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❚❍➮❙❊

➱❧é♠❡♥ts ❞✬é❝♦❧♦❣✐❡ ❞❡ ❧❛ tr❛♥s♠✐ss✐♦♥ ❞✬❊❝❤✐♥♦❝♦❝❝✉s

♠✉❧t✐❧♦❝✉❧❛r✐s ❡♥ ❈❤✐♥❡ ✭❙✐❝❤✉❛♥✮

▼♦❞é❧✐s❛t✐♦♥ ❞❡s ❞✐str✐❜✉t✐♦♥s s♣❛t✐❛❧❡s ❞❡s ❝♦♠♠✉♥❛✉tés ❡t

♣♦♣✉❧❛t✐♦♥s ❞❡s ❤ôt❡s ✿
❞❡s ❞♦♥♥é❡s ❞❡ t❡rr❛✐♥ ❛✉① ♣ré❞✐❝t✐♦♥s

♣❛r ❆♠é❧✐❡ ❱❛♥✐s❝♦tt❡

▲❛❜♦r❛t♦✐r❡ ❈❤r♦♥♦✲❡♥✈✐r♦♥♥❡♠❡♥t✱❯▼❘ ❯❋❈✴❈◆❘❙ ✻✷✹✾ ❛❢❢✳ ■◆❘❆

Prés❡♥té❡ à

▲✬❯❋❘ ❉❡s s❝✐❡♥❝❡s ❡t t❡❝❤♥✐q✉❡s

❉❡ ▲✬✉♥✐✈❡rs✐té ❞❡ ❋r❛♥❝❤❡✲❈♦♠té

♣♦✉r ♦❜t❡♥✐r ❧❡ ❣r❛❞❡ ❞❡

❞♦❝t❡✉r ❞❡ ❧✬✉♥✐✈❡rs✐té ❞❡ ❋r❛♥❝❤❡✲❈♦♠té

❙♣é❝✐❛❧✐té ✿ ❙❝✐❡♥❝❡s ❞❡ ❧❛ ✈✐❡

➱❝♦❧❡ ❞♦❝t♦r❛❧❡ ✏❍♦♠♠❡✱ ❊♥✈✐r♦♥♥❡♠❡♥t✱ ❙❛♥té✑

❙♦✉t❡♥✉❡ ❧❡ ✸✵ ♥♦✈❡♠❜r❡ ✷✵✵✾ ❞❡✈❛♥t ❧❛ ❝♦♠♠✐ss✐♦♥ ❞✬❡①❛♠❡♥ ✿

❘❛♣♣♦rt❡✉rs ❚❆❚❖◆■ ❚❤✐❡rr② Pr♦❢❡ss❡✉r✱ ❯♥✐✈❡rs✐té ❈❡③❛♥♥❡✱ ▼❛rs❡✐❧❧❡

❇❯❘❊▲ ❋r❛♥ç♦✐s❡ ❉✐r❡❝tr✐❝❡ ❞❡ r❡❝❤❡r❝❤❡✱ ❯♥✐✈❡rs✐té ❞❡ ❘❡♥♥❡s ✶✱ ❘❡♥♥❡s

❊①❛♠✐♥❛t❡✉rs ❈❆▲❊◆●❊ ❈❧é♠❡♥t ❉♦❝t❡✉r✱ ❖◆❈❋❙✱ ❙❛✐♥t ❇❡♥♦✐st✲❆✉✛❛r❣✐s

❍❊●●▲■◆ ❉❛♥✐❡❧ ❉♦❝t❡✉r✱ ❯♥✐✈❡rs✐té ❞❡ ❩✉r✐❝❤✱ ❩✉r✐❝❤

❉✐r❡❝t❡✉r ❞❡ t❤ès❡ ●■❘❆❯❉❖❯❳ P❛tr✐❝❦ Pr♦❢❡ss❡✉r✱ ❯♥✐✈❡rs✐té ❞❡ ❋r❛♥❝❤❡✲❈♦♠té✱ ❇❡s❛♥ç♦♥

❈♦✲❞✐r❡❝t❡✉r ❞❡ t❤ès❡ ❘❆❖❯▲ ❋r❛♥❝✐s ❉♦❝t❡✉r✱ ❯♥✐✈❡rs✐té ❞❡ ❋r❛♥❝❤❡✲❈♦♠té✱ ❇❡s❛♥ç♦♥

■♥✈✐té ❈❍❘❊❚■❊◆ ❙té♣❤❛♥❡ ❉♦❝t❡✉r✱ ❯♥✐✈❡rs✐té ❞❡ ❋r❛♥❝❤❡✲❈♦♠té✱ ❇❡s❛♥ç♦♥





❘❡♠❡r❝✐❡♠❡♥ts

❏❡ ✈♦✉s r❡♠❡r❝✐❡✱ ▼♦♥s✐❡✉r ❡t ▼❛❞❛♠❡ ❧❡s ♣r♦❢❡ss❡✉rs ❚❤✐❡rr② ❚❛t♦♥✐ ❡t ❋r❛♥ç♦✐s❡ ❇✉r❡❧✱ ♣♦✉r

❛✈♦✐r ❛❝❝❡♣té ❞✬êtr❡ r❛♣♣♦rt❡✉rs ❞❡ ♠❛ t❤ès❡✱ ♣♦✉r ✈♦s ❧❡❝t✉r❡s ❡t ❛✈✐s ❝r✐t✐q✉❡s s✉r ♠♦♥ tr❛✈❛✐❧✳ ❏❡

r❡♠❡r❝✐❡ é❣❛❧❡♠❡♥t ❧❡s ❞♦❝t❡✉rs ❉❛♥✐❡❧ ❍❡❣❣❧✐♥✱ ❈❧é♠❡♥t ❈❛❧❡♥❣❡ ❡t ❙té♣❤❛♥❡ ❈❤rét✐❡♥ ❞✬❛✈♦✐r

❛❝❝❡♣té ❞✬êtr❡ ❡①❛♠✐♥❛t❡✉rs ❡t ♠❡♠❜r❡s ❞✉ ❥✉r② ❞❡ ❝❡tt❡ t❤ès❡✳

▼❡s r❡♠❡r❝✐❡♠❡♥ts ✈♦♥t ♥❛t✉r❡❧❧❡♠❡♥t ✈❡rs ❝❡✉① q✉✐ ♠✬♦♥t ♣❡r♠✐s ❞❡ ♠❡ ❧❛♥❝❡r ❞❛♥s ❝❡tt❡

❛✈❡♥t✉r❡ ❞❡ r❡❝❤❡r❝❤❡ ❡t q✉✐ ♠✬② ♦♥t ❛❝❝♦♠♣❛❣♥é✱ ❣✉✐❞é❡ ❡t s♦✉t❡♥✉❡ ❧♦rsq✉❡ ❝❡❧❛ ét❛✐t ♥é❝❡ss❛✐r❡✳

➪ P❛tr✐❝❦ ●✐r❛✉❞♦✉① ♣♦✉r s♦♥ ✐♠♣✉❧s✐♦♥✱ ♥♦s é❝❤❛♥❣❡s ❞✬✐❞é❡s✱ s♦♥ ❛♠✐t✐é✱ ❡t ✜♥❛❧❡♠❡♥t ❧❛

❝♦♥✜❛♥❝❡ ❛✈❡❝ ❧❛q✉❡❧❧❡ ✐❧ ♠✬❛ ❧❛✐ssé tr❛✈❛✐❧❧❡r✳ ➪ ❋r❛♥❝✐s ❘❛♦✉❧ ♣♦✉r ❧❡s ❧♦♥❣✉❡s ❞✐s❝✉ss✐♦♥s ❝r✐t✐q✉❡s

❞❡ ♥♦tr❡ tr❛✈❛✐❧✱ ♣♦✉r s❡s ❡✛♦rts ❞❡ ❝♦♠♣ré❤❡♥s✐♦♥✱ ♣♦✉r s♦♥ ❝❛❧♠❡ ❡t s♦♥ ♦r❣❛♥✐s❛t✐♦♥ ❡①❡♠♣❧❛✐r❡✳

➪ ❉❛✈✐❞ P❧❡②❞❡❧❧✱ ♣♦✉r s❡s ❢♦❧❧❡s ✐❞é❡s ❡t s♦♥ ❛♠✐t✐é s✐♥❝èr❡✳ ➪ ❙té♣❤❛♥❡ ❈❤rét✐❡♥ ♣♦✉r s♦♥

♦♣t✐♠✐s♠❡ ❡t s❡s ❡♥❝♦✉r❛❣❡♠❡♥ts ❞❛♥s ♠❡s r❡❝❤❡r❝❤❡s✱ ❧❡s ré♣♦♥s❡s à ♠❡s q✉❡st✐♦♥s ❡t ♥♦s

❝♦♥✈❡rs❛t✐♦♥s t❡✐♥té❡s ❡♥tr❡ ❛✉tr❡s ❞❡ st❛t✐st✐q✉❡s ❡t ❞✬é❝♦❧♦❣✐❡✳ ❏❡ s♦✉❤❛✐t❡ q✉❡ ♥♦s r❡❝❤❡r❝❤❡s

❝♦♥✈❡r❣❡♥t à ♥♦✉✈❡❛✉✳

❈❡tt❡ t❤ès❡ ♥✬❛✉r❛✐t ♣❛s ♣✉ êtr❡ ré❛❧✐sé❡ s❛♥s ❧❡ s♦✉t✐❡♥ ✜♥❛♥❝✐❡r ❞❡ ❧✬■♥st✐t✉t ◆❛t✐♦♥❛❧ ❞❡ ❧❛ ❙❛♥té

❞❡s ❊t❛ts✲❯♥✐s ✭◆■❍✮ q✉❡ ❥❡ t✐❡♥s à r❡♠❡rç✐❡r✳ ❏❡ r❡♠❡r❝✐❡ é❣❛❧❡♠❡♥t t♦✉s ❧❡s ❝♦❧❧❛❜♦r❛t❡✉rs ❞❡

♥♦tr❡ éq✉✐♣❡ ✐♥t❡r♥❛t✐♦♥❛❧❡✱ ❡t ♣❛rt✐❝✉❧✐èr❡♠❡♥t ❝❡✉① q✉✐ ét❛✐❡♥t ❧à s✉r ❧❡ t❡rr❛✐♥ ❡t ❛♣rès ✿ ♥♦s ❛♠✐s

❞❡ ❈❤❡♥❣❞✉ ♣♦✉r ❧✬♦r❣❛♥✐s❛t✐♦♥ ❞❡s ❝❛♠♣❛❣♥❡s ❞❡ t❡rr❛✐♥✱ ◆✐♠❛ ❞❡ ❙❤✐q✉ ♣♦✉r s❡s tr❛❞✉❝t✐♦♥s✱ ❧❡s

t❤és❛r❞s ❞✉ ◆■❍✱ ❏❛s♠✐♥ ▼♦ss ❡t ❈❤r✐st♦♣❤❡r ▼❛rst♦♥ ❡t ❧❡✉rs ❡♥❝❛❞r❛♥ts P❤✐❧ ❈r❛✐❣ ❡t ▼❛r❦

❉❛♥s♦♥✱ ❚❤♦♠❛s ❘♦♠✐❣ ♣♦✉r ♥♦s r❡♥❝♦♥tr❡s ❡t ❝♦❧❧❛❜♦r❛t✐♦♥s✳

❏❡ r❡♠❡r❝✐❡ é❣❛❧❡♠❡♥t ▼❛r✐❡ ▲❛③❛r✐♥❡ P♦✉❧❧❡ ❡t ▼❛r✐❡ ❍é❧è♥❡ ●✉✐s❧❛✐♥ ♣♦✉r ❧❡✉r ❛✐❞❡ ❡t ❧❡✉rs

❛st✉❝❡s ♣ré❝✐❡✉s❡s ❡♥ ❝♦♠♣❛❣♥✐❡ ❞❡s ❝❤✐❡♥s✳ ❊♥✜♥✱ ✉♥ ❣r❛♥❞ ♠❡r❝✐ à ❊♠✐❧❡ ❈❛rr② ❡t P✐❡rr❡ ❨✈❡s

❇♦✉r❣❡♦✐s ♣♦✉r ❧❡✉r ❛✐❞❡ ❝♦♥❝rèt❡ ❞❛♥s ❧❡s tré❢♦♥❞s ❞❡ ▲❛❚❡❳✳

❈❡ tr❛✈❛✐❧ ♥✬❛✉r❛✐t ♣❛s ♣✉ êtr❡ ré❛❧✐sé s❛♥s ❧✬❛✐❞❡ ❞❡s ✏❤❛❜✐t❛♥ts✑ ❞❡ ❧❛ ♣❧❛❝❡ ▲❡❝❧❡r❝✱ ❥❡ ♣❡♥s❡

♣❛rt✐❝✉❧✐èr❡♠❡♥t à ❋r❛♥ç♦✐s❡ ❡t ❇r✐❣✐tt❡✱ à ❉♦♠✱ ♣♦✉r ❧❡✉rs ❛✐❞❡s ❝♦♥❝rèt❡s✱ à ▼✐❝❦❛ ♣♦✉r s♦♥

❛♠✐t✐é✱ ❛✉① ❝♦♣❛✐♥s ❧❡s t❤és❛r❞s ♣♦✉r ❧❡✉r ❝♦♠♣❧✐❝✐té✱ à ▼✐❝❦❛❡❧ ❡t ❘❡♥❛✉❞ ❡t ❛✉① ❛✉tr❡s ❝♦❧❧è❣✉❡s

♠❛îtr❡s ❡t ♣r♦❢❡ss❡✉rs ♣♦✉r ❧❡✉rs ❝♦♥s❡✐❧s ❛✈❡rt✐s ❡t ❧❡✉r s♦❧✐❞❡ ❝♦♠♣❛❣♥✐❡✳

▼♦♥ tr❛✈❛✐❧ ❛ été ❣é♥ér❡✉s❡♠❡♥t ❡♥❝♦✉r❛❣é ♣❛r ♠❡s ❛♠✐s✳ ❈❧❛✐r❡tt❡✱ ❙té♣❤❛♥❡✱ ❘é♠♦✱ ●✉✐s❧❛✐♥❡ ❡t

t♦✉t❡ ❧❛ ♣❡t✐t❡ ❢❛♠✐❧❧❡ ❞❡s ❢r❛♥❝s ❝♦♠t♦✐s ❞✬❛❞♦♣t✐♦♥✱ ❥❡ ✈♦✉s ❞✐s ♠❡r❝✐ ❡t ❡s♣èr❡ ✈♦✉s ❧❡ ❞✐r❡

❡♥❝♦r❡ ✦ ❯♥ ❣r❛♥❞ ♠❡r❝✐ à t♦✉t❡ ❧✬éq✉✐♣❡ ❞✉ ❇✉❝ ❛❧♣✐♥✱ s❛♥s q✉✐ ❥❡ ♥✬❛✉r❛✐s s❛♥s ❞♦✉t❡ ♣❛s ré❛❧✐sé

q✉❡ ✏❧❛ t❤ès❡ ❡st ✉♥❡ ❝♦✉rs❡ ❞❡ ❢♦♥❞✱ ♣❧✉tôt q✉✬✉♥ s♣r✐♥t✑✱ ♥✐ r❡❧❛t✐✈✐sé ❞✉ ❤❛✉t ❞❡ ♥♦s ❡s❝❛♣❛❞❡s ❡t

r✐❣♦❧❛❞❡s✳

▼❡r❝✐ ❛✉ss✐ à ❝❡✉① q✉✐ s♦♥t ❧♦✐♥ ❡t q✉✐ ♦♥t été ❧à q✉❛♥❞ ❥❡ ♥❡ ❧✬ét❛✐s ♣❛s✳

❯♥ ♠❡r❝✐ s✐♥❣✉❧✐❡r à ❉✐❞✐❡r✱ ♣♦✉r ❧❡ ❝♦✉r❛❣❡ q✉❡ s❛ ♣rés❡♥❝❡ ♠✬❛ ✐♥s✉✤é ❥✉sq✉✬à ❧✬é❝r✐t✉r❡ ❞❡ ❝❡s

❧✐❣♥❡s ❡t ♣♦✉r✱ ♠❛❧❣ré t♦✉t ❡t ❡♥tr❡ t♦✉t✱ ♥♦s ♣❡t✐ts ❡t ❣r❛♥❞s s♦♠♠❡ts✳

❊♥✜♥✱ à ♠❛ ♠èr❡✱ ♠♦♥ ♣èr❡ ❡t ♠❛ s♦❡✉r ♣♦✉r ♠✬❛✈♦✐r s♦✉t❡♥✉❡ ❞❡♣✉✐s ♠❡s ♣r❡♠✐❡rs rê✈❡s ❞✬êtr❡

✏③♦♦❧♦❣✐st❡✑ ❞❛♥s ❧❛ ❣❛rr✐❣✉❡ t❛✈❡❧❧♦✐s❡✱ ❛✈♦✐r ❡♥❝♦✉r❛❣é ❡t ❧❛✐ssé ❧✐❜r❡ ❝♦✉rs à ♠❛ ♣❛ss✐♦♥ ❡t à ❧❛

ré❛❧✐s❛t✐♦♥ ❞❡ ❝❡ ❞❡✈❡♥✐r✱ ♠❛✐s ❛✉ss✐ ❡t s✉rt♦✉t ♣♦✉r ❛✈♦✐r ❝♦♠♣r✐s ♠❡s ❛❜s❡♥❝❡s✳
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♠❛❧ ❛ss❡♠❜❧❛❣❡s ✐♥ ❲❡st❡r♥ ❙✐❝❤✉❛♥ ✭❈❤✐♥❛✮ ✿❢r♦♠ ✜❡❧❞ tr❛♣♣✐♥❣ ❞❛t❛ t♦ ❛ r❡❣✐♦♥❛❧ ♣r❡❞✐❝t✐✈❡
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❞❡s ❛ss❡♠❜❧❛❣❡s ❞❡ ♠✐❝r♦♠❛♠♠✐❢èr❡s ❞❛♥s ❧✬♦✉❡st ❞✉ ❙✐❝❤✉❛♥ ✭❈❤✐♥❡✮ ✿ ❞❡s ♠♦❞è❧❡s ❧♦❝❛✉①

à ❧✬é❝❤❡❧❧❡ ♣❛②s❛❣èr❡ à ✉♥❡ ❝❛rt♦❣r❛♣❤✐❡ ré❣✐♦♥❛❧❡ ❞❡s ♣ré❞✐❝t✐♦♥s✳ ◆❡✉✈✐è♠❡ ❞❡ r❡♥❝♦♥tr❡s

❞❡ ❚❤é♦q✉❛♥t✳ ◆♦✉✈❡❧❧❡s ❛♣♣r♦❝❤❡s ❡♥ ❣é♦❣r❛♣❤✐❡ t❤é♦r✐q✉❡ ❡t q✉❛♥t✐t❛t✐✈❡✳ ✹✲✻ ▼❛rs ✷✵✵✾✱

❇❡s❛♥ç♦♥✳

❆♠é❧✐❡ ❱❛♥✐s❝♦tt❡✱ ❋r❛♥❝✐s ❘❛♦✉❧✱ ❉❛✈✐❞ ❘✳ ❏✳ P❧❡②❞❡❧❧ ❛♥❞ P❛tr✐❝❦ ●✐r❛✉❞♦✉①✳ Pr❡❞✐❝t✐✈❡

♠❛♣♣✐♥❣ ♦❢ ❤♦st ❛ss❡♠❜❧❛❣❡s ✿ ❛♥ ❡①❛♠♣❧❡ ✇✐t❤ s♠❛❧❧ ♠❛♠♠❛❧s ♦❢ ✇❡st❡r♥ ❈❤✐♥❛ ✭❙✐❝❤✉❛♥✮✳

❳t❤ ❊✉r♦♣❡❛♥ ▼✉❧t✐❝♦❧❧♦q✉✐✉♠ ♦❢ P❛r❛s✐t♦❧♦❣②✳ ✷✹✲✷✽ ❆♦ût ✷✵✵✽✱ P❛r✐s✳

❆♠é❧✐❡ ❱❛♥✐s❝♦tt❡✱ ❋r❛♥❝✐s ❘❛♦✉❧✱ ❉❛✈✐❞ ❘✳ ❏✳ P❧❡②❞❡❧❧✱ ❏❡❛♥ P✳ ◗✉éré ❡t P❛tr✐❝❦ ●✐r❛✉❞♦✉①✳

❊❝♦❧♦❣✐❡ ❞❡ ❧❛ tr❛♥s♠✐ss✐♦♥ ❞❡ ❧✬é❝❤✐♥♦❝♦q✉❡ ❛❧✈é♦❧❛✐r❡ ❡♥ ❈❤✐♥❡ ✿ ♠♦❞é❧✐s❛t✐♦♥ ❞❡s ❞✐str✐❜✉t✐♦♥s

s♣❛t✐❛❧❡s ❞❡s ❝♦♠♠✉♥❛✉tés ❞✬❤ôt❡s ✐♥t❡r♠é❞✐❛✐r❡s ❞❛♥s ❧❛ ré❣✐♦♥ ❞✉ P❧❛t❡❛✉ ❚✐❜ét❛✐♥ ✭❙✐❝❤✉❛♥✮✳
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♠❛♠♠❛❧ ❛ss❡♠❜❧❛❣❡s r❡s♣♦♥s❡ t♦ ❞❡❢♦r❡st❛t✐♦♥ ❛♥❞ ❛✛♦r❡st❛t✐♦♥ ❣r❛❞✐❡♥ts ✐♥ ❈❡♥tr❛❧ ❈❤✐♥❛ ✿ ❛

♠✉❧t✐♥♦♠✐❛❧✲❜❛s❡❞ ♠♦❞❡❧❧✐♥❣ ❛♣♣r♦❛❝❤✳ ❍✉✐t✐è♠❡ r❡♥❝♦♥tr❡s ❞❡ ❚❤é♦q✉❛♥t✳ ◆♦✉✈❡❧❧❡s ❛♣♣r♦❝❤❡s

❡♥ ❣é♦❣r❛♣❤✐❡ t❤é♦r✐q✉❡ ❡t q✉❛♥t✐t❛t✐✈❡✳ ✶✵✲✶✷ ❏❛♥✈✐❡r ✷✵✵✼✱ ❇❡s❛♥ç♦♥✳
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✼✳✸ ❉❡❣ré ❞❡ ❞♦♠❡st✐❝❛t✐♦♥ ❡t ♣❧❛❝❡ ❞✉ ❝❤✐❡♥ ❡rr❛♥t ❞❛♥s ❧❡ ❝②❝❧❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✺✹

❈♦♥❝❧✉s✐♦♥ ❣é♥ér❛❧❡ ✶✺✼

❇✐❜❧✐♦❣r❛♣❤✐❡ ✶✺✾



❆✈❛♥t ♣r♦♣♦s

✶





▲✬é❝♦✲é♣✐❞é♠✐♦❧♦❣✐❡ ✿ ❞❡s ♥♦✉✈❡❛✉① ❞é✜s ♣♦✉r ❞❡s ❡♥❥❡✉① ❞❡ s♦✲

❝✐été

❉❡♣✉✐s ❧❡ ❞é❜✉t ❞❡s ❛♥♥é❡s s♦✐①❛♥t❡✱ ❧❡s ❢❛❝t❡✉rs ❞❡ r✐sq✉❡ ❞❡s ♠❛❧❛❞✐❡s s♦♥t r❡❝♦♥♥✉s ❝♦♠♠❡

♠✉❧t✐♣❧❡s ❡t ❝♦♠♠❡ ♣♦✉✈❛♥t ✐♥t❡r✈❡♥✐r à ❞✐✛ér❡♥ts ♥✐✈❡❛✉① ❞✬♦r❣❛♥✐s❛t✐♦♥ ✭▼❛r❝❤ ❛♥❞ ❙✉ss❡r✱

✷✵✵✻✮✳ ▲❛ ❢♦r♠❛❧✐s❛t✐♦♥ ♣❛r P❛✈❧♦✇s❦✐ ✭✶✽✽✹✲✶✾✻✺✮ ❞❡ ❧✑ ✬é♣✐❞é♠✐♦❧♦❣✐❡ ♣❛②s❛❣èr❡✧✱ ❛ r❡♥❞✉

♣♦ss✐❜❧❡ ❧✬✐♥té❣r❛t✐♦♥ ❞❡s ❢❛❝t❡✉rs ❡♥✈✐r♦♥♥❡♠❡♥t❛✉① ❡♥ é♣✐❞é♠✐♦❧♦❣✐❡ ♣❛r ❧❛ s♣❛t✐❛❧✐s❛t✐♦♥ ❞❡s

♠❛❧❛❞✐❡s✱ ❞❡ ❧❡✉rs ✈❡❝t❡✉rs ❡t ❞❡ ❧❡✉rs ❤ôt❡s ❛✐♥s✐ q✉❡ ♣❛r ❧❛ ♣r✐s❡ ❡♥ ❝♦♠♣t❡ ❞✉ ♣❛②s❛❣❡✳ ❆✐♥s✐✱

❧❡ ❝♦♥❝❡♣t ❞❡ ❢♦②❡r ♥❛t✉r❡❧ ✐♥❢❡❝t✐❡✉① ✭P❛✈❧♦✇s❦✐✱ ✶✾✻✹✮ ✐♥tè❣r❡ tr♦✐s ✐❞é❡s ❢♦♥❞❛♠❡♥t❛❧❡s ✿ ✐✮ ❧❡s

♠❛❧❛❞✐❡s t❡♥❞❡♥t à êtr❡ ❧✐♠✐té❡s s♣❛t✐❛❧❡♠❡♥t✱ ✐✐✮ ❝❡s ✈❛r✐❛t✐♦♥s s♣❛t✐❛❧❡s tr♦✉✈❡♥t ❧❡✉r ♦r✐❣✐♥❡

❞❛♥s ❝❡❧❧❡s ❞❡s ❝♦♥❞✐t✐♦♥s ♣❤②s✐q✉❡s ❡t✴♦✉ ❜✐♦❧♦❣✐q✉❡s ♥é❝❡ss❛✐r❡s à ❧✬❡①✐st❡♥❝❡ ❞✉ ♣❛t❤♦❣è♥❡ ❡t

❞❡ s❡s ✈❡❝t❡✉rs ❡t rés❡r✈♦✐rs✱ ❡t ✐✐✐✮ ❞é❧✐♠✐té❡s s✉r ❞❡s ❝❛rt❡s✱ ❝❡s ❝♦♥❞✐t✐♦♥s ❛❜✐♦t✐q✉❡s ❡t ❜✐♦t✐q✉❡s

❞❡✈r❛✐❡♥t êtr❡ ✉t✐❧✐s❛❜❧❡s ♣♦✉r ♣ré❞✐r❡ à ❧❛ ❢♦✐s ❧❡ r✐sq✉❡ ❝♦♥t❡♠♣♦r❛✐♥ ❡t s❡s ❝❤❛♥❣❡♠❡♥ts

❢✉t✉rs✳ ▲❡ ❝♦♥❝❡♣t ❞✬❤❛❜✐t❛t ♣♦✉r ✉♥❡ ♠❛❧❛❞✐❡ ❡st ❛❧♦rs é♥♦♥❝é✳ P❛r❛❧❧è❧❡♠❡♥t✱ ❧❡ ❣é♦❣r❛♣❤❡

▼❛① ❙♦rr❡ ♣♦s❡ ❧❡s ❜❛s❡s ❞❡ ❧❛ ❣é♦❣r❛♣❤✐❡ ♠é❞✐❝❛❧❡ ❡♥ ✐♥tr♦❞✉✐s❛♥t ❧❡ ❝♦♥❝❡♣t ❞❡ ❝♦♠♣❧❡①❡

♣❛t❤♦❣è♥❡ ✭❙♦rr❡✱ ✶✾✸✸✮✳ ■❧ s♦✉❧✐❣♥❡ ❧✬❡①✐st❡♥❝❡ ❞✬❛✐r❡s ❞❡ ♣♦ss✐❜✐❧✐tés ♠❛①✐♠❛❧❡s ❡t ❞❡ ③♦♥❡s

♠❛r❣✐♥❛❧❡s ❞❡ ❞✐str✐❜✉t✐♦♥ ❞❡s ♠❛❧❛❞✐❡s t❡❧❧❡s q✉✬❡①♣r✐♠é❡s ♣♦✉r ❧❡s ❡s♣è❝❡s ♣❛r ❧❡ ❝♦♥❝❡♣t ❞❡

♥✐❝❤❡ é❝♦❧♦❣✐q✉❡ q✉✐ s❡ ❞é✈❡❧♦♣♣❡ ❛❧♦rs ❡♥ é❝♦❧♦❣✐❡✳ ▲❡s ♥♦♠❜r❡✉① ♦✉t✐❧s ✐ss✉s ❞❡ ❧✬é❝♦❧♦❣✐❡

✭❜✐♦❣é♦❣r❛♣❤✐❡✱ st❛t✐st✐q✉❡s✱ ❛♥❛❧②s❡s ♠✉❧t✐✈❛r✐é❡s✮ ♦♥t r❡♥❞✉ ❡✛❡❝t✐❢ ❧❡ ❝❤❛♠♣ ❞✐s❝✐♣❧✐♥❛✐r❡ ❞❡

❧✬é❝♦✲é♣✐❞é♠✐♦❧♦❣✐❡✳ ■❧s ♦♥t été r❛♣✐❞❡♠❡♥t ❛♣♣❧✐q✉és ♣❛r ❧❡ ♣r♦❢❡ss❡✉r ❏✳❆ ❘✐♦✉①✱ ❛✉① ♠❛❧❛❞✐❡s

✈❡❝t♦r✐❡❧❧❡s ❞❛♥s ❧❡ ❝❛s ♣❛r ❡①❡♠♣❧❡ ❞❡s ❧❡✐s❤♠❛♥✐♦s❡s ❡♥ ●✉❛❞❡❧♦✉♣❡ ✭❘✐♦✉① ❡t ❛❧✳✱ ✶✾✼✼✮✳

❆✉❥♦✉r❞✬❤✉✐✱ ❧❡s ♠❛❧❛❞✐❡s ✐♥❢❡❝t✐❡✉s❡s✱ ❝❛✉sé❡s ♣❛r ❧❛ tr❛♥s♠✐ss✐♦♥ ❞✬✉♥ ❛❣❡♥t ♣❛t❤♦❣è♥❡✱

♣❛r❛s✐t❡✱ ✈✐r✉s ♦✉ ❜❛❝tér✐❡✱ ❝♦♠♣t❡♥t ♣♦✉r ✶✴✹ ❞❡s ♠❛❧❛❞✐❡s s✉r t❡rr❡ ✭P❛t③ ❡t ❛❧✳✱ ✷✵✵✹✮✳ ▲❛

❞✐✈❡rs✐té ❞❡s ❡s♣è❝❡s ❞❛♥s ❧❡s é❝♦s②stè♠❡s ❡①❡r❝❡ ✉♥ ❡✛❡t ré❣✉❧❛t❡✉r s✉r ❧❡ ❞é✈❡❧♦♣♣❡♠❡♥t ❞❡

♠❛❧❛❞✐❡s s✐ ❝❤❛q✉❡ ❡s♣è❝❡ ♦❝❝✉♣❡ ✉♥❡ ♥✐❝❤❡ é❝♦❧♦❣✐q✉❡ ❞é✜♥✐❡ ❡♠♣ê❝❤❛♥t ❧✬✐♥✈❛s✐♦♥ ❞✬❛✉tr❡s

❡s♣è❝❡s ✐♠♣❧✐q✉é❡s ❞❛♥s ❧❛ tr❛♥s♠✐ss✐♦♥ ❞❡ ♣❛t❤♦❣è♥❡s

✭❉❛s③❛❦ ❡t ❛❧✳✱ ✷✵✵✶✮✳ ❖r✱ ❧✬❛✈è♥❡♠❡♥t ❞❡ ❧✬èr❡ ✐♥❞✉str✐❡❧❧❡ ♣✉✐s ♣♦st✲✐♥❞✉str✐❡❧❧❡✱ ❧✬❛✉❣♠❡♥t❛✲

t✐♦♥ r❛♣✐❞❡ ❞❡s ♣♦♣✉❧❛t✐♦♥s ❤✉♠❛✐♥❡s ❛✐♥s✐ q✉❡ ❧❡✉rs ♠♦✉✈❡♠❡♥ts ♦♥t ❡♥❣❡♥❞ré ❞❡ ♥♦♠❜r❡✉s❡s

♣❡rt✉r❜❛t✐♦♥s ❞❡s é❝♦s②stè♠❡s ❡t ♣❛r ❝♦♥séq✉❡♥t ❞❡s ❝②❝❧❡s ❞❡ tr❛♥s♠✐ss✐♦♥ ❞❡s ♣❛t❤♦❣è♥❡s✳

▲✬❛❧tér❛t✐♦♥ ❞❡s ❤❛❜✐t❛ts ❞❡s ✈❡❝t❡✉rs ❡t rés❡r✈♦✐rs✱ ❧✬✐♥✈❛s✐♦♥ ❞❡ ♥✐❝❤❡s ♦✉ ❧❡ tr❛♥s❢❡rt ❞✬❤ôt❡s✱ ❧❛

♠♦❞✐✜❝❛t✐♦♥ ❞❡ ❧❛ ❜✐♦❞✐✈❡rs✐té ✭♣❡rt❡ ❞❡ ♣ré❞❛t❡✉rs✱ ❝❤❛♥❣❡♠❡♥ts ❞❡s ❞❡♥s✐tés ❞❡s ♣♦♣✉❧❛t✐♦♥s

❞✬❤ôt❡s✮ s♦♥t ❛✉t❛♥t ❞❡ ♠é❝❛♥✐s♠❡s ❝❛✉sés ♣❛r ❞❡ t❡❧s ❝❤❛♥❣❡♠❡♥ts ✭❍❛ss❛♥ ❡t ❛❧✳✱ ✷✵✵✺✮✳ ▲❡s

❡✛❡ts ❞✉ ♣❛②s❛❣❡ s✬❡①❡r❝❡♥t ❛❧♦rs s✉r ❧❡s ❞✐str✐❜✉t✐♦♥s ❡t ❧❡s ❞②♥❛♠✐q✉❡s ❞❡ ❧✬❡♥s❡♠❜❧❡ ❞❡s êtr❡s

✈✐✈❛♥ts ❝♦♥st✐t✉❛♥t ❧❡s ❝♦♠♣❧❡①❡s ♣❛t❤♦❣è♥❡s ✭❙♦rr❡✱ ✶✾✸✸✮✳ ❉❡ s✉r❝r♦ît✱ ❧❡s ❝❤❛♥❣❡♠❡♥ts ❝❧✐♠❛✲

t✐q✉❡s✱ ❡t ♣❛r s✉✐t❡ ❧❡s ❝♦♥❞✐t✐♦♥s ❡♥✈✐r♦♥♥❡♠❡♥t❛❧❡s ❛❜✐♦t✐q✉❡s ✭❤②❞r♦♠étr✐❡✱ t❡♠♣ér❛t✉r❡✱✳✳✳✮

♣❡✉✈❡♥t ❡♥❣❡♥❞r❡r ❞❡s ♠♦❞✐✜❝❛t✐♦♥s ❞❡s ❞②♥❛♠✐q✉❡s ❞❡ ♣♦♣✉❧❛t✐♦♥✱ ❞❡s ❝②❝❧❡s ❞❡ ❞é✈❡❧♦♣♣❡✲

♠❡♥t ❞❡s ♣❛t❤♦❣è♥❡s ♦✉ ❞❡s ✈❡❝t❡✉rs ❡t ♣❛r ❝♦♥séq✉❡♥t ❞❡ ❧✬❛✐r❡ ❞✬❡①t❡♥s✐♦♥ ❞❡s ♠❛❧❛❞✐❡s ✭❞❡

▲❛ ❘♦❝q✉❡ ❡t ❛❧✱ ✷✵✵✼✮✳ ❆✐♥s✐✱ ❧❡s ❝❤❛♥❣❡♠❡♥ts ♣❛②s❛❣❡rs ❛♥t❤r♦♣✐q✉❡s ❝♦♥st✐t✉❡♥t ❧❡ ♣r✐♥❝✐♣❛❧

❢❛❝t❡✉r ❞✬é♠❡r❣❡♥❝❡ ❞❡s ♠❛❧❛❞✐❡s ✐♥❢❡❝t✐❡✉s❡s✱ ❝✳❛✳❞ q✉✬✐❧s ❝♦♥tr✐❜✉❡♥t à ❧✬ ❛✉❣♠❡♥t❛t✐♦♥ ré❝❡♥t❡

❞❡ ❧❡✉rs ✐♥❝✐❞❡♥❝❡s ♦✉ ❞❡ ❧❡✉r ❛✐r❡s ❞❡ ❞✐str✐❜✉t✐♦♥s ❣é♦❣r❛♣❤✐q✉❡s✱ à ❧✬❡①t❡♥s✐♦♥ ❞❡ ❧❡✉rs s♣❡❝tr❡s

❞✬❤ôt❡s✱ à ❧❛ ❞é❝♦✉✈❡rt❡ ❞❡ ♥♦✉✈❡❛✉① ♣❛t❤♦❣è♥❡s ♦✉ à ❧❡✉rs ✐♠♣❧✐❝❛t✐♦♥s ré❝❡♥t❡s ❞❡s ♠❛❧❛❞✐❡s

✭❉❛s③❛❦ ❡t ❛❧✳✱ ✷✵✵✶✮✳



▲❡s ♣❛t❤♦❣è♥❡s ③♦♦♥♦t✐q✉❡s✱ tr❛♥s♠✐s ❞❡s ♣♦♣✉❧❛t✐♦♥s ❞❡ ✈❡rté❜rés ♠❛♠♠✐❢èr❡s ❛✉① ♣♦♣✉✲

❧❛t✐♦♥s ❤✉♠❛✐♥❡s✱ r❡♣rés❡♥t❡♥t ✼✸✪ ❞❡s ♠❛❧❛❞✐❡s é♠❡r❣❡♥t❡s ✭❉❛s③❛❦ ❡t ❛❧✳✱ ✷✵✵✶✮✳ ■❧s s♦♥t à

❧✬♦r✐❣✐♥❡ ❞❡ ✹✾✪ ❞❡s ♠❛❧❛❞✐❡s ❤✉♠❛✐♥❡s ❡t s♦♥t ♥é❝❡ss❛✐r❡♠❡♥t ❧✐és à ❧❛ ❢❛✉♥❡ s❛✉✈❛❣❡ ❡t ❛✉①

❛♥✐♠❛✉① ❞♦♠❡st✐q✉❡s ✭❉❛s③❛❦ ❡t ❛❧✳✱ ✷✵✵✶❀ ❍❛ss❛♥ ❡t ❛❧✳✱ ✷✵✵✺❀ ❚❛②❧♦r ❡t ❛❧✳✱ ✷✵✵✶✮✳ ❊♥ ♣❛r❛❧✲

❧è❧❡✱ ❧❡s ♠❛❧❛❞✐❡s ❞❡ ❧❛ ❢❛✉♥❡ s❛✉✈❛❣❡ ✐♥tr♦❞✉✐t❡s à tr❛✈❡rs ❧❡s ❤ôt❡s ❞♦♠❡st✐q✉❡s ♦✉ ♣❛r ✏♣♦❧❧✉✲

t✐♦♥✑ ♣❡✉✈❡♥t ♠❡♥❛❝❡r ❧❛ ❜✐♦❞✐✈❡rs✐té ❡t ❧❛ ❝♦♥s❡r✈❛t✐♦♥ ❞❡s ❡s♣è❝❡s ✭❉❛s③❛❦ ❡t ❛❧✳✱ ✷✵✵✵✮✳ ❈❡s

♣❛t❤♦❣è♥❡s ♦♥t ❡♥ ❣é♥ér❛❧ ✉♥ ❝②❝❧❡ ❞❡ ✈✐❡ ✐♥❞✐r❡❝t ♥é❝❡ss✐t❛♥t ❛❧♦rs ✉♥❡ ♣❤❛s❡ ❞❡ ❞✐ssé♠✐♥❛✲

t✐♦♥ ❞❡ ❧❡✉r ❢♦r♠❡ ✐♥❢❡❝t✐❡✉s❡ ❡t ❧✬✐♥t❡r✈❡♥t✐♦♥ ❞❡ ♣❧✉s✐❡✉rs ❤ôt❡s✳ ▲✬❡①✐st❡♥❝❡ ❞❡ ♣❧✉s✐❡✉rs ❤ôt❡s

s❡♠❜❧❡ êtr❡ à ❧✬♦r✐❣✐♥❡ ❞❡ ❧❛ ♠✉❧t✐♣❧✐❝❛t✐♦♥ ❞❡s r✐sq✉❡s ♣♦✉r ❧✬é♠❡r❣❡♥❝❡ ❞❡ ♣❛t❤♦❣è♥❡s s❛✉✈❛❣❡s

♦✉ ❞❡ ③♦♦♥♦s❡s ✭❉❛s③❛❦ ❡t ❛❧✳✱ ✷✵✵✶✮✳ ▲❛ r❡❧❛t✐♦♥ ♣❛t❤♦❣è♥❡✲❤ôt❡ ❛✐♥s✐ q✉❡ s❡s ✈❛r✐❛t✐♦♥s ❡♥✲

✈✐r♦♥♥❡♠❡♥t❛❧❡s ② s♦♥t ❡♥ ❡✛❡t ♠✉❧t✐♣❧✐é❡s✳ ❯♥❡ t❡❧❧❡ ❝♦♠♣❧❡①✐té r❡♥❞ ❞✐✣❝✐❧❡ ❧❡s ét✉❞❡s ❞❡ ❧❛

tr❛♥s♠✐ss✐♦♥ ❡t ❧❛ ♣ré❞✐❝t✐♦♥ ❞✉ r✐sq✉❡✳ ▲❡s ét✉❞❡s ❝♦♥❝❡r♥❛♥t ❧❡s ❡✛❡ts ❡♥✈✐r♦♥♥❡♠❡♥t❛✉① s♦♥t

❡♥ ❡✛❡t ♠♦✐♥s ❞é✈❡❧♦♣♣é❡s ♣♦✉r ❧❡s ♣❛r❛s✐t❡s ♥é❝❡ss✐t❛♥t ✉♥ ❝♦♥t❛❝t ❡♥tr❡ s❡s ❞✐✛ér❡♥t❡s ❡s♣è❝❡s

❤ôt❡s✱ t❡❧❧❡s q✉❡ ❝❡✉① à ❧✬♦r✐❣✐♥❡ ❞❡ ③♦♦♥♦s❡s ❞✐t❡s ✏♥é❣❧✐❣é❡s✑ ✭❧❛ ❘❛❣❡✱ ❧✬❆♥t❤r❛①✱ ❧❛ ❈②st✐❝❡r✲

❝♦s❡✱✳✳✳✮ ✭ ❲♦r❧❞ ❍❡❛❧t❤ ❖r❣❛♥✐③❛t✐♦♥ ✱ ✷✵✵✻✮✱ q✉❡ ❝❡✉① à tr❛♥s♠✐ss✐♦♥ ✈❡❝t♦r✐❡❧❧❡ ✭▼❛❧❛❞✐❡ ❞❡

▲②♠❡✱ ▼❛❧❛r✐❛✱✳✳✳✮ ✭❍❛ss❛♥ ❡t ❛❧✳✱ ✷✵✵✺✮✳

▲✬é❝♦✲é♣✐❞é♠✐♦❧♦❣✐❡ s✬❡st ❞é✈❡❧♦♣♣é❡ ♣♦✉r ❝♦♠♣r❡♥❞r❡ ❡t ♣ré❞✐r❡ ❧❡ ❧✐❡♥ ❡♥tr❡ ❧❡s ❝❤❛♥❣❡✲

♠❡♥ts ❡♥✈✐r♦♥♥❡♠❡♥t❛✉①✱ ❧❡s ❞✐str✐❜✉t✐♦♥s ❡t ❧✬é♠❡r❣❡♥❝❡ ❞❡s ♠❛❧❛❞✐❡s✳ ❈♦♠♣r❡♥❞r❡ ❧❡✉rs ❞✐s✲

tr✐❜✉t✐♦♥s ✐♠♣❧✐q✉❡ ❞❡ ❝♦♥♥❛îtr❡ ❧❡ s②stè♠❡ ❝♦♠♣❧❡①❡ ❞❡ tr❛♥s♠✐ss✐♦♥✱ ❝♦♥s✐❞ér❛♥t ❧❡s ✐♥t❡r✲

❛❝t✐♦♥s ❡♥tr❡ ❝❤❛q✉❡ ♥✐✈❡❛✉ ❞✬♦r❣❛♥✐s❛t✐♦♥ ❡t ❝❤❛q✉❡ ♣♦♣✉❧❛t✐♦♥ ✐♠♣❧✐q✉és ✭●✐r❛✉❞♦✉① ❡t ❛❧✳✱

✷✵✵✽✮✳ ▲❡ ♣❛t❤♦❣è♥❡ ét❛♥t ❞✐✣❝✐❧❡♠❡♥t ♦❜s❡r✈❛❜❧❡✱ ❝❡❧❛ ❝♦♥s✐st❡ à ét✉❞✐❡r ❧❡s ❞✐str✐❜✉t✐♦♥s✱ ♥✐❝❤❡s

❡t ❤❛❜✐t❛ts✱ ❞❡s ♣♦♣✉❧❛t✐♦♥s ❤✉♠❛✐♥❡s✱ ✈❡❝t❡✉rs ❡t ❤ôt❡s✱ ❧❡✉rs ✐♥t❡r❛❝t✐♦♥s ❡t ❞❡ ❝❡ ❢❛✐t à ✐♥✲

té❣r❡r ❞❡ ♠✉❧t✐♣❧❡s ❞✐s❝✐♣❧✐♥❡s ❞❡ ❧❛ ❜✐♦❧♦❣✐❡ ❡t ❡♥ ♣❛rt✐❝✉❧✐❡r ❧✬é❝♦❧♦❣✐❡✳ ❉❡ ♥♦✉✈❡❛✉① ♦✉t✐❧s

✐ss✉s ❞❡ ❧✬é❝♦❧♦❣✐❡ ♥✉♠ér✐q✉❡✱ ❞❡ ❧❛ ❣é♦❣r❛♣❤✐❡ q✉❛♥t✐t❛t✐✈❡ ❡t ❞❡s st❛t✐st✐q✉❡s ♠♦❞❡r♥❡s ♦♥t

été ré❝❡♠♠❡♥t ❞é✈❡❧♦♣♣és ♣♦✉r ❡①♣❧✐q✉❡r ❡t ♣ré❞✐r❡ ❧❛ tr❛♥s♠✐ss✐♦♥ ❡t s♦♥ r✐sq✉❡ à ♣❛rt✐r ❞❡

❞♦♥♥é❡s é❝♦✲é♣✐❞é♠✐♦❧♦❣✐q✉❡s ré❝♦❧té❡s à ❞❡ ♠✉❧t✐♣❧❡s é❝❤❡❧❧❡s ❡t ♥✐✈❡❛✉① ❞✬♦r❣❛♥✐s❛t✐♦♥✳ ❋❛❝❡

à ❧✬✉r❣❡♥❝❡ ❞❡s s✐t✉❛t✐♦♥s é♣✐❞é♠✐♦❧♦❣✐q✉❡s ❡t ❧❡ ♠❛♥q✉❡ ❞❡ ❝♦♥♥❛✐ss❛♥❝❡s s✉r ❧❡s s②stè♠❡s ❞❡

tr❛♥s♠✐ss✐♦♥ ❝♦♠♣❧❡①❡s✱ ❧❡ ❞é✜ ❝♦♥s✐st❡ à tr♦✉✈❡r ♣❛r♠✐ ❧❡s ♦✉t✐❧s ❞é✈❡❧♦♣♣és ❝❡✉① q✉✐ ✈♦♥t

♣♦✉✈♦✐r ❡①tr❛✐r❡ ❧❡ ♠❛①✐♠✉♠ ❞✬✐♥❢♦r♠❛t✐♦♥s ❞❡ t❡❧❧❡s ❞♦♥♥é❡s✳

▲✬é❝❤✐♥♦❝♦❝❝♦s❡ ❛❧✈é♦❧❛✐r❡ ✭❊❆✮ ✿ ✉♥❡ ③♦♦♥♦s❡ é♠❡r❣❡♥t❡

❈❡ tr❛✈❛✐❧ ❞❡ t❤ès❡ s✬✐♥s❝r✐t ❞❛♥s ❧✬ét✉❞❡ ❞❡ ❧❛ tr❛♥s♠✐ss✐♦♥ ❞✉ ❝❡st♦❞❡ ✭❤❡❧♠✐♥t❤❡✮ ❊❝❤✐♥♦❝♦❝❝✉s

♠✉❧t✐❧♦❝✉❧❛r✐s ✭❊♠✮ r❡s♣♦♥s❛❜❧❡ ❞✬✉♥❡ ③♦♦♥♦s❡✱ ❧✬é❝❤✐♥♦❝♦❝❝♦s❡ ❛❧✈é♦❧❛✐r❡ ✭❊❆✮✳

▲❡ ❝②❝❧❡ ♥❛t✉r❡❧ ❞❡ tr❛♥s♠✐ss✐♦♥ ❞✬❊♠ ❡st ❝♦♥st✐t✉é ✉♥✐✈❡rs❡❧❧❡♠❡♥t ❞❡ ♠✐❝r♦✲♠❛♠♠✐❢èr❡s

❝♦♠♠❡ ❤ôt❡s ✐♥t❡r♠é❞✐❛✐r❡s ❡t ❞❡ ❝❛r♥✐✈♦r❡s ✭♣r✐♥❝✐♣❛❧❡♠❡♥t ❞❡s ❝❛♥✐❞és t❡❧ q✉❡ ❧❡ r❡♥❛r❞

♦✉ ❧❡ ❝❤✐❡♥✮ ❝♦♠♠❡ ❤ôt❡s ❞é✜♥✐t✐❢s✳ ❉❛♥s ❝❡ ❝②❝❧❡✱ ❧✬❤♦♠♠❡ ✐♥t❡r✈✐❡♥t ❡♥ t❛♥t q✉✬✐♠♣❛ss❡

♣❛r❛s✐t❛✐r❡ ♣✉✐sq✉✬✐❧ ♥❡ ♣❛rt✐❝✐♣❡ ♣❛s à ❧❛ tr❛♥s♠✐ss✐♦♥✳ ▲❛ tr❛♥s♠✐ss✐♦♥ s✬❡✛❡❝t✉❡ ♣❛r ✐♥❣❡st✐♦♥

❞❡s ♦❡✉❢s ♣❛r ❝♦♥t❛❝t ❞✐r❡❝t ❛✈❡❝ ❧✬♦❡✉❢ ❞✐ssé♠✐♥é ♣❛r ❧✬❤ôt❡ ❞é✜♥✐t✐❢ ❞❛♥s ❧✬❡♥✈✐r♦♥♥❡♠❡♥t✱ ♣❛r

✐♥❣❡st✐♦♥ ❞❡ ♥♦✉rr✐t✉r❡ ❝♦♥t❛♠✐♥é❡✱ ♦✉ ♣❛r ❝♦♥t❛❝t ❞✐r❡❝t ❛✈❡❝ ❧❡s ❤ôt❡s ❞é✜♥✐t✐❢s ✭❋✐❣✉r❡ ✶✮✳ ▲❛

♠❛❧❛❞✐❡ ❡st ❡♥❣❡♥❞ré❡ ♣❛r ❧❛ ✜①❛t✐♦♥ s✉r ❧❡ ❢♦✐❡ ❞✉ st❛❞❡ ♠ét❛❝❡st♦❞❡ ❞✉ ♣❛r❛s✐t❡✳ ❈❡tt❡ ❢♦r♠❡

❛❧✈é♦❧❛✐r❡ ❝♦♠♣♦sé❡ ❞❡ ♥♦♠❜r❡✉s❡ ✈és✐❝✉❧❡s ♣❡✉t s❡ ❞é✈❡❧♦♣♣❡r ❡t s✬✐♥✜❧tr❡r ❞❡ ♠❛♥✐èr❡ ♣r♦❧✐✜q✉❡

à ❧❛ ♠❛♥✐èr❡ ❞✬✉♥❡ t✉♠❡✉r ❞❛♥s ❞✬❛✉tr❡s ♦r❣❛♥❡s ❥✉sq✉✬à ❡♥tr❛î♥❡r ❧❛ ♠♦rt s✐ ❧✬♦r❣❛♥✐s♠❡



❋✐❣✳ ✶ ✕ ▲❡ ❝②❝❧❡ ❞❡ tr❛♥s♠✐ss✐♦♥ ❞✬❊♠ ❡t ❧❡s ✈❛r✐❛❜❧❡s ❝♦♠♣♦rt❡♠❡♥t❛❧❡s ❞❡s ❤♦♠♠❡s ✭❍✮ ❡t ❞❡s ❛♥✐♠❛✉① ✭❆✮

q✉✐ ❛✛❡❝t❡♥t ❧❛ tr❛♥s♠✐ss✐♦♥✳ ❊①tr❛✐t ❞❡ ●✐r❛✉❞♦✉① ❡t ❛❧✱ ✷✵✵✸✳

♥✬❡st ♣❛s tr❛✐té✳ ❉✉ ❢❛✐t ❞❡ ❧❛ ❧♦♥❣✉❡ ♣ér✐♦❞❡ ❞❡ ❞é✈❡❧♦♣♣❡♠❡♥t ❛✲s②♠♣t♦♠❛t✐q✉❡ ❞✉ ♣❛r❛s✐t❡

❝❤❡③ ❧✬❤♦♠♠❡ ✭❞❡ ✺ à ✷✵ ❛♥s✮ ❧❡ ❞✐❛❣♥♦st✐❝✱ ❡✛❡❝t✉é ♣❛r é❝❤♦❣r❛♣❤✐❡ ❝♦♠♣❧été❡ ❞✬✉♥ t❡st

✐♠♠✉♥♦❧♦❣✐q✉❡ sér♦❧♦❣✐q✉❡✱ ♣❡✉t êtr❡ très t❛r❞✐❢ ❡t ❧❡s tr❛✐t❡♠❡♥ts r❡st❡♥t ❝♦ût❡✉① ✭✐♥t❡r✈❡♥t✐♦♥

❝❤✐r✉r❣✐❝❛❧❡ ♦✉ ❝❤✐♠✐♦t❤ér❛♣✐❡✮ ✭❱✉✐tt♦♥ ❡t ❛❧✳✱ ✷✵✵✸✮✳

▲❛ ♠❛❧❛❞✐❡ ❤✉♠❛✐♥❡ ❡st ❣é♥ér❛❧❡♠❡♥t ❝♦♥s✐❞éré❡ ❝♦♠♠❡ r❛r❡✱ ❧✬✐♥❝✐❞❡♥❝❡ ❛♥♥✉❡❧❧❡ ✈❛r✐❛♥t

❡♥tr❡ ✵✳✵✷ ❡t ✶✳✹ ♣♦✉r ✶✵✵ ✵✵✵ ❤❛❜✐t❛♥ts ❞❛♥s ❧❡s ♣❛②s ♦✉ ré❣✐♦♥s ❡♥❞é♠✐q✉❡s ❡♥ ❊✉r♦♣❡ ❡t ❛✉

❏❛♣♦♥ ✭❊❝❦❡rt ❛♥❞ ❉❡♣❧❛③❡s✱ ✷✵✵✹✮✳ ❈❡♣❡♥❞❛♥t✱ ❞❡s ♣ré✈❛❧❡♥❝❡s très é❧❡✈é❡s ♦♥t été ❡♥r❡❣✐stré❡s

❞❛♥s ❝❡rt❛✐♥s ❡♥❞r♦✐ts ❞✉ ❣❧♦❜❡ ❛tt❡✐❣♥❛♥t ✉♥ ♠❛①✐♠✉♠ ❞❡ ✶✹ ✪ ❞❛♥s ❝❡rt❛✐♥s ✈✐❧❧❛❣❡s ❞❡ ❧❛

❈❤✐♥❡ ❝❡♥tr❛❧❡ ✭❚✐❛♦②✐♥❣ ❡t ❛❧✳✱ ✷✵✵✺✮✳ ❆✉ss✐✱ ❞✉ ❢❛✐t ❞❡ s♦♥ ✐ss✉❡ ❢❛t❛❧❡ ❡t ❞❡ ❧❛ ❞✐✣❝✉❧té ❞❡s

tr❛✐t❡♠❡♥ts✱ ❡❧❧❡ ❡st ❝♦♥s✐❞éré❡ ❝♦♠♠❡ ✉♥❡ ❞❡s ③♦♦♥♦s❡s ❧❡s ♣❧✉s ❞❛♥❣❡r❡✉s❡s ✭❱✉✐tt♦♥ ❡t ❛❧✳✱

✷✵✵✸✮✳

■♥❞✐❣è♥❡ ❞❡s ③♦♥❡s ❞❡ t♦✉♥❞r❛ ❆r❝t✐q✉❡ ❞✬❆♠ér✐q✉❡ ❞✉ ◆♦r❞ ❞❡♣✉✐s ❧❛ ♣ér✐♦❞❡ ♣♦st✲❣❧❛❝✐❛t✐♦♥s✱

❧❡ ♣❛r❛s✐t❡ s✬❡st ❞✐s♣❡rsé ✈❡rs ❧❡ ❙✉❞ ❡t ❞❛♥s ❧❡s ré❣✐♦♥s t❡♠♣éré❡s ❡t ❛r❝t✐q✉❡s ❞❡ ❧✬❤é♠✐s♣❤èr❡

◆♦r❞ ❡t à ❞❡s ❛❧t✐t✉❞❡s é❧❡✈é❡s✳ ❆❝t✉❡❧❧❡♠❡♥t ♦♥ tr♦✉✈❡ ❞❡s ❢♦②❡rs ❡♥❞é♠✐q✉❡s ❞✬❆❊ ❡♥ ❆♠ér✐q✉❡ ❞✉

◆♦r❞✱ ❆s✐❡ ❝❡♥tr❛❧❡✱ ❈❤✐♥❡✱ ❏❛♣♦♥✱ ❊✉r♦♣❡ ❝❡♥tr❛❧❡ ❡t ❞✉ ◆♦r❞✱ ❛✐♥s✐ q✉❡ ❞❛♥s q✉❡❧q✉❡s ét❛ts

❞❡ ❧✬❛♥❝✐❡♥♥❡ ❯❘❙❙✳ ❖♥ ♥❡ ❧❛ r❡♥❝♦♥tr❡ ♣❛s ❡♥ ❞❡ss♦✉s ❞✉ ✷✽✝❞❡ ❧❛t✐t✉❞❡ ◆♦r❞ ❝✬❡st à ❞✐r❡ ❛✉

s✉❞ ❞❡ ❧❛ ❚✉♥✐s✐❡✱ ❧❛ ❚✉rq✉✐❡✱ ❧✬■r❛♥ ❡t ❧❡ ◆♦r❞ ❞❡ ❧✬■♥❞❡ ♦ù q✉❡❧q✉❡s ❝❛s ♦♥t été ❡♥r❡❣✐strés✳

▲❡s ❞♦♥♥é❡s ❞✬✐♥❝✐❞❡♥❝❡s ré❝❡♥t❡s ♣❡r♠❡tt❡♥t ❞❡ ❝♦♥st❛t❡r ✉♥ r✐sq✉❡ ♣❡rs✐st❛♥t ❡t ❝♦♥s✐❞✲

ér❛❜❧❡ ❞❛♥s ❞❡s ❛✐r❡s ❞✬❡♥❞é♠✐❡✱ ❡♥ ❊✉r♦♣❡ ✭❊❝❦❡rt ❡t ❛❧✳✱ ✷✵✵✵✮ ❝♦♠♠❡ ❡♥ ❈❤✐♥❡ ✭❈r❛✐❣ ❛♥❞

❚❤❡ ❊❝❤✐♥♦❝♦❝❝♦s✐s ❲♦r❦✐♥❣ ●r♦✉♣ ✐♥ ❈❤✐♥❛✱ ✷✵✵✻✮✳ ❊❧❧❡s ♠♦♥tr❡♥t é❣❛❧❡♠❡♥t ❧✬❡①t❡♥s✐♦♥ ❞❡

❧❛ ♠❛❧❛❞✐❡ ❛✉ ❏❛♣♦♥ ✭❊❝❦❡rt ❡t ❛❧✳✱ ✷✵✵✵✮✳ ❈❡♣❡♥❞❛♥t✱ ❧✬❛♥❛❧②s❡ ❞❡s ✐♥❝✐❞❡♥❝❡s ♦✉ ❞❡s ♣ré✈❛✲

❧❡♥❝❡s ❤✉♠❛✐♥❡s ♥❡ s✉✣t ♣❛s ♣♦✉r ♠❡ttr❡ ❡♥ é✈✐❞❡♥❝❡ ♦✉ ♣ré❞✐r❡ ✉♥❡ é♠❡r❣❡♥❝❡ ❞✉ ❢❛✐t ❞❡s

❞✐s♣❛r✐tés s♣❛t✐❛❧❡s ❡t t❡♠♣♦r❡❧❧❡s ❞❡s s✉✐✈✐s é♣✐❞é♠✐♦❧♦❣✐q✉❡s✱ ♣❛rt✐❝✉❧✐èr❡♠❡♥t ❞❛♥s ❝❡rt❛✐♥s

❡♥❞r♦✐ts r❡❝✉❧és ♦ù ❧✬❛❝❝ès ❛✉① ❝❡♥tr❡s ❞❡ s♦✐♥s ❡st ❞✐✣❝✐❧❡✳ ❊♥ ♦✉tr❡✱ ❧❡s ❞♦♥♥é❡s ré❝♦❧té❡s ♥❡

❝♦rr❡s♣♦♥❞❡♥t ♣❛s ♥é❝❡ss❛✐r❡♠❡♥t à ❧❛ s✐t✉❛t✐♦♥ é♣✐❞é♠✐♦❧♦❣✐q✉❡ ❛❝t✉❡❧❧❡ ♣✉✐sq✉❡ ❧❛ ♣ér✐♦❞❡

❞✬✐♥❝✉❜❛t✐♦♥ ❞❡ ❧❛ ♠❛❧❛❞✐❡ ❝❤❡③ ❧✬❤♦♠♠❡ ❡st ❧♦♥❣✉❡✳



▲❡s ❢❛❝t❡✉rs ❞❡ r✐sq✉❡ é❝♦✲é♣✐❞é♠✐♦❧♦❣✐q✉❡s ❞❡ ❧✬❊❆

▲✬ét✉❞❡ ❞❡ ❢❛❝t❡✉rs é❝♦✲é♣✐❞é♠✐♦❧♦❣✐q✉❡s à ❧✬♦r✐❣✐♥❡ ❞❡s ♣ré✈❛❧❡♥❝❡s ❤✉♠❛✐♥❡s r❡♥❞ ♣♦ss✐❜❧❡

❧❛ ❞ét❡❝t✐♦♥ ❞❡ ❧✬é♠❡r❣❡♥❝❡ ❞❡ ❧❛ ♠❛❧❛❞✐❡ ✭❊❝❦❡rt ❡t ❛❧✳✱ ✷✵✵✵✮✳ ❇✐❡♥ q✉❡ ♥é❣❧✐❣é❡s ❞❛♥s ❧❡

r❛♣♣♦rt ❞✉ ✏▼✐❧❧❡♥✐✉♠ ❊❝♦s②st❡♠s ❆ss❡ss♠❡♥t✑ ❞❡ ❧✬❖▼❙ ✭❍❛ss❛♥ ❡t ❛❧✳✱ ✷✵✵✺✮✱ ❧❡s ❛❝t✐♦♥s ❞❡

❧✬❤♦♠♠❡ s✉r ❧❡s é❝♦s②stè♠❡s ❡t s✉r ❧❡s ♣♦♣✉❧❛t✐♦♥s ❞✬❤ôt❡s q✉✐ ✐♥✢✉❡♥❝❡♥t ❧❛ tr❛♥s♠✐ss✐♦♥ ❞❡ ❧❛

③♦♦♥♦s❡ s♦♥t ♠✉❧t✐♣❧❡s ❡t ❝♦♥st✐t✉❡♥t ❞❡s ❢❛❝t❡✉rs ❞✬é♠❡r❣❡♥❝❡ ❞❡ ❧❛ ♠❛❧❛❞✐❡ ❡♥ ❊✉r♦♣❡ ✭❊❝❦❡rt

❡t ❛❧✳✱ ✷✵✵✵✮✳ ❊❧❧❡s ♣❡✉✈❡♥t ♠♦❞✐✜❡r ✐♥❞✐r❡❝t❡♠❡♥t✱ ♣❛r ❧❡✉rs ❛❝t✐♦♥s s✉r ❧❡ ♣❛②s❛❣❡ ✭❋✐❣✉r❡ ✶✱

❆✮ ♦✉ ❞✐r❡❝t❡♠❡♥t✱ ♣❛r ❧❡ ❝♦♥trô❧❡ ❞❡s ♣♦♣✉❧❛t✐♦♥s ✭❋✐❣✉r❡ ✶✱ ❇✮✱ ❧❡s ❤❛❜✐t❛ts✱ ❧❡s ❞❡♥s✐tés ❡t ❧❡s

♣ré✈❛❧❡♥❝❡s ❞❡s ♣♦♣✉❧❛t✐♦♥s ❞✬❤ôt❡s ✐♥t❡r♠é❞✐❛✐r❡s ❡t ❞é✜♥✐t✐❢s✳

❆❝t✐♦♥ s✉r ❧❡s ❤❛❜✐t❛ts ❡t ♣♦♣✉❧❛t✐♦♥s ❞✬❤ôt❡s ✐♥t❡r♠é❞✐❛✐r❡s

❈♦♥tr❛✐r❡♠❡♥t ❛✉① ♣❛②s❛❣❡s ❞✐ts ♥❛t✉r❡❧s ❞❡s st❡♣♣❡s ❞❡ ❧✬❆♠ér✐q✉❡ ❞✉ ◆♦r❞ ♦ù ❞❡s ❝②❝❧❡s

❞❡ tr❛♥s♠✐ss✐♦♥ ✐♥t❡♥s❡s ♦♥t été ♠✐s ❡♥ é✈✐❞❡♥❝❡✱ ❧❡s ❛✐r❡s ❡♥❞é♠✐q✉❡s ❊✉r❛s✐❡♥♥❡s s❡r❛✐❡♥t

♥❛t✉r❡❧❧❡♠❡♥t ♦❝❝✉♣é❡s ♣❛r ❞❡s t❛ï❣❛s ♦✉ ❞❡s ❢♦rêts ❝❛❞✉❝✐❢♦❧✐é❡s ♣❡✉ ♣r♦♣✐❝❡s à ❧❛ tr❛♥s♠✐ss✐♦♥

❞✬❊♠ ✭❘♦♠✐❣ ❡t ❛❧✳✱ ✷✵✵✻✮✳ ❉❛♥s ❝❡rt❛✐♥❡s ❞❡ ❝❡s ③♦♥❡s ♦❝❝✉♣é❡s ❡t ❡①♣❧♦✐té❡s ♣❛r ❧✬❤♦♠♠❡✱

❧❛ tr❛♥s♠✐ss✐♦♥ ❡st ❢❛✈♦r✐sé❡ ♣❛r ❞❡s ❝❤❛♥❣❡♠❡♥ts ♣❛②s❛❣❡rs t❡❧s q✉❡ ❧❡s ♣r❛t✐q✉❡s ❛❣r✐❝♦❧❡s

✭♣r❛✐r✐❡s ❞❡ ❢❛✉❝❤❡ ❡♥ ❋r❛♥❝❡✱ s✉r♣ât✉r❛❣❡ ❡♥ ❈❤✐♥❡✮ ♦✉ ❢♦r❡st✐èr❡s ✭❞é❢♦r❡st❛t✐♦♥ ❡♥ ❈❤✐♥❡✮

✭●✐r❛✉❞♦✉① ❡t ❛❧✳✱ ✷✵✵✷✮✳ ❈❡s ❝❤❛♥❣❡♠❡♥ts ✐♥✢✉❡♥❝❡♥t ❛❧♦rs ✐♥❞✐r❡❝t❡♠❡♥t ❧❡s ♣ré✈❛❧❡♥❝❡s ❡♥

❛❣✐ss❛♥t s✉r ❧❡s ♣❛r❛♠ètr❡s ❞❡ ❧❛ tr❛♥s♠✐ss✐♦♥ ✭❘♦♠✐❣ ❡t ❛❧✳✱ ✷✵✵✻✮ ❡t✱ ❡♥ ❧✬♦❝❝✉rr❡♥❝❡✱ s✉r ❧❡s

❞✐str✐❜✉t✐♦♥s s♣❛t✐❛❧❡s ❞❡s ♣♦♣✉❧❛t✐♦♥s ❞✬❤ôt❡s ✐♥t❡r♠é❞✐❛✐r❡s ✭♠✐❝r♦✲♠❛♠♠✐❢èr❡s✮✱ ❛✉❣♠❡♥t❛♥t

❧❡✉rs ♣♦♣✉❧❛t✐♦♥s✱ ❧❡s ♣ré✈❛❧❡♥❝❡s ❞❡s ❤ôt❡s ❞é✜♥✐t✐❢s ❡t ♣❛r ❝♦♥séq✉❡♥t ❧❡s ♣ré✈❛❧❡♥❝❡s ❤✉♠❛✐♥❡s

✭●✐r❛✉❞♦✉① ❡t ❛❧✳✱ ✷✵✵✷✮ ✭❋✐❣✉r❡ ✶✮✳

❆❝t✐♦♥ s✉r ❧❡s ♣♦♣✉❧❛t✐♦♥s ❞❡s ❤ôt❡s ❞é✜♥✐t✐❢s ❡t ❝②❝❧❡s s②♥❛♥t❤r♦♣✐q✉❡s

▲✬❤♦♠♠❡ ✐♥t❡r✈✐❡♥t é❣❛❧❡♠❡♥t ❞❛♥s ❧❡ ❝②❝❧❡ ❡♥ ♠♦❞✐✜❛♥t ❧❡s ❞❡♥s✐tés ❡t ❧❡s ❤❛❜✐t❛ts ❞❡s

♣♦♣✉❧❛t✐♦♥s ❞✬❤ôt❡s ❞é✜♥✐t✐❢s✳ ❊♥ ❊✉r♦♣❡✱ ❞❛♥s ❧❡s ❛♥♥é❡s ✾✵✱ ❧❡ ❝♦♥trô❧❡ ❞❡ ❧❛ r❛❣❡✱ ❧❡ ❝❤❛♥❣❡✲

♠❡♥t ❞❡ ♣r❛t✐q✉❡s ❞❡ ❝❤❛ss❡ ♦✉ ❞❡ ♣❡r❝❡♣t✐♦♥ ❞❡ ❧❛ ❢❛✉♥❡ s❛✉✈❛❣❡ ♣❛r ❧❡s ♣♦♣✉❧❛t✐♦♥s ❡t ❧✬❛✉❣✲

♠❡♥t❛t✐♦♥ ❞❡ ❧❛ ❞✐s♣♦♥✐❜✐❧✐té ❞❡ r❡ss♦✉r❝❡s ❛♥t❤r♦♣✐q✉❡s✱ s♦♥t ❛✉t❛♥t ❞❡ ❝❛✉s❡s à ❧✬♦r✐❣✐♥❡ ❞❡

❧✬❛✉❣♠❡♥t❛t✐♦♥ ❞❡s ❡✛❡❝t✐❢s ❞❡s ♣♦♣✉❧❛t✐♦♥s ❞❡ r❡♥❛r❞s ✭❘♦♠✐❣ ❡t ❛❧✳✱ ✷✵✵✻✮✳ ❈❡s ❛✉❣♠❡♥t❛✲

t✐♦♥s ét❛✐❡♥t ❛❧♦rs ❝♦rré❧é❡s à ❧✬❛✉❣♠❡♥t❛t✐♦♥ s✐♠✉❧t❛♥é❡ ❞❡s ♣ré✈❛❧❡♥❝❡s ❞✬❊♠ ✈✉❧♣✐♥❡s ✭❘♦♠✐❣✱

✷✵✵✷✮✳ ❊♥ ♣❛r❛❧❧è❧❡✱ ❧❛ ♣rés❡♥❝❡ ❞❡ r❡♥❛r❞s ❡st r❡❝♦♥♥✉❡ ❞❛♥s ❞❡ ♥♦♠❜r❡✉s❡s ✈✐❧❧❡s ✭❉❡♣❧❛③❡s

❡t ❛❧✳✱ ✷✵✵✹✮ ❡t ❧✬❛✉❣♠❡♥t❛t✐♦♥ ❞❡ ❧❡✉rs ❞❡♥s✐tés ❢❛✈♦r✐sé❡ ♣❛r ❧❛ ❞✐s♣♦♥✐❜✐❧✐té ❞❡ r❡ss♦✉r❝❡s ❛♥✲

t❤r♦♣✐q✉❡s ✭❈♦♠t❡ss❡✱ ✷✵✵✹✮✳ ❆✉ss✐ ❧❡s ♣ré✈❛❧❡♥❝❡s é❧❡✈é❡s ♦❜s❡r✈é❡s ❝❤❡③ ❧❡ r❡♥❛r❞ ✉r❜❛✐♥✱ ❜✐❡♥

q✉✬✐♥❢ér✐❡✉r❡s à ❝❡❧❧❡s ❞❡s r❡♥❛r❞s r✉r❛✉①✱ ❡t ❧❛ ❞✐s♣♦♥✐❜✐❧✐té ❞❡ ♣♦♣✉❧❛t✐♦♥s ❞✬❤ôt❡s ✐♥t❡r♠é❞✐✲

❛✐r❡s ♣♦t❡♥t✐❡❧❧❡♠❡♥t ✐♥❢❡❝té❡s à ♣r♦①✐♠✐té ❞❡s ✈✐❧❧❡s ✭③♦♥❡s ♣ér✐♣❤ér✐q✉❡s✮ ♣r♦✉✈❡♥t ❧✬❡①✐st❡♥❝❡

❞❡ ❝②❝❧❡s ❞❡ tr❛♥s♠✐ss✐♦♥ s❡ ré❛❧✐s❛♥t à ♣r♦①✐♠✐té ❞❡s ❤❛❜✐t❛t✐♦♥s ❤✉♠❛✐♥❡s ✭❙t✐❡❣❡r ❡t ❛❧✳✱ ✷✵✵✷✮✳

▲✬❡①✐st❡♥❝❡ ❞❡ t❡❧s ❝②❝❧❡s ❞✐ts s②♥❛♥t❤r♦♣✐q✉❡s ❝♦♥st✐t✉❡ ✉♥ r✐sq✉❡ ❞❡ ❝♦♥t❛♠✐♥❛t✐♦♥ ❞❡ ❧✬❡♥✈✐✲

r♦♥♥❡♠❡♥t ❞❡s ❤♦♠♠❡s ❡t ♣❛r ❝♦♥séq✉❡♥t ❞❡ tr❛♥s♠✐ss✐♦♥ ✭❘♦♠✐❣ ❡t ❛❧✳✱ ✷✵✵✻❀ ❉❡♣❧❛③❡s ❡t ❛❧✳✱

✷✵✵✹❀ ❘♦❜❛r❞❡t ❡t ❛❧✳✱ ✷✵✵✽✮✳ ❉❡ s✉r❝r♦ît ❧✬❡①✐st❡♥❝❡ ❞✬❤ôt❡s ✐♥t❡r♠é❞✐❛✐r❡s ❝♦♥t❛♠✐♥és ❝♦♥st✐t✉❡

✉♥ ❢❛❝t❡✉r ❞❡ r✐sq✉❡ ❞❡ tr❛♥s♠✐ss✐♦♥ ❛✉① ❤ôt❡s ❞♦♠❡st✐q✉❡s✳

▲❡ ❝❤✐❡♥ ❡t✱ ❞❛♥s ✉♥❡ ♠♦✐♥❞r❡ ♠❡s✉r❡✱ ❧❡ ❝❤❛t ❞♦♠❡st✐q✉❡ ♣❡✉✈❡♥t ✐♥t❡r✈❡♥✐r ❞❛♥s ❧❡s ❝②❝❧❡s

❞❡ tr❛♥s♠✐ss✐♦♥ ✭❊❝❦❡rt ❛♥❞ ❉❡♣❧❛③❡s✱ ✷✵✵✹✮✳ ▲❛ ♣rés❡♥❝❡ ❞✬❤ôt❡s ❞é✜♥✐t✐❢s ❞♦♠❡st✐q✉❡s ❞❛♥s

❧✬❡♥✈✐r♦♥♥❡♠❡♥t ❞❡s ❤♦♠♠❡s t❡♥❞ à ❛✉❣♠❡♥t❡r ❧❡s ♣ré✈❛❧❡♥❝❡s ❤✉♠❛✐♥❡s ✭●♦ttst❡✐♥ ❡t ❛❧✳✱

✷✵✵✶✮ ❡t ♣❛rt✐❝✐♣❡ à ❧✬é♠❡r❣❡♥❝❡ ❞❡ ❧❛ ♠❛❧❛❞✐❡ ✭❊❝❦❡rt ❡t ❛❧✳✱ ✷✵✵✵✮✳ ▲✬✐♠♣❧✐❝❛t✐♦♥ ❞✉ ❝❤✐❡♥



❞♦♠❡st✐q✉❡ ❞❛♥s ❧❡ ❝②❝❧❡ ❞✬❊♠ ❛ été ♠✐s❡ ❡♥ é✈✐❞❡♥❝❡ ❞❛♥s t♦✉t❡s ❧❡s ❛✐r❡s ❞✬❡♥❞é♠✐❡ ♠♦♥❞✐❛❧❡✳

❊♥ ❊✉r♦♣❡✱ ❞❛♥s ❧❡ ❝❛♥t♦♥ ❞❡ ❩✉r✐❝❤✱ ❧❡s ❝♦♥t❛♠✐♥❛t✐♦♥s ♣♦rté❡s ♣❛r ❧❡s ❝❤✐❡♥s ❡t ❧❡s ❝❤❛ts✱ ❜✐❡♥

q✉❡ ♣❧✉s ♥♦♠❜r❡✉① q✉❡ ❧❡s r❡♥❛r❞s ✭❡st✐♠é❡ à ❡♥✈✐r♦♥ ✹✽✵✵✵✱ ✶✹✺✵✵✵ ❡t ✹✼✵✵ r❡s♣❡❝t✐✈❡♠❡♥t✮✱ ♥❡

r❡♣rés❡♥t❡♥t q✉❡ ✾✳✸✪ ❡t ✸✺✳✺✪ ❞❡ ❧❛ ✏❝❛♣❛❝✐té ❞❡ ♣♦rt❛❣❡✑ ❞✉ r❡♥❛r❞✳ ❆✉ ❏❛♣♦♥✱ ❧❛ ❝♦♥tr✐❜✉t✐♦♥

❞✉ ❝❤✐❡♥ r❡st❡ é❣❛❧❡♠❡♥t ❢❛✐❜❧❡ ❝♦♠♣❛ré❡ à ❝❡❧❧❡ ❞✉ r❡♥❛r❞ ✭▼❛❝♣❤❡rs♦♥ ❛♥❞ ❈r❛✐❣✱ ✷✵✵✺✮✳ ❊♥

r❡✈❛♥❝❤❡✱ ❡♥ ❆❧❛s❦❛ ✭î❧❡ ❙t ▲❛✇r❡♥❝❡✮ ❡t ❡♥ ❈❤✐♥❡ ❞❡ ❢♦rt❡s ♣ré✈❛❧❡♥❝❡s ♦♥t été ❡♥r❡❣✐stré❡s ❝❤❡③

❧❡ ❝❤✐❡♥ ❞♦♠❡st✐q✉❡ ✭❥✉sq✉✬à ✶✷ ✪✮ ✭❙❝❤❛♥t③ ❡t ❛❧✳✱ ✶✾✾✺❀ ❈r❛✐❣ ❡t ❛❧✳✱ ✷✵✵✵❀ ❇✉❞❦❡ ❡t ❛❧✳✱ ✷✵✵✺❛✮

❡t ❞❡ ♥♦♠❜r❡✉① ❢❛❝t❡✉rs ❞❡ r✐sq✉❡ ❛ss♦❝✐és ❛✉① ❝❤✐❡♥s ♦♥t été ✐❞❡♥t✐✜és ✭❙t❡❤r✲●r❡❡♥ ❡t ❛❧✳✱ ✶✾✽✽❀

❈r❛✐❣ ❛♥❞ ❚❤❡ ❊❝❤✐♥♦❝♦❝❝♦s✐s ❲♦r❦✐♥❣ ●r♦✉♣ ✐♥ ❈❤✐♥❛✱ ✷✵✵✻✮✳ ▲❡ ❝❤✐❡♥ ❞♦♠❡st✐q✉❡ ❡st ❛❧♦rs

❝♦♥s✐❞éré ❝♦♠♠❡ ❧✬❤ôt❡ ❞é✜♥✐t✐❢ ❞✬✉♥ ❝②❝❧❡ ♣ér✐✲❞♦♠❡st✐q✉❡✱ ♦ù ✐❧ ❝♦♥st✐t✉❡r❛✐t ❧❡ ❧✐❡♥ ❡♥tr❡ ❧❡

❝②❝❧❡ s❛✉✈❛❣❡ ❡t ❧✬❤♦♠♠❡✱ ❡♥ ❝♦♥s♦♠♠❛♥t ❞❡s ❤ôt❡s ✐♥t❡r♠é❞✐❛✐r❡s ❡t ❝♦♥st✐t✉❛♥t ❧❛ ♣r✐♥❝✐♣❛❧❡

s♦✉r❝❡ ❞❡ ❝♦♥t❛♠✐♥❛t✐♦♥ ❞❡ ❧✬❡♥✈✐r♦♥♥❡♠❡♥t ❞❡s ❤♦♠♠❡s ✭❝❢ ♣❛r❛❣r❛♣❤❡ ✷✳✷✳✷✮✳

❖❜❥❡❝t✐❢s ❣é♥ér❛✉①

▲❡s r❡❝❤❡r❝❤❡s ❡♥ é❝♦❧♦❣✐❡ ♣rés❡♥té❡s ✐❝✐ s✬✐♥s❝r✐✈❡♥t ❞❛♥s ❞❡s ♣r♦❥❡ts ❞❡ r❡❝❤❡r❝❤❡ ✐♥t❡r♥❛✲

t✐♦♥❛✉① ✭❚r❛♥s❡❝❤✮ ✜♥❛♥❝és ♣❛r ❧✬■♥st✐t✉t ◆❛t✐♦♥❛❧ ❞❡ ❧❛ ❙❛♥té ❞❡s ❊t❛ts✲❯♥✐s ✭◆■❍✮ ❡t ❧❡ ❋♦♥❞

◆❛t✐♦♥❛❧ ♣♦✉r ❧❛ ❙❝✐❡♥❝❡ ✭◆❙❋✮✱ ❞❛♥s ❧❡ ❝❛❞r❡ ❞✉ ♣r♦❣r❛♠♠❡ ✏❊❝♦❧♦❣② ♦❢ ✐♥❢❡❝t✐♦✉s ❞✐s❡❛s❡s✑✳

▲✬♦❜❥❡❝t✐❢ ❡♥ ❡st ❞❡ ❝♦♠♣r❡♥❞r❡ ❡t ♣ré❞✐r❡ ❧❛ ❞②♥❛♠✐q✉❡ ❞❡ ❧❛ tr❛♥s♠✐ss✐♦♥ ❞✬❊♠ ❡♥ ❈❤✐♥❡✳

❉❛♥s ❝❡tt❡ ré❣✐♦♥ ❞✉ ♠♦♥❞❡ ❧❛ ♠❛❧❛❞✐❡ ❡st r❡❝♦♥♥✉❡ ❝♦♠♠❡ ✉♥ ♣r♦❜❧è♠❡ ❞❡ s❛♥té ♣✉❜❧✐q✉❡ ❞❛♥s

❞❡ ♥♦♠❜r❡✉① ❢♦②❡rs ❡♥❞é♠✐q✉❡s ♦ù ❧❡s ♣❧✉s ❢♦rt❡s ♣ré✈❛❧❡♥❝❡s ❛✉ ♠♦♥❞❡ ♦♥t été ❡♥r❡❣✐stré❡s

❞❛♥s ❞❡s ♣♦♣✉❧❛t✐♦♥s ✐♠♣♦rt❛♥t❡s ♣♦✉r ❧❡ t✐❡rs ❝♦♥st✐t✉é❡s ❞❡ ❥❡✉♥❡s✳ ▲❡ ♣r♦❥❡t ❞❡ r❡❝❤❡r❝❤❡s

s✬❡st t♦✉r♥é ✈❡rs ❞❡s ❛♥❛❧②s❡s s♣❛t✐❛❧❡s ❡t ❞❡ ♠♦❞é❧✐s❛t✐♦♥ ❞❡ ❞♦♥♥é❡s é❝♦❧♦❣✐q✉❡s ❡t é♣✐❞é♠✐✲

♦❧♦❣✐q✉❡s ❝♦❧❧❡❝té❡s à ❞❡ ♠✉❧t✐♣❧❡s é❝❤❡❧❧❡s ❡t ❞❛♥s ❞✐✛ér❡♥ts s✐t❡s ❞✬ét✉❞❡✳ ❈❡s r❡❝❤❡r❝❤❡s ♦♥t

✐♠♣❧✐q✉é ✉♥ tr❛✈❛✐❧ ❞✬éq✉✐♣❡ ❡♥ ❝♦❧❧❛❜♦r❛t✐♦♥ ❛✈❡❝ ❞❡s ♠é❞❡❝✐♥s ✭❈❡♥tr❡ ❢♦r ❉✐s❡❛s❡ ❈♦♥tr♦❧ ❡♥

❈❤✐♥❡✮✱ ❞❡s ❣é♦❣r❛♣❤❡s ✭❯♥✐✈❡rs✐té ❞❡ ❙❛❧❢♦r❞✮✱ ❞❡s ✈étér✐♥❛✐r❡s ✭❯♥✐✈❡rs✐té ❞❡ ❩✉r✐❝❤✮ ❡t ❞❡s

♣❛r❛s✐t♦❧♦❣✉❡s ✭❯♥✐✈❡rs✐té ❞❡ ❙❛❧❢♦r❞✮✳

❉❛♥s ❝❡ ❝❛❞r❡ ❣é♥ér❛❧✱ ❝❡ tr❛✈❛✐❧ ❞❡ t❤ès❡ ❛ ♣♦✉r ♦❜❥❡❝t✐❢ ❣é♥ér❛❧ ❞✬❡①♣❧✐q✉❡r ❞❡ ♠❛♥✐èr❡

q✉❛♥t✐t❛t✐✈❡ ❡t ❞❡ ♣ré❞✐r❡ ❧❡s ♣❛r❛♠ètr❡s é❝♦❧♦❣✐q✉❡s ❞❡s ♣♦♣✉❧❛t✐♦♥s ❞✬❤ôt❡s ✐♥t❡r✈❡♥❛♥t ❞❛♥s

❧❛ tr❛♥s♠✐ss✐♦♥ ❞✬❊♠✱ s✉r ❞✐✛ér❡♥t❡s ❛✐r❡s ❞✬ét✉❞❡s✱ t❡❧s q✉❡ ✿

✶✮ ❧❡s ❞✐str✐❜✉t✐♦♥s s♣❛t✐❛❧❡s ❞❡s ❝♦♠♠✉♥❛✉tés ❞✬❤ôt❡s ✐♥t❡r♠é❞✐❛✐r❡s ✭♠✐❝r♦✲♠❛♠♠✐❢èr❡s✮

✷✮ ❧❡s ❝♦♠♣♦rt❡♠❡♥ts s♣❛t✐❛✉① ✏à r✐sq✉❡✑ ❞❡s ♣♦♣✉❧❛t✐♦♥s ❞❡ ❝❤✐❡♥s ❞♦♠❡st✐q✉❡s ✭❈❛♥✐s

❢❛♠✐❧✐❛r✐s✮ ✐♥t❡r✈❡♥❛♥t ❞❛♥s ❧❛ tr❛♥s♠✐ss✐♦♥ ❞✉ ♣❛r❛s✐t❡ à ❧✬❤♦♠♠❡ ✭✉t✐❧✐s❛t✐♦♥ ❞❡ ❧✬❡s♣❛❝❡ ❡t

❞é❢é❝❛t✐♦♥✮✳

P♦✉r ❝❡ ❢❛✐r❡✱ ♥♦✉s ❛✈♦♥s ❡✉ r❡❝♦✉rs à ❞❡s ♠ét❤♦❞❡s ❡♠♣r✉♥té❡s à ❧✬é❝♦❧♦❣✐❡ ❝♦♠♣♦rt❡♠❡♥✲

t❛❧❡✱ ❞❡s ♣♦♣✉❧❛t✐♦♥s ❡t ❞❡s ❝♦♠♠✉♥❛✉tés✳ ❉❛♥s ❝❡s ❝❤❛♠♣s ❞✐s❝✐♣❧✐♥❛✐r❡s✱ ♥♦tr❡ ❞é♠❛r❝❤❡ ❣é♥ér❛❧❡

❛ été ❞❡ ❝♦♥str✉✐r❡ ❞❡s ♠♦❞è❧❡s ♦✉ ❞✬✉t✐❧✐s❡r ❞❡s ♦✉t✐❧s ❞❡ ♠♦❞é❧✐s❛t✐♦♥ ❛♣♣r♦♣r✐és à ❧✬❛♥❛❧②s❡

❞❡ ❞♦♥♥é❡s é❝♦✲é♣✐❞é♠✐♦❧♦❣✐q✉❡s✳



P❧❛♥ ❞✉ ♠é♠♦✐r❡

▲❡ ♠é♠♦✐r❡ ❡st ❝♦♠♣♦sé ❞❡ ❤✉✐t ❝❤❛♣✐tr❡s r❡❣r♦✉♣és ❡♥ tr♦✐s ❣r❛♥❞❡s ♣❛rt✐❡s ✿ ❧✬✐♥tr♦❞✉❝t✐♦♥

✭❝❤❛♣✐tr❡s ✶ ❡t ✷✮✱ ❧❡s tr❛✈❛✉① ❞❡ r❡❝❤❡r❝❤❡s ✭❝❤❛♣✐tr❡s ✸ à ✻✮ ❡t ❧❛ ❞✐s❝✉ss✐♦♥ ❣é♥ér❛❧❡ ✭❝❤❛♣✐tr❡

✼ ❡t ✽✮✳

▲✬✐♥tr♦❞✉❝t✐♦♥ q✉✐ s✉✐t ❡①♣❧✐q✉❡r❛ ❞❛♥s ✉♥ ♣r❡♠✐❡r ❝❤❛♣✐tr❡ ❧✬✐♠♣♦rt❛♥❝❡ ❞❡ ❧✬ét✉❞❡ ❞❡

❧✬é❝♦❧♦❣✐❡ ❞❡s ♣♦♣✉❧❛t✐♦♥s ❞✬❤ôt❡s ❞❛♥s ❧✬ét✉❞❡ ❡t ❧❛ ♠♦❞é❧✐s❛t✐♦♥ ❞✉ r✐sq✉❡ ❞❡ tr❛♥s♠✐ss✐♦♥ ❞❡s

♠❛❝r♦✲♣❛r❛s✐t❡s✳ ❆♣rès ❛✈♦✐r ❡①♣♦sé ❧❡s ♣❛r❛♠ètr❡s é❝♦❧♦❣✐q✉❡s ✐♥t❡r✈❡♥❛♥t ❞❛♥s ❧❛ tr❛♥s♠✐ss✐♦♥✱

♥♦✉s ♣❛ss❡r♦♥s ❡♥ r❡✈✉❡ ❧❡s ♠ét❤♦❞❡s ❡①✐st❛♥t ♣♦✉r ♠♦❞é❧✐s❡r ❧❡ r✐sq✉❡ ❞❡ tr❛♥s♠✐ss✐♦♥ ❞✉

♣❛r❛s✐t❡✳ P✉✐s✱ ❧✬ét❛t ❞❡s ❝♦♥♥❛✐ss❛♥❝❡s ❞❡ ❧✬é❝♦❧♦❣✐❡ ❞❡ ❧❛ tr❛♥s♠✐ss✐♦♥ ❞✬❊♠ s❡r❛ ♣rés❡♥té ❛✈❛♥t

✉♥ ❜✐❧❛♥ ❞ét❛✐❧❧é ❞❡ ❧❛ s✐t✉❛t✐♦♥ é❝♦✲é♣✐❞é♠✐♦❧♦❣✐q✉❡ ❡♥ ❈❤✐♥❡✳ ◆♦✉s ❡①♣♦s❡r♦♥s ❧❡s ♠ét❤♦❞❡s

❞❡ ♠♦❞é❧✐s❛t✐♦♥ ❛♣♣❧✐q✉é❡s à ❧❛ tr❛♥s♠✐ss✐♦♥ ❞✬❊♠✳ ▲❡✉r s②♥t❤ès❡ ♥♦✉s ♣❡r♠❡ttr❛ ❞❡ ♠❡ttr❡

❡♥ r❡❧✐❡❢ ❧❡s ♣r✐♥❝✐♣❛❧❡s ❧✐♠✐t❡s ❡t é❝✉❡✐❧s ♠ét❤♦❞♦❧♦❣✐q✉❡s q✉❡ ❧❡s ❝❤❡r❝❤❡✉rs r❡♥❝♦♥tr❡♥t ♣♦✉r

❡①♣❧✐q✉❡r ❡t ♣ré❞✐r❡ ✭❝✬❡st✲à✲❞✐r❡ ♠♦❞é❧✐s❡r✮ ❧❡ r✐sq✉❡ ❞❡ tr❛♥s♠✐ss✐♦♥ ❞✬❊♠ ❞❛♥s ❝❡tt❡ ré❣✐♦♥ ❞✉

♠♦♥❞❡✳ ❉❛♥s ❝❡ ❝♦♥t❡①t❡ ♥♦✉s ♣rés❡♥t❡r♦♥s ❛❧♦rs ❧❡s q✉❡st✐♦♥s é❝♦✲é♣✐❞é♠✐♦❧♦❣✐q✉❡s ❛✉①q✉❡❧❧❡s

❝❡ tr❛✈❛✐❧ ❞❡ t❤ès❡ ❛ t❡♥té ❞❡ ré♣♦♥❞r❡✳

▲❡ ❞❡✉①✐è♠❡ ❝❤❛♣✐tr❡ s❡r❛ ❝♦♥s❛❝ré à ❧❛ ♣rés❡♥t❛t✐♦♥ ❞❡s ♣r✐♥❝✐♣❛✉① ♣ré✲r❡q✉✐s ♠ét❤♦❞♦❧♦❣✐q✉❡s

♥é❝❡ss❛✐r❡s ♣♦✉r ré♣♦♥❞r❡ ❛✉① q✉❡st✐♦♥s é❝♦✲é♣✐❞é♠✐♦❧♦❣✐q✉❡s✳ ◆♦✉s ♣rés❡♥t❡r♦♥s ❧❡s ❝♦♥♥❛✐s✲

s❛♥❝❡s ❞❛♥s ❧❡ ❞♦♠❛✐♥❡ ❞❡ ❧✬é❝♦❧♦❣✐❡ ❝♦♥❝❡r♥❛♥t ❧❛ ♠♦❞é❧✐s❛t✐♦♥ ❞❡s ❞✐str✐❜✉t✐♦♥s s♣❛t✐❛❧❡s ❞❡s

❡s♣è❝❡s ❡t ❞❡s ❣r♦✉♣❡s ❞✬❡s♣è❝❡s✳ P✉✐s✱ ♥♦✉s ❡①♣♦s❡r♦♥s ❧❡s ♠ét❤♦❞❡s ❞✬é❝♦❧♦❣✐❡ ❝♦♠♣♦rt❡♠❡♥✲

t❛❧❡ ❞✐s♣♦♥✐❜❧❡s ♣♦✉r ❧✬ét✉❞❡ ❞❡s ❝♦♠♣♦rt❡♠❡♥ts à r✐sq✉❡ ❞❡s ❤ôt❡s ❞é✜♥✐t✐❢s✳ ❈❡s ❝♦♥♥❛✐ss❛♥❝❡s

♥♦✉s ♣❡r♠❡ttr♦♥t ❞✬❡①♣❧✐q✉❡r ❧❛ ❞é♠❛r❝❤❡ ❡t ❧❡s q✉❡st✐♦♥s ♠ét❤♦❞♦❧♦❣✐q✉❡s ❞❡ ❝❡ tr❛✈❛✐❧✳

▲❡s rés✉❧t❛ts ❞❡s r❡❝❤❡r❝❤❡s ré❛❧✐sé❡s s❡r♦♥t ♣rés❡♥tés ❞❛♥s ❧❡s ❝❤❛♣✐tr❡s ✸ à ✺ ❞❡ ❝❡ ♠é♠♦✐r❡✳

▲❡ tr♦✐s✐è♠❡ ❝❤❛♣✐tr❡ ❞✉ ♠é♠♦✐r❡ ❡①♣♦s❡r❛✱ ❛♣rès ❛✈♦✐r ❡①♣❧✐q✉é ❧❡s ♣r✐♥❝✐♣❛❧❡s ♠ét❤♦❞❡s✱ ❧❡s

rés✉❧t❛ts ❞❡ ❧❛ ❝♦♥str✉❝t✐♦♥ ❞✬✉♥ ♠♦❞è❧❡ ❡①♣❧✐❝❛t✐❢ ❞❡s ❛ss❡♠❜❧❛❣❡s ❞❡ ♠✐❝r♦✲♠❛♠♠✐❢èr❡s ❡♥

❈❤✐♥❡✱ s♦✉s ❧❛ ❢♦r♠❡ ❞✬✉♥❡ ♣✉❜❧✐❝❛t✐♦♥ s❝✐❡♥t✐✜q✉❡ ❡t ❞❡ rés✉❧t❛ts ❝♦♠♣❧é♠❡♥t❛✐r❡s✳ ❙✉✐✈r❛✱

❡♥ q✉❛tr✐è♠❡ ❝❤❛♣✐tr❡✱ ❧✬é✈❛❧✉❛t✐♦♥ ❞❡s ♣ré❞✐❝t✐♦♥s ❞✬✉♥ ♠♦❞è❧❡ ré❣✐♦♥❛❧ ❞❡s ❞✐str✐❜✉t✐♦♥s ❞❡s

❛ss❡♠❜❧❛❣❡s ♣rés❡♥té❡s s♦✉s ❧❛ ❢♦r♠❡ ❞✬✉♥❡ ♣✉❜❧✐❝❛t✐♦♥ s❝✐❡♥t✐✜q✉❡ ❡♥ ❝♦✉rs ❞❡ ♣ré♣❛r❛t✐♦♥

❛✐♥s✐ q✉❡ ❞✬✉♥❡ ❡①♣ér✐❡♥❝❡ ❞❡ s✐♠✉❧❛t✐♦♥ ❝♦♠♣❧é♠❡♥t❛✐r❡✳ ▲❡ ❝✐♥q✉✐è♠❡ ❝❤❛♣✐tr❡ s❡r❛ ❝♦♥s❛❝ré❡

à ❧✬é✈❛❧✉❛t✐♦♥ ❞✉ rô❧❡ ❞✉ ❝❤✐❡♥ ❞❛♥s ❧❛ tr❛♥s♠✐ss✐♦♥ ❞✉ ♣❛r❛s✐t❡ s✉r ❧❡ ♣❧❛t❡❛✉ t✐❜ét❛✐♥✱ ❡♥

❡①♣♦s❛♥t ❧❡s rés✉❧t❛ts s♦✉s ❧❛ ❢♦r♠❡ ❞✬✉♥❡ ♣✉❜❧✐❝❛t✐♦♥ s❝✐❡♥t✐✜q✉❡ s♦✉♠✐s❡ à ♣✉❜❧✐❝❛t✐♦♥✳

❊♥✜♥✱ ❧❡s s✐①✐è♠❡ ❡t s❡♣t✐è♠❡ ❝❤❛♣✐tr❡s ❞✉ ♠é♠♦✐r❡ s❡r♦♥t ❝♦♥s❛❝rés à ❧❛ ❞✐s❝✉ss✐♦♥ ❣é♥ér❛❧❡

❞❡ ♥♦s tr❛✈❛✉① ❞❡ r❡❝❤❡r❝❤❡✳

✽



■♥tr♦❞✉❝t✐♦♥

✾





❈❤❛♣✐tr❡ ✶

➱❝♦❧♦❣✐❡ ❡t ♠♦❞é❧✐s❛t✐♦♥ ❞❡ ❧❛

tr❛♥s♠✐ss✐♦♥ ❞✬❊❝❤✐♥♦❝♦❝❝✉s

♠✉❧t✐❧♦❝✉❧❛r✐s ❡♥ ❈❤✐♥❡

✶✳✶ ➱❝♦❧♦❣✐❡ ❡t ♠♦❞é❧✐s❛t✐♦♥ ❞❡ ❧❛ tr❛♥s♠✐ss✐♦♥ ❞❡s ♠❛❝r♦✲♣❛r❛s✐t❡s

✶✳✶✳✶ ➱❝♦❧♦❣✐❡ ❞❡ ❧❛ tr❛♥s♠✐ss✐♦♥

▲❡s ♣❛r❛s✐t❡s ♦♥t ♣♦✉r ❤❛❜✐t❛t t♦✉t ♦✉ ♣❛rt✐❡ ❞❡ ❧✬♦r❣❛♥✐s♠❡ ❞❡ ❧❡✉rs ❤ôt❡s✱ ❡①❝❡♣té ♣❡♥❞❛♥t

❧❡✉r ♣❤❛s❡ ❧✐❜r❡ ❞✉r❛♥t ❧❛q✉❡❧❧❡ ✐❧s s♦♥t s♦✉♠✐s ❛✉① ❝♦♥❞✐t✐♦♥s ❡♥✈✐r♦♥♥❡♠❡♥t❛❧❡s ✭❈♦♠❜❡s✱

✷✵✵✶✮✳ ❆✉ss✐ ❧❡✉r s✉r✈✐❡ ❞é♣❡♥❞✲❡❧❧❡ ❞❡ ❧✬❛❝❝♦♠♣❧✐ss❡♠❡♥t ❞✬✉♥ ❝②❝❧❡ ❝♦♥st✐t✉é ❞❡ ♣❧✉s✐❡✉rs st❛❞❡s

❞❡ ❧✬♦❡✉❢ à ❧✬❛❞✉❧t❡✱ ❝❤❛❝✉♥ ❝♦rr❡s♣♦♥❞❛♥t à ✉♥ ❤❛❜✐t❛t ♣❛rt✐❝✉❧✐❡r ✭❤ôt❡ ❡t ❡♥✈✐r♦♥♥❡♠❡♥t✮✳

▲❛ ❞✐s♣❡rs✐♦♥ ❞❡ ❧❡✉rs ♣r♦♣❛❣✉❧❡s ❛✐♥s✐ q✉❡ ❧❡✉r ♣❛ss❛❣❡ ❞✬✉♥ ❤❛❜✐t❛t à ❧✬❛✉tr❡ ❝♦♥st✐t✉❡♥t ❧❡

♣r♦❝❡ss✉s ❞❡ tr❛♥s♠✐ss✐♦♥✳ ❈❡❧❧❡✲❝✐ ♣♦✉rr❛ s✬❡✛❡❝t✉❡r ♣❛r ❝♦♥t❛❝t ❞✐r❡❝t ✭✐♥❤❛❧❛t✐♦♥✱ ❝♦♥t❛❝ts

s❡①✉❡❧s✱✳✳✳✮✱ ♣❛r ❝♦♥s♦♠♠❛t✐♦♥ ✭❞✬✉♥ ❤ôt❡ ❝♦♥t❛♠✐♥é ♦✉ ❞✉ st❛❞❡ ❧✐❜r❡ ❞✉ ♣❛r❛s✐t❡✮✱ ♦✉ ❡♥❝♦r❡

♣❛r ❧✬✐♥t❡r♠é❞✐❛✐r❡ ❞✬✉♥ ✈❡❝t❡✉r ❛rt❤r♦♣♦❞❡s ♣✐q✉❡✉r ✭❲♦♦❧❤♦✉s❡✱ ✷✵✵✷✮✳

▲❡s ♠❛❝r♦✲♣❛r❛s✐t❡s✱ t❡❧s q✉❡ ❧❡s ❤❡❧♠✐♥t❤❡s ❝♦♠♠❡ ❊♠✱ s♦♥t ❞❡s ♣❛r❛s✐t❡s ♠✉❧t✐✲❝❡❧❧✉❧❛✐r❡s

q✉✐ ré❛❧✐s❡♥t ❞❡s ❝②❝❧❡s ❤étér♦①è♥❡s ✐♠♣❧✐q✉❛♥t ❧✬❡①✐st❡♥❝❡ ❞❡ ♣❧✉s✐❡✉rs ❡s♣è❝❡s ❤ôt❡s✱ ❝❤❛❝✉♥❡

❝♦rr❡s♣♦♥❞❛♥t à ✉♥❡ ét❛♣❡ ❞❡ ❧❡✉r ❝②❝❧❡✳ P♦✉r ❞❡ t❡❧s ♣❛r❛s✐t❡s ♦♥ ❞✐st✐♥❣✉❡r❛ ❛❧♦rs ❧❡s ❤ôt❡s

✐♥t❡r♠é❞✐❛✐r❡s✱ à ❧✬✐♥tér✐❡✉r ❞❡sq✉❡❧s ❧❡ ❞é✈❡❧♦♣♣❡♠❡♥t ❡t ❧❛ r❡♣r♦❞✉❝t✐♦♥ ❛s❡①✉é❡ ❞✉ ♣❛r❛s✐t❡ ❛

❧✐❡✉✱ ❞❡s ❤ôt❡s ❞é✜♥✐t✐❢s✱ à ❧✬✐♥tér✐❡✉r ❞❡sq✉❡❧s ❧❡ ♣❛r❛s✐t❡ ré❛❧✐s❡r❛ s❛ r❡♣r♦❞✉❝t✐♦♥ s❡①✉❡❧❧❡✳

▲❡s ♣❛r❛♠ètr❡s é❝♦❧♦❣✐q✉❡s ❞❡ ❧❛ tr❛♥s♠✐ss✐♦♥

▲✬❡①✐st❡♥❝❡ ❞✬✉♥❡ ✐♥t❡r❛❝t✐♦♥ ❞✉r❛❜❧❡ ❛✈❡❝ s❡s ❤ôt❡s ❝♦♥❞✐t✐♦♥♥❡ ❧❛ s✉r✈✐❡ à ❧♦♥❣ t❡r♠❡

❞✉ ♣❛r❛s✐t❡ ❡t ♥é❝❡ss✐t❡ ❧❛ ré❛❧✐s❛t✐♦♥ ❞❡ ❞❡✉① ♣r♦❝❡ss✉s ✿ ❧❡✉r r❡♥❝♦♥tr❡ ❡t ❧❡✉r ❝♦♠♣❛t✐❜✐❧✐té

✭❈♦♠❜❡s✱ ✷✵✵✶✮✳ ❈❡s ♣r♦❝❡ss✉s ♦♥t été ❝♦♥❝❡♣t✉❛❧✐sés s♦✉s ❧❛ ❢♦r♠❡ ❞❡ ✜❧tr❡s q✉✐ ❞♦✐✈❡♥t

êtr❡ ❢r❛♥❝❤✐s ♣❛r ❧❡ ♣❛r❛s✐t❡ ♣♦✉r q✉✬✐❧ s♦✐t tr❛♥s♠✐s✳ ▲❡s ❞❡❣rés ❞✬♦✉✈❡rt✉r❡ ❞❡ ❝❡s ✜❧tr❡s

❞ét❡r♠✐♥❡r♦♥t ❧✬✐♥t❡♥s✐té ❞❡ ❧❛ tr❛♥s♠✐ss✐♦♥✳ ❆❧♦rs q✉❡ ❧❛ r❡♥❝♦♥tr❡ ❞ét❡r♠✐♥❡ ❧❡✉r ♣r♦❜❛❜✐❧✐té ❞❡

❝♦♥t❛❝t ❡t ❞é♣❡♥❞ ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❡t ❞❡s ❝♦♠♣♦rt❡♠❡♥ts ❞❡s ❤ôt❡s✱ ❧❡✉r ❝♦♠♣❛t✐❜✐❧✐té ❝♦♥st✐t✉❡

❧❛ ♣r♦❜❛❜✐❧✐té q✉✬✐❧s ♦♥t ❞❡ ✈✐✈r❡ ❡♥s❡♠❜❧❡ ❞✉r❛❜❧❡♠❡♥t ❡t ❞é♣❡♥❞ ❞❡s r❡ss♦✉r❝❡s ✭♠ét❛❜♦❧✐t❡s✮ ❡t

s②stè♠❡s ✐♠♠✉♥✐t❛✐r❡s ❞❡ ❧✬❤ôt❡✳ ▲❡s é♣✐❞é♠✐♦❧♦❣✐st❡s ♦♥t ❝♦♥❝❡♥tré ❧❡✉rs ❡✛♦rts s✉r ❧✬ét✉❞❡ ❞❡s

✐♥t❡r❛❝t✐♦♥s ♣❛r❛s✐t❡✴❤ôt❡s ❛✉t♦✉r ❞✉ ✜❧tr❡ ❞❡ ❝♦♠♣❛t✐❜✐❧✐té q✉✐ r❡❧è✈❡ ❞❡ ❧❛ ❜✐♦❧♦❣✐❡ ❝❡❧❧✉❧❛✐r❡✱

✶✶



✶✳✶✳ ➱❝♦❧♦❣✐❡ ❡t ♠♦❞é❧✐s❛t✐♦♥ ❞❡ ❧❛ tr❛♥s♠✐ss✐♦♥ ❞❡s ♠❛❝r♦✲♣❛r❛s✐t❡s

❞❡ ❧✬✐♠♠✉♥♦❧♦❣✐❡ ❡t ❞❡ ❧❛ ♣❛r❛s✐t♦❧♦❣✐❡✳ ❉❛♥s ♥♦tr❡ ❝❤❛♠♣ ❞✐s❝✐♣❧✐♥❛✐r❡ ♥♦✉s ♥♦✉s ❝♦♥❝❡♥tr❡r♦♥s

s✉r ❧❡s ✈❛r✐❛❜❧❡s ❞ét❡r♠✐♥❛♥t ❧❡ ✜❧tr❡ ❞❡ r❡♥❝♦♥tr❡✳

▲❡ ❝♦♠♣❧❡①❡ ♣❛r❛s✐t❡✲❤ôt❡s ♥❡ ♣❡✉t ❢♦♥❝t✐♦♥♥❡r ❞✉r❛❜❧❡♠❡♥t q✉❡ ❞❛♥s ❧❡s ③♦♥❡s ❣é♦❣r❛♣❤✐q✉❡s

❡t ♣❡♥❞❛♥t ❧❛ ♣ér✐♦❞❡ ♦ù ❧❛ ❝♦♥❥♦♥❝t✐♦♥ ❞❡s ❞❡✉① ❝♦♥❞✐t✐♦♥s ❞✉ ✜❧tr❡ ❞❡ r❡♥❝♦♥tr❡✱ ❝♦❤❛❜✐t❡r ♣✉✐s

s❡ r❡♥❝♦♥tr❡r✱ ❛ ❧✐❡✉✳ ▲❛ ♣r❡♠✐èr❡ ❝♦♥❞✐t✐♦♥ ❡st ❧❛ ❝♦❤❛❜✐t❛t✐♦♥ ❞❡s ❤ôt❡s ❡t ❞✉ ♣❛r❛s✐t❡ ❞❛♥s ❧❡

♠ê♠❡ é❝♦s②stè♠❡ ❡t ❧❛ ♠ê♠❡ ❧♦❝❛❧✐s❛t✐♦♥✳ ❈❡❧❛ ♥é❝❡ss✐t❡ ✉♥❡ s✉♣❡r♣♦s✐t✐♦♥ s♣❛t✐❛❧❡ à ❞✐✛ér❡♥t❡s

é❝❤❡❧❧❡s ❝♦♥❝❡r♥❛♥t ✐✮ ❧❡s ❞✐str✐❜✉t✐♦♥s s♣❛t✐❛❧❡s ✭❛✐r❡s ❣é♦❣r❛♣❤✐q✉❡s ❡t ❤❛❜✐t❛ts✮ ❞✉ ♣❛r❛s✐t❡ ❡t

❞❡s ❤ôt❡s✱ ✐✐✮ ❧❡s ❝♦♥❞✐t✐♦♥s ❧♦❝❛❧❡s ♣♦✉r ❧❛ s✉r✈✐❡ ❞✉ ♣❛r❛s✐t❡ ❛✐♥s✐ q✉❡ ❧❛ s✉♣❡r♣♦s✐t✐♦♥ ❧♦❝❛❧❡

❞❡s ❤ôt❡s ❡t ❞❡ ❧❛ ❢♦r♠❡ ✐♥❢❡❝t✐❡✉s❡ ❞✉ ♣❛r❛s✐t❡ ✭♦❡✉❢s✮✱ ❞❡ ♣r❡♠✐èr❡ ✐♠♣♦rt❛♥❝❡ ❧♦rsq✉❡ ❧❛ tr❛♥s✲

♠✐ss✐♦♥ ❡st ❞✐r❡❝t❡✳ ▲✬❛♥❛❧②s❡ ❞❡ ❧❛ ❝♦❤❛❜✐t❛t✐♦♥ ✐♥❝❧✉t ❞♦♥❝ ❧✬ét✉❞❡ ❞❡s ✈❛r✐❛❜❧❡s é❝♦❧♦❣✐q✉❡s

t❡❧❧❡s q✉❡ ❧❡s ❝♦♥❞✐t✐♦♥s ❞❡ ❧✬❡♥✈✐r♦♥♥❡♠❡♥t ❛✐♥s✐ q✉❡ ❧❡s ❞✐str✐❜✉t✐♦♥s s♣❛t✐❛❧❡s ✭❤❛❜✐t❛ts✮✱ ❧❡s

❞❡♥s✐tés ❡t ❧❛ ❞②♥❛♠✐q✉❡ ❞❡s ❤ôt❡s✳

❙✐ ❧❡s ❛❝t❡✉rs ❝♦❤❛❜✐t❡♥t✱ ✐❧ ❢❛✉❞r❛ q✉✬✐❧s ♣✉✐ss❡♥t ❡♥s✉✐t❡ s❡ r❡♥❝♦♥tr❡r✳ ▲❛ tr❛♥s♠✐ss✐♦♥

❞é♣❡♥❞ ❞♦♥❝ ❞❡ ❧❛ ♣rés❡♥❝❡ ❞❡s ❤ôt❡s ❛✉ ♠♦♠❡♥t ❡t à ❧✬❡♥❞r♦✐t ♦ù ❧❡ ♣❛r❛s✐t❡ ❡st ❛❝❝❡ss✐❜❧❡

✭▼♦r❣❛♥ ❡t ❛❧✳✱ ✷✵✵✹✮✳ ❊❧❧❡ ❞é♣❡♥❞r❛ ❞❡s ❝♦♠♣♦rt❡♠❡♥ts ❞❡ ❧✬❤ôt❡ ❡t ❞✉ ♣❛r❛s✐t❡ q✉✐ ❢❛✈♦r✐s✲

❡r♦♥t ❧❡✉r r❡♥❝♦♥tr❡ ❡t ❧❛ tr❛♥s♠✐ss✐♦♥✳ ▲✬❤ôt❡ ❞é✜♥✐t✐❢ ét❛♥t r❡s♣♦♥s❛❜❧❡ ❞❡ ❧❛ ❞✐s♣❡rs✐♦♥ ❞❡s

♣r♦♣❛❣✉❧❡s ❞✉ ♣❛r❛s✐t❡✱ ✐❧ ♣❛r❝♦✉rt ❡♥ ❣é♥ér❛❧ ❞❡ ♣❧✉s ❣r❛♥❞❡s ❞✐st❛♥❝❡s q✉❡ ❧❡s ❤ôt❡s ✐♥t❡r✲

♠é❞✐❛✐r❡s ✭▼♦r❣❛♥ ❡t ❛❧✳✱ ✷✵✵✹✮✳ P❛r ❡①❡♠♣❧❡✱ ❧❡ r❛t♦♥ ❧❛✈❡✉r ❞✐s♣❡rs❡ ❧❡s ♦❡✉❢s ❞✉ ♥é♠❛t♦❞❡

❇❛②❧✐s❛s❝❛r✐s ♣r♦❝②♦♥✐s ❞❛♥s ❧✬❡♥✈✐r♦♥♥❡♠❡♥t ❞❡s ♠✐❝r♦✲♠❛♠♠✐❢èr❡s✳ ❆✐♥s✐✱ ❧❡s ♠♦✉✈❡♠❡♥ts ✐♥✲

❞✐✈✐❞✉❡❧s ❞❡s ❤ôt❡s ❞é✜♥✐t✐❢s ♣♦✉rr♦♥t êtr❡ é❣❛❧❡♠❡♥t ❝♦♥s✐❞érés ♣♦✉r ❡①♣❧✐q✉❡r ❧❛ r❡♥❝♦♥tr❡

❡♥tr❡ ❧❡s ♣r♦♣❛❣✉❧❡s ❡t ❤ôt❡s ✐♥t❡r♠é❞✐❛✐r❡s✳

▲❛ tr❛♥s♠✐ss✐♦♥ ♣❡✉t ✈❛r✐❡r ❞❛♥s ❧❡ t❡♠♣s ❡t ❞❛♥s ❧✬❡s♣❛❝❡✱ ❡❧❧❡ ❡st ❞♦♥❝ ❞②♥❛♠✐q✉❡✳ ▲✬ét✉❞❡

❞❡ ❧❛ ♣r♦❜❛❜✐❧✐té ❞❡ s❡ r❡♥❝♦♥tr❡r s✉♣♣♦s❡ ❧❛ ♣r✐s❡ ❡♥ ❝♦♠♣t❡ ❞❡ ❧❛ ✈❛r✐❛❜✐❧✐té ❞❡ ❝❡s ♣❛r❛♠ètr❡s

❡t ♥é❝❡ss✐t❡r❛ ❧✬✐♥té❣r❛t✐♦♥ ❞❡ ♣❧✉s✐❡✉rs ❞✐s❝✐♣❧✐♥❡s t❡❧❧❡s q✉❡ ❧✬é❝♦❧♦❣✐❡ ❞❡s ❝♦♠♠✉♥❛✉tés✱ ❧❛

❞②♥❛♠✐q✉❡ ❞❡s ♣♦♣✉❧❛t✐♦♥s ❡t ❧✬ét❤♦❧♦❣✐❡✳ ❈❡❧❛ ❝♦♥st✐t✉❡ ❛❧♦rs ❧❡ ❝❤❛♠♣ ❞❡ r❡❝❤❡r❝❤❡ ❞❡ ❧✬é❝♦❧♦❣✐❡

❞❡ ❧❛ tr❛♥s♠✐ss✐♦♥ ❞✉ ♣❛r❛s✐t❡✱ ❞é✜♥✐ ❝♦♠♠❡ ❧❛ ❞ét❡r♠✐♥❛t✐♦♥ ❡t ❧✬❛♥❛❧②s❡ ❞❡s ✏❢❛❝t❡✉rs q✉✐

♠♦❞✉❧❡♥t ❧❛ tr❛♥s♠✐ss✐♦♥ ❞✬✉♥ ♣❛r❛s✐t❡ ❛✉ s❡✐♥ ❞✬✉♥ ❙②stè♠❡ P❛r❛s✐t❡ ❍ôt❡ ✭❙❍P✮✱ t❛♥t ❞❛♥s

s❛ ❝♦♠♣♦s❛♥t❡ t❡♠♣♦r❡❧❧❡ q✉❡ s♣❛t✐❛❧❡✑ ✭❘❛♦✉❧✱ ✷✵✵✶✮✳ ❊❧❧❡ ♣♦rt❡r❛ ❞♦♥❝ ❡ss❡♥t✐❡❧❧❡♠❡♥t s✉r ❧❡s

❢❛❝t❡✉rs ❞ét❡r♠✐♥❛♥t ❧❡s ❞✐str✐❜✉t✐♦♥s s♣❛t✐❛❧❡s ❡t t❡♠♣♦r❡❧❧❡s ❞❡s ❤ôt❡s ❞✉ ♣❛r❛s✐t❡✳

✶✳✶✳✷ ■♠♣♦rt❛♥❝❡ ❞❡s ❞✐str✐❜✉t✐♦♥s ❞❡s ❤ôt❡s

❖♥ ♥❡ ♣❡✉t ❡①♣❧✐q✉❡r✱ ♣ré❞✐r❡ ✭♠♦❞é❧✐s❡r✮ ❡t ❝❛rt♦❣r❛♣❤✐❡r ❧❛ ❞✐str✐❜✉t✐♦♥ s♣❛t✐❛❧❡ ❞❡ ❧❛ ❢♦r♠❡

✐♥❢❡❝t✐❡✉s❡ ❞✬✉♥ ♣❛r❛s✐t❡✱ ❞✬✉♥❡ ③♦♦♥♦s❡✱ ✉♥✐q✉❡♠❡♥t ♣❛r ❧✬❛♥❛❧②s❡ ❞❡s ♣ré✈❛❧❡♥❝❡s ❤✉♠❛✐♥❡s✳

❈❡tt❡ ❞é♠❛r❝❤❡ ♥✬♦✛r❡ q✉✬✉♥❡ ♣❡r❝❡♣t✐♦♥ ré❞✉✐t❡ ❞❡ ❧❛ tr❛♥s♠✐ss✐♦♥ ❞✉ ♣❛t❤♦❣è♥❡ ❡t ❞❡ ❧❛

❞✐str✐❜✉t✐♦♥ ❞❡s ♣ré✈❛❧❡♥❝❡s ❡❧❧❡s✲♠ê♠❡s ♣✉✐sq✉❡ ✭P❡t❡rs♦♥✱ ✷✵✵✻✮ ✿

✲ ✐❧ ♣❡✉t ❡①✐st❡r ✉♥❡ ♥♦♥ ❝♦rr❡s♣♦♥❞❛♥❝❡ ❡♥tr❡ ❧❡ r✐sq✉❡ ❡t ❧✬✐♥❝✐❞❡♥❝❡

✲ ❧❡s ❞♦♥♥é❡s ❞❡ ♣ré✈❛❧❡♥❝❡s ❤✉♠❛✐♥❡s ♣❡✉✈❡♥t êtr❡ r❛r❡s ♦✉ r❡❧❡✈é❡s à ❞❡ ❢❛✐❜❧❡s rés♦❧✉t✐♦♥s

s♣❛t✐❛❧❡s ♦✉ ❡♥❝♦r❡ s♦✉s✲❡st✐♠é❡s

✲ ❡❧❧❡s s♦♥t s♦✉✈❡♥t ♣❡✉ ♣ré❝✐s❡s q✉❛♥t à ❧❛ ❧♦❝❛❧✐s❛t✐♦♥ ❡t à ❧❛ ♣ér✐♦❞❡ ❞❡ ❧❛ ❝♦♥t❛♠✐♥❛t✐♦♥✳

■❧ s✬❛❣✐t ♣❧✉tôt✱ ♣♦✉r ❝♦♠♣r❡♥❞r❡ ❡t ♣ré❞✐r❡ ❧❡✉rs ❞✐str✐❜✉t✐♦♥s✱ ❞✬❛♥❛❧②s❡r ❧❡s ✈❛r✐❛t✐♦♥s

❞✉ ♣r♦❝❡ss✉s ❞❡ tr❛♥s♠✐ss✐♦♥ ❞❛♥s s♦♥ ❡♥s❡♠❜❧❡ ❡t ❞❡ ❝♦♥s✐❞ér❡r ❝❤❛❝✉♥ ❞❡s ♣❛r❛♠ètr❡s ❞❡

❧✬é❝♦❧♦❣✐❡ ❞❡ ❧❛ tr❛♥s♠✐ss✐♦♥✱ ❡♥ ❢❛✐s❛♥t ❛♣♣❡❧ à ✉♥❡ r❡❝❤❡r❝❤❡ ♠✉❧t✐❞✐s❝✐♣❧✐♥❛✐r❡ ✭●✐r❛✉❞♦✉①

✶✷



✶✳✶✳ ➱❝♦❧♦❣✐❡ ❡t ♠♦❞é❧✐s❛t✐♦♥ ❞❡ ❧❛ tr❛♥s♠✐ss✐♦♥ ❞❡s ♠❛❝r♦✲♣❛r❛s✐t❡s

❡t ❛❧✳✱ ✷✵✵✼✮✳ ❉❛♥s ❝❡t ♦❜❥❡❝t✐❢✱ ❧❡s ♣❛r❛♠ètr❡s ❞❡ ❧✬é❝♦❧♦❣✐❡ ❞❡s ❤ôt❡s✱ ❞é✜♥✐ss❛♥t ❧❛ ❝♦❤❛❜✐t❛t✐♦♥

❡t ❧❛ r❡♥❝♦♥tr❡ ✭❞✐str✐❜✉t✐♦♥s s♣❛t✐❛❧❡s ❡t ❝♦♠♣♦rt❡♠❡♥ts✮✱ ♣♦✉rr♦♥t êtr❡ ✉t✐❧✐sés ♣♦✉r ♠♦❞é❧✐s❡r

❧❛ tr❛♥s♠✐ss✐♦♥ ❞❡ ♠❛♥✐èr❡ st❛t✐q✉❡ ♦✉ ❞②♥❛♠✐q✉❡✳

✶✳✶✳✸ ▼♦❞é❧✐s❡r ❧❡s ❞✐str✐❜✉t✐♦♥s s♣❛t✐❛❧❡s ❞❡s ❤ôt❡s ✭♠♦❞é❧✐s❛t✐♦♥ st❛t✐q✉❡✮

▲❛ ♣r♦❜❛❜✐❧✐té ❞❡ tr❛♥s♠✐ss✐♦♥ ❞❡s ♣❛t❤♦❣è♥❡s à ✉♥ ❤ôt❡ s✉s❝❡♣t✐❜❧❡ ❞é♣❡♥❞ ❞❡ s❛ ❞✐st❛♥❝❡

à ✉♥ ❤ôt❡ ✐♥❢❡❝té ✭❖st❢❡❧❞ ❡t ❛❧✳✱ ✷✵✵✺✮✳ ▲❡s ❢❛❝t❡✉rs ❡♥✈✐r♦♥♥❡♠❡♥t❛✉① ❡t ♣❛②s❛❣❡rs ✐♥✢✉❡♥ç❛♥t

❧❡s ❞✐str✐❜✉t✐♦♥s s♣❛t✐❛❧❡s ❞❡s ❤ôt❡s ❛✉ s❡✐♥ ❞✉ s②stè♠❡ é❝♦❧♦❣✐q✉❡ q✉✬✐❧ ✐♥tè❣r❡✱ ❛✐♥s✐ q✉❡

❧❡✉rs ♣r♦❜❛❜✐❧✐tés ❞❡ r❡♥❝♦♥tr❡ s♦♥t ❞♦♥❝ ❞✬✉♥❡ ✐♠♣♦rt❛♥❝❡ ❡ss❡♥t✐❡❧❧❡ ♣♦✉r ❝♦♠♣r❡♥❞r❡ ❧❡s

❞②♥❛♠✐q✉❡s ❞❡s ♠❛❧❛❞✐❡s✳

▲❛ s✉r✈✐❡✱ ❧❛ r❡♣r♦❞✉❝t✐♦♥ ❡t ❧❛ ❞✐s♣❡rs✐♦♥ ❞❡s ❡s♣è❝❡s ❛♥✐♠❛❧❡s s♦♥t ❧❛r❣❡♠❡♥t ❞ét❡r♠✐♥é❡s

♣❛r ❧❡s ❛ttr✐❜✉ts ❜✐♦t✐q✉❡s ❡t ❛❜✐♦t✐q✉❡s ❞é✜♥✐ss❛♥t ❧❡✉rs ❤❛❜✐t❛ts✳ ■❧ ❡♥ ❡st ❞❡ ♠ê♠❡ ♣♦✉r

❧❡ ♣❛r❛s✐t❡✱ ♣♦✉r q✉✐ ❧✬❤❛❜✐t❛t✱ ❡①❝❡♣té ♣❡♥❞❛♥t s❛ ♣❤❛s❡ ❧✐❜r❡✱ ❞❡♠❡✉r❡ ❧✬♦r❣❛♥✐s♠❡ ❤ôt❡✳ ▲❛

s✉♣❡r♣♦s✐t✐♦♥ s♣❛t✐❛❧❡ ❞❡s ❤❛❜✐t❛ts ❞❡ ❝❤❛❝✉♥ ❞❡ s❡s ❤ôt❡s ♣❡r♠❡ttr❛ ❞❡ ♠✐❡✉① ❝♦♠♣r❡♥❞r❡ ❡t

♣ré❞✐r❡ ❧❛ ❞✐str✐❜✉t✐♦♥ s♣❛t✐❛❧❡ ❞❡ ❝❡tt❡ ③♦♦♥♦s❡✳

❉❡s ♠♦❞è❧❡s st❛t✐st✐q✉❡s ❞❡s ❞✐str✐❜✉t✐♦♥s s♣❛t✐❛❧❡s ♦♥t été ❞é✈❡❧♦♣♣és ♣♦✉r ❞é✜♥✐r ❧❡s ❤❛❜✐✲

t❛ts ❞❡s ❤ôt❡s ❡t ❞❡ ❝❡ ❢❛✐t ❡①♣❧✐q✉❡r ❧❡s r❡❧❛t✐♦♥s ❡♥tr❡ ❞❡s ❞♦♥♥é❡s s♣❛t✐❛❧❡s ❡♥✈✐r♦♥♥❡♠❡♥t❛❧❡s

❡t é♣✐❞é♠✐♦❧♦❣✐q✉❡s✳ ▲❛ ♠♦❞é❧✐s❛t✐♦♥ ❞❡s ♥✐❝❤❡s é❝♦❧♦❣✐q✉❡s ❡st ✉♥ ♦✉t✐❧ ❡♠♣r✉♥té à ❧✬é❝♦❧♦✲

❣✐❡ ❞❡s ♣♦♣✉❧❛t✐♦♥s ré❝❡♠♠❡♥t ✉t✐❧✐sé ❡♥ é♣✐❞é♠✐♦❧♦❣✐❡ ✭P❡t❡rs♦♥✱ ✷✵✵✻✮✳ ❉✉ ❢❛✐t ❞❡ ❧✬❛✈❛♥❝é❡

♠ét❤♦❞♦❧♦❣✐q✉❡ ❞❛♥s ❝❡ ❞♦♠❛✐♥❡✱ ✉♥❡ ❣r❛♥❞❡ ❞✐✈❡rs✐té ❞❡s ♠ét❤♦❞❡s ❞❡ ♠♦❞é❧✐s❛t✐♦♥ ❡st ❛❝✲

❝❡ss✐❜❧❡ ❛✉① é♣✐❞é♠✐♦❧♦❣✐st❡s ♣♦✉r ❡①♣❧✐q✉❡r ❡t ♣ré❞✐r❡ ❧❡s ❞✐str✐❜✉t✐♦♥s s♣❛t✐❛❧❡s ❞❡s ❡s♣è❝❡s✳

■❧s ♦♥t été ❞é✈❡❧♦♣♣és ♣♦✉r s✬❛❞❛♣t❡r ❛✉① ♣r♦❜❧è♠❡s r❡♥❝♦♥trés ❞❛♥s ❧❡s ❥❡✉① ❞❡ ❞♦♥♥é❡s é❝♦✲

é♣✐❞é♠✐♦❧♦❣✐q✉❡s ✿ ❛✉t♦✲❝♦rré❧❛t✐♦♥ s♣❛t✐❛❧❡✱ t❛✐❧❧❡ ❢❛✐❜❧❡ ❞✬é❝❤❛♥t✐❧❧♦♥♥❛❣❡ ❡t é✈é♥❡♠❡♥ts r❛r❡s✳

◆♦✉s ❞é✈❡❧♦♣♣❡r♦♥s ❝❡t ❛s♣❡❝t ♠ét❤♦❞♦❧♦❣✐q✉❡ ❞❛♥s ❧❡ ♣❛r❛❣r❛♣❤❡ ✷✳✸✳

P❛r❛❧❧è❧❡♠❡♥t✱ ❧❛ ❞✐s♣♦♥✐❜✐❧✐té ❞❡ ♥♦✉✈❡❛✉① ❙②stè♠❡s ❞✬■♥❢♦r♠❛t✐♦♥ ●é♦❣r❛♣❤✐q✉❡ ✭❙■●✮

♦✛r❡ ❞❡ ♠✉❧t✐♣❧❡s ♦✉t✐❧s ♣♦✉r ❧❡ ❞é✈❡❧♦♣♣❡♠❡♥t ❞❡s ❝❛rt♦❣r❛♣❤✐❡s ❞✉ r✐sq✉❡ ♣♦✉r ❞❡ ♥♦♠❜r❡✉s❡s

♠❛❧❛❞✐❡s ✭❍❛② ✭✷✵✵✵✮❀ P✛❡✐❢❡r ❛♥❞ ❍✉❣❤✲❏♦♥❡s ✭✷✵✵✷✮ ♣♦✉r ✉♥❡ r❡✈✉❡ ❞❡s ♦✉t✐❧s ❞✐s♣♦♥✐❜❧❡s✮✳

▲❡s ♠✉❧t✐♣❧❡s ✉t✐❧✐s❛t✐♦♥s ❞❡ ❧✬✐♠❛❣❡r✐❡ s❛t❡❧❧✐t❛❧❡ t✐❡♥♥❡♥t ❞❡ ❧❛ ❞✐s♣♦♥✐❜✐❧✐té ❞❡ t❡❧❧❡s ❞♦♥♥é❡s

✭❉❛♥s♦♥ ❡t ❛❧✳✱ ✷✵✵✽✮ ✿ ✐✮ ♣♦✉r ❧❛ q✉❛s✐ t♦t❛❧✐té ❞❡ ❧❛ s✉r❢❛❝❡ ❞✉ ❣❧♦❜❡✱ ♣❡r♠❡tt❛♥t ❧❛ ❝❛rt♦❣r❛♣❤✐❡

❞❛♥s ❧❡s ③♦♥❡s r❡❝✉❧é❡s ♦ù ❛✉❝✉♥❡ ❛✉tr❡ ❞♦♥♥é❡ ♣❛②s❛❣èr❡ ♥✬❡st ❞✐s♣♦♥✐❜❧❡✱ ✐✐✮ ❡♥ t❛♥t q✉✬❛r❝❤✐✈❡s

❤✐st♦r✐q✉❡s ♣♦✉r ❝♦♠♣r❡♥❞r❡ ❧❡s ❝❤❛♥❣❡♠❡♥ts ♣❛②s❛❣❡rs ❞❡s ✸✵ ❞❡r♥✐èr❡s ❛♥♥é❡s✱ ✐✐✐✮ ♣♦✉r

✉♥❡ ❧❛r❣❡ ❣❛♠♠❡ ❞❡ rés♦❧✉t✐♦♥s ♣❡r♠❡tt❛♥t ❞❡s ❛♥❛❧②s❡s à ❞❡ ♠✉❧t✐♣❧❡s é❝❤❡❧❧❡s✳ ❉❡s ❞♦♥♥é❡s

s❛t❡❧❧✐t❡s ❡t t♦♣♦❣r❛♣❤✐q✉❡s s♦♥t ❡♥ ❛❝❝ès ❧✐❜r❡ s✉r ❧❡ ❲♦r❧❞ ❲✐❞❡ ❲❡❜ ❡t s❡r✈❡♥t ❞✬♦✉t✐❧s ❞❡

❜❛s❡ ♣♦✉r ❞❡ ♥♦♠❜r❡✉s❡s r❡❝❤❡r❝❤❡s✳ ❉❡♣✉✐s ♣❡✉✱ ❧❡s ❞♦♥♥é❡s t♦♣♦❣r❛♣❤✐q✉❡s ❞✉ ❙❘❚▼ ✭❙❤✉tt❧❡

❘❛❞❛r ❚♦♣♦❣r❛♣❤✐❝ ▼✐ss✐♦♥✮ à ✸✵ ♠ ❞❡ rés♦❧✉t✐♦♥ s♦♥t ❞✐s♣♦♥✐❜❧❡s ❧✐❜r❡♠❡♥t ♣♦✉r ❧✬❡♥s❡♠❜❧❡

❞✉ ❣❧♦❜❡✳

▲❛ ♠♦❞é❧✐s❛t✐♦♥ ❞❡s ❞✐str✐❜✉t✐♦♥s s♣❛t✐❛❧❡s ❞❡s ❞✐✛ér❡♥t❡s ❡s♣è❝❡s ❤ôt❡s ♣❡✉t êtr❡ ré❛❧✐sé❡

✐♥❞é♣❡♥❞❛♠♠❡♥t✳ ▲❡s ❝❛rt❡s ❞❡ ♣ré❞✐❝t✐♦♥s ♣❡✉✈❡♥t ❡♥s✉✐t❡ êtr❡ s✉♣❡r♣♦sé❡s ✭❖st❢❡❧❞ ❡t ❛❧✳✱

✷✵✵✺✮✳ ❖♥ ♣❡✉t ❛❧♦rs ♠♦❞é❧✐s❡r ❧❡ r✐sq✉❡ ♣♦✉r ❧❡s ♣♦♣✉❧❛t✐♦♥s ❤✉♠❛✐♥❡s ❞✬êtr❡ ❡♥ ❝♦♥t❛❝t ❛✈❡❝ ❧❡

♣❛r❛s✐t❡✱ r✐sq✉❡ q✉✐ ❝♦♥❞✐t✐♦♥♥❡ ❧❡s ♣ré✈❛❧❡♥❝❡s ♦❜s❡r✈é❡s ✭P❡t❡rs♦♥✱ ✷✵✵✻✮✳ ❈❡tt❡ ♠ét❤♦❞♦❧♦❣✐❡

❡♥ ♣❧✉s✐❡✉rs ét❛♣❡s ❛ ♣❛r ❡①❡♠♣❧❡ ❛♣♣♦rté ❞❡s é❧é♠❡♥ts ❞❡ ❝♦♥♥❛✐ss❛♥❝❡ s✉r ❧❛ ❞✐s♣❡rs✐♦♥

ré❣✐♦♥❛❧❡ ❞❡ ❧❛ ❣r✐♣♣❡ ❛✈✐❛✐r❡ ♣❛r ❝❡rt❛✐♥❡s ❡s♣è❝❡s ❞✬♦✐s❡❛✉① ❛✜♥ ❞❡ ♣ré✈❡♥✐r ❧✬é♠❡r❣❡♥❝❡ ❞❡ ❧❛

✶✸



✶✳✶✳ ➱❝♦❧♦❣✐❡ ❡t ♠♦❞é❧✐s❛t✐♦♥ ❞❡ ❧❛ tr❛♥s♠✐ss✐♦♥ ❞❡s ♠❛❝r♦✲♣❛r❛s✐t❡s

♠❛❧❛❞✐❡ ❡♥ ❆♠ér✐q✉❡ ❞✉ ◆♦r❞ ✭P❡t❡rs♦♥✱ ✷✵✵✼✮✳ ▲❛ ❝❛rt♦❣r❛♣❤✐❡ ❞❡s ❤❛❜✐t❛ts ❞❡s ❛rt❤r♦♣♦❞❡s

✈❡❝t❡✉rs ❞❡ ♠❛❧❛❞✐❡s ❡st ❛✉❥♦✉r❞✬❤✉✐ ❧❛r❣❡♠❡♥t ré♣❛♥❞✉❡ ❞✉ ❢❛✐t ❞❡ ❧❛ s❡♥s✐❜✐❧✐té ❞❡ ❧❡✉rs

♣❛r❛♠ètr❡s ♣❤②s✐♦❧♦❣✐q✉❡s ✐♥t❡r✈❡♥❛♥t ❞❛♥s ❧❛ tr❛♥s♠✐ss✐♦♥ ❛✉① ❝♦♥❞✐t✐♦♥s ❞❡ t❡♠♣ér❛t✉r❡

❡t ❞✬❤✉♠✐❞✐té✱ ❝✬❡st✲à✲❞✐r❡ à ❞❡s ✈❛r✐❛❜❧❡s ❛❜✐♦t✐q✉❡s ❛❝❝❡ss✐❜❧❡s ❡♥ ❞♦♥♥é❡s s❛t❡❧❧✐t❛❧❡s✳ ▲❛

r❡♣r♦❞✉❝t✐♦♥ ❞❡s t✐q✉❡s ❡t ❞❡s ♠♦✉st✐q✉❡s ❡st ❡♥ ❡✛❡t ❝♦♥❞✐t✐♦♥♥é❡ ♣❛r ❧❡s ♣❧✉✐❡s✳ P❛r ❡①❡♠♣❧❡

❞❛♥s ❧❡ ❝❛s ❞❡ ❧❛ ♠❛❧❛❞✐❡ ❞❡ ▲②♠❡✱ ❧❛ ❞é✜♥✐t✐♦♥ ❞❡s ❤❛❜✐t❛ts ❞❡s t✐q✉❡s ❛ ♣❡r♠✐s ❞✬❡①♣❧✐q✉❡r

❧❡s ❢❛❝t❡✉rs ❡♥✈✐r♦♥♥❡♠❡♥t❛✉① à r✐sq✉❡ ❡t ❞❡ ♣ré❞✐r❡ ❧❡s ❛✐r❡s ♣♦t❡♥t✐❡❧❧❡♠❡♥t à r✐sq✉❡ ✭●✉❡rr❛✱

✷✵✵✷✮✳ ❊♥ r❡✈❛♥❝❤❡✱ ❧❛ ❝❛rt♦❣r❛♣❤✐❡ ❞❡s ❤ôt❡s ✈❡rté❜rés ❡st ♣❧✉s r❛r❡✳ ❊❧❧❡ s✬❡st ❛✈éré❡ ♣ré❞✐❝t✐✈❡

❞❡s ❝❛s ❤✉♠❛✐♥s ♣♦✉r ❧❡s ♣❛r❛s✐t❡s à ♣❛t❤♦❣è♥❡ à tr❛♥s♠✐ss✐♦♥ ❞✐r❡❝t❡ t❡❧ q✉✬✉♥ ❤❛♥t❛✈✐r✉s

tr❛♥s♠✐s ♣❛r ❞❡s ❡s♣è❝❡s ❞❡ r♦♥❣❡✉rs ✭●❧❛ss ❡t ❛❧✳✱ ✷✵✵✵❀ ▲❛♥❣❧♦✐s ❡t ❛❧✳✱ ✷✵✵✶❀ ❙✉③❛♥ ❡t ❛❧✳✱ ✷✵✵✻✮✳

❈❡♣❡♥❞❛♥t✱ ❧✬✐♥❝♦♥✈é♥✐❡♥t ♠❛❥❡✉r ❞❡ ❝❡s ❛♣♣r♦❝❤❡s ❡st q✉✬❡❧❧❡s ♥✬✐♥tè❣r❡♥t ♣❛s ❧❛ ❞②♥❛♠✐q✉❡ ❞❡

❧❛ tr❛♥s♠✐ss✐♦♥✳

✶✳✶✳✹ ▲❛ r❡♥❝♦♥tr❡ ❞❛♥s ❧❡s ♠♦❞è❧❡s ❞ét❡r♠✐♥✐st❡s ✭♠♦❞é❧✐s❛t✐♦♥ ❞②♥❛♠✐q✉❡✮

▲❡s ♠♦❞è❧❡s ❞ét❡r♠✐♥✐st❡s

▲❡s ♠♦❞è❧❡s ❞ét❡r♠✐♥✐st❡s ♣❡r♠❡tt❡♥t ❞✬ét✉❞✐❡r ❧❛ ❞②♥❛♠✐q✉❡ ❞❡ ❧❛ tr❛♥s♠✐ss✐♦♥ ❞❡s ♣♦♣✲

✉❧❛t✐♦♥s ❞❡ ♣❛r❛s✐t❡s✳ ❈♦♥tr❛✐r❡♠❡♥t ❛✉① ♠♦❞è❧❡s st❛t✐st✐q✉❡s✱ ❧❡✉rs ♣❛r❛♠ètr❡s ❝♦rr❡s♣♦♥❞❡♥t

à ❞❡s ♣❛r❛♠ètr❡s ❜✐♦❧♦❣✐q✉❡s ❞❡ ❧❛ tr❛♥s♠✐ss✐♦♥ ✭t❛✉① ❞❡ ♥❛t❛❧✐té✱ ❞❡ ♠♦rt❛❧✐té✱ ❞✬✐♥❢❡❝t✐♦♥✱

❞❡♥s✐té ❞❡s ♣♦♣✉❧❛t✐♦♥s✱✳✳✳✮✳

▲❡s ❞✐✛ér❡♥t❡s éq✉❛t✐♦♥s q✉✐ ❝♦♠♣♦s❡♥t ❞❡ t❡❧s ♠♦❞è❧❡s ❣♦✉✈❡r♥❡♥t ❧❛ tr❛♥s♠✐ss✐♦♥ ❞✉

♣❛r❛s✐t❡ ❡♥tr❡ ❞✐✛ér❡♥ts ❤ôt❡s ❡t✴♦✉ ❧❡✉rs ❞✐✛ér❡♥ts ét❛ts ✐♥❢❡❝t✐❡✉①✳ ■❧s ✐♥❝♦r♣♦r❡♥t ❛❧♦rs ❧❡

t❛✉① ❞❡ tr❛♥s♠✐ss✐♦♥ ✭♦✉ ❞❡ ❝♦♥t❛❝t✮ ❡t ❧❡s ❞❡♥s✐tés ❞❡ ❝❤❛q✉❡ ét❛t✴❤ôt❡s✱ ❝♦♠♠❡ ♣❛r ❡①❡♠♣❧❡

❧❛ s✐♠♣❧❡ ❢♦r♠✉❧❡ ❞✉ ♠♦❞è❧❡ β❙■ ✭▼❛❝❈❛❧❧✉♠✱✷✵✵✶✮✱ ♦ù β r❡♣rés❡♥t❡ ❧❡ t❛✉① ❞❡ tr❛♥s♠✐ss✐♦♥ ❡t ❙

❡t ■ ❧❡s ❞❡♥s✐tés ❞❡s ❤ôt❡s s✉s❝❡♣t✐❜❧❡s ❡t ✐♥❢❡❝tés r❡s♣❡❝t✐✈❡♠❡♥t✱ q✉✐ s✉♣♣♦s❡ q✉❡ ❧❛ tr❛♥s♠✐ss✐♦♥

❡st s❡✉❧❡♠❡♥t ✉♥ ♣❤é♥♦♠è♥❡ ❞❡♥s✐té✲❞é♣❡♥❞❛♥t✳ ❈❡s ♠♦❞è❧❡s s♦♥t ❧❛r❣❡♠❡♥t ❞é✈❡❧♦♣♣és ❞❛♥s ❧❡

❞♦♠❛✐♥❡ ✈étér✐♥❛✐r❡✱ t❡❧ q✉❡ ❧❡ ✧s✉s❝❡♣t✐❜❧❡✲✐♥❢❡❝t✐♦✉s✲r❡♠♦✈❡❞✧ ✭❙■❘✮ q✉✐ ❝♦♥s✐❞èr❡ ❧❡ ♥♦♠❜r❡

❞✬❛♥✐♠❛✉① ✐♠♠✉♥✐sés ✭❆♥❞❡rs♦♥ ❛♥❞ ❈❧❡♠❡♥ts✱ ✷✵✵✵✮ ❡t s♦♥t s♦✉✈❡♥t ❞é✈❡❧♦♣♣és ♣♦✉r ✉♥❡

s❡✉❧❡ ❡s♣è❝❡ ❤ôt❡✳ ▲❛ tr❛♥s♠✐ss✐♦♥ ❡♥tr❡ ❡s♣è❝❡s ❤ôt❡s✱ ❡♥❣❡♥❞ré❡ ♣❛r ❧❡✉r r❡♥❝♦♥tr❡✱ ♣❡✉t ❞♦♥❝

êtr❡ rés✉♠é❡ ♣❛r ❧❡ ♣❛r❛♠ètr❡ β✱ ❝✬❡st✲à✲❞✐r❡ ❧❡ t❛✉① ❞❡ tr❛♥s♠✐ss✐♦♥ ❡♥tr❡ ✐♥❞✐✈✐❞✉s ✐♥❢❡❝tés

✭❉♦❜s♦♥ ❛♥❞ ❋♦✉❢♦♣♦✉❧♦s✱ ✷✵✵✶✮✳

❇✐❡♥ q✉❡ s✐♠♣❧✐✜❝❛t❡✉rs ❞❡ ❧❛ ré❛❧✐té✱ ❝❡s ♠♦❞è❧❡s ❜❛sés s✉r ❧❡s ♣r♦❝❡ss✉s ❞❡ ❧❛ r❡♥❝♦♥tr❡

♣❡✉✈❡♥t ❛✐❞❡r à t❡st❡r ❞❡s ❤②♣♦t❤ès❡s ❡t ❝♦♥str✉✐r❡ ❞❡s t❤é♦r✐❡s✱ ♦✉ à ❡st✐♠❡r ❧❡s ❢❛❝t❡✉rs q✉✐

❛✛❡❝t❡♥t ❧❛ tr❛♥s♠✐ss✐♦♥ ♣♦✉✈❛♥t êtr❡ ✉t✐❧✐sés ❞❛♥s ❧❡ ❝♦♥trô❧❡ ✭❞❡ ❏♦♥❣✱ ✶✾✾✺✮✳ ❈❡♣❡♥❞❛♥t ❧❡✉r

❞é✈❡❧♦♣♣❡♠❡♥t s❡ ❤❡✉rt❡ à ❞❡✉① ✐♥❝♦♥✈é♥✐❡♥ts ♠❛❥❡✉rs ✿

✐✮ ❧❡s ♣❛r❛♠ètr❡s ❝♦♥❝❡r♥❛♥t ❧❡s ♣♦♣✉❧❛t✐♦♥s ❞✬❤ôt❡s ❡t ❞❡ ♣❛t❤♦❣è♥❡s ♥❡ ♣❡✉✈❡♥t ♣❛s t♦✉❥♦✉rs

êtr❡ ❡st✐♠és ❞❡ ♠❛♥✐èr❡ ♣ré❝✐s❡ ❡t ❧❡ s♦♥t ♣❛r s✐♠✉❧❛t✐♦♥ ♦✉ s✉r ❞❡s ❜❛s❡s t❤é♦r✐q✉❡s ❀ ❧✬❡st✐♠❛t✐♦♥

❞❡ β ♣❡✉t s✬❛✈ér❡r ♣❛rt✐❝✉❧✐èr❡♠❡♥t ❞✐✣❝✐❧❡ ✭❍❛②❞♦♥✱ ✷✵✵✽✮✱

✐✐✮ ✐❧s s✉♣♣♦s❡♥t ✉♥ éq✉✐❧✐❜r❡ ❞❡ ❧❛ s✐t✉❛t✐♦♥ é♣✐❞é♠✐♦❧♦❣✐q✉❡ ❡t ✉♥❡ tr❛♥s♠✐ss✐♦♥ ❤♦♠♦❣è♥❡

❞❛♥s ❧✬❡s♣❛❝❡ ❡t ❧❡ t❡♠♣s✱ ❧❡s ❞❡♥s✐tés ❡t ❧❡ t❛✉① ❞❡ tr❛♥s♠✐ss✐♦♥ ét❛♥t ❝♦♥s✐❞érés ❝♦♠♠❡

❝♦♥st❛♥ts✳

❉❡ ♥♦✉✈❡❛✉① ♦✉t✐❧s

❈♦♥❝❡r♥❛♥t ❧✬❡st✐♠❛t✐♦♥ ❞❡s ♣❛r❛♠ètr❡s✱ ❞❡ ré❝❡♥ts tr❛✈❛✉① s✉❣❣èr❡♥t q✉❡ ❞❡s ❞♦♥♥é❡s

✶✹



✶✳✷✳ ➱❝♦❧♦❣✐❡ ❞❡ ❧❛ tr❛♥s♠✐ss✐♦♥ ❞✬❊❝❤✐♥♦❝♦❝❝✉s ♠✉❧t✐❧♦❝✉❧❛r✐s

é❝♦❧♦❣✐q✉❡s ❡♠♣✐r✐q✉❡s ♣❡✉✈❡♥t ❛✐❞❡r à ❡st✐♠❡r ❧❡ t❛✉① ❞❡ ❝♦♥t❛❝t ❡♥tr❡ ✷ ❡s♣è❝❡s ❤ôt❡s ✭β✮

✭❑❛✉❤❛❧❛ ❛♥❞ ❍♦❧♠❛❧❛✱ ✷✵✵✻✮✳ ❉❡s r❡❝❤❡r❝❤❡s s✉r ❧❛ tr❛♥s♠✐ss✐♦♥ ❞❡ ❧❛ ♠❛❧❛❞✐❡ ❞❡ ❝❛rré ✭❈❛♥✐♥❡

❉✐st❡♠♣❡r ❱✐r✉s✮ ❞❛♥s ✉♥❡ ❝♦♠♠✉♥❛✉té ❞❡ ❝❛r♥✐✈♦r❡s ❞✉ ♣❛r❝ ♥❛t✐♦♥❛❧ ❞❡ ❙❡r❡♥❣❡t✐ ✭❚❛♥③❛♥✐❡✮

♦♥t ♠✐s ❡♥ ❡①❡r❣✉❡ ❧❛ ♣♦ss✐❜✐❧✐té ❞✬❛♣♣r♦❝❤❡r ❧✬❡st✐♠❛t✐♦♥ ❞✉ ♣❛r❛♠ètr❡ ♣❛r ✉♥❡ r❡❝❤❡r❝❤❡

✐♥t❡r❞✐s❝✐♣❧✐♥❛✐r❡ ré✉♥✐ss❛♥t ❞❡s rés✉❧t❛ts ❞❡ ❧✬é❝♦❧♦❣✐❡ ❝♦♠♣♦rt❡♠❡♥t❛❧❡ ❡t ❞❡ ❧✬é♣✐❞é♠✐♦❧♦❣✐❡

✭❈r❛❢t ❡t ❛❧✳✱ ✷✵✵✽✮✳ ▲❡s ❝♦♠♣♦rt❡♠❡♥ts s♣❛t✐❛✉① ✭♦❜t❡♥✉s ♣❛r s✉✐✈✐s té❧é♠étr✐q✉❡s ♣❛r r❛❞✐♦

♣✐st❛❣❡✮✱ ❛✐♥s✐ q✉❡ ❧❛ str✉❝t✉r❡ s♦❝✐❛❧❡ ❞❡s ♣♦♣✉❧❛t✐♦♥s ♦♥t ♣❡r♠✐s ♣❛r ❡①❡♠♣❧❡ ❞✬♦❜s❡r✈❡r q✉✬✉♥

s❡✉❧ ❛ss❡♠❜❧❛❣❡ ❞✬❡s♣è❝❡s ❤ôt❡s ♣♦✉✈❛✐t ❡①♣❧✐q✉❡r ❧❡s ♣ré✈❛❧❡♥❝❡s s♣♦r❛❞✐q✉❡s ❡t ❞✐s❝♦♥t✐♥✉❡s

♦❜s❡r✈é❡s ❝❤❡③ ❧❡s ❧✐♦♥s✳

❆✉ss✐✱ ❞❡s ♦✉t✐❧s ❞❡ st❛t✐st✐q✉❡s ♠♦❞❡r♥❡s ♦✛r❡♥t ❧❛ ♣♦ss✐❜✐❧✐té ❞❡ ❞é♣❛ss❡r ❧❡s ❧✐♠✐t❡s ❞❡s

❤②♣♦t❤ès❡s ❞✬❤♦♠♦❣é♥é✐té ❞❡s ♣❛r❛♠ètr❡s ❞❡s ♠♦❞è❧❡s ❞ét❡r♠✐♥✐st❡s ❡t ♣❡r♠❡tt❡♥t ❧✬❡①♣❧♦r❛t✐♦♥

❞❡ ❧✬❤étér♦❣é♥é✐té ❞❡s ❢❛❝t❡✉rs ❡♥✈✐r♦♥♥❡♠❡♥t❛✉① s✉s❝❡♣t✐❜❧❡s ❞✬✐♥✢✉❡♥❝❡r ❧❛ tr❛♥s♠✐ss✐♦♥✳ ▲❡s

♠♦❞è❧❡s ♥♦♥ ♣❛r❛♠étr✐q✉❡s ✭▼♦❞è❧❡s ❆❞❞✐t✐❢s ●é♥ér❛❧✐sés✱ ❘és❡❛✉① ❞❡ ♥❡✉r♦♥❡s✱✳✳✳✮ ♦✉ ❧❡s

ré❣r❡ss✐♦♥s s♣❛t✐❛❧❡♠❡♥t ❡①♣❧✐❝✐t❡s ✭❛✉t♦✲ré❣r❡ss✐♦♥✮ ♣❡r♠❡tt❡♥t ❞❡ ♠♦❞é❧✐s❡r ❞❡s ♣r♦❝❡ss✉s ♥♦♥✲

❧✐♥é❛✐r❡s✱ ✈❛r✐❛❜❧❡s s♣❛t✐❛❧❡♠❡♥t ❡t ♣❡✉✈❡♥t êtr❡ ✐♥❝♦r♣♦rés ❞❛♥s ❞❡s ♠♦❞è❧❡s ❞❡ tr❛♥s♠✐ss✐♦♥

tr❛❞✐t✐♦♥♥❡❧s ❡t ❞ét❡r♠✐♥✐st❡s✱ ♣❛r ❡①❡♠♣❧❡ ❧✬✉t✐❧✐s❛t✐♦♥ ❞❡ ❘és❡❛✉① ❞❡ ♥❡✉r♦♥❡s ❞❛♥s ✉♥ ♠♦❞è❧❡

❙■❘ ✭❑❡❡❧✐♥❣ ❡t ❛❧✱ ✶✾✾✾✮✳ ❉❡ t❡❧s ♠♦❞è❧❡s ❞✐ts s♣❛t✐♦✲❞ét❡r♠✐♥✐st✐q✉❡s ♣❡r♠❡tt❡♥t ❛❧♦rs ❞❡

❝❛rt♦❣r❛♣❤✐❡r ❧❡ r✐sq✉❡ ❞❡ ♠❛♥✐èr❡ ❞②♥❛♠✐q✉❡ ✭❖st❢❡❧❞ ❡t ❛❧✳✱ ✷✵✵✺❀ ❑✐tr♦♥✱ ✷✵✵✵✮✳

✶✳✷ ➱❝♦❧♦❣✐❡ ❞❡ ❧❛ tr❛♥s♠✐ss✐♦♥ ❞✬❊❝❤✐♥♦❝♦❝❝✉s ♠✉❧t✐❧♦❝✉❧❛r✐s

✶✳✷✳✶ P❛r❛♠ètr❡s é❝♦❧♦❣✐q✉❡s ❞❡ ❧❛ r❡♥❝♦♥tr❡

◆♦✉s ♥♦✉s ❝♦♥❝❡♥tr❡r♦♥s à ❞é❝r✐r❡ à tr❛✈❡rs ❧❡ ❝②❝❧❡ ❞❡ ✈✐❡ ❞✉ ♣❛r❛s✐t❡ ✭❋✐❣✉r❡ ✶✱ ♣ ✸✮✱ ❧❡s

♣❛r❛♠ètr❡s ❞❡ ❧✬é❝♦❧♦❣✐❡ ❞❡s ❤ôt❡s ❡t ❞✉ ♣❛r❛s✐t❡ q✉✐ ✐♥t❡r✈✐❡♥♥❡♥t ❞❛♥s ❧✬♦✉✈❡rt✉r❡✴❢❡r♠❡t✉r❡ ❞✉

✜❧tr❡ ❞❡ r❡♥❝♦♥tr❡ ❡t ❞♦♥❝ ❝❡✉① ❛②❛♥t tr❛✐t ❛✉① ✐♥❞✐✈✐❞✉s ❡t ♣♦♣✉❧❛t✐♦♥s ❞❡s ❤ôt❡s ✐♥t❡r♠é❞✐❛✐r❡s

♦✉ ❞é✜♥✐t✐❢s ❡t ❞✉ ♣❛r❛s✐t❡✳ ▲❡s ♣❛r❛♠ètr❡s ✐♠♠✉♥♦❧♦❣✐q✉❡s s♦✉♠✐s à ❞❡s ✈❛r✐❛t✐♦♥s s♦♥t ❞é❝r✐ts

❞❛♥s P❧❡②❞❡❧❧ ❡t ❛❧✳ ✭✷✵✵✻✮✳

▲❡ ❝②❝❧❡ ❞❡ ✈✐❡ ❞✉ ♣❛r❛s✐t❡ ❝♦♥s✐st❡ ❡♥ tr♦✐s ét❛ts ✿ ❧✬♦❡✉❢✱ ❧❛ ❧❛r✈❡ ❡t ❧✬❛❞✉❧t❡✳ ▲✬♦❡✉❢ ❡st ♣♦♥❞✉

♣❛r ❞❡s ✈❡rs ❛❞✉❧t❡s ✜①és s✉r ❧❛ ♣❛r♦✐ ✐♥t❡st✐♥❛❧❡ ❞❡ ❧✬❤ôt❡ ❞é✜♥✐t✐❢✳ ▲❡s ♦❡✉❢s s♦♥t ❡①❝rétés ❞❛♥s

❧✬❡♥✈✐r♦♥♥❡♠❡♥t ✈✐❛ ❧❡s ❢è❝❡s ❞❡ ❧✬❤ôt❡ ❞é✜♥✐t✐❢✳ ▲❛ ❞✐str✐❜✉t✐♦♥ ❞❡ ❧❛ ❝♦♥t❛♠✐♥❛t✐♦♥ ❡st ❞♦♥❝

♣r✐♥❝✐♣❛❧❡♠❡♥t ❣♦✉✈❡r♥é❡ ♣❛r ❧❡ ❝♦♠♣♦rt❡♠❡♥t ❞❡ ❞é❢é❝❛t✐♦♥ ❞❡ ❧✬❤ôt❡ ❞é✜♥✐t✐❢✳

▲❡s ♦❡✉❢s ♣♦✉rr♦♥t ❛❧♦rs êtr❡ ✐♥❣érés ♣❛r ❧❡s ❤ôt❡s ✐♥t❡r♠é❞✐❛✐r❡s ❛✉ s❡✐♥ ❞❡sq✉❡❧s ❧❡ ♣❛r✲

❛s✐t❡ ré❛❧✐s❡ ❧❛ s❡❝♦♥❞❡ ét❛♣❡ ❞❡ s♦♥ ❝②❝❧❡ ✿ ❧❡ st❛❞❡ ❧❛r✈❛✐r❡ ❡t ❧❛ ♣r♦❞✉❝t✐♦♥ ❞❡ ♣r♦t♦s❝♦❧❡①

✭r❡♣r♦❞✉❝t✐♦♥ ❛s❡①✉é❡✮✳ ▲❛ ♣r♦❜❛❜✐❧✐té ♣♦✉r ✉♥ ❤ôt❡ ✐♥t❡r♠é❞✐❛✐r❡ ❞✬✐♥❣ér❡r ✉♥ ♦❡✉❢ ❞é♣❡♥❞ ❞❡

❧❛ ❥✉①t❛♣♦s✐t✐♦♥ ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ s♣❛t✐❛❧❡ ❞❡s ♦❡✉❢s ♣❛r ❧✬❤ôt❡ ❞é✜♥✐t✐❢ ❛✈❡❝ ❝❡❧❧❡ ❞❡s ♠✐❝r♦✲

♠❛♠♠✐❢èr❡s✳

▲❡ ♣❛ss❛❣❡ ❞✉ st❛❞❡ ♣r♦t♦s❝♦❧❡① ❛✉ st❛❞❡ ❛❞✉❧t❡ s❡ ré❛❧✐s❡r❛ ♣❛r ❧❡ ♣❛ss❛❣❡ ❞❡ ❝❡s ❞❡r♥✐❡rs

❞❛♥s ❧✬✐♥t❡st✐♥ ❞❡ ❧✬❤ôt❡ ❞é✜♥✐t✐❢ ❡t ❞é♣❡♥❞ ❞♦♥❝ ❞✉ ❝♦♠♣♦rt❡♠❡♥t ❞❡ ♣ré❞❛t✐♦♥ ❞❡ ❧✬❤ôt❡

❞é✜♥✐t✐❢✳ ▲❛ ♣ré❞❛t✐♦♥ ❞❡s ❤ôt❡s ✐♥t❡r♠é❞✐❛✐r❡s s❡r❛ ❢♦♥❝t✐♦♥ ❞❡ ❧❡✉rs ❞✐str✐❜✉t✐♦♥s s♣❛t✐❛❧❡s✱

❞❡ ❧❡✉rs ❞❡♥s✐tés ❡t ❞❡ ❧❡✉rs ❛❝❝❡ss✐❜✐❧✐tés✳

✶✺



✶✳✷✳ ➱❝♦❧♦❣✐❡ ❞❡ ❧❛ tr❛♥s♠✐ss✐♦♥ ❞✬❊❝❤✐♥♦❝♦❝❝✉s ♠✉❧t✐❧♦❝✉❧❛r✐s

✶✳✷✳✷ ❱❛r✐❛t✐♦♥s s♣❛t✐❛❧❡s ❡t ♠✉❧t✐✲s❝❛❧❛✐r❡s ❞❡s ♣❛r❛♠ètr❡s é❝♦❧♦❣✐q✉❡s ❞❡
❧❛ tr❛♥s♠✐ss✐♦♥

▲❡s ✈❛r✐❛t✐♦♥s s♣❛t✐❛❧❡s ❡t t❡♠♣♦r❡❧❧❡s ❞❡s ♣❛r❛♠ètr❡s é❝♦❧♦❣✐q✉❡s ❞❡s ❤ôt❡s ✐♥t❡r✈❡♥❛♥t ❞❛♥s

❧✬♦✉✈❡rt✉r❡ ❞✉ ✜❧tr❡ ❞❡ r❡♥❝♦♥tr❡ ❡♥tr❡ ❧❡s ❤ôt❡s ❡t ❧❡ ♣❛r❛s✐t❡ ✭❞✐str✐❜✉t✐♦♥s✱ ❝♦♠♣♦rt❡♠❡♥ts✮

♦♥t ❝♦♥st✐t✉é ❧✬♦❜❥❡t ❞❡s tr❛✈❛✉① ❛♥tér✐❡✉rs ❡♥ é❝♦✲é♣✐❞é♠✐♦❧♦❣✐❡ ❞✬❊♠ à tr♦✐s é❝❤❡❧❧❡s s♣❛t✐❛❧❡s

♣r✐♥❝✐♣❛❧❡♠❡♥t ✿ ❝♦♥t✐♥❡♥t❛❧❡✱ ré❣✐♦♥❛❧❡ ❡t ❧♦❝❛❧❡ ✭●✐r❛✉❞♦✉① ❡t ❛❧✳✱ ✷✵✵✷✮✳ ❈✐✲❛♣rès✱ ❧❡s ✈❛r✐❛t✐♦♥s

t❡♠♣♦r❡❧❧❡s ❞✉ ❝②❝❧❡ s❡r♦♥t é✈♦q✉é❡s ♣❛r❛❧❧è❧❡♠❡♥t ❛✉① ✈❛r✐❛t✐♦♥s s♣❛t✐❛❧❡s ♣❛r ❞❡s ♣r♦❝❡ss✉s

❞❡ ❞②♥❛♠✐q✉❡ ❞❡s ♣♦♣✉❧❛t✐♦♥s✳

✶✳✷✳✷✳✶ ➱❝❤❡❧❧❡ ❧♦❝❛❧❡ ✭♥ ① ✶✵ ♠✮

❉❡ ♠❛♥✐èr❡ ❣é♥ér❛❧❡ ✉♥❡ ❞✐str✐❜✉t✐♦♥ ❛❣ré❣❛t✐✈❡ s♣❛t✐❛❧❡ ❡t t❡♠♣♦r❡❧❧❡ ❞✉ ♣❛r❛s✐t❡ ❡st ❝♦♥✲

st❛té❡✳ ▲❡s rés✉❧t❛ts ❞❡s ét✉❞❡s ❝♦♥❝❡r♥❛♥t ❧❡s ❝❤❛r❣❡s ♣❛r❛s✐t❛✐r❡s ♠❡tt❡♥t ❡♥ é✈✐❞❡♥❝❡ ✉♥❡

❞✐str✐❜✉t✐♦♥ ❛❣ré❣❛t✐✈❡ ❞✉ ♣❛r❛s✐t❡ ❛✉ s❡✐♥ ❞❡s ♣♦♣✉❧❛t✐♦♥s ❞✬❤ôt❡s ❞é✜♥✐t✐❢s ❞❡ r❡♥❛r❞s ❡♥ ❊✉✲

r♦♣❡ ✭❍♦❢❡r ❡t ❛❧✳✱ ✷✵✵✵❀ ❘❛♦✉❧ ❡t ❛❧✳✱ ✷✵✵✶❜❀ ●✉✐s❧❛✐♥✱ ✷✵✵✻✮ ❡t ❞❡ ❝❤✐❡♥s ❡♥ ❈❤✐♥❡ ✭❇✉❞❦❡ ❡t ❛❧✳✱

✷✵✵✺❛❀ ❚♦r❣❡rs♦♥✱ ✷✵✵✸✮✳ ■❧ ❡st ♣♦ss✐❜❧❡ q✉❡ ❝❡tt❡ ❛❣ré❣❛t✐♦♥ rés✉❧t❡ ❞❡ ❧❛ rés✐st❛♥❝❡ ✐♥❞✐✈✐❞✉❡❧❧❡

❞❡ ❧✬❤ôt❡ ❞é✜♥✐t✐❢✳ ❆✉ss✐ ❧❛ ❞❡♥s✐té é❧❡✈é❡ ✭s✉✐t❡ à ❧❛ r❡♣r♦❞✉❝t✐♦♥ ❛s❡①✉❡❧❧❡✮ ❞✉ ♣❛r❛s✐t❡ ❛✉ s❡✐♥

❞❡s ♠✐❝r♦✲♠❛♠♠✐❢èr❡s ✭♣❧✉s✐❡✉rs ❝❡♥t❛✐♥❡s ❞❡ ♣r♦t♦s❝♦❧❡① ♣❛r ✐♥❞✐✈✐❞✉s✮ ✭●❛❧✈❛♥✐✱ ✷✵✵✸✮ ♣❡✉t

❢❛✈♦r✐s❡r ❞❡ ❢♦rt❡s ❝♦♥❝❡♥tr❛t✐♦♥s ❞✉ ♣❛r❛s✐t❡ ❛✉ s❡✐♥ ❞❡ ❧✬❤ôt❡ ❞é✜♥✐t✐❢ ❛♣rès ✐♥❣❡st✐♦♥ ❞❡ t❡❧❧❡s

♣r♦✐❡s✳ ▲❡ ❝♦♠♣♦rt❡♠❡♥t ❞❡ ❞é❢é❝❛t✐♦♥ ❞❡ ❝❡rt❛✐♥s ✐♥❞✐✈✐❞✉s ❛✉r❛ ❞❛✈❛♥t❛❣❡ ❞❡ ♣♦✐❞s ❞❛♥s ❧❛

tr❛♥s♠✐ss✐♦♥ q✉❡ ❞✬❛✉tr❡s ❡t ❧❛ ❝♦♥t❛♠✐♥❛t✐♦♥ ♣♦✉rr❛ êtr❡ ❛ttr✐❜✉é❡ à q✉❡❧q✉❡s ✐♥❞✐✈✐❞✉s ♣❧✉tôt

q✉✬à ❧✬❡♥s❡♠❜❧❡ ❞❡ ❧❛ ♣♦♣✉❧❛t✐♦♥✳ ❉❡ ♣❧✉s✱ ❧❛ s✉r✈✐❡ ❞❡s ♦❡✉❢s ❞❛♥s ❧✬❡♥✈✐r♦♥♥❡♠❡♥t ❞é♣❡♥❞

❞❡s ❝♦♥❞✐t✐♦♥s ♠✐❝r♦✲❝❧✐♠❛t✐q✉❡s✱ ❧❛ ❧♦♥❣é✈✐té ❞❡s ♦❡✉❢s ✭❞✬❡♥✈✐r♦♥ ✉♥ ❛♥ ❞❛♥s ❧❡s ❝♦♥❞✐t✐♦♥s

♦♣t✐♠❛❧❡s✮ ét❛♥t ❢♦rt❡♠❡♥t ré❞✉✐t❡ ❞❛♥s ❞❡s ❝♦♥❞✐t✐♦♥s sè❝❤❡s ❡t ❝❤❛✉❞❡s ✭❱❡✐t ❡t ❛❧✳✱ ✶✾✾✺✮✳

❆✐♥s✐✱ ❧❡s ♣ré✈❛❧❡♥❝❡s ❞❡s r❡♥❛r❞s r♦✉① s♦♥t ❝♦rré❧é❡s à ❧❛ ♠♦②❡♥♥❡ ❛♥♥✉❡❧❧❡ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s

✭▼✐t❡r♣❛❦♦✈❛ ❡t ❛❧✳✱ ✷✵✵✸✮ ❡t ❛✉① ❤❛❜✐t❛ts à s♦❧s ❤✉♠✐❞❡s ❡♥ ❆❧❧❡♠❛❣♥❡ ✭❙t❛✉❜❛❝❤ ❡t ❛❧✳✱ ✷✵✵✶✮✳

▲❡ ❝♦♠♣♦rt❡♠❡♥t ❞❡ ❞é❢é❝❛t✐♦♥ ❝❤❡③ ❧❡ r❡♥❛r❞ r♦✉① ✈❛r✐❡ é❣❛❧❡♠❡♥t ❡♥ ❢♦♥❝t✐♦♥ ❞✉ ♠✐❧✐❡✉ ❡t ❞❡

❧❛ s❛✐s♦♥ ❡t ❝❡❝✐ ♥❡ s❡♠❜❧❡ ♣❛s êtr❡ ❝♦rré❧é ❛✉① ❞❡♥s✐tés ❞❡ s❡s ♣♦♣✉❧❛t✐♦♥s ✭●✐r❛✉❞♦✉① ❡t ❛❧✳✱

✷✵✵✷❀ ●✉✐s❧❛✐♥✱ ✷✵✵✻✮ ♠❛✐s ❞❛✈❛♥t❛❣❡ à ❧❛ ♣r♦♣♦rt✐♦♥ ❞❡s ❤❛❜✐t❛ts ♦♣t✐♠❛✉① ❡t ❞❡s ❞❡♥s✐tés ❞❡

❧❡✉rs ♣r♦✐❡s ✭❘♦❜❛r❞❡t ❡t ❛❧✳✱ ✷✵✵✽❀ ●✉✐s❧❛✐♥✱ ✷✵✵✻✮✳ ▲❡s ❞✐str✐❜✉t✐♦♥s s♣❛t✐❛❧❡s ❡t ❧❡s ❞❡♥s✐tés ❞❡s

❤ôt❡s ✐♥t❡r♠é❞✐❛✐r❡s ✈❛r✐❡♥t é❣❛❧❡♠❡♥t ❧♦❝❛❧❡♠❡♥t✱ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ❞✐s♣♦♥✐❜✐❧✐té ❧♦❝❛❧❡ ❞❡ ❧❡✉rs

❤❛❜✐t❛ts ❡t ❞❡s s❛✐s♦♥s ✭❧✐é❡s à ❧❛ r❡♣r♦❞✉❝t✐♦♥✱ ❧❛ ♠♦rt❛❧✐té ♦✉ ❧❛ ❞✐s♣❡rs✐♦♥✮✳ P❛r ✈♦✐❡ ❞❡ ❝♦♥✲

séq✉❡♥❝❡s ❧❡ ❝♦♠♣♦rt❡♠❡♥t ❞❡ ♣ré❞❛t✐♦♥ ❞❡ ❧✬❤ôt❡ ❞é✜♥✐t✐❢ ✈❛r✐❡ ❧♦❝❛❧❡♠❡♥t ❡t s❛✐s♦♥♥✐èr❡♠❡♥t

❛✈❡❝ ❧❡s ❞❡♥s✐tés ❞✬❤ôt❡s ✐♥t❡r♠é❞✐❛✐r❡s✳ ▲❡ r❡♥❛r❞ r♦✉① ✈❛ ♠♦❞✐✜❡r s♦♥ ré❣✐♠❡ ❛❧✐♠❡♥t❛✐r❡ ❛✈❡❝

❧❛ ❞❡♥s✐té ❞❡ ♣r♦✐❡s ✿ s♣é❝✐❛❧✐st❡ ❧♦rsq✉✬❡❧❧❡s s♦♥t ✐♠♣♦rt❛♥t❡s ❡t ❣é♥ér❛❧✐st❡ ❧♦rsq✉✬❡❧❧❡s ❞é❝❧✐♥❡♥t

✭●✐r❛✉❞♦✉①✱ ✶✾✾✶❀ ❉✉♣✉② ❡t ❛❧✳✱ ✷✵✵✾✮✳ ❆✐♥s✐✱ ❧❛ ❞✐♠✐♥✉t✐♦♥ ❞❡s ♣ré✈❛❧❡♥❝❡s ✈✉❧♣✐♥❡s ❞✉ ♠✐❧✐❡✉

r✉r❛❧ ✈❡rs ❧❡ ♠✐❧✐❡✉ ✉r❜❛✐♥ ❛ été ♦❜s❡r✈é❡ ♣❛r❛❧❧è❧❡♠❡♥t à ✉♥❡ ❞✐♠✐♥✉t✐♦♥ ❞❡ ❝♦♥s♦♠♠❛t✐♦♥ ❞❡

❝❛♠♣❛❣♥♦❧s t❡rr❡str❡s ✭❆r✈✐❝♦❧❛ s❤❡r♠❛♥✮ s❡❧♦♥ ❝❡ ♠ê♠❡ ❣r❛❞✐❡♥t ❡t à ❧❛ ❝❛♣❛❝✐té ♣♦✉r ❧❡ r❡♥❛r❞

❞❡ ❞✐✈❡rs✐✜❡r s❡s ❤❛❜✐t✉❞❡s ❛❧✐♠❡♥t❛✐r❡s ✭❍❡❣❣❧✐♥ ❡t ❛❧✳✱ ✷✵✵✼❀ ❘♦❜❛r❞❡t ❡t ❛❧✳✱ ✷✵✵✽✮✳

▲❛ r❡♥❝♦♥tr❡ ♣❛r❛s✐t❡✴❤ôt❡s ✐♥t❡r♠é❞✐❛✐r❡s ❡st ❞♦♥❝ ❢❛✈♦r✐sé❡ ❞❛♥s ❞❡s ♠✐❝r♦✲❢♦②❡rs ✭♥ ① ✶✵♠✮

♦✉ ❞❡s ♠❛❝r♦✲❢♦②❡rs ✭♥ ① ✶❦♠✮ ♦ù ❧❛ ❝♦♥t❛♠✐♥❛t✐♦♥ ❡st ❛❣ré❣é❡ ❞❛♥s ❧❡s ❤❛❜✐t❛ts ♦♣t✐♠❛✉① ❞❡s

❤ôt❡s ✐♥t❡r♠é❞✐❛✐r❡s ❢réq✉❡♥tés ♣❛r ❞❡s ❤ôt❡s ❞é✜♥✐t✐❢s✳ ❯♥ t❡❧ t②♣❡ ❞✬❤❛❜✐t❛t ♦ù ❧✬♦✉✈❡rt✉r❡ ❞✉

✜❧tr❡ ❞❡ r❡♥❝♦♥tr❡ ❡st ♠❛①✐♠❛❧❡ ❛ été ✐❞❡♥t✐✜é ❡♥ ❋r❛♥❝❡ ♣❛r ❡①❡♠♣❧❡ ✿ ❞❛♥s ❧❡s ❆r❞❡♥♥❡s ❝♦♠♠❡

✶✻



✶✳✷✳ ➱❝♦❧♦❣✐❡ ❞❡ ❧❛ tr❛♥s♠✐ss✐♦♥ ❞✬❊❝❤✐♥♦❝♦❝❝✉s ♠✉❧t✐❧♦❝✉❧❛r✐s

❧❡s ❜♦r❞✉r❡s ❞❡ ♣r❛✐r✐❡s à ✈é❣ét❛t✐♦♥ ❞❡ t❛✐❧❧❡ ♠♦②❡♥♥❡ ✭●✉✐s❧❛✐♥✱ ✷✵✵✻✮✱ ❡♥ ❋r❛♥❝❤❡✲❈♦♠té

❝♦♠♠❡ ❧❡s ❧✐s✐èr❡s ❞❡ ❝✉❧t✉r❡s ❡t ❧❡s ❜❛♥q✉❡tt❡s ❤❡r❜❡✉s❡s ❡♥ ❜♦r❞✉r❡ ❞❡ ❝❤❡♠✐♥s ✭❉❡❧❛ttr❡

❡t ❛❧✳✱ ✶✾✾✵✮ ❡t ❞❛♥s ❧✬❛❣❣❧♦♠ér❛t✐♦♥ ❞❡ ◆❛♥❝② ❝♦♠♠❡ ❧❛ ③♦♥❡ ♣ér✐✲✉r❜❛✐♥❡ ✭❘♦❜❛r❞❡t ❡t ❛❧✳✱

✷✵✵✽✮✳

✶✳✷✳✷✳✷ ➱❝❤❡❧❧❡ ré❣✐♦♥❛❧❡ ✭♥ ① ✶✵ ❦♠✮

▲❛ ❝♦♠♣♦s✐t✐♦♥ ❞✉ ♣❛②s❛❣❡ ✐♥✢✉❡♥❝❡ ❧❛ ❞②♥❛♠✐q✉❡ ❞❡s ♣♦♣✉❧❛t✐♦♥s ❞✬❤ôt❡s ✐♥t❡r♠é❞✐❛✐r❡s

✭▲✐❞✐❦❡r ✾✺✮ ❡t ♣❛r ❝♦♥séq✉❡♥❝❡ ❧❛ tr❛♥s♠✐ss✐♦♥ ❞✬❊♠ ✭P❛✈❧♦✇s❦✐✱ ✶✾✻✹❀ ●✐r❛✉❞♦✉① ❡t ❛❧✳✱ ✷✵✵✸✮✳

❆✐♥s✐ ❧✬❤②♣♦t❤ès❡ ❞✉ ❘❖▼P❆ ✭❘❛t✐♦ ♦❢ ❖♣t✐♠❛❧ t♦ ▼❛r❣✐♥❛❧ P❛t❝❤ ❆r❡❛✮ ❛ été ❞é✈❡❧♦♣♣é❡ ♣♦✉r

♠❡ttr❡ ❡♥ é✈✐❞❡♥❝❡ ❧❡s ❡✛❡ts ❞❡ ❧❛ ❝♦♠♣♦s✐t✐♦♥ ❞✉ ♣❛②s❛❣❡ s✉r ❧❛ ❞②♥❛♠✐q✉❡ ❞❡s ♣♦♣✉❧❛t✐♦♥s

❞❡ r♦♥❣❡✉rs ✭▲✐❞✐❝❦❡r ✶✾✾✺✱ ✷✵✵✵✮✳ ▲❛ ♣r♦♣♦rt✐♦♥ q✉❡ r❡♣rés❡♥t❡ ❧✬❤❛❜✐t❛t ♦♣t✐♠❛❧ ♣♦✉r ❧✬❡s♣è❝❡

❝♦♥s✐❞éré❡ s✉r ❧✬❛✐r❡ t♦t❛❧❡ ❞❡ ❧❛ ③♦♥❡ ❞✬ét✉❞❡ ♣❡r♠❡t ❞✬❡st✐♠❡r ❧❡ ❘❖▼P❆✳ ❙❛ ✈❛❧❡✉r ✐♥✢✉❡♥❝❡

❛❧♦rs ❧❛ ♣r♦❜❛❜✐❧✐té ♣♦✉r ❧✬❡s♣è❝❡ ❞❡ s✉✐✈r❡ ✉♥❡ ❞②♥❛♠✐q✉❡ ❝②❝❧✐q✉❡ ✭✢✉❝t✉❛t✐♦♥s ❞❡ ❞❡♥s✐tés

♠✉❧t✐✲❛♥♥✉❡❧❧❡s ♦✉ ✈❛❣✉❡ ✈♦②❛❣❡✉s❡✮ ♣❛r ✉♥ ❡✛❡t ❝♦♠❜✐♥é ❞❡ ❧❛ ♣ré❞❛t✐♦♥ ❡t ❞❡ ❧❛ ❞✐s♣♦♥✐❜✐❧✐té

❞✬❤❛❜✐t❛t ♦♣t✐♠❛❧ s✉r ❧❛ ❞✐s♣❡rs✐♦♥✳

▲❡s ❤❛❜✐t❛ts ❞❡s ❡s♣è❝❡s ❞❡ ♠✐❝r♦✲♠❛♠♠✐❢èr❡s s♦♥t ❞é✜♥✐s ❧♦❝❛❧❡♠❡♥t à ♣❛rt✐r ❞❡ ❞♦♥♥é❡s

❞❡ ♣✐é❣❡❛❣❡ ✭❧✐❣♥❡s ❞❡ ♣✐è❣❡s✮ ♦✉ ❞❡ tr❛♥s❡❝ts ✭r❡❧❡✈és ❞✬✐♥❞✐❝❡s ❞❡ ♣rés❡♥❝❡ ❞❡ s✉r❢❛❝❡ ❞❡ ♠✐❝r♦✲

♠❛♠♠✐❢èr❡s à ✐♥t❡r✈❛❧❧❡s ré❣✉❧✐❡rs✮ ♠❡♥és ❡♥ ♣❛r❛❧❧è❧❡ à ❞❡s ❛♥❛❧②s❡s ♣❛②s❛❣èr❡s✳ ▲✬❤❛❜✐t❛t

♦♣t✐♠❛❧ ❡st ❛❧♦rs ❝❛r❛❝tér✐sé ♣❛r ❧❛ ❝❧❛ss❡ ♣❛②s❛❣èr❡ ♣rés❡♥t❛♥t ❧❡s ♣❧✉s ❢♦rt❡s ❞❡♥s✐tés r❡❧❛t✐✈❡s

♣♦✉r ❧✬❡s♣è❝❡ ❝♦♥s✐❞éré❡✱ ❝❡❝✐ ❡♥ t❡♥❛♥t ❝♦♠♣t❡ ❞❡ ❧❛ ❞②♥❛♠✐q✉❡ ❞❡s ♣♦♣✉❧❛t✐♦♥s ❞❛♥s ❧❛ ③♦♥❡

❣é♦❣r❛♣❤✐q✉❡ ét✉❞✐é❡ ❧♦rsq✉❡ ❞❡s ❞♦♥♥é❡s ♣❧✉r✐❛♥♥✉❡❧❧❡s s♦♥t ❞✐s♣♦♥✐❜❧❡s✳

❊♥ ❋r❛♥❝❡✱ ❞❛♥s ❧❡ ❞é♣❛rt❡♠❡♥t ❞✉ ❉♦✉❜s✱ ❧✬❛✉❣♠❡♥t❛t✐♦♥ ❞❡ ❧❛ s✉r❢❛❝❡ ❡♥ ❤❡r❜❡ ♣♦✉r

❧✬é❧❡✈❛❣❡ ❞❡s ✈❛❝❤❡s ❧❛✐t✐èr❡s ❞❡♣✉✐s ❧❛ ✜♥ ❞❡s ❛♥♥é❡s ❝✐♥q✉❛♥t❡ ♦✛r❡ ❞❡s ❤❛❜✐t❛ts ♦♣t✐♠❛✉①

♣♦✉r ❞❡✉① ❡s♣è❝❡s ♣r✐♥❝✐♣❛❧❡s ❞❡ r♦♥❣❡✉rs ▼✐❝r♦t✉s ❛r✈❛❧✐s ❡t ❆r✈✐❝♦❧❛ t❡rr❡str✐s✳ ❆✐♥s✐✱ ❞❡

❢réq✉❡♥ts ♣✐❝s ❞❡ ❞❡♥s✐tés ❛♣♣❛r❛✐ss❡♥t ❧♦rsq✉❡ ❧❛ ♣r♦♣♦rt✐♦♥ ❞❡s ♣r❛✐r✐❡s ♣❡r♠❛♥❡♥t❡s ❡♥ ❤❡r❜❡

❡①❝è❞❡♥t ✉♥ ❝❡rt❛✐♥ s❡✉✐❧ ✭●✐r❛✉❞♦✉① ❡t ❛❧✳✱ ✶✾✾✼✮✳ ▲❡ ♣❛②s❛❣❡ ✐♥✢✉❡♥❝❡ ❛❧♦rs ✐♥❞✐r❡❝t❡♠❡♥t ❧❛

r❡❧❛t✐♦♥ ♣ré❞❛t❡✉r✲♣r♦✐❡ ❡t ♣❛r ❝♦♥séq✉❡♥t ❧❛ tr❛♥s♠✐ss✐♦♥ ❞✬❊♠✳ ❊♥ ❡✛❡t✱ ✐❧ ❛ été ❞é♠♦♥tré q✉❡

❧❛ ❞②♥❛♠✐q✉❡ ❞❡ ❧❛ tr❛♥s♠✐ss✐♦♥ ❞✉ ♣❛r❛s✐t❡ ❡st ♣❧✉s ❛❝t✐✈❡ ❞❛♥s ❞✐✛ér❡♥t❡s ❛✐r❡s ❡♥❞é♠✐q✉❡s

♦ù ❧❡s ❞❡♥s✐tés ❞❡ ♣r♦✐❡s ♣♦✉r ❧✬❤ôt❡ ❞é✜♥✐t✐❢ s♦♥t é❧❡✈é❡s ♣❡♥❞❛♥t q✉❡❧q✉❡s ♠♦✐s ♦✉ ❛♥♥é❡s

✭●✐r❛✉❞♦✉① ❡t ❛❧✳ ✶✾✾✻✱ ❙❛✐t♦❤ ❡t ❚❛❦❛❤❛s❤✐ ✶✾✾✽✮✳ ❆✉ss✐✱ ❞❛♥s ❧❡s ♠ê♠❡s ③♦♥❡s ♦ù ❧❡s ❞❡♥s✐tés

s♦♥t é❧❡✈é❡s✱ ❧❡s ♣ré✈❛❧❡♥❝❡s ❤✉♠❛✐♥❡s ❡t ✈✉❧♣✐♥❡s ♣♦✉r ❊❆ ét❛✐❡♥t é❧❡✈é❡s ❞❛♥s ❧❡ ❞é♣❛rt❡♠❡♥t

❞✉ ❉♦✉❜s ✭❱✐❡❧ ❡t ❛❧✳✱ ✶✾✾✾❀ ❘❛♦✉❧ ❡t ❛❧✳✱ ✷✵✵✶❜❀ P❧❡②❞❡❧❧ ❡t ❛❧✳✱ ✷✵✵✹✮✳

▲❡s ❡✛❡ts ❞❡s ♣❡rt✉r❜❛t✐♦♥s ♣❛②s❛❣èr❡s s✉r ❧❛ ❞②♥❛♠✐q✉❡ ❞❡ ❧❛ tr❛♥s♠✐ss✐♦♥ ♦♥t été ♣❛rt✐❝✲

✉❧✐èr❡♠❡♥t ét✉❞✐és ❡♥ ❈❤✐♥❡ ❡t s❡r♦♥t ❞ét❛✐❧❧és ❞❛♥s ❧❛ ♣❛rt✐❡ ✶✳✷✳✸ ❞❡ ❧✬✐♥tr♦❞✉❝t✐♦♥✳

✶✳✷✳✷✳✸ ➱❝❤❡❧❧❡ ❝♦♥t✐♥❡♥t❛❧❡ ✭♥ ① ✶✵✵ ❦♠✮

➪ ❧✬é❝❤❡❧❧❡ ❝♦♥t✐♥❡♥t❛❧❡✱ ❧❛ s❡♥s✐❜✐❧✐té ❞❡s ♦❡✉❢s ❛✉① ❝♦♥❞✐t✐♦♥s ❝❧✐♠❛t✐q✉❡s ✭t❡♠♣ér❛t✉r❡

❡t ❤✉♠✐❞✐té✮ ✐♥✢✉❡♥❝❡ ❧❛ ré♣❛rt✐t✐♦♥ ❣é♦❣r❛♣❤✐q✉❡ ❝♦♥t✐♥❡♥t❛❧❡ ❞✉ ♣❛r❛s✐t❡ q✉✐ s❡ ❧✐♠✐t❡ à

❧✬❤é♠✐s♣❤èr❡ ♥♦r❞ ✭❘❛✉s❝❤✱ ✶✾✾✺✮✳

▲❛ tr❛♥s♠✐ss✐♦♥ ❞é♣❡♥❞ ❞❡ ❧❛ ♣rés❡♥❝❡ ❞✬❤❛❜✐t❛ts ❢❛✈♦r❛❜❧❡s ♣♦✉r ❧❡s ❤ôt❡s s✉s❝❡♣t✐❜❧❡s ❡t ❞❡

❧❛ ❥✉①t❛♣♦s✐t✐♦♥ ❞❡ ❧❡✉rs ❛✐r❡s ❞❡ ❞✐str✐❜✉t✐♦♥s ❛✈❡❝ ❝❡❧❧❡ ❞✉ ♣❛r❛s✐t❡✳ ➱t❛♥t ❞♦♥♥é ❧❡ ❝❛r❛❝tèr❡

❝♦s♠♦♣♦❧✐t❡ ❞❡s ❛✐r❡s ❞❡ ❞✐str✐❜✉t✐♦♥ ❞❡s ♣r✐♥❝✐♣❛✉① ❤ôt❡s ❞é✜♥✐t✐❢s ✭r❡♥❛r❞s ❡t ❝❤✐❡♥s✮✱ ❝❡❝✐

✶✼



✶✳✷✳ ➱❝♦❧♦❣✐❡ ❞❡ ❧❛ tr❛♥s♠✐ss✐♦♥ ❞✬❊❝❤✐♥♦❝♦❝❝✉s ♠✉❧t✐❧♦❝✉❧❛r✐s

t✐❡♥t ❡ss❡♥t✐❡❧❧❡♠❡♥t ❛✉① ❞✐str✐❜✉t✐♦♥s ❞❡s ♠✐❝r♦✲♠❛♠♠✐❢èr❡s✳ ❈❡s ❞❡r♥✐èr❡s ❞é♣❡♥❞❡♥t ❛❧♦rs✱

à ❝❡tt❡ é❝❤❡❧❧❡✱ ❞❡s ❢❛❝t❡✉rs ❡♥✈✐r♦♥♥❡♠❡♥t❛✉① ♠❛✐s ❛✉ss✐ ❜✐♦❣é♦❣r❛♣❤✐q✉❡s✳ ❆✐♥s✐ ♣❡✉t êtr❡

❡①♣❧✐q✉é❡ ❧❛ ❧❛r❣❡ ❞✐✈❡rs✐té ❣❧♦❜❛❧❡ ♦❜s❡r✈é❡ ❞❛♥s ❧❡ s♣❡❝tr❡ ❞❡s ❤ôt❡s ❞✬❊♠ ❡t ❞❡ ❝❡ ❢❛✐t ❧❛ ❧❛r❣❡

❞✐✈❡rs✐té ❞❡ ❝♦♠♣❧❡①❡s ❤ôt❡s✴♣❛t❤♦❣è♥❡s✳ ❆❧♦rs q✉❡ ❞❛♥s ❧❡s t♦✉♥❞r❛s ❞❡s ré❣✐♦♥s ❛r❝t✐q✉❡s

✭❆❧❛s❦❛✮✱ ❧❡ ❝②❝❧❡ s❛✉✈❛❣❡ ✐♠♣❧✐q✉❡ ✉♥ s❡✉❧ ❤ôt❡ ❞é✜♥✐t✐❢✱ ❧❡ r❡♥❛r❞ ❛r❝t✐q✉❡✱ s❡ ♥♦✉rr✐ss❛♥t

♣r✐♥❝✐♣❛❧❡♠❡♥t ❞✉ ❝❛♠♣❛❣♥♦❧ ♥♦r❞✐q✉❡✱ ❧❡s ❝♦♠♠✉♥❛✉tés ❞✬❡s♣è❝❡s ❤ôt❡s s♦♥t ♣❧✉s ❞✐✈❡rs✐✜é❡s

❞❛♥s ❧❡s ré❣✐♦♥s s✉❜✲❛r❝t✐q✉❡s ✭❆♠ér✐q✉❡ ❞✉ ◆♦r❞ ❡t ❊✉r❛s✐❡✮ ❞✉ ❢❛✐t ❞❡ ❧✬❤étér♦❣é♥é✐té ❞❡s

❝♦♥❞✐t✐♦♥s ❝❧✐♠❛t✐q✉❡s ❡t ❞❡s ♣❛②s❛❣❡s ♦❜s❡r✈és✳

✶✳✷✳✸ ❇✐❧❛♥ ❞❡s ❝♦♥♥❛✐ss❛♥❝❡s é❝♦❧♦❣✐q✉❡s ❡t é♣✐❞é♠✐♦❧♦❣✐q✉❡s ❡♥ ❈❤✐♥❡

❉❡s ét✉❞❡s ❡♥✈✐r♦♥♥❡♠❡♥t❛❧❡s ❞❡ t❡rr❛✐♥ ✭❝❛♠♣❛❣♥❡s ❞❡ ♣✐é❣❡❛❣❡s ♦✉ ❞❡ tr❛♥s❡❝ts✮✱ ❞❡s

❛♥❛❧②s❡s ♣❛②s❛❣èr❡s ❛✐♥s✐ q✉❡ ❞❡s s✉✐✈✐s é♣✐❞é♠✐♦❧♦❣✐q✉❡s ❞❡s ♣♦♣✉❧❛t✐♦♥s ❞❡ ❝❤✐❡♥s ❞♦♠❡st✐q✉❡s

❡t ❞✬❤♦♠♠❡s ♦♥t été ♠❡♥é❡s ❡♥ ♣❛r❛❧❧è❧❡ ❞❛♥s ❞✐✛ér❡♥t❡s ♣r♦✈✐♥❝❡s ❝❤✐♥♦✐s❡s r❡❝♦♥♥✉❡s ❝♦♠♠❡

❡♥❞é♠✐q✉❡s✳ ❈❡s r❡❝❤❡r❝❤❡s é❝♦✲é♣✐❞é♠✐♦❧♦❣✐q✉❡s ♦♥t ❛♣♣♦rté ❞❡s é❧é♠❡♥ts ❡♥ ❢❛✈❡✉r ❞❡s ❞❡✉①

♣r✐♥❝✐♣❛❧❡s t❤ès❡s ❡①♣❧✐q✉❛♥t ❧✬✐♠♣♦rt❛♥❝❡ ❞❡ ❧❛ ③♦♦♥♦s❡ ❞❛♥s ❝❡s ré❣✐♦♥s ✿

✐✮ ▲✬✐♥✢✉❡♥❝❡ ❞❡s ❝❤❛♥❣❡♠❡♥ts ♣❛②s❛❣❡rs ❞✬♦r✐❣✐♥❡ ❛♥t❤r♦♣✐q✉❡ s✉r ❧❡s ❞✐str✐❜✉t✐♦♥s s♣❛t✐❛❧❡s

❞❡s ♣♦♣✉❧❛t✐♦♥s ❞✬❤ôt❡s ✐♥t❡r♠é❞✐❛✐r❡s✱ ❡t ❞❡ ❝❡ ❢❛✐t s✉r ❧❡s ♣ré✈❛❧❡♥❝❡s ❤✉♠❛✐♥❡s✳

✐✐✮ ▲❡ rô❧❡ ♣r✐♥❝✐♣❛❧ ❞✉ ❝❤✐❡♥ ❞♦♠❡st✐q✉❡ ❡♥ t❛♥t q✉✬❤ôt❡ ❞é✜♥✐t✐❢ ❞✬✉♥ ❝②❝❧❡ ♣ér✐✲❞♦♠❡st✐q✉❡

✐♠♣❧✐q✉❛♥t ❧✬❤♦♠♠❡ ❝♦♠♠❡ ❤ôt❡ ❛❝❝✐❞❡♥t❡❧✳

❆♣rès ✉♥❡ ❞❡s❝r✐♣t✐♦♥ ❞❡ ❧❛ s✐t✉❛t✐♦♥ é♣✐❞é♠✐♦❧♦❣✐q✉❡ ❞❡s ♣♦♣✉❧❛t✐♦♥s ❤✉♠❛✐♥❡s ❡t ❛♥✐♠❛❧❡s

❞❛♥s ❧❡s ♣r✐♥❝✐♣❛✉① ❢♦②❡rs ❡♥❞é♠✐q✉❡s ❝❤✐♥♦✐s✱ ♥♦✉s ❞ét❛✐❧❧❡r♦♥s ❧❡s ♣r✐♥❝✐♣❛✉① rés✉❧t❛ts ❞❡

❝❡s r❡❝❤❡r❝❤❡s ❡♥ ❈❤✐♥❡ ❝❡♥tr❛❧❡✳ ◆♦✉s ❞r❡ss❡r♦♥s ❡♥✜♥ ✉♥ ❜✐❧❛♥ ❞❡s s②stè♠❡s ❞❡ tr❛♥s♠✐ss✐♦♥

❡①✐st❛♥ts ❞❛♥s ❝❡tt❡ ré❣✐♦♥ ❞✉ ♠♦♥❞❡✳

✶✳✷✳✸✳✶ ❙✐t✉❛t✐♦♥ é♣✐❞é♠✐♦❧♦❣✐q✉❡ ❡♥ ❈❤✐♥❡

▲❡s ♣ré✈❛❧❡♥❝❡s ❤✉♠❛✐♥❡s

❙✉r ❧❡ t❡rr✐t♦✐r❡ ❝❤✐♥♦✐s✱ ❞❡s ❞♦♥♥é❡s ❞❡ ♣ré✈❛❧❡♥❝❡s ❤✉♠❛✐♥❡s ♦♥t ♣✉ êtr❡ ré❝❡♠♠❡♥t ❡♥✲

r❡❣✐stré❡s ✭❞❡♣✉✐s ✉♥❡ q✉✐♥③❛✐♥❡ ❞✬❛♥♥é❡s✮ s✉✐t❡ à ❞❡s ❝❛♠♣❛❣♥❡s ❞❡ s✉✐✈✐s é♣✐❞é♠✐♦❧♦❣✐q✉❡s

♣❛r ✐♠❛❣❡r✐❡ ♠é❞✐❝❛❧❡ ✭é❝❤♦❣r❛♣❤✐❡s✱ ❯❧tr❛s♦♥s✮ ♦✉ sér♦❧♦❣✐q✉❡s✱ ❧❡s r❡❧❡✈és ❞❡s ❝❛s ❤♦s♣✐t❛❧✐❡rs

♥✬ét❛♥t s♦✉✈❡♥t ♣❛s ✉t✐❧✐s❛❜❧❡s ♣♦✉r ❞❡s ❛♥❛❧②s❡s ✭♥♦♥ ♥✉♠ér✐sés✮ ✭❱✉✐tt♦♥ ❡t ❛❧✳✱ ✷✵✵✸❀ ❈r❛✐❣

❛♥❞ ❚❤❡ ❊❝❤✐♥♦❝♦❝❝♦s✐s ❲♦r❦✐♥❣ ●r♦✉♣ ✐♥ ❈❤✐♥❛✱ ✷✵✵✻✮✳ ❈❡s ❝❛♠♣❛❣♥❡s s♦♥t ❡✛❡❝t✉é❡s ♣❛r ❧❡s

❝❡♥tr❡s ♥❛t✐♦♥❛✉① ❞❡ s❛♥té ✭❈❉❈✱ ❈❡♥t❡r ♦❢ ❉✐s❡❛s❡ ❈♦♥tr♦❧✮ ❞❛♥s ❞❡s ❛✐r❡s ❝✐❜❧é❡s✳

❚r♦✐s ♣r✐♥❝✐♣❛✉① ❢♦②❡rs ❡t s❡♣t ♣r♦✈✐♥❝❡s ♦✉ ré❣✐♦♥s ❛✉t♦♥♦♠❡s ♦♥t été ✐❞❡♥t✐✜é❡s ❝♦♠♠❡

❡♥❞é♠✐q✉❡s ✭■t♦ ❡t ❛❧✳✱ ✷✵✵✸❀ ❈r❛✐❣ ❛♥❞ ❚❤❡ ❊❝❤✐♥♦❝♦❝❝♦s✐s ❲♦r❦✐♥❣ ●r♦✉♣ ✐♥ ❈❤✐♥❛✱ ✷✵✵✻✮

✭❋✐❣✉r❡ ✶✳✶✮ ✿

✕ ❛✉ ◆♦r❞✲♦✉❡st ❞✉ ♣❛②s ✿ ❧❛ ♣r♦✈✐♥❝❡ ❞✉ ❳✐♥❥✐❛♥❣✱

✕ ❡♥ ❈❤✐♥❡ ❝❡♥tr❛❧❡ ✿ ❧❡s ♣r♦✈✐♥❝❡s ❞✉ ◗✐♥❣❤❛✐✱ ❞✉ ❚✐❜❡t✱ ❞✉ ●❛♥s✉✱ ❞✉ ❙✐❝❤✉❛♥ ❡t ❞✉

◆✐♥❣①✐❛✱

✕ ❛✉ ◆♦r❞ ❊st ❞✉ ♣❛②s ✿ ❧❡s ♣r♦✈✐♥❝❡s ❞❡ ❧❛ ▼♦♥❣♦❧✐❡ ■♥tér✐❡✉r❡ ❡t ❞✉ ❍❡✐❧♦♥❣❥✐❛♥❣✳

▲❡s ❝♦♠♠✉♥❛✉tés ❤✉♠❛✐♥❡s ❝♦♥❝❡r♥é❡s s♦♥t ♠✉❧t✐♣❧❡s ✿ t✐❜ét❛✐♥❡ ✭♣r♦✈✐♥❝❡s ❞✉ ◗✐♥❣❤❛✐ ❡t

❞✉ ❚✐❜❡t✮✱ ❍❛♥ ✭♣r♦✈✐♥❝❡ ❞✉ ●❛♥s✉✮✱ ❍✉✐ ✭♣r♦✈✐♥❝❡ ❞✉ ◆✐♥❣①✐❛✮✱ ❯②❣✉r ❡t ❑❛③❛❦ ✭♣r♦✈✐♥❝❡ ❞✉

✶✽



✶✳✷✳ ➱❝♦❧♦❣✐❡ ❞❡ ❧❛ tr❛♥s♠✐ss✐♦♥ ❞✬❊❝❤✐♥♦❝♦❝❝✉s ♠✉❧t✐❧♦❝✉❧❛r✐s

❋✐❣✳ ✶✳✶ ✕ ❈❛rt❡ ❞❡ ❧❛ ❈❤✐♥❡ ❡t ❞❡ s❡s ♣r♦✈✐♥❝❡s✳ ▲❡s ♣♦✐♥ts ♥♦✐rs r❡♣rés❡♥t❡♥t ❧❡s s✐t❡s ♣♦✉r ❧❡sq✉❡❧s ❞❡s

❞♦♥♥é❡s é❝♦✲é♣✐❞é♠✐♦❧♦❣✐q✉❡s s♦♥t ❞✐s♣♦♥✐❜❧❡s✱ ❧❡s ③♦♥❡s ❣r✐sé❡s ❝♦rr❡s♣♦♥❞❡♥t ❛✉① ❛✐r❡s ❡♥❞é♠✐q✉❡s ♣♦✉r ❊❆✳

❋✐❣✉r❡ ♠♦❞✐✜é❡ ❞❡ ❈r❛✐❣ ❛♥❞ ❚❤❡ ❊❝❤✐♥♦❝♦❝❝♦s✐s ❲♦r❦✐♥❣ ●r♦✉♣ ✐♥ ❈❤✐♥❛ ✭✷✵✵✻✮

❳✐♥❥✐❛♥❣✮ ❡t ▼♦♥❣♦❧❡s ✭♣r♦✈✐♥❝❡s ❞❡ ❧❛ ▼♦♥❣♦❧✐❡ ■♥tér✐❡✉r❡ ❡t ❞✉ ❍❡✐❧♦♥❣❥✐❛♥❣✮✳ ❈❡s ❝♦♠♠✉✲

♥❛✉tés ♣❛rt❛❣❡♥t ❞❡s ❝♦♥❞✐t✐♦♥s é❝♦♥♦♠✐q✉❡s ❡t s♦❝✐❛❧❡s ✿ ❡❧❧❡s s♦♥t ♣❛✉✈r❡s✱ ❝♦♥st✐t✉❡♥t s♦✉✈❡♥t

♠❛✐s ♣❛s s❡✉❧❡♠❡♥t ❞❡s ❣r♦✉♣❡s ❡t❤♥✐q✉❡s ♠✐♥♦r✐t❛✐r❡s ❞❡ r❡❧✐❣✐♦♥s ♠✉s✉❧♠❛♥❡ ♦✉ ❜♦✉❞❞❤✐st❡

❡t ❧❡✉rs ♣r✐♥❝✐♣❛✉① r❡✈❡♥✉s s♦♥t ✐ss✉s ❞❡ ❧✬❛❣r✐❝✉❧t✉r❡ ❡t✴♦✉ ❞❡ ❧✬é❧❡✈❛❣❡ ❞❡ ❜ét❛✐❧ ✭❱✉✐tt♦♥ ❡t ❛❧✳✱

✷✵✵✸✮✳

❉❡s ❝❛♠♣❛❣♥❡s ❞❡ ❞✐❛❣♥♦st✐❝ ré❝❡♥t❡s ❡t ❡♥ ❝♦✉rs ♣❡r♠❡tt❡♥t ❞✬❛❝t✉❛❧✐s❡r ❧❡s ♣ré✈❛❧❡♥❝❡s

✭❱✉✐tt♦♥ ❡t ❛❧✳✱ ✷✵✵✸✮✳ ❙✉r ❧❡ ♣❧❛t❡❛✉ t✐❜ét❛✐♥✱ ❧❛ ♠❛❥♦r✐té ❞❡s ❝❛s ❞✬❊❆ s♦♥t ❝♦♥❝❡♥trés ❞❛♥s ❧❡s

❝♦♠♠✉♥❛✉tés ♥♦♠❛❞❡s ❡t ♣❛st♦r❛❧❡s t✐❜ét❛✐♥❡s ❞❛♥s ❧❛ Pré❢❡❝t✉r❡ ❆✉t♦♥♦♠❡ ❚✐❜ét❛✐♥❡ s✉r ❧✬❡st

❞✉ ♣❧❛t❡❛✉ ❡t ❞❛♥s ❧✬♦✉❡st ❞✉ ❙✐❝❤✉❛♥ ✭❚✐❛♦②✐♥❣ ❡t ❛❧✳✱ ✷✵✵✺✮✳ ❉❡ ❝❡ ❢❛✐t✱ ❧❛ ③♦♦♥♦s❡ ❡st ❝♦♥s✐❞✲

éré❡ ❞❛♥s ❝❡tt❡ ré❣✐♦♥ ❝♦♠♠❡ ✉♥ ❞é✜ ✐♠♣♦rt❛♥t ❞❡ s❛♥té ♣✉❜❧✐q✉❡ ✭❈r❛✐❣ ❛♥❞ ❚❤❡ ❊❝❤✐♥♦❝♦❝✲

❝♦s✐s ❲♦r❦✐♥❣ ●r♦✉♣ ✐♥ ❈❤✐♥❛✱ ✷✵✵✻✮✳ ❆✉ss✐✱ ❞❡ ❢♦rt❡s ♣ré✈❛❧❡♥❝❡s ✭❥✉sq✉✬à ✶✺✳✽ ✪✮ ♦♥t été

❡♥r❡❣✐stré❡s ❞❛♥s ❧❡s ❝♦♠♠✉♥❛✉tés ❞❡ ❢❡r♠✐❡rs ❍❛♥ ❡t ❍✉✐ ❤❛❜✐t❛♥t ❧❡s ❤❛✉t❡s ✈❛❧❧é❡s ❞✉ ❙✉❞

❞✉ ●❛♥s✉ ✭❈r❛✐❣ ❡t ❛❧✳✱ ✷✵✵✵✮ ♦✉ ❞❛♥s ❧❡ ❙✉❞ ❞✉ ◆✐♥❣①✐❛ ✭❨❛♥❣ ❡t ❛❧✳✱ ✷✵✵✺✮ ✭❥✉sq✉✬à ✽✪✮✳

❊♥✜♥✱ ❧❡s ❢♦②❡rs ❞✉ ❳✐♥❥✐❛♥❣ ♦♥t été r❡❞é✜♥✐s ré❝❡♠♠❡♥t ❀ ❧❛ ③♦♦♥♦s❡ ❡st ❛ss❡③ ❢réq✉❡♥t❡ ❞❛♥s

❧❡s ♠♦♥t❛❣♥❡s ❞❡ ❧✬❆❧t❛✐✱ ❞❡ ❧✬♦✉❡st ❞✉ ❏✉♥❣❣❛r ❡t ❞❡s ❚✐❛♥s❤❛♥ ✭❥✉sq✉✬à ✹ ✪ ❞❛♥s ❧✬❆❧t❛✐✮ ✭❩❤♦✉

❡t ❛❧✳✱ ✷✵✵✵✮✳ ❉❡ ♠❛♥✐èr❡ ❣é♥ér❛❧❡✱ s✉r ❧✬❡♥s❡♠❜❧❡ ❞✉ ❝♦♥t✐♥❡♥t ❝❤✐♥♦✐s ❧❡s ❞✐str✐❜✉t✐♦♥s ❞❡s ❝❛s

❤✉♠❛✐♥s s❡♠❜❧❡♥t êtr❡ ❝♦rré❧é❡s ❛✉① ✈❛r✐❛t✐♦♥s ré❣✐♦♥❛❧❡s ❞✉ ❝❧✐♠❛t ❡t ❞✉ ♣❛②s❛❣❡ ✭❩❤♦✉ ❡t ❛❧✳✱

✷✵✵✵✮✳

▲❡s ❤ôt❡s

❯♥❡ ❣r❛♥❞❡ ❞✐✈❡rs✐té ❞✬❤ôt❡s ♣♦t❡♥t✐❡❧s ❞é✜♥✐t✐❢s ♦✉ ✐♥t❡r♠é❞✐❛✐r❡s ❡st ♦❜s❡r✈é❡ ❛✉ s❡✐♥ ❞❡s

❢♦②❡rs ❝❤✐♥♦✐s✳ ▲❛ ❞✐✈❡rs✐té ❞❡s ❝♦♠♣❧❡①❡s ♣❛t❤♦❣è♥❡s ✐♥t❡r✈❡♥❛♥t ❞❛♥s ❧❡s ❝②❝❧❡s s❛✉✈❛❣❡s ♦✉

✶✾



✶✳✷✳ ➱❝♦❧♦❣✐❡ ❞❡ ❧❛ tr❛♥s♠✐ss✐♦♥ ❞✬❊❝❤✐♥♦❝♦❝❝✉s ♠✉❧t✐❧♦❝✉❧❛r✐s

❞♦♠❡st✐q✉❡s ❞✬❊♠ ❡st rés✉♠é❡ ❞❛♥s ❧❡ t❛❜❧❡❛✉ ✶✳

❆✉ r❡❣❛r❞ ❞❡s ♣ré✈❛❧❡♥❝❡s r❡❧❡✈é❡s✱ ❧❡ r❡♥❛r❞ r♦✉① ✭❱✉❧♣❡s ✈✉❧♣❡s✮✱ ❧❡ r❡♥❛r❞ ❝♦rs❛❝ ✭❱✳

❝♦rs❛❝✮ ❡t ❧❡ r❡♥❛r❞ t✐❜ét❛✐♥ ✭❱✳ ❢❡rr✐❧❛t❛✮ ❛♣♣❛r❛✐ss❡♥t ❝♦♠♠❡ ❧❡s ♣r✐♥❝✐♣❛✉① ❤ôt❡s ❞é✜♥✐t✐❢s

s❛✉✈❛❣❡s ❞❛♥s ❧❡s ❛✐r❡s ❝❤✐♥♦✐s❡s✱ ❧❡ r❡♥❛r❞ r♦✉① ✭❱✉❧♣❡s ✈✉❧♣❡s✮ ét❛♥t ❝♦♠♠✉♥ à t♦✉t❡s ❧❡s ❛✐r❡s

❡♥❞é♠✐q✉❡s ✭❚❛❜❧❡ ✶✮✳ ▲✬✐♠♣❧✐❝❛t✐♦♥ ❞✉ ❝❤✐❡♥ ❞♦♠❡st✐q✉❡ ❈❛♥✐s ❢❛♠✐❧✐❛r✐s ❞❛♥s ❧❡ ❝②❝❧❡ ❞✬❊♠

❛ été ♠✐s❡ ❡♥ é✈✐❞❡♥❝❡ ❞❛♥s ❧❡ ❙✐❝❤✉❛♥✱ ❧❡ ◗✐♥❣❤❛✐ ❧❡ ●❛♥s✉ ❡t ❧❡ ❳✐♥❥✐❛♥❣ ✭❚❛❜❧❡ ✶✮✳

▲❡s ❡s♣è❝❡s ❞✬❤ôt❡s ✐♥t❡r♠é❞✐❛✐r❡s s✉s❝❡♣t✐❜❧❡s à ❊♠ s♦♥t ♥♦♠❜r❡✉s❡s ❡t ❤étér♦❣è♥❡s ❞✬✉♥❡

ré❣✐♦♥ à ❧✬❛✉tr❡✳ ❊❧❧❡s ✐♥❝❧✉❡♥t ❞❡s ❡s♣è❝❡s ❞❡s ré❣✐♦♥s ❜✐♦❣é♦❣r❛♣❤✐q✉❡s ❞✉ P❛❧❡❛r❝t✐q✉❡ ❡t

❞❡ ❧✬■♥❞♦✲▼❛❧❛s✐❡♥✳ ▲❡s ❡s♣è❝❡s ❞✉ ❣❡♥r❡ ▼✐❝r♦t✉s ✭▼✐❝r♦t✉s ❧✐♠♥♦♣❤✐❧✉s✴♦❡❝♦♥♦♠✉s✱ ▼✐❝r♦t✉s

✐r❡♥❡✱ ▼✐❝r♦t✉s ❜r❛♥❞t✐✮ s♦♥t ✐♠♣❧✐q✉é❡s ❞❛♥s ❧❛ ♣❧✉♣❛rt ❞❡s ❢♦②❡rs✳ ❈❡♣❡♥❞❛♥t✱ ❞❡s ❡s♣è❝❡s

❞❡ ❣❡r❜✐❧❧❡s ✭▼❡r✐♦♥❡s s♣♣✳✮✱ ❞❡ ❤❛♠st❡rs ✭❈r✐❝❡t✉❧✉s s♣♣✳✮ ❡t ❞❡ ❧❛❣♦♠♦r♣❤❡s ✭❖❝❤♦t♦♥❛ s♣♣✳✱

▲❡♣✉s s♣♣✳✮ ♣❡✉✈❡♥t t❡♥✐r ✉♥❡ ♣❧❛❝❡ ✐♠♣♦rt❛♥t❡ ❞❛♥s ❧❡ ❝②❝❧❡✳

✶✳✷✳✸✳✷ P❛②s❛❣❡s ❡t ❞✐str✐❜✉t✐♦♥s s♣❛t✐❛❧❡s ❞❡s ♣♦♣✉❧❛t✐♦♥s ❞✬❤ôt❡s ✐♥t❡r♠é❞✐❛✐r❡s

▲❛ ❞é✜♥✐t✐♦♥ ❧♦❝❛❧❡ ❞❡s ❤❛❜✐t❛ts à ♣❛rt✐r ❞❡ ❞♦♥♥é❡s ❞❡ ♣✐é❣❡❛❣❡ ❛ ♣❡r♠✐s ❞❡ ♠❡ttr❡ ❡♥

é✈✐❞❡♥❝❡ ❧❡s ❞✐str✐❜✉t✐♦♥s ❞❡s ❡s♣è❝❡s ❞✬❤ôt❡s ✐♥t❡r♠é❞✐❛✐r❡s ❡t ❧❡s s②stè♠❡s ❞❡ tr❛♥s♠✐ss✐♦♥ q✉✐

❡♥ ❞é❝♦✉❧❡♥t ❞❛♥s ❧❛ ♣❧✉♣❛rt ❞❡s ré❣✐♦♥s ❡♥❞é♠✐q✉❡s ❞❡ ❧❛ ❈❤✐♥❡ ❝❡♥tr❛❧❡ ✭●✐r❛✉❞♦✉① ❡t ❛❧✳✱

✷✵✵✻✮✳

❉❡♣✉✐s ❧❡s ❛♥♥é❡s ✽✵✱ ❞❛♥s ❧❡ ❝♦♠té ❞❡ ❙❡r①✉✱ s✉r ❧❡ ♣❧❛t❡❛✉ t✐❜ét❛✐♥✱ ❞❡s ♣❛r❝❡❧❧❡s ♣r♦✲

té❣é❡s ❞✉ ♣ât✉r❛❣❡ ✭❝❧ôt✉ré❡s✮ ♦♥t été ❛ttr✐❜✉é❡s ❛✉① ❢❛♠✐❧❧❡s ♣❛st♦r❛❧❡s ❛✉t♦✉r ❞❡s ✈✐❧❧❛❣❡s✳ ❈❡

❝❤❛♥❣❡♠❡♥t ❞❛♥s ❧❛ ❣❡st✐♦♥ ♣❛st♦r❛❧❡ ❛ ❡♥tr❛î♥é ✉♥❡ ré❞✉❝t✐♦♥ ❞❡s ♣ât✉r❡s ❝♦♠♠✉♥❛❧❡s ❡t ✉♥❡

❛✉❣♠❡♥t❛t✐♦♥ ❞❡ ❧❛ ♣r❡ss✐♦♥ ❞❡ ♣ât✉r❛❣❡ ❞❛♥s ❝❡s ③♦♥❡s✳ ❉❡s ❞✐✛ér❡♥❝❡s s✐❣♥✐✜❝❛t✐✈❡s ❞❡ ❞❡♥✲

s✐tés ❞❡s ❡s♣è❝❡s ❤ôt❡s ♣♦t❡♥t✐❡❧❧❡s ❞✬❊♠ ❡t ♣♦t❡♥t✐❡❧❧❡♠❡♥t ❝②❝❧✐q✉❡s ♦♥t été ♦❜s❡r✈é❡s ❞❡ ♣❛rt

❡t ❞✬❛✉tr❡ ❞✉ ❣r❛❞✐❡♥t ❡♥✈✐r♦♥♥❡♠❡♥t❛❧ ❡♥❣❡♥❞ré ♣❛r ❧❡s ❢♦rt❡s ♣r❡ss✐♦♥s ❞❡ ♣ât✉r❛❣❡ ✭❘❛♦✉❧

❡t ❛❧✳✱ ✷✵✵✻✮✳ ❆❧♦rs q✉❡ ❧❡s ❤❛❜✐t❛ts ♦♣t✐♠❛✉① ❞✬❖❝❤♦t♦♥❛ ❝✉r③♦♥✐❛❡ ❡t ❈r✐❝❡t✉❧✉s ❦❛♠❡♥s✐s

ét❛✐❡♥t ❞❡s ♣r❛✐r✐❡s s✉r✲♣ât✉ré❡s✱ ❝❡✉① ❞❡ ▼✐❝r♦t✉s ❧✐♠♥♦♣❤✐❧✉s ét❛✐❡♥t ❞❡s ♣r❛✐r✐❡s ❝❧ôt✉ré❡s ❡t

❝❡✉① ❞❡ ▼✐❝r♦t✉s ❧❡✉❝✉r✉s ❞❡s ❜✉✐ss♦♥s ❞❡ P♦t❡♥t✐❧❧❡✳ P❛r❛❧❧è❧❡♠❡♥t✱ ❧❡s ♣ré✈❛❧❡♥❝❡s ❤✉♠❛✐♥❡s

❡t ❧❛ ♣r♦♣♦rt✐♦♥ ❞❡ ♣r❛✐r✐❡s ❡♥❝❧♦s❡s ❞❛♥s ❧❡s ✈✐❧❧❛❣❡s ❞❡ ❝❡tt❡ ré❣✐♦♥ ét❛✐❡♥t ❝♦rré❧é❡s ✭❲❛♥❣

❡t ❛❧✳✱ ✷✵✵✹✮✳

❉❛♥s ❧❛ ♣r♦✈✐♥❝❡ ❞✉ ●❛♥s✉ ✭❝♦♠tés ❞❡ ❩❤❛♥❣ ❡t ❞❡ P✉♠❛✮✱ ✉♥❡ ❞é❢♦r❡st❛t✐♦♥ ✐♥t❡♥s✐✈❡

❛ tr❛♥s❢♦r♠é ❞✉r❛♥t ❧❡s ❝✐♥q✉❛♥t❡ ❞❡r♥✐èr❡s ❛♥♥é❡s✱ ✉♥❡ ❢♦rêt ❞❡ ✹✵✵ ❦♠✷ ❡♥ ✉♥ ♣❛②s❛❣❡

❝♦♠♣♦sé ♣r✐♥❝✐♣❛❧❡♠❡♥t ❞❡ ❜✉✐ss♦♥s ❡t ❞❡ ♣r❛✐r✐❡s✱ st❛❞❡ ✐♥t❡r♠é❞✐❛✐r❡ ❞❛♥s ❧❛ s✉❝❝❡ss✐♦♥

✈é❣ét❛❧❡ ❛♣rès ❞é❢♦r❡st❛t✐♦♥✳ ▲❛ ❞✐s♣♦♥✐❜✐❧✐té ❞✬✉♥❡ ❝❛rt❡ ❞✬♦❝❝✉♣❛t✐♦♥ ❞✉ s♦❧ ❛ ♣❡r♠✐s ❞❡

❞ét❡r♠✐♥❡r✱ s✉r ❧❛ ❜❛s❡ ❞❡s rés✉❧t❛ts ❞❡ ♣✐é❣❡❛❣❡s ✭●✐r❛✉❞♦✉① ❡t ❛❧✳✱ ✶✾✾✽✮✱ ❧❡s ❘❖▼P❆ ❞❡s

❞❡✉① ❡s♣è❝❡s ❞♦♠✐♥❛♥t❡s ❡t r❡❝♦♥♥✉❡s ❝♦♠♠❡ ❝②❝❧✐q✉❡s ▼✐❝r♦t✉s ❧✐♠♥♦♣❤✐❧✉s ❡t ❈r✐❝❡t✉❧✉s

❧♦♥❣✐❝❛✉❞❛t✉s ❀▼✐❝r♦t✉s ❧✐♠♥♦♣❤✐❧✉s ét❛♥t ✉♥❡ ❡s♣è❝❡ s✉s❝❡♣t✐❜❧❡ à ❊♠✳ ■❧s ♦♥t été ❞é✜♥✐s ❝♦♠♠❡

❧❛ ♣r♦♣♦rt✐♦♥ ❞❡ ❧❛ ❝❧❛ss❡ ♣❛②s❛❣èr❡ ♣r❛✐r✐❡s✴❜✉✐ss♦♥s s✉r ❧✬❛✐r❡ t♦t❛❧❡ t❡❧❧❡ q✉❡ ❞é✜♥✐❡ s✉r ✉♥❡

❝❛rt❡ ❞✬♦❝❝✉♣❛t✐♦♥ ❞✉ s♦❧ ❞✉ ❣♦✉✈❡r♥❡♠❡♥t ❝❤✐♥♦✐s✳ ❆✐♥s✐ ✉♥❡ r❡♣rés❡♥t❛t✐♦♥ ❝❛rt♦❣r❛♣❤✐q✉❡

q✉❛❧✐t❛t✐✈❡ ❞❡s ❘❖▼P❆ ❛ été ♠✐s❡ ❡♥ ❝♦rré❧❛t✐♦♥ ❛✈❡❝ ❧❡s ♣ré✈❛❧❡♥❝❡s ❤✉♠❛✐♥❡s r❡❣r♦✉♣é❡s ❡♥

③♦♥❡s ✭●✐r❛✉❞♦✉① ❡t ❛❧✳✱ ✶✾✾✻❀ ❈r❛✐❣ ❡t ❛❧✳✱ ✷✵✵✵❀ ●✐r❛✉❞♦✉① ❡t ❛❧✳✱ ✷✵✵✸✮✳ ❈❡s ❞❡r♥✐èr❡s s❡ s♦♥t

ré✈é❧é❡s êtr❡ ✐♥✢✉❡♥❝é❡s ♣❛r ❧❛ ♣r♦♣♦rt✐♦♥ ❞❡ ❧✬❤❛❜✐t❛t ♦♣t✐♠❛❧ ❞❡ ▼✐❝r♦t✉s ❧✐♠♥♦♣❤✐❧✉s✳

❉❛♥s ❧❛ ♣r♦✈✐♥❝❡ ❞✉ ◆✐♥❣①✐❛✱ ❧✬✐♠♣❛❝t ❞❡ ❧❛ ❣❡st✐♦♥ ❢♦r❡st✐èr❡ s✉r ❧❡s ❞✐str✐❜✉t✐♦♥s ❞❡s ❡s✲

✷✵



✶✳✷✳
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❞✬❊

❝❤✐♥
♦❝♦❝❝✉s

♠
✉❧t✐❧♦❝✉❧❛r✐s

❚❛❜✳ ✶✳✶ ✕ ▲❡s ❤ôt❡s ❞❡s ❢♦②❡rs ❝❤✐♥♦✐s✳ ▲❡s ♣ré✈❛❧❡♥❝❡s ✭❡♥tr❡ ♣❛r❡♥t❤ès❡s✮ s♦♥t r❡♣♦rtés✳ P♦✉r ❧❡s ♠✐❝r♦✲♠❛♠♠✐❢èr❡s✱ ❧❡s ♣rés❡♥❝❡s ❞❡s ❡s♣è❝❡s

✐❞❡♥t✐✜é❡s s♦♥t é❣❛❧❡♠❡♥t r❛♣♣♦rté❡s ✭✶✮✳
❋❛♠✐❧❧❡ ❊s♣è❝❡s ❤ôt❡s ❙✐❝❤✉❛♥ ◗✐♥❣❤❛✐ ◆✐♥❣①✐❛ ●❛♥s✉ ❳✐♥❥✐❛♥❣ ■♥♥❡r ▼♦♥❣♦❧✐❛

❱✉❧♣❡s ✈✉❧♣❡s ✶✾✴✸✷ ✭✺✾✳✹✮✶ ✸✴✷✵ ✭✶✺✮✸ ✶✻✴✹✽ ✭✸✸✮✾

❱✉❧♣❡s ❢❡rr✐❧❛t❛ ✽✾✴✶✾✸ ✭✹✻✮✶ ✸✴✾ ✭✸✸✳✸✮ ✷

❱✉❧♣❡s ❝♦rs❛❝ ✷✴✸✸ ✭✻✳✶✮ ✸

✶✷✳✻ ✭✶✾✴✶✺✶✮ ✸

❈❛♥✐s ❧✉♣✉s ✶✴✷ ✭✺✵✮ ✸✾

❈❛♥✐s ❢❛♠✐❧✐❛r✐s ✹✵✴✷✹✷ ✭✶✻✳✼✮ ✶ ✷✴✶✺ ✭✶✸✳✸✮✶✶ ✻✴✺✽ ✭✶✵✳✸✮ ✶✵ ✸✴✸✵ ✭✶✵✮ ✾

✹✻✴✷✾✺ ✭✶✺✳✻✮ ✹

✹✹✴✸✼✶ ✭✶✷✮ ✺

▼✐❝r♦t✉s ❜r❛♥❞t✐ ◆❆ ✻

▼✐❝r♦t✉s ✐r❡♥❡ ✸✴✶✷ ✭✷✺✮ ✶

▼✐❝r♦t✉s ❧✐♠♥♦♣❤✐❧✉s✴♦❡❝♦♥♦♠✉s✯ ✭❈✮ ✶ ✶ ◆❆ ✼ ◆❆ ✾

▼❡r✐♦♥❡s s♣♣✳ ◆❆ ✻

▼✉s ♠✉s❝✉❧✉s ✶

❙♣❡r♠♦♣❤✐❧✉s ✭❞❛✉r✐❝✉s✱ ❛❧❛s❤❛♥✐❝✉s✮ ◆❆ ✻

❈✐t❡❧❧✉s s♣♣✳ ✶

❈✐t❡❧❧✉s ❞❛✉r✐❝✉s

❈r✐❝❡t✉❧✉s ❦❛♠❡♥s✐s ✭❈✮ ◆❆ ✽

❊♦♦s♣❛❧❛① ❢♦♥t❛♥✐❡r✐✐ ◆❆ ✻ ✶

❖❝❤♦t♦♥❛ ❝✉r③♦♥✐❛❡ ✭❈✮ ✶✸✴✸✷✷ ✭✺✳✻✮✶ ✶✶✴✸✶✾ ✭✸✳✺✮

❖❝❤♦t♦♥❛ ❞❛✉r✐❝❛ ✶

▲❡♣✉s ♦✐♦st♦❧✉s ◆❆ ✶

▼❛r♠♦t❛ ✶

✶◗✐✉ ❡t ❛❧✳ ✭✶✾✾✺✮ ✷❲❛♥❣ ❡t ❛❧✳ ✭✶✾✾✾✮ ❞❛♥s ❩❤♦✉ ✭✷✵✵✶✮ ✸❞❛♥s ❈r❛✐❣ ❛♥❞ ❚❤❡ ❊❝❤✐♥♦❝♦❝❝♦s✐s ❲♦r❦✐♥❣ ●r♦✉♣ ✐♥ ❈❤✐♥❛ ✭✷✵✵✻✮ ✹❍❡ ❡t ❛❧✳ ✭✷✵✵✵✮ ❞❛♥s ❈r❛✐❣ ❛♥❞ ❚❤❡ ❊❝❤✐♥♦❝♦❝✲

❝♦s✐s ❲♦r❦✐♥❣ ●r♦✉♣ ✐♥ ❈❤✐♥❛ ✭✷✵✵✻✮ ✺❇✉❞❦❡ ❡t ❛❧✳ ✭✷✵✵✺❛✮ ✻❞❛♥s ❱✉✐tt♦♥ ❡t ❛❧✳ ✭✷✵✵✸✮ ✼●✐r❛✉❞♦✉① ❡t ❛❧✳ ✭✷✵✵✸✮ ✽❘❛♦✉❧✱ ♥♦♥ ♣✉❜❧✐é ✾❞❛♥s ❩❤♦✉ ✭✷✵✵✶✮ ✶✵❈r❛✐❣ ❡t ❛❧✳ ✭✶✾✾✷✮
✶✶❙❝❤❛♥t③ ✭✶✾✾✽✮ ✶✷❩❤❛♥❣ ❡t ❛❧✳ ✭✷✵✵✻✮

✭✯✮▼✳ ❧✐♠♥♦♣❤✐❧✉s ❛♥❞ ▼✳ ♦❡❝♦♥♦♠✉s s♦♥t ❞❡s ❡s♣è❝❡s ❞✐✛ér❡♥❝✐❛❜❧❡s ✉♥✐q✉❡♠❡♥t ♣❛r ❝❛r②♦t②♣❛❣❡✳

❈ ✿ ❡s♣è❝❡s r❡❝♦♥♥✉❡s à ❞②♥❛♠✐q✉❡s ❝②❝❧✐q✉❡s✳

◆❆ ✿ ❧✬❤ôt❡ ❛ été r❡❝♦♥♥✉ s✉s❝❡♣t✐❜❧❡ à ❊♠ ♠❛✐s ❛✉❝✉♥❡ ♣ré✈❛❧❡♥❝❡ ♣ré❝✐s❡ ♥✬❡st ❞✐s♣♦♥✐❜❧❡✳✷✶



✶✳✷✳ ➱❝♦❧♦❣✐❡ ❞❡ ❧❛ tr❛♥s♠✐ss✐♦♥ ❞✬❊❝❤✐♥♦❝♦❝❝✉s ♠✉❧t✐❧♦❝✉❧❛r✐s

♣è❝❡s ❛ été ❡①♣❧♦ré❡ s✉r ❧❡ ♣❧❛t❡❛✉ ❞❡ ▲♦❡ss ✭❘❛♦✉❧ ❡t ❛❧✳✱ ✷✵✵✻✮✳ ▲❡s ❛ss❡♠❜❧❛❣❡s ❞❡ ♠✐❝r♦✲

♠❛♠♠✐❢èr❡s ét❛✐❡♥t ✈❛r✐❛❜❧❡s ❧❡ ❧♦♥❣ ❞✉ ❣r❛❞✐❡♥t ❞❡ ❞é❢♦r❡st❛t✐♦♥ ❡t ❞❡ r❡❢♦r❡st❛t✐♦♥✳ ❈❡♣❡♥✲

❞❛♥t✱ ❜❡❛✉❝♦✉♣ ❞✬❡s♣è❝❡s ♣✐é❣é❡s ét❛✐❡♥t ❞✐✛ér❡♥t❡s ❞❡ ❝❡❧❧❡s ♣✐é❣é❡s ❞❛♥s ❧❡ ●❛♥s✉ t❡❧❧❡s q✉❡

❝❡rt❛✐♥❡s ❡s♣è❝❡s s❡♠✐✲❞és❡rt✐q✉❡s ❆❧❧❛❝t❛ s✐❜✐r✐❝❛ ❡t ❉✐♣✉s s❛❣✐tt❛✳ P❛r❛❧❧è❧❡♠❡♥t✱ ❧❡s ♣ré✈❛✲

❧❡♥❝❡s ❤✉♠❛✐♥❡s ét❛✐❡♥t ♥é❣❛t✐✈❡♠❡♥t ❝♦rré❧é❡s ❛✉ r❛t✐♦ ❞❡ ♣r❛✐r✐❡s ♣❡r♠❛♥❡♥t❡s✱ ❤❛❜✐t❛t ♦♣t✐✲

♠❛❧ ❞❡s ❆r✈✐❝♦❧✐♥❛❡s ❞❡ ❝❡tt❡ ré❣✐♦♥✳ ❈❡❝✐ ❧❛✐ss❡ s✉♣♣♦s❡r q✉❡ ❝❡s ❡s♣è❝❡s✱ ❝♦♥tr❛✐r❡♠❡♥t à ❝❡

q✉✐ ❡st ♦❜s❡r✈é ❛✐❧❧❡✉rs ♥❡ s♦♥t ♣❛s ❧❡s ❤ôt❡s ♣r✐♥❝✐♣❛❧❡♠❡♥t ✐♠♣❧✐q✉és ❞❛♥s ❧❡ ❝②❝❧❡ ❞✬❊♠ ❞❛♥s

❧❡ ❝♦♠té ❞❡ ❳✐❥✐ ♦ù ❧❡s ❤❛♠st❡rs✱ ❣❡r❜✐❧❧❡s✱ ❧❛❣♦♠♦r♣❤❡s✱ ③♦❦♦rs ❡t s♦✉r✐s s❡r❛✐❡♥t ❞❛✈❛♥t❛❣❡

✐♠♣❧✐q✉és ✭P❧❡②❞❡❧❧ ❡t ❛❧✳✱ ✷✵✵✽✮✳

❊♥✜♥✱ ❧❡s ❞✐str✐❜✉t✐♦♥s s♣❛t✐❛❧❡s ❞❡s ❤❛❜✐t❛ts ❡t ❧❡s ❞②♥❛♠✐q✉❡s ❞❡s ♣♦♣✉❧❛t✐♦♥s ♦♥t été

é❣❛❧❡♠❡♥t ❝♦♥s✐❞éré❡s à ❧✬é❝❤❡❧❧❡ ❝♦♥t✐♥❡♥t❛❧❡✳ ❆✐♥s✐✱ ❞❡s ✢✉❝t✉❛t✐♦♥s t❡♠♣♦r❡❧❧❡s ❡t ré❣✐♦♥❛❧❡s

❞❡s ❞❡♥s✐tés ❞✉ ❣❡♥r❡ ❖❝❤♦t♦♥❛ ♦♥t été ♠✐s❡s ❡♥ é✈✐❞❡♥❝❡ ❧❡ ❧♦♥❣ ❞❡ tr❛♥s❡❝ts ré❛❧✐sés ❡♥tr❡

❧❡s ✈✐❧❧❡s ❞❡ ❘❛♥❣t❛♥❣ ❡t ❞❡ ❳✐♥✐♥❣ ✭▲❛✐ ❛♥❞ ❙♠✐t❤✱ ✷✵✵✸❀ ●✐r❛✉❞♦✉① ❡t ❛❧✳✱ ✷✵✵✻✮✳ ❉❡ s✉r❝r♦ît

✉♥❡ ❝♦rré❧❛t✐♦♥ s♣❛t✐❛❧❡ ❡♥tr❡ ❧❡s ❞✐str✐❜✉t✐♦♥s ❞❡s ❝❛s ❤✉♠❛✐♥s ❡t ❧❛ ♣r♦♣♦rt✐♦♥ ❞❡ ❧❛ ❝❧❛ss❡ ❞❡

♣r❛✐r✐❡ ✐ss✉❡ ❞✬✉♥❡ ❝❧❛ss✐✜❝❛t✐♦♥ ♥♦♥ s✉♣❡r✈✐sé❡ ❞❡ ❧✬✐♠❛❣❡ s❛t❡❧❧✐t❡ ❛ été ♠✐s❡ ❡♥ é✈✐❞❡♥❝❡ s✉r

❧✬❡♥s❡♠❜❧❡ ❞✉ ❝♦♥t✐♥❡♥t ✭❉❛♥s♦♥ ❡t ❛❧✳✱ ✷✵✵✸✮✳

✶✳✷✳✸✳✸ ▲❡ rô❧❡ ❞✉ ❝❤✐❡♥ ❞❛♥s ❧❛ tr❛♥s♠✐ss✐♦♥

❊♥ ❈❤✐♥❡✱ ❧❡s ♣♦♣✉❧❛t✐♦♥s ❞❡ ❝❤✐❡♥s s♦♥t ✐♠♣♦rt❛♥t❡s ❞✉ ❢❛✐t ❞❡ ❧✬✉t✐❧✐té q✉✬❡♥ ♦♥t ❧❡s

❤♦♠♠❡s ♣♦✉r ❧❡s ❛❝t✐✈✐tés ♣❛st♦r❛❧❡s ✭❣❛r❞❡ ❞❡s tr♦✉♣❡❛✉① ❡♥ ♣ât✉r❡s ❞✬été✮ ♦✉ ♣♦✉r ❧❛ ❣❛r❞❡ ❞❡s

❤❛❜✐t❛t✐♦♥s✳ ❆✉ss✐✱ ❧❡✉r ❝❛r❛❝tèr❡ s❛❝ré ❝♦♥❢éré ♣❛r ❧❛ r❡❧✐❣✐♦♥ ❜♦✉❞❞❤✐q✉❡ ❡♠♣ê❝❤❡ t♦✉t ❝♦♥trô❧❡

❞❡s ♣♦♣✉❧❛t✐♦♥s✳ ❉❡ ❢♦rt❡s ❞❡♥s✐tés ❞❡ ♣♦♣✉❧❛t✐♦♥s ❛ss♦❝✐é❡s à ✉♥❡ ❣r❛♥❞❡ ♣r♦①✐♠✐té ❞❡s ❝❤✐❡♥s

❛✉① ♣♦♣✉❧❛t✐♦♥s ❤✉♠❛✐♥❡s ❧❛✐ss❡♥t à ♣❡♥s❡r q✉❡ ❧❡s ❝❤✐❡♥s ❝♦♥st✐t✉❡♥t ❧❛ ♣r✐♥❝✐♣❛❧❡ s♦✉r❝❡ ❞❡

❝♦♥t❛♠✐♥❛t✐♦♥ ❞❡ ❧✬❡♥✈✐r♦♥♥❡♠❡♥t ❞❡s ✈✐❧❧❛❣❡s ♣❛r ❧❛ ❞✐ssé♠✐♥❛t✐♦♥ ❞❡ ❢è❝❡s ❝♦♥t❛♠✐♥és ❡t q✉✬✐❧s

s❡ ❝♦♥t❛♠✐♥❡♥t ❡♥ ♣ré❞❛t❛♥t ❞❡s ♠✐❝r♦✲♠❛♠♠✐❢èr❡s ♣rés❡♥ts ❞❛♥s ❧✬❡♥✈✐r♦♥♥❡♠❡♥t ❞❡s ✈✐❧❧❛❣❡s✳

❉❡s s✉✐✈✐s é♣✐❞é♠✐♦❧♦❣✐q✉❡s ❞❛♥s ❝❡rt❛✐♥s ✈✐❧❧❛❣❡s ♦♥t ♣❡r♠✐s ❧✬❡st✐♠❛t✐♦♥ ❞❡s ♣ré✈❛❧❡♥❝❡s ❡t ❞❡s

❢❛❝t❡✉rs ❞❡ r✐sq✉❡s ❡♥ ❢❛✈❡✉r ❞❡ ❝❡s ❤②♣♦t❤ès❡s✳

▲❡s ♣ré✈❛❧❡♥❝❡s

▲❛ ♣rés❡♥❝❡ ❡t ❧❡ ♥♦♠❜r❡ ✭❝❤❛r❣❡ ♣❛r❛s✐t❛✐r❡✮ ❞❡ ❝❡st♦❞❡s ♣rés❡♥ts ❞❛♥s ❧❡s ❝♦♥t❡♥✉s ✐♥✲

t❡st✐♥❛✉① ❞❡s ❝❤✐❡♥s ♦♥t été ❡st✐♠és ❛♣rès ♥é❝r♦♣s✐❡ ♦✉ ♣✉r❣❡ s✉✐t❡ à ❧✬❛❞♠✐♥✐str❛t✐♦♥ ❞✬❛r❡❝♦❧✐♥❡

❤②❞r♦❜r♦♠✐❞❡✳

❙✉r ❧❡ ♣❧❛t❡❛✉ t✐❜ét❛✐♥ ❧❡s rés✉❧t❛ts ❞✬❛♥❛❧②s❡ ❞❡s ❝♦♥t❡♥✉s ✐♥t❡st✐♥❛✉① ❛♣rès ♥é❝r♦♣s✐❡s ✭◗✐✉

❡t ❛❧✳✱ ✶✾✾✾✮ ❡t ♣✉r❣❡s ✭❇✉❞❦❡ ❡t ❛❧✳✱ ✷✵✵✺❛✮ ❝♦♥✈❡r❣❡♥t ✈❡rs ✉♥❡ ❡st✐♠❛t✐♦♥ ❞❡ ❧❛ ♣ré✈❛❧❡♥❝❡

❝♦♠♣r✐s❡ ❡♥tr❡ ✶✷ ❡t ✶✼ ✪ ✭❚❛❜❧❡ ✶✮✳ ❉❛♥s ❧❡s ♣r♦✈✐♥❝❡s ❞✉ ◗✐♥❣❤❛✐ ❡t ❞✉ ●❛♥s✉✱ ❧❡s ♣ré✈❛❧❡♥❝❡s

♦♥t été ❡st✐♠é❡s ❛♣rès ♥é❝r♦♣s✐❡s à ✶✸✳✸ ❡t ✶✵ ✪ r❡s♣❡❝t✐✈❡♠❡♥t ✭❙❝❤❛♥t③✱ ✶✾✾✽❀ ❈r❛✐❣ ❡t ❛❧✳✱

✶✾✾✷✮✳ ❈❡♣❡♥❞❛♥t✱ ❧❡s ❢❛✐❜❧❡s t❛✐❧❧❡s ❞❡s é❝❤❛♥t✐❧❧♦♥s ♣♦✉r ❝❡s ❞❡✉① ❞❡r♥✐èr❡s ré❣✐♦♥s ❝♦♠♣❧✐q✉❡♥t

❧❛ ❝♦♠♣❛r❛✐s♦♥ ❞❡ ❧❡✉rs ♣ré✈❛❧❡♥❝❡s à ❝❡❧❧❡ ❡st✐♠é❡ ❞❛♥s ❧❡ ❙✐❝❤✉❛♥✳ ❉❛♥s ❧❡ s✉❞ ❞✉ ◆✐♥❣①✐❛✱

❧❡ rô❧❡ ❞✉ ❝❤✐❡♥ ❞❛♥s ❧❡ ♣❛ssé ❛ été ❛tt❡sté ✭❘❛✉s❝❤✱ ✶✾✾✺✮ ♠❛✐s ❛✉❝✉♥❡ ✐♥❢❡❝t✐♦♥ ♥✬❛ ♣✉ êtr❡

♠♦♥tré❡ ❛❝t✉❡❧❧❡♠❡♥t✳ ❊♥✜♥✱ ❞❛♥s ❧❡ ❳✐♥❥✐❛♥❣ ❛✉❝✉♥❡ ✐♥❢❡❝t✐♦♥ ♥✬❛✈❛✐t ♣✉ êtr❡ ✐❞❡♥t✐✜é❡ s✉r ✷✼

✶✽✻ ❝❤✐❡♥s ❡♥tr❡ ✶✾✺✼ ❡t ✶✾✾✶ ✭▲✐✉✱ ✶✾✾✸❀ ❱✉✐tt♦♥ ❡t ❛❧✳✱ ✷✵✵✸✮✱ ♠❛✐s ❧❛ ❞é❝♦✉✈❡rt❡ ♣❧✉s ré❝❡♥t❡

❞✬✉♥❡ ❞♦✉❜❧❡ ✐♥❢❡❝t✐♦♥ ♣❛r ❊✳ ❣r❛♥✉❧♦s✉s ❡t ❊♠ s✉❣❣èr❡ ❧❛ ♣♦ss✐❜❧❡ ✐♥t❡r✈❡♥t✐♦♥ ❞✉ ❝❤✐❡♥ ❡♥

t❛♥t q✉✬❤ôt❡ ❞é✜♥✐t✐❢ ❞❛♥s ❝❡tt❡ ③♦♥❡ ❣é♦❣r❛♣❤✐q✉❡ ✭❩❤❛♥❣ ❡t ❛❧✳✱ ✷✵✵✻✮✳

✷✷



✶✳✷✳ ➱❝♦❧♦❣✐❡ ❞❡ ❧❛ tr❛♥s♠✐ss✐♦♥ ❞✬❊❝❤✐♥♦❝♦❝❝✉s ♠✉❧t✐❧♦❝✉❧❛r✐s

❈♦♥t❛♠✐♥❛t✐♦♥ ❡♥✈✐r♦♥♥❡♠❡♥t❛❧❡ ❡t tr❛♥s♠✐ss✐♦♥ ❞✉ ♣❛r❛s✐t❡ à ❧✬❤♦♠♠❡

❉❡s ❢❛❝t❡✉rs ❞❡ r✐sq✉❡ ♣♦✉r ❧❡s ♣♦♣✉❧❛t✐♦♥s ❤✉♠❛✐♥❡s ♦♥t ♣❡r♠✐s ❞❡ ♠❡ttr❡ ❡♥ é✈✐❞❡♥❝❡✱ ♣❛r

❞❡s q✉❡st✐♦♥♥❛✐r❡s ❛❞r❡ssés ❛✉① ♣❛t✐❡♥ts✱ ❧✬✐♠♣❧✐❝❛t✐♦♥ ❞✉ ❝❤✐❡♥ ❞♦♠❡st✐q✉❡ ❞❛♥s ❧❛ ❝♦♥t❛♠✐♥❛✲

t✐♦♥ ❞❡ ❧✬❡♥✈✐r♦♥♥❡♠❡♥t ❤✉♠❛✐♥✱ ❞❛♥s ❧❡s ♣r♦✈✐♥❝❡s ❞✉ ❙✐❝❤✉❛♥ ✭❙❡r①✉✮ ❡t ❞✉ ●❛♥s✉✳ ▲❡ ❢❛✐t

❞❡ ♣♦ssé❞❡r ✉♥ ❝❤✐❡♥ ❛✐♥s✐ q✉❡ ❧❡ ♥♦♠❜r❡ ❞❡ ❝❤✐❡♥s ♣♦ssé❞és ❝✉♠✉❧❛t✐✈❡♠❡♥t ❝♦♥st✐t✉❡♥t ❞❡s

❢❛❝t❡✉rs ❞❡ r✐sq✉❡ ✭❚✐❛♦②✐♥❣ ❡t ❛❧✳✱ ✷✵✵✺❀ ❇✉❞❦❡ ❡t ❛❧✳✱ ✷✵✵✺❛❀ ❈r❛✐❣ ❡t ❛❧✳✱ ✷✵✵✵✮✳

▲❡s ❝♦♠♣♦rt❡♠❡♥ts ❤✉♠❛✐♥s s❡♠❜❧❡♥t ❥♦✉❡r ✉♥ rô❧❡ ♣r✐♠♦r❞✐❛❧ ❞❛♥s ❧❛ tr❛♥s♠✐ss✐♦♥✳ ▲❡s

r❡❧❛t✐♦♥s ❞✐r❡❝t❡s ❡♥tr❡t❡♥✉❡s ❛✈❡❝ ❧❡ ❝❤✐❡♥✱ ❧✐é❡s à s♦♥ ❞❡❣ré ❞❡ ❞♦♠❡st✐❝❛t✐♦♥✱ t❡❧❧❡s q✉❡ ❥♦✉❡r

❛✈❡❝ ❧✉✐ ✭❲❛♥❣ ❡t ❛❧✳✱ ✷✵✵✶✮ ❡t ❧✉✐ ♣❡r♠❡ttr❡ ❞❡ ❞♦r♠✐r à ❧✬✐♥tér✐❡✉r ✭❙❝❤❛♥t③ ❡t ❛❧✳✱ ✷✵✵✸✮

❡①♣❧✐q✉❡♥t ❡♥ ♣❛rt✐❡ ❧❡s ♣ré✈❛❧❡♥❝❡s ❤✉♠❛✐♥❡s ♦❜s❡r✈é❡s✳ ❉❡ ♣❧✉s✱ ❧❡ ❢❛✐t q✉❡ ❧❡s ❢❡♠♠❡s s♦✐❡♥t

❞❛✈❛♥t❛❣❡ s✉❥❡tt❡s à ❝♦♥t❛♠✐♥❛t✐♦♥ q✉❡ ❧❡s ❤♦♠♠❡s ❛ été ✐♥t❡r♣rété ♣❛r ❧❡✉rs ❝♦♥t❛❝ts ♣❧✉s

❢réq✉❡♥ts ❛✈❡❝ ❧❡s ❝❤✐❡♥s ❞♦♠❡st✐q✉❡s ♣♦✉r ❧❡✉r ❛❧✐♠❡♥t❛t✐♦♥ ♣❛r ❡①❡♠♣❧❡ ✭❚✐❛♦②✐♥❣ ❡t ❛❧✳✱

✷✵✵✺✮✳ ❊♥✜♥✱ ❧❡ ❝♦♥t❛❝t ❛✉① ❢è❝❡s✱ t❡❧ q✉❡ ❧❡ ❢❛✐t ❞✬✉t✐❧✐s❡r ❧❡s ❢è❝❡s ❞❡ ❝❤✐❡♥s ❝♦♠♠❡ ❢❡rt✐❧✐s❛♥t✱

❝♦♥st✐t✉❡ ✉♥ ❢❛❝t❡✉r ❞❡ r✐sq✉❡ ✭❈r❛✐❣ ❡t ❛❧✳✱ ✷✵✵✵✮✳

Pré❞❛t✐♦♥ ❡t s♦✉r❝❡s ❞✬✐♥❢❡❝t✐♦♥ ❞✉ ❝❤✐❡♥

▲❡s ét✉❞❡s ❞❡ ❢❛❝t❡✉rs ❞❡ r✐sq✉❡ ♦♥t é❣❛❧❡♠❡♥t ♣❡r♠✐s ❧❛ ♠✐s❡ ❡♥ é✈✐❞❡♥❝❡ ❞❡ ❝❡rt❛✐♥s tr❛✐ts

❞✬❤✐st♦✐r❡ ❞❡ ✈✐❡ ❞✉ ❝❤✐❡♥ ❡t ❝♦♠♣♦rt❡♠❡♥ts ♣♦✉✈❛♥t ❢❛✈♦r✐s❡r ❧❡✉r ❝♦♥t❛♠✐♥❛t✐♦♥✱ ❝✬❡st✲à✲❞✐r❡ ❧❛

♣ré❞❛t✐♦♥ ❞✬❤ôt❡s ✐♥t❡r♠é❞✐❛✐r❡s✳ ▲❡ ❢❛✐t ❞✬❛✈♦✐r ✉♥ ❝❤✐❡♥ ♠â❧❡ ❡st ✉♥ ❢❛❝t❡✉r ❞❡ r✐sq✉❡ s✉♣♣♦sé

êtr❡ ❡♥❣❡♥❞ré ♣❛r ❧❛ ♣❧✉s ❣r❛♥❞❡ ♣r♦♣❡♥s✐♦♥ ❞❡s ♠â❧❡s à ♣r♦s♣❡❝t❡r ❡t à ❞é❢❡♥❞r❡ ✉♥ t❡rr✐t♦✐r❡

q✉❡ ❧❡s ❢❡♠❡❧❧❡s✱ ❝♦♠♠❡ ♦♥ ❧✬♦❜s❡r✈❡ ❝❤❡③ ❧❡s r❡♥❛r❞s ✭❇✉❞❦❡ ❡t ❛❧✳✱ ✷✵✵✺❛✮✳ ❆✉ss✐✱ ❧❡s ❝❤✐❡♥s

❛②❛♥t été ♦❜s❡r✈és ♣r♦s♣❡❝t❛♥t ❞❛♥s ❧❡s ❝♦❧♦♥✐❡s ❞❡ ♠✐❝r♦✲♠❛♠♠✐❢èr❡s ❡t q✉✐ ♥❡ s♦♥t ♣❛s ❛tt❛❝❤és

❡♥ ♣❡r♠❛♥❡♥❝❡ ❝♦♥st✐t✉❡♥t ❞❡s ❢❛❝t❡✉rs ❡①♣❧✐❝❛t✐❢s ❞❡s ♣ré✈❛❧❡♥❝❡s ❞❡ ❧❡✉rs ♣r♦♣r✐ét❛✐r❡s ✭❇✉❞❦❡

❡t ❛❧✳✱ ✷✵✵✺❛❀ ❈r❛✐❣ ❡t ❛❧✳✱ ✷✵✵✵✮✳

❈♦♥tr❛✐r❡♠❡♥t à ❧✬ét✉❞❡ ❞❡s ❢❛❝t❡✉rs ❞❡ r✐sq✉❡✱ ❧❡s ❝♦♠♣♦rt❡♠❡♥ts ❞❡ ♣ré❞❛t✐♦♥ ❞❡s ❝❤✐❡♥s

❞♦♠❡st✐q✉❡s r❡st❡♥t ♣❡✉ ét✉❞✐és✳ ▲❛ ♣rés❡♥❝❡ ❞❡ ♠✐❝r♦✲♠❛♠♠✐❢èr❡s ❞❛♥s ❧❡ ré❣✐♠❡ ❛❧✐♠❡♥t❛✐r❡

❞❡s ❝❤✐❡♥s ❛ été ♠✐s❡ ❡♥ é✈✐❞❡♥❝❡ s✉r ❧❡ ♣❧❛t❡❛✉ t✐❜ét❛✐♥ ✭❲❛♥❣ ❡t ❛❧✳✱ ✷✵✵✾✮ ✿ ❞❡s r❡st❡s ♦ss❡✉①

❡t ❞❡s ♣♦✐❧s ét❛✐❡♥t ♣rés❡♥ts ❞❛♥s ✸✼ ✪ ❞❡s ✻✵ ❢è❝❡s ❛♥❛❧②sés✳ ❉❛♥s ❧❡ ◆♦r❞ ❞✉ ❳✐♥❥✐❛♥❣ ❞❡s

♠❛❝r♦✲r❡st❡s ❞❡ ♠✐❝r♦t✐♥❛❡ ❡t ❞❡ ♠❛r♠♦tt❡s ♦♥t été é❣❛❧❡♠❡♥t r❡tr♦✉✈és ✭❩❤♦✉✱ ✷✵✵✶✮✳

✶✳✷✳✸✳✹ ❍étér♦❣é♥é✐té ❞❡s s②stè♠❡s ❞❡ tr❛♥s♠✐ss✐♦♥

▲✬❤étér♦❣é♥é✐té ❞❡s s②stè♠❡s ❞❡ tr❛♥s♠✐ss✐♦♥ ❡♥ ❈❤✐♥❡ ❝❡♥tr❛❧❡ ❛ été rés✉♠é❡ ♣❛r ❧❛ t❤é♦r✐❡

❞❡s ♠ét❛✲♣♦♣✉❧❛t✐♦♥s ♣♦✉r ❧❡ ♣❛r❛s✐t❡ ✭●✐r❛✉❞♦✉① ❡t ❛❧✳✱ ✷✵✵✸✱ ✷✵✵✻✮✳

❙✉r ❧❡ ♣❧❛t❡❛✉ t✐❜ét❛✐♥✱ ❧❛ ❧❛r❣❡ ét❡♥❞✉❡ ❞❡s ♣ât✉r❡s ❞❡ ❤❛✉t❡ ❛❧t✐t✉❞❡✱ ❤❛❜✐t❛t ♦♣t✐♠❛❧

♣♦✉r ❖❝❤♦t♦♥❛ ❝✉r③♦♥✐❛❡ ✭s✉❥❡t à ❞❡s ✢✉❝t✉❛t✐♦♥s ♠✉❧t✐✲❛♥♥✉❡❧❧❡s ❝②❝❧✐q✉❡s✮✱ ❧❡s ❢♦rt❡s ❞❡♥s✐tés

♦❜s❡r✈é❡s ♣♦✉r ♣❧✉s✐❡✉rs ❤ôt❡s ❛❧t❡r♥❛t✐❢s ❞✉ ❣❡♥r❡ ▼✐❝r♦t✉s✱ ❛✐♥s✐ q✉❡ ❧❡s ❢♦rt❡s ❞❡♥s✐tés ❞❡

❝❤✐❡♥s ❞♦♠❡st✐q✉❡s ❝♦♥t❛♠✐♥és ❞❛♥s ❧❡s ✈✐❧❧❛❣❡s ♣❡✉✈❡♥t ❡①♣❧✐q✉❡r ✉♥❡ tr❛♥s♠✐ss✐♦♥ ❛❝t✐✈❡✳

❈❡tt❡ ❛✐r❡ ❞✬❡♥❞é♠✐❡ ♣❡✉t êtr❡ ❛❧♦rs q✉❛❧✐✜é❡ ❞❡ ❧❛r❣❡ ❡t st❛❜❧❡ rés❡r✈♦✐r ♣♦✉r ❧❡ ♣❛r❛s✐t❡✳

P❛r ♦♣♣♦s✐t✐♦♥✱ ❧❛ tr❛♥s♠✐ss✐♦♥ ❞❛♥s ❧❡s ❛✐r❡s ♣ér✐♣❤ér✐q✉❡s ❞✉ ♣❧❛t❡❛✉ ✭s✉❞ ❞✉ ●❛♥s✉ ❡t

◆♦r❞ ❞✉ ◆✐♥❣①✐❛✮✱ s✐t✉é❡s à ❡♥✈✐r♦♥ ✶✺✵ ❦♠ ❞✉ ♣❧❛t❡❛✉✱ ❡st ♣❧✉s s♣♦r❛❞✐q✉❡✳ ▲✬❤étér♦❣é♥é✐té

❛❝t✉❡❧❧❡ ❞❡s ❤❛❜✐t❛ts à ❞♦♠✐♥❛♥t❡ ❛❣r✐❝♦❧❡ ♥❡ ❢❛✈♦r✐s❡ ♣❛s ❧❡s ❢♦rt❡s ❞❡♥s✐tés ❞❡s ❤ôt❡s ✐♥t❡r✲

♠é❞✐❛✐r❡s✳ ❉❡ s✉r❝r♦ît✱ ❞❡s ❝♦♥trô❧❡s ❞❡ ♣♦♣✉❧❛t✐♦♥s ❞❡ ♠✐❝r♦✲♠❛♠♠✐❢èr❡s ✭♣❛r r♦❞❡♥t✐❝✐❞❡s✮

❡✛❡❝t✉é❡s ❞❛♥s ❧❡s ❛♥♥é❡s q✉❛tr❡✲✈✐♥❣t ❞✐① ♦♥t ❞é❝✐♠é ❧❡s ♣♦♣✉❧❛t✐♦♥s ❞❡ ♣ré❞❛t❡✉rs✳ ❊♥ r❡✲

✷✸



✶✳✸✳ ▼♦❞é❧✐s❛t✐♦♥ ❞❡ ❧❛ tr❛♥s♠✐ss✐♦♥ ❞✬❊♠

✈❛♥❝❤❡✱ ❞❛♥s ❧❡ ●❛♥s✉✱ ❞✉r❛♥t ❧❡ ❧♦♥❣ ♣r♦❝❡ss✉s ❞❡ ❞é❢♦r❡st❛t✐♦♥ ✭tr❡♥t❡ ❛♥s✮✱ ❧❡s ♣r❡✉✈❡s ❞❡

♣✉❧❧✉❧❛t✐♦♥s ❛♥❝✐❡♥♥❡s ❞❡s ❤ôt❡s ✐♥t❡r♠é❞✐❛✐r❡s ❢❛✈♦r✐sé❡s ♣❛r ❧❛ ❞✐s♣♦♥✐❜✐❧✐té ❞❡ ❧❡✉rs ❤❛❜✐t❛ts

♦♣t✐♠❛✉① ✭♣r❛✐r✐❡s ❜✉✐ss♦♥♥❛♥t❡s✮ ❡t ❝♦♠❜✐♥é❡s à ❞❡ ❢♦rt❡s ❞❡♥s✐tés ❞❡ ❝❤✐❡♥s ♣❡✉✈❡♥t ❡①♣❧✐q✉❡r

❧❡s ♣ré✈❛❧❡♥❝❡s ❤✉♠❛✐♥❡s ❛❝t✉❡❧❧❡s✳ ■❧ ❡st ❛❧♦rs ♣r♦❜❛❜❧❡ q✉❡ ❧❡ ♣❧❛t❡❛✉ t✐❜ét❛✐♥✱ ♣❛r ❧❡ ❜✐❛✐s ❞❡

❞✐s♣❡rs✐♦♥ ❞❡s ♣♦♣✉❧❛t✐♦♥s ❞✬❤ôt❡s ❞é✜♥✐t✐❢s ♣r✐♥❝✐♣❛❧❡♠❡♥t ✭❞✐s♣❡rs✐♦♥ ❞❡ r❡♥❛r❞s ❡t ✈❡♥t❡ ❞❡

❝❤✐❡♥s✮ ♣♦✉rr❛✐t ❛❧✐♠❡♥t❡r ❧❡s ③♦♥❡s ❞❡ ❝♦♥tr❡❢♦rts ❡♥ ♣❛r❛s✐t❡s ❡t ❝♦♥tr✐❜✉❡r à ❧❛ ré✲é♠❡r❣❡♥❝❡

❞❡ ❧❛ tr❛♥s♠✐ss✐♦♥ ❞❛♥s ❧❡s ❤❛❜✐t❛ts ❢❛✈♦r❛❜❧❡s ❛✉① ❤ôt❡s ✐♥t❡r♠é❞✐❛✐r❡s ✭●✐r❛✉❞♦✉① ❡t ❛❧✳✱ ✷✵✵✸✱

✷✵✵✻✮✳

❈❡♣❡♥❞❛♥t✱ ❧❡s ❞✐✈❡rs✐tés ❡t ❝♦♠♣♦s✐t✐♦♥s ❞❡s ❡s♣è❝❡s ♣♦t❡♥t✐❡❧❧❡♠❡♥t ❤ôt❡s ♣♦✉r ❊♠ ❛✐♥s✐

q✉❡ ❧❡s ❢❛❝t❡✉rs ✐♥✢✉❡♥ç❛♥t ❧❡✉rs ❞✐str✐❜✉t✐♦♥s ❞✐✛èr❡♥t ❡♥tr❡ ❧❡s s✐t❡s ét✉❞✐és✱ s✉❣❣ér❛♥t ✉♥❡

❧❛r❣❡ ❤étér♦❣é♥é✐té s♣❛t✐❛❧❡ ❞❡s ❝♦♠♣❧❡①❡s ♣❛t❤♦❣è♥❡s à ❧✬é❝❤❡❧❧❡ ❝♦♥t✐♥❡♥t❛❧❡✳ ▲✬❡♥s❡♠❜❧❡ ❞❡ ❝❡s

rés✉❧t❛ts s♦✉t✐❡♥♥❡♥t ❧✬✐❞é❡ q✉✬❊♠ ♣❡✉t êtr❡ tr❛♥s♠✐s ❞❛♥s ✉♥❡ ❣r❛♥❞❡ ❞✐✈❡rs✐té ❞❡ ❝♦♠♠✉♥❛✉tés

❞✬❤ôt❡s ❡t q✉❡ s❛ ❞②♥❛♠✐q✉❡ ♠ét❛✲♣♦♣✉❧❛t✐♦♥♥❡❧❧❡ ❞❛♥s ❧❛ ❈❤✐♥❡ ❝❡♥tr❛❧❡ ❢♦♥❝t✐♦♥♥❡ à tr❛✈❡rs

✉♥❡ ❧❛r❣❡ ❞✐✈❡rs✐té ❞✬é❝♦✲③♦♥❡s ❡t ❞❡ ❝♦♠♠✉♥❛✉tés ❞❡ ♠✐❝r♦✲♠❛♠♠✐❢èr❡s q✉✐ ❞❡♠❡✉r❡♥t ❡♥❝♦r❡

❧❛r❣❡♠❡♥t ♠é❝♦♥♥✉❡s ✭●✐r❛✉❞♦✉① ❡t ❛❧✳✱ ✷✵✵✻❀ P❧❡②❞❡❧❧ ❡t ❛❧✳✱ ✷✵✵✽✮✳

✶✳✸ ▼♦❞é❧✐s❛t✐♦♥ ❞❡ ❧❛ tr❛♥s♠✐ss✐♦♥ ❞✬❊♠

✶✳✸✳✶ ▼♦❞é❧✐s❛t✐♦♥ ❞❡s ❞✐str✐❜✉t✐♦♥s s♣❛t✐❛❧❡s ❞❡s ♣♦♣✉❧❛t✐♦♥s ❞✬❤ôt❡s

▲❡s ♣r❡♠✐èr❡s ❞é✜♥✐t✐♦♥s ❞❡s ❤❛❜✐t❛ts ❞❡s ❡s♣è❝❡s ét❛✐❡♥t q✉❛❧✐t❛t✐✈❡s✳ ▲❡s ♣✐é❣❡❛❣❡s ❡t

tr❛♥s❡❝ts ♦♥t été ré❛❧✐sés ❞❛♥s ❞❡s ❤❛❜✐t❛ts ❞é✜♥✐s ❛ ♣r✐♦r✐ ♦✉ ❞é❝r✐ts s✉r ❛✈✐s ❞✬❡①♣❡rts ❡♥

❢♦♥❝t✐♦♥ ❞❡s ❝♦♠♣♦s✐t✐♦♥s ❡t str✉❝t✉r❡s ❞❡ ❧❛ ✈é❣ét❛t✐♦♥ s❡ s✉❝❝é❞❛♥t ❧❡ ❧♦♥❣ ❞❡ ❣r❛❞✐❡♥ts ❞❡s

♣❡rt✉r❜❛t✐♦♥s ❛♥t❤r♦♣✐q✉❡s✳

P✉✐s✱ ❧❛ ❝❛rt♦❣r❛♣❤✐❡ ❞❡s ❘❖▼P❆ ♣♦✉r ❧❡s ❡s♣è❝❡s ❞✬❤ôt❡s ✐♥t❡r♠é❞✐❛✐r❡s ❛ été ❞é✈❡❧♦♣♣é❡

à ♣❛rt✐r ❞❡ ❝❛rt❡s ❞✬♦❝❝✉♣❛t✐♦♥ ❞✉ s♦❧✳ ❊♥ ❋r❛♥❝❡✱ ❧❡s ♣r♦♣♦rt✐♦♥s ❞❡ ❧❛ ❝❧❛ss❡ ♣❛②s❛❣èr❡ ❞é✜♥✐❡

❝♦♠♠❡ ❤❛❜✐t❛t ♦♣t✐♠❛❧ ✭❣é♥ér❛❧❡♠❡♥t ❧❡s ♣r❛✐r✐❡s✮ ✭●✐r❛✉❞♦✉① ❡t ❛❧✳✱ ✶✾✾✼✱ ✷✵✵✷✱ ✷✵✵✸✮ ♦✉

❞❡s ✐♥❞✐❝❡s ♣r❛✐r✐❛✉① ré❛❧✐sés à ♣❛rt✐r ❞❡ ♣❧✉s✐❡✉rs ❝❧❛ss❡s ✭❚♦❧❧❡✱ ✷✵✵✺✮ ♦♥t été ❡st✐♠és ❡t

❝❛rt♦❣r❛♣❤✐és✳ P❛r❛❧❧è❧❡♠❡♥t✱ ❧❡s ♣ré✈❛❧❡♥❝❡s ✈✉❧♣✐♥❡s ❞❡ ❢è❝❡s ❝♦❧❧❡❝té❡s ❡♥ ❋r❛♥❝❤❡✲❝♦♠té ♦♥t

♣✉ êtr❡ ♠♦❞é❧✐sé❡s ♣❛r ❧❡ r❛t✐♦ ❞❡ ❝♦♠♣♦s✐t✐♦♥ ❡♥ ♣r❛✐r✐❡s ✭P❧❡②❞❡❧❧ ❡t ❛❧✳✱ ✷✵✵✹✮✳ ❊♥ ❆❧❧❡♠❛❣♥❡✱

❧✬❛♥❛❧②s❡ ❞❡s ❞✐str✐❜✉t✐♦♥s s♣❛t✐❛❧❡s ❞❡s r❡♥❛r❞s ✐♥❢❡❝tés ❛ ♣❡r♠✐s ❞❡ ♠❡ttr❡ ❡♥ é✈✐❞❡♥❝❡ q✉✬✐❧s

❢réq✉❡♥t❛✐❡♥t ❞❛✈❛♥t❛❣❡ ❧❡s ♣❛②s❛❣❡s ♦✉✈❡rts ✭♣r❛✐r✐❡s✮ à s♦❧s ❤✉♠✐❞❡s q✉❡ ❧❡s ❢♦rêts ✭❙t❛✉❜❛❝❤

❡t ❛❧✳✱ ✷✵✵✶✮✳

❊♥ ❈❤✐♥❡✱ ❧❡s ❞♦♥♥é❡s s❛t❡❧❧✐t❛❧❡s ❝♦♥st✐t✉❡♥t s♦✉✈❡♥t ❧❡s s❡✉❧❡s ❞♦♥♥é❡s ♣❛②s❛❣èr❡s ❞✐s♣♦♥✐❜❧❡s✳

❉❡s ♠étr✐q✉❡s ♣❛②s❛❣èr❡s ❡t ✐♥❞✐❝❡s ❞❡ ✈é❣ét❛t✐♦♥✱ t❡❧s q✉❡ ❧❡ ◆❉❱■ ✭◆♦r♠❛❧✐③❡❞ ❉✐✛❡r❡♥t✐❛❧

❱❡❣❡t❛t✐♦♥ ■♥❞❡①✮ ❡t ❧❡ ❊❱■ ✭❊♥❤❛♥❝❡❞ ❱❡❣❡t❛t✐♦♥ ■♥❞❡①✮ ♦❜t❡♥✉s ❛♣rès ❝❧❛ss✐✜❝❛t✐♦♥ ❡t tr❛✐t❡✲

♠❡♥t ❞✬✐♠❛❣❡s s❛t❡❧❧✐t❡s✱ ♦♥t été ✉t✐❧✐sés ♣♦✉r r❡❞é✜♥✐r ❧❡s ❝❧❛ss❡s ❞é✜♥✐❡s ❛ ♣r✐♦r✐ ♣❛r ❧❡s é❝♦✲

❧♦❣✉❡s ❡t ❝❛rt♦❣r❛♣❤✐❡r ❞❡s ❘❖▼P❆ ✭❉❛♥s♦♥ ❡t ❛❧✳✱ ✷✵✵✸✮✳ ❆✐♥s✐✱ ❧❛ ♣r♦♣♦rt✐♦♥ ❞❡s ❝❧❛ss❡s ✏♣r❛✐r✐❡✑

❡t ✏❜✉✐ss♦♥s✑ ❛ ♣❡r♠✐s ❧❛ ❝❛rt♦❣r❛♣❤✐❡ ❞❡ ❧✬❤❛❜✐t❛t ♦♣t✐♠❛❧ ♣♦✉r ▼✐❝r♦t✉s ❞❛♥s ❧❛ ♣r♦✈✐♥❝❡ ❞✉

●❛♥s✉✳ ❉❡ t❡❧❧❡s ✈❛r✐❛❜❧❡s ♣❛②s❛❣èr❡s s❡ s♦♥t ❛❧♦rs ❛✈éré❡s ♣❧✉s ❡①♣❧✐❝❛t✐✈❡s q✉❡ ❞✬❛✉tr❡s ❢❛❝t❡✉rs

❞❡ r✐sq✉❡ ✭â❣❡✱ ❣❡♥r❡✱ ♣r♦♣r✐été ❞✬✉♥ ❝❤✐❡♥✮✳

❊♥✜♥✱ ❞❡s ♦✉t✐❧s ♠♦❞❡r♥❡s ❞❡ ♠♦❞é❧✐s❛t✐♦♥ s♣❛t✐❛❧❡ ét❛❜❧✐ss❛♥t ❞❡s r❡❧❛t✐♦♥s st❛t✐st✐q✉❡s ❡♥✲

tr❡ ❧❡s ❞♦♥♥é❡s ✭♣ré✈❛❧❡♥❝❡s✱ ❡s♣è❝❡s✮ ❡t ❧❡✉rs ❛ttr✐❜✉ts ♣❛②s❛❣❡rs ✭✈❛r✐❛❜❧❡s ❡♥✈✐r♦♥♥❡♠❡♥t❛❧❡s✮✱

✷✹



✶✳✸✳ ▼♦❞é❧✐s❛t✐♦♥ ❞❡ ❧❛ tr❛♥s♠✐ss✐♦♥ ❞✬❊♠

♥♦♥ ♣❛r❛♠étr✐q✉❡s ❡t s♣❛t✐❛❧❡♠❡♥t ❡①♣❧✐❝✐t❡s ♦♥t été ❛♣♣❧✐q✉é❡s ❛✉① ❞♦♥♥é❡s ❞❡ ♣ré✈❛❧❡♥❝❡s

❤✉♠❛✐♥❡s ❡♥ ❋r❛♥❝❡ ✭❚♦❧❧❡ ❡t ❛❧✳✱ ✷✵✵✺✮ ♦✉ ✈✉❧♣✐♥❡s ❡♥ ❆✉tr✐❝❤❡ ✭❉✉s❝❤❡r ❡t ❛❧✳✱ ✷✵✵✻✮✳ ▲✬✐♥✲

❝♦r♣♦r❛t✐♦♥ ❡①♣❧✐❝✐t❡ ❞❡s ✈❛r✐❛t✐♦♥s s♣❛t✐❛❧❡s s♦✉s ❧❛ ❢♦r♠❡ ❞❡ ✏r❛♥❞♦♠ ✜❡❧❞✑ ❞❛♥s ❞❡s ♠♦❞✲

è❧❡s ❞❡ ré❣r❡ss✐♦♥ ♣♦♥❞érés ❣é♦❣r❛♣❤✐q✉❡♠❡♥t ♦♥t ♣❡r♠✐s ❞✬✐♥❝♦r♣♦r❡r ❧✬❤étér♦❣é♥é✐té s♣❛t✐❛❧❡

❞❡s ✈❛r✐❛❜❧❡s ❡♥✈✐r♦♥♥❡♠❡♥t❛❧❡s ❡t ❞❡ ❝♦♥s✐❞ér❡r ❧✬❛✉t♦✲❝♦rré❧❛t✐♦♥ s♣❛t✐❛❧❡ ❞❡s ♦❜s❡r✈❛t✐♦♥s✳

❈❡♣❡♥❞❛♥t✱ ❞❡ t❡❧s ♦✉t✐❧s ♦♥t r❛r❡♠❡♥t été ❛♣♣❧✐q✉és à ❧❛ ❞é✜♥✐t✐♦♥ q✉❛♥t✐t❛t✐✈❡ ❞❡s ❤❛❜✐t❛ts

♣♦✉r ❧❡s ❡s♣è❝❡s ❞✬❤ôt❡s ✐♥t❡r♠é❞✐❛✐r❡s✳ ❆ ♥♦tr❡ ❝♦♥♥❛✐ss❛♥❝❡✱ s❡✉❧❡ ❧❛ ❞é✜♥✐t✐♦♥ ❞❡s ❤❛❜✐t❛ts

♣♦✉r ❧❡ ❣❡♥r❡ ❖❝❤♦t♦♥❛ ❛ été ré❛❧✐sé❡ ♣❛r ✉♥❡ ❛♣♣r♦❝❤❡ ❞❡ ♠♦❞é❧✐s❛t✐♦♥ s♣❛t✐❛❧❡ s✉r ✉♥❡ ❛✐r❡

❞✉ ♣❧❛t❡❛✉ t✐❜ét❛✐♥ ✭▼❛rst♦♥✱ ✷✵✵✽✮✳ ▲❡s ❞✐str✐❜✉t✐♦♥s ❞❡s ♦❝❝✉rr❡♥❝❡s ♣♦✉r ❝❡ ❣❡♥r❡✱ ❝♦❧❧❡❝✲

té❡s ❧❡ ❧♦♥❣ ❞❡ tr❛♥s❡❝ts✱ ♦♥t ♣✉ êtr❡ ❡①♣❧✐q✉é❡s ❛✈❡❝ s✉❝❝ès ♣❛r ❧❛ ❝♦♠♣♦s✐t✐♦♥ ♣❛②s❛❣èr❡ ❞❡

❧❡✉rs ❡♥✈✐r♦♥♥❡♠❡♥ts✱ ♠❛✐s ❛✉ss✐ ♣❛r ❞❡s ♠étr✐q✉❡s ♣❛②s❛❣èr❡s ✭❛✐r❡s ❡t t❛✐❧❧❡s ❞❡s tâ❝❤❡s✮ ❡t

❞❡s ✐♥❞✐❝❡s ❞❡ ✈é❣ét❛t✐♦♥ ✭◆♦r♠❛❧✐③❡❞ ❉✐✛❡r❡♥❝❡ ❲❛t❡r ■♥❞❡① ♣r✐♥❝✐♣❛❧❡♠❡♥t✮✳ P♦✉r ❝❡ ❢❛✐r❡

❝❡ s♦♥t ❞❡s ♠♦❞è❧❡s ❧✐♥é❛✐r❡s ❣é♥ér❛❧✐sés ✭●▲▼✮ ♦✉ ❛❞❞✐t✐❢s ✭●❆▼✮ q✉✐ ♦♥t été ✉t✐❧✐sés✳ ❈❡s

❞❡r♥✐❡rs✱ ♣❛r❝❡ q✉✬✐❧s ✐♥❝♦r♣♦r❡♥t ❧❡s str✉❝t✉r❡s s♣❛t✐❛❧❡s ❞❡s ❞♦♥♥é❡s ❡♥ ♠♦❞é❧✐s❛♥t ❧❡s ❞✐str✐✲

❜✉t✐♦♥s ♣❛r ❞❡s ❢♦♥❝t✐♦♥s ❞❡ ❧✐ss❛❣❡✱ ♣❡r♠❡tt❡♥t ❞❡ ✏❝♦❧❧❡r✑ à ❧❛ str✉❝t✉r❡ s♣❛t✐❛❧❡ ❞❡s ❞♦♥♥é❡s✳

❆✉ss✐✱ ❧ ✬❡✛❡t ❞❡ ❧✬é❝❤❡❧❧❡ s♣❛t✐❛❧❡ à ❧❛q✉❡❧❧❡ ❧❡s r❡❧❛t✐♦♥s st❛t✐st✐q✉❡s s♦♥t ét❛❜❧✐❡s ❛ été t❡sté

❡♥ ❢❛✐s❛♥t ✈❛r✐❡r ❧❡ r❛②♦♥ ❞❡ ❧✬❛✐r❡ ❛✉t♦✉r ❞✉ ♣♦✐♥t ❞✬é❝❤❛♥t✐❧❧♦♥♥❛❣❡ ♣♦✉r ❧❛q✉❡❧❧❡ ❧❛① ♠étr✐q✉❡

♣❛②s❛❣èr❡ ❡st ❡st✐♠é❡ ✭✏❜✉✛❡r✑✮✳ ❆✐♥s✐✱ ❧✬❤❛❜✐t❛t ♦♣t✐♠❛❧ ♣♦✉r ❖❝❤♦t♦♥❛ ✭❧❡s ♣r❛✐r✐❡s ❞é❣r❛❞é❡s✮

ét❛✐❡♥t ❧❡s ♣❧✉s ❝♦rré❧é❡s ❞❛♥s ✉♥ ✏❜✉✛❡r✑ ❞❡ ✸✵✵ ♠ ❛✉t♦✉r ❞❡s ♣♦✐♥ts ❞✬é❝❤❛♥t✐❧❧♦♥♥❛❣❡✳ ❊♥ r❡✲

✈❛♥❝❤❡✱ ❧❡s ♠ét❤♦❞❡s ♣❡r♠❡tt❛♥t ❞❡ r❡♠é❞✐❡r ❛✉① ❡✛❡ts ❞❡ ❧❛ ❞é♣❡♥❞❛♥❝❡ s♣❛t✐❛❧❡ ❞❡s ❞♦♥♥é❡s✱

t❡❧ q✉❡ ❧❡ s♦✉s✲é❝❤❛♥t✐❧❧♦♥♥❛❣❡ ❞❡s ❞♦♥♥é❡s ♦✉ ❧✬✐♥❝♦r♣♦r❛t✐♦♥ ❞❡ ❝♦✈❛r✐❛❜❧❡s s♣❛t✐❛❧❡s ❞❛♥s ❧❡s

●❆▼✱ s❡ s♦♥t ❛✈éré❡s ✐♥❛♣♣❧✐❝❛❜❧❡s ❞❛♥s ✉♥ t❡❧ ❝♦♥t❡①t❡ ❡t ❧❡s ♠♦❞è❧❡s ✉t✐❧✐sés ✐♥❝♦r♣♦r❛✐❡♥t

❧✬❛✉t♦✲❝♦rré❧❛t✐♦♥ s♣❛t✐❛❧❡ ❞❡s ♣♦✐♥ts ❞✬é❝❤❛♥t✐❧❧♦♥♥❛❣❡✳ ❉✬✉♥❡ ♣❛rt✱ ❧❛ ❢❛✐❜❧❡ t❛✐❧❧❡ ❞✬é❝❤❛♥t✐❧❧♦♥

❧✐♠✐t❡ ❧❡ s♦✉s✲é❝❤❛♥t✐❧❧♦♥♥❛❣❡✳ ❉✬❛✉tr❡ ♣❛rt✱ ❧✬❛❣ré❣❛t✐♦♥ ❞❡s tr❛♥s❡❝ts ❞❛♥s ❝❡rt❛✐♥❡s ③♦♥❡s ❡♥

♦♣♣♦s✐t✐♦♥ à ❧✬❛❜s❡♥❝❡ ❞❡ ❞♦♥♥é❡s ♣♦✉r ❧❛ ♠❛❥♦r✐té ❞❡ ❧❛ ③♦♥❡ ❞✬ét✉❞❡ ❡♥tr❛î♥❡ ✉♥❡ s✉r❡st✐✲

♠❛t✐♦♥ ✭✏♦✈❡r✲✜tt✐♥❣✑✮ ❞❡ ❧✬✐♥t❡r♣♦❧❛t✐♦♥ ❞❛♥s ❧❡s ③♦♥❡s é❝❤❛♥t✐❧❧♦♥♥é❡s✳ ❋✐♥❛❧❡♠❡♥t✱ ❧❡s sér✐❡s

t❡♠♣♦r❡❧❧❡s ♣♦✉r ❝❡s ✈❛r✐❛❜❧❡s ♦♥t ♣❡r♠✐s ❞❡ ♣ré❞✐r❡ ♣ré❝✐sé♠❡♥t ❧❡s ❞✐str✐❜✉t✐♦♥s ❞❡s ♠✐❝r♦✲

♠❛♠♠✐❢èr❡s✳ ❈❡♣❡♥❞❛♥t✱ ❝❡s ♣ré❞✐❝t✐♦♥s s❡ s♦♥t ❛✈éré❡s ❧✐♠✐té❡s q✉❛♥t à ❧❡✉rs ❡①tr❛♣♦❧❛t✐♦♥s

s✉r ❞❡s ❞♦♥♥é❡s ✐♥❞é♣❡♥❞❛♥t❡s✳

✶✳✸✳✷ ▼♦❞é❧✐s❛t✐♦♥ ❞②♥❛♠✐q✉❡ ❞❡ ❧❛ r❡♥❝♦♥tr❡

▲❡ ♠♦❞è❧❡ ❞ét❡r♠✐♥✐st❡ ❞é✈❡❧♦♣♣é ♣❛r ❘♦❜❡rts ❡t ❛❧✳ ✭✶✾✽✻✮ ♣♦✉r ❧❛ tr❛♥s♠✐ss✐♦♥ ❞✬❊❝❤✐♥♦❝♦❝❝✉s

❣r❛♥✉❧♦s✉s ♣❡r♠❡t ❞❡ ♠♦❞é❧✐s❡r ❧❡s ♣ré✈❛❧❡♥❝❡s ❞❡s ❤ôt❡s ❞é✜♥✐t✐❢s ❡♥ ♣rés❡♥❝❡ ♦✉ ♥♦♥ ❞✬✐♠♠✉✲

♥✐té ♣❛r ✉♥❡ sér✐❡ ❞✬éq✉❛t✐♦♥s ♦r❞✐♥❛✐r❡s ❞✐✛ér❡♥t✐❡❧❧❡s✳ ■❧ ❛ été ❛♣♣❧✐q✉é ❡t ❛❞❛♣té ♣♦✉r ♠♦❞✲

é❧✐s❡r ❧❡s ♣ré✈❛❧❡♥❝❡s ❞❡ r❡♥❛r❞s ✭❘♦❜❡rts ❛♥❞ ❆✉❜❡rt✱ ✶✾✾✺✮ ❡t ❞❡ ❝❤✐❡♥s ❞♦♠❡st✐q✉❡s ✭❚♦r❣✲

❡rs♦♥✱ ✷✵✵✸✮✳ ▲❡ t❛✉① ❞✬✐♥❢❡❝t✐♦♥ ❡t ❧❛ ♣rés❡♥❝❡ ❞✬✐♠♠✉♥✐té ❝❤❡③ ❧❡ ❝❤✐❡♥ ❞♦♠❡st✐q✉❡ s✉r ❧❡s

♣❧❛t❡❛✉① t✐❜ét❛✐♥s ♦♥t été ❡st✐♠és ✭❇✉❞❦❡ ❡t ❛❧✳✱ ✷✵✵✺❜✮✳ ▲❡ t❛✉① ❞✬✐♥❢❡❝t✐♦♥ ✭β✮ ❛ été ❡st✐♠é à

✵✳✺✷ ✐♥❢❡❝t✐♦♥ ♣❛r ❛♥ ❡♥ s✉♣♣♦s❛♥t ✉♥❡ ❞✉ré❡ ❞❡ ✈✐❡ ❞✉ ♣❛r❛s✐t❡ à ✺ ♠♦✐s✳ ❆✉ss✐✱ ❝♦♥tr❛✐r❡♠❡♥t à

❊❝❤✐♥♦❝♦❝❝✉s ❣r❛♥✉❧♦s✉s✱ ❊❝❤✐♥♦❝♦❝❝✉s ♠✉❧t✐❧♦❝✉❧❛r✐s ♥✬✐♥❞✉✐t ♣❛s ❞✬✐♠♠✉♥✐té ❝❤❡③ ❧❡ ❝❤✐❡♥✳ ▲❛

♣❡rt✐♥❡♥❝❡ ❞❡ ❝❡s ♠♦❞è❧❡s ❡st ❝♦♥tr❛✐♥t❡ ♣❛r ❧✬❤♦♠♦❣é♥é✐té ❞✉ ♣❛r❛♠ètr❡ β ❡♥ ❢♦♥❝t✐♦♥ ❞❡s ✐♥✲

❞✐✈✐❞✉s ❡t ❞❛♥s ❧✬❡s♣❛❝❡✳ ❖r✱ ❝❡ ♣❛r❛♠ètr❡ ❞é♣❡♥❞❛♥t é❣❛❧❡♠❡♥t ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡s ❤ôt❡s ✐♥✲

t❡r♠é❞✐❛✐r❡s✱ s♦♥ ❤étér♦❣é♥é✐té s♣❛t✐❛❧❡ ❞♦✐t êtr❡ ❝♦♥s✐❞éré❡ ♣♦✉r ❡①♣❧✐q✉❡r ❡t ♣ré❞✐r❡ ❧❡s ❞✐str✐✲

✷✺



✶✳✹✳ ◆♦✉✈❡❧❧❡s q✉❡st✐♦♥s ❡t ♦❜❥❡❝t✐❢s

❜✉t✐♦♥s ❞✉ ♣❛r❛s✐t❡ ❡t ❧❡s ❛✐r❡s ♣♦t❡♥t✐❡❧❧❡♠❡♥t à r✐sq✉❡ ❞❡ tr❛♥s♠✐ss✐♦♥✳ ❯♥❡ t❡❧❧❡ ❤étér♦❣é♥é✐té

s♣❛t✐❛❧❡ ❧✐é❡ ❛✉① ❢❛❝t❡✉rs ❡♥✈✐r♦♥♥❡♠❡♥t❛✉①✱ ♣♦✉r êtr❡ ❞é❝❡❧é❡✱ ❞❡✈r❛ ❛❧♦rs êtr❡ ét✉❞✐é❡ à ✉♥❡

é❝❤❡❧❧❡ ♣❧✉s ❧❛r❣❡ q✉❡ ❝❡❧❧❡ à ❧❛q✉❡❧❧❡ ❧❡ ♣❛r❛s✐t❡ s✬❛❣rè❣❡ ❞❛♥s ❧❡s ♣♦♣✉❧❛t✐♦♥s ✭❚♦r❣❡rs♦♥✱ ✷✵✵✸❀

▼♦r❣❛♥ ❡t ❛❧✳✱ ✷✵✵✹✮✳ ❊♥✜♥✱ ❧❡ ♠♦❞è❧❡ ❞❡ ❚❛❦✉♠✐ ❛♥❞ ❱❛♥ ❉❡r ●✐❡ss❡♥ ✭✷✵✵✺✮ ❛ ♣❡r♠✐s ❞✬❡s✲

t✐♠❡r ❧❛ ❜✐♦♠❛ss❡ ❞✉ ♣❛r❛s✐t❡ ❝❤❡③ ❧❡ r❡♥❛r❞ ❡t ❛ été ✉t✐❧✐sé ♣♦✉r ❡st✐♠❡r ❧✬❡✣❝❛❝✐té ❞❡s ❝❛♠✲

♣❛❣♥❡s ❞❡ ❝♦♥trô❧❡ ❞❡s ♣ré✈❛❧❡♥❝❡s✳

✶✳✸✳✸ ▼♦❞é❧✐s❛t✐♦♥ s♣❛t✐♦✲❞ét❡r♠✐♥✐st❡

❉❡s ♠♦❞è❧❡s s♣❛t✐❛❧❡♠❡♥t ❡①♣❧✐❝✐t❡s ✐♥❝❧✉❛♥t ✉♥❡ ❝♦♠♣♦s❛♥t❡ st♦❝❤❛st✐q✉❡ ❡t ❜❛sés s✉r ❧❡s

♣♦♣✉❧❛t✐♦♥s ❞❡ ♣❛r❛s✐t❡s ❡t ❞✬❤ôt❡s ♣❧✉tôt q✉❡ s✉r ❝❡❧❧❡s ❞❡s ❤ôt❡s ❞é✜♥✐t✐❢s ✉♥✐q✉❡♠❡♥t ♦♥t été

❞é✈❡❧♦♣♣és ♣♦✉r ❡①♣❧✐q✉❡r ❧❡s ❞✐str✐❜✉t✐♦♥s s♣❛t✐❛❧❡s ❞❡s ♣ré✈❛❧❡♥❝❡s ❞✬❊♠✳

▲❛ t❡❝❤♥✐q✉❡ ❞❡ ♠♦❞é❧✐s❛t✐♦♥ ❘❆▼❆❙ ●■❙ ✭▼✐❧♥❡r✲●✉❧❧❛♥❞ ❡t ❛❧✳✱ ✷✵✵✹✮✱ ❜❛sé❡ s✉r ✉♥ ♠♦❞✲

è❧❡ ♠ét❛✲♣♦♣✉❧❛t✐♦♥♥❡❧✱ ❛ été ❛♣♣❧✐q✉é❡ ❞❛♥s ✉♥❡ ré❣✐♦♥ s❡♠✐✲❛r✐❞❡ ❞✉ ❑❛③❛❦❤st❛♥ ♣♦✉r ♠♦❞✲

é❧✐s❡r ❞✐r❡❝t❡♠❡♥t ❧❡s ♣♦♣✉❧❛t✐♦♥s ❞❡ ♣❛r❛s✐t❡s ✭♠❡t❛❝❡st♦❞❡s✮✱ ❝♦♥s✐❞érés ❝♦♠♠❡ ✉♥ ❡♥s❡♠❜❧❡

❞✬✐♥❞✐✈✐❞✉s✱ ❛②❛♥t ♣♦✉r ❤❛❜✐t❛t ❧❡s ♣♦♣✉❧❛t✐♦♥s ❞✬❤ôt❡s ✐♥t❡r♠é❞✐❛✐r❡s ❡t ❧❡ r❡♥❛r❞ ❝♦♠♠❡ ♠♦❞❡

❞❡ ❞✐s♣❡rs✐♦♥ ❞❡ s❡s ✈❡rs✳ ❈❡ ♠♦❞è❧❡ ♥é❝❡ss✐t❡ ❛❧♦rs ❧✬❡st✐♠❛t✐♦♥ ❞❡ ♣❛r❛♠ètr❡s é❝♦❧♦❣✐q✉❡s t❡❧s

q✉❡ ❧❛ ✈é❣ét❛t✐♦♥ ✭❝❛rt❡ ❞❡s ❝♦♠♠✉♥❛✉tés✮✱ ❧❛ ❜✐♦❧♦❣✐❡ ❞❡s r♦♥❣❡✉rs ✭❞❡♥s✐tés ❡t ❞✐str✐❜✉t✐♦♥s

s♣❛t✐❛❧❡s✮ ❡t ❞❡s r❡♥❛r❞s ✭❞❡♥s✐tés✱ ❞✐st❛♥❝❡s ❞❡s ♠♦✉✈❡♠❡♥ts✮ ❛✐♥s✐ q✉❡ ❧❛ ❜✐♦❧♦❣✐❡ ❞✉ ♣❛r❛s✐t❡✳

❊❝❤✐ ✭❍❛♥s❡♥ ❡t ❛❧✳✱ ✷✵✵✸✮ ❡st ✉♥ ♠♦❞è❧❡ ❜❛sé s✉r ✉♥❡ ❣r✐❧❧❡✱ ❞✐s❝rét✐sé❡ t❡♠♣♦r❡❧❧❡♠❡♥t

❡t str✉❝t✉ré❡ ♣❛r ✉♥ ❥❡✉ ❞❡ ❧♦✐s ❡♥tr❡ ❧❡s s♦✉s✲♣♦♣✉❧❛t✐♦♥s ❞✬❤ôt❡s ✐♥t❡r♠é❞✐❛✐r❡s✱ ❧❡s r❡♥❛r❞s

✭✐♥❞✐✈✐❞✉s✮ ❡t ❧❡s tr♦✐s st❛❞❡s ❞✉ ♣❛r❛s✐t❡✳ ▲❡s ✈❛❧❡✉rs ❞❡s ♣❛r❛♠ètr❡s t❡❧s q✉❡ ❧❛ ♣r❡ss✐♦♥ ❞❡

♣ré❞❛t✐♦♥ ❞✉ r❡♥❛r❞✱ ❧❡ ♥♦♠❜r❡ ❞❡ ❢è❝❡s q✉✬✐❧ ❞é♣♦s❡ ❡t ❧❛ ♣r♦♣♦rt✐♦♥ ❞❡ ❝❡❧❧✉❧❡s ❞❡ ❧❛ ❣r✐❧❧❡ ♦✛r❛♥t

❞❡s ❝♦♥❞✐t✐♦♥s ❢❛✈♦r❛❜❧❡s à ❧❛ s✉r✈✐❡ ❞❡s ♦❡✉❢s✱ ♦♥t été s✐♠✉❧é❡s ♣♦✉r ♣ré❞✐r❡ ❧❡s ♣ré✈❛❧❡♥❝❡s

✈✉❧♣✐♥❡s ♦❜s❡r✈é❡s ❛♣rès ❝♦♥trô❧❡ ❞❛♥s ❧❡ ♥♦r❞ ❞❡ ❧✬❆❧❧❡♠❛❣♥❡✳ ❉✐✛ér❡♥ts s❝é♥❛r✐✐ ♦♥t été t❡stés

♣♦✉r ❡①♣❧✐q✉❡r ❧✬é❝❛rt ❡♥tr❡ ❧❡s ♣ré❞✐❝t✐♦♥s ❞✉ ♠♦❞è❧❡ ❡t ❧❡s ❞♦♥♥é❡s✳ P❛r♠✐ ❡✉①✱ ❝❡❧✉✐ ❝♦♥s✐❞ér❛♥t

✉♥ ❡✛❡t ❞✉ ♣❛②s❛❣❡ s✉r ❧❛ ❝♦♥❝❡♥tr❛t✐♦♥ ❧♦❝❛❧❡ ❞❡ ❧✬✐♥❢❡❝t✐♦♥ ❡t ❡♥ ♣❛rt✐❝✉❧✐❡r q✉❡❧q✉❡s ✉♥❡s ❞❡s

♣r♦♣r✐étés ❞❡s ♠✐❝r♦✲❤❛❜✐t❛ts ❞❡s ❤ôt❡s ✐♥t❡r♠é❞✐❛✐r❡s ✭t❡♠♣ér❛t✉r❡✱ ❤✉♠✐❞✐té✮✱ s✬❡st ❛✈éré ❧❡

♣❧✉s ❡①♣❧✐❝❛t✐❢✳

❈❡s ♠♦❞è❧❡s r❡q✉✐èr❡♥t ❞♦♥❝ ❧✬❡st✐♠❛t✐♦♥ ❞❡ ❝❡rt❛✐♥s ♣❛r❛♠ètr❡s ❝♦♥❝❡r♥❛♥t ❧❡ ♣❛②s❛❣❡✱ ❧❡s

❞✐str✐❜✉t✐♦♥s s♣❛t✐❛❧❡s ❞❡s ❤ôt❡s ✐♥t❡r♠é❞✐❛✐r❡s ✭❧❡✉rs ❤❛❜✐t❛ts✮ ❛✐♥s✐ q✉❡ ❧❡s ❝♦♠♣♦rt❡♠❡♥ts

s♣❛t✐❛✉① ❞❡ ❧✬❤ôt❡ ❞é✜♥✐t✐❢ ✭t❛✐❧❧❡ ❞❡s ❞♦♠❛✐♥❡s ✈✐t❛✉①✮✳ ❉❡ ♣❧✉s✱ ❧❡s ❝♦♠♣♦rt❡♠❡♥t ✏à r✐sq✉❡✑

❞❡s ❤ôt❡s ❞é✜♥✐t✐❢s ♦♥t été ✐❣♥♦rés ✭♦✉ s✉♣♣♦sés ❝♦♥st❛♥ts✮ ♦✉ s✐♠✉❧és✳ ▲✬ét✉❞❡ ❞❡ ❧✬é❝♦❧♦❣✐❡ ❞❡s

♣♦♣✉❧❛t✐♦♥s ❞❡s ❤ôt❡s ✐♥t❡r♠é❞✐❛✐r❡s ❡t ❞é✜♥✐t✐❢s ❜❛sé❡ s✉r ❞❡s r❡❧❡✈és ❞❡ t❡rr❛✐♥ ❡st ❛♣♣❡❧é❡ à

❛♣♣♦rt❡r ❞❡ t❡❧❧❡s ✐♥❢♦r♠❛t✐♦♥s ♣♦✉r ♣ré❞✐r❡ ❧❡ r✐sq✉❡✳

✶✳✹ ◆♦✉✈❡❧❧❡s q✉❡st✐♦♥s ❡t ♦❜❥❡❝t✐❢s

❉✬✉♥❡ ♣❛rt✱ ❧❡s r❡❝❤❡r❝❤❡s é❝♦✲é♣✐❞é♠✐♦❧♦❣✐q✉❡s ♠❡♥é❡s ❥✉sq✉✬✐❝✐ ♦♥t ♣❡r♠✐s ❞✬é❧✉❝✐❞❡r ❡♥

♣❛rt✐❡ ❧❛ ✏❜❧❛❝❦ ❜♦①✑ ❝❤✐♥♦✐s❡ ❡♥ ❝❡ q✉✐ ❝♦♥❝❡r♥❡ ❧❡s ♣❛r❛♠ètr❡s é❝♦❧♦❣✐q✉❡s ❞❡s ❤ôt❡s ✿ ❧❡s ❞✐str✐✲

❜✉t✐♦♥s s♣❛t✐❛❧❡s ❞❡s ❝♦♠♠✉♥❛✉tés ❞✬❤ôt❡s ❡t ❧❡ rô❧❡ ❞✉ ❝❤✐❡♥ ❞♦♠❡st✐q✉❡ ❞❛♥s ❧❛ ❝♦♥t❛♠✐♥❛t✐♦♥

❞❡ ❧✬❡♥✈✐r♦♥♥❡♠❡♥t ❤✉♠❛✐♥✳ ❈❡s ♣❛r❛♠ètr❡s s❡ s♦♥t ré✈é❧és êtr❡ ❡♥ ♣❛rt✐❡ ❡①♣❧✐❝❛t✐❢s ❞❡s ❞✐str✐✲

❜✉t✐♦♥s s♣❛t✐❛❧❡s ❞❡s ♣ré✈❛❧❡♥❝❡s ❤✉♠❛✐♥❡s✳ ❉✬❛✉tr❡ ♣❛rt✱ ❧❡s ♠♦❞è❧❡s ❞❡ ❧❛ tr❛♥s♠✐ss✐♦♥ ❞✬❊♠

✷✻



✶✳✹✳ ◆♦✉✈❡❧❧❡s q✉❡st✐♦♥s ❡t ♦❜❥❡❝t✐❢s

❞é✈❡❧♦♣♣és ❥✉sq✉✬✐❝✐ ♥é❝❡ss✐t❡♥t ❧✬❡st✐♠❛t✐♦♥ ❞❡s ♣❛r❛♠ètr❡s ❞❡ ❧✬é❝♦❧♦❣✐❡ ❞❡s ❤ôt❡s ✭❞✐str✐❜✉t✐♦♥

s♣❛t✐❛❧❡s ❞❡s ❤ôt❡s ✐♥t❡r♠é❞✐❛✐r❡s✱ ❞♦♠❛✐♥❡s ✈✐t❛✉① ❞❡s ❤ôt❡s ❞é✜♥✐t✐❢s✱✳✳✳✮ ♣♦✉r êtr❡ ré❛❧✐st❡s✳

❈❡s tr❛✈❛✉① ♦✉✈r❡♥t ❞❡ ♥♦✉✈❡❧❧❡s ♣❡rs♣❡❝t✐✈❡s ❞❡ r❡❝❤❡r❝❤❡s ♠❛✐s s♦✉❧è✈❡♥t ❛✉ss✐ ❞❡s é❝✉❡✐❧s

♠ét❤♦❞♦❧♦❣✐q✉❡s ❛✐♥s✐ q✉❡ ❞❡ ♥♦✉✈❡❧❧❡s q✉❡st✐♦♥s à rés♦✉❞r❡ ♣♦✉r ❧❛ ♠♦❞é❧✐s❛t✐♦♥ s♣❛t✐❛❧❡ ❞❡ ❧❛

tr❛♥s♠✐ss✐♦♥ ❞✬❊♠ ❡♥ ❈❤✐♥❡✳

✶✳✹✳✶ ➱❝✉❡✐❧s ♠ét❤♦❞♦❧♦❣✐q✉❡s ❡t ♥♦✉✈❡❧❧❡s q✉❡st✐♦♥s

✶✳✹✳✶✳✶ ❉é✜♥✐r ❞❡s ❛ss❡♠❜❧❛❣❡s ❞✬❤ôt❡s ✐♥t❡r♠é❞✐❛✐r❡s

▲❡s rés✉❧t❛ts ❞❡ ❝❛♣t✉r❡s ✐ss✉❡s ❞❡ ❝❛♠♣❛❣♥❡s ❞❡ ♣✐é❣❡❛❣❡ ♦♥t ♠✐s ❡♥ é✈✐❞❡♥❝❡ ✉♥❡ ❣r❛♥❞❡

r✐❝❤❡ss❡ s♣é❝✐✜q✉❡ ✭❝♦♠♣r✐s❡ ❡♥tr❡ ✻ ❡t ✶✾ ❡s♣è❝❡s✮ ❞❛♥s ❝❤❛q✉❡ ❛✐r❡ ❡t ✉♥❡ ❣r❛♥❞❡ ❞✐✈❡rs✐té

❞✬❤❛❜✐t❛ts é❝❤❛♥t✐❧❧♦♥♥és ✭❝♦♠♣r✐s❡ ❡♥tr❡ ✻ ❡t ✶✺ ❤❛❜✐t❛ts✮ ✭●✐r❛✉❞♦✉① ❡t ❛❧✳✱ ✶✾✾✽❀ ❘❛♦✉❧

❡t ❛❧✳✱ ✷✵✵✻✱ ✷✵✵✽❀ ❱❛♥✐s❝♦tt❡ ❡t ❛❧✳✱ ✷✵✵✾✮✳ ❈❡rt❛✐♥❡s ❡s♣è❝❡s ❞♦♠✐♥❛♥t❡s ✭❛✉ r❡❣❛r❞ ❞❡s ❞❡♥s✐tés

r❡❧❛t✐✈❡s✮✱ s✉s❝❡♣t✐❜❧❡s à ❊♠ ❡t ❛②❛♥t t❡♥❞❛♥❝❡ à ✉♥❡ ❞②♥❛♠✐q✉❡ ❞❡ ♣♦♣✉❧❛t✐♦♥ ❝②❝❧✐q✉❡ ❞♦♥♥❛♥t

❧✐❡✉ à ❞❡ ❢♦rt❡s ❞❡♥s✐tés ♣♦♥❝t✉❡❧❧❡s ♦♥t été ❝♦♥s✐❞éré❡s ❝♦♠♠❡ ❞❡s ❤ôt❡s ❝❧❡❢s ❞❛♥s ❧❡ ❝②❝❧❡ ❞❡

tr❛♥s♠✐ss✐♦♥ ✭♣❛r ❡①❡♠♣❧❡ ❖❝❤♦t♦♥❛ s♣ ❞❛♥s ❧❡ ❙✐❝❤✉❛♥✮✳ ❈❡♣❡♥❞❛♥t✱ ✉♥❡ t❡❧❧❡ ✐❞❡♥t✐✜❝❛t✐♦♥

♥✬❛ ♣❛s t♦✉❥♦✉rs été ♣♦ss✐❜❧❡ ❞✉ ❢❛✐t ❞❡ ❧❛ ❞✐✈❡rs✐té ❞✉ s♣❡❝tr❡ ❞✬❤ôt❡s ✐♥t❡r♠é❞✐❛✐r❡s ♦❜s❡r✈é❡s

❞❛♥s ❝❡rt❛✐♥❡s ❛✐r❡s ✭❝❛s ❞✉ ◆✐♥❣①✐❛✮✳ ❊♥ ❡✛❡t✱ ♣❛r♠✐ ❧❡s ❡s♣è❝❡s ♣✐é❣é❡s✱ ♥♦♠❜r❡✉s❡s ét❛✐❡♥t

❝❡❧❧❡s s✉s❝❡♣t✐❜❧❡s à ❊♠ ✭❚❛❜❧❡ ✶✮ ♣❛rt❛❣❡❛♥t ✭❖✳ ❝✉r③♦♥✐❛❡ ❡t ❈✳ ❦❛♠❡♥s✐s✮ ♦✉ ♣❛s ❧❡s ♠ê♠❡s

❤❛❜✐t❛ts✳ ▲✬é❝♦✲é♣✐❞é♠✐♦❧♦❣✐st❡ s❡ r❡tr♦✉✈❡ ❛❧♦rs ❢❛❝❡ à ❞❡s s②stè♠❡s ❝♦♠♣❧❡①❡s ❞❡ tr❛♥s♠✐ss✐♦♥

❞é✜♥✐s ❞❛♥s ❞❡s ❤❛❜✐t❛ts ❞✐s❝r❡ts ❡t q✉✐ ❝♦♥t✐❡♥♥❡♥t ❞❡s ❡s♣è❝❡s ❤ôt❡s ❛❧t❡r♥❛t✐✈❡s ♣♦✉✈❛♥t

❝♦♥tr✐❜✉❡r ❝❤❛❝✉♥❡ à ❧❛ tr❛♥s♠✐ss✐♦♥ ❞✉ ♣❛r❛s✐t❡ ❛✐♥s✐ q✉✬à ❧❛ st❛❜✐❧✐té ❞❡ s❛ ♣♦♣✉❧❛t✐♦♥ ✭♦✉

♠ét❛✲♣♦♣✉❧❛t✐♦♥s✮ ✭●✐r❛✉❞♦✉① ❡t ❛❧✳✱ ✷✵✵✻✮✳ ▲✬✐♥t❡♥s✐té ❞❡ ❧❛ tr❛♥s♠✐ss✐♦♥ ❞é♣❡♥❞ ❛❧♦rs ❞❡s

s✉s❝❡♣t✐❜✐❧✐tés ❛✉ ♣❛r❛s✐t❡ ❞❡s ❞✐✛ér❡♥t❡s ❡s♣è❝❡s ❞✬❤ôt❡s ✐♥t❡r♠é❞✐❛✐r❡s ❛❧t❡r♥❛t✐✈❡s ❡t ❞❡ ❧❡✉r

♣r♦♣❡♥s✐♦♥ à ♣rés❡♥t❡r ❞❡s ✢✉❝t✉❛t✐♦♥s ❝②❝❧✐q✉❡s ❛❝❝♦♠♣❛❣♥é❡ ❞❡ ❢♦rt❡s ❞❡♥s✐tés ❞❡ ♣♦♣✉❧❛t✐♦♥s✳

❙✉✐✈❛♥t ✉♥ ✑❡✛❡t ❞❡ ❞✐❧✉t✐♦♥✑✱ ❧❛ ❞✐✈❡rs✐té ❞❡s ❡s♣è❝❡s ❤ôt❡s ❛❝❝❡ss✐❜❧❡s ❛✉① ♣❛r❛s✐t❡s ♣❡✉t

❞✐♠✐♥✉❡r ❧✬✐♥t❡♥s✐té ❞❡ ❧❛ tr❛♥s♠✐ss✐♦♥ ✭❑❡❡s✐♥❣ ❡t ❛❧✳✱ ✷✵✵✻✮✳ ❈❡❧❛ ❛ été ♦❜s❡r✈é ♣❛r ❡①❡♠♣❧❡

❞❛♥s ❧❡ ❝❛s ❞❡ ❧❛ ♠❛❧❛❞✐❡ ❞❡ ▲②♠❡✱ ♦ù ✉♥❡ ❝♦rré❧❛t✐♦♥ ♥é❣❛t✐✈❡ ❛ été ♠✐s❡ ❡♥ é✈✐❞❡♥❝❡ ❡♥tr❡

❧❛ ❞✐✈❡rs✐té ❞❡s ❡s♣è❝❡s ❤ôt❡s ❞❡ ♠✐❝r♦✲♠❛♠♠✐❢èr❡s t❡rr❡str❡s ❡t ❧❡ t❛✉① ♣❡r ❝❛♣✐t❛ ❞❡ ❝❛s ❞❡

♠❛❧❛❞✐❡ ❞❡ ▲②♠❡ ❝❤❡③ ❧✬❤♦♠♠❡ ❡♥ ❆♠ér✐q✉❡ ❞✉ ◆♦r❞ ✭❖st❢❡❧❞ ❛♥❞ ❑❡❡s✐♥❣✱ ✷✵✵✵✮✳ ❆✐♥s✐✱ ❧❛

♣rés❡♥❝❡ ❞✬❤ôt❡s ❛❧t❡r♥❛t✐❢s ❛ t❡♥❞❛♥❝❡ à ❢❛✐r❡ ❞✐♠✐♥✉❡r ❧❡s ❞❡♥s✐tés ❞❡ ♣♦♣✉❧❛t✐♦♥s ❞✬❛✉tr❡s

❡s♣è❝❡s ❤ôt❡s ✭♣❛r ❡✛❡t ❞❡ ❝♦♠♣ét✐t✐♦♥✮ ❞❛✈❛♥t❛❣❡ s✉s❝❡♣t✐❜❧❡s ✭❇❡❣♦♥✱ ✷✵✵✽✮✳ P♦✉r ❧❡ ♠❛❝r♦✲

♣❛r❛s✐t❡ ❘✐❜❡✐r♦✐❛ ♦♥❞❛tr❛❡✱ t♦✉❝❤❛♥t ❞❡s ❡s♣è❝❡s ❞✬❛♠♣❤✐❜✐❡♥s✱ ❧✬❛✉❣♠❡♥t❛t✐♦♥ ❞❡s ❞❡♥s✐tés ❡t

❧❛ ❞✐♠✐♥✉t✐♦♥ ❞❡ ❧❛ ❞✐✈❡rs✐té t❡♥❞❡♥t à ❞✐♠✐♥✉❡r ❧❡s ❛❜♦♥❞❛♥❝❡s ❞✉ ♣❛r❛s✐t❡ ✭❏♦❤♥s♦♥ ❡t ❛❧✳✱

✷✵✵✽✮✳

❉❛♥s ❧❡ ❝❛s ❞✬❊♠✱ ❧❛ ❞✐✈❡rs✐té ❞❡ ♣r♦✐❡s ❛❝❝❡ss✐❜❧❡s ♣♦✉r ❧✬❤ôt❡ ❞é✜♥✐t✐❢ ♣❡✉t ❧✉✐ ♣❡r♠❡ttr❡ ❞❡

❞✐✈❡rs✐✜❡r s♦♥ ré❣✐♠❡ ❛❧✐♠❡♥t❛✐r❡ ✭❞❛♥s ❧❡ ❝❛s ❞❡ ♣ré❞❛t❡✉rs ♥♦♥ s♣é❝✐❛❧✐st❡s✮ ❛✈❡❝ ❞❡s ❡s♣è❝❡s

❛✉① ❝❤❛r❣❡s ♣❛r❛s✐t❛✐r❡s ✈❛r✐❛❜❧❡s✳ P❛r ♦♣♣♦s✐t✐♦♥✱ ❧✬❡①✐st❡♥❝❡ ❞✬❤ôt❡s ❛❧t❡r♥❛t✐❢s ❛✉ ♣❛r❛s✐t❡ ♣❡✉t

❢❛✈♦r✐s❡r ❧❛ tr❛♥s♠✐ss✐♦♥ ❝♦♠♠❡ ♣❛r ❡①❡♠♣❧❡ ❧❡s ❝♦❡①✐st❡♥❝❡s ❞❡ ▼✐❝r♦t✉s ❛r✈❛❧✐s ❡t ❆r✈✐❝♦❧❛

t❡rr❡str✐s ❡♥ ❋r❛♥❝❡ ♦✉ ❞❡ ❖❝❤♦t♦♥❛ s♣✱▼✐❝r♦t✉s ✐r❡♥❡✱▼✐❝r♦t✉s ❧❡✉❝✉r✉s ♦✉ ❈r✐❝❡t✉❧✉s ❦❛♠❡♥s✐s

s✉r ❧❡ ♣❧❛t❡❛✉ t✐❜ét❛✐♥✳ ■❧ ❛♣♣❛r❛ît ❛❧♦rs ✐♠♣♦rt❛♥t ❞✬✐♥té❣r❡r ❧❛ ❞✐✈❡rs✐té s♣é❝✐✜q✉❡ ❞❡s ❤ôt❡s

✐♥t❡r♠é❞✐❛✐r❡s ❞❛♥s ❧✬ét✉❞❡ ❞❡ ❧❛ tr❛♥s♠✐ss✐♦♥ ❞❡ ❝❡ ♣❛r❛s✐t❡✳ ▲✬é❝♦❧♦❣✐❡ ❞❡s ❝♦♠♠✉♥❛✉tés

♣❡r♠❡t ❧✬ét✉❞❡ ❞❡ ❧❛ r✐❝❤❡ss❡ s♣é❝✐✜q✉❡ ❞❡s ❤ôt❡s ❡t ❧✬❛♥❛❧②s❡ ❞❡s ❞✐str✐❜✉t✐♦♥s s♣❛t✐❛❧❡s ❞❡

✷✼



✶✳✹✳ ◆♦✉✈❡❧❧❡s q✉❡st✐♦♥s ❡t ♦❜❥❡❝t✐❢s

❧❡✉rs ❞❡♥s✐tés r❡❧❛t✐✈❡s ❛✐♥s✐ q✉❡ ❞❡ ❧❡✉rs ✐♥t❡r❛❝t✐♦♥s✳

❈♦♥❝❡r♥❛♥t ❧❛ ❞é✜♥✐t✐♦♥ ❞❡s ❤❛❜✐t❛ts ♣♦✉r ❝❡s ❡s♣è❝❡s✱ ♣❧✉s✐❡✉rs ❞✬❡♥tr❡ ❡❧❧❡s ♣❡✉✈❡♥t ♣❛rt❛❣❡r

❝❡rt❛✐♥s ❛ttr✐❜✉ts ❡♥✈✐r♦♥♥❡♠❡♥t❛✉① ❡t êtr❡ ♣rés❡♥t❡s ❞❛♥s ❧❡s ♠ê♠❡s ❤❛❜✐t❛ts é❝❤❛♥t✐❧❧♦♥♥és✳

❙②♠étr✐q✉❡♠❡♥t✱ ❞❡s ❤❛❜✐t❛ts ♣❡✉✈❡♥t êtr❡ s✐♠✐❧❛✐r❡s ❡♥ t❡r♠❡s ❞❡ ❝♦♠♣♦s✐t✐♦♥ ❡t ❞❡ ❞❡♥s✐tés

r❡❧❛t✐✈❡s ❡♥ ❡s♣è❝❡s ❡t ♣❛r ❝♦♥séq✉❡♥t r❡❞♦♥❞❛♥ts ❞❛♥s ❧✬✐♥❢♦r♠❛t✐♦♥ ♣❛②s❛❣èr❡ q✉✬✐❧s ❢♦✉r♥✐ss❡♥t

♣♦✉r ❡①♣❧✐q✉❡r ❧❛ ✈❛r✐❛❜✐❧✐té ❞❡s ❞❡♥s✐tés r❡❧❛t✐✈❡s ❞❡s ❡s♣è❝❡s✳

❋❛❝❡ à ❝❡tt❡ ❞✐✈❡rs✐té ❞✬❤ôt❡s ❡t ❞✬❤❛❜✐t❛ts é❝❤❛♥t✐❧❧♦♥♥és✱ ❧❛ ❞é✜♥✐t✐♦♥ ❞✬❛ss❡♠❜❧❛❣❡s ❞✬❡✲

s♣è❝❡s✱ ❝✬❡st✲à✲❞✐r❡ ❧❡ r❡❣r♦✉♣❡♠❡♥t ❞❡s ❤❛❜✐t❛ts ♣❛rt❛❣❡❛♥t ❧❡s ♠ê♠❡s ❝♦♠♣♦s✐t✐♦♥s ❡t ❞❡♥✲

s✐tés r❡❧❛t✐✈❡s ❡♥ ❡s♣è❝❡s ❡st ❛♣♣❛r✉❡ ✐♥❞✐s♣❡♥s❛❜❧❡ ♣♦✉r ❧✬✐♥t❡r♣rét❛t✐♦♥ é❝♦❧♦❣✐q✉❡ ♠❛✐s ❛✉ss✐

é♣✐❞é♠✐♦❧♦❣✐q✉❡ ❞❡s rés✉❧t❛ts ❞❡s ❝❛♠♣❛❣♥❡s ❞❡ ♣✐é❣❡❛❣❡✳ ❉❛♥s ❧❡s tr❛✈❛✉① ♣ré❝é❞❡♥ts✱ ❧❡s ❛s✲

s❡♠❜❧❛❣❡s ❞✬❡s♣è❝❡s ♦♥t été ❞é✜♥✐s ❞❡ ♠❛♥✐èr❡ s✉❜❥❡❝t✐✈❡ ♦✉ ♣❛r ❞❡s st❛t✐st✐q✉❡s ✉♥✐✲✈❛r✐é❡s✱

❝✬❡st✲à✲❞✐r❡ ♣❛r ❧✬✉s❛❣❡ ❞❡ t❡sts ❞❡ ❝♦♠♣❛r❛✐s♦♥ ❞❡s ❞❡♥s✐tés r❡❧❛t✐✈❡s ❡♥tr❡ ❧❡s ❞✐✛ér❡♥ts ❤❛❜✐t❛ts

❞é✜♥✐s ❛ ♣r✐♦r✐ ❡t ❡s♣è❝❡ ♣❛r ❡s♣è❝❡✳ ▲❛ ❞é✜♥✐t✐♦♥ ❞✬❛ss❡♠❜❧❛❣❡s ❞✬❡s♣è❝❡s ❤ôt❡s ♣❛r ❧✬❛♥❛❧②s❡

♣❛②s❛❣èr❡ ❞❡ ❧❡✉rs ❞✐str✐❜✉t✐♦♥s s♣❛t✐❛❧❡s ❛ été ❞é❥à ❡✛❡❝t✉é❡ ❡♥ ❋r❛♥❝❡ ✭❚♦❧❧❡✱ ✷✵✵✺✮ ❡t ❞❡✈r❛✐t

êtr❡ ❝♦♥s✐❞éré❡ ❞❛♥s ❧❡s s✐t❡s ❞✬ét✉❞❡s ❝❤✐♥♦✐s✳

✶✳✹✳✶✳✷ ▼♦❞é❧✐s❡r ❧❡s ❞✐str✐❜✉t✐♦♥s s♣❛t✐❛❧❡s ❞❡s ❛ss❡♠❜❧❛❣❡s ❞✬❤ôt❡s ✐♥t❡r♠é❞✐✲

❛✐r❡s

▲✬✉t✐❧✐s❛t✐♦♥ ❞✬♦✉t✐❧s ♠♦❞❡r♥❡s ❞❡ ♠♦❞é❧✐s❛t✐♦♥ s♣❛t✐❛❧❡ ❛ ♣❡r♠✐s ✉♥❡ ❞é✜♥✐t✐♦♥ q✉❛♥t✐t❛t✐✈❡

❞❡s ❤❛❜✐t❛ts ♦✉✈r❛♥t ❞❡s ♣❡rs♣❡❝t✐✈❡s ❞❡ ♣ré❞✐❝t✐♦♥s ♣ré❝✐s❡s ❞✉ r✐sq✉❡ ❞❡ tr❛♥s♠✐ss✐♦♥✱ ❞❛♥s

❧❡ ❝❛s ❞❡ ❞♦♥♥é❡s é❝♦✲é♣✐❞é♠✐♦❧♦❣✐q✉❡s à ❢❛✐❜❧❡ t❛✐❧❧❡ ❞✬é❝❤❛♥t✐❧❧♦♥ ❡t ❞✐s♣❡rsé❡s s♣❛t✐❛❧❡♠❡♥t✳

❈❡♣❡♥❞❛♥t✱ ❝❡tt❡ ❛✈❛♥❝é❡ ❛ été ré❛❧✐sé❡ s❡✉❧❡♠❡♥t ♣♦✉r ✉♥❡ s❡✉❧❡ ❡s♣è❝❡ ❞❡ ♠✐❝r♦✲♠❛♠♠✐❢èr❡s

❞♦♥t ❧❡s ❞♦♥♥é❡s ❞❡ ♣rés❡♥❝❡✴❛❜s❡♥❝❡ ❞✬✐♥❞✐❝❡s ❞❡ ♣rés❡♥❝❡ ❝♦❧❧❡❝té❡s ❧❡ ❧♦♥❣ ❞❡ tr❛♥s❡❝ts

✭▼❛rst♦♥✱ ✷✵✵✽✮✳ ▲❛ ❞é✜♥✐t✐♦♥ ❞❡s ❤❛❜✐t❛ts ♣♦✉r ❧✬❡♥s❡♠❜❧❡ ❞❡s ❡s♣è❝❡s ❞❡ ♠✐❝r♦✲♠❛♠♠✐❢èr❡s

✐ss✉❡s ❞❡ ❝❛♠♣❛❣♥❡s ❞❡ ♣✐é❣❡❛❣❡✱ ❝✬❡st✲à✲❞✐r❡ ♣♦✉r ❞❡s ❛ss❡♠❜❧❛❣❡s✱ ❛ été ❡✛❡❝t✉é❡ ❥✉sq✉✬✐❝✐ ♣❛r

❞❡s r❡❣r♦✉♣❡♠❡♥ts ❞✬❤❛❜✐t❛ts ❞é✜♥✐s ❛ ♣r✐♦r✐ s✉r ❧❡ t❡rr❛✐♥ ✭✈❛r✐❛❜❧❡s q✉❛❧✐t❛t✐✈❡s✮✳ ❖r✱ ✉♥❡ t❡❧❧❡

❞é✜♥✐t✐♦♥✱ ❜✐❡♥ q✉❡ ♥é❝❡ss❛✐r❡ ❡t ✐♥é✈✐t❛❜❧❡ ❞❛♥s ❧❡ ❝♦♥t❡①t❡ ❞✬ét✉❞❡s ❡①♣❧♦r❛t♦✐r❡s ❞❡ t❡rr❛✐♥

❞❛♥s ❞❡s ré❣✐♦♥s ✐♥❝♦♥♥✉❡s t❛♥t ❛✉ ♣♦✐♥t ❞❡ ✈✉❡ r✐❝❤❡ss❡ s♣é❝✐✜q✉❡ q✉❡ ♣❛②s❛❣èr❡ ✭❡t q✉✐ ♣❧✉s ❡st

❞❛♥s ✉♥ ❝♦♥t❡①t❡ é❝♦✲é♣✐❞é♠✐♦❧♦❣✐q✉❡✮✱ ❛♣♣❛r❛ît ❧✐♠✐té❡ ❞❛♥s ✉♥❡ ♦♣t✐q✉❡ ♣ré❞✐❝t✐✈❡✱ ♣✉✐sq✉❡

♥♦♥ q✉❛♥t✐t❛t✐✈❡✳

✶✳✹✳✶✳✸ ▲✬❤étér♦❣é♥é✐té s♣❛t✐❛❧❡ ♠✉❧t✐✲s❝❛❧❛✐r❡

❯♥❡ ❤étér♦❣é♥é✐té s♣❛t✐❛❧❡ ❞❡s ❞✐str✐❜✉t✐♦♥s ❞❡s ❡s♣è❝❡s ❛ été ♠✐s❡ ❡♥ é✈✐❞❡♥❝❡ ❛✉ s❡✐♥ ❞❡

❝❤❛q✉❡ s✐t❡ ❞✬ét✉❞❡ ♠❛✐s ❛✉ss✐ ❡♥tr❡ ❧❡s s✐t❡s✳ ▲✬✐♥té❣r❛t✐♦♥ ❞❡ ❧✬❡♥s❡♠❜❧❡ ❞❡s ❞♦♥♥é❡s ❝♦❧❧❡❝té❡s

s✉r ❧❡s ❞✐✛ér❡♥ts s✐t❡s ❞✬ét✉❞❡s ❛♠è♥❡ à ❝♦♥s✐❞ér❡r ✉♥❡ é❝❤❡❧❧❡ ♣❧✉s ❧❛r❣❡ ❞❡ ♠♦❞é❧✐s❛t✐♦♥✱ ❝❡❧❧❡

❝♦♥t✐♥❡♥t❛❧❡ ✭●✐r❛✉❞♦✉① ❡t ❛❧✳✱ ✷✵✵✸✮✳ ▼♦❞é❧✐s❡r ❧❛ tr❛♥s♠✐ss✐♦♥ s✉r ❧✬❡♥s❡♠❜❧❡ ❞✉ ❝♦♥t✐♥❡♥t

❛✉ ❞❡❧à ❞❡s s✐t❡s ❞✬ét✉❞❡s r❡st❡ ✉♥ ♣r♦❜❧è♠❡ ♦✉✈❡rt✳ ❊♥ ❡✛❡t✱ ❧❡ ❘❖▼P❆ ♣♦✉r ❧❡s ♣♦♣✉❧❛t✐♦♥s

❞❡ ▼✐❝r♦t✉s ❡st✐♠é ❞❛♥s ❧✬❡st ❞❡ ❧❛ ❋r❛♥❝❡ ♥✬❛ ♣✉ êtr❡ ✉t✐❧✐sé ♣♦✉r ❡①♣❧✐q✉❡r ❧❡s ♣ré✈❛❧❡♥❝❡s

✈✉❧♣✐♥❡s ❞❛♥s ✉♥ s✐t❡ ❞❡ ❧✬❆❧❧❡♠❛❣♥❡ ❞✉ s✉❞ ✭P❧❡②❞❡❧❧✱ ♥♦♥ ♣✉❜❧✐é✮✳ ▲❡s ❡✛❡ts ❞❡s ❢❛❝t❡✉rs

❡♥✈✐r♦♥♥❡♠❡♥t❛✉① ❡t ❧❡s ❤❛❜✐t❛ts ❞é✜♥✐s s♦♥t s♣é❝✐✜q✉❡s ❞❡s s②stè♠❡s ❞❡ tr❛♥s♠✐ss✐♦♥ ❡t ❞❡s

❛✐r❡s s✉r ❧❡sq✉❡❧❧❡s ✐❧s ♦♥t été ❞é✜♥✐s✳ ❉❡ ❝❡ ❢❛✐t✱ ❧❡ ❘❖▼P❆ ♣❡✉t ❞✐✣❝✐❧❡♠❡♥t êtr❡ ❝♦♥s✐❞éré

❝♦♠♠❡ ✉♥❡ ✈❛r✐❛❜❧❡ ❣❧♦❜❛❧❡ ✐♥❝♦r♣♦r❛❜❧❡ ❞❛♥s ❧❡s ♠♦❞è❧❡s ❞❡ tr❛♥s♠✐ss✐♦♥ s❛♥s ♣ré❝❛✉t✐♦♥s✳

✷✽



✶✳✹✳ ◆♦✉✈❡❧❧❡s q✉❡st✐♦♥s ❡t ♦❜❥❡❝t✐❢s

✶✳✹✳✶✳✹ ▲❡ rô❧❡ ❞✉ ❝❤✐❡♥ ❞♦♠❡st✐q✉❡ ❞❛♥s ❧❛ tr❛♥s♠✐ss✐♦♥

▲❡ rô❧❡ ❞✉ ❝❤✐❡♥ ❛ été ♠✐s ❡♥ é✈✐❞❡♥❝❡ ♣❛r ✉♥❡ ❛♣♣r♦❝❤❡ é♣✐❞é♠✐♦❧♦❣✐q✉❡ ❝❧❛ss✐q✉❡ ❝♦♥s✐s✲

t❛♥t à ❡st✐♠❡r ❞❡s ♣ré✈❛❧❡♥❝❡s ❞❡ ❝❡rt❛✐♥s é❝❤❛♥t✐❧❧♦♥s ♣✉✐s ét✉❞✐❡r ❞❡s ❢❛❝t❡✉rs ❞❡ r✐sq✉❡ ❞❡

tr❛♥s♠✐ss✐♦♥ à ❧✬❤♦♠♠❡✳ ❇✐❡♥ q✉❡ ❝❡s r❡❝❤❡r❝❤❡s ❛♣♣♦rt❡♥t ❧❡s ♣r❡✉✈❡s ❞❡ ❧✬❡①✐st❡♥❝❡ ❞✬✉♥ ❝②❝❧❡

♣ér✐✲❞♦♠❡st✐q✉❡ ♦ù ❧❡ ❝❤✐❡♥ ❥♦✉❡ ❧❡ rô❧❡ ❞❡ ❧✬❤ôt❡ ❞é✜♥✐t✐❢✱ ❧✬✐♥t❡♥s✐té ❞❡ ❧❛ tr❛♥s♠✐ss✐♦♥ ❛✐♥s✐

q✉❡ s❡s ♠♦❞❛❧✐tés✱ t❡❧❧❡s q✉❡ ❧❡s ❝♦♠♣♦rt❡♠❡♥ts ✏à r✐sq✉❡✑ ❞❡s ❝❤✐❡♥s✱ r❡st❡♥t ♠é❝♦♥♥✉❡s ❡t s♦♥t

❞✬✉♥❡ ✐♠♣♦rt❛♥❝❡ ♣❛rt✐❝✉❧✐èr❡ ♣♦✉r ♠♦❞é❧✐s❡r ❧❛ r❡♥❝♦♥tr❡ ❡t ❛✐❞❡r à ❧❛ ❞é❝✐s✐♦♥ ❞❡s ❝♦♥trô❧❡s

❞✬❊♠ ❞❛♥s ❧❡s ♣♦♣✉❧❛t✐♦♥s✳

✷✾



✶✳✹✳ ◆♦✉✈❡❧❧❡s q✉❡st✐♦♥s ❡t ♦❜❥❡❝t✐❢s

✶✳✹✳✷ ❖❜❥❡❝t✐❢s ❞ét❛✐❧❧és ❞❡ ❧❛ t❤ès❡

❉❛♥s ❝❡ tr❛✈❛✐❧ ❞❡ t❤ès❡✱ ❥❡ ♠❡ s✉✐s ✐♥tér❡ssé à ♠♦❞é❧✐s❡r ❧❡s ❞✐str✐❜✉t✐♦♥s s♣❛t✐❛❧❡s ❞❡s ❤ôt❡s

✐♥t❡r♠é❞✐❛✐r❡s ❞❛♥s ❞❡✉① ♥♦✉✈❡❛✉① s✐t❡s ❞✬ét✉❞❡ s✐t✉és ❞❛♥s ❧✬❖✉❡st ❞✉ ❙✐❝❤✉❛♥✱ ❡s♣❛❝és ❞✬✉♥❡

❝❡♥t❛✐♥❡ ❞❡ ❦✐❧♦♠ètr❡s✳ ❆✉ r❡❣❛r❞ ❞❡s ❝♦♥♥❛✐ss❛♥❝❡s ❡t é❝✉❡✐❧s ♠ét❤♦❞♦❧♦❣✐q✉❡s ❞❡s ♣ré❝é❞❡♥ts

tr❛✈❛✉①✱ ❝❡ tr❛✈❛✐❧ ❛ ré♣♦♥❞✉ à ♣❧✉s✐❡✉rs ♦❜❥❡❝t✐❢s ✿

✶✳ ❞é✜♥✐r ❧♦❝❛❧❡♠❡♥t ❞❡s ❛ss❡♠❜❧❛❣❡s ❞✬❤ôt❡s ✐♥t❡r♠é❞✐❛✐r❡s ❞❡ ♠❛♥✐èr❡ q✉❛♥t✐t❛t✐✈❡ à ♣❛rt✐r

❞❡ ❞♦♥♥é❡s ❞❡ ♣✐é❣❡❛❣❡ ré❛❧✐sé❡ ❞❛♥s ❞❡s ❤❛❜✐t❛ts ❞é✜♥✐s ❛ ♣r✐♦r✐ s✉r ❧❡ t❡rr❛✐♥

✷✳ q✉❛♥t✐✜❡r ❧♦❝❛❧❡♠❡♥t ❧❡s ✐♥t❡r❛❝t✐♦♥s ❞❡s ❛ss❡♠❜❧❛❣❡s ❛✈❡❝ ❧❡✉rs ❡♥✈✐r♦♥♥❡♠❡♥ts✱ ❝✳❛✳❞

♠♦❞é❧✐s❡r ❧❡✉rs ❤❛❜✐t❛ts ❞❛♥s ❧✬❡s♣❛❝❡ ♠✉❧t✐✈❛r✐é ❞❡ ✈❛r✐❛❜❧❡s ❡♥✈✐r♦♥♥❡♠❡♥t❛❧❡s ❡①tr❛✐t❡s

❞❡ ❞♦♥♥é❡s s❛t❡❧❧✐t❛❧❡s

✸✳ ✐♥✈❡st✐r ❧❡s ♣♦ss✐❜✐❧✐tés ❞✬❡①tr❛♣♦❧❛t✐♦♥ ❞❡s ❞✐str✐❜✉t✐♦♥s ❞❡s ❛ss❡♠❜❧❛❣❡s s✉r ✉♥❡ ét❡♥❞✉❡

ré❣✐♦♥❛❧❡✳

P♦✉r ❝❡ ❢❛✐r❡✱ ♥♦✉s ❛✈♦♥s ❡✉ r❡❝♦✉rs à ❞❡s ♦✉t✐❧s ❞❡ ♠♦❞é❧✐s❛t✐♦♥ ❞❡ ❞✐str✐❜✉t✐♦♥s s♣❛t✐❛❧❡s

❞❡s ❡s♣è❝❡s ❤ôt❡s✳

P✉✐s✱ ❧❡ rô❧❡ ❞✉ ❝❤✐❡♥ ❞❛♥s ❧❛ tr❛♥s♠✐ss✐♦♥ ❞✬❊♠ ❛ été ❡①♣❧♦ré✱ à ✉♥❡ é❝❤❡❧❧❡ ❧♦❝❛❧❡✱ ❞❛♥s ❞❡s

✈✐❧❧❛❣❡s s✐t✉és s✉r ❧❡ ♣❧❛t❡❛✉ t✐❜ét❛✐♥ ✭♣r♦✈✐♥❝❡ ❞✉ ❙✐❝❤✉❛♥✮✳ ◆♦✉s ❛✈♦♥s ❝❤❡r❝❤é à ✿

✶✳ ❝❛r❛❝tér✐s❡r ❡t q✉❛♥t✐✜❡r ❧❡✉rs ❝♦♠♣♦rt❡♠❡♥ts ✏à r✐sq✉❡✑ t❡❧s q✉❡ ❧❡✉rs ❝♦♠♣♦rt❡♠❡♥ts ❞❡

❞é❢é❝❛t✐♦♥ ❡t ❧❡✉rs ✉t✐❧✐s❛t✐♦♥s ❞❡ ❧✬❡♥✈✐r♦♥♥❡♠❡♥t ❞❡s ❤♦♠♠❡s ❡t ❞❡s ♠✐❝r♦✲♠❛♠♠✐❢èr❡s

✷✳ é✈❛❧✉❡r ❧❡ rô❧❡ r❡❧❛t✐❢ ❞✉ ❝❤✐❡♥ ❞❛♥s ❧❛ ❝♦♥t❛♠✐♥❛t✐♦♥ ❞❡ ❧✬❡♥✈✐r♦♥♥❡♠❡♥t ❤✉♠❛✐♥ ♣❛r

r❛♣♣♦rt à ❝❡❧✉✐ ❞✉ r❡♥❛r❞✱ ❤ôt❡ ❞é✜♥✐t✐❢ ❞✉ ❝②❝❧❡ s❛✉✈❛❣❡✳

❉❡s ♦✉t✐❧s ❞✬é❝♦❧♦❣✐❡ ❝♦♠♣♦rt❡♠❡♥t❛❧❡ ❡t ❞❡ ❜✐♦❧♦❣✐❡ ♠♦❧é❝✉❧❛✐r❡ ♦♥t été ✉t✐❧✐sés ♣♦✉r ré♣♦♥✲

❞r❡ à ❝❡s ♦❜❥❡❝t✐❢s✳

✸✵



❈❤❛♣✐tr❡ ✷

▼ét❤♦❞❡s ♣♦✉r ❧❛ ♠♦❞é❧✐s❛t✐♦♥ ❡t

❧✬é❝♦❧♦❣✐❡ ❝♦♠♣♦rt❡♠❡♥t❛❧❡ ❞❡s ❤ôt❡s

✷✳✶ ▼♦❞é❧✐s❛t✐♦♥ ❞❡s ❞✐str✐❜✉t✐♦♥s s♣❛t✐❛❧❡s ❞❡s ❤ôt❡s ✐♥t❡r♠é✲

❞✐❛✐r❡s

▲❡s ❞♦♥♥é❡s ❞✬♦❝❝✉rr❡♥❝❡s ❞❡s ❡s♣è❝❡s ❛♥✐♠❛❧❡s ❝♦♥st✐t✉❡♥t ✉♥ ❡♥s❡♠❜❧❡ ❞❡ ♣♦✐♥ts ✭s❡♠✐s✮

q✉✐ ♣❡✉t êtr❡ ❛♥❛❧②sé ❞❛♥s ❞❡✉① ❡s♣❛❝❡s✱ ❧✬❡s♣❛❝❡ ❡♥✈✐r♦♥♥❡♠❡♥t❛❧ ❡t ❧✬❡s♣❛❝❡ ❣é♦❣r❛♣❤✐q✉❡✱

❛✐♥s✐ q✉✬à ❞✐✛ér❡♥ts ♥✐✈❡❛✉① ❞✬♦r❣❛♥✐s❛t✐♦♥ ❜✐♦❧♦❣✐q✉❡✱ ❧✬✐♥❞✐✈✐❞✉ ❡t ❧❛ ♣♦♣✉❧❛t✐♦♥ ✭❈❛❧❧❡♥❣❡

✷✵✵✺✮✳

❉❛♥s ❝❡ ❝♦♥t❡①t❡ ♠ét❤♦❞♦❧♦❣✐q✉❡✱ ❝❡tt❡ t❤ès❡ ❝♦♠♣♦rt❡ ❞❡✉① ❡♥tré❡s ♣♦✉r ❧✬ét✉❞❡ ❞❡s

❞✐str✐❜✉t✐♦♥s s♣❛t✐❛❧❡s ❞❡s ❤ôt❡s ♣♦✉r ❊♠ ✿

✲ ✉♥ ♥✐✈❡❛✉ ♣♦♣✉❧❛t✐♦♥♥❡❧ s✉r ❞❡s ❛✐r❡s ❣é♦❣r❛♣❤✐q✉❡s ❧❛r❣❡s ✭♥ ① ✶✵ ❦♠✷✮✱ ♣♦✉r tr❛✐t❡r

❞❡s ❞♦♥♥é❡s ❝♦♥❝❡r♥❛♥t ❧❡s ❞✐str✐❜✉t✐♦♥s ❞❡s ❛ss❡♠❜❧❛❣❡s ❞❡ ♠✐❝r♦✲♠❛♠♠✐❢èr❡s✳ ➪ ❝❡tt❡ é❝❤❡❧❧❡✱

♥♦✉s ❛✈♦♥s ❝❤❡r❝❤é à ✐❞❡♥t✐✜❡r ❧✬✐♥✢✉❡♥❝❡ ❞❡ ✈❛r✐❛❜❧❡s ❡♥✈✐r♦♥♥❡♠❡♥t❛❧❡s s✉r ❧❡s ❞✐str✐❜✉t✐♦♥

❞❡s ♣♦♣✉❧❛t✐♦♥s✳

✲ ✉♥ ♥✐✈❡❛✉ ✐♥❞✐✈✐❞✉❡❧ ✿ ❧♦❝❛❧❡♠❡♥t ✭✈✐❧❧❛❣❡✮ ❝♦♥❝❡r♥❛♥t ❧❡s ❝♦♠♣♦rt❡♠❡♥ts s♣❛t✐❛✉① ❞❡s

❝❤✐❡♥s✱ tr❛❞✉✐s❛♥t ❧❡✉rs ✐♥t❡r❛❝t✐♦♥s ❛✈❡❝ ❧❡s ❤♦♠♠❡s ❡t ❧❡s ♣♦♣✉❧❛t✐♦♥s ❞❡ ♠✐❝r♦✲♠❛♠♠✐❢èr❡s✳

➪ ❝❡ ❣r❛✐♥ ♣❧✉s ✜♥ ❞❡ ❧✬❛♥❛❧②s❡✱ ♥♦✉s ♥♦✉s s♦♠♠❡s ❝♦♥❝❡♥trés s✉r ❧✬❛♥❛❧②s❡ ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥

❞❡s ♣♦✐♥ts ❞❛♥s ❧✬❡s♣❛❝❡ ❣é♦❣r❛♣❤✐q✉❡✳

❈❡ ❝❤❛♣✐tr❡ ❝♦♥st✐t✉❡ ✉♥❡ r❡✈✉❡ ❞❡s ♠ét❤♦❞❡s ✉t✐❧✐s❛❜❧❡s ♣♦✉r ✉♥❡ ❛♥❛❧②s❡ ♣♦♣✉❧❛t✐♦♥♥❡❧❧❡

❞❡s ❞✐str✐❜✉t✐♦♥s✳ ▲❡s ♠ét❤♦❞♦❧♦❣✐❡s ♣♦✉r ❧❡s ❞✐str✐❜✉t✐♦♥s ❞❡s ✐♥❞✐✈✐❞✉s s❡r♦♥t ❛❜♦r❞é❡s ❛✉

❝❤❛♣✐tr❡ s✉✐✈❛♥t✳ ❙✉✐t❡ à ✉♥❡ ♣rés❡♥t❛t✐♦♥ ❞❡s ❞♦♥♥é❡s ❡t ❞❡ ❧❡✉rs ❧✐♠✐t❡s✱ ② s❡r♦♥t ❡①♣♦sés ❧❡s

♣r✐♥❝✐♣❛✉① ❝♦♥❝❡♣ts ❡t ♠ét❤♦❞♦❧♦❣✐❡s ✉t✐❧✐s❛❜❧❡s ♣♦✉r ❧❡s ❛♥❛❧②s❡r✳

✷✳✶✳✶ ▲❡s ❞♦♥♥é❡s

✷✳✶✳✶✳✶ ❙✉r ❧❡s ❡s♣è❝❡s

❉❡s ❛t❧❛s ♦♥t été ré❛❧✐sés s✉r ❧❛ ❜❛s❡ ❞❡ ❞♦♥♥é❡s ❞❡ ♣rés❡♥❝❡ ❡t ♥♦✉s ✐♥❢♦r♠❡♥t s✉r ❧❛ ❞✐✈❡rs✐té

t❛①♦♥♦♠✐q✉❡ ❞❡s ♠✐❝r♦✲♠❛♠♠✐❢èr❡s ❡t ❧❡✉rs ❞✐str✐❜✉t✐♦♥s à ❧✬é❝❤❡❧❧❡ ❝♦♥t✐♥❡♥t❛❧❡ ✭❩❤❛♥❣ ❡t ❛❧✳✱

✶✾✾✼❀ P❛♥t❡❧❡②❡✈✱ ✶✾✾✽❀ ❙♠✐t❤ ❛♥❞ ❳✐❡✱ ✷✵✵✽✮✳ ❈❡♣❡♥❞❛♥t✱ ❧❡ ❣é♦ré❢ér❡♥❝❡♠❡♥t ❞❡ ❝❡s ❞♦♥♥é❡s

♥✬ét❛✐t ♣❛s ❛❝❝❡ss✐❜❧❡ ❛✉ ♠♦♠❡♥t ❞❡ ❧✬ét✉❞❡ ❡t ❧❡s rés♦❧✉t✐♦♥s ❡♠♣❧♦②é❡s ét❛✐❡♥t tr♦♣ ❣r♦ss✐èr❡s✳

✸✶



✷✳✶✳ ▼♦❞é❧✐s❛t✐♦♥ ❞❡s ❞✐str✐❜✉t✐♦♥s s♣❛t✐❛❧❡s ❞❡s ❤ôt❡s ✐♥t❡r♠é❞✐❛✐r❡s

▲❡s ❞♦♥♥é❡s ✐ss✉❡s ❞❡ ❝❛♠♣❛❣♥❡s ❞❡ ♣✐é❣❡❛❣❡✱ ✉t✐❧✐sé❡s ❞❛♥s ❝❡tt❡ ét✉❞❡ ♥♦✉s ✐♥❢♦r♠❡♥t à

❧❛ ❢♦✐s s✉r ❧❛ ♣rés❡♥❝❡ ❡t ❧✬❛❜s❡♥❝❡ ❞❡s ❡s♣è❝❡s✳ ❊♥ ❡✛❡t✱ ❧❛ ♣r♦❜❛❜✐❧✐té ❞❡ ❝❛♣t✉r❡r ✉♥❡ ❡s♣è❝❡

s✉♣♣❧é♠❡♥t❛✐r❡ ❛♣rès tr♦✐s ♥✉✐ts ❞❡ ♣✐é❣❡❛❣❡ ét❛✐❡♥t ♥✉❧❧❡s ❞❛♥s ❧❡ ❝♦♠té ❞❡ ❙❡r①✉ ♦✉ ❞❛♥s ❧❡

●❛♥s✉✱ ❡①❝❡♣té ♣♦✉r q✉❡❧q✉❡s r❛r❡s ❤❛❜✐t❛ts ✭❘❛♦✉❧ ❡t ❛❧✳✱ ✷✵✵✻❀ ●✐r❛✉❞♦✉① ❡t ❛❧✳✱ ✶✾✾✽✮✳ ❈❡t

❡✛♦rt ❞❡ ♣✐é❣❡❛❣❡ ❝♦rr❡s♣♦♥❞ ❞♦♥❝ à ✉♥ ♠✐♥✐♠✉♠ r❡q✉✐s ♣♦✉r ❝♦♠♣❛r❡r ❧❡s ❞❡♥s✐tés r❡❧❛t✐✈❡s

❞❡s ❡s♣è❝❡s ❡♥tr❡ ❧❡s ❤❛❜✐t❛ts✳ ❚♦✉t❡ ♣r♦♣♦rt✐♦♥ ❣❛r❞é❡✱ ❝❡tt❡ ❞♦✉❜❧❡ ✐♥❢♦r♠❛t✐♦♥ ❞❡♠❡✉r❡ ❛ss❡③

r❛r❡ ❞❛♥s ❧❡ ❝♦♥t❡①t❡ ❞❡ ❧✬ét✉❞❡ ❞❡s ❞✐str✐❜✉t✐♦♥s ❞❡s ❡s♣è❝❡s s♦✉✈❡♥t ✉♥✐q✉❡♠❡♥t ❜❛sé❡ s✉r ❧❡s

♣rés❡♥❝❡s ✭❞♦♥♥é❡s ❛t❧❛s ♦✉ ❝♦❧❧❡❝t✐♦♥ ❛❞ ❤♦❝ ❞✬♦❜s❡r✈❛t✐♦♥s✮ ❡t ❞♦♥❝ ♣ré❝✐❡✉s❡✳ ❊❧❧❡ ♣❡r♠❡t

❡♥ ❡✛❡t ❞❡ ❞✐s❝r✐♠✐♥❡r ❧❡s ❤❛❜✐t❛ts ❢❛✈♦r❛❜❧❡s ♠❛✐s ❛✉ss✐ ❝❡✉① ❞é❢❛✈♦r❛❜❧❡s à ❧❛ ♣rés❡♥❝❡ ❞❡s

❡s♣è❝❡s✳ ❉✬❛✉tr❡ ♣❛rt✱ ❡❧❧❡ ♣❡r♠❡t ❞❡ ❝♦♥s✐❞ér❡r ❧✬❡♥s❡♠❜❧❡ ❞❡ ❧❛ ❞✐✈❡rs✐té ♣rés❡♥t❡ ❡♥ ✉♥ s✐t❡

❞♦♥♥é ❡t ❞♦♥❝ ❞❡s ❡s♣è❝❡s ♣♦✉✈❛♥t ② ✐♥t❡r❛❣✐r✳ ❈❡♣❡♥❞❛♥t✱ ❝❡s ❞♦♥♥é❡s ♦♥t été ❝♦❧❧❡❝té❡s ❞❛♥s

❞❡s ③♦♥❡s ❣é♦❣r❛♣❤✐q✉❡s ✐♥❝♦♥♥✉❡s ❛ ♣r✐♦r✐ ❧♦rs ❞❡ s✉✐✈✐s é❝♦❧♦❣✐q✉❡s ❡①♣❧♦r❛t♦✐r❡s ❞❛♥s ❞❡s

♦❜❥❡❝t✐❢s é❝♦❧♦❣✐q✉❡s✱ t❡❧s q✉❡ ❧✬✐❞❡♥t✐✜❝❛t✐♦♥ ❞❡s ❡s♣è❝❡s ✭t❛①♦♥♦♠✐❡✮✱ ❧✬✐♥✈❡♥t❛✐r❡ ❞❡ ❧❛ ❞✐✈❡rs✐té

❡t ❧✬ét✉❞❡ ❞❡s ❤❛❜✐t❛ts✱ ♠❛✐s ❛✉ss✐ é♣✐❞é♠✐♦❧♦❣✐q✉❡s ✭❡st✐♠❛t✐♦♥ ❞❡s ♣ré✈❛❧❡♥❝❡s✮✳ ▲❡✉r q✉❛❧✐té

❡st ❞♦♥❝ ❝♦♥tr❛✐♥t❡ ♣❛r ❧❛ ❞✉ré❡ r❡str❡✐♥t❡ ❞❡s ❝❛♠♣❛❣♥❡s ❞❡ t❡rr❛✐♥ ✭❡♥✈✐r♦♥ tr♦✐s s❡♠❛✐♥❡s✮✱

❛✐♥s✐ q✉❡ ❧❡✉r ❝♦ût ❡t ❧❡✉r ❧♦❣✐st✐q✉❡ ✭❞é♣❧❛❝❡♠❡♥ts ❧✐♠✐tés✱ ❝❡rt❛✐♥❡s ③♦♥❡s ✐♥❛❝❝❡ss✐❜❧❡s✮✳

❘é❝♦❧té❡s s✉r ❞❡s ♣ér✐♦❞❡s ❞❡ t❡♠♣s ❝♦✉rt❡s✱ ❞❡ t❡❧❧❡s ❞♦♥♥é❡s ♥✬✐♥tè❣r❡♥t ❞♦♥❝ ♣❛s ❧❡s

❞②♥❛♠✐q✉❡s ❞❡s ♣♦♣✉❧❛t✐♦♥s✳ ❈❡❧❛ ❧✐♠✐t❡r❛ ❧✬❡①tr❛♣♦❧❛t✐♦♥ ❞❡s ❞✐str✐❜✉t✐♦♥s ❞❡s ❡s♣è❝❡s ❞❛♥s

❧❡ t❡♠♣s✳ ❆✉ss✐✱ ❧✬❛❜s❡♥❝❡ ❞❡ ❧✬❡s♣è❝❡ ♣❡✉t êtr❡ ❧❡ rés✉❧t❛t ❞❡ s❛ ❞②♥❛♠✐q✉❡✱ ❞♦♥♥❛♥t ❧✐❡✉ à ❞❡

❢❛✉ss❡s ❛❜s❡♥❝❡s✳ ❉❡ ♣❧✉s✱ ❧❡s ❧✐❣♥❡s ❞❡ ♣✐è❣❡s ♦♥t été ❛❣ré❣é❡s ❞❛♥s ❧✬❡s♣❛❝❡ ❧♦❝❛❧❡♠❡♥t ♣✉✐sq✉❡ ❧❛

♣♦s❡ ❞❡s ❧✐❣♥❡s ❛ été r❡❣r♦✉♣é❡ ♣♦✉r ❞❡s r❛✐s♦♥s ❧♦❣✐st✐q✉❡s ❞❛♥s q✉❡❧q✉❡s ③♦♥❡s ❞✬é❝❤❛♥t✐❧❧♦♥♥❛❣❡

à ❧✬✐♥tér✐❡✉r ❞❡s s✐t❡s ❞✬ét✉❞❡✳ ❊♥✜♥✱ ❧✬❡✛♦rt ❞✬é❝❤❛♥t✐❧❧♦♥♥❛❣❡ ♣❡✉t êtr❡ ❝♦♥s✐❞éré ❞❡ ♠❛♥✐èr❡

❣é♥ér❛❧❡ ❝♦♠♠❡ ❢❛✐❜❧❡ ♣♦✉r ❝❤❛q✉❡ ❤❛❜✐t❛t s✉r ❧❡s ❞❡✉① s✐t❡s ❞❡ ❝❡tt❡ ét✉❞❡✳

✷✳✶✳✶✳✷ ❙✉r ❧✬❡♥✈✐r♦♥♥❡♠❡♥t

❙✉r ♥♦s ❞❡✉① t❡rr❛✐♥s ❞✬ét✉❞❡ ♥♦✉s ♥❡ ❞✐s♣♦s♦♥s ♣❛s ❞❡ ❝❛rt❡s ❞✬♦❝❝✉♣❛t✐♦♥ ❞✉ s♦❧ ♣♦✉r

r❡♥❞r❡ ❝♦♠♣t❡ ❞❡ ❧✬❤étér♦❣é♥é✐té ❞✉ ♣❛②s❛❣❡✳ ❉❡s ✈❛r✐❛❜❧❡s ✐ss✉❡s ❞❡ ❞♦♥♥é❡s s❛t❡❧❧✐t❛❧❡s s❡r♦♥t

❛❧♦rs ✉t✐❧✐sé❡s ♣♦✉r ❞é❝r✐r❡ ❧✬❡♥✈✐r♦♥♥❡♠❡♥t ❞❡s ❧✐❣♥❡s ❞❡ ♣✐è❣❡s ♦✉ ❧❡s ❝❛r❛❝tér✐st✐q✉❡s ❞❡s ♠✐❝r♦✲

❤❛❜✐t❛ts ♣♦✉r ❧❡s ❡s♣è❝❡s ❞❡ ♠✐❝r♦✲♠❛♠♠✐❢èr❡s✳ ❆✐♥s✐ ❞❡s ❜❛♥❞❡s s♣❡❝tr❛❧❡s ❡t ❞❡s ♠♦❞è❧❡s

♥✉♠ér✐q✉❡s ❞❡ t❡rr❛✐♥ ♦♥t été tr❛✐tés ♣♦✉r ❡①tr❛✐r❡ ❞❡s ✈❛r✐❛❜❧❡s t♦♣♦❣r❛♣❤✐q✉❡s ❡t ❞❡s ✐♥❞✐❝❡s

❞❡ ✈é❣ét❛t✐♦♥✳

✷✳✶✳✷ ▼♦❞é❧✐s❡r ❧❡s ❞✐str✐❜✉t✐♦♥s s♣❛t✐❛❧❡s ❞❡s ❛ss❡♠❜❧❛❣❡s

✷✳✶✳✷✳✶ ◆✐❝❤❡ é❝♦❧♦❣✐q✉❡ ❡t ❤❛❜✐t❛t ✿ é❧é♠❡♥ts ❞❡ ❞é✜♥✐t✐♦♥

❉é✜♥✐t✐♦♥

◆✐❝❤❡ ❡t ❤❛❜✐t❛t s♦♥t ❞❡s ❝♦♥❝❡♣ts ❞❡ ❜❛s❡ ❡♥ é❝♦❧♦❣✐❡ ✉t✐❧✐sés ♣♦✉r ❞és✐❣♥❡r ❧❛ ❞✐str✐❜✉t✐♦♥

❞✬✉♥❡ ❡s♣è❝❡ ♦✉ ❞✬✉♥ ❣r♦✉♣❡ ❞✬❡s♣è❝❡ ❞❛♥s ❞❡✉① ❡s♣❛❝❡s ♠✉❧t✐✈❛r✐és ♣r✐♥❝✐♣❛✉① ✿ ❧✬❡s♣❛❝❡

❡♥✈✐r♦♥♥❡♠❡♥t❛❧✱ ❝♦♠♣♦sé ❞❡s ✈❛r✐❛❜❧❡s ❜✐♦t✐q✉❡s ❡t ❛❜✐♦t✐q✉❡s ❞✬✉♥ é❝♦s②stè♠❡ ❡t ❧✬❡s♣❛❝❡

❣é♦❣r❛♣❤✐q✉❡✳ ▲❡✉rs ♠✉❧t✐♣❧❡s ✉t✐❧✐s❛t✐♦♥s ❡♥ é❝♦❧♦❣✐❡ ♦♥t ❞♦♥♥é ❧✐❡✉ à ❞✐✈❡rs❡s ❞é✜♥✐t✐♦♥s✱

❝❤❛❝✉♥❡ r❡❧❡✈❛♥t ❞✬✉♥❡ ♠❛♥✐èr❡ ❞✬❛♣♣ré❤❡♥❞❡r ❧✬❛♥❛❧②s❡ ❞❡s ❞✐str✐❜✉t✐♦♥s✱ ❡t q✉✐ ♣❡✉✈❡♥t s❡❧♦♥

❧❡s é❝♦❧❡s s✬♦♣♣♦s❡r ✭❈❛❧❡♥❣❡✱ ✷✵✵✺✮✳

✸✷



✷✳✶✳ ▼♦❞é❧✐s❛t✐♦♥ ❞❡s ❞✐str✐❜✉t✐♦♥s s♣❛t✐❛❧❡s ❞❡s ❤ôt❡s ✐♥t❡r♠é❞✐❛✐r❡s

❙♦✉✈❡♥t ✉t✐❧✐sé s✉r ❧❡ t❡rr❛✐♥ ♣♦✉r ❞és✐❣♥❡r ✉♥❡ ❝❧❛ss❡ ♣❛②s❛❣èr❡✱ t❡❧ q✉❡ t②♣❡ ❞❡ ❝♦✉✈❡rt

✈é❣ét❛❧✱ ❧✬❤❛❜✐t❛t ❞❛♥s s❛ ❞✐♠❡♥s✐♦♥ ♠✉❧t✐✈❛r✐é❡ ♣❡✉t êtr❡ ✉t✐❧✐sé s✐♠♣❧❡♠❡♥t ❡♥ ré❢ér❡♥❝❡ à

❧✬❡s♣❛❝❡ ❣é♦❣r❛♣❤✐q✉❡ ♦❝❝✉♣é ♣❛r ❧❡s ❡s♣è❝❡s ♦✉ ✏t❤❡ ♣❧❛❝❡ ✇❤❡r❡ ❛♥ ♦r❣❛♥✐s♠ ❧✐✈❡s✱ ♦r t❤❡

♣❧❛❝❡ ✇❤❡r❡ ♦♥❡ ✇♦✉❧❞ ❣♦ t♦ ✜♥❞ ✐t✑ t❡❧ q✉❡ ❞é✜♥✐ ♣❛r ❖❞✉♠ ✭✶✾✼✶✮ ❡t ♣❡✉t ♠ê♠❡ êtr❡ ❞é✜♥✐

s❛♥s ré❢ér❡♥❝❡ ♣❛rt✐❝✉❧✐èr❡ à ✉♥❡ ❡s♣è❝❡ ✭❑❡❛r♥❡②✱ ✷✵✵✻✮✳ ❈❡tt❡ ❞é✜♥✐t✐♦♥ ❛ été ❞é✈❡❧♦♣♣é❡ ♣❛r

❝❡rt❛✐♥s ♣♦✉r ✐♥té❣r❡r ❧❡s ✈❛r✐❛❜❧❡s ❡♥✈✐r♦♥♥❡♠❡♥t❛❧❡s tr❛❞✉✐s❛♥t ❧❡s r❡ss♦✉r❝❡s ❡t ❧❡s ❝♦♥❞✐t✐♦♥s

✭✐♥❝❧✉❛♥t s✉r✈✐❡ ❡t r❡♣r♦❞✉❝t✐♦♥✮ q✉✐ ♣r♦❞✉✐s❡♥t ❧✬♦❝❝✉♣❛t✐♦♥ ❞❡ ❧✬❤❛❜✐t❛t ♣❛r ✉♥❡ ❡s♣è❝❡ ❞♦♥♥é❡

✭❍❛❧❧ ❡t ❛❧✳✱ ✶✾✾✼✮✳

▲❛ ❞é✜♥✐t✐♦♥ ❞❡ ❧✬❤❛❜✐t❛t✱ ❡t ❧❡s ❞é❜❛ts q✉✐ ❧✬❡♥t♦✉r❡♥t✱ s✬❛rrêt❡ ♦ù ❝❡❧❧❡ ❞❡ ❧❛ ♥✐❝❤❡ é❝♦❧♦❣✐q✉❡

❝♦♠♠❡♥❝❡✱ q✉✐ r❡❧è✈❡ ✉♥✐q✉❡♠❡♥t ❞❡ ❧✬❡s♣❛❝❡ ❡♥✈✐r♦♥♥❡♠❡♥t❛❧✳ ❉é✜♥✐❡ ♣❛r ●r✐♥♥❡❧ ✭✶✾✶✼✮

❝♦♠♠❡ ✏❧✬❡♥s❡♠❜❧❡ ♦✉ ❧✬ét❡♥❞✉❡ ❞❡s ❝❛r❛❝tér✐st✐q✉❡s ❡♥✈✐r♦♥♥❡♠❡♥t❛❧❡s q✉✐ ♣❡r♠❡t ❛✉① ✐♥❞✐✈✐❞✉s

❞✬✉♥❡ ❡s♣è❝❡ ❞❡ s✉r✈✐✈r❡ ❡t ❞❡ s❡ r❡♣r♦❞✉✐r❡✑✱ ❊❧t♦♥ ✭✶✾✷✼✮ ② ✈♦✐t ♣❧✉tôt ❧✬✐♥❞✐✈✐❞✉ ❡♥ t❛♥t

q✉✬❛❝t❡✉r s✉r s♦♥ é❝♦s②stè♠❡ ✭s❛ ♣❧❛❝❡✮ s❛♥s ❝♦♥s✐❞ér❡r ❧❡s ❢❛❝t❡✉rs ❧✐♠✐t❛♥t s❛ ❞✐str✐❜✉t✐♦♥✳

▲✬❛rr✐✈é❡ ❞❡ ❧❛ ❞é✜♥✐t✐♦♥ ❞❡ ❍✉t❝❤✐♥s♦♥ ✭✶✾✺✼✮ ♣❡r♠❡t ❞❡ ❢♦r♠❛❧✐s❡r ♠❛t❤é♠❛t✐q✉❡♠❡♥t ❧❛

♥✐❝❤❡ ❝♦♠♠❡ ✉♥ ❤②♣❡r✈♦❧✉♠❡ ❞❛♥s ❧✬❡s♣❛❝❡ ❞❡s ✈❛r✐❛❜❧❡s ❡♥✈✐r♦♥♥❡♠❡♥t❛❧❡s✳ ❈❡tt❡ ❛♣♣r♦❝❤❡

❣é♦♠étr✐q✉❡ s✬❡st ❧❛r❣❡♠❡♥t ré♣❛♥❞✉❡ ❞❛♥s ❧❡ ❞♦♠❛✐♥❡ ❞❡ ❧❛ ♠♦❞é❧✐s❛t✐♦♥✳ ❈❡❝✐ ❞✬❛✉t❛♥t ♣❧✉s q✉❡

♠ê♠❡ s✐ s✬✐♥s❝r✐✈❛♥t ❞❛♥s ❧❛ ♣❡♥sé❡ ❞❡ ●r✐♥♥❡❧✱ ❧❛ ❞✐st✐♥❝t✐♦♥ q✉✬✐❧ ❢❛✐t ❞❡ ❧❛ ♥✐❝❤❡ ❢♦♥❞❛♠❡♥t❛❧❡✱

❝❡❧❧❡ ❡①❝❧✉❛♥t ❧❡s ✐♥t❡r❛❝t✐♦♥s ❜✐♦t✐q✉❡s✱ ❞❡ ❧❛ ♥✐❝❤❡ ré❛❧✐sé❡ q✉✐ ❧❡s ✐♥❝❧✉❡♥t ❡t q✉✐ ❝♦rr❡s♣♦♥❞

à ❧✬❡s♣❛❝❡ ✉t✐❧✐sé ❡✛❡❝t✐✈❡♠❡♥t✱ ♣❡r♠❡t ❞❡ ❞✐st✐♥❣✉❡r ❧✬ét✉❞❡ ❞❡s ✐♥t❡r❛❝t✐♦♥s ✐♥t❡r ❡t ✐♥tr❛✲

s♣é❝✐✜q✉❡s ❞❡ ❧✬❡s♣❛❝❡ ❞❛✈❛♥t❛❣❡ ❣é♦❣r❛♣❤✐q✉❡✳

❈❛❧❡♥❣❡ ✭✷✵✵✺✮ s♦✉❧✐❣♥❡ q✉❡ ❧❡s ❛♣♣r♦❝❤❡s ❣r✐♥❡❧❧✐❡♥♥❡ ❡t ❡❧t♦♥✐❡♥♥❡ ❞✐✛èr❡♥t ❡♥ ❢❛✐t ❞❛✲

✈❛♥t❛❣❡ ❞✬✉♥ ♠♦❞✉s ♦♣❡r❛♥❞✐✳ ▲❛ ❝♦❧❧❡❝t❡ ❞❡s ❞♦♥♥é❡s s✉r ❧❡ t❡rr❛✐♥ ♥❡ ♣❡✉t ❝♦♥❞✉✐r❡ q✉✬à ❧❛

❞é✜♥✐t✐♦♥ ❞❡ ❧❛ ♥✐❝❤❡ ré❛❧✐sé❡✱ rés✉❧t❛t ❞❡ ❧✬❡✛❡t ❞❡s ✐♥t❡r❛❝t✐♦♥s ❜✐♦t✐q✉❡s ❡t ❞❡ ❧✬❡①❝❧✉s✐♦♥ ❝♦♠✲

♣ét✐t✐✈❡ s✉r ❧❛ ♥✐❝❤❡ ❢♦♥❞❛♠❡♥t❛❧❡✱ ❧❛ ♥✐❝❤❡ ❢♦♥❞❛♠❡♥t❛❧❡ r❡❝♦✉r❛♥t ❞❛✈❛♥t❛❣❡ à ❧❛ ♠♦❞é❧✐s❛✲

t✐♦♥ ❞❡s ❝♦♥tr❛✐♥t❡s ♣❤②s✐♦❧♦❣✐q✉❡s ✭●✉✐s❛♥ ❛♥❞ ❩✐♠♠❡r♠❛♥✱ ✷✵✵✵❀ ❈❛❧❡♥❣❡✱ ✷✵✵✺❀ ❙♦❜❡r♦♥ ❛♥❞

P❡t❡rs♦♥✱ ✷✵✵✺✮✳ ❉❡ ♣❧✉s✱ ❧❛ ❞é✜♥✐t✐♦♥ ❞❡ ❧❛ ♥✐❝❤❡ é❝♦❧♦❣✐q✉❡ ♣❡✉t ✐♥❝❧✉r❡ ❧❛ ❝♦♠♣ét✐t✐♦♥✱ ❞❡s

✐♥t❡r❛❝t✐♦♥s ♣♦s✐t✐✈❡s ✭♠✉t✉❛❧✐s♠❡✮ ♠❛✐s ❛✉ss✐ ❧❛ ❞✐s♣❡rs✐♦♥✱ ❡t ❞❡s ❛♠❜✐❣✉ïtés ♣❡rs✐st❡♥t s✉r ❧❛

♣❧❛❝❡ ❞❡ ❝❡s ❢❛❝t❡✉rs ❞❛♥s ❧❡s ♥✐❝❤❡s ré❛❧✐sé❡s ❡t ❢♦♥❞❛♠❡♥t❛❧❡s ✭P✉❧❧✐❛♠✱ ✷✵✵✵✮✳ ❆✐♥s✐✱ ❝❡ t❡r♠❡

s❡r❛ t♦✉❥♦✉rs ❞✐s❝✉t❛❜❧❡ s✐ ✉t✐❧✐sé ❛✈❛♥t ❧❛ rés♦❧✉t✐♦♥ ❞❡ t❡❧s ❞é❜❛ts✳

❈♦♥❝❡r♥❛♥t ❧❛ ♠♦❞é❧✐s❛t✐♦♥ ❞❡s ❞✐str✐❜✉t✐♦♥s s♣❛t✐❛❧❡s ❞❡s ❡s♣è❝❡s✱ ✐❧ s✬❛❣✐t ❛❧♦rs ❞❡ ❜✐❡♥ ❞✐s✲

t✐♥❣✉❡r ❧❡s ♠♦❞è❧❡ ❞❡ ♥✐❝❤❡ ❞❡ ❝❡✉① ❞❡s ✈❛r✐❛❜❧❡s s♣❛t✐❛❧✐sé❡s ✭❆r❛✉❥♦ ❛♥❞ ●✉✐s❛♥✱ ✷✵✵✻✮✳ ◗✉♦✐

q✉✬✐❧ ❡♥ s♦✐t ❞❡ ❧❛ ❞é✜♥✐t✐♦♥ t❤é♦r✐q✉❡ ❞❡ ❧❛ ♥✐❝❤❡ ♦✉ ❞❡ ❧✬❤❛❜✐t❛t✱ t♦✉t❡ ❝❛r❛❝tér✐s❛t✐♦♥ ❞❡ ❝❡s

❝♦♥❝❡♣ts ♣❛r ✉♥ ❥❡✉ ❞♦♥♥é ❞❡ ✈❛r✐❛❜❧❡s ❡♥✈✐r♦♥♥❡♠❡♥t❛❧❡s ❡st ✉♥❡ ❞❡s❝r✐♣t✐♦♥ ✐♥❝♦♠♣❧èt❡ ❞❡s

❢❛❝t❡✉rs ❜✐♦t✐q✉❡s ❡t ❛❜✐♦t✐q✉❡s ♣❡r♠❡tt❛♥t à ❧✬❡s♣è❝❡ ❞❡ s❛t✐s❢❛✐r❡ s❡s ❜❡s♦✐♥s é❝♦❧♦❣✐q✉❡s ♠✐♥✐✲

♠✉♠✱ ❧❛ s✉r✈✐❡ ❡t ❧❛ r❡♣r♦❞✉❝t✐♦♥ ✭❙♦❜❡r♦♥ ❛♥❞ P❡t❡rs♦♥✱ ✷✵✵✺✮✳ ❆✜♥ ❞✬é✈✐t❡r t♦✉t❡ ❛♠❜✐❣✉ïté

❛✈❡❝ ❧❛ ❞é✜♥✐t✐♦♥ ❞❡ ❧❛ ♥✐❝❤❡✱ ♥♦✉s ✉t✐❧✐s❡r♦♥s ❧❡ t❡r♠❡ ❞✬❤❛❜✐t❛t ♣♦t❡♥t✐❡❧ ❡♥ ❝❡ q✉✐ ❝♦♥❝❡r♥❡ ❧❡s

♣ré❞✐❝t✐♦♥s ❞❡s ♠♦❞è❧❡s ❞é✈❡❧♦♣♣és ❞❛♥s ♥♦s tr❛✈❛✉① ✭●✉✐s❛♥ ❛♥❞ ❩✐♠♠❡r♠❛♥✱ ✷✵✵✵❀ ❑❡❛r♥❡②✱

✷✵✵✻✮✳ ◆♦✉s ♥♦✉s ❛tt❛❝❤❡r♦♥s ❛❧♦rs à ❞é✜♥✐r ✏❧❛ ❢♦♥❝t✐♦♥ ❞♦♥♥❛♥t ❧❛ ❞❡♥s✐té ❞❡ ♣r♦❜❛❜✐❧✐té ❞❡

♣rés❡♥❝❡ ❞❡ ❧✬❡s♣è❝❡ ♣♦✉r ✉♥❡ ❝♦♠❜✐♥❛✐s♦♥ ❞♦♥♥é❡ ❞❡s ✈❛r✐❛❜❧❡s ❞✬❤❛❜✐t❛t✑ ✭❈❛❧❡♥❣❡✱ ✷✵✵✺✮✳

P❛r❛♠ètr❡ ❞❡ ❧❛ ♥✐❝❤❡✱ ❤❛❜✐t❛t ♦♣t✐♠❛✉① ❡t ♣♦t❡♥t✐❡❧s

▲❡ ❧♦♥❣ ❞❡s ❣r❛❞✐❡♥ts ❡♥✈✐r♦♥♥❡♠❡♥t❛✉①✱ ❧❡s ❡s♣è❝❡s ♥❡ s♦♥t ♣❛s ❞✐str✐❜✉é❡s ❛❧é❛t♦✐r❡♠❡♥t✳

❊❧❧❡s ♦♣èr❡♥t ❛✉ ❝♦♥tr❛✐r❡ ✉♥❡ sé❧❡❝t✐♦♥ ❞❛♥s ❧❡s ❝♦♥❞✐t✐♦♥s ❡♥✈✐r♦♥♥❡♠❡♥t❛❧❡s ❞❡ ❧❛ ré❣✐♦♥ ❞❛♥s

✸✸



✷✳✶✳ ▼♦❞é❧✐s❛t✐♦♥ ❞❡s ❞✐str✐❜✉t✐♦♥s s♣❛t✐❛❧❡s ❞❡s ❤ôt❡s ✐♥t❡r♠é❞✐❛✐r❡s

❧❛q✉❡❧❧❡ ❡❧❧❡s s❡ tr♦✉✈❡♥t✳

❆✐♥s✐✱ ❞❡♣✉✐s ❧❛ ❞é✜♥✐t✐♦♥ ❞❡ ❧❛ ♥✐❝❤❡ ❞✬❍✉t❝❤✐♥s♦♥✱ ❧✬❡①✐st❡♥❝❡ ❞✬✉♥ ♦♣t✐♠✉♠ ❞❡s ❞✐str✐❜✉✲

t✐♦♥s ❞❡s ❛❜♦♥❞❛♥❝❡s ❡st ❛❞♠✐s❡ ❡t ❞❛♥s s❛ tr❛♥s❝r✐♣t✐♦♥ q✉❛❧✐t❛t✐✈❡ ❞é✜♥✐t ❧✬❤❛❜✐t❛t ♦♣t✐♠❛❧

♣♦✉r ❧✬❡s♣è❝❡✳ ▲❛ ♥✐❝❤❡ ❡st ❛❧♦rs ❝❛r❛❝tér✐sé❡ ♣❛r ✉♥❡ ❞✐str✐❜✉t✐♦♥ ●❛✉ss✐❡♥♥❡✳ ❊❧❧❡ s❡ ❝❛r❛❝tér✐s❡

♣❛r s❛ ❞✐♠❡♥s✐♦♥ ✭✏♥✐❝❤❡ ❜r❡❛❞t❤✑✮ ❝♦rr❡s♣♦♥❞❛♥t à ❧❛ ♣♦rté❡ ♠❛①✐♠❛❧❡ ❞❡ s❛ ❞✐str✐❜✉t✐♦♥ ❧❡ ❧♦♥❣

❞❡s ❣r❛❞✐❡♥ts ❡♥✈✐r♦♥♥❡♠❡♥t❛✉①✱ ❝✬❡st✲à✲❞✐r❡ à ❧✬ét❡♥❞✉❡ ❞❡ ❧❛ ❞✐✈❡rs✐té ❞❡s ❝♦♥❞✐t✐♦♥s t♦❧éré❡s

♣❛r ❧❡s ♦r❣❛♥✐s♠❡s ✭❘✐❝❦❧❡❢s ❛♥❞ ▼✐❧❧❡r✱ ✶✾✾✾✮✳ ❖♥ ❞✐st✐♥❣✉❡ ❛❧♦rs s❛ ♠❛r❣✐♥❛❧✐té✱ é❝❛rt ❞❡ ❧❛

♠♦②❡♥♥❡ ❞❡ ❧✬❡s♣è❝❡ à ❝❡❧❧❡ ❣❧♦❜❛❧❡ ❞✉ s✐t❡✱ ❡t s❛ s♣é❝✐❛❧✐té✱ é❝❛rt ❡♥tr❡ ❧❛ ✈❛r✐❛♥❝❡ ♣♦✉r ❧✬❡s♣è❝❡

❡t ❝❡❧❧❡ ❣❧♦❜❛❧❡ ❞❡s ✈❛r✐❛❜❧❡s ❡♥✈✐r♦♥♥❡♠❡♥t❛❧❡s ❞✉ s✐t❡ ✭❍✐r③❡❧ ❡t ❛❧✳✱ ✷✵✵✷✮✳

❖r✱ ❡♥ ré❛❧✐té ❧❛ ♥✐❝❤❡ ❡st r❛r❡♠❡♥t ✉♥❡ ❡❧❧✐♣s❡ ♣❛r❢❛✐t❡ ❞❛♥s ❧✬❡s♣❛❝❡ ❞❡s ✈❛r✐❛❜❧❡s ❡♥✈✐r♦♥✲

♥❡♠❡♥t❛❧❡s✳ ❯♥❡ ♠✉❧t✐t✉❞❡ ❞❡ ❞✐str✐❜✉t✐♦♥s ♥♦♥ ●❛✉ss✐❡♥♥❡s ♦♥t été ♦❜s❡r✈é❡s ❝❤❡③ ❧❡s ♣❧❛♥t❡s

✭❆✉st✐♥✱ ✶✾✾✾✮✳ ❯♥❡ ❡s♣è❝❡ ❝♦♠♣ét✐tr✐❝❡ ♣❡✉t✱ ♣❛r ❡①❡♠♣❧❡✱ ❞é♣❧❛❝❡r ❧✬♦♣t✐♠✉♠ ❞❡ ❧❛ ❞✐str✐❜✉✲

t✐♦♥ ❞✬✉♥❡ ❛✉tr❡ ❡s♣è❝❡✳ ❉✉ ❢❛✐t ❞❡ ❧❛ ♣♦ss✐❜✐❧✐té ❞❡ r❡❝♦✉✈r❡♠❡♥ts ❞❡s ♥✐❝❤❡s✱ ❧✬♦♣t✐♠✉♠ ❞❡

❧❛ ♥✐❝❤❡ ré❛❧✐sé❡ ♣❡✉t ❞✐✛ér❡r ❞❡ ❝❡❧✉✐ ❞❡ ❧❛ ♥✐❝❤❡ ❢♦♥❞❛♠❡♥t❛❧❡✱ ❡t ♣❡✉t ♣r❡♥❞r❡ ❞❡s ❢♦r♠❡s

♠✉❧t✐♣❧❡s ❡t ♠✉❧t✐✲♠♦❞❛❧❡s✳ P❡✉ ❞✬❡①❡♠♣❧❡s ❝♦♥❝❡r♥❛♥t ❧❡s ❞✐str✐❜✉t✐♦♥s ❛♥✐♠❛❧❡s ❡①✐st❡♥t✱ ♠❛✐s

✐❧ ❡st ❞✐✣❝✐❧❡ ❞✬✐♠❛❣✐♥❡r q✉❡ ❝❡❧❛ ❞✐✛èr❡ ❞❡s ❞✐str✐❜✉t✐♦♥s ✈é❣ét❛❧❡s ✭❆✉st✐♥✱ ✶✾✾✾✮✳

❉❡ s✉r❝r♦ît✱ ❧♦rsq✉❡ ❧✬♦♥ s✬✐♥tér❡ss❡ à ♠♦❞é❧✐s❡r ❧❡s ❝♦♠♠✉♥❛✉tés✱ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡s ❤❛❜✐t❛ts

❡st ❞✬❛✉t❛♥t ♣❧✉s ♥♦♥✲❧✐♥é❛✐r❡ q✉✬❡❧❧❡ ❝♦♥st✐t✉❡ ✉♥❡ ♠✐①t✉r❡ ❞❡s ❞✐str✐❜✉t✐♦♥s ✭s♦✉✈❡♥t ♥♦♥

●❛✉ss✐❡♥♥❡✮ ❞❡ ❝❤❛q✉❡ ❡s♣è❝❡ ❧❛ ❝♦♥st✐t✉❛♥t ✭❉♦❧❡❞❡❝ ❡t ❛❧✳✱ ✷✵✵✵✮✳

✷✳✶✳✷✳✷ ▼♦❞é❧✐s❡r ❧❡s ❞✐str✐❜✉t✐♦♥s s♣❛t✐❛❧❡s ❞❡s ❡s♣è❝❡s

❉é✜♥✐t✐♦♥ ❡t ♦❜❥❡❝t✐❢s

▲❡s ♠♦❞è❧❡s ❞❡ ❞✐str✐❜✉t✐♦♥ s♣❛t✐❛❧❡ ❞❡s ❡s♣è❝❡s s♦♥t ❞é✈❡❧♦♣♣és ❞❛♥s ❧✬♦❜❥❡❝t✐❢ ❣é♥ér❛❧ ❞❡

q✉❛♥t✐✜❡r ❧❡s r❡❧❛t✐♦♥s ❞❡s ❡s♣è❝❡s ❛✈❡❝ ❧❡✉r ❡♥✈✐r♦♥♥❡♠❡♥t✳ ❯♥ ♠♦❞è❧❡ ♥✬❡st q✉✬✉♥❡ r❡♣rés❡♥t❛✲

t✐♦♥ ♣❛rt✐❡❧❧❡ ❞✬✉♥❡ ♥❛t✉r❡ ❝♦♠♣❧❡①❡ ❡t ❤étér♦❣è♥❡✱ ❡t ❞❡ ❢❛✐t ♥é❝❡ss❛✐r❡♠❡♥t ❢❛✉①✳ ▲❡s ♠♦❞è❧❡s

♣❡✉✈❡♥t êtr❡ ❝❧❛ss✐✜és ❡♥ ❢♦♥❝t✐♦♥ ♣r✐♥❝✐♣❛❧❡♠❡♥t ❞❡ ❧❡✉rs ♣♦✉✈♦✐r ❞❡ ♣ré❝✐s✐♦♥✱ ❞❡ ❣é♥ér❛❧✐s❛t✐♦♥

❡t ❞❡ ré❛❧✐s♠❡ ✭▲❡✈✐♥s✱ ✶✾✻✻✮✳ ■❧ ❛♣♣❛r❛ît ✐♠♣♦rt❛♥t ❞❡ ❝♦♥♥❛îtr❡ ❧❡s ♣♦ss✐❜✐❧✐tés ❡t ❧❡s ❧✐♠✐t❡s ❞✉

♠♦❞è❧❡ ✉t✐❧✐sé ❞❛♥s ❝❡s ❝❤❛♠♣s ❡t ❞❡ tr♦✉✈❡r ❧❡ ♠❡✐❧❧❡✉r ❝♦♠♣r♦♠✐s ♣♦✉r ré♣♦♥❞r❡ à ❧✬♦❜❥❡❝t✐❢

❞❡ ❧✬ét✉❞❡ ✭●✉✐s❛♥ ❛♥❞ ❩✐♠♠❡r♠❛♥✱ ✷✵✵✵✮✳

▲❡s ♠♦❞è❧❡s ❛✉①q✉❡❧s ♥♦✉s ♥♦✉s s♦♠♠❡s ✐♥tér❡ssés ♥❡ s♦♥t ♣❛s ❝❡✉① q✉✐ ❞é❝r✐✈❡♥t ❞❡s

♣r♦❝❡ss✉s ❞❡ ❧❛ ♠❛♥✐èr❡ ❧❛ ♣❧✉s ré❛❧✐st❡ ❡t ♣ré❝✐s❡ ✭❡① ✿ ♣❤②s✐♦❧♦❣✐q✉❡✮✱ ❞✐ts ♠é❝❛♥✐st✐q✉❡s✱

♥✐ ❝❡✉① ❜❛sés s✉r ❞❡s r❡❧❛t✐♦♥s ♠❛t❤é♠❛t✐q✉❡s t❤é♦r✐q✉❡s ✭éq✉❛t✐♦♥s ❞❡ ▲♦t❦❛✲✈♦❧t❡rr❛✮✱ ❞✐ts

❛♥❛❧②t✐q✉❡s✱ ♠❛✐s s♦♥t ♣❧✉tôt q✉❛❧✐✜és ❞✬❡♠♣✐r✐q✉❡s ♦✉ ❞❡ st❛t✐st✐q✉❡s✳ ❊♥ ❝❡ s❡♥s✱ ✐❧s ♣❡r♠❡tt❡♥t

❞✬ét❛❜❧✐r ✉♥❡ r❡❧❛t✐♦♥ st❛t✐st✐q✉❡ ❡♥tr❡ ❧❛ ré♣♦♥s❡ ✭❧✬♦❝❝✉rr❡♥❝❡ ❞❡s ❡s♣è❝❡s✮ ❡t ❧❡s ♣ré❞✐❝t❡✉rs

✭❧❡s ✈❛r✐❛❜❧❡s ❡♥✈✐r♦♥♥❡♠❡♥t❛❧❡s✮ ❡t ♣r♦❞✉✐s❡♥t ❞❡s ❞✐str✐❜✉t✐♦♥s ❞❡ ♣r♦❜❛❜✐❧✐tés ❞✬♦❝❝✉rr❡♥❝❡

❞❡s ❡s♣è❝❡s ❡♥ ❢♦♥❝t✐♦♥ ❞❡s ✈❛❧❡✉rs ❞❡s ♣ré❞✐❝t❡✉rs✳

❈❡s ♠♦❞è❧❡s ♣❡✉✈❡♥t êtr❡ ✉t✐❧✐sés ♣♦✉r ✐✮ ❡①♣❧✐q✉❡r ❞❡s ♣r♦❝❡ss✉s é❝♦❧♦❣✐q✉❡s ❞♦♥♥❛♥t ❧✐❡✉

❛✉① ♣❛tr♦♥s ❞❡ ❞✐str✐❜✉t✐♦♥ ♦❜s❡r✈és ✭♠♦❞è❧❡s ❡①♣❧✐❝❛t✐❢s✮✱ ❡t✴♦✉ ✐✐✮ ♣ré❞✐r❡ ❧❛ ♣r♦❜❛❜✐❧✐té

❞✬♦❝❝✉rr❡♥❝❡ ❞❡s ❡s♣è❝❡s ✭♠♦❞è❧❡s ♣ré❞✐❝t✐❢s✮ ✭●✉✐s❛♥ ❛♥❞ ❩✐♠♠❡r♠❛♥✱ ✷✵✵✵❀ ❈❛❧❡♥❣❡✱ ✷✵✵✺✮✳

▲❡s ♠♦❞è❧❡s ❡①♣❧♦r❛t♦✐r❡s ♣❡r♠❡tt❡♥t ❞❡ ❢♦r♠✉❧❡r ❞❡s ❤②♣♦t❤ès❡s s✉r ✉♥ ❥❡✉ ❞❡ ❞♦♥♥é❡s

ré❝♦❧té s✉r ❛✈✐s ❞✬❡①♣❡rts✳ ❉❛♥s ❧❡ ❝♦♥t❡①t❡ ❞❡s ❞✐str✐❜✉t✐♦♥s ❞❡s ❡s♣è❝❡s✱ ✐❧s ♣❡✉✈❡♥t s❡r✈✐r

à ❡①❛♠✐♥❡r ❧✬❛❞éq✉❛t✐♦♥ ❞✉ ♠♦❞è❧❡ à ❧❛ ré❛❧✐té ✭❧❡ ✏✜t✑✮✱ ❧❛ ❝♦♥s✐st❛♥❝❡ ❞❡ ❝❡tt❡ r❡❧❛t✐♦♥✱

✸✹



✷✳✶✳ ▼♦❞é❧✐s❛t✐♦♥ ❞❡s ❞✐str✐❜✉t✐♦♥s s♣❛t✐❛❧❡s ❞❡s ❤ôt❡s ✐♥t❡r♠é❞✐❛✐r❡s

❡t ❞✬❡st✐♠❡r ❧❡s ❝♦♥tr✐❜✉t✐♦♥s ❡t ❧❡s rô❧❡s ❞❡s ❞✐✛ér❡♥t❡s ✈❛r✐❛❜❧❡s✳ ■❧s ❝♦♥tr✐❜✉❡♥t ❛✉ss✐ à ❧❛

❝♦♥str✉❝t✐♦♥ ❞❡ ♠♦❞è❧❡s ♣ré❞✐❝t✐❢s ❡♥ t❡st❛♥t ❧❡s ❤②♣♦t❤ès❡s ❡t ❡♥ ❡st✐♠❛♥t ❧❡s ♣❛r❛♠ètr❡s ❡♥

❥❡✉ ✭❧❡ ♣♦✐❞s ❞❡ ❝❤❛q✉❡ ✈❛r✐❛❜❧❡ ❡①♣❧✐❝❛t✐✈❡✮✳ ■❧s ❞❡✈r♦♥t ❞♦♥❝ ♣❧✉tôt r❡st❡r ré❛❧✐st❡s ❡t ♣ré❝✐s✳

▲❡s ♠♦❞è❧❡s ♣ré❞✐❝t✐❢s ♣❡r♠❡tt❡♥t ❞✬❛tt❡✐♥❞r❡ ❧✬♦❜❥❡❝t✐❢ ✉❧t✐♠❡ ❡t ❧❡ ♣❧✉s ❛♣♣❧✐q✉é ❛❝t✉❡❧❧❡✲

♠❡♥t ❞❡s ♠♦❞è❧❡s st❛t✐st✐q✉❡s ✿ ♣ré❞✐r❡ s✉r ❞❡s ♣♦✐♥ts q✉✐ ♥✬♦♥t ♣❛s été é❝❤❛♥t✐❧❧♦♥♥és✳ ▲❡s

❝❛♣❛❝✐tés ❞❡ ♣ré❝✐s✐♦♥ ❡t ❞❡ ❣é♥ér❛❧✐s❛t✐♦♥ ❞❡s ♣ré❞✐❝t✐♦♥s s♦♥t r❡q✉✐s❡s ❞❛♥s ❝❡tt❡ ét❛♣❡✳ ❉❛♥s

✉♥ ❝♦♥t❡①t❡ ❞❡ ♣ré❞✐❝t✐♦♥s s✉r ❞❡s é❝❤❡❧❧❡s ré❣✐♦♥❛❧❡s✱ ❧✬❛♥❛❧②s❡ ♣❡✉t êtr❡ ❞é❝♦♠♣♦sé❡ ❡♥ ❞❡✉①

q✉❡st✐♦♥s ❞✐st✐♥❝t❡s ✿ ♣ré❞✐r❡ ❞❛♥s ❧❛ ③♦♥❡ ❞✬ét✉❞❡ ♦ù ❧✬♦♥ ❛ é❝❤❛♥t✐❧❧♦♥♥é ❡t ❡①tr❛♣♦❧❡r ❧❡s ♣ré✲

❞✐❝t✐♦♥s s✉r ❞❡ ♥♦✉✈❡❧❧❡s ③♦♥❡s✳ ◆♦✉s ✈❡rr♦♥s ♣❧✉s ❧♦✐♥ ❧❡s ♠✉❧t✐♣❧❡s ❝❤♦✐① t❡❝❤♥✐q✉❡s ❛✉①q✉❡❧s

❞♦✐t ❢❛✐r❡ ❢❛❝❡ ❧❡ ♠♦❞é❧✐s❛t❡✉r ❛✈❛♥t ❞✬♦❜t❡♥✐r ✉♥ ♠♦❞è❧❡ ♣ré❞✐❝t✐❢ ❛♣♣r♦♣r✐é✳

❈❛❧❡♥❣❡ ✭✷✵✵✺✮ s♦✉❧✐❣♥❡ ❛✉ss✐ ❧✬✐♠♣♦rt❛♥❝❡ ❞❡ ❧✬✐♥❞é♣❡♥❞❛♥❝❡ ❞❡s ❞♦♥♥é❡s ✉t✐❧✐sé❡s ♣♦✉r

❞é✈❡❧♦♣♣❡r ❞❡ t❡❧s ♠♦❞è❧❡s ❡t ❞✐st✐♥❣✉❡ ❛❧♦rs ❧❡s ét✉❞❡s ❡①♣❧♦r❛t♦✐r❡s✱ ❞é✈❡❧♦♣♣❛♥t ❞❡s ♠♦❞è❧❡s

❡①♣❧✐❝❛t✐❢s✱ ❞❡s ét✉❞❡s ❝♦♥✜r♠❛t♦✐r❡s ré❛❧✐sé❡s ❞❛♥s ❧❡ ❜✉t ❞❡ ♣ré❞✐r❡✳

P❤✐❧♦s♦♣❤✐❡ ❣é♥ér❛❧❡ ❞❡ ❧❛ ❝♦♥str✉❝t✐♦♥

❉❡ ♠❛♥✐èr❡ ❣é♥ér❛❧❡✱ ❧❡s ♠♦❞è❧❡s s♦♥t ❝♦♥str✉✐ts ♣❛r ✉♥ ❛❧❧❡r✲r❡t♦✉r ❡♥tr❡ ❧❛ ❢♦r♠✉❧❛t✐♦♥

st❛t✐st✐q✉❡ ❡t ❧❡s ❞♦♥♥é❡s ❝♦❧❧❡❝té❡s q✉✐ ❝♦♠♠❡♥❝❡✱ ✐❞é❛❧❡♠❡♥t✱ ♣❛r ❧❛ ❢♦r♠✉❧❛t✐♦♥ ❛✈❛♥t ❧❛ ❝♦❧✲

❧❡❝t❡ ❞❡s ❞♦♥♥é❡s ✭❚✉r❝❤✐♥✱ ✶✾✾✽✮✳ ▲❛ ♣r❡♠✐èr❡ ét❛♣❡ ❡♠♣✐r✐q✉❡ ♣❡r♠❡t ❞✬❡st✐♠❡r ❧❡s ♣❛r❛♠ètr❡s✳ P✉✐s

✉♥❡ s❡❝♦♥❞❡ ét❛♣❡ ❝♦♥st✐t✉❡ ❧❡ t❡st r✐❣♦✉r❡✉① ❞❡s ♣ré❞✐❝t✐♦♥s ❧à ♦ù ❧❡s ❞♦♥♥é❡s s♦♥t ✐♥❞✐s♣♦♥✐❜❧❡s✱ ❡♥

❝♦♠♣❛r❛♥t ❧❡s ✈❛❧❡✉rs ♣ré❞✐t❡s ♣❛r ❧❡ ♠♦❞è❧❡ ❛✉① ❞♦♥♥é❡s ❞❡ ✈❛❧✐❞❛t✐♦♥ ré❝♦❧té❡s s✉r ❧❡ t❡rr❛✐♥✳

➱t❛♥t ❞♦♥♥é q✉❡ ❧❡s ♠♦❞è❧❡s s♦♥t t♦✉❥♦✉rs ❢❛✉①✱ ❧❛ ♣❤❛s❡ ❞❡ ✈❛❧✐❞❛t✐♦♥ ♥❡ ♣❡✉t s❡ ❝♦♥t❡♥t❡r

❞❡ r❡❥❡t❡r ✉♥ ♠♦❞è❧❡ ✭t❡st ❞✬❤②♣♦t❤ès❡✮ ♠❛✐s ❝❤❡r❝❤❡r❛ ♣❧✉tôt ✉♥❡ ♠❡✐❧❧❡✉r❡ ❛❧t❡r♥❛t✐✈❡ ♣❛r♠✐

❞✐✛ér❡♥ts ♠♦❞è❧❡s t❡stés✳ ■❧ s✬❛❣✐r❛ ❛❧♦rs ❞✬❡st✐♠❡r ❧❡s ❞é✈✐❛t✐♦♥s ❞❡s ♣ré❞✐❝t✐♦♥s à ❧❛ ré❛❧✐té ❡t

❞❡ ❝♦♥t✐♥✉❡r ❧❛ ♣r♦❝é❞✉r❡ t❛♥t q✉❡ ❞❡s ❛❧t❡r♥❛t✐✈❡s s♦♥t ♣♦ss✐❜❧❡s ❡t q✉❡ ❧✬❡rr❡✉r ♠✐♥✐♠❛❧❡ q✉❡

❧✬♦♥ s✬❡st ✜①é❡ ♥✬❡st ♣❛s ❛tt❡✐♥t❡✳

✷✳✶✳✷✳✸ ❯♥ ❞♦♠❛✐♥❡ ❞❡ r❡❝❤❡r❝❤❡ ✐♥t❡r❞✐s❝✐♣❧✐♥❛✐r❡ ❡♥ ♣❧❡✐♥❡ ❡✛❡r✈❡s❝❡♥❝❡

▼♦t✐✈❛t✐♦♥s

❈❡tt❡ ❞é♠❛r❝❤❡ tr♦✉✈❡ ❞❡ ♥♦♠❜r❡✉s❡s ❛♣♣❧✐❝❛t✐♦♥s ❞❛♥s ❞❡s ❞♦♠❛✐♥❡s q✉✐ ❝♦♥♥❛✐ss❡♥t

✉♥ ✐♥térêt ❣r❛♥❞✐ss❛♥t ❞❛♥s ❞❡s é❝♦s②stè♠❡s ❝❤❛♥❣❡❛♥ts ❡t ♣❡rt✉r❜és t❡❧s q✉❡ ❧❛ ❜✐♦❧♦❣✐❡ ❞❡

❝♦♥s❡r✈❛t✐♦♥ ✭✐♥✈❛s✐♦♥s✱ sé❧❡❝t✐♦♥ ❞❡ rés❡r✈❡s✱ ❡s♣è❝❡s r❛r❡s✮✱ ❧❛ ❜✐♦❧♦❣✐❡ ❞❡ ❧✬é✈♦❧✉t✐♦♥ ✭❑♦③❛❦

❡t ❛❧✳ ✷✵✵✽✮✱ ❧❛ ❣❡st✐♦♥ ♣❛②s❛❣èr❡ ❡t ❧✬❛♠é♥❛❣❡♠❡♥t ✭é✈❛❧✉❛t✐♦♥ ❞❡s ❡✛❡ts ❞❡ ♣❡rt✉r❜❛t✐♦♥✱

❢r❛❣♠❡♥t❛t✐♦♥ ❞❡ ❧✬❤❛❜✐t❛t✮ ❡t ❧✬ é❝♦✲❡♣✐❞❡♠✐♦❧♦❣✐❡ ✭✈♦✐r ●✉✐s❛♥ ❛♥❞ ❚❤✉✐❧❧❡r ✭✷✵✵✺✮ ♣♦✉r ✉♥❡

r❡✈✉❡ ❞❡s ❛♣♣❧✐❝❛t✐♦♥s✮✳ ■❧ ❛♣♣❛r❛ît ❞❡ ♣❧✉s ❡♥ ♣❧✉s ✐♠♣♦rt❛♥t ❞✬♦❜t❡♥✐r ❞❡s ❡①♣❧✐❝❛t✐♦♥s ❡t ❞❡s

♣ré❞✐❝t✐♦♥s ✜❛❜❧❡s ❡t ❞✐r❡❝t❡♠❡♥t ✉t✐❧✐s❛❜❧❡s ♣❛r ❧❡s ❣❡st✐♦♥♥❛✐r❡s✳ ❆✐♥s✐✱ ❧❡s ♠♦❞è❧❡s ♣ré❞✐❝t✐❢s

s♦♥t ❞❛✈❛♥t❛❣❡ ❞é✈❡❧♦♣♣és✳

▲✬❛❝t✐✈✐té ❞❡ r❡❝❤❡r❝❤❡ ✉t✐❧✐s❛♥t ❞❡s ♠♦❞è❧❡s ❞❡ ❞✐str✐❜✉t✐♦♥ ❞❡s ❡s♣è❝❡s ❡st ❛✉ss✐ ✈❛r✐é❡

q✉❡ ❧❡s t❡r♠❡s ♣♦✉r ❧❛ ❞és✐❣♥❡r s♦♥t ♠✉❧t✐♣❧❡s ✿ ♦♥ r❡♥❝♦♥tr❡r❛ ❞❛♥s ❧❛ ❧✐ttér❛t✉r❡ ❧❡s t❡r♠❡s

❞❡ ✏❡❝♦❧♦❣✐❝❛❧ ♥✐❝❤❡ ♠♦❞❡❧s✑✱ ✏❜✐♦❝❧✐♠❛t✐❝ ❡♥✈❡❧♦♣❡s✑✱ ✑❤❛❜✐t❛t ♠♦❞❡❧s✑ ❡t ✏r❡s♦✉r❝❡ s❡❧❡❝t✐♦♥

❢✉♥❝t✐♦♥s✑✳ ❚♦✉s ♦♥t ♣♦✉r ♣❡rs♣❡❝t✐✈❡ ❞✬❡①♣❧✐q✉❡r ❡t✴♦✉ ❞❡ ♣ré❞✐r❡ ❧❡s ♦❝❝✉rr❡♥❝❡s ❞❡s ❡s♣è❝❡s

ét✉❞✐é❡s ❡♥ ❢♦♥❝t✐♦♥ ❞❡s ❛ttr✐❜✉ts ❡♥✈✐r♦♥♥❡♠❡♥t❛✉① ❡t ❣é♦❣r❛♣❤✐q✉❡s✳

➪ ❧✬♦r✐❣✐♥❡ ❞❡ ❧✬❡✛❡r✈❡s❝❡♥❝❡ ✿ ✉♥❡ ✐♥t❡r❞✐s❝✐♣❧✐♥❛r✐té

P❧✉s✐❡✉rs ét❛♣❡s ❝♦♥❝❡♣t✉❡❧❧❡s s❡ s♦♥t s✉❝❝é❞é❡s ♣♦✉r ❛❜♦✉t✐r ❛✉① ♠ét❤♦❞❡s ❛❝t✉❡❧❧❡s ✿ ❞❡s
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✷✳✶✳ ▼♦❞é❧✐s❛t✐♦♥ ❞❡s ❞✐str✐❜✉t✐♦♥s s♣❛t✐❛❧❡s ❞❡s ❤ôt❡s ✐♥t❡r♠é❞✐❛✐r❡s

♠♦❞è❧❡s s♣❛t✐❛❧❡♠❡♥t ❡①♣❧✐❝✐t❡s✱ st❛t✐st✐q✉❡s ❡t ❡♠♣✐r✐q✉❡s ✭●✉✐s❛♥ ❛♥❞ ❚❤✉✐❧❧❡r✱ ✷✵✵✺✮✳ ▲❡s

❢♦r♠✉❧❛t✐♦♥s st❛t✐st✐q✉❡s s❡ s♦♥t ❞é✈❡❧♦♣♣é❡s r❛♣✐❞❡♠❡♥t ❛✈❡❝ ❧❛ ♠♦❞é❧✐s❛t✐♦♥ ♥✉♠ér✐q✉❡ ❛✉

♠✐❧✐❡✉ ❞❡s ❛♥♥é❡s ✼✵✳ ▲❡s ❡①♣ér✐❡♥❝❡s ❞❡ s✐♠✉❧❛t✐♦♥s✱ ❧❡s ♦✉✈r❛❣❡s ❡t ❧❡s ❝♦♥❢ér❡♥❝❡s ♦♥t ❞♦♥♥é

❧✐❡✉ ❞❛♥s ❧❡s ❛♥♥é❡s ✽✵ à ✉♥❡ ♠✉❧t✐t✉❞❡ ❞❡ ♠♦❞è❧❡s✳ ❊♥✜♥✱ ❧❡ ❞é✈❡❧♦♣♣❡♠❡♥t ❞❛♥s ❧❡ s✐è❝❧❡

❞❡r♥✐❡r ❞❡ ♠ét❤♦❞❡s st❛t✐st✐q✉❡s ❞✐t❡s ✏♠♦❞❡r♥❡s✑ ✭rés✉♠é❡ ❞❛♥s ❍❛st✐❡ ❡t ❛❧✳ ✭✷✵✵✶✮✮ ❛ ♦✉✈❡rt

✉♥ ♥♦✉✈❡❛✉ ❝❤❛♠♣ ❞❡s ♣♦ss✐❜❧❡s ♣♦✉r ❝♦♠♣r❡♥❞r❡ ❧❡s ♣❛tr♦♥s ❞❡ ❞✐str✐❜✉t✐♦♥s ♦❜s❡r✈és✳ ▲❡

♥♦♠❜r❡ ✐♠♣♦rt❛♥t ❞✬❛rt✐❝❧❡s ❞❡ s②♥t❤ès❡✱ t❤é♦r✐q✉❡s ♦✉ ❝♦♥❝❡r♥❛♥t ❞❡s ét✉❞❡s ❝♦♠♣❛r❛t✐✈❡s ❞❡

♠ét❤♦❞❡s✱ s♦✉❧✐❣♥❡ ❞❡s ❜❡s♦✐♥s ❞❡ s②♥t❤ès❡ ❞❡s ❝♦♥♥❛✐ss❛♥❝❡s ❡t ❞❡ ❝❧❛r✐✜❝❛t✐♦♥ ❞❡s ❝♦♥❝❡♣ts

✭♥✐❝❤❡✱ ❤❛❜✐t❛t✮ ❡t ❞❡s ♠ét❤♦❞❡s ❞❛♥s ❝❡ ❝❤❛♠♣s ❞✐s❝✐♣❧✐♥❛✐r❡ ❡♥ ♣❧❡✐♥❡ ❡①♣❛♥s✐♦♥✳

❈❡ ❞é✈❡❧♦♣♣❡♠❡♥t ❡st ❧❛ ❝♦♥séq✉❡♥❝❡ ❞✬✉♥❡ ❢♦rt❡ ❝♦❧❧❛❜♦r❛t✐♦♥ ❡♥tr❡ ❧❛ ❜✐♦❧♦❣✐❡ ❞❡s ♣♦♣✉❧❛✲

t✐♦♥s✱ ❞❡s ❝♦♠♠✉♥❛✉tés✱ ❧✬é❝♦♣❤②s✐♦❧♦❣✐❡✱ ❧❡s ♦❜s❡r✈❛t✐♦♥s ❞❡ t❡rr❛✐♥✱ ❧✬é❝♦❧♦❣✐❡ t❤é♦r✐q✉❡ ❡t ❧❡s

st❛t✐st✐q✉❡s✳ ❯♥❡ t❡❧❧❡ ✐♥t❡r❞✐s❝✐♣❧✐♥❛r✐té ♥❡ s✬❡st ♣❛s ❛❝❝♦♠♣❧✐❡ s❛♥s ❝♦♥❢✉s✐♦♥s✳ ❉✬✉♥❡ ♣❛rt✱ ❧❡s

♠ét❤♦❞❡s s♦♥t ♣❛r❢♦✐s ♠❛❧ ✉t✐❧✐sé❡s ❢❛✉t❡ ❞❡ ✏❜❛❝❦❣r♦✉♥❞✑ s♦❧✐❞❡ ❡♥ st❛t✐st✐q✉❡s ❡t ❞❡ ❧✬❛tt✐t✉❞❡

✏♣r❡ss❡✲❜♦✉t♦♥✑ ❢❛❝✐❧✐té❡ ♣❛r ❧❡s ❧♦❣✐❝✐❡❧s✱ ❡ss❡♥t✐❡❧❧❡♠❡♥t ❝♦♠♠❡r❝✐❛✉①✳ ❉✬❛✉tr❡ ♣❛rt ❧❡s t❤é♦r✐❡s

❡t ❧❡s ♣r♦❝❡ss✉s ❜✐❡♥ ❝♦♥♥✉s ❞❡ ❧✬é❝♦❧♦❣✐❡ s♦♥t ♣❛r❢♦✐s ♦✉❜❧✐és ❞❡s ❢♦r♠✉❧❛t✐♦♥s st❛t✐st✐q✉❡s ❡t

é❧♦✐❣♥❡♥t ♣❛r❢♦✐s ❧❡ ♠♦❞é❧✐s❛t❡✉r ❞❡s ♦❜❥❡❝t✐❢s ❛♣♣❧✐q✉és ❞❡ ❧✬❛♥❛❧②s❡ ✭❆✉st✐♥✱ ✷✵✵✷✮✳

❆✐♥s✐✱ ❧❡s tr❛✈❛✉① ❢r✉❝t✉❡✉①✱ ✐♥♥♦✈❛♥ts ❡t ❛✉① ♥♦♠❜r❡✉s❡s ❛♣♣❧✐❝❛t✐♦♥s ❛❧❧✐❛♥t ❞❡s ♠♦❞è❧❡s

❡t ❞❡s ♠ét❤♦❞❡s st❛t✐st✐q✉❡s ✭✈❛❧✐❞❛t✐♦♥ ❡t sé❧❡❝t✐♦♥✮ ❡t ✉♥❡ ❢♦rt❡ ❝♦♥♥❛✐ss❛♥❝❡ ❞✉ t❡rr❛✐♥ ❡t ❞❡s

♣r♦❝❡ss✉s ❜✐♦❧♦❣✐q✉❡s é♠❛♥❡♥t s♦✉✈❡♥t ❞❡ ré❡❧❧❡s ❝♦❧❧❛❜♦r❛t✐♦♥s ❡♥tr❡ ❝❤❡r❝❤❡✉rs ❞❡s ❞✐s❝✐♣❧✐♥❡s

❡♥ ❥❡✉ ✭❊❧✐t❤ ❡t ❛❧✳✱ ✷✵✵✽✮ ♦✉ ❞❡s s❝✐❡♥❝❡s ✐♥té❣r❛t✐✈❡s t❡❧❧❡s q✉❡ ❧❛ ❜✐♦♠étr✐❡ ♦✉ ❧❡s ❜✐♦st❛t✐st✐q✉❡s✳

✷✳✶✳✸ ❯♥❡ ❧❛r❣❡ ❞✐✈❡rs✐té ❞✬♦✉t✐❧s ❞❡ ♠♦❞é❧✐s❛t✐♦♥

▲✬❡✛❡t r❡t♦✉r ❞✬✉♥ t❡❧ ❡♥❣♦✉❡♠❡♥t s❝✐❡♥t✐✜q✉❡ ❡st ❧❡ ❞é✈❡❧♦♣♣❡♠❡♥t ❞✬✉♥❡ ♠✉❧t✐t✉❞❡ ❞✬♦✉t✐❧s

❡t ❞❡ ♣r♦❜❧è♠❡s ♠ét❤♦❞♦❧♦❣✐q✉❡s ❛✉①q✉❡❧s ❧✬é❝♦❧♦❣✐st❡ ❞♦✐t s❡ ❤❡✉rt❡r ❡t ❝❤♦✐s✐r ❛✈❛♥t ❞✬❛tt❡✐♥❞r❡

s♦♥ ♦❜❥❡❝t✐❢✳

❉✬✉♥❡ ♠❛♥✐èr❡ ❣é♥ér❛❧❡✱ ❧❡s ♠♦❞è❧❡s ❛✉❣♠❡♥t❡♥t ❡♥ ❝♦♠♣❧❡①✐té ❞❡♣✉✐s ❧❛ ❞é❧✐♠✐t❛t✐♦♥ ❞❡s

❧✐♠✐t❡s ❞✬✉♥❡ ❡♥✈❡❧♦♣♣❡ ❞❛♥s ❧✬❡s♣❛❝❡ ❡♥✈✐r♦♥♥❡♠❡♥t❛❧ ❛✉ ❞é❜✉t ❞❡s ❛♥♥é❡s q✉❛tr❡✲✈✐♥❣t ❞✐①✱

❥✉sq✉✬à ❧✬❛❥✉st❡♠❡♥t ❞❡ r❡❧❛t✐♦♥s st❛t✐st✐q✉❡s ♥♦♥✲❧✐♥é❛✐r❡s ❡♥tr❡ ❧✬♦❝❝✉rr❡♥❝❡ ❞❡s ❡s♣è❝❡s ❡t ❧❡s

✈❛r✐❛❜❧❡s ❡♥✈✐r♦♥♥❡♠❡♥t❛❧❡s✳ ❊♥❝♦r❡ ♣❧✉s ré❝❡♥t❡s s♦♥t ❧❡s ♠ét❤♦❞❡s ❜❛sé❡s s✉r ❧✬✐♥t❡❧❧✐❣❡♥❝❡

❛rt✐✜❝✐❡❧❧❡ ❡t s✉r ❧❡s st❛t✐st✐q✉❡s ❜❛②és✐❡♥♥❡s✳

◗✉❡❧q✉❡s ❣r❛♥❞❡s ❢❛♠✐❧❧❡s ❞❡ ♠ét❤♦❞❡s st❛t✐st✐q✉❡s ♣❡✉✈❡♥t êtr❡ ré♣❡rt♦r✐é❡s ✿

✕ ❧❛ ré❣r❡ss✐♦♥

✕ ❧✬♦r❞✐♥❛t✐♦♥

✕ ❧❛ ❝❧❛ss✐✜❝❛t✐♦♥

✕ ❧❡s ❡♥✈❡❧♦♣♣❡s ❝❧✐♠❛t✐q✉❡s

✕ ❧✬✐♥t❡❧❧✐❣❡♥❝❡ ❛rt✐✜❝✐❡❧❧❡

✕ ❧❡s ♠ét❤♦❞❡s ❜❛②és✐❡♥♥❡s

❇✐❡♥ q✉❡ ♣❛rt❛❣❡❛♥t ❞❡s s✉♣♣♦s✐t✐♦♥s q✉❛♥t à ❧❛ t❤é♦r✐❡ ❞❡ ❧❛ ♥✐❝❤❡ é❝♦❧♦❣✐q✉❡ ✭éq✉✐❧✐❜r❡

❛✈❡❝ ❧✬❡♥✈✐r♦♥♥❡♠❡♥t ❡t ♥✐❝❤❡ ré❛❧✐sé❡✮✱ ❧❛ ♠✉❧t✐♣❧✐❝✐té ❞❡s ♠ét❤♦❞❡s ❞é✈❡❧♦♣♣é❡s s✬❡①♣❧✐q✉❡ ♣❛r

❧❛ ❞✐✈❡rs✐té ❝♦♥❝❡r♥❛♥t ♣r✐♥❝✐♣❛❧❡♠❡♥t ✿

✕ ❧✬♦❜❥❡❝t✐❢ ❞❡ ❧❛ ♠♦❞é❧✐s❛t✐♦♥ q✉✐ ♣❡✉t êtr❡ ❞❡s❝r✐♣t✐❢✱ ❡①♣❧✐❝❛t✐❢ ♦✉ ♣ré❞✐❝t✐❢✱

✕ ❧❡ t②♣❡ ❞❡ ❧❛ ré♣♦♥s❡ ♣♦✉✈❛♥t êtr❡ q✉❛♥t✐t❛t✐✈❡ ✭❞❡♥s✐tés✮ ♦✉ q✉❛❧✐t❛t✐✈❡ ✭♣rés❡♥❝❡✴❛❜s❡♥❝❡

✸✻



✷✳✶✳ ▼♦❞é❧✐s❛t✐♦♥ ❞❡s ❞✐str✐❜✉t✐♦♥s s♣❛t✐❛❧❡s ❞❡s ❤ôt❡s ✐♥t❡r♠é❞✐❛✐r❡s

♦✉ ♣rés❡♥❝❡ s❡✉❧❡♠❡♥t✮✱

✕ ❧❛ ❞✐str✐❜✉t✐♦♥ ✭✏s❤❛♣❡✑✮ ❞❡ ❝❡tt❡ ré♣♦♥s❡ ❧❡ ❧♦♥❣ ❞❡s ❣r❛❞✐❡♥ts ❡♥✈✐r♦♥♥❡♠❡♥t❛✉①✱ ❝✬❡st✲

à✲❞✐r❡ ●❛✉ss✐❡♥♥❡ ✭❡t ✉♥✐✲♠♦❞❛❧❡✮✱ ♠✐①t✉r❡ ❞❡ ●❛✉ss✐❡♥♥❡ ✭❡t ♠✉❧t✐✲♠♦❞❛❧❡✮✱ ❧✐❜r❡ ✭♥♦♥✲

♣❛r❛♠étr✐sé❡✮✳ ▲❛ ❝♦♠❜✐♥❛✐s♦♥ ❞❡s ✈❛r✐❛❜❧❡s ❡①♣❧✐❝❛t✐✈❡s ♣❡✉t êtr❡ ❞é✜♥✐❡ ❧✐♥é❛✐r❡ ♦✉ ♥♦♥

❧✐♥é❛✐r❡✳

◆♦✉s ♥♦✉s ❝♦♥❝❡♥tr❡r♦♥s s✉r ❧❛ ❞❡s❝r✐♣t✐♦♥ ❡t ❧❛ ❞✐s❝✉ss✐♦♥ ❞❡s ♠ét❤♦❞❡s ✉t✐❧✐sé❡s ❞❛♥s ❧❡

❝❛❞r❡ ❞❡ ❧❛ ♠♦❞é❧✐s❛t✐♦♥ ❞❡s ❛ss❡♠❜❧❛❣❡s ❞✬❡s♣è❝❡s✳

✷✳✶✳✸✳✶ ❉❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡s ❡s♣è❝❡s à ❝❡❧❧❡ ❞❡s ❛ss❡♠❜❧❛❣❡s ✿ ❧❡s str❛té❣✐❡s ❞❡

♠♦❞é❧✐s❛t✐♦♥

▲♦rsq✉❡ ❧❡s ❞♦♥♥é❡s ❞✬♦❝❝✉rr❡♥❝❡ ❞❡s ❡s♣è❝❡s s♦♥t ♣❡✉ ♥♦♠❜r❡✉s❡s ❡t q✉❡ ❜❡❛✉❝♦✉♣ ❞✬❡s♣è❝❡s

s♦♥t r❛r❡s ✐❧ ❞❡✈✐❡♥t ❞✐✣❝✐❧❡ ❞❡ ♠♦❞é❧✐s❡r ❝❤❛q✉❡ ❡s♣è❝❡ ✐♥❞✐✈✐❞✉❡❧❧❡♠❡♥t✳ ❆✐♥s✐✱ ♠♦❞é❧✐s❡r ❧❡s

❤❛❜✐t❛ts ♣❛rt❛❣és ♣❛r ✉♥ ❡♥s❡♠❜❧❡ ❞✬❡s♣è❝❡s s❡ ♣rés❡♥t❡ ❝♦♠♠❡ ✉♥❡ ❛❧t❡r♥❛t✐✈❡✳ P❧✉s✐❡✉rs ♦✉t✐❧s

♦♥t été ❞é✈❡❧♦♣♣és ♣♦✉r ❞é✜♥✐r ❞❡s ❣r♦✉♣❡s ❞✬❡s♣è❝❡s ❡t ♠♦❞é❧✐s❡r ❧❡✉rs ré♣♦♥s❡s✳

▲❡s str❛té❣✐❡s

❚r♦✐s str❛té❣✐❡s ♣r✐♥❝✐♣❛❧❡s ❞❡ ♠♦❞é❧✐s❛t✐♦♥ ❡①✐st❡♥t s❡❧♦♥ ❋❡rr✐❡r ❡t ●✉✐s❛♥ ✭✷✵✵✻✮ ✿

✶✳ ✏❈❧❛ss✐✜❡r ♣✉✐s ♠♦❞é❧✐s❡r ❡t ♣ré❞✐r❡✑✱ q✉✐ ❝♦♥s✐st❡ à ❞é✜♥✐r ❞❡s ❣r♦✉♣❡s ❞✬❡s♣è❝❡s ♣❛rt❛❣❡❛♥t

❧❡s ♠ê♠❡s ❤❛❜✐t❛ts ✭♦✉ ❞❡s ❣r♦✉♣❡s ❞❡ ♣♦✐♥ts ❞✬é❝❤❛♥t✐❧❧♦♥♥❛❣❡ ♣❛rt❛❣❡❛♥t ❧❡s ♠ê♠❡s ❡s✲

♣è❝❡s✮✱ ♣✉✐s à ♠♦❞é❧✐s❡r ❧❡✉rs ❤❛❜✐t❛ts ❞❡ ♠❛♥✐èr❡ ✐♥❞✐✈✐❞✉❡❧❧❡ ✭♣♦✉r ❝❤❛q✉❡ ❛ss❡♠❜❧❛❣❡✮

♦✉ ♠✉❧t✐♣❧❡ ✭♣♦✉r t♦✉s ❧❡s ❛ss❡♠❜❧❛❣❡s s✐♠✉❧t❛♥é♠❡♥t✮✳

✷✳ ✏▼♦❞é❧✐s❡r ♣✉✐s ❝❧❛ss✐✜❡r✑ q✉✐ ❝♦♥s✐st❡ à ♠♦❞é❧✐s❡r ❝❤❛q✉❡ ❡s♣è❝❡ ♣✉✐s à r❡❣r♦✉♣❡r ❡♥s✉✐t❡

❧❡✉rs ré♣♦♥s❡s✳

✸✳ ✏▼♦❞é❧✐s❡r ❡t ❝❧❛ss✐✜❡r s✐♠✉❧t❛♥é♠❡♥t✑ ♦ù ❧❡s ét❛♣❡s s♦♥t ré❛❧✐sé❡s s✐♠✉❧t❛♥é♠❡♥t✳

➱t❛♥t ❞♦♥♥é ❧❡s ❧✐♠✐t❛t✐♦♥s ❞❡ ❧❛ str❛té❣✐❡ ✷ ❞❛♥s ❧❡ ❝❛s ❞❡ ❢❛✐❜❧❡ é❝❤❛♥t✐❧❧♦♥ ✭❋❡rr✐❡r ❛♥❞

●✉✐s❛♥✱ ✷✵✵✻❀ ❖❧❞❡♥✱ ✷✵✵✸✮✱ ♥♦✉s ♥♦✉s ❝♦♥❝❡♥tr❡r♦♥s s✉r ❧❛ ❞❡s❝r✐♣t✐♦♥ ❞❡s str❛té❣✐❡s ✶ ❡t ✸

✉♥✐q✉❡♠❡♥t✳

▲❡ ❝❤♦✐① ❞❡ ❧❛ str❛té❣✐❡ ❞é♣❡♥❞r❛ ❞❡ ❧✬♦❜❥❡❝t✐❢ ❞❡ ❧✬ét✉❞❡✱ ❞✉ t②♣❡ ✭♣rés❡♥❝❡✴❛❜s❡♥❝❡✮✱ ❞❡

❧❛ q✉❛♥t✐té ✭t❛✐❧❧❡ é❝❤❛♥t✐❧❧♦♥♥❛❣❡✮ ❡t ❞❡ ❧❛ q✉❛❧✐té ✭é❝❤❛♥t✐❧❧♦♥♥❛❣❡✮ ❞❡s ❞♦♥♥é❡s✳ ▲❡s ❞❡✉①

str❛té❣✐❡s ✭✶ ❡t ✸✮ ♣❡r♠❡tt❡♥t ❞❡ ♣r❡♥❞r❡ ❡♥ ❝♦♠♣t❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡s ❡s♣è❝❡s r❛r❡s ❛✐♥s✐ q✉❡

❧❡s ✐♥t❡r❛❝t✐♦♥s ❡♥tr❡ ❡s♣è❝❡s✳ ❯♥❡ ❝♦♥tr❛✐♥t❡ ♠❛❥❡✉r❡ ❞❡ ❧❛ str❛té❣✐❡ ✶ ❡st q✉✬❡❧❧❡ s✉♣♣♦s❡ q✉❡

t♦✉t❡s ❧❡s ❡s♣è❝❡s ♣rés❡♥t❡s ❞❛♥s ❧❡ s✐t❡ ❞✬ét✉❞❡ ❛✐❡♥t été ❝♦♥s✐❞éré❡s✳ ❉❡ ❝❡ ❢❛✐t✱ ❡❧❧❡ ❝♦♥s✐❞èr❡

❧❡s ❣r♦✉♣❡s ❞✬❡s♣è❝❡s ❝♦♠♠❡ ❞❡s ❡♥t✐tés ✜①❡s ✭❖❧❞❡♥✱ ✷✵✵✸✮✳ ▲❡s ♣ré❞✐❝t✐♦♥s s✉r ❞❡s ♣♦✐♥ts ♥♦♥

é❝❤❛♥t✐❧❧♦♥♥és s❡r♦♥t ❞♦♥❝ ❧❛ ♣rés❡♥❝❡ ♦✉ ❧✬❛❜s❡♥❝❡ ❞❡ ❝❡s ❝❧❛ss❡s ❡t ❧❛ ♣ré❞✐❝t✐♦♥ ❞❡ ❝♦♠❜✐♥❛✐s♦♥s

❞✐✛ér❡♥t❡s ❞✬❡s♣è❝❡s ♥✬❡st ❛❧♦rs ♣❛s ♣♦ss✐❜❧❡✳ ❈❡tt❡ ❛♣♣r♦❝❤❡ ❞❡♠❡✉r❡ ❝❡♣❡♥❞❛♥t ❛♣♣r♦♣r✐é❡ ❞❛♥s

❧❡ ❝❛s ❞❡ ❧❛ ❝❧❛ss✐✜❝❛t✐♦♥ ❞❡s ❛ss❡♠❜❧❛❣❡s✳ ▲❛ str❛té❣✐❡ ✸ ♠♦❞é❧✐s❛♥t ❧❡s ré♣♦♥s❡s ❞❡s ❡s♣è❝❡s ❞❡

♠❛♥✐èr❡s s✐♠✉❧t❛♥é❡ ♣❡r♠❡t ❞✬♦❜t❡♥✐r ❧❡s ré♣♦♥s❡s ✐♥❞✐✈✐❞✉❡❧❧❡s ♣♦✉r ❝❤❛q✉❡ ❡s♣è❝❡✳ ❈❡❝✐ ❡st

✐♠♣♦ss✐❜❧❡ ♣❛r ❧❛ str❛té❣✐❡ ✶ ❝❛r ❡❧❧❡ ♣❡r♠❡t ❞❡ ♠♦❞é❧✐s❡r ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡ ❣r♦✉♣❡s ❞✬❡s♣è❝❡s

✉♥✐q✉❡♠❡♥t✳ ❉❡ s✉r❝r♦ît✱ ❧❛ str❛té❣✐❡ ✶ ♣❡r♠❡t ❞✬❡①tr❛♣♦❧❡r ❧❡s ♣ré❞✐❝t✐♦♥s ❛✉ ❞❡❧à ❞❡s ❣r♦✉♣❡s

❞é✜♥✐s s✉r ❧❛ ③♦♥❡ é❝❤❛♥t✐❧❧♦♥♥é❡✱ ❝❡ q✉✐ ♣❡✉t êtr❡ très ✉t✐❧❡ ♣♦✉r ♣ré❞✐r❡ ❞❛♥s ❞❡s ❝♦♥t❡①t❡s

❡♥✈✐r♦♥♥❡♠❡♥t❛✉① ❞✐✛ér❡♥ts ♦ù ❧❛ ❝♦♠♣♦s✐t✐♦♥ ❛ ♣r✐♦r✐ ❡♥ ❡s♣è❝❡s ❡st ✐♥❝♦♥♥✉❡✳

▲❛ ♠♦❞é❧✐s❛t✐♦♥ st❛t✐st✐q✉❡

✸✼



✷✳✶✳ ▼♦❞é❧✐s❛t✐♦♥ ❞❡s ❞✐str✐❜✉t✐♦♥s s♣❛t✐❛❧❡s ❞❡s ❤ôt❡s ✐♥t❡r♠é❞✐❛✐r❡s

P♦✉r ❧❛ str❛té❣✐❡ ✶✱ ❧❛ ❝❧❛ss✐✜❝❛t✐♦♥ ❞❡s ré♣♦♥s❡s ❞❡s ❡s♣è❝❡s ❡st s♦✉✈❡♥t ré❛❧✐sé❡ ♣❛r ❞❡s

♠ét❤♦❞❡s ❞✬♦r❞✐♥❛t✐♦♥ ✭❋❡rr✐❡r ❡t ❛❧✳✱ ✷✵✵✷❜❀ ❋❡rr✐❡r ❛♥❞ ●✉✐s❛♥✱ ✷✵✵✻✮✳ ▲❛ ♠♦❞é❧✐s❛t✐♦♥ ❞❡s

❛ss❡♠❜❧❛❣❡s ♣ré❞é✜♥✐s ♣❡✉t êtr❡ ré❛❧✐sé❡ ❞❡ ♠❛♥✐èr❡ ✐♥❞✐✈✐❞✉❡❧❧❡ ♣♦✉r ❝❤❛q✉❡ ❛ss❡♠❜❧❛❣❡ ♣❛r

❞❡s ♠ét❤♦❞❡s ❞❡ ♠♦❞é❧✐s❛t✐♦♥ ❞é✈❡❧♦♣♣é❡s ♣♦✉r ❞❡s ré♣♦♥s❡s ❜✐♥♦♠✐❛❧❡s ❡t ♣♦✉r ❝♦♥str✉✐r❡

❞❡s ❝❛rt❡s ❞❡ ♣r♦❜❛❜✐❧✐tés ❞❡ ♣rés❡♥❝❡✴❛❜s❡♥❝❡ ❞❡ ❧✬❛ss❡♠❜❧❛❣❡✳ ▲❡s ❛ss❡♠❜❧❛❣❡s ♣❡✉✈❡♥t êtr❡

é❣❛❧❡♠❡♥t ♠♦❞é❧✐sés s✐♠✉❧t❛♥é♠❡♥t ♣❛r ❞❡s ♠ét❤♦❞❡s ❝♦♥s✐❞ér❛♥t ❞❡s ré♣♦♥s❡s ♠✉❧t✐♥♦♠✐❛❧❡s

❡t ❞❛♥s ❝❡ ❝❛s ❞♦♥♥❡r ❧✐❡✉ à ❞❡s ❝❛rt❡s ❞❡ ❝❧❛ss✐✜❝❛t✐♦♥ ❞❡s ❛ss❡♠❜❧❛❣❡s ❞❛♥s ❧❛ ③♦♥❡ ét✉❞✐é❡✳

P♦✉r ❧❛ str❛té❣✐❡ ✸✱ ❧❡s ♠ét❤♦❞❡s ❞❡ ♠♦❞é❧✐s❛t✐♦♥ st❛t✐st✐q✉❡ ✉t✐❧✐sé❡s s♦♥t ❝❡❧❧❡s q✉✐ ♣❡r♠❡t✲

t❡♥t ❞❡ ♠♦❞é❧✐s❡r ❞❡s ré♣♦♥s❡s ♠✉❧t✐♥♦♠✐❛❧❡s ❞❡s ❡s♣è❝❡s ✭❞❡ ♠❛♥✐èr❡ ❥♦✐♥t✐✈❡✮✳ ➪ ❧✬✐ss✉❡ ❞❡ t❡❧s

♠♦❞è❧❡s✱ ❧❡s ❝❛rt❡s ❞❡ ♣ré❞✐❝t✐♦♥ ♣♦✉r ❝❤❛q✉❡ ❡s♣è❝❡ s♦♥t ♦❜t❡♥✉❡s ❡t ♣❡✉✈❡♥t êtr❡ ❝♦♠❜✐♥é❡s

❞❛♥s ❧✬♦♣t✐q✉❡ ♣❛r ❡①❡♠♣❧❡ ❞❡ ❝❧❛ss✐✜❡r ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡s ❛ss❡♠❜❧❛❣❡s✳

❖♥ ❞✐st✐♥❣✉❡r❛ ♣❛r♠✐ ❧❡s ♠ét❤♦❞❡s ❞❡ ♠♦❞é❧✐s❛t✐♦♥ ❡①✐st❛♥t❡s✱ ❝❡❧❧❡s ❛♣♣r♦♣r✐é❡s ♣♦✉r

♠♦❞é❧✐s❡r ❧❡s ré♣♦♥s❡s ✐♥❞✐✈✐❞✉❡❧❧❡s ❞❡s ❡s♣è❝❡s ♦✉ ❣r♦✉♣❡s ❞✬❡s♣è❝❡s ✭❚❛❜❧❡ ✷ ♣✳ ✺✵✱ ✏■♥❞✑✮✱

❞❡ ❝❡❧❧❡s q✉✐ ♣❡r♠❡tt❡♥t ❧❡✉r ♠♦❞é❧✐s❛t✐♦♥ s✐♠✉❧t❛♥é❡ ❡t ❞❡ ♠❛♥✐èr❡ ❥♦✐♥t✐✈❡ ✭❚❛❜❧❡ ✷ ♣✳ ✺✵✱

✏▼✉❧t✑✮✳

✷✳✶✳✸✳✷ ▲❡s ♠♦❞è❧❡s ♣❛r❛♠étr✐q✉❡s ✈❡rs✉s ♥♦♥✲♣❛r❛♠étr✐q✉❡s

❉❡ ♠❛♥✐èr❡ ❣é♥ér❛❧❡ ❡t ❡♥ ❛❝❝♦r❞ ❛✈❡❝ ❧✬é✈♦❧✉t✐♦♥ ❤✐st♦r✐q✉❡ ❞❡s ♠ét❤♦❞❡s✱ ✉♥❡ ✐♠♣♦rt❛♥t❡

❞✐st✐♥❝t✐♦♥ ❡st ❢❛✐t❡ ❡♥tr❡ ❧❡s ♠ét❤♦❞❡s ♣❛r❛♠étr✐q✉❡s ❡t ♥♦♥ ♣❛r❛♠étr✐q✉❡s✱ ❡t ❧✐♥é❛✐r❡s ♦✉ ♥♦♥

❧✐♥é❛✐r❡s✳ ▲❛ ❚❛❜❧❡ ✷ ✭♣✳ ✺✵✮ r❡♥❞ ❝♦♠♣t❡ ❞❡s ♠ét❤♦❞❡s ❡①✐st❛♥t❡s ✉t✐❧✐s❛❜❧❡s ♣♦✉r ❧❛ ♠♦❞é❧✐s❛t✐♦♥

❞❡s ❛ss❡♠❜❧❛❣❡s✱ ❞❛♥s ❝❤❛❝✉♥❡ ❞❡ ❝❡s ❝❛té❣♦r✐❡s✳

▲❡s ♠♦❞è❧❡s st❛t✐st✐q✉❡s ♣❛r❛♠étr✐q✉❡s s♦♥t ❜❛sés s✉r ❞❡s t❤é♦r✐❡s ❡t ❤②♣♦t❤ès❡s✳ ■❧s s✉♣✲

♣♦s❡♥t ✉♥❡ q✉❛♥t✐té ❞❡ ❝♦♥♥❛✐ss❛♥❝❡s ❛ ♣r✐♦r✐ s✉r ❧❡s ♣❛r❛♠ètr❡s ✭❧❛ ❞✐str✐❜✉t✐♦♥ st❛t✐st✐q✉❡

❞❡s ré♣♦♥s❡s✮✳ ▲❡✉r ♦❜❥❡❝t✐❢ ❡st ❞✬♦❜t❡♥✐r ❞❡s ♠♦❞è❧❡s ❢❛❝✐❧❡♠❡♥t ✐♥t❡r♣rét❛❜❧❡s✱ ❡①❝❧✉❛♥t ♣❛r

❡①❡♠♣❧❡ ❧❡s ♣ré❞✐❝t❡✉rs ❝♦rré❧és✳

▲❡s ♣r❡♠✐❡rs ♠♦❞è❧❡s ❞é✈❡❧♦♣♣és s♦♥t ❜❛sés s✉r ❧❛ ❞é✜♥✐t✐♦♥ ❞❡ ❧❛ ♥✐❝❤❡ ❞✬❍✉t❝❤✐♥s♦♥

✭✶✾✺✼✮✱ ♥♦r♠❛❧❡ ♦✉ t♦✉t ❛✉ ♠♦✐♥s ✉♥✐✲♠♦❞❛❧❡ ✭✉♥ s❡✉❧ ♦♣t✐♠✉♠✮✳ ▲❡s ♠ét❤♦❞❡s ❞✬♦r❞✐♥❛t✐♦♥ ❡t

❞✬❛♥❛❧②s❡s ❢❛❝t♦r✐❡❧❧❡s✱ ♣❡r♠❡tt❡♥t ❞❡ rés✉♠❡r ❧❡s ❞♦♥♥é❡s ♠✉❧t✐✈❛r✐é❡s s✉r ❞❡s ❛①❡s ♣r✐♥❝✐♣❛✉①

❡t ❞✬❡st✐♠❡r ❧❡s ❞✐st❛♥❝❡s à ❧❛ ♥✐❝❤❡ ✭❞✐st❛♥❝❡ ❞❡ ▼❛❧❛❤❛♥♦❜✐s✮ ♣♦✉r ♦❜t❡♥✐r ❞❡s ❝❛rt❡s ❞❡

❞✐s♣♦♥✐❜✐❧✐té ❞❡s ❤❛❜✐t❛ts✱ ❝❤❛q✉❡ ♣✐①❡❧ ét❛♥t ❛ttr✐❜✉é à ✉♥ ✐♥❞✐❝❡ ❞❡ ❝♦♥❢♦r♠✐té ✭✏s✉✐t❛❜✐❧✐t②✑✮

à ❧❛ ♥✐❝❤❡✳

▲✬❛♥❛❧②s❡ ❝❛♥♦♥✐q✉❡ ❞❡s ❝♦rr❡s♣♦♥❞❛♥❝❡s ✭❈❈❆✮ ❛✐♥s✐ q✉❡ ❧✬❆♥❛❧②s❡ ❉✐s❝r✐♠✐♥❛♥t❡ ▲✐♥é❛✐r❡

✭▲❉❆✮ ♦♥t été ❞é✈❡❧♦♣♣é❡s ♣♦✉r ❞✐s❝r✐♠✐♥❡r ❞❡s ❡s♣è❝❡s ♦✉ ❞❡s ❣r♦✉♣❡s ❞✬❡s♣è❝❡s ❞❛♥s ❧✬❡s♣❛❝❡

❡♥✈✐r♦♥♥❡♠❡♥t❛❧✳ ❇✐❡♥ q✉❡ ❝❡s ♠ét❤♦❞❡s r❡❧è✈❡♥t ❞❡ ❧✬♦r❞✐♥❛t✐♦♥ ❞❡s ❞♦♥♥é❡s é❝♦❧♦❣✐q✉❡s ❡t ❞❡

❧❛ ❝❧❛ss✐✜❝❛t✐♦♥ r❡s♣❡❝t✐✈❡♠❡♥t✱ ❧❡✉rs ❢♦r♠❡s ❛❧❣é❜r✐q✉❡s s♦♥t éq✉✐✈❛❧❡♥t❡s ✭❩❤✉ ❡t ❛❧✳✱ ✷✵✵✺✮✳ ▲❡

❞é✈❡❧♦♣♣❡♠❡♥t ❞✬❛♥❛❧②s❡ ❞✐s❝r✐♠✐♥❛♥t❡ ❞❡ ▼✐①t✉r❡ ❞❡ ●❛✉ss✐❡♥♥❡s ✭▼❉❆✮ ♣❡r♠❡t ❞❡ ♠♦❞é❧✐s❡r

❞❡s ♥✐❝❤❡s ♠✉❧t✐✲♠♦❞❛❧❡s ✭❍❛st✐❡ ❛♥❞ ❚✐❜s❤✐r❛♥✐✱ ✶✾✾✸✮✳ ❘é❝❡♠♠❡♥t✱ ✉♥❡ ♠ét❤♦❞❡ ❞✬♦r❞✐♥❛t✐♦♥

❞✬❡s♣è❝❡s ♠✉❧t✐♣❧❡s ❛ été ❞é✈❡❧♦♣♣é❡ ♣♦✉r ❞♦♥♥❡r ❞❛✈❛♥t❛❣❡ ❞❡ ♣♦✐❞s ❛✉① ❡s♣è❝❡s r❛r❡s ❡t ♣♦✉r

s✬❛❜st❡♥✐r ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ●❛✉ss✐❡♥♥❡ ❡t ❞❡♥s✐té✲❞é♣❡♥❞❛♥t❡ ❞❡ ❧❛ ♥✐❝❤❡ ✿ ❧✬✏❖✉t❧✐♥❡ ▼❡❛♥

■♥❞❡①✑ ✭❖▼■✮ q✉✐ ❝♦♥s✐st❡ à sé♣❛r❡r ❧❡s ♣♦✐♥ts ❞❡ ❧❛ ♥✐❝❤❡ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❡✉rs ♣♦s✐t✐♦♥ s✉r ❧✬❛①❡

❞❡ ♠❛r❣✐♥❛❧✐té✱ ❝✬❡st✲à✲❞✐r❡ ❧❡✉r ❞é✈✐❛t✐♦♥ ♣❛r r❛♣♣♦rt à ❧✬❡s♣❛❝❡ é❝♦❧♦❣✐q✉❡ ❞❡ ❧❛ ③♦♥❡✳ ■❧ ♥❡

❞é♣❡♥❞ ❞♦♥❝ ♥✐ ❞❡ ❧✬❛❜♦♥❞❛♥❝❡ ♥✐ ❞❡ ❧❛ ♠♦②❡♥♥❡ ❞❡ ❧✬❡s♣è❝❡ ✭❉♦❧❡❞❡❝ ❡t ❛❧✳✱ ✷✵✵✵✮✳

✸✽



✷✳✶✳ ▼♦❞é❧✐s❛t✐♦♥ ❞❡s ❞✐str✐❜✉t✐♦♥s s♣❛t✐❛❧❡s ❞❡s ❤ôt❡s ✐♥t❡r♠é❞✐❛✐r❡s

▲✑✬❊❝♦❧♦❣✐❝❛❧ ◆✐❝❤❡ ❋❛❝t♦r ❆♥❛❧②s✐s✑ ✭❊◆❋❆✮ ❛ été ❞é✈❡❧♦♣♣é ♣♦✉r ♠♦❞é❧✐s❡r ❧❡s ♣rés❡♥❝❡s

❞✬❡s♣è❝❡s ✐♥❞✐✈✐❞✉❡❧❧❡♠❡♥t ✭❍✐r③❡❧ ❡t ❛❧✳✱ ✷✵✵✷✮✳ ❊❧❧❡ ♣❡r♠❡t ❛❧♦rs ❞❡ ♠❡ttr❡ ❡♥ é✈✐❞❡♥❝❡ ❞❡s

❛①❡s ❢❛❝t♦r✐❡❧s ♣r✐♥❝✐♣❛✉① ❝❛♣❛❜❧❡s ❞❡ ♠❛①✐♠✐s❡r ❧❛ ♠❛r❣✐♥❛❧✐s❛t✐♦♥ ✭é❝❛rt ❞❡ ❧❛ ♠♦②❡♥♥❡ ❞❡ ❧❛

♥✐❝❤❡ à ❧❛ ♠♦②❡♥♥❡ ❞✉ s✐t❡✮ ❡t ❧❛ s♣é❝✐❛❧✐s❛t✐♦♥ ✭r❛t✐♦ ❞❡s é❝❛rts t②♣❡s ❞❡ ❧❛ ♥✐❝❤❡ s✉r ❧❛ ♠♦②❡♥♥❡

❞✉ s✐t❡✮ ❞❡ ❧❛ ♥✐❝❤❡ ❞❛♥s ❧✬❡s♣❛❝❡ ❡♥✈✐r♦♥♥❡♠❡♥t❛❧ ❞❡ ❧✬❡♥s❡♠❜❧❡ ❞❡ ❧❛ ③♦♥❡ ét✉❞✐é❡ ❀ ❧❛ ♥✐❝❤❡

ét❛♥t ❞é✜♥✐❡ t❡❧❧❡ ✉♥❡ ●❛✉ss✐❡♥♥❡✳ ▲✬✉t✐❧✐s❛t✐♦♥ ❞❡ ❞✐st❛♥❝❡s ♠♦②❡♥♥❡s ❣é♦♠étr✐q✉❡s ♣❡r♠❡t ❞❡

s✬❛❜st❡♥✐r ❞❡ ♣rés✉♣♣♦sés s✉r ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡s ♣♦✐♥ts ❞❛♥s ❧✬❡s♣❛❝❡ ❡♥✈✐r♦♥♥❡♠❡♥t❛❧ ✭❍✐r③❡❧

❛♥❞ ❆r❧❡tt❛③✱ ✷✵✵✸✮✳

❊♥✜♥✱ ❧❡s ♠♦❞è❧❡s ❞❡ ré❣r❡ss✐♦♥ ❧✐♥é❛✐r❡ ❣é♥ér❛✉① s♦♥t très ❧❛r❣❡♠❡♥t ✉t✐❧✐sés ♣♦✉r ♠♦❞✲

é❧✐s❡r ❧❡s ❞♦♥♥é❡s ❞❡ ♣rés❡♥❝❡✴❛❜s❡♥❝❡ ❡t ♣r♦❞✉✐r❡ ❞✐r❡❝t❡♠❡♥t ❞❡s ♣r♦❜❛❜✐❧✐tés ❞✬♦❝❝✉rr❡♥❝❡s✳

▲✬❛✈❛♥t❛❣❡ ❞❡ ❝❡s ♠♦❞è❧❡s rés✐❞❡ ❞❛♥s ❧❡ ❢❛✐t q✉✬✐❧s ♣❡✉✈❡♥t êtr❡ ✉t✐❧✐sés ♣♦✉r ♠♦❞é❧✐s❡r ✉♥❡

❣r❛♥❞❡ ❞✐✈❡rs✐té ❞❡ ❞✐str✐❜✉t✐♦♥s✳ ■❧s ♣❡r♠❡tt❡♥t ❞❡ ❞✐s❝r✐♠✐♥❡r ❧❡s ♣rés❡♥❝❡✴❛❜s❡♥❝❡ ❞✬✉♥❡ ❡s✲

♣è❝❡ ✭❞✐str✐❜✉t✐♦♥ ❜✐♥♦♠✐❛❧❡✮ ❝♦♠♠❡ ❧❡s ♣rés❡♥❝❡s ❞❡ ♣❧✉s✐❡✉rs ❡s♣è❝❡s ✭❞✐str✐❜✉t✐♦♥ ♠✉❧t✐♥♦✲

♠✐❛❧❡✮ ✭▼❛❝❈✉❧❧❛❣ ❛♥❞ ◆❡❧❞❡r✱ ✶✾✽✾✮✳

P❛r ♦♣♣♦s✐t✐♦♥✱ ❧❡s ♠♦❞è❧❡s ♥♦♥✲♣❛r❛♠étr✐q✉❡s ♥❡ r❡q✉✐èr❡♥t ♣❛s ❧✬❡st✐♠❛t✐♦♥ ❞❡ ♣❛r❛♠ètr❡s

t❡❧s q✉❡ ❝❡✉① ♥é❝❡ss❛✐r❡ à ❧❛ ❢♦r♠❛❧✐s❛t✐♦♥ ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡ ❧❛ ré♣♦♥s❡ ❡t ❞❡s ♣ré❞✐❝t❡✉rs✳

▲❡ ♣♦✐♥t ❝♦♠♠✉♥ ❡♥tr❡ ❧❡s ♠♦❞è❧❡s ❞❡ ❞✐str✐❜✉t✐♦♥ ❛✉ ♥✐✈❡❛✉ ❞❡s ❝♦♠♠✉♥❛✉tés ❡t ❧❡s ♠ét❤♦❞❡s

st❛t✐st✐q✉❡s ♠♦❞❡r♥❡s ♥♦♥✲♣❛r❛♠étr✐q✉❡s ❡st q✉✬✐❧s ♦♥t ❧❛ ♣❛rt✐❝✉❧❛r✐té ❞❡ ♣♦✉✈♦✐r s✬❛❞❛♣t❡r à

❞❡s ❞♦♥♥é❡s é♣❛rs❡s ✭✏s♣❛r❝❡✑✮ ❛✐♥s✐ q✉✬à ❞❡s ❞✐str✐❜✉t✐♦♥s ❝♦♠♣❧❡①❡s ✭❊❧✐t❤ ❡t ❛❧✳✱ ✷✵✵✻✮✳ ❉❡ t❡❧s

♠♦❞è❧❡s ♣❡✉✈❡♥t ❛❧♦rs ❛✐❞❡r à ❧❛ ♠♦❞é❧✐s❛t✐♦♥ ❞❡s ❞✐str✐❜✉t✐♦♥s ❞❡s ❤❛❜✐t❛ts q✉✐ ♣❡✉✈❡♥t êtr❡

❝♦♠♣❧❡①❡s ❧♦rsq✉❡ ❧✬♦♥ ❝♦♥s✐❞èr❡ ❧✬❡♥s❡♠❜❧❡ ❞❡s ❡s♣è❝❡s q✉✬✐❧s ❝♦♥t✐❡♥♥❡♥t ✭❖❧❞❡♥ ❡t ❛❧✳✱ ✷✵✵✻❀

▲❡❛t❤✇✐❝❦ ❡t ❛❧✳✱ ✷✵✵✻❀ ❊❧✐t❤ ❡t ❛❧✳✱ ✷✵✵✻✮✳

▲✬❛♥❛❧②s❡ ✈❛ ✐❞❡♥t✐✜❡r ❧❡s ♣❛r❛♠ètr❡s ❡♥ s✬❛❥✉st❛♥t ❛✉ ♠✐❡✉① ❛✉① ❞♦♥♥é❡s ❡t ❡♥ ❝❡ s❡♥s ❡❧❧❡

❡st q✉❛❧✐✜é❡ ❞❡ ✏❞❛t❛✲♠✐♥✐♥❣✑ ✭❍❛st✐❡ ❡t ❛❧✳✱ ✷✵✵✶✮✳ ❊❧❧❡ ♣❡r♠❡t ❞♦♥❝ ❞❡ ❞ét❡❝t❡r ❡t ❞❡ ❞é❝r✐r❡

❧❡s ♣❛tr♦♥s ❞❡s ❞♦♥♥é❡s s❛♥s ✐❞é❡s ♣ré❝♦♥ç✉❡s s✉r ❝❡ q✉✬✐❧s ❞❡✈r❛✐❡♥t êtr❡✱ ❝✬❡st✲à✲❞✐r❡ s❛♥s ❛

♣r✐♦r✐ q✉❛♥t à ❧❛ ❢♦r♠❡ ❞❡ ❧❛ r❡❧❛t✐♦♥ ❡♥tr❡ ❧❡s ♣ré❞✐❝t❡✉rs ❡t ❧❛ ré♣♦♥s❡ ✭❍❛❝❤❛❝❦❛ ❡t ❛❧✳✱ ✷✵✵✼✮✳

❈❡s ❛♥❛❧②s❡s ♣❡✉✈❡♥t êtr❡ ❝❛r❛❝tér✐sé❡s ♣❛r ❧❡ ❢❛✐t q✉✬❡❧❧❡s ♣r♦❞✉✐s❡♥t ❛✉t♦♠❛t✐q✉❡♠❡♥t ❞❡s ♣ré✲

❞✐❝t✐♦♥s ♣ré❝✐s❡s à ♣❛rt✐r ❞❡s ❞♦♥♥é❡s✱ ❛✈❡❝ ❧❛ ❝❛♣❛❝✐té ❞❡ ✏s❝❛♥♥❡r✑ ✉♥ ❧❛r❣❡ ♥♦♠❜r❡ ❞❡ ♣ré✲

❞✐❝t❡✉rs ❡t ❞✬✐❞❡♥t✐✜❡r ❧❡s ♣❧✉s ✐♠♣♦rt❛♥ts✳ ▲✬♦❜❥❡❝t✐❢ ❡st ❞✬✐♥❝❧✉r❡ t♦✉t❡s ❧❡s ✈❛r✐❛❜❧❡s q✉✐ ♣❡✉✲

✈❡♥t ♠❛①✐♠✐s❡r ❧❡s ♣❡r❢♦r♠❛♥❝❡s ♣ré❞✐❝t✐✈❡s ❞✉ ♠♦❞è❧❡ ✭êtr❡ ✐♥❢♦r♠❛t✐❢✮✳ ❈❡s ♠ét❤♦❞❡s ♣❡✉✈❡♥t

êtr❡ q✉❛❧✐✜é❡s ❞❡ ✏▼❛❝❤✐♥❡ ❧❡❛r♥✐♥❣✑ ❧♦rsq✉✬❡❧❧❡s ❝♦rr❡s♣♦♥❞❡♥t à ❞❡s ❛❧❣♦r✐t❤♠❡s ❝❛♣❛❜❧❡s ❞✬❛♣✲

♣r❡♥❞r❡ ❞❡ ❧❡✉rs ❡①♣ér✐❡♥❝❡s ♣♦✉r ❛♠é❧✐♦r❡r ❧❡✉rs ♣❡r❢♦r♠❛♥❝❡s ✭▼❥♦❧s♥❡ss ❛♥❞ ❉❡❈♦st❡✱ ✷✵✵✶✮✳

❊❧❧❡s ♦♥t été ❞é✈❡❧♦♣♣é❡s ✐♥✐t✐❛❧❡♠❡♥t ♣♦✉r ❞❡ ❧❛r❣❡s ❥❡✉① ❞❡ ❞♦♥♥é❡s ❛✈❡❝ ✉♥ ♥♦♠❜r❡ ✐♠♣♦r✲

t❛♥t ❞❡ ♣ré❞✐❝t❡✉rs ❡t ❡ss❡♥t✐❡❧❧❡♠❡♥t ❞❛♥s ❧❡ ❝♦♥t❡①t❡ ❞❡ ❧❛ ❝❧❛ss✐✜❝❛t✐♦♥✳ ❈❡❝✐ ❞✐t✱ ✐❧ ❛ été

♠♦♥tré q✉✬❡❧❧❡s ♣♦✉✈❛✐❡♥t êtr❡ ♣❡r❢♦r♠❛♥t❡s ❞❛♥s ❧❡ ❝❛s ❞❡ ❢❛✐❜❧❡s t❛✐❧❧❡s ❞✬é❝❤❛♥t✐❧❧♦♥s ✭❊❧✐t❤

❡t ❛❧✳✱ ✷✵✵✻✮✳ ❊❧❧❡s s✬❛✈èr❡♥t ✉t✐❧❡s s✐ ❧❡s ❝♦♥♥❛✐ss❛♥❝❡s ❛ ♣r✐♦r✐ s✉r ❧❡s ♣❛tr♦♥s s♦♥t ♠✐♥✐♠❛❧❡s

❡t q✉❡ ❧❡s ❤②♣♦t❤ès❡s ♥❡ s♦♥t ♣❛s ❝❧❛✐r❡♠❡♥t ❞é✈❡❧♦♣♣é❡s ❡t ❝♦♥st✐t✉❡♥t ❡♥ q✉❡❧q✉❡ s♦rt❡ ✉♥

♦✉t✐❧ ❞❡ ♣ré❞✐❧❡❝t✐♦♥ ♣♦✉r ❧❡s ❛♥❛❧②s❡s ❡①♣❧♦r❛t♦✐r❡s✳ ▲❡✉r ✐♥❝♦♥✈é♥✐❡♥t ♠❛❥❡✉r t✐❡♥t ❛✉ ❢❛✐t q✉❡

❧❡s ♠♦❞è❧❡s ❞é✈❡❧♦♣♣és s♦♥t ❞✐✣❝✐❧❡♠❡♥t ❝♦♠♣ré❤❡♥s✐❜❧❡s ❡t ❧❡s r❡❧❛t✐♦♥s st❛t✐st✐q✉❡s ❛❥✉sté❡s

❞✐✣❝✐❧❡♠❡♥t ✐♥t❡r♣rét❛❜❧❡s✳ ❈❡♣❡♥❞❛♥t✱ ❞❛♥s ❧❡ ❞♦♠❛✐♥❡ ❞❡s ❞✐str✐❜✉t✐♦♥s ❞❡s ❡s♣è❝❡s✱ q✉❡❧q✉❡s

ét✉❞❡s s❡ s♦♥t ✐♥tér❡ssé❡s à ❛♠é❧✐♦r❡r ❝❡t ❛s♣❡❝t ✭❊❧✐t❤ ❡t ❛❧✳✱ ✷✵✵✺✮✳

❆✐♥s✐ ❧✬♦♥ ♣❡✉t ❝♦♥s✐❞ér❡r q✉❡ ❧❡s ♠♦❞è❧❡s ❞❡s ❡♥✈❡❧♦♣♣❡s ✭❜❛sés s✉r ❧❡s ♣rés❡♥❝❡s s❡✉❧❡♠❡♥t✮

✸✾



✷✳✶✳ ▼♦❞é❧✐s❛t✐♦♥ ❞❡s ❞✐str✐❜✉t✐♦♥s s♣❛t✐❛❧❡s ❞❡s ❤ôt❡s ✐♥t❡r♠é❞✐❛✐r❡s

q✉✐ ❞é✜♥✐ss❡♥t ✉♥❡ ré❣✐♦♥ ❞❛♥s ❧✬❡s♣❛❝❡ ♠✉❧t✐✈❛r✐é ✐♥❝❧✉❛♥t ❧❡s ❝♦♥❞✐t✐♦♥s ❢❛✈♦r❛❜❧❡s ♣♦✉r ❧✬❡s♣è❝❡

♣❛r ❞❡s ❝♦❡✣❝✐❡♥ts ❞❡ s✐♠✐❧❛r✐tés ✭❉❖▼❆■◆✮✱ s♦♥t ❧❡s ❢♦r♠❡s ❧❡s ♣❧✉s s✐♠♣❧❡s ❞❡ ♠♦❞è❧❡s

♥♦♥ ♣❛r❛♠étr✐q✉❡s ✭❇❛rr② ❛♥❞ ❊❧✐t❤✱ ✷✵✵✻✮✳ ❊♥ ❡✛❡t✱ ❧✬✉t✐❧✐s❛t✐♦♥ ❞✉ ♣♦✐♥t ❧❡ ♣❧✉s ♣r♦❝❤❡ ❞❡

❝❡❧✉✐ ♣ré❞✐t ♣♦✉r ❡st✐♠❡r ❧✬✐♥❞✐❝❡ ❞❡ s✐♠✐❧❛r✐té s✬❛♣♣❛r❡♥t❡ à ✉♥ ❧✐ss❛❣❡ ❡t à ✉♥ ♣r♦❝é❞é ♥♦♥

♣❛r❛♠étr✐q✉❡✳

▲❡s ♠♦❞è❧❡s ❞❡ ré❣r❡ss✐♦♥s ♣❡✉✈❡♥t êtr❡ ❛✉ss✐ ♥♦♥ ♣❛r❛♠étr✐q✉❡s✳ ▲❡s ✈❛r✐❛❜❧❡s ❡①♣❧✐❝❛t✐✈❡s

s♦♥t ❛❧♦rs r❡♠♣❧❛❝é❡s ♣❛r ❞❡s ❢♦♥❝t✐♦♥s q✉✐ ❧❡✉rs s♦♥t ❛♣♣❧✐q✉é❡s✳ ❆✐♥s✐ ❧❡s ♠♦❞è❧❡s ❣é♥ér❛✉①

❛❞❞✐t✐❢s ✭●❆▼✮ s♦♥t ✉♥❡ ♠♦❞✐✜❝❛t✐♦♥ ❞❡s ●▲▼ ♣❛r ❧✬❛❥♦✉t ❞❡ ❢♦♥❝t✐♦♥ s♣❧✐♥❡ ✭❞❡ ❧✐ss❛❣❡✮

✭❍❛st✐❡ ❛♥❞ ❚✐❜s❤✐r❛♥✐✱ ✶✾✾✵✮✳ ❆✉ss✐ ❧❡s ♠♦❞è❧❡s ❞❡ ré❣r❡ss✐♦♥s ♠✉❧t✐♣❧❡s ❛❞❛♣t❛t✐✈❡s ✭▼❆❘❙✮

tr❛♥s❢♦r♠❡♥t ❝❤❛q✉❡ ✈❛r✐❛❜❧❡ ❡①♣❧✐❝❛t✐✈❡ ♣❛r ✉♥❡ sér✐❡ ❞❡ ❢♦♥❝t✐♦♥ ❞❡ ❜❛s❡s ✭❋r✐❡❞♠❛♥✱ ✶✾✾✶✮✳

❈♦♥tr❛✐r❡♠❡♥t ❛✉① ❢♦♥❝t✐♦♥s s♣❧✐♥❡ ❞❡s ●❆▼s✱ ❧❡s ❢♦♥❝t✐♦♥s ❞❡ ❜❛s❡s s♦♥t ♣❧✉s ❢❛❝✐❧❡♠❡♥t

❡①tr❛♣♦❧❛❜❧❡s s✉r ❞❡s ❞♦♥♥é❡s ✐♥❞é♣❡♥❞❛♥t❡s ❞✉ ❥❡✉ ❞✬❡♥tr❛î♥❡♠❡♥t ❡t ❡st✐♠❛❜❧❡s ♣♦✉r ❞❡s

ré♣♦♥s❡s ♠✉❧t✐♣❧❡s✳ ❊❧❧❡s ♣❡r♠❡tt❡♥t ❛✐♥s✐ ❧❛ ♠♦❞é❧✐s❛t✐♦♥ ❞❡ ♣❧✉s✐❡✉rs ❡s♣è❝❡s s✐♠✉❧t❛♥é♠❡♥t✳

❉❛♥s ❧❡ ❞♦♠❛✐♥❡ ❞❡ ❧❛ ❝❧❛ss✐✜❝❛t✐♦♥✱ ❧✬❛♥❛❧②s❡ ❞✐s❝r✐♠✐♥❛♥t❡ ♣❡✉t êtr❡ ❝♦♥s✐❞éré❡ ❝♦♠♠❡

éq✉✐✈❛❧❡♥t❡ ❡♥ ♣❛rt✐❡ à ✉♥❡ ré❣r❡ss✐♦♥ ♠✉❧t✐♣❧❡ ❧✐♥é❛✐r❡ ré❛❧✐sé❡ s✉r ❧❡s s❝♦r❡s ♦♣t✐♠❛✉① ♦❜t❡♥✉s

❞❛♥s ❧✬❡s♣❛❝❡ ❡♥✈✐r♦♥♥❡♠❡♥t❛❧ ré❞✉✐t ✭❍❛st✐❡ ❡t ❛❧✳✱ ✶✾✾✹✮✳ ❆✐♥s✐✱ ❧✬✐♥❝♦r♣♦r❛t✐♦♥ ❞❡ ré❣r❡ss✐♦♥s

♥♦♥ ♣❛r❛♠étr✐q✉❡s ❛ ❞♦♥♥é ♥❛✐ss❛♥❝❡ à ❞❡s ❛♥❛❧②s❡s ❞✐s❝r✐♠✐♥❛♥t❡s ❞✐t❡s ✢❡①✐❜❧❡s ✭❋❉❆✮ ✭❍❛st✐❡

❡t ❛❧✳✱ ✶✾✾✹✮✳ ❯♥❡ t❡❧❧❡ ✐♥❝♦r♣♦r❛t✐♦♥ ❡st é❣❛❧❡♠❡♥t ♣♦ss✐❜❧❡ ❞❛♥s ✉♥❡ ❛♥❛❧②s❡ ❞❡ ❝♦rr❡s♣♦♥❞❛♥❝❡

✭❩❤✉ ❡t ❛❧✳✱ ✷✵✵✺✮✳ ▲❡s ❛r❜r❡s ❞❡ ❝❧❛ss✐✜❝❛t✐♦♥ ✭❈❆❘❚✮ ♣❡r♠❡tt❡♥t é❣❛❧❡♠❡♥t ❞❡ ❞✐✈✐s❡r ❧✬❡s♣❛❝❡

❞❡s ✈❛r✐❛❜❧❡s ❡♥✈✐r♦♥♥❡♠❡♥t❛❧❡s ❡♥ ré❣✐♦♥s ♣rés❡♥t❛♥t ❞❡s ré♣♦♥s❡s s✐♠✐❧❛✐r❡s ♣❛r ❧✬❡st✐♠❛t✐♦♥ ❞❡

♥♦❡✉❞s ✭❍❛st✐❡ ❛♥❞ ❚✐❜s❤✐r❛♥✐✱ ✶✾✾✸✮✳ ▲❡s ✏❙✉♣♣♦rt ✈❡❝t♦r ♠❛❝❤✐♥❡s✑ ✭❙❱▼✱ ❱❛♣♥✐❝❦ ✶✾✾✺✮ ♦♥t

été ❛♣♣❧✐q✉és ♣♦✉r ❞✐s❝r✐♠✐♥❡r ❞❡s ♣rés❡♥❝❡✴❛❜s❡♥❝❡ ❞✬❡s♣è❝❡s ❞❡ ♠❛♥✐èr❡ ✐♥❞✐✈✐❞✉❡❧❧❡s ✭●✉♦

❡t ❛❧✳✱ ✷✵✵✺✮✳

❉❡s ♠ét❤♦❞❡s ♥♦♥ ❜❛sé❡s s✉r ❧❛ ré❣r❡ss✐♦♥ ♠❛✐s ♣❧✉tôt s✉r ❧✬✐♥t❡❧❧✐❣❡♥❝❡ ❛rt✐✜❝✐❡❧❧❡ ♦♥t été

❞é✈❡❧♦♣♣é❡s ❛✈❡❝ s✉❝❝ès ❝♦♠♠❡ ♣❛r ❡①❡♠♣❧❡ ❧❡s rés❡❛✉① ❞❡ ♥❡✉r♦♥❡s ❛rt✐✜❝✐❡❧s ✭❆rt✜❝✐❛❧ ◆❡✉r❛❧

◆❡t✇♦r❦✮ ♣♦✉r ♠♦❞é❧✐s❡r ❧❡s ré♣♦♥s❡s ❥♦✐♥t❡s ❞❡s ❡s♣è❝❡s ✭❖❧❞❡♥ ❡t ❛❧✳✱ ✷✵✵✻✮✳ ▲❡s ❛❧❣♦r✐t❤♠❡s

❣é♥ét✐q✉❡s✱ ❜❛sé s✉r ✉♥ ❥❡✉ ❞❡ ❧♦✐s ♦♥t é❣❛❧❡♠❡♥t été ✉t✐❧✐sés ♣♦✉r ♠♦❞é❧✐s❡r ❧❡s ❞✐str✐❜✉t✐♦♥s

s♣❛t✐❛❧❡s ❞✬❡s♣è❝❡s ✐♥❞✐✈✐❞✉❡❧❧❡s ✭●❆❘P✱ ❙t♦❝❦✇❡❧❧ ❛♥❞ P❡t❡rs✱ ✶✾✾✾✮✳

❊♥✜♥✱ ♦♥ ♥♦t❡r❛ q✉❡ ❧✬❡st✐♠❛t✐♦♥ ❞❡ ♣ré❞✐❝t✐♦♥s ❞❡s ❤❛❜✐t❛ts à ♣❛rt✐r ❞✉ t❤é♦rè♠❡ ❞❡

❇❛②❡s ❡st ré❛❧✐s❛❜❧❡ ❡t ❛ été ✉t✐❧✐sé❡ ♣❧✉s r❛r❡♠❡♥t ♣♦✉r ❝❧❛ss✐✜❡r ❞❡s ❝♦♠♠✉♥❛✉tés ❡t ét❛❜❧✐r

❧❡✉rs ❞✐str✐❜✉t✐♦♥s ✭❚❡r ❇r❛❛❦ ❡t ❛❧✳✱ ✷✵✵✸❀ ❚❡r♠❛♥s❡♥ ❡t ❛❧✳✱ ✷✵✵✻✮ ♦✉ ♣♦✉r ❞é✈❡❧♦♣♣❡r ❞❡s

♠♦❞è❧❡s ❞❡ ré❣r❡ss✐♦♥s ❤✐ér❛r❝❤✐q✉❡s ✭●❡❧❢❛♥❞ ❡t ❛❧✳✱ ✷✵✵✻✮✳ ❉❡ t❡❧❧❡s ♠ét❤♦❞❡s ♣❡✉✈❡♥t ❛❧♦rs

êtr❡ ✐♥❝♦r♣♦ré❡s ❞❛♥s ❞❡s ♠♦❞è❧❡s ♣❛r❛♠étr✐q✉❡s ♦✉ ♥♦♥ ♣❛r❛♠étr✐q✉❡s✳

❉❡ ♥♦♠❜r❡✉s❡s ét✉❞❡s ❞❡ ❝♦♠♣❛r❛✐s♦♥s ❞❡ ♠ét❤♦❞❡s ♦♥t ♠✐s ❡♥ é✈✐❞❡♥❝❡ ❞❡s ❝❛♣❛❝✐tés ❞❡

♣ré❞✐❝t✐♦♥s ❞❡s ♠♦❞è❧❡s ♥♦♥✲♣❛r❛♠étr✐q✉❡s t❡❧s q✉❡ ❧❡s ●❆▼s✱ ❧❡s rés❡❛✉① ❛rt✐✜❝✐❡❧s ❞❡ ♥❡✉r♦♥❡s

❡t ▼❆❘❙✱ ♣❧✉s é❧❡✈é❡s q✉❡ ❧❡s ♠♦❞è❧❡s ❧✐♥é❛✐r❡s ✭●▲▼✮ ✭▼♦✐s❡♥ ❛♥❞ ❋r❡s❝✐♥♦✱ ✷✵✵✷✮✳ ❆✉ss✐✱ ❧❡s

❛r❜r❡s ❞❡ ré❣r❡ss✐♦♥✱ ▼❆❳❊◆❚ ✭♠❛①✐♠✉♠ ❡♥tr♦♣②✮ ❡t ▼❆❘❙ ét❛✐❡♥t ♣❧✉s ♣❡r❢♦r♠❛♥ts q✉❡ ❧❡s

❛✉tr❡s t❡❝❤♥✐q✉❡s ❞❡ ré❣r❡ss✐♦♥ ❛✐♥s✐ q✉❡ ❝❡❧❧❡s ❞é✈❡❧♦♣♣é❡s s✉r ❧❡s ♣rés❡♥❝❡s s❡✉❧❡♠❡♥t ✭❊❧✐t❤

❡t ❛❧✳✱ ✷✵✵✻✮✳

▼❛❧❣ré ❝❡tt❡ ❞✐❝❤♦t♦♠✐❡✱ ✐❧ ❡st ✐♠♣♦rt❛♥t ❞❡ ♣ré❝✐s❡r q✉❡ ❧❡s ❞❡✉① ❛♣♣r♦❝❤❡s✱ ♣❛r❛♠étr✐q✉❡

❡t ♥♦♥ ♣❛r❛♠étr✐q✉❡✱ s♦♥t ❝♦♥♥❡❝té❡s ♣❛r ❞❡s ♦✉t✐❧s ❝♦♠♠✉♥s t❡❧s q✉❡ ❧❡s ♠ét❤♦❞❡s ❞❡ ré✲

é❝❤❛♥t✐❧❧♦♥❛❣❡ ✭❜♦♦tstr❛♣✮ ♦✉ ❧❡s t❡❝❤♥✐q✉❡s ❞❡ ré❣r❡ss✐♦♥ q✉❡ ♥♦✉s ❛❜♦r❞❡r♦♥s ♣❧✉s ❧♦✐♥✳
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✷✳✶✳ ▼♦❞é❧✐s❛t✐♦♥ ❞❡s ❞✐str✐❜✉t✐♦♥s s♣❛t✐❛❧❡s ❞❡s ❤ôt❡s ✐♥t❡r♠é❞✐❛✐r❡s

✷✳✶✳✹ ❈♦♥str✉✐r❡ ✉♥ ♠♦❞è❧❡ ♣ré❞✐❝t✐❢

✷✳✶✳✹✳✶ ▲❡s ♣r✐♥❝✐♣❛❧❡s ét❛♣❡s

❈♦♠♠❡ ♥♦✉s ❧✬❛✈♦♥s ❜r✐è✈❡♠❡♥t ❞é❝r✐t ♣❧✉s ❤❛✉t ❡t t❡❧ q✉❡ ❞é❝r✐t ❞❛♥s ●✉✐s❛♥ ❛♥❞ ❩✐♠✲

♠❡r♠❛♥ ✭✷✵✵✵✮✱ ❝♦♥str✉✐r❡ ✉♥ ♠♦❞è❧❡ ♣ré❞✐❝t✐❢ ❡st ✉♥ ❞é✈❡❧♦♣♣❡♠❡♥t ❡♥ ♣❧✉s✐❡✉rs ét❛♣❡s ✭❋✐❣✲

✉r❡ ✷✳✶✮✳

❋✐❣✳ ✷✳✶ ✕ ❙❝❤é♠❛ ❝♦♥❝❡♣t✉❡❧ rés✉♠❛♥t ❧❡s ❞✐✛ér❡♥t❡s ét❛♣❡s ❞❡ ❧❛ ❝♦♥str✉❝t✐♦♥ ❞✬✉♥ ♠♦❞è❧❡ ♣ré❞✐❝t✐❢✱ ✐♥s♣✐ré

❞❡ ●✉✐s❛♥ ❛♥❞ ❩✐♠♠❡r♠❛♥ ✭✷✵✵✵✮

✶✳ ▲❛ ❢♦r♠✉❧❛t✐♦♥ ❝♦♥❝❡♣t✉❡❧❧❡ ❞✉ ♠♦❞è❧❡

❆✈❛♥t t♦✉t❡ ré❛❧✐s❛t✐♦♥ ❞✉ ♠♦❞è❧❡ ❡t ✐❞é❛❧❡♠❡♥t ❧❛ ❝♦❧❧❡❝t❡ ❞❡s ❞♦♥♥é❡s✱ ✐❧ ❛♣♣❛r❛ît ✐♠✲

♣♦rt❛♥t ❞❡ ❝❧❛✐r❡♠❡♥t ✐❞❡♥t✐✜❡r ❧❛ ✈❛r✐❛❜❧❡ q✉❡ ❧✬♦♥ ✈❡✉t ❡①♣❧✐q✉❡r ✭❞✐✈❡rs✐té✱ ❛❜♦♥❞❛♥❝❡✱

♣rés❡♥❝❡✴❛❜s❡♥❝❡✮ ❡t ❧✬♦❜❥❡❝t✐❢ ❞❡ ❧❛ ♠♦❞é❧✐s❛t✐♦♥✳ P✉✐s✱ ♣♦✉r ❣✉✐❞❡r ❧❛ str❛té❣✐❡ ❞✬é❝❤❛♥✲

t✐❧❧♦♥♥❛❣❡✱ ❞❡ ré✉♥✐r ❧❡s ❝♦♥♥❛✐ss❛♥❝❡s s✉r ❧❡s ✈❛r✐❛❜❧❡s ❡♥✈✐r♦♥♥❡♠❡♥t❛❧❡s ❛❝❝❡ss✐❜❧❡s✱ ❝❡❧❧❡s

q✉✐ ♠❛♥q✉❡♥t✱ ❡t ❧❡✉r ♣❡rt✐♥❡♥❝❡ ♣♦✉r ❝♦♠♣r❡♥❞r❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡ ❧❛ ré♣♦♥s❡ ♠❡s✉ré❡ à

❧✬é❝❤❡❧❧❡ ❝♦♥s✐❞éré❡ ✭❧✬♦❝❝✉rr❡♥❝❡ ❞❡s ❡s♣è❝❡s✮✳ ■❧ s✬❛❣✐t ❞❡ ❞é✜♥✐r ❞✬❛❜♦r❞ ❧✬é❝❤❡❧❧❡ à ❧❛q✉❡✲

❧❧❡ ♦♥ ✈❡✉t ré❛❧✐s❡r ❞❡s ♣ré❞✐❝t✐♦♥s ❡t ❞❡ ❢❛✐t ❝❡❧❧❡ à ❧❛q✉❡❧❧❡ ♦♥ ✈❛ é❝❤❛♥t✐❧❧♦♥♥❡r✳

✷✳ ▲❛ ❢♦r♠✉❧❛t✐♦♥ st❛t✐st✐q✉❡

❈❡❧❛ ❝♦♥s✐st❡ à ❝❤♦✐s✐r ✿ ✐✮ ❧❛ r❡❧❛t✐♦♥ st❛t✐st✐q✉❡ ét❛❜❧✐❡ ❡♥tr❡ ❧❛ ré♣♦♥s❡ ❡t ❧❡s ♣ré❞✐❝t❡✉rs

✭❞✐str✐❜✉t✐♦♥ ❞❡ ❧❛ ré♣♦♥s❡ ❡t str✉❝t✉r❡ ❞✉ ♠♦❞è❧❡✮ ❡t ❞❡ ❝❡ ❢❛✐t ✐✐✮ ❧❛ ♠ét❤♦❞❡ ❞❡ ♠♦❞✲

é❧✐s❛t✐♦♥ st❛t✐st✐q✉❡ ❧❛ ♣❧✉s ❛♣♣r♦♣r✐é❡ à ❝❡tt❡ ❞❡r♥✐èr❡✱ ❛✉① ❝♦♥❝❡♣ts ❡t à ❧✬♦❜❥❡❝t✐❢ ❞❡ ❧❛

♠♦❞é❧✐s❛t✐♦♥✳

➪ ❧✬✐ss✉❡ ❞❡ ❝❡s q✉❡st✐♦♥♥❡♠❡♥ts✱ ❝❡rt❛✐♥s ♣❡✉✈❡♥t r❡st❡r s❛♥s ré♣♦♥s❡s✳ ❈❡❧❛ ♣❡✉t ❝♦♥✲

❝❡r♥❡r ❧❡ ❝❤♦✐① ❞❡ ❧❛ ♠ét❤♦❞❡ ❞❡ ♠♦❞é❧✐s❛t✐♦♥✳ ■❧ ❡st ❛❧♦rs ♣r✉❞❡♥t ❞❡ ❝♦♥s✐❞ér❡r ✉♥ ❥❡✉ ❞❡
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✷✳✶✳ ▼♦❞é❧✐s❛t✐♦♥ ❞❡s ❞✐str✐❜✉t✐♦♥s s♣❛t✐❛❧❡s ❞❡s ❤ôt❡s ✐♥t❡r♠é❞✐❛✐r❡s

♠♦❞è❧❡s ❝❛♥❞✐❞❛ts ♦✉ ❞❡ t❡❝❤♥✐q✉❡s ❞❡ ♠♦❞é❧✐s❛t✐♦♥✱ ❝♦rr❡s♣♦♥❞❛♥t ❝❤❛❝✉♥❡ à ♣❧✉s✐❡✉rs

❤②♣♦t❤ès❡s ❞❡ tr❛✈❛✐❧ ✭❏♦❤♥s♦♥✱ ✷✵✵✹✮✳ ❆♣rès ❧❡s ❛✈♦✐r ❞é✈❡❧♦♣♣é❡s ❧❡✉rs ♣❡r❢♦r♠❛♥❝❡s ♣ré✲

❞✐❝t✐✈❡s ♣♦✉rr♦♥t êtr❡ ❝♦♠♣❛ré❡s✳ ❈❡s ✐♥❝❡rt✐t✉❞❡s ♣❡✉✈❡♥t ❛✉ss✐ ❝♦♥❝❡r♥❡r ❧❡ ❝❤♦✐① ❞❡s

✈❛r✐❛❜❧❡s à ❝♦♥s✐❞ér❡r ❞❛♥s ❧❡ ♠♦❞è❧❡✳

✸✳ ▲❛ ❝❛❧✐❜r❛t✐♦♥

❊❧❧❡ ❝♦♥s✐st❡ à ♠❡s✉r❡r ❧✬❛❥✉st❡♠❡♥t ❞❡s ♣❛r❛♠ètr❡s ❞✉ ♠♦❞è❧❡ ❡t ❞❡s ✈❛❧❡✉rs ♣ré❞✐t❡s ❛✉①

❞♦♥♥é❡s ♦❜s❡r✈é❡s✱ ❝✬❡st✲à✲❞✐r❡ ❧❛ ❞é✈✐❛♥❝❡ ❞✉ ♠♦❞è❧❡ ❞❛♥s ❧❡ ❝❛s ❞❡ ❧❛ ré❣r❡ss✐♦♥ ✭R2 ♦✉

D2✮ ♦✉ ❞✬❛✉tr❡s ❝r✐tèr❡s ❛❞❛♣tés à ❧❛ ♠ét❤♦❞❡ ❞❡ ♠♦❞é❧✐s❛t✐♦♥ ✭●✉✐s❛♥ ❛♥❞ ❩✐♠♠❡r♠❛♥✱

✷✵✵✵✮✳

❈✬❡st ❛✉ss✐ ❛✉ ❝♦✉rs ❞❡ ❝❡tt❡ ét❛♣❡ q✉❡ ❧❛ sé❧❡❝t✐♦♥ ❞❡s ✈❛r✐❛❜❧❡s ❧❡s ♣❧✉s ❡①♣❧✐❝❛t✐✈❡s

✭✏♠♦❞❡❧ s❡❧❡❝t✐♦♥✑✮ ❞♦✐t êtr❡ ré❛❧✐sé❡ ✭●✉✐s❛♥ ❛♥❞ ❩✐♠♠❡r♠❛♥✱ ✷✵✵✵❀ ❍❛st✐❡ ❡t ❛❧✳✱ ✷✵✵✶✮✳

▲❛ sé❧❡❝t✐♦♥ ❞✉ ♠♦❞è❧❡ s✬❛♣♣r♦❝❤❛♥t ❞✉ ♠❡✐❧❧❡✉r ❝♦♥s✐st❡ à ❝❤♦✐s✐r ❧❡ ♠♦❞è❧❡ ❧❡ ♠✐❡✉①

s✉♣♣♦rté ♣❛r ❧❡s ❞♦♥♥é❡s✱ ❞♦♥t ❧❛ ❝❛❧✐❜r❛t✐♦♥ ❡st ♠❛①✐♠❛❧❡✳ ▲❛ sé❧❡❝t✐♦♥ ❞❡ ♠♦❞è❧❡✱

❝♦♠♠❡ s❛ ✈❛❧✐❞❛t✐♦♥ ❞❡ ♠❛♥✐èr❡ ❣é♥ér❛❧❡✱ ♣❡✉t êtr❡ ré❛❧✐sé ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ♣❧✉s✐❡✉rs ♠❡s✉r❡s

✭❇✉r♥❤❛♠ ❛♥❞ ❆♥❞❡rs♦♥✱ ✶✾✾✽✮ ✿

✕ ❞❡s t❡sts ❞✬❤②♣♦t❤ès❡s ❡✛❡❝t✉és à ❧❛ s✉✐t❡ ❞✬❛♥❛❧②s❡ ❞❡ ❧❛ ✈❛r✐❛♥❝❡ ❞❡s ♣ré❞✐❝t✐♦♥s

✭▲✐❦❡❧✐❤♦♦❞ r❛t✐♦ t❡st✱st❡♣✇✐s❡ s❡❧❡❝t✐♦♥✮

✕ ❞❡s ♠ét❤♦❞❡s ❛♥❛❧②t✐q✉❡s ❡t ❧✬♦♣t✐♠✐s❛t✐♦♥ ❞❡ ❝r✐tèr❡s ❞❡s ♠♦❞è❧❡s ❜❛sés s✉r ❧✬❡st✐♠❛t✐♦♥

❞❡ ❧❡✉r ❞é✈✐❛♥❝❡ ❡t ❞✉ ♠❛①✐♠✉♠ ❞❡ ✈r❛✐s❡♠❜❧❛♥❝❡ ✭✏❧✐❦❡❧✐❤♦♦❞✑✮ ✭❆■❈✱ ❇■❈✮

✕ ❞❡s ♠ét❤♦❞❡s ❞✐t❡s ❛❞ ❤♦❝ ♣✉✐sq✉✬❡❧❧❡s ❝♦♥s✐st❡♥t à ré✲é❝❤❛♥t✐❧❧♦♥♥❡r ❧❡ ❥❡✉ ❞❡ ❞♦♥♥é❡s

♦r✐❣✐♥❛❧ ❡t à ❡st✐♠❡r ❧❛ ✈❛r✐❛♥❝❡ ❞❡s ❡rr❡✉rs ❞❡ ♣ré❞✐❝t✐♦♥ ✭❱❛❧✐❞❛t✐♦♥ ❝r♦✐sé❡✱ ❇♦♦tstr❛♣✮✳

▲✬✉t✐❧✐s❛t✐♦♥ ❞❡s t❡sts ❞✬❤②♣♦t❤ès❡s✱ ❛ss✉♠❛♥t ❧✬❡①✐st❡♥❝❡ ❞✬✉♥ ♠♦❞è❧❡ ♥✉❧ ❡t ❞♦♥❝ ✈✐❞❡

❞✬✐♥❢♦r♠❛t✐♦♥ ❡st ❝♦♥s✐❞éré ❛✉❥♦✉r❞✬❤✉✐ ❞és✉èt❡ ♣❛r r❛♣♣♦rt à ❧❛ ❝♦♠♣❛r❛✐s♦♥ ❞✬✉♥ ❥❡✉ ❞❡

♠♦❞è❧❡s ❝❛♥❞✐❞❛ts ♣❛r ❧❡s ❝r✐tèr❡s t❡❧s q✉❡ ❧✬❆■❈ q✉✐ ♣é♥❛❧✐s❡ ❧❡s ♣❡r❢♦r♠❛♥❝❡s ❞✉ ♠♦❞è❧❡

♣❛r s❛ ❝♦♠♣❧❡①✐té ✭♥♦♠❜r❡ ❞❡ ♣❛r❛♠ètr❡s✮✱ ❡♥ ❛❝❝♦r❞ ❛✈❡❝ ❧❡ ♣r✐♥❝✐♣❡ ❞❡ ♣❛r❝✐♠♦♥✐❡

✭❇✉r♥❤❛♠ ❛♥❞ ❆♥❞❡rs♦♥✱ ✶✾✾✽❀ ❏♦❤♥s♦♥✱ ✷✵✵✹✮✳ ❊♥ r❡✈❛♥❝❤❡ ❧✬✉t✐❧✐s❛t✐♦♥ ❞❡s ♠ét❤♦❞❡s

❞❡ ré✲é❝❤❛♥t✐❧❧♦♥❛❣❡ ❞❛♥s ❧❡ ❝♦♥t❡①t❡ ❞❡ ❧❛ sé❧❡❝t✐♦♥ ❞❡ ♠♦❞è❧❡s✱ ❜✐❡♥ q✉❡ ♣❧✉s ❝♦ût❡✉s❡

❡♥ t❡r♠❡ ❞❡ t❡♠♣s ❞❡ ❝❛❧❝✉❧ ✭❡♥ ❢♦♥❝t✐♦♥ ❞✉ ♥♦♠❜r❡ ❞✬✐tér❛t✐♦♥s✮✱ s❡ ♣rés❡♥t❡ ❝♦♠♠❡ ✉♥❡

s♦❧✉t✐♦♥ ❛❧t❡r♥❛t✐✈❡ à ❧❛ t❤é♦r✐❡ ❞❡ ❧✬✐♥❢♦r♠❛t✐♦♥ ✭❇✉r♥❤❛♠ ❛♥❞ ❆♥❞❡rs♦♥✱ ✶✾✾✽✮✳

✹✳ ▲❛ ♣ré❞✐❝t✐♦♥ ❡t ❧✬é✈❛❧✉❛t✐♦♥ ❞❡s ♣ré❞✐❝t✐♦♥s

❯♥❡ ❢♦✐s ❧❡ ♠♦❞è❧❡ ✈❛❧✐❞é s✉r ❧❡s ♦❜s❡r✈❛t✐♦♥s✱ ❧❡s ♣ré❞✐❝t✐♦♥s s✉r ❞❡ ♥♦✉✈❡❧❧❡s ♦❜s❡r✈❛t✐♦♥s

♣❡✉✈❡♥t êtr❡ ré❛❧✐sé❡s✳ ❈❡tt❡ ét❛♣❡ ♣❡r♠❡t ❞✬❡st✐♠❡r ❧❛ ❝❛♣❛❝✐té ❞❡ ❣é♥ér❛❧✐s❛t✐♦♥ ❞✉

♠♦❞è❧❡ ❡♥ ❞❡❤♦rs ❞❡ ❝❡s ♣♦✐♥ts ❞✬❡♥tr❛î♥❡♠❡♥t✳ ■❞é❛❧❡♠❡♥t✱ ❡❧❧❡ s✬❡✛❡❝t✉❡ s✉r ✉♥ ❥❡✉

❞❡ ❞♦♥♥é❡s ✐♥❞é♣❡♥❞❛♥t ✭❡rr❡✉r ❡①t❡r♥❡✮✳ ❊♥ ♣r❛t✐q✉❡✱ ♦♥ ❛ s♦✉✈❡♥t r❡❝♦✉rs à ❧✬é✈❛❧✉❛t✐♦♥

✐♥t❡r♥❡ q✉✐ ❝♦♥s✐st❡ à ré✲é❝❤❛♥t✐❧❧♦♥♥❡r ❞❡s ❞♦♥♥é❡s à ♣❛rt✐r ❞✉ ❥❡✉ ✐♥✐t✐❛❧✳

✷✳✶✳✹✳✷ ▲✬❡rr❡✉r ❞❡ ♣ré❞✐❝t✐♦♥ ✿ ✉♥❡ ❞é✜♥✐t✐♦♥ ✐♥t❡r✲❞✐s❝✐♣❧✐♥❛✐r❡

❉❛♥s ♠♦♥ tr❛✈❛✐❧✱ ❥❡ ♠❡ s✉✐s ♣❛rt✐❝✉❧✐èr❡♠❡♥t ✐♥tér❡ssé❡ à ❧✬ét✉❞❡ ❞❡ ❧❛ sé❧❡❝t✐♦♥ ❞❡s t❡❝❤♥✐q✉❡s

❞❡ ♠♦❞é❧✐s❛t✐♦♥✳ ❈❡❝✐ ❛ été ré❛❧✐sé ❡♥ ❡st✐♠❛♥t ❧✬❡rr❡✉r ❞❡ ♣ré❞✐❝t✐♦♥ ✐♥t❡r♥❡ ❡t ❡①t❡r♥❡ ❞❡s

♠♦❞è❧❡s ❞é✈❡❧♦♣♣és ❞✬❛♣rès ❧❛ ❞é✜♥✐t✐♦♥ q✉✐ ❡♥ ❡st ❞♦♥♥é❡ ♣❛r ❧❡s st❛t✐st✐q✉❡s ♠♦❞❡r♥❡s ♠❛✐s

❛✉ss✐ ♣❛r ❧❡ ❝❤❛♠♣ ❞✐s❝✐♣❧✐♥❛✐r❡ ❞❡s ❞✐str✐❜✉t✐♦♥s s♣❛t✐❛❧❡s ❞❡s ❡s♣è❝❡s✳

✹✷



✷✳✶✳ ▼♦❞é❧✐s❛t✐♦♥ ❞❡s ❞✐str✐❜✉t✐♦♥s s♣❛t✐❛❧❡s ❞❡s ❤ôt❡s ✐♥t❡r♠é❞✐❛✐r❡s

▲✬❡st✐♠❛t✐♦♥ st❛t✐st✐q✉❡ ❞❡ ❧✬❡rr❡✉r

▲❛ sé♣❛r❛t✐♦♥ ❡♥ ✸ ❥❡✉① ❞❡ ❞♦♥♥é❡s ✿ ❞✬❡♥tr❛î♥❡♠❡♥t ✭✏tr❛✐♥✐♥❣✑✮✱ ❞❡ ✈❛❧✐❞❛t✐♦♥ ✭✏✈❛❧✐❞❛t✐♥❣✑✮✱

❡t ❞❡ t❡st ✭✏t❡st✐♥❣✑✮✱ ❡st ✐♥tr✐♥sèq✉❡ à ❧✬❡✛♦rt ❞❡ ♠♦❞é❧✐s❛t✐♦♥ ❞❡s st❛t✐st✐q✉❡s ♠♦❞❡r♥❡s ✭❍❛st✐❡

❡t ❛❧✳✱ ✷✵✵✶✮✳ ▲✬❡rr❡✉r ❞❡ ♣ré❞✐❝t✐♦♥ ♣❡✉t êtr❡ ❡st✐♠é❡ s✉r ❝❤❛❝✉♥ ❞❡ ❝❡s ❥❡✉① ❞❡ ❞♦♥♥é❡s✳

❊❧❧❡ ♣❡✉t ❛❧♦rs êtr❡ ❞é❝r✐t❡ ❡♥ t❡r♠❡ ❞❡ ❜✐❛✐s✱ ❞❡ ✈❛r✐❛♥❝❡ ❡t ❞❡ ❝♦♠♣❧❡①✐té✳ ▲❡s ♣❡r❢♦r♠❛♥❝❡s

♣ré❞✐❝t✐✈❡s ♣❡✉✈❡♥t êtr❡ ❡①♣r✐♠é❡s ♣❛r ❧❡ t❛✉① ❞✬❡rr❡✉r ❛tt❡♥❞✉❡ ✭✏❡rr♦r r❛t❡✑✮ ❞✉ ✏✜t✑ ❞✉ ♠♦❞è❧❡

f̂(X) ❡♥ ✉♥ ♣♦✐♥t ❳❂①✵✱ ❡♥ ✉t✐❧✐s❛♥t ❧❛ ❢♦♥❝t✐♦♥ ❞❡ ♣❡rt❡ ✭✏▲♦ss ❢✉♥❝t✐♦♥✑✱ ▲✮ ❛✉ ❝❛rré t❡❧❧❡ q✉❡

✭❍❛st✐❡ ❡t ❛❧✳✱ ✷✵✵✶✮ ✿

Err(x0) = L(Y − f̂(X)) = E[(Y − f̂(X))2|X = x0] = σ2
ǫ + Bias2(f̂(x0)) + V ar(f̂(x0))

❖ù ❳ ❡st ✉♥ ✈❡❝t❡✉r ❞❡ ✈❛r✐❛❜❧❡s ❡①♣❧✐❝❛t✐✈❡s ✭♣ré❞✐❝t❡✉rs✮ ❡t ❨ ❧❛ ré♣♦♥s❡✳

▲❡ ❜✐❛✐s ✭Bias✮ ❡st ❛❧♦rs ❞é✜♥✐ ❝♦♠♠❡ ❧✬❡s♣ér❛♥❝❡ ❞❡ ❧❛ ❞✐✛ér❡♥❝❡ ❡♥tr❡ ❧❡s ♣r♦❜❛❜✐❧✐tés

♦❜s❡r✈é❡s ❡t ❧❛ ♠♦②❡♥♥❡ ❞❡s ✈❛❧❡✉rs ❛tt❡♥❞✉❡s ❡st✐♠é❡s ♣❛r ❧❡ ♠♦❞è❧❡✱ t❡❧ q✉❡ ✿ Bias(f̂(x0)) =

E[(f(X) − E[f̂(X)|X = x0])|X = x0]✳ ▲❛ ✈❛r✐❛♥❝❡ ✭V ar✮ ❞✉ ♠♦❞è❧❡ ❡st ❞é✜♥✐❡ ❝♦♠♠❡

❧✬❡s♣ér❛♥❝❡ ❞✉ ❝❛rré ❞❡ ❧❛ ❞é✈✐❛t✐♦♥ ❞❡s ✈❛❧❡✉rs ♣ré❞✐t❡s ❛✉t♦✉r ❞❡ ❧❡✉r ♠♦②❡♥♥❡✱ t❡❧❧❡ q✉❡ ✿

V ar(f̂(x0)) = E[(E[f̂(X)|X = x0] − f̂(X))2|X = x0]✳

▲✬♦❜❥❡❝t✐❢ ❞❡ ❧❛ sé❧❡❝t✐♦♥ ❞❡ ♠♦❞è❧❡ ❡st ❞❡ tr♦✉✈❡r ❝❡❧✉✐ q✉✐ ♠✐♥✐♠✐s❡ ❧✬❡rr❡✉r ❞❡ ♣ré❞✐❝t✐♦♥ ✿ ❧❡

❜✐❛✐s ❡t ❧❛ ✈❛r✐❛♥❝❡✳ P♦✉r ❝❡❧❛✱ ♦♥ ♣❡✉t ❞♦♥❝ ♣r❡♠✐èr❡♠❡♥t ❝♦♥s✐❞ér❡r ❧✬❡rr❡✉r ❞✬❡♥tr❛î♥❡♠❡♥t

✭♦✉ ❧✬❡rr❡✉r ❛♣♣❛r❡♥t❡✮ ❡st✐♠é❡ s✉r ❧❡s ♦❜s❡r✈❛t✐♦♥s✱ t❡❧❧❡ q✉❡ ✭❍❛st✐❡ ❡t ❛❧✳✱ ✷✵✵✶✮ ✿

err =
1

N

N∑

i=1

L(yi, f̂(xi))

❖r✱ ❝❡❧❧❡✲❝✐ ♥❡ ♣❡✉t êtr❡ ✉t✐❧✐sé❡ ♣♦✉r ❧✬❡st✐♠❛t✐♦♥ ❞❡ ❧✬❡rr❡✉r ❞❡ ♣ré❞✐❝t✐♦♥ ❝❛r ❡❧❧❡ ♥❡

❝♦♥s✐❞èr❡ ♣❛s ❡♥t✐èr❡♠❡♥t ❧❛ ❝♦♠♣❧❡①✐té ❞✉ ♠♦❞è❧❡✳ ❊♥ ❡✛❡t✱ ♦♥ ♥❡ ♣❡✉t é✈✐t❡r ❞❡ ❝♦♥s✐❞ér❡r

❧❛ ❞é♣❡♥❞❛♥❝❡ ❞❡ ❧✬❡rr❡✉r ❞❡ ♣ré❞✐❝t✐♦♥ ❞✉ ♠♦❞è❧❡ à s❛ ❝♦♠♣❧❡①✐té✳ ▲❡ ❜✐❛✐s ❡t ❧❛ ✈❛r✐❛♥❝❡

s✬♦♣♣♦s❡♥t ❞❛♥s ❧❡✉rs ❡✛❡ts ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❝❡tt❡ ❝♦♠♣❧❡①✐té✳ ❆✐♥s✐✱ ❍❛st✐❡ ❡t ❛❧✳ ✭✷✵✵✶✮ ✐♥s✐st❡♥t

s✉r ❧❛ ❞❡s❝r✐♣t✐♦♥ ❞❡ ❝❡s ✈❛r✐❛t✐♦♥s✳ ❯♥ ♠♦❞è❧❡ s❡r❛ ❞✬❛✉t❛♥t ♣❧✉s ♣❡r❢♦r♠❛♥t s✉r ❧❡s ♦❜s❡r✈❛t✐♦♥s

q✉✬✐❧ s❡r❛ ❝♦♠♣❧❡①❡ ❡t ❝❛♣❛❜❧❡ ❞❡ ❝♦❧❧❡r ❛✉ ♠✐❡✉① ❛✉① ❞♦♥♥é❡s✳ ❈❡♣❡♥❞❛♥t✱ ✐❧ s❡r❛ ♣❡✉ ♣❡r❢♦r♠❛♥t

s✉r ✉♥ ❥❡✉ ❞❡ ❞♦♥♥é❡s q✉❡❧q✉❡ ♣❡✉ ❞✐✛ér❡♥t ❞❡s ♦❜s❡r✈❛t✐♦♥s ♣✉✐sq✉❡ ♥❡ ♣r❡♥❛♥t ♣❛s ❡♥ ❝♦♠♣t❡

❧❛ ✈❛r✐❛❜✐❧✐té ❞❡s ♣ré❞✐❝t❡✉rs✳ ❆✉ss✐✱ ❧✬❡rr❡✉r ❞❡ ♣ré❞✐❝t✐♦♥ ❛✉r❛ ✉♥❡ ❢♦rt❡ ✈❛r✐❛♥❝❡ ❡♥ ❢♦♥❝t✐♦♥

❞❡s ✈❛❧❡✉rs ❞❡s ♣ré❞✐❝t❡✉rs ✭✐♥st❛❜✐❧✐té✮✳ ❯♥ t❡❧ ♠♦❞è❧❡ s❡r❛ ❛❧♦rs ❞✐✣❝✐❧❡♠❡♥t ❣é♥ér❛❧✐s❛❜❧❡ ❡t

s♦♥ ❡rr❡✉r ❞❡ ♣ré❞✐❝t✐♦♥ s❡r❛ ✐♠♣♦rt❛♥t❡✳ ❖♥ ♣❛r❧❡ ❛❧♦rs ❞✑ ✬♦✈❡r✲✜tt✐♥❣✑ ❞✉ ♠♦❞è❧❡✳ ▲✬✐♥✈❡rs❡

s❡r❛ ♦❜s❡r✈é✱ ✏✉♥❞❡r✲✜tt✐♥❣✑✱ s✐ ❧✬é❝❛rt ❡♥tr❡ ❧❡s ❞♦♥♥é❡s ❡t ❧❡s ♣ré❞✐❝t✐♦♥s✱ ❝✳❛✳❞ ❧❡ ❜✐❛✐s✱ ❡st

✐♠♣♦rt❛♥t✳ ❉❛♥s ❝❡ ❝❛s✱ ❧❡ ♠♦❞è❧❡ ♥❡ ❞é❝r✐t ♣❛s ❝♦rr❡❝t❡♠❡♥t ❧❛ ré❛❧✐té✱ ❡t ❞❡ ❝❡ ❢❛✐t ✐❧ s❡r❛

❡♥❝♦r❡ ❢❛✐❜❧❡♠❡♥t ❣é♥ér❛❧✐s❛❜❧❡✳

▲❡s ♠♦❞è❧❡s ♥♦♥✲♣❛r❛♠étr✐q✉❡s ét❛♥t s✉❥❡ts à ✏❧✬♦✈❡r✲✜tt✐♥❣✑ s✉r ❧❡ ❥❡✉ ❞✬❡♥tr❛î♥❡♠❡♥t✱ ❧❡✉r

✈❛❧✐❞❛t✐♦♥✱ ✉s✉❡❧❧❡♠❡♥t ré❛❧✐sé❡ s✉r ❧❡ ❥❡✉ ❞✬❡♥tr❛î♥❡♠❡♥t ♣❛r ❧❡s st❛t✐st✐q✉❡s ❝❧❛ss✐q✉❡s ♣♦✉r ❧❛

sé❧❡❝t✐♦♥ ❞❡ ♠♦❞è❧❡ ✭❆■❈✱ ❧✐❦❡❧✐❤♦♦❞ r❛t✐♦ t❡st✮✱ s✬❡✛❡❝t✉❡r❛ ❞✐r❡❝t❡♠❡♥t s✉r ✉♥ ❥❡✉ ❞❡ ❞♦♥♥é❡s ❞❡

✈❛❧✐❞❛t✐♦♥✱ ❝✬❡st✲à✲❞✐r❡ s✉r ✉♥❡ ♣♦rt✐♦♥ ❞✉ ❥❡✉ ❞❡ ❞♦♥♥é❡s ✐♥✐t✐❛❧ ♥♦♥ ✉t✐❧✐sé ♣♦✉r ❧✬❡♥tr❛î♥❡♠❡♥t

♦✉ s✉r ❧❡ ❥❡✉ ❞❡ ❞♦♥♥é❡s ❞✬❡♥tr❛î♥❡♠❡♥t ré✲é❝❤❛♥t✐❧❧♦♥♥é✳

▲❡s st❛t✐st✐q✉❡s ♠♦❞❡r♥❡s ♦♥t ❞é✈❡❧♦♣♣é ❞❡s ♠ét❤♦❞❡s ❞✬❡st✐♠❛t✐♦♥ ❞❡ ❧✬❡rr❡✉r t❡st à ♣❛rt✐r

❞❡ ré✲é❝❤❛♥t✐❧❧♦♥❛❣❡ ❞❡s ♦❜s❡r✈❛t✐♦♥s q✉✐ ♣❡✉✈❡♥t êtr❡ ✉t✐❧✐sé❡s ❡♥ ❧✬❛❜s❡♥❝❡ ❞❡ ❥❡✉ ❞❡ ❞♦♥♥é❡s

✹✸



✷✳✶✳ ▼♦❞é❧✐s❛t✐♦♥ ❞❡s ❞✐str✐❜✉t✐♦♥s s♣❛t✐❛❧❡s ❞❡s ❤ôt❡s ✐♥t❡r♠é❞✐❛✐r❡s

t❡st✱ ❝❡ q✉✐ ❡st s♦✉✈❡♥t ❧❡ ❝❛s q✉❛♥❞ ❧❛ t❛✐❧❧❡ ❞✬é❝❤❛♥t✐❧❧♦♥♥❛❣❡ ❡st ❢❛✐❜❧❡✳ ◆♦✉s ♥♦✉s s♦♠♠❡s

❝♦♥❝❡♥trés s✉r ❧✬❡st✐♠❛t✐♦♥ ❞❡ ❧✬❡rr❡✉r ❞❡ ♣ré❞✐❝t✐♦♥ ❞❛♥s ❧❡ ❝❛s ❞✬✉♥❡ ❢❛✐❜❧❡ t❛✐❧❧❡ ❞✬é❝❤❛♥t✐❧❧♦♥

✭❝❢ ❆①❡ ✶✮✳

▲✬❡st✐♠❛t✐♦♥ ❞❡ ❧✬❡rr❡✉r ❞❛♥s ❧✬❡s♣❛❝❡ é❝♦❧♦❣✐q✉❡ ❡t ❣é♦❣r❛♣❤✐q✉❡

▲✬❡rr❡✉r ❞❡ ♣ré❞✐❝t✐♦♥ ❞❡s ♠♦❞è❧❡s ❞❡ ❞✐str✐❜✉t✐♦♥ ❞❡s ❡s♣è❝❡s ♥❡ ♣❡✉t êtr❡ s❡✉❧❡♠❡♥t ❞é❝r✐t❡

❞✉ ♣♦✐♥t ❞❡ ✈✉❡ ❞❡s st❛t✐st✐q✉❡s ♠❛✐s ❞♦✐t êtr❡ é❣❛❧❡♠❡♥t ❞é✜♥✐❡ ❞❛♥s ❧✬❡s♣❛❝❡ ♠✉❧t✐✈❛r✐é

é❝♦❧♦❣✐q✉❡ ❡t ❣é♦❣r❛♣❤✐q✉❡ ❞❛♥s ❧❡sq✉❡❧s s❡ ❞✐str✐❜✉❡♥t ❧❡s ❞♦♥♥é❡s✳

▲❛ ❞✐✣❝✉❧té ❞❛♥s ❧✬✐♥t❡r♣rét❛t✐♦♥ ❞❡s ❡rr❡✉rs rés✐❞❡ ❞❛♥s ❧❡ ❢❛✐t q✉✬❡❧❧❡s ♥❡ s♦♥t ♣❛s ♥é❝❡s✲

s❛✐r❡♠❡♥t ❝♦rré❧é❡s ❞❛♥s ❧✬❡s♣❛❝❡ ❣é♦❣r❛♣❤✐q✉❡ ❡t é❝♦❧♦❣✐q✉❡✳ ❆✐♥s✐✱ ❝❡rt❛✐♥❡s ❡rr❡✉rs s♦♥t ❛✲

s♣❛t✐❛❧❡s ✭❣❧♦❜❛❧❡s✮ ❡t ♥❡ ❞é♣❡♥❞❡♥t q✉❡ ❞❡s r❡❧❛t✐♦♥s st❛t✐st✐q✉❡s ❡♥tr❡ ❧❡s ✈❛r✐❛❜❧❡s ❡♥✈✐r♦♥✲

♥❡♠❡♥t❛❧❡s ❡t ❧❛ ré♣♦♥s❡✳ ❉❡ t❡❧❧❡s ❡rr❡✉rs ♣❡✉✈❡♥t êtr❡ ❡♥❣❡♥❞ré❡s ♣❛r ❧❛ q✉❛❧✐té ❞❡s ❞♦♥♥é❡s ♦✉

❧❛ ♠♦❞é❧✐s❛t✐♦♥✳ ▲❡s ❡rr❡✉rs ❧✐é❡s ❛✉① ❞♦♥♥é❡s ♣❡✉✈❡♥t ❝♦rr❡s♣♦♥❞r❡ à ✭❇❛rr② ❛♥❞ ❊❧✐t❤✱ ✷✵✵✻❀

❊❧✐t❤ ❡t ❛❧✳✱ ✷✵✵✷✮ ✿

✐✮ ❧✬♦✉❜❧✐ ❞❡ ✈❛r✐❛❜❧❡s ❡♥✈✐r♦♥♥❡♠❡♥t❛❧❡s ✐♠♣♦rt❛♥t❡s✱ ❝❡❧❧❡s ❝✐ ét❛♥t s♦✉✈❡♥t ✐♥❞✐r❡❝t❡♠❡♥t

❝♦rré❧é❡s ❛✉① ♣r♦❝❡ss✉s é❝♦❧♦❣✐q✉❡s ❀

✐✐✮ ❧❛ t❛✐❧❧❡ ❞❡ ❧✬é❝❤❛♥t✐❧❧♦♥ ❝♦♥❝❡r♥❛♥t ❧❡ ♥♦♠❜r❡ ❞❡ ♣♦✐♥ts ❞✬é❝❤❛♥t✐❧❧♦♥♥❛❣❡ q✉✐ ♣❡✉t

s✬❛✈ér❡r ✐♥s✉✣s❛♥t❡ ♣♦✉r ♠❡ttr❡ ❡♥ é✈✐❞❡♥❝❡ ❧❡s ❡✛❡ts ❞❡s ✈❛r✐❛❜❧❡s ❡♥✈✐r♦♥♥❡♠❡♥t❛❧❡s ❞❡

♠❛♥✐èr❡ r♦❜✉st❡✳ ❆✉ss✐ ❞❡ ❢❛✐❜❧❡s ♣ré✈❛❧❡♥❝❡s ✭❢réq✉❡♥❝❡s ❞❡s ♣♦✐♥ts é❝❤❛♥t✐❧❧♦♥♥és ♦ù ❧✬❡s♣è❝❡

❡st ♣rés❡♥t❡✮ s♦♥t s♦✉✈❡♥t ♦❜s❡r✈é❡s ♣♦✉r ❧❡s ❡s♣è❝❡s r❛r❡s q✉❡❧q✉❡ s♦✐t ❧❡ ♥♦♠❜r❡ ❞❡ ♣♦✐♥ts

é❝❤❛♥t✐❧❧♦♥♥és✳

✐✐✐✮ ❧❡ ❜✐❛✐s ❞❛♥s ❧✬é❝❤❛♥t✐❧❧♦♥♥❛❣❡ q✉✐ ♣❡✉t ❧✐♠✐t❡r ❧✬❡①♣❧♦r❛t✐♦♥ ❞❡ ❧❛ ✈❛r✐❛❜✐❧✐té ✭❛❣ré❣❛t✐♦♥

❞❛♥s ❝❡rt❛✐♥s ♠✐❧✐❡✉①✱ à ♣r♦①✐♠✐té ❞❡s r♦✉t❡s✳✳✳✮

✐✈✮ ❧❡s ❡rr❡✉rs ❞❡ ♠❡s✉r❡s ✭❡rr❡✉r ❞❡ ♣♦s✐t✐♦♥♥❡♠❡♥t ●P❙✳✳✳✮

▲❡s ❡rr❡✉rs ❧✐é❡s à ❧❛ ♠♦❞é❧✐s❛t✐♦♥ ❝♦♥❝❡r♥❡♥t ❡ss❡♥t✐❡❧❧❡♠❡♥t ❧❛ ❢♦r♠✉❧❛t✐♦♥ st❛t✐st✐q✉❡ ❞❡s

r❡❧❛t✐♦♥s ❡t ❧❛ ❝❛♣❛❝✐té ❞✉ ♠♦❞è❧❡ à s✬❛❞❛♣t❡r à ❧❛ q✉❛❧✐té ❞❡s ❞♦♥♥é❡s✳ ❉✉ ❢❛✐t ❞❡ ❧❛ ❞✐✈❡rs✐té

❞❡s s♦✉r❝❡s ❞✬❡rr❡✉rs ❧✐é❡s ❛✉① ❞♦♥♥é❡s ♦♥ ❡st s♦✉✈❡♥t ❢❛❝❡ à ❞❡s ❞✐str✐❜✉t✐♦♥s ❜❡❛✉❝♦✉♣ ♣❧✉s

❝♦♠♣❧❡①❡s q✉❡ ❧❡s r❡❧❛t✐♦♥s t❤é♦r✐q✉❡s ❡♥✈✐s❛❣é❡s ❛✈❡❝ ❧❡s ✈❛r✐❛❜❧❡s ❡♥✈✐r♦♥♥❡♠❡♥t❛❧❡s à ❞✐s♣♦✲

s✐t✐♦♥ ✭♦♣t✐♠✉♠ ♣♦✉r ❧✬❡s♣è❝❡✮✳ P❛r ❡①❡♠♣❧❡✱ ❧✬♦✉❜❧✐ ❞❡ ❝❡rt❛✐♥❡s ✈❛r✐❛❜❧❡s ❡♥✈✐r♦♥♥❡♠❡♥t❛❧❡s

❝♦rré❧é❡s à ❞✬❛✉tr❡s ✐♥❝♦r♣♦ré❡s ❞❛♥s ❧❡ ♠♦❞è❧❡ ♣❡✉t ❡♥tr❛î♥❡r ✉♥❡ ❞✐str✐❜✉t✐♦♥ ♥♦♥ ❞✐r❡❝t❡♠❡♥t

❝❛✉sé❡ ♣❛r ❧❡s ✈❛r✐❛❜❧❡s ❝♦♥s✐❞éré❡s✳ ❉✬❛✉tr❡ ♣❛rt✱ ❝❡rt❛✐♥❡s ❡s♣è❝❡s ✈♦♥t ❛✈♦✐r ❞❡s ❞✐str✐❜✉t✐♦♥s

très ❧✐♠✐té❡s s✉r q✉❡❧q✉❡s ♣♦rt✐♦♥s ❞✉ ❣r❛❞✐❡♥t rés✉❧t❛♥t ❡t ✉♥❡ ❞✐s❝♦♥t✐♥✉✐té ❞❡ ❧❛ ré♣♦♥s❡ ♣❡✉t

êtr❡ ♦❜s❡r✈é❡✳ ❆✉ss✐✱ ❧❛ t❛✐❧❧❡ ❞❡ ❧✬é❝❤❛♥t✐❧❧♦♥ ✈❛ ❝♦♥tr❛✐♥❞r❡ ❧❛ ❝♦♠♣❧❡①✐té ❞✉ ♠♦❞è❧❡✳ P♦✉r ❧❡s

❞♦♥♥é❡s ✏s♣❛rs❡✑✱ ❧✬✉t✐❧✐s❛t✐♦♥ ❞❡ ♠♦❞è❧❡s s✐♠♣❧❡s ❡st r❡❝♦♠♠❛♥❞é❡ ♠❛✐s s❡r❛ ❞❛✈❛♥t❛❣❡ ❜✐❛✐sé❡✳

❆✐♥s✐ ✐❧ s❡r❛ q✉❡st✐♦♥ ❞❡ ❝❤♦✐s✐r ❧❡ ♠♦❞è❧❡ ♦✉ ❧❛ t❡❝❤♥✐q✉❡ ❞❡ ♠♦❞é❧✐s❛t✐♦♥ q✉✐ ♠✐♥✐♠✐s❡ ❛✉ ♣❧✉s

❧✬❡rr❡✉r ❣❧♦❜❛❧❡✳

❉✬❛✉tr❡ ♣❛rt✱ ❝❡rt❛✐♥❡s ❡rr❡✉rs ✈❛r✐❡♥t ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ♣♦s✐t✐♦♥ ❞❡s ❞♦♥♥é❡s ❞❛♥s ❧✬❡s♣❛❝❡

❣é♦❣r❛♣❤✐q✉❡ ✭❡rr❡✉rs ❧♦❝❛❧❡s✮✳ ❊❧❧❡s ♣❡✉✈❡♥t s❡ r❡tr♦✉✈❡r ❞❛♥s ❧❡ ❥❡✉ ❞✬❡♥tr❛î♥❡♠❡♥t ❞✉ ❢❛✐t ♣❛r

❡①❡♠♣❧❡ ❞❡ ❧✬❛❣ré❣❛t✐♦♥ ❞❡s ♣♦✐♥ts ❞✬é❝❤❛♥t✐❧❧♦♥♥❛❣❡ ❡♥tr❛î♥❛♥t ✉♥❡ ❛✉t♦✲❝♦rré❧❛t✐♦♥ s♣❛t✐❛❧❡

✭❜✐❛✐s ❞❡s ❞♦♥♥é❡s✮✳ ▲❡s ❡rr❡✉rs s♣❛t✐❛❧❡s ♣❡✉✈❡♥t é❣❛❧❡♠❡♥t êtr❡ ❞é❝❡❧é❡s à ✉♥❡ ♣❧✉s ❧❛r❣❡ é❝❤❡❧❧❡

❧♦rsq✉❡ ❧❡s ❞♦♥♥é❡s s♦♥t ❡①tr❛♣♦❧é❡s s✉r ❞❡s ❞♦♥♥é❡s ✐♥❞é♣❡♥❞❛♥t❡s✳ ❉❛♥s ❝❡ ❝❛s✱ ❡❧❧❡s ❧✐♠✐t❡♥t

❧✬❡①tr❛♣♦❧❛❜✐❧✐té ❞✉ ♠♦❞è❧❡✳ ❊❧❧❡s ♣❡✉✈❡♥t ♣r♦✈❡♥✐r ❞❡ ❧✬♦✉❜❧✐ ❞❡ ✈❛r✐❛❜❧❡s ❡♥✈✐r♦♥♥❡♠❡♥t❛❧❡s q✉✐

♦♥t ✉♥❡ ✐♠♣♦rt❛♥❝❡ ❧♦❝❛❧❡♠❡♥t✱ ❞✬✉♥❡ ✈❛r✐❛t✐♦♥ s♣❛t✐❛❧❡ ❞❡ ❧❛ ♥✐❝❤❡ ♣♦✉r ❧✬❡s♣è❝❡✱ ♦✉ ❡♥❝♦r❡ ❞❡

✹✹



✷✳✷✳ ➱❝♦❧♦❣✐❡ ❝♦♠♣♦rt❡♠❡♥t❛❧❡ ❞✉ ❝❤✐❡♥ ❞♦♠❡st✐q✉❡

❢❛❝t❡✉rs ❜✐♦❣é♦❣r❛♣❤✐q✉❡s✳ ■❧ ❛♣♣❛r❛ît ❛❧♦rs ✐♠♣♦rt❛♥t ❞❡ t❡st❡r ❡t s✐ ♣♦ss✐❜❧❡ ❞❡ ré❞✉✐r❡ ♣❛r s♦♥

✐♥❝♦r♣♦r❛t✐♦♥ ❧❛ str✉❝t✉r❡ s♣❛t✐❛❧❡ ❞❡s ❞♦♥♥é❡s ❞✬❡♥tr❛î♥❡♠❡♥t ❡t ❞✬❡st✐♠❡r ❧❡s ❡rr❡✉rs s♣❛t✐❛❧❡s

s✉r ✉♥ ❥❡✉ ❞❡ ❞♦♥♥é❡s ✐♥❞é♣❡♥❞❛♥t ❞❡ ❝❡❧✉✐ ❞✬❡♥tr❛î♥❡♠❡♥t✳

✷✳✷ ➱❝♦❧♦❣✐❡ ❝♦♠♣♦rt❡♠❡♥t❛❧❡ ❞✉ ❝❤✐❡♥ ❞♦♠❡st✐q✉❡

✷✳✷✳✶ ❖✉t✐❧s ♠♦❧é❝✉❧❛✐r❡s ❡t ❝♦♠♣♦rt❡♠❡♥t ❞❡ ❞é❢é❝❛t✐♦♥

▲✬❛♥❛❧②s❡ ❞❡s ❞✐str✐❜✉t✐♦♥s ❞❡s ❢è❝❡s ♣❡r♠❡t ❞❡ ♠❡ttr❡ ❡♥ é✈✐❞❡♥❝❡ ❧❡s ♠✐❝r♦✲❢♦②❡rs ♦ù ❧❛

❝♦♥t❛♠✐♥❛t✐♦♥ ♣❡✉t êtr❡ ♣♦t❡♥t✐❡❧❧❡♠❡♥t ❝♦♥❝❡♥tré❡ ❞❛♥s ❧❡s ❡♥✈✐r♦♥♥❡♠❡♥ts ❞❡s ❤♦♠♠❡s ❡t

❞❡s ❤ôt❡s ✐♥t❡r♠é❞✐❛✐r❡s ✭❝❢ ♣❛r❛❣r❛♣❤❡ ✶✳✷✳✷✮✳

❉❡ ♥♦✉✈❡❛✉① ♦✉t✐❧s ♠♦❧é❝✉❧❛✐r❡s✱ ❧❛ P❈❘ ♣♦✉r ❧❛ ❞ét❡❝t✐♦♥ ❞✬❆❉◆ ❡t ❧❡ t❡st ❊▲■❙❆ ♣♦✉r

❧❛ ❞ét❡❝t✐♦♥ ❞❡ ❝♦♣r♦❛♥t✐❣è♥❡s ♦♥t été ❞é✈❡❧♦♣♣és ré❝❡♠♠❡♥t ♣♦✉r ❊♠ ✭❉✐♥❦❡❧ ❡t ❛❧✳✱ ✶✾✾✽❀

❉❡♣❧❛③❡s ❡t ❛❧✳✱ ✶✾✾✾❀ ❊❝❦❡rt ❛♥❞ ❉❡♣❧❛③❡s✱ ✷✵✵✹✮✳ ❈❡s ♠ét❤♦❞❡s✱ ❝♦♥tr❛✐r❡♠❡♥t ❛✉① ❛✉tr❡s

♠ét❤♦❞❡s ❞❡ ❞ét❡❝t✐♦♥ ❞✉ ♣❛r❛s✐t❡ ✭❛✉t♦♣s✐❡s ❡t ♣✉r❣❡s✮ s♦♥t ♥♦♥ ✐♥✈❛s✐✈❡s✱ ♣❡✉✈❡♥t êtr❡ ✉t✐❧✐sé❡s

♣♦✉r ❡st✐♠❡r ❧❛ ♣rés❡♥❝❡ ❞✉ ♣❛r❛s✐t❡ ❞❛♥s ❧❡s ❢è❝❡s à ✉♥❡ ✜♥❡ rés♦❧✉t✐♦♥ s♣❛t✐❛❧❡ ❡t s♦♥t

❛♣♣❧✐❝❛❜❧❡s ❛✉① ❢è❝❡s ❞✬❡s♣è❝❡s s❛✉✈❛❣❡s✳ ▲❛ ❞ét❡❝t✐♦♥ ❞❡ ❝♦♣r♦❛♥t✐❣è♥❡s ❡st ♣❧✉s s❡♥s✐❜❧❡✱ r❛♣✐❞❡

❡t ♠♦✐♥s ♦♥ér❡✉s❡ q✉❡ ❧❡s ❛♥❛❧②s❡s P❈❘ ❞❛✈❛♥t❛❣❡ ✉t✐❧✐sé❡s ♣♦✉r ❝♦♥✜r♠❡r ❧❡s rés✉❧t❛ts ❞❡ t❡sts

❊▲■❙❆ ✭❉❡♣❧❛③❡s ❡t ❛❧✳✱ ✷✵✵✸✮✳ ❊♥ r❡✈❛♥❝❤❡ ❡❧❧❡ ♣❡✉t êtr❡ ♠♦✐♥s s❡♥s✐❜❧❡ q✉❡ ❝❡s ❞❡r♥✐èr❡s ❞❛♥s

❧❡s ❝❛s ❞❡ ❢❛✐❜❧❡s ❝❤❛r❣❡s ♣❛r❛s✐t❛✐r❡s ✭❉✐♥❦❡❧ ❡t ❛❧✳✱ ✶✾✾✽✮✳

❈❡s ♠ét❤♦❞❡s ♦♥t été ❛♣♣❧✐q✉é❡s ❛✈❡❝ s✉❝❝ès ❡♥ ❊✉r♦♣❡ ✭❘❛♦✉❧ ❡t ❛❧✳✱ ✷✵✵✶❜✱ ✷✵✵✸❀ ❙t✐❡❣❡r

❡t ❛❧✳✱ ✷✵✵✷❀ ●✉✐s❧❛✐♥✱ ✷✵✵✻❀ ❘♦❜❛r❞❡t ❡t ❛❧✳✱ ✷✵✵✽✮ ♣❛r ❡①❡♠♣❧❡ ♣♦✉r ❡st✐♠❡r ❧❡s t❛✉① ❞✬✐♥❢❡❝t✐♦♥

❞❛♥s ❧❡s ❢è❝❡s ❞❡ r❡♥❛r❞s ❡t ét✉❞✐❡r ❧❡s ❞✐str✐❜✉t✐♦♥s s♣❛t✐❛❧❡s ❞❡ ❧❛ ❝♦♥t❛♠✐♥❛t✐♦♥✳ ❊♥ ❈❤✐♥❡ ❞❡s

❛♥❛❧②s❡s P❈❘ ♦♥t été ré❛❧✐sé❡s ♣♦✉r ♠❡ttr❡ ❡♥ é✈✐❞❡♥❝❡ ❧❛ ❝♦♥t❛♠✐♥❛t✐♦♥ ❞❛♥s q✉❡❧q✉❡s ❢è❝❡s

❞❡ ❝❤✐❡♥s ré❝♦❧té❡s ❛❧é❛t♦✐r❡♠❡♥t ✭❲❛♥❣ ❡t ❛❧✳✱ ✷✵✵✾✮ ♦✉ ré❝✉♣éré❡s ❞❡ ❝❤✐❡♥s ❛✉t♦♣s✐és ✭❩❤❛♥❣

❡t ❛❧✳✱ ✷✵✵✻✮✳

✷✳✷✳✷ ❆♥❛❧②s❡ ❞✉ ♠♦✉✈❡♠❡♥t ❡t ❝♦♠♣♦rt❡♠❡♥t ❞❡ ♣ré❞❛t✐♦♥

✷✳✷✳✷✳✶ ❯t✐❧✐s❛t✐♦♥ ❞❡ ❧✬❡s♣❛❝❡ ♣❛r ❧❡s ❝❤✐❡♥s ❞♦♠❡st✐q✉❡s

▲❡s ❞♦♥♥é❡s ❞❡ té❧é♠étr✐❡ ♣❡r♠❡tt❡♥t ❞✬♦❜t❡♥✐r ✉♥ s❡♠✐s ❞❡ ♣♦✐♥ts ♣❛r ✐♥❞✐✈✐❞✉ r❡✢ét❛♥t

❧❛ ❞✐str✐❜✉t✐♦♥ s♣❛t✐❛❧❡ ❞❡ s♦♥ ❛❝t✐✈✐té✳ ❈♦♠♠❡ ♥♦✉s ❧✬❛✈♦♥s ✈✉ ♣❧✉s ❤❛✉t ❞❛♥s ❧❡ ❝❛s ❞❡s

♣♦♣✉❧❛t✐♦♥s✱ ❧✬✉t✐❧✐s❛t✐♦♥ ❞❡ ❧✬❡s♣❛❝❡✱ ❧♦✐♥ ❞✬êtr❡ ❤♦♠♦❣è♥❡ ❡t ❛❧é❛t♦✐r❡✱ r❡✢èt❡ ♣❧✉tôt ❞✬✉♥❡

sé❧❡❝t✐♦♥ ❞❡ ❧✬❤❛❜✐t❛t ♣❛r ❧✬❛♥✐♠❛❧✳ ❊❧❧❡ ❡st ❛❧♦rs ♠❡s✉ré❡ ❞❛♥s ❧❡ ❝❛s ❞❡s ❞✐str✐❜✉t✐♦♥s ❞✬✐♥❞✐✈✐❞✉s

♣❛r ❧❡ ♣♦✉r❝❡♥t❛❣❡ ❞❡ t❡♠♣s ♣❛ssé ❞❛♥s ❞✐✛ér❡♥t❡s ③♦♥❡s✳ ❯♥❡ ❢♦♥❝t✐♦♥ ❞❡ ❞❡♥s✐té ❞❡ ♣r♦❜❛❜✐❧✐tés✱

❛♣♣❡❧é❡ ❧❛ ❉✐str✐❜✉t✐♦♥ ❞✬❯t✐❧✐s❛t✐♦♥ ❞❡ ❧✬❛♥✐♠❛❧ ♣❡✉t êtr❡ ❡st✐♠é❡ à ♣❛rt✐r ❞❡s ❧♦❝❛❧✐s❛t✐♦♥s ❞❡

❧✬❛♥✐♠❛❧ ✭❲♦rt♦♥✱ ✶✾✽✾✮✳ ❆✐♥s✐✱ ❧✬❛✐r❡ ❞❛♥s ❧❛q✉❡❧❧❡ ❧✬✐♥❞✐✈✐❞✉ ♣❛ss❡ ❧❛ ♠❛❥♦r✐té ❞❡ s♦♥ t❡♠♣s ❡t

ré❛❧✐s❡ s❡s ❛❝t✐✈✐tés ❞❡ r♦✉t✐♥❡ ❡st ❞é✜♥✐❡ ❝♦♠♠❡ s♦♥ ❞♦♠❛✐♥❡ ✈✐t❛❧ ✭❖❦✉❜♦ ❛♥❞ ▲❡✈✐♥✱ ✷✵✵✶✮✳

❖♥ ❧❡ ❞✐st✐♥❣✉❡r❛ ❛❧♦rs ❞❡ s♦♥ t❡rr✐t♦✐r❡ q✉✐ r❡♥✈♦✐❡ à ❧❛ ③♦♥❡ ❞é❢❡♥❞✉❡ ❞❡ ❝❡ ♠ê♠❡ ❞♦♠❛✐♥❡✳

❉✬❛✉tr❡ ♣❛rt✱ ❧❛ ❝♦♥s✐❞ér❛t✐♦♥ ❞❡ ❧❛ ❞✐♠❡♥s✐♦♥ t❡♠♣♦r❡❧❧❡ ❞❡s ❞✐str✐❜✉t✐♦♥s ❞❡s ♣♦s✐t✐♦♥s

r❡♥❞ ♣♦ss✐❜❧❡ ❧✬❛♥❛❧②s❡ ❞✉ ♠♦✉✈❡♠❡♥t ❞❡s ✐♥❞✐✈✐❞✉s✳ ■❧ s✬❛❣✐t ❛❧♦rs ❞❡ ❝♦♥s✐❞ér❡r ❧❡s ❞✐str✐❜✉t✐♦♥s

❝♦♠♠❡ ❞❡s ♣r♦❝❡ss✉s ❞②♥❛♠✐q✉❡s✳ ■❝✐ ❡♥❝♦r❡✱ ❧❡ ♠♦✉✈❡♠❡♥t ❞❡s ❛♥✐♠❛✉① ❡st r❛r❡♠❡♥t ❛❧é❛t♦✐r❡

✭t❡❧❧❡ ✉♥❡ ♠❛r❝❤❡ ❛❧é❛t♦✐r❡ ♦✉ ✏r❛♥❞♦♠ ✇❛❧❦✑✮ ♠❛✐s ♣❧✉tôt ❝♦rré❧é ♦✉ ♦r✐❡♥té ❡t ♣❡✉t êtr❡

♠♦❞é❧✐sé ✭❚✉r❝❤✐♥✱ ✶✾✾✽❀ ❖❦✉❜♦ ❛♥❞ ▲❡✈✐♥✱ ✷✵✵✶✮✳ ▲❡s tr❛❥❡❝t♦✐r❡s s♦♥t ❛❧♦rs ❞é✜♥✐❡s ❝♦♠♠❡ ✉♥❡

✹✺



✷✳✷✳ ➱❝♦❧♦❣✐❡ ❝♦♠♣♦rt❡♠❡♥t❛❧❡ ❞✉ ❝❤✐❡♥ ❞♦♠❡st✐q✉❡

s✉❝❝❡ss✐♦♥ ❞❡ ♠♦✉✈❡♠❡♥ts ✭❞✐st❛♥❝❡ ♣❛r❝♦✉r✉❡ ❡♥tr❡ ❞❡✉① ✐♥st❛♥ts✮ ❝❛r❛❝tér✐sés ♣❛r ♣❧✉s✐❡✉rs

♣❛r❛♠ètr❡s t❡❧s q✉❡ ❧❛ ✈✐t❡ss❡ ♦✉ ❧✬❛♥❣❧❡ ❡♥tr❡ ❞❡✉① ♣♦s✐t✐♦♥s✳ ❆✐♥s✐✱ ❧❡s ✈✐t❡ss❡s ❞✐♠✐♥✉❡♥t

❧♦rsq✉❡ ❧✬✐♥❞✐✈✐❞✉ ❛tt❡✐♥t ✉♥❡ ③♦♥❡ ❞✬✐♥térêt✱ ♣❛r ❡①❡♠♣❧❡ ❞❛♥s ❧❡s ③♦♥❡ ❞❡ r❡❝❤❡r❝❤❡ ❛❝t✐✈❡s

❡t ♣♦t❡♥t✐❡❧❧❡♠❡♥t ❞❡ ♣ré❞❛t✐♦♥ ✭❑❛r❡✐✈❛ ❛♥❞ ❖❞❡❧❧✱ ✶✾✽✼✮✳ ▲❡s ❝♦♠♣♦rt❡♠❡♥ts à ❧✬✐♥tér✐❡✉r ❞❡

❝❡tt❡ ③♦♥❡ ♣♦✉rr♦♥t êtr❡ ✐❞❡♥t✐✜és ♣❛r ❞❡s ♠♦✉✈❡♠❡♥ts r❛♣✐❞❡s ❡t ❞❡ ❧❛r❣❡s ❛♥❣❧❡s ✭❩♦❧❧♥❡r

❛♥❞ ▲✐♠❛✱ ✶✾✾✾✮✳ ▲❡s ✈✐t❡ss❡s s❡r♦♥t ❛✉ss✐ ♣❧✉s ❣r❛♥❞❡s ❧♦rs ❞❡ tr❛❥❡❝t♦✐r❡s ❡①❝✉rs✐✈❡s ✭❞❡

r❡❝❤❡r❝❤❡ ❡①t❡♥s✐✈❡✮ q✉❡ ❞❛♥s ❧❡s ③♦♥❡s ❞❡ r❡♣♦s✳ ▲✬❛♥❛❧②s❡ ❞❡s tr❛❥❡❝t♦✐r❡s ♣❡✉t ❞♦♥❝ ♣❡r♠❡ttr❡

❧✬✐❞❡♥t✐✜❝❛t✐♦♥ ❞❡ ❝♦♠♣♦rt❡♠❡♥ts ♦✉ ❛❝t✐✈✐tés ❛✉ s❡✐♥ ❞❡s ❞♦♠❛✐♥❡s ✈✐t❛✉① t❡❧s q✉❡ ❧❛ ♣ré❞❛t✐♦♥✱

❧❡ r❡♣♦s ♦✉ ❧❛ ❞é❢❡♥s❡ ❞❡ t❡rr✐t♦✐r❡✳

✷✳✷✳✷✳✷ ❉✐str✐❜✉t✐♦♥ ❞❡s ❤ôt❡s ❞é✜♥✐t✐❢s ❡t tr❛♥s♠✐ss✐♦♥

❉é✜♥✐r ❧❡s ❛✐r❡s ❞✬❛❝t✐✈✐té ❞❡ ❧✬❤ôt❡ ❞é✜♥✐t✐❢ ❞✬❊♠ r❡✈✐❡♥t à ❞é✜♥✐r ❧❡s ❛✐r❡s à ❧✬✐♥tér✐❡✉r

❞❡sq✉❡❧❧❡s ✐❧ ❝♦♥t❛♠✐♥❡ ❧✬❡♥✈✐r♦♥♥❡♠❡♥t ❡t s❡ ❝♦♥t❛♠✐♥❡ ♣❛r ❧❛ ♣ré❞❛t✐♦♥ ❞✬❤ôt❡s ✐♥t❡r♠é❞✐❛✐r❡s✱

❝✬❡st✲à✲❞✐r❡ ❧✬❛✐r❡ ❞❡ tr❛♥s♠✐ss✐♦♥ ♦ù ❧❛ r❡♥❝♦♥tr❡ ❛ ❧✐❡✉✳ ❚❡❧ q✉❡ ♣♦✉r ❧❡ r❡♥❛r❞ ✉r❜❛✐♥✱ ❧❛

♣r♦①✐♠✐té ❞❡s ❝❤✐❡♥s ❛✉① ❡♥✈✐r♦♥♥❡♠❡♥ts ❤✉♠❛✐♥s ❡st ❞ét❡r♠✐♥❛♥t❡ ♣♦✉r é✈❛❧✉❡r ❧❡✉r rô❧❡ ❞❛♥s

❧❛ ❝♦♥t❛♠✐♥❛t✐♦♥ ❞❡ ❧✬❡♥✈✐r♦♥♥❡♠❡♥t ✭❊❝❦❡rt ❡t ❛❧✳✱ ✷✵✵✵✮✳

▲✬ét✉❞❡ ❞❡ ❧✬✉t✐❧✐s❛t✐♦♥ ❞❡s ❤❛❜✐t❛ts ❞é✜♥✐s ❝♦♠♠❡ ❧✬❡♥✈✐r♦♥♥❡♠❡♥t ❞❡s ❤♦♠♠❡s ✭❧❡s ❤❛❜✐✲

t❛t✐♦♥s ❡t ✈✐❧❧❛❣❡s✮ ❡t ❞❡s ❤ôt❡s ✐♥t❡r♠é❞✐❛✐r❡s ✭❤❛❜✐t❛ts ♦♣t✐♠❛✉① ❞❡ ❝❡s ❤ôt❡s✮ ♣♦✉rr❛ ❛❧♦rs

❛✐❞❡r à ❧❛ q✉❛♥t✐✜❝❛t✐♦♥ ❞❡ ❧❛ r❡♥❝♦♥tr❡ ❡♥tr❡ ❧❡s ❤ôt❡s ✭✏t❛✉① ❞❡ tr❛♥s♠✐ss✐♦♥✑✮✳ ❉✬❛✉tr❡ ♣❛rt✱

❧✬❛♥❛❧②s❡ ❞❡s tr❛❥❡❝t♦✐r❡s ♣♦✉rr❛✐t ❛✐❞❡r à ❝❛r❛❝tér✐s❡r ❧❡s ❝♦♠♣♦rt❡♠❡♥ts à r✐sq✉❡ ♣♦✉r ❧❛ ❝♦♥✲

t❛♠✐♥❛t✐♦♥ ❞❡s ❝❤✐❡♥s t❡❧ q✉❡ ❝❡❧✉✐ ❞❡ ♣ré❞❛t✐♦♥ ❞❡s ❤ôt❡s ✐♥t❡r♠é❞✐❛✐r❡s✳ ❉❡ ♣❧✉s✱ ❧✬ét✉❞❡ ❞❡

❧❛ ✈❛r✐❛❜✐❧✐té ❞❡s ♣❛r❛♠ètr❡s ❞✬✉t✐❧✐s❛t✐♦♥ ❞❡ ❧✬❡s♣❛❝❡ ❡t ❞❡s ❝♦♠♣♦rt❡♠❡♥ts s♣❛t✐❛✉① ❡♥tr❡ ✐♥❞✐✲

✈✐❞✉s ❞♦♥♥❡ ❧✬♦♣♣♦rt✉♥✐té ❞❡ t❡st❡r ❧✬✐♥✢✉❡♥❝❡ ❞❡s tr❛✐ts ❞✬❤✐st♦✐r❡ ❞❡ ✈✐❡ ❞❡s ✐♥❞✐✈✐❞✉s s✉r ❧❡s

❝♦♠♣♦rt❡♠❡♥ts ✏à r✐sq✉❡✑ ❞❡ tr❛♥s♠✐ss✐♦♥ ❞✬❊♠✳

▲❡s ❝♦♠♣♦rt❡♠❡♥ts s♣❛t✐❛✉① ❞❡s ❤ôt❡s ❞é✜♥✐t✐❢s ❞✬❊♠ ♦♥t ❞é❥à été ❡st✐♠és ❝❤❡③ ❧❡ r❡♥❛r❞

❡♥ ③♦♥❡ ✉r❜❛✐♥❡ ❡♥ ❆♥❣❧❡t❡rr❡ ✭❉♦♥❝❛st❡r ❡t ❛❧✱ ✶✾✾✶✮✱ ❡♥ ❙✉✐ss❡ ✭❉❡♣❧❛③❡s ❡t ❛❧✳✱ ✷✵✵✹✮✱ ❡♥

❋r❛♥❝❡ ✭❘♦❜❛r❞❡t ❡t ❛❧✳✱ ✷✵✵✽✮ ♦✉ ❡♥ ❆❧❧❡♠❛❣♥❡ ✭❚❤♦♠❛✱ ✷✵✵✺✮✳ ▲✬✉t✐❧✐s❛t✐♦♥ ❞❡ ❧✬❡s♣❛❝❡ ❛

♣❡r♠✐s ❧❛ ❞✐st✐♥❝t✐♦♥ ❛✉① ❛❧❡♥t♦✉rs ❞❡ ❧❛ ✈✐❧❧❡ ❞❡ ❩✉r✐❝❤ ❡♥tr❡ ❧❡s r❡♥❛r❞s ✉r❜❛✐♥s ❡t r✉r❛✉①✱ ❧❛

t❛✐❧❧❡ ❞❡s ❞♦♠❛✐♥❡s ✈✐t❛✉① ét❛♥t ♣❧✉s é❧❡✈é❡ ♣♦✉r ❧❡s r❡♥❛r❞s r✉r❛✉① ✭❉❡♣❧❛③❡s ❡t ❛❧✳✱ ✷✵✵✹✮✳ ▲❡s

r❡♥❛r❞s ✉r❜❛✐♥s ❛②❛♥t ❞❡ ♣❡t✐ts ❞♦♠❛✐♥❡s ✈✐t❛✉① s♦♥t ♣♦t❡♥t✐❡❧❧❡♠❡♥t ✉♥❡ s♦✉r❝❡ ✐♠♣♦rt❛♥t❡

❞✬✐♥❢❡❝t✐♦♥ ♣♦✉r ❧✬❤♦♠♠❡ ♣✉✐sq✉✬✐❧s ♣❡✉✈❡♥t ❛❝q✉ér✐r ❧❡ ♣❛r❛s✐t❡ ❡♥ ❝♦♥s♦♠♠❛♥t ❞❡s ❤ôt❡s

✐♥t❡r♠é❞✐❛✐r❡s ❞❛♥s ❧❡s ❛❧❡♥t♦✉rs ❞❡ ❧❛ ✈✐❧❧❡ ♣✉✐s ❝♦♥t❛♠✐♥❡r ♣❛r ❧❡✉rs ❢è❝❡s ❧❡s ③♦♥❡s ❤❛❜✐té❡s✳

❆✐♥s✐✱ ❞❛♥s ❧✬❛❣❣❧♦♠ér❛t✐♦♥ ❞❡ ◆❛♥❝②✱ ❞❡s ❛❧❧❡r✲r❡t♦✉rs ❡♥tr❡ ❧❡s ③♦♥❡s ✉r❜❛✐♥❡s ❡t ♣ér✐✲✉r❜❛✐♥❡s

❛✐♥s✐ q✉✬✉♥❡ ❢♦rt❡ ❡①♣❧♦✐t❛t✐♦♥ ❞❡s s✐t❡s ❝♦♥t❡♥❛♥t ❞❡s ♣♦♣✉❧❛t✐♦♥s ❞❡ r♦♥❣❡✉rs ♦♥t été ♦❜s❡r✈és

❡t r❡♣rés❡♥t❡♥t ✉♥ ré❡❧ r✐sq✉❡ ❞❡ ❝♦♥t❛♠✐♥❛t✐♦♥ ❞❡s ♣♦♣✉❧❛t✐♦♥s ❤✉♠❛✐♥❡s ✭❘♦❜❛r❞❡t ❡t ❛❧✳✱

✷✵✵✽✮✳

▲❡s ❝♦♠♣♦rt❡♠❡♥ts s♣❛t✐❛✉① ❞✉ ❝❤✐❡♥ ❞♦♠❡st✐q✉❡ ✈❛r✐❡♥t ♣r✐♥❝✐♣❛❧❡♠❡♥t ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❡✉r

❞❡❣ré ❞❡ ❞♦♠❡st✐❝❛t✐♦♥ ❡t ❞❡ ❧❡✉rs ❞é♣❡♥❞❛♥❝❡ ❛✉① s♦❝✐étés ❤✉♠❛✐♥❡s✳ ❯♥❡ ❝❧❛ss✐✜❝❛t✐♦♥ ❡st

❝♦✉r❛♠♠❡♥t ✉t✐❧✐sé❡ ❞❛♥s ❧❛ ❧✐ttér❛t✉r❡ ❡t ❞✐st✐♥❣✉❡ ❧❡s ❝❤✐❡♥s ❞❡ ♣r♦♣r✐ét❛✐r❡s ✭✏♦✇♥❡❞ ❞♦❣s✑✮✱

❧❡s ❝❤✐❡♥s ❡rr❛♥ts ♥✬❛♣♣❛rt❡♥❛♥t à ♣❡rs♦♥♥❡ ♠❛✐s ✉t✐❧✐s❛♥t ❧✬❡♥✈✐r♦♥♥❡♠❡♥t ❞❡s ❤♦♠♠❡s ✭✏str❛②

❞♦❣s✑✮✱ ❡t ❧❡s ❝❤✐❡♥s s❛✉✈❛❣❡s ✭✏❢❡r❛❧ ❞♦❣s✑✮ ✐♥❞é♣❡♥❞❛♥ts ❞❡s ♣♦♣✉❧❛t✐♦♥s ❤✉♠❛✐♥❡s✳ ❈❡♣❡♥❞❛♥t✱

❞❡ t❡❧❧❡s ❝❛té❣♦r✐❡s ♥❡ s♦♥t ♣❛s s✐ é✈✐❞❡♥t❡s ❡♥ ♥❛t✉r❡ ❡t ❧❡ ♣r♦❝❡ss✉s ❞❡ ✏❢ér❛❧✐s❛t✐♦♥✑✱ ❝✳❛✳❞

✹✻



✷✳✸✳ P❧❛♥ ♠ét❤♦❞♦❧♦❣✐q✉❡ ❞✉ ♠é♠♦✐r❡

❞✉ ♣❛ss❛❣❡ ❞✬✉♥❡ ❝❛té❣♦r✐❡ à ❧✬❛✉tr❡✱ ♣❡✉t êtr❡ ❝♦♥s✐❞éré ❝♦♠♠❡ ✉♥ ♣r♦❝❡ss✉s ❝♦♠♣♦rt❡♠❡♥t❛❧

♦♥t♦❣é♥✐q✉❡ ✭❇♦✐t❛♥✐ ❡t ❛❧✳✱ ✶✾✾✺✮✳ ❯♥ ❝❤✐❡♥ ♣❡✉t ❡♥ ❡✛❡t ❞❡✈❡♥✐r ❡rr❛♥t ❛♣rès ❛❜❛♥❞♦♥ ♣❛r

s❡s ♠❛îtr❡s ♦✉ ❞❡✈❡♥✐r s❛✉✈❛❣❡ ♣❛r s♦♥ ❛❝❝❡♣t❛t✐♦♥ ❞❛♥s ✉♥❡ ♥♦✉✈❡❧❧❡ ♠❡✉t❡✳ ❆✐♥s✐✱ t❡❧ q✉✬✐❧ ❛

été ♦❜s❡r✈é ❝❤❡③ ❧❡s r❡♥❛r❞s ✉r❜❛✐♥s✱ ❧❡s ❝❤✐❡♥s ❡rr❛♥ts ❞❡s ③♦♥❡s ✉r❜❛♥✐sé❡s ♦♥t ❞❡s t❛✐❧❧❡s ❞❡

❞♦♠❛✐♥❡s ✈✐t❛✉① ♣❧✉s ❢❛✐❜❧❡s ✭❞❡ ✷✲✶✶ à ✻✶ ❤❛✮ q✉❡ ❧❡s ❝❤✐❡♥s s❛✉✈❛❣❡s ❞♦♥t ❧❡s ❞♦♠❛✐♥❡s s✬❛♣✲

♣❛r❡♥t❡♥t à ❝❡✉① ❞❡s ❛✉tr❡s ❝❛♥✐❞és s❛✉✈❛❣❡s ✭❡♥tr❡ ✹✵✵ ❡t ✺✽✵✵ ❤❛✮✳ ❈❡❝✐ t✐❡♥t ❡ss❡♥t✐❡❧❧❡♠❡♥t

à ❧❛ ❞✐s♣♦♥✐❜✐❧✐té ❞❡s r❡ss♦✉r❝❡s✱ ❧❛ t❛✐❧❧❡ ré❞✉✐t❡ ❞❡s ❣r♦✉♣❡s ❡t ❞❡s ✐♥t❡r❛❝t✐♦♥s s♦❝✐❛❧❡s ❧✐♠✐té❡s

✭❇♦✐t❛♥✐ ❡t ❛❧✳✱ ✶✾✾✺✮✳ ▲❡s ❞♦♥♥é❡s ❝♦♥❝❡r♥❛♥t ✉♥✐q✉❡♠❡♥t ❧❡s ❝❤✐❡♥s ❞❡ ♣r♦♣r✐ét❛✐r❡s s♦♥t à

♥♦tr❡ ❝♦♥♥❛✐ss❛♥❝❡ ✐♥❡①✐st❛♥t❡s✳ ❖r✱ ❞❛♥s ❧❡ ❝♦♥t❡①t❡ ❞❡ ❧❛ tr❛♥s♠✐ss✐♦♥ ❞✬❊♠✱ ❝❡tt❡ ❝❛té❣♦r✐❡

❞❡ ❝❤✐❡♥s ❞❡♠❡✉r❡ ❝❡❧❧❡ à ❧❛ ♣❧✉s ❢♦rt❡ ♣r♦❜❛❜✐❧✐té ❞❡ ❝♦♥t❛❝t ❛✈❡❝ ❧✬❤♦♠♠❡✳

✷✳✸ P❧❛♥ ♠ét❤♦❞♦❧♦❣✐q✉❡ ❞✉ ♠é♠♦✐r❡

✷✳✸✳✶ ▼♦❞é❧✐s❛t✐♦♥ ❞❡s ❞✐str✐❜✉t✐♦♥s s♣❛t✐❛❧❡s ❞❡ ♠✐❝r♦✲♠❛♠♠✐❢èr❡s

❋✐❣✳ ✷✳✷ ✕ ❙❝❤é♠❛ ❝♦♥❝❡♣t✉❡❧ ❞❡s ét❛♣❡s ❞❡ ❧❛ ♠♦❞é❧✐s❛t✐♦♥ ✭❆①❡s ✶ ❡t ✷✮

◆♦✉s ♣r♦♣♦s♦♥s ✉♥ ❝❛♥❡✈❛s ♣♦✉r ❧❛ ❝♦♥str✉❝t✐♦♥ ❞❡ ♠♦❞è❧❡s st❛t✐st✐q✉❡s ❝❛♣❛❜❧❡s ❞✬❡①♣❧✐q✉❡r

❡t ❞❡ ♣ré❞✐r❡ ❛✉ ♠✐❡✉① ❧❡s r❡❧❛t✐♦♥s ❡♥tr❡ ❧❡s ❛ss❡♠❜❧❛❣❡s ❞✬❡s♣è❝❡s ❞❡ ♠✐❝r♦✲♠❛♠♠✐❢èr❡s ❡t ❧❡✉r

❡♥✈✐r♦♥♥❡♠❡♥t ❞❛♥s ✉♥❡ ré❣✐♦♥ s✐t✉é❡ ❞❛♥s ❧✬❖✉❡st ❞✉ ❙✐❝❤✉❛♥ ❡♥ ❈❤✐♥❡✳

▲❛ ❝♦♥str✉❝t✐♦♥ ❞❡ t❡❧s ♠♦❞è❧❡s s✬❡st ❞ér♦✉❧é❡ ❡♥ ❞❡✉① ❣r❛♥❞❡s ét❛♣❡s q✉✐ ❞é❝❧✐♥❡♥t ❝❡tt❡

♣❛rt✐❡ ❞❡ ❧✬ét✉❞❡ ❡♥ ❞❡✉① ❣r❛♥❞s ❛①❡s ✭❋✐❣✉r❡ ✷✳✷✮ ✿

✲ ❆①❡ ✶ ✿ ❧❛ ❝♦♥str✉❝t✐♦♥ ❞❡ ♠♦❞è❧❡s ❡①♣❧✐❝❛t✐❢s ❧♦❝❛❧❡♠❡♥t

✲ ❆①❡ ✷ ✿ ❧❡s ♣ré❞✐❝t✐♦♥s ré❣✐♦♥❛❧❡s ❡t ❧❡✉rs é✈❛❧✉❛t✐♦♥s

➪ ❝❤❛❝✉♥❡ ❞❡ ❝❡s ét❛♣❡s✱ ❧❛ ❝♦♥❢r♦♥t❛t✐♦♥ ❞✬✉♥❡ ♠✉❧t✐t✉❞❡ ❞✬♦✉t✐❧s ❞❡ ♠♦❞é❧✐s❛t✐♦♥ à ❧❛

♥❛t✉r❡ ❞❡ ♥♦s ❞♦♥♥é❡s ❞❡ ♣✐é❣❡❛❣❡ ✭♣rés❡♥❝❡✴❛❜s❡♥❝❡✮✱ ❧❛ str❛té❣✐❡ ❞✬é❝❤❛♥t✐❧❧♦♥♥❛❣❡ ✭❜❛sé❡

s✉r ❛✈✐s ❞✬❡①♣❡rt✮ ❡t ❧❛ t❛✐❧❧❡ ✭❢❛✐❜❧❡✮ ❞❡ ♥♦tr❡ ❥❡✉ ❞❡ ❞♦♥♥é❡s✱ ❛ s♦✉❧❡✈é ♣❧✉s✐❡✉rs q✉❡st✐♦♥s

♠ét❤♦❞♦❧♦❣✐q✉❡s ❛✉①q✉❡❧❧❡s ♥♦✉s ❛✈♦♥s t❡♥té ❞❡ ré♣♦♥❞r❡✳

✹✼



✷✳✸✳ P❧❛♥ ♠ét❤♦❞♦❧♦❣✐q✉❡ ❞✉ ♠é♠♦✐r❡

✷✳✸✳✶✳✶ ❆①❡ ✶ ✿ ❈♦♥str✉❝t✐♦♥ ❞✬✉♥ ♠♦❞è❧❡ ❡①♣❧✐❝❛t✐❢

❈❡tt❡ ❝♦♥str✉❝t✐♦♥ s✬❡st ❞ér♦✉❧é❡ ❡♥ ❞❡✉① ét❛♣❡s ✿ ✶✮ ❧❛ ❞é✜♥✐t✐♦♥ ❞❡s ❛ss❡♠❜❧❛❣❡s ❡t ✷✮ ❧❡✉rs

♠♦❞é❧✐s❛t✐♦♥ ❞❛♥s ❧✬❡s♣❛❝❡ ♠✉❧t✐✈❛r✐é✳

❯♥❡ ♠ét❤♦❞♦❧♦❣✐❡ ✐♥✐t✐❛❧❡♠❡♥t ❞é✈❡❧♦♣♣é❡ s✉r ❞❡s ❞♦♥♥é❡s ❞❡ ♣✐é❣❡❛❣❡ ❞✉ ◆✐♥❣①✐❛ ✭❘❛♦✉❧

❡t ❛❧✳✱ ✷✵✵✽✮ ❛ été ❛♣♣❧✐q✉é❡ ❞❛♥s ❞❡✉① s✐t❡s ❞✬ét✉❞❡s ❞✉ ❙✐❝❤✉❛♥ ♣♦✉r ❞é✜♥✐r ❧❡s ❛ss❡♠❜❧❛❣❡s✳

▲❡s ❛ss❡♠❜❧❛❣❡s ♦♥t ❡♥s✉✐t❡ été ♠♦❞é❧✐sés ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ✈❛r✐❛❜❧❡s ❡♥✈✐r♦♥♥❡♠❡♥t❛❧❡s ✐ss✉❡s

❞❡ ❞♦♥♥é❡s s❛t❡❧❧✐t❛❧❡s ✭❙tr❛té❣✐❡ ✏❈❧❛ss✐✜❡r ♣✉✐s ♠♦❞é❧✐s❡r✑✮✳ ❈❡ ❢❛✐s❛♥t✱ à ❞✐✛ér❡♥t❡s ét❛♣❡s

♠ét❤♦❞♦❧♦❣✐q✉❡s ❞❡ ❧❛ ♠♦❞é❧✐s❛t✐♦♥✱ ❞❡ ❧✬❡♥tr❛î♥❡♠❡♥t ❛✉① ♣ré❞✐❝t✐♦♥s✱ ♥♦✉s ♥♦✉s s♦♠♠❡s

❝♦♥❢r♦♥tés à ❞✐✛ér❡♥t❡s ♠ét❤♦❞❡s q✉❡ ♥♦✉s ❛✈♦♥s ❝♦♠♣❛ré❡s ♣✉✐s sé❧❡❝t✐♦♥♥é❡s✱ ❝♦♥❝❡r♥❛♥t ✿

✕ ❧❛ ♠ét❤♦❞❡ ❞❡ ✈❛❧✐❞❛t✐♦♥✱ ♣♦✉r ❧✬❡st✐♠❛t✐♦♥ ❞❡ ❧✬❡rr❡✉r ❞❡ ♣ré❞✐❝t✐♦♥

✕ ❧❛ t❡❝❤♥✐q✉❡ ❞❡ ♠♦❞é❧✐s❛t✐♦♥ ✭✏r❡s♣♦♥s❡ s❤❛♣❡✑✮ ❞❡s ❛ss❡♠❜❧❛❣❡s

❊♥ ❝♦♠♣❧é♠❡♥t ❞❡ ❝❡s r❡❝❤❡r❝❤❡s ❡t ❛✉ r❡❣❛r❞ ❞❡s ❧✐♠✐t❡s ❞❡ ❧❛ str❛té❣✐❡ ❞❡ ♠♦❞é❧✐s❛t✐♦♥

❞❡s ❛ss❡♠❜❧❛❣❡s ✏❈❧❛ss✐✜❡r ♣✉✐s ♠♦❞é❧✐s❡r✑✱ ♥♦✉s ❛✈♦♥s é❣❛❧❡♠❡♥t t❡sté ❧❡s ❝❛♣❛❝✐tés ♣ré❞✐❝t✐✈❡s

❞❡ ❧❛ ♠♦❞é❧✐s❛t✐♦♥ ❞❡s ré♣♦♥s❡s ♠✉❧t✐♣❧❡s ❞❡s ❡s♣è❝❡s ✭✏❈❧❛ss✐✜❡r ❡t ♣ré❞✐r❡ s✐♠✉❧t❛♥é♠❡♥t✑✮✳

✷✳✸✳✶✳✷ ❆①❡ ✷ ✿ ❱❡rs ✉♥ ♠♦❞è❧❡ ♣ré❞✐❝t✐❢ ❞❡s ❛ss❡♠❜❧❛❣❡s ❞❡ ♠✐❝r♦✲♠❛♠♠✐❢èr❡s

◆♦✉s ♥♦✉s s♦♠♠❡s ❛tt❛❝❤és à ♣ré❞✐r❡ ❧❡s ❞✐str✐❜✉t✐♦♥s ré❣✐♦♥❛❧❡s ❞❡s ❛ss❡♠❜❧❛❣❡s✱ ❝✬❡st

à ❞✐r❡ ❛✉ ❞❡❧à ❞❡s ❛✐r❡s ❞✬❡♥tr❛î♥❡♠❡♥t ❞❡s ♠♦❞è❧❡s ❡t✴♦✉ s✉r ❧✬ét❡♥❞✉❡ ✐♥❝❧✉❛♥t ♥♦s ❞❡✉①

s✐t❡s ❞✬ét✉❞❡✳ ❈❡ ❢❛✐s❛♥t✱ ♥♦✉s ❛✈♦♥s é✈❛❧✉é ❧❡s ❝❛♣❛❝✐tés ♣ré❞✐❝t✐✈❡s ré❣✐♦♥❛❧❡s ❞❡ ♥♦s ♠♦❞è❧❡s✱

✐❞❡♥t✐✜é q✉❡❧q✉❡s s♦✉r❝❡s ❞✬❡rr❡✉rs ❞❡ ♣ré❞✐❝t✐♦♥ ❡t ♣r♦♣♦sé ❞❡s s♦❧✉t✐♦♥s ♣♦✉r ❧❡s ré❞✉✐r❡✳ ❈❡❧❛

❛ été ré❛❧✐sé ✐✮ ❞❡ ♠❛♥✐èr❡ ❡♠♣✐r✐q✉❡ s✉r ❧❡s ❞♦♥♥é❡s ❞❡ t❡rr❛✐♥ ❞❡s ❞❡✉① s✐t❡s ❞✬ét✉❞❡s ✉t✐❧✐sé❡s

♣ré❝é❞❡♠♠❡♥t✱ ✐✐✮ ♣❛r ✉♥❡ ❡①♣ér✐❡♥❝❡ ❞❡ s✐♠✉❧❛t✐♦♥ ❝♦♠♣❧é♠❡♥t❛✐r❡✳

✭✐✮ ▲❡s ♣ré❞✐❝t✐♦♥s ré❣✐♦♥❛❧❡s ❞❡s ♠♦❞è❧❡s ❞é✈❡❧♦♣♣és ❧♦❝❛❧❡♠❡♥t ❡t ré❣✐♦♥❛❧❡♠❡♥t ♦♥t été

é✈❛❧✉é❡s ❡t ❝♦♠♣❛ré❡s✳ ❈❡ ❢❛✐s❛♥t✱ ♥♦✉s ❛✈♦♥s ❡①♣❧♦ré ❧❡s ❡✛❡ts ❞❡ s♦✉r❝❡s ❞✬❡rr❡✉rs ❞✬❡①tr❛♣♦✲

❧❛t✐♦♥ ❧✐é❡s à ♥♦tr❡ ❥❡✉ ❞❡ ❞♦♥♥é❡s ✭❧❛ ♣ré✈❛❧❡♥❝❡ ❞❡s ❛ss❡♠❜❧❛❣❡s✮ ❡t à ❧❛ ♠♦❞é❧✐s❛t✐♦♥ ✭❧❡ t②♣❡

❞❡ ré♣♦♥s❡ ♠♦❞é❧✐sé❡✮✳

✭✐✐✮ ▲✬❡①♣ér✐❡♥❝❡ ❞❡ s✐♠✉❧❛t✐♦♥ ♥♦✉s ❛ ♣❡r♠✐s ❞✬❡①♣❧♦r❡r ❧✬❡✛❡t ❞❡ ❧❛ t❛✐❧❧❡ ❞❡s é❝❤❛♥t✐❧❧♦♥s

❞❡s ♦❜s❡r✈❛t✐♦♥s ♣♦✉r ❝❤❛q✉❡ ❛ss❡♠❜❧❛❣❡ s✉r ❧❡s ♣ré❞✐❝t✐♦♥s ré❛❧✐sé❡s s✉r ✉♥ ❥❡✉ ❞❡ ❞♦♥♥é❡s

✐♥❞é♣❡♥❞❛♥t✳ ❈❡ ❢❛✐s❛♥t ♥♦✉s ❛✈♦♥s ♣✉ q✉❛♥t✐✜❡r ❡t ❝♦♠♣❛r❡r ❧❡s s❡♥s✐❜✐❧✐té ❛✉① t❛✐❧❧❡s ❞✬é❝❤❛♥✲

t✐❧❧♦♥s ❞❡s ❞✐✛ér❡♥t❡s t❡❝❤♥✐q✉❡s ❞❡ ♠♦❞é❧✐s❛t✐♦♥ ✉t✐❧✐sé❡s ❞❛♥s ❧✬❛①❡ ✶✳

✷✳✸✳✷ ❆①❡ ✸ ✿ ▲❡ rô❧❡ ❞✉ ❝❤✐❡♥ ❞♦♠❡st✐q✉❡ ✭❈❛♥✐s ❧✉♣✉s ❢❛♠✐❧✐❛r✐s✮ ❞❛♥s ❧❛
tr❛♥s♠✐ss✐♦♥ ❞✬❊♠

▲❡s ❝♦♠♣♦rt❡♠❡♥ts ✏à r✐sq✉❡✑ ❞✉ ❝❤✐❡♥ ❞♦♠❡st✐q✉❡ ♦♥t été ét✉❞✐és ❛✉ s❡✐♥ ❞❡s ❤❛❜✐t❛ts

❞❡s ❤♦♠♠❡s ❡t ❞❡s ❤ôt❡s ✐♥t❡r♠é❞✐❛✐r❡s ❞❛♥s ❞❡s s✐t❡s ❞✬ét✉❞❡s s✐t✉és s✉r ❧❡ ♣❧❛t❡❛✉ t✐❜ét❛✐♥

✭❙✐❝❤✉❛♥✮✳

▲✬ ❛♥❛❧②s❡ ❞❡s ❞✐str✐❜✉t✐♦♥s s♣❛t✐❛❧❡s ❞❡s ❢è❝❡s ❛ été ❡✛❡❝t✉é❡ ♣♦✉r ♠❡ttr❡ ❡♥ é✈✐❞❡♥❝❡ ❧❡s

③♦♥❡s ❞❛♥s ❧❡s ✈✐❧❧❛❣❡s à r✐sq✉❡ ❞❡ tr❛♥s♠✐ss✐♦♥ ♣♦t❡♥t✐❡❧❧❡♠❡♥t é❧❡✈é✳

❆✉ss✐✱ ❧✬❡st✐♠❛t✐♦♥ ❞❡s ♣ré✈❛❧❡♥❝❡s ❢é❝❛❧❡s ♣❛r ❞❡s ♦✉t✐❧s ♠♦❧é❝✉❧❛✐r❡s ré❝❡♠♠❡♥t ❞é✈❡❧♦♣♣és✱

♥♦✉s ❛ ♣❡r♠✐s ❞❡ q✉❛♥t✐✜❡r ❧❡ rô❧❡ ❞✉ ❝❤✐❡♥ ❞❛♥s ❧❛ ❝♦♥t❛♠✐♥❛t✐♦♥ ❡✛❡❝t✐✈❡ ❞❡ ❧✬❡♥✈✐r♦♥♥❡♠❡♥t

❤✉♠❛✐♥✱ ❝❡ r❡❧❛t✐✈❡♠❡♥t ♣❛r r❛♣♣♦rt à ❝❡❧✉✐ ❞✉ r❡♥❛r❞✳

✹✽



✷✳✸✳ P❧❛♥ ♠ét❤♦❞♦❧♦❣✐q✉❡ ❞✉ ♠é♠♦✐r❡

❊♥✜♥✱ à ♣❛rt✐r ❞❡ tr❛❥❡❝t♦✐r❡s ♥♦❝t✉r♥❡s ❞❡ ❝❤✐❡♥s éq✉✐♣és ❞❡ ❝♦❧❧✐❡rs ●P❙ ♥♦✉s ❛✈♦♥s ❝❤❡r❝❤é

à ✐✮ ❡st✐♠❡r ❧✬✉t✐❧✐s❛t✐♦♥ ❞❡s ❤❛❜✐t❛ts ❞❡s ❤♦♠♠❡s ❡t ❞❡s ♠✐❝r♦✲♠❛♠♠✐❢èr❡s ❡t✱ ✐✐✮ ♠❡ttr❡ ❡♥

é✈✐❞❡♥❝❡ ❧✬✐♥✢✉❡♥❝❡ ❞❡s ♣❛r❛♠ètr❡s ✐♥❞✐✈✐❞✉❡❧s ❞❡s ❝❤✐❡♥s s✉r ❧❡✉rs ❝♦♠♣♦rt❡♠❡♥ts s♣❛t✐❛✉①✳

✹✾
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❚❛❜✳ ✷✳✶ ✕ ❈❧❛ss✐✜❝❛t✐♦♥ ❞❡s ♣r✐♥❝✐♣❛✉① ❛❧❣♦r✐t❤♠❡s ✭❧✐st❡ ♥♦♥ ❡①❤❛✉st✐✈❡✮ ❝♦✉r❛♠♠❡♥t ✉t✐❧✐sés ♣♦✉r ♠♦❞é❧✐s❡r ❧❡s ❞✐str✐❜✉t✐♦♥s ❞❡s ❤❛❜✐t❛ts ♣♦✉r

❞❡s ❡s♣è❝❡s ♦✉ ❛ss❡♠❜❧❛❣❡s✳
P❛r❛✴◆♦♥ ♣❛r❛ ❆❧❣♦r✐t❤♠❡ ▼ét❤♦❞❡ ◆❛t✉r❡ ré♣♦♥s❡ ■♥❞✴▼✉❧t ❉✐st ❙tr❛t ❖❜❥❡❝t✐❢

P❛r❛ ❊◆❋❆✴▼❆❉■❋❆ ❖❘❉■ ◗✉❛❧ ✭P✮ ■♥❞ ●❛✉ss✐❛♥ ✶ ❊①♣❧

❈❈❆✴❘❉❆ ❖❘❉■✴❘❊● ◗✉❛♥t✴◗✉❛❧ ▼✉❧t ●❛✉ss✐❛♥ ✶✴✸ ❊①♣❧✴Pr❡❞

❖▼■ ❖❘❉■ ◗✉❛♥t ▼✉❧t ◆❆ ✸ ❊①♣❧

●▲▼ ❘❊● ◗✉❛♥t✴◗✉❛❧ ✭P❆✮ ✐♥❞✴♠✉❧t ❋❛♠✐❧❧❡ ❡①♣♦♥❡♥t✐❡❧❧❡ ✶✴✸ ❊①♣❧✴Pr❡❞

▲❉❆ ❖❘❉■ ◗✉❛❧ ✭P P❆✮ ✐♥❞✴♠✉❧t ●❛✉ss✐❛♥ ✶ ❊①♣❧✴Pr❡❞

▼❉❆ ❈▲❆❙❙■ ◗✉❛❧ ✭P P❆✮ ✐♥❞✴♠✉❧t ▼✉❧t✐♣❧❡ ●❛✉ss✐❛♥ ✶ ❊①♣❧✴Pr❡❞

❱●▲▼ ❘❊● ◗✉❛❧ ✭P P❆✮ ✐♥❞✴♠✉❧t ❋❛♠✐❧❧❡ ❡①♣♦♥❡♥t✐❡❧❧❡ ♦✉ ♣❛s ✶✴✸ ❊①♣❧✴Pr❡❞

◆♦♥ ♣❛r❛ ❇■❖❈▲■▼✱ ▼❆❳❊◆❚ ❊◆❱ ◗✉❛❧ ✭P✮ ■♥❞ ◆❆ ✸ ❊①♣❧✴Pr❡❞

❘❡❣r❡ss✐♦♥ tr❡❡ ❈▲❆❙❙■ ◗✉❛❧ ✭P P❆✮ ✐♥❞✴♠✉❧t ◆❆ ✶✴✸ ❊①♣❧✴Pr❡❞

●❆▼ ❘❊● ◗✉❛❧ ✭P❆✮ ■♥❞ ◆❆ ✸ Pr❡❞

●❡♥❡t✐❝ ❛❧❣♦r✐t❤♠ ✭●❆❘P✮ ■◆❚❊▲ ◗✉❛❧✭P❆✮ ■♥❞ ◆❆ ✸ Pr❡❞

❱●❆▼ ❘❊● ◗✉❛❧✭P❆✮ ▼✉❧t ◆❆ ✸ Pr❡❞

❋❉❆ ❈▲❆❙❙■ ◗✉❛❧ ✭P❆✱P✮ ✐♥❞✴♠✉❧t ◆❆ ✶✴✸ Pr❡❞

▼❆❘❙ ▼❯▲❚■❘❊● ◗✉❛❧ ✭P❆✱P✮ ✐♥❞✴♠✉❧t ◆❆ ✶✴✸ Pr❡❞

◆❡✉r❛❧ ♥❡t✇♦r❦ ■◆❚❊▲ Pr❡s✴❛❜s ■♥❞✲▼✉❧t ◆❆ ✸ Pr❡❞

❆✉tr❡ ❇❛②❡s✐❛♥ ❝❧❛ss✐✜❝❛t✐♦♥ ❇❆❨❊❙ Pr❡s✴❛❜s ■♥❞✲▼✉❧t ◆❆ ✶✴✸ Pr❡❞

▲❡s t❡❝❤♥✐q✉❡s ❞❡ ♠♦❞é❧✐s❛t✐♦♥ s♦♥t ❝❧❛ss✐✜é❡s ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ✿

✲ ❧❡✉r ❝❛r❛❝tèr❡ ♣❛r❛♠étr✐q✉❡ ✭P❛r❛✮ ♦✉ ♥♦♥ ♣❛r❛♠étr✐q✉❡ ✭◆♦♥ ♣❛r❛✮✱

✲ ❧❛ ❢❛♠✐❧❧❡ ❞❡ ♠ét❤♦❞❡s à ❧❛q✉❡❧❧❡ ❡❧❧❡s ❛♣♣❛rt✐❡♥♥❡♥t ✿ ♦r❞✐♥❛t✐♦♥ ✭✏❖❘❉■✑✮ ❀ ré❣r❡ss✐♦♥s ✭✏❘❊●✑✮ ❀ ❝❧❛ss✐✜❝❛t✐♦♥ ✭✏❈▲❆❙❙■✑✮ ❀✐♥t❡❧❧✐❣❡♥❝❡ ❛rt✐✜❝✐❡❧❧❡ ✭✏■◆❚❊▲✑✮ ❀ ♦✉ ❜❛②és✐❡♥♥❡

✭✏❇❆❨❊❙✑✮✳

✲ ❧❛ ♥❛t✉r❡ ❞❡s ré♣♦♥s❡s ❞❡s ❡s♣è❝❡s ✿ q✉❛❧✐t❛t✐✈❡ ✭✏◗✉❛❧✑✮ ❡t ❞❡ ♣rés❡♥❝❡ s❡✉❧❡♠❡♥t ✭✏P✑✮ ♦✉ ❞❡ ♣rés❡♥❝❡✴❛❜s❡♥❝❡ ✭✏P❆✑✮✱ ♦✉ q✉❛♥t✐t❛t✐✈❡✭✏◗✉❛♥t✑✮✱

✲ ❧❡ ❝❛r❛❝tèr❡ ✐♥❞✐✈✐❞✉❡❧ ✭✏■♥❞✑✱ ♣♦✉r ❝❤❛q✉❡ ❡s♣è❝❡ ✐♥❞é♣❡♥❞❛♠♠❡♥t✮ ♦✉ ♠✉❧t✐♣❧❡ ✭✏▼✉❧t✑✱ ♣♦✉r t♦✉t❡s ❧❡s ❡s♣è❝❡s s✐♠✉❧t❛♥é♠❡♥t✮ ❞❡ ❧❛ ré♣♦♥s❡✱

✲ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡ ❧❛ ré♣♦♥s❡ ✭❉✐st✮✱ ✏◆❆✑ s✐❣♥✐✜❡ q✉❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❡st ❧✐❜r❡ ✭♥♦♥ ♣❛r❛♠étr✐q✉❡✮✱

✲ ❧❛ str❛té❣✐❡ ❞❡ ♠♦❞é❧✐s❛t✐♦♥ ❞❡s ❛ss❡♠❜❧❛❣❡s à ❧❛q✉❡❧❧❡ ❡❧❧❡ ré♣♦♥❞ ✭str❛té❣✐❡ ✶ ♦✉ ✸✮✱

✲ ❧✬♦❜❥❡❝t✐❢ ❞❡ ❧❛ ♠♦❞é❧✐s❛t✐♦♥ ✿ ❡①♣❧✐❝❛t✐❢ ✭✏❡①♣❧✑✮ ♦✉ ♣ré❞✐❝t✐❢ ✭✏♣r❡❞✑✮

✺✵



❚r❛✈❛✉① ❞❡ r❡❝❤❡r❝❤❡

✺✶





❈❤❛♣✐tr❡ ✸

❆①❡ ✶ ✿ ❈♦♥str✉❝t✐♦♥ ❞✬✉♥ ♠♦❞è❧❡

❡①♣❧✐❝❛t✐❢ ✲ ▼♦❞é❧✐s❡r ❧❛ ❞✐str✐❜✉t✐♦♥

s♣❛t✐❛❧❡ ❞❡s ❛ss❡♠❜❧❛❣❡s ❞❡

♠✐❝r♦✲♠❛♠♠✐❢èr❡s

✸✳✶ ■♥tr♦❞✉❝t✐♦♥

✸✳✶✳✶ ❈♦♥t❡①t❡ ❡♥✈✐r♦♥♥❡♠❡♥t❛❧ ❡t é♣✐❞é♠✐♦❧♦❣✐q✉❡

❉❛♥s ❧❡s tr❛✈❛✉① ♣rés❡♥tés ❝✐✲❛♣rès ♥♦✉s ♥♦✉s s♦♠♠❡s ✐♥tér❡ssé ❛✉① ❞✐str✐❜✉t✐♦♥s s♣❛t✐❛❧❡s

❞❡s ❡s♣è❝❡s ❞❡ ♠✐❝r♦✲♠❛♠♠✐❢èr❡s ❞❛♥s ✷ ❛✐r❡s ❞✬ét✉❞❡s s✐t✉é❡s ❞❛♥s ❧✬❖✉❡st ❞✉ ❙✐❝❤✉❛♥✱ ❞❛♥s

❧❡s ❝♦♠tés ❞❡ ▼❛❡r❦❛♥❣ ❡t ❞❡ ❘❛♥❣t❛♥❣ ✭❈❤✐♥❡✮✳ ❉❛♥s ❝❡s ❛✐r❡s ❞❡s ❝♦♥tr❡❢♦rts ❞✉ ♣❧❛t❡❛✉

t✐❜ét❛✐♥✱ ❧❡s ♣ré✈❛❧❡♥❝❡s ❤✉♠❛✐♥❡s s♦♥t ❢❛✐❜❧❡s ✭✵✳✽✽ ✪ s✉r ✺✼✶ ♣❛t✐❡♥ts ❡t ✶✳✹✽ ✪ s✉r ✻✼✺ ♣❛t✐❡♥ts

r❡s♣❡❝t✐✈❡♠❡♥t✮ ❡♥ ❝♦♠♣❛r❛✐s♦♥ à ❝❡❧❧❡s ♦❜s❡r✈é❡s ❞❛♥s ❧❡ ❝♦♠té ❞❡ ❙❤✐q✉ s✉r ❧❡ ♣❧❛t❡❛✉ ✭❡♥tr❡

✹ ✪ s✉r ✹✼✺ ♣❛t✐❡♥ts à ◆✐❣❛ ❡t ✾✳✹ ✪ s✉r ✻✸✶ ♣❛t✐❡♥ts à ❨✐♥✐✉✮ ✭▲✐ ❡t ❛❧✳✱ ❙✉❜♠✐tt❡❞✮✳ ❈❡s ❛✐r❡s

❞✬ét✉❞❡s ❝♦♥st✐t✉❡♥t ❞❡s ③♦♥❡s ❞❡ ✈❛❧❧é❡s ♠♦♥t❛❣♥❡✉s❡s ✭s✐t✉é❡s ❡♥tr❡ ✸✵✵✵ ❡t ✹✺✵✵ ♠✮ ❞❛✈❛♥t❛❣❡

❢♦r❡st✐èr❡s q✉❡ ❧❡ ♣❧❛t❡❛✉ ❡t ♦✛r❛♥t ✉♥❡ ❧❛r❣❡ ❞✐✈❡rs✐té ♣❛②s❛❣èr❡ ✿ ❞❡s ③♦♥❡s ❛❣r✐❝♦❧❡s ✭♣r❛✐r✐❡s ❞❡

❢❛✉❝❤❡✱ ❝✉❧t✉r❡s ❡♥ t❡rr❛ss❡✮✱ ❞❡s ❢♦rêts ✭❜♦✉❧❡❛✉①✱ ❝♦♥✐❢èr❡s✱ r❤♦❞♦❞❡♥❞r♦♥s✱ ❝❤ê♥❡s✮✱ ❞❡s st❛❞❡s

✐♥t❡r♠é❞✐❛✐r❡s ✭❜✉✐ss♦♥♥❡✉① ❡t ❛r❜✉st✐❢s✮ ❧❡ ❧♦♥❣ ❞❡ ❣r❛❞✐❡♥ts ❞❡ ❞é❢♦r❡st❛t✐♦♥✴❛❢♦r❡st❛t✐♦♥ ❡t

❞❡ ❞é♣r✐s❡ ❛❣r✐❝♦❧❡ ✭✜❣✉r❡ ✸✳✶ ❡t ✜❣✉r❡ ✸✳✷✮✳
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✸✳✶✳ ■♥tr♦❞✉❝t✐♦♥

❋✐❣✳ ✸✳✶ ✕ P❛②s❛❣❡ ❞❡ ❘❛♥❣t❛♥❣ ❋✐❣✳ ✸✳✷ ✕ P❛②s❛❣❡ ❞❡ ▼❛❡r❦❛♥❣

✸✳✶✳✷ ❘❛♣♣❡❧ ❞❡s ♦❜❥❡❝t✐❢s ❡t ❞❡s q✉❡st✐♦♥s

❆✉ r❡❣❛r❞ ❞❡ ❧❛ q✉❛❧✐té ❞❡ ♥♦tr❡ ❥❡✉ ❞❡ ❞♦♥♥é❡s ✭❢❛✐❜❧❡ t❛✐❧❧❡ ❞✬é❝❤❛♥t✐❧❧♦♥✱ ❧❛r❣❡ ❞✐✈❡rs✐té

❞✬❤❛❜✐t❛ts✱ ❡s♣è❝❡s r❛r❡s✮✱ ♥♦✉s ❛✈♦♥s ❝❤❡r❝❤é à ♠♦❞é❧✐s❡r ❧❡s ❞✐str✐❜✉t✐♦♥s s♣❛t✐❛❧❡s ❞❡s ❣r♦✉♣❡s

❞✬ ❤❛❜✐t❛ts ♣❛rt❛❣❡❛♥t ❧❡s ♠ê♠❡s ❡s♣è❝❡s ❞❡ ♠✐❝r♦✲♠❛♠♠✐❢èr❡s✱ ❝✬❡st✲à✲❞✐r❡ ❞❡s ❤❛❜✐t❛ts ❞✬❛ss❡♠✲

❜❧❛❣❡s ❞✬❡s♣è❝❡s✳ ❈❡ tr❛✈❛✐❧ s✬❡st ❞ér♦✉❧é ❡♥ ❞❡✉① ❣r❛♥❞❡s ét❛♣❡s ✿ ❧❛ ❝❧❛ss✐✜❝❛t✐♦♥ ❞❡s ré♣♦♥s❡s

❞❡s ❡s♣è❝❡s ♣✉✐s ❧❛ ♠♦❞é❧✐s❛t✐♦♥ ❞❡s ❛ss❡♠❜❧❛❣❡s ✭❙tr❛té❣✐❡ ✷✱ ❋❡rr✐❡r ❛♥❞ ●✉✐s❛♥ ✭✷✵✵✻✮✮✳ ❈❡tt❡

r❡❝❤❡r❝❤❡ ❢❛✐t ❧✬♦❜❥❡t ❞✬✉♥ ❛rt✐❝❧❡ ♣✉❜❧✐é ✭❱❛♥✐s❝♦tt❡ ❡t ❛❧✳✱ ✷✵✵✾✮ ❡t ♣rés❡♥té ❞❛♥s ❧✬❆①❡ ✶❛✳

Pr❡♠✐èr❡♠❡♥t✱ ❢❛❝❡ à ❧❛ ❣r❛♥❞❡ ❞✐✈❡rs✐té✱ ❞❛♥s ♥♦s s✐t❡s ❞✬ét✉❞❡s✱ ❞✬❤❛❜✐t❛ts é❝❤❛♥t✐❧❧♦♥♥és✱

❧❛ ❣r❛♥❞❡ r✐❝❤❡ss❡ ❡♥ ❡s♣è❝❡s ❞♦♥t ❧❛ ♠❛❥♦r✐té ét❛✐❡♥t r❛r❡s✱ ❡t ❧❛ ❞✐✣❝✉❧té ❞✬✐♥t❡r♣rét❛t✐♦♥ ❞❡

t❡❧❧❡s ❞✐✈❡rs✐tés✱ ♥♦✉s ♥♦✉s s♦♠♠❡s ✐♥tér❡ssé à ❞é✜♥✐r ❞❡s ❛ss❡♠❜❧❛❣❡s ❞❡ ♠❛♥✐èr❡ q✉❛♥t✐t❛t✐✈❡

♣❛r ✉♥❡ ♠♦❞é❧✐s❛t✐♦♥ st❛t✐st✐q✉❡ ❡t ♠✉❧t✐✈❛r✐é❡ ❞❡s ❞❡♥s✐tés r❡❧❛t✐✈❡s ❞❡s ❡s♣è❝❡s✳

❉❛♥s ✉♥ ❞❡✉①✐è♠❡ t❡♠♣s✱ ♥♦✉s ❛✈♦♥s ♠♦❞é❧✐sé ❧❡s ❞✐str✐❜✉t✐♦♥s s♣❛t✐❛❧❡s ❞❡s ❤❛❜✐t❛ts ❞❡s

❛ss❡♠❜❧❛❣❡s ❞é✜♥✐s✳ ▲❛ ❞é✜♥✐t✐♦♥ ❞❡s ❤❛❜✐t❛ts ❡✛❡❝t✉é❡ s✉r ❛✈✐s ❞✬❡①♣❡rts ❡st q✉❛❧✐t❛t✐✈❡ ❡t

❞❡ ❢❛✐t ❧✐♠✐té❡ ❞❛♥s ✉♥❡ ♦♣t✐q✉❡ ♣ré❞✐❝t✐✈❡ ♣✉✐sq✉✬❡❧❧❡ ré❞✉✐t ❧✬❡♥✈✐r♦♥♥❡♠❡♥t ❞❡s ❡s♣è❝❡s à ✉♥❡

✈❛r✐❛❜❧❡ q✉❛❧✐t❛t✐✈❡✳ ◆♦✉s ♥♦✉s s♦♠♠❡s ❛❧♦rs ❛tt❛❝❤és à ❞é✜♥✐r ❞❡ ♠❛♥✐èr❡ q✉❛♥t✐t❛t✐✈❡ ❧❡s ❤❛❜✐✲

t❛ts ♣♦✉r ❝❡s ❣r♦✉♣❡s ❞✬❡s♣è❝❡s ❞❛♥s ❧✬❡s♣❛❝❡ ❞❡s ✈❛r✐❛❜❧❡s ❡♥✈✐r♦♥♥❡♠❡♥t❛❧❡s ✐ss✉❡s ❞❡ ❞♦♥♥é❡s

s❛t❡❧❧✐t❛❧❡s✳ ❈❡ ❢❛✐s❛♥t ♥♦✉s ❛✈♦♥s ❡①♣❧♦ré ♣r✐♥❝✐♣❛❧❡♠❡♥t ❞❡✉① ❛s♣❡❝ts ♠ét❤♦❞♦❧♦❣✐q✉❡s ✿

✐✮ ❧✬❡st✐♠❛t✐♦♥ ❞❡ ❧✬❡rr❡✉r ❞❡ ♣ré❞✐❝t✐♦♥✱ ❡♥ ❝❤♦✐s✐ss❛♥t ♣❛r♠✐ ❧❡s ♠ét❤♦❞❡s st❛t✐st✐q✉❡s ♥♦♥✲

♣❛r❛♠étr✐q✉❡s ❧❛ ♣❧✉s ❛♣♣r♦♣r✐é❡ à ♥♦tr❡ ❝❛s ❞✬ét✉❞❡✱

✐✐✮ ❧❛ sé❧❡❝t✐♦♥ ❞❡ ❧❛ t❡❝❤♥✐q✉❡ ❞❡ ♠♦❞é❧✐s❛t✐♦♥ ❧❛ ♣❧✉s ❛♣♣r♦♣r✐é❡ ❞❛♥s ✉♥ ❝♦♥t❡①t❡ ❞❡

❞✐s❝r✐♠✐♥❛t✐♦♥ ❞❡s ❛ss❡♠❜❧❛❣❡s✳

❊♥✜♥✱ ♥♦✉s ❛✈♦♥s t❡sté✱ ❡♥ ❝♦♠♣❧é♠❡♥t ❞❡ ❝❡tt❡ ♣r❡♠✐èr❡ ❛♥❛❧②s❡✱ ❧❛ ❝❛♣❛❝✐té ❞❡s ✈❛r✐❛❜❧❡s

❡♥✈✐r♦♥♥❡♠❡♥t❛❧❡s à ❡①♣❧✐q✉❡r ❞✐r❡❝t❡♠❡♥t✱ ❝✬❡st à ❞✐r❡ s❛♥s ♣❛ss❡r ♣❛r ❧❛ ❞é✜♥✐t✐♦♥ ❞❡s ❛ss❡♠✲

❜❧❛❣❡s✱ ❧❡s ❞❡♥s✐tés r❡❧❛t✐✈❡s ❥♦✐♥t❡s ❞❡s ❡s♣è❝❡s✳ ❈❡❧❛ ❝♦♥st✐t✉❡ ❛❧♦rs ✉♥❡ ♣r❡♠✐èr❡ ét❛♣❡ ❞❛♥s

❧✬é✈❛❧✉❛t✐♦♥ ❞❡ ❧❛ str❛té❣✐❡ ❞❡ ♠♦❞é❧✐s❛t✐♦♥ ❡t ❝❧❛ss✐✜❝❛t✐♦♥ s✐♠✉❧t❛♥é❡s ❞❡s ❛ss❡♠❜❧❛❣❡s✳ ❈❡tt❡

❛♥❛❧②s❡ ❝♦♠♣❧é♠❡♥t❛✐r❡ ❝♦♥st✐t✉❡ ❧✬❆①❡ ✶❜✳

✺✹



✸✳✷✳ ❆①❡ ✶❛ ✿ ▼♦❞é❧✐s❛t✐♦♥ ❡t ❞✐s❝r✐♠✐♥❛t✐♦♥ s♣❛t✐❛❧❡ ❞❡s ❛ss❡♠❜❧❛❣❡s

✸✳✷ ❆①❡ ✶❛ ✿ ▼♦❞é❧✐s❛t✐♦♥ ❡t ❞✐s❝r✐♠✐♥❛t✐♦♥ s♣❛t✐❛❧❡ ❞❡s ❛ss❡♠✲

❜❧❛❣❡s ❞❡ ♠✐❝r♦✲♠❛♠♠✐❢èr❡s ❞❛♥s ❧✬❖✉❡st ❞✉ ❙✐❝❤✉❛♥

❈✐✲❞❡ss♦✉s ❞❡s ♣ré❝✐s✐♦♥s ♠ét❤♦❞♦❧♦❣✐q✉❡s ❝♦♠♣❧é♠❡♥t❛✐r❡s ❛✉ ❝♦♥t❡♥✉ ❞❡ ❧✬❛rt✐❝❧❡ s♦♥t

❛♣♣♦rté❡s ❝♦♥❝❡r♥❛♥t ✐✮ ❧❛ ❞é✜♥✐t✐♦♥ ❞❡s ❛ss❡♠❜❧❛❣❡s✱ ✐✐✮ ❧❡s ♠ét❤♦❞❡s ❞❡ ♠♦❞é❧✐s❛t✐♦♥ ❡t ✐✐✐✮

❧✬❡st✐♠❛t✐♦♥ ❞❡ ❧✬❡rr❡✉r ❞❡ ♣ré❞✐❝t✐♦♥✳

✸✳✷✳✶ Pré❝✐s✐♦♥s ♠ét❤♦❞♦❧♦❣✐q✉❡s

✸✳✷✳✶✳✶ ➱t❛♣❡ ✶ ✲ ❈❧❛ss✐✜❡r ✿ ❞é✜♥✐t✐♦♥ ❞❡s ❛ss❡♠❜❧❛❣❡s

❉❛♥s ♥♦tr❡ ❝❛s ❞✬ét✉❞❡✱ ❧❛ ❝❧❛ss✐✜❝❛t✐♦♥ ❞❡s ❤❛❜✐t❛ts✱ ❜✐❡♥ q✉❡ q✉❛❧✐t❛t✐✈❡ ❡t ré❛❧✐sé❡ s✉r ❛✈✐s

❞✬❡①♣❡rts✱ ❝♦♥st✐t✉❡ ❧✬✉♥✐q✉❡ ❞❡s❝r✐♣t✐♦♥ ❞❡ t❡rr❛✐♥ ❞❡s ❤❛❜✐t❛ts ✭✈❛r✐❛❜❧❡ ♣r♦①✐♠❛❧❡✮ ❞❛♥s ❧❛ ③♦♥❡

ét✉❞✐é❡✳ ❉❡ s✉r❝r♦ît✱ ❡♥ ❧✬❛❜s❡♥❝❡ ❞✬❛✉tr❡s ❞♦♥♥é❡s✱ ❡❧❧❡ ❛ ❣✉✐❞é ❧❛ str❛té❣✐❡ ❞✬é❝❤❛♥t✐❧❧♦♥♥❛❣❡✱

ré❛❧✐sé❡ ❞❡ ♠❛♥✐èr❡ str❛t✐✜é❡ ❞❛♥s ❝❤❛❝✉♥❡ ❞❡ ❝❡s ❝❧❛ss❡s✳

▲❛ ♠ét❤♦❞❡ ❞❡ ❝❧❛ss✐✜❝❛t✐♦♥ ❞❡s ♣♦✐♥ts ❞✬é❝❤❛♥t✐❧❧♦♥♥❛❣❡ ✉t✐❧✐sé❡ ✐❝✐ ❡st ❜❛sé❡ s✉r ❧❛ ♠♦❞✲

é❧✐s❛t✐♦♥ ❞❡s ❞❡♥s✐tés r❡❧❛t✐✈❡s ❞❡s ❡s♣è❝❡s ✭s✉❝❝ès ❞❡ ❝❛♣t✉r❡✮ ❡♥ ❢♦♥❝t✐♦♥ ❞❡s ❝❧❛ss❡s ❞✬❤❛❜✐t❛ts

❞é✜♥✐❡s ❛ ♣r✐♦r✐✳ ❊❧❧❡ ❛ ♣♦✉r ♦❜❥❡❝t✐❢ ❞❡ ré❞✉✐r❡ ❧❛ r❡❞♦♥❞❛♥❝❡ ❞❛♥s ❧❡s ✐♥❢♦r♠❛t✐♦♥s ♣❛②s❛❣èr❡s

❛♣♣♦rté❡s ♣❛r ❧❡s ❝❧❛ss❡s ❞✬❤❛❜✐t❛ts ♣♦✉r ❡①♣❧✐q✉❡r ❧❡s ❞❡♥s✐tés r❡❧❛t✐✈❡s ❞❡s ❡s♣è❝❡s✳

❯♥ ▼♦❞è❧❡ ▲✐♥é❛✐r❡ ●é♥ér❛❧✐sé ✭●▲▼✮ ❛②❛♥t ✉♥❡ ❢♦♥❝t✐♦♥ ❞❡ ❧✐❡♥ ♠✉❧t✐♥♦♠✐❛❧❡ ❡st ✉t✐❧✐sé✳

❊♥ ❡✛❡t✱ ♣♦✉r ❝❤❛q✉❡ ♣✐è❣❡ i ✭✉♥✐té st❛t✐st✐q✉❡✮✱ ❧❛ ♣r♦❜❛❜✐❧✐té ❞❡ ❝❛♣t✉r❡r ✉♥❡ ❡s♣è❝❡ s✉✐t ✉♥❡

❧♦✐ ♠✉❧t✐♥♦♠✐❛❧❡ ♣✉✐sq✉❡ ✉♥❡ ❞❡s K ❡s♣è❝❡s ♣rés❡♥t❡s ❞❛♥s ❧✬❡♥✈✐r♦♥♥❡♠❡♥t ❞✉ ♣✐è❣❡ ♣❡✉t êtr❡

❝❛♣t✉ré❡✱ ❝❡ ❞❡ ♠❛♥✐èr❡ ❡①❝❧✉s✐✈❡✳ ▲❡s ❝♦✈❛r✐❛❜❧❡s ❝♦♥s✐❞éré❡s s♦♥t ❛❧♦rs m ❝❧❛ss❡s ❞✬❤❛❜✐t❛ts

♠❛✐s ♣❡✉✈❡♥t é❣❛❧❡♠❡♥t êtr❡ ❞❡s ✈❛r✐❛❜❧❡s ❧✐é❡s ❛✉ ♣r♦t♦❝♦❧❡ ❞✬é❝❤❛♥t✐❧❧♦♥♥❛❣❡ ❡t q✉✐ ♣❡✉✈❡♥t

✐♥✢✉❡♥❝❡r ❧❡ s✉❝❝ès ❞❡ ❝❛♣t✉r❡ ✭t②♣❡ ❞❡ ♣✐è❣❡✱ ❧❛ ♥✉✐t ❞❡ ❝❛♣t✉r❡✱ ✳✳✳✮✳

❆✐♥s✐✱ ♣♦✉r ❝❤❛q✉❡ ❡s♣è❝❡ j ✭❞❡ ✶ à ❑✮ ❡t ♣♦✉r ❝❤❛q✉❡ ♣✐è❣❡ i✱ ♦♥ ♦❜t✐❡♥t ✉♥❡ éq✉❛t✐♦♥

❞❡ ré❣r❡ss✐♦♥ ❧♦❣✐st✐q✉❡ ✭✜❣✉r❡ ✸✳✸✱ ✶✮✳ ▲❡s ♣r♦❜❛❜✐❧✐tés ❞❡ ❝❛♣t✉r❡ ❞❡s ❡s♣è❝❡s s♦♥t ♦❜t❡♥✉❡s

♣❛r ❧❛ ❢♦♥❝t✐♦♥ ❞❡ ❧✐❡♥ ❞✉ ●▲▼ ♠✉❧t✐♥♦♠✐❛❧ ✭✜❣✉r❡ ✸✳✸✱ ✷✮✳ ▲❛ ré♣♦♥s❡ ❞✬✉♥❡ ❡s♣è❝❡ ❡st

❝♦♥❞✐t✐♦♥♥é❡ ♥♦♥ s❡✉❧❡♠❡♥t ♣❛r ❧❡s ❝♦✈❛r✐❛❜❧❡s ♠❛✐s é❣❛❧❡♠❡♥t ♣❛r ❧❡s ré♣♦♥s❡s ❞❡s ❛✉tr❡s

❡s♣è❝❡s✳ ▲❡s ré♣♦♥s❡s ❞❡s ❡s♣è❝❡s s♦♥t ❞♦♥❝ r❡❧❛t✐✈❡s ❧❡s ✉♥❡s ♣❛r r❛♣♣♦rt ❛✉① ❛✉tr❡s ❡t ❧❡✉rs

♣r♦❜❛❜✐❧✐tés s♦♠♠❡♥t à ❧✬✉♥✐té✳ ❊♥✜♥✱ ❧❡s ♣❛r❛♠ètr❡s ❞❡s éq✉❛t✐♦♥s ❞❡ ré❣r❡ss✐♦♥ s♦♥t ♦♣t✐♠✐sés

❡♥ ♠❛①✐♠✐s❛♥t ❧❛ ✈r❛✐s❡♠❜❧❛♥❝❡ ♠✉❧t✐♥♦♠✐❛❧❡ ✭✜❣✉r❡ ✸✳✸✱ ✸✮✮✳

▲❛ ❞é✜♥✐t✐♦♥ ❞❡s ❛ss❡♠❜❧❛❣❡s ❝♦♥s✐st❡ à r❡❣r♦✉♣❡r ❧❡s ❤❛❜✐t❛ts ♣❛rt❛❣❡❛♥t ❧❡s ❡s♣è❝❡s✳

❈❡❧❛ ❡st ❡✛❡❝t✉é ❡♥ r❡❣r♦✉♣❛♥t ❞❡✉① à ❞❡✉① ❧❡s ❞♦♥♥é❡s ❞❡ ❝❛♣t✉r❡s ❞❡s ❝❧❛ss❡s ❞✬❤❛❜✐t❛ts✱

❞♦♥♥❛♥t ❛❧♦rs m2 ♥♦✉✈❡❛✉① ♠♦❞è❧❡s ❡t ✉♥ ♥♦♠❜r❡ ❝♦rr❡s♣♦♥❞❛♥t ❞✬✐tér❛t✐♦♥s ❞❡ ❧✬❡st✐♠❛t✐♦♥ ❞❡s

♣❛r❛♠ètr❡s✳ ➪ ❝❤❛q✉❡ ✐tér❛t✐♦♥ ♦✉ ❝♦♠❜✐♥❛✐s♦♥ ❞❡ ❝❧❛ss❡s✱ ❧❡s ♣❛r❛♠ètr❡s ❞✉ ♠♦❞è❧❡ ♠✉❧t✐♥♦♠✐❛❧

s♦♥t ré✲❡st✐♠és ❡♥ ♦♣t✐♠✐s❛♥t ❧❛ ✈r❛✐s❡♠❜❧❛♥❝❡ ❡t ✉♥ ♥♦✉✈❡❛✉ ❈r✐tèr❡ ❞✬■♥❢♦r♠❛t✐♦♥ ❞✬❆❦❛✐❦❡

❡st ❝❛❧❝✉❧é ✭AICnouveau✮ ❡t ❡st ❝♦♠♣❛ré ❛✉ ❝r✐tèr❡ ❞✉ ♠♦❞è❧❡ ♦r✐❣✐♥❛❧ ✭AICori✮ ♣❛r ❧❡ ❝❛❧❝✉❧

❞❡ ❧❡✉r ❞✐✛ér❡♥❝❡ ✭∆AIC = AICnouveau − AICori✮✳ ❯♥ ∆AIC ♥é❣❛t✐❢ ✐♥❞✐q✉❡ ❛❧♦rs q✉❡ ❧❡

r❡❣r♦✉♣❡♠❡♥t ❞❡s ❝❧❛ss❡s ❛ ❛♣♣♦rté ❞❡ ❧✬✐♥❢♦r♠❛t✐♦♥✱ ❝✬❡st✲à✲❞✐r❡ q✉❡ ❧❡s ❞✐✛ér❡♥❝❡s ♦❜s❡r✈é❡s

❞❛♥s ❧❡s ré♣♦♥s❡s ❞❡s ❡s♣è❝❡s ❡♥tr❡ ❧❡s ❞❡✉① ❝❧❛ss❡s ❞✬❤❛❜✐t❛ts ♥❡ ❝♦rr❡s♣♦♥❞❡♥t ♣❛s à ✉♥❡

ré♣♦♥s❡ ❢♦♥❝t✐♦♥♥❡❧❧❡ ❞✉ ♣♦✐♥t ❞❡ ✈✉❡ ❞❡s ❛ss❡♠❜❧❛❣❡s ❞❡ ♠✐❝r♦✲♠❛♠♠✐❢èr❡s✳ ▲❡ r❡❣r♦✉♣❡♠❡♥t

❡st ❛❧♦rs ❝♦♥s❡r✈é ❡t ❝♦♥s✐❞éré ❝♦♠♠❡ ✉♥❡ ♥♦✉✈❡❧❧❡ ❝❧❛ss❡ ❞✬❤❛❜✐t❛ts ✭✉♥❡ s✉♣❡r✲❝❧❛ss❡✮ ❡t ❝♦♠♠❡

✈❛r✐❛❜❧❡ ❡①♣❧✐❝❛t✐✈❡ ❞✉ ♠♦❞è❧❡✳ ▲❛ ♣r♦❝é❞✉r❡ ❞❡ r❡❣r♦✉♣❡♠❡♥t ❞❡s ❝❧❛ss❡s ❡st ré✲✐téré❡ ❥✉sq✉✬à

✺✺



✸✳✷✳ ❆①❡ ✶❛ ✿ ▼♦❞é❧✐s❛t✐♦♥ ❡t ❞✐s❝r✐♠✐♥❛t✐♦♥ s♣❛t✐❛❧❡ ❞❡s ❛ss❡♠❜❧❛❣❡s

❋✐❣✳ ✸✳✸ ✕ ▼♦❞é❧✐s❛t✐♦♥ ♠✉❧t✐♥♦♠✐❛❧❡ ❞❡s ❞❡♥s✐tés r❡❧❛t✐✈❡s ❞❡s ❡s♣è❝❡s ✭❞❡ ✶ à ✸✮ ❡t ♣r♦❝é❞✉r❡

❞❡ r❡❣r♦✉♣❡♠❡♥t ❞❡s ❝❧❛ss❡s ❞✬❤❛❜✐t❛ts ✭✹✮✳ ❈❢ ❡①♣❧✐❝❛t✐♦♥ ❞❛♥s ❧❡ t❡①t❡✳

❧✬♦❜t❡♥t✐♦♥ ❞✉ ♠♦❞è❧❡ ❧❡ ♣❧✉s ♣❛r❝✐♠♦♥✐❡✉① ✭❆■❈❝ ♠✐♥✐♠❛❧✮✳ ❯♥❡ ♥♦✉✈❡❧❧❡ ❝❧❛ss✐✜❝❛t✐♦♥ ❞❡s

❤❛❜✐t❛ts ❡st ❛✐♥s✐ ♦❜t❡♥✉❡ ❡t ❝❤❛q✉❡ ❝❧❛ss❡ ❝♦♠♣♦s✐t❡ ❝♦rr❡s♣♦♥❞ à ❧✬❤❛❜✐t❛t ❞✬✉♥ ❛ss❡♠❜❧❛❣❡

❛✐♥s✐ q✉✬à ✉♥❡ ❞✐str✐❜✉t✐♦♥ ✉♥✐q✉❡ ❞❡ ♣r♦❜❛❜✐❧✐tés ❞✬♦❝❝✉rr❡♥❝❡ ❞❡s ❡s♣è❝❡s✳ ❈❡tt❡ ♣r♦❝é❞✉r❡

❛ été ✐♠♣❧é♠❡♥té❡ ❞❛♥s ❧❡ ❧♦❣✐❝✐❡❧ ❘ ✭❘✱ ✷✵✵✺✮✳ ❊❧❧❡ s✬❡st ❛✈éré❡ ✉t✐❧❡ ❡t ❝♦♥❝♦r❞❛♥t❡ ❛✈❡❝ ❧❡s

❛✈✐s ❞✬❡①♣❡rts ♣♦✉r ❞é✜♥✐r ❞❡s ❛ss❡♠❜❧❛❣❡s ❞❛♥s ❧❛ ♣r♦✈✐♥❝❡ ❞✉ ◆✐♥❣①✐❛ ❧❡ ❧♦♥❣ ❞❡ ❣r❛❞✐❡♥ts ❞❡

❞é❢♦r❡st❛t✐♦♥ ❡t ❞❡ r❡❢♦r❡st❛t✐♦♥ ✭❘❛♦✉❧ ❡t ❛❧✳✱ ✷✵✵✽✮✳

✸✳✷✳✶✳✷ ➱t❛♣❡ ✷ ✲ ▼♦❞é❧✐s❡r ❧❡s ❞✐str✐❜✉t✐♦♥s ❞❡s ❛ss❡♠❜❧❛❣❡s ✿ ✉♥ ❝♦♥t❡①t❡ ❞❡

❝❧❛ss✐✜❝❛t✐♦♥

▲❛ ✈❛r✐❛❜❧❡ ❡①♣❧✐q✉é❡ ♣❛r ♥♦s ♠♦❞è❧❡s ❡st ❧❛ ♣rés❡♥❝❡✴❛❜s❡♥❝❡ ❞✬❛ss❡♠❜❧❛❣❡s ❞❡ ♠✐❝r♦✲

♠❛♠♠✐❢èr❡s ❡♥ ❝❡rt❛✐♥s ♣♦✐♥ts ❣é♦ré❢ér❡♥❝és✳ ❈❡s ❞❡r♥✐èr❡s ét❛♥t ♠✉t✉❡❧❧❡♠❡♥t ❡①❝❧✉s✐✈❡s✱ ♥♦tr❡

❛♥❛❧②s❡ s❡ s✐t✉❡ ❞❛♥s ✉♥ ❝♦♥t❡①t❡ ❞❡ ❝❧❛ss✐✜❝❛t✐♦♥ ❞❡s ré♣♦♥s❡s ❞❡s ❛ss❡♠❜❧❛❣❡s✳ ▲❛ ré♣♦♥s❡ ❡st

❞♦♥❝ q✉❛❧✐t❛t✐✈❡ ❡t ❛ttr✐❜✉é❡ à ❧✬✉♥ ❞❡s ❣r♦✉♣❡s ♣ré❛❧❛❜❧❡♠❡♥t ✐❞❡♥t✐✜é q✉❡ ❧✬♦♥ ❝❤❡r❝❤❡ à

❞✐s❝r✐♠✐♥❡r ✭❝❧❛ss✐✜❝❛t✐♦♥ s✉♣❡r✈✐sé❡✮✳ ▲✬❡s♣❛❝❡ é❝♦❧♦❣✐q✉❡ ❡st ❞é✜♥✐ ✐❝✐ ♣❛r ❝❡rt❛✐♥❡s ✈❛r✐❛❜❧❡s

❡♥✈✐r♦♥♥❡♠❡♥t❛❧❡s ✐ss✉❡s ❞❡ ❞♦♥♥é❡s s❛t❡❧❧✐t❛❧❡s✳ ◆♦✉s ♠♦❞é❧✐s❡r♦♥s ❞♦♥❝ ✉♥❡ r❡♣rés❡♥t❛t✐♦♥

♣❛rt✐❡❧❧❡ ❞❡ ❧✬❤❛❜✐t❛t ❞❡s ❛ss❡♠❜❧❛❣❡s✳

P♦✉r ❞✐s❝r✐♠✐♥❡r ❧❡s ❛ss❡♠❜❧❛❣❡s ❞❡ ♠✐❝r♦✲♠❛♠♠✐❢èr❡s✱ ♥♦✉s ❛✈♦♥s ❡①♣❧♦ré ❧❡s ♣❡r❢♦r♠❛♥❝❡s

❞✐s❝r✐♠✐♥❛t✐✈❡s ❞❡ q✉❛tr❡ t❡❝❤♥✐q✉❡s ❞❡ ♠♦❞é❧✐s❛t✐♦♥ st❛t✐st✐q✉❡s ❝♦✉r❛♠♠❡♥t ✉t✐❧✐sé❡s ✿ ❧❡s ❛♥❛❧②✲

✺✻



✸✳✷✳ ❆①❡ ✶❛ ✿ ▼♦❞é❧✐s❛t✐♦♥ ❡t ❞✐s❝r✐♠✐♥❛t✐♦♥ s♣❛t✐❛❧❡ ❞❡s ❛ss❡♠❜❧❛❣❡s

s❡s ❞✐s❝r✐♠✐♥❛♥t❡s✱ ❧✐♥é❛✐r❡s ✭▲✐♥❡❛r ❉✐s❝r✐♠✐♥❛♥t ❆♥❛❧②s✐s✱ ▲❉❆✮ ♦✉ ❞❡ ♠✐①t✉r❡ ❞❡ ●❛✉ss✐❡♥♥❡s

✭▼✐①t✉r❡ ❉✐s❝r✐♠✐♥❛♥t ❆♥❛❧②s✐s✱ ▼❉❆✮ ✭❍❛st✐❡ ❡t ❛❧✳✱ ✷✵✵✶✮✱ ❧❡s ▼♦❞è❧❡s ❧✐♥é❛✐r❡s ❣é♥ér❛❧✐sés

❡t ▼✉❧t✐♥♦♠✐❛✉①✱ ▼✉❧t✐♥♦♠✐❛❧ ▼♦❞❡❧✱ ▼▼✮ ✭▼❛❝❈✉❧❧❛❣ ❛♥❞ ◆❡❧❞❡r✱ ✶✾✽✾✮ ❡t ❧❡s ❘é❣r❡ss✐♦♥s

▼✉❧t✐♣❧❡s ❡t ❆❞❛♣t✐✈❡s ♣❛r ❢♦♥❝t✐♦♥s ❞❡ ❧✐ss❛❣❡ ✭▼✉❧t✐♣❧❡ ❆❞❛♣t✐✈❡ ❘❡❣r❡ss✐♦♥ ❙♣❧✐♥❡✱ ▼❆❘❙✮

✭❍❛st✐❡ ❡t ❛❧✳✱ ✷✵✵✶✮✳

▲❡s ❛♥❛❧②s❡s ❞✐s❝r✐♠✐♥❛♥t❡s ❡t ❧❡s ré❣r❡ss✐♦♥s ❡st✐♠❡r♦♥t ❧❡s ♣r♦❜❛❜✐❧✐tés ❞✬❛♣♣❛rt❡♥✐r à

❝❤❛q✉❡ ❝❧❛ss❡✳ ❈❧❛ss✐✜❡r ❝♦♥s✐st❡r❛ ❛❧♦rs à ❛ss✐❣♥❡r à ❧✬♦❜s❡r✈❛t✐♦♥ ❧❛ ❝❧❛ss❡ ♣♦✉r ❧❛q✉❡❧❧❡ ❧❛

♣r♦❜❛❜✐❧✐té ❡st ♠❛①✐♠❛❧❡ ✭♠ét❤♦❞❡ ✏s♦❢t♠❛①✑✮✳ ❉❡ t❡❧❧❡s ♠ét❤♦❞❡s ❞❡ ❝❧❛ss✐✜❝❛t✐♦♥ s❡r♦♥t ❛❧♦rs

❛♣♣❡❧é❡s à ❞é✜♥✐r ❞❡s ✏❢r♦♥t✐èr❡s ❞❡ ❞é❝✐s✐♦♥✑ ✭✏❞❡❝✐s✐♦♥ ❜♦✉♥❞❛r✐❡s✑✮ ♣♦✉r ❞é❧✐♠✐t❡r ❞❡s ❝❧❛ss❡s

❞❛♥s ❧✬❡s♣❛❝❡ ♠✉❧t✐✈❛r✐é ❞❡s ✈❛r✐❛❜❧❡s ❡♥✈✐r♦♥♥❡♠❡♥t❛❧❡s ✭❍❛st✐❡ ❛♥❞ ❚✐❜s❤✐r❛♥✐✱ ✶✾✾✸❀ ❍❛st✐❡

❡t ❛❧✳✱ ✶✾✾✹✮✳ ▲❡✉rs ❝♦♠♣❛r❛✐s♦♥s ❞é✈❡❧♦♣♣é❡s ❞❛♥s ❧✬❛rt✐❝❧❡ ♣❡r♠❡ttr♦♥t ❞❡ ♠❡ttr❡ ❡♥ é✈✐❞❡♥❝❡

❧❛ ♥❛t✉r❡ ❞✬✉♥❡ t❡❧❧❡ ✏❢r♦♥t✐èr❡ ❞❡ ❞é❝✐s✐♦♥✑ ❝♦rr❡s♣♦♥❞❛♥t à ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡s ❛ss❡♠❜❧❛❣❡s ❡t

q✉✐ s❡r❛ ✿

✕ ❧✐♥é❛✐r❡ s✐ ♠♦❞é❧✐sé❡ ♣❛r ▲❉❆ ❡t ▼▼ ✭❋✐❣✉r❡ ✸✳✹✱ ❛ ❡t ❝✮✱ ❧❡s ❝❧❛ss❡s ét❛♥t r❡♣rés❡♥té❡s

♣❛r ❞❡s ❞✐str✐❜✉t✐♦♥s ●❛✉ss✐❡♥♥❡s ❡t ♠✉❧t✐♥♦♠✐❛❧❡s r❡s♣❡❝t✐✈❡♠❡♥t✱

✕ ♥♦♥✲❧✐♥é❛✐r❡ s✐ ♠♦❞é❧✐sé❡ ♣❛r ▼❉❆ ❡t ▼❆❘❙ ✭❋✐❣✉r❡ ✸✳✹✱ ❜ ❡t ❞✮✱ ❧❡s ❝❧❛ss❡s ét❛♥t

r❡♣rés❡♥té❡s ♣❛r ❞❡s ❞✐str✐❜✉t✐♦♥s ♠✉❧t✐✲●❛✉ss✐❡♥♥❡s ❡t ❧✐❜r❡s r❡s♣❡❝t✐✈❡♠❡♥t✳

❋✐❣✳ ✸✳✹ ✕ ❊①❡♠♣❧❡ ❞❡ ✏❢r♦♥t✐èr❡s ❞❡ ❞é❝✐s✐♦♥✑ ♦❜t❡♥✉❡s ♣♦✉r ❞✐✛ér❡♥t❡s ♠ét❤♦❞❡s ❞❡ ♠♦❞é❧✐✲

s❛t✐♦♥ ✭❝❢ t❡①t❡ ♣♦✉r ❧❡s ❛❜ré✈✐❛t✐♦♥s✮✱ ♣♦✉r ❝❧❛ss✐✜❡r ❧✬❛♣♣❛rt❡♥❛♥❝❡ ❞✬✉♥❡ ♣♦♣✉❧❛t✐♦♥ à ❞❡✉①

❣r♦✉♣❡s ❞♦♥t ❧❡s ✐♥❞✐✈✐❞✉s s♦♥t r❡♣rés❡♥tés ♣❛r ❞❡s ❝❡r❝❧❡s ❡t ❞❡s tr✐❛♥❣❧❡s✳

✺✼



✸✳✷✳ ❆①❡ ✶❛ ✿ ▼♦❞é❧✐s❛t✐♦♥ ❡t ❞✐s❝r✐♠✐♥❛t✐♦♥ s♣❛t✐❛❧❡ ❞❡s ❛ss❡♠❜❧❛❣❡s

✸✳✷✳✶✳✸ ❊st✐♠❡r ❧✬❡rr❡✉r ❞❡ ♣ré❞✐❝t✐♦♥ ✿ ❧❛ ✈❛❧✐❞❛t✐♦♥ ❝r♦✐sé❡ ❡t ❧❡ ❜♦♦tstr❛♣ ✻✸✷✰

▲✬❡rr❡✉r ❞❡ ♣ré❞✐❝t✐♦♥s ❛ été ❡st✐♠é❡ s✉r ✉♥ ❥❡✉ ❞❡ ❞♦♥♥é❡s ❞❡ ✈❛❧✐❞❛t✐♦♥✳ ➱t❛♥t ❞♦♥♥é ❧❛

❢❛✐❜❧❡ t❛✐❧❧❡ ❞❡ ♥♦s é❝❤❛♥t✐❧❧♦♥s✱ ♥♦✉s ❛✈♦♥s ❡✉ r❡❝♦✉rs à ✉♥❡ ♠ét❤♦❞❡ ❞❡ ré✲é❝❤❛♥t✐❧❧♦♥♥❛❣❡ ❞❡s

❞♦♥♥é❡s✳

▲✬❡st✐♠❛t✐♦♥ ❞❡ ❧✬❡rr❡✉r ✭t❡❧❧❡ q✉❡ ❞é✜♥✐❡ ❞❛♥s ❧✬✐♥tr♦❞✉❝t✐♦♥✮ ♣❡✉t êtr❡ q✉❛❧✐✜é❡ ❞✬♦♣t✐♠✐st❡

✭s♦✉s✲❡st✐♠❛t✐♦♥✮ s✐ ❧❡s ♠ê♠❡s ❞♦♥♥é❡s s♦♥t ✉t✐❧✐sé❡s ♣♦✉r ❡♥tr❛î♥❡r ❡t t❡st❡r ❧❡s ♣ré❞✐❝t✐♦♥s ❞✉

♠♦❞è❧❡✳

❆✐♥s✐✱ ❧❛ ♠ét❤♦❞❡ ❞❡ ❧❛ ✈❛❧✐❞❛t✐♦♥ ❝r♦✐sé❡ ❡st ❝♦✉r❛♠♠❡♥t ✉t✐❧✐sé❡ ♣♦✉r ❡st✐♠❡r ❧✬❡rr❡✉r ❞❡

♣ré❞✐❝t✐♦♥ ❝♦rr✐❣é❡ ❞❡ s♦♥ ♦♣t✐♠✐s♠❡✳ ❊❧❧❡ ❝♦♥s✐st❡ à ❡①tr❛✐r❡ ✉♥❡ ❞♦♥♥é❡ ❞❡ ❧✬é❝❤❛♥t✐❧❧♦♥✱ à

❡♥tr❛î♥❡r ❧❡ ♠♦❞è❧❡ s✉r ❧❡s ❞♦♥♥é❡s r❡st❛♥t❡s ♣✉✐s à ❡st✐♠❡r ❧❡s ❡rr❡✉rs ❞❡ ♣ré❞✐❝t✐♦♥ ❞✉ ♠♦❞è❧❡

s✉r ❧❛ ❞♦♥♥é❡ é❝❛rté❡✳ ❈❡❝✐ ❡st ré♣été ♣♦✉r ❝❤❛q✉❡ ♦❜s❡r✈❛t✐♦♥ ❥✉sq✉✬à ❝❡ q✉❡ ❧❡✉r ❡♥s❡♠❜❧❡

✭n ♦❜s❡r✈❛t✐♦♥s✮ ❛✐t été ✉t✐❧✐sé✳ ▲✬❡rr❡✉r ❞❡ ♣ré❞✐❝t✐♦♥ ❞✉ ♠♦❞è❧❡ ❡st ❛❧♦rs ❡st✐♠é❡ ❝♦♠♠❡ ❧❛

♠♦②❡♥♥❡ ❞❡s ❡rr❡✉rs ❞❡ ♣ré❞✐❝t✐♦♥ ♦❜s❡r✈é❡ s✉r t♦✉t❡s ❧❡s ♦❜s❡r✈❛t✐♦♥s✱ t❡❧❧❡ q✉❡ ✿

ÊrrCV =
1

n

n∑

i=1

L(yi, f̂
−i(xi))

▲✬❡rr❡✉r ❞❡ ♣ré❞✐❝t✐♦♥ ✭▲✮ ♠❡s✉r❡ ❛❧♦rs ❧✬é❝❛rt ❡♥tr❡ ❧❡s ♦❜s❡r✈❛t✐♦♥s✱ ✭yi✮ ❡t ❧❡s ✈❛❧❡✉rs

♣ré❞✐t❡s ♣❛r ❧❡ ♠♦❞è❧❡✱ f̂(xi)✳ ❉❛♥s ❧❡ ❝♦♥t❡①t❡ ❞❡ ❧❛ ❝❧❛ss✐✜❝❛t✐♦♥✱ ▲ ❡st s♦✉✈❡♥t ❝♦♥s✐❞éré❡

❝♦♠♠❡ é❣❛❧❡ à ✶ s✐ ❧❛ ❞♦♥♥é❡ ❡st ❝♦rr❡❝t❡♠❡♥t ♣ré❞✐t❡ ❡t à ✵ s✐♥♦♥✳

❈❡tt❡ ❡st✐♠❛t✐♦♥ ❞❡ ❧✬❡rr❡✉r ❡st ❝❡♣❡♥❞❛♥t s✉❥❡tt❡ à ✉♥❡ ❢♦rt❡ ✈❛r✐❛♥❝❡ ♣✉✐sq✉❡ ❧❡s ❥❡✉①

❞✬❡♥tr❛î♥❡♠❡♥t ❞✐✛èr❡♥t ♣❡✉ ❡t q✉❡ ❧❡s ❡rr❡✉rs s♦♥t ❡st✐♠é❡s à ❝❤❛q✉❡ ✐tér❛t✐♦♥ s✉r ✉♥❡ s❡✉❧❡

♦❜s❡r✈❛t✐♦♥✳ ❖♥ ♣❡✉t ❛❧♦rs ét❡♥❞r❡ ❧❛ ♠ét❤♦❞♦❧♦❣✐❡ à ✉♥ ❣r♦✉♣❡ ❞❡ ❑ ❞♦♥♥é❡s q✉✐ ❡st ❡①❝❧✉ ❞✉

❥❡✉ ❞✬❡♥tr❛î♥❡♠❡♥t ❞✉ ♠♦❞è❧❡ ✭n✲❑✮✱ ♠❛✐s q✉✐ ❡st ✉t✐❧✐sé ♣♦✉r ❡st✐♠❡r ❧❡s ❡rr❡✉rs ❞❡ ♣ré❞✐❝t✐♦♥✳

❯♥❡ t❡❧❧❡ ♣❛rt✐t✐♦♥ ♣❡r♠❡t ❛❧♦rs✱ ❡♥ ❛✉❣♠❡♥t❛♥t ❧❡ ♥♦♠❜r❡ ❞✬♦❜s❡r✈❛t✐♦♥s ✉t✐❧✐sé❡s ♣♦✉r ❡st✐♠❡r

❧❡s ❡rr❡✉rs ❞❡ ♣ré❞✐❝t✐♦♥✱ ❞❡ ré❞✉✐r❡ ❧❛ ✈❛r✐❛♥❝❡ ❞❡ ❧✬❡st✐♠❛t✐♦♥✳ ❈❡♣❡♥❞❛♥t ✉♥ ❞és❛✈❛♥t❛❣❡ ❞❡

❝❡tt❡ ♠ét❤♦❞❡ rés✐❞❡ ❞❛♥s ❧❡ ❢❛✐t q✉❡ ❧✬❡rr❡✉r ❞❡ ♣ré❞✐❝t✐♦♥ ♥✬❡st ❡st✐♠é❡ q✉✬✉♥❡ s❡✉❧❡ ❢♦✐s s✉r

❝❤❛q✉❡ ♦❜s❡r✈❛t✐♦♥✳

▲❡ ❜♦♦tstr❛♣ s❡ ♣rés❡♥t❡ ❝♦♠♠❡ ✉♥❡ ♠ét❤♦❞❡ ❛❧t❡r♥❛t✐✈❡ à ❧❛ ✈❛❧✐❞❛t✐♦♥ ❝r♦✐sé❡ ♣♦✉r ❡st✐♠❡r

❧✬❡rr❡✉r ❞❡ ♣ré❞✐❝t✐♦♥✳ ■❧ ❝♦♥s✐st❡ à t✐r❡r ❇ é❝❤❛♥t✐❧❧♦♥s ❞❡ ♠❛♥✐èr❡ ❛❧é❛t♦✐r❡ ❡t ❛✈❡❝ r❡♠✐s❡ à ♣❛rt✐r

❞❡ ❧❛ ❧♦✐ ❡♠♣✐r✐q✉❡ s✉r ❧✬é❝❤❛♥t✐❧❧♦♥ ❞❡ ❞é♣❛rt✳ ❈❤❛q✉❡ é❝❤❛♥t✐❧❧♦♥ ❡st ❝♦♥st✐t✉é ❞✬♦❜s❡r✈❛t✐♦♥s

✭xi ❛♣♣❛rt❡♥❛♥t à ❳✮ s❡ ré♣ét❛♥t ❝❤❛❝✉♥❡ ✉♥ ❝❡rt❛✐♥ ♥♦♠❜r❡ ❞❡ ❢♦✐s✳ ▲❡ ♠♦❞è❧❡ ❡st ❡st✐♠é s✉r

❝❤❛q✉❡ é❝❤❛♥t✐❧❧♦♥✳ ▲✬❡rr❡✉r ❞❡ ♣ré❞✐❝t✐♦♥ ❞❡ ❝❤❛q✉❡ ❇ ♠♦❞è❧❡ ❝♦rr❡s♣♦♥❞ à ❧❛ ♠♦②❡♥♥❡ ❞❡s

❡rr❡✉rs ❞❡ ♣ré❞✐❝t✐♦♥ ❡st✐♠és ❡♥ ❝❤❛q✉❡ ♦❜s❡r✈❛t✐♦♥ xi✳ ❙✐ ❧❡ ♥♦♠❜r❡ ❞❡ ré✲é❝❤❛♥t✐❧❧♦♥♥❛❣❡ ❇

❡st s✉✣s❛♠♠❡♥t ❣r❛♥❞ ❧✬❡s♣ér❛♥❝❡ ❞❡ ❧✬❡rr❡✉r ♣❡✉t êtr❡ ❛❧♦rs ❛♣♣r♦①✐♠é❡ ♣❛r ❧❛ ♠♦②❡♥♥❡ ❞❡

❧✬❡rr❡✉r ❡st✐♠é❡ s✉r ❧❡s ❇ é❝❤❛♥t✐❧❧♦♥s✳ ▲✬❡rr❡✉r ❞❡ ♣ré❞✐❝t✐♦♥ ❞✉ ♠♦❞è❧❡ ❡st ❛❧♦rs ❧❛ ♠♦②❡♥♥❡

❞❡ ❝❡s ❡rr❡✉rs s✉r ❇ é❝❤❛♥t✐❧❧♦♥s t❡❧❧❡ q✉❡ ✿

Êrrboot =
1

B

1

N

B∑

b=1

N∑

i=1

L(yi, f̂
b(xi))

❆✐♥s✐✱ ❝♦♥tr❛✐r❡♠❡♥t à ❧❛ ✈❛❧✐❞❛t✐♦♥ ❝r♦✐sé❡✱ ❧✬❡rr❡✉r ❞❡ ♣ré❞✐❝t✐♦♥ ❡♥ ❝❤❛q✉❡ ♦❜s❡r✈❛t✐♦♥ ❡st

❡st✐♠é❡ ❡♥ ♠♦②❡♥♥❡ ❇ ❢♦✐s✳ ❈❡tt❡ ♣r♦❝é❞✉r❡ ❢❛✐s❛♥t ✐♥t❡r✈❡♥✐r ✉♥❡ ♠♦②❡♥♥❡ s✉r ❇ é❝❤❛♥t✐❧❧♦♥s

♣❡r♠❡t ✉♥❡ ré❞✉❝t✐♦♥ ❝♦♥s✐❞ér❛❜❧❡ ❞❡ ❧❛ ✈❛r✐❛♥❝❡ ❞❡ ❧✬❡st✐♠❛t✐♦♥ ❞❡ ❧✬❡rr❡✉r ❞❡ ♣ré❞✐❝t✐♦♥✳ ❖♥

✺✽



✸✳✷✳ ❆①❡ ✶❛ ✿ ▼♦❞é❧✐s❛t✐♦♥ ❡t ❞✐s❝r✐♠✐♥❛t✐♦♥ s♣❛t✐❛❧❡ ❞❡s ❛ss❡♠❜❧❛❣❡s
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❚✐❜s❤✐r❛♥✐✱ ✶✾✾✺✮✳

➪ ❧❛ ♠❛♥✐èr❡ ❞❡ ❧❛ ✈❛❧✐❞❛t✐♦♥ ❝r♦✐sé❡✱ ❧❡ ❜♦♦tstr❛♣ ♣❡✉t êtr❡ ✉t✐❧✐sé ♣♦✉r ❝♦rr✐❣❡r ❧✬♦♣t✐♠✐s♠❡

❞❡ ❧✬❡st✐♠❛t✐♦♥ ❞❡ ❧✬❡rr❡✉r✳ P♦✉r ❝❤❛q✉❡ ♦❜s❡r✈❛t✐♦♥ xi ❧❡s ♣ré❞✐❝t✐♦♥s s♦♥t ré❛❧✐sé❡s à ♣❛rt✐r ❞❡s

é❝❤❛♥t✐❧❧♦♥s q✉✐ ♥❡ ❝♦♥t✐❡♥♥❡♥t ♣❛s ❝❡tt❡ ♦❜s❡r✈❛t✐♦♥ ✭C−i✮✳ ▲✬❡rr❡✉r✱ ♣♦✉r ❝❤❛q✉❡ ♦❜s❡r✈❛t✐♦♥✱

❡st ❝♦♥s✐❞éré❡ ❝♦♠♠❡ ❧❛ ♠♦②❡♥♥❡ ❞❡s ❡rr❡✉rs ❡st✐♠é❡s ❞❡s C−i é❝❤❛♥t✐❧❧♦♥s✳ ▲✬❡rr❡✉r ❞❡ ♣ré❞✐❝✲

t✐♦♥ ❞✉ ♠♦❞è❧❡ ❡st ❛❧♦rs ❝♦♥s✐❞éré❡ ❝♦♠♠❡ ❧❛ ♠♦②❡♥♥❡ ❞❡s ❡rr❡✉rs ❞❡ ❝❡s ♦❜s❡r✈❛t✐♦♥s✱ ❝✬❡st ❧❡

✏❧❡❛✈❡✲♦♥❡✲♦✉t✑ ❜♦♦tstr❛♣ t❡❧ q✉❡ ✿

Êrr
(1)

=
1

N

N∑

i=1

1

|C−i|

∑

bǫC−i

L(yi, f̂
∗b(xi))

❖r✱ ❡♥ ❧✬ét❛t✱ ❧❡ ♣r♦❜❧è♠❡ ❞❡ ❧✬♦♣t✐♠✐s♠❡ ♥✬❡st q✉✬❡♥ ♣❛rt✐❡ rés♦❧✉✳ ■❧ ❡st ❡st✐♠é q✉❡ ✻✸✳✷ ✪ ❞❡s

♦❜s❡r✈❛t✐♦♥s ✭❞✐st✐♥❝t❡s✮ s♦♥t ❝♦♥t❡♥✉❡s ❞❛♥s ❝❤❛q✉❡ ré✲é❝❤❛♥t✐❧❧♦♥❛❣❡ ❛❧♦rs q✉❡ ✸✻✳✽ ✪ ❞✬❡♥tr❡

❡❧❧❡s ♥❡ s♦♥t ♣❛s ❝♦♥s✐❞éré❡s ✭❍❛st✐❡ ❡t ❛❧✳✱ ✷✵✵✶✮✳ ❆✐♥s✐ ❧✬❡st✐♠❛t✐♦♥ ❞❡ ❧✬❡rr❡✉r ♣❛r ❜♦♦tstr❛♣

❝♦rr❡s♣♦♥❞r❛✐t à ✉♥❡ ♣❛rt✐t✐♦♥ ❡♥ ✷ ❣r♦✉♣❡s ❞✉ ❥❡✉ ❞❡ ❞♦♥♥é❡s ✭t❡❧❧❡ ✉♥❡ ❝r♦ss✲✈❛❧✐❞❛t✐♦♥✮ ❡t ♣❡✉t

êtr❡ ❜✐❛✐sé❡ ♣♦✉r ✉♥ s✐ ❢❛✐❜❧❡ ♥♦♠❜r❡ ❞❡ ♣❛rt✐t✐♦♥s✳ ❉❡ s✉r❝r♦ît✱ ♣♦✉r ❝❤❛q✉❡ ré✲é❝❤❛♥t✐❧♦♥♥❛❣❡✱

❧✬❡rr❡✉r ❡st✐♠é❡ s✉r t♦✉t❡s ❧❡s ♦❜s❡r✈❛t✐♦♥s ❡st ❜✐❛✐sé❡ ♣✉✐sq✉❡ ❝❡rt❛✐♥❡s ♦❜s❡r✈❛t✐♦♥s ♥✬♦♥t

❥❛♠❛✐s été ❡♥tr❛î♥é❡s ✭✸✻✳✽ ✪✮✳ ❆✐♥s✐✱ ❧❛ ❢♦r♠✉❧❛t✐♦♥ ❞✉ ❜♦♦tstr❛♣ ✻✸✷ ❛ été ❞é✈❡❧♦♣♣é❡ ♣♦✉r

ré❞✉✐r❡ ❝❡ ❜✐❛✐s ✭❊❢r♦♥ ❛♥❞ ❚✐❜s❤✐r❛♥✐✱ ✶✾✾✼✮✳ Êrr
(1)

❡st ❡st✐♠é s❡✉❧❡♠❡♥t ♣♦✉r ✻✸✳✽ ✪ ❞❡s

♦❜s❡r✈❛t✐♦♥s✳ ▲❡ t❛✉① ❞✬❡rr❡✉r ❡st✐♠é s✉r ❧❡ ❥❡✉ ❞❡ ❞♦♥♥é❡s ♥♦♥ ❜♦♦tstr❛♣♣é ✭❡rr❡✉r ❛♣♣❛r❡♥t❡

err ❀ ❝❢ ■♥tr♦❞✉❝t✐♦♥✮ s❡r❛ ❛❧♦rs ❛ttr✐❜✉é à ❧✬❛✉tr❡ ❢r❛❝t✐♦♥ ❞❡s ❞♦♥♥é❡s ✭✻✸✳✷ ✪✮✳

❖♥ ♦❜t✐❡♥t ❛❧♦rs ❧✬❡st✐♠❛t❡✉r ❞✐t ✏✻✸✷✑ ❞❡ ❧✬❡rr❡✉r ✿

Êrr
(632)

= 0.368 × err + 0.632 × Êrr
(1)

❆✈❡❝✱

err =
1

N

N∑

i=1

L(yi, f̂(xi))

❊♥✜♥✱ ✉♥❡ ❞❡r♥✐èr❡ ❝♦rr❡❝t✐♦♥ ❝♦♥❝❡r♥❡ ❧❛ ré❞✉❝t✐♦♥ ❞❡ ❧✬♦♣t✐♠✐s♠❡ ❞❡ ❧✬❡rr❡✉r ❛♣♣❛r❡♥t❡✳

▲❡ t❛✉① ❞✑ ✬♦✈❡r✜tt✐♥❣✑ ❡st ❝❛❧❝✉❧é t❡❧ q✉❡ ✿

R̂ =
Êrr

(1)
− err

γ̂ − err

♦ù γ̂ ❝♦rr❡s♣♦♥❞s ❛✉ t❛✉① ❞❡✏♥♦♥✲✐♥❢♦r♠❛t✐♦♥✑ ♦✉ à ❧✬❡rr❡✉r ❡♥❣❡♥❞ré❡ ♣❛r ❧❡ ♠♦❞è❧❡ ♥✉❧ ✭s♦✉s

✐♥❞é♣❡♥❞❛♥❝❡ ❞❡s ♣ré❞✐❝t❡✉rs ❡t ❞❡s ♦❜s❡r✈❛t✐♦♥s✮✳ ■❧ ♥✬② ❛ ♣❛s ❞✬♦✈❡r✜tt✐♥❣ s✐ Êrr
(1)

= err✳ ❊♥

r❡✈❛♥❝❤❡ ❘❂✶ s✐ ❧✬♦✈❡r✜tt✐♥❣ éq✉✐✈❛✉t à γ̂ − err✳

■❧ ✈✐❡♥t ❛❧♦rs ❝♦rr✐❣❡r ❧✬❡st✐♠❛t✐♦♥ Êrr
(632)

♣❛r ❧✬❡st✐♠❛t❡✉r ❛♣❡❧❧é ✏✻✸✷✰✑ ❞❡ ❧✬❡rr❡✉r ✿

Êrr
(.632+)

= (1 − ŵ) × err + ŵ × Êrr
(1)

❛✈❡❝

ŵ =
0.632

1 − 0.368R̂
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▲❡ ♣♦✐❞s w ❡st ❝♦♠♣r✐s ❡♥tr❡ ✵✳✻✸✷ s✐ ❧✬♦✈❡r✜tt✐♥❣ ❡st ♥✉❧ ✭❘❂✵✮ ❡t ✶ s✐ ❧✬♦✈❡r✜tt✐♥❣ ❡st

♠❛①✐♠❛❧ ✭❘❂✶✮✳

▲❡ ❜♦♦tstr❛♣ ✻✸✷✰ ❛ été ❞é✈❡❧♦♣♣é ❞❛♥s ❧❡ ❝♦♥t❡①t❡ ❞❡ ❧❛ ❝❧❛ss✐✜❝❛t✐♦♥ ✭❊❢r♦♥ ❛♥❞ ❚✐❜s❤✐r❛♥✐✱

✶✾✾✼✮ ♣✉✐s ❛ été ❛♣♣❧✐q✉é ❛✈❡❝ s✉❝❝ès ♣♦✉r ❡st✐♠❡r ❧✬❡rr❡✉r ❞❡ ♣ré❞✐❝t✐♦♥s ❞❡ ♠♦❞è❧❡s ✈✐s❛♥t à

❝❛rt♦❣r❛♣❤✐❡r ❧❡s ❞✐str✐❜✉t✐♦♥s ❞❡s ❡s♣è❝❡s t❡❧s q✉❡ ❧✬❛❧❣♦r✐t❤♠❡ ✏❘❛♥❞♦♠ ❋♦r❡st✑ ♦✉ ✏❈❆❘❚✑
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✭▲❡❛t❤✇✐❝❦ ❡t ❛❧✳✱ ✷✵✵✻✮✳ ❈❡♣❡♥❞❛♥t ♠❛❧❣ré ❧❡s ♣r❡✉✈❡s ❛♥❛❧②t✐q✉❡s ✭t❡❧❧❡s q✉✬❡①♣♦sé❡s ♣❧✉s ❤❛✉t✮

♦✉ ❡♠♣✐r✐q✉❡s ✭▼❡r❧❡r ❡t ❛❧✳✱ ✶✾✾✻❀ ❙t❡②❡r❜❡r❣ ❡t ❛❧✳✱ ✷✵✵✶❀ ▼♦❧✐♥❛r♦ ❡t ❛❧✳✱ ✷✵✵✺✮ ❞❡s ❝❛♣❛❝✐tés
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r❡st❡♥t ❡♥❝♦r❡ ❛ss❡③ r❛r❡s ❞❛♥s ♥♦tr❡ ❞♦♠❛✐♥❡ ❞❡ r❡❝❤❡r❝❤❡✳
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a b s t r a c t

We investigate the relationship between landscape heterogeneity and the spatial distribution of small

mammals in two areas of Western Sichuan, China. Given a large diversity of species trapped within a

large number of habitats, we first classified small mammal assemblages and then modelled the habitat of

each in the space of quantitative environmental descriptors. Our original two step “classify then model”

procedure is appropriate for the frequently encountered study scenario: trapping data collected in remote

areas with sampling guided by expert field knowledge.

In the classification step, we defined assemblages by grouping sites of similar species composition and

relative densities using an expert-class-merging procedure which reduced redundancy in the habitat

factor used within a multinomial logistic regression predicting species trapping probabilities. Assem-

blages were thus defined as mixtures of small mammal frequency distributions in discrete groups of

sampled sites. In the modelling step, assemblages’ habitats and environments of the two sampled areas

were discriminated in the space of remotely sensed environmental descriptors. First, we compared the

discrimination of assemblage/study areas by linear and non-linear forms of discriminant analysis (linear

discriminant analysis versus mixture discriminant analysis) and of multiple regression (generalized linear

models versus multiple adaptive regression splines). The “best” predictive modelling technique was then

used to quantify the contribution of each environmental variable in discriminations of assemblages and

areas.

Mixtures of Gaussians provided a more efficient model of assemblage coverage in environmental space

than a single Gaussian cluster model. However, non-linearity in assemblage response to environmen-

tal gradients was consistently predicted with lower deviance and misclassification error by multiple

adaptive regression splines. The two study areas were mainly discriminated along vegetation indices.

However, although the normalized difference vegetation index (NDVI) could discriminate forested from

non-forested habitats, its power to discriminate assemblages in Maerkang, where a greater diversity of

forest habitat was observed, was seen to be limited, and in this case NDVI was outperformed by the

enhanced vegetation index (EVI). Our analyses highlight previously unobserved differences between the

environments and small mammal communities of two fringe areas of the Tibetan plateau and suggests that

a biogeographical approach is required to elucidate ecological processes in small mammal communities

and to reduce extrapolation uncertainty in distribution mapping.

© 2009 Elsevier B.V. All rights reserved.

∗ Corresponding author. Tel.: +33 3 81 66 57 14; fax: +33 3 81 66 57 97.

E-mail address: amelie.vaniscotte@univ-fcomte.fr (A. Vaniscotte).

1. Introduction

1.1. Modelling distributions of assemblages

Modelling spatial distributions of species is a developed and

promising research field which can both explain and predict the

effects of environmental descriptors on species presence/absence

0304-3800/$ – see front matter © 2009 Elsevier B.V. All rights reserved.

doi:10.1016/j.ecolmodel.2009.02.019
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in space. This relies on defining species’ habitats (Guisan and

Zimmerman, 2000) following Hutchinson’s concept of ecological

niche (1957). Recent reviews are found in Pulliam (2000) and Hirzel

et al. (2002).

In situations where a large number of species co-occur in a large

number of sampled sites, habitat definition for individual species

can be complicated by species interactions. Defining habitat for rare

or “shy” species can be impossible when presence is difficult to

detect. By contrast, the full extent of habitats for dominant species

can be elusive when the species is found in a large proportion of

sampled sites. In these situations community level modelling con-

stitutes a useful tool that provides a synthesis of such data sets

by reducing their complexity to a much smaller set of higher-level

entities. One such higher level entity can be that of an assemblage,

i.e. a group of taxonomically related species which share the same

habitat (Ferrier and Guisan, 2006). The habitat of an assemblage

can therefore be defined in reference to a group of sites in which

similar species composition and densities are observed.

Community-level spatial modelling involves three main steps

(Ferrier and Guisan, 2006): (i) classification of species and/or

sites into groups, (ii) statistical formulation to assess relationships

between groups and environmental descriptors, and (iii) predictive

mapping of groups. Classification (i) is often realized through ordi-

nation methods without incorporating environmental information,

e.g. the TWINSPAN algorithm (Hill, 1979; Legendre and Legendre,

1998). Grouping species into discrete assemblages involves making

assumptions on species distributions (Olden, 2003): first, grouped

species are treated in a similar way regarding their responses to

environmental descriptors; then, species are assumed to belong

to discrete mutually exclusive groups. In regards to Hutchinson’s

concepts of ecological niche and associated species’ niche speci-

ficity and marginality, such assumptions seem at odds with species

distributions in nature (Doledec et al., 2000; Hirzel et al., 2002).

Moreover, clustering procedure can be biased by the subjective

choice of similarity criterion and decision threshold (Anderson

and Clements, 2000). In the modelling step (ii) groups are typ-

ically modelled against environmental variables, individually via

GLM or GAM, or simultaneously using polychotomous regression

or discriminant analysis (Lehmann et al., 2002; Gibson et al., 2004;

Ferrier and Guisan, 2006). Modelling techniques have been deeply

investigated in a “model then classify” approach by which species

responses are grouped into assemblages after prediction of their

occurrences (Lehmann et al., 2002; Gibson et al., 2004; Ferrier

and Guisan, 2006). Joint modelling of multi-species responses has

been recently developed to account for species interactions. This

can help elucidate those variables that have strong effects on the

whole community but might not be identified relevant in species

level analyses (Leathwick et al., 2006). This has been successfully

achieved through non-linear models such as Multiple Adaptive

Regression Splines (MARS) (Friedman, 1991; Moisen and Frescino,

2002; Leathwick et al., 2006) and artificial neural networks (Olden,

2003; Olden et al., 2006). However, these methods consider the

model response to be presence of the individual species in each

sampled site, defined using a threshold probability (usually 0.5) on

observation frequencies, which can be viewed as a constraint for

rarely observed species or sparse data sets.

1.2. Modelling landscape disturbance effects on small mammal

distributions

Effects of landscape disturbances on small mammal com-

munities have been investigated by defining assemblages using

several classification methods on the basis of species trapping

data. For example, Butet et al. (2006) used ordination methods

and species/sites proximity in co-inertia axes while Giraudoux et

al. (1998) defined assemblages by subjective criteria. Clustering

algorithms have also been used to classify habitats into groups

according to species composition dissimilarity (Krasnov et al.,

1996).

On the basis of an a priori expert defined and qualitative habitat

nomenclature, Raoul et al. (2008) produced an objective and repro-

ducible classification of assemblages. The set of sampled habitat

classes was reduced into a smaller set using information theory

and assuming a multinomial model for the small mammal trap-

ping data. Each a posteriori habitat class plus associated estimates of

species trapping frequencies defined an assemblage. This approach

presents several advantages over currently popular classification

methods in the “Classify then model” approach: first, classification

of assemblages was performed via a reclassification of sampled

habitat classes a priori identified in the field and thus incorpo-

rates information gained from an expert oriented sampling strategy

(Pearce et al., 2001); secondly, by considering each assemblage

as a localised picture of species composition and relative densi-

ties, classification was performed at the habitat level instead of

the species level, thus the crude assumptions of species responses

mentioned above were avoided; finally, in the reclassification step,

models were compared and selected using Akaike Information Cri-

terion (AIC) which can be viewed as an objective method (Burnham

and Anderson, 1998). However, this classification method limits

the definition of assemblages’ habitats to qualitative and a pri-

ori habitat classes limited to the sampling design. Consequently

it suffers from predictive power limitations, i.e. assemblage def-

initions cannot be spatially extrapolated beyond the sampled

sites.

1.3. Context, hypothesis and objectives

In China, the spatial distribution of small mammal species has

been shown to be modified by landscape disturbances such as over-

grazing and fencing practices on the Tibetan plateau (Wang et al.,

2004; Raoul et al., 2006), deforestation in Gansu (Giraudoux et al.,

1998) and afforestation in Ningxia (Raoul et al., 2008). We aimed

to investigate the relationship between landscape heterogeneity

and the spatial distribution of small mammal assemblages in two

forested areas located in the fringes of the Tibetan plateau (Sichuan,

China). There, forest management leads to landscape heterogene-

ity and likely drives changes in the spatial distributions of small

mammals.

Our main methodological challenge was to develop a predictive

model for trapping data sets of diverse taxon, realized in remote

areas and thus constrained by a limited sampling effort, a large

number of rare species trapped with low frequency and an expert

oriented sampling design. There is currently a need to adapt habitat

modelling methodologies in order to fit and extract the maximum

information possible from such data sets which is common in con-

servation studies. Here, we developed an original two step “Classify

then model” procedure to address these issues.

In the classification step, we applied the Raoul et al. (2008)

expert-class-merging procedure to summarise our trapping data

by defining assemblages. Then, our major technical contribution

was to incorporate such assemblage definitions into a predictive

modelling framework. In the modelling step, the predictive limita-

tions of the initial expert-class-merging assemblage definitions was

overcame by extending the definition of the habitat associated with

each assemblage using a set of quantitative variables extracted from

remote sensors. By doing so, we addressed some currently debated

methodological issues in the field of species distribution modelling.

The modelling step aimed to answer two questions:

(i) which modelling technique and associated response-factor

relationships predict assemblage occurrence with lowest pre-

diction error?
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(ii) what are the contributions of each environmental variable in

assemblage discrimination and prediction?

Among the theoretical hypothesis supporting current species

modelling methodological frameworks, the shape of response

curves has often been neglected and there is a need to con-

sider it at the interface between statistical methods and ecological

realism (Austin, 2002, 2007; Guisan et al., 2006). The richness

of existing statistical models offers the opportunity to com-

pare different ecological theories underlying observed patterns

of species distribution in environmental space. While previ-

ous studies have shown non-linear models provide better fits

and predictions of multiple species responses than linear mod-

els (Doledec et al., 2000; Olden, 2003; Leathwick et al., 2006),

we tested if this observed pattern could hold when species

responses are considered as a whole, i.e. when assemblages and

not species are used as the response variable. Several methods

exist to discriminate known groups by continuous variables. We

compared the discrimination ability of two widely used classi-

fiers, multiple logistic regression and discriminant analysis, and

tested several forms of assemblage response curves: linear versus

non-linear and single Gaussian versus Gaussian mixture, respec-

tively.

The selection of a relevant set of predictors for build-

ing predictive models also remains an active current issue

which is complicated by the nature of environmental predictors

(direct/indirect) and their interactions (Austin, 2007). Here, instead

of selecting a single “best” model, we investigated the overall

contribution of each environmental variable within a set of mod-

els.

Because trapping data were collected in two distinct areas, the

same questions were answered at the regional spatial extent to

investigate discrimination of the two study areas in the environ-

mental space.

2. Materials and methods

2.1. Small mammal species data sets

2.1.1. Study areas

Two study sites were investigated in western Sichuan province

(central China) in the vicinities of Rangtang and Maerkang

cities (approximatively 100 km apart) (Fig. 1), in June 2004 and

July/September 2005, respectively. The sampling area in Maerkang

ranged from 2950 to 4100 m altitude. The 2005 mean annual

temperature and yearly average rainfall were 8.9 ◦ C and 811.5

mm, respectively (data source: Maerkang Center for Disease Con-

trol). Forested areas were either coniferous or birch and oak.

Afforestation measures were in place and a large number of young

plantation forests were found. Rhododendron forests and pastures

were observed at higher elevations. Villages were often surrounded

by ploughed fields and were situated close to rivers with aban-

doned terraced fields at higher elevation. In Rangtang, elevation

of sampled area ranged from 3350 to 3900 m and in 2005 yearly

average temperature and yearly average rainfall were 5.4 ◦ C and

854.3 mm, respectively. Landscape was mainly composed of grass-

land and shrub. Forest was less abundant than in Maerkang and was

more frequently coniferous than broad-leaf.

2.1.2. Sampling protocol

Sampling was undertaken in a priori defined habitats identified

in the field, i.e. habitats classified on the basis of apparent dissimi-

larities in vegetation structure and dominant genus composition. In

Maerkang and Rangtang, 18 and 12 habitats were sampled, respec-

tively (Table 2). Four habitats were found to be similar in the two

locations: “Forest Rhododendron/coniferous”, “Forest coniferous

willow bushes understory”, “Stream bushes” and “Slope bushes”

(Table 2).

Extensive standard trapping (Giraudoux et al., 1998; Raoul et al.,

2006) was undertaken in each habitat. Each standardized trapline

Fig. 1. (a) Location of Maerkang and Rangtang study areas in Sichuan province, China. Black and red lines delineate provinces and counties boundaries. Lines delineate

province and county boundaries. (b) and (c) represent locations of traplines (black lines) around Rangtang and Maerkang cities, respectively. Locations are plotted on a false

colour composite satellite image in which red, green and blue correspond to Landsat ETM bands 4, 5 and 3. (For interpretation of the references to color in this figure legend,

the reader is referred to the web version of the article.)
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consisted of 25 traps spaced 3 m apart. Two types of traps were

used: small break back traps (SBBT), for animals not heavier than

100 g and big break back traps (BBBT) for larger individuals. Each

trap was set for three nights (unless non-controlled factors dictated

otherwise, e.g. trap theft), checked every morning and re-set/re-

baited as necessary. We use the term trap-night to refer to a single

trap set for one night. A total of 8095 trap-nights (4603 in Maerkang;

3492 in Rangtang) in 122 traplines (66 in Maerkang; 56 in Rang-

tang) were set; differential trapping effort by habitat is reported in

Table 2.

Species were identified at the Centre de Biologie et Ges-

tion des Populations (J.P. Quéré) using the following references:

Corbet (1978); Fen and Zheng (1985); Gromov and Polyakov

(1978); Gromov and Erbajeva (1995) and Smith and Xie (2008).

Apodemus penninsulae, Apodemus draco and Apodemus latronum

identifications were confirmed using cytochrome b sequencing.

Nomenclature followed Wilson and Reeder (2005).

2.2. Assemblage definition

2.2.1. Statistical model

The response variable, the category (i.e. species or empty trap)

observed in a given trap-night, was assumed to follow a multino-

mial distribution (Raoul et al., 2008). Relationships between habitat

classes and species distribution were modelled using log linear

multinomial regression with a priori selected habitat classes as

explanatory variables (McCullag and Nelder, 1989). The three nights

per trap and trap type were included as factors in the regression.

Within each study site, a preliminary model comparison via AIC

indicated no evidence for a night effect, so the factor was removed

for further analyses.

2.2.2. Expert-class-merging procedure

Following Raoul et al. (2008), pairs of habitat classes (Hi and

Hj) were “merged” by imposing an equality constraint on their

regression coefficients (i.e. ˇHi
= ˇHj

). Iterative application of this

constraint to all habitat class pairs lead to K new models which

were compared via the difference in AICc (�AICcij) between each

new model and the original (unconstrained) one. The model/merge

providing the largest �AICcij identified the most redundant habi-

tat class distinction and the two corresponding classes were

fused into a single super-class. The process was iterated until

no further evidence of class redundancy was observed, i.e. once

�AICcij<2(Burnham and Anderson, 1998). Finally, we computed

the Simpson diversity index of each resulting assemblage. All sta-

tistical algorithms were implemented in R (R Development Core

Team, 2008). Multinomial models were fitted using the multinom

function of the nnetpackage.

2.3. Assemblage habitat modelling

2.3.1. Environmental descriptors

The environment at trapline locations was described using

remotely sensed data layers corresponding to: spectral responses

of Landsat Enhanced Thematic Mapper (ETM) bands; elevation;

slope; and sun exposure. A (July 2005) multi-spectral ETM image

from Landsat 7 was obtained from the U.S. Geological Survey

(landsat.usgs.gov). ETM bands 3, 4 and 7, corresponding to

red, near-infrared and middle-infrared, respectively, each with a

30 m resolution, were used for the analyses. Other ETM bands

were omitted from further analysis due to strong correlations with

the selected bands. Using the ETM image, the normalized differ-

ence vegetation index (NDVI) and Enhanced Vegetation Index (EVI)

were computed (Huette et al., 1999). NDVI quantifies the differ-

ence between photosynthetic activity related absorption in the

visible range and reflectance in the near-infrared which is related

to electro-magnetic emission by plants. NDVI is thus correlated to

vegetation biomass. However, the NDVI is known to suffer from

saturation when vegetative biomass is high and to be sensitive to

canopy background in open forested areas (Huette et al., 2002).

Therefore, we computed EVI, defined as

EVI =
G × (NIR − RED)

L + NIR + C1 × RED − C2 × BLUE

where L is the canopy background and snow correction, C1 and C2

are coefficients of aerosol “resistance” terms and G the gain factor

with L = 1, C1 = 6, C2 = 7.7 and G = 2.5.

A digital elevation model (DEM) was obtained from the SRTM

program (http://srtm.usgs.gov/). Slope, aspect and elevation were

derived from the DEM in GRASS GIS (http://grass.itc.it/). The sun

index (SI), which provides a proxy for net incident solar radiation,

was estimated as (Gibson et al., 2004):

SI = cos(aspect) × tan(slope) × 100.

In general traplines were not confined within the bounds

of single pixels. In order to construct the data matrix the

mean of each variable was estimated from 10 points regularly

spaced along each trapline. This was performed using spgrass6,

the R/GRASS interface available at http://r-spatial.sourceforge.net/

xtra/xtra.RHnw.html.

2.3.2. Discriminant models

We explored if the set of environmental descriptors could:

explain small mammal assemblage distributions locally, i.e. within

each study area; and discriminate between the two study areas

using data from trapline locations, a regional level analysis.

Essentially this entailed discrimination of previously identi-

fied assemblages/traplines in the environmental space and thus

presents a supervised classification problem. Model performances

of two currently popular methods were compared: discriminant

analysis (DA) and logistic multiple regression (LMR). Both tech-

niques were tested: in linear form, linear discriminant analysis

(LDA) (Fisher, 1936) and multinomial generalized linear model

(GLM); and in non-linear form, mixture discriminant analysis

(MDA) and Multiple Adaptive Regression Splines (MARS).

2.3.2.1. MARS. Multiple adaptive regression splines (Friedman,

1991) enable modeling multiple categorical responses with weak

assumptions on the shape of the response. The regression modeling

takes place in an enlarged space defined by the set of basis functions,

i.e non-linear transformations of covariates, and their products,

enabling identification of complex non-linear responses (Hastie et

al., 2001, 1994). In the context of species distribution modelling,

MARS incorporated within GLMs has been shown to outperform

other non-parametric and non-linear modelling techniques on real

(Leathwick et al., 2006) and simulated (Moisen and Frescino, 2002)

data sets. Here we test performance of MARS incorporated into a

multinomial GLM.

2.3.2.2. MDA. Non-linear decision boundaries in classification

problems can also be modelled indirectly, i.e. without specifying

and parameterising its form in the model. Mixture Discriminant

Analysis is such an approach, generalising the linear decision

boundaries of LDA by incorporating mixtures of multivariate Gaus-

sians to discriminate a single class (Hastie and Tibshirani, 1993).

MDA divides a given class into multiple subclasses each following

a multivariate normal distribution with unique mean vector and

a common covariance matrix. As far as we know, this method has

been rarely tested in the context of niche spatial modelling except

by Ter Braak et al. (2003). Here, maximum likelihood-based param-
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eter estimation was achieved using the expectation maximisation

(EM) algorithm (cf. Appendix A). Starting values for the EM algo-

rithm were obtained by the Learning Vector Quantisation clustering

algorithm (Hastie and Tibshirani, 1993).

All computations were performed in R (R Development Core

Team, 2008). LDA was computed using the lda function of the

“MASS” package. MARS and MDA were computed using the mars

and mda functions of the mda package.

2.3.3. Evaluation and comparison of modelling techniques’

performances

In order to compare modelling techniques on the basis of their

statistical properties, we only compared models of similar struc-

ture in their explanatory components, i.e. including all available

explanatory variables (Segurado and Araujo, 2004; Potts and Elith,

2006).

2.3.3.1. Evaluation criteria. Following Pearce and Ferrier (2000),

models were evaluated on their ability to (i) provide reliable pre-

dictions (as soft classifiers) and (ii) discriminate between occupied

and unoccupied sites (as hard classifiers). Prediction reliability was

quantified using residual deviance (RD) (Pearce and Ferrier, 2000;

Leathwick et al., 2006) equivalent to minus twice the log likelihood

of the fitted probabilities, i.e. for N observations

RD = −2 ×

N∑

i=1

logPr(ŷi = yi).

Discriminative performance (ii) is composed of omission (true

positive fraction) and commission (false positive fraction) error

(Pearce and Ferrier, 2000; Anderson et al., 2003). Here, predicted

assemblages were mutually exclusive, i.e. the commission error of

one assemblage corresponded to the omission error of another.

Consequently, discriminative performance was assessed by omis-

sion error only using the true presence misclassification error rate

(Segurado and Araujo, 2004).

2.3.3.2. Model validation. Predictive ability was assessed using the

above mentioned criteria on independently re-sampled testing data

sets using the bootstrap 632+ (Efron and Tibshirani, 1995) which

provides the least biased and variant model re-sampling evalua-

tion method (Hastie et al., 2001). Bootstrap 632+ was developed

to reduce optimistic error estimation that arises with the origi-

nal bootstrap due to commonality between the observations of

training and testing data sets. Originally used to estimate error

rates of per-subject prediction rule (e.g. misclassification error rate)

it has recently and successfully been applied to evaluate predic-

tive models of species or disease distribution (Steyerberg et al.,

2001; Leathwick et al., 2006; Potts and Elith, 2006). We computed

the bootstrap 632+ in R (R Development Core Team, 2008), using

the bootpred function of the boostrap package and the error-

est function of the ipred package. For each criteria the mean

and standard deviation across 1000 bootstrap samples was calcu-

lated.

2.3.4. Effects of environmental descriptors on assemblage

distributions

To simplify the assessment of effect size we selected the

classification methods that provided the lowest bootstrapped mis-

classification error rate and residual deviance.

2.3.4.1. Effect size. Multicollinearity between factors is known to

inflate the variance of regression coefficients, alter model predictive

performance and complicates identification of real effects of fac-

tors on data variability (Legendre and Legendre, 1998). Hierarchical

partitioning (MacNally, 2000, 2002), widely used in explanatory

modelling (Gibson et al., 2004; Greaves et al., 2006; Olivier et

al., 2000), permits to partition the variance explained by a model

in order to isolate the independent versus joint contributions of

each variable. We used this method to estimate the independent

effects of each variable on the log-likelihood. Significance of these

independent effects was assessed using a permutation test. The

independent effect was re-estimated using 100 random permu-

tations of the covariates, the mean and standard deviation of the

resulting distribution permitting a z-test of the original indepen-

dent effect.

The effect size of each environmental descriptor on the prob-

ability of observing each assemblage were assessed. All possible

additive combinations of variables were fitted. For each com-

bination we calculated the mean predicted probability of each

assemblage at sites where that assemblage was observed. The dif-

ference in predicted probabilities

��j10 = �j1 − �j0

were computed, where �j1 and �j0 represent the mean predicted

probabilities across models which included and excluded the j th

variable, respectively. Means and 95% quantile intervals were esti-

mated over 200 cross-validation iterations. Predictive effects were

considered for further analysis if the lower 95% quantile was greater

than zero.

2.3.4.2. Response shape along environmental gradients. The shape of

assemblage responses were visualised by plotting predicted proba-

bilities with respect to each relevant environmental variable (Elith

et al., 2005). Predictions of assemblage occurrence probabilities

were made across the range of the variable of interest whilst all

other variables were fixed to their mean value among sites corre-

sponding to the assemblage in question.

All computations were made in R (R Development Core Team,

2008). Independent effects were estimated using the combos and

partition functions of the hier.part package. The z.test was

adapted from the rand.hp function of the same package.

3. Results

3.1. Trapping success: small mammal data

A total of 173 small mammals were trapped in Rangtang (90)

and Maerkang (83) including 10 rodent, 1 lagomorph and 4 insec-

tivore species (Table 1). Four species were trapped in both areas:

Table 1

Sampling success for each species (number of trapped individuals) obtained in each

study area. The order of each species is indicated: rodent (R), insectivore (I) or

lagomorph (L).

Order Location

Maerkang Rangtang

Empty traps 4516 3396

Apodemus draco (Apdr) R 17 0

Apodemus latronum (Apla) R 14 0

Apodemus peninsulae (Appe) R 3 68

Eospalax fontanieri (Eofo) R 1 0

Eozapus setchuanus (Eose) R 1 1

Microtus irene (Miir) R 1 1

Microtus limnophilus (Mili) R 0 13

Micromys minutus (Mimi) R 6 0

Niviventer confucianus (Nico) R 19 0

Sicista concolor (Sico) R 1 0

Chodsigoa hypsibia (Chhy) I 10 0

Sorex cylindricauda (Socy) I 1 0

Sorex thibetanus (Soth) I 2 0

Uropsilus soricipes (Urso) I 2 0

Ochotona cansus (Occa) L 5 7
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Table 2

Maerkang (M1–M4) and Rangtang (R1–R4) assemblages obtained from expert-class-merging procedure. The number of traplines (Nb lines), habitat composition, number of

trap-nights per sampled habitat (Nb trap-nights), species trapped (dominant and other) and Simpson diversity index are reported for each assemblage.

Assemblage Nb lines Habitat composition Nb Trap-nights Dominant species Others species Simpson diversity

M1 20 Bushes north slope 75 Niviventer confucianus Chodsigoa hypsibia 2.60

Bushes former terrace 744 Apodemus latronum

Bushes birch culture 300

Grassland 447

Forest oak near Village 301

Set aside field 749

Stream near culture 300

M2 7 Culture 1050 Micromys minutus Eozapus setchuanus 2.08

Eospalax fontanieri

Apodemus latronum

M3 34 Forest regeneration and plantation 719 Ochotona cansus Apodemus peninsulae 7.86

Stream bushes and trees 325 Apodemus draco

Forest coniferous and willow bushes 600 Apodemus latronum

Forest oak 444 Chodsigoa hypsibia

Stream willow bushes 294 Sorex thibetanus

Stream bushes 444 Sorex cylindricauda

Forest rhododendron 746 Uropsilus soricipes

Forest rhododendron and coniferous 747 Sicista concolor

Microtus irene

M4 5 Forest white birch wet 306 Apodemus draco Apodemus latronum 1.97

Forest red birch understorey 438 Niviventer confucianus

Uropsilus soricipes

R1 23 Field bank 717 Apodemus peninsulae Microtus limnophilus 1.07

Slope grass and sparse bushes 300 Eozapus setchuanus

Field bank 369

Culture border 671

R2 18 Bottom valley grassland and bushes 600 Apodemus peninsulae Microtus limnophilus 1.25

Bottom valley grassland and bushes (Namuda) 577

Village garden 599

Forest coniferous and willow bushes 898

R3 2 Fenced grassland 48 Microtus limnophilus Apodemus peninsulae 1.25

R4 14 Forest rhododendron and coniferous 175 Ochotona cansus Microtus irene 2.48

Slope bushes 746 Apodemus peninsulae

Stream bushes 1041 Microtus limnophilus

Ochotona cansus, Eozapus setchuanus, Apodemus peninsulae, and

Microtus irene.

3.2. Assemblage definition

3.2.1. Maerkang

Four assemblages were identified (M1–M4) (Table 2, Fig. C.1).

Assemblage M1, which included seven habitats subjected to human

influences, was dominated by the rat Niviventer confucianus. M2, the

Culture habitat, was not merged with other classes and was domi-

nated by Micromys minutus which was specific to that habitat. M3

included forest and bush was the richest (n = 11) and most diver-

sified (7.86) assemblage. Trapping probabilities were an order of

magnitude lower in M3 than in other assemblages and nothing was

trapped in Forest Oak and Stream bushes. M4 grouped white and

red birch forests and had the lowest diversity. Trapping frequencies

of Apodemus draco in M4 were greater than for any other species in

any other assemblage.

3.2.2. Rangtang

Four assemblages were identified (R1–R4) (Table 2, Fig. C.2). R1,

which included habitats in close vicinity to culture, was dominated

by Apodemus peninsulae and provided the lowest diversity among

all assemblages. In R2, which included valley bottom bushes, Forest

coniferous/willow bushes and Village garden, Apodemus peninsu-

lae was dominant but trapped with lower probability than in R1.

R3 corresponded to the Fenced grassland class which was not

merged with other classes. Only two species were found: Micro-

tus limnophilus which was trapped at highest probability in R3, and

Apodemus peninsulae. R4 grouped Forest rhododendron/coniferous

with Slope and Stream bushes. Diversity was highest in this assem-

blage and Ochotona cansus was specific to it.

Details of AICc and � AICc evolution according to the number of

the expert-class-merging procedure iterations, for Maerkang and

Rangtang study areas, are available in Fig. B.1.

3.3. Assemblage habitat modelling

Modelling techniques were applied to discriminate all assem-

blages previously defined except assemblage R3 since it included

only 2 traplines (Table 2).

3.3.1. Modelling techniques performances (Table 3)

3.3.1.1. Discriminant analysis. Concerning Maerkang assemblages

and study sites discrimination, bootstrapped RD and error rate of

MDA were approximately twice the RD and error estimated on

training data. MDA was a more discriminant and reliable predictor

than LDA in terms of lower bootstrapped error rates (� Error

(Maerkang)LDA−MDA = 0.012; �Error(Region)LDA−MDA = 0.038) and

RD (�RD(Maerkang)LDA − MDA = 5.831; �RD(Region)LDA − MDA =

9.672). In Rangtang, training data-based estimates indi-

cated MDA gave a more deviant fit than LDA although again

bootstrapped RD (�RD(Rangtang)LDA−MDA = 1.99) and error

(�Error(Rangtang)LDA−MDA = 0.043) were lower than for LDA.

Mixture discriminant analysis was also a more discriminatory

and reliable model than the multinomial GLM in the Maerkang

(�Error(Maerkang)MN−MDA = 0.055; �RD(Maerkang)MN−MDA =

2.089) and regional level (�Error(Region)MN−MDA = 0.028;

�RD(Region)MN−MDA = 10.781) analysis. However, in Rang-

tang, MN outperformed MDA (�Error(Rangtang)MDA−MN =

0.012; �RD(Rangtang)MDA−MN = 20.704).

Finally, in each of the three analysis, MARS perfectly fitted the

training data (RDMARS,train = 0.00; ErrorMARS,train = 0.00). Despite

this overfitting, MARS was the most reliable and discriminatory
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Table 3

Residual deviance (RD) and misclassification error rates (Error) obtained for each modelling procedure (linear discriminant analysis (LDA), mixture discriminant analysis

(MDA), multinomial logistic regression (MN) and multiple adaptive regression spline (MARS)), for each study case, on training (train) and testing (boot) data sets. For the test

data set, means (boot mean) and standard deviances (boot sd), estimated over 1000 bootstrap 632+ iterations, are indicated.

LDA MDA MN MARS

RD Error RD Error RD Error RD Error

Maerkang

Train 86.645 0.212 55.251 0.121 70.886 0.197 0.001 0.000

Boot mean 111.322 0.270 105.491 0.258 107.589 0.313 53.585 0.221

Boot sd 0.092 0.001 0.109 0.001 0.084 0.001 0.049 0.000

Rangtang

Train 46.815 0.182 71.922 0.073 13.060 0.055 0.000 0.000

Boot mean 67.082 0.308 65.095 0.265 44.391 0.253 41.144 0.232

Boot sd 0.092 0.001 0.069 0.001 0.129 0.001 0.046 0.001

Study sites

Train 51.693 0.106 17.506 0.033 41.230 0.081 0.000 0.000

Boot mean 56.292 0.111 46.620 0.073 57.401 0.101 16.927 0.029

Boot sd 0.001 0.000 0.012 0.000 0.027 0.000 16.927 0.029

model, providing bootstrap predictor errors 0.037, 0.021 and 0.044

lower than the next most discriminant models, outlined above, of

Maerkang assemblages (MDA), Rangtang assemblages (MN) and

study sites (MDA), respectively.

3.3.2. Effects of environmental descriptors on assemblage

distributions

3.3.2.1. Maerkang. Significant independent contributions to model

goodness-of-fit were observed for elevation and ETM band 7

(Table 4). Among all variables, elevation provided the largest inde-

pendent contribution (I%= 39.7). It increased predicted probabilities

for all assemblages bar M2 on training and bootstrapped data sets

(Table 5). A threshold was observed at about 3600 m altitude above

which M1 was seldom observed, the probability of M2 and M4

dropped rapidly and M3 became predominant (Fig. 2). Enhanced

Thematic Mapper band 7 consistently discriminated all assem-

blages. The probability of M2 (cultures) reached a distinct peak at

intermediate values (40) where the probability of M4 approached

zero.

Despite the non-significance of their independent contribu-

tions, vegetation indices influenced mean predicted probabilities

(Tables 4 and 5). On average, inclusion of NDVI increased predicted

probabilities of M1 by 0.087. A change was observed at NDVI = 0.45

with M1 being more probable than M2 or M4 below and less prob-

ably than other assemblages above this point, respectively (Fig. 2).

Table 4

Percentage of the independent contribution over all independent effects (I %) and

total contributions (Total) in model goodness of fit estimated for each variable and

for each study case. The statistical significance (sig.) of the Z.score based on upper

0.95 confidence limit is indicated by (*).

ETM7 Elevation Slope SI NDVI EVI

Maerkang

l% 20.912 39.196 11.461 2.208 11.068 15.156

Z.score 2.13 9.36 0.17 −0.15 −0.03 0.52

sig * * ns ns ns ns

Total 23.096 39.691 15.099 3.601 11.091 16.627

Rangtang

l% 16.410 23.318 21.160 2.263 29.058 7.790

Z. score 1.9 5.88 4.13 −1.1 2.92 −0.27

sig * * * ns * ns

Total 17.251 18.888 9.694 2.369 26.061 5.812

Region

I % 26.842 37.132 8.529 0.316 21.024 6.156

Z. score 12.68 16.4 3.79 0.19 7.35 2.74

sig * * * ns * *

Total 31.888 58.427 16.210 −0.549 39.418 13.850

Inclusion of EVI significantly increased the probability to predict

M2 and M4 whose bootstrapped means increased by 0.104 and

0.093, respectively. The range of EVI corresponding to M2 occur-

rence being lower than that of M4 (birch forests). Finally, slope and

SI had no predictive power.

3.3.2.2. Rangtang. Independent effects of NDVI, elevation, ETM

band 7 and slope were all significant (Table 4). NDVI provided

the highest independent contribution (I%=29.058) and signifi-

cantly improved mean predicted probabilities for all assemblages,

this improvement being greatest for R4 (Forest rhododen-

dron/coniferous and Slope bushes) (0.30) which was not observed

when NDVI exceeded 0.25 (Table 5, Fig. 3). By contrast, above this

threshold, the probability of R2, and to a lesser extent R1, dropped

considerably.

Elevation increased predicted probabilities for all assemblages,

the size of the effect being greatest for R1 (fields and bushes)

which was predominant at lower altitudes and did not occur above

3650 m. Above this level, the probability of R4 reached a plateau

and the probability of R2 also increased. Inclusion of ETM band

7 significantly increased prediction accuracy for R1 and R4. Band

7 values greater than 70 corresponded to predominant and sub-

ordinant predicted probabilities of R2 and R4, respectively, the

latter being optimally distributed in the range 50–65. Inclusion of

slope significantly increased predictive probabilities at R2, R1 and

R4 sites (ordered by decreasing effect size). R2 was the predom-

inant assemblage in flat areas and R1 became predominant when

slopes became steeper than 10◦. Finally, SI and EVI had no predictive

effects.

3.3.2.3. Between study sites. All variables had significant and inde-

pendent contributions in model goodness-of-fit except SI which

negatively contributed in the model likelihood (Table 4). Rang-

tang was associated with ETM band 7 below 50, steep slopes, EVI

above 0, NDVI below 0.4 and elevations in the range 3600–3900 m.

Maerkang was associated with ETM band 7 below 50, NDVI above

0.4 and elevations below and above 3500 m and 3900 m, respec-

tively (Fig. 4).

4. Discussion

4.1. Assemblages as mixtures of species distributions

The ability of the expert-class-merging procedure to cluster

observations from a large number of habitats into a small num-

ber of super-classes highlights that apparently different habitats
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Table 5

Contributions of each variable to change in the mean predicted probabilities of each assemblage at sites where it was observed. Estimates based on training data (mean

train), cross-validated means (Mean CV P1-P0) and confidence intervals (qt0.05 CV P1-P0) are shown. ∗ indicated variable effects with lower 95% quantile greater than zero,

i.e significant effetcs.

Maerkang Rangtang

M1 M2 M3 M4 R1 R2 R4

ETM 7

Mean train 0.158 0.254 0.096 0.255 0.101 0.113 0.098

Mean CV P1-P0 0.107 0.143 0.049 0.212 0.030 0.003 0.015

qt0.05 CV P1-P0 0.079 0.068 0.021 0.133 0.008 −0.017 0.000

qt0.95 CV P1-P0 0.140∗ 0.234∗ 0.073∗ 0.293∗ 0.053∗ 0.018 0.029∗

Elevation

Mean train 0.363 0.133 0.278 0.433 0.161 0.128 0.123

Mean CV P1-P0 0.250 0.060 0.329 0.283 0.207 0.073 0.127

qt0.05 CV P1-P0 0.212 −0.007 0.290 0.160 0.178 0.038 0.078

qt0.95 CV P1-P0 0.278∗ 0.121∗ 0.357∗ 0.364∗ 0.237∗ 0.102∗ 0.163∗

Slope

Mean train 0.076 0.092 0.038 0.197 0.150 0.228 0.071

Mean CV P1-P0 0.018 0.028 −0.021 0.036 0.190 0.307 0.052

qt0.05 CV P1-P0 −0.012 −0.050 −0.044 −0.046 0.159 0.271 0.028

qt0.95 CV P1-P0 0.049 0.075∗ 0.003 0.096 0.222∗ 0.342∗ 0.079∗

SI

Mean train 0.005 −0.003 0.003 0.012 −0.002 0.007 0.008

Mean CV P1-P0 −0.016 −0.042 −0.009 −0.030 −0.009 −0.006 −0.011

qt0.05 CV P1-P0 −0.032 −0.195 −0.019 −0.058 −0.011 −0.009 −0.017

qt0.95 CV P1-P0 −0.002 0.017 −0.001 −0.001 −0.007 −0.004 −0.008

NDVI

Mean train 0.087 0.106 0.045 0.140 0.084 0.195 0.300

Mean CV P1-P0 0.034 0.011 −0.003 0.043 0.041 0.084 0.218

qt0.05 CV P1-P0 0.008 −0.030 −0.019 −0.006 0.014 0.057 0.186

qt0.95 CV P1-P0 0.063∗ 0.066∗ 0.014 0.092∗ 0.069∗ 0.111∗ 0.245∗

EVI

Mean Train 0.104 0.237 0.055 0.180 0.043 0.042 0.058

Mean CV P1-P0 0.029 0.104 0.000 0.093 −0.014 −0.014 −0.010

qt0.05 CV P1-P0 −0.008 0.037 −0.019 0.035 −0.024 −0.021 −0.016

qt0.95 CV P1-P0 0.063∗ 0.179∗ 0.022 0.169∗ −0.005 −0.006 −0.004

in fact provide approximately equivalent habitat quality for many

small mammal species. However, the influence of a species in the

assemblage definition is directly related to trapping frequency, the

definition being dominated by those species trapped in largest

number (e.g. Apodemus peninsulae), whilst rare or shy species

trapped in low numbers (e.g. Eozapus setchuanus) play a rela-

tively small role in the assemblage definition. It is well known that

spatial distributions of small mammals can be driven by popu-

lation dynamics (Giraudoux et al., 1997, 2007). The assemblages

defined in the present study constituted a spatio-temporal snap-

shot of a process of complex interactions between multi-species

metapopulations (Guisan and Thuiller, 2005). The current data set,

with its lack of a temporal component, thus limits analyses to the

description of “potential habitats” for the identified small mammal

Fig. 2. Responses (predicted probabilities) of Maerkang assemblages along those continuous gradients for which predictive power for at least one assemblage was identified

(Table 5).
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Fig. 3. Responses (predicted probabilities) of Rangtang assemblages along those continuous gradients for which predictive power for at least one assemblage was identified

(Table 5).

Fig. 4. Responses (predicted probabilities) of the two study areas along those continuous gradients for which predictive power for at least one assemblage was identified.
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assemblages (Guisan and Thuiller, 2005; Araujo and Guisan, 2006;

Guisan et al., 2006).

4.2. Assemblage habitat distribution in environmental space

4.2.1. Linear or non-linear discriminant analysis for small sample

size problem?

Linear discriminant analysis is said to perform well when sample

size is small because of the simple boundaries it provides between

classes (Hastie et al., 1997). However, our analyses showed predic-

tion reliability and class discrimination were consistently lower for

MDA than for LDA. MDA’s discrimination of assemblages in sev-

eral sub-classes, permitting identification of non-linear boundaries,

clearly helped capture important extra within class variability. This

result re-enforces the need to use non-linear models in community

modelling even when sample size is small (Munoz and Felicisimo,

2004).

MDA allows multi-modal representation of an assemblage

in environmental space. By contrast, MN assumes assemblage

responses can be represented as simple linear combinations of

variables rescaled to the 0–1 range via a link function. Despite a

larger number of parameters, MDA was more discriminant and less

deviant than MN for discrimination of Maerkang assemblages and

site environments. This result highlights the importance of mod-

elling sub-class clusters in those case studies. By contrast, Rangtang

assemblages were better discriminated by MN than by MDA sug-

gesting a more homogeneous distribution of those assemblages

in environmental space. MN was also a more performant predic-

tor of Rangtang data than LDA despite the two models sharing

the same logit regression form (Hastie et al., 2001). Regardless

of linearity/non-linearity assumptions, discriminant analysis was

not the most appropriate method for modelling the distribution of

Rangtang assemblages for which sample sizes were smallest.

4.2.2. Parametric or non-parametric non-linear modelling of

assemblage distributions?

Multiple adaptive regression splines advantageously extends

the logistic response of multinomial GLMs to include multi-modal

variation of the linear predictor with respect to a given variable.

MARS has previously been shown to be a more appropriate map-

ping technique for Fagus species than logistic multiple regression

(Munoz and Felicisimo, 2004) although more generally there has

been difficulty to demonstrate better performance of MARS over

linear models on real data sets (Moisen and Frescino, 2002). Here,

MARS consistently provided more discriminatory and reliable pre-

dictions than LDA, MDA and GLM in all three of our cases studies.

The non-linear structures in class distributions were more accu-

rately captured by a model which did not rely on parametric

assumptions regarding assemblage distribution in environmental

space. These promising prediction results of MARS were obtained

despite strong evidence of overfitting (i.e. selection of an excessive

number of basis functions) the training data. This observation is

encouraging since the superior predictive performance of MARS

could clearly be improved via the increased parsimony obtain-

able with model selection procedures such as step-wise pruning

(Friedman, 1991).

Assuming each a priori habitat was representable as a sin-

gle cluster in environmental space, a mixture representation of

an assemblage (i.e. super-class), including the diversity of species

responses, and thus the requirement of non-linear decision bound-

aries for assemblage discrimination, becomes natural. However,

processes underlying modelling of assemblages might have been

complexified here in part from the fact that most of the variables in

question were, at best, indirectly related to small mammal dynamic

processes. Guisan and Zimmerman (2000) suggested that the use

of direct environmental variables provides a physiologically mech-

anistic character to a model that is not apparent when indirectly

related variables are used. We further suggest that the use of indi-

rect variables in fact complicates response curves. Multi-modal

responses in the space of indirect variables might correspond to rel-

atively homogeneous responses among variables directly related to

processes.

4.3. Explanatory and predictive power of environmental

descriptors

4.3.1. Within versus between study area discrimination

The observed between site differences in small mammal fauna,

environmental conditions and pertinence of environmental vari-

ables provided strong evidence that two distinct biogeographical

zones had been identified. The degree of abruptness/smoothness in

the transition between these zones was not identifiable given the

scale of the sampling design and clearly further work is required

before the process of small mammal communities on the fringes of

the Tibetan plateau are fully elucidated.

The discrimination between Maerkang and Rangtang at high and

low NDVI values, respectively suggests greater productivity in terms

of vegetative biomass in Maerkang. This corresponds with our a

priori land cover classification since forested habitats were more

widespread and diversified in Maerkang than in Rangtang. By con-

trast, within study sites, NDVI and EVI were useful discriminators

of different assemblages. In Maerkang, NDVI significantly improved

predictions of M1 (bushes, grassland an oak forests near villages),

while EVI helped discriminate birch forests (M4) and culture (M2).

In Rangtang, NDVI discriminated forest (R4), valley-bottom veg-

etation (R2) and non-forested bush (R1), whereas EVI displayed

no discriminative ability. The fact that NDVI was less useful in

Maerkang, where 9 in 18 habitats were forested, than in Rangtang,

where only 2 in 12 habitats were forested habitats, probably reflects

the saturation problem, i.e. NDVI’s limited ability to discriminate

among forest types (Huette et al., 1999).

Variables such as elevation, ETM band 7 and slope had descrip-

tive and predictive power but their indirect relation to small

mammal resources renders interpretation of their effects diffi-

cult (regardless of the mixture problem outlined above). Moreover,

these variables are subjected to the law of relative site constancy

(Guisan and Zimmerman, 2000; Randin et al., 2006) which compli-

cates the comparison of assemblage distributions between the two

study areas along these gradients.

The discriminatory power of environmental variables differed

according to the study area (Maerkang versus Rangtang) and to the

spatial extent of the training area (local versus regional analysis). In a

predictive mapping purposes, one should be aware of such variation

in order to select a set of environmental variables appropriate for

the required extent, resolution and location of the predictive map

(Guisan and Thuiller, 2005).

4.3.2. Improving habitat definition

Numerous improvements to the current habitat descriptions

can be envisaged. Firstly, numerous species have been shown to

respond to landscape level effects whereby densities respond to

composition or structure of landscape in a surrounding neigh-

bourhood. Examples include Tetrao urogallus (Graf et al., 2005),

Echinococcus multilocularis (Giraudoux et al., 2003), Arvicola ter-

restris (Fichet-Calvet et al., 2000; Giraudoux et al., 2007; Morilhat

et al., 2007) and Microtus arvalis (Delattre et al., 1999, 2006;

Duhamel et al., 2000), the latter two being small mammal

species of the sub-family Arvicolinae. Here effects of composition

and structure in buffers surrounding traplines were not con-

sidered, largely due to identifiability issues associated with the

required increased level of data mining and the small sample

size.
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Secondly, trapline locations were often observed to lie within

mixed pixels where numerous habitat types contribute to the

observed spectral response. Improved predictive performance

might therefore be achievable by addressing the mixed pixel

problem for which fuzzy set approaches (Foody, 2000) and super-

resolution techniques (Tatem et al., 2002) exist.

Thirdly, descriptors of structure and composition of the first

vegetative strata, being more directly related to small mammal

resources would be pertinent (Catling and Coops, 1999; Pearce et al.,

2001; Gibson et al., 2004). This move to direct variables would be of

particular relevance in a predictive modelling setting since indirect

variables limit model transferability across large areas (Guisan and

Thuiller, 2005; Randin et al., 2006). Understory modelling with very

high resolution satellite remotely sensed data has recently been

applied in sparse forests (Jianxi et al., 2007). Further, helicopter-

borne laser scanner data has been used to provide high resolution

DEMs from which understory structural and textural characteris-

tics are easily extracted (Hirata et al., 2003). Further research is

needed before remotely sensed indices of understory structure can

be incorporated into small mammal species distribution models.

4.3.3. Toward building process-based models

As outlined above, statistical models can help to resolve some

theoretical hypotheses on species/environment relationships (e.g.

shape of the response curves, selection of influent environ-

mental factors) and thus provide basis for the development of

process-based models. Inversely, process-based models can serve

statistical modelling and an iterative procedure incorporating both

approaches had been advocated (Austin, 2007). Here, prediction

precision might be increased once a deeper understanding of the

ecological processes driving small mammal distributions on the

fringes of the Tibetan plateau is achieved. It would be helpful to

investigate landscape composition effects on small mammal com-

munities in time and space. Ultimately, such relationships could

be incorporated into a Structural Equation Modelling framework

(Guisan et al., 2006; Austin, 2007).

4.4. Conclusion and perspectives

Our results showed mixtures of Gaussians provided better

descriptions of the environmental space occupied be small mam-

mal assemblages than single cluster model. However, the Gaussian

mixture model was in turn outperformed by MARS with its flexi-

ble ability to detect non-linearity. ETM band 7, vegetation indices,

elevation and slope all helped discriminate assemblages. Their pre-

dictive effects varied according to the location and spatial scale

of the training area. However, predictive performance might be

improved given further investigation of methodological issues and a

deeper understanding of underlying ecological processes, i.e. given:

a deeper knowledge of the responses of multiple-species to envi-

ronmental variation; a closer match between spectrally derived

variables and small-mammal resources; or, improve data set qual-

ity (sampling size). In our study, MARS was prone to over-fitting,

thus its transferability and outperformance over other techniques

should be assessed cautiously prior to extrapolation beyond the

sampling area (Randin et al., 2006). Moreover, because it is a classi-

fier (i.e. assumes that pre-defined groups exist), used here to model

assemblage responses jointly, prediction of new (i.e. untrained)

assemblages in space and time was not possible. Two distinct

biogeographical areas regarding small mammal assemblages and

environmental conditions might have been identified here, but the

current sampling design does not permit elucidation of the transi-

tion between the two areas. Mapping small mammal assemblages

in the area between Rangtang and Maerkang would require a sam-

pling design spanning the ranges of each species within both the

geographical and environmental space separating the two areas

(Murphy, 2007).
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Appendix A. MDA algorithm

The algorithm computes the mixture density for each class j

divided in Rj subclasses each defined by their own mean �(j,r) and

a common covariance matrix �, such as

mj(x) = P(X = x|G = j) = |(2�)d�|−1/2

Rj∑

r=1

�jre−D(x�jr )/2

Fig. B.1. Redundancy reduction of the expert-class-merging procedure for (a) Maerkang and (b) Rangtang data sets illustrated by decreasing AICc and increasing � AICc w.r.t.

to the number of iterations of the procedure.
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Fig. C.2. Species trapping joint probabilities predicted by the multinomial model for each assemblage (M1 to M4), in Maerkang. Dashes and full lines correspond to small

and big traps, respectively. Correspondence between species names and their abbreviations is available in Table 2.

Fig. C.3. Species trapping joint probabilities predicted by the multinomial model for each assemblage (R1 to R4), Rangtang. Dashes and full lines correspond to small and big

traps, respectively. Correspondence between species names and their abbreviations is available in Table 2.
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where D(x, y) is the Mahalanobis distance between x and the y and

the mixing probability �jr are unknown model parameters. Then,

the conditional log-likelihood for the data lmix is computed and

maximised by the EM (expectation maximisation) algorithm with

lmix(�rj, �, �jr) =

N∑

i=1

log mgi(xi)

Expectation maximisation (EM) algorithm is an iterative two-

step procedure: first, it estimates the mixing probabilities for each

subclass and class and then, it conditionally optimises the mean

and covariance for each subclasses.

Appendix B. Expert-class-merging procedure

See Fig. B.1.

Appendix C. Species predicted probability distributions in

Maerkang and Rangtang assemblages

See Figs. C.1 and C.2.
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❧❡ ♣❧✉s ♣❛r❝✐♠♦♥✐❡✉① ✭❆■❈❝ ♠✐♥✐♠❛❧✮✱ ♣❛r♠✐ t♦✉t❡s ❧❡s ❝♦♠❜✐♥❛✐s♦♥s ♣♦ss✐❜❧❡ ❞❡ ✈❛r✐❛❜❧❡s✱ ❛ été

sé❧❡❝t✐♦♥♥é✳

✸✳✸✳✷ ❘és✉❧t❛ts ❡t ❞✐s❝✉ss✐♦♥

❚❛❜✳ ✸✳✶ ✕ ❈♦♠♣❛r❛✐s♦♥ ❞❡s ♠♦❞è❧❡s ✭●▲▼s✮ ✐♥❝♦r♣♦r❛♥t ❧❡s ✈❛r✐❛❜❧❡s ❡♥✈✐r♦♥♥❡♠❡♥t❛❧❡s

q✉❛♥t✐t❛t✐✈❡s✱ ❧❡s ❝❧❛ss❡s ❞✬❤❛❜✐t❛t ✭❍❛❜✐t❛t✮ ❡t ❧❡s ❛ss❡♠❜❧❛❣❡s ✭❆ss❡♠❜❧❛❣❡s✮ ❛✐♥s✐ q✉❡ ❧❡

♠♦❞è❧❡ ♥✉❧ ✭✶✮✳ ▲❡s ❆■❈❝✱ ❧❡s ♣♦✐❞s ❞✬❆❦❛✐❦❡ ✭wi✮ ❛✐♥s✐ q✉❡ ❧❡ ♥♦♠❜r❡ ❞❡ ♣❛r❛♠ètr❡s ❡st✐♠és

✭❑✮ s♦♥t ♦r❞♦♥♥és ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❡✉rs é❝❛rts ❛✉① ♠♦❞è❧❡s ♥✉❧s ✭∆ ❆■❈❝✮✳ ▲❡s ❆■❈❝ ♦❜t❡♥✉s

♣♦✉r ❧❡s ♠♦❞è❧❡s ▼❆❘❙ s♦♥t ✐♥❞✐q✉és ❡♥tr❡ ♣❛r❡♥t❤ès❡s✳

❆■❈❝ ∆ ❆■❈❝ wi ❑

❘❛♥❣t❛♥❣ ❆ss❡♠❜❧❛❣❡s ✾✵✽✳✾✶ ✭✾✸✺✳✽✮ ✵✳✵✵ ✶✳✵✵ ✺

❆❧t✐t✉❞❡ ✰ P❡♥t❡ ✰ ◆❉❱■ ✰ ❊❱■ ✾✸✽✳✹✵ ✭✾✼✹✳✺✮ ✷✾✳✹✾ ✵✳✵✵ ✻

❍❛❜✐t❛ts ✾✻✽✳✸✼ ✭✾✽✹✳✷✮ ✺✾✳✹✻ ✵✳✵✵ ✶✸

✶ ✶✵✸✹✳✽✻ ✭✾✸✺✳✽✮ ✶✷✺✳✾✺ ✵✳✵✵ ✶

▼❛❡r❦❛♥❣ ❆ss❡♠❜❧❛❣❡s ✶✶✼✻✳✾✹ ✭✶✷✼✹✳✸✮ ✵✳✵✵ ✶✳✵✵ ✺

❆❧t✐t✉❞❡ ✰ ◆❉❱■ ✶✶✾✶✳✻✸ ✭✶✷✼✸✳✼✮ ✶✹✳✻✽ ✵✳✵✵ ✹

✶ ✶✷✼✹✳✶✻ ✭✶✷✼✹✳✸✮ ✾✼✳✷✷ ✵✳✵✵ ✶

❍❛❜✐t❛ts ✶✺✵✽✳✶✸ ✭✶✸✸✹✳✷✮ ✸✸✶✳✶✽ ✵✳✵✵ ✶✾

❊①❝❡♣tés ♣♦✉r ❧❡s ♠♦❞è❧❡ ♥✉❧s ❞❡ ❘❛♥❣t❛♥❣ ❡t ❞❡ ▼❛❡r❦❛♥❣ ❛✐♥s✐ q✉❡ ♣♦✉r ❧❡ ♠♦❞è❧❡ ✐♥❝❧✉❛♥t

❧❡s ❝❧❛ss❡s ❞✬❤❛❜✐t❛ts ♣♦✉r ▼❛❡r❦❛♥❣✱ ❧❡s ❆■❈❝ ❞❡s ♠♦❞è❧❡s ▼❆❘❙ ét❛✐❡♥t s✉♣ér✐❡✉rs à ❝❡✉① ❞❡s

✼✺



✸✳✸✳ ❆①❡ ✶❜ ✿ ❈❧❛ss✐✜❡r ❡t ♣ré❞✐r❡ s✐♠✉❧t❛♥é♠❡♥t

♠♦❞è❧❡s ●▲▼s✳ ❆✉ss✐✱ ❧❡s ♠❡✐❧❧❡✉rs ♠♦❞è❧❡s ♦♥t été ♦❜t❡♥✉s ❞❛♥s ❝❤❛q✉❡ s✐t❡ ❞✬ét✉❞❡ ♣❛r ❧❡s

●▲▼s✳ P❛r ❝♦♥séq✉❡♥t✱ ♥♦✉s ❛✈♦♥s ❜❛sé ❧❛ ❝♦♠♣❛r❛✐s♦♥ ❞❡s ♠♦❞è❧❡s s✉r ❧❡s ♠♦❞è❧❡s ❧✐♥é❛✐r❡s

✉♥✐q✉❡♠❡♥t✳ ▲❡s ✈❛r✐❛❜❧❡s ❡♥✈✐r♦♥♥❡♠❡♥t❛❧❡s r❡t❡♥✉❡s ❛♣rès sé❧❡❝t✐♦♥ s♦♥t ✐♥❞✐q✉é❡s ❞❛♥s ❧❛

❚❛❜❧❡ ✸✳✶✳

▲❡s ❛ss❡♠❜❧❛❣❡s ✭❣r♦✉♣❡s ❞✬❤❛❜✐t❛ts✮ ét❛✐❡♥t ❧❡s ✈❛r✐❛❜❧❡s ❧❡s ♣❧✉s ❡①♣❧✐❝❛t✐✈❡s ❞❡s ❞❡♥s✐tés

r❡❧❛t✐✈❡s ❞❡s ❡s♣è❝❡s ♣✐é❣é❡s à ▼❛❡r❦❛♥❣ ❡t à ❘❛♥❣t❛♥❣ ✭❚❛❜❧❡ ✸✳✶✮✳ ❆✉ss✐✱ ❧❡s ✈❛r✐❛❜❧❡s ❡♥✈✐✲

r♦♥♥❡♠❡♥t❛❧❡s s❡ s♦♥t ❛✈éré❡s ♣❧✉s ❡①♣❧✐❝❛t✐✈❡s ❞❡s ❞❡♥s✐tés r❡❧❛t✐✈❡s ❞❡s ❡s♣è❝❡s q✉❡ ❧❡s ❝❧❛ss❡s

❞✬❤❛❜✐t❛ts ❞é✜♥✐❡s ❛ ♣r✐♦r✐✳ ❊♥✜♥✱ ❧❡s ❝❧❛ss❡s ❞✬❤❛❜✐t❛ts à ▼❛❡r❦❛♥❣ ♥✬❛♣♣♦rt❛✐❡♥t ♣❛s ❞✬✐♥❢♦r✲

♠❛t✐♦♥ s✉♣♣❧é♠❡♥t❛✐r❡ q✉❡ ❧❡ ♠♦❞è❧❡ ♥✉❧✳

❉❛♥s ♥♦tr❡ ❝❛s ❞✬ét✉❞❡ ♦ù ✉♥❡ ❣r❛♥❞❡ ❞✐✈❡rs✐té ❞✬❡s♣è❝❡s ♦♥t été ❝❛♣t✉ré❡s ❞❛♥s ✉♥❡ ❧❛r❣❡

❞✐✈❡rs✐té ❞❡ ❝❧❛ss❡s ❞✬❤❛❜✐t❛ts✱ ❧❛ ❞é✜♥✐t✐♦♥ ❞❡s ❛ss❡♠❜❧❛❣❡s✱ ❛✉ ♣ré❛❧❛❜❧❡ ❞❡ ❧❛ ♠♦❞é❧✐s❛t✐♦♥

❞❡ ❧❡✉rs ❤❛❜✐t❛ts ❞❛♥s ❧✬❡s♣❛❝❡ ♠✉❧t✐✈❛r✐é✱ ❛♣♣❛r❛ît ❞♦♥❝ ♥é❝❡ss❛✐r❡✳ ❊♥ ❡✛❡t✱ ❧❛ ❞é✜♥✐t✐♦♥ ❞❡

❣r♦✉♣❡s ❞✬❤❛❜✐t❛ts ❛♣♣♦rt❡ ✉♥❡ ✐♥❢♦r♠❛t✐♦♥ s✉♣♣❧é♠❡♥t❛✐r❡ ♣♦✉r ❡①♣❧✐q✉❡r ❧❡s ❞❡♥s✐tés r❡❧❛✲

t✐✈❡s ❞❡s ❡s♣è❝❡s q✉❡ ❧✬✉t✐❧✐s❛t✐♦♥ ❞✐r❡❝t❡ ❞❡s ✈❛r✐❛❜❧❡s ❡♥✈✐r♦♥♥❡♠❡♥t❛❧❡s q✉❛♥t✐t❛t✐✈❡s ♥❡ ❢♦✉r✲

♥✐t ♣❛s✳ ❊♥ r❡✈❛♥❝❤❡✱ ❧❡ ❢❛✐t q✉❡ ❧❡s ✈❛r✐❛❜❧❡s ❡♥✈✐r♦♥♥❡♠❡♥t❛❧❡s q✉❛♥t✐t❛t✐✈❡s s♦✐❡♥t ❞❛✈❛♥✲

t❛❣❡ ❡①♣❧✐❝❛t✐✈❡s q✉❡ ❧❡s ❝❧❛ss❡s ❞✬❤❛❜✐t❛ts ♣❡✉t êtr❡ ✐♥❞✉✐t ♣❛r ❧❛ r❡❞♦♥❞❛♥❝❡ ❞❡ ❧✬✐♥❢♦r♠❛t✐♦♥

❝♦♥t❡♥✉❡ ❞❛♥s ❝❡s ❝❧❛ss❡s✳ ➱t❛♥t ❞♦♥♥é q✉❡ ❧❡s ✈❛r✐❛❜❧❡s ❡♥✈✐r♦♥♥❡♠❡♥t❛❧❡s s♦♥t✱ ♣❛r ❛✐❧❧❡✉rs✱

♣❧✉s ✐♥❢♦r♠❛t✐✈❡s q✉❡ ❧❡s ♠♦❞è❧❡s ♥✉❧s✱ ✐❧ s❡r❛✐t ❡♥✈✐s❛❣❡❛❜❧❡ ❞❡ ❝❧❛ss✐✜❡r ❧❡s ré♣♦♥s❡s ❞❡s ❡s✲

♣è❝❡s ❞✐r❡❝t❡♠❡♥t ❞❛♥s ❧✬❡s♣❛❝❡ ♠✉❧t✐✈❛r✐é q✉✬❡❧❧❡s ❞é✜♥✐ss❡♥t✳ ❉❡s ♦✉t✐❧s ❞✬♦r❞✐♥❛t✐♦♥ ✭❆♥❛❧②s❡

❈❛♥♦♥✐q✉❡ ❞❡s ❈♦rr❡s♣♦♥❞❛♥❝❡s✮ ♦✉ ❞❡ ❝❧❛ss✐✜❝❛t✐♦♥ ♥♦♥ s✉♣❡r✈✐sé❡ ✭❛r❜r❡s ❞❡ ❝❧❛ss✐✜❝❛t✐♦♥✮

✭▲❡❣❡♥❞r❡ ❛♥❞ ▲❡❣❡♥❞r❡✱ ✶✾✾✽✮ ♣♦✉rr❛✐❡♥t êtr❡ ✉t✐❧✐sés ♣♦✉r ♣r♦❞✉✐r❡ ✉♥❡ ❝❧❛ss✐✜❝❛t✐♦♥ ❞❡s ❡s✲

♣è❝❡s s✉r ❧❛ ❜❛s❡ ❞❡ ✈❛r✐❛❜❧❡s ❡♥✈✐r♦♥♥❡♠❡♥t❛❧❡s q✉❛♥t✐t❛t✐✈❡s✳ ❯♥❡ t❡❧❧❡ ❝❧❛ss✐✜❝❛t✐♦♥ ♣♦✉rr❛✐t

êtr❡ ❝♦♠♣❛ré❡ à ❝❡❧❧❡ ✐♥❝♦r♣♦r❛♥t ❧❡s ❤❛❜✐t❛ts ❞é✜♥✐s s✉r ❛✈✐s ❞✬❡①♣❡rts✳

✼✻



✸✳✹✳ Pr✐♥❝✐♣❛✉① rés✉❧t❛ts ❞✉ ❝❤❛♣✐tr❡

✸✳✹ Pr✐♥❝✐♣❛✉① rés✉❧t❛ts ❞✉ ❝❤❛♣✐tr❡

✕ ▲❡s ❞✐str✐❜✉t✐♦♥s ❞❡s ❛ss❡♠❜❧❛❣❡s

▲✬ ❆♥❛❧②s❡ ❉✐s❝r✐♠✐♥❛♥t❡ ❞❡ ▼✐①t✉r❡s ✭▼❉❆✮ ét❛✐t ♣❧✉s ♣❡r❢♦r♠❛♥t❡ q✉❡ ❧✬❆♥❛❧②s❡ ❉✐s✲

❝r✐♠✐♥❛♥t❡ ▲✐♥é❛✐r❡ ✭▲❉❆✮ ♣♦✉r ♠♦❞é❧✐s❡r ❧❡s ❛ss❡♠❜❧❛❣❡s✳ ▲❛ ré❣r❡ss✐♦♥ ♥♦♥ ❧✐♥é❛✐r❡ ❡t

♥♦♥ ♣❛r❛♠étr✐q✉❡ ✭▼❆❘❙✮ ét❛✐t ❧❛ t❡❝❤♥✐q✉❡ ❧❛ ♣❧✉s ♣❡r❢♦r♠❛♥t❡ ♣♦✉r ♠♦❞é❧✐s❡r ❧❡s ❞✐s✲

tr✐❜✉t✐♦♥s ❞❡s ❛ss❡♠❜❧❛❣❡s ❧❡ ❧♦♥❣ ❞❡ ❣r❛❞✐❡♥ts ❡♥✈✐r♦♥♥❡♠❡♥t❛✉①✳

✕ ▲❡ rô❧❡ ❞❡s ✈❛r✐❛❜❧❡s ❡♥✈✐r♦♥♥❡♠❡♥t❛❧❡s

▲❡s ❡♥✈✐r♦♥♥❡♠❡♥ts ❞❡s ❞❡✉① s✐t❡s ❞✬ét✉❞❡ s♦♥t ❞✐s❝r✐♠✐♥❛❜❧❡s ❛✈❡❝ ✉♥❡ ❢♦rt❡ ♣ré❝✐s✐♦♥

♣❛r ❞❡s ✈❛r✐❛❜❧❡s t♦♣♦❣r❛♣❤✐q✉❡s ✭❛❧t✐t✉❞❡✱ ♣❡♥t❡✮✱ ❧❛ ❜❛♥❞❡ ❊❚▼ ✼ ❡t ❞❡s ✐♥❞✐❝❡s ❞❡

✈é❣ét❛t✐♦♥ ✭◆❉❱■ ❡t ❊❱■✮✳ ▼❛❡r❦❛♥❣ ♣rés❡♥t❡✱ ♣❛r ❡①❡♠♣❧❡✱ ✉♥❡ ❜✐♦♠❛ss❡ ✈é❣ét❛❧❡ ♣❧✉s

é❧❡✈é❡ q✉❡ ❘❛♥❣t❛♥❣✳ ❉❡s ❢❛❝t❡✉rs ❡♥✈✐r♦♥♥❡♠❡♥t❛✉① ♣❡✉✈❡♥t ❞♦♥❝ êtr❡ ❛ss♦❝✐és à ❞❡s

❢❛❝t❡✉rs ❜✐♦❣é♦❣r❛♣❤✐q✉❡s ♣♦✉r ❡①♣❧✐q✉❡r ❧❛ ❞✐✈❡rs✐té ré❣✐♦♥❛❧❡ ❞❡s ❛ss❡♠❜❧❛❣❡s✳

▲❡s ✈❛r✐❛❜❧❡s ❡♥✈✐r♦♥♥❡♠❡♥t❛❧❡s ✐ss✉❡s ❞✬✐♠❛❣❡s s❛t❡❧❧✐t❛❧❡s ♣❡✉✈❡♥t êtr❡ ✉t✐❧✐sé❡s ♣♦✉r

❞✐s❝r✐♠✐♥❡r ❧❡s ❛ss❡♠❜❧❛❣❡s ♦❜s❡r✈és ❞❛♥s ❝❤❛q✉❡ s✐t❡ ❞✬ét✉❞❡ ❛✈❡❝ ✉♥❡ ❡rr❡✉r ❞❡ ❝❧❛ss✐✜❝❛✲

t✐♦♥ ♠✐♥✐♠❛❧❡ ❞❡ ✷✷✪✳ ❉❡ t❡❧❧❡s ✈❛r✐❛❜❧❡s ❛✈❛✐❡♥t ❞❡s ✐♠♣♦rt❛♥❝❡s ❞✐✛ér❡♥t❡s ❡♥ ❢♦♥❝t✐♦♥

❞✉ s✐t❡ ❞✬ét✉❞❡✳ ▲✬✐♥❞✐❝❡ ◆❉❱■ ❛✈❛✐t ♣❧✉s ❞❡ ♣♦✐❞s ❞❛♥s ❧❛ ❞✐s❝r✐♠✐♥❛t✐♦♥ à ❘❛♥❣t❛♥❣

q✉✬à ▼❛❡r❦❛♥❣ ❛❧♦rs q✉❡ ❧✬✐♥❞✐❝❡ ❊❱■ ét❛✐t ♣❧✉s ✉t✐❧❡ à ▼❛❡r❦❛♥❣✳ ❉❡ t❡❧s ✐♥❞✐❝❡s ♦♥t

♣❛rt✐❝✉❧✐èr❡♠❡♥t ♣❡r♠✐s ❞❡ ❞✐s❝r✐♠✐♥❡r ❧❡s ❤❛❜✐t❛ts ❢♦r❡st✐❡rs✳

✕ ▲❛ str❛té❣✐❡ ❞❡ ♠♦❞é❧✐s❛t✐♦♥

▲❡s ❛ss❡♠❜❧❛❣❡s ♣♦✉✈❛♥t êtr❡ ❞é❝r✐ts ❝♦♠♠❡ ❞❡s ♠é❧❛♥❣❡s ❞❡ ❞✐str✐❜✉t✐♦♥s ❞✬❡s♣è❝❡s✱ ❧❡✉rs

❞✐s❝r✐♠✐♥❛t✐♦♥s s❡ s♦♥t ❛✈éré❡s ❝♦♠♣❧❡①❡s✳ ❈❡♣❡♥❞❛♥t✱ ❧✬✐♥❝♦r♣♦r❛t✐♦♥ ❞❡s ❝❧❛ss❡s ❞✬❤❛❜✐✲

t❛ts r❡❣r♦✉♣é❡s ✭❞❡s ❛ss❡♠❜❧❛❣❡s✮ ❛♣♣♦rt❡ ✉♥❡ ✐♥❢♦r♠❛t✐♦♥ ♥♦♥ ♥é❣❧✐❣❡❛❜❧❡ ♣♦✉r ❡①♣❧✐q✉❡r

❧❡s ❞❡♥s✐tés r❡❧❛t✐✈❡s ❞❡s ❡s♣è❝❡s ❡♥ ❝♦♠♣❛r❛✐s♦♥ ❛✉① ✈❛r✐❛❜❧❡s s❛t❡❧❧✐t❛❧❡s ✉t✐❧✐sé❡s ❞✐r❡❝t❡✲

♠❡♥t ✭str❛té❣✐❡ ✏❈❧❛ss✐✜❡r ❡t ♠♦❞é❧✐s❡r s✐♠✉❧t❛♥é♠❡♥t✑✮✳
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❈❤❛♣✐tr❡ ✹

❆①❡ ✷ ✿ ❱❡rs ✉♥ ♠♦❞è❧❡ ♣ré❞✐❝t✐❢ ✿

♣ré❞✐❝t✐♦♥s ré❣✐♦♥❛❧❡s ❞❡s ❛ss❡♠❜❧❛❣❡s

✹✳✶ ❘❛♣♣❡❧ ❞❡s ♦❜❥❡❝t✐❢s

▲❛ ♣r♦❝é❞✉r❡ ❞❡ ♠♦❞é❧✐s❛t✐♦♥ ❛ ❥✉sq✉✬✐❝✐ ♣❡r♠✐s ❞✬❡①♣❧✐q✉❡r ❧❡s ♣rés❡♥❝❡✴❛❜s❡♥❝❡ ❞❡s ❛s✲

s❡♠❜❧❛❣❡s ❞❛♥s ❝❤❛q✉❡ s✐t❡ ❞✬ét✉❞❡ ♣❛r ❧❡ ❝❤♦✐① ❞❡ ❧❛ t❡❝❤♥✐q✉❡ ❞❡ ♠♦❞é❧✐s❛t✐♦♥ ❧❛ ♣❧✉s ❛♣✲

♣r♦♣r✐é❡ ❛✐♥s✐ q✉❡ ♣❛r ❧❛ ♠✐s❡ ❡♥ é✈✐❞❡♥❝❡ ❞✉ rô❧❡ ❞❡s ✈❛r✐❛❜❧❡s ❡♥✈✐r♦♥♥❡♠❡♥t❛❧❡s s❛t❡❧❧✐t❛❧❡s✳

▲❛ ❝♦♥str✉❝t✐♦♥ ❞✬✉♥ ♠♦❞è❧❡ ♣ré❞✐❝t✐❢ s✉r ✉♥❡ ét❡♥❞✉❡ ré❣✐♦♥❛❧❡✱ ❝✬❡st✲à✲❞✐r❡ ❛✉ ❞❡❧à ❞❡ ❧✬❛✐r❡

❞✬❡♥tr❛î♥❡♠❡♥t ❞✉ ♠♦❞è❧❡✱ ♥é❝❡ss✐t❡ ✉♥❡ é✈❛❧✉❛t✐♦♥ ❡①t❡r♥❡ ❞❡s ♣ré❞✐❝t✐♦♥s✱ ❞❡ ♠❛♥✐èr❡ à é✈❛❧✲

✉❡r ❧❡s ❝❛♣❛❝✐tés ❞❡s ♠♦❞è❧❡s à ♣ré❞✐r❡ s✉r ❞❡s s✐t❡s ♥♦♥ é❝❤❛♥t✐❧❧♦♥♥és ❡t ❞❛♥s ❞❡s ❝♦♥t❡①t❡s

s♣❛t✐❛✉① ❡t ❡♥✈✐r♦♥♥❡♠❡♥t❛✉① ❞✐✛ér❡♥ts✳

▲❡s ét✉❞❡s q✉✐ s✉✐✈❡♥t ❝♦♥st✐t✉❡♥t ✉♥❡ ❡①♣❧♦r❛t✐♦♥ ❞❡s ❝❛♣❛❝✐tés ♣ré❞✐❝t✐✈❡s ❡t ré❣✐♦♥❛❧❡s

❞❡s ♠♦❞è❧❡s ❞é✈❡❧♦♣♣é❡ ❞❛♥s ❧✬❆①❡ ✶✳ ▲❡ ❝❤❛♣✐tr❡ s✬❛rt✐❝✉❧❡ ❡♥ ❞❡✉① ♣❛rt✐❡s ❞♦♥t ❧❡s ♦❜❥❡❝t✐❢s

❣é♥ér❛✉① s♦♥t ❞✬é✈❛❧✉❡r ❧❡s ♣ré❞✐❝t✐♦♥s ❞❡ ♠❛♥✐èr❡ ❡①t❡r♥❡✱ ❞✬✐❞❡♥t✐✜❡r ❧❡s s♦✉r❝❡s ❞✬❡rr❡✉rs ❞❡

♣ré❞✐❝t✐♦♥ ❡t ❞❡ ♣r♦♣♦s❡r ❞❡s s♦❧✉t✐♦♥s ♣♦✉r ❧❡s ré❞✉✐r❡✳

◆♦✉s ❛✈♦♥s ♣r✐♥❝✐♣❛❧❡♠❡♥t ❡t ✐♥✐t✐❛❧❡♠❡♥t é✈❛❧✉é ❧❡s ❝❛♣❛❝✐tés ♣ré❞✐❝t✐✈❡s ❡t ré❣✐♦♥❛❧❡s ❞❡s

♠♦❞è❧❡s ❡t ❞❡s ❞♦♥♥é❡s ✉t✐❧✐sés ❞❛♥s ❧✬❆①❡ ✶✳ ❆✉ r❡❣❛r❞ ❞❡ ♥♦tr❡ str❛té❣✐❡ ❞✬é❝❤❛♥t✐❧❧♦♥♥❛❣❡

❞❛♥s ❧❛ ré❣✐♦♥ ✐♥❝❧✉❛♥t ♥♦s ❞❡✉① s✐t❡s ❞✬ét✉❞❡✱ ❞❡✉① é❝❤❡❧❧❡s ❞❡ ♠♦❞é❧✐s❛t✐♦♥ s♦♥t ré❛❧✐s❛❜❧❡s

♣♦✉r ♣ré❞✐r❡ ❧❡s ❞✐str✐❜✉t✐♦♥s ré❣✐♦♥❛❧❡s ❞❡s ❛ss❡♠❜❧❛❣❡s✳ ▲❡s ♠♦❞è❧❡s ♣❡✉✈❡♥t êtr❡ ❡♥tr❛î♥és ✐✮

❧♦❝❛❧❡♠❡♥t✱ s✉r ❝❤❛q✉❡ ❥❡✉ ❞❡ ❞♦♥♥é❡s ✭❆①❡ ✶✮✱ ♣✉✐s ❡①tr❛♣♦❧és ❛✉ ❞❡❧à ❞✉ s✐t❡ ❞✬ét✉❞❡ ❡t ✐✐✮

ré❣✐♦♥❛❧❡♠❡♥t✱ s✉r ❧✬❡♥s❡♠❜❧❡ ❞❡s ❥❡✉① ❞❡ ❞♦♥♥é❡s✳

❉✬✉♥❡ ♣❛rt✱ ❝♦♥♥❛îtr❡ ❧❡s ♣♦ss✐❜✐❧✐tés ❡t ❧❡s ❧✐♠✐t❡s ❞❡ tr❛♥s❢ér❛❜✐❧✐té ❞❡s ♠♦❞è❧❡s ❡♥tr❛î♥és

❧♦❝❛❧❡♠❡♥t✱ ❝✬❡st✲à✲❞✐r❡ ❧❡✉r ❝❛♣❛❝✐té à ♣ré❞✐r❡ s✉r ❞❡s ❛✐r❡s ♥♦♥ é❝❤❛♥t✐❧❧♦♥♥é❡s ❡st ✉♥❡ ét❛♣❡

✐♠♣♦rt❛♥t❡ ❞❛♥s ❧✬é✈❛❧✉❛t✐♦♥ ❞❡s ♣ré❞✐❝t✐♦♥s✳ ❉❡ ♣❧✉s✱ ♣ré❞✐r❡ ❝♦rr❡❝t❡♠❡♥t s✉r ❞❡s ♣ér✐♦❞❡s

t❡♠♣♦r❡❧❧❡s ♦✉ s♣❛t✐❛❧❡s ✐♥❞é♣❡♥❞❛♥t❡s ❞✉ ❥❡✉ ❞✬❡♥tr❛î♥❡♠❡♥t ♣❛rt✐❝✐♣❡ à ❞❡s ❡♥❥❡✉① ❛❝t✉❡❧s

❡♥ ❜✐♦❧♦❣✐❡ ❞❡ ❧❛ ❝♦♥s❡r✈❛t✐♦♥ ✭✐♠♣❛❝t ❞✉ ❝❤❛♥❣❡♠❡♥t ❝❧✐♠❛t✐q✉❡✱ ❝♦♥s❡r✈❛t✐♦♥ ❞❡ ❧❛ ❞✐✈❡rs✐té

❞❛♥s ❞❡s ③♦♥❡s ♣❡✉ ét✉❞✐é❡s ♦✉ s❡♥s✐❜❧❡s✮✳ ❉✬❛✉tr❡ ♣❛rt✱ ❞❛♥s ❧❛ ♣❡rs♣❡❝t✐✈❡ ❞✬✉♥❡ ❝❛rt♦❣r❛♣❤✐❡

ré❣✐♦♥❛❧❡ ❞❡s ❛ss❡♠❜❧❛❣❡s✱ ✉♥ ♠♦❞è❧❡ ❡♥tr❛î♥é s✉r ❧❡s ❞❡✉① s✐t❡s ❞✬ét✉❞❡ ❡st s✉s❝❡♣t✐❜❧❡ ❞❡

♣ré❞✐r❡ ♣❧✉s ♣ré❝✐sé♠❡♥t ❧❡s ❞✐str✐❜✉t✐♦♥s ❞❡s ❛ss❡♠❜❧❛❣❡s q✉❡ ❧❡s ♠♦❞è❧❡s ❧♦❝❛✉① tr❛♥s❢érés

♣✉✐sq✉❡ q✉✬✐❧ ❡st ❡♥tr❛î♥é s✉r ❧❛ ✈❛r✐❛❜✐❧✐té ré❣✐♦♥❛❧❡ ❞❡s ❞✐str✐❜✉t✐♦♥s✳

✼✾



✹✳✷✳ ❆rt✐❝❧❡ ✲ ❉❡s ❞♦♥♥é❡s ❞❡ ♣✐é❣❡❛❣❡ ❛✉① ♣ré❞✐❝t✐♦♥s ré❣✐♦♥❛❧❡s

◆♦✉s ❛✈♦♥s é✈❛❧✉é ❡t ❝♦♠♣❛ré ❧❡s ❛♣♣♦rts ❞❡ ❝❤❛❝✉♥❡ ❞❡ ❝❡s é❝❤❡❧❧❡s ❞❡ ♠♦❞é❧✐s❛t✐♦♥ ♣♦✉r

♣ré❞✐r❡ ❧❡s ❞✐str✐❜✉t✐♦♥s ré❣✐♦♥❛❧❡s ❞❡s ❛ss❡♠❜❧❛❣❡s ❡♥ ré♣♦♥❞❛♥t ❛✉① q✉❡st✐♦♥s s✉✐✈❛♥t❡s ✿

✲ ▲✬✐♥❝♦r♣♦r❛t✐♦♥ ❞❡ ❧❛ ✈❛r✐❛❜✐❧✐té ré❣✐♦♥❛❧❡ ❞❡s ❞✐str✐❜✉t✐♦♥s ❞❡s ❛ss❡♠❜❧❛❣❡s ❞❛♥s ❧❡s ♠♦❞✲

è❧❡s ✭♠♦❞è❧❡ ré❣✐♦♥❛❧✮ ♣❡✉t✲❡❧❧❡ ❛✐❞❡r à ❞✐s❝r✐♠✐♥❡r ❧❡s ❛ss❡♠❜❧❛❣❡s ❞❛♥s ❝❤❛q✉❡ s✐t❡ ❞✬ét✉❞❡ ❄

✲ ▲❡s ♣ré❞✐❝t✐♦♥s ❞❡s ♠♦❞è❧❡s ❡♥tr❛î♥és ❧♦❝❛❧❡♠❡♥t ♣❡✉✈❡♥t✲❡❧❧❡s êtr❡ tr❛♥s❢éré❡s ❡♥tr❡ ❧❡s

❞❡✉① s✐t❡s ❄

✲ ▲❡s ♠♦❞è❧❡s ❡♥tr❛î♥és ré❣✐♦♥❛❧❡♠❡♥t s♦♥t✲✐❧s✱ ❝♦♠♠❡ ♦♥ ❧❡ s✉♣♣♦s❡✱ ♣❧✉s ❛♣♣r♦♣r✐és q✉❡
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From field trapping data to regional predictive mapping of small

mammals assemblage in Sichuan province, China
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Abstract

Aim: Evaluate the ability of different model strategies to predict and map the spatial
distribution of small mammal assemblages in a region including two study areas separated by
about 100 km and that differed regarding species diversity and assemblage definition.

Location: Western Sichuan (China)
Methods: We fitted Multiple Adaptive Regression Spline models on trapline data sets of

each study area (locally), and of both study areas (regionally). Predictive performances of locally
and regionally trained models were first evaluated and compared at sampling points (internally).
Then, the abilities of locally trained models to predict on a regional extent, i.e on a distant area,
were evaluated (external evaluation) and compared to the performances of the regionally trained
model. Effects of assemblage prevalences as well as of the type of modelling process (multiple
versus individual assemblage classification) on prediction accuracy were assessed.

Results: Locally trained models could not be extrapolated between study areas to explain
and predict the regional assemblage distributions. Assemblage prevalences were correlated
with their envelope breadths and constrained the amount of information on real assemblage
distribution required to accurately discriminate them. Instead, a regional model, trained on
multiple assemblage responses of both study areas was confirmed to be a more appropriate
technique to build a regional classification map of species diversity. Moreover it could provide
additional information to improve the discrimination of assemblages locally when sample sizes
are limited.

Main conclusions: Regarding the modelling errors found, we could not resolve in our
study case context, the well known conflict existing between the effects of biogeographical and
environmental factors on assemblage distribution at a regional scale. Locally trained models
should be extrapolated in homogeneous environmental and biogeographical area. Then, in the
context of limited size of presence/absence regional data set of multiple species, a classification
map of species diversity needs further evaluation along the whole regional environmental
gradient.
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1 Introduction

Beyond their explanatory role, models of species habitat distributions are increasingly used for
building predictive maps. They provide predictions that constitute a precious tool in multiple
applied fields of ecology as listed in Manel et al. (2001). Moreover, the availability of remote
sensing data allows to map predictions over large areas or across different time periods (Strauss
and Biedermann, 2007; Pearman et al., 2008), output of crucial and growing interest in regional
conservation planning and under global climate change context (Ferrier et al., 002b). Classifying
species into groups and then predicting their distributions constitutes a suitable method when
numerous rare species are observed (Ferrier and Guisan, 2006). It can help summarizing the
complexity in species distribution and can be used as a surrogate for mapping biodiversity
distribution patterns (Ferrier et al., 2004). Modelling habitats of species assemblages can be
realized on multiple (joint) versus individual assemblage responses (Ferrier and Guisan, 2006). A
classification map of multiple assemblages supposes that all fitted assemblages will be predicted,
i.e that all assemblages potentially occurring within the prediction area are a priori known.
Fit MARS (Multiple Adaptive Regression Splines) model on multiple responses and incorporate
their interactions has been, for example, proved useful when low sample size for categorical
responses is observed (Elith and Leathwick, 2007). By contrast, predicting individual groups
presences/absences probabilities can be used in areas where species diversity is unknown.

Building a predictive map is challenging since it has to deal with many sources of error and
uncertainties in predictions which could arise from the response and covariate data sets as well
as from the modelling strategy (Elith et al., 2002; Barry and Elith, 2006). Field surveys provide
accurate presence and/or absence species distribution data to build predictive maps. However, such
data set, because they are collected in the field, are often limited to some particular locations and
time periods. The sampling size (or sampling pressure) is known to limit the statistical power of the
model both in its resolution, i.e the ability to model responses at points (Stockwell and Peterson,
2002), and spatial extent, i.e by limiting the trained variability in the parameter space. Beside the
sampling size effect, species prevalences, i.e the proportion of presence data points over the total
number of data points (presence and absence) relies on the ecological/biological characteristic of the
study area. A rare species will be for example rarely recorded present whatever the sample size and
some species could be trap-shy and hard to detect. This constitutes a problem of low probability
event rather than data or modelling limitations (Jimenez-Valverde, 2006). Species prevalence is
known to influence model performances via the amount of information necessary for modeling the
habitat and to be correlated to predicted probabilities (McPherson et al., 2004; Olden et al., 2002).
When multiple species are sampled at similar sampling points, the sampling size remains constant
for each response category while prevalence could differ.

While calibrated on training data set limited to the sampling design, models are then used to
predict on locations where species distribution is ignored. Therefore, beyond the model calibration
on the training data set, model predictions need to be evaluated on independent area (model
generalization) chosen so as to maximize the data representativeness of the model applications
(Hastie et al., 2001; Vaughan and Ormerod, 2005). Resampling methods or data set partitioning are
currently used for this purpose but can only provide reliable predictions in areas environmentally
similar to the training areas (Vaughan and Ormerod, 2005). Model evaluation on new areas or
time periods has been proven necessary in recent applications (Araujo et al., 2005; Strauss and
Biedermann, 2007; Murphy and Lovett-Doust, 2007; Randin et al., 2006). Model transferability
thus refers to its ability to provide good predictions of species distributions at unsampled areas and
represents a new challenge (Peterson et al., 2007). In such a context, models should be evaluated
for their abilities to predict accurately presence but also absence data (Fielding and Bell, 1997).
Model transferability is known to suffer from several potential obstacles (Randin et al., 2006). First
complication lies on the fact that species niche could vary in space following the law of relative
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habitat constancy (Guisan and Zimmerman, 2000). Omission of substantial covariates related to
local ecological processes could be another source of predictive errors. Moreover, the available
environmental descriptors are often distal, e. g. satellite remote sensing data, and only provide
surrogate variables for others more proximally related to “realized niches”. Finally, biogeographical
factors and history of species distributions arising at larger scale than the landscape (regional scale)
could determine species geographical range. While they remain easily identifiable at the global
(continent) or local (habitat) scales, effects of biogeographical versus environmental factors can be
hardly discriminated at an intermediate scale (Krasnov et al., 1996).

We studied the distribution of small mammal assemblages in two study areas in western Sichuan,
China, spaced by about a hundred kilometers. In such remote areas, small mammal assemblages
have been defined on the basis of trapping field surveys and a regional shift in species composition
has been found such that assemblages differed between the two study areas (Vaniscotte et al.,
2009). The number of traplines set as well as the spatial extent of the sampling areas were limited
by the time and heavy logistics required in such remote field area. Moreover, satellite data, i.e
indirect predictors, remained the only covariates available to explain small mammal assemblage
distributions. We showed that (Vaniscotte et al., 2009):

i) vegetation indices (NDVI and EVI), elevation and slope had a regional effect likely to explain
the regional shift in assemblage distributions observed between the two study areas and had
differential effects for explaining assemblage distributions in each study area.

ii) Multiple Adaptive Regression Spline (MARS) when run on multiple assemblage responses,
was more performant to discriminate assemblages than Discriminant Analysis or Generalized Linear
Models did.

Going a step further we aimed to explore the abilities of MARS to predict assemblage
distribution regionally, i.e. within the extent including the two study areas. In our environmental
and sampling context, predictive models can be trained at two spatial scales: locally, on the
trapline data set of each study area and regionally, on the ensemble of both study area trapline
data sets. We investigated the local and regional predictive abilities and limitations of those two
spatial scales of modelling.

First, we asked: did and how assemblage occurrence probabilities predicted by the locally
and regionally trained models differed between each others? This remains to test whether local
environmental conditions were enough explanatory to model assemblage locally or if we could gain
predictive power by a regionally fitted model. Predictions of the locally and regionally trained
models were evaluated and compared at sampling points (internal model evaluation).

Then, a model trained on the whole regional variability is a priori supposed to predict more
accurately assemblage regional distributions than locally transferred models do. We secondly aimed
to verify such hypothesis by answering 2 questions:

i) Can locally trained models correctly predict the absences of assemblages on a study site
distant of more than one hundred kilometers? Locally trained models were evaluated externally.

ii) Does a regionally trained model better capture the regional variability than transferred locally
trained models do?

In parallel, we explored two additional questions relative to the potential sources of prediction
errors arising in the context of limited sample size:

i) Which statistical formulation, i.e multiple versus individual assemblage response, provides
better predictive performance on local and regional data sets?

ii) What are the effects of assemblage prevalences on assemblage presence/absence predictions
from locally and regionally trained models?
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2 Material and methods

2.1 Study areas and small mammal data sets

The two study areas were located in western Sichuan province, China, in the vicinities of Rangtang
and Maerkang cities, and were separated by a distance of 125 kilometers (Figure 1). Climatic and
landscape composition are provided in Table 1.

The small mammal data sets consisted in mutually exclusive assemblage presence/absence at
66 and 57 trapline locations, in Maerkang and Rangtang areas respectively. Four assemblages were
defined independently in each study area: assemblages M1 to M4 in Maerkang and assemblages
R1 to R4 in Rangtang. This was realized by a redundancy reduction procedure in the habitat
covariate, on the basis of field trapping data set (Vaniscotte et al., 2009) (Table 2). Among the 15
species trapped, 4 of them, i.e Apodemus peninsulae, Ochotona cansus, Eozapus setchuanus and
Microtus irene were trapped in both study area, i.e had regional geographical range.

2.2 Environmental factors

2.2.1 Environmental factor data set

Environmental factors selected were Enhanced Thematic Mapper (ETM) band 7, Elevation,
slope, Enhanced Vegetation Index (EVI) and Normalized Differential Vegetation Index (NDVI)
(Vaniscotte et al., 2009). Data were extracted from Landsat 7 image (July 2005 from U.S.
Geological Survey) and a digital elevation model (DEM, SRTM program). Vegetation indices were
calculated with ETM band 3, 4 and 1 (Huette et al., 1999). For each sampled trapline (a line of 25
traps spaced every 3 meters) we extracted its mean covariate response estimated from 10 points
regularly spaced along it. Spearman correlation test indicated some significant correlation between
factors (p < 0.05) but lower than 0.45 for all variable combinations. Therefore, all variables were
considered for further modelling (Elith et al., 2006).

2.2.2 Discrimination of study area feature spaces

Ordination was used for a preliminary assessment as to whether Maerkang and Rangtang areas
were environmentally distinct. The Mixture Discriminant Analysis (MDA) was the method
of choice since it was previously shown to outperform Linear Discriminant Analysis (LDA)
(Vaniscotte et al., 2009). One thousand randomly selected pixels in the image grid of each study
area plus the sampling points of the trapline locations were discriminated. It provided an overview
of the maximum discrimination possible between study areas and their sampling points in the
environmental space and we could pointed out a potential regional overlapping. Then, we estimated
for each assemblage its mean envelope breadth as the mean of Euclidean distance between each
trapline and its envelope centroid (Kadmon et al., 2003). The effect of sampling prevalence on
assemblage habitat distribution in this environmental space was assessed by estimating correlation
between assemblage habitat breadths and sampling prevalences using Spearman correlation test.

2.3 Statistical modelling

Predictive models were build using training areas covering two spatial extents: we use “local model”
to refer to models trained on data collected within just one of the two study areas and “regional
model” to refer to models trained on data pooled from both study areas (Figure 2).

Multiple Adaptative Regression Splines (MARS) can be used to model categorical responses
in relation to covariates which are transformed by pairwise basis functions (Hastie et al., 2001).
MARS was chosen because i) it is a non-linear and non-parametric modelling technique, allowing
for complex responses and ii) it is well suited to model rare responses in multiple response
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data set (Leathwick et al., 2006; Elith and Leathwick, 2007). We fitted MARS to assemblage
presence/absence data under two predictive mapping scenario:

• on multiple responses to predict multinomial probabilities of assemblage occurrence: basis
functions were selected by minimizing the Residual Squared Errors among all responses and
were then incorporated as covariates in a Multinomial GLM (Hastie et al., 2001; Leathwick
et al., 2006).

• on individual assemblage responses to predict assemblage-wise occurrence probabilities:
basis functions were selected by minimizing the Residual Squared Errors for each response
independently and were then incorporated as covariates of Binomial GLMs.

All covariates were included in the model fittings and a backward pruning procedure was
performed: basis functions that contributed negligibly to reduce the Residual Squared Errors, as
estimated by a generalized cross validation procedure, were eliminated (Friedman, 1991; Hastie
et al., 1994).

2.4 Internal model evaluation

Internal evaluation of predictions were assessed for local and regional models (Figure 2). Evaluation
statistics were estimated on a re-sampled data set by the bootstrap 632 procedure (Efron and
Tibshirani, 1995), a re-sampling method observed to be less prone to variability than cross-
validation and more appropriate for low sample sizes (Hastie et al., 2001). Additional stratified
(per assemblage) resampling was performed so as to avoid a sampling prevalence effect in the
bootstrapped error estimate. This procedure was computed in R (R Development Core Team,
2008), using the bootpred function of the bootstrap package and the errorest function
of the ipred package. Bootstrap 632 errors were estimated from 200 bootstrap iterations.
Predictive performances were assessed in two predictive mapping contexts: overall assemblages
and assemblage-wise classification of predicted probabilities.

2.4.1 Overall predictive performances

We estimated the misclassification error rate between all assemblages, where assemblage presence/absence
were mutually exclusive. Also, the overall model Residual Deviance (RD) was estimated as a
measure of prediction reliability, but since its calculation includes the number of observations, it
could not be compared between local and regional models. Finally, confusion matrices between
classified predictions and observations were drawn to identify regional prediction errors. Model
overall predictive performances were estimated and compared for the two modelling techniques
(multiple versus individual assemblages modelling).

2.4.2 Assemblage-wise predictive errors

The modelling technique providing the more accurate and reliable predictions was chosen for the
following analysis. We focused the assemblage-wise model evaluation on the abilities for the model
to discriminate assemblage presences from absences (model accuracy), performance of primary
importance in a predictive mapping purpose.

Error measurement

For each assemblage, we defined its misclassification rate, i.e. the sum of all commission and
omission errors. Presence of an assemblage, at a given sampling point, was considered above 0.5
predicted probability of presence. Comparison between local and regional model error rates was
achieved by evaluating the regional model predictions on each study area data set rather than on
the whole regional data set.

Assemblage prevalence effects
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Correlation between assemblage prevalence and model accuracy were assessed over all assemblages
by a Spearman correlation test. However, models can be highly accurate for extreme prevalences
(very rare or abundant) while improvement of their prediction over chance predictions can remain
slight (Vaughan and Ormerod, 2005). In order to account for this effect, we assessed whether model
predictive errors differed from chance by simulating chance agreement for the error rate using
randomization testing (Olden et al., 2002; Strauss and Biedermann, 2007). A null distribution
of the error rate was generated by its estimation on randomly permuting observations (such as
the sample size remains constant for each assemblage) (Steyerberg et al., 2001). This procedure
was repeated as many times as the number of bootstrap iterations (200). The 95% bootstrap
confidence interval for the chance distribution was estimated and errors lower than 0.05 quantile
were considered to differ from chance.

2.5 External model evaluation

2.5.1 Predictions of local transferred models

Local model predictions were then evaluated on independent areas: predictions of locally trained
Maerkang assemblages were realized on Rangtang trapline locations and vice versa (Figure 2).
Model predictions were obtained for each assemblage individually. Since no assemblages were
common between both study areas, tested points were all considered as absences. Consequently
only the assessment of the commission error rate (specificity) could have been estimated and we
only tested the transferability of absence predictions of the local models. Confusion matrices of
transferred local predictions allowed us to identify potential confusions between predicted and
observed Maerkang and Rangtang assemblages.

2.5.2 Comparison of local transferred and regional models predictive performances

Commission error rates of local transferred models were compared with those provided by the
regional model estimated on the same sampling points and from the same fitting procedure (i.e.
assemblage-wise). The significance of the differences in bootstrap error estimates between the
regional and transferred local model predictions were assessed by computing the confidence intervals
(95% and 99%) of the differences in their bootstrap error distributions, estimated on 200 bootstrap
iterations. A confusion matrix of assemblage-wise classified predictions provided by the regional
model was drawn. It allowed us to identify potential regional overlapping between Maerkang and
Rangtang assemblages when predicted individually.

3 Results

3.1 Assemblage distributions in the regional and environmental space

Axes 1 and 2 of the Mixture Discriminant Analysis explained 98.5 % of the whole observed
variability and discriminated the two study areas with a misclassification error rate of 0.08
(Figure 3). Study area ranges overlapped such that sampling points of assemblages R1, R2 but
mainly R4 were found inside the range covered by assemblage M3.

Assemblage envelope breadth was positively correlated with assemblage prevalence (Spearman,
rho=0.85, p = 0.01), such that M3 had the broadest range while assemblages M2, M4 and R3
the smallest ranges in the environmental space (figure 4). However, assemblage R1 had a larger
prevalence but similar range than assemblages M1 and R2.
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3.2 Internal model evaluation

3.2.1 Overall predictive performances

Comparison of modelling technique performances

The multiple responses model provided more accurate and less deviant bootstrapped predictions
than the individual models fitted on Rangtang (∆Error=0.02; ∆Deviance=20.45) and on the
regional data set (∆Error=0.03; ∆ Deviance=0.8) (Table 3). However, when fitted on Maerkang
data set, the individual model provided slightly higher error rate and more deviant predictions than
the multiple responses model (∆Error=0.02; ∆Deviance=9.68). The confusion matrix (Table 4)
indicated a between study area assemblage misclassification for the predictions provided by the
regional model when trained on individual responses. However, such a regional misclassification
concerned only one sampling point (R1 predicted for M3) when the regional model was fitted on
multiple assemblage responses (Table 5).

Comparison of modelling level performances

Bootstrapped predictions provided by the Rangtang model were more accurate and less deviant
than those provided by the Maerkang and regional models (∆Error=0.14 and ∆Error=0.1,
respectively, from the multiple responses models) (Table 3). The regional model provided
misclassifications of Maerkang assemblages but not of Rangtang assemblages (Table 4 and 5).

3.2.2 Assemblage-wise predictive errors

Since the multiple responses model was more accurate and less deviant for 2 out of 3 data sets and
was less prone to regional misclassification we used it for further further analysis.

No correlations were found between assemblage-wise predictive errors and their prevalences,
either on local and regional model predictions (Spearman’s ρ=0.43, p = 0.289 and ρ=0.57, p =
0.143, respectively).

Local model performances

In Maerkang, all assemblages were more accurately discriminated than by chance (Figure 5).
The bootstrapped error rate was larger than 0.1 for M1 (Error=0.17) and M3 (Error=0.11) while
it did not exceed 0.1 for M2 and M4. However, M1 and M3 predictions more departed from chance
predictions than M2 and M4. In fact, the Euclidean distance between bootstrapped predictive
errors and mean chance predictions was greater for M3 and M1 (∆Error=0.38 and ∆Error=0.26)
than M2 and M4 (∆Error=0.12 and ∆Error=0.08).

Rangtang assemblages were discriminated better than by chance and with error rates lower than
0.1 by the Rangtang trained model, except R3 for which mean chance and its confidence intervals
were close to zero (Figure 5). The maximally misclassified assemblage was R2 (Error=0.09).
The difference between mean chance predictions and estimated error rate was higher for R1
(∆Error=0.43).

Comparison of modelling level performances

For Maerkang and Rangtang assemblages, excepted R3, error rates provided by the regional
model all differed from chance predictions. The regional model provided equal or lower error rates
than the local models did for all assemblages except for M3 which was predicted with a larger error
rate of 0.05 by the regional model than by local models (Figure 5). In Rangtang, for all assemblages,
the regional model was more accurate than the local models. This difference was maximum for R2
(∆Error=0.04).

3.3 External model evaluations

3.3.1 Predictions of local transferred models

Commission error rate significantly increased with assemblage prevalence (Spearman’s ρ=0.85, p
= 0.007).
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Maerkang local model

When transferred on Rangtang training points, Maerkang model predicted absences of M1, M2
and M4 with low error rates (< 0.1) (Figure 6). However M3 was predicted to occur on Rangtang
training points with an error rate of 0.52. Regarding bootstrapped confidence intervals, a significant
difference in error rates was found between M3 and M2 (99 % CI=0.19-1) and M4 (95 % CI=0.02-
1). The corresponding confusion matrix (Table 6) indicated that M3 was predicted at sites where
the four Rangtang assemblages were observed and was most frequently mismatched with R4. Also,
M1 was frequently predicted at sites occupied by R1.

Rangtang local model

Rangtang model predicted absences of R2 and R3 with low (0.01) and null error rates
respectively (Figure 6). However, R1 was predicted across much of the Maerkang area (Error=0.62)
and R4 was also badly discriminated (Error=0.29). A significant difference was found between
R1 and R3 (95 % CI=0.17-0.80) as well as between R3 and R4 (95 % CI=0-0.50). Assemblage
R1 was erroneously predicted at sites where all Maerkang assemblages were observed, the most
frequent misclassification being at locations occupied by M1 (Table 7). Assemblage R4 was mainly
predicted where M3 was observed, while R2 was predicted in 1 trapline location occupied by M3.

3.3.2 Comparison of local transferred and regional model predictive performances

Commission error rates estimated on the regional model predictions were not correlated with
observed assemblage prevalences (Spearman’s ρ=0.30, p = 0.464).

Error rates for assemblage M3 were significatively lower when predicted with the regional
than by Maerkang local transferred model (∆Error=0.33; 99 % CI =0.27-1), while for the other
assemblages, differences were not significant (Figure 6).

In Maerkang area, commission error rate were much lower or equal when predicted with the
regional than by Rangtang local transferred model, such difference being significant for assemblage
R1 (∆Error=0.62, 99 % CI = 0.01-0.80) and for R4 (∆Error=0.29, 95 % CI = 0.06-0.53)
(Figure 6).

4 DISCUSSION

4.1 Local assemblage discrimination

The consideration of the regional assemblage variability and diversity in the model fitting provided
a slight improvement in local discrimination of Rangtang assemblages and this performance gain
was particularly large where the Rangtang model failed (assemblage R2). The fact that the size
of the training sample used to train the regional model was twice as large as for the local models
could explain this tendency. However, at Maerkang sites, the performance gain was not observed
for assemblage M3. The relationships between the large diversity of habitat and species of this
assemblage might rely on local environmental conditions that could have been neglected in the
regional model fitting (Osborne and Surez-Seoane, 2002).

Observed assemblage prevalence was positively correlated to habitat range in the environmental
space. This could be the result of an increasing of the sampled variability in habitat response
with increasing number of observations per assemblage. Therefore, our knowledges on assemblage
habitat real variability could have been biased by our sampling effort. Not taking into account the
whole spatial turnover among habitats (β diversity) in assemblage composition could also alter the
classification of community types (Ferrier, 2002). On the contrary, modelled envelope of R1 wasn’t
larger than those of two lower prevalence assemblages (M1 and R2). The habitat distribution
variability was better captured for this assemblage and this could explain why it was the most
accurately and less randomly predicted assemblage (Kadmon et al., 2003).
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Considering improvement of the error rate over chance predictions allowed us to identify the
bias in apparently correct predictions for low prevalence assemblages (Olden et al., 2006). We
found that error rates were lower for extremely low prevalence assemblages (lower than 0.1) but
model predictions were predicted with close or similar error than by chance. By contrast, the
larger prevalence assemblages (M3 and R1) were the least randomly discriminated assemblages.
Our knowledge and confidence in the discrimination of low prevalence assemblages was penalized
by the lack of more observations. As emphasized above, the ability to discriminate assemblages
also relies on their habitat ranges within the environmental space. Also, habitat variability should
increase with landscape heterogeneity that assemblages incorporate. The required sampling size
for an optimal discrimination should thus take into account landscape heterogeneity to estimate
the optimal sampling effort per assemblage.

4.2 Regional predictions: local versus regional models?

4.2.1 Sources of prediction error in transferred predictions

The transferability of absence predictions for each assemblage was affected by observed assemblage
prevalences. The most prevalent assemblages were extrapolated with large predictive error by
transferred local models while low prevalence assemblages were not predicted on independent areas.
Sampling prevalences could bias modelling during model fitting by over-predicting and under-
predicting large and low prevalence responses respectively (Fielding and Bell, 1997; McPherson
et al., 2004). Such clear prevalence effects prevented model transfer for sparsely sampled assemblages.

Even if it was the worst locally discriminated assemblage, R2 was rarely predicted in the
Maerkang area by the local transferred Rangtang model. This result supports the hypothesis that
regional variations of environmental factors could explain the regional shift in such assemblage
distribution. However, MARS could not accurately discriminate absence of other trained assemblages
in a different environmental context which emphasized the existence of modelling errors.

Assemblage R1, dominated by the murinae Apodemus peninsulae, provided the largest commission
error in Maerkang, particularly at M1 sites (dominated by Niviventer confucianus) and the converse
mismatch was true. Those two assemblages shared a close or common position in the environmental
space while they did not share any species or habitat classes. They both inhabited non forested
habitats linked with agricultural practices which could explain their bad discrimination. The
heterogeneity of these agricultural landscape could not have been captured by the spectral
environmental factors considered in our model. It is well known that the spatial distributions of
small mammal species respond to landscape structure and composition at various spatial scales
(Duhamel et al., 2000; Giraudoux et al., 1997; Butet et al., 2006; Morilhat et al., 2007). Landscape
could directly influence habitat heterogeneity and complexity which are known to be strongly
correlated to small mammals’ assemblage diversity (Williams et al., 2002). A deeper analysis
at the landscape level might be run to help discriminating such habitats. Land use history and
management, information which was not available in the current study, could also explain such
habitat discriminations (Dirnbck et al., 2004).

Large confusions between assemblage M3 predictions and observed Rangtang assemblages could
be induced by the fact that the M3 habitat definition overlapped with signatures of some Rangtang
traplines in the environmental space. Its dominant species Ochotona cansus was distributed in a
large diversity of sampled habitats including coniferous/rhododendron forests which were sampled
in both study areas. This suggests an absence of regional niche variation for those habitats between
the two study areas such as they could be modelled by a regional model (Murphy and Lovett-Doust,
January 2007). However, M3 and R4 did not constituted the same assemblage since other associated
species had local distribution ranges. Habitats for such species could actually differ between study
areas but could not have been discriminated spectrally and were confounded in the mean assemblage
response.
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Numerous errors arising from the modelling procedure, i.e prevalence effect, or arising from
the data set, i.e missing landscape variables, affect inferences concerning the contribution of the
regional environmental factors in the regional shift observed in small mammal assemblage regional
distributions. Such errors also prevented us to extrapolate our local MARS predictions on an
independent area just one hundred kilometers away within the same biogeographical area. Species
and habitat diversities were organized in each area independently and could not be extrapolated
to a mildly different environmental context. Among the numerous processes that determined the
composition of local communities, those occurring at local scale, such as ecological interactions,
landscape processes and local natural history sound of primary importance (Lomolino et al., 2005).
Therefore, predictions of local models should be restricted in areas where the range of environmental
factors are covered by the local data set (Murphy and Lovett-Doust, 2007).

4.2.2 The regional model predictive performances

While its local performance gain was contrasted between study areas, the regional model, not
surprisingly, provided more reliable assemblage absence predictions than local transferred models
did. The regional model was trained on the regional assemblage variability and consequently was
able to predict it. Moreover, its assemblage predictions did not suffer a prevalence effect.

Predictions of the regional model were much less misclassified between the two study areas than
those obtained from the transferred local models. In such a classification context of all assemblages,
the species associated with Ochotona cansus and the variability observed in assemblage M3 and
R4 habitat classes between Maerkang and Rangtang were sufficient informations to discriminate
those assemblages sharing their dominant species. This confirms the recommendations of previous
studies to use multiple response model fitting when low sample size for categorical responses is
observed (Elith and Leathwick, 2007).

This statistical modelling could be viewed as an extension of traditional supervised image
classification, that directly incorporate and predict multiple species response (Ferrier, 2002) and
could be used in a regional assemblage classification context. A classification of multiple assemblage
occurrences thus supposes that the species diversity potentially present in the region are a priori
known. If not, false absence predictions could be realized at unsurveyed sites (Ferrier, 2002).
Therefore, further sampling effort should be concentrated on the species diversity within the whole
range of the environmental and geographical space separating the two study areas.
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5 Tables

Table 1: Climatic parameters (data source: Maerkang Center for Disease Control), number of
sampled habitats (Forested, non forested and agricultural) and names of main tree species (in
brackets), in Maerkang and Rangtang study areas.

Maerkang Rangtang
Mean annual temperature (C) 8.9 5.4
Mean annual rainfall (mm) 811.5 854.3
Elevation range (m) 2950-4100 3350-3900
Habitats sampled 18 11
Forested habitats 8 (birch, coniferous, rhododendron, oak) 2 (coniferous, rhododendron)
Non forested habitats 6 5
Agricultural habitats 4 4

Table 2: Small mammal assemblages defined in Maerkang and Rangtang (from Vaniscotte et al.
(2009)). Number of merged habitat classes, species diversity (Simpson index), dominant species,
first associated species, habitat classes, prevalences and corresponding sampling size (number of
traplines) are provided for each assemblage. The total number of traplines is also reported for each
area (N).

Maerkang N=66

Assemblages M1 M2 M3 M4
Merged habitats 7 1 5 2
Species diversity 2.6 2.08 7.66 1.97
Dominant species Niviventer confucianus Micromys minutus Ochotona cansus Apodemus draco

Associated species Chodsigoa hypsibia Eozapus setchuanus Apodemus draco Apodemus latronum

Dominant habitat Bushes, grassland, fields Culture Forests rhodo./coniferous Forests birch
Prevalence 0.30 0.11 0.52 0.08
Sample size 20 7 34 5

Rangtang N=57

Assemblages R1 R2 R3 R4
Merged habitats 4 4 1 3
Species diversity 1.07 1.25 1.25 2.45
Dominant species Apodemus peninsulae Apodemus peninsulae Microtus limnophilus Ochotona cansus

Associated species Microtus limnophilus Microtus limnophilus Apodemus peninsulae Microtus limnophilus

Dominant habitat Field bank Bushes and coniferous Fenced grassland Forest rhodo./coniferous
Prevalence 0.40 0.32 0.04 0.25
Sample size 23 18 2 14

Table 3: Misclassification error rates (Error) and Residual Deviance (RD) estimated for each
modelling level (local versus regional) and modelling technique (multiple versus individual MARS).

Maerkang Rangtang Regional
Error RD Error RD Error RD

Multiple Train. 0.18 43.38 0.09 18.11 0.07 37.55
Boot. 632+ 0.28 75.06 0.14 32.02 0.24 137.94

Individual Train. 0.09 39.24 0.11 48.76 0.14 83.69
Boot. 632+ 0.26 65.38 0.16 52.47 0.27 138.74
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Table 4: Confusion matrix of Maerkang and Rangtang assemblage classified predictions obtained
from the regional model fitted on individual assemblage responses. Regarding its low sample size,
M4 was never predicted to be present and was not considered in the confusion matrix.

Observed

Predicted M1 M2 M3 M4 R1 R2 R3 R4

M1 18 1 5 0 0 0 0 0
M2 2 6 0 0 0 0 0 0
M3 0 0 28 0 1 0 0 5

R1 0 0 1 0 23 0 0 0
R2 0 0 0 0 0 17 0 0
R3 0 0 0 0 0 0 2 0
R4 0 0 0 0 0 0 0 14

Table 5: Confusion matrix of Maerkang and Rangtang assemblage classified predictions obtained
from the regional model fitted on multiple assemblage responses.

Observed

Predicted M1 M2 M3 M4 R1 R2 R3 R4

M1 17 1 3 0 0 0 0 0
M2 2 6 0 0 0 0 0 0
M3 1 0 30 0 0 0 0 0
M4 0 0 0 5 0 0 0 0

R1 0 0 1 0 23 0 0 0
R2 0 0 0 0 0 18 0 0
R3 0 0 0 0 0 0 2 0
R4 0 0 0 0 0 0 0 14

Table 6: Confusion matrix of Maerkang multiple responses model predictions at Rangtang
observations.

Observed

Predicted R1 R2 R3 R4

M1 10 2 0 0
M2 0 0 0 0
M3 5 7 1 8
M4 0 0 0 0

Table 7: Confusion matrix of Rangtang multiple responses model predictions at Maerkang
observations.

Observed

Predicted M1 M2 M3 M4

R1 20 7 11 3
R2 0 0 1 0
R3 0 0 0 0
R4 0 0 19 0
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6 Figures

Figure 1: Geographical locations of Maerkang and Rangtang study areas in western Sichuan, China
(datum: WGS84, projection: UTM 47N)

Figure 2: Internal and external model evaluations for the local (grey boxes) and regional (white
boxes) models. For each type of evaluation, the modelling technique used (individual versus
multiple assemblage responses) are provided.
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Figure 3: MDA space (2 first discriminant functions): a) Distribution of Maerkang (empty squares)
and Rangtang (empty circles) random points as well as Maerkang (full squares) and Rangtang
(full circles) traplines, 95 % of each assemblage inertia of Maerkang (M1, M2, M3 and M4) and
Rangtang (R1, R2, R3, R4) were represented by ellipses labelled at their centroids; b) Canonical
weights for each model covariate.

Figure 4: Mean sampling point distances from assemblage centroid (in MDA space), for each
assemblage, according to its observed prevalence.

17

✹✳✷✳ ❆rt✐❝❧❡ ✲ ❉❡s ❞♦♥♥é❡s ❞❡ ♣✐é❣❡❛❣❡ ❛✉① ♣ré❞✐❝t✐♦♥s ré❣✐♦♥❛❧❡s ✾✼



Figure 5: Misclassification error rate for each assemblage of Maerkang (M1, M2, M3 and M4) and
Rangtang (R1, R2, R3 and R4) estimated from: i) the local (black circles) and regional (black
squares) model predictions. Means and 95 % bootstrap confidence intervals of chance error are
provided for the same models. Assemblages are ordered from the highest to the lowest prevalence.
Model and chance error rate were null for assemblage R3.
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Figure 6: Misclassification error rate for each assemblage of Maerkang (M1, M2, M3 and M4) and
Rangtang (R1, R2, R3 and R4) estimated from local transferred (diamonds) and regional (squares)
multiple responses model predictions. Assemblages are ordered from the largest to the smallest
prevalence. For the local model, errors of the individual response model (diamonds) are provided.
The 90% confidence intervals estimated over 1000 bootstrap iterations are reported.
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Sample size effects on predictive performances of multiple classes

discriminant model

Amelie Vaniscotte, Francis Raoul and Patrick Giraudoux

Abstract

A simulation experiment has been realized in a real environmental context in order to investigate
the effects of multiple class sample sizes on model predictions of their distributions. Quantification of
sample size effects was assessed and compared between several modelling techniques and class envelope
breadths. Satellital environmental variables expanded over a grid within an area of western Sichuan
(China) have been classified in 4 groups by running an unsupervised Gaussian Mixture Model clustering
algorithm. Class distributions obtained thus defined a group of points in which training and testing
data sets could be randomly sampled.

Our results confirm the over-performance of MARS over Discriminant Analysis and Generalized
Linear Models to accurately predict class distributions. However such abilities was valid for sample
size larger than 32. The sample size per assemblage required to reach 90 % of the maximum accuracy
was 88 for the MARS model. Also, even if not enough robust to drawn definitive conclusions, our results
suggest that classification performances vary according to class envelope breadth in the environmental
space. Those estimations were purely theoretical but provided an idea on the optimal sampling size
required to maximise model performances. However, they cannot be directly applied in the context of
assemblage distribution without considering assemblage prevalences and geographical ranges considered
as constant in this experiment.

1 Introduction

Sampling size effects on prediction accuracy of habitat models are usually studied for 2 main purposes:
i) to assess the optimal sampling size require to accurately predict species distributions and to guide
sampling strategies and ii) to compare modelling technique predictive performances in order to select the
most appropriate one given data quality.

The sample size is thus defined as the total number of sampling units or the total sampling pressure
of species presence/absences data. It is recognised that limited sample size can be a source of errors in
predictions of species habitats by limiting the amount of available data necessary to capture the variability
of the habitat characteristics in a multivariate space (Barry and Elith, 2006).

When sampling species distribution, presence or absence can be recorded at each sampling points.
Thus, effects of the sampling size needs to be defined according to species prevalence, i.e the proportion of
sampling points representing its presence over the total number of sampling points. In fact, even if a large
number of sites have been sampled, rare species generally occur in a few of them. The whole sampling
pressure thus does not reflect the amount of information available to model such species distribution. It
is therefore recommended to consider the species prevalences or the sizes of the presence-only data sets on
model predictive performances (Barry and Elith, 2006). The minimum sample size required to accurately
model species habitat distribution also relies on species niche breadth in the environmental space such
as species with narrow niche required lower number of observations to be modelled than more generalist
ones (Kadmon et al., 2003). Also, the geographical range of species distribution can influence species
prevalences recorded in a given study area (McPherson et al., 2004).

Sampling size can induce errors arising in model building or in the evaluation of its predictions
(McPherson et al., 2004). A limited sample size could be, for example, a source of uncertainty in parameter
estimation or could increase the weights of outliers in habitat definition (Wisz et al., 2008). Such statistical
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artefacts are known to vary according to the modelling techniques used (Wisz et al., 2008) that should
be selected according to their ability to converge quickly (with the smallest sample size) to the greatest
accuracy (Stockwell and Peterson, 2002). The size of the sampling can constrain model complexity, i.e the
number of covariates and their interactions, thus limiting the ability to capture complex (not Gaussian
and not linear) species/environment relationships. The use of non parametric and non linear modelling
techniques is thus not recommended in case of small sample size data sets (Barry and Elith, 2006).

Predictive performances of Linear Regression and Discriminant Analysis are known to be sensitive to
sampling size effects requiring a sample size comprised between 200 and 300 observations for accurate
predictions (McPherson et al., 2004). GARP model (Genetic algorithm) has been shown to be more
performant than Linear Regression to model small sample size data set requiring 10 observations to
reach 90 % of the maximum accuracy (Stockwell and Peterson, 2002). Also, a comparative study of 12
algorithms found that flexible and non parametric models such as MARS were more prone to sample size
effect than MAXENT or GARP (Wisz et al., 2008). However, a minimum number of 30 observations
were required whatever the modelling technique used.

In a previous study, we modelled spatial distribution of small mammal assemblages in two study areas
situated in Sichuan province (China), around Maerkang and Rangtang cities (Vaniscotte et al., 2009). We
found that MARS was the more accurate modelling method to discriminate assemblage on re-sampling
data sets compared to LDA, MDA and GLM. Also, we showed that differences in assemblage prevalences
could partly explain their differential discrimination and prediction accuracy (Vaniscotte et al., in prep.).
Therefore, we suppose that our previous modelling techniques comparison as well as model inferences were
constrained by the little size of our training data sets (Vaniscotte et al., 2009). Here, we simulated classes
(assemblages) distributions in the environmental context of one of our study area in order to experiment
the effects of class sample sizes, i.e the number of class observations, on model prediction accuracy. We
thus answer 2 main questions:

i) What is the maximum accuracy reachable and how model accuracy vary with sampling size, for all
the modelling techniques used in our previous modelling framework?

ii) How variable is such sampling size sensitivity among classes which differed according to their niche
breadth in the environmental space?

2 Methods

2.1 Simulating the training and testing data sets (artificial Gaussian Mixture distri-
butions)

The environmental data consists in 4 environmental variables that provided the lowest misclassification
error rate of small mammals assemblage distributions, i.e ETM7, elevation, NDVI and EVI such as defined
in (Vaniscotte et al., 2009). Those variables expanded over a grid of 130065 pixels of 30 meters covering
the Maerkang study area. Those data were clustered in 4 classes following Gaussian Mixture distributions,
by running an unsupervised Gaussian Mixture Model clustering algorithm under the Mixmod software
(Biernacki et al., 2006). The ICL criterion (Integrated Complete-data Likelihood) was used to select the
best model among the 28 available in the software. This provided a simulated distribution of the 4 classes
into such a feature space. Over the whole image grid, 84 %, 0.1 %, 13 % and 1.6 % pixels were thus
labelled as classes 1 to 4 respectively. Regarding the small sample size available for the class 2, this former
was not considered in further analysis.

In the context of classification of multiple groups, classes were mutually exclusive, i.e presence of one
class corresponds with absences of the others, and the total number of observations (total number of
pixels) were common for all classes. Thus, class sampling size was considered as the number of points
where it was observed. One thousand and 100 data points were selected randomly within the image grid,
in a stratified and balanced way for each class (a constant number per class), i.e within each response class
sub-population, to define respectively the training and testing data sets. Hence, the prevalence remained
constant among classes as it was set for species sampling size effects by (Stockwell and Peterson, 2002).
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Generalized Linear Models, Linear Discriminant Analysis, Mixture Discriminant Analysis and Multiple
Adaptive Regression Splines were fitted on a randomly sampled subset of the training data set at increasing
size. Sampling size increased from 8 to 360 observations with 8 observations intervals. The upper limit
was selected as the sample size above which variations in error rate did not exceed 0.001. The evaluation
criteria for those models, the misclassification error rate, was then estimated on an independent testing
data set. The training data set random sampling, model fitting and evaluation were repeated 1000 times
for each training sample size such as an average error estimated over iterations was computed as a smooth
estimate of its true value. This procedure was implement under R statistical software using the hand-make
function (Team, 2004).

2.2 Model predictive errors

Minimum, mean and variance of the misclassification error rate estimated over the 1000 iterations were
assessed for each modelling method to discriminate classes. Then, the minimum sampling size required
for estimating 90 % percent of the maximum accuracy, i.e the lowest error rate reachable in the iterative
modelling procedure, was determined Stockwell and Peterson (2002) and was compared along modelling
techniques.

Model abilities to discriminate each class individually were then assessed. Class niche were defined
here as data points distribution within the environmental space without any reference to niche ecological
definition and was thus designed by the term “envelope”. Class envelopes were represented by ellipsoids
in the reduced environmental space defined by the 2 first discriminant functions of a MDA. Means and
standard deviations of the Euclidean sampling points distances from class centroids were taken as envelope
ranges and their standard variations in the discriminant space, respectively (Kadmon et al., 2003). We
compared minimum reachable misclassification error rate as well as minimum sample size required to
estimate 90 % percent of it between classes.

3 Results

3.1 Comparison of overall modelling technique performances

The minimum and mean error rate over 1000 iterations were ranked in increasing order as follows: MARS
(min=0.03; mean=0.08), MDA (0.23 and 0.25), LDA (min=0.24 and mean=0.27) and MM (min=0.42
and mean=0.49) (Figure 1 a)). However, the variance of the testing error estimation over iterations was
higher for MARS model (0.01 in mean over sampling sizes) than for the others modelling techniques (0
in mean over sampling sizes). However, the variance reached zero for sample size equal to 88 whatever
the modelling technique (Figure 1 b)).

Test error rates decreased with increasing training sample sizes. Mean error rates were reached at
training sample sizes varying from 8 to 88 observations according to the modelling technique (Figure 1
a)). Despite efforts made to reduce it (1000 iterations), some irregularities in such negative slopes were
observed. Sudden decreases followed by increasing error rates were observed at sample size 24 for MDA
and MM predictions and at sample size equal to 32 for MARS predictions. On average, the steepest
slope (i.e the larger gap) between the minimum sample size estimate and the mean testing error rate was
obtained for the MARS model. The MARS model provided lower error rate than MM, LDA and MDA
for a sample size equal to or higher than 32.

Ninety % of the minimum error rate (Error rate = 0.089), was reached for a sample size equal to 88
for MARS model predictions (Figure 2). A similar minimum sample size was obtained for LDA. Finally,
for MDA and MM, taking apart the discontinuities in error curves, minimum sample size required were
88 and 200 respectively.
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3.2 MARS performances per assemblage

MDA discriminated the 3000 data points with a error rate of 0.25 and the two first discriminant functions
explained 95.6 % of the whole data variability (Figure 3). Class 3 envelope was larger and more dispersed
(mean=15.1; sd=11.8) than those of the other 2 classes (Figure 3). Class 1 envelope was slightly
larger than of class 4 (mean=5.8 and mean=5.5 respectively) but was less dispersed (sd=6 and sd=12.3
respectively).

The maximum reachable accuracy was the lowest for class 1 (error=0.01) while it was the highest for
the class 3 having the largest envelope (error=0.11) (Figure 4). Also, 90 % of the minimum reachable
error rate required less observations for the class having the smaller envelope (72) than for class 3 and 4
(104).

4 Discussion and conclusion

Wisz et al. (2008) previously showed that MARS performances dropped drastically with decreasing sample
size (occurrence records) of 10 species including birds, small vertebrate and plants, and were lower than
GLM whatever the sampling size. In our study case, the steepest slope of the error rate distribution
according to increasing sample size was obtained for MARS error rate. This suggests that MARS is
highly sensitive to sample size effect of our simulated classes. However, in a context of classification of
multiple class responses, we showed that MARS provided more accurate discrimination than did LDA,
MDA and GLM above a sample size of 32 observations. Below such sample size, MARS performances
were much lower and variable than those of the other modelling techniques. Those results emphasise
that MARS is a more accurate predictive tool for discriminating classes than other parametric methods
above 32 observations and that such predictive performances were not penalised by over-fitting problems,
the major threat to this modelling technique performances (Leathwick et al., 2006). However, sample
size required per class to achieve good predictive accuracy (lower than 0.1) for such non linear and non
parametric class modelling (88 observations) was higher than 10 found for GARP modelling technique
(Stockwell and Peterson, 2002).

In a classification context, the sample size required to reach % 90 of minimum accuracy by Discriminant
Analysis was about 88 observations which was a lower size than those estimated by previous studies
at about 150 and 300 occurrence data points to model and predict individual species distributions
(McPherson et al., 2004; Cumming, 2000). Such results are not strictly comparable since techniques to
estimate the optimal sampling size differ. However, the over-performance of multiple classes discrimination
over individual species discrimination is understandable since multiple classes discrimination is fitted on
a larger data set consisting of all class observations.

The sample size required to estimate 90% of the maximum accuracy estimated in this simulation study
is clearly theoretical. In reality, it should vary according to assemblage prevalences and geographical
ranges, parameters considered as constant in our study case. Sample size corresponds to a given amount
of informations regarding niche breadth in the environmental space (range overlap) that decreases with
sample size (Wisz et al., 2008). The amount of such variability encompassed by the observations should
rely on assemblages and their niche breadths. Indeed we found that the minimum required sample size
was lower for the class having the smallest niche breadth and a large standard deviation. Such results
should however be considered cautiously since niche breadth measurement was based on a bell-shape niche
and that we only compared 3 classes. In our study of small mammal assemblage distributions in 2 study
sites in Sichuan (China), sample sizes varied from 5 to 34 for the 8 assemblages we defined (Vaniscotte
et al., 2009). Regarding our simulation experiment we can expect a considerable improvement of MARS
model prediction accuracy (estimated at 0.2 error rate on our real data set) by increasing sample size.
Sample size per assemblage should thus be increased until capturing the whole niche variability (niche
breadth) in the environmental space.
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Vaniscotte, A., Pleydell, D. R., Raoul, F., Quéré, J. P., Jiamin, Q., Wang, Q., Tiaoying, L., Bernard,
N., Coeurdassier, M., Delattre, P., Takahashi, K., Weidmann, J.-C., Giraudoux, P., 2009. Modelling
and spatial discrimination of small mammal assemblages: An example from western sichuan (china).
Ecological Modelling 220 (9-10), 1218 – 1231.

Vaniscotte, A., Raoul, F., Pleydell, D., Giraudoux, P., in prep. From field trapping data to regional
predictive mapping of small mammals assemblage habitats in sichuan province, china.

Wisz, M. S., Hijmans, R. J., Li, J., Peterson, A. T., Graham, C. H., Guisan, A., 2008. Effects of sample
size on the performance of species distribution models. Diversity 38; Distributions 14, 763–773(11).

5 Figures

5

✹✳✸✳ ❆rt✐❝❧❡ ✲ ❊✛❡t ❞❡ ❧❛ t❛✐❧❧❡ ❞❡ ❧✬é❝❤❛♥t✐❧❧♦♥ s✉r ❧❛ ♣ré❝✐s✐♦♥ ❞❡s ♣ré❞✐❝t✐♦♥s ✶✵✺



Figure 1: Test error rate estimated for each modelling method: MARS (black line), MDA (red line), LDA
(green line) and MM (blue line) at increasing sample size from 8 to 360 observations.
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Figure 2: Error rates of MARS model predictions estimated at increasing sample size per class (full curve).
Black line stands for 90 % of the maximum accuracy estimated for MARS predictions while dotted lines
correspond to minimum and maximum error rates. Confidence intervals for mean error rate estimation
are also provided at each sample size.

Figure 3: Distribution of class observations used to train and test the model (1000 per class) in the space
defined by the 2 first discriminant functions. Envelope for each class is represented by an ellipsoid that
incorporates 95% of class inertia.
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♣❡r♠✐s ❞❡ ♣ré❞✐r❡ ♣ré❝✐sé♠❡♥t ❧❡s ❛❜s❡♥❝❡s ❞❡s ❛ss❡♠❜❧❛❣❡s s✉r ❞❡s ❥❡✉ ❞❡ ❞♦♥♥é❡s ✐♥❞é♣❡♥❞❛♥ts

❡t ré❝♦❧té s✉r ✉♥ s✐t❡ ❞✐st❛♥t ❞✬✉♥❡ ❝❡♥t❛✐♥❡ ❞❡ ❦✐❧♦♠ètr❡s ❞✉ s✐t❡ ❞✬❡♥tr❛î♥❡♠❡♥t ❞✉ ♠♦❞è❧❡✳

▲❡s ❢❛✐❜❧❡s ♣ré✈❛❧❡♥❝❡s ❞❡s ❛ss❡♠❜❧❛❣❡s s♦♥t s✉s❝❡♣t✐❜❧❡s ❞✬êtr❡ ✉♥❡ s♦✉r❝❡ ❞✬❡rr❡✉r ❞❡

♣ré❞✐❝t✐♦♥✳ ❉❡ ♣❧✉s✱ ❞❡s ❝♦♥❢✉s✐♦♥s ❞❛♥s ❧❛ ❞é✜♥✐t✐♦♥ ❞❡ ❝❡rt❛✐♥s ❛ss❡♠❜❧❛❣❡s ✭✉♥❡ ❡s♣è❝❡

❣é♥ér❛❧✐st❡ à ❛✐r❡ ❞❡ ré♣❛rt✐t✐♦♥ ré❣✐♦♥❛❧❡✮✱ ❡t ❞❛♥s ❧❛ ❞✐s❝r✐♠✐♥❛t✐♦♥ ❞❡s ❤❛❜✐t❛ts à ❧✬é❝❤❡❧❧❡

ré❣✐♦♥❛❧❡✱ ♦♥t ❡rr♦♥é ♥♦s ♣ré❞✐❝t✐♦♥s✳

▲✬❡①♣ér✐❡♥❝❡ ❞❡ s✐♠✉❧❛t✐♦♥ ❝♦♥✜r♠❡ ❧❡s ❝❛♣❛❝✐tés ♣ré❞✐❝t✐✈❡s s✉♣ér✐❡✉r❡s ❞❡ ▼❆❘❙ s✉r ❧❡s

❛✉tr❡s t❡❝❤♥✐q✉❡s ❛✉ ❞❡❧à ❞❡ ✸✷ ♦❜s❡r✈❛t✐♦♥s ♣❛r ❛ss❡♠❜❧❛❣❡✳ ❊❧❧❡ s♦✉❧✐❣♥❡ é❣❛❧❡♠❡♥t ❧✬✐♠♣♦r✲

t❛♥❝❡ ❞❡ ❧✬✐♥✢✉❡♥❝❡ ❞❡s t❛✐❧❧❡s ❞✬é❝❤❛♥t✐❧❧♦♥s s✉r ❧❛ q✉❛❧✐té ❞❡s ♣ré❞✐❝t✐♦♥s ❡t ♥♦✉s ❛ ♣❡r♠✐s

❞✬❡st✐♠❡r ✉♥❡ t❛✐❧❧❡ ❞✬é❝❤❛♥t✐❧❧♦♥ ♦♣t✐♠❛❧❡ ❡t t❤é♦r✐q✉❡✳

❈♦♥str✉❝t✐♦♥ ❞✬✉♥ ♠♦❞è❧❡ ré❣✐♦♥❛❧

❉❛♥s ♥♦tr❡ ❝♦♥t❡①t❡✱ ❧❛ ❝♦♥str✉❝t✐♦♥ ❞✬✉♥ ♠♦❞è❧❡ ❞❡ ❝❧❛ss✐✜❝❛t✐♦♥ ré❣✐♦♥❛❧❡ ❞❡s ❛ss❡♠❜❧❛❣❡s✱

❡♥tr❛î♥é s✉r ❧❡s ❞♦♥♥é❡s ❞❡ ♣✐é❣❡❛❣❡ ♦❜t❡♥✉s s✉r ❧❡s ❞✐✛ér❡♥ts s✐t❡s ❞✬ét✉❞❡✱ ❡st ❧❛ ♠ét❤♦❞❡ ❧❛

♣❧✉s ❛♣♣r♦♣r✐é❡ ✭♠♦✐♥❞r❡ ❡rr❡✉r ❞❡ ♣ré❞✐❝t✐♦♥✮ ♣♦✉r ♣ré❞✐r❡✳

❊❧❧❡ ♣❡r♠❡t ❞❡ ❝❛rt♦❣r❛♣❤✐❡r ❧❡s ❣r♦✉♣❡s ❞✬❡s♣è❝❡s ❡t ❞✬❤❛❜✐t❛ts à ❝♦♥❞✐t✐♦♥ ❞❡ ❝♦♥♥❛îtr❡ ❧❡

♣♦♦❧ ré❣✐♦♥❛❧ ❞✬❡s♣è❝❡s s✉s❝❡♣t✐❜❧❡s ❞✬êtr❡ ♣rés❡♥t❡s ❞❛♥s ❧❛ ré❣✐♦♥✳

✶✵✽



❈❤❛♣✐tr❡ ✺

❆①❡ ✸ ✿ ▲❡ rô❧❡ ❞✉ ❝❤✐❡♥ ❞♦♠❡st✐q✉❡

❞❛♥s ❧❛ tr❛♥s♠✐ss✐♦♥

✺✳✶ ❘❛♣♣❡❧ ❞❡s ♦❜❥❡❝t✐❢s

❆✉ r❡❣❛r❞ ❞❡s ♣ré✈❛❧❡♥❝❡s ❞✉ ♣❛r❛s✐t❡ ❞❛♥s ❧❡s ♣♦♣✉❧❛t✐♦♥s ❤✉♠❛✐♥❡s✱ ❧✬✐♥t❡♥s✐té ❞❡ tr❛♥s✲

♠✐ss✐♦♥ ❞✬❊♠ ❛♣♣❛r❛ît ♣❧✉s é❧❡✈é❡ ❞❛♥s ❧❡s ❛✐r❡s ❞✬❡♥❞é♠✐❡ s✐t✉é❡s s✉r ❧❡ ♣❧❛t❡❛✉ t✐❜ét❛✐♥ q✉❡

❞❛♥s ❝❡❧❧❡s ❞❡ s❡s ❝♦♥tr❡❢♦rts ✭▼❛❡r❦❛♥❣✱ ❘❛♥❣t❛♥❣✮✳ ▲❡s tr❛✈❛✉① ❛♥tér✐❡✉rs à ❝❡ tr❛✈❛✐❧ ♦♥t ♠✐s

❡♥ é✈✐❞❡♥❝❡ q✉❡ ❧❡s ❢❛❝t❡✉rs é❝♦❧♦❣✐q✉❡s ❞❡ ❝❡tt❡ s✐t✉❛t✐♦♥ é♣✐❞é♠✐♦❧♦❣✐q✉❡ ét❛✐❡♥t ♣r✐♥❝✐♣❛❧❡✲

♠❡♥t ❧❡s ❢♦rt❡s ❞❡♥s✐tés ♦❜s❡r✈é❡s ♣♦✉r ♣❧✉s✐❡✉rs ❡s♣è❝❡s ❞❡ ♠✐❝r♦✲♠❛♠♠✐❢èr❡s ♣♦t❡♥t✐❡❧❧❡♠❡♥t

❤ôt❡s ♣♦✉r ❊♠ ❢❛✈♦r✐sé❡s ♣❛r ❧❡s ♣r❛t✐q✉❡s ❛❣r✐❝♦❧❡s ❡t ❧❛ ❞✐s♣♦♥✐❜✐❧✐té✱ ❡♥ ❣r❛♥❞❡ ♣r♦♣♦rt✐♦♥✱

❞✬❤❛❜✐t❛ts ♦♣t✐♠❛✉① ❞❛♥s ❝❡s ♣❛②s❛❣❡s✳ ❉✬❛✉tr❡ ♣❛rt✱ ❧❡s ♣ré✈❛❧❡♥❝❡s ♦❜s❡r✈é❡s ❝❤❡③ ❧❡ ❝❤✐❡♥

❞♦♠❡st✐q✉❡ ❛✐♥s✐ q✉❡ ❧❡s ét✉❞❡s ❞❡s ❢❛❝t❡✉rs ❞❡ r✐sq✉❡ ❛♣♣♦rt❡♥t ❞❡s ♣r❡✉✈❡s ❞❡ ❧✬✐♠♣❧✐❝❛t✐♦♥ ❞✉

❝❤✐❡♥ ❞♦♠❡st✐q✉❡ ❞❛♥s ❧❛ tr❛♥s♠✐ss✐♦♥ à ❧✬❤♦♠♠❡ ❞✉ ♣❛r❛s✐t❡✳ ❈❡❧❛ ❧❛✐ss❡ s✉♣♣♦s❡r ❧✬❡①✐st❡♥❝❡

❞✬✉♥ ❝②❝❧❡ ♣ér✐✲❞♦♠❡st✐q✉❡ ❞❛♥s ❝❡s ③♦♥❡s q✉✐ ✐♠♣❧✐q✉❡ ❛❧♦rs q✉❡ ✐✮ ❧❡ ❝❤✐❡♥ ♣ré❞❛t❡ ❞❡s ❤ôt❡s

✐♥t❡r♠é❞✐❛✐r❡s ✐♥❢❡stés ❡t q✉❡ ✐✐✮ ✐❧ ❝♦♥t❛♠✐♥❡ ❧✬❡♥✈✐r♦♥♥❡♠❡♥t ❞❡s ❤♦♠♠❡s✳ ❈❡♣❡♥❞❛♥t✱ ♣❡✉

❞✬ét✉❞❡s s❡ s♦♥t ♣❡♥❝❤é❡s s✉r ❞❡ t❡❧s ❝♦♠♣♦rt❡♠❡♥ts✱ s✐ ❜✐❡♥ q✉❡ ❧✬✐♥t❡♥s✐té ❡t ❧❡s ♠♦❞❛❧✐tés ❞❡

❧✬✐♠♣❧✐❝❛t✐♦♥ ❞✉ ❝❤✐❡♥ ❞❛♥s ❧❡ ❝②❝❧❡ s♦♥t à ❝❡ ❥♦✉r ♣❡✉ ❝♦♥♥✉❡s ❞❛♥s ❝❡s ❛✐r❡s ❞✬❡♥❞é♠✐❡✳

◆♦✉s ❛✈♦♥s✱ ❞❛♥s ❝❡ ❝❤❛♣✐tr❡✱ ét✉❞✐é ❧❡s ❝♦♠♣♦rt❡♠❡♥ts à r✐sq✉❡ ❞❡ ❝❤✐❡♥s ❞♦♠❡st✐q✉❡s

❞❛♥s q✉❛tr❡ ✈✐❧❧❛❣❡s ❞✉ ♣❧❛t❡❛✉ t✐❜ét❛✐♥ s✐t✉és ❞❛♥s ❧❡ ❝♦♠té ❞❡ ❙❤✐q✉✳ ❉❡s ♦✉t✐❧s ❞✬é❝♦❧♦❣✐❡

❝♦♠♣♦rt❡♠❡♥t❛❧❡ ❡t ❞❡ ❜✐♦❧♦❣✐❡ ♠♦❧é❝✉❧❛✐r❡ ♦♥t été ✉t✐❧✐sés ♣♦✉r ❛♥❛❧②s❡r ❧❡s ❝♦♠♣♦rt❡♠❡♥ts ❛✉

♥✐✈❡❛✉ ❞❡s ♣♦♣✉❧❛t✐♦♥s✳

Pr❡♠✐èr❡♠❡♥t✱ ❧✬❛♥❛❧②s❡ ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡s ❢è❝❡s ❞❡ ❝❤✐❡♥s ❡t ❞❡ ❧❡✉r ❝♦♥t❛♠✐♥❛t✐♦♥

♥♦✉s ❛ ♣❡r♠✐s ❞❡ ré♣♦♥❞r❡ à ❞❡s q✉❡st✐♦♥s r❡❧❛t✐✈❡s ❛✉ rô❧❡ ❞✉ ❝❤✐❡♥ ❞❛♥s ❧❛ ❝♦♥t❛♠✐♥❛t✐♦♥ ❞❡

❧✬❡♥✈✐r♦♥♥❡♠❡♥t ✿

◗✉❡❧❧❡ ❡st ❧❛ ♣❛rt ❞✉ ❝❤✐❡♥ ❞❛♥s ❧❛ ❝♦♥t❛♠✐♥❛t✐♦♥ ❞❡ ❧✬❡♥✈✐r♦♥♥❡♠❡♥t ❞❡s ❤♦♠♠❡s ❡♥

❝♦♠♣❛r❛✐s♦♥ à ❝❡❧❧❡ ❞❡ ❧✬❤ôt❡ ❞é✜♥✐t✐❢ s❛✉✈❛❣❡ q✉✬❡st ❧❡ r❡♥❛r❞ ❄

❈♦♠♠❡♥t s❡ ❞✐str✐❜✉❡♥t ❧❡s ❢è❝❡s ❞❡ ❝❛♥✐❞és ❡t ❧❡✉r ❝♦♥t❛♠✐♥❛t✐♦♥ ❞❛♥s ❧❡s ❡♥✈✐r♦♥♥❡♠❡♥ts

❞❡s ❤♦♠♠❡s ❡t ❞❡s ❤ôt❡s ✐♥t❡r♠é❞✐❛✐r❡s ❄

❉❛♥s ✉♥ ❞❡✉①✐è♠❡ t❡♠♣s✱ ❧✬ét✉❞❡ ❞❡s ❝♦♠♣♦rt❡♠❡♥ts s♣❛t✐❛✉①✱ à ♣❛rt✐r ❞❡ ❞♦♥♥é❡s ❞❡

✶✵✾



✺✳✷✳ ❆rt✐❝❧❡ ✲ ▲❡s ❢è❝❡s ❞❡ ❝❛♥✐❞és ❡t ❧❡ ❝♦♠♣♦rt❡♠❡♥t ❞❡s ❝❤✐❡♥s

té❧é♠étr✐❡✱ ♥♦✉s ♦♥t ♣❡r♠✐s ❞✬❡①♣❧♦r❡r ❧❡s ❞✐str✐❜✉t✐♦♥s ❞❡s ③♦♥❡s ♦ù ❧❡s ❛❝t✐✈✐tés à r✐sq✉❡ ❞❡s

♣♦♣✉❧❛t✐♦♥s ❞❡ ❝❤✐❡♥s ♦♥t ❧✐❡✉✱ ❡t ♥♦✉s ♥♦✉s s♦♠♠❡s ❞❡♠❛♥❞és ✿

◗✉❡❧❧❡ ❡st ❧✬✐♥t❡♥s✐té ❞❡ ❢réq✉❡♥t❛t✐♦♥ ♣❛r ❧❡s ❝❤✐❡♥s ❞❡s ❡♥✈✐r♦♥♥❡♠❡♥ts ❞❡s ❤♦♠♠❡s ❡t ❞❡s

♠✐❝r♦✲♠❛♠♠✐❢èr❡s ❄

P❧✉s s♣é❝✐✜q✉❡♠❡♥t✱ ♥♦✉s ❛✈♦♥s t❡♥té ❞❡ ❧♦❝❛❧✐s❡r ❧❡s ③♦♥❡s ♦ù ❧❛ r❡♥❝♦♥tr❡ ❡♥tr❡ ❧❡s ❝❤✐❡♥s

❡t ❧❡s ♠✐❝r♦✲♠❛♠♠✐❢èr❡s ❡t ♣❛r ❝♦♥séq✉❡♥t ❧❛ ❝♦♥t❛♠✐♥❛t✐♦♥ ❞✉ ❝❤✐❡♥ ♣❡✉t s❡ ❞ér♦✉❧❡r✳ ❉❡s

❛♥❛❧②s❡s ♣ré❧✐♠✐♥❛✐r❡s ❞❡ tr❛❥❡❝t♦✐r❡s ✐♥❞✐✈✐❞✉❡❧❧❡s ♦♥t été ré❛❧✐sé❡s ❞❛♥s ❧❛ ♣❡rs♣❡❝t✐✈❡ ❞✬✐❞❡♥✲

t✐✜❡r ❞❡s ❝♦♠♣♦rt❡♠❡♥ts ✏à r✐sq✉❡✑ ❞❡ r❡❝❤❡r❝❤❡ ❞❡ ♣r♦✐❡s✳ ❊♥✜♥✱ ❧✬✐♥✢✉❡♥❝❡ ❞❡ ❝❡rt❛✐♥s tr❛✐ts
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Abstract

On the Eastern Tibetan Plateau region of Sichuan province, China dogs are regarded 

as the main definitive hosts of Echinococcus multilocularis involved in a peri-domestic 

cycle  through  their  predation  on  wild  intermediate  hosts  (small  mammals)  and 

contamination  of  the  human  environment  via deposition  of  infectious  faeces.  We 

analyzed  and  quantified  dog  behavioral  paramaters  important  for  the  parasite 

transmission in four villages situated in Shiqu county by assessing the distribution of 

contaminated  faeces  and  dogs’  space  utilization  in  human  and  small  mammal 

environments. We found that in the four villages, dog faeces were the main source of 

contamination of the human environment (78 % of collected faeces was of dog origin, 

among which  23  % were  positive  for  E.multilocularis)  in  comparison  to  fox  faeces 

which were found less intensely. Contaminated dog faeces and host to host contact rate, 

were found to be heterogeneously distributed within 1500 m dog ranges around village 

houses,  showing similar  patterns in the four villages.  Faeces and evidence of human 

exposure to the parasite were mainly distributed around dog owners’ houses where dogs 

spent the majority of their time (0-200 m). Moreover contamination could be aggregated 

in some micro-foci within village areas where groups of dogs defecated preferentially. In 

parallel, small mammal densities decreased from the dog core areas to the periphery of 

the dog range to areas used occasionally (grassland surrounding villages).  Male dogs 

were  found  to  move  farther  than  females.  This  study  constitutes  a  first  attempt  to 

quantify the role of dogs in  Echinococcus multilocularis peri-domestic cycles. Further 

incorporation of human behavioral parameters, individual factor of dog space variations 

and quantification of dog predation pressure are required for a more complete estimation 

of  transmission  risk to  humans  and contact  rate  between definitive  and intermediate 

hosts.

Key  words:  transmission  ecology,  Echinococcus,  domestic  dogs,  faecal 

contamination, spatial distribution, space utilization. 

1 Introduction

Alveolar Echinococcosis (AE) is an often fatal zoonosis, distributed in arctic and temperate regions of the 

northern hemisphere. It  is caused by the ingestion of the cestode  Echinococcus multilocularis (Em) eggs 

which are disseminated into the environment by definitive hosts faeces. Definitive hosts are mainly canids 

and particularly red foxes (Vulpes vulpes) in the paleartic Euro-Asian region (Eckert and Deplazes, 2004). 

Canids become infected by ingestion of small mammal intermediate hosts. Humans can be considered as 

accidental intermediate hosts for this parasite. The incidence recorded for 100 000 inhabitants in endemic 
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areas of Europe can reach 0.74 per year (Vuiton et al., 2003). However, some foci of very high prevalences in 

humans were recorded in China, where a maximum of 14.3 % prevalence was observed in villages of the 

Eastern Tibetan Plateau (Sichuan province) (Li et al., 2005). The Tibetan plateau, situated between 3200 and 

5000 m above sea level, is inhabited by a large diversity and abundance of host species and is regarded as a 

meta-stable reservoir for  Echinococcus multilocularis (Giraudoux et al., 2006). Landscape is dominated by 

grassland and the main resource for  people  is  provided by breeding yaks  (Bos grunniens).  The  grazing 

pressure  has  been  found  to  provide  optimal  habitats  for  the  intermediate  hosts  of  Echinococcus 

multilocularis; Ochotona  curzoniae and  Microtus  limnophilus whose  spatial  distributions  are  clustered 

(colonies) (Raoul et al., 2006). Four wild canid species (Vulpes vulpes,  Vulpes ferrilata,  Vulpes corsac and 

Canis  lupus) as well as the domestic dog (Canis familiaris) are known as potential definitive hosts. High 

prevalences of 59.1% and 57.1% have been recorded in Tibetan foxes and red foxes respectively (Qiu et al., 

1995) while only 12 % and 14.8 % prevalence has been found in owned dogs following purgation studies in 

Shiqu county (Budke et al.,  2005a; Wang et al.,  2009). However, dogs are numerous in Tibetan villages 

where they are kept by humans for use as cattle guard dogs, and they are protected by the local religion 

(Buddhism). It is a rarity to see a house without dogs and stray dogs are frequently observed roaming inside 

and outside of villages.

In  such  context,  dogs  are  currently  assumed  to  be  the  definitive  host  in  a  peri-domestic  cycle  of 

Echinococcus multilocularis (parallel to the wildlife cycle) maintained by predator/prey interactions between 

dogs and small mammals. This assumption was confirmed by preliminary analysis of dog faeces collected on 

the  Tibetan  plateau  which  found  small  mammal  remains  in  28.8% of  dog  faeces  (Wang  et  al.,  2009). 

Furthermore, evidence for dog/small mammal interactions have been outlined by a positive correlation found 

between the proportion in the landscape of fenced pastures, optimal habitats for small mammals, and  Em 

prevalences and worm burden in owned dogs (Wang et al., 2004; 2009). Finally, epidemiological studies 

have identified dog ownership, number of dogs owned and relationships with dogs ( ie contact) to be highly 

correlated with AE prevalences in human communities living on the Tibetan plateau (Li et al., 2005; Budke et 

al., 2005a). Thus, it is hypothesised that dogs are responsible for the high human AE prevalence rates due to 

contamination of  their  environment  with infected faeces.  However,  to  our  knowledge,  no studies  of  the 

behavioral ecology of the dog population have been completed in this area.

Generally, studies on the role of behavioral ecology of dogs in parasite transmission cycles are rare, despite 

the fact  that dogs are known to be hosts for  60 zoonosis (Macpherson et  al.,  2000). Behavioral ecology 

provides a means to study the role of dogs in transmission by identifying and quantifying relevant parameters 

such as  their  defecation and predation activities.  Most  studies  of  dog populations  in  an epidemiological 

context have concentrated their efforts on the population size as well as sex and age structure in order to 

develop control options (Anvik et al., 1974; WHO and WSPA, 1990). Only few studies have focused on the 

behavioral ecology of free-roaming dogs even when such animals are often considered as the main source of 

3

✺✳✷✳ ❆rt✐❝❧❡ ✲ ▲❡s ❢è❝❡s ❞❡ ❝❛♥✐❞és ❡t ❧❡ ❝♦♠♣♦rt❡♠❡♥t ❞❡s ❝❤✐❡♥s ✶✶✸



contamination  of  the  human  environment  due  to  their  close  proximity  to  humans  (Craig  et  al.,  2000; 

Macpherson, 2005; Thompson et al., 2009). The spatial distribution of the environmental contamination via 

the analysis of soil contamination or defecation behavior has been investigated in canid (Anvik et al., 1974; 

Habluetzel et al., 2003; Robardet et al., 2008) and felid species (Afonso et al., 2008). Modern non invasive 

methods have recently been developed to facilitate the assessment of definitive host infection status from 

fecal material via molecular analysis, e.g polymerase chain reaction (PCR) or immunological analysis, e.g. 

copro-antigen enzyme linked immunosorbant assays (ELISA) (Dinkel et al., 1998; Raoul et al., 2000). By 

contrast,  the  analysis  of  the  movements  of  the  definitive  host  have  been  very  rarely  incorporated  into 

epidemiological studies (Robardet et al., 2008) despite its potential to explain infection patterns in domestic 

hosts.  For  example,  the  speed  between  successive  relocations  is  likely  to  decrease  when  predator-prey 

interaction  arise  (Kareiva  and  Odell,  1987)  and  movement  parameter  can  be  used  to  identify  foraging 

behavior.

On the Tibetan plateau, the planning of control programmes which prevent the transmission of Echinococcus 

multilocularis are currently based on two main hypotheses related to the dog’s double role in transmission: 

their contamination of the human environment and their predation on the small mammals reservoir. In such a 

context,  our  general  objective  was  to  identity  and  quantify  the  role  of  domestic  dogs  in  Echinococcus  

multilocularis peri-domestic transmission cycle in this area.  We studied patterns of  dogs’ defecation and 

space utilization, and addressed the following questions:

i)  Do dog or  fox faeces constitute the main source of  Echinococcus multilocularis contamination in the 

human environment? 

ii) How are Echinococcus multilocularis contaminated canid faeces distributed within and at the periphery of 

the human environment (i.e. village areas)? 

iii) What are the distributions (extent and frequency) of dog movement relocations within the human and wild 

intermediate host environment? 

iv)  How  large  is  the  inter  individual  variation  of  dog  movement  parameters  and  thus   “risky”  spatial 

behaviors? 

v) Are there specific areas in the human environment where dogs could potentially be infected due to overlap 

of the dog ranges and small mammal colonies? 

A new coprodiagnostic test (real-time PCR) combining parasite detection with discrimination of the canid 

host species from which the faceal sample derived provided us with a tool to quantify the role of dogs versus 

foxes  in  Echinococcus  multilocularis environmental  contamination.  We  then  investigated  the  spatial 

distribution of canid faeces and those which were positive for  Echinococcus multilocularis in relation to 

human and wild intermediate host population habitats (inside and outside of the village area). We also studied 

the distribution of individual dog nocturnal movements in relation to dog owners’ houses. Dog individual 

traits (e.g. sex, relationships with owners) were analysed in order to explore inter-individual variability of 
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movement/spatial behaviour and the influence these traits had on dogs which would roam beyond the main 

dog population range. Finally, we analyzed as a preliminary step the spatial overlap between small mammal 

population distributions and dog space utilization.

2 Materials and methods

2.1 Study sites

Shiqu township (Sichuan province, China) is situated between 3900 and 4200 metres above sea level on the 

Tibetan Plateau. Four villages in the vicinity (20-85 km) of Shiqu township were investigated (Figure ). The 

study commenced in May 2006 in Yiniu and Qiwu villages. In the following May (2007) these villages were 

revisited along with a further two sites: Mengsha and Jiefan. Villages were characterized by hundreds of 

scattered houses spread out along rivers and crossed by tracks. Within village, areas bare ground typified the 

earth in contrast to the surrounding landscape which was dominated by fenced or grazed grassland. Bushes 

were sparsely distributed on sloped grassland whilst wet grassland with micro-topography could be found 

near rivers.

The  four  villages  were  selected  according  to  their  epidemiological  situation  regarding  alveolar 

echinococcosis prevalences recorded in humans (Li et al., 2005). Qiwu and Mengsha were identified as low 

prevalence areas (2 ± 0.9 % and 3 ± 5.8 %, respectively) while prevalences of 11 ± 13.3 % and 12 ± 8.8 % 

were observed in Jiefan and Yiniu. An epidemiological survey done twice in 2006 on owned attached dogs 

provided an approximative size of 31 to 64 owned dogs per village (Jasmin Moss, unpublished data) (Table 

2). Dog population size was underestimated in Jiefan since only 70 % of the households have been sampled.

2.2 Canid faeces and environmental contamination

2.2.1 Faeces sampling and copro-assays

Canid faeces were sampled in one hectare quadrats located inside and outside of  villages.  A total  of 33 

quadrats have been sampled during 6 sampling surveys: 17 inside and 16 outside villages (Figure ). Inside 

villages, quadrats were in close vicinity to houses, while outside villages quadrats were situated in grassland 

surrounding  village  cores.  All  the  faeces  found  within  each  quadrat  were  counted  and  georeferenced 

systematically. Faecal densities were estimated as the number of counted faeces per quadrat.

Furthermore, in 27 out of the 33 quadrats we collected a minimum of 25 (in 2006) and 15 (in 2007) of the 

faeces samples for coprodiagnostic tests in order to detect DNA of  Echinococcus multilocularis and canid 

host species. Two newly developed LightCycler-PCR assays were used:

1) a real-time multiplex nested PCR with hybridization probes and subsequent melting curve analysis for 
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the combined detection of  Echinococcus species and host species DNA of  Vulpes vulpes,  V. ferrilata,  V. 

corsac and Canis lupus/familiaris parallel in one reaction tube (Dinkel, unpublished data),

2)  a real-time nested PCR with hybridization probes and subsequent  melting curve analysis  only for 

discrimination of the host species described above (Dinkel, unpublished data).

Additonally,  we confirmed the detection of E. multilocularis by using a published nested PCR assay 

(Dinkel et al., 1998).  DNA from fecal samples was extracted as described in Dinkel et al. 1998. To exclude 

false-negative  results  due  to  inhibition  factors  the  isolated  DNA from each  fecal  sample  underwent  an 

inhibition control.

Difference in Echinococcus multilocularis fecal prevalence between quadrats inside and outside of village 

areas was tested using a Chi-squared test.

2.2.2 Faeces distributions between and within quadrats

Random versus aggregated distributions of faeces density between quadrats were assessed in each sampling 

survey. The  ratio of faeces variance density over its mean was used as an index of the aggregation. Null 

Generalized Linear Models assuming Gaussian, Poisson (random) or Negative Binomial (aggregated) faeces 

density distributions fitted on the whole data set were then compared. Response distribution providing the 

lowest AICc was used in further modelling.

We then tested the effect of the type of quadrat (inside  versus outside village) on quadrat faeces density. 

Because  houses  were  scattered  and  village  boundaries  hard  to  assess,  we  completed  our  analysis  by 

investigating how faeces density varied according to the quadrat distance from houses. This provided us with 

additional information concerning the range of faeces distribution, and potential environmental contamination 

around houses. Generalized Linear models (GLM) incorporating the effect of the type of quadrat (inside 

versus outside  village)  and  of  the  minimum  distance  from  village  houses  (alone  and  associated)  were 

evaluated and compared using AICc. Before running the models, we tested whether it would be benificial to 

add random effects on the year and village (sampling survey). The effects of those variables on the quadrat 

type and the minimum distance from houses were assessed by running GLMs and comparing their AICcs to 

the  null  model.  Random effects  were  incorporated  in  models  if  those  variables  explained  a  part  of  the 

variability.

Random  versus aggregated distributions of faeces within quadrats were then estimated by considering 

faeces as points in point spatial pattern analysis. The aggregation in each quadrat was estimated using the 

Clark and Evans index (R index) (Clark and Evans, 1954). This first order aggregation index was estimated 

as the  ratio of the mean nearest neighbors distances over all points over the mean distance under random 

distribution assumption, corrected for edge effects in distance estimates. Indices were estimated using the 

function clarkevans() of the spatstat package under R statistical software (R Development Core Team, 2008). 
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We finally assessed if the proportion of quadrats with aggregative distribution differed inside and outside 

village areas using a Chi-squared test.

2.3 Dogs' nocturnal trajectories

2.3.1 Data collection

Two levels of dog freedom (amount of time they are tethered) were sampled: dogs attached all  day and 

released at night (Owned Attached, OA dogs) and dogs always free (Owned Free, OF dogs). Dog owners 

supplied information regarding the sex of the dog and whether it usually visits summer pastures. The latter 

variable was named “pastoral activity” in the following analysis. Relocations were recorded by GPS collars 

(WildTrax, Bluesky Telemetry) that were set up on dogs during the day and removed the day after, one 

location being recorded every 10 minutes.

Since OA dogs were only free from thether at night, we focused on studying nocturnal trajectories for the 

whole dog population. The time period of relocations records was homogenized between dogs: the beginning 

of the night (8:00 pm) was set as the earliest hour at which owned attached dogs were known to be released, 

while the end of the night was considered as the latest hour at which the same dogs were known to be re-

attached (8:00 am), providing trajectories of 12 hours for all dogs. However, despite efforts made to reduce it 

and regarding the lack of more accurate informations on the release and re-attachment hours, trajectories for 

OA dogs may include an unspecifiable time period when dogs were attached.

2.3.2 Distribution of individual dog nocturnal relocations

Relocation distribution were analyzed in relation to the distances from the dog to its release point (RP), i.e its 

owner’s house. The core area, classically used in the context of home range estimates (Seaman and Powell, 

1990; Hodder et al., 1998), was used here as a mean to define areas around dog owners’ houses where dog 

relocations were aggregated, i.e  where dogs spent  the majority of their time. Minimum Convex Polygon 

(MCP) areas were estimated for different percentages of included relocations on the basis of their distances to 

their barycenter, i.e their release point. Friedman test followed by multiple comparisons were used to identify 

the percentage of relocations included in MCP estimation that lead to a significant increase in the area. The 

nocturnal core area for each dog was estimated as the MCP area that included the relocation below such 

threshold.  We then  estimated  the  maximum distance  from the  RP for  dog relocations  included  in  such 

nocturnal core areas. Then, dog trajectories were described by estimating the maximum distance travelled 

from the dog RP. Finally, activity was measured as the mean distance travelled per hour (Ciucci et al., 1997).

2.3.3  Characterization of excursive trajectories

Home range could be defined as “the area over which an animal or population normally travels in pursuit of 
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its routine activities”, i.e including nesting sites, shelter, locations for resting, food-gathering and mating but 

excluding ventures sallies outside this area (Okubo and Levin, 2001). Excursive trajectories could be defined 

as animal movements falling outside this home range. Due to the limited period of sampled trajectories in this 

study (one night),  dog home ranges could not be estimated. Instead, we defined their ‘one night activity 

ranges’,  as their home range estimated on a delimited time period (Okubo and Levin, 2001). The strong 

dependence  observed  between  individual  dog  relocations  prevented  us  to  estimate  individual  one  night 

activity  range.  Therefore  sub-sampling  each  dog  trajectory  results  in  the  estimation  of  the  populations’ 

nocturnal activity range, which is less prone to relocation dependency bias and represents the main area used 

by the whole population (Boitani et al., 1995). This population nocturnal activity range included zones where 

individual interactions could take place.

The nocturnal activity range for the whole dog population was estimated for each sampling survey on the 

set of sub-sampled relocations within all dogs trajectories, i.e one location/hour/dog. Utilization Distribution 

functions were estimated by Kernel method (Worton). The smoothing parameter h was first estimated by the 

ad-hoc method available in the function  kernelUD of the adehabitat package (R Development Core Team, 

2008) providing an  href value. However, this method is known to suffer from over-estimation of the area 

when multiple clustering is observed in the relocation data set, which was the case here since dog relocations 

were aggregated around their RP (Seaman and Powell, 1996). Also, in order to minimize the error of type II 

(inclusion of regions which are not part of the activity range), the optimal h was estimated for each sampling 

survey  as  a  rescaling  of  href providing  an  area  that  did  not  connect  clusters  between which  no  moves 

(successive relocations) have been recorded. href was rescaled by factors varying between 0.9 and 0.1, every 

0.1 interval. Areas provided by each rescaling were compared. The dog population nocturnal activity range 

was defined as the area in which dogs spent the majority of their time - we defined this on 90% of the 

relocations.

The delineation of the populations’ nocturnal activity range allowed us to define excursive trajectories 

(dog relocations falling outside the dog population activity range). The number of such excursive relocations 

were assessed per dog and main patterns of excursive trajectories were identified. Then, excursive visiting 

paths  were identified as  at  least  3  successive excursive relocations.  Finally,  as  a  potential  surrogate  for 

foraging  behaviors,  we  explored  the  existence  of  aggregative  relocation  distribution  for  each  dog  by 

estimating the Clark and Evans index on excursive relocations.

2.3.4 Correlations of inter-individual movement parameters

Correlations  between  the  maximum distance  from the  RP,  the  speed,  the  core  area  and  the  number  of 

excursive relocations per dog were assessed and tested by Spearman correlation tests. Then effects of dogs’ 

sex, freedom from tether and pastoral activity on normalized (log transformed) movement parameters were 

investigated among the dog population via Linear models. The effects on the number of excursive relocations 
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were assessed by a GLM assuming a Negative Binomial distribution for the response variable. For each 

movement parameter, we tested and compared the null model with all possible combinations of covariates, on 

the basis  of  their  AICc.  For each response,  a preliminary test  for  the addition of random effects  on the 

sampling survey and dog individuals was done. This was achieved by running the LM and GLM models 

against each of those variable and by comparing their AICc with the null model.

2.3.5 Spatial interactions between dogs and small mammal populations

In the four villages, radial transects- along which indices of activity (faeces and holes) of small mammals 

(mainly Ochotona and Microtus spp.) - were recorded within every interval of ten paces (Raoul et al., 2006). 

Transects started from the center of the village and ended in the surrounding grassland. We first estimated the 

minimum distance separating positive intervals for small mammal presence to all dog RP at each village. 

Differences in frequency distribution of positive intervals were assessed between the dog population activity 

areas and the excursive areas only. This was due to low or even null numbers of transect intervals being 

situated within individual dog one night core areas. A Generalized Linear Mixed Effects model assuming a 

logistic Binomial link function for the response, i.e the presence/absence of small mammals, including a 

random effect on the sampling survey, was used to investigate such differences. Model AIC was compared 

with the null model and the risks ratio was provided to identify the difference (Bailey and Alimadhi, 2007).

All statistical analyses were achieved using the R statistical software (version 5.4) (R Development Core

Team, 2008). Movement parameter, kernel areas estimation and analysis of trajectories were estimated using 

the adehabitat package (Calenge, 2006).

3 Results

3.1 Canid faeces and environmental contamination 

3.1.1 Faecal prevalences

A total of 980 faeces were counted and georeferenced in the four villages, among which 284 faeces were 

analyzed for host identification and Echinococcus multilocularis contamination (Table 1, details per quadrat 

provided in Appendix 1). PCR inhibition problems were observed for 74 (46.8%) of the 158 faeces collected 

in  2007 and 37  (23.8%)  of  the  126 faeces  collected  in  2006 (Table  1,  details  per  quadrat  provided  in 

Appendix 1). These faeces could not be used for further analysis of fecal prevalences. Among the remaining 

173 faeces, 142 were found to be dog faeces, 13 fox (Vulpes ferrilata) faeces and 25 could not be identified. 

The overall infection rate was 20.81%, with 22.53% and 15.38% respectively for dogs and foxes (Table 1). 

We failed to  detect  a significant  difference in  overall  fecal  prevalence distribution inside  versus outside 
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villages (Chi-squared test, =0.55, df=1, p-value=0.5).

3.1.2 Faeces distribution between and within quadrats

Aggregation indices were greater  than 1 in all  sampling survey as well  as for all  confounded (Table 1). 

Clearly, faeces were over-dispersed in all villages and faecal density distributions were better captured on the 

whole data set by a model incorporating a Negative Binomial distribution (AICc=281.62 versus AICc=372.32 

and AICc=2343.72 for Gaussian and Poisson distribution respectively). Consequently we used a Negative 

Binomial faecal distribution for further modelling.

We failed to detect effects of the year and the village on faeces densities (ΔAICc=0.03, wi=0.5 and ΔAICc= 

2.49, wi=0.2, respectively). Those variables were thus not considered as random effects in the further models. 

We also failed to detect an effect of the type of quadrat on faeces densities (AICc=284.3, ΔAICc=146.2, wi=0). 

However, the model including the minimum RP distance provided the approximate best fit (AICc=138.1, wi = 

1). Faeces density reached a maximum (354 faeces/ha) in one quadrat situated at a minimum distance of 48 m 

from village houses while all quadrats situated farther than 200 m from village houses contained less than 14 

faeces (Figure ). Also, low faeces density was observed for 4 quadrats situated at less than 50 m from houses 

suggesting that the model particularly over-fitted faeces densities for those quadrats (Figure ).

Finally,  faeces were aggregated in 84% of the quadrats (Appendix 1).  No significant  difference was 

observed  between the  proportion  of  quadrats  showing aggregation  situated  inside  (88)  and  outside  (81) 

villages (Chi-squared=0.01, df=1, p value=0.9).

3.2 Analysis of dog nocturnal trajectories

3.2.1 Sampling effort

Seventy-eight dogs were equiped for one night, 7 were equiped for 2 nights, 2 for 3 nights and 1 for 4 nights. 

A total number of 96 one night trajectories were thus recorded in the four villages (Table  2). Problems of 

GPS collar  connections to satellites  induced missing values that  were excluded from the trajectories for 

further analysis. Thus, a mean of 19.5% (sd=22.9%) relocations were missed over all dog trajectories. The 

mean positioning error estimated over all dog relocations varied according to the sampling survey: 4.7 m 

(sd=2.9) and 10.5 m (sd=4.6) horizontally and 6.8 m (sd=5) and 15.20 m (sd=8.3) vertically.

3.2.2 Distribution of individual dog one night relocations

MCP  areas  differed  among  the  percentages  of  relocations  included  in  their  estimation  (Friedman  test, 

Friedman chi-squared=837, df=9, p-value < 2.2e-16) (Figure 4). Most relocations were aggregated in areas 

smaller than the total activity area which relied on few exceptional relocations. When including 80% of the 

relocations, a median value of 10% and an outlier at a maximum of 67 % of the total activity area could be 
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captured among dogs. A very low proportion of relocations (the last 10%) provided 77% of the total area for 

half  of  the dogs and a maximum of 29% (except  for  three outliers).  A significant  difference was found 

between the inclusion of 80 and 100 % (p value=0.05). Therefore, one night core areas were estimated for 

each dog as the MCP area including 80% of its relocations.

Dogs were located at 10 to 1500 m from their release points but were generally under 250 m from this 

point, moving slowly (162 m/h on average) within a less than 1 ha core area for the large majority of them 

(Table 3). Considering the variability within the dog population, one night core areas as well as maximum RP 

distances were dispersed and aggregated around low values (standard deviations larger than the means). Fifty 

percent of the dogs had one night core areas smaller than 0.16 ha (Table 3) and stayed within a 36 m range 

around their RP. The same proportion of dogs travelled a maximum RP distance of 152 m. However, 5% of 

the dogs had one night core area larger than 1.19 ha, a maximum RP core distance at 115 m and travelled a 

maximum distance of 921 m.

3.2.3 Characterization of excursive trajectories

Optimal h (smoothing parameter) estimates for each sampling survey ranged from 35.7 (scaling factor=0.2) to 

133.9 (scaling factor=0.5) (Table 4). The dogs' main activity areas ranged from 32.5 to 174.5 ha according to 

the village and sampling survey (Table 4). Thirty nine percent of the dogs had at least one relocation falling 

outside the population activity area (Table 4). The mean number of excursive relocations per dog varied from 

2.7 to 5.1 depending on the sampling survey. The mean distance of such excursive relocations from the dog 

RP varied between 309 and 583 m according to the village, with a minimum distance of 58 m.

Among those trajectories, two patterns of excursive relocations were observed: visiting paths consisting 

of a minimum of 2 successive relocations (Figure 5, a) to d)), and “away and back” moves relying on isolated 

excursive relocation from the dog one night core areas (Figure 5, e)). Eleven dog trajectories were considered 

as “visitors” movements and five of them showed aggregative excursive relocations (mean(R)=0.85; sd(R)= 

0.11) such as the trajectory illustrated on Figure 5, f). A maximum of 9 successive relocations, or 90 minutes 

excursive trajectories have been recorded for a male equiped in Qiwu 2007 and used to visit the summer 

pasture. 

A maximum of 9 successive relocations (or 90 minutes excursive trajectories) have been recorded for a male 

dog equiped in Qiwu village, 2007 who was known to visit summer pastures.

3.2.4 Correlations of inter-individual movement parameters

As expected, all movement parameters were significatively correlated to each other (p values < 1.). Spearman 

correlation  coefficients  ranged from 0.53  between the  number  of  excursions  and  the  core  area,  to  0.84 

between the maximum distance from RP and the speed. No effects of the individual, the year and the village 

have been identified using AICc comparisons. Therefore those variables were not incorporated as random 
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effects in the models. Dog sex slightly influenced dog maximum RP distances (LME, AICc=236.4, =2.4, 

=0.3), median area being larger for males (median=165) than for females (median=117). No effects of the 

other factors and on other movement parameters have been detected.

3.2.5 Spatial interactions of dog and small mammal populations

A total of 42 standard radial transects were done (Figure 6). Evidences for small mammal presence was found 

close to dog' owners' houses at a minimum distance varying between 32 and 122 meters according to the 

sampling survey (Table 5). Positive transect intervals (92%) have been identified inside dog individual one 

night core areas in Qiwu village (2007) (Table 5). The proportion of transect intervals with presence of small 

mammals was higher in the excursive area, ranging between 15.5 and 56.5%, than in the dog population 

activity area, ranging between 3 and 37% (GLME, AIC=5275, =138; Risks ratio=2.36 (1.86-2.93)).

4 Discussion

In the four villages situated in the area of highst endemicity for  Echinococcus multilocularis of the Tibetan 

plateau, 7% of faeces analyzed were identified as Tibetan fox (Vulpes ferrilata) origin. This fox is generally 

known to inhabit grassland areas far from human influences (> 1000 m) (Gong and Hu, 2003; Wang et al.,

2007) however our results support the additional utilization of village areas as a foraging area. Considering 

that 15% of fox faeces were infected, foxes should be as a source of human environmental contamination 

even if to a smaller extent than dogs. Indeed, 78% of faeces analyzed were identified as dog faeces and 23% 

of them were positive for  Echinococcus multilocularis. Therefore our study provides additional data which 

suggests the dominant role of the dogs as the main definitive host responsible for the contamination of the 

human environment in this area.

All the dogs we collared shared a common pattern of their one night relocation distributions: they were 

aggregated around owners’ houses. The area where the dogs spent the majority of their time at night ranged 

from 0.004 to 10 ha and the majority of the dogs (95%) stayed for 80% of their time at a maximum distance 

of 115 m from their owners' houses. That area might constitutes a small and easily defendable territory where 

aggressive behavior is mostly expressed (Macpherson et al., 2000; Boitani et al., 1995). In contrast, 40% of 

the dogs did excursions (i.e outside their population activity area) at distances varying from 58 to 1519 m 

from their release points (RP) and during a maximum time period of 90 minutes. Even if recorded for only 12 

hours and at the individual level, the patterns of relocation distributions identified here are in agreement with 

those observed in feral or free-roaming dogs for which core areas (50% of their home range) corresponded to 

5.71% of the total home range area, including dens, resting and retreat sites (Boitani et al., 1995). The large 

dispersion  observed  in  the  dog maximum RP distance,  core  area  and  core  RP distance  emphasized  the 

existence of two types of dog' behavior: some fast and long distance movements versus a large proportion of 
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relatively  slow  movements  concentrated  around  the  owner’s  home.  Furthermore,  all  the  variables  were 

correlated to each other suggesting that dogs which move farthest also have a tendency for (during the night 

they  were  radiotracked)  larger  core  areas,  speeds  and  excursive  relocations.  Also,  the  large  dispersion 

observed  in  the  number  of  excursive  relocation  and  the  diversity  of  trajectories  (“away and  back”  and 

excursive paths) found among dogs also outlined a large heterogeneity in dog excursive behavior.

Because individual  variability was not considered in our population-level sampling design, we could not 

generalize such results by categorizing dogs according to the value of their one-night movement parameter 

estimation. However our results agree with previous studies done at the individual level demonstrating inter-

individual variability in free-roaming dogs' home ranges and discriminating sedentary (mean home range=2.6 

ha) from wandering dogs (mean home range=927 ha) (Meek, 1999). Only the dog sex was found to partly 

explain this variability (males being more active than females) thus confirming previous studies (Boitani et 

al., 1995). The inter-individual variation in nocturnal behaviors might interact and hide the effects of the 

nature of dog/human relationships (pastoral activity and freedom level) on nocturnal spatial behavior. It is 

well known that dog-owner relationships influence social organization of dog and consequently their territory 

definition  and  spatial  utilization-  owned  dogs  having  smaller  home  range  size  than  owner-less  dogs 

(Macpherson  et  al.,  2000). Repeated trajectory records for each individual and stratified sampling of the 

population would help identify those effects.

Faecal densities were found to be higher in quadrats situated inside villages and were over-dispersed 

regarding their minimum distance from houses. Such aggregative distribution of faeces matched with the dog 

relocation distributions.  The range of high faeces  concentration (0 to 200 m) and the maximum density 

observed at 50 m fell within the maximum distance from the owner’s house recorded within the core areas 

(345 m).  Therefore,  dogs mainly defecated within their  core areas.  In urban areas,  concentration of dog 

faeces’ have been observed in places close to houses, in parks and residential areas or in public playgrounds 

associated  with  a  high  rate  of  soil  contamination  by  parasite,  i.e  Toxocara,  eggs  (Anvik  et  al.,  1974; 

O'Lorcain,  1994).  Concerning areas of  the Tibetan Plateau,  the close relationships and spatial  proximity 

between dog and humans may cause a considerable increase of the Echinococcus multilocularis transmission 

risk.  Given the average  Echinococcus multilocularis fecal  prevalence found (21%) and the dogs'  spatial 

defecation behavior outlined above, we suggest that the village area, and particularly within about 200 meters 

around dog owners' houses, might be the place for a high contact rate between faeces and the human village 

population and cause high human exposition to the parasite. Consequently, the transmission risk is likely to 

decrease with the distance from the dog owner’s house, if other risk behavior of people is kept constant 

(hygiene, contact with dogs) along this gradient. Since the villages we considered did not influence faeces 

spatial distribution patterns and prevalences, we could cautiously generalize such a general pattern to other 

villages of the study region. Furthermore, at a higher resolution, faeces were found to be aggregated within 

quadrats inside village area. Scent marking behavior and social interactions among dogs, arising within the 
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population area of activity, might explain such aggregation (Boitani and Ciucci, 1995). Faeces of different 

dogs  are  likely  to  be  found  within  such  micro-aggregation  zones  inside  villages  where  Echinococcus 

multilocularis environment contamination might be particularly high.

In contrast to the village area, low densities of faeces were found further than 200 m from houses and 

outside village areas. This distance matched with the maximum dog core area RP distance and thus with the 

excursive areas. Therefore, dogs also defecated sporadically during their excursive trajectories at a maximum 

distance of 1519 m and therefore could contribute to the contamination of the wild reservoir (small mammals) 

mainly inhabiting grassland areas.

Infected small mammals can contain thousands of protoscoleces and dog infection pressure is high when 

predating on such preys (Budke et al., 2005b). The same authors ran an epidemiological model to estimate the 

contact rate between dogs and small mammals and found a value of 0.52 insult per year to explain actual dog 

prevalences in the same area (villages surrounding Shiqu township).  This contact rate in the case of  Em 

transmission is  known to rely on prey densities  and prevalences  (Giraudoux et  al.,  2002) as  well  as  on 

predator  behavior  (Hegglin  et  al.,  2007).  On the  Tibetan plateau,  relatively  high prevalences  have  been 

recorded in Microtus irene (25%) and Ochotona curzoniae (up to 7.7%) (Qiu et al., 1999), species found in 

higher  abundances  and  suceptible  to  undergo  multi-annual  fluctuations  (Raoul  et  al.,  2006).  In  the  area 

studied here, our results suggest that spatial overlaps of dog movements with small mammal populations exist 

outside but also inside village area as a trade-off between small mammal population densities and dog space 

utilization. Indices for small mammal species presence were found with largest frequency outside dog activity 

areas, i.e in the areas where dogs would do only excursions. Additionally, aggregation was observed in some 

dogs excursive areas. Even if nocturnal excursions are done for the purpose of mating or to meet other dogs 

(authors personal obs.), they could also be motivated by the presence of small mammal colonies and lead to 

predation on this prey (authors personal obs.). Moreover, even in lower proportions than in the excursive 

area, small mammal occurrence was observed inside the dog population area, and even in dog core areas for 

one studied village. This suggests that contact between hosts could even occur inside this area and does not 

necessarily require excursions into the surrounding grassland. Also, a peri-domestic parasite cycle could be 

maintained in close vicinity of the dog owners’ houses.

Further  data  are  required to  investigate  the  plasticity  of  dogs'  predation behavior  in  relation to  prey 

densities by dietary analysis. Since dog predation pressure is known to shift according to the variation in 

anthropogenic ressources (Macpherson et al., 2000), particular effort should be put on studying the effects of 

dog “domestication states” as defined by the feralization model developed in Boitani and Ciucci (1995), on 

predation behaviors. At the population level, our study constitutes a preliminary step in the quantification of 

the frequency of dog and small mammals interactions. Small mammal habitats have already been defined in 

this region of China (Raoul et al., 2006; Marston 2008) but further investigations are required to build an 

accurate  predictive  mapping  of  small  mammal  occurrence  within  the  whole  area  surrounding  villages. 
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Ultimately such contact  rate  could  be of  particular  relevance as  a  parameter  of  epidemiological  models 

(Budke et al., 2005b).
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Figure 1: Localization of study sites in Serxu county, China.
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Figure 2: Faeces sampling protocol per sampling survey. Village areas (90 % MCP polygon) and village 

houses were represented by gray areas and small green squares respectively. Black squares, empty and full 

black circles represented quadrats, dog and fox faeces respectively.
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◆♦s ❛♥❛❧②s❡s s♣❛t✐❛❧❡s ❡t ♠♦❧é❝✉❧❛✐r❡s ❞❡ ❢❡❝ès ❛♣♣♦rt❡♥t ❧❛ ♣r❡✉✈❡ ❡t ♣❡r♠❡t ❞❡ q✉❛♥t✐✜❡r

❡t ❞❡ s♣❛t✐❛❧✐s❡r ❧❡ rô❧❡ ♠❛❥❡✉r ❞✉ ❝❤✐❡♥ ❞❛♥s ❧❛ ❝♦♥t❛♠✐♥❛t✐♦♥ ❞❡ ❧✬❡♥✈✐r♦♥♥❡♠❡♥t ❞❡s ✈✐❧❧❛❣❡s

❞✉ ♣❧❛t❡❛✉ t✐❜ét❛✐♥s ♣♦✉r ❧❡sq✉❡❧s ♥♦✉s ❞✐s♣♦s✐♦♥s ❞❡ ❞♦♥♥é❡s é❝♦✲é♣✐❞é♠✐♦❧♦❣✐q✉❡s✳

❊♥ ❡✛❡t✱ ❞✬✉♥❡ ♣❛rt ❧❡s ❢è❝❡s ❞❡ ❝❤✐❡♥s ❝♦♥st✐t✉❡♥t ❧❛ ♣r✐♥❝✐♣❛❧❡ s♦✉r❝❡ ❞❡ ❝♦♥t❛♠✐♥❛t✐♦♥ ❞❡s

✈✐❧❧❛❣❡s ét✉❞✐és ❡♥ ❝♦♠♣❛r❛✐s♦♥ à ❝❡❧❧❡s ❞❡ r❡♥❛r❞s t✐❜ét❛✐♥s q✉✐ ♣❡✉✈❡♥t ❢réq✉❡♥t❡r ❡t ❞é❢éq✉❡r

à ❧✬✐♥tér✐❡✉r ❞❡s ✈✐❧❧❛❣❡s ❞❡ ♠❛♥✐èr❡ s♣♦r❛❞✐q✉❡✳

❉✬❛✉tr❡ ♣❛rt✱ ❧❡s ❢è❝❡s ❞❡ ❝❛♥✐❞és ❡t ❧❡✉r ❝♦♥t❛♠✐♥❛t✐♦♥ ♣♦t❡♥t✐❡❧❧❡ s♦♥t ❞✐str✐❜✉é❡s ❞❡

♠❛♥✐èr❡ ♥♦♥ ❛❧é❛t♦✐r❡ ❞❛♥s ❧✬❡s♣❛❝❡ ✉t✐❧✐sé ♣❛r ❧❡s ❝❤✐❡♥s ✿ ❡❧❧❡s s♦♥t ❝♦♥❝❡♥tré❡s ❞❛♥s ✉♥

♣ér✐♠ètr❡ ❞✬❡♥✈✐r♦♥ ✷✵✵ ♠ ❛✉t♦✉r ❞❡s ❤❛❜✐t❛t✐♦♥s ❡t ♣❡✉✈❡♥t êtr❡ ❛❣ré❣é❡s ❞❛♥s ❞❡s ♠✐❝r♦✲

❢♦②❡rs à ❧✬✐♥tér✐❡✉r ❞❡s ✈✐❧❧❛❣❡s✳

▲✬✉t✐❧✐s❛t✐♦♥ ❞❡ ❧✬❡s♣❛❝❡ ♣❛r ❧❡s ❝❤✐❡♥s ❝♦rr♦❜♦r❡♥t ❧❡s ❝♦♠♣♦rt❡♠❡♥ts ❞❡ ❞é❢é❝❛t✐♦♥ ♦❜s❡r✈és

❡t ❛♣♣♦rt❡♥t ❞❡ ♥♦✉✈❡❧❧❡s ✐♥❢♦r♠❛t✐♦♥s ✿ ❧❛ ♥✉✐t✱ ❧❡s ❝❤✐❡♥s ♣❛ss❡♥t ❧❛ ♠❛❥♦r✐té ❞❡ ❧❡✉r t❡♠♣s ❞❛♥s

✉♥ r❛②♦♥ ❞✬❡♥✈✐r♦♥ ✷✵✵ ♠ ❛✉t♦✉r ❞❡s ❤❛❜✐t❛t✐♦♥s ❤✉♠❛✐♥❡s✱ ♠❛✐s ❝❡rt❛✐♥s ♣❡✉✈❡♥t é❣❛❧❡♠❡♥t

ré❛❧✐s❡r ✉♥❡ à ❞❡✉① tr❛❥❡❝t♦✐r❡s ❡①❝✉rs✐✈❡s ❞❛♥s ❧❡s ♣r❛✐r✐❡s ❡♥✈✐r♦♥♥❛♥t ❧❡s ✈✐❧❧❛❣❡s ❡t à ✉♥❡

❞✐st❛♥❝❡ ♠❛①✐♠❛❧❡ ❞❡ ✶✺✵✵ ♠ ❞❡s ❤❛❜✐t❛t✐♦♥s✳ ❉❡ ♣❧✉s✱ ❧❡s ♠â❧❡s s♦♥t ♣❧✉s s✉❥❡ts à s✬é❧♦✐❣♥❡r

❞❡s ❤❛❜✐t❛t✐♦♥s q✉❡ ❧❡s ❢❡♠❡❧❧❡s✳

❯♥❡ ❛♥❛❧②s❡ s♣❛t✐❛❧❡ ♣ré❧✐♠✐♥❛✐r❡ ❞❡s ✐♥t❡r❛❝t✐♦♥s ❡♥tr❡ ❧❡s ❝❤✐❡♥s ❡t ❧❡s ♣♦♣✉❧❛t✐♦♥s ❞❡ ♠✐❝r♦✲

♠❛♠♠✐❢èr❡s ❛ ♣❡r♠✐s ✉♥❡ ♣r❡♠✐èr❡ q✉❛♥t✐✜❝❛t✐♦♥ ❞✉ t❛✉① ❞❡ ❝♦♥t❛❝t ❡♥tr❡ ❧❡s ❤ôt❡s✳ ❆ ❧✬✐♥✈❡rs❡

❞✉ ❝♦♠♣♦rt❡♠❡♥t ❞✉ ❝❤✐❡♥✱ ❧❡s ❞❡♥s✐tés ❞❡ ♣♦♣✉❧❛t✐♦♥ ❞❡ ♠✐❝r♦✲♠❛♠♠✐❢èr❡s ❛✉❣♠❡♥t❡♥t ❞❡♣✉✐s
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s❛t✐♦♥ s✬❡st ❞ér♦✉❧é❡ ❡♥ ✸ ét❛♣❡s ✿ ❞é✜♥✐r ❞❡s ❛ss❡♠❜❧❛❣❡s ✭❆①❡ ✶✱ ét❛♣❡ ✶✮✱ ♠♦❞é❧✐s❡r ❧❡✉rs ❤❛❜✐✲

t❛ts ✭❆①❡ ✶✱ ét❛♣❡ ✷✮ ❡t ♣ré❞✐r❡ ❧❡✉rs ❞✐str✐❜✉t✐♦♥s s✉r ✉♥❡ ét❡♥❞✉❡ ré❣✐♦♥❛❧❡ ✭❆①❡ ✷✮ ✭❋✐❣✉r❡ ✻✳✶✱

♣✳ ✶✹✼✮✳ ❈❤❛q✉❡ ét❛♣❡ ❞❡ ❧❛ ♠♦❞é❧✐s❛t✐♦♥ ❛ ❛♣♣♦rté ❞❡s é❧é♠❡♥ts ❞❡ ❝♦♥♥❛✐ss❛♥❝❡s é❝♦❧♦❣✐q✉❡s

♦✉ é❝♦✲é♣✐❞é♠✐♦❧♦❣✐q✉❡s ❝♦♥❝❡r♥❛♥t ❧❡s ❞✐str✐❜✉t✐♦♥s s♣❛t✐❛❧❡s ❞❡s ♣♦♣✉❧❛t✐♦♥s✳ ❊♥ ♣❛r❛❧❧è❧❡✱ ❧✬❡st✐✲

♠❛t✐♦♥ ❞❡s ❡rr❡✉rs ❞❡ ♣ré❞✐❝t✐♦♥ ❛ ♣❡r♠✐s ❞❡ ♠❡ttr❡ ❡♥ é✈✐❞❡♥❝❡ ❧❡s ❧✐♠✐t❡s ♣♦✉r ❛tt❡✐♥❞r❡ ♥♦tr❡

♦❜❥❡❝t✐❢ ❞❡ ♥♦tr❡ ❥❡✉ ❞❡ ❞♦♥♥é❡s ❡t ❞❡s ♦✉t✐❧s ❞❡ ♠♦❞é❧✐s❛t✐♦♥ st❛t✐st✐q✉❡✳ ❆♣rès ✉♥ r❛♣♣❡❧ ❞❡s

❛♣♣♦rts ❞❡ ♥♦tr❡ tr❛✈❛✐❧ ❛✉① ❝♦♥♥❛✐ss❛♥❝❡s ♠ét❤♦❞♦❧♦❣✐q✉❡s ❡t é❝♦❧♦❣✐q✉❡s✴é♣✐❞é♠✐♦❧♦❣✐q✉❡s✱

♥♦✉s ❞✐s❝✉t❡r♦♥s ❞❡s ❛♠é❧✐♦r❛t✐♦♥s ❞❡ ♥♦tr❡ ♣r♦t♦❝♦❧❡ r❡q✉✐s❡s ♣♦✉r ré❞✉✐r❡ ✏❝❡ q✉❡ ❧❡s ♠♦❞✲

è❧❡s ♥✬❡①♣❧✐q✉❡♥t ♣❛s✑ ❡♥ ❛❝❝♦r❞ ❛✈❡❝ ✏❧✬ét❛t ❞✬❡s♣r✐t✑ ❞❡ ❧❛ ❝♦♥str✉❝t✐♦♥ ❞❡ ♠♦❞è❧❡s ♣ré❞✐❝t✐❢s✳

❊♥✜♥✱ ❧❡s ❛♣♣❧✐❝❛t✐♦♥s ❞❡ ♥♦s ♠♦❞è❧❡s à ❧❛ ♠♦❞é❧✐s❛t✐♦♥ ❞✉ r✐sq✉❡ é❝♦✲é♣✐❞é♠✐♦❧♦❣✐q✉❡ s❡r♦♥t

❞✐s❝✉té❡s✳

✻✳✶ ❉❡ ❧❛ ❞é✜♥✐t✐♦♥ ❞❡s ❛ss❡♠❜❧❛❣❡s

✻✳✶✳✶ ❆♣♣♦rts ♠ét❤♦❞♦❧♦❣✐q✉❡s

▲❛ ❞é✜♥✐t✐♦♥ ❞✬❛ss❡♠❜❧❛❣❡s ❞❡ ♠✐❝r♦✲♠❛♠♠✐❢èr❡s s✬❡st ❛✈éré❡ ✉t✐❧❡ ♣♦✉r ❛♥❛❧②s❡r ❡t ✐♥t❡r✲

♣rét❡r ❞❡s ❞♦♥♥é❡s ❞❡ ♣rés❡♥❝❡✴❛❜s❡♥❝❡ ❞✬❡s♣è❝❡s ❞❡ ♠✐❝r♦✲♠❛♠♠✐❢èr❡s✱ ❝❛r❛❝tér✐sé❡s ♣❛r ✉♥❡

❧❛r❣❡ ❞✐✈❡rs✐té ❞✬❡s♣è❝❡s ❞❛♥s ✉♥❡ ❧❛r❣❡ ❞✐✈❡rs✐té ❞✬❤❛❜✐t❛ts é❝❤❛♥t✐❧❧♦♥♥és ❡t ❞é✜♥✐s s✉r ❛✈✐s

❞✬❡①♣❡rts✳

▲❛ ré❞✉❝t✐♦♥ ❞❡ ❧❛ r❡❞♦♥❞❛♥❝❡ ✭❋✐❣✉r❡ ✻✳✶✱ ♣✳ ✶✹✼✮ ♣❛r ❧❛ ♣r♦❝é❞✉r❡ ❞❡ r❡❣r♦✉♣❡♠❡♥t ❞❡s

❤❛❜✐t❛ts ét❛✐t ♥é❝❡ss❛✐r❡ ♣♦✉r ❡①♣❧✐q✉❡r ❛✉ ♠✐❡✉① ❧❡s ✈❛r✐❛❜✐❧✐tés ♦❜s❡r✈é❡s ❞❡s ❞❡♥s✐tés r❡❧❛t✐✈❡s

✶✸✺



✻✳✶✳ ❉❡ ❧❛ ❞é✜♥✐t✐♦♥ ❞❡s ❛ss❡♠❜❧❛❣❡s

❞❡s ❡s♣è❝❡s ❡♥tr❡ ❧❡s ❧✐❣♥❡s ❞❡ ♣✐è❣❡s✳ ❯♥❡ ❧❛r❣❡ ❞✐✈❡rs✐té ❡t r❡❞♦♥❞❛♥❝❡ ❞❡s ❝❧❛ss❡s ❞✬❤❛❜✐t❛ts

♣❡✉✈❡♥t êtr❡ ♣r♦❜❧é♠❛t✐q✉❡s ❧♦rsq✉❡ ❧✬é❝❤❛♥t✐❧❧♦♥♥❛❣❡ ❡st ❜❛sé s✉r ❞❡s ❝❛rt❡s ❝❧❛ss✐✜é❡s ❞✬♦❝❝✉✲

♣❛t✐♦♥ ❞✉ s♦❧ ♦✉ ❞❡ t②♣❡s ❞❡ ✈é❣ét❛t✐♦♥✳

❇✐❡♥ q✉❡ ❧❡s ❤❛❜✐t❛ts ❛✐❡♥t été ❞é✜♥✐s s✉r ❛✈✐s ❞✬❡①♣❡rts✱ ❧❡✉rs r❡❣r♦✉♣❡♠❡♥ts ♦♥t été

ré❛❧✐sés s✉r ❞❡s ❝r✐tèr❡s ♦❜❥❡❝t✐❢s ❡t q✉❛♥t✐t❛t✐❢s ✭♦♣t✐♠✐s❛t✐♦♥ ❞❡ ❧❛ ✈r❛✐s❡♠❜❧❛♥❝❡ ❞❡s ♠♦❞è❧❡s✱

♠♦❞é❧✐s❛t✐♦♥ ♠✉❧t✐♥♦♠✐❛❧❡✮✳ ❯♥ t❡❧ r❡❣r♦✉♣❡♠❡♥t s❡♠❜❧❡ ♣❧✉s ❡✣❝❛❝❡ q✉❡ ❝❡✉① ♣❧✉s ❝♦✉r❛♠♠❡♥t

✉t✐❧✐sés ❡t ré❛❧✐sés s✉r ❛✈✐s ❞✬❡①♣❡rts ✭❋❡rr✐❡r ❛♥❞ ●✉✐s❛♥✱ ✷✵✵✻❀ ❖❧✐✈❡r✱ ✷✵✵✷✮ ❡t ❛②❛♥t été ♠♦♥tré

✐♥❡✣❝❛❝❡s ❞❛♥s ❝❡rt❛✐♥s ❝❛s ❞✬ét✉❞❡ ✭P❡❛r❝❡ ❡t ❛❧✳✱ ✷✵✵✶✮✳ ❉✬❛✉tr❡ ♣❛rt✱ ♥♦tr❡ ❛♣♣r♦❝❤❡ ♣❡r♠❡t

❞❡ ♣❛rt✐t✐♦♥♥❡r ❧❛ ❞✐✈❡rs✐té s✉r ❧❛ ❜❛s❡ ❞❡s ❞❡♥s✐tés r❡❧❛t✐✈❡s ❡t ❞❡ ❧❛ ❝♦♠♣♦s✐t✐♦♥ s♣é❝✐✜q✉❡ ❞❡s

❧✐❣♥❡s ❞❡ ♣✐è❣❡s✳ ❊❧❧❡ ♣❡✉t ❞♦♥❝ êtr❡ ✉t✐❧✐sé❡ ♣♦✉r ❡st✐♠❡r ❧❡s ❞✐str✐❜✉t✐♦♥s s♣❛t✐❛❧❡s ❞❡s ♣r♦♣r✐étés

♠❛❝r♦✲é❝♦❧♦❣✐q✉❡s ❞❡s ❝♦♠♠✉♥❛✉tés✱ rés✉♠é❡s ♣❛r ❞❡s ✐♥❞✐❝❡s ❞❡ ❞✐✈❡rs✐té tr❛❞✐t✐♦♥♥❡❧❧❡♠❡♥t

✉t✐❧✐sé❡s ❞❛♥s ❧❡ ❞♦♠❛✐♥❡ ❞❡ ❧✬é❝♦❧♦❣✐❡ ❞❡s ❝♦♠♠✉♥❛✉tés ✭❋❡rr✐❡r ❛♥❞ ●✉✐s❛♥✱ ✷✵✵✻❀ ❋❡rr✐❡r ❡t ❛❧✳✱

✷✵✵✼✮✳ ❊♥ ♣❛r❛❧❧è❧❡✱ ❡❧❧❡ ❝♦♥st✐t✉❡ ❡♥ q✉❡❧q✉❡ s♦rt❡ ✉♥❡ ❝❧❛ss✐✜❝❛t✐♦♥ ❡t ♠♦❞é❧✐s❛t✐♦♥ s✐♠✉❧t❛♥é❡s

❞❡s ❞❡♥s✐tés r❡❧❛t✐✈❡s ❞❡s ❡s♣è❝❡s ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ✈❛r✐❛❜❧❡s q✉❛❧✐t❛t✐✈❡s ✭❧❡s ❝❧❛ss❡s ❞✬❤❛❜✐t❛ts✮✳

❊❧❧❡ ♣❡r♠❡t ❞♦♥❝ ❞✬✐♥❢♦r♠❡r é❣❛❧❡♠❡♥t s✉r ❧❡s ❝♦♠♣♦s✐t✐♦♥s ❡t ❞❡♥s✐tés r❡❧❛t✐✈❡s ❞❡ ❝❤❛❝✉♥❡

❞❡s ❡s♣è❝❡s ❝♦♠♣♦s❛♥t ❧❡s ❛ss❡♠❜❧❛❣❡s ♦✉ ❧❡s ❣r♦✉♣❡s ❞✬❤❛❜✐t❛ts✱ ❝❡ q✉✐ ♣❡✉t êtr❡ ✉t✐❧✐s❛❜❧❡ ❡♥

❜✐♦❧♦❣✐❡ ❞❡ ❧❛ ❝♦♥s❡r✈❛t✐♦♥ ♣❛r ❡①❡♠♣❧❡✳

❖♥ r❡♠❛rq✉❡r❛ ❡♥✜♥ q✉❡ ❧❛ ❞é✜♥✐t✐♦♥ ❞❡s ❛ss❡♠❜❧❛❣❡s ❛ été ré❛❧✐sé❡ s✉r ✉♥❡ ♣ér✐♦❞❡ ❞❡

t❡♠♣s ❧✐♠✐té❡ ❡t ♥❡ ♣r❡♥❞ ♣❛s ❡♥ ❝♦♥s✐❞ér❛t✐♦♥ ❧❡s ❡✛❡ts ❞❡s ❞②♥❛♠✐q✉❡s ❞❡s ♣♦♣✉❧❛t✐♦♥s

s✉r ❧❡s ❞✐str✐❜✉t✐♦♥s ❞❡s ❡s♣è❝❡s✱ ❝❡ q✉✐ ♣♦✉rr❛✐t ❡♥tr❛î♥❡r ❞❡s ✈❛r✐❛t✐♦♥s t❡♠♣♦r❡❧❧❡s ❞❛♥s ❧❛

❞é✜♥✐t✐♦♥ ❞❡s ❛ss❡♠❜❧❛❣❡s✳ ❈❡♣❡♥❞❛♥t✱ ❧❛ ❝♦♥s✐❞ér❛t✐♦♥ ❞❡ ❧✬❡♥s❡♠❜❧❡ ❞✉ ✏t✉r♥ ♦✈❡r✑ s♣❛t✐❛❧ ❞❡

❧❛ ③♦♥❡ ❞✬ét✉❞❡ ♣❡✉t ♣❡r♠❡ttr❡ ❞❡ ❝♦♠♣❡♥s❡r ❝❡tt❡ ♦♠✐ss✐♦♥ ❡♥ ✐♥té❣r❛♥t✱ ❞❛♥s ❧❛ ❞é✜♥✐t✐♦♥ ❞❡s

❛ss❡♠❜❧❛❣❡s✱ ❞✐✛ér❡♥t❡s ♣❤❛s❡s ❞❡ ❧❛ ❞②♥❛♠✐q✉❡ ❞❡s ♣♦♣✉❧❛t✐♦♥s✳

✻✳✶✳✷ ▲❡s ❛ss❡♠❜❧❛❣❡s ❝♦♠♠❡ ❣r♦✉♣❡s ❞❡ tr❛♥s♠✐ss✐♦♥ ❞✬❊♠

▲✬✐❞❡♥t✐✜❝❛t✐♦♥✱ s❛♥s ♣r♦t♦❝♦❧❡ s♣é❝✐✜q✉❡ ❞✬é❝❤❛♥t✐❧❧♦♥♥❛❣❡✱ ❞❡s ❡s♣è❝❡s q✉✐ ✐♥t❡r✈✐❡♥♥❡♥t

♠❛❥♦r✐t❛✐r❡♠❡♥t ❞❛♥s ❧❛ tr❛♥s♠✐ss✐♦♥ ❞✉ ♣❛r❛s✐t❡ ❡st ❝♦♠♣❧✐q✉é❡ ♣❛r ❧❛ ❣r❛♥❞❡ ❞✐✈❡rs✐té ❞❡s

❡s♣è❝❡s ♣♦t❡♥t✐❡❧❧❡♠❡♥t ❤ôt❡s é❝❤❛♥t✐❧❧♦♥♥é❡s✳ ▲❛ ❞♦✉❜❧❡ ✐♥❢♦r♠❛t✐♦♥ ❝♦♥t❡♥✉❡ ❞❛♥s ❧❡s ❛ss❡♠✲

❜❧❛❣❡s ❞é✜♥✐s✱ ❞✐✈❡rs✐té ❡t ❞❡♥s✐tés r❡❧❛t✐✈❡s✱ ♣❡✉t s✬❛✈ér❡r ✉t✐❧❡ ♣♦✉r ❞é✜♥✐r ❧❡s ❣r♦✉♣❡s ❞❡ tr❛♥s✲

♠✐ss✐♦♥ ❞❛♥s ♥♦s s✐t❡s ❞✬ét✉❞❡s✱ ❡♥ ré❢ér❡♥❝❡ ❛✉ st❛t✉ts ✐♥❢❡❝t✐❡✉① ❞❡s ❡s♣è❝❡s ✐❞❡♥t✐✜és ♣❛r ❞❡s

ét✉❞❡s ❛♥tér✐❡✉r❡s✳

❈♦♠♠❡ ♥♦✉s ❧✬❛✈♦♥s ❞é❝r✐t ♣ré❝✐sé♠❡♥t ❡♥ ✐♥tr♦❞✉❝t✐♦♥✱ ❧❛ ❞é✜♥✐t✐♦♥ ❞✬❛ss❡♠❜❧❛❣❡s ❞✬❡s♣è❝❡s

❞❡ ♠✐❝r♦✲♠❛♠♠✐❢èr❡s ❛ été ✉t✐❧✐sé❡ ♣♦✉r ❝♦♠♣r❡♥❞r❡ ❧❡s ❞✐str✐❜✉t✐♦♥s s♣❛t✐❛❧❡s ❞❡s ❣r♦✉♣❡s ❞❡

tr❛♥s♠✐ss✐♦♥ ❞❛♥s ❞✐✛ér❡♥ts s✐t❡s ❞✬ét✉❞❡✳ ▲❡s ♣❛②s❛❣❡s à r✐sq✉❡ ❞❡ tr❛♥s♠✐ss✐♦♥ s♦♥t ❛❧♦rs ❝❛r✲

❛❝tér✐sés ♣❛r ❧❛ ♣rés❡♥❝❡✱ ❡♥ ♣r♦♣♦rt✐♦♥ ✐♠♣♦rt❛♥t❡✱ ❞✬❤❛❜✐t❛ts ♦♣t✐♠❛✉① ♣♦✉r ✉♥❡ ♦✉ ♣❧✉s✐❡✉rs

❡s♣è❝❡s ♣♦t❡♥t✐❡❧❧❡♠❡♥t ❤ôt❡s ❡t ❝❛♣❛❜❧❡s ❞❡ ♠♦♥tr❡r ✉♥❡ ❞②♥❛♠✐q✉❡ ❝②❝❧✐q✉❡ ❞❡ ♣♦♣✉❧❛t✐♦♥s✱

q✉✐ ♣❡✉✈❡♥t ❛❧♦rs ❛tt❡✐♥❞r❡ ❞❡s ♣✐❝s ❞❡ ❢♦rt❡s ❞❡♥s✐tés✳ ❙✉r ❧❡ ♣❧❛t❡❛✉ t✐❜ét❛✐♥✱ ✐❧ s✬❛❣✐t ❞❡s ♣r❛✐r✐❡s ❡♥✲

❝❧♦s❡s ❡t ❞❡s ③♦♥❡s ❜✉✐ss♦♥♥❛♥t❡s ❞♦♠✐♥é❡s ♣❛r ▼✐❝r♦t✉s ❧✐♠♥♦♣❤✐❧✉s ✭s✉s❝❡♣t✐❜❧❡ à ❊♠✮ ❡t ❞❡s

♣r❛✐r✐❡s ♣ât✉ré❡s ♦ù ❛❜♦♥❞❡♥t ❞❡s ❡s♣è❝❡s ♣♦t❡♥t✐❡❧❧❡♠❡♥t ❤ôt❡s ❞✉ ❣❡♥r❡❖❝❤♦t♦♥❛ ✭❖✳❝✉r③♦♥✐❛❡✱

❖✳ ❝❛♥s✉s✮ ❡t ❈r✐❝❡t✉❧✉s ❦❛♠❡♥s✐s ✭❘❛♦✉❧ ❡t ❛❧✳✱ ✷✵✵✻❀ ●✐r❛✉❞♦✉① ❡t ❛❧✳✱ ✷✵✵✸✮✳ ▼✐❝r♦t✉s ✐r❡♥❡✱

é❣❛❧❡♠❡♥t s✉s❝❡♣t✐❜❧❡✱ ❛✈❛✐t ❝♦♠♠❡ ❤❛❜✐t❛t ❞❡s ③♦♥❡s r♦❝❤❡✉s❡s ❡t ❞❡s ♣r❛✐r✐❡s r❛s❡s à ❙t❡❧❧❛✐r❡s✳

❉❛♥s ❧❡ ●❛♥s✉✱ ❧❡ st❛❞❡ ✐♥t❡r♠é❞✐❛✐r❡ ❞❡ ❧❛ ❞é❢♦r❡st❛t✐♦♥ ❞♦♠✐♥é ♣❛r ❈r✐❝❡t✉❧✉s ❧♦♥❣✐❝❛✉❞❛t✉s

✶✸✻



✻✳✷✳ ❉❡ ❧❛ ♠♦❞é❧✐s❛t✐♦♥ ❞❡s ❛ss❡♠❜❧❛❣❡s

❡t ▼✐❝r♦t✉s ❧✐♠♥♦♣❤✐❧✉s✱ ❡s♣è❝❡s ♣♦t❡♥t✐❡❧❧❡♠❡♥t ❤ôt❡s✱ ❡st ❝♦♥s✐❞éré ❝♦♠♠❡ ❧✬❤❛❜✐t❛t à ♣❧✉s

❤❛✉t r✐sq✉❡ ❞❡ tr❛♥s♠✐ss✐♦♥ ✭●✐r❛✉❞♦✉① ❡t ❛❧✳✱ ✶✾✾✽✱ ✷✵✵✸✮✳

❉❛♥s ♥♦s ❞❡✉① s✐t❡s ❞✬ét✉❞❡s✱ ▼✐❝r♦t✉s ✐r❡♥❡ ❛ été ♣✐é❣é à ❞❡ ❢❛✐❜❧❡s ❞❡♥s✐tés ✭✶ ✐♥❞✐✈✐❞✉ ♣❛r

s✐t❡✮✱ ❞❛♥s ❧❡s ❢♦rêts ♠✐①t❡s ❞❡ ❝♦♥✐❢èr❡s ❡t ❞❡ r❤♦❞♦❞❡♥❞r♦♥s✳ ❈❡s ❣r♦✉♣❡s ❞✬❤❛❜✐t❛ts ❢♦r❡st✐❡rs

ét❛✐❡♥t ❧❡s ♣❧✉s ❞✐✈❡rs✐✜és ❡♥ ❡s♣è❝❡s✳ ▲❡ ❣❡♥r❡ ❖❝❤♦t♦♥❛ ❞♦♠✐♥❛✐t ❝❡s ♠ê♠❡s ❛ss❡♠❜❧❛❣❡s ❡♥

t❡r♠❡ ❞❡ ❞❡♥s✐tés r❡❧❛t✐✈❡s✳ P❛r ♦♣♣♦s✐t✐♦♥ à ❧❛ s✐t✉❛t✐♦♥ r❡♥❝♦♥tré❡ s✉r ❧❡ ♣❧❛t❡❛✉ t✐❜ét❛✐♥✱ ❧❛

❞✐✈❡rs✐té ❞❡s ❤❛❜✐t❛ts ❡t✱ ❞❡ ❢❛✐t✱ ❧❛ r✐❝❤❡ss❡ s♣é❝✐✜q✉❡ ❞❡s ❛ss❡♠❜❧❛❣❡s ♦♥t t❡♥❞❛♥❝❡ à êtr❡ é❧❡✈é❡s

❞❛♥s ❧❡s ✈❛❧❧é❡s ❞❡s ❝♦♥tr❡❢♦rts ❞✉ ♣❧❛t❡❛✉✱ ♣ré✈❡♥❛♥t ❛❧♦rs ❧❡s s✉r❛❜♦♥❞❛♥❝❡s ❞❡ q✉❡❧q✉❡s ❡s♣è❝❡s

✭●✐r❛✉❞♦✉① ❡t ❛❧✳✱ ✷✵✵✸❀ ▼✐❝❤❡❧ ❡t ❛❧✳✱ ✷✵✵✼✮✳ ▲❡ ❝②❝❧❡ ❞✬❊♠ ♣♦✉rr❛✐t ❞♦♥❝ ❡①✐st❡r à très ❜❛s

❜r✉✐t à ▼❛❡r❦❛♥❣ ❡t à ❘❛♥❣t❛♥❣ ❞❛♥s ❧❡s ❤❛❜✐t❛ts ❢♦r❡st✐❡rs ❡t s❡r❛✐t ❛❧♦rs q✉❛❧✐✜é ❞❡ s②❧✈❛t✐q✉❡✳

▲❛ ❣r❛♥❞❡ ❤étér♦❣é♥é✐té ❞✉ ♣❛②s❛❣❡✱ ❧✬❛❜s❡♥❝❡ ❞❡ ❢♦rt❡s ❞❡♥s✐tés ❞✬❤ôt❡s ✐♥t❡r♠é❞✐❛✐r❡s ❞❛♥s ❞❡s

❤❛❜✐t❛ts ❛ss❡③ é❧♦✐❣♥és ❞❡s ❤❛❜✐t❛t✐♦♥s ❤✉♠❛✐♥❡s ❡t ❞❡s ❝❤✐❡♥s ❞♦♠❡st✐q✉❡s✱ ❧❛✐ss❡♥t s✉♣♣♦s❡r

q✉✬✉♥ t❡❧ ❝②❝❧❡ ❢♦♥❝t✐♦♥♥❡ ❛✈❡❝ ✉♥❡ ♠♦✐♥❞r❡ ✐♥t❡♥s✐té q✉❡ ❝❡❧✉✐ ❡♥ ♣❧❛❝❡ s✉r ❧❡ ♣❧❛t❡❛✉✱ ❝♦♠♠❡

❝❡❧❛ ❛ été ♦❜s❡r✈é ❞❛♥s ❞✬❛✉tr❡s ♣r♦✈✐♥❝❡s ❝❤✐♥♦✐s❡s t❡❧❧❡s q✉❡ ❧❡ ◆✐♥❣①✐❛ ♦✉ ❧❡ ●❛♥s✉ ✭●✐r❛✉❞♦✉①

❡t ❛❧✳✱ ✷✵✵✻✮✳

P❛r ♦♣♣♦s✐t✐♦♥✱ ❧❡s ❤❛❜✐t❛ts s✐t✉és ♣rès ❞❡s ❤❛❜✐t❛t✐♦♥s ❡t s♦✉s ❧✬✐♥✢✉❡♥❝❡ ❛❣r✐❝♦❧❡ ét❛✐❡♥t

♠♦✐♥s ❞✐✈❡rs✐✜és ❡♥ ❡s♣è❝❡s q✉❡ ❧❡s ❛ss❡♠❜❧❛❣❡s ❢♦r❡st✐❡rs✳ ❆✉ss✐✱ à ❘❛♥❣t❛♥❣✱ ❧❡s ❞❡♥s✐tés r❡❧✲

❛t✐✈❡s ét❛✐❡♥t ♣❧✉s é❧❡✈é❡s ♣♦✉r ❧❡s ❛ss❡♠❜❧❛❣❡s ❘✶ ❡t ❘✸✱ ❝♦rr❡s♣♦♥❞❛♥t ❛✉① ❤❛❜✐t❛ts ❛❣r✐✲

❝♦❧❡s✱ ❞♦♠✐♥és ♣❛r ❆♣♦❞❡♠✉s ♣❡♥✐♥s✉❧❛❡ ❡t ▼✐❝r♦t✉s ❧✐♠♥♦♣❤✐❧✉s r❡s♣❡❝t✐✈❡♠❡♥t✱ q✉❡ ❞❛♥s ❧❡s

❛ss❡♠❜❧❛❣❡s ❢♦r❡st✐❡rs✳ ▼✐❝r♦t✉s ❧✐♠♥♦♣❤✐❧✉s✱ ♣✐é❣é ♣r✐♥❝✐♣❛❧❡♠❡♥t ❞❛♥s ❧❡s ♣r❛✐r✐❡s ❡♥❝❧♦s❡s✱

ét❛✐t é❣❛❧❡♠❡♥t ♣rés❡♥t à ❞❡ ♠♦✐♥❞r❡s ❞❡♥s✐tés ❞❛♥s ❝❤❛❝✉♥ ❞❡s ❛✉tr❡s ❛ss❡♠❜❧❛❣❡s✳ ▲❡s ❢♦rt❡s

❞❡♥s✐tés ❞❡ ❝❡tt❡ ❡s♣è❝❡ ❛ss♦❝✐é❡s à s❛ ♣rés❡♥❝❡ ❞❛♥s t♦✉s ❧❡s ❛ss❡♠❜❧❛❣❡s s♦✉❧✐❣♥❡♥t s♦♥ ❝❛r❛❝✲

tèr❡ ❣é♥ér❛❧✐st❡ ✭❧❛r❣❡ ✏♥✐❝❤❡✑✮ ❡t ✐♥❞✐q✉❡♥t ❧❛ ♣♦ss✐❜✐❧✐té ❞❡ ❞✐s♣❡rs✐♦♥s ❞❛♥s ✉♥❡ ❧❛r❣❡ ❞✐✈❡rs✐té

❞✬❤❛❜✐t❛ts ♥♦♥ ❢♦r❡st✐❡rs ♣r♦❝❤❡s ❞❡s ❤❛❜✐t❛t✐♦♥s ❤✉♠❛✐♥❡s✱ ❡t ♣❛r s✉✐t❡✱ ✉♥ r✐sq✉❡ ❞❡ ✢✉❝t✉❛✲

t✐♦♥s ❝②❝❧✐q✉❡s ❞❡s ❞❡♥s✐tés ❞❡ ❝❡s ♣♦♣✉❧❛t✐♦♥s ✭●✐r❛✉❞♦✉① ❡t ❛❧✳✱ ✷✵✵✻✮✳ ❈❡❧❛ s✉❣❣èr❡ ❧❛ ♣♦ss✐❜❧❡

❡①✐st❡♥❝❡ ❞❛♥s ❧❛ ré❣✐♦♥ ❞❡ ❘❛♥❣t❛♥❣ ❞❡ ❢♦rt❡s ❞❡♥s✐tés ♣♦♥❝t✉❡❧❧❡s ❞✬❤ôt❡s ✐♥t❡r♠é❞✐❛✐r❡s ♣♦✉r

❧❡ ♣❛r❛s✐t❡ ♣♦✉✈❛♥t ❛❧✐♠❡♥t❡r ✉♥ ❝②❝❧❡ ♣ér✐✲❞♦♠❡st✐q✉❡ ♦✉ s❛✉✈❛❣❡✳

✻✳✷ ❉❡ ❧❛ ♠♦❞é❧✐s❛t✐♦♥ ❞❡s ❛ss❡♠❜❧❛❣❡s

✻✳✷✳✶ ❘ô❧❡ ❞❡s ✈❛r✐❛❜❧❡s ❡♥✈✐r♦♥♥❡♠❡♥t❛❧❡s ✐♥❞✐r❡❝t❡s ❡t ❞✐str✐❜✉t✐♦♥s ❞❡s
❛ss❡♠❜❧❛❣❡s

◆♦✉s ❛✈♦♥s tr♦✉✈é q✉❡ ❧❡s ✈❛r✐❛❜❧❡s ❡♥✈✐r♦♥♥❡♠❡♥t❛❧❡s ✐ss✉❡s ❞✬✐♠❛❣❡s s❛t❡❧❧✐t❡s ♣♦✉✈❛✐❡♥t

êtr❡ ✉t✐❧✐sé❡s ♣♦✉r ❞✐s❝r✐♠✐♥❡r ❞❡s ❛ss❡♠❜❧❛❣❡s ❛✈❡❝ ✉♥❡ ♣ré❝✐s✐♦♥ r❡❧❛t✐✈❡♠❡♥t ✐♠♣♦rt❛♥t❡ ❡t

s✉♣ér✐❡✉r❡ à ❝❡❧❧❡ ♦❜t❡♥✉❡ ♣❛r ❧❡ ❤❛s❛r❞✳ ▲❡s t❡❝❤♥✐q✉❡s ♥♦♥ ♣❛r❛♠étr✐q✉❡s ❞❡ ❞✐s❝r✐♠✐♥❛t✐♦♥

❞❡s ❛ss❡♠❜❧❛❣❡s s❡ s♦♥t ❛✈éré❡s ❧❡s ♣❧✉s ♣❡r❢♦r♠❛♥t❡s ♣♦✉r ♣ré❞✐r❡ ❧❡✉rs ❞✐str✐❜✉t✐♦♥s✳ ◆♦tr❡

ét✉❞❡ ❛♣♣♦rt❡ ❞♦♥❝ ❞❡s é❧é♠❡♥ts s✉♣♣❧é♠❡♥t❛✐r❡s ❡♥ ❢❛✈❡✉r ❞❡ ❧✬✉t✐❧✐s❛t✐♦♥ ❞❡ t❡❧❧❡s ♠ét❤♦❞❡s✱

❞❛♥s ❧❡ ❝❛s ❞❡ ❞♦♥♥é❡s é♣❛rs❡s ❡t ❝♦♥❝❡r♥❛♥t ❞❡s ❛ss❡♠❜❧❛❣❡s ❞✬❡s♣è❝❡s ✭❊❧✐t❤ ❡t ❛❧✳✱ ✷✵✵✻✮✳

P❛r♠✐ ❧❡s ✈❛r✐❛❜❧❡s t♦♣♦❣r❛♣❤✐q✉❡s✱ ❧✬❛❧t✐t✉❞❡✱ q✉✐ ✐♥✢✉❡♥❝❡ ❞✐r❡❝t❡♠❡♥t ❧❡s ❞✐str✐❜✉t✐♦♥s ❞❡

❧❛ ✈é❣ét❛t✐♦♥ ❡t ❞❡s ❤❛❜✐t❛ts ✭ét❛❣❡♠❡♥t ❞❡ ❧❛ ✈é❣ét❛t✐♦♥✮✱ ét❛✐t ❧❛ ✈❛r✐❛❜❧❡ ❧❛ ♣❧✉s ✐♥✢✉❡♥t❡✳

❈❡ rés✉❧t❛t s♦✉❧✐❣♥❡ ❧✬✐♥térêt ❞❡ ❧✬✉t✐❧✐s❛t✐♦♥ ❞❡s ❣r❛❞✐❡♥ts t♦♣♦❣r❛♣❤✐q✉❡s ♣♦✉r ♠♦❞é❧✐s❡r ❧❡s

❞✐str✐❜✉t✐♦♥s ❞✬❛ss❡♠❜❧❛❣❡s ❞❡ ♠✐❝r♦✲♠❛♠♠✐❢èr❡s✳ ❈❡t ❡✛❡t ❛✈❛✐t ❞é❥à été ♠✐s ❡♥ é✈✐❞❡♥❝❡ s✉r ❧❡s

✶✸✼



✻✳✷✳ ❉❡ ❧❛ ♠♦❞é❧✐s❛t✐♦♥ ❞❡s ❛ss❡♠❜❧❛❣❡s

❞✐str✐❜✉t✐♦♥s ❞❡s ❡s♣è❝❡s ✐♥❞✐✈✐❞✉❡❧❧❡♠❡♥t✳ ❆✐♥s✐✱ ●✐❜s♦♥ ❡t ❛❧✳ ✭✷✵✵✹✮ ♦♥t ♠♦♥tré q✉❡ ❧✬❛❧t✐t✉❞❡

❡t ❧✬❡♥s♦❧❡✐❧❧❡♠❡♥t ét❛✐❡♥t ♥é❣❛t✐✈❡♠❡♥t ❝♦rré❧és à ❧❛ r✐❝❤❡ss❡ s♣é❝✐✜q✉❡ ❞❡ ❝♦♠♠✉♥❛✉tés ❞❡

♠✐❝r♦✲♠❛♠♠✐❢èr❡s ❞✉ s✉❞ ♦✉❡st ❞❡ ❧✬ét❛t ❞❡ ❱✐❝t♦r✐❛ ❡♥ ❆✉str❛❧✐❡✳ ❈❡s ✈❛r✐❛❜❧❡s ♣❡r♠❡tt❛✐❡♥t

❞✬❡①♣❧✐q✉❡r ♠✐❡✉① q✉❡ ❧❛ ❝♦♠♣❧❡①✐té str✉❝t✉r❛❧❡ ❞❡ ❧❛ ✈é❣ét❛t✐♦♥✱ ❧❡s ❞❡♥s✐tés ♦❜s❡r✈é❡s✳ ❉❡

♠ê♠❡✱ ❛❧♦rs q✉❡ ❧❡s ✈❛r✐❛❜❧❡s ♣❛②s❛❣èr❡s r❡❧❛t✐✈❡s à ❧❛ ❢r❛❣♠❡♥t❛t✐♦♥ ❞✉ ♣❛②s❛❣❡ ♥✬ét❛✐❡♥t ♣❛s

✐♥❢♦r♠❛t✐✈❡s✱ ❧❛ ♣❡♥t❡ s✬❡st ré✈é❧é❡ ❧❛ s❡✉❧❡ ✈❛r✐❛❜❧❡ ❡①♣❧✐❝❛t✐✈❡ ❞❡s ❞❡♥s✐tés ❞❡ r♦♥❣❡✉r ❞❛♥s

❧❛ ♣é♥✐♥s✉❧❡ ❞✉ P❛♥❛♠❛ ♦ù ❧✬❛❧t✐t✉❞❡ ét❛✐t ❤♦♠♦❣è♥❡ ❡♥tr❡ ❧❡s s✐t❡s ❞✬é❝❤❛♥t✐❧❧♦♥♥❛❣❡ ✭❙✉③❛♥

❡t ❛❧✳✱ ✷✵✵✻✮✳

▲❡s ✐♥❞✐❝❡s ❞❡ ✈é❣ét❛t✐♦♥ ♣❡✉✈❡♥t êtr❡ ❝♦♥s✐❞érés ❝♦♠♠❡ ❞❡s ❞❡s❝r✐♣t❡✉rs ♣❧✉s ❞✐r❡❝ts

❞❡s ❤❛❜✐t❛ts ❡t ♦♥t ❥♦✉é ✉♥ rô❧❡ ✐♠♣♦rt❛♥t ♣♦✉r ❡①♣❧✐q✉❡r ❧❡s ❞✐str✐❜✉t✐♦♥s ❞❡s ❛ss❡♠❜❧❛❣❡s✳

▲❡ ◆❉❱■ ét❛✐t ✐♠♣♦rt❛♥t à ❘❛♥❣t❛♥❣ ♣♦✉r ❞✐s❝r✐♠✐♥❡r ❧❡s ♣r❛✐r✐❡s ❞❡ ✈❛❧❧é❡s ♠❛✐s ❛✉ss✐ ❧❡s

❢♦rêts ❞❡ ❝♦♥✐❢èr❡s ❡t ❞❡ r❤♦❞♦❞❡♥❞r♦♥✳ ➪ ▼❛❡r❦❛♥❣✱ ❝✬❡st ❞❛✈❛♥t❛❣❡ ❧✬❊❱■ q✉✐ ❛✐❞❛✐t à ❧❛

❞✐s❝r✐♠✐♥❛t✐♦♥ ❞❡s ♣r❛✐r✐❡s ❡♥❝❧♦s❡s ❡t ❞❡s ❢♦rêts✳ ➪ ♥♦tr❡ ❝♦♥♥❛✐ss❛♥❝❡✱ ❡①❝❡♣té ❞❛♥s ❧❡ ❝♦♥t❡①t❡

❞❡ ❧❛ tr❛♥s♠✐ss✐♦♥ ❞✬❊♠ ✭▼❛rst♦♥✱ ✷✵✵✽✮✱ ♣❡✉ ❞✬ét✉❞❡s ♦♥t ✉t✐❧✐sé ❞❡ t❡❧❧❡s ✈❛r✐❛❜❧❡s ♣♦✉r

♠♦❞é❧✐s❡r ❧❡s ❞✐str✐❜✉t✐♦♥s ❞❡ ♠✐❝r♦✲♠❛♠♠✐❢èr❡s✳ ▲✬✐♥❞✐❝❡ ◆❉❱■ ♥✬❛✈❛✐t ♣❛s ♣❡r♠✐s ❞✬❡①♣❧✐q✉❡r

❧❡s ❞✐str✐❜✉t✐♦♥s ❞✉ ❝❛♠♣❛❣♥♦❧ r♦✉ssâtr❡ ❡♥ ❇❡❧❣✐q✉❡ ✭▲✐♥❛r❞ ❡t ❛❧✳✱ ✷✵✵✼✮✳ ◆♦s rés✉❧t❛ts ♠❡tt❡♥t

❡♥ é✈✐❞❡♥❝❡ ❧✬✉t✐❧✐té ❞❡ t❡❧❧❡s ✈❛r✐❛❜❧❡s ✐♥❞✐r❡❝t❡♠❡♥t ❝♦rré❧é❡s à ❧❛ r❡ss♦✉r❝❡ ❞❡s ❡s♣è❝❡s ❧♦rsq✉❡

♣❡✉ ❞✬✐♥❢♦r♠❛t✐♦♥s s✉r ❧❡s ❤❛❜✐t❛ts ♠❡s✉ré❡s s✉r ❧❡ t❡rr❛✐♥ ✭♣r♦①✐♠❛❧❡s✮ s♦♥t ❞✐s♣♦♥✐❜❧❡s ✭P❡❛r❝❡

❡t ❛❧✳✱ ✷✵✵✶✮✳

❈❡♣❡♥❞❛♥t✱ ❧❡s ✈❛r✐❛❜❧❡s ❡♥✈✐r♦♥♥❡♠❡♥t❛❧❡s ✉t✐❧✐sé❡s s♦♥t ❧♦✐♥ ❞✬êtr❡ ❡①❤❛✉st✐✈❡s✱ ❝♦♠♠❡

❧✬✐♥❞✐q✉❡♥t ❧❡s ❡rr❡✉rs ❞❡ ♣ré❞✐❝t✐♦♥s✳ ❆❝t✉❡❧❧❡♠❡♥t✱ ❧❡ ré❛❧✐s♠❡ ❞❡ ♥♦s ♠♦❞è❧❡s ❡st ❧✐♠✐té ♣❛r ❧✬✉✲

t✐❧✐s❛t✐♦♥ ❞❡ ✈❛r✐❛❜❧❡s ❡♥✈✐r♦♥♥❡♠❡♥t❛❧❡s s❛t❡❧❧✐t❛❧❡s ❞é❝r✐✈❛♥t s❡✉❧❡♠❡♥t ✐♥❞✐r❡❝t❡♠❡♥t ❧✬é❝♦❧♦✲

❣✐❡ ❞❡s ♣♦♣✉❧❛t✐♦♥s✳ ❉❡ ♣❧✉s✱ ❧❡s ♣❛tr♦♥s ♥♦♥ ❧✐♥é❛✐r❡s ❡t ♥♦♥ ●❛✉ss✐❡♥s ♦❜s❡r✈és ❝♦rr❡s♣♦♥❞❡♥t

à ❞❡s ♠é❧❛♥❣❡s ❞❛♥s ❧✬❡s♣❛❝❡ ❞❡s ✈❛r✐❛❜❧❡s ❡♥✈✐r♦♥♥❡♠❡♥t❛❧❡s rés✉❧t❛♥t ❞❡ ❧❛ s✉♣❡r♣♦s✐t✐♦♥ ❞❡s

❞✐str✐❜✉t✐♦♥s ❞❡ ❝❤❛q✉❡ ❤❛❜✐t❛t✳ ■❧s ♥❡ ♥♦✉s ✐♥❢♦r♠❡♥t ❞♦♥❝ ♣❛s s✉r ❧❛ ✏❢♦r♠❡✑ ❞❡ ❧❛ ré♣♦♥s❡ ❞❡s

❡s♣è❝❡s ❧❡ ❧♦♥❣ ❞❡s ❣r❛❞✐❡♥ts ❡♥✈✐r♦♥♥❡♠❡♥t❛✉①✳ ▲✬❛♠é❧✐♦r❛t✐♦♥ ❞❡s ❝♦♥♥❛✐ss❛♥❝❡s ❞❡s ♣r♦❝❡ss✉s

é❝♦❧♦❣✐q✉❡s à ❧✬♦r✐❣✐♥❡ ❞❡s ❞✐str✐❜✉t✐♦♥s✱ ♣✉✐s ❧❡✉rs ✐♥❝♦r♣♦r❛t✐♦♥s ❞❛♥s ♥♦s ♠♦❞è❧❡s✱ ♣♦✉rr❛✐❡♥t

♣❡r♠❡ttr❡ ❞❡ ré❞✉✐r❡ ❧❡s ❡rr❡✉rs ❞❡ ♣ré❞✐❝t✐♦♥ ❧✐é❡s ❛✉① ❝❤♦✐① ❞❡ ✈❛r✐❛❜❧❡s ❡♥✈✐r♦♥♥❡♠❡♥t❛❧❡s

✐♥❞✐r❡❝t❡s ✉t✐❧✐sé❡s ✭❆✉st✐♥✱ ✷✵✵✷✮✳ P❧✉s✐❡✉rs ♣❛r❛♠ètr❡s ✐♥✢✉❡♥ç❛♥t ❧❡s ❞✐str✐❜✉t✐♦♥s ❞❡s ♣♦♣✉✲

❧❛t✐♦♥s ❞❡ ♠✐❝r♦✲♠❛♠♠✐❢èr❡s ♣♦✉rr❛✐❡♥t êtr❡ ❝♦♥s✐❞érés ❡t s♦♥t ❞✐s❝✉té❡s ❝✐✲❛♣rès✳

✻✳✷✳✷ ❆♠é❧✐♦r❛t✐♦♥s ❞✉ ♣r♦t♦❝♦❧❡

✻✳✷✳✷✳✶ ❉❡s❝r✐♣t✐♦♥ ❞❡s ♠✐❝r♦✲❤❛❜✐t❛ts

▲❡s ✈❛r✐❛❜❧❡s s❛t❡❧❧✐t❛❧❡s ♦♥t ♣❡r♠✐s ❞❡ ❞é❝r✐r❡ ❧✬❡♥✈✐r♦♥♥❡♠❡♥t ❞❡s ❧✐❣♥❡s ❞❡ ♣✐è❣❡s✱ ❝✬❡st✲à✲

❞✐r❡ ❧❡s ❤❛❜✐t❛ts ♣♦✉r ❧❡s ❛ss❡♠❜❧❛❣❡s✳ ❉❡ t❡❧❧❡s ✈❛r✐❛❜❧❡s ❡♥✈✐r♦♥♥❡♠❡♥t❛❧❡s ♦♥t s❡r✈✐ à ❞é❝r✐r❡

❞❡ ♠❛♥✐èr❡ ✐♥❞✐r❡❝t❡ ✭✏s✉rr♦❣❛t❡ ✈❛r✐❛❜❧❡✑✮ ❧❛ str✉❝t✉r❡ ❡t ❧❛ ❝♦♠♣♦s✐t✐♦♥ ❞❡ ❧❛ ✈é❣ét❛t✐♦♥✱

r❡ss♦✉r❝❡s ♣♦✉r ❧❡s ❡s♣è❝❡s✳ ▲❡s ❤❛❜✐t❛ts é❝❤❛♥t✐❧❧♦♥♥és ♦♥t été ❞é✜♥✐s ✐♥✐t✐❛❧❡♠❡♥t s✉r ❛✈✐s

❞✬❡①♣❡rts ❡♥ ❢♦♥❝t✐♦♥ ❞✬❡st✐♠❛t✐♦♥s s♦♠♠❛✐r❡s ❞❡s ❝♦♠♣♦s✐t✐♦♥ ❡t str✉❝t✉r❡ ❞❡s ❝♦♠♠✉♥❛✉tés

✈é❣ét❛❧❡s✳ ▲❡s ❝❧❛ss❡s r❡❣r♦✉♣é❡s ❛♣♣♦rt❛✐❡♥t ♣❧✉s ❞✬✐♥❢♦r♠❛t✐♦♥s q✉❡ ❧❡s ✈❛r✐❛❜❧❡s q✉❛♥t✐t❛t✐✈❡s

✭❛❧t✐t✉❞❡✱ ♣❡♥t❡✱ ◆❉❱■✱ ❊❱■✱ ✐♥❞✐❝❡ ❞✬❡♥s♦❧❡✐❧❧❡♠❡♥t✮ ♣r✐s❡s s❡✉❧❡s✱ ♣♦✉r ❡①♣❧✐q✉❡r ❧❛ ✈❛r✐❛❜✐❧✐té

❞❡s ❞❡♥s✐tés r❡❧❛t✐✈❡s ✭❆①❡ ✶❜✮✳ ❈❡♣❡♥❞❛♥t✱ ❝❡tt❡ ✐♥❢♦r♠❛t✐♦♥ ♥✬❡st ♣❛s q✉❛♥t✐t❛t✐✈❡ ❡t ❛✉❝✉♥❡

r❡❧❛t✐♦♥ ❡♥tr❡ ❧❡s ✈❛r✐❛❜❧❡s s❛t❡❧❧✐t❛❧❡s ❡t ❧❡s ❝❛r❛❝tér✐st✐q✉❡s ❞❡ str✉❝t✉r❡ ❡t ❞❡ ❝♦♠♣♦s✐t✐♦♥ ❞❡s

✶✸✽



✻✳✷✳ ❉❡ ❧❛ ♠♦❞é❧✐s❛t✐♦♥ ❞❡s ❛ss❡♠❜❧❛❣❡s

❤❛❜✐t❛ts ♥✬❛ été ét❛❜❧✐❡✳

❖r✱ ❧❡s ❝❛r❛❝tér✐st✐q✉❡s ❞❡s ♠✐❝r♦✲❤❛❜✐t❛ts ❡t ❞❡ ❧❛ r❡ss♦✉r❝❡ ♣♦✉r ❧❡s ❡s♣è❝❡s ❞❡ ♠✐❝r♦✲♠❛♠♠✐❢èr❡s

✭str✉❝t✉r❡ ❡t ❝♦♠♣♦s✐t✐♦♥ ❞❡ ❧❛ ✈é❣ét❛t✐♦♥✮ ♦♥t été ♠✐s❡s ❡♥ é✈✐❞❡♥❝❡ ❝♦♠♠❡ ❢❛❝t❡✉rs ❝❧❡❢s ♣♦✉✲

✈❛♥t ❡①♣❧✐q✉❡r ❧❡s ❞✐str✐❜✉t✐♦♥s ❞❡s ❡s♣è❝❡s✳ ❆②❛♥t t❡sté ❧✬❡✛❡t ❞❡ ♣❧✉s✐❡✉rs ✈❛r✐❛❜❧❡s ♣❛②s❛❣èr❡s

❡t t♦♣♦❣r❛♣❤✐q✉❡s✱ ❈❛t❧✐♥❣ ❡t ❈♦♦♣s ✭✶✾✾✾✮ s♦✉❧✐❣♥❡♥t ❧✬✐♠♣♦rt❛♥❝❡ ♣r✐♠♦r❞✐❛❧❡ ❞❡ ❧❛ str❛t❡

❛r❜✉st✐✈❡ ♣♦✉r ♠♦❞é❧✐s❡r ❧❡s ❞✐str✐❜✉t✐♦♥s ❞❡ ♠✐❝r♦✲♠❛♠♠✐❢èr❡s✳ ❉❛♥s ❧❡s ♣❛②s❛❣❡s ❛❣r✐❝♦❧❡s

❢r❛♥ç❛✐s✱ ❧❡s ❝❛r❛❝tér✐st✐q✉❡s ❧♦❝❛❧❡s ❞❡ ❧✬❤❛❜✐t❛t✱ t❡❧❧❡s q✉❡ ❧❛ ❧❛r❣❡✉r ❞❡s ❤❛✐❡s ♣❛r ❡①❡♠♣❧❡✱

❝♦♥st✐t✉❡♥t ❧❡ ♣r✐♥❝✐♣❛❧ ❢❛❝t❡✉r ❞❡ ✈❛r✐❛t✐♦♥ ❞❡s ❞❡♥s✐tés ✭▼✐❝❤❡❧ ❡t ❛❧✳✱ ✷✵✵✼✮✳ ❈❡♣❡♥❞❛♥t ❞❡

t❡❧❧❡s ❞♦♥♥é❡s ♥❡ s♦♥t ♣❛s ❞✐s♣♦♥✐❜❧❡s ❛✉ ❞❡❧à ❞❡s s✐t❡s ❞✬é❝❤❛♥t✐❧❧♦♥♥❛❣❡ ❡t ♥❡ ♣❡✉✈❡♥t ❞♦♥❝

♣❛s êtr❡ ✉t✐❧✐sé❡s ❞❛♥s ❞❡s ♠♦❞è❧❡s ♣ré❞✐❝t✐❢s✳

▲✬ét❛❜❧✐ss❡♠❡♥t ❞❡ ❝♦rré❧❛t✐♦♥s ❡♥tr❡ ❧❡s ✈❛r✐❛❜❧❡s s❛t❡❧❧✐t❛❧❡s ❡t ❞❡ t❡rr❛✐♥ ♣♦✉rr❛✐t ❛✐❞❡r

à r❡♥❞r❡ ❝♦♠♣t❡ ❞❡s ❛ttr✐❜✉ts ❞❡s ❤❛❜✐t❛ts ❝♦♥s✐❞érés ♣❛r ❧❡s ✈❛r✐❛❜❧❡s ❞❡ s✉❜st✐t✉t✐♦♥✳ ❈❡❧❛

♣♦✉rr❛✐t ❛✐❞❡r à sé❧❡❝t✐♦♥♥❡r ❧❡s ✈❛r✐❛❜❧❡s ❧❡s ♣❧✉s ❝♦rré❧é❡s à ❧❛ ré❛❧✐té ❞❡ ❧❛ str✉❝t✉r❡ ❡t ❞❡ ❧❛

❝♦♠♣♦s✐t✐♦♥ ❞❡s ❤❛❜✐t❛ts ♣♦✉r ❛♠é❧✐♦r❡r ❧❡s ❝❛♣❛❝✐tés ♣ré❞✐❝t✐✈❡s ❞❡s ♠♦❞è❧❡s✳

✻✳✷✳✷✳✷ ▲❛ ❞✐♠❡♥s✐♦♥ ♣❛②s❛❣èr❡

▲❡ ♣❛②s❛❣❡ r❡✈êt ❞❡ ♠✉❧t✐♣❧❡s ❛❝❝❡♣t❛t✐♦♥s ❞❡ ♣❛r s♦♥ ✉t✐❧✐s❛t✐♦♥ ❞❛♥s ❞✐✈❡rs ❞♦♠❛✐♥❡s✱

❞❡s s❝✐❡♥❝❡s s♦❝✐❛❧❡s à ❧❛ ❣é♦❧♦❣✐❡✳ ❉❡ ♠❛♥✐èr❡ ❣é♥ér❛❧❡✱ ✐❧ ❝♦rr❡s♣♦♥❞ à ❧❛ ♣❡r❝❡♣t✐♦♥ ❞❡

❧✬❡♥✈✐r♦♥♥❡♠❡♥t ♣♦✉r ❧❡s ✐♥❞✐✈✐❞✉s ♦✉ ♣♦♣✉❧❛t✐♦♥s ② ❤❛❜✐t❛♥t ❡t q✉✐ ❡♥ ❞é✜♥✐ss❡♥t ❛❧♦rs s❛

❢♦♥❝t✐♦♥ ❡t s❛ ❞✐♠❡♥s✐♦♥ ✭é❝❤❡❧❧❡✮✳ ❆✐♥s✐ ✐❧ ♣❡✉t êtr❡ ❞é❝r✐t ❝♦♠♠❡ ✏✉♥❡ ♣♦rt✐♦♥ ❞✬❡s♣❛❝❡

♣❡r❝❡♣t✐❜❧❡ ♣❛r ❞❡s ✐♥❞✐✈✐❞✉s✑ ✭❋♦❧t❡t❡✱ ✷✵✵✻✮✳ ❉❛♥s ♥♦tr❡ ❝♦♥t❡①t❡✱ ❧❡ ♣❛②s❛❣❡ ❡st ❝❡❧✉✐ ❞❡s

♣♦♣✉❧❛t✐♦♥s ❞❡ ♠✐❝r♦✲♠❛♠♠✐❢èr❡s ❡t s❡r❛ ❧❡ ❧✐❡✉ ❡t ❧❡ ❣é♥ér❛t❡✉r ❞❡ ♣r♦❝❡ss✉s é❝♦❧♦❣✐q✉❡s✳ ■❧

♣❡✉t ❛❧♦rs êtr❡ ❞é✜♥✐ ❝♦♠♠❡ ✏✉♥ ♥✐✈❡❛✉ ❞✬♦r❣❛♥✐s❛t✐♦♥ ❞❡s s②stè♠❡s é❝♦❧♦❣✐q✉❡s✱ s✉♣ér✐❡✉r à

❧✬é❝♦s②stè♠❡✑ ✭❇✉r❡❧ ❛♥❞ ❇❛✉❞r②✱ ✶✾✾✾✮✳

❆✉ ❞❡❧à ❞❡s ❛ttr✐❜✉ts ❡♥✈✐r♦♥♥❡♠❡♥t❛✉① ❞❡s ♠✐❝r♦✲❤❛❜✐t❛ts✱ ❧✬❡♥✈✐r♦♥♥❡♠❡♥t ❞❡s ♣♦✐♥ts ❞✬é❝❤❛♥✲

t✐❧❧♦♥♥❛❣❡ ♣❡✉t êtr❡ ❝♦♥s✐❞éré à ❞❡✉① é❝❤❡❧❧❡s ♣♦✉r ❡①♣❧✐q✉❡r ❧❡s ❞②♥❛♠✐q✉❡s ❡t ❞✐str✐❜✉t✐♦♥s ❞❡s

❡s♣è❝❡s ❞❡ ♠✐❝r♦✲♠❛♠♠✐❢èr❡s ✭❇♦✇♠❛♥ ❡t ❛❧✳✱ ✷✵✵✵❀ ▼✐❝❤❡❧ ❡t ❛❧✳✱ ✷✵✵✼✮ ✿ ✐✮ ❧ ✬é❝❤❡❧❧❡ s❡❝t♦r✐❡❧❧❡✱

❞❛♥s ❧❡ ✈♦✐s✐♥❛❣❡ ♣r♦❝❤❡ ❞❡s ❧✐❣♥❡s ❞❡ ♣✐è❣❡s ♦✉ ✏❧✬❡♥s❡♠❜❧❡ ❞❡s s②stè♠❡s ❜✐♦❧♦❣✐q✉❡s r❡❧✐és ❡♥tr❡

❡✉① ♣❛r ❞❡s ♣r♦❝❡ss✉s ❞❡ ❞✐s♣❡rs✐♦♥✑ ✭❇❧♦♥❞❡❧✱ ✶✾✾✺✮ ❡t✱ ✐✐✮ ♣❛②s❛❣èr❡✱ ♦ù ❧❡s ❤❛❜✐t❛ts ❝♦♥st✐t✉❡♥t

✉♥❡ ♠♦s❛ïq✉❡ ♣❛r ❧❡✉rs ❝♦♠♣♦s✐t✐♦♥s ❡t ❧❡✉rs str✉❝t✉r❡s✳

▲❛ ♣r✐s❡ ❡♥ ❝♦♠♣t❡ ❞❡s ❝❛r❛❝tér✐st✐q✉❡s ❡♥✈✐r♦♥♥❡♠❡♥t❛❧❡s ❛✉ ✈♦✐s✐♥❛❣❡ ❞✉ ♠✐❝r♦✲❤❛❜✐t❛t

é❝❤❛♥t✐❧❧♦♥♥é s✬❡st ❛✈éré❡ ✉t✐❧❡ ❞❛♥s ❧❛ ❝♦♠♣ré❤❡♥s✐♦♥ ❞❡s ❞✐str✐❜✉t✐♦♥s ❞✉ ❣❡♥r❡ ❖❝❤♦t♦♥❛ ❞❛♥s

✉♥ r❛②♦♥ ❞❡ ✶✺✵✵ ♠ ❛✉t♦✉r ❞❡ tr❛♥s❡❝ts ✭▼❛rst♦♥✱ ✷✵✵✽✮✳ ❊♥ ❋r❛♥❝❡✱ ▼♦r✐❧❤❛t ❡t ❛❧✳ ✭✷✵✵✽✮ ♦♥t

♠♦♥tré q✉❡ ❧❡s ✈❛r✐❛❜❧❡s ♣❛②s❛❣èr❡s ❧✐é❡s ❛✉① s✉r❢❛❝❡s ❡t ❛✉① ♣r♦♣♦rt✐♦♥s ❞❡s ❝❧❛ss❡s ♣❛②s❛❣èr❡s

❛✈❛✐❡♥t ❞❡s ❡✛❡ts s✉r ❧❡s ❞❡♥s✐tés ❞✉ ❝❛♠♣❛❣♥♦❧ ❞❡s ❝❤❛♠♣s ❞❛♥s ✉♥ r❛②♦♥ ✈❛r✐❛♥t ❞❡ ✹✵✵ à ✽✵✵

♠ ❞❡ ❧❛ ♣❛r❝❡❧❧❡ ❝♦♥s✐❞éré❡✳

❙✉r ❞❡s ét❡♥❞✉❡s ♣❧✉s ❧❛r❣❡s ✭ré❣✐♦♥❛❧❡✱ ♥ ① ✶✵ ❦♠✮✱ ❧❛ ❝♦♠♣♦s✐t✐♦♥ ❞✉ ♣❛②s❛❣❡ ✐♥✢✉❡♥❝❡

❧❛ ❞②♥❛♠✐q✉❡ à ♣❧✉s ❧❛r❣❡ é❝❤❡❧❧❡ ✭●✐r❛✉❞♦✉① ❡t ❛❧✳✱ ✶✾✾✼❀ ❋✐❝❤❡t✲❈❛❧✈❡t ❡t ❛❧✳✱ ✷✵✵✵✮ ❡t ♣❡✉t

❛✈♦✐r ❞❡s ❡✛❡ts s✐♠✉❧t❛♥és s✉r ❧❡s ❞✐str✐❜✉t✐♦♥s ❞❡ ♣❧✉s✐❡✉rs ❡s♣è❝❡s ❞❡ ♠✐❝r♦✲♠❛♠♠✐❢èr❡s✳ ❉❛♥s

❧✬❡st ❞❡ ❧❛ ❋r❛♥❝❡✱ ♣❛r ❡①❡♠♣❧❡✱ ❧❡s ❞❡♥s✐tés ❞❡ r♦♥❣❡✉rs ét❛✐❡♥t st❛❜❧❡s ❞❛♥s ❧❡s ♣❛②s❛❣❡s à

❢❛✐❜❧❡ ♣r♦♣♦rt✐♦♥ ❞❡ ♣r❛✐r✐❡s ♣❡r♠❛♥❡♥t❡s ❡t ✐♥st❛❜❧❡s ❞❛♥s ❧❡s ♣❛②s❛❣❡s ❞♦♠✐♥és ♣❛r ❝❡ ♠ê♠❡

t②♣❡ ❞❡ ♣r❛✐r✐❡s ✭❘❛♦✉❧ ❡t ❛❧✳✱ ✷✵✵✶❛✮✳ ❉❡s ♠ét❤♦❞❡s ❞✬♦r❞✐♥❛t✐♦♥ ♦♥t ♣❡r♠✐s ❧✬❛♥❛❧②s❡ ❞❡s ❡✛❡ts

✶✸✾



✻✳✷✳ ❉❡ ❧❛ ♠♦❞é❧✐s❛t✐♦♥ ❞❡s ❛ss❡♠❜❧❛❣❡s

❞❡ ❧❛ ❝♦♠♣♦s✐t✐♦♥ ❞✉ ♣❛②s❛❣❡ s✉r ❧✬❡♥s❡♠❜❧❡ ❞❡s ❡s♣è❝❡s ❝♦♠♣♦s❛♥t ❧❡s ❛ss❡♠❜❧❛❣❡s✳ ❆✐♥s✐✱

✉♥ ❡✛❡t ♥é❣❛t✐❢ ❞❡ ❧✬✐♥t❡♥s✐✜❝❛t✐♦♥ ❞❡ ❧✬❛❣r✐❝✉❧t✉r❡ s✉r ❧❡s ❢réq✉❡♥❝❡s ❞✬♦❝❝✉rr❡♥❝❡s ❞❡s ❡s♣è❝❡s

r❛r❡s ❡t s♣é❝✐❛❧✐st❡s ❡t ♣♦s✐t✐❢ s✉r ❧❡s ❡s♣è❝❡s ♣❧✉s ❣é♥ér❛❧✐st❡s ♦♥t été ♠♦♥tré ❞❛♥s ❧✬♦✉❡st ❞❡

❧❛ ❋r❛♥❝❡ ✭❞❡ ❧❛ Péñ❛ ❡t ❛❧✳✱ ✷✵✵✸✮✳ ❉❡ ♠ê♠❡✱ ❧✬❤étér♦❣é♥é✐té ❞✉ ♣❛②s❛❣❡ ❢❛✈♦r✐s❡ ❧❛ ❞✐✈❡rs✐té

❞❡s ❛ss❡♠❜❧❛❣❡s ❞✬❡s♣è❝❡s ❞❡ r♦♥❣❡✉rs ❞❛♥s ❧❡s ♣❛②s❛❣❡s ❞✬❛❣r✐❝✉❧t✉r❡ ✐♥t❡♥s✐✈❡ ❞❡ ❧✬♦✉❡st ❞❡ ❧❛

❋r❛♥❝❡ ✭❇✉t❡t ❡t ❛❧✳✱ ✷✵✵✻✮✳

❉❡♣✉✐s ❧❛ ♥❛✐ss❛♥❝❡ ❞❡ ❧✬é♣✐❞é♠✐♦❧♦❣✐❡ ♣❛②s❛❣èr❡ ✭P❛✈❧♦✇s❦✐✱ ✶✾✻✹✮✱ ❧❡ ♣❛②s❛❣❡ ❡st ❝♦♥s✐❞✲

éré ❝♦♠♠❡ ❣é♥ér❛t❡✉r ❞✉ r✐sq✉❡ é♣✐❞é♠✐♦❧♦❣✐q✉❡ ❡t ♣❡✉t êtr❡ ✉t✐❧✐sé ♣♦✉r ❧❡ ♣ré❞✐r❡ ✭❑✐tr♦♥✱

✶✾✾✽❀ ❖st❢❡❧❞ ❡t ❛❧✳✱ ✷✵✵✺❀ ●✐r❛✉❞♦✉① ❡t ❛❧✳✱ ✷✵✵✽✮✳ ❉❛♥s ♥♦tr❡ ❝♦♥t❡①t❡ ❡❝♦✲é♣✐❞é♠✐♦❧♦❣✐q✉❡✱

♦♥ ♣❡✉t s✬❛tt❡♥❞r❡ à ❝❡ q✉❡ ❞❡s ♣❡rt✉r❜❛t✐♦♥s ♣❛②s❛❣èr❡s✱ ❛ss♦❝✐é❡s à ❞❡s ♠♦❞✐✜❝❛t✐♦♥s ❞❡s

♣r❛t✐q✉❡s ❛❣r✐❝♦❧❡s✱ ✐♥✢✉❡♥❝❡♥t ❧❡s ❞❡♥s✐tés ❞❡s ♣♦♣✉❧❛t✐♦♥s ❞✬❤ôt❡s ✐♥t❡r♠é❞✐❛✐r❡s ❡t ❞♦♥❝ ❞✉

rés❡r✈♦✐r ♣♦✉r ❧❡ ♣❛r❛s✐t❡✳ ❊♥ ❡✛❡t✱ ❡♥ ♠♦❞✐✜❛♥t ❧❛ ❝♦♠♣♦s✐t✐♦♥ ❞✉ ♣❛②s❛❣❡✱ ❞❡ t❡❧❧❡s ♣❡rt✉r✲

❜❛t✐♦♥s ♣❡✉✈❡♥t ❛✉❣♠❡♥t❡r ❧❛ ♣r♦♣♦rt✐♦♥ ❞✬❤❛❜✐t❛ts ❢❛✈♦r❛❜❧❡s✱ ✐♥✢✉❡♥❝❡r ❧❡s ❞②♥❛♠✐q✉❡s ❞❡s

♣♦♣✉❧❛t✐♦♥s ❡t ❛✉❣♠❡♥t❡r ♣♦♥❝t✉❡❧❧❡♠❡♥t ❧❡s ❞❡♥s✐tés ❞✬❤ôt❡s ✐♥t❡r♠é❞✐❛✐r❡s ✭❈❢ ■♥tr♦❞✉❝t✐♦♥

♣♦✉r ✉♥❡ s②♥t❤ès❡✮✳

❯♥❡ ❛✉❣♠❡♥t❛t✐♦♥ ❞❡s ❞❡♥s✐tés ❞❡s ♣♦♣✉❧❛t✐♦♥s ❞✬❖❝❤♦t♦♥❛ ❝❛♥s✉s✱ ♣✐é❣é❡s ❞❛♥s ❞❡s ❤❛❜✐t❛ts

❞❡s st❛❞❡s ❞❡ r❡❢♦r❡st❛t✐♦♥ ❞❛♥s ♥♦s s✐t❡s ❞✬ét✉❞❡✱ ♣♦✉rr❛✐t êtr❡ ❡♥❣❡♥❞ré❡ ♣❛r ❡①❡♠♣❧❡ ♣❛r ✉♥

❝❤❛♥❣❡♠❡♥t ❞❡ ♣r❛t✐q✉❡s s②❧✈✐❝♦❧❡s✳ P♦✉r ▼✐❝r♦t✉s ❧✐♠♥♦♣❤✐❧✉s✱ ❧✬❛✉❣♠❡♥t❛t✐♦♥ ❞❡ s✉r❢❛❝❡ ❞❡

♣r❛✐r✐❡s ❝❧ôt✉ré❡s t❡❧❧❡ q✉✬♦❜s❡r✈é❡ s✉r ❧❡ ♣❧❛t❡❛✉ ✭❲❛♥❣ ❡t ❛❧✳✱ ✷✵✵✹✮ ♣♦✉rr❛✐t ❡♥❣❡♥❞r❡r ✉♥❡

♠♦❞✐✜❝❛t✐♦♥ ❞❡ ❧❛ ❞②♥❛♠✐q✉❡ ❞❡ ♣♦♣✉❧❛t✐♦♥✳ ▲❛ str✉❝t✉r❡ ❞✉ ♣❛②s❛❣❡ ♣❡✉t é❣❛❧❡♠❡♥t ✐♥✢✉❡♥❝❡r

❧❛ tr❛♥s♠✐ss✐♦♥ ❡♥ ✐♥✢✉❡♥ç❛♥t ❧❡s ❞②♥❛♠✐q✉❡s ❞❡ ♣♦♣✉❧❛t✐♦♥ ❞✬❤ôt❡s✳ ❈❡❝✐ ❛ été ✈ér✐✜é ❞❛♥s ❧❡

❝❛s ❞❡ ❧❛ tr❛♥s♠✐ss✐♦♥ ❞✬✉♥ ❤❛♥t❛✈✐r✉s ♣❛r P❡♥♦♠②s❡♥s ♠♦♥✐❝✉❧❛t✉s ✭▲❛♥❣❧♦✐s ❡t ❛❧✳✱ ✷✵✵✶✮ ♦✉

❡♥❝♦r❡ ❞❛♥s ❧❡ ❝❛s ❞❡ ❧❛ tr❛♥s♠✐ss✐♦♥ ❞✉ ✈✐r✉s ❞❡ P✉✉♠❛❧❛ tr❛♥s♠✐s ♣❛r ❧❡ ❝❛♠♣❛❣♥♦❧ r♦✉ssâtr❡

✭▲✐♥❛r❞ ❡t ❛❧✳✱ ✷✵✵✼✮✳ ❉❛♥s ❝❡s ❝❛s ❞✬ét✉❞❡✱ ✐❧ ❡st s✉♣♣♦sé q✉❡ ❧❡s ❞✐s♣❡rs✐♦♥s ❞❡s ♣♦♣✉❧❛t✐♦♥s

❞✬❤ôt❡s ❡t ❞✉ ♣❛t❤♦❣è♥❡ s♦♥t ❛❝❝é❧éré❡s ♣❛r ❧❛ ❢r❛❣♠❡♥t❛t✐♦♥ ❞❡ ❧✬❤❛❜✐t❛t ♦♣t✐♠❛❧ ♦✉ ♣❛r ❧❛

♣r♦①✐♠✐té ❞❡ s❡s tâ❝❤❡s ❞❛♥s ❧❡ ♣❛②s❛❣❡✱ q✉✐ ♠❛✐♥t✐❡♥♥❡♥t ❛❧♦rs s❛ ❝♦♥♥❡❝t✐✈✐té✳

❉❛♥s ♥♦tr❡ tr❛✈❛✐❧✱ ♥♦✉s ❛✈♦♥s ✉t✐❧✐sé ❧❡s ✈❛❧❡✉rs ♥✉♠ér✐q✉❡s ❞❡s ❜❛♥❞❡s s♣❡❝tr❛❧❡s✱ ♦✉

❞❡ ❧❡✉rs ❝♦♠❜✐♥❛✐s♦♥s✱ ♣♦✉r ❞é❝r✐r❡ ❧✬❡♥✈✐r♦♥♥❡♠❡♥t ❞❡s ❧✐❣♥❡s ❞❡ ♣✐è❣❡s✳ ◆♦✉s ♥✬❛✈♦♥s ♣❛s

✉t✐❧✐sé ❞❡ ❞♦♥♥é❡s ❞✬✐♠❛❣❡s ❝❧❛ss✐✜é❡s ❡t ♣❛②s❛❣èr❡s ♣✉✐sq✉✬❛✉❝✉♥❡ ❝❧❛ss✐✜❝❛t✐♦♥ ❝♦♠♠✉♥❡ ❛✉①

❞❡✉① s✐t❡s ♥✬ét❛✐t ❞✐s♣♦♥✐❜❧❡✳ ❆✐♥s✐✱ ❞❛♥s ❧❛ ♠❡s✉r❡ ♦ù ✐❧ ♥❡ ❝♦rr❡s♣♦♥❞ ♣❛s à ✉♥❡ ❝❛té❣♦r✐❡

❞✬♦❝❝✉♣❛t✐♦♥ ❞✉ s♦❧ ♦✉ à ✉♥❡ ✉♥✐té ❢♦♥❝t✐♦♥♥❡❧❧❡ ❞é✜♥✐❡ ❡♥ ❛♠♦♥t ♣❛r ❧❡s é❝♦❧♦❣✉❡s ❞✉ ♣❛②s❛❣❡✱

❧✬❡♥✈✐r♦♥♥❡♠❡♥t q✉❡ ♥♦✉s ❛✈♦♥s ❞é✜♥✐ ♥✬❛ ♣❛s ❞❡ s❡♥s ♣❛②s❛❣❡r✳ ❉❛♥s ❝❤❛q✉❡ s✐t❡ ❞✬ét✉❞❡✱

❧✬✐♥té❣r❛t✐♦♥ ❞❡ ✈❛r✐❛❜❧❡s ♣❛②s❛❣èr❡s ♣♦✉rr❛✐t ❛✐❞❡r à ❡①♣❧✐q✉❡r ❧❡s ❞✐str✐❜✉t✐♦♥s ♦❜s❡r✈é❡s ❡t

à ♣ré❞✐r❡ ❧❡ r✐sq✉❡ ♣❛②s❛❣❡r✳ ❙✉r ✉♥❡ ét❡♥❞✉❡ ♣❧✉s ❧❛r❣❡✱ ❧❛ ❞✐s❝r✐♠✐♥❛t✐♦♥ ❞❡s ❛ss❡♠❜❧❛❣❡s

❡♥tr❡ ❧❡s ❞❡✉① s✐t❡s ❞✬ét✉❞❡✱ ♣❛r ❡①❡♠♣❧❡ ❝❡✉① ❞❡s ♣❛②s❛❣❡s ❛❣r✐❝♦❧❡s ✭❘✶ ❡t ▼✶✮✱ ♣♦✉rr❛✐t êtr❡

❛♠é❧✐♦ré❡ ❡♥ ❝♦♥s✐❞ér❛♥t ❧❛ ❝♦♠♣♦s✐t✐♦♥ ❞❡s ♣❛②s❛❣❡s ❞❛♥s ♥♦s ♠♦❞è❧❡s✳ ❉❡s ✐♠❛❣❡s ❝❧❛ss✐✜é❡s

♦♥t été ré❛❧✐sé❡s ✐♥❞é♣❡♥❞❛♠♠❡♥t à ▼❛❡r❦❛♥❣ ❡t à ❘❛♥❣t❛♥❣✳ ❆♣rès ❛✈♦✐r été ✈❛❧✐❞é❡s s✉r ❧❡

t❡rr❛✐♥✱ ❡❧❧❡s ♣♦✉rr❛✐❡♥t êtr❡ ✉t✐❧✐sé❡s ♣♦✉r t❡st❡r ❧✬✐♥❝♦r♣♦r❛t✐♦♥ ❞❡s ❡✛❡ts ❞✉ ♣❛②s❛❣❡ s✉r ❧❡s

♣ré❞✐❝t✐♦♥s ❞❡s ♠♦❞è❧❡s ❧♦❝❛❧❡♠❡♥t✱ ❧❡✉r ✉t✐❧✐s❛t✐♦♥ ❞❛♥s ❞❡s ♠♦❞è❧❡s ❡♥tr❛î♥és ré❣✐♦♥❛❧❡♠❡♥t

❞❡♠❡✉r❛♥t ❧✐♠✐té❡✳

❉✬❛✉tr❡ ♣❛rt✱ ❧❛ ♣r♦①✐♠✐té ❞❡s ❧✐❣♥❡s ❞❡ ♣✐è❣❡s ❛ ❝♦♠♣❧✐q✉é ❧✬❡st✐♠❛t✐♦♥ ❞❡s ✈❛r✐❛❜❧❡s ❡♥✲

✈✐r♦♥♥❡♠❡♥t❛❧❡s ❛✉ ✈♦✐s✐♥❛❣❡ ❞❡ ♥♦s ♣♦✐♥ts ❞✬é❝❤❛♥t✐❧❧♦♥♥❛❣❡✳ ❊♥ ❡✛❡t✱ ❧✬❛❞❞✐t✐♦♥ ❞✬✉♥❡ t❡❧❧❡

✶✹✵



✻✳✷✳ ❉❡ ❧❛ ♠♦❞é❧✐s❛t✐♦♥ ❞❡s ❛ss❡♠❜❧❛❣❡s

✈❛r✐❛❜✐❧✐té q✉✐✱ ❞❡ ♣❧✉s✱ ❡st ♣❛rt❛❣é❡ ♣❛r ♣❧✉s✐❡✉rs ❧✐❣♥❡s ❞❡ ♣✐è❣❡s✱ ❛ été ❝♦♥s✐❞éré❡ ❛ ♣r✐♦r✐

❝♦♠♠❡ s♦✉r❝❡ ❞❡ ❝♦♥❢✉s✐♦♥ ❞❛♥s ❧❛ ❞✐s❝r✐♠✐♥❛t✐♦♥ ❞❡s ❛ss❡♠❜❧❛❣❡s✳ ▼❛❧❣ré t♦✉t✱ ❝❡❧❛ ❧✐♠✐t❡ ❧❡

ré❛❧✐s♠❡ é❝♦❧♦❣✐q✉❡ ❞✉ ♠♦❞è❧❡ ❡t ❞❡s ❡✛♦rts ❞♦✐✈❡♥t êtr❡ ❡✛❡❝t✉és ♣♦✉r t❡st❡r ❧✬❡✛❡t ❞❡ ❧✬✐♥té✲

❣r❛t✐♦♥ ❞❡s ❡✛❡ts ❞❡ ✈♦✐s✐♥❛❣❡ s✉r ❧❡s ♣ré❞✐❝t✐♦♥s✳

✻✳✷✳✸ ▲❛ str❛té❣✐❡ ❞❡ ♠♦❞é❧✐s❛t✐♦♥ ✿ ✐♥❝♦r♣♦r❡r ❧✬❛✈✐s ❞✬❡①♣❡rts

❈♦♥tr❛✐r❡♠❡♥t ❛✉① ♠ét❤♦❞❡s ❞❡ ❝❧❛ss✐✜❝❛t✐♦♥ ❝❧❛ss✐q✉❡♠❡♥t ✉t✐❧✐sé❡s à ❝❡ st❛❞❡ ❞❡ ❧❛ ♠♦❞✲

é❧✐s❛t✐♦♥ ✭❛❧❣♦r✐t❤♠❡ ❚❲■◆❙P❆▼✱ ❝❧✉st❡r✐s❛t✐♦♥✮✱ ❧❛ ❝❧❛ss✐✜❝❛t✐♦♥ q✉❡ ♥♦✉s ❛✈♦♥s ré❛❧✐sé❡ ✐♥✲

❝♦r♣♦r❡ ❧✬✐♥❢♦r♠❛t✐♦♥ ♣❛②s❛❣èr❡ ❞❡s ❝❧❛ss❡s ❞✬❤❛❜✐t❛ts ❞é✜♥✐❡s s✉r ❛✈✐s ❞✬❡①♣❡rts✳ ▲❡ ❢❛✐t q✉❡

❧❡s ❝❧❛ss❡s r❡❣r♦✉♣é❡s ❡①♣❧✐q✉❡♥t ❞❛✈❛♥t❛❣❡ ❧❡s ❞❡♥s✐tés r❡❧❛t✐✈❡s ❞❡s ❡s♣è❝❡s q✉❡ ❧❡s ✈❛r✐❛❜❧❡s

s❛t❡❧❧✐t❛❧❡s ✭❆①❡ ✶❜✮ s♦✉❧✐❣♥❡ ❧✬✐♠♣♦rt❛♥❝❡ ❞❡ ❧❛ ❞é✜♥✐t✐♦♥ ❞❡ ❧✬❤❛❜✐t❛t s✉r ❛✈✐s ❞✬❡①♣❡rts ✭❝♦♠✲

♣♦s✐t✐♦♥ ❡t str✉❝t✉r❡ ❞❡ ❧❛ ✈é❣ét❛t✐♦♥✮ ♣♦✉r ❡①♣❧✐q✉❡r ❧❛ ✈❛r✐❛❜✐❧✐té ❞❡s ❞❡♥s✐tés✱ à ❝♦♥❞✐t✐♦♥ q✉❡

❧❛ ré❞✉❝t✐♦♥ ❞❡ ❧❛ r❡❞♦♥❞❛♥❝❡ s♦✐t ❡✛❡❝t✉é❡ ✭❝❢ ♣❧✉s ❤❛✉t✮✳

❉❡ ♠❛♥✐èr❡ ❣é♥ér❛❧❡✱ ❧✬✐♥❝♦r♣♦r❛t✐♦♥ ❞❛♥s ❧❡s ♠♦❞è❧❡s ❞❡ ❞✐str✐❜✉t✐♦♥ ❞❡s ❤❛❜✐t❛ts ❞❡s ❛✈✐s

❞✬❡①♣❡rts s✬❛✈èr❡ ✐♥❞✐s♣❡♥s❛❜❧❡ ❧♦rs ❞✬ét✉❞❡s ❡①♣❧♦r❛t♦✐r❡s ❡t ♣❡✉t êtr❡ ✉t✐❧❡ ❧♦rsq✉❡ ❧❡s ❞♦♥♥é❡s

s✉r ❧❡s ❤❛❜✐t❛ts s♦♥t ❧✐♠✐té❡s à ❞❡s ✈❛r✐❛❜❧❡s ❡♥✈✐r♦♥♥❡♠❡♥t❛❧❡s ✐♥❞✐r❡❝t❡s✳ ❉❡s ♦✉t✐❧s ❞✬✐♥❝✐t❛✲

t✐♦♥✱ t❡❧ q✉❡ ❧❡ ❧♦❣✐❝✐❡❧ ✏❊❧✐❝✐❞❛t♦r✑ ✭❏❛♠❡s ❡t ❛❧✳✱ ✷✵✶✵✮ ♦♥t été ❞é✈❡❧♦♣♣és ♣♦✉r ❝♦❧❧❡❝t❡r ❧❡s

❝♦♥♥❛✐ss❛♥❝❡s ❞❡s ❡①♣❡rts s✉r ❧❡s ❤❛❜✐t❛ts ❡t ❧❡s ❞✐str✐❜✉t✐♦♥s s♣❛t✐❛❧❡s ❞❡s ❞❡♥s✐tés ❡♥ ✉t✐❧✐s❛♥t

✉♥ s✉♣♣♦rt ❙■●✳ ❈❡s ✐♥❢♦r♠❛t✐♦♥s ❝♦♥s✐❞éré❡s ❝♦♠♠❡ ❞❡s ♣r✐♦rs ❞❛♥s ✉♥❡ ❛♥❛❧②s❡ ❜❛②és✐❡♥♥❡ s❡

s♦♥t ❛✈éré❡s ✉t✐❧❡s ♣♦✉r ♠♦❞✐✜❡r ♦✉ r❡♥❢♦r❝❡r ❧✬❛♥❛❧②s❡ ❞❡s ♣❛tr♦♥s ❞❡s ❞✐str✐❜✉t✐♦♥s s♣❛t✐❛❧❡s ❞❡

Pétr♦❣❛❧❡ à q✉❡✉❡ t♦✉✛✉❡ P❡tr♦❣❛❧❡ ♣❡♥✐❝✐❧❧❛t❛ ♦✉ ❞✬♦✐s❡❛✉① ❡♥ ❆✉str❛❧✐❡ ✭▼✉rr❛② ❡t ❛❧✳✱ ✷✵✵✾❀

▼❛rt✐♥ ❡t ❛❧✳✱ ✷✵✵✺✮✳ ❉❡ ♠ê♠❡✱ ❧❡s ❞✐str✐❜✉t✐♦♥s s♣❛t✐❛❧❡s ❞é❝r✐t❡s ♣❛r ❧❡s ❡①♣❡rts ♣❡✉✈❡♥t êtr❡

♠✐s❡s ❡♥ r❡❧❛t✐♦♥ ❛✈❡❝ ❞❡s ✈❛r✐❛❜❧❡s ❡♥✈✐r♦♥♥❡♠❡♥t❛❧❡s ✭t♦♣♦❣r❛♣❤✐q✉❡s✱ ❡♥s♦❧❡✐❧❧❡♠❡♥t✱ ❞✐st❛♥❝❡

à ❧❛ ❢♦rêt✮ ♣♦✉r ét❛❜❧✐r ❞❡s ❝❛rt❡s ❞✬❤❛❜✐t❛ts s✉r ❧❛ ③♦♥❡ ét✉❞✐é❡ ✭❨❛♠❛❞❛ ❡t ❛❧✳✱ ✷✵✵✸✮✳ ❈❡♣❡♥✲

❞❛♥t✱ ❧❛ ✈❛r✐❛❜✐❧✐té ❞❡s ❝♦♥♥❛✐ss❛♥❝❡s ❡t ❧❡ ♥♦♠❜r❡ ❞✬❡①♣❡rts ✐♥t❡rr♦❣és s❡♠❜❧❡♥t ❧✐♠✐t❡r ❧❛ ✈❛❧✐❞✲

✐té ❞❡ t❡❧❧❡s ❝❛rt❡s✱ q✉✐ ♣❡✉✈❡♥t ❛❧♦rs êtr❡ ❝♦♥s✐❞éré❡s ❞❛✈❛♥t❛❣❡ ❝♦♠♠❡ ✉♥❡ ❜❛s❡ ❞✬✐♥❢♦r♠❛t✐♦♥s

♣♦✉r ❞❡s ét✉❞❡s ❞❡ t❡rr❛✐♥ ❡t ❞❡s ♠♦❞é❧✐s❛t✐♦♥s ❝♦♥✜r♠❛t♦✐r❡s✳ ❉✬❛✉tr❡ ♣❛rt✱ ❧❡ r❡❣r♦✉♣❡♠❡♥t

❞❡ ❝❧❛ss❡s ❞❡ ❝♦✉✈❡rt✉r❡ ❞✉ s♦❧ ♦✉ ❧✬ét❛❜❧✐ss❡♠❡♥t ❞✬✐♥❞✐❝❡s ❞❡ ♣❡rt✐♥❡♥❝❡ ✭✏s✉✐t❛❜✐❧✐t②✑✮ s❡ s♦♥t

❛✈érés ♣❡✉ ✐♥❢♦r♠❛t✐❢s ❡♥ ❝♦♠♣❛r❛✐s♦♥ ❞❡s ✈❛r✐❛❜❧❡s ❡♥✈✐r♦♥♥❡♠❡♥t❛❧❡s q✉❛♥t✐t❛t✐✈❡s✱ ❛❜✐♦t✐q✉❡s

✭❝♦♥❞✐t✐♦♥s ❝❧✐♠❛t✐q✉❡s✱ ♣é❞♦❧♦❣✐q✉❡s✱ ✳✳✳✮ ♦✉ ❜✐♦t✐q✉❡s ✭❝❛rt❡s ❞❡ ✈é❣ét❛t✐♦♥✮✱ ♣♦✉r ❡①♣❧✐q✉❡r ❧❡s

❞✐str✐❜✉t✐♦♥s ❞❡ ✾✸ ❡s♣è❝❡s ❞❡ ♠❛rs✉♣✐❛✉①✱ ❞❡ r❡♣t✐❧❡s✱ ❞✬♦✐s❡❛✉① ❡t ❞❡ ❝❤✐r♦♣tèr❡s ❡♥ ❆✉str❛❧✐❡

✭P❡❛r❝❡ ❡t ❛❧✳✱ ✷✵✵✶✮✳ ❊♥✜♥✱ ❧✬❛✈✐s ❞✬❡①♣❡rts ♣♦✉r ❧❛ sé❧❡❝t✐♦♥ ❞❡s ✈❛r✐❛❜❧❡s ❡①♣❧✐❝❛t✐✈❡s ❞❛♥s

❧❡s ♠♦❞è❧❡s ❞❡ ❞✐str✐❜✉t✐♦♥ ❞✬♦✐s❡❛✉① ❡♥ ❊s♣❛❣♥❡ s✬❡st ré✈é❧é ♣❡✉ ✐♥❢♦r♠❛t✐❢ ♣❛r r❛♣♣♦rt à ✉♥❡

❛♣♣r♦❝❤❡ ♥♦♥ s✉♣❡r✈✐sé❡ ❞❡ ❧❛ sé❧❡❝t✐♦♥ ❛✐♥s✐ q✉❡ ♣♦✉r ❧✬❡①tr❛♣♦❧❛t✐♦♥ ❞❡s ♣ré❞✐❝t✐♦♥s s✉r ❞❡s

❛✐r❡s ✐♥❞é♣❡♥❞❛♥t❡s ✭❙❡♦❛♥❡ ❡t ❛❧✳✱ ✷✵✵✺✮✳

❉❛♥s ♥♦tr❡ ét✉❞❡✱ ♥♦✉s ♥✬❛✈♦♥s ♣❛s ❝♦♠♣❛ré ❧❡s ❝❛♣❛❝✐tés ♣ré❞✐❝t✐✈❡s ❞❡ ♥♦tr❡ str❛té❣✐❡ ❞❡

♠♦❞é❧✐s❛t✐♦♥ ❞❡s ❛ss❡♠❜❧❛❣❡s✱ ✐♥❝❧✉❛♥t ❧❛ ✈❛r✐❛❜❧❡ ❤❛❜✐t❛t ❞é✜♥✐❡ s✉r ❛✈✐s ❞✬❡①♣❡rts ✭✏❈❧❛ss✐✜❡r

♣✉✐s ♠♦❞é❧✐s❡r✑✮✱ ❛✈❡❝ ❝❡❧❧❡ q✉✐ ❝♦♥s✐st❡ à ✏❈❧❛ss✐✜❡r ❡t ♠♦❞é❧✐s❡r s✐♠✉❧t❛♥é♠❡♥t✑ ❡t q✉✐✱ s✬❛❜✲

st❡♥❛♥t ❞❡ ❧✬❛✈✐s ❞✬❡①♣❡rts✱ r❡♣♦s❡r❛✐t s✉r ✉♥ é❝❤❛♥t✐❧❧♦♥♥❛❣❡ str❛t✐✜é ❧❡ ❧♦♥❣ ❞❡s ❣r❛❞✐❡♥ts ❡♥✲

✈✐r♦♥♥❡♠❡♥t❛✉①✳ ❖r✱ ét❛♥t ❞♦♥♥é❡s ❧❡s ♥♦♠❜r❡✉s❡s ❡rr❡✉rs ❞❡ ♣ré❞✐❝t✐♦♥ ❞❡s ❛ss❡♠❜❧❛❣❡s ❞❛♥s

❧✬❡s♣❛❝❡ ❡♥✈✐r♦♥♥❡♠❡♥t❛❧✱ ❞✉❡s à ❧❡✉rs ♥❛t✉r❡s ♠✐①t❡s ❡t ❞✐s❝rèt❡s✱ ✐❧ s❡r❛✐t ✐♥tér❡ss❛♥t ❞✬é✈❛❧✉❡r

s✐ ❧❛ str❛té❣✐❡ ✏❈❧❛ss✐✜❡r ❡t ♠♦❞é❧✐s❡r s✐♠✉❧t❛♥é♠❡♥t✑✱ ♠❛❧❣ré ❧✬❛❜s❡♥❝❡ ❞✬✐♥❢♦r♠❛t✐♦♥s ♣❛②s❛❣èr❡s✱

✶✹✶



✻✳✸✳ ❉❡ ❧✬é✈❛❧✉❛t✐♦♥ ❞❡s ♣ré❞✐❝t✐♦♥s

♣❡r♠❡t ✉♥❡ ♠♦❞é❧✐s❛t✐♦♥ ❞❡s ❤❛❜✐t❛ts ♣❧✉s ♣ré❝✐s❡ ❡t ❡①tr❛♣♦❧❛❜❧❡✳

✻✳✸ ❉❡ ❧✬é✈❛❧✉❛t✐♦♥ ❞❡s ♣ré❞✐❝t✐♦♥s

❉❡ ♠❛♥✐èr❡ ❣é♥ér❛❧❡✱ ❝❡ tr❛✈❛✐❧ ❛ ♣❡r♠✐s ❞✬❡①♣❧♦r❡r ❧❡s ❧✐♠✐t❡s ❞❡s ♠ét❤♦❞❡s ❞❡ ♠♦❞é❧✐s❛✲

t✐♦♥ ❞❡s ❞✐str✐❜✉t✐♦♥s ❞❡s ❛ss❡♠❜❧❛❣❡s ❞✬❡s♣è❝❡s ❞❡ ♠✐❝r♦✲♠❛♠♠✐❢èr❡s✳ ▲❡s ❞♦♥♥é❡s s❛t❡❧❧✐t❛❧❡s

❞✐s♣♦♥✐❜❧❡s s✉r ❞❡ ❧❛r❣❡s ét❡♥❞✉❡s ♦♥t ♣❡r♠✐s ❞❡ ♠♦❞é❧✐s❡r ❡t ❞❡ ♣ré❞✐r❡ ❧❡s ❞✐str✐❜✉t✐♦♥s ❞❡s

❛ss❡♠❜❧❛❣❡s s✉r ❞❡s ét❡♥❞✉❡s ❧♦❝❛❧❡s ✭s✐t❡ ❞✬ét✉❞❡✮ ♠❛✐s ❛✉ss✐ ré❣✐♦♥❛❧❡s✳ ◆♦s tr❛✈❛✉① ♦♥t ♣❡r✲

♠✐s ❞❡ ❞✐s❝✉t❡r ❞❡s ♣♦ss✐❜✐❧✐tés ♣ré❞✐❝t✐✈❡s ❞❡s ❞❡✉① é❝❤❡❧❧❡s ❞✬❡♥tr❛î♥❡♠❡♥t ❞❡s ♠♦❞è❧❡s s✉r

❧❡s ❞♦♥♥é❡s ré✲é❝❤❛♥t✐❧❧♦♥♥é❡s ♦✉ s✉r ✉♥ ❥❡✉ ❞❡ ❞♦♥♥é❡s ✐♥❞é♣❡♥❞❛♥t✳ ❆✐♥s✐✱ ♣❧✉s✐❡✉rs s♦✉r❝❡s

❞✬❡rr❡✉rs s♣❛t✐❛❧❡s ♦✉ ❣❧♦❜❛❧❡s ♦♥t été ✐❞❡♥t✐✜é❡s ❡t s♦♥t ❞✐s❝✉té❡s ❝✐✲❛♣rès✳

✻✳✸✳✶ ▲❛ str❛té❣✐❡ ❞✬é❝❤❛♥t✐❧❧♦♥♥❛❣❡

▲❛ ♥❛t✉r❡ ♠✐①t❡ ❞❡s ❛ss❡♠❜❧❛❣❡s ✭♠é❧❛♥❣❡ ❞✬❤❛❜✐t❛ts✮ ❛ ❝♦♠♣❧✐q✉é ❧❡✉r ♠♦❞é❧✐s❛t✐♦♥ ❛✐♥s✐

q✉❡ ❧✬✐♥t❡r♣rét❛t✐♦♥ ❞❡s ❡✛❡ts ❞❡s ✈❛r✐❛❜❧❡s ❡♥✈✐r♦♥♥❡♠❡♥t❛❧❡s✳ ❊♥ ❡✛❡t✱ ❧✬❡✛♦rt ❞❡ ♣✐é❣❡❛❣❡ ❞✐❢✲

❢ér❛✐t ❡♥tr❡ ❧❡s ❤❛❜✐t❛ts ❞é✜♥✐s ❛ ♣r✐♦r✐✱ ❡t ❧❡s ré♣♦♥s❡s ❞❡s ❛ss❡♠❜❧❛❣❡s ❞❛♥s ❧✬❡s♣❛❝❡ ♠✉❧t✐✲

✈❛r✐é ét❛✐❡♥t ❛❧♦rs ❞é✜♥✐❡s ❡ss❡♥t✐❡❧❧❡♠❡♥t ♣❛r ❧❡s ❤❛❜✐t❛ts ❧❡s ♣❧✉s é❝❤❛♥t✐❧❧♦♥♥és✳ ◆♦✉s ❛✈♦♥s

♠♦♥tré q✉❡ ❧❡s ♣ré✈❛❧❡♥❝❡s ❞❡s ❛ss❡♠❜❧❛❣❡s ét❛✐❡♥t ❝♦rré❧é❡s à ❧❛ ❧❛r❣❡✉r ❞❡ ❧❡✉rs ♥✐❝❤❡s✳ ▲❛

♠♦❞é❧✐s❛t✐♦♥ ❞❡s ❤❛❜✐t❛ts ❞❡s ❛ss❡♠❜❧❛❣❡s ❞✬❡s♣è❝❡s r❡q✉✐❡rt é❣❛❧❡♠❡♥t ❞❡ ❝♦♥s✐❞ér❡r ✉♥❡ t❛✐❧❧❡

❞✬é❝❤❛♥t✐❧❧♦♥ s✉✣s❛♥t❡ ♣♦✉r ♣r❡♥❞r❡ ❡♥ ❝♦♥s✐❞ér❛t✐♦♥ ❧✬❡♥s❡♠❜❧❡ ❞✉ ✏t✉r♥ ♦✈❡r✑ s♣❛t✐❛❧ ❞❛♥s ❧❛

❝♦♠♣♦s✐t✐♦♥ ❞❡s ❛ss❡♠❜❧❛❣❡s ✭❋❡rr✐❡r ❡t ❛❧✳✱ ✷✵✵✼✮✳

▲✬é❝❤❛♥t✐❧❧♦♥♥❛❣❡ ❞❡✈r❛✐t ❞♦♥❝ êtr❡ ré❛❧✐sé ❞❡ ♠❛♥✐èr❡ str❛t✐✜é❡✱ ❝✬❡st✲à✲❞✐r❡ ❞❛♥s ❝❤❛q✉❡

❝♦♠❜✐♥❛✐s♦♥ ❞❡ ✈❛r✐❛❜❧❡s ❡♥✈✐r♦♥♥❡♠❡♥t❛❧❡s ✭❝❧❛ss❡ ❞✬❤❛❜✐t❛t✮ ✭●✉✐s❛♥ ❛♥❞ ❩✐♠♠❡r♠❛♥✱ ✷✵✵✵❀

❍✐r③❡❧ ❛♥❞ ●✉✐s❛♥✱ ✷✵✵✷✮✱ q✉✬❡❧❧❡ s♦✐t ❞é✜♥✐❡ s✉r ❛✈✐s ❞✬❡①♣❡rts ❡t✴♦✉ ♣❛r ✉♥❡ ❝❧❛ss✐✜❝❛t✐♦♥ ❞❡s

✈❛r✐❛❜❧❡s ❡♥✈✐r♦♥♥❡♠❡♥t❛❧❡s ré❛❧✐sé❡ ❛✉ ♣ré❛❧❛❜❧❡✳ ▲✬é❝❤❛♥t✐❧❧♦♥♥❛❣❡ ❞❛♥s ❝❤❛q✉❡ str❛t❡ ❞❡✈r❛

êtr❡ ❛❧♦rs ré♣été ❥✉sq✉✬à ❝❛♣t✉r❡r ❧✬❡ss❡♥t✐❡❧ ❞❡ ❧❛ ✈❛r✐❛❜✐❧✐té ♣♦✉r ❝❤❛q✉❡ ❝❧❛ss❡ ❞❛♥s ❧✬❡s♣❛❝❡

❡♥✈✐r♦♥♥❡♠❡♥t❛❧ ❡♥ s✬❛ss✉r❛♥t ❞❡ s❛ ♣♦ss✐❜❧❡ ❞✐s❝r✐♠✐♥❛t✐♦♥✳ ■❞é❛❧❡♠❡♥t✱ ✉♥❡ ❝❧❛ss✐✜❝❛t✐♦♥ ❞❡

❧✬❡♥s❡♠❜❧❡ ❞❡ ❧❛ ✈❛r✐❛❜✐❧✐té ❡♥✈✐r♦♥♥❡♠❡♥t❛❧❡ ❞✉ s✐t❡ ❞✬ét✉❞❡ ❧❡ ❧♦♥❣ ❞❡ ❣r❛❞✐❡♥ts ❡♥✈✐r♦♥♥❡♠❡♥✲

t❛✉① ❝♦♥♥✉s ♣♦✉r ✐♥✢✉❡♥❝❡r ❧❡s ❞✐str✐❜✉t✐♦♥s ❞❡✈r❛✐t êtr❡ ré❛❧✐sé❡ ❛✉ ♣ré❛❧❛❜❧❡ ❞❡ ❧❛ ❝❛♠♣❛❣♥❡

❞❡ ♣✐é❣❡❛❣❡✳ ❉❛♥s ❧❡ ❝❛s ❞✬✉♥❡ ét✉❞❡ ❡①♣❧♦r❛t♦✐r❡✱ ✉♥❡ ❝❧❛ss✐✜❝❛t✐♦♥ ♥♦♥ s✉♣❡r✈✐sé❡ ❞❡ ❧✬✐♠✲

❛❣❡ ♣♦✉rr❛✐t ❛✐❞❡r à ❧❛ r❡♣rés❡♥t❛t✐♦♥ ❞✬✉♥❡ t❡❧❧❡ ✈❛r✐❛❜✐❧✐té ❡t êtr❡ ❝♦♠❜✐♥é❡ à ❧✬❛✈✐s ❞✬❡①♣❡rt

♣♦✉r s✬❛ss✉r❡r ❞❡ ❧✬✐❞❡♥t✐✜❝❛t✐♦♥ ❞❡ ❝❤❛q✉❡ ❤❛❜✐t❛t é❝❤❛♥t✐❧❧♦♥♥é ❞❛♥s ❧✬❡s♣❛❝❡ ❞❡s ✈❛r✐❛❜❧❡s

❡♥✈✐r♦♥♥❡♠❡♥t❛❧❡s ✉t✐❧✐sé❡s ❡♥s✉✐t❡ ♣♦✉r ♠♦❞é❧✐s❡r ❧❡s ❞✐str✐❜✉t✐♦♥s✳ ▲❛ t❛✐❧❧❡ ❞❡ ❧✬é❝❤❛♥t✐❧❧♦♥

❞é♣❡♥❞r❛ ❛❧♦rs ❞❛✈❛♥t❛❣❡ ❞❡ s❛ ❝❛♣❛❝✐té à ❝❛♣t✉r❡r ❝❡tt❡ ✈❛r✐❛❜✐❧✐té ♣❧✉tôt q✉❡ ❞❡ ❧✬❛✐r❡ ❞❡ ❧❛

str❛t❡ ✉t✐❧✐sé❡ ❞❛♥s ❝❡rt❛✐♥❡s str❛té❣✐❡s ✭❍✐r③❡❧ ❛♥❞ ●✉✐s❛♥✱ ✷✵✵✷✮✳ ▲✬❡st✐♠❛t✐♦♥ ❞❡ ❧❛ ✈❛r✐❛❜✐❧✲

✐té ❡♥✈✐r♦♥♥❡♠❡♥t❛❧❡ é❝❤❛♥t✐❧❧♦♥♥é❡ ♣♦✉rr❛ ❛❧♦rs ❢❛❝✐❧❡♠❡♥t êtr❡ ❡st✐♠é❡ ❛✉ ✜❧ ❞❡s s❡ss✐♦♥s ❞❡

♣✐é❣❡❛❣❡ ♣❛r ✉♥❡ s✐♠♣❧❡ ❝❛rt♦❣r❛♣❤✐❡ ❞❡ ❧✬❡s♣❛❝❡ ❡♥✈✐r♦♥♥❡♠❡♥t❛❧ ❡t ❞❡s ❧✐❣♥❡s ❞❡ ♣✐è❣❡s✳ ❯♥

t❡❧ é❝❤❛♥t✐❧❧♦♥♥❛❣❡ str❛t✐✜é ❡t ré❣✉❧✐❡r ❞❡s ❤❛❜✐t❛ts ♣❡r♠❡ttr❛✐t ❞✬❛ss✉r❡r ❧❛ ❞✐s❝r✐♠✐♥❛t✐♦♥ ❞❡s

❛ss❡♠❜❧❛❣❡s✱ ♠ê♠❡ ❝♦♥st✐t✉és ❞✬✉♥ s❡✉❧ ❤❛❜✐t❛t✳

✶✹✷



✻✳✸✳ ❉❡ ❧✬é✈❛❧✉❛t✐♦♥ ❞❡s ♣ré❞✐❝t✐♦♥s

✻✳✸✳✷ ▲❡s ❡rr❡✉rs s♣❛t✐❛❧❡s

✻✳✸✳✷✳✶ ▲❛ str✉❝t✉r❡ s♣❛t✐❛❧❡ ❞❡s ❞♦♥♥é❡s

▼❛rst♦♥ ✭✷✵✵✽✮ ❡t ❘❛♦✉❧ ❡t ❛❧✳ ✭✷✵✵✽✮ ♦♥t ♠♦♥tré q✉❡ ❧✬❛✉t♦✲❝♦rré❧❛t✐♦♥ ❡♥tr❡ ❧❡s ✐♥t❡r✈❛❧❧❡s

❞❡s tr❛♥s❡❝ts ♦✉ ❡♥tr❡ ❧❡s ❧✐❣♥❡s ❞❡ ♣✐è❣❡s ♥✬❛✛❡❝t❛✐t ♣❛s ❧❡s ♣ré❞✐❝t✐♦♥s ❞❡s ♠♦❞è❧❡s ❞❡ ❞✐str✐❜✉✲

t✐♦♥s ❞✬❤❛❜✐t❛ts✱ ♥✐ ❧❛ ❞é✜♥✐t✐♦♥ ❞❡s ❛ss❡♠❜❧❛❣❡s✳ ❉❡ ♣❧✉s✱ ❧❡s ✈❛r✐❛❜❧❡s ❡♥✈✐r♦♥♥❡♠❡♥t❛❧❡s ♣❡✉✲

✈❡♥t ❡①♣❧✐q✉❡r ❡♥ ♣❛rt✐❡ ❧❛ ✈❛r✐❛❜✐❧✐té s♣❛t✐❛❧❡ ❞❡s rés✐❞✉s ❞❡s ♠♦❞è❧❡s ❡t ♣❛r ❝♦♥séq✉❡♥t ❧✬♦♠✐s✲

s✐♦♥ ❞❡ t❡❧❧❡s ✈❛r✐❛❜❧❡s ❞❛♥s ❧❡s ♠♦❞è❧❡s ♣❡✉✈❡♥t é❣❛❧❡♠❡♥t êtr❡ s♦✉r❝❡ ❞✬❛✉t♦✲❝♦rré❧❛t✐♦♥ ❡♥tr❡

❧❡s ♦❜s❡r✈❛t✐♦♥s ✭❇❛rr② ❛♥❞ ❊❧✐t❤✱ ✷✵✵✻✮✳ ❊♥✜♥✱ ❧✬❛❥♦✉t ❞✬✉♥❡ ❝♦♠♣♦s❛♥t❡ s♣❛t✐❛❧❡ ❞❡ ♠❛♥✐èr❡

❡①♣❧✐❝✐t❡ ❞❛♥s ❧❡s ❛❧❣♦r✐t❤♠❡s ❛✉❣♠❡♥t❡ ❧❛ ❝♦♠♣❧❡①✐té ❞❡s ♠♦❞è❧❡s✱ q✉✐ ♥é❝❡ss✐t❡♥t ❛❧♦rs ✉♥❡

t❛✐❧❧❡ ❞✬é❝❤❛♥t✐❧❧♦♥ ❛ss❡③ ✐♠♣♦rt❛♥t❡ ♣♦✉r êtr❡ ✈❛❧✐❞és✳ ▲✬✉t✐❧✐s❛t✐♦♥ ❝♦♠❜✐♥é❡ ❞❡ r❡❧❛t✐♦♥s s♣❛✲

t✐❛❧❡♠❡♥t ❡①♣❧✐❝✐t❡s ❡t ♥♦♥ ❧✐♥é❛✐r❡s s✬❛✈èr❡ ❞♦♥❝ ❞é❧✐❝❛t❡ ❞❛♥s ❧❡ ❝❛s ❞✬✉♥❡ ❢❛✐❜❧❡ t❛✐❧❧❡ ❞✬é❝❤❛♥✲

t✐❧❧♦♥ ✭❇❛rr② ❛♥❞ ❊❧✐t❤✱ ✷✵✵✻✮✳

❆✉ r❡❣❛r❞ ❞❡ ♥♦tr❡ ❢❛✐❜❧❡ t❛✐❧❧❡ ❞✬é❝❤❛♥t✐❧❧♦♥✱ ❞❡ ❧❛ ♥❛t✉r❡ ✐♥❞✐r❡❝t❡ ❡t ♥♦♥ ❡①❤❛✉st✐✈❡

❞❡s ✈❛r✐❛❜❧❡s ❡♥✈✐r♦♥♥❡♠❡♥t❛❧❡s ❞✐s♣♦♥✐❜❧❡s ❡t ❞❡ ❧❛ ❝♦♠♣❧❡①✐té ❞é❥à ❡①✐st❛♥t❡ ❞❡s ♠♦❞è❧❡s

♠✉❧t✐✈❛r✐és ✉t✐❧✐sés ✭▼❉❆✱ ▼❆❘❙✮✱ ♥♦✉s ♥✬❛✈♦♥s ♣❛s ♣r✐s ❡♥ ❝♦♠♣t❡ ❧✬❛❣ré❣❛t✐♦♥ ❞❡s ❧✐❣♥❡s

❞❡ ♣✐è❣❡s ♣❛r ❧✬❛❥♦✉t ❞✬✉♥❡ ❝♦♠♣♦s❛♥t❡ s♣❛t✐❛❧❡ ❞❛♥s ❧❡s ❛❧❣♦r✐t❤♠❡s✳ ❈❡♣❡♥❞❛♥t✱ ♣♦✉r ❧❛

❝♦♥str✉❝t✐♦♥ ❞✬✉♥ ❢✉t✉r ♠♦❞è❧❡ ❡t ❞❡ ❝❛rt❡s ❞❡ ♣ré❞✐❝t✐♦♥ r♦❜✉st❡s ❡t ❞❛♥s ❧❡ s♦✉❝✐ ❞❡ r❡s♣❡❝t

❞❡s ❝♦♥❞✐t✐♦♥s ❞❡s ✐♥❢ér❡♥❝❡s st❛t✐st✐q✉❡s✱ ❧✬✐♥✢✉❡♥❝❡ ♣❛rt✐❝✉❧✐èr❡ ❞❡ ❧✬❛✉t♦✲❝♦rré❧❛t✐♦♥ ❞❡s ❧✐❣♥❡s

❞❡ ♣✐è❣❡s s✉r ❧❡s ❝❛♣❛❝✐tés ♣ré❞✐❝t✐✈❡s ❞❡s ♠♦❞è❧❡s ❞❡ ❞✐str✐❜✉t✐♦♥ ❞❡s ❛ss❡♠❜❧❛❣❡s ❞❡✈r❛✐t êtr❡

t❡sté❡✳

✻✳✸✳✷✳✷ ▲❡ ❝♦♥t❡①t❡ ❡♥✈✐r♦♥♥❡♠❡♥t❛❧ ❡t ❜✐♦❣é♦❣r❛♣❤✐q✉❡

▲✬❡①tr❛♣♦❧❛t✐♦♥ ❞❡s ♣ré❞✐❝t✐♦♥s ❛ été ❝♦♠♣❧✐q✉é❡ ♣❛r ❧❡s ❞✐str✐❜✉t✐♦♥s ❣é♦❣r❛♣❤✐q✉❡s ❡t ❞❛♥s

❧✬❡s♣❛❝❡ ❡♥✈✐r♦♥♥❡♠❡♥t❛❧ ❞❡s ❞❡✉① s✐t❡s ❞✬ét✉❞❡✳

▲❡s s✐❣♥❛t✉r❡s s♣❡❝tr❛❧❡s ❞❡s ✷ s❡❝t❡✉rs ♥❡ s❡ r❡❝♦✉✈r❛✐❡♥t ♣❛s ❝♦♠♣❧èt❡♠❡♥t ❞❛♥s ❧✬❡s♣❛❝❡

❞❡s ✈❛r✐❛❜❧❡s ❡♥✈✐r♦♥♥❡♠❡♥t❛❧❡s✱ ❧❛ ✏♥✐❝❤❡✑ ❞❡ ▼❛❡r❦❛♥❣ ét❛♥t ♣❧✉s ❧❛r❣❡ q✉❡ ❝❡❧❧❡ ❞❡ ❘❛♥❣t❛♥❣

✭❝❢ ❆①❡ ✷✱ ✷✮✳ ❈❡s ❞✐✛ér❡♥❝❡s ❞❡ ❝♦♥t❡①t❡ ❡♥✈✐r♦♥♥❡♠❡♥t❛❧ ♣❡✉✈❡♥t ❡①♣❧✐q✉❡r ♣♦✉rq✉♦✐ ❧❡s

♠♦❞è❧❡s ❞❡ ❘❛♥❣t❛♥❣ ♥✬♦♥t ♣❛s ♣✉ ♣ré❞✐r❡ ❞❛♥s ❧❡s ré❣✐♦♥s ❞❡ ❧✬❡s♣❛❝❡ ❡♥✈✐r♦♥♥❡♠❡♥t❛❧ s✉r

❧❡sq✉❡❧❧❡s ✐❧s ♥✬♦♥t ♣❛s ♣✉ êtr❡ ❡♥tr❛î♥és✳ ❉❡ t❡❧❧❡s ❡rr❡✉rs ♣❡✉✈❡♥t êtr❡ é✈✐té❡s ❡♥ ❡①tr❛♣♦❧❛♥t

❧❡s ♣ré❞✐❝t✐♦♥s ❞❡s ♠♦❞è❧❡s ❧♦❝❛✉① ✉♥✐q✉❡♠❡♥t ❞❛♥s ❞❡s ❛✐r❡s ❡♥✈✐r♦♥♥❡♠❡♥t❛❧❡♠❡♥t s✐♠✐❧❛✐r❡s

à ❧✬❛✐r❡ ❞✬❡♥tr❛î♥❡♠❡♥t ❞✉ ♠♦❞è❧❡✱ ❝✬❡st✲à✲❞✐r❡ ❞❛♥s ❧❡s ré❣✐♦♥s ❞✉ s♣❡❝tr❡ ♦ù ✐❧s ♦♥t été ❡♥tr❛î♥és

✭▼✉r♣❤② ❛♥❞ ▲♦✈❡tt✲❉♦✉st✱ ✷✵✵✼✮✳ P♦✉r ❝❡ ❢❛✐r❡✱ ❧❡s r❡♣rés❡♥t❛t✐♦♥s ❞❡s ✈❛r✐❛❜✐❧✐tés ❞❡s ❛✐r❡s

❞❡ ♣ré❞✐❝t✐♦♥s ❡t ❞❡s s✐t❡s ❞✬é❝❤❛♥t✐❧❧♦♥♥❛❣❡ ♣❡✉✈❡♥t êtr❡ ré❛❧✐sé❡s ❡t ❝♦♠♣❛ré❡s ❞❛♥s ❧✬❡s♣❛❝❡

❡♥✈✐r♦♥♥❡♠❡♥t❛❧ q✉❡ ❞é✜♥✐ss❡♥t ❧❡s ♣r✐♥❝✐♣❛✉① ❣r❛❞✐❡♥ts ❡♥✈✐r♦♥♥❡♠❡♥t❛✉①✳

▲❡s ❞❡✉① s❡❝t❡✉rs ❞✐✛ér❛✐❡♥t é❣❛❧❡♠❡♥t ❞❡ ♣❛r ❧❡✉rs ❝♦♥t❡①t❡s ♣❛②s❛❣❡rs✱ ♦ù ❞❡s ♣r♦❝❡ss✉s

é❝♦❧♦❣✐q✉❡s ♣❛rt✐❝✉❧✐❡rs✱ ❞✐ts ❛ss♦❝✐❛t✐❢s✲✐♥t❡r❛❝t✐❢s t❡❧s q✉❡ ❞✐s♣❡rs✐♦♥✱ ❡①t✐♥❝t✐♦♥ ❡t r❡❝♦❧♦♥✐s❛✲

t✐♦♥ ❧♦❝❛❧❡✱ ♣❡✉✈❡♥t s❡ ré❛❧✐s❡r ✐♥❞é♣❡♥❞❛♠♠❡♥t ❞❛♥s ❝❤❛q✉❡ s❡❝t❡✉r ♣♦✉r ❡①♣❧✐q✉❡r ❧❡s ❞✐str✐✲

❜✉t✐♦♥s ♦❜s❡r✈é❡s ✭❇❧♦♥❞❡❧✱ ✶✾✾✺✮✳ P❛r ❡①❡♠♣❧❡✱ ❧❛ str✉❝t✉r❡ ❞❡s t❛❝❤❡s ❞❡ ♣r❛✐r✐❡s ❝❧ôt✉ré❡s✱

❤❛❜✐t❛t ♦♣t✐♠❛❧ ♣♦✉r ▼✐❝r♦t✉s ❧✐♠♥♦♣❤✐❧✉s ♣❡✉t ✐♥✢✉❡♥❝❡r ❧❡s ❞②♥❛♠✐q✉❡s ❞❡s ♣♦♣✉❧❛t✐♦♥s ❞❡

❝❡tt❡ ❡s♣è❝❡✳ ▲❛ ❝♦♥s✐❞ér❛t✐♦♥ ❞✉ ❝♦♥t❡①t❡ ♣❛②s❛❣❡r ❞❛♥s ❧❡s ♠♦❞è❧❡s s❡r❛✐t ❞♦♥❝ ♥é❝❡ss❛✐r❡ ♣♦✉r

❧✬❡①tr❛♣♦❧❛t✐♦♥ ❞❡s ♣ré❞✐❝t✐♦♥s ❞❛♥s ❞❡s ❝♦♥t❡①t❡s ❞✐✛ér❡♥ts✳

✶✹✸



✻✳✸✳ ❉❡ ❧✬é✈❛❧✉❛t✐♦♥ ❞❡s ♣ré❞✐❝t✐♦♥s

P❡✉✈❡♥t é❣❛❧❡♠❡♥t ✐♥t❡r✈❡♥✐r ❞❡s ♣r♦❝❡ss✉s ♠❛❝r♦✲é✈♦❧✉t✐❢s ❡①♣❧✐q✉❛♥t à ❧✬é❝❤❡❧❧❡ ❞✉ ❝♦♥✲

t✐♥❡♥t ❧❛ ❞✐✛ér❡♥❝✐❛t✐♦♥ ❞❡s ❡s♣è❝❡s ❡t ❧❛ ❞é✜♥✐t✐♦♥ ❞❡ ③♦♥❡s ❞✐t❡s ❜✐♦❣é♦❣r❛♣❤✐q✉❡s ✭❇❧♦♥❞❡❧✱

✶✾✾✺✮✳ ▲❡s ❞✐✈❡rs✐tés ♦❜s❡r✈é❡s ❞❛♥s ❝❤❛q✉❡ s❡❝t❡✉r ✭❧♦❝❛❧❡s✮ ♣❡✉✈❡♥t ❞é♣❡♥❞r❡ ❞❡s ❞✐str✐❜✉✲

t✐♦♥s ❣é♦❣r❛♣❤✐q✉❡s ❞❡s ❡s♣è❝❡s à ❞❡ ♣❧✉s ❧❛r❣❡s é❝❤❡❧❧❡s ✭ré❣✐♦♥❛❧❡s✮ ✭❘✐❝❦❧❡❢s✱ ✷✵✵✹✮✳ ❆✐♥s✐✱

❧❡s ❞♦♠❛✐♥❡s ❜✐♦❣é♦❣r❛♣❤✐q✉❡s ♣❡✉✈❡♥t ❡①♣❧✐q✉❡r✱ ❡♥ ❝♦♠♣❧é♠❡♥t ❞❡s ❢❛❝t❡✉rs é❝♦❧♦❣✐q✉❡s✱ ❧❡s

str✉❝t✉r❡s ❧♦❝❛❧❡s ❞❡s ❝♦♠♠✉♥❛✉tés ❞❡ ♠❛♠♠✐❢èr❡s ✭❘♦❞r✐❣✉❡③ ❡t ❛❧✳✱ ✷✵✵✻✮ ♦✉ ❧❛ ✈❛r✐❛❜✐❧✐té

❞❡s r✐❝❤❡ss❡s ❞❡s ❛ss❡♠❜❧❛❣❡s ❡♥tr❡ s✐t❡s ❞✬ét✉❞❡ ✭❍♦rt❛❧ ❡t ❛❧✳✱ ✷✵✵✽✮✳

❆✉ r❡❣❛r❞ ❞❡s ❡rr❡✉rs ❞❡ ♠♦❞é❧✐s❛t✐♦♥ é♥♦♥❝é❡s ♣❧✉s ❤❛✉t✱ ♥♦tr❡ ét✉❞❡ ♥✬❛ ♣❛s ♣❡r♠✐s ❞❡

❢❛✐r❡ ❧❛ ♣❛rt ❡♥tr❡ ❧❡s ❡✛❡ts ❧✐és ❛✉① ♣r♦❝❡ss✉s ♣❛②s❛❣❡rs ❡t ❝❡✉① ❧✐és ❛✉① ♣r♦❝❡ss✉s ♠❛❝r♦✲

é✈♦❧✉t✐❢s✱ ♣♦✉r ❡①♣❧✐q✉❡r ❧❡s ❞✐✛ér❡♥❝❡s ❞❡ ♣rés❡♥❝❡ ❞✬❡s♣è❝❡s ❡♥tr❡ ❧❡s ✷ ③♦♥❡s ❞✬ét✉❞❡ ❡t ♣❛r

s✉✐t❡ ❧❡s ❡rr❡✉rs ❞❡ tr❛♥s❢ér❛❜✐❧✐tés ❞❡s ♠♦❞è❧❡s ❧♦❝❛✉①✳ ❯♥❡ t❡❧❧❡ ❝♦♥❢✉s✐♦♥ ❛ été é❣❛❧❡♠❡♥t

♦❜s❡r✈é❡ ❞❛♥s ❧❡ ❝❛s ❞✉ tr❛♥s❢❡rt ❞❡ ♠♦❞è❧❡s ❧♦❝❛✉① ❞❡ ❞✐str✐❜✉t✐♦♥ ❞❡ ✶✵ ❡s♣è❝❡s ❞✬♦✐s❡❛✉①

❞❛♥s ✷ ③♦♥❡s s✐t✉é❡s ❡♥ ❊s♣❛❣♥❡ ✭❙❡♦❛♥❡ ❡t ❛❧✳✱ ✷✵✵✺✮✳ ▲❡s ❛✉t❡✉rs s♦✉❧✐❣♥❡♥t q✉❡ ❧✬✐♥té❣r❛t✐♦♥

❞❡ ❝❡s ❢❛❝t❡✉rs✱ ♣r♦❝❡ss✉s é❝♦❧♦❣✐q✉❡s ❧♦❝❛✉① ❡t ♠❛❝r♦✲é✈♦❧✉t✐❢s✱ ❡st ✉♥ ♣r♦❜❧è♠❡ ✐rrés♦❧✉ ❞❛♥s

❧❛ ♠♦❞é❧✐s❛t✐♦♥ ❞❡s ❤❛❜✐t❛ts✳ ▲❛ ❝♦♥♥❛✐ss❛♥❝❡ à ❧✬é❝❤❡❧❧❡ ❝♦♥t✐♥❡♥t❛❧❡ ❞❡s ❛✐r❡s ❞❡ ❞✐str✐❜✉t✐♦♥

❞❡ ❝❤❛❝✉♥❡ ❞❡s ❡s♣è❝❡s ♥♦✉s ♣❡r♠❡ttr❛✐t ❞✬ét❛❜❧✐r ❧❡ ✏♣♦♦❧✑ ré❣✐♦♥❛❧ ❝♦♠♠✉♥ ❡t ❞✐s♣♦♥✐❜❧❡

❛✉① ✷ s❡❝t❡✉rs✱ ♣♦✉✈❛♥t êtr❡ s♦✉♠✐s ❡♥s✉✐t❡ ❛✉① ❝♦♥❞✐t✐♦♥s ❧♦❝❛❧❡s ❞❡ ❧✬❡♥✈✐r♦♥♥❡♠❡♥t✳ ❯♥❡

t❡❧❧❡ ✐♥❢♦r♠❛t✐♦♥ r❡♥❞r❛✐t ♣♦ss✐❜❧❡✱ ❞❛♥s ❧❛ ❧✐♠✐t❡ ❞❡ ❧❛ ❢❛✐❜❧❡ rés♦❧✉t✐♦♥ ❞❡s ❞♦♥♥é❡s ❞✬❛t❧❛s✱ ❧❛

❞é❧✐♠✐t❛t✐♦♥ ❞❡ ③♦♥❡s ❞✐t❡s ❜✐♦❣é♦❣r❛♣❤✐q✉❡♠❡♥t ❤♦♠♦❣è♥❡s✱ ❝✬❡st✲à✲❞✐r❡ ♦ù ❧❡s ❡s♣è❝❡s ♣♦✉✈❛♥t

② êtr❡ ♦❜s❡r✈é❡s s♦♥t ❝♦♥♥✉❡s ❡t ♦ù ❧❡s ♣ré❞✐❝t✐♦♥s ❞❡s ♠♦❞è❧❡s ❞é✈❡❧♦♣♣és ❧♦❝❛❧❡♠❡♥t ✭❧❡s

r❡❧❛t✐♦♥s ❡♥✈✐r♦♥♥❡♠❡♥t✴❡s♣è❝❡s✮ ♣♦✉rr❛✐❡♥t êtr❡ ✈❛❧✐❞é❡s✳

✻✳✸✳✸ ▲❛ ❞②♥❛♠✐q✉❡ ❞❡s ♣♦♣✉❧❛t✐♦♥s

❉❡ ♠❛♥✐èr❡ ❣é♥ér❛❧❡✱ ♥♦s ♠♦❞è❧❡s ♥✬✐♥❝♦r♣♦r❛✐❡♥t ♣❛s ❧❡s ❞②♥❛♠✐q✉❡s ❞❡s ♣♦♣✉❧❛t✐♦♥s✳ ▲✬éq✉✐❧✐✲

❜r❡ ❞❡s ré♣♦♥s❡s ❞❡s ❡s♣è❝❡s ❛✉① ✈❛r✐❛❜❧❡s ❡♥✈✐r♦♥♥❡♠❡♥t❛❧❡s ❡st ❡♥ ❡✛❡t ✉♥ ❢♦rt ♣rés✉♣♣♦sé

❞❡s ♠♦❞è❧❡s ❞❡ ❞✐str✐❜✉t✐♦♥ ❞❡s ❤❛❜✐t❛ts ♣♦t❡♥t✐❡❧s ❞❡s ❡s♣è❝❡s ✭●✉✐s❛♥ ❛♥❞ ❩✐♠♠❡r♠❛♥✱ ✷✵✵✵✮✳

❖r✱ ❜✐❡♥ q✉❡ ♥♦✉s ♥❡ ❧✬❛✈♦♥s ♣❛s ❞é♠♦♥tré ❞❛♥s ❝❡tt❡ ét✉❞❡✱ ❧❡s ❞②♥❛♠✐q✉❡s ❞❡s ♣♦♣✉❧❛t✐♦♥s

♣❡✉✈❡♥t ❡♥tr❛î♥❡r ❞❡s ❡rr❡✉rs ❞❡ ♣ré❞✐❝t✐♦♥ ❡t ❡①♣❧✐q✉❡r ❧✬❛❜s❡♥❝❡ ❞✬❡s♣è❝❡s ♦✉ ❞✬❛ss❡♠❜❧❛❣❡s ❧à

♦ù ❧❡✉rs ❤❛❜✐t❛ts s♦♥t ♣ré❞✐ts✳ ▲✬✐♥✢✉❡♥❝❡ ❞❡s ❞②♥❛♠✐q✉❡s ❞❡ ♣♦♣✉❧❛t✐♦♥ s✉r ❧❡s ♠♦❞è❧❡s ❞❡ ❞✐s✲

tr✐❜✉t✐♦♥s s♣❛t✐❛❧❡s ❞❡✈r❛✐t êtr❡ ♣❛rt✐❝✉❧✐èr❡♠❡♥t ❝♦♥s✐❞éré❡ ❞❛♥s ❧❡ ❝❛s ❞❡s ♠✐❝r♦✲♠❛♠♠✐❢èr❡s✱

❞♦♥t ❧❡s ❞②♥❛♠✐q✉❡s s♦♥t ❧❛r❣❡♠❡♥t ✐♥✢✉❡♥❝é❡s ♣❛r ❧❛ str✉❝t✉r❡ ❡t ❝♦♠♣♦s✐t✐♦♥ ❞✉ ♣❛②s❛❣❡ ✭●✐✲

r❛✉❞♦✉① ❡t ❛❧✳✱ ✷✵✵✼✮✳

▲❡ ❞é✈❡❧♦♣♣❡♠❡♥t ❞❡ ♠♦❞è❧❡s s♣❛t✐❛❧❡♠❡♥t ❡t t❡♠♣♦r❡❧❧❡♠❡♥t ❡①♣❧✐❝✐t❡s ✭❞②♥❛♠✐q✉❡s✮ ❡st

♣♦ss✐❜❧❡ ✭❉✉❧❧✐♥❣❡r ❡t ❛❧✳✱ ✷✵✵✹✮ ♠❛✐s r❡q✉✐❡rt ✉♥❡ ❝♦♥♥❛✐ss❛♥❝❡ ♣ré❝✐s❡ ❞❡ ❧❛ ❜✐♦❧♦❣✐❡ ❞❡s ❡s♣è❝❡s

❡t ❛♣♣❛r❛ît ❞✐✣❝✐❧❡♠❡♥t ré❛❧✐s❛❜❧❡ ❞❛♥s ❧❡ ❝❛s ❞❡ ❞②♥❛♠✐q✉❡s ❞✬❛ss❡♠❜❧❛❣❡s✳ ❊♥ r❡✈❛♥❝❤❡✱ ✐❧

❡st ♣❧✉s ❢❛❝✐❧❡ ❞✬✐♥❝♦r♣♦r❡r ❧❡s ❢❛❝t❡✉rs ❞❡ ✈❛r✐❛t✐♦♥s ❞❡s ❞②♥❛♠✐q✉❡s✱ t❡❧❧❡s q✉❡ ❞❡s sér✐❡s

t❡♠♣♦r❡❧❧❡s ❞❡s ✈❛r✐❛❜❧❡s ❡♥✈✐r♦♥♥❡♠❡♥t❛❧❡s ✭▼❛rst♦♥✱ ✷✵✵✽✮✱ ❝♦♠♠❡ ✈❛r✐❛❜❧❡s ❡①♣❧✐❝❛t✐✈❡s ❞❛♥s

❧❡s ♠♦❞è❧❡s✳ ❈♦♠♠❡ ♥♦✉s ❧✬❛✈♦♥s ✈✉ ♣❧✉s ❤❛✉t✱ ❧❡ ❘❖▼P❆ ✭❘❛t✐♦ ♦❢ ❖♣t✐♠❛❧ t♦ ▼❛r❣✐♥❛❧ P❛t❝❤

❆r❡❛✮ ♣❡✉t êtr❡ ✉t✐❧✐sé ❝♦♠♠❡ ✉♥ ✐♥❞✐❝❛t❡✉r ❞❡ ❧✬ét❛t ❞②♥❛♠✐q✉❡ ❞✬✉♥❡ ♣♦♣✉❧❛t✐♦♥✳ ❆✐♥s✐✱ s♦♥

✐♥❝♦r♣♦r❛t✐♦♥ ❞❛♥s ❧❡s ♠♦❞è❧❡s st❛t✐q✉❡s ❝♦♠♠❡ ❞✬❛✉tr❡s ❢❛❝t❡✉rs ♣❛②s❛❣❡rs ♣♦✉rr❛✐t ❛✐❞❡r ✐❝✐

❡♥❝♦r❡ à ✐♥té❣r❡r ❧❡s ❡✛❡ts ❞❡s ❞②♥❛♠✐q✉❡s ❞❡s ♣♦♣✉❧❛t✐♦♥s s✉r ❧❡s ♣ré❞✐❝t✐♦♥s✳

✶✹✹



✻✳✹✳ P❡rs♣❡❝t✐✈❡s ♣♦✉r ❧❛ ❝❛rt♦❣r❛♣❤✐❡ ❞❡s ❛ss❡♠❜❧❛❣❡s ❞✬❤ôt❡s ✐♥t❡r♠é❞✐❛✐r❡s

✻✳✹ P❡rs♣❡❝t✐✈❡s ♣♦✉r ❧❛ ❝❛rt♦❣r❛♣❤✐❡ ❞❡s ❛ss❡♠❜❧❛❣❡s ❞✬❤ôt❡s

✐♥t❡r♠é❞✐❛✐r❡s

▲❛ ♠♦❞é❧✐s❛t✐♦♥ ❞❡s ❞✐str✐❜✉t✐♦♥s ❞❡s ❛ss❡♠❜❧❛❣❡s ❞é✈❡❧♦♣♣é❡ ❞❛♥s ❝❡ tr❛✈❛✐❧ ❝♦♥st✐t✉❡

✉♥ ♦✉t✐❧ ❞❡ q✉❛♥t✐✜❝❛t✐♦♥ ❞❡ ❧❛ ❞é✜♥✐t✐♦♥ ❞❡ ❧❡✉rs ❤❛❜✐t❛ts ♦♣t✐♠❛✉①✳ ▲✬❤❛❜✐t❛t ❡st ❡♥ ❡✛❡t

❞é✜♥✐ ❞❛♥s ✉♥ ❡s♣❛❝❡ ♠✉❧t✐✈❛r✐é ♣❛r ✉♥❡ ❞❡♥s✐té ❞❡ ♣r♦❜❛❜✐❧✐té✳ ▲❛ ♣r♦❜❛❜✐❧✐té ❞✬♦❝❝✉rr❡♥❝❡

s❡r❛ ❞✬❛✉t❛♥t ♣❧✉s ❢♦rt❡ q✉❡ ❧❡s ❝❛r❛❝tér✐st✐q✉❡s ❡♥✈✐r♦♥♥❡♠❡♥t❛❧❡s ❞❛♥s ❧❛ ③♦♥❡ ❝♦♥s✐❞éré❡ s❡

r❛♣♣r♦❝❤❡r♦♥t ❞❡ ❝❡❧❧❡s ♦ù ❧✬❛ss❡♠❜❧❛❣❡ ❛ été ♦❜s❡r✈é ✭❞❛♥s ❧❡ ❥❡✉ ❞✬❡♥tr❛î♥❡♠❡♥t✮✱ ❡t ❞♦♥❝ ❞❡

❧✬❤❛❜✐t❛t ♦♣t✐♠❛❧✳ ❆✐♥s✐✱ ♦♥ ♣❡✉t ❡st✐♠❡r ❞❡ ♠❛♥✐èr❡ ❝♦♥t✐❣✉ë ❞❛♥s ❧✬❡s♣❛❝❡✱ ❧❛ ♣r♦❜❛❜✐❧✐té ❞❡

♣rés❡♥❝❡ ❞❡s ❤❛❜✐t❛ts✱ ❡t s✐ ♥é❝❡ss❛✐r❡✱ ❧✬❤❛❜✐t❛t ♦♣t✐♠❛❧ ♣♦✉rr❛ êtr❡ ❞✐s❝rét✐sé ♣❛r ❧❛ ❞é✜♥✐t✐♦♥

❞✬✉♥ s❡✉✐❧ ❞❡ ♣r♦❜❛❜✐❧✐té✳

▲❡s ♠♦❞è❧❡s st❛t✐st✐q✉❡s ❝♦♥st✐t✉❡♥t ❛❧♦rs ❞❡s ♦✉t✐❧s ❞❡ ♣ré❞✐❧❡❝t✐♦♥ ♣♦✉r q✉❛♥t✐✜❡r ❧❡s ❘❖▼P❆

❞❡s ❡s♣è❝❡s ❞❡ ♠❛♥✐èr❡ ❝♦♥t✐❣✉ë ❡t ❝♦♥t✐♥✉❡ ❞❛♥s ❧✬❡s♣❛❝❡ ✭▼❛rst♦♥✱ ✷✵✵✽✮✳ ❊♥ r❡✈❛♥❝❤❡✱ ✐❧ ❡st

❞✐✣❝✐❧❡♠❡♥t ✐♠❛❣✐♥❛❜❧❡ ❞✬✐♥t❡r♣rét❡r ✉♥❡ ❝❛rt❡ ❞❡ ❘❖▼P❆ ♣♦✉r ❞❡s ❛ss❡♠❜❧❛❣❡s✳ ❊♥ ❡✛❡t✱ ❧❛

♣r♦♣♦rt✐♦♥ ❞❡ ❧✬❤❛❜✐t❛t ♦♣t✐♠❛❧ ❞❡ ❧✬❛ss❡♠❜❧❛❣❡ ❞❛♥s ❧❡ ♣❛②s❛❣❡ ♥✬❛✉r❛ ♣❛s ❧❛ ♠ê♠❡ ✐♥✢✉❡♥❝❡

s✉r ❧❡s ❞②♥❛♠✐q✉❡s ❞❡ ❝❤❛❝✉♥❡ ❞❡s ❡s♣è❝❡s ❧❡ ❝♦♠♣♦s❛♥t✳ ❖r✱ ❧❡s ❛ss❡♠❜❧❛❣❡s s♦♥t ❝♦♥s✐❞érés

❝♦♠♠❡ ❞❡s ❡♥t✐tés ❞✐s❝rèt❡s s✉♣♣♦s❛♥t ✉♥❡ ré♣♦♥s❡ ❝♦♠♠✉♥❡ ❞❡s ❡s♣è❝❡s ❛✉① ✈❛r✐❛t✐♦♥s ❡♥✈✐✲

r♦♥♥❡♠❡♥t❛❧❡s✳

❊♥ ❝♦♥tr❡♣❛rt✐❡✱ ❧❡s ♠♦❞è❧❡s ✉t✐❧✐sés ✐❝✐ ♣❡r♠❡tt❡♥t ✉♥❡ ❝❛rt♦❣r❛♣❤✐❡ ❞❡s ❤❛❜✐t❛ts ❞❡s ❛s✲

s❡♠❜❧❛❣❡s ♣♦✉✈❛♥t ❝❛r❛❝tér✐s❡r ❧❡s ♣❛②s❛❣❡s à r✐sq✉❡ ❞é✜♥✐s ❛❧♦rs ♣❛r ❧❛ ♣rés❡♥❝❡ ❞✬❛ss❡♠❜❧❛❣❡s

❞éséq✉✐❧✐❜rés✱ ♦ù ✉♥❡ ❡s♣è❝❡ ♣♦t❡♥t✐❡❧❧❡♠❡♥t ❤ôt❡ ♣♦✉r ❧❡ ♣❛r❛s✐t❡ ❞♦♠✐♥❡✳ ▲❡s ❛ss❡♠❜❧❛❣❡s ♦❢✲

❢r❛♥t ❧❛ ♣♦ss✐❜✐❧✐té ❞✬❡s♣è❝❡s ❤ôt❡s ❛❧t❡r♥❛t✐✈❡s ♣♦✉rr❛✐❡♥t é❣❛❧❡♠❡♥t êtr❡ r❡♣érés✳ ➪ ❧✬✐♥✈❡rs❡✱ ❧❡s

❛ss❡♠❜❧❛❣❡s r✐❝❤❡s ❡♥ ❡s♣è❝❡s ❡t éq✉✐❧✐❜rés ✭❢♦r❡st✐❡rs ❞❛♥s ♥♦tr❡ ❝❛s ❞✬ét✉❞❡✮ ✐♥❞✐q✉❡r❛✐❡♥t ❞❡s

❛✐r❡s à ❢❛✐❜❧❡ ♣♦t❡♥t✐❡❧ ❞❡ tr❛♥s♠✐ss✐♦♥✳ ❖♥ ♣♦✉rr❛✐t ❛❧♦rs s❡ ❢♦❝❛❧✐s❡r à ♣ré❞✐r❡ ❧❛ ❞✐str✐❜✉t✐♦♥

❞❡ ❝❡rt❛✐♥s ❛ss❡♠❜❧❛❣❡s ✏à r✐sq✉❡✑ ✐♥❞✐✈✐❞✉❡❧❧❡♠❡♥t✳ ■❧ ❡st é❣❛❧❡♠❡♥t ❡♥✈✐s❛❣❡❛❜❧❡ ❞❡ ❝❧❛ss✐✜❡r

❧❡s ♦❝❝✉rr❡♥❝❡s ❞❡ t♦✉s ❧❡s ❛ss❡♠❜❧❛❣❡s s✉r ✉♥❡ ③♦♥❡✱ ❡t ❛✐♥s✐ ❞❡ ✈✐s✉❛❧✐s❡r ❧❛ ❞✐✈❡rs✐té ❡♥ ❡s♣è❝❡s

❡t ❡♥ ❤❛❜✐t❛ts✱ ♣✉✐s✱ à ❧❛ ♠❛♥✐èr❡ ❞✬✉♥❡ ❝❛rt❡ ❞❡ ❝❧❛ss✐✜❝❛t✐♦♥ ❞✬♦❝❝✉♣❛t✐♦♥ ❞✉ s♦❧✱ ❞✬ét❛❜❧✐r ✉♥❡

❝❛rt♦❣r❛♣❤✐❡ ré❣✐♦♥❛❧❡ ❞❡ ❧❛ ❜✐♦❞✐✈❡rs✐té ✭❋❡rr✐❡r ❡t ❛❧✳✱ ✷✵✵✹✮✳

◆♦s rés✉❧t❛ts s✉❣❣èr❡♥t q✉❡ ❧❡s ♣ré❞✐❝t✐♦♥s ❞❡ ♠♦❞è❧❡s ❞é✈❡❧♦♣♣és ❧♦❝❛❧❡♠❡♥t✱ ❞❛♥s ✉♥ s✐t❡

❞✬ét✉❞❡✱ ♣♦✉rr♦♥t êtr❡ ❡✛❡❝t✉é❡s ❞❛♥s ❧✬❛✐r❡ é❝❤❛♥t✐❧❧♦♥♥é❡ ✉♥✐q✉❡♠❡♥t✳ ❋❛❝❡ ❛✉① ❡rr❡✉rs ❞❡

♣ré❞✐❝t✐♦♥ ❞❡s ♠♦❞è❧❡s ❧♦❝❛✉①✱ ❧❛ ❝❛rt♦❣r❛♣❤✐❡ ❞❡s ❛ss❡♠❜❧❛❣❡s s✉r ❞❡s ét❡♥❞✉❡s ré❣✐♦♥❛❧❡s

♥é❝❡ss✐t❡ ❞✬❡♥tr❛î♥❡r ❧❡ ♠♦❞è❧❡ s✉r ♣❧✉s✐❡✉rs s✐t❡s ❞✬ét✉❞❡ ❡t ❞❡ ♣✐é❣❡❛❣❡s✳ ❉❛♥s ❝❡ ❝❛s✱ ❧❡s

❛ss❡♠❜❧❛❣❡s ♣❡✉✈❡♥t êtr❡ ❝❧❛ss✐✜és✱ ❝✬❡st✲à✲❞✐r❡ ♠♦❞é❧✐sés ❡t ♣ré❞✐ts ❞❡ ♠❛♥✐èr❡ ♠✉❧t✐♣❧❡ ♣❧✉tôt

q✉✬✐♥❞✐✈✐❞✉❡❧❧❡♠❡♥t✳ ❈❡tt❡ ♣ré❢ér❡♥❝❡ ♣♦✉r ✉♥❡ ❝❧❛ss✐✜❝❛t✐♦♥ ♠✉❧t✐♣❧❡ ❛ ❞é❥à été s♦✉❧✐❣♥é❡ ❞❛♥s

❧❡ ❝❛❞r❡ ❞✬✉♥❡ ❝❛rt♦❣r❛♣❤✐❡ ré❣✐♦♥❛❧❡ ❞❡ ❞♦♥♥é❡s ❞✬❛t❧❛s ✭❊❧✐t❤ ❡t ❛❧✳✱ ✷✵✵✼✮✳

▲❛ ❞✐✈❡rs✐té δ ❞❡s ❡s♣è❝❡s ✭❡♥tr❡ s✐t❡s✮ ❛✱ ❞❛♥s ♥♦tr❡ ❝❛s ❞✬ét✉❞❡✱ ❝♦♠♣❧✐q✉é ❧❡s ♣ré❞✐❝t✐♦♥s

ré❣✐♦♥❛❧❡s ❞❡s ❛ss❡♠❜❧❛❣❡s✳ ▲❡s ❛ss❡♠❜❧❛❣❡s ♦♥t été ❞é✜♥✐s ✐♥❞é♣❡♥❞❛♠♠❡♥t s✉r ❧❡s ✷ s❡❝t❡✉rs

♣✉✐sq✉✬✐❧s ♥❡ ♣❛rt❛❣❡❛✐❡♥t ♣❛s ❧❛ ♠❛❥♦r✐té ❞❡ ❧❡✉rs ❝♦♠♣♦s✐t✐♦♥s ❡♥ ❡s♣è❝❡s ❡t ❡♥ ❤❛❜✐t❛ts✳

◆♦✉s ❛✈♦♥s t❡♥té ❞❡ ❞é✜♥✐r✱ ❛✉ ♣ré❛❧❛❜❧❡✱ ❧❡s ❛ss❡♠❜❧❛❣❡s à ✉♥❡ é❝❤❡❧❧❡ ré❣✐♦♥❛❧❡ ❝✬❡st✲à✲

❞✐r❡ s✉r ❧✬❡♥s❡♠❜❧❡ ❞❡s ❞♦♥♥é❡s ❞❡ ▼❛❡r❦❛♥❣ ❡t ❘❛♥❣t❛♥❣ ♠❛✐s ❝❡tt❡ ❛♣♣r♦❝❤❡ s✬❡st ❛✈éré❡

é❣❛❧❡♠❡♥t ❝♦♠♣❧✐q✉é❡✳ ❯♥ s❡✉❧ ❛ss❡♠❜❧❛❣❡ ét❛✐t ❡♥ ❡✛❡t ❝♦♠♠✉♥ ❛✉① ❞❡✉① s✐t❡s q✉✐ ✐♥❝❧✉❛✐t

❧❡s ❢♦rêts ❞❡ ❝♦♥✐❢èr❡s ❡t ❞❡ r❤♦❞♦❞❡♥❞r♦♥s ❡t ❧❡s ❣❡♥r❡s ❖❝❤♦t♦♥❛ ❡t ▼✐❝r♦t✉s ❝♦♠♠✉♥s ❛✉①

✷ s✐t❡s ♠❛✐s ✐❧ ✐♥té❣r❛✐t é❣❛❧❡♠❡♥t ❞❡s ❤❛❜✐t❛ts ❡t ❞❡s ❡s♣è❝❡s ♥♦♥ ♣❛rt❛❣é❡s ♣❛r ❧❡s ✷ s❡❝t❡✉rs✳

✶✹✺



✻✳✹✳ P❡rs♣❡❝t✐✈❡s ♣♦✉r ❧❛ ❝❛rt♦❣r❛♣❤✐❡ ❞❡s ❛ss❡♠❜❧❛❣❡s ❞✬❤ôt❡s ✐♥t❡r♠é❞✐❛✐r❡s

▲✬✐♥t❡r♣rét❛t✐♦♥ ❞❡s ♣ré❞✐❝t✐♦♥s ❞✬✉♥ t❡❧ ❛ss❡♠❜❧❛❣❡✱ ❞❛♥s ❧❡s ③♦♥❡s ♥♦♥ é❝❤❛♥t✐❧❧♦♥♥é❡s ❡t ♦ù

❧❡ ♣♦♦❧ ré❣✐♦♥❛❧ ❞✬❡s♣è❝❡s ♣♦t❡♥t✐❡❧❧❡♠❡♥t ♣rés❡♥t❡s ❡st ✐♥❝♦♥♥✉✱ ❛✉r❛✐t ❛❧♦rs été ❝♦♥❢✉s❡✳ ❊♥

r❡✈❛♥❝❤❡✱ ❧✬✐♥❝♦r♣♦r❛t✐♦♥ ❞❛♥s ❧❡s ♠♦❞è❧❡s ❞❡s ✈❛r✐❛t✐♦♥s s♣❛t✐❛❧❡s ❞❡s ♣❛r❛♠ètr❡s✱ ❞❡ ♠❛♥✐èr❡

❡①♣❧✐❝✐t❡✱ ♣♦✉rr❛✐t ♣❡r♠❡ttr❡ ❞❡ r❡♠é❞✐❡r ❛✉① ❝♦♥❢✉s✐♦♥s ❡♥tr❡ ❞❡s ❛ss❡♠❜❧❛❣❡s ❞✐✛ér❡♥ts ♠❛✐s

♣rés❡♥t❛♥t ❞❡s ❡s♣è❝❡s ❝♦♠♠✉♥❡s ✭❡♥ ❧✬♦❝❝✉rr❡♥❝❡ ❘✸ ❡t ▼✹✮✳ ▲✬♦♥ ♣❡rç♦✐t ❜✐❡♥ ✐❝✐ ❧❡s ❧✐♠✐t❡s✱

❞❛♥s ❧✬❡①tr❛♣♦❧❛t✐♦♥ ❞❡s ♣ré❞✐❝t✐♦♥s✱ ❞❡ ❧❛ ❞é✜♥✐t✐♦♥ ❞✬❡♥t✐tés ❞✐s❝rèt❡s ❡t ♥♦♥ ♠♦❞✉❧❛❜❧❡s ❛✉

r❡❣❛r❞ ❞❡ ❧❡✉rs ❝♦♠♣♦s✐t✐♦♥ ❡♥ ❡s♣è❝❡s q✉❡ s♦♥t ❧❡s ❛ss❡♠❜❧❛❣❡s✳ ■❞é❛❧❡♠❡♥t✱ ❧❛ ♠♦❞é❧✐s❛t✐♦♥

❥♦✐♥t❡ ❞❡s ❡s♣è❝❡s à ❧✬é❝❤❡❧❧❡ ré❣✐♦♥❛❧❡ ♣❡r♠❡ttr❛✐t ❞✬é✈✐t❡r ❞❡ t❡❧❧❡s ❝♦♥❢✉s✐♦♥s✳

❊♥✜♥✱ ✉♥❡ ❝❛rt♦❣r❛♣❤✐❡ ♣ré❞✐❝t✐✈❡ ❞❡s ❛ss❡♠❜❧❛❣❡s à ❧✬é❝❤❡❧❧❡ ❝♦♥t✐♥❡♥t❛❧❡ ♣♦✉rr❛✐t êtr❡ ré❛❧✲

✐sé❡ ❡♥ ✉t✐❧✐s❛♥t ❞❡s ❞♦♥♥é❡s ❞✬❛t❧❛s✳ ➪ ✉♥❡ t❡❧❧❡ é❝❤❡❧❧❡✱ ❧❡s ③♦♥❡s ❜✐♦❣é♦❣r❛♣❤✐q✉❡s ♣♦✉rr❛✐❡♥t

êtr❡ ✐♥té❣ré❡s✱ ❝♦♠♠❡ ✈❛r✐❛❜❧❡s ❡①♣❧✐❝❛t✐✈❡s✱ ❞❛♥s ❧❡s ♠♦❞è❧❡s✳ ❇✐❡♥ q✉❡ ❞✬✉♥❡ ♠♦✐♥❞r❡ rés♦❧✉✲

t✐♦♥ q✉❡ ❧❡s ❞♦♥♥é❡s ❞❡ ♣✐é❣❡❛❣❡✱ ❞❡ t❡❧❧❡s ❞♦♥♥é❡s s♦♥t ❛❝❝❡ss✐❜❧❡s ♣♦✉r ❧❛ q✉❛s✐ t♦t❛❧✐té ❞✉

♣❛②s ❡t s♦♥t ❞❡♣✉✐s ♣❡✉ ❞✐s♣♦♥✐❜❧❡s ❡♥ ❞♦♥♥é❡s s♣❛t✐❛❧✐sé❡s ✭❳✐❡ ❡t ❛❧✳✱ ✷✵✵✹✮✳ ❉❡ ♣❧✉s✱ ❞❡ ♥♦♠✲

❜r❡✉s❡s ♠ét❤♦❞❡s ♦♥t été ❞é✈❡❧♦♣♣é❡s ♣♦✉r ♠♦❞é❧✐s❡r ❧❡s ❞✐str✐❜✉t✐♦♥s s✉r ❧❛ ❜❛s❡ s❡✉❧❡♠❡♥t ❞❡

❞♦♥♥é❡s ❞❡ ♣rés❡♥❝❡ ✭❊❧✐t❤ ❡t ❛❧✳✱ ✷✵✵✻✮✳ ❉❛♥s ❝❡ ❝♦♥t❡①t❡✱ ▼❆❘❙ s✬❡st ré✈é❧é êtr❡ ✉♥ ♦✉t✐❧ ✐♥✲

tér❡ss❛♥t ♣♦✉r ré❛❧✐s❡r ❞❡s ❝❛rt❡s ❞❡ ♣ré❞✐❝t✐♦♥s ré❣✐♦♥❛❧❡s ❞❡ ✷✷✻ ❡s♣è❝❡s ❞❡ ♣❧❛♥t❡s✱ ❞✬♦✐s❡❛✉①✱

❞❡ ♠❛♠♠✐❢èr❡s ❡t ❞❡ r❡♣t✐❧❡s✱ ❞❛♥s ✻ ré❣✐♦♥s ❞✉ ♠♦♥❞❡ ❞✐✛ér❡♥t❡s ✭❊❧✐t❤ ❡t ❛❧✳✱ ✷✵✵✼✮✳ ❉❛♥s ❧❛

♣❡rs♣❡❝t✐✈❡ ❞✬❛♠é❧✐♦r❡r ❧❡s ♣ré❞✐❝t✐♦♥s ❧♦❝❛❧❡s✱ ✉♥❡ ❝♦♠❜✐♥❛✐s♦♥ ❞❡s ❞♦♥♥é❡s ❞✬❛t❧❛s ♣♦✉rr❛✐❡♥t

êtr❡ ❝♦♠❜✐♥é❡s à ❝❡❧❧❡s ❞❡ ♣✐é❣❡❛❣❡ ✭❝❧❛ss❡s ❞✬❤❛❜✐t❛ts✮✱ ♠❛✐s ❝❡tt❡ ♠ét❤♦❞❡✱ ♥✬❛ ♣❛s✱ à ❝❡ ❥♦✉r✱

♠♦♥tré ❞❡ rés✉❧t❛ts s❛t✐s❢❛✐s❛♥ts ✭▼❝P❤❡rs♦♥ ❡t ❛❧✳✱ ✷✵✵✻✮✳
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✻✳✹✳
P
❡rs♣❡❝t✐✈❡s

♣♦✉r
❧❛

❝❛rt♦❣r❛♣❤✐❡
❞❡s

❛ss❡♠
❜❧❛❣❡s

❞✬❤ôt❡s
✐♥
t❡r♠

é❞✐❛✐r❡s

❋✐❣✳ ✻✳✶ ✕ ❙❝❤é♠❛ ré❝❛♣✐t✉❧❛t✐❢ ❞❡s ♣r✐♥❝✐♣❛❧❡s ét❛♣❡s ❞❡ ❧❛ ♠♦❞é❧✐s❛t✐♦♥ ❞❡s ❞✐str✐❜✉t✐♦♥s ❞❡s ❛ss❡♠❜❧❛❣❡s ❞❡ ♠✐❝r♦✲♠❛♠♠✐❢èr❡s✱ q✉✐ ❝♦♥st✐t✉❡♥t ❧❡s ❛①❡s ✶ ❡t ✷ ❞❡ ♥♦tr❡

tr❛✈❛✐❧✳ ▲❡s ♣r✐♥❝✐♣❛✉① rés✉❧t❛ts s♦♥t ✐♥❞✐q✉és ❞❛♥s ❧❡s ❡♥❝❛❞rés ❣r✐sés ❡t ❧❡s ♣♦✐♥ts ❞✬✐♥t❡rr♦❣❛t✐♦♥ s✉❣❣èr❡♥t ❧❡s ❧✐♠✐t❡s ❞❡ ❧✬❛♣♣r♦❝❤❡✳✶✹✼



✻✳✹✳ P❡rs♣❡❝t✐✈❡s ♣♦✉r ❧❛ ❝❛rt♦❣r❛♣❤✐❡ ❞❡s ❛ss❡♠❜❧❛❣❡s ❞✬❤ôt❡s ✐♥t❡r♠é❞✐❛✐r❡s

✶✹✽



❈❤❛♣✐tr❡ ✼

▲❡ rô❧❡ ❞✉ ❝❤✐❡♥ ❞❛♥s ❧❛ tr❛♥s♠✐ss✐♦♥

▲✬❛♥❛❧②s❡ ❞❡s ❞✐str✐❜✉t✐♦♥s ❞❡ ❝❤✐❡♥s ❞♦♠❡st✐q✉❡s ❛✐♥s✐ q✉❡ ❞❡ ❧❡✉rs ❢è❝❡s ✭❡t ❝♦♥t❛♠✐♥❛t✐♦♥

❢é❝❛❧❡✮ ❞❛♥s ❧✬❡s♣❛❝❡ ❞é✜♥✐ ♣❛r ❧✬❡♥✈✐r♦♥♥❡♠❡♥t ❞❡s ❤♦♠♠❡s ❡t ❞❡s ❤ôt❡s ✐♥t❡r♠é❞✐❛✐r❡s ❛

♣❡r♠✐s ✉♥❡ q✉❛♥t✐✜❝❛t✐♦♥ ♣❛rt✐❡❧❧❡ ❞❡ ❧❛ r❡♥❝♦♥tr❡ ✭❞✉ t❛✉① ❞❡ ❝♦♥t❛❝t✮ ❝♦♥❝❡r♥❛♥t ✐✮ ❧❡s ❤ôt❡s

✐♥t❡r♠é❞✐❛✐r❡s ❡t ❧❡s ♣♦♣✉❧❛t✐♦♥s ❤✉♠❛✐♥❡s ❛✈❡❝ ❧❛ ❢♦r♠❡ ✐♥❢❡❝t✐❡✉s❡ ❞✉ ♣❛r❛s✐t❡ ✭❝♦♥t❛♠✐♥❛t✐♦♥

❡♥✈✐r♦♥♥❡♠❡♥t❛❧❡✮ ❡t ✐✐✮ ❧❡s ❤ôt❡s ❞é✜♥✐t✐❢s ❛✈❡❝ ❧❡s ❤ôt❡s ✐♥t❡r♠é❞✐❛✐r❡s✳

❉❛♥s ❧✬❡♥✈✐r♦♥♥❡♠❡♥t ❞❡s ✈✐❧❧❛❣❡s✱ ♥♦✉s ❛✈♦♥s ♣✉ ❞é✜♥✐r ❧✬❡s♣❛❝❡ ❞❡s ❝❤✐❡♥s ❞♦♠❡st✐q✉❡s à

❧✬✐♥tér✐❡✉r ❞✉q✉❡❧ ✐❧s ré❛❧✐s❡♥t ❧❡✉rs ❝♦♠♣♦rt❡♠❡♥ts à r✐sq✉❡ ✭❋✐❣✉r❡ ✼✳✶✮✳

❋✐❣✳ ✼✳✶ ✕ ❘❡♣rés❡♥t❛t✐♦♥ ❞❡s ❢réq✉❡♥❝❡s ❞✬✉t✐❧✐s❛t✐♦♥ ❞❡ ❧✬❡s♣❛❝❡ ♣❛r ❧❡s ♣♦♣✉❧❛t✐♦♥s ❞✬❤ôt❡s ❞♦♠❡st✐q✉❡s ❡t

s❛✉✈❛❣❡s ❡t ❞❡s ❝♦♠♣♦rt❡♠❡♥ts ✏à r✐sq✉❡✑ ❞✉ ❝❤✐❡♥ ✭r❡♣rés❡♥tés ❞❛♥s ❧❛ ♣❛rt✐❡ ❣❛✉❝❤❡✮✱ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ❞✐st❛♥❝❡

❛✉① ❤❛❜✐t❛t✐♦♥s✳ ▲❡s ❝♦♠♣♦rt❡♠❡♥ts ❞✉ ❝❤✐❡♥ ✐♠♣❧✐q✉és ❞❛♥s ❧❛ tr❛♥s♠✐ss✐♦♥ s♦♥t ♠❡♥t✐♦♥♥és ♣❛r ❞❡s ✢è❝❤❡s

❜❧❡✉❡s✱ ♣❧❡✐♥❡s ♣♦✉r ❧❡s ❝♦♠♣♦rt❡♠❡♥ts ét✉❞✐és✱ ❡t ❤❛❝❤✉ré❡s ♣♦✉r ❝❡✉① ✉♥✐q✉❡♠❡♥t ❞✐s❝✉tés✳ ✏❆✑ ✐♥❞✐q✉❡ ❧❛

❝♦♥t❛♠✐♥❛t✐♦♥ ❞❡ ❧✬❡♥✈✐r♦♥♥❡♠❡♥t ❤✉♠❛✐♥ ❡t ✏❇✑ ❝❡❧❧❡ ❞❡s ❤❛❜✐t❛ts ❞❡s ❤ôt❡s ✐♥t❡r♠é❞✐❛✐r❡s✳✭✯✮ ✭❲❛♥❣ ❡t ❛❧✳✱

✷✵✵✹❀ ❘❛♦✉❧ ❡t ❛❧✳✱ ✷✵✵✻✮✱ ✭✯✯✮ ✭❲❛♥❣ ❡t ❛❧✳✱ ✷✵✵✼✮

❉❛♥s ❝❡ ❝❛❞r❡ s♣❛t✐❛❧✱ ♥♦✉s ❞✐s❝✉t❡r♦♥s ❝✐✲❛♣rès ❞❡ ❧❛ q✉❛♥t✐✜❝❛t✐♦♥ ❞❡s ❝♦♠♣♦rt❡♠❡♥ts à
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✼✳✶✳ ❈♦♠♠❡♥t ❧❡ ❝❤✐❡♥ ❝♦♥t❛♠✐♥❡ ❧✬❡♥✈✐r♦♥♥❡♠❡♥t ❄

r✐sq✉❡ ❞ét❡r♠✐♥❛♥t ❧❡ rô❧❡ ❞✉ ❝❤✐❡♥ ❞❛♥s ❧❛ ❝♦♥t❛♠✐♥❛t✐♦♥ ❡♥✈✐r♦♥♥❡♠❡♥t❛❧❡ ❛✐♥s✐ q✉❡ ❞❡ s♦♥

♠♦❞❡ ❞❡ ❝♦♥t❛♠✐♥❛t✐♦♥✳

✼✳✶ ❈♦♠♠❡♥t ❧❡ ❝❤✐❡♥ ❝♦♥t❛♠✐♥❡ ❧✬❡♥✈✐r♦♥♥❡♠❡♥t ❄

✼✳✶✳✶ ❈♦♥t❛♠✐♥❛t✐♦♥ ❞❡ ❧✬❡♥✈✐r♦♥♥❡♠❡♥t ❞❡s ❤♦♠♠❡s

✼✳✶✳✶✳✶ Pr✐♥❝✐♣❛✉① rés✉❧t❛ts

▲✬❛♥❛❧②s❡ ❞❡s ❝♦♥t❛♠✐♥❛t✐♦♥s ❢é❝❛❧❡s ❡t ❧❛ ❞ét❡r♠✐♥❛t✐♦♥ ♣❛r ✐❞❡♥t✐✜❝❛t✐♦♥ ❞✬❆❉◆ ❞❡ ❧✬❡s♣è❝❡

❤ôt❡ ✭❝❤✐❡♥ ✈❡rs✉s r❡♥❛r❞✮ ♦♥t ♣❡r♠✐s ❞❡ r❡♥❞r❡ ❝♦♠♣t❡ ❞✉ rô❧❡ ♣ré❞♦♠✐♥❛♥t ❞❡s ❝❤✐❡♥s s✉r ❧❡s

r❡♥❛r❞s ❞❛♥s ❧❛ ❝♦♥t❛♠✐♥❛t✐♦♥ ❞❡ ❧✬❡♥✈✐r♦♥♥❡♠❡♥t ❤✉♠❛✐♥✳ ❈❡s rés✉❧t❛ts ❝♦♥✜r♠❡♥t ❧✬❡①✐st❡♥❝❡

❞✬✉♥ ❝②❝❧❡ ♣ér✐✲❞♦♠❡st✐q✉❡ ♦ù ❧❡ ❝❤✐❡♥ ✐♥t❡r✈✐❡♥t ❝♦♠♠❡ ❤ôt❡ ❞é✜♥✐t✐❢✱ ét❛❜❧✐ss❛♥t ✉♥ ❧✐❡♥ ❡♥tr❡

❧❡ rés❡r✈♦✐r s❛✉✈❛❣❡ ❡t ❧❡s ♣♦♣✉❧❛t✐♦♥s ❤✉♠❛✐♥❡s ✭❋✐❣✉r❡ ✼✳✶✮✳ ❈❡♣❡♥❞❛♥t✱ ❧✬❡①✐st❡♥❝❡ ❞❡ ❢è❝❡s

❞❡ r❡♥❛r❞s✱ ♠ê♠❡ s♣♦r❛❞✐q✉❡✱ à ❧✬✐♥tér✐❡✉r ❞❡s ✈✐❧❧❛❣❡s✱ s✉❣❣èr❡ ❧❛ ♣♦ss✐❜❧❡ ré❛❧✐s❛t✐♦♥ ❞✬✉♥

❝②❝❧❡ s❛✉✈❛❣❡ s②♥❛♥t❤r♦♣✐q✉❡ ❞❛♥s ❝❡s ✈✐❧❧❛❣❡s ❞✉ ♣❧❛t❡❛✉ t✐❜ét❛✐♥ t❡❧ q✉✬✐❧ ❛ ❞é❥à été ♦❜s❡r✈é

❞❛♥s ❝❡rt❛✐♥❡s ❛❣❣❧♦♠ér❛t✐♦♥s ❡♥ ❊✉r♦♣❡ ✭❉❡♣❧❛③❡s ❡t ❛❧✳✱ ✷✵✵✹❀ ❘♦♠✐❣ ❡t ❛❧✳✱ ✷✵✵✻✮✳ ❆✐♥s✐✱

❧✬❡①✐st❡♥❝❡ ❞✬✉♥ ❝②❝❧❡ ♣ér✐✲❞♦♠❡st✐q✉❡ ❡t ❞❛♥s ✉♥❡ ♠♦✐♥❞r❡ ♠❡s✉r❡ ❝❡❧❧❡ ❞✬✉♥ ❝②❝❧❡ s❛✉✈❛❣❡

s②♥❛♥t❤r♦♣✐q✉❡✱ à ♣r♦①✐♠✐té ❞❡s ❤❛❜✐t❛t✐♦♥s ❤✉♠❛✐♥❡s ❞❛♥s ❧❡s ✈✐❧❧❛❣❡s t✐❜ét❛✐♥s✱ ❛ss♦❝✐é❡ à ❞❡

❢♦rt❡s ❞❡♥s✐tés ❞❡ ♣♦♣✉❧❛t✐♦♥s ❞❡ ❝❤✐❡♥s ❞♦♠❡st✐q✉❡s✱ ❛♣♣♦rt❡ ❞❡s é❧é♠❡♥ts ♣♦✉r ❝❛r❛❝tér✐s❡r

❧✬❊❆ ❝♦♠♠❡ ✉♥❡ ③♦♦♥♦s❡ é♠❡r❣❡♥t❡ ❞❛♥s ❝❡tt❡ ré❣✐♦♥ ❡♥❞é♠✐q✉❡✱ t❡❧❧❡ q✉❡ ❞é❝r✐t❡ ❞❛♥s ❝❡rt❛✐♥❡s

✈✐❧❧❡s ❞✬❊✉r♦♣❡ ✭❊❝❦❡rt ❡t ❛❧✳✱ ✷✵✵✵❀ ❊❝❦❡rt ❛♥❞ ❉❡♣❧❛③❡s✱ ✷✵✵✹✮✳ ❉✬❛✉tr❡ ♣❛rt✱ ❝❡tt❡ s✐t✉❛t✐♦♥

é❝♦✲é♣✐❞é♠✐♦❧♦❣✐q✉❡ ❡st ❝♦♠♣❛r❛❜❧❡ à ❝❡❧❧❡ ❞❡s ✈✐❧❧❛❣❡s ❝ôt✐❡rs ❞❡ ❧❛ ♠❡r ❞❡ ❇❡r✐♥❣ s✉r ❧✬î❧❡

❙❛✐♥t ▲❛✇r❡♥❝❡ ❡♥ ❆❧❛s❦❛✳ ❉❛♥s ❝❡s ③♦♥❡s ❞✬❡♥❞é♠✐❡ ♣♦✉r ❊♠✱ ❧✬❡①✐st❡♥❝❡ ❞✬✉♥ ❝②❝❧❡ ♣ér✐✲

❞♦♠❡st✐q✉❡ à ❧✬✐♥tér✐❡✉r ❞❡s ✈✐❧❧❛❣❡s✱ ♦ù ❧❡s ❝❤✐❡♥s s♦♥t s✉♣♣♦sés ❝♦♥t❛♠✐♥❡r ❧✬❡♥✈✐r♦♥♥❡♠❡♥t

❞❡s ❝♦♠♠✉♥❛✉tés ❞✬❡sq✉✐♠❛✉① ❨✉♣✐❦✱ ❛ été ♠✐s❡ ❡♥ é✈✐❞❡♥❝❡✱ ❡♥ ♣❛r❛❧❧è❧❡ ❞✉ ❝②❝❧❡ s❛✉✈❛❣❡ s❡

ré❛❧✐s❛♥t ❞❛♥s ❧❡s ③♦♥❡s ❞❡ t♦✉♥❞r❛s ✭❘❛✉s❝❤ ❛♥❞ ❋❛②✱ ✷✵✵✷✮✳

P❛r ❛✐❧❧❡✉rs✱ ♥♦✉s ❛✈♦♥s ♠♦♥tré ✉♥❡ ❛❣ré❣❛t✐♦♥ ❞❡s ❢è❝❡s ❡t ❞❡ ❧❡✉rs ♣♦t❡♥t✐❡❧❧❡s ❝♦♥t❛♠✲

✐♥❛t✐♦♥s ❛✉t♦✉r ❞❡s ❤❛❜✐t❛t✐♦♥s✱ ❞❡✈❡♥❛♥t ❛❧♦rs ✉♥❡ s♦✉r❝❡ ❞✬❡①♣♦s✐t✐♦♥ ❛✉ ♣❛r❛s✐t❡ ♣♦✉r ❧❡s

♣♦♣✉❧❛t✐♦♥s ❤✉♠❛✐♥❡s ✭❋✐❣✉r❡ ✼✳✶✮✳ ❈❡♣❡♥❞❛♥t ❧✬✐♥t❡r♣rét❛t✐♦♥ ❞✉ r✐sq✉❡ ❞❡ tr❛♥s♠✐ss✐♦♥ ❛✉①

❤♦♠♠❡s ♥❡ t✐❡♥t ♣❛s ❝♦♠♣t❡ ❞❡ ❧✬❛❧é❛ ❡♥❣❡♥❞ré ♣❛r ❧❡s ❝♦♠♣♦rt❡♠❡♥ts ❤✉♠❛✐♥s✳ ❖r✱ à ❧✬é❝❤❡❧❧❡

❞✉ ✈✐❧❧❛❣❡✱ ❧❡s ❝♦♠♣♦rt❡♠❡♥ts ❞❡s ❤♦♠♠❡s ♣❡✉✈❡♥t ♠♦❞✐✜❡r ❧❛ ♣r♦❜❛❜✐❧✐té ❞❡ ❝♦♥t❛❝t ❛✈❡❝ ❧❡

♣❛r❛s✐t❡ ❡t ❞♦♥❝ ❧❛ tr❛♥s♠✐ss✐♦♥✳ ❙♦✉✈❡♥t ♦✉❜❧✐és ❞❛♥s ❧❡s ♣r♦❣r❛♠♠❡s ❞❡ ❝♦♥trô❧❡ ❞❡s ③♦♦♥♦s❡s

✭▼❛❝♣❤❡rs♦♥✱ ✷✵✵✺✮✱ ❞❡ t❡❧s ♣❛r❛♠ètr❡s ❞❡✈r❛✐❡♥t êtr❡ ❝♦♥s✐❞érés ❞❛♥s ❧❛ ♠♦❞é❧✐s❛t✐♦♥ ❞✉ r✐sq✉❡

❞❡ tr❛♥s♠✐ss✐♦♥✳ ❉❛♥s ❧❡ ❝❛s ❞✬❊♠✱ ❧✬❤②❣✐è♥❡ ❡t ❧❛ ♣r♦①✐♠✐té ❛✉① ❝❤✐❡♥s ❝♦♥st✐t✉❡♥t ❞❡s ❢❛❝t❡✉rs

❞❡ r✐sq✉❡ ❞❡ ❝♦♥t❛❝t ❛✈❡❝ ❧❡ ♣❛r❛s✐t❡ ♠❛✐s s♦♥t ❞✐✣❝✐❧❡♠❡♥t ♠♦❞é❧✐s❛❜❧❡s✳ ❈❡♣❡♥❞❛♥t✱ ❝♦♠♠❡

♣♦✉r ❧❡s ❛✉tr❡s ❤ôt❡s✱ ❧✬✉t✐❧✐s❛t✐♦♥ ♣❛r ❧✬❤♦♠♠❡ ❞❡ ❧✬❡s♣❛❝❡ ♣♦t❡♥t✐❡❧❧❡♠❡♥t ❝♦♥t❛♠✐♥é ♥✬❡st ♣❛s

❤♦♠♦❣è♥❡✳ ■❧ ❞é♣❡♥❞ ❛❧♦rs ❞❡s ❛❝t✐✈✐tés ❡t ❞❡s r❡❧❛t✐♦♥s q✉✬❡♥tr❡t✐❡♥♥❡♥t ❧❡s ♣♦♣✉❧❛t✐♦♥s ❛✈❡❝

❧❡✉r ❡♥✈✐r♦♥♥❡♠❡♥t✳ ▲❡s ❝♦♠♣♦rt❡♠❡♥ts s♣❛t✐❛✉① ❡t ❧❡s ❢réq✉❡♥❝❡s ❞✬✉t✐❧✐s❛t✐♦♥ ❞❡ ❧✬❡s♣❛❝❡ ❞❡s

♣♦♣✉❧❛t✐♦♥s ❤✉♠❛✐♥❡s ♣♦✉rr❛✐❡♥t êtr❡ ❛♥❛❧②sés ❡t ♠✐s ❡♥ ❝♦rré❧❛t✐♦♥✱ ❧♦❝❛❧❡♠❡♥t✱ ❛✈❡❝ ❝❡❧❧❡s ❞❡s

♣♦♣✉❧❛t✐♦♥s ❞❡ ❝❤✐❡♥s✳ ❉❡ ♣❧✉s✱ ❧✬❡st✐♠❛t✐♦♥ ❞❡ ❧❛ ✈❛r✐❛❜✐❧✐té ❞❡ ❝❡s ❞✐str✐❜✉t✐♦♥s ❡♥ ❢♦♥❝t✐♦♥

❞❡ ❧❛ ③♦♥❡ ❣é♦❣r❛♣❤✐q✉❡ ✭♣❛r ❡①❡♠♣❧❡ ❡♥tr❡ ♣ât✉r❡s ❞✬❤✐✈❡r ❡t ❞✬été✮ ♣♦✉rr❛✐t ❛✐❞❡r à ❧✬✐❞❡♥t✐✜✲

❝❛t✐♦♥ ❞❡s ③♦♥❡s ❣é♦❣r❛♣❤✐q✉❡s ♣❛rt✐❝✉❧✐èr❡♠❡♥t à ❤❛✉t r✐sq✉❡ ❞❡ tr❛♥s♠✐ss✐♦♥ ✭❙❝❤❛♥t③ ❡t ❛❧✳✱

✷✵✵✸✮✳

✶✺✵



✼✳✷✳ ❈♦♠♠❡♥t ❧❡ ❝❤✐❡♥ s❡ ❝♦♥t❛♠✐♥❡ ❄

✼✳✶✳✶✳✷ ❆♣♣❧✐❝❛t✐♦♥s ❛✉ ❝♦♥trô❧❡ ❞❡ ❧❛ tr❛♥s♠✐ss✐♦♥

❉❡s ♠❡s✉r❡s ❞❡ ♣ré✈❡♥t✐♦♥ ❝♦♥❝❡r♥❛♥t ❧❛ ❝♦♥t❛♠✐♥❛t✐♦♥ ❞✉ s♦❧ ♣❛r ❧❡s ❝❤✐❡♥s ♦♥t été ré❛❧✐sé❡s

♣♦✉r ❝♦♥trô❧❡r ❧❛ tr❛♥s♠✐ss✐♦♥ ❞❡ ❚♦①♦❝❛r❛✱ ❧❡ ♣❧✉s ré♣❛♥❞✉ ❞❡s ♣❛r❛s✐t❡s ❤❡❧♠✐♥t❤❡s ❞❡s ❝❤✐❡♥s

❞❛♥s ❧❡ ♠♦♥❞❡✳ ▲❡ r❡tr❛✐t ❞❡s ❢è❝❡s ♣❛r ❧❡s ♣r♦♣r✐ét❛✐r❡s ❞❡s ❝❤✐❡♥s✱ ♦✉ ❧✬✐♥t❡r❞✐❝t✐♦♥ ❞✬❛❝❝ès

❞❡s ❝❤✐❡♥s ❛✉① ❛✐r❡s ❞❡ ❥❡✉① ♣✉❜❧✐q✉❡s✱ ♦♥t été ♠✐s ❡♥ ♣❧❛❝❡✳ ❉❛♥s ❧❡ ❝❛s ❞✬❊♠ ❡♥ ❈❤✐♥❡✱ ❧❛

❝❛r❛❝tér✐s❛t✐♦♥ ❞❡s ③♦♥❡s à ❢♦rt❡ ❝♦♥t❛♠✐♥❛t✐♦♥ ❞❛♥s ❧✬❡♥✈✐r♦♥♥❡♠❡♥t ❞❡s ❤♦♠♠❡s ♣❡✉t ❛✐❞❡r à

❧❛ ♠✐s❡ ❡♥ ♣❧❛❝❡ ❞❡ t❡❧❧❡s ♠❡s✉r❡s ❞❡ ❝♦♥trô❧❡✳ ❈❡♣❡♥❞❛♥t✱ ❧✬❛❝❝ès à ❧✬❡❛✉ ♣r♦♣r❡ ét❛♥t ❧✐♠✐té❡ ❡t

❧❡s ❝♦♥❞✐t✐♦♥s ❞✬❤②❣✐è♥❡ ét❛♥t ♣ré❝❛✐r❡s✱ ❧❡ r❡tr❛✐t ❞❡s ❢è❝❡s ♣❛r ❧❡s ♣r♦♣r✐ét❛✐r❡s ♣♦✉rr❛✐t ❞❡✈❡♥✐r

✉♥ ❢❛❝t❡✉r ❞❡ r✐sq✉❡ ❞❡ tr❛♥s♠✐ss✐♦♥✳

✼✳✶✳✷ ❈♦♥t❛♠✐♥❛t✐♦♥ ❞❡s ❤❛❜✐t❛ts ❞❡s ❤ôt❡s ✐♥t❡r♠é❞✐❛✐r❡s

▲❡ ❢♦♥❝t✐♦♥♥❡♠❡♥t ❞✉ ❝②❝❧❡ ♣ér✐✲❞♦♠❡st✐q✉❡ ❡st ❞é❝r✐t ❝♦♠♠❡ ❞é♣❡♥❞❛♥t ❞✉ ❝②❝❧❡ s❛✉✈❛❣❡✱

❧❡s ❤ôt❡s ✐♥t❡r♠é❞✐❛✐r❡s ét❛♥t s✉♣♣♦sés êtr❡ ❝♦♥t❛♠✐♥és ❡ss❡♥t✐❡❧❧❡♠❡♥t ♣❛r ❧❡s ❢è❝❡s ❞❡ r❡♥❛r❞s

✭❊❝❦❡rt ❡t ❛❧✳✱ ✷✵✵✵❀ ❉❡♣❧❛③❡s ❡t ❛❧✳✱ ✷✵✵✹❀ ❘♦♠✐❣ ❡t ❛❧✳✱ ✷✵✵✻✮✳ ❆✉ r❡❣❛r❞ ❞❡s ❢❛✐❜❧❡s ❞❡♥s✐tés

❞❡ ❢è❝❡s tr♦✉✈é❡s ❞❛♥s ❧❡s ❤❛❜✐t❛ts ♦♣t✐♠❛✉① ♣♦✉r ❧❡s ♠✐❝r♦✲♠❛♠♠✐❢èr❡s✱ ♥♦s rés✉❧t❛ts s✉❣✲

❣èr❡♥t q✉❡ ❧❡s ❝❤✐❡♥s ♣❛rt✐❝✐♣❡♥t ❡✛❡❝t✐✈❡♠❡♥t ♣❡✉ à ❧❛ ❝♦♥t❛♠✐♥❛t✐♦♥ ❞✉ rés❡r✈♦✐r s❛✉✈❛❣❡✳

❈❡♣❡♥❞❛♥t✱ ♥♦s rés✉❧t❛ts ♥❡ ♣❡r♠❡tt❡♥t ♣❛s ❞❡ ❝♦♥✜r♠❡r ❧❡ rô❧❡ ♣ré❞♦♠✐♥❛♥t ❞✉ r❡♥❛r❞ ❞❛♥s

❝❡tt❡ ❝♦♥t❛♠✐♥❛t✐♦♥ ❡♥ r❛✐s♦♥ ❞❡s ❢❛✐❜❧❡s ❞❡♥s✐tés ❞❡ ❢è❝❡s ❞❡ ❝❡t ❤ôt❡ tr♦✉✈é❡s ❞❛♥s ❧❡s ♣r❛✐r✐❡s

❡♥✈✐r♦♥♥❛♥t ❧❡s ✈✐❧❧❛❣❡s✳ ❆✉ r❡❣❛r❞ ❞❡s ❢❛✐❜❧❡s ❞❡♥s✐tés ❞❡ ❢è❝❡s r❡♥❝♦♥tré❡s ❡♥ ❣é♥ér❛❧ ❞❛♥s

❝❡s ③♦♥❡s✱ ✉♥ ❡✛♦rt ❞✬é❝❤❛♥t✐❧❧♦♥♥❛❣❡ ♣❧✉s ✐♥t❡♥s❡ ♣❡r♠❡ttr❛✐t ♣r♦❜❛❜❧❡♠❡♥t ❞❡ ❝♦♠♣r❡♥❞r❡ ❧❡s

✐♠♣❧✐❝❛t✐♦♥s r❡❧❛t✐✈❡s ❞❡s ❝❤✐❡♥s ❡t ❞❡s r❡♥❛r❞s ❞❛♥s ❧❛ ❝♦♥t❛♠✐♥❛t✐♦♥ ❞❡s ❤❛❜✐t❛ts ❞❡s ❤ôt❡s

✐♥t❡r♠é❞✐❛✐r❡s✳

❉✬❛✉tr❡ ♣❛rt✱ ♥♦s rés✉❧t❛ts ❛tt❡st❡♥t ❞❡ ❧❛ ♣rés❡♥❝❡ ❞❡ ❝♦❧♦♥✐❡s ❞❡ ♠✐❝r♦✲♠❛♠♠✐❢èr❡s ✭❖❝❤♦t♦♥❛✱

▼✐❝r♦t✉s ♦✉ ❈r✐❝❡t✉❧✉s✮ à ♣r♦①✐♠✐té ❞❡s ❤❛❜✐t❛t✐♦♥s✳ ❆✉ss✐✱ ❈r✐❝❡t✉❧✉s ❦❛♠❡♥s✐s✱ ❡s♣è❝❡ s✉s❝❡♣✲

t✐❜❧❡ ♣♦✉r ❊♠✱ ❛ été ♣✐é❣é❡ ❞❛♥s ❧❡ ✈✐❧❧❛❣❡ ❞❡ ❚✉❛♥ ❏✐❡ à q✉❡❧q✉❡s ❞✐③❛✐♥❡s ❞❡ ❦✐❧♦♠ètr❡s ❞❡

♥♦s s✐t❡s ❞✬ét✉❞❡ ✭❘❛♦✉❧ ❡t ❛❧✳✱ ✷✵✵✻✮✳ ❉❡ ♣❧✉s✱ ❧❡s r❡♥❛r❞s s♦♥t s✉♣♣♦sés ❢réq✉❡♥t❡r ❞❡ ♠❛♥✐èr❡

♣❡✉ ✐♥t❡♥s✐✈❡ ❧✬❡s♣❛❝❡ ❞✉ ✈✐❧❧❛❣❡ ❞✉ ❢❛✐t ❞❡s ❢♦rt❡s ❞❡♥s✐tés ❞❡ ❝❤✐❡♥s ❞♦♠❡st✐q✉❡s✳ ■❧ ❡st ❞♦♥❝

♣♦ss✐❜❧❡ q✉❡ ❧❡ ❝②❝❧❡ ♣ér✐✲❞♦♠❡st✐q✉❡ s❡ ré❛❧✐s❡ ♣r❡sq✉❡ ✐♥❞é♣❡♥❞❛♠♠❡♥t ❞✉ ❝②❝❧❡ s❛✉✈❛❣❡ ❞❛♥s

❞❡s ♠✐❝r♦✲❢♦②❡rs à ♣r♦①✐♠✐té ❞❡s ❤❛❜✐t❛t✐♦♥s✳ ❉❛♥s ❝❡s ❛✐r❡s r❡str❡✐♥t❡s✱ ❧❡s ♣r♦❜❛❜✐❧✐tés ❞❡ r❡♥✲

❝♦♥tr❡ ❡♥tr❡ ❧❡s ♠✐❝r♦✲♠❛♠♠✐❢èr❡s✱ ❧❡s ♦❡✉❢s ❞✉ ♣❛r❛s✐t❡ ❡t ❧❡s ❝❤✐❡♥s ❡t✱ ♣❛r ❝♦♥séq✉❡♥t✱ ❧❛

❝♦♥t❛♠✐♥❛t✐♦♥ ❝❛♥✐♥❡✱ s❡r❛✐❡♥t ❢❛✈♦r✐sé❡s✳

✼✳✷ ❈♦♠♠❡♥t ❧❡ ❝❤✐❡♥ s❡ ❝♦♥t❛♠✐♥❡ ❄

✼✳✷✳✶ ➱❧é♠❡♥ts ❞✬é❝♦❧♦❣✐❡ ❝♦♠♣♦rt❡♠❡♥t❛❧❡ ❞✉ ❝❤✐❡♥ ❞♦♠❡st✐q✉❡

▲❛ ❝♦♥t❛♠✐♥❛t✐♦♥ ❞❡s ❝❤✐❡♥s ♣❛ss❡ ♥é❝❡ss❛✐r❡♠❡♥t ♣❛r ❧❛ ♣ré❞❛t✐♦♥ ❞✬❤ôt❡s ✐♥t❡r♠é❞✐❛✐r❡s

✐♥❢❡❝tés✳ ▲❛ ♣ré❞❛t✐♦♥ s✉♣♣♦s❡ ❧❛ r❡❝❤❡r❝❤❡ ❞❡ ♣r♦✐❡s ❡t ❧❡✉r ❝♦♥s♦♠♠❛t✐♦♥ ❡t ❧❡ ❝❤♦✐① ❞❡

ré❛❧✐s❡r ❝❡s ❛❝t✐♦♥s ❝♦rr❡s♣♦♥❞✱ ♣♦✉r ❧❡s ✐♥❞✐✈✐❞✉s✱ à ✉♥ ❝♦♠♣r♦♠✐s ❡♥tr❡ ❣❛✐♥ ❡t ♣❡rt❡ ❞✬é♥❡r❣✐❡

✭✏❖♣t✐♠❛❧ ❢♦r❛❣✐♥❣✑✮ ✭❑r❡❜s✱ ✶✾✼✽✮✳

❊♥ ♠✐❧✐❡✉ ✉r❜❛✐♥✱ ❧❡ r❡♥❛r❞ ❛❞♦♣t❡ ✉♥ ❝♦♠♣♦rt❡♠❡♥t ❞❡ ♣ré❞❛t✐♦♥ ♦♣♣♦rt✉♥✐st❡ ❡①❡rç❛♥t

✉♥❡ ♣r❡ss✐♦♥ ❞❡ ♣ré❞❛t✐♦♥ ♣❧✉s ❢❛✐❜❧❡ s✉r ❧❡s ♣♦♣✉❧❛t✐♦♥s ❞❡ ♠✐❝r♦✲♠❛♠♠✐❢èr❡s ❡t ♣r♦✜t❛♥t ❞❡

❧❛ ❞✐s♣♦♥✐❜✐❧✐té ❞❡ r❡ss♦✉r❝❡s ❛♥t❤r♦♣✐q✉❡s ✭❉❡♣❧❛③❡s ❡t ❛❧✳✱ ✷✵✵✹❀ ❍❡❣❣❧✐♥ ❡t ❛❧✳✱ ✷✵✵✼✮✳ ❆✐♥s✐✱

✶✺✶



✼✳✷✳ ❈♦♠♠❡♥t ❧❡ ❝❤✐❡♥ s❡ ❝♦♥t❛♠✐♥❡ ❄

❝♦♥❝❡r♥❛♥t ❧❛ tr❛♥s♠✐ss✐♦♥ ❞✬❊♠✱ ✐❧ ❛ été ♠♦♥tré q✉❡ ❧❡ ❝②❝❧❡ ❢♦♥❝t✐♦♥♥❡ ♠♦✐♥s ✐♥t❡♥sé♠❡♥t ❞❛♥s

❧❡s ③♦♥❡s ❞❡ ❝❡♥tr❡s ✉r❜❛✐♥s ♦ù ❧❡s ❞♦♠❛✐♥❡s ✈✐t❛✉① ❞❡s r❡♥❛r❞s s♦♥t ♣❧✉s ♣❡t✐ts ❡t ❧❡s ♣r♦✐❡s ♠♦✐♥s

❛❜♦♥❞❛♥t❡s✱ q✉❡ ❞❛♥s ❧❡s ③♦♥❡s ❞❡ ♣ér✐♣❤ér✐❡ ✭❉❡♣❧❛③❡s ❡t ❛❧✳✱ ✷✵✵✹✮✳ ▼❛✐s ✐❧ ❡①✐st❡ ✉♥❡ ③♦♥❡

✐♥t❡r♠é❞✐❛✐r❡ ❡♥tr❡ ❧❛ ③♦♥❡ ✉r❜❛✐♥❡ ❡t s❛ ♣ér✐♣❤ér✐❡✱ ❞❛♥s ❧❛q✉❡❧❧❡ ❧❡s ♣ré✈❛❧❡♥❝❡s ❞❡s r❡♥❛r❞s

s♦♥t ♣❧✉s é❧❡✈é❡s q✉✬❡♥ ✈✐❧❧❡ ❡t ♦ù ❧❛ tr❛♥s♠✐ss✐♦♥ ❞✉ ♣❛r❛s✐t❡ ♣♦✉rr❛✐t êtr❡ ♣❛rt✐❝✉❧✐èr❡♠❡♥t

✐♥t❡♥s❡ ❞✉ ❢❛✐t ❞❡ ❞❡♥s✐tés ❞❡ ♣♦♣✉❧❛t✐♦♥s ❞❡ ♣ré❞❛t❡✉rs é❧❡✈é❡s ✭❡✛❡t ❞❡ ❧❛ ✈✐❧❧❡✮ ❡t ❞❡s ❤❛❜✐t❛ts

❢❛✈♦r❛❜❧❡s ♣♦✉r ❧❡s ❡s♣è❝❡s ♣r♦✐❡s ❞✬❛r✈✐❝♦❧✐♥❛❡ q✉✐ ② ❛❜♦♥❞❡♥t ✭❉❡♣❧❛③❡s ❡t ❛❧✳✱ ✷✵✵✹❀ ❋✐s❝❤❡r✱

✷✵✵✸❀ ❘♦♠✐❣ ❡t ❛❧✳✱ ✶✾✾✾✮✳ ❉❡s ❝♦♠♣♦rt❡♠❡♥ts ❞❡ ♣r♦s♣❡❝t✐♦♥ ♦♥t ❡♥ ❡✛❡t été ♦❜s❡r✈és ❝❤❡③

q✉❡❧q✉❡s r❡♥❛r❞s ✉r❜❛✐♥s ❞❛♥s ❝❡s ③♦♥❡s ❞❡ ♣ér✐♣❤ér✐❡ ✭❘♦❜❛r❞❡t ❡t ❛❧✳✱ ✷✵✵✽✮✳

❈❤❡③ ❧❡ ❝❤✐❡♥ ❞♦♠❡st✐q✉❡✱ ❧❡ ❝❛r❛❝tèr❡ ♦♣♣♦rt✉♥✐st❡ ❞❡ ❧❛ ♣ré❞❛t✐♦♥ ❡st s✉s❝❡♣t✐❜❧❡ ❞✬êtr❡

❞✬❛✉t❛♥t ♣❧✉s ♠❛rq✉é q✉❡ ❝❡❧✉✐✲❝✐ ♥❡ ❞é♣❡♥❞ ♣❛s ❞❡ ❧❛ ♣ré❞❛t✐♦♥ ♣♦✉r s❛ s✉r✈✐❡✳ ❈♦♥tr❛✐r❡♠❡♥t

❛✉ r❡♥❛r❞ ✉r❜❛✐♥ ♣♦✉✈❛♥t ♣r♦s♣❡❝t❡r ❞❛♥s ❧❡s ❤❛❜✐t❛ts ♦♣t✐♠❛✉① ❞❡s ♣r♦✐❡s✱ ♦♥ ♣❡✉t s✉♣♣♦s❡r

q✉❡ ❧❡ ❝❤✐❡♥ ♥✬✐♥✈❡st✐r❛ q✉❡ ♣❡✉ ❞✬é♥❡r❣✐❡ ❞❛♥s ❧❛ ♣ré❞❛t✐♦♥✳ ❙♦✉s ❝❡tt❡ ❤②♣♦t❤ès❡✱ ♦♥ ♣❡✉t ❞♦♥❝

❡st✐♠❡r ❧❛ ♣r♦❜❛❜✐❧✐té ❞❡ r❡♥❝♦♥tr❡ ❡♥tr❡ ❧❡s ❝❤✐❡♥s ❡t ❧❡s ❤ôt❡s ✐♥t❡r♠é❞✐❛✐r❡s ♣❛r ❧❛ s✉♣❡r♣♦s✐t✐♦♥

❞❡s ❡s♣❛❝❡s ✉t✐❧✐sés ♣❛r ❝❡s ❞❡✉① ♣♦♣✉❧❛t✐♦♥s✳

◆♦tr❡ ét✉❞❡ ❝♦♥st✐t✉❡ ✉♥❡ ♣r❡♠✐èr❡ t❡♥t❛t✐✈❡ ❞❡ q✉❛♥t✐✜❝❛t✐♦♥ ❞❡ ❧❛ ♣r♦❜❛❜✐❧✐té ❞❡ ❝♦♥t❛❝t

❡♥tr❡ ❝❡s ❤ôt❡s✳ ▲❛ ♣rés❡♥❝❡ ❞❡ ❝♦❧♦♥✐❡s ❞❡ ♠✐❝r♦✲♠❛♠♠✐❢èr❡s ❡t ❧✬✉t✐❧✐s❛t✐♦♥ ❞❡ ❧✬❡s♣❛❝❡ ♣❛r ❧❡s

❝❤✐❡♥s ♦♥t t❡♥❞❛♥❝❡ à ✈❛r✐❡r ❞❡ ♠❛♥✐èr❡ ♦♣♣♦sé❡ ❛✉ r❡❣❛r❞ ❞❡ ❧❡✉rs ❞✐st❛♥❝❡s ❛✉① ❤❛❜✐t❛t✐♦♥s

✭❋✐❣✉r❡ ✼✳✶✮✳ ❊♥ ❡✛❡t✱ ❧❡s ❞❡♥s✐tés ❞❡ ♠✐❝r♦✲♠❛♠♠✐❢èr❡s ❛✉❣♠❡♥t❡♥t ❛❧♦rs q✉❡ ❧❛ ❢réq✉❡♥❝❡

❞✬✉t✐❧✐s❛t✐♦♥ ❞❡ ❧✬❡s♣❛❝❡ ♣❛r ❧❡s ❝❤✐❡♥s ❞✐♠✐♥✉❡♥t q✉❛♥❞ ❧❛ ❞✐st❛♥❝❡ ❛✉① ❤❛❜✐t❛t✐♦♥s ❛✉❣♠❡♥t❡✳

➪ ❧❛ ♠❛♥✐èr❡ ❞❡s ✐♥t❡r❛❝t✐♦♥s r❡♥❛r❞✴♠✐❝r♦✲♠❛♠♠✐❢èr❡s✱ ❧❛ ♣r♦❜❛❜✐❧✐té ❞❡ ❝♦♥t❛❝t ❡t ❧❡ r✐sq✉❡ ❞❡

tr❛♥s♠✐ss✐♦♥ s❡r❛✐❡♥t ❞♦♥❝ ♣❧✉s ✐♠♣♦rt❛♥ts ❞❛♥s ❞❡s ③♦♥❡s ❞✬❛✐r❡ ❞✬❛❝t✐✈✐té ❞❡s ❝❤✐❡♥s✱ ❡①❝❧✉❛♥t

❧❡✉rs ❛✐r❡s ❝♦❡✉r✱ ♦ù ❧❡s ❞❡♥s✐tés ❞❡ ♠✐❝r♦✲♠❛♠♠✐❢èr❡s s♦♥t ✐♥t❡r♠é❞✐❛✐r❡s✳ ❉✬❛♣rès ♥♦s ❞♦♥♥é❡s

❞❡ té❧é♠étr✐❡✱ ❝❡❧❛ ❝♦rr❡s♣♦♥❞r❛✐t ❛✉① ❛✐r❡s ♠♦②❡♥♥❡s ❞✬❛❝t✐✈✐tés ❞❡s ❝❤✐❡♥s ❝♦♠♣r✐s❡s ❡♥tr❡ ✶✺

❡t ✶✼✵ ❤❡❝t❛r❡s ❛✉t♦✉r ❞❡s ✈✐❧❧❛❣❡s ✭❝❢ ❆①❡ ✸✮✳

▲❛ ♣r♦①✐♠✐té ❞❡s ❝❤✐❡♥s ❛✉① ❤❛❜✐t❛t✐♦♥s ❤✉♠❛✐♥❡s ❡st ♣❧✉s ❢♦rt❡ q✉❡ ❝❡❧❧❡ ❞❡s r❡♥❛r❞s s✐

❜✐❡♥ q✉❡ ❧❡s ❝❤✐❡♥s ♣❡✉✈❡♥t êtr❡ ❡♥ ❝♦♥t❛❝t ❛✈❡❝ ❧❡s ❡s♣è❝❡s ❞❡ ♠✐❝r♦✲♠❛♠♠✐❢èr❡s ♦❝❝✉♣❛♥t ❧❡s

❤❛❜✐t❛t✐♦♥s ♦✉ ❧❡s ❥❛r❞✐♥s✳ ❖♥ ♣❡✉t s✬❛tt❡♥❞r❡ à ❝❡ q✉❡ ❧❛ ❝❛♣t✉r❡ ❞❡ ♣r♦✐❡s s♦✐t ❢❛❝✐❧✐té❡ ❞❛♥s ❞❡

t❡❧s ❤❛❜✐t❛ts ❞❡ t❛✐❧❧❡ r❡str❡✐♥t❡ ♦ù ❧❡ ❝❤✐❡♥ ♣❛ss❡ ❧❛ ♣❧✉♣❛rt ❞❡ s♦♥ t❡♠♣s✳ ❆✐♥s✐✱ ❧✬❤②♣♦t❤ès❡ ❞❡ ❧❛

❝♦♥t❛♠✐♥❛t✐♦♥ ❞❡s ❝❤✐❡♥s ❞❛♥s ❧❡s ❤❛❜✐t❛t✐♦♥s ❛ été s✉♣♣♦sé❡ ♣✉✐sq✉❡ ❞❡s r♦♥❣❡✉rs ✏❞♦♠❡st✐q✉❡s✑

♦♥t été tr♦✉✈és ✐♥❢❡sté s✉r ❧❡ ♣❧❛t❡❛✉ t✐❜ét❛✐♥ ✭◗✐✉✱ ❝♦♠✳ ♣❡rs✳✮✳ ➪ ❧✬❤❡✉r❡ ❛❝t✉❡❧❧❡ ❧❡s s❡✉❧❡s

♣r♦✐❡s ✐❞❡♥t✐✜é❡s ❞❛♥s ❧❡s ❢è❝❡s ❞❡ ❝❤✐❡♥s ét❛✐❡♥t ❞✉ ❣❡♥r❡❖❝❤♦t♦♥❛ ❡t▼✐❝r♦t✉s✱ ❞♦♥t ❧❡s ❤❛❜✐t❛ts

♦♣t✐♠❛✉① s❡ s✐t✉❡♥t à ❧✬❡①tér✐❡✉r ❞❡s ✈✐❧❧❛❣❡s✳ ❈❡♣❡♥❞❛♥t✱ ✉♥❡ ❣r❛♥❞❡ ♠❛❥♦r✐té ❞❡ ♠❛❝r♦✲r❡st❡s

ét❛♥t ♥♦♥ ✐❞❡♥t✐✜❛❜❧❡s✱ ❧✬✐❞❡♥t✐✜❝❛t✐♦♥ ❞❡s ✐t❡♠s ❛❧✐♠❡♥t❛✐r❡s ❡t ❞❡s ♣r♦✐❡s ❞✉ ❝❤✐❡♥ ♣♦✉rr❛✐t êtr❡

❛♠é❧✐♦ré❡ ♣❛r ❞❡s ♦✉t✐❧s ♠♦❧é❝✉❧❛✐r❡s ❞✬❛♥❛❧②s❡ ❞✉ ré❣✐♠❡ ❛❧✐♠❡♥t❛✐r❡ ✭❱❛❧❡♥t✐♥✐ ❡t ❛❧✳✱ ✷✵✵✾✮✳

❉✬❛✉tr❡ ♣❛rt✱ ❧✬❡①✐st❡♥❝❡ ❞❡ ❝♦♠♣♦rt❡♠❡♥ts ❞❡ ♣r♦s♣❡❝t✐♦♥ ♣♦✉rr❛✐t ✐♥✢✉❡♥❝❡r ❧✬❡st✐♠❛t✐♦♥

❞✉ t❛✉① ❞❡ ❝♦♥t❛❝t ❡t ❞❡✈r❛✐t êtr❡ ♣r✐s ❡♥ ❝♦♥s✐❞ér❛t✐♦♥✳ ◆♦✉s ❛✈♦♥s ♣✉ ♠❡ttr❡ ❡♥ é✈✐❞❡♥❝❡

❧✬❡①✐st❡♥❝❡ ❞❡ tr❛❥❡❝t♦✐r❡s ❡①❝✉rs✐✈❡s ♣♦✉r ❝❡rt❛✐♥s ❝❤✐❡♥s✱ ♠❛✐s ❧❡s ❝♦♠♣♦rt❡♠❡♥ts ❞❡ ♣ré❞❛t✐♦♥

♥✬♦♥t ♣❛s été ét✉❞✐és✳ ❈❡tt❡ r❡❝❤❡r❝❤❡ ♥é❝❡ss✐t❡r❛✐t ❞✬❛♥❛❧②s❡r ❧❡s tr❛❥❡❝t♦✐r❡s ❡❧❧❡s✲♠ê♠❡s✱ ❝✬❡st✲

à✲❞✐r❡ ❧❡s ❞✐str✐❜✉t✐♦♥s ❞❡s ✈✐t❡ss❡s ❡t ❞❡s ❛♥❣❧❡s ❝❛r❛❝tér✐s❛♥t ❧❡s ♠♦✉✈❡♠❡♥ts✱ ❡t ♥♦♥ ♣❛s

✉♥✐q✉❡♠❡♥t ❧❡s ❞✐str✐❜✉t✐♦♥s s♣❛t✐❛❧❡s ❞❡s ❧♦❝❛❧✐s❛t✐♦♥s✳ ❆✉ss✐✱ ❧❡s tr❛❥❡❝t♦✐r❡s ❡①❝✉rs✐✈❡s ét❛♥t

♣❧✉tôt r❛r❡s ✭✶ à ✷ ♣❛r ♥✉✐t✮ ❡t ♣❛s s②sté♠❛t✐q✉❡♠❡♥t ♦❜s❡r✈é❡s ❞❛♥s ❧❛ ♣♦♣✉❧❛t✐♦♥ ✭✶✻ ✪ ❞❡s

❝❤✐❡♥s éq✉✐♣és✮✱ ❧❛ ❞ét❡❝t✐♦♥ ❞❡ t❡❧s ❝♦♠♣♦rt❡♠❡♥ts ♥é❝❡ss✐t❡r❛✐t ❞❡ tr❛✈❛✐❧❧❡r s✉r ❧❡s ✈❛r✐❛t✐♦♥s

✶✺✷



✼✳✷✳ ❈♦♠♠❡♥t ❧❡ ❝❤✐❡♥ s❡ ❝♦♥t❛♠✐♥❡ ❄

✐♥❞✐✈✐❞✉❡❧❧❡s ❞❡s ❝♦♠♣♦rt❡♠❡♥ts s♣❛t✐❛✉①✳ ❉❡ s✉r❝r♦ît✱ ❞❡s éq✉❛t✐♦♥s ❞✐✛ér❡♥t✐❡❧❧❡s ✭t❡❧❧❡ q✉❡ ❧❡

♠♦❞è❧❡ ❞❡ ❧❛ ✏♠❛r❝❤❡ ❛❧é❛t♦✐r❡✑✮ ♣❡✉✈❡♥t êtr❡ ✉t✐❧✐sé❡s ♣♦✉r ♠♦❞é❧✐s❡r ❧❡s tr❛❥❡❝t♦✐r❡s ✭❚✉r❝❤✐♥✱

✶✾✾✽✮✳ ❘é❝❡♠♠❡♥t✱ ❞❡s ♠✐①t✉r❡s ❞❡ ♠♦❞è❧❡s ❞❡ ✏♠❛r❝❤❡s ❛❧é❛t♦✐r❡s✑ ♦♥t été ✉t✐❧✐sé❡s ♣♦✉r

❞é❝r✐r❡ ❧✬❤étér♦❣é♥é✐té ❞❡s ❝♦♠♣♦rt❡♠❡♥ts ❛✉ s❡✐♥ ❞✬✉♥❡ ♠ê♠❡ tr❛❥❡❝t♦✐r❡ ❡t ❞✐s❝r✐♠✐♥❡r ❧❡s

❝♦♠♣♦rt❡♠❡♥ts ❞❡ r❡♣♦s ❡t ❡①♣❧♦r❛t♦✐r❡s ❞❛♥s ❞❡s tr❛❥❡❝t♦✐r❡s ❞✬é❧❛♥s ✭▼♦r❛❧❡s ❡t ❛❧✳✱ ✷✵✵✹✮✳

❉❛♥s ♥♦tr❡ ❝❛s ❞✬ét✉❞❡✱ ❧❛ ❝❧❛ss✐✜❝❛t✐♦♥ ❞❡s ❞✐str✐❜✉t✐♦♥s ❞❡ ♣r♦❜❛❜✐❧✐tés ❞❡s ♣❛r❛♠ètr❡s ❞✉

♠♦✉✈❡♠❡♥t ♣♦✉rr❛✐t ♣❡r♠❡ttr❡ ✉♥❡ ❞é✜♥✐t✐♦♥ ♣❧✉s ♣ré❝✐s❡ ❞❡s ❛✐r❡s ❝♦❡✉r ❡t ❞❡s tr❛❥❡❝t♦✐r❡s

❡①❝✉rs✐✈❡s ❜❛sé❡✱ ❞❛♥s ♥♦s tr❛✈❛✉①✱ ✉♥✐q✉❡♠❡♥t s✉r ❧❛ ❞✐st❛♥❝❡ ❛✉① ♣♦✐♥ts ❞❡ ❧â❝❤❡rs✳ ▲❡

❞é✈❡❧♦♣♣❡♠❡♥t ❞✬✉♥ ♠♦❞è❧❡ ♦✉ ❞✬✉♥❡ ♠✐①t✉r❡ ❞❡ ♠♦❞è❧❡s ❝❛♣❛❜❧❡s ❞❡ ❝♦♥s✐❞ér❡r ❧❛ ❞✐str✐❜✉t✐♦♥

♥♦♥ ❛❧é❛t♦✐r❡ ❞❡s ❧♦❝❛❧✐s❛t✐♦♥s✱ ❝✬❡st✲à✲❞✐r❡ ✉♥❡ ❛❣ré❣❛t✐♦♥ ❛✉t♦✉r ❞❡s ♣♦✐♥ts ❞❡ ❧â❝❤❡r ❡t ❞❡s

❛ttr❛❝t✐♦♥s ✈❡rs ❞❡s ③♦♥❡s ❡①tér✐❡✉r❡s ❛✉① ❛✐r❡s ♠♦②❡♥♥❡s ❞✬❛❝t✐✈✐tés✱ ❡st ❡♥✈✐s❛❣❡❛❜❧❡✳

✼✳✷✳✷ ▲❛ ♠♦❞é❧✐s❛t✐♦♥ s♣❛t✐❛❧❡ ❞❡ ❧❛ r❡♥❝♦♥tr❡

▲❡ t❛✉① ❞✬✐♥❢❡❝t✐♦♥ ✭β✮ ♣❛r ❛♥ ❛ été ❡st✐♠é ♣❛r s✐♠✉❧❛t✐♦♥ ❡t s✬❛✈èr❡ ❞✬✉♥❡ ❣r❛♥❞❡ ✐♠♣♦rt❛♥❝❡

❞❛♥s ❧❡s ♠♦❞è❧❡s ❞❡ tr❛♥s♠✐ss✐♦♥ ✭❇✉❞❦❡ ❡t ❛❧✳✱ ✷✵✵✺❛❀ ❚♦r❣❡rs♦♥✱ ✷✵✵✸✮✳ ▲❛ ♣r♦❜❛❜✐❧✐té ❞❡

r❡♥❝♦♥tr❡ ❡♥tr❡ ❧❡s ❤ôt❡s ✐♥t❡r♠é❞✐❛✐r❡s ❡t ❞é✜♥✐t✐❢s ❝♦♥st✐t✉❡ ✉♥ ❢❛❝t❡✉r ♣♦✉✈❛♥t ❡①♣❧✐q✉❡r ❡♥

♣❛rt✐❡ ❧❡ t❛✉① ❞✬✐♥❢❡❝t✐♦♥ ❞❡ ❧✬❤ôt❡ ❞é✜♥✐t✐❢✳ ❙♦♥ ❡st✐♠❛t✐♦♥ ♣❡✉t ❛❧♦rs ❝♦♠♣❧ét❡r ❧✬✐♥❢♦r♠❛t✐♦♥

❛♣♣♦rté❡ ♣❛r ❧❡s ❢❛❝t❡✉rs é♣✐❞é♠✐♦❧♦❣✐q✉❡s ❞❛♥s ❧❛ tr❛♥s♠✐ss✐♦♥ t❡❧s q✉❡ ❧❡s ❝❤❛r❣❡s ♣❛r❛s✐t❛✐r❡s

❡t ❧❡s ♣ré✈❛❧❡♥❝❡s ❞❡s ❤ôt❡s✳ ◆♦s rés✉❧t❛ts ❞❡ ❞♦♥♥é❡s ❞❡ té❧é♠étr✐❡ s♦✉❧✐❣♥❡♥t ❧✬❛♣♣♦rt ❞❡

❧✬é❝♦❧♦❣✐❡ ❝♦♠♣♦rt❡♠❡♥t❛❧❡ ♣♦✉r ✉♥❡ ♣r❡♠✐èr❡ ❛♣♣r♦❝❤❡ ❞❡ ❧✬❡st✐♠❛t✐♦♥ ❞✉ t❛✉① ❞✬✐♥❢❡❝t✐♦♥

❡♥tr❡ ❧❡s ❝❤✐❡♥s ❡t ❧❡s ♠✐❝r♦✲♠❛♠♠✐❢èr❡s t❡❧ q✉✬✐❧ ❛✈❛✐t été ❡st✐♠é ❡♥tr❡ ❧❡s ✐♥❞✐✈✐❞✉s ❤ôt❡s ❞❡

❧❛ r❛❣❡ ♦✉ ❞❡ ❧❛ ♠❛❧❛❞✐❡ ❞❡ ❈❛rré ✭❑❛✉❤❛❧❛ ❛♥❞ ❍♦❧♠❛❧❛✱ ✷✵✵✻❀ ❍❛②❞♦♥✱ ✷✵✵✽✮✳

➪ ✉♥❡ é❝❤❡❧❧❡ s❡❝t♦r✐❡❧❧❡✱ ♥♦tr❡ ét✉❞❡ ❛ ♣❡r♠✐s ✉♥❡ ♣r❡♠✐èr❡ s✉♣❡r♣♦s✐t✐♦♥ s♣❛t✐❛❧❡ ❞❡s

❞✐str✐❜✉t✐♦♥s ❞❡s ❤ôt❡s ✐♥t❡r♠é❞✐❛✐r❡s ❡t ❞é✜♥✐t✐❢s✳ ❈❡♣❡♥❞❛♥t✱ ❧✬❡st✐♠❛t✐♦♥ ❞❡s ❞✐str✐❜✉t✐♦♥s

❞❡s ❢réq✉❡♥❝❡s ❞✬✉t✐❧✐s❛t✐♦♥ ❞❡ ❧✬❡s♣❛❝❡ ♦♥t été ❞❛♥s ♥♦tr❡ ét✉❞❡ ❞✐s❝rét✐sé❡s ✭♥♦♥ ❝♦♥t✐♥✉❡s✮ ❡t

ét❛✐❡♥t ♥♦♥ ❝♦♥t✐❣✉ës s✉r ♥♦tr❡ ❛✐r❡ ❞✬ét✉❞❡✳ ❊♥ ❡✛❡t✱ ❧❡s ❢réq✉❡♥❝❡s ❞✬✉t✐❧✐s❛t✐♦♥ ❞❡ ❧✬❡s♣❛❝❡ ♣❛r

❧❡s ❝❤✐❡♥s ♦♥t été ❝❧❛ssé❡s ❡♥ ❝❛té❣♦r✐❡s ❡t ❧❡s ♣rés❡♥❝❡s ❞❡s r♦♥❣❡✉rs ♥✬ét❛✐❡♥t ❞✐s♣♦♥✐❜❧❡s q✉❡ ❧❡

❧♦♥❣ ❞❡ tr❛♥s❡❝ts✳ ❆✐♥s✐✱ ❞❛♥s ❧❛ ♣❡rs♣❡❝t✐✈❡ ❞❡ ❝♦♥str✉❝t✐♦♥ ❞❡ ❝❛rt❡s ❞✉ r✐sq✉❡ ❞❡ tr❛♥s♠✐ss✐♦♥

❞❛♥s ❝❡s ✈✐❧❧❛❣❡s✱ ❧❡s ♣r♦❜❛❜✐❧✐tés ❞❡ ♣rés❡♥❝❡ ❞❡s ♣♦♣✉❧❛t✐♦♥s ❞✬❤ôt❡s ❞é✜♥✐t✐❢s ❡t ✐♥t❡r♠é❞✐❛✐r❡s

♣♦✉rr❛✐❡♥t êtr❡ s✉♣❡r♣♦sé❡s✳ ❈❡❧❛ s✉♣♣♦s❡ q✉❡❧q✉❡s ❛♠é❧✐♦r❛t✐♦♥s ❞❡ ♥♦tr❡ ♣r♦t♦❝♦❧❡ ❡t ❞❡ ♥♦s

❛♥❛❧②s❡s✳ ❈♦♥❝❡r♥❛♥t ❧✬❛♥❛❧②s❡ ❞❡ ❧✬✉t✐❧✐s❛t✐♦♥ ❞❡ ❧✬❡s♣❛❝❡ ♣❛r ❧❡s ❝❤✐❡♥s✱ ✉♥❡ ❡st✐♠❛t✐♦♥ ❝♦rr❡❝t❡

❞❡s ❢♦♥❝t✐♦♥s ❞✬✉t✐❧✐s❛t✐♦♥ ❞❡ ❧✬❡s♣❛❝❡ ❞❡s ♣♦♣✉❧❛t✐♦♥s ♣♦✉rr❛ êtr❡ ♦❜t❡♥✉❡ ❡♥ s✬❛ss✉r❛♥t q✉❡ ❧❡

♥♦♠❜r❡ ❞❡ ❝❤✐❡♥s é❝❤❛♥t✐❧❧♦♥♥és ❡st s✉✣s❛♠♠❡♥t ❣r❛♥❞ ♣♦✉r ❝❛♣t✉r❡r ❧✬❡ss❡♥t✐❡❧ ❞✉ ❞♦♠❛✐♥❡

✈✐t❛❧ ❞❡ ❧❛ ♣♦♣✉❧❛t✐♦♥ ❞❛♥s ❝❤❛q✉❡ ✈✐❧❧❛❣❡✳ ❈♦♥❝❡r♥❛♥t ❧❡s ❞✐str✐❜✉t✐♦♥s s♣❛t✐❛❧❡s ❞❡s ♠✐❝r♦✲

♠❛♠♠✐❢èr❡s✱ ❧❡s ♠ét❤♦❞♦❧♦❣✐❡s ✉t✐❧✐sé❡s ❞❛♥s ❧❡s ❛①❡s ✶ ❡t ✷ ♣❡✉✈❡♥t êtr❡ ❛♣♣❧✐q✉é❡s ♣♦✉r

♣ré❞✐r❡ ❧❡s ❞✐str✐❜✉t✐♦♥s s♣❛t✐❛❧❡s ❞❡s ❡s♣è❝❡s é❝❤❛♥t✐❧❧♦♥♥é❡s ❧❡ ❧♦♥❣ ❞❡s tr❛♥s❡❝ts ♦✉ ❞❛♥s

❞❡s ❝❛♠♣❛❣♥❡s ❞❡ ♣✐é❣❡❛❣❡s✳ ▼❛rst♦♥ ✭✷✵✵✽✮ ❛ ❞é❥à ♠♦❞é❧✐sé ❧❡s ❞✐str✐❜✉t✐♦♥s ❞✬❖❝❤♦t♦♥❛ ❡♥

❢♦♥❝t✐♦♥ ❞✬✐♥❞✐❝❡s ❞❡ ✈é❣ét❛t✐♦♥s ❡t ❞❡ ♠étr✐q✉❡s ♣❛②s❛❣èr❡s ❞❛♥s ❧❡ ❝♦♠té ❞❡ ❙❤✐q✉ ♦ù ♥♦s

s✉✐✈✐s ❞❡ ❝❤✐❡♥s ♦♥t été ré❛❧✐sés✳ ❈❡♣❡♥❞❛♥t✱ ❝❡s ❝❛rt❡s ❞❡ ♣ré❞✐❝t✐♦♥s ♥❡ s♦♥t ♣❛s ✈❛❧✐❞é❡s s✐

❜✐❡♥ q✉❡ ❧✬❡rr❡✉r ❞✬❡①tr❛♣♦❧❛t✐♦♥ ❡♥tr❡ ❧❡s tr❛♥s❡❝ts ♥✬❡st ♣❛s ❡st✐♠é❡✳ ◆♦s ❞♦♥♥é❡s ❞❡ tr❛♥s❡❝ts

♣♦✉rr❛✐❡♥t s❡r✈✐r à ✈❛❧✐❞❡r ♦✉ à ❛♠é❧✐♦r❡r ❧❡s ♣ré❞✐❝t✐♦♥s ét❛❜❧✐❡s ❞❡s ❞✐str✐❜✉t✐♦♥s ❞❛♥s ❝❤❛❝✉♥

❞❡s ✈✐❧❧❛❣❡s ♦ù ❧❡s ❝❤✐❡♥s ♦♥t été s✉✐✈✐s✳

✶✺✸



✼✳✸✳ ❉❡❣ré ❞❡ ❞♦♠❡st✐❝❛t✐♦♥ ❡t ♣❧❛❝❡ ❞✉ ❝❤✐❡♥ ❡rr❛♥t ❞❛♥s ❧❡ ❝②❝❧❡

❊♥✜♥✱ ❧❡s ♣❛r❛♠ètr❡s ❞❡s ❞✐str✐❜✉t✐♦♥s s♣❛t✐❛❧❡s ❞❡s ❤ôt❡s ✐♥t❡r♠é❞✐❛✐r❡s ✭❤❛❜✐t❛ts ♦♣t✐♠❛✉①✮ ❡t

❞é✜♥✐t✐❢s ✭❛✐r❡s ❞✬❛❝t✐✈✐tés✮ ♣❡✉✈❡♥t ✈❡♥✐r ❛❧✐♠❡♥t❡r ❧❡ ❞é✈❡❧♦♣♣❡♠❡♥t ❞❡ ♠♦❞è❧❡s ❞❡ tr❛♥s♠✐s✲

s✐♦♥ s♣❛t✐♦✲❞ét❡r♠✐♥✐st❡s ✭❍❛♥s❡♥ ❡t ❛❧✳✱ ✷✵✵✸❀ ▼✐❧♥❡r✲●✉❧❧❛♥❞ ❡t ❛❧✳✱ ✷✵✵✹✮ ♣♦✉r ♠♦❞é❧✐s❡r ❧❛

tr❛♥s♠✐ss✐♦♥ ❞✬❊♠ ❞❛♥s ❝❡s ③♦♥❡s ❞✉ ♣❧❛t❡❛✉ t✐❜ét❛✐♥✳

✼✳✷✳✸ ❆♣♣❧✐❝❛t✐♦♥s ❛✉ ❝♦♥trô❧❡ ❞❡s ♣ré✈❛❧❡♥❝❡s ❞✬❊♠

❆❝t✉❡❧❧❡♠❡♥t✱ ❧❡ ♣r✐♥❝✐♣❛❧ tr❛✐t❡♠❡♥t ❞❡s ✐♥❢❡❝t✐♦♥s ❝❛♥✐♥❡s ❝♦♥s✐st❡ à ❛❞♠✐♥✐str❡r ❞❡s ❛♣♣âts

❝♦♥t❡♥❛♥t ✉♥ ✈❡r♠✐❢✉❣❡ ✭❛♥t❤❡❧♠✐♥t❤❡✮✱ ❧❡ Pr❛③✐q✉❛♥t❡❧✳ ❘é❛❧✐sés ❛✈❡❝ s✉❝❝ès ❡♥ ❆❧❧❡♠❛❣♥❡ ✭♣❛r

✈♦✐❡ ❛ér✐❡♥♥❡✮ ✭❘♦♠✐❣ ❡t ❛❧✳✱ ✶✾✾✾✮ ♦✉ ❛✉ ❏❛♣♦♥ ✭♠❛♥✉❡❧❧❡♠❡♥t✱ ♣❛r ✈♦✐❡ t❡rr❡str❡✮ ✭❈r❛✐❣ ❡t ❛❧✳✱

✶✾✾✻✮✱ ❧❡s tr❛✐t❡♠❡♥ts ❞❡ ♠❛ss❡ s❡ s♦♥t ❛✈érés ❧♦♥❣s✱ ❞✐✣❝✐❧❡s ❡t ❝♦ût❡✉①✳ ❆❝t✉❡❧❧❡♠❡♥t ❡♥ ❈❤✐♥❡✱

s✉r ❧❡ ♣❧❛t❡❛✉ t✐❜ét❛✐♥✱ ❞❛♥s ❧❡ ❝♦♠té ❞❡ ❙❤✐q✉✱ ❞❡s ❛♣♣âts ❛✉① Pr❛③✐q✉❛♥t❡❧ s♦♥t ❛❞♠✐♥✐strés

❞❡ ♠❛♥✐èr❡ s②sté♠❛t✐q✉❡ ❛✉① ❝❤✐❡♥s ❞♦♠❡st✐q✉❡s✳ P❛r❛❧❧è❧❡♠❡♥t✱ ✉♥ s✉✐✈✐ é♣✐❞é♠✐♦❧♦❣✐q✉❡ ❞❡s

♣♦♣✉❧❛t✐♦♥s ❞❡ ❝❤✐❡♥s ❞♦♠❡st✐q✉❡s ❡st ❡♥ ❝♦✉rs ✭❏❛s♠✐♥ ▼♦ss✱ ❝♦♠✳ ♣❡rs✳✮✳ ■❧ ♣❡r♠❡t ✉♥❡

s✉r✈❡✐❧❧❛♥❝❡ ❞❡s st❛t✉ts ✐♥❢❡❝t✐❡✉① ❞♦♥t ❧❛ q✉❛♥t✐✜❝❛t✐♦♥ ♣❡✉t êtr❡ ✉t✐❧✐sé❡ ♣♦✉r ❧❛ ❣❡st✐♦♥ ❞❡s

♣r♦❣r❛♠♠❡s ❞❡ ❝♦♥trô❧❡ ✭▼❛❝♣❤❡rs♦♥ ❛♥❞ ❈r❛✐❣✱ ✷✵✵✺✮✳

❈♦♥♥❛✐ss❛♥t ❧❡s s♦✉r❝❡s ❞❡ ✈❛r✐❛t✐♦♥s ❞❡s ♣❛r❛♠ètr❡s é❝♦❧♦❣✐q✉❡s ❞✉ ❝②❝❧❡✱ ✐❧ ❡st ♣♦ss✐❜❧❡

❞✬❛❣✐r ❡t ❞❡ tr❛✐t❡r ❞❛♥s ❧❡s ③♦♥❡s ♦ù ❧❡s ❝♦♠♣♦rt❡♠❡♥ts ❞❡ ❧✬❤ôt❡ ❞é✜♥✐t✐❢ ✏à r✐sq✉❡✑ ♣♦✉r ❧❡s

♣♦♣✉❧❛t✐♦♥s ❤✉♠❛✐♥❡s s❡ ré❛❧✐s❡♥t ✭❞é❢é❝❛t✐♦♥ ❡t ♣ré❞❛t✐♦♥✮ ✭❊❝❦❡rt ❛♥❞ ❉❡♣❧❛③❡s✱ ✷✵✵✹✮✳ ❆✐♥s✐✱

à ❩✉r✐❝❤✱ ❞❡s ❛♣♣âts ❛✉ Pr❛③✐q✉❛♥t❡❧ ♦♥t été ❛❞♠✐♥✐strés t♦✉s ❧❡s ❞❡✉① ♠♦✐s à ❞❡s r❡♥❛r❞s

s✐t✉és ❞❛♥s s✐① ③♦♥❡s ❞❡ ✶ ❦♠2 ❡♥ ♣ér✐♣❤ér✐❡ ✉r❜❛✐♥❡ ré❣✉❧✐èr❡♠❡♥t ❢réq✉❡♥té❡ ♣❛r ❧❡s r❡♥❛r❞s ❡t

❛②❛♥t ❛❝❝ès ❛✉① ❤ôt❡s ✐♥t❡r♠é❞✐❛✐r❡s ✭❆r✈✐❝♦❧❛ t❡rr❡str✐s✮✳ ❈❡s ③♦♥❡s✱ ❢réq✉❡♥té❡s ré❣✉❧✐èr❡♠❡♥t

♣❛r ❧❡s ❤♦♠♠❡s ❡t ❧❡✉rs ❝❤✐❡♥s ❞♦♠❡st✐q✉❡s ❡♥ t❛♥t q✉✬❛✐r❡s ❞✬❛❝t✐✈✐tés✱ s♦♥t à ❢♦rt r✐sq✉❡ ❞❡

tr❛♥s♠✐ss✐♦♥✳

❈♦♥❝❡r♥❛♥t ❧❡s ❝❤✐❡♥s ❞♦♠❡st✐q✉❡s✱ ♣❛rt❛❣❡❛♥t ✐♥é✈✐t❛❜❧❡♠❡♥t ❧❡s ♠ê♠❡s ❧✐❡✉① ❞❡ ✈✐❡ q✉❡

❧❡✉rs ♠❛îtr❡s✱ ✐❧ ❡st ❡♥✈✐s❛❣❡❛❜❧❡ ❞❡ ❝♦♥s✐❞ér❡r ❧❡✉r ❝♦♠♣♦rt❡♠❡♥t ❞❡ ♣ré❞❛t✐♦♥✱ ❡t ❞❡ ♥❡ tr❛✐t❡r

q✉❡ ❧❡s ❝❤✐❡♥s ❛②❛♥t ❛❝❝ès ❛✉① ♠✐❝r♦✲♠❛♠♠✐❢èr❡s ✐♥❢❡❝tés✱ ❝❡ t♦✉t❡s ❧❡s ✹ s❡♠❛✐♥❡s ✭❊❝❦❡rt ❛♥❞

❉❡♣❧❛③❡s✱ ✷✵✵✹✮✳ ◆♦s rés✉❧t❛ts ✐♥❞✐q✉❡♥t q✉❡ t♦✉s ❧❡s ❝❤✐❡♥s ❞❡ ♣r♦♣r✐ét❛✐r❡s ♦♥t ♣♦t❡♥t✐❡❧❧❡♠❡♥t

❛❝❝ès ❛✉① ♠✐❝r♦✲♠❛♠♠✐❢èr❡s ❛✈❡❝ ✉♥❡ ❧é❣èr❡ t❡♥❞❛♥❝❡ ♣♦✉r ❧❡s ♠â❧❡s à ♣r♦s♣❡❝t❡r ❞❛♥s ❧❡s

♣r❛✐r✐❡s ❡♥✈✐r♦♥♥❛♥t❡s✳ ▲❛ ❞ét❡r♠✐♥❛t✐♦♥ ❞❡s ✈❛r✐❛t✐♦♥s ✐♥t❡r✲✐♥❞✐✈✐❞✉❡❧❧❡s ❞❡s ❝♦♠♣♦rt❡♠❡♥ts

s♣❛t✐❛✉① ✏à r✐sq✉❡✑ ❧✐és ❛✉① tr❛✐ts ❞✬❤✐st♦✐r❡ ❞❡ ✈✐❡ ❞❡s ❝❤✐❡♥s✱ ♠✐s ❡♥ é✈✐❞❡♥❝❡ ♣❛r ❧❡s ét✉❞❡s

❞❡ ❢❛❝t❡✉rs ❞❡ r✐sq✉❡✱ ♣♦✉rr❛✐t ❛✐❞❡r à ♠❡ttr❡ ❡♥ ♣❧❛❝❡ ❞❡s ♣r♦t♦❝♦❧❡s ❞❡ ❝♦♥trô❧❡ sé❧❡❝t✐❢s✳

P♦✉r ❝❡ ❢❛✐r❡✱ ❧❡s s✉✐✈✐s ❞❡s tr❛❥❡❝t♦✐r❡s ❞❡✈r❛✐❡♥t êtr❡ ré❛❧✐sés s✉r ✉♥ ♥♦♠❜r❡ ♣❧✉s ✐♠♣♦rt❛♥t

❞❡ ❝❤✐❡♥s s✉✐✈❛♥t ✉♥ é❝❤❛♥t✐❧❧♦♥♥❛❣❡ str❛t✐✜é ❞❡ ❝❤❛❝✉♥❡ ❞❡s ❝❛té❣♦r✐❡s ❞❡ ❝❤✐❡♥s ❞é✜♥✐❡s ❛✉

♣ré❛❧❛❜❧❡ ❝♦♠♠❡ ✈❛r✐❛❜❧❡s ❡①♣❧✐❝❛t✐✈❡s ✿ ❧❛ ❢♦♥❝t✐♦♥ ❞✉ ❝❤✐❡♥ ✭❝❤✐❡♥ ❞❡ ❣❛r❞❡ ❞❡s tr♦✉♣❡❛✉①✱

❝❤✐❡♥ ❞❡ ❣❛r❞❡ ❞❡s ❤❛❜✐t❛t✐♦♥s✮✱ s♦♥ ❞❡❣ré ❞❡ ❞♦♠❡st✐❝❛t✐♦♥ ✭❞❡ ♣r♦♣r✐ét❛✐r❡✱ ❡rr❛♥ts✮ ❡t s❡s

tr❛✐ts ❞✬❤✐st♦✐r❡ ❞❡ ✈✐❡ t❡❧❧❡ q✉❡ ❧❛ ❝❧❛ss❡ ❞✬â❣❡✳

✼✳✸ ❉❡❣ré ❞❡ ❞♦♠❡st✐❝❛t✐♦♥ ❡t ♣❧❛❝❡ ❞✉ ❝❤✐❡♥ ❡rr❛♥t ❞❛♥s ❧❡ ❝②❝❧❡

▲❛ ♣r♦①✐♠✐té ❞❡s ❤♦♠♠❡s ❛✉① ❛♥✐♠❛✉① ❞♦♠❡st✐q✉❡s ❡st à ❧✬♦r✐❣✐♥❡ ❞❡ ♥♦♠❜r❡✉s❡s ③♦♦♥♦s❡s

✭▼❛❝♣❤❡rs♦♥✱ ✷✵✵✺✮✳ ❯♥❡ ❧♦♥❣✉❡ ❤✐st♦✐r❡ ❧✐❡ ❧❡s ❝❤✐❡♥s ❡t ❧❡s ❤♦♠♠❡s ❞❡♣✉✐s ❧❡s ❞é❜✉ts ❞❡ ❧❛

❞♦♠❡st✐❝❛t✐♦♥ ❞❡ ❝❡tt❡ ❡s♣è❝❡ ❞❛♥s ❧❡s t❡♠♣s ♣ré❤✐st♦r✐q✉❡s✱ ✐❧ ② ❛ q✉❡❧q✉❡s ✶✷ à ✶✺ ♠✐❧❧❡s

✶✺✹



✼✳✸✳ ❉❡❣ré ❞❡ ❞♦♠❡st✐❝❛t✐♦♥ ❡t ♣❧❛❝❡ ❞✉ ❝❤✐❡♥ ❡rr❛♥t ❞❛♥s ❧❡ ❝②❝❧❡

❛♥s ✭✺✵✵✵ ❛♥s ♣♦✉r ❧❡s ❝❤❛ts✮ ✭▼♦r❡②✱ ✶✾✾✹✮✳ ❆✉ ❝♦✉rs ❞❡ ❝❡ ♣r♦❝❡ss✉s✱ ❧✬❤♦♠♠❡ ❛ ♠♦❞✐✜é ❧❡s

❝♦♠♣♦rt❡♠❡♥ts ❞❡s ❝❤✐❡♥s✳ ❆✐♥s✐✱ ❧❛ t❛✐❧❧❡ ❞✉ ❞♦♠❛✐♥❡ ✈✐t❛❧ ♠❛✐s ❛✉ss✐ ❧✬❛❝t✐✈✐té ❞❡ ♣ré❞❛t✐♦♥

❞✐♠✐♥✉❡♥t ❛✈❡❝ ❧❡ ❞❡❣ré ❞❡ ❞é♣❡♥❞❛♥❝❡ ❞❡s ❝❤✐❡♥s ❛✉① ♣♦♣✉❧❛t✐♦♥s ❤✉♠❛✐♥❡s✳

❈♦♠♠❡ ♣❛rt♦✉t ❛✐❧❧❡✉rs ❞❛♥s ❧❡ ♠♦♥❞❡✱ ❧❛ ❞♦♠❡st✐❝❛t✐♦♥ ❞✉ ❝❤✐❡♥ ❡♥ ❈❤✐♥❡ ❛ ❡♥❣❡♥❞ré

✉♥❡ ♣♦♣✉❧❛t✐♦♥ ❞é♣❡♥❞❛♥t❡ ❞❡s ❛❝t✐✈✐tés ❡t ❞❡s ❝♦♠♣♦rt❡♠❡♥ts ❤✉♠❛✐♥s✳ ❙✉r ❧❡s ♣❧❛t❡❛✉①✱ ♦ù

❧❡ ❝❤✐❡♥ ❛ ✉♥ ❝❛r❛❝tèr❡ s❛❝ré✱ ✐❧ s❡♠❜❧❡r❛✐t q✉✬✐❧ ❡♥ ❡①✐st❡ ❛✉ ♠♦✐♥s ✷ ❝❛té❣♦r✐❡s✱ ❧❡s ❝❤✐❡♥s ❞❡

♣r♦♣r✐ét❛✐r❡ ❡t ❧❡s ❝❤✐❡♥s ❡rr❛♥ts ♦✉ ♥♦♥ ♥♦✉rr✐s s②sté♠❛t✐q✉❡♠❡♥t ♣❛r ❧❡s ❤♦♠♠❡s ✭❧✬❡①✐st❡♥❝❡

❞❡ ❝❤✐❡♥s s❛✉✈❛❣❡s ♥✬ét❛♥t ♣❛s ♣r♦✉✈é❡ à ♥♦tr❡ ❝♦♥♥❛✐ss❛♥❝❡✮✳

◆♦tr❡ ét✉❞❡ ❛ ♣♦rté s✉r ❧❡s ❝♦♠♣♦rt❡♠❡♥ts à r✐sq✉❡ ❞❡s ❝❤✐❡♥s ❞♦♠❡st✐q✉❡s ♣✉✐sq✉❡ q✉❡

❧❛ ♣r♦①✐♠✐té q✉✬✐❧s ♦♥t ❛✈❡❝ ❧❡✉rs ♠❛îtr❡s ❝♦♥st✐t✉❡ ✉♥ ❢❛❝t❡✉r ❞❡ r✐sq✉❡ ❡t q✉❡ ❧❛ ♣❧✉♣❛rt ❞❡s

❤❛❜✐t❛♥ts ❡♥ ♣♦ssè❞❡♥t✳ ❈❡♣❡♥❞❛♥t✱ ❝♦♠♠❡ ❞❛♥s ❞✬❛✉tr❡s ré❣✐♦♥s ❞✉ ♠♦♥❞❡ ❞✐t❡s ✏❡♥ ❞é✈❡❧♦♣♣❡✲

♠❡♥t✑✱ ❧❡s ♣♦♣✉❧❛t✐♦♥s ❞❡ ❝❤✐❡♥s ♥✬② ét❛♥t ♣❛s s②sté♠❛t✐q✉❡♠❡♥t ❝♦♥trô❧é❡s ❡t ❧❛ r❡❧❛t✐♦♥ ❛✉①

❛♥✐♠❛✉① ❞❡ ❝♦♠♣❛❣♥✐❡ ét❛♥t ✈❛r✐❛❜❧❡✱ ❧❡s ❝❤✐❡♥s ❡rr❛♥ts ② s♦♥t é❣❛❧❡♠❡♥t très ♥♦♠❜r❡✉①✳ ◗✉✐

♣❧✉s ❡st✱ ❝❡s ❞❡r♥✐❡rs ♣❡✉✈❡♥t êtr❡ ♥♦✉rr✐s ❞❛♥s ❧❡s ♠♦♥❛stèr❡s✳ ❆❧♦rs q✉✬❡♥ ❊✉r♦♣❡ ❞❡ ❧✬♦✉❡st ❝❡

s♦♥t ❧❡s ❝❤✐❡♥s ❞❡ ♣r♦♣r✐ét❛✐r❡s q✉✐ s♦♥t ❞❛✈❛♥t❛❣❡ à r✐sq✉❡ ❡t ❝♦♥t❛♠✐♥❡♥t ❧❡s ♣❧❛❝❡s ♣✉❜❧✐q✉❡s✱

❞❛♥s ❧❡s ❛✐r❡s ❡♥❞é♠✐q✉❡s ♦ù ✐❧s s♦♥t ♥♦♠❜r❡✉①✱ ❧❡s ❝❤✐❡♥s ❡rr❛♥ts ♣❡✉✈❡♥t é❣❛❧❡♠❡♥t t❡♥✐r ✉♥❡

♣❧❛❝❡ ✐♠♣♦rt❛♥t❡ ❞❛♥s ❧❛ tr❛♥s♠✐ss✐♦♥✳ P❛r ❡①❡♠♣❧❡✱ ❡♥ ❆✉str❛❧✐❡ ✭❇r✐s❜❛♥❡✮✱ ❧❡s ❝❤✐❡♥s ❢❡rr❛✉①

♣❛rt✐❝✐♣❡♥t ❞❛✈❛♥t❛❣❡ ❛✉① ✐♥❢❡❝t✐♦♥s ❤✉♠❛✐♥❡s ♣❛r ❧❛ ❞✐ssé♠✐♥❛t✐♦♥ ❞❡s ♦❡✉❢s ❞❡ ❆♥❦②❧♦st♦♠❛

❝❛♥✐♥✉♠ q✉❡ ❧❡s ❝❤✐❡♥s ❞♦♠❡st✐q✉❡s ✭▼❛❝♣❤❡rs♦♥✱ ✷✵✵✺✮✳

❈♦♥❝❡r♥❛♥t ❧❛ tr❛♥s♠✐ss✐♦♥ ❞✬❊♠✱ ❧❡s ❝❤✐❡♥s ❡rr❛♥ts s♦♥t s✉s❝❡♣t✐❜❧❡s ❞✬❡①❡r❝❡r ✉♥❡ ♣❧✉s ❢♦rt❡

♣r❡ss✐♦♥ ❞❡ ♣ré❞❛t✐♦♥ s✉r ❧❡s ♣♦♣✉❧❛t✐♦♥s ❞❡ ♠✐❝r♦✲♠❛♠♠✐❢èr❡s q✉❡ ❧❡s ❝❤✐❡♥s ❞♦♠❡st✐q✉❡s✳ ❉❡

s✉r❝r♦ît✱ ❢réq✉❡♥t❛♥t ❧❡s ✈✐❧❧❛❣❡s ❡t ét❛♥t ♥♦♠❜r❡✉①✱ ✐❧s s♦♥t s✉s❝❡♣t✐❜❧❡s ❞❡ ❝♦♥t❛♠✐♥❡r ❝❡t

❡♥✈✐r♦♥♥❡♠❡♥t✳ ▲✬❛ss♦❝✐❛t✐♦♥ ❞❡ t❡❧s ❢❛❝t❡✉rs ❧❛✐ss❡ s✉♣♣♦s❡r q✉❡ ❝❡s ❝❤✐❡♥s ♦❝❝✉♣❡♥t ✉♥❡ ♣❧❛❝❡

❞❛♥s ❧❡ ❝②❝❧❡ ♣ér✐✲❞♦♠❡st✐q✉❡ ❞✬❊♠✳ ❙✉r ❧❡s ♣❧❛t❡❛✉① t✐❜ét❛✐♥s✱ ❧❡ r✐sq✉❡ ❞❡ tr❛♥s♠✐ss✐♦♥ à

❧✬❤♦♠♠❡ ♣♦✉rr❛✐t ❞♦♥❝ êtr❡ ❞✉♣❧✐q✉é ♣❛r ❧✬❡①✐st❡♥❝❡ ❞❡ ✷ ♣♦♣✉❧❛t✐♦♥s ❞❡ ❝❤✐❡♥s à r✐sq✉❡✱ ❡rr❛♥ts

❡t ❞♦♠❡st✐q✉❡s✳ ▲✬éq✉✐♣❡♠❡♥t ♣❛r ❝♦❧❧✐❡rs ●P❙ ❞❡ ❝❤✐❡♥s ❡rr❛♥ts ♥✬❛ ♣❛s été ♣♦ss✐❜❧❡ ❞❛♥s ♥♦tr❡

♣r♦t♦❝♦❧❡ ❡①♣ér✐♠❡♥t❛❧ ❡t ♣ré❧✐♠✐♥❛✐r❡✳ ❇✐❡♥ q✉❡ ❧❡s ❞✐str✐❜✉t✐♦♥s s♣❛t✐❛❧❡s ❞❡s ❢è❝❡s ❝♦rr♦❜♦r❡♥t

❧✬✉t✐❧✐s❛t✐♦♥ ❞❡ ❧✬❡s♣❛❝❡ ❞❡s ❝❤✐❡♥s ❞♦♠❡st✐q✉❡s éq✉✐♣és✱ ♥♦✉s ✐❣♥♦r♦♥s à ❝❡ ❥♦✉r ❧❛ ❝♦♥tr✐❜✉t✐♦♥

❞❡s ❝❤✐❡♥s ❡rr❛♥ts ❡t ♥♦♥ ❞♦♠❡st✐q✉és ❞❛♥s ❧❛ ❝♦♥t❛♠✐♥❛t✐♦♥ ❡♥✈✐r♦♥♥❡♠❡♥t❛❧❡✳

❯♥❡ ♠ét❤♦❞❡ ❝♦♥s✐st❡r❛✐t à ♠❛rq✉❡r ❧❡s ❢è❝❡s ❞❡s ❝❤✐❡♥s ❞❡ ♣r♦♣r✐ét❛✐r❡s ✭ét✐q✉❡tt❡s ❞❛♥s

❛♣♣âts✮ ❛✜♥ ❞❡ ❧❡s ❞✐s❝r✐♠✐♥❡r ❞❡ ❝❡❧❧❡s ❞❡s ❝❤✐❡♥s ❡rr❛♥ts✳ ❈❡♣❡♥❞❛♥t✱ ❧✬✐❞❡♥t✐✜❝❛t✐♦♥ ❞❡s ❢è❝❡s

❞❡ ❝❤✐❡♥s ❡rr❛♥ts s✉♣♣♦s❡r❛✐t ❛❧♦rs ❞❡ ♠❛rq✉❡r t♦✉t❡s ❧❡s ❢è❝❡s ❞❡ ❝❤❛q✉❡ ❝❤✐❡♥ ❞♦♠❡st✐q✉❡✱ ❝❡

q✉✐ s❡♠❜❧❡ ❞✐✣❝✐❧❡♠❡♥t ré❛❧✐s❛❜❧❡ ❞❡ ♠❛♥✐èr❡ ♦♣t✐♠❛❧❡✳ ❊♥ r❡✈❛♥❝❤❡✱ ♥♦s rés✉❧t❛ts s✉❣❣èr❡♥t

q✉❡ ❧❡s ❝♦♠♣♦rt❡♠❡♥ts s♣❛t✐❛✉① ❞❛♥s ❧✬❡♥✈✐r♦♥♥❡♠❡♥t ❞❡s ❤♦♠♠❡s ❡t ❞❡s ♠✐❝r♦✲♠❛♠♠✐❢èr❡s

♣❡✉✈❡♥t êtr❡ ✉t✐❧✐sés ♣♦✉r ❞é✜♥✐r ❧❡s ③♦♥❡s ♦ù ❧❡s ❝♦♠♣♦rt❡♠❡♥ts ♣♦t❡♥t✐❡❧❧❡♠❡♥t à r✐sq✉❡

✭❞é❢é❝❛t✐♦♥✱ ♣ré❞❛t✐♦♥✮ ♦♥t ❧✐❡✉ ❛✐♥s✐ q✉❡ ❧❡✉r ❢réq✉❡♥❝❡s ❞✬✉t✐❧✐s❛t✐♦♥✳ ❆✐♥s✐✱ ❧❛ ❝♦♠♣❛r❛✐s♦♥

❞❡s ❞✐str✐❜✉t✐♦♥s s♣❛t✐❛❧❡s ❞❡s ✐♥❞✐✈✐❞✉s ❡♥tr❡ ❧❡s ✷ ❝❛té❣♦r✐❡s ❞❡ ❝❤✐❡♥s ♣♦✉rr❛✐t êtr❡ ré❛❧✐sé❡

❡♥ ♦❜t❡♥❛♥t ✉♥ é❝❤❛♥t✐❧❧♦♥ ❞❡ tr❛❥❡❝t♦✐r❡s ❞❡ ❝❤✐❡♥s ❡rr❛♥ts ❝♦♠♣❛r❛❜❧❡ à ❝❡❧❧❡s ❞❡ ❝❤✐❡♥s ❞❡

♣r♦♣r✐ét❛✐r❡s ♦❜t❡♥✉❡s ❧♦rs ❞❡ ♥♦tr❡ ét✉❞❡ ♣ré❧✐♠✐♥❛✐r❡✳

✶✺✺



✼✳✸✳ ❉❡❣ré ❞❡ ❞♦♠❡st✐❝❛t✐♦♥ ❡t ♣❧❛❝❡ ❞✉ ❝❤✐❡♥ ❡rr❛♥t ❞❛♥s ❧❡ ❝②❝❧❡
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❈♦♥❝❧✉s✐♦♥ ❣é♥ér❛❧❡

▲✬ét✉❞❡ ❞❡ ❧✬é❝♦❧♦❣✐❡ s♣❛t✐❛❧❡ ❞❡s ♣♦♣✉❧❛t✐♦♥s ❞❡s ❤ôt❡s ♣♦✉r ❊♠ ❛ ❛♣♣♦rté q✉❡❧q✉❡s é❧é✲

♠❡♥ts ❞❡ ❝♦♥♥❛✐ss❛♥❝❡ ❞✉ ❢♦♥❝t✐♦♥♥❡♠❡♥t ❞❡ ❧❛ tr❛♥s♠✐ss✐♦♥ ❞✉ ♣❛r❛s✐t❡ s✉r ❞❡s ③♦♥❡s ❞✬❡♥❞é♠✐❡s

❝❤✐♥♦✐s❡s✳ ❉✬✉♥❡ ♣❛rt✱ ❧❡s ❛ss❡♠❜❧❛❣❡s ❞✬❡s♣è❝❡s ❞❡ ♠✐❝r♦✲♠❛♠♠✐❢èr❡s ❡t ❧❡s ❞✐str✐❜✉t✐♦♥s r❡❧✲

❛t✐✈❡s ❞❡s ❡s♣è❝❡s s✉s❝❡♣t✐❜❧❡s ❛✉ ♣❛r❛s✐t❡ ♦♥t été ✐❞❡♥t✐✜é❡s ❞❛♥s ❧❡s ♣❛②s❛❣❡s ❞✐✈❡rs✐✜és ❞❡s

❝♦♥tr❡❢♦rts ❞✉ ♣❧❛t❡❛✉ t✐❜ét❛✐♥✳ ❉✬❛✉tr❡ ♣❛rt✱ ❧❡ rô❧❡ ♣r✐♠♦r❞✐❛❧ ❞✉ ❝❤✐❡♥ ❞❛♥s ❧❛ tr❛♥s♠✐ss✐♦♥

❞✉ ♣❛r❛s✐t❡ à ❧✬❤♦♠♠❡ ❡t ❧✬❡①✐st❡♥❝❡ ❞✬✉♥ ❝②❧❡ ♣ér✐✲❞♦♠❡st✐q✉❡ ❡♥ étr♦✐t❡ r❡❧❛t✐♦♥ ❛✈❡❝ ❧❡ ❝②❝❧❡

s❛✉✈❛❣❡ ♦♥t été tr♦✉✈és✳ ❆✉ss✐✱ ♥♦tr❡ tr❛✈❛✐❧ ♣❛rt✐❝✐♣❡✱ ❞❛♥s ✉♥❡ ❝❡rt❛✐♥❡ ♠❡s✉r❡✱ ❛✉ ❝❤❛♠♣s

❞✐s❝✐♣❧✐♥❛✐r❡ ❞❡ ❧✬é❝♦✲é♣✐❞é♠✐♦❧♦❣✐❡✳

▲❡s ❞✐✈❡rs❡s ♥♦t✐♦♥s ✭❛ss❡♠❜❧❛❣❡s✱ ❤❛❜✐t❛ts✱ ❝♦♠♣♦rt❡♠❡♥ts ❞❡ ❞é❢é❝❛t✐♦♥ ❡t ❞❡ ♣ré❞❛t✐♦♥✱✳✳✳✮

❡t ❧❡s ♠ét❤♦❞❡s ❞❡ ❝♦❧❧❡❝t❡s ❞❡ ❞♦♥♥é❡s ✭t❡❝❤♥✐q✉❡s ❞❡ ♣✐é❣❡❛❣❡✱ ❞❡ ❝♦❧❧❡❝t❡ ❞❡ ❢è❝❡s✱ ❞❡ té❧é♠étr✐❡✮

❡♠♣r✉♥té❡s à ♥♦tr❡ ❞✐s❝✐♣❧✐♥❡ ♦♥t ♣❡r♠✐s ❞❡ ❝♦♥s✐❞ér❡r ❞❡ ♠✉❧t✐♣❧❡s ❢❛❝t❡✉rs ✭❡♥✈✐r♦♥♥❡♠❡♥✲

t❛✉①✱ ✐♥❞✐✈✐❞✉❡❧s✮ ❡t ❞✐✛ér❡♥ts ♥✐✈❡❛✉① ❞✬♦r❣❛♥✐s❛t✐♦♥ ❜✐♦❧♦❣✐q✉❡s ♣♦✉r ❡①♣❧✐q✉❡r ❧❡s ❞✐str✐❜✉✲

t✐♦♥s ❡t ❧❡s ❝♦♠♣♦rt❡♠❡♥ts ♦❜s❡r✈és✳ ❉❡ s✉❝r♦ît✱ ❝❡ tr❛✈❛✐❧✱ ❡♥ ❛❝❝♦r❞ ❛✈❡❝ ❧✬♦r✐❡♥t❛t✐♦♥ ❛❝t✉❡❧❧❡

❞❡ ❧❛ ❞✐s❝✐♣❧✐♥❡✱ s✬❡st ♦r✐❡♥té ✈❡rs ✉♥❡ ❡①♣❧♦r❛t✐♦♥ ❡t ❛♣♣r♦♣r✐❛t✐♦♥ ❞✬♦✉t✐❧s ❞❡ st❛t✐st✐q✉❡s ♠♦❞✲

❡r♥❡s ✭ré❣r❡ss✐♦♥s ♥♦♥ ❧✐♥é❛✐r❡s✱ ❜♦♦tstr❛♣✮ ❡t ❞❡ s♣❛t✐❛❧✐s❛t✐♦♥ ✭❙■●✮ q✉✐ ♦♥t été ✉t✐❧❡s ♣♦✉r

❧✬❛♥❛❧②s❡ ❞✬✉♥❡ t❡❧❧❡ ❝♦♠♣❧❡①✐té✳

❈❡♣❡♥❞❛♥t✱ ❛✉ r❡❣❛r❞ ❞❡s ❡rr❡✉rs ❞❡ ♣ré❞✐❝t✐♦♥s ♦✉ ❞❡ ❞é✜♥✐t✐♦♥ ♦❜t❡♥✉❡s✱ ❧❡s ♠♦❞è❧❡s

✉t✐❧✐sés ♥❡ s♦♥t ♣❛s ❛ss❡③ ❞é✈❡❧♦♣♣és ♣♦✉r ♣r♦❞✉✐r❡ ❞❡s ♣ré❞✐❝t✐♦♥s r♦❜✉st❡s ❞❡s ❞✐str✐❜✉t✐♦♥s

s♣❛t✐❛❧❡s ❞❡s ♣♦♣✉❧❛t✐♦♥s ❞❡ ♠✐❝r♦✲♠❛♠♠✐❢èr❡s ♦✉ ❞❡ ❝♦♠♣♦rt❡♠❡♥ts ❞❡ ❝❛♥✐❞és✳ ❈✬❡st ♣♦✉rq✉♦✐✱

♥♦s rés✉❧t❛ts ❞❡ ♠♦❞é❧✐s❛t✐♦♥ ♥❡ ♣❡✉✈❡♥t êtr❡ ❞✐r❡❝t❡♠❡♥t ✐♥❝♦r♣♦rés ❞❛♥s ❞❡s ♠♦❞è❧❡s ❞❡

tr❛♥s♠✐ss✐♦♥ ❞✉ r✐sq✉❡ é❝♦✲é♣✐❞é♠✐♦❧♦❣✐q✉❡ ♥✐ ✉t✐❧✐sés ♣♦✉r ❧❛ ❣❡st✐♦♥ ❞❡s ♣♦♣✉❧❛t✐♦♥s ❡t s♦♥t

❞♦♥❝ ❝♦♥s✐❞éré❡s ❝♦♠♠❡ ♣ré❧✐♠✐♥❛✐r❡s✳ ❊♥ r❡✈❛♥❝❤❡✱ ✐❧s s♦✉❧✐❣♥❡♥t ❧❡s ❧✐♠✐t❡s ❞❡s ♠ét❤♦❞❡s

✉t✐❧✐sé❡s ❛✐♥s✐ q✉❡ ❞❡s ❞♦♥♥é❡s ❞♦♥t ♥♦✉s ❞✐s♣♦s✐♦♥s✳ ■❧s ♣❡r♠❡tt❡♥t ❞❡ ♣r♦♣♦s❡r ❞❡ ♥♦✉✈❡❧❧❡s

❛♠é❧✐♦r❛t✐♦♥s ❞❡s ♣r♦t♦❝♦❧❡s ❞❡ ❝♦❧❧❡❝t❡ ❞❡s ❞♦♥♥é❡s ❡t ❞❡ ♠♦❞é❧✐s❛t✐♦♥✱ ❞❡ s♦rt❡ à ❝❡ q✉❡

❧✬❛❧❧❡r✲r❡t♦✉r ❡♥tr❡ ❧❡s ❞✐✛ér❡♥t❡s ♣❡r❝❡♣t✐♦♥s ❞✉ ♣r♦❜❧è♠❡✱ ❧✬ét✉❞❡ ❞❡ t❡rr❛✐♥ ❡t ❧❛ ♠♦❞é❧✐s❛t✐♦♥

❛❜♦✉t✐ss❡ à ✉♥❡ ♠❡✐❧❧❡✉r❡ ❝♦♠♣ré❤❡♥s✐♦♥ ❞❡s ♣❛tr♦♥s ❞❡ ❞✐str✐❜✉t✐♦♥ ♦❜s❡r✈és ❡t✱ ♣❛r s✉✐t❡✱ à

❞❡s ♣ré❞✐❝t✐♦♥s ♣❧✉s ♣ré❝✐s❡s ❡t ♣❧✉s r♦❜✉st❡s✳ ▲❡ ré❛❧✐s♠❡ ❞❡ ♥♦s ♠♦❞è❧❡s ♣♦✉rr❛✐t✱ ♣❛r ❡①❡♠♣❧❡✱

êtr❡ ❛♠é❧✐♦ré ♣❛r ✉♥ ♣r♦t♦❝♦❧❡ ❞✬é❝❤❛♥t✐❧❧♦♥♥❛❣❡ s✉♣❡r✈✐sé✱ ❛❧♦rs q✉❡ ❧✬✐♥❝♦r♣♦r❛t✐♦♥ ❞❡ ❧✬❛✉t♦✲

❝♦rré❧❛t✐♦♥ s♣❛t✐❛❧❡ ♣❡r♠❡ttr❛✐t ❞❡ ♣❛❧❧✐❡r ❧❡s ❞✐✣❝✉❧tés ❞❡ t❡rr❛✐♥ à ❝♦❧❧❡❝t❡r ❞❡s ❞♦♥♥é❡s ♥♦♥

❝♦rré❧é❡s✳ ❯♥❡ étr♦✐t❡ ✐♥t❡r❛❝t✐♦♥ ❡♥tr❡ ❧❡s s✉✐✈✐s ❞❡ t❡rr❛✐♥ ❡t ❧❡ ❞é✈❡❧♦♣♣❡♠❡♥t ❞❡s ♠♦❞è❧❡s ❡st

♣ré❝♦♥✐sé❡ ♣♦✉r ♣❛r✈❡♥✐r ❛✉ ♠❡✐❧❧❡✉r ❝♦♠♣r♦♠✐s ❡♥tr❡ ❧❛ r✐❝❤❡ss❡ ❞❡s ♠ét❤♦❞❡s ❡①✐st❛♥t❡s ❡♥

é❝♦❧♦❣✐❡ ❡t ❡♥ st❛t✐st✐q✉❡s ❡t ❧❡s ❧✐♠✐t❡s ❧♦❣✐st✐q✉❡s ❡t ❤✉♠❛✐♥❡s ❞❡ ❧❡✉rs ❛♣♣❧✐❝❛t✐♦♥s✳
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❇✐❜❧✐♦❣r❛♣❤✐❡

❲♦r❧❞ ❍❡❛❧t❤ ❖r❣❛♥✐③❛t✐♦♥ ✱ ✷✵✵✻✳ ❚❤❡ ❝♦♥tr♦❧ ♦❢ ♥❡❣❧❡❝t❡❞ ③♦♦♥♦t✐❝ ❞✐s❡❛s❡s: ❛ r♦✉t❡ t♦ ♣♦✈❡rt②

❛❧❧❡✈✐❛t✐♦♥✳

❯❘▲ ❤tt♣:✴✴✇✇✇✳✇❤♦✳✐♥t✴③♦♦♥♦s❡s✴❘❡♣♦rt❴❙❡♣t✵✻✳♣❞❢

❆♥❞❡rs♦♥✱ ▼✳✱ ❈❧❡♠❡♥ts✱ ❆✳✱ ✷✵✵✵✳ ❘❡s♦❧✈✐♥❣ ❡♥✈✐r♦♥♠❡♥t❛❧ ❞✐s♣✉t❡s: ❛ st❛t✐st✐❝❛❧ ♠❡t❤♦❞ ❢♦r

❝❤♦♦s✐♥❣ ❛♠♦♥❣ ❝♦♠♣❡t✐♥❣ ❝❧✉st❡r ♠♦❞❡❧s✳ ❊❝♦❧♦❣✐❝❛❧ ❆♣♣❧✐❝❛t✐♦♥s ✶✵ ✭✺✮✱ ✶✸✹✶✕✶✸✺✺✳

❆r❛✉❥♦✱ ▼✳✱ ●✉✐s❛♥✱ ❆✳✱ ✷✵✵✻✳ ❋✐✈❡ ✭♦r s♦✮ ❝❤❛❧❧❡♥❣❡s ❢♦r s♣❡❝✐❡s ❞✐str✐❜✉t✐♦♥ ♠♦❞❡❧❧✐♥❣✳ ❏♦✉r♥❛❧

♦❢ ❇✐♦❣❡♦❣r❛♣❤② ✸✸✱ ✶✻✼✼✕✶✻✽✽✳

❆✉st✐♥✱ ▼✳✱ ✶✾✾✾✳ ❆ s✐❧❡♥t ❝❧❛s❤ ♦❢ ♣❛r❛❞✐❣♠s : s♦♠❡ ✐♥❝♦♥s✐st❡♥❝✐❡s ✐♥ ❝♦♠♠✉♥✐t② ❡❝♦❧♦❣②✳

❖✐❦♦s ✽✻ ✭✶✮✱ ✶✼✵✕✶✼✽✳

❆✉st✐♥✱ ▼✳✱ ✷✵✵✷✳ ❙♣❛t✐❛❧ ♣r❡❞✐❝t✐♦♥ ♦❢ s♣❡❝✐❡s ❞✐str✐❜✉t✐♦♥: ❛♥ ✐♥t❡r❢❛❝❡ ❜❡t✇❡❡♥ ❡❝♦❧♦❣✐❝❛❧

t❤❡♦r② ❛♥❞ st❛t✐st✐❝❛❧ ♠♦❞❡❧❧✐♥❣✳ ❊❝♦❧♦❣✐❝❛❧ ▼♦❞❡❧❧✐♥❣ ✶✺✼ ✭✶✽✮✱ ✶✵✶✕✶✶✽✳

❇❛rr②✱ ❙✳✱ ❊❧✐t❤✱ ❏✳✱ ✷✵✵✻✳ ❊rr♦r ❛♥❞ ✉♥❝❡rt❛✐♥t② ✐♥ ❤❛❜✐t❛t ♠♦❞❡❧s✳ ❏♦✉r♥❛❧ ♦❢ ❆♣♣❧✐❡❞ ❊❝♦❧♦❣②

✹✸ ✭✶✶✮✱ ✹✶✸✕✹✷✸✳

❇❡❣♦♥✱ ▼✳✱ ✷✵✵✽✳ ❊✛❡❝ts ♦❢ ❤♦st ❞✐✈❡rs✐t② ♦♥ ❞✐s❡❛s❡ ❞②♥❛♠✐❝s✳ ■♥ ✿ ❖st❢❡❧❞✱ ❘✳✱ ❑❡❡s✐♥❣✱ ❋✳✱

❊✈✐♥❡r✱ ❱✳ ✭❊❞s✳✮✱ ■♥❢❡❝t✐♦✉s ❉✐s❡❛s❡ ❊❝♦❧♦❣②: ❊✛❡❝ts ♦❢ ❊❝♦s②st❡♠s ♦♥ ❉✐s❡❛s❡ ❛♥❞ ♦❢ ❉✐s❡❛s❡

♦♥ ❊❝♦s②st❡♠s✳ Pr✐♥❝❡t♦♥ ❯♥✐✈❡rs✐t② Pr❡ss✱ Pr✐♥❝❡t♦♥✱ ◆❏✱ ♣♣✳ ✶✷✕✷✾✳

❇❧♦♥❞❡❧✱ ❏✳✱ ✶✾✾✺✳ ❇✐♦❣é♦❣r❛♣❤✐❡✳ ❆♣♣r♦❝❤❡ é❝♦❧♦❣✐q✉❡ ❡t é✈♦❧✉t✐✈❡✳ ▼❛ss♦♥✳

❇♦✐t❛♥✐✱ ▲✳✱ ❋r❛♥❝✐s❝✐✱ ❋✳✱ ❈✐✉❝❝✐✱ P✳✱ ❆♥❞r❡♦❧✐✱ ●✳✱ ✶✾✾✺✳ P♦♣✉❧❛t✐♦♥ ❜✐♦❧♦❣② ❛♥❞ ❡❝♦❧♦❣② ♦❢ ❢❡r❛❧

❞♦❣s ✐♥ ❈❡♥tr❛❧ ■t❛❧②✳ ■♥ ✿ ❙❡r♣❡❧❧ ❏✳✱ ❊✳ ✭❊❞✳✮✱ ❚❤❡ ❞♦♠❡st✐❝ ❞♦❣: ✐ts ❡❝♦❧♦❣②✱ ❜❡❤❛✈✐♦✉r ❛♥❞

❡✈♦❧✉t✐♦♥✳ ❈❛♠❜r✐❞❣❡: ❈❛♠❜r✐❞❣❡ ❯♥✐✈❡rs✐t② Pr❡ss✳✱ ♣♣✳ ✷✶✼✕✷✹✸✳

❇♦✇♠❛♥✱ ❏✳✱ ❋♦r❜❡s✱ ●✳✱ ❉✐❧✇♦rt❤✱ ❚✳✱ ✷✵✵✵✳ ❚❤❡ s♣❛t✐❛❧ s❝❛❧❡ ♦❢ ✈❛r✐❛❜✐❧✐t② ✐♥ s♠❛❧❧✲♠❛♠♠❛❧

♣♦♣✉❧❛t✐♦♥s✳ ❊❝♦❣r❛♣❤② ✷✸✱ ✸✷✽✕✸✸✹✭✼✮✳

❇✉❞❦❡✱ ❈✳ ▼✳✱ ❈❛♠♣♦s✲P♦♥❝❡✱ ▼✳✱ ◗✐❛♥✱ ❲✳✱ ❚♦r❣❡rs♦♥✱ P✳ ❘✳✱ ✷✵✵✺❛✳ ❆ ❝❛♥✐♥❡ ♣✉r❣❛t✐♦♥ st✉❞②

❛♥❞ r✐s❦ ❢❛❝t♦r ❛♥❛❧②s✐s ❢♦r ❡❝❤✐♥♦❝♦❝❝♦s✐s ✐♥ ❛ ❤✐❣❤ ❡♥❞❡♠✐❝ r❡❣✐♦♥ ♦❢ t❤❡ ❚✐❜❡t❛♥ ♣❧❛t❡❛✉✳

❱❡t❡r✐♥❛r② P❛r❛s✐t♦❧♦❣② ✶✷✼ ✭✶✮✱ ✹✸ ✕ ✹✾✳

❇✉❞❦❡✱ ❈✳ ▼✳✱ ❏✐❛♠✐♥✱ ◗✳✱ ❈r❛✐❣✱ P✳✱ ❚♦r❣❡rs♦♥✱ P✳✱ ✷✵✵✺❜✳ ▼♦❞❡❧✐♥❣ t❤❡ tr❛♥s♠✐ss✐♦♥ ♦❢

❊❝❤✐♥♦❝♦❝❝✉s ❣r❛♥✉❧♦s✉s ❛♥❞ ❊❝❤✐♥♦❝♦❝❝✉s ♠✉❧t✐❧♦❝✉❧❛r✐s ✐♥ ❞♦❣s ❢♦r ❛ ❤✐❣❤ ❡♥❞❡♠✐❝ r❡❣✐♦♥

♦❢ t❤❡ ❚✐❜❡t❛♥ ♣❧❛t❡❛✉✳ ■♥t❡r♥❛t✐♦♥❛❧ ❏♦✉r♥❛❧ ❢♦r P❛r❛s✐t♦❧♦❣② ✸✺ ✭✷✮✱ ✶✻✸ ✕ ✶✼✵✳

✶✺✾



❇✉r❡❧✱ ❋✳✱ ❇❛✉❞r②✱ ❏✳✱ ✶✾✾✾✳ ➱❝♦❧♦❣✐❡ ❞✉ ♣❛②s❛❣❡✳ ❈♦♥❝❡♣ts✱ ♠ét❤♦❞❡s ❡t ❛♣♣❧✐❝❛t✐♦♥s✳ P❛r✐s✱

❚❊❈ ✫ ❉❖❈✳

❇✉r♥❤❛♠✱ ❑✳✱ ❆♥❞❡rs♦♥✱ ❉✳✱ ✶✾✾✽✳ ▼♦❞❡❧ s❡❧❡❝t✐♦♥ ❛♥❞ ♠✉❧t✐♠♦❞❡❧ ✐♥❢❡r❡♥❝❡✳ ✷♥❞ ❡❞✳ ❙♣r✐♥❣❡r✲

✈❡r❧❛❣✱ ◆❡✇ ❨♦r❦✳

❇✉t❡t✱ ❆✳✱ P❛✐❧❧❛t✱ ●✳✱ ❨✳✱ ❉✳✱ ✷✵✵✻✳ ❋❛❝t♦rs ❞r✐✈✐♥❣ s♠❛❧❧ r♦❞❡♥ts ❛ss❡♠❜❧❛❣❡s ❢r♦♠ ✜❡❧❞

❜♦✉♥❞❛r✐❡s ✐♥ ❛❣r✐❝✉❧t✉r❛❧ ❧❛♥❞s❝❛♣❡s ♦❢ ✇❡st❡r♥ ❋r❛♥❝❡✳ ▲❛♥❞s❝❛♣❡ ❊❝♦❧♦❣② ✷✶✱ ✹✹✾✕✹✻✶✳

❈❛❧❡♥❣❡✱ ❈✳✱ ✷✵✵✺✳ ❉❡s ♦✉t✐❧s st❛t✐st✐q✉❡s ♣♦✉r ❧✬❛♥❛❧②s❡ ❞❡s s❡♠✐s ❞❡ ♣♦✐♥ts ❞❛♥s ❧✬❡s♣❛❝❡

❡❝♦❧♦❣✐q✉❡✳ ❚❤❡s❡ ❞❡ ❞♦❝t♦r❛t✱ ❯♥✐✈❡rs✐té ❈❧❛✉❞❡ ❇❡r♥❛r❞✱ ▲②♦♥ ■✳

❈♦♠❜❡s✱ ❈✳✱ ✷✵✵✶✳ ■♥t❡r❛❝t✐♦♥s ❞✉r❛❜❧❡s✳ ❊❝♦❧♦❣✐❡ ❡t ❊✈♦❧✉t✐♦♥ ❞✉ ♣❛r❛s✐t✐s♠❡✳ ▼❛ss♦♥✱ P❛r✐s✳

❈r❛❢t✱ ▼✳ ❊✳✱ ❍❛✇t❤♦r♥❡✱ P✳ ▲✳✱ P❛❝❦❡r✱ ❈✳✱ ❉♦❜s♦♥✱ ❆✳ P✳✱ ✷✵✵✽✳ ❉②♥❛♠✐❝s ♦❢ ❛ ♠✉❧t✐❤♦st

♣❛t❤♦❣❡♥ ✐♥ ❛ ❝❛r♥✐✈♦r❡ ❝♦♠♠✉♥✐t②✳ ❏♦✉r♥❛❧ ♦❢ ❆♥✐♠❛❧ ❊❝♦❧♦❣② ✼✼ ✭✻✮✱ ✶✷✺✼✕✶✷✻✹✳

❈r❛✐❣✱ P✳✱ ●✐r❛✉❞♦✉①✱ P✳✱ ❙❤✐✱ ❉✳✱ ❇❛rt❤♦❧♦♠♦t✱ ❇✳✱ ❇❛r♥✐s❤✱ ●✳✱ ❉❡❧❛ttr❡✱ P✳✱ ◗✉éré✱ ❏✳✱ ❍❛rr❛❣❛✱

❙✳✱ ❇❛♦✱ ●✳✱ ❲❛♥❣✱ ❨✳✱ ▲✉✱ ❋✳✱ ■t♦✱ ❆✳✱ ❱✉✐tt♦♥✱ ❉✳✱ ✷✵✵✵✳ ❆♥ ❡♣✐❞❡♠✐♦❧♦❣✐❝❛❧ ❛♥❞ ❡❝♦❧♦❣✐❝❛❧

st✉❞② ♦❢ ❤✉♠❛♥ ❛❧✈❡♦❧❛r ❡❝❤✐♥♦❝♦❝❝♦s✐s tr❛♥s♠✐ss✐♦♥ ✐♥ s♦✉t❤ ❣❛♥s✉✱ ❈❤✐♥❛✳ ❆❝t❛ ❚r♦♣✐❝❛ ✼✼✱

✶✻✼✕✶✼✼✳

❈r❛✐❣✱ P✳✱ ▲✐✉✱ ❉✳✱ ❙❤✐✱ ❉✳✱ ▼❛❝♣❤❡rs♦♥✱ ❈✳✱ ❇❛r♥✐s❤✱ ●✳✱ ❘❡②♥♦❧❞s✱ ❉✳✱ ●♦ttst❡✐♥✱ ❇✳✱ ❲❛♥❣✱

❩✳✱ ✶✾✾✷✳ ❆ ❧❛r❣❡ ❢♦❝✉s ♦❢ ❛❧✈❡♦❧❛r ❡❝❤✐♥♦❝♦❝❝♦s✐s ✐♥ ❝❡♥tr❛❧ ❈❤✐♥❛✳ ❚❤❡ ▲❛♥❝❡t ✸✹✵ ✭✽✽✷✸✮✱

✽✷✻✕✽✸✶✳

❈r❛✐❣✱ P✳✱ ❚❤❡ ❊❝❤✐♥♦❝♦❝❝♦s✐s ❲♦r❦✐♥❣ ●r♦✉♣ ✐♥ ❈❤✐♥❛✱ ✷✵✵✻✳ ❊♣✐❞❡♠✐♦❧♦❣② ♦❢ ❤✉♠❛♥ ❛❧✈❡♦❧❛r

❡❝❤✐♥♦❝♦❝❝♦s✐s ✐♥ ❈❤✐♥❛✳ P❛r❛s✐t♦❧♦❣② ■♥t❡r♥❛t✐♦♥❛❧ ✺✺✱ ✷✷✶✕✷✷✺✳

❉❛♥s♦♥✱ ❋✳ ▼✳✱ ❆r♠✐t❛❣❡✱ ❘✳ P✳✱ ▼❛rst♦♥✱ ❈✳ ●✳✱ ✷✵✵✽✳ ❙♣❛t✐❛❧ ❛♥❞ t❡♠♣♦r❛❧ ♠♦❞❡❧❧✐♥❣ ❢♦r

♣❛r❛s✐t❡ tr❛♥s♠✐ss✐♦♥ st✉❞✐❡s ❛♥❞ r✐s❦ ❛ss❡ss♠❡♥t✳ P❛r❛s✐t❡ ✶✺ ✭✸✮✱ ✹✻✸✕✽✳

❉❛♥s♦♥✱ ❋✳ ▼✳✱ ●r❛❤❛♠✱ ❆✳ ❏✳✱ P❧❡②❞❡❧❧✱ ❉✳ ❘✳ ❏✳✱ ❈❛♠♣♦s✲P♦♥❝❡✱ ▼✳✱ ●✐r❛✉❞♦✉①✱ P✳✱ ❈r❛✐❣✱ P✳ ❙✳✱

✷✵✵✸✳ ▼✉❧t✐✲s❝❛❧❡ s♣❛t✐❛❧ ❛♥❛❧②s✐s ♦❢ ❤✉♠❛♥ ❛❧✈❡♦❧❛r ❡❝❤✐♥♦❝♦❝❝♦s✐s r✐s❦ ✐♥ ❈❤✐♥❛✳ P❛r❛s✐t♦❧♦❣②

✶✷✼✱ ✶✸✸✕✶✹✶✳

❉❛s③❛❦✱ P✳✱ ❈✉♥♥✐♥❣❤❛♠✱ ❆✳✱ ❍②❛tt✱ ❆✳✱ ✷✵✵✶✳ ❆♥t❤r♦♣♦❣❡♥✐❝ ❡♥✈✐r♦♥♠❡♥t❛❧ ❝❤❛♥❣❡ ❛♥❞ t❤❡

❡♠❡r❣❡♥❝❡ ♦❢ ✐♥❢❡❝t✐♦✉s ❞✐s❡❛s❡s ✐♥ ✇✐❧❞❧✐❢❡✳ ❆❝t❛ ❚r♦♣✐❝❛ ✼✽✱ ✶✵✸✕✶✶✻✳

❉❛s③❛❦✱ P✳✱ ❈✉♥♥✐♥❣❤❛♠✱ ❆✳ ❆✳✱ ❍②❛tt✱ ❆✳ ❉✳✱ ✷✵✵✵✳ ❊♠❡r❣✐♥❣ ■♥❢❡❝t✐♦✉s ❉✐s❡❛s❡s ♦❢ ❲✐❧❞❧✐❢❡✕

❚❤r❡❛ts t♦ ❇✐♦❞✐✈❡rs✐t② ❛♥❞ ❍✉♠❛♥ ❍❡❛❧t❤✳ ❙❝✐❡♥❝❡ ✷✽✼ ✭✺✹✺✷✮✱ ✹✹✸✕✹✹✾✳

❞❡ ❧❛ Péñ❛✱ ▼✳✱ ❇✉t❡t✱ ❆✳✱ ❉❡❧❡ttr❡✱ ❨✳✱ P❛✐❧❧❛t✱ ●✳✱ ▼♦r❛♥t✱ P✳✱ ▲❡ ❉✉✱ ▲✳✱ ❇✉r❡❧✱ ❋✳✱ ✷✵✵✸✳ ❘❡✲

s♣♦♥s❡ ♦❢ t❤❡ s♠❛❧❧ ♠❛♠♠❛❧ ❝♦♠♠✉♥✐t② t♦ ❝❤❛♥❣❡s ✐♥ ✇❡st❡r♥ ❢r❡♥❝❤ ❛❣r✐❝✉❧t✉r❛❧ ❧❛♥❞s❝❛♣❡s✳

▲❛♥❞s❝❛♣❡ ❊❝♦❧♦❣② ✶✽ ✭✸✮✱ ✷✻✺✕✷✼✽✳

❉❡❧❛ttr❡✱ P✳✱ ●✐r❛✉❞♦✉①✱ P✳✱ ◗✉éré✱ ❏✳✱ ✶✾✾✵✳ ❈♦♥séq✉❡♥❝❡s é♣✐❞é♠✐♦❧♦❣✐q✉❡s ❞❡ ❧❛ ré❝❡♣t✐✈✐té

❞✬✉♥ ♥♦✉✈❡❧ ❤ôt❡ ✐♥t❡r♠é❞✐❛✐r❡ ❞✉ t❛❡♥✐❛ ♠✉❧t✐❧♦❝✉❧❛✐r❡ ✭❊❝❤✐♥♦❝♦❝❝✉s ♠✉❧t✐❧♦❝✉❧❛r✐s✮ ❡t ❞❡

❧❛ ❧♦❝❛❧✐s❛t✐♦♥ s♣❛t✐♦t❡♠♣♦r❡❧❧❡ ❞❡s r♦♥❣❡✉rs ✐♥❢❡stés✳ ❈✳❘✳ ❆❝❛❞✳ ❙❝✐✳ P❛r✐s ✸✶✵ ✭✸✮✱ ✸✸✾✕✸✹✹✳

✶✻✵



❉❡♣❧❛③❡s✱ P✳✱ ❆❧t❤❡r✱ P✳✱ ❚❛♥♥❡r✱ ■✳✱ ❊❝❦❡rt✱ ❏✳✱ ✶✾✾✾✳ ❊❝❤✐♥♦❝♦❝❝✉s ♠✉❧t✐❧♦❝✉❧❛r✐s ❝♦♣r♦❛♥t✐❣❡♥

❞❡t❡❝t✐♦♥ ❜② ❡♥③②♠❡✲❧✐♥❦❡❞ ✐♠♠✉♥♦s♦r❜❡♥t ❛ss❛② ✐♥ ❢♦①✱ ❞♦❣✱ ❛♥❞ ❝❛t ♣♦♣✉❧❛t✐♦♥s✳ ❚❤❡

❏♦✉r♥❛❧ ♦❢ P❛r❛s✐t♦❧♦❣② ✽✺ ✭✶✮✱ ✶✶✺✕✶✷✶✳

❉❡♣❧❛③❡s✱ P✳✱ ❉✐♥❦❡❧✱ ❆✳✱ ▼❛t❤✐s✱ ❆✳✱ ✷✵✵✸✳ ▼♦❧❡❝✉❧❛r t♦♦❧s ❢♦r st✉❞✐❡s ♦♥ t❤❡ tr❛♥s♠✐ss✐♦♥

❜✐♦❧♦❣② ♦❢ ❡❝❤✐♥♦❝♦❝❝✉s ♠✉❧t✐❧♦❝✉❧❛r✐s✳ P❛r❛s✐t♦❧♦❣② ✶✷✼ ✭❙✉♣♣❧❡♠❡♥t✮✱ ✺✸✕✻✶✳

❉❡♣❧❛③❡s✱ P✳✱ ❍❡❣❣❧✐♥✱ ❉✳✱ ●❧♦♦r✱ ❙✳✱ ❘♦♠✐❣✱ ❚✳✱ ✷✵✵✹✳ ❲✐❧❞❡r♥❡ss ✐♥ t❤❡ ❝✐t②: t❤❡ ✉r❜❛♥✐③❛t✐♦♥

♦❢ ❊❝❤✐♥♦❝♦❝❝✉s ♠✉❧t✐❧♦❝✉❧❛r✐s✳ ❚r❡♥❞s ✐♥ P❛r❛s✐t♦❧♦❣② ✷✵ ✭✷✮✱ ✼✼✕✽✹✳

❉✐♥❦❡❧✱ ❆✳✱ ❱♦♥ ◆✐❝❦✐s❝❤✲❘♦s❡♥❡❣❦✱ ▼✳✱ ❇✐❧❣❡r✱ ❇✳✱ ▼❡r❧✐✱ ▼✳✱ ▲✉❝✐✉s✱ ❘✳✱ ❘♦♠✐❣✱ ❚✳✱ ✶✾✾✽✳

❉❡t❡❝t✐♦♥ ♦❢ ❊❝❤✐♥♦❝♦❝❝✉s ♠✉❧t✐❧♦❝✉❧❛r✐s ✐♥ t❤❡ ❞❡✜♥✐t✐✈❡ ❤♦st: ❝♦♣r♦❞✐❛❣♥♦s✐s ❜② P❈❘ ❛s ❛♥

❛❧t❡r♥❛t✐✈❡ t♦ ♥❡❝r♦♣s②✳ ❏♦✉r♥❛❧ ❖❢ ❈❧✐♥✐❝❛❧ ▼✐❝r♦❜✐♦❧♦❣② ✸✻ ✭✼✮✱ ✶✽✼✶✕✶✽✼✻✳

❉♦❜s♦♥✱ ❆✳✱ ❋♦✉❢♦♣♦✉❧♦s✱ ❏✳✱ ✷✵✵✶✳ ❊♠❡r❣✐♥❣ ✐♥❢❡❝t✐♦✉s ♣❛t❤♦❣❡♥s ♦❢ ✇✐❧❞❧✐❢❡✳ P❤✐❧♦s♦♣❤✐❝❛❧

❚r❛♥s❛❝t✐♦♥s ♦❢ t❤❡ ❘♦②❛❧ ❙♦❝✐❡t② ♦❢ ▲♦♥❞♦♥ ❇ ❇✐♦❧♦❣✐❝❛❧ ❙❝✐❡♥❝❡s✳ ✷✾✱ ✶✵✵✶✕✶✵✶✷✳

❉♦❧❡❞❡❝✱ ❙✳✱ ❈❤❡ss❡❧✱ ❉✳✱ ●✐♠❛r❡t✲❝❛r♣❡♥t✐❡r✱ ❈✳✱ ✷✵✵✵✳ ◆✐❝❤❡ s❡♣❛r❛t✐♦♥ ✐♥ ❝♦♠♠✉♥✐t② ❛♥❛❧②s✐s:

❛ ♥❡✇ ♠❡t❤♦❞✳ ❊❝♦❧♦❣② ✽✶✱ ✷✾✶✹✕✷✾✷✼✳

❉✉❧❧✐♥❣❡r✱ ❙✳✱ ❉✐r♥❜♦❝❦✱ ❚✳✱ ●r❛❜❤❡rr✱ ●✳✱ ✷✵✵✹✳ ▼♦❞❡❧❧✐♥❣ ❝❧✐♠❛t❡ ❝❤❛♥❣❡✲❞r✐✈❡♥ tr❡❡❧✐♥❡ s❤✐❢ts:

r❡❧❛t✐✈❡ ❡✛❡❝ts ♦❢ t❡♠♣❡r❛t✉r❡ ✐♥❝r❡❛s❡✱ ❞✐s♣❡rs❛❧ ❛♥❞ ✐♥✈❛s✐❜✐❧✐t②✳ ❏♦✉r♥❛❧ ♦❢ ❊❝♦❧♦❣② ✾✷✱

✷✹✶✕✷✺✷✭✶✷✮✳

❉✉♣✉②✱ ●✳✱ ●✐r❛✉❞♦✉①✱ P✳✱ ❉❡❧❛ttr❡✱ P✳✱ ✷✵✵✾✳ ◆✉♠❡r✐❝❛❧ ❛♥❞ ❞✐❡t❛r② r❡s♣♦♥s❡s ♦❢ ❛ ♣r❡❞❛t♦r

❝♦♠♠✉♥✐t② ✐♥ ❛ t❡♠♣❡r❛t❡ ③♦♥❡ ♦❢ ❡✉r♦♣❡✳ ❊❝♦❣r❛♣❤② ✸✶✱ ✶✕✶✹✳

❉✉s❝❤❡r✱ ●✳✱ P❧❡②❞❡❧❧✱ ❉✳✱ Pr♦s❧✱ ❍✳✱ ❏♦❛❝❤✐♠✱ ❆✳✱ ✷✵✵✻✳ ❊❝❤✐♥♦❝♦❝❝✉s ♠✉❧t✐❧♦❝✉❧❛r✐s ✐♥ ❛✉str✐❛♥

❢♦①❡s ❢r♦♠ ✶✾✾✶ ✉♥t✐❧ ✷✵✵✹✳ ❏♦✉r♥❛❧ ♦❢ ❱❡t❡r✐♥❛r② ▼❡❞✐❝✐♥❡✱ ❙❡r✐❡s ❇ ✺✸✱ ✶✸✽✕✶✹✹✭✼✮✳

❊❝❦❡rt✱ ❏✳✱ ❈♦♥r❛t❤s✱ ❋✳✱ ❚❛❝❦♠❛♥♥✱ ❑✳✱ ✷✵✵✵✳ ❊❝❤✐♥♦❝♦❝❝♦s✐s: ❛♥ ❡♠❡r❣✐♥❣ ♦r r❡✲❡♠❡r❣✐♥❣

③♦♦♥♦s✐s ❄ ■♥t❡r♥❛t✐♦♥❛❧ ❏♦✉r♥❛❧ ❢♦r P❛r❛s✐t♦❧♦❣② ✸✵✱ ✶✷✽✸✕✶✷✾✹✭✶✷✮✳

❊❝❦❡rt✱ ❏✳✱ ❉❡♣❧❛③❡s✱ P✳✱ ✷✵✵✹✳ ❇✐♦❧♦❣✐❝❛❧✱ ❊♣✐❞❡♠✐♦❧♦❣✐❝❛❧✱ ❛♥❞ ❈❧✐♥✐❝❛❧ ❆s♣❡❝ts ♦❢ ❊❝❤✐♥♦❝♦❝✲

❝♦s✐s✱ ❛ ❩♦♦♥♦s✐s ♦❢ ■♥❝r❡❛s✐♥❣ ❈♦♥❝❡r♥✳ ❈❧✐♥✐❝❛❧ ▼✐❝r♦❜✐♦❧♦❣② ❘❡✈✐❡✇ ✶✼ ✭✶✮✱ ✶✵✼✕✶✸✺✳

❊❢r♦♥✱ ❇✳✱ ❚✐❜s❤✐r❛♥✐✱ ❘✳✱ ✶✾✾✺✳ ❈r♦ss✲✈❛❧✐❞❛t✐♦♥ ❛♥❞ t❤❡ ❜♦♦tstr❛♣: ❡st✐♠❛t✐♥❣ t❤❡ ❡rr♦r r❛t❡ ♦❢

❛ ♣r❡❞✐❝t✐♦♥ r✉❧❡✳ ❚❡❝❤♥✐❝❛❧ r❡♣♦rt✱ ❉❡♣t✳ ♦❢ ❙t❛t✐st✐❝s✱ ❙t❛♥❢♦r❞ ❯♥✐✈❡rs✐t②✳

❊❢r♦♥✱ ❇✳✱ ❚✐❜s❤✐r❛♥✐✱ ❘✳✱ ✶✾✾✼✳ ■♠♣r♦✈❡♠❡♥ts ♦♥ ❝r♦ss✲✈❛❧✐❞❛t✐♦♥: t❤❡ ✳✻✸✷✰ ❜♦♦tstr❛♣ ♠❡t❤♦❞✳

❏♦✉r♥❛❧ ♦❢ t❤❡ ❆♠❡r✐❝❛♥ ❙t❛t✐st✐❝❛❧ ❆ss♦❝✐❛t✐♦♥ ✾✷ ✭✹✸✽✮✱ ✺✹✽✕✺✻✵✳

❊❧✐t❤✱ ❏✳✱ ▲❡❛t❤✇✐❝❦✱ ❏✳✱ ✷✵✵✼✳ Pr❡❞✐❝t✐♥❣ s♣❡❝✐❡s ❞✐str✐❜✉t✐♦♥s ❢r♦♠ ♠✉s❡✉♠ ❛♥❞ ❤❡r❜❛r✐✉♠

r❡❝♦r❞s ✉s✐♥❣ ♠✉❧t✐r❡s♣♦♥s❡ ♠♦❞❡❧s ✜tt❡❞ ✇✐t❤ ♠✉❧t✐✈❛r✐❛t❡ ❛❞❛♣t✐✈❡ r❡❣r❡ss✐♦♥ s♣❧✐♥❡s✳ ❉✐✲

✈❡rs✐t② ✫ ❉✐str✐❜✉t✐♦♥s ✶✸ ✭✸✮✱ ✷✻✺✕✷✼✺✳

❊❧✐t❤✱ ❏✳✱ ❇✉r❣♠❛♥✱ ▼✳ ❆✳✱ ❘❡❣❛♥✱ ❍✳ ▼✳✱ ✷✵✵✷✳ ▼❛♣♣✐♥❣ ❡♣✐st❡♠✐❝ ✉♥❝❡rt❛✐♥t✐❡s ❛♥❞ ✈❛❣✉❡

❝♦♥❝❡♣ts ✐♥ ♣r❡❞✐❝t✐♦♥s ♦❢ s♣❡❝✐❡s ❞✐str✐❜✉t✐♦♥✳ ❊❝♦❧♦❣✐❝❛❧ ▼♦❞❡❧❧✐♥❣ ✶✺✼ ✭✷✲✸✮✱ ✸✶✸✕✸✷✾✳

✶✻✶



❊❧✐t❤✱ ❏✳✱ ❋❡rr✐❡r✱ ❙✳✱ ❍✉❡tt♠❛♥♥✱ ❋✳✱ ▲❡❛t❤✇✐❝❦✱ ❏✳✱ ✷✵✵✺✳ ❚❤❡ ❡✈❛❧✉❛t✐♦♥ str✐♣: ❛ ♥❡✇ r♦❜✉st

♠❡t❤♦❞ ❢♦r ♣❧♦tt✐♥❣ ♣r❡❞✐❝t❡❞ r❡s♣♦♥s❡s ❢r♦♠ s♣❡❝✐❡s ❞✐str✐❜✉t✐♦♥ ♠♦❞❡❧s✳ ❊❝♦❧♦❣✐❝❛❧ ▼♦❞✲

❡❧❧✐♥❣ ✶✽✻✱ ✷✽✵✕✷✽✾✳

❊❧✐t❤✱ ❏✳✱ ●r❛❤❛♠✱ ❈✳ ❍✳✱ ❆♥❞❡rs♦♥✱ ❘✳ P✳✱ ❉✉❞✐❦✱ ▼✳✱ ❋❡rr✐❡r✱ ❙✳✱ ●✉✐s❛♥✱ ❆✳✱ ❍✐❥♠❛♥s✱ ❘✳ ❏✳✱

❍✉❡tt♠❛♥♥✱ ❋✳✱ ▲❡❛t❤✇✐❝❦✱ ❏✳ ❘✳✱ ▲❡❤♠❛♥♥✱ ❆✳✱ ▲✐✱ ❏✳✱ ▲♦❤♠❛♥♥✱ ▲✳ ●✳✱ ▲♦✐s❡❧❧❡✱ ❇✳ ❆✳✱

▼❛♥✐♦♥✱ ●✳✱ ▼♦r✐t③✱ ❈✳✱ ◆❛❦❛♠✉r❛✱ ▼✳✱ ◆❛❦❛③❛✇❛✱ ❨✳✱ ❖✈❡rt♦♥✱ ❏✳ ▼✳✱ P❡t❡rs♦♥✱ ❚✳ ❆✳✱

P❤✐❧❧✐♣s✱ ❙✳ ❏✳✱ ❘✐❝❤❛r❞s♦♥✱ ❑✳✱ ❙❝❛❝❤❡tt✐✲P❡r❡✐r❛✱ ❘✳✱ ❙❝❤❛♣✐r❡✱ ❘✳ ❊✳✱ ❙♦❜❡r♦♥✱ ❏✳✱ ❲✐❧❧✐❛♠s✱

❙✳✱ ❲✐s③✱ ▼✳ ❙✳✱ ❩✐♠♠❡r♠❛♥♥✱ ◆✳ ❊✳✱ ✷✵✵✻✳ ◆♦✈❡❧ ♠❡t❤♦❞s ✐♠♣r♦✈❡ ♣r❡❞✐❝t✐♦♥ ♦❢ s♣❡❝✐❡s

❞✐str✐❜✉t✐♦♥s ❢r♦♠ ♦❝❝✉rr❡♥❝❡ ❞❛t❛✳ ❊❝♦❣r❛♣❤② ✷✾ ✭✷✮✱ ✶✷✾✕✶✺✶✳

❊❧✐t❤✱ ❏✳✱ ▲❡❛t❤✇✐❝❦✱ ❏✳ ❘✳ ❘✳✱ ❍❛st✐❡✱ ❚✳✱ ✷✵✵✽✳ ❆ ✇♦r❦✐♥❣ ❣✉✐❞❡ t♦ ❜♦♦st❡❞ r❡❣r❡ss✐♦♥ tr❡❡s✳

❚❤❡ ❏♦✉r♥❛❧ ♦❢ ❛♥✐♠❛❧ ❡❝♦❧♦❣②✳

❋❡rr✐❡r✱ ❙✳✱ ❉r✐❡❧s♠❛✱ ▼✳✱ ▼❛♥✐♦♥✱ ●✳✱ ❲❛ts♦♥✱ ●✳✱ ✷✵✵✷❜✳ ❊①t❡♥❞❡❞ st❛t✐st✐❝❛❧ ❛♣♣r♦❛❝❤❡s t♦

♠♦❞❡❧❧✐♥❣ s♣❛t✐❛❧ ♣❛tt❡r♥ ✐♥ ❜✐♦❞✐✈❡rs✐t② ✐♥ ♥♦rt❤❡❛st ♥❡✇ s♦✉t❤ ✇❛❧❡s✳ ✐✐✳ ❝♦♠♠✉♥✐t②✲❧❡✈❡❧

♠♦❞❡❧❧✐♥❣✳ ❇✐♦❞✐✈❡rs✐t② ❛♥❞ ❈♦♥s❡r✈❛t✐♦♥ ✶✶✱ ✷✸✵✾✕✷✸✸✽✳

❋❡rr✐❡r✱ ❙✳✱ ●✉✐s❛♥✱ ❆✳✱ ✷✵✵✻✳ ❙♣❛t✐❛❧ ♠♦❞❡❧❧✐♥❣ ♦❢ ❜✐♦❞✐✈❡rs✐t② ❛t t❤❡ ❝♦♠♠✉♥✐t② ❧❡✈❡❧✳ ❏♦✉r♥❛❧

♦❢ ❛♣♣❧✐❡❞ ❡❝♦❧♦❣② ✹✸ ✭✸✮✱ ✸✾✸✕✹✵✹✳

❋❡rr✐❡r✱ ❙✳✱ ▼❛♥✐♦♥✱ ●✳✱ ❊❧✐t❤✱ ❏✳✱ ❘✐❝❤❛r❞s♦♥✱ ❑✳✱ ✷✵✵✼✳ ❯s✐♥❣ ❣❡♥❡r❛❧✐③❡❞ ❞✐ss✐♠✐❧❛r✐t② ♠♦❞❡❧❧✐♥❣

t♦ ❛♥❛❧②s❡ ❛♥❞ ♣r❡❞✐❝t ♣❛tt❡r♥s ♦❢ ❜❡t❛ ❞✐✈❡rs✐t② ✐♥ r❡❣✐♦♥❛❧ ❜✐♦❞✐✈❡rs✐t② ❛ss❡ss♠❡♥t✳ ❉✐✈❡rs✐t②

❛♥❞ ❉✐str✐❜✉t✐♦♥s ✶✸ ✭✶✸✮✱ ✷✺✷✕✷✻✹✳

❋❡rr✐❡r✱ ❙✳✱ P♦✇❡❧❧✱ ●✳ ❱✳ ◆✳✱ ❘✐❝❤❛r❞s♦♥✱ ❑✳ ❙✳✱ ▼❛♥✐♦♥✱ ●✳✱ ❖✈❡rt♦♥✱ ❏✳ ▼✳✱ ❆❧❧♥✉tt✱ ❚✳ ❋✳✱

❈❛♠❡r♦♥✱ ❙✳ ❊✳✱ ▼❛♥t❧❡✱ ❦✳✱ ❇✉r❣❡ss✱ ◆✳ ❉✳✱ ❋❛✐t❤✱ ❉✳ P✳✱ ▲❛♠♦r❡✉①✱ ❏✳ ❋✳✱ ❑✐❡r✱ ●✳✱ ❍✐❥✲

♠❛♥s✱ ❘✳ ❏✳✱ ❋✉♥❦✱ ❱✳ ❆✳✱ ❈❛ss✐s✱ ●✳ ❆✳✱ ❋✐s❤❡r✱ ❇✳ ▲✳✱ ❋❧❡♠♦♥s✱ P✳✱ ▲❡❡s✱ ❉✳✱ ▲♦✈❡tt✱ ❏✳ ❈✳✱

❱❛♥ ❘♦♠♣❛❡②✱ ❘✳ ❙✳ ❆✳ ❘✳✱ ✷✵✵✹✳ ▼❛♣♣✐♥❣ ♠♦r❡ ♦❢ t❡rr❡str✐❛❧ ❜✐♦❞✐✈❡rs✐t② ❢♦r ❣❧♦❜❛❧ ❝♦♥s❡r✲

✈❛t✐♦♥ ❛ss❡ss♠❡♥t✳ ❇✐♦❙❝✐❡♥❝❡ ✺✹ ✭✶✷✮✱ ✶✶✵✶✳

❋✐❝❤❡t✲❈❛❧✈❡t✱ ❊✳✱ Pr❛❞✐❡r✱ ❇✳✱ ◗✉éré✱ ❏✳✱ ●✐r❛✉❞♦✉①✱ P✳✱ ❉❡❧❛ttr❡✱ P✳✱ ✷✵✵✵✳ ▲❛♥❞s❝❛♣❡ ❝♦♠♣♦s✐✲

t✐♦♥ ❛♥❞ ✈♦❧❡ ♦✉t❜r❡❛❦s : ❡✈✐❞❡♥❝❡ ❢r♦♠ ❛♥ ❡✐❣❤t ②❡❛r st✉❞② ♦❢ ❛r✈✐❝♦❧❛ t❡rr❡str✐s✳ ❊❝♦❣r❛♣❤②

✷✸✱ ✻✺✾✕✻✻✼✳

❋✐s❝❤❡r✱ ❈✳✱ ✷✵✵✸✳ ❘❡❧❛t✐♦♥ ✐♥ t❤❡ ♣r❡s❡♥❝❡ ♦❢ ✈❛r✐♦✉s ♣❛r❛s✐t❡s ✐♥ t❤❡ r❡❞ ❢♦① ✭❱✉❧♣❡s ✈✉❧♣❡s✮ ✐♥

●❡♥❡✈❛✳ ❙✇✐ss ▼❡❞✐❝❛❧ ❲❡❡❦❧② ✶✸✸ ✭❙✻✶✮✳

❋♦❧t❡t❡✱ ❏✳✱ ✷✵✵✻✳ P❛②s❛❣❡ ❡t ♠♦✉✈❡♠❡♥t ✿ ❞❡ ❧✬é❝♦❧♦❣✐❡ ❛✉① ❞é♣❧❛❝❡♠❡♥ts ✉r❜❛✐♥s ✿ é❧é♠❡♥ts ♣♦✉r

✉♥❡ ✐❞❡♥t✐✜❝❛t✐♦♥ ❞❡s ♣❛②s❛❣❡s ♣ré❢ér❡♥t✐❡❧s✳ ❘❛♣♣♦rt ❞✬❍❛❜✐❧✐t❛t✐♦♥ à ❉✐r✐❣❡r ❞❡s ❘❡❝❤❡r❝❤❡s✳

❯♥✐✈❡rs✐té ❞❡ ❋r❛♥❝❤❡✲❈♦♠té✳

❋r✐❡❞♠❛♥✱ ❏✳ ❍✳✱ ✶✾✾✶✳ ▼✉❧t✐✈❛r✐❛t❡ ❛❞❛♣t✐✈❡ r❡❣r❡ss✐♦♥ s♣❧✐♥❡s✳ ❆♥♥❛❧s ♦❢ ❙t❛t✐st✐❝s ✶✾✱ ✶✕✻✼✳

❋✉r❧❛♥❡❧❧♦✱ ❈✳✱ ◆❡t❡❧❡r✱ ▼✳✱ ▼❡r❧❡r✱ ❙✳✱ ▼❡♥❡❣♦♥✱ ❙✳✱ ❋♦♥t❛♥❛r✐✱ ❙✳✱ ❉♦♥✐♥✐✱ ❆✳✱ ❘✐③③♦❧✐✱ ❆✳✱

❈❤❡♠✐♥✐✱ ❈✳✱ ▼❛r❝❤ ✷✵✵✸✳ ●✐s ❛♥❞ t❤❡ r❛♥❞♦♠ ❢♦r❡st ♣r❡❞✐❝t♦r: ✐♥t❡❣r❛t✐♦♥ ✐♥ r ❢♦r t✐❝❦✲❜♦r♥❡

❞✐s❡❛s❡ r✐s❦ ❛ss❡ss♠❡♥t✳ ■♥ ✿ ❍♦r♥✐❦✱ ❑✳✱ ▲❡✐s❝❤✱ ❋✳✱ ❩❡✐❧❡✐s✱ ❆✳ ✭❊❞s✳✮✱ Pr♦❝❡❡❞✐♥❣s ♦❢ t❤❡ ✸r❞

■♥t❡r♥❛t✐♦♥❛❧ ❲♦r❦s❤♦♣ ♦♥ ❉✐str✐❜✉t❡❞ ❙t❛t✐st✐❝❛❧ ❈♦♠♣✉t✐♥❣✱ ▼❛r❝❤ ✷✵✵✸ ✱❱✐❡♥♥❛✱ ❆✉str✐❛✳

✶✻✷



❱♦❧✳ ❉❙❈ ✷✵✵✸✳

❯❘▲ ❤tt♣:✴✴✇✇✇✳❝✐✳t✉✇✐❡♥✳❛❝✳❛t✴❈♦♥❢❡r❡♥❝❡s✴❉❙❈✲✷✵✵✸

●❡❧❢❛♥❞✱ ❆✳✱ ❙✐❧❛♥❞❡r✱ ❏r✳✱ ❏✳ ❆✳✱ ❲✉✱ ❙✳✱ ▲❛t✐♠❡r✱ ❆✳ ▼✳✱ ▲❡✇✐s✱ P✳ ❖✳✱ ❘❡❜❡❧♦✱ ❆✳ ●✳✱ ❍♦❧❞❡r✱

▼✳✱ ✷✵✵✻✳ ❊①♣❧❛✐♥✐♥❣ s♣❡❝✐❡s ❞✐str✐❜✉t✐♦♥ ♣❛tt❡r♥s t❤r♦✉❣❤ ❤✐❡r❛r❝❤✐❝❛❧ ♠♦❞❡❧✐♥❣✳ ❇❛②❡s✐❛♥

❆♥❛❧②s✐s ✶✱ ✹✶✕✾✷✳

●✐❜s♦♥✱ ▲✳✱ ❲✐❧s♦♥✱ ❇✳✱ ❆❜❡rt♦♥✱ ❏✳✱ ✷✵✵✹✳ ▲❛♥❞s❝❛♣❡ ❝❤❛r❛❝t❡r✐st✐❝s ❛ss♦❝✐❛t❡❞ ✇✐t❤ s♣❡❝✐❡s

r✐❝❤♥❡ss ❛♥❞ ♦❝❝✉r❡♥❝❡ ♦❢ s♠❛❧❧ ♥❛t✐✈❡ ♠❛♠♠❛❧s ✐♥❤❛❜✐t✐♥❣ ❛ ❝♦❛st❛❧ ❤❡❛t❤❧❛♥❞: ❛ s♣❛t✐❛❧

♠♦❞❡❧❧✐♥❣ ❛♣♣r♦❛❝❤✳ ❇✐♦❧♦❣✐❝❛❧ ❈♦♥s❡r✈❛t✐♦♥ ✶✷✵✱ ✼✺✕✽✾✳

●✐r❛✉❞♦✉①✱ P✳✱ ✶✾✾✶✳ ❯t✐❧✐s❛t✐♦♥ ❞❡ ❧✬❡s♣❛❝❡ ♣❛r ❧❡s ❤ôt❡s ❞✉ té♥✐❛ ♠✉❧t✐❧♦❝✉❧❛✐r❡ ✭❊❝❤✐♥♦❝♦❝❝✉s

♠✉❧t✐❧♦❝✉❧❛r✐s✮✳ P❤✳❉✳ t❤❡s✐s✱ ❯♥✐✈❡rs✐té ❞❡ ❇♦✉r❣♦❣♥❡✱❉✐❥♦♥✳

●✐r❛✉❞♦✉①✱ P✳✱ ❈r❛✐❣✱ P✳✱ ❉❡❧❛ttr❡✱ P✳✱ ❇❛♦✱ ●✳✱ ❇❛rt❤♦❧♦♠♦t✱ ❇✳✱ ❍❛rr❛❣❛✱ ❙✳✱ ◗✉éré✱ ❏✳✱ ❘❛♦✉❧✱

❋✳✱ ❲❛♥❣✱ ❨✳✱ ❙❤✐✱ ❉✳✱ ❱✉✐tt♦♥✱ ❉✳✱ ✷✵✵✸✳ ■♥t❡r❛❝t✐♦♥ ❜❡t✇❡❡♥ ❧❛♥❞s❝❛♣❡ ❝❤❛♥❣❡s ❛♥❞ ❤♦st

❝♦♠♠✉♥✐t✐❡s ❝❛♥ r❡❣✉❧❛t❡ ❊❝❤✐♥♦❝♦❝❝✉s ♠✉❧t✐❧♦❝✉❧❛r✐s tr❛♥s♠✐ss✐♦♥✳ P❛r❛s✐t♦❧♦❣② ✶✷✼ ✭✶✮✱

✶✷✶✕✶✸✶✳

●✐r❛✉❞♦✉①✱ P✳✱ ❉❡❧❛ttr❡✱ P✳✱ ❍❛❜❡rt✱ ▼✳✱ ◗✉éré✱ ❏✳✱ ❉❡❜❧❛②✱ ❙✳✱ ❉❡❢❛✉t✱ ❘✳✱ ❉✉❤❛♠❡❧✱ ❘✳✱

▼♦✐ss❡♥❡t✱ ▼✳✱ ❙❛❧✈✐✱ ❉✳✱ ❚r✉❝❤❡t❡t✱ ❉✳✱ ✶✾✾✼✳ P♦♣✉❧❛t✐♦♥ ❞②♥❛♠✐❝s ♦❢ ❢♦ss♦r✐❛❧ ✇❛t❡r ✈♦❧❡

✭❆r✈✐❝♦❧❛ t❡rr❡str✐s s❝❤❡r♠❛♥✮: ❛ ❧❛♥❞ ✉s❡ ❛♥❞ ❧❛♥❞s❝❛♣❡ ♣❡rs♣❡❝t✐✈❡✳ ❆❣r✐❝✉❧t✉r❡✱ ❊❝♦s②s✲

t❡♠s ❛♥❞ ❊♥✈✐r♦♥♠❡♥t ✻✻✱ ✹✼✕✻✵✳

●✐r❛✉❞♦✉①✱ P✳✱ ❉❡❧❛ttr❡✱ P✳✱ ❚❛❦❛❤❛s❤✐✱ ❑✳✱ ❘❛♦✉❧✱ ❋✳✱ ◗✉éré✱ ❏✳✱ ❈r❛✐❣✱ P✳✱ ❱✉✐tt♦♥✱ ❉✳✱ ✷✵✵✷✳

❚r❛♥s♠✐ss✐♦♥ ❡❝♦❧♦❣② ♦❢ ❊❝❤✐♥♦❝♦❝❝✉s ♠✉❧t✐❧♦❝✉❧❛r✐s ✐♥ ✇✐❧❞❧✐❢❡: ✇❤❛t ❝❛♥ ❜❡ ❧❡❛r♥❡❞ ❢r♦♠

❝♦♠♣❛r❛t✐✈❡ st✉❞✐❡s ❛♥❞ ♠✉❧t✐s❝❛❧❡ ❛♣♣r♦❛❝❤❡s ❄ ■♥ ✿ ❈❡st♦❞❡ ③♦♦♥♦s❡s: ❊❝❤✐♥♦❝♦❝❝♦s✐s ❛♥❞

❈②st✐❝❡r❝♦s✐s✳ ❈r❛✐❣✱ P✳❙✳ ❛♥❞ P❛✇❧♦✇s❦✐✱ ❩✳✱ ■❖❙ Pr❡ss✱ ♣♣✳ ✷✺✶✕✷✻✻✳

●✐r❛✉❞♦✉①✱ P✳✱ P❧❡②❞❡❧❧✱ ❉✳✱ ❘❛♦✉❧✱ ❋✳✱ ◗✉éré✱ ❏✳✱ ❲❛♥❣✱ ◗✳✱ ❨❛♥❣✱ ❨✳✱ ❱✉✐tt♦♥✱ ❉✳✱ ◗✐✉✱ ❏✳✱ ❨❛♥❣✱

❲✳✱ ❈r❛✐❣✱ P✳✱ ✷✵✵✻✳ ❚r❛♥s♠✐ss✐♦♥ ❡❝♦❧♦❣② ♦❢ ❊❝❤✐♥♦❝♦❝❝✉s ♠✉❧t✐❧♦❝✉❧❛r✐s: ✇❤❛t ❛r❡ t❤❡ r❛♥❣❡s

♦❢ ♣❛r❛s✐t❡ st❛❜✐❧✐t② ❛♠♦♥❣ ✈❛r✐♦✉s ❤♦st ❝♦♠♠✉♥✐t✐❡s ✐♥ ❈❤✐♥❛ ❄ P❛r❛s✐t♦❧♦❣② ■♥t❡r♥❛t✐♦♥❛❧

✺✺✱ ✷✸✼✕✷✹✻✳

●✐r❛✉❞♦✉①✱ P✳✱ P❧❡②❞❡❧❧✱ ❉✳✱ ❘❛♦✉❧✱ ❋✳✱ ❱❛♥✐s❝♦tt❡✱ ❆✳✱ ■t♦✱ ❆✳✱ ❈r❛✐❣✱ P✳✱ ✷✵✵✼✳ ❊❝❤✐♥♦❝♦❝❝✉s

♠✉❧t✐❧♦❝✉❧❛r✐s : ✇❤② ❛r❡ ♠✉❧t✐❞✐s❝✐♣❧✐♥❛r② ❛♥❞ ♠✉❧t✐s❝❛❧❡ ❛♣♣r♦❛❝❤❡s ❡ss❡♥t✐❛❧ ✐♥ ✐♥❢❡❝t✐♦✉s

❞✐s❡❛s❡ ❡❝♦❧♦❣② ❄ ❚r♦♣✐❝❛❧ ▼❡❞✐❝✐♥❡ ❛♥❞ ❍❡❛❧t❤ ✸✺✱ ✷✾✸✕✷✾✾✳

●✐r❛✉❞♦✉①✱ P✳✱ ◗✉éré✱ ❏✳✱ ❉❡❧❛ttr❡✱ P✳✱ ❇❛♦✱ ●✳✱ ❲❛♥❣✱ ❳✳✱ ❙❤✐✱ ❉✳✱ ❱✉✐tt♦♥✱ ❉✳✱ ❈r❛✐❣✱ P✳✱ ✶✾✾✽✳

❉✐str✐❜✉t✐♦♥ ♦❢ s♠❛❧❧ ♠❛♠♠❛❧s ❛❧♦♥❣ ❛ ❞❡❢♦r❡st❛t✐♦♥ ❣r❛❞✐❡♥t ✐♥ s♦✉t❤❡r♥ ❣❛♥s✉✱ ❝❡♥tr❛❧

❈❤✐♥❛✳ ❆❝t❛ ❚❤❡♦❧♦❣✐❝❛ ✹✸ ✭✹✮✱ ✸✹✾✕✸✻✷✳

●✐r❛✉❞♦✉①✱ P✳✱ ❘❛♦✉❧✱ ❋✳✱ P❧❡②❞❡❧❧✱ ❉✳✱ ❈r❛✐❣✱ P✳✱ ✷✵✵✽✳ ▼✉❧t✐❞✐s❝✐♣❧✐♥❛r② st✉❞✐❡s✱ s②st❡♠s

❛♣♣r♦❛❝❤❡s ❛♥❞ ❡❝♦✲❡♣✐❞❡♠✐♦❧♦❣② : s♦♠❡t❤✐♥❣ ♦❧❞✱ s♦♠❡t❤✐♥❣ ♥❡✇✳ P❛r❛s✐t❡ ✶✺✱ ✹✻✾✕✹✼✻✳

●✐r❛✉❞♦✉①✱ P✳✱ ❱✉✐tt♦♥✱ ❉✳✱ ❇r❡ss♦♥✲❍❛❞♥✐✱ ❙✳✱ ❈r❛✐❣✱ P✳✱ ❇❛rt❤♦❧♦♠♦t✱ ❇✳✱ ❇❛r♥✐s❤✱ ●✳✱ ▲❛✲

♣❧❛♥t❡✱ ❏✳✱ ❙❤✐✱ ❉✳✱ ▲❡♥②s✱ ❉✳✱ ✶✾✾✻✳ ▼❛ss s❝r❡❡♥✐♥❣ ❛♥❞ ❡♣✐❞❡♠✐♦❧♦❣② ♦❢ ❛❧✈❡♦❧❛r ❡❝❤✐♥♦❝♦❝❝♦s✐s

✐♥ ❋r❛♥❝❡✱ ✇❡st❡r♥ ❡✉r♦♣❡ ❛♥❞ ❣❛♥s✉✱ ❝❡♥tr❛❧ ❈❤✐♥❛: ❢r♦♠ ❡♣✐❞❡♠✐♦❧♦❣② t♦✇❛r❞s tr❛♥s♠✐ss✐♦♥

✶✻✸



❡❝♦❧♦❣②✳ ■♥ ✿ ❯❝❤✐♥♦✱ ❏✳✱ ❙❛t♦✱ ◆✳ ✭❊❞s✳✮✱ ❆❧✈❡♦❧❛r ❊❝❤✐♥♦❝♦❝❝♦s✐s✱ ❙tr❛t❡❣② ❢♦r ❊r❛❞✐❝❛t✐♦♥ ♦❢

❆❧✈❡♦❧❛r ❊❝❤✐♥♦❝♦❝❝♦s✐s ✐♥ t❤❡ ▲✐✈❡r✳ ❋✉❥✐s❤♦✐♥✱ ❙❛♣♣♦r♦✱ ♣♣✳ ✶✾✼✕✷✶✶✳

●❧❛ss✱ ●✳✱ ❈❤❡❡❦✱ ❏✳✱ P❛t③✱ ❏✳✱ ❙❤✐❡❧❞s✱ ❚✳✱ ❉♦②❧❡✱ ❚✳✱ ❚❤♦r♦✉❣❤♠❛♥✱ ❉✳✱ ❍✉♥t✱ ❉✳✱ ❊♥s❝♦r❡✱ ❘✳✱

●❛❣❡✱ ❑✳✱ ■r❧❛♥❞✱ ❈✳✱ P❡t❡rs✱ ❈✳✱ ❇r②❛♥✱ ❘✳✱ ✷✵✵✵✳ ❯s✐♥❣ r❡♠♦t❡❧② s❡♥s❡❞ ❞❛t❛ t♦ ✐❞❡♥t✐❢② ❛r❡❛s

❛t r✐s❦ ❢♦r ❤❛♥t❛✈✐r✉s ♣✉❧♠♦♥❛r② s②♥❞r♦♠❡✳ ❊♠❡r❣✐♥❣ ■♥❢❡❝t✐♦✉s ❉✐s❡❛s❡s ✻ ✭✸✮✱ ✷✸✽✕✷✹✼✳

●♦ttst❡✐♥✱ ❇✳✱ ❙❛✉❝②✱ ❋✳✱ ❉❡♣❧❛③❡s✱ P✳✱ ❘❡✐❝❤❡♥✱ ❏✳✱ ❉❡♠✐❡rr❡✱ ●✳✱ ❇✉s❛t♦✱ ❆✳✱ ❩✉❡r❝❤❡r✱ ❈✳✱

P✉❣✐♥✱ P✳✱ ✷✵✵✶✳ ■s ❤✐❣❤ ♣r❡✈❛❧❡♥❝❡ ♦❢ ❊❝❤✐♥♦❝♦❝❝✉s ♠✉❧t✐❧♦❝✉❧❛r✐s ✐♥ ✇✐❧❞ ❛♥❞ ❞♦♠❡st✐❝ ❛♥✐♠❛❧s

❛ss♦❝✐❛t❡❞ ✇✐t❤ ❞✐s❡❛s❡ ✐♥❝✐❞❡♥❝❡ ✐♥ ❤✉♠❛♥s ❄ ❊♠❡r❣✐♥❣ ■♥❢❡❝t✐♦✉s ❉✐s❡❛s❡ ✼ ✭✸✮✳

●✉✐s❛♥✱ ❆✳✱ ❚❤✉✐❧❧❡r✱ ❲✳✱ ✷✵✵✺✳ Pr❡❞✐❝t✐♥❣ s♣❡❝✐❡s ❞✐str✐❜✉t✐♦♥: ♦✛❡r✐♥❣ ♠♦r❡ t❤❛♥ s✐♠♣❧❡ ❤❛❜✐t❛t

♠♦❞❡❧s✳ ❊❝♦❧♦❣② ▲❡tt❡rs ✽ ✭✾✮✱ ✾✾✸✕✶✵✵✾✳

●✉✐s❛♥✱ ❆✳✱ ❩✐♠♠❡r♠❛♥✱ ◆✳✱ ✷✵✵✵✳ Pr❡❞✐❝t✐✈❡ ❤❛❜✐t❛t ❞✐str✐❜✉t✐♦♥ ♠♦❞❡❧s ✐♥ ❡❝♦❧♦❣②✳ ❊❝♦❧♦❣✐❝❛❧

♠♦❞❡❧❧✐♥❣ ✶✸✺✱ ✶✹✼✕✶✽✻✳

●✉✐s❧❛✐♥✱ ▼✳✱ ✷✵✵✻✳ ❊t✉❞❡ à ❞✐✛ér❡♥t❡s ❢❡♥êtr❡s ❞❡ ♣❡r❝❡♣t✐♦♥✱ ❞❡s ❢❛❝t❡✉rs ✐♠♣❧✐q✉és ❞❛♥s ❧❛

tr❛♥s♠✐ss✐♦♥ ❞✬❊❝❤✐♥♦❝♦❝❝✉s ♠✉❧t✐❧♦❝✉❧❛r✐s✱ ♣❛r❛s✐t❡ r❡s♣♦♥s❛❜❧❡ ❞✬✉♥❡ ♠❛❧❛❞✐❡ é♠❡r❣❡♥t❡ :

❧✬é❝❤✐♥♦❝♦❝❝♦s❡ ❛❧✈é♦❧❛✐r❡✳ P❤✳❉✳ t❤❡s✐s✱ ❯♥✐✈❡rs✐té ❞❡ ❋r❛♥❝❤❡✲❈♦♠té✳

●✉♦✱ ◗✳✱ ❑❡❧❧②✱ ▼✳✱ ●r❛❤❛♠✱ ❈✳ ❍✳✱ ✷✵✵✺✳ ❙✉♣♣♦rt ✈❡❝t♦r ♠❛❝❤✐♥❡s ❢♦r ♣r❡❞✐❝t✐♥❣ ❞✐str✐❜✉t✐♦♥

♦❢ s✉❞❞❡♥ ♦❛❦ ❞❡❛t❤ ✐♥ ❝❛❧✐❢♦r♥✐❛✳ ❊❝♦❧♦❣✐❝❛❧ ▼♦❞❡❧❧✐♥❣ ✶✽✷ ✭✶✮✱ ✼✺ ✕ ✾✵✳

❍❛❝❤❛❝❦❛✱ ❲✳▼✳❛♥❞ ❈❛r✉❛♥❛✱ ❘✳✱ ❋✐♥❦✱ ❉✳✱ ▼✉♥s♦♥✱ ❆✳✱ ❘✐❡❞❡✇❛❧❞✱ ▼✳✱ ❙♦r♦❦✐♥❛✱ ❉✳✱ ❑❡❧❧✐♥❣✱

❙✳✱ ✷✵✵✼✳ ❉❛t❛✲♠✐♥✐♥❣ ❞✐s❝♦✈❡r② ♦❢ ♣❛tt❡r♥ ❛♥❞ ♣r♦❝❡ss ✐♥ ❡❝♦❧♦❣✐❝❛❧ s②st❡♠s✳ ❏♦✉r♥❛❧ ♦❢

❲✐❧❞❧✐❢❡ ▼❛♥❛❣❡♠❡♥t ✼✶ ✭✼✮✱ ✷✹✷✼✕✷✹✸✼✳

❍❛❧❧✱ ▲✳ ❙✳✱ ❑r❛✉s♠❛♥✱ P✳✱ ▼♦rr✐s♦♥✱ ▼✳✱ ✶✾✾✼✳ ❚❤❡ ❤❛❜✐t❛t ❝♦♥❝❡♣t ❛♥❞ ❛ ♣❧❡❛ ❢♦r st❛♥❞❛r❞

t❡r♠✐♥♦❧♦❣②✳ ❲✐❧❞❧✐❢❡ ❙♦❝✐❡t② ❇✉❧❧❡t✐♥ ✷✺✱ ✶✼✸✕✶✽✷✳

❍❛♥s❡♥✱ ❋✳✱ ❚❛❝❦♠❛♥♥✱ ❑✳✱ ❏❡❧ts❝❤✱ ❋✳✱ ❲✐ss❡❧✱ ❈✳✱ ❚❤✉❧❦❡✱ ❍✳✱ ✷✵✵✸✳ ❈♦♥tr♦❧❧✐♥❣ ❊❝❤✐♥♦❝♦❝❝✉s

♠✉❧t✐❧♦❝✉❧❛r✐s✲❡❝♦❧♦❣✐❝❛❧ ✐♠♣❧✐❝❛t✐♦♥s ♦❢ ✜❡❧❞ tr✐❛❧s✳ Pr❡✈❡♥t✐✈❡ ❱❡t❡r✐♥❛r② ▼❡❞✐❝✐♥❡ ✻✵ ✭✶✮✱

✾✶✕✶✵✺✳

❍❛ss❛♥✱ ❘✳✱ ❙❝❤♦❧❡s✱ ❘✳✱ ❆s❤✱ ❍✳✱ ✷✵✵✺✳ ❍✉♠❛♥ ❤❡❛❧t❤ ✿ ❊❝♦s②st❡♠ r❡❣✉❧❛t✐♦♥ ♦❢ ✐♥❢❡❝t✐♦✉s

❞✐s❡❛s❡s✳ ■♥ ✿ ❊♣st❡✐♥✱ P✳✱ ●✐t❤❡❦♦✱ ❆✳✱ ❘❛❜✐♥♦✈✐❝❤✱ ❏✳✱ ❲❡✐♥st❡✐♥✱ P✳ ✭❊❞s✳✮✱ ❊❝♦s②st❡♠s ❛♥❞

❤✉♠❛♥ ✇❡❧❧✲❜❡✐♥❣✳ ❲❍❖✱ ♣♣✳ ✸✾✶✕✹✶✶✳

❍❛st✐❡✱ ❚✳✱ ❚✐❜s❤✐r❛♥✐✱ ❘✳✱ ✶✾✾✵✳ ●❡♥❡r❛❧✐③❡❞ ❆❞❞✐t✐✈❡ ▼♦❞❡❧s✳ ❈❤❛♣♠❛♥ ❛♥❞ ❍❛❧❧✱ ◆❡✇ ❨♦r❦✱

✸✸✺ ♣✳

❍❛st✐❡✱ ❚✳✱ ❚✐❜s❤✐r❛♥✐✱ ❘✳✱ ✶✾✾✸✳ ❉✐s❝r✐♠✐♥❛♥t ❛♥❛❧②s✐s ❜② ❣❛✉ss✐❛♥ ♠✐①t✉r❡s✳ ❏♦✉r♥❛❧ ♦❢ t❤❡

❘♦②❛❧ ❙t❛t✐st✐❝❛❧ ❙♦❝✐❡t②✳ ❙❡r✐❡s ❇ ✭▼❡t❤♦❞♦❧♦❣✐❝❛❧✮ ✺✽ ✭✶✮✱ ✶✺✺✕✶✼✻✳

❍❛st✐❡✱ ❚✳✱ ❚✐❜s❤✐r❛♥✐✱ ❘✳✱ ❇✉❥❛✱ ❆✳✱ ✶✾✾✹✳ ❋❧❡①✐❜❧❡ ❞✐s❝r✐♠✐♥❛♥t ❛♥❛❧②s✐s ❜② ♦♣t✐♠❛❧ s❝♦r✐♥❣✳

❏♦✉r♥❛❧ ♦❢ t❤❡ ❆♠❡r✐❝❛♥ ❙t❛t✐st✐❝❛❧ ❆ss♦❝✐❛t✐♦♥ ✽✾ ✭✹✷✽✮✱ ✶✷✺✺✕✶✷✼✵✳

❍❛st✐❡✱ ❚✳✱ ❚✐❜s❤✐r❛♥✐✱ ❘✳✱ ❋r✐❡❞♠❛♥✱ ❏✳ ❍✳✱ ❆✉❣✉st ✷✵✵✶✳ ❚❤❡ ❊❧❡♠❡♥ts ♦❢ ❙t❛t✐st✐❝❛❧ ▲❡❛r♥✐♥❣✳

❙♣r✐♥❣❡r✲❱❡r❧❛❣✳
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❛♣♣❧✐❝❛t✐♦♥✳ ❆❞✈❛♥❝❡s ✐♥ ♣❛r❛s✐t♦❧♦❣② ✹✼✱ ✶✕✸✺✳

❍❛②❞♦♥✱ ❉✳ ❚✳✱ ✷✵✵✽✳ ❈r♦ss✲❞✐s❝✐♣❧✐♥❛r② ❞❡♠❛♥❞s ♦❢ ♠✉❧t✐❤♦st ♣❛t❤♦❣❡♥s✳ ❏♦✉r♥❛❧ ♦❢ ❆♥✐♠❛❧

❊❝♦❧♦❣② ✼✼✱ ✶✵✼✾✕✶✵✽✶✭✸✮✳

❍❡✱ ❏✳✱ ◗✐✉✱ ❏✳✱ ▲✐✉✱ ❋✳✱ ❈❤❡♥✱ ❳✳✱ ▲✐✉✱ ❉✳✱ ❈❤❡♥✱ ❲✳✱ ✷✵✵✵✳ ❊♣✐❞❡♠✐♦❧♦❣✐❝❛❧ s✉r✈❡② ♦♥ ❤②❞❛t✐❞♦s✐s

✐♥ t✐❜❡t❛♥ r❡❣✐♦♥ ♦❢ ✇❡st❡r♥ s✐❝❤✉❛♥: ✐✐✳ ✐♥❢❡❝t✐♦♥ s✐t✉❛t✐♦♥ ❛♠♦♥❣ ❞♦♠❡st✐❝ ❛♥❞ ✇✐❧❞ ❛♥✐♠❛❧s✳

❈❤✐♥❡s❡ ❏♦✉r♥❛❧ ♦❢ ❩♦♦❧♦❣② ✺✳

❍❡❣❣❧✐♥✱ ❉✳✱ ❇♦♥t❛❞✐♥❛✱ ❋✳✱ ❈♦♥t❡ss❡✱ P✳✱ ●❧♦♦r✱ ❙✳✱ ❉❡♣❧❛③❡s✱ P✳✱ ✷✵✵✼✳ P❧❛st✐❝✐t② ♦❢ ♣r❡❞❛t✐♦♥

❜❡❤❛✈✐♦✉r ❛s ❛ ♣✉t❛t✐✈❡ ❞r✐✈✐♥❣ ❢♦r❝❡ ❢♦r ♣❛r❛s✐t❡ ❧✐❢❡✲❝②❝❧❡ ❞②♥❛♠✐❝s: t❤❡ ❝❛s❡ ♦❢ ✉r❜❛♥ ❢♦①❡s

❛♥❞ ❊❝❤✐♥♦❝♦❝❝✉s ♠✉❧t✐❧♦❝✉❧❛r✐s t❛♣❡✇♦r♠✳ ❋✉♥❝t✐♦♥❛❧ ❊❝♦❧♦❣② ✷✶✱ ✺✺✷✕✺✻✵✭✾✮✳

❍✐r③❡❧✱ ❆✳✱ ●✉✐s❛♥✱ ❆✳✱ ✷✵✵✷✳ ❲❤✐❝❤ ✐s t❤❡ ♦♣t✐♠❛❧ s❛♠♣❧✐♥❣ str❛t❡❣② ❢♦r ❤❛❜✐t❛t s✉✐t❛❜✐❧✐t②

♠♦❞❡❧❧✐♥❣✳ ❊❝♦❧♦❣✐❝❛❧ ▼♦❞❡❧❧✐♥❣ ✶✺✼ ✭✼✮✱ ✸✸✶✕✸✹✶✳

❍✐r③❡❧✱ ❆✳✱ ❍❛✉ss❡r✱ ❏✳✱ ❈❤❡ss❡❧✱ ❉✳✱ P❡rr✐♥✱ ◆✳✱ ✷✵✵✷✳ ❊❝♦❧♦❣✐❝❛❧ ♥✐❝❤❡ ❢❛❝t♦r ❛♥❛❧②s✐s: ❤♦✇ t♦

❝♦♠♣✉t❡ ❤❛❜✐t❛t✲s✉✐t❛❜✐❧✐t② ♠❛♣s ✇✐t❤♦✉t ❛❜s❡♥❝❡ ❞❛t❛ ❄ ❊❝♦❧♦❣② ✽✸ ✭✼✮✱ ✷✵✷✼✕✷✵✸✻✳

❍♦❢❡r✱ ❙✳✱ ●❧♦♦r✱ ❙✳✱ ▼✉❧❧❡r✱ ❯✳✱ ▼❛t❤✐s✱ ❆✳✱ ❍❡❣❣❧✐♥✱ ❉✳✱ ❉❡♣❧❛③❡s✱ P✳✱ ✷✵✵✵✳ ❍✐❣❤ ♣r❡✈❛❧❡♥❝❡ ♦❢

❊❝❤✐♥♦❝♦❝❝✉s ♠✉❧t✐❧♦❝✉❧❛r✐s ✐♥ ✉r❜❛♥ r❡❞ ❢♦①❡s ✭❱✉❧♣❡s ✈✉❧♣❡s✮ ❛♥❞ ✈♦❧❡s ✭❛r✈✐❝♦❧❛ t❡rr❡str✐s✮
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❙❝❤❛♥t③✱ P✳✱ ✷✵✵✸✳ ❈♦♥tr♦❧ ♦❢ ❡❝❤✐♥♦❝♦❝❝♦s✐s ❛♥❞ ❝②st✐❝❡r❝♦s✐s: ❛ ♣✉❜❧✐❝ ❤❡❛❧t❤ ❝❤❛❧❧❡♥❣❡ t♦
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❏♦❤♥s♦♥✱ ❏✳✱ ✷✵✵✹✳ ▼♦❞❡❧ s❡❧❡❝t✐♦♥ ✐♥ ❡❝♦❧♦❣② ❛♥❞ ❡✈♦❧✉t✐♦♥✳ ❚r❡♥❞s ✐♥ ❊❝♦❧♦❣② ✫ ❊✈♦❧✉t✐♦♥
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❝♦♠♠✉♥✐t② str✉❝t✉r❡ ❞r✐✈❡s ♣❛r❛s✐t❡ tr❛♥s♠✐ss✐♦♥ ❛♥❞ ❤♦st ✜t♥❡ss✳ ❊❝♦❧♦❣② ▲❡tt❡rs ✶✶✱ ✶✵✶✼✕
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❑❛r❡✐✈❛✱ P✳✱ ❖❞❡❧❧✱ ●✳✱ ✶✾✽✼✳ ❙✇❛r♠s ♦❢ ♣r❡❞❛t♦rs ❡①❤✐❜✐t ✧♣r❡②t❛①✐s✧ ✐❢ ✐♥❞✐✈✐❞✉❛❧ ♣r❡❞❛t♦rs

✉s❡ ❛r❡❛✲r❡str✐❝t❡❞ s❡❛r❝❤✳ ❚❤❡ ❆♠❡r✐❝❛♥ ◆❛t✉r❛❧✐st ✶✸✵ ✭✷✮✱ ✷✸✸✳

❑❛✉❤❛❧❛✱ ❑✳✱ ❍♦❧♠❛❧❛✱ ❑✳✱ ✷✵✵✻✳ ❈♦♥t❛❝t r❛t❡ ❛♥❞ r✐s❦ ♦❢ r❛❜✐❡s s♣r❡❛❞ ❜❡t✇❡❡♥ ♠❡❞✐✉♠✲s✐③❡

❝❛r♥✐✈♦r❡s ✐♥ s♦✉t❤❡❛st ✜♥❧❛♥❞✳ ❆♥♥❛❧❡s ❩♦♦❧♦❣✐❝✐ ❋❡♥♥✐❝✐ ✹✸✱ ✸✹✽✕✸✺✼✳

✶✻✺



❑❡❛r♥❡②✱ ▼✳✱ ✷✵✵✻✳ ❍❛❜✐t❛t✱ ❡♥✈✐r♦♥♠❡♥t ❛♥❞ ♥✐❝❤❡: ✇❤❛t ❛r❡ ✇❡ ♠♦❞❡❧❧✐♥❣ ❄ ❖✐❦♦s ✶✶✺✱ ✶✽✻✕✶✾✶✳

❑❡❡s✐♥❣✱ ❋✳✱ ❍♦❧t✱ ❘✳ ❉✳✱ ❖st❢❡❧❞✱ ❘✳ ❙✳✱ ❆♣r✐❧ ✷✵✵✻✳ ❊✛❡❝ts ♦❢ s♣❡❝✐❡s ❞✐✈❡rs✐t② ♦♥ ❞✐s❡❛s❡ r✐s❦✳

❊❝♦❧♦❣② ▲❡tt❡rs ✾ ✭✹✮✱ ✹✽✺✕✹✾✽✳

❑✐tr♦♥✱ ❯✳✱ ✶✾✾✽✳ ▲❛♥❞s❝❛♣❡ ❡❝♦❧♦❣② ❛♥❞ ❡♣✐❞❡♠✐♦❧♦❣② ♦❢ ✈❡❝t♦r✲❜♦r♥❡ ❞✐s❡❛s❡s: t♦♦❧s ❢♦r s♣❛t✐❛❧

❛♥❛❧②s✐s✳ ❏♦✉r♥❛❧ ♦❢ ▼❡❞✐❝❛❧ ❊♥t♦♠♦❧♦❣② ✸✺ ✭✶✶✮✱ ✹✸✺✕✹✹✺✳

❑✐tr♦♥✱ ❯✳✱ ✷✵✵✵✳ ❘✐s❦ ♠❛♣s: tr❛♥s♠✐ss✐♦♥ ❛♥❞ ❜✉r❞❡♥ ♦❢ ✈❡❝t♦r✲❜♦r♥❡ ❞✐s❡❛s❡s✳ P❛r❛s✐t♦❧♦❣②

❚♦❞❛② ✶✻ ✭✽✮✳

❑r❡❜s✱ ❏✳✱ ✶✾✼✽✳ ❖♣t✐♠❛❧ ❢♦r❛❣✐♥❣: ❞❡❝✐s✐♦♥ r✉❧❡s ❢♦r ♣r❡❞❛t♦rs✳ ■♥ ✿ ❑r❡❜s✱ ❏✳✱ ❉❛✈✐❡s✱ ◆✳ ✭❊❞s✳✮✱

❇❡❤❛✈✐♦✉r❛❧ ❡❝♦❧♦❣②✱ ❛♥ ❡✈♦❧✉t✐♦♥❛r② ❛♣♣r♦❛❝❤✳ ❇❧❛❝❦✇❡❧❧ ❙❝✐❡♥t✐✜❝ P✉❜❧✐s❤❡r✳

▲❛✐✱ ❈✳✱ ❙♠✐t❤✱ ❆✳✱ ✷✵✵✸✳ ❑❡②st♦♥❡ st❛t✉s ♦❢ ♣❧❛t❡❛✉ ♣✐❦❛s ✭❖❝❤♦t♦♥❛ ❝✉r③♦♥✐❛❡✮: ❡✛❡❝t ♦❢ ❝♦♥tr♦❧

♦♥ ❜✐♦❞✐✈❡rs✐t② ♦❢ ♥❛t✐✈❡ ❜✐r❞s✳ ❇✐♦❞✐✈❡rs ❈♦♥s❡r✈❛t✐♦♥ ✶✷✱ ✶✾✵✶✕✶✷✳

▲❛♥❣❧♦✐s✱ ❏✳✱ ❋❛❤r✐❣✱ ▲✳✱ ▼❡rr✐❛♠✱ ●✳✱ ❆rts♦❜✱ ❍✳✱ ✷✵✵✶✳ ▲❛♥❞s❝❛♣❡ str✉❝t✉r❡ ✐♥✢✉❡♥❝❡s ❝♦♥t✐✲

♥❡♥t❛❧ ❞✐str✐❜✉t✐♦♥ ♦❢ ❤❛♥t❛✈✐r✉s ✐♥ ❞❡❡r ♠✐❝❡✳ ▲❛♥❞s❝❛♣❡ ❊❝♦❧♦❣② ✶✻✳

▲❡❛t❤✇✐❝❦✱ ❏✳✱ ❊❧✐t❤✱ ❏✳✱ ❍❛st✐❡✱ ❚✳✱ ✷✵✵✻✳ ❈♦♠♣❛r❛t✐✈❡ ♣❡r❢♦r♠❛♥❝❡ ♦❢ ❣❡♥❡r❛❧✐③❡❞ ❛❞❞✐t✐✈❡

♠♦❞❡❧s ❛♥❞ ♠✉❧t✐✈❛r✐❛t❡ ❛❞❛♣t❛t✐✈❡ r❡❣r❡ss✐♦♥ s♣❧✐♥❡s ❢♦r st❛t✐st✐❝❛❧ ♠♦❞❡❧❧✐♥❣ ♦❢ s♣❡❝✐❡s

❞✐str✐❜✉t✐♦♥s✳ ❊❝♦❧♦❣✐❝❛❧ ▼♦❞❡❧❧✐♥❣ ✶✾✾✱ ✶✽✽✕✶✾✻✳

▲❡❣❡♥❞r❡✱ P✳✱ ▲❡❣❡♥❞r❡✱ ▲✳✱ ✶✾✾✽✳ ◆✉♠❡r✐❝❛❧ ❊❝♦❧♦❣②✳ ✷♥❞ ❡❞✳ ❊❧s❡✈✐❡r ❙❝✐❡♥❝❡ ❇✳❱✱ ❆♠st❡r❞❛♠✳

▲✐✱ ❚✳✱ ❈❤❡♥❛✱ ❳✳✱ ❩❤❡♥❜✱ ❘✳✱ ◗✐✉✱ ❏✳✱ ◗✐✉✱ ❉✳✱ ❳✐❛♦✱ ◆✳✱ ■t♦✱ ❆✳✱ ❲❛♥❣✱ ❍✳✱ ●✐r❛✉❞♦✉①✱ P✳✱ ❙❛❦♦✱

❨✳✱ ◆❛❦❛♦✱ ▼✳✱ ❈r❛✐❣✱ P✳✱ ❙✉❜♠✐tt❡❞✳ ❲✐❞❡s♣r❡❛❞ ❝♦✲❡♥❞❡♠✐❝✐t② ♦❢ ❤✉♠❛♥ ❝②st✐❝ ❛♥❞ ❛❧✈❡♦❧❛r

❡❝❤✐♥♦❝♦❝❝♦s✐s ♦♥ t❤❡ ❡❛st❡r♥ t✐❜❡t❛♥ ♣❧❛t❡❛✉✱ ❈❤✐♥❛✳ ❆❝t❛ ❚r♦♣✐❝❛✳

▲✐♥❛r❞✱ ❈✳✱ ❚❡rs❛❣♦✱ ❑✳✱ ▲❡✐rs✱ ❍✳✱ ▲❛♠❜✐♥✱ ❊✳✱ ✷✵✵✼✳ ❊♥✈✐r♦♥♠❡♥t❛❧ ❝♦♥❞✐t✐♦♥s ❛♥❞ ♣✉✉♠❛❧❛

✈✐r✉s tr❛♥s♠✐ss✐♦♥ ✐♥ ❇❡❧❣✐✉♠✳ ■♥t❡r♥❛t✐♦♥❛❧ ❏♦✉r♥❛❧ ♦❢ ❍❡❛❧t❤ ●❡♦❣r❛♣❤✐❝s ✻ ✭✶✮✱ ✺✺✳

▲✐✉✱ ❋✳✱ ✶✾✾✸✳ Pr❡✈❛❧❡♥❝❡ ♦❢ ❊❝❤✐♥♦❝♦❝❝✉s ❣r❛♥✉❧♦s✉s ✐♥ ❞♦❣s ✐♥ t❤❡ ❳✐♥❥✐❛♥❣ ❯②❣✉r ❆✉t♦♥♦♠♦✉s

❘❡❣✐♦♥✱ ♣r❝✳ ■♥ ✿ ❆♥❞❡rs❡♥✱ ❋✳ ▲✳ ✭❊❞✳✮✱ ❈♦♠♣❡♥❞✐✉♠ ♦♥ ❈②st✐❝ ❊❝❤✐♥♦❝♦❝❝♦s✐s ✇✐t❤ ❙♣❡❝✐❛❧

❘❡❢❡r❡♥❝❡ t♦ t❤❡ ❳✐♥❥✐❛♥❣ ❯②❣✉r ❆✉t♦♥♦♠♦✉s ❘❡❣✐♦♥✱❚❤❡ P❡♦♣❧❡ ❘❡♣✉❜❧✐❝ ♦❢ ❈❍✐♥❛✳ Pr♦✈♦✱

❯t❛❤✱ ❇r✐❣❤❛♠ ❨♦✉♥❣ ❯♥✐✈❡rs✐t②✱ ♣♣✳ ✶✻✽✕✶✼✻✳

▼❛❝❈✉❧❧❛❣✱ ◆❡❧❞❡r✱ ✶✾✽✾✳ ●❡♥❡r❛❧✐③❡❞ ▲✐♥❡❛r ▼♦❞❡❧s✳ ✷♥❞ ❡❞✳ ▲♦♥❞♦♥: ❈❤❛♣♠❛♥ ❛♥❞ ❍❛❧❧✳

▼❛❝♣❤❡rs♦♥✱ ❈✳✱ ✷✵✵✺✳ ❍✉♠❛♥ ❜❡❤❛✈✐♦✉r ❛♥❞ t❤❡ ❡♣✐❞❡♠✐♦❧♦❣② ♦❢ ♣❛r❛s✐t✐❝ ③♦♦♥♦s❡s✳ ■♥t❡r♥❛✲

t✐♦♥❛❧ ❏♦✉r♥❛❧ ❢♦r P❛r❛s✐t♦❧♦❣② ✸✺✱ ✶✸✶✾✕✶✸✸✶✳

▼❛❝♣❤❡rs♦♥✱ ❈✳✱ ❈r❛✐❣✱ P✳✱ ✷✵✵✺✳ ❉♦❣s ❛♥❞ ❝❡st♦❞❡ ③♦♦♥♦s❡s✳ ■♥ ✿ ❉♦❣s✱ ❩♦♦♥♦s❡s ❛♥❞ P✉❜❧✐❝

❍❡❛❧t❤✳ ❱♦❧✳ ✸✺✳ ❈❆❇■ P✉❜❧✐s❤✐♥❣✱ ❯❑✱ ❈❤✳ ✼✱ ♣♣✳ ✶✼✼✕✷✶✶✳

▼❛r❝❤✱ ❉✳✱ ❙✉ss❡r✱ ❊✳✱ ✷✵✵✻✳ ❚❤❡ ❡❝♦✲ ✐♥ ❡❝♦✲❡♣✐❞❡♠✐♦❧♦❣②✳ ■♥t❡r♥❛t✐♦♥❛❧ ❏♦✉r♥❛❧ ♦❢ ❊♣✐❞❡♠✐♦❧♦❣②

✸✺ ✭✻✮✱ ✶✸✼✾✕✶✸✽✸✳

✶✻✻



▼❛rst♦♥✱ ❈✳✱ ✷✵✵✽✳ ❙♣❛t✐❛❧ ♠♦❞❡❧❧✐♥❣ ♦❢ s♠❛❧❧ ♠❛♠♠❛❧ ❞✐str✐❜✉t✐♦♥s ✐♥ r❡❧❛t✐♦♥ t♦ ♣❛r❛s✐t❡

tr❛♥s♠✐ss✐♦♥ ✐♥ ✇❡st❡r♥ ❈❍✐♥❛✳ ❚❤❡s✐s r❡♣♦rt✱ ❙❝❤♦♦❧ ♦❢ ❊♥✈✐r♦♥♠❡♥t ❛♥❞ ▲✐❢❡ ❙❝✐❡♥❝❡s

❯♥✐✈❡rs✐t② ♦❢ ❙❛❧❢♦r❞✱ ❙❛❧❢♦r❞✱ ❯❑✳

▼❛rt✐♥✱ ❚✳ ●✳✱ ❑✉❤♥❡rt✱ P✳ ▼✳✱ ▼❡♥❣❡rs❡♥✱ ❑✳✱ P♦ss✐♥❣❤❛♠✱ ❍✳ P✳✱ ✷✵✵✺✳ ❚❤❡ ♣♦✇❡r ♦❢ ❡①♣❡rt

♦♣✐♥✐♦♥ ✐♥ ❡❝♦❧♦❣✐❝❛❧ ♠♦❞❡❧s ✉s✐♥❣ ❜❛②❡s✐❛♥ ♠❡t❤♦❞s: ✐♠♣❛❝t ♦❢ ❣r❛③✐♥❣ ♦♥ ❜✐r❞s✳ ❊❝♦❧♦❣✐❝❛❧

❆♣♣❧✐❝❛t✐♦♥s ✶✺ ✭✶✮✱ ✷✻✻✕✷✽✵✳

▼❝P❤❡rs♦♥✱ ❏✳ ▼✳✱ ❏❡t③✱ ❲✳✱ ❘♦❣❡rs✱ ❉✳ ❏✳✱ ✷✵✵✻✳ ❯s✐♥❣ ❝♦❛rs❡✲❣r❛✐♥❡❞ ♦❝❝✉rr❡♥❝❡ ❞❛t❛ t♦ ♣r❡✲

❞✐❝t s♣❡❝✐❡s ❞✐str✐❜✉t✐♦♥s ❛t ✜♥❡r s♣❛t✐❛❧ r❡s♦❧✉t✐♦♥s✕♣♦ss✐❜✐❧✐t✐❡s ❛♥❞ ❧✐♠✐t❛t✐♦♥s✳ ❊❝♦❧♦❣✐❝❛❧

▼♦❞❡❧❧✐♥❣ ✶✾✷ ✭✸✲✹✮✱ ✹✾✾ ✕ ✺✷✷✳

▼❡r❧❡r✱ ❙✳✱ ❋✉r❧❛♥❡❧❧♦✱ ❈✳✱ ❈❤❡♠✐♥✐✱ ❈✳✱ ◆✐❝♦❧✐♥✐✱ ●✳✱ ✶✾✾✻✳ ❈❧❛ss✐✜❝❛t✐♦♥ tr❡❡ ♠❡t❤♦❞s ❢♦r ❛♥❛❧②s✐s

♦❢ ♠❡s♦s❝❛❧❡ ❞✐str✐❜✉t✐♦♥ ♦❢ ✐①♦❞❡① r✐❝✐♥✉s ✭❛❝❛r✐: ✐①♦❞✐❞❛❡✮ ✐♥ tr❡♥t✐♥♦✱ ✐t❛❧✐❛♥ ❛❧♣s✳ ❏♦✉r♥❛❧

♦❢ ▼❡❞✐❝❛❧ ❊♥t♦♠♦❧♦❣② ✸✸ ✭✻✮✱ ✽✽✽✕✽✾✸✳

❯❘▲ ❤tt♣:✴✴♠♣❛✳✐t❝✳✐t✴♣❛♣❡rs✴♠❡r❧❡r✶✾✾✻❝❧❛ss✐❢❝❛t✐♦♥✳♣❞❢

▼✐❝❤❡❧✱ ◆✳✱ ❇✉r❡❧✱ ❋✳✱ ▲❡❣❡♥❞r❡✱ P✳✱ ❇✉t❡t✱ ❆✳✱ ✷✵✵✼✳ ❘♦❧❡ ♦❢ ❤❛❜✐t❛t ❛♥❞ ❧❛♥❞s❝❛♣❡ ✐♥ str✉❝✲

t✉r✐♥❣ s♠❛❧❧ ♠❛♠♠❛❧ ❛ss❡♠❜❧❛❣❡s ✐♥ ❤❡❞❣❡r♦✇ ♥❡t✇♦r❦s ♦❢ ❝♦♥tr❛st❡❞ ❢❛r♠✐♥❣ ❧❛♥❞s❝❛♣❡s ✐♥

❜r✐tt❛♥②✱ ❋r❛♥❝❡✳ ▲❛♥❞s❝❛♣❡ ❊❝♦❧♦❣② ✷✷✱ ✶✷✹✶✕✶✷✺✸✳

▼✐❧♥❡r✲●✉❧❧❛♥❞✱ ❊✳✱ ❚♦r❣❡rs♦♥✱ P✳✱ ❙❤❛✐❦❡♥♦✈✱ ❇✳✱ ▼♦r❣❛♥✱ ❊✳✱ ✷✵✵✹✳ ❚❤❡ t❛♣❡✇♦r♠ ❊❝❤✐♥♦❝♦❝❝✉s

♠✉❧t✐❧♦❝✉❧❛r✐s ✐♥ ❦❛③❛❦❤st❛♥: tr❛♥s♠✐ss✐♦♥ ❞②♥❛♠✐❝s ✐♥ ❛ ♣❛t❝❤② ❡♥✈✐r♦♥♠❡♥t✳ ■♥ ✿ ❆❦❝❛❦❛②❛✱

❍✳✱ ❇✉r❣♠❛♥✱ ▼✳✱ ❑✐♥❞✈❛❧❧✱ ❖✳✱ ❲♦♦❞✱ ❈✳✱ ❙❥♦❣r❡♥✲●✉❧✈❡✱ P✳✱ ❍❛t✜❡❧❞✱ ❏✳❙✳ ❛♥s ▼❝❈❛rt❤②✱

▼✳ ✭❊❞s✳✮✱ ❙♣❡❝✐❡s ❝♦♥s❡r✈❛t✐♦♥ ❛♥❞ ♠❛♥❛❣❡♠❡♥t✳❈❛s❡ st✉❞✐❡s✳ ❖①❢♦r❞ ❯♥✐✈ Pr❡ss✱ ❖①❢♦r❞✱

♣♣✳ ✶✼✾✕✶✽✾✳

▼✐t❡r♣❛❦♦✈❛✱ ▼✳✱ ❉✉❜✐♥s❦②✱ P✳✱ ❘❡✐t❡r♦✈❛✱ ❑✳✱ ▼❛❝❤❦♦✈❛✱ ◆✳✱ ❱❛r❛❞②✱ ▼✳✱ ❙♥❛❜❡❧✱ ❱✳✱ ✷✵✵✸✳

❙♣❛t✐❛❧ ❛♥❞ t❡♠♣♦r❛❧ ❛♥❛❧②s✐s ♦❢ t❤❡ ❊❝❤✐♥♦❝♦❝❝✉s ♠✉❧t✐❧♦❝✉❧❛r✐s ♦❝❝✉rr❡♥❝❡ ✐♥ t❤❡ ❙❧♦✈❛❦

r❡♣✉❜❧✐❝✳ ❍❡❧♠✐♥t❤♦❧♦❣✐❛ ✹✵ ✭✹✮✱ ✷✶✼✕✷✷✻✳

▼❥♦❧s♥❡ss✱ ❊✳✱ ❉❡❈♦st❡✱ ❉✳✱ ✷✵✵✶✳ ▼❛❝❤✐♥❡ ▲❡❛r♥✐♥❣ ❢♦r ❙❝✐❡♥❝❡: ❙t❛t❡ ♦❢ t❤❡ ❆rt ❛♥❞ ❋✉t✉r❡

Pr♦s♣❡❝ts✳ ❙❝✐❡♥❝❡ ✷✾✸ ✭✺✺✸✼✮✱ ✷✵✺✶✕✷✵✺✺✳

▼♦✐s❡♥✱ ●✳ ●✳✱ ❋r❡s❝✐♥♦✱ ❚✳ ❙✳✱ ✷✵✵✷✳ ❈♦♠♣❛r✐♥❣ ✜✈❡ ♠♦❞❡❧❧✐♥❣ t❡❝❤♥✐q✉❡s ❢♦r ♣r❡❞✐❝t✐♥❣ ❢♦r❡st

❝❤❛r❛❝t❡r✐st✐❝s✳ ❊❝♦❧♦❣✐❝❛❧ ▼♦❞❡❧❧✐♥❣ ✶✺✼ ✭✷✲✸✮✱ ✷✵✾✕✷✷✺✳

▼♦❧✐♥❛r♦✱ ❆✳ ▼✳✱ ❙✐♠♦♥✱ ❘✳✱ P❢❡✐✛❡r✱ ❘✳ ▼✳✱ ✷✵✵✺✳ Pr❡❞✐❝t✐♦♥ ❡rr♦r ❡st✐♠❛t✐♦♥: ❛ ❝♦♠♣❛r✐s♦♥ ♦❢

r❡s❛♠♣❧✐♥❣ ♠❡t❤♦❞s✳ ❇✐♦✐♥❢♦r♠❛t✐❝s ✷✶ ✭✶✺✮✱ ✸✸✵✶✕✸✸✵✼✳

▼♦r❛❧❡s✱ ❏✳ ▼✳✱ ❍❛②❞♦♥✱ ❉✳ ❚✳✱ ❋r❛✐r✱ ❏✳✱ ❍♦❧s✐♥❣❡r✱ ❑✳ ❊✳✱ ❋r②①❡❧❧✱ ❏✳ ▼✳✱ ✷✵✵✹✳ ❊①tr❛❝t✐♥❣ ♠♦r❡

♦✉t ♦❢ r❡❧♦❝❛t✐♦♥ ❞❛t❛: ❜✉✐❧❞✐♥❣ ♠♦✈❡♠❡♥t ♠♦❞❡❧s ❛s ♠✐①t✉r❡s ♦❢ r❛♥❞♦♠ ✇❛❧❦s✳ ❊❝♦❧♦❣②

✽✺ ✭✾✮✱ ✷✹✸✻✕✷✹✹✺✳

▼♦r❡②✱ ❉✳✱ ✶✾✾✹✳ ❚❤❡ ❡❛r❧② ❡✈♦❧✉t✐♦♥ ♦❢ t❤❡ ❞♦♠❡st✐❝ ❞♦❣✳ ❙❝✐❡♥t✐✜❝ ❆♠❡r✐❝❛♥✱ ✸✸✻✕✸✹✼✳

▼♦r❣❛♥✱ ❊✳✱ ▼✐❧♥❡r✲●✉❧❧❛♥❞✱ ❊✳✱ ❚♦r❣❡rs♦♥✱ P✳✱ ▼❡❞❧❡②✱ ●✳✱ ✷✵✵✹✳ ❘✉♠✐♥❛t✐♥❣ ♦♥ ❝♦♠♣❧❡①✐t②:

♠❛❝r♦♣❛r❛s✐t❡s ♦❢ ✇✐❧❞❧✐❢❡ ❛♥❞ ❧✐✈❡st♦❝❦✳ ❚❘❊◆❉❙ ✐♥ ❊❝♦❧♦❣② ❛♥❞ ❊✈♦❧✉t✐♦♥ ✶✾ ✭✹✮✱ ✶✽✶✕✶✽✽✳

✶✻✼



▼✉r♣❤②✱ ❍✳ ❚✳✱ ▲♦✈❡tt✲❉♦✉st✱ ❏✳✱ ✷✵✵✼✳ ❆❝❝♦✉♥t✐♥❣ ❢♦r r❡❣✐♦♥❛❧ ♥✐❝❤❡ ✈❛r✐❛t✐♦♥ ✐♥ ❤❛❜✐t❛t

s✉✐t❛❜✐❧✐t② ♠♦❞❡❧s✳ ❖✐❦♦s ✶✶✻✱ ✾✾✕✶✶✵✭✶✷✮✳

▼✉rr❛②✱ ❏✳✱ ●♦❧❞✐③❡♥✱ ❆✳✱ ❖✬▲❡❛r②✱ ❘✳✱ ▼❝❆❧♣✐♥❡✱ ❈✳✱ P♦ss✐♥❣❤❛♠✱ ❍✳✱ ❙✳✱ ▲✳ ❈✳✱ ✷✵✵✾✳ ❍♦✇ ✉s❡❢✉❧

✐s ❡①♣❡rt ♦♣✐♥✐♦♥ ❢♦r ♣r❡❞✐❝t✐♥❣ t❤❡ ❞✐str✐❜✉t✐♦♥ ♦❢ ❛ s♣❡❝✐❡s ✇✐t❤✐♥ ❛♥❞ ❜❡②♦♥❞ t❤❡ r❡❣✐♦♥

♦❢ ❡①♣❡rt✐s❡ ❄ ❛ ❝❛s❡ st✉❞② ✉s✐♥❣ ❜r✉s❤✲t❛✐❧❡❞ r♦❝❦✲✇❛❧❧❛❜✐❡s P❡tr♦❣❛❧❡ ♣❡♥✐❝✐❧❧❛t❛✳ ❏♦✉r♥❛❧ ♦❢

❆♣♣❧✐❡❞ ❊❝♦❧♦❣② ✹✻✱ ✽✹✷✕✽✺✶✳

❖❦✉❜♦✱ ❆✳✱ ▲❡✈✐♥✱ ❙✳✱ ✷✵✵✶✳ ❉✐✛✉s✐♦♥ ❛♥❞ ❡❝♦❧♦❣✐❝❛❧ ♣r♦❜❧❡♠s: ♠♦❞❡r♥ ♣❡rs♣❡❝t✐✈❡s✳ ❙♣r✐♥❣❡r

❱❡r❧❛❣ ●▼❇❍✳

❖❧❞❡♥✱ ❏✳✱ ✷✵✵✸✳ ❙♣❡❝✐❡s✲s♣❡❝✐✜❝ ❛♣♣r♦❛❝❤ t♦ ♠♦❞❡❧❧✐♥❣ ❜✐♦❧♦❣✐❝❛❧ ❝♦♠♠✉♥✐t✐❡s ❛♥❞ ✐ts ♣♦t❡♥t✐❛❧

❢♦r ❝♦♥s❡r✈❛t✐♦♥✳ ❈♦♥s❡r✈❛t✐♦♥ ❇✐♦❧♦❣② ✶✼✱ ✽✺✹✕✽✻✸✳

❖❧❞❡♥✱ ❏✳✱ ❏♦②✱ ▼✳✱ ❉❡❛t❤✱ ❘✳✱ ✷✵✵✻✳ ❘❡❞✐s❝♦✈❡r✐♥❣ t❤❡ s♣❡❝✐❡s ✐♥ ❝♦♠♠✉♥✐t②✲✇✐❞❡ ♣r❡❞✐❝t✐✈❡

♠♦❞❡❧❧✐♥❣✳ ❊❝♦❧♦❣✐❝❛❧ ❆♣♣❧✐❝❛t✐♦♥s ✶✻ ✭✹✮✱ ✶✹✹✾✕✶✹✻✵✳

❖❧✐✈❡r✱ ■✳✱ ✷✵✵✷✳ ❆♥ ❡①♣❡rt ♣❛♥❡❧✲❜❛s❡❞ ❛♣♣r♦❛❝❤ t♦ t❤❡ ❛ss❡ss♠❡♥t ♦❢ ✈❡❣❡t❛t✐♦♥ ❝♦♥❞✐t✐♦♥

✇✐t❤✐♥ t❤❡ ❝♦♥t❡①t ♦❢ ❜✐♦❞✐✈❡rs✐t② ❝♦♥s❡r✈❛t✐♦♥: st❛❣❡ ✶: t❤❡ ✐❞❡♥t✐✜❝❛t✐♦♥ ♦❢ ❝♦♥❞✐t✐♦♥ ✐♥❞✐✲

❝❛t♦rs✳ ❊❝♦❧♦❣✐❝❛❧ ■♥❞✐❝❛t♦rs ✷ ✭✸✮✱ ✷✷✸ ✕ ✷✸✼✳

❖st❢❡❧❞✱ ❘✳✱ ●❧❛ss✱ ●✳✱ ❑❡❡s✐♥❣✱ ❋✳✱ ✷✵✵✺✳ ❙♣❛t✐❛❧ ❡♣✐❞❡♠✐♦❧♦❣②: ❛♥ ❡♠❡r❣✐♥❣ ✭♦r r❡✲❡♠❡r❣✐♥❣✮

❞✐s❝✐♣❧✐♥❡✳ ❚❘❊◆❉❙ ✐♥ ❊❝♦❧♦❣② ❛♥❞ ❊✈♦❧✉t✐♦♥ ✷✵ ✭✻✮✱ ✸✷✽✕✸✸✻✳

❖st❢❡❧❞✱ ❘✳ ❙✳✱ ❑❡❡s✐♥❣✱ ❋✳✱ ✷✵✵✵✳ ❇✐♦❞✐✈❡rs✐t② ❛♥❞ ❞✐s❡❛s❡ r✐s❦: t❤❡ ❝❛s❡ ♦❢ ❧②♠❡ ❞✐s❡❛s❡✳

❈♦♥s❡r✈❛t✐♦♥ ❇✐♦❧♦❣② ✶✹✱ ✼✷✷✕✼✷✽✭✼✮✳

P❛♥t❡❧❡②❡✈✱ P✳✱ ✶✾✾✽✳ ❚❤❡ r♦❞❡♥ts ♦❢ t❤❡ P❛❧❛❡❛r❝t✐❝ ❢❛✉♥❛: ❝♦♠♣♦s✐t✐♦♥ ❛♥❞ ❛r❡❛s✳ ▼♦s❝♦✇

■♥st✐t✉t❡ ♦❢ ❊❝♦❧♦❣② ❛♥❞ ❊✈♦❧✉t✐♦♥ ♦❢ ❘✉ss✐❛♥ ❆❝❛❞❡♠② ♦❢ ❙❝✐❡♥❝❡✳

P❛t③✱ ❏✳ ❆✳✱ ❉❛s③❛❦✱ P✳✱ ❚❛❜♦r✱ ●✳ ▼✳✱ ❆❣✉✐rr❡✱ ❆✳✱ P❡❛r❧✱ ▼✳✱ ❊♣st❡✐♥✱ ❏✳✱ ❲♦❧❢❡✱ ◆✳✱ ❑✐❧♣❛tr✐❝❦✱

❆✳✱ ❋♦✉❢♦♣♦✉❧♦s✱ ❏✳✱ ▼♦❧②♥❡✉①✱ ❉✳✱ ❇r❛❞❧❡②✱ ❉✳✱ ♠❡♠❜❡rs ♦❢ t❤❡ ❲♦r❦✐♥❣ ●r♦✉♣ ♦♥ ▲❛♥❞

❯s❡ ❈❤❛♥❣❡✱ ❊♠❡r❣❡♥❝❡✳✱ ❉✳✱ ✷✵✵✹✳ ❯♥❤❡❛❧t❤② ❧❛♥❞s❝❛♣❡s: ♣♦❧✐❝② r❡❝♦♠♠❡♥❞❛t✐♦♥s ♦♥ ❧❛♥❞

✉s❡ ❝❤❛♥❣❡ ❛♥❞ ✐♥❢❡❝t✐♦✉s ❞✐s❡❛s❡ ❡♠❡r❣❡♥❝❡✳ ❊♥✈✐r♦♥♠❡♥t❛❧ ❍❡❛❧t❤ P❡rs♣❡❝t✐✈❡s ✶✶✷✱ ✶✵✾✷✕

✶✵✾✽✳

P❛✈❧♦✇s❦✐✱ ❊✳✱ ✶✾✻✹✳ ◆❛t✉r❛❧ ❢♦❝✐ ♦❢ tr❛♥s♠✐ss✐♦♥ ❞✐s❡❛s❡s ✐♥ ❝♦♥♥❡①✐♦♥ ✇✐t❤ t❤❡ ❧❛♥❞s❝❛♣❡

❡♣✐❞❡♠✐♦❧♦❣② ♦❢ ③♦♦❛♥t❤r♦♣♦③♦♦♥s❡s✳ ◆❛✉❦❛✱ ▼♦s❝♦✇✲▲❡♥✐♥❣r❛❞✱ ✷✶✸ ♣✳

P❡❛r❝❡✱ ❏✳✱ ❈❤❡rr②✱ ❑✳✱ ❉r✐❡❧s♠❛✱ ▼✳✱ ❋❡rr✐❡r✱ ❙✳✱ ❲❤✐s❤✱ ●✳✱ ✷✵✵✶✳ ■♥❝♦r♣♦r❛t✐♥❣ ❡①♣❡rt ♦♣✐♥✐♦♥

❛♥❞ ✜♥❡✲s❝❛❧❡ ✈❡❣❡t❛t✐♦♥ ♠❛♣♣✐♥❣ ✐♥t♦ st❛t✐st✐❝❛❧ ♠♦❞❡❧s ♦❢ ❢❛✉♥❛❧ ❞✐str✐❜✉t✐♦♥✳ ❏♦✉r♥❛❧ ♦❢

❆♣♣❧✐❡❞ ❊❝♦❧♦❣② ✸✽✱ ✹✶✷✕✹✷✹✳

P❡t❡rs♦♥✱ ❆✳✱ ✷✵✵✻✳ ❊❝♦❧♦❣✐❝❛❧ ♥✐❝❤❡ ♠♦❞❡❧❧✐♥❣ ❛♥❞ s♣❛t✐❛❧ ♣❛tt❡r♥s ♦❢ ❞✐s❡❛s❡ tr❛♥s♠✐ss✐♦♥✳

❊♠❡r❣✐♥❣ ■♥❢❡❝t✐♦✉s ❉✐s❡❛s❡s ✶✷ ✭✶✷✮✱ ✶✽✷✷✕✶✽✷✻✳

P✛❡✐❢❡r✱ ❉✳✱ ❍✉❣❤✲❏♦♥❡s✱ ▼✳✱ ✷✵✵✷✳ ●❡♦❣r❛♣❤✐❝❛❧ ✐♥❢♦r♠❛t✐♦♥ s②st❡♠s ❛s ❛ t♦♦❧ ✐♥ ❡♣✐❞❡♠✐♦❧♦❣✐❝❛❧

❛ss❡ss♠❡♥t ❛♥❞ ✇✐❧❞❧✐❢❡ ❞✐s❡❛s❡ ♠❛♥❛❣❡♠❡♥t✳ ❘❡✈ s❝✐ t❡❝❤ ❖✛ ✐♥t ❊♣✐③ ✷✶ ✭✶✮✱ ✾✶✕✶✵✷✳

✶✻✽



P❧❡②❞❡❧❧✱ ❉✳✱ ❘❛♦✉❧✱ ❋✳✱ ❱❛♥✐s❝♦tt❡✱ ❆✳✱ ❈r❛✐❣✱ P✳✱ ●✐r❛✉❞♦✉①✱ P✳✱ ✷✵✵✻✳ ▼✐❝r♦♠❛♠♠❛❧s ❛♥❞

▼❛❝r♦♣❛r❛s✐t❡s✳ ❙♣r✐♥❣❡r ❏❛♣❛♥✱ ❈❤✳ ✷✺✱ ❚♦✇❛r❞s ✉♥❞❡rst❛♥❞✐♥❣ t❤❡ ✐♠♣❛❝ts ♦❢ ❡♥✈✐r♦♥♠❡♥t❛❧

✈❛r✐❛t✐♦♥ ♦♥ ❊❝❤✐♥♦❝♦❝❝✉s ♠✉❧t✐❧♦❝✉❧❛r✐s tr❛♥s♠✐ss✐♦♥✱ ♣♣✳ ✺✹✺✕✺✻✹✳

P❧❡②❞❡❧❧✱ ❉✳ ❘✳ ❏✳✱ ❘❛♦✉❧✱ ❋✳✱ ❚♦✉r♥❡✉①✱ ❋✳✱ ❉❛♥s♦♥✱ ❋✳ ▼✳✱ ●r❛❤❛♠✱ ❆✳ ❏✳✱ ❈r❛✐❣✱ P✳ ❙✳✱ ●✐r❛✉✲

❞♦✉①✱ P✳✱ ✷✵✵✹✳ ▼♦❞❡❧❧✐♥❣ t❤❡ s♣❛t✐❛❧ ❞✐str✐❜✉t✐♦♥ ♦❢ ❊❝❤✐♥♦❝♦❝❝✉s ♠✉❧t✐❧♦❝✉❧❛r✐s ✐♥❢❡❝t✐♦♥ ✐♥

❢♦①❡s✳ ❆❝t❛ ❚r♦♣✐❝❛ ✾✶ ✭✸✮✱ ✷✺✸ ✕ ✷✻✺✳

P❧❡②❞❡❧❧✱ ❉✳ ❘✳ ❏✳✱ ❨❛♥❣✱ ❨✳ ❘✳✱ ❉❛♥s♦♥✱ ❋✳ ▼✳✱ ❘❛♦✉❧✱ ❋✳✱ ❈r❛✐❣✱ P✳ ❙✳✱ ▼❝▼❛♥✉s✱ ❉✳ P✳✱ ❱✉✐tt♦♥✱

❉✳ ❆✳✱ ❲❛♥❣✱ ◗✳✱ ●✐r❛✉❞♦✉①✱ P✳✱ ✵✾ ✷✵✵✽✳ ▲❛♥❞s❝❛♣❡ ❝♦♠♣♦s✐t✐♦♥ ❛♥❞ s♣❛t✐❛❧ ♣r❡❞✐❝t✐♦♥ ♦❢

❛❧✈❡♦❧❛r ❡❝❤✐♥♦❝♦❝❝♦s✐s ✐♥ s♦✉t❤❡r♥ ♥✐♥❣①✐❛✱ ❈❤✐♥❛✳ P▲♦❙ ◆❡❣❧❡❝t❡❞ ❚r♦♣✐❝❛❧ ❉✐s❡❛s❡s ✷ ✭✾✮✱

❡✷✽✼✳

P✉❧❧✐❛♠✱ ❍✳✱ ✷✵✵✵✳ ❖♥ t❤❡ r❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡♥ ♥✐❝❤❡ ❛♥❞ ❞s✐tr✐❜✉t✐♦♥✳ ❊❝♦❧♦❣② ▲❡tt❡rs ✸✱ ✸✹✾✕

✸✻✶✳

◗✐✉✱ ❏✳✱ ❈❤❡♥✱ ❳✳✱ ❘❡♥✱ ▼✳✱ ▲✉♦✱ ❈✳✱ ▲✐✉✱ ❉✳✱ ▲✐✉✱ ❳✳✱ ✶✾✾✺✳ ❊♣✐❞❡♠✐♦❧♦❣✐❝❛❧ st✉❞② ♦♥ ❛❧✈❡♦❧❛r

❤②❞❛t✐❞ ❞✐s❡❛s❡ ✐♥ ◗✐♥❣❤❛✐✲ ①✐③❛♥❣ ✭t✐❜❡t❛♥✮ ♣❧❛t❡❛✉✳ ❏♦✉r♥❛❧ ♦❢ Pr❛❝t✐❝❛❧ P❛r❛s✐t✐❝ ❉✐s❡❛s❡s

✸✱ ✶✵✻✕✶✵✾✳

◗✐✉✱ ❏✳✱ ▲✐✉✱ ❋✳✱ ❙❝❤❛♥t③✱ P✳✱ ■t♦✱ ❆✳✱ ❈❛r♦❧✱ ❉✳✱ ❍❡✱ ❏✳✱ ✶✾✾✾✳ ❊♣✐❞❡♠✐♦❧♦❣✐❝❛❧ s✉r✈❡② ♦❢ ❤②❞❛t✐❞♦✲

s✐s ✐♥ ❚✐❜❡t❛♥ ❛r❡❛s ♦❢ ❲❡st❡r♥ ❙✐❝❤✉❛♥ Pr♦✈✐♥❝❡✳ ❆r❝❤✐✈♦s ■♥t❡r♥❛❝✐♦♥❛❧❡s ❞❡ ❧❛ ❍✐❞❛t✐❞♦s✐s✱

✷✸✕✽✹✳

❘✱ ✷✵✵✺✳ ❉❡✈❡❧♦♣♠❡♥t ❝♦r❡ t❡❛♠✱ ❘: ❛ ❧❛♥❣✉❛❣❡ ❛♥❞ ❡♥✈✐r♦♥♠❡♥t ❢♦r st❛t✐st✐❝❛❧ ❝♦♠♣✉t✐♥❣✳ ❘

❢♦✉♥❞❛t✐♦♥ ❢♦r st❛t✐st✐❝❛❧ ❝♦♠♣✉t✐♥❣✱ ✈✐❡♥♥❛✱ ❛✉str✐❛✳ ✐s❜♥ ✸✲✾✵✵✵✺✶✲✵✼✲✵✳ ♦♥❧✐♥❡✳

❯❘▲ ❤tt♣ ✿✴✴✇✇✇✳❘✲♣r♦❥❡❝t✳♦r❣

❘❛♦✉❧✱ ❋✳✱ ❉❡❢❛✉t✱ ❘✳✱ ▼✐❝❤❡❧❛t✱ ❉✳✱ ▼♦♥t❛❞❡rt✱ ▼✳✱ P❡♣✐♥✱ ❉✳✱ ◗✉éré✱ ❏✳✱ ❚✐ss♦t✱ ❇✳✱ ❉❡❧❛ttr❡✱

P✳✱ ●✐r❛✉❞♦✉①✱ P✳✱ ✷✵✵✶❛✳ ▲❛♥❞s❝❛♣❡ ❡✛❡❝ts ♦♥ t❤❡ ♣♦♣✉❧❛t✐♦♥ ❞②♥❛♠✐❝s ♦❢ s♠❛❧❧ ♠❛♠♠❛❧

❝♦♠♠✉♥✐t✐❡s : ❛ ♣r❡❧✐♠✐♥❛r② ❛♥❛❧②s✐s ♦❢ ♣r❡②✲r❡s♦✉r❝❡s ✈❛r✐❛t✐♦♥s✳ ❘❡✈✉❡ ❞✬❊❝♦❧♦❣✐❡✱ ▲❛ ❚❡rr❡

❡t ❧❛ ❱✐❡ ✺✻✱ ✸✸✾✕✸✺✷✳

❘❛♦✉❧✱ ❋✳✱ ❉❡♣❧❛③❡s✱ P✳✱ ◆♦♥❛❦❛❝✱ ◆✳✱ P✐❛rr♦✉①✱ ❘✳✱ ❱✉✐tt♦♥✱ ❉✳✱ ●✐r❛✉❞♦✉①✱ P✳✱ ✷✵✵✶❜✳ ❆ss❡ss✲

♠❡♥t ♦❢ t❤❡ ❡♣✐❞❡♠✐♦❧♦❣✐❝❛❧ st❛t✉s ♦❢ ❡❝❤✐♥♦❝♦❝❝✉s ♠✉❧t✐❧♦❝✉❧❛r✐s ✐♥ ❢♦①❡s ✐♥ ❋r❛♥❝❡ ✉s✐♥❣ ❡❧✐s❛

❝♦♣r♦t❡sts ♦♥ ❢♦① ❢❛❡❝❡s ❝♦❧❧❡❝t❡❞ ✐♥ t❤❡ ✜❡❧❞✳ ■♥t❡r♥❛t✐♦♥❛❧ ❏♦✉r♥❛❧ ♦❢ P❛r❛s✐t♦❧♦❣② ✸✶ ✭✸✲✹✮✱

✶✺✼✾✕✶✺✽✽✳

❘❛♦✉❧✱ ❋✳✱ ▼✐❝❤❡❧❛t✱ ❉✳✱ ❖r❞✐♥❛✐r❡✱ ▼✳✱ ❉é❝♦té✱ ❨✳✱ ❆✉❜❡rt✱ ▼✳✱ ❉❡❧❛ttr❡✱ P✳✱ ❉❡♣❧❛③❡s✱ P✳✱

●✐r❛✉❞♦✉①✱ P✳✱ ✷✵✵✸✳ ❊❝❤✐♥♦❝♦❝❝✉s ♠✉❧t✐❧♦❝✉❧❛r✐s: s❡❝♦♥❞❛r② ♣♦✐s♦♥✐♥❣ ♦❢ ❢♦① ♣♦♣✉❧❛t✐♦♥

❞✉r✐♥❣ ❛ ✈♦❧❡ ♦✉t❜r❡❛❦ r❡❞✉❝❡s ❡♥✈✐r♦♥♠❡♥t❛❧ ❝♦♥t❛♠✐♥❛t✐♦♥ ✐♥ ❛ ❤✐❣❤ ❡♥❞❡♠✐❝✐t② ❛r❡❛✳

■♥t❡r♥❛t✐♦♥❛❧ ❏♦✉r♥❛❧ ❢♦r P❛r❛s✐t♦❧♦❣② ✸✸ ✭✾✮✱ ✾✹✺ ✕ ✾✺✹✳

❘❛♦✉❧✱ ❋✳✱ ◗✉éré✱ ❏✳✱ P❧❡②❞❡❧❧✱ ❉✳✱ ❱❛♥✐s❝♦tt❡✱ ❆✳✱ ●✐r❛✉❞♦✉①✱ P✳✱ ✷✵✵✽✳ ❙♠❛❧❧ ♠❛♠♠❛❧s ❛s✲

s❡♠❜❧❛❣❡ r❡s♣♦♥s❡ t♦ ❞❡❢♦r❡st❛t✐♦♥ ❛♥❞ ❛✛♦r❡st❛t✐♦♥ ✐♥ ❈❡♥tr❛❧ ❈❤✐♥❛: ❛ ♠✉❧t✐♥♦♠✐❛❧ ❜❛s❡❞

♠♦❞❡❧❧✐♥❣ ❛♣♣r♦❛❝❤✳ ▼❛♠♠❛❧✐❛ ✼✷ ✭✹✮✱ ✸✷✵✕✸✸✷✳

✶✻✾



❘❛♦✉❧✱ ❋✳✱ ◗✉éré✱ ❏✳✱ ❘✐❡✛❡❧✱ ❉✳✱ ❇❡r♥❛r❞✱ ◆✳✱ ❚❛❦❛❤❛s❤✐✱ ❑✳✱ ❙❝❤❡✐✢❡r✱ ❘✳✱ ■t♦✱ ❆✳✱ ❲❛♥❣✱ ◗✳✱

◗✐✉✱ ❏ ❨❛♥❣✱ ❲✳✱ ❈r❛✐❣✱ P✳✱ ●✐r❛✉❞♦✉①✱ P✳✱ ✷✵✵✻✳ ❉✐str✐❜✉t✐♦♥ ♦❢ s♠❛❧❧ ♠❛♠♠❛❧s ✐♥ ❛ ♣❛st♦r❛❧

❧❛♥❞s❝❛♣❡ ♦❢ t❤❡ t✐❜❡t❛♥ ♣❧❛t❡❛✉ ✭✇❡st❡r♥ s✐❝❤✉❛♥✱ ❈❤✐♥❛✮ ❛♥❞ r❡❧❛t✐♦♥s❤✐♣ ✇✐t❤ ❣r❛③✐♥❣

♣r❛❝t✐❝❡s✳ ▼❛♠♠❛❧✐❛ ✸✲✹✱ ✷✶✹✕✷✷✺✳

❘❛✉s❝❤✱ ❘✳ ▲✳✱ ✶✾✾✺✳ ▲✐❢❡✲❝②❝❧❡ ♣❛tt❡r♥s ❛♥❞ ❣❡♦❣r❛♣❤✐❝ ❞✐str✐❜✉t✐♦♥ ♦❢ ❡❝❤✐♥♦❝♦❝❝✉s s♣❡❝✐❡s✳ ■♥ ✿
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❛s♣❡❝ts ♦❢ ✉r❜❛♥ tr❛♥s♠✐ss✐♦♥ ♦❢ ❊❝❤✐♥♦❝♦❝❝✉s ♠✉❧t✐❧♦❝✉❧❛r✐s✳ P❛r❛s✐t♦❧♦❣② ✶✷✹ ✭✵✻✮✱ ✻✸✶✕✻✹✵✳
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▼♦❞❡❧❧✐♥❣ ❍❛♥t❛✈✐r✉s r❡s❡r✈♦✐r s♣❡❝✐❡s ❞♦♠✐♥❛♥❝❡ ✐♥ ❤✐❣❤ s❡r♦♣r❡✈❛❧❡♥❝❡ ❛r❡❛s ♦♥ t❤❡ ❆③✉❡r♦
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❚❛❦✉♠✐✱ ❑✳✱ ❱❛♥ ❉❡r ●✐❡ss❡♥✱ ❏✳✱ ✷✵✵✺✳ ❚r❛♥s♠✐ss✐♦♥ ❞②♥❛♠✐❝s ♦❢ ❊❝❤✐♥♦❝♦❝❝✉s ♠✉❧t✐❧♦❝✉❧❛r✐s ❀
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❩♦❧❧♥❡r✱ P✳ ❆✳✱ ▲✐♠❛✱ ❙✳ ▲✳✱ ✶✾✾✾✳ ❙❡❛r❝❤ str❛t❡❣✐❡s ❢♦r ❧❛♥❞s❝❛♣❡✲❧❡✈❡❧ ✐♥t❡r♣❛t❝❤ ♠♦✈❡♠❡♥ts✳

❊❝♦❧♦❣② ✽✵ ✭✸✮✱ ✶✵✶✾✕✶✵✸✵✳

✶✼✹



❘és✉♠é

❈❡tt❡ t❤ès❡ ♣♦rt❡ s✉r ❧✬é❝♦❧♦❣✐❡ ❞❡ ❧❛ tr❛♥s♠✐ss✐♦♥ ❞✬❊❝❤✐♥♦❝♦❝❝✉s ♠✉❧t✐❧♦❝✉❧❛r✐s✱ ✉♥ ♣❛r❛s✐t❡ ✭❝❡st♦❞❡✮ ❞♦♥t ❧❡ st❛❞❡
❧❛r✈❛✐r❡✱ tr❛♥s♠✐s ❞❡s ❢❛❡❝❡s ❞❡ ❝❛♥✐❞és ✭❤ôt❡ ❞é♥✐t✐❢✮ ❛✉① ♠✐❝r♦✲♠❛♠♠✐❢èr❡s ✭❤ôt❡s ✐♥t❡r♠é❞✐❛✐r❡s✮✱ ♣❡✉t ❡♥❣❡♥❞r❡r
❛❝❝✐❞❡♥t❡❧❧❡♠❡♥t ✉♥❡ ③♦♦♥♦s❡ ♠♦rt❡❧❧❡ ❝❤❡③ ❧✬❤♦♠♠❡ ✿ ❧✬é❝❤✐♥♦❝♦❝❝♦s❡ ❛❧✈é♦❧❛✐r❡✳ ❊♥ ❈❤✐♥❡✱ ♦ù s♦♥t ♦❜s❡r✈é❡s ❧❡s ♣❧✉s
❢♦rt❡s ♣ré✈❛❧❡♥❝❡s ❤✉♠❛✐♥❡s ❛✉ ♠♦♥❞❡✱ ❞❡s r❡❝❤❡r❝❤❡s ♠✉❧t✐❞✐s❝✐♣❧✐♥❛✐r❡s ♦♥t ♠✐s❡s ❡♥ é✈✐❞❡♥❝❡ ❞❡s ♣❡rt✉r❜❛t✐♦♥s
❛♥t❤r♦♣✐q✉❡s ❞❡s é❝♦s②stè♠❡s ❣é♥ér❛tr✐❝❡s ❞❡ r✐sq✉❡ ❞❡ tr❛♥s♠✐ss✐♦♥ ❞✉ ♣❛r❛s✐t❡✳ ◆♦✉s ♥♦✉s s♦♠♠❡s ✐♥tér❡ssé à
q✉❛♥t✐✜❡r✱ s♣❛t✐❛❧✐s❡r ✈♦✐r❡ ♣ré❞✐r❡ ❝❡rt❛✐♥s ❞❡s ❢❛❝t❡✉rs é❝♦❧♦❣✐q✉❡s q✉✐ ✐♥✢✉❡♥❝❡♥t ❧❛ tr❛♥s♠✐ss✐♦♥ ❞✉ ♣❛r❛s✐t❡ ❞❛♥s
❞✐✛ér❡♥ts s✐t❡s ❡♥❞é♠✐q✉❡s ❞❡ ❧❛ ♣r♦✈✐♥❝❡ ❞✉ ❙✐❝❤✉❛♥ ✭❈❤✐♥❡✮✱ à s❛✈♦✐r ✿ ✐✮ ❧❡s ❞✐str✐❜✉t✐♦♥s s♣❛t✐❛❧❡s ❞❡s ❛ss❡♠❜❧❛❣❡s
❞❡ ♠✐❝r♦✲♠❛♠♠✐❢èr❡s ❡t ✐✐✮ ❧❡s ❝♦♠♣♦rt❡♠❡♥ts ❞❡s ❝❤✐❡♥s ❞♦♠❡st✐q✉❡s ✐♥t❡r✈❡♥❛♥t ❞❛♥s ❧❛ tr❛♥s♠✐ss✐♦♥✳
❙✉✐t❡ à ✉♥❡ ❞é✜♥✐t✐♦♥ q✉❛♥t✐t❛t✐✈❡ ❡t ♦❜❥❡❝t✐✈❡ ❞❡s ❛ss❡♠❜❧❛❣❡s ❞❡ ♠✐❝r♦✲♠❛♠♠✐❢èr❡s à ♣❛rt✐r ❞❡ ❞♦♥♥é❡s ❞❡
♣✐é❣❡❛❣❡s ❝♦❧❧❡❝té❡s ❞❛♥s ✷ s✐t❡s ❞✬ét✉❞❡s✱ ♥♦✉s ❛✈♦♥s ♠♦❞é❧✐sé ❧❡s ❞✐str✐❜✉t✐♦♥s s♣❛t✐❛❧❡s ❞❡ ❧❡✉rs ❤❛❜✐t❛ts ❡♥ ❢♦♥❝t✐♦♥
❞❡ ❢❛❝t❡✉rs ❡♥✈✐r♦♥♥❡♠❡♥t❛✉① ✐ss✉s ❞❡ ❞♦♥♥é❡s s❛t❡❧❧✐t❛❧❡s ❡t ❡♥ ✉t✐❧✐s❛♥t ❞✐✛ér❡♥t❡s t❡❝❤♥✐q✉❡s ❞❡ ♠♦❞é❧✐s❛t✐♦♥✳
▲❡s ré❣r❡ss✐♦♥s ♥♦♥ ❧✐♥é❛✐r❡s ♠✉❧t✐♣❧❡s ✭▼❆❘❙✮ ❞✐s❝r✐♠✐♥❛✐❡♥t ❧❡ ♣❧✉s ♣ré❝✐sé♠❡♥t ❧❡s ❛ss❡♠❜❧❛❣❡s ❧❡ ❧♦♥❣ ❞❡s
❣r❛❞✐❡♥ts ❞✬❛❧t✐t✉❞❡✱ ❞❡ ♣❡♥t❡✱ ❞❡ ❧❛ ❜❛♥❞❡ ❊❚▼ ✼ ❡t ❞✬✐♥❞✐❝❡s ❞❡ ✈é❣ét❛t✐♦♥ ✭◆❉❱■ ❡t ❊❱■✮✳ ❈❡♣❡♥❞❛♥t✱ ❧❡s
♠♦❞è❧❡s ❞é✈❡❧♦♣♣és ❧♦❝❛❧❡♠❡♥t ♥✬ét❛✐❡♥t ♣❛s tr❛♥s❢ér❛❜❧❡s s✉r ✉♥ ❥❡✉ ❞❡ ❞♦♥♥é❡s ❞✐st❛♥t ❞✬✉♥❡ ❝❡♥t❛✐♥❡ ❞❡ ❦♠✳ ❯♥
♠♦❞è❧❡ ❞❡ ❝❧❛ss✐✜❝❛t✐♦♥ ❡♥tr❛î♥é s✉r ❧❡s ❞♦♥♥é❡s ❞❡s ❞❡✉① s✐t❡s ❞✬ét✉❞❡ ❛♣♣❛r❛ît êtr❡ ✉♥❡ ♠ét❤♦❞❡ ♣❧✉s ❛♣♣r♦♣r✐é❡
♣♦✉r ♣ré❞✐r❡ ❧❡s ❞✐str✐❜✉t✐♦♥s ré❣✐♦♥❛❧❡s ❞❡s ❛ss❡♠❜❧❛❣❡s✳ ▲❡s ❝♦♠♣♦rt❡♠❡♥ts ❞❡ ❞é❢é❝❛t✐♦♥ ❡t ❧✬✉t✐❧✐s❛t✐♦♥ ❞❡ ❧✬❡s♣❛❝❡
❞❡s ❝❤✐❡♥s ❞♦♠❡st✐q✉❡s ♦♥t été ét✉❞✐és ❞❛♥s ✹ ✈✐❧❧❛❣❡s ❞✉ ♣❧❛t❡❛✉ t✐❜ét❛✐♥✳ ▲✬❡st✐♠❛t✐♦♥ ❞❡s ♣ré✈❛❧❡♥❝❡s ❢é❝❛❧❡s ♣❛r
P❈❘ ♠♦♥tr❡ ❧❡ rô❧❡ ♣ré❞♦♠✐♥❛♥t ❞✉ ❝❤✐❡♥ s✉r ❧❡ r❡♥❛r❞ ❞❛♥s ❧❛ ❝♦♥t❛♠✐♥❛t✐♦♥ ❞❡ ❧✬❡♥✈✐r♦♥♥❡♠❡♥t ❞❡s ❤♦♠♠❡s✳
▲❡s ❢❛❡❝❡s ❡t ❧❛ ❝♦♥t❛♠✐♥❛t✐♦♥ ét❛✐❡♥t ❛❣ré❣é❡s ❛✉t♦✉r ❞❡s ❤❛❜✐t❛t✐♦♥s ❤✉♠❛✐♥❡s ✭❡♥tr❡ ✵ à ✷✵✵ ♠✮ ♦ù ❧❡ r✐sq✉❡
❞❡ tr❛♥s♠✐ss✐♦♥ s❡r❛✐t é❧❡✈é✳ ▲✬❛♥❛❧②s❡ ❞❡s tr❛❥❡❝t♦✐r❡s ♥♦❝t✉r♥❡s ♠♦♥tr❡ q✉❡ ❧❡s ❝❤✐❡♥s ♣❛ss❡♥t ❧❛ ♠❛❥♦r✐té ❞❡ ❧❡✉r
t❡♠♣s ❛✉t♦✉r ❞❡s ❤❛❜✐t❛t✐♦♥s ❡t ♣❡✉✈❡♥t ré❛❧✐s❡r ❞❡s ❡①❝✉rs✐♦♥s à ❧✬❡①tér✐❡✉r ❞❡s ❛✐r❡s ❞✬❛❝t✐✈✐té ❞❡s ♣♦♣✉❧❛t✐♦♥s
❞❡ ❝❤✐❡♥s ❞❡s ✈✐❧❧❛❣❡s✱ ❝♦rr❡s♣♦♥❞❛♥t ❛✉① ❤❛❜✐t❛ts ♦ù ❧❡s ✐♥❞✐❝❡s ❞❡ ♣rés❡♥❝❡ ❞❡ ♠✐❝r♦✲♠❛♠♠✐❢èr❡s s♦♥t ❧❡s ♣❧✉s
❢réq✉❡♥ts✳
◆♦tr❡ ❛♥❛❧②s❡ ♣❛r ❞❡s ♦✉t✐❧s st❛t✐st✐q✉❡s ❡t ❞✬é❝♦❧♦❣✐❡ s♣❛t✐❛❧❡ ❛ ♣❡r♠✐s ❧✬❡st✐♠❛t✐♦♥ ❡t ❧❛ ♠♦❞é❧✐s❛t✐♦♥ ❞❡ ♣❛r❛♠ètr❡s
é❝♦❧♦❣✐q✉❡s ✉t✐❧❡s ♣♦✉r ❝♦♠♣r❡♥❞r❡ ❡t ♣ré✈❡♥✐r ❧❡ r✐sq✉❡ ❞❡ tr❛♥s♠✐ss✐♦♥ ❡t ✐♥❝♦r♣♦r❛❜❧❡s ❞❛♥s ❞❡s ♠♦❞è❧❡s é♣✐❞é♠✐✲
♦❧♦❣✐q✉❡s✳ ▲❡s ❡rr❡✉rs ❞❡ ♣ré❞✐❝t✐♦♥s ❛✐♥s✐ q✉❡ ❧❡s ❧✐♠✐t❡s ❞❡ ♥♦s ❝♦♥❝❧✉s✐♦♥s ❡♥❝♦✉r❛❣❡♥t ❧❛ r❡❝❤❡r❝❤❡ ❞✬✉♥❡ ♠❡✐❧❧❡✉r❡
❛❞éq✉❛t✐♦♥ ❡♥tr❡ ❧❛ ❝♦❧❧❡❝t❡ ❞❡ ❞♦♥♥é❡s é❝♦✲é♣✐❞é♠✐♦❧♦❣✐q✉❡ ❡t ❧❛ ❞✐✈❡rs✐té ❞❡s ♦✉t✐❧s ❞✬❛♥❛❧②s❡ ❞✐s♣♦♥✐❜❧❡s✳

▼♦ts ❝❧❡❢s ✿ é❝♦❧♦❣✐❡ ❞❡ ❧❛ tr❛♥s♠✐ss✐♦♥✱ ❛ss❡♠❜❧❛❣❡s ❞❡ ♠✐❝r♦✲♠❛♠♠✐❢èr❡s✱ ♠♦❞é❧✐s❛t✐♦♥ ❞❡s ❤❛❜✐t❛ts✱ ❝❤✐❡♥
❞♦♠❡st✐q✉❡✱ é❝♦✲ét❤♦❧♦❣✐❡✳

❆❜str❛❝t

❚❤✐s t❤❡s✐s ❝♦♥❝❡r♥s t❤❡ tr❛♥s♠✐ss✐♦♥ ❡❝♦❧♦❣② ♦❢ t❤❡ ♣❛r❛s✐t❡ ❝❡st♦❞❡ ❊❝❤✐♥♦❝♦❝❝✉s ♠✉❧t✐❧♦❝✉❧❛r✐s ✇❤✐❝❤ ❧❛r✈❛❧ st❛❣❡✱
tr❛♥s♠✐tt❡❞ ❢r♦♠ ❝❛♥✐❞ ❢❛❡❝❡s t♦ s♠❛❧❧ ♠❛♠♠❛❧s✱ ❝❛♥ ❛❝❝✐❞❡♥t❛❧❧② ❝❛✉s❡ ❛ ❢❛t❛❧ ③♦♦♥♦s✐s ✐♥ ❤✉♠❛♥s ✿ t❤❡ ❛❧✈❡♦❧❛r
❡❝❤✐♥♦❝♦❝❝♦s✐s✳ ■♥ ❈❤✐♥❛✱ ✇❤❡r❡ t❤❡ ❤✐❣❤❡st ♣r❡✈❛❧❡♥❝❡s ✐♥ t❤❡ ✇♦r❧❞ ❤❛✈❡ ❜❡❡♥ ♦❜s❡r✈❡❞✱ ✐♥t❡r❞✐s❝✐♣❧✐♥❛r② r❡s❡❛r❝❤❡s
❤❛✈❡ ♦✉t❧✐♥❡❞ t❤❛t s♦♠❡ ❛♥t❤r♦♣♦❣❡♥✐❝ ❞✐st✉r❜❛♥❝❡s ♦❢ ❡❝♦s②st❡♠s ❝❛♥ ✐♥❝r❡❛s❡ t❤❡ tr❛♥s♠✐ss✐♦♥ r✐s❦ ♦❢ t❤❡ ♣❛r❛s✐t❡✳
❲❡ ❛tt❡♠♣t❡❞ t♦ q✉❛♥t✐❢②✱ s♣❛t✐❛❧✐③❡ ❛♥❞ ✇❤❡♥ ♣♦ss✐❜❧❡ ♣r❡❞✐❝t s♦♠❡ ♦❢ t❤❡ ❡❝♦❧♦❣✐❝❛❧ ❢❛❝t♦rs ✐♥✢✉❡♥❝✐♥❣ ♣❛r❛s✐t❡
tr❛♥s♠✐ss✐♦♥ ✐♥ t❤❡ ❙✐❝❤✉❛♥ ♣r♦✈✐♥❝❡ ✭❈❤✐♥❛✮ ✿ ✐✮ t❤❡ s♣❛t✐❛❧ ❞✐str✐❜✉t✐♦♥s ♦❢ s♠❛❧❧ ♠❛♠♠❛❧ ❛ss❡♠❜❧❛❣❡s ❛♥❞ ✐✐✮ t❤❡
❞♦♠❡st✐❝ ❞♦❣ ❜❡❤❛✈✐♦rs ✐♥✈♦❧✈❡❞ ✐♥ t❤❡ tr❛♥s♠✐ss✐♦♥✳
❙♠❛❧❧ ♠❛♠♠❛❧ ❛ss❡♠❜❧❛❣❡s ✇❡r❡ ❞❡✜♥❡❞ ❢r♦♠ tr❛♣♣✐♥❣ ❞❛t❛ s❡ts ❝♦❧❧❡❝t❡❞ ✐♥ t✇♦ st✉❞② s✐t❡s s✐t✉❛t❡❞ ♦♥ t❤❡ ❚✐❜❡t❛♥
♣❧❛t❡❛✉ s♣✉rs✳ ❚❤❡ s♣❛t✐❛❧ ❞✐str✐❜✉t✐♦♥s ♦❢ t❤❡✐r ❤❛❜✐t❛ts ✇❡r❡ ♠♦❞❡❧❧❡❞ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ s♦♠❡ ❡♥✈✐r♦♥♠❡♥t❛❧ ❢❛❝t♦rs
❡①tr❛❝t❡❞ ❢r♦♠ s❛t❡❧❧✐t❡ ❞❛t❛ ❛♥❞ ✉s✐♥❣ s❡✈❡r❛❧ ♠♦❞❡❧❧✐♥❣ t❡❝❤♥✐q✉❡s✳ ◆♦♥ ❧✐♥❡❛r ♠✉❧t✐♣❧❡ r❡❣r❡ss✐♦♥s ✭▼❆❘❙✮
❜❡st ❞✐s❝r✐♠✐♥❛t❡❞ ❛ss❡♠❜❧❛❣❡s ❛❧♦♥❣ ❡❧❡✈❛t✐♦♥✱ s❧♦♣❡✱ ❊❚▼ ❜❛♥❞ ✼ ❛♥❞ ✈❡❣❡t❛t✐♦♥ ✐♥❞✐❝❡s ✭◆❉❱■ ❛♥❞ ❊❱■✮
❣r❛❞✐❡♥ts✳ ❍♦✇❡✈❡r✱ ♣r❡❞✐❝t✐♦♥s ♦❢ t❤❡ ❧♦❝❛❧❧② tr❛✐♥❡❞ ♠♦❞❡❧s ✇❡r❡ ♥♦t tr❛♥s❢❡r❛❜❧❡ ♦♥ ❛ ❞❛t❛ s❡t ❞✐st❛♥t ❢r♦♠
♦♥❡ ❤✉♥❞r❡❞ ❦♠✳ ❈❧❛ss✐✜❝❛t✐♦♥ ♠♦❞❡❧ tr❛✐♥❡❞ ♦♥ t❤❡ ✇❤♦❧❡ r❡❣✐♦♥❛❧ ❞❛t❛ s❡t ✇❛s ❛ ♠♦r❡ ❛♣♣r♦♣r✐❛t❡ ♠❡t❤♦❞
t♦ ♣r❡❞✐❝t ❛ss❡♠❜❧❛❣❡ ❞✐str✐❜✉t✐♦♥ ✇✐t❤✐♥ ❛ r❡❣✐♦♥❛❧ ❡①t❡♥t✳ ❚❤❡ ❞❡❢❡❝❛t✐♦♥ ❜❡❤❛✈✐♦rs ❛♥❞ s♣❛❝❡ ✉t✐❧✐③❛t✐♦♥s ♦❢
❞♦♠❡st✐❝ ❞♦❣s ✇❡r❡ ✐♥✈❡st✐❣❛t❡❞ ✐♥ ✹ ✈✐❧❧❛❣❡s ♦❢ t❤❡ ❚✐❜❡t❛♥ ♣❧❛t❡❛✉✳ ❚❤❡ ❡st✐♠❛t✐♦♥ ♦❢ ❢❡❝❛❧ ♣r❡✈❛❧❡♥❝❡s ❜② P❈❘
❡♠♣❤❛s✐③❡❞ t❤❡ ❞♦♠✐♥❛♥t r♦❧❡ ♦❢ ❞♦❣s ✐♥ ❤✉♠❛♥ ❡♥✈✐r♦♥♠❡♥t ❝♦♥t❛♠✐♥❛t✐♦♥ ✐♥ ❝♦♠♣❛r✐s♦♥ t♦ ❢♦①❡s✳ ❋❛❡❝❡s ❛♥❞
t❤❡✐r ❝♦♥t❛♠✐♥❛t✐♦♥s ✇❡r❡ ❛❣❣r❡❣❛t❡❞ ❛r♦✉♥❞ ❤❛❜✐t❛t✐♦♥s ✭❢r♦♠ ✵ t♦ ✷✵✵♠✮ ✇❤❡r❡ t❤❡ tr❛♥s♠✐ss✐♦♥ r✐s❦ ♠✐❣❤t ❜❡
♣❛rt✐❝✉❧❛r❧② ❤✐❣❤✳ ▼♦r❡♦✈❡r✱ ❛♥❛❧②s✐s ♦❢ ♥♦❝t✉r♥❛❧ ❞♦❣ tr❛❥❡❝t♦r✐❡s s❤♦✇♥ t❤❛t ❞♦❣s s♣❡♥❞ t❤❡ ♠❛❥♦r✐t② ♦❢ t❤❡✐r
t✐♠❡ ❛r♦✉♥❞ t❤❡✐r ♦✇♥❡rs✬ ❤♦✉s❡s ❛♥❞ t❤❛t t❤❡② ❝❛♥ tr❛✈❡❧❧❡❞ ❡①❝✉rs✐✈❡ ♣❛t❤s ♦✉ts✐❞❡ t❤❡ ♠❡❛♥ ❛❝t✐✈✐t② ❛r❡❛ ♦❢ t❤❡
✈✐❧❧❛❣❡ ❞♦❣ ♣♦♣✉❧❛t✐♦♥s ✇❤❡r❡ s♠❛❧❧ ♠❛♠♠❛❧ ♣r❡s❡♥❝❡ ✐♥❞✐❝❡s ✇❡r❡ t❤❡ ♠♦st ❢r❡q✉❡♥t✳
❖✉r ❛♥❛❧②s✐s ❞♦♥❡ ✇✐t❤ st❛t✐st✐❝❛❧ ❛♥❞ s♣❛t✐❛❧ ❡❝♦❧♦❣② t♦♦❧s ❛❧❧♦✇s t♦ ❡st✐♠❛t❡ ❛♥❞ ♠♦❞❡❧ ❡❝♦❧♦❣✐❝❛❧ ♣❛r❛♠❡t❡rs ✉s❡❢✉❧
t♦ ✉♥❞❡rst❛♥❞ ❛♥❞ ♣r❡✈❡♥t t❤❡ tr❛♥s♠✐ss✐♦♥ r✐s❦ ❛♥❞ t❤❛t ❛r❡ ✐♥❝♦r♣♦r❛❜❧❡ ✐♥ ❡♣✐❞❡♠✐♦❧♦❣✐❝❛❧ ♠♦❞❡❧s✳ Pr❡❞✐❝t✐♦♥
❡rr♦rs ❛♥❞ ❧✐♠✐t❛t✐♦♥s ♦❢ ♦✉r ❝♦♥❝❧✉s✐♦♥s ❝❛❧❧ ❢♦r t❤❡ r❡s❡❛r❝❤ ♦❢ ❛ ❜❡tt❡r ❛❞❡q✉❛❝② ❜❡t✇❡❡♥ ❡❝♦✲❡♣✐❞❡♠✐♦❧♦❣✐❝❛❧ ❞❛t❛
❝♦❧❧❡❝t✐♦♥ ❛♥❞ t❤❡ ❞✐✈❡rs✐t② ♦❢ t♦♦❧s ❛✈❛✐❧❛❜❧❡ t♦ ❛♥❛❧②③❡ t❤❡♠✳

❑❡②✇♦r❞s:tr❛♥s♠✐ss✐♦♥ ❡❝♦❧♦❣②✱ s♠❛❧❧ ♠❛♠♠❛❧ ❛ss❡♠❜❧❛❣❡s✱ ❤❛❜✐t❛t ❞✐str✐❜✉t✐♦♥ ♠♦❞❡❧❧✐♥❣✱ ❞♦♠❡st✐❝ ❞♦❣s✱ ❡❝♦✲
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