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The Navigational System of Birds

Roswitha Wiltschko
Fachbereich Biologie, Zoologie
J.W. Goethe-Universitat Frankfurt a.M.
Siesmayerstral3e 70, D-60054 Frankfurt a.M., Germany
e-mail: wiltschko@zoology.uni-frankfurt.d400.de

Abstract

The aviannavigationalsystemis basedon an externalreferencegiving the homedirectionasa
compaszourse.When young, inexperiencecirds beginto fly, their only availableorientation
mechanisms a magneticcompassprovided by their ability to perceivethe geomagnetidield.
They navigateby using this compassto record the direction of the outward journey and, by
reversing this direction, obtain the home course.At the sametime, the magneticcompass
providesa diredional referencesystemfor learningprocessegstablisiing the suncompassand
the complexnavigationalmechanism®f experiencedirds: a 'mosaicmap’and a navigational
'map’. Thesemaps'areformedby combininginformationon the routetravelledwith site-specific
information, leading to directionally oriented mental representationf the distribution of
landmarksand of environmentalgradients,respectively,in the home region of birds. These
'maps'enablebirds to derive they homewardcoursefrom local site-specificinformation; once
established, they are preferentially used as they allow correction of errors.

Pigeonsare famousfor their ability to return home after displacementover hundredsof kilometers. The
guestionhow they navigate ,how they determinetheir homedirection at distant, totally unfamiliar sites has
alwaysfascinatedman,andsoit is not surprisingthatit hasfor a long timebeena topic of intensescientific
researchToday, essentiabspectof avian navigationare fairly well understoodevenif many questionsare
still open.In the presentpaper,we want to describethe avian navigationalsystemas it is indicated by
experimentakvidencefocusingon the structureof the systemandhow the relevantinformationis represented
and processed.

1. Orientation Based on an External Reference

Somegeneralconsideratiormay outline the problem.An mostimportantcharacteristicof bird orientationis
the long distancesnvolved. Birds rarely havedirect contactwith their destinationwhich meansthatin most
cases, they must establish contact to the goal indir&gtigna bird wantsto fly from a site A to a distantgoal

B, the position of site B with respectto A mustbe representedn a way that the bird canderive the required
information. The most economic way to define the position of a goal is in tdritsdirectionalrelationshipto
the starting point, using an external reference system based on cues that are accessible from theistdxting
aswell asfrom the goal B. This leadsto specificationsthat are equivalentto our humanuse of compass
directions, when we say: 'Site B lieast of site A'.

Because of thlargehomeareasof birds with their numerougpotentialgoals,it is advantageout use
cuesthatareindependenof any specificlocation,beingaccessibldrom everywherewithin the homeareaand
beyond.Two typesof factors possesghe required characteristicsthe geomagnetic field and celestial cues.
Homing pigeons make use of both, thus havingd¢ampassnechanismsat their disposala magneticcompass
(seeR. Wiltschko and Wiltschko 1995 for details)and a sun compasghat compensatethe changesn sun
azimuthwith the help of an internal clock (seeSchmidt-Koenigl958, R. Wiltschko 1980 for details).Both
mechanismsprovide birds with essentiallythe same type of information. The sun compass,a learned
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mechanismis preferentiallyusedaslong asthe sunis visible, but can be replacedby the magneticcompass
without apparent loss under overcast skies (e.g. Keeton 1969).

2. The 'Map and Compass'-Model

G. Kramer, a pioneerof orientationresearchwasthe first to realizethat birds might basenavigationon an
externalreferenceprovidedby a compassTherefore he describedavian navigationas a two-stepprocessin
the first step,the bird determineghe compassourseleadingto the goal, then,in the secondstep, it usesa
compasdo locatethis course(e.g. Kramer 1959). For example,a pigeoneastof its loft determinests home
direction in terms equivalentto "west", then it usesa compassto find out where west lies, obtaining a
specificationlike "go there" or "this way", thustransformingthe compasscourseinto an actualdirection of
flying.

Kramer's'map and compass'-modelepresentghe basictheoreticalconceptin animal navigation. It
can be easily testdny makinguseof two facts: (1) Pigeongpreferthe suncompasoverthe magneticcompass,
and (2) the sun compassinvolves the birds' internal clock. In the now classic clock-shift experiments,
introduced by Schmidt-Koenig (1958), the internal clock of pigeons is reset by subjecting them for a few days to
an artificial light regime,with the light/dark period correspondingn lengthto the naturalday, but with the
beginningand end of the light period shifted, usuallyby 6 hours(seeSchmidt-Koenigl958for details). This
causes the birds to misjudge the time of the day, aademsult,the azimuthof the sun.Whensuchpigeonsare
releasecaway from their home,they show a characteristiadeviationfrom the direction of untreatedcontrols
(Fig. 1). By thus indicating the use of the sun compass,clock-shift experimentsoffer an easy meansto
demonstrate a general involvement of compass orientation. Thisnirallows usto decidewhetheror notthe
orientation strategy in a given case follows the 'map and compass'-model proposed by Kramer (1959).
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Clock-shift experimentswvith homing pigeonshave producedthe typical deflectionin all directionsfrom the
loft (Fig. 2) and at distancesranging from lessthan 1.5 km (e.g. Graue 1963; Keeton 1974) to 167 km
(Schmidt-Koenigl965). Thus avian navigationfollows the 'map and compass'-modakithin the entire range
studied so far, and we may conclude that the relation to home is generally established via an external reference.
The positive resultsof clock-shift experimentshave anotherimportantimplication: They excludeall
navigationalstrategiesiot basedon an externalreferenceThis applies,for instanceto inertial navigation,i.e.
dead-reckonindpasedexclusivelyon internalrepresentationsf the route, as suggestedy Barlow (1964) and
demonstratedor smallmammalsmovingwithin thelimited areaof anarena(Etienneetal. 1985).Likewise,a
responseo clock-shiftingexcludespiloting' in the senseof orientationbasedsolely on familiar landmarksas
proposedby Griffin (1955) and recently reconsideredas a strategyat familiar sites (e.g. Papi 1986). The
availabledataclearly argueagainstsuchan exclusiveuseof landmarks Pigeonsrespondio clock-shiftingalso
at sitesin the vicinity of their loft wherefamiliarity with the terrainandthe landmarksmight be inferred (e.g.
Keeton 1974; Schmidt-Koenig1979), and at sites that are extremelyfamiliar to them from more than 60
previous homing flights (Fuller et al. 1983; R. Wiltschko 1991). Tlleneot seemto be any differencedn this



respectbetweennear and distant sites, nor betweenfamiliar and unfamiliar sites: Pigeonsalways seemto
establish their home direction first as a compass course.

North:

Fig. 2:

The resultof shifting the pigeonsinternal clock
6 h forward at sites at varying directions and
distancedetweenl.5 km and49.1km from the
loft, indicating that the sun compassis used.
Symbols as in Fig. 1 (data from Keeton 1974).
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3. Navigational Strategies

This leavestwo typesof navigationalstrategiespnamely (1) the useof route-specificinformationin the sense

that birds recordthe direction of the outwardjourney with a compassjntegratingdetours,if necessaryand

obtain the home course by reversing this direction, and (2) the use of site-specific information whose directional
relationship to the goal is known to the birds (W. Wiltschko and Wiltschko 1982). Birds haviobedto use

both types of strategy.

3.1. Navigation Based on Information Obtained During the Outward Journey

The useof navigationalinformation obtaineden route during the outwardjourneyis suggestedy a seriesof
experimentsvith youngpigeonsthatweredisplacedwhilst in a distortedmagneticfield. Birds treatedthis way
were no longer oriented and departedin all directions (Fig. 3). The observationthat the samemagnetic
treatmenthad no effect after arrival at the releasesite clearly showsthat the treatmentitself did not affect
orientation,but only its applicationduring displacementR. Wiltschko and Wiltschko 1978). This indicatesa
crucial role of route-specificinformation from the magneticfield. Young pigeons seemto obtain their
homewardcourseby reversingthe netdirectionof the outwardjourney. This strategyhasbeencharacterizeds
route reversal (Schmidt-Koenig1975; W. Wiltschko and Wiltschko 1982). It appearsa simple, straight-
forward strategy;all thatis neededs a functioning compassand the ability to recordand processdirectional
information, including the integration of detours. The basic computations may be complex, but the birds may be
preparedto carry them out; i.e. the respectivecomputationsmight representan innate ability, thus being
performed automatically.

The effectshownin Fig. 3 is restrictedto very young,untrainedpigeons however.Untrainedpigeons
olderthanabout12 weekswerefoundto be no longeraffectedby deprivingthemof magneticoutwardjourney
information, and neither are trained pigeons(R. Wiltschko and Wiltschko 1985). Other manipulationsthat
interferedwith the pigeons'accesgo navigationalinformation during the outwardjourney likewise failed to
affect adult pigeons(e.g. Walcott and Schmidt-Koenig1973; Keeton 1974). This indicatesa changein
navigationalstrategywith increasingage and/or experiencewhich takesplacein aboutthe pigeons'third



month of life. The birds no longer rely exclusively on route-specificinformation, but turn to site-specific
information.
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Fig. 3: Displacement in a distorted magnédietd resultsin disorientationin very young,untrainedpigeons,
indicatingthat thesebirds rely on information collecteden route during the outwardjourney. The arrows
representhe meanvectorsof groupsof 10 to 12 pigeonswith respectto home, H; the symbolsat the
periphery mark the respectivemean directions, solid symbol: significant directional preference;open
symbol: no significant preference (data from R. Wiltschko and Wiltschko 1978).

3.2. Navigation Based on Information Obtained at the Release Site

The fact that the 'map and compass'-modetegardsan external referenceprovided by a compassas an
integratedcomponentof avian navigationimplies that spatial information usedfor navigationis generally
organized in airectionallyorientedway. As a consequencehe presentmodelsof the aviannavigationsystem
assumehat the birds basetheir navigationaldecisionon directionally oriented mentalrepresentationsf the
spatial distribution of navigationalfactors, so-called'maps' (see Wallraff 1974, 1991; W. Wiltschko and
Wiltschko 1982, 1987 for details).

3.2.1. The Navigational 'Map' or 'Grid Map'

The conceptof a nhavigationalmap'wasinspiredby the commonlyusedmapswith their world-wide grid of
coordinatesThe idea,datingbackto the last century(Viguier 1882) assumeshat birds makeuseof at least
two factorswith the natureof gradients, i.e. with valuesthatvary continuouslyin space Thesefactorsshould
form somekind of a grid (Fig. 4) and must not intersectat extremelyacuteangles.Birds know in what
directionsthe gradientsincreaseand decreasend canthusderive their homecourseby comparingthe local
scalarvaluesat their presentiocationwith the onesrememberedrom home.In the examplein Fig. 4, the
birds know that one gradientincreasedo the eastand anotherto the south.If they find themselvesat a
locationwherethe local valuesof botharelower thanthe homevalues(P; in Fig. 4), they know thattheyare
in the northwest of home and have to head towards southeast.

Comparingthe modelsof the 'grid map'with the actualfindings on pigeon navigation,it becomes
evidentthatit providesconvincingexplanationdor somecommonlyobservedohenomenaPigeonsare ableto
headmoreor lessdirectly homefrom distantsiteswhereall local featuresareunfamiliarto them,andthey can
do thisevenwhenthey havebeendeprivedof all known navigationalinformationduring the outwardjourney-
this canbe attributedto the gradientnatureof the navigationalfactors.Gradientsmay be extrapolatecbeyond
the rangeof direct experience However,the birds haveto basethis extrapolationon their knowledgeof the
gradient directionsvithin the familiar area.lf the distributionof navigationalfactorsis not completelyregular,
this might causebirdsto misjudgetheir positionand,asa consequencalepartin directionsdeviatingfrom the
true home course (see Fig. 4, sitgsH3 and B).

Such deviations from home are commonly observed.Usually, they are not very large, seldom
exceeding60°. From their being attributedto unexpectedrregulaities in the distribution of navigational
factors (seeKeeton1973; W. Wiltschko and Wiltschko 1982), it follows that they should be similar in all
releases from a given location. This is confirmed by humerous sets of data. The deviations are indeed typical for
eachsite: At somesites,the deviationsare almostall to the right, at othersto the left (e.g. Wallraff 1959;



Schmidt-Koenigl963; Keeton1973,R. Wiltschko 1993). The phenomenoris thereforereferredto as'release
site bias' (Keeton1973). Releasesite biasesare not restrictedto pigeons,but are observedn other speciesof
birds aswell (Keeton1973,1974).This pointsout that the factorscausingthesedeviationsact on the various
bird speciesn a similar way. Apparently,at manylocations,the navigationalfactorsdo not indicatethe true
home direction, but a direction deviating from it.
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Another phenomenoris the pigeons'ability to headimmediately,i.e. in lessthan 20 secondge.g. Prattand
Thouless1955)into the directionin which they will finally depart.This meansthat the navigationalprocess
doesnot require extendedsearchingflights, and thus excludesthe possibility that pigeonsneedto scanlocal
gradientsto learngradientdirections.Pigeonsappearto haveat leasta roughideaabouttheir homediredion
even before they start flying. When they were released from a cage with ssemadgstheytendedto choose
the onespointing towardsthe direction in which they will later vanishfrom sight (e.g. Chelazziand Pardi
1972; Kowalski 1994). The model of the navigational'map' explainsthesefindings by assumingthat birds
know in which directionthe gradientvaluesincreaseanddecreasehavethis informationincorporatedn their
'map' and thus can immediately interpret the local factors.

The modeldescribedsofar refersto the type of factorsandthe way they are representedT he specific
nature of the factorsinvolved is still largely open. TheoreticalconsiderationgWallraff 1974) indicate that
celestialcues,oncefavored (e.g. Matthews1953), are not suitableas componentf the navigational'map’,
becauseheywould requirehighly complexcompensatiomechanismslueto the rotation of the earthandthe
movementof the eartharoundthe sun. Furthermore the resultsof clock-shift expermentsclearly showthat
the sunis usedasa compasnly (seeFig. 1,2; Kramer 1959; Keeton1974). This leavesgeophysicafactors
originating in the earth itself. They need not necessarily form a world-wide goidgasally proposedViguier
1882).As mostbirds movearoundwithin a limited area,regionalfactorsmight alsobe enlistedfor navigation,
providedthey are availablewithin an areaof sufficient range.Presently,severalfactors are in discussion,
among them magnetic and gratigaal cues, odors, infrasound, the view of distant landscape feature etc.

3.2.2. The 'Mosaic Map' of the Home Area

In the immediatevicinity of home,the birds will be unableto distinguishthe local gradientvaluesfrom the
home values, becausethe differencesare below threshold. Here, the 'grid map' basedon gradientsis
supplemented by a 'mosaic map' of landmarks, which is asgorhed directiorally orientedrepresentatioiof
the lay of the land with the positionsof prominentlocal features(Fig. 5). The model of the 'mosaicmap’
corresponddgo that of the 'grid map’, with the only differencethat insteadof a few continuousgradientsthe
'mosaicmap’ involves numerousseparateentitieswhosedirectional relationshipis familiar to the birds (e.g.



Graue 1963; Wallraff 1974, 1991; Baker 1982; W. Wiltschko and Wiltschko 1982, 1987). The features
involved are believedto be mainly visual landmarks,but may include marks of other sensoryqualities (see
Kreithen 1978), like local sources of infrasound, magnetic anomalies etc., as well.

Fig. 5:
Model of the 'mosaicmap'which
is assumedo be a directionally
oriented mentalrepresentationof
E  the distribution of prominent
feauturesn the vicinity of home
(after W. Wiltschko and
Wiltschko 1982).

North

The useof the 'mosaicmap'is assumedo be analogoudo the 'grid map'; landmarksindicate locations, not
routes. The directional relationship of these locations to the goal is known, so that the naviggdtendlere,
too, givesthe direction to the goal as a compasscourse(seeGraue1963; Wallraff 1974; W. Wiltschko and
Wiltschko 1982). However, as a consequencef being basedon local features,the 'mosaicmap’ cannotbe
extrapolatedlt thusincludesonly terrain that birds know from direct experienceand, maybe,a small area
beyond, as Baker (1982) suggested in his concept of the ‘familiar area map'.

4. The Development of the Navigational System

This leads to the question how birds obtain the necessarily knowledge on the distribntgigafionalfactors
in their home area and beyond. In the case of the 'mosaic map', it is obvidhe fsitionsof landmarksand
their relationshipto eachotherandto the homesite haveto be learned.The sameis true for the navigational
'map’. None of the known envirormental gradientsis completely regular; so birds have to familiarize
themselveswith the distribution of thesefactorswithin their homeregion. Learning processespn the other
hand, allow birds to include all suitablefactorsinto the 'map'and guaranteethat the navigational'map'is
perfectly adapted to the situation in the birds' home region.

4.1. Establishing the 'Mosaic Map' and the 'Grid Map'

Very little is known aboutthe respectivdearningprocessesT he spontaneoushangein navigationalstrategy
observed iryoungpigeonsaboutthreemonthsold suggestshat mostlearningtakesplaceduring free flights at
the loft. Thesefree flights escapeexperimentalanalysis; however, some details may be inferred from the
orientation behavior of pigeons of varying age and experience.

The magneticcompasss the only innateorientationmechanisnof birds. The ability to perceivethe
courseof the field lines providesyoung pigeonswith a first meansof detectingdirection, which is their only
available orientation mechanismwhen they begin to fly around at their loft and undertaketheir first
spontaneous flights. Thus they have only one option: They must rely on directional inforotaéimedduring



the outwardjourney (cf. section3.1). This allow themto determinethe homecourse(seeFig. 3) andappears
sufficientfor thefirst shortflights. Sucha strategybasedentirely on route-specifianformationhasonecrucial
disadvantage, however: there is no possibility to cofeeatrrors. The accuracyof navigationdependstrongly
on how accuratelybirds can measureand processdirectionalinformation. Errors may balanceeachother to
someextent,but absoluteaccuracycannotbe expectedYet anymistakebearsthe dangerthat the birds might
misstheir homeby a certaindistance- this may becomeof crucialimportancewhenthe youngpigeonsextend
their flights. Henceany systemthat allows coursecorrectionsappearsaadvantageouslhe 'mosaicmap’and at
greaterdistanceghe 'grid map'allow determiningthe homecoursefrom any given site; birds canredetermine
their home course as often as they feel necessary, which increases the safety of getting home.

The useof the 'maps’',on the otherhand,requiresdetailedknowledgeon the spatialdistribution of the
factors involved - knowledge,that is not immediately available, but must be obtainedthrough learning
processesvhich requirea certainamountof time. We may assumehat pigeonsbeginto establishtheir 'maps’
as soon as they have reached a certain &h\fling skill. As theyoungbirdsventurefartherandfartheraway,
they gradually becomefamiliar with vicinity of their home. During theseflights, they probably begin to
establisha 'mosaicmap' by storing in memory the position of prominentfeaturesof the terrain and their
directionalrelationshipto home.Later, on more extendedlights, youngpigeonsexplorean increasingareaof
their homeregion,thusenlargingtheir 'mosaicmap’andfamiliarizing themselvesvith the local distributions
of gradients as they experience increases or decreases in gradient values.

Specifically, establishinghe 'maps'meansthat information on the route travelledis combinedwith
site-specificinformation to store the site-specificinformation in its directional relationshipto home. We
assumethat for the 'mosaicmap’, young pigeonsduring exploratory flights are continuouslyaware of the
directionto homewith the help of their compassnechanismsnd possiblyalsoof the distanceto home;at the
sametime, they are alert for prominentfeatureswhich they might encounterThesepiecesof information are
associatedand storedtogetherin memory, forming the directionally oriented mental representatiorof the
distribution of landmarksthe 'mosaicmap'is assumedo be. For establishingthe navigationalor 'grid map’,
birdsareassumedo proceedn ananalogousvay: Birds, awareof their directionof flight, registerchangesn
gradientvalues encountereden route. This information is are incorporatedin the navigational'map' by
combiningchangesn gradientswith the currentdirectionof flight. The observatiorthatinitial orientationof
displacedpigeonsis equally goodin all directionssuggestghat the birds interpretlarger differencesto the
home valuesas greaterdistancesfrom home and considerthe respectivedistanceswhen determiningtheir
homecourselt impliesthatnot only the direction,but alsothe steepnessf gradientss includedinto the 'grid
map'. This graduallyleadsto a mentalrepresentatiomf the navigationalfactorswhich reflectsthe distribution
of gradients within the home region in a realistic way.

Thelearningprocessedeginassoonasyoungbirds fly well enoughto ventureawayfrom their loft,
andare promotedby experienceobtainedon theseflights. The decreasingffect of transportatiorin a distorted
magneticfield (R. Wiltschko andWiltschko 1985)indicatesthat pigeonsf left to gathertheir own experience,
are ready to use the navigational'map’ when they are about 12 weeks old. These experiments,however,
indicatedconsiderablevariability, which mustbe attributedto differencesn how fastthe 'map'develops.This
is typical for all spontaneous developments. The willingnessdertakeexploratoryflights differs enormously
betweengroupsas well as betweenindividuals, andthis is reflectedin their responseso the deprivationof
magnetic outward journey information. Fomeredetaileddiscussiorof the processeteadingto the 'map’,see
W. Wiltschko and Wiltschko (1987) and R. Wiltschko (1991).

4.2. Updating the 'Map'

However,the learning processegstablishingthe navigational'map' are not restrictedto spontaneoudlights
where the birds actively control the outward journey. Apparently, pigeons can also include information
obtainedafter passivetransport,i.e. whenthey are releasedafter displacementlt is a regularroutine at most
lofts to subjectyoungpigeonsto a training programconsistingof flock releasesup to certaindistancesn all
directions, in order to substitutethe extendedforaging flights of wild pigeons. This gives birds direct
experiencewith the true distribution of the navigationalfactorswithin a more extendedareaof their home
region, and, as a consequence, leads to generally improved orientation at distant sites (R. Wiltschko 1991).
The developmenof the navigationalmap'mustbe assumedo be a continuousprocesshatis never
completed.The experienceduring the first monthsof life seemsto setup a generalsetof rulesfor the 'grid
map', specifying how navigationalfactorsare to be extrapolated But the systemremainsflexible, and later
experiencesare continuouslyincluded. This is demonstratecby a seriesof experimentswith experienced



pigeonsmorethan oneor two yearsold at distantsites120 - 200 km from the loft. The resultsdocumenta
continuousimprovementof orientationwith increasingfamiliarity (Griter and Wiltschko 1990). Pigeons
familiar with the distantsitesfrom a previousreleasewere much betterorientedthan birds that hadthe same
flying experiencen adifferentregion(Fig. 6). The mostinterestingpoint, however is thatevenbirdsthathad
covered 60 to 80% of the route from the test site on a prefiimusngflight werebetterorientedthanthe birds
that had their entire experiencein a different region. Knowing parts of the terrain betweenhome and the
distant site apparently helped the orientation at the disi#nT his suggestshat knowingthe true distribution
of navigationalfactorsin the regionhalfwayto the distantreleasesite allowedthe birdsto extrapolatehe local
factorsat the distantsite more accuratelythan birds that did not havethis knowledge(Griter and Wiltschko
1990).
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Fig. 6: Behaviorat sitesmore than 100 km from the loft of adult pigeonswith varying experiencen the
regionof the testsite. The continuousmprovementf orientationwith increasingfamiliarity indicatesthat
old pigeonscontinueto incorporatenew experienceto their map.Symbolsasin Fig. 3 (datafrom Griiter
and Wiltschko 1990).

Thus even pigeonsseveralyearsold extendedtheir ‘'map’ and included new information when they found
themselvesn a regionwherethey had neverbeenbefore.Details on the processesipdatingthe navigational
'map'are not known; onewould tendto assumehatthey are similar to the onesestablishinghe 'map'during
the birds' first year.However,the processesipdatingthe 'map'appearto modify the 'map’only locally in the
region where the pigeons have had the new experience (see W. Wiltschko et alTh@&fl)aranteesa highly
efficient 'map'for an extendedarea,taking regionaland perhapsevenlocal irregularitiesin the distribution of
the navigational factors into account.

4.3. Allocentric 'Maps' Allowing Free Movements

The learningprocessegstablishinghe 'maps'centeraroundthe bird's home,in the caseof pigeons,the loft.
Yet the resulting 'maps'are not assumedo be 'home-centricin the sensethat movementsare restrictedto
returningto the loft. Rather,they representllocentricallyorganizedrepresentton of environmentafeatures
(Thinus-Blanc 1988) that allow direct movementsbetweenarbitrary sites. 'Home' may representa very
prominentsite, but functionally, it shouldbe just onesite amongothers.Birds shouldbe ableto determinethe
course from any site to any other site, provided the coordinates of the goal are known.

Within the homearea,suchfree movementdbetweenmultiple goal sitesare usuallyimplied, evenif
they escapeexperimentaltesting. With respectto the navigational 'map’, an interesting experiment by
Baldacciniet al. (1976) suggestghat birds can indeedheadfor more than just one goal. Old, experienced
pigeons were moved into a new loft about 90 km from the old one and kept there in an aviary. Whardthese
were afterwardsreleasedfrom sites betweentheir old and new home, they departedheadingtowards,and
returnedto, the loft thatwascloser, irrespectiveof whetherit wasthe old or the new loft. This indicatesthat
the pigeonswere ableto determinethe coursetowardtwo goalsand choosebetweenthem. At the sametime,
this experimenthasanotherimportantimplication. As the birds were ableto comparethe distancedrom the
releasesite to the respetive goals,they must have had quantitativeinformation on distanceavailable.This
implies that the navigational 'map' represents the distribution of gradients roughly true to scale.



5. A Flexible, Efficient System

Thereis a fascinatingvariety and flexibility in the waysbirds utilize potentialnavigationalcues.Startingout

with the ability to distinguishdirections, pigeonsdevelopa highly efficient navigationalsystemthat allows
them to navigatewithin the rangeof severalhundredkilometers.Someseabirdscan navigateevenwithin a

rangeof morethanthousandkilometers(seeR. Wiltschko 1992 for summary).The navigationsystemmakes
useof a variety of factorswhoseexistenceis reliable, but whosespecific manifestationcannotbe anticipated.
For example,it is absolutelycertainthat birds will encountersuitablefeaturesand factorsto be incorporated
into the 'mosaicmap’'andthe 'grid map'; however,neitherthe specific natureand the position of landmarks,
nor the regional distributionf gradientscanbe predicted Hence to makeuseof thesefactors,animalshaveto

obtain the informaon on their digtbution by individual experience.

A very efficient way to do this is pre-programmedearning during the birds' early youth. Nature
supportssuchlearningprocessedy a sensitiveperiod,during which the younganimalspay increasedittention
to the relevantfactorsand searchactively for the relevantinformation. Also, specificbrain areasare prepared
to storethat particularinformation. Although thereis no direct evidence,it is assumedhat the processes
establishing the 'maps' show similar features. During thstrfew monthsof life, youngpigeonsshowa much
greaterreadinesgo undertakeextendedlights thanlater in life. Thesespontaneougrips may be exploratory
and thus form the basisfor establishingthe navigationalsystem(seealso Baker 1982 for discussion).The
respectivdearningprocessesnay be similar to thoseestablishinghumanspeechwhereyoung children at a
certain age are eager to learn to speak and will pick up any language they hear.

Since the learning processegjuarante that the resulting mechanismsare perfectly tuned to the
situationsin the bird'shomeregion,regionaldifferencedn the navigationalmap'may be expectedThesemay
involve the natureof the gradientsusedaswell ashow the variousnavigationalfactorsareratedand ranked.
Differencesin responseto identical experimentaltreatmentsof pigeonsin different countries (e.g. W.
Wiltschko et al. 1987)and different behaviorof pigeonsfrom different lofts at certainsites(e.g. Walcott and
Brown 1989) havebeendocumentedT hesedifferencescanbe attributedto differencesin experienceandthus
may reflect differences in the way the 'map’ developed (see W. Wiltschko et al. 1991 for a detailed discussion).

In all navigationalmechanismsgcompassorientation plays a fundamentalrole, as the 'maps'are
directionally orientedrepresentationsf the environment,ndicating directionsas compassourses.Compass
orientationthus forms the backboneof the birds' representatiorof space.This might not only be true for
homing over long distancesbut also for small-scaleorientationtasks. Recentexperimentssuggestthat the
sameprinciplesapply to locating specific placeswithin the limited spaceof an aviary (e.g. W. Wiltschko and
Balda 1989; Sherry and Duff 1996). For birds, spatial information seemsto be generallyrepresentedn a
directionally orientedway over the entire rangeof distancesfrom severalhundredkilometersto a few meters
within the home area - this may be the general way how birds code space.
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