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1 Aims of the series of lectures

This is the �rst of t w o lectures I giv e in the course.

The �rst is on Bird Na vigation and the second is on

mo delling b eha viour. There is a common theme: ho w

do w e design exp erimen ts that tell us what is going on

inside the animal. Sometimes the theme is illustrated

b y successes, where something w as learned ab out the

inner w orkings. A t least as often, the theme is illus-

trated b y failure and the question b ecomes: ho w can

w e learn from mistak es? T o ac hiev e this aim the lec-

tures trace an episo de in the history of eac h sub ject.

This lecture and the notes should giv e a fairly full

accoun t of historical dev elopmen ts in the study of

bird na vigation; mo dern studies are cited but not

describ ed and studen ts are encouraged to read the

mo dern citations themselv es.

2 Aims of this lecture

There has b een in tense researc h on bird na vigation

and, ev en 30 y ears ago, Matthews ( 1968 ) cited o v er

700 references going bac k w ell o v er 100 y ears. The

aims of the lecture are to:

1. Sho w what birds ac hiev e

2. Discuss curren t views of ho w they do it

3. Illustrate the w a y v arious systems ma y in ter-

act, and ho w birds calibrate one system from

another.

4. Review the w a y researc h has progressed and to

learn from the mistak es that ha v e b een made.

3 T yp es of na vigation

3.1 Piloting (the use of landmarks)

Ho w do birds na vigate? The simplest h yp othesis w as

that they rely exclusiv ely on landmarks they ha v e al-

ready learned. Th us when released in unfamiliar ter-

ritory they searc h randomly un til they come across a

kno wn landmark. It is often di�cult, ev en in homing

exp erimen ts o v er long distances, to exclude the use

of landmarks ( Matthews , 1970 ) esp ecially b ecause of

the heigh t birds ma y 
y . Ho w ev er, in man y sp ecies

the y oung migrate through unfamiliar territory with-

out accompan ying adults. Y oung bronze cuc k o os,

for example, lea v e New Zealand some time after the

adults and cross 2,500 miles of o cean to win ter in the

Solomon Islands. This in v olv es non-stop 
igh ts of at

least 900 miles where compass errors of a few degrees

m ust b e fatal. Th us, while kno wn landmarks ma y b e

imp ortan t, it is clear that man y sp ecies use a c omp ass

sense and often with startling accuracy .

3.2 Compass orien tation

In principle, migran ts could alternate b et w een sum-

mer and win ter quarters b y setting out in an appro-

priate direction in autumn and rev ersing it in spring.

This w ould require no more than a compass sense and
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genetic co ding of the appropriate direction. In prac-

tice, y oung birds of sev eral sp ecies seem to sho w ex-

actly this on their autumn migration. When trapp ed

and arti�cially displaced, y oung starlings con tin ued

to head in the same direction instead of correcting for

the displacemen t and so ending up in the appropriate

win ter quarters (Fig. 1 ) ( P erdec k ( 1958 ) review ed b y

Matthews ( 1968 ); Sc hmidt-Ko enig ( 1965 )).

More recen tly , Helbig ( 1996 ) studied the ge-

netic basis of inherited migratory directions while

Thorup et al. ( 2000 ) and Mouritsen ( 2000 ) ha v e de-

bated the evidence from mo dels used to sim ulate

the geographic distribution of ringing reco v eries in

y oung pied 
ycatc hers ( Fide cula hyp oleuc a ). It ap-

p eared that the ringing reco v eries w ere more nar-

ro wly distributed than w ould b e predicted b y a mo del

with compass direction alone, leading to the claim

that y oung birds w ere comp ensating for the previ-

ous nigh t's wind drift. The study is in teresting but

di�cult to in terpret.

3.3 T rue na vigation

In P erdec k's exp erimen ts, displaced adults comp en-

sated for the error and most reco v eries o ccurred in

the normal win ter quarters or on the w a y to it. Th us

the adult birds w ere able to determine whic h compass

direction w ould lead them to their goal. This addi-

tional abilit y is usually referred to as true navigation

Landmarks, compass orien tation, and true na vi-

gation are of course used together b y man y sp ecies.

The b est studied example is the homing pigeon and

Mic hener and W alcott ( 1967 ) ha v e trac k ed individ-

ual pigeons homing from unfamiliar territory (Fig. 2 ).

Fligh ts often sho w ed three phases:

1. Fligh t in a `preferred direction', for �v e miles

or more, not usually to w ards home. A compass

sense is all that is needed to explain this phase.

2. Fligh t heading to w ards home for man y miles

with errors often less than t w o degrees. This

illustrates b oth the abilit y to main tain a com-

pass b earing and the accuracy of their estimate

of the home direction.

Figure 1: Reco v eries of starlings displaced from Hol-

land to Switzerland while on autumn migration.

Op en circles: adults; �lled circles: juv eniles (F rom

Matthews, 1968, p. 14, after P erdec k, 1958). Note

that the y oung birds con tin ued to migrate in the di-

rection needed to reac h the usual win tering area (con-

trols) from Holland, but this w as no w inappropriate.

The adults mostly c hanged direction bac k to w ards

the usual win tering area.
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Figure 2: All the trac ks of Blue W Y. Some of the

highest moun tains are sho wn in this �gure as rings

of dots. F or sev eral da ys prior to trac k 5 the bird

w as k ept under an arti�cial ligh t/dark regime. (F rom

Mic hener and W alcot (1967)).

3. Within ten miles of the loft pigeons app eared to

resp ond to landmarks.

4 Sensory cues

The sensory cues underlying these three t yp es of

orien tation ha v e b een studied in tensiv ely . Unfortu-

nately m uc h of the w ork b efore 1965 w as unreliable

b ecause the problems of circular statistics w ere not

w ell understo o d. Another early misunderstanding

arose b ecause authors assumed that birds could use

only one set of cues. The fallacy can b e illustrated

b y imagining a man heading north with a compass.

T ak e the compass a w a y and he manages b y the stars,

do es this pro v e he w as not using the compass. It

seems v ery ob vious, but P enn ycuic k set out the re-

quiremen ts for an y successful na vigation h yp othesis

and his �rst requiremen t w as that the prop osed cues

m ust b e a v ailable under all conditions in whic h birds

are kno wn to na vigate. He w as not alone in mak-

ing this error. Th us Matthews ( 1951 ) concluded that

magnetism had no role in bird na vigation after sho w-

ing that pigeons homed successfully with bar magnets

attac hed. Later, Keeton ( 1971 ) found evidence that,

under o v ercast skies, an attac hed magnet caused dis-

orien tation while a brass bar did not. Both groups

could na vigate while the sun w as visible. Y ou should

b e sceptical, therefore, of exp erimen ts whic h seem to

rule out a cue b ecause the bird do es not use it. It

ma y b e that other cues w ere a v ailable.

A third problem is that man y authors studied the

v anishing directions of birds at the release site. As

Mic hener and W alcott ( 1967 ) sho w ed, the �rst phase

of 
igh t is often in some preferred direction, unrelated

to the home direction. This phase can extend for ten

miles: w ell b ey ond the p oin t of v anishing. Care is

needed in in terpreting v anishing directions and their

resp onse to v arious treatmen ts, although this w as not

understo o d in the early studies.

The cues on whic h piloting is based are presumably

visual, and dep end on what landmarks the bird has

learned. Pigeons �tted with frosted-glass con tact-

lenses return to within a few h undred metres of the

loft, but fail to reac h it, so visual landmarks seem to

b e essen tial for the �nal approac h. Piloting cues are

m uc h more b oring than those whic h underly compass

orien tation or true na vigation. It is b est to consider

these latter t yp es of orien tation separately .

5 Sensory cues underlying

compass orien tation

5.1 Sun

Kramer ( 1951 ) suggested that the sun w as used as a

compass, b eing south at no on and mo ving appro xi-

mately 15

�

p er hour. This w as based on exp erimen ts

in whic h starlings w ere placed in circular cages with
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p erc hes around the w alls. Kramer recorded the n um-

b er of times eac h p erc h w as used and the birds pre-

ferred those in the direction they w ould ha v e tak en on

migration. They b ecame completely disorien ted un-

der o v ercast but, in later studies, to ok up appropriate

orien tation when the sun w as `mo v ed' b y re
ection.

T o use the sun as a compass, a bird m ust allo w

for its mo v emen t through the sky (ab out 90

�

ev ery

six hours). Numerous exp erimen ts (eg. b y Kramer ,

1952 ) ha v e demonstrated this abilit y in caged star-

lings (Fig. 3 ). He also shifted their in ternal clo c ks b y

six hours and demonstrated errors of ab out 90

�

. Fi-

nally , he arranged a `stationary' sun and sho w ed that

the birds' preferences mo v ed around the cage in the

predicted w a y . Numerous exp erimen ts (review ed b y

Matthews , 1968 , Ch. 3), and since, ha v e con�rmed

the view that the sun is used as a compass.

5.2 Stars

The ma jorit y of migran ts 
y at nigh t. The evi-

dence for compass orien tation b y the stars is go o d

( Matthews , 1968 , Ch. 4).

The �rst exp erimen ts w ere b y Sauer and Sauer

( 1955 ); Sauer ( 1957 ) who sho w ed that hand-reared

blac k caps and garden w arblers to ok up their appro-

priate autumn migration directions in Kramer cages

under a planetarium sky , ev en though they had nev er

seen a natural sky . The birds rev ersed their migra-

tory direction when tested in spring.

Emlen ( 1972 ) ga v e an example of planetarium ex-

p erimen ts and tac kled the problem of ho w birds learn

to use the stars. He sho w ed that indigo bun tings

learned where north is from the rotation of the stars.

The north star is the one that mo v es least. Emlen

used a planetarium to rotate the stars with other

constellations as the cen tre of rotation and the birds

adopted these constellations as `north'. These results

ha v e b een con�rmed in umerable times and a partic-

ularly go o d study is b y Mouritsen and Larsen ( 2001 )

who compare �v e h yp otheses in a single exp erimen t.

Radar studies (e.g. Bellrose , 1967 ; Gri�n , 1973 )

indicate that nigh t migran ts are not disorien ted un-

der o v ercast, so they app ear to b e able to main tain a

course without seeing the stars. Ho w ev er, o ccasional

glimpses of the stars ma y b e enough to set the direc-

Figure 3: Analysis of sun-compass orien tation in

caged starlings. (a) The birds select the same direc-

tion at di�eren t times of da y . (b) The orien tation is

c hanged b y displacing the sun's apparen t p osition b y

mirrors. (c) The orien tation can equally b e c hanged

b y shifting the bird's in ternal `clo c k'. (d) The angle

tak en up with reference to a stationary `sun' c hanges

through the da y . Time is sho wn in hours in the cen-

tres. Dots represen t activit y p erio ds (a,b) or fo o d

c hoices (c,d). (F rom Matthews (1968)).
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tion and the set direction could then b e main tained

using other cues suc h as wind.

5.3 Wind

Nisb et ( 1955 ) and Bellrose ( 1967 ) discuss the p os-

sibilit y of birds using wind direction as a cue, the

latter pro viding some evidence. A 
ying bird ma y

sense wind direction b y the shap e of the gusts. These

b egin suddenly and die a w a y gradually so the high-

est accelerations are felt in the direction of the wind.

This information ma y b e enough to allo w a bird to

main tain a course after it is set b y other cues.

5.4 Magnetism

In the 1960s, magnetism w as thro wn out as a cue for

bird orien tation in no uncertain terms; it is no w w ell

demonstrated that birds use magnetism as a compass.

The attitudes and misunderstandings do little credit

to the scien ti�c comm unit y . One of our Ph.D. stu-

den ts found evidence of magnetic orien tation in ne-

mato des in the late 1960s but w as told b y his sup er-

visor that he w ould fail his Ph.D. if he included it in

the thesis.

The �rst con vincing evidence came from insect b e-

ha viour ( Lindauer and Martin , 1972 ).

A t ab out the same time, Keeton ( 1971 ) sho w ed

that magnets could confuse pigeons forced to home

under o v ercast. A t Cornell Univ ersit y , where Keeton

w ork ed, it is cloudy almost all the time so pigeons

get lots of practice under o v ercast. Keeton's results

sho w ed:

Cloud co v er: Clear Ov ercast

With magnets orien ted disorien ted

With brass bars orien ted orien ted

It w as not clear whether the magnets in terfered

with compass orien tation or with true na vigation,

under o v ercast. Ho w ev er, Wiltsc hk o and Wiltsc hk o

( 1972 ) sho w ed that robins ha v e a c omp ass resp onse

to magnetic �elds of the same intensity as the e arth's .

They failed to resp ond to m uc h stronger or w eak er

�elds.

It came as a complete surprise that the robins did

not follo w the north or south p ole of the �eld, but

follo w ed the angle of dip. W alcott and Green ( 1974 )

then sho w ed that pigeons w ere disorien ted b y an elec-

trically induced magnetic �eld. They had �tted coils

round the heads of their pigeons and the direction

of curren t determined the magnetic �eld. When the

�eld w as North up (NUP) the pigeons headed in the

opp osite direction (un til the batteries ran out). With

SUP the orien tation w as normal. Hence, their results

�tted w ell with Wiltsc hk o and Wiltsc hk o ( 1972 ).

Mo dern studies ha v e con�rmed resp onses to the

angle of dip in man y sp ecies (eg. Able and Able ,

1996 ) and increased the range of sp ecies kno wn to

use magnetic cues (eg. Gudm undsson and Sandb erg ,

2000 ).

5.5 P olarised ligh t

Brines ( 1980 ); Phillips and W aldv ogel ( 1982 , 1988 )

sho w ed that birds resp onded to the w a y patterns

of p olarised ligh t rotated during the da y . More re-

cen t studies ha v e sho wn that it is the rotation of p o-

larised ligh t rather than the sun itself whic h is used

for �ne tuning the magnetic compass ( Able and Able ,

1993 ). This is esp ecially in teresting in the ligh t of

Mouritsen and Larsen ( 2001 ).

6 Cues underlying true na viga-

tion

If, in a particular example, w e can rule out the use of

landmarks, then a homing bird m ust b e using true

na vigation, ie. it m ust determine its presen t p osi-

tion in relation to home or goal. The adult star-

lings displaced b y P erdec k ( 1958 ) corrected for the

displacemen t and 
ew to their normal win ter quar-

ters. And the trac ks of homing pigeons, recorded b y

Mic hener and W alcott ( 1967 ) lea v e no doubt ab out

the accuracy with whic h pigeons can determine their

home direction from man y miles a w a y . Ho w ev er, the

�rst phase of a homing 
igh t is often in the wrong

direction and these `v anishing directions' ha v e b een

used in exp erimen ts. When the v anishing direction

is disturb ed b y a treatmen t it could b e that the bird

has the wrong idea ab out the home direction, or it
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could b e that the compass it is using has b een dis-

turb ed. These complications mak e it ev en more di�-

cult to iden tify the na vigation cues than it has b een

to iden tify the compass cues.

T o date, there ha v e b een four serious h yp otheses

explaining true na vigation:

1. That the bird computes ev ery t wist and turn

of the out w ard journey and so, b y a highly so-

phisticated sense of direction, k eeps in mind the

home direction. Birds ha v e b een transp orted in

rotating drums, while anaesthetised, in v arying

magnetic �elds and unable to see the outside.

In all cases homing w as unimpaired but recen t

studies ha v e reviv ed the debate ( W allra� , 2000 ;

Wiltsc hk o and Wiltsc hk o , 2000 ).

2. That birds �nd their p osition b y celestial cues.

Because the earth rotates, this requires that the

birds ha v e an in ternal clo c k. A bird displaced

to the east, for example, w ould �nd the sun at a

giv en heigh t earlier than at home. One displaced

to the south w ould �nd the sun higher, at a giv en

time of da y , than it should exp ect at home at the

same time of da y .

3. That the birds use magnetic v ariations across the

earth's surface.

4. That birds learn to asso ciate a particular o dour

with a particular direction of the wind at their

home site. Then they 
y in the opp osite direc-

tion when they detect the o dour at the release

site.

6.1 Celestial na vigation

The details of the v arious celestial na vigation h y-

p otheses are set out in Matthews ( 1968 ). All suc h

h yp otheses require that a bird can detect the suns p o-

sition accurately . Ho w ev er, pigeons ha v e b een kno wn

to home while w earing frosted glass con tact lenses

whic h excluded an y precise judgemen t of the sun's

p osition. So if they do use the sun normally , they

m ust b e using some other na vigation system when

w earing frosted glass con tact lenses.

Keeton ( 1969 ) not only demonstrated that pigeons

can home adequately under o v ercast, but that the er-

rors that time-shifted birds made when the sun w as

visible w ere the errors that w ould b e predicted if the

bird w ere using the sun as a compass. The errors

w ere not those predicted on an y h yp othesis whic h in-

v olv ed a sun-based true na vigation. Keeton's results

are summarised b elo w.

Cloud co v er: clear o v ercast

Time-shifted pigeons sun compass no errors

errors

Con trol pigeons no errors no errors

Mic hener and W alcott ( 1967 ) originally though t

that they had evidence for the sort of errors predicted

on a sun-based na vigation h yp othesis, but W alcott

( 1972 ) b ecame con vinced that the sun w as used as a

compass and no more. This shift of opinion w as based

on a long series of exp erimen ts. Sc hmidt-Ko enig

( 1972 ) also comes do wn �rmly on the side of the sun

compass and no more. Numerous more recen t studies

con�rm this view.

6.2 Is there a magnetic map?

In principle, magnetic v ariations across the earth's

surface could pro vide a magnetic map. The evidence

is discussed b y Wiltsc hk o and Wiltsc hk o ( 1996 ) who

p oin t out: that birds w ould ha v e to detect min ute dif-

ferences in the magnetic �eld (of the order of 0.03%);

that the map w ould b e irregular and sho w great lo cal

v ariations and that daily 
uctuations w ould compli-

cate the pigeons's task.

A t presen t it is not clear ho w a magnetic map

w ould w ork, but w e should not discoun t a p ossibilit y

b ecause w e do not understand it y et.

The previous sen tence remains true in the ligh t of a

v ery recen t study on spin y lobsters ( Panulirus ar gus )

b y Boles and Lohmann ( 2003 ). They sho w ed that

lobsters displaced up to 18 km w alk ed in the direc-

tion of home and that the w alking direction could b e

altered b y sim ulating the magnetic �eld of an alter-

nativ e site up to 400 km a w a y . The w alking direction

in sim ulated magnetic �elds suggested that the lob-

sters w ere using angle of dip as part of their `map' in

a case of true na vigation.
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6.3 Are o dours imp ortan t in deter-

mining the home direction?

W allraf ( 1967 ) m ysti�ed his audience at the In ter-

national Ornithological Congress in Oxford when he

describ ed exp erimen ts in whic h pigeons w ere k ept in

lofts where they could not see the sun. But they

found home when released.

Another group w ere k ept in a loft where they could

see the sun all the time but w ere screened from the

wind b y glass screens. These birds could not �nd

home when released.

One p ossibilit y w as that pigeons learned to asso-

ciate particular smells with the wind direction exp e-

rienced when they o ccur: they smell sea smells when

the wind comes from the w est, sa y . Then, when re-

leased to the w est of their loft, the sea smells are

stronger and the birds head east.

In 1972 P api and his colleagues started a series of

exp erimen ts whic h sho w ed disorien tation of anosmic

pigeons (no sense of smell). There is no w a great

deal more evidence but some bitterness on b oth sides

of the debate. Three pap ers in the sp ecial na vigation

issue review the evidence: ( W allra� , 1996 ; Wiltsc hk o ,

1996 ; Able , 1996 ). And the most recen t pap er is b y

Odetti et al. ( 2003 )

7 Calibrating the systems

Birds are not b orn with a star map and, as they mi-

grate, the pattern of stars c hanges. Similarly , the

magnetic compass is based on the angle of dip whic h

b ecomes zero and then rev erses for those migran ts

whic h cross the equator. Ho w do they learn the ap-

propriate direction?

Able and Able ( 1996 ) giv e an excellen t accoun t of

the dev elopmen t of abilities. Hand reared sa v annah

sparro ws whic h ha v e nev er seen the sky sho w a pref-

erence for the south w est in autumn when placed in

a magnetic �eld. In otherw ords, the resp onse to the

magnetic compass is genetically programmed. Helbig

( 1996 ) has studied the genetic con trol of migratory

direction and found that hand-reared blac k caps ex-

hibited preferred directions whic h w ere p opulation-

sp eci�c and w ere heritable. It app ears that only a

few ma jor genes con trol the preferred direction.

Migratory song birds also ha v e a genetically con-

trolled resp onse to the axis of celestial rotation

( Able and Able , 1996 ) but they also adjust the

magnetic compass if it con
icts with celestial cues

( Bingman , 1983 ). This is imp ortan t for migran ts

b ecause the preferred direction ma y c hange during

di�eren t legs of the the 
igh t. It is esp ecially im-

p ortan t for birds that cross the equator b ecause the

angle of dip rev erses and the magnetic compass m ust

b e adjusted if it is to go on w orking. In a more re-

cen t study , Sandb erg et al. ( 2000 ) found birds of four

sp ecies w ere able to calibrate their star maps using

magnetic information.

8 Redundancy and the balance

b et w een systems

When the sky is o v ercast, Keeton's pigeons use their

magnetic compass. On a sunn y da y they cannot b e

disorien ted b y bar magnets. W e no w kno w there are

m ultiple systems but w e do not kno w ho w m uc h at-

ten tion birds giv e to eac h system. Studies in learning

sho w that learning t w o cues at once tends to reduce

learning of either and it seems v ery lik ely that in-

dividuals di�er considerably in the w eigh t they giv e

to the di�eren t systems. That w ould explain wh y

some pigeons are disorien ted at particular release

sites while others are not. Again some are disorien ted

b y particular treatmen ts, others are not.

It ma y explain suc h di�erences, but it also mak es it

v ery di�cult indeed to design conclusiv e exp erimen ts.

9 Recen t pap ers

A n um b er of recen t pap ers are of

in terest: Mouritsen and Mouritsen

( 2000 ); Baec kman and Alerstam ( 2003 );

Nehmzo w and Wiltsc hk o ( 2000 ) W ehner ( 2001 );

Wiltsc hk o and Wiltsc hk o ( 2003 ) Bonadona et al.

( 2000 ) Mouritsen et al. ( 2003 ).
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