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Préface 
 

/ƻƳƳŜƴǘ ǘƻǳǘ ŘƻŎǘƻǊŀƴǘΣ ŀǾŀƴǘ ŘΩŀǘǘŀǉǳŜǊ Ƴƻƴ ǇǊƻƧŜǘ ŘŜ ǘƘŝǎŜΣ ƧΩŀƛ ŘǶ ŜȄǇƭƛǉǳŜǊ Ł ƳŜǎ ŀƳƛǎΣ Ƴŀ 

famille, mes collègues et autres personnes ǉǳŜƭ Şǘŀƛǘ ƭΩƻōƧŜǘ Ŝǘ ƭΩƛƴǘŞǊşǘ ŘŜ ŎŜ ǎǳƧŜǘΦ Lƭ Ŝǎǘ ǘƻǳƧƻǳǊǎ 

difficile de répondre à cette question, mais généralement, il est possible de le faire relativement 

rapidement. Arrivant au terme de ce projet, je me suis posé la question de savoir, si je devais résumer 

Ƴŀ ǘƘŝǎŜ Ł ŘΩŀǳǘǊŜǎ ǇŜǊǎƻƴƴŜǎΣ ǉǳŜ ŘƛǊŀƛǎ-je en premier Κ WŜ ƳŜ ǎǳƛǎ ǊŜƴŘǳ ŎƻƳǇǘŜ ǉǳΩƛƭ Şǘŀƛǘ ōƛŜƴ Ǉƭǳǎ 

dur de répondre à celle-ci. Mais il me semble avoir trouvé. 

{ƛ ƧŜ ƴŜ ŘŜǾŀƛǎ ǳǘƛƭƛǎŜǊ ǉǳΩǳƴ Ƴƻǘ ǇƻǳǊ ǊŞǎǳƳŜǊ ƳŜǎ о ŀƴƴŞŜǎ ǇŀǎǎŞŜǎ Ł ǘǊŀǾŀƛƭƭŜǊ ǎur ce projet, ce 

serait « RENCONTRE ». Ce mot peut paraitre étonnant, mais il est résume parfaitement tout ce que 

ŎŜǎ о ŘŜǊƴƛŝǊŜǎ ŀƴƴŞŜǎ ƳΩƻƴǘ ŀǇǇƻǊǘŞΣ ŀǾŜŎ о ǘȅǇŜǎ ŘŜ ǊŜƴŎƻƴǘǊŜǎ ƳŀƧŜǳǊŜǎ : 

Ma première rencontre a été une discipline scientifique Υ ƭΩŞŎƻƭƻƎƛŜ ǎŜƴǎƻǊƛŜƭƭŜΦ WΩŀƛ ǘƻǳƧƻǳǊǎ ŞǘŞ 

émerveillé par les capacités sensorielles des animaux et leur adaptation parfaite à un mode de vie 

ǇǊŞŎƛǎ Ŝǘ ƧŜ ƴŜ ǇŜƴǎŀƛǎ Ǉŀǎ ƭΩşǘǊŜ Ł ƴƻǳǾŜŀǳΦ /Ŝǎ ǘǊƻƛǎ ŀƴƴŞŜǎ ƻƴǘ ŎƻƳǇƭŝǘŜƳŜƴǘ ōƻǳƭŜǾŜǊǎŞ ƳŜǎ 

ŎǊƻȅŀƴŎŜǎ Ŝǘ ƧΩŀƛ ŘŞŎƻǳǾŜǊǘ Ł ǉǳŜƭ Ǉƻƛƴǘ ŎŜǘǘŜ ŘƛǎŎƛǇƭƛƴŜ ƳΩŀ ŦŀƛǘŜ ǊŜǘƻǳǊƴŜǊ Ŝƴ ŜƴŦŀƴŎŜΣ Şǘŀƴǘ Şōƭƻǳƛ 

quotidiennement par les nouvelles découvertes témoignant des incroyables capacités sensorielles 

présentes dans le monde du vivant. A ce titre, je tiens à saluer toutes les personnes Řƻƴǘ ƧΩŀƛ ōǳ ƭŜǎ 

ǇŀǊƻƭŜǎ ƳΩŜȄǇƭƛǉǳŀƴǘ ƭŜǳǊǎ ŘŞŎƻǳǾŜǊǘŜǎ ŞǘƻƴƴŀƴǘŜǎΦ  

Ma deuxième rencontre (devrais-je dire mes rencontres) a été la qualité humaine des personnes que 

ƧΩŀƛ ŎƾǘƻȅŞŜǎ ǘƻǳǘ ŀǳ ƭƻƴƎ ŘŜ ŎŜ ǇǊƻƧŜǘΦ vǳŜ ŎŜ ǎƻƛǘ ƭŜǎ ŎƻƭƭŝƎǳŜǎ Ŝǘ ŀƳƛǎ Řǳ ƭŀōƻΣ ƭŜǎ collaborateurs des 

Ǉƭǳǎ ŘƛǎǇƻƴƛōƭŜǎ Ŝǘ ƳŜǎ ŘŞǎƻǊƳŀƛǎ ŀƳƛǎ ŘŜǎ ŘƛŦŦŞǊŜƴǘŜǎ ǾƻƭŜǊƛŜǎΣ ŎΩŜǎǘ ƎǊŃŎŜ Ł Ǿƻǳǎ ǉǳŜ ƧΩŀƛ Ǉǳ ƳŜƴŜǊ 

ce projet à bien. Ce sont des rencontres qui permettent de se dire que ce que vous faite a un sens, et 

vous ne voulez en conséquence ne pas les décevoir.  

Enfin, ma troisième rencontre est en fait une deuxième rencontre : cette rencontre avec moi-même. Je 

ƳŜ ǊŜƴŘǎ ŎƻƳǇǘŜ ƳŀƛƴǘŜƴŀƴǘ ǉǳŜ ƳŜǎ о ŀƴƴŞŜǎ ŘŜ ǘƘŝǎŜ ƳΩƻƴǘ ǘƻǘŀƭŜƳŜƴǘ ǘǊŀƴǎŦƻǊƳŞΦ Lƭ ǎŜǊŀƛǘ ǘǊƻǇ 

long de tout détailler, mais je me ǇŜǊƳŜǘǎ ŘŜ ŎƛǘŜǊ ǳƴ ŜȄŜƳǇƭŜΦ hǳǘǊŜ ƭŀ ƳŀǘǳǊƛǘŞ ƎŀƎƴŞ όƧŜ ƭΩŜǎǇŝǊŜύΣ 

ƧΩŀƛ Ŝǳ ǳƴŜ ǾǊŀƛŜ ǎŜŎƻƴŘŜ ǊŜƴŎƻƴǘǊŜ ŀǾŜŎ ƭŀ ŦŀǳŎƻƴƴŜǊƛŜ Ŝǘ ƳŜǎ ƳŜƴǘƻǊǎΣ Ł ǎŀǾƻƛǊ WŜŀƴ-Louis Liegeois 

Ŝǘ Ƴƻƴ ǇŝǊŜΦ /ŜǘǘŜ ǘƘŝǎŜ ƳΩŀ ǇŜǊƳƛǎ ŘŜ ƳŜ ǊŜƴŘǊŜ ŎƻƳǇǘŜ Ł ǉǳŜƭ Ǉƻƛƴǘ ŎŜǘ ŀǊǘ ŎƻǳƭŜ Řŀƴǎ mes veines. 
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Remerciements  
 

WŜ ǘƛŜƴǎ ǘƻǳǘ ǇŀǊǘƛŎǳƭƛŝǊŜƳŜƴǘ Ł ǊŜƳŜǊŎƛŜǊ ƳŜǎ ŘŜǳȄ ŘƛǊŜŎǘŜǳǊǎ ŘŜ ǘƘŝǎŜΣ CǊŀƴŎŜǎŎƻ Ŝǘ 
hƭƛǾƛŜǊΣ ǉǳƛ ƻƴǘ ǘƻǳǘ ŘŜ ǎǳƛǘŜ ŎǊǳ Ŝƴ Ƴƻƛ Ŝǘ ƳΩƻƴǘ ƭŀƛǎǎŞ ǳƴŜ ƭƛōŜǊǘŞ ŘŞŎƻƴŎŜǊǘŀƴǘŜ ǇƻǳǊ 
ƳŜƴŜǊ Ł ōƛŜƴ ŎŜ ǇǊƻƧŜǘΦ 

CǊŀƴŎŜǎŎƻΣ ǉǳŜ ŘƛǊŜ ΚΧ WŜ Řƻƛǎ ǘŜ ƭΩŀǾƻǳŜǊΣ ƧΩŀƛ Ŝǳ ǳƴ ǇŜǳ ǇŜǳǊ ŀǳ ŘŞōǳǘ ŎŀǊ ƧΩŜƴǘŜƴŘŀƛǎ 
ǎƻǳǾŜƴǘ ŘƛǊŜ ǉǳŜ ǘǳ Şǘŀƛǎ ǉǳŜƭǉǳΩǳƴ ŘŜ ǎǘǊƛŎǘ Ŝǘ ŦǊŀƴŎΦ tƻǳǊ ƭŜ ŘŜǳȄƛŝƳŜ ǇƻƛƴǘΣ ŎΩŜǎǘ ōƛŜƴ ǾǊŀƛΣ 
Ƴŀƛǎ œŀ Ŧŀƛǘ Řǳ ōƛŜƴ ŘŜ ǘǊŀǾŀƛƭƭŜǊ Řŀƴǎ ŎŜǎ ŎƻƴŘƛǘƛƻƴǎΦ WŜ ǘŜ ǊŜƳŜǊŎƛŜ ǾǊŀƛƳŜƴǘ Řǳ ŦƻƴŘ Řǳ 
ŎǆǳǊ ŘŜ ǘŀ ŘƛǎǇƻƴƛōƛƭƛǘŞ Ŝǘ ŘŜ ǘƻƴ ŜƴŎŀŘǊŜƳŜƴǘ ŜȄŜƳǇƭŀƛǊŜΦ ¢ǳ ŀǎ ǘƻǳƧƻǳǊǎ ŞǘŞ ƭŁ ǉǳŀƴŘ ƧΩŜƴ 
ŀǾŀƛǎ ōŜǎƻƛƴΣ Ŝǘ ƻǳǘǊŜ ƴƻǘǊŜ ǊŜƭŀǘƛƻƴ ǇǊƻŦŜǎǎƛƻƴƴŜƭƭŜΣ ƧΩŀƛ ŀǇǇǊŞŎƛŞ ǇŀǊǘŀƎŜǊ ŘŜǎ ƳƻƳŜƴǘǎ Ŝƴ 
ŘŜƘƻǊǎ ŘŜ ŎŜ ŎŀŘǊŜ ŀǾŜŎ ǘƻƛΦ WΩŀƛ Ŧŀƛǘ ǳƴŜ ǘǊŝǎ ōŜƭƭŜ ǊŜƴŎƻƴǘǊŜ ƘǳƳŀƛƴŜ Ŝǘ ǎŎƛŜƴǘƛŦƛǉǳŜΣ ǘǳ ŀǎ 
ŎƘŀƴƎŞ Ƴŀ ǇŜǊǎƻƴƴŀƭƛǘŞ Ŝǘ ǎǳǊǘƻǳǘ Ƴŀ ƴŀƠǾŜǘŞ όōƻƴ ƧŜ ǊŜǎǘŜ ǉǳŀƴŘ ƳşƳŜ ǳƴ ōƻƴ ǇƛƎŜƻƴύΦ 
±ǊŀƛƳŜƴǘ ƧŜ ǘŜ ǊŜƳŜǊŎƛŜ ǇƻǳǊ ǘƻǳǘΣ ƧΩŜƴǾƛŜ ŘŞƧŁ ƭŜ ǇǊƻŎƘŀƛƴ ŞǘǳŘƛŀƴǘ ǉǳƛ Ǿŀ ǘǊŀǾŀƛƭƭŜǊ ŀǾŜŎ ǘƻƛΣ 
ƛƭ ƴŜ ƭŜ ǎŀƛǘ Ǉŀǎ ǇƻǳǊ ƭΩƛƴǎǘŀƴǘΣ Ƴŀƛǎ ƛƭ Ŝǎǘ ŎƘŀƴŎŜǳȄΦ 

hƭƛǾƛŜǊΣ ƧŜ ǘŜ ǊŜƳŜǊŎƛŜ ǾǊŀƛƳŜƴǘ ŘΩŀǾƻƛǊ ǇŜƴǎŞ Ł Ƴƻƛ ǇƻǳǊ ŎŜ ǇǊƻƧŜǘΦ WΩŀƛ ŞǘŞ ǘǊŝǎ ǘƻǳŎƘŞ ŘŜ 
ǎŀǾƻƛǊ ǉǳŜ ǘǳ ƳŜ Ŧŀƛǎŀƛǎ ŜƴǘƛŝǊŜƳŜƴǘ ŎƻƴŦƛŀƴŎŜΣ Ŝǘ ƧΩŜǎǇŝǊŜ ǘΩŀǾƻƛǊ ǎŀǘƛǎŦŀƛǘ ǉǳŀƴǘ Ł 
ƭΩŀōƻǳǘƛǎǎŜƳŜƴǘΦ WΩŀƛ ǇŀǎǎŞ Ǉƭǳǎ ŘŜ ǘŜƳǇǎ ŀǳ ǎŜƛƴ ŘŜ ƭΩŞǉǳƛǇŜ 9ŎƻƭƻƎƛŜ /ƻƳǇƻǊǘŜƳŜƴǘŀƭŜ ǉǳŜ 
ƭŀ ǘƛŜƴƴŜΣ Ƴŀƛǎ ƧΩŀŘƻǊŀƛǎ ƭŜǎ ƳƻƳŜƴǘǎ ŘŜ ǇŀǳǎŜ ǉǳŜ ƧŜ ǾŜƴŀƛǎ ǇŀǎǎŜǊ Ŝƴ ǘŀ ŎƻƳǇŀƎƴƛŜ Ŝǘ 
ŎŜƭƭŜǎ ŘŜǎ ŀǳǘǊŜǎ ƳŜƳōǊŜǎ ŘŜ ƭΩŞǉǳƛǇŜΦ WŜ ǘŜ ǊŜƳŜǊŎƛŜ ŀǳǎǎƛ ŘŜ ƳΩŀǾƻƛǊ ŜƳƳŜƴŞ Řŀƴǎ ǘŜǎ 
ŘƛǾŜǊǎ ǇǊƻƧŜǘǎΣ ƴƻǘŀƳƳŜƴǘ ŀǳ wƻŎƘŜǊ ŘŜǎ !ƛƎƭŜǎ ƻǴ ƧΩŀƛ Ǉǳ ǊŜƴŎƻƴǘǊŜǊ ŘŜǎ ǇŜǊǎƻƴƴŜǎ 
ǎǳǇŜǊōŜǎ ƎǊŃŎŜ Ł ǘƻƛΣ Ƴŀƛǎ ŀǳǎǎƛ ǇŀǊǘŀƎŜǊ ƴƻǎ ŎƻƴƴŀƛǎǎŀƴŎŜǎ ǘŀƴǘ ƻǇǇƻǎŞŜǎ Ƴŀƛǎ ŦƛƴŀƭŜƳŜƴǘ 
ŜȄǘǊşƳŜƳŜƴǘ ŎƻƳǇƭŞƳŜƴǘŀƛǊŜǎΦ aŜǊŎƛ ǇƻǳǊ ǘŀ ƧƻƛŜ ŘŜ ǾƛǾǊŜΣ ǘǳ ŀǎ ǘƻǳƧƻǳǊǎ ŞǘŞ ǎƻǳǊƛŀƴǘ Ŝǘ œŀ 
Ŧŀƛǘ Řǳ ōƛŜƴ ǇŀǊŦƻƛǎΦ 9ƴŦƛƴΣ Ǉŀǎ ǎŜǳƭŜƳŜƴǘ Ŝƴ Ƴƻƴ ƴƻƳΣ Ƴŀƛǎ Ŝƴ ŎŜƭǳƛ ŘŜ ǘƻǳǎ ƭŜǎ ŦŀǳŎƻƴƴƛŜǊǎ 
Ŝǘ ǎŎƛŜƴǘƛŦƛǉǳŜǎ ǉǳŜ ƧŜ ŎƻƴƴŀƛǎΣ ƳŜǊŎƛ ŘΩŀǾƻƛǊ ŎǊŞŞ ŎŜ Ǉƻƴǘ ŜƴǘǊŜ ƭŜǎ ǎŎƛŜƴŎŜǎ ŞŎƻƭƻƎƛǉǳŜǎ Ŝǘ ƭŀ 
ŦŀǳŎƻƴƴŜǊƛŜ Ŝƴ CǊŀƴŎŜΦ ¢ǳ ǇŜǳȄ Ŝƴ şǘǊŜ ŦƛŜǊΦ 

[Ŝ ǇǊƻƧŜǘ ƴΩŀǳǊŀƛǘ Ǉǳ ǎŜ ǊŞŀƭƛǎŜǊ ǎŀƴǎ ƭΩŀƛŘŜ ŦƛƴŀƴŎƛŝǊŜ ŘŜ [ŀōŜȄ /ŜƳŜō Ŝǘ ŘŜ ƭΩ!ǎǎƻŎƛŀǘƛƻƴ 
CǊŀƴœŀƛǎŜ ŘŜǎ tŀǊŎǎ ½ƻƻƭƻƎƛǉǳŜǎ ό!CŘt½Σ Ŝǘ Ŝƴ ǇŀǊǘƛŎǳƭƛŜǊ /ŞŎƛƭŜ 9ǊƴȅύΣ Ƴŀƛǎ ŀǳǎǎƛ ŘŜ ǘƻǳǘŜǎ 
ƭŜǎ ƛƴǎǘƛǘǳǘƛƻƴǎ ǉǳƛ ƻƴǘ ŎǊǳ Ŝƴ ŎŜ ǇǊƻƧŜǘΦ WŜ ǊŜƳŜǊŎƛŜ ŘƻƴŎ ǇŀǊǘƛŎǳƭƛŝǊŜƳŜƴǘ Υ [Ŝ DǊŀƴŘ tŀǊŎ Řǳ 
tǳȅ Řǳ Cƻǳ όWŜŀƴ-[ƻǳƛǎ [ƛŞƎŜƻƛǎύΣ ƭŜ wƻŎƘŜǊ ŘŜǎ !ƛƎƭŜǎ ŘŜ wƻŎŀƳŀŘƻǳǊ όwŀǇƘŀšƭ !ǊƴŀǳŘύΣ ƭŜǎ 
!ƛƭŜǎ ŘŜ ƭΩ¦ǊƎŀ όtŀǘǊƛŎŜ tƻǘƛŜǊύΣ ƭŜ ½ƻƻ ŘΩ!ƳƴŞǾƛƭƭŜ όaƛŎƘŜƭ [ƻǳƛǎύΣ ƭŀ ±ƻƭŜǊƛŜ ŘŜǎ !ƛƎƭŜǎ ό9ǊƛŎ 
wŜƴŀǳŘύΣ ƭŜ 5ƻƴƧƻƴ ŘŜǎ !ƛƎƭŜǎ όIŜƴǊƛ ±ŜƴŀƴǘύΣ ƭŜ .ƻƛǎ ŘŜǎ !ƛƎƭŜǎ όŜǘ Ǉƭǳǎ ǇŀǊǘƛŎǳƭƛŝǊŜƳŜƴǘ aǊΦ 
wƻƭŀƴŘ [ŜǊƻǳȄύΣ ƭŜǎ DŞŀƴǘǎ Řǳ /ƛŜƭ ό{ƛƳƻƴ ¢ƘǳǊƛŜǘύΣ ƭŜ ½ƻƻ ŘŜ ƭŀ .ƻǳǊōŀƴǎŀƛǎ όhƭƛǾƛŜǊ ŘŜ 
ƭΩhǊƎŜǊƛƭύΣ ƭŜ ½ƻƻ ŘŜ ƭŀ .ƻƛǎǎƛŝǊŜ Řǳ 5ƻǊŞ ό{ŞōŀǎǘƛŜƴ [ŀǳǊŜƴǘύΣ ƭŜ ½ƻƻ ŘŜ ƭŀ .ŀǊōŜƴ ό/ƘŀǊƭƻǘǘŜ 
tƻƴǎύΣ ƭŜ ½ƻƻ Řǳ tŀƭ ό!ǊƴŀǳŘ .ŜƴƴŜǘύ Ŝǘ ƭŜ tŀǊŎ ŘŜǎ hƛǎŜŀǳȄ ό9ƳƳŀƴǳŜƭ ±ƛǎŜƴǘƛƴύΦ 

WŜ ǊŜƳŜǊŎƛŜ ƭŜǎ ƳŜƳōǊŜǎ Řǳ ƧǳǊȅ ό.Ŝƴƻƛǎǘ {ŎƘŀŀƭΣ !ƭŜȄŀƴŘǊŜ wƻǳƭƛƴΣ !ƭƛƴŜ .ŜǊǘƛƴ Ŝǘ aŀǘǘƘƛŜǳ 
DǳƛƭƭŜƳŀƛƴύ ŘΩŀǾƻƛǊ ǊŞǇƻƴŘǳ ŦŀǾƻǊŀōƭŜƳŜƴǘ Ł Ƴŀ ŘŜƳŀƴŘŜΣ Ŝǘ Ŝƴ ǇŀǊǘƛŎǳƭƛŜǊ aǊΦ .Ŝƴƻƛǎǘ 
{ŎƘŀŀƭ Ŝǘ aǊΦ !ƭŜȄŀƴŘǊŜ wƻǳƭƛƴ ŘΩŀǾƻƛǊ ŀŎŎŜǇǘŞ ŘŜ ƭƛǊŜ ŀǘǘŜƴǘƛǾŜƳŜƴǘ ŎŜ ƳŀƴǳǎŎǊƛǘ ŘŜ ǘƘŝǎŜΦ 
WŜ ǊŜƳŜǊŎƛŜ ŀǳǎǎƛ ƭŜǎ ƳŜƳōǊŜǎ Řǳ ŎƻƳƛǘŞ ŘŜ ǘƘŝǎŜΣ !ƭƳǳǘ YŜƭōŜǊΣ !ƴŀ wƛǾŜǊƻΣ DŞǊŀǊŘ 
/ƻǳǊŜŀǳŘΣ 5ƻǊƛǎ DƻƳŜȊ Ŝǘ CǊŞŘŞǊƛŎ {ƛƳŀǊŘ ǎŀƴǎ ǉǳƛ ƭŜ ǎǳƧŜǘ ƴΩŀǳǊŀƛǘ ŎŜǊǘŀƛƴŜƳŜƴǘ Ǉŀǎ ŞǘŞ 
ŀǳǎǎƛ ŀǇǇǊƻŦƻƴŘƛΦ 

¢ƻǳǘ ŀǳ ƭƻƴƎ ŘŜ ŎŜ ǇǊƻƧŜǘΣ ƧΩŀƛ Ǉǳ ŦŀƛǊŜ ŘŜǎ ǊŜƴŎƻƴǘǊŜǎ ǎŎƛŜƴǘƛŦƛǉǳŜǎ ŜȄǘǊŀƻǊŘƛƴŀƛǊŜǎ Ŝǘ ƧŜ 
ǾƻǳŘǊŀƛǎ ǘƻǳǘ ǇŀǊǘƛŎǳƭƛŝǊŜƳŜƴǘ ǊŜƳŜǊŎƛŜǊ Υ 

!ƭƳǳǘΦ L ǎƛƴŎŜǊŜƭȅ ǘƘŀƴƪ ȅƻǳ ŦƻǊ ŜǾŜǊȅǘƘƛƴƎ ȅƻǳ ƘŀǾŜ ŘƻƴŜ ŘǳǊƛƴƎ ǘƘƛǎ ǇǊƻƧŜŎǘΦ L ǿŀǎ ǎǳǊǇǊƛǎŜŘ 
Ƙƻǿ ƳǳŎƘ ȅƻǳ ŜƴƧƻȅŜŘ ǎŎƛŜƴŎŜΣ ŀƴŘ Ƙƻǿ ȅƻǳ ǿŜǊŜ ŀƭǿŀȅǎ ƘŜŀǊǘǿŀǊƳƛƴƎΧ ̧ƻǳ ǿŜǊŜ ŀƭǿŀȅǎ 
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ŀǾŀƛƭŀōƭŜ ŀƴŘ ŜǾŜƴ ǿƘŜƴ L ǿŀǎ ŘƻǳōǘŦǳƭƭȅ ŀōƻǳǘ Ƴȅ ǇǊƻƧŜŎǘΣ ȅƻǳ ŦƻǳƴŘ ǘƘŜ ǊƛƎƘǘ ǿƻǊŘǎ ǘƻ 
ƎƛǾŜ ƳŜ ǘƘŜ ǎǘǊŜƴƎǘƘ ǘƻ ŎƻƴǘƛƴǳŜΦ L ŀƳ ǾŜǊȅ ǇǊƻǳŘ ǘƻ ƪƴƻǿ ȅƻǳ ŀƴŘ L ƘƻǇŜ ƻǳǊ ǎŎƛŜƴǘƛŦƛŎ ǎǘƻǊȅ 
Ƨǳǎǘ ōŜƎŀƴΦ 

aƛƴŘŀǳƎŀǎΦ L ƴŜǾŜǊ ǘƘƻǳƎƘǘ ǘƘŀǘ ƻƴŜ Řŀȅ L ǿƻǳƭŘ ƪƴƻǿ ŀ [ƛǘƘǳŀƴƛŀƴ ƎǳȅΦ .ǳǘ ǘƻŘŀȅΣ L Ŏŀƴ ǎŀȅ 
ǘƘŀǘ L ƘŀǾŜ ŀ [ƛǘƘǳŀƴƛŀƴ ŦǊƛŜƴŘΦ ¢Ƙŀƴƪ ȅƻǳ ŀƭǎƻ ŦƻǊ ŜǾŜǊȅǘƘƛƴƎ ȅƻǳ ƘŀǾŜ ŘƻƴŜ ŘǳǊƛƴƎ ǘƘƛǎ 
ǇǊƻƧŜŎǘΣ ŀƴŘ ƛǘ ǿŀǎ ŀǿŜǎƻƳŜ ǘƻ ǿƻǊƪ ǿƛǘƘ ȅƻǳΦ L ǿƛƭƭ ŀƭǿŀȅǎ ǊŜƳŜƳōŜǊ ǘƘŜ ƴǳƳōŜǊ ƻŦ ōŜŜǊǎ 
ǿŜ ŘǊŀƴƪ ǘƻƎŜǘƘŜǊΣ ōǳǘ ŀƭǿŀȅǎ ŦƻǊ ǘƘŜ ǎŀƪŜ ƻŦ ǎŎƛŜƴŎŜΣ ƻŦ ŎƻǳǊǎŜΦ L ƘƻǇŜ ǘƘŀǘ ǿŜ ǿƛƭƭ ŎƻƴǘƛƴǳŜ 
ǘƻ ǿƻǊƪ ǘƻƎŜǘƘŜǊ όǿŜ ƘŀǾŜ ǎƻƳŜ ǎǘǳŦŦ ǘƻ ŦƛƴƛǎƘ Τ-ύ ύΦ 

DǊŀƘŀƳΦ ¢Ƙŀƴƪ ȅƻǳ ǎƻ ƳǳŎƘ DǊŀƘŀƳ ŦƻǊ ōŜƛƴƎ ǇǊŜǎŜƴǘ ǎƛƴŎŜ ǘƘŜ ōŜƎƛƴƴƛƴƎ ƻŦ ǘƘƛǎ ǇǊƻƧŜŎǘΦ 
¢Ƙŀƴƪ ȅƻǳ ŀƭǎƻ ŦƻǊ ŀƭƭ ȅƻǳǊ ǎŎƛŜƴŎŜΣ ƛǘ ǿŀǎ ƛƴŎǊŜŘƛōƭŜ ǘƻ ǎǇŜƴŘ п Řŀȅǎ ƛƴ ȅƻǳǊ ƘƻǳǎŜ ǘƻ ŘƛǎŎǳǎǎ 
ŀōƻǳǘ Ƙƻǿ ōƛǊŘǎ ŀǊŜ ŀǿŜǎƻƳŜΦ aŀƴΣ Ƴŀƴȅ ǘƘŀƴƪǎ ŦƻǊ ǘǊǳǎǘƛƴƎ ƳŜ ōȅ ƎƛǾƛƴƎ ƳŜ ȅƻǳǊ Ǿƛǎǳŀƭ 
ŦƛŜƭŘ ŀǇǇŀǊŀǘǳǎ ŘǳǊƛƴƎ ŀƭƳƻǎǘ ǘǿƻ ȅŜŀǊǎΦ L ŀƳ ƘƻƴƻǊŜŘ ǘƻ ǿƻǊƪ ǿƛǘƘ ȅƻǳ ŀƴŘ ƘƻƴƻǊŜŘ ǘƻ ƘŀǾŜ 
ƳŜǘ ǎǳŎƘ ŀƴ ƛƴŎǊŜŘƛōƭŜ ǎŎƛŜƴǘƛǎǘΦ 

WΩŀƛ ǇŀǎǎŞ ƭŀ ǇƭǳǇŀǊǘ ŘŜ Ƴƻƴ ǘŜƳǇǎ Ŝƴ ŎƻƳǇŀƎƴƛŜ ŘŜǎ ǇŜǊǎƻƴƴŜǎ Řŀƴǎ ƭŜǎ ŘƛǾŜǊǎŜǎ ǾƻƭŜǊƛŜǎΦ 
9ƴ ŜŦŦŜǘΣ Ŝƴ Ǉŀǎǎŀƴǘ Ǉƭǳǎ ŘΩǳƴ ŀƴ Ŝǘ ŘŜƳƛ ŀǳ ǎŜƛƴ ŘŜ ŎŜǎ ǾƻƭŜǊƛŜǎ ŀŦƛƴ ŘŜ ƳŜƴŜǊ Ł ōƛŜƴ ƭŜǎ 
ŜȄǇŞǊƛŜƴŎŜǎΣ Ǿƻǳǎ ŎǊŞŜȊ ŦƻǊŎŞƳŜƴǘ ŘŜǎ ƭƛŜƴǎ Ŝǘ Ǿƻǳǎ ǊŜƴŎƻƴǘǊŜȊ ŘŜǎ ǇŜǊǎƻƴƴŜǎ ƘǳƳŀƛƴŜƳŜƴǘ 
ŜȄǘǊŀƻǊŘƛƴŀƛǊŜǎ ǉǳŜ ƧŜ ǘŜƴŀƛǎ ŀǳǎǎƛ Ł ǊŜƳŜǊŎƛŜǊΦ 

¢ƻǳǘ ŘΩŀōƻǊŘΣ ƧΩŀƛ ǇŀǎǎŞ ŘŜ ƴƻƳōǊŜǳȄ Ƴƻƛǎ ŀǳ tǳȅ Řǳ Cƻǳ ƻǴ ƧΩŀƛ Ŧŀƛǘ ŘŜǎ ǊŜƴŎƻƴǘǊŜǎ 
ƛƴƻǳōƭƛŀōƭŜǎ ǉǳƛ ƧϥŜƴ ǎǳƛǎ ǎǶǊ ǇŜǊŘǳǊŜǊƻƴǘ Řŀƴǎ ƭŜ ǘŜƳǇǎΦ 

wƛōƻǳƛΦ WŜ ǎŀƛǎ ǇŜǊǘƛƴŜƳƳŜƴǘ ǉǳŜ ǘǳ ƴΩŞǘŀƛǎ Ǉŀǎ ƭŜ Ǉƭǳǎ ŎƻƴǾŀƛƴŎǳ ǉǳŀƴǘ Ł ƭΩƛƴǘŞǊşǘ ŘŜ Ƴƻƴ 
ǇǊƻƧŜǘΦ bŞŀƴƳƻƛƴǎΣ ǘǳ ƳΩŀǎ Ŧŀƛǘ ŎƻƴŦƛŀƴŎŜΣ ǘǳ ƳΩŀǎ ƭŀƛǎǎŞ ǘǊŀǾŀƛƭƭŜǊ Řŀƴǎ ŘŜǎ ŎƻƴŘƛǘƛƻƴǎ 
ŜȄǘǊŀƻǊŘƛƴŀƛǊŜǎ Ŝǘ ŀǳ ŦƛƴŀƭΣ ŎŜ Ŧǳǘ ǳƴ ǇƭŀƛǎƛǊ ƛƳƳŜƴǎŜ ŘŜ ǘǊŀǾŀƛƭƭŜǊ ŀǾŜŎ ǘƻƛΧ WΩŜǎǇŝǊŜ ǉǳŜ ŎΩŜǎǘ 
ǊŞŎƛǇǊƻǉǳŜΦ WŜ ǘŜ ǊŜƳŜǊŎƛŜ ŘΩŀǾƻƛǊ ŀǳǘŀƴǘ ǇǊşǘŞ ŀǘǘŜƴǘƛƻƴ Ł Ƴƻƴ ǎǳƧŜǘΣ ŘŜ ǘƻƴ ƛƳƳŜƴǎŜ 
ŘƛǎǇƻƴƛōƛƭƛǘŞΣ Ƴŀƛǎ ŀǳǎǎƛ ǇƻǳǊ ƭΩŀǳǘƘŜƴǘƛŎƛǘŞ ŘŜ ƴƻǘǊŜ ǊŜƭŀǘƛƻƴΣ ǘǳ ƳΩŀǎ ǘƻǳƧƻǳǊǎ ŎƻƴǎƛŘŞǊŞ Ŝǘ ƧŜ 
ǎǳƛǎ ǘǊŝǎ ǘƻǳŎƘŞ ŘŜ ƭŀ ǊŜƭŀǘƛƻƴ ŀƳƛŎŀƭŜ ǉǳŜ ƧΩŀƛ Ǉǳ ŘŞǾŜƭƻǇǇŜǊ ŀǾŜŎ ǘƻƛΦ WΩŀƛ ǊŜƴŎƻƴǘǊŞ όƳşƳŜ 
ǎƛ ƻƴ ǎŜ Ŏƻƴƴŀƛǎǎŀƛǘ ǳƴ ǇŜǳ ŀǾŀƴǘύ ǳƴŜ ǘǊŝǎ ƎǊŀƴŘŜ ǇŜǊǎƻƴƴŜ ŀǾŜŎ ǳƴ ŎǆǳǊ ƛƳƳŜƴǎŜΦ 

aŀǊŎƻΦ WŜ ƳŜ ǎƻǳǾƛŜƴǎ ƭŜ ǇǊŜƳƛŜǊ ƧƻǳǊ ŘŜ ǘŜǊǊŀƛƴ ŀǳ tǳȅ Řǳ CƻǳΦΦΦ WΩŞǘŀƛǎ ŎƻƳƳŜ ǳƴ ŜƴŦŀƴǘ Ł 
ƭΩƛŘŞŜ ŘŜ ǘŜ ǊŜǾƻƛǊ Ŝǘ ŘŜ ǇƻǳǾƻƛǊ ōƻƛǊŜ ǘŜǎ ǇŀǊƻƭŜǎ ǎǳǊ ƭΩŀǳǘƻǳǊǎŜǊƛŜΦ WŜ ƴΩŀƛ Ǉŀǎ ŞǘŞ ŘŞœǳΣ ōƛŜƴ 
ŀǳ ŎƻƴǘǊŀƛǊŜΣ ƧΩŀƛ ŀǇǇǊƛǎ ōƛŜƴ Ǉƭǳǎ ǉǳŜ ƧŜ ƴŜ ƭŜ ǇŜƴǎŀƛǎΦ WΩŀƛ ŀǳǎǎƛ ŘŞŎƻǳǾŜǊǘ ǳƴ ŀƳƛΣ ǉǳƛ ŀ ǎǳ Ł 
ƭΩƛƴǎǘŀǊ ŘŜ wƛōƻǳƛ ƳŜ ǉǳŜǎǘƛƻƴƴŜǊ ǎǳǊ Ƴƻƴ ǇǊƻƧŜǘ ǉǳƛΣ ŎŜƭŀ ǎΩŜǎǘ ǾǳΣ ŀ ǇǊƛǎ ŘŜ ƭΩƛƴǘŞǊşǘ Ł ǘŜǎ 
ȅŜǳȄΦ WŜ ǘŜ ǊŜƳŜǊŎƛŜ ŘŜǎ ƳƻƳŜƴǘǎ ǇŀǊǘŀƎŞǎΣ ŘŜǎ ǊƛǊŜǎΣ ŘŜǎ ƭŜœƻƴǎ ŘŜ ŦŀǳŎƻƴƴŜǊƛŜΦ WŜ ƭŜ ǎŀǾŀƛǎΣ 
ǘǳ Ŝǎ ǳƴŜ ǇŜǊǎƻƴƴŜ ǉǳƛ ƎŀƎƴŜ Ł şǘǊŜ ŎƻƴƴǳŜΦ WŜ ǎǳƛǎ ƘŜǳǊŜǳȄ ŘΩŀǾƻƛǊ ŎǊŞŞ ǳƴŜ ǊŜƭŀǘƛƻƴ 
ǇŜǊǎƻƴƴŜƭƭŜ ŀǾŜŎ ǘƻƛΣ ƧΩŜǎǇŝǊŜ ǉǳΩŜƭƭŜ ǇŜǊŘǳǊŜǊŀΦ 9ƴŦƛƴΣ ƳŜǊŎƛ ŀǳǎǎƛ ŘŜ ƳΩŀǾƻƛǊ ƘŞōŜǊƎŞ ǉǳŀƴŘ 
ƧΩŀƛ ǎǳŎŎƻƳōŞ ŀǳ ŎƘŀǊƳŜ ŘŜ ƭŀ ƳŜƴǘƘŜ ǇŀǎǘƛƭƭŜΦ 

¢ƻǘƻŦΦ [ŀ ŦŀǳŎƻƴƴŜǊƛŜ ƴΩŜǎǘ Ǉŀǎ ǳƴŜ ǎŎƛŜƴŎŜΣ Ŝǘ ƛƭ Ŧŀǳǘ ŘƻƴŎ ǳƴ ǇŜǘƛǘ ǉǳŜƭǉǳŜ ŎƘƻǎŜ Ŝƴ Ǉƭǳǎ 
ǉǳΩƻƴ ŀǇǇŜƭƭŜ ƭŜ ζ ǇƛŦ ηΦ ¢ƻǘƻŦ Ŝǎǘ ǳƴ ƳŀƞǘǊŜ Řŀƴǎ ƭΩŀǊǘΦ aŜǊŎƛ ǇƻǳǊ ǘƻǳǘ ŎŜ ǉǳŜ ǘǳ ƳΩŀǎ ŀǇǇǊƛǎΣ 
ŘŜ ǘƻƴ ƻǳǾŜǊǘǳǊŜ ŘΩŜǎǇǊƛǘ Ŝǘ ŘŜ ƳΩŀǾƻƛǊ ǘŀƴǘ ŞƳǳ ƭƻǊǎǉǳŜ ǉǳŜ ǘǳ ǇŀǊƭŀƛǎ ŘŜ ǘƻƴ !ȅƴƛΧ ¢ǳ ǇŜǳȄ 
şǘǊŜ ŦƛŜǊ ŘŜ ŎŜ ǉǳŜ ǘǳ ŦŀƛǎΣ Ŝǘ ƴŜ ǘΩƛƴǉǳƛŝǘŜ ǇŀǎΣ ƧŜ ǎǳƛǎ ǎǶǊ ǉǳŜ ƭƻǊǎǉǳŜ ǘǳ ǊŜǘƻǳǊƴŜǊŀǎ Ŝƴ 
!ǊƎŜƴǘƛƴŜΣ ƳşƳŜ ŘŜ ƭŁ-ƘŀǳǘΣ !ȅƴƛ ǘŜ ŦŜǊŀ ǎŜƴǘƛǊ ǎƻƴ ǎƻǳŦŦƭŜ ŘΩŀƛǊ Ŝƴ ƎǳƛǎŜ ŘŜ ǊŜŎƻƴƴŀƛǎǎŀƴŎŜ 
ƭƻǊǎǉǳΩƛƭ ǘŜ ǎǳǊǾƻƭŜǊŀΦ 

!ƭŜȄƛǎΦ ¢ǳ Şǘŀƛǎ Ł ǇŜǳ ǇǊŝǎ ƭŜ ǎŜǳƭ ǉǳŜ ƧŜ Ŏƻƴƴŀƛǎǎŀƛǎ ǾǊŀƛƳŜƴǘ ƭƻǊǎ ŘŜ Ƴƻƴ ŀǊǊƛǾŞŜΦ aŜǊŎƛ 
ŘΩŀǾƻƛǊ Ŧŀƛǘ Ŝƴ ǎƻǊǘŜ ǉǳŜ ƧŜ ƳΩƛƴǘŝƎǊŜ ŀǳǎǎƛ ǊŀǇƛŘŜƳŜƴǘ ŀǳ ǎŜƛƴ ŘŜ ǾƻǘǊŜ ŞǉǳƛǇŜΦ aŜǊŎƛ ŀǳǎǎƛ 
ǇƻǳǊ ǘƻǳǎ ƭŜǎ ǎǳǇŜǊǎ ƳƻƳŜƴǘǎ ǇŀǎǎŞǎ ŜƴǎŜƳōƭŜ Ł ǎŜ ƳŀǊǊŜǊΣ Ł ŎƘŀǎǎŜǊΣ Ł ƧƻǳŜǊ Ł CLC! Ŝǘ !h9Σ 
Ł ŦŀƛǊŜ ƭŜǎ ŎΦΦΦ Ŝǘ ǘŀƴǘ ŘΩŀǳǘǊŜǎΧ WŜ ǎŀƛǎ ǉǳΩǳƴŜ ƎǊŀƴŘŜ ƘƛǎǘƻƛǊŜ ŘΩŀƳƛǘƛŞ Ŝǎǘ ƴŞŜ ŜƴǘǊŜ ƴƻǳǎ Ŝǘ 



7 
 

ƧΩŜƴ ǎǳƛǎ ŦƛŜǊΧ !ǳ ǇŀǎǎŀƎŜΣ ǘǳ ƳŜ ŘƛǊŀǎ ǎƛ ƭŜǎ ŀŎŎƛǇƛǘŜǊǎ ǎƻƴǘ Ŝƴ ŀǳƎƳŜƴǘŀǘƛƻƴ ŎŜǘǘŜ ŀƴƴŞŜ ΚΚΚ 

9ƭƛŜΦ [Ŝ tŀŘǊŜΦ WŜ ƴŜ ǎŀƛǎ Ǉŀǎ ŎƻƳƳŜƴǘ ǘǳ ŀǎ Ŧŀƛǘ ǇƻǳǊ ƳŜ ǎǳǇǇƻǊǘŜǊ ŀǳ ŘŞōǳǘΧ WŜ ǘΩŀƛ 
ǘŜƭƭŜƳŜƴǘ ǎŀƻǳƭŞ ŀǾŜŎ ǘƻƴ ŞǇŜǊǾƛŜǊ ǉǳŜ ǘǳ ƴŜ ƭŃŎƘŀƛǎ ƧŀƳŀƛǎΣ ƛƭ Ŧŀǳǘ ǉǳŀƴŘ ƳşƳŜ ƭŜ ŘƛǊŜΦ aŀƛǎ 
ƳŜǊŎƛ ŘŜ ƳΩŀǾƻƛǊ ǘƻǳƧƻǳǊǎ ŀŎŎŜǇǘŞΣ ŎΩŞǘŀƛǘ ǾǊŀƛƳŜƴǘ ŘŜǎ ǎǳǇŜǊǎ ƳƻƳŜƴǘǎ Ł ǎŜ ƳŀǊǊŜǊ Ŝǘ Ł 
ƻōǎŜǊǾŜǊ ŀǳ ŎƻƳōƛŜƴ ƭΩŜǎǇŀǊǾŜǊƛŜ Ŝǎǘ ƳƛƴǳǘƛŜǳǎŜΦ ¢ΩŜǎ ǳƴ ƳŜŎ Ŝƴ ƻǊ 9ƭƛŜ Ŝǘ ƧŜ ǎǳƛǎ ƘŜǳǊŜǳȄ ŘŜ 
ǘŜ ŎƻƳǇǘŜǊ ǇŀǊƳƛ ƳŜǎ ŀƳƛǎΦ hƴ ǎŜ ǊŜǾƻƛǘ ƭƻǊǎ ŘŜ ƴƻǎ ǇǊƻŎƘŀƛƴǎ ǾƻƭǎΦ 

tƛŜǊǊŜΦ vǳΩŜǎǘ ŎŜ ǉǳΩƻƴ ǎΩŜǎǘ ƳŀǊǊŞ ŜƴǎŜƳōƭŜ Ŝƴ 9ǎǇŀƎƴŜ Η /Ŝƭŀ ŀ ŞǘŞ ŘǳǊ ǇŀǊŦƻƛǎ Ŝƴ ǘŜǊƳŜǎ 
ŘŜ ŘŜƴǎƛǘŞ ŘŜ ƎƛōƛŜǊΣ Ƴŀƛǎ ƭΩƘƛǎǘƻƛǊŜ ƘǳƳŀƛƴŜ ǊŜǎǘŜǊŀ ǘƻǳƧƻǳǊǎ ƛƴƻǳōƭƛŀōƭŜΧ aŜǊŎƛ ŀǳǎǎƛ ǇƻǳǊ 
ǘƻǳǎ ƭŜǎ ǎǳǇŜǊǎ ƳƻƳŜƴǘǎ ǇŀǎǎŞǎ ŜƴǎŜƳōƭŜ Ł ƭŀ CŀǳŎƻƴƴŜǊƛŜΧ WŜ ǎŀƛǎ ƳŀƛƴǘŜƴŀƴǘ ǉǳŜ ǘǳ ƴŜ 
ƳŜ ŎƻƴǎƛŘŝǊŜǊŀǎ ƧŀƳŀƛǎ ŎƻƳƳŜ ǳƴ ƎǊŀƴŘ ōǊƛŎƻƭŜǳǊΦ ¦ƴŜ ǘǊŝǎ ǘǊŝǎ ōŜƭƭŜ ǊŜƴŎƻƴǘǊŜ ŀǾŜŎ ǳƴ 
IƻƳƳŜ ƘƻƴƴşǘŜΦ [ΩƘƛǎǘƻƛǊŜ ŘŜ ƴƻǘǊŜ ŀƳƛǘƛŞ ƴŜ Ŧŀƛǘ ǉǳŜ ŎƻƳƳŜƴŎŜǊΦ 

DǿŜƴΦ hǳ ƳŀƳŀƴ ǇƻǳǊ ƭŜǎ ƛƴǘƛƳŜǎΦ aŜǊŎƛ ŘΩŀǾƻƛǊ Şǘŀƛǘ ǇǊŞǎŜƴǘŜ ƭŀ ǇǊŜƳƛŝǊŜ ŀƴƴŞŜΦ WΩŀƛ ŞǘŞ 
ǘŜƭƭŜƳŜƴǘ ǘǊƛǎǘŜ ǉǳŜ ǘǳ ǇŀǊǘŜǎΣ Ƴŀƛǎ ƴƻǳǎ ŀǾƻƴǎ ǎǳ ǊŜǎǘŜǊ Ŝƴ ŎƻƴǘŀŎǘ Ŝǘ ƧΩŜƴ ǎǳƛǎ Ǉƭǳǎ 
ǉǳΩƘŜǳǊŜǳȄΦ ¢ǳ Ŝǎ ǳƴŜ ŦƛƭƭŜ Ŝƴ ƻǊΣ ǇƭŜƛƴŜ ŘΩƘǳƳƻǳǊ Ŝǘ ŘŜ ƧƻƛŜ ŘŜ ǾƛǾǊŜΣ Ŝǘ ŎΩŜǎǘ ǘŜƭƭŜƳŜƴǘ 
Ǉƭŀƛǎŀƴǘ ŘŜ ǇŀǎǎŜǊ ŘŜǎ ƳƻƳŜƴǘǎ ŀǾŜŎ ǘƻƛΦ tǊƻŦƛǘŜ ōƛŜƴ ŘŜ ǘŀ ƴƻǳǾŜƭƭŜ ǾƻƛŜΣ ŘŜ ǘƻǳǘŜ Ŧŀœƻƴ ǘǳ 
Ŝǎ ǘŜƭƭŜƳŜƴǘ ōƛŜƴ ŜƴǘƻǳǊŞŜ ŀǾŜŎ ǳƴ IƻƳƳŜ Ŝƴ ƻǊ Ŝǘ ǳƴŜ ǇŜǘƛǘŜ ŦƛƭƭŜ ƳŀƎƴƛŦƛǉǳŜ όŘΩŀƛƭƭŜǳǊǎΣ ƧŜ 
ƴŜ ŎƻƳǇǊŜƴŘǎ ǘƻǳƧƻǳǊǎ Ǉŀǎ Τ-ύ ύΦ 

WǳƭƛŜƴΦ ¦ƴŜ ǇŜǊǎƻƴƴŜ ǘŜƭƭŜƳŜƴǘ ŘƛǎŎǊŝǘŜ ŀǳ ŘŞōǳǘΣ Ƴŀƛǎ ǘŜƭƭŜƳŜƴǘ ŞǘƻƴƴŀƴǘŜΦ WǳƭƛŜƴΣ ƧΩŀƛ 
ǇŀǎǎŞ ŘŜǎ ƘŜǳǊŜǎ Ł ǊŜƎŀǊŘŜǊ ǘŜǎ ƎŜǎǘŜǎ ǘŀƴǘ ǘǳ ƳΩƛƳǇǊŜǎǎƛƻƴƴŀƛǎ όŜǘ ƳΩƛƳǇǊŜǎǎƛƻƴƴŜǎ 
ǘƻǳƧƻǳǊǎύ Ŝƴ ǘŜǊƳŜ ŘŜ ŦŀǳŎƻƴƴŜǊƛŜΦ ¢ǳ ŀǎ ǳƴ ǊŞŜƭ Řƻƴ ǇƻǳǊ ŎŜ ƳŞǘƛŜǊΣ ǘǳ Ŝǎ ŘŞƧŁ ǳƴ ƎǊŀƴŘΦ WΩŀƛ 
Ŧŀƛǘ ǳƴŜ ǊŞŜƭƭŜ ǊŜƴŎƻƴǘǊŜ ƘǳƳŀƛƴŜ ŀǾŜŎ ǘƻƛΣ ǘǳ ƳŜ ǎǳǊǇǊŜƴŘǊŀǎ ǘƻǳƧƻǳǊǎ ǇŀǊ ǘŀ ŦǊƻƛŘŜǳǊ Ŝƴ 
ŀǇǇŀǊŜƴŎŜ ǉǳƛ ŎŀŎƘŜ ǳƴ ǘǊŝǎ ƎǊŀƴŘ ŎǆǳǊ Ŝǘ ƧŜ ǎǳƛǎ ǾǊŀƛƳŜƴǘ ǘǊŝǎ ƘŜǳǊŜǳȄ ŘŜ ǘŜ ŎƻƴƴŀƞǘǊŜ Ŝǘ 
ŘŜ ǇŀǊǘŀƎŜǊ ŘŜǎ ƳƻƳŜƴǘǎ ŀǾŜŎ ǘƻƛΦ 9ǘ ŜƴŦƛƴΣ ƳŜǊŎƛΣ ǇŀǊŎŜ ǉǳŜ ƧŜ ǘΩŀƛ ǾǊŀƛƳŜƴǘ ƎƻƴŦƭŞ ŀǾŜŎ ƭŜǎ 
ƻƛǎŜŀǳȄ ǇŜƴŘŀƴǘ ŎŜǎ о ŀƴƴŞŜǎΣ Ł ǘƻǳƧƻǳǊǎ ǘŜ ŘŜƳŀƴŘŜǊ ŎŜŎƛ ƻǳ ŎŜƭŀΧ WŜ ǎŀƛǎ ǉǳŜ ǘǳ 
ǘΩƻŎŎǳǇŜǊŀǎ ōƛŜƴ ŘŜ ¢ǊŀƛƭΦ 

WŜ ǊŜƳŜǊŎƛŜ ŀǳǎǎƛ ǘƻǳǎ ƭŜǎ ŀǳǘǊŜǎ ƳŜƳōǊŜǎ Řǳ tǳȅ Řǳ Cƻǳ ŀǾŜŎ ǉǳƛ ƧΩŀƛ ǇŀǎǎŞ Ƴƻƛƴǎ ŘŜ ǘŜƳǇǎΣ 
Ƴŀƛǎ ǘƻǳƧƻǳǊǎ ŘŜ ōƻƴǎ ƳƻƳŜƴǘǎΦ WŜ ǊŜƳŜǊŎƛŜ ŘƻƴŎ !ǳǊŞƭƛŜƴ ǇƻǳǊ ǘƻǳǘŜǎ ƴƻǎ ǎƻǊǘƛŜǎ 
ƴƻŎǘǳǊƴŜǎ ŀǾŜŎ ǘƛǘƛ Ŝǘ ǘƻǳǎ ƭŜǎ ƳƻƳŜƴǘǎ ŘŜ ǊƛƎƻƭŀŘŜ ƭŜ ǎƻƛǊ όƧŜ ƴŜ ŘƛǊŀƛǎ ǊƛŜƴ ǇƻǳǊ ƭŜ ƭŀǇƛƴ ŀǳȄ 
ƎǊŀƴŘŜǎ ƻǊŜƛƭƭŜǎΧ !ƘΣ ƳŜǊŘŜ ΗύΦ {ǘŜǇƘ Ŝǘ WƻΣ Ǿƻǳǎ şǘŜǎ ǇŀǊǘƛǎ ǘǊƻǇ ǘƾǘ ƭŜǎ ƎŀǊǎΣ ƧΩŜƴ ŀƛ ƳşƳŜ 
ŎƘƛŀƭŞ όōƻƴ ƧŜ ǎǳƛǎ ǎŜƴǎƛōƭŜύΦ WŜ ƳŜ ǎǳƛǎ ǘŜƭƭŜƳŜƴǘ ƳŀǊǊŞ ŀǾŜŎ ǾƻǳǎΣ  ƧΩŜƴ Ǿƻǳƭŀƛǎ ǾǊŀƛƳŜƴǘ 
ǇƭǳǎΦ /ƭŜƳ ǇƻǳǊ ǘƻǳǘŜǎ ƭŜǎ ǎƻƛǊŞŜǎ ŜƴǎŜƳōƭŜΣ Ŝǘ ǎǳǊǘƻǳǘ ƴƻǘǊŜ ǇǊŜƳƛŝǊŜ ǉǳŜ ƧŜ ƴΩƻǳōƭƛŜǊŀƛ 
ƧŀƳŀƛǎΣ ƧŜ ǎǳƛǎ ŘŜǾŜƴǳ ǳƴ IƻƳƳŜ ŎŜ ǎƻƛǊ-ƭŁ ŎƘŜȊ !ƴƴŜΦ Cŀƴƴȅ ŘŜ ƳΩŀǾƻƛǊ ǘƻǳƧƻǳǊǎ ŀƛŘŞ Ł ǘƻǳǘ 
ƳƻƳŜƴǘΣ ǇƻǳǊ ƭŜǎ млллл ŀǇǇŜƭǎ ǎǳƛǘŜ Ł ƳŜǎ ŜȄǇŞǊƛŜƴŎŜǎ ǇŀǊŎŜ ǉǳŜ ƧŜ ƴΩŀǾŀƛǎ Ǉŀǎ ǇǊƛǎ ǘƻǳǘŜǎ 
ƭŜǎ ƛƴŦƻǊƳŀǘƛƻƴǎΦ IŞƭŝƴŜ a ǇƻǳǊ ǘƻǳǘŜǎ ƭŜǎ ŘƛǎŎǳǎǎƛƻƴǎ ǉǳŜ ƴƻǳǎ ŀǾƻƴǎ ŜǳŜǎ Ŝǘ ŘŜ  ƳΩŀǾƻƛǊ 
ƭŀƛǎǎŞ ŜƴǘǊŜǊ Řŀƴǎ ǘƻƴ ǳƴƛǾŜǊǎ ŀǾŜŎ ƭŜǎ ƻƛŜǎΦ IŞƭŝƴŜ / ǇƻǳǊ ƭŜǎ ǊƛƎƻƭŀŘŜǎ Ŝƴ ǎƻƛǊŞŜ Ŝǘ ǇƻǳǊ ǘŀ 
ŦŞƳƛƴƛǘŞ ƛƴŞƎŀƭŀōƭŜΦ /ƘŀǊƭȅ ǇƻǳǊ ǘŀ ƎŜƴǘƛƭƭŜǎǎŜΦ ¢ǳ ǇŜǳȄ şǘǊŜ ǘǊŝǎ ŦƛŜǊ ŘŜ ŎŜ ǉǳŜ ǘǳ ŀǎ ǊŞŀƭƛǎŞ 
ŀǾŜŎ ǘŀ ōǳǎŜΦ WƻƘŀƴƴŜǎΣ 9ƭƻŘƛŜΣ DŀƳƛƴ ǇƻǳǊ ƭŜǎ ǇŀǊǘƛŜǎ ŘΩ!h9 Ŝǘ ƭŜǎ ǎǳǇŜǊǎ ƳƻƳŜƴǘǎ ŀǳ tŀǊŎΦ 
9ƭƻŘƛŜΣ Ŝƴ ǇŀǊǘƛŎǳƭƛŜǊΣ ƧŜ ƳΩŜȄŎǳǎŜ ǘƻǳǘ ŎƻƳƳŜ ǇƻǳǊ WǳƭƛŜƴ ŘŜ Ƴŀ ζ ŎƘƛŀƴǘƛǎŜ η ƭƻǊǎ ŘŜ ƳŜǎ 
ŜȄǇŞǊƛŜƴŎŜǎΦ !ŘǊƛŀƴŜ ǇƻǳǊ ǘƻƴ ƘǳƳƻǳǊ Ŝǘ ǘŀ ƧƻƛŜ ŘŜ ǾƛǾǊŜΦ hƴ ǎΩŜǎǘ ǊŜƴŎƻƴǘǊŞ ǳƴ ǇŜǳ ǘŀǊŘΣ 
Ƴŀƛǎ ƭŜ ŎƻǳǊŀƴǘ Ŝǎǘ ǇŀǎǎŞ ǘƻǳǘ ŘŜ ǎǳƛǘŜ Ŝǘ ƧŜ ǎǳƛǎ ǎǶǊ ǉǳŜ ŎŜƭŀ ǊŜǎǘŜǊŀ ŎƻƳƳŜ œŀ ǇƻǳǊ ƭŜǎ 
ŀƴƴŞŜǎ Ł ǾŜƴƛǊΦ Dƛƴƻ ǇƻǳǊ ǘŀ ǾƻƭƻƴǘŞΣ ǘƻƴ ŜȄǇŞǊƛŜƴŎŜ Ŝǘ ǘŜǎ ōŀƛƴǎ ŘŜ ǎŀƴƎΦ [ǳƭǳ ǇƻǳǊ ǘƻƴ ǊƛǊŜ 
ǎƛ ŎƻƳƳǳƴƛŎŀǘƛŦΦ ¸ŀƴƴƛǎ ǇƻǳǊ ǘƻƴ ƘǳƳƻǳǊ ƛƴŞƎŀƭŀōƭŜΦ .ƻƴ Ǿƻǳǎ şǘŜǎ ǘǊƻǇ Ŏƻƻƭǎ Řŀƴǎ ŎŜǘǘŜ 
ŞǉǳƛǇŜ Ŝǘ ŎŜƭŀ Ǿŀ ƳŜ ǇǊŜƴŘǊŜ ǘǊƻǇ ŘŜ ǇƭŀŎŜΦΦΦ WŜ ǊŜƳŜǊŎƛŜ ŘƻƴŎ [ŀǳǊŀΣ /ƭŞƳŜƴǘΣ CƭƻǊƛŀƴΣ 
wƻƳŀƛƴΣ [ǳŘƻΣ 9ƳƛƭƛŜƴΣ WŞǊŞƳȅ Ŝǘ !ŘŞƭŀƠŘŜ ǇƻǳǊ ǾƻǘǊŜ ƧƻƛŜ ŘŜ ǾƛǾǊŜ Ŝǘ ǾƻǘǊŜ ǇŀǎǎƛƻƴΦ 
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WŜ ǘƛŜƴǎ ŀǳǎǎƛ Ł ǊŜƳŜǊŎƛŜǊ ǘƻǳǎ ƭŜǎ ƳŜƳōǊŜǎ Řǳ wƻŎƘŜǊ ŘŜǎ !ƛƎƭŜǎ ŘŜ wƻŎŀƳŀŘƻǳǊ ǇƻǳǊ ƭŜǳǊ 
ŀŎŎǳŜƛƭ ŎƘŀƭŜǳǊŜǳȄ Ŝǘ ǘƻǳǘ ǇŀǊǘƛŎǳƭƛŝǊŜƳŜƴǘ ƳƻƴǎƛŜǳǊ wŀǇƘŀšƭ !ǊƴŀǳŘ Ŝǘ ƳŀŘŀƳŜ 
5ƻƳƛƴƛǉǳŜ aŀȅƭƛƴ ŘŜ ƳΩŀǾƻƛǊ Ŧŀƛǘ ŎƻƴŦƛŀƴŎŜ Ŝǘ ŘŜ ƳΩŀǾƻƛǊ ǇŜǊƳƛǎ ŘΩŜŦŦŜŎǘǳŜǊ ŘŜǎ 
ŜȄǇŞǊƛŜƴŎŜǎ ŎƘŜȊ ǾƻǳǎΦ 

9ǊƛŎΦ ¦ƴŜ ǊŜƴŎƻƴǘǊŜ ƎŞƴƛŀƭŜ Η WŜ ǎǳƛǎ ƘŜǳǊŜǳȄ ŘŜ ǘŜ ŎƻƴƴŀƞǘǊŜ Ŝǘ ƧΩŀƛ ŞǘŞ ǊŀǾƛ ŘΩŜƴ ŀǇǇǊŜƴŘǊŜ Ł 
ǘŜǎ ŎƾǘŞǎΦ aŜǊŎƛ ŘŜ ƳΩŀǾƻƛǊ ƳƻƴǘǊŞ ŘŜǎ ƻƛǎŜŀǳȄ ǾƻƭŜǊ ŘŜ ƭŀ ǎƻǊǘŜΦ ¢ǳ Ŝǎ ǳƴ ƎǊŀƴŘ ŦŀǳŎƻƴƴƛŜǊΣ 
ƧΩŜǎǇŝǊŜ ǾƛǾŜƳŜƴǘ ǘŜ ǊŜǾƻƛǊ ǇǊƻŎƘŀƛƴŜƳŜƴǘΦ .ƛǎƻǳǎ ǎǳǊ ƭŜ ǘǊΧ 

CƭƻǊƛŀƴΦ /ΩŞǘŀƛǘ ƎŞƴƛŀƭ ŘŜ ǇŀǎǎŜǊ ŘŜǎ ƳƻƳŜƴǘǎ ŀǾŜŎ ǘƻƛΦ hƴ ƴΩŜǎǘ Ǉŀǎ ŀƭƭŞ Ł ƭŀ ǇşŎƘŜ ŀǎǎŜȊ 
ǎƻǳǾŜƴǘ ŜƴǎŜƳōƭŜΣ Ƴŀƛǎ ƧŜ Ǿƻƛǎ ŀǳ Ǿǳ ŘŜ ǘŀ ŘŜǊƴƛŝǊŜ ǇƘƻǘƻ ǉǳΩƻƴ ǇŜǳǘ ǊƛǾŀƭƛǎŜǊ ǎǳǊ ƭŜǎ ōƭŀŎƪǎ 
ōŀǎǎΦ hƴ ǎŜ ǊŜǾƻƛǘ ōƛŜƴǘƾǘ Ŝǘ ƻƴ ƛǊŀ ōƻƛǊŜ ǳƴ ŎƻǳǇ ŜƴǎŜƳōƭŜΦ 

aŀǘǘƘƛŜǳΧ aŜŎΣ ŎΩŞǘŀƛǘ ǾǊŀƛƳŜƴǘ Ŏƻƻƭ ŘŜ ǇŀǎǎŜǊ ǉǳŜƭǉǳŜǎ ǘŜƳǇǎ ŀǾŜŎ ǘƻƛΦ aŜǊŎƛ ŘŜ ƳΩŀǾƻƛǊ 
Ŧŀƛǘ ƎƻǶǘŜǊ Řǳ ōƻƴ ǿƘƛǎƪȅ όŜƴ ŦŀƛǘΣ ƧŜ ƴŜ ǎǳƛǎ Ǉŀǎ ǎǶǊ ǉǳŜ ŎΩŞǘŀƛǘ ǳƴ ǎƛ ōƻƴ ǉǳŜ œŀΣ Ƴŀƛǎ ŘŜǇǳƛǎ 
ƧΩŀƛƳŜ ƭŜ ǿƘƛǎƪȅύΦ tǊƻŦƛǘŜ ōƛŜƴ ŘŜ ǘŀ ƴƻǳǾŜƭƭŜ όŜƴŦƛƴ Ǉŀǎ ǎƛ ƴƻǳǾŜƭƭŜ ǉǳŜ œŀύ ŀǾŜƴǘǳǊŜ Ł 
±ŀƭƳȅΧ hƴ ǎŜ Ǿƻƛǘ ŎŜǘ ŞǘŞΦ 

9ƴŦƛƴΣ ƳŜǊŎƛ Ł Ǿƻǳǎ ǘƻǳǎ WŜŀƴ-ƳƛΣ ±ŞǊƻΣ WŜŀƴ-[ƻǳƛǎΣ .ŀǎƛƭŜΣ 5ƛƳΣ aŀǊƛƪŀ Ŝǘ ǘƻǳǎ ƭŜǎ ŀǳǘǊŜǎ ŘŜ 
ƳΩŀǾƻƛǊ ŀŎŎǳŜƛƭƭƛ Ł ōǊŀǎ ƻǳǾŜǊǘǎ ŀǳ ǎŜƛƴ ŘŜ ǾƻǘǊŜ ǾƻƭŜǊƛŜΦ 

  

aŜǊŎƛ ŀǳǎǎƛ Ł .ŜǊƴŀǊŘ ŘŜ ƳΩŀǾƻƛǊ ŀŎŎǳŜƛƭƭƛ Ł ƭŀ ǾƻƭŜǊƛŜ Řǳ ½ƻƻ ŘΩ!ƳƴŞǾƛƭƭŜΦ WŜ ǊŜƳŜǊŎƛŜ ǘƻǳǘŜ 
ǘƻƴ ŞǉǳƛǇŜΣ Ŝƴ ǇŀǊǘƛŎǳƭƛŜǊ 5ŀǾƛŘΣ {ƛƳƻƴΣ WƻƘŀƴ Ŝǘ wƻȄŀƴŜ ǇƻǳǊ ƭŜǳǊ ŘƛǎǇƻƴƛōƛƭƛǘŞ Ŝǘ ƭŜǳǊ 
ƎŜƴǘƛƭƭŜǎǎŜΦ WŜ ǊŜƳŜǊŎƛŜ ŀǳǎǎƛ ǎƛƴŎŝǊŜƳŜƴǘ !ƴǘƘƻ ǇƻǳǊ ǎƻƴ ǇǊƻŦŜǎǎƛƻƴƴŀƭƛǎƳŜ Ŝǘ ǎƻƴ ŀƳƛǘƛŞΦ 

.ƛŜƴ ǉǳΩŀȅŀƴǘ ǇŀǎǎŞ ŞƴƻǊƳŞƳŜƴǘ ŘŜ ǘŜƳǇǎ ƘƻǊǎ Řǳ /9C9Σ ƧΩŀƛ ŀǳǎǎƛ Ŧŀƛǘ ŘŜǎ ǊŜƴŎƻƴǘǊŜǎ 
ƛƴƻǳōƭƛŀōƭŜǎ ŀǳ ǎŜƛƴ ŘŜ ŎŜǘǘŜ ƎǊŀƴŘŜ ŦŀƳƛƭƭŜΦ 

aŜǊŎƛ Ł ǘƻƛ CƭŀǾƛƻ ŘΩŀǾƻƛǊ ŞǘŞ ǇǊŞǎŜƴǘ ŀǳ ŘŞōǳǘΦ aŜǊŎƛ ǇƻǳǊ ǘƻƴ ŎƾǘŞ ƛǘŀƭƛŜƴ ƳŀǊǉǳŞ Ŝǘ 
ǘŜƭƭŜƳŜƴǘ ƳŀǊǊŀƴǘΦ WŜ ƴΩƻǳōƭƛŜǊŀƛ ƧŀƳŀƛǎ ƭŜǎ ǎƻƛǊŞŜǎ ǉǳŜ ƴƻǳǎ ŀǾƻƴǎ ǇŀǎǎŞŜǎ ŜƴǎŜƳōƭŜΦ 9ƴŦƛƴΣ 
ƳŜǊŎƛ ŘŜ ƳΩŀǾƻƛǊ ƘŞōŜǊƎŞ ŘǳǊŀƴǘ ǘƻǳǘ ǳƴ Ƴƻƛǎ ƻǴ ƧŜ ƴΩŀǾŀƛǎ Ǉŀǎ ŘŜ ƭƻƎŜƳŜƴǘΦ 

/ƘŀǊƭƻǘǘŜΧ vǳŜƭƭŜ ǊŜƴŎƻƴǘǊŜ Η 9ƴ ŞŎǊƛǾŀƴǘ ŎŜ ǘŜȄǘŜΣ ƧŜ ƳŜ ǎƻǳǾƛŜƴǎ ŜƴŎƻǊŜ ǉǳΩƻƴ ǎŜ Řƛǎŀƛǘ Υ 
оŀƴǎΣ ƻƴ Ŝǎǘ ƭŀǊƎŜΦ 9ǘ Ǉǳƛǎ ǇŜǘƛǘ Ł ǇŜǘƛǘΣ ƻƴ ǎΩŜǎǘ ǊŜƴŘǳ ŎƻƳǇǘŜ ǉǳŜ ŦƛƴŀƭŜƳŜƴǘΣ ŎŜ ƴΩŜǎǘ ǇŜǳǘ-
şǘǊŜ Ǉŀǎ ŀǎǎŜȊ о ŀƴǎΦ 9ƴ ǘƻǳǘ ŎŀǎΣ ŎŜ ǉǳƛ Ŝǎǘ ǎǶǊΣ ŎΩŜǎǘ ǉǳŜ о ŀƴǎΣ ŎŜ ƴΩŜǎǘ Ǉŀǎ ŀǎǎŜȊ ŘŜ ǘŜƳǇǎ 
ǇŀǎǎŞ ŀǾŜŎ ǘƻƛΦ aŜǊŎƛ ǇƻǳǊ ǘƻǳǘ ŎŜ ǉǳŜ ǘǳ ƳΩŀǎ ŀǇǇƻǊǘŞ ǇŜƴŘŀƴǘ Ƴŀ ǘƘŝǎŜΣ ǇƻǳǊ ƭŜǎ 
ŎƻƴŦƛŘŜƴŎŜǎΣ ǇƻǳǊ ƭŜǎ ǇǊƻƳŜƴŀŘŜǎ ŀǳȄ ¢9 ŀǇǊŝǎ ǉǳŜƭǉǳŜǎ ǎƻƛǊŞŜǎ ǘǊƻǇ ŀǊǊƻǎŞŜǎΦ ¢ǳ Ǿŀǎ ƳŜ 
ƳŀƴǉǳŜǊΧ ŞƴƻǊƳŞƳŜƴǘΦ 

!Ƙ WǳƭƛŜΦΦΦ [ŀ ōƭƻƴŘŜ Ł ƭΩŀŎŎŜƴǘ ǾƻǎƎƛŜƴΦ ¦ƴŜ ǘǊŝǎ ōŜƭƭŜ ǊŜƴŎƻƴǘǊŜΦ aŜǊŎƛ ŘΩŀǾƻƛǊ ŞǘŞ ǘƻǳƧƻǳǊǎ 
ǎƻǳǊƛŀƴǘŜ ƭƻǊǎ ŘŜǎ ŘƛǾŜǊǎŜǎ ǇŀǳǎŜǎ ǇǊƛǎŜǎ Řŀƴǎ ǘƻƴ ōǳǊŜŀǳΦ aŜǊŎƛ ŘΩşǘǊŜ ŀǳǎǎƛ ōƻƴ ǇǳōƭƛŎ 
ƳşƳŜ ƭƻǊǎǉǳŜ ƳŜǎ ōƭŀƎǳŜǎ ƴŜ ǎƻƴǘ Ǉŀǎ ŘǊƾƭŜǎ όŜǘ ŎΩŜǎǘ ŀǎǎŜȊ ǎƻǳǾŜƴǘύΦ WŜ ǎǳƛǎ ǎǶǊ ǉǳŜ ƴƻǳǎ 
ŀƭƭƻƴǎ ǊŜǎǘŜǊ Ŝƴ ŎƻƴǘŀŎǘ Ŝǘ ǘǳ ǾŜǊǊŀǎΣ ǘǳ ŦŜǊŀǎ ǳƴŜ ǎǳǇŜǊōŜ ǘƘŝǎŜΦ tǊƻŦƛǘŜ ōƛŜƴ ŘŜ ǘŀ ŘŜǊƴƛŝǊŜ 
ŀƴƴŞŜΣ ƭŀ ǘƘŝǎŜΣ ŎΩŜǎǘ ǳƴ ƳƻƳŜƴǘ ƛƴƻǳōƭƛŀōƭŜ Řŀƴǎ ǳƴŜ ǾƛŜΦ 

 !ǳǊŞƭƛŜΦ aŜǊŎƛ ǾǊŀƛƳŜƴǘ ǇƻǳǊ ǘƻǳǎ ƭŜǎ ƳƻƳŜƴǘǎ ǇŀǎǎŞǎ ŜƴǎŜƳōƭŜΣ ǇƻǳǊ ǘƻƴ ŀƛŘŜ ǎǳǊ ƭŜ 
ǘŜǊǊŀƛƴΣ ǇƻǳǊ ǘŀ ƧƻƛŜ ŘŜ ǾƛǾǊŜΣ ǇƻǳǊ ǘŜǎ ǇŜǘƛǘǎ ǎǳǊǎŀǳǘǎ ƭƻǊǎǉǳŜ ƧΩŜƴǘǊŀƛǎ ŘŞƭƛŎŀǘŜƳŜƴǘ Řŀƴǎ ǘƻƴ 
ōǳǊŜŀǳΦ aŜǊŎƛ ŀǳǎǎƛ ŘŜ ƳΩŀǾƻƛǊ ƘŞōŜǊƎŞ Ł ƭΩƻŎŎŀǎƛƻƴΦ WΩŀƛ ǊŜƴŎƻƴǘǊŞ ǳƴŜ ǘǊŝǎ ōŜƭƭŜ ǇŜǊǎƻƴƴŜΣ 
ŀǾŜŎ ǳƴŜ ǘǊŝǎ ōŜƭƭŜ ŦŀƳƛƭƭŜ Ŝǘ ƧŜ ǎǳƛǎ ǇŜǊǎǳŀŘŞ ǉǳΩƻƴ ǊŜǎǘŜǊŀ Ŝƴ ŎƻƴǘŀŎǘΦ 

 



9 
 

 

.ŜǊǘǊŀƴŘΦ aŜǊŎƛ Ƴƻƴ ŎƘŀƳǇƛƻƴΦ hƴ ŀ Ŧŀƛǘ ǉǳŜ ǎŜ ŎǊƻƛǎŜǊ ǇŜƴŘŀƴǘ ŎŜǎ ŘŜǳȄ ŀƴƴŞŜǎ ŘŜ ǘƘŝǎŜΣ 
Ƴŀƛǎ ƭŜǎ ƳƻƳŜƴǘǎ ǇŀǎǎŞǎ ŜƴǎŜƳōƭŜ ŞǘŀƛŜƴǘ ǾǊŀƛƳŜƴǘ ŎƻƻƭǎΦ WŜ ǎǳƛǎ ƘŜǳǊŜǳȄ ŀǳǎǎƛ ŘΩŀǾƻƛǊ Ǉǳ 
şǘǊŜ ǇǊŞǎŜƴǘ Ŝǘ ŎƻƴǘǊƛōǳŞ ǳƴ ǘƻǳǘ ǇŜǘƛǘ ǇŜǳ Ł ǘƻƴ ǎƛ ōŜŀǳ Ŝǘ ƻǊƛƎƛƴŀƭ ƳŀǊƛŀƎŜΦ 

{ȅƭǾƛŀΦ aŜǊŎƛ ǇƻǳǊ ŎŜǎ ƳƻƳŜƴǘǎ ŘŜ ǊƛǊŜ Ŝǘ ǇƻǳǊ ǘŀ ƧƻƛŜ ŘŜ ǾƛǾǊŜΦ ±ƻǳǎ ŦŀƛǘŜǎ ǳƴ ǎǳǇŜǊ ōƛƴƾƳŜ 
ŀǾŜŎ !ǳǊŞƭƛŜΦ aŜǊŎƛ ŀǳǎǎƛ ǇƻǳǊ ǘƻƴ ŀƛŘŜ ǎǳǊ ƭŜ ǘŜǊǊŀƛƴ ǉǳƛ ŀǳǊŀƛǘ ƭŀǊƎŜƳŜƴǘ Ǿŀƭǳ ǘŀ ǇǊŞǎŜƴŎŜ 
ǎǳǊ ƴƻǘǊŜ ŀǊǘƛŎƭŜΦ aŜǊŎƛ ŀǳǎǎƛ  ŘΩŀǾƻƛǊ ǎǳǇǇƻǊǘŞ ƭŜǎ ƘƛǎǘƻƛǊŜǎ Ǉŀǎ ǘƻǳƧƻǳǊǎ ŎŀǘƘƻƭƛǉǳŜǎ ŘŜ ƳŜǎ 
ŀƳƛǎ ŦŀǳŎƻƴƴƛŜǊǎΦ 9ǘ ǉǳƛ ǎŀƛǘΣ ǇŜǳǘ-şǘǊŜ ǉǳŜ ƴƻǎ ŎƘŜƳƛƴǎ ǎŜ ŎǊƻƛǎŜǊƻƴǘ Ł ƴƻǳǾŜŀǳΦ 

{ŀƳΦ vǳŜƭƭŜ ǊŜƴŎƻƴǘǊŜ ŀǳǎǎƛ Η WΩŀƛ ŞǘŞ ƛƳǇǊŜǎǎƛƻƴƴŞ ǇŀǊ ǘŜǎ ǉǳŀƭƛǘŞǎ ƘǳƳŀƛƴŜǎΣ ǘƻƴ ƘǳƳƻǳǊ Ŝǘ 
ǘŀ ǉǳŀƭƛǘŞ ǎŎƛŜƴǘƛŦƛǉǳŜΦ WŜ ǎǳƛǎ ǇŜǊǎǳŀŘŞ ǉǳŜ ƴƻǳǎ ǊŜǎǘŜǊƻƴǎ ŀǳǎǎƛ Ŝƴ ŎƻƴǘŀŎǘΣ ŀǳ Ƴƻƛƴǎ ǇƻǳǊ 
ƭŜǎ ōƭŀƎǳŜǎ ōŜƭƎŜǎΦ 9ǘ ƧΩŀǘǘŜƴŘǎ ƭŜ ƳƻƳŜƴǘ ƻǴ ǘǳ ǎŜǊŀǎ ŎƘŜŦΣ ƧŜ ǎŀƛǎ ǉǳŜ ƧŜ ǎŜǊŀƛ ǘƻƴ ǇǊŜƳƛŜǊ 
ŎƘƻƛȄ ǇƻǳǊ ƛƴǘŞƎǊŜǊ ƭΩŞǉǳƛǇŜ Τ-ύΦ 

aŀƭƛŎƛŀΦ !ƘΣ ƭŀ ǎǘŀƎƛŀƛǊŜ ΦΦΦhƴ ŀ ǇŀǎǎŞ ǾǊŀƛƳŜƴǘ ŘŜ ōƻƴǎ ƳƻƳŜƴǘǎ ŜƴǎŜƳōƭŜΣ Ŝǘ Ǉŀǎ 
ǎŜǳƭŜƳŜƴǘ Řŀƴǎ ƭŜ ǘǊŀǾŀƛƭΣ Ƴŀƛǎ ŀǳǎǎƛ Ŝƴ ǎƻƛǊŞŜ όǳƴ ǇŜǳ ǘǊƻǇ ŀǊǊƻǎŞŜǎύΣ ŘŜǾŀƴǘ ƭŜǎ ƳŀǘŎƘǎ ŘŜ 
ŦƻƻǘΣ ŀǳ tǳȅ Řǳ Cƻǳ ŜǘΧ Ł ƭΩƘƾǇƛǘŀƭΧ /ΩŞǘŀƛǘ ǾǊŀƛƳŜƴǘ ŎƻƻƭΣ ƧŜ ǎǳƛǎ ŦƛŜǊ ŘΩŀǾƻƛǊ Ŝǳ ǳƴŜ ǎǘŀƎƛŀƛǊŜ 
ŎƻƳƳŜ ǘƻƛΦ 

{ŀǊŀƘΦ aŜǊŎƛ ǾǊŀƛƳŜƴǘ ǇƻǳǊ ǘŀ ƎŜƴǘƛƭƭŜǎǎŜ Ŝǘ ǘŀ ŘƛǎǇƻƴƛōƛƭƛǘŞ ƛƳǇǊŜǎǎƛƻƴƴŀƴǘŜΦ /ΩŜǎǘ ǘƻǳƧƻǳǊǎ 
ŀƎǊŞŀōƭŜ ŘŜ ǇŀǎǎŜǊ ŘŜǎ ƳƻƳŜƴǘǎ ŀǾŜŎ ǘƻƛ Ŝǘ ƧŜ ǎǳƛǎ ƛƳǇǊŜǎǎƛƻƴƴŞ ŀǳǎǎƛ ǇŀǊ ǘŀ ǉǳŀƭƛǘŞ 
ǎŎƛŜƴǘƛŦƛǉǳŜΦ ! ǘǊŝǎ ōƛŜƴǘƾǘ όŘŜ ǘƻǳǘŜ ŦŀœƻƴΣ ƻƴ ŀ ǳƴ ŀǊǘƛŎƭŜ Ł ŦƛƴƛǊύΦ 

{ƛƳƻƴΦ aŜǊŎƛ ǇƻǳǊ ǘƻƴ ŀƛŘŜ ŞƴƻǊƳŜ ǘƻǳǘ ŀǳ ƭƻƴƎ ŘŜ ŎŜǘǘŜ ǘƘŝǎŜΦ ¢ǳ Ŝǎ ǳƴŜ ǇŜǊǎƻƴƴŜ 
ǾǊŀƛƳŜƴǘ ŀŎŎŜǎǎƛōƭŜ Ŝǘ ŦǊŀƴŎƘŜΣ ŎŜ ǉǳƛ Ŝǎǘ ǘǊŝǎ ǇƭŀƛǎŀƴǘΦ tŀǊ ŎƻƴǘǊŜΣ ƧŜ ǎǳƛǎ ŘŞǎƻƭŞΣ Ƴŀƛǎ ƧŜ 
ǘǊŀǾŀƛƭƭŜ ǾǊŀƛƳŜƴǘ ǎǳǊ ƭŜǎ ζ ǊŀǇŀŎŜǎ η Τ-ύΦ 

[ƻǳƛǎŜΦ tŀǊŎŜ ǉǳŜ ƴƻǳǎ ǎƻƳƳŜǎ ǘǊƻǇ ƛƴǘŜƭƭƛƎŜƴǘǎ ǇƻǳǊ ŦŀƛǊŜ ƴƻǎ ǎƻǳǘŜƴŀƴŎŜǎ Ł ŘŜǎ ƧƻǳǊǎ 
ŘƛŦŦŞǊŜƴǘǎΦ aŜǊŎƛ ǇƻǳǊ ǘƻǳǘŜ ǘƻƴ ŀƛŘŜ Ł ƭŀ ŦƛƴΣ ǘƻƴ ǎǘǊŜǎǎ ǉǳŜ ǘǳ ƳΩŀǎ ǘǊŀƴǎƳƛǎ ǉǳŜƭǉǳŜǎ ŦƻƛǎΦ 
hƴ ǎΩŜǎǘ Ŏƻƴƴǳ ǘǊƻǇ ǘŀǊŘ ƧŜ ǘǊƻǳǾŜΣ ƻƴ ŀǳǊŀƛǘ Ǉǳ ǇŀǎǎŜǊ Ǉƭǳǎ ŘŜ ōƻƴǎ ƳƻƳŜƴǘǎ ŜƴǎŜƳōƭŜΦ 

WŜ ǘƛŜƴǎ ŀǳǎǎƛ Ł ǊŜƳŜǊŎƛŜǊ ƭŜǎ ǇŜǊǎƻƴƴŜǎ ŀǾŜŎ ǉǳƛ ƧΩŀƛ ǇŀǎǎŞ Ƴƻƛƴǎ ŘŜ ǘŜƳǇǎ Ƴŀƛǎ ǉǳƛ 
ŎƻƳǇǘŜƴǘ ǇƻǳǊ Ƴƻƛ ǘƻǳǘ ŀǳǘŀƴǘΦ !ƭƻǊǎ ƳŜǊŎƛ DŀƠŀ ŘŜ ƳΩŀǾƻƛǊ ǎǳǇǇƻǊǘŞ ǇŜƴŘŀƴǘ ŎŜǎ ǘǊƻƛǎ 
ŀƴƴŞŜǎ Řŀƴǎ ƭŜ ōǳǊŜŀǳΣ ƳŜǊŎƛ Ł ±ƛƴŎŜƴǘ ǇƻǳǊ ƭŜǎ ǇŀǊǘƛŜǎ ŘŜ ǎǉǳŀǎƘ Ŝǘ ƭŜǎ ōƛŝǊŜǎΣ ƳŜǊŎƛ Ł 
aŀǊŎƻ ŘΩŀǾƻƛǊ ǘƻǳƧƻǳǊǎ ŞǘŞ ŞƳŜǊǾŜƛƭƭŞ ƭƻǊǎ ŘŜ ƳŜǎ ǘƻǳǊǎ ŘŜ ƳŀƎƛŜΣ ƳŜǊŎƛ [ƻǊŜƭŜƠ ǇƻǳǊ ƭŜǎ ǊƛǊŜǎ 
ǇŀǊǘŀƎŞǎΣ ƳŜǊŎƛ Ł wƻƻȊōŜƘ ǇƻǳǊ ƭŜǎ ǎƻƛǊŞŜǎ όǎǳǊǘƻǳǘ ƴƻǘǊŜ ǇǊŜƳƛŝǊŜύΣ ƳŜǊŎƛ Ł ¢ƻƳ ǇƻǳǊ ǎƻƴ 
ƘǳƳƻǳǊ ŀƴƎƭŀƛǎ ǘȅǇƛǉǳŜ Ŝǘ ǎƻƴ ŀƛŘŜ Řŀƴǎ ƭŀ ǊŞŘŀŎǘƛƻƴΣ ƳŜǊŎƛ Ł ²ƛƭƭƛŀƳΣ ǉǳŜ ƧΩŀƛ Ŏƻƴƴǳ 
ōŜŀǳŎƻǳǇ ǘǊƻǇ ǘŀǊŘ όƧŜ ƳŜ ƳŀǊǊŜ ǘŜƭƭŜƳŜƴǘ ŀǾŜŎ ǘƻƛύ Ŝǘ ƧŜ ǘŜ ǎƻǳƘŀƛǘŜ о ŀƴƴŞŜǎ ŘŜ ōƻƴƘŜǳǊΣ 
ƳŜǊŎƛ Ł ¢ȅŦ ǇƻǳǊ ƭŜǎ ǎƻƛǊŞŜǎ Ŝǘ ǎŀ ƧƻƛŜ ŘŜ ǾƛǾǊŜΣ ƳŜǊŎƛ Ł ƭŀ ǾƛŜƛƭƭŜ όDŀšƭƭŜύ ǇƻǳǊ ǎƻƴ ƘǳƳƻǳǊ Ŝǘ 
ǎƻƴ ǎƻǳǊƛǊŜΣ ƳŜǊŎƛ Ł WŜŀƴ-¸ǾŜǎ ǇƻǳǊ ǘƻƴ ŀƛŘŜ Ŝƴ ǎǘŀǘƛǎǘƛǉǳŜΣ ƳŜǊŎƛ Ł ·ŀǾΩ ǉǳŜ ƧΩŀƛ Ŏƻƴƴǳ 
ōŜŀǳŎƻǳǇ ǘǊƻǇ ǘŀǊŘ ŀǳǎǎƛ ǇƻǳǊ ƭŜǎ ǎƻƛǊŞŜǎ ŜȄŎŜǇǘƛƻƴƴŜƭƭŜǎΣ ƭŜǎ ŎƘŀƴǘǎ ŘŜ ǎǳǇǇƻǊǘŜǊ Řŀƴǎ ƭŜǎ 
ōŀǊǎΣ ƭŜǎ ǇŀǊǘƛŜǎ ŘŜ Ŧƻƻǘ Ŝǘ ŘŜ ǘŜƴƴƛǎ ŘŞƎƭƛƴƎǳŜΧ WΩŜƴ ƻǳōƭƛŜ ŎŜǊǘŀƛƴŜƳŜƴǘΣ Ƴŀƛǎ ƧŜ ǊŜƳŜǊŎƛŜ 
ǘƻǳǎ ƭŜǎ ƳŜƳōǊŜǎ ŘŜ ƭΩŞǉǳƛǇŜ 9/ Ŝǘ .9± ǇƻǳǊ ƭŜǳǊ ǎƻǳǘƛŜƴ ǘƻǳǘ ŀǳ ƭƻƴƎ ŘŜ Ƴƻƴ ǇǊƻƧŜǘΦ 

 

tŜƴŘŀƴǘ ǘƻǳǘŜǎ ŎŜǎ ŀƴƴŞŜǎΣ ƧΩŀƛ ŞǘŞ ǎŀƴǎ ŘƻƳƛŎƛƭŜ ŦƛȄŜΦ 9ƴ ŜŦŦŜǘΣ Şǘŀƴǘ ǘƻǳǘ ƭŜ ǘŜƳǇǎ ǎǳǊ ƭŜ 
ǘŜǊǊŀƛƴΣ ƛƭ ƳΩŀ Ŧŀƭƭǳ ǘǊƻǳǾŜǊ ŘŜǎ ƭƻƎŜƳŜƴǘǎ ǳƴ ǇŜǳ ǇŀǊǘƻǳǘ Ŝƴ CǊŀƴŎŜΦ WΩŀƛ ŘƻƴŎ ŞǘŞ ƭƻƎŞ ŎƘŜȊ 
ŘŜ ǎǳǇŜǊōŜǎ ǇŜǊǎƻƴƴŜǎ ǉǳŜ ƧŜ Ŏƻƴƴŀƛǎǎŀƛǎ Ǉƭǳǎ ƻǳ ƳƻƛƴǎΣ Ŝǘ ƧŜ ǘƛŜƴǎ ǎƛƴŎŝǊŜƳŜƴǘ Ł ƭŜǎ 
ǊŜƳŜǊŎƛŜǊΦ 
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!ƴƴŜ ό¢ŀǘŀύΦ aŜǊŎƛ ōŜŀǳŎƻǳǇ Ƴŀ ǘŀǘŀ ǇƻǳǊ ǘƻǳǎ ŎŜǎ ōƻƴǎ ƳƻƳŜƴǘǎΦ aŜǊŎƛ ŘŜ ƳΩŀǾƻƛǊ 
ǎǳǇǇƻǊǘŞ ǇŜƴŘŀƴǘ ǘƻǳǘ ƭŜ ǘŜƳǇǎ ŘŜ ƳŜǎ ŜȄǇŞǊƛŜƴŎŜǎ ŀǳ tǳȅ Řǳ CƻǳΦ aŜǊŎƛ ŘΩşǘǊŜ ŎŜ ǉǳŜ ǘǳ 
ŜǎΣ ǳƴŜ ǇŜǊǎƻƴƴŜ Ŝƴ ƻǊ ǎƛ ǊŀǊŜΦ WŜ ƴΩŀƛ Ǉŀǎ ŘŜ Ƴƻǘǎ ǇƻǳǊ ŘƛǊŜ ŎƻƳōƛŜƴ ƧŜ ǎǳƛǎ ǎƛ ƘŜǳǊŜǳȄ ǉǳŜ 
ƭΩƻƴ ǎŜ ŎƾǘƻƛŜ Ł ƴƻǳǾŜŀǳΦ aŜǊŎƛ ǾǊŀƛƳŜƴǘ ǇƻǳǊ ǘƻǳǘ Ŝǘ ƧŜ Ǿŀƛǎ ǘŜǊƳƛƴŜǊ Ŝƴ ƳΩŜȄŎǳǎŀƴǘ 
ǎƛƴŎŝǊŜƳŜƴǘ ǇƻǳǊ ǘŜǎ ǊƻǎƛŜǊǎ Τ-ύΦ 

tƘƛƭƛǇǇŜ Ŝǘ WǳƭƛŜǘǘŜΦ tƘƛƭƛǇǇŜ ƳŜǊŎƛ ǇƻǳǊ ǘƻǳǘΣ ǇƻǳǊ ǘƻƴ ƘƻǎǇƛǘŀƭƛǘŞ Ŝǘ ǇƻǳǊ ǘƻƴ ŀƳƛǘƛŞΦ WŜ ǎǳƛǎ 
ƘŜǳǊŜǳȄ ŘΩŀǾƻƛǊ ǇŀǎǎŞ ǘƻǳǘ ŎŜ ǘŜƳǇǎ ŀǾŜŎ ǘƻƛΣ Ŝǘ ǘƻǳƧƻǳǊǎ ŦƛŜǊ ŘΩŀǾƻƛǊ ǊŜƴŎƻƴǘǊŞ ǉǳŜƭǉǳΩǳƴ Ł 
ǉǳƛ ƭΩŜȄǇǊŜǎǎƛƻƴ ζ ŀǾƻƛǊ ƭŜ ŎǆǳǊ ǎǳǊ ƭŀ Ƴŀƛƴ η ŎƻǊǊŜǎǇƻƴŘ ǇŀǊŦŀƛǘŜƳŜƴǘΦ aŜǊŎƛ Ł Ǿƻǳǎ ŘŜǳȄ ŘŜ 
ƳΩŀǾƻƛǊ ǎǳǇǇƻǊǘŞ ŀǳǎǎƛ ƭƻƴƎǘŜƳǇǎΣ Ŝǘ ŘŞǎƻƭŞ ǎƛ ŎŜǎ ŘŜǊƴƛŜǊǎ Ƴƻƛǎ ƧŜ ƴΩŀƛ Ǉŀǎ ŞǘŞ ŀǳǎǎƛ ǇǊŞǎŜƴǘΦ 
WǳƭƛŜǘǘŜΣ ǘǳ Ŝǎ ǳƴŜ ǇŜǊǎƻƴƴŜ ǘǊŝǎ ŀǘǘŀŎƘŀƴǘŜ Ŝǘ ŜȄǘǊşƳŜƳŜƴǘ ƎŜƴǘƛƭƭŜΦ ±ƻǳǎ ŦƻǊƳŜȊ ǳƴ ōŜŀǳ 
ŎƻǳǇƭŜΣ Ŝǘ ƧŜ ǎǳƛǎ ƘŜǳǊŜǳȄ ŘŜ Ǿƻǳǎ ƭŀƛǎǎŜǊ ŀǾƻƛǊ ǳƴ ǇŜǳ ŘŜ ǘŜƳǇǎ ǇƻǳǊ ǾƻǳǎΦ ±ǊŀƛƳŜƴǘ ǳƴ 
ƎǊŀƴŘ ƳŜǊŎƛ όŜǘ ŎŜǎ Ƴƻǘǎ ƴŜ ǎƻƴǘ Ǉŀǎ ǎǳŦŦƛǎŀƴǘǎύΦ {ŀŎƘŜȊ ǉǳŜ ƧŜ Ǿƻǳǎ ǎǳƛǎ ƘŀǳǘŜƳŜƴǘ 
ǊŜŘŜǾŀōƭŜΦ 9ƴŦƛƴΣ ƧŜ ǊŜƳŜǊŎƛŜ aŀƠŘ ǇƻǳǊ ƭŜǎ ōŀƛƴǎ ŘŜ ǇƛŜŘǎ ƧƻǳǊƴŀƭƛŜǊǎΦ 

5ŀǾƛŘ Ŝǘ ±ƛŎƪȅΦ WŜ Ǿƻǳǎ ǊŜƳŜǊŎƛŜ ŘŜ ƳΩŀǾƻƛǊ ƘŞōŜǊƎŞ ŘǳǊŀƴǘ ŎŜǎ ŘŜǳȄ ǎŜƳŀƛƴŜǎ Ł !ƳƴŞǾƛƭƭŜΦ 
WΩŀƛ ŞǘŞ ǎǳǊǇǊƛǎ ŘŜ ǎŀǾƻƛǊ ǉǳŜ Ǿƻǳǎ ŀŎŎŜǇǘƛŜȊ ŘϥŀŎŎǳŜƛƭƭƛǊ ǳƴŜ ǇŜǊǎƻƴƴŜ ǉǳŜ Ǿƻǳǎ ƴŜ 
ŎƻƴƴŀƛǎǎƛŜȊ ŀōǎƻƭǳƳŜƴǘ Ǉŀǎ ŀǳǇŀǊŀǾŀƴǘΦ WŜ ǎǳƛǎ ƘŜǳǊŜǳȄ ŘŜ Ǿƻǳǎ ŀǾƻƛǊ ǊŜƴŎƻƴǘǊŞΣ Ŝǘ ŘΩŀǾƻƛǊ 
ǇŀǎǎŞ ŘŜ ƭƻƴƎǎ ƳƻƳŜƴǘǎ Ł ŘƛǎŎǳǘŜǊ ŜƴǎŜƳōƭŜΦ WŜ Ǿƻǳǎ ǎƻǳƘŀƛǘŜ ōƻƴ Ǿƻƭǎ όŎΩŜǎǘ ŎƻƳƳŜ œŀ ǉǳŜ 
ƭΩƻƴ Řƛǘ ŎƘŜȊ ƴƻǳǎύ Řŀƴǎ ǾƻǘǊŜ ƴƻǳǾŜƭƭŜ ǾƛŜ ŀǾŜŎ Ǿƻǎ ŜƴŦŀƴǘǎΦ 

/Ŝ ǇǊƻƧŜǘ ƴΩŀǳǊŀƛǘ Ǉǳ ŀōƻǳǘƛǊ ǎŀƴǎ ƭΩŀƛŘŜ ŘŜ ŎƻƭƭŀōƻǊŀǘŜǳǊǎ ƛƳǇƭƛǉǳŞǎΦ WŜ ǘƛŜƴǎ ŘƻƴŎ Ł 
ǊŜƳŜǊŎƛŜǊ ǘƻǳǎ ƭŜǎ ŎƻƭƭŀōƻǊŀǘŜǳǊǎΣ ƴƻǘŀƳƳŜƴǘ ŎŜǳȄ ǉǳŜ ƧŜ ƴΩŀƛ Ǉŀǎ ŎƛǘŞǎ ǇǊŞŎŞŘŜƳƳŜƴǘΦ 
aŜǊŎƛ Ł ±ƛƴŎŜƴǘΣ DǊŜƎΣ tƛŜǊǊŜ-CǊŀƴœƻƛǎΣ ¢ƘƻƳŀǎΣ 9ǎǘŜōŀƴ Ŝǘ /ƻƭƭŜŜƴΦ 

Lƭ ƴΩŀǳǊŀƛǘ Ǉǳ ŀōƻǳǘƛǊ ƴƻƴ Ǉƭǳǎ ǎŀƴǎ ƭΩŀƛŘŜ ŘŜ 5ŀǾƛŘ ǇƻǳǊ ǎŜǎ ŎƻƳǇŞǘŜƴŎŜǎ Ŝƴ ōǊƛŎƻƭŀƎŜ ǉǳƛ 
ƻƴǘ ǇŜǊƳƛǎ ƭŀ ŎƻƴǎǘǊǳŎǘƛƻƴ ŘŜǎ ŘƛǎǇƻǎƛǘƛŦǎ ŜȄǇŞǊƛƳŜƴǘŀǳȄ Ŝǘ /ŀǊƛƴŜ ǇƻǳǊ ƭŀ ǊŜƭŜŎǘǳǊŜ ƛƴǘŜƴǎŜ 
Řǳ ŦǊŀƴœŀƛǎΦ 

  

WŜ ǘƛŜƴǎ ŀǳǎǎƛ Ł ǊŜƳŜǊŎƛŜǊ ǘƻǳǘŜǎ ƭŜǎ ǇŜǊǎƻƴƴŜǎ ǉǳƛ ƻƴǘ ǎǳǇǇƻǊǘŞ ƭŜǎ ŎƻƴǘǊŀƛƴǘŜǎ 
ŀŘƳƛƴƛǎǘǊŀǘƛǾŜǎ ŘŜ Ƴƻƴ ŎƻƴǘǊŀǘ ǎƛ ŎƻƳǇƭƛǉǳŞΦ aŜǊŎƛ ǾǊŀƛƳŜƴǘ Ł Ǿƻǳǎ ƭŜǎ ŦƛƭƭŜǎΣ aŀǊƧƻǊƛŜΣ 
aŀǊƎǳŜǊƛǘǘŜΣ tŀǳƭƛƴŜ Ŝǘ bŀǘŀŎƘŀ ǇƻǳǊ ǾƻǘǊŜ ǇŀǘƛŜƴŎŜΦ 

¦ƴŜ ǘƘŝǎŜ ƴŜ ǎŜ Ǿƛǘ Ǉŀǎ ǎƛƳǇƭŜƳŜƴǘ ŀǾŜŎ ƭŜǎ ǇŜǊǎƻƴƴŜǎ ǊŀǘǘŀŎƘŞŜǎ ŀǳ ǇǊƻƧŜǘΦ [Ŝǎ ǇŜǊǎƻƴƴŜǎ 
ǉǳŜ ƴƻǳǎ Ŏƾǘƻȅƻƴǎ ŀǳ ƧƻǳǊ ƭŜ ƧƻǳǊ ŘƻƛǾŜƴǘ ŀǳǎǎƛ ǎǳǇǇƻǊǘŜǊ ŎŜǘǘŜ ǾƛŜΦ WŜ ǘƛŜƴǎ Ł ƭŜǎ ǊŜƳŜǊŎƛŜǊ 
ǘǊŝǎ ŎƘŀƭŜǳǊŜǳǎŜƳŜƴǘ ǇƻǳǊ ƳΩŀǾƻƛǊ ŀƛŘŞ ŘŜ ǇǊŝǎ ƻǳ ŘŜ ƭƻƛƴΦ WŜ ǊŜƳŜǊŎƛŜ ǘƻǳǘŜ Ƴŀ ŦŀƳƛƭƭŜ 
ǇƻǳǊ ƭŜǎ ǉǳŜǎǘƛƻƴǎ ƴŀƠǾŜǎ ŜǎǎŜƴǘƛŜƭƭŜǎ Řŀƴǎ ƭŀ ŎƻƳǇǊŞƘŜƴǎƛƻƴ Ŝǘ ƭΩŀōƻǳǘƛǎǎŜƳŜƴǘ ŘΩǳƴ ǇǊƻƧŜǘΦ 
aŜǊŎƛ ŀǳǎǎƛ ǇƻǳǊ ǘƻǳǎ ƭŜǎ ƳƻƳŜƴǘǎ ǇŀǊǘŀƎŞǎ Ŝǘ ŜȄǘŞǊƛŜǳǊǎ ŀǳ ǇǊƻƧŜǘ ǉǳƛ ǎƻƴǘ ŜǎǎŜƴǘƛŜƭǎΦ 

aŜǊŎƛ ŀǳǎǎƛ Ł ǘƻǳǎ ƳŜǎ ŀƳƛǎ ǉǳƛ ƻƴǘ ǘƻǳƧƻǳǊǎ ǎǳ şǘǊŜ ƭŁ Ŝǘ ǎΩƛƴǘŞǊŜǎǎŜǊ Ł ŎŜ ǉǳŜ ƧŜ ŦŀƛǎŀƛǎΣ ōƛŜƴ 
ǉǳŜ ŎŜƭŀ ƴΩŀƛǘ Ǉŀǎ ǾǊŀƛƳŜƴǘ ŘŜ ǎŜƴǎ ǇƻǳǊ ŜǳȄΦ 

WŜ ƴΩŀƛ Ǉŀǎ ŘŜ Ƴƻǘǎ ǇƻǳǊ ǊŜƳŜǊŎƛŜǊ ƭŜǎ ŘŜǳȄ ǇŜǊǎƻƴƴŜǎ ǉǳƛ ƳΩƻƴǘ ƻŦŦŜǊǘ ƭŜ Ǉƭǳǎ ōŜŀǳ ŎŀŘŜŀǳ 
ŀǳ ŎƻǳǊǎ ŘŜ ŎŜ ǇǊƻƧŜǘΦ WŜ ǊŜƳŜǊŎƛŜ ǎƛƴŎŝǊŜƳŜƴǘ DǳƛƭƭŀǳƳŜ Ŝǘ ¢ƛǇƘŀƴƛŜ ŘŜ ƳΩŀǾƻƛǊ ŎƘƻƛǎƛ Ŝƴ 
ǘŀƴǘ ǉǳŜ ǇŀǊǊŀƛƴ ŘŜ ǾƻǘǊŜ ŘŜǊƴƛŜǊ ǇŜǘƛǘ ōƻǳǘ ŘŜ ŎƘƻǳΣ aŀƘŞΦ WŜ ǎǳƛǎ ŦƛŜǊ ŘΩŜƴŘƻǎǎŜǊ ŎŜ ǊƾƭŜ Ŝǘ 
ƧΩŜǎǇŝǊŜ Ŝƴ şǘǊŜ Ł ƭŀ ƘŀǳǘŜǳǊΦ ±ƻǳǎ ŀǾŜȊ ǾǊŀƛƳŜƴǘ ǳƴŜ ǇŜǘƛǘŜ ŦŀƳƛƭƭŜ Ŝƴ hǊΦ 

WŜ Řƻƛǎ ŘƛǊŜ ǉǳŜ ƧΩŀƛ ǳƴŜ ŦŀƳƛƭƭŜ Ŝƴ hǊ Ƴƻƛ ŀǳǎǎƛΦ WŜ ǊŜƳŜǊŎƛŜ Ǉƭǳǎ ǇŀǊǘƛŎǳƭƛŝǊŜƳŜƴǘ Ƴŀ ƳŝǊŜ 
ŘΩşǘǊŜ ŎŜ ǉǳΩŜƭƭŜ ŜǎǘΣ ŘΩŀǾƻƛǊ ǘƻǳƧƻǳǊǎ Şǘŀƛǘ ǇǊŞǎŜƴǘŜ ǇƻǳǊ ƳƻƛΣ ŘŜ ƳΩŀǾƻƛǊ ǘƻǳƧƻǳǊǎ ǎƻǳǘŜƴǳŜ 
Ŝǘ ŘŜ ƴΩşǘǊŜ ǘƻǳƧƻǳǊǎ Ǉŀǎ ŎŀǇŀōƭŜ ŘΩŜȄǇƭƛǉǳŜǊ ŎŜ ǉǳŜ ƧŜ ŦŀƛǎΦ WŜ ǘΩŀƛƳŜΦ 
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aŜǊŎƛ Ł Ƴƻƴ tŝǊŜ ŘΩŀǾƻƛǊ ǎƻǳǘŜƴǳ ƭŜ ǇǊƻƧŜǘ ŘŜǇǳƛǎ ƭŜ ŘŞōǳǘ Ŝǘ ŘΩŜƴ şǘǊŜ ŦƛŜǊΦ aŜǊŎƛ ŀǳǎǎƛ ŘŜ 
ƳƻƴǘǊŜǊ ŀǳȄ ŀǳǘǊŜǎ ǉǳŜ ǘǳ Ŝǎ ŦƛŜǊ ŘŜ Ƴƻƛ Ŝǘ ƧŜ ǎǳƛǎ ƘŜǳǊŜǳȄ ŘŜ ǇŀǊǘŀƎŜǊ Ł ƴƻǳǾŜŀǳ ƭΩŀǊǘ ŘŜ ƭŀ 
ŦŀǳŎƻƴƴŜǊƛŜ ŀǾŜŎ ǘƻƛΣ Ƴƻƴ ƳŜƴǘƻǊΦ aŜǊŎƛ ŀǳǎǎƛ ŘŜ ƳΩŀǾƻƛǊ ǘǊŀƴǎƳƛǎ ŎŜǘǘŜ Ŧŀœƻƴ ŘŜ ǇŜƴǎŜǊ Ŝǘ 
ŘŜǎ ǾŀƭŜǳǊǎ ǉǳƛ ǎŜ ǘŞƳƻƛƎƴŜƴǘ ǇŀǊ ŎŜǎ ŘŜǳȄ ƛŘŞŜǎ Υ ŎŜǘǘŜ ǇŜƴǎŞŜ ζ [ŀ ǘŜǊǊŜ ƴΩŜǎǘ Ǉŀǎ ǳƴ Řƻƴ 
ŘŜ ƴƻǎ ǇŀǊŜƴǘǎΣ ŎŜ ǎƻƴǘ ƴƻǎ ŜƴŦŀƴǘǎ ǉǳƛ ƴƻǳǎ ƭŀ ǇǊşǘŜƴǘ η Ŝǘ ŎŜǘǘŜ ŎƘŀƴǎƻƴ ζ ¢ƻǳƭƻǳǎŜ η Řǳ 
ƎǊŀƴŘ bƻǳƎŀǊƻΦ 
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INTRODUCTION   

 

I. ,ȭïÃÏÌÏÇÉÅ ÓÅÎÓÏÒÉÅÌÌÅ ȡ ÄÅ ÓÁ ÃÏÍÐÒïÈÅÎÓÉÏÎ Û ÌȭÉÍÐÏÒÔÁÎÃÅ ÄÅ ÓÏÎ 

étude  
 

a. #ÏÎÔÅØÔÅ ÅÔ ÄïÆÉÎÉÔÉÏÎ ÄÅ ÌȭïÃÏÌÏÇÉÅ ÓÅÎÓÏÒÉÅÌÌÅ 

 

 

Au cours de leur vie, les organismes doivent remplir des tâches essentielles pour 

permettre leur survie et leur reproduction incluant : la recherche de nourriture, la détection 

ŘŜ ǇǊŞŘŀǘŜǳǊǎΣ ƭŀ ǊŜŎƘŜǊŎƘŜ ŘΩǳƴ ǇŀǊǘŜƴŀƛǊŜ ǎŜȄǳŜƭ ƻǳ ōƛŜƴ ŜƴŎƻǊŜ ƭŜ ŘŞǇƭŀŎŜƳŜƴǘ Řŀƴǎ ǳƴ 

environnement complexe et dynamique (Stevens, 2013). Pour faire face à ces tâches, chaque 

organisme doit appréhender l'environnement qui l'entoure et possède donc des capacités 

sensorielles qui lui sont propres et qui façonnent ses réponses comportementales. En effet, 

ƳşƳŜ ǎΩƛƭǎ ǾƛǾŜƴǘ ŀǳ ƳşƳŜ ŜƴŘǊƻƛǘ ŀǳ ƳşƳŜ ƳƻƳŜƴǘΣ ŎƘŀǉǳŜ ƻǊƎŀƴƛǎƳŜ ǇŜǊœƻƛǘ ǇŀǊ ƭŜ ōƛŀƛǎ 

de ses divers canaux sensoriels un environnement qui lui est propre. Cette « singularité » a 

été proposée pour la première fois en 1909 par Jakob Von Uexküll et Thomas A. Sebeok qui 

proposèrent le concept « ŘΩ¦ƳǿŜƭǘ », i.e. ƭΩŜƴǾƛǊƻƴƴŜƳŜƴǘ ǎŜƴǎƻǊƛŜƭ ƻǳ ƭΩŜƴǾƛǊƻƴƴŜƳŜƴǘ 

ǇǊƻǇǊŜ Ł ƭΩƻǊƎŀƴƛǎƳŜ (Van Dyck, 2012). Cette singularité permet donc aux organismes de 

ŎƻŜȄƛǎǘŜǊ Řŀƴǎ ƭΩŜǎǇŀŎŜ Ŝǘ Řŀƴǎ ƭŜ ǘŜƳǇǎ (Safi and Siemers, 2010). Ainsi, chaque animal 

possède des capacités sensorielles adaptées permettant de traiter les indices et signaux 

(définitions boite 1) essentiels dans sa vie journalière.  
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Boite 1 : Définition des termes essentiels utilisés au cours du manuscrit 

Acuité visuelle Υ [ΩŀŎǳƛǘŞ ǾƛǎǳŜƭƭŜ Ŝǎǘ ƭŀ ŎŀǇŀŎƛǘŞ Ł ŘƛǎŎǊƛƳƛƴŜǊ ŘŜǳȄ Ǉƻƛƴǘǎ Řŀƴǎ ǳƴ ŜǎǇŀŎŜ ǾƛǎǳŜƭ (Jones et al., 
2007). [ΩŀŎǳƛǘŞ ǾƛǎǳŜƭƭŜ se mesure en nombre de cycles (barre noire + barre blanche) pouvant être 
ǊŞǎƻƭǳǎ Řŀƴǎ мϲ ŘΩŀƴƎƭŜ όŀǊŎύΦ [ŀ détermination de lΩŀŎǳƛǘŞ ǾƛǎǳŜƭƭŜ Ŝǎǘ ŜŦŦŜŎǘǳŞŜ ƴƻǘŀƳƳŜƴǘ ǇŀǊ ŘŜǎ 
ǘŜǎǘǎ Ł ŎƘƻƛȄ ŘƻǳōƭŜΦ 5ŀƴǎ ƭΩŜȄŜƳǇƭŜΣ ƭΩŀŎǳƛǘŞ ǾƛǎǳŜƭƭŜ Ŝǎǘ ŘŜ п ŎȅŎƭŜǎ ǇŀǊ ŘŜƎǊŞ όŦƛƎǳǊŜ ŀŘŀǇǘŞŜ ŘŜ 
Jones et al. (2007)).  

 

Champ visuel Υ [Ŝ ŎƘŀƳǇ ǾƛǎǳŜƭ ŘŞŎǊƛǘ ƭΩŜǎǇŀŎŜ ǘǊƛŘƛƳŜƴǎƛƻƴƴŜƭ (en degrés) ŀǳǘƻǳǊ ŘŜ ƭŀ ǘşǘŜ ƻǴ ƭΩƻǊƎŀƴƛǎƳŜ 
ǇŜǳǘ ǊŜŎŜǾƻƛǊ ŘŜ ƭΩƛƴŦƻǊƳŀǘƛƻƴ Ł ǘƻǳǘ ƳƻƳŜƴǘ (Martin, 2007) 

Communication Υ ¢ǊŀƴǎŦŜǊǘ ŘΩƛƴŦƻǊƳŀǘƛƻƴΣ ǘǊŀƴǎǇƻǊǘŞŜ ǇŀǊ ǳƴ ǎƛƎƴŀƭΣ ŘΩǳƴ ƻǊƎŀƴƛǎƳŜ émetteur à un 
organisme récepteur qui répond de manière comportementale ou physiologique (Bradbury and 
Vehrencamp, 2011) 

Composé sémiochimique : Sémio (du grecque semeion) signifie marque ou signal. Un composé 
sémiochimique est donc un composé impliqué dans la communication chimique entre organismes 
(Nordlund and Lewis, 1976) 

Fovéa : En latin, fovea signifie « petit trou ». La fovéa est donc une dépression au niveau de la rétine 
présentant la densité en photorécepteurs la plus importante permettant ainsi ponctuellement une 
forte acuité visuelle (Jones et al., 2007) 

Indice : Tout élément, animé ou inanimé, qui peut être utilisé par un animal comme guide pour une action 
ŦǳǘǳǊŜΣ Ƴŀƛǎ ǉǳƛ ƴΩŀ Ǉŀǎ ŞǾƻƭǳŞ Řŀƴǎ ŎŜ ōǳǘ (Smith and Harper, 2003) 

Photorécepteur : Cellule activée par la lumière. Chez la plupart des organismes, on trouve deux types de 
photorécepteurs, les cônes (activés lorsque la luminosité est importante et permettant la détection 
des couleurs) et les bâtonnets (activés à faible intensité lumineuse) (Jones et al., 2007) 

Ressource : Toute entité requise par un organisme dont les quantités peuvent être réduites par son activité 
(Begon et al., 2006) 

Signal Υ ¦ƴ ǎƛƎƴŀƭ ŀ ǇƻǳǊ ōǳǘ ŘŜ ƳƻŘƛŦƛŜǊ ƭŜ ŎƻƳǇƻǊǘŜƳŜƴǘ ŘΩǳƴ ŀǳǘǊŜ ƻǊƎŀƴƛǎƳŜ Ŝǘ peut fonctionner si la 
ǊŞǇƻƴǎŜ ŘŜ ƭΩƻǊƎŀƴƛǎƳŜ ŎƛōƭŞ ŀ ŀǳǎǎƛ ŞǾƻƭǳŞ Řŀƴǎ ŎŜ ōǳǘ (Smith and Harper, 2003) 
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[ΩŞŎƻƭƻƎƛŜ ǎŜƴǎƻǊƛŜƭƭŜ ǎΩƛƴǘŞǊŜǎǎŜ Ł ƭŀ ƳŀƴƛŝǊŜ Řƻƴǘ ƭŜǎ ŀƴƛƳŀǳȄ ŀŎǉǳƛŝǊŜƴǘΣ ǘǊŀƛǘŜƴǘ Ŝǘ 

utilisent les informations disponibles au cours de leur vie (Stevens, 2013). Elle traite à la fois 

de questions mécanistiques (e.g. comment les récepteurs sensorieƭǎ ŎŀǇǘǳǊŜƴǘ ƭΩƛƴŦƻǊƳŀǘƛƻƴύ 

et de questions fonctionnelles (e.g. ƭŀ ǎƛƎƴƛŦƛŎŀǘƛƻƴ ŀŘŀǇǘŀǘƛǾŜ ŘŜ ƭΩƛƴŦƻǊƳŀǘƛƻƴ ǳǘƛƭƛǎŞŜ ǇŀǊ 

ƭΩŀƴƛƳŀƭ ǇƻǳǊ ǇǊŜƴŘǊŜ ǳƴŜ ŘŞŎƛǎƛƻƴ ŎƻƳǇƻǊǘŜƳŜƴǘŀƭŜύΦ !ƛƴǎƛΣ ŎŜǘǘŜ ǎŎƛŜƴŎŜ ǊŜƎǊƻǳǇŜ ǳƴŜ 

large gamme de disciplines allant de la neuro-ŀƴŀǘƻƳƛŜ Ł ƭΩŞŎƻƭƻƎƛŜ ŎƻƳǇƻǊǘŜƳŜƴǘŀƭŜ Ŝǘ 

ŞǾƻƭǳǘƛǾŜΦ 5ΩŀǇǊŝǎ {ǘŜǾŜƴǎ όнлмоύΣ ǘǊƻƛǎ ǉǳŜǎǘƛƻƴǎ ŦƻƴŘŀƳŜƴǘŀƭŜǎ ŘŞŎƻǳƭŜƴǘ ŘŜ ƭΩŞŎƻƭƻƎƛŜ 

sensorielle :  

i) Comment ƭŜǎ ŀƴƛƳŀǳȄ ŀŎǉǳƛŝǊŜƴǘ Ŝǘ ǳǘƛƭƛǎŜƴǘ ƭΩƛƴŦƻǊƳŀǘƛƻƴ ǇǊƻǾŜƴŀƴǘ ŘŜ 

ƭΩŜƴǾƛǊƻƴƴŜƳŜƴǘ ōƛƻǘƛǉǳŜ Ŝǘ ŀōƛƻǘƛǉǳŜ ? 

ii) Quel ǊƾƭŜ ƧƻǳŜ ƭΩŞŎƻƭƻƎƛŜ ŘŜǎ ŜǎǇŝŎŜǎ Řŀƴǎ ƭΩŞǘŀōƭƛǎǎŜƳŜƴǘ ŘŜǎ ŦƻǊƳŜǎ Ŝǘ 

fonctions des systèmes sensoriels afin de répondre au mieux aux informations 

disponibles ? 

iii) Pourquoi et comment cela influence-t-ƛƭ ƭŜ ŎƻƳǇƻǊǘŜƳŜƴǘ Ŝǘ ƭΩŞǾƻƭǳǘƛƻƴ ŘŜǎ 

espèces ? 

 

b. Intera ÇÉÒ ÁÖÅÃ ÌȭÅÎÖÉÒÏÎÎÅÍÅÎÔ ȡ ,ȭÕÔÉÌÉÓÁÔÉÏÎ ÄÅÓ ÃÁÐÁÃÉÔïÓ ÓÅÎÓÏÒÉÅÌÌÅÓ 

 

La capacité des organismes à interagir avec leur environnement est donc largement 

dépendante de leurs capacités sensorielles. Les espèces et individus diffèrent 

significativement dans les ƳƻȅŜƴǎ ŘŜ ŘŞǘŜŎǘƛƻƴ ŘΩƛƴŘƛŎŜǎ Ŝǘ ŘŜ ǎƛƎƴŀǳȄ ǇǊƻǾŜƴŀƴǘ ŘŜ ŎŜƭǳƛ-ci. 

Ainsi, « vox populi » généralise souvent sur les capacités sensorielles des animaux en 

annonçant que les aigles ont une vision extraordinaire, les chiens un odorat surdéveloppé et 

les passereaux un système auditif des plus variés. De ce fait, au regard de ces généralités, il 

ǎΩŀǾŝǊŜ ŀǳǎǎƛ ǉǳŜ ƭŜǎ ŀƴƛƳŀǳȄ ŘƛǎǇƻǎŜƴǘ ŘŜ ŎŀǇŀŎƛǘŞǎ ǎǳǊǇǊŜƴŀƴǘŜǎ ǉǳŜ ƭΩIƻƳƳŜ ƴŜ ǇƻǎǎŝŘŜ 

pas. En effet, certains poissons de la famille des Mormyrides et Gymnotiformes peuvent 

ǳǘƛƭƛǎŜǊ ƭΩŞƭŜŎǘǊƻƭƻŎŀǘƛƻƴ ŀŦƛƴ ŘŜ ǘǊƻǳǾŜǊ ƭŜǳǊ ƴƻǳǊǊƛǘǳǊŜ (Von der Emde, 1999; Von der Emde 

and Bleckmann, 1998), ou encore certains crotales qui utilisent des radiations infrarouges 

pour détecter et attraper leurs proies (Goris, 2011; Newman and Hartline, 1982; Safer and 

Grace, 2004)Φ 5Ŝ ǇƭǳǎΣ ǳƴ ƎǊŀƴŘ ƴƻƳōǊŜ ŘΩƻǊƎŀƴƛǎƳŜǎΣ ǘŜƭǎ ǉǳŜ ƭŜǎ ŎƘŀǳǾŜǎ-souris, les 
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mammifères marins, certains rongeurs et insectes entre autres peuvent utiliser les ultrasons 

pour communiquer (Sales, 2012)Φ !ƛƴǎƛΣ ōƛŜƴ ǉǳΩŜƴ ǘant qǳΩ ζƘǳƳŀƛƴ » nous nous 

concentrons souvent sur ce que nous voyons/savons (« Nous ne voyons que ce que nous 

savons » Johann Wolfgang von Goethe (1749-1832)), certains comportements ont permis à 

ƭŀ ŎƻƳƳǳƴŀǳǘŞ ǎŎƛŜƴǘƛŦƛǉǳŜ ŘΩŜȄǇƭƻǊŜǊ ŘŜǎ ŎŀǇŀŎƛǘŞǎ ǎŜƴǎƻǊielles insoupçonnées.  

La grande diversité anatomique et comportementale au sein du taxon des oiseaux en fait 

ǳƴ ƳƻŘŝƭŜ ǳƴƛǉǳŜ ǇƻǳǊ ƭΩŞǘǳŘŜ ŘŜǎ ŎŀǇŀŎƛǘŞǎ ǎŜƴǎƻǊƛŜƭƭŜǎ (Birkhead, 2012). Au regard de 

ƭΩƛƳǇƻǊǘŀƴǘŜ ǇŀǊǘƛŜ Řǳ ŎǊŃƴŜ ŘŞŘƛŞŜ ŀǳȄ ȅŜǳȄ ŎƘŜȊ ƭŜǎ ƻƛǎŜaux, la vision a toujours été 

ŎƻƴǎƛŘŞǊŞŜ ŎƻƳƳŜ ǳƴŜ ƳƻŘŀƭƛǘŞ ǎŜƴǎƻǊƛŜƭƭŜ ƛƳǇƻǊǘŀƴǘŜΣ ǎƛ ŎŜ ƴΩŜǎǘ ŘƻƳƛƴŀƴǘŜ (Rochon-

Duvigneaud, 1943; Walls, 1942). En effet, chez les oiseaux, environ 50% ou plus du volume 

ŎǊŃƴƛŜƴ Ŝǎǘ ƻŎŎǳǇŞ ǇŀǊ ƭŜǎ ȅŜǳȄ ŀƭƻǊǎ ǉǳΩƛƭǎ Ŝƴ ƻŎŎǳǇŜƴǘ ǎŜǳƭŜƳŜƴǘ р҈ ŎƘŜȊ ƭΩIƻƳƳŜ 

(Waldvogel, 1990)Φ ! ƭΩƛƴǾŜǊǎŜΣ ƭŜǎ ŎŀǇŀŎƛǘŞǎ ƻƭŦŀŎǘƛǾŜǎ ŘŜǎ ƻƛǎŜŀǳȄ ƴΩƻƴǘ ǉǳŜ ǘǊƻǇ ǎƻǳǾŜƴǘ 

été négligées (Roper, 1999) car les observations des ornithologistes ont depuis des 

ŘŞŎŜƴƴƛŜǎ ǎǳƎƎŞǊŞ ƭΩŀōǎŜƴŎŜ ŘŜ ŎƻƳǇƻǊǘŜƳŜƴǘǎ ǘŞƳƻƛƎƴŀƴǘ ŘΩǳƴ ǎŜƴǎ ƻƭŦŀŎǘƛŦ ŦƻƴŎǘƛƻƴƴŜƭΦ 

En effet, contrairement aux mammifères, les oiseaux ne présentent pas de comportement 

de reniflement (excepté le Starique cristatelle Aethia cristatella appartenant à la famille des 

Alcidés, qui renifle les individus pour les identifier (Hagelin, 2007b)). Ils ont par ailleurs une 

position de narines reculée sur la surface dorsale du bec (excepté les kiwis) qui ne semblerait 

pas appropriée pour explorer une source olfactive. Enfin, ils ne présentent pas de 

comportement de marquage olfactif. Paradoxalement, les évidences anatomiques appuient 

ƭΩƘȅǇƻǘƘŝǎŜ ŘΩǳƴ ǎŜƴǎ ƻƭŦŀŎǘƛŦ ŦƻƴŎǘƛƻƴƴŜƭ (Bang, 1960; Bang and Cobb, 1968; Steiger et al., 

2008). Ainsi, ōƛŜƴ ǉǳŜ ŘΩŀǳǘǊŜǎ ǎŜƴǎ ǎƻƛŜƴǘ ŜǎǎŜƴǘƛŜƭǎ ǇƻǳǊ ŎŜǊǘŀƛƴŜǎ ŜǎǇŝŎŜǎ όe.g. le sens 

auditif chez les passériformes ou strigiformes), je traiterai au cours de ce manuscrit de 

ƭΩƛƳǇƻǊǘŀƴŎŜ ŘŜǎ ŎŀǇŀŎƛǘŞǎ ǾƛǎǳŜƭƭŜǎ Ŝǘ ƻƭŦŀŎǘƛǾŜǎ ŎƘŜȊ ƭŜǎ ƻƛǎŜŀǳȄΣ ŀǾŜŎ ǳƴ ŀŎŎŜƴǘ ǇŀǊǘƛŎǳƭƛŜǊ 

sur la recherche de ressources alimentaires et la communication intra et interspécifiques. 
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II.  La perception des signaux et indices environnementaux via les 

capacités visuelles et olfactives chez les oiseaux  
 

 

a. La recherche de ressources alimentaires chez les oiseaux  

 

La vision 

 

Les capacités visuelles des oiseaux sont hautement liées à la vitesse de vol, nécessitant 

de traiter les informations rapidement (Walls, 1942) et aux techniques de recherche 

ŀƭƛƳŜƴǘŀƛǊŜΦ tŀǊǘƛŎǳƭƛŝǊŜƳŜƴǘΣ ƭΩŀŎǳƛǘŞ ǾƛǎǳŜƭƭŜ Ŝǘ ƭŜǎ ŎƘŀƳǇǎ ǾƛǎǳŜƭǎ ǎŜƳōƭŜƴǘ şǘǊŜ ŘŜǎ 

ǇŀǊŀƳŝǘǊŜǎ ŜǎǎŜƴǘƛŜƭǎ Řŀƴǎ ƭΩŀŎǉǳƛǎƛǘƛƻƴ ŘΩƛƴŦƻǊƳŀǘƛƻƴǎ ƭƛŞŜǎ Ł ƭŀ ǊŜŎƘŜǊŎƘŜ ŘŜ ƴƻǳǊǊƛǘǳǊŜ 

(Jones et al., 2007). En effet, la détection de celles-ci passe par la capacité à discriminer un 

objet dans un espace. Chez les oiseaux, on observe une variété importante en termes 

ŘΩŀŎǳƛǘŞ ǾƛǎǳŜƭƭŜΣ ŀƭƭŀƴǘ ŘΩǳƴŜ ŀŎǳƛǘŞ ǊŜƭŀǘƛǾŜƳŜƴǘ ŦŀƛōƭŜ ŎƘŜȊ ƭŜǎ ǇŀǎǎŞǊƛŦƻǊƳŜǎ (Donner, 

1951; Moore et al., 2015) Ł ƭŀ Ǉƭǳǎ ƘŀǳǘŜ ŀŎǳƛǘŞ ƻōǎŜǊǾŞŜ Řŀƴǎ ƭŜ ǊŝƎƴŜ ŀƴƛƳŀƭ ŎƘŜȊ ƭΩŀƛƎƭŜ 

audacieux Aquila audax (Reymond, 1985)Φ !ƛƴǎƛΣ ƛƭ ǎŜƳōƭŜǊŀƛǘ ǉǳŜ ƭΩŀŎǳƛǘŞ ǾƛǎǳŜƭƭŜ ǎƻƛǘ 

dépŜƴŘŀƴǘŜ Řǳ ǘȅǇŜ ŘŜ ƴƻǳǊǊƛǘǳǊŜ ǊŜŎƘŜǊŎƘŞŜΣ Ł ƭΩƛƴǎǘŀǊ ŘŜǎ ƳŀƳƳƛŦŝǊŜǎ (Veilleux and Kirk, 

2014)Σ Ƴŀƛǎ ŀǳǎǎƛ ŘŜ ƭŀ ǘŀƛƭƭŜ ŘŜ ƭΩǆƛƭ ŞǘǊƻƛǘŜƳŜƴǘ ƭƛŞŜ ŀǳ ǇƻƛŘǎ ŘŜ ƭΩƻǊƎŀƴƛǎƳŜ (Kiltie, 2000). 

Suivant leur technique de recherche de nourriture, les oiseaux diffèrent aussi dans leurs 

ŎƘŀƳǇǎ ǾƛǎǳŜƭǎΦ 9ƴ ŜŦŦŜǘΣ ƭΩƛōƛǎ ŎƘŀǳǾŜ Geronticus eremita possède une vision binoculaire plus 

ƭŀǊƎŜ ǉǳŜ ƭΩƛōƛǎ ŘŜ wƛŘƎǿŀȅ Plegadis ridgwayi (Martin and Portugal, 2011). Cette différence 

ǎΩŜȄǇƭƛǉǳŜ ǇǊƛƴŎƛǇŀƭŜƳŜƴǘ ǇŀǊ ǳƴŜ ǳǘƛƭƛǎŀǘƛƻƴ Ǉƭǳǎ ƛƳǇƻǊǘŀƴǘŜ Řǳ ǎŜƴǎ ǾƛǎǳŜƭ ŎƘŜȊ ƭΩƛōƛǎ 

ŎƘŀǳǾŜ όŘΩƻǴ ƭŀ ƴŞŎŜǎǎƛǘŞ ŘŜ ǇƻǎǎŞŘŜǊ ǳƴŜ Ǿƛǎƛƻƴ ōƛƴƻŎulaire importante pour le contrôle de 

ƭŀ Ǉƻǎƛǘƛƻƴ Řǳ ōŜŎύΣ ŀƭƻǊǎ ǉǳŜ ƭΩƛōƛǎ ŘŜ wƛŘƎǿŀȅ ǎŜƳōƭŜǊŀƛǘ ǳǘƛƭƛǎŜǊ ǇǊŞŦŞǊŜƴǘƛŜƭƭŜƳŜƴǘ ǎƻƴ 

sens tactile. On retrouve aussi cŜǘǘŜ ŘƛŦŦŞǊŜƴŎŜ ŎƘŜȊ ŘŜǎ ŜǎǇŝŎŜǎ ŘΩŀƴŀǘƛŘŞǎ ǇǊƻŎƘŜǎ 

phylogénétiquement. Le canard souchet Anas clypeata, se nourrissant de zooplancton 

aquatique par filtration, présente une vision binoculaire importante au-dessus de sa tête 

pour détecter les prédateurs éventuels, mais faible en dessous de son bec, qui ne lui est pas 

nécessaire car il utilise son sens tactile lors de la recherche de nourriture (Guillemain et al., 

2002)Φ ! ƭΩƛƴǾŜǊǎŜΣ ƭŜ ŎŀƴŀǊŘ ǎƛŦŦƭŜǳǊ Anas penelope, herbivore terrestre, présente une vision 

ōƛƴƻŎǳƭŀƛǊŜ ǊŜƭŀǘƛǾŜƳŜƴǘ ŎŜƴǘǊŞŜ ǎǳǊ ƭŀ Ǉƻǎƛǘƛƻƴ ŘŜ ǎƻƴ ōŜŎΣ ǘŞƳƻƛƎƴŀƴǘ ŘŜ ƭΩƛƳǇƻǊǘŀƴŎŜ ŘŜ 
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ƭŀ Ǿƛǎƛƻƴ ƭƻǊǎ ŘŜ ƭŀ ǊŜŎƘŜǊŎƘŜ ŘŜ ƴƻǳǊǊƛǘǳǊŜΦ Lƭ ǎŜƳōƭŜǊŀƛǘ ǉǳΩƛƭ ŜȄƛǎǘŜ ǳƴ ŎƻƳǇǊƻƳƛǎ ŜƴǘǊŜ 

acuité et champ visuel. En effet, Hughes (1977) suggère que les espèces avec un champ 

visuel important devraient avoir une acuité visuelle plus faible. Néanmoins, les 

passériformes ayant un champ visuel plus large possèdent une acuité visuelle plus 

importante que ceux ayant un champ visuel restreint (Moore et al., 2015). 

 

,ȭÏÌÆaction  

 

La vision est donc essentielle pour la recherche de nourriture chez les oiseaux. Toutefois, 

la recherche alimentaire fait appel à une utilisation multimodale des sens. Ainsi, les oiseaux 

peuvent ǳǘƛƭƛǎŜǊ ŘΩŀǳǘǊŜǎ ǎŜƴǎ ƭƻǊǎǉǳŜ ŎŜƭŀ est nécessaire et avantageux (Heppner, 1965). Par 

ŜȄŜƳǇƭŜΣ Ŝƴ ƭΩŀōǎŜƴŎŜ ŘΩƛƴŘƛŎŜǎ ǾƛǎǳŜƭǎΣ ƻƭŦŀŎǘƛŦǎ ƻǳ ǾƛǊōƻǘŀŎǘƛƭŜǎΣ ƭŜ aŜǊƭŜ ŘΩ!ƳŞǊƛǉǳŜ 

Turdus migratorius Ŝǎǘ ŎŀǇŀōƭŜ ŘΩǳǘƛƭƛǎŜǊ ƭΩŀǳŘƛǘƛƻƴ ǇƻǳǊ ǊŜǇŞǊŜǊ ƭŜǎ ǾŜǊǎ ŘŜ ǘŜǊǊŜ Řŀƴǎ ƭŜ ǎƻƭ 

(Montgomerie and Weatherhead, 1997). Le Kiwi de Mantell Apteryx mantelli peut, lui, 

ŘŞŎƛŘŜǊ ŘΩǳǘƛƭƛǎŜǊ ǎƻƴ ǎŜƴǎ ǘŀŎǘƛƭŜ ǇƻǳǊ ǊŜǇŞǊŜǊ ǎŜǎ ǇǊƻƛŜǎ ǉǳŀƴŘ ƭŜǎ ŀǳǘǊŜǎ ǎŜƴǎ ƴŜ ǎƻƴǘ Ǉŀǎ 

disponibles (Cunningham et al., 2009)Φ [ΩƻƭŦŀŎǘƛƻƴ ǇŜǳǘ ŀǳǎǎƛ şǘǊŜ ǳǘƛƭƛǎŞŜ ǇŀǊ ƭŜǎ ƻƛǎŜŀǳȄ ǎƛ 

ƴŞŎŜǎǎŀƛǊŜΦ 9ƴ ŜŦŦŜǘΣ ƭƻǊǎǉǳŜ ƭΩǳǘƛƭƛǎŀǘƛƻƴ ŘŜ ƭŀ Ǿƛǎƛƻƴ ƴΩŜǎǘ Ǉŀǎ ƻǇǘƛƳŀƭŜΣ ƭΩƻƭŦŀŎǘƛƻƴ ǎŜƳōƭŜ 

jouer un rôle important dans la recherche de nourriture chez certaines espèces. Par 

exemple, dans le mƛƭƛŜǳ ƳŀǊƛƴΣ ƻǴ ŀǳŎǳƴ ǊŜǇŝǊŜ ǾƛǎǳŜƭ ƴΩŜǎǘ ŘƛǎǇƻƴƛōƭŜΣ ƛƭ ǎŜƳōƭŜǊŀƛǘ 

ŜǎǎŜƴǘƛŜƭ ǉǳŜ ƭŜǎ ƻƛǎŜŀǳȄ ǳǘƛƭƛǎŜƴǘ ƭΩƻƭŦŀŎǘƛƻƴ ǇƻǳǊ ǘǊƻǳǾŜǊ ƭŜǳǊ ƴƻǳǊǊƛǘǳǊŜΦ !ƛƴǎƛΣ ƭŜǎ ǇŞǘǊŜƭǎ 

ǎƻƴǘ ŎŀǇŀōƭŜǎ ŘΩǳǘƛƭƛǎŜǊ ƭŜǳǊ ǎŜƴǎ ƻƭŦŀŎǘƛŦ ǇƻǳǊ ŘŞǘŜŎǘŜǊ ƭŜǎ ǇŀǘŎƘǎ ŘŜ ƴƻǳǊǊƛǘǳǊŜΣ ƴƻǘŀƳƳŜnt 

ǇŀǊ ƭŀ ŘŞǘŜŎǘƛƻƴ Řǳ ŘƛƳŞǘƘȅƭǎǳƭŦǳǊŜ ό5a{ύ ƻǳ ƭΩƻŘŜǳǊ Řǳ ƪǊƛƭƭ (Bonadonna et al., 2006; Grubb, 

1972; Hutchinson et al., 1984; Hutchison and Wenzel, 1980; Mardon et al., 2010a; Nevitt, 

1999a; Nevitt, 1999b; Nevitt and Haberman, 2003; Nevitt et al., 1995) tout comme les 

manchots (Amo et al., 2013b; Cunningham et al., 2008). Il semblerait aussi que la technique 

ŘŜ ǊŜŎƘŜǊŎƘŜ ŀƭƛƳŜƴǘŀƛǊŜ ŘŜ ŎŜǎ ƻƛǎŜŀǳȄ ƳŀǊƛƴǎ ǎƻƛǘ ŘŞǇŜƴŘŀƴǘŜ Řǳ ǎŜƴǎ ǉǳΩƛƭǎ ǳǘƛƭƛǎŜƴǘΦ 9ƴ 

ŜŦŦŜǘΣ ƭΩŀƭōŀǘǊƻǎ ƘǳǊƭŜǳǊ Diomedea exulans utilise une trajectoire de vol différente en 

ŦƻƴŎǘƛƻƴ ŘŜ ƭΩǳǘƛƭƛǎŀǘƛƻƴ ŘŜ ǎƻƴ ǎŜƴǎ ƻƭŦŀŎǘƛŦ όǘǊŀƧŜŎǘƻƛǊŜ ǎƛƴǳŜǳǎŜύ ƻǳ ǾƛǎǳŜƭ όǘǊŀƧŜŎǘƻƛǊŜ 

rectiligne) (Nevitt et al., 2008). Tout comme le milieu marin ouvert, un milieu extrêmement 

ŘŜƴǎŜ ŜƳǇşŎƘŜ ƭΩǳǘƛƭƛǎŀǘƛƻƴ Řǳ ǎŜƴǎ ǾƛǎǳŜƭ Řŀƴǎ ŎŜǊǘŀƛƴŜǎ ŎƻƴŘƛǘƛƻƴǎΦ /ΩŜǎǘ ƭŜ Ŏŀǎ ǇŀǊ 

exemple du vautour urubu à tête rouge Cathartes aura et du grand urubu Cathartes 
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melambrotus, vivant notamment dans la forêt amazonienne et recherchant leur nourriture 

au-dessus de la canopée. Ces deux espèces utiliseraient leur sens olfactif pour trouver leur 

nourriture (Gomez et al., 1994; Houston, 1986; Houston, 1988; Smith and Paselk, 1986). 

Néanmoins, les récentes découvertes montrent que la plupart des oiseaux peuvent utiliser 

leur sens olfactif lors de la recherche de nourriture sans pour autant vivre dans un milieu 

contraignant pour la vision. Les mésanges charbonnières Parus major peuvent discriminer un 

ŀǊōǊŜ ƛƴŦŜŎǘŞ ǇŀǊ ƭŜǎ ŎƘŜƴƛƭƭŜǎ ŘΩǳƴ ǇŀǇƛƭƭƻƴ ŘΩǳƴ arbre sain par la seule émission de 

composés olfactifs émis suite à la consommation de feuilles par ces lépidoptères (Amo et al. 

2013). Le lori noira Lorius garrulus flavopalliatus est quant à lui un perroquet capable 

ŘΩǳǘƛƭƛǎŜǊ ǎƻƴ ǎŜǳƭ ǎŜƴǎ ƻƭŦŀŎǘƛŦ ǇƻǳǊ ŘŞǘŜŎǘŜǊ ƭŜ ƴŜŎǘŀǊ ŘŜǎ ǇƭŀƴǘŜǎ (Roper, 2003). 

 

b. La communication chez les oiseaux  

 

[ΩŞǘǳŘŜ ŘŜ ƭŀ ŎƻƳƳǳƴƛŎŀǘƛƻƴ ŎƘŜȊ ƭŜǎ ƻƛǎŜŀǳȄ ǎΩŜǎǘ ǇǊƛƴŎƛǇŀƭŜƳŜƴǘ ŎŀƴǘƻƴƴŞŜ Ł ƭŀ 

communication acoustique au travers des chants, qui constituent un élément sonore 

incontournable de tous les écosystèmes terrestres (Kroodsma and Miller, 1996; Kroodsma et 

al., 1982; Thorpe, 1961; Todt and Naguib, 2000; Wiley and Richards, 1982). En effet, un 

répertoire de chants ŎƻƳǇƭŜȄŜ ǇŜǊƳŜǘ ƭŀ ŘŞŦŜƴǎŜ ŘΩǳƴ ǘŜǊǊƛǘƻƛǊŜΣ ŎƻƳƳŜ ŎƘŜȊ ƭŀ ƳŞǎŀƴƎŜ 

charbonnière (Krebs et al., 1978). Le chant des mâlŜǎ ǇŜǊƳŜǘ ŀǳǎǎƛ ŘΩŀǘǘƛǊŜǊ ƭŜǎ ŦŜƳŜƭƭŜǎ ǎǳǊ 

ƭŜǳǊ ǘŜǊǊƛǘƻƛǊŜ Ŝǘ ŘΩŞǾŜƴǘǳŜƭƭŜƳŜƴǘ ǎΩŀǇǇŀǊƛŜǊ ŀǾŜŎΣ Ł ƭΩƛƴǎǘŀǊ Řǳ DƻōŜƳƻǳŎƘŜ ƴƻƛǊ Ficedula 

hypoleuca et du Gobemouche à collier Ficedula albicollis (Eriksson and Wallin, 1986). 5ΩŀǳǘǊŜ 

part, les oiseaux peuvent par exemple utiliser la communication acoustique pour le 

renforcement local (i.e. ƭΩǳǘƛƭƛǎŀǘƛƻƴ ŘŜ ƭΩƛƴŦƻǊƳŀǘƛƻƴ ǇǊƻǾŜƴŀƴǘ ŘŜ ŎƻƴƎŞƴŝǊŜǎ ŀȅŀƴǘ ǘǊƻǳǾŞ 

ou exploitant déjà un patch de nourriture), comme chez les guillemots (Benoit-Bird et al., 

2011) ou encore dans la détection de prédateurs via les vocalises intra et interspécifiques 

(Fallow et al., 2013).  
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La vision 

 

De nombreuses études se sont aussi concentrées sur la communication visuelle chez les 

oiseaux, notamment sur la perception des couleurs (Osorio and Vorobyev, 2008). ! ƭΩƛƴǾŜǊǎŜ 

ŘŜǎ ƘǳƳŀƛƴǎΣ ŎŜǊǘŀƛƴǎ ƻƛǎŜŀǳȄ ǎƻƴǘ ŎŀǇŀōƭŜǎ ŘŜ ǇŜǊŎŜǾƻƛǊ ƭŜǎ ǳƭǘǊŀǾƛƻƭŜǘǎ ǉǳΩƛƭǎ ǇŜǳǾŜƴǘ 

utiliser comme signaux (Cuthill et al., 2000), notamment lors du choix de partenaire chez la 

perruche ondulée Melopsittacus undulatus (Pearn et al., 2001)Φ 5ΩŀǳǘǊŜǎ ƻƴǘ ŘŞǾŜƭƻǇǇŞ ŘŜǎ 

patterns et couleurs extraordinaires ŀŦƛƴ ŘΩŀǘǘƛǊŜǊ ƭŀ ŦŜƳŜƭƭŜΦ /ΩŜǎǘ ƭŜ Ŏŀǎ ƴƻǘŀƳƳŜƴǘ Řǳ Ǉŀƻƴ 

bleu Pavo cristatus qui a développé des plumes extravagantes témoignant avec 

« honnêteté » de sa qualité individuelle (Gadagkar, 2003). 

 

,ȭÏÌÆÁÃÔÉÏÎ 

 

Contrairement à la communication visuelle et acoustique, la communication olfactive, à 

ƭΩƛƴǎǘŀǊ ŘŜ ƭΩǳǘƛƭƛǎŀǘƛƻƴ ŘŜ ƭΩƻƭŦŀŎǘƛƻƴ ƭƻǊǎ ŘŜ ƭŀ ǊŜŎƘŜǊŎƘŜ ŀƭƛƳŜƴǘŀƛǊŜΣ ƴΩŀ ǉǳŜ ǘǊƻǇ ƭƻƴƎǘŜƳǇǎ 

été oubliée chez les oiseaux (Caro et al., 2015; Hagelin, 2007a; Hagelin and Jones, 2007). Il 

apparait maintenant clairement que les oiseaux peuvent utiliser leurs capacités olfactives à 

des buts communicatifs. Les signaux olfactifs émis par les oiseaux peuvent être vecteurs 

ŘΩƛƴŦƻǊƳŀǘions diverses. Par exemple, il a été démontré que la signature olfactive peut 

ǘŞƳƻƛƎƴŜǊ Řǳ ǎŜȄŜ ŘŜ ƭΩƛƴŘƛǾƛŘǳ ŎƘŜȊ ƭŜǎ ǇŀǎǎŞǊƛŦƻǊƳŜǎΣ ǇǊƻŎŜƭƭŀǊƛƛŦƻǊƳŜǎΣ ŀƴǎŞǊƛŦƻǊƳŜǎ Ŝǘ 

charadriiformes (Amo et al., 2012; Bonadonna et al., 2007; Jacob et al., 1979; Leclaire et al., 

2011; Mardon et al., 2010b; Zhang et al., 2010). Cette information peut être utilisée de 

manière fonctionnelle (Amo et al., 2012; Hirao et al., 2009; Zhang et al., 2010)Σ Ƴŀƛǎ ŎŜ ƴΩŜǎǘ 

parfois pas le cas (Bonadonna et al., 2009). La signature olfaŎǘƛǾŜ ǘŞƳƻƛƎƴŜ ŘŜ ƭΩƛƴŘƛǾƛŘǳŀƭƛǘŞ 

chez les oiseaux (Bonadonna and Nevitt, 2004; Leclaire et al., 2011; Mardon et al., 2010b) et 

ceux-ci peuvent utiliser cette information pour se discriminer entre individus, et notamment 

reconnaître leur partenaire sexuel (Bonadonna et al., 2006; Bonadonna and Nevitt, 2004). 

Au-delà de la reconnaissance individuelle, la signature olfactive chez les oiseaux témoigne 

aussi de la proximité génétique des individus (Célérier et al., 2011; Leclaire et al., 2012; 

Leclaire et al., 2014) ǇŜǊƳŜǘǘŀƴǘ ŀƛƴǎƛ ŘΩƻǇǘƛƳƛǎŜǊ ǳƴ ŎƘƻƛȄ ŘŜ ǇŀǊǘŜƴŀƛǊŜ ǇƻǳǊ ǳƴŜ 

descendance viable en évitant la consanguinité (Bonadonna and Sanz-Aguilar, 2012; Coffin et 
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al., 2011; Krause et al., 2012). Il apparaît donc que la signature olfactive individuelle est 

importante dans un contexte reproductif permettant ainsi de choisir un partenaire adapté 

mais aussi une éventuelle synchronisation des partenaires. En effet, les composés 

sémiochimiques des femelles diffèrent lors de la période de reproduction (Amo et al., 2012; 

Jacob et al., 1979) témoignant ainsi potentiellement de leur disposition à se reproduire. 

c. #ÈÏÉØ ÄÕ ÇÒÏÕÐÅ ÄȭïÔÕÄÅ 

 

Ainsi, bien que les oiseaux aient été toujours considérés comme hautement dépendants 

de leur vision, leurs capacités olfactives ne sont pas en reste. Néanmoins, chez les oiseaux, 

les rapaces (Accipitriformes et Falconiformes) souffrent encore de la généralisation de leurs 

ŎŀǇŀŎƛǘŞǎ ǎŜƴǎƻǊƛŜƭƭŜǎ όǳƴŜ Ǿƛǎƛƻƴ ŜȄǘǊŀƻǊŘƛƴŀƛǊŜ Ŝǘ ƭΩŀōǎŜƴŎŜ ŘΩƻŘƻǊŀǘύΦ tƻǳǊǘŀƴǘΣ ŎŜ ǘŀȄƻƴ 

est largement diversifié, notamment en termes de recherche alimentaire et de degré de 

ǎƻŎƛŀƭƛǘŞΦ 9ƴ ŜŦŦŜǘΣ ōƛŜƴ ǉǳΩƛƭǎ ǎƻƛŜƴǘ principalement tous carnivores, deux grands groupes 

écologiques se distinguent parmi les rapaces : les prédateurs et les charognards. Les 

prédateurs sont majoritairement solitaires alors que les charognards privilégient 

généralement un mode de vie grégaire. Ces différences majeures impliquent 

potentiellement des capacités sensorielles différentes. Parmi ces deux groupes, il existe aussi 

une importante variabilité comportementale avec des espèces cherchant leur nourriture en 

Ǿƻƭ Ł ƘŀǳǘŜ ŀƭǘƛǘǳŘŜ Řŀƴǎ ŘŜǎ ƭƛŜǳȄ ǊŜƭŀǘƛǾŜƳŜƴǘ ƻǳǾŜǊǘǎ ǘŀƴŘƛǎ ǉǳŜ ŘΩŀǳǘǊŜǎ ǇǊƻǎǇŜŎǘŜƴǘ Ł 

faible altitude ou perchés dans des milieux forestiers. Enfin, le type de proie varie aussi pour 

les espèces prédatrices, avec des espèces cherchant des proies terrestres ǘŀƴŘƛǎ ǉǳŜ ŘΩŀǳǘǊŜǎ 

se concentrent sur des proies se déplaçant en 3 dimensions (dans le milieu aérien ou le 

ƳƛƭƛŜǳ ŀǉǳŀǘƛǉǳŜύΦ !ǳ Ǿǳ ŘŜ ƭŀ ƎŞƴŞǊŀƭƛǎŀǘƛƻƴ ŘŜ ƭŜǳǊǎ ŎŀǇŀŎƛǘŞǎ Ŝǘ ŘŜ ƭΩƛƳǇortante diversité 

comportementale, tant en terme de recherche de nourriture que de communication, il y a 

ǳƴŜ ǊŞŜƭƭŜ ƴŞŎŜǎǎƛǘŞ ŘŜ ŘŞŦƛƴƛǊ ŎƭŀƛǊŜƳŜƴǘ ƭŜǳǊǎ ŎŀǇŀŎƛǘŞǎ ǾƛǎǳŜƭƭŜǎ Ŝǘ ƻƭŦŀŎǘƛǾŜǎ Ŝǘ ŘΩŜƴ 

explorer les limites. 
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III.  Le cas des rapaces 
 

a. Définition  

 

La ŎŀǘŞƎƻǊƛǎŀǘƛƻƴ ŘŜ ƎǊƻǳǇŜ ŘΩŜǎǇŝŎŜǎ Ŝǎǘ ǇŀǊǘƛŎǳƭƛŝǊŜƳŜƴǘ ŘƛŦŦƛŎƛƭŜ Řŀƴǎ ǳƴ ƳƻƴŘŜ Ŝƴ 

ƳƻǳǾŜƳŜƴǘΣ ƻǴ ǊƛŜƴ ƴΩŜǎǘ ŦƛƎŞ Ŝǘ ŀǳ ŎƻƴǘǊŀƛǊŜ Ŝƴ ǇŜǊǇŞǘǳŜƭƭŜ ŞǾƻƭǳǘƛƻƴΦ ! ŎŜ ǘƛǘǊŜΣ ŘŞŦƛƴƛǊ ce 

ǉǳΩŜǎǘ ǳƴ ζ rapace » apparaît particulièrement ardu. A la lecture du Larousse (2015), un 

rapace serait « un oiseau se nourrissant principalement de vertébrés, capturés vivants et 

saisis par ses griffes recourbées ou serresΧ ». On constate bien ici que cette définition 

ƴΩƛƴǘŝƎǊŜ Ǉŀǎ ǘƻǳǘŜǎ ƭŜǎ ŜǎǇŝŎŜǎ όƭŜǎ ǾŀǳǘƻǳǊǎ ƴΩŜƴǘǊŜƴǘ Ǉŀǎ Řŀƴǎ cette catégorie par 

ŜȄŜƳǇƭŜύΦ 5Ωǳƴ Ǉƻƛƴǘ ŘŜ ǾǳŜ ǎŎƛŜƴǘƛŦƛǉǳŜΣ ƛƭ ŀǇǇŀǊŀƛǘ ŀǳǎǎƛ ŘƛŦŦƛŎƛƭŜ ŘŜ ŎŀǘŞƎƻǊƛǎŜǊ ŘŜǎ ƻƛǎŜŀǳȄ 

sous le groupe « rapace ηΦ 9ƴ ŜŦŦŜǘΣ ǘƻǳǘŜǎ ƭŜǎ ŞǘǳŘŜǎ ǇƘȅƭƻƎŞƴŞǘƛǉǳŜǎ ǊŞŎŜƴǘŜǎΣ ǎΩŀǇǇǳȅŀƴǘ 

sur des analyses moléculaires, montrent que les familles et ordres présents sous cet ancien 

taxon « rapace » sont largement distants (cf Figure A). A ce jour, les ornithologues 

ǎΩŀŎŎƻǊŘŜƴǘ ǎǳǊ ƭŜ Ŧŀƛǘ ǉǳŜ ƭŜǎ ǊŀǇŀŎŜǎ ǊŜƎǊƻǳǇŜƴǘ о ǘŀȄƻƴǎ ŘƛǎǘŀƴǘǎΣ i.e. Accipitriformes 

(regroupant la plupart des rapaces diurnes Υ ŀƛƎƭŜǎΣ ōǳǎŜǎΣ ǾŀǳǘƻǳǊǎΣ ƳƛƭŀƴǎΧύΣ CŀƭŎƻƴƛŦƻǊƳŜǎ 

(faucons et caracaras) et Strigiformes (chouettes et hiboux). Ainsi, même si « rapace η ƴΩŜǎǘ 

Ǉŀǎ ǳƴ ƎǊƻǳǇŜ ǎŎƛŜƴǘƛŦƛǉǳŜƳŜƴǘ ǊŜŎƻƴƴǳ Ŝƴ ǎƻƛ όƳƻƴƻǇƘȅƭŞǘƛǉǳŜΣ ŘƻƴŎ ŘŜǎŎŜƴŘŀƴǘǎ ŘΩǳƴ 

ancêtre commun), celui-ci permet une compréhension au sens large par la communauté 

ornithologique, les scientifiques, les fauconniers et le grand public. En ayant conscience de la 

faible valeur scientifique de celui-ŎƛΣ ƧΩŀƛ ŘŞŎƛŘŞ ŘΩǳǘƛƭƛǎŜǊ ζ rapace η ŀŦƛƴ ŘΩŀƭƭŞƎŜǊ ƭŀ ƭecture 

tout au long du manuscrit, mais aussi de permettre aux personnes étrangères à ce domaine 

ŘŜ ŎƻƳǇǊŜƴŘǊŜ ƭΩƛƴǘŞǊşǘ ŘŜ ŎŜ ƳƻŘŝƭŜ ŘΩŞǘǳŘŜΦ 5ŀƴǎ Ƴƻƴ ǘǊŀǾŀƛƭ ŘŜ ǘƘŝǎŜΣ ƧŜ ƴΩŞǘǳŘƛŜǊŀƛ ǉǳŜ 

les rapaces diurnes appartenant aux ordres des Accipitriformes et Falconiformes. 
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Figure A Υ 5ƛǾŜǊǎƛŦƛŎŀǘƛƻƴ ŘŜ ƭΩŀǊōǊŜ ǇƘȅƭƻƎŞƴŞǘƛǉǳŜ ŘŜǎ ƻƛǎŜŀǳȄΦ [Ŝǎ ƎǊƻǳǇŜǎ ǇƘȅƭƻƎŞƴŞǘƛǉǳŜǎ ŘŜǎ « rapaces » 

sont identifiés en rouge. Adapté de (Jetz et al., 2012) 
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b. Les capacités sensorielles des rapaces 

 

! ƭΩƛƴǎǘŀǊ ŘŜǎ ŀǳǘǊŜǎ ƻƛǎŜŀǳȄΣ ƛƭ est communément admis que les rapaces sont 

principalement dépendants de leur vision (Jones et al., 2007)Φ !ƛƴǎƛΣ ƭΩŞǘǳŘŜ ŘŜǎ ŎŀǇŀŎƛǘŞǎ 

visuelles des rapaces a largement dominé celle des autres sens. Néanmoins, au regard de la 

littérature scientifique, les capacités visuelles des rapaces restent relativement peu étudiées. 

 

La vision 

 

hƴ ǇŜǳǘ ǎƻǳǾŜƴǘ ƭƛǊŜ ƭΩŜȄǇǊŜǎǎƛƻƴ ζ ǳƴŜ ǾǳŜ ŘΩŀƛƎƭŜ » dans divers ouvrages, 

témoignant du fait que les rapaces ont une vision (acuité visuelle) extraordinaire. Chez les 

rapaces, ƭŀ ǇǊŞǎŜƴŎŜ ŘΩǳƴ ǆƛƭ ŘŜ ƎǊŀƴŘŜ ǘŀƛƭƭŜΣ ŘΩǳƴŜ ŘŜƴǎƛǘŞ Ŝƴ ǇƘƻǘƻǊŞŎŜǇǘŜǳǊ ƛƳǇƻǊǘŀƴǘŜ 

Ŝǘ ŘΩǳƴŜ ŦƻǾŞŀ ǇǊƻŦƻƴŘŜ όŎŦ ōƻƛǘŜ нύ ŀǳǊŀƛŜƴǘ ŞǘŞ ƭŜǎ ǇǊƛƴŎƛǇŀƭŜǎ Ǌŀƛǎƻƴǎ ŘŜ ŎŜǘǘŜ ŎǊƻȅŀƴŎŜ 

(Reymond, 1985; Reymond, 1987). 
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Boite 2 : Principes et discussions autour de la fovéa 

La fovéa est une dépression au niveau de la rétine où les couches supérieures (e.g. vaisseaux sanguins qui empêchent la 

lumière de passer) sont absentes et où la densité en photorécepteurs est la plus importante (Birkhead, 2012; Jones et al., 

2007; Tucker, 2000; Walls, 1937; Walls, 1942)Φ !ƛƴǎƛΣ ŎΩŜǎǘ ŀǳ ƴƛǾŜŀǳ ŘŜ ƭŀ ŦƻǾŞŀ ǉǳŜ ƭŜǎ ŘŞǘŀƛƭǎ ƭŜǎ Ǉƭǳǎ Ŧƛƴǎ ǎŜǊƻƴǘ ǇŜǊœǳǎΦ [Ŝǎ 

formes des fovéas diffèrent suivant les espèces, avec une fovéa « concaviclivate η ŎƘŜȊ ƭΩIƻƳƳŜΣ ŎƻƴǘǊŀƛǊŜƳŜƴǘ Ł ǳƴŜ ŦƻǾŞŀ 

« convexiclivate » chez les rapaces (cf. Figure B).  

 

Figure B : Diagramme des fovéas dites « concaviclivate » (courbures concaves) et « convexiclivate » (courbures convexes). Adaptée de (Ross, 

2004) 

5Ŝ ǇƭǳǎΣ ǇŀǊ ŜŦŦŜǘ ŘŜ ǊŞŦǊŀŎǘƛƻƴ ŘŜ ƭΩƛƳŀƎŜ ǎǳǊ ƭŀ ǇŀǊƻƛ ŘŜ ƭŀ rétine, la structure physique de la fovéa pourrait permettre une 

ŜȄŎƛǘŀǘƛƻƴ ŘΩǳƴ ƴƻƳōǊŜ ŘŜ ǇƘƻǘƻǊŞŎŜǇǘŜǳǊǎ Ǉƭǳǎ ƛƳǇƻǊǘŀƴǘŜ Ŝǘ ŀƛƴǎƛ ŀŎŎǊƻƛǘǊŜ ƭΩŀŎǳƛǘŞ ǾƛǎǳŜƭƭŜ όŎŦ ŦƛƎǳǊŜ /ό!ύ) (Walls, 1937). 

Cependant, la courbure de la fovéa étant différente suivant la dƛǎǘŀƴŎŜ Ł ƭŀ ǇŀǊǘƛŜ ŎŜƴǘǊŀƭŜ ŘŜ ƭŀ ŦƻǾŞŀΣ ƭŀ ǊŞŦǊŀŎǘƛƻƴ ŘŜ ƭΩƛƳŀƎŜ 

sera différente en tout point et causera donc une distorsion de celle-ci (cf. figure C(B)) (Pumphrey, 1948).  

 
Figure C : wŜǇǊŞǎŜƴǘŀǘƛƻƴ ǎŎƘŞƳŀǘƛǉǳŜ ǎƛƳǇƭƛŦƛŞŜ ŘŜ ƭΩŞǾŜƴǘǳŜƭ ŜŦŦŜǘ ŘŜ ƳŀƎƴƛfication de la fovéa centrale des oiseaux. A ς Idée proposée par (Walls, 1937; 

Walls, 1940) : les pentes de la fovéa de la buse variable Buteo buteo magnifient symétriquement par un facteur de 1,3, la partie centrale de la fovéa étant 

ignorée. B ς Idée proposée par Pumphrey (1948) Υ ƭŜǎ ǇŜƴǘŜǎ Ŝǘ ƭŀ ǇŀǊǘƛŜ ŎŜƴǘǊŀƭŜ ŘŜ ƭŀ ŦƻǾŞŀ ŘŜ ƭΩŀƛƎƭŜ Ǌƻȅŀƭ Aquila chrysaetos magnifient asymétriquement 

ƭΩƛƳŀƎŜ ǇŀǊ ǳƴ ŦŀŎǘŜǳǊ ƳŀȄƛƳŀƭ ŘŜ мΣн ǎǳǊ ƭŜǎ ŎƾǘŞǎ ŘŜ ƭŀ ǇŀǊǘƛŜ ŎŜƴǘǊŀƭŜ Ŝǘ ǳƴŜ ƳŀƎƴƛŦƛŎŀǘƛƻƴ Ǉƭǳǎ ŦŀƛōƭŜ ŀǳ ŎŜƴǘǊŜ Ŝǘ ǎur les côtés de la fovéa. Les profils des 

ŦƻǾŞŀǎ ƻƴǘ ŞǘŞ ǘǊŀŎŞǎ Ŝǘ Ƴƛǎ Ł ƭΩŞŎƘŜƭƭŜ ǇŀǊ aƛƴŘŀǳƎŀǎ aƛǘƪǳǎ ŘΩŀǇǊŝǎ ²ŀƭƭǎ όмфотύ Ŝǘ tǳƳǇƘǊŜȅ όмфпуύΦ 

9ƴ ǊŞǎǳƳŞΣ ƭŀ ŦƻƴŎǘƛƻƴ ŘŜ ƭŀ ǎǘǊǳŎǘǳǊŜ ǇƘȅǎƛǉǳŜ ŘŜ ƭŀ ŦƻǾŞŀ όǎΩƛƭ ȅ Ŝƴ ŀ ǳƴŜύ Ŝǎǘ ŜƴŎƻǊŜ ƳŞŎƻƴƴǳŜΦ /ŜǇŜƴŘŀƴǘΣ Ŏertains auteurs 

suggèrent que la partie profonde de la fovéa « convexiclivate η ŘŜǎ ǊŀǇŀŎŜǎ ǇƻǳǊǊŀƛǘ Ŝƴ ŜŦŦŜǘ ƳŀƎƴƛŦƛŜǊ ƭΩƛƳŀƎŜ ǎŀƴǎ ǇƻǳǊ 

autant causer de distorsion (Snyder and Miller, 1978). 
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[ŀ ŘŞŎƻǳǾŜǊǘŜ ŘΩǳƴŜ ŘŜǳȄƛŝƳŜ ŦƻǾŞŀ ŎƘŜȊ ƭŜǎ ǊŀǇŀŎŜǎ ŀ ŀǳǎǎƛ Ŏontribué à supposer 

une importance capitale de la vision. En effet, il est communément admis que tous les 

rapaces possèdent une fovéa centrale et profonde permettant probablement la détection et 

ƭŀ ŦƛȄŀǘƛƻƴ ŘΩƻōƧŜǘǎ Řƛǎǘŀƴǘǎ Ŝǘ ǳƴŜ ŦƻǾŞŀ ǘŜƳǇƻǊŀƭŜ ǇŜǊƳŜǘǘŀnt vraisemblablement la 

fixation de la proie au moment de la capture (Tucker, 2000). {Ωƛƭ Ŝǎǘ ǾǊŀƛ ǉǳŜ certains 

ǇƻǎǎŝŘŜƴǘ ƭΩŀŎǳƛǘŞ ǾƛǎǳŜƭle la plus importante jamais estimée dans le règne animal (Fischer, 

1968; Reymond, 1985; Reymond, 1987) ŀǾŜŎ ǳƴŜ ǾŀƭŜǳǊ ŘŜ мпн ŎȅŎƭŜǎ ǇŀǊ ŘŜƎǊŞ ǇƻǳǊ ƭΩŀƛƎƭŜ 

audacieux Aquila audax (Reymond, 1985)Σ ŘΩŀǳǘǊŜǎ ǎŜƳōƭŜǊŀƛŜƴǘ ŀǾƻƛǊ ǳƴŜ ŀŎǳƛǘŞ ǾƛǎǳŜƭƭŜ 

ƛƴŦŞǊƛŜǳǊŜ Ł ƭΩIƻƳƳŜ όсл-70 cycles par degré), ce qui est notamment le cas du faucon 

ŎǊŞŎŜǊŜƭƭŜ ŘΩ!ƳŞǊƛǉǳŜ Falco sparverius (environ 40 cycles par degré) ou de la Buse à queue 

rousse Buteo jamaïcensis (16 cycles par degré) (Gaffney and Hodos, 2003; Hirsch, 1982; 

McIsaac, 2001). De plus, certains rapaces (pour la plupart des charognards) ne possèdent pas 

de fovéa temporale (Inzunza et al., 1991; Ruggeri et al., 2010). Les rapaces diffèrent donc en 

ǘŜǊƳŜǎ ŘΩŀŎǳƛǘŞ ǾƛǎǳŜƭƭŜ Ƴŀƛǎ ŀǳǎǎƛ ŘŜ ǎǘǊǳŎǘǳǊŜ ŀƴŀǘƻƳƛǉǳŜ ŘŜ ƭŀ ŦƻǾŞŀΦ /ŜǇŜƴŘŀƴǘΣ ƛƭ ŜȄƛǎǘŜ 

ǊŜƭŀǘƛǾŜƳŜƴǘ ǇŜǳ ŘΩŞǘǳŘŜǎ ŘŞŘƛŞŜǎ Ł ƭŀ ƳŜǎǳǊŜ ŘŜ ƭΩŀŎǳƛǘŞ ǾƛǎǳŜƭƭŜ ŎƘŜȊ ƭŜǎ ǊŀǇŀŎes, qui plus 

Ŝǎǘ ŘŜ ƳŀƴƛŝǊŜ ŎƻƳǇƻǊǘŜƳŜƴǘŀƭŜ όŎŦ ¢ŀōƭŜ мύΦ hƴ ƻōǎŜǊǾŜ ǇŀǊ ŀƛƭƭŜǳǊǎ ǉǳŜ ƭΩŀŎǳƛǘŞ ǾƛǎǳŜƭƭŜ 

estimée varie nettement en fonction des études pour une même espèce (cas du crécerelle 

ŘΩ!ƳŞǊƛǉǳŜύΦ !ƭƻǊǎ ǉǳΩζ ƻƴ ƴŜ Ǿƻƛǘ Ǉŀǎ ŀǾŜŎ ƴƻǘǊŜ ǆƛƭΣ Ƴŀƛǎ ŀǾŜŎ notre cerveau » (Birkhead, 

2012)Σ ƛƭ Ŝǎǘ ƴŞŎŜǎǎŀƛǊŜ ŘΩŀǳƎƳŜƴǘŜǊ ƭŜǎ ŞǘǳŘŜǎ ŎƻƳǇƻǊǘŜƳŜƴǘŀƭŜs ŀŦƛƴ ŘΩŜǎǘƛƳŜǊ 

ǊƛƎƻǳǊŜǳǎŜƳŜƴǘ ƭΩŀŎǳƛǘŞ ǾƛǎǳŜƭƭŜ ǳǘƛƭƛǎŞŜ ŘŜǎ ǊŀǇŀŎŜǎΦ 9ƴŦƛƴΣ ǎŜǳƭŜƳŜƴǘ ŘŜǳȄ ŞǘǳŘŜǎ ǎŜ ǎƻƴǘ 

intéressées aux variations des fovéas chez plusieurs espèces de rapaces (Fite and Rosenfield-

Wessels, 1975; Inzunza et al., 1991) sans conclusions évidentes sur la relation entre la 

structure de celles-Ŏƛ Ŝǘ ƭΩŞŎƻƭƻƎƛŜ ŘŜǎ ŜǎǇŝŎŜǎΦ 
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Table 1: Résumé des connaissances sur l'acuité visuelle des accipitriformes et falconiformes. 

Ordre Famille Espèce Nom latin 
Nombre 

d'individus 
testés 

Acuité (c/deg) Références 

       Accipitriformes Cathartidae Urubu à tête rouge Cathartes aura 3 15.4b (Lisney et al., 2013) 

  
Urubu noir Coragyps atratus 3 15.8b (Lisney et al., 2013) 

 
Accipitridae Buse à queue rousse Buteo jamaicensis 1 16.8a (McIsaac, 2001) 

  
Vautour africain Gyps africanus 10 57.5c (Spiegel et al., 2013) 

  
Vautour oricou Torgos tracheliotus 6 88.9c (Spiegel et al., 2013) 

  
Vautour fauve Gyps fulvus 1 104a (Fischer, 1968) 

  
Percnoptère d'Egypte Neophron percnopterus 2 108 - 135a (Fischer, 1968) 

  
Serpentaire du Congo Dryotriorchis spectabilis 1 120c (Shlaer, 1972) 

  
Vautour indien Gyps indicus 1 135a (Fischer, 1968) 

  
Aigle audacieux Aquila audax 1 132 - 142a (Reymond, 1985) 

       
Falconiformes Falconidae Crécerelle Américain Falco sparverius 3 15.9 - 40.5a (McIsaac, 2001) 

  

Crécerelle Américain Falco sparverius 1 40a (Hirsch, 1982) 

  

Crécerelle Américain Falco sparverius 1 160a (Fox et al., 1976) 

  

Crécerelle Américain Falco sparverius 9 39.7 - 71.4d (Gaffney and Hodos, 2003) 

    Faucon bérigora Falco berigora 1 73a (Reymond, 1987) 

a Estimé par expérience comportementale à choix double 

    b Estimé par densité de cellules rétiniennes 

    c Estimé par mesures optiques 

     d Estimé par electrorétinograme 
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hǳǘǊŜ ƭΩŀŎǳƛǘŞ ǾƛǎǳŜƭƭŜΣ ƭŜ ŎƘŀƳǇ ǾƛǎǳŜƭ ŘŜǎ ƻƛǎŜŀǳȄ Ŝǎǘ ǳƴƛǉǳŜ Ŝƴ ǎƻƴ ƎŜƴǊŜΣ ŀǾŜŎ ǳƴŜ 

couverture globale importante (Martin, 2007). Trois types de champs visuels ont été 

identifiés chez les oiseaux (Figure D) :  

1) Type 1 : La projection du bec est placée centralement (ou quasiment) au sein de la 

région binoculaire qui a un recouvrement de 20-30°. 

2) Type 2 : Recouvrement binoculaire inférieur à 10° et dont la projection du bec se 

trouve à la limite ou en dehors de la région binoculaire. 

3) Type 3 : Recouvrement binoculaire supérieur à 50°. On le retrouve principalement 

chez les chouettes et hiboux.  

 

Figure D : wŜǇǊŞǎŜƴǘŀǘƛƻƴ ǎŎƘŞƳŀǘƛǉǳŜ ŘΩŜxemples de champs visuels correspondant aux trois types décrits par 

Martin (2007). Figure adaptée de O'Rourke et al. (2010), Martin et al. (2007) et Martin (1984)Φ [ΩŜǎǘƛƳŀǘƛƻƴ ŘŜ 

ƭŀ ȊƻƴŜ ŀǾŜǳƎƭŜ ƴΩŀ Ǉŀǎ ŞǘŞ ŦŀƛǘŜ ŎƘŜȊ ƭŀ ŎƘƻǳŜǘǘŜ ƘǳƭƻǘǘŜ Ŝǘ ƴŜ ǇŜǳǘ ŘƻƴŎ Ǉas être représentée. 

Il existe donc bien des champs visuels distincts chez les oiseaux avec néanmoins des 

exceptions. Par exemple, le corbeau calédonien Corvus moneduloides possède une zone de 

ǊŜŎƻǳǾǊŜƳŜƴǘ ōƛƴƻŎǳƭŀƛǊŜ ŘŜ смΦрϲ όǇŜǊƳŜǘǘŀƴǘ ŎŜǊǘŀƛƴŜƳŜƴǘ ƭΩǳǘƛƭƛǎŀǘƛƻƴ ŘΩƻōƧŜǘǎ ƭƻǊǎ ŘŜ ƭŀ 

recherche de nourriture) (Troscianko et al., 2012) et appartient pourtant au type 1. 

Les Accipitriformes et Falconiformes font tous partie du type I. Cependant, seulement 

trois études ont estimé le champ visuel de rapaces diurnes sur 6 espèces différentes : le 

circaète Jean-Le-Blanc Circaetus gallicus (Martin and Katzir, 1999)Σ ƭΩŞǇŜǊǾƛŜǊ ŘŜ /ƻƻǇŜǊ 

Accipiter cooperii, la buse à queue rousse Buteo jamaïcensis, le faucon crécerelle Américain 
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Falco sparverius (O'Rourke et al., 2010), le vautour fauve Gyps fulvus et le vautour à dos 

blanc Gyps africanus (Martin et al., 2012)Φ Lƭ ǎŜƳōƭŜǊŀƛǘ ǉǳŜ ƭŜǎ ƭƛƳƛǘŜǎ ŘΩǳƴ ŎƘŀƳǇ ǾƛǎǳŜƭ 

soient hautement liées aux techniques de recherches alimentaires (Martin, 2014). Dans ce 

contexte, augmenter nos connaissances sur les champs visuels des rapaces parait important 

ǘŀƴǘ ƭΩŞŎƻƭƻƎƛŜ ŘŜ ŎŜǎ ƻƛǎŜŀǳȄ ŘƛŦŦŝǊŜ ŘΩǳƴŜ ŜǎǇŝŎŜ Ł ƭΩŀǳǘǊŜ όtǊŞŘŀǘŜǳǊǎ ǾǎΦ /ƘŀǊƻƎƴŀǊŘǎ ; 

Grégaires vs. Solitaires) (Del Hoyo and Elliot, 1994).  

 

,ȭÏÌÆÁÃÔÉÏÎ 

 

 Les rapaces ont toujours été considérés comme anosmiques par les ornithologues à 

ƭΩŜȄŎŜǇǘƛƻƴ ŘŜǎ ŘŜǳȄ ŜǎǇŝŎŜǎ ŘŜ Cathartidés du genre Cathartes (urubus, communément 

appelés les vautours du Nouveau Monde) présentées ci-dessus.  

 Néanmoins, de récentes études laissent à suggérer que les rapaces pourraient ne pas 

şǘǊŜ ŘŞǇƻǳǊǾǳǎ ŘΩǳƴ ǎŜƴǎ ƻƭŦŀŎǘƛŦΦ ¢ƻǳǘ ŘΩŀōƻǊŘΣ ƭŜ Ǌŀǘƛƻ ŜƴǘǊŜ ƭŜ ŘƛŀƳŝǘǊŜ ƳŀȄƛƳǳƳ Řǳ 

ōǳƭōŜ ƻƭŦŀŎǘƛŦ Ŝǘ ŘŜ ƭΩƘŞƳƛǎǇƘŝǊŜ ŎŞǊŞōǊŀƭ Ŝǎǘ ǊŜƭativement important (17.9 %) (Zelenitsky et 

al., 2011), tout du moins plus important que chez les passériformes (8.8-12.1 %) qui 

possèdent pour certains un sens olfactif bien fonctionnel. De plus, il resterait des gènes 

fonctionnels (non pseudogénéisés) chez le faucon pèlerin Falco peregrinus, le faucon sacre 

Falco cherrug (Zhan et al., 2013) ou la bondrée orientale Pernis orientalis (Yang et al., 2015). 

Par ailleurs, des anecdotes de terrain au Népal suggèrent que des vautours pourraient avoir 

détecté une carcasse avec leur sens olfactif. En effet, après avoir enterré cette carcasse à 

plus de 30 cm sous la surface du sol, certains vautours Gyps sp sont venus la déterrer 

(Gilbert and Chansocheat, 2006). Comment ont-ƛƭǎ Ǉǳ ǎŀǾƻƛǊ ǉǳΩǳƴŜ ŎŀǊŎŀǎǎŜ ǎŜ ǘǊƻǳǾŀƛǘ ƭŁ ǎƛ 

ŎŜ ƴΩŜǎǘ ǇŀǊ ƭΩǳǘƛƭƛǎŀǘƛƻƴ ŘŜ ƭΩƻŘƻǊŀǘ ? A la suite de ces suggestions, deux récentes études ont 

ǘŜƴǘŞ ŘŜ ŘŞƳƻƴǘǊŜǊ ƭΩŜȄƛǎǘŜƴŎŜ ŘΩǳƴ ǎŜƴǎ ƻƭŦŀŎǘƛŦ ŎƘŜȊ ŎŜǊǘŀƛƴŜǎ ŜǎǇŝŎŜǎ ŘŜ ǊŀǇŀŎŜǎΣ ǎŀƴs 

ŎƻƴŎƭǳǎƛƻƴǎ ŎŜǊǘŀƛƴŜǎΦ ¢ƻǳǘ ŘΩŀōƻǊŘΣ ƛƭ ŀ ŞǘŞ ƻōǎŜǊǾŞ ǉǳΩŀǇǊŝǎ ƭΩǳǘƛƭƛǎŀǘƛƻƴ ŘΩǳƴ ǎǇǊŀȅ 

contenant les sécrétions artificiellement produites de juvéniles de coucou geai Clamator 

glandarius sur la nourriture habituelle de faucons captifs, ceux-ci rejetaient 

systématiquement cette nourriture (Röder et al., 2014). Toutefois, en pulvérisant la 

sécrétion directement sur la nourriture, il a été impossible pour les auteurs de conclure si le 
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ǘȅǇŜ ŘŜ ǊŞǇǳƭǎƛƻƴ Şǘŀƛǘ ŘΩƻǊŘǊŜ ƻƭŦŀŎǘƛŦ ƻǳ ƎǳǎǘŀǘƛŦΦ tŀǊ ƭŀ ǎǳƛǘŜΣ ŘΩŀǳǘres auteurs ont voulu 

savoir si la bondrée orientale Pernis orientalis ǇƻǳǾŀƛǘ ŘŞǘŜŎǘŜǊ ƭŜ ǇƻƭƭŜƴ ŘΩŀōŜƛƭƭŜǎ όǎŀ ǇǊƻƛŜ 

principale) par son sens olfactif (Yang et al., 2015)Φ 5ΩŀǇǊŝǎ ƭŜǎ ŀǳǘŜǳǊǎΣ ŎŜǘǘŜ ŜǎǇŝŎŜ ǎŜǊŀƛǘ 

ŎŀǇŀōƭŜ ŘΩǳǘƛƭƛǎŜǊ ǎƻƴ ƻŘƻǊŀǘ ǇƻǳǊ ƛŘŜƴǘƛfier le pollen, cependant, leur dispositif 

expérimental ne permettait Ǉŀǎ ŘŜ ŎƻƴǘǊƾƭŜǊ ǇƻǳǊ ǳƴ ŞǾŜƴǘǳŜƭ ƛƳǇŀŎǘ ŘΩǳƴ ǎǘƛƳǳƭǳǎ ǾƛǎǳŜƭ 

supplémentaire.  

 !ǳ ǊŜƎŀǊŘ ŘŜ ƭŀ ƭƛǘǘŞǊŀǘǳǊŜΣ ƛƭ Ŝǎǘ ŘƻƴŎ ƴŞŎŜǎǎŀƛǊŜ ŘΩŜŦŦŜŎǘǳŜǊ ŘŜǎ ŜȄǇŞǊƛŜƴŎŜǎ 

comportementales dans des ŎƻƴŘƛǘƛƻƴǎ ŎƻƴǘǊƾƭŞŜǎ ŀŦƛƴ ŘŜ ŎƻƴŦƛǊƳŜǊ ƻǳ ƛƴŦƛǊƳŜǊ ƭΩŜȄƛǎǘŜƴŎŜ 

ŘΩǳƴ ǎŜƴǎ ƻƭŦŀŎǘƛŦ ŦƻƴŎǘƛƻƴƴŜƭ ŎƘŜȊ ƭŜǎ ǊŀǇŀŎŜǎΦ  

 

IV. Explorer les capacités visuelles et olfactives des rapaces  : « Vox 

populi  » 

 

 Les discussions articulées autour de cette introduction mettent en exergue un 

manque de connaissances sur les capacités visuelles et olfactives des rapaces, nécessitant un 

approfondissement de celles-ci et de les redéfinir en partie. Particulièrement, les différents 

ǘǊŀǾŀǳȄ ǉǳƛ ǎŜǊƻƴǘ ǇǊŞǎŜƴǘŞǎ ǎΩŀǊǘƛŎǳƭŜǊƻƴǘ ŀǳǘƻǳǊ Ře deux questions associées aux 

croyances profondément ancrées, à savoir :  

1) Les rapaces possèdent-ils tous une vision extraordinaire, et si non, quels sont les 

déterminants écologiques associés aux capacités visuelles ? 

2) [ΩƻƭŦŀŎǘƛƻƴ Ŝǎǘ-elle un sens oublié chez les rapaces ? 

/ŜǘǘŜ ǘƘŝǎŜ ǎΩƛƴǎŎǊƛǘ ŘƻƴŎ Řŀƴǎ ǳƴ ŎŀŘǊŜ ǘƘŞƻǊƛǉǳŜ ǇŜǊƳŜǘǘŀƴǘ ƭΩŀŎŎǊƻƛǎǎŜƳŜƴǘ ŘŜǎ 

connaissances fondamentales. « La seule vraie science est la connaissance des faits » 

Georges-Louis Leclerc de Buffon (1707-1788). Cette citation est extrême, mais montre que 

ƭΩŀŎŎǊƻƛǎǎŜƳŜƴǘ ŘŜǎ ŎƻƴƴŀƛǎǎŀƴŎŜǎ ǎŜ ƧǳǎǘƛŦƛŜ Ł ƭǳƛ-même. Il est essentiel de continuer à 

accroître nos connaissances dans un monde où la prévalence pour les études appliquées 

ǊŝƎƴŜ όƴŞŎŜǎǎŀƛǊŜǎ Ŝƴ ǘƻǳǎ Ǉƻƛƴǘǎ Ŝǘ ŘΩƛƳǇƻǊǘŀƴŎŜ ŞƎŀƭŜ ŀǳȄ ŞǘǳŘŜǎ ǘƘŞƻǊƛǉǳŜǎύΦ bŞŀƴƳƻƛƴǎΣ 

paraphrasant Thomas Fuller (1608-1661) « la connaissance théorique est un trésor dont la 

pratique est la clé », ces deux disciplines sont intimement liées. Ainsi, suite à la présentation 
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de mes travaux et vu la menace qui pèse sur les rapaces (Cuthbert et al., 2014), je laisse la 

ŎƭŞ ŀǳȄ ǇŜǊǎƻƴƴŜǎ ƛƴǘŞǊŜǎǎŞŜǎ ŘΩǳǘƛƭƛǎŜǊ ŎŜǎ ŎƻƴƴŀƛǎǎŀƴŎŜǎ Řŀƴǎ ǳƴ ōǳǘ ŘŜ ŎƻƴǎŜǊǾŀǘƛƻƴΦ  

STRUCTURE ET ORGANISATION DU MANUSCRIT 
 

Cette thèse explore les capacités sensorielles des Accipitriformes et Falconiformes 

ƭƻǊǎ ŘŜ ƭŀ ǊŜŎƘŜǊŎƘŜ ŀƭƛƳŜƴǘŀƛǊŜ Ŝǘ ŘŜ ƭŀ ŎƻƳƳǳƴƛŎŀǘƛƻƴΦ WΩŀƛ ǘǊŀǾŀƛƭƭŞ ǎǳǊ ǳƴ ƴƻƳōǊŜ 

ǊŜƭŀǘƛǾŜƳŜƴǘ ƛƳǇƻǊǘŀƴǘ ŘΩŜǎǇŝŎŜǎ ǉǳƛ ǇǊŞǎŜƴǘŀƛŜƴǘ ǳƴŜ ƎǊŀƴŘŜ ǾŀǊƛŞǘŞ ŘŜ ǘŀƛƭƭŜ ŎƻǊǇƻǊelle 

(150 g ς 10 kg) et de caractéristiques écologiques (prédateurs de proies terrestres, aériennes 

ou aquatiques/ charognards) (cf Table 2). Le projet de recherche a été construit en deux 

parties majeures Υ ƭΩŞǘǳŘŜ ŘŜ ƭŀ Ǿƛǎƛƻƴ Ŝǘ ƭΩŞǘǳŘŜ ŘŜ ƭΩƻƭŦŀŎǘƛƻƴ Ŏhez ces rapaces. Chacune de 

ces parties étant elle-même divisée en sous-chapitres répondant ainsi à des questions 

spécifiques sur les capacités visuelles et olfactives des rapaces. 

Table 2 : Liste des espèces utilisées au cours du projet de thèse 

Ordre Famille Espèce Nom latin 

    Accipitriformes Cathartidae Urubu à tête rouge Cathartes aura 

  
Condor des Andes Vultur gryphus 

 
Accipitridae Buse de Harris Parabuteo unicinctus 

  
Buse aguïa Geranoaetus melanoleucus 

  
Pygargue à tête blanche Haliaeetus leucocephalus 

  
Milan noir Milvus migrans 

  
Aigle royal Aquila chrysaetos 

  
Aigle impérial Aquila heliaca 

  
Aigle des steppes Aquila nipalensis 

  
Bateleur des savanes Terathopius ecaudatus 

  
Vautour fauve Gyps fulvus 

  
Vautour à capuchon Necrosyrtes monachus 

  
Circaète Jean-le-Blanc Circaetus gallicus 

  
Percnoptère d'Egypte Neophron percnopterus 

  
Vautour palmiste Gypohierax angolensis 

    
Falconiformes Falconidae Caracara huppé Caracara plancus 

  
Caracara chimango Phalcoboenus chimango 

  
Faucon sacre Falco cherrug 

    Faucon lanier Falco biarmicus 
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La première partie, dédiée aux capacités visuelles des rapaces, est divisée en 3 

ŎƘŀǇƛǘǊŜǎ ǇŜǊƳŜǘǘŀƴǘ ŘΩŜȄǇƭƻǊŜǊ ŘƛŦŦŞǊŜƴǘǎ ŀǎǇŜŎǘǎ ŘŜ ƭŀ Ǿƛǎƛƻƴ ŎƘŜȊ ƭŜǎ ǊŀǇŀŎŜǎΦ  

Le chapitre 1 traite de ƭΩŜǎǘƛƳŀǘƛƻƴ Ŝƴ ŎƻƴŘƛǘƛƻƴ ŜȄǇŞǊƛƳŜƴǘŀƭŜ ŘŜ ƭΩŀŎǳƛǘŞ ǾƛǎǳŜƭƭŜ 

ŎƘŜȊ ƭŜǎ ǊŀǇŀŎŜǎΦ [Ŝǎ ǊŞǎǳƭǘŀǘǎ ǎŜǊƻƴǘ ŀƴŀƭȅǎŞǎ Ŝƴ ŦƻƴŎǘƛƻƴ ŘŜ ƭΩŞŎƻƭƻƎƛŜ ŘŜǎ ŜǎǇŝŎŜǎ Ŝǘ ŘŜ 

leurs autres caractéristiques visuelles (les fovéas et le champ visuel). Ces résultats poseront 

donc des questions sur les caractéristiques des fovéas et des champs visuels nécessitant un 

approfondissement de leurs études. 

[Ŝ ŎƘŀǇƛǘǊŜ н ǘǊŀƛǘŜ ŘŜǎ ŘƛŦŦŞǊŜƴŎŜǎ ŀƴŀǘƻƳƛǉǳŜǎ ŀǳ ƴƛǾŜŀǳ ŘŜ ƭŀ ŦƻǾŞŀ Ŝǘ ŘŜ ƭΩǆƛƭ 

entre espèces provenant de groupes écologiques différents. Les résultats présentés 

compareront des prédateurs et des charognards afin de mettre en évidence un éventuel lien 

entre la structure anatomique et la technique de recherche alimentaires des espèces. 

Le chapitre 3 traite du champ visuel et de ses limites. Dans un contexte de recherche 

alimentaire et de communication intra- et interspécifiques, les résultats seront discutés en 

ƭƛŜƴ ŀǾŜŎ ƭŀ ǘŜŎƘƴƛǉǳŜ ŘŜ ŎƘŀǎǎŜ ŘŜǎ ŜǎǇŝŎŜǎ όǇǊŞŘŀǘŜǳǊǎ ǾǎΦ ŎƘŀǊƻƎƴŀǊŘǎύ Ŝǘ ƭΩǳǘƛƭƛǎŀǘƛƻƴ ŘŜ 

ǎƛƎƴŀǳȄ Ŝǘ ƛƴŘƛŎŜǎ ŘΩƛƴŘƛǾƛŘǳǎ ǇǊƻches pour trouver cette nourriture. 

La deuxième partie se concentrera sur les capacités olfactives des rapaces dans un 

contexte de recherche alimentaire (chapitre 4) et de communication (chapitre 5). 

Le chapitre 4 traite des capacités olfactives de deux espèces, le vautour urubu à tête 

rouge Cathartes aura et le caracara huppé Caracara plancus. Ces capacités olfactives seront 

ŀǳǎǎƛ ǘŜǎǘŞŜǎ Ŝƴ ŀǎǎƻŎƛŀǘƛƻƴ ŀǾŜŎ ǳƴ ǎǘƛƳǳƭǳǎ ǾƛǎǳŜƭΣ Ŝǘ ƭΩƛƳǇƻǊǘŀƴŎŜ ǊŜƭŀǘƛǾŜ ŘŜ ŎŜǎ ǎŜƴǎ ǎŜǊŀ 

discutée. 

Le chapitre 5 traite de la signature olfactive des individus de milan noir Milvus 

migrans. Les composés sémiochimiques seront étudiés en fonction de divers critères 

biologiques et seront discutés dans une éventuelle utilisation lors de la communication 

interindividuelle. 

9ƴŦƛƴΣ ǳƴ ǊŞǎǳƳŞ ŘŜǎ ǊŞǎǳƭǘŀǘǎ ƻōǘŜƴǳǎ ǎǳƛǾƛ ŘΩǳƴŜ ǊŜǎǘƛǘǳǘƛƻƴ Ŝǘ ŘΩǳƴŜ ŘƛǎŎǳǎǎƛƻƴ ŘŜǎ 

implications potentielles dans un contexte écologique général sera proposé. 
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3)4%3 $ȭ%45$%3 
 

Les individus utilisés pour étudier les capacités visuelles et olfactives provenaient tous de 

ŎŀǇǘƛǾƛǘŞΦ tƭǳǎƛŜǳǊǎ Ǌŀƛǎƻƴǎ ƳΩƻƴǘ ǇƻǳǎǎŞ Ł ǘǊŀǾŀƛƭƭŜǊ ŀǾŜŎ ŘŜǎ ƛƴŘƛǾƛŘǳǎ ŎŀǇǘƛŦǎ : 

1) Les individus étant utilisés quotidiennement en spectacles, ils sont donc conditionnés 

afin de répondre aux tâches demandées par les fauconniers. Il est donc plus facile et 

ǊŀǇƛŘŜ ŘΩŜŦŦŜŎǘǳŜǊ ŘŜǎ ŜȄǇŞǊƛŜƴŎŜǎ ŎƻƳǇƻǊǘŜƳŜƴǘŀƭŜǎ ǎƻǳƳƛǎŜǎ Ł ǳƴ 

conditionnement. 

2) Les voleries possèdent un nombre relativement important de réplicas par espèce.  

3) Il existe au sein des voleries une diversité phylogénétique et écologique importante 

permettant de faire des études comparatives poussées.  

4) La connaissance de la « personnalité » de chaque individu ǇŀǊ ƭŜǎ ŦŀǳŎƻƴƴƛŜǊǎ ƳΩŀ 

permis de sélectionner des individus ayant des prédispositions adéquates pour les 

ŘƛǾŜǊǎŜǎ ŜȄǇŞǊƛŜƴŎŜǎΣ ƴŜ ƳΩŀǘǘŀǊŘŀƴǘ Ǉŀǎ ŀƛƴǎƛ ǎǳǊ ŎŜǊǘŀƛƴǎ ƛƴŘƛǾƛŘǳǎ « difficiles » (e.g. 

peureux, distraits ou encore agressifs). 

WΩŀƛ ŘƻƴŎ ŀƛƴǎƛ ǘǊŀǾŀƛƭƭŞ ŀǾŜŎ п ǾƻƭŜǊƛŜǎ Ŝƴ CǊŀƴŎŜ (cf Figure E), présentant chacune leurs 

caractéristiques.  

[Ω!ŎŀŘŞƳƛŜ ŘŜ CŀǳŎƻƴƴŜǊƛŜ Řǳ tǳȅ Řǳ CƻǳΦ /ŜǘǘŜ ǾƻƭŜǊƛŜ Ŝǎǘ ƭΩǳƴŜ ŘŜǎ Ǉƭǳǎ ƎǊŀƴŘŜǎ ŘŜ 

CǊŀƴŎŜ Ŝǘ ŘΩ9ǳǊƻǇŜΦ !ǾŜŎ Ǉƭǳǎ ŘŜ птл ƻƛǎŜŀǳȄ ǇǊƻǾŜƴŀƴǘ ŘŜ ул ŜǎǇŝŎŜǎΣ ƧΩŀƛ Ǉǳ ŘƻƴŎ 

ǎŞƭŜŎǘƛƻƴƴŜǊ ǳƴ ƎǊŀƴŘ ƴƻƳōǊŜ ŘΩŜǎǇŝŎŜǎ Ŝƴ ŀŎŎƻǊŘ ŀǾŜŎ ƭŜǎ ŦŀǳŎƻƴƴƛŜǊǎΦ  

Les AiƭŜǎ ŘŜ ƭΩ¦ǊƎŀ. Je suis actuellement fauconnier au sein de cette troupe itinérante depuis 

нллпΦ WΩȅ Ŏƻƴƴŀƛǎ ŘƻƴŎ ƭŀ ǘƻǘŀƭƛǘŞ ŘŜǎ ƻƛǎŜŀǳȄ Ŝǘ ƭŜǳǊ ǇŜǊǎƻƴƴŀƭƛǘŞΦ [Ŝǎ ƻƛǎŜŀǳȄ ǇǊŞǎŜƴǘǎ Řŀƴǎ 

ŎŜǘǘŜ ǾƻƭŜǊƛŜ ǇǊŞǎŜƴǘŜƴǘ ƭŀ ǉǳŀƭƛǘŞ ŘΩşǘǊŜ ƘŀōƛǘǳŞǎ Ł ǘƻǳǘ ƴƻǳǾŜƭ ƻōƧŜǘ car ils volent chaque 

ƧƻǳǊ Řŀƴǎ ŘŜ ƴƻǳǾŜƭƭŜǎ ŎƻƴŘƛǘƛƻƴǎΦ ! ƭΩƛƴǎǘŀǊ ŘŜǎ ōǳǎŜǎ ŘŜ IŀǊǊƛǎ Ŝƴ ƎǊŀƴŘ ƴƻƳōǊŜ ŀǳ ǎŜƛƴ ŘŜ 

celle-ci, les oiseaux y sont facilement utilisables. 

Le Rocher des Aigles de RocamadourΦ /ŜǘǘŜ ǾƻƭŜǊƛŜ Ŝǎǘ ƭΩǳƴŜ ŘŜǎ Ǉƭǳǎ ŀƴŎƛŜƴƴŜǎ ŘŜ CǊŀƴŎŜ, 

ŀǾŜŎ ƭŀ ǇǊŞǎŜƴŎŜ ŘΩǳƴ ƎǊŀƴŘ ƴƻƳōǊŜ ŘΩƛƴŘƛǾƛŘǳǎ ŘΩŜǎǇŝŎŜǎ ǳƴƛǉǳŜǎΦ [Ŝǎ ŎƻƴŘƛǘƛƻƴǎ ŘŜ Ǿƻƭ ȅ 

sont aussi proches des conditions naturelles. 
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[Ŝ ½ƻƻ ŘΩ!ƳƴŞǾƛƭƭŜ. Relativement récente, cette volerie présente aussi un grand nombre 

ŘΩŜǎǇŝŎŜǎ ŀǾŜŎ ōŜŀǳŎƻǳǇ ŘΩƛƴŘƛǾidus de la même espèce. Les analyses menées en ce lieu ont 

été complémentaires de celles réalisées au Puy du Fou. 

 

 

Figure E : Cartographie des voleries présentant les individus utilisés au cours du projet de thèse 
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CHAPITRE 1  

 

 

                  ACUITE VISUELLE CHEZ LES RAPACES 

 

 

/Ŝ ŎƘŀǇƛǘǊŜ ǘǊŀƛǘŜ ŘŜ ŘŜǳȄ ŞǘǳŘŜǎ ƳŜƴŀƴǘ Ł ŎƻƳǇǊŜƴŘǊŜ ƭΩŀŎǳƛǘŞ ǾƛǎǳŜƭƭŜ ŘŜ о ŜǎǇŝŎŜǎ 

ŘŜ ǊŀǇŀŎŜǎ ŀǳȄ ƳǆǳǊǎ ŞŎƻƭƻƎƛǉǳŜǎ ŘƛŦŦŞǊŜƴǘŜǎΦ !ǳ ǊŜƎŀǊŘ ŘŜ ƭŀ ƭƛǘǘŞǊŀǘǳǊŜΣ ƭŜǎ ŜǎǇŝŎŜǎ ŘŜ 

rapaces étudiées présentaient une caractéristique commune : elles cherchent toutes leur 

ƴƻǳǊǊƛǘǳǊŜ Ŝƴ Ǿƻƭ Ł ǳƴŜ ŀƭǘƛǘǳŘŜ ǊŜƭŀǘƛǾŜƳŜƴǘ ƘŀǳǘŜΦ Lƭ ȅ ŀ ŘƻƴŎ ǳƴŜ ƴŞŎŜǎǎƛǘŞ ŘΩŞǘǳŘƛŜǊ ŘŜǎ 

ŜǎǇŝŎŜǎ ǎŜ ƴƻǳǊǊƛǎǎŀƴǘ Ł ŦŀƛōƭŜ ŀƭǘƛǘǳŘŜΦ 9ƴŦƛƴΣ ǘǊŝǎ ǇŜǳ ŘΩŞǘǳŘŜǎ ƻƴǘ ŎƻƳǇŀǊŞ ŘƛŦŦŞǊŜƴǘǎ 

aspects de la vision sur des espèces écologiquement différentes. Ce premier chapitre est 

donc divisé en 2 sections contenant Υ όƛύ ƭΩŜǎǘƛƳŀǘƛƻƴ ŘŜ ƭΩŀŎǳƛǘŞ ǾƛǎǳŜƭƭŜ ŘΩǳƴŜ ŜǎǇŝŎŜ ŘŜ 

Falconiforme se nourrissant au sol, le caracara chimango Phalcoboenus chimango 

(anciennement Milvago chimango) (Section 1.1) Τ όƛƛύ ƭΩŜǎǘƛƳŀǘion des capacités visuelles 

όŀŎǳƛǘŞ Ŝǘ ŎƘŀƳǇ ǾƛǎǳŜƭǎύ ŘΩǳƴŜ ŜǎǇŝŎŜ ǇǊŞŘŀǘǊƛŎŜΣ ƭŀ ōǳǎŜ ŘŜ IŀǊǊƛǎ Parabuteo unicinctus et 

ŘΩǳƴŜ ŜǎǇŝŎŜ ŀǳȄ ƳǆǳǊǎ ǇǊƛƴŎƛǇŀƭŜƳŜƴǘ ŎƘŀǊƻƎƴŀǊŘǎΣ ƭŜ Ƴƛƭŀƴ ƴƻƛǊ Milvus migrans (Section 

1.2). 

 

 

 

 

 

Figure F Υ 9ǎǘƛƳŀǘƛƻƴ ŘŜ ƭΩŀŎǳƛǘŞ Ǿisuelle par conditionnement opérant, cas du caracara chimango 

@ Margaux Raoul 
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SECTION 1.1 ȡ ,ȭ!#5)4% 6)35%,,% $% #!2!#!2! #()-!.'/ 
 

2ïÓÕÍï ÆÒÁÎëÁÉÓ ÄÅ ÌȭïÔÕÄÅ 

 

Les rapaces sont toujours considérés comme ayant une acuité visuelle extraordinaire. 

Néanmoins, la diversité comportementale importante au sein de ce taxon nécessite que les 

ŜǎǇŝŎŜǎ ƴΩŀƛŜƴǘ ŘƻƴŎ Ǉŀǎ ǘƻǳǘŜǎ ƭŜǎ ƳşƳŜǎ ŘŜƳŀƴŘŜǎ ǾƛǎǳŜƭƭŜǎΦ tŀǊ ŜȄŜƳǇƭŜΣ ƭŜ ŎŀǊŀcara 

chimango Phalcoboenus chimango est une espèce se nourrissant principalement au sol. 

/ŜǘǘŜ ŜǎǇŝŎŜ ǊŜŎƘŜǊŎƘŜ ŘƻƴŎ ǎŀ ƴƻǳǊǊƛǘǳǊŜ Ł Ǉƭǳǎ ŦŀƛōƭŜ ŘƛǎǘŀƴŎŜ ǉǳΩǳƴ ŀƛƎƭŜΣ e.g. ƭΩŀƛƎƭŜ 

ŀǳŘŀŎƛŜǳȄΣ ǉǳƛ ƭǳƛ ŀ ǳƴŜ ŘŜƳŀƴŘŜ ǾƛǎǳŜƭƭŜ Ǉƭǳǎ ƛƳǇƻǊǘŀƴǘŜ Ŝƴ ǘŜǊƳŜǎ ŘΩŀŎǳƛǘŞΦ WΩŀƛ ŘƻƴŎ 

ŜǎǘƛƳŞ ǇŀǊ ŎƻƴŘƛǘƛƻƴƴŜƳŜƴǘ ƻǇŞǊŀƴǘ ƭΩŀŎǳƛǘŞ ǾƛǎǳŜƭƭŜ Řǳ ŎŀǊŀŎŀǊŀ ŎƘƛƳŀƴƎƻΦ 5ŜǳȄ ŞŎǊŀƴǎ ƻƴǘ 

ŞǘŞ ǇǊŞǎŜƴǘŞǎ Ł ŎƘŀǉǳŜ ƛƴŘƛǾƛŘǳ όŀǳ ƴƻƳōǊŜ ŘŜ оύ ǇǊŞǎŜƴǘŀƴǘ ǎƛƳǳƭǘŀƴŞƳŜƴǘ ǇƻǳǊ ƭΩǳƴ ǳƴ 

ŦƻƴŘ ƎǊƛǎ ǳƴƛŦƻǊƳŜ Ŝǘ ƭΩŀǳǘǊŜ ǳƴŜ ŀƭǘŜǊƴŀƴŎŜ ŘŜ ōŀǊǊŜǎ ǾŜǊǘƛŎŀƭŜǎ épaisses noires et blanches. 

tŀǊǘŀƴǘ ŘΩǳƴŜ ǇŜǊŎƘŜ ŘŜ ŘŞǇŀǊǘ ǎŜ ǘǊƻǳǾŀƴǘ Ł мл ƳŝǘǊŜǎ ŘŜǎ ŞŎǊŀƴǎΣ ǎƛ ƭΩƛƴŘƛǾƛŘǳ ǎŜ ŘŞǇƭŀœŀƛǘ 

ǾŜǊǎ ƭŀ ǇŜǊŎƘŜ ǎƛǘǳŞŜ ŘŜǾŀƴǘ ƭΩŞŎǊŀƴ ƎǊƛǎΣ ƛƭ ǊŜŎŜǾŀƛǘ ǳƴŜ ζ récompense » (patte de poussin de 

poulet) grâce à une boite ouverte à diǎǘŀƴŎŜΦ {Ωƛƭ Ǿƻƭŀƛǘ Ŝƴ ŘƛǊŜŎǘƛƻƴ ŘŜ ƭΩŀǳǘǊŜ ǎǘƛƳǳƭǳǎΣ 

ŀǳŎǳƴŜ ǊŞŎƻƳǇŜƴǎŜ ƴΩŞǘŀƛǘ ŘƻƴƴŞŜΦ [Ŝǎ ŞŎǊŀƴǎ ǇǊŞǎŜƴǘŀƛŜƴǘ ŘŜ ƳŀƴƛŝǊŜ ǉǳŀǎƛ-aléatoire les 

différents stimuli (au maximum о Ŧƻƛǎ ƭŜ ƳşƳŜ ǎǘƛƳǳƭǳǎ ŘΩǳƴ ƳşƳŜ ŎƾǘŞ ŀŦƛƴ ŘΩŞǾƛǘŜǊ ǳƴŜ 

éventuelle latéralisation). Après avoir conditionné chaque individu à associer la récompense 

au stimulus gris (plus de 80 % de réponses correctes sur deux sessions de 30 essais chacune), 

ƧΩŀƛ ǇǊŞǎŜƴǘŞ ŘŜǎ ōŀǊǊŜǎ ŘŜ ǘŀƛƭƭŜǎ ŘƛŦŦŞǊŜƴǘŜǎ Ł ŎƘŀǉǳŜ Ŝǎǎŀƛ Ŝƴ ƻōǎŜǊǾŀƴǘ ƭŜ ƴƻƳōǊŜ ŘŜ 

réponǎŜǎ ŎƻǊǊŜŎǘŜǎ όŎƘƻƛȄ Řǳ ǎǘƛƳǳƭǳǎ ƎǊƛǎύ ǇƻǳǊ ŎƘŀǉǳŜ ǘŀƛƭƭŜ ŘŜ ōŀǊǊŜǎΦ WΩŀƛ ŘƻƴŎ Ǉǳ ŜǎǘƛƳŜǊ 

le nombre de cycles (une barre noire et une barre blanche) que chaque individu était 

ŎŀǇŀōƭŜ ŘŜ ŘŞǘŜŎǘŜǊ Řŀƴǎ ǳƴ ŘŜƎǊŞ ŘΩŀƴƎƭŜ ƭƻǊǎǉǳΩƛƭ ǎŜ ǘǊƻǳǾŀƛǘ ǎǳǊ ƭŀ ǇŜǊŎƘŜ ŘŜ départ. 

[ΩŀŎǳƛǘŞ ǾƛǎǳŜƭƭŜ ŘŜǎ ŎŀǊŀŎŀǊŀǎ ŎƘƛƳŀƴƎƻ ŜǎǘƛƳŞŜ Ŝǎǘ ŘŜ мрΣлтΣ олΣср Ŝǘ офΣуо ŎȅŎƭŜǎ ǇŀǊ 

degré (c/deg). Un individu semble avoir une acuité visuelle particulièrement faible. Cet 

individu a été très long à conditionner (plus de 22 jours contrairement aux 10 et 12 jours 

ǇƻǳǊ ƭŜǎ ŀǳǘǊŜǎύ Ŝǘ Ŧŀƛǎŀƛǘ ōŜŀǳŎƻǳǇ Ǉƭǳǎ ŘΩŜǊǊŜǳǊǎ ǉǳŜ ƭŜǎ ŀǳǘǊŜǎΦ Lƭ Ŝǎǘ ŘƻƴŎ ǇƻǎǎƛōƭŜ ǉǳŜ 

ƭΩŀŎǳƛǘŞ ǾƛǎǳŜƭƭŜ ŘŜ ŎŜƭǳƛ-ci ait été sous-estimée. En ce qui concerne les deux autres individus, 

ƭΩŀŎǳƛǘŞ ǾƛǎǳŜƭƭŜ ǎŜƳōƭŜ ǊŞŀƭƛǎǘŜ ǇǳƛǎǉǳΩŜƭƭŜ ŎƻƠƴŎƛŘŜ ŀǾŜŎ ƭΩŜǎǘƛƳŀǘƛƻƴ ŦŀƛǘŜ ǇŀǊ ƭŀ ƳŜǎǳǊŜ 

optique de la cornée (32.55 ± 0.92 cycles par degré). Le caracara présente donc une acuité 

visuelle plus importante que la plupart des oiseaux étudiés, mais aussi la plus faible observée 
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au sein du taxon des rapaces. Il semblerait donc que sa technique de recherche de 

nourriture soit directement liée à ses capacités visuelles nécessitant une demande inférieure 

ǇŀǊ ǊŀǇǇƻǊǘ Ł ŘΩŀǳǘǊŜǎ ŜǎǇŝŎŜǎ ǊŜŎƘŜǊŎƘŀƴǘ ƭŜǳǊ ƴƻǳǊǊƛǘǳǊŜ Ŝƴ ǾƻƭΦ  
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 SECTION 1.2 : LES CAPACITES VISUELLES DES BUSES DE HARRIS ET DES 

MILANS NOIRS 
 

2ïÓÕÍï ÆÒÁÎëÁÉÓ ÄÅ ÌȭïÔÕÄÅ 

 

Les capacités visuelles diffèrent largement entre les espèces et reflètent les 

ŎƻƳǇƻǊǘŜƳŜƴǘǎ ŘΩaccès aux ressources. Au sein même des Accipitriformes, les techniques 

de recherche de nourriture sont hautement différentes. Alors que certains poursuivent des 

ǇǊƻƛŜǎ ƳƻōƛƭŜǎ όǇǊŞŘŀǘŜǳǊǎύΣ ŘΩŀǳǘǊŜǎ ŎƘŜǊŎƘŜƴǘ ǇǊƛƴŎƛǇŀƭŜƳŜƴǘ ŘŜǎ ŎŀǊŎŀǎǎŜǎ όŎƘŀǊƻƎƴŀǊŘǎύΦ 

En utilisant le même dispositif expérimental que décriǘ ǇǊŞŎŞŘŜƳƳŜƴǘ όǎŜŎǘƛƻƴ мΦмύΣ ƧΩŀƛ 

ŘƻƴŎ ŜǎǘƛƳŞ ƭΩŀŎǳƛǘŞ ǾƛǎǳŜƭƭŜ ŘŜǎ ōǳǎŜǎ ŘŜ IŀǊǊƛǎ Ŝǘ ŘŜǎ Ƴƛƭŀƴǎ ƴƻƛǊǎΦ 9ƴ ƳƻȅŜƴƴŜΣ ƭŜǎ ōǳǎŜǎ 

de Harris ont une acuité visuelle légèrement supérieure aux milans noirs (37.3 ± 2.9 vs. 29.3 

± 3.4 cycles par degré). Une importante variation a été trouvée chez les buses de Harris avec 

une acuité visuelle allant de 27.4 à 43.7 cycles par degré. Cette variation paraît être 

significativement liée au nombre de mouvements de tête horizontaux effectués par 

ƭΩƛƴŘƛǾƛŘǳ ŀǾŀƴǘ ŘŜ ŦŀƛǊŜ ǳn choix entre les deux stimuli. En effet, plus un individu faisait de 

ƳƻǳǾŜƳŜƴǘǎ ŘŜ ǘşǘŜΣ Ǉƭǳǎ ǎƻƴ ŀŎǳƛǘŞ ǾƛǎǳŜƭƭŜ ŜǎǘƛƳŞŜ Ŝǎǘ ƛƳǇƻǊǘŀƴǘŜΦ WΩŀƛ ŘƻƴŎΣ ǎǳƛǘŜ Ł ŎŜ 

ǊŞǎǳƭǘŀǘΣ ŘŞŎƛŘŞ ŘΩŜȄǇƭƻǊŜǊ ƭŀ ǎǘǊǳŎǘǳǊŜ ŀƴŀǘƻƳƛǉǳŜ ŘŜ ƭΩǆƛƭ ŀǾŜŎ ǳƴ ŀŎŎŜƴǘ ŦƻǊǘ ǎǳǊ ƭŀ όƭŜǎύ 

fovéa(s). En utilisant une technique non invasive généralement négligée chez les oiseaux, la 

¢ƻƳƻƎǊŀǇƘƛŜ Ŝƴ /ƻƘŞǊŜƴŎŜ hǇǘƛǉǳŜ όh/¢ύ όŘŞŎǊƛǘŜ Řŀƴǎ ƭŜ ŎƘŀǇƛǘǊŜ нύΣ ƧΩŀƛ Ǉǳ ƳƻƴǘǊŜǊ ǉǳŜ 

les buses de Harris possédaient deux fovéas (une centrale et une temporale) alors que les 

Ƴƛƭŀƴǎ ƴƻƛǊǎ ƴΩŀǾŀƛŜƴǘ ǉǳΩǳƴŜ ŦƻǾŞŀ ŎŜƴǘǊŀƭŜΦ {ƛΣ ŎƻƳƳŜ ǎǳǇǇƻǎŞΣ ƭŀ ŦƻǾŞŀ Ŝǎǘ ǳƴ Ǉƻƛƴǘ ŘŜ 

fixation, il apparait alors que les buses pouvaient utiliser à leur bon vouloir leur fovéa 

centrale ou temporale lors du choix entre les deux stimuli. La fovéa centrale est liée à la 

vision monoculaire latérale tandis que la fovéa temporale est liée à la vision frontale. Les 

ƛƴŘƛǾƛŘǳǎ ƴΩŜŦŦŜŎǘǳŀƴǘ Ǉŀǎ ŘŜ ƳƻǳǾŜƳŜƴǘǎ ŘŜ ǘşǘŜ ǊŜƎŀǊŘŀƛŜƴǘ ŀǾŜŎ ƭŜǳǊ Ǿƛǎƛƻƴ ŘŜ ŦŀŎŜΣ Ŝǘ 

donc potentiellement, utilisaient leur fovéa temporale. Au contraire, les individus effectuant 

ŘŜǎ ƳƻǳǾŜƳŜƴǘǎ ŘŜ ǘşǘŜ ŀǳƎƳŜƴǘŀƛŜƴǘ ŎŜǊǘŀƛƴŜƳŜƴǘ ƭΩǳǘƛƭƛǎŀǘƛƻƴ ŘŜ ƭŜǳǊ ŦƻǾŞŀ ŎŜƴǘǊŀƭŜΦ 

Celle-ci, étant plus profonde et possédant un nombre de photorécepteurs plus important, 

permet de discerner des détails plus fins, expliquant potentiellement le lien trouvé entre le 

ƴƻƳōǊŜ ŘŜ ƳƻǳǾŜƳŜƴǘǎ ŘŜ ǘşǘŜ Ŝǘ ƭΩŀŎǳƛǘŞ ǾƛǎǳŜƭƭŜ ŜǎǘƛƳŞŜΦ  
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9ƴŦƛƴΣ ƧΩŀƛ ŀǳǎǎƛ ŜǎǘƛƳŞ ƭŜ ŎƘŀƳǇ ǾƛǎǳŜƭ ŘŜ ŎŜǎ ŘŜǳȄ ŜǎǇŝŎŜǎΦ [ΩŜǎǘƛƳŀǘƛƻƴ Řǳ ŎƘŀƳǇ ǾƛǎǳŜƭ 

ǎΩŜǎǘ ŜŦŦŜŎǘǳŞŜ Ŝƴ ƛƳƳƻōƛƭƛǎŀƴǘ ŎƘŀǉǳŜ individu grâce à un dispositif adapté et en estimant 

ƭŜǎ ƭƛƳƛǘŜǎ ŘŜ ƭŀ ǇŜǊŎŜǇǘƛƻƴ ǊŞǘƛƴƛŜƴƴŜ ŀǳǘƻǳǊ ŘŜ ƭŀ ǘşǘŜ ƛƳƳƻōƛƭŜ ŘŜ ƭΩƻƛǎŜŀǳ όƭŀ ƳŞǘƘƻŘŜ ŀ 

ŞǘŞ ŘŞŎǊƛǘŜ Ŝƴ ŘŞǘŀƛƭ Řŀƴǎ ƭΩŀǊǘƛŎƭŜ Ŏƛ-dessous). Les milans noirs possèdent un champ visuel 

plus étendu que les buses de Harris. Ce champ visuel plus important pourrait être lié à 

ƭΩǳǘƛƭƛǎŀǘƛƻƴ ŘΩƛƴŘƛŎŜǎ ǇǊƻǾŜƴŀƴǘ ŘŜ ŎƻƴƎŞƴŝǊŜǎ ǇƻǳǊ ǘǊƻǳǾŜǊ ƭŜǳǊ ƴƻǳǊǊƛǘǳǊŜΦ 9ƴ ŜŦŦŜǘΣ ƭŜǎ 

Ƴƛƭŀƴǎ ƴƻƛǊǎ ǳǘƛƭƛǎŜƴǘ ƭŜ ǊŜƴŦƻǊŎŜƳŜƴǘ ƭƻŎŀƭ ŀŦƛƴ ŘΩŀŎŎŞŘŜǊ Ł ƭŀ ǊŜǎǎƻǳǊŎŜΣ Ŝǘ ƴŞŎŜǎǎƛǘŜƴǘ ǳn 

champ visuel plus large afin de détecter les potentiels individus ayant trouvé de la 

nourriture. De plus, les milans noirs chassent aussi des proies en plein vol, telles que les 

insectes. Ces proies se déplaçant en 3 dimensions, il semble essentiel pour les milans de 

posséder un champ visuel important afin de détecter et suivre leurs proies. Au contraire, les 

buses de Harris cherchent quasiment essentiellement des proies au sol, ne nécessitant pas 

un champ visuel important. Au contraire, afin de détecter au mieux leurs proies, il est 

ŜǎǎŜƴǘƛŜƭ ǇƻǳǊ ŜƭƭŜǎ ŘŜ ƴŜ Ǉŀǎ ŀǾƻƛǊ ǳƴŜ ƛƴǘǊǳǎƛƻƴ ŘŜ ƭŀ ƭǳƳƛŝǊŜ ŜȄǘŞǊƛŜǳǊŜ Řŀƴǎ ƭΩǆƛƭΦ 9ƭƭŜǎ 

possèdent ainsi une arcade sourcilière plus importante, réduisant le champ visuel au-dessus 

de la tête.  

!ƛƴǎƛΣ ƧΩŀƛ ƳƻƴǘǊŞ ǉǳŜ ŘŜǎ ŜǎǇŝŎŜǎ ŀȅŀƴǘ ŘŜǎ ǎǘǊŀǘŞƎƛŜǎ ŘΩŀŎŎŝǎ Ł ƭŀ ǊŜǎǎƻǳǊŎŜ ŘƛǎǘƛƴŎǘŜǎ 

possédaient des capacités visuelles différentes. Afin de confirmer cette hypothèse à une 

large échelle, concernant les fovéas et les champs visuels, il a donc été nécessaire de faire 

des études ŎƻƳǇŀǊŀǘƛǾŜǎΣ ŎŜ ǉǳƛ ǎŜǊŀ ƭΩƻōƧŜǘ ŘŜǎ chapitres 2 et 3.  
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CHAPITRE 2  

 

          ,ȭ|), %4 ,%3 &/6%!3 #(%: ,%3 2!0ACES  

                                           Le cas des Accipitriformes 

 

 

 

/Ŝ ŎƘŀǇƛǘǊŜ ǾƛǎŜ Ł ŎƻƳǇǊŜƴŘǊŜ ƭŜ ƭƛŜƴ ŜƴǘǊŜ ƭŀ ǘŀƛƭƭŜ ŘŜ ƭΩǆƛƭ Ŝǘ ƭŀ structure de la fovéa, 

ainsi que les différences structurelles possibles entre les prédateurs et les charognards. En 

ŜŦŦŜǘΣ ƭŀ ŦƻƴŎǘƛƻƴ ŘŜ ƭŀ ǎǘǊǳŎǘǳǊŜ ǇƘȅǎƛǉǳŜ ŘŜ ƭŀ ŦƻǾŞŀ Ŝǎǘ ŜƴŎƻǊŜ ƳŞŎƻƴƴǳŜΣ Ŝǘ ƭΩŀǇǇƻǊǘ 

ŘΩŞǘǳŘŜǎ ŎƻƳǇŀǊŀǘƛǾŜǎ ǇŜǊƳŜǘ ƭΩŀŎŎǊƻƛǎǎŜƳŜƴǘ ŘŜǎ Ŏonnaissances. Ce chapitre compare 15 

ŜǎǇŝŎŜǎ ŀǳȄ ƳǆǳǊǎ ŞŎƻƭƻƎƛǉǳŜǎ ŘƛŦŦŞǊŜƴǘŜǎ Ŝƴ ǳǘƛƭƛǎŀƴǘ ƭŀ ¢ƻƳƻƎǊŀǇƘƛŜ Ŝƴ /ƻƘŞǊŜƴŎŜ 

Optique. Ce chapitre est divisé en 2 sections : (i) Description de la Tomographie en 

Cohérence Optique (section 2.1), (ii) Comparaison dŜ ƭΩǆƛƭ Ŝǘ ŘŜ ƭŀ ŦƻǾŞŀ ŎƘŜȊ ƭŜǎ 

Accipitriformes (section 2.2). 

 

Figure G Υ 5ƛǎǇƻǎƛǘƛŦ ŜȄǇŞǊƛƳŜƴǘŀƭ ŘŜ ƭΩŞǘǳŘŜ ŘŜǎ ŦƻǾŞŀǎ ǇŀǊ ¢omographie en Cohérence Optique  
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SECTION 2.1 : LA TOMOGRAPHIE EN COHERENCE OPTIQUE 
 

[ŀ ǘƻƳƻƎǊŀǇƘƛŜ Ŝƴ ŎƻƘŞǊŜƴŎŜ ƻǇǘƛǉǳŜ όh/¢ύ Ŝǎǘ ǳƴŜ ǘŜŎƘƴƛǉǳŜ ŘΩƛƳŀƎŜǊƛŜ ƳŞŘƛŎŀƭŜ 

ǉǳƛ ǳǘƛƭƛǎŜ ǳƴŜ ƻƴŘŜ ƭǳƳƛƴŜǳǎŜ ǇƻǳǊ ŎŀǇǘǳǊŜǊ ŘŜǎ ƛƳŀƎŜǎ ǘǊƛŘƛƳŜƴǎƛƻƴƴŜƭƭŜǎ ŘΩǳƴ ƳŀǘŞǊƛŀǳ 

ǉǳƛ ŘƛŦŦǳǎŜ ƭŀ ƭǳƳƛŝǊŜ όǇŀǊ ŜȄŜƳǇƭŜ ƭΩǆƛƭύΦ /ŜǘǘŜ ǘŜŎƘƴƛǉǳŜ ŘΩƛƳŀƎŜǊƛŜ ƳŞŘƛŎŀƭŜ ǳǘƛƭƛǎŀnt 

ƭΩƛƴŦǊŀǊƻǳƎŜ ǇǊƻŎƘŜ Ŝǎǘ ƴƻƴ ƛƴǾŀǎƛǾŜ Ŝǘ ǇŜǊƳŜǘ ƭΩŀƴŀƭȅǎŜ Ŝƴ ŎƻǳǇŜ ǘǊŀƴǎǾŜǊǎŀƭŜ ŘŜǎ ǘƛǎǎǳǎ 

ōƛƻƭƻƎƛǉǳŜǎ ǎŀƴǎ ŎƻƴǘŀŎǘ Ŝǘ Ł ƘŀǳǘŜ ǊŞǎƻƭǳǘƛƻƴ όŘŜ ƭΩƻǊŘǊŜ Řǳ ƳƛŎǊƻƴύΦ 9ƭƭŜ ŀ ŞǘŞ ǳǘƛƭƛǎŞŜ ǇƻǳǊ 

la première fois par Huang et al., (1991) ǎǳǊ ƭΩIƻƳƳŜ Ŝǘ ŀ ŘŜǇǳƛǎ Şté proposée pour 

ƭΩŀƴŀƭȅǎŜ ŘŜǎ ǎǘǊǳŎǘǳǊŜǎ ǊŞǘƛƴƛŜƴƴŜǎ ŘŜǎ ƻƛǎŜŀǳȄΣ Ł ƭΩƛƴǎǘŀǊ ŘŜǎ ǊŀǇŀŎŜǎ (Ruggeri et al., 2010; 

Velasco Gallego, 2015).  

0ÒÉÎÃÉÐÅÓ ÐÈÙÓÉÑÕÅÓ ÅÔ ÔÅÃÈÎÉÑÕÅÓ ÄÅ Ìȭ/#4 

 

[Ωh/¢ Ŝǎǘ ǳƴŜ ǘŜŎƘƴƛǉǳŜ ƻǇǘƛǉǳŜ ŀƴŀƭƻƎǳŜ Ł ƭΩƛƳŀƎŜǊƛŜ ǇŀǊ ǳƭǘǊŀǎƻƴǎ (van Velthoven 

et al., 2007)Σ Ƴŀƛǎ ǇŜǊƳŜǘ ǳƴŜ ƳŜƛƭƭŜǳǊŜ ǊŞǎƻƭǳǘƛƻƴ ŎŀǊ ƭŜǎ ƭƻƴƎǳŜǳǊǎ ŘΩƻƴŘŜǎ ǎƻƴǘ Ǉƭǳǎ 

faibles que celles du son. Cependant, la vitesse de la lumière est 150.000 fois plus rapide que 

le son, ce qui rend impossible la mesure directe car aucun captŜǳǊ ŘŜ ƭǳƳƛŝǊŜ ƴΩŜǎǘ ŀǎǎŜȊ 

ǊŀǇƛŘŜ ǇƻǳǊ ƳŜǎǳǊŜǊ Ł ŎŜǘǘŜ ǾƛǘŜǎǎŜΣ ŎΩŜǎǘ-à-dire en femtosecondes (10-15 secondes). Ainsi, il 

est nécessaire de passer par des interférences mesurant les temps de propagation de la 

lumière sur des distances micrométriques. En effet, en faisant interférer la lumière 

ǇǊƻǾŜƴŀƴǘ ŘŜ ƭΩƻōƧŜǘ όe.g. ƭΩǆƛƭύ ŀǾŜŎ ŎŜƭƭŜ ŘΩǳƴ ŀǳǘǊŜ ŦŀƛǎŎŜau ayant parcouru un chemin 

ƻǇǘƛǉǳŜ ŘŜ ǊŞŦŞǊŜƴŎŜΣ ƛƭ Ŝǎǘ ǇƻǎǎƛōƭŜ ŘŜ ƳŜǎǳǊŜǊ ƭŜ ǘŜƳǇǎ ŘΩŀƭƭŜǊ-ǊŜǘƻǳǊ Ŝǘ ƭΩƛƴǘŜƴǎƛǘŞ ŘŜǎ 

ƻƴŘŜǎ ǊŞŦƭŞŎƘƛŜǎ ǇŀǊ ƭŜǎ ǎǘǊǳŎǘǳǊŜǎ ŘŜ ƭΩƻōƧŜǘΦ [ŀ ǇǊƻŎŞŘǳǊŜ Ŝǎǘ ŘƻƴŎ ǇŜǊƳƛǎŜ ƎǊŃŎŜ Ł 

ƭΩƛƴǘŜǊŦŞǊƻƳŝǘǊŜ ŘŜ aƛŎƘŜƭǎƻƴ όŎŦ CƛƎǳǊŜ Iύ ǉǳƛ Ŧŀit interférer deux faisceaux lumineux 

provenant de la même source mais ayant suivi des chemins différents. Le signal 

ŘΩƛƴǘŜǊŦŞǊŜƴŎŜ ŎƻƴǎƛǎǘŜ Ŝƴ ǳƴŜ ǎŞǊƛŜ ŘŜ ζ franges » dont les intensités dépendent des 

microstructures rencontrées par le faisceau. Pour chaque type de microstructure, on obtient 

ǳƴ ǇƛŎ ŘΩƛƴǘŜƴǎƛǘŞ Ł ƭΩƛƴǘŞǊƛŜǳǊ ŘǳǉǳŜƭ ƻƴ ǊŜǘǊƻǳǾŜ ƭŜǎ ŦǊŀƴƎŜǎΦ 9ƴŦƛƴΣ ǇŀǊ ŘŞƳƻŘǳƭŀǘƛƻƴ 

όǇŜǊƳŜǘǘŀƴǘ ŘΩŜƴǾŜƭƻǇǇŜǊ ƭŜǎ ŦǊŀƴƎŜǎ ŘŜ ŎƘŀǉǳŜ ƳƛŎǊƻǎǘǊǳŎǘǳǊŜύ ƛƭ Ŝǎǘ ǇƻǎǎƛōƭŜ ŘΩƻōǘŜƴƛǊ ƭŜǎ 

positions des pics et donc des microstructures (e.g. les couches rétiniennes).  
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Figure H Υ {ŎƘŞƳŀ ŀŘŀǇǘŞ ŘŜ ƭΩƛƴǘŜǊŦŞǊƻƳŝǘǊŜ ŘŜ aƛŎƘŜƭǎƻƴΦ 
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SECTION 2.2 ȡ #/-0!2!)3/. $% ,ȭ|), %4 $% ,! &/6%! #(%: ,%3 

ACCIPITRIFORMES 
 

2ïÓÕÍï ÆÒÁÎëÁÉÓ ÄÅ ÌȭïÔÕÄÅ 

 

Il est accepté que les organismes, et notamment les oiseaux ŀȅŀƴǘ ǳƴ ǆƛƭ Ǉƭǳǎ ƎǊƻǎ, 

possèdent une acuité visuelle plus importante ǉǳŜ ŎŜǳȄ ŀǾŜŎ ǳƴ ǆƛƭ ŘŜ ǇŜǘƛǘŜ ǘŀƛƭƭŜΦ /ƘŜȊ ƭŜǎ 

ƻƛǎŜŀǳȄΣ ƭŀ ǘŀƛƭƭŜ ŘŜ ƭΩǆƛƭ Ŝǎǘ ƛƴǘƛƳŜƳŜƴǘ ƭƛŞŜ Ł ƭŀ ƳŀǎǎŜ ŘŜ ƭΩƻƛǎŜŀǳΦ bŞŀƴƳƻƛƴǎΣ ŎŜǘǘŜ 

ǊŜƭŀǘƛƻƴ ƴΩŀ ƧŀƳŀƛǎ ŞǘŞ ǾŞǊƛŦƛŞŜ ŀǳ ǎŜƛƴ ŘΩǳƴ ǘŀȄƻƴ ǇǊŞŎƛǎΦ [Ŝǎ ǊŀǇŀŎŜǎΣ Ŝǘ Ǉƭǳǎ 

particulièrement les Accipitriformes, constituent un modèle unique car ils apparaissent 

comme étant hautement dépendant de leur système visuel. De plus, ils possèdent tous au 

moins une fovéa centrale et pour certains une fovéa temporale, structure qui est hautement 

ƭƛŞŜ Ł ƭΩŀŎǳƛǘŞ ǾƛǎǳŜƭƭŜΦ /ŜǇŜƴŘŀƴǘΣ ƭŜǎ ŎŀǊŀŎǘŞǊƛǎǘƛǉǳŜǎ ǎǘǊǳŎǘǳǊŜƭƭŜǎ ŘŜ ŎŜƭles-ci restent 

méconnues. Au vu des différences structurelles obtenues en comparant la buse de Harris et 

le milan noir dŀƴǎ ƭŜ ŎƘŀǇƛǘǊŜ ǇǊŞŎŞŘŜƴǘΣ ƧΩŀƛ ŘƻƴŎ ŘŞŎƛŘŞ ŘŜ ŦŀƛǊŜ ǳƴŜ ŀƴŀƭȅǎŜ ŎƻƳǇŀǊŀǘƛǾŜ 

de cette structure entre espèces prédatrices et charognards.  

[ŀ ǘŀƛƭƭŜ ŘŜ ƭΩǆƛƭ Ŝǎǘ ǎƛƎƴƛŦƛŎŀǘƛǾŜƳŜƴǘ ŎƻǊǊŞƭŞe à ƭŀ ƳŀǎǎŜ ŘŜ ƭΩƻƛǎŜŀǳ ŎƘŜȊ ƭŜǎ !ŎŎƛǇƛǘǊƛŦǊƻƳŜǎΦ 

Ainsi, les espèces de taille importante peuvent détecter un objet (e.g. ǇǊƻƛŜΣ ŎƻƴƎŞƴŝǊŜΧύ Ł 

une distance plus lointaine que les espèces de petite taille. Les espèces de taille importante 

recherchant principalement leur nourriture à haute altitude nécessiteraient une acuité 

ǾƛǎǳŜƭƭŜ ǎǳǇŞǊƛŜǳǊŜΦ Lƭ ƴΩŜȄƛǎǘŜ Ǉŀǎ ŘŜ ŘƛŦŦŞǊŜƴŎŜ ŘŜ ǘŀƛƭƭŜ ŘΩǆƛƭ ŜƴǘǊŜ ƭŜǎ ǇǊŞŘŀǘŜǳǊǎ Ŝǘ ƭŜǎ 

charognards en terme absolu. Néanmoins, en pondérant par le poids, les prédateurs ont un 

ǆƛƭ Ǉƭǳǎ ƎǊƻǎ ǉǳŜ ƭŜǎ ŎƘŀǊƻƎƴŀǊŘǎΦ /Ŝ ǊŞǎǳƭǘŀǘ ǇƻǳǊǊŀƛǘ ǘŞƳƻƛƎƴŜǊ ŘΩǳƴŜ demande visuelle 

ǎǳŦŦƛǎŀƴǘŜ ǇƻǳǊ ƭŜǎ ŎƘŀǊƻƎƴŀǊŘǎΣ ƴΩŀȅŀƴǘ Ǉŀǎ ōŜǎƻƛƴ ŘΩŀǳƎƳŜƴǘŜǊ ƭŀ ǘŀƛƭƭŜ ŘŜ ƭΩǆƛƭ ŎŀǊ ƛƭǎ 

ŎƘŜǊŎƘŜƴǘ ǉǳŀǎƛƳŜƴǘ ǘƻǳǎ ŘŜ ƭŀǊƎŜǎ ŎŀǊŎŀǎǎŜǎΦ 9ƴ ǊŜǾŀƴŎƘŜΣ ƭŜǎ ǇǊŞŘŀǘŜǳǊǎ ƻƴǘ ōŜǎƻƛƴ ŘΩǳƴŜ 

acuité visuelle croissante en fonction de leur taille car la nourriture recherchée est 

hautement variable, même pour des prédateurs se déplaçant à haute altitude telle que les 

aigles royaux qui peuvent se nourrir de petits mammifères tels que les lapins.  

Les espèces prédatrices présentent aussi des structures anatomiques différentes des 

ŎƘŀǊƻƎƴŀǊŘǎΦ 5ŀƴǎ ǳƴ ǇǊŜƳƛŜǊ ǘŜƳǇǎΣ ƭΩŞǇŀƛǎǎŜǳǊ ŘŜ ƭŀ ǊŞǘƛƴŜ Ŝǎǘ ǎƛƎƴƛŦƛŎŀǘƛǾŜƳŜƴǘ Ǉƭǳǎ 

importante chez les prédateurs en périphérie de la fovéa, ce qui témoigne certainement de 
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ƭŀ ǇǊŞǎŜƴŎŜ ŘΩǳƴ Ǉƭǳǎ ƎǊŀƴŘ ƴƻƳōǊŜ ŘŜ ŎŜƭƭǳƭŜǎ Ǝŀƴglionnaires. Or, plus le nombre de ces 

ŎŜƭƭǳƭŜǎ Ŝǎǘ ƛƳǇƻǊǘŀƴǘΣ Ǉƭǳǎ ƭΩŀŎǳƛǘŞ ǾƛǎǳŜƭƭŜ ƭΩŜǎǘ ŞƎŀƭŜƳŜƴǘΦ /ŜǇŜƴŘŀƴǘΣ ŎŜǘǘŜ ǎǳǇǇƻǎƛǘƛƻƴ 

ƴΩŜǎǘ Ǉŀǎ ǾŞǊƛŦƛŞŜ ǇŀǊ ƭŜǎ ŀƴŀƭȅǎŜǎ ŎƻƳǇƻǊǘŜƳŜƴǘŀƭŜǎ όƭŜǎ ǇǊŞŘŀǘŜǳǊǎ Ŝǘ ƭŜǎ ŎƘŀǊƻƎƴŀǊŘǎ ƻƴǘ 

des acuités visuelles relativement similaires). Enfin, mis à part la petite buse Buteo 

platypterus, toutes les espèces prédatrices possèdent deux fovéas (une centrale et une 

temporale) alors que les charognards possèdent seulement une fovéa centrale. La fovéa 

temporale étant liée à la viǎƛƻƴ ŦǊƻƴǘŀƭŜΣ ǎƛ ƭŀ ǘƘŞƻǊƛŜ ŘΩŀǳƎƳŜƴǘŀǘƛƻƴ ŘŜ ƭŀ ŦƛȄŀǘƛƻƴ ŘΩǳƴ 

objet grâce à la fovéa est vraie, alors les prédateurs présentent un avantage à posséder une 

ŦƻǾŞŀ ǘŜƳǇƻǊŀƭŜ ŀŦƛƴ ŘΩŀǳƎƳŜƴǘŜǊ ƭŀ ǇǊŞŎƛǎƛƻƴ Řǳ ǇƭŀŎŜƳŜƴǘ ŘŜǎ ǎŜǊǊŜǎ ŀǳ ƳƻƳŜƴǘ ŘŜ ƭŀ 

capture. 

Notre étude témoigne donc de différences oculaires anatomiques significatives chez les 

ǊŀǇŀŎŜǎ ǉǳƛ ǎŜƳōƭŜǊŀƛŜƴǘ şǘǊŜ ƛƴǘƛƳŜƳŜƴǘ ƭƛŞŜǎ Ł ƭΩŞŎƻƭƻƎƛŜΣ Ŝǘ Ǉƭǳǎ ǇŀǊǘƛŎǳƭƛŝǊŜƳŜƴǘ le type 

de nourriture recherché.  
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Abstract   
 

1. Birds with large eyes are predicted to have higher spatial resolution because of the greater 

focal length. Raptors are well known for they acute vision and deep central fovea. Because 

foraging strategies may reflect visual demands, eye size and fovea may differ between 

species with different foraging strategies. 

2. We tested whether predators (actively hunting mobile prey) and carrions eaters (eating dead 

prey) from the order Accipitriformes (diurnal raptors) differ in their eye size, foveal depth 

and retinal thickness using optical coherence tomography and phylogenetic comparative 

methods. 

3. Most studied predators had central and temporal fovea, but all carrion eaters had only one 

central fovea. We found that eye size scaled with body mass in predators but not in carrion 

eaters. We found that predators have larger eyes relative to their body mass than carrion 

eaters and a thicker retina at the edge of the fovea, but there was no difference in the 

central fovea depth between the groups. Finally, we found that larger eyes have deeper 

central fovea in general. 

4. These results suggest that the visual system (except the foveal depth which seems mostly 

dependent upon eye size) in Accipitriformes may be highly related to the foraging strategy.  

Introduction  
 

Vision is often considered to be an important sensory modality in birds as their relative eye 

size is large compared to other vertebrates (Walls 1942; Rochon-Duvigneaud 1943; Brooke, 

Hanley & Laughlin 1999). The larger the eye the longer the focal length, potentially leading 

to a more acute vision (Kiltie 2000). High visual acuity (or spatial resolution) allows resolving 

fine detail in a visual scene. Consequently, it is commonly assumed that within a taxonomical 

group highly visual species should have larger eyes than species that rely more on other 

sensory cues to locate their prey. However, despite the generally positive scaling between 

the eye size and visual acuity in birds (Kiltie, 2000), eye size is only one of the factors 

determining spatial resolution and other parameters should be taken into account. 
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When light passes through the eye and reaches the retina, it is sampled by an array of 

photoreceptors. The fineness of photoreceptor mosaic determines the detail, which is 

resolved from the retinal image (Land & Nilsson 2012). From the photoreceptors the image 

is passed to the retinal interneurons and finally to the retinal ganglion cells. Thus not only 

the eye size, which sets the focal length and image magnification factor, but also 

photoreceptor and retinal ganglion cell density determines visual acuity. Even if 

photoreceptor or retinal ganglion cell density counts are not available, relative cell density 

can be evaluated by the thickness of the retinal tissue ς regions with highest cell density are 

also the thickest regions in the retina (Walls 1937; Jeffery & Williams 1994; Querubin et al. 

2009; Mitkus et al. 2014). Although this is not true where a foveal pit is present. 

The fovea is a region in the retina where photoreceptor density is highest; therefore it is the 

place of the highest spatial resolution in the eye (Reymond 1985; Reymond 1987; Tucker 

2000; Land & Nilsson 2012; Coimbra, Collin & Hart 2015). In the center of the fovea, retinal 

ganglion cells and sometimes other inner retinal layers are partially or fully displaced, thus 

creating a depression ς a foveal pit. The possible optical function of the anatomical structure 

of the deep avian fovea has been debated since decades (Walls 1937; Pumphrey 1948). 

Walls (1937) suggested that steep slopes of the deep foveal depression may magnify the 

image. Pumphrey (1948) considered both the steep walls and the concave bottom of the 

foveal pit, and concluded that magnification is uneven and thus should distort the image of 

ŀƴ ƻōƧŜŎǘ ƭƻŎŀƭƭȅ ƻǊ ƳŀƪŜ ƛǘ ŀǇǇŜŀǊ άƧǳƳǇȅέ ƛŦ ƛǘ ƛǎ ǎƳŀƭƭ ŀƴŘ ǇŀǎǎƛƴƎ ǘƘǊƻǳƎƘ ǘƘŜ ŦƻǾŜŀΦ 

Finally, Snyder and Miller (1978) ignored foveal slopes and considered only the concave 

bottom of the foveal pit to find an explanation for the speculatively high visual acuity of a 

hypothetical raptor with an eye size equal to that of human. In addition, Pumphrey (1948) 

ǇǊƻǇƻǎŜŘ ǘƘŀǘ ƻǇǘƛŎŀƭ ŜŦŦŜŎǘǎ ƻŦ ǘƘŜ ŦƻǾŜŀ ƳƛƎƘǘ ŀƭǎƻ ŜƴƘŀƴŎŜ ŀƴ ŀƴƛƳŀƭΩǎ ŀōƛƭƛǘȅ ǘƻ ŘŜǘŜŎǘ 
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subtle movements and fixate on a distant object of interest (Pumphrey 1948). If that is the 

case, then birds with different foraging ecology may be expected to have different foveal 

characteristics.  

Raptors from the orders Accipitriformes and Falconiformes have relatively larger eyes than 

other birds, with eye mass 1.4 times greater than an average bird of the same body mass 

(Brooke et al. 1999), and the most acute vision of all birds known to date (Fischer 1968; 

Hirsch 1982; Reymond 1985; Reymond 1987; McIsaac 2001; Potier et al. 2016a; Potier et al. 

2016b). However, the need for acute vision might differ among raptors depending on their 

foraging ecology; some of them are predators hunting moving prey of various sizes on the 

ground or in the air, while others are mainly or exclusively carrion eaters, usually searching 

for large carcasses or aggregations of other scavenging species (Del Hoyo & Elliot 1994). 

These differences in the foraging ecology may impose different demands on their sensory 

systems. 

As carrion eaters search for dead smelly food, olfaction may be an important sensory 

modality in their foraging behaviour (Houston 1986; Smith & Paselk 1986; Gilbert & 

Chansocheat 2006). Indeed, in some behavioural context, for example in a closed 

environment, it could be even more important than vision (Potier et al. unpublished data). 

Predators and carrion eaters thus may also differ in the relative investment in their visual 

systems. For example, predatory species have a higher retinal ganglion cell density in the 

central fovea than carrion eaters, which also lack a temporal fovea (Inzunza et al. 1991). 

Some authors assessed the fovea of raptors using retinal cross-sections (Rochon-Duvigneaud 

1943; Oehme 1964; Snyder & Miller 1978; Reymond 1985; Reymond 1987), however, to our 
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knowledge, no studies attempted to compare different anatomical foveal characteristics 

between predatory and carrion eating raptors. 

In this study we used optical coherence tomography measurements to non-invasively 

investigate the foveas of predatory and carrion eating raptors from the order 

Accipitriformes, in relation to published and unpublished data about eye size and body mass. 

Particularly, we hypothesized that (1) the eye size of raptors should scale with their body 

mass, (2) predators should have larger eyes than carrion eaters relatively to their body mass 

because they differ in their foraging strategies, (3) predators should have thicker retina than 

carrion eaters that may reflect a larger number of retinal neurons and (4) if, as suggested by 

some authors, the fovea could serve to detect any subtle movements, predators may have a 

deeper central fovea than carrion eaters helping them to detect moving prey.  

Methods  

Subject and study site  

We used birds from 14 raptor species from two falconry parks: Le Grand Parc du Puy du Fou 

ŀƴŘ [Ŝǎ !ƛƭŜǎ ŘŜ ƭΩ¦ǊƎŀΣ CǊŀƴŎŜ όǎŜŜ ¢ŀōƭŜ мύ. All birds were healthy individuals of various 

sexes. The birds were housed in their aviaries before the experiment.  
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Table 1: Species and number of individuals used for the Optical Coherence Tomography 

Common name Scientific name Ecology Number of individuals (sex*) Reference Study site# 

      Palm-nut vulture Gypohierax angolensis Carrion eater 2 (1M & 1F) present report A 

Egyptian vulture Neophron percnopterus Carrion eater 3 (1M & 2F) present report A 

Short-toed snake eagle Circaetus gallicus Predator 1 (F) present report A 

Griffon vulture Gyps fulvus Carrion eater 3 (2M & 1F) present report A 

Golden eagle Aquila chrysaetos Predator 1 (M) present report A 

Eastern imperial eagle Aquila heliaca Predator 1 (F) present report A 

Steppe eagle Aquila nipalensis Predator 1 (M) present report A 

Bald eagle Haliaeetus leucocephalus Predator 3 (3M) present report A 

Black kite Milvus migrans Carrion eater 3 (2M & 1F) Potier et al. In press A 

Black-chested buzzard-eagle Geranoaetus melanoleucus Predator 1 (M) present report A 

Harris's hawk Parabuteo unicinctus Predator 6 (3M & 3F) Potier et al. In press B 

Hooded vulture Necrosyrtes monachus Carrion eater 3 (3M) present report B 

Short-tailed hawk Buteo brachyurus Predator 1 (Uknown) Ruggeri et al. 2010 C 

Broad-winged hawk Buteo platypterus Predator 1 (Uknown) Ruggeri et al. 2010 C 

Andean Condor Vultur gryphus Carrion eater 1 (F) present report A 

Turkey vulture Cathartes aura Carrion eater 3 (Uknown) present report A 

* Sex : M = male and F = female 
# !Υ tǳȅ Řǳ CƻǳΣ .Υ [Ŝǎ !ƛƭŜǎ ŘŜ ƭΩ¦ǊƎŀΣ /Υ CŀƭŎƻƴ .ŀǘŎƘŜƭƻǊ .ƛǊŘ ƻŦ tǊŜȅ /ŜƴǘŜǊ 
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Corneal diameter, eye size, body mass and ecology 

We estimated corneal diameter by close-up photography. While a falconer handled the bird, 

a ruler was placed below the right eye and a close-up picture was taken from 10 cm distance 

with a digital camera at wide angle (equivalent focal) with 8 MegaPixels (Figure 1). The 

pictures were imported into ImageJ software (Rasband 1997-2012) and corneal diameters 

were measured as the distance between the corneo-scleral junctions on the two opposing 

sides of the pupil. To verify the accuracy of this method, we obtained corneal diameter 

measurements for 13 of our 15 species from Ritland (1982) (Supplementary Table S1), where 

corneal diameters were measured in excised eyes. We found a significant correlation 

between the corneal diameters reported by Ritland (1982) and corneal diameters estimated 

by our close-up photography method (Spearman correlation, N = 13, t = 5.83, df = 11, rho = 

0.87, p < 0.001). 

 

Figure 1: Methods used to (A) measure the corneal diameter (an Andean condor Vultur gryphus in this case) 

and (B) held the birds for OCT measurements όŀ IŀǊǊƛǎΩǎ Ƙŀǿƪ Parabuteo unicinctus in this case). 
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Furthermore, in order to use corneal diameter as a proxy for eye size in this group of birds, 

we used corneal diameter and axial length data for 90 species of accipitriforms from Ritland 

(1982).  

Bird body mass values (when available) were taken from Dunning (2013) as the mean 

between body mass of males and females for each species. Birds were grouped into 

predators and carrion eaters according to their main ecological characteristic described in 

Del Hoyo and Elliot (1994).  

Foveal and retinal measurements  

We obtained foveal measurements by ultra-high resolution spectral-domain optical 

coherence tomography with a specific corneal module (OPKO/OTI Spectral OCT SLO 

Tomography; EDC Vet, Carvin, France). The OCT is a low-coherence interferometry based on 

non-invasive microscopic imaging and provides non-contact, high-resolution, cross-sectional 

images of biological tissues (Ruggeri et al. 2010). During the measurements the birds were 

awake and alert during the entire imaging process that took less than 10 minutes for one 

individual. To minimise the bird handling time, only the right eye was examined in each 

subject. The birds were held gently by the experienced bird handler (S.P.) and no mechanical 

device was used to fix the head (Figure 1). The cornea was not pressed against the device 

and the bird handler (S.P.) needed to find the suitable distance between the module and the 

eye to obtain an image. For each individual a video sequence was recorded, from which we 

selected the image that fell directly on the foveal pit and accurately showed the retina and 

the fovea(s). The images were analysed with software ImageJ (Rasband, 1997-2012) to 

measure foveal depth and retinal thickness, as a reference using a scale automatically 

provided by the OCT and included in the image. As the OCT device has an axial resolution of 

мл ˃ƳΣ ǿŜ ǊƻǳƴŘŜŘ ŜǾŜǊȅ ƳŜŀǎǳǊŜƳŜƴǘ ǘƻ ǘƘŜ ƴŜŀǊŜǎǘ мл ҡƳΦ  
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The foveal pit is formed by a full or partial radial displacement of the retinal nerve fibre, 

retinal ganglion cell, inner plexiform and inner nuclear layers. In some species even the outer 

plexiform layer and outer nuclear layer (photoreceptor nuclei) are partially displaced (Mitkus 

2015). Depending on how far and how much of the retinal tissue is displaced from the centre 

of the foveal pit, a ring of thickened retina might appear around the fovea. We call that part 

ƻŦ ǘƘŜ ǘƘƛŎƪŜǊ ǊŜǘƛƴŀ ǘƘŜ άŦƻǾŜŀƭ ǊƛƳέΦ The presence or absence of the foveal rim depends on 

the species. Thus for birds without a foveal rim, we defined the edge of the fovea at the 

place, where the slope of the foveal pit ends and where retinal thickness becomes similar to 

the adjacent retinal regions. Accordingly, for birds with a foveal rim, we define the edge of 

the fovea as the outer edge of the rim, where retinal thickness becomes similar to the 

adjacent retinal regions. 

We measured retinal thickness at the edge of the fovea (RetThiEdg), retinal thickness at the 

foveal rim (RetThiRim) and retinal thickness at the centre of the foveal pit (RetThiPit) from 

the corresponding inner (vitreal) surface of the retina (internal limiting membrane) to the 

outer edge of the retinal pigment epithelium (Figure 2). We calculated foveal depth (FovDep) 

in two different ways: 1. when the rim was present, foveal depth as compared to the retinal 

thickness at the foveal rim was calculated as FovDepRim=RetThiRim-RetThiPit and 2. when 

the rim was absent foveal depth as compared to the retinal thickness at the edge of the 

fovea was calculated as FovDepEdg=RetThiEdg-RetThiPit (Figure 2). We did not measure the 

foveal width because the horizontal dimension of the OCT images is dependent upon the 

axial length of the investigated eye, and we could not measure this in our alive birds. Retinal 

layers in the OCT images were identified according to Ruggeri et al. (2010). 
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Figure 2: OCT images of the central fovea of the Griffon vulture (Gyps fulvus) (A) and Andean condor (Vultur 

gryphus) (B) showing the foveal parameters used in analysis (edge of the fovea (RetThiEdg), retinal thickness at 

the foveal rim (RetThiRim) and retinal thickness at the centre of the foveal pit (RetThiPit); see text for 

explanation). RNFL ς retinal nerve fiber layer; GCL ς ganglion cell layer; IPL ς inner plexiform layer; INL ς inner 

nuclear layer; OPL ς outer plexiform layer; ONL ς outer nuclear layer; ELM ς external limiting membrane; IS/OS 

ς photoreceptor inner and outer segments; RPE ς retinal pigment epithelium; C ς choroid. 

Statistical analyses  

All analyses were performed with R.3.1.2 (R Development Core Team 2015) using packages 

{ape} (Paradis et al. 2008), {caper} (Orme 2013) and {nlme} (Pinheiro et al. 2014). 

Throughout the paper, we present means ± S.E. and assume statistical significance for p < 

0.05.  
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We used Pearson correlation to estimate the relation between corneal diameter and axial 

length. We used PGLS (phylogenetic generalised least square models) with OCT data to 

estimate any relation between corneal diameter and retinal or foveal characteristics, and 

foveal and retinal differences between predators and carrion eaters. Phylogeny was derived 

from (Jiang et al. 2015) with Cathartidae (Turkey vulture Cathartes aura and Andean condor 

Vultur gryphus) as an outgroup (Figure S1). 

Because a phylogeny comprising all 97 species used from (Ritland 1982; Dunning 2013) was 

not available, we used linear models to test any relationship between body mass (log 

transformed) and corneal diameter (cubed and log transformed). Linear models were also 

used to compare the slope of the predatory and carrion eating species body mass ς corneal 

diameter regression. 

CƛƴŀƭƭȅΣ ŀŦǘŜǊ ŎƘŜŎƪƛƴƎ ŦƻǊ ƴƻǊƳŀƭƛǘȅ ŀƴŘ ƘƻƳƻǎŎŜŘŀǎǘƛŎƛǘȅΣ {ǘǳŘŜƴǘΩǎ ǘ-test was used to 

compare the corneal diameter and residual corneal diameter (from the linear model of 

corneal diameter and body mass) between predators and carrion eaters. The residual 

corneal diameter was used to test for any differences between predators and carrion eaters 

after controlling for body mass. Wilcoxon paired test was used to compare various 

parameters of the central and temporal foveas of bi-foveate species. 

Results 
For all accipitriforms species, we found that corneal diameter and axial length were highly 

correlated (t = 24.77, df = 88, rho = 0.93, p < 0.001; Supplementary Table S1).   

Corneal diameter, body mass and ecology  

Overall corneal diameter did not differ between the 80 predatory and the 17 carrion eating 

species (t = -0.47, df = 23.04, p = 0.64; Figure 3a). However, when controlling for body mass, 
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predators (n = 71) had larger corneal diameters than carrion eaters (n = 16) (t = 7.24, df = 

73.71, p < 0.001; Figure 3b). Corneal diameter was more variable in predators than in carrion 

eaters. 

 

Figure 3: Eye size difference between predators and carrion eaters. (a) Corneal diameter difference and (b) 

residual corneal diameter calculated from linear regression of corneal diameter and body mass. 

On average, carrion eaters were heavier than predators (body mass carrion eaters: 4540.3 ± 

830.8 g (range: 529.0 ς 10,800.0 g), body mass predators: 1111.7 ± 143.9 g (range: 88.3 ς 

5232.0 g), t = -4.07, df = 15.91, p < 0.001). 

For the 85 species of accipitriforms, the scaling exponent of corneal diameter on body mass 

was 0.40 ± 0.04 (Figure 4) (t = 8.95, r2 = 0.48, p < 0.001). When grouping the raptors into 

predators and carrion eaters, the relation was significant for both predators (t = 13.42, r2 = 
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0.72, p < 0.001; Figure 4) and carrion eaters (t = 2.70, r2 = 0.30, p = 0.017; Figure 4); the slope 

of the two linear regressions did not differ significantly (t = -1.49, p = 0.140). 

 

Figure 4: The regression of corneal diameter (CD) on body mass for 87 species from order Accipitriformes (bold 

solid line, ώ πȢσψὼ ςȢπυ, r2 = 0.44, p < 0.001), which were also grouped as predators (71 species; solid line, 

ώ πȢυχὼ ρȢυυ, r2 = 0.72, p < 0.001) and carrion eaters (16 species; dash line, ώ πȢσωὼ ρȢψρ, r2 = 0.30, p 

= 0.017). Filled symbols represent data from Ritland (1982), open symbols represent data from close-up 

photography of this study (when no data were available from Ritland). Circles represent predators and triangles 

carrion eaters. 
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General foveal observation  

We found only one central fovea in all carrion eaters, but two foveas (central and temporal) 

in all predators (except the Broad-winged hawk; data from Ruggeri et al. (2010)). In one 

predatory species, the Bald eagle, only a very shallow temporal fovea was present (see 

supplementary materials). In addition, marked intra-species variation in the shape of the 

central fovea was found in Black kites (Figure 5). 

 

Figure 5: OCT images of the central fovea from the right eye of three different Black kite (Milvus migrans) 

individuals. 
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Fovea, retinal thickness and corneal diameter  

Central fovea  

There were no significant differences between carrion eaters and predators in foveal depth 

(FovDep: t = -1.65, df = 13, p = 0.123). The central fovea of accipitriforms with a larger 

corneal diameter was significantly deeper (t = 2.51, df = 12, p = 0.027) than that of species 

with a smaller corneal diameter (Figure 6a). 

 

Figure 6: Relation between corneal diameter and a) maximal foveal depth of the central fovea (n=14) and b) 

maximal foveal depth of the temporal fovea (n=6). Circles represent predators and triangles carrion eaters. 

The retina was significantly thicker at the foveal edge (RetThiEdg) of predators than carrion 

eaters (predators: 453.3 ± 7.5 µm; carrion eaters: 411.4 ± 9.1 µm; t = -2.44, df = 14, p = 

0.029), and tended to be also thicker at the foveal rim (RetThiRim; predators: 471.7 ± 8.3 

µm; carrion eaters: 420.0 ± 9.1 µm; t = -2.12, df = 8, p = 0.067). We did not find any 

differences in the retinal thickness at the foveal pit between these two groups (RetThiPit; 

predators: 222.5 ± 10.5 µm; carrion eaters: 202.9 ± 8.4 µm; t = -0.63, df = 13, p = 0.537). 

When analyzing all accipitriforms together, we did not find a significant relation between 

corneal diameter and retinal thickness at the foveal edge (RetThiEdg: t = -0.23, df = 13, p = 
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0.819), retinal thickness at the foveal rim (RetThiRim: t = 1.71, df = 7, p = 0.129) or retinal 

thickness at the foveal pit (RetThiRim: t = -1.26, df = 12, p = 0.233). We found no relationship 

between foveal depth and retinal thickness at the foveal edge (RetThiEdg: t = 0.27, df = 13, p 

= 0.791).  

Temporal fovea  

We found no significant relation between corneal diameter and temporal fovea depth 

(FovDep: t = 2.18, df = 5, p = 0.081, Figure 6b), or retinal thickness at the edge of the fovea 

(RetThiEdg: t = -1.38, df = 5, p = 0.226). Nevertheless, we found a tendency for species with a 

large corneal diameter to have a thinner retina at the pit of the temporal fovea (RetThiPit: t 

= -2.52, df = 5, p = 0.053). 

Comparison between central and temporal fovea  

For predatory species, the central fovea was deeper than the temporal fovea (central: 220.7 

± 6.7 µm; temporal: 35.7 ± 11.4 µm, V = 21, p= 0.035). The retina was thicker at the edge of 

the central fovea than at the edge of the temporal fovea (central: 433.3 ± 8.1 µm; temporal: 

360.0 ± 3.8 µm, V = 28, p = 0.021). Finally, the retina was thinner at the pit of the central 

fovea than at the pit of the temporal fovea (central: 242.1 ± 8.7 µm; temporal: 325.7 ± 9.0 

µm, V = 0, p = 0.031). 

Discussion  
We found that corneal diameter, thus axial length, and body mass were highly correlated in 

order Accipitriformes (Figure 4). Relative to their body mass, predators had larger corneal 

diameters ς and thus larger eyes ς than carrion eaters. We found two foveas (one central 

and one temporal) in all but one predatory species, but only one central fovea in all carrion 

eaters. Focusing on the central fovea, predators had thicker retina than carrion eaters at the 

edge of the fovea, but not at the rim or the pit of the fovea. Nevertheless, no differences in 
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foveal depth were found between the two groups. Considering all species together, a larger 

corneal diameter was linked to a deeper fovea. Finally, for predatory species, the central 

fovea was deeper than the temporal fovea and the retina was thicker at the edge and at the 

pit of the central fovea. 

Corneal diameter, body mass and ecology  

As found for various birds species (Brooke, Hanley & Laughlin 1999), the scaling of the eye 

size and body mass in the order Accipitriformes is uniform over a wide range, confirming our 

first hypothesis. This uniformity may reflect similarities between the pattern of costs and 

benefits that determine the important investment in vision for all accipitriforms, 

independently of body size, as has also been proposed for bird in general (Brooke, Hanley & 

Laughlin 1999).  

In diurnal animals, one of the most important benefits of having large eyes is their potential 

implication for higher spatial resolution (Kiltie 2000). However, there are costs associated 

with increased eye size. First, because an eye is a fluid-filled chamber, it is very heavy. 

Indeed, in some birds, one eye weighs as much, or more, than the whole brain (Burton 2008) 

such as for the Kori bustard, Ardeotis kori (Brain weight: 14.3g; Eye weigth: 23.2g). 

Physiological, mechanical and aerodynamic constrains, and associated energetic costs of 

carrying a larger weight (Brooke, Hanley & Laughlin 1999), suggest that small birds cannot 

withstand to carry eyes as large as big birds in absolute terms. 

Moreover, large raptors like eagles and vultures, when they forage, mostly use soaring and 

gliding flight, while small raptors like harriers or hawks can use more flapping and gliding 

flight (Del Hoyo & Elliot 1994). Thus, soaring and gliding mean that larger raptors may fly at 

higher altitude than smaller ones. As a result, assuming similarly sized prey, larger raptors 
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would need larger eyes with higher visual acuity than smaller raptors. Nevertheless, the 

demand for a large eye size may be as high for the carrions eaters as for the predatory 

species. The relation between eye size (corneal diameter) and body weight has more 

variance for carrion eater (rho =0.30) than for predators (rho = 0.72). This result suggests 

that the eye size of carrion eaters may depend less on body size than the eye size of 

predators.  

When comparing the eye sizes between predators and carrion eaters, we found no 

difference in absolute terms. However, as suggested in our second hypothesis, for similar 

body mass, predators have larger eyes than carrion eaters. This suggests that carrion eaters 

do not need the same level of spatial resolution as predatory species, maybe again, because 

carrion eaters (e.g. vultures) mainly search for larger prey than predators. Increased eye size 

may also result in additional cost such as a reduction of the visual field by an increased size 

of the suborbital ridge to avoid being blinded by the dazzling sun (Martin & Katzir 2000; 

Potier et al. 2016b). Indeed, a larger eye size may result in higher rate of image of the sun 

ǘƘŀǘ Ŏŀƴ ǇǊƻŘǳŎŜ άŘƛǎŀōƛƭƛǘȅ ƎƭŀǊŜέΣ i.e. a reduction of visual acuity or contrast sensitivity 

caused by scattered light (Koch 1989; Aslam, Haider & Murray 2007). This disability glare 

may reduce target detection especially for objects (e.g. prey) of low contrast (LeClaire et al. 

1982). Nevertheless, reducing visual field size may be costly for carrion eaters as they need 

to scan everywhere for conspecific information while foraging (Houston 1974). Thus, there 

might be a trade-off between the eye size and extent of the visual field. However, more 

studies are needed to investigate this idea further.  

Reducing the energy expended for vision may allow carrion eaters to invest more and shift 

to other sensory modalities to find their food. Indeed, it has been found that species of the 
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family Cathartidae (Houston 1986; Gomez et al. 1994) (Potier et al. unpublished data), the 

Southern caracara Caracara plancus (Potier et al. unpublished data) and possibly also old 

world vultures (Gilbert & Chansocheat 2006) can use olfaction to find their food. 

General foveal observations  

All our study species classified as predators had two foveas (one central and one temporal; 

except the Broad-winged hawk, data for which was taken from Ruggeri et al (2010)), while 

all carrion eaters had only one central fovea. This characteristic has been found in two other 

studies (Inzunza et al. 1991; Potier et al. 2016b), but this is the first time that many species 

of two ecological groups have been compared. The fovea is a retinal area with a highest 

photoreceptor density and therefore it is the place in the eye with a highest acuity (Fite & 

Rosenfield-Wessels 1975; Meyer 1977; Inzunza et al. 1991; Jones, Pierce & Ward 2007). In 

predators, it is supposed, that sideways vision serves to detect and focus on the prey at long 

distances while frontal vision is essential at the moment of attack (Tucker 2000). Sideways 

vision in birds with lateral eyes is linked to the deep central fovea while frontal vision is 

linked to the shallow temporal fovea (Tucker 2000; Jones, Pierce & Ward 2007).  

It has been suggested that fovea may serve as a tool helping to stabilize fixation (Walls 1937; 

Pumphrey 1948; Jones, Pierce & Ward 2007), and it is essential for a predator to keep the 

prey in the highest acuity region while chasing it from a far distance. In that circumstance, 

having a temporal fovea may be needed to fixate the prey into the frontal field and control 

the position of feet. Contrary to predators, carrion eaters eating dead animals may not need 

a temporal fovea to fixate a moving target (Inzunza et al. 1991). Predators and scavengers 

both need acute vision to find their food, using lateral field of view, justifying the presence 

of a deep central fovea. However, because scavengers eat dead immobile animals, there 

might be no need to have a temporal fovea. 
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We also found that foveal shape may differ between different individuals of the same 

species, as has been found in the Black kites (Fig. 4). Such intra-specific differences have also 

been observed in Common buzzards (Oehme 1964) or Northern fulmars (Mitkus et al. 

submitted). Moreover, in addition to the foveal shape variation, we also found that 

individuals may differ in the presence or absence of a rim around the foveal pit. It is known 

that in humans the foveal shape can change with age, particularly from the birth up to age of 

four (Hendrickson & Yuodelis 1984). In our case, all black kite individuals were at least one 

year old, and there might be no age related association with the presence of the foveal rim 

as the only individual with a rim had the same age as the other one without a rim (both born 

in 2014). No differences were found in human foveal shape between sexes, which could be 

the case for our Black kites too (Wagner-Schuman et al. 2011). Further studies are needed to 

understand what environmental or genetic factors influence the foveal shape. 

Central fovea, retinal thickness and corneal diameter  

The fovea is the region in the retina with the highest photoreceptor density ((Meyer 1977) 

and other references therein) and thus of the highest visual acuity. In the regions of high 

visual acuity the receptor to ganglion cell (and other retinal interneuron) ratio is low (Fite & 

Rosenfield-Wessels 1975), thus the total number of cells is the highest in the retina. 

Therefore, those regions not only have the highest photoreceptor density, but also are the 

thickest in the retina (Walls 1937; Jeffery & Williams 1994; Querubin et al. 2009; Mitkus et 

al. 2014). Apart from the foveal pit, where retinal ganglion cell and other retinal layers are 

centrifugally displaced, retinal thickness can be a good indicator of relative photoreceptor 

density. 

We found no significant relationship between the eye size and retinal thickness at the foveal 

edge or at the foveal rim, which suggests that larger eyes do not have substantially higher 
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photoreceptor densities in the foveal region. However, predators had significantly thicker 

retina at the foveal edge than the carrion eaters (confirming our third hypothesis), which 

supports the findings by previous studies that predatory raptors have higher peak retinal 

ganglion cell density than carrion eaters (Fite & Rosenfield-Wessels 1975; Inzunza et al. 

1991; Lisney et al. 2013). 

However, there was no difference between these two groups in the retinal thickness at the 

foveal pit, which indicates that whether the photoreceptors are of similar length or that 

similar amount of retinal material is retained in the pit in both predators and carrion eaters. 

No relationship between retinal thickness at the foveal pit and eye size in accipitriforms in 

general might suggest, that there is a physical (mechanical) limitation for the thinness of the 

retina in the foveal pit, independently of the eye size. It would be very interesting to 

investigate this question further in other bird groups. 

Because the fovea has been suggested to magnify the image and to possibly increase the 

detection of subtle movements of an object (e.g. a prey) (Walls 1937; Pumphrey 1948; 

Jones, Pierce & Ward 2007), one would think that foveal shape might differ between 

predators and carrion eaters (hypothesis 4). In our study, we only estimated the foveal 

depth, as the width cannot be surely access by OCT. We did not find any differences in foveal 

depth between predators and carrion eaters. Same as predators, carrion eaters also search 

for subtle movements of others flying carrion eaters that may lead to similar demands on 

anatomical structure of the fovea, but this statement need to be proven by studied the all 

shape of the fovea. While carrion eaters search for their food by direct (personal) 

information, they may also use information given by conspecifics, which increases foraging 

efficiency (Houston 1974; Buckley 1996; Jackson, Ruxton & Houston 2008; Deygout et al. 

2010). Moreover, vision in accipitriforms serves for foraging but also for predator detection 
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as intra-guild predation exists in raptor assemblages (Sergio & Hiraldo 2008). Thereby, if the 

ŦƻǾŜŀ ŎƻǳƭŘ ƛƴŎǊŜŀǎŜ ǘƘŜ ŘŜǘŜŎǘƛƻƴ ƻŦ ǎǳōǘƭŜ ƳƻǾŜƳŜƴǘ ŦƻǊ ŦƻǊŀƎƛƴƎ ŀƴŘ ŦƻǊ ǇǊŜŘŀǘƻǊǎΩ 

avoidance, both ecological groups may need the same shape or depth.  

We found a significant relationship between the foveal depth and eye size. The larger the 

eye, the deeper the fovea. Increasing foveal depth (for a similar width) may lead to a smaller 

radius in the bottommost portion of the pit. This could improve the foveal magnification  

(Snyder & Miller 1978). If this is true, an accipitriforme bird with a large eye might have a 

better spatial resolution not only because of a larger focal length (Kiltie 2000), but also 

because of the possible higher foveal magnification effect. Kiltie (2000) found a significant 

positive regression between the eye size and visual acuity, with a slope of 1.42 for diurnal 

mammals and birds. While her allometry did contain only one Accipitriformes, visual acuity 

increased more rapidly than eye size. Our finding may suggest that a higher magnification 

effect or stronger increase of visual acuity as eye size increases may be due to the deeper 

central fovea in large eye birds. Nevertheless, Reymond (1985, 1987) found that visual acuity 

of two raptors species determined in behavioral experiments matches to the anatomical 

spatial resolution calculated based on the photoreceptor density, which suggests that no 

optical function of the fovea is needed to explain behavioral results. 

Temporal fovea, retinal thickness and corneal diameter  

As found in other studies, the central fovea of predators is deeper than the temporal fovea 

(Fite & Rosenfield-Wessels 1975; Reymond 1985; Reymond 1987; Potier et al. 2016b), which 

may result in a better magnification effect in the central fovea because of a smaller radius of 

the bottommost part of the foveal pit (Snyder & Miller 1978). In addition to a lower 

photoreceptor density (Reymond 1985; Reymond 1987; Inzunza et al. 1991), the temporal 

fovea may have a lower magnification effect (compared to the central fovea) that could 
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explain the fact that raptors always use their central fovea to view distant objects (Tucker 

2000; Jones, Pierce & Ward 2007).  

In contrast to the central fovea, we did not find any link between the temporal foveal depth 

and the eye size. Because temporal fovea serves the frontal visual field and it is thought that 

it is essential for raptors to catch and handle their prey at short distances (Tucker 2000), 

there might be no need to have different foveal depth depending on eye size, because all 

species with different eye size and body mass are at approximately the same distance from 

their prey when catching it. Indeed, the visual demands may be similar for those predatory 

species leading to a convergence in the temporal foveal depth regardless of the eye size. 

Conclusion   

Our study suggest that raptors from different ecology may have different demand in the 

visual system. We first showed that eye size and body mass scaled in both ecological groups. 

Predators have larger eye relatively to their body mass and a thicker retina at the edge of 

the central fovea than carrion eaters, which could reflect the importance of vision when they 

forage. No difference in foveal depth was found between these two ecological groups. It 

seems that the fovea is more dependent upon the eye size, with a deeper fovea in large eye. 

Overall, our study suggest that the foraging ecology of raptors is highly related to the visual 

system and open the door for further studies to understand whether the eye size and foveal 

structure is correlated with bird ecology in other phylogenetic groups. 
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Figure S1: Phylogenetical tree used in the study, derived from (Jiang et al. 2015). 

  



Simon Potier Ecologie sensorielle des rapaces : Vision et Olfaction 
Thèse de doctorat Chapitre 2 Υ [Ωǆƛƭ Ŝǘ ƭŜǎ ŦƻǾŞŀǎ ŎƘŜȊ ƭŜǎ ǊŀǇŀŎŜǎ 

94 
 

Table S1: Corneal diameter, axial length and weight of raptors 

Family Species scientific name 
Corneal 
diameter 

(mm) 

Number of individuals 
for corneal diameter 

Corneal diameter 
reference 

Axial lenght* (mm) 
Body 

mass# (g) 

Number of 
individuals 
for Body 

mass 

Ecology 

Cathartidae Coragyps atratus 8.8 1 Ritland (1982) 16.8 1640.0 50 Carrion eater 

 

Sarcoramphus papa 11.8 4 Ritland (1982) 26.2 3400.0 28 Carrion eater 

 

Gymnogyps californianus 11.2 1 Ritland (1982) 25.5 8450.0 ? Carrion eater 

 

Cathartes aura 8.3 3 present report 18.6 2006.0 130 Carrion eater 

 

Vultur gryphus 11.8 1 present report 23.7 10800.0 ? Carrion eater 

 
        

Pandionidae Pandion haliaetus 12.4 4 Ritland (1982) 21.4 1485.5 24 Predator 

 
        

Accipitridae Aviceda subcristata 11.1 1 Ritland (1982) 22.8 327.0 19 Predator 

 

Aviceda leuphotes 10.2 1 Ritland (1982) 20.8 NA NA Predator 

 

Chondrohierax uncinatus 10.8 1 Ritland (1982) 17.4 NA NA Predator 

 

Henicopernis longicauda 11.6 1 Ritland (1982) 24.3 588.5 2 Predator 

 

Pernis apivorus 11.3 1 Ritland (1982) 21.5 758.0 18 Predator 

 

Elanoides forficatus 10.2 1 Ritland (1982) 20.3 442.0 14 Predator 

 

Macheiramphus alcinus 15.8 3 Ritland (1982) 24.4 650.0 1 Predator 

 

Elanus leucurus 10.6 2 Ritland (1982) 21.1 346.0 33 Predator 

 

Elanus caeruleus 10.1 1 Ritland (1982) 18.1 260.5 ? Predator 

 

Elanus axillaris 10.6 1 Ritland (1982) 19.8 271.0 16 Predator 

 

Chelictinia riocourii 7.3 1 Ritland (1982) 13.8 110.0 1 Predator 

 

Rostrhamus sociabilis 9.3 1 Ritland (1982) 17.4 420.0 13 Predator 

 

Harpagus bidentatus 9.8 2 Ritland (1982) 18.1 218.5 8 Predator 

 

Ictinia plumbea 9.4 1 Ritland (1982) 17.4 248.5 23 Predator 

 

Milvus milvus 10.4 2 Ritland (1982) 20.3 836.0 14 Predator 



Simon Potier Ecologie sensorielle des rapaces : Vision et Olfaction 
Thèse de doctorat Chapitre 2 Υ [Ωǆƛƭ Ŝǘ ƭŜǎ ŦƻǾŞŀǎ ŎƘŜȊ ƭŜǎ ǊŀǇŀŎŜǎ 

95 
 

 

Haliastur sphenurus 9.2 1 Ritland (1982) 18.5 753.0 452 Predator 

 

Haliastur indus 10.2 1 Ritland (1982) 20.6 529.0 17 Carrion eater 

 

Haliaeetus vocifer NA NA Ritland (1982) 21.6 3400.0 5 Predator 

 

Gypaetus barbatus 14.8 2 Ritland (1982) 31.0 5680.0 15 Carrion eater 

 

Gyps bengalensis 10.8 1 Ritland (1982) 20.4 4385.0 29 Carrion eater 

 

Gyps africanus 11.0 1 Ritland (1982) 20.1 5433.0 44 Carrion eater 

 

Sarcogyps calvus 13.1 1 Ritland (1982) 27.3 NA NA Carrion eater 

 

Terathopius ecaudatus 16.5 2 Ritland (1982) 32.8 2200.0 10 Predator 

 

Spilornis rufipectus 13.3 1 Ritland (1982) 24.6 NA NA Predator 

 

Spilornis cheela 14.0 2 Ritland (1982) 25.8 492.5 2 Predator 

 

Polyboroides typus 9.1 1 Ritland (1982) 16.4 637.5 ? Predator 

 

Circus cyaneus 9.5 2 Ritland (1982) 18.5 437.0 4 Predator 

 

Circus cinereus 8.5 1 Ritland (1982) 17.6 405.5 8 Predator 

 

Circus macrourus 9.4 1 Ritland (1982) 17.3 388.5 21 Predator 

 

Circus approximans 10.7 1 Ritland (1982) 19.8 740.0 120 Predator 

 

Melierax metabates 11.7 1 Ritland (1982) 21.0 NA NA Predator 

 

Micronisus gabar 7.8 1 Ritland (1982) 13.1 NA NA Predator 

 

Accipiter gentilis 11.9 1 Ritland (1982) 22.3 1027.5 180 Predator 

 

Accipiter melanoleucus 10.8 1 Ritland (1982) 18.8 699.0 19 Predator 

 

Accipiter madagascariensis 9.2 1 Ritland (1982) 16.0 212.0 10 Predator 

 

Accipiter gularis 7.9 1 Ritland (1982) 13.1 121.5 22 Predator 

 

Accipiter virgatus 11.1 1 Ritland (1982) 16.6 NA NA Predator 

 

Accipiter nisus NA NA Ritland (1982) 13.6 237.5 316 Predator 

 

Accipiter striatus 7.5 4 Ritland (1982) 13.5 138.5 922 Predator 

 

Accipiter minullus 6.9 1 Ritland (1982) 11.1 88.3 3 Predator 

 

Accipiter tachiro 9.5 2 Ritland (1982) 16.8 202.0 4 Predator 

 

Accipiter trivirgatus 11.8 1 Ritland (1982) 21.8 276.0 ? Predator 

 

Accipiter fasciatus 10.5 1 Ritland (1982) 18.1 475.5 45 Predator 
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Accipiter novaehollandiae 10.2 1 Ritland (1982) 17.8 538.0 16 Predator 

 

Accipiter soloensis 7.1 1 Ritland (1982) 13.3 165.5 4 Predator 

 

Accipiter badius 9.0 1 Ritland (1982) 15.4 131.5 ? Predator 

 

Accipiter butleri 7.3 1 Ritland (1982) 13.1 NA NA Predator 

 

Accipiter francesiae 8.7 1 Ritland (1982) 14.2 198.5 17 Predator 

 

Accipiter cooperii 10.5 1 Ritland (1982) 18.0 439.0 108 Predator 

 

Butastur rufipennis 10.1 1 Ritland (1982) 19.4 335.0 ? Predator 

 

Butastur teesa 10.8 1 Ritland (1982) 18.9 325.0 1 Predator 

 

Butastur indicus 10.4 2 Ritland (1982) 19.4 415.0 ? Predator 

 

Kaupifalco monogrammicus 10.2 1 Ritland (1982) 19.3 280.5 ? Predator 

 

Leucopternis melanops 10.6 1 Ritland (1982) 20.3 312.0 9 Predator 

 

Buteogallus anthracinus 12.0 1 Ritland (1982) 21.0 996.0 10 Predator 

 

Buteogallus urubitinga 13.7 1 Ritland (1982) 23.5 1156.5 14 Predator 

 

Buteogallus meridionalis 12.2 1 Ritland (1982) 23.0 808.0 8 Predator 

 

Busarellus nigricollis 12.1 1 Ritland (1982) 20.8 785.0 8 Predator 

 

Buteo nitidus 12.0 1 Ritland (1982) 21.0 528.5 30 Predator 

 

Rupornis magnirostris 10.2 3 Ritland (1982) 19.0 269.0 16 Predator 

 

Buteo ridgwayi 10.8 1 Ritland (1982) 19.6 NA NA Predator 

 

Buteo lineatus 12.7 2 Ritland (1982) 23.1 607.0 46 Predator 

 

Buteo platypterus 10.5 2 Ritland (1982) 20.3 455.0 27 Predator 

 

Buteo swainsoni 10.0 1 Ritland (1982) 19.6 958.5 119 Predator 

 

Buteo galapagoensis 10.8 1 Ritland (1982) 23.6 1357.5 137 Predator 

 

Buteo jamaicensis 14.7 4 Ritland (1982) 27.8 1126.0 208 Predator 

 

Buteo buteo 12.2 1 Ritland (1982) 20.8 875.0 480 Predator 

 

Buteo lagopus 14.1 1 Ritland (1982) 27.1 956.0 271 Predator 

 

Buteo rufofuscus NA NA Ritland (1982) 20.1 1530.0 1 Predator 

 

Harpia harpyja 16.2 1 Ritland (1982) 32.3 4800.0 ? Predator 

 

Pithecophaga jefferyi 18.6 2 Ritland (1982) 33.8 5232.0 ? Predator 
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Clanga pomarina NA NA Ritland (1982) 26.8 1370.0 37 Predator 

 

Aquila rapax 13.9 1 Ritland (1982) 27.8 NA NA Predator 

 

Aquila audax 15.0 1 Ritland (1982) 27.3 3466.0 46 Predator 

 

Hieraaetus pennatus 11.8 1 Ritland (1982) 22.6 834.5 23 Predator 

 

Hieraaetus morphnoides 12.5 1 Ritland (1982) 23.4 791.0 33 Predator 

 

Nisaetus cirrhatus 15.0 1 Ritland (1982) 25.7 1480.0 ? Predator 

 

Nisaetus philippensis 13.6 1 Ritland (1982) 26.2 1168.0 1 Predator 

 

Spizaetus ornatus 13.4 1 Ritland (1982) 24.1 1215.0 9 Predator 

 

Stephanoaetus coronatus 14.1 1 Ritland (1982) 28.7 3640.0 4 Predator 

 

Torgos tracheliotos 17.0 6 
Speigel et al. 

2013 
NA 6969.0 21 Carrion eater 

 

Aegypius moncachus 18.1 1 present report NA 9625.0 41 Carrion eater 

 

Milvus migrans 10.7 3 present report 20.0 567.0 96 Carrion eater 

 

Haliaeetus leucocephalus 14.3 3 present report 28.2 4740.0 72 Predator 

 

Gypohierax angolensis 10.1 2 present report 21.7 1600.0 6 Carrion eater 

 

Neophron percnopterus 9.9 3 present report 22.1 2082.0 7 Carrion eater 

 

Necrosyrtes monachus 12.0 3 present report 21.0 2043.0 7 Carrion eater 

 

Gyps fulvus 11.9 3 present report NA 7436.0 15 Carrion eater 

 

Circaetus gallicus 17.4 2 present report 32.5 1669.5 22 Predator 

 

Parabuteo unicinctus 10.3 6 present report NA 844.0 397 Predator 

 

Geranoaetus melanoleucus 14.9 2 present report NA 2445.0 6 Predator 

 

Aquila nipalensis 16.0 3 present report NA 2745.5 9 Predator 

 

Aquila chrysaetos 16.7 3 present report 29.3 4263.5 48 Predator 

 

Aquila heliaca 12.4 1 present report NA 3215.0 10 Predator 

 
        

Sagittariidae Sagittarius serpentarius 15.4 4 Ritland (1982) 30.5 4017.0 20 Predator 

* From Ritland (1982) 
# From Dunning (2013) 
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Table S2: Foveal and retinal measurements from OCT photographs 

    Nasal fovea 

Species scientific name 

Number of 
individuals RetThiEdg (µm) RetThiRim (µm) RetThiPit (µm) FovDep (µm) 

Gypohierax angolensis 2 430 No rim 190 240 

Neophron percnopterus 3 410 440 230 210 

Circaetus gallicus 1 500 No rim 250 250 

Gyps fulvus 3 420 No rim 200 230 

Necrosyrtes monachus 3 450 No rim 230 220 

Aquila chrysaetos 1 450 480 230 250 

Aquila heliaca 1 460 No rim 230 230 

Aquila nipalensis 1 430 440 180 260 

Milvus migrans 3 390 410 210 210 

Haliaeetus leucocephalus 3 430 460 210 260 

Geranoaetus melanoleucus 1 440 480  -  - 

Parabuteo unicinctus 6 440 470 180 290 

Buteo brachyurus 1 470 500 250 250 

Buteo platypterus 1 460 No rim 250 300 

Vultur gryphus 1 400 430 170 260 

Cathartes aura 3 380 400 190 210 
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    Temporal fovea 

Species scientific name 

Number of 
individuals RetThiEdg (µm) RetThiRim (µm) RetThiPit (µm) FovDep (µm) 

Gypohierax angolensis 2  -  -  -  - 

Neophron percnopterus 3  -  -  -  - 

Circaetus gallicus 1 350 360 350 10 

Gyps fulvus 3  -  -  -  - 

Necrosyrtes monachus 3  -  -  -  - 

Aquila chrysaetos 1 370 400 300 100 

Aquila heliaca 1 380 No rim 370 10 

Aquila nipalensis 1 370 No rim 320 50 

Milvus migrans 3  -  -  -  - 

Haliaeetus leucocephalus 3 350 No rim 340 10 

Geranoaetus melanoleucus 1 360 380 350 30 

Parabuteo unicinctus 6 350 No rim 330 30 

Buteo brachyurus 1 370 410 290 120 

Buteo platypterus 1  -  -  -  - 

Vultur gryphus 1  -  -  -  - 

Cathartes aura 3  -  -  -  - 

 

 



Simon Potier Ecologie sensorielle des rapaces : Vision et Olfaction 
Thèse de doctorat Chapitre 3 : Champs visuels chez les rapaces 

100 
 

 

CHAPITRE 3  

 

                   CHAMPS VISUELS CHEZ LES RAPACES 

 

 

Ce chapitre vise à comprendre la variation des champs visuels en fonction de 

ƭΩŞŎƻƭƻƎƛŜ ŘŜǎ ŜǎǇŝŎŜǎΦ 9ƴ ŜŦŦŜǘΣ ǘǊŝǎ ǇŜǳ ŘΩŞǘǳŘŜǎ ǎŜ ǎƻƴǘ ƛƴǘŞǊŜǎǎŞŜǎ Ł ƭΩŞǘǳŘŜ ŘŜǎ ŎƘŀƳǇǎ 

visuels chez les rapaces, et au regard de la diversité écologique, il est important de 

comprendre le lien entre les stratégies de recherche alimentaire et la configuration du 

ŎƘŀƳǇ ǾƛǎǳŜƭΦ tŀǊ ŀƛƭƭŜǳǊǎΣ ƭŜǎ ŞǘǳŘŜǎ ǎǳǊ ƭŜ ŎƘŀƳǇ ǾƛǎǳŜƭ ƴŜ ǎΩƛƴǘŞǊŜǎǎŀƛŜƴǘ ƧǳǎǉǳΩŀƭƻǊǎ ǉǳΩŁ 

la comparaison de leur largeur sur un plan, ƻƳŜǘǘŀƴǘ ŀƛƴǎƛ ƭŀ ŦƻǊƳŜ ƎƭƻōŀƭŜΦ tŀǊ ƭΩǳǘƛƭƛǎŀǘƛƻƴ 

ŘΩǳƴŜ ƳŞǘƘƻŘŜ ǎǘŀǘƛǎǘƛǉǳŜ ǊŞŎŜƴǘŜ ŘΩŀƴŀƭȅǎŜ ŘŜǎ ŦƻǊƳŜǎΣ ƧΩŀƛ ǇǊƻǇƻǎŞ ŘŜ ǇǊŜƴŘǊŜ Ŝƴ ŎƻƳǇǘŜ 

ƭŀ ŦƻǊƳŜ ǘƻǘŀƭŜ Řǳ ŎƘŀƳǇ ǾƛǎǳŜƭ ŀŦƛƴ ŘΩŜƴ ŎƻƳǇǊŜƴŘǊŜ ƭŀ ŦƻƴŎǘƛƻƴ ŘŜ ƳŀƴƛŝǊŜ ŦƛƴŜΦ /Ŝ 

troisième chapitre est donc divisé en 2 sections contenant Υ όƛύ ƭΩŀƴŀƭȅǎŜ ŘŜǎ ŦƻǊƳŜǎ Ŝǘ ŘŜǎ 

limites des champs visuels chez les accipitriformes en fonction de leur écologie (Section 3.1) ; 

όƛƛύ ƭΩŜǎǘƛƳŀǘƛƻƴ ŘŜǎ ƭƛƳƛǘŜǎ ŘŜǎ ŎƘŀƳǇǎ ǾƛǎǳŜƭǎ ŘŜ ŘŜǳȄ ŜǎǇŝŎŜǎ ŘŜ ŦŀƭŎƻƴƛŦƻǊƳŜǎΣ ƭŜ ŦŀǳŎƻƴ 

sacre Falco cherrug et le caracara huppé Caracara plancus Ŝǘ ŘΩŜƴ ŎƻƳǇǊŜƴŘǊŜ ǳƴ ŞǾŜƴǘǳŜƭ 

lien avec la structure des fovéas (Section 3.2). 

 

 

 

 

 

Figure I Υ 5ƛǎǇƻǎƛǘƛŦ ŜȄǇŞǊƛƳŜƴǘŀƭ ǇƻǳǊ ƭΩŞǘǳŘŜ Řǳ ŎƘŀƳǇ ǾƛǎǳŜƭ ŎƘŜȊ ƭŜǎ ǊŀǇŀŎŜǎΣ ŜȄŜƳǇƭŜ ŘŜ ƭΩaigle royal  
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SECTION 3.1 : LES CHAMPS VISUELS CHEZ LES ACCIPITRIFORMES 

 

2ïÓÕÍï ÆÒÁÎëÁÉÓ ÄÅ ÌȭïÔÕÄÅ 

 

[ŀ ŎŀǇŀŎƛǘŞ ŘΩǳƴ ƻǊƎŀƴƛǎƳŜ Ł ŜȄǇƭƻƛǘŜǊ ǎƻƴ ŜƴǾƛǊƻƴƴŜƳŜƴǘ Ŝǎǘ ƭŀǊƎŜƳŜƴǘ ŘŞǇŜƴŘŀƴǘŜ 

de la perception de celui-ci. Ainsi, afin de comprendre la diversité importante des 

comportements présents chez les oiseaux, et en particulier chez les rapaces, il est nécessaire 

de comprendre leur perception. Alors que les rapaces sembleraient hautement dépendants 

de leur système visuel, la perception du monde qui les entoure est dépendante de la 

configuration de leur champ visuel. Celle-Ŏƛ Ŝǎǘ ǾŀǊƛŀōƭŜ Ŝƴ ŦƻƴŎǘƛƻƴ ŘŜ ƭΩŞŎƻƭƻƎƛŜ ŘŜǎ 

ŜǎǇŝŎŜǎΣ ŎŜǇŜƴŘŀƴǘΣ ƭŜǎ ǊŀǇŀŎŜǎ ƴΩƻƴǘ ŞǘŞ ǉǳŜ ǇŜǳ ŞǘǳŘƛŞǎΦ [ΩŀƴŀƭȅǎŜ ŘŜǎ ŎƘŀƳǇǎ ǾƛǎǳŜƭǎ 

passe habituellement par la comparaison de la largeur de la zone binoculaire sur un plan 

donné, généralement sur le plan horizontal et vertical. Certaines études se sont intéressées 

Ł ƭŀ ƭŀǊƎŜǳǊ ŘŜ ŎŜǘǘŜ ȊƻƴŜ Ł ŘƛŦŦŞǊŜƴǘǎ ǇƭŀƴǎΦ /ŜǇŜƴŘŀƴǘΣ ƭŜ ŎƘŀƳǇ ǾƛǎǳŜƭ ƴΩŜǎǘ Ǉŀǎ ǳƴŜ 

association de plans, mais une forme globale. Afin de comprendre la fonction du champ 

visuel, il apparait donc plus approprié de comparer les formes dans leur ensemble. Il 

apparait aussi essentiel de comparer les deux techniques statistiques afin de comprendre 

ƭΩŀǇǇƻǊǘ ŘŜ ƭΩŀǇǇǊƻŎƘŜ ƳƻǊǇƘƻƳŞǘǊƛǉǳŜ όŀƴŀƭȅǎŜ ŘŜǎ ŦƻǊƳŜǎύΦ WΩŀƛ ŘƻƴŎ ǇǊƻǇƻǎŞ ŘΩŞǘǳŘƛŜǊ ƭŜǎ 

ŎƘŀƳǇǎ ǾƛǎǳŜƭǎ Ŝǘ ƭŜǳǊ ƭƛŜƴ ŀǾŜŎ ƭΩŞŎƻƭƻƎƛŜ ŘŜǎ ǊŀǇŀŎŜǎ ǎǳƛǾŀƴǘ ŎŜǎ ŘŜǳȄ ƳŞǘƘƻŘŜǎ 

statistiques. Deux catégories écologiques ont été créées : Type de nourriture (prédateurs vs. 

charognards) et stratégie de recherche (proie au sƻƭΣ ǇǊƻƛŜ Ŝƴ ƭΩŀƛǊ ƻǳ Řŀƴǎ ƭΩŜŀǳ Ŝǘ 

charognards stricts). Dans un premier temps, ƧΩŀƛ ŎƻƳǇŀǊŞ ƭŀ ƭŀǊƎŜǳǊ ƳŀȄƛƳŀƭŜ sur le plan 

horizontal de la zone binoculaire, ainsi que la largeur de la zone aveugle au-dessus et 

ŘŜǊǊƛŝǊŜ ƭŀ ǘşǘŜΦ !ǳŎǳƴŜ ŘƛŦŦŞǊŜƴŎŜ ƴΩŀ ŞǘŞ ǘǊƻǳǾŞŜ ŀǳ ƴƛǾŜŀǳ ŘŜ ƭΩŜȄǘŜƴǎƛƻƴ ŘŜ ƭŀ ȊƻƴŜ 

binoculaire suivant les 2 catégories écologiques étudiées. La zone aveugle derrière la tête ne 

diffère pas non plus en fonction du type de nourriture et du type de chasse. En revanche, la 

zone aveugle au-dessus de la tête est plus large chez les espèces chassant des proies au sol 

que chez les espèces chassant des proies se déplaçant en 3 dimensions (air et eau) et les 

charognards stricts. Il apparait donc que les espèces chassant au sol ont un champ visuel 

plus ǊŜǎǘǊŜƛƴǘΦ [Ŝǎ ŜǎǇŝŎŜǎ ŎƘŀǎǎŀƴǘ ŘŜǎ ǇǊƻƛŜǎ ǎŜ ŘŞǇƭŀœŀƴǘ Ŝƴ о ŘƛƳŜƴǎƛƻƴǎ ƻƴǘ ōŜǎƻƛƴ ŘΩǳƴ 

champ visuel plus large afin de détecter et fixer leur proie qui peut se trouver tout autour 

ŘΩŜƭƭŜǎΦ [Ŝǎ ŎƘŀǊƻƎƴŀǊŘǎ ƻƴǘ ōŜǎƻƛƴ ŘΩǳƴ ŎƘŀƳǇ ǾƛǎǳŜƭ ƭŀǊƎŜ ŀŦƛƴ ŘŜ ŘŞǘŜŎǘŜr les congénères 
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Řŀƴǎ ƭŜ ōǳǘ ŘΩƻǇǘƛƳƛǎŜǊ ƭŜ ǊŜƴŦƻǊŎŜƳŜƴǘ ƭƻŎŀƭΦ ! ƭΩƛƴǾŜǊǎŜ, les espèces chassant au sol ont 

ǎƛƳǇƭŜƳŜƴǘ ōŜǎƻƛƴ ŘΩƻǇǘƛƳƛǎŜǊ ƭŀ Ǿƛǎƛƻƴ ǇƻǳǊ ƭŀ ǇƻǳǊǎǳƛǘŜ ŘΩǳƴŜ ǇǊƻƛŜ ǎŜ ŘŞǇƭŀœŀƴǘ ǎǳǊ ǳƴ 

ǇƭŀƴΦ ! ŎŜ ǘƛǘǊŜΣ ŀŦƛƴ ŘΩŀǳƎƳŜƴǘŜǊ ƭŀ ǇǊƻōŀōƛƭƛǘŞ ŘŜ ŘŞǘŜction de leur proie, ces rapaces 

présentent une arcade sourcilière plus importante réduisant leur champ visuel mais aussi 

ƭΩƛƳǇŀŎǘ ŘŜ ƭŀ ƭǳƳƛŝǊŜ ŜȄǘŞǊƛŜǳǊŜ Řŀƴǎ ƭΩǆƛƭΣ ŎƻƴƴǳŜ ǇƻǳǊ ǊŞŘǳƛǊŜ ƭŜǎ ŎŀǇŀŎƛǘŞǎ ǾƛǎǳŜƭƭŜǎΦ 

Grâce à ƭΩŀƴŀƭȅǎŜ ƳƻǊǇƘƻƳŞǘǊƛǉǳŜΣ ƧŜ ƳƻƴǘǊŜ ǉǳΩƛƭ ŜȄƛǎǘŜ ōŜƭ Ŝǘ ōƛŜƴ ǳƴŜ ŘƛŦŦŞǊŜƴŎŜ 

significative de la vision binoculaire entre espèces écologiquement différentes. En effet, les 

espèces chassant au sol présentent un champ binoculaire convexe aux extrémités alors que 

ƭŜǎ ŎƘŀǊƻƎƴŀǊŘǎ ǎǘǊƛŎǘǎ Ŝǘ ƭŜǎ ŜǎǇŝŎŜǎ ŎƘŀǎǎŀƴǘ Ŝƴ ƭΩŀƛǊ ƻǳ Řŀƴǎ ƭΩŜŀǳ ǇƻǎǎŝŘŜƴǘ ƎŞƴŞǊŀƭŜƳŜƴǘ 

des extrémités plus ou moins concaves. Je propose ici trois raisons principales pour cette 

différence : (i) la vision binoculaire permettant le contrôle de la position des pattes au 

ƳƻƳŜƴǘ ŘŜ ƭŀ ŎŀǇǘǳǊŜΣ ƭŜǎ ǊŀǇŀŎŜǎ ŎƘŀǎǎŀƴǘ ŀǳ ǎƻƭ ƻƴǘ ōŜǎƻƛƴ ŘΩǳƴŜ ȊƻƴŜ ōƛƴƻŎǳƭŀƛǊŜ ƭŀǊƎŜ 

seulement au centre du champ car ils chassent des proies se déplaçant sur un plan. Au 

ŎƻƴǘǊŀƛǊŜΣ ƭŜǎ ŜǎǇŝŎŜǎ ŎƘŀǎǎŀƴǘ Ŝƴ ƭΩŀƛǊ ŘƻƛǾŜƴǘ ŀǾƻƛǊ ǳƴ ŎƘŀƳǇ ōƛƴƻŎǳƭŀƛǊŜ ƭŀǊƎŜ 

ǊŜƭŀǘƛǾŜƳŜƴǘ ŞǘŜƴŘǳ ǾŜǊǘƛŎŀƭŜƳŜƴǘ ǇŜǊƳŜǘǘŀƴǘ ŘΩŀƴǘƛŎƛǇŜǊ ƭŜ ƳƻǳǾŜƳŜƴǘ ŘΩǳƴŜ ǇǊƻƛŜ ǎŜ 

déplaçant en 3 dimensions. (ii) La préseƴŎŜ ŘΩǳƴŜ ŀǊŎŀŘŜ ǎƻǳǊŎƛƭƛŝǊŜ Ǉƭǳǎ ƛƳǇƻǊǘŀƴǘŜ ŎƘŜȊ ƭŜǎ 

ŜǎǇŝŎŜǎ ŎƘŀǎǎŀƴǘ ŘŜǎ ǇǊƻƛŜǎ ŀǳ ǎƻƭ ƛƳǇŀŎǘŜ ƭŀ Ǿƛǎƛƻƴ ōƛƴƻŎǳƭŀƛǊŜ Ł ƭΩŜȄǘǊŞƳƛǘŞ ǎǳǇŞǊƛŜǳǊŜ 

réduisant ainsi son recouvrement. (iii) Les charognards stricts et espèces se nourrissant 

ŘΩƻƛǎŜŀǳȄ Ŝǘ ŘŜ Ǉƻƛǎǎƻƴǎ ƻƴǘ ōŜǎƻƛƴ ŘΩǳƴ ōŜŎ Ŧƛƴ Ŝǘ ŞƭŀƴŎŞ ǇŜǊƳŜǘǘŀƴǘ ŘŜ ŘŞŎƘƛǊŜǊΣ ŘŞǇƭǳƳŜǊ 

ƻǳ ŞŎŀƛƭƭŜǊ ƭŜǳǊ ƴƻǳǊǊƛǘǳǊŜΦ ! ƭΩƛƴǾŜǊǎŜΣ ƭŜǎ ŜǎǇŝŎŜǎ ǎŜ ƴƻǳǊǊƛǎǎŀƴǘ ŘŜ ƳŀƳƳƛŦŝǊŜǎ ƻƴǘ ǳƴ ōŜŎ 

large et court permettant une ingestion plus rapide de la nourriture, mais réduisant le 

recoǳǾǊŜƳŜƴǘ ōƛƴƻŎǳƭŀƛǊŜ Ł ƭΩŜȄǘǊŞƳƛǘŞ ƛƴŦŞǊƛŜǳǊŜΦ 

En résumé, cette approche morphométrique ƳΩŀ ǇŜǊƳƛǎ ŘΩƛŘŜƴǘƛŦƛŜǊ ŘŜǎ ŘƛŦŦŞǊŜƴŎŜǎ 

imperceptibles par les analyses habituelles. Ces différences ont un réel impact sur les 

stratégies de recherche de nourriture des espèces et apparaissent être un compromis avec 

ŘΩŀǳǘǊŜǎ ŦƻƴŎǘƛƻƴǎ ǘŜƭƭŜǎ ǉǳŜ ƭŀ ŎŀǇŀŎƛǘŞ ŘŜ ŘŞǘŜŎǘƛƻƴ ŘΩǳƴŜ ǇǊƻƛŜ ƻǳ ƭŀ ŦƻǊƳŜ Řǳ ōŜŎ 

répondant à une fonction précise. 
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Abstract  

 

Different foraging strategies may lead to specific demands on sensory modalities. Birds, in particular 

raptors, are believed to forage using mainly their visual abilities. There is a large degree of variability 

in raptor foraging tactics: some chase highly mobile prey (either terrestrial, aerial or aquatic), while 

others are scavengers. We studied the visual field configuration of diurnal Accipitriformes that differ 

in such tactics. Using an ophthalmoscopic reflex technique, we measured the blind sector, the 

binocular overlap, the visual coverage and the shape of the binocular field. Shape data was 

compared across species using a morphometric approach. While species of different ecologies did 

not differ in their maximum binocular overlap, they did in the shape of their binocular field. In 

particular, predators chasing terrestrial prey (ground predators) have a more convex binocular field 

than predators chasing aerial or aquatic prey (air and water predators) and obligate scavengers. The 

blind sector above the head of ground predators was also significantly larger than air and water 

predators and obligate scavengers. We explain this in two ways. Ground predators search mainly for 

mammals and need a wide, but short, beak to increase their ingestion rate. As a consequence this 

may reduce the binocular overlap at the bottommost of the binocular field. To increase the detection 

rate, they need a large suborbital ridge to avoid sun dazzling, reducing the binocular overlap at the 

top of the binocular field. In contrast, air predators need narrow and long beaks to pluck their prey 

and a lower suborbital ridge to detect prey moving in three-dimensional space. Consequently they 

have a straighter binocular field and a higher visual coverage. Finally, obligate scavengers may need a 

large visual coverage to detect conspecifics and a long but narrow beak to tear food. This results in a 

straighter binocular field and higher visual coverage than ground predators. We propose that 

binocular field shape and the blind sector are highly dependent on the foraging strategy of raptors 

and highly correlated with the beak shape. 

Keywords  

Accipitriformes, Foraging, visual field, binocular shape 
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Introduction  

 

9ŀŎƘ ǎǇŜŎƛŜǎΩ ŜƴǾƛǊƻƴƳŜƴǘ ƛǎ ōƻǳƴŘŜŘ ōȅ Ƙƻǿ ƛǘǎ ǎŜƴǎƻǊȅ ƻǊƎŀƴǎ ŦƛƭǘŜǊ ƛƴŦƻǊƳation to 

provide environmental features that are important for individuals (Stevens, 2013). Because 

ŜŀŎƘ ǎǇŜŎƛŜǎ ƭƛǾŜǎ ƛƴ ŀ άŘƛŦŦŜǊŜƴǘ ǎŜƴǎƻǊȅ ǿƻǊƭŘέ ŀǘ ǘƘŜ ǎŀƳŜ ǇƭŀŎŜ ŀƴŘ ǘƛƳŜΣ ǎǇŜŎƛŜǎ ǿƛǘƘ 

different sensory systems coexist (Safi and Siemers, 2010).  

Visual systems differ greatly in birds (Jones et al., 2007; Martin, 2014; Rochon-Duvigneaud, 

1943; Walls, 1942), and allow them to respond behaviorally to their daily perceptual 

challenges (i.e. flying, foraging, detecting predators, interacting with conspecifics, 

reproducing, etc. (Birkhead, 2012; Martin, 2014)). One of the visual traits that defines the 

avian perceptual worlds is the shape of the visual field (i.e., the volume of space around the 

ōƛǊŘΩǎ ƘŜŀŘ ŦǊƻƳ ǿƘƛŎƘ Ǿƛǎǳŀƭ ƛƴŦƻǊƳŀǘƛƻƴ Ŏŀƴ ōŜ ƎŀǘƘŜǊŜŘΤ (Martin, 2007; Martin, 2014). 

Visual field varies extensively among species (Martin, 2007). This variation can be attributed 

to different needs for predator detection, gathering information from conspecific and 

foraging demands (Martin, 2014). Even species that are closely related phylogenetically 

seem to vary in their visual field characteristics. For example, the visual field of different 

species of ibises, the Northern Bald Ibis Geronticus eremita and the Puna Ibis Plegadis 

ridgwayi, differs highly relative to their different foraging strategies, with a wider binocular 

field in the visual guided Nothern bald Ibis compared the tactilely guided Puna Ibis (Martin 

and Portugal, 2011). In ducks, Guillemain et al. (2002) found that wigeons Anas penelope 

have a lower visual coverage than shovelers Anas clypeata, which may be related to 

different foraging (visual vs. tactile respectively) and vigilance strategies.   

The estimation and quantitative comparison of visual field among species mainly depend on 

three parameters: the angular width of the binocular field in the plane of the bill or the 
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horizontal (width) and vertical (height) plane, the angular width of the blind area above and 

behind the head, and the total angular width of the cyclopean field on the horizontal plane 

(Martin, 2007). Among these different aspects of the visual field, the lateral field may serve 

for detecting predators or conspecifics while the binocular overlap seems to be useful for 

controlling beak and feet positions when foraging (Martin, 2007; Martin, 2009; Martin, 

2014). Apparently, species that use vision to guide the position of their bill or feet when 

foraging may have relatively similar binocular overlap (20-30° of overlap) (Martin, 2014).  

Nevertheless, all studies that estimated the visual field in birds only measure the binocular 

overlap at the horizontal plane (see (Martin, 2007; Martin, 2009) for reviews) or the average 

width across all elevations around the head and the binocular width at each elevation 

(Fernandez-Juricic et al., 2008; Moore et al., 2015; O'Rourke et al., 2010), and may not have 

detected shape differences. The binocular field cannot be reduced to an association of 

horizontal overlap at different elevations, but it results in a shape. Indeed, the overall shape 

is never used in the analysis, although it is more powerful to consider geometrical 

relationships among measurements (pairs of measurements were made from a common 

landmark) (Rohlf and Marcus, 1993). Thus, understanding how shape of the binocular field 

varies may be more appropriate to understand the function of this configuration and how 

this may be link to specific behaviours. Indeed, differences in shape may signal differences in 

functional roles that may not be detectable with summarized estimation of a given form 

(e.g. ōƛƴƻŎǳƭŀǊ ƻǾŜǊƭŀǇ ƻƴ ŀ ǇƭŀƴŜύ ǘƘŀƴ Ŏŀƴ ōŜ άǾŀƎǳŜέΣ ƛƴŀŎŎǳǊŀǘŜ ƻǊ ƳƛǎƭŜŀŘƛƴƎΣ Ƴƻǎǘƭȅ 

when the shape is complex (e.g. binocular vision) (Zelditch et al., 2012). From a visual field 

perspective, it is still unclear what the binocular vision is for in birds (Martin, 2009) and 

analyzing the all shape of the binocular field may improve our understanding its function. 

The morphometric approach aims to turn shapes into quantitative variables and analyze (co) 
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variation of these variables (Bonhomme et al., 2014). The morphometric approach allows to 

describe and compare shapes of organisms or of particular structures (Rohlf and Marcus, 

1993).  

Lƴ ǘƘƛǎ ǎǘǳŘȅΣ ǿŜ ŀƛƳŜŘ ǘƻ ƛŘŜƴǘƛŦȅ ǿƘŜǘƘŜǊ ŎƭƻǎŜƭȅ ǊŜƭŀǘŜŘ ǎǇŜŎƛŜǎ ŘƛŦŦŜǊ ƛƴ ǘƘŜƛǊ άŎƻƳƳƻƴέ 

visual field parameters (binocular overlap, blind area) and in the shape of their binocular 

field (morphometric approach) regarding their ecology. Raptors are an ideal model because 

there are consider to mainly forage upon their visual system (Jones et al., 2007) and they 

highly differ in their ecology. Particularly, Accipitriformes (e.g. ŜŀƎƭŜǎΣ ǾǳƭǘǳǊŜǎΣ ƘŀǿƪǎΧύ 

which represent a monophyletic order differ largely in their diets (with predators that search 

for prey and carrion eaters that search for prey remains) and foraging tactics (ground 

predators, i.e. predators that chase for prey moving on the ground, air and water predators 

and obligate scavengers). There have been some studies on raptors visual fields, but the 

included a very limited number of species (Martin and Katzir, 1999; Martin et al., 2012; 

O'Rourke et al., 2010; Potier et al., 2016). Ours is the first study to include 15 number of 

species and controlling for the effects of phylogenetic relatedness. 

¢ƘŜ ǎǘǳŘȅ ǿŀǎ ŘƛǾƛŘŜŘ ƛƴ ǘǿƻ Ƴŀƛƴ ǇŀǊǘǎΦ CƛǊǎǘΣ ƛǘ ŎƻƳǇŀǊŜŘ ǘƘŜ άŎƻƳƳƻƴέ Ǿƛǎǳŀƭ ŦƛŜƭŘ 

parameters among species with different diets and foraging tactics. More specifically, we 

compared the binocular overlap on the horizontal plane, the maximum binocular overlap 

and its position and the blind area above and behind the head that may be essential for prey 

or conspecific detection. Secondly, we described the all shape of the binocular field among 

the previous groups using a morphometric approach. We hypothesize a larger overall 

binocular overlap on the horizontal plane in predators compared to carrion eaters that could 

serve to enhance optimal feet position when catching prey. We also hypothesize a narrower 
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blind area above and behind the head for carrion eaters species may help individuals to 

detect conspecific public information and increase local enhancement (Houston, 1974). 

Finally, we expected that the shape of the binocular field may be more powerful than the 

άŎƻƳƳƻƴέ ŀǇǇǊƻŀŎƘ ǘƻ ǎƘƻǿ ŘƛŦŦŜǊŜƴŎŜǎ ŀƳƻƴƎ ǎǇŜŎƛŜǎ ŦǊƻƳ ŘƛŦŦŜǊŜƴǘ ŘƛŜǘ ŀƴŘ ŦƻǊŀƎƛƴƎ 

tactics that may improve food detection (birds from different ecology should not need 

similar binocular field) and/or that may be correlated with bill morphology (Slagsvold et al., 

2010). 

Material and Methods  

Subject 
 

We compared the visual fields of 15 raptor species, using published data from 7 species 

(Martin and Katzir, 1999; Martin et al., 2012; O'Rourke et al., 2010; Potier et al., 2016) and 

new data from 8 species (cf. Table 1). For the latter, birds were under the care of handler 

ŦǊƻƳ ǘǿƻ ŦŀƭŎƻƴǊȅ ǇŀǊƪǎΥ ά[Ŝ DǊŀƴŘ tŀǊŎ Řǳ tǳȅ Řǳ Cƻǳέ ŀƴŘ ά[Ŝǎ !ƛƭŜǎ ŘŜ ƭΩ¦ǊƎŀέ όǎŜŜ ¢ŀōƭŜ 

1 for details). Birds were in good health and could fly regularly. Birds were studied close to 

their holding aviaries and were returned to their aviaries soon after measurements.  

Species were classified following their diet into predators and carrions eaters and their 

foraging tactics (ground predators: predators that chase for prey moving on the ground, air 

and water predators: predators that chase for prey moving in 3 dimensions, and obligate 

scavengers: species that only scavenge) based on De Graaf et al. (1985) (Table 1).  
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Table 1: Species used and ecological affiliation. 

 

  Species           

Familly English name Latin name Number of individuals Diet Foraging tactics Reference 

       
Accipitridae Palm-nut vulture Gypohierax angolensis 2 Carrion eater Obligate scavenger present study 

 
Egyptian vulture Neophron percnopterus 3 Carrion eater Obligate scavenger present study 

 
Short-toed snake eagle Circaetus galliacus 1 Predator Ground predator Martin & Katzir, 1999 

 
Hooded vulture Necrosyrtes monachus 1 Carrion eater Obligate scavenger present study 

 
Griffon vulture Gyps fulvus 1 Carrion eater Obligate scavenger Martin et al. 2012 

 
White backed vulture Gyps africanus 2 Carrion eater Obligate scavenger Martin et al. 2012 

 
Golden eagle Aquila chrysaetos 3 Predator Ground predator present study 

 
Steppe eagle Aquila nipalensis 1 Predator Ground predator present study 

 
Black kite Milvus migrans 3 Carrion eater Air/water predator Potier et al. 2016 

 
Bald eagle Haliaeetus leucocephalus 2 Predator Air/water predator present study 

 
Red-tailed hawk Buteo jamaïcensis 3 Predator Ground predator O'Rourke et al. 2010 

 

Black-Chested Buzzard Eagle  Geranoaetus melanoleucus 1 Predator Ground predator present study 

 
Harris's hawk Parabuteo unicinctus 6 Predator Ground predator Potier et al. 2016 

 
Cooper's hawk Accipiter cooperii 3 Predator Air/water predator O'Rourke et al. 2010 

       
Cathartidae Turkey vulture Cathartes aura 3 Carrion eater Obligate scavenger present study 

 

  

http://www.eagledirectory.org/species/black_chested_buzzard_eagle.html
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Determination of visual fields  

The non-invasive procedure used to measure visual field characteristics in alert birds has 

been described extensively in numerous publications in more than 50 different species (see 

(Martin, 2007; Martin, 2014; Martin and Shaw, 2010) for a list). The procedure was reviewed 

in 2007 by a UK Home Office Inspector.  

Each bird was held firmly in a plastic restraining tube of the appropriate size to avoid any 

movement for 20-30 minΦ ¢ƘŜ ōƛǊŘΩǎ ƭŜƎǎ ǿŜǊŜ ǘŀǇŜŘ ƭƛƎƘǘƭȅ ǘƻƎŜǘƘŜǊΣ ŎǳǎƘƛƻƴŜŘ ōȅ foam 

rubber held between them. The head was held at the centre of a visual field apparatus (a 

device that permits the eyes to be examined from known positions around the head) by 

specially manufactured steel and aluminium bill holders. Different bill holders were used for 

each species account for differences in bill size and shape. The surfaces of the holders were 

coated in cured silicone sealant to provide a non-slip cushioned surface. The bill was held in 

place with Micropore tape. We took calibrated photographs of the head of each bird when 

held in the apparatus to determine eye positions within the skull, the horizontal separation 

between the nodal points of the two eyes, the distance between eye and bill tip and bill 

length. 

Visual field parameters were determined using an ophthalmoscopic reflex technique. 

¢ƘŜ ǇŜǊƛƳŜǘŜǊΩǎ ŎƻƻǊŘƛƴŀǘŜ ǎȅǎǘŜƳ ŦƻƭƭƻǿŜŘ ŎƻƴǾŜƴǘƛƻƴŀƭ ƭŀǘƛǘǳŘŜ ŀƴŘ ƭƻƴƎƛǘǳŘŜ ǿƛǘƘ ǘƘŜ 

equator aligned vertically in the median sagittal plane of the head (a vertical plane that 

divided the head symmetrically into its left and right halves). We used this coordinate 

system in the presentation of the results. The eyes were examined using an ophthalmoscope 

mounted against the perimeter arm and its position read to ± 0.5°. Visual field was 

measured and the boundaries were defined by the positions that the eyes spontaneously 

ŀŘƻǇǘŜŘ ǿƘŜƴ ǘƘŜȅ ǿŜǊŜ Ŧǳƭƭȅ ǊƻǘŀǘŜŘ ΨŦƻǊǿŀǊŘǎΩ όŎƻƴǾŜǊƎŜŘ ŦƻǊ ǘƘŜ ŦǊƻƴǘ ŦƛŜƭŘύ for the 
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binocular overlap ŀƴŘ ΨōŀŎƪǿŀǊŘǎΩ όŘƛǾŜǊƎŜŘ ŦƻǊ ǘƘŜ ōŀŎƪ ŦƛŜƭŘύ for the blind area. We did not 

measure eye movements and the projection of the pecten to reduce the time the animals 

had to be restraint.   

These combined data were corrected for viewing from a hypothetical viewing point 

placed at infinity (this correction is based upon the distance used in the perimeter 

apparatus). From these data, a topographical map of the visual field and its principal 

features was constructed. These features included: lateral fields, binocular field, cyclopean 

field (combination of both monocular fields) and blind area. It was possible to measure limits 

of the visual field at 10° intervals of elevation in an arc from directly behind the head, to 

above the head and then down to 60° below the horizontal in front of the head. However, 

depending of the bill shape among species, the bill holder intruded into the view of the eyes 

at a specific elevation. Therefore, it was not possible to record visual field data at elevations 

where the bill holder intruded and binocular field width was estimated as the mean value of 

the binocular field widths immediately above and below these elevations (Martin and 

Portugal, 2011).  

Determination of visual field parameters and statistical analyses  

The visual field was determined in at least 3 individuals per species (when possible) and we 

ŀǾŜǊŀƎŜŘ ǘƘŜ ǾŀƭǳŜ ƻŦ ǘƘŜ Ǿƛǎǳŀƭ ŦƛŜƭŘǎ ōƻǳƴŘŀǊƛŜǎΩ ŦƻǊ ŜŀŎƘ ǎǇŜŎƛŜǎΦ 

Analyses were carried out using R 3.1.4 (R Development Core Team 2015) using {Momocs} 

(Bonhomme et al., 2012), {ape} (Paradis et al., 2008), phytools (Revell, 2012) and {geiger} 

(Harmon et al., 2015) packages. We compared two important modalities of the visual field 

among species: the binocular overlap (on the horizontal plane and maximum binocular 

overlap) and its position in ǇŜǊƛƳŜǘŜǊΩǎ ŎƻƻǊŘƛƴŀǘŜ ǎȅǎǘŜƳ and, the blind area (on the 

horizontal plane, i.e. at the 270° elevation and above the head, i.e. at the 0° elevation).  
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In addition, we compared the shape of the binocular field of each species with a 

morphometric approach to understand the link between the shape of the visual field 

parameter and the ecological groups (Bonhomme et al., 2014). The shape was defined as 

άǘƘŜ ǘƻǘŀƭ ƻŦ ŀƭƭ ƛƴŦƻǊƳŀǘƛƻƴ ƛƴǾŀǊƛŀƴǘ ǳƴŘŜǊ ǘǊŀƴǎƭŀǘƛƻƴǎΣ Ǌƻǘŀǘƛƻƴǎ ŀƴŘ ƛǎƻǘǊƻǇƛŎ ǊŜǎŎŀƭƛƴƎέ 

(Small, 2012). From a visual field perspective, the morphometric analysis allowed to identify 

shape variation of binocular field independently of size while isotropic rescaling. 

Elliptic Fourier transforms (EFT) was calculated on the (x; y) coordinates of the binocular field 

outlines. EFT turns (x; y) outline coordinates in two (one for x-, one for y- coordinates) 

harmonic sums of (co)sine functions. Each harmonic is described by two harmonic 

coefficient (amplitude and phase). The EFT principle has been summarized elsewhere 

(Bonhomme et al., 2014) and has been found to be the best possible approximation of an 

outline in a least square sense (Crampton, 1995). For Fourier-based approaches in 

morphometry, some rules are commonly used for the choice of the number of harmonics. 

Here, we retained: (1) the cumulated sum of squared harmonic coefficient as the harmonic 

power, (2) the Euclidean distance between every two points of the reconstructed shape to 

the best possible reconstructed shape and (3) visual inspection. Some minor editing 

(estimation of the lower bounds) were done to reconstruct the bottommost of some 

ǎǇŜŎƛŜǎΩ Ǿƛǎǳŀƭ ŦƛŜƭŘ ǿƘŜƴ ǘƘŜ ŀǇǇŀǊŀǘǳǎ ŘƛŘ ƴƻǘ ŀƭƭƻǿ ǘƻ ǎŜŜ ǘƘŜ ŜȅŜ ƻŦ ǘƘŜ ōƛǊŘǎΦ 

Phylogenetic analyses of variance (ANOVA, nsim=100000) were used to compare the 

άŎƻƳƳƻƴέ Ǿƛǎǳŀƭ ŦƛŜƭŘǎ ǇŀǊŀƳŜǘers (average per species) and the shape variation between 

species from different diets and foraging tactics. Phylogenetic analyses of variance gave the 

significance without considering the phylogeny (p value) and corrected for phylogenetical 

signal (p(phy)). For the shape analysis, we first performed a PCA on the matrix of Fourier 
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coefficient. Two axis were selected. The first axis of PCA represented the width of the 

binocular field compared to the vertical extent and the second represented the curvature of 

the visual fields boundaries on the vertical plane.  

Then, phylogenetic ANOVA were calculated on the PC1-PC2 scores. Tree topology follow 

(Jiang et al., 2015) with Turkey vulture Cathartes aura as outgroup (Figure S1, supplementary 

materials.  

Results 

Ȱ#ÏÍÍÏÎȱ ÖÉÓÕÁÌ ÆÉÅÌÄ ÐÁÒÁÍÅÔÅÒÓ 
 

 

Figure 1: Orthographic projection of the boundaries of the retinal fields of the two eyes. A latitude and 

longitude coordinate system was used with the equator aligned vertically in the median sagittal plane. The 

ōƛǊŘΩǎ ƘŜŀŘ ƛǎ ƛƳŀƎƛƴŜŘ ǘƻ ōŜ ŀǘ ǘƘŜ ŎŜƴǘǊŜ ƻŦ ǘƘŜ Ǝƭobe (grid is at 20° intervals in latitude and 10° in longitude). 

Green areas, binocular sector; white areas, monocular sectors; brown areas, blind sectors. Triangle indicate the 

direction of the bill projection.  
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The new data on the visual fields of 8 species of Accipitriformes (Listed in Table 1) are 

presented in Figure 1.  

Visual field and diet  

 

We found no differences between predators and carrion eaters in the binocular field on the 

horizontal plane (carrion eaters: 33.3 ± 4.2°; predators: 37.0 ± 3.5°; F = 0.45, p = 0.51, p(phy) 

= 0.60) and in the maximum (eye converged) binocular field (carrion eaters: 35.4 ± 4.2°; 

predators: 38.4 ± 3.2°; F = 0.33, p = 0.58, p(phy) = 0.65). The position of the maximum 

binocular field did not differ between these two groups (carrion eaters: 87.1 ± 4.7°; 

predators: 87.5 ± 3.1°; F = 4.15e-3, p = 0.95, p(phy) = 0.96). 

The blind area above the head tended to be narrower in carrion eaters (25.8 ± 7.5°) than in 

predators: (52.5 ± 8.3°) (F = 5.50, p = 0.04, p(phy) = 0.08) but the difference was not 

significant behind (eye diverged) the head (carrion eaters: 59.6 ± 5.1°; predators: 74.2 ± 6.8°; 

F = 2.77, p = 0.12, p(phy) = 0.20). 

Visual field and foraging tactic  

 

We found no significant differences between species with different foraging tactics in the 

binocular field on the horizontal plane (obligate scavengers: 32.8 ± 4.9°; ground predators: 

37.1 ± 4.8°; air and water predators: 36.6 ± 0.0°, F = 0.26, p = 0.78, p(phy) = 0.85) and in the 

maximum (eye converged) binocular field (obligate scavengers: 34.0 ± 5.0°; ground 

predators: 37.8 ± 4.4°; air and water predators: 39.4 ± 1.3°, F = 0.21, p = 0.81, p(phy) = 0.88). 

Moreover, the position of the maximum binocular field did not differ significantly between 

these groups (obligate scavengers: 85.0 ± 5.0°; ground predators: 91.7 ± 1.7°; air and water 

predators: 83.3 ± 8.8°, F = 0.89, p = 0.43, p(phy) = 0.59). 
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We found a significant difference in the bind area above the head between species from 

different foraging tactics (F = 11.70, p = 0.001, p(phy) = 0.01, Figure 2) with ground predators 

having a larger blind area above the head (64.3 ± 4.1°) than air and water predators (23.4 ± 

6.7°, F = 17.64, p < 0.001, p(phy) = 0.004) and obligate scavengers (24.1 ± 8.7°, F = 17.64, p = 

0.002, p(phy) = 0.02) while the two last one did not differ significantly (F = 3.1e-3, p = 0.96, 

p(phy) = 0.96). The blind area behind (eye diverged) the head did not differ significantly 

among species with different foraging tactics (obligate scavengers: 57.4 ± 5.4°; ground 

predators: 81.9 ± 6.1°; air and water predators: 58.4 ± 7.6°, F = 5.35, p = 0.02, p(phy) = 0.08). 

 

Figure 2: Width of the blind area above the head regarding the foraging tactic. Different successive letters 

indicate significant differences. 
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Shape of the binocular field  

The first axis of PCA explained 77.4 % of the variation and represented the width of the 

binocular field compared to the vertical extent (Figure 3a). The second PCA axis described 

15.7 % of the variation and represented the curvature of the visual fields boundaries on the 

vertical plane (Figure 3a). 

For PCA1, we did not find any difference between species with different diets (F = 2.03, p = 

0.18, p(phy) = 0.27; Figure 3b) and foraging tactics (F = 1.31, p = 0.31, p(phy) = 0.46; Figure 

3c). 
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Figure 3: Results of a Principal Component Analysis showing A) the axes significance and the binƻŎǳƭŀǊ ŦƛŜƭŘΩǎ 

shape regarding B) diet and C) the foraging tactics. Species: Accipiter cooperii (Aco), Aquila chrysaetos (Ac), 

Aquila nipalensis (An), Buteo jamaïcensis (Bj), Cathartes aura (Ca), Circaetus galliacus (Cg), Geranoaetus 

melanoleucus (Gm), Gypohierax angolensis (Gan), Gyps africanus (Ga), Gyps fulvus (Gf), Haliaeetus 

leucocephalus (Hl), Milvus migrans (Mm), Necrosyrtes monachus (Nm), Neophron percnopterus (Np), Parabuteo 

unicinctus (Pu).  
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Species with different diet did not differ regarding the second axis (F = 4.68, p = 0.05, p(phy) 

= 0.11; Figure 3b). However, species with different foraging tactics did vary in PCA2 (F = 7.60, 

p = 0.007, pόǇƘȅύ Ґ лΦлпΤ CƛƎǳǊŜ оŎύΣ ǿƘŜǊŜ ƎǊƻǳƴŘ ǇǊŜŘŀǘƻǊǎ ƘŀŘ ŀ ƳƻǊŜ άŎƻƴǾŜȄέ ǎƘŀǇŜ ƻŦ 

binocular field than obligate scavengers (F = 14.24, p = 0.003, p(phy) = 0.03) and air and 

water predators (F = 11.08, p = 0.01, p(phy) = 0.03). Obligate scavengers and air and water 

predators did not differ significantly (F = 0.48, p = 0.64, p(phy) = 0.73).  

Discussion  

 

This study is to our knowledge the first study that integrates a morphometric analysis to 

compare the visual field of species with different ecology. This method allowed identifying 

ŘƛŦŦŜǊŜƴŎŜǎ ƛƴ Ǿƛǎǳŀƭ ŦƛŜƭŘ ǘƘŀǘ ŀǊŜ ƭƻǎǘ ǿƛǘƘ άŎƻƳƳƻƴέ ŎƻƳǇŀǊƛǎƻƴ ƻƴ ŀ ƘƻǊƛȊƻƴǘŀƭ ǇƭŀƴŜΦ ²Ŝ 

showed that different species of Accipitriformes with different foraging tactics did not differ 

in their maximum or at rest binocular overlap, but the shape of the binocular field was 

significantly different. The blind sector above (but not behind) the head is significantly 

different among species with different foraging tactics. Ground predators have a larger blind 

area than air and water predators and obligate scavengers.  

Binocular field  
 

For all species considered (except for the Turkey vulture Cathartes aura) we found a larger 

binocular overlap than commonly found in birds (usually between 20 and 30°) (Martin, 

2009). In the past, Martin (2009) failed to find any evidence of correlation between predator 

habit and binocular vision in birds due to scarce estimate of visual field in predator species. 
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The results of our comparative analysis suggest that species with carnivorous diet may be 

correlated with an increased binocularity, as already shown in mammals (Heesy, 2008). 

There are at least three advantages that benefit to animals with large binocular fields: 

enhanced light sensitivity, contrast discrimination and expanded stereoscopic depth 

perception (Heesy, 2009). For example, the large binocular overlap in birds may facilitate 

tool use because of depth perception, as shown in the New Caledonian crow Corvus 

moneduloides (Troscianko et al., 2012). For Accipitriformes species, contrast discrimination 

and expanded stereoscopic depth perception may be more appropriate because all these 

ōƛǊŘǎ ŦƻǊŀƎŜ ŘǳǊƛƴƎ ŘŀȅƭƛƎƘǘΦ tŀǊǘƛŎǳƭŀǊƭȅΣ ōƛƴƻŎǳƭŀǊ ŦƛŜƭŘ Ƴŀȅ ōŜ ŜǎǎŜƴǘƛŀƭ ǘƻ άŎƻǊǊŜŎǘέ 

positioning of the bill or feet with respect to the target and the correct prediction of time to 

contact with the target (Martin, 2009).  

Visual field and foraging tactics  

Using the common approach, we did not find any differences among species from different 

ecological groups in binocular vision. As proposed by Martin (2009, 2014), this similarity may 

reflect a degree of ecological convergence upon an optimal binocular field. Nevertheless, by 

comparing the shape of the binocular field, we found that ground predators were different 

than air and water predators and obligate scavengers. Indeed, the shape of the binocular 

field is much more convex in ground hunters than in air and water predators and obligate 

scavengers (cf. axis 2 PCA). Thus, foraging strategies might shape the binocular fields of the 

birds. We propose three non-exclusive hypotheses to explain the shape difference of the 

binocular vision: 

i) Hunting a moving prey  

The main difference between air/water predators and ground predators is in how many 

dimensions their preys move. Ground predators search preys that move in a two 
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dimensional plane when flying or perching while air/water predators catch preys that move 

in 3 dimensions. It is important to note that this assumption may be minor for the Bald eagle 

Haliaeetus leucocephalus that fish fishes at the surface. Because binocular vision is 

important to control feet position (Martin, 2009; Martin, 2014), air/water predators need to 

keep a more similar width of binocular field on the vertical axis in front of the head in 

response to 3D movements of their prey. By contrast, ground predators only need a large 

binocular overlap in the middle of their binocular field to control feet position while catching 

a prey moving on a horizontal plane. A previous study showed that species that chase for 

moving prey in different dimension differ in the position of the maximum binocular overlap. 

LƴŘŜŜŘΣ ǘƘŜ /ƻƻǇŜǊǎΩ Ƙŀǿƪ Accipiter cooperii (that chase birds) have a maximum binocular 

field enlarged above the head compared to two ground predators, the Red-tailed hawk 

Buteo jamaicensis and the American kestrels Falco sparverius (O'Rourke et al., 2010). In this 

study, we propose that the main difference between foraging tactics may be due more to 

the shape than to the position of the binocular field. 

ii) Reducing dazzling  effect and optimizing target detection  

Predatory species have a larger eye than carrions eaters after controlling for body mass 

(Potier et al. unpublished data). This finding seems to be particularly true for ground 

predators. tǊŜŘŀǘƻǊǎΩ ǎǇŜŎƛŜǎ ƴŜŜŘ ŀ ƭŀǊƎŜ ŜȅŜ ŦƻǊ ƛƳǇǊƻǾƛƴƎ ǘƘŜ Ǿƛǎǳŀƭ ŀŎǳƛǘȅ ǘƻ ŘŜǘŜŎǘ ǘƘŜƛǊ 

prey (Kiltie, 2000). Nevertheless, increasing eye size may results in higher rate of image of 

ǘƘŜ ǎǳƴ ǘƘŀǘ Ŏŀƴ ŀŎǘ ŀǎ ŀ ǎŜŎƻƴŘŀǊȅ ǎƻǳǊŎŜ ƻŦ ƭƛƎƘǘ ŀƴŘ ǇǊƻŘǳŎŜǎ άŘƛǎŀōƛƭƛǘȅ ƎƭŀǊŜέΣ i.e. 

reduction of visual acuity or contrast sensitivity caused by light elsewhere in the field of 

vision (Aslam et al., 2007; Koch, 1989). This disability glare may reduce target detection 

especially for object (e.g. prey) of low contrast (LeClaire et al., 1982). Thus, to keep a high 

visual acuity and contrast sensitivity (Kiltie, 2000; Reymond, 1985), ground predators may 
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have developed enlarged brows to avoid sun dazzling. However, enlarged brows cause a 

large blind area (Martin, 2007). Enlarged brows also change the shape of the binocular field 

with a thinner binocular overlap at the top of the binocular vision. By contrast, even 

air/water predators and obligate scavengers need a high acuity, they search for food all 

around their head. Indeed, air/water predators search for prey that move in 3 dimensions 

and obligate scavengers use also conspecific information to find food (Houston, 1974). 

Furthermore, it has been shown that a large visual coverage is essential for social foraging in 

birds (Fernández-Juricic et al., 2004). Both ecological groups need a large visual coverage and 

may have reduced ǘƘŜƛǊ ǎǳōƻǊōƛǘŀƭ ǊƛŘƎŜ ǘƘŀǘ ǊŜǎǳƭǘ ƛƴ ŀ άǎǘǊŀƛƎƘǘŜǊέ ōƛƴƻŎǳƭŀǊ Ǿƛǎƛƻƴ ǘƘŀƴ 

ground predators. For water predators such as the Bald eagle, eyebrows are not as efficient 

as for ground predators as they mainly search for fishes under water, where reflection effect 

is important (Del Hoyo and Elliot, 1994). For them, it would be more important to not 

enlarge eyebrows in order to increase their visual coverage as prey detection is anyway 

affected by sun light reflexion. We thus proposed that the top of the binocular visual field is 

mainly dependent upon foraging strategies that result in larger blind area for ground 

predators, as we found in our study. 

iii) Bill shape  

{ƛƴŎŜ 5ŀǊǿƛƴΩǎ ǿƻǊƪǎΣ ƛǘ Ƙŀǎ ōŜŜƴ ǎƘƻǿƴ ǘƘŀǘ ǘƘŜ ōƛǊŘǎ ŘƛŦŦŜǊ ƛƴ ǘƘŜƛǊ ōƛƭƭ ǎƘŀǇŜ ǊŜƎŀǊŘƛƴƎ 

their diet (Grant and Grant, 2011). In Accipitriformes, the bill morphology also vary in 

relation with the prey type, with a wide but short beak in species that eat mammals 

(Slagsvold et al., 2010), and long, narrow and also curved beak in obligate scavengers. This 

specialized morphology enhances tearing abilities in vultures, even if the shape of the bill 

may varies according to the part of the carcass that is consumed preferentially (Hertel, 

1994). The necessity of having this morphology results in a larger binocular overlap in the 
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bottommost part of the binocular field. Bird or fish eaters have also a long and narrow beak 

shape, which may be an advantage to pluck (Slagsvold and A Sonerud, 2007) or flake prey for 

a fish eater (e.g. Bald eagle). The wide but short beak of ground hunter that allows a higher 

ingestion rate may reduce the binocular overlap in the bottommost but increases the middle 

part of the binocular field. 

We thus suggest that the shape of the binocular field may be link to the bill morphology that 

could benefits or suffer for specialized foraging tactics species. Bill shape has been shown to 

affect the vertical extent of the binocular vision in ducks and spoonbills (Guillemain et al., 

2002; Martin and Portugal, 2011), depending on their foraging tactic (birds that used tactile 

cues may not need a large visual coverage below the bill). In this context, we proposed the 

possible existence of a trade-off between the bill shape to respond to prey injection and the 

visual field to detect the prey.  

Conclusion  

The visual field of species from different ecology has been mostly studied on a horizontal or 

vertical plane. While the link between the shape and funŎǘƛƻƴ ƻŦ άƻōƧŜŎǘέ Ƙŀǎ ōŜŜƴ ƻƴŜ ƻŦ 

the most enduring questions in natural science, it is surprising how the whole shape of visual 

field has been forgotten. Here, by using morphometric analyses, we clearly showed that this 

method might help us to understand the relation between visual fields and their function in 

ōƛǊŘǎΩ Řŀƛƭȅ ƭƛŦŜ όe.g. foraging, inter-ƛƴŘƛǾƛŘǳŀƭ ƛƴǘŜǊŀŎǘƛƻƴǎΧύΦ aƻǊǇƘƻƳŜǘǊƛŎ ŀƴŀƭȅǎŜǎ Ƴŀȅ ōŜ 

essential in future research to understand the link between visual field shape and ecological 

niche specialization. 
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trainer, under the permit of the Grand Parc du Puy du Fou (national certificate to maintain 

ōƛǊŘǎ ΨΨ/ŜǊǘƛŦƛŎŀǘ ŘŜ ŎŀǇŀŎƛǘŜΩΩ ŘŜƭƛǾŜǊŜŘ to the director of the falconry, Jean-louis Liegeois on 

т !ǇǊƛƭ мффпύ ŀƴŘ ƻŦ [Ŝǎ !ƛƭŜǎ ŘŜ ƭΩ¦ǊƎŀ όƴŀǘƛƻƴŀƭ ŎŜǊǘƛŦƛŎŀǘŜ ǘƻ Ƴŀƛƴǘŀƛƴ ōƛǊŘǎ ΨΨ/ŜǊǘƛŦƛŎŀǘ ŘŜ 

ŎŀǇŀŎƛǘŜΩΩ ŘŜƭƛǾŜǊŜŘ ǘƻ ǘƘŜ ŘƛǊŜŎǘƻǊ ƻŦ ǘƘŜ ŦŀƭŎƻƴǊȅΣ tŀǘǊƛŎŜ tƻǘƛŜǊ ƻƴ нл WǳƴŜ нллсύΦ 
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Supplementary materials  
 

 

Figure S1: Phylogenetical tree used in the study, derived from (Jiang et al. 2015). 
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SECTION 3.2 : CHAMPS VISUELS ET FOVEA(S) CHEZ LES FALCONIFORMES 

 

2ïÓÕÍï ÆÒÁÎëÁÉÓ ÄÅ ÌȭïÔÕÄÅ 

 

Chez les Accipitriformes, les champs visuels et les caractéristiques des fovéas sont 

largement dépendant(e)s des stratégies de recherche alimentaire. En revanche, très peu 

ŘΩŞǘǳŘŜǎ ǎŜ ǎƻƴǘ ƛƴǘŞǊŜǎǎŞŜǎ Ł ŎŜǎ ŘŜǳȄ ŎŀǊŀŎǘŞǊƛǎǘƛǉǳŜǎ ŘŜǎ ŎŀǇŀŎƛǘŞǎ ǾƛǎǳŜƭƭŜǎ ŎƘŜȊ ƭŜǎ 

Falconiformes. Je propose dans cette étude de ŎƻƳǇŀǊŜǊ ŘŜǳȄ ŜǎǇŝŎŜǎ ŀǳȄ ƳǆǳǊǎ 

écologiques différentes, le faucon sacre Falco cherrug (espèce prédatrice chassant en vol) et 

le caracara huppé Caracara plancus (espèce opportuniste se nourrissant au sol). Lƭ ƴΩŜȄƛǎǘŜ 

pas de différences en termes de champs ǾƛǎǳŜƭǎ ŜƴǘǊŜ ƭŜǎ ŘŜǳȄ ŜǎǇŝŎŜǎΣ ǎƛ ŎŜ ƴΩŜǎǘ ƭŜ 

recouvrement maximum de la zone binoculaire qui est plus important chez le caracara 

huppé (47° contre 37° chez le faucon sacre). Ce large champ binoculaire pourrait notamment 

être expliqué par la manipulation ŘΩƻōƧŜǘǎΣ ǘŜƭǎ ǉǳŜ ŘŜǎ ǇƛŜǊǊŜǎΣ ŀŦƛƴ ŘŜ ǘǊƻǳǾŜǊ ǎŀ ƴƻǳǊǊƛǘǳǊŜΣ 

nécessitant une perception de la profondeur. En ce qui concerne les fovéas, deux fovéas 

sont présentes ŎƘŜȊ ƭŜ ŦŀǳŎƻƴ ǎŀŎǊŜ όǳƴŜ ŎŜƴǘǊŀƭŜ Ŝǘ ǳƴŜ ǘŜƳǇƻǊŀƭŜύ ŀƭƻǊǎ ǉǳŜ ƭΩŀōǎŜƴŎŜ ŘŜ 

fovéa temporale est à noter chez le caracara huppé. Ce dernier se nourrissant 

ǇǊƛƴŎƛǇŀƭŜƳŜƴǘ ŘŜ ǊŜǎǘŜǎ Ŝǘ ŘΩŀǊǘƘǊƻǇƻŘŜǎΣ ƛƭ ƴΩŀ ǇƻǘŜƴǘƛŜƭƭŜƳŜƴǘ Ǉŀǎ ƭΩǳǘƛƭƛǘŞ ŘŜ ǇƻǎǎŞŘŜǊ 

une structure anatomique telle que la fovéa pour sa vision frontale qui est supposée servir à 

la fiȄŀǘƛƻƴ ŘΩǳƴŜ ǇǊƻƛŜ ƘŀǳǘŜƳŜƴǘ ƳƻōƛƭŜΦ ! ƭΩƛƴǾŜǊǎŜΣ ƭŜ ŦŀǳŎƻƴ ǎŀŎǊŜ ǎŜ ƴƻǳǊǊƛǘ 

ǇǊƛƴŎƛǇŀƭŜƳŜƴǘ ŘΩƻƛǎŜŀǳȄ Ŝǘ ǇƻǳǊǊŀƛǘ ƴŞŎŜǎǎƛǘŜǊ ǳƴŜ ŦƻǾŞŀ ǘŜƳǇƻǊŀƭŜ pouvant ƭΩŀƛŘŜǊ Ł ŦƛȄŜǊ 

sa proie au moment de la capture. Il apparaît donc encore une fois que les caractéristiques 

du système visuel soient hautement liées aux techniques de chasse chez les falconiformes, 

avec néanmoins une convergence notable au niveau du champ visuel (excepté le 

recouvrement maximum de la zone binoculaire). 
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Abstract  

Significant differences in avian vision are found between species responding to their 

perceptual foraging challenge, even in closely related species. While raptors are always 

assumed to be mainly visual guided foraging birds, they highly differ in their foraging tactics 

that may reflect different visual demands. In Falconiformes, falcons mainly forage on the 

wings for highly mobile prey while caracaras forage on the ground for carrion and insects. 

We studied whether the saker falcon Falco cherrug and the southern caracara Caracara 

plancus differ in their visual abilities. We measured visual field and foveal configuration in 

both species. Using an opthalmoscopic reflex technique, we found a higher binocular overlap 

in the southern caracara. The high binocular overlap (47°) of the southern caracara may 

facilitate object manipulation (e.g. moving rock) for finding food. We used an ultra-high 

resolution spectral-domain optical coherence tomography (OCT) to access foveal 

characteristic. We found two foveas in the saker falcon (one central and one temporal) but 

only one central in the southern caracara. The presence of a second shallower temporal 

fovea in the saker falcon may help to fix a highly moving prey while catching. These 

important visual differences in visual field configuration and foveal characteristics are likely 

to reflect different foraging demands. 

Introduction  

{ƛƴŎŜ ²ŀƭƭǎΩ ŀƴŘ wƻŎƘƻƴ-5ǳǾƛƎƴŜŀǳŘΩǎ ŦƻǳƴŘ ŀ ƭŀǊƎŜ ŘƛǾŜǊǎƛǘȅ ƛƴ ǘƘŜ Ǿƛǎǳŀƭ ǎȅǎǘŜƳ ƻŦ ōƛǊŘǎ 

(Rochon-Duvigneaud, 1943; Walls, 1942), vision has been considered as the most important 

sensory modality. Understanding how birds gather information from the environment may 

explain the extraordinary diversity of their behaviours (Birkhead, 2012). Visual abilities differ 

highly in birds (Jones et al., 2007) that allowed them to responds to their daily perceptual 

challenge (i.e. flight, foraging, predators detection and reproduction) (Martin, 2014).  
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The avian visual system differ highly between species in term of spatial resolution (Kiltie, 

2000), foveal characteristics (Fite and Rosenfield-Wessels, 1975; Inzunza et al., 1991) (Potier 

et al. unpublished data) and visual fields, i.eΦ άΧthe space around the head of an animal from 

which information can be extractedέ (Martin, 2014; Martin et al., 2007). Apparently, a 

tradeoff between these visual parameters exist, as found in foraging buntings (Emberizidae), 

with some species having developed large binocular overlap and lower visual acuity in 

contrast with some other species with high visual coverage and higher visual acuity (Moore 

et al., 2015). 

Accipitriformes and Falconiformes diurnal raptors have the higher visual acuity found in 

animals (Reymond, 1985; Reymond, 1987). In addition, they have a well-developed 

convexiclivate central fovea (Jones et al., 2007) and most predatory species possess a second 

temporal fovea (Inzunza et al., 1991) (Potier et al. unpublished data). Apparently, the central 

fovea is linked to the lateral vision and the temporal to more frontal vision (Jones et al., 

2007). Thus, species with different foveal characteristics may also differ in their visual field 

(e.g. species with a temporal fovea may reflect a larger binocular overlap).  

It seems that Accipitriformes which have different ecology differ highly in their foveal 

characteristics (Potier et al. in prep) and in their visual field (Potier et al. in prep). By 

contrasts, no studies attempted to compare species from the Falconidae family with 

different ecology. For example, visual field has been estimated in only one falconid species, 

the American kestrel Falco sparverius (O'Rourke et al., 2010). 

Falconidae differ also in their ecology with among others two phylogenetically separated 

groups, the falcons and the caracaras (Griffiths et al., 2004). Falcons are mainly active 

predators that forage on the wings at high speed, while caracaras search for carrion walking 
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on the ground and invertebrates by looking under, and by moving, rocks and stones lying on 

the ground (Del Hoyo and Elliot, 1994).  

In this study, we aimed to identify whether two Falconidae species, the southern caracara 

Caracara plancus and the saker falcon Falco cherrug differ in their visual configuration. 

Especially, using Optical coherence tomography (OCT), we compare the retinal thickness and 

the foveal depth. OCT is a method that allows to non-invasively investigate the fovea of 

raptors (Ruggeri et al., 2010). We also compare the visual field parameters of these two 

species, with paying attention to the binocular field at rest, the maximum binocular overlap 

and the blind area above and behind the head. 

We hypothesized 1) that species differ in their fovea regarding their foraging ecology, with 

two foveas in the active predator Saker falcon and one fovea in the opportunist Southern 

caracara (Inzunza et al., 1991); 2) a thicker retina in the Saker falcon that may reflect a larger 

number of retinal cell density, as commonly found in predator species; and 3) different visual 

fields boundaries that could be linked to the foraging ecology. 

Material and Methods  

Subject 
 

We used three Saker falcon individuals and three Southern caracara individuals. All were 

healthy hand-raised animals held in raptor facilities at the Falconry park ά[Ŝ DǊŀƴŘ tŀǊŎ Řǳ 

tǳȅ Řǳ Cƻǳέ. The birds of each species were housed separately in aviaries but during the 

experiment, they were placed outside their aviaries and attached to a falconry perch 

adapted to each species. 
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Visual field measurements  
 

The non-invasive procedure used to measure visual field characteristics in alert birds has 

been detailed extensively in numerous publications in more than 50 different species (see 

(Martin, 2014) for a list). The procedure was reviewed in 2007 by a UK Home Office 

Inspector.  

Each bird was held firmly in a plastic contention tube of the appropriate size to avoid 

any movement for between 20 and 30 minΦ ¢ƘŜ ōƛǊŘΩǎ ƭŜƎǎ ǿŜǊŜ ǘŀǇŜŘ ƭƛƎƘǘƭȅ ǘƻƎŜǘƘŜǊΣ 

cushioned by foam rubber held between them. The head was held in position at the centre 

of a visual perimeter (a device which permits the eyes to be examined from known positions 

around the head) by specially manufactured steel and aluminium bill holders. Different bill 

holders were used for each species to take account of differences in size and shape of the 

bills. The surfaces of the holders were coated in cured silicone sealant to provide a non-slip 

cushioned surface. The bill was held in place by Micropore tape.  

Calibrated photographs of the head of each bird when held in the apparatus were taken. 

These were used to determine eye positions within the skull, the horizontal separation 

between the nodal points of the two eyes, the distance between eye and bill tip, bill length 

and the eye-bill tip anfle within the co-ordinates of the perimeter apparatus. 

 

Visual field parameters were determined using an ophthalmoscopic reflex technique. 

¢ƘŜ ǇŜǊƛƳŜǘŜǊΩǎ ŎƻƻǊŘƛƴŀǘŜ ǎȅǎǘŜƳ ŦƻƭƭƻǿŜŘ ŎƻƴǾŜƴǘƛƻƴŀƭ ƭŀǘƛǘǳŘŜ ŀƴŘ ƭƻƴƎƛǘǳŘŜ ǿƛǘƘ ǘƘŜ 

equator aligned vertically in the median sagittal plane of the head (a vertical plane which 

divided the head symmetrically into its left and right halves) and this coordinate system is 

used for the presentation of visual field data. The eyes were examined using an 



Simon Potier Ecologie sensorielle des rapaces : Vision et Olfaction 
Thèse de doctorat Chapitre 3 : Champs visuels chez les rapaces 

135 
 

ophthalmoscope mounted against the perimeter arm and its position read to ± 0.5°. 

Maximum visual field was measured and the limits were defined by the positions that the 

ŜȅŜǎ ǎǇƻƴǘŀƴŜƻǳǎƭȅ ŀŘƻǇǘŜŘ ǿƘŜƴ ǘƘŜȅ ǿŜǊŜ Ŧǳƭƭȅ ǊƻǘŀǘŜŘ ΨŦƻǊǿŀǊŘǎΩ όŎƻƴǾŜǊƎŜŘ ŦƻǊ ǘƘŜ 

ŦǊƻƴǘ ŦƛŜƭŘύ ŀƴŘ ΨōŀŎƪǿŀǊŘǎΩ όŘƛǾŜǊƎŜŘ ŦƻǊ the back field). We did not measure eyes 

movements and the projection of the pecten to reduce contention time for the birds.  

From these combined data (corrected for viewing from a hypothetical viewing point 

placed at infinity; this correction is based upon the distance used in the perimeter 

apparatus) a topographical map of the visual field and its principal features was constructed. 

These features are: monocular fields, binocular field, cyclopean field (combination of both 

monocular fields) and blind area. It was possible to measure limits of the visual field at 10° 

intervals of elevation in an arc from directly behind the head, to above the head and then 

down to 60° below the horizontal in front of the head. However, depending of the bill shape 

among species, the bill holder intruded into the view of the eyes at a specific elevation. 

Therefore, it was not possible to record visual field data at these elevations and binocular 

field width was estimated as the mean value of the binocular field widths above and below 

these elevations.  

Foveal characteristics  

 

We measured retinal thickness at the foveal rim (or edge) and foveal depth (difference 

between retinal thickness at the rim and retinal thickness at the foveal pit) using ultra-high 

resolution spectral-domain optical coherence tomography (OCT) (Ruggeri et al., 2010). OCT 

is a low-coherence interferometer based on non-invasive microscopic imaging and provides 

non-contact, high-resolution, cross-sectional images of biological tissues. The equipment 

used for this study consisted of a spectral OCT (OCT/SLO, Group OTI/USA; EDC Vet, Carvin, 
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France) with a specific corneal module. The cornea was not pressed against the device and 

the observer (S.P.) needed to find the suitable distance between the module and the eye to 

obtain an image. For each individual a video sequence was recorded, from which the best 

image was selected, to accurately show the retina and the fovea(s). Birds were awake and 

alert during the entire imaging process that took less than 10 minutes. They were held gently 

by the experienced bird handler (S.P.), and no mechanical device was used to fix the head. 

Only the right eye was examined in each individual to reduce the restraining time. 

Results 

Visual field measurements  

 

Figure 1: Binocular overlap and blind area across elevations around the head of Southern caracara (N = 3) 

and Saker falcon (N = 3). Mean (± SE) angular separation of the retinal field margins as a function of elevation 

in the median sagittal plane. Binocular fields are indicated by positive values of overlap of the visual field 

margins; whereas blind areas are indicated by negative value. The coordinate system is such that the horizontal 

plane is defined by the elevation 90° (in front of the head) and 0° lies directly above the head. Arrows indicate 

projection of the bill-tip (* = Southern caracara and ϟ = Saker falcon). 
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The mean (± SE) angular separation of the retinal fields margins of both species as a function 

of elevation in the median sagittal plane of the head are shown in Figure 1. A map of the 

visual field in the frontal sector, a section through the field at a horizontal plane and a 

vertical section through the binocular field in the median sagittal plane are shown in Figure 

2. The maximum binocular overlap is higher in southern caracara (47° at height 70°) than in 

Saker falcon (37° at height 100°). Both species have similar blind area above (15° vs. 22°) and 

behind the head (64° vs. 62°) for caracara and falcon respectively. Finally, the vertical extent 

is identical in Southern caracara and Saker falcon (130°). 
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Figure 2: Visual fields of the Saker falcon (a,c,e) and the Southern caracara (b,d,f). a-b) Orthographic 

projection of the boundaries of the retinal fields of the two eyes. A latitude and longitude coordinate system 

ǿŀǎ ǳǎŜŘ ǿƛǘƘ ǘƘŜ ŜǉǳŀǘƻǊ ŀƭƛƎƴŜŘ ǾŜǊǘƛŎŀƭƭȅ ƛƴ ǘƘŜ ƳŜŘƛŀƴ ǎŀƎƛǘǘŀƭ ǇƭŀƴŜΦ ¢ƘŜ ōƛǊŘΩǎ ƘŜŀŘ ƛǎ ƛƳŀƎƛƴŜŘ ǘƻ ōŜ ŀǘ 

the center of the globe (grid is at 20° intervals in latitude and 10° in longitude). c-d) Horizontal sections trough 

the horizontal plane (90°-270°) showing the visual field configuration of each species. Each chart represents the 

average retinal visual field when the eyes were at rest. e-f) Vertical sections through the binocular fields in the 

median sagittal plane of the head. Green areas, binocular sector; white areas, monocular sectors; brown areas, 

blind sectors. Triangle indicate the direction of the bill projection in (a-d). 
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Foveal characteristic  

We found two foveas (one central and one temporal) in the Saker falcon but only one 

central fovea for the Southern caracara (Figure 3). The superficial layers displacements 

created a rim for the Saker falcon but not for the Southern caracara at the edge of the 

central fovea (Figure 3). Both species have similar retinal thickness at the rim (or the edge 

for the caracara) of the fovea (220.0 ± 5.8 µm vs. 226.7 ± 3.3 µm for caracara and falcon 

respectively). The central foveal depth was similar for both species (96.6 ± 5.8 µm vs. 110.0 ± 

6.7 µm for caracara and falcon respectively). For Saker falcon, the central fovea is deeper 

than the temporal one (40.0 ± 5.8 µm).  

 

 

Figure 3: Sectional and plan view (small image) of the central (A,B) and temporal fovea or area (C,D) for Saker 

falcon (A,C) and Southern caracara (B,D) obtained by ultra-high resolution spectral-domain optical coherence 

tomography (OCT). For Southern caracara, no temporal fovea was found at the temporal location but a 

thickened area (shown with the white arrow). 
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Discussion  

Southern caracara and saker falcon showed relatively similar visual fields, with similar blind 

areas above and behind the head and a similar vertical extent of the binocular field. 

However they differed in their maximum binocular overlap and their position relative to the 

eye-bill tip angle. Furthermore, both species differ in their foveal parameters. While they 

have relatively similar foveal and retinal size, Saker falcons have two foveas (a central and a 

temporal) and Southern caracaras have only one central fovea. We discuss visual parameters 

difference in regards with their foraging strategies.  

Visual field measurements  

 

For both species, we found a larger binocular overlap (37-47°) than commonly found in birds 

(15-30°) (Martin, 2009). This suggest that binocular vision may be important for controlling 

feet or beak position when catching a prey (Martin, 2009; Martin, 2014). The binocular 

overlap is at bill-tip level in saker falcon but 30° higher over bill-tip projection in the southern 

caracara. Given that the highest binocular overlap found among ŀƭƭ ōƛǊŘǎΩ ǎǇŜŎƛŜǎ όсмΦрϲύΣ ǿŀǎ 

in the New Caledonian crows Corvus moneduloides which is well known to use of tools for 

extractive foraging (Troscianko et al., 2012), we hypothesize that this larger binocular field in 

southern caracaras may be explained in part by the importance of manipulation objects in 

this species, as well as in closely related species, the chimango caracara Phalcoboenus 

chimango (Biondi et al., 2013). Manipulation seems to be important in the southern caracara 

as the diet may be mainly composed of arthropods catching after moving the rocks with 

their feet (Del Hoyo and Elliot, 1994; Morrison et al., 2008).  
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Both species have a relatively large blind area above and behind the head, as commonly 

found in raptors (Martin and Katzir, 1999; Martin et al., 2012; O'Rourke et al., 2010) (Potier 

et al. unpublished data). Falconidae may need a high acuity to find food (Hirsch, 1982; Potier 

et al., 2016; Reymond, 1987) where large eyes may be essential (Kiltie, 2000). Species that 

have a large eyes may need larger suborbital ridges to avoid sun-dazzling effect, which 

reduce the visual field above the head (Martin, 2007).  

As a result, contrary to what other authors found in closely related species (Guillemain et al., 

2002; Martin and Portugal, 2011; Moore et al., 2015), we found very few differences in the 

visuals fields parameters in these two species. While foraging ecology seems to play an 

important role in the visual field configuration, we suggest here their phylogenetical 

proximity may explain the visual fields resemblance.  

Foveal characteristic  

The fovea is a retinal area of high acuity with high photoreceptor density, especially in 

raptors (Fite and Rosenfield-Wessels, 1975; Inzunza et al., 1991; Jones et al., 2007; Meyer, 

1977). We found that Saker falcons have two foveas (one central and one temporal) while 

southern caracaras have only a central fovea. It has been shown previously that predatory 

species have two foveas while scavengers and opportunists raptors have only one central 

fovea (Inzunza et al., 1991) (Potier et al. unpublished data). For predatory species, the 

presence of a temporal fovea, probably related to the binocular field (at least to the frontal 

vision) (Jones et al., 2007), may be important to improve fixation and sensitivity to 

movement while catching a prey item (Pumphrey, 1948; Tucker, 2000; Walls, 1937). The 

Southern caracara mainly search for food remains and arthropods and may not need a 

temporal fovea, but a temporal area with higher ganglion cells density, as found in the 

chimango caracara (Inzunza et al., 1991). 
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We did not found any differences in the foveal depth and retinal thickness between these 

two species. Their foveas may have similar magnification effect of the kind suggested by 

Snyder and Miller (1978) that could enhance spatial resolution but see (Pumphrey, 1948; 

Sillman, 1973). It is still unclear what is the exact function of fovea, but a recent comparative 

study did not find any difference in raptorial species between predators and carrion eaters 

(Potier et al. in prep) suggesting that the depth of a foveal depression is not correlated with 

foraging ecology.  
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CHAPITRE 4  

 

                ,ȭ54),)3!4)/. $% ,ȭ/,&!#4)/. 0/52 

                                       TROUVER SA NOURRITURE 

 

 

Ce chapitre vise à comprendre les capacités olfactives de deux espèces de rapaces, le 

vautour urubu à tête rouge et le caracara huppé. Si la première semble pouvoir utiliser ses 

capacités olfactƛǾŜǎ ŀŦƛƴ ŘŜ ǘǊƻǳǾŜǊ ǎŀ ƴƻǳǊǊƛǘǳǊŜΣ ŀǳŎǳƴŜ ŞǘǳŘŜ ƴΩŀ ǊŞŜƭƭŜƳŜƴǘ ƳƻƴǘǊŞ ŘŜǎ 

aptitudes fonctionnelles à sentir la nourriture. Je propose donc ici une étude permettant de 

tester la fonctionnalité des capacités olfactives soupçonnées chez le vautour urubu à tête 

ǊƻǳƎŜΦ tŀǊ ƭŜ ƳşƳŜ ŘƛǎǇƻǎƛǘƛŦ ŜȄǇŞǊƛƳŜƴǘŀƭΣ ƴƻǳǎ ŀǾƻƴǎ ǘŜǎǘŞ ƭŜǎ ŎŀǇŀŎƛǘŞǎ ƻƭŦŀŎǘƛǾŜǎ ŘΩǳƴŜ 

ŀǳǘǊŜ ŜǎǇŝŎŜ ŘŜ ǊŀǇŀŎŜ ŀǳȄ ƳǆǳǊǎ ŎƘŀǊƻƎƴŀǊŘǎΣ ƭŜ ŎŀǊŀŎŀǊŀ ƘǳǇǇŞΦ 9ƴŦƛƴΣ ƧΩŀƛ ǉǳŀƴǘƛŦƛŞ 

ƭΩƛƳǇƻǊǘŀƴŎŜ ǊŜƭŀǘƛǾŜ ŘŜ ƭŀ Ǿƛǎƛƻƴ Ŝǘ ŘŜ ƭΩƻƭŦŀŎǘƛƻƴ ŀŦƛƴ ŘŜ ǘǊƻǳǾŜǊ ƭŀ ƴƻurriture en condition 

expérimentale. 

 

Figure J : Caracara huppé manipulant la boule odorante  

@ Margaux Raoul 
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2ïÓÕÍï ÆÒÁÎëÁÉÓ ÄÅ ÌȭïÔÕÄÅ 

 

Dans un monde où les présuppositions sont fréquentes, comprendre les capacités 

sensorielles des animaux afin de trouver leur nourriture est un challenge perpétuel. En effet, 

alors que les rapaces sont considérés comme principalement dépendants de leur vision, les 

autres capacités sensorielles telles que les capacités olfactives ont trop souvent été ignorées. 

WΩŀƛ ŘƻƴŎ ŘŞŎƛŘŞ ŘΩŜǎǘƛƳŜǊ ƭŜǎ ŎŀǇŀŎƛǘŞǎ ƻƭŦŀŎǘƛǾŜǎ ŘŜ ŘŜǳȄ ŜǎǇŝŎŜǎ ŘŜ ǊŀǇŀŎŜǎ ŎƘŀǊƻƎƴŀǊŘǎΣ 

le vautour urubu à tête rouge Cathartes aura et le caracara huppé Caracara plancus. Chaque 

individu était confronté à un choix double sans discernement possible par la vision. Deux 

boules égouttoirs à riz en inox ont été présentées pendant 10 minutes à chaque individu. Au 

sein de chaque boule se trouvait une boule Ł ǘƘŞΦ [ΩǳƴŜ ŘŜǎ ōƻǳƭŜǎ Ł ǘƘŞ ŎƻƴǘŜƴŀƛǘ нл 

ƎǊŀƳƳŜǎ ŘŜ ǾƛŀƴŘŜ ŘŜ ōǆǳŦ ŦŀƛǎŀƴŘŞŜ ǘŀƴŘƛǎ ǉǳŜ ƭΩŀǳǘǊŜ ŎƻƴǘŜƴŀƛǘ ǳƴ ƳƻǊŎŜŀǳ Ŝƴ ǇƭŀǎǘƛǉǳŜ 

du même poids. Chaque individu a effectué 6 tests de 10 minutes durant lesquels la position 

de la boule odorante (avec la viande) était changée. A la fin de chaque test, le contenu de la 

boule olfactive a été donné aux individus. Pour les deux espèces, il a été observé un nombre 

de contacts et un temps de contacts plus importants avec la boule odorante, témoignant 

ŀƛƴǎƛ ŘŜ ƭΩǳǘƛƭƛǎŀǘƛƻƴ ŘŜ ƭΩƻƭŦŀŎǘƛƻƴ ŀŦƛƴ ŘŜ ǘǊƻǳǾŜǊ ƭŀ ƴƻǳǊǊƛǘǳǊŜΦ 5ŀƴǎ ǳƴŜ ŘŜǳȄƛŝƳŜ 

expérience, ƧΩŀƛ ǇǊŞǎŜƴǘŞ ŘŜǎ ōƻǳƭŜǎ de deux couleurs différentes (une boule verte et une 

boule bleue). Pendant 6 ƧƻǳǊǎ ŘΩŀǇǇǊŜƴǘƛǎǎŀƎŜΣ ƧΩŀƛ attribué une couleur contenant la source 

olfactive (viande faisandée) à chaque individu. Ainsi, le stimulus visuel vert était assimilé au 

ǎǘƛƳǳƭǳǎ ƻƭŦŀŎǘƛŦ ǇƻǳǊ ŎŜǊǘŀƛƴǎΣ ǘŀƴŘƛǎ ǉǳŜ ƭŜ ōƭŜǳ ƭΩŞǘŀƛǘ ǇƻǳǊ ŘΩŀǳǘǊŜǎ ƛƴŘƛǾƛŘǳǎΦ !ǳ ōƻǳǘ ŘŜ с 

ƧƻǳǊǎΣ ƭΩŀǎǎƻŎƛŀǘƛƻƴ ŜƴǘǊŜ ƭŜ ǎǘƛƳǳƭǳǎ ǾƛǎǳŜƭ Ŝǘ ƻƭŦŀŎǘƛŦ ŀ été modifiée et le comportement des 

ƛƴŘƛǾƛŘǳǎ ŀ ŞǘŞ ŞǘǳŘƛŞ ŘŜ ƭŀ ƳşƳŜ ƳŀƴƛŝǊŜ ǉǳŜ ƭƻǊǎ ŘŜ ƭΩŜȄǇŞǊƛŜƴŎŜ ǇǊŞŎŞŘŜƴǘŜΦ ¢ŀƴŘƛǎ ǉǳŜ 

les vautours urubus à tête rouge continuaient de montrer une préférence envers le stimulus 

olfactif quel que soit le stimulus visuel, les caracaras, eux, ont effectué autant de contacts et 

ƻƴǘ ǇŀǎǎŞ ŀǳǘŀƴǘ ŘŜ ǘŜƳǇǎ ŀǾŜŎ ƭŜǎ ŘŜǳȄ ōƻǳƭŜǎ όƭŜ ǎǘƛƳǳƭǳǎ ǾƛǎǳŜƭ ǉǳΩƛƭǎ ŀǾŀƛŜƴǘ ŀǇǇǊƛǎ Ŝǘ ƭŜ 

ǎǘƛƳǳƭǳǎ ƻƭŦŀŎǘƛŦ ŀǎǎƻŎƛŞ Ł ƭŀ ŎƻǳƭŜǳǊ ƻǇǇƻǎŞŜύΦ !ƛƴǎƛΣ ƛƭ ŀǇǇŀǊŀƛǘ ǉǳŜ ƭΩƻƭŦŀŎǘƛƻƴ ǎŜǊŀƛǘ ǳƴ ǎŜƴǎ 

prƛƳŀƛǊŜ Ł ƭŀ Ǿƛǎƛƻƴ ŎƘŜȊ ƭΩǳǊǳōǳ Ł ǘşǘŜ ǊƻǳƎŜΣ ǘŀƴŘƛǎ ǉǳŜ ƭŜǎ ŘŜǳȄ ǎŜƴǎ ǎŜƳōƭŜƴǘ ŜƴǘǊŜǊ Ŝƴ 

conflit chez le caracara huppé. Le vautour urubu à tête rouge se nourrit principalement en 

volant au-dessus de la canopée et ne peut donc pas se fier à sa vision pour trouver sa 

nourriture en dessous de celle-ci. Contrairement à ce dernier, le caracara huppé se nourrit 
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principalement au sol en dessous de la canopée ou en zone ouverte où les deux sens 

peuvent être essentiels. 
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Abstract  
Understanding which senses animals use to find food is a perceptual challenge when entrapped in 

popular clichés. Raptors are usually considered to be mainly visually dependant, and the use of 

others sensory modalities is underestimated. Under different ecological contexts, however, 

individuals might shift among sensory abilities. Here, we investigate experimentally which sense the 

turkey vulture (Cathartes aura) and the southern caracara (Caracara plancus) use to find food. We 

performed binary choice experiments involving one or both cues. When only olfactory cues are 

available both species use their sense of smell. In contrast, when olfactory and visual cues give 

contrasting information turkey vultures still use olfactory cues while southern caracara show a 

conflict between the information gathered from visual and olfactory cues. In the wild, turkey vultures 

search for food flying over the forest, whose canopy hides food sources to their sight. However, 

turkey vultures are the first raptors to find carrions in tropical forests and the use of olfaction 

explains this efficiency. Differently caracaras forage on the ground opportunistically where both 

olfaction and sight may be used. For example in urbanised areas caracaras inspect, seemingly by 

sight, garbage bins, and surprisingly only open those plastic bags containing food, hypothetically 

identifying them by smell.  

Our experiments showed thus that both species are able to use olfactory cues in a foraging context. 

However olfaction could be the predominant sense in turkey vulture while olfaction and sight could 

play an equivalent role in southern caracara. 

 

 

1. Introduction  
Vox populi often generalizes the sensory abilities of different animals. For example, we all 

learn as children that eagles have amazing sight, dogs have excellent olfaction and songbirds 

and owls outstanding hearing capacities. This belief follows us, and as researchers we often 
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ŎƻƴŎŜƴǘǊŀǘŜ ƻǳǊ ŜŦŦƻǊǘǎ ƻƴ ǿƘŀǘ άƛǎ ƪƴƻǿƴέ ǿƘŜƴ ŎƻƴǎƛŘŜǊƛƴƎ ǘƘŜ ǎŜƴǎƻǊȅ ŀōƛƭƛǘƛŜǎ ƻŦ 

different animals. Nevertheless, living in different ecological contexts may result in the use 

of different sensory abilities (Ruzicka & Conover, 2012; Vander Wall et al., 2003), even in 

ǘƘƻǎŜ ƻǊƎŀƴƛǎƳǎ ǘƘŀǘ άŀǊŜ ƪƴƻǿƴέ ǘƻ ǊŜƭȅ ǇǊŜŘƻƳƛƴŀƴǘƭȅ ƻƴ ƻƴŜ ǎŜƴǎŜ. While experiments 

on the relative importance of different sensory modalities according to context are scarce, 

studies on the role of vision and olfaction in feeding behaviours in a variety of animals, 

including insects (Balkenius, Rosén, & Kelber, 2006; Raguso & Willis, 2002; Stöckl et al., 

2016), snakes (Shivik & Clark, 1997; Teather, 1991), fishes (Batty & Hoyt, 1995; Webster, 

Atton, Ward, & Hart, 2007) and mammals (Langley, 1983; Raghuram, Thangadurai, 

Gopukumar, Nathar, & Sripathi, 2009; Wells & Lehner, 1978) have shown the dual 

importance of these modalities, either independently or in combination. 

Historically, birds were considered to have a very poor or even non-existent sense of smell 

(Audubon, 1826; Parsons, 2013). As a consequence, birds are generally considered as visual 

foragers, even though species living in environments where visual cues are limited (e.g. 

dense vegetation) or almost absent (e.g. open oceans) could have evolved alternative 

sensory abilities such as olfaction (Nevitt, Veit, & Kareiva, 1995). While it is now accepted 

that most birds have a functional sense of smell (Caro, Balthazart, & Bonadonna, 2015), the 

relative importance of olfaction compared to other senses remains poorly studied. It has 

been shown that the North Island brown kiwi, Apteryx mantelli, relies more on olfaction 

than audition to find food (Cunningham, Castro, & Potter, 2009). Other examples may be 

found in procellariiform seabirds, which are generally considered excellent in using olfactory 

cues. For example, Wandering albatrosses, Diomedea exulans may use olfaction to detect 

prey at long distances and then rely on vision at short distances (Nevitt, Losekoot, & 

Weimerskirch, 2008), but both senses presented together elicit a higher probability of 
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successfully finding food than separately in an experimental setup (Mardon, Nesterova, 

Traugott, Saunders, & Bonadonna, 2010). Furthermore, /ƻǊȅΩǎ ŀƴŘ {ŎƻǇƻƭƛΩǎ shearwaters 

(Calonectris borealis and C. diomedea) can orientate using olfactory cues when available, but 

are thought to shift to vision when deprived of their sense of smell (Dell'Ariccia & 

Bonadonna, 2013; Gagliardo et al., 2013; Pollonara et al., 2015).  

In contrast to procellariiforms, accipitriform and falconiform diurnal birds of prey (hereafter 

called raptors) are considered as mostly visually dependent. Indeed, these birds have 

relative large eyes, well-developed foveae, high densities of cone photoreceptors and retinal 

ganglion cells, and the highest visual acuity found in animals (Fischer, 1968; Inzunza, Bravo, 

Smith, & Angel, 1991; Jones, Pierce, & Ward, 2007; Reymond, 1985, 1987). However, field 

observations suggest that two species of New World vultures (Cathartes sp., family 

Cathartidae) could use also olfactory cues to find smelly food (Gomez, Houston, Cotton, & 

Tye, 1994; David C. Houston, 1984; David C Houston, 1986; Smith & Paselk, 1986). 

Nevertheless, these studies were only empirical field observations suggested by the ecology 

of these raptors or physiological indication. Evidence from behavioural experiments is still 

needed. Moreover, a recent study suggested that the Oriental honey buzzard Pernis 

orientalis could smell the pollen (Yang, Walther, & Weng, 2015), but the experimental setup 

used did not allow clear conclusions about the preferential use of olfaction or vision to be 

made. In summary, there are no clear-cut studies reporting olfactory abilities in diurnal 

raptor families, even though the olfactory bulbs in some falconid species are relatively large 

(Zelenitsky, Therrien, Ridgely, McGee, & Witmer, 2011), and functional olfactory genes have 

been found in raptors (Yang et al., 2015; Zhan et al., 2013).  
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To test our hypothesis that birds may use different senses according to their ecology or 

circumstances, we performed behavioural experiments to study olfaction-based feeding in 

two opportunistic carrion eating raptor species that both live in the same geographical area 

(Central and South America): the turkey vulture, Cathartes aura (Cathartidae) and the 

southern caracara, Caracara plancus (Falconidae) (Del Hoyo & Elliot, 1994). These species 

are relatively similar in terms of their size and their diet, but we predicted that they may rely 

on different sensory modalities to find food. Firstly, we tested the ability of both species to 

detect of hidden smelly food (experiment 1). Secondly, we tested the relative importance of 

vision and olfaction in an experimental paradigm involving cues of the two modalities 

(experiment 2). 

2. Methods  
¢ƘŜ ǎǘǳŘȅ ǿŀǎ ŎŀǊǊƛŜŘ ƻǳǘ ŀǘ ά[Ŝ DǊŀƴŘ tŀǊŎ Řǳ tǳȅ Řǳ Cƻǳέ όǎƛǘŜ мΤ ŜȄǇeriments 1 & 2) and 

ά[Ŝ ½ƻƻ ŘΩ!ƳƴŞǾƛƭƭŜέ όǎƛǘŜ нΤ ŜȄǇŜǊƛƳŜƴǘ нύ ƛƴ CǊŀƴŎŜΦ The first experiment involved five 

turkey vultures and five southern caracaras (see supplementary materials Table S1). The 

second experiment involved the same individuals from the site 1 and four others individuals 

of each species at site 2. During the experiments, birds were fed only after each trial with 

the reward of the experiment. The experiments were done at different times of the year 

regarding the availability of the birds in the different parks. 

.ƛǊŘǎΩ ŎŀǇǘƛǾƛǘȅ 

 

Since hatching, or after two months for two turkey vultures from site 2, our experimental 

birds were hand-reared, and thus are familiar with humans. For site 1, each caracara was 

housed in independent aviary of 6x4x4 m, while the turkey vultures lived together in groups 

in aviary of 20x8x6 m. For site 2, the caracaras were housed together in an aviary of 5x6x5 
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m, and the turkey vultures in an aviary of 5x7.5x3.5 m. All of the birds are fed with dead 

ŎƘƛŎƪǎ ƻƴŎŜ ŀ ŘŀȅΦ 5ǳǊƛƴƎ ǇǳōƭƛŎ ǎƘƻǿǎΣ ōƛǊŘǎ ŀǊŜ ōǊƻǳƎƘǘ ǘƻ άŦƭƛƎƘǘ ŎƻƴŘƛǘƛƻƴέ, a falconry 

term that is the theoretical weight of wild birds when they search for food. Thus, when in 

flight condition, the birds are not starving, but they are hungry enough to seek for food. The 

falconers that care for the birds weigh every bird each day, to check its body condition and 

adjust its diet if necessary. During the experiments, birds were already used in shows and 

were thus in flight condition. None of the tested birds were in a reproductive state. After the 

experiments, birds returned to their daily training routines. 

Olfactory Stimuli (experiment 1 and 2) 

For the experiment 1, the olfactory stimuli were small pieces of meat (20 ± 1 g of beef), kept 

for four days at ambient temperature in a garbage bag, and then stored at 4°C. Mean 

temperatures were not statistically different between April 2014: 10.8°C ± 1.05 and October 

2014: 11.7°C ± 1.93; Wilcoxon test, W = 10, p = 0.69. For the experiment 2, we kept the meat 

for four days at 15°C in a garbage bag, and then stored at 4°C. 

To avoid any visual effect, the olfactory stimulus (20g piece of meat) or the control stimulus 

(20g piece of plastic) were inserted into steel tea strainers (brand, Birambeau) 4 cm high and 

2 cm wide), which were then placed inside stainless-steel rice-cooking balls (brand, Städer). 

We used two identical balls for each treatment. The balls had a diameter of 10.5 cm for 

experiment 1 and 14 cm for the experiment 2. For seven days prior to the experiments, the 

birds were fed with their standard food (dead chicks) in the rice cooking balls to habituate 

them to the devices. 
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EXPERIMENTAL AVIARIES (experiments 1 and 2) 

The experiments were performed in closed aviaries to avoid any dilution effect by the wind. 

For logistical reasons and availability of the facilities, two different closed aviaries were used, 

depending on the site. At both sites, aviaries had similar dimensions (6x8x4 m for site 1, and 

5x7.5x3.5 m for site 2) with sand on the floor. A starting perch (1 m high) was placed 4 m 

from the balls, which were placed 6 m apart. Each trial was filmed with a video-camera 

(GoPro Hero3+, San Mateo, California, USA) placed 3 m above the starting perch, which 

could record bird behaviour over the entire aviary. All birds were acclimated to the aviaries 

for 4 hours the day before the test. After each trial, the aviaries were cleaned to avoid any 

biases, such as the footprints of the previous bird. 

EXPERIMENT 1: OLFACTORY ABILITIES 

Each bird performed one 10-minute trial per day over 6 days. The side of the olfactory 

stimulus was randomly distributed and balanced. The order in which birds were tested was 

randomly chosen. The observer (S.P.), was blind to the side of the olfactory stimulus and the 

rank of the trial. The time (in sec) that each bird spent in contact (beak or foot) with both the 

control and stimulus balls, and the number of contacts with each ball, were measured from 

the video recordings.  

EXPERIMENT 2: VISUAL OR OLFACTORY CUE 

One month before the experiment, four rice cooking balls were painted with a matt varnish 

acrylic paint spray (AMT3760080621171, AMT, Orléans, France). After two days of drying, 

two rice cooking balls were painted with a green άaniseέ acrylic paint spray 

(AMT3760080621225, AMT, Orléans, France) and two others with a blue άchekingtonέ 
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acrylic paint spray (AMT3760080621263, AMT, Orléans, France). These two colours were 

chosen because birds generally have maximum spectral sensitivity in the green and blue 

wavelengths (Jones et al., 2007) and because we wanted to avoid using yellow (colour of the 

chicks fed to the birds) and red (colour of meat), as it is known that there is a cross-modal 

correspondence between vision and olfaction in humans (Demattè, Sanabria, & Spence, 

2006; A. N. Gilbert, Martin, & Kemp, 1996). 

Training 

For each training session, lasting 5 days, the two rice cooking balls (one green and one blue) 

were presented to the birds. Each day we conducted 1 session of 1 minute for each bird. 

During these sessions, each bird was trained to eat in a coloured ball with an olfactory signal. 

Different coloured balls were attributed to different birds (Table S1, supplementary 

materials). The side of the olfactory/visual stimulus was randomly distributed and balanced, 

as well as the order in which birds were used. 

Test 

On the sixth day, each bird performed one 10-minute session. For this session, the olfactory 

piece of meat was associated with the opposite coloured ball compared to the training 

phase. The side of the olfactory/visually stimulus was randomly distributed and balanced, as 

well as the order in which birds were used. The observer (S.P.), blind to the identity of the 

visual and olfactory stimuli, measured the time that each bird spent in contact with both 

balls and the number of contacts with each ball, as described above. Adding visual 

information did not alter the exploration behaviour of the birds (see supplementary 

materials). 
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STATISTICAL ANALYSES 

Analyses were carried out using R 3.1.2 (R Development Core Team 2015). To test any 

differences in behavioural parameters in experiment 1, we used a linear mixed model. 

Because we had only few individuals with few replicates, GLMM (mixed models) would have 

consequently reduced the strength of our model, and we preferred to use GLM with 

individuals as a fixed effect. We selected the best effect structure by iteratively comparing 

the full model with a nested model where the least significant term was deleted. We 

inspected the residuals of each model to ensure that they fitted the assumptions of GLMs. 

We compared time spent in contact with the stimulus versus control ball with GLM following 

a Gaussian error distribution. Differences in the number of contacts between the treatments 

were compared with GLM following a Poisson error distribution.  

For the experiment 2, we compared time spent in contact and number of contacts with both 

balls with a non-parametric Wilcoxon-Mann-Whitney test as no replication was done per 

individual.  

3. Results 
 

EXPERIMENT 1: OLFACTORY ABILITY 

Overall, caracaras spent less time in contact with both balls across trials while vultures kept a 

similar level (Table 1). In caracaras, the time spent in contact with the balls significantly 

differed among individuals (Table 1).  
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Table 1: Results of selected Generalized Linear Models used to evaluate the effects of treatments 

(ball, trials, side and individuals) on behavioural variables (time spent in contact and number of 

contacts) for turkey vulture and southern caracara. 

Species Variables Effect Deviance Df p value 

      

Turkey vulture (n=5) Time spent in contact Ball 34202 52 <0.001 

      

 Number of contacts Ball 152.74 52 <0.001 

  Trials 11.45 51 <0.001 

  Side 5.03 50 0.025 

  Individual 19.89 46 <0.001 

  Ball*Trials 58.58 45 <0.001 

  Ball*Side 31.16 44 <0.001 

      

Southern caracara (n=5) Time spent in contact Ball 3800.7 58 0.042 

  Trials 6138.0 57 0.01 

  Individual 22861.0 53 <0.001 

      

 Number of contact Ball 89.72 58 <0.001 

  Trials 171.15 57 <0.001 

  Individual 517.04 53 <0.001 

    Ball*Trials 39.25 52 <0.001 

# Data on the last session of two individuals from turkey vultures were not available because 

of equipment error.  

 

The time spent in contact with the stimulus ball was four times longer and two times longer 

than with the control ball for vultures and caracaras respectively (Table 1; Figure 1; 

supplementary materials). Individuals of both species performed twice as many contacts 

with the stimulus ball, compared with the control (Table 1; Figure 1).  
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Figure 1: Time spent in contact (a, b) and number of contacts (c, d) with the olfactory and control 

stimuli for (a, c) turkey vulture and (b, d) southern caracara in the experiment 1. * P < 0.05 ** P < 

0.01 *** P < 0.001. 

In vultures, we recorded an increase in the number of contacts with the stimulus ball over 

trials, and a decrease with the control ball (Table 1; Figure 2a). In caracaras, we observed a 

decrease in the number of contacts with the two balls over trials, but this effect was 

stronger with the control ball (Table 1; Figure 2b). Vultures made less contact with the 

control ball when this ball was placed to the left while caracara did not show any side 

difference (Table 1). For both species, the number of contacts was significantly different 

between individuals (Table 1). 
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Figure 2: Number of contacts with olfactory and control stimulus balls over trials for the (a) turkey 

vulture and (b) southern caracara in the experiment 1. The line and shaded area represent the 

regression and 95% confidence interval. Each symbol represent a different individual. 

EXPERIMENT 2: VISUAL OR OLFACTORY CUE 

In the test phase, most individuals first went to the coloured ball that they had used during 

training sessions of the previous 5 days (5/8 vultures and 6/8 caracaras). The time spent in 

contact with the olfactory ball was six times longer than with the coloured ball previously 

associated with food for the turkey vulture (W = 64, p < 0.001; Figure 3), but no difference 

was found for the southern caracara (W = 21, p = 0.27, Figure 3). 

Turkey vultures made four times more contacts with the olfactory ball compared with the 

coloured ball previously associated with food (W = 63, p = 0.001, Figure 3), but no 

differences were found for the southern caracara (W = 20, p = 0.22, Figure 3).  
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Figure 3: Time spent in contact (a, b) and number of contacts (c, d) with the olfactory and visual 

stimuli for (a, c) turkey vulture and (b, d) southern caracara in the experiment 2. * P < 0.05 ** P < 

0.01 *** P < 0.001. 

4. Discussion 
 

Here we show, for the first time in raptors, clear-cut evidence that turkey vultures and 

southern caracaras can smell hidden smelly food, suggesting that both species may use 

olfaction to forage. In addition, when visual and olfactory cues are available, olfaction seems 

to be predominant cue used by turkey vultures while southern caracaras use both olfactory 

and visual cues. 
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In the wild, turkey vultures search for food mainly flying over the forest (David C Houston, 

1986). This behaviour suggests that food sources are hidden from sight by the canopy. 

However, field observations report that turkey vultures are the first raptors to find carrion in 

tropical forests (David C Houston, 1986, 1988). As proposed before, our study suggests that 

this could be explained by this species having strong olfactory abilities. In addition, our 

results show that olfaction seems to play a more significant role than vision in foraging in 

turkey vultures. In experiment 2, the colour of the potential food container was disregarded 

in our experiments and only the smelly container, independent of its colour, was inspected 

by our experimental birds. Our behavioural results are consistent with physiological and 

anatomical data showing that turkey vultures have the poorest visual acuity (Lisney et al., 

2013) among other raptors such as eagles, falcons, hawks and even other vulture species 

(Fischer, 1968; Hirsch, 1982; Potier, Bonadonna, Kelber, & Duriez, 2016; Reymond, 1985, 

1987), but they do have a relatively large olfactory bulbs (Cobb, 1968).  

In comparison, southern caracaras may have stronger visual acuity. Indeed the visual acuity 

of a closely related species, the chimango caracara Phalcoboenus chimango (28.5 cycle per 

degree) (Potier et al., 2016), was approximately twice higher than for the turkey vulture 

(15.6 cycle per degree) (Lisney et al., 2013). In the wild, caracaras search for food mainly by 

walking around under the forest canopy (Sazima, 2007), or in open areas. Caracaras forage 

on the ground opportunistically, and in some cases, they feed on prey with a strong odour 

emissions such as carcasses or insects found in dung (Del Hoyo & Elliot, 1994). Therefore, 

caracaras might switch between different senses according to the ecological circumstances, 

or identification needs for particular food sources. For example in urbanised areas caracaras 

inspect, seemingly by sight, garbage bins, and surprisingly only open those plastic bags 

containing food, thus hypothetically identifying them by smell alone (FB personal 
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observation). Our study supports this hypothesis. Caracaras interacted significantly more 

with the smelly ball when only olfactory cues were available to them, suggesting that these 

opportunistic feeders may rely on smell to find hidden food. In Falconidae this is a first. 

While a recent study showed that three other falconids species, the peregrine falcon Falco 

peregrinus the saker falcon Falco cherrug and the gyrfalcon Falco rusticolus, avoided or 

rejected food when the odour of a foul-smelling secretion of the great spotted cuckoo 

(Clamator glandarius) was sprayed on a food reward (Röder et al., 2014), it is not clear 

whether the repellent effect was due to the taste or the scent, as the authors vaporized the 

secretion directly on the food.  

In contrast to turkey vultures, olfaction did not appear to be more important than sight (or 

vice versa) in southern caracaras. For example, in the second experiment, where the relative 

importance of olfactory and visual cues was tested, southern caracaras did not show any 

preference, interacting similarly with the two coloured balls even though only one of them 

was also smelly. To explain this result, we can suggest two non-exclusive hypotheses. Firstly, 

southern caracaras, as hypothesised by observations in the wild, may opportunistically use 

both olfaction and vision to find food: in our experiment both the coloured and smelling 

balls bore cues indicating the presence of food, leading them to check both stimuli 

alternatively. This opportunistic use of different senses in different behavioural contexts has 

been shown in other bird species. For example, American robins (Turdus migratorius) search 

for earthworms using acoustic cues when visual cues are limited (Heppner, 1965; 

Montgomerie & Weatherhead, 1997). The second hypothesis may be that the experimental 

set up confused the birds between the training and the test phase, leading individuals to 

randomly explore the two balls as they were habituated to feed from a specific coloured 
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ball, but smelt food in the other one. This alternative explanation does not change the 

ecological value of our findings, however. 

The overall decrease in the number of contacts with both balls (during experiment 1) only in 

caracaras, but not in vultures, could be explained by a decrease of interest of the experiment 

(during the session the balls cannot be opened by the birds ) and/or the lack of direct reward 

and high cognitive skills. This hypothesis is supported by the behaviour observed during the 

last trials, as caracaras interacted rapidly with the smelly ball and then came back to the 

starting point waiting for their reward from the experimenter (SP personal observation). 

Caracaras display significant learning abilities, as illustrated in chimango caracaras that were 

more efficient at opening an opaque box containing food when allowed to observe a 

demonstrator, compared to other naive birds (Biondi, García, Bó, & Vassallo, 2010). Finally, 

some individuals were more motivated than others to interact with the balls. These inter-

individual differences could be explained by personality in caracaras, which again has been 

demonstrated in exploratory behaviour in chimango caracaras (Biondi, Bó, & Vassallo, 2010). 

 Our study suggests that species with different ecological niches can rely on different senses 

according to specific ecological contexts and/or circumstances. Similar results have been 

reported for other animals. For example, Wells and Lehner (1978) found that in coyotes 

(Canis latrans) foraging for rabbits under experimental conditions, although vision, audition 

and olfaction can each be used alone, vision seemed to be the predominant sense. Another 

example is that of /ƻǊȅΩǎ ǎƘŜŀǊǿŀǘŜǊǎ, which home to their nest burrow at night in all known 

colonies, with the exception of the colony at Selvagem Island (North Atlantic) where birds 

home mainly in daylight probably relaying on visual cues, but they can also home at night 

relying on olfaction only (Dell'Ariccia & Bonadonna, 2013). In birds, information on the 
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relative importance of olfaction and vision is scarce and has been only studied in 

procellariforms (Mardon et al., 2010; Nevitt et al., 2008) and homing pigeons (Wallraff, 

2005). The main explanation for this is certainly that the relative importance of olfaction in 

most birds has historically been vastly underestimated (Roper, 1999). Exploring these 

unsuspected abilities may help us solve former unanswered questions such as how old world 

vultures can detect buried carrion (M. Gilbert & Chansocheat, 2006). More generally, 

understanding how animals perceive their world using different sensory systems is essential 

to answer unexplained observations. For example, while behavioural experiments suggested 

that hummingbirds can taste sugar (del Rio, 1990), this observation was rejected because 

birds lack the conventional sweet taste receptors genes found in other vertebrates. 

However, recently Baldwin et al. (Baldwin et al., 2014) discovered that hummingbirds 

actually do possess a sweet taste receptor, which has remained unknown because it is 

transformed from the ancestral umami receptor. In conclusion, as scientists we sometimes 

ƘŀǾŜ ǘƘŜ ǘŜƴŘŜƴŎȅ ǘƻ ŦƻŎǳǎ ƻƴ άǿƘŀǘ ƛǎ ƪƴƻǿƴέΣ ǿƘƛƭŜ ǘƘŜ ƛƴŎǊŜŘƛōƭŜ ŘƛǾŜǊǎƛǘȅ ƻŦ ǎŜƴǎƻǊȅ 

abilities of animals is not obvious from a human perspective. 
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Supplementary materials  
 

1. Exploration behaviour: methods and results 
 

We measured the behavioural exploration in the aviaries during the experiments. The 

exploration behaviour was defined as the number of switches between interactions. For 

experiment 1, we compared the difference in exploration behaviour between species with 

D[a ǿƛǘƘ ŀ άtƻƛǎǎƻƴέ ŜǊǊƻǊ ŘƛǎǘǊƛōǳǘƛƻƴΦ ²Ŝ ŀƭǎƻ ŀŘŘed individuals as fixed term. 

To compare difference in behavioural exploration in the experiment 2 and between the last 

trail of the experiment 1 and experiment 2, we used a Mann-Whitney Wilcoxon test. To 

compare the exploration between the two experiments, we took only the last trial of the 

first one in order to compare in similar conditions. 

Turkey vultures explored the balls more than southern caracaras in experiment 1 (GLM, Df = 

56, residual deviance = 602.79, p < 0.001) and in experiment 2 (Wilcoxon test, W = 62, p = 

0.002). There was no significant difference in exploration behaviour between the last trial of 

experiment 1 and experiment 2 for turkey vultures (W = 25, p = 0.509) and for southern 

caracaras (W = 27.5, p = 0.292). 



Simon Potier Ecologie sensorielle des rapaces : Vision et Olfaction 
Thèse de doctorat Chapitre 4 Υ [Ωǳǘƛƭƛǎŀǘƛƻƴ ŘŜ ƭΩƻƭŦŀŎǘƛƻƴ ǇƻǳǊ ǘǊƻǳǾŜǊ ǎŀ ƴƻǳǊǊƛǘǳǊŜ 

170 
 

Table S1:  

Information on birds used in the experiments 

Species ID 
Birth 
year 

Sex Site 
Month and year 
of experiment 1 

Month and year 
of experiment 2 

Colour of the ball associated 
with the smelling food in the 
training phase (experiment 2) 

Weight in 
aviary (g) 

Weight in 
experiment (g) 

Weight 
variation 

(%) 

           Turkey vulture TV1 2001 Unknow 1 April 2014 September 2015 Blue 1840 1450 -26.90 

 
TV2 2003 Unknow 1 April 2014 September 2015 Blue 1620 1350 -20.00 

 
TV3 2003 Unknow 1 October 2014 September 2015 Green 1680 1450 -15.86 

 
TV4 2010 Unknow 1 October 2014 September 2015 Green 1740 1350 -28.89 

 
TV5 2010 Unknow 1 April 2014  - - 1900 1450 -31.03 

 
TV6 2012 Female 2  - March 2016 Green 1490 1640 +9.15 

 
TV7 2012 Female 2  - March 2016 Green 1480 1610 +8.07 

 
TV8 2010 Male 2  - March 2016 Blue 1660 1760 +5.68 

 
TV9 2011 Male 2  - March 2016 Blue 1490 1640 +9.15 

           Southern caracara SC1 1990 Male 1 October 2014 September 2015 Green 1000 800 -25.00 

 
SC2 2005 Female 1 October 2014 September 2015 Blue 1240 1000 -24.00 

 
SC3 2011 Male 1 October 2014 September 2015 Green 940 850 -10.59 

 
SC4 2012 Female 1 October 2014 September 2015 Blue 1100 950 -15.79 

 
SC5 2012 Male 1 October 2014  - - 940 850 -10.59 

 
SC6 2013 Male 2  - March 2016 Blue 850 930 +8.60 

 
SC7 2009 Male 2  - March 2016 Blue 1000 970 -3.09 

 
SC8 2007 Male 2  - March 2016 Green 1090 1080 -0.93 

  SC9 2007 Male 2  - March 2016 Green 1070 1030 -3.88 
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CHAPITRE 5  

 

               15% 2%&,%4% ,ȭ/$%52 %-)3% 0!2 ,%3 

         SECRETIONS UROPYGIENNES DES MILANS 

                                                                              NOIRS ? 

 

/Ŝ ŎƘŀǇƛǘǊŜ ǾƛǎŜ Ł ǎŀǾƻƛǊ ǎƛ ƭŜǎ ǊŀǇŀŎŜǎ ǎŜǊŀƛŜƴǘ ŎŀǇŀōƭŜǎ ŘΩǳǘƛƭƛǎŜǊ ŘŜǎ ǎƛƎƴŀǳȄ 

ŎƘƛƳƛǉǳŜǎ ŀŦƛƴ ŘŜ ŎƻƳƳǳƴƛǉǳŜǊΦ 9ƴ ŘΩŀǳǘǊŜǎ ǘŜǊƳŜǎΣ ŀƭƻǊǎ ǉǳŜ ƭΩƻŘƻǊŀǘ Ŝǎǘ ŦƻƴŎǘƛƻƴƴŜƭ ŎƘŜȊ 

certaines espèces afin de trouver la nourriture, est-ce que celui-ci pourrait être utilisé dans 

le but de communiquer ? /ŜǘǘŜ ŞǘǳŘŜ ŀ Ŧŀƛǘ ƭΩƻōƧŜǘ ŘΩǳƴ co-encadrement (avec Francesco 

Bonadonna et Sarah Leclaire (Figure H)) ŘΩǳƴŜ ŞǘǳŘƛŀƴǘŜ ŘŜ aŀǎǘŜǊ нΣ aŀƭƛŎƛŀ .ŜǎƴŀǊŘΦ bƻǳǎ 

ǇǊƻǇƻǎƻƴǎ ƛŎƛ ŘƻƴŎ ŘΩŞǘǳŘƛŜǊ ƭŀ ǎƛƎƴŀǘǳǊŜ ƻƭŦŀŎǘƛǾŜ ŘŜǎ Ƴƛƭŀƴǎ Řŀns un premier temps afin 

ŘΩŜƴ ŎƻƳǇǊŜƴŘǊŜ ƭŜǎ ǳǘƛƭƛǎŀǘƛƻƴǎ ǇƻǎǎƛōƭŜǎΦ !ƛƴǎƛΣ ǇŀǊ ƭΩŞǘǳŘŜ Ŝƴ ŎƘǊƻƳŀǘƻƎǊŀǇƘƛŜ Ŝƴ ǇƘŀǎŜ 

gazeuse des composés semi-volatiles, nous avons étudié la relation entre la signature 

ƻƭŦŀŎǘƛǾŜ Ŝǘ ƭŜ ǎŜȄŜΣ ƭΩŃƎŜΣ ƭŀ ǇŞǊƛƻŘŜ όǊŜǇǊƻŘǳŎǘƛƻƴ ǾǎΦ ƘƛǾŜǊƴŀƭŜύ Ŝǘ ƭΩƛƴŘƛǾƛŘǳŀƭƛǘŞΦ 9ƴŦƛƴΣ Řŀƴǎ 

ǳƴ ŘŜǳȄƛŝƳŜ ǘŜƳǇǎ Ŝǘ Ŝƴ ǇŀǊŀƭƭŝƭŜ ŘΩŀƴŀƭȅǎŜǎ ŘŜ ƳƛŎǊƻǎŀǘŜƭƭƛǘŜǎΣ ƴƻǳǎ ŀǾƻƴǎ ŞǘǳŘƛŞ ƭŜ ƭƛŜƴ 

entre proximité chimique et génétique afin de comprendre si les individus pouvaient 

potentiellement identifier les individus apparentés simplement par leur signature olfactive. 

 

 

 

 

 

Figure H : Prélèvement de sécrétions uropygiennes chez un milan noir juvénile  
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2ïÓÕÍï ÆÒÁÎëÁÉÓ ÄÅ ÌȭïÔÕÄÅ 

 

La communication chimique est certainement le plus ancien mode de communication 

au sein des organismes vivants. Alors que ce mode de communication a longtemps été sous-

ŜǎǘƛƳŞ ŎƘŜȊ ƭŜǎ ƻƛǎŜŀǳȄΣ ƭŜǎ ŞǘǳŘŜǎ ǊŞŎŜƴǘŜǎ ƴƻǳǎ ƳƻƴǘǊŜƴǘ ǉǳΩǳƴŜ ǉǳŀƴǘƛǘŞ ŘΩƛƴŦƻǊƳŀǘƛƻƴǎ 

non négligeables peut être transmise et perçue via les canaux sensoriels chimiques. 

Cependant les informations transmises par les composés chimiques volatiles ou semi-

ǾƻƭŀǘƛƭŜǎ ƴΩƻƴǘ ƧŀƳŀƛǎ ŞǘŞ ŞǘǳŘƛŞŜǎ ŎƘŜȊ ƭŜǎ ǊŀǇŀŎŜǎΦ !ǳ Ǿǳ Řǳ ƴƻƳōǊŜ ƛƳǇƻǊǘŀƴǘ ŘŜ Ƴƛƭŀƴǎ 

ŘƛǎǇƻƴƛōƭŜǎ ŀǳ tǳȅ Řǳ Cƻǳ όмлт Ƴƛƭŀƴǎ ƴƻƛǊǎ ŀŎǘǳŜƭƭŜƳŜƴǘύ Ŝǘ ǎǳǊǘƻǳǘ ŘŜ ƭΩƛŘŜƴǘƛŦƛcation 

ƎŞƴŞǘƛǉǳŜ ŘŜ пт ŘΩŜƴǘǊŜ ŜǳȄΣ ƴƻǳǎ ŀǾƻƴǎ ŘŞŎƛŘŞ ŘΩŞǘǳŘƛŜǊ ƭŜǎ ƛƴŦƻǊƳŀǘƛƻƴǎ ǇƻǳǾŀƴǘ şǘǊŜ 

transmises par voie chimique. Ainsi, par chromatographie en phase gazeuse, nous avons pu 

obtenir les profils chimiques de chaque individu identifié génétiquement en explorant les 

composés semi-volatiles présents dans les sécrétions uropygiennes. La proportion des 

ŎƻƳǇƻǎŞǎ ƴŜ ǾŀǊƛŜ ƴƛ Ŝƴ ŦƻƴŎǘƛƻƴ ŘŜ ƭΩŃƎŜ ƴƛ Ŝƴ ŦƻƴŎǘƛƻƴ Řǳ ǎŜȄŜ ŘŜ ƭΩƛƴŘƛǾƛŘǳΦ 9ƴ ǊŜǾŀƴŎƘŜΣ 

chaque individu possède une signature chimique qui lui est prƻǇǊŜ ŀǳ ŎƻǳǊǎ ŘŜ ƭΩŀƴƴŞŜ Ŝǘ 

même entre deux années. Les milans noirs pourraient donc utiliser cette information afin de 

ǎΩƛŘŜƴǘƛŦƛŜǊΣ Ŝǘ ǇƻǘŜƴǘƛŜƭƭŜƳŜƴǘ ǊŜŎƻƴƴŀƛǘǊŜ ƭŜǳǊ ǇŀǊǘŜƴŀƛǊŜ ǎŜȄǳŜƭΦ 5ŀƴǎ ǳƴ ǎŜŎƻƴŘ ǘŜƳǇǎΣ ƭŜ 

profil chimique des individus diffère en fonction de la période. En effet, les femelles 

semblent toutes modifier la proportion de leurs composés de la même manière, pouvant 

ŀƛƴǎƛ ǘŞƳƻƛƎƴŜǊ ŘŜ ƭŜǳǊ ŀǇǘƛǘǳŘŜ Ł ǎŜ ǊŜǇǊƻŘǳƛǊŜΦ 9ƴ ǊŜǾŀƴŎƘŜΣ ƴƻǳǎ ƴΩŀǾƻƴǎ Ǉŀǎ ƻōǎŜǊǾŞ ŘŜ 

pattern similaire chez les mâles. Il semblerait que les mâles témoignent de leur proximité 

génétique pendant la période de reproduction. Cette information pourrait donc être utilisée 

ǇŀǊ ƭŜǎ ŦŜƳŜƭƭŜǎ ŀǳ ƳƻƳŜƴǘ ŘŜ ƭΩŀǇǇŀǊƛŜƳŜƴǘ ŀŦƛƴ ŘŜ ŎƘƻƛǎƛǊ ǳƴ ǇŀǊǘŜƴŀƛǊŜ Řƛǎǘŀƴǘ 

génétiquement dans le but de produire une descendance viable. En résumé, tout comme 

ŎƘŜȊ ƭŀ ǇƭǳǇŀǊǘ ŘŜǎ ŜǎǇŝŎŜǎ ŘΩƻƛǎŜŀǳȄ ŞǘǳŘƛŞŜǎΣ ƭŜǎ ŎƻƳǇƻǎŞǎ ŎƘƛƳƛǉǳŜǎ ǇǊŞǎŜƴǘǎ Řŀƴǎ ƭŜǎ 

ǎŞŎǊŞǘƛƻƴǎ ǳǊƻǇȅƎƛŜƴƴŜǎ ŘŜǎ Ƴƛƭŀƴǎ ƴƻƛǊǎ ǎƻƴǘ ŀǳǎǎƛ ǾŜŎǘŜǳǊǎ ŘΩƛƴŦƻǊƳŀǘƛƻƴǎ ǇƻǘŜƴǘƛŜƭƭŜƳŜƴǘ 

importantes lors du choix de partenaire et de la reconnaissance individuelle.  
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Abstract  
Evidence that bird odor can encode social information that could potentially be used in 

chemical communication is growing, but is restricted to a few taxonomic groups. Among 

birds, raptors have always been considered as mainly relying on their visual abilities.  

Although a growing number of studies suggest that they have a functional sense of smell, 

whether they can convey social information through odor cues has yet to be determined. 

Combining gas-chromatography-mass spectrometry (GCMS) and microsatellite data, we 

tested whether chemical compounds from preen gland secretions can encode sex, age, 

individuality, seasonal differences and genetic relatedness in the gregarious accipitriform 

black kite Milvus migrans. While no differences were found between sexes and age classes, 

we found an individual odor signature in both sexes and seasonal variation in females. 

Finally, a significant correlation between chemical proximity and genetic proximity was 

detected in male-male dyads but not in female-female dyads and male-female dyads. Our 

study provides the first evidence that preen secretion can convey chemical information that 

may potentially be used for individual (e.g. partner) recognition, reproductive 

synchronization and inbreeding avoidance, and suggests that raptors may rely upon their 

olfactory abilities more than previously thought. This study opens promising avenues for 

further studies in raptor chemical communication, where the functional sense of smell to 

communicate has to be confirm by experimental data. 

Introduction  
 

Chemical communication is the oldest and widespread way of communication in living 

organisms (Bradbury and Vehrencamp, 2011). In birds, however, visual and acoustic 

communication have long been considered as the most prevalent ways of communication. 

Nevertheless, birds possess a fully functional olfactory system (Steiger et al., 2008) and 

recent studies have suggested that birds use odor cues in various social contexts such as 

mate choice, mate synchronization or parental care (Caro et al., 2015). One of the main 

sources of avian odor is the secretion of the preen gland (also called the uropygial gland) 
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(Campagna et al., 2012; Hagelin, 2007a; Mardon et al., 2011), which is spread on feathers 

during preening. Preen oil has been shown to aid waterproofing (Elder, 1954), feather 

maintenance (Jacob and Ziswiler, 1982), protection against parasites (Moyer et al., 2003; 

Shawkey et al., 2003), and maintaining self-health and reproductive investment (Giraudeau 

et al., 2010). Nevertheless, chemical compounds from preen secretions play also a major 

role in avian communication (Campagna et al., 2012). For instance, in domestic chicken 

Gallus gallus domesticus, while normal males prefer control females over uropygial-

glandectomized females, the preference is not expressed by anosmic males (Hirao et al., 

2009) suggesting a crucial role for preen oil odor in sexual interactions in this species.  

In numerous avian species, chemical composition of preen oil secretions encode information 

on various bird characteristics, such as sex, age, individuality, seasonal variation, species 

affiliation or genotype (Caro et al., 2015; Hagelin, 2007a; Mardon et al., 2010; Wyatt, 2014). 

Although the biological meanings of these differences has rarely been investigated, a few 

studies have shown that most of these odor cues can be recognized by birds (Bonadonna 

and Nevitt, 2004; Mardon and Bonadonna, 2009) and may influence their social behavior 

(Balthazart and Schoffeniels, 1979; Caspers et al., 2015; Hirao et al., 2009). For instance, 

kinship odors can be discriminated in Humbolt penguin Spheniscus humboldti (Coffin et al., 

2011), European storm petrels Hydrobates pelagicus (Bonadonna and Sanz-Aguilar, 2012) 

and Zebra finches Taeniopygia guttata (Krause et al., 2012), and influence investments in 

reproduction in the latest species (Caspers et al., 2015).  

While the information conveyed in preen oil odors has been studied in several bird taxa, it 

has not yet been explored in raptors, which have always been considered to rely primarily on 

vision (Jones et al., 2007). Nevertheless, raptors have functional olfactory receptors (Yang et 
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al., 2015; Zhan et al., 2013), and scavenger raptors use smell to forage (Houston, 1986; 

Houston, 1988) (Potier et al. unpublished). In this study, we aimed to identify whether preen 

gland volatiles can convey different social information in the Black kite Milvus migrans, a 

long-lived monogamous and gregarious raptor where chemical communication may be more 

important than previously thought, particularly in a mating context (Hagelin, 2007a). Raptors 

are indeed expected to exhibit a genetically based mate-choice, because the genetic benefits 

of mate choice and inbreeding avoidance are crucial when choosing a single lifelong mate 

(Zelano and Edwards, 2002). Moreover, individuals of gregarious species interact frequently 

with conspecifics and individual recognition by chemical communication can promote social 

cohesiveness (Krebs and Dawkins, 1984), as shown in mammals (Rosell and Nolet, 1997; 

Whittle et al., 2000). Using gas chromatography-mass spectrometry (GCMS) data, we tested 

whether preen oil chemical compounds vary with sex, age cƭŀǎǎŜǎΣ ǎŜŀǎƻƴ ŀƴŘ ƛƴŘƛǾƛŘǳŀƭΩǎ 

identity in black kites. Then by combining, GCMS data with microsatellite data, we tested 

whether preen oil odor reflects kinship, which might allow birds to avoid inbreeding. This 

study was conducted on captive birds that all lived in a same place, hence controlling for 

environmental factors such as diet, which is known to influence the nonvolatile compounds 

in preen oil (Thomas et al., 2010). 

Material and methods  
Study site and species 

Fieldwork was carried out at « Le Grand Parc du Puy du Fou » in France during the 2015 and 

2016 non-breeding (January-February) and breeding seasons (March-April). Samples were 

collected on 47 captive black kites including 23 males and 24 females from two age classes 

(27 juveniles and 20 adults). Birds that were not in immature plumage (> 3 years old) were 
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considered as adults. Twenty six birds were sampled in 2015 (11 adults on February 3rd and 

15 juveniles on April 29th). In 2016, 46 birds were sampled (25 already sampled in 2015, and 

21 new individuals). They were all sampled twice: once on January 25th or February 17th, 

and once on March 2nd. All adults were born in the wild while all juveniles were born in 

captivity and were the offspring of these wild-caught adults. 

From October until mid-April (time of the experiment), birds were all under the same food 

treatment (chicken chicks, fish, coypu and quail). 

Odorant sample collection  

Preen secretions were sampled using a protocol adapted from (Mardon et al., 2010). 

Wearing clean nitrile gloves, we gently squeezed the base of the uropygial gland and 

collected the discharged waxy exudates using a glass capillary 75mm/75µL, which was then 

inserted into an opaque 1.5ml chromatographic vial (Macherey-Nagel GmbH & Co®, Düren, 

Allemagne) sealed with a Teflon® PTFE faced membrane. We stored all samples in the dark 

at -12°C from the day of collection to their arrival in the lab and at -20°C until chemical 

analyses. Overall, a total of 110 secretion samples were collected from 47 different birds. 

Five "blank" samples without secretions were collected in the field to control for potential 

contaminations. 

Sample preparation and compounds extraction 

Chemical analyses were carried out at the chemical analysis platform (PACE, Montpellier, 

France) which is part of the CeMEB LabEx.  

Preen secretion samples were extracted in 400µL dichloromethane (Sigma-Aldrich®). We 

added 5µL of 2mg.µl-1methyl stearate (Rentention indice RI = 2126, Sigma-Aldrich®) to each 

vial to serve as an internal standard. Extracts were mixed (2200 turns/min) during 1 minute. 
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For automatic injection in the GCMS machine, the extraction mixture was then transferred 

into a microvolume insert in a second chromatographic vial, using a 250µl clean syringe 

(Evol®XR, SGE Analytical Science). 

Five additional "blank" samples were extracted the same way to control for solvent 

contamination.  

Sample extracts were analyzed with a Chromatograph GC-MS Shimadzu Quadrupole 2010 

plus (Shimadzu®, Kyoto, Japan) coupled with a Mass Spectrometer and equipped with a 

Shimadzu AOC-20i+s autosampler system (Shimadzu Scientific Instruments, Columbia, MD) 

and a capillary column Optima-5MS-MS (L= 30.0m, Diameter = 0.25mm, Film Thickness = 

0.25µm). Helium was used as the carrier gas, at a constant pressure of 6.5 psi. We injected 

4µL of odorant solution with a 1 :4 split from 0 to 2 minutes and then a 1 :20 split. The 

injector was set at 250°C.  

The oven temperature was programmed as follow: 100°C hold 3 minutes, increased to 200°C 

with 12°C/min and to 320°C with 6°C/min hold 4 minutes. The mass spectrometer was used 

in scan mode from 38 to 400 m/z, with 200°C for ion source and 280°C for the transfer line. 

To overcome saturations of some peaks, some samples (n = 5) were re-injected at 2µL. 

Samples that were too diluted (n = 18) (low GCMS signal), were concentrated under an azote 

flux before reinjection. 

Chromatographic data processing 

Chemical data processing was carried out with the GC-MS Solution software V4.11 

(Shimadzu Corporation). The preen secretion quantity was unknown so each peak was 

quantified as the relative proportions of the peak area to the overall total area of the 

chromatogram. While the software automatically integrated big peaks, manual integration 

was performed for the smaller peaks. To calculate the retention index (RIs) of each 



Simon Potier Ecologie sensorielle des rapaces : Vision et Olfaction 
Thèse de doctorat Chapitre 5 : Que reflète ƭΩƻŘŜǳǊ ŞƳƛǎŜ ǇŀǊ ƭŜǎ ǎŞŎǊŞǘƛƻƴǎ ǳǊƻǇȅƎƛŜƴƴŜǎ ŘŜǎ Ƴƛƭŀƴǎ ƴƻƛǊǎ 

180 
 

compound, we ran various unbranched alkanes (n=8) between C16 and C40 (ASTM, Sigma-

Aldrich®), under identical chromatographic conditions. 

Genetic analyses 

We extracted M. migrans genomic DNA from blood, feathers or eggshells using the 

Generation DNA purification Capture Plate Kit (QIAGEN) and the manufacturer's standard 

protocol. We used diversity at microsatellite loci as a proxy of genome-wide diversity. We 

performed PCR amplifications of the 15 selected microsatellites distributed in 2 PCR 

multiplexes. We performed all PCR reactions using the QIAGEN Multiplex PCR Kit, in a 10 µL 

final volume containing 1 µL of genomic DNA (ranging from 25 to 60 ng), 10 µM of each 

primer, 5 µL of vL!D9bΩǎ ƳǳƭǘƛǇƭŜȄ ƳŀǎǘŜǊ ƳƛȄ όŎƻƴǘŀƛƴƛƴƎ Iƻǘ{ǘŀǊ¢ŀǉ DNA polymerase, 

MgCl2, dNTPs and PCR buffers), 1 µL ƻŦ vL!D9bΩǎ v-solution, and 2 µL of RNase-free water. 

This study only investigated primers which have good amplification for an annealing 

temperature of 56°C. We used the same PCR profile for all microsatellites with 35 cycles at 

95°C for 40 s, an annealing temperature at 56°C for 90 s, and 90 s of extension at 72°C. 

Before the first cycle, we performed a prolonged denaturation step of 15 min at 95°C and 

the last cycle was followed by one final step of 30 min at 60°C. 

We have then diluted by 20, the PCR products with a corresponding volume of ultrapure 

Milli-Q water. We mixed 1.2 µL of these diluted products with a solution containing 20 µL of 

GENESCAN 500 ROX (Applied Biosystems) and 1 mL of deionized Formamide and we 

analyzed these products on an ABI 3130XL Genetic Analyser (Applied Biosystem) following 

the mŀƴǳŦŀŎǘǳǊŜǊΩǎ ǇǊƻǘƻŎƻƭǎΦ ¢ƘŜƴΣ ǿŜ ǎŎƻǊŜŘ ŀƭƭŜƭŜǎ ǳǎƛƴƎ ǘƘŜ GENEMAPPER version 3.7 

program from Applied Bio-systems. 
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Genetic analyzes were conducted by the GENINDEXE laboratory (La Rochelle, France). No 

microsatellite markers from black kites were available in the literature so we first tested 55 

microsatellite markers from phylogenetically related species (see Table S1 in supplementary 

material). Over the 55 tested markers, 15 were polymorphic in the black kite and thus 

selected to carry out individual genotyping (Table 1). Genetic profiles were analyzed using 

the Genemapper software (Applied Biosystem®). Genetic relatedness between individuals 

was estimated using the relatedness index « identity » (RID) (Mathieu et al., 1990) calculated 

with the IDENTIX V1.1.5.0 software (Belkhir et al., 2002). 

Table 1: List of selected markers used to calculate the genetic proximity between individuals. 

Locus Source species Number of alleles Alleles size (range) Reference 

Hal-01 Haliaeetus albicilla 6 121-163 Hailer et al. (2005) 

Hal-04 Haliaeetus albicilla 6 138-148 Hailer et al. (2005) 

Hal-09 Haliaeetus albicilla 4 138-158 Hailer et al. (2005) 

Hal-13 Haliaeetus albicilla 2 142-154 Hailer et al. (2005) 

Hvo-13 Haliaeetus vociferoides 3 226-240 Tingay et al. (2007) 

Hle-03 Haliaeetus leucocephalus 2 247-263 Tingay et al. (2007) 

IEAAAG04 Aquila heliaca 5 226-258 Busch et al. (2005) 

IEAAAG05 Aquila heliaca 3 127-139 Busch et al. (2005) 

IEAAAG13 Aquila heliaca 8 232-276 Busch et al. (2005) 

Hf-C5D4 Hieraaetus fasciatus 12 190-216 Mira et al. (2005) 

Aa04 Aquila adalberti 2 122-134 aŀǊǘƝƴŜȊπ/ǊǳȊ Ŝǘ ŀƭΦ όнллнύ 

Aa11 Aquila adalberti 2 251-255 aŀǊǘƝƴŜȊπ/ǊǳȊ Ŝǘ ŀƭΦ όнллнύ 

Aa49 Aquila adalberti 3 158-162 aŀǊǘƝƴŜȊπ/ǊǳȊ Ŝǘ ŀƭΦ όнллнύ 

Tgu06 Taeniopygia guttata 2 143-145 Olano-marin et al. (2010) 

GgaRBG18 Tyto alba 6 265-275  Klein et al. (2009) 

 

Statistical analyses 

All statistical analysis were performed with PRIMER V6.1.12 software (Clarke and Gorley, 

2006) and the PERMANOVA+ V1.0.2 package (Anderson et al., 2008), and with R 3.2.3 

software and the {vegan} (Oksanen et al., 2013) and {ggplot2} (Wickham and Chang, 2014) 

packages. 
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The quantity of secretion collected was not controlled because of interindividual differences 

of preen secretion production, but were standardized analytically instead. Peak areas were 

square-root transformed to homogenize data and reduce the influence of the most 

abundant compounds (Clarke and Warwick, 2001). We restricted the analyses on the 

compounds that represented at least 0.5% of chromatogram total area (n=40 compounds). 

These compounds represented on average 99.51 % of the overall chromatogram area.   

To investigate the relationship between the chemical profiles and the various environmental 

and individual factors, we used a robust proximity-based multivariate approaches. Bray-

Curtis proximity between every pairs of samples was calculated to create a resemblance 

matrix that formed the basis of ensuing analyses. To test for a year effect and an individual 

effect across years, we used the samples collected in 2015 and 2016. In contrast, to test for 

season, sex and age effects alone, we used samples collected in 2016 only, because more 

sample were collected in 2016 than in 2015.To determine if the chemical composition varied 

with year, season, bird's sex, and bird's age, we used PERMANOVAs with 999 permutations 

and Type III sums of squares (SS) (Anderson, 2001). Individual identity nested within sex and 

age was included as a random factor. We also tested for any interaction with biological 

meaning (age*sex, age*season, sex*season, sex*year). In addition to PERMANOVA, we used 

the function protest ({vegan} package) with 999 permutations to test the trajectories of 

chemical profiles from the non-reproductive to the reproductive season. A significant 

similarity between the distance matrix of the two seasons means that all individuals from a 

given sex kept a similar distance from each other (they all differ in the same way). 

Constrained Analysis of Principal coordinates (CAP) was used to represent the odor profiles 

differences between both seasons. Principal coordinates analysis (PCO) based on the Bray-

Curtis resemblance matrix (Gower, 1966) were used as an ordination method to visualize 
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differences in chemical structure between samples. We assessed the contributions of 

specific chemical compounds to the similarity within factors tested ǳǎƛƴƎ ǘƘŜ άǎƛƳƛƭŀǊƛǘȅ 

ǇŜǊŎŜƴǘŀƎŜǎέ routine (SIMPER) (Clarke, 1993). This process decomposes all BrayςCurtis 

similarities within a group into percentage contributions from each compound, listing the 

compounds in decreasing order of importance. 

A Mantel test with Spearman rank correlation and 999 permutations was used to test for an 

association between chemical proximity and genetic proximity in femaleςfemale (FF), maleς

male (MM) and male-female (MF) dyads in April 2016. 

Results 
 

On the 40 selected compounds, 11 were present in all individuals. An individual odor 

signature was found across years (individual identity effect in 2015 and 2016: pseudo-F = 

1.70, p = 0.003) and across seasons (individual identity effect in February 2016 and April 

2016: pseudo-F = 1.96, p= 0.001) also after a selection of compounds from SIMPER (pseudo-

F = 1.99, p= 0.001, Figure 1).  
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Figure 1: Bidimensional PCO ordination of the samples included in the individual identity analysis in 

2016 after SIMPER. The two samples from the same individual are represented with a unique label.  

 

The 2016 odor profiles varied with the interaction between sex and season (pseudo-F = 4.37, 

p = 0.011). While females and males did not differ neither in the non-breeding (pseudo-F = 

2.07, p = 0.068) nor in the breeding season (pseudo-F = 1.08, p = 0.34), the odor profiles 

differed between the non-breeding and the breeding seasons in females (pseudo-F = 5.53, p 

= 0.007, Figure 2), while they did not in males (pseudo-F= 1.68, p = 0.17). Accordingly, while 

no correlation was found between odor proximity matrices from both seasons in males 

(protest correlation: 0.49, p = 0.79), female odors all moved following the same trajectory 

from non-reproductive to reproductive season (protest correlation: 0.60, p = 0.037). 
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Figure 2: Season difference in the chemical profiles of females black kites showing by A) 

bidimensional CAP ordination with arrows showing the trajectory of the points from the non-

breeding to the breeding season, and B) the score changes from the non-breeding to the breeding 

season on the first axis of the CAP from. Each labels represent a season and each color a given 

individual. 



Simon Potier Ecologie sensorielle des rapaces : Vision et Olfaction 
Thèse de doctorat Chapitre 5 : Que reflète ƭΩƻŘŜǳǊ ŞƳƛǎŜ ǇŀǊ ƭŜǎ ǎŞŎǊŞǘƛƻƴǎ ǳǊƻǇȅƎƛŜƴƴŜǎ ŘŜǎ Ƴƛƭŀƴǎ ƴƻƛǊǎ 

186 
 

All other factors (sex, season, age and others interactions) had no significant effect on the 

odor profiles (all p > 0.1). Odor profiles showed a non-significant trend to vary between 2015 

and 2016 (pseudo-F = 2.45, p = 0.063). 

During the breeding season, odor proximity increased significantly with genetic proximity in 

Male-Male dyads (p= 0.02, Figure 3), while no correlation was found in Female-Female dyads 

(p= 0.15) and Male-Female dyads (p= 0.088). 

 

Figure 3: Relationship between genetic proximity and chemical proximity (as described by Bray-Curtis 

distance) in males-males dyads. Solid line is a linear model predicted values and SE. 
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Discussion  
 

In this study, we provide the first evidence that preen oil compounds can encode 

information that may play key roles in the social ecology of raptors. Especially, we found that 

ǘƘŜǎŜ ŎƻƳǇƻǳƴŘǎ ǊŜŦƭŜŎǘ ƛƴŘƛǾƛŘǳŀƭΩǎ ƛŘŜƴǘƛǘȅ ƛƴ ōƻǘƘ ǎŜȄŜǎ ŀŎǊƻǎǎ ȅŜŀǊǎ ŀƴŘ ǎŜŀǎƻƴǎ ƛƴ ǘƘŜ 

black kite. We also found that they varied across seasons in females and that they reflected 

genetic relatedness in males during the mating period. All these differences cannot be 

accounted for environmental and diet differences as all black kites were housed in identical 

captive conditions and fed with the same food. 

An individual odor signature  
 

As in the Antarctic prion Pachyptila desolata (Bonadonna et al., 2007), the blue petrel 

Halobaena caerulea (Mardon et al., 2010), the dark-eyed junco Junco hyemalis (Whittaker et 

al., 2010) and the black-legged kittiwake Rissa tridactyla (Leclaire et al., 2011), we found an 

individual signature in the preen oil compounds of the black kite. This individual signature is 

stable among seasons and years. 

A repeatable individual signature in uropygial secretion odors may have important 

implication for individual and partner recognition. In mammals, scent appears to be a 

primary modality for individual recognition which is fundamental in behavioral organization 

(e.g. signaling individual identity or territory) (Thom and Hurst, 2004).  

Black kites are long-lived, gregarious, migratory, mostly monogamous and faithful bird (Del 

Hoyo and Elliot, 1994). More than 80% of birds return to their breeding site after migration 

(Forero et al., 1999). They are thus likely to encounter known individuals among years and 
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individual recognition may allow them to behave adaptively when they meet (Wyatt, 2014). 

In addition, males and females often migrate separately in raptors (Mueller et al., 2000) and 

an individual recognition may be essential to recognize the mate at the return to the 

breeding site. In birds, although Antarctic prions and blue petrels discriminate their partner 

from other conspecifics using odor cues (Bonadonna and Nevitt, 2004; Mardon and 

Bonadonna, 2009), no studies have clearly shown an individual recognition of others 

individuals by smell. It is, however, difficult to determine empirically whether individuals can 

discriminate each other by smell (Thom and Hurst, 2004). Indeed, discriminating between 

responses to odor change or those that are specifically related to individual recognition is 

particularly hard.  

Preen oil compounds convey information about reproductive state?  

Female black kites, while keeping their olfactory individuality label, showed a significant 

change in their preen oil odor between the reproductive period and the non-reproductive 

period. In several bird species, odor composition undergoes a seasonal shift, whose the 

adaptive function may include nest crypsis (Reneerkens et al., 2007; Reneerkens et al., 2002; 

Soini et al., 2007), protection from ectoparasites (Moyer et al., 2003; Shawkey et al., 2003; 

Soini et al., 2007) and use as chemical signals (Campagna et al., 2012; Hagelin, 2007a; 

Hagelin, 2007b; Hagelin and Jones, 2007; Whittaker et al., 2010). It has long been suggested 

in vertebrates and invertebrates that chemical compounds can encode females' mating 

status (Thomas, 2011) and that males prefer the scent of unmated females (Thomas, 2011). 

However, evidences in birds have yet to be provided. Seasonal changes in gland secretion 

composition may have other nonexclusive functions (Steiger et al., 2010), such as enhancing 

feather condition (Giraudeau et al., 2010) or color (López-Rull et al., 2010) during the 

reproductive period. Further experimental studies are needed to determine the adaptive 
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function of the seasonal change in preen secretion chemical composition in female black 

kites. 

We thus suggested that the shift in the preen oil composition in females black kites may be 

useful for nest crypsis and protection from ectoparasit as females devote all their time in 

nest defense until juveniles are able to fly (Bustamante and Hiraldo, 1990) and may convey 

information about their ability to reproduce. In birds, many physiological changes occur 

during the transition from non-breeding to breeding condition and are, mainly induced by 

photoperiod-induced changes in steroids hormones (Farner and Wingfield, 1980). Especially, 

during the reproductive period, black kites (and particularly females) display a peak of 

testosterone (Blas et al., 2010), that is known to stimulate the production of some volatile 

compounds in the dark-eye juncos Junco hyemalis (Whittaker et al., 2011).  

Encoding genetic relatedness through chemical profiles  
 

Non-random mating is widespread in sexually-reproducing species (Partridge, 1983). 

Frequently, in many species including birds, it is the females that are highly selective for a 

mate (Andersson, 1994; Kokko et al., 2003). Females often choose a male that provides 

direct benefits such as food, parental care, shelter and protection from predators. 

Nevertheless, females can still express a preference for a mate bearing indirect benefits. 

Indeed, females may choose males based on genetics criteria (Mays and Hill, 2004; Neff and 

Pitcher, 2005), particularly in species where extra-pair copulation is frequent (Akçay and 

Roughgarden, 2007). Indeed, a female may pair with a male that provides direct benefits, 

and seeks for extra pair ŎƻǇǳƭŀǘƛƻƴ ǿƛǘƘ ƳŀƭŜǎ ōŜŀǊƛƴƎ άƎƻƻŘ ƎŜƴŜǎέΣ ŀǎ ǎƘƻǿƴ ƛƴ ǘƘŜ ōƭǳŜ 

tits Cyanistes caeruleus (Kempenaers et al., 1992). In the black kite, because females 

commonly copulate with extra-pair males (Koga and Shiraishi, 1994), it may be 



Simon Potier Ecologie sensorielle des rapaces : Vision et Olfaction 
Thèse de doctorat Chapitre 5 : Que reflète ƭΩƻŘŜǳǊ ŞƳƛǎŜ ǇŀǊ ƭŜǎ ǎŞŎǊŞǘƛƻƴǎ ǳǊƻǇȅƎƛŜƴƴŜǎ ŘŜǎ Ƴƛƭŀƴǎ ƴƻƛǊǎ 

190 
 

advantageous to identify the genetic characteristics of males including their genetic 

relatedness. 

In our study, chemical proximity and genetic proximity were found to be positively 

correlated in male-male dyads, but not in female-female or male-female dyads. The same 

pattern has recently been found in the black-legged kittiwake Rissa tridactyla (Leclaire et al., 

2012) and also in male-female dyads using the major histocompatibility complex (MCH) 

(Leclaire et al., 2014), a bird that preferentially mate with unrelated individuals (Mulard et 

al., 2009). Genetic relatedness may be obtained by self-referent or known-kin matching 

(Mateo, 2003). In birds, mate preferences are often affected by learning at a very young age, 

usually using parents as models (Bateson, 1966; Hauber and Sherman, 2001). It might be 

thus possible that female black kites use a matching mechanism with a known kin male, such 

as their father, to assess their relatedness to potential mates.  

Lack of sex and age odor differences  
 

We did not detect any differences in preen oil composition between sexes and ages. In the 

chicken Gallus gallus domesticus, volatile compounds from preen oil secretions vary among 

ages and may reflect the ability to reproduce (Kolattukudy and Sawaya, 1974; Sandilands et 

al., 2004). In black kites, sexual maturity is generally attained at 3 years old, but some 

individuals have been shown to reproduce during their first year (Del Hoyo and Elliot, 1994). 

The lack of differences in preen oil compounds between adults and juveniles may reflect this 

ability to reproduce the first year. Moreover, juveniles and adults black kites differ highly in 

their plumage color, which may be a sufficient signal for black kites to discriminate between 

age classes.  
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Although differences in preen oil composition between sexes seems quite unequivocal (Caro 

et al., 2015) but see (Gabirot et al., 2016), odor-based sex recognition seems much less 

widespread. In addition, while semi-volatile composition of preen oil is similar between 

sexes in the gray catbirds Dumetella carolinensis (Shaw et al., 2011), volatile composition did 

differ between sexes. As our study is restricted on the semi-volatile fraction of preen 

secretion, it is possible that, like in gray catbird, a sexual difference in preen oil composition 

may arise when analyzing the volatile fraction of preen secretions compounds. Moreover, 

we used captive birds, and it might be possible that ecological sex differences in the wild 

may reflect different olfactory profile. 

Conclusion  
 

Our study provides the first evidence that in raptors chemical compounds of preen 

secretions encode crucial information on individual traits, and suggests that olfaction may 

play an unsuspected role in raptor communication. Understanding whether these 

differences in compound compositions have a biological meaning and are discriminated by 

ōƛǊŘǎΩ ǊŜǉǳŜǎǘǎΣ ƘƻǿŜǾŜǊΣ behavioral experiments. 
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DISCUSSION GENERALE ET PERSPECTIVES 
 

Tout au long de ce ǇǊƻƧŜǘΣ ƧΩŀƛ ŜǎǎŀȅŞ ŘΩŀǇǇǊƻŦƻƴŘƛǊ ƴƻǎ ŎƻƴƴŀƛǎǎŀƴŎŜǎ ǎǳǊ ƭŜǎ ŎŀǇŀŎƛǘŞǎ 

ǎŜƴǎƻǊƛŜƭƭŜǎ ŘŜǎ ǊŀǇŀŎŜǎΦ ! ƭΩƻǇǇƻǎŞ ŘŜǎ généralisations qui ont longuement été faites sur ce 

ƳƻŘŝƭŜΣ Ƴƻƴ ŀǇǇǊƻŎƘŜ ǎΩŜǎǘ ōŀǎŞŜ ǎǳǊ ƭŀ ƳƛǎŜ Ŝƴ ǇŀǊŀƭƭŝƭŜ ŘŜ ƭŀ ŘƛǾŜǊǎƛǘŞ ŎƻƳǇƻǊǘŜƳŜƴǘŀƭŜ 

et de la diversité sensorielle de ces espèces. Les travaux présentés au cours des deux parties 

précédentes suggèrent la redéfinition de leurs capacités sensorielles autour de deux axes 

principaux :  

1) Comment les capacités visuelles sont-ŜƭƭŜǎ ŘŞǇŜƴŘŀƴǘŜǎ ŘŜ ƭΩŞŎƻƭƻƎƛŜ ŘŜǎ ŜǎǇŝŎŜǎ ? 

2) [ΩƻƭŦŀŎǘƛƻƴ ǇŜǳǘ-elle être un sens couramment utilisé chez les rapaces ? 

Au cours de cette discussion, je tenterai de restituer mes résultats dans un contexte 

ƎŞƴŞǊŀƭ ǇƻǊǘŀƴǘ ǎǳǊ ƭΩƛƴǘŜǊŀŎǘƛƻƴ ŘΩǳƴ ƛƴŘƛǾƛŘǳ ŀǾŜŎ ǎƻƴ ŜƴǾƛǊƻƴƴŜƳŜƴǘΣ ŘΩŀǊƎǳƳŜƴǘŜǊ ǎǳǊ 

ƭΩƛƴǘŞǊşǘ ŘŜǎ ŎƻƴƴŀƛǎǎŀƴŎŜǎ ǎǳǊ ƭΩŞŎƻƭƻƎƛŜ ǎŜƴǎƻǊƛŜƭƭŜ ŘŜǎ ǊŀǇŀŎŜǎ Ł ŘŜǎ Ŧƛƴǎ ŘŜ ŎƻƴǎŜǊǾŀǘƛƻƴΣ 

et finalement de discuter des perspectives de recherches futures autour de ces nouvelles 

connaissances. 

Interagir avec son environnement  : détecter le nécessaire  
 

« [Ŝǎ ŀƴƛƳŀǳȄ ƴŜ ŘƻƛǾŜƴǘ ǇǊşǘŜǊ ŀǘǘŜƴǘƛƻƴ ǉǳΩŀǳȄ ŎŀǊŀŎǘŞǊƛǎǘƛǉǳŜǎ ŘŜ ƭΩƘŀōƛǘŀǘ ǉǳƛ 

sont importantes pour eux » (Stevens, 2013). Ainsi, la diversification des stratégies de 

recherche alimentaire doit avoir évolué de concert avec les capacités sensorielles et la 

disponibilité des différentes niches écologiques. Au travers des différents chapitres 

présentés dans ce manuscrit, il apparait que les rapaces diffèrent significativement dans 

leurs capacités sensorielles. 

La détection de la nourriture  : influence de la hauteur de vol  ? 

 

Une des caractéristiques de certains rapaces est la hauteur à laquelle ils volent. Les 

Ŧŀƛǘǎ ƘƛǎǘƻǊƛǉǳŜǎ ǇŀǊƭŜƴǘ ŘΩŀƛƭƭŜǳǊǎ ŘΩǳƴ ǘǊƛǎǘŜ ǊŜŎƻǊŘΣ ǳƴ ǾŀǳǘƻǳǊ ŘŜ wǸǇǇŜƭ Gyps rueppelli 

étant entré en collision avec un avion à 11 нттƳ ŘΩŀƭǘƛǘǳŘŜ Ŝƴ ŎƾǘŜ ŘΩLǾƻƛǊŜ (Laybourne, 

1974)Φ /Ŝǎ ŘŞǇƭŀŎŜƳŜƴǘǎ Ł ƘŀǳǘŜ ŀƭǘƛǘǳŘŜΣ ǎΩƛƭǎ ǎƻƴǘ ƴƻǘŀƳƳent utilisés lors de la recherche 
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de nourriture, nécessitent une acuité visuelle importante. Et en effet, les espèces telles que 

les aigles, les grands vautours et les grands faucons ont une acuité visuelle inégalée (73 

c/deg pour le faucon bérigora Falco berioga (Reymond, 1987), 108-135 c/deg pour les 

ǾŀǳǘƻǳǊǎ ŘŜ ƭΩŀƴŎƛŜƴ ƳƻƴŘŜ (Fischer, 1968) Ŝǘ мпн ŎκŘŜƎ ǇƻǳǊ ƭΩŀƛƎƭŜ ŀǳŘŀŎƛŜǳȄ Aquila audax 

(Reymond, 1985)ύΦ ! ŎŜ ƧƻǳǊΣ ŀǳŎǳƴŜ ŜǎǇŝŎŜ ǎŜ ŘŞǇƭŀœŀƴǘ Ł ŦŀƛōƭŜ ŀƭǘƛǘǳŘŜ όғмлл Ƴύ ƴΩŀǾŀƛǘ 

été étudiée de manière coƳǇƻǊǘŜƳŜƴǘŀƭŜ Ł ƭΩŜȄŎŜǇǘƛƻƴ Řǳ ŎǊŞŎŜǊŜƭƭŜ !ƳŞǊƛŎŀƛƴ όпл ŎκŘŜƎύ Ŝǘ 

de la buse à queue rousse Buteo jamaicensis (16,8 c/deg) (Hirsch, 1982; McIsaac, 2001). En 

ŞǘǳŘƛŀƴǘ ƭŜǎ ŎŀǇŀŎƛǘŞǎ ǎŜƴǎƻǊƛŜƭƭŜǎ ŘΩŀǳǘǊŜǎ ŜǎǇŝŎŜǎ ŘŜ ǊŀǇŀŎŜǎ ǎŜ ŘŞǇƭŀœŀƴǘ ƎŞƴŞǊŀƭŜƳŜƴǘ Ł 

faible altitude ou directement au sol, notre étude suggère un lien direct entre la hauteur de 

vol lors de la recherche alimentaire et les capacités visuelles. En effet, si on considère les 3 

espèces testées (manuscrit 1 et 2) et les deux étudiées par le passé, on remarque une acuité 

visuelle inférieure à celle des espèces se déplaçant à haute altitude. Cette hypothèse 

ƴŞŎŜǎǎƛǘŜ ŘΩşǘǊŜ ŀŦŦƛƴŞŜ Ŝƴ ŎƻǊǊŞƭŀƴǘ ƭŀ ƘŀǳǘŜǳǊ ƳƻȅŜƴƴŜ ŘŜ Ǿƻƭ ƭƻǊǎ ŘŜǎ ǊŜŎƘŜǊŎƘŜǎ 

ŀƭƛƳŜƴǘŀƛǊŜǎ Ŝǘ ƭΩŀŎǳƛǘŞ ǾƛǎǳŜƭƭŜ ŘŜǎ ŜǎǇŝŎŜǎΦ /ƘŜȊ ƭŜǎ ƻƛǎŜŀǳȄΣ seule la hauteur de vol lors 

des trajets migratoires est disponible à large échelle (Dokter et al., 2011; Klaassen and 

Biebach, 2000; Liechti et al., 2000), notamment chez les rapaces (Spaar, 1997). La nécessité 

ŘΩŞǘǳŘƛŜǊ ƭŜǎ ŎƻƳǇƻǊǘŜƳŜƴǘǎ ŘŜǎ ŜǎǇŝŎŜǎ ŀǇǇarait donc cruciale afin de comprendre le lien 

entre les capacités visuelles et les stratégies alimentaires. En revanche, il semblerait que les 

capacités sensorielles autres que la vision appuient notre hypothèse. Par exemple, la 

demande visuelle des urubus à tête rouge Cathartes aura semblerait être moins importante, 

en témoigne sa faible acuité visuelle (la plus faible estimée (anatomiquement) chez les 

rapaces diurnes à ce jour : 15,4 c/deg (Lisney et al., 2013)). Ces vautours Cathartes sp. volent 

ƳŀƧƻǊƛǘŀƛǊŜƳŜƴǘ Ł ŦŀƛōƭŜ ŀƭǘƛǘǳŘŜ όуп҈ ŘŜǎ ǾŀǳǘƻǳǊǎ ǾƻƭŜƴǘ Ł Ƴƻƛƴǎ ŘŜ мллƳ ŘΩŀƭǘƛǘǳŘŜ ŀǳ 

Mexique (Estrella, 1994) et 97% à moins de 150m en Indiana et Ohio (Arrington, 2003)) qui 

plus est au-dessus de la canopée dans certaines zones (Houston, 1986). Cette faible acuité 

visuelle, probablement suffisante à la niche alimentaire exploitée, est compensée par le 

développement de capacités olfactives fonctionnelles afin de trouver sa nourriture cachée à 

la vue par la canopée (Houston, 1986; Houston, 1988; Smith and Paselk, 1986) (manuscrit 6). 

Il semblerait en effet ǉǳŜ ƭŜǎ ƛƴŘƛǾƛŘǳǎ ŘŜ ŎŜǘǘŜ ŜǎǇŝŎŜ ǇǊƛǾƛƭŞƎƛŜƴǘ ƭΩǳǘƛƭƛǎŀǘƛƻƴ ŘŜ ƭΩƻƭŦŀŎǘƛƻƴ 

à la vision pour trouver leur nourriture (manuscrit 6). 
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Afin de vérifier si la niche écologique ou le type de proie est potentiellement à la base 

ŘΩǳƴ ŘŞǾŜƭƻǇǇŜƳŜƴǘ Řǳ ǎŜƴǎ ƻƭŦŀŎǘƛŦΣ ƧΩŀƛ ŘƻƴŎ ŘŞŎƛŘŞ ŘŜ ǘŜǎǘŜǊ ƭŜǎ ŎŀǇŀŎƛǘŞǎ ƻƭŦŀŎǘƛǾŜǎ ŘΩǳƴŜ 

ŜǎǇŝŎŜ ǎŜ ƴƻǳǊǊƛǎǎŀƴǘ ŞƎŀƭŜƳŜƴǘ ǇǊƛƴŎƛǇŀƭŜƳŜƴǘ ŘŜ ŎŀǊŎŀǎǎŜǎ όƳŀƛǎ ŀǳǎǎƛ  ŘΩƛƴǎŜŎǘŜǎύ Ŝǘ 

recherchant sa nourriture au sol et pas en vol : le caracara huppé Caracara plancus. Cette 

espèce étant proche phylogénétiquement et ayant une écologie similaire au caracara 

chimango (espèce étudiée au sein du premier chapitre), sa demande visuelle pourrait être 

ǊŜƭŀǘƛǾŜƳŜƴǘ ƛŘŜƴǘƛǉǳŜΣ ŎΩŜǎǘ-à-dire faible comparée aux autres espèces appartenant au 

taxon des rapaces. Le caracara huppé possèderait donc potentiellement une acuité visuelle 

ŦŀƛōƭŜ ŎƻƳǇŀǊŞŜ ŀǳȄ ŀǳǘǊŜǎ ŜǎǇŝŎŜǎ ŘŜ ǊŀǇŀŎŜǎΦ ! ƭΩƛƳŀƎŜ ŘŜ ƭΩǳǊǳōǳ Ł ǘşǘŜ ǊƻǳƎŜΣ ƛƭ ŀǇǇŀǊŀƛǘ 

que ses capacités olfactives soient aussi fonctionnelles (manuscrit 6). De par sa stratégie de 

recherche de nourriture (au sol et une nourriture hautement odorante), cette espèce 

présente aussi un avantage à posséder un sens olfactif. Néanmoins, cette espèce semblerait 

utiliser ŘŜ ƳŀƴƛŝǊŜ ŞƎŀƭŜ ƭŀ Ǿƛǎƛƻƴ Ŝǘ ƭΩƻƭŦŀŎǘƛƻƴ όmanuscrit 6).  

/Ŝǎ ǊŞǎǳƭǘŀǘǎ ƴΩŜȄŎƭǳŜƴǘ Ǉŀǎ ƭŀ ǇǊŞǎŜƴŎŜ ŘŜǎ ŎŀǇŀŎƛǘŞǎ ƻƭŦŀŎǘƛǾŜǎ ŎƘŜȊ ŘΩautres 

espèces. En effet, il semblerait que même des espèces cherchant leur nourriture à haute 

altitude pourraient posséder un sens olfactif fonctionnel. Le faucon sacre Falco cherrug 

possède encore des gênes olfactifs non pseudo-généisés (Zhan et al., 2013), tandis que les 

grands vautours du Népal (vautour chaugoun Gyps bengalensis, vautour royal Sarcogyps 

calvus et vautour à long bec Gyps tenuirostris) sont supposés trouver des carcasses par le 

seul sens olfactif dans certains cas particuliers (Gilbert and Chansocheat, 2006)Φ WΩŀƛ ŘƻƴŎ 

essayé au cours de cette thèse de tester les capacités olfactives de deux espèces se 

déplaçant à haute altitude en adéquation avec les suppositions citées précédemment, le 

faucon sacre (espèce prédatrice) et le vautour fauve Gyps fulvus (espèce charognard) suivant 

le même dispositif expérimental. Celui-Ŏƛ ƴŜ ǎΩŜǎǘ ŀǾŞǊŞ Ǉŀǎ ŀŘŀǇǘŞ ǇƻǳǊ ŎŜǎ ŜǎǇŝŎŜǎ, ce qui 

ƭŀƛǎǎŜ ŜƴǘŜƴŘǊŜ ǉǳŜ ƭŜ ǇǊƻǘƻŎƻƭŜ ƻǳ ƭŀ ǉǳŜǎǘƛƻƴ ǇƻǎŞŜ ƴΩŞǘŀƛǘ Ǉŀǎ ŀŘŞǉǳŀǘόŜύ ǇƻǳǊ ƻōǘŜƴƛǊ 

une réponse sans ambiguïté de la part de ces oiseaux (cf discussion ci-dessous « une 

« vision » anthropomorphique ηύΦ !ƛƴǎƛΣ ŘΩŀǳǘǊŜǎ ŞǘǳŘŜǎ ŀŘŀǇǘŞŜǎ ǎŜǊŀƛŜƴt nécessaires afin 

ŘΩŞǘǳŘƛŜǊ ƭŜǎ ŎŀǇŀŎƛǘŞǎ ƻƭŦŀŎǘƛǾŜǎ ŘΩŜǎǇŝŎŜǎ ǇǊŞǎŜƴǘŀƴǘ ŘŜǎ ǎǘǊŀǘŞƎƛŜǎ ŘŜ ǊŜŎƘŜǊŎƘŜ 

alimentaire différentes.  
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Les capacités sensorielles dépendent de la nourriture recherchée  : impact de la mobilité  ? 

 

Chez la plupart des organismes, les capacités sensorielles sont directement liées au 

type de nourriture recherché. Par exemple, chez les chauves-souris, alors que les 

vespertilions de Bechstein Myotis bechsteinii utilisent principalement le son produit par les 

proies pour trouver leur nourriture (sélectionnant des proies bruyantes), les vespertilions de 

Natterer Myotis nattereri ǳǘƛƭƛǎŜƴǘ ǇǊƛƴŎƛǇŀƭŜƳŜƴǘ ƭΩŞŎƘƻƭƻŎŀǘƛƻƴ όǎŞƭŜŎǘƛƻƴƴŀƴǘ ŘŜǎ ǇǊƻƛŜǎ 

discrètes et cachées) (Siemers and Swift, 2006). On retrouve aussi une importante diversité 

de capacités sensorielles suivant les espèces en lien avec le type de ressources recherché 

chez les primates (Dominy et al., 2001). En ce qui concerne les capacités visuelles, il apparait 

que les mammifères prédateurs aient une acuité visuelle supérieure aux herbivores (Veilleux 

and Kirk, 2014).  

Chez les oiseaux, il semblerait aussi que les espèces prédatrices, particulièrement les 

rapaces, aient une acuité visuelle plus importante que les espèces granivores (e.g. certains 

passériformes) (Kiltie, 2000). En revanche, au sein même des rapaces et au vu de la 

ƭƛǘǘŞǊŀǘǳǊŜΣ ƭŜ ƭƛŜƴ ƴΩŜǎǘ Ǉŀǎ ǎƛ ŞǾƛŘŜƴǘΣ ǾƻƛǊŜ ƛƴŜȄƛǎǘŀƴǘ ŎŀǊ ŀǳŎǳƴ ǇŀǘǘŜǊƴ ƎŞƴŞǊŀƭ ƴŜ ǎŜ 

dégage entre les prédateurs et les charognards. Cependant, je suggère ici que les capacités 

ǎŜƴǎƻǊƛŜƭƭŜǎΣ ƻǳǘǊŜ ƭΩŀŎǳƛǘŞ ǾƛǎǳŜƭƭŜΣ ǎƻƴǘ ƛƴǘƛƳŜƳŜƴǘ ƭƛŞŜǎ ŀǳȄ ǎǘǊŀǘŞƎƛŜǎ ŘŜ ǊŜŎƘŜǊŎƘŜ 

ŀƭƛƳŜƴǘŀƛǊŜΦ 9ƴ ŜŦŦŜǘΣ ŀƭƻǊǎ ǉǳŜ ƭŀ ǘŀƛƭƭŜ ǎƛƳƛƭŀƛǊŜ ŘŜ ƭΩǆƛƭ ŜƴǘǊŜ ƭŜǎ ǇǊŞŘŀǘŜǳǊǎ Ŝǘ ŎƘŀǊƻƎƴŀǊŘǎ 

ǎŜƳōƭŜ ŀǇǇǳȅŜǊ ƭΩƘȅǇƻǘƘŝǎŜ ŘΩǳƴŜ ŘŜƳŀƴŘŜ ǾƛǎǳŜƭƭŜ ƛŘŜƴǘƛǉǳŜ όŜƴ ǘŜǊƳŜǎ ŘΩŀŎǳƛǘŞύΣ 

ƭΩƛƳǇƻǊǘŀƴŎŜ ŘŜ ƭΩǆƛƭ ǊŜƭŀǘƛǾŜƳŜƴǘ ŀǳ ǇƻƛŘǎ ŘŜ ƭΩŜǎǇŝŎŜ Ŝǎǘ ǎƛƎƴƛŦƛŎŀǘƛǾŜƳŜƴǘ ǎǳǇŞǊƛŜǳǊŜ ŎƘŜȊ 

les prédateurs (manuscrit 3ύΦ Lƭ Ŝǎǘ ŞƴŜǊƎŞǘƛǉǳŜƳŜƴǘ ŎƻǶǘŜǳȄ ŘŜ ƳŀƛƴǘŜƴƛǊ ǳƴ ǆƛƭ ŘŜ ǘŀƛƭƭŜ 

importante (Brooke et al., 1999; Burton, 2008). Au vu de la demande visuelle relativement 

similaire chez les espèces de charognards (ils cherchent principalement tous des carcasses 

de taille importante, même si certaines différences interspécifiques existent), il semblerait 

ƛƴǳǘƛƭŜ ŘΩŀǳƎƳŜƴǘŜǊ ƭŀ ǘŀƛƭƭŜ ŘŜ ƭΩǆƛƭ ǎƛ ŎŜƭƭŜ-ci est suffisante pour accéder à leur nourriture. 

9ƴ ŎƻƴǘǊŜǇŀǊǘƛŜΣ ƛƭǎ ǇŜǳǾŜƴǘ ǇƻǎǎŞŘŜǊ ŘΩŀǳǘǊŜǎ ŎŀǊŀŎǘŞǊƛǎǘƛǉǳŜǎ ŜǎǎŜƴǘƛŜƭƭŜǎ Ł ƭŜǳǊ ƳƻŘŜ ŘŜ 

ǾƛŜ ǉǳƛ ƭŜ ŘƛŦŦŞǊŜƴŎƛŜ ŘŜǎ ǇǊŞŘŀǘŜǳǊǎΦ tŀǊ ŜȄŜƳǇƭŜΣ ƧΩŀƛ ƳƻƴǘǊŞ ǉǳŜ ƭŜǎ ŎƘŀǊƻƎƴŀǊŘǎ 

possèdent un champ visuel plus étendu que les prédateurs de proies au sol (manuscrit 2 et 

4). Ce champ visuel pourrait être essentiel dans la détection de congénères signalant la 



Simon Potier Ecologie sensorielle des rapaces : Vision et Olfaction 
Thèse de doctorat Discussion générale et perspectives 

202 
 

ǇǊŞǎŜƴŎŜ ŘΩǳƴŜ ŎŀǊŎŀǎǎŜ όi.e. renforcement local) (Buckley, 1996; Houston, 1974; Jackson et 

al., 2008)Φ ! ŎŜ ƧƻǳǊΣ ƭŀ ǇǊŞǎŜƴŎŜ ŘΩǳƴ ǎŜƴǎ ƻƭŦŀŎǘƛŦ ŦƻƴŎǘƛƻƴƴŜƭ ƴΩŀ ŞǘŞ ǇǊƻǇƻǎŞŜ όƻǳ 

réellement étudiée Κύ ǉǳŜ ŎƘŜȊ ƭŜǎ ŎƘŀǊƻƎƴŀǊŘǎΦ !ƛƴǎƛΣ ƳşƳŜ ǎƛ ƭŀ ƴŞŎŜǎǎƛǘŞ ŘΩŞǘǳŘƛŜǊ ƭŜǎ 

capacités olfactives des prédateurs reste primordiale, les charognards peuvent avoir réduit 

les coûts énergétiques de leur système visuel et développé/conservé des capacités olfactives 

importantes (manuscrit 6ύΦ ! ƭΩƛƳŀƎŜ ŘŜǎ ŎƘŀǊƻƎƴŀǊŘǎΣ ƭŜǎ ǇǊŞŘŀǘŜǳǊǎ ǇƻǎǎŝŘŜƴǘ ŀǳǎǎƛ ŘŜǎ 

caractéristiques sensorielles qui leurs sont uniques. La première des caractéristiques 

ƴƻǘŀōƭŜǎ Ŝǎǘ ƭŀ ǇǊŞǎŜƴŎŜ ŘΩǳƴŜ ŘŜǳȄƛŝƳŜ ŦƻǾŞŀ όǇƭŀŎŞŜ ǘŜƳǇƻǊŀƭŜƳŜƴǘύ (Fite and 

Rosenfield-Wessels, 1975; Inzunza et al., 1991; Reymond, 1985; Reymond, 1987) (manuscrit 

2, 3 et 5ύΦ [ΩƘȅǇƻǘƘŝǎŜ ƭŀ Ǉƭǳǎ ǇŀǊŎƛƳƻƴƛŜǳǎŜ ǎŜǊŀƛǘ ǉǳŜ Ŏette fovéa soit apparue plus 

tardivement chez ces espèces en lien avec la prédation de proies hautement mobiles (Ross, 

2004). La mobilité des proies rend leur fixation compliquée dans un environnement plus ou 

moins complexe. Je suggère au travers de mes trŀǾŀǳȄ ǉǳŜ ƭŀ ǇǊŞǎŜƴŎŜ ŘΩǳƴŜ ŘŜǳȄƛŝƳŜ 

fovéa liée à la vision frontale (une fovéa temporale) peut permettre aux prédateurs de 

garder un contact visuel sur leur proie, particulièrement au moment de la capture, comme 

proposé par les travaux de Pumphrey (1948). Par ailleurs, les prédateurs diffèrent 

hautement dans le type de proies recherchées. En explorant les champs visuels, je propose 

que les prédateurs se nourrissant de proies se mouvant au sol se caractérisent par deux 

spécificités : des orbites suborbitaleǎ ƛƳǇƻǊǘŀƴǘŜǎ ŞǾƛǘŀƴǘ ƭΩƛƳǇŀŎǘ Řǳ ǎƻƭŜƛƭ Ŝǘ ǳƴŜ ǊŞƎƛƻƴ 

binoculaire de type convexe (manuscrit 4). En possédant une zone aveugle importante au-

ŘŜǎǎǳǎ ŘŜ ƭΩǆƛƭ όŎƻƴŘǳƛǎŀƴǘ Ł ǳƴ ǊŞǘǊŞŎƛǎǎŜƳŜƴǘ ŘŜ ƭŀ ǊŞƎƛƻƴ ōƛƴƻŎǳƭŀƛǊŜ Ł ƭΩŜȄǘǊŞƳƛǘŞ 

supérieure), les prédateurs ǊŞŘǳƛǎŜƴǘ ƭΩƛƳǇŀŎǘ ŘŜ ƭŀ ƭǳƳƛŝǊŜ ŜȄǘŞǊƛŜǳǊŜ ǎǳǊ ƭŀ ǊŞǘƛƴŜ ǉǳƛ 

ŜƴǘǊŀƛƴŜǊŀƛǘ ǳƴŜ ŘƛƳƛƴǳǘƛƻƴ ŘǊŀǎǘƛǉǳŜ ŘŜ ƭΩŀŎǳƛǘŞ ǾƛǎǳŜƭƭŜ (Aslam et al., 2007; Koch, 1989) et 

donc de la détection et la fixation des proies au sol. Ces espèces ont par ailleurs un bec large 

eǘ ŎƻǳǊǘ ŀŦƛƴ ŘΩƻǇǘƛƳƛǎŜǊ ƭΩƛƴƎŜǎǘƛƻƴ ŘŜ ƭŜǳǊǎ ǇǊƻƛŜǎ (Slagsvold et al., 2010). Ce type de bec 

ŎƻƴŘǳƛǘ ƛƴŞƭǳŎǘŀōƭŜƳŜƴǘ Ł ǳƴ ǊŞǘǊŞŎƛǎǎŜƳŜƴǘ ŘŜ ƭŀ ǊŞƎƛƻƴ ōƛƴƻŎǳƭŀƛǊŜ Ł ƭΩŜȄǘǊŞƳƛǘŞ 

ƛƴŦŞǊƛŜǳǊŜΦ ! ƭΩƛƴǾerse, les espèces cherchant des proies se déplaçant en 3 dimensions 

(oiseaux, insectes et potentiellement poissons) possèdent un champ visuel étendu 

ǇŜǊƳŜǘǘŀƴǘ ŘΩŀƳŞƭƛƻǊŜǊ ƭŀ ŘŞǘŜŎǘƛƻƴ ŘŜǎ ǇǊƻƛŜǎ ǇƻǳǾŀƴǘ ǎŜ ŘŞǇƭŀŎŜǊ ǘƻǳǘ ŀǳǘƻǳǊ ŘΩŜƭƭŜǎΦ 9ƭƭŜǎ 

possèdent aussi, tout comme les charognards, un bec fin et long pouvant déchiqueter, 

écailler ou déplumer la proie (Hertel, 1994; Slagsvold et al., 2010). Ce type de bec conduit à 

ǳƴŜ Ǿƛǎƛƻƴ ōƛƴƻŎǳƭŀƛǊŜ Ǉƭǳǎ ƛƳǇƻǊǘŀƴǘŜ Ł ƭΩŜȄǘǊŞƳƛǘŞ ƛƴŦŞǊƛŜǳǊŜ ǉǳΩǳƴ ōŜŎ ƭŀǊƎŜΦ bŞŀƴƳƻƛƴǎΣ ƛƭ 
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est vrai que les espèces se nourrissant de poissons peǳǾŜƴǘ ŦŀƛǊŜ ŦƛƎǳǊŜ ŘΩŜȄŎŜǇǘƛƻƴΦ 9ƴ ŜŦŦŜǘΣ 

ōƛŜƴ ǉǳΩŜƭƭŜǎ ǎŜ ƴƻǳǊǊƛǎǎŜƴǘ ǇƻǳǊ ƭŀ ǇƭǳǇŀǊǘ ŘŜ Ǉƻƛǎǎƻƴǎ ŘŜ ǎǳǊŦŀŎŜ όŘƻƴŎ ǎŜ ŘŞǇƭŀœŀƴǘ 

ŦƛƴŀƭŜƳŜƴǘ Ŝƴ н ŘƛƳŜƴǎƛƻƴǎύΣ ƛƭ ƴΩȅ ŀ Ǉŀǎ ŘΩƛƴǘŞǊşǘ Ł ǇƻǎǎŞŘŜǊ ǳƴŜ ȊƻƴŜ ŀǾŜǳƎƭŜ ƛƳǇƻǊǘŀƴǘŜ 

au-ŘŜǎǎǳǎ ŘŜ ƭŀ ǘşǘŜ ŎŀǊ ƭΩŜŀǳ ǊŜŦƭŝte la lumière du bas vers le haut, induisant inévitablement 

un impact de la lumière extérieure sur la rétine. Ainsi, dans un cadre de recherche 

alimentaire, il serait plus avantageux de posséder un champ visuel étendu puisque les 

capacités visuelles seront indubitablement impactées par la lumière parasite reflétée. 

)ÎÔÅÒÁÇÉÒ ÁÖÅÃ ÌȭÅÎÖÉÒÏÎÎÅÍÅÎÔ ÂÉÏÔÉÑÕÅ 

 

Les informations obtenues par les organismes grâce à leurs aptitudes sensorielles 

sont essentielles dans la détection de proies, la navigation mais aussi à des fins de 

communication (Stevens, 2013). Ainsi, chaque organisme possède une gamme de capacités 

sensorielles qui va ǇŜǊƳŜǘǘǊŜ ƭŀ ǇǊƻŘǳŎǘƛƻƴ Ŝǘ ƭŀ ŘŞǘŜŎǘƛƻƴ ŘŜ ǎƛƎƴŀǳȄ Ŝǘ ŘΩƛƴŘƛŎŜǎΦ [ŀ 

communication se base sur des signaux « honnêtes η ǘǊŀƴǎƳƛǎ ǇŀǊ ƭΩŞƳŜǘǘŜǳǊ ƛƴŦƭǳŜƴœŀƴǘ ƭŜ 

comportement du receveur. Chez le macaque de Barbarie Macaca sylvanus, les mâles 

peuvent identifier le timing idéal pour se reproduire avec une femelle par les variantes 

acoustiques présentes dans le chant de celles-ci (Semple and McComb, 2000). Les femelles 

de macaques rhésus Macaca mulatta présentent un faciès plus sombre en période de 

reproduction indiquant aux mâles leur aptitude à se reproduire (Higham et al., 2010). 

Toujours chez les primates, les signaux colorés semblent être hautement utilisés lors du 

choix de partenaire (Bradley and Mundy, 2008).  

Chez les oiseaux, la couleur semble également être déterminante dans le choix du 

partenaire, que ce soit pour le plumage (Roulin, 2004) ou plus surprenant, la couleur des 

ōŀƎǳŜǎ ǇƻǊǘŞŜǎ ǎǳǊ ƭŜǎ ǘŀǊǎŜǎΣ Ł ƭΩƛƳŀƎŜ Řǳ ŘƛŀƳŀƴǘ ƳŀƴŘŀǊƛƴ Taeniopygia guttata (Burley et 

al., 1982). Cependant, les signaux visuels ne sont pas les seuls à intervenir dans le choix de 

ǇŀǊǘŜƴŀƛǊŜ ŎƘŜȊ ƭŜǎ ƻƛǎŜŀǳȄΦ hǳǘǊŜ ƭΩǳǘƛƭƛǎŀǘƛƻƴ Řǳ ǊŞǇŜǊǘƻƛǊŜ ŘŜǎ ǾƻŎŀƭƛǎŀǘƛƻƴǎ (Byers and 

Kroodsma, 2009), il semblerait que les oiseaux puissent utiliser leur sens olfactif (Jones et al., 

2004)Φ 9ƴ ŜŦŦŜǘΣ ƭΩƻŘŜǳǊ ŎƻǊǇƻǊŜƭƭŜΣ ǇǊƻǾŜƴŀƴǘ ǇǊƛƴŎƛǇŀƭŜƳŜƴǘ ŘŜǎ ǎŞŎǊŞǘƛƻƴǎ ǳǊƻǇȅƎƛŀƭŜǎΣ 

ǘŞƳƻƛƎƴŜǊŀƛǘ Řǳ ǎŜȄŜΣ ŘŜ ƭΩŃƎŜΣ ŘŜ ƭΩƛƴŘƛǾƛŘǳŀƭƛǘŞΣ ŘŜ ƭΩƘŀōƛƭƛǘŞ Ł ǎŜ ǊŜǇǊƻŘǳƛǊŜ Ŝǘ ŘŜ ƭŀ ǉǳŀƭƛǘŞ 

du potentiel partenaire (Caro et al., 2015). Notre étude suggère que les rapaces, et en 

particulier les milans noirs, pourraient potentiellement utiliser cette odeur corporelle à des 
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fins de recherche et reconnaissance du partenaire (manuscrit 7). Alors que notre étude ne 

montre pas une éventuelle fonctionnalité dŜ ƭΩǳǘƛƭƛǎŀǘƛƻƴ ŘŜ ƭΩƻƭŦŀŎǘƛƻƴ Řŀƴǎ ŎŜǎ ǘŃŎƘŜǎΣ ŜƭƭŜ 

témoigne de la présence de ces signaux qui peuvent être potentiellement utilisés. Le choix 

ŘŜ ǇŀǊǘŜƴŀƛǊŜǎ Ł ǘǊŀǾŜǊǎ ƭŜǎ ŘƛǾŜǊǎ ŎŀƴŀǳȄ ǎŜƴǎƻǊƛŜƭǎ ƴΩŀ ŞǘŞ ǉǳŜ ǘǊŝǎ ǇŜǳ ŞǘǳŘƛŞ ŎƘŜȊ ƭŜǎ 

rapaces diurnes. Néanmoins, il semblerait que ceux-ŎƛΣ Ł ƭΩƛƳŀƎŜ Řǳ ŎǊŞŎŜǊŜƭƭŜ ŘΩ!ƳŞǊƛǉǳŜ ƻǳ 

du busard cendré Circus pygargusΣ ǳǘƛƭƛǎŜƴǘ ƭŀ ŎƻƭƻǊŀǘƛƻƴ ŘŜǎ ǎŜǊǊŜǎ Ŝƴ ƎǳƛǎŜ ŘΩƛƴŘƛŎŜ ŘŜ 

ǉǳŀƭƛǘŞ Řǳ ǇƻǘŜƴǘƛŜƭ ǇŀǊǘŜƴŀƛǊŜ ŀŦƛƴ ŘΩŜŦŦŜŎǘǳŜǊ ǳƴ ŎƘƻƛȄ ƻǇǘƛƳŀƭ (Bortolotti et al., 2003; 

Mougeot and Arroyo, 2006)Φ 9ƴ ŀŎŎƻǊŘ ŀǾŜŎ ƭΩƘȅǇƻǘƘŝǎŜ ǉǳŜ ƭŀ ǎŞƭŜŎǘƛƻƴ Řǳ ǇŀǊǘŜƴŀƛǊŜ ƴΩŜǎǘ 

pas aléatoire chez les rapaces (e.gΦ ƭŜ ŎǊŞŎŜǊŜƭƭŜ ŘΩ!ƳŞǊƛǉǳŜ (Bortolotti and Iko, 1992)), je 

suggère ici que celui-Ŏƛ ƛƳǇƭƛǉǳŜ ŎŜǊǘŀƛƴŜƳŜƴǘκǇƻǘŜƴǘƛŜƭƭŜƳŜƴǘ ƭΩǳǘƛƭƛǎŀǘion de plusieurs 

ŎŀƴŀǳȄ ǎŜƴǎƻǊƛŜƭǎΣ Ŝǘ ƴƻǘŀƳƳŜƴǘ ƭΩǳǘƛƭƛǎŀǘƛƻƴ ŘŜ ƭΩƻƭŦŀŎǘƛƻƴΦ 5ŀƴǎ ŘϥŀǳǘǊŜǎ ǘŜǊƳŜǎΣ ƭŜ ŎƘƻƛȄ Ŝǘ 

la reconnaissance du partenaire au travers de la communication serait potentiellement 

multimodal (Stevens, 2013). 

La communication ne sert pas simplement à transmettre des informations 

ŘƛǊŜŎǘŜƳŜƴǘ ƭƛŞŜǎ Ł ƭΩŞƳŜǘǘŜǳǊΦ 9ƴ ŜŦŦŜǘΣ Ŝƴ ŎƻƳƳǳƴƛǉǳŀƴǘΣ ƭŜǎ ƻǊƎŀƴƛǎƳŜǎ ǇŜǳǾŜƴǘ 

ǘǊŀƴǎƳŜǘǘǊŜ ŀǳȄ ŎƻƴƎŞƴŝǊŜǎ ŘŜǎ ƛƴŦƻǊƳŀǘƛƻƴǎ ǎǳǊ ƭŀ ǇǊŞǎŜƴŎŜ ŘΩǳƴ ǇǊŞŘŀǘŜǳǊ ƻǳ ŜƴŎƻǊŜ ƭŀ 

localisation de la nourriture. Quel éthologiǎǘŜ ƴΩŀ ƧŀƳŀƛǎ ŜƴǘŜƴŘǳ ǇŀǊƭŜǊ ŘŜǎ ǘǊŀǾŀǳȄ ŘŜ YŀǊƭ 

Von Frish (1886-1982) et de la célèbre « danse des abeilles » ? Au travers de cette danse, 

celles-Ŏƛ ƛƴŘƛǉǳŜƴǘ ƭŀ ŘƛǎǘŀƴŎŜ Ŝǘ ŘƛǊŜŎǘƛƻƴ ŘΩǳƴŜ ǎƻǳǊŎŜ ŘŜ ƴƻǳǊǊƛǘǳǊŜ ǇŀǊ ǊŀǇǇƻǊǘ Ł ƭŀ ǊǳŎƘŜ 

(Von Frish, 1953). Chez les oiseaux, il a été montré que la communication vocale pouvait 

ǘǊŀƴǎƳŜǘǘǊŜ ŘŜǎ ƛƴŦƻǊƳŀǘƛƻƴǎ ǎǳǊ ƭŀ ǉǳŀƭƛǘŞ ŘŜ ƭŀ ƴƻǳǊǊƛǘǳǊŜΣ Ł ƭΩƛƳŀƎŜ ŘŜ ƭŀ ǇƻǳƭŜ 

domestique Gallus gallus (Marler et al., 1986)Φ /ƘŜȊ ƭŜǎ ŜǎǇŝŎŜǎ ŘΩƻƛǎŜŀǳȄ ƎǊŞƎŀƛǊŜǎΣ ƛƭ 

apparait que les dortoirs et les zones de nidifications seraient des lieux propices pour la 

ǘǊŀƴǎƳƛǎǎƛƻƴ ŘΩƛƴŦƻǊƳŀǘƛƻƴǎ ǎǳǊ ƭŀ ƭƻŎŀƭƛǎŀǘƛƻƴ Ŝǘ ƭŀ ǉǳŀƭƛǘŞ ŘŜǎ ǎƛǘŜǎ ŘŜ ƴƻǳǊǊƛǎǎŀƎŜ (Ward 

and Zahavi, 1973). Au sein des rapaces diurnes, les charognards sont pour la plupart 

largement grégaires (Del Hoyo and Elliot, 1994). Les dortoirs de ceux-ci semblent être aussi 

ǳƴŜ ǎƻǳǊŎŜ ƛƳǇƻǊǘŀƴǘŜ ŘΩŞŎƘŀƴƎŜ ŘΩƛƴŦƻǊƳŀǘƛƻƴǎ ŎƘŜȊ ƭŜǎ ǾŀǳǘƻǳǊǎΣ ŎƻƳƳŜ ŎƘŜȊ ƭŜǎ ǳǊǳōǳǎ 

noirs Coragyps atriceps (Buckley, 1996; Rabenold, 1987). Néanmoins, la transmission 

ŘΩƛƴŦƻǊƳŀǘƛƻƴǎ ǎǳǊ ƭŀ ǇǊŞǎŜƴŎŜ ŘΩǳƴŜ ƴƻǳǊǊƛǘǳǊŜ ǇŜǳǘ ŀǳǎǎƛ ǎΩŜŦŦŜŎǘǳŜǊ ƭƻǊǎ ŘŜ ƭŀ ǊŜŎƘŜǊŎƘŜ Ŝƴ 

étudiant les trajectoires prises par les congénères (Deygout et al., 2010; Houston, 1974). 

{ŀǾƻƛǊ ǎƛ ƭŜ ǊŜƴŦƻǊŎŜƳŜƴǘ ƭƻŎŀƭ Ŝǎǘ ŘŜ ƭΩƻǊŘǊŜ ŘŜ ƭŀ ŎƻƳƳǳƴƛŎation est encore débattu. En 
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ŜŦŦŜǘΣ ǎƛ ŎŜǊǘŀƛƴǎ ŀǳǘŜǳǊǎ ǇŜƴǎŜƴǘ ǉǳŜ ƭΩƛƴŦƻǊƳŀǘƛƻƴ ǳǘƛƭƛǎŞŜ Ŝǎǘ ŀǳ ŘŞǇŜƴŘ ŘŜ ƭΩƛƴŘƛǾƛŘǳ ŀȅŀƴǘ 

trouvé la nourriture (indices) (Mundy, 1992)Σ ŘΩŀǳǘǊŜǎ ǇŜƴǎŜƴǘ ǉǳŜ ƭŜǎ ǾŀǳǘƻǳǊǎ ŀŘƻǇǘŜƴǘ ǳƴ 

vol signalant la présence de nourriture Řŀƴǎ ƭŜ ōǳǘ ǎǇŞŎƛŦƛǉǳŜ ŘΩŀǘǘƛǊŜǊ ƭŜǳǊǎ ŎƻƴƎŞƴŝǊŜǎ 

(Duriez, observations personnelles). Il apparait que la stratégie de renforcement local serait 

couramment utilisée chez les vautours (Cortés-Avizanda et al., 2014). La détection des 

congénères nécessite doƴŎ ŘŜǎ ŀǇǘƛǘǳŘŜǎ όǇǊƛƴŎƛǇŀƭŜƳŜƴǘ ǾƛǎǳŜƭƭŜǎύ ŀŘŀǇǘŞŜǎΦ hǳǘǊŜ ƭΩŀŎǳƛǘŞ 

ǾƛǎǳŜƭƭŜ ƛƳǇƻǊǘŀƴǘŜ ŘŜǎ ǾŀǳǘƻǳǊǎ ŘŜ ƭΩŀƴŎƛŜƴ ƳƻƴŘŜ όŀǇǇŀǊǘŜƴŀƴǘ Ł ƭŀ ŦŀƳƛƭƭŜ ŘŜǎ 

Accipitridés) (Fischer, 1968), je suggère que les charognards possèderaient un champ visuel 

étendu dans le ōǳǘ ŘΩŀƳŞƭƛƻǊŜǊ ƭŀ ŘŞǘŜŎǘƛƻƴ ŘŜǎ ŎƻƴƎŞƴŝǊŜǎ όmanuscrit 4). En effet, la 

ǇǊƻōŀōƛƭƛǘŞ ŘŜ ŘŞǘŜŎǘƛƻƴ ŘΩǳƴ ŎƻƴƎŞƴŝǊŜ Ŝǎǘ ƘŀǳǘŜƳŜƴǘ Ǉƭǳǎ ƛƳǇƻǊǘŀƴǘŜ ƭƻǊǎǉǳŜ ƭŜ ŎƘŀƳǇ 

visuel est étendu (Fernández-Juricic et al., 2004).  

En conclusion, les résultats obtenus au cours de ce projet suggèrent que la diversité 

importante des capacités sensorielles chez les rapaces pourrait être intimement liée avec les 

ǎǘǊŀǘŞƎƛŜǎ ŘΩƛƴǘŜǊŀŎǘƛƻƴ ŀǾŜŎ ƭΩŜƴǾƛǊƻƴƴŜƳŜƴǘ ōƛƻǘƛǉǳŜ Ŝǘ ŀōƛƻǘƛǉǳŜΦ  

!ÐÐÒïÈÅÎÄÅÒ ÌÅÓ ÌÉÍÉÔÅÓ ÄÅ ÌȭïÃÏÌÏÇÉÅ ÃÏÍÐÏÒÔÅÍÅÎtale et sensorielle dans 

ÌÅ ÃÁÓ ÐÒïÃÉÓ ÄÅ ÌȭïÔÕÄÅ 
 

Une perception anthropomorphique  

 

aŀƭƎǊŞ ǘƻǳǎ ƭŜǎ ŜŦŦƻǊǘǎ ŎƻƴǎŜƴǘƛǎΣ ƭΩŀƴǘƘǊƻǇƻƳƻǊǇƘƛǎƳŜ Ŝǎǘ ƛƴŞǾƛǘŀōƭŜ Ŝƴ ŞŎƻƭƻƎƛŜ 

comportementale et en écologie sensorielle (Burghardt, 2004; Krebs and Davies, 2009). En 

effet, la simple utilisation des termes tels que « utilisation de la ressource (foraging) » ou 

« signaux honnêtes » encourage les interprétations anthropomorphiques des 

comportements observés (Kennedy, 1992)Φ tŀǊ ŜȄŜƳǇƭŜΣ Ŝƴ ǘŀƴǘ ǉǳΩƘǳƳŀƛƴǎ ǇǊƛƴŎƛǇŀƭŜƳŜƴǘ 

dépendant des capacités visuelles, nous avons tendance à assumer que ce que nous voyons 

Ŝǎǘ ŎŜ ǉǳŜ ƭΩƻōƧŜǘ Ŝǎǘ (Espmark et al., 2000). Pourtant, il est certain que les caractéristiques 

visuelles des oiseaux hautement différentes des nôtres ne conduit pas à une perception 

identique (la perception des ultra-violets étant un exemple typique) (Bennett et al., 1994; 

Bennett et al., 1996). Cette perception anthropomorphique a souvent conduit à sous-évaluer 

des résultats probants mais ne coïncidant pas avec nos croyances. Par exemple, alors que les 

expériences comportementales suggéraient que les colibris pouvaient détecter le sucre 
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présent dans le nectar des fleurs (del Rio, 1990), cette étude ne fut pas prise au sérieux par 

un bon nombre de scientifiques simplement parce que les colibris ne possèdent pas les 

récepteurs gustatifs classiques du sucre communément trouvés chez les mammifères. Cette 

ǇŜǊŎŜǇǘƛƻƴ ŀƴǘƘǊƻǇƻƳƻǊǇƘƛǉǳŜ ŀ ŎƭŀƛǊŜƳŜƴǘ ƻƳƛǎ ƭŜ Ŧŀƛǘ ǉǳΩƛƭ ǇƻǳǾŀƛǘ ŜȄƛǎǘŜǊ ǳƴŜ ŀǳǘǊŜ ǾƻƛŜΣ 

ŘΩŀǳǘǊŜǎ ǘȅǇŜǎ ŘŜ ǊŞŎŜǇǘŜǳǊǎΦ 9ǘ ŎŜ ƴΩŜǎǘ ǉǳŜ ǘǊŝǎ ǊŞŎŜƳƳŜƴǘ ǉǳŜ Baldwin et al. (2014) ont 

montré que la perception du sucre se faisait par la transformation des récepteurs « umami » 

ancestraux (récepteurs de sapidité). 

Comme expliqué en introduction en paraphrasant les propos de Roper (1999)Σ ŎΩŜǎǘ 

ŎŜǘǘŜ ǇŜǊŎŜǇǘƛƻƴ ŀƴǘƘǊƻǇƻƳƻǊǇƘƛǉǳŜ ǉǳƛ ŀ ƭƻƴƎǘŜƳǇǎ ƎǳƛŘŞ ƴƻǎ ŎǊƻȅŀƴŎŜǎ ǎǳǊ ƭΩŀōǎŜƴŎŜ ŘŜ 

ŎŀǇŀŎƛǘŞǎ ƻƭŦŀŎǘƛǾŜǎ ŎƘŜȊ ƭŜǎ ƻƛǎŜŀǳȄΣ ŎŀǊ ƴƻǎ ȅŜǳȄ όƴƻǘǊŜ ǇŜǊŎŜǇǘƛƻƴύ ƴΩŜƴ Ǿƻȅŀƛǘ Ǉŀǎ 

ƭΩƛƴǘŞǊşǘΦ /ƻƳƳŜ ƭŜ ŘƛǎŜƴǘ ǎƻǳǾŜƴǘ ƳŜǎ ŎƻƭƭŝƎǳŜǎ : « es-tu sûr dΩŀǾƻƛǊ ǇƻǎŞ ƭŀ ōƻƴƴŜ 

question Ł ǘŜǎ ƻƛǎŜŀǳȄΚ ηΦ Lƭ ƳΩŀ Ŧŀƭƭǳ Řǳ ǘŜƳǇǎ ǇƻǳǊ ŎƻƳǇǊŜƴŘǊŜ ƭŜ ǎŜƴǎ ŘŜ ŎŜǘǘŜ ǉǳŜǎǘƛƻƴΦ 

En effet, « ǳƴ ǎŎƛŜƴǘƛŦƛǉǳŜ ƴΩŜǎǘ Ǉŀǎ ǳƴŜ ǇŜǊǎƻƴƴŜ ǉǳƛ ŘƻƴƴŜ ƭŜǎ ōƻƴƴŜǎ ǊŞǇƻƴǎŜǎΣ Ƴŀƛǎ ǳƴŜ 

personne qui pose les bonnes questions » écrivait Claude Lévi-Strauss (1908-2009). Si les 

ŎŀǇŀŎƛǘŞǎ ƻƭŦŀŎǘƛǾŜǎ ƴΩƻƴǘ Ǉǳ şǘǊŜ ƳƛǎŜǎ ŀǾŀƴǘ Ŝƴ ŞǾƛŘŜƴŎŜ ŎƘŜȊ ƭŜǎ ǊŀǇŀŎŜǎΣ ƴƻǘǊŜ ǇŜǊŎŜǇǘƛƻƴ 

ŀƴǘƘǊƻǇƻƳƻǊǇƘƛǉǳŜ ȅ Ŝǎǘ ŎŜǊǘŀƛƴŜƳŜƴǘ ǇƻǳǊ ōŜŀǳŎƻǳǇΦ 9ƴ ŜŦŦŜǘΣ ƛƭ ǎΩŀǾŝǊŜ ǉǳŜ ǇŀǊƳƛ ƭŜǎ 

études qui ont tenté à ce jour de monǘǊŜǊ ƭΩǳǘƛƭƛǎŀǘƛƻƴ ŘŜ ƭΩƻƭŦŀŎǘƛƻƴ Řŀƴǎ ƭŀ ǊŜŎƘŜǊŎƘŜ ŘŜ 

nourriture, deux ont conduit à des suppositions et non des réponses car le dispositif 

expérimental ne permettait pas de répondre, probablement parce que la question posée aux 

ƛƴŘƛǾƛŘǳǎ ƴΩŞǘŀƛǘ Ǉŀǎ ŀŘŀǇtée (Röder et al., 2014; Yang et al., 2015) (cf introduction pour 

détails). Au cours de ce projet, je me suis efforcé de réduire au maximum ma perception 

humaine et de « penser η ŎƻƳƳŜ ƭΩŜǎǇŝŎŜ ƻǳ ƭΩƛƴŘƛǾƛŘǳ ǘŜǎǘŞ ǇŜƴǎŜǊŀƛǘΦ /ŜǇŜƴŘŀƴǘΣ ƧŜ ƴŜ 

pouvais y échaǇǇŜǊ Ŝǘ ƳŜǎ ǊŞǎǳƭǘŀǘǎ ŘŞŎƻǳƭŜƴǘ ŦƻǊŎŞƳŜƴǘ ŘΩǳƴŜ ǇŜǊŎŜǇǘƛƻƴ 

ŀƴǘƘǊƻǇƻƳƻǊǇƘƛǉǳŜ όƴƻǘŀƳƳŜƴǘ ǇŀǊ ƭŜǎ ŘƛǎǇƻǎƛǘƛŦǎ ǳǘƛƭƛǎŞǎ Ŝǘ ƭΩǳǘƛƭƛǎŀǘƛƻƴ ŘŜ ǘŜǊƳŜǎ 

ŀƴǘƘǊƻǇƻƳƻǊǇƘƛǉǳŜǎΣ ŎŦΦ ŀƴƴŜȄŜ нύΦ !ƛƴǎƛΣ ƭΩŀōǎŜƴŎŜ ŘŜ ǊŞǎǳƭǘŀǘǎ ǎǳǊ ŎŜǊǘŀƛƴŜǎ ŘŜ ƳŜǎ 

expériences est potentiellement largement dépendante de ma perception et des questions 

inadaptées (cf ŀƴƴŜȄŜǎύΦ !ƛƴǎƛΣ ǉǳŜ ƴƻǳǎ ƭŜ Ǿƻǳƭƛƻƴǎ ƻǳ ƴƻƴΣ ƭΩŞŎƻƭƻƎƛŜ ǎŜƴǎƻǊƛŜƭƭŜ Ŝǎǘ 

ŦƛƴŀƭŜƳŜƴǘ ƭΩŀǇǇǊŞƘŜƴǎƛƻƴ ǉǳŜ ƴƻǳǎ ŀǾƻƴǎ ŘŜǎ ŎŀǇŀŎƛǘŞǎ ǎŜƴǎƻǊƛŜƭƭŜǎ ŘŜǎ ŀƴƛƳŀǳȄ (Barth, 

2003). 
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La fauconnÅÒÉÅ ÁÕ ÃĞÕÒ ÄÕ ÎÅÒÆ ÄÅ ÌÁ ÇÕÅÒÒÅ : les réplicas  

 

! ƭΩŜȄŎŜǇǘƛƻƴ ŘŜǎ ŜǎǇŝŎŜǎ ŎƻǳǊŀƳƳŜƴǘ ǳǘƛƭƛǎŞŜǎ Ŝƴ ƭŀōƻǊŀǘƻƛǊŜΣ ƛƭ Ŝǎǘ ǇŀǊǘƛŎǳƭƛŝǊŜƳŜƴǘ 

difficile de répliquer les diverses expériences sur un nombre important/acceptable 

ŘΩƛƴŘƛǾƛŘǳǎ ŘΩŜǎǇŝŎŜǎ ζ sauvages ». Ce constat est particulièrement vrai dans le cadre 

ŘΩŜȄǇŞǊƛŜƴŎŜǎ ŎƘǊƻƴƻǇƘŀƎŜǎΣ ŘŜƳŀƴŘŀƴǘ ƭŀ ǊŞǇŞǘƛǘƛƻƴ ŘŜǎ ǘŜǎǘǎ ǇƻǳǊ ǳƴ ƳşƳŜ ƛƴŘƛǾƛŘǳΦ 

[ΩŞŎƻƭƻƎƛŜ ǎŜƴǎƻǊƛŜƭƭŜ ǎΩƛƴǎŎǊƛǘ Řŀƴǎ ŎŜ ŎŀŘǊŜ Ŝǘ ƭŜǎ ŞǘǳŘŜǎ ǎǳǊ ƭŜǎ ǊŀǇŀŎŜǎ ƴΩŞŎƘŀǇǇŜƴǘ Ǉŀǎ Ł 

la règle. En effet, le peu de connaissances acquises sur les capacités visuelles des rapaces, en 

ǇŀǊǘƛŎǳƭƛŜǊ ƭΩŀŎǳƛǘŞ ǾƛǎǳŜƭƭŜΣ repose principaƭŜƳŜƴǘ ǎǳǊ ƭΩŜȄǇŞǊƛƳŜƴǘŀǘƛƻƴ ŘΩun seul individu 

par espèce (Fischer, 1968; Fox et al., 1976; Hirsch, 1982; McIsaac, 2001; Reymond, 1985; 

Reymond, 1987). Il est donc difficile de tirer des conclusions générales sur ces capacités sans 

ŀǳƎƳŜƴǘŜǊ ƭŜǎ ǊŞǇƭƛŎŀǎΦ /ΩŜǎǘ ƭŁ ǘƻǳǘ ƭΩƛƴǘŞǊşǘ ŘŜ ǘǊŀǾŀƛƭƭŜǊ ŘŜ ŎƻƴŎŜǊǘ ŀǾŜŎ ƭŜǎ ŘƛŦŦŞǊŜƴǘŜǎ 

ǾƻƭŜǊƛŜǎ ǇǊŞǎŜƴǘŜǎ Ŝƴ CǊŀƴŎŜΦ [ΩŀŎŎŜǎǎƛƻƴ Ł ǳƴ ƴƻƳōǊŜ ǊŜƭŀǘƛǾŜƳŜƴǘ ƛƳǇƻǊǘŀƴǘ ŘΩƛƴŘƛǾƛŘǳs 

ƳΩŀ ǇŜǊƳƛǎ ŘΩŜǎǘƛƳŜǊ ƭΩŀŎǳƛǘŞ ǾƛǎǳŜƭƭŜ ŘΩǳƴ ƴƻƳōǊŜ ŀŎŎŜǇǘŀōƭŜ ŘΩƛƴŘƛǾƛŘǳǎ ǇŀǊ ŜǎǇŝŎŜǎ όŘŀƴǎ 

le temps imparti de la thèse), permettant notamment de mettre en exergue des différences 

ƛƴŘƛǾƛŘǳŜƭƭŜǎΦ tŀǊ ŜȄŜƳǇƭŜΣ ƧΩŀƛ Ǉǳ ƳƻƴǘǊŜǊ ŀǳ ŎƻǳǊǎ ŘŜ ƳŜǎ ŞǘǳŘŜǎ ǉǳΩǳƴ ƛƴŘƛǾƛŘǳ ŘŜ ōǳǎŜ ŘŜ 

Harris présentait une acuité visuelle beaucoup plus faible que les autres (12 c/deg). Après 

ƭΩŀƴŀƭȅǎŜ ŘŜ ƭŀ ǇŜǊŎŜǇǘƛƻƴ ŘŜǎ ŎƻǳƭŜǳǊǎΣ ƧΩŀƛ Ǉǳ ƳƻƴǘǊŜǊ ǉǳŜ ŎŜǘ ƛƴŘƛǾƛŘǳ ǇǊŞǎŜƴǘŀƛǘ ǳƴ 

trouble oculaire et ne pouvait percŜǾƻƛǊ ƭŜ ǊƻǳƎŜΦ !ƛƴǎƛΣ ǎƛ ƧΩŀǾŀƛǎ ǎŜǳƭŜƳŜƴǘ ǘŜǎǘŞ ŎŜǘ 

ƛƴŘƛǾƛŘǳΣ ƧΩŀǳǊŀƛǎ ǎƛƎƴƛŦƛŎŀǘƛǾŜƳŜƴǘ ǎƻǳǎ-ŜǎǘƛƳŞ ƭΩŀŎǳƛǘŞ ǾƛǎǳŜƭƭŜ ŘŜ ŎŜǘǘŜ ŜǎǇŝŎŜΦ Lƭ Ŝǎǘ ŘƻƴŎ 

essentiel de tester plusieurs individus pour avoir une estimation « réaliste » et non biaisée 

ŘŜ ƭΩŀŎǳƛǘŞ ǾƛǎǳŜƭƭŜ ŘΩǳƴŜ ŜǎǇŝŎŜΦ [Ŝ ǘǊŀǾŀƛƭ ŀǾŜŎ ŎŜǎ ǾƻƭŜǊƛŜǎ ǇŜǊƳŜǘ ŀǳǎǎƛ ƭΩŞǘǳŘŜ ŘΩŜǎǇŝŎŜǎ 

ǊŀǊŜǎ Ŝǘ ŘƛŦŦƛŎƛƭŜƳŜƴǘ ŀŎŎŜǎǎƛōƭŜǎΣ ǘŜƭǎ ƭŜǎ ŎƻƴŘƻǊǎ ŘŜǎ !ƴŘŜǎΦ Lƭ Ŝǎǘ ŘƻƴŎ ŘŜ ƭΩƛƴǘŞǊşǘ ŘŜǎ 

ǎŎƛŜƴǘƛŦƛǉǳŜǎ Ŝǘ ŘŜǎ ŦŀǳŎƻƴƴƛŜǊǎ ŘŜ ŎƻƴǘƛƴǳŜǊ Ł ǘǊŀǾŀƛƭƭŜǊ ŜƴǎŜƳōƭŜ ŀŦƛƴ ŘΩŀƳŞƭƛorer les 

connaissances finalement faibles sur les capacités sensorielles des rapaces. 

,ȭ%ÃÏÌÏÇÉÅ ÓÅÎÓÏÒÉÅÌÌÅ ÐÏÕÒ ÁÍïÌÉÏÒÅÒ ÌÁ ÃÏÎÓÅÒÖÁÔÉÏÎ ÄÅÓ ÒÁÐÁÃÅÓ 
 

Au regard des données sur les déclins des oiseaux dans le monde, les rapaces 

ŀǇǇŀǊŀƛǎǎŜƴǘ şǘǊŜ ǘǊƛǎǘŜƳŜƴǘ Ŝƴ ǘşǘŜ ŘΩŀŦŦƛŎƘŜΣ ǇŀǊǘƛŎǳƭƛŝǊŜƳŜƴǘ ƭŜǎ ŎƘŀǊƻƎƴŀǊŘǎ (Buechley 

ŀƴŘ  ŜƪŜǊŎƛƻƐƭǳΣ нлмсΤ  ŜƪŜǊŎƛƻƐƭǳ Ŝǘ ŀƭΦΣ нллпύ. Entre 2000 et 2003, 95% de la population de 
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vautour chaugoun Gyps bengalensis ŀ ŘƛǎǇŀǊǳ Řŀƴǎ ŎŜǊǘŀƛƴŜǎ ǊŞƎƛƻƴǎ ŘΩ!ǎƛŜ Řǳ {ǳŘ Ł ŎŀǳǎŜ 

ŘΩǳƴ ǎŜǳƭ ǇǊƻŘǳƛǘ ǾŞǘŞǊƛƴŀƛǊŜΣ ƭŜ ŘƛŎƭƻŦŞƴŀŎ (Oaks et al., 2004). Mais les rapaces subissent 

ŀǳǎǎƛ ƭΩƛƳǇŀŎǘ ŘΩŀǳǘǊŜǎ ŘƛǎǇƻǎƛǘƛŦǎ ŀƴǘƘǊƻǇƛǉǳŜǎ ǘŜƭǎ ǉǳŜ ƭŜǎ ŞƻƭƛŜƴnes ou les lignes 

électriques avec lesquels ils entrent relativement souvent en collision (Barrios and 

Rodriguez, 2004; Carrete et al., 2009; De Lucas et al., 2008; Madders and Whitfield, 2006). Il 

est donc crucial de comprendre comment les rapaces perçoivent (ou pas) les indices 

ǇǊƻǾŜƴŀƴǘ ŘΩŀŎǘƛǾƛǘŞǎ ŀƴǘƘǊƻǇƛǉǳŜǎ ŀŦƛƴ ŘΩŀƳŞƭƛƻǊŜǊ ƭŜǳǊ ŎƻƴǎŜǊǾŀǘƛƻƴΦ  

Il a notamment été montré que le champ visuel du vautour fauve possède une zone 

aveugle dans la direction du vol lors de la recherche alimentaire (Martin et al., 2012). Alors 

ǉǳΩƘŀōƛǘǳŜƭƭŜƳŜƴǘ ŀǳŎǳn obstacle ne se trouve sur sa trajectoire (une fois la phase de 

décollage passée, ils maintiennent une hauteur de vol >100m par rapport au sol), il ne 

semble pas nécessaire pour lui de regarder dans la direction du vol mais de se concentrer sur 

ce qui se trouve au sol (carcasses) ou sur les côtés (congénères). Ce comportement pourrait 

donc expliquer en partie le nombre important de collisions de vautours fauves avec les 

dispositifs anthropiques (De Lucas et al., 2008). tŀǊ ŀƛƭƭŜǳǊǎΣ ƛƭ ǎŜƳōƭŜǊŀƛǘ ǉǳŜ ƭΩŀŎǳƛǘŞ ǾƛǎǳŜƭƭŜ 

ŘŜǎ ǊŀǇŀŎŜǎΣ Ŝǘ Ǉƭǳǎ ǇŀǊǘƛŎǳƭƛŝǊŜƳŜƴǘ Řǳ ŎǊŞŎŜǊŜƭƭŜ ŘΩ!ƳŞǊƛǉǳŜ ǎŜǊŀƛǘ ƘŀǳǘŜƳŜƴǘ ŘƛƳƛƴǳŞŜ 

Ŝƴ ǇǊŞǎŜƴŎŜ ŘΩǳƴ ƳƻǳǾŜƳŜƴǘ ǊƻǘŀǘƛŦ (McIsaac, 2001). Il serait alors possible que le taux 

important de collisions avec les éoliennes soit dû aussi en partie à la faible distance de 

détection (ou de non détection) du mouvement rotatif des pales. Les travaux portant sur la 

Ǿƛǎƛƻƴ ǇǊŞǎŜƴǘŞǎ ŀǳ ŎƻǳǊǎ ŘŜ ŎŜ ƳŀƴǳǎŎǊƛǘ ǎƻƴǘ ǇǊŞŎǳǊǎŜǳǊǎ Řŀƴǎ ƭΩŀǇǇƭƛŎŀǘƛƻƴ ŘŜ ŎŜǎ 

connaissances à des fins de conservation. Il est désormais essentiel de prendre en compte 

les capacités de détection des dispositifs anthropiques lors de proposition de projets éoliens 

ǇŀǊ ŜȄŜƳǇƭŜΦ bƻǘŀƳƳŜƴǘΣ ƛƭ ǇƻǳǊǊŀƛǘ şǘǊŜ ŜƴǾƛǎŀƎŞ ŘΩŀǳƎƳŜƴǘŜǊ ƭŀ ǇǊƻbabilité de détection 

en proposant des dispositifs présentant un contraste plus important avec le milieu.  

hǳǘǊŜ ƭŜǎ ŎŀǇŀŎƛǘŞǎ ǾƛǎǳŜƭƭŜǎΣ ƛƭ ǎΩŀǾŝǊŜ ǉǳŜ ƭΩƛƳǇƻǊǘŀƴŎŜ ŘŜ ƭΩƻƭŦŀŎǘƛƻƴ ƴΩŀ ǉǳŜ ǘǊƻǇ 

souvent était ignorée dans les programmes de conservation et réintroduction (Campbell-

Palmer and Rosell, 2011). Pourtant chez les mammifères, il apparait désormais clair que 

ƭΩƛƴǘŞƎǊŀǘƛƻƴ ŘŜ ŎŜǎ ŎŀǇŀŎƛǘŞǎ ƻƭŦŀŎǘƛǾŜǎ ǇŜǊƳŜǘ ŘΩŀƳŞƭƛƻǊŜǊ ƭŜ ǘŀǳȄ ŘŜ ǊŞǳǎǎƛǘŜ ŘŜ 

reproduction en captivité, ƭŀ ŎƻƴŘƛǘƛƻƴ ŘŜǎ ƛƴŘƛǾƛŘǳǎ ŎŀǇǘƛŦǎ Ŝǘ ŘΩŀǳƎƳŜƴǘŜǊ ƭŜ succès des 

programmes de réintroduction (Campbell-Palmer and Rosell, 2011; Fisher et al., 2003). Alors 

que cette étude montre que les rapaces étudiés possèdent bien des capacités olfactives 
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fonctionnelles, je propose donc de prendre en compte ces considérations au sein des divers 

ŎŜƴǘǊŜǎ ŘŜ ǊŜǇǊƻŘǳŎǘƛƻƴ Ŝǘ ǇŀǊŎǎ ȊƻƻƭƻƎƛǉǳŜǎΦ bƻǘŀƳƳŜƴǘΣ ǎƛ ƭΩƻŘŜǳǊ ŞƳƛǎŜ ǊŜŦƭŝǘŜ 

ƭΩŀǇǇŀǊŜƴǘŜƳŜƴǘ Ŝǘ ƛƴŦƭǳŜƴŎŜ ƭŜ ŎƘƻƛȄ ŘŜ ǇŀǊǘŜƴŀƛǊŜΣ ƛƭ ǎŜǊŀƛǘ ŘƻƴŎ ƛƳǇƻǊǘŀƴǘ ŘŜ ǇǊƻǇƻǎŜǊ ǳƴ 

ŎƘƻƛȄ ŘŜ ǇŀǊǘŜƴŀƛǊŜ ŀǳȄ ƛƴŘƛǾƛŘǳǎ ŀŦƛƴ ŘΩŀǳƎƳŜƴǘŜǊ ƭŜ ǘaux de reproduction des espèces 

ƳŜƴŀŎŞŜǎΦ 5Ŝ ǇƭǳǎΣ ǇǊƻǇƻǎŜǊ ǳƴ ŜƴǾƛǊƻƴƴŜƳŜƴǘ ǊƛŎƘŜΣ Ŝǘ ƴƻǘŀƳƳŜƴǘ ŘΩǳƴ Ǉƻƛƴǘ ŘŜ ǾǳŜ 

ƻŘŜǳǊǎΣ ǎŜǊŀƛǘ ǇƻǘŜƴǘƛŜƭƭŜƳŜƴǘ ƴŞŎŜǎǎŀƛǊŜ ŀǳ ǎŜƛƴ ŘŜǎ ǾƻƭƛŝǊŜǎ ŀŦƛƴ ŘΩŀƳŞƭƛƻǊŜǊ ƭŀ ŎŀǇŀŎƛǘŞ 

ŘŜǎ ƛƴŘƛǾƛŘǳǎ ǊŞƛƴǘǊƻŘǳƛǘǎ Ł ƛƴǘŜǊŀƎƛǊ ŀǾŜŎ ƭΩŜƴǾironnement naturel bien plus complexe. 

9ƴŦƛƴΣ ƛƭ ŀǇǇŀǊŀƛǘǊŀƛǘ ǉǳŜ ƭŀ ŦƛŜƴǘŜ ŘŜ ŎƻǳŎƻǳ ƎŜŀƛ ǎŜǊŀƛǘ ǊŞǇǳƭǎƛǾŜ όǇŀǊ ƭΩƻŘŜǳǊ ƻǳ ƭŜ ƎƻǶǘ ?) 

pour les faucons sacres et faucons pèlerins (Röder et al., 2014). Si certaines odeurs peuvent 

être répulsives, il serait ǇƻǎǎƛōƭŜ ŘΩƛƳŀƎƛƴŜǊ ǘǊƻǳǾŜǊ ŜȄǇŞǊƛƳŜƴǘŀƭŜƳŜƴǘ ǳƴŜ ƻŘŜǳǊ ǊŞǇǳƭǎƛǾŜ 

ǇƻǳǊ ƭŜǎ ŎƘŀǊƻƎƴŀǊŘǎ όŜƴ ƛƴǘŞƎǊŀƴǘ ƭŀ ǾŀǊƛŀōƛƭƛǘŞ ƛƴǘŜǊǎǇŞŎƛŦƛǉǳŜύ ŀŦƛƴ ŘŜ ƭΩŀǎǎƛƳƛƭŜǊ Ł ŘŜǎ 

produits toxiques qui seraient naturellement évités par ces oiseaux. Il serait alors possible de 

ǊŞŘǳƛǊŜ ƭΩƛƴƎŜǎǘƛƻƴ ŘŜ ŎŜǎ ǘƻȄƛǉǳŜǎΣ Ŝǘ Ŝƴ ǇǊŜƳƛŜǊ ƭƛŜǳ ƭŜǎ ǇǊƻŘǳƛǘǎ ǾŞǘŞǊƛƴŀƛǊŜǎ ǘŜƭǎ ǉǳŜ ƭŜ 

diclofénac avec lesquels sont traités le bétail dont se nourrissent les vautours. Si les 

capacités olfactives sont bien fonctionnelles chez les vautours ŘŜ ƭΩŀƴŎƛen monde, comme 

supposé chez les vautours du Népal (Gilbert and Chansocheat, 2006)Σ ƭΩƛƴǘŞƎǊŀǘƛƻƴ ŘŜ ŎŜǎ 

ŎŀǇŀŎƛǘŞǎ Ŝǎǘ ǇƻǘŜƴǘƛŜƭƭŜƳŜƴǘ ŜǎǎŜƴǘƛŜƭƭŜ ŀŦƛƴ ŘΩƻǇǘƛƳƛǎŜǊ ƭŀ ŎƻƴǎŜǊǾŀǘƛƻƴ ŘŜ ŎŜǎ ŜǎǇŝŎŜǎΦ  

[Ŝ ƭƛŜƴ ŜƴǘǊŜ ƭΩŞŎƻƭƻƎƛŜ ǎŜƴǎƻǊƛŜƭƭŜ Ŝǘ ƭŀ ōƛƻƭƻƎƛŜ ŘŜ ƭŀ ŎƻƴǎŜǊǾŀǘƛƻƴ ƴΩŀ ǉǳŜ ǘǊƻǇ 

souvent était sous-estimé, alors que ces deux disciplines sont finalement complémentaires 

ŀŦƛƴ ŘΩŀƳŞƭƛƻǊŜǊ ƭΩŜŦŦƛŎŀŎƛǘŞ ŘŜǎ ŀŎǘƛƻƴǎ Ŝǘ ŘŜǎ ǇǊƻƎǊŀƳƳŜǎ ŜƴǘǊŜǇǊƛǎ (Campbell-Palmer and 

Rosell, 2011; Swaisgood, 2010). 

Perspectives de re cherches futures  
 

!ǳ ŎƻǳǊǎ ŘŜ ŎŜ ǘǊŀǾŀƛƭΣ ƭŜǎ ŘƛǾŜǊǎŜǎ ǉǳŜǎǘƛƻƴǎ ŀǳȄǉǳŜƭƭŜǎ ƧΩŀƛ ǇǊƻǇƻǎŞ ŘŜǎ ǊŞǇƻƴǎŜǎ 

ƳΩƻƴǘ ŀƳŜƴŞ Ł ƳŜ ǇƻǎŜǊ ŘΩŀǳǘǊŜǎ ǉǳŜǎǘƛƻƴǎΣ ƭŀ ǇƭǳǇŀǊǘ du temps plus nombreuses que les 

questions de départ. Ces nombreuses questions, à mon humble avis, sƻƴǘ ƭΩŃƳŜ ŘŜ ƭŀ 

ǊŜŎƘŜǊŎƘŜ Ŝǘ ƻƴǘ ŞǘŞ Ƴƻƴ ƭŜƛǘƳƻǘƛǾ ŘǳǊŀƴǘ ŎŜǎ о ŀƴƴŞŜǎ ŘŜ ŘƻŎǘƻǊŀǘΦ WΩŀƛ ŎƘƻƛǎƛ ƛŎƛ ŘŜ 

détailler 4 perspectives découlant directement de mon projet de doctorat. Pour certaines, 

des projets de collaboration ont déjà été amorcés et entamés. 
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,ȭÁÃÕÉÔï ÖÉÓÕÅÌÌÅ ÅÎ ÃÏÕÌÅÕÒ 

 

[ΩŜǎǘƛƳŀǘƛƻƴ ŘŜ ƭΩŀŎǳƛǘŞ ǾƛǎǳŜƭƭŜ Ŝǎǘ ζ condition-dépendante » (e.g. sans distorsion de 

ƭΩŀƛǊ Ŝǘ ǇƻǳǊ ǳƴ ŎƻƴǘǊŀǎǘŜ ƳŀȄƛƳŀƭύ Ŝǘ ƴŜ ǊŜŦƭŝǘŜ Ŝƴ ŀǳŎǳƴ Ŏŀǎ ƭŜǎ ŎƻƴŘƛǘƛƻƴǎ ƴŀǘǳǊŜƭƭŜǎΦ /ŜǘǘŜ 

estimation nous donne des indications sur la détection maximale de détails fins. Il apparait 

néanmoins que la nourriture recherchée par les rapaces ne présente pas un contraste 

ƳŀȄƛƳŀƭ ŀǾŜŎ ƭΩŜƴǾƛǊƻƴƴŜƳŜƴǘΣ ƴƻǘŀƳƳŜƴǘ ǇŀǊŎŜ ǉǳŜ ƭΩƘŀōƛǘŀǘ ǳǘƛƭƛǎŞ Ŝǘ ƭŀ ǇǊƻƛŜ ǊŜŎƘŜǊŎƘŞŜ 

présentent des couleurs particulières (la proie a notamment tendance à pratiquer le 

mimétisme). Les rapaces ont pour la plupart une vision trichromatique et pour certains 

quadrichromatique (violet ou ultra-violet sensitifs) (Håstad et al., 2005; Lind et al., 2013). Il 

apparait donc impƻǊǘŀƴǘ ŘΩŜǎǘƛƳŜǊ ƭΩŀŎǳƛǘŞ ǾƛǎǳŜƭƭŜ ŘŜ ŎŜǎ ǊŀǇŀŎŜǎ ŀǾŜŎ ǳƴ ǇŀǘǘŜǊƴ 

présentant des couleurs distinctes et relativement représentatives des conditions naturelles. 

! ŎŜ ƧƻǳǊΣ ƭŀ ǎŜǳƭŜ ŜȄǇŞǊƛŜƴŎŜ Ł Ƴŀ ŎƻƴƴŀƛǎǎŀƴŎŜ ŀȅŀƴǘ ŜǎǘƛƳŞ ƭΩŀŎǳƛǘŞ ǾƛǎǳŜƭƭŜ Ŝƴ ŎƻǳƭŜǳǊ 

ŘΩǳƴŜ ŜǎǇŝŎŜ ŘΩƻƛǎŜŀǳ Ŝǎǘ ŎŜƭƭŜ ŘŜ Lind and Kelber (2011) sur les perruches ondulées 

Melopsittacus undulatusΦ /Ŝǎ ŀǳǘŜǳǊǎ ƻƴǘ ŎƭŀƛǊŜƳŜƴǘ ƳƻƴǘǊŞ ǉǳŜ ƭΩŀŎǳƛǘŞ ǾƛǎǳŜƭƭŜ 

ŎƘǊƻƳŀǘƛǉǳŜ Şǘŀƛǘ ƴŜǘǘŜƳŜƴǘ ƛƴŦŞǊƛŜǳǊŜ Ł ƭΩŀŎǳƛǘŞ ǾƛǎǳŜƭƭŜ ŀŎƘǊƻƳŀǘƛǉǳŜ όпΦр ŎκŘŜƎ ǾǎΦ мл 

c/deg).  

!ǳ Ǿǳ ŘŜ ŎŜǘǘŜ ŀōǎŜƴŎŜ ŘŜ ŎƻƴƴŀƛǎǎŀƴŎŜǎ ǎǳǊ ƭΩŀŎǳƛǘŞ ǾƛǎǳŜƭƭŜ Ŝƴ ŎƻǳƭŜǳǊ ŘŜǎ ƻƛǎŜŀǳȄΣ 

je vais travailler par la suite avec Prof. Almut Kelber (Université de Lund, Suède), dans le 

ŎŀŘǊŜ ŘΩǳƴ Ǉƻǎǘ ŘƻŎǘƻǊŀǘΣ ŀŦƛƴ ŘΩŜǎǘƛƳŜǊ ƭΩŀŎǳƛǘŞ ǾƛǎǳŜƭƭŜ ŎƘǊƻƳŀǘƛǉǳŜ ŎƘez les rapaces qui 

ǇƻǎǎŝŘŜƴǘ ǘƻǳǘ ŘŜ ƳşƳŜ ǇƻǳǊ ŎŜǊǘŀƛƴǎ ƭΩŀŎǳƛǘŞ ǾƛǎǳŜƭƭŜ ƭŀ Ǉƭǳǎ ƛƳǇƻǊǘŀƴǘŜ ǘǊƻǳǾŞŜ Řŀƴǎ ƭŜ 

règne animal à ce jour. Pour ce faire, je souhaite utiliser la même technique que Lind and 

Kelber (2011) et proposer des barres non pas noires et blanches, mais des barres de deux 

ŎƻǳƭŜǳǊǎ ŘƛŦŦŞǊŜƴǘŜǎ ŀȅŀƴǘ ǳƴ ǎŜƴǎ ōƛƻƭƻƎƛǉǳŜ όǇŀǊ ŜȄŜƳǇƭŜ ǾŜǊǘ Ŝǘ ƎǊƛǎ ǇƻǳǊ ƭŀ ŎƻǳƭŜǳǊ ŘΩǳƴ 

ƭŀǇƛƴ ǎǳǊ ƭΩƘŜǊōŜύΦ 9ƴŦƛƴΣ ƛƭ ǎŜǊŀ ƛƴǘŞǊŜǎǎŀƴǘ ŘŜ ŎƻƳǇŀǊŜǊ ƭŜ Ǌŀǘƛƻ ŜƴǘǊŜ ŀŎǳƛǘŞ ǾƛǎǳŜƭƭŜ 

chromatique et achromatique chez plusieurs espèces en lien justement avec leur écologie 

alimentaire. 

Comment stabiliser sa vision  

 

« [ΩƻƛǎŜŀǳ ŎΩŜǎǘ ǳƴŜ ŀƛƭŜ ƎǳƛŘŞŜ ǇŀǊ ǳƴ ǆƛƭΣ ŎŜ ǉǳƛ ŜȄƛƎŜ ƭŀ ǇǊŞŎƛǎƛƻƴ Ŝǘ ƭŀ ǾƛǘŜǎǎŜ ŘŜǎ 

fonctions rétiniennes » (Rochon-Duvigneaud, 1943). La définition proposée correspond 
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ǇŀǊŦŀƛǘŜƳŜƴǘ Ł ŎŜ ǉǳΩŜǎǘ ǳƴ ƻƛǎŜŀǳ ŘΩǳƴ Ǉƻƛƴǘ ŘŜ ǾǳŜ ŘŜ ƭΩŞŎƻƭƻƎƛŜ ǎŜƴǎƻǊƛŜƭƭŜ (Martin, 2014). 

9ƴ ŜŦŦŜǘΣ ŜƭƭŜ ŎƛōƭŜ ƭΩŜǎǎŜƴŎŜ ŘŜ ŎŜ ǉǳΩŜǎǘ ǳƴ ƻƛǎŜŀǳ Ŝǘ ŘŜ ŎŜ ǉǳΩƛƭ Ŧŀƛǘ ŀǾŜŎ ƭΩŜȄǇƭƛŎŀǘƛƻƴ ŘŜ ƭŀ 

façon dont cela est contrôlé. A travers cette définitƛƻƴΣ ƻƴ ǇŜǳǘ ƭƛǊŜ ǉǳŜ ƭΩƻƛǎŜŀǳ ǎŜ ŘŞǇƭŀŎŜ 

dans un milieu où les contraintes physiques sont importantes. Ces contraintes physiques 

peuvent considérablement altérer la vision et les capacités de détection de la nourriture 

ŎƛōƭŞŜΦ 9ƴ ŘΩŀǳǘǊŜǎ ǘŜǊƳŜǎΣ ŎƻƳƳŜƴǘ ƭΩŀŎǳƛǘŞ ǾƛǎǳŜƭƭŜ Ŝǎǘ-elle altérée par les mouvements du 

corps en vol ? Pour répondre à ces contraintes physiques, les oiseaux possèderaient des 

réflexes vestibulo-oculaires et vestibulo-coliques afin de stabiliser la tête (et donc la vision) 

face à ces perturbations. En effet, les premières études datant des années 1970 ont montré 

que le hibou grand-ŘǳŎ ŘΩ!ƳŞǊƛǉǳŜ Bubo virginianus possède des réflexes vestibulo-coliques 

lors de rotations du corps. Par la suite, une autre étude a pu montrer que différentes 

espèces de hérons présentent aussi des réflexes vestibulo-coliques face à une perturbation 

sinusoïdale se rapprochant de leur démarche habituelle (Katzir et al., 2001). Cependant, très 

ǇŜǳ ŘΩŞǘǳŘŜǎ ǎŜ ǎƻƴǘ ƛƴǘŞǊŜǎǎŞŜǎ Ł ƭŀ ǎǘŀōƛƭƛǎŀǘƛƻƴ ŘŜ ƭŀ ǘşǘŜ Ŝǘ ŘŜ ƭŀ vision au vol (Pete et al., 

2015; Su et al., 2011)Σ Ŝǘ ŀǳŎǳƴŜ ŀǳ ƳƻƳŜƴǘ ŘŜ ƭŀ ŎŀǇǘǳǊŜ ŘΩǳƴŜ ǇǊƻƛŜΦ !ǾŜŎ CǊŀƴŎƪ wǳŦŦƛŜǊ 

ό/bw{ Ŝƴ ōƛƻǊƻōƻǘƛǉǳŜ Ł ƭΩLƴǎǘƛǘǳǘ ŘŜǎ {ŎƛŜƴŎŜǎ Řǳ aƻǳǾŜƳŜƴǘΣ ¦ƴƛǾŜǊǎƛǘŞ ŘΩ!ƛȄ-Marseille), 

nous avons donc conduit des expériences sur la stabilisation de la tête au moment de la 

capture chez la buse de Harris en condition expérimentale. La nouveauté de cette étude 

réside aussi par la précision des mouvements que nous avons collectés. En effet, les études 

ont été conduites dans une arène de vol composée de 17 caméras VICON captant les 

marqueurs VICON disposés sur la tête, le corps et les pattes de chaque individu (Figure K). 

Cette arène de vol permet de mesurer à haute résolution temporelle (500Hz) et spatiale 

(<1mm) les mouvements de chaque partie du corps. Les expériences comportementales 

ǎΩŞǘŀƴǘ ǘŜǊƳƛƴŞŜǎ ƭŜ но Ƨǳƛƴ нлмсΣ ƭŜǎ ŘƻƴƴŞŜǎ ƴΩƻƴǘ Ǉŀǎ Ǉǳ şǘǊŜ ƛƴǘŞƎǊŞŜǎ Ł ƭŀ ǘƘŝǎŜ Ƴŀƛǎ 

ǎΩŀǾŝǊŜƴǘ ǇǊƻƳŜǘǘŜǳǎŜǎ Řŀƴǎ ƭΩŀƴŀƭȅǎŜ ŦƛƴŜ ŘŜǎ ŎƻƳǇƻǊǘŜƳŜƴǘǎ ŘŜ ŎŀǇǘǳǊŜ ŎƘŜȊ ƭŜǎ ǊŀǇŀŎŜǎΦ 
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Figure K : Photos représentant : A ς une buse de Harris en vol équipée des marqueurs VICON disposés sur la 

tête, le dos et les tarses, B ς [ΩŀǊŝƴŜ ŘŜ Ǿƻƭ ŀǾŜŎ ƭŜǎ ŎŀƳŞǊŀǎ ±L/hb Ŝǘ ǳƴŜ ǘǊŀƧŜŎǘƻƛǊŜ ǎƛƳǳƭŞŜ ŘŜǎ ŎŀǇǘŜǳǊǎ 

VICON repérés par les caméras. 

Des espèces dites prédatrices strictes peuvent -ÅÌÌÅÓ ÕÔÉÌÉÓÅÒ ÌȭÏÌÆÁÃÔÉÏÎ ÐÏÕÒ ÔÒÏÕÖÅÒ ÌÅÕÒ 

nourriture  ? 

 

! Ƴƻƴ ƎǊŀƴŘ ǊŜƎǊŜǘΣ ƧŜ ƴΩŀƛ Ǉŀǎ ǊŞǳǎǎƛ Ł ƻōǘŜƴƛǊ ŘŜ ǊŞǎǳƭǘŀǘǎ ǎǳǊ ƭŜǎ ŜȄǇŞǊƛŜƴŎŜǎ ŘŜ 

ǊŜŎƘŜǊŎƘŜ ŀƭƛƳŜƴǘŀƛǊŜ ǇŀǊ ƭΩƻŘƻǊŀǘ ŎƘŜȊ ǳƴŜ ŜǎǇŝŎŜ ǎǘǊƛŎǘŜƳŜƴǘ ǇǊŞŘŀǘǊƛŎŜΣ ƭŜ ŦŀǳŎƻn sacre. 

/ƻƳƳŜ ŜȄǇƭƛǉǳŞ ǇǊŞŎŞŘŜƳƳŜƴǘΣ ƛƭ ƳŜ ǎŜƳōƭŜ ǉǳŜ ƭΩŜȄǇŞǊƛŜƴŎŜ ǇǊƻǇƻǎŞŜ ƴΩŞǘŀƛǘ Ǉŀǎ 

ŀŘŀǇǘŞŜ Ł ŎŜǘǘŜ ŜǎǇŝŎŜΣ ŀǳǘǊŜƳŜƴǘ ŘƛǘΣ ƧŜ ƴΩŀƛ Ǉŀǎ ǎǳ ƭŜǳǊ ǇƻǎŜǊ ƭŀ ōƻƴƴŜ ǉǳŜǎǘƛƻƴΦ tƻǳǊǘŀƴǘΣ 

il semblerait que cette espèce possède toujours des gènes olfactifs fonctionnels (Zhan et al., 

2013)Φ Lƭ ǎŜǊŀƛǘ ǇƻǎǎƛōƭŜ ǉǳŜ ŎŜǎ ŎŀǇŀŎƛǘŞǎ ƻƭŦŀŎǘƛǾŜǎ ƴŜ ǎŜǊǾŜƴǘ ǉǳΩŀǳ ŎƻǳǊǎ ŘŜ ǇǊƻŎŜǎǎǳǎ 

communicatifs et que les faucons sacres ne soient pas capables de détecter leur nourriture 

ǇŀǊ ƭΩƻŘƻǊŀǘΦ /ŜǇŜƴŘŀƴǘΣ ƭŜǎ ǎǳǇǇƻǎƛǘƛƻƴǎ ŦŀƛǘŜǎ ǇŀǊ Röder et al. (2014) laissent à penser que 

ƭΩƻŘŜǳǊ όƻǳ ƭŜ ƎƻǶǘύ ŘŜ ƭŀ ŦƛŜƴǘŜ ŘŜ ŎƻǳŎƻǳ ƎŜŀƛ ǎŜǊŀƛǘ ǊŞǇǳƭǎƛǾŜΦ Lƭ ŀǇǇŀǊŀƛǘ ŘƻƴŎ ŜǎǎŜƴǘƛŜƭ ŘŜ 

ǘŜǎǘŜǊ Ł ƴƻǳǾŜŀǳ ƭŜǎ ŎŀǇŀŎƛǘŞǎ ƻƭŦŀŎǘƛǾŜǎ ŘŜ ŎŜǘǘŜ ŜǎǇŝŎŜ όŎƻƳƳŜ ǘŀƴǘ ŘΩŀǳǘǊŜǎ ŀǳȄ ƳǆǳǊǎ 

purement prédatrices). A ce ǘƛǘǊŜΣ ƧŜ ǎƻǳƘŀƛǘŜǊŀƛǎ ŘƻƴŎ ŀŘŀǇǘŜǊ ƭΩŜȄǇŞǊƛŜƴŎŜ 

comportementale afin de respecter au maximum leur biologie. Entre autre, les faucons ne 

ǇŀǎǎŜƴǘ ǉǳŜ ǘǊŝǎ ǇŜǳ ŘŜ ǘŜƳǇǎ ŀǳ ǎƻƭΣ Ŝǘ ƛƭ ƳΩŀ ǎŜƳōƭŞ ƭƻǊǎ ŘŜǎ ŜȄǇŞǊƛŜƴŎŜǎ ǉǳŜ ƭŀ 

ƳŀƴƛǇǳƭŀǘƛƻƴ ŘΩƻōƧŜǘǎ ŀǳ ǎƻƭ ƭŜǳǊ Ştait inconfortable. Ainsi, il serait certainement plus 

ƧǳŘƛŎƛŜǳȄ ŘŜ ǇǊŞǎŜƴǘŜǊ ƭŜ ŘƛǎǇƻǎƛǘƛŦ ŜȄǇŞǊƛƳŜƴǘŀƭ όŎΩŜǎǘ-à-dire les égouttoirs à riz en forme de 

ōƻǳƭŜύ ǎǳǊ ŘŜǎ ǇŜǊŎƘƻƛǊǎ ŀŘŀǇǘŞǎ Ł ƭΩŜǎǇŝŎŜΦ /Ŝǎ ŜȄǇŞǊƛŜƴŎŜǎ Ǿƻƴǘ şǘǊŜ ŎƻƴŘǳƛǘŜǎ 

prochainement en parallŝƭŜ ŘΩŜȄǇŞǊƛŜƴŎŜǎ ǾƛǎǳŜƭƭŜǎΦ  
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La communication chimique est -elle fonctionnelle  ? 

 

±ŀǎǘŜ ǎǳƧŜǘ ǉǳŜ ŘΩŜǎǎŀȅŜǊ ŘŜ ƳƻƴǘǊŜǊ ǎƛ ƭŜǎ ƻƛǎŜŀǳȄ ǇŜǳǾŜƴǘ ƛƴǘŞƎǊŜǊ Ŝǘ ǊŞǇƻƴŘǊŜ ŀǳȄ 

signaux olfactifs accessibles délivrés par les congénères. En effet, le dernier chapitre 

présenté (manuscrit 7) montre que les milans noirs possèdent une signature olfactive 

ǾŜŎǘǊƛŎŜ ŘΩƛƴŦƻǊƳŀǘƛƻƴǎ ǇƻǘŜƴǘƛŜƭƭŜƳŜƴǘ ƛƳǇƻǊǘŀƴǘŜǎ ƭƻǊǎ ŘŜ ƭŀ ŎƻƳƳǳƴƛŎŀǘƛƻƴΦ Lƭ Ŝǎǘ Ŏƻƴƴǳ 

que cette information olfactive peut être utilisée chez les oiseaux par exemple dans le but de 

ǊŜŎƻƴƴŀƛǘǊŜ ƭŜ ǎŜȄŜ ŎƘŜȊ ƭΩŞǘƻǳǊƴŜŀǳ ǳƴƛŎƻƭƻǊŜ Sturnus unicolor (Amo et al., 2012)Σ ƭΩŞǘŀǘ 

reproductif de la femelle chez la poule domestique (Jacob et al., 1979), de reconnaitre les 

individus apparentés ŎƘŜȊ ƭΩhŎŞŀƴƛǘŜ ǘŜƳǇşǘŜ Hydrobates pelagicus (Bonadonna and Sanz-

Aguilar, 2012), ou de reconnaitre son partenaire sexuel chez le prion de la désolation 

Pachyptila desolata (Bonadonna and Nevitt, 2004)Φ 9ƴ ǊŜǾŀƴŎƘŜΣ ŀƭƻǊǎ ǉǳΩǳƴŜ ǎƛƎƴŀǘǳǊŜ 

sexuelle olfactive apparait chez cette dernière, les individus ne semblent pas être capables 

ŘŜ ŘƛǎŎŜǊƴŜǊ ƭŜǎ ǎŜȄŜǎ ǇŀǊ ƭŜ ǎŜǳƭ ōƛŀƛǎ ŘŜ ƭΩƻŘƻǊŀǘ (Bonadonna et al., 2009). Il apparait alors 

que toutes les informations transmises par les composés volatiles et semi-volatiles contenus 

dans les sécrétions de la gƭŀƴŘŜ ǳǊƻǇȅƎƛŜƴƴŜ ƴΩƛƳǇƭƛǉǳŜƴǘ Ǉŀǎ ǳƴŜ ŎŀǇŀŎƛǘŞ ŘŜǎ ƻƛǎŜŀǳȄ Ł 

ǳǘƛƭƛǎŜǊ ŎŜǘǘŜ ƛƴŦƻǊƳŀǘƛƻƴΦ [ΩŞǘŀǇŜ ǎǳƛǾŀƴǘe que je souhaite donc mettre en place est une 

ŜȄǇŞǊƛŜƴŎŜ ŘŜ ŎƘƻƛȄ ōƛƴŀƛǊŜ ŀŘŀǇǘŞŜ ŀǳȄ Ƴƛƭŀƴǎ ƴƻƛǊǎ ǇŜǊƳŜǘǘŀƴǘ ŘΩŞǾŀƭǳŜǊ ƭŀ ǇƻǘŜƴǘƛŀƭƛǘŞ 

des individus à reconnaitre notamment les individus apparentés. 
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Contexte et Objectif  

  

André Rochon-5ǳǾƛƎƴŜŀǳŘ Ŧǳǘ ƭΩǳƴ ŘŜǎ ǇǊŞŎǳǊǎŜǳǊǎ Řŀƴǎ ƭΩŀƴŀƭȅǎŜ ŘŜǎ ŎŀǇŀŎƛǘŞǎ 

visuelles des oiseaux, avec un accent fort sur les rapaces. Au cours de ses diverses 

recherches, il concluait que les buses variables devraient avoir une acuité visuelle 4 fois 

ǎǳǇŞǊƛŜǳǊŜ Ł ƭΩIƻƳƳŜ ŎƻƳǇǘŜ ǘŜƴǳ ŘŜ ƭŀ ǎǘǊǳŎǘǳǊŜ ŘŜ ƭŀ ŦƻǾŞŀΣ Ƴŀƛǎ ǎǳǊǘƻǳǘ ŘŜ ƭŀ ŘŜƴǎƛǘŞ Ŝƴ 

photorécepteurs au sein même de celle-Ŏƛ όǉǳΩƛƭ ŜǎǘƛƳŜ Ł м 000 000/mm2) (Rochon-

Duvigneaud, 1919). Les premières esǘƛƳŀǘƛƻƴǎ ŎƻƳǇƻǊǘŜƳŜƴǘŀƭŜǎ ƴΩƻƴǘ ŞǘŞ ŦŀƛǘŜǎ ǉǳŜ рл ŀƴǎ 

plus tard avec notamment les travaux de Fischer (1968) sur les vautours fauves, vautours 

percnoptères et vautours indiens. Néanmoins, les travaux étant publiés dans une revue 

allemande, celle-Ŏƛ ƴΩŀ Ŝǳ que très peu de portée. Il a fallu attendre les travaux de Fox et al. 

(1976)Σ ǇƻǳǊ ǉǳŜ ƭŀ ŎƻƳƳǳƴŀǳǘŞ ǎŎƛŜƴǘƛŦƛǉǳŜ ŘƛǎǇƻǎŜ ŘΩǳƴŜ ŜǎǘƛƳŀǘƛƻƴ ŎƻƳǇƻǊǘŜƳŜƴǘŀƭŜ ŘŜ 

ƭΩŀŎǳƛǘŞ ǾƛǎǳŜƭƭŜ ŘΩǳƴ ǊŀǇŀŎŜΣ ƭŀ ŎǊŞŎŜǊŜƭƭŜ ŘΩ!ƳŞǊƛǉǳŜΦ /ŜǘǘŜ ŜǎǘƛƳŀǘƛƻƴ ŀƭƭŀƛǘ Řŀƴǎ ƭŜ ǎŜƴǎ ŘŜ 

ƭΩƘȅǇƻǘƘŝǎŜ ŘŜ wƻŎƘƻƴ-Duvigneaud : les rapaces ont une vision extraordinaire. En effet, en 

ŀȅŀƴǘ ǳƴŜ ŀŎǳƛǘŞ ǾƛǎǳŜƭƭŜ ŘŜ мсл ŎȅŎƭŜǎ ǇŀǊ ŘŜƎǊŞΣ ƭŜ ŎǊŞŎŜǊŜƭƭŜ ŘΩ!ƳŞǊƛǉǳŜ ǇƻǎǎŞŘŜǊŀƛǘ ǳƴŜ 

Ǿƛǎƛƻƴ ǉǳŀǎƛƳŜƴǘ о Ŧƻƛǎ Ǉƭǳǎ ŦƛƴŜ ǉǳŜ ƭΩIƻƳƳŜ όŜƴǾƛǊƻƴ сл-70 cycles par degré). Alors que 

Řŀƴǎ ŘŜǎ ŎƻƴŘƛǘƛƻƴǎ ƻǇǘƛƳŀƭŜǎ όǎŀƴǎ ŘƛǎǘƻǊǎƛƻƴ ŘŜ ƭΩŀƛǊύ ƭΩIƻƳƳŜ ǇƻǳǊǊŀƛǘ ǾƻƛǊ ǳƴŜ ǎƻǳǊƛǎ 

blanche sur un fond noir à environ 350m, le faucon crécerelle Américain pourrait la détecter 

à environ 900m. Néanmoins, certains auteurs trouvèrent ce résultat surprenant et 

ŘŞŎƛŘŝǊŜƴǘ ŘΩŜǎǘƛƳŜǊ Ł ƴƻǳǾŜŀǳ ƭΩŀŎǳƛǘŞ ǾƛǎǳŜƭƭŜ ŘŜ ŎŜǘǘŜ ŜǎǇŝŎŜΦ vǳŜ ŎŜ ǎƻƛǘ ǇŀǊ ǘŜǎǘǎ 

ŎƻƳǇƻǊǘŜƳŜƴǘŀǳȄ ƻǳ ŞƭŜŎǘǊƻǊŞǘƛƴƻƎǊŀƳƳŜǎΣ ƭΩŀŎǳƛǘŞ ǾƛǎǳŜƭƭŜ ƳŀȄƛƳǳƳ ŘŜ ŎŜ ŦŀǳŎƻƴ ǎŜ 

trouverait entre 40 et 70 cycles par degré (Gaffney and Hodos, 2003; Hirsch, 1982). 

!ǳǘǊŜƳŜƴǘ ŘƛǘΣ ǳƴŜ ŀŎǳƛǘŞ ǾƛǎǳŜƭƭŜ ǎƛƳƛƭŀƛǊŜ Ł ƭΩIƻƳƳŜΦ /ŜǇŜƴŘŀƴǘΣ ŎŜǊǘŀƛƴŜǎ ŜǎǇŝŎŜǎ 

ǇƻǎǎŝŘŜƴǘ ǳƴŜ ŀŎǳƛǘŞ ǾƛǎǳŜƭƭŜ ƛƳǇǊŜǎǎƛƻƴƴŀƴǘŜΣ Ł ƭΩƛƴǎǘŀǊ ŘŜ ƭΩŀƛƎƭŜ ŀǳŘŀŎƛŜǳȄ όмпн ŎȅŎƭŜǎ ǇŀǊ 

degré), donnée confirmée cette fois-ci par dénombrement de cellules rétiniennes (Reymond, 

1985).  

Ainsi, il est communément admis que les rapaces possèdent une acuité visuelle 

ƛƴŞƎŀƭŞŜΦ aŀƛǎ ƭŜǎ ǊŀǇŀŎŜǎΣ Ł ƭΩƛƴǎǘŀǊ ŘŜǎ ƻƛǎŜŀǳȄ Ŝƴ ƎŞƴŞǊŀƭΣ ŘƛŦŦŝǊŜƴǘ ƘŀǳǘŜƳŜƴǘ Ŝƴ ǘŜǊƳŜǎ 
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comportementaux, suggérant ainsi que leurs demandes sensorielles soient adaptées. Au 

regard de cette diversité importante, les rapaces doivent pouvoir extraire les informations 

nécessaires dans leur vie de tous les jours, et ceci est possible en possédant des capacités 

sensorielles adaptées.  

Longtemps, les rapaces ont été considérés comme anosmiques (absence de capacités 

olfactives) (Hagelin, 2007a; Roper, 1999). En effet, mis à part les vautours du nouveau 

ƳƻƴŘŜΣ Ł ƭΩƛƳŀƎŜ ŘŜǎ ǾŀǳǘƻǳǊǎ ǳǊǳōǳǎ Ł ǘşǘŜ ǊƻǳƎŜ (Houston, 1986; Houston, 1988; Smith 

and Paselk, 1986), les autres espèces ne présentent à nos yeux pas de comportements 

ǘŞƳƻƛƎƴŀƴǘ ŘŜ ƭΩǳǘƛƭƛǎŀǘƛƻƴ ŘŜ ƭΩƻƭŦŀŎǘƛƻƴΦ /ŜǇŜƴŘŀƴǘΣ ƭŜǎ ŞǘǳŘŜǎ ŀƴŀǘƻƳƛǉǳŜǎ Ŝǘ ƎŞƴŞǘƛǉǳŜǎ 

ŀǇǇǳƛŜƴǘ ƭΩƘȅǇƻǘƘŝǎŜ ŘΩǳƴ ǎŜƴǎ ƻƭŦŀŎǘƛŦ ŦƻƴŎǘƛƻƴƴŜƭ ǎƛ ƭΩƻƴ ǘƛŜƴǘ ŎƻƳǇǘŜ ŘŜ ƭΩƛƳportance 

relative de la taille du bulbe olfactif (Zelenitsky et al., 2011) et de la fonctionnalité des gènes 

liés à ce sens (Yang et al., 2015; Zhan et al., 2013). Avant ce projet, bien que certaines études 

se soient penchées sur la question (Röder et al., 2014; Yang et al., 2015)Σ ŀǳŎǳƴŜ ƴΩŀǾŀƛǘ 

permis de mettre en évidence la fonctionnalité du sens olfactif chez les rapaces. 

!ƛƴǎƛΣ ŀǳ ŎƻǳǊǎ ŘŜ ŎŜǘǘŜ ǘƘŝǎŜΣ ƧΩŀƛ ŘƻƴŎ ŜȄǇƭƻǊŞ ƭŜǎ ŎŀǇŀŎƛǘŞǎ ǎŜƴǎƻǊƛŜƭƭŜǎ ŀŦƛƴ ŘŜ 

confirmer ou infirmer les suppositions faites sur les capacités sensorielles des maitres de 

ƭΩŀƛǊΣ ƭŜǎ ǊŀǇŀŎŜǎΦ 

Principaux résultats à retenir  

 

i) [ΩŀŎǳƛǘŞ ǾƛǎǳŜƭƭŜ ŘŜǎ ǊŀǇŀŎŜǎ ƴΩŜǎǘ Ǉŀǎ ǘƻǳƧƻǳǊǎ ŜȄǘǊŀƻǊŘƛƴŀƛǊŜΣ et pour un 

grand nombre ŘΩŜǎǇŝŎŜs, elle est inférieure Ł ŎŜƭƭŜ ŘŜ ƭΩIƻƳƳŜΦ Si les 

stratégies de recherche alimentaire ne nécessitent pas une acuité visuelle 

importante (par exemple les caracaras qui recherchent leur nourriture au sol), 

ƛƭ ƴΩȅ ŀǳǊŀƛǘ Ǉŀǎ ŘΩƛƴǘŞǊşǘ Ł ǇƻǎǎŞŘŜǊ ǳƴŜ vision extraordinaire. 

ii) [ŀ ǘŀƛƭƭŜ ŘŜ ƭΩǆƛƭ Ŝǘ ǎŀ ǎǘǊǳŎǘǳǊŜ ŀƴŀǘƻƳƛǉǳŜ όƴotamment la fovéa) dépendent 

du type de nourriture recherchée. Proportionnellement à leur poids, les 

ǇǊŞŘŀǘŜǳǊǎ ƻƴǘ ǳƴ ǆƛƭ Ǉƭǳǎ ƎǊƻǎΣ Ŝǘ ǎǳǊǘƻǳǘΣ ƭŀ ǇǊŞǎŜƴŎŜ ŘΩǳƴŜ ŘŜǳȄƛŝƳŜ ŦƻǾŞŀ 

liée à la vision frontale permettrait certainement de garder la fixation sur la 

proie. 
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iii) [Ŝ ŎƘŀƳǇ ǾƛǎǳŜƭ ŘŜǎ ǊŀǇŀŎŜǎ ŘŞǇŜƴŘ ŘŜ ƭŀ ǎǘǊŀǘŞƎƛŜ ŘΩǳǘƛƭƛǎŀǘƛƻƴ ŘŜ ƭŀ 

ressource. Les charognards et autres espèces grégaires possèdent un champ 

visuel étendu augmentant les capacités de détection des congénères. Les 

espèces se nourrissant de proies se déplaçant en 3 dimensions (oiseaux, 

insectes et éventuellement poissons) possèdent elles aussi un champ visuel 

étendu permettant de suivre les mouvements de leur proie. Enfin, les espèces 

prédatrices se nourrissant de mammifères possèdent un champ visuel 

restreint au-ŘŜǎǎǳǎ ŘŜ ƭŜǳǊ ǘşǘŜΣ ŞǾƛǘŀƴǘ ŀƛƴǎƛ ƭΩƛƴǘǊǳǎƛƻƴ ŘŜ ƭǳƳƛŝǊŜ ŀǳ ƴƛǾŜŀǳ 

ŘŜ ƭΩǆƛƭΦ 

iv) Les rapaces (au moins les vautours urubus à tête rouge et les caracaras 

communs) possèdent des capacités olfactives fonctionnelles pour détecter 

leur nourriture. Lorsque les indices visuels et olfactifs sont contradictoires, les 

ǾŀǳǘƻǳǊǎ ǳǊǳōǳǎ Ł ǘşǘŜ ǊƻǳƎŜ ǳǘƛƭƛǎŜƴǘ ǇǊŞŦŞǊŜƴǘƛŜƭƭŜƳŜƴǘ ƭΩƻƭŦŀŎǘƛƻƴ ŀƭƻǊǎ ǉǳŜ 

ƭŜǎ ŎŀǊŀŎŀǊŀǎ ǳǘƛƭƛǎŜƴǘ Ł ƛƴǘŜƴǎƛǘŞ ŞƎŀƭŜ ƭŜǎ ŘŜǳȄ ǎŜƴǎΦ !ƛƴǎƛΣ ƭΩƻƭŦŀŎǘƛƻƴ ǇƻǳǊǊŀƛǘ 

être un sens dominant chez ces vautours alors que les caracaras pourraient 

ǳǘƛƭƛǎŜǊ ƭŀ Ǿƛǎƛƻƴ Ŝǘ ƭΩƻƭŦŀŎǘƛƻƴ ŘŜ ƳŀƴƛŝǊŜ ŞƎŀƭŜΦ 

v) [Ŝǎ Ƴƛƭŀƴǎ όŜǘ ǇƻǘŜƴǘƛŜƭƭŜƳŜƴǘ ŘΩŀǳǘǊŜǎ ŜǎǇŝŎŜǎ ŘŜ ǊŀǇŀŎŜǎύ ǇǊŞǎŜƴǘŜƴǘ ǳƴŜ 

signature olfactive provenant des sécrétions de la glande uropygienne 

témoiƎƴŀƴǘ ŘŜ ƭΩƛƴŘƛǾƛŘǳŀƭƛǘŞ όŎƘŀǉǳŜ ƛƴŘƛǾƛŘǳ ǇƻǎǎŝŘŜǊŀƛǘ ǎŀ ǇǊƻǇǊŜ ŎŀǊǘŜ 

ŘΩƛŘŜƴǘƛǘŞ ƻƭŦŀŎǘƛǾŜύΣ ǇǊƻōŀōƭŜƳŜƴǘ ŘŜ ƭΩŀǇǘƛǘǳŘŜ ŘŜǎ ŦŜƳŜƭƭŜǎ Ł ǎŜ ǊŜǇǊƻŘǳƛǊŜ 

(la signature olfactive des femelles est différente en période de reproduction) 

et de la proximité génétique des mâles (les mâles les plus proches 

génétiquement ont une odeur semblable). Ainsi, ces informations pourraient 

être essentielles dans la communication interindividuelle, notamment dans le 

choix et la reconnaissance du partenaire sexuel. 

Conclusion et passation des connaissances au public  

 

Notre étude, sinon de montrer, suggère que les capacités sensorielles des rapaces 

sont intimement liées au mode de vie des espèces, en particulier les stratégies de recherche 

alimentaire. Contrairement aux croyances prƻŦƻƴŘŞƳŜƴǘ ŀƴŎǊŞŜǎ Řŀƴǎ ƴƻǎ ƳǆǳǊǎΣ ƭŜǎ 

rapaces ne possèdent pas tous une acuité visuelle élevée et au contraire, certains ont une 
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ŀŎǳƛǘŞ ǾƛǎǳŜƭƭŜ ōƛŜƴ Ǉƭǳǎ ŦŀƛōƭŜ ǉǳŜ ƭΩIƻƳƳŜΦ 5Ŝ ǇƭǳǎΣ ƭŜǎ ŎŀǇŀŎƛǘŞǎ ƻƭŦŀŎǘƛǾŜǎ ǎŜƳōƭŜǊŀƛŜƴǘ 

être bien plus fonctionnelles que ǇǊŞŎŞŘŜƳƳŜƴǘ ǎǳǇǇƻǎŞŜǎΦ ! ƭΩƛƴǎǘŀǊ ŘŜ ǘƻǳǎ ƭŜǎ ŀǳǘǊŜǎ 

ǘŀȄƻƴǎ όŜǎǇŝŎŜǎ ŀȅŀƴǘ ŘŜǎ ŎŀǊŀŎǘŝǊŜǎ Ŝƴ ŎƻƳƳǳƴύ Řǳ ƳƻƴŘŜ ǾƛǾŀƴǘΣ ƛƭ Ŧŀǳǘ ŘƻƴŎ ǎΩŀōǎǘŜƴƛǊ 

de généraliser les capacités sensorielles des rapaces, notamment parce que la diversité 

comportementale importante doit être soutenue par une diversité sensorielle importante. 

Grâce à la collaboration étroite avec les différentes voleries et parcs zoologiques, ce projet 

ŘŜ ǊŜŎƘŜǊŎƘŜ ŀ ŜƴǘǊŜ ŀǳǘǊŜ ǇƻǳǊ ōǳǘ ŘΩŀƳŞƭƛƻǊŜǊ ƭŜǎ ŎƻƴƴŀƛǎǎŀƴŎŜǎ ŘŜǎ ŀŎǘŜǳǊǎ Ŝǘ ƭŜǳǊ 

permettre de divulguer une information plus réaliste des capacités sensorielles des rapaces 

diurnes. 
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Annexe 1 Υ tƘƻǘƻǎ ŘŜ ŦƻǾŞŀǎ ƻōǘŜƴǳŜǎ ŎƘŜȊ ƭŜǎ ǊŀǇŀŎŜǎ ŞǘǳŘƛŞǎΦ [ΩŞŎƘŜƭƭŜ 

totale (entre les deux traits les plus longs) est de 1000 µm.  

 

Vautour Palmiste, Gypohierax angolensis 

 

 

tŜǊŎƴƻǇǘŝǊŜ ŘΩ9ƎȅǇǘŜΣ Neophron percnopterus 

 

Circaète Jean-Le-Blanc, Circaetus gallicus 
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Vautour fauve, Gyps fulvus 
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Vautour à capuchon, Necrosyrtes monachus 

 

 

Aigle royal, Aquila chrysaetos 

 

 

Aigle impérial, Aquila heliaca 
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Aigle des steppes, Aquila nipalensis 

 

 

Pygargue à tête blanche, Haliaeetus leucocephalus 

 

 

  












































