1965:583; Marler 1967:772; Nottebohm 1972:131;
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Lancaster 1968:442) for signals which transmit information over

. relatively long distance. Timber woives (Ruﬁter and Pimlott
A1968:138) respond by voecalizing to the howls of wolves'which

are at least 0.50 miles (804 m) away, and farm dogs by barking

-~ - to the baying of hounds which are 1 milel(l,609 m) or more

away (personal observation). Spotted hyenas (Crocuta crocuta)

respond to tape—recorded vocalizations from as'far_as 3;000 m
(Kruukll972); ‘At least from éistances of 10 m and less, red
fox can very preciéeiy locate slight noises made by éreonn

the ba;is of hearing alone (Osterholm 1966;57).. Localization B
from both short and 1ong distance is enﬁ#nced (Busnei 1963)

by repetiticn of signalling which allows a receiver to "home in"

"on the direction of the signal source. Red fox are tbus'probébly o

capable‘bf both emitting loud vocal signéls and using these
signals for communication over long distance. As indicéted
by simulation, these loud vocalizations when emittéd ofteﬁ
enough could provide high levels of dyadic communication when
red fox move about as they do.

Why theﬁ do fed fox not vocalize more often with'emiséioﬁ.

intensities such that they can be heard over long distances?

Nocturnal animals such as the red fox might be éxpécted (Nottebahm

1972:131) to rely on audition as the dominant modality for
communication over long distances. Timber wolﬁesg(Theberge
and Falls 1967) apparently use long-distance vocalizations as

a means for maintaining contact among members of social units
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wﬁen they become separated. However, Fog (l97l:i84) indicatéé
that, unlike domestic dogs;rwild canid§ invgeneral do not often
vocalize. Red fox apparently seldom emit loud vocalizatiops.
Sargeant (personal commuﬁication) observed pairs of red fox
in a 10-acre (4 hectare) enclosure and "very rarelf" heard

them vocalize. On the fewer than 5. occasions during several

months of observation when vocalizations were heard, the animals

apparently responded either to the presence of the observer
or to-other disturbance. Burrows (1968:170—173) iisted all-
fox vocalizations heérd dﬁring a one-year period. Vocalizg#ions,
excluding those on 8 dates'by cubs at a den, were ﬁéted on
only 56 dates, and on most of these only a singlé vocaliza#ion :
was heard. There were long periods of éonsecutive déteé.ﬁheﬁ
the foxes.did not vocalizé. For example (Burrows 1968:45);
"During February 1966 I heard foxes on only thr;e ﬁights."4 

It is unlikely that red fox w&uld depend entirely on vocal
signalling,.or on any other single means of communication,': -
for maintaining social contact between mgmberé of d&ads. ‘Marler
(1967:773) notes that when vision is limited there'ﬁends to be
more reliance, in general, on olfaction for botﬁ'closefrange and
distant communication. Red fox have well developed sceht.glahds '
and olfactory capabilities (Fox 1971). .Aé indicated in the
previous section of this paper, and in the section which follows,

the movements of red fox can provide for moderate to high levels

"of olfactory communication.
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This study suggests that vocal communicatioﬁ could be gffective
in maintaining social contact in red fo# dyads. - That such~’
communicatiqn occurs infreqﬁently is explainable in atvleast
two ways. Levels of communicatiqn required to maintain social
bonding in red fox dyads may be very low or; moré likely,
other meéns of communication such as thoseAbrovided by sceﬁt
marks and trails may usually ﬁreclude the neceésity fér{using

long~distance vocal communication.

Scent Point Communication:

Combinations of the three communication variables‘Whicﬁ
produced relatively sparse, small circles of scent on thé hbme
range space gavellow leﬁels of communicatioh; while combinétioné
which produced rélatively common, large circles 6f scent gaﬁét
high levels of communication (Fig. 13). Higher 1evéls of commu~
nication resulted from inéreasing-the scent range,-and fdr
each scent‘rénge from inéréasing the number of effectivé scent’
points. A greater number of scent point; effgctive.at any
time resulted from higher scenting freguencies, léngér scent
effect times, or both. Scent péintAcommunicationAwould have

occurred 100 percent of the time with a scent range of 1.50

miles (2,413 m), a scenting frequency of 12 per hour, and a

" scent effect time of 5 minutes. With a scent range of 1.50

miles (2,413 m) other combinations of scenting frequency and

scent effect time would have given 100 percent communication,



Figure 13.
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Mean levels of scent point communication which

occurred in five simulated red fox dyads for.
four scent ranges (0.05, 0.10, 0.30, and 0.50
miles or 80, 161, 482 and 804 m), scent effect
times f;om 1 to 8 houfs, and scenting frequeﬁcies
of 0.33 to 2.00 per hoﬁr tone per 1-1/2 hours

to one per 30 minutes). Note that the average
amount of communicatica increased with an
increase in any one or more of the communication
variables. Many values of‘the three variaBles 
resulted in an average of 20 peréent communi-
cation including a set in which the signaller -
deposi#ed scent once every 30 minutes (2 per
hour), scent remained effective for 8 hours,

and the receiver could smell scent from 0.06

miles (96 m).

R
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" such as a frequency of 6 per hour and an effect ;imé éf 10
minutes; so iong as one or more scent points were efféctiye

at any time; I.simulated lower scent ranges from 0.05 to -

v 0.50 miles (80 to 800.m),,scent effgct times of 1 to 8 houré,_;
and scentiﬁg frequencies of ;033 to 2.00‘per hour (one per

3 hours to qne»pef 30 minutes).

On the average with maximum values of all three ﬁariableé
(O.SO-miles or 800 m; 8 hours; 2bper hour}, the animals communi-
catéd 86;8 percent of the ‘time. With these high values, there
was considerable variation in level of communication among the
dyéds with dyad E communicéting 99.8 péréent of the-time and>;
dyad A 69.83 percent of the time. 'Thelloweét values whiéh i
simulated (0.05 miles or 80 m; 1 héur; 0.33'per,hqur> gave an
average of 00.6 percént c§mmunication. -There.was negiigible
variation in level of communication amony the dfads, with dyad
A communicating 1.1 percent of the time and phe remaining
four dyads less than 1 peréent of fhe time;

Incre;sing thé value of any of the three cémmunicatibﬁ
variables while the otﬂer two were held constant did ﬁot
result in expected increases in communication. Some factor(s)
thus limited the effect of increasing'the value(s) of ﬁhe
communication variable(s). The amount of communicationlwhich
resulted frém the scent point model, given a particulafIAyad's:
movement éatterns, should havé been directly reiated to the afea

covered by effective scent at any time. A change in any of the =
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tﬁree variables which increased tﬁis area shouid have ingréased
communication in direct relation to the increase in total scented"
area, other things being eﬁual. When the oﬁher two variablés
were held constant, a 1ine;r increase in scentvrange (the area
ihcreased as tﬁe square)vshould have resﬁlted in é non—lineaf-
increase in communicafion.~ When thg gtﬁer two variébles were  >
held constant,.é linear increase in eithef scent effect time or
in scenting frequency should have given a }inear increase in
communication. |

A unit increase in scent effect time gave less and less
;ommunication as more and more of thé home range space'was
c§vered with scent because of higher scent_ranges‘and-scenting
frequencies (Fig. 14, top). For a particular combination of‘
scent range and scenting frequeﬁcy,-the relationship between
scent effect time and ﬁercent communication was lineaf as
expected, bﬁf only for low scent ranges and scenting frequenciés.k
A signaller could thus increase the level of commuqicatioﬁ by
increasing the scent -effect time, but would dé sé more efficieﬁtlf~
when scent ranges and scenting frequency were.held.rélatively 1 |
" low. This could be accompllshed by scenting with a chem1ca1
which had a low diffusion coefficient and low volatlllty, as'
would be given.by a substance with high molecular weight (Bbsgert
and Wilson 1963;454). The reéulting slow fade—out time would
have the disadvantage of limiting the rate of informat;on _
transfer (Wilson 1968:77), but Eould'increase the overall level

of communication in the dyad.
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Top. The relationship between scent effect

time and mean amount of communication which

resulted for five dyads with the sex combina-

tions of scent range and scenting frequency

shown at the right of the figure. The inflec—

tion of the curves for ranges greater than

0.10 miles (161 m) and frequencies greater than.

2 per hour illustrates the limit which overlap
of effective scent circles placed on the
effectiveness of increasing the scent effect

time.

Bottom. The relationship between scenting

- frequency and mean amount of communication with

the seven combinations of scent range and scent
effect time shown at the right of the figure.

The inflection of the curves illustrates the

limit which overlap of effective scent circles .

placed on the effectiveness of increasing the

number of scent points deposited'per unit time.
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A; with scent effect fimes, a unit increase. in scenting
frequency gave less and less communication as more and more of
the home range.space was. covered Vith écent because of greater‘

égent effect times and scent ranges (Fig. 14, bottom). Ihe'

"expected. linear increase in level of communication with linear .

increase in scenting frequency, for a pafticular‘combination.of
scent effect time and. scent range, was shown only for low scent
ranges and zcent effect times. A féctor which ﬁay have limited
the effect of increasingAscent effect time, scentiﬁg'ffequency,,
or both was overlap of circles of effective sﬁénf.l“Aé each scent
poinﬁ remained'effecfiye for a longer‘time;‘or'partiéularly'.

as sceﬂt points depositéd one after the other as the.animal
moved about were pléced closer togéther in boéh‘timg'énd space,
the éfobability that two or more effectiveiséent circléé would

overlap increased. When effective scent circles overlapped,

. the effect of a unit increase in the number of scent points

on the home range space was reduced because eaéh scent point
covered less than the e#pected area around iﬁ with efféctive
scent (there waé no~additiona1.effect én éommunicatibn in areaé
where effective scent circles ovérlapped).

The effect of increasing scent range on_leQels'of comnuni-
cafion was limited by at least two féctors,' These were overlap
of scent circles, as discussed above, and wasfage ofisignal

emitted outside the home range space.. A combination of these

limiting factors resulted in ‘deviations (Fig. 15) of the
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The relationship between increasing scent
range and mean amount of comﬁunication which
resulted for five dyads with the six combina-
tions of scent effect time and scentingl
frequency shown at the right of the figure.
Thé inflection of the curves illustrates

the limit which a combination‘of wastage of
scent signal and overlap of effective scent
circles placed on the effectiveness of

increasing the scent range.
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relationship béﬁween scent range and péfcent communication :
from the éxpécted increases.

Scent point'signélling could be made most efficient b&
the signaller adjusting the scent range and scent effedt.time
to give moderate fade-out times and moderate scent ranges,

by scenting at least some threshold distance. from the boundary

effective scent points were distributed ovef a relatively large
part of the home range space, rather than being placed within
a small portion of it. That a red fox moves.over a large portion
of its home range space in a siﬁgie night's travel indiééteé
that at least the last qualification for efficient scent ﬁdint
signalling may be met by the animals. _ i ., e

Because of the interaction of the three communication
variables, there were many sets of values which, on tﬁe average;}
resulted 19'20 peféent communication. I used one such'set:
2 scent poiﬁts per hour; 8 hours 6f scent effécf; scentvténge
0.06 miles (96 ' m), for ranking écent point Eémmunicatioh'among
the five dyads. With those values, éommunicatiop-fanged from
15.2 percent for dyad B to 30.8 percent for dyad D. Commﬁﬁication.‘
ranked as follows among the dyads: D = 1;4E % 2; C=3; A = 4;  R
B = 5. For at least those vglues of the comﬁunicatioh variables
K which préduced modérate to high levels of comhunication,Aranking

was generally consistent over a wide range of values of all

of the home range space, and by moving such that non-overlapping R
three variables. The variation in level of communication awong
|
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the dyads with particular combinatiéns of the communication
variables; and the consistency shown over aArange of values
shows that the way in which the animals moved-aboﬁt influenced
their ability to communicate with scent point éignallihé;
'”Dyadé in wﬁich theAéignallér.had a felatively high rate of

’_movement éomﬁined with straight ahead}tra&el hadlhigher levels
of scent point communication (Table 65. There was a.godd
correlation between level of communication and bogh these
movement parameters. The speed and diréctness with which.tﬁe"
receiver moved showed né correlation with level.of communica;ion‘ 
within the range of speeds and directivity whicﬁ"l éimulated.r
Likewise, theré Qe:e no apparént_correlations.fof ei;her signalleré
ér receivers between level of communicatioﬁ’an& paramete%s whiéh
describévthe.overall distribution of locations'(K or total"
number of grid-squares). ' When tﬁe signalier movésAabout
" rapidly and in straight lines, it fen&s to botﬁ.distribute
effective scent points over a large portion of its home range
space and to redﬁce the overlap in effective. scent éoiﬁts.
Both effects would tend to increése the probability that a
receiver would encounter an effective point and increaée thé;
level of scent point commﬁniéation.

Scent point signalling with red fox movement patterﬁs
" can provide dyads moderaﬁe'to high levels of commﬁnication,
as indicated by simulation. Red fox are known to'séenﬁ mark
regularly as they move about,'the odor'persisﬁs for several ﬁafs,

and otherlfox can detect scent marks from reasonable distances.



Table 6. A comparison of the level of scent path communication provided by the pairs of movement
patterns which formed each of the five dyads with 4 parametérs of the movement patterns of
signallers and receivers within each dyad. Criteria for ranking the levels of communication
among the dyads, and for ranking the movement patterns among signallers and among receivers
are given in the text. :

: : Contagion of :
Rate of Movement Straight Ahead ' .~ Locations Total Number

Communica- : {mean) ' Travel +30° : - (K) Grid-squares
Dyad tion Rank Signaller Receiver  Signaller Receiver Signaller Receiver Signaller Receiver'
. IS
D 1 L2 1 T 2 2 2 3 2.5
E 2 1 3 2 1 1 3 3 2.5
c 3 3 5 3 3 4 4 3 1
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Field observations of the number of scent marks left on

snow allow estimation of the rate at which such marks are placed,.
\ . .

" because marks left during the first activity period foliowing

snowfall are attributable only to that activity périod, and
distancég which the animal is tracked'can be converted to tfavei S
times by using average rates of fox movement. Murie (1936:11)
reported that a fox urinated 10 times along one-half milel
(804 ﬁ) of track. Sargeaqt (unpublished) fbllowed £ﬁe tfacks,
of a radio—markea male for a total of 3 miles (4,827 m) on
2 dates, finding 41 places where the animal urinéted an& 2

where it defecated. For urine marks, these convert to 20 and .

- 13 marks per mile, respectively, and for feces marks to 1 per

1.3 miles. Sargeant et al (in ms.), for radioftra;ked red fox,
report>an average rate of nocturnal travelrof l;l_miles per

hour (1,770 m per hour). Using these figures, I estimate that
the dnimals urine marked 18 and 11 times per héur; respectively,'A
and marked with feces once per 57 minutes. »Interpretétion of
these rates is confounded because the &ata on rates of urination
and defecation were collected during the time of year when foxes
breed. These estimated rates may thus be inflated‘Beéause4

scent marking by red fox increases during the breeding season

(Fox 1971:186). '

Red fox scent persists, even to humans, for at least
several days after it is placed (Murie 1936:13). Feces, in

particular, can serve as scent marks for a long period but
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may require fhat’a poteritial receivér break‘the scat to increase .
the scent level (Scott 1943:435). As with sceht.irails, scent
"marks containing large molecules with low:diffusion cpefficienté
would increase the fime over which a mark is effective, but
would generally reduce the éffective range (Bosser; and Wilsoﬁ-:
1963:458—463) and the amount of informatidﬁ transferréble to.
a receiver (Wllson 1968:77). | '

The range of effect of red fox scent marks has not been
experimentally determined._ Penned red'fox are able to detect
the‘odof of meat ffom 1.5 meters (Oste;holm 1966:56);,;nd'would
probably detect fox scent from greater distance. The range
- would depend in part on wild direction and air flow; Busnel

(1963:74) reported the upper limit in range of scent peréeptlon
for wolves and dogs as 1500 to 2000 m but did not 1nd1cate,
'as seems likely, that wind had influenced this range. ,Heavy
molecules can be carried (Van Arsde1'1967f1228) by light wiﬂds-
and'air flow over much greater distances’, rgachiné to at least
5 to 10 miles (8,045 to 16,090 m). | |

I did not simulate conditions in which a large number of o
small scented areas remained effective for periods pf.severai
days. Extensive modificafion of thé coméuter prpéram‘(AppéndiX"’
A) would be necessary to do so. Higher scenting freduencieﬁ
with short scent ranges were not simulated, but are possible
with the p%ogram shown in Appendix A.' However,_it can be |

" inferred from the simulation results (see particularly the upper-
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curve of Fig. 15) that scenting frequencies of 10 or more
per hour would give 50 percentlcommunication or more, even with

scent effect times as short as 8 hours and scent ranges of 0.025

- miles (40 m) ox less.

If that -is its major function,.scent‘maiking could be an
effective means for dyadic communicatién in red‘foig Leyﬁaﬁsen
and:Wolff (1959:670) proposed that such scent marks can allow
the individuais to time.their}respective movemenfs, and thus.
providé spécing aﬁd "territoriél" responses eveﬁ when home
range épaces overlap.’ Timing based on scent marks‘could'ﬁfgvide
for spacing between mated ﬁairs'whiéh occupy ;he:same spéce
as well. A‘ _

The major alterﬁative»hypothesis fop:the role of scent’
marking (reviewed by Ewer 1963:104-105 and 1164120)'is that -
scent mafking by an individual mammal servesfto.égieqt thét"
individual oﬁ its home range spaﬁe. Additional hyédtheses
concerning the role of scent marking;are reviewed in-Kléiﬁan *
(1966) .- Scott t1967:379) notes tﬁa; theréAis no evideﬁceAthat
domestic dogs respect as boundaries the scent marks left by

other dogs. The usual reaction is to cover these marks with

scent of their own. When a domestic dog enters a strange

locality which has not previously been spent‘marked by any dog,

it will urinate on any objects which are slightly elevated
(Scott and Fuller 1965:68). Among canids, red fox especially

will urinate or defecate on unfamiliar objects (Fox 1971:186).



78
Once these objects have been marked,.they are'ignoredAfor long
periods of time; but the scent may be periodically renewed.
Yoﬁng (1944:304) notes that timber wolves renew such scent marks

each time they pass by a place which they have previously'scént

" marked. Because they are so wide ranging (ﬁech et al. 1971:

13-18), wolves may not return to a scent post for several days.
Scent marking could simultaneously serve the dual functions -

of self-communication and dyadic communication.

COMPARISONS. AMONG THE MEANS OF COMMUNICATION

Movements of ;he animals had an effect on the 1evélef
communic;tion in'the'simul;ted red fox dyads; regardless of the
means of signalling. For all‘except tactile éiénalliné,‘some:l
communication was provided by all models and movement pétterns.
Within the range of values of the communication variable(s) |
which I simulated, the maximum level of communication ﬁﬁicﬁ :
resulted for anyldyad for each meaﬁs of signalling ranged fr6m 
0 to 100 percent, for tactile and scent point signalling,

respectively (Table 7). Visual and vocal communication would

- have reached the 100 percent.level had I used appropriate

vaiues of the communication variable(s).. As notéd earlief,
"close-range' communication was a sbeéial case'of the visual
communication model., Scent path communication, which feached
a maximum of 38 percent for ény dyad, would not have reached a

higher level regardless of how long scent péths remained effective.



Summary of the values of the various communication variables which were used to simulate

Table 7.
communication in red fox dyads with simple models, and of the levels of communication
which resulted from simulation.
_ Maximum Value(s) for Range of#**
Controlled* Maximum Communication 20 Percent Communication
Means of Communication Value(s) for any Dyad Communication Among Dyads
Signalling Variable(s) Simulated (percent) (average) " (percent)
Tactile None - 0 'NoneA -
Close-range Signal range 0.01 miles 1 None -
Visual Visual range 0.90 miles 96 0.19 miles 29(7 to 36)
- Scent path Scent effect 24 hours 38 7.6 hours.' 13(15 to 28)
time : -
Vocal Vocal range. 0.80 miles 46  Various 13(13 to 26)
' Vocalization o 0.40 miles and ' ‘
frequency 6 per hour 4.7 per hour
Scent point . Scent range 0.50 miles . 100 - Various 16(15 to 31)
' Scent effect S ' o ' '
‘time 8 hours 0.06 ailes;.
_ Scenting - ' £ hours;
frequency 2 per hour 2 per hour

* Movement of the animals was an uncontrolled variable with all means of signalling.
ok Range when the value(s) which gave an average of 20 percent communlcatlon was used for each dyad.

6L
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The maximum levels of tactile and scent‘path communication
which could be reached were limited by movementé of the animalé.
Limitations placed by animal movement on viéual; vocal and"
scent point communication could have been overcome byAinéreaéing
the value of the appropriate'communication variable whichi
controlled the_spatial aréa‘of effe;t of the signal. 'Novsucﬁ'
‘variable exists for tactile'cbmmunication,>and none was
programmed into the simulation model for scent p;th signailing;

- Movements of the animals had a greater‘infleuncé on the .
level of visual communication than on vocal or séent point
communication. For each cémmunicafion model,'when a‘particular_
value of ﬁhe'communication variable or a set of values of:the';_
communication variables were used in simulation, only diﬁféfences
among the movemenf patterns accqunted for variability iﬁ level
of communication among the dyads. Because the séme five‘dyads
‘were used for all means of signalling, this'&afiability can.
be compared among the means of signalling, and indicates fhe
relative importance of movement patterné onvlevel of c§mmﬁni—~
cation. . With the value(s) of the communication va;iable(s)<'
'which'gave an average of 20 percent communication, levels of
visual communication ranged from 7 to 36-percent.among the
dyads (Table 7), a fétal range of 29 percent. Comparable‘fotal
rapges weré 13 and 16 pefcent‘for vocal and scent point communi-
cation, respectively. Those means Af éignalling'which involved 

the fewest communication variables, i.e. tactile, scent point,
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were thus most severely limited by mQQemenés of the animals;
This comparison suggests that where more variables which affect
tﬁe level of communication are under control of the signalling -
animal, variables cdﬁld be optimized to minimize the effects
of movement on communication. |

For the various means of éignalling,'different major
factérs limited the effectiveness of attempts to increage'
levels of communication (Table 8). -Animal movément patterns
limited attempts to increasé communication for all means qf
signalling,'and were the sole major faétor'for tactile, close- .
range, and scent path signalling. |

With tactiie,and close-range sigﬁalling, communicafion_
levels could be increased by coordination of moveméﬁts 6£‘dy5d
~members such that they were seldom far apart. 4Withou£ rare
chance meetings, some other means of signalling woulq be hecessary
to reveal .their resPecfive locations so that they could initially
cbﬁe together and could find each other after being separated.
Levels with écent path signalling could bé increased by coordi-
nating the movements of dyad members such that, even though the
animals were apart, they tended to travel in;the same path ﬁith
the receiver approximately or actually fdliowing the signallér.
;Scent pathlsignalling alone could maintain such a leader-follower.
set of movemenf patterns, although other means of_signalling
mighﬁ increase the chances that the receiver woﬁld initially

make contact with an effective scent path. Initial contact,



. Table 8. Summary of'factdrs which limited the effectiveness of attempts to increase levels of

" communication with the various simulated means of communication.

Controlled

Optimal Range for

Major Factor(s)
Means of Communication Maximizing Increase Limiting Increase in
Signalling Variable(s) in Communication Level of Communication
Tactile None - Animal movement only.

Close-range

Visual .

Scent path

Vocal

Scent point

Signal range

Visual range

Scent effect
time

Vocal range

'Vocalization

frequency

Scent range

Scent effect
time

0.05 to 0.40 miles
0.33 to 7.50 hours.

0.10 to 0,30 miles*

- 0.33 to 6.00 per hour

0,05 to 0.30 miles¥*

' Various*k#x =

Animal movement only.

Animai movement; wastage of
signal. :

Animal movement; divergence of
home range spaces.

Animal movement; wastage of
signal. ' :

Animal movement only.

Animal movement; wastage of

signal; overlap of effective
" scent circles, .
Animal movement; overlap of
effective scent circles. -

Z8



Table 8. Continued.

Controlled . Optimal Range for Major Factor(s)
Means of _ Communication Maximizing Increase Limiting Increase in
Signalling Variable(s) . in Communication Level of Communication
Scenting Various#*#*##* : Animal movement; overlap of
frequency - ' effective scent circles.

* Optimal range for a vocal range depended on vocalization frequency. _

** Optimal range for a scent range depended on scent effect time and scenting frequency.
*%% Optimal range for a scent effect time depended on scent range and scenting frequency.
*%%% Optimal range for a scenting frequency depended on scent range and scent effect time.

£8
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or scent path communication in the absence of leader-follower
movement patterns, would be enhanced when the.signalier.seldom
turned and traveled at high speed (Table 9). |
For visual signalling, and for theISpatial range variabies‘

of both vocal and scent point signalling;_communigation could -~
be made more efficient by ﬁroper choice of emission intensity

" (Table 8) and ﬁodification of the signaller's movement paftern.

This modification would involve use of a set of threshold

locations appropriate for the emission intensity and its signal

range, and travel by the signaller.ét a high rate ofAspeedl'
(Table 9). |

Fof fhe temporal variables of scent point commﬁnication,
communication could be made more efficient by modification of
the sigﬁallér's movement pattern thréugh avoidanée of slow :
travel with many turnings (Tablé 9) solas tb~re&uce éhe oVérlaﬁ

of circles of effective scent. It would be more efficient with

proper dual choices of frequency of scenting and scent effect

timé, such choices further reducing the probability of overiap
of effective scent circles. |

Modificationé of ﬁovement patterns by an’individualvto
influence levels of communication would have to be made within 
the range of patterns dictated by many other factofs affectiﬁg
fox movements. The fox obviously could not affdrd‘to move

so fast or far to increase communication that it expended energy

beyond that which it needed to survive, and modifications should -
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Table 9. Summary of some characteristics of the .movement

patterns of members of simulated red fox dyads which

enhanced communlcatlon with various means of

" Scent point

signalling.

Means of Type of Movement Pattern
Signalling Which Enhanced Communication
Visual ~High rate of travel by receiver.

Scent path Straight-ahead travel at high rate by
signaller.
Vocal - Not clear; tendency ‘toward straight-ahead -

travel at high rate by. both 51gnalle1
and receiver. :

' Straight-ahead travel at high rate by

signaller.




_are learned. Selection should act to give a range of movement
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not be made which would'drastically reduce'theAanimal's
chances for finding food. |

i Many interacting factors influence thg movement pattern .
of an individual fox; and thus the movement pétterns of a‘
fox dyad.v Some of these influencés are génetically controlled,
such asvlimitations which structure and metabolism place on.
speed and duration of movement, whilé some, such as rgsponées
to.particular features of the individual's home range spaée,
patterns which are ﬁossible for red fox,land.thé logal envirénment
should reduce this range by imposing limifations on individual
movement. Still it seems‘likely'that enoﬁghilatitude.in_mqve~
ment péttern is permissible under these Constraihté to ailow A
modification, by an individual, 9f~mo§ement pattefns to enhance
comﬁunication. As an example of tﬁis iafitude, Sargéant ét al;
(unpublished ms.) conclude from radio-tracking énd concurrent
field observations that food'géthering rarely is the major
determingnt of red fox movement patterms. 'The animals.whiéh"-
they studied moved much more fhan was apparentiy needed for
finding and éapturing ﬁrey, continued to move ébout after
feeding, and showed-similar total amounté éf ﬁovemenﬁ_auring
beriods of food scarcity and abundance;' Their data support
the view thét, at léast for one major factor affecting msvemeﬁt"‘
of foxes, there is latitude in the amount of influence whichl

food gathering has on the pattern of movement.
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SUMMARY STATEMENT .

Results of this simulation study suggest that the way in
which red fox move about differentially affects dyadic communi-
cation, the effect of movement depending on how one of the

animals signals the other. The study furtherzsuggests that

" adjustments the signaller, the receiver, or both could make

in their movement pattern(s), and the signaller could make in

how it signals can affect both the level of dyadic communication

" and the efficiency of signalling. Such adjustmeﬁts would require

in general that the signaller be aware .of the location of the

receiver or have information on the receiver's previous movement -

péttern. This awareness of the ﬁattern of movément of éAreceiver.
couldAresult from bi-directional communication in‘whicﬁ both
animals of a dyad act as both signallers and receivefé,’one‘
majoxr fuhction‘of communication being to maintain mutual aware-.
neés of the movement patterns of dyad.members and promoté
further communicatioﬁ between them.

In'genéral, two parameters determined by the movements

of any two animals affect the potential for communication

between them by determining the optimal means of signalling
and by restricting information transfer via those means.
These parameters are: distances.between the animals at .
corresponding points in time, whefé‘the disténce can range

from 0 to a maximum determined by the dimensions and the
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spatial relationship of the two home rangé spaces, and; times
between the animal's use of cofresponding areas of space;AQhere
the time can range from O to a maximum determined ultimately
by the lifesﬁan of one or the other of the animals. Given
that prior communication has given mutual a&afeness of the
locations and movement patterns, the animals caﬁ adjust the
distance between them, the time between thém, or both.:‘Iﬁ so

doing they can increase or decrease the opportunities for further

communication and can increase or decrease the efficiency of

signalling by one or more means. ;Thése adjustments require
changes in the movemeﬁt pattern of oﬁe‘or both indiviaﬁals;

and wili be ;eflected by changes in.oné or both home rénge'
spaces. The degree of mutual adjustment in movemeﬁt ﬁét%erné
which the two animals can make to change the.ievel of dyadic
coﬁmunication will be limited by factors extraneous'toldyadic
communication, such as commuﬁication_and éocial’relationé with
ofher individuals, and dispersion of life_fequifementS‘in fhe‘:

respective home ranges of the dyad members.
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Appendix A: Listing of the computer program used'for:

simulating communication in red fox dyads.



USE CF THE PRanAM.

LISTED RELOW ARE THE CARDS USED TO CONTROL A RUN OF PROGRAM
SIMCON.

IN TFIS RUN, THE AMOUNT OF cOMMUNICATION WHICH COULD) OCCUR
PETWEEN FOXES WITH 5 DIFFERENT SETS OF MOVEMENT PATTERNSe WHAEN
COMMUNICATION COULD OCCUR ONLY LF THE ONE FOX CROSSED THE
OTHERS TRAVEL PATH WITHIN 120 MINUTES AFTER THE OTHER nAp USCD
“THE THAVEL PaTH, wAS RBEING DETERMINENDe THE STARTING T1img FOR THE
FIRST ANINMAL wAS DELAYED RY 10 HOURSe EVERY PATH SEGMENT waS
CONSINEREL sy AND s40) LOCATIONS WERE USED FOR EACH ANIMAL

THE FIVE SETS OF MOVEMENT PATTERNSy REPRESENTED RY SETS
" OF POINT=LOCATIONSs WERE STORED AS THE FIRST 10 FILFS ON A TaPE
( TTECOL#BZ)s AND THE COMPILED VERSION OF THE PROGRAM wAS STOHED
AS THE 26TH FILFE ON THE TAPE.THE REMAINING FILES ON THE TAPE
CONTAINED aDDITIONAL SETS OF POINT- LOLATIONS y AND THE FORTRAW
VERSION OF THE PRDGHAM.

GENE3T10+CM100000.25026002(1)
BINGJLALDOUZT
CREQUEST,TAPELsHY,NWe TTECOLB2
COPYCF (TAPEY oNULL v 24)
COPYCF(TAFETINULL 2 1)
COPYRF(TAFELySIMCy 1)
REWIND(TaFF19SIMC)
QlMC(IFPUToOUTPUToTAPEl)

END OF RECORD CARD _

REW . 0120.,10.0000040000120, 000010540‘
NREW.  0120.10.00000400001204000010540
NREW  0120410400000400001204000010540 -
NREW 0120410.000000¢0000120,000010540
NREW 0120410, 00000400001&0 000u10%40
FINTSH : :
END QF RECOQD CAQD
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OO0

OO0 CONaAO000OO0O00 GO

PROGRAM SIMCOM (INPUT,O0UTPUT,TAPES)

THIS PROGRAM AND THE SUBROUTINES DISTN AND PATHIZ2 ALLOW
SIMULATION OF THE MOVEMENTS OF TWO ANIMALS IN THE SAME SPACE)»

CALLOW (MPOSITION OF VARIOUS MEANS OF SIMULATED COMMUNICATION

ON THE TWwO ANIMALS. AND OUTPUT THE NUMBER OF TIMES THE ANIMALS
ARE WLTHIN DISTAMCE TIMF LIMITS WHICH WOULD ALLOW COMMUNICATION
TO OCCUR,

DIMENSLION TA(B)

" COMMON ANIMl(90092)9ANIM?(90092)9PATH,DISTNQDSW9N5PD UELAY

THE INPUT VARIABLE=PATH=ALLOWS SIMULATION OF COMMUNICATION
WHICH COULD OCCUR WHEN ONE ANIMAL CcROSSES THE SCENTED TRAVEL
PATH OF ANOTHER ANIMAL. THE TRAVEL PATH IS DEFINED AS THE SERIES
OF LINES WHICH CONNECT SUCCESSIVE POINT={LOCATIONS OF THE ANIMAL.
PATH=(g« SCENT PATH COMMUNICATION IS NOT SIMULATED.

PATH=POSITIVE MUMBERe THEN COMMUNICATION COULD OCCUR IF

THE TRAVEL PATH SEGMENT FOR ANIMAL TwO CROSSES A TRAVEL PATH
SEGMENT OF ANTMAL ONE WITHIN PATH MINUTES AFTER ANIMAL ONE.
USED in TRAVEL PATH SEGMENT.,

THE INPUT VARIABLE-DISTN= ALLOWS SIMULATION OF COMMUNICATION
WHICH COULD OCCUR WHEN ANIMAL TWO IS WITHIN A SPECIFIED DISTANCE
OF ANImaAlL ONE,

YHEN UL1STN=Qe0e THE DISTANCE BETWEEN THE ANIMALS IS NOT MEASURED.~

WHEN DISTN IS A POSITIVE NUMBER COMMUNICATION COULD OCCUR WHEN
THE ANIMALS ARE DISTN MILES OR LESS APART.

THE INPUT VARIABLE DSW=ALLOWS SIMULATION OF COMMUNICATION
IN WHICH ANIMAL ONE CAN LEAVE SCENT AT A POINT AND
COMMUNICATION CAN NCCUR AT SOME LATER TIME WHEN ANIMAL Two
IS NEaR THAT POINTU(WITHIN DISTN OF IT) BEFORE pSW MINUTES

O W

- 26
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HAVE PaSSED SINCE ANIMAL ONE WAS AT THE POINT, | - 34

C
c o , : 35
c WHEN LUSW=0egs THE DISTANCE DISTN APPLIES ONLY TO DISTANCES 36
C BETWEEN LOCATIONS OF THE TWO ANIMALS WHICH WERE TAKEN AT THE SAME 37
o POINT IN TIME, NOTE THAT SyUBROyTINE PATHIa CANNOT BE USED wHEN 38
C DSW=0. SET DSW EQUAL TO PATH, 39
c WHEN DSW IS A POSITIVE NUMBERs THE DISTANCE DISTN wILL BE COMPARED 40
c WwITH LDIgTANCES FpOM. THE CURRENT LOCATION OF ANIMAL TwO TO ALL 41
o LOCATIUNS USED BY ANIMAL ONE WITHIN THE PREVIOUS DSw MINUTES, OR 42
C MILL UETERMINE WHETHER OR NOT THE TwO ANIMALS WERE AT A TRAVtL 43
C PATH INTERSECT wITHIN DSy MINUTES OF EACH OTHER, : W
o WHEN HUTH VARTIARLES DISTN AND PATH ARE USED IN A SIMULATION, . 45
c THE APPRUPRYATE DISTANCF BETWEEN THE ANIMALS IS FIRST COMPARED 46
C WITH UISTN, IF NO COMMUMICATION COULU OCCUR, THE TRAVEL PATH 47
c . SEGMENTS ARE CHECKED FOR COMMUNICATION WHICH COULD 0OCCUR Via a : 48 .
o TRAVEL PATH INTERSECT. ONLY ONE OCCURRENCE OF COMMUNICATION IS 49
C COUNTED REGARDLESS OF WHETHER IT OCLURRED VIA DISTANCE OR _ 50
o VIA AN INTERSECT.. _ 51
C THE INPUT VARIABLE~NSPDw ALLOwS SIMyLATION OF INTERMITTANT . Y
C COMMUNICATION SIGNALLINGe FOR EXAMPLEs WHEN NSPD=]1 ANIMAL ONEF 53
C WILL SIGNAL FROM EACH LOCATION WHICH IT USES. HOWEVERs WHEN ‘ 54
C NSPp=He ANIMAL ONE wILL SIGNAL FRUM ONLY EVERY FIFTH LOCATION 1
C WHICH IT USESs OR WITH EVERY FIFTH TRAVEL PATH SEGMENT. . . Y
C IN CURRENT USAGE OF THE PROGRAM» THE ANIMALS CHANGE LOCATION 57
o ONCE EVERY FIVE MINUTES, 58
C THE INPUT VARIABLE~DELAY=ALLOWS PRObRAMMING OF . A OIFFERENT _ 59
- C BEGINNING POINT IN THE ARRAY OF LOCATIONS FOR ANIMAL TwWO. THIS o 60
C IN EFFECT ALLOWS SIMULATION OF RANDOMLY SELECTED STARTINb o 61
C . "LOCATIONS OF THE TwO ANIMALS. - 62
C FOR EXaMPLEs WHEN DELAY=10e¢09 DATA FUR ANIMAL TwO HEbINS 10 HOURS : 63
C AFTER THE ACTUAL BEGINNTNG POINT OF wUATA FOR THE aNIMAL. : 4
C THE INP_T yARIABLE~INP.CONTROLS THE NUMBER OF LOCATIONS : 65
C .

_FQH EACH ANIMAL WHICH WILL BE USED IN THE SIMULATION. - - o ‘ 66 -
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RECORU AND STonE THE DATE ON WHICH THE PROGRAM WAS RUN.
CALL vaTE (IDATE)

PRINT 1, IDATE '

FORMAT (1HYy4///7/7745%Xs 14HSIMCON RUN UF 4A104//)

INITIATE THE PROGRAM AND READ IN THE CONTROLLING VARIABLES FROM

4 CARD,
ONE SIMULATIONSIEs THE MOVEM&NTS OF TWO ANIMALS IN THE SAME

SPACGE UNDER ONE SET OF CONTROLLING VARIARLESs OCCURS EACH TIME
A HEAUER CARD wITHOYT FIMISH IN CMS, 1=6 IS READ,

THE PROGRAM LONPS UNTIL IT ENCOUNTERS A CARD WITH FINISH IN

COLUMNS 1=g, THE HEADER CARD FOR EACH OF THE SIMULATIONS SHOULD

CONTAIN REW IN CMSe1=3 IF THE DATA INPUT TAPE IS TO BE
REWOUND SO THAT THE SAME SET OF DATA ( THE FIRST TWO FILES

ON TaPE 8) MAY BE USED IN SUCCESSIVE SIMULATIONSs IF DIFFERENT
SETS UF DATA ARE TO HBE USED IN SUCcEsbIVF RUNSy THEN CMSel=4

~ SHOYLL CONTAIN NREy,

THEL HEADER CARD SHOULD ALSO CONTAIN THE VALUES OF THE INPUT
VARIAKLES AS FOLLOWSs PATH IN CMSo7=119 DELAY IN CMSel2~15+

DISTN IN CMS.1a~24, DSw IN CMS,25=3149y NSPD IN CMS,32=33,
~ THP IN CMS,.34-37,

READ 39 ISWITCHY PATHODELAY9015TN$DSw0NbP01INP

FORMAT (AGYFS.01F4.09F9,54FT00s12414)

IF (ISWwITCH_ EQ,6HFINISH) GO TO S6

IF (EOF(R)) GO TO0 4 o

IF (ISWITCH.EQ,6HREW ) REWIND 8

IF (NsPDLLE,0) NgPD=1 '

DELAY= UFLAY*éo. : ' , _ o
PRINT THE LOMMUNICATION VARIABLES WHICH WILL BE USED IN THE

SIMULATION.,

TF (D(STN.NF«0s0sANDoPATHeEG+040) GO TO 6
IF (DISTNGEQ.0,0,ANDPATH NE,0,0) Gy TO 8
IF (DISTNJNE+0.0<ANDaPATH.NES0.0) GO TO 10

THE SIMULATION WILL BE TERMINATED IF NO COMMUNICATION VARIABLES

67
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WERE READ. PRINT ERROR MESSAGE BEFORE TERMINATION,

-4 PRINT 5

S FORMAT (46H ERROR, NO COMMUNICATION VARIABLES WERE READ.)
GO TO 2 ' ‘ '

6 PRINT 7, DISTN,NSPD :

7 FORMAT (90H COMMUNICATION FROM ANIMAL ONE TO ANIMAL TWO CAN OCCUR
1 FACH TIME THE MOVEMENTS OF THE TWOs/+20H BRING THEM WITHIN 1FT7e5
2455H MILES OF FACH OTHER, THE DIgTANCE Is CHECKED FOR EACH ,15,17H
3TH LOCATION USED,.) : : :

GO TO 14 ‘

8 PRINT 9, PATH,NSPD

9 FORMAT (109H COMMUNICATION FROM ANIMAL ONE TO ANIMAL TWO CAN 0CCU

1R EACH TIME THE MOVEMENTS OF ThE ANIMALS ARE SUCH THAT /¢58H ANT
2Mal. TwWl CROSSES THE TRAVFL PATH OF ANIMAL ONE WITHIN 9F9e5s5aH MIN
3UTES aFTER ANIMAL ONE USFD THAT “ORTION.OF ITS PATH, 3 /¢26H ANIMAL
4 ONE SCENTS EVERY +15+30HTH SEGMENT OF ITS TRAVEL PATHe) |
GO TO 12 : . ' '

10 PRINT 11, DISTM,PATH,NgPD,NgPD A

11 FORMAT (%6H COMMUNICATION FROM ANIMAL ONE TO ANIMAL TwWO CcAN Occu
1R9/936H (1) WHEN THE AMIMALS ARE WITHIN sF7,3+24H MILES OF EACH O
2THER UR 9/360H (2) WHEN ANIMAL TWO CROSSES THE TRAVEL PATH OF ANI
3MAL ONE 9/99H  WITHIN ,F9,5,48H MINYTES AFTER ANIMAL ONE WAS THERE

 BNG EVERY 915423HTH TRAVFL PATH SEGMENTs)

- 4e ANIMAL ONE 9/921H SIGNALS FROM EVERY t15928HTH LLOCATION AND ALO:

12 PRINT 3, PATH

13 FORMAT (40H - THE COMMUNICATION SIGNAL‘PERSISTS FOR 9FTe2953H MINUT o
- 1ES AFTER ANIMAL ONE USES A TRAVEL PATH SEGMENT,+//) :

IF (DISTN,EQ,0,0) GO 7O 16
14 PRINT 15y USW

15 FORMAT (40  THE COMMUNICATION SIGNAL PERSISTS FOR sF4e0042H MINUT

1ES AFTER ANIMAL ONE USES A LOCATION.,//
RCAD X=Y LOCATION paATA FROM TAPE 8o . ~ ' -
DATA FUR EACH ANTMAL ARE PRECEEDED Y PARAMETERS WHICH WERE USED
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IN QIMULATING THE MOVEMENTS OF THE ANIMAL o AND FOLLOWED BY
RES)LTS OF A COMPARISON OF. THE SIMyLATED MOVFMENTS wlTH MOVEMENTS
OF REAL. ANIMALS.
READ PuRAMLTERS FOR ANIMAL ONE.
16 NSTART=3
NEND=U
READ (H, 17; (IA(I)4I=1,8)
17 FORMAT (8A10)
18 READ (MelQ) INR
19 FORMAT (I%)
Y“AS THIS THE. LAST DATA SET FOR ANIMAL ONFe
IF (tUF(H)) 2520
NOs SU READ THE LOCATION DATA FOR ANIMAL ONE "
20 NEND=NEND,INR '
READ (K421) (ANIMl(Igl).ANIMIIIvz)o1=NSTART.NEND)
21 FORMAT (6(1X92Fp,4))
READ RESULTS OF COMPARISON wITH REAL ANIMAL,
READ (8922) CHCQoNDFoPDoTABl9TABS9AtK9AthAFVK9AM59AVS9IIUATE
READ (He22) CHSOINDFaPDyTABL s TABSaAtKoAthAEVKOAMSgAvaIIDATE

22 FORMAT (F10,5,15,4F10,5,/,4F10,5,A10)

READ (8423) NRNC NRIToNRINPvNRNIN NHKK’RPORXIPvRYIP9RSZI'RXHRoRYHR
1 « NRHSW .
23 FORMAT (SIS,3F5,14FSe4y2FS.1511) '
nran (M024) RAKoREvRXXX9RYYY9NRMM9NHLASoNRJUMoRPATHyRDEL990159RDSW
1+ NRSPUL
24 FORMAT (4F9 5,315,F5,0,F4,0,F9,5,F7, 0,12)
NSTAHI-NSTART*INR .
G0 TO 18

25 IF (INP,GT, NEND) INP= NFND

- PRINT 269 (IA(T)21=)98) +NRINPINRMM

26 FORMAT (1Xs11HANIMAL ONE +8A10,215)

READ PARAMETERg FOR ANIMAL Tw0
NSTART=)

133
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NEND=0 _

READ (8B,17) (TA(1),I=1,R)

READ (H,19) INR '

WAS THIS THE LAST DATA SET FOR ANIMAL TWO

IF (EOF (8)) 29,28

NOs St READ THE LOCATION DATA FOR ANIMAL TWO.
NEND=NEND ¢« INR

READ (#,21) (ANIM2(I, 1).ANIM2(I,d),I NSTART ,NEND)

- READ RESULTS OF COMPARISON WITH REAL ANIMAL.

29

39

READ (8e22) CHGQ9NDF9P0.TA811TA859AtK9A&P AEVKYAMS9sAVSe1IDATE
READ (#422) CHSQOWNDF9PDyTABLyTABS4AEKIAEP 9 AEVKI AMSoAVSIIDATE
READ (8,23) NRNC,NRIT,NRINP NRMIN,NKKKyRPyRxIP,RYIP,RS7I,RXxHR,RYHR

1 P HRHSwW

READN (8s24) QAKoRE9RXXX9RYYY9NRMM9NHLA59NRJUM9RPATHoRDE;»RDIS’RDSW

lQNRSPU

NSTART=NSTART+INR

GO -TO e7

IF (INP.GTeNEND) INP=NEND

PRIMNT 309 (TA(I)eI=198) ¢NRINPINRMM

FORMAT (1%, 11HANIMAL TwO ,8A10,215) « '

SIMULATE MOVEMENTS OF THE TWO ANIMALS BY SEQUENTIALLY USING THEIR
LOCATIONS FROM THE ARRAYS ANIM1 AND ANIM2e MEASURE THE OPPORTUNITY
FOR CUMMUNICATION BETWEEN THE ANIMALS WITH SURRGUYINES DISTS AND
PATHIZ.

NETERMINE THE REGINNING LOCATIONS IN THE RcSPEcTIVE ARRAYS OfF
LOCATIONS,

. CHUOOSE THE REGINNING POINT FOR THE . AKRAY ANIM} WHICH ALLOWS

ENOUGH LLOCATIONS BEFORE THE ARRAY aANIM2 BEGINS TO
COMPENSATE FOR THE AMOUNT OF TIME A SIGNAL PERSISTS

UNDER CONTROL OF INPUT VARIABLE=DSW= OR=PATH~y WHICHEVER
REQUIRES MORE (OCATIONS, OR FOR THE INPUT VARIABLE '
DELAYIF IT REQUIRES MORE LOCATIONS [HAN EITHER PATH OR Dsw,
WHEN THE INPUT VARIABLE=-PATH=IS USEVe THE ARRAY ANIM]
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3

32
33

34

35

36
37

38

. 39

40
4]

42

REGINS SUCH THAT ANIMAL ONE CAN SIGNaL PATH MINUTESA
BEFORE THE MOvFMFNrg OF ANIMAL TWO BEGIN,

IPATH=] -

IF (PATHWGT,0.0) 31432

IPATH—(PATH/S.)+1 : o

LIKEWISEy THE ARRAY OF LOCATIONS FOR ANIMAL ONE BEGINS SycH
THAT ANIMAL 'ONE CAN SIGNAL DSW MIMUTES BEFORE THE MOVEMENTS
OF AN{MAL TWO RFEGIN,

IF (DSWeEQeQed) 36933 s

INSW=(uSW/5,) ¢

G0 TO 39

TDSw=1

THE MOVEMENTS OF ANIMAL TWO BEGIN DELAY MINUTES AFTER THE FIRST
LOCATION IN THF "ARRAY ANIMZ2,

IF (INSWeBT,IPATH) GO TO 36

INSW=1rATH

IF (DELAY.EQ,0,0) 38,37

IDELAY=(DELAY/5.)*1 ‘

Gn TO 39

IDELAY=0

IF (Tusw. GT.IDELAY) GO TH 40

INSw=1uUELAY

PRINT HEADING FOR RFsuLTs OF SIMyULATION,

PRINT 4}

FORMAT (10X¢17HCOULD cOMMUNICATE95Xo5HTOTAL95X.7HPFRCENT)
LIMIT THE SIMULATION TO FIVE DAYS OF NINE HOURS EACH

O FIVE DAYS EQUALS 5S40 LOCATIONS wlTH THE ANTMALS CHANGING

LOCATLUNS CNCE PER FIVF MINUTES) o

NEND=IuSW+539 - '

ARE THERE suFFICIENT LOCATIONs TO sImuLATE FIVE DAYS OF MovEMENT.
IF (NENDOLENRINP) 44442

NOe PRINT ERROR MESSAGE AND TERMINATb THIS SIMULATION.

PRINT 43y NEND,NNEND
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43

2ND FOR ANIMAL TWO =415)

44

FORMAT (71H ERROR, THERE ARE TOO FEw LOCATIONS TO SIMULATE FIVE D
1AYS OF MOVEMENT.s/435H LOCATIONS NEEDED FOR ANIMAL ONE =415,21H A
GO T0 2 . : e :
THERE ARE SIUFFICIENT LOCATIONSs ‘SO LUOP THROUGH THE ARRAYS T0O

TEST FUOR THE OPPORTUNITY FOR COMMUNICATION. N

IPRINT=0 ' -

CNT:().

PERCENT=0,

corM=0, :

NO SO0 1=IDSWINEND _

IT=1+1 : ~ E

I AND IT INDEx THE ARRAy OF LOCATIONS FOR ANIMAL ONE,
IDELAY=IDELAYsy : , -

N=IDELAY _

NN=N+ | ‘

N AND NN INDEX THE ARRAY OF LOCATIONS FOR ANIMAL TwOs

WILL THE OPPORTUNITY FOR COMMUNICATLON VIA SCENT PATH SIGNALLING
BE TESTED IN THIS RUN, . . :

IF (PATH.EQ.040) 45446

4y

46

THE ANIMALS, © -

CALL DISTS (I14NNeCOMyCNT) ‘ , A_

50 T0 47 ; e o L R R
"YES, SU TEST F0R COMMUNICATION ywHICH DEPENDS ON SCENT PATH
SIGMALLING,. IF COMMUNICATION WHICH.UEPENDS ON DISTANCE BETWEEN
THE ANIMAL WILL RE TESTED AS WELLs HE SUBROUTINE DISTS IS CALLED
FROM THE SURROUTINE PATHI? AFTER OPPORTUNITY FOR SCENT PATH
COMMuNICATlON HAg BEEN TEgQTED, - R o '

CALL PATHI2 (I+IToNsNNsCOMICNT)

IPRINT=IPRINT +1

N0s SU TEST FOR COMMUNICATION WHICH LEPENDS ON A DISTANCE BETWEEN

RESULTS wILL BE SUMMARIZED FOR EACH TENTH TIME THE OPPORTUNITY FOR -

COMMUNICATION HAS BEEM TESTED.,

232 .
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49

50

51

52
53
54

IF (IPRINT.NE.10) GO TO 50

IF (CUMEQepe0) GO TO 4R
PERCENT=(COM/CNTY®*100,

FORMAT (20XsFTs5X9F595XsFTel) -
IPRINT=Q

CONTINYE

THIS SIMULATION HAS BEEN COMPLETED.
IF (CUOMaGTegeg) 52951 ‘ :
GO T0 &3

PERCENT=(COM/CNT)I®#10040

PRINT 4“4+ COMsCNTYPERCENT _
FORMAT (1Xs]19HSIMYLATION SUMMARY .F7,5X,F5¢5XeFTel)

- PRINT 45 : :

55

.56

FORMAT (1H1) ,
.OOP TO READ A NEW HEADER CARD,
G0 10 ¢ .
CONTINUE

"END
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SUBROUTTNE DISTS (IIsNNyCOMsCNT)

THIS SUBROUTINE MEASURES THE DISTANCE BETWEEN THE LOCATIONS OF
TWO ANIMALS, EITHER wHEN THE LOCATIUNS wERE TAKEN AT THE SAME
POINT IN TIMEs OR WHEN THE DISTANCE OCCURS BETWEEN THE CURRENT
LOCATLION OF ANIMAL TWO AND A LOCATION WHICH ANIMAL ONE HAD
PREVIOUSLY USEDe THE DISTANCE BETWEEN THE LOCATIONS IS THEN

COMPARED WITH AN INPUT VARIABLE=DISTN= TO OETERMINE IF THE ANIMALS
- WERE CLOSE ENOUGH TO EACH OTHER FOR COMMUNICATION TO OCCURo .
- COMMON ANIM] (900+2) 9 ANIM2(90092) sPATHIDISTNsDSWINSPDYVELAY

IS INTERMITTANT COMMUNICATION IN WHICH THE SIGNAL DOES NOT LAST
BEYONU THE TIME ANIMAL ONE IS AT A LUCATION 70O BE SIMULATED.,

IF (DSweGTepen) GO TO 2 :

TF (NSFD.EG,1) GO TO 1 ‘ : -

YES. WETERMINE IF THIS LOCATION OF ANIMAL ONE I§ A LOCATION

AT WHICH IT SIGNALLED. . ) _ :
ATI=11

ANSPD=NSPD

AA=ATI/ANSPD

MAa=AA

AAN=NAA

AO=AA=AAN .

IF {{ABS(A0)) +GT+0,000000001) 54) - ‘

WHEN THIS WAS NOT A LOCATION FROM WHICH ANIMAL ONE SIGNALLED,IE,
WHEN THE PROGRAM BRANCHES TO 85¢ THEN IT IS COUNTED AS A LOCATION
FROM wHICH COMMUNICATION DID NOT OCCUR. o

CWITH INTERMITTANT SIGNALLING AND yHERE THE SIGNAL DOES NOT
PERSIST AFTER ANIMAL ONE LEAVES THE LOCATION. THIS SET OF

LOCATIUNS OF THE TWO ANTMALS AT A POINT IN TIME IS A SET ,
FROM wHICH COMMUNICATION MIGHT OCCURW MEASURE THE DISTANCE
RETWEEN THE ANIMALS.,. i : -
D:DIST(ANIMz(NM,]),ANIMl(IIol)oANIMZ(Nst)vANIMI(LIaZ))
WERE THE ANIMALS CLOSE ENOUGH TO EACH OTHER FOR COMMUNICATION.
TO OCCuR, - . ' ‘ :

N NN N
~N o0,

ot
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IF (D. LE DIsTN) GO TO 8

i1

NQOe IS COMMUNICATION THROUGH SIGNALS WHICH LAST AF.TER ANIMAL ONE |

LEAVES A LOCATION BEING SIMULATED,
IF (DSW.LEsN.0) GO T0 5
YESe CHECK THE NISTANCES FROM THE CURRENT LOCATION OF ANIMAL Two

TO THe APPROPRIATE LOCATIONS USED BY ANIMAL ONE.

DETERMINE THE INMNDEX FOR THE FIRS* PRPVIOUS LOCATION FROM WHICH
COMMUNICATION CcOULD OCCUR,

? MOX=(DSW/S,)

MOX=T[=MOX

WITH a COMMNICATION SIGNAL wHICH PEHSISTSo DID ANIMAL ONE
USE INTFRMITTANT STGNALLING. .

IF (NSPD.EQ,1) GO 70 6 :

YESe SeT THE FIRST PREVIOUS LOCATION WHICH WILL BE CHECKED
SO THal IT IS A LOCATION FROM WHICH ANIMAL ONE SIGNALLED.
AMOX=mMUX

ANSPO=NSPD

AAMOX=uMOX/ANSPD

NA=AAMUYX '

AN=NA

AMOX=aAMOX=AN

IfF ((Auq(AMox)).GT Ne000000001) 496

MOX=MUx+1

IF (MUX.LTsII) GO TO 3.

DCcURRENCE OF COMMUNICATIONo

CNT=CNT+1, _

RETURN . '

THE FIWST APPROPRIATE LOCATION OF ANIMAL ONE HAS BEEN DETERMINED
CHECK THE DISTANCE BETWEEN THE LOCATIONS FROM WHICH ANIMAL ONE

SIGNALLED AND THE CURRENT LOCATION OF ANIMAL TWO.

N

- THERE WERE NO APPROPRIATE PREVIOUS LoCATIONS, AND NO COMMUNICATION
- COULD OCCUR FROM THIS SET OF LOCATIONSS
- COUNT THE OPPORTUNITY FOR COMMUNICATLON BUT DO NOT COUNT THE
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& DO 7 KU=MOX4I1+NSPD

D=DIST(ANIM2 (NNs1) «ANIMY (KOs1) s ANIMZ2 (NNs2) s ANIML (KOs 2) )

COULD COMMUNICATION OCCUR wHEN THE ANIMALS ARE THIS DISTANCE
APART

IF (DLEDISTNY GO TO 8

NOs COUNTINUE TO LOOP TO CHECK THE OTHER APPROPRIATE LOCATIONS.
CONTINYE

NO COMMUNICATION COULD OCCUR FROM THIS SET OF LOCATIONS.

G TO 5

COMMUNICATION cOULD HAVE OCCURRED BECAUSE THE ANIMALS WERE CLOSF
ENOUGH TO EACH OTHER AT APPROPRIATE TIMES. COUNT THE OPPORTUNITY
Fo? CU?MUNICATION TO OCCUR ANOD THE OLCURRANCE OF COMMUNICATION.
CNTI=CNT<+]1,

COM=CUM+1,

RETURN

END
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SUBROUTINE PATHI2 (I+ITsNyNNyCOMyCNT)
THIS SURBROUTINE PROJECTS SEGMENTS OF THE TRAVEL PATHS
(EACH SEGMENT CONNECTS THE SUCCESSTIVE LOCATIONS USED 8Y AN

“ANIMAL) OF EACH OF TWO ANIMALSe IT ASKS WHETHER THE TRAVEL PATH
SEGMENT USED BY ANIMAL TWO CROSSES A TRAVEL PATH SEGMENT USED BY

ANTMAL OME,

IF SOy THE DIFFERENCE IN TIMES OF ARRIVALL AT THE INTERSECT POINT
IS COMPARED WITH THE INPUT VARIABLE PATH TO DETERMINE 1F THE
ANIMALS WERFE CILOSE ENOUGH IN TIME Tu COMMUNICATE AT THE

INTERSECT POINT.

COMMON AMIMl(9n092)oANlm?(90092)9PATHoDISTNvDSWoNSPD sUELAY

SCENT PERSISTS FOR PATH MINUTES AFTER ANIMAL ONE USES ITS TRAVEL

"PATH SEGMENT,

DETERMIME THE INDEX OF THE LIMIT OF SCENTED TRAVEL PATH SFGMENTS.
MMHM=(PAaTH/S,)

MOX=]=MMH

IF (MUX,LToYl) MOX=1

IS INTERMITTANT COMMUNICATION9 IN WH1CH ANIMAL ONE SCENTS ONLY
FVERY NMSPD TH TRAVEL PATH SEGMENT RBEING QIMULATEDo

- TF (NSPNL.LE,1Y GO TO 3.

YES. UPTFRMINF THE INDEX NUMBER OF THE BEGINNING OF THE FIRST

TRAVEL PATH SEGMENT WHICH WAS SCENTED WITHIN THE pAST PATH
MINUTES,

MOX”(pATH/SQ)

- MOX=I-MOX

AMOX=MUY
ANSPD=NSPD
AA=AMOX/ANSPD
NAA=AA
AAA=NAA
AO=AA=AAA

IF ((ARS(AQ)) «GT,L0, 000000001) 293
MOx=MUxs1l :

OV ~NIIALHWN -
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IF (MUX,GT.1) GO TO 38
GO T0 )

LOOP TU CHECK FOR INTERSECT OF ANIMAL TW0S TRAVEL PATH =~
SCGMENT WITH ALL APPROPRIATE SEGMENTS OF ANIMAL ONES TRAVEL .

PATH.
N0 37 J=MOXeIsNSPD
NNENLY!

ARE BUTH COMMUMICATION wHICH DEPENDS ON DISTANCE BETLEEN THE
ANIMALS AND COMMUNICATION WHICH DEPENDS ON A SCENTED TRAVEL

PATH BEING SIMULATED.

-IF (DLISTN.EQeQ+0Q) GO T

YES. FIRST CHECK THE D
THE CURRENT MOVE,

WHEN HOTH MFANS OF COMMUNICATION

ONE _OCCURRENCE OF COMM
WHETHER 1T OCC|RRED y1I

DIN CUMMUNICATION OCCU
IF (DJGTDISTNY 4,439

0 ¢4

ISTANCE BETWEEN THE ANIMALS AT THE END OF

ARE BEING SIMULATED» ONLY

UNICATION IS COUNTEDY REGARCLESS OF
A A DISTANCE OR A PATH INTERSECT,

. D:plsx(Amlmg(NM,]).ANIMl(JJpl)oANIMZ(NNee)'ANIMl(JJAE))
R VIA A DISTANCE BETWEEN

THE ANIMALS,

NOe WERE ANIMAL ONE AND ANIMAL TWO AT THE SAME POINT.,

IF (ANIMI(JOI)QEQ'ANIM
THE ANIMALS WEPE AT TH
XI=ANIMY(Je 1) ;
YI=ANIMY (J92)

G0 TO 36

2(Mo1) e ANDGANIMYI (Us2) . EQ,

ANIMZ2{N92)) 5,6

E SAME POINT AT THE BEGINNING OF THE MOVE,

IF (AN1M1(JJ{li.EQ.ANIMé(NN.1$.AND.ANIMl(gdyz)}EQ,ANIMz(NNoa)1 78

THE AWIMALS WERE AT THE SAME POINT AT THE END OF THE MOVE.,

XI=ANIM] (JJ, 1)
YI=ANIMYI(JJe2)

G0 T0 3¢ : '

THE ANIMALS WERE NOT A
COMPUTE THE SLOPES OF

ANIMAL TWO, - .

T THE SAME POINT,
THE LINES OF MOVEMENT OF

ANIMAL ONE - AND

34
3%
36
37
38
39
40
41

42

43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59

61
62

64
65
66

OTT .
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a

D et
™) >

10

13

14

1g

16

17

SLOPE OF ANIMAL ONES LINE OF MOVEMENF.

AG=1000000U0.

SM=0,000000001)

AGN==1ny

SHNz= =514

DENR=ANTM] (JJs1) =ANIM] (Js1)

DENI=aNTM2 (NNg1) =ANIMP{Ns])

WAS THe SLOPE OF ANIMAL ONES LINE OF MOVEMENT EQUAL TO ZERO OR
INFINITy, LF SO CHANGE THE SLOPE By A yERY SMALL AMOyYNT TO
REDUCE COMPLICATIONS IN COMPUTING INTERSECT POINT.

IF (DENRLTL0e0) 9210

IF (DENRGGT,SHMN) DEMR=SMN

GO 70 11 A

IF (DENRGLT,SM) DENR=gM

CHECK THE \LOPF OF ANIMAL TWOS LINE UF MOVEMENT.

IF (DrNT1eLTo0on) 172913

IF (DENTGT,SMN) DENI=SMN

GO TO 14 : :

“IF (DENYTSLLT4SMY DENI=SM

COMPUTE THE SLOPE OF ANIMAL ONES LINE OF MOVEMENTo
SLOPR=(ANIMI (JJe2) =ANIMI(Js2)) /7DENR -
WAS Tre SLOPE FQUAL TO ZERO.

IF (SLOPRL.LT.0.0) 15916

IF (SLUPRGT«SMN) SLOPR=SMN

TF (sLLUPR,LT,AGN) SLOPR=AGN

GO Y0 17 - -

IF (SLUPR,LT.SM) SLOPR=SM |
IF (SLUPR.GT.AG) SLOPR=AG '
CHECK SLOPE OF AMIMAL Tw0S LINE OF MovtMtNT

'€L0p1~<AN1M2(Nu.p)*AMIMp(Nv?))/DENI

IF (SLUPTLT«0.0) 18419
IF (SLUPI,GT,SMN) SLOPI=gMN
IF (SLUPT.LTeAGN) SLOPI=AGN

1¢

67

68
69
70
71
72
73
T4
75
76
77
78
79
80

.81

82

3.

R4
85

B6
R7

]9

91
92
93
gk
95
96

97
98 -
99
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‘DO 000 00

19

20
21

22
23

24

25

GO TO 720
IF (SLUPT.LT«SM) SLOPI=SM
IF (SLUPI.GT.AG) SLOPI=AG
IF (SLOPRLEQ.1,0) 21422
SLOPR:sLOPR¢5M
IF (SLUPTWEQel40) 23924
SLOPI=SLOPI+SM.
WERE ynE LIMES OF MOYEMENT OF THE Two ANIMALS PARALLEL
A=SLOPR¥1000.
NSLOP=A
A=SLLOPI#1000,
KsLoP=a
IF (NSLOP, tQ.KQLnP) 3725
YES. THE LINES OF MOVEMENT WERE PARALLEL s THUS THE%F .COULD HAVE
REEN NU COMMUMICATION THROYGH A TRAVtL}PATH INTERSECT,
NOo COMPUTE THE INTERSECT POINT OF THE TwO LINES OF TRAVEL.
WHERE AX+BY=F AND CX+DY=F ARE THE POINT=-SLOPE FORMULAE FOR THE
TwO TRAVEL PATH SEGMENTSs IN IHE FORM YeY1=M(XwX1)o THE
SIMULTAMEOUS SOLUTION FOR THE POINT OF INTERSECT IS
COMPUTED AS X=(DE=~RF)/(AD=BC) Y= (AF<CE)/(AD=BC),
DE==1o0® { (SLOPR®ANIM]Y (Jo1))=ANIMYI(Jo2))
BF==1l. Uu((SLOPI“ANIM?(N l))-ANIMZ(Ne?)i
ADzwl,4gL0OPR
RC==140%SLOPI
AF= SLUVR*((SLOPI“ANIMZ(Nol))-ANIM?(Naa))

CE=SLOPT# ((SLOPR#ANIMY (U 1))"ANIM1(J02))

WaAS THERE A ZERO DFT&RMIMATE.
DEN=AL~BC

“ IF (DENGEQs(e0) ?6927

26

27

" YES, auD A SMALL AMOUNT TO THE DIFFERENCEO

DEN=DENsSM

- COMPUTe THE COORDINATES OF THE POINT OF INTERSECT-
XI~(D?°HF)/DEN

120
121
122
0123
124

125
176
127
128
129
130

131

132
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Y= (AF~CE)/DEN

28
29
30
31
32
33
34

35

REMOVE ROUND-OFF ERRORS,
NON=(A1¢1000,)
XI=(NON/100O,)
NON_(Ylulooo.),
YI={(NUN/1OOOO)
DID Trr INTERSECT FALL ON THE TRAVEL PATH SEGMENTS.
IF (X1 oGTANIMY (Jal) o AND XTI GT,ANIML(JJyl)) 35,28
IF (XI.LT.ANIMl (J91) DAND.XIOLTQANIMI(\JJ91>) 35929
IF (YTeGToANIMI(J92) e ANNLYIGTLANTMLI(JJs2)) 35430
TF (Y1 LT, ANIMY (Jy2) JAND,YI LT,ANIM] (JJy2)) 35,31
IF (X1 GToANIM?(Nol)oANn XI.bToANIM?(NN91)> 35432
IF (X1oLTeANTMP2(Ma1) e ANDeXIoLToANIMZ(NNs1)) 35433
IF (YL.GT ANIMP (Ng2) JAND,YIGT ANTIM2(NN,2)) 35,34
IF (YLeLToANIMP2(NG2) s ANDoYToLToANIMR2(NNe2)) 35436
THERE wAS NO TRAVEL PATH INTERSECT.
THUS THERE yAS NO COMMUNICATION,
GO TO 37 :
THERE wAS A TPAVEL PATH INTERSECT. 0ID ANIMAL TwO. ARRIVE
AT THe POINT OF INTERSECT WITHIN PATH MINUTES AFTER ANIMAL
ONE Wwas AT THE POINT
ASSUNME THAT THF, ANIMALS TRAVELED AT A CONSTANT RATE BETWEEN
THEIR HRESPECTIVE LOCATINONS,

- THEN THE TIME WHEN EACH ANIMAL WAS AT THE INTERSECT 13

PROPORTIONAL TO THE DISTANCE TO THE INTERSECT POINT
FROM THE BEGINMING POINT 0OF TRE TRAVEL PATH SEGMENT.

- DETERMINE THE DISTANCE WHICH EACH ANIMAL TRAVELtD TO THE

36

INTERSEGT .

DRI=DIST(XI AN1M1(Jol)ovr-pNIMl(J92))

DIT=01ST (XTI oANIM2 (Me1l) oYTsANIMZ (N92))

FIND THE LENGTHS OF THE TRAVEL PATH SEGMENTS,
NRT=DIST(ANIMI (Jel) e ANIMI (JJel) s ANIML (J92) s ANIMI(JJ92) )
DIT=0DIST(ANIM2 (N91) s ANIM2 (NNo1) s ANIM2(NY2) 9 ANIM2 (NN92))

133
134
135
136
137
138
139
140
141
147
143
144
145
146

147

148
149
150
151

152

153
154

155

156 -
157

158

169 .

160

161

162
163

164
165
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S
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37

3R

39

NRI=NDRI/NDRT

NII=DI1/01T

ESTIMATE THE TIME WHEN EACH ANIMAL waS AT THE INTERSECT POINT.
ANIMAL ONE.:

A=J

TIR‘(A”5.0)¢(5.0“DRI)

ANIMAL TWO,

A=N '

TII=(A®5,0)+ (5, o*DII)

NETERMINE THE DIFFERFNCF IN TINE OF ARRIVAL AT THE INTERSECT.
TD=TIr=-TI]

DIO AnNiMAL ONE ARRIVF AT THE INTERStLT POINT FIRST.

IF (TUeGTe0s0) 37939

WHEN anIMAL TwOo ARRIVED AT THE INTERSECT FIRST,

THERE wAS NO POgSIBILITY OF SCENT COMMUNICATION FROM ANIMAL ONE
TO ANIMAL TwO,.

WHEN aNIMAL OME ARRIVED FIRSTs COMMUNICATION OCCURREDe. ALL TRAVEL
PATH SEGMENTS WHICH ARE BEING CHECKEUD BEGAN WITHIN THE TIMF
LIMIT PATH OF THF. CURRFNT TIME,

LOOP TO TEST ADDITIONAL TRAVEL PATH SEGMENTS OF ANIMAL ONE o
CONTIMNUF

NO COMMUNICATION CAN HAVF OCCURREN . ’

RECNRL THE OPPORTUNITY FOR COMMUNICATION TO OCCUR HUT NOT

THE OCCURRANCE OF COMMUNMICATION. =

CNT=CNT+1,0

RETURN .

COMMUN]ICATION HAS OCCURRED .

CNT= CN'*IQO

CUM=CumM+]

RETURN.

END

166

167
168
169
170
171
172
173
174
175

176

177
178

179

180
181

- 182

1a3
184
185
186
187
188
189
190

191 -

192
163
194
1695

‘166
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FUNCTION DIST (Xl!X?’YlaY?)

1;ISZfUNCTION MEASURES THE DISTANCE BETWEEN twO POINTS X1~ Yl AND
Y2

DISTSSWRT ((X]1~X2) %824 (Y1=Y2) #92)

RE TURN -

- END

& W -
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