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Preface 

Birds  have  been  an  inseparable  part  of  human  life  as  far  back  as  history  goes, and  their  presence  has  made  our  existence  more  worthwhile.  They  remind us  every  day  that  we  are  not  alone  on  Earth.  Their  singing  wakes  us  in  the morning,  it  accompanies  us  during  the  day,  and  as  we  go  to  sleep,  we  hear  the song  of  the  nightingale.  In  the  time  of  global  organization,  the  dove  remains our  symbol  of  peace  and  of  love,  and  the  eagle  that  of  strength  and  freedom. 

And  long  before  humans  learned  how  to  travel  to  distant  regions  of  the  earth, birds  did  that  with  great  ease  and  regularity. 

Year  by  year,  innumerable  birds  are  on  the  wing,  underway  on  our  planet, at  different  times,  with  different  aims,  for  different  reasons.  These  worldwide travels  are  among  the  most  fascinating  and  enigmatic  natural  phenomena on  Earth.  Even  today  it  remains  much  of  a  puzzle  how  the  birds  find  their ways,  and  the  more  we  learn,  the  more  puzzling  it  becomes.  Pelagic  birds  are out  on  the  open  sea  for  days  on  end,  and  then  they  return  to  some  remote lonely  island  where  their  chick  waits  for  them.  How  do  they  find  that  Island? 

Migrating  swallows  back  on  the  way  from  South  Africa  to  Europe  are  blown off  track  by  some  hundreds  of  kilometers  by  a  tropical  storm,  but  they  find their  way  back  to  that  roof  of  the  barn  in  the  village  where  they  were  born. 

The  aim  of  this  book  is  to  illustrate  and  discuss  the  problems  that  arise if  one  tries  to  understand  avian  orientation  and  navigation,  and  to  mention possible  solutions  to  these  problems.  There  are  several  topical  issues,  with which  we  deal  in  corresponding  sections. 
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Preface

A  great  variety  of  birds,  from  robins  and  starlings  to  albatrosses,  can  be taken  to  some  distant  place,  where  they  have  never  been  before,  and  yet  they find  their  way  back  home.  How  can  they  do  that?  We  shall  here  consider  wild birds,  to  avoid  any  possible  human  interference  in  picking  particularly  gifted individuals  to  create  a  special  homing  breed.  We  find  that  many  species  of wild  birds  are  indeed  capable  of  the  required  navigational  capabilities,  and  so we  wonder  what  the  bases  of  these  are:  what  facilities  and  what  observations allow  them  to  do  t  hat? 

In  the  age  of  space  satellites  and  global  positioning  systems,  it  seems  worthwhile  to  recall  what  navigational  means  the  earth  itself  can  offer,  what  solar and  stellar  constellations,  what  geophysical  and  celestial  features  can  tell  us. 

How  did  the  Greeks  navigate  on  the  Mediterranean  Sea,  how  did  Columbus and  Vasco  da  Gama  plan  to  find  the  sea  route  to  India,  and  Magellan  that around  the  world?  When  Bartolomeo  Dias  first  reached  the  Cape  of  Good Hope,  European  swallows  had  traveled  there  since  ages,  year  by  year  without any  problems.  What  tools  did  and  do  they  have  to  make  that  possible? 

To  investigate  in  more  detail  the  methods  and  facilities  used  by  the  birds, a  variety  of  studies  and  experiments  are  necessary,  and  often  it  is  not  possible to  carry  these  out  with  wild  birds.  It  has  turned  out  that  here  pigeons  are just  what  we  need:  they  are  easily  domesticated  and  raised  in  great  numbers, and  since  many  years  they  were  bred  and  trained  to  find  their  way  to  their home  loft.  Whatever  features  are  needed  to  achieve  that,  through  breeding these  have  been  enhanced;  so  they  should  be  more  prominent  and  hence more  easily  identifiable.  And  indeed  doves  have  taught  us  much  about  the spectrum  of  methods  they  use  to  find  their  way. 

An  immense  number  of  birds  fly  each  fall  from  northern  to  more  southern regions,  to  avoid  the  detrimental  northern  winter  climate,  and  each  spring they  return,  to  get  back  to  the  abundant  feeding  grounds  of  the  north,  to breed  there  and  raise  the  young.  These  migrations  take  place  both  on  the Eurasian  and  on  the  American  continents,  and  they  are  evidently  to  some extent  imprinted  in  the  hereditary  patterns  of  the  birds—their  genes  indicate to  them  when  to  start  and  in  what  direction  to  fly.  This  is  not  universal, however,  and  can  be  modified  by  social  or  environmental  conditions.  For some  species,  experienced  older  birds  have  to  show  the  way  to  the  younger, and  for  others,  the  older  birds  can  reach  the  desired  regions  even  if  they  are no  longer  on  the  inherited  path.  And  there  are  various  patterns  of  travel— 

solitary  or  in  flocks,  at  night  or  during  the  day,  over  land  or  over  the  ocean, and  more. 

The  last  of  our  major  topics  will  address  another  special  bird:  the  albatross. 

It,  and  also  the  pigeon,  is  in  many  ways  representative  of  the  problems  we  are
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facing.  The  albatross  is  a  symbol  for  avian  navigation:  apart  from  the  short time  it  spends  in  a  breeding  and  nesting  place,  it  is  generally  not  localized or  localizable.  Albatrosses  circumnavigate  the  earth  in  less  than  two  months, and  they  do  so  several  times  a  year.  Yet  tens  of  thousands  of  kilometers  from their  nesting  area,  they  know  how  to  get  back  to  that  lonely  rock  somewhere in  the  vast  expanse  of  the  oceans.  How  they  succeed  in  doing  that  is  perhaps the  most  challenging  question  today  in  avian  navigation. 

Obviously,  humans  have  wondered  for  ages  where  birds  are  when  we  don’t see  them,  when  and  where  they  migrate,  and  how  they  find  their  ways.  Aristotle  knew  that  the  swallows  disappeared  in  the  fall  and  then  reappeared  in the  spring.  He  still  thought  that  they  bury  themselves  in  the  ground  during the  winter,  to  reemerge  in  the  spring.  Today,  since  some  70  years,  we  have much  more  insight,  much  of  it  through  observing  them  all  over  the  world. 

We  know  that  the  swallows  of  the  north  are  in  the  south  during  the  winter. 

We  have  tried  to  follow  them  by  catching  birds,  ringing  them,  and  then  recovering  the  ringed  birds.  Another  approach  studied  the  directions  in  which captured  birds  disappeared  when  released.  So  in  the  past  50  years,  various works  on  different  aspects  of  avian  navigation  have  appeared—we  list  them in  the  literature. 

The  last  30  years,  however,  have  issued  in  a  new  and  more  conclusive  stage of  testing,  based  on  ever  smaller  and  ever  more  effective  miniaturized  electronic  positioning  devices.  We  can  now  attach  negligibly  small  senders  to  the birds,  weighing  less  than  two  grams,  telling  us  rather  exactly  where  they  are when,  how  they  got  there,  and  how  they  are  affected  by  terrestrial  regularities and  irregularities.  So  now  we  have  much  more  information  on  their  travels, and  it  seems  worthwhile  to  have  a  new  look. 

Let  me  emphasize  once  more  that  our  topic  here  is  how  birds  are  able  to carry  out  the  almost  unbelievable  navigational  tasks  that  we  know  of.  We do  not  want  to  give  a  systematic  view  of  bird  migration,  or  of  long-range bird  flights.  We  will  discuss  what  we  hope  to  be  a  representative  number  of cases  to  illustrate  the  problems  and  their  possible  solutions.  And  we  will  learn something  ignored  for  a  long  time  in  the  studies  of  bird  navigation.  Birds have  a  great  variety  of  navigational  means,  and  they  are  free  to  choose  those they  prefer.  Some  experiments  disturbing  the  magnetic  orientation  of  pigeons produced  no  effect  but  that  does  not  mean  that  the  birds  did  not  recognize  the  disturbance,  other  tests  showed  that  they  did.  Here  they  just  decided to  follow  their  solar  compass.  There  are  many  features  that  enter—the  kind of  bird,  the  environment,  the  weather,  and  more.  There were two roads to
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asking—a  psychological  one:  what  do  the  birds  do  under  the  provided  conditions—and  a  biological  one:  what  tool,  organs,  do  they  have  to  record  their given  condition? 

And  finally,  there  is  the  choice  of  the  individual.  All  our  scientific  conclu-sions  are,  after  all,  statistical.  If  one  million  swallows  each  year  decide  to return  to  North  America,  after  an  austral  summer  in  Argentina,  and  then suddenly  six  pairs  decide  to  stay  in  Argentina:  how  do  we  put  that  into  our science?  We  can  only  wait  to  see  if  the  statistics  increase,  and  even  if  they  do, we  don’t  know  why.  The  enigma  remains… 

This  book,  largely  on  biological  phenomena,  is  written  by  a  physicist.  Does this  make  sense?  I  think  so,  in  both  directions.  Physics,  as  the  pioneering natural  science,  was  presented  as  defining  the  scheme  to  be  followed,  also  by biology,  for  example.  By  now,  the  view  has  become  more  critical:  in  biology, most  things  happen  out  of  equilibrium.  And  now  many  physicists  realize  that it  is  the  same  in  physics:  the  truly  new  physics  deals  with  phenomena  out  of equilibrium.  We  are  learning  what  the  Danish  theorist  Per  Bak  had  noted  20 

years  ago:  “the  laws  of  physics  are  simple,  but  nature  is  complex”. 

A  comment  should  be  made  on  the  literature  quoted—it  is  far  from systematic.  I  have  tried  to  indicate  at  the  end  of  each  chapter  seminal  papers, were  applicable,  and  then  cite  at  the  end  of  the  book  some  general  survey presentations,  as  far  as  available.  These  will  give  references  to  further  work,  if that  should  be  of  interest. 

It  is  a  pleasure  to  thank  several  experts  of  various  aspects  of  the  field  for helpful  comments,  in  particular,  H.  Mouritsen,  T.  Piersma,  N.  Chernetsov, and  H.  Finke.  I  also  thank  our  secretary,  Susette  von  Reder,  for  crucial  help in  the  preparation  of  the  manuscript. 

Bielefeld,  Germany 

Helmut  Satz

February  2025 
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Prelude:  The  Return  of  AX6587 

 Аνδρα  μοι  εννεπε,  Μονσα,  πολντροπον,  οσ  μαλα  πολλα πλαγχθη…

 Tell  me,  O  Muse,  of  that  venturous  man  who  was  driven  to  wander  so  far  and  so wide… 

 Homer  (~750  B.C.)  The  Odyssey,  Book  1 

Homo  Sapiens 

Imagine  that  you  are  at  home,  about  to  go  to  bed,  when  the  doorbell  rings. 

You  go  there,  open  it,  and  are  faced  by  two  large  masked  persons.  They  grab you,  gag  you,  tie  your  hands  and  put  a  bag  over  your  head.  Then  they  move you  outside  into  what  you  take  to  be  a  car,  and  the  last  thing  you  remember is  a  chloroform-smelling  sponge  being  pressed  into  your  face. 

At  one  point  later  on,  you  briefly  recover  consciousness  and  hear  a  steady sound,  which  you  take  to  be  a  jet  engine—so  they  seem  to  have  brought  you onto  a  plane.  You  drift  off  again,  and  when  you  finally  regain  your  senses, they  have  removed  the  bag  from  your  head  and  taken  off  your  ties.  You  find yourself  sitting  on  a  sandy  beach  facing  an  open  sea,  in  sunshine  and  under blue  skies.  Your  captors  are  still  masked,  but  they  reassure  you  that  they  mean no  harm:  “It’s  all  just  an  experiment”,  they  say.  “You  have  enough  food  for many  days,  and  we  also  leave  you  a  boat”.  With  that  they  climb  into  a  nearby helicopter,  which  immediately  rises  and  takes  them  away. 

When  you  have  recovered  a  bit  more,  you  look  around.  There  are  no  signs of  any  human  presence.  You  quickly  check  your  pockets  and  find  to  your
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dismay  that  they  have  taken  your  mobile  phone,  and  your  wristwatch  is  gone as  well.  You  also  see  that  the  beach  is  part  of  a  peninsula,  with  the  open  sea extending  out  to  three  sides.  You  do  not  know  where  you  are,  nor  in  what direction  your  home  or  any  other  inhabited  region  might  be. 

What  can  you  do?  As  we  shall  see,  for  many  species  of  birds,  in  contrast  to humans,  this  is  an  absolutely  solvable  problem. 

Puffinus  Puffinus 

In  the  summer  of  the  year  1952,  this  somewhat  horrifying  story  became reality  for  a  now  famous  bird,  registered  as  AX6587.  It  belonged  to  a  species known  as  Manx  Shearwater  ( Puffinus  puffinus),  a  pigeon-sized  pelagic  bird living  during  the  summer  mainly  in  Wales,  Scotland  and  Ireland  (estimates give  some  300,000  pairs),  and  migrating  for  the  winter  to  the  coast  of  Brazil and  Argentina.  It  feeds  on  what  the  sea  has  to  offer:  small  fish,  squid,  crustaceans  and  the  like.  In  searching  for  food,  it  covers  a  large  part  of  the  Eastern Atlantic  in  the  summer,  up  to  1500  km  from  its  home,  and  of  the  Southern Atlantic  in  the  winter.  The  one-way  distance  to  be  travelled  in  the  yearly migration  is  over  10,000  km,  so  that  a  40  year  old  bird  has  typically  flown around  a  million  kilometers.  They  tend  to  fly  rather  close  to  the  surface  of the  ocean,  at  times  almost  touching  the  waves;  hence  the  name  shearwater (Fig. 1.1). 

The  most  densely  populated  region  of  shearwaters  in  Europe  is  the  island of  Skokholm  in  Wales,  where  they  live  in  burrows,  often  rabbit  holes.  The birds  there  were  studied  in  quite  detail  in  pioneering  work  by  the  British ornithologist  Ronald  M.  Lockley,  working  at  the  Skokholm  Bird  Observa-tory.  We  shall  return  to  his  work  in  more  detail  later  on,  and  concentrate here  only  on  the  most  striking  observation  it  led  to. 

In  1952,  Lockley  and  his  collaborator  Geoffrey  V.  T.  Mathews  of Cambridge  University  captured  two  shearwaters,  taking  them  from  their burrows  on  Skokholm.  They  had  a  plan.  Shortly  before,  they  had  met  Rosario Mazzeo,  the  chief  clarinetist  of  the  Boston  Symphony  Orchestra,  on  tour  in Britain  and  about  to  return  by  air  to  Boston,  Massachusetts,  USA.  Realizing their  unique  opportunity,  they  had  presented  to  him  a  rather  unusual  request, and  he  agreed.  He  was  to  take  with  him  a  box  containing  the  two  shearwaters and  bring  them  to  Boston,  to  be  released  there.  One  of  them  unfortunately died  on  the  way,  but  the  other,  the  now  famous  AX6587,  was  released  at  the Boston  Airport  at  noon  on  June  3,  1952,  in  good  condition  and  in  bright sunshine.  It  circled  briefly  and  then  flew  eastward,  out  to  sea. 
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Fig.  1.1 

Manx  shearwater.  Photo   Martyn  Jones

The  distance  from  Boston  to  Skokholm  is  some  5000  km,  all  over  open sea.  On  June  16  around  midnight,  AX6587  was  back  in  its  burrow  at Skokholm.  The  trip  thus  took  the  bird  12.5  days,  giving  it  an  average  speed  of 400  km/day  or  some  17  km/h.  The  typical  flight  speed  of  such  birds  is  much greater,  so  our  bird  made  the  trip  home  at  leisure,  presumably  resting  on  the water  and  feeding  in  between.  When  the  shearwater  left  Boston,  Mazzeo  sent a  note  of  its  release  to  Britain  by  surface  mail,  i.  e.  by  ship  and  rail;  this  note arrived  in  Skokholm  one  day  after  the  shearwater. 

How  could  the  bird  possibly  achieve  that  feat?  How  did  it  know  where  it was  when  it  was  released  and  how  it  would  get  from  there  back  to  its  home? 

These  truly  challenging  questions  are  the  topic  of  my  book—but  I  can promise  at  best  some  first  hints  towards  an  answer.  One  aspect  we  should perhaps  mention  already  now:  birds  are  after  all  complex  creatures,  and  they are  aware  of  many  features  in  their  environment,  many  of  which  humans cannot  even  recognize.  The  birds  notice  landmarks  such  as  rivers,  shorelines and  mountains,  olfactory  variations  and  ocean  currents,  they  notice  the  sun, 
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the  stars,  the  geomagnetic  field  of  the  earth,  variations  in  the  strength  of gravity,  and  more.  And  they  learn  by  experience  as  well  as  from  the  elders.  For some  time,  ornithologists  hoped  for  a  unique  answer,  such  as  “they  follow  the magnetic  field…”.  Today  it  has  become  clear  that  they  may  well   also   follow the  magnetic  field,  but  they  make  use  as  well  of  all  other  possible  cues…. 

Further  Reading 

Lockley,  R.  M.  (1952).  Bird  navigation.  Times,  28,  7. 

Matthews,  G.  V.  T.  (1953).  Navigation  of  the  Manx  shearwater.  Journal  of Experimental  Biology,  30,  370. 

Mazzeo,  R.  (1953).  Homing  of  the  Manx  shearwater.  The  Auk,  70,  200. 
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True  Navigation 

 When  you  sail  without  a  destination,  no  wind  is  right  for  you… 

 Maritime  warning  in  the  Port  of  Ericeira/Portugal 

The  migration  of  birds  has  puzzled  mankind  for  centuries.  How  can  the domestic  swallow  from  our  barn  fly  to  South  Africa  in  the  fall  and  find  its way  back  to  precisely  this  barn  next  spring?  This  is  a  most  interesting  issue, but  it  is  only  one  of  the  topics  we  want  to  address  here.  We  shall  start  by formulating  a  more  general  question. 

It  is  likely  that  aspects  of  migration  are  inherited,  that  genes  tell  a  bird where  to  fly  in  the  fall  and  return  in  the  spring,  at  least  in  which  direction. 

East  German  storks  tend  to  fly  to  Africa  via  the  Bosporus,  Western  Germans
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via  Gibraltar.  If  we  transplant  an  isolated  young  West  German  stork  to  the East,  it  will  usually  still  try  to  migrate  via  Gibraltar.  But  there  are  also  species of  birds  where  the  young  have  to  learn  from  their  elders  where  to  go.  And for  the  exact  route,  landmarks  (mountains,  lakes,  the  sea,  olfactory  signals) certainly  enter.  We  shall  return  to  these  and  several  other  aspects  of  migration later  on. 

For  our  crucial  question  here  we  have  tried  to  concentrate  as  much  as possible  on  the  issue  of  navigation  as  such.  How  can  a  bird  taken  to  a  place far  from  its  home,  a  place  where  it  has  never  been  before,  determine  all  on  its own  where  it  is  and  how  to  find  its  way  back  from  there?–in  particular,  when this  way  back  leads  over  the  open  ocean,  without  any  landmarks?  Similar issues  arise  if  birds  are  captured  and  displaced  to  an  unknown  location  during their  migration.  Can  birds  solve  such  new  challenges  of  true  orientation  and navigation? 

Both  of  these  tasks—the  orientation  to  determine  the  location  and  the direction  to  reach  home,  and  the  navigation  to  maintain  this  direction  and return  home  from  there–a  human,  without  most  modern  technology,  could not  solve.  We  will  see  that  birds,  in  contrast,  can  do  that,  and  we  wonder: how  and  why?  Before  we  address  this  issue,  however,  let  us  cite  some  recorded instances  to  show  that  birds  indeed  can  do  it.  We  shall  therefore  begin  with striking  successful  returns.  As  mentioned,  we  will  here  consider  only  cases  of wild  birds  removed  by  humans  to  regions  unknown  to  the  birds.  Given  the successful  return  cases,  we  will  then  in  Chap. 4  consider  to  the  navigation methods  used  by  domesticated  birds  when  they  are  travelling  on  their  own, without  any  human  interference. 

Finding  Home 

The  mentioned  ornithologist  Ronald  M.  Lockley  had  in  fact  previously (1938–1942)  carried  out  a  number  of  homing  experiments  with  Manx  Shearwaters  from  Skokholm.  He  took  several  hundred  of  them  to  inland  release sites  in  England;  the  birds  generally  fly  only  along  the  coast  or  over  the  open sea,  so  that  the  release  areas  were  presumably  unknown  to  them.  Some  20% 

of  the  released  birds  flew  directly  back  to  Skokholm,  arriving  there  the  day  of their  release.  On  the  second  night  after  the  release,  over  50%  were  back,  and some  80%  on  the  fourth  night. 

A  particularly  noteworthy  case  was  a  bird  Lockley  had  taken  to  Venice/Italy in  1937,  where  it  then  was  released.  It  did  not  turn  to  the  Mediterranean  Sea, as  had  been  expected,  but  instead  toward  the  Alps,  and  after  some  300  h,  it
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was  back  in  its  burrow  on  Skokholm.  It  would  of  course  be  good  to  know  if it  did  indeed  take  the  shorter  overland  route,  or  if  it  eventually  turned  back to  the  Mediterranean  and  travelled  via  Gibraltar  and  the  Atlantic,  but  at  that time,  the  needed  miniaturized  positioning  devices  were  not  yet  available. 

Nevertheless,  these  different  observations  clearly  indicate  that  the  birds  are able  to  find  their  ways  back  from  hitherto  unknown  sites,  with  AX6587  and its  flight  from  Boston  as  the  star  of  the  team.  But  a  perhaps  even  more  striking confirmation  was  subsequently  obtained  in  an  experiment  carried  out  by  the American  ornithologists  Karl  W.  Kenyon  and  Dale  W.  Rice  in  the  Pacific. 

The  bird  they  studied  was  the  Laysan  Albatross  (Diomedea  immutabilis), a  species  of  Albatross  found  on  several  Pacific  islands;  it  is  named  after  the Hawaiian  Island  Laysan  (Fig. 2.1). The  idea  of  Kenyon  and  Rice  was  based on  18  Laysan  Albatrosses  captured  in  1957  on  Midway  Atoll,  where  some  of the  largest  Albatross  colonies  are  found. 

The  known  range  of  the  Laysan  Albatross  extends  from  Midway  south  to some  15°  above  the  equator  and  up  to  the  Aleutian  islands,  touching  neither the  US  West  coast  nor  the  Asian  East  coast.  It  basically  forms  a  large  circular region  around  Hawaii.  The  idea  of  the  experiment  therefore  was  to  release the  birds  on  various  points  outside  this  range  and  see  how  they  would  react. 

Midway  as  capture  point  was  particularly  suitable,  since  it  was  a  landing station  for  US  Navy  aircraft  departing  in  assorted  directions,  so  that  they could  deliver  the  birds  to  the  release  points.  These  are  indicated  in  Fig. 2.2. 

Of  the  altogether  18  birds  involved,  one  was  eliminated  after  a  fight  with a  companion.  The  remaining  17  all  returned  safely,  with  flight  times  under two  weeks  in  most  cases.  The  fastest  was  the  bird  from  the  US  West  Coast Fig.  2.1 

Laysan  albatross 

[image: Image 7]
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Fig.  2.2 

Albatross  displacement  from  Midway  Atoll,  from  the  study  of  Kenyon  and Rice  (1962)

(Washington  State),  which  was  back  after  some  10  days;  with  more  than 5000  km  distance,  that  gave  it  an  average  speed  of  about  500  km  per  day. 

Let  us  consider  this  flight  in  some  more  detail.  The  atoll  of  Midway  has  a spatial  extension  of  some  500  km;  given  the  distance  to  the  US  West  Coast, this  requires  an  angular  flight  determination  of  less  than  3°,  in  order  to  arrive there.  The  bird  had  to  remain  on  this  track  for  ten  days… 

There  are  various  other  factors  influencing  the  return  time.  If  the  bird had  young  chicks  in  the  burrow,  its  desire  to  return  was  greater;  on  the other  hand,  adverse  winds  could  delay  the  return.  Nevertheless,  this  and  the corresponding  migration  experiments  showed  that  the  necessary  navigational capabilities  were  within  reach  for  the  birds.  How  is  that  possible  that?  Do they  have  an  intrinsic  map  in  their  mind? 

[image: Image 8]
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Interrupted  Migration 

Here  the  question  to  be  asked  is  somewhat  more  complicated.  Do  the migrating  birds  not  only  know  start  and  destination,  but  are  they  also  aware of  the  path  in  between?  Do  they  know  where  they  are  at  any  given  time  and can  find  their  way  back  on  track,  if  necessary? 

The  first  studies  of  this  kind  were  carried  out  starting  1948  by  Albert  C. 

Perdeck  in  the  Netherlands.  He  and  his  team  captured  some  11,000  starlings (Sturnus  vulgaris),  when  they  rested  in  Holland  on  their  fall  migration  from Scandinavia  to  Western  France;  they  were  flying  in  a  southwestern  direction from  their  summer  range  (Fig. 2.3). The  catch  of  Perdeck’s  team  consisted  of about  7000  juveniles,  who  were  on  their  first  trip,  and  4000  adults,  who  had migrated  before. 

The  birds  were  banded  and  removed  to  three  airports  in  Switzerland,  Basel, Geneva  and  Zurich,  and  released  there  on  the  same  day.  In  subsequent  years, several  other  such  displacements  were  carried  out,  leading  to  data  for  more than  18,000  starlings.  Such  an  experiment  is  evidently  more  difficult  than the  homing  studies,  since  it  requires  that  as  many  as  possible  of  the  released birds  are  somehow  recovered  again  “somewhere”  and  “sometime”  (Fig. 2.4). 

Several  hundreds  of  starlings  were  indeed  recovered,  and  the  results  of  these recoveries  were  quite  surprising.  It  was  found  that  the  juvenile  birds  generally Fig.  2.3 

Common  European  starling  (Sturnus  vulgaris) 

[image: Image 9]
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Fig.  2.4 

The  flight  patterns  of  adult  and  juvenile  starlings  after  a  displacement  (from the  study  of  Perdeck  1958)

continued  in  the  original  migration  direction,  i.e.  to  the  Southwest,  and  thus ended  up  in  a  rather  different  region  than  initially  aimed  for;  they  landed in  Southern  France  or  Northern  Spain.  The  adult  birds,  on  the  other  hand, realized  the  “cheat”  and  after  release  changed  their  flight  direction  by  ninety degrees,  to  the  Northwest,  bringing  them  to  the  wintering  region  they  had originally  set  out  for.  This  split  in  flight  directions  between  adults  and  juveniles  always  took  place,  whether  the  two  groups  were  released  together  or independently;  see  Fig. 2.4. 

The  further  behavior  of  these  “displaced”  juveniles  was  also  quite surprising.  A  number  of  them  stayed  where  they  were,  in  southern  Europe: not  a  bad  place,  after  all.  Those  who  flew  back  north  returned  to  their  original  summer  region  in  Scandinavia,  presumably  without  passing  through Switzerland. 

The  conclusion  reached  from  these  studies  is  that  the  birds  were  apparently capable  of  localizing  in  their  mind  a  familiar  site:  the  summer  region  for  the

[image: Image 10]
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juveniles  who  knew  no  other,  and  both  summer  and  winter  regions  for  the adults,  who  also  knew  the  path  in  between.  If  they  were  displaced  into  an unknown  region,  both  groups  were  able  to  eventually  find  their  way  back  to a  familiar  site. 

To  verify  these  results  and  extend  them  over  larger  distances,  American  ornithologists  turned  to  a  migratory  species  of  sparrow  (Fig. 2.5), 

the  white  crowned  (Zonotrichia  leucophrys)  and  the  gold-crowned  sparrow (Zonotrichia  atricapilla).  These  birds  nest  and  spend  the  summer  in  north-western  Canada  and  Alaska,  and  then  migrate  to  spend  the  winter  in  southern California  and  northern  Mexico.  The  migrations  are  carried  out  nocturnally and  the  birds  usually  fly  alone. 

L.  Richard  Mewaldt  of  San  Jose  State  College  carried  out  two  displacement  tests.  In  the  first,  he  transported  several  hundred  banded  sparrows  in the  winter  1961/62  from  San  Jose,  California,  by  airplane  to  Baton  Rouge, Louisiana,  some  3000  km  eastwards.  In  the  following  winter,  twenty-six banded  sparrows  were  recovered  in  traps  around  San  Jose.  In  the  winter  of 1962/63,  a  next  shipment  of  several  hundred  birds  was  sent  from  San  Jose  to Laurel,  Maryland,  about  4000  km  away.  Of  these,  17  were  captured  and  identified  in  San  Jose  in  the  following  winter.  To  interpret  these  results  correctly, one  has  to  keep  in  mind  that  not  all  birds  survive  the  migration,  and  of these,  only  a  small  fraction  is  re-captured.  To  estimate  this  fraction,  the  tests included  counting  re-captured  banded  birds  without  any  artificial  displacement  taking  place.  Once  this  was  taken  into  account,  it  was  found  that  more than  half  of  the  expected  returnees  actually  did  show  up. 

A  remaining  open  question  in  these  experiments  is  whether  the  birds  found their  way  from  their  new  site  directly  back  to  the  wintering  location,  or whether  they  first  returned  in  the  coming  summer  to  their  northern  home Fig.  2.5 

White-crowned  sparrow  (Zonotrichia  leucophrys) 
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and  then  migrated  back  from  there  to  the  winter  region  in  the  following winter.  Since  they  were  only  identified  in  the  San  Jose  region  during  the winter,  one  did  not  know  what  they  did  in  the  summer. 

The  work  of  Mewaldt  was  followed  up  by  studies  carried  out  by  Karl Thorup  of  Princeton  University  and  his  team  of  researchers.  They  captured  15 

adult  and  15  juvenile  white-crowned  sparrows  in  central  Washington  State, on  their  migration  route  from  Canada  to  North-Western  Mexico,  and  transported  them  some  4000  km  to  Princeton,  on  the  US  East  Coat.  The  aim  of their  experiment  was  not  to  band  and  eventually  recapture  the  birds;  instead, they  were  equipped  with  miniature  radio  emitters,  and  the  plan  was  to  trace the  paths  they  would  start  out  on  after  release.  To  determine  that,  small airplanes  would  circle  above  the  release  region  at  the  release  time,  to  see  in what  direction  the  liberated  birds  would  depart.  In  general,  they  were  released individually,  or  in  small  groups. 

The  results  confirmed  what  Perdeck  had  observed.  The  juveniles  continued in  the  direction  they  were  flying  when  they  were  caught,  i.e.,  toward  the south.  The  adults,  in  contrast,  re-oriented  themselves  and  departed  to  west-southwest,  towards  their  aim  in  northern  Mexico.  In  other  words,  the  adult sparrows,  displaced  by  some  4000  km  to  the  East,  could  still  identify  their original  aim  on  the  Pacific  coast. 

These  results  lead  to  two  immediate  questions.  On  one  hand,  we  would like  to  know  what  natural  (global)  phenomena  there  are  on  earth,  phenomena which  could  serve  as  cues  or  indicators  to  the  birds,  and  secondly,  which  of these,  if  any,  do  the  birds  actually  use.  In  the  next  chapter,  we  will  therefore consider  the  orientational  and  navigational  possibilities  offered  by  the  earth. 

What  indicators  remain  over  the  open  ocean,  far  away  from  any  landmarks? 

Following  that,  we  would  like  to  find  out  “experimentally”  to  what  extent  any of  these  are  used  by  the  birds.  For  this,  we  have  to  study  birds  in  the  labora-tory,  and  besides  some  species  of  songbirds  (passerines),  the  ideal  candidate is  the  pigeon.  So  Chap. 4  will  address  largely  the  flight  of  the  dove  and  what we  can  learn  from  it. 
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Unconventional  Signs 

 What’s  the  good  of  Mercator’s  North  Poles  and  Equators, Tropics,  Zones  and  Meridian  Lines? 

 So  the  Bellman  would  cry;  and  the  crew  would  reply, 

 “They  are  merely  conventional  signs!” 

 Lewis  Carroll,  The  Hunting  of  the  Snark 

 London  1876 

From  the  point  of  view  of  many  species  of  birds,  humans  are  a  rather  sedentary  race,  at  least  until  quite  recently.  While  Ulysses  spent  years  trying  to  find his  way  around  on  the  Mediterranean  Sea,  storks  from  western  Europe  flew to  Africa  via  Gibraltar,  those  from  eastern  Europe  via  the  Bosporus.  When Bartolomeu  Dias,  coming  from  Portugal,  reached  the  Cape  of  Good  Hope as  the  first  European,  he  was  only  the  first  European   human.  Swallows  from many  parts  of  Europe  had  flown  there  and  back,  every  year  for  centuries, if  not  millennia.  Shearwaters  from  Britain  had  flown  from  Wales  to  South America  long  before  Pedro  Alvaro  Cabral  was  pushed  to  the  Brazilian  coast  by tropical  winds  on  the  Atlantic.  Arctic  terns  migrate  every  year  in  late  summer from  the  Arctic  to  the  Antarctic,  and  back  in  the  next  spring,  crossing  the equator  in  wildly  oscillating  ways.  And  before  Alexandre  Dumas  envisioned a  trip  around  the  world  in  eighty  days,  many  albatrosses  had  done  so  in  half the  time…
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Conventional  Signs:  Latitudes  and  Longitudes 

To  begin  this  chapter,  we  recall  how  humans  solved  the  problem  of  establishing  a  bicoordinate  grid  of  latitudes  and  longitudes  over  the  surface  of  the earth,  to  specify  a  definite  location  and  to  allow  orientation.  The  latitudes encircle  the  earth  around  its  axis  of  rotation,  with  the  largest,  zero-degree circle  for  the  equator,  and  the  following  circles  decreasing  in  radii  to  points at  the  poles,  i.e.,  at  90°.  The  longitudes,  or  meridians,  encircle  the  earth  in equal-sized  loops  from  pole  to  pole,  with  the  zero  degree  reference  loop  by international  agreement  passing  through  Greenwich/London,  and  the  180° 

counterpart,  the  international  date  line,  passing  through  the  Pacific  on  the opposite  side  of  the  globe  (Fig. 3.1).  Any  location  on  earth  is  thus  specified by  a  latitude  of  0  <  x  <  90°  North  or  South  and  a  longitude  of  0  <  y  <  180° 

East  or  West.  For  example,  the  city  of  Hamburg  in  Germany  lies  at  about 53°N  and  10°E. 

If  we  now  displace  someone  from  Hamburg  to  an  unspecified  point  (in  the northern  hemisphere,  for  simplicity),  how  can  that  person  determine  where he  landed?  To  make  life  a  little  easier  for  him,  we  allow  him  to  keep  his watch,  set  to  Hamburg  time.  The  position  of  the  sun  will  tell  him  directions, and  the  height  of  the  solar  altitude,  relative  to  the  corresponding  position  in Hamburg,  whether  he  was  taken  north  or  south.  A  more  convenient  (and more  precise)  way  is  provided  by  the  polar  star,  which  lies  on  a  line  with  the Fig.  3.1 

The  geographic  grid 
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rotation  axis  of  the  earth;  there  is  no  need  to  remember  the  Hamburg  east– 

west  coordinates.  Now  the  angle  of  a  line  from  polar  star  to  the  observer, relative  to  the  ground,  gives  in  good  precision  the  latitude  of  the  observer. 

Navigators  on  ships  used  to  “shoot”  the  polar  star  with  a  sextant,  measuring the  angle  between  the  line  from  the  ship  to  polar  star  relative  to  the  surface  of the  sea.  The  determination  of  the  latitude  is  thus  rather  straightforward,  and has  been  for  many  centuries  (Fig. 3.2). In  contrast,  specifying  the  longitude has  been  an  unsolved  puzzle  for  as  many  centuries. 

Fig.  3.2 

Latitude  determination  using  the  polar  star
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The  watch  tells  our  displaced  Hamburger  when  it  is  noon  in  his  home town;  if  the  sun  now  reaches  its  peak  position  earlier,  he  was  taken  east,  if later,  west.  The  circumference  length  of  the  50th  parallel  is  about  20,000  km; with  one  rotation  per  24  h,  that  means  a  shift  of  some  800  km  per  hour  due to  the  rotation  of  the  earth.  Hence  if  according  to  his  Hamburg  watch,  the sun  now  peaks  at  ten  in  the  morning,  there  was  a  shift  of  1600  km  eastwards. 

From  this  example,  it  becomes  evident  how  problematic  the  determination  of the  longitude  is.  First,  it  only  works  if  you  have  a  watch  giving  you  the  precise time  at  a  given  reference  point,  your  home  or  Greenwich,  for  example.  And the  precision  of  the  watch  is  crucial:  if  there  is  an  uncertainty  of  ten  minutes in  the  two  hours,  the  value  of  the  resulting  longitude  has  an  uncertainty  of well  over  a  hundred  kilometers. 

This  latter  aspect  was  absolutely  crucial  for  maritime  navigation  over hundreds  of  years.  Until  some  250  years  ago,  it  was  impossible  to  build  clocks that  could  keep  time  accurately  enough  under  the  conditions  on  board  of ships  moving  on  the  ocean.  This  meant  that  even  experienced  sea  captains had  little  information  on  their  precise  east–west  position.  In  fact,  during  the so-called  age  of  exploration,  most  ships  did  not  really  have  an  idea  of  where they  were  exactly,  and  until  his  death,  Columbus  believed  that  he  had  reached India.  A  dramatic  later  illustration  is  given  by  the  return  of  the  British  fleet from  the  Mediterranean  in  October  1707,  under  the  command  of  Admiral Sir  Cloudesley  Shovell.  In  the  dense  fog  off  the  English  coast,  they  believed their  position  measurements  and  thought  to  be  entering  the  English  Channel; instead,  they  ran  into  the  Scilly  Island  Cliffs  near  Cornwall,  some  tens  of miles  further  west.  Four  ships  sank  almost  instantaneously,  and  over  1500 

sailors  drowned,  including  Admiral  Shovell.  It  is  conceivable  that  while  this all  happened,  one  or  another  shearwater  was  calmly  flying  south,  over  the fog,  on  its  10,000  km  trip  from  Wales  to  the  coast  of  Argentina,  with  no orientation  or  navigation  difficulties. 

In  general  then,  until  the  recent  advent  of  radio  transmission  and  the  even more  recent  introduction  of  global  positioning  systems,  human  orientation required  knowing  your  present  coordinates  relative  to  those  of  a  given  reference  point  or  aim.  Establishing  this  information  in  turn  required  a  sextant to  “shoot”  the  polar  star  for  a  latitude  determination,  a  sufficiently  precise chronometer  for  a  longitude  determination,  and  some  form  of  bicoordinate map  of  the  earth. 

Once  the  location  is  given,  a  compass  is  needed  for  the  planned  trip. 

Besides  the  earlier  natural  candidates,  solar  and  stellar  compasses,  humans have  of  course  the  magnetic  compass.  Since  it  points  to  the  magnetic  and  not
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to  the  geographic  pole,  one  has  to  correct  for  the  resulting  declination.  We shall  shortly  return  to  this  in  more  detail. 

A  further  alternative  avoiding  the  declination  problem  is  given  by  the gyrocompass,  based  on  a  freely  suspended  rotating  disk;  the  rotation  axis eventually  converges  to  a  stable  position  pointing  in  the  direction  of  the earth’s  rotation  axis,  i.e.,  towards  north. 

Birds  evidently  know  how  to  navigate.  How  do  they  find  their  ways?  In the  1950s,  the  German  ornithologist  Gustav  Kramer  emphasized  that  (also for  birds)  two  things  are  required:  a  map  and  a  compass.  For  birds,  the  map clearly  had  to  be  defined  in  terms  of  observables;  in  many  cases,  particularly for  shorter  trips,  these  can  be  provided  by  prominent  landmarks,  mountains, rivers,  sea  shores,  and  also  by  olfactory  signals.  We  are  here  concerned  more with  all  those  cases—trips  over  the  open  ocean,  for  example—where  it  cannot be  defined  by  previously  viewed  or  smelled  landmarks,  so  that  it  must  be specified  by  some  observable  celestial  or  geophysical  cues. 

Heaven  and  Earth 

Let  us  therefore  begin  by  looking  at  what  we  know  today  about  our  home planet,  what  we  have  learned  since  the  days  of  Ulysses  about  natural  indicators  of  location  and  direction.  The  Earth  is  an  approximately  spherical  stellar body,  rotating  around  its  own  axis  (once  a  day)  and  orbiting  around  the  sun (once  a  year),  with  the  solar  orbit  defined  by  the  force  of  gravity.  The  rotation axis  of  the  earth  is  not  quite  orthogonal  to  the  solar  plane  (66.5°  instead  of 90°),  so  that  the  distance  of  a  given  point  on  earth  to  the  sun  varies  with  the position  of  the  earth  on  the  orbit  (Fig. 3.3).  Hence  we  have  the  yearly  seasons, and  hence  the  arctic  regions  have  midnight  sun  in  the  summer  and  complete darkness  in  the  winter.  The  transition  between  shorter  nights  and  shorter  days occurs  twice  a  year,  at  the  equinoxes  (~March  21  and  ~September  21),  when day  and  night  are  of  equal  length  everywhere  on  earth.  The  orbit  around  the sun,  although  elliptical,  is  almost  circular  (an  eccentricity  of  0.017  instead of  zero  for  a  circle),  and  the  inclination  of  the  equatorial  plane  is  only  23.5° 

relative  to  the  orbital  plane,  so  that  the  equatorial  regions  have  little  seasonal changes. 

These  planetary  data  can  provide  some  information  helpful  to  identify a  given  location  on  earth.  For  this  purpose,  we  humans  of  course  have constructed  our  maps,  with  conventional  signs,  latitudes  and  longitudes,  as we  have  just  seen.  Here  we  now  want  to  look  for  natural  indicators  which
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Fig.  3.3 

Orientation  of  the  earth  in  the  solar  plane

also  birds  can  use.  The  daily  peak  position  of  the  sun  defines  the  north– 

south  direction,  between  its  rise  in  the  east  and  its  setting  in  the  west.  Given an  intrinsic  measure  of  time,  some  sort  of  biological  chronometer,  it  is  then possible  to  learn  from  its  position  at  10:00  where  it  will  be  at  12:00  and  hence which  way  south  is.  Many  species  of  birds  do  have  such  a  chronometer,  as one  can  show  by  subjecting  them  to  an  artificial  jetlag—we  will  discuss  this in  detail  later  on.  The  sun  thus  provides  a  solar  compass,  as  well  as  some  additional  information.  On  the  equinox  days,  the  azimuth  points  define  precisely east–west.  On  all  other  days,  the  solar  trajectory  varies  on  a  daily  basis;  north of  the  arctic  circle,  it  passes  smoothly  between  a  peak  at  noon  and  a  dip at  midnight,  never  falling  below  the  horizon.  Bird  species  which  migrate between  Arctic  regions  in  the  summer  and  Antarctic  regions  in  the  winter, in  transit  through  equatorial  areas,  must  be  able  to  accommodate  all  this.  We shall  see  in  Chap. 4, they  can  handle  it  very  well,  including  immense  detours on  the  way. 

But  many  species  fly  on  overcast  days,  or  during  the  night:  in  both  cases, the  solar  compass  does  not  help.  What  indicators  do  they  have?  In  the northern  hemisphere,  the  polar  star  (Polaris)  is  located  on  an  extension  of the  earth’s  rotation  axis,  so  that  its  position  remains  fixed,  it  always  indicates north.  As  the  earth  rotates,  the  stars  in  the  vicinity  of  Polaris  rotate  around it,  and  this  rotation  pattern  forms  a  very  characteristic  indicator  for  the  north direction.  So  on  clear  nights,  there  exists  a  stellar  compass  to  take  the  place  of the  sun.  It  is  actually  the  polar  star  that  defines  what  we  call  north;  up  to  this point,  north  and  south  are  just  the  tips  of  the  terrestrial  rotation  axis,  open for  a  name.  North  is  then  defined  at  the  direction  of  the  polar  star. 

A  further  indicator  was  first  discovered  by  humans  some  two  thousand  years  ago,  although  birds  had  presumably  made  use  of  it  ages  before:

3 Unconventional Signs

21

magnetism.  Around  that  time,  it  was  observed  independently  in  ancient Greece  and  in  ancient  China  that  certain  needle-like  pieces  of  iron,  “lodestone”,  if  allowed  to  float  on  a  raft  in  water,  would  orient  themselves  in  a north–south  direction,  pointing  towards  the  north  pole:  the  “wet  magnetic compass”  had  been  discovered.  The  tip  of  the  needle  pointing  northwards  was declared  as  the  north  pole  of  the  magnet,  the  other  end  its  south  pole,  and it  was  seen  that  in  general,  opposite  poles  attract,  like  poles  repel.  This  was the  first  indication  that  objects  on  earth  are  subject  not  only  to  the  force  of gravity:  in  addition  they  can  be  subject  to  a  further,  distinct  force:  magnetism. 

It  took  almost  two  millennia  before  the  origin  of  magnetism  was  clarified. 

Today  we  know  that  the  earth  has  a  molten  metallic  core,  and  the  rotation  of this  charged  core  creates  a  magnetic  field,  aligned  along  the  rotation  axis—the earth  is  a  big  dynamo.  The  magnetic  field  can  be  described  by  lines  of  force, emerging  from  the  magnetic  north  pole,  encircling  the  earth  and  entering  it again  at  the  magnetic  south  pole.  Since  the  needle  on  our  wet  compass  is defined  as  pointing  north,  the  magnetic  pole  close  to  the  geographic  north pole  is  actually  the  magnetic  south  pole  (Fig. 3.4). 

We  should  note  here  that  this  state  is  not  eternal.  Turbulences  in  the molten  core  can  and  do  cause  not  only  shifts  in  the  pole  position,  but  can even  invert  polarity,  turning  north  pole  into  south  pole  and  vice  versa;  the Fig.  3.4 

The  magnetic  structure  of  the  earth 
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direction  of  the  magnetic  lines  of  force  define  which  is  which.  From  geology, we  know  that  such  “polarity  flips”  occur  on  the  average  every  200,000– 

300,000  years.  The  last  partial  flip  was  some  40,000  years  ago—it  quickly flipped  back  to  our  present  situation.  But  the  north  pole  today  shifts  towards north–north–west  at  the  rate  of  some  60  km/year,  so  the  terrestrial  structure is  on  the  move  as  wel l…

If  the  core  was  completely  symmetrical  around  the  rotation  axis,  the geographic  (i.e.,  rotational)  and  the  magnetic  axes  would  coincide.  That  is not  the  case,  however,  the  core  distribution  is  tilted  and  somewhat  irregular, and  this  has  two  consequences.  The  magnetic  polar  axis  does  not  quite  coincide  with  the  geographic  one,  and  the  strength  of  the  magnetic  field  encircling the  earth  varies  from  place  to  place,  depending  on  the  density  of  the  core  at that  position. 

So  besides  the  polarity,  we  have  three  magnetic  observables  to  characterize a  specific  position  on  earth: 

–  the   intensity:  the  strength  of  the  magnetic  field  at  that  point, 

–  the   inclination:  the  orientation  of  the  field  lines  relative  to  the  surface  of the  earth  at  that  point  (parallel  at  the  equator,  orthogonal  a  the  magnetic poles), 

–  the   declination:  measuring  the  distance  between  magnetic  and  geographic poles,  in  terms  of  the  angle  as  seen  from  a  point  on  earth. 

The  magnetic  properties  of  earth  thus  provide  a  form  of  natural,  though quite  irregular  grid,  to  indicate  specific  locations  (Fig. 3.5). To  show  this,  we define  on  the  surface  of  the  earth   isodynamical   lines  as  lines  of  equal  intensity,  isoclinic   lines  as  those  of  equal  inclination,  and   isogonic   lines  as  those  of equal  declination.  In  Fig. 3.5  we  show  the  resulting  grids.  If  we  could  simultaneously  measure  all  three  observables,  the  surface  of  the  earth  would  indeed become  a  little  like  a  landscape,  on  which  we  could  orient  ourselves. 

For  us  humans,  magnetism  is  a  physical  phenomenon  discovered  by  early scientists;  it  is  not  something  inherent  in  human  biology,  it  does  not  induce a  feeling.  For  many  species  of  birds,  that  is  different.  Their  bodies  contain magnetoreceptive  components—we  come  back  to  that  later—and  so  they 

“feel”  the  magnetic  force  in  a  similar  way  as  we  feel  the  force  of  gravity.  These birds  have  a  built-in  compass,  so  to  them  north–south  is  a  bit  like  up-down is  for  us:  it  is  not  something  you  have  to  learn  in  school,  it  is  something you  were  always  aware  of.  It  is  generally  thought  that  the  solar  compass,  on the  other  hand,  is  something  birds  do  have  to  learn  and  calibrate,  using  the magnetic  compass. 
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Fig.  3.5 

Declination  and  inclination

The  Force  of  Gravity 

So  in  this  sense,  birds  are  better  equipped  to  navigate  than  humans.  They  may in  fact  even  have  a  further  advantage,  presently  under  detailed  study:  the  local force  of  gravity  on  earth.  The  standard  acceleration  of  gravity,  g  = 9.28  m/ 

s2,  is  the  average  value  over  the  whole  surface  of  the  earth.  It  is  obtained from  Newton’s  law  of  gravity,  where  one  has   g  =  M/R 2,  with   R   denoting  the radius  of  the  earth  at  the  given  point,  and   M   the  effective  mass  there.  Since the  local  density  of  earth,  as  we  have  already  seen,  is  variable,  and  also  the  size of  the  radius  varies  from  mountain  to  valley,  our  “constant”  g   is  actually  not quite  constant,  but  varies  over  the  surface  of  the  earth  (see  Fig. 3.6):  another natural  grid. 

To  make  use  of  the  local  variation  of  magnetic  observables  and  of  gravity, we  have  to  be  able  to  detect  rather  small  fluctuations.  Can  birds  do  that?  Can they  “observe”  the  magneto-gravitational  landscape  of  the  earth  and  find  their way  on  it?  Those  are  among  the  big  questions  behavioral  ornithologists  had to  address  in  the  past  years,  and  so  they  did  indeed  study  how  birds  behave

[image: Image 12]

24

H. Satz

Fig.  3.6 

The  variation  of  gravity  over  the  surface  of  the  earth,  from  GRACE  gravity model  (CGM5,  CSR-16-02,  Space  Center,  U.  of  Texas,  Austin).  A  gravity  anomaly  with deviation  Δ g  = 0  corresponds  to  standard  gravitational  acceleration,  and  the  unit  of 1  mGal  = 0.01 mm/s2 = 10−6  g

when  they  fly  over  magnetic  or  gravitational  anomalies.  We  will  discuss  the results  later  on. 

We  had  seen  that  birds  can  carry  out  most  impressive  feats  of  true  orientation  and  navigation.  For  them,  orientation  and  navigation  are  much  more essential  than  they  are  for  humans,  and  so  evolution  has  led  to  avian  capabilities  absent  in  humans.  In  the  following  chapter,  we  want  to  see  in  more detail  to  what  extent  they  make  use  of  the  natural  indicators  we  had  listed here.  We  shall  see  that  birds  can  recognize  anomalies  in  both  magnetic  and gravitational  forces,  i.e.,  deviations  from  the  average  behavior  on  the  surface of  the  earth  (Fig. 3.7). 

[image: Image 13]
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Fig.  3.7 

The  variation  of  magnetic  intensity  (a),  of  inclination  (b),  and  of  declination (c)  on  the  surface  of  the  earth  (US/UK  World  Magnetic  Model,  Epoch  2015)
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The  Flight  of  the  Dove 

 But  the  dove  could  find  nowhere  to  perch  because  there  was  water  over  all  the  surface  of the  earth;  so  it  returned  to  Noah  in  the  ark.  He  reached  out  his  hand  and  took  the dove  and  brought  it  back  to  himself  in  the  ark 

 The  Bible  (NIV),  Genesis  8.9 

Through  History 

Doves,  or  more  prosaically:  pigeons,  have  played  a  role  in  the  life  of  man as  far  back  as  history  goes.  According  to  the  Bible,  Noah  sent  out  a  dove to  see  if  the  deluge  had  ended  and  there  was  dry  land  again  somewhere.  At the  second  try,  the  bird  returned  carrying  an  olive  branch.  Ancient  mariners found  Noah’s  action  completely  reasonable:  pigeons  don’t  like  to  fly  over  open water  and  are  very  good  at  finding  the  closest  land.  Biologists  claim  that  our present  pigeon  is  the  oldest  domesticated  bird,  originating  from  the  wild  rock dove  ( Columba  livia),  with  domestication  occurring  as  early  as  10,000  years ago.  It  is  a  friendly  and  peaceful  animal,  easily  accustomed  to  man  and  hence readily  domesticated:  just  offering  it  food  is  enough.  Mesopotamian  tablets and  Egyptian  hieroglyphics  already  mention  domesticated  pigeons  more  than 5,000  years  ago.  It  seems  that  the  first  uses  of  these  animals  were  for  food  and as  sacrifices  in  religious  ceremonies.  It  has  stayed  with  us  ever  since,  whether we  like  it  or  not  on  the  statues  in  our  parks,  and  today  it  has  become  the symbol  for  peace  throughout  the  world  (Fig. 4.1). 
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Fig.  4.1 

Dove  of  peace,  by  Picasso 

But  it  was  also  noted  early  on  that  these  animals  had  an  extraordinary capability  in  finding  their  way  back  home,  if  displaced  to  some  distant  location.  As  a  result,  messenger  pigeons  were  employed  as  early  as  3000  B.C. 

in  ancient  Egypt,  to  announce  the  rising  of  the  Nile,  and  it  is  said  that they  were  used  to  proclaim  the  winner  of  the  Olympic  Games  in  Ancient Greece.  Numerous  other  instances  of  the  use  of  pigeons  to  convey  information  have  been  reported,  in  Europe,  the  Near  East,  in  India  and  in  China.  It is  claimed  that  the  news  of  Napoleon’s  defeat  at  Waterloo  reached  London  by a  messenger  pigeon.  For  thousands  of  years,  pigeons  provided  the  fastest  way to  send  messages  (Fig. 4.2)—the  bird  would  return  home  in  a  straight  line  at up  to  100  km/h.  The  distance  it  could  cover  in  an  hour  would  take  a  rider  or a  runner  more  than  a  day…  and  so  most  nations  had  a  pigeon  section  in  its armed  forces.  The  messenger  pigeon  service  of  the  Swiss  Army  was  terminated only  in  1995,  and  its  30  000  pigeons  were  donated  to  a  private  foundation. 

In  the  course  of  time,  attempts  were  made  to  further  improve  the  homing capability  through  selective  breeding,  and  this  had  led  to  the  strain  of  homing pigeons,  whose  homing  ability  much  exceeds  that  of  the  wild  rock  dove  or normal  domestic  pigeons.  Today,  we  have  more  effective  ways  of  communication;  what  has  remained,  however,  is  pigeon  racing  as  a  sport:  a  number  of pigeons  are  removed  to  some  distant  location,  up  to  hundreds  of  kilometers from  their  loft  region,  where  they  are  then  released.  The  winner  is  the  bird who  first  reaches  its  home  loft,  where  its  arrival  is  electronically  registered. 

And  its  owner  wins  sizeable  amounts  of  money. 

[image: Image 16]
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Fig.  4.2 

Pigeon  mail  (anonymous  painting,  nineteenth  century)

This  and  all  the  other  achievements  has  left  us  with  the  crucial  question: how  can  the  pigeons  achieve  that?  If  we  displace  them  a  thousand  kilometers  into  a  region  where  they  have  never  been  before,  how  can  they  find  their way  back?  To  make  sure  that  they  did  not  somehow  recall  the  displacement trip,  experiments  were  carried  out  with  anaesthetized  pigeons,  contained  in  a closed  opaque  sound-proof  box.  They  made  it  back  just  as  fast.  Subsequently numerous  other  experiments  were  performed,  in  hope  of  finding  the  key to  the  secret.  We  will  deal  with  these  in  more  detail  below—they  showed that  the  birds  have  an  intrinsic  chronometer,  can  detect  magnetic  fields,  the terrestrial  force  of  gravity,  identify  odors  in  the  air,  and  much  more. 

We  already  mentioned  that  the  German  ornithologist  G.  Kramer  had proposed  in  the  1950s  that  a  successful  avian  return  must  be  based  on  a two-step  process,  which  he  called. 
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Map  and  Compass 

In  the  first  step,  the  bird  must  determine  where  it  is,  and  where  its  present location  lies  relative  to  its  home  loft:  it  must  somehow  mentally  form  a picture  of  a  map,  containing  these  two  sites,  or  at  least  determine  the  direction  towards  home.  If  its  home  site  is  found  to  lie  in  a  north-easterly  direction from  its  present  location,  it  must  then  have  a  means  to  assure  that  it  flies  and continues  to  fly  in  that  direction:  it  must  have  an  inherent  compass. 

The  second  of  these  tasks,  the  compass  navigation,  has  been  studied  in great  detail,  and  we  know  today  of  a  variety  of  tools  the  birds  can  use  to  make sure  that  they  are  flying  in  the  right  direction;  we  come  to  them  shortly. 

The  first  has  largely  remained  a  puzzle.  The  best  illustration  of  the  fact  that pigeons  indeed  have  a  mental  cognitive  map  is  provided  by  an  experiment carried  out  by  the  Swiss  ornithologist  Nicole  Blaser  for  her  doctoral  thesis in  2013.  Her  thesis  advisor,  Hans-Peter  Lipp,  was  not  only  professor  at  the University  of  Zürich,  he  was  also  the  last  commander  of  the  pigeon  division of  the  Swiss  Army,  disbanded  only  in  1995.  Nicole  Blaser  had  a  set  of  pigeons kept  in  a  home  loft,  and  she  had  trained  them  to  feed  in  another,  specific  food loft,  30  km  removed  from  the  home  loft.  The  birds  were  quite  accustomed to  this  situation  and  could  readily  communicate  from  one  site  to  the  other. 

She  then  took  them  to  a  third  release  site,  where  they  had  never  been  before, and  which  was  30  km  away  from  both  home  loft  and  food  loft.  All  birds carried  GPS  tracking  instruments.  She  now  divided  the  pigeon  crowd  into two  groups:  one  was  fed,  the  other  was  left  hungry.  And  she  then  released  all pigeons  and  tracked  their  flights.  The  result  was  striking  and  almost  human: the  fed  birds  flew  straight  home  and  the  hungry  ones  rather  directly  to  the food  loft.  Both  flights  passed  through  territory  unknown  to  the  birds.  There had  been  predictions  that  all  birds  would  first  fly  home,  and  the  hungry  ones would  then  take  the  known  route  from  there  to  the  food  site.  These  predictions  had  evidently  underestimated  the  pigeons:  they  were  ready  and  able to  navigate  to  either  of  the  two  sites  at  will,  presumably  due  to  a  mental cognitive  map  (Fig. 4.3). 

A  similar  conclusion  was  reached  from  the  electronically  tracked  migration  flight  of  the  pelagic  godwit  (see  Chap. 6)  from  New  Zealand  to  China, from  there  to  Alaska,  and  then  from  Alaska  directly  back  to  New  Zealand. 

The  birds  evidently  have  a  mental  picture  of  three  distinct  sites:  the  summer nesting  area  in  Alaska,  the  wintering  area  in  New  Zealand,  and  the  Yellow River  flats  for  abundant  food,  where  they  stopped  only  on  their  flight northwards.  All  these  results,  however,  leave  open  the  question  of  how  the
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Fig.  4.3 

The  experiment  of  Blaser

corresponding  cognitive  maps  could  be  formed,  and  as  already  mentioned,  it remains  largely  open.  Therefore  we  first  consider  the  avian  compass. 

In  other  words,  we  address  the  means  the  pigeons  have  to  determine  their flight  direction.  It  was  found  that  they  indeed  have  a  variety  of  methods, which  they  use  in  a  varying  order  of  preference:  solar  compass,  magnetic compass,  gravity  patterns,  olfactory  variations,  and,  whenever  available,  visual landmark  information.  As  an  amusing  illustration,  we  show  in  Fig. 4.4  the tracks  of  pigeons  released  on  a  clear  day  on  the  Mediterranean  Sea  (cite Lipp).  The  birds  all  flew  in  the  direction  of  land,  towards  their  loft,  presumably  using  a  solar  compass.  Once  they  reached  land,  they  found  the  coastal highway  as  a  familiar  site,  and  most  of  them  followed  that  highway  up  to  the correct  exit,  leading  to  the  location  of  their  loft,  turned  off  left  and  reached home.  The  dispersion  between  the  different  tracks  also  shows  that  the  birds chose  their  return  direction  individually  and  were  not  just  following  a  leader. 

Solar  Versus  Magnetic  Compass 

Numerous  experiments  have  shown  that  pigeons  have  an  internal chronometer:  they  know  when  the  sun  should  be  where.  Moreover,  it  seems that  they  do  not  determine  the  time  by  the  altitude  of  the  sun,  but  rather by  its  azimuth,  its  position  on  the  horizon.  To  establish  the  role  the  sun plays  in  the  determination  of  the  flight  direction,  ornithologists  subjected

[image: Image 17]
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Fig.  4.4 

Tracks  of  homing  pigeons  from  a  release  on  the  Mediterranean  Sea.  The home  loft  is  the  red  dot  on  the  right  side  of  the  figure  (from  Lipp  et  al., 2004)

various  species  of  birds  to  a  “clock-shift”,  in  other  words,  to  an  artificial  jetlag.  The  first  such  experiments  were  carried  out  by  G.  Kramer  in  Germany, studying  the  behavior  of  caged  starlings.  During  the  times  in  which  they would  normally  migrate,  i.e.  in  the  fall  and  in  the  spring,  they  would  tend to  fly  or  flutter  in  the  direction  of  the  customary  migration,  and  they  determined  this  direction  by  means  of  the  sun.  If  the  cage  was  positioned  in  a room  in  which  only  sun  and  sky  was  visible,  their  motion  would  thus  define the  “normal”  direction.  If  the  position  of  the  sun  was  shifted  by  a  certain angle,  using  suitable  mirror  arrangements,  the  “migration”  direction  of  the birds  would  shift  by  the  same  angle.  In  other  words,  the  birds  fixed  their direction  on  the  basis  of  the  position  of  the  sun  at  a  given  time. 

A  similar  test  by  K.  Schmidt-Koenig,  using  pigeons,  was  also  based  on a  shift  in  time,  as  given  by  the  position  of  the  sun.  The  birds  were  moved away  from  their  home  loft  in  a  northern  direction  and  kept  in  a  closed  room with  only  artificial  light;  this  daylight  period  was  first  kept  the  same  as  on the  outside.  If  the  birds  were  released  at  noon  of  the  actual  time,  they  would return  home  in  a  southern  direction,  providing  the  control  data  for  the  experiment.  If  the  daylight  period  was  now  with  mirrors  shifted  back  by  six  hours (i.e.  12:00  noon  became  6:00  in  the  morning),  then  the  birds  released  at noon  our  time  would  fly  to  the  west—although  the  actual  time  was  noon, 
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the  internal  time  of  the  birds  told  them  it  was  morning  and  they  should consequently  shift  their  flight  direction  by  90°.  If  the  time  shift  was  forward, with  noon  becoming  six  in  the  evening,  our  south  became  their  east  and  the birds  correspondingly  flew  towards  our  east  (Fig. 4.5).  These  directional  shifts were  carried  out  by  the  birds  in  spite  of  the  fact  that  the  sun  at  noon  is  much higher  than  in  the  morning  or  in  the  evening—as  already  mentioned,  for them  sun  was  sun,  they  only  used  the  azimuthal  position  (Fig. 4.5). 

In  summary:  the  birds  have  an  intrinsic  chronometer,  and  by  experience they  know  that  at  a  given  time,  the  sun  should  have  a  specific  azimuthal position  on  the  scale  east–south–west.  If  they  also  know  that  their  home  loft is  south  of  them,  they  know  at  any  given  time  of  day  how  to  fly  home:  in the  morning,  they  keep  the  sun  on  their  left,  at  noon  straight  ahead,  in  the evening  on  the  right.  If  their  compass  is  artificially  modified  by  a  time  shift, the  method  breaks  down  and  the  birds  don’t  find  their  home.  It’s  not  their fault,  they  were  cheated. 

But  what  if  the  sky  is  covered  and  no  sun  is  visible?  An  immediate  idea was  that  the  birds  use  the  magnetic  field  of  the  earth,  just  as  the  human  navigators  did.  First  experiments,  however,  in  which  the  pigeons  were  equipped with  magnets  altering  their  geomagnetic  field  did  not  support  the  idea:  the birds  were  not  deterred.  Today  we  know  why:  the  tests  were  carried  out  on clear  days,  and  if  the  sun  is  visible,  the  birds  use  it  as  reference  and  ignore the  magnetic  field.  Subsequent  tests  produced  clarifying  results.  If  the  birds are  released  on  overcast  days,  they  still  find  their  way  home.  Moreover,  the Fig.  4.5 

Time-shift  effects  on  homing  pigeons 
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mentioned  time  shifts  only  led  to  directional  shifts  on  clear  days;  on  overcast  days,  the  birds  always  found  their  direct  way  home,  whether  they  were time-shifted  or  not. 

The  conclusion  is  evident:  on  clear  days,  the  birds  use  the  sun  as  reference, and  hence  the  time-shifts  alter  their  flight  direction.  On  overcast  days,  the sun  becomes  irrelevant,  the  birds  now  use  another  compass,  one  which  is  not affected  by  time-shifts,  and  so  they  take  the  correct  route  home. 

At  this  point,  it  seems  reasonable  to  insert  a  comment  on  nocturnal  avian compass  orientation.  This  problem  does  not  arise  for  the  diurnal  pigeons;  if given  a  choice,  they  don’t  fly  at  night,  and  if  they  have  to,  they  have  various difficulties.  But  for  all  birds  migrating  at  night—such  as  the  majority  of  our songbirds—a  different  compass  must  come  into  play.  Extensive  studies  have shown  that  these  birds  use  a  stellar  instead  of  a  solar  compass,  and  they  are quite  able  to  use  this  to  hold  their  direction.  Pigeons,  in  any  case,  must  have another  alternative  for  overcast  days,  and  the  magnetic  field  of  the  earth  is  a likely  candidate—after  all,  it  is  what  humans  used  and  often  still  use. 

The  question  thus  now  is:  can  pigeons  detect  and  use  the  magnetic  field  of the  earth,  and  if  so,  how?  Evidently,  this  was  a  crucial  issue  for  the  behavioral biologists  of  the  past  decades,  all  the  more  so  since  humans  evidently  have  no intrinsic  feeling  for  magnetism—we  need  a  compass  instrument  to  determine it  on  earth. 

One  way  to  test  the  point  is  to  release  the  pigeons  on  or  near  a  magnetic anomaly—a  spot  at  which  the  terrestrial  magnetic  field  varies  violently—and then  compare  the  result  to  a  similar  release  over  normal  ground  nearby.  In Fig. 4.6  we  show  the  outcome  of  such  an  experiment,  carried  out  in  2011 

by  Ingo  Schiffner  and  collaborators  near  Frankfurt  in  Germany.  While  the pigeons  over  the  normal  ground  flew  home  in  an  orderly  fashion,  those  above the  anomaly  were  completely  confused  and  only  reorganized  somewhat  after leaving  the  anomaly  area.  So  it  is  clear  that  pigeons  can  indeed  recognize  not only  the  magnetic  field  of  the  earth,  with  its  given  strength,  but  fluctuations of  this  field  as  well.  This  has  immediate  consequences  for  the  orientation  of the  birds.  The  experiment  shows  that  an  intensity  change  of  100  nT  greatly disturbs  them;  in  the  region  considered,  the  average  magnetic  intensity  is around  50,000  nT,  so  that  the  birds  are  quite  aware  of  0.2%  changes  in the  magnetic  field.  This  is  to  be  kept  in  mind  for  displacement  homings: a  displacement  of  1000  km  from  north  to  south  in  central  Europe  implies  an intensity  drop  of  at  least  100  nT,  the  same  0.2%.  So  the  displaced  birds  are certainly  aware  of  the  fact  that  they  were  taken  that  much  downhill  magnetically,  and  to  return  home,  they  have  to  fly  back  uphill,  i.e.,  north.  Without any  recourse  to  solar  or  stellar  features,  they  know:  go  north. 

[image: Image 18]
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Fig.  4.6 

Pigeons  released  above  a  magnetic  anomaly  (left)  and  above  normal  ground (right);  the  arrow  in  each  case  points  to  the  home  loft,  the  red  dot  is  the  release point,  the  white  tracks  show  the  paths  of  the  pigeons.  The  magnetic  intensity  label gives  the  deviation  from  average  intensity  in  the  release  region  (Schiffner  et  al., 

2011) 

How  is  such  magnetic  feeling  possible?  Three  types  of  magnetoreceptors have  been  considered  for  the  magnetic  orientation  of  birds, 

–  ferrimagnetic  particles  in  the  beak  (magnetite  crystals), 

–  magnetically  activated  chemicals  in  the  retina  (cryptochromes), 

–  neuron  activation  in  the  inner  ear  (lagena). 

In  the  following  chapter,  we  will  discuss  in  more  detail  how  these  tools actually  work.  The  birds  thus  “feel”  the  direction  of  the  magnetic  field  of  the earth—a  truly  magical  capability  for  us  humans,  who  have  no  such  ability. 

For  us,  something  comparable  is  perhaps  found  in  the  senses  of  taste  and smell.  One  of  the  effects  of  an  infection  with  COVID-19  was  the  loss  of taste  and  smell—so  the  relevant  information  must  be  transferred  by  the  corresponding  molecules  to  some  human  receptors  connected  to  nerves  in  the brain;  and  the  infection  then  apparently  interrupted  this  connection.  In  a similar  way,  some  of  the  magnetic  feeling  of  birds  can  also  be  interrupted. 

There  thus  exist  at  least  three  types  of  avian  compass:  solar  and  magnetic for  diurnal  birds,  and  in  addition  stellar  for  nocturnal  flights.  At  least:  part  of the  difficulty,  not  to  say  confusion,  that  has  arisen  in  the  search  to  determine the  tools  of  avian  orientation  and  navigation  is  that  the  birds  indeed  use  a variety  of  methods;  in  addition  to  the  mentioned  three,  olfactory  orientation
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and  the  use  of  landmarks  are  also  definitely  in  the  game.  The  only  thing rather  fixed  is  that  they  do  prefer  the  sun  as  compass,  if  that  is  possible.  Some studies  have  shown  that  time-shifted  pigeons  fly  past  their  home  loft  even  if they  see  it—their  shifted  solar  compass  tells  them  to  continue  in  the  wrong direction.  We  now  turn  to  still  another  possibility. 

Fluctuating  Gravity 

The  terrestrial  gravity  has  also  been  considered  as  a  possible  tool  for  avian orientation.  The  most  elaborate  formulation  was  proposed  in  1984  by  the Russian  ornithologist  Valerii  Kanevskyi,  who  proposed  that  birds  can  record the  orientation  of  the  gravity  force  vector  at  their  home  site.  If  displaced,  they then  note  that  the  gravity  vector  at  their  new  site  has  a  different  orientation. 

This  idea  basically  amounts  to  assuming  that  birds  have  an  intrinsic  gyro-scope.  To  check  if  such  a  tool  is  possible  for  birds,  one  first  has  to  establish that  they  can  indeed  detect  rather  minute  changes  in  the  gravitational  field. 

Just  as  in  the  case  of  magnetism,  one  could  here  take  recourse  to  anomalies in  the  corresponding  gravity  field. 

The  effect  of  such  gravitational  anomalies  has  been  tested  in  a  further  study by  the  mentioned  Swiss  ornithologist  Nicole  Blazer,  together  with  Valerii Kanevskyi  and  other  colleagues,  in  the  Ukraine.  They  had  made  use  of  the favorable  geographic  conditions  provided  there:  a  flat  country  in  which  there are  underground  gravitational  anomalies,  caused  by  a  meteorite  crash  many years  ago.  They  again  used  two  groups  of  pigeons  in  separate  starting  places, but  with  the  same  home  loft.  One  starting  place  provided  a  normal  path  to the  home  loft,  the  other  an  equally  long  path  passing  over  a  gravitational anomaly.  The  pigeons  on  the  normal  path  came  straight  home,  as  expected, while  the  other,  in  crossing  the  anomaly,  became  completely  confused,  flew around  in  random  directions  and  could  not  find  the  home  loft  (see  Fig. 4.7). 

We  recall  that  a  similar  onset  of  confusion  had  been  observed  for  pigeons crossing  a  magnetic  anomaly,  see  above.  So  while  it  is  not  really  clear  to  what extent  the  birds  use  the  geomagnetic  or  the  gravitational  map  of  the  earth,  it is  evident  that  they  do  see  the  corresponding  fields  and  note  the  changes  in this  map. 

For  the  geomagnetic  case  we  had  quantified  things  above;  let  us  now  look at  the  gravitational  case.  The  maximum  deviation  in  gravity  at  the  crater  and outside  is  about  0.001%  of  the  average  gravitational  constant—that  provides an  idea  of  the  size  of  deviations  which  the  birds  can  register. 

[image: Image 19]

4 The Flight of the Dove

37

Fig.  4.7 

The  effect  of  a  gravitational  anomaly  (meteorite  crater)  on  the  homing  of a  pigeon  (Blaser  et  al., 2014) 

Altogether  it  thus  seems  to  be  becoming  more  and  more  clear  that  a  crucial difference  between  birds  and  humans  is  the  broader  spectrum  of  avian  tools for  orientation.  A  human  has  little  more  than  known  landmarks,  the  sun  and perhaps  the  polar  star—the  tools  Ulysses  had  in  ancient  Greece.  We  have  no feeling  whatsoever  for  magnetism,  and  note  only  an  average  force  of  gravity, 

“down”;  we  cannot  register  small  deviations  in  that  force:  the  difference  in our  weight  at  sea-level  and  on  a  mountain  of  2000  m  is  only  a  few  grams and  clearly  too  small  to  be  noticed.  In  contrast,  the  birds  not  only  “see”  the geomagnetic  field  and  feel  the  force  of  gravity—they  also  see  small  deviations  in  that  field  and  in  the  gravitational  force,  so  that  they  have  two  further terrestrial  maps  of  hills  and  valleys  to  help  them  find  their  way. 
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Avian  Magnetoreception 

 So  liegt  der  Gedanke  nahe,  es  möge  die  erstaunliche  Unbeirrbarkeit  der Zugvögel—trotz  Wind  und  Wetter,  trotz  Nacht  und  Nebel—eben  darauf  beruhen,  dass das  Geflügel  immerwährend  der  Richtung  des  Magnetpoles  sich  bewusst  ist,  und  dem zufolge  auch  seine  Zugrichtung  genau  einzuhalten  weiss. 

 So  one  may  well  think  that  the  remarkable  persistence  of  the  migrating  birds—in  spite of  wind  and  weather,  in  spite  of  night  and  fog—is  just  based  on  the  fact  that  they  are at  all  times  conscious  of  the  direction  of  the  magnetic  pole,  and  therefore  able  to maintain  their  direction  of  flight  so  exactly. 

 Alexander  von  Middendorff  Die  Isepiptesen  von  Russland,  1855 

In  the  last  chapter  we  saw  that  birds,  in  contrast  to  humans,  can  “see”  or 

“feel”  the  geomagnetic  field.  This  was  actually  shown  only  for  some  species, but  since  more  than  half  of  the  birds  of  the  world  migrate,  needing  at  least some  inherent  migration  information,  it  seems  reasonable  to  assume  that  in fact  most  species  have  this  facility  to  a  greater  or  lesser  degree.  It  is  moreover  known  that  many  other  species  of  animals—whales,  turtles,  bees  and even  some  bacteria—use  geomagnetic  orientation.  For  birds,  however,  the search  for  the  organs  providing  the  tool  for  magnetoreception  has  been  investigated  more  intensely  and  for  a  longer  time.  The  Baltic-German  zoologist and  explorer  Alexander  von  Middendorff  (Fig. 5.1)  was  one  of  the  first  to suggest  that  magnetism  would  be  the  origin  of avian navigation. 

He  was  quite  a  colorful  person:  born  in  St.  Petersburg,  he  spent  his  youth in  Estonia,  was  professor  in  Kiev,  advisor  of  the  imperial  Russian  court, member  of  learned  societies  in  Russia  and  in  Germany.  And  he  conducted
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Fig.  5.1 

Alexander  von  Middendorff

in  several  expeditions  the  large-scale  scientific  exploration  of  Siberia,  all  the way  to  the  Amur.  It  was  in  that  connection  that  he  began  an  intensive  study of  birds,  using  something  he  denoted  by  the  now  forgotten  name  of   isepiptesis: map  lines  of  equal  arrival  times  of  migrating  birds  of  a  given  species,  similar  to latitudes.  He  proposed  that  the  avian  magnetic  feeling  is  closely  connected  to 

“galvano-magnetic  currents”  in  the  bodies  of  the  birds.  Note  that  at  that  time, James  Clerk  Maxwell  had  not  yet  formulated  his  theory  of  electromagnetism. 

Let  us  now  see  how  such  an  avian  magnetic  feeling  can  become  possible  in the  framework  of  our  modern  understanding.  Remember  that  we  are  talking about  a  “feeling”  that  we,  as  humans,  don’t  have—we  need  an  instrument, a  compass,  which  birds  must  somehow  have  built-in.  Initially  two  types of  magnetoreceptors  were  considered  for  the  magnetic  orientation  of  birds, magnetical  iron  particles  in  the  beak  (magnetite  crystals)  and  magnetically activated  chemicals  in  the  retina  (cryptochromes)  of  the  birds’  eyes.  More recently,  neuron  activation  in  the  inner  ear  (lagena)  has  been  proposed  as further  agent.  To  begin,  let  us  consider  the  first  two,  which  have  been  studied in  most  detail. 
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Magnetite 

Magnetic  materials  consist  of  constituents  (atoms  or  molecules)  with  intrinsic spins,  which  are  randomly  oriented  at  high  temperatures,  but  become  aligned (the  majority  of  spins  are  parallel  and  point  in  the  same  direction)  at  low temperatures  (Fig. 5.2)  and  more  generally  in  the  presence  of  an  external magnetic  field.  For  this,  there  are  two  reasons:  the  overall  energy  of  the  system is  lowered  if  the  spins  are  parallel,  and  it  is  lowered  again  if  they  align  with the  external  field.  The  opponent  in  this  game  is  the  thermal  motion:  the effect  of  heat  makes  the  carriers  of  the  spins  move  around,  oscillate.  So  we have  a  competition  between  thermal  motion  and  magnetic  interactions,  and hence  there  is  a  critical  transition  temperature  separating  the  two  regimes, with  magnetism  disappearing  at  sufficiently  high  temperature. 

One  distinguishes  ferromagnetism  and  ferrimagnetism  (Figs. 5.2  and  5.3): 

in  the  former,  one  has  only  one  type  of  spin,  and  in  the  magnetic  state, the  majority  points  in  the  same  direction.  In  ferrimagnetism,  there  are  two types  of  spin,  with  alternating  spins  pointing  in  opposite  directions;  but  one type  of  spin  is  greater  than  the  other,  so  that  an  overall  magnetized  state  can arise  (see  Fig. 5.3). The  first  magnetic  material  found  by  man  was  in  fact the  ferrimagnetic  iron  oxide  ore  Fe3O4  (also  known  as  lodestone,  or  more scientifically,  as  magnetite),  which  can  be  thought  of  as  consisting  of  small crystallic  magnets,  which  may  or  may  not  be  aligned,  depending  on  temperature  and/or  the  presence  of  an  external  field.  On  the  earth  there  is  such  a field,  as  we  saw,  and  the  pieces  of  lodestone  ore  discovered  already  in  antiquity were  indeed  magnetic—they  oriented  themselves  in  a  north–south  direction if  freely  suspended,  and  they  attracted  iron. 

Fig.  5.2 

Ferromagnetism:  a  paramagnetic  and  b  ferromagnetic  state 
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Fig.  5.3 

Ferrimagnetism:  a  paramagnetic  and  b  ferrimagnetic  state Following  the  observation  that  birds  do  react  to  the  geomagnetic  field,  it was  found  that  a  variety  of  species,  including  pigeons  and  robins,  indeed contain  ferrimagnetic  crystals  in  the  upper  part  of  their  beak,  and  these, through  the  trigeminal  nerve,  can  directly  transmit  magnetic  information to  the  brain.  The  birds  thus  “feel”  the  magnetic  field  of  the  earth—a  truly magical  capability  for  us  humans,  who  have  no  such  ability;  for  us,  the  closest analogue  is  smelling  the  steak  on  the  grill  in  our  neighbor’s  garden.  The  presence  of  magnetite  has  by  now  been  established  in  a  great  variety  of  living organisms,  from  bacteria  and  algae  to  fish  and  birds.  It  is  conceivable  that  in all  these  cases  the  miniature  magnets  align  themselves  in  the  magnetic  field of  the  earth  and  thereby  trigger  a  reaction  when  the  animal  deviates  from  the force  line  direction. 

First  studies  were  carried  out  in  1964  by  the  German  ornithologists Friedrich  Merkel  and  Wolfgang  Wiltschko,  using  caged  robins  in  their  migratory  time  period.  In  this  period,  they  become  restless  and  if  kept  in  a  large circular  cage,  try  to  fly  or  flutter  in  their  direction  of  migration.  The  first observation  was  that  they  correctly  determine  this  direction  even  if  deprived of  all  external  signs,  sun,  stars,  landmarks,  and  the  like.  With  the  “correct”  direction  thus  specified,  the  cage  was  then  surrounded  by  an  artificial magnetic  field,  which  could  be  set  to  provide  the  north  pole  in  any  desired direction.  This  artificial  field  was  set  to  have  the  same  strength  as  that  of the  earth.  And  now  it  was  indeed  found  that  a  pole  shift  would  result  in  a corresponding  shift  of  the  flight  direction  of  the  birds.  The  artificial  magnetic field  thus  played  the  same  role  as  the  artificial  daylight  period  in  the  time-shift experiment.  The  birds  inherently  know  their  migration  direction  relative  to that  of  the  geomagnetic  field. 
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Cryptochrome 

One  possible  tool  or  organ  for  avian  magnetoreception  was  thus  identified— 

leaving  open,  however,  the  question  for  what  aspects  of  a  map-and-compass navigation  it  is  employed.  Let  us  therefore  next  turn  to  the  second  tool.  It is  based  on  the  presence  of  anisotropic  and  light-sensitive  protein  molecules (cryptochrome)  held  in  a  fixed  position  in  the  eye  of  the  bird;  and  while  the magnetite  crystals  in  the  beak  align  with  the  field,  the  cryptochrome  particles stay  fixed,  but  break  up  or  survive,  depending  on  the  angle  at  which  they  are hit  by  the  geomagnetic  field  when  the  bird  turns  its  head.  Roughly  speaking: head  on,  they  survive,  broadside,  they  break  up.  And  the  birds  can  register the  fraction  that  survives  and  use  that  as  a  compass  to  determine  the  direction of  the  geomagnetic  field  (Fig. 5.4). 

The  difficulty  with  such  a  scenario  is  that  the  geomagnetic  field  is extremely  weak,  and  for  this  reason  the  proposal  of  Klaus  Schulten  in  the 1970s,  suggesting  radical  pairs  as  basis  for  an  avian  compass,  was  considered as  quite  far  fetched.  The  interaction  of  the  cryptochrome  with  the  geomagnetic  field  is  orders  of  magnitude  weaker  than  the  effect  of  the  nuclear magnetic  moment,  and  still  more  orders  below  any  thermal  interaction. 

The  crucial  contribution  of  Schulz  was  therefore  the  formulation  of  a  non-equilibrium  mechanism  able  to  overcome  this  problem:  if  you  stand  on  firm ground,  with  outstretched  arms,  and  a  small  bird  would  land  on  your  right Fig.  5.4 

The  effect  of  a  magnetic  field  on  cryptochrome  proteins  in  the  avian  retina, causing  a  reaction  from  normal  (blue)  to  modified  state  (red),  for  a  field  in  line  (left) and  at  ninety  degrees  (right)  to  the  bird.  The  bird  registers  the  fraction  of  normal to  modified  proteins  and  can  use  this  as  compass 

44

H. Satz

hand:  you  would  happily  greet  it.  But  if  you  were  standing  on  a  tight-rope 30  m  above  ground,  it  might  cause  you  to  fall  down  and  die.  Your  stability  is crucial. 

Entanglement 

To  see  how  the  proposed  mechanism  can  in  fact  work,  we  have  to  insert  a small  physics  interlude—moreover  one  which  addresses  a  rather  new,  challenging  and  at  times  hotly  disputed  topic  of  physics,  quantum  entanglement. 

The  physical  vacuum,  truly  empty  space,  contains  submerged  electron– 

positron  pairs,  existing  only  virtually—they  need  an  energy  input  to  become real.  Lacking  that,  they  remain  virtual;  like  fish  under  the  water  surface,  they can  only  momentarily  jump  up  and  then  disappear  again.  Both  electron  and positron  have  intrinsic  spins,  and  in  these  pairs,  the  spins  point  in  opposite directions,  so  that  the  overall  spin  of  the  pair  is  zero.  If  we  now  supply  the missing  energy,  the  pair  becomes  real,  it  exists  in  our  world,  but  it  still  is  a  pair and  has  overall  spin  zero.  If  we  now  carefully  separate  the  two  constituents, that  has  to  remain  the  case:  even  if  they  are  a  hundred  meters  apart,  if  one spin  points  up,  the  other  has  to  point  down.  The  two  remain  “entangled”.  But it  becomes  even  more  “spooky”.  Without  a  measurement,  one  does  not  know how  a  given  spin  is  oriented:  in  principle,  each  could  equally  well  point  up or  down.  According  to  quantum  mechanics,  the  system  is  in  a  superposition of  the  two  spin  states,  and  the  spin  only  takes  on  a  definite  value  through  a measurement. 

Now  we  measure  one  spin  of  the  widely  separated  pair  and  determine  that it  points  up.  Thereby  we  force  instantaneously  (faster  than  the  speed  of  light) the  other,  far  away  spin  to  point  down.  That  would  seem  to  make  sense  only  if each  of  the  two  spins  had  a  defined  orientation  even  before  measurement;  but such  “hidden  variables”  are  not  allowed  in  quantum  mechanics:  each  spin  was equally  likely  up  or  down.  This  “Gedankenexperiment”  was  proposed  in  1935 

by  Albert  Einstein  and  his  collaborators  Boris  Podolsky  and  Nathan  Rosen. 

Einstein  was  sure  that  such  “spooky  action  at  a  distance”  was  not  possible, and  they  had  invented  the  model  in  order  to  disprove  quantum  mechanics. 

It  turned  out  that  here  the  great  Einstein  was  wrong.  Experiments  today show  that  the  entangled  partners  remain  entangled  even  at  distances  of hundreds  of  kilometers—neither  space  nor  time  destroys  the  entanglement. 

As  the  great  American  physicist  Richard  Feynman  noted:  “it’s  safe  to  say  that nobody  understands  quantum  mechanics”. 
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The  Radical  Pair  Mechanism 

Next  we  have  to  recall  what  the  chemists  mean  by  a   radical .  An  atom  consists of  a  nucleus  as  a  core,  surrounded  by  a  cloud  of  electrons,  orbiting  around  the nucleus.  Each  electron  has  an  intrinsic  spin,  pointing  in  a  given  direction.  If there  is  an  even  number  of  electrons,  such  as  in  a  Helium  atom  (He4),  then the  spins  pair  up:  in  the  inner  orbit,  one  spin  points  up,  the  other  down, and  in  the  next  orbit,  the  same  holds,  so  that  the  electrons  of  the  helium atom  consist  of  two  pairs,  each  with  opposite  spins.  If,  on  the  other  hand, the  atom  has  an  odd  number  of  electrons,  one  of  them  ends  up  without  a partner,  and  such  atoms  are  quite  unhappy:  they  try  to  find  a  partner  and make  a  molecule,  so  that  the  lone  electron  in  one  atom,  with  spin  up,  has  a partner  in  the  other  atom,  with  spin  down.  For  this  reason,  hydrogen  (one proton  and  one  electron)  prefers  to  exist  in  the  molecular  state,  H2,  where the  two  electrons  compensate  each  others’  spins.  In  general,  states  with  a  lone unpaired  electron,  whether  atoms  or  molecules,  are  referred  to  as  radicals— 

they  are  very  reactive  and  try  to  combine  with  other  states  such  as  to  pair  up their  lone  electr ons. 

If  we  now  take  such  a  molecule  made  of  two  atoms  and  break  the  bond of  one  mutual  pair,  then  the  two  atomic  pieces  each  have  one  lone  electron: we  have  made  a  radical  pair.  An  often  considered  case  is  Methane:  CH4,  one carbon  atom  bonded  to  four  hydrogen  atoms.  Breaking  one  bond  creates the  two radicals CH3  and  hydrogen  H,  each  with  one  free  electron.  The two  previously  bonded  electrons,  although  now  well  separated,  still  form  an entangled  pair:  initially,  they  have  opposite  spins,  giving  the  pair  an  overall spin  zero.  If  this  pair  were  alone  in  the  world,  it  would  remain  that  way.  But it  is  not  alone… 

The  entangled  electron  pair  finds  itself  near  an  atom  (or  a  molecule), and  the  corresponding  nucleus  consists  of  nucleons,  which  also  have  spins. 

These  spins  can  and  do  interact  magnetically  with  those  of  the  paired  electrons  (“hyperfine  interaction”),  and  this  interaction  can  flip  the  overall  spin of  the  pair  from  zero  to  one.  And  since  there  are  usually  many  nucleons  in the  nucleus,  the  state  of  the  pair  will  oscillate  with  time  between  singlet  and triplet,  with  frequencies  determined  by  the  strengths  of  the  hyperfine  interactions.  The  flat  surface  corresponding  to  an  isolated  pair  has  now  become an  agitated  wavy  surface,  with  many  peaks  and  dips.  And  while  a  very  weak interaction  has  no  effect  on  the  pair  in  an  equilibrium  state  on  the  flat  surface, when  it  is  poised  on  the  peak  of  a  wave  of  the  non-equilibrium  surface  even the  slightest  “kick”  will  make  it  roll  down.  It’s  the  non-equilibrium  that  allows it  (Fig. 5.5). 
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Fig.  5.5 

In  a  non-equilibrium  state,  a  very  weak  interaction  can  lead  to  a  new  state To  create  the  pair,  the  bond  of  the  molecule  had  to  be  broken,  which  is achieved  by  shining  light  of  a  suitable  frequency  on  it.  This  initially  produces an  entangled  pair  of  zero  overall  spin,  but  as  mentioned,  the  interaction  with the  nuclear  spin,  the  hyperfine  interaction,  causes  the  spin  of  the  pair  to oscillate  between  zero  and  one.  If  things  are  left  alone,  the  radicals  will  eventually  recombine  to  molecules,  restoring  the  previous  state.  But  if  we  now apply  an  external  magnetic  field,  even  a  very  weak  one,  its  effect  on  the  two spin  states  is  not  the  same:  it  will  tend  to  shift  the  spin  one  state  to  higher energy,  and  so  the  eventual  recombination  will  lead  to  different  products, to  a  different  chemical  composition  of  the  material.  And  since  the  responsible  cryptochrome  molecules  are  not  symmetrical,  the  effect  depends  on  the orientation  of  the  external  field  (see  Fig. 5.3):  for  some  directions  it  is  much stronger  than  for  others.  The  bird  can  register  this  change  and  use  it  as  a compass.  And  while  a  given  radical  pair  is  quite  short-lived  and  quickly  falls back  into  an  equilibrium  molecular  state,  the  retina  contains  many  cryptochromes,  so  this  oscillation  is  an  ongoing  process  providing  continuous compass  information. 

The  birds  could  use  this  as  a  compass—but  do  they  actually  make  use  of this  tool?  When  Schulten  first  proposed  the  scheme,  there  was  much  skepti-cism.  A  big  step  forward  was  when  he  and  Thorsten  Ritz  of  the  University  of California  brought  cryptochrome  into  the  game,  as  the  light-receptive  protein contained  in  the  retina  of  birds  and  a  possible  basis  for  the  radical  pair  mechanism.  The  excitation  of  the  radical  pairs  was  taken  to  be  incident  light,  and this  received  important  support  when  Roswitha  and  Wolfgang  Wiltschko  at the  University  of  Frankfurt  showed  that  the  avian  compass  only  worked  for blue  and  green  light,  needed  to  break  the  crucial  bond—with  lower  frequency red  light,  the  birds  were  disoriented. 
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There  thus  exist  at  least  three  types  of  avian  compass:  solar  and  magnetic for  diurnal  birds,  and  in  addition  stellar  for  nocturnal  flights. 

For  humans,  the  magnetite  compass  is  used  to  find  which  way  is  north— 

the  determination  of  the  east–west  position  is,  as  already  mentioned,  a  much more  difficult  problem  and  not  simply  solvable  by  a  usual  magnetic  compass. 

How  can  the  birds  solve  this  problem? 

In  a  seminal  experiment  in  Russia,  Nikita  Chernetsov  et  al.  captured  a number  of  European  Reed  Warblers  ( Acrocephalus  scirpaceus)  on  their  migration  from  East  Prussia  to  Lake  Ladoga  near  St.  Petersburgh.  They  displaced them  by  1000  km  to  the  east  of  the  capture  site,  and  there  separated  them into  two  groups.  Group  A  was  simply  released  there,  while  in  group  B, the  trigeminal  nerve  transferring  magnetic  (magnetite)  information  to  the brain  was  made  inoperative.  Group  A  fully  corrected  for  the  replacement  and arrived  at  the  planned  destination  at  Lake  Ladoga.  Group  B  continued  in  the direction  it  had  been  flying  when  captured  and  thus  arrived  in  a  completely different  region.  They  remembered  to  fly  north–east  and  continued  to  do so,  so  that  some  compass  information  was  still  available  to  them.  But  the additional  indicator,  to  show  that  they  had  been  shifted  eastwards,  that  was no  longer  operative.  For  this  reason,  the  magnetite  in  the  beak  is  believed to  provide  map  information,  while  the  cryptochrome  makes  the  compass. 

The  magnetically  activated  chemicals  in  the  eye  apparently  lead  to  a  modified  view  of  color,  depending  on  the  orientation  of  the  magnetic  field.  Thus the  warblers  with  deactivated  trigeminal  nerves  could  still  “see”  which  way was  north–east,  but  no  longer  identify  other  variables,  such  as  intensity  or declination,  requiring  the  help  of  magnetite. 

More  recent  studies  (Wu  and  Dickman)  indicate  that  in  addition, magnetic  fields  could  stimulate  neurons  in  the  inner  ear  lagena  (the  organ responsible  for  body  equilibrium)  and  thereby  lead  to  directional  information. 
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Migration 

 Vuela,  vuela,  vuela,  golondrina, 

 Vuelve  del  más  allá 

 Vaauelve  desde  el  fondo  de  la  vida 

 Sobre  la  luz,  cruzando  el  mar, 

 cruzando el mar. 

 Fly,  fly,  fly,  little  swallow 

 Return  from  far  beyond. 

 Return  from  the  depths  of  life 

 On  a  ray  of  light,  across  the  sea, 

 Across  the  sea. 

 Las  Golondrinas 

 Eduardo  Falu  (1936–2013)  b 

 Argentinian  Singer  and  Compose 

Every  year,  in  the  Fall  and  in  the  Spring,  millions  upon  millions  of  birds  are on  the  wing,  underway  from  their  northern  summer  breeding  grounds  to southern  regions  more  suitable  to  survive  the  winter,  and  vice  versa.  They  fly during  the  day,  like  cranes  and  swallows,  or  at  night,  like  many  songbirds. 

They  fly  over  land,  like  storks,  to  use  thermal  upwinds,  or  over  the  open sea,  like  shearwaters  or  godwits.  They  fly  in  flocks,  like  geese  or  cranes,  or alone,  like  most  passerines  or  most  pelagic  birds.  They  cross  the  largest  ocean on  earth,  the  Pacific,  like  the  godwits  flying  from  Alaska  to  New  Zealand; they  pass  the  highest  mountains  on  earth,  the  Himalayas,  like  the  barheaded geese  migrating  from  Mongolia  to  India.  They  fly  around  the  earth  in  less than  80  days,  like  the  albatrosses.  And,  to  make  the  point  again,  ages  before
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Bartolomeu  Dias  first  reached  the  Cape  of  Good  Hope  in  South  Africa,  swallows  from  Europe  flew  there  (and  back)  every  year.  As  far  as  navigation  is concerned,  the  birds  easily  beat  the  humans.  In  this  chapter,  we  will  look  in some  detail  at  several  of  these  regularly  recurring  avian  achievements  and  how humans  studied  them. 

Observational  Techniques 

How  can  we  learn  about  avian  migration?  Initially,  it  was  indeed  just  observation:  we  saw  that  in  the  summer  there  were  birds  around  which  in  the winter  were  no  longer  there.  For  the  larger  birds,  storks,  cranes  and  the  like, it  was  clear  that  they  left  for  warmer  southern  regions,  they  were  observed  on their  migration  flights.  For  the  smaller  ones,  there  were  competing  explana-tions.  Aristotle  claimed  that  swallows,  for  example,  would  survive  the  winter by  disappearing  underground,  hibernating  on  the  bottom  of  lakes,  and  this explanation  stayed  around  for  a  long  time,  for  over  a  thousand  years.  Even the  great  Swedish  naturalist  Linné  still  believed  in  it.  A  systematic  study  of bird  migration  began  around  the  middle  of  the  eighteen  hundreds,  and  a  true scientific  basis  for  such  studies  was  only  established  in  the  last  century,  with the  advent  of  identifying  specific  birds  by  attached  rings,  by  “banding”. 

During  the  middle  ages  it  was  not  uncommon  to  attach  rings  to  the  legs  of birds,  mainly  falcons  and  other  kept  birds  of  prey,  to  identify  them  as  prop-erty.  In  1889  the  Danish  scientist  H.  C.  C.  Mortensen  started  the  new  age  of migration  research.  He  caught  birds,  initially  starlings,  attached  metal  rings to  their  legs,  containing  a  serial  number  and  a  return  address,  and  then  set them  free  again,  to  be  recovered  elsewhere.  The  feed-back  was  so  promising, that  in  the  following  years  the  method  was  extended  to  most  European  countries  and  to  North  America.  Up  to  1973,  over  20  Million  birds  were  banded in  the  USA  and  Canada,  and  estimates  indicate  that  today  over  55  million birds  are  banded  throughout  the  world.  To  provide  information,  these  birds have  to  be  caught  again  and  identified  somewhere  else.  Most  of  the  banding was  carried  out  in  the  temperate  regions,  so  that  the  identification  had  to  be done  in  rather  far-away  tropical  zones,  which  led  considerable  loss  of  marked birds.  In  more  recent  years,  birds  are  also  banded  in  Africa  and  caught  in Europe,  so  that  one  now  also  has  access  to  the  inverse  migration  route.  Today, the  banding  of  birds  is  carried  out  world-wide  by  specific  scientific  stations, leading  to  a  wealth  of  information  on  bird  migration. 

Of  course  this  is  always  two-point  information,  indicating  a  start,  when the  bird  was  caught  and  banded,  and  a  stop  of  the  birds  flight,  when  it  was
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recovered.  The  dream  of  following  the  birds   during   its  flight  became  reality only  with  the  advent  of  miniaturized  electronic  tracking  devices,  so  small,  that they  can  be  attached  to  moderately  sized  or  even  small  birds.  Today  they  come in  a  great  variety,  but  there  are  two  basic  types,  transmitters  and  geolocators (geologgers). 

It  started  with  radio  transmitters,  battery  driven  senders  attached  to  the back  of  birds  and  emitting  a  signal  specific  to  the  given  bird.  They  were  quite heavy  and  the  signals  they  emitted  did  not  reach  very  far,  so  that  initially  the strong  birds  flying  with  such  devices  were  followed  on  the  ground  by  a  car with  a  receiver.  The  batteries  for  the  transmitter  are  today  lighter,  and  there are  thousands  of  stationary  receivers  (MOTUS)  over  much  of  the  world,  so that  an  emitting  bird  can  be  followed  quite  well  on  its  flight  by  collecting  the information  gathered  by  the  different  receivers. 

The  necessity  of  receivers  located  in  restricted  ground  areas  was  removed by  the  advent  of  satellites  encircling  the  earth.  The  birds  now  carry  small emitters,  sending  a  signal  to  the  nearest  satellite.  This  uses  the  information received  to  determine  the  location  of  the  transmitting  bird  and  then  passes this  information  back  to  the  sender,  who  conveys  it  to  a  central  collection point  or  stores  it  to  be  retrieved  when  the  bird  is  caught  again. 

The  alternative,  geolocators  or  geologgers,  consist  of  a  light  sensor,  an internal  clock,  a  data  storage  device  and  a  battery  (Fig. 6.1).  The  light  sensor records  the  available  light  twice  a  day,  say  at  sunrise  and  at  sunset,  and  the reading  is  recorded  in  the  storage  device.  The  point  is  this:  at  a  given  location on  earth,  the  times  for  sunrise  and  sunset  can  be  determined.  This  determination  now  is  simply  inverted:  given  the  time  for  say  sunrise,  we  can  specify the  location.  The  entire  geologger  can  be  made  very  light,  down  to  less  than a  gram,  so  it  can  be  used  even  for  small  birds.  It  retains  its  information  and does  not  transmit  it,  so  that  geologgers  are  usually  attached  to  birds  for  a whole  migration  cycle,  for  a  year,  after  which  the  bird  has  to  be  recovered  to provide  the  stored  information. 

Why,  Where,  When? 

Why  do  birds  migrate  at  all?  There  exists  a  variety  of  reasons,  and  in  most cases  it  is  probably  a  combination  that  triggers  the  migration.  We  will  concentrate  on  the  northern  hemisphere  and  explain  why  in  a  moment.  In  the  north, in  the  summer  the  days  are  longer  and  fairly  warm,  there  is  a  great  abundance of  insects,  and  there  are  not  many  natural  predators:  so  it  is  really  an  ideal place  to  raise  the  young.  In  the  winter,  it’s  the  other  way  around  in  the  north:

[image: Image 23]

52

H. Satz

Fig.  6.1 

Protonothary  warbler  (Protonotaria  citrea)  wearing  geolocator no  more  insects,  shorter  days,  snow  and  cold—for  most  species,  conditions which  threaten  or  inhibit  survival.  Conditions  in  the  south  are  now  definitely preferable,  but  they  remain  so  only  during  the  northern  winter.  On  an  absolute  scale,  the  north  wins,  and  so  when  life  there  becomes  possible  again,  the birds  return  (with  some  recent  exceptions,  as  we  shall  see).  In  some  southern regions,  periodical  dryness  can  provide  another  source  for  a  seasonal  shifting of  living  areas. 

Next  we  note  that  the  migration  of  birds,  particularly  long  distance  migration,  although  it  exists  to  some  extent  throughout  the  world,  predominantly takes  place  in  the  northern  hemisphere.  There  are  two  main  reasons  for  this. 

First  of  all,  4/5  of  the  land  mass  of  the  earth  is  in  the  northern  hemisphere, only  1/5  in  the  southern.  And  while  the  lands  of  the  north  extend  well  into the  arctic  regions,  most  of  the  southern  regions  have  a  warm  climate.  The main  reason,  avoiding  the  cruel  winter  conditions,  is  therefore  less  applicable  or  not  at  all  in  the  south.  It  also  implies  that  most  avian  movements in  the  southern  hemisphere  are  of  shorter  distance  and  take  place  to  avoid arid  periods,  rather  than  cold.  So  while  quite  a  few  northern  species  migrate south  well  below  the  equator  and  back,  essentially  no  southern  species  go  that far  north—they  generally  remain  below  the  equator.  Most  of  what  we  have to  say  will  therefore  deal  with  migration  of  birds  coming  from  the  northern hemisphere. 

That  raises  a  question  which  has  occupied  ornithologists  at  various  times: how  did  migration  get  started?  Did  birds  from  the  north  start  moving  south to  avoid  the  coming  winter,  or  did  birds  from  the  south  accidentally  fly  north
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and  discovered  the  richer  food  sources  and  longer  days?  What  is  there  original home?  After  a  study  of  the  evolution  of  the  populations  of  various  species,  the northern  home  idea  seems  to  win.  One  has  found  that  in  the  course  of  time, the  wintering  regions  of  various  species  became  shifted  further  and  further south,  and  one  is  in  fact  observing  now,  with  global  warming,  that  some species  cut  their  trips  south  shorter  and  shorter.  Storks  that  used  to  fly  to  sub-Saharan  Africa  now  remain  in  Spain  or  Portugal.  And  recent  new  colonies  of swallows  in  South  America  provide  further  support. 

The  Argentinian  swallows  mentioned  in  the  song  at  the  beginning  of  this chapter  in  fact  provide  an  amusing  recent  addendum  to  this  story.  Originally, all  barn  swallows  ( Hirundo  rustica)  in  Argentina  came  from  North  America, flying  southwards  in  the  northern  winter  and  then  all  returning  to  the  north for  the  summer  (Fig. 6.2). In  the  north,  they  breed  and  raise  their  young,  in the  warm  south  they  moult,  i.e.,  renew  their  feathers.  However,  a  while  ago, some  of  the  migrants  apparently  liked  the  life  in  Argentina  and  decided  to stay  and  breed  there.  In  1980,  six  pairs  were  discovered,  living  mostly  under bridges,  but  today  there  are  thousands  of  pairs,  presumably  converted  new migrants  as  well  as  descendants  of  the  original  six  pairs.  So  there  now  exists an  autonomous  southern  colony  of  swallows  remaining  permanently  in  South America,  and  miraculously  they  have  adopted  to  the  inversion  of  the  seasons. 

For  a  while,  it  was  a  puzzle  where  they  went  in  the  aural  fall,  our  spring.  It has  now  been  shown  that  they  breed  and  raise  their  young  in  the  southern summer,  December  to  February,  in  Argentina,  and  then  in  March  fly  north to  Venezuela  and  northern  Brazil,  to  spend  the  aural  winter  there  and  moult. 

So  quite  on  their  own,  they  have  shifted  their  life  pattern  by  six  months,  to adopt  to  the  local  run  of  seasons,  corresponding  to  their  shift  of  residence. 

In  Europe,  swallows  have  become  an  integral  part  of  seasonal  changes. 

There  is  the  German  proverbial  warning  that  one  swallow  does  not  prove that  it  is  summer…  As  already  mentioned,  from  here  they  migrate  all  the way  down  to  South  Africa,  and  they  do  make  it  back.  It  would  be  interesting to  check  if  eventually  some  brave  birds  follow  the  example  of  their  American brethren  and  decide  to  stay  in  the  South,  open  a  new  colony  there  and  adjust their  migration  schedule  accordingly. 

This  makes  us  wonder  how  the  start  of  migration  is  actually  triggered,  in the  spring  as  well  as  in  the  fall.  The  birds  carry  out  their  trips  in  remarkably fixed  periods—it  is  not  that  on  some  cold  day  with  first  snow  in  Lapland  the geese  there  conclude  that  now  it  is  time  to  leave.  And  in  the  southern  regions, where  they  spend  the  winter,  the  climate  is  quite  steady  and  gives  no  evident reason  to  go  north.  In  the  north,  however,  the  summer  is  short,  and  if  they come  too  late,  their  survival  is  endangered.  So  timing  is  essential.  By  now, 
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Fig.  6.2 

Barn  swallow  (Hirundo  rustica)

most  of  the  earlier  suggestions—lengths  of  day,  temperature,  weather,  and  so on—have  been  ruled  out.  Such  environmental  aspects  may  enter,  but  they are  not  decisive. 

Caged  birds  in  Germany  were  found  long  ago  to  show  what  the  ornithologist  Gustav  Kramer  in  the  1950’s  studied  in  detail  and  called   Zugunruhe (migration  restlessness):  the  birds  flutter  in  their  cages  in  the  direction  and during  the  time  in  which  the  free  birds  migrate,  and  the  length  of  time  they flutter  corresponds  to  the  temporal  length  of  the  migration.  By  now  there  is quite  extensive  experimental  material  about  such  behavior.  If  young  birds  are raised  in  a  natural  environment,  with  adult  birds  or  without  contact  to  elders, under  fixed  daylight  conditions  (such  as  constant  12  h  days)  and  at  different geographic  locations:  the  onset  of  Zugunruhe  occurs  with  great  regularity. 

In  other  words,  ornithologists  have  not  managed  to  find  any  external  factors which  disturb  the  regular  circannual  occurrence  of  the  migration  drive;  the timing  as  well  as  the  direction,  is  endogenous,  the  birds  are  born  with  it. 

And  it  turns  out  that  the  length  of  time  the  observed  birds  show  Zugunruhe,  how  many  days  or  nights  they  flutter,  depends  on  the  distance  normally covered  in  the  migration.  So  it  seems  that  the  birds  have  in  their  genetic program  when  to  start,  which  way  to  go,  and  how  long  to  fly.  What  they do  need  is  a  compass  to  keep  them  on  track.  It  seems,  however,  that  nature has  equipped  them  with  more,  just  in  case.  We  had  seen  in  Chap. 2  that
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the  migrating  starlings,  once  they  have  made  the  trip,  do  remember  where they  went.  If  displaced,  the  experienced  birds  noted  the  shift  and  did  not continue  in  the  direction  of  the  genetic  imprint,  but  changed  directions  such as  to  get  back  onto  the  known  track.  Only  the  young,  who  had  not  been  there before,  just  continued  in  the  old  direction—either  because  they  inherited  it, or  because  it  was  the  one  they  were  following  before  they  were  displaced,  or both… 

A  similar  result  was  found  in  the  experiment  of  Chernetsev  et  al., mentioned  in  the  last  chapter.  They  had  displaced  European  warblers  on their  return  migration  to  northern  Russia  eastwards  some  1000  km;  one group  consisted  of  fully  intact  birds,  the  other  had  the  magnetic  information provided  by  the  magnetite  in  the  beaks  inactivated.  The  “normal”  birds  realized  the  shift,  changed  directions  and  flew  to  the  intended  summer  nesting area,  while  the  “modified”  birds  continued  in  the  old  direction.  So  the  genetic imprint  is  only  part  of  the  picture—the  birds  “know”  where  they  want  to  go and  can  correct  for  interruptions  and  changes.  Evidently  this  capability  is  of great  help  in  emergency  situation  arising  in  violent  storms,  for  example. 

That  the  basic  aspects  of  migration  are  indeed  inherited  is  shown  perhaps more  naturally  and  less  dependent  on  human  experiments  by  the  cuckoo ( Cuculus  canorus).  It  is  a  long  range  migrator,  spending  the  short  summer months  in  central  Europe,  the  winter  in  the  Congo  region  of  Africa;  it  makes this  long  trip  in  a  leisurely  fashion,  so  that  in  spring  and  fall  it  is  on  the  wing for  several  months.  The  crucial  point  arises  from  its  well-known  reproductive  process:  the  cuckoo  mother  lays  her  eggs  in  the  nests  of  other  birds,  one egg  in  each  chosen  foster  parents’  nest.  The  poor  hosts  don’t  realize  the  trick, hatch  the  egg  and  feed  the  baby  cuckoo  (Fig. 6.3). It  grows  rapidly  and  kicks the  real  chicks  of  the  foster  birds  out  of  the  nest  to  die.  In  some  three  weeks  it fledges  and  leaves  its  foster  home.  The  young  cuckoo  has  never  met  any  other cuckoos,  yet  when  the  fall  arrives,  it  starts  its  migration.  It  knows  when  (two or  three  weeks  later  than  the  adult  grown  cuckoos)  and  where,  it  flies  south and  eventually  arrives  in  the  Congo,  where  it  encounters  finally  its  unknown real  parents  and  other  adult  cuckoos.  Whatever  the  adults  have  learned  from having  made  the  trip  before,  does  not  help  the  youngster:  it  is  on  its  first  trip, it  flies  alone,  and  it  reaches  its  goal. 

Migration  Highways 

To  a  large  extent  and  for  many  species,  migration  takes  place  along  well-defined  routes,  defined  mainly  through  prominent  landmarks.  In  Europe, there  is  a  western  route,  from  Scandinavia  through  northern  Germany,  the
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Fig.  6.3 

Young  cuckoo  being  fed  by  its  foster  mother.  Photo   Per  Harald  Olsen Netherlands,  France  and  Spain,  crossing  over  to  Africa  over  the  straights  of Gibraltar;  from  there  on,  it  goes  either  along  the  African  coast  or  across the  Sahara  to  sub-Saharan  Africa.  The  eastern  route  passes  through  Greece, Turkey,  the  Near  East  and  along  the  Nile  to  lower  Africa. 

Similarly,  the  migratory  birds  have  well  defined  trails  on  the  North  American  continent,  where  things  are  a  bit  simpler,  since  all  major  mountain  ranges run  north–south.  So  one  track  passes  along  the  Appalachians  and  continues via  Florida  to  the  south,  one  along  the  Mississippi  and  across  the  gulf  of Mexico,  another  one  the  east  side  of  the  Rockies,  and  finally  one  on  the  west side,  along  the  Pacific  coast.  Both  the  last  reach  South  America  via  Mexico. 

In  both  the  European  and  the  American  trails,  it  is  largely  “go  south” 

and  follow  the  mentioned  landmarks.  The  study  of  these  migrations  is  an extensive  topic  on  its  own,  and  there  exist  quite  a  number  of  excellent comprehensive  presentations,  some  of  which  we  list  in  the  bibliography. 
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Our  aim  here  is  a  little  different.  We  want  to  address  a  few  migration examples,  in  which  the  birds  cover  incredible  distances,  absolutely  requiring expert  navigation.  And  the  studies  we  present  are  all  rather  recent  and  based on  electronic  tracking,  allowing  a  full  determination  of  the  migration  paths. 

We  want  to  look  at  cases  where  landmarks—rivers,  mountains,  shores  or also  olfactory  signals—definitely  cannot  suffice  for  the  overall  trip;  at  best they  may  be  of  help  in  local  regions  at  the  start  or  at  the  goal.  Two  of  our candidates  are  pelagic  birds,  the  other  two  terrestrial. 

To  the  Ends  of  the  Earth 

We  start  with  a  pelagic  bird,  the  Arctic  Tern  ( Sterna  paradisaea).  It  is  a  truly polar  animal:  its  home,  its  mating  and  breeding  ground,  lies  in  the  arctic regions  of  Europe,  Asia  and  America,  around  and  north  of  the  Polar  Circle. 

During  the  summer,  the  sun  almost  never  sets  there,  but  during  the  winter, when  these  regions  are  submerged  in  total  darkness;  the  terns  chose  to  be  at the  other  end  of  the  world,  in  the  Antarctic,  where  they  spend  the  southern summer  and  where  now  again  the  sun  shines  most  or  all  of  the  day.  The  terns are  thus  probably  the  creatures  experiencing  more  sunlight  than  any  other  on earth,  they  enjoy  both  northern  and  southern  midnight  sun  (Fig. 6.4). 

Terns  feed  on  fish,  squids  and  crustaceans,  which  they  catch  by  diving down  from  above.  They  are  excellent  flyers  and  can  spend  long  periods  of gliding  on  air  currents,  and  in  fact  they  sleep  in  flight.  The  straight  distance from  Arctic  to  Antarctic  regions  is  more  than  15,000  km  one  way,  but  the terns  never  fly  straight;  they  follow  food  locations,  air  drafts  and  more,  at times  moving  thousands  of  kilometers  out  of  the  way,  and  so  they  cover  much greater  distances. 

A  bird  equipped  with  an  electronic  positioning  device,  released  in  July 2015  in  northern  Britain,  was  back  there  after  one  year,  having  covered  a record-breaking  100,000  km.  It  flew  from  Britain  to  South  Africa,  over  the Indian  Ocean  to  Antarctica,  spent  time  in  the  Weddell  Sea  below  South America,  and  then  returned  via  South  Africa  along  the  West  African  coast to  Britain.  The  measured  distance  is  a  considerable  underestimate,  according the  British  scientists  involved,  Richard  Bevan  and  Chris  Redfern  of  Newcastle University:  the  position  is  measured  only  once  a  day,  with  the  daily  distances then  obtained  by  interpolation.  The  daily  oscillations  from  a  straight  path are  thus  not  taken  into  account.  GPS  devices  carrying  out  continuous measurements  were  at  that  time  still  too  heavy  for  the  birds. 

[image: Image 26]
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Fig.  6.4 

Arctic  tern  (Sterna  paradisaea)

Besides  the  amazing  distances  covered,  it  has  to  be  noted  that  the  birds, as  witnessed  by  their  well-timed  returns,  do  seem  to  know  where  they  are when  during  all  their  travels,  most  of  which  are  over  open  seas,  without  any landmarks.  Flying  over  the  Antarctic  Sea  in  March,  they  are  aware  that  in July  they  must  be  back  in  Arctic  regions,  and  they  know  how  to  get  there. 

Our  next  record  concerns  the  longest  direct  non-stop  flights,  carried  out by  a  pelagic  species  called  the  Bar-Tailed  Godwit  ( Limosa  lapponica),  more precisely  its  subspecies   baueri  (Fig. 6.5),  which  breeds  and  raises  its  young during  the  summer  in  the  Alaska  region:  subsequently,  it  then  migrates south  and  spends  the  northern  winter  in  New  Zealand  and  Australia,  more than  10,000  km  further  south.  Its  travel  pattern  was  investigated  in  2009, recording  the  travel  details  for  the  entire  flight  route  of  a  specific  godwit. 

The  bird  in  question,  a  female  named  E7,  carried  an  implanted  microscopic electronic  emission  device  which  could  be  tracked  by  satellite.  Its  path  was recorded  from  New  Zealand  to  Alaska,  via  China,  and  then  back  to  New Zealand  (Battley  et  al., 2012). 

It  was  found  that  Pacific  Godwits  generally  travel  north  via  China,  where the  mudflats  of  the  Yellow  River  provide  abundant  food  and  so  provide  a great  stop  on  the  way  north.  On  the  return  flight,  E7  covered  the  11,500  km from  Alaska  to  New  Zealand  in  seven  days,  essentially  without  stopping  or feeding;  we  recall  that  modern  aircraft  have  a  range  of  about  15,000  km. 

[image: Image 27]
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Fig.  6.5 

Bar-tailed  godwit.  Photo   Tom  Dove

On  the  average,  the  bird  thus  flew  at  70  km/h,  implying  that  it  covered  the distance  more  or  less  non-stop.  What  we  want  to  emphasize  here  in  particular is  that  it  reached  its  goal  over  such  a  large  distance  and  over  the  open  ocean, without  any  possible  surface  landmarks.  With  a  directional  error  of  a  few degrees  the  bird  would  never  have  reached  New  Zealand,  so  that  it  really must  be  able  to  navigate  with  great  precision  (Fig. 6.6). 

Subsequently,  similar  flights  were  observed  for  other  godwits.  In  particular, a  male  bird  made  in  2020  a  non-stop  flight  from  Alaska  to  New  South  Wales, Australia,  covering  some  13,500  km.  As  mentioned,  these  birds  generally  fly north  via  China,  but  then  to  the  south  directly,  so  they  must  have  a  cognitive map  to  guide  them. 

But  birds  cover  equal  distances  also  over  land  as  well.  Here  a  record-breaker is  the  Northern  Wheatear,  a  small  songbird  only  a  little  larger  than  the  European  Robin.  Its  name  has  no  connection  to  wheat—its  earlier  name  was White-Arse,  since  its  rump  is  white,  and  Wheatear  was  chosen  as  a  slightly more  polite-sounding  name  (Fig. 6.7). 

The  birds  live  in  most  sub-arctic  parts  of  the  world,  and  there  are  two distinct  groups  with  different  migration  patterns.  Those  that  have  their summer  nesting  region  in  north-eastern  Canada  fly  for  the  winter  to  western Africa  (Mauretania),  via  Greenland  and  Britain,  some  3400  km  over  the  open Atlantic.  Their  relatives  from  Alaska  and  north-eastern  Siberia  fly  to  eastern Africa  below  the  Sahara  (Sudan  and  Kenya),  via  northern  Russia,  Central  Asia and  the  Arabian  Desert.  For  the  one-way  trip  that  comes  to  15,000  km,  so that  these  small  birds  have  the  longest  migration  distance  of  any  passerines (Fig. 6.8). 

[image: Image 28]
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Fig.  6.6 

The  schematic  migration  path  of  the  bar-tailed  godwit  (from  Battley  et  al., 

2012)

Fig.  6.7 

Northern  wheatear  (Oenanthe  oenanthe)

[image: Image 30]
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Fig.  6.8 

The  migration  paths  of  the  northern  wheatear  (from  Bairlein  et  al., 2011) For  a  bird  putting  some  25  g  or  less  on  the  scale,  that  is  really  a  fantastic achievement.  To  carry  it  out,  the  birds  essentially  divide  the  year  into  quarters: three  months  nesting  and  raising  the  young,  then  three  to  get  to  Africa;  there three  months  to  rest  and  regain  weight,  and  finally  three  more  to  make  it back  to  the  Sub-Arctic. 

And  the  little  birds  obviously  leave  us  with  an  unsolved  puzzle.  Why  did birds  from  the  arctic  regions  of  the  Western  Hemisphere  decide  to  spend the  winter  in  African  regions  below  the  Sahara?  It  seems  largely  agreed  upon that  the  migration  patterns  are  inherent,  inherited.  But  that  does  not  answer the  question…  Why  do  they  cover  such  large  east–west  distances,  instead  of going  to  the  south  as  directly  as  possible?  Most  migrants  from  the  North American  continent  go  to  South  America;  why  do  the  Canadian  wheatears insist  on  Africa?  The  Alaskan  branch  could  also  just  follow  the  American coastline  to  get  to  South  America… 
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Avian  Communication 

 Fish  swim,  birds  sing,  people  talk. 

 Norbert  Hornstein 

 Routledge  Encyclopedia  of  Philosophy 

Birds  sing—that  was  obviously  one  of  the  first  observation  humans  made about  their  avian  fellow  creatures.  Further  observation  showed  that  they  also can  give  sudden  calls,  to  signal  danger,  as  well  as  sing,  to  attract  females  or to  define  their  range.  Thus  they  have  a  repertoire  of  different  sounds  or  vocal patterns  for  different  purposes.  Is  that  a  language? 

The  issue  of  animal  language  has  been  considered  in  many  ways.  My  dog certainly  understands  a  variety  of  words—come,  sit,  down,  and  more—and  it has  a  number  of  sounds  it  can  make  to  tell  me  something  it  wants—open  the door,  bring  me  food,  or  such.  These  are  sounds  it  has  learned  in  growing  up; they  are  not  inherited.  Thus  there  are  aspects  of  language  common  to  both animals  and  humans.  On  the  other  hand,  human  language  contains  abstract features  well  beyond  animal  communication:   my  brother  lives  in  America,  next year  he  will  visit  us,  etc .  As  far  as  we  know,  animals  do  not  have  such  thoughts. 

Nevertheless,  some  species  of  birds  emit  sounds  for  somewhat  abstract purposes.  Most,  if  not  all,  can  emit  calls  as  specific  signals:   there  is  eminent danger,  follow  me,  and  similar  information  transfer.  Cranes  flying  in  a  flock call  each  other  to  remain  together,  crows  warn  each  other  of  an  approaching hawk,  and  more—these  are  short,  single  or  few  note  calls.  In  contrast,  some species,  labelled  song  birds  for  obvious  reasons,  sing  different  “melodies” 
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composed  of  a  variety  of  notes,  learned  from  older  birds  or  composed  individually.  These  are  “sung”,  as  far  as  we  know,  either  to  define  a  range—“this is  my  area”  or  to  attract  females—“I  am  a  strong  and  able  male”.  While  there are  species  (mainly  in  South  America)  in  which  the  songs  are  inherited— 

ornithologists  speak  of  “suboscines”—in  most  others  the  young  learn  them from  older  birds  (“oscines”)—an  isolated  young  bird  cannot  sing  coherently, it  will  babble  like  a  baby  all  of  its  life.  And  when  it  learns  singing  from  older birds,  it  can  make  variations  or  mistakes,  which  are  then  passed  on  to  the  next generations:  dialects  develop.  In  addition  to  singing,  birds  vocalize  to  keep  in contact  with  their  flock  mates;  these  are  the  calls  we  hear  from  passing  flocks of  cranes  or  geese.  And  as  babies,  they  “beg”  for  food  by  calling. 

The  information  content  of  bird  songs  beyond  the  mentioned  general features  is  still  unknown—deciphering  the  specific  meaning  of  such  songs really  remains  a  challenge  to  ornithology.  It  does  so  all  the  more  since  the thrush  in  the  tree  next  to  our  house  sings  a  great  variety  of  different  melodies, one  after  the  other.  What  is  it  saying?  Why  does  it  use  different  melodies?  It learned  these  melodies  as  a  juvenile,  listening  to  older  birds,  but  it  also  modified  what  it  heard,  and  added  its  own  contribution.  As  mentioned,  this  leads to  bird  dialects:  the  song  of  a  thrush  here  can  differ  from  that  some  distance away,  in  a  different  region.  Can  they  nevertheless  understand  each  other? 

We  are  thus  aware  of  the  fact  that  birds  communicate  in  a  variety  of  ways, but  we  don’t  know  what  they  are  saying.  Modern  recording  techniques  and spectral  analyses  therefore  face  challenging  problems. 

A  first  hint  may  have  appeared  in  the  study  of  whale  songs.  It  is  known since  some  time  that  whales  communicate  with  each  other  by  emitting  sounds under  water.  These  sound  patterns  were  analyzed  and  found  to  consist  of sequences  of  signals  of  different  frequencies—in  other  words,  the  whales 

“sing”  or  “talk”.  How  does  their  talk  compare  to  that  of  humans? 

Zipf’s  Law 

Around  the  middle  of  the  past  century,  the  Harvard  linguist  George  Kingsley Zipf  had  ranked  words  in  texts  of  the  English  language  according  to  the frequency  of  their  occurrence.  He  denoted  with   f  ( r  =  1)  the  number  of times  the  most  frequent  word  appeared,  with   f(r  =   2)   for  the  next,  and  so on.  The  sequence  started  with  the  words  “the,  of,  and,  to,  in,  a,  that,  …”.  Zipf then  observed  that  the  frequency  of  the  first  rank,  f  ( r  =  1) .  For  “the”  was twice  that  of  the  second,  f  ( r  =  2)  for  “of  ”,  three  times  that  of   r  =  3, and

[image: Image 32]
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so  on.  The  resulting  general  relation 

 f  (r )  =  const ./r 

is  denoted  as  Zipf ’s  law;  it  states  that  the  probability  for  a  given  word  of rank   r   varies  inversely  with   r.  The  constant  depends  on  the  total  number of  words  in  the  text.  The  law  was  subsequently  shown  to  hold  not  only  for most  English  texts,  but  for  texts  in  practically  all  other  languages  as  well,  see Fig. 7.1,  where  it  is  shown  in  logarithmic  form,  log f  ( r  )  =  const.  –  log r.  It  is found  to  hold  even  for  ancient  languages  not  yet  deciphered—the  meaning of  the  words  is  not  known,  but  their  frequencies  follow  Zipf ’s  law.  The  law thus  does  not  provide  help  in  understanding  t he message. 

A  very  recent  analysis  has  studied  whale  songs  in  this  context  (Arnon  et  al., 

2025)  and  found  that  these  songs  consist  of  different  frequency  packages whose  occurrence  in  also  governed  by  Zipf ’s  law.  The  reason  for  this  occurrence  in  both  human  and  whale  communication  forms  remains  completely unknown. 

Fig.  7.1 

Word  frequencies  in  different  languages.  Author   Sergio  Jimenez 
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The  Flight  of  the  Cranes 

 Sieh  da,  sieh  da,  Timotheus,  die  Kraniche  des  Ibykus! 

 Behold,  behold,  Timotheus,  those  are  the  cranes  of  Ibykus! 

 Friedrich  Schiller  ,  Die  Kraniche  des  Ibykus  (1797) Abstract  Cranes  have  fixed  migration  routes.  For  some  species,  the  travel reaches  great  altitudes  and  is  possible  only  because  of  the  specific  avian respiration  organs. 

Keywords  Avian  respiration  ·  Crane  ·  Mammalian  respiration  ·  Migration  · 

Whooping  crane 

Cranes  are  perhaps  the  tallest  flying  birds  in  the  world;  with  long  legs  and a  long  neck,  they  stand  more  than  a  meter  high,  for  the  Eurasian  species Common  Crane  ( Grus  grus).  There  exist  some  15  different  species  on  all continents,  except  Antarctica  and  South  America.  The  North  American Whooping  Crane  ( Grus  americana)  was  at  one  point  almost  extinct,  with only  some  tens  of  birds  remaining.  In  the  meantime,  extensive  conservation efforts  have  led  to  a  noticeable  increase,  with  some  500  birds  in  the  wild. 

However,  we  will  here  start  first  with  the  common  crane. 
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The  Eurasian  Crane 

Few  if  any  birds  have  had  as  much  of  an  impact  on  our  culture  as  the crane  (Fig. 8.1). Already  4000  B.C.  it  led  to  an  Egyptian  hieroglyph  and  was considered  the  bird  of  the  sun.  It  became  an  integral  part  of  Greek  mythology, where  it  was  the  bird  of  the  sun-god  Apollon.  The  above  citation  refers  to  a singer  (Ibykus)  in  ancient  Greece,  murdered  on  the  way  to  a  festival.  When  no help  was  in  sight  as  he  lay  dying,  he  asked  a  passing  flock  of  cranes  to  avenge him.  His  murderers  attended  the  festival  and  suddenly  noticed  the  flock  of cranes  overhead,  causing  one  of  them  to  point  them  out  to  his  companion. 

The  public,  hearing  the  name  Ibykus  mentioned,  grabbed  both  and  made them  confess  the  murder. 

In  the  Far  East,  as  well,  the  crane  was  a  well-known  bird;  both  in  China and  in  Japan  it  was  a  symbol  for  long  life  and  wisdom,  and  it  was  held  that the  souls  of  the  deceased  would  be  carried  to  heaven  on  the  back  of  cranes. 

Cranes  are  rather  ambivalent  eaters,  consuming  small  animals  as  well  as fruit  and  berries.  They  construct  platform  nests  in  shallow  water,  with  one  or two  eggs.  Both  parents  participate  in  the  raising  of  the  young. 

It  was  well  known  at  all  times  that  the  European  cranes  migrate,  spending the  summer  in  northern  Europe  and  Asia,  the  winter  in  various  more southern  regions.  The  cranes  from  Sweden  and  Norway  migrate  south  over Fig.  8.1 

Eurasian  common  crane 

[image: Image 35]
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Fig.  8.2 

Flying  cranes.  Photo   Annette  Meyer

Germany  and  France  to  their  wintering  region  in  southern  Spain  (Fig. 8.2). 

On  the  way  there,  they  have  a  number  of  areas  designated  for  prolonged stops,  to  rest  and  feed.  Their  migration  routes  are  quite  well  documented, even  before  the  advent  of  miniature  tracking  devices,  since  the  birds  flying overhead  and  calling  out  are  readily  identified.  A  second  route  goes  from northern  Finland  and  western  Russia  over  the  Baltic  states,  Hungary,  Italy  or the  Balkans  to  northern  Africa.  In  both  cases  (Fig. 8.3), the  birds  presumably have  a  north–south  sense,  through  solar  and  or  magnetic  information,  but otherwise  rely  very  largely  on  landmarks,  so  their  paths  are  quite  similar  to  a route  a  human  traveler  would  take  in  light  plane. 

Its  summer  habitat  and  breeding  regions  are  found  in  damp  forest  and moor  areas,  and  in  the  winter,  it  tries  to  find  similar  surroundings  in  southern Europe  or  northern  Africa.  The  global  warming  has  led  many  birds  to remain  in  Spain  and  Portugal—an  effect  also  observed  for  the  European  stork population. 

[image: Image 36]
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Fig.  8.3 

Migration  routes  of  the  common  crane  (NABU  Crane  Center) The  Demoiselle  Crane 

In  Asia,  besides  the  common  crane  there  are  abundant  populations  of  the demoiselle  crane  (Crus  virgo),  a  smaller  and  lighter  species.  It  lives  mainly in  dry  steppe-like  regions  of  eastern  Europe  and  southern  Siberia,  so  that its  habitat  does  not  really  overlap  with  that  of  the  common  crane.  It  also migrates  in  the  winter,  with  the  European  birds  travelling  mainly  to  the Sudan  in  Africa,  the  Siberian  populations  to  India  and  Pakistan.  For  the  birds living  in  central  Siberia  (Mongolia)  this  means  crossing  some  of  the  most forbidding  regions  on  Earth,  the  Gobi  desert  and  the  Himalayan  mountains (Fig. 8.4).  They,  and  the  bar-headed  geese,  together  with  some  other  species, hold  the  record  of  crossing  the  high  test  mountains  on  Earth  twice  a  year… 

showing  that  their  navigational  capabilities  continue  to  function  even  under such  extreme  conditions. 

The  crossing  of  the  Himalayas  is  generally  carried  out  in  one  day— 

meaning  that  these  birds  (and  the  mentioned  the  bar-headed  geese  as  well) must  overcome  an  altitude  change  of  some  6000  or  more  meters  within  24  h, i.e.,  without  any  acclimatization  periods.  For  normal  humans,  this  would  be

[image: Image 37]
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Demoiselle  cranes  crossing  the  Himalaya  (Matsuda, 1999) out  of  the  question.  The  birds  can  survive  it  essentially  only  because  of  a different  lung  structure.  The  avian  need  for  a  more  efficient  respiration  than that  of  mammals  is  in  fact  already  evident  from  the  fact  that  they  can  fly continuously  for  many  hours,  a  very  energy-expensive  action.  The  necessary energy  is  provided  by  oxygen  intake,  and  so  the  birds  must  have  a  much better  system  for  this  than  mammals.  Let  us  therefore  compare  the  respiration system  in  the  two  cases. 

Avian  Versus  Mammal  Respiration 

On  our  sea-shores,  we  see  seagulls  flying  their  circles  endlessly.  We  can’t  think of  any  mammals  doing  something  similar.  If  we  bring  a  sparrow  to  6000  m altitude,  it  can  still  fly.  If  we  bring  a  mouse  there,  it  falls  into  a  coma.  So  the respiration  of  birds  must  somehow  be  more  efficient  than  that  of  mammals. 

It  is  noted  with  some  pride  that  several  hundred  mountaineers  have  by  now reached  Mt.  Everest  without  oxygen  help,  after  several  days  of  acclimatization to  heights.  Tens  of  thousands  of  birds  fly  over  that  mountain  range  each  year within  24  h.  They  must  have  something  we  don’t. 

When  we  breathe,  our  lungs  undergo  a  two-cycle  tidal  flow  pattern: when  we  inhale,  through  contraction  of  the  diaphragm,  fresh  air  enters  the

[image: Image 38]
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Fig.  8.5 

Schematic  mammalian  respiration  system:  oxygen  intake  (red),  carbon-dioxide  emission  (blue) 

trachea  (wind-pipe)  and  passes  to  the  lungs,  which  absorb  oxygen  and  thereby produce  carbon-dioxide  plus  energy.  Next,  we  exhale,  relaxing  the  diaphragm and  emitting  the  carbon-dioxide.  The  lungs  are  flexible  and  expand  and contract  in  this  two-cycle  process.  Energy  is  produced  only  in  the  inhaling cycle,  and  between  the  two  cycles,  the  lungs  experience  no  flow  (Fig. 8.5). 

Birds  have  an  essentially  rigid  lung,  connected  to  the  trachea  by  an  anterior (forward)  air-sac  and  a  posterior  (rear)  air-sac.  When  the  bird  inhales,  fresh air  is  drawn  into  the  posterior  air-sac.  When  it  exhales,  this  air  is  passed  into the  lung,  where  it  is  absorbed  to  produce  energy.  The  next  inhale  transfers  the carbon-dioxide  from  the  lung  into  the  anterior  air-sac,  and  moves  new  fresh air  into  the  posterior  sac.  The  next  exhale  moves  it  from  there  to  be  emitted, making  room  for  the  next  load.  The  air-sacs  thus  function  as  bellows,  moving the  fresh  air  into  the  lung  and  the  spent  air  out  (Fig. 8.6). 

A  given  molecule  thus  experiences  two  inhale–exhale  cycles  between entering  and  leaving  the  bird.  As  a  result,  there  is  always  fresh  air  flowing through  the  lung,  producing  energy,  making  the  avian  respiration  process already  as  such  much  more  effective  than  that  of  mammals.  At  very  high  altitude,  however,  the  oxygen  content  of  the  air  is  down  to  a  third  or  less  than it  is  at  sea  level.  Hence  high-flying  birds  must  have  some  additional  effects  in their  favor,  and  in  fact  they  do.  Their  lungs  are  generally  larger,  their  cardiac muscles  are  stronger,  they  breathe  at  a  higher  rate,  and  the  hemoglobin  which transports  the  oxygen  into  their  metabolism  and  the  carbon-dioxide  out,  is more  efficient. 

In  summary  one  can  say,  however,  that  the  avian  respiratory  system,  in contrast  to  that  of  mammals,  is  in  fact  susceptible  to  improvements  allowing high  altitude  flights. 

[image: Image 39]
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Fig.  8.6 

Schematic  avian  respiration  system:  a  inhale  1; b  exhale  1; c  inhale  2; d  exhale  2

At  this  point  we  can  comment  briefly  on  the  different  vocal  systems  of mammals  and  birds.  Mammals  have  the  so-called   larynx,  the  voice  box,  which sits  at  the  entrance  of  the  trachea  into  the  lung  (see  Fig. 7.5).  It  contains  voice bands,  whose  vibrations  lead  to  the  sound  emission.  Birds,  in  contrast,  have  a syrinx   sitting  at  the  point  where  the  trachea  splits  into  the  two  lung  openings, and  it  emits  sounds  by  vibration  the  muscles  of  the  syrinx.  Since  it  can  do this  independently  for  either  branch,  birds  can  emit  two  different  sounds simultaneously.  They  are  thus  also  better  equipped  for  singing… 
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The  March  of  the  Penguins 

 Take  it  all  in  all,  I  do  not  believe  that  anyone  on  Earth has  a  worse  time  than  an  emperor  penguin. 

 Apsley  Cherry-Garrard 

 (Antarctic  Explorer), 

 The  Worst  Journey  in  the  World,  Carroll  and  Graf,  1932 

The  idea  of  avian  navigation  is  a  quite  naturally  associated  to  birds  on the  wing  finding  their  way.  There  is,  however,  one  noticeable  exception: Penguins,  flightless  birds  in  the  Antarctic,  carry  out  long  journeys,  march through  a  desolate,  cold,  stormy  environment  several  times  a  year,  in  the pursuit  of  perhaps  the  most  unusual  life  of  any  animal  species.  Avian  navigation  thus  acquires  a  more  general  sense.  The  most  striking  of  the  walking species  is  the  Emperor  Penguin  ( Aptenodytes  forsteri ),  and  we  want  to  consider his  life  here  in  some  detail.  Emperor  penguins  are  stately  birds,  a  meter  or more  in  height  standing  (Fig. 9.1).  They  can  walk  (almost  like  humans), slide  on  their  bellies,  and  are  of  course  extraordinary  swimmers.  They  live  in Antarctica,  around  the  whole  continent,  on  the  seashore  and  on  the  inland ice,  at  various  times,  as  we  shall  soon  see. 

The  Year  of  the  Penguin 

We  start  a  typical  penguin  year  with  April,  the  austral  fall.  The  birds  have been  living  on  the  ice  at  the  seashore  for  some  months,  feeding  on  the  ample fish,  krill  and  crustaceans  available  there.  As  the  fall  proceeds,  the  mating
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Fig.  9.1 

Emperor  penguins

season  sets  in,  and  now  the  birds  gather  in  large  groups,  both  males  and females,  and  start  a  long  march  inland,  to  reach  a  remote  inland  ice  region, some  100  km  from  the  shore,  where  they  were  born.  They  go  there  because the  inland  ice  is  more  solid,  and  in  the  coming  summer  the  new  chicks  are not  allowed  to  break  in. 

Although  they  have  been  at  the  inland  ice  region  a  number  of  times,  it  is not  really  clear  how  they  define  their  route—perhaps  through  solar,  stellar  or magnetic  indicators.  There  are,  of  course,  also  landmarks,  but  these  tend  to shift  with  the  moving  ice.  Once  the  birds  arrive,  they  begin  a  partner  selec-tion,  and  the  partners  which  have  found  each  other  carry  out  an  extensive courtship  ritual,  and  they  will  remain  together  for  at  least  the  whole  following year  (Fig. 9.2). 

After  mating,  sometime  in  May  or  early  June,  the  female  lays  one  egg. 

The  march  inland  and  the  production  of  the  egg  have  exhausted  the  prospective  mother  totally,  and  the  young  family  now  solves  this  problem  in  a  quite unusual  way.  Immediately  after  laying  the  egg,  the  mother  transfers  it  to  the father,  who  has  a  special  brooding  pouch  between  his  legs,  to  accommodate the  egg  and  keep  it  warm.  The  transfer  has  to  be  made  very  rapidly,  since more  than  a  minute  on  the  ice  will  kill  the  future  chick  in  the  egg. 

[image: Image 42]
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Fig.  9.2 

Courting  ritual  of  emperor  penguins

The  Survival  of  Father  and  Child 

Having  made  sure  that  the  transfer  is  taken  care  of  correctly,  the  mother departs  hungrily  for  the  sea—on  the  route  on  which  they  had  come,  or one  close  to  that.  What  remains  on  the  inland  ice  is  a  large  bunch  (with hundreds,  if  not  thousands)  of  penguin  fathers,  each  sheltering  and  incubating  an  egg  between  its  legs.  They  will  remain  there,  without  food,  for over  two  months,  until  the  chicks  are  hatched.  By  then,  the  fathers  will  be close  to  starvation,  having  lost  up  to  half  of  their  body  weight—some  actually will  have  starved—waiting  for  the  return  of  the  females.  The  time  spent  by the  prospective  fathers  alone  on  that  lone  inland  ice  flat  is  perhaps  climati-cally  the  worst  in  the  world:  temperatures  of  minus  40°  centigrade  and  lower, snow  storms  of  some  200  km/h  and  stronger,  and  most  of  the  time  almost complete  darkness—the  Antarctic  polar  night.  The  only  chance  of  survival of  the  poor  animals  is  to  huddle  together  as  close  as  they  can,  and  the  inside and  outside  members  periodically  change  places,  to  distribute  the  communal warmth  evenly  (Fig. 9.3). 

Around  early  August,  the  time  is  ripe  for  the  arrival  of  the  chicks—they are  hatched  and  protected  by  their  fathers  in  the  brood  pouch.  The  father can  secrete  a  fluid  referred  to  as  brood  milk,  which  provides  the  chick  with something  to  devour  for  some  few  days,  waiting  for  the  arrival  of  its  mother. 

If  she  does  not  arrive  in  time,  the  chick  is  doomed  to  die.  The  mothers  eventually  do  arrive,  with  filled  bellies.  They  can  identify  their  partner  inside  the
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Fig.  9.3 

Huddling  penguins  in  a  snow  storm

huge  crowd  through  vocal  signals,  and  once  the  two  have  found  each  other, the  female  sees  its  child  for  the  first  time,  and  immediately  takes  over—the chick  is  shifted  from  the  brood  pouch  of  the  father  to  that  of  the  mother (Fig. 9.4). She  begins  right  away  to  regurgitate  some  of  the  food  stored  in  her belly,  and  so  now  the  chick  gets  its  first  real  meal.  The  starved  fathers  depart for  the  open  sea  and  (hopefully)  ample  food  there. 

As  time  proceeds,  the  austral  summer  sets  in  and  the  chicks  keep  growing. 

Mother  and  father  now  alternate  in  making  the  trip  to  the  open  sea  to collect  food  for  their  offspring.  They  thus  make  the  long  march  many  times (Fig. 9.5).  One  or  two  months  after  hatching,  the  chicks  form  their  own groups,  the  so-called   crèches,  consisting  of  many  members  keeping  each  other warm.  Around  November,  the  birds  molt  and  acquire  their  juvenile  plumage; they  are  now  no  longer  fed  by  the  parents.  At  this  time,  all  birds  move  to  the sea  shore  and  spend  the  rest  of  the  austral  summer  there,  feeding  on  what  the ocean  has  to  offer. 

[image: Image 44]
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Fig.  9.4 

Adult  emperor  penguin  with  chick

Numerous  human  explorers  had  tried  to  map  the  unknown  wastes  of  the Antarctic;  most  were  lost  in  snow,  ice  and  blizzards,  until  Roald  Amundsen finally  reached  the  South  Pole.  His  “competitor”  Robert  Scott  died  in  ice. 

The  human  efforts  were  carried  out  by  large  teams  and  elaborate  equipment. 

At  the  same  time,  the  Emperor  Penguins  made  their  marches  over  hundreds of  kilometers,  summer  and  winter,  through  snow,  ice,  and  blizzard,  and  they found  their  partners  and  their  offspring.  What  their  navigational  methods were,  we  don’t  know.  But  they  worked… 

Survival  Threats 

On  the  other  hand,  however,  climate  changes—which  may  well  be  man-made—have  turned  out  to  become  a  serious  threat  to  the  survival  of  the species.  Mating,  hatching  and  the  early  chick  lives  take  place  on  the  planes of  inland  ice  attached  to  the  ground,  so-called  “fast  ice”,  some  hundreds  of kilometers  inland  from  the  sea.  This  ice  normally  breaks  up  in  the  austral summer,  in  December  or  January;  since  the  birds,  chicks  included,  leave  these areas  in  November  to  move  to  the  sea,  the  subsequent  break-up  poses  no threat.  Global  warming  has  now  led  to  an  earlier  break-up:  in  the  year  2016, 
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Penguins  on  the  march

this  took  place  in  October,  leading  to  the  death  of  some  10,000  Emperor Penguin  chicks  in  the  Halley  Bay  area  near  the  Weddell  Sea.  The  colony  there was  the  second  largest  in  the  world,  and  the  loss  was  repeated  in  2017  and 2018,  leading  to  near-extinction  of  this  colony.  If  the  warming  continues,  the Emperor  Penguins  may  well  share  the  fate  of  the  Polar  Bears…
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Life  on  the  Wing 

 Oh  Wunder,  fliegt  er  noch? 

 Er  steigt  empor  und  seine  Flügel  ruhn! 

 Was  hebt  und  trägt  ihn  doch? 

 Was  ist  ihm  Ziel  und  Zug  und  Zügel  nun? 

 Oh  miracle,  is  it  still  flying? 

 It  rises,  yet  its  wings  they  rest! 

 What  lifts  it  and  still  carries  it? 

 What  is  for  it  now  aim  and  rein  and  path? 

 Friedrich  Nietzsche,  Vogel  Albatros  (1882) 

The  Albatross 

In  coming  to  a  close,  we  turn  to  what  may  well  be  the  most  remarkable  of all  birds,  the  Albatross.  The  larger  species  of  albatross  are  the  largest  birds on  earth,  with  wing  spans  up  to  3.5  m  and  more.  Most  of  the  landmass of  the  earth  is  found  in  the  northern  hemisphere,  most  of  the  open  sea  in the  southern  hemisphere,  between  Antarctica,  Africa,  Australia  and  South America.  These  endless  oceans  are  the  home  of  the  albatross,  and  in  addition the  vast  expanses  of  the  Pacific  continuing  from  Antarctica  up  to  Alaska—in Chap. 2,  we  had  already  encountered  the  Laysan  species  living  there.  Of  the three  elements  found  in  this  oceanic  world—air,  water  and  land—land  is  the smallest  part,  and  the  birds  live  accordingly.  Most  of  their  lives,  they  are  on the  wing,  in  the  air.  They  come  down  to  the  water  to  feed,  ever  so  often,  and
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they  touch  land  only  to  mate  and  raise  their  young,  once  every  two  years. 

The  rest  of  the  time,  they  are  on  the  wing  (Fig. 10.1). 

They  have  adjusted  to  that  form  of  life  so  perfectly  that  they  spend  almost no  energy  when  flying,  less  than  is  needed  to  walk  or  swim.  They  can  fly  for hours  without  ever  flapping  their  wings,  and  they  can  fly  while  half-asleep. 

Some  albatross  parents  fly  up  to  5,000  km  and  more  to  bring  one  single  meal to  their  chick,  and  a  young  albatross,  once  it  has  fledged,  typically  spends the  next  five  or  six  years  without  ever  touching  land.  The  oceans  and  the  air above  them,  that  is  their  world,  and  every  year,  they  easily  travel  further,  over greater  distances,  than  any  other  creature  on  earth.  They  are  quite  long-lived birds,  reaching  well  over  50  years  of  age.  They  tend  to  pair  for  life  and  mate only  every  two  years.  They  take  turns  in  incubating  the  egg,  one  partner  on the  nest,  the  other  looking  for  food—which  takes  time,  so  they  can  fast  for weeks  on  end.  The  result  is  generally  only  one  chick,  which  remains  in  the nest  for  half  a  year  or  more,  and  during  that  time,  it  has  to  rely  on  its  parents for  food.  It  reaches  maturity  only  with  some  six  to  eight  years;  as  mentioned, most  of  this  time  is  spent  in  the  air.  Eventually,  it  will  then  return  to  the rocky  island  where  it  was  born,  and  find  a  partner. 

While  most  other  birds  can  be  assigned  to  a  home,  or  for  migrating  species a  mating/breeding  area  and  a  winter  survival  area,  for  many  species  of  albatross  this  becomes  difficult.  We  had  already  seen  that  birds  such  as  the  arctic tern  cover  huge  areas  in  the  course  of  a  year,  in  migration.  But  their  meandering  flights  still  bring  the  birds  from  a  home  area  to  a  wintering  area  and Fig.  10.1 

Shy  albatross/mollymawk  (Diomedea  cauta) 
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back,  even  if  the  trip  is  long  both  in  space  and  time.  In  contrast,  the  largest albatross  species,  the  wandering  albatross  ( Diomedea  exulans)  is  a  global  bird, at  least  in  a  circumpolar  way.  They  have  a  well-defined  place  for  mating  and caring  for  the  young  during  their  first  few  months;  but  apart  from  that,  their home  is  the  maritime  part  of  the  southern  hemisphere,  and  they  may  be underway  for  years.  And  yet  their  nesting  place,  for  mating  and  for  having the  young,  is  usually  one  or  another  small  remote  island  off  the  coast  of Antarctica,  or  in  the  Pacific.  Here,  thousands  of  albatross  pairs  meet,  and  only here  they  form  a  colony—out  on  the  ocean,  the  birds  are  alone.  The  nesting place  often  is  not  much  larger  than  a  few  square  kilometers,  but  the  birds, twenty  thousand  and  more  kilometers  away,  in  distant  oceans,  know  how to  find  it.  A  bird  may  be  circling  above  the  Falkland  Islands,  off  Argentina, and  a  few  weeks  later,  he  is  back  for  mating  on  an  island  off  the  coast  of New  Zealand.  Such  navigational  capabilities  remain  presently  well  beyond our understanding. 

But  that  is  not  because  we  have  not  tried.  We  had  already  mentioned  the experiment  in  which  17  Laysan  albatrosses  were  displaced  thousands  of  kilometers  in  various  directions  from  their  nesting  island  in  the  Midway  Atoll near  Hawaii:  within  about  a  month,  they  all  were  safely  back  on  their  island. 

A  further  try  in  this  vein  considered  the  species  grey-headed  albatross  ( Thalas-sarche  chrysostoma),  which  lives  in  the  sea  near  the  Antarctic,  in  South  Georgia and  nearby  islands,  east  of  the  tip  of  South  America.  From  there  they  under-take  extensive  trips  in  the  search  of  fish,  and  just  generally  to  travel  around. 

To  follow  these  ways  in  more  detail,  James  P.  Croxall  of  the  British  Antarctic Survey  and  his  team,  starting  around  the  year  2000,  caught  47  young  birds and  equipped  them  with  instruments  able  to  determine  their  geographic  location,  through  measurements  taken  every  day.  After  being  released,  the  birds took  off,  in  the  direction  towards  Fireland  and  the  Indian  Ocean,  somewhere between  30  and  60°  southern  latitude.  They  flew  eastward,  following  the wind  from  the  west.  Twice  a  day,  their  position  was  measured,  month  after month,  with  a  measurement  uncertainty  of  about  150  km. 

After  18  months,  close  to  the  expected  two  years,  35  birds  were  back  in  the breeding  grounds  on  the  island  in  South  Georgia,  and  the  scientists  succeeded in  recovering  the  instruments  from  22  birds,  so  that  they  could  download  the accumulated  data. 

Some  birds  had  stayed  in  the  Southern  Atlantic  Ocean  and  others  flew  to the  fishing  grounds  in  the  Indian  Ocean.  But  of  the  22,  12  had  flown  eastward  all  the  way  around  the  earth,  and  three  of  these  even  twice.  The  fastest of  them  made  the  trip  around  the  earth  (more  than  20,000  km)  in  46  days… 

This  gives  it  an  average  speed  of  about  20  km/h  for  the  full  distance;  since  its
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actual  flying  speed  is  much  higher  (50–100  km/h),  it  obviously  was  not  flying directly,  and  it  was  not  in  a  hurry.  The  albatrosses  were  leisurely  rambling around  the  world. 

Children  of  the  Wind 

It  is  clear  that  the  albatross  must  have  extraordinary  navigational  capabilities,  even  if  we  don’t  understand  these.  But  it  also  must  have  unusual  flying techniques,  to  remain  on  the  wing  for  months  without  significant  energy expenditure.  They  must  have  a  way  of  flying  quite  different  from  that  of normal  birds,  which  land  exhausted  after  very  much  shorter  flights.  We  know today  of  at  least  two  features  which  make  their  effortless  flying  possible. 

Their  flying  technique  is  referred  to  as  dynamic  soaring.  The  speed  of  the wind  above  the  ocean  is  not  constant:  due  to  air–water  friction,  it  is  generally quite  low  near  the  surface  of  the  ocean  and  then  grows  as  you  move  upwards. 

The  birds  use  this  to  fly  in  an  oscillating  pattern,  starting  low  along  the  crest of  a  wave.  They  then  turn  into  wind,  which  rapidly  drives  them  upwards, with  the  increasing  airspeed  providing  the  lift,  until  they  are  some  10–20  m above  the  ocean.  This  rise  costs  them  nothing,  the  wind  does  the  work:  its speed  is  greater  above  the  wing  than  below,  hence  the  pressure  is  greater  from below,  lifting  the  bird  up.  In  physics,  this  is  known  as  Bernoulli’s  principle, and  it  is  also  what  makes  airplanes  gain  altitude.  Through  air  friction,  the speed  of  the  rise  becomes  slower,  stops,  and  from  the  top  of  their  pattern, they  then  glide  down,  thanks  to  gravity  and  thus  again  without  energy  expenditure.  The  glide  ends  at  a  crest  of  some  further  wave,  and  the  process  is repeated,  resulting  in  a  characteristic  looping  flight  pattern  (see  Fig. 10.2). 

Both  ascent  and  descent  are  for  free,  the  only  small  effort  is  involved  at  the turns.  We  had  seen  that  storks  and  birds  of  prey  use  thermal  up  drafts  for lift—but  those  drafts  are  local,  and  so  their  use  is  limited.  The  wind,  on  the other  hand,  is  almost  always  present  in  the  regions  where  the  albatross  lives, and  if  it  changes  directions,  so  do  the  birds—they  tend  to  adjust  their  flight direction  accordingly,  and  they  chose  to  live  where  there  is  suitable  wind.  If the  wind  is  not  right,  they  remain  in  the  sea. 

The  second  feature  underlying  such  a  flight  method  is  that  of  inter-locking  wing  bones,  the  so-called  shoulder  locking.  Most  animals  have  to exert  muscular  power  to  keep  their  limbs  straight  in  a  horizontal  position. 

If  you  hold  your  arms  straight  out  into  a  horizontal,  fatigue  will  eventually cause  them  to  drop—the  muscles  needed  to  hold  them  straight  become  tired. 
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Fig.  10.2 

Dynamic  soaring,  seen  from  above

To  prevent  this,  albatrosses  (and  some  other  pelagic  bird  species)  have  inter-lockable  shoulder  joints:  they  can  snap  the  wings  into  a  locked  position,  so that  no  further  muscular  effort  is  required  to  keep  them  straight.  Body  and the  straight  wings  now  are  one,  so  that  they  now  can  soar,  glide,  sail,  without the  need  of  any  work,  as  Nietzsche  noted:  it  rises,  yet  its  wings,  they  rest… 

We  should  probably  note  one  other  feature  allowing  the  albatrosses  to survive  for  months  out  at  sea:  after  all,  they  have  to  drink.  To  make  that possible,  they  have  special  salt-excreting  glands  which  permit  them  to  drink saltwater  and  remove  the  salt  from  their  body.  These  glands  lead  to  tubes positioned  on  the  top  of  their  beaks. 

The  Persisting  Enigma 

We  have  seen  and  understood  that  in  many  ways,  albatrosses  are  ideally  suited for  the  lives  they  lead  at  the  end  of  the  earth.  But  what  remains  is  the  question already  stated  at  the  beginning  of  this  chapter:  how  does  a  bird  flying  off  the tip  of  Argentina  find  its  home  rock  off  the  coast  of  New  Zealand?  What  is the  geographic  difference  between  these  two  isolated  rocks  in  the  respective seas? 

We  had  encountered  a  number  of  geographic  cues:  north–south  through the  position  of  the  sun  or  the  polar  star.  East–west  in  ideal  cases  through an  intersection  of  magnetic  surface  effects,  such  as  intensity  versus  field
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inclination.  In  addition,  there  is  the  possibility  of  landmarks  or  of  olfactory  indications.  Given  the  distances  for  the  albatross  trips,  the  latter  seems unlikely—from  Argentina,  you  presumably  cannot  smell  New  Zealand.  So what  remains? 

Various  experimental  studies  have  clarified  some  aspects.  While  overcast skies  did  not  bother  them,  the  albatrosses  definitely  preferred  to  travel  during the  daytime—their  nocturnal  trips  were  shorter  by  an  order  of  magnitude or  more  than  those  during  the  day.  And  they  disliked  even  more  flying  in moonless  nights.  While  usually  they  often  meandered  around,  when  there was  a  reason  (a  hungry  chick  at  home),  they  were  able  to  return  in  the  most direct  straight  line.  When  necessary,  they  could  navigate. 

So  there  remained  the  magnetic  component.  In  the  year  2005,  F. 

Bonadonna  and  his  team  compared  the  behavior  of  nine  wandering  albatrosses  with  magnets  strapped  to  their  heads  to  that  of  eleven  without  such magnets.  The  magnetic  field  of  the  subjected  birds  was  varied,  but  whatever  the  experimentalists  did:  the  birds  with  and  those  without  the  magnets behaved  the  same  way—the  magnets  did  not  disturb  those  who  had  to  wear them.  The  research  group  concluded  in  a  most  refreshing  way:  “The  significance  of  our  findings  is  twofold.  First,  our  results  challenge  the  idea  that magnetic  navigation  is  used  a  primary  navigational  aid  by  pelagic  albatrosses. 

The  second  point  is  even  more  interesting:  if  not  by  means  of  the  magnetic field,  how  can  they  do  it?  What  sense  or  system  enables  these  birds  to  cross thousands  of  kilometers  for  foraging  and  still  find  home  so  precisely?”  Their results  confirmed  findings  reached  shortly  before  by  H.  Mouritsen  and  his team,  studying  albatrosses  flying  off  the  Galapagos  Islands  in  the  Pacific,  in  a more  specific  region.  So  all  the  cues  we  considered  so  far:  the  birds  don’t  use them,  or  at  least  not  predominantly. 

A  very  interesting  further  possibility  has  been  considered  only  recently: what  about  gravity?  As  mentioned  in  Chap. 3,  the  standard  acceleration  of gravity,  g  =  9.80665  m/s2,  is  an  average  over  the  surface  of  the  earth,  with various  local  deviations  on  the  order  of  one  percent  and  less.  The  detailed equation  of  gravity  implies   g  =   M  / R 2,  where   M   is  the  local  mass  of  the attracting  body  and   R   the  local  value  of  the  earth’s  radius.  The  earth  is  an oblate  spheroid,  flatter  at  the  poles,  bulging  at  the  equators,  leading  to  more mass  but  also  greater  centrifugal  force  at  the  equators.  Land  is  much  denser than  water,  hence  at  the  same  altitude,  g   is  greater  over  land  than  over  water. 

Taking  these  and  other  effects  into  account,  the  locally  measured  values  of   g lead  to  a  competing  map  of  the  earth  (see  Fig. 2.4).  Before  considering  this as  an  orientation  alternative  for  birds,  we  have  to  find  out  if  they  can  register such  small  changes  in  gravity,  and  that  is  clearly  not  an  easy  task. 
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It  was  recently  attempted  by  a  Swiss-Ukrainian  group  (Nicole  Blazer  et  al.), releasing  homing  pigeons  in  a  region  of  the  Ukraine  which  is  really  flat,  but contains  underground  gravitational  anomalies  due  to  a  meteorite  impact. 

These  were  in  magnitude  much  smaller  than  the  variations  of  the  earth’s gravitation.  As  usual,  they  took  a  set  of  pigeons,  all  equipped  with  GPS 

devices,  and  removed  them  some  distances  from  the  anomaly,  divided  into two  groups.  One  group  could  make  it  home  in  a  straight  line,  without  getting near  the  anomaly,  the  other  had  to  cross  it  to  get  home,  and  they  then  released both  groups.  The  first  group  made  it  home,  as  expected,  without  any  problems.  The  second  started  out  OK,  but  after  crossing  the  anomaly,  they  got confused  and  lost  directions.  So  one  thing  is  clear:  the  birds  did  notice  the gravitational  anomaly.  It  is  not  so  clear,  however,  what  gravitation  meant  to them,  if  and  how  they  made  use  of  it. 

If  you  were  to  hike  in  the  woods,  following  your  compass,  and  cross  a region  of  magnetic  anomaly,  where  your  compass  would  suddenly  turn  to  a different  direction,  what  would  you  do?  Was  the  first  or  the  second  direction correct?  Perhaps  the  best  thing  would  be  to  look  at  the  sun.  And  perhaps  the confused  pigeons,  after  crossing  the  anomaly,  were  just  trying  to  find  a  new compass… 

We  are  thus  left  with  the  enigma.  Some  of  the  ocean  expanses  through which  the  Albatrosses  navigate  with  great  ease  over  thousands  of  kilometers do  have  possible  magnetic  bicoordinate  grids,  but  others  don’t,  and  still  the birds  make  it.  Even  serious  scientists  are  thus  tempted  to  wonder  if  these  birds have  some  other  mysterious  way  to  fix  their  orientation.  We  seem  to  be  left with  Nietzsche’s  question:  what  is  for  it  now  aim  and  path  and  rein? 
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The  Geography  of  the  Species 

 Ich  sehe  was,  was  du  nicht  siehst. 

 (I  see  something  you  don’t  see.) 

 German  children’s  rhyme 

The  German  ornithologist  Gustav  Kramer  had  concluded,  as  mentioned above,  that  for  successful  navigation,  birds  just  as  humans  need  a  map  and  a compass.  Let  us  consider  in  more  detail  how  maps  can  be  obtained—an  issue which  by  humans  is  addressed  in  terms  of  geography. 

We  denote  with  geography  the  description,  knowledge,  or  specification of  the  land  around  us,  from  local  environments  to  the  entire  earth.  Early humans,  “hunters  and  gatherers”,  presumably  knew  their  local  world  by  experience  passed  on  from  generation  to  generation,  in  much  the  same  way  as many  animals  do—wolves,  bears,  deer,  etc.:  our  range  runs  from  the  hills  to the  river.  Their  lives  showed  some  migratory  features,  since  in  the  summer  the hills,  in  the  winter  the  plains  were  preferable,  and  they  knew  the  trail  from one  region  to  the  other.  The  concept  of  maps,  however,  entered  only  when humans  began  to  settle  down:  we  live  here,  the  next  settlements  are  certain distances  away  in  certain  directions.  Natural  features—the  sea,  rivers,  hills— 

came  into  the  picture.  In  the  time  of  ancient  Greece,  one  had  something  like a  map  of  the  eastern  Mediterranean,  but  in  a  rather  abstract  sense:  it  still remained  difficult  to  orient  yourself  if  you  were  put  into  an  unknown  place. 

That  is  why  Ulysses  sailed  around  the  Mediterranean  for  so  many  years,  while millions  of  birds  had  no  problem  with  a  precise  crossing  of  that  sea,  flying from  a  specific  place  in  Europe  to  another  specific  place  in  Africa. 
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From  the  point  of  view  of  many  species  of  birds,  our  intrinsic  human  view of  the  earth  is  thus  rather  limited—perhaps  not  so  surprising,  in  view  of  our traditionally  sedentary  nature.  We  see  hills,  valleys,  rivers,  and  the  sun  above, and  we  can  use  their  pattern  as  a  map  to  find  our  way  using  such  local  landmarks.  However,  the  latitudes  and  longitudes  of  our  more  general  scheme are,  as  emphasized  by  the  snark  hunters  (see  Chap. 3), largely  conventional signs—we  cannot  feel  or  see  them  in  any  way.  Our  best  and  still  quite  rough indication  of  latitude  is  the  heat  at  the  equator  versus  the  polar  ice,  while for  longitude  there  is  no  global  counterpart,  and  that  is  why  the  determination  of  longitude  was  for  many  centuries  such  a  fundamental  problem  for  our navigation. 

The  way  geography  enters  for  a  given  species  thus  depends  very  much on  the  observational  possibilities  for  that  species:  the  range  of  their  normal travel  and  the  dominant  sense  of  observation.  For  humans,  the  latter  is  vision but  dogs  would  disagree,  smell  is  for  them  much  more  important.  And  the European  warblers  in  the  experiment  of  Chernetsov  et  al.  (see  Chap. 6)  were displaced  in  northern  Russia  from  a  flat  pine  forest  they  were  crossing  to another  flat  pine  forest  thousands  of  kilometers  away  on  the  same  latitude; yet  they  knew  that  something  was  wrong  and  flew  back  to  the  place  they  had in  mind.  How  did  they  define  their  geography? 

Human  Geography 

In  pre-technological  times,  there  were  three  ways  for  humans  to  travel:  on foot,  by  horse,  or  by  maritime  vessels.  That  defined  three  ranges,  three  acces-sibility  regions.  Travel  on  foot  rarely  led  to  knowledge  of  more  than  a  local environment,  and  so  the  early  sedentary  humans  usually  knew  only  their immediate  surroundings. 

The  advent  of  the  use  of  riding  horses  extended  the  accessible  range immensely.  Military  and  administrative  efforts  covered  huge  areas.  The empire  of  Alexander  the  Great  extended  from  Greece  to  India,  the  Roman empire  over  most  of  Europe,  and  the  conquests  of  Genghis  Khan  from Europe  to  the  Japanese  sea.  Coordination,  taxation,  and  more  required  a knowledge  of  the  geography  of  the  relevant  regions.  These  were,  however, restricted  to  a  world  accessible  by  land. 

The  use  of  early  sailing  and  rowing  vessels  (galleys)  removed  that  restric-tion.  Already  the  ancient  Greeks  explored  much  of  the  Mediterranean  Sea, up  to  Gibraltar,  for  them  the  end  of  the  world.  Vikings  and  Polynesians sailed  over  even  larger  seas,  but  generally  were  not  able  to  use  these  travels

[image: Image 49]

11 The Geography of the Species

95

for  more  than  the  formation  of  local  geographic  pictures.  The  overall  breakthrough  came  in  the  fifteenth  century  with  the  construction  of  the  caravel, a  highly  maneuverable  one- or  two-mast  Portuguese  sailing  vessel.  It  made possible  the  circumnavigation  of  Africa  up  to  India  by  Vasco  da  Gama,  the discovery  of  North  and  South  America  by  Columbus  and  Cabral,  and  finally the  circumnavigation  of  the  world  by  Magellan.  This  provided  mankind  for the  first  time  a  map  of  the  world.  The  1507  map  by  the  German  cartographer Martin  Waldseemüller  introduced  the  name  America  for  the  newly  discovered western  continents  (Fig. 11.1). 

On  this  map,  we  can  readily  identify  the  global  migration  path  of  the  Amur falcons,  from  north–east  Asia  to  southern  Africa,  crossing  India;  of  the  European  barn  swallows,  from  northern  Europe  to  South  Africa;  and  of  the  Arctic tern  from  the  Arctic  to  the  Antarctic,  oscillating  between  Africa  and  South America.  These  birds,  and  many  others,  must  thus  have  had  imprinted  in their  minds,  for  millennia  and  in  one  way  or  another,  the  orientation  patterns contained  in  this  map  and  known  to  humans  only  for  some  500  years. 

We  feel  the  force  of  gravity—if  we  drop  a  stone,  it  falls  down.  But  we  have no  feeling  whatsoever  for  magnetism,  and  that  the  strength  of  the  terrestrial magnetic  field  more  than  doubles  between  equator  and  arctic  means  nothing to  us.  The  irregular  molten  iron  core  of  the  earth  makes  both  the  magnetic field  and  the  force  of  gravity  vary  from  place  to  place  on  earth,  thus  creating magnetic  as  well  as  gravitational  maps—maps  unknown  to  us  in  the  times before  the  advent  of  high  technology  (see  Figs. 3.5  and  3.6).  Where  we  see an  immense  flat  monotonic  surface  of  ocean,  the  hills  and  valleys  underwater produce  an  intricate  variation  of  gravity,  and  the  fluctuations  of  the  terrestrial Fig.  11.1 

The  map  of  the  world  of  1507,  by  Martin  Waldseemüller 
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core  lead  to  similar  variations  of  the  magnetic  field.  We  know  that  a  number of  avian  species  can  “feel”  minute  variations  both  in  the  magnetic  field  and  in gravity,  and  in  many  regions  of  earth  that  provides  them  with  a  bicoordinate or  even  multi-coordinate  grid. 

Avian  Geography 

To  get  some  idea  of  what  that  means,  let  us  first  try  to  picture  how  our  shearwater  AX6578  could  have  made  it  back  from  Boston  to  Skokholm.  It  had extensive  experience  in  flying  over  the  coast  of  Wales  and  over  the  adjoining open  Atlantic.  From  this  it  knew  that  in  general  when  flying  from  land  out  to sea,  the  sun  was  in  a  semicircle  on  its  left;  if  it  wanted  to  return,  when  far  out at  sea,  with  land  no  longer  visible,  it  had  to  turn  around  to  have  the  sun  on its  right.  So  it  had  learned  the  patterns  “out  to  sea,  sun  at  left”  and  “towards home,  sun  at  right”.  This  landmark  information  is  clearly  helpful  here  to make  the  choice  between  eastward  and  westward.  In  addition,  it  was  familiar with  the  magnetic  intensity  at  home  (around  48,000  T  in  our  units)  and the  corresponding  inclination  of  the  magnetic  field  (around  70°).  Both  these values  increase  going  north,  decrease  going  south  (see  Fig. 3.5),  so  Skokholm was  on  a  sort  of  magnetic  slope  rising  from  south  to  north.  When  the  bird  was displaced  to  Boston,  it  found  there  a  similar  slope,  on  which  it  felt  a  slightly higher  magnetic  intensity  (about  55,000  T),  but  about  the  same  inclination  as at  home.  Moreover,  when  it  was  just  above  the  New  England  coastline,  flying out  to  sea,  the  sun  was  on  its  right.  So  after  a  brief  reflection,  it  correctly concluded  “go  with  sun  at  right,  slightly  downhill  in  magnetic  intensity,  but at  the  same  inclination”.  Gravitational  data  supported  this  decision.  At  home, the  gravitational  constant   g   was  above  average,  while  at  Boston  it  was  quite  a bit  below  average  (see  Fig. 3.6).  Flying  eastward,  g   slowly  increased  more  and more,  towards  the  value  the  bird  knew  from  Wales,  so  everything  was  correct. 

We  had  noted  that  the  bird  far  out  at  sea  knew  from  its  home  experience that  flying  back  to  the  nesting  site  meant  having  the  sun  in  its  right  hemisphere.  But  what  if  the  sky  should  suddenly  become  covered  while  the  bird was  out  at  sea?  Then  a  new  indicator  would  be  needed,  and  one  such  is  in fact  provided  by  both  magnitude  and  inclination  of  the  magnetic  field.  On the  flight  out  to  sea,  both  increase  on  the  right  and  decrease  on  the  left,  so  for the  return,  this  has  to  be  inverted.  The  bird  knows  that  without  sun,  it  has to  keep  the  downward  slope  of  the  magnetic  observables  on  its  right  and  fly towards  increasing  gravity  in  order  to  get  home.  We  thus  find  that  the  three observables,  solar  position,  magnetic  slope,  and  increasing  gravity,  are  in  fact

11 The Geography of the Species

97

redundant:  one  would  be  enough.  In  many  experiments,  it  was  found  that birds,  if  given  a  choice,  prefer  the  solar  information,  and  so  we  assumed  that our  shearwater  would  also  use  the  sun  shining  brightly  at  its  release. 

To  see  how  crucial  additional  information  is,  assume  the  bird  would  have been  displaced  from  somewhere  in  western  Russia  to  the  interior  of  Siberia, at  the  same  latitude,  and  in  a  country  with  no  landmarks  at  start  and  finish.  It would  find  a  considerable  increase  in  magnetic  intensity,  from  50,000  at  the start  to  60,000  T  at  the  new  site,  initially  decreasing  slowly  towards  the  south and  at  the  end  decreasing  rapidly  towards  south,  east,  and  west.  The  magnetic inclination,  on  the  other  hand,  was  the  same  throughout,  flat  east–west,  and decreasing  towards  the  south.  Without  further  information,  the  bird  could fly  either  east  or  west.  Now  the  rescue  could  come  from  the  gravity,  which increases  noticeably  towards  the  east,  towards  values  known  from  the  home site. 

We  thus  realize  that  since  geography  was  essential  for  many  species  of  birds, but  not  for  most  humans,  the  evolution  of  the  species  led  to  a  much  more refined  avian  geography.  Finding  the  sea  passage  to  India  was  quite  irrelevant for  the  vast  majority  of  Europeans,  while  knowing  the  passage  from  Scandinavia  to  South  Africa  was  essential  for  a  great  variety  of  birds.  Only  the  most modern  technology  has  brought  us  to  a  geographic  level  comparable  to  that of  a  migrating  bird. 

Further  Reading 

Steinberg,  M.  (2010).  Avian  geography.  Geographical  Review,  100,  2. 
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Learning  How  to  Fly 

 Seguir  con  gli  occhi  un  airone  sopra  il  fiume 

 e  poi  ritrovarsi  a  volare 

 e  sdraiarsi  felice  sopra  l’erba  ad  ascoltare  un  sottile  dispiacere. 

 Capire  tu  non  puoi,  tu  chiamale  se  vuoi:  emozioni. 

 Follow  with  your  eyes  a  heron  above  the  river 

 and  then  find  yourself  flying 

 and  lying  down  in  the  grass,  listening  to  a  subtle  sorrow. 

 You  cannot  understand,  but  if  you  wish,  you  can  call  it:  emotions. 

 Emozioni 

 Lucio  Battisti  (1943–1998) 

 Italian  Singer  and  Composer 

Humans  have  always  looked  with  envy  at  the  birds  up  there—they  can  fly, we  cannot.  And  humans  have  for  many  years  tried  to  overcome  this  handicap in  a  number  of  attempts—from  Ikarus  to  Leonardo  da  Vinci,  from  Montgolfier  and  Otto  Lilienthal  to  the  Brothers  Wright.  For  many  centuries,  this challenge  remained  unsolved:  can  humans  learn  how  to  fly?  And  if  they  were able  to  learn,  could  they  then  fly  together  with  the  birds? 

Humans,  not  endowed  with  the  tools  birds  have  by  nature,  have  to  turn to  some  form  of  applied  science.  The  wings  of  Ikarus,  built  of  feathers  and wax,  simply  don’t  suffice.  So  what  forces  are  there  in  nature  that  can  provide humans  with  an  upward  lift?  Physics  provides  essentially  two  answers. 
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Archimedes’  Principle 

Hot  air  rises,  since  it  is  less  dense  than  its  cooler  surroundings:  this  is  just another  case  of  Archimedes’  Principle,  which  also  has  wood  floating  (and not  sinking)  in  water.  So  a  source  of  air  hotter  than  the  environment  will drift  upwards,  and  it  was  known  for  many  years  that  small  hot-air  balloons would  rise  in  the  air.  The  Chinese  used  such   Kongming   lanterns  for  mili-tary  signaling  since  ancient  times.  The  application  of  this  principle  to  make humans  airborne  was  provided  in  1783  by  the  brothers  Jacques  and  Joseph Montgolfier  in  France,  when  their  crew  rose  some  hundred  or  more  meters up  in  the  air  in  a  hot-air  balloon  (Fig. 12.1).  With  the  help  of  added  sails and  propeller  engines  it  became  even  possible  to  fly  over  some  distance  in  a directed  way,  in  general  only  in  a  rather  haphazard  and  not  very  controllable way.  An  exception  were  the  Zeppelin  vessels  in  the  first  half  of  the  twentieth century,  using  hydrogen  gas  for  lift,  propellers  for  power,  and  rudders  for maneuverability.  For  birds,  the  phenomenon  is  only  of  indirect  use:  cranes or  geese  use  such  thermal  air  motion  as  an  elevator  to  lift  them  up  to  higher altitudes,  but  the  actual  source  of  the  lift  of  the  bird  is  another. 

Bernoulli’s  Law 

It  comes  from  the  second  lesson  of  physics  and  is  known  as  Bernoulli’s  law, named  after  the  Swiss  physicist  Daniel  Bernoulli  (1700–1782).  Consider  a gas  flowing  through  a  tube.  If  the  diameter  of  the  tube  suddenly  decreases,  the gas  has  to  flow  faster  to  get  through.  Since  the  overall  energy  of  the  molecules is  not  altered,  the  faster  longitudinal  flow  results  in  a  decreased  orthogonal motion,  i.e.,  a  decreased  pressure  on  the  walls  of  the  tube.  In  other  words, faster  flow  means  lower  pressure,  lower  flow  higher  pressure  (see  Fig. 12.2). 

Consider  now  an  idealized  bird  wing  in  a  wind  tunnel.  The  transverse flow  area  above  the  wing  increases  (see  Fig. 12.3), and  that  below  the  wing decreases;  as  a  result,  the  pressure  above  the  wing  decreases,  and  that  below the  wing  increases—the  overall  effect  is  a  lift.  The  crucial  point  here  is  the flow  of  the  air  relative  to  the  wing—it  does  not  matter  whether  that  flow arises  through  air  motion  or  through  the  motion  of  the  bird  through  the medium. 

We  note  that  for  gain  in  altitude,  no  wing  flapping  is  needed—that  is  only required  to  give  the  bird  the  necessary  speed  of  motion.  Albatrosses  use  the variations  of  the  air  motion  to  achieve  their  flying  speed  and  so  they  can  keep their  wings  fixed. 

[image: Image 51]
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Fig.  12.1 

Montgolfier  hot-air  balloon

Genuine  controlled  flights  of  humans  thus  started  in  the  late  1890s  with Otto  Lilienthal,  who  had  studied  aerodynamics  in  some  detail  and  used  the results  to  construct  fixed-wing  gliders.  These  started  at  higher  altitudes  and then  descended  in  an  oscillatory  fashion,  making  use  of  air  pressure  variations,  or  they  were  pulled  up  manually  against  the  air  pressure  to  then descend. 

The  ultimate  aim,  an  air-vehicle  able  to  retain  altitude  and  speed  by  its  own power  then  came  in  the  early  twentieth  century,  with  the  Wright  brothers  and their  successors:  the  propeller  of  the  plane  engine  provided  the  needed  speed through  the  air,  the  tilt  of  the  wings  and  variations  of  speed  led  to  upward, constant,  or  downward  motion.  Humans  could  fly  after  all…

[image: Image 52]
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Fig.  12.2 

The  relation  between  flow  and  pressure  in  a  tube

Fig.  12.3 

The  relation  between  flow  and  pressure  for  a  bird  wing Avian  Flight  Patterns 

Birds  carry  out  long  distance  travels,  such  as  migrations,  in  different  group-ings:  individually,  as  most  pelagic  birds,  such  as  shearwaters  or  arctic  terns;  in formations  of  some  ten  or  more  birds,  in  V-form  or  in  form  of  an  echelon, such  as  cranes  or  geese;  or  in  swarms,  clusters  of  many  hundreds  or  thousands of  birds,  such  as  starlings.  Let  us  consider  the  latter  two  forms  in  a  little  more detail;  we  begin  by  looking  once  more  at  the  motion  of  the  air  caused  by  the flying  bird. 

As  the  bird  flaps  its  wings,  it  pushes  downward  the  air  just  below  it,  the so-called  downwash;  in  compensation,  the  air  beyond  the  wingtips  is  pushed

[image: Image 54]
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Fig.  12.4 

Air  motion  of  a  flying  bird 

upward.  As  a  result,  another  bird  flying  just  behind  it  and  in  line  with  the wing  tip,  that  bird  will  experience  an  upward  force  due  to  the  upwash,  an effortless  lift  making  flying  easier  (Fig. 12.4). 

In  the  case  of  formation  patterns,  the  birds  generally  rise  in  a  random fashion  and  try  to  gain  altitude,  ideally  with  the  help  of  thermal  updrafts. 

Once  they  have  reached  sufficient  altitude,  they  align  in  one  or  the  other mentioned  linear  forms  (Fig. 12.5).  The  main  advantage  of  this  formation flying  is,  as  we  just  saw,  that  it  saves  considerable  energy:  the  wing  motion  of  a bird  in  front  creates  an  updraft  for  the  follower.  This  obviously  does  not  apply to  the  leading  bird,  and  so  the  birds  periodically  change  positions.  Another advantage  is  that  the  birds  have  each  other  in  view  and  can  communicate  or warn  of  predators.  Moreover,  young  birds  on  their  first  flight  can  follow  their elders  and  thus  store  the  route  information  for  later  trips.  These  arguments apply  in  particular  to  a  moderate  number  of  larger  and  heavier  birds,  with considerable  wing  spans  and  moderate  flapping  rates. 

For  large  numbers  of  small  birds,  such  organized  flight  patterns  do  not make  much  sense.  When  hundreds  or  even  thousands  of  starlings  congregate on  a  common  flight,  the  multitude  of  flapping  wings  creates  turbulent  air motion;  other  factors  must  come  into  play.  The  main  objectives  now  are  the coordination  of  the  flight  direction  and the avoidance of predator actions. 

[image: Image 55]
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Fig.  12.5 

Flight  formations:  a  V-shape, b  echelon

Further  Reading 

Satz,  H.  The  rules  of  the  flock,  Oxford  University  Press. 
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Flying  with  the  Birds 

 Wenn  ich  ein  Vöglein  wär’,  und  auch  zwei  Flügel  hätt’,  flög  ich  zu  dir. 

 Weil’s  aber  nicht  kann  sein,  bleib’  ich  allhier. 

 (if  I  were  a  little  bird  and  also  had  two  wings,  I  would  fly  to  you. 

 But  since  this  can’t  be,  I  just  stay  here) 

 German  children’s  song 

Our  flying  with  the  birds  was  a  more  complex  issue.  How  can  we  tell  them that  we  want  to  fly  together?  Many  attempts  to  understand  avian  behavior lead  to  the  despairing  comment  that  “unfortunately  we  cannot  talk  to  the birds”.  There  are  some  few  cases,  however,  in  which  humans  and  birds  did succeed  to  communicate,  and  I  want  to  close  this  book  with  some  most remarkable  instances  of  this  kind. 

The  famous  Austrian  zoologist  Konrad  Lorenz,  one  of  the  founders  of  the study  of  animal  behavior  (ethology),  had  discovered  the  phenomenon  of  early childhood  imprinting  in  geese:  whatever  creature  they  encounter  in  their  first period  of  life  after  hatching,  they  consider  as  their  kin,  their  parents.  This is  clearly  very  helpful,  since  the  newly  hatched  chicks  become  immediately attached  to  their  mother  and  follow  her  everywhere.  Lorenz  demonstrated this  form  of  imprinting  on  himself:  he  helped  the  chicks  with  hatching,  and following  that,  they  took  him  to  be  their  father,  followed  him  around,  begged for  food  and  protection,  and  insisted  on  his  presence.  So  here  birds  and  their human  “parents”  can  communicate  and  as  it  turned  out,  even  fly  together. 
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C’mon  Geese 

The  first  person,  as  far  as  I  know,  who  made  use  of  this  was  a  multi-talented Canadian  by  the  name  of  William  Lishman,  born  in  1937.  He  was  a  sculptor, a  naturalist,  an  aviator,  an  author,  and  much  more.  He  had  learned  of  the work  of  Lorenz  and  in  1988  decided  to  hatch  a  set  of  Canadian  Goose  eggs. 

The  chicks  arrived  and  as  predicted  took  Bill  as  their  parent.  As  they  grew larger,  he  proceeded  to  drive  fairly  fast  over  the  farm  grounds  with  his  motorcycle,  and  the  geese  learned  to  follow  him,  running  as  fast  as  they  could.  He then  decided  to  equip  his  motorcycle  with  wings  and  started  bouts  of  flying— 

with  the  geese  behind  him.  Eventually  he  converted  this  flying  device  into  a simple  maneuverable  fixed-wing  airplane—and  with  this,  he  could  circle  in the  sky,  with  the  flock  of  12  geese  beside  or  behind  him  (Fig. 13.1).  So  in the  year  1988,  for  the  first  time  (as  far  as  I  know),  humans  and  birds  flew together,  and  both  seemed  to  enjoy  it  very  much. 

Lishman  made  a  beautiful  video  of  this  adventure,  and  it  can  be  seen  on the  Internet  under  the  title  “C’mon  Geese ”,  which  was  eventually  distributed internationally  by  the  American  Public  Broadcasting  Service  PBS. 

This,  however,  leads  to  a  problem  which  even  Lorenz  did  not  anticipate. 

Geese  are  migratory  birds;  in  the  wild,  every  fall  they  leave  their  northern Fig.  13.1 

Bill  Lishman  flying  with  his  geese.  Photo   Carmen  Lishman 
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nesting  areas  to  spend  the  winter  in  more  southerly  regions.  The  migration route  is  not  inherited;  it  is  led  by  experienced  older  birds  who  know  the  way and  show  it  to  the  young,  who  then  learn  it  and  can  execute  it  on  their  own at  later  times.  So  what  happens  if  geese  are  imprinted  on  humans  and  have  no older  geese  around  to  show  them  where  to  fly  when  migration  time  comes? 

Thus  it  was  clear  that  the  homework  was  not  yet  completed.  In  1993,  Bill Lishman  therefore  flew  with  a  flock  of  18  inexperienced  geese  from  Canada  to a  winter  stay  in  Virginia,  with  a  number  of  stops  in  between.  The  remaining open  question  was  whether  the  geese  would  consider  Canada  their  home  and return  there  on  their  own  next  spring.  They  indeed  left  Virginia  in  Spring, destination  unknown.  Needless  to  say  that  Bill  Lishman  and  his  colleagues broke  out  in  wild  enthusiasm  when  less  than  2  weeks  later  they  received  the news  that  16  of  the  18  geese  had  arrived  safely  in  Ontario,  on  “their”  farm. 

In  the  coming  year,  Hollywood  bought  the  movie  rights  for  this  story  and  in 1996  turned  it  into  a  very  successful  movie,  Fly  Away  Home. 

The  issue  of  human-aided  migration  was  considered  seriously  at  this  time also  in  Europe. 

The  Geese  of  Christian  Moullec 

A  French  meteorologist,  Christian  Moullec,  had  taken  up  the  challenge.  In 1995,  he  raised  a  number  of  Lesser  White-Fronted  Geese  ( Anser  erythropus) by  hatching  eggs  he  had  obtained,  and  subsequently  took  the  baby  geese  to northern  Scandinavia.  They  are  considered  an  endangered  species,  and  his effort  was  part  of  a  plan  to  reintroduce  them  there.  The  geese  had  grown up  with  him;  they  not  only  followed  him  wherever  he  walked  around,  but he  had  later  on  also  taught  them  to  follow  him  when  he  flew  an  ultralight microplane.  When  the  migration  season  came,  he  started  out  from  Scandinavia  towards  the  south  in  his  ultralight  plane,  with  30  geese  following him  (Fig. 13.2). In  the  course  of  the  flight,  three  geese  decided  to  leave  the group,  so  after  some  weeks  of  flying,  with  many  stops  at  likely  rest  spots,  27 

geese  reached  the  planned  wintering  area  in  southern  Germany.  In  October, Christian  Moullec  left  them  there,  his  “children”,  with  tears  in  his  eyes.  The following  summer,  he  went  back  to  that  lake  in  Sweden  to  check.  He  found that  15  of  his  geese  had  come  back  there,  and  they  greeted  him  enthusias-tically.  The  others  had  presumably  joined  different  groups  in  Germany  and flown  north  with  them  to  their  corresponding  nesting  area. 

[image: Image 58]
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Fig.  13.2 

Christian  Moullec  flying  with  his  geese 

The  Waldrapp  Project 

The  other  case  deals  with  a  species  called  Northern  Bald  Ibis,  or  “Waldrapp” 

in  German.  It  is  a  bird  about  the  size  of  a  turkey,  with  shiny  black  plumage and  a  bare  red  head  (Fig. 13.3).  It  was  much  hunted  and  its  meat  was  considered  a  delicacy,  with  the  result  that  by  1630  it  was  extinct  in  central  Europe. 

Small  colonies  survived  in  Morocco  and  Turkey,  but  it  ranks  very  high  on  the list  of  endangered  species,  with  only  some  500  free-living  birds  surviving  in 2005,  and  another  2000  in  captivity.  Around  the  year  2000,  Austria  initiated a  plan  to  reintroduce  the  species  in  central  Europe,  and  in  2014  a  long-range  European  Union  Project  was  approved  to  that  purpose.  By  that  time, the  Waldrapp  was  largely  extinct  as  a  free-living  bird,  except  for  some  small groups  (<200)  in  Morocco,  so  the  project  aimed  at  the  resurrection  of  an almost  extinct  species,  under  scientific  supervision. 

To  that  end,  it  was  planned  to  establish  three  to  four  new  Waldrapp colonies  in  Austria  and  Germany,  with  a  common  wintering  area  in  Tuscany/ 

Italy.  The  latter  was  necessary,  since  the  birds  live  on  worms  and  insects and  hence  are  migratory;  they  have  to  spend  the  winter  in  warmer  southern regions.  This  led  to  the  same  problem  as  with  the  geese:  there  were  no older  Waldrapp  birds  to  show  the  way  to  the  young.  The  project  was  led by  Johannes  Fritz,  a  biologist  from  the  University  of  Vienna,  whose  singular efforts  got  things  going.  They  acquired  eggs  from  Waldrapps  in  captivity, hatched  them,  and  then  assigned  two  foster  mothers  to  the  newly  born  chicks. 

They  wore  yellow  shirts,  cuddled  and  fed  the  babies,  and  always  called  them by  the  same  call.  After  a  few  weeks,  the  young  birds  were  firmly  imprinted, and  when  their  mothers  started  flying  with  an  ultralight  plane,  they  were
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Fig.  13.3 

Northern  bald  ibis  or  “Waldrapp”  (Geronticus  eremita)

ready  to  follow  them  south  to  Tuscany  (Fig. 13.4).  They  kept  things  in  view: they  followed  the  plane  only  if  their  yellow-shirted  mothers  were  in  it…

By  now,  a  number  of  such  flights  from  Bavaria  to  the  wintering  area  in Tuscany  have  taken  place.  Starting  2011,  the  first  birds  made  it  back  north on  their  own,  and  there  have  also  been  successful  flights  of  experienced  birds leading  youngsters  to  the  South.  A  considerable  obstacle  for  some  time  was hunting  in  Italy.  All  birds  carried  positioning  devices,  however,  which  made  it possible  to  detect  also  the  bird-killer;  this,  coupled  with  an  extensive  information  campaign  and  severe  penalties,  quickly  reduced  the  hunting  losses.  The European  Project  was  extended,  and  one  now  hopes  that  by  2028,  a  sufficient number  of  Waldrapp  birds  live  and  migrate  on  their  own,  so  that  the  species is  once  more  existent  free-living  in  Europe. 

Humans  thus  cannot  only  fly,  they  can  also  get  birds  to  join  them  on  flights to  a  common  destination. 

We  note  that  there  are  not  many  written  reports  on  the  subject  of  this chapter.  Further  information  is  best  found  on  the  Internet  (Google)  under the  relevant  title. 
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Fig.  13.4 

The  migrating  Waldrapp  team  over  the  Alps.  Photo   C.  Esterer Further  Reading 
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Epilogue 

 Auf  ersten  Blick  scheint  es,  als  spiele  der  Wind  mit  den  Vögeln  wie  die  Katze  mit  der Maus.  Aber  die  Rollen  sind  vertauscht:  die  Vögel  spielen  mit  dem  Sturm (At  first  sight  it  seems  as  if  the  wind  is  playing  with  the  birds  like  a  cat  with  a  mouse. 

 But  the  roles  are  reversed:  the  birds  are  playing  with  the  storm) Konrad  Lorenz ,  Er  redete  mit  dem  Vieh,  den  Vögeln  und  den  Fischen  (1963) Some  100  years  ago,  avian  navigation  was  believed  to  work  in  a  way  very similar  to  that  of  humans.  In  the  fall,  birds  from  northern  Scandinavia  would fly  south,  with  the  direction  largely  determined  by  the  sun,  and  proceed using  landmarks  such  as  shore-lines,  rivers,  and  mountain  ranges,  to  reach their  southern  goal.  The  use  of  landmarks  often  made  it  helpful  to  have experienced  elder  birds  showing  the  young  details  of  the  route. 

The  realization  that  some  species  of  birds  have  intrinsically  a  much  greater set  of  tools  for  navigation  came  from  two  breakthrough  sources.  One  was  the return  experiments  with  the  Shearwater.  The  greatest  navigational  problem for  human  navigation  was  until  fairly  recently  the  determination  of  longitude—a  number  of  ships  of  the  British  Navy,  including  their  admiral  Shovell, were  destroyed  in  1805  when  they  ran  into  the  rocky  shores  of  the  Scilly Islands,  off  the  French  coast,  because  of  an  incorrect  longitude  determination.  The  Shearwater  which  Ronald  Lockley  had  brought  to  Venice  and  set free  there  did  not  fly  south–west  over  the  open  waters  of  the  Mediterranean, as  expected,  but  instead  inland  north–east.  It  thus  flew  home  towards  Britain: it  apparently  knew  its  actual  longitude  as  well  as  that  of  home.  The  other  bird, AX6587,  set  free  at  Boston,  did  not  fly  west  towards  the  land,  but  instead
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eastwards  towards  the  open  Atlantic  and  in  the  direction  of  Britain.  Therefore it  must  also  have  been  aware  of  its  actual  longitude  and  that  of  its  home. 

And  this  avian  knowledge  of  longitude  was  presumably  quite  precise.  The Albatross  leaving  the  Pacific  coast  of  America  to  fly  back  to  Hawaii  was aiming  for  a  target  thousands  of  kilometers  away  and  covering  only  an  angle of  less  than  three  degrees.  An  error  of  five  degrees  in  the  flight  of  the  bird would  have  caused  it  to  miss  the  islands. 

We  have  thus  seen  that  many  species  of  birds  are  never  lost  anywhere  on Earth.  We  saw  that  an  Albatross,  somewhere  in  the  endless  widths  of  the Pacific  Ocean,  even  on  a  cloudy  day,  knows  where  it  is  and  how  to  get  home. 

If  adult  Starlings  on  their  migration  from  Scandinavia  to  the  Bretagne  are caught  in  Holland  and  displaced  a  1000  km  to  the  East,  they  realize  the  shift and  fly  west,  rather  than  continuing  south.  So  do  European  Reed  Warblers, on  their  way  from  East  Prussia  to  Lake  Ladoga,  if  they  are  shifted  a  1000  km to  the  East;  they  correct  for  the  displacement  and  fly  far  enough  west  to  reach their  goal.  In  all  these—and  many  other  cases—a  human  without  modern technology  would  indeed  be  lost.  So  the  birds  must  have  a  built-in  form  of such  technology—in  all  these  cases,  there  are  no  landmarks  to  guide  them, as  there  probably  are  for  Swallows  flying  from  Germany  to  South  Africa,  or from  North  America  to  Argentina. 

In  the  past  years,  it  was  shown  in  a  variety  of  studies  that  the  intensity  and inclination  of  the  Earth’s  magnetic  field,  as  well  as  the  strength  of  the  force  of gravity,  can  provide  the  birds  with  an  intrinsic  map  which  they  can  use  for navigation.  In  addition,  they  of  course  also  use  solar  and  stellar  information, which  provided  the  only  tools  for  the  early  human  navigators.  In  the  case  of Reed  Warblers,  it  was  shown  that  they  were  indeed  lost  if  their  source  for magnetic  information  (the  trigeminal  nerve)  was  made  inoperative. 

We  can  thus  be  fairly  sure  that  birds  such  as  the  Albatross,  the  Shearwater or  the  Arctic  Tern,  when  they  are  flying  over  the  endless  and  for  us  humans uniform  oceans,  in  fact,  have  access  to  a  structured  map  provided  by  magnetic and  gravitational  as  well  as  solar  and  stellar  signals.  And  their  global  positioning  system  (GPS),  in  contrast  to  ours,  does  not  need  satellites  and  the like—it  functions  by  simply  using  the  information  provided  by  the  Earth itself.  The  apparently  uniform  endless  ocean,  on  which  humans  are  readily lost,  is  for  the  birds  a  three-dimensional  surface,  with  magnetic  and  gravitational  landmarks  galore.  So  the  Albatross  fishing  off  the  coast  of  Brazil  can fly  back  to  its  nest  off  the  coast  of  New  Zealand  without  ever  seeing  land.  He finds  back  using  unconventional  signs… 

The  second  new  source  of  information  for  us  are  the  miniaturized  electronic  devices.  We  can  today  attach  such  a  device  to  an  Albatross  or  an  Arctic
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Tern  and  thereby  follow  its  path  in  time  and  space.  This  has  shown  to  us  that the  Tern  is  not  just  oscillating  around  over  a  uniform  ocean  surface,  but  that it  is  following  the  virtual  magnetic  and  gravitational  structure  of  the  Earth’s surface.  It  knows  at  any  time  “where  it  is”.  Similarly  we  can  verify  that  a  given Albatross  has  circumnavigated  the  Earth  in  the  Antarctic  region  several  times a  year,  and  at  each  point,  it  knows  where  its  nest  is. 

The  advent  of  modern  GPS  technology  in  the  evolution  of  human  science was  thus  preceded  by  the  biological  evolution  of  avian  navigation.  The  birds were,  and  presumably  still  are,  ahead  of  us  in  navigation.  Remember  this, when  you  see  that  swallow  flying  overhead. 
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