
HAL Id: pastel-00004548
https://pastel.hal.science/pastel-00004548

Submitted on 22 Jun 2009

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Environmental evaluation of dairy farms by dynamic
modelling of farm activities and nutrient flows:
Development and application of the simulator

MELODIE
Xavier Chardon

To cite this version:
Xavier Chardon. Environmental evaluation of dairy farms by dynamic modelling of farm activities
and nutrient flows: Development and application of the simulator MELODIE. Sciences of the Universe
[physics]. AgroParisTech, 2008. English. �NNT : 2008AGPT0058�. �pastel-00004548�

https://pastel.hal.science/pastel-00004548
https://hal.archives-ouvertes.fr


L’Institut des Sciences et Industries du Vivant et de l’Environnement (Agro Paris Tech) est un Grand Etablissement dépendant du 
Ministère de l’Agriculture et de la Pêche, composé de l’INA PG, de l’ENGREF et de l’ENSIA  

(décret n° 2006-1592 du 13 décembre 2006) 

  

 N° /__/__/__/__/__/__/__/__/__/__/ 

T H È SE  

pour obtenir le grade de  

Docteur 

de 

l’Institut des Sciences et Industries du Vivant et de l’Environnement  
(Agro Paris Tech) 

Spécialité :  
Sciences pour l'ingénieur appliquées à l'agronomie et l'environnement 

présentée et soutenue publiquement 
par  

Xavier CHARDON 

le 10 octobre 2008 

EVALUATION ENVIRONNEMENTALE DES EXPLOITATIONS LAITIE RES 
PAR MODELISATION DYNAMIQUE  

DE LEUR FONCTIONNEMENT ET DES FLUX DE MATIERE  : 
DEVELOPPEMENT ET APPLICATION DU SIMULATEUR MELODIE  

Directeur de thèse : Philippe FAVERDIN 

Travail réalisé à : 

 

 INRA, UMR1080 Production du Lait, F-35000 Rennes 

Institut de l’Elevage, UP environnement, F-35650 Le Rheu 
 

Devant le jury : 

M. Daniel SAUVANT, Professeur, AgroParisTech ...............................................Président 
M. Gilles LEMAIRE, Directeur de recherches, INRA ..........................................Rapporteur 
M. Philippe LECOMTE, CRA Gembloux /  CIRAD .............................................Rapporteur 
M. Frédéric GARCIA, Directeur de recherches, INRA .................................... Examinateur 
M. André LE GALL, Institut de l’Elevage ...................................................... Examinateur 
M. Philippe FAVERDIN, Directeur de recherches, INRA .......................Directeur de thèse 





❘❡♠❡r❝✐❡♠❡♥ts

✓ ▲❡ t♦✉t ❡st ♣❧✉s q✉❡ ❧❛ s♦♠♠❡ ❞❡s ♣❛rt✐❡s ✔
❆r✐st♦t❡

❆✉ ❝♦✉rs ❞❡ ♠❛ t❤ès❡✱ ❥✬❛✐ ♣❛ssé ✉♥ ❝❡rt❛✐♥ t❡♠♣s✱ à ❞❡s ♠♦♠❡♥ts str❛té❣✐q✉❡s✱ à
ré✢é❝❤✐r à ❝❡ q✉❡ ❥❡ ♣♦✉rr❛✐ ❜✐❡♥ é❝r✐r❡ ❞❛♥s ♠❡s r❡♠❡r❝✐❡♠❡♥ts ❞❡ t❤ès❡ ✭✓ ❆❤ ✦ ◗✉❛♥❞
❝❡ s❡r❛ ✜♥✐✳ ✳ ✳ ✔✮✳ ❏✬❛✐ ❜❡❛✉❝♦✉♣ ❤és✐té✱ ♣♦✉r ❧❛ ❝✐t❛t✐♦♥ ❞✬♦✉✈❡rt✉r❡✱ ❡♥tr❡ ❧❛ ❝é❧è❜r❡
♣❤r❛s❡ ❞❡ ▼❛r❦ ❚✇❛✐♥ ✿ ✓ ■❧s ♥❡ s❛✈❛✐❡♥t ♣❛s q✉❡ ❝✬ét❛✐t ✐♠♣♦ss✐❜❧❡✱ ❛❧♦rs ✐❧s ❧✬♦♥t ❢❛✐t ✔
❡t ✉♥ ♥♦♥ ♠♦✐♥s ❝é❧è❜r❡ ❡①tr❛✐t ❞❡ ▲❛ ❣✉❡rr❡ ❞❡s ❜♦✉t♦♥s ✿ ✓ ❙✐ ❥✬❛✈❛✐s s✉✱ ❥✬❛✉r❛✐s ♣❛s
✈❡♥✉ ✔✳ ▲❛ ♣r❡♠✐èr❡ ❛ ✉♥ ♣❡t✐t ❢♦♥❞ ❞❡ ✈ér✐té✱ ♠❛✐s ❡st ❜❡❛✉❝♦✉♣ tr♦♣ ♣♦♠♣❡✉s❡✱ ❥❡ ❧❛
❧❛✐ss❡r❛✐ ❞♦♥❝ ❞❡ ❝ôté✳ ▲❛ s❡❝♦♥❞❡ s②♠❜♦❧✐s❡ ❜✐❡♥ ❝❡rt❛✐♥s ♠♦♠❡♥ts ❞❡ ❞é❝♦✉r❛❣❡♠❡♥t✱
♠❛✐s ❢❛✐t ❜❡❛✉❝♦✉♣ tr♦♣ ❈❛❧✐♠ér♦ ❡t ❧❛✐ss❡ ♣❡♥s❡r q✉❡ ❥✬❛✐ ❞❡s r❡❣r❡ts✱ ❝❡ q✉✐ ♥✬❡st ♣❛s
❞✉ t♦✉t ❧❡ ❝❛s ✿ ❝✬❡st ❛✈❡❝ ✜❡rté q✉❡ ❥❡ ♣rés❡♥t❡ ❝❡tt❡ t❤ès❡✱ ❡t s✐ ❝✬ét❛✐t à r❡❢❛✐r❡✱ ❥❡
♥✬❤és✐t❡r❛✐s ♣❛s✳

▲✬❡♥❝❛❞r❡♠❡♥t ❞❡ P❤✐❧✐♣♣❡ ❋❛✈❡r❞✐♥ ② ❡st ❞✬❛✐❧❧❡✉rs ♣♦✉r ❜❡❛✉❝♦✉♣✳ ❏❡ ❧❡ r❡♠❡r❝✐❡
❞♦♥❝ ❞❡ s❡s ❝♦♥s❡✐❧s ❛✈✐sés ❡t ❞✬❛✈♦✐r t♦✉❥♦✉rs ✉♥ ❝♦✉♣ ❞✬❛✈❛♥❝❡ ✿ s❛♥s ❝❡❧❛✱ ✐❧ ♥✬❡st
♣❛s ❝❡rt❛✐♥ q✉❡ ❝❡tt❡ t❤ès❡ s❡r❛✐t ❛❧❧é❡ ❛✉ ❜♦✉t✱ ❞✉ ♠♦✐♥s s♦✉s ❝❡tt❡ ❢♦r♠❡✳ ▲❛ ❣r❛♥❞❡
❛✉t♦♥♦♠✐❡ q✉✐ ♠✬ét❛✐t ❧❛✐ssé❡ ♠✬❛ ♣❡r♠✐s ❞❡ ❝❤♦✐s✐r ❧❡s ♦r✐❡♥t❛t✐♦♥s à ❞♦♥♥❡r à ♠♦♥
tr❛✈❛✐❧✱ t♦✉t ❡♥ ❜é♥é✜❝✐❛♥t ❞❡ ❝♦✉♣s ❞❡ ♣♦✉❝❡s ❡t ❞❡ ♣✐st❡s à ❡①♣❧♦r❡r à ❝❤❛q✉❡ ❢♦✐s q✉❡
♥é❝❡ss❛✐r❡✱ ♠ê♠❡ ❛✉ ♣❧✉s ❢♦rt ❞❡ ❧❛ ❝❤❛r❣❡ ✐♠♣♦sé❡ ♣❛r ❧❡ ♠❛♥❞❛t ❞❡ ❞✐r❡❝t❡✉r ❞✬✉♥✐té✳
❏❡ ♥❡ ♣♦✉rr❛✐ ❞♦♥❝ ❥❛♠❛✐s s✉✣s❛♠♠❡♥t r❡♠❡r❝✐❡r P❤✐❧✐♣♣❡ ❞❡ s❛ ❝♦♥✜❛♥❝❡ ❡t ❞❡ s♦♥
❡♥❝❛❞r❡♠❡♥t ✐rré♣r♦❝❤❛❜❧❡ t❛♥t s✉r ❧❡ ♣❧❛♥ s❝✐❡♥t✐✜q✉❡ q✉❡ s✉r ❧❡ ♣❧❛♥ ❤✉♠❛✐♥✳

▲✬❡♥❝❛❞r❡♠❡♥t ❞❡ ❝❡tt❡ t❤ès❡ ét❛✐t ♣❛rt❛❣é ❛✈❡❝ ❧✬■♥st✐t✉t ❞❡ ❧✬❊❧❡✈❛❣❡✳ ❏❡ r❡♠❡r❝✐❡
❞♦♥❝ s✐♥❝èr❡♠❡♥t ❆♥❞ré ▲❡ ●❛❧❧✱ q✉✐ ét❛✐t ♣rés❡♥t ❞ès ❧❛ ❣❡♥ès❡ ❞❡ ❝❡ ♣r♦❥❡t ❡t q✉✐
❛ t♦✉❥♦✉rs ❝r✉ à s♦♥ ❛❜♦✉t✐ss❡♠❡♥t✱ ♣♦✉r ♠✬❛✈♦✐r ❢♦✉r♥✐ ❧❡s ♠♦②❡♥s ❞❡ ♠❡♥❡r à ❜✐❡♥
❧❡ ♣r♦❥❡t ❡t ❛✈♦✐r ❛♣♣♦rté s♦♥ ❡①♣❡rt✐s❡ s✉r ❧❡s ✐♠♣❛❝ts ❡♥✈✐r♦♥♥❡♠❡♥t❛✉① ❞❡ ❧✬é❧❡✈❛❣❡
❧❛✐t✐❡r✳

❏❡ s♦✉❤❛✐t❡ ❡♥s✉✐t❡ r❡♠❡r❝✐❡r ❧❡s ♠❡♠❜r❡s ❞✉ ❥✉r② ❞❡ ❝❡tt❡ t❤ès❡✳ ❉❛♥✐❡❧ ❙❛✉✈❛♥t ❛
❛❝❝❡♣té ❞✬❡♥ êtr❡ ❧❡ ♣rés✐❞❡♥t✱ ❡t ❛✈❛✐t ❥♦✉é ✉♥ rô❧❡ ❢♦♥❞❛♠❡♥t❛❧ ❡♥ ♠❡ tr❛♥s♠❡tt❛♥t ❧❛
♣r♦♣♦s✐t✐♦♥ ❞❡ t❤ès❡✱ ❛✉ ❝♦✉rs ❞❡ ♠♦♥ st❛❣❡ ❞✬✐♥❣é♥✐❡✉r✳ ❏❡ s✉✐s ❞♦♥❝ très r❡❝♦♥♥❛✐ss❛♥t

✸



✹ ❘❡♠❡r❝✐❡♠❡♥ts

❡♥✈❡rs ❉❛♥✐❡❧ ♣♦✉r ♠✬❛✈♦✐r ♠✐s s✉r ❧❡ ❜♦♥ ❛✐❣✉✐❧❧❛❣❡✳ ●✐❧❧❡s ▲❡♠❛✐r❡ ❡t P❤✐❧✐♣♣❡ ▲❡❝♦♠t❡
♠✬♦♥t ❢❛✐t ❧✬❤♦♥♥❡✉r ❞✬êtr❡ ❧❡s r❛♣♣♦rt❡✉rs ❞❡ ♠❛ t❤ès❡ ❀ ❋ré❞ér✐❝ ●❛r❝✐❛ ❛ ❛❝❝❡♣té ❞❡
❢❛✐r❡ ♣❛rt✐❡ ❞✉ ❥✉r②✱ ❡♥ ❛♣♣♦rt❛♥t s❡s ❝♦♠♣ét❡♥❝❡s s✉r ❧❛ ♠♦❞é❧✐s❛t✐♦♥ ❞❡s ♣r♦❝❡ss✉s
❞é❝✐s✐♦♥♥❡❧s✳ ❏❡ r❡♠❡r❝✐❡ ❧❡s ♠❡♠❜r❡s ❞✉ ❥✉r② ♣♦✉r ❧❡s ❞✐s❝✉ss✐♦♥s très ♣❡rt✐♥❡♥t❡s ❛✉t♦✉r
❞❡ ♣♦✐♥ts ❢♦♥❞❛♠❡♥t❛✉① q✉✬✐❧s ♦♥t s♦✉❧❡✈é❡s✱ é✈✐t❛♥t ❧✬é❝✉❡✐❧ ❞❡ ❝r✐t✐q✉❡s s✉r ❞❡s ♣♦✐♥ts
❞❡ ❞ét❛✐❧ q✉✬✉♥❡ t❤ès❡ ❛✉ss✐ ✈❛st❡ ❛✉r❛✐t ♣✉ s✉s❝✐t❡r✳

▲❡ rô❧❡ ❞✉ ❝♦♠✐té ❞❡ t❤ès❡ ❞♦✐t é❣❛❧❡♠❡♥t êtr❡ s♦✉❧✐❣♥é✳ ▲❡ ❝♦♠✐té✱ ❞♦♥t ❢❛✐s❛✐❡♥t
♣❛rt✐❡ ♠❡s ❡♥❝❛❞r❛♥ts ❛✐♥s✐ q✉❡ ❉✳ ❙❛✉✈❛♥t✱ ❏✳✲❨✳ ❉♦✉r♠❛❞✱ P✳ ▲❡t❡r♠❡✱ ❏✳✲▼✳ P❛✐❧❧❛t ❡t
❘✳ ▼❛rt✐♥✲❈❧♦✉❛✐r❡✱ ❛ ❡✉ rô❧❡ ✐♠♣♦rt❛♥t ❞❛♥s ❧❛ ❞é✜♥✐t✐♦♥ ❞❡s ♦r✐❡♥t❛t✐♦♥s str❛té❣✐q✉❡s
❞♦♥♥é❡s à ❧❛ t❤ès❡✳ ❏❡ r❡♠❡r❝✐❡ ❞♦♥❝ ❧✬❡♥s❡♠❜❧❡ ❞❡s ♣❛rt✐❝✐♣❛♥ts✳

▲❛ ❝♦♥str✉❝t✐♦♥ ❞✉ ♠♦❞è❧❡ ▼é❧♦❞✐❡ ❡st ✉♥❡ ÷✉✈r❡ ♣❛rt❛❣é❡ ✿ ❞❡ ♥♦♠❜r❡✉s❡s ♣❡r✲
s♦♥♥❡s s♦♥t ✐♥t❡r✈❡♥✉❡s✱ ❛✈❡❝ ❞✐✛ér❡♥ts ♥✐✈❡❛✉① ❞✬✐♠♣❧✐❝❛t✐♦♥✳ ❊♥ ♣❛rt✐❝✉❧✐❡r✱ ❈②r✐❧❧❡
❘✐❣♦❧♦t ❡st✱ à ❧✬❤❡✉r❡ ♦ù ❥✬é❝r✐s ❝❡s ❧✐❣♥❡s✱ ❞❛♥s ❧❛ ❞❡r♥✐èr❡ ❧✐❣♥❡ ❞r♦✐t❡ ❞❡ s❛ t❤ès❡✱ ❡t
❥❡ ❧✉✐ s♦✉❤❛✐t❡ ❜♦♥ ❝♦✉r❛❣❡ ♣♦✉r t❡r♠✐♥❡r✳ ❈❡ q✉✐ ♥❡ ❞❡✈r❛✐t ♣❛s ♣♦s❡r ❞❡ ♣r♦❜❧è♠❡s✱
ét❛♥t ❞♦♥♥é ❧❡ ❧❛r❣❡ tr❛✈❛✐❧ ré❛❧✐sé✳ ❆✉ ♥✐✈❡❛✉ ❞❡ ❧✬■♥st✐t✉t ❞❡ ❧✬❊❧❡✈❛❣❡✱ ❈❤r✐st❡❧❧❡ ❘❛✐✲
s♦♥ ❛ été très ♣rés❡♥t❡ ❛✉ ❝♦✉rs ♠❛ t❤ès❡✱ ♣♦✉r ❛♣♣♦rt❡r ✉♥❡ ✈✐s✐♦♥ ♣r♦❝❤❡ ❞✉ t❡rr❛✐♥
❡t ❧❡s ❝♦♥♥❛✐ss❛♥❝❡s ❡♥✈✐r♦♥♥❡♠❡♥t❛❧❡s q✉✐ ♠❡ ♠❛♥q✉❛✐❡♥t ❛✉ ❞é❜✉t ❞❡ ♠❛ t❤ès❡✳ ❏❡
❧❛ r❡♠❡r❝✐❡ ♣♦✉r s❛ ❞✐s♣♦♥✐❜✐❧✐té ❡t s❛ s②♠♣❛t❤✐❡✳ ❈❤r✐st✐♥❡ ❇❛r❛tt❡ ét❛✐t ❡♥ ❝❤❛r❣❡ ❞❡s
❛s♣❡❝ts ✐♥❢♦r♠❛t✐q✉❡s✱ ❡t ❥❡ ❧❛ r❡♠❡r❝✐❡ ❞❡ s♦♥ ❛✐❞❡ ♣♦✉r ❞❡s tr❛✈❛✉① ♣❛r❢♦✐s ❢❛st✐❞✐❡✉①✳
P♦✉r ✜♥✐r s✉r ❧✬éq✉✐♣❡ ✓ r❛♣♣r♦❝❤é❡ ✔ ❞✉ ♣r♦❥❡t✱ ❥❡ r❡♠❡r❝✐❡ ❙❛♥❞r✐♥❡ ❊s♣❛❣♥♦❧ ❞✬❛✈♦✐r
❛♣♣♦rté s♦♥ ❡①♣❡rt✐s❡ s✉r ❧❡s ✐♠♣❛❝ts ❡♥✈✐r♦♥♥❡♠❡♥t❛✉① ❞❡s s②stè♠❡s ♣♦r❝✐♥s✱ ♠❛✐s
❛✉ss✐ ❞✬❛✈♦✐r ❛ss✉ré ❧❛ ❣❡st✐♦♥ ❞✉ ♣r♦❥❡t✱ ❧✬♦r❣❛♥✐s❛t✐♦♥ ❞❡ ré✉♥✐♦♥s✱ ❡t❝✳ ✳ ✳ ❧❡ t♦✉t ❛✈❡❝
s②♠♣❛t❤✐❡ ❡t ❜♦♥♥❡ ❤✉♠❡✉r ✦

▼é❧♦❞✐❡ ❢❛✐t ❧❛r❣❡♠❡♥t ❛♣♣❡❧ ❛✉① tr❛✈❛✉① ❞❡ ❘♦❣❡r ▼❛rt✐♥✲❈❧♦✉❛✐r❡ ❡t ❏❡❛♥✲P✐❡rr❡
❘❡❧❧✐❡r✳ ❏❡ ❧❡s r❡♠❡r❝✐❡ ♣♦✉r ❧❛ ♠✐s❡ à ❞✐s♣♦s✐t✐♦♥ ❝♦♠♣❧èt❡ ❡t s❛♥s rés❡r✈❡s ❞❡ ❉✐ès❡✱
❡t ♣♦✉r ❧❡✉r ❞✐s♣♦♥✐❜✐❧✐té s❛♥s ❢❛✐❧❧❡ ♣♦✉r ❧❡ s✉♣♣♦rt t❡❝❤♥✐q✉❡✳ ❏✬❡s♣èr❡ q✉❡ ❧❡s tr❛✈❛✉①
q✉❡ ♥♦✉s ❛✈♦♥s ♠❡♥és ❝♦♥tr✐❜✉❡r♦♥t à ❛♠é❧✐♦r❡r ❡t ♣♦♣✉❧❛r✐s❡r ❧❡✉rs ♦✉t✐❧s✱ q✉✐ ❣❛❣♥❡♥t
à êtr❡ ❝♦♥♥✉s ✦ ❆✉✲❞❡❧à ❞❡s ❛s♣❡❝ts ❧♦❣✐❝✐❡❧s✱ ❘♦❣❡r ❡t ❏❡❛♥✲P✐❡rr❡ ♦♥t ❛♣♣♦rté ❞❡ très
♣r♦✜t❛❜❧❡s ❝♦♥s❡✐❧s ♣♦✉r ❧❡s ❝❤♦✐① ❞❡ ♠♦❞é❧✐s❛t✐♦♥ ❞❡ ♥♦s s②stè♠❡s✱ ❡♥ ♣❛rt✐❝✉❧✐❡r ❛✉
❝♦✉rs ❞❡ ♥♦s s❡♠❛✐♥❡s t♦✉❧♦✉s❛✐♥❡s q✉✐ ♦♥t été très ❡♥r✐❝❤✐ss❛♥t❡s✳ ■❧ s✬❛❣✐t ❞♦♥❝ ❞✬✉♥❡
❝♦❧❧❛❜♦r❛t✐♦♥ très ré✉ss✐❡ ✭à ♠♦♥ s❡♥s✮✱ t❛♥t s✉r ❧❡ ♣❧❛♥ t❡❝❤♥✐q✉❡ q✉❡ s✉r ❧❡ ♣❧❛♥ ❤✉♠❛✐♥✳

▲✉❝ ❉❡❧❛❜②✱ q✉❡ ❥✬❛✐ r❡♥❝♦♥tré ♣♦✉r ❧❛ ♣r❡♠✐èr❡ ❢♦✐s ❞❛♥s ✉♥❡ ré✉♥✐♦♥ ❞✉ ♣r♦❥❡t ❡t q✉✐
♠✬❛ ❛❝❝✉❡✐❧❧✐ ♣❛r ✉♥ ❡✛r❛②❛♥t ✓ ❱♦✉s ♥❡ ♠❡ ❝♦♥♥❛✐ss❡③ ♣❛s ❡♥❝♦r❡✱ ❝✬❡st ❜✐❡♥ ❞♦♠♠❛❣❡
♣♦✉r ✈♦✉s ✔✱ s✬❡st ré✈é❧é êtr❡ ✉♥❡ ♣❡rs♦♥♥❡ r❡ss♦✉r❝❡ très ✐♠♣♦rt❛♥t❡✳ ❏✬❡①♣r✐♠❡ ✐❝✐ ♠❛
♣r♦❢♦♥❞❡ ❣r❛t✐t✉❞❡ ❡♥✈❡rs ▲✉❝ ♣♦✉r s❡s ♥♦♠❜r❡✉① ❝♦✉♣s ❞❡ ♣♦✉❝❡s✱ très ♣r❛❣♠❛t✐q✉❡s
❞♦♥❝ ❡✣❝❛❝❡s✱ ❡t ♣♦✉r s❡s ❡♥❝♦✉r❛❣❡♠❡♥ts ❡t s♦♥ s♦✉t✐❡♥ ♠♦r❛❧ ✭♥♦t❛♠♠❡♥t ❡♥ t♦✉t❡
✜♥ ❞❡ ❥♦✉r♥é❡✱ ♣❛r❢♦✐s ❡♥ r❡✈❡♥❛♥t ❞✉ P✐♥ ✦ ✦✮✳ ❏❡ t✐❡♥s é❣❛❧❡♠❡♥t à r❡♠❡r❝✐❡r ❏❡❛♥✲▲♦✉✐s
P❡②r❛✉❞✱ ♣♦✉r s♦♥ ❡①♣ér✐❡♥❝❡ ❡t s❡s ❝♦♥s❡✐❧s ♣ré❝✐❡✉① s✉r ❧❡s ❣r❛♥❞❡s ♦r✐❡♥t❛t✐♦♥s à
❞♦♥♥❡r ❛✉ ♠♦❞è❧❡✱ ♠❛✐s ❛✉ss✐ ♣♦✉r ♠✬❛✈♦✐r ❛❝❝✉❡✐❧❧✐✱ ❡♥ t❛♥t q✉❡ ❞✐r❡❝t❡✉r ❞✬✉♥✐té✱ ❛✉
s❡✐♥ ❞❡ ❧✬❯▼❘ Pr♦❞✉❝t✐♦♥ ❞✉ ▲❛✐t✳ ▼❡r❝✐ é❣❛❧❡♠❡♥t à ❘é♠✐ ❉❡❧❛❣❛r❞❡ ❞✬❛✈♦✐r ré♣♦♥❞✉ à
✉♥ ❜♦♥ ♠✐❧❧✐❡r ❞❡ q✉❡st✐♦♥s s✉r ❧✬❤❡r❜❡✱ ❞❡ s♦♥ ✐♥❣❡st✐♦♥ ♣❛r ❧❡s ❛♥✐♠❛✉① à ❧❛ ❞✐str✐❜✉t✐♦♥



❘❡♠❡r❝✐❡♠❡♥ts ✺

✈❡rt✐❝❛❧❡ ❞❡ ❧❛ t❡♥❡✉r ❡♥ ❛③♦t❡✳

❉❡ ♥♦♠❜r❡✉s❡s ♣❡rs♦♥♥❡s ♦♥t ♣❛rt✐❝✐♣é ❛✉① ❞✐✛ér❡♥ts ❣r♦✉♣❡s ❞❡ tr❛✈❛✐❧ ❞✉ ♣r♦❥❡t
▼é❧♦❞✐❡✳ ❊♥ ♣❧✉s ❞❡s ♣❡rs♦♥♥❡s ❝✐té❡s ♣ré❝é❞❡♠♠❡♥t✱ ❥✬❛❞r❡ss❡ ✉♥ ❣r❛♥❞ ♠❡r❝✐ à ❏❡❛♥✲
❨✈❡s ❉♦✉r♠❛❞✱ ❨✈♦♥ ❙❛❧❛ü♥✱ P❤✐❧✐♣♣❡ ▲❡t❡r♠❡✱ ❏❡❛♥✲▼❛r✐❡ P❛✐❧❧❛t✱ ❚❤✐❡rr② ▼♦r✈❛♥✱
❋r❛♥ç♦✐s❡ ❱❡rtès✱ ▲❛✉r❡♥t ❘✉✐③✱ P❛tr✐❝❦ ❉✉r❛♥❞✱ P❛✉❧ ❘♦❜✐♥✱ ▼❡❧②♥❞❛ ❍❛ss♦✉♥❛✱ ❍é❧è♥❡
❈❤❛♠❜❛✉t✱ ❙②❧✈✐❡ ❍❛❝❛❧❛✱ ❈❛r❧♦s ▲♦♣❡③✱ ❘♦❞♦❧♣❤❡ ❉✐r❜❡r❣✱ ❏❡❛♥✲❇❛♣t✐st❡ ❉♦❧❧é✱ ◆❛❞✐♥❡
●✉✐♥❣❛♥❞✱ P❛s❝❛❧ ▲❡✈❛ss❡✉r ❡t ❋❛❜r✐❝❡ ❇é❧✐♥❡✳ ▲❛ ❝♦♠❜✐♥❛✐s♦♥ ❞❡ ❝❡s ❛♣♣♦rts ❛ ❢❛✐t ❞❡
▼é❧♦❞✐❡ ✉♥ ♣r♦❥❡t ✈ér✐t❛❜❧❡♠❡♥t ♣❧✉r✐❞✐s❝✐♣❧✐♥❛✐r❡ ✭❞✉ ♠♦✐♥s ❥❡ ❧✬❡s♣èr❡✮✱ ❡t êtr❡ ❛✉
❝❛rr❡❢♦✉r ❞❡s s❛✈♦✐rs ❞❡ ❝❤❛❝✉♥ ❛ été ♣♦✉r ♠♦✐ ✉♥❡ ❡①♣ér✐❡♥❝❡ ❢♦r♠✐❞❛❜❧❡✳

❯♥❡ ❣r❛♥❞❡ ♣❛rt✐❡ ❞❡ ♠♦♥ tr❛✈❛✐❧ ❛ ♣♦rté s✉r ❧❛ ♣❛rt✐❡ ✓ ❙♦❧ ✲ ❈✉❧t✉r❡s ✔ ❞✉ ♠♦❞è❧❡✳
❏❡ r❡♠❡r❝✐❡ ❧❡s ❞é✈❡❧♦♣♣❡✉rs ❞✉ ♠♦❞è❧❡ ❙t✐❝s ♣♦✉r ❧❡s ré♣♦♥s❡s à ❞❡ ♠✉❧t✐♣❧❡s q✉❡s✲
t✐♦♥s✳ ▲❛ ❝♦♥tr✐❜✉t✐♦♥ ❞❡ ❏❡❛♥✲❈❧❛✉❞❡ P♦✉♣❛✱ ❛✉t❡✉r ❞✬✉♥❡ tr❛❞✉❝t✐♦♥ ❡♥ ❧❛♥❣❛❣❡ ❈ ❞❡
❧✬✐♠♣❧é♠❡♥t❛t✐♦♥✱ ❛ ♣❡r♠✐s ✉♥ ❣❛✐♥ ❞❡ t❡♠♣s ❣✐❣❛♥t❡sq✉❡ ❡♥ t❡r♠❡s ❞❡ ♣r♦❣r❛♠♠❛t✐♦♥✳
❏❡ ❧✉✐ ❡①♣r✐♠❡ ❞♦♥❝ t♦✉t❡ ♠❛ ❣r❛t✐tt✉❞❡✳

❏❡ r❡♠❡r❝✐❡ é❣❛❧❡♠❡♥t ●❛ë❧❧❡ ▼❛①✐♥ ❡t ▲✉❝✐❡ ❇❡❧❧❡❝✱ ❞♦♥t ❧❡s st❛❣❡s ♦♥t ♣❡r♠✐s ❞❡s
❛✈❛♥❝é❡s s✐❣♥✐✜❝❛t✐✈❡s s✉r ❞❡s ♣♦✐♥ts ✐♠♣♦rt❛♥ts✳ ❙✐♥❝èr❡s r❡♠❡r❝✐❡♠❡♥ts é❣❛❧❡♠❡♥t à
❋❧♦r❡♥❝❡ ●❛r❝✐❛ ❡t ❳❛✈✐❡r ❈♦q✉✐❧ q✉✐✱ ❥✉st❡ ❛✈❛♥t ♠♦♥ ❛rr✐✈é❡✱ ♦♥t ❝♦♥str✉✐t ❞❡✉① ♣✐❡rr❡s
❛♥❣✉❧❛✐r❡s ❞❡ ▼é❧♦❞✐❡ ✿ ❚♦✉r♥❡s♦❧ ❡t ●❡❞❡♠♦✳

❉✬❛✉tr❡ ♣❛rt✱ ❞❡s ❝♦❧❧❛❜♦r❛t✐♦♥s ♦♥t été ♥♦✉é❡s ♣♦✉r ❧❡ ❞é✈❡❧♦♣♣❡♠❡♥t ❞❡ ❞✐✈❡rs❡s
♣❛rt✐❡s ❞✉ ♠♦❞è❧❡✳ ❏❡ r❡♠❡r❝✐❡ ▲✉❝ ❙♦r❡❧ ❡t ❈❤r✐st✐❛♥ ❲❛❧t❡r ♣♦✉r ❧❡✉r ❝♦❧❧❛❜♦r❛t✐♦♥ s✉r
❧❛ ♠♦❞é❧✐s❛t✐♦♥ ❞❡s ✢✉① ❞❡ ♣❤♦s♣❤♦r❡ ❞❛♥s ❧❡ s♦❧✱ q✉✐ ♥✬❛ ♠❛❧❤❡✉r❡✉s❡♠❡♥t ♣❛s ♣✉ ❛❧❧❡r
à s♦♥ t❡r♠❡ ❀ ▼❛r✐❡✲▼❛❞❡❧❡✐♥❡ ❈❛❜❛r❡t ♣♦✉r s♦♥ ❛✐❞❡ ❞❛♥s ❧❛ ❝♦♥❝❡♣t✐♦♥ ❞❡ ❋✉♠✐❣è♥❡ ❀
❇r✉♥♦ ❈♦✉✐❧❧❡❛✉ ❡t ❉❛♥✐❡❧ ❍❛q✉✐♥ ♣♦✉r ♠✬❛✈♦✐r ♣❡r♠✐s ❞❡ ✈❛❧✐❞❡r ❝❡ ♠♦❞è❧❡ à ❉❡r✈❛❧
❡t ◗✉✐♥t❡♥✐❝ ❀ ❈❛r❧♦s ▲♦♣❡③ ❡t ▼❛r✐♦♥ ❋❡rr❛♥❞ ♣♦✉r ❧❡ tr❛✈❛✐❧ ❢♦✉r♥✐ s✉r ❧✬❛♥❛❧②s❡ ❞❡s
❜✐❧❛♥s ❞❡s ♠✐♥ér❛✉① ❞❛♥s ❧❛ ❜❛s❡ ❞❡ ❞♦♥♥é❡s ❞❡s rés❡❛✉① ❞✬é❧❡✈❛❣❡✳

❏❡ ♥✬♦✉❜❧✐❡ ♣❛s ❧✬éq✉✐♣❡ ❞✉ s❡❝rét❛r✐❛t ♣♦✉r ✉♥❡ ♠♦♥t❛❣♥❡ ❞❡ ♣❡t✐ts s❡r✈✐❝❡s r❡♥❞✉s✳
▼❡r❝✐ à ▼❛r✐❡✲❈❧❛✉❞❡ ◗✉✐♥t❛r❞ ❡t ▲❛✉r❡♥❝❡ ❚❤é❜❛✉❧t ♣♦✉r ❧❡✉r s♦✉t✐❡♥ ♣❡♥❞❛♥t ✉♥❡
❥♦✉r♥é❡ é♣✐q✉❡ ✿ ❧❡ ✈❡♥❞r❡❞✐ ❞❡ ❧✬✐♠♣r❡ss✐♦♥ ❞❡s ❡①❡♠♣❧❛✐r❡s ❞❡st✐♥és ❛✉① r❛♣♣♦rt❡✉rs✳
▼❛r✐❡✲❈❧❛✉❞❡ ❛ é❣❛❧❡♠❡♥t ❥♦✉é à ❧❛ ♣❡r❢❡❝t✐♦♥ s♦♥ rô❧❡ ❞❡ r❡❧❡❝tr✐❝❡ ✦ ❉❡ ♠ê♠❡✱ ♠❡r❝✐ à
❏♦❝❡❧②♥❡ ❇❡❛✉❧✐❡✉ ❞❡ ♠✬❛✈♦✐r ❣✉✐❞é s✉r ❞❡ ♥♦♠❜r❡✉① ♣♦✐♥ts ❛❞♠✐♥✐str❛t✐❢s à ❧✬■♥st✐t✉t
❞❡ ❧✬❊❧❡✈❛❣❡✳ ❏❡ r❡♠❡r❝✐❡ ❛✉ss✐ ❇❡r♥❛❞❡tt❡ ❯r❜❛♥ ♣♦✉r s♦♥ tr❛✈❛✐❧ ❛✉ ♥✐✈❡❛✉ ❞✉ s②stè♠❡
✐♥❢♦r♠❛t✐q✉❡✱ ♥♦t❛♠♠❡♥t ❧✬✐♥st❛❧❧❛t✐♦♥ ❡t ❧❛ ♠❛✐♥t❡♥❛♥❝❡ ❞✉ s❡r✈❡✉r ❞é❞✐é à ▼é❧♦❞✐❡✳

▲✬éq✉✐♣❡ ♠♦❞é❧✐s❛t✐♦♥ ❞❡ ❉❡①❝❡❧ ✭❛✉❥♦✉r❞✬❤✉✐ ❉❛✐r②◆❩✮ ♠✬❛ ❛❝❝✉❡✐❧❧✐ ❡♥ ✷✵✵✹ ❡♥
◆♦✉✈❡❧❧❡✲❩é❧❛♥❞❡ ♣♦✉r ♠♦♥ st❛❣❡ ❞✬✐♥❣é♥✐❡✉r✳ ❈❡ ❢ût ✉♥❡ ❡①♣ér✐❡♥❝❡ ❞ét❡r♠✐♥❛♥t❡✱ q✉✐
♠✬❛ ❞✐r❡❝t❡♠❡♥t ❛♠❡♥é à ❢❛✐r❡ ❝❡tt❡ t❤ès❡✳ ❯♥ ❣r❛♥❞ ♠❡r❝✐ à ▼❡r②❧ ❲❛st♥❡②✱ P✐❡rr❡
❇❡✉❦❡s✱ ❈❤r✐s P❛❧❧✐s❡r✱ ●✐❧ ▲❡✈②✱ ❑❡✈✐♥ ▼❝❉♦♥❛❧❞ ❡t ❇r✉❝❡ ❚❤♦rr♦❧❞✳

❏✬❛❞r❡ss❡ ♠❡s ❢é❧✐❝✐t❛t✐♦♥s ❡t ♠❡s r❡♠❡r❝✐❡♠❡♥ts ❛✉① ❛✉t❡✉rs ❞❡ tr♦✐s t❤ès❡s ❞❡ ♠♦✲
❞é❧✐s❛t✐♦♥ q✉✐ ♠✬♦♥t ✐♥s♣✐ré ❞❛♥s ♠♦♥ tr❛✈❛✐❧ ✿ ▼❛❣❛❧✐❡ ❏♦✉✈❡♥✱ ❏♦♥❛t❤❛♥ ❱❛②ss✐èr❡s ❡t
●✐❧❧❡s ▼❛rt❡❧✳



✻ ❘❡♠❡r❝✐❡♠❡♥ts

❊♥✜♥✱ ❝❡ t❡①t❡ ♥❡ s❡r❛✐t ♣❛s ❝♦♠♣❧❡t s❛♥s q✉❡❧q✉❡s ♠♦ts s✉r ✉♥❡ ❝❛✉s❡ à ❧❛q✉❡❧❧❡
❥❡ t✐❡♥s ♣❛rt✐❝✉❧✐èr❡♠❡♥t ✿ ❧❡s ❧♦❣✐❝✐❡❧s ❧✐❜r❡s✳ ■❧s ♦♥t ❥♦✉é ✉♥ rô❧❡ ❝❧é✱ ❛✉ss✐ ❜✐❡♥ ❞❛♥s
❧❛ ❝♦♥❝❡♣t✐♦♥ ❞❡ ▼é❧♦❞✐❡ q✉❡ ❞❛♥s s♦♥ ❢♦♥❝t✐♦♥♥❡♠❡♥t ♠ê♠❡✳ ❏❡ r❡♠❡r❝✐❡ ❞♦♥❝ ❧❡s
❝♦♥❝❡♣t❡✉rs ❞❡s ❧✐❜r❛✐r✐❡s ●❆▲✐❜ ✭♦♣t✐♠✐s❛t✐♦♥ ♣❛r ❛❧❣♦r✐t❤♠❡s ❣é♥ét✐q✉❡s✮✱ ❧♣s♦❧✈❡
✭♣r♦❣r❛♠♠❛t✐♦♥ ❧✐♥é❛✐r❡✮ ❡t ❞❡ ❣❣♣❧♦t✷ ✭♣❛❝❦❛❣❡ ❘ ♣♦✉r ré❛❧✐s❡r ❞❡s ❣r❛♣❤✐q✉❡s✮✳ ❏❡
r❡❝♦♠♠❛♥❞❡ ❝❤❛✉❞❡♠❡♥t ❧✬✉t✐❧✐s❛t✐♦♥ ❞❡ ❝❡s ♣r♦❣r❛♠♠❡s✳

❙✉r ✉♥ ♣❧❛♥ ♣❡rs♦♥♥❡❧✱ ❧❛ ✜♥ ❞❡ t❤ès❡ ❡t ❧❡ ♣❛ss❛❣❡ à ✉♥❡ ✓ ♥♦✉✈❡❧❧❡ ✈✐❡ ✔ s♦♥t
❧✬♦❝❝❛s✐♦♥ ❞❡ ❢❛✐r❡ ✉♥ ❜✐❧❛♥ ❞❡ ♣r❡sq✉❡ q✉❛tr❡ ❛♥♥é❡s ❞❡ ✈✐❡ r❡♥♥❛✐s❡✳ ❆✉ ❝♦✉rs ❞❡ ❝❡s
❛♥♥é❡s✱ ♦♥ ❛ ♣r❡sq✉❡ t♦✉t ❝♦♥♥✉ ✿ ❧❡s tr✐♦♠♣❤❡s✱ ❧❡s é❝❤❡❝s ❝✉✐s❛♥ts✱ ❧❛ ♠♦t✐✈❛t✐♦♥ s❛♥s
❢❛✐❧❧❡✱ ❧❛ ❞ér♦✉t❡✳ ✳ ✳ ❏❡ ♥❡ ♣❛r❧❡ ❜✐❡♥ sûr ♣❧✉s ❞❡ ♠❛ t❤ès❡✱ ♠❛✐s ❞❡s ❣r❛♥❞s é✈é♥❡♠❡♥ts
s♣♦rt✐❢s q✉✐ ♦♥t é♠❛✐❧❧é ❝❡s ❛♥♥é❡s✳ ❊♥ ❜❛s❦❡t✱ ❞❡ ❧❛ ❥♦✐❡ ❞❡ ❧❛ ♠é❞❛✐❧❧❡ ❞❡ ❜r♦♥③❡
à ❧✬❊✉r♦ ✷✵✵✺ ✭q✉♦✐q✉❡ ❣â❝❤é❡ ♣❛r ✉♥❡ ❞é❢❛✐t❡ ✐♥✈r❛✐s❡♠❜❧❛❜❧❡ ❡♥ ❞❡♠✐✲✜♥❛❧❡s✮ à ❧❛
❞ér♦✉t❡ ❞❡ ❧✬❊✉r♦ ✷✵✵✼ ❡t ❧✬❛❜s❡♥❝❡ ❛✉① ❏❖ ❀ ❊♥ ❢♦♦t✱ ❞✉ t✐tr❡ ❞❡ ✈✐❝❡ ❝❤❛♠♣✐♦♥ ❞✉
♠♦♥❞❡ ❡♥ ✷✵✵✻ ✭♠❛❧❣ré ✉♥❡ ❞♦♠✐♥❛t✐♦♥ é❝r❛s❛♥t❡ ❡♥ ✜♥❛❧❡✮ à ❧❛ ❞ér♦✉t❡ ❞❡ ❧✬❊✉r♦
✷✵✵✽ ❀ ❊♥ r✉❣❜②✱ ❞✉ tr✐♦♠♣❤❡ ❞❛♥s ✉♥ q✉❛rt ❞❡ ✜♥❛❧❡ ♣❡r❞✉ ❞✬❛✈❛♥❝❡ ❢❛❝❡ à ❧❛ ◆♦✉✈❡❧❧❡✲
❩é❧❛♥❞❡ ✭q✉❡❧ ❞é❝❤✐r❡♠❡♥t ✦ ❞és♦❧é ❧❡s ❣❛rs✳✳✳✮ à ❧❛ ❞é❢❛✐t❡ ❞❛♥s ✉♥❡ ❞❡♠✐✲✜♥❛❧❡ ❣❛❣♥é❡
❞✬❛✈❛♥❝❡ ❢❛❝❡ à ❧✬❡♥♥❡♠✐ ❛♥❣❧❛✐s ❀ ❊♥ t❡♥♥✐s✱ ❛✈❡❝ ❧❡ ❝♦✉♣ ❞❡ ♠♦✐♥s ❜✐❡♥ ❞❡ ❋❡❞❡r❡r✶

q✉✐ ♥✬❡st ♣❧✉s ♥✝✶✳ ✳ ✳ ❍❡✉r❡✉s❡♠❡♥t✱ ✐❧ r❡st❡ ❧✬❖▲ ❡t ❙é❜❛st✐❡♥ ▲♦❡❜✱ t♦✉❥♦✉rs ❛✉ t♦♣
❞❛♥s ❧❡✉rs ❞✐s❝✐♣❧✐♥❡s✱ ♣♦✉r s❡ r❛❝❝r♦❝❤❡r ✦ ❈❡tt❡ ♣❡t✐t❡ ❞✐❣r❡ss✐♦♥ s♣♦rt✐✈❡ ♣❡✉t s❡♠❜❧❡r
✐♥❛♣♣r♦♣r✐é❡✱ ♠❛✐s ❧❡s é✈é♥❡♠❡♥ts ❞é❝r✐ts s♦♥t ❛✉t❛♥t ❞❡ ❞✐str❛❝t✐♦♥s ♣❡r♠❡tt❛♥t ❞❡ s❡
❝❤❛♥❣❡r ❧❡s ✐❞é❡s ❛✉ t❡r♠❡s ❞❡ ❥♦✉r♥é❡s ❝❤❛r❣é❡s ✭♠❛✐s ♥é❛♥♠♦✐♥s ♠é❧♦❞✐❡✉s❡s✮ ✿ ♥♦♥
♥é❣❧✐❣❡❛❜❧❡s✱ ❞♦♥❝✳ ❈❡♣❡♥❞❛♥t✱ ❥❡ ♥❡ ♠✬❛tt❛r❞❡ ♣❛s tr♦♣ ❡t ❥✬❡♥ r❡✈✐❡♥s ❛✉ s✉❥❡t✳

❊♥ q✉❛tr❡ ❛♥s✱ ✐❧ ② ❛ ❞❡s ❤❛✉ts ❡t ❞❡s ❜❛s✳ ❏❡ r❡♠❡r❝✐❡ ❞♦♥❝ ✉♥❡ éq✉✐♣❡ ❞❡ ❝♦❧❧è❣✉❡s
❞❡ ❝❤♦❝ ✿ ❈❛r♦❧❡✱ ▲❛✉r❡♥❝❡ ❡t ❋r❡❞✱ ♣♦✉r ♠✬❛✈♦✐r ❛✐❞é à ❜❡❛✉❝♦✉♣ é✈♦❧✉❡r✳ ✳ ✳ ❈✬❡st ❣râ❝❡
à ✈♦✉s q✉❡ ❥❡ ♥❡ s✉✐s ♣❧✉s t♦✉t à ❢❛✐t ❧❡ ♠ê♠❡ q✉✬❡♥ ❛rr✐✈❛♥t ✦ ▼❡♥t✐♦♥ s♣é❝✐❛❧❡ à ❈❛r♦❧❡
♣♦✉r s❡s ❜♦♥s ❝♦♥s❡✐❧s✱ à ▲❛✉r❡♥❝❡ ♣♦✉r s♦♥ ♦r❡✐❧❧❡ ❛tt❡♥t✐✈❡ ❡t à ❋r❡❞ ♣♦✉r s❛ ❢♦❧✐❡
❜✐❡♥tôt ❧é❣❡♥❞❛✐r❡ ✭❡t ♥✬♦✉❜❧✐❡ ♣❛s ❞❡ t✬❡♥tr❛✐♥❡r à P❊❙✳✳✳ ❛✈♦✐r ✉♥❡ ❢❛♠✐❧❧❡ à ❡♥tr❡t❡♥✐r✱
❝✬❡st ♣❛s ✉♥❡ ❡①❝✉s❡ s✉✣s❛♥t❡ ✦✮✳ P❛r ❝♦♥tr❡ ❥❡ ♥❡ r❡♠❡r❝✐❡ ♣❛s ❧❡s ❞❡✉① ❞❡r♥✐❡rs ❞✬❛✈♦✐r
❧❛♥❝é ❞❡ ❢♦❧❧❡s r✉♠❡✉rs ❞❡ ♠❛r✐❛❣❡ s✉r ♠♦♥ ❝♦♠♣t❡ ✦ ❖❑✱ ❝✬ét❛✐t ✉♥ ♣❡✉ ❞rô❧❡✱ ♠❛✐s très
❞✉r é♠♦t✐♦♥♥❡❧❧❡♠❡♥t ♣♦✉r ❙❛♥❞r❛ ❞♦♥t ❧❡ rê✈❡ ❛✣❝❤é ét❛✐t ❞❡ ♠❡ tr♦✉✈❡r ✉♥❡ é♣♦✉s❡✱
♣❛r ❡①❡♠♣❧❡ ♣❛r♠✐ ❧❡s st❛❣✐❛✐r❡s ❞❡ ❧✬✉♥✐té ✦ ✦

❊♥ ♣❛r❧❛♥t ❞❡ st❛❣✐❛✐r❡s✱ ❥✉st❡♠❡♥t ✿ ❥✬❡♥ ❛✐ ❝♦tô②é ✉♥ ❝❡rt❛✐♥ ♥♦♠❜r❡ ❛✉ ❝♦✉rs ❞❡ ❝❡s
q✉❛tr❡ ❛♥♥é❡s✱ ❡t ❥❡ ❧❡s r❡♠❡r❝✐❡ t♦✉s ❞✬❛✈♦✐r ❝♦♥tr✐❜✉é à ♠❡ttr❡ ✉♥ ♣❡✉ ❞✬❛♥✐♠❛t✐♦♥ ❞❛♥s
❧✬✉♥✐té✳ ❏❡ ✈♦✉❞r❛✐s ❡♥ ♣❛rt✐❝✉❧✐❡r ❛❞r❡ss❡r ✉♥ ❣r❛♥❞ ♠❡r❝✐ ✭❞❛♥s ❧✬♦r❞r❡ ❝❤r♦♥♦❧♦❣✐q✉❡✮
à ❊r✐❝ ♣♦✉r ❞❡ ❜♦♥♥❡s tr❛♥❝❤❡s ❞❡ r✐❣♦❧❛❞❡✱ à ▼❛r✐♦♥ P✳ ♣♦✉r ❛✈♦✐r ❝♦✲✐♥✈❡♥té ❧❛ ♣❛✉s❡
s✐r♦♣✱ à ❏✉❧✐❡ ♣♦✉r ♠✬❛✈♦✐r ❛♣♣♦rté ❞❡ ♥♦✉✈❡❧❧❡s ♣❡rs♣❡❝t✐✈❡s✱ à ▼❛r✐♦♥ ❉✳ ♣❛r❝❡ q✉✬❡❧❧❡
♣❡✉t êtr❡ ❣❡♥t✐❧❧❡ q✉❛♥❞ ❡❧❧❡ ✈❡✉t ❡t q✉✬❡❧❧❡ r✐❣♦❧❡ ♣❛r❢♦✐s à ♠❡s ❜❧❛❣✉❡s ✭❡♥ ❞✐s❛♥t
q✉✬❡❧❧❡s s♦♥t ♥✉❧❧❡s✱ ❜✐❡♥ sûr✮✱ à ❙é❣♦❧è♥❡ ♣♦✉r s❛ ❜♦♥♥❡ ❤✉♠❡✉r ♣❡r♠❛♥❡♥t❡ ❡t ♣♦✉r
♠✬❛✈♦✐r ❝❤❛♥❣é ❧❡s ✐❞é❡s ❞❛♥s ❞❡s ♠♦♠❡♥ts r✉❞❡s ✭✈✐✈❡ ❧❡s ♣❛✉s❡s s✐r♦♣ ❞✬✉♥❡ ❤❡✉r❡ ✦✮✱
❡t à ❋❛✉st✐♥❡ ♣❛r❝❡ q✉✬❡❧❧❡ ❡st ✐rr❡♠♣❧❛ç❛❜❧❡ ✦

✶❏❡ s❛✐s✱ ✐❧ ♥✬❡st ♣❛s ❢r❛♥ç❛✐s✱ ♠❛✐s ❥❡ ❧✬❛✐♠❡ ❜✐❡♥ q✉❛♥❞ ♠ê♠❡



❘❡♠❡r❝✐❡♠❡♥ts ✼

❏✬❛✐ é❣❛❧❡♠❡♥t ✉♥❡ ♣❡♥sé❡ ❛♠✐❝❛❧❡ ♣♦✉r t♦✉s ❧❡s t❤és❛r❞s ❝r♦✐sés à ❧✬❯▼❘ P▲✱ q✉✬✐❧s
s♦✐❡♥t ♣❧✉s ❥❡✉♥❡s ♦✉ ♣❧✉s ❛♥❝✐❡♥s✳ ❏✬❡♥ ♣r♦✜t❡ ♣♦✉r r❛ss✉r❡r ❧❡ ❧❡❝t❡✉r ✿ ♥♦♥✱ ❥❡ ♥❡
❜❛ttr❛✐ ♣❛s ❧❡s ✶✼ ♣❛❣❡s ❞❡ r❡♠❡r❝✐❡♠❡♥ts ❞❡ ❙é❜❛st✐❡♥✳ ❏✉st❡ ✉♥ ♣❡t✐t ❝♦✉❝♦✉ à ❊❢r❛✐♥✱
❜❛s❦❡tt❡✉r ❤♦rs ♣❛✐r s♦rt✐ ✈❛✐♥q✉❡✉r ❞✬✉♥ ❞✉❡❧ ❢r❛tr✐❝✐❞❡ ❛✉ s♦♠♠❡t ✿ ❢é❧✐❝✐t❛t✐♦♥s✱ ❡t
❥✬❡s♣èr❡ ❛✈♦✐r ♣r♦♣♦sé ✉♥❡ ♦♣♣♦s✐t✐♦♥ ❞✐❣♥❡ ❞❡ ❝❡ ♥♦♠✱ ♠❛❧❣ré ❧❛ ❞é❢❛✐t❡ ✦ ❊t ❜♦♥ ❝♦✉r❛❣❡
à t♦✉s ❝❡✉① q✉✐ s♦♥t ❡♥❝♦r❡ ❡♥ t❤ès❡✱ ❡♥ ♣❛rt✐❝✉❧✐❡r à ▲❛✉r❡ ✿ ♥✬❤és✐t❡ ♣❛s s✐ t✉ ❛s ❜❡s♦✐♥
❞❡ ❝♦♥s❡✐❧s ❡♥ ♠♦❞é❧✐s❛t✐♦♥✱ ❥❡ s✉✐s ♣❛ssé ♣❛r ❧à ✦ ✦

❏❡ ♥❡ ♣❡✉① ♣❛s ❛❧❧❡r ♣❧✉s ❧♦✐♥ ❞❛♥s ❝❡s r❡♠❡r❝✐❡♠❡♥ts s❛♥s ♣❛r❧❡r ❞❡ ♠❛ ❝❤❛r♠❛♥t❡
✈♦✐s✐♥❡ ❞❡ ❜✉r❡❛✉ ♣❡♥❞❛♥t ♣rès ❞❡ ✷ ❛♥s ✿ P❛✉❧✐♥❡✱ q✉❡ ❥❡ r❡♠❡r❝✐❡ ♣♦✉r s❛ ❜♦♥♥❡ ❤✉♠❡✉r
❡t ❛✉ss✐ ♣♦✉r s✬êtr❡ ♦❝❝✉♣é❡ ❞❡s ♣❧❛♥t❡s ✈❡rt❡s ❞✉ ❜✉r❡❛✉ ✦ ✦ P♦✉r q✉✬✐❧ ♥✬② ❛✐t ♣❛s ❞❡
❥❛❧♦✉①✱ ❥❡ ♣ré❝✐s❡ q✉❡ ❝❡ ❢✉t é❣❛❧❡♠❡♥t ✉♥ ♣❧❛✐s✐r ❞❡ ♣❛rt❛❣❡r ♠♦♥ ❜✉r❡❛✉ ❛✈❡❝ ▼❛r✐♦♥
❇✳ ♣✉✐s P❤✐❧✐♣♣❡ à ❧✬♦❝❝❛s✐♦♥ ❞❡s tr❛✈❛✉① ❞❡ ♣❡✐♥t✉r❡✳ ◗✉❛♥t à ♠♦♥ ❞❡r♥✐❡r ✈♦✐s✐♥ ❞❡
❜✉r❡❛✉✱ ❈②r✐❧❧❡✱ ✐❧ ❛ ❞é❥à été ❝✐té ♣❧✉s ❤❛✉t ❡t ❧❡ s❡r❛ ❞❡ ♥♦✉✈❡❛✉ ✉♥ ♣❡✉ ♣❧✉s ❜❛s✳

P❧✉s ❧❛r❣❡♠❡♥t✱ ❥❡ r❡♠❡r❝✐❡ t♦✉t❡ ❧✬❯▼❘ P▲ ♣♦✉r s♦♥ ❛❝❝✉❡✐❧ ❡t s❛ s②♠♣❛t❤✐❡✱ ❡♥
♣❛rt✐❝✉❧✐❡r ❧❡s t❡❝❤♥✐❝✐❡♥♥❡s ❞✉ ❧❛❜♦ ✭❡♥ ✐♥❝❧✉❛♥t ❚❤✐❜❛✉t✱ ❝♦♠♠❡ ❞✬❤❛❜✬✮✱ ♣❛r❝❡ q✉❡
q✉❛♥❞ ♠ê♠❡✱ tr❛✈❛✐❧❧❡r ❞❛♥s ✉♥❡ ❜♦♥♥❡ ❛♠❜✐❛♥❝❡ ç❛ ❛✐❞❡✳ ❇♦♥✳✳✳ ❝✬❡st ✈r❛✐ q✉❡ ❥❡ ♥✬ét❛✐s
♣❛s t♦✉s ❧❡s ❥♦✉rs ❞❡ ❜♦♥♥❡ ❤✉♠❡✉r✱ ♠❛✐s ❧❡s ♣❛✉s❡s ❝❛❢é ❛✐❞❡♥t ❜✐❡♥ à s❡ ✈✐❞❡r ❧❛ têt❡
♣♦✉r r❡♣❛rt✐r ❞❡ ♣❧✉s ❜❡❧❧❡ ✦ ❊t✱ ❜✐❡♥ q✉✬✉♥ s❡♥s ❞❡ ❧✬❤✉♠♦✉r ❛ss❡③ s♣é❝✐❛❧ ♠✬❛✐t ❝♦♥❞✉✐t
à ❡♥ r✉❞♦②❡r ♣❧✉s ❞✬✉♥✱ ❥✬❡s♣èr❡ q✉❡ ✈♦✉s r❡t✐❡♥❞r❡③ ❧❡s ❜♦♥s ❝ôtés ✦ ✦

❙t ●✐❧❧❡s✱ ❝❡ ♥✬❡st ♣❛s s❡✉❧❡♠❡♥t ❧✬❯▼❘ P▲ ✿ ❥❡ r❡♠❡r❝✐❡ ❞♦♥❝ ♥♦s ❝❤❛r♠❛♥ts ✈♦✐s✐♥s
❞❡ ❧✬♦r❞r❡ ❞❡s s✉✐❞és✱ ♣❧✉s ❝♦♥♥✉s s♦✉s ❧❡ ❞✐♠✐♥✉t✐❢ ❛✛❡❝t✐❢ ✿ ✓ ❧❡s ♣♦r❝s ✔✳ ❇✐❣ ❯♣ à
●✐❧❧❡s✱ ▲✉❞♦✈✐❝✱ ❊t✐❡♥♥❡ ✭❧❡ r♦✐ ❞✉ ❜❛r❜❡❝✉❡✮✱ ❉❛✈✐❞✱ ❡t❝✳ ✳ ✳ ❧❛ ✜♥❡ éq✉✐♣❡ ✦

❊t ♣❛r❝❡ q✉✬✉♥❡ t❤ès❡ ❈■❋❘❊ ♥❡ s❡ rés✉♠❡ ♣❛s ❛✉ ❧❛❜♦r❛t♦✐r❡ ❞❡ r❡❝❤❡r❝❤❡✱ ❥❡
t✐❡♥s à r❡♠❡r❝✐❡r t♦✉t❡ ❧✬❯P ❡♥✈✐r♦♥♥❡♠❡♥t ❞❡ ❧✬■♥st✐t✉t ❞❡ ❧✬❊❧❡✈❛❣❡✱ ✉♥❡ éq✉✐♣❡ ❢♦rt
s②♠♣❛t❤✐q✉❡ q✉❡ ❥✬❛✐ ❡✉ ❧✬♦❝❝❛s✐♦♥ ❞❡ ❝ôt♦②❡r ❛✉ ❝♦✉rs ❞❡ ❞✐✈❡rs❡s ré✉♥✐♦♥s ❡t ❢♦r♠❛t✐♦♥s✳

P❛ss♦♥s ♠❛✐♥t❡♥❛♥t à ❧✬❡♥✈✐r♦♥♥❡♠❡♥t ♣❡rs♦♥♥❡❧ ✿ ❞❡ ♥♦♠❜r❡✉① ❧❡❝t❡✉rs ❛tt❡♥❞❡♥t
❛✈❡❝ ✐♠♣❛t✐❡♥❝❡ ❝❡tt❡ ♣❛rt✐❡✱ ❥✬❡♥ s✉✐s sûr✳ ✳ ✳♠❛✐s ❡❧❧❡ s❡r❛ ❛ss❡③ ❝♦✉rt❡✱ ♣❛r❝❡ q✉❡ ❢❛✉t
♣❛s rê✈❡r✱ ❥✬ét❛✐s ❡♥ t❤ès❡✳

❏✬❛❞r❡ss❡ ✉♥ ❣r❛♥❞ ♠❡r❝✐ à ❝❡ q✉✬✉♥ ✐❧❧✉str❡ ♣ré❞é❝❡ss❡✉r ❛ ♥♦♠♠é ✓ ❧❛ ❝♦❧❧♦❝ ✐♥❢❡r✲
♥❛❧❡ ✔✱ ❞♦♥t ❥✬❛✈❛✐s ❧✬❤♦♥♥❡✉r ❞❡ ❢❛✐r❡ ♣❛rt✐❡ ♠❛✐s ❞♦♥t ❥❡ ♥✬ét❛✐s ♣❛s✱ ✐❧ ❢❛✉t ❧❡ r❡❝♦♥✲
♥❛✐tr❡✱ ❧❡ ♠❡♠❜r❡ ❧❡ ♣❧✉s ❛❝t✐❢✳ ❏❡ s✉✐s ❤♦♥♦ré ❞✬❛✈♦✐r ♣❛rt❛❣é ❝❡t ❛♣♣❛rt❡♠❡♥t ♠②t❤✐q✉❡
❛✈❡❝ ❊r✇❛♥ ✭q✉✐ ❛ ❣❛❣♥é ❧❡ ❝♦♥❝♦✉rs ❞✉ ♠❡✐❧❧❡✉r ❝✉✐s✐♥✐❡r ❛s✐❛t✐q✉❡ ❡♥ ❧❡✉r ❝✉✐s✐♥❛♥t
✉♥✳ ✳ ✳♠é❝❤♦✉✐s✮✱ ❈②r✐❧❧❡ ✭♣♦✉r ❜✐❡♥ s✬❡♥t❡♥❞r❡ ❛✈❡❝ ❧✉✐✱ ♣❛r❧❡③ à ❜❛s❡ ❞❡ ✿ ✓ ❛❧❧❡③✱ ❝✬❡st
❜✐❡♥✳ ✳ ✳ ❝✬❡st ❜✐❡♥ ✔ ❀ ✓ ❝✬❡st ❞✉ ♣❛♥❛❝❤❡ ✔ ❀ ✓ ❡♥ sé❝✉ ✔✮✱ ❙é❜❛st✐❡♥ ❛❦❛ P❛②③✬ ❇r❡✐③❤ ✭❧❡
♠❛❣✐❝✐❡♥ ❞✉ ❜r✐❝♦❧❛❣❡ ❣râ❝❡ à s❡s ♠❡✉❜❧❡s t❛✐❧❧❡ ❦r♦✬✱ ❡t ❝❤❛r♠❡✉r ❞❡ s❡❝rét❛✐r❡s✮✱ ♣✉✐s
❏❡❛♥✲P❤✐❧❧✐♣❡ ❛❦❛ ❧❡ ❈❛♥❛❞✐❡♥ ✭♥♦tr❡ ❢❛♠❡✉s❡ st❛t✉❡ ❞❡ ❏és✉s ❣r❛♥❞❡✉r ♥❛t✉r❡✱ ❧❛✐ssé❡
❡♥ ♣♦s✐t✐♦♥ ❞✉ ❧♦t✉s s✉r ❧❡ ❝❛♥❛♣é✱ ❥♦✉❛♥t à ❧❛ ❉❙ ❡♥ ❞✐s❝✉t❛♥t s✉r ▼❙◆ ❞❡✈❛♥t ❧❛
té❧é✮ ❡t ❡♥✜♥ ❳❛✈✐✱ ♣♦ss✐❜❧❡♠❡♥t ❧❡ s❡✉❧ ❣❛rç♦♥ r❛✐s♦♥♥❛❜❧❡ ❞✉ ❧♦t✳ ❯♥❡ ♣❡t✐t❡ ♣❡♥sé❡
é♠✉❡ ♣♦✉r ❝❡❧✉✐ q✉❡ ❞✬❛✉❝✉♥s ❝♦♥s✐❞èr❡r❛✐❡♥t ❝♦♠♠❡ ♥♦tr❡ ♠❛s❝♦tt❡✱ ❧❛ ♣❡t✐t❡ st❛t✉❡



✽ ❘❡♠❡r❝✐❡♠❡♥ts

❞✬❛♥❣❡❧♦t✱ s✐ ♠✐❣♥♦♥♥❡ ❡t ♣♦✉rt❛♥t s❛✉✈❛❣❡♠❡♥t ❛❜❛♥❞♦♥♥é❡ ♣❛r s♦♥ ♣r♦♣r✐ét❛✐r❡ à s♦♥
❞é♣❛rt✳

▼❡r❝✐ é❣❛❧❡♠❡♥t ❛✉① ♣♦t❡s ❞✉ ❜❛s❦❡t✱ ♣❛r❝❡ q✉✬✉♥ ♣❡✉ ❞❡ s♣♦rt ç❛ ❢❛✐t ❞✉ ❜✐❡♥
❡t ç❛ ❛✐❞❡ à ❣❛r❞❡r ✉♥ ❝❡rt❛✐♥ éq✉✐❧✐❜r❡✳ ■❧s ♥❡ ❧✐r♦♥t ♣r♦❜❛❜❧❡♠❡♥t ❥❛♠❛✐s ❝❡ t❡①t❡✱
♠❛✐s ❥❡ ❧❡s ❝✐t❡ q✉❛♥❞ ♠ê♠❡ ✿ ❆rt❤✉r ❡t ❚❡❞❞② ✭♠❡r❝✐ ❞✬❛✈♦✐r ❢❛✐t ❧✬❡✛♦rt ❞❡ ✈❡♥✐r à ❧❛
s♦✉t❡♥❛♥❝❡ ✦ ✦✮✱ ❆❧❡①✐s✱ ❆❧❡①❛♥❞r❡ ❛❦❛ ❑✉❜✐❛❦ ✭✈♦✉s êt❡s ❛✉ ♠♦✐♥s ✈❡♥✉s ❛✉ ♣♦t✱ ♠❡r❝✐ ✦✮✱
▼❛ë❧✱ ❆♥t♦✐♥❡✱ ❏❈✱ ❏P✱ ❋❛❜✬✱ ▼✐❦❛ s❛♥s ♦✉❜❧✐❡r ❧✬✐♥❞❡s❝r✐♣t✐❜❧❡ ▼✐❝❤❡❧✳

❊t ♣❛r❝❡ q✉✬✐❧ ♥✬② ❛ ♣❛s q✉❡ ❧❛ ❇r❡t❛❣♥❡ ❞❛♥s ❧❛ ✈✐❡✱ ❥❡ r❡♠❡r❝✐❡ t♦✉s ❧❡s ♣♦t❡s ❞❡
❍❛✉t❡✲❙❛✈♦✐❡✱ ❡♥ ♣❛rt✐❝✉❧✐❡r ❧❡s ❣❛rs ❞❡ ▲❛ ❈♦❧❧✐♥❡✳ ❊t ❛✉ss✐ t♦✉s ❧❡s ♣♦t❡s ❞❡ ❧✬❛❣r♦ ❡t
❞❡ ♣ré♣❛ ✿ ●✉❡rr✐❝ ❡t ❍é❧è♥❡✱ ●❛ët❛♥✱ ❙❡❜✱ ▼❛r❝❡❧❧♦✱ ❊❧②❛s✱ ❘é♠②✱ ▼✐❝❦❛ë❧ ❡t ❈❤❛r❧♦tt❡✱
❈❧❛✐r❡✱ ❡t❝✳ ✳ ✳

❏❡ t✐❡♥s à ♣ré❝✐s❡r q✉❡ r✐❡♥ ❞❡ t♦✉t ç❛ ♥✬❛✉r❛✐t été ♣♦ss✐❜❧❡ s❛♥s ❧❡ s♦✉t✐❡♥ ❞❡ ♠❡s
♣❛r❡♥ts✱ q✉❡ ❥❡ r❡♠❡r❝✐❡ ✐♥✜♥✐♠❡♥t ❞❡ ♠✬❛✈♦✐r ♣❡r♠✐s ❞✬❡♥ ❛rr✐✈❡r ❧à✳ ❏❡ r❡♠❡r❝✐❡ é❣❛✲
❧❡♠❡♥t ♠❡s ❢rèr❡s✱ ❘❛♣❤❛ë❧ ❡t ▼❛tt❤✐❛s✱ ❛✐♥s✐ q✉❡ q✉✬❆♥♥❡✲❱❛❧ér✐❡ ♣♦✉r ❧❡✉r s♦✉t✐❡♥✳
❙♣é❝✐❛❧❡ ❞é❞✐❝❛❝❡ à ❧❛ ♣❡t✐t❡ ➱❧✐s❛✱ q✉✐ ♠✬❛ ❢❛✐t ❧❡ ♣❧❛✐s✐r ❞✬❛ss✐st❡r ♠❛ s♦✉t❡♥❛♥❝❡✱ ❡♥✲
❝♦r❡ à ❧✬✐♥tér✐❡✉r ❞❡ s♦♥ ❝♦❝♦♥✱ ❡t q✉✐ ❡♥ ❡st s♦rt✐❡ ✉♥ ♣❡✉ ❡♥ ❛✈❛♥❝❡✱ ❥✉st❡ à t❡♠♣s ♣♦✉r
êtr❡ ♣rés❡♥t❡ ❞❛♥s ❝❡s r❡♠❡r❝✐❡♠❡♥ts ✦ ✦

❊t ✈♦✐❧à✳✳✳ ✐❧ ♥❡ ♠❡ r❡st❡ ♣❧✉s q✉✬à s♦✉❤❛✐t❡r à t♦✉s ❧❡s ❣❡♥s q✉❡ ❥✬❛✐ ❝ôt♦②és ❛✉ ❝♦✉rs
❞❡ ❝❡tt❡ t❤ès❡ ✿ ✓ ❚♦✉t ❞❡ ❜♦♥ ✔✱ ❝♦♠♠❡ ♦♥ ❞✐t ♣❛s très ❧♦✐♥ ❞❡ ❝❤❡③ ♠♦✐ ✭✐♥❞✐❝❡ ✿ ✐❧
❢❛✉t ❧❡ ❞✐r❡ ❛✈❡❝ ✉♥ ❛❝❝❡♥t tr❛✐♥❛♥t ✦✮✳

P❙ ✿ ❯♥ ♣❡t✐t ♠♦t q✉❡ ❥❡ ❣❧✐ss❡ ✐❝✐ ♣❛r❝❡ q✉❡ t♦✉t ❧❡ ♠♦♥❞❡ ❧✐t ❧❡s r❡♠❡r❝✐❡♠❡♥ts ✿
❡♥ ❧✐s❛♥t ❝❡tt❡ t❤ès❡✱ ❡t ♥♦t❛♠♠❡♥t ❧❛ ❞✐s❝✉ss✐♦♥✱ ❣❛r❞❡③ ❜✐❡♥ ❡♥ têt❡ q✉✬✉♥ ♠♦❞è❧❡ ❡st
❛✉ss✐ ✐♥tér❡ss❛♥t ♣❛r ❧❡s q✉❡st✐♦♥s q✉✬✐❧ ♣♦s❡ q✉❡ ♣❛r ❧❡s ré♣♦♥s❡s q✉✬✐❧ ❛♣♣♦rt❡✳



❚❛❜❧❡ ❞❡s ♠❛t✐èr❡s

❘❡♠❡r❝✐❡♠❡♥ts ✸

■♥tr♦❞✉❝t✐♦♥ ✶✼

✶ ▲✬✐♠♣❛❝t ❡♥✈✐r♦♥♥❡♠❡♥t❛❧ ❞❡s é❧❡✈❛❣❡s ❧❛✐t✐❡rs ✷✶
✶✳✶ ❉✐✛ér❡♥ts ✐♠♣❛❝ts s✉r ❧✬❡♥✈✐r♦♥♥❡♠❡♥t ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✸
✶✳✷ ❉❡s ✢✉① ❞❡ ❝♦♠♣♦sés à r✐sq✉❡ ❛✉① ✐♠♣❛❝ts ❡♥✈✐r♦♥♥❡♠❡♥t❛✉① ✳ ✳ ✳ ✳ ✳ ✳ ✷✽
✶✳✸ ❉❡s ♠♦❞✐✜❝❛t✐♦♥s ❞❡ ♣r❛t✐q✉❡s ❛❣r✐❝♦❧❡s ♣❡✉✈❡♥t ré❞✉✐r❡ ❧❡s é♠✐ss✐♦♥s ✳ ✳ ✷✾
✶✳✹ ❈❛❞r❡s ❞✬ét✉❞❡ ❡t ♠ét❤♦❞❡s ❞✬é✈❛❧✉❛t✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✵
✶✳✺ ❇✐❧❛♥s ❛♣♣❛r❡♥ts ❞❡ ❧✬❛③♦t❡ ❡t ✐♠♣❛❝ts ❡♥✈✐r♦♥♥❡♠❡♥t❛✉① ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✻
✶✳✻ ❈♦♥❝❧✉s✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✼

✷ ▲❛ ♠♦❞é❧✐s❛t✐♦♥ ❞✉ ❢♦♥❝t✐♦♥♥❡♠❡♥t ❞❡s é❧❡✈❛❣❡s ✹✾
✷✳✶ ❉✐✛ér❡♥ts ❡①❡♠♣❧❡s ❞❡ ♠♦❞è❧❡s à ❧✬é❝❤❡❧❧❡ ❞❡ ❧✬❡①♣❧♦✐t❛t✐♦♥ ❞✬é❧❡✈❛❣❡ ✳ ✳ ✺✶
✷✳✷ ▼♦❞é❧✐s❛t✐♦♥ ❞❡s ♣r♦❝❡ss✉s ❞é❝✐s✐♦♥♥❡❧s ❡♥ ❡①♣❧♦✐t❛t✐♦♥ ❛❣r✐❝♦❧❡ ✳ ✳ ✳ ✳ ✳ ✺✼
✷✳✸ ❈♦♥❝❧✉s✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✹

✸ ❉é♠❛r❝❤❡ ❞❡ r❡❝❤❡r❝❤❡ ✻✺
✸✳✶ ❊♥❥❡✉① ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✼
✸✳✷ ▲❡ ♣r♦❥❡t ▼é❧♦❞✐❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✼
✸✳✸ ❖❜❥❡❝t✐❢s ❞❡ ❧❛ t❤ès❡ ❡t q✉❡st✐♦♥s ❞❡ r❡❝❤❡r❝❤❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✾
✸✳✹ ❖r❣❛♥✐s❛t✐♦♥ ❞❡ ❧❛ t❤ès❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✵

✹ ❆r❝❤✐t❡❝t✉r❡ ❣é♥ér❛❧❡ ❞❡ ▼é❧♦❞✐❡ ✼✶
✹✳✶ ❯♥❡ ♦♥t♦❧♦❣✐❡ ❞❡s s②stè♠❡s ❞❡ ♣r♦❞✉❝t✐♦♥ ❛❣r✐❝♦❧❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✸
✹✳✷ ▼♦❞é❧✐s❛t✐♦♥ ♦r✐❡♥té❡ ♦❜❥❡t ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✾
✹✳✸ ❆♣♣❧✐❝❛t✐♦♥ ❛✉① ❡①♣❧♦✐t❛t✐♦♥s ❧❛✐t✐èr❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✵
✹✳✹ ❈♦♥❝❧✉s✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✾

✺ ▲❡s ♠♦❞è❧❡s ✉t✐❧✐sés ❞❛♥s ❧❡ s②stè♠❡ ❜✐♦t❡❝❤♥✐q✉❡ ✾✶
✺✳✶ ▼♦❞✉❧❡ ❛♥✐♠❛✉① ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✸
✺✳✷ ▼♦❞✉❧❡ ❙♦❧✲❈✉❧t✉r❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✽
✺✳✸ ▼♦❞✉❧❡ ❇ât✐♠❡♥ts ❊✤✉❡♥ts ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✶
✺✳✹ ❈♦♥❝❧✉s✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✸

✾



✶✵ ❚❆❇▲❊ ❉❊❙ ▼❆❚■➮❘❊❙

✻ ❉é❝✐s✐♦♥s ❛♥♥✉❡❧❧❡s ❡t ❣é♥ér❛t✐♦♥ ❞❡ ♣❧❛♥s ❞✬❛❝t✐✈✐tés ✶✵✺
✻✳✶ ❈❛❞r❡ ❣é♥ér❛❧ ❞❡ ❧❛ ♣❧❛♥✐✜❝❛t✐♦♥ ❞❛♥s ▼é❧♦❞✐❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✼
✻✳✷ P❧❛♥s ❞✬❛❧✐♠❡♥t❛t✐♦♥ ❞❡s ❛♥✐♠❛✉① ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✽
✻✳✸ ➱t❛❜❧✐ss❡♠❡♥t ❞❡ ❧✬❛ss♦❧❡♠❡♥t à ❧✬❛✐❞❡ ❞❡ ❚♦✉r♥❡s♦❧ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✽
✻✳✹ ➱t❛❜❧✐ss❡♠❡♥t ❞✉ ♣❧❛♥ ♣ré✈✐s✐♦♥♥❡❧ ❞❡ ❢✉♠✉r❡ à ❧✬❛✐❞❡ ❞❡ ❋✉♠✐❣è♥❡ ✳ ✳ ✶✶✻
✻✳✺ ■♥té❣r❛t✐♦♥ ❞❛♥s ▼é❧♦❞✐❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷✺

✼ ❉é❝✐s✐♦♥s ❡♥ ❝♦✉rs ❞✬❛♥♥é❡ ✶✸✸
✼✳✶ ▲❡s ❞é❝✐s✐♦♥s ♦♣ér❛t✐♦♥♥❡❧❧❡s ❞❛♥s ▼é❧♦❞✐❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✸✺
✼✳✷ ❉é❝✐s✐♦♥s ❧✐é❡s à ❧✬❛❧✐♠❡♥t❛t✐♦♥ ❞❡s ❜♦✈✐♥s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✸✻
✼✳✸ ❋❡rt✐❧✐s❛t✐♦♥ ♣✐❧♦té❡ ♣❛r ❧❡s ré❝♦❧t❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✹✼
✼✳✹ ❋❛✐s❛❜✐❧✐té ❞❡s ♦♣ér❛t✐♦♥s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✹✽
✼✳✺ ❊①t❡♥s✐♦♥ à ❧❛ ❣❡st✐♦♥ ❞❡s r❡ss♦✉r❝❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✹✾
✼✳✻ ❈♦♥❝❧✉s✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✺✶

✽ ❯♥❡ ❛♣♣❧✐❝❛t✐♦♥ ❞❡ ▼é❧♦❞✐❡ ✶✺✸
✽✳✶ ❖❜❥❡❝t✐❢s ❞❡ ❧✬❡①♣ér✐♠❡♥t❛t✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✺✺
✽✳✷ ▲❡ ♣❧❛♥ ❞✬❡①♣ér✐❡♥❝❡ ♠✐s ❡♥ ♣❧❛❝❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✺✺
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✽✳✶ ❘❛t✐♦♥ ✐♥❣éré❡ ♣❛r ❧❡s ✈❛❝❤❡s ❧❛✐t✐èr❡s✱ ❡♥ ♠♦②❡♥♥❡ ♣♦✉r ❝❤❛q✉❡ ❥♦✉r ❞❡
❧✬❛♥♥é❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✻✶

✽✳✷ ❙✉r❢❛❝❡s ❛♥♥✉❡❧❧❡s ❛❧❧♦✉é❡s ♣❛r ❚♦✉r♥❡s♦❧ à ❝❤❛q✉❡ ❝✉❧t✉r❡ ❞❛♥s ❧❡s
❞✐✛ér❡♥t❡s s✐♠✉❧❛t✐♦♥s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✻✷

✽✳✸ ◗✉❛♥t✐tés t♦t❛❧❡s ❞✬❡✤✉❡♥ts✱ ❡♥ t (MB)✱ é♣❛♥❞✉❡s ❡♥ ♠♦②❡♥♥❡ ❝❤❛q✉❡
❛♥♥é❡ s✉r ❧❡s ❞✐✛ér❡♥t❡s ❝✉❧t✉r❡s✳ ❋ ❂ ❢✉♠✐❡r✱ ▲ ❂ ❧✐s✐❡r ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✻✹

✽✳✹ ❇✐❧❛♥ ❞❡ ❧✬❛③♦t❡ ❛✉① ♣♦rt❡s ❞❡ ❧✬❡①♣❧♦✐t❛t✐♦♥ ❞❛♥s ❧❡s ❞✐✛ér❡♥t❡s s✐♠✉❧❛t✐♦♥s✶✻✺
✽✳✺ ❊①❝é❞❡♥t ❞✉ ❜✐❧❛♥ ❞❡ ❧✬❛③♦t❡ ♣❛r ❛♥♥é❡ ❞❛♥s ❧❡s ❞✐✛ér❡♥t❡s s✐♠✉❧❛t✐♦♥s ✳ ✶✻✻
✽✳✻ ▲❡ss✐✈❛❣❡ ❝✉♠✉❧é ♣❛r ❝❛♠♣❛❣♥❡ ❝✉❧t✉r❛❧❡ ✭❞❡ s❡♣t❡♠❜r❡ à ❛♦ût✮ ❞❛♥s ❧❡s

❞✐✛ér❡♥t❡s s✐♠✉❧❛t✐♦♥s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✻✽
✽✳✼ ▲❡ss✐✈❛❣❡ ♠♦②❡♥ ❛✉ ❝♦✉rs ❞❡ ❝❤❛q✉❡ ♠♦✐s ❞❡ ❧✬❛♥♥é❡ ❞❛♥s ❧❡s ❞✐✛ér❡♥t❡s

s✐♠✉❧❛t✐♦♥s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✻✾
✽✳✽ ▲✐❡♥ ❡♥tr❡ ❧❡ r❡❧✐q✉❛t ❞✬❛③♦t❡✱ ❧❡s ♣ré❝✐♣✐t❛t✐♦♥s ❡t ❧❡ ❧❡ss✐✈❛❣❡ ✳ ✳ ✳ ✳ ✳ ✳ ✶✼✶
✽✳✾ ▲✐❡♥ ❡♥tr❡ ❡①❝é❞❡♥t ❞✉ ❜✐❧❛♥ ♠♦②❡♥ ❡t ❧❡ss✐✈❛❣❡ ❞❡ ♥✐tr❛t❡s ♠♦②❡♥ ✳ ✳ ✳ ✳ ✶✼✷
✽✳✶✵ ❱❛r✐❛❜✐❧✐té ✐♥t❡r✲❛♥♥✉❡❧❧❡ ❞❡ ❧❛ ❜❛✐ss❡ ❞❡ st♦❝❦ ❞✬❛③♦t❡ ♦r❣❛♥✐q✉❡ ❞❛♥s ❧❡

s♦❧ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✼✸
✽✳✶✶ ❱❛r✐❛❜✐❧✐té ❡♥tr❡ ♣❛r❝❡❧❧❡s ❞❡ ❧❛ ❞✐♠✐♥✉t✐♦♥ ♠♦②❡♥♥❡ ❛✉ ❝♦✉rs ❞❡ ❧❛ s✐♠✉✲

❧❛t✐♦♥ ❞✉ st♦❝❦ ❞✬❛③♦t❡ ♦r❣❛♥✐q✉❡ ❞❛♥s ❧❡ s♦❧ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✼✹
✽✳✶✷ ▲✐❡♥ ❡♥tr❡ ♣r♦❞✉❝t✐♦♥ ❧❛✐t✐èr❡ ♣❛r ❤❡❝t❛r❡ ❡t ❜✐❧❛♥ ❛♣♣❛r❡♥t ❞❡ ❧✬❛③♦t❡ ✳ ✳ ✶✼✺
✽✳✶✸ ▲✐❡♥ ❡♥tr❡ ❜✐❧❛♥ ❛♣♣❛r❡♥t ❞❡ ❧✬❛③♦t❡ ❡t ❧❡ss✐✈❛❣❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✼✼

✾✳✶ ❉✐❛❣r❛♠♠❡ ❯▼▲ ❞❡s str✉❝t✉r❡s ❞❡ ❝♦♠♠✉♥✐❝❛t✐♦♥ ❡♥tr❡ ♠♦❞è❧❡s ❞❛♥s
❧❡ ❈♦♠♠♦♥ ▼♦❞❡❧❧✐♥❣ Pr♦t♦❝♦❧ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✾✸



▲✐st❡ ❞❡s t❛❜❧❡❛✉①

✶✳✶ ➱♠✐ss✐♦♥s t♦t❛❧❡s ❡t ❛❣r✐❝♦❧❡s ❞❡ ●❊❙ ❡♥ ❋r❛♥❝❡ ❡♥ ✷✵✵✺ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✺
✶✳✷ P♦✉✈♦✐r ❞❡ ré❝❤❛✉✛❡♠❡♥t ❣❧♦❜❛❧ ✭P❘●✮ ❛ss♦❝✐é à ❞✐✛ér❡♥ts ❣❛③ à ❡✛❡t ❞❡

s❡rr❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✻
✶✳✸ ❇✐❧❛♥s ❞❡ ❧✬❛③♦t❡ ❞❛♥s ❞✐✛ér❡♥ts ❣r♦✉♣❡s ❞✬❡①♣❧♦✐t❛t✐♦♥s ❧❛✐t✐èr❡s ❢r❛♥ç❛✐s❡s ✹✵

✷✳✶ ❈♦♠♣❛r❛✐s♦♥ ❞❡ ❞✐✛ér❡♥ts ♠♦❞è❧❡s ❞✉ ❢♦♥❝t✐♦♥♥❡♠❡♥t ❞✬❡①♣❧♦✐t❛t✐♦♥s
❞✬é❧❡✈❛❣❡ ❧❛✐t✐❡r ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✷

✷✳✷ Pr✐♥❝✐♣❛❧❡s ❞✐✛ér❡♥❝❡s ❡♥tr❡ ❧❡s ❛♣♣r♦❝❤❡s ❜❛sé❡s s✉r ❞❡s rè❣❧❡s ❞❡ ❞é❝✐✲
s✐♦♥ ❡t ❧✬❛♣♣r♦❝❤❡ ♣❛r ♣❧❛♥✐✜❝❛t✐♦♥ ♣r♦♣♦sé❡ ♣❛r ●P❆▼ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✸

✺✳✶ P❛r❛♠ètr❡s ❞❡ ❙t✐❝s ❞é❝r✐✈❛♥t ❧❛ ❞é❣r❛❞❛t✐♦♥ ❞❡s ❡✤✉❡♥ts ❜♦✈✐♥s ✳ ✳ ✳ ✳ ✶✵✵

✻✳✶ P❛r❛♠ètr❡s ♣♦✉r ❧❛ ♣ré✈✐s✐♦♥ ❞❡ ❧❛ ♠✐♥ér❛❧✐s❛t✐♦♥ ❞❡s ❡✤✉❡♥ts ❜♦✈✐♥s ✳ ✳ ✶✷✵

✽✳✶ ❘❡♥❞❡♠❡♥ts ♠♦②❡♥s ❞❡s ❝✉❧t✉r❡s ❡t ❜❡s♦✐♥s ❡♥ ❛③♦t❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✺✽
✽✳✷ ◗✉❛♥t✐tés ♣ré✈✐s✐♦♥♥❡❧❧❡s ❞✬❛❧✐♠❡♥ts à ♣r♦❞✉✐r❡ ❡t q✉❛♥t✐tés ❞✬❡✤✉❡♥ts à

❣ér❡r ❝❤❛q✉❡ ❛♥♥é❡ ❞❛♥s ❧❡s ❞✐✛ér❡♥t❡s s✐♠✉❧❛t✐♦♥s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✺✽
✽✳✸ ◗✉❛♥t✐tés ❞❡ ❝♦♥❝❡♥tré ❞❡ ♣r♦❞✉❝t✐♦♥ ♣❛r ✈❛❝❤❡ ❧❛✐t✐èr❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✺✾
✽✳✹ ❊✛❡❝t✐❢s ♠♦②❡♥s ❞❡s ❞✐✛ér❡♥ts ❧♦ts ❞✬❛♥✐♠❛✉① ❞❛♥s ❧❡s s✐① s✐♠✉❧❛t✐♦♥s

ré❛❧✐sé❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✻✵
✽✳✺ ❘❛t✐♦♥ q✉♦t✐❞✐❡♥♥❡ ✐♥❣éré❡ ♣❛r ❧❡s ❣é♥✐ss❡s✱ ❡♥ ♠♦②❡♥♥❡ ♣♦✉r ❝❤❛q✉❡

s✐♠✉❧❛t✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✻✵
✽✳✻ ❈❛r❛❝tér✐st✐q✉❡s ❣é♥ér❛❧❡s ❞❡s ❛ss♦❧❡♠❡♥ts ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✻✶
✽✳✼ ❋❡rt✐❧✐s❛t✐♦♥ ❛③♦té❡ ❞❡s ❝✉❧t✉r❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✻✸
✽✳✽ ❱❛r✐❛❜✐❧✐té ❞❡s ❞✐✛ér❡♥ts ♣♦st❡s ❞✉ ❜✐❧❛♥ ❛♣♣❛r❡♥t ❞❡ ❧✬❛③♦t❡ ❞❛♥s ❧❡s

s✐♠✉❧❛t✐♦♥s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✻✼
✽✳✾ ➱♠✐ss✐♦♥s ❞❡ ❝♦♠♣♦sés ❛③♦tés✱ ❡♥ ♠♦②❡♥♥❡ ❛♥♥✉❡❧❧❡ ✭❦❣ ◆✴❍❛✮ ✳ ✳ ✳ ✳ ✳ ✶✻✼
✽✳✶✵ ▲❡ss✐✈❛❣❡ ✭❦❣ ◆✴❍❛✮ ❝✉♠✉❧é s✉r ❧✬❛♥♥é❡ ✭❞✉ ✶er s❡♣t❡♠❜r❡ n ❛✉ ✸✶ ❛♦ût

n + 1✮ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ❝✉❧t✉r❡ ♣ré❝é❞❡♥t❡ ✭❛♥♥é❡ n✮ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✻✽

✶✸



✶✹ ▲■❙❚❊ ❉❊❙ ❚❆❇▲❊❆❯❳



▲✐st❡ ❞❡s ❛❜ré✈✐❛t✐♦♥s

❆P■ ❆♣♣❧✐❝❛t✐♦♥ Pr♦❣r❛♠♠✐♥❣ ■♥t❡r❢❛❝❡ ✭✐♥t❡r❢❛❝❡ ❞❡ ♣r♦❣r❛♠♠❛t✐♦♥✮
❈▼P ❈♦♠♠♦♥ ▼♦❞❡❧✐♥❣ Pr♦t♦❝♦❧

❈❯▼❆ ❈♦♦♣ér❛t✐✈❡ ❞✬❯t✐❧✐s❛t✐♦♥ ❞✉ ▼❛tér✐❡❧ ❆❣r✐❝♦❧❡
❊❚❆ ❊♥tr❡♣r✐s❡ ❞❡ ❚r❛✈❛✉① ❆❣r✐❝♦❧❡s

❊❚❘❊ ❊q✉✐❧✐❜r❡ ❚r❛✈❛✐❧ ❘❡✈❡♥✉ ❊♥✈✐r♦♥♥❡♠❡♥t
❋❆❙❙❊❚ ❋❛r♠ ❆❙❙❊s♠❡♥t ❚♦♦❧

●▼◗ ●❛✐♥ ▼♦②❡♥ ◗✉♦t✐❞✐❡♥
■❋❙▼ ■♥t❡❣r❛t❡❞ ❋❛r♠ ❙②st❡♠s ▼♦❞❡❧
■❚❦ ■t✐♥ér❛✐r❡ ❚❡❝❤♥✐q✉❡

▼❖❖ ▼♦❞é❧✐s❛t✐♦♥ ❖r✐❡♥té❡ ❖❜❥❡t
◆ ❆③♦t❡

◆❜❏❉❡♠ ◆♦♠❜r❡ ❞❡ ❥♦✉rs ❞❡ ❞❡♠❛♥❞❡
P P❤♦s♣❤♦r❡

P❖❖ Pr♦❣r❛♠♠❛t✐♦♥ ❖r✐❡♥té❡ ❖❜❥❡t
❙●❇❉ ❙②stè♠❡ ❞❡ ●❡st✐♦♥ ❞❡ ❇❛s❡s ❞❡ ❉♦♥♥é❡s
SHPp ❙t♦❝❦ ❞✬❍❡r❜❡ Pât✉r❛❜❧❡ s✉r ❧❛ ♣❛r❝❡❧❧❡ p
SHPT ❙t♦❝❦ ❞✬❍❡r❜❡ Pât✉r❛❜❧❡ ❚♦t❛❧
❙◗▲ ❙t❛♥❞❛r❞ ◗✉❡r② ▲❛♥❣✉❛❣❡
❯▼▲ ❯♥✐✜❡❞ ▼♦❞❡❧✐♥❣ ▲❛♥❣✉❛❣❡
❲❋▼ ❲❤♦❧❡ ❋❛r♠ ▼♦❞❡❧

✶✺
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▲✬✐♠♣❛❝t ❡♥✈✐r♦♥♥❡♠❡♥t❛❧ ❞❡ ❧✬é❧❡✈❛❣❡✱ ✉♥ ❡♥❥❡✉ ❞❡ s♦❝✐été

➚ ♣❛rt✐r ❞❡s ❛♥♥é❡s ✻✵ ❡t ♣❡♥❞❛♥t ♣❧✉s✐❡✉rs ❞é❝❡♥♥✐❡s✱ ❧❡s é✈♦❧✉t✐♦♥s ❞❡ ❧✬❛❣r✐❝✉❧t✉r❡
♦♥t ✈✐sé ♣r✐♥❝✐♣❛❧❡♠❡♥t à ❛✉❣♠❡♥t❡r ❧❛ ♣r♦❞✉❝t✐♦♥ t♦t❛❧❡ ❡t ♣❛r ❛❝t✐❢ ❛❣r✐❝♦❧❡✳ ●râ❝❡
❛✉① ♣r♦❣rès ré❛❧✐sés✱ ❧❛ ❋r❛♥❝❡ ❛ ❛ss✉ré s♦♥ ❛✉t♦♥♦♠✐❡ ♣♦✉r ❞❡ ♥♦♠❜r❡✉① ♣r♦❞✉✐ts
❛❧✐♠❡♥t❛✐r❡s✳ ❈❡♣❡♥❞❛♥t✱ ❝❡tt❡ é✈♦❧✉t✐♦♥ s✬❡st ❛❝❝♦♠♣❛❣♥é❡ ❞✬✉♥❡ ♣r❡ss✐♦♥ ❛❝❝r✉❡ s✉r
❧✬❡♥✈✐r♦♥♥❡♠❡♥t✳

▲❡ rô❧❡ ❞❡ ❧✬é❧❡✈❛❣❡ ❞❛♥s ❧❛ ❞é❣r❛❞❛t✐♦♥ ❞❡ ❧✬❡♥✈✐r♦♥♥❡♠❡♥t ❡st s♦✉✈❡♥t ♠✐s ❡♥ ❛✈❛♥t✳
❊♥ ❋r❛♥❝❡✱ q✉❡❧q✉❡s ré❣✐♦♥s ❝♦♥❝❡♥tr❡♥t ✉♥ ♥♦♠❜r❡ ✐♠♣♦rt❛♥t ❞✬❛♥✐♠❛✉① ❞✬é❧❡✈❛❣❡✳ ▲❡s
✐♠♣❛❝ts ❡♥✈✐r♦♥♥❡♠❡♥t❛✉① ❞✉s ❡♥ ♣❛rt✐❡ à ❝❡tt❡ ❞❡♥s✐té ❞♦♥♥❡♥t à ❧✬é❧❡✈❛❣❡ ✉♥❡ ✐♠❛❣❡
♥é❣❛t✐✈❡ ❛✉♣rès ❞❡s ❝✐t♦②❡♥s✳ ▲✬❡♥✈✐r♦♥♥❡♠❡♥t ♥✬❡st ♣❛s ❧❡ s❡✉❧ ♠♦t✐❢ ❞❡ r❡♣r♦❝❤❡s à ❧✬❡♥✲
❝♦♥tr❡ ❞❡ ❧✬é❧❡✈❛❣❡✳ ▲❡s ❝r✐s❡s s❛♥✐t❛✐r❡s ❝♦♠♠❡ ❝❡❧❧❡ ❞❡ ❧✬❡♥❝é♣❤❛❧♦♣❛t❤✐❡ s♣♦♥❣✐❢♦r♠❡
❜♦✈✐♥❡ ♣❛rt✐❝✐♣❡♥t à ❝ré❡r ✉♥❡ ✐♠❛❣❡ ❞é❢❛✈♦r❛❜❧❡ ❞❡s ♣r♦❞✉✐ts ❛♥✐♠❛✉①✳ ▲❡ ❜✐❡♥✲êtr❡ ❛♥✐✲
♠❛❧ ❞❛♥s ❞❡s é❧❡✈❛❣❡s ❞✐ts ✓ ✐♥❞✉str✐❡❧s ✔ ❡st é❣❛❧❡♠❡♥t q✉❡st✐♦♥♥é✳ ▲❛ ♠❛✉✈❛✐s❡ ✐♠❛❣❡
❞❡ ❧✬❛❣r✐❝✉❧t✉r❡ ❝♦♥✈❡♥t✐♦♥♥❡❧❧❡ ❡♥ ❣é♥ér❛❧✱ ❥✉❣é❡ tr♦♣ ♣r♦❞✉❝t✐✈✐st❡ ❡t tr♦♣ ✐♥❢é♦❞é❡ à
q✉❡❧q✉❡s ✜r♠❡s ♠✉❧t✐♥❛t✐♦♥❛❧❡s ♣❛r ❜❡❛✉❝♦✉♣✱ ❥♦✉❡ é❣❛❧❡♠❡♥t ✉♥ rô❧❡ ❞❛♥s ❝❡tt❡ ❝r✐s❡
❞❡ ❝♦♥✜❛♥❝❡✳ ❊♥✜♥✱ ❧✬✐♥❡✣❝❛❝✐té ❞❡s ♣r♦❞✉❝t✐♦♥s ❛♥✐♠❛❧❡s✱ q✉✐ ✉t✐❧✐s❡♥t ❞❡s ❝éré❛❧❡s
❝♦♥s♦♠♠❛❜❧❡s ♣❛r ❧✬❍♦♠♠❡✱ ❡st ❞❡ ♣❧✉s ❡♥ ♣❧✉s s♦✉✈❡♥t ♠✐s❡ ❡♥ ❝❛✉s❡ ❡♥ r❛✐s♦♥ ❞❡
❧✬❡♥✈♦❧é❡ ré❝❡♥t❡ ❞❡s ❝♦✉rs ❞❡s ♣r♦❞✉✐ts ❛❧✐♠❡♥t❛✐r❡s ❡t ❞❡ ❧❛ ❝r✐s❡ ❛❧✐♠❡♥t❛✐r❡ ❧❛t❡♥t❡✳
❈❡tt❡ ✐♠❛❣❡ ❡st ❡♥tr❡t❡♥✉❡ ♣❛r ❧❡s ♠é❞✐❛s✱ ❛✉♣rès ❞❡sq✉❡❧s ❧❡s ✐♥❢♦r♠❛t✐♦♥s s✉r ❧❡s ❡✛❡ts
♥é❣❛t✐❢s ❞❡ ❧✬é❧❡✈❛❣❡ tr♦✉✈❡♥t é❝❤♦✳ ❉❡✉① ❡①tr❛✐ts ❞✬❛rt✐❝❧❡s✱ ✐ss✉s ❞✉ ❥♦✉r♥❛❧ ▲❡ ▼♦♥❞❡✱
s❡♠❜❧❡♥t ❜✐❡♥ rés✉♠❡r ❧❛ ♣♦s✐t✐♦♥ ❞❡ ❧✬é❧❡✈❛❣❡ ❞❛♥s ❧❡ ❞é❜❛t ♣✉❜❧✐❝ ✿

▲❡ ✈r❛✐✲❢❛✉① ❞é❝❧✐♥ ❞❡ ❧❛ ✈✐❛♥❞❡
▲❡ ▼♦♥❞❡✱ ▲æt✐t✐❛ ❈❧❛✈r❡✉❧✱ ✷✸ s❡♣t❡♠❜r❡ ✷✵✵✼

❬✳✳✳❪ ▲❡s ♣r♦❞✉❝t✐♦♥s ❞✬♦r✐❣✐♥❡ ❛♥✐♠❛❧❡ ✲ ✈✐❛♥❞❡✱ ♦❡✉❢s✱ ♣r♦❞✉✐ts ❧❛✐t✐❡rs ✲
s♦♥t ❡♥ ❡✛❡t ❡①trê♠❡♠❡♥t ♣♦❧❧✉❛♥t❡s✳ ▲❡s ♠✐❧❧✐❛r❞s ❞❡ t♦♥♥❡s ❞❡ ❞é❥❡❝t✐♦♥s
q✉✐ ❡♥ s♦♥t ✐ss✉s ❡♥❣❡♥❞r❡♥t ❞❡s r❡❥❡ts ❛③♦tés ❞❛♥s ❧❡s s♦❧s ❡t ❧❡s r✐✈✐èr❡s✳ ❊t
❧✬é❧❡✈❛❣❡✱ à ❧✉✐ s❡✉❧✱ r❡♣rés❡♥t❡ ✶✽ ✪ ❞❡s é♠✐ss✐♦♥s ♠♦♥❞✐❛❧❡s ❞❡ ❣❛③ à ❡✛❡t
❞❡ s❡rr❡✳ ❙♦✐t ✉♥❡ ❝♦♥tr✐❜✉t✐♦♥ ❛✉ ré❝❤❛✉✛❡♠❡♥t ❝❧✐♠❛t✐q✉❡ ♣❧✉s é❧❡✈é❡ q✉❡
❝❡❧❧❡ ❞❡s tr❛♥s♣♦rts✳

❆✉tr❡ ♣♦✐♥t ♥♦✐r ❞❡ ❝❡tt❡ ♣r♦❞✉❝t✐♦♥ ✿ s❛ ♣r♦♣r❡ ❝♦♥s♦♠♠❛t✐♦♥✳ ▲❡s ♣â✲
t✉r❛❣❡s ♦❝❝✉♣❡♥t ✸✵ ✪ ❞❡s s✉r❢❛❝❡s é♠❡r❣é❡s✱ ❡t ♣❧✉s ❞❡ ✹✵ ✪ ❞❡s ❝éré❛❧❡s
ré❝♦❧té❡s s❡r✈❡♥t à ♥♦✉rr✐r ♥♦♥ ♣❛s ❞✐r❡❝t❡♠❡♥t ❧❡s ❤♦♠♠❡s✱ ♠❛✐s ❧❡ ❜é✲
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t❛✐❧✳ ▲❡s ③♦♥❡s ❞✐s♣♦♥✐❜❧❡s ét❛♥t ✐♥s✉✣s❛♥t❡s ♣♦✉r ré♣♦♥❞r❡ à ❧❛ ❞❡♠❛♥❞❡✱
❧✬é❧❡✈❛❣❡ ♣❡✉t ♣r♦✈♦q✉❡r ❧❡ ❞é❢r✐❝❤❛❣❡ ❞❡ ❢♦rêts✳ ■❧ ❡st ❣♦✉r♠❛♥❞ ❡♥ ♠❛t✐èr❡
♣r❡♠✐èr❡ ❡t ❡♥ ❡❛✉✳ ✳ ✳ ❊♥ ❜r❡❢✱ ❧❛ ♣r♦❞✉❝t✐♦♥ ❛♥✐♠❛❧❡ ♣♦s❡ q✉❡st✐♦♥✳ ❉✬❛✉t❛♥t
♣❧✉s q✉❡ ❧❛ ❚❡rr❡✱ ❞✬✐❝✐ à ✷✵✺✵✱ ❛✉r❛ ✾ ♠✐❧❧✐❛r❞s ❞❡ ❜♦✉❝❤❡s à ♥♦✉rr✐r✳

❬✳ ✳ ✳ ❪
❆❧♦rs q✉✬♦♥ ♣❛r❧❛✐t ✐❧ ② ❛ ❞✐① ❛♥s ❞❡ ❞és✐♥t❡♥s✐✜❝❛t✐♦♥ ❞❡s s②stè♠❡s ❞❡

♣r♦❞✉❝t✐♦♥✱ ❝❡ ❝♦♥❝❡♣t ❛ été r❡♠♣❧❛❝é ♣❛r ✉♥ ❛✉tr❡ ✿ ❝❡❧✉✐ ❞✬❛❣r✐❝✉❧t✉r❡ é❝♦✲
❧♦❣✐q✉❡♠❡♥t ✐♥t❡♥s✐✈❡✳

▲❛ ♣♦❧❧✉t✐♦♥ ❞❡ ❧✬❡❛✉ ♣❛r ❧❡s ♥✐tr❛t❡s ♦❜❧✐❣❡ ❧❡s é❧❡✈❛❣❡s ❜r❡t♦♥s à
s❡ tr❛♥s❢♦r♠❡r
▲❡ ▼♦♥❞❡✱ ▲æt✐t✐❛ ❈❧❛✈r❡✉❧✱ ✶✷ ❥✉✐❧❧❡t ✷✵✵✼

❆❣r✐❝✉❧t✉r❡ ✐♥t❡♥s✐✈❡ ❝♦♥tr❡ ❛❣r✐❝✉❧t✉r❡ ❞✉r❛❜❧❡✳ ❊♥ ❇r❡t❛❣♥❡✱ ❧❛ ♣r♦✲
❜❧é♠❛t✐q✉❡ ❞❡s ♥✐tr❛t❡s✱ q✉✐ é♠❛♥❡♥t ❞❡s ❞é❥❡❝t✐♦♥s ❞❡s é❧❡✈❛❣❡s ❤♦rs s♦❧
❡t ❞❡ ❧✬✉t✐❧✐s❛t✐♦♥ ❞✬❡♥❣r❛✐s ❛③♦tés ♣♦✉r ❧❡s ❝✉❧t✉r❡s ❧é❣✉♠✐èr❡s✱ r❡♥❞ ♣❧✉s
q✉✬❛✐❧❧❡✉rs ❧❛ q✉❡st✐♦♥ ❞✉ ♠♦❞❡ ❞❡ ♣r♦❞✉❝t✐♦♥ ✐♥é❧✉❝t❛❜❧❡✳

❯♥ r❛♣♣♦rt ❞❡ ❧✬♦r❣❛♥✐s❛t✐♦♥ ❞❡s ◆❛t✐♦♥s ❯♥✐❡s ♣♦✉r ❧✬❛❧✐♠❡♥t❛t✐♦♥ ❡t ❧✬❛❣r✐❝✉❧t✉r❡
✭❋❆❖✮ ❡st ✈❡♥✉ ré❝❡♠♠❡♥t ❛❧♦✉r❞✐r ❧❡s ❝❤❛r❣❡s ❝♦♥tr❡ ❧✬é❧❡✈❛❣❡ ✭❙t❡✐♥❢❡❧❞ ❡t ❛❧✳ ✷✵✵✻✮✳
❖♥ ♣❡✉t s❡ ❞❡♠❛♥❞❡r ❞❛♥s q✉❡❧❧❡ ♠❡s✉r❡ ❝❡ ❝♦♥st❛t ♥é❣❛t✐❢ ❡st ❥✉st✐✜é✳ ❙✐ ❧❡s r❡♣r♦❝❤❡s
s✉r ❧❡s ✐♠♣❛❝ts ❡♥✈✐r♦♥♥❡♠❡♥t❛✉① s♦♥t ❢♦♥❞és✱ ❧✬é❧❡✈❛❣❡ ❥♦✉❡ t♦✉t ❞❡ ♠ê♠❡ ✉♥ rô❧❡
✐♠♣♦rt❛♥t ❞❛♥s ❧❡s ✢✉① ❞✬é❧é♠❡♥ts ♥✉tr✐t✐❢s ❡t ❝♦♥tr✐❜✉❡ ❛✉ ♠❛✐♥t✐❡♥ ❞❡s t❛✉① ❞❡ ♠❛✲
t✐èr❡ ♦r❣❛♥✐q✉❡ ❞❛♥s ❧❡s s♦❧s✳ ▲❡s ❤❡r❜✐✈♦r❡s ✈❛❧♦r✐s❡♥t ❞❡s ❢♦✉rr❛❣❡s✱ ♥♦♥ ✉t✐❧✐s❛❜❧❡s ♣❛r
❧✬❍♦♠♠❡✳ ❈❡s ❢♦✉rr❛❣❡s ♣❡✉✈❡♥t êtr❡ ♣r♦❞✉✐ts s✉r ❞❡s s✉r❢❛❝❡s ♦ù ❧❡s ❛✉tr❡s ❝✉❧t✉r❡s
s♦♥t ✐♠♣♦ss✐❜❧❡s ♦✉ ♣❡✉ r❡♥t❛❜❧❡s✳ ▲❡s ♣r❛✐r✐❡s s♦♥t ❣é♥ér❛❧❡♠❡♥t ❢❛✈♦r❛❜❧❡s à ❧❛ ❜✐♦❞✐✲
✈❡rs✐té✳ ❆✉ ❝♦✉rs ❞❡s ❞❡r♥✐èr❡s ❞é❝❡♥♥✐❡s✱ ❞❡s ♣r♦❣rès ♦♥t été ré❛❧✐sés✱ ♥♦t❛♠♠❡♥t ❣râ❝❡
❛✉① ré❣❧❡♠❡♥t❛t✐♦♥s ❡✉r♦♣é❡♥♥❡s ❡♥ ✈✐❣✉❡✉r✳ ❉❡s ❡✛♦rts ♦♥t été ré❛❧✐sés ❞❛♥s ❧❡s ③♦♥❡s
s❡♥s✐❜❧❡s✱ ❝♦♠♠❡ ✉♥❡ ♠❡✐❧❧❡✉r❡ ❣❡st✐♦♥ ❞❡ ❧❛ ❢❡rt✐❧✐s❛t✐♦♥ ❣râ❝❡ à ❞❡s ♣❧❛♥s ♣ré✈✐s✐♦♥♥❡❧s
❞❡ ❢✉♠✉r❡ r❡s♣❡❝t❛♥t ❞❡s ❝♦♥tr❛✐♥t❡s ❛❣r♦♥♦♠✐q✉❡s✳ ▲❛ P♦❧✐t✐q✉❡ ❆❣r✐❝♦❧❡ ❈♦♠♠✉♥❡
✭P❆❈✮ ❝♦♥❞✐t✐♦♥♥❡ ❧✬❛ttr✐❜✉t✐♦♥ ❞❡s s✉❜✈❡♥t✐♦♥s ❛✉ r❡s♣❡❝t ❞❡s ré❣❧❡♠❡♥t❛t✐♦♥s ❡♥✈✐✲
r♦♥♥❡♠❡♥t❛❧❡s✳

❙❡❧♦♥ ❞❡ ♥♦♠❜r❡✉s❡s ♣ré✈✐s✐♦♥s✱ ❧❡s ♣r♦❞✉❝t✐♦♥s ❛♥✐♠❛❧❡s ✈♦♥t ❝♦♥t✐♥✉❡r à s❡ ❞é✈❡✲
❧♦♣♣❡r✱ s♦✉s ❧✬❡✛❡t ❞❡ ❧✬❛✉❣♠❡♥t❛t✐♦♥ ❞❡ ❧❛ ♣♦♣✉❧❛t✐♦♥ ♠♦♥❞✐❛❧❡ ❡t ❞❡ ❧❛ ❝♦♥s♦♠♠❛t✐♦♥
❞❡ ♣r♦❞✉✐ts ❛♥✐♠❛✉① ♣❛r ♣❡rs♦♥♥❡ ❞❛♥s ❞❡ ♥♦♠❜r❡✉① ♣❛②s ❝♦♠♠❡ ❧❛ ❈❤✐♥❡✱ ❧✬■♥❞❡ ❡t
❧❡ ❇rés✐❧✳ ❖r✱ ✉♥❡ ❣r❛♥❞❡ ♣❛rt✐❡ ❞❡s t❡rr❡s ❝✉❧t✐✈❛❜❧❡s s♦♥t ❞é❥à ❧❛r❣❡♠❡♥t ❡①♣❧♦✐té❡s✳ ▲❛
♣r♦❞✉❝t✐✈✐té ♣❛r ❤❡❝t❛r❡ ❞❡✈r❛ ❞♦♥❝ ♣r♦❜❛❜❧❡♠❡♥t ❝♦♥t✐♥✉❡r à ❛✉❣♠❡♥t❡r✳

❊♥ ❊✉r♦♣❡✱ ❧❡s ré❢♦r♠❡s ❞❡ ❧❛ P❆❈ ❡t ✉♥❡ é✈❡♥t✉❡❧❧❡ s♦rt✐❡ ❞✉ s②stè♠❡ ❞❡ q✉♦✲
t❛s ♣♦✉rr❛✐❡♥t ♠❛rq✉❡r ✉♥❡ ♣♦ss✐❜❧❡ r❡♣r✐s❡ ❞❡ ❧✬✐♥t❡♥s✐✜❝❛t✐♦♥ ❡t ❞❡ ❧❛ ❝♦♥❝❡♥tr❛t✐♦♥
ré❣✐♦♥❛❧❡✱ ❛♣rès ✉♥❡ ♣❤❛s❡ ♦ù ❧✬❡①t❡♥s✐✜❝❛t✐♦♥ s❡♠❜❧❛✐t ✉♥❡ ✈♦✐❡ ♣r♦♠❡tt❡✉s❡✳ ▲❡ ❞é✈❡✲
❧♦♣♣❡♠❡♥t ❝♦♥tr♦✈❡rsé ❞❡s ❛❣r♦❝❛r❜✉r❛♥ts ❛ ✉♥❡ ✐♥✢✉❡♥❝❡ ✐♥❝❡rt❛✐♥❡ s✉r ❧❡s ♣r♦❞✉❝t✐♦♥s
❛♥✐♠❛❧❡s✳ ❉✬✉♥ ❝ôté✱ ❧✬✐♥tr♦❞✉❝t✐♦♥ ❡♥ ♠❛ss❡ ❞❡ ❝♦✲♣r♦❞✉✐ts s✉r ❧❡ ♠❛r❝❤é ♣♦✉rr❛✐t êtr❡
✉♥ ❢❛❝t❡✉r ❞❡ ❞é✈❡❧♦♣♣❡♠❡♥t✳ ❉✬✉♥ ❛✉tr❡ ❝ôté✱ ❧❛ t❡♥s✐♦♥ ❝réé❡ s✉r ❧❡ ♠❛r❝❤é ❞❡s ❝éré❛❧❡s
❡t ❧✬❡♥✈♦❧é❡ ❞❡s ❝♦✉rs✱ ❛ttr✐❜✉é❡ ❡♥ ♣❛rt✐❡ ❛✉① ❛❣r♦❝❛r❜✉r❛♥ts✱ ❝❛✉s❡♥t ✉♥❡ ❛✉❣♠❡♥t❛t✐♦♥
❞❡s ❝♦ûts ❞✬❛❧✐♠❡♥t❛t✐♦♥ ❛♥✐♠❛❧❡ ❡t ❤✉♠❛✐♥❡✳



■♥tr♦❞✉❝t✐♦♥ ✶✾

P♦✉r t♦✉t❡s ❧❡s r❛✐s♦♥s ❝✐té❡s ♣ré❝é❞❡♠♠❡♥t✱ ❧❡s ♣r♦❞✉❝t✐♦♥s ❛♥✐♠❛❧❡s s♦♥t ❡♥ é✈♦❧✉✲
t✐♦♥✳ ❈❡tt❡ é✈♦❧✉t✐♦♥ ♥❡ ♣❡✉t ♣❧✉s s❡ ❢❛✐r❡ ❛✉ ❞étr✐♠❡♥t ❞❡s ✐♠♣❛❝ts ❡♥✈✐r♦♥♥❡♠❡♥t❛✉①✳
▲✬❛❣r✐❝✉❧t✉r❡ ❞❡ ❞❡♠❛✐♥ ❞❡✈r❛ ♣r♦❞✉✐r❡ ❞❛✈❛♥t❛❣❡ t♦✉t ❡♥ ❡①❡rç❛♥t ♠♦✐♥s ❞❡ ♣r❡ss✐♦♥
s✉r ❧✬❡♥✈✐r♦♥♥❡♠❡♥t✳ ❉❡ ❝❡ ❢❛✐t✱ ❧❛ ♣r♦t❡❝t✐♦♥ ❞❡ ❧✬❡♥✈✐r♦♥♥❡♠❡♥t ❡st ♥♦♥ s❡✉❧❡♠❡♥t ✉♥
s✉❥❡t ❞❡ ❞é❜❛ts ❞❛♥s ♥♦s s♦❝✐étés ♠❛✐s ❛✉ss✐ ✉♥❡ ♣r✐♦r✐té ♣♦✉r ❧❛ r❡❝❤❡r❝❤❡✳

▲❡s ❞✐✛ér❡♥ts ✐♠♣❛❝ts ❡♥✈✐r♦♥♥❡♠❡♥t❛✉① s♦♥t ❧✐és ❡♥tr❡ ❡✉① ❡t ❞❡s ❝♦♠♣r♦♠✐s ❞♦✐✈❡♥t
êtr❡ ré❛❧✐sés✳ ▲❛ ♣rés❡r✈❛t✐♦♥ ❞❡ ❧✬❡❛✉ ❛❜♦✉t✐t s♦✉✈❡♥t à ❞❡s ❡✛❡ts s✉r ❧✬❛✐r ♣❧✉s ✐♠✲
♣♦rt❛♥ts✳ ▲✬❛♠é❧✐♦r❛t✐♦♥ s✐♠✉❧t❛♥é❡ ❞❡ ❝❡s ❞❡✉① ❛s♣❡❝ts ♣❛ss❡ ♣❛r ❞❡s s②stè♠❡s ♣❧✉s
❡①t❡♥s✐❢s✱ ❝✬❡st✲à✲❞✐r❡ ♣❧✉s ❝♦♥s♦♠♠❛t❡✉rs ❞✬❡s♣❛❝❡✳ ▲❡s ❛s♣❡❝ts é❝♦♥♦♠✐q✉❡s ❞♦✐✈❡♥t
é❣❛❧❡♠❡♥t êtr❡ ♣rés❡r✈és✳ ▲❡ rô❧❡ ❞❡ ❧❛ r❡❝❤❡r❝❤❡ ❡st ❞♦♥❝ ❞❡ ❞é✈❡❧♦♣♣❡r ❞❡s ♠ét❤♦❞❡s
♣❡r♠❡tt❛♥t ❞❡ ♣ré✈♦✐r ❧❡s ✐♠♣❛❝ts ❡♥✈✐r♦♥♥❡♠❡♥t❛✉① ❞❡ ❞✐✛ér❡♥ts s②stè♠❡s ❞❡ ♣r♦❞✉❝✲
t✐♦♥ ❛✈❛♥t q✉❡ ❝❡✉①✲❝✐ ♥❡ s❡ ♣r♦❞✉✐s❡♥t ✭❡① ❛♥t❡✮✳ ▲❡s rés✉❧t❛ts ♣♦✉rr♦♥t êtr❡ ✉t✐❧✐sés ❛✉
♥✐✈❡❛✉ ♣♦❧✐t✐q✉❡✱ ❛✜♥ ❞❡ r❛✐s♦♥♥❡r ❧❡ s♦✉t✐❡♥ ❡♥ ❢♦♥❝t✐♦♥ ❞❡s s②stè♠❡s ❞❡ ♣r♦❞✉❝t✐♦♥✳

●❡st✐♦♥ ❞❡s ✢✉① ❞❡ ♠❛t✐èr❡ ❡♥ é❧❡✈❛❣❡

▲❡s ✐♠♣❛❝ts ❧❡s ♣❧✉s ♣r♦❜❧é♠❛t✐q✉❡s✱ ❧❡ ré❝❤❛✉✛❡♠❡♥t ❝❧✐♠❛t✐q✉❡ ❡t ❧❛ q✉❛❧✐té ❞❡
❧✬❡❛✉✱ ♦♥t ♣♦✉r ♦r✐❣✐♥❡ ❞❡s ✢✉① ❞❡ ♠❛t✐èr❡ ❡t ❧❡s ♣r♦❝❡ss✉s ♠✐s ❡♥ ❥❡✉① s♦♥t ❝♦♠♣❧❡①❡s✳
❆✉ s❡✐♥ ❞❡s ❡①♣❧♦✐t❛t✐♦♥s ❧❛✐t✐èr❡s✱ ❧❡s ✢✉① ❞❡ ♠❛t✐èr❡ ❢♦r♠❡♥t ✉♥ ❝②❝❧❡✳ ▲❡s ❛♥✐♠❛✉①
❝♦♥s♦♠♠❡♥t ❞❡s ❛❧✐♠❡♥ts ♣r♦❞✉✐ts s✉r ❧❡s ♣❛r❝❡❧❧❡s ❞❡ ❧✬❡①♣❧♦✐t❛t✐♦♥✱ ❡t ❡♥ r❡t♦✉r ❧❡✉rs
❞é❥❡❝t✐♦♥s s♦♥t é♣❛♥❞✉❡s s✉r ❝❡s ♣❛r❝❡❧❧❡s✱ ❛✜♥ ❞❡ ❢❡rt✐❧✐s❡r ❧❡s ❝✉❧t✉r❡s✳ ❈❡ ❝②❝❧❡ ❡st
♦✉✈❡rt ✿ ✐❧ ❡①✐st❡ ❞❡s é❝❤❛♥❣❡s ❛✈❡❝ ❧✬❡①tér✐❡✉r✳ ❈❡s é❝❤❛♥❣❡s ♣❡✉✈❡♥t êtr❡ ❝♦♥trô❧és ✭✐✳❡✳
✢✉① ❛❝t✐♦♥♥❛❜❧❡s✮✱ ❝♦♠♠❡ ❧❡s ❛❝❤❛ts ❞✬❛❧✐♠❡♥ts ❡t ❞❡ ❢❡rt✐❧✐s❛♥ts✱ ♦✉ ❧❛ ✈❡♥t❡ ❞❡ ♣r♦✲
❞✉✐ts ❛♥✐♠❛✉① ♦✉ ✈é❣ét❛✉①✳ ▲❡s ✢✉① ♣❡✉✈❡♥t é❣❛❧❡♠❡♥t êtr❡ ♥♦♥ ❝♦♥trô❧és✳ ■❧ s✬❛❣✐t ❞❡
✢✉① ❣♦✉✈❡r♥és ♣❛r ❞❡s ♣r♦❝❡ss✉s ❜✐♦♣❤②s✐q✉❡s✱ s✉r ❧❡sq✉❡❧s ♦♥ ♥❡ ♣❡✉t ❥♦✉❡r q✉✬✐♥❞✐r❡❝✲
t❡♠❡♥t✳ ❯♥ ❝❡rt❛✐♥ ♥♦♠❜r❡ ❞❡ ❝❡s ✢✉① ♣❡✉✈❡♥t ❛✈♦✐r ✉♥ ✐♠♣❛❝t s✉r ❧✬❡♥✈✐r♦♥♥❡♠❡♥t✳
❈❡s ✢✉① ❞❡ ❝♦♠♣♦sés à r✐sq✉❡ ♣❡✉✈❡♥t ❛✈♦✐r ❧❡✉r ♦r✐❣✐♥❡ à ♥✬✐♠♣♦rt❡ q✉❡❧ ♣♦✐♥t ❞✉
❝②❝❧❡ ❞✬✉♥ é❧é♠❡♥t ❡t ♣❡✉✈❡♥t ❝♦♥❝❡r♥❡r ❞✐✛ér❡♥t❡s ❢♦r♠❡s ❝❤✐♠✐q✉❡s ❞❡ ❝❡t é❧é♠❡♥t✳ ■❧s
♣❡✉✈❡♥t êtr❡ ❧✐és à ❞❡s ré❛❝t✐♦♥s ❜✐♦❧♦❣✐q✉❡s ♦✉ à ❞❡s ♣r♦❝❡ss✉s ♣❤②s✐❝♦✲❝❤✐♠✐q✉❡s✱ ❞❡
❢❛ç♦♥ ♣❡r♠❛♥❡♥t❡ ♦✉ ❞❛♥s ❝❡rt❛✐♥❡s ❝♦♥❞✐t✐♦♥s s❡✉❧❡♠❡♥t✳ ■❧ s✬❛❣✐t ❞♦♥❝ ❞✬✉♥ ❡♥s❡♠❜❧❡
❞❡ ♠é❝❛♥✐s♠❡s ❝♦♠♣❧❡①❡s✱ s✉r ❧❡sq✉❡❧s ♦♥ ♣❡✉t ❛❣✐r ❡♥ ♠♦❞✐✜❛♥t ❧❡s ✢✉① ❝♦♥trô❧és✱ ❞✬✉♥
♣♦✐♥t ❞❡ ✈✉❡ q✉❛♥t✐t❛t✐❢ ✭❡♥ ❧✐♠✐t❛♥t ❧❡s ✢✉① t♦t❛✉①✮✱ ♠❛✐s ❛✉ss✐ ❞✬✉♥ ♣♦✐♥t ❞❡ ✈✉❡
s♣❛t✐♦✲t❡♠♣♦r❡❧✱ ❡♥ ❧✐♠✐t❛♥t ❧✬♦❝❝✉rr❡♥❝❡ ❞❡s s✐t✉❛t✐♦♥s ❞✐t❡s ✓ à r✐sq✉❡ ✔✳

▲❡s ♣r❛t✐q✉❡s ❛❣r✐❝♦❧❡s ❞♦✐✈❡♥t ✈✐s❡r à ♦♣t✐♠✐s❡r ❧❡ ❝②❝❧❡ ❞❡ ❧❛ ♠❛t✐èr❡ s✉r ❧✬❡①♣❧♦✐t❛✲
t✐♦♥ ♣♦✉r ❛ss✉r❡r ❧❛ ♣r♦❞✉❝t✐♦♥ ❡t ❧✐♠✐t❡r ❧❡s ✢✉① ❞❡ ❝♦♠♣♦sés à r✐sq✉❡ ✈❡rs ❧✬❡♥✈✐r♦♥♥❡✲
♠❡♥t ♦✉ ❧❡✉r ❛❝❝✉♠✉❧❛t✐♦♥ ❞❛♥s ❧❡ s♦❧✳ ▲❛ q✉❛♥t✐té ❞❡ ♠❛t✐èr❡ ♠✐s❡ ❡♥ ❥❡✉ ♥✬✐♥t❡r✈✐❡♥t
♣❛s ❞✐r❡❝t❡♠❡♥t à ❝❛✉s❡ ❞❡s r❡❝②❝❧❛❣❡s ❡t ❞✉ st♦❝❦❛❣❡ ❛✉ s❡✐♥ ❞❡ ❧✬❡①♣❧♦✐t❛t✐♦♥✳ ■❧ ♥✬❡st
♣❛s ♦❜❧✐❣❛t♦✐r❡♠❡♥t s♦✉❤❛✐t❛❜❧❡ ❞❡ ❧✐♠✐t❡r ❧❡s ✢✉① ❞❡ ♠❛t✐èr❡ s✉r ❧✬❡①♣❧♦✐t❛t✐♦♥ ✭♣❛r
❡①❡♠♣❧❡ ♠✐♥✐♠✐s❡r ❧✬❡①❝rét✐♦♥ ♣❛r ❧❡s ❛♥✐♠❛✉①✮✱ t❛♥t q✉❡ ❧❛ ❣❡st✐♦♥ ♣❡r♠❡t ❞❡ ❧✐♠✐t❡r
❧❡s ✢✉① ♣rés❡♥t❛♥t ✉♥ r✐sq✉❡ ❡♥✈✐r♦♥♥❡♠❡♥t❛❧✳

▲✬é✈❛❧✉❛t✐♦♥ ❞❡ ❧✬✐♠♣❛❝t ❡♥✈✐r♦♥♥❡♠❡♥t❛❧ ❞❡ ❞✐✛ér❡♥ts s②stè♠❡s ❞❡ ♣r♦❞✉❝t✐♦♥ ♣❛ss❡
❞♦♥❝ ♣❛r ✉♥❡ ❛♣♣r♦❝❤❡ ❣❧♦❜❛❧❡ ❝❛♣❛❜❧❡ ❞❡ r❡♣rés❡♥t❡r ❧❡s ✢✉① ❞❡ ♠❛t✐èr❡ s✉r ❧✬❡①♣❧♦✐t❛✲



✷✵ ■♥tr♦❞✉❝t✐♦♥

t✐♦♥ ❡t ❧❡s é❝❤❛♥❣❡s ❛✈❡❝ ❧✬❡①tér✐❡✉r✱ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ❝♦♥✜❣✉r❛t✐♦♥ ❞❡ ❧✬❡①♣❧♦✐t❛t✐♦♥ ❡t
❞❡ ❧❛ str❛té❣✐❡ ❞❡ ❧✬é❧❡✈❡✉r✳

▲❛ ♠♦❞é❧✐s❛t✐♦♥✱ ✉♥❡ t❡❝❤♥✐q✉❡ ❞✬✐♥✈❡st✐❣❛t✐♦♥ ❝♦♠♣❧é♠❡♥✲
t❛✐r❡ ❞❡s ❡①♣ér✐♠❡♥t❛t✐♦♥s ❡t ❞❡s ♦❜s❡r✈❛t✐♦♥s ❞❡ rés❡❛✉①

❚r♦✐s ❣r❛♥❞❡s ❛♣♣r♦❝❤❡s s♦♥t ♣♦ss✐❜❧❡s ♣♦✉r ét✉❞✐❡r ❧❡s ✢✉① ❞❡ ♠❛t✐èr❡ ❞❛♥s ✉♥❡
❡①♣❧♦✐t❛t✐♦♥ ❛❣r✐❝♦❧❡ ✿ ❧✬❡①♣ér✐♠❡♥t❛t✐♦♥✱ ❧✬♦❜s❡r✈❛t✐♦♥ ❡♥ ❢❡r♠❡s ❡t ❧❛ ♠♦❞é❧✐s❛t✐♦♥✳
▲✬❡①♣ér✐♠❡♥t❛t✐♦♥ ❡st ❧❛ ♠ét❤♦❞❡ ❧❛ ♣❧✉s ♣ré❝✐s❡✱ ♠❛✐s ❞❛♥s ❧❡ ❞♦♠❛✐♥❡ ❡♥✈✐r♦♥♥❡♠❡♥✲
t❛❧✱ ❡❧❧❡ ❡st s♦✉✈❡♥t ❧♦♥❣✉❡ ❡t ❝♦ût❡✉s❡✳ ▲❡s ♦❜s❡r✈❛t✐♦♥s ❡♥ ❢❡r♠❡s✱ ❞❛♥s ❧❡ ❝❛❞r❡ ♣❛r
❡①❡♠♣❧❡ ❞❡s rés❡❛✉① ❞✬é❧❡✈❛❣❡ ❣érés ♣❛r ❧✬■♥st✐t✉t ❞❡ ❧✬➱❧❡✈❛❣❡ ❡t ❧❡s ❝❤❛♠❜r❡s ❞✬❆❣r✐✲
❝✉❧t✉r❡✱ ♣❡r♠❡tt❡♥t ❞✬❛❝❝é❞❡r à ❧❛ ❞✐✈❡rs✐té ❞❡s s✐t✉❛t✐♦♥s r❡♥❝♦♥tré❡s s✉r ❧❡ t❡rr❛✐♥✳
❈❡♣❡♥❞❛♥t✱ ❧❡s ❞♦♥♥é❡s ❛❝❝❡ss✐❜❧❡s s♦♥t ❜❡❛✉❝♦✉♣ ♣❧✉s r❡str❡✐♥t❡s✳ ▲❛ ♠♦❞é❧✐s❛t✐♦♥ ♣❡r✲
♠❡t ❞✬❛❝❝é❞❡r à ✉♥❡ ✈❛st❡ q✉❛♥t✐té ❞❡ ❞♦♥♥é❡s✱ ♣♦✉r ✉♥❡ ❧❛r❣❡ ❣❛♠♠❡ ❞❡ s②stè♠❡s
❞❡ ♣r♦❞✉❝t✐♦♥ ❡t ❞❡ ❝♦♥t❡①t❡s ❡t s✉r ❞❡s t❡♠♣s ❧♦♥❣s✳ ▼❛✐s ❧❡s ♠♦❞è❧❡s ❞♦✐✈❡♥t êtr❡
ét❛❜❧✐s à ♣❛rt✐r ❞❡ ❝♦♥♥❛✐ss❛♥❝❡s ♣ré❛❧❛❜❧❡s✱ ❛❝q✉✐s❡s ♣❛r ❧❡s ❛✉tr❡s ♠ét❤♦❞❡s✳ ❊♥ r❡✲
t♦✉r✱ ❧❛ ♠♦❞é❧✐s❛t✐♦♥ ♣❡r♠❡t ❞✬✐♥t❡r♣♦❧❡r ❡t ❞✬❡①tr❛♣♦❧❡r ❞❡s rés✉❧t❛ts ❡①♣ér✐♠❡♥t❛✉①
❡t ♣❡✉t ❛✐❞❡r à ❝♦♥str✉✐r❡ ❞❡s ♣❧❛♥s ❞✬❡①♣ér✐❡♥❝❡ s✉r ❧❡s s②stè♠❡s✳ ▲❛ ♠♦❞é❧✐s❛t✐♦♥ ♣❡✉t
é❣❛❧❡♠❡♥t ❛♣♣♦rt❡r ❞❡s é❝❧❛✐r❛❣❡s s✉r ❧❡s ❞♦♥♥é❡s ♦❜s❡r✈é❡s ❡♥ ❢❡r♠❡✱ ❡♥ é✈❛❧✉❛♥t ❞❡s
✈❛r✐❛❜❧❡s ♥♦♥ ♦❜s❡r✈❛❜❧❡s ❞❛♥s ❧❡ ❝❛❞r❡ ❞❡s rés❡❛✉①✳ ▲❡s ❞✐✛ér❡♥t❡s ❛♣♣r♦❝❤❡s s♦♥t ❞♦♥❝
❝♦♠♣❧é♠❡♥t❛✐r❡s ❡t ✐♥t❡r❛❣✐ss❡♥t ❧❡s ✉♥❡s ❛✈❡❝ ❧❡s ❛✉tr❡s✳

❉❛♥s ❧❡ ❞♦♠❛✐♥❡ ❞❡s s②stè♠❡s ❞✬é❧❡✈❛❣❡✱ ❞❡s ♣r♦❥❡ts ❛♠❜✐t✐❡✉① ❞❡ ♠♦❞è❧❡s ♣♦✉r ❧❛
❣❡st✐♦♥ ❞❡s ❛❣r♦✲é❝♦s②stè♠❡s ♦♥t été ré❛❧✐sés ♦✉ s♦♥t ❡♥ ❝♦✉rs ❞❡ ré❛❧✐s❛t✐♦♥ à ❧✬étr❛♥❣❡r✳
▼❛✐s ❧✬■◆❘❆✱ très ♣rés❡♥t ❞❛♥s ❝❡ ❞♦♠❛✐♥❡✱ ❡st ✉♥ ♣ré❝✉rs❡✉r ♣♦✉r ❧❛ ♠♦❞é❧✐s❛t✐♦♥ ❞❡s
s②stè♠❡s ❞é❝✐s✐♦♥♥❡❧s✱ s❡❧♦♥ ❧✬❛♥❛❧②s❡ ♣r♦s♣❡❝t✐✈❡ ré❛❧✐sé❡ ♣❛r ✉♥ ❣r♦✉♣❡ ❞❡ ❝❤❡r❝❤❡✉rs
❞❡ ❧✬✐♥st✐t✉t ✭■◆❘❆✱ ●r♦✉♣❡ ❞❡ ré✢❡①✐♦♥ ▼♦❞é❧✐s❛t✐♦♥ ✷✵✵✺✮✳ ▲✬■◆❘❆ ❛ ♣♦✉r ✈♦❝❛t✐♦♥
❞✬êtr❡ ✉♥ ❧❡❛❞❡r ♠ét❤♦❞♦❧♦❣✐q✉❡ s✉r ❝❡s ❛s♣❡❝ts ❡t ❡st s✉s❝❡♣t✐❜❧❡ ❞❡ ❝♦❧❧❛❜♦r❡r ❛✈❡❝ ❞❡s
♣❛rt❡♥❛✐r❡s ❡①tér✐❡✉rs r❡♣rés❡♥t❛♥t ❧❡s ❡♥❥❡✉① ❛♣♣❧✐q✉és✳ ❉❛♥s ❧❡ ❞♦♠❛✐♥❡ ❞❡ ❧✬✐♠♣❛❝t
❡♥✈✐r♦♥♥❡♠❡♥t❛❧ ❞❡s é❧❡✈❛❣❡s ❧❛✐t✐❡rs✱ ❧✬■♥st✐t✉t ❞❡ ❧✬➱❧❡✈❛❣❡ ❡st ❝♦♥❝❡r♥é✱ ❝❡ q✉✐ ❥✉st✐✜❡
❧❛ ❝♦❧❧❛❜♦r❛t✐♦♥ ❡♥tr❡ ❝❡s ❞❡✉① ✐♥st✐t✉ts ❞❛♥s ❧❡ ❝❛❞r❡ ❞❡ ❝❡tt❡ t❤ès❡✳

▲❡ ♣r❡♠✐❡r ❝❤❛♣✐tr❡ ❞❡ ❝❡tt❡ t❤ès❡ ❡st ✉♥❡ s②♥t❤ès❡ ❜✐❜❧✐♦❣r❛♣❤✐q✉❡ ❞❡s ❝♦♥♥❛✐ss❛♥❝❡s
s✉r ❧❡s ✐♠♣❛❝ts ❡♥✈✐r♦♥♥❡♠❡♥t❛✉① ❧✐és ❛✉① ✢✉① ❞❡ ♠❛t✐èr❡ ❞❛♥s ❧❡s é❧❡✈❛❣❡s ❧❛✐t✐❡rs✳ ▲❡
❞❡✉①✐è♠❡ ❝❤❛♣✐tr❡ ❢❛✐t ❧❡ ♣♦✐♥t s✉r ❧✬ét✉❞❡ ❞❡ ❝❡tt❡ t❤é♠❛t✐q✉❡ à ❧✬❛✐❞❡ ❞❡ ♠♦❞è❧❡s ❞❡
s✐♠✉❧❛t✐♦♥✳ ▲❡s ♦❜❥❡❝t✐❢s ❡t ❧❡ ❞ér♦✉❧❡♠❡♥t ❞❡ ❝❡tt❡ t❤ès❡ s♦♥t ❡①♣❧✐❝✐tés ❞❛♥s ❧❡ tr♦✐s✐è♠❡
❝❤❛♣✐tr❡✳



❈❤❛♣✐tr❡ ✶

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

❙♦♠♠❛✐r❡
✶✳✶ ❉✐✛ér❡♥ts ✐♠♣❛❝ts s✉r ❧✬❡♥✈✐r♦♥♥❡♠❡♥t ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✸

✶✳✶✳✶ ■♠♣❛❝ts s✉r ❧❛ q✉❛❧✐té ❞❡ ❧✬❡❛✉ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✸

✶✳✶✳✷ ■♠♣❛❝ts s✉r ❧❛ q✉❛❧✐té ❞❡ ❧✬❛✐r ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✺

✶✳✶✳✸ ■♠♣❛❝ts s✉r ❧❡s s♦❧s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✼

✶✳✷ ❉❡s ✢✉① ❞❡ ❝♦♠♣♦sés à r✐sq✉❡ ❛✉① ✐♠♣❛❝ts ❡♥✈✐r♦♥♥❡♠❡♥t❛✉① ✷✽

✶✳✸ ❉❡s ♠♦❞✐✜❝❛t✐♦♥s ❞❡ ♣r❛t✐q✉❡s ❛❣r✐❝♦❧❡s ♣❡✉✈❡♥t ré❞✉✐r❡
❧❡s é♠✐ss✐♦♥s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✾

✶✳✹ ❈❛❞r❡s ❞✬ét✉❞❡ ❡t ♠ét❤♦❞❡s ❞✬é✈❛❧✉❛t✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✵

✶✳✹✳✶ ▲❡s é❝❤❡❧❧❡s ❞✬ét✉❞❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✵

✶✳✹✳✷ ▲❡s ❞✐✛ér❡♥ts t②♣❡s ❞✬✐♥❞✐❝❛t❡✉rs ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✶

✶✳✹✳✸ ▲❡s ♠ét❤♦❞❡s ❞✬é✈❛❧✉❛t✐♦♥ à ❧✬é❝❤❡❧❧❡ ❞❡ ❧✬❡①♣❧♦✐t❛t✐♦♥ ✳ ✳ ✳ ✳ ✸✷

✶✳✺ ❇✐❧❛♥s ❛♣♣❛r❡♥ts ❞❡ ❧✬❛③♦t❡ ❡t ✐♠♣❛❝ts ❡♥✈✐r♦♥♥❡♠❡♥t❛✉① ✳ ✸✻

✶✳✺✳✶ ❉é✜♥✐t✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✻

✶✳✺✳✷ ■♥térêts ❞❡ ❧✬✉t✐❧✐s❛t✐♦♥ ❞❡s ❜✐❧❛♥s ❛♣♣❛r❡♥ts ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✽

✶✳✺✳✸ ❇✐❧❛♥s ❛♣♣❛r❡♥ts ❞❡ ❧✬❛③♦t❡ ❞❛♥s ❧❡s ❡①♣❧♦✐t❛t✐♦♥s ❧❛✐t✐èr❡s ❢r❛♥✲
ç❛✐s❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✾

✶✳✺✳✹ ❯♥ ❧✐❡♥ ✢♦✉ ❡♥tr❡ ❜✐❧❛♥ ❛♣♣❛r❡♥t ❡t é♠✐ss✐♦♥s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✷

✶✳✺✳✺ ❈♦♥❝❧✉s✐♦♥ s✉r ❧❡ ❜✐❧❛♥ ❛♣♣❛r❡♥t ❞❡ ❧✬❛③♦t❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✻

✶✳✻ ❈♦♥❝❧✉s✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✼

✷✶



✷✷ ▲✬✐♠♣❛❝t ❡♥✈✐r♦♥♥❡♠❡♥t❛❧ ❞❡s é❧❡✈❛❣❡s ❧❛✐t✐❡rs



❉✐✛ér❡♥ts ✐♠♣❛❝ts s✉r ❧✬❡♥✈✐r♦♥♥❡♠❡♥t ✷✸

✶✳✶ ❉✐✛ér❡♥ts ✐♠♣❛❝ts s✉r ❧✬❡♥✈✐r♦♥♥❡♠❡♥t

▲❡s ❛❝t✐✈✐tés ❛❣r✐❝♦❧❡s ✐♠♣❛❝t❡♥t ❧❡✉r ❡♥✈✐r♦♥♥❡♠❡♥t ♣❛r ❞❡ ♥♦♠❜r❡✉① ♠é❝❛♥✐s♠❡s
❡t s✉r ❞❡ ♥♦♠❜r❡✉① ❝r✐tèr❡s✱ ❞❡ ❢❛ç♦♥ ♣♦s✐t✐✈❡ ♦✉ ♥é❣❛t✐✈❡✳ ❉❛♥s ❝❡ tr❛✈❛✐❧✱ ♦♥ s❡ ❧✐♠✐t❡r❛
❛✉① ❡①♣❧♦✐t❛t✐♦♥s ❧❛✐t✐èr❡s ❡t ❛✉① ✐♠♣❛❝ts ❧✐és ❛✉① ✢✉① ❞❡ q✉❡❧q✉❡s é❧é♠❡♥ts ✭❝❛r❜♦♥❡✱
❛③♦t❡ ❡t ♣❤♦s♣❤♦r❡✮✳ ❈❡s ✢✉① s♦♥t ❞✬❛✉t❛♥t ♣❧✉s s✉s❝❡♣t✐❜❧❡s ❞✬❛✈♦✐r ✉♥ ✐♠♣❛❝t s✉r
❧✬❡♥✈✐r♦♥♥❡♠❡♥t q✉❡ ❧❛ ❞❡♥s✐té ❞❡ ❧❛ ③♦♥❡ ❡♥ ❛♥✐♠❛✉① ❞✬é❧❡✈❛❣❡ ❡st ❢♦rt❡✱ ❝❡ q✉✐ ❡st ❧❡
❝❛s ❞❡ ❧✬❖✉❡st ❞❡ ❧❛ ❋r❛♥❝❡✳

■❧ ❡①✐st❡ ✉♥ ❝❡rt❛✐♥ ♥♦♠❜r❡ ❞❡ ❞♦❝✉♠❡♥ts ré❛❧✐s❛♥t ✉♥❡ s②♥t❤ès❡ s✉r ❧✬✐♠♣❛❝t ❡♥✲
✈✐r♦♥♥❡♠❡♥t❛❧ ❞❡s ❛❝t✐✈✐tés ❞✬é❧❡✈❛❣❡✳ ❖♥ ♣♦✉rr❛ ♣❛r ❡①❡♠♣❧❡ s❡ ré❢ér❡r à ❧❛ s②♥t❤ès❡
❞❡ ❋❛rr✉❣✐❛ ✭✷✵✵✷✮✱ q✉✐ tr❛✐t❡ ❡♥ ❞ét❛✐❧s ❞❡s ✐♠♣❛❝ts ❧✐és ❛✉① ❡①♣❧♦✐t❛t✐♦♥s ❧❛✐t✐èr❡s✱ ♦✉
❛✉ r❛♣♣♦rt ♣r♦❞✉✐t ♣♦✉r ❧❛ ❋❆❖ ♣❛r ❙t❡✐♥❢❡❧❞ ❡t ❛❧✳ ✭✷✵✵✻✮✳ ❖♥ s❡ ❜♦r♥❡r❛ ✐❝✐ à ✉♥❡
❞♦❝✉♠❡♥t❛t✐♦♥ s✉❝❝✐♥❝t❡✱ ✈✐s❛♥t à ❡①♣♦s❡r ❧❛ ♣r♦❜❧é♠❛t✐q✉❡ ♣❧✉tôt q✉❡ ❧❡s ♠é❝❛♥✐s♠❡s
❡✉①✲♠ê♠❡s✳

▲❡s ✐♠♣❛❝ts ❡♥✈✐r♦♥♥❡♠❡♥t❛✉① ❞❡s é❧❡✈❛❣❡s ♣❡✉✈❡♥t êtr❡ ❣r♦✉♣és ❡♥ ❞✐✛ér❡♥t❡s ❝❛té✲
❣♦r✐❡s✳ ➱t❛♥t ❞♦♥♥é q✉❡ ❝❡ tr❛✈❛✐❧ s❡ ❧✐♠✐t❡ ❛✉① ✐♠♣❛❝ts ❧✐és ❛✉① ❝②❝❧❡s ❞❡s é❧é♠❡♥ts s✉r
❧✬❡①♣❧♦✐t❛t✐♦♥ ✭✈♦✐r ❝❤❛♣✐tr❡ ✸✮✱ tr♦✐s ❝❛té❣♦r✐❡s ❞✬✐♠♣❛❝ts s❡r♦♥t r❡t❡♥✉❡s ✿ ❧❡s ✐♠♣❛❝ts
s✉r ❧❛ q✉❛❧✐té ❞❡ ❧✬❡❛✉✱ s✉r ❧❛ q✉❛❧✐té ❞❡ ❧✬❛✐r ❡t s✉r ❧❡s s♦❧s✳

✶✳✶✳✶ ■♠♣❛❝ts s✉r ❧❛ q✉❛❧✐té ❞❡ ❧✬❡❛✉

❖♥ ❞✐st✐♥❣✉❡ ❞❡✉① ❣r❛♥❞s t②♣❡s ❞❡ ♣❡rt❡s ✈❡rs ❧✬❡❛✉ ✿ ❧❡s ♣♦❧❧✉t✐♦♥s ♣♦♥❝t✉❡❧❧❡s
❡t ❧❡s ♣♦❧❧✉t✐♦♥s ❞✐✛✉s❡s ✭❙t❡✐♥❢❡❧❞ ❡t ❛❧✳ ✷✵✵✻✮✳ ▲❡s ♣♦❧❧✉t✐♦♥s ♣♦♥❝t✉❡❧❧❡s ✐♥❝❧✉❡♥t ❧❡s
♣❡rt❡s ❞✐r❡❝t❡s ❞❡♣✉✐s ❧❡s ❜ât✐♠❡♥ts ❞✬é❧❡✈❛❣❡ ❡t ❧❡s ♦✉✈r❛❣❡s ❞❡ st♦❝❦❛❣❡✱ ♣r♦✈❡♥❛♥t ❞❡
♣r♦❜❧è♠❡s ❞✬ét❛♥❝❤é✐té ♦✉ ❞❡ ❝❛♣❛❝✐tés ❞❡ st♦❝❦❛❣❡ ❧✐♠✐té❡s✳ ❈❡s ♣❡rt❡s s♦♥t ❢❛❝✐❧❡s à
♠❛îtr✐s❡r s♦✉s rés❡r✈❡ ❞✬✐♥✈❡st✐r ❞❛♥s ❞❡s éq✉✐♣❡♠❡♥ts ❛❞❛♣tés✳ ❉❡ ♥♦♠❜r❡✉① ❡✛♦rts ♦♥t
été ré❛❧✐sés ❞❛♥s ❝❡ s❡♥s à ❧❛ ❢❛✈❡✉r ❞❡s ❞❡✉① P❧❛♥s ❞❡ ▼❛îtr✐s❡ ❞❡s P♦❧❧✉t✐♦♥s ❞✬❖r✐❣✐♥❡
❆❣r✐❝♦❧❡ ♦✉ P▼P❖❆ ✭■♥st✐t✉t ❞❡ ❧✬❊❧❡✈❛❣❡ ✷✵✵✽❛✮✳ ❉❡ ♣❧✉s✱ ❝❡s ♣❡rt❡s s♦♥t ♠♦✐♥s ❧✐é❡s
à ❞❡s ♣r♦❝❡ss✉s ♥❛t✉r❡❧s ✭❜✐♦❧♦❣✐q✉❡s✱ ♣❤②s✐q✉❡s ♦✉ ❝❤✐♠✐q✉❡s✮✳ ❈❡ tr❛✈❛✐❧ s❡ ❝♦♥❝❡♥tr❡
s✉r ❧❡s ♣♦❧❧✉t✐♦♥s ❞✐✛✉s❡s ❡t s❡✉❧❡s ❝❡s ❞❡r♥✐èr❡s s❡r♦♥t ❞é❝r✐t❡s ✐❝✐✳

P♦✉r ❧❡s ❡①♣❧♦✐t❛t✐♦♥s ❞✬é❧❡✈❛❣❡ ❞❡ ❧✬❖✉❡st ❞❡ ❧❛ ❋r❛♥❝❡✱ ❧✬❡✉tr♦♣❤✐s❛t✐♦♥ ❡st ✉♥
✐♠♣❛❝t très ♣ré❣♥❛♥t✳ ❈❡ ♣❤é♥♦♠è♥❡ ❡st ❧✐é à ❧❛ ♣rés❡♥❝❡ ❞❡ ♥✐tr❛t❡s ✭NO−

3
✮ ❡t ❞❡

♣❤♦s♣❤♦r❡ ❞❛♥s ❧❡s ❡❛✉① ❞❡ s✉r❢❛❝❡✳ ▲❛ ❝r♦✐ss❛♥❝❡ ❞❡ ❝❡rt❛✐♥❡s ❛❧❣✉❡s ❡st ❧✐♠✐té❡ ♣❛r ❧❛
❞✐s♣♦♥✐❜✐❧✐té ❞❡ ❧✬❛③♦t❡ ❡t ❞✉ ♣❤♦s♣❤♦r❡✱ ❞❛♥s ❧❡s ❡❛✉① ❞♦✉❝❡s ✭❧❛❝s✱ ❡st✉❛✐r❡s✮ ❝♦♠♠❡ ❡♥
♠✐❧✐❡✉ ♠❛r✐♥✳ ❆✉❣♠❡♥t❡r ❧❛ ❝♦♥❝❡♥tr❛t✐♦♥ ❞❡ ❝❡s é❧é♠❡♥ts ♣❡✉t ❞é♠✉❧t✐♣❧✐❡r ❧❛ ❝r♦✐ss❛♥❝❡
❞❡s ❛❧❣✉❡s✱ ❝❡ q✉✐ ❛ ❞✐✛ér❡♥t❡s ❝♦♥séq✉❡♥❝❡s ♥é❢❛st❡s ✭❙t❡✐♥❢❡❧❞ ❡t ❛❧✳ ✷✵✵✻✮✳ ❆✉ ♥✐✈❡❛✉
❞✉ ❢♦♥❝t✐♦♥♥❡♠❡♥t ❞❡s é❝♦s②stè♠❡s✱ ❧❛ ❝♦♥s♦♠♠❛t✐♦♥ très é❧❡✈é❡ ❞❡ ❞✐♦①②❣è♥❡ ♣❛r ❧❡s
❛❧❣✉❡s ❛s♣❤②①✐❡ ❧❡s é❝♦s②stè♠❡s ❛q✉❛t✐q✉❡s✱ ❝❛✉s❛♥t ❧❛ ♠♦rt ❞❡ ❧❛ ❢❛✉♥❡ ❡t ❞❡ ❧❛ ✢♦r❡
♣rés❡♥t❡s ♣ré❝é❞❡♠♠❡♥t✳ ❆✉ ♥✐✈❡❛✉ é❝♦♥♦♠✐q✉❡✱ ❧✬❡✉tr♦♣❤✐s❛t✐♦♥ ♣❡✉t ❡♥❣❡♥❞r❡r ✉♥❡
❛✉❣♠❡♥t❛t✐♦♥ ❞❡s ❝♦ûts ❞❡ tr❛✐t❡♠❡♥t ❞❡ ❧✬❡❛✉ ❡t ❞❡s ❜❛✐ss❡s ❞❡ r❡✈❡♥✉s t♦✉r✐st✐q✉❡s
❧✐és à ❧✬♦❝❝✉rr❡♥❝❡ ❞❡ ✓ ♠❛ré❡s ✈❡rt❡s ✔✱ ❝✬❡st✲à✲❞✐r❡ ❧❛ ♣r♦❧✐❢ér❛t✐♦♥ ❡①❝❡ss✐✈❡ ❞✬❛❧❣✉❡s
❡♥ ③♦♥❡ ❝ôt✐èr❡✳

▲❛ ❝♦♥t❛♠✐♥❛t✐♦♥ ❞❡s ❡❛✉① ♣❛r ❧❡s ♥✐tr❛t❡s ❡st é❣❛❧❡♠❡♥t ♣ré❥✉❞✐❝✐❛❜❧❡ ❡♥ t❡r♠❡s ❞❡
s❛♥té ♣✉❜❧✐q✉❡✳ ❉❡ ❤❛✉t❡s t❡♥❡✉rs ❡♥ ♥✐tr❛t❡s ♣❡✉✈❡♥t êtr❡ ❧❛ ❝❛✉s❡ ❞✬❡♠♣♦✐s♦♥♥❡♠❡♥ts



✷✹ ▲✬✐♠♣❛❝t ❡♥✈✐r♦♥♥❡♠❡♥t❛❧ ❞❡s é❧❡✈❛❣❡s ❧❛✐t✐❡rs

♣♦✉r ❧❡s ❡♥❢❛♥ts✱ ❡t ❞✬❛✈♦rt❡♠❡♥ts ❡t ❞❡ ❝❛♥❝❡rs ❞❡ ❧✬❡st♦♠❛❝ ❝❤❡③ ❧❡s ❛❞✉❧t❡s ✭❙t❡✐♥❢❡❧❞
❡t ❛❧✳ ✷✵✵✻✮✳ ❇✐❡♥ q✉✬✐❧ ❡①✐st❡ ✉♥❡ ❝♦♥tr♦✈❡rs❡ s✉r ❝❡s r✐sq✉❡s ❡t s✉r ❧❡s t❡♥❡✉rs ❛❝❝❡♣t❛❜❧❡s
❞❛♥s ❧✬❡❛✉ ♣♦t❛❜❧❡ ✭❋❛rr✉❣✐❛ ✷✵✵✵✮✱ ❧❡ ♣r✐♥❝✐♣❡ ❞❡ ♣ré❝❛✉t✐♦♥ ♣ré✈❛✉t✳ ▲❛ ❝♦♥t❛♠✐♥❛t✐♦♥
♣❛r ❧❡s ♥✐tr❛t❡s ❞❡s ❡❛✉① s♦✉t❡rr❛✐♥❡s ❡t ❞❡ s✉r❢❛❝❡ ❞♦✐t ❞♦♥❝ êtr❡ é✈✐té❡✳

▲❛ ❝♦♥tr✐❜✉t✐♦♥ ❞❡ ❧✬é❧❡✈❛❣❡ à ❧❛ ♣rés❡♥❝❡ ❞❡ ♥✐tr❛t❡s ❞❛♥s ❧❡s ❡❛✉① ❡st ✐♥❞é♥✐❛❜❧❡✳
▲❡s ♣❡rt❡s ❞❡ ♥✐tr❛t❡s ✈❡rs ❧❡s ❡❛✉① s♦♥t ❞✉❡s ❛✉ ♣❤é♥♦♠è♥❡ ❞❡ ❧✐①✐✈✐❛t✐♦♥✱ ❝♦✉r❛♠♠❡♥t
❛♣♣❡❧é ❧❡ss✐✈❛❣❡ ❞❡s ♥✐tr❛t❡s✳ ▲❡s ✐♦♥s ♥✐tr❛t❡s s♦♥t très ♣❡✉ r❡t❡♥✉s ♣❛r ❧❡ ❝♦♠♣❧❡①❡
❛r❣✐❧♦✲❤✉♠✐q✉❡ ✭❙t❡✐♥❢❡❧❞ ❡t ❛❧✳ ✷✵✵✻✮✱ ❡t s♦♥t très ♠♦❜✐❧❡s ❞❛♥s ❧❡ s♦❧✳ ▲♦rsq✉❡ ❧✬❤✉♠✐❞✐té
❞✉ s♦❧ ❡st à s❛t✉r❛t✐♦♥✱ ❧❡ ❞r❛✐♥❛❣❡ ❞❡ ❧✬❡❛✉ ❡♥tr❛î♥❡ ❧❡s ♥✐tr❛t❡s ♣rés❡♥ts ❞❛♥s ❧❡ s♦❧✱ ❡t
❝❡✉①✲❝✐ ♥❡ ♣❡✉✈❡♥t ♣❧✉s êtr❡ ❝❛♣tés ♣❛r ❧❡s r❛❝✐♥❡s ❞❡s ♣❧❛♥t❡s✳ ▲❡ ❧❡ss✐✈❛❣❡ ❞❡s ♥✐tr❛t❡s
♥✬❡st ♣♦ss✐❜❧❡ q✉❡ ❧♦rsq✉✬✐❧ ② ❛ ❞❡ ❧✬❡❛✉ ❞r❛✐♥❛♥t❡ ❡t q✉✬✐❧ ② ❛ ❞❡ ❧✬❛③♦t❡ ♠✐♥ér❛❧✱ ♠ê♠❡
❡♥ q✉❛♥t✐té r❡❧❛t✐✈❡♠❡♥t ♣❡✉ ✐♠♣♦rt❛♥t❡✱ ❞❛♥s ❧❡ s♦❧ ✭❋❛rr✉❣✐❛ ✷✵✵✵✮✳ ▲❡ r✐sq✉❡ ❡st
❞♦♥❝ ♠❛①✐♠❛❧ ❡♥ ❤✐✈❡r ❡t très ❢❛✐❜❧❡ ❡♥ été ❞❛♥s ❧✬❖✉❡st ❞❡ ❧❛ ❋r❛♥❝❡✳ ❯♥ st♦❝❦ é❧❡✈é
❞✬❛③♦t❡ ♠✐♥ér❛❧ ❞❛♥s ❧❡ s♦❧ ❡♥ ❞é❜✉t ❞✬❛✉t♦♠♥❡ ❡st ❞♦♥❝ ✉♥❡ s✐t✉❛t✐♦♥ ♣❛rt✐❝✉❧✐èr❡♠❡♥t à
r✐sq✉❡✱ q✉❡ ❧❛ ❣❡st✐♦♥ ❞❡ ❧❛ ❢❡rt✐❧✐s❛t✐♦♥ ❛✉ ♣❧✉s ♣rès ❞❡ ❧❛ ❝✉❧t✉r❡ ♣❡r♠❡t ❞❡ ♠✐♥✐♠✐s❡r✳
❆ ❝❛✉s❡ ❞❡ ❧❛ ✈❛r✐❛❜✐❧✐té ❞❡s ♣r♦❝❡ss✉s ♠✐s ❡♥ ❥❡✉✱ ✐❧ ♥✬❡st t♦✉t❡❢♦✐s ♣❛s ♣♦ss✐❜❧❡ ❞❡
s✉♣♣r✐♠❡r ❝♦♠♣❧èt❡♠❡♥t ❧❡s r❡❧✐q✉❛ts ❞✬❛③♦t❡ ❞❛♥s ❧❡ s♦❧✳ ❯♥❡ ♠✐♥ér❛❧✐s❛t✐♦♥ ❢♦rt❡ ❡♥
❛✉t♦♠♥❡ ❡st é❣❛❧❡♠❡♥t ✉♥ ❢❛❝t❡✉r ❞❡ r✐sq✉❡✱ ❛✐♥s✐ q✉❡ ❧❡s é♣❛♥❞❛❣❡s ❞✬❡✤✉❡♥ts ❡t ❧❡
♣ât✉r❛❣❡ à ❝❡tt❡ ♣ér✐♦❞❡ ✭❋❛rr✉❣✐❛ ✷✵✵✵✮✳ ▲♦rsq✉✬✉♥ ❝♦✉✈❡rt ✈é❣ét❛❧ ❡st ♣rés❡♥t ❡♥
❛✉t♦♠♥❡ ❡t ❡♥ ❤✐✈❡r✱ ❝❡t ❛③♦t❡ ♣❡✉t êtr❡ ❛❜s♦r❜é ❛✈❛♥t ❞✬êtr❡ ❧❡ss✐✈é✳ ▲❡s s♦❧s ♥✉s ❡♥
❤✐✈❡r s♦♥t ❞♦♥❝ ✉♥ ❢❛❝t❡✉r ❞❡ r✐sq✉❡ s✉♣♣❧é♠❡♥t❛✐r❡ ✭❋❛rr✉❣✐❛ ✷✵✵✵✮ q✉✐ ♣❡✉t êtr❡ é✈✐té
♣❛r ❧✬✐♠♣❧❛♥t❛t✐♦♥ ❞❡ ❝✉❧t✉r❡s ✐♥t❡r♠é❞✐❛✐r❡s ♣✐è❣❡s à ♥✐tr❛t❡s ✭❈■P❆◆✮✳ ●❧♦❜❛❧❡♠❡♥t✱
♣♦✉r ❧❡s ❡①♣❧♦✐t❛t✐♦♥s ❧❛✐t✐èr❡s✱ ❧❡s s✉r❢❛❝❡s à r✐sq✉❡ s♦♥t ❧❡s ❝✉❧t✉r❡s ❞❡ ♠❛ïs ❡♥s✐❧❛❣❡ ❡t
❧❡s ♣r❛✐r✐❡s ♣ât✉ré❡s ✐♥t❡♥s✐✈❡♠❡♥t ✭❋❛rr✉❣✐❛ ✷✵✵✷✮✳

❙❡❧♦♥ ❧❛ ❞✐r❡❝t✐✈❡ ❡✉r♦♣é❡♥♥❡ ✾✶✴✻✼✻✴❈❊❊ ❞✉ ✶✷ ❞é❝❡♠❜r❡ ✶✾✾✶ ❝♦♥❝❡r♥❛♥t ❧❛ ♣r♦✲
t❡❝t✐♦♥ ❞❡s ❡❛✉① ❝♦♥tr❡ ❧❛ ♣♦❧❧✉t✐♦♥ ♣❛r ❧❡s ♥✐tr❛t❡s à ♣❛rt✐r ❞❡ s♦✉r❝❡s ❛❣r✐❝♦❧❡s✱ s♦✉✈❡♥t
❛♣♣❡❧é❡ ✓ ❞✐r❡❝t✐✈❡ ♥✐tr❛t❡s ✔✱ ❧❛ t❡♥❡✉r ❡♥ ♥✐tr❛t❡s ❞❛♥s ❧❡s ❡❛✉① ♥❡ ❞♦✐t ♣❛s ❡①❝é❞❡r
✺✵ mg/L ✭s♦✐t ✶✶✳✸ mg N ✲NO3/L✮✳ ▲❡s ❝❛♥t♦♥s ❞❛♥s ❧❡sq✉❡❧s ❝❡ s❡✉✐❧ ❡st ❞é♣❛ssé s♦♥t
❝❧❛ssés ❡♥ ③♦♥❡s ✈✉❧♥ér❛❜❧❡s ❡t ❞❡s ♣r♦❣r❛♠♠❡s ❞✬❛❝t✐♦♥ ❞♦✐✈❡♥t êtr❡ ♠✐s ❡♥ ♣❧❛❝❡ ♣♦✉r
❛♠é❧✐♦r❡r ❧❡s ♣r❛t✐q✉❡s ❞❡s ❛❣r✐❝✉❧t❡✉rs✳

P♦✉r ❧❡ ♣❤♦s♣❤♦r❡✱ ❧❡s ♠é❝❛♥✐s♠❡s ❝♦♥❞✉✐s❛♥t à ❞❡s ♣❡rt❡s✱ ❡t ❧❡s s✐t✉❛t✐♦♥s à r✐sq✉❡✱
s♦♥t ❞✐✛ér❡♥ts✳ ▲❡ ♣❤♦s♣❤♦r❡ ❡st ❜✐❡♥ r❡t❡♥✉ ♣❛r ❧❡s ♣❛rt✐❝✉❧❡s ❞✉ s♦❧ ❡t ❧❡s q✉❛♥t✐tés
❧❡ss✐✈é❡s s♦♥t ❢❛✐❜❧❡s✳ ▲❡s ♣❡rt❡s ♦♥t ❧✐❡✉ ♣❛r r✉✐ss❡❧❧❡♠❡♥t ❡t ♣❛r ér♦s✐♦♥ ❡t ❝♦♥❝❡r♥❡♥t
❞❡✉① ❢♦r♠❡s ❞✉ ♣❤♦s♣❤♦r❡ ✭❋❛rr✉❣✐❛ ✷✵✵✵✮ ✿ ❧❡ ♣❤♦s♣❤♦r❡ s♦❧✉❜❧❡ ✭✐♦♥ ♦rt❤♦♣❤♦s♣❤❛t❡ ✿
PO3−

4
✮ ❡t ❧❡ ♣❤♦s♣❤♦r❡ ♣❛rt✐❝✉❧❛✐r❡✱ ❝✬❡st✲à✲❞✐r❡ s♦✉s ❞❡s ❢♦r♠❡s ❝❤✐♠✐q✉❡s très ❧✐é❡s ❛✉①

♣❛rt✐❝✉❧❡s ❞✉ s♦❧✳ ▲❛ q✉❛♥t✐té ❞❡ ♣❤♦s♣❤♦r❡ s♦❧✉❜❧❡ ❡st ❣é♥ér❛❧❡♠❡♥t ❢❛✐❜❧❡ ❡t ❧❡s ♣❡rt❡s
♣❛r r✉✐ss❡❧❧❡♠❡♥t ❛✉ss✐✳ ❉✐✛ér❡♥t❡s ét✉❞❡s✱ ❝♦♠♠❡ ❝❡❧❧❡ ❞❡ ▼✐ss❡❧❜r♦♦❦ ❡t ❛❧✳ ✭✶✾✾✺✮✱
♠♦♥tr❡♥t q✉❡ ❧❡ r✐sq✉❡ ❡st ♣❧✉s é❧❡✈é ❧♦rsq✉✬✉♥ é♣✐s♦❞❡ ♣❧✉✈✐❡✉① r✉✐ss❡❧❛♥t ❛ ❧✐❡✉ ♣❡✉
❞❡ t❡♠♣s ❛♣rès ✉♥ é♣❛♥❞❛❣❡✳ ▲❡ ♣❤♦s♣❤♦r❡ ♣❛rt✐❝✉❧❛✐r❡ ❡st ❧✐é ❛✉① ♣❛rt✐❝✉❧❡s ❞❡ s♦❧ ❡♥✲
tr❛✐♥é❡s ♣❛r ér♦s✐♦♥✳ ◗✉❛♥t✐t❛t✐✈❡♠❡♥t✱ ❧❡s ♣❡rt❡s s♦✉s ❢♦r♠❡ ❞❡ ♣❤♦s♣❤♦r❡ ♣❛rt✐❝✉❧❛✐r❡
s♦♥t ❣é♥ér❛❧❡♠❡♥t ♣❧✉s é❧❡✈é❡s s✉r ❧❡s ♣❛r❝❡❧❧❡s ❡♥ ❝✉❧t✉r❡s ✭♠❛ïs✱ ❜❧é✮ t❛♥❞✐s q✉❡ s♦✉s
♣r❛✐r✐❡✱ ❧❡s ✢✉① ❞❡ ♣❤♦s♣❤♦r❡ ❞✐ss♦✉s ❞♦♠✐♥❡♥t✳ ▲❡s s✐t✉❛t✐♦♥s à r✐sq✉❡ ♣♦✉r ❧❡s ♣❡rt❡s
❞❡ ♣❤♦s♣❤♦r❡ ❞❡s ♣❛r❝❡❧❧❡s ❛❣r✐❝♦❧❡s s♦♥t ❞✐r❡❝t❡♠❡♥t ❧✐é❡s ❛✉① r✐sq✉❡s ❞❡ r✉✐ss❡❧❧❡♠❡♥t
❞✬❡❛✉ ❡t ❞✬ér♦s✐♦♥✱ ❡✉①✲♠ê♠❡s s♦✉s ❧✬✐♥✢✉❡♥❝❡ ❝♦♥❥♦✐♥t❡ ❞❡ ❞✐✛ér❡♥ts ❢❛❝t❡✉rs ✭✐♥t❡♥s✐té



❉✐✛ér❡♥ts ✐♠♣❛❝ts s✉r ❧✬❡♥✈✐r♦♥♥❡♠❡♥t ✷✺

CO2 CH4 N2O ❆✉tr❡s ❣❛③ ❚♦t❛❧
✭▼t❈❖✷ ✲❡q✮

➱♠✐ss✐♦♥ ❜r✉t❡s t♦t❛❧❡s ✹✶✻✱✻ ✺✻✳✼ ✼✵✳✽ ✶✹✳✷ ✺✺✽✳✹

❆❣r✐❝✉❧t✉r❡ ✲ ✹✶✳✵ ✺✹✳✾ ✲ ✾✺✳✾
❋❡r♠❡♥t❛t✐♦♥ ❡♥tér✐q✉❡ ✲ ✷✼✳✽ ✲ ✲ ✷✼✳✽
●❡st✐♦♥ ❞❡s ❡✤✉❡♥ts ❞✬é❧❡✈❛❣❡ ✲ ✶✸✳✶ ✻✳✶ ✲ ✶✾✳✶
❘✐③✐❝✉❧t✉r❡ ✲ ✵✳✶ ✲ ✲ ✵✳✶
❙♦❧s ❛❣r✐❝♦❧❡s ✲ ✲ ✹✽✳✽ ✲ ✹✽✳✽

➱♥❡r❣✐❡ ✭s❡❝t❡✉r ❛❣r✐❝♦❧❡✮ ✾✳✹ ✵✳✵ ✵✳✶ ✲ ✾✳✺

❯❚❈❋ ✲✻✺✳✸ ✵✳✻ ✶✳✼ ✲ ✲✻✸✳✵

➱♠✐ss✐♦♥s ♥❡tt❡s t♦t❛❧❡s ✸✺✶✳✹ ✺✼✳✸ ✼✷✳✺ ✶✹✳✷ ✹✾✺✳✹

❚❛❜✳ ✶✳✶ ✕ ➱♠✐ss✐♦♥s t♦t❛❧❡s ❡t ❛❣r✐❝♦❧❡s ❞❡ ●❊❙ ❡♥ ❋r❛♥❝❡ ❡♥ ✷✵✵✺✳ ❙♦✉r❝❡ ✿ ❉❡ ❈❛r❛
✭✷✵✵✽✮✳ ❯❚❈❋ ❂ ✉t✐❧✐s❛t✐♦♥ ❞❡s t❡rr❡s✱ ❝❤❛♥❣❡♠❡♥t ❞✬✉t✐❧✐s❛t✐♦♥ ❞❡s t❡rr❡s ❡t ❧❛ ❢♦r❡s✲
t❡r✐❡✳

❞❡s ♣❧✉✐❡s✱ ♣❡♥t❡✱ ❝♦✉✈❡rt ✈é❣ét❛❧✱ ét❛t str✉❝t✉r❛❧ ❞✉ s♦❧✳ ✳ ✳ ✮✳
❊♥ ✈❛❧❡✉r ❛❜s♦❧✉❡✱ ❧❡s ✢✉① ❞✬❛③♦t❡ ✈❡rs ❧✬❡❛✉ ✭❞❡ ❧✬♦r❞r❡ ❞❡ ✷✵ à ✶✵✵ ❦❣✴❛♥✮ s♦♥t

❜❡❛✉❝♦✉♣ ♣❧✉s ❢♦rts q✉❡ ❧❡s ✢✉① ❞❡ ♣❤♦s♣❤♦r❡ ✭✵ à ✸ ❦❣✴❛♥✮✳ ❈❡♣❡♥❞❛♥t✱ ❧❛ s❡♥s✐❜✐❧✐té
❞✉ ♠✐❧✐❡✉ ❞♦✐t êtr❡ ♣r✐s❡ ❡♥ ❝♦♠♣t❡✳ ❉❡ ❢❛✐❜❧❡s q✉❛♥t✐tés ❞❡ ♣❤♦s♣❤♦r❡ ♣❡✉✈❡♥t ❛✈♦✐r ❞❡s
❝♦♥séq✉❡♥❝❡s ✐♠♣♦rt❛♥t❡s✳ ■❧ s✬❛❣✐t ❞✬✉♥❡ ❞✐✣❝✉❧té ❞❛♥s ❧❛ ❣❡st✐♦♥ ❞✉ ♣❤♦s♣❤♦r❡✳ ▲❡s
st♦❝❦s ❞❛♥s ❧❡ s♦❧ s♦♥t ❡♥ ❣é♥ér❛❧ ✐♠♣♦rt❛♥ts ❞❛♥s ❧✬❖✉❡st ❞❡ ❧❛ ❋r❛♥❝❡✱ ❞❡ ❧✬♦r❞r❡ ❞❡
♣❧✉s✐❡✉rs t♦♥♥❡s ♣❛r ❤❡❝t❛r❡ ✭❇r❡t❛❣♥❡ ❊♥✈✐r♦♥♥❡♠❡♥t ✷✵✵✸✮ ❡t ❞❡s ♣❡rt❡s r❡♣rés❡♥t❛♥t
✉♥❡ ❢r❛❝t✐♦♥ ✐♥✜♠❡ ❞❡ ❝❡ st♦❝❦ ♣❡✉✈❡♥t êtr❡ très ♥é❢❛st❡s✳

✶✳✶✳✷ ■♠♣❛❝ts s✉r ❧❛ q✉❛❧✐té ❞❡ ❧✬❛✐r

▲❡s ✢✉① ❞❡ ♠❛t✐èr❡ ❡♥ ❡①♣❧♦✐t❛t✐♦♥ ❞✬é❧❡✈❛❣❡ ✐♥t❡r✈✐❡♥♥❡♥t ❞❛♥s ❞❡✉① ❣r❛♥❞s ❡♥❥❡✉①
❞❡ q✉❛❧✐té ❞❡ ❧✬❛✐r ✿ ❧❡s é♠✐ss✐♦♥s ❞❡ ❣❛③ à ❡✛❡t ❞❡ s❡rr❡ ✭●❊❙✮ ❡t ❧✬❛❝✐❞✐✜❝❛t✐♦♥ ❞❡
❧✬❛t♠♦s♣❤èr❡✳

▲❡s é♠✐ss✐♦♥s ❞❡ ●❊❙ ❝♦♥tr✐❜✉❡♥t ❛✉ ❝❤❛♥❣❡♠❡♥t ❝❧✐♠❛t✐q✉❡✳ ❊♥ ❋r❛♥❝❡✱ ♦♥ ❡st✐♠❡
q✉❡ ✶✼ ✪ ❞❡s é♠✐ss✐♦♥s ❜r✉t❡s s♦♥t ❞ûs ❛✉ s❡❝t❡✉r ❛❣r✐❝♦❧❡✱ ❛✉①q✉❡❧s ✐❧ ❝♦♥✈✐❡♥t ❞✬❛❥♦✉t❡r
✷ ✪ ❧✐és ❛✉① ❝♦♥s♦♠♠❛t✐♦♥s ❞✬é♥❡r❣✐❡ ✭t❛❜❧❡❛✉ ✶✳✶✮✳ ❈❡ ❝❤✐✛r❡ ♥❡ ♣r❡♥❞ ♣❛s ❡♥ ❝♦♠♣t❡
❧❡s é♠✐ss✐♦♥s ✐♥❞✐r❡❝t❡s✱ ❧✐é❡s ♣❛r ❡①❡♠♣❧❡ à ❧❛ ❢❛❜r✐❝❛t✐♦♥ ❞❡s ❡♥❣r❛✐s✱ ♥✐ ❧❡s ♣✉✐ts ❞❡
❝❛r❜♦♥❡ ❧✐és à ❧✬♦❝❝✉♣❛t✐♦♥ ❞❡s s♦❧s✱ ❝♦♠♣t❛❜✐❧✐sé❡s ❞❛♥s ❧❛ ❝❛té❣♦r✐❡ ✉t✐❧✐s❛t✐♦♥ ❞❡s
t❡rr❡s✱ ❝❤❛♥❣❡♠❡♥t ❞✬✉t✐❧✐s❛t✐♦♥ ❞❡s t❡rr❡s ❡t ❧❛ ❢♦r❡st❡r✐❡ ✭❯❚❈❋✮✳

▲❡s é♠✐ss✐♦♥s ❞✉ s❡❝t❡✉r ❛❣r✐❝♦❧❡ s♦♥t ❝♦♠♣♦sé❡s ♣r✐♥❝✐♣❛❧❡♠❡♥t ❞❡ tr♦✐s ❣❛③ ✿ ❧❡
❞✐♦①②❞❡ ❞❡ ❝❛r❜♦♥❡ ✭CO2✮✱ ❧❡ ♠ét❤❛♥❡ ✭CH4✮ ❡t ❧❡ ♣r♦t♦①②❞❡ ❞✬❛③♦t❡ ✭N2O✮✳ ❈❡s tr♦✐s
❣❛③ ♣❛rt✐❝✐♣❡♥t ❞❡ ❢❛ç♦♥ ❞✐✛ér❡♥t❡ à ❧✬❡✛❡t ❞❡ s❡rr❡✳ ❊♥ ✐♥st❛♥t❛♥é✱ ✐❧s ❛❜s♦r❜❡♥t ❞❡s
❣❛♠♠❡s ❞✐✛ér❡♥t❡s ❞❡ ❧♦♥❣✉❡✉r ❞✬♦♥❞❡ ❞❡ r❛②♦♥♥❡♠❡♥t✳ P❧✉s ❝❡tt❡ ❣❛♠♠❡ ❡st ❧❛r❣❡✱
♣❧✉s ❧✬❡✛❡t ❞❡ s❡rr❡ ❞✉ ❣❛③ ❡st ❣r❛♥❞✳ ▲✬❡✛❡t ❞✬✉♥ ❣❛③ s✬❛❝❝r♦ît ❛✉ss✐ ❛✈❡❝ ❧❡ t❡♠♣s
♠♦②❡♥ ♣❡♥❞❛♥t ❧❡q✉❡❧ ✐❧ r❡st❡ ❞❛♥s ❧✬❛t♠♦s♣❤èr❡ ❛♣rès é♠✐ss✐♦♥✳ ▲❡ ●r♦✉♣❡ ❞✬❡①♣❡rts



✷✻ ▲✬✐♠♣❛❝t ❡♥✈✐r♦♥♥❡♠❡♥t❛❧ ❞❡s é❧❡✈❛❣❡s ❧❛✐t✐❡rs

P❘● ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧✬❤♦r✐③♦♥ t❡♠♣♦r❡❧
●❛③ ✷✵ ❛♥s ✶✵✵ ❛♥s ✺✵✵ ❛♥s

❉✐♦①②❞❡ ❞❡ ❝❛r❜♦♥❡ ✶ ✶ ✶
▼ét❤❛♥❡ ✼✷ ✷✺ ✼✱✻

Pr♦t♦①②❞❡ ❞✬❛③♦t❡ ✷✽✾ ✷✾✽ ✶✺✸

❚❛❜✳ ✶✳✷ ✕ P♦✉✈♦✐r ❞❡ ré❝❤❛✉✛❡♠❡♥t ❣❧♦❜❛❧ ✭P❘●✮ ❛ss♦❝✐é à ❞✐✛ér❡♥ts ❣❛③ à ❡✛❡t ❞❡
s❡rr❡✱ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧✬❤♦r✐③♦♥ t❡♠♣♦r❡❧ ❝♦♥s✐❞éré✳ ❙♦✉r❝❡ ✿ ❋♦rst❡r ❡t ❛❧✳ ✭●■❊❈ ✲ ✷✵✵✼✮✳
▲❡ ●■❊❈ r❡❝♦♠♠❛♥❞❡ ❧✬✉t✐❧✐s❛t✐♦♥ ❞✬✉♥ ❤♦r✐③♦♥ t❡♠♣♦r❡❧ ❞❡ ✶✵✵ ❛♥s✳

■♥t❡r❣♦✉✈❡r♥❡♠❡♥t❛❧ s✉r ❧✬➱✈♦❧✉t✐♦♥ ❞✉ ❈❧✐♠❛t ✭●■❊❈✮ ❞é✜♥✐t ❞♦♥❝ ♣♦✉r ❝❤❛q✉❡ ❣❛③
✉♥ ♣♦✉✈♦✐r ❞❡ ré❝❤❛✉✛❡♠❡♥t ❣❧♦❜❛❧ ✭P❘●✮✱ q✉✐ ❡st ✉♥ ✐♥❞❡① ❝♦♠♣❛r❛♥t ❧❡ ❢♦rç❛❣❡ r❛✲
❞✐❛t✐❢ ❞✉ ❣❛③✱ ❡♥ t♦t❛❧ s✉r ✉♥ ❤♦r✐③♦♥ t❡♠♣♦r❡❧ ❞♦♥♥é✱ à ❝❡❧✉✐ ❞✉ CO2 ✭❋♦rst❡r ❡t ❛❧✳
✷✵✵✼✮✳ ❆✉tr❡♠❡♥t ❞✐t✱ ✐❧ s✬❛❣✐t ❞❡ ❧❛ q✉❛♥t✐té ❞❡ CO2 q✉✐ ❝❛✉s❡r❛✐t ❧❡ ♠ê♠❡ ❢♦rç❛❣❡
r❛❞✐❛t✐❢ ✐♥té❣ré s✉r ❧❛ ♣ér✐♦❞❡ ❝♦♥s✐❞éré❡✱ ❞✬♦ù ❧❡ t❡r♠❡ ✓ éq✉✐✈❛❧❡♥t CO2 ✔✳ ▲❡ ●■❊❈
r❡❝♦♠♠❛♥❞❡ ❞❡ ❝♦♥s✐❞ér❡r ❧❡s ❡✛❡ts ❞❡s ❣❛③ s✉r ✶✵✵ ❛♥s✳ ❉❡s ✈❛❧❡✉rs s♦♥t ❞♦♥♥é❡s ❞❛♥s
❧❡ t❛❜❧❡❛✉ ✶✳✷✳

▲❡s é♠✐ss✐♦♥s ❞❡ CO2 s♦♥t ♣r✐♥❝✐♣❛❧❡♠❡♥t ❧✐é❡s ❛✉① ❝♦♥s♦♠♠❛t✐♦♥s ❞✬é♥❡r❣✐❡s ❢♦s✲
s✐❧❡s ✭❝❛r❜✉r❛♥ts✱ é❧❡❝tr✐❝✐té✮✳ ❈❡ ♣♦st❡ r❡♣rés❡♥t❡ ✶✵ ✪ ❞❡s é♠✐ss✐♦♥s ❞✉ s❡❝t❡✉r ❛❣r✐❝♦❧❡
✭■♥st✐t✉t ❞❡ ❧✬❊❧❡✈❛❣❡ ✷✵✵✽❜✮✳ ❖♥ ♥♦t❡r❛ q✉❡ ❧❡ ❝②❝❧❡ ❝♦✉rt ❞✉ ❝❛r❜♦♥❡ ♥✬❡st ♣❛s ♣r✐s ❡♥
❝♦♠♣t❡✳ ❖♥ ❝♦♥s✐❞èr❡ q✉❡ ❧❡ ❝❛r❜♦♥❡ ✜①é ♣❛r ❧❛ ♣❤♦t♦s②♥t❤ès❡ ❡t ❝❡❧✉✐ ❞é❣❛❣é ♣❛r ❧❛
r❡s♣✐r❛t✐♦♥ s✬éq✉✐❧✐❜r❡♥t✳ ▲❡s é♠✐ss✐♦♥s ❞❡ CH4 s♦♥t ❧✐é❡s à ❞❡s ❢❡r♠❡♥t❛t✐♦♥s ❛♥❛ér♦✲
❜✐❡s✱ q✉✐ ♦♥t ❧✐❡✉ ❧♦rs ❞❡ ❧❛ ❞✐❣❡st✐♦♥ ❝❤❡③ ❧❡s r✉♠✐♥❛♥ts ❡t ❧♦rs ❞✉ st♦❝❦❛❣❡ ❞✬❡✤✉❡♥ts✳
P♦✉r ✉♥❡ ✈❛❝❤❡ ❧❛✐t✐èr❡ ♣r♦❞✉✐s❛♥t ✽✹✵✵ ❦❣ ❞❡ ❧❛✐t ♣❛r ❛♥✱ ❧❛ q✉❛♥t✐té ❞❡ CH4 ❞é❣❛❣é❡
♣❛r ❧❡s ❢❡r♠❡♥t❛t✐♦♥s r✉♠✐♥❛❧❡s ❡st ❞❡ ✶✷✶ ❦❣ ♣❛r ❛♥ ❡♥✈✐r♦♥✱ s❡❧♦♥ ❧❡s ré❢ér❡♥❝❡s ❞✉
●■❊❈ ✭❉♦♥❣ ❡t ❛❧✳ ✷✵✵✻✮✳ ❈❡tt❡ q✉❛♥t✐té ✈❛r✐❡ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❞✐✈❡rs ❢❛❝t❡✉rs✱ ❞♦♥t ❧✬❛❧✐✲
♠❡♥t❛t✐♦♥ ❡t ❧❛ ♣r♦❞✉❝t✐♦♥ ✭❱❡r♠♦r❡❧ ✶✾✾✺ ❀ ▼❛rt✐♥ ❡t ❏♦✉❛♥② ✷✵✵✻✮✳ ▲❡ ❝❛r❜♦♥❡ ❞✉
♠ét❤❛♥❡ ♣r♦✈✐❡♥t ❞❡s ❛❧✐♠❡♥ts ❡t ❡st ❞❛♥s ✉♥ ❝②❝❧❡ ❝♦✉rt✱ ❝♦♠♠❡ ❧❡ CO2 ❞❡ ❧❛ r❡s♣✐r❛✲
t✐♦♥✳ ▼❛✐s ❝❡ ❝②❝❧❡ ❝♦✉rt tr❛♥s❢♦r♠❡ ❞✉ CO2 ❡♥ CH4 ✭✈✐❛ ❧❡s ♣❧❛♥t❡s ♣✉✐s ❧❡s ❛♥✐♠❛✉①✮✳
❆ ❝❛✉s❡ ❞❡ s♦♥ P❘● é❧❡✈é✱ ❧❡ CH4 ❞♦✐t êtr❡ ♣r✐s ❡♥ ❝♦♠♣t❡ ❞❛♥s ❧❡ ❝❛❧❝✉❧ ❞❡s é♠✐ss✐♦♥s
❛♥t❤r♦♣✐q✉❡s ❞❡ ●❊❙ ✭■♥st✐t✉t ❞❡ ❧✬❊❧❡✈❛❣❡ ✷✵✵✽❜✮✳

▲✬❛❣r✐❝✉❧t✉r❡ ❥♦✉❡ ✉♥ rô❧❡ ♠❛❥❡✉r ❞❛♥s ❧❡s é♠✐ss✐♦♥s ❞✬❛♠♠♦♥✐❛❝ ✭NH3✮✱ ♣✉✐sq✉❡
✾✽ ✪ ❞❡s é♠✐ss✐♦♥s ♥❛t✐♦♥❛❧❡s s♦♥t ✐ss✉s ❞❡ ❝❡ s❡❝t❡✉r ✭❈■❚❊P❆ ✴ ❈❖❘❆▲■❊ ✷✵✵✽✮✳ ▲❛
s②♥t❤ès❡ ré❛❧✐sé❡ ♣❛r P♦rt❡❥♦✐❡ ❡t ❛❧✳ ✭✷✵✵✷✮ ♣rés❡♥t❡ ❧❡ ❞❡✈❡♥✐r ❡t ❧❡s r✐sq✉❡s ❛ss♦❝✐és
à ❝❡ ❝♦♠♣♦sé✳ ❯♥❡ ♣❛rt✐❡ ❞❡ ❧✬❛♠♠♦♥✐❛❝ s❡ r❡❞é♣♦s❡ à ♣r♦①✐♠✐té ❞✉ s✐t❡ ❞✬é♠✐ss✐♦♥✱
♣r✐♥❝✐♣❛❧❡♠❡♥t s♦✉s ❢♦r♠❡ ❞❡ NH3✱ ❡t r❡❥♦✐♥t ❧❡ ❝②❝❧❡ ❞❡ ❧✬❛③♦t❡ ❛✉ ♥✐✈❡❛✉ ❞✉ s♦❧ ♦✉
❞✐r❡❝t❡♠❡♥t ❞❡ ❧❛ ♣❧❛♥t❡✳ ❯♥❡ ♣❛rt✐❡ ❞❡ ❧✬❛♠♠♦♥✐❛❝ r❡st❡ ❞❛♥s ❧✬❛t♠♦s♣❤èr❡ ♣❡♥❞❛♥t ✉♥❡
♣ér✐♦❞❡ ♣❧✉s ❧♦♥❣✉❡✱ ❡t ♣❡✉t ✈♦②❛❣❡r s✉r ♣❧✉s✐❡✉rs ❝❡♥t❛✐♥❡s ❞❡ ❦✐❧♦♠ètr❡s ❛✈❛♥t ❞❡ s❡
r❡❞é♣♦s❡r✳ ❙✐ ❧✬❛t♠♦s♣❤èr❡ ❡st ❛❝✐❞❡✱ ❧✬❛♠♠♦♥✐❛❝ ❡st ❝♦♥✈❡rt✐ ❡♥ ❛♠♠♦♥✐✉♠ ✭NH+

4
✮ ❡t

❡st ♣✐é❣é ♣❛r ❧✬❤✉♠✐❞✐té ❞❡ ❧✬❛✐r✳ ▲❛ ❞é♣♦s✐t✐♦♥ ❛t♠♦s♣❤ér✐q✉❡ ❞❡ NH3 ❡t NH+
4
❢r❛❣✐❧✐s❡

❧❡s ❢♦rêts✳ ▲❛ ♣rés❡♥❝❡ ❞✬❛♠♠♦♥✐✉♠ ❞❛♥s ❧❡s ♣❧✉✐❡s ❝♦♥tr✐❜✉❡ é❣❛❧❡♠❡♥t à ❧✬❛❝✐❞✐✜❝❛t✐♦♥
❞❡s ❡❛✉① ❞❡ s✉r❢❛❝❡s✱ ♣❡rt✉r❜❛♥t ❧❡s é❝♦s②stè♠❡s ❝♦♥❝❡r♥és✳ ❊♥✜♥✱ ♦♥ ♥❡ ♣❡✉t ♥é❣❧✐❣❡r
❧✬✐♠♣❛❝t ❞❡ ❧✬❛♠♠♦♥✐❛❝ s✉r ❧❛ s❛♥té ❤✉♠❛✐♥❡✳ ❯♥❡ ❡①♣♦s✐t✐♦♥ é❧❡✈é❡ à ❧✬❛♠♠♦♥✐❛❝ ♣❡✉t



❉✐✛ér❡♥ts ✐♠♣❛❝ts s✉r ❧✬❡♥✈✐r♦♥♥❡♠❡♥t ✷✼

❝❛✉s❡r ❞✐✛ér❡♥t❡s ♠❛❧❛❞✐❡s r❡s♣✐r❛t♦✐r❡s✳ ❈❡♣❡♥❞❛♥t✱ ❝❡❝✐ ♥❡ ❝♦♥❝❡r♥❡ q✉❡ ❧❡s tr❛✈❛✐❧❧❡✉rs
❡♥ é❧❡✈❛❣❡✳ ■❧ s✬❛❣✐t ❞✬✉♥❡ q✉❡st✐♦♥ ❞❡ ❝♦♥❞✐t✐♦♥s ❞❡ tr❛✈❛✐❧ ❛✉ s❡✐♥ ❞✬✉♥ ❜ât✐♠❡♥t✱ ♣❧✉tôt
q✉❡ ❞✬✐♠♣❛❝t ❡♥✈✐r♦♥♥❡♠❡♥t❛❧ ❣❧♦❜❛❧✳

▲❡s é♠✐ss✐♦♥s ❞✬❛♠♠♦♥✐❛❝ s♦♥t ♣r✐♥❝✐♣❛❧❡♠❡♥t ❧✐é❡s à ❧✬é❧❡✈❛❣❡✳ ▲❡s ♣❡rt❡s ♦♥t ❧✐❡✉
❡♥ ❜ât✐♠❡♥t✱ à ♣❛rt✐r ❞❡ ❧✬❡①❝rét✐♦♥ ❞❡s ❛♥✐♠❛✉① ❡t ♣❡♥❞❛♥t ❧❡ st♦❝❦❛❣❡✱ ❡t ❧♦rs ❞❡
❧✬é♣❛♥❞❛❣❡ ❞❡s ❡✤✉❡♥ts✳ ❊♥ ❡✛❡t✱ ❧✬✉ré❡ ❞❡s ❞é❥❡❝t✐♦♥s ❡st r❛♣✐❞❡♠❡♥t ❤②❞r♦❧②sé❡ ♣❛r
❧✬✉ré❛s❡ ❢é❝❛❧❡ ✭❋❛rr✉❣✐❛ ✷✵✵✷✮✳ ▲❛ ✈♦❧❛t✐❧✐s❛t✐♦♥ s✬♦♣èr❡ ❛❧♦rs ♣❛r ✉♥ ♣r♦❝❡ss✉s ♣❤②s✐q✉❡✱
❧❡s ❡✤✉❡♥ts s❡ ♠❡tt❛♥t ❡♥ éq✉✐❧✐❜r❡ ❛✈❡❝ ❧✬❛t♠♦s♣❤èr❡ ❡♥✈✐r♦♥♥❛♥t❡✳ ▲❛ q✉❛♥t✐té t♦t❛❧❡
✈♦❧❛t✐❧✐sé❡ ❞é♣❡♥❞ ❞❡ ❧❛ ❝♦♠♣♦s✐t✐♦♥ ❞❡s ❡✤✉❡♥ts✱ ❡♥ ♣❛rt✐❝✉❧✐❡r ❞❡ ❧❛ ❝♦♥❝❡♥tr❛t✐♦♥
❡♥ ✉ré❡ ❞❡s ❧✐q✉✐❞❡s✱ ♠❛✐s ❛✉ss✐ ❞✉ ♣❍ ❡t ❞❡ ❧❛ s✉r❢❛❝❡ ❞✬é❝❤❛♥❣❡ ✭❆❛r♥✐♥❦ ❡t ❊❧③✐♥❣
✶✾✾✽✮✳ ❉❡ ❝❡ ❢❛✐t✱ ❧❡s t②♣❡s ❞❡ ❜ât✐♠❡♥ts ❡t ❞✬♦✉✈r❛❣❡s ❞❡ st♦❝❦❛❣❡ ✐♥❞✉✐s❡♥t é❣❛❧❡♠❡♥t
✉♥❡ ✈❛r✐❛❜✐❧✐té ✐♠♣♦rt❛♥t❡✳ ▲❡s é♠✐ss✐♦♥s s❡♠❜❧❡♥t ♣❧✉s ❢❛✐❜❧❡s ❞❛♥s ❧❡s ❜ât✐♠❡♥ts ❢❛✐s❛♥t
✐♥t❡r✈❡♥✐r ✉♥ r❛❝❧❛❣❡ ❥♦✉r♥❛❧✐❡r ❞❡s ❞é❥❡❝t✐♦♥s ✭❋❛rr✉❣✐❛ ✷✵✵✷✮✳ ❊♥✜♥✱ ❧❡ t②♣❡ ❞❡ ♠❛tér✐❡❧
❞✬é♣❛♥❞❛❣❡ ❥♦✉❡ ✉♥ rô❧❡ ✐♠♣♦rt❛♥t✳ P❛r ❡①❡♠♣❧❡✱ ❧✬✉t✐❧✐s❛t✐♦♥ ❞✬✐♥❥❡❝t❡✉rs ♣♦✉r ❡♥❢♦✉✐r
❞✐r❡❝t❡♠❡♥t ❧❡ ❧✐s✐❡r ❞❛♥s ❧❡ s♦❧ ♣❡r♠❡t ❞❡ ♠✐♥✐♠✐s❡r ❧❡s ♣❡rt❡s ✭❙♦♠♠❡r ❡t ❍✉t❝❤✐♥❣s
✷✵✵✶✮✳ ▲❡s ❝♦♥❞✐t✐♦♥s ❝❧✐♠❛t✐q✉❡s ♣❡♥❞❛♥t ❧❡ st♦❝❦❛❣❡ ❡t ❧♦rs ❞❡ ❧✬é♣❛♥❞❛❣❡ ✐♥✢✉❡♥❝❡♥t
é❣❛❧❡♠❡♥t ❧❛ ✈♦❧❛t✐❧✐s❛t✐♦♥✳

✶✳✶✳✸ ■♠♣❛❝ts s✉r ❧❡s s♦❧s

▲❡s s♦❧s ♣❡✉✈❡♥t ✈♦✐r ❧❡✉r ét❛t ♣❤②s✐q✉❡ ❡t ❝❤✐♠✐q✉❡ ♠♦❞✐✜é✱ à ❧♦♥❣ t❡r♠❡✱ ❡♥ ❢♦♥❝✲
t✐♦♥ ❞❡s ♣r❛t✐q✉❡s ❛❣r✐❝♦❧❡s q✉✐ ❧❡✉r s♦♥t ❛♣♣❧✐q✉é❡s✳ ❊♥ t❡r♠❡s ❞❡ ✢✉① ❞❡ ♠❛t✐èr❡✱ ❧❡s
♣r✐♥❝✐♣❛❧❡s t❡♥❞❛♥❝❡s ❝♦♥st❛té❡s ❞❛♥s ❧❡s ❡①♣❧♦✐t❛t✐♦♥s ❞✬é❧❡✈❛❣❡ s♦♥t ❧✬❛❝❝✉♠✉❧❛t✐♦♥ ❞❡
♠ét❛✉① ❧♦✉r❞s✱ ♣r✐♥❝✐♣❛❧❡♠❡♥t ❝✉✐✈r❡ ✭Cu✮ ❡t ③✐♥❝ ✭Zn✮✱ ❡t ❧❛ ❞✐♠✐♥✉t✐♦♥ ❞❡s st♦❝❦s
❞❡ ♠❛t✐èr❡ ♦r❣❛♥✐q✉❡✳ ❊♥ ❝❡ q✉✐ ❝♦♥❝❡r♥❡ ❧❡s ♠ét❛✉① ❧♦✉r❞s✱ ❧❡ ❞éséq✉✐❧✐❜r❡ ❡♥tr❡ ❧❡s
❜❡s♦✐♥s ❞❡s ♣❧❛♥t❡s ❡t ❧❡s ❛♣♣♦rts ♣❛r ❧❡s ❡✤✉❡♥ts ❡st ♣❧✉s ♠❛rq✉é ❞❛♥s ❧❡ ❝❛s ❞❡s s②s✲
tè♠❡s ♣♦r❝✐♥s✳ ❊♥ ❡✛❡t✱ ❝❡s ❞❡r♥✐❡rs ♣r♦❞✉✐s❡♥t ❞❡s ❡✤✉❡♥ts ♣❧✉s r✐❝❤❡s ❡♥ Cu ❡t Zn
✭❙t❡✐♥❢❡❧❞ ❡t ❛❧✳ ✷✵✵✻✮✳ ❈❡ ♣r♦❜❧è♠❡ ❡st ♣❧✉s ♠❛rq✉é ❞❛♥s ❧❡ ❝❛s ❞❡s é❧❡✈❛❣❡s ❤♦rs✲s♦❧
q✉✐ ❝♦♥❝❡♥tr❡♥t ❞❡s q✉❛♥t✐tés ✐♠♣♦rt❛♥t❡s ❞❡ ❞é❥❡❝t✐♦♥s s✉r ✉♥❡ ❢❛✐❜❧❡ s✉r❢❛❝❡✳

❉❡♣✉✐s q✉❡❧q✉❡s ❞é❝❡♥♥✐❡s✱ ✐❧ s❡♠❜❧❡ q✉❡ ❧❡s st♦❝❦s ❞❡ ♠❛t✐èr❡ ♦r❣❛♥✐q✉❡ ❞❛♥s ❧❡s s♦❧s
❛❣r✐❝♦❧❡s ❢r❛♥ç❛✐s s♦✐❡♥t ♣❧✉tôt ❡♥ ❜❛✐ss❡ ✭❲❛❧t❡r ❡t ❛❧✳ ✶✾✾✻✮✳ ▲❡s ✈❛r✐❛t✐♦♥s ❞❡ st♦❝❦s
❞❡ ♠❛t✐èr❡ ♦r❣❛♥✐q✉❡ ❞❛♥s ❧❡ s♦❧ ❢♦♥t ❧✬♦❜❥❡t ❞✬❛tt❡♥t✐♦♥s ré❣✉❧✐èr❡s ❞❡♣✉✐s q✉❡❧q✉❡s
❛♥♥é❡s✱ ❝❛r ❡❧❧❡s s♦♥t ❧✐é❡s ❛✉ t❤è♠❡ ❞❡s é♠✐ss✐♦♥s ❞❡ ❣❛③ à ❡✛❡t ❞❡ s❡rr❡✳ ❯♥ r❛♣♣♦rt
❞✬❡①♣❡rt✐s❡ s❝✐❡♥t✐✜q✉❡ ❝♦❧❧❡❝t✐✈❡ ❛ été ré❛❧✐sé s✉r ❝❡ t❤è♠❡ ♣❛r ❧✬■◆❘❆ ✭❆rr♦✉❛②s ❡t ❛❧✳
✷✵✵✷✮✳ ❊♥ ❡✛❡t✱ ❛✉❣♠❡♥t❡r ❧❛ t❡♥❡✉r ❡♥ ♠❛t✐èr❡ ♦r❣❛♥✐q✉❡ ❞✉ s♦❧ r❡✈✐❡♥t à ♣✐é❣❡r ❞✉
❝❛r❜♦♥❡ ❛t♠♦s♣❤ér✐q✉❡ à ❧♦♥❣ t❡r♠❡✳ ▲❛ q✉❛♥t✐té ❞❡ CO2 ♣❛rt✐❝✐♣❛♥t à ❧✬❡✛❡t ❞❡ s❡rr❡
❡st ré❞✉✐t❡ ❞✬❛✉t❛♥t✳ ▲✬❡①♣❡rt✐s❡ ❝♦❧❧❡❝t✐✈❡ ❛ ♠♦♥tré q✉✬✉♥❡ ❞❡s ♠❡s✉r❡s ❧❡s ♣❧✉s ❡✣✲
❝❛❝❡s ét❛✐t ❧❛ ❝♦♥✈❡rs✐♦♥ ❞❡ ❝✉❧t✉r❡s ❡♥ ♣r❛✐r✐❡s ♣❡r♠❛♥❡♥t❡s ✭❆rr♦✉❛②s ❡t ❛❧✳ ✷✵✵✷✮✳
▲❛ ❝♦♥✈❡rs✐♦♥ ❞✬✉♥ ❤❡❝t❛r❡ ♣❡r♠❡ttr❛✐t ❞✬é❝♦♥♦♠✐s❡r ✵✱✺ t ❞❡ ❝❛r❜♦♥❡ ♣❛r ❛♥ ♣❡♥❞❛♥t
✷✵ ❛♥s✳ ❈❡♣❡♥❞❛♥t✱ ❧❡s ♣r❛✐r✐❡s ❝réé❡s s❡r♦♥t ❡①♣❧♦✐té❡s ❡t ❧✬é❧❡✈❛❣❡ ❞✬❤❡r❜✐✈♦r❡s ❡st ❛✉
❝÷✉r ❞❡ ❝❡tt❡ ♣r♦❜❧é♠❛t✐q✉❡✳

❆✉✲❞❡❧à ❞❡ ❧❛ séq✉❡str❛t✐♦♥ ❞❡ ❝❛r❜♦♥❡✱ ❧❛ ♠❛t✐èr❡ ♦r❣❛♥✐q✉❡ ❥♦✉❡ ✉♥ rô❧❡ ✐♠♣♦rt❛♥t
❞❛♥s ❧❡ s♦❧✳ ❊❧❧❡ r❡t✐❡♥t ❧❡s ♠ét❛✉① ❧♦✉r❞s ❡t ❧❡s ♣❡st✐❝✐❞❡s ❞❛♥s ❧❡ s♦❧✱ é✈✐t❛♥t ❧❛ ♣♦❧❧✉t✐♦♥
❞❡s ❡❛✉① ✭❆rr♦✉❛②s ❡t ❛❧✳ ✷✵✵✷✮✳ ❊❧❧❡ ❛♠é❧✐♦r❡ ❧❛ str✉❝t✉r❡ ♣❤②s✐q✉❡ ❞✉ s♦❧✱ ♥♦t❛♠♠❡♥t



✷✽ ▲✬✐♠♣❛❝t ❡♥✈✐r♦♥♥❡♠❡♥t❛❧ ❞❡s é❧❡✈❛❣❡s ❧❛✐t✐❡rs

❡♥ r❡♥❢♦rç❛♥t s❛ rés✐st❛♥❝❡ à ❧❛ ❝♦♠♣❛❝t✐♦♥ ❡t ❡♥ ❧✐♠✐t❛♥t ❧❡s r✐sq✉❡s ❞❡ ❜❛tt❛♥❝❡ ❡t
❞✬ér♦s✐♦♥ ✭❆rr♦✉❛②s ❡t ❛❧✳ ✷✵✵✷✮✳

▲❡s ❝②❝❧❡s ❞❡ ❧❛ ♠❛t✐èr❡ ❛✉ s❡✐♥ ❞✬✉♥ é❧❡✈❛❣❡ ♣❡✉✈❡♥t ❞♦♥❝ êtr❡ à ❧✬♦r✐❣✐♥❡ ❞❡ ♠✉❧t✐♣❧❡s
✐♠♣❛❝ts ❡♥✈✐r♦♥♥❡♠❡♥t❛✉①✳ ❊♥ r❛✐s♦♥ ❞❡s ❧✐❡♥s ❡♥tr❡ ❧❡s ❝②❝❧❡s ❞❡s ❞✐✛ér❡♥ts é❧é♠❡♥ts✱
❝❛r❜♦♥❡ ❡t ❛③♦t❡ ♥♦t❛♠♠❡♥t✱ ❡t ❞❡s ❧✐❡♥s ❡♥tr❡ ❧❡s ❞✐✛ér❡♥t❡s ét❛♣❡s ❞❡ ❝❡s ❝②❝❧❡s✱ ❧❡s
✐♠♣❛❝ts ❡♥✈✐r♦♥♥❡♠❡♥t❛✉① ❝✐tés ♥❡ ❞♦✐✈❡♥t ♣❛s êtr❡ ét✉❞✐és sé♣❛ré♠❡♥t✳ ❯♥❡ ❛♣♣r♦❝❤❡
❣❧♦❜❛❧❡ ❞♦✐t êtr❡ ❡♠♣❧♦②é❡✳

✶✳✷ ❉❡s ✢✉① ❞❡ ❝♦♠♣♦sés à r✐sq✉❡ ❛✉① ✐♠♣❛❝ts ❡♥✈✐r♦♥♥❡✲
♠❡♥t❛✉①

▲❡s é♠✐ss✐♦♥s ❞❡s ❝♦♠♣♦sés ❝✐tés ♣ré❝é❞❡♠♠❡♥t✱ ❛✉ ♥✐✈❡❛✉ ❞❡ ❧✬❡①♣❧♦✐t❛t✐♦♥ ❛❣r✐✲
❝♦❧❡✱ ♥❡ ❝♦♥st✐t✉❡♥t ♣❛s ❞✐r❡❝t❡♠❡♥t ✉♥ ✐♠♣❛❝t ❡♥✈✐r♦♥♥❡♠❡♥t❛❧✳ ❊❧❧❡s s♦♥t à ❧✬♦r✐❣✐♥❡
❞✬✉♥ r✐sq✉❡ ♣♦✉r ❧✬❡♥✈✐r♦♥♥❡♠❡♥t✱ q✉✐ ♣❡✉t êtr❡ ré❛❧✐sé ♦✉ ♥♦♥ ❡t à ❞✐✛ér❡♥ts ❞❡❣rés✳ ❉❡
♥♦♠❜r❡✉① ♣r♦❝❡ss✉s ♣❤②s✐q✉❡s✱ ❜✐♦❧♦❣✐q✉❡s ❡t ❝❤✐♠✐q✉❡s ✐♥t❡r✈✐❡♥♥❡♥t ❡♥tr❡ ❧❡s é♠✐s✲
s✐♦♥s ❡t ❧✬✐♠♣❛❝t ❡♥✈✐r♦♥♥❡♠❡♥t❛❧✱ ❝❡ q✉✐ ✐♥❞✉✐t ✉♥❡ ❣r❛♥❞❡ ✈❛r✐❛❜✐❧✐té ❞❛♥s ❧✬❛♠♣❧❡✉r✱
❧❛ ❧♦❝❛❧✐s❛t✐♦♥ ❡t ❧❡ ♠♦♠❡♥t ❞✬♦❝❝✉rr❡♥❝❡ ❞✬✉♥ ✐♠♣❛❝t✳

❊♥ t❡r♠❡s ❞✬✐♠♣❛❝ts s✉r ❧✬❡❛✉✱ ❧❡ ❢♦♥❝t✐♦♥♥❡♠❡♥t ❤②❞r♦❧♦❣✐q✉❡ ❞✉ ❜❛ss✐♥✲✈❡rs❛♥t
❞❛♥s ❧❡q✉❡❧ ❧❡s é♠✐ss✐♦♥s s♦♥t ❡✛❡❝t✉é❡s ❞ét❡r♠✐♥❡ ❧❡ ❞é❧❛✐ ❞❡ ré♣♦♥s❡✳ ❈❡ ❞é❧❛✐ ♣❡✉t
✈❛r✐❡r ❞❡ ♣❧✉s✐❡✉rs ❛♥♥é❡s à ♣❧✉s✐❡✉rs ❞✐③❛✐♥❡s ❞✬❛♥♥é❡s ✭❘✉✐③ ❡t ❛❧✳ ✷✵✵✷✮✱ ❝❡ q✉✐ s✐✲
❣♥✐✜❡ q✉✬✉♥❡ ♠♦❞✐✜❝❛t✐♦♥ ❞❡s ♣r❛t✐q✉❡s ❛❣r✐❝♦❧❡s ♥❡ ♣❡✉t ré❞✉✐r❡ ❧❡s ✐♠♣❛❝ts ❡♥✈✐r♦♥✲
♥❡♠❡♥t❛✉① q✉✬à ❧♦♥❣ t❡r♠❡✳ ▲❡s ✐♠♣❛❝ts s✉r ❧✬❡❛✉ s♦♥t ❧♦❝❛✉① ✿ ✉♥❡ ♣♦❧❧✉t✐♦♥ ❛ ❞❡s
❝♦♥séq✉❡♥❝❡s s✉r ✉♥ ❜❛ss✐♥✲✈❡rs❛♥t✱ à ❧✬é❝❤❡❧❧❡ ré❣✐♦♥❛❧❡✳ ▲❛ s❡♥s✐❜✐❧✐té ❞✉ ♠✐❧✐❡✉ ✈❛r✐❡
❡♥ ❢♦♥❝t✐♦♥ ❞❡s ❜❛ss✐♥s✲✈❡rs❛♥ts✱ ❝❡ q✉✐ ♠♦❞✉❧❡ ❧✬❛♠♣❧❡✉r ❞❡ ❧❛ ré♣♦♥s❡ ❧✐é❡ à ❧✬é♠✐ss✐♦♥
❞✬✉♥❡ q✉❛♥t✐té ❞♦♥♥é❡ ❞✬✉♥ é❧é♠❡♥t✳ P❛r ❡①❡♠♣❧❡ ♣♦✉r ❧✬❡✉tr♦♣❤✐s❛t✐♦♥✱ ❧❛ ré♣♦♥s❡ ❞é✲
♣❡♥❞ ❞❡ ❧✬é❧é♠❡♥t ❧✐♠✐t❛♥t ❧❛ ❝r♦✐ss❛♥❝❡ ❞❡s ❛❧❣✉❡s✳ ❯♥❡ ♣❡rt❡ ❞❡ ♥✐tr❛t❡s ❛✉r❛ ♠♦✐♥s
❞✬✐♠♣❛❝t ❞❛♥s ✉♥ é❝♦s②stè♠❡ ♦ù ❧❡ ♣❤♦s♣❤♦r❡ ❡st ❧✐♠✐t❛♥t✱ ❡t ré❝✐♣r♦q✉❡♠❡♥t✳ ▲❡s ③♦♥❡s
♥❛t✉r❡❧❧❡s✱ t❡❧❧❡s q✉❡ ❧❡s ❢♦rêts ❡t ❧❡s ③♦♥❡s ❤✉♠✐❞❡s✱ ♣❡✉✈❡♥t ❥♦✉❡r ✉♥ rô❧❡ é♣✉r❛t❡✉r✱
❝❡ q✉✐ t❛♠♣♦♥♥❡ ❧❡s ✐♠♣❛❝ts ❡♥✈✐r♦♥♥❡♠❡♥t❛✉①✳ ❯♥❡ ❡①♣❧♦✐t❛t✐♦♥ ❛②❛♥t ❞❡s é♠✐ss✐♦♥s
é❧❡✈é❡s ♠❛✐s s✐t✉é❡ ❞❛♥s ✉♥ ❜❛ss✐♥ ✈❡rs❛♥t ❛②❛♥t ❞❡ ✈❛st❡s ③♦♥❡s t❛♠♣♦♥ ♣❡✉t ❛✈♦✐r ✉♥
✐♠♣❛❝t ♠♦✐♥s ❣r❛✈❡ q✉✬✉♥❡ ❡①♣❧♦✐t❛t✐♦♥ ❛②❛♥t ❞❡s é♠✐ss✐♦♥s ♠♦❞éré❡s ♠❛✐s s✐t✉é❡ ❞❛♥s
✉♥ ❜❛ss✐♥ ✈❡rs❛♥t ❛②❛♥t ✉♥❡ ❢♦rt❡ ♣r♦♣♦rt✐♦♥ ❞❡ s✉r❢❛❝❡s ❝✉❧t✐✈é❡s✳ ❆✐♥s✐✱ ❧❡s rés✉❧t❛ts
❞✉ ♣r♦❥❡t ●r❡❡♥ ❉❛✐r② ♠♦♥tr❡♥t q✉✬à ❧✬é❝❤❡❧❧❡ ré❣✐♦♥❛❧❡✱ ❧❡s é♠✐ss✐♦♥s ❞❡ ♥✐tr❛t❡s ✈❡rs
❧✬❡❛✉ s♦♥t ❧✐é❡s à ❧❛ ❞❡♥s✐té ❛♥✐♠❛❧❡ ✭P✢✐♠❧✐♥ ❡t ❛❧✳ ✷✵✵✻✮✳ ❆✉ s❡✐♥ ❞✬✉♥ ❜❛ss✐♥ ✈❡rs❛♥t✱
❧✬❛❣❡♥❝❡♠❡♥t ❞❡s ❝✉❧t✉r❡s ♣❡✉t ♠♦❞✐✜❡r ❧❡s ✢✉① ❞❡ ♥✐tr❛t❡s à ❧✬❡①✉t♦✐r❡ ✭❇❡❛✉❥♦✉❛♥ ❡t ❛❧✳
✷✵✵✶✮✳

❊♥ ❝❡ q✉✐ ❝♦♥❝❡r♥❡ ❧❡s ✐♠♣❛❝ts s✉r ❧❛ q✉❛❧✐té ❞❡ ❧✬❛✐r✱ ❧❡s r✐sq✉❡s ❞♦✐✈❡♥t êtr❡ ét✉❞✐és
à ✉♥❡ é❝❤❡❧❧❡ ♣❧✉s ❣❧♦❜❛❧❡✳ ▲❡ ♣r♦❜❧è♠❡ ❞✉ ❝❤❛♥❣❡♠❡♥t ❝❧✐♠❛t✐q✉❡ ❡st ♣❧❛♥ét❛✐r❡✳ ❇✐❡♥
q✉❡ ❝❡ ♣❤é♥♦♠è♥❡ s♦✐t ❝♦♠♣❧❡①❡✱ ❧❡ ❧✐❡♥ ❡♥tr❡ é♠✐ss✐♦♥s ❡t ✐♠♣❛❝ts s❡♠❜❧❡ ♣❧✉s s✐♠♣❧❡
q✉❡ ❞❛♥s ❧❡ ❝❛s ❞❡ ❧✬❡❛✉✱ ❞❛♥s ❧❛ ♠❡s✉r❡ ♦ù ❧❡s é❧é♠❡♥ts s♦♥t é♠✐s ❞❛♥s ❧✬❛t♠♦s♣❤èr❡✱
❝✬❡st✲à✲❞✐r❡ ❞✐r❡❝t❡♠❡♥t ❧à ♦ù ❧✬✐♠♣❛❝t ❡st ré❛❧✐sé✳ ■❧ ♥✬② ❛ ♣❛s ❞❡ ❞é❧❛✐ ❞❡ ré♣♦♥s❡ ❡t
❞✬❡✛❡t t❛♠♣♦♥ ❝♦♠♠❡ ❞❛♥s ❧❡ ❝❛s ❞❡s ✐♠♣❛❝ts s✉r ❧✬❡❛✉✳



❉❡s ♠♦❞✐✜❝❛t✐♦♥s ❞❡ ♣r❛t✐q✉❡s ❛❣r✐❝♦❧❡s ♣❡✉✈❡♥t ré❞✉✐r❡ ❧❡s é♠✐ss✐♦♥s ✷✾

▲❡ ❝❛s ❞❡ ❧❛ ✈♦❧❛t✐❧✐s❛t✐♦♥ ❞❡ NH3 ❡st ✐♥t❡r♠é❞✐❛✐r❡✳ ▲❡s é♠✐ss✐♦♥s ♣❡✉✈❡♥t ♣r♦✈♦q✉❡r
❞❡s ♣r♦❜❧è♠❡s ❞✬❛❝✐❞✐✜❝❛t✐♦♥ à ❞❡s ❝❡♥t❛✐♥❡s ✈♦✐r❡ ❞❡s ♠✐❧❧✐❡rs ❞❡ ❦✐❧♦♠ètr❡s✱ s✉✐✈❛♥t ❧❡s
♠♦✉✈❡♠❡♥ts ❞❡ ♠❛ss❡s ❞✬❛✐r ❞❛♥s ❧✬❛t♠♦s♣❤èr❡✳ ▼❛✐s ✉♥❡ ❜♦♥♥❡ ♣❛rt✐❡ ❞❡s é♠✐ss✐♦♥s s❡
❞é♣♦s❡ à ♣r♦①✐♠✐té ❞✉ s✐t❡ ❞✬é♠✐ss✐♦♥✱ ❝❛✉s❛♥t ❞❡s ✐♠♣❛❝ts ♣❧✉s ❧♦❝❛✉①✳

✶✳✸ ❉❡s ♠♦❞✐✜❝❛t✐♦♥s ❞❡ ♣r❛t✐q✉❡s ❛❣r✐❝♦❧❡s ♣❡✉✈❡♥t ré✲
❞✉✐r❡ ❧❡s é♠✐ss✐♦♥s ❞❡ ❝♦♠♣♦sés à r✐sq✉❡

❉❡ ♥♦♠❜r❡✉s❡s ét✉❞❡s s✉r ❧❛ ré❞✉❝t✐♦♥ ❞❡s é♠✐ss✐♦♥s ❞✬✉♥ é❧é♠❡♥t ♦♥t été ♣✉❜❧✐é❡s✳
❊❧❧❡s ✈✐s❡♥t ❧❛ ♣❧✉♣❛rt ❞✉ t❡♠♣s à ♦♣t✐♠✐s❡r ❧❡s ✢✉① ♣♦✉r ✉♥ ♠❛✐❧❧♦♥ ❞✉ ❝②❝❧❡ ❞❡ ❧❛
♠❛t✐èr❡ s✉r ✉♥❡ ❡①♣❧♦✐t❛t✐♦♥ ❧❛✐t✐èr❡✳ P❛r ❡①❡♠♣❧❡✱ ❧❛ s②♥t❤ès❡ ♣r♦♣♦sé❡ ♣❛r ❚❛♠♠✐♥❣❛
✭✶✾✾✻✮ ét✉❞✐❡ ❧❛ ré❞✉❝t✐♦♥ ❞❡ ❧✬❡①❝rét✐♦♥ ❞❡ ❞✐✛ér❡♥ts é❧é♠❡♥ts ♣❛r ❧❡s ❛♥✐♠❛✉① ❡♥ ♠♦✲
❞✐✜❛♥t ❧❡✉r ré❣✐♠❡✳ ❉✬❛✉tr❡s ❡①❡♠♣❧❡s ♣♦rt❡♥t s✉r ❧❛ ❝♦♥st✐t✉t✐♦♥ ❞❡ ♣❧❛♥s ❞❡ ❢✉♠✉r❡
♣❡r♠❡tt❛♥t ❞❡ ❧✐♠✐t❡r ❧❡s r✐sq✉❡s ❞❡ ♣❡rt❡s ❞❡ ♣❤♦s♣❤♦r❡ ✭●✐❛ss♦♥ ❡t ❛❧✳ ✷✵✵✷✮✱ ♦✉ ❧✬ét✉❞❡
❞❡ ❞✐✛ér❡♥t❡s t❡❝❤♥✐q✉❡s ❞✬é♣❛♥❞❛❣❡ ♣♦✉r ♠✐♥✐♠✐s❡r ❧❛ ✈♦❧❛t✐❧✐s❛t✐♦♥ ❞✬❛♠♠♦♥✐❛❝ ✭❙♦♠✲
♠❡r ❡t ❍✉t❝❤✐♥❣s ✷✵✵✶✮✳

▲✬♦❜❥❡t ❞❡ ❝❡ ❞♦❝✉♠❡♥t ♥✬❡st ♣❛s ❞❡ ♣rés❡♥t❡r ✉♥❡ s②♥t❤ès❡ ❡①❤❛✉st✐✈❡ s✉r ❧❡s ♣r❛✲
t✐q✉❡s ♣❡r♠❡tt❛♥t ❞❡ ré❞✉✐r❡ ❧❡s ♣❡rt❡s ❞✬é❧é♠❡♥ts à r✐sq✉❡ ♣♦✉r ❧✬❡♥✈✐r♦♥♥❡♠❡♥t✱ ❝❛r
❡❧❧❡s s♦♥t tr♦♣ ♥♦♠❜r❡✉s❡s✳ ❖♥ ♥♦t❡ t♦✉t❡❢♦✐s q✉❡ ❞❡s ❛❞❛♣t❛t✐♦♥s s♦♥t ♣♦ss✐❜❧❡s à t♦✉s
❧❡s ♥✐✈❡❛✉① ❞❡ ❧✬❡①♣❧♦✐t❛t✐♦♥✱ ❡t q✉✬✐❧ ♣❡✉t s✬❛❣✐r ❞✬❛❞❛♣t❛t✐♦♥s à ❞✐✛ér❡♥t❡s é❝❤❡❧❧❡s ❞❡
❞é❝✐s✐♦♥s✱ ❞✉ ♥✐✈❡❛✉ str❛té❣✐q✉❡ ✭❝❤♦✐① ❞✉ ♥✐✈❡❛✉ ❞✬✐♥t❡♥s✐✜❝❛t✐♦♥ ♦✉ ❞✉ s②stè♠❡ ❞✬❛❧✐✲
♠❡♥t❛t✐♦♥✱ ♣❛r ❡①❡♠♣❧❡✮ ❛✉ ♥✐✈❡❛✉ ♦♣ér❛t✐♦♥♥❡❧ ✭❝❤♦✐① ❞✉ ❥♦✉r ❧❡ ♣❧✉s ❛❞❛♣té ♣♦✉r ✉♥
é♣❛♥❞❛❣❡✱ ♣❛r ❡①❡♠♣❧❡✮✳ ▲❛ s②♥t❤ès❡ ♣r♦♣♦sé❡ ♣❛r ❈❤❛t❡❧❧✐❡r ❡t ❱ér✐té ✭✷✵✵✸✮ r❡❧è✈❡
❞✐✛ér❡♥t❡s ♠♦❞✐✜❝❛t✐♦♥s ❞❡ ♣r❛t✐q✉❡s ✈✐s❛♥t à ✉♥❡ ✉t✐❧✐s❛t✐♦♥ r❛t✐♦♥♥❡❧❧❡ ❞❡s ✐♥tr❛♥ts✱
♣❛r ❡①❡♠♣❧❡ ❡♥ s✉♣♣r✐♠❛♥t ❧❡s ♠❛r❣❡s ❞❡ sé❝✉r✐té ✐♥✉t✐❧❡s✱ ❡t à ✉♥❡ ♠❡✐❧❧❡✉r❡ ❡✣❝❛❝✐té
❛✉ ♥✐✈❡❛✉ ❞❡s ✢✉① ❞❡ ♠❛t✐èr❡s✱ à ❞✐✛ér❡♥ts ♣♦✐♥ts ❞✉ ❝②❝❧❡✳ ❉❡s ♣r❛t✐q✉❡s ♣❡r♠❡tt❛♥t ❞❡
♠❛îtr✐s❡r ❧❡s é♠✐ss✐♦♥s ❣❛③❡✉s❡s s♦♥t é❣❛❧❡♠❡♥t ❝✐té❡s✳ ❈❤❛t❡❧❧✐❡r ❡t ❱ér✐té ✭✷✵✵✸✮ ♥♦t❡♥t
q✉❡ ❝❡rt❛✐♥❡s ♠♦❞✐✜❝❛t✐♦♥s ❞❡ ♣r❛t✐q✉❡s ❛❜♦✉t✐ss❡♥t ♣❧✉s à ✉♥ tr❛♥s❢❡rt ❞❡ r✐sq✉❡ ❞❛♥s
❧❡ t❡♠♣s ♦✉ ❞❛♥s ❧✬❡s♣❛❝❡ q✉✬à ✉♥❡ ✈ér✐t❛❜❧❡ ré❞✉❝t✐♦♥✳

❊♥✜♥✱ s❡❧♦♥ ❝❡s ♠ê♠❡s ❛✉t❡✉rs✱ ❞❡s ♣r♦❣rès ♣❧✉s ✐♠♣♦rt❛♥ts ♣♦✉rr❛✐❡♥t êtr❡ ré❛✲
❧✐sés ❡♥ ❛♣♣♦rt❛♥t ❞❡s ♠♦❞✐✜❝❛t✐♦♥s à ❧✬é❝❤❡❧❧❡ ❞✉ s②stè♠❡ ❧✉✐✲♠ê♠❡✳ ▲❛ ♠♦❞✐✜❝❛t✐♦♥
❞✉ s②stè♠❡ ❢♦✉rr❛❣❡r✱ ❡t ❧✬é✈♦❧✉t✐♦♥ ✈❡rs ❞❡s s②stè♠❡s ❣❧♦❜❛❧❡♠❡♥t ♠♦✐♥s ✐♥t❡♥s✐❢s ❛♣✲
♣❛r❛✐ss❡♥t ❝♦♠♠❡ ❞❡s ✈♦✐❡s ♣r♦♠❡tt❡✉s❡s✱ à ❝♦♥❞✐t✐♦♥ q✉❡ ❧❡✉r r❡♥t❛❜✐❧✐té é❝♦♥♦♠✐q✉❡
♣✉✐ss❡ êtr❡ ❛ss✉ré❡✳ ▲❡s s②stè♠❡s ❜❛sés s✉r ❧❡ ♣ât✉r❛❣❡✱ ❛✈❡❝ ✉♥❡ ✉t✐❧✐s❛t✐♦♥ ♣❛r❝✐♠♦✲
♥✐❡✉s❡ ❞✬✐♥tr❛♥ts✱ s❡♠❜❧❡♥t ❧❡s ♣❧✉s ❢❛✈♦r❛❜❧❡s✱ à ❝♦♥❞✐t✐♦♥ q✉❡ ❧❛ s✉r❢❛❝❡ ♥❡ s♦✐t ♣❛s tr♦♣
❧✐♠✐t❛♥t❡ ❡t q✉❡ ❧❡s ❝♦♥❞✐t✐♦♥s s♦✐❡♥t ❢❛✈♦r❛❜❧❡s à ❧❛ ♣♦✉ss❡ ❞❡ ❧✬❤❡r❜❡✳ ❈❡tt❡ ✈♦✐❡ ❡st
♦♣♣♦sé❡ à ❝❡❧❧❡ ❝❤♦✐s✐❡ ❞❛♥s ❞❡s ♣❛②s ♦ù ❧❛ s✉r❢❛❝❡ ❡st ❧✐♠✐t❛♥t❡✱ ❝♦♠♠❡ ❧❡s P❛②s✲❇❛s✳
❱❛♥ ❑❡✉❧❡♥ ❡t ❛❧✳ ✭✷✵✵✵✮ ♣r♦♣♦s❡♥t ♣❛r ❡①❡♠♣❧❡ ✉♥ s②stè♠❡ ♦ù ❧❡s ❛♥✐♠❛✉① ♣ât✉r❡♥t
♣❡✉✱ ❝❡ q✉✐ ♣❡r♠❡t ❞✬♦♣t✐♠✐s❡r ❧❡✉r ❛❧✐♠❡♥t❛t✐♦♥ ✭❛✉ ♠♦✐♥s ❡♥ ❝❡ q✉✐ ❝♦♥❝❡r♥❡ ❧✬❛③♦t❡✮
❛✐♥s✐ q✉❡ ❧❛ ❝♦❧❧❡❝t❡ ❡t ❧❛ ❣❡st✐♦♥ ❞❡s ❞é❥❡❝t✐♦♥s ❡t ❧❛ ❢❡rt✐❧✐s❛t✐♦♥✳ ❈❡ ❝❤♦✐① ♥é❝❡ss✐t❡
t♦✉t❡❢♦✐s ❞❡s ✐♥✈❡st✐ss❡♠❡♥ts ❡t ✉♥❡ ❝♦♥❞✉✐t❡ ♣❧✉s ❝♦ût❡✉s❡✳



✸✵ ▲✬✐♠♣❛❝t ❡♥✈✐r♦♥♥❡♠❡♥t❛❧ ❞❡s é❧❡✈❛❣❡s ❧❛✐t✐❡rs

▲❛ ❜✐❜❧✐♦❣r❛♣❤✐❡ ♣r♦♣♦s❡ ❝❡♣❡♥❞❛♥t ♣❡✉ ❞✬❛♣♣r♦❝❤❡s s❝✐❡♥t✐✜q✉❡s ❣❧♦❜❛❧❡s ♣❡r♠❡t✲
t❛♥t ❞❡ r❛✐s♦♥♥❡r ❧❡s ❝♦♠❜✐♥❛✐s♦♥s ❞❡ ♣r❛t✐q✉❡s ❛✉ s❡✐♥ ❞✬✉♥ s②stè♠❡ ❞❡ ♣r♦❞✉❝t✐♦♥
♣♦✉r ❡♥ é✈❛❧✉❡r ❧❡s ❝♦♥séq✉❡♥❝❡s s✉r ❧❛ ♣r♦❞✉❝t✐♦♥ ❡t ❧✬❡♥✈✐r♦♥♥❡♠❡♥t✳

✶✳✹ ❈❛❞r❡s ❞✬ét✉❞❡ ❡t ♠ét❤♦❞❡s ❞✬é✈❛❧✉❛t✐♦♥

✶✳✹✳✶ ▲❡s é❝❤❡❧❧❡s ❞✬ét✉❞❡

▲✬é❝❤❡❧❧❡ à ❧❛q✉❡❧❧❡ ♦♥ s❡ ♣❧❛❝❡ ♣♦✉r ét✉❞✐❡r ✉♥ ✐♠♣❛❝t ❡♥✈✐r♦♥♥❡♠❡♥t❛❧ ❞♦♥♥é ♣❡✉t
❛✈♦✐r ✉♥❡ ✐♥✢✉❡♥❝❡ s✉r ❧❡s rés✉❧t❛ts ♦❜t❡♥✉s✳ ❙❡ ♣❧❛❝❡r à ✉♥❡ é❝❤❡❧❧❡ s♣❛t✐❛❧❡ ♦✉ t❡♠✲
♣♦r❡❧❧❡ ♣❧✉s ✈❛st❡ ♣❡r♠❡t ♣❛r ❡①❡♠♣❧❡ ❞❡ ❝♦♠♣❡♥s❡r ❞❡s ♣✐❝s ✭❞❛♥s ❧✬❡s♣❛❝❡ ♦✉ ❞❛♥s
❧❡ t❡♠♣s✮ ❞✬é♠✐ss✐♦♥ ❞❡ ❝♦♠♣♦sés à r✐sq✉❡ ♣♦✉r ❧✬❡♥✈✐r♦♥♥❡♠❡♥t ♣❛r ❞❡s ③♦♥❡s ♦✉ ❞❡s
♣ér✐♦❞❡s ❞❡ ❢❛✐❜❧❡s é♠✐ss✐♦♥s ✭❙❝❤r♦❞❡r ❡t ❛❧✳ ✷✵✵✹✮✳ ▲❡s ❝❤❛♥❣❡♠❡♥ts ❞✬é❝❤❡❧❧❡ ♦♥t ✉♥
❡✛❡t s✉r ❧❛ ✈❛r✐❛❜✐❧✐té ❞❡s ♣r♦❝❡ss✉s ♦❜s❡r✈és✳ ❉✬❛♣rès ❙t❡✐♥ ❡t ❛❧✳ ✭✷✵✵✶✮✱ ❧❡s ❡①❝é❞❡♥ts
❞✬❛③♦t❡ s♦♥t ❞❡ ♠♦✐♥s ❡♥ ♠♦✐♥s ✈❛r✐❛❜❧❡s ❧♦rsq✉✬♦♥ ❧❡s ❝❛❧❝✉❧❡ à ❧✬é❝❤❡❧❧❡ ❞❡ ❧❛ ♣❛r❝❡❧❧❡✱
❞❡ ❧✬❡①♣❧♦✐t❛t✐♦♥ ❡t ❞✉ ❜❛ss✐♥ ✈❡rs❛♥t✳ ▲✬❡✛❡t ❞❡ q✉❡❧q✉❡s ♣❛r❝❡❧❧❡s ❛②❛♥t ❞❡s ❡①❝é❞❡♥ts
é❧❡✈és✱ ❝♦rr❡s♣♦♥❞❛♥t à ✉♥ r✐sq✉❡ ❞❡ ❧❡ss✐✈❛❣❡ é❧❡✈é✱ ♣❡✉t êtr❡ ♠❛sq✉é ❧♦rsq✉✬♦♥ s❡ ♣❧❛❝❡
à ✉♥❡ é❝❤❡❧❧❡ tr♦♣ ✈❛st❡✳

▲❡s r✐sq✉❡s ❧✐és ❛✉① ❝❤❛♥❣❡♠❡♥ts ❞✬é❝❤❡❧❧❡ ❛♣♣❛r❛✐ss❡♥t ♣r✐♥❝✐♣❛❧❡♠❡♥t ❧♦rsq✉✬♦♥
✉t✐❧✐s❡ ❞❡s ❞♦♥♥é❡s ♦✉ ✉♥ ♠♦❞è❧❡ à ✉♥❡ é❝❤❡❧❧❡ ❞✐✛ér❡♥t❡ ❞❡ ❝❡❧❧❡ à ❧❛q✉❡❧❧❡ ✐❧s ♦♥t
été ♦❜t❡♥✉s✳ ❉❛♥s ❧❡ ❝❛❞r❡ ❞❡ ❝❡tt❡ t❤ès❡✱ ✐❧ ❡st ✐♠♣♦rt❛♥t ❞❡ ❝❤♦✐s✐r ✉♥❡ é❝❤❡❧❧❡ ♣❡r✲
t✐♥❡♥t❡ ♣♦✉r é✈❛❧✉❡r ❧❡s ✐♠♣❛❝ts ❡♥✈✐r♦♥♥❡♠❡♥t❛✉① ❧✐és ❛✉① ❛❝t✐✈✐tés ❞✬é❧❡✈❛❣❡✳ P❧✉s
q✉✬✉♥ s✐♠♣❧❡ ♣r♦❜❧è♠❡ ❞✬é❝❤❡❧❧❡ s♣❛t✐❛❧❡✱ ❧✬❡♥❥❡✉ s❡ s✐t✉❡ ❞❛♥s ❧❡ ♥✐✈❡❛✉ ❞✬♦r❣❛♥✐s❛t✐♦♥
❛✉q✉❡❧ ♦♥ ❝❤♦✐s✐t ❞❡ s❡ ♣❧❛❝❡r✳ ❉❡ ♥♦♠❜r❡✉s❡s ét✉❞❡s s✉r ❧❡s ♣r♦❝❡ss✉s ♠✐s ❡♥ ❥❡✉ ❞❛♥s
❧❡s ✢✉① ❞✬é❧é♠❡♥ts ♦♥t été ❡✛❡❝t✉é❡s ❛✉ ♥✐✈❡❛✉ ❞❡ ❧❛ ♣❛r❝❡❧❧❡✱ ❞❡ ❧✬❛♥✐♠❛❧ ♦✉ ❞❡ ❧✬♦✉✈r❛❣❡
❞❡ st♦❝❦❛❣❡ ❞❡s ❡✤✉❡♥ts✳ ▲❡s ❝♦♥♥❛✐ss❛♥❝❡s ❛❝q✉✐s❡s à ❝❡s ♥✐✈❡❛✉① é❧é♠❡♥t❛✐r❡s ♥❡ s♦♥t
♣❛s ❞✐r❡❝t❡♠❡♥t ✉t✐❧✐s❛❜❧❡s ♣♦✉r ♣r❡♥❞r❡ ❞❡s ❞é❝✐s✐♦♥s à ❞❡s ♥✐✈❡❛✉① ♣❧✉s ❡♥❣❧♦❜❛♥ts✳ ❊♥
❡✛❡t✱ ❧✬❡①♣❧♦✐t❛t✐♦♥ ❞✬é❧❡✈❛❣❡✱ ❡♥ t❛♥t q✉❡ s②stè♠❡✱ ♥❡ ♣❡✉t ♣❛s êtr❡ ❝♦♥s✐❞éré❡ ❝♦♠♠❡
✉♥❡ s✐♠♣❧❡ s♦♠♠❡ ❞❡ ♣❛r❝❡❧❧❡s ❡t ❞✬❛♥✐♠❛✉① ❝♦♥❞✉✐ts ❞❡ ❢❛ç♦♥ ❤♦♠♦❣è♥❡✳ ▲❡ ♣❛ss❛❣❡
❛✉ ♥✐✈❡❛✉ ❞❡ ❧✬❡①♣❧♦✐t❛t✐♦♥ ❡♥t✐èr❡ ❞♦✐t êtr❡ ❢❛✐t ❡♥ ♣r❡♥❛♥t ❡♥ ❝♦♠♣t❡ ❧❡s ✐♥t❡r❛❝t✐♦♥s
❡♥tr❡ ❧❡s ❞✐✛ér❡♥t❡s ♣❛rt✐❡s ❞✉ s②stè♠❡✱ ❝✬❡st✲à✲❞✐r❡ ❡♥ ♣r❡♥❛♥t ❡♥ ❝♦♠♣t❡ ❧❡s ♣r♦♣r✐étés
é♠❡r❣❡♥t❡s ❞✉ s②stè♠❡ ✭❉✉r❛♥❞ ✶✾✼✾✮✳

❆✉ ♥✐✈❡❛✉ ❞❡ ❧✬❡①♣❧♦✐t❛t✐♦♥✱ ❞❡s ❝♦♠♣r♦♠✐s ❛♣♣❛r❛✐ss❡♥t ❡♥tr❡ ❧❡s ❞✐✛ér❡♥ts ✐♠♣❛❝ts
❡♥✈✐r♦♥♥❡♠❡♥t❛✉①✳ ▲❡s ❝②❝❧❡s ❞✉ ❝❛r❜♦♥❡✱ ❞❡ ❧✬❛③♦t❡ ❡t ❞❡ ❧✬❡❛✉ s♦♥t très ❧✐és✱ ❡t ♠♦❞✐✜❡r
✉♥ ✢✉① ♣❡✉t ❛✈♦✐r ❞❡s ❝♦♥séq✉❡♥❝❡s ♣♦s✐t✐✈❡s ♦✉ ♥é❣❛t✐✈❡s s✉r ❞✬❛✉tr❡s ✢✉①✳ ❊♥ ❡✛❡t✱
❝♦♠♠❡ ♠❡♥t✐♦♥♥é ♣ré❝é❞❡♠♠❡♥t✱ ❧❡s ✐♠♣❛❝ts ❡♥✈✐r♦♥♥❡♠❡♥t❛✉① ❝♦♥s✐❞érés ✐❝✐ rés✉❧t❡♥t
❞❡ ♣❡rt❡s à ❞✐✛ér❡♥ts ♣♦✐♥ts ❞✉ ❝②❝❧❡ ❞❡ ❧❛ ♠❛t✐èr❡ s✉r ✉♥❡ ❡①♣❧♦✐t❛t✐♦♥✳ ❘é❞✉✐r❡ ✉♥❡
♣❡rt❡ ❛ ♣♦✉r ❝♦♥séq✉❡♥❝❡ ❧✬❛✉❣♠❡♥t❛t✐♦♥ ❞✉ ✢✉① ❞✬✉♥ é❧é♠❡♥t ✈❡rs ❧❡ ❝♦♠♣❛rt✐♠❡♥t
s✉✐✈❛♥t✱ ❝❡ q✉✐ ♣❡✉t ❝♦♥❞✉✐r❡ à ❞❡s ♣❡rt❡s ♣❧✉s é❧❡✈é❡s ❛✉ ♥✐✈❡❛✉ ❞❡ ❝❡ ❝♦♠♣❛rt✐♠❡♥t✳
P❛r ❡①❡♠♣❧❡✱ ❞✬❛♣rès ▲❛♥❣❡✈❡❧❞ ❡t ❛❧✳ ✭✷✵✵✼✮✱ ❧✬✐♥❥❡❝t✐♦♥ ❞✉ ❧✐s✐❡r ❞❛♥s ❧❡ s♦❧ ré❞✉✐t ❧❛
✈♦❧❛t✐❧✐s❛t✐♦♥ s♦✉s ❢♦r♠❡ ❞❡ NH3 ❡t ✉♥❡ q✉❛♥t✐té ♣❧✉s ❢♦rt❡ ❞✬❛③♦t❡ ✐♥tè❣r❡ ❧❡ s♦❧✳ ❈❡❧❛
♣❡✉t ❛❜♦✉t✐r à ✉♥❡ ❛✉❣♠❡♥t❛t✐♦♥ ❞❡ ❧❛ ❞é♥✐tr✐✜❝❛t✐♦♥✱ ❞♦♥❝ ❞❡s é♠✐ss✐♦♥s ❞❡ N2O q✉✐
❡st ✉♥ ♣✉✐ss❛♥t ❣❛③ à ❡✛❡t ❞❡ s❡rr❡✳ ▲❡ ❜✐❧❛♥ ❡♥✈✐r♦♥♥❡♠❡♥t❛❧ ❞❡ ❝❡tt❡ ♠❡s✉r❡ ❞é♣❡♥❞
é❣❛❧❡♠❡♥t ❞❡s é❝♦♥♦♠✐❡s ré❛❧✐sé❡s s✉r ❧❡s ❡♥❣r❛✐s ♠✐♥ér❛✉①✱ ❡t ❞✉ s✉r♣❧✉s ❞✬é♥❡r❣✐❡



❈❛❞r❡s ❞✬ét✉❞❡ ❡t ♠ét❤♦❞❡s ❞✬é✈❛❧✉❛t✐♦♥ ✸✶

♥é❝❡ss❛✐r❡ ♣♦✉r ❧✬✐♥❥❡❝t✐♦♥ ♣❛r r❛♣♣♦rt à ✉♥ é♣❛♥❞❛❣❡ ♥♦r♠❛❧✳ ❉✬❛✉tr❡ ♣❛rt✱ ❧❡s ✢✉① ❞❡s
❞✐✛ér❡♥ts é❧é♠❡♥ts s♦♥t ❡♥ ✐♥t❡r❛❝t✐♦♥✱ ❡t ❞❡s ❝♦♠♣r♦♠✐s ❡♥✈✐r♦♥♥❡♠❡♥t❛✉① ♣❡✉✈❡♥t
❡♥ rés✉❧t❡r✳ ❆✉① P❛②s✲❇❛s✱ ❞❡s ❡ss❛✐s ♠❡♥és s✉r ❧❛ ❢❡r♠❡ ❡①♣ér✐♠❡♥t❛❧❡ ❞❡ ❞❡ ▼❛r❦❡
♦♥t ♠♦♥tré q✉✬✐rr✐❣✉❡r ♣❡♥❞❛♥t ✉♥ été s❡❝ ❛✉❣♠❡♥t❡ ❧✬❛❜s♦r♣t✐♦♥ ❞✬❛③♦t❡ ♣❛r ❧❛ ♣❧❛♥t❡✱
❝❡ q✉✐ é✈✐t❡ ✉♥ ❢♦rt r❡❧✐q✉❛t ❡♥ ❞é❜✉t ❞✬❤✐✈❡r ✭▲❛♥❣❡✈❡❧❞ ❡t ❛❧✳ ✷✵✵✼✮✳ ❯♥❡ ♣❧✉s ❢♦rt❡
❝♦♥s♦♠♠❛t✐♦♥ ❞✬❡❛✉ ❡♥ été ❝♦♥tr✐❜✉❡ ❛✐♥s✐ à ré❞✉✐r❡ ❧❡s ♣❡rt❡s ❞✬❛③♦t❡ ♣❛r ❧❡ss✐✈❛❣❡
❞✉r❛♥t ❧✬❤✐✈❡r s✉✐✈❛♥t✳

❙❡ ♣❧❛❝❡r ❛✉ ♥✐✈❡❛✉ ❞❡ ❧✬❡①♣❧♦✐t❛t✐♦♥ ❡♥t✐èr❡ ♣❡✉t ❢❛✐r❡ é♠❡r❣❡r ❞❡s s②♥❡r❣✐❡s✳ ❉✬❛♣rès
▲❛♥❣❡✈❡❧❞ ❡t ❛❧✳ ✭✷✵✵✼✮✱ ❧✬❛✉❣♠❡♥t❛t✐♦♥ ❞❡ ❧❛ ♣❛rt ❞❡ ♠❛ïs ❞❛♥s ❧✬❛ss♦❧❡♠❡♥t ❞❡ ❧❛ ❢❡r♠❡
❡①♣ér✐♠❡♥t❛❧❡ ❞❡ ❞❡ ▼❛r❦❡ ❛ ♣❡r♠✐s ❞✬✉♥❡ ♣❛rt ❞❡ ré❞✉✐r❡ ❧❡s ❜❡s♦✐♥s ❡♥ ✐rr✐❣❛t✐♦♥ ❝❛r
❧❡ ♠❛ïs ✉t✐❧✐s❡ ❧✬❡❛✉ ♣❧✉s ❡✣❝❛❝❡♠❡♥t q✉❡ ❧❛ ♣r❛✐r✐❡ ❡t ❞✬❛✉tr❡ ♣❛rt ❞✬❛♠é❧✐♦r❡r ❧❛ ❣❡st✐♦♥
❞❡ ❧✬❛③♦t❡ s✉r ❧✬❡①♣❧♦✐t❛t✐♦♥✳ ❙✐ ❧❡ ❝♦♥st❛t ❞❡ rô❧❡ ♣♦s✐t✐❢ ❞✉ ♠❛ïs ré❛❧✐sé ❛✉① P❛②s✲❇❛s
❡st ♣❧✉s ♠✐t✐❣é ❡♥ ❋r❛♥❝❡✱ ✐❧ r❡st❡ ❝❧❛✐r q✉❡ ❧❛ ❝✉❧t✉r❡ ❞✉ ♠❛ïs s❛♥s ❢❡rt✐❧✐s❛t✐♦♥ ❛♣rès ❧❛
❞❡str✉❝t✐♦♥ ❞✬✉♥❡ ♣r❛✐r✐❡ ❡st ✉♥❡ séq✉❡♥❝❡ ❛❣r♦♥♦♠✐q✉❡♠❡♥t ❡t ❡♥✈✐r♦♥♥❡♠❡♥t❛❧❡♠❡♥t
✐♥tér❡ss❛♥t❡ ✭▲❡ ●❛❧❧ ❡t ❈❛❜❛r❡t ✷✵✵✷✮✳ ▲✬❛❝❝✉♠✉❧❛t✐♦♥ ♣r♦❣r❡ss✐✈❡ ❞✉ st♦❝❦ ❞✬❛③♦t❡ s♦✉s
♣r❛✐r✐❡ ❡st s✉✐✈✐❡ ❞✬✉♥❡ ❧✐❜ér❛t✐♦♥ r❛♣✐❞❡ ❛♣rès s❛ ❞❡str✉❝t✐♦♥✱ ❡t ❧❛ ❢♦rt❡ ❛❜s♦r♣t✐♦♥ ♣❛r
❧❡ ♠❛ïs ♣❡r♠❡t ❞✬é✈✐t❡r ❞❡s ♣❡rt❡s✳ ▲❡ ♠❛ïs ❜é♥é✜❝✐❡ ❞❡ ❧❛ ❢♦rt❡ ❞✐s♣♦♥✐❜✐❧✐té ❞❡ ❧✬❛③♦t❡✱
❡t ❛tt❡✐♥t ❞❡s r❡♥❞❡♠❡♥ts ♣❧✉s ✐♠♣♦rt❛♥ts✳ ❊♥ ❞✬❛✉tr❡s t❡r♠❡s✱ ❧❛ ♣r❛✐r✐❡ st♦❝❦❡ ❞❡
❧✬❛③♦t❡ ❡t ❧❡ r❡st✐t✉❡ ❛✉ ♠❛ïs s✉✐✈❛♥t✳ ❈❡ t②♣❡ ❞✬✐♥t❡r❛❝t✐♦♥s à ❧✬é❝❤❡❧❧❡ ❞✉ s②stè♠❡ ❞♦✐t
êtr❡ ♣r✐s ❡♥ ❝♦♠♣t❡✳

❙❡❧♦♥ ✈♦♥ ❲✐r❡♥✲▲❡❤r ✭✷✵✵✶✮✱ ❧❡ ❝❤♦✐① ❞❡ ❧✬é❝❤❡❧❧❡ ✉t✐❧✐sé❡ ♣♦✉r é✈❛❧✉❡r ❡t ❛♠é❧✐♦r❡r
✉♥❡ s✐t✉❛t✐♦♥ ❞é♣❡♥❞ ❞❡s ❛❝t❡✉rs q✉✐ ✉t✐❧✐s❡r♦♥t ❧❡s rés✉❧t❛ts✳ ❖r✱ ❧✬❡①♣❧♦✐t❛t✐♦♥ ❛❣r✐❝♦❧❡
❡st ❧❡ ♣r✐♥❝✐♣❛❧ ♥✐✈❡❛✉ ❞✬♦r❣❛♥✐s❛t✐♦♥ ❛✉q✉❡❧ ❧❡s ❞é❝✐s✐♦♥s s♦♥t ♣r✐s❡s ✿ ✐❧ s✬❛❣✐t ❞✬✉♥❡ ✉♥✐té
❞❡ ❜❛s❡ ❞❛♥s ❧❛ ❣❡st✐♦♥ ❞✉ t❡rr✐t♦✐r❡✳ ❉❡s ♣r♦❣rès ✐♠♣♦rt❛♥ts ♣♦✉rr❛✐❡♥t êtr❡ ❡✛❡❝t✉és
❡♥ t❡r♠❡s ❞✬✐♠♣❛❝t ❡♥✈✐r♦♥♥❡♠❡♥t❛❧ ♣❛r ❞❡s ♠♦❞✐✜❝❛t✐♦♥s ❛✉ ♥✐✈❡❛✉ ❞❡s s②stè♠❡s ❞❡
♣r♦❞✉❝t✐♦♥✱ ❝✬❡st✲à✲❞✐r❡ ❛✉ ♥✐✈❡❛✉ ❞❡ ❧✬❡①♣❧♦✐t❛t✐♦♥ ✭❈❤❛t❡❧❧✐❡r ❡t ❱ér✐té ✷✵✵✸✮✳ ■❧ s❡♠❜❧❡
❞♦♥❝ ♣❡rt✐♥❡♥t ❞❡ ❜❛s❡r ✉♥❡ ❛♥❛❧②s❡ s✉r ❝❡ ♥✐✈❡❛✉ ❞✬♦r❣❛♥✐s❛t✐♦♥✳ ❈❡♣❡♥❞❛♥t✱ ❧❡s ✐♠♣❛❝ts
❡♥✈✐r♦♥♥❡♠❡♥t❛✉① s✬❛♣♣❧✐q✉❡♥t à ✉♥❡ é❝❤❡❧❧❡ ♣❧✉s ✈❛st❡✱ t❡❧❧❡ q✉✬✉♥❡ ré❣✐♦♥ ♦✉ ❧❛ ♣❧❛♥èt❡
❡♥t✐èr❡ ✭✈♦✐r ✶✳✶✮✳ P♦✉r P❛②r❛✉❞❡❛✉ ❡t ✈❛♥ ❞❡r ❲❡r❢ ✭✷✵✵✺✮✱ ♣♦✉r é✈❛❧✉❡r ✉♥ ✐♠♣❛❝t à
❧✬é❝❤❡❧❧❡ ré❣✐♦♥❛❧❡✱ ✐❧ ❡st ♥é❝❡ss❛✐r❡ ❞❡ s❡ ♣❧❛❝❡r ❛✉ ♥✐✈❡❛✉ ré❣✐♦♥❛❧✱ ❝✬❡st✲à✲❞✐r❡ ❞❡ t❡♥✐r
❝♦♠♣t❡ ❞❡s ✐♥t❡r❛❝t✐♦♥s ❡♥tr❡ ❡①♣❧♦✐t❛t✐♦♥s✱ ♣❧✉tôt q✉❡ ❞❡ ❢❛✐r❡ ✉♥❡ s✐♠♣❧❡ s♦♠♠❡ ❞❡s
✐♠♣❛❝ts ❞❡ ❝❤❛q✉❡ ❡①♣❧♦✐t❛t✐♦♥✳

✶✳✹✳✷ ▲❡s ❞✐✛ér❡♥ts t②♣❡s ❞✬✐♥❞✐❝❛t❡✉rs

❉❡ ♥♦♠❜r❡✉① ✐♥❞✐❝❛t❡✉rs ❞❡ ❧✬✐♠♣❛❝t ❡♥✈✐r♦♥♥❡♠❡♥t❛❧ ❞❡ ❧✬❛❣r✐❝✉❧t✉r❡ ♦✉ ♣❧✉s ♣❛rt✐✲
❝✉❧✐èr❡♠❡♥t ❞❡ ❧✬é❧❡✈❛❣❡ ♦♥t été ♣r♦♣♦sés ❞❛♥s ❧❡ ♣❛ssé✳ ❈❡tt❡ ❞✐✈❡rs✐té s✬❡①♣❧✐q✉❡ ♣❛r ❧❡
♥♦♠❜r❡ ❞❡ ❝♦♠♣♦sés ❡t ❞✬✐♠♣❛❝ts ❞✐✛ér❡♥ts ❞❛♥s ❧❡q✉❡❧ ❧✬é❧❡✈❛❣❡ ❡st ✐♠♣❧✐q✉é✳ ❉✬❛✉tr❡
♣❛rt✱ ❧✬✐♠♣❛❝t ❡♥✈✐r♦♥♥❡♠❡♥t❛❧ ♣❡✉t êtr❡ é✈❛❧✉é à ❞✐✛ér❡♥ts ♣♦✐♥ts ❞❡ ❧❛ ❝❤❛î♥❡ ❝❛✉s❛❧❡✱
❞❡s ♣r❛t✐q✉❡s ♠✐s❡s ❡♥ ❥❡✉ ❛✉① ✐♠♣❛❝ts ❡♥ rés✉❧t❛♥t✱ ❡t à ❞✐✛ér❡♥t❡s é❝❤❡❧❧❡s s♣❛t✐❛❧❡s
❡t t❡♠♣♦r❡❧❧❡s✳ ▲❛ ✜❣✉r❡ ✶✳✶ ♣rés❡♥t❡ ❞❡s ❡①❡♠♣❧❡s ❞✬✐♥❞✐❝❛t❡✉rs à ❞✐✛ér❡♥ts ♣♦✐♥ts ❞❡
❧❛ ❝❤❛î♥❡ ❝❛✉s❛❧❡✱ ❛✐♥s✐ q✉✬✉♥❡ ❝❧❛ss✐✜❝❛t✐♦♥ ❞❡ ❝❡s ✐♥❞✐❝❛t❡✉rs✳ ▲❛ s②♥t❤ès❡ ❞❡ P❛②r❛✉✲
❞❡❛✉ ❡t ✈❛♥ ❞❡r ❲❡r❢ ✭✷✵✵✺✮✱ ❞♦♥t ❡st ✐ss✉❡ ❝❡tt❡ ✜❣✉r❡✱ ♣ré❝✐s❡ ❝❡tt❡ ❝❧❛ss✐✜❝❛t✐♦♥✳ ❯♥
♣♦✐♥t ✐♠♣♦rt❛♥t ❡st ❧❡ ❞✐❧❡♠♠❡ ❡♥tr❡ ❧❛ ❢❛❝✐❧✐té ❞❡ ♠✐s❡ ❡♥ ÷✉✈r❡ ❞✬✉♥ ✐♥❞✐❝❛t❡✉r ❡t s❛



✸✷ ▲✬✐♠♣❛❝t ❡♥✈✐r♦♥♥❡♠❡♥t❛❧ ❞❡s é❧❡✈❛❣❡s ❧❛✐t✐❡rs

♣❡rt✐♥❡♥❝❡ ❡♥✈✐r♦♥♥❡♠❡♥t❛❧❡✳ ▲❡s ✐♥❞✐❝❛t❡✉rs ❞❡ ♣r❛t✐q✉❡s ♦✉ ❞❡ ♠♦②❡♥s✱ s✉r ❧❛ ♣❛rt✐❡
❣❛✉❝❤❡ ❞❡ ❧❛ ✜❣✉r❡✱ s♦♥t ❧❡s ♣❧✉s ❢❛❝✐❧❡s à é✈❛❧✉❡r s✉r ❧❡ t❡rr❛✐♥✱ ♠❛✐s s♦♥t ❧❡s ♠♦✐♥s
❝♦rré❧és ❛✉① ✐♠♣❛❝ts✳ ❆ ❧✬✐♥✈❡rs❡✱ ❧❡s ✐♥❞✐❝❛t❡✉rs ❞✬✐♠♣❛❝t✱ ❝♦♠♠❡ ❧❛ s❛♥té ❤✉♠❛✐♥❡ ♦✉
❧❛ q✉❛❧✐té ❞✬✉♥ é❝♦s②stè♠❡✱ s♦♥t s♦✉✈❡♥t très ❞✐✣❝✐❧❡s ♦✉ très ❝♦ût❡✉① à é✈❛❧✉❡r✱ ♠❛✐s
♣❡✉✈❡♥t r❡♣rés❡♥t❡r ❞✐r❡❝t❡♠❡♥t ❞❡s ♦❜❥❡❝t✐❢s à ❛tt❡✐♥❞r❡ ❡t ♣❡r♠❡tt❡♥t ❞❡s é✈❛❧✉❛t✐♦♥s
♣❧✉s s♣é❝✐✜q✉❡s ❛✉ ❝♦♥t❡①t❡ ✭✈♦♥ ❲✐r❡♥✲▲❡❤r ✷✵✵✶ ❀ P❛②r❛✉❞❡❛✉ ❡t ✈❛♥ ❞❡r ❲❡r❢ ✷✵✵✺✮✳
■❧s s♦♥t ♣❧✉s ✉t✐❧✐sés ❡♥ r❡❝❤❡r❝❤❡ ♦✉ ♣♦✉r ❞❡s ❝❤♦✐① ♣♦❧✐t✐q✉❡s✳ ▲❛ ré❞✉❝t✐♦♥ ❞❡s ✐♠♣❛❝ts
❡♥✈✐r♦♥♥❡♠❡♥t❛✉① ♣❛ss❡ ♣❛r ❞❡s ♠♦❞✐✜❝❛t✐♦♥s ❞❡ ♣r❛t✐q✉❡s ♦✉ ❞❡ s②stè♠❡s✳ ▲❡s ✐♥❞✐❝❛✲
t❡✉rs ❞✬✐♠♣❛❝t ❞é❝r✐✈❡♥t ❧✬é✈♦❧✉t✐♦♥ ❞❡ ❧✬ét❛t ♦❜s❡r✈é ❞❡ ❧✬❡♥✈✐r♦♥♥❡♠❡♥t ♠❛✐s s♦♥t ♣❧✉s
❞✐✣❝✐❧❡s à ✉t✐❧✐s❡r ♣♦✉r ♣ré✈♦✐r ❧❡s ✐♠♣❛❝ts ❢✉t✉rs ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ♣r❛t✐q✉❡s ❛❣r✐❝♦❧❡s✳
▲♦rsq✉❡ ❧❡s ✐♥❞✐❝❛t❡✉rs s♦♥t ❞❡st✐♥és à êtr❡ ✉t✐❧✐sé ❡♥ ❡①♣❧♦✐t❛t✐♦♥ ❛❣r✐❝♦❧❡✱ ❡♥ r♦✉t✐♥❡✱
❧❛ ❢❛❝✐❧✐té ❞❡ ♠✐s❡ ❡♥ ÷✉✈r❡ ❡t ❧❛ s❡♥s✐❜✐❧✐té ❛✉① ♣r❛t✐q✉❡s s♦♥t ♣r✐♠♦r❞✐❛❧❡s ✭❍❛❧❜❡r❣
✶✾✾✾ ❀ ❙❝❤r♦❞❡r ❡t ❛❧✳ ✷✵✵✹✮ ❡t ❧❡s ✐♥❞✐❝❛t❡✉rs ❞❡ ♠♦②❡♥s s♦♥t ♣❧✉s ❛❞❛♣tés✳ ❚♦✉t❡❢♦✐s✱
❧❡s ✐♥❞✐❝❛t❡✉rs ❞✬✐♠♣❛❝t ♦♥t ❧✬❛✈❛♥t❛❣❡ ❞❡ ❧❛✐ss❡r ❛✉① é❧❡✈❡✉rs ❧❛ ❧✐❜❡rté ❞❡ ❝❤♦✐s✐r ❧❡s
♣r❛t✐q✉❡s à ♠❡ttr❡ ❡♥ ÷✉✈r❡ ♣♦✉r ❛tt❡✐♥❞r❡ ✉♥ ♦❜❥❡❝t✐❢ ✭✈❛♥ ❞❡r ❲❡r❢ ❡t P❡t✐t ✷✵✵✷✮✳
▲❡s ✐♥❞✐❝❛t❡✉rs ✐♥t❡r♠é❞✐❛✐r❡s✱ q✉✐ é✈❛❧✉❡♥t ❧❛ ♣r❡ss✐♦♥ ❡①❡r❝é❡ s✉r ❧✬❡♥✈✐r♦♥♥❡♠❡♥t✱ s❡
ré✈è❧❡♥t ❞♦♥❝ ✉t✐❧❡s✳ ■❧ s✬❛❣✐t ♣❛r ❡①❡♠♣❧❡ ❞❡s ✐♥❞✐❝❛t❡✉rs ❞✬é♠✐ss✐♦♥ ♠❡♥t✐♦♥♥és ♣❛r
P❛②r❛✉❞❡❛✉ ❡t ✈❛♥ ❞❡r ❲❡r❢ ✭✷✵✵✺✮✳ P♦✉r ❝❡tt❡ r❛✐s♦♥✱ ❧❡s ✐♥❞✐❝❛t❡✉rs ❜❛sés s✉r ❞❡s
❜✐❧❛♥s ❞❡ ♠❛t✐èr❡ s♦♥t ❡♥ ❣é♥ér❛❧ ♣❡rt✐♥❡♥ts ❡t ❧❡s ❞♦♥♥é❡s ♥é❝❡ss❛✐r❡s s♦♥t r❡❧❛t✐✈❡♠❡♥t
❢❛❝✐❧❡♠❡♥t ❛❝❝❡ss✐❜❧❡s ✭❚❤♦♠❛ss❡♥ ❡t ❞❡ ❇♦❡r ✷✵✵✺✮✳ ❯♥❡ ❞❡s❝r✐♣t✐♦♥ ❞ét❛✐❧❧é❡ ❞❡ ❝❡s
✐♥❞✐❝❛t❡✉rs ❡st ❞♦♥♥é❡ ❞❛♥s ❧❛ ♣❛rt✐❡ ✶✳✺✳

❯♥ ❡①❡♠♣❧❡ ♣❡r♠❡tt❛♥t ❞✬✐❧❧✉str❡r ❝❡s ❝♦♥❝❡♣ts ❞❛♥s ❧❡ ❝❛s ❞✉ ❧❡ss✐✈❛❣❡ ❞❡s ♥✐tr❛t❡s
❡st ❞♦♥♥é ♣❛r ❧❛ ✜❣✉r❡ ✶✳✷✳ ❈❡tt❡ ✜❣✉r❡ ♣rés❡♥t❡ ❞✐✛ér❡♥ts ✐♥❞✐❝❛t❡✉rs ♣♦✉r ❧❛ ♣♦❧❧✉t✐♦♥
❞❡s ❡❛✉① ♣❛r ❧❡s ♥✐tr❛t❡s✱ à ❞✐✛ér❡♥t❡s é❝❤❡❧❧❡s s♣❛t✐❛❧❡s✳ ❖♥ r❡♠❛rq✉❡ q✉❡ ❝❡rt❛✐♥s
✐♥❞✐❝❛t❡✉rs ❡①✐st❡♥t à ♣❧✉s✐❡✉rs é❝❤❡❧❧❡s s♣❛t✐❛❧❡s✳ ❈❡♣❡♥❞❛♥t ❧❡ ♣❛ss❛❣❡ ❞✬✉♥❡ é❝❤❡❧❧❡
à ❧✬❛✉tr❡ ❞♦✐t ♣r❡♥❞r❡ ❡♥ ❝♦♠♣t❡ ❧❡s s♣é❝✐✜❝✐tés ♠❡♥t✐♦♥♥é❡s ❞❛♥s ❧❡ ♣❛r❛❣r❛♣❤❡ ✶✳✹✳✶✳
❉❛♥s ❝❡t ❡①❡♠♣❧❡✱ ❧❡ ❜✉t ✜♥❛❧ ❡st ❞❡ ❧✐♠✐t❡r ❧❛ ❝♦♥❝❡♥tr❛t✐♦♥ ❡♥ ♥✐tr❛t❡s ❞❛♥s ❧❡s ❡❛✉① à
❧✬é❝❤❡❧❧❡ ré❣✐♦♥❛❧❡✳ ■❧ ❡st ♣❧✉s ❢❛❝✐❧❡ ♣♦✉r ✉♥ é❧❡✈❡✉r ❞❡ s❡ r❡♣rés❡♥t❡r ❧❡s ♣r♦❣rès ♣♦ss✐❜❧❡s
s✉r ❧❡s ✐♥❞✐❝❛t❡✉rs ❞❡ ♠♦②❡♥s ✭❡♥❣r❛✐s ✉t✐❧✐sé ❛✉ ♥✐✈❡❛✉ ❞❡ ❝❤❛q✉❡ ♣❛r❝❡❧❧❡✱ ❞❡♥s✐té
❛♥✐♠❛❧❡ ❛✉ ♥✐✈❡❛✉ ❞❡ ❧✬❡①♣❧♦✐t❛t✐♦♥✮✱ ♠❛✐s ❝❡✉①✲❝✐ s♦♥t ♠♦✐♥s ❝♦rré❧és ❛✉① ✐♥❞✐❝❛t❡✉rs
❞✬✐♠♣❛❝t✱ s✉r ❧❡sq✉❡❧s ♣♦rt❡ ❧✬♦❜❥❡❝t✐❢ à ❛tt❡✐♥❞r❡ ✭❙❝❤r♦❞❡r ❡t ❛❧✳ ✷✵✵✸✮✳

■❧ ❡①✐st❡ ❞♦♥❝ ❞❡ ♠✉❧t✐♣❧❡s ✐♥❞✐❝❛t❡✉rs ♣♦✉r r❡♥❞r❡ ❝♦♠♣t❡ ❞❡s ✐♠♣❛❝ts ❡♥✈✐r♦♥♥❡✲
♠❡♥t❛✉①✳ ▲❡ ❝❤♦✐① ❞❡s ✐♥❞✐❝❛t❡✉rs ❞♦✐t êtr❡ ❡✛❡❝t✉é ❡♥ ❢♦♥❝t✐♦♥ ❞❡s ❞♦♥♥é❡s ❞✐s♣♦♥✐❜❧❡s
❡t ❞❡s ♦❜❥❡❝t✐❢s✳ ❉❛♥s ❧❡ ❜✉t ❞❡ ré❛❧✐s❡r ❞❡s é✈❛❧✉❛t✐♦♥s ♠✉❧t✐✲❝r✐tèr❡s✱ ❧❡s ✐♥❞✐❝❛t❡✉rs
♥❡ s♦♥t ❡♥ ❣é♥ér❛❧ ♣❛s ✉t✐❧✐sés ✐s♦❧é♠❡♥t✱ ♠❛✐s ❣r♦✉♣és ❞❡ ❢❛ç♦♥ ❝♦❤ér❡♥t❡ ❞❛♥s ❞❡s
♠ét❤♦❞❡s ❞✬é✈❛❧✉❛t✐♦♥ ❣❧♦❜❛❧❡✳

✶✳✹✳✸ ▲❡s ♠ét❤♦❞❡s ❞✬é✈❛❧✉❛t✐♦♥ à ❧✬é❝❤❡❧❧❡ ❞❡ ❧✬❡①♣❧♦✐t❛t✐♦♥

■❧ ❡①✐st❡ ❞❡ ♥♦♠❜r❡✉s❡s ♠ét❤♦❞❡s ✈✐s❛♥t à é✈❛❧✉❡r ❧✬✐♠♣❛❝t ❡♥✈✐r♦♥♥❡♠❡♥t❛❧ ❞❡s ❡①✲
♣❧♦✐t❛t✐♦♥s ❛❣r✐❝♦❧❡s✳ P❛r ❡①❡♠♣❧❡✱ ❧❛ s②♥t❤ès❡ ré❛❧✐sé❡ ♣❛r ✈❛♥ ❞❡r ❲❡r❢ ❡t P❡t✐t ✭✷✵✵✷✮
♠❡t ❡♥ ❧✉♠✐èr❡ ❧❡s ♣♦✐♥ts ❝♦♠♠✉♥s ❡t ❧❡s ❞✐✛ér❡♥❝❡s ❡♥tr❡ ✶✷ ♠ét❤♦❞❡s ❞✬é✈❛❧✉❛t✐♦♥
❞✬✐♠♣❛❝t ❡♥✈✐r♦♥♥❡♠❡♥t❛❧✳ ❈❡rt❛✐♥❡s ❞❡ ❝❡s ♠ét❤♦❞❡s ✈✐s❡♥t à é✈❛❧✉❡r ❧❛ ❞✉r❛❜✐❧✐té ❞✬✉♥❡



❈❛❞r❡s ❞✬ét✉❞❡ ❡t ♠ét❤♦❞❡s ❞✬é✈❛❧✉❛t✐♦♥ ✸✸

❋✐❣✳ ✶✳✶ ✕ ❈❧❛ss✐✜❝❛t✐♦♥ ❡t ❡①❡♠♣❧❡s ❞✬✐♥❞✐❝❛t❡✉rs ❡♥✈✐r♦♥♥❡♠❡♥t❛✉① ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❡✉r
♣♦s✐t✐♦♥ s✉r ❧❛ ❝❤❛î♥❡ ❧✐❛♥t ❧❡s é♠✐ss✐♦♥s ❛✉① ✐♠♣❛❝ts✳ ❙♦✉r❝❡ ✿ P❛②r❛✉❞❡❛✉ ❡t ✈❛♥ ❞❡r
❲❡r❢ ✭✷✵✵✺✮



✸✹ ▲✬✐♠♣❛❝t ❡♥✈✐r♦♥♥❡♠❡♥t❛❧ ❞❡s é❧❡✈❛❣❡s ❧❛✐t✐❡rs

❋✐❣✳ ✶✳✷ ✕ ❍✐ér❛r❝❤✐❡ ❞❡s ✐♥❞✐❝❛t❡✉rs ✉t✐❧✐sés ♣♦✉r é✈❛❧✉❡r ❧❡s ♣❡rt❡s ❞❡ ♥✐tr❛t❡s ❡t é❝❤❡❧❧❡
s♣❛t✐❛❧❡ ❞✬✉t✐❧✐s❛t✐♦♥✳ ❙♦✉r❝❡ ✿ ❙❝❤r♦❞❡r ❡t ❛❧✳ ✭✷✵✵✸✮



❈❛❞r❡s ❞✬ét✉❞❡ ❡t ♠ét❤♦❞❡s ❞✬é✈❛❧✉❛t✐♦♥ ✸✺

❡①♣❧♦✐t❛t✐♦♥✱ ❞♦♥t ❧✬✐♠♣❛❝t ❡♥✈✐r♦♥♥❡♠❡♥t❛❧ ♥❡ ❝♦♥st✐t✉❡ q✉✬✉♥❡ ♣❛rt✐❡✳ ❉✬✉♥❡ ♠❛♥✐èr❡
❣é♥ér❛❧❡✱ ❧❡s ♠ét❤♦❞❡s ❞✬é✈❛❧✉❛t✐♦♥ ❞✬✐♠♣❛❝t ❡♥✈✐r♦♥♥❡♠❡♥t❛❧ à ❧✬é❝❤❡❧❧❡ ❞❡ ❧✬❡①♣❧♦✐t❛✲
t✐♦♥ ❛❣r✐❝♦❧❡ r❡❣r♦✉♣❡♥t ✉♥ ❡♥s❡♠❜❧❡ ❞✬✐♥❞✐❝❛t❡✉rs ♣♦✉r ❞✐✛ér❡♥t❡s ❝❛té❣♦r✐❡s ❞✬✐♠♣❛❝t✱
❞❡ ♠❛♥✐èr❡ à ré❛❧✐s❡r ✉♥❡ é✈❛❧✉❛t✐♦♥ ♠✉❧t✐✲❝r✐tèr❡s✳ ▲❛ ❝❧❛ss✐✜❝❛t✐♦♥ ❞❡s ✐♥❞✐❝❛t❡✉rs ♠❡♥✲
t✐♦♥♥é❡ ♣ré❝é❞❡♠♠❡♥t s❡ r❡tr♦✉✈❡ ❛✉ ♥✐✈❡❛✉ ❞❡s ♠ét❤♦❞❡s ❞✬é✈❛❧✉❛t✐♦♥ ❡t ❧❡ ❝❤♦✐① ❞❡
♣r✐✈✐❧é❣✐❡r ❞❡s ✐♥❞✐❝❛t❡✉rs ❞❡ ♠♦②❡♥s ♦✉ ❞✬❡✛❡t ❞é♣❡♥❞ ❞❡s ♦❜❥❡❝t✐❢s ❞❡ ❧❛ ♠ét❤♦❞❡✳

❯♥❡ ❞✐✛ér❡♥❝❡ ♠❛❥❡✉r❡ ❡♥tr❡ ❧❡s ♠ét❤♦❞❡s ❞✬é✈❛❧✉❛t✐♦♥ ❡♥✈✐r♦♥♥❡♠❡♥t❛❧❡ rés✐❞❡
❞❛♥s ❧❡ s②stè♠❡ ét✉❞✐é ✭✈❛♥ ❞❡r ❲❡r❢ ❡t P❡t✐t ✷✵✵✷✮✳ ▲❛ ♣❧✉♣❛rt ❞❡s ♠ét❤♦❞❡s ✉t✐✲
❧✐s❡♥t ❞❡s ✐♥❞✐❝❛t❡✉rs ❝❛❧❝✉❧és ✉♥✐q✉❡♠❡♥t ❛✉ ♥✐✈❡❛✉ ❞❡ ❧✬❡①♣❧♦✐t❛t✐♦♥✱ t❛♥❞✐s q✉❡ ❧❡s
✐♥❞✐❝❛t❡✉rs ❞❡s ♠ét❤♦❞❡s ❜❛sé❡s s✉r ❧✬❆♥❛❧②s❡ ❞✉ ❈②❝❧❡ ❞❡ ❱✐❡ ✭❆❈❱✮ s♦♥t ❝❛❧❝✉❧és
r❡❧❛t✐✈❡♠❡♥t à ❧❛ ❢❛❜r✐❝❛t✐♦♥ ❞✬✉♥ ♣r♦❞✉✐t✱ ❡♥ ✐♥❝❧✉❛♥t ❧❡s ✐♠♣❛❝ts ❡♥✈✐r♦♥♥❡♠❡♥t❛✉①
❧✐és à ❧❛ ❢❛❜r✐❝❛t✐♦♥ ❞❡s ✐♥tr❛♥ts ❡t r❡ss♦✉r❝❡s ✉t✐❧✐sés✳ ▲❡s ✐♥❞✐❝❛t❡✉rs ❞❡ ❧✬❆❈❱ s♦♥t
♣❡rt✐♥❡♥ts ❡t ✉t✐❧❡s✱ ♠❛✐s ❧❛ ❝♦❧❧❡❝t❡ ❞❡s ❞♦♥♥é❡s ♥é❝❡ss❛✐r❡s à ❧❡✉r ❝❛❧❝✉❧ ❡st ❞✐✣❝✐❧❡
✭❚❤♦♠❛ss❡♥ ❡t ❞❡ ❇♦❡r ✷✵✵✺✮✳ ▲❛ ♠♦❞é❧✐s❛t✐♦♥ ♣❡✉t êtr❡ ✉♥❡ s♦❧✉t✐♦♥ ♣♦✉r ❝❛❧❝✉❧❡r ❧❡s
é♠✐ss✐♦♥s ❞✬✉♥ s②stè♠❡ ❞❡ ♣r♦❞✉❝t✐♦♥✳

▲❡s ♠ét❤♦❞❡s ét✉❞✐é❡s ♣❛r ✈❛♥ ❞❡r ❲❡r❢ ❡t P❡t✐t ✭✷✵✵✷✮ ❞✐✛èr❡♥t é❣❛❧❡♠❡♥t ♣❛r ❧❡s
✐♠♣❛❝ts ❡♥✈✐r♦♥♥❡♠❡♥t❛✉① ♣r✐s ❡♥ ❝♦♠♣t❡✳ ▲❡s ✐♥❞✐❝❛t❡✉rs ❝❤♦✐s✐s ❞♦✐✈❡♥t ♣r❡♥❞r❡ ❡♥
❝♦♠♣t❡ ✉♥❡ ❣❛♠♠❡ ❞✬✐♠♣❛❝ts ❛✉ss✐ ❧❛r❣❡ q✉❡ ♣♦ss✐❜❧❡✱ ❞❡ ♠❛♥✐èr❡ à é✈✐t❡r ❞✬❡♠♣✐r❡r
❧❛ s✐t✉❛t✐♦♥ s✉r ✉♥ ❝r✐tèr❡ ❡♥ t❡♥t❛♥t ❞✬❡♥ ❛♠é❧✐♦r❡r ✉♥ ❛✉tr❡✳ ▲❡s t❤è♠❡s ❛❜♦r❞és
❞é♣❡♥❞❡♥t t♦✉t❡❢♦✐s ❞❡s ♦❜❥❡❝t✐❢s ❞❡ ❧❛ ♠ét❤♦❞❡ ❡t ❞✉ ❝♦♥t❡①t❡ ❞❛♥s ❧❡q✉❡❧ ❡❧❧❡ s❡r❛
❛♣♣❧✐q✉é❡✳ ▲❛ ❝♦♠♣❛r❛✐s♦♥ ❞❡s ✐♥❞✐❝❛t❡✉rs ❡♥tr❡ ❡✉① ❡st ❞✐✣❝✐❧❡✱ ❝❛r ✐❧s ♥✬♦♥t ❡♥ ❣é♥ér❛❧
♣❛s ❧❛ ♠ê♠❡ ✉♥✐té✳ ▲❛ ❢❛ç♦♥ ❞✬❛❣ré❣❡r ❧❡s ✐♥❞✐❝❛t❡✉rs ❡♥tr❡ ❡✉① ❡t ❧❡s ♣♦✐❞s ❛❝❝♦r❞és
❛✉① ❞✐✛ér❡♥ts ✐♠♣❛❝ts s♦✉❧è✈❡♥t ❞❡s q✉❡st✐♦♥s ✭❇♦❝❦st❛❧❧❡r ❡t ❛❧✳ ✶✾✾✼✮✳ ❱❛✉t✲✐❧ ♠✐❡✉①
♣rés❡r✈❡r✱ ♣❛r ❡①❡♠♣❧❡✱ ❧❛ q✉❛❧✐té ❞❡ ❧✬❡❛✉ ❛✉ ❞étr✐♠❡♥t ❞❡ ❧✬❛✐r ❄ ❊st✲✐❧ ♣♦ss✐❜❧❡ ❞❡
t♦t❛❧❡♠❡♥t ❝♦♠♣❡♥s❡r ✉♥❡ ♠❛✉✈❛✐s❡ ♥♦t❡ s✉r ✉♥ ❝r✐tèr❡ ♣❛r ✉♥❡ ❜♦♥♥❡ ♥♦t❡ s✉r ✉♥
❛✉tr❡ ❄ ■❧ ♥❡ s❡♠❜❧❡ ♣❛s ② ❛✈♦✐r ❞❡ ❜❛s❡ s❝✐❡♥t✐✜q✉❡ ♣♦✉r ré♣♦♥❞r❡ à ❝❡s q✉❡st✐♦♥s ❡t
❡❧❧❡s ❞♦✐✈❡♥t êtr❡ rés♦❧✉❡s ❞❡ ❢❛ç♦♥ s♦❝✐ét❛❧❡ ❡t ♣♦❧✐t✐q✉❡ ✭❇♦❝❦st❛❧❧❡r ❡t ❛❧✳ ✶✾✾✼ ❀ ❍❛❧❜❡r❣
❡t ❛❧✳ ✷✵✵✺ ❀ ❙❝❤r♦❞❡r ❡t ❛❧✳ ✷✵✵✹✮✳ ▲❡s ❝❤♦✐① ♦♣érés ❞♦✐✈❡♥t ♣r❡♥❞r❡ ❡♥ ❝♦♠♣t❡ ❧❡ ❝♦♥t❡①t❡
❧♦❝❛❧✱ ♥♦t❛♠♠❡♥t ❧❛ s❡♥s✐❜✐❧✐té ❞✉ ♠✐❧✐❡✉ ♣♦✉r ❧❡s ❞✐✛ér❡♥ts ✐♠♣❛❝ts ❡♥✈✐r♦♥♥❡♠❡♥t❛✉①
❡t ❧❡ ❝♦♥t❡①t❡ é❝♦♥♦♠✐q✉❡✳

P♦✉r ❞❡ ♥♦♠❜r❡✉① ✐♥❞✐❝❛t❡✉rs ❜❛sés s✉r ❞❡s é♠✐ss✐♦♥s✱ ❧❡s ✈❛❧❡✉rs ❛✉❣♠❡♥t❡♥t ❛✈❡❝ ❧❛
t❛✐❧❧❡ ❞❡ ❧✬❡①♣❧♦✐t❛t✐♦♥✳ ▲❡s ✐♥❞✐❝❛t❡✉rs ❞✬✐♠♣❛❝t t❡❧s q✉❡ ❝❡✉① ❞❡ ❧✬❆❈❱ s♦♥t ❝♦♥❝❡r♥és✳
P♦✉r ♣♦✉✈♦✐r ❧❡s ✐♥t❡r♣rêt❡r ❡t ❝♦♠♣❛r❡r ❞✐✛ér❡♥t❡s s✐t✉❛t✐♦♥s✱ ✐❧ ❡st ♥é❝❡ss❛✐r❡ ❞❡ s❡
r❛♠❡♥❡r à ✉♥❡ ✉♥✐té ❢♦♥❝t✐♦♥♥❡❧❧❡ ❝♦♠♠✉♥❡✳ ❈❧❛ss✐q✉❡♠❡♥t✱ ✐❧ ❡st ♣♦ss✐❜❧❡ ❞✬❡①♣r✐♠❡r
❝❡s ✐♥❞✐❝❛t❡✉rs ♣❛r ✉♥✐té ❞❡ ♣r♦❞✉✐t ✭❦❣ ❞❡ ✈✐❛♥❞❡ ♦✉ ❞❡ ❧❛✐t✮✱ ♦✉ ♣❛r ✉♥✐té ❞❡ s✉r❢❛❝❡✳
▲❡ ❝❤♦✐① ❞❡ ❧✬✉♥✐té ❢♦♥❝t✐♦♥♥❡❧❧❡ ❡st ❝r✉❝✐❛❧ ❡t ❛ ❜❡❛✉❝♦✉♣ été ét✉❞✐é ❞❛♥s ❧❡ ❝❛❞r❡ ❞❡
❧✬❆❈❱ ✭♣❛r ❡①❡♠♣❧❡ ❍❛❛s ❡t ❛❧✳ ✷✵✵✵✮✳ ❙✉✐✈❛♥t ❧✬✉♥✐té ❝❤♦✐s✐❡✱ ❞❡s s②stè♠❡s ❞❡ ♣r♦❞✉❝t✐♦♥
♣❡✉✈❡♥t êtr❡ ❝❧❛ssés ❞❡ ❢❛ç♦♥ ❞✐✛ér❡♥t❡✳ ❍❛❧❜❡r❣ ❡t ❛❧✳ ✭✷✵✵✺✮ ❝✐t❡♥t ❞✐✛ér❡♥ts ❡①❡♠♣❧❡s✱
❞♦♥t ❝❡❧✉✐ ❞❡ ❧❛ ♣r♦❞✉❝t✐♦♥ ❧❛✐t✐èr❡ ❝♦♥✈❡♥t✐♦♥♥❡❧❧❡ ❡t ❜✐♦❧♦❣✐q✉❡ ❞❛♥s ❞✐✛ér❡♥ts ♣❛②s
❞✬❊✉r♦♣❡✳ ▲❡ ♣♦t❡♥t✐❡❧ ❞✬❡✉tr♦♣❤✐s❛t✐♦♥ ❡t ❧❡s é♠✐ss✐♦♥s ❞❡ ●❊❙ s♦♥t ♣❧✉s ❢❛✐❜❧❡s ♣♦✉r ❧❛
♣r♦❞✉❝t✐♦♥ ❜✐♦❧♦❣✐q✉❡ ❧♦rsq✉✬♦♥ ❡①♣r✐♠❡ ❧❡s rés✉❧t❛ts ♣❛r ✉♥✐té ❞❡ s✉r❢❛❝❡✱ ♠❛✐s ✐❧s s♦♥t
éq✉✐✈❛❧❡♥ts ❞❛♥s ❧❡s ❞❡✉① s②stè♠❡s ❧♦rsq✉✬♦♥ ❡①♣r✐♠❡ ❧❡s rés✉❧t❛ts ♣❛r ❦❣ ❞❡ ❧❛✐t✳ ❉✬✉♥❡
♠❛♥✐èr❡ ❣é♥ér❛❧❡✱ ❧❡s ✐♥❞✐❝❛t❡✉rs s♦♥t ❡①♣r✐♠és ♣❛r ✉♥✐té ♣r♦❞✉✐t❡ ♣♦✉r ❧❡s ✐♠♣❛❝ts
à ✉♥❡ é❝❤❡❧❧❡ ❣❧♦❜❛❧❡✱ ❝♦♠♠❡ ❧❡s é♠✐ss✐♦♥s ❞❡ ●❊❙✱ ❡t ♣❛r ✉♥✐té ❞❡ s✉r❢❛❝❡ ♣♦✉r ❧❡s



✸✻ ▲✬✐♠♣❛❝t ❡♥✈✐r♦♥♥❡♠❡♥t❛❧ ❞❡s é❧❡✈❛❣❡s ❧❛✐t✐❡rs

✐♠♣❛❝ts ❧♦❝❛✉① ❡t ré❣✐♦♥❛✉①✱ ❝♦♠♠❡ ❧❡ ♣♦t❡♥t✐❡❧ ❞✬❡✉tr♦♣❤✐s❛t✐♦♥ ✭❍❛❛s ❡t ❛❧✳ ✷✵✵✵ ❀
❍❛❧❜❡r❣ ❡t ❛❧✳ ✷✵✵✺✮✳ ❯♥❡ ❡①♣❧♦✐t❛t✐♦♥ ❧❛✐t✐èr❡ ♣r♦❞✉✐t à ❧❛ ❢♦✐s ❞✉ ❧❛✐t✱ ❞❡ ❧❛ ✈✐❛♥❞❡
❡t s♦✉✈❡♥t ❞❡s ♣r♦❞✉✐ts ✈é❣ét❛✉①✳ P♦✉r ❝♦♠♣t❛❜✐❧✐s❡r ❧❡s ✐♠♣❛❝ts ♣❛r ✉♥✐té ♣r♦❞✉✐t❡✱ ✐❧
❢❛✉t ❛ttr✐❜✉❡r ❧❡s é♠✐ss✐♦♥s à ❧✬✉♥❡ ❞❡ ❝❡s ♣r♦❞✉❝t✐♦♥s✳ ❉✐✛ér❡♥ts ❝❤♦✐① s♦♥t ♣♦ss✐❜❧❡s✱
❝♦♠♠❡ ré♣❛rt✐r ❧❡s é♠✐ss✐♦♥s ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ✈❛❧❡✉r é❝♦♥♦♠✐q✉❡ ❞❡s ♣r♦❞✉✐ts ♦✉ ❞❡ ❧❡✉r
✈❛❧❡✉r ♥✉tr✐t✐♦♥♥❡❧❧❡ ❡♥ t❡r♠❡s ❞❡ ♣r♦té✐♥❡s ♦✉ ❞✬é♥❡r❣✐❡ ✭❋❛✈❡r❞✐♥ ❡t ❛❧✳ ✷✵✵✽✮✳ ❉❛♥s
t♦✉s ❧❡s ❝❛s✱ ✉♥❡ ❛♥❛❧②s❡ ❞✬✐♠♣❛❝t ❡♥✈✐r♦♥♥❡♠❡♥t❛❧ ❞♦✐t ♣r❡♥❞r❡ ❡♥ ❝♦♠♣t❡ à ❧❛ ❢♦✐s ❧❡s
❛s♣❡❝ts ❞❡ s✉r❢❛❝❡ ❡t ❞❡ ♣r♦❞✉❝t✐♦♥✱ ❞❡ ❢❛ç♦♥ ❣❧♦❜❛❧❡ ❡t ♠✉❧t✐✲❝r✐tèr❡s✳ ▲❛ ♣♦♥❞ér❛t✐♦♥
❡♥tr❡ ❧❡s ❞✐✛ér❡♥ts ❛s♣❡❝ts r❡❧è✈❡ ❞✬✉♥ ❝❤♦✐① s♦❝✐ét❛❧✳

❉✬❛♣rès ✈♦♥ ❲✐r❡♥✲▲❡❤r ✭✷✵✵✶✮✱ ❧✬❛♥❛❧②s❡ ❞❡ ❧❛ ❞✉r❛❜✐❧✐té ♣❛r ✉♥❡ ❛♣♣r♦❝❤❡ ❝❡♥tré❡
s✉r ❞❡s ♦❜❥❡❝t✐❢s ♣❧✉tôt q✉❡ s✉r ❞❡s ♠♦②❡♥s ♣❡r♠❡t ❞❡ ❢♦r♠✉❧❡r ❞❡s ❝♦♥s❡✐❧s s♣é❝✐✜q✉❡s
à ❝❤❛q✉❡ s✐t✉❛t✐♦♥✳ ▼❛✐s ❧❡s ❛♣♣r♦❝❤❡s ❝❡♥tré❡s s✉r ❧❡s ♦❜❥❡❝t✐❢s s♦✉✛r❡♥t ❞❡ ♣❧✉s✐❡✉rs
❞é❢❛✉ts✱ ❞♦♥t ❧❡ ♠❛♥q✉❡ ❞❡ ♠ét❤♦❞❡s ♣♦✉r é✈❛❧✉❡r ❧❡s ✐♠♣❛❝ts ❞❡s s②stè♠❡s ❞❡ ♣r♦❞✉❝✲
t✐♦♥✳ ▲❡ ❧✐❡♥ ❡♥tr❡ ❞❡s ♠♦②❡♥s ♠✐s ❡♥ ÷✉✈r❡ ❡t ❞❡s ♣r❛t✐q✉❡s ❞✬✉♥❡ ♣❛rt✱ ❡t ❧❡s ✐♠♣❛❝ts
✜♥❛✉① ❞✬❛✉tr❡ ♣❛rt✱ ❡st ✉♥ ♣♦✐♥t ❝r✉❝✐❛❧✳ ▲❛ ♠♦❞é❧✐s❛t✐♦♥ à ❧✬é❝❤❡❧❧❡ ❞❡ ❧✬❡①♣❧♦✐t❛t✐♦♥ ❡st
✉♥ ♠♦②❡♥ ❞❡ ❝❛❧❝✉❧❡r ❞❡s ✐♥❞✐❝❛t❡✉rs ❞✬é♠✐ss✐♦♥ ♣♦✉r ✉♥❡ ❡①♣❧♦✐t❛t✐♦♥ ❡t ❞❡ ♠❡ttr❡ ❛✉
♣♦✐♥t ❞❡s str❛té❣✐❡s ♣❧✉s r❡s♣❡❝t✉❡✉s❡s ❞❡ ❧✬❡♥✈✐r♦♥♥❡♠❡♥t ❞❛♥s ✉♥ ❝♦♥t❡①t❡ ❞♦♥♥é ✭✈♦♥
❲✐r❡♥✲▲❡❤r ✷✵✵✶✮✱ ♠❛❧❣ré ❧❛ ❞✐✣❝✉❧té ❞é❥à é✈♦q✉é❡ ✭❡♥ ✶✳✷✮ ❞❡ ♣❛ss❡r ❞❡s é♠✐ss✐♦♥s ❞❡
❝♦♠♣♦sés à r✐sq✉❡ ❛✉① ✐♠♣❛❝ts ❡♥✈✐r♦♥♥❡♠❡♥t❛✉①✳

❊♥ ❝♦♥❝❧✉s✐♦♥✱ ✐❧ ❡①✐st❡ ❞✐✛ér❡♥t❡s ❛♣♣r♦❝❤❡s ♣♦✉r é✈❛❧✉❡r ❧❡s ✐♠♣❛❝ts ❡♥✈✐r♦♥♥❡✲
♠❡♥t❛✉① ❞❡s ❡①♣❧♦✐t❛t✐♦♥s ❞✬é❧❡✈❛❣❡✳ ❊❧❧❡s s❡ ❞é♠❛rq✉❡♥t ♣❛r ❧❡✉rs ♦❜❥❡❝t✐❢s ❡t ❧❡✉rs
✉t✐❧✐s❛t❡✉rs ♣♦t❡♥t✐❡❧s✱ ❝❡rt❛✐♥❡s ét❛♥t ♣❧✉s ❝❡♥tré❡s s✉r ❧❡s ♠♦②❡♥s ❡t ❧❡s ♣r❛t✐q✉❡s✱
❞✬❛✉tr❡s s✉r ❧❡s ♦❜❥❡❝t✐❢s ❡♥✈✐r♦♥♥❡♠❡♥t❛✉①✳ ❯♥❡ ❞✐✣❝✉❧té ❡st ❞✬ét❛❜❧✐r ✉♥ ❧✐❡♥ ❡♥tr❡
❧❡s ❞✐✛ér❡♥ts ♠❛✐❧❧♦♥s ❞❡ ❧❛ ❝❤❛î♥❡ ❝❛✉s❛❧❡✱ ❞❡s ♠♦②❡♥s ♠✐s ❡♥ ÷✉✈r❡ ❛✉① ✐♠♣❛❝ts ✜✲
♥❛✉①✳ ❈✬❡st ♣❛rt✐❝✉❧✐èr❡♠❡♥t ❧❡ ❝❛s ♣♦✉r ✉♥❡ ♠ét❤♦❞❡ s♦✉✈❡♥t ✉t✐❧✐sé❡ ❡♥ r❡❝❤❡r❝❤❡ ✲
❞é✈❡❧♦♣♣❡♠❡♥t ❡t ♣♦✉r ❧❡ ❝♦♥s❡✐❧ ❡♥ é❧❡✈❛❣❡ ✿ ❧❛ ♠ét❤♦❞❡ ❞❡s ❜✐❧❛♥s ❛♣♣❛r❡♥ts✳

✶✳✺ ❇✐❧❛♥s ❛♣♣❛r❡♥ts ❞❡ ❧✬❛③♦t❡ ❡t ✐♠♣❛❝ts ❡♥✈✐r♦♥♥❡♠❡♥✲
t❛✉①

✶✳✺✳✶ ❉é✜♥✐t✐♦♥

▲❡s ♠ét❤♦❞❡s ❞❡ ❜✐❧❛♥ ❛♣♣❛r❡♥t s♦♥t ❜❛sé❡s s✉r ✉♥❡ ❝♦♠♣t❛❜✐❧✐s❛t✐♦♥ ❞❡s ❡♥tré❡s ❡t
❞❡s s♦rt✐❡s ❞✬❛③♦t❡ ❞✬✉♥ s②stè♠❡✳ ❈❡rt❛✐♥❡s ❡♥tré❡s ❡t s♦rt✐❡s s♦♥t r❡❧❛t✐✈❡♠❡♥t ❢❛❝✐❧❡s
à ❡st✐♠❡r ✭❧❡s ❡♥tré❡s ❞✬❡♥❣r❛✐s ❡t ❞✬❛❧✐♠❡♥ts✱ ❧❡s ♣r♦❞✉❝t✐♦♥s✮✳ P✉✐sq✉❡ ❧❡ ♣r✐♥❝✐♣❡ ❞❡
❝♦♥s❡r✈❛t✐♦♥ ❞❡ ❧❛ ♠❛t✐èr❡ s✬❛♣♣❧✐q✉❡✱ ❧❛ ❞✐✛ér❡♥❝❡ ❡♥tr❡ ❝❡s ❡♥tré❡s ❡t s♦rt✐❡s ❡st é❣❛❧❡
à ❧❛ s♦♠♠❡ ❞❡s ❡♥tré❡s ❡t s♦rt✐❡s ♥♦♥ ❝♦♥♥✉❡s ❡t ❞❡s ✈❛r✐❛t✐♦♥s ❞❡ st♦❝❦ à ❧✬✐♥tér✐❡✉r ❞❡
❧✬❡①♣❧♦✐t❛t✐♦♥✳ ❈❡❧❛ ♣❡r♠❡t ❞✬❡st✐♠❡r ✐♥❞✐r❡❝t❡♠❡♥t ❧❛ s♦♠♠❡ ❞❡s ❡♥tré❡s ❡t s♦rt✐❡s ♥♦♥
✐♥❝❧✉s❡s✳ ▲❛ ❞✐✛ér❡♥❝❡ ❡♥tr❡ ❧❡s ❡♥tré❡s ❡t s♦rt✐❡s ✐♥❝❧✉s❡s ❞❛♥s ❧❡ ❜✐❧❛♥ ❡st ❛♣♣❡❧é❡ s♦❧❞❡
❞✉ ❜✐❧❛♥✳ ❈❡tt❡ ❞✐✛ér❡♥❝❡ ❡st ❣é♥ér❛❧❡♠❡♥t ♣♦s✐t✐✈❡ ✿ ✐❧ s✬❛❣✐t ❞✬✉♥ ❡①❝é❞❡♥t ❞✬❛③♦t❡✳ ▲❡s
é♠✐ss✐♦♥s ❞❡ ❝♦♠♣♦sés à r✐sq✉❡ ♣♦✉r ❧✬❡♥✈✐r♦♥♥❡♠❡♥t s♦♥t ✐♥❝❧✉s❡s ❞❛♥s ❝❡ t❡r♠❡✳ P❧✉s
❧✬❡①❝é❞❡♥t ❡st é❧❡✈é✱ ♣❧✉s ❧❡s ♣❡rt❡s ♣❡✉✈❡♥t êtr❡ é❧❡✈é❡s✳ ❉❡ ♥♦♠❜r❡✉s❡s ❞é❝❧✐♥❛✐s♦♥s ❞❡



❇✐❧❛♥s ❛♣♣❛r❡♥ts ❞❡ ❧✬❛③♦t❡ ❡t ✐♠♣❛❝ts ❡♥✈✐r♦♥♥❡♠❡♥t❛✉① ✸✼

❋✐❣✳ ✶✳✸ ✕ ❉✐✛ér❡♥❝❡s ❝♦♥❝❡♣t✉❡❧❧❡s ❡♥tr❡ ❧❡s ❞✐✛ér❡♥ts t②♣❡s ❞❡ ❜✐❧❛♥ ❞❡ ❧✬❛③♦t❡✳ ▲❛
r❡♣rés❡♥t❛t✐♦♥ ❡♥ ✈✉❡ ❞❡ ❞❡ss✉s ♠❡t ❧✬❛❝❝❡♥t s✉r ❧❡s é❝❤❛♥❣❡s ❡♥tr❡ ❧✬❡①♣❧♦✐t❛t✐♦♥ ❡t
❧✬❡①tér✐❡✉r ❞❛♥s ❧❡s ❜✐❧❛♥s ❛✉① ♣♦rt❡s ❞❡ ❧✬❡①♣❧♦✐t❛t✐♦♥ ✭✓ ❢❛r♠ ❣❛t❡ ✔✮✳ ▲❛ r❡♣rés❡♥t❛t✐♦♥
❡♥ s❡❝t✐♦♥ ✈❡rt✐❝❛❧❡ ♠❡t ❧✬❛❝❝❡♥t s✉r ❧❡s é❝❤❛♥❣❡s ❛✉ ♥✐✈❡❛✉ ❞✉ s♦❧ ❞❛♥s ❧❡s ❜✐❧❛♥s à ❧❛
s✉r❢❛❝❡ ❞✉ s♦❧✳ ❙♦✉r❝❡ ✿ ❖❡♥❡♠❛ ❡t ❛❧✳ ✭✷✵✵✸✮

❝❡ ♣r✐♥❝✐♣❡ ❣é♥ér❛❧ ❡①✐st❡♥t✱ ❡t ❞✐✛èr❡♥t ♣❛r ❧✬é❝❤❡❧❧❡ ❡t ❧❡ s②stè♠❡ ❛✉①q✉❡❧s ❡❧❧❡s s♦♥t
❛♣♣❧✐q✉é❡s✱ ♦✉ ♣❛r ❧❡s ♠♦❞❛❧✐tés ❞❡ ❝❛❧❝✉❧✳

➱t❛♥t ❞♦♥♥é q✉❡ ❧❡s ✈❛r✐❛t✐♦♥s s❛✐s♦♥♥✐èr❡s ❞❡s ❞✐✛ér❡♥ts st♦❝❦s ❡t ❞❡s ✢✉① s♦♥t
✐♠♣♦rt❛♥t❡s✱ ❧✬❛♣♣❧✐❝❛t✐♦♥ ❞✬✉♥❡ ♠ét❤♦❞❡ ❞❡ ❜✐❧❛♥ ❛♣♣❛r❡♥t ♣♦✉r ✉♥❡ ♣ér✐♦❞❡ ✐♥❢ér✐❡✉r❡
à ✉♥ ❛♥ ♥✬❡st ♣❛s ♣♦ss✐❜❧❡✳ ❉✬❛✉tr❡✱ ♣❛rt✱ ❧✬❛♣♣❧✐❝❛t✐♦♥ s✉r ✉♥❡ ♣ér✐♦❞❡ tr♦♣ ❧♦♥❣✉❡
r❡✈✐❡♥t à ♠♦②❡♥♥❡r ❧❡s ✢✉①✱ ❡t à ♠✐♥✐♠✐s❡r ❧✬❡✛❡t ❞✬❛♥♥é❡s ❝❧✐♠❛t✐q✉❡s ❝❛✉s❛♥t ❞❡s ♣✐❝s
❞✬é♠✐ss✐♦♥ ✭▲❛♥❣❡✈❡❧❞ ❡t ❛❧✳ ✷✵✵✼✮✳ ▲✬é❝❤❡❧❧❡ ❞❡ t❡♠♣s ❣é♥ér❛❧❡♠❡♥t r❡t❡♥✉❡ ❡st ❞♦♥❝
❧✬❛♥♥é❡✳ ▲❡ ❜✐❧❛♥ ❛♣♣❛r❡♥t ♣❡✉t êtr❡ ❡✛❡❝t✉é à ❞✐✛ér❡♥t❡s é❝❤❡❧❧❡s s♣❛t✐❛❧❡s ✭♣❛r❝❡❧❧❡✱
❡①♣❧♦✐t❛t✐♦♥✱ ♣❡t✐t❡ ré❣✐♦♥ ✳ ✳ ✳ ✮✳ ▲✬é❝❤❡❧❧❡ ❡①♣❧♦✐t❛t✐♦♥ ét❛♥t ♣r✐✈✐❧é❣✐é❡ ❞❛♥s ❝❡ tr❛✈❛✐❧
✭✈♦✐r ❝❤❛♣✐tr❡ ✸✮✱ ❧❛ ❞❡s❝r✐♣t✐♦♥ ❞❡s ❜✐❧❛♥s ❞❡ ❧✬❛③♦t❡ s❡ r❡str❡✐♥❞r❛ à ❝❡tt❡ é❝❤❡❧❧❡ s♣❛t✐❛❧❡✳

▲❡ ❜✐❧❛♥ ❛♣♣❛r❡♥t ♣❡✉t êtr❡ ét❛❜❧✐ ♣♦✉r ❞✐✛ér❡♥ts s②stè♠❡s✱ ❡♥ ❢♦♥❝t✐♦♥ ❞❡s ♦❜❥❡❝t✐❢s
❞❡ ❧✬ét✉❞❡✳ ❖♥ ❞✐st✐♥❣✉❡ ❡♥ ♣❛rt✐❝✉❧✐❡r ❧❡s ❜✐❧❛♥s ét❛❜❧✐s ❛✉① ♣♦rt❡s ❞❡ ❧✬❡①♣❧♦✐t❛t✐♦♥ ❡t
❧❡s ❜✐❧❛♥s ét❛❜❧✐s à ❧❛ s✉r❢❛❝❡ ❞✉ s♦❧ ✭❋✐❣✳ ✶✳✸✮✱ ♣❛r ❡①❡♠♣❧❡ ❞❛♥s ❖❡♥❡♠❛ ❡t ❛❧✳ ✭✷✵✵✸✮✳
▼ét❤♦❞♦❧♦❣✐q✉❡♠❡♥t ♣❛r❧❛♥t✱ ❧❛ ❞✐✛ér❡♥❝❡ ❡♥tr❡ ❧❡s ❞❡✉① rés✐❞❡ ❞❛♥s ❧❛ ♣r✐s❡ ❡♥ ❝♦♠♣t❡
❞❡s ♣❡rt❡s ♣❛r ✈♦❧❛t✐❧✐s❛t✐♦♥ ❛✉ ♥✐✈❡❛✉ ❞❡s ❡✤✉❡♥ts✱ ❞❡ ❧✬❡①❝rét✐♦♥ à ❧✬é♣❛♥❞❛❣❡✳ ❊♥
❡✛❡t✱ ❧❡ ❜✐❧❛♥ ét❛❜❧✐ à ❧❛ s✉r❢❛❝❡ ❞✉ s♦❧ ♥❡ ♣r❡♥❞ ❡♥ ❝♦♠♣t❡ q✉❡ ❧❡s ❛♣♣♦rts ✓ ♥❡ts ✔ ❞✬◆✱
❛♣rès ✈♦❧❛t✐❧✐s❛t✐♦♥✳ ◆✉♠ér✐q✉❡♠❡♥t ♣❛r❧❛♥t✱ ❞❡s ✈❛r✐❛t✐♦♥s ❞❡ st♦❝❦s ❞❡ ❢♦✉rr❛❣❡s ♦✉
❞✬❡✤✉❡♥ts ♣❡✉✈❡♥t ❡①♣❧✐q✉❡r ✉♥❡ ♣❛rt✐❡ ❞❡s ❞✐✛ér❡♥❝❡s ❡♥tr❡ ❝❡s ❞❡✉① ❜✐❧❛♥s✳ ▲❡s ❜✐❧❛♥s
❛✉ ♥✐✈❡❛✉ ❞✉ s♦❧ ♦♥t été r❡t❡♥✉s ♣❛r ❧✬❖r❣❛♥✐s❛t✐♦♥ ❞❡ ❈♦♦♣ér❛t✐♦♥ ❡t ❞❡ ❉é✈❡❧♦♣♣❡♠❡♥t
➱❝♦♥♦♠✐q✉❡ ✭❖❈❉❊✮✱ ♣❛r ❡①❡♠♣❧❡ ❞❛♥s ❖❈❉❊ ✭✷✵✵✶✮✱ ❡t ♣❛r ❧❡ ❈♦♠✐té ❞✬❖❘✐❡♥t❛t✐♦♥
♣♦✉r ❞❡s Pr❛t✐q✉❡s ❛❣r✐❝♦❧❡s r❡s♣❡❝t✉❡✉s❡s ❞❡ ❧✬❊♥✈✐r♦♥♥❡♠❡♥t ✭❈❖❘P❊◆✮✳ ❉❛♥s ❧❡s
❡①♣❧♦✐t❛t✐♦♥s ❜♦✈✐♥❡s ❢r❛♥ç❛✐s❡s✱ ❧❡s ❜✐❧❛♥s ❛✉① ♣♦rt❡s ❞❡ ❧✬❡①♣❧♦✐t❛t✐♦♥ ♦♥t été ✉t✐❧✐sés
❞❛♥s ❞❡ ♥♦♠❜r❡✉s❡s ét✉❞❡s✱ ♣❛r ❡①❡♠♣❧❡ ❞❛♥s ❙✐♠♦♥ ❡t ▲❡ ❈♦rr❡ ✭✶✾✾✷✮ ❀ ❙✐♠♦♥ ❡t ❛❧✳
✭✷✵✵✵✮ ❀ ▲❡ ●❛❧❧ ❡t ❛❧✳ ✭✷✵✵✸✮ ❀ ❇♦ss✉❡t ❡t ❛❧✳ ✭✷✵✵✻✮✳ ❈❡tt❡ ❛♣♣r♦❝❤❡ ❡st é❣❛❧❡♠❡♥t
❧❛ ♣❧✉s ✐♥té❣r❛t✐✈❡✱ ❡t ❝✬❡st ❡❧❧❡ q✉✐ s❡r❛ ✉t✐❧✐sé❡ ❞❛♥s ❧❛ s✉✐t❡ ❞❡ ❝❡ tr❛✈❛✐❧✳ ❖❡♥❡♠❛
❡t ❛❧✳ ✭✷✵✵✸✮ ♠❡♥t✐♦♥♥❡♥t é❣❛❧❡♠❡♥t ❧❡s ❜✐❧❛♥s ét❛❜❧✐s ❡♥ ❝♦♥s✐❞ér❛♥t ❧❡ s♦❧ ❡♥ t❛♥t q✉❡
s②stè♠❡✱ q✉✐ ♣r❡♥♥❡♥t ❡♥ ❝♦♠♣t❡ ❧❡s ✈❛r✐❛t✐♦♥s ❞❡ st♦❝❦s ❞❛♥s ❧❡ s♦❧✱ ❡t ❞✐st✐♥❣✉❡♥t ♣❧✉s
✜♥❡♠❡♥t ❧❡s ❡♥tré❡s ❡t s♦rt✐❡s✳ ■❧ s✬❛❣✐t ♣❧✉tôt ❞✬✉♥❡ ❛♣♣r♦❝❤❡ ✉t✐❧✐sé❡ ❡♥ r❡❝❤❡r❝❤❡✳

■❧ ♥✬❡①✐st❡ ♣❛s ❞❡ ❝♦♥s❡♥s✉s s✉r ❧❡s ✢✉① à ♣r❡♥❞r❡ ❡♥ ❝♦♠♣t❡ ❞❛♥s ✉♥ ❜✐❧❛♥ ❛♣♣❛r❡♥t



✸✽ ▲✬✐♠♣❛❝t ❡♥✈✐r♦♥♥❡♠❡♥t❛❧ ❞❡s é❧❡✈❛❣❡s ❧❛✐t✐❡rs

❞❡ ❧✬❛③♦t❡✳ ❉✐✛ér❡♥ts ♠♦❞❡s ❞❡ ❝❛❧❝✉❧ s♦♥t ♣❛r ❡①❡♠♣❧❡ ♣r♦♣♦sés ♣❛r ❲❛ts♦♥ ❡t ❆t❦✐♥s♦♥
✭✶✾✾✾✮✳ ❊♥ ❋r❛♥❝❡✱ ❧❛ ♠ét❤♦❞❡ ♣r♦♣♦sé❡ ♣❛r ❙✐♠♦♥ ❡t ▲❡ ❈♦rr❡ ✭✶✾✾✷✮ ❡st s♦✉✈❡♥t
✉t✐❧✐sé❡✱ é✈❡♥t✉❡❧❧❡♠❡♥t ❛✈❡❝ ❞❡s ❛❞❛♣t❛t✐♦♥s✳ ▲❡ ❝❤♦✐① ❞❡ ❧❛ ♠ét❤♦❞❡ ❞❡ ❝❛❧❝✉❧ ❞♦✐t êtr❡
r❛✐s♦♥♥é ❡♥ ❢♦♥❝t✐♦♥ ❞❡s ♦❜❥❡❝t✐❢s ❞❡ ❧✬ét✉❞❡ ❝♦♥❝❡r♥é❡✳ ❉✬✉♥❡ ♠❛♥✐èr❡ ❣é♥ér❛❧❡✱ t♦✉t❡s
❧❡s ❡♥tré❡s ❡t s♦rt✐❡s ❝♦♥trô❧é❡s ✭✐✳❡✳ t♦✉s ❧❡s ❛❝❤❛ts ❞✬✐♥tr❛♥ts ❡t ✈❡♥t❡s ❞❡ ♣r♦❞✉✐ts
❡t ❝♦✲♣r♦❞✉✐ts✮ s♦♥t ✐♥❝❧✉s❡s✱ ♠❛✐s ❧❡s ✢✉① t❡❧s q✉❡ ❧❛ ❞é♣♦s✐t✐♦♥ ❛t♠♦s♣❤ér✐q✉❡ ♦✉ ❧❛
✜①❛t✐♦♥ s②♠❜✐♦t✐q✉❡ ♣❛r ❧❡s ❧é❣✉♠✐♥❡✉s❡s s♦♥t ♣❛r❢♦✐s ✐♥té❣rés ❞❛♥s ❧❡ s♦❧❞❡ ❞✉ ❜✐❧❛♥
✭✈♦✐r ♣❛r ❡①❡♠♣❧❡ ❧❡s ❞✐✛ér❡♥ts ♠♦❞❡s ❞❡ ❝❛❧❝✉❧ ♣r♦♣♦sés ♣❛r ❲❛ts♦♥ ❡t ❆t❦✐♥s♦♥ ✶✾✾✾✮✳
❊♥ ❡✛❡t✱ ❝❡s ✢✉① s♦♥t ❞✐✣❝✐❧❡s à ♠❡s✉r❡r✱ ❡t ❧❡✉r ❡st✐♠❛t✐♦♥ ❡st ❡♥ ❣é♥ér❛❧ ❣r♦ss✐èr❡✳
❉❛♥s ❧✬❖✉❡st ❞❡ ❧❛ ❋r❛♥❝❡✱ ❧❛ ❞é♣♦s✐t✐♦♥ ❛t♠♦s♣❤ér✐q✉❡ ❞✬◆ ❡st ❞❡ ❧✬♦r❞r❡ ❞❡ ✶✵ à ✷✵ ❦❣
❞❡ ◆ ♣❛r ❛♥ ✭❇r❡♥tr✉♣ ❡t ❛❧✳ ✷✵✵✵✮ ❞♦♥t ✉♥❡ ♣❛rt✐❡ ♣r♦✈✐❡♥t ❞❡ ❧✬❡①♣❧♦✐t❛t✐♦♥ ❡❧❧❡✲♠ê♠❡
✭❞é♣♦s✐t✐♦♥ à ♣r♦①✐♠✐té ❞✉ s✐t❡ ❞✬é♠✐ss✐♦♥✮✳ ❈❡ t❡r♠❡ ❡st s♦✉✈❡♥t ♥é❣❧✐❣é✳ ▲❡ st❛t✉t ❞❡
❧❛ ✜①❛t✐♦♥ s②♠❜✐♦t✐q✉❡ ❡st ♣❧✉s ♣r♦❜❧é♠❛t✐q✉❡✱ ❝❛r ❧❛ ♥é❣❧✐❣❡r ♣❡✉t ❝♦♥❞✉✐r❡ à ✉♥ ❜✐❛✐s
❞❛♥s ❧❛ ♠ét❤♦❞❡✳ ❊♥ ❡✛❡t✱ ❧❡s s②stè♠❡s ✐♥té❣r❛♥t ✉♥❡ ♣❛rt ✐♠♣♦rt❛♥t❡ ❞❡ ❧é❣✉♠✐♥❡✉s❡s
❛✉r♦♥t ❡♥ ♣r✐♥❝✐♣❡ ❞❡s ❡♥tré❡s ❞✬❡♥❣r❛✐s ♠✐♥ér❛✉① ✐♥❢ér✐❡✉r❡s✱ s❛♥s ❢♦r❝é♠❡♥t ♣rés❡♥t❡r
✉♥ r✐sq✉❡ ✐♥❢ér✐❡✉r ♣♦✉r ❧✬❡♥✈✐r♦♥♥❡♠❡♥t ❧♦rsq✉✬♦♥ ❧❡s ❝♦♠♣❛r❡ à ❞❡s s②stè♠❡s s❛♥s
✜①❛t✐♦♥ ❛②❛♥t ✉♥❡ ❢❡rt✐❧✐s❛t✐♦♥ ❛❞éq✉❛t❡ ✭❙✐♠♦♥ ✶✾✾✸✮✳

✶✳✺✳✷ ■♥térêts ❞❡ ❧✬✉t✐❧✐s❛t✐♦♥ ❞❡s ❜✐❧❛♥s ❛♣♣❛r❡♥ts

▲❡ ♣r✐♥❝✐♣❛❧ ❛✈❛♥t❛❣❡ ❧✐é à ❧✬✉t✐❧✐s❛t✐♦♥ ❞❡s ❜✐❧❛♥s ◆ ❞❛♥s ❧❡s é❧❡✈❛❣❡s ❡st ❧❡✉r ❝❛r❛❝✲
tèr❡ ❝♦♥❝r❡t✱ q✉✐ ♣❡r♠❡t ❛✉① é❧❡✈❡✉rs ❞✬❡♥❣❛❣❡r ✉♥❡ ré✢❡①✐♦♥ s✉r ❧❛ ❣❡st✐♦♥ ❞❡s st♦❝❦s
❞✬◆ ❞❛♥s ❧❡✉r ❡①♣❧♦✐t❛t✐♦♥ ✭❙❝❤r♦❞❡r ❡t ❛❧✳ ✷✵✵✸ ❀ ❙♦♥♥❡✈❡❧❞ ❡t ❇♦✉♠❛ ✷✵✵✸✮✳ ❊♥ ❡❢✲
❢❡t✱ ❧❡ ❜✐❧❛♥ ◆ ❡st ✉♥ ✐♥❞✐❝❛t❡✉r ♣❧✉s ❞✐r❡❝t❡♠❡♥t ❧✐é ❛✉① ♣r❛t✐q✉❡s q✉❡✱ ♣❛r ❡①❡♠♣❧❡✱
❧❡s ❝♦♥❝❡♥tr❛t✐♦♥s ❡♥ ♥✐tr❛t❡s ❞❛♥s ❧❡s ❡❛✉① ❞❡ ❧❡ss✐✈❛❣❡✳ ■❧ ❞♦♥♥❡ ✉♥❡ ✐♥❞✐❝❛t✐♦♥ s✉r
❧✬❡✣❝❛❝✐té ❞❡ ❣❡st✐♦♥ ❞❡ ❧✬❛③♦t❡ s✉r ❧✬❡①♣❧♦✐t❛t✐♦♥✳ ❉❡ ♣❧✉s✱ ♣♦✉r ❛tt❡✐♥❞r❡ ❞❡s ♦❜❥❡❝t✐❢s
❞❡ ré❞✉❝t✐♦♥ ❞❡s ❡①❝é❞❡♥ts✱ ❞✐✛ér❡♥t❡s ❛❝t✐♦♥s s♦♥t ♣♦ss✐❜❧❡s à t♦✉s ❧❡s ♥✐✈❡❛✉① ❞❡ ❧✬❡①✲
♣❧♦✐t❛t✐♦♥✱ ❝❡ q✉✐ ❝♦♥❢èr❡ ❛✉① é❧❡✈❡✉rs ✉♥❡ ❧✐❜❡rté ❞✬❛❝t✐♦♥ ❛♣♣ré❝✐❛❜❧❡ ✭❙♦♥♥❡✈❡❧❞ ❡t
❇♦✉♠❛ ✷✵✵✸✮✳ ▲❡ ❜✐❧❛♥ ❡st é❣❛❧❡♠❡♥t ❧✐é ❛✉① ♣❡r❢♦r♠❛♥❝❡s é❝♦♥♦♠✐q✉❡s ❞❡ ❧✬❡①♣❧♦✐t❛✲
t✐♦♥ ✿ ré❞✉✐r❡ ❧✬❡①❝é❞❡♥t ❞✉ ❜✐❧❛♥ ❡t ❧✬❡✣❝❛❝✐té ❞✬✉t✐❧✐s❛t✐♦♥ ❞❡ ❧✬◆ ❝♦rr❡s♣♦♥❞ ❡♥ ❣é♥ér❛❧
é❣❛❧❡♠❡♥t à ❞❡s ❜❛✐ss❡s ❞❡ ❝❤❛r❣❡s ❡t à ✉♥❡ ❛♠é❧✐♦r❛t✐♦♥ ❞✉ rés✉❧t❛t é❝♦♥♦♠✐q✉❡ ✭●r♦♦t
❡t ❛❧✳ ✷✵✵✻✮✱ ❝❡ q✉✐ ❡st ❞✬❛✉t❛♥t ♣❧✉s ❡♥❝♦✉r❛❣❡❛♥t ♣♦✉r ❡✉①✳

❯♥ ❛✉tr❡ ❛✈❛♥t❛❣❡ ❡st ❧❛ r❡❧❛t✐✈❡ s✐♠♣❧✐❝✐té ❞✬ét❛❜❧✐ss❡♠❡♥t ❞✉ ❜✐❧❛♥✳ ❊♥ ❡✛❡t✱ ❧❛
♣❧✉♣❛rt ❞❡s ♣♦st❡s ♣❡✉✈❡♥t êtr❡ ❝❛❧❝✉❧és ❧♦rs ❞✬❡♥q✉êt❡s ❛✉♣rès ❞❡s ❛❣r✐❝✉❧t❡✉rs ❡t ❡♥
s✬❛♣♣✉②❛♥t s✉r ❞❡s ❞♦♥♥é❡s ❝♦♠♣t❛❜❧❡s ❡t ❞❡s ❣r✐❧❧❡s ❞❡ ré❢ér❡♥❝❡ ✭❙✐♠♦♥ ❡t ❛❧✳ ✷✵✵✵ ❀
❙✐♠♦♥ ❡t ▲❡ ❈♦rr❡ ✶✾✾✷✮✳ ❈❡tt❡ ♠ét❤♦❞❡ ❡st ❞♦♥❝ ❜❡❛✉❝♦✉♣ ♠♦✐♥s ❝♦ût❡✉s❡ q✉❡ ❧✬é✈❛❧✉❛✲
t✐♦♥ ❞✬✐♥❞✐❝❛t❡✉rs ❞✬é♠✐ss✐♦♥✱ ♣❛r ❡①❡♠♣❧❡ ❡♥ ♠❡s✉r❛♥t ❞✐r❡❝t❡♠❡♥t ❞❡s ❝♦♥❝❡♥tr❛t✐♦♥s
❡♥ ♥✐tr❛t❡s ❞❛♥s ❧❡ s♦❧ ♦✉ ❞❛♥s ❧❡s ❡❛✉① ❞❡ r✉✐ss❡❧❧❡♠❡♥t ✭▲❛♥❣❡✈❡❧❞ ❡t ❛❧✳ ✷✵✵✼✮✳ ❈❡s
♣❛r❛♠ètr❡s ét❛♥t très ✈❛r✐❛❜❧❡s ❞❛♥s ❧✬❡s♣❛❝❡ ❡t ❧❡ t❡♠♣s✱ ❞❡ ♥♦♠❜r❡✉s❡s ré♣ét✐t✐♦♥s ❞❡s
♠❡s✉r❡s s♦♥t ❡♥ ❡✛❡t ♥é❝❡ss❛✐r❡s✳

▲❡ ❧✐❡♥ ❡♥tr❡ ❧❡s ❞✐✛ér❡♥ts ♣♦st❡s ❞✉ ❜✐❧❛♥ ❡t ❞❡s ❞♦♥♥é❡s ❝♦♠♣t❛❜❧❡s ❝♦♥s❡r✈é❡s ♣❛r
❧✬❛❣r✐❝✉❧t❡✉r ❝♦♥❢èr❡ ❛✉ ❜✐❧❛♥ ✉♥ ❝❛r❛❝tèr❡ ✈ér✐✜❛❜❧❡ ♣❛r ✉♥❡ ❛✉t♦r✐té ✐♥❞é♣❡♥❞❛♥t❡✳ ■❧
♣❡✉t ❞♦♥❝ êtr❡ ✉t✐❧✐sé ❞❛♥s ❧❡ ❝❛❞r❡ ❞❡ ♠❡s✉r❡s ♣♦❧✐t✐q✉❡s ✈✐s❛♥t à ♠❡ttr❡ ❡♥ ♣❧❛❝❡ ❞❡s
♣r❛t✐q✉❡s ♣❧✉s r❡s♣❡❝t✉❡✉s❡s ❞❡ ❧✬❡♥✈✐r♦♥♥❡♠❡♥t✳ ▲❡ s②stè♠❡ ▼■◆❆❙✱ ❞é❝r✐t ♣❛r ❡①❡♠♣❧❡



❇✐❧❛♥s ❛♣♣❛r❡♥ts ❞❡ ❧✬❛③♦t❡ ❡t ✐♠♣❛❝ts ❡♥✈✐r♦♥♥❡♠❡♥t❛✉① ✸✾

♣❛r ❍❛♥❡❣r❛❛❢ ❡t ❞❡♥ ❇♦❡r ✭✷✵✵✸✮✱ ❛ ❛✐♥s✐ été ❛✉ ❝÷✉r ❞❡ ❧❛ ♣♦❧✐t✐q✉❡ ❡♥✈✐r♦♥♥❡♠❡♥t❛❧❡
♥é❡r❧❛♥❞❛✐s❡ ❞❡ ✶✾✾✽ à ✷✵✵✺ ✭❙❝❤r♦❞❡r ❡t ◆❡❡t❡s♦♥ ✷✵✵✽✮✳ ❈❡ s②stè♠❡ ❡st ❜❛sé s✉r
❧❡ ❝❛❧❝✉❧ ❞❡ ❜✐❧❛♥s à ❧✬é❝❤❡❧❧❡ ❞❡ ❧✬❡①♣❧♦✐t❛t✐♦♥ ♣♦✉r ❧✬◆ ❡t ❧❡ P✳ ▲❡ ❜✐❧❛♥ ◆ ♥✬❡st ♣❛s
s❡✉❧❡♠❡♥t ✉♥ ♠♦②❡♥✱ ♠❛✐s ❛✉ss✐ ✉♥ ✐♥❞✐❝❛t❡✉r ❞❡ rés✉❧t❛ts✳ ❇r♦✉✇❡r ✭✶✾✾✽✮ s♦✉❧✐❣♥❡
q✉❡ ❧❛ s✉r✈❡✐❧❧❛♥❝❡ ❞❡ ❧✬é✈♦❧✉t✐♦♥ ❞❡s ❜✐❧❛♥s ♣❡r♠❡t ❞✬é✈❛❧✉❡r ❧❡s ♣r♦❣rès ✐♥❞✉✐ts ♣❛r ✉♥❡
♣♦❧✐t✐q✉❡ ❛❣r✐✲❡♥✈✐r♦♥♥❡♠❡♥t❛❧❡✱ ♠❛✐s ✉♥ t❡❧ ❞✐s♣♦s✐t✐❢ à ❧✬é❝❤❡❧❧❡ ♥❛t✐♦♥❛❧❡ ❡st ❝♦ût❡✉①✳

✶✳✺✳✸ ❇✐❧❛♥s ❛♣♣❛r❡♥ts ❞❡ ❧✬❛③♦t❡ ❞❛♥s ❧❡s ❡①♣❧♦✐t❛t✐♦♥s ❧❛✐t✐èr❡s ❢r❛♥✲
ç❛✐s❡s

❉✐✛ér❡♥t❡s ét✉❞❡s ♦♥t été ❝♦♥❞✉✐t❡s s✉r ❧❡ ❜✐❧❛♥ ❛♣♣❛r❡♥t ❞❡ ❧✬❛③♦t❡ ❞❛♥s ❧❡s ❡①✲
♣❧♦✐t❛t✐♦♥s ❛❣r✐❝♦❧❡s ❢r❛♥ç❛✐s❡s✳ ❈❡rt❛✐♥❡s ❞❡ ❝❡s ét✉❞❡s ✈✐s❛✐❡♥t à ❝♦♠♣❛r❡r ❧❡s ♥✐✈❡❛✉①
❞❡ ❜✐❧❛♥s ❡♥tr❡ ❡①♣❧♦✐t❛t✐♦♥s ❛②❛♥t ❞❡s ♣r♦❞✉❝t✐♦♥s ❞✐✛ér❡♥t❡s ✭✈é❣ét❛❧❡s ❡t ❛♥✐♠❛❧❡s✮✱
t❛♥❞✐s q✉✬✉♥ ❝❡rt❛✐♥ ♥♦♠❜r❡ ❞✬ét✉❞❡s ♣♦rt❡♥t s✉r ❧✬❛♥❛❧②s❡ ❞❡ ❞✐✛ér❡♥ts s②stè♠❡s ♣♦✉r
✉♥❡ ♠ê♠❡ ♣r♦❞✉❝t✐♦♥✳ ◆♦✉s ♥♦✉s ✐♥tér❡ss❡r♦♥s ❞❛♥s ❝❡ tr❛✈❛✐❧ à ❞❡s ét✉❞❡s ✐♥❝❧✉❛♥t ❞❡s
❡①♣❧♦✐t❛t✐♦♥s ❜♦✈✐♥❡s ❧❛✐t✐èr❡s✳

❙✐♠♦♥ ❡t ❛❧✳ ✭✷✵✵✵✮ ♦♥t ❛♥❛❧②sé ❞❡s ❜✐❧❛♥s ✭✐♥❝❧✉❛♥t ❧❛ ✜①❛t✐♦♥ s②♠❜✐♦t✐q✉❡✮ ♦❜t❡♥✉s
♣❛r ❡♥q✉êt❡ ❞❛♥s ✺✺✺ ❡①♣❧♦✐t❛t✐♦♥s ❞❡ t♦✉s t②♣❡s✱ ❡♥ ❋r❛♥❝❡ ❡t ❡♥ ■t❛❧✐❡✱ ❡♥tr❡ ✶✾✽✾
❡t ✶✾✾✹✳ ✹✹✵ ❡①♣❧♦✐t❛t✐♦♥s ét❛✐❡♥t à ❞♦♠✐♥❛♥t❡ ❜♦✈✐♥❡ ✭♣r♦❞✉❝t✐♦♥ ❞❡ ❧❛✐t ❡t✴♦✉ ❞❡
✈✐❛♥❞❡✮✳ ❯♥ rés✉❧t❛t ♠❛❥❡✉r ❡st ❧❛ très ❢♦rt❡ ✈❛r✐❛❜✐❧✐té ❞✉ s♦❧❞❡ ❞✉ ❜✐❧❛♥✱ t❛♥t ❡♥tr❡
❡①♣❧♦✐t❛t✐♦♥s ❞✬♦r✐❡♥t❛t✐♦♥s ❞✐✛ér❡♥t❡s q✉✬❛✉ s❡✐♥ ❞✬✉♥❡ ♠ê♠❡ ♦r✐❡♥t❛t✐♦♥✳ ▲✬❡①❝é❞❡♥t
❞❛♥s ❧❡s ❣r♦✉♣❡s ❞✬❡①♣❧♦✐t❛t✐♦♥s à ♦r✐❡♥t❛t✐♦♥ ❧❛✐t✐èr❡ ✈❛r✐❡ ❞❡ ✶✵✸ kg N/Ha SAU
✭♣♦✉r ❧❡s é❧❡✈❛❣❡s ❛ss♦❝✐❛♥t ❞❡s ❝✉❧t✉r❡s ❞❡ ✈❡♥t❡✮ à ✷✸✹ kg N/Ha SAU ✭♣♦✉r ❧❡s
é❧❡✈❛❣❡s ❛ss♦❝✐❛♥t ✉♥ ❛t❡❧✐❡r ❞❡ ✈✐❛♥❞❡ ❜♦✈✐♥❡✮✳ ▲❡s é❧❡✈❛❣❡s ❧❛✐t✐❡rs s♣é❝✐❛❧✐sés ❛✈❛✐❡♥t
✉♥ ❡①❝é❞❡♥t ♠♦②❡♥ ❞❡ ✶✹✾ kg N/Ha SAU ✳

▲❡ t❛❜❧❡❛✉ ✶✳✸ ♣rés❡♥t❡ ❞❡s rés✉❧t❛ts ✐ss✉s ❞❡ tr♦✐s s♦✉r❝❡s ❞✐✛ér❡♥t❡s✳ ❈❤❛♠❜❛✉t ❡t
▲❡ ●❛❧❧ ✭✶✾✾✽✮ ♦♥t ❛♥❛❧②sé ❞❡s ❜✐❧❛♥s ét❛❜❧✐s ❡♥ ✶✾✾✻ ❡t ✶✾✾✼ ❞❛♥s ✶✷✽ é❧❡✈❛❣❡s ❧❛✐t✐❡rs
s✉✐✈✐s ♣❛r ❧✬■♥st✐t✉t ❞❡ ❧✬➱❧❡✈❛❣❡ ❡t ❧❡s ❝❤❛♠❜r❡s ❞✬❛❣r✐❝✉❧t✉r❡ ❞❡ ❇r❡t❛❣♥❡✳ ▲✬❡①❝é❞❡♥t
♠♦②❡♥ ✭❛✈❡❝ ✜①❛t✐♦♥✮ s✬ét❛❜❧✐ss❛✐t à ✶✹✷ kg N/Ha SAU ✳ ❊♥ sé♣❛r❛♥t ❧❡s ❡①♣❧♦✐t❛t✐♦♥s ❡♥
tr♦✐s ❣r♦✉♣❡s ❞❡ t❛✐❧❧❡ é❣❛❧❡ s❡❧♦♥ ❧❡✉r ❡①❝é❞❡♥t✱ ❈❤❛♠❜❛✉t ❡t ▲❡ ●❛❧❧ ✭✶✾✾✽✮ ♦♥t ♠♦♥tré
q✉❡ ❧❡s ❡①❝é❞❡♥ts ♣❡✉✈❡♥t êtr❡ très ✈❛r✐❛❜❧❡s ❡♥tr❡ ❡①♣❧♦✐t❛t✐♦♥s✱ ❞❡ ✼✼ kg N/Ha SAU
♣♦✉r ❧❡ ♠❡✐❧❧❡✉r t✐❡rs à ✷✶✻ kg N/Ha SAU ♣♦✉r ❧❡ ♠♦✐♥s ❜♦♥ t✐❡rs✳ ❉❛♥s ❧❡ ❝❛❞r❡ ❞✉
♣r♦❥❡t ❡✉r♦♣é❡♥ ●r❡❡♥ ❉❛✐r②✱ ❘❛✐s♦♥ ❡t ❛❧✳ ✭✷✵✵✻✮ ♦♥t ❛♥❛❧②sé ❧❡s ❜✐❧❛♥ ét❛❜❧✐s ❞❛♥s ❞❡s
❡①♣❧♦✐t❛t✐♦♥s sé❧❡❝t✐♦♥♥é❡s ❞❛♥s ❞✐✈❡rs❡s ré❣✐♦♥s ❞❡ ❧✬❛r❝ ❛t❧❛♥t✐q✉❡✱ ❞♦♥t tr♦✐s ré❣✐♦♥s
❢r❛♥ç❛✐s❡s ✿ ❧❛ ❇r❡t❛❣♥❡✱ ❧❡s P❛②s ❞❡ ▲♦✐r❡ ❡t ❧✬❆q✉✐t❛✐♥❡✳ ▲❡s ❡①❝é❞❡♥ts ♠♦②❡♥s s✬é❧❡✲
✈❛✐❡♥t r❡s♣❡❝t✐✈❡♠❡♥t à ✶✶✼✱ ✾✸ ❡t ✶✺✺ kg N/Ha SAU ✳ ❉❛♥s ❧❡s ❞♦♥♥é❡s r❡❝✉❡✐❧❧✐❡s ❡♥
✷✵✵✻ ♣❛r ❧❡s rés❡❛✉① ❞✬é❧❡✈❛❣❡✱ ❧✬❡①❝é❞❡♥t ♠♦②❡♥ s✬ét❛❜❧✐ss❛✐t à ✼✽ kg N/Ha SAU ♣♦✉r
❧❡s ❡①♣❧♦✐t❛t✐♦♥s ❧❛✐t✐èr❡s s♣é❝✐❛❧✐sé❡s ❞❡ ♣❧❛✐♥❡ ✭■♥st✐t✉t ❞❡ ❧✬❊❧❡✈❛❣❡ ✷✵✵✽❝✮✳ ▲✬é❝❤❛♥✲
t✐❧❧♦♥ ❞✬❡①♣❧♦✐t❛t✐♦♥s ♣rés❡♥t❡s ❞❛♥s ❧❡s rés❡❛✉① ♥✬❡st ♣❛s r❡♣rés❡♥t❛t✐❢ ❞❡ ❧❛ ♣♦♣✉❧❛t✐♦♥ ✿
❧❡s ❡①♣❧♦✐t❛t✐♦♥s ❞❡s rés❡❛✉① ♦♥t ❡♥ ❣é♥ér❛❧ ✉♥❡ ❣❡st✐♦♥ ♣❧✉s ♦♣t✐♠✐sé❡ q✉❡ ❧❛ ♠♦②❡♥♥❡✳
❈❡tt❡ r❡♠❛rq✉❡ s✬❛♣♣❧✐q✉❡ é❣❛❧❡♠❡♥t à ❧✬ét✉❞❡ ❞❡ ❈❤❛♠❜❛✉t ❡t ▲❡ ●❛❧❧ ✭✶✾✾✽✮✳

▲♦rsq✉✬♦♥ ❝♦♥s✐❞èr❡ ✉♥✐q✉❡♠❡♥t ❞❡s ❡①♣❧♦✐t❛t✐♦♥s ❧❛✐t✐èr❡s✱ ❧❡s s♦rt✐❡s ❞✬❛③♦t❡ s♦♥t
❜❡❛✉❝♦✉♣ ♠♦✐♥s ✈❛r✐❛❜❧❡s q✉❡ ❧❡s ❡♥tré❡s ✭❈❤❛♠❜❛✉t ❡t ▲❡ ●❛❧❧ ✶✾✾✽ ❀ ❘❛✐s♦♥ ❡t ❛❧✳
✷✵✵✻✮✳ ❈❡s ❞❡r♥✐èr❡s s♦♥t ❞♦♥❝ ❧❡ ♣r✐♥❝✐♣❛❧ ❢❛❝t❡✉r ❡①♣❧✐❝❛t✐❢ ❞❡ ❧✬❡①❝é❞❡♥t✳ ❆✉ s❡✐♥ ❞❡s
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❈❤❛♠❜❛✉t ❡t ▲❡ ●❛❧❧ ✭✶✾✾✽✮ ●r❡❡♥ ❉❛✐r② ❘és❡❛✉① ❞✬é❧❡✈❛❣❡

❚♦t✳
●r✳
♠❡✐❧❧✳

●r✳
♠♦②✳

●r✳
♣✐r❡s ❇③❤ P❞▲ ❆q✳

▼❛ïs
❞♦♠✳

▼✲❍
✭❖✉❡st✮

▼✲❍
✭❛✉tr❡s✮

❍✳
♣❧❛✐♥❡

❊✛❡❝t✐❢ ✶✷✽ ✹✸ ✹✷ ✹✸ ✶✺ ✶✸ ✾ ✸✺ ✶✻ ✷✷ ✷✵

◗✉♦t❛ ❧❛✐t✐❡r ✭✶✵✵✵ ▲✮ ✷✽✽ ✸✽✵✱✻ ✸✽✽✱✹ ✹✶✹ ✸✺✼✱✼ ✸✾✶ ✸✹✸✱✺

▲❛✐t ✭▲✴❍❛ ❙❆❯✮ ✺✻✹✹ ✺✵✹✵ ✺✻✽✷ ✻✷✶✵ ✺✸✶✺ ✹✽✸✼ ✻✵✺✸ 5241 4258 3910 3734

❙❋P ✴ ❙❆❯ ✭✪✮ 81% 78% 81% 83% 79% 74% 52% 61% 83% 76% 86%

▼❛ïs ❢♦✉rr✳ ✴ ❙❋P 33% 27% 36% 37% 30% 35% 61% 44% 20% 22% 1%

❯●❇✴❍❛ ❙❋P ✶✱✼✾ ✶✱✻✹ ✶✱✼✼ ✶✱✾✺ ✶✱✽ ✶✱✽ ✷✱✺ 166, 67 144, 29 121, 05 121, 52

❈♦♥❝❡♥trés ✭❦❣✴❱▲✮ ✶✵✼✻ ✽✾✽ ✶✶✷✵ ✶✷✶✾ ✾✷✻ ✶✹✾✹ ✶✼✼✷ 1628 1353 1535 1628

❇✐❧❛♥ ◆ ✭❦❣✴❍❛ ❙❆❯✮
❊♥❣r❛✐s ✶✵✵ ✺✹ ✾✽ ✶✹✼ ✺✼ ✻✻ ✶✹✼

❈♦♥❝❡♥trés ✹✾ ✷✼ ✹✾ ✼✵ ✲ ✲ ✲

❚♦t❛❧ ❆❧✐♠❡♥ts ✲ ✲ ✲ ✲ ✽✺ ✺✾ ✽✶

❋✐①❛t✐♦♥ ✷✼ ✸✹ ✷✷ ✷✻ ✷✷ ✶✹ ✵

❉é❥❡❝t✐♦♥s ✶✹ ✻ ✶✶ ✷✻ ✷✶ ✶✷ ✵

❆✉tr❡s ✻ ✼ ✼ ✹ ✽ ✸ ✶✵

❚♦t❛❧ ❡♥tré❡s ✶✾✻ ✶✷✽ ✶✽✼ ✷✼✸ ✶✾✸ ✶✺✹ ✷✸✽

▲❛✐t ✸✵ ✷✼ ✸✵ ✸✹ ✸✶ ✷✼ ✸✵

❱✐❛♥❞❡ ✾ ✼ ✽ ✶✷ ✷✺ ✼ ✺

❈✉❧t✉r❡s ✶✹ ✶✼ ✶✺ ✶✶ ✶✻ ✷✼ ✹✽

❆✉tr❡s ✶ ✵ ✷ ✵ ✹ ✵ ✵

❚♦t❛❧ ❙♦rt✐❡s ✺✹ ✺✶ ✺✺ ✺✼ ✼✻ ✻✶ ✽✸

❇✐❧❛♥ ❛✈❡❝ ✜①❛t✐♦♥ ✶✹✷ ✼✼ ✶✸✷ ✷✶✻ ✶✶✼ ✾✸ ✶✺✺ ✶✵✹ ✺✺ ✼✸ ✺✵

❇✐❧❛♥ ❤♦rs ✜①❛t✐♦♥ ✶✶✺ ✹✸ ✶✶✵ ✶✾✵ ✾✺ ✼✾ ✶✺✺

❚❛❜✳ ✶✳✸ ✕ ❇✐❧❛♥s ❞❡ ❧✬❛③♦t❡ ❞❛♥s ❞✐✛ér❡♥ts ❣r♦✉♣❡s ❞✬❡①♣❧♦✐t❛t✐♦♥s ❧❛✐t✐èr❡s ❢r❛♥ç❛✐s❡s✱ ❞✬❛♣rès ❈❤❛♠❜❛✉t ❡t ▲❡ ●❛❧❧ ✭✶✾✾✽✮ ❀
❘❛✐s♦♥ ❡t ❛❧✳ ✭✷✵✵✻✮ ❀ ■♥st✐t✉t ❞❡ ❧✬❊❧❡✈❛❣❡ ✭✷✵✵✽❝✮✳ ❆❜ré✈✐❛t✐♦♥s ✿ ❇③❤ ❂ ❇r❡t❛❣♥❡ ❀ P❞▲ ❂ P❛②s ❞❡ ▲♦✐r❡ ❀ ❆q ❂ ❆q✉✐t❛✐♥❡ ❀
▼❛ïs ❞♦♠✳ ❂ ▼❛ïs ❞♦♠✐♥❛♥t ❀ ▼✲❍ ❂ ▼❛ïs ✴ ❍❡r❜❡ ❀ ❍✳ ♣❧❛✐♥❡ ❂ ❍❡r❜❛❣❡r ❞❡ ♣❧❛✐♥❡



❇✐❧❛♥s ❛♣♣❛r❡♥ts ❞❡ ❧✬❛③♦t❡ ❡t ✐♠♣❛❝ts ❡♥✈✐r♦♥♥❡♠❡♥t❛✉① ✹✶

❡♥tré❡s✱ ❧❡s ♣♦st❡s ❧❡s ♣❧✉s ✐♠♣♦rt❛♥ts s♦♥t ❧❡s ❡♥❣r❛✐s ♠✐♥ér❛✉① ❡t ❧❡s ❛❧✐♠❡♥ts ✭♣r✐♥❝✐♣❛✲
❧❡♠❡♥t ❧❡s ❝♦♥❝❡♥trés✮✳ ❉✬❛♣rès ❈❤❛♠❜❛✉t ❡t ▲❡ ●❛❧❧ ✭✶✾✾✽✮✱ ❧❡s ❡♥❣r❛✐s r❡♣rés❡♥t❛✐❡♥t
♣❧✉s ❞❡ ❧❛ ♠♦✐t✐é ❞❡s ❡♥tré❡s✳ ❈❡tt❡ ♣r♦♣♦rt✐♦♥ ❡st ♣❧✉s ❢❛✐❜❧❡ ❞❛♥s ❧✬ét✉❞❡ ❞❡ ❘❛✐s♦♥
❡t ❛❧✳ ✭✷✵✵✻✮✱ ❡♥ ♣❛rt✐❝✉❧✐❡r ❡♥ ❇r❡t❛❣♥❡ ♦ù ❧❡s ❡♥tré❡s ♣❛r ❧❡s ❛❧✐♠❡♥ts s♦♥t s✉♣ér✐❡✉r❡s
❛✉① ❡♥❣r❛✐s✱ à ❝❛✉s❡ ❞❡ q✉❡❧q✉❡s ❛t❡❧✐❡rs ❤♦rs✲s♦❧ ❞❛♥s ❧❡s ❡①♣❧♦✐t❛t✐♦♥s✳ ❚♦✉t❡❢♦✐s✱ ♦♥
♣❡✉t ♣❡♥s❡r q✉❡ ❧❛ ❞✐✛ér❡♥❝❡ s✉r ❧❡s ❡♥❣r❛✐s ♣r♦✈✐❡♥t ❞❡ ❧❛ ❞✐✛ér❡♥❝❡ ❞❡ ❞❛t❡ ❡♥tr❡ ❝❡s
❞❡✉① ét✉❞❡s✳ ❊♥ ❡✛❡t✱ ❞❛♥s ❧❡ ❣r❛♥❞ ❖✉❡st✱ ❞❡ ♥♦♠❜r❡✉① ❡✛♦rts ♦♥t été ré❛❧✐sés ♣❛r
❧❡s é❧❡✈❡✉rs ♣♦✉r ♦♣t✐♠✐s❡r ❧❡✉rs s②stè♠❡s✳ ▲✬✐♥tr♦❞✉❝t✐♦♥ ❞❡ ♣r❛✐r✐❡s ❞✬❛ss♦❝✐❛t✐♦♥ ✐♥✲
❝❧✉❛♥t ❞❡s ❧é❣✉♠✐♥❡✉s❡s ❛ ♣❛rt✐❝✐♣é ❛✉① ♣r♦❣rès ❡♥ t❡r♠❡s ❞❡ ❢❡rt✐❧✐s❛t✐♦♥✳ ▲❡s ❡♥tré❡s
♣❛r ❧❡s ❡♥❣r❛✐s ❞❛♥s ❧❡ ❣r♦✉♣❡ ✓ ❇r❡t❛❣♥❡ ✔ ❞❡ ❘❛✐s♦♥ ❡t ❛❧✳ ✭✷✵✵✻✮ s♦♥t ❛✉ ♥✐✈❡❛✉ ❞✉
❣r♦✉♣❡ ✓ ♠❡✐❧❧❡✉rs ✔ ❞❡ ❈❤❛♠❜❛✉t ❡t ▲❡ ●❛❧❧ ✭✶✾✾✽✮✳ ❙✐♠♦♥ ❡t ▲❡ ❈♦rr❡ ✭✶✾✾✷✮ ❛✈❛✐❡♥t
❛✉♣❛r❛✈❛♥t ♥♦té q✉❡ ❞❡s ❧❛r❣❡s ♣r♦❣rès ét❛✐❡♥t ♣♦ss✐❜❧❡s s✉r ❧❛ ❢❡rt✐❧✐s❛t✐♦♥✳

❯♥❡ ❛♥❛❧②s❡ ❡♥ ❝♦♠♣♦s❛♥t❡s ♣r✐♥❝✐♣❛❧❡s ✭❆❈P✮ ❛ été ❝♦♥❞✉✐t❡ ♣❛r ❙✐♠♦♥ ❡t ❛❧✳
✭✷✵✵✵✮ ❛✜♥ ❞✬❛♥❛❧②s❡r ❧❛ ✈❛r✐❛❜✐❧✐té ❞❡s ❞✐✛ér❡♥ts ♣♦st❡s ❞✉ ❜✐❧❛♥ ❡t ❞❡ s♦♥ s♦❧❞❡ ❡♥
r❡❧❛t✐♦♥ ❛✈❡❝ ❧❡s ❝❛r❛❝tér✐st✐q✉❡s ❞✉ s②stè♠❡ ❞❡ ♣r♦❞✉❝t✐♦♥ ❛ss♦❝✐é✳ ❚♦✉t❡s ❡①♣❧♦✐t❛t✐♦♥s
❝♦♥❢♦♥❞✉❡s✱ ❧❛ ♣rés❡♥❝❡ ❞✬✉♥ ❛t❡❧✐❡r ❤♦rs s♦❧ ❡st ✉♥ ❞ét❡r♠✐♥❛♥t ❢♦rt❡♠❡♥t ❛ss♦❝✐é à
❞❡s s♦❧❞❡s ❞❡ ❜✐❧❛♥ é❧❡✈és✳ ▲❡ s♦❧❞❡ ❡st ❛❧♦rs ❝♦rré❧é ❛✉① ❛❝❤❛ts ❞✬❛❧✐♠❡♥ts✳ P♦✉r ❧❡s
❡①♣❧♦✐t❛t✐♦♥s ❛②❛♥t ✉♥ s♦❧❞❡ r❡❧❛t✐✈❡♠❡♥t ❢❛✐❜❧❡✱ ❝❡ s♦❧❞❡ ❡st ♣❧✉s ❝♦rré❧é ❛✉① ❡♥tré❡s
♣❛r ❧❡s ❡♥❣r❛✐s✳ ❈❡ rés✉❧t❛t s✬❛♣♣❧✐q✉❛✐t é❣❛❧❡♠❡♥t ❛✉① ❡①♣❧♦✐t❛t✐♦♥s ❧❛✐t✐èr❡s ❞❡ ❧❛ ❜❛s❡✳
▲❡s ❜✐❧❛♥s ❧❡s ♣❧✉s é❧❡✈és s❡ tr♦✉✈❡♥t ❞❛♥s ❧❡s ❡①♣❧♦✐t❛t✐♦♥s ❛ss♦❝✐❛♥t ✉♥ ❛t❡❧✐❡r ♣♦r❝✐♥
❡t✱ ❞❛♥s ✉♥❡ ♠♦✐♥❞r❡ ♠❡s✉r❡✱ ❝❡❧❧❡s ❛ss♦❝✐❛♥t ✉♥ ❛t❡❧✐❡r ❜♦✈✐♥ ✈✐❛♥❞❡✳ ❈❡tt❡ ❞❡r♥✐èr❡
❝❧❛ss❡ ét❛✐t ♠❛rq✉é❡ ♣❛r ❧❛ ❢♦rt❡ ♣rés❡♥❝❡ ❞✬❡①♣❧♦✐t❛t✐♦♥s ❞✉ ♣✐é♠♦♥t ✐t❛❧✐❡♥✱ ♦ù ❧❡ ❝❧✐♠❛t
❢❛✈♦r❛❜❧❡ ❛✉① ❢♦✉rr❛❣❡s ♣❡r♠❡t ❞❡s ♣r♦❞✉❝t✐♦♥s ✐♥t❡♥s✐✈❡s✳ ❉❛♥s ❧❛ ♣♦♣✉❧❛t✐♦♥ ❣é♥ér❛❧❡✱
❧❡s ❡①♣❧♦✐t❛t✐♦♥s ❜✐♦❧♦❣✐q✉❡s s❡ ❞✐st✐♥❣✉❛✐❡♥t ♥❡tt❡♠❡♥t ♣❛r ❞❡s s♦❧❞❡s ❞❡ ❜✐❧❛♥ ❢❛✐❜❧❡s✱
♥é❣❛t✐❢s ❞❛♥s ❝❡rt❛✐♥s ❝❛s✳ ▲❡s ❡①♣❧♦✐t❛t✐♦♥s ❝éré❛❧✐èr❡s ét❛✐❡♥t é❣❛❧❡♠❡♥t ❝❛r❛❝tér✐sé❡s
♣❛r ❞❡s ❜✐❧❛♥s ❢❛✐❜❧❡s✳ ❉❛♥s ✉♥❡ ❆❈P ré❛❧✐sé❡ s✉r ❧❡s ✹✹✵ ❡①♣❧♦✐t❛t✐♦♥s à ❞♦♠✐♥❛♥t❡
❜♦✈✐♥❡ ✭❙✐♠♦♥ ❡t ❛❧✳ ✷✵✵✵✮✱ ❧✬❛①❡ ♣r✐♥❝✐♣❛❧ ♣♦rt❛✐t ✷✷✱✽ ✪ ❞❡ ❧❛ ✈❛r✐❛❜✐❧✐té t♦t❛❧❡✱ ❡t
♦♣♣♦s❛✐t ❞❡s ❡①♣❧♦✐t❛t✐♦♥s ♣❧✉tôt ✐♥t❡♥s✐✈❡s✱ ❛②❛♥t ❞❡s ❢♦rt❡s ❡♥tré❡s ♣❛r ❧❡s ❛❧✐♠❡♥ts ❡t
❧❡s ❡♥❣r❛✐s ❡t ❞❡s s♦❧❞❡s é❧❡✈és✱ à ❞❡s ❡①♣❧♦✐t❛t✐♦♥s ♣❧✉s ❡①t❡♥s✐✈❡s✱ ❢❛✐s❛♥t ♣❧✉s ❛♣♣❡❧ à
❧❛ ✜①❛t✐♦♥ s②♠❜✐♦t✐q✉❡ ❡t ❛②❛♥t ❞❡s s♦❧❞❡s ♣❧✉s ❢❛✐❜❧❡s✳ ▲❛ ❝♦rré❧❛t✐♦♥ ❡♥tr❡ ❧❡ ♥✐✈❡❛✉
❞✬✐♥t❡♥s✐✜❝❛t✐♦♥ ❞❛♥s ❧❡s ❡①♣❧♦✐t❛t✐♦♥s ❧❛✐t✐èr❡s ❡t ❧❡ s♦❧❞❡ ❞✉ ❜✐❧❛♥ ❡st ✐❧❧✉stré❡ ♣❛r ❧❛
✜❣✉r❡ ✶✳✹✳ ❈❡s rés✉❧t❛ts ❝♦♥✜r♠❡♥t ❝❡✉① ♦❜t❡♥✉s ❞❛♥s ❞❡ ♣ré❝é❞❡♥t❡s ét✉❞❡s ✭❙✐♠♦♥
❡t ▲❡ ❈♦rr❡ ✶✾✾✷ ❀ ❙✐♠♦♥ ❡t ❛❧✳ ✶✾✾✹✮✳ ▲❡s rés✉❧t❛ts ❞❡ ❈❤❛♠❜❛✉t ❡t ▲❡ ●❛❧❧ ✭✶✾✾✽✮
✈♦♥t ❞❛♥s ❧❡ ♠ê♠❡ s❡♥s ✿ ❧❡s ❡①♣❧♦✐t❛t✐♦♥s ❛②❛♥t ❧❡s ♠♦✐♥s ❜♦♥s ❜✐❧❛♥s s♦♥t ❝❛r❛❝tér✐sé❡s
♣❛r ✉♥ ❝❤❛r❣❡♠❡♥t ❡t ✉♥❡ ♣r♦❞✉❝t✐♦♥ ❧❛✐t✐èr❡ ♣❛r ❤❡❝t❛r❡ s✉♣ér✐❡✉rs ✭❚❛❜❧❡❛✉ ✶✳✸✮✳
❈❡tt❡ ❞✐✛ér❡♥❝❡ ❡st ♣❡r♠✐s❡ à ❧❛ ❢♦✐s ♣❛r ✉♥❡ ✉t✐❧✐s❛t✐♦♥ ❞❡ ❝♦♥❝❡♥trés s✉♣ér✐❡✉r❡ ❡t ✉♥❡
❢❡rt✐❧✐s❛t✐♦♥ s✉♣ér✐❡✉r❡✳ ❉❛♥s ❝❡tt❡ ♠ê♠❡ ét✉❞❡✱ ❧❛ ♣r♦❞✉❝t✐♦♥ ❧❛✐t✐èr❡ ♣❛r ✈❛❝❤❡ ét❛✐t
très ♣❡✉ ❝♦rré❧é❡ à ❧✬❡①❝é❞❡♥t ❞✉ ❜✐❧❛♥✳ ❯♥❡ ♠❡✐❧❧❡✉r❡ ❡✣❝❛❝✐té ❞✬✉t✐❧✐s❛t✐♦♥ ❞❡ ❧✬❛③♦t❡
❛✉ ♥✐✈❡❛✉ ❞❡ ❧✬❛♥✐♠❛❧ ♥❡ s❡ tr❛❞✉✐t ❞♦♥❝ ♣❛s ♥é❝❡ss❛✐r❡♠❡♥t ♣❛r ✉♥❡ ♠❡✐❧❧❡✉r❡ ❡✣❝❛❝✐té
❛✉ ♥✐✈❡❛✉ ❞✉ s②stè♠❡✳



✹✷ ▲✬✐♠♣❛❝t ❡♥✈✐r♦♥♥❡♠❡♥t❛❧ ❞❡s é❧❡✈❛❣❡s ❧❛✐t✐❡rs

❋✐❣✳ ✶✳✹ ✕ ▲✐❡♥ ❡♥tr❡ ♣r♦❞✉❝t✐♦♥ ❧❛✐t✐èr❡ ♣❛r ❤❛ ❡t ❡①❝é❞❡♥t ❞✉ ❜✐❧❛♥✳ ❙♦✉r❝❡ ✿ ❙✐♠♦♥
❡t ❛❧✳ ✭✷✵✵✵✮

✶✳✺✳✹ ❯♥ ❧✐❡♥ ✢♦✉ ❡♥tr❡ ❜✐❧❛♥ ❛♣♣❛r❡♥t ❡t é♠✐ss✐♦♥s

❊♥ ♣r❡♠✐èr❡ ❛♣♣r♦❝❤❡✱ ❧✬✐♥t❡r♣rét❛t✐♦♥ ❞❡s ❜✐❧❛♥s ◆ ❡st s✐♠♣❧❡ ✿ ♣❧✉s ❧❡ s♦❧❞❡ ❞✉
❜✐❧❛♥ ❡st é❧❡✈é✱ ♣❧✉s ❧❡s ✢✉① ♣♦t❡♥t✐❡❧s ✈❡rs ❧✬❡♥✈✐r♦♥♥❡♠❡♥t ❧❡ s♦♥t✳ P♦✉rt❛♥t✱ ❧❡ ❧✐❡♥
❡♥tr❡ ❧✬❡①❝é❞❡♥t ❞✉ ❜✐❧❛♥ ❡t ❧❡s ❞✐✛ér❡♥t❡s é♠✐ss✐♦♥s r❡st❡ ❞✐✣❝✐❧❡ à ét❛❜❧✐r✳ ❉✐✛ér❡♥t❡s
ét✉❞❡s ♠❡tt❡♥t ❡♥ ❧✉♠✐èr❡ ❧❛ ❢❛✐❜❧❡ ❝♦rré❧❛t✐♦♥ ❡♥tr❡ ❞❡s ❜✐❧❛♥s ❛✉① ♣♦rt❡s ❞✬✉♥❡ ❡①✲
♣❧♦✐t❛t✐♦♥ ❡t ❧✬é♠✐ss✐♦♥ ❞✬✉♥ ❝♦♠♣♦sé ❛③♦té ♣♦❧❧✉❛♥t✳ ❱❛♥♦♥❣❡✈❛❧ ❡t ❇♦♠❛♥s ✭✶✾✾✼✮✱
❝✐tés ♣❛r ▲♦r❞ ❡t ❛❧✳ ✭✷✵✵✷✮✱ ♦♥t ♠♦♥tré q✉❡✱ ❤♦r♠✐s s✉r ❧❡s ❡①♣❧♦✐t❛t✐♦♥s ❛②❛♥t ❞❡s
❝❤❛r❣❡♠❡♥ts très é❧❡✈és ✭❛✈❡❝ ❞❡s ❛t❡❧✐❡rs ❤♦rs✲s♦❧✮✱ ❧❛ ❝♦rré❧❛t✐♦♥ ❡♥tr❡ ❧❡s ❡①❝é❞❡♥ts ❞✉
❜✐❧❛♥ ❡t ❧❡s q✉❛♥t✐tés ❞✬❛③♦t❡ ❧❡ss✐✈é❡s ✭♦❜t❡♥✉❡s ♣❛r ♠♦❞é❧✐s❛t✐♦♥✮ ét❛✐t ❢❛✐❜❧❡✳ ❉❛♥s ✉♥❡
ét✉❞❡ ♣❛r ♠♦❞é❧✐s❛t✐♦♥ ❛✈❡❝ ❞✐✛ér❡♥t❡s ❝♦♥✜❣✉r❛t✐♦♥s ❞✬❡①♣❧♦✐t❛t✐♦♥s✱ ❞❡ ❍❛❛♥ ✭✷✵✵✷✮
❛ tr♦✉✈é ✉♥❡ r❡❧❛t✐♦♥ ❡♥tr❡ ❧✬❡①❝é❞❡♥t ❞✉ ❜✐❧❛♥ ❡t ❧❛ q✉❛♥t✐té ❞✬◆ ♠✐♥ér❛❧ ❞❛♥s ❧❡ s♦❧ ❡♥
❛✉t♦♠♥❡✳ ❈❡♣❡♥❞❛♥t✱ ✐❧ ❡①✐st❛✐t ✉♥❡ ❣r❛♥❞❡ ✈❛r✐❛❜✐❧✐té✳ ❉❡ ♣❧✉s✱ ❧❛ q✉❛♥t✐té ❞✬◆ ♠✐♥ér❛❧
❡♥ ❛✉t♦♠♥❡ ♥✬✐♥❞✐q✉❡ ♣❛s ❞✐r❡❝t❡♠❡♥t ❧❛ q✉❛♥t✐té ❧❡ss✐✈é❡✳ ❉✬✉♥❡ ♠❛♥✐èr❡ ❣é♥ér❛❧❡✱ ❧❡
s♦❧❞❡ ❞✉ ❜✐❧❛♥ ♥❡ r❡♣rés❡♥t❡ q✉❡ ❞❡s ♣❡rt❡s ♣♦t❡♥t✐❡❧❧❡s✱ ❡t ❧❛ r❡❧❛t✐♦♥ ❡♥tr❡ ❜✐❧❛♥ ❡t
♣❡rt❡s ❡st ♣❡rt✉r❜é❡ ♣❛r ❞✐✛ér❡♥ts ❢❛❝t❡✉rs✳

✶✳✺✳✹✳✶ ❇✐❛✐s ✐♠♣✉t❛❜❧❡s à ❧❛ ♠ét❤♦❞❡

■♥❝❡rt✐t✉❞❡s s✉r ❧❡s ❞✐✛ér❡♥ts ♣♦st❡s ❞✉ ❜✐❧❛♥ ❛♣♣❛r❡♥t ▲✬❡st✐♠❛t✐♦♥ ❞❡s ❞✐❢✲
❢ér❡♥ts ♣♦st❡s ❞✉ ❜✐❧❛♥ ❡st ❡♥t❛❝❤é❡ ❞✬✐♥❝❡rt✐t✉❞❡s✳ ❖❡♥❡♠❛ ❡t ❍❡✐♥❡♥ ✭✶✾✾✾✮✱ ❝✐tés ♣❛r
❖❡♥❡♠❛ ❡t ❛❧✳ ✭✷✵✵✸✮✱ ♦♥t r❡❝❡♥sé ❝✐♥q s♦✉r❝❡s ❞❡ ❜✐❛✐s ✭❡rr❡✉rs s②sté♠❛t✐q✉❡s ❧✐é❡s à ❧❛
♠ét❤♦❞❡✮ ❡t ❞❡✉① s♦✉r❝❡s ❞✬❡rr❡✉r ✓ ✈r❛✐❡ ✔✳ ▲❡s ❝✐♥q s♦✉r❝❡s ❞❡ ❜✐❛✐s s♦♥t ❧❡s s✉✐✈❛♥t❡s ✿

✕ ❇✐❛✐s ❧✐é à ❧❛ ♣❡rs♦♥♥❡ ✿ ❝❤❛❝✉♥ ❛ s❛ ♣r♦♣r❡ r❡♣rés❡♥t❛t✐♦♥ ❞❡s ✢✉① ❞✬◆✳ ❉✐✛ér❡♥ts
♦♣ér❛t❡✉rs ♥✬❛❝❝♦r❞❡r♦♥t ♣❛s ❧❛ ♠ê♠❡ ❛tt❡♥t✐♦♥ à t♦✉s ❧❡s ♣♦st❡s ❞✉ ❜✐❧❛♥ ❀

✕ ❇✐❛✐s ❡t ❡rr❡✉r ❞✬é❝❤❛♥t✐❧❧♦♥♥❛❣❡ ✿ ❞❛♥s ❧❡s ❝❛s ♦ù ❞❡s ♠❡s✉r❡s s♦♥t ré❛❧✐sé❡s ❀
✕ ❇✐❛✐s ❡t ❡rr❡✉r ❞❡ ♠❡s✉r❡ ❀
✕ ❇✐❛✐s ❧✐é à ❧❛ ♠❛♥✐♣✉❧❛t✐♦♥ ❞❡s ❞♦♥♥é❡s✱ ❧♦rsq✉❡ ❞❡s ❞♦♥♥é❡s ♦❜s❡r✈é❡s s♦♥t ♠♦②❡♥✲
♥é❡s✱ ♦✉ ❧♦rsq✉✬♦♥ ♦♣èr❡ ✉♥ ❝❤❛♥❣❡♠❡♥t ❞✬é❝❤❡❧❧❡ ❀



❇✐❧❛♥s ❛♣♣❛r❡♥ts ❞❡ ❧✬❛③♦t❡ ❡t ✐♠♣❛❝ts ❡♥✈✐r♦♥♥❡♠❡♥t❛✉① ✹✸

✕ ❇✐❛✐s ❧✐é à ❧❛ ❢r❛✉❞❡ ✿ ❧♦rsq✉❡ ❧❡s ❜✐❧❛♥s s♦♥t ✉t✐❧✐sés ❡♥ t❛♥t q✉❡ ❝r✐tèr❡s ré❣❧❡♠❡♥✲
t❛✐r❡s✱ ❝♦♠♠❡ ❞❛♥s ❧❡ s②stè♠❡ ▼■◆❆❙ ❛②❛♥t ❡①✐sté ❛✉① P❛②s✲❇❛s✳

❊♥ ♦✉tr❡✱ ❧✬❛♣♣❧✐❝❛t✐♦♥ ❞❡ ❧❛ ♠ét❤♦❞❡ ❞✉ ❜✐❧❛♥ ré❛❧✐sé❡ ♣❛r ▼✉❧✐❡r ❡t ❛❧✳ ✭✷✵✵✸✮ ❢❛✐t
❛♣♣❛r❛îtr❡ ❧❡s q✉❛tr❡ ❧✐♠✐t❛t✐♦♥s s✉✐✈❛♥t❡s✳ ❚♦✉t ❞✬❛❜♦r❞✱ ❧❡s ❜✐❧❛♥s s♦♥t s♦✉✈❡♥t ❜❛sés
s✉r ❞❡s ❞♦♥♥é❡s ❝♦♠♣t❛❜❧❡s ❡t ❞❡s ✈❛❧❡✉rs ❞❡ ré❢ér❡♥❝❡✱ ♣❧✉tôt q✉❡ s✉r ❞❡s ♠❡s✉r❡s s✉r
s✐t❡✳ ▲❛ t❡♥❡✉r ❡♥ ◆ ❞❡s ❛❧✐♠❡♥ts ❝♦♥❝❡♥trés ❛❝❤❡tés ❡st ✐♥❞✐q✉é❡ ♣❛r ❧❡ ❢♦✉r♥✐ss❡✉r q✉✐
❛♣♣❧✐q✉❡ ✉♥❡ ♠❛r❣❡ ❞❡ sé❝✉r✐té ✭t❡♥❡✉r ❣❛r❛♥t✐❡✮✳ ■❧ ② ❛ ❞♦♥❝ ✉♥ ❜✐❛✐s s✉r ❧✬❡st✐♠❛t✐♦♥
❞❡ ❝❡tt❡ t❡♥❡✉r✳ ▲✬❡st✐♠❛t✐♦♥ ❞❡ ❧❛ q✉❛♥t✐té ❡t ❞❡ ❧❛ t❡♥❡✉r ❡♥ ◆ ❞❡s ❡✤✉❡♥ts é❝❤❛♥❣és
❛✈❡❝ ❞✬❛✉tr❡s ❡①♣❧♦✐t❛t✐♦♥s ✭✐♠♣♦rt ♦✉ ❡①♣♦rt✮ ❡st é❣❛❧❡♠❡♥t ♣r♦❜❧é♠❛t✐q✉❡✱ ❝❛r ❧❡s ❡s✲
t✐♠❛t✐♦♥s ❢❛✐t❡s ♣❛r ❧❡s é❧❡✈❡✉rs s♦♥t ✐♠♣ré❝✐s❡s✳ ❊♥✜♥✱ ❧❛ ♣ré❝✐s✐♦♥ ❣é♥ér❛❧❡ ❞❡s ❞♦♥♥é❡s
❢♦✉r♥✐❡s ♣❛r ❧❡s é❧❡✈❡✉rs ét❛✐t ✉♥ ♣♦✐♥t r❡❧❡✈é ♣❛r ▼✉❧✐❡r ❡t ❛❧✳ ✭✷✵✵✸✮✳

❱❛r✐❛t✐♦♥s ❞❡ st♦❝❦ ♥♦♥ ♣r✐s❡s ❡♥ ❝♦♠♣t❡ ♣❛r ❧❛ ♠ét❤♦❞❡ ▲✬❡①❝é❞❡♥t ❞✉ ❜✐❧❛♥
❡st ✉♥ ✐♥❞✐❝❛t❡✉r ❞❡s ♣❡rt❡s ❡t ❞❡s ✈❛r✐❛t✐♦♥s ❞❡ st♦❝❦s✱ ❡t ♣❛s ❞❡s ♣❡rt❡s s❡✉❧❡s ✭❈✉tt❧❡
❡t ❏❛r✈✐s ✷✵✵✺✮✳ ▲❡s ✈❛r✐❛t✐♦♥s ❞❡s ❞✐✛ér❡♥ts st♦❝❦s ❞✬◆ ♥❡ s♦♥t ♣❛s t♦✉❥♦✉rs ♣r✐s❡s ❡♥
❝♦♠♣t❡ ❞❛♥s ❧❡s ♠ét❤♦❞❡s ❞❡ ❜✐❧❛♥✱ ❝❛r ❧❡✉r ❡st✐♠❛t✐♦♥ ♣❡✉t êtr❡ ♣r♦❜❧é♠❛t✐q✉❡✳ P♦✉r
❛✉t❛♥t✱ ❝❡s ✈❛r✐❛t✐♦♥s ♥❡ s♦♥t ♣❛s t♦✉❥♦✉rs ♥é❣❧✐❣❡❛❜❧❡s✳ ❊♥ ♣❛rt✐❝✉❧✐❡r✱ ❧❡s ✈❛r✐❛t✐♦♥s
❞❡ st♦❝❦ ❞✬◆ ♦r❣❛♥✐q✉❡ ❞❛♥s ❧❡ s♦❧ ♣❡✉✈❡♥t ❜✐❛✐s❡r ❧❡ ❧✐❡♥ ❡♥tr❡ ❧❡ ❜✐❧❛♥ ❡t ❧❡s é♠✐ss✐♦♥s
❞❡ ❝♦♠♣♦sés ♣♦❧❧✉❛♥ts✳ ❊♥ ♣r❡♠✐❡r ❧✐❡✉✱ ♣♦✉r ❧❡s ❡①♣❧♦✐t❛t✐♦♥s ❛②❛♥t ré❝❡♠♠❡♥t ❝❤❛♥❣é
❞❡ s②stè♠❡ ❞❡ ♣r♦❞✉❝t✐♦♥✱ ❧❡s st♦❝❦s ❞❡ ♠❛t✐èr❡ ♦r❣❛♥✐q✉❡ ❞❛♥s ❧❡ s♦❧ ♣❡✉✈❡♥t êtr❡ ❡♥
é✈♦❧✉t✐♦♥✳ ❈✬❡st ❧❡ ❝❛s ♣❛r ❡①❡♠♣❧❡ ❞❡s ❡①♣❧♦✐t❛t✐♦♥s ❛②❛♥t ❢❛✐t ✈❛r✐❡r ❧❛ ♣❛rt ❞❡ ♣r❛✐r✐❡s
❞❛♥s ❧❡✉r ❛ss♦❧❡♠❡♥t✳ ❉❛♥s ❝❡ ❝❛❞r❡✱ ❧❡s ❜✐❧❛♥s s♦♥t ❢❛✉ssés ✭❙❝❤r♦❞❡r ❡t ❛❧✳ ✷✵✵✸ ❀ ✷✵✵✹✮ ✿
s✐ ❧❡s st♦❝❦s ❞❡ ♠❛t✐èr❡ ♦r❣❛♥✐q✉❡ ❛✉❣♠❡♥t❡♥t✱ ❛❧♦rs ❞❡s ❡①❝é❞❡♥ts ❞❡ ❜✐❧❛♥s é❧❡✈és s♦♥t
❛❝❝❡♣t❛❜❧❡s ❝❛r ✉♥❡ ♣❛rt✐❡ ❡st ❡♥ ❢❛✐t st♦❝❦é❡ ❞❛♥s ❧❡ s♦❧ ❡t ♥❡ ♣❛rt✐❝✐♣❡ ♣❛s ❛✉① ✢✉①
✈❡rs ❧✬❡♥✈✐r♦♥♥❡♠❡♥t✳ ■♥✈❡rs❡♠❡♥t✱ s✐ ❧❡s st♦❝❦s ❞❡ ♠❛t✐èr❡ ♦r❣❛♥✐q✉❡ s♦♥t ❡♥ ❜❛✐ss❡✱
❞❡s ❡①❝é❞❡♥ts é❧❡✈és s❡r♦♥t ❛❣❣r❛✈és ♣❛r ❧✬◆ ❧✐❜éré✳ ❈❡s ✈❛r✐❛t✐♦♥s ❞❡ st♦❝❦ s♦♥t s♦✉✈❡♥t
❧✐é❡s ❛✉ r❛♣♣♦rt ❡♥tr❡ ❝✉❧t✉r❡s ❛♥♥✉❡❧❧❡s ❡t ❝✉❧t✉r❡s ♣ér❡♥♥❡s ✭♣r❛✐r✐❡s✮✳ ❊♥ ❣é♥ér❛❧✱ ❧❡s
♣r❡♠✐èr❡s s♦♥t ❛ss♦❝✐é❡s à ✉♥❡ ❜❛✐ss❡ ❞❡s st♦❝❦s ❞❡ ♠❛t✐èr❡ ♦r❣❛♥✐q✉❡ ❡t ❧❡s s❡❝♦♥❞❡s
à ✉♥❡ ❛✉❣♠❡♥t❛t✐♦♥✳ ●❧♦❜❛❧❡♠❡♥t✱ ❞❛♥s ❧✬❖✉❡st ❞❡ ❧❛ ❋r❛♥❝❡✱ ❧❡s s♦❧s ❝♦♥♥❛✐ss❡♥t ✉♥❡
❜❛✐ss❡ ❧❡♥t❡ ❞❡s t❛✉① ❞❡ ♠❛t✐èr❡ ♦r❣❛♥✐q✉❡ ✭❲❛❧t❡r ❡t ❛❧✳ ✶✾✾✻✮✳ ❙✉r ❧❡ ❧♦♥❣ t❡r♠❡✱ ✉♥❡
t❡❧❧❡ é✈♦❧✉t✐♦♥ ♣❡✉t ❝❛✉s❡r ✉♥ ❜✐❛✐s ❞❛♥s ❧✬✉t✐❧✐s❛t✐♦♥ ❞❡ ❧❛ ♠ét❤♦❞❡ ❞❡s ❜✐❧❛♥s ✭❙❝❤r♦❞❡r
❡t ❛❧✳ ✷✵✵✸✮✳

❈♦♠♣❛r❛✐s♦♥s ❞❡ ❜✐❧❛♥s ❛♣♣❛r❡♥ts ✐♥t❡r✲s②stè♠❡s ❉❡ ♥♦♠❜r❡✉s❡s ét✉❞❡s ❝♦♠✲
♣❛r❡♥t ❧❡s ❡①❝é❞❡♥ts ❞❡ ❜✐❧❛♥s ♣♦✉r ❞❡s ❡①♣❧♦✐t❛t✐♦♥s ❛②❛♥t ❞✐✛ér❡♥ts s②stè♠❡s ❞❡ ♣r♦✲
❞✉❝t✐♦♥ ✭♣❛r ❡①❡♠♣❧❡ ❡①♣❧♦✐t❛t✐♦♥s ❧❛✐t✐èr❡s ♣❧✉s ♦✉ ♠♦✐♥s ✐♥t❡♥s✐✈❡s✮✱ ✈♦✐r❡ ❞✐✛ér❡♥t❡s
♣r♦❞✉❝t✐♦♥s ✭❡①♣❧♦✐t❛t✐♦♥s ❝éré❛❧✐èr❡s ❡t é❧❡✈❛❣❡s✱ ♣❛r ❡①❡♠♣❧❡ ❙✐♠♦♥ ❡t ❛❧✳ ✷✵✵✵✮✳ ❉❡
t❡❧❧❡s ❝♦♠♣❛r❛✐s♦♥s ♥❡ ♣❡✉✈❡♥t ✐♥❞✐q✉❡r q✉✬✉♥ r❛♣♣♦rt ❡♥tr❡ ❞❡s ♣❡rt❡s ♣♦t❡♥t✐❡❧❧❡s✳ ▲❡s
r❡❧❛t✐♦♥s q✉✐ ♣❡✉✈❡♥t ❡①✐st❡r ❡♥tr❡ ❧✬❡①❝é❞❡♥t ❞✉ ❜✐❧❛♥ ❡t ✉♥ ✢✉① ✈❡rs ❧✬❡♥✈✐r♦♥♥❡♠❡♥t
♥❡ s♦♥t ✈❛❧❛❜❧❡s q✉✬à ❧✬✐♥tér✐❡✉r ❞✬✉♥ s②stè♠❡ ❞❡ ♣r♦❞✉❝t✐♦♥ ❡t ♣♦✉r ✉♥ ❝♦♥t❡①t❡ ❞♦♥♥é✳
▲❡s ❝♦♠♣❛r❛✐s♦♥s ❞❡ ❜✐❧❛♥s ♣♦✉r ❞✐✛ér❡♥t❡s ❝♦♥✜❣✉r❛t✐♦♥s ❞✬❡①♣❧♦✐t❛t✐♦♥ ♣r♦♣♦sé❡s ♣❛r
❙❝❤r♦❞❡r ❡t ❛❧✳ ✭✷✵✵✸✮ ♠♦♥tr❡♥t q✉❡ ❞❡s ❡①♣❧♦✐t❛t✐♦♥s ❛②❛♥t ❞❡s ❡✣❝❛❝✐tés ❞❡ ❣❡st✐♦♥
✐♥t❡r♥❡ ❞❡ ❧✬◆ ✐❞❡♥t✐q✉❡s ♣♦✉✈❛✐❡♥t ❛✈♦✐r ❞❡s ❡①❝é❞❡♥ts très ❞✐✛ér❡♥ts ✭✈♦✐r ✜❣✳ ✶✳✺✮✳ ▲❡s
q✉❛♥t✐tés ❞✬❛❧✐♠❡♥ts ✐♠♣♦rtés ❡t ❞✬❡✤✉❡♥ts ❡①♣♦rtés ❥♦✉❡♥t ✉♥ rô❧❡ ✐♠♣♦rt❛♥t ❞❛♥s ❝❡



✹✹ ▲✬✐♠♣❛❝t ❡♥✈✐r♦♥♥❡♠❡♥t❛❧ ❞❡s é❧❡✈❛❣❡s ❧❛✐t✐❡rs

❋✐❣✳ ✶✳✺ ✕ ❊①❝é❞❡♥t ❞✬❛③♦t❡ ♣❛r ❤❛ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ♣r♦♣♦rt✐♦♥ ❞✬❛❧✐♠❡♥ts ✐♠♣♦rtés
❡t ❞❡ ❧❛ ♣r♦♣♦rt✐♦♥ ❞❡ ♣r♦❞✉✐ts ✈é❣ét❛✉① ❡①♣♦rtés✱ ♣♦✉r ❞✐✛ér❡♥t❡s ❝♦♥✜❣✉r❛t✐♦♥s ❞✬❡①✲
♣❧♦✐t❛t✐♦♥ ❛②❛♥t ❧❡s ♠ê♠❡s ❡✣❝❛❝✐tés ✐♥t❡r♥❡s ❞❡ ❣❡st✐♦♥ ❞❡ ❧✬❛③♦t❡✳ ❙♦✉r❝❡ ✿ ❙❝❤r♦❞❡r
❡t ❛❧✳ ✭✷✵✵✸✮

❜✐❛✐s✱ ❡t ❝❡s ❢❛❝t❡✉rs ❞♦✐✈❡♥t êtr❡ ♣r✐s ❡♥ ❝♦♠♣t❡ ❧♦rs ❞❡ ❧❛ ❝♦♠♣❛r❛✐s♦♥ ❞✬❡①♣❧♦✐t❛t✐♦♥s✳
▲❡ ❜✐❧❛♥ ◆ ♣❡✉t êtr❡ ✉t✐❧✐sé ♣♦✉r ❝♦♠♣❛r❡r ❧❛ q✉❛❧✐té ❞❡ ❧❛ ❣❡st✐♦♥ ❞❡ ❧✬◆✱ ♠❛✐s ✉♥✐q✉❡✲
♠❡♥t ❡♥tr❡ ❡①♣❧♦✐t❛t✐♦♥s ❤♦♠♦❣è♥❡s ❡♥ t❡r♠❡s ❞❡ ✢✉① ✐♥t❡r♥❡s ❞✬◆ ✭▲❛♥❣❡✈❡❧❞ ❡t ❛❧✳
✷✵✵✼✮✳

❉✬❛✉tr❡ ♣❛rt✱ ❧❡ ❝❛❧❝✉❧ ❞❡ ❧✬❡✣❝❛❝✐té ❞✬✉t✐❧✐s❛t✐♦♥ ❞❡ ❧✬◆ ❡st s♦✉✈❡♥t ❛ss♦❝✐é ❛✉ ❝❛❧❝✉❧
❞✉ ❜✐❧❛♥✱ ❡t ❧❡ ❢❛✐t ❞✬❡①♣♦rt❡r ❞❡s ❡✤✉❡♥ts ❝♦♥❢èr❡ ✉♥❡ ❡✣❝❛❝✐té ❛rt✐✜❝✐❡❧❧❡♠❡♥t é❧❡✈é❡
✭❍❛❧❜❡r❣ ✶✾✾✾✮✳ ❉❡ ♠ê♠❡✱ ❧❛ s♣é❝✐❛❧✐s❛t✐♦♥ ❞❡s ❡①♣❧♦✐t❛t✐♦♥s ❡♥ ❢❡r♠❡s ❝éré❛❧✐èr❡s ❡t ❡♥
❢❡r♠❡s ❧❛✐t✐èr❡s ♣❡r♠❡t ❞✬❛♠é❧✐♦r❡r ❧✬❡✣❝❛❝✐té ❛♣♣❛r❡♥t❡ ❞✬✉t✐❧✐s❛t✐♦♥ ❞❡ ❧✬◆ ♣❛r r❛♣♣♦rt
❛✉① s②stè♠❡s ♠✐①t❡s tr❛❞✐t✐♦♥♥❡❧s✱ à ❧✬é❝❤❡❧❧❡ ❞❡ ❝❤❛q✉❡ ❢❡r♠❡✳ ▼❛✐s ❧❡s ❜✐❧❛♥s à ❧✬é❝❤❡❧❧❡
❞✉ ❣r♦✉♣❡ ❞✬❡①♣❧♦✐t❛t✐♦♥s ❝♦rr❡s♣♦♥❞❛♥t s♦♥t ❡♥ ❢❛✐t s✉♣ér✐❡✉rs ✭❙❝❤r♦❞❡r ❡t ❛❧✳ ✷✵✵✸✮✳

▲♦r❞ ❡t ❛❧✳ ✭✷✵✵✷✮ ❝✐t❡♥t é❣❛❧❡♠❡♥t ❧❛ ❞✐✛ér❡♥❝❡ ❡♥tr❡ ♣r❛✐r✐❡s ❡t ❝✉❧t✉r❡s ❝♦♠♠❡
✉♥ ❢❛❝t❡✉r ♣♦✉✈❛♥t ♣❡rt✉r❜❡r ❧❡ ❧✐❡♥ ❡♥tr❡ ❜✐❧❛♥s ❡t ❝♦♥❝❡♥tr❛t✐♦♥s ❡♥ ♥✐tr❛t❡s ❞❛♥s ❧❡s
r✐✈✐èr❡s✱ à ❧✬é❝❤❡❧❧❡ ❞✬✉♥ ❜❛ss✐♥✲✈❡rs❛♥t✳ ❆ ❝❡tt❡ é❝❤❡❧❧❡✱ ✉♥❡ ♣r♦♣♦rt✐♦♥ ✐♠♣♦rt❛♥t❡ ❞❡
♣r❛✐r✐❡s ❡st ❣é♥ér❛❧❡♠❡♥t ❛ss♦❝✐é❡ à ❞❡s ❛♥✐♠❛✉①✱ ❞♦♥❝ à ❞❡s ♣❡rt❡s ❣❛③❡✉s❡s ❞✬◆ ♣❧✉s
✐♠♣♦rt❛♥t❡s ❡t à ❞❡s ♣❡rt❡s ♣❛r ❧❡ss✐✈❛❣❡ ♠♦✐♥s é❧❡✈é❡s✳ ❆ ❧✬é❝❤❡❧❧❡ ❞❡ ❧✬❡①♣❧♦✐t❛t✐♦♥✱ ❧❛
s②♥t❤ès❡ ré❛❧✐sé❡ ♣❛r ❇✉ss✐♥❦ ❡t ❖❡♥❡♠❛ ✭✶✾✾✽✮ s♦✉❧✐❣♥❡ ❧❛ ❣r❛♥❞❡ ✈❛r✐❛❜✐❧✐té ❞❡s q✉❛♥✲
t✐tés ❞✬◆ ✈♦❧❛t✐❧✐sé❡s✱ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧✬❛❧✐♠❡♥t❛t✐♦♥ ❞❡s ❛♥✐♠❛✉①✱ ❞❡s t②♣❡s ❞❡ ❜ât✐♠❡♥ts✱
❞✬♦✉✈r❛❣❡s ❞❡ st♦❝❦❛❣❡ ❞❡s ❡✤✉❡♥ts ❡t ❞❡s t❡❝❤♥✐q✉❡s ❞✬é♣❛♥❞❛❣❡ ❞❡s ❡✤✉❡♥ts✳ ▲❡ ❜✐❧❛♥
◆ ❡st ✉♥ ✐♥❞✐❝❛t❡✉r ❞✉ ♣♦t❡♥t✐❡❧ ❞❡ ♣❡rt❡s s♦✉s t♦✉t❡s ❧❡s ❢♦r♠❡s ♣♦ss✐❜❧❡s ✭▲♦r❞ ❡t ❛❧✳
✷✵✵✷✮✳ ▲❡s r❡❧❛t✐♦♥s ❡♥tr❡ ❧✬❡①❝é❞❡♥t ❞✉ ❜✐❧❛♥ ❡t ✉♥ ✢✉① ♣❛rt✐❝✉❧✐❡r ♥❡ s♦♥t ✈❛❧❛❜❧❡s
q✉✬❛✉ s❡✐♥ ❞✬✉♥ ❣r♦✉♣❡ ❤♦♠♦❣è♥❡ ❞✬❡①♣❧♦✐t❛t✐♦♥s✳

✶✳✺✳✹✳✷ ❊rr❡✉rs ❧✐é❡s à ❧❛ ✈❛r✐❛❜✐❧✐té ❞❡s ♣r♦❝❡ss✉s ❜✐♦♣❤②s✐q✉❡s

▲❡s ♠ét❤♦❞❡s ❞❡ ❜✐❧❛♥✱ ♣❛r ❞é✜♥✐t✐♦♥✱ ♥❡ ♣r❡♥♥❡♥t ♣❛s ❡♥ ❝♦♠♣t❡ ❧❡s ✢✉① ✐♥t❡r♥❡s
à ❧✬❡①♣❧♦✐t❛t✐♦♥✳ ❈❡rt❛✐♥s ❞❡ ❝❡s ✢✉① ♣❡✉✈❡♥t ✐♥❞✉✐r❡ ❞❡s ❞✐✛ér❡♥❝❡s ♠❛❥❡✉r❡s s✉r ❧❡s



❇✐❧❛♥s ❛♣♣❛r❡♥ts ❞❡ ❧✬❛③♦t❡ ❡t ✐♠♣❛❝ts ❡♥✈✐r♦♥♥❡♠❡♥t❛✉① ✹✺

é♠✐ss✐♦♥s ❞❡ ❝♦♠♣♦sés à r✐sq✉❡ ♣♦✉r ❧✬❡♥✈✐r♦♥♥❡♠❡♥t✳

❉②♥❛♠✐q✉❡ ❞❡s ✢✉① ▲❛ ❞②♥❛♠✐q✉❡ ❞❡s ✢✉① ✐♥t❡r♥❡s à ❧✬❡①♣❧♦✐t❛t✐♦♥ ❝♦♥❞✐t✐♦♥♥❡
❢♦rt❡♠❡♥t ❧❡s ♣❡rt❡s ❡♥✈✐r♦♥♥❡♠❡♥t❛❧❡s✳ ❊♥ ♣❛rt✐❝✉❧✐❡r✱ ❧❡ ❧❡ss✐✈❛❣❡ ❞❡s ♥✐tr❛t❡s ❡st ✐♥✲
❢é♦❞é à ❧❛ ♣rés❡♥❝❡ ❞❡ ❝❡s ❞❡r♥✐❡rs ❞❛♥s ❧❡ s♦❧ ❧♦rs ❞❡ ♣ér✐♦❞❡s ❞❡ ❞r❛✐♥❛❣❡✳ ❯♥ ❞é❝❛❧❛❣❡
t❡♠♣♦r❡❧ ❡♥tr❡ ❧❛ ❞✐s♣♦♥✐❜✐❧✐té ❞❡ ❧✬◆ ❡t s♦♥ ❛❜s♦r♣t✐♦♥ ♣❛r ❧❛ ♣❧❛♥t❡ ❡st ✉♥ r✐sq✉❡ ♣♦t❡♥✲
t✐❡❧ ♣♦✉r ❧✬❡♥✈✐r♦♥♥❡♠❡♥t✱ q✉✐ ❡st ♠❛❧ r❡tr❛♥s❝r✐t ♣❛r ❧❡s ♠ét❤♦❞❡s ❞❡ ❜✐❧❛♥✳ ▲❛ ❣❡st✐♦♥
❞❡ ❧❛ ❢❡rt✐❧✐s❛t✐♦♥ ❛③♦té❡ ❡st ❞♦♥❝ ✉♥ ♣♦✐♥t ❝r✐t✐q✉❡✱ ❡t ❧✬✐♥❝❡rt✐t✉❞❡ s✉r ❧❛ ❞✐s♣♦♥✐❜✐❧✐té
❞❡ ❧✬◆ ❞❛♥s ❧❡s ❡♥❣r❛✐s ❞❡ ❢❡r♠❡ ✭▼♦r✈❛♥ ❡t ❛❧✳ ✷✵✵✻✮ r❡♥❞ ❝❡ ♣r♦❜❧è♠❡ très ♣ré❣♥❛♥t
❡♥ é❧❡✈❛❣❡✳ P♦✉r ❛♠é❧✐♦r❡r ❧❡s é♠✐ss✐♦♥s ❞❡ ❝♦♠♣♦sés à r✐sq✉❡ s✉r ✉♥❡ ❡①♣❧♦✐t❛t✐♦♥✱ ✐❧ ♥❡
s✉✣t ❞♦♥❝ ♣❛s ❞❡ ré❞✉✐r❡ ❧❡s ❜✐❧❛♥s✳ ■❧ ❢❛✉t ❛✉ss✐ ❛♠é❧✐♦r❡r ❧❛ ❣❡st✐♦♥ ❞❡s ✢✉① ✐♥t❡r♥❡s✱
❡♥ t❡♥❛♥t ❝♦♠♣t❡ ❞❡s ❛s♣❡❝ts ❞②♥❛♠✐q✉❡s ✭❖❜♦r♥ ❡t ❛❧✳ ✷✵✵✸✮✳ ❈❡❝✐ s✉♣♣♦s❡ ❞❡ ré❛❧✐s❡r
❧❡s é♣❛♥❞❛❣❡s ❞❡ ♠❛♥✐èr❡ à s②♥❝❤r♦♥✐s❡r ❛✉ ♠✐❡✉① ❧❛ ❧✐❜ér❛t✐♦♥ ♣r♦❣r❡ss✐✈❡ ❞✬❛③♦t❡ ♣❛r
❧❡s ❡✤✉❡♥ts ❡t ❧❛ ❞❡♠❛♥❞❡ ❞❡s ♣❧❛♥t❡s✳ ❉❡ ♠ê♠❡✱ ❧❡s ❝✉❧t✉r❡s ✐♥t❡r♠é❞✐❛✐r❡s ♣✐è❣❡s à
♥✐tr❛t❡s ✭❈■P❆◆✮ ✐♠♠♦❜✐❧✐s❡♥t ❧✬❛③♦t❡ ❡t é✈✐t❡♥t ❧❡ ❧❡ss✐✈❛❣❡✳ P♦✉r ✉♥ ♠ê♠❡ ❡①❝é❞❡♥t✱ ❧❡
r✐sq✉❡ ❞❡ ❧❡ss✐✈❛❣❡ ❡st ♠♦✐♥s é❧❡✈é ❧♦rsq✉❡ ❞❡s ❈■P❆◆ s♦♥t ✐♠♣❧❛♥té❡s ❛✉ ❧✐❡✉ ❞❡ ❧❛✐ss❡r
❧❡s s♦❧s ♥✉s ❡♥ ❤✐✈❡r ❝❛r ❧✬❛③♦t❡ ♥✬❡st ♣❛s ❞✐s♣♦♥✐❜❧❡ s♦✉s ❢♦r♠❡ ♠✐♥ér❛❧❡ ❛✉ ♠♦♠❡♥t ♦ù
❧❡ ❧❡ss✐✈❛❣❡ ❡st s✉s❝❡♣t✐❜❧❡ ❞❡ s❡ ♣r♦❞✉✐r❡✳

❈❡ ♣♦✐♥t ❡st à ♠❡ttr❡ ❡♥ r❡❧❛t✐♦♥ ❛✈❡❝ ❧✬❡✛❡t ❞✉ ❝❧✐♠❛t s✉r ❧❡s é♠✐ss✐♦♥s✳ ❱❛♥ ❑❡✉❧❡♥
❡t ❛❧✳ ✭✷✵✵✵✮ ♥♦t❡♥t ♣❛r ❡①❡♠♣❧❡ q✉❡ ❧❡s ❛♥♥é❡s sè❝❤❡s s♦♥t ❛ss♦❝✐é❡s à ✉♥❡ ♠✐♥ér❛❧✐s❛t✐♦♥
❞✬◆ ❞✉ s♦❧ ♠♦✐♥s ✐♠♣♦rt❛♥t❡✳ ❈❡❝✐ ❝♦♠♣❡♥s❡ ❧❛ ♠♦✐♥❞r❡ ❡①♣♦rt❛t✐♦♥ ❞✬❛③♦t❡ ♣❛r ❧❡s
♣❧❛♥t❡s ❞✉❡ à ✉♥ r❡♥❞❡♠❡♥t ❢❛✐❜❧❡✱ q✉✐ ❡st ✉♥ ❢❛❝t❡✉r ❞❡ r✐sq✉❡ ♣♦✉r ❧❡ ❧❡ss✐✈❛❣❡✳ ▲❛
q✉❛♥t✐✜❝❛t✐♦♥ ❞❡ ❝❡t ❡✛❡t ❡st ❞✐✣❝✐❧❡ à ❧✬é❝❤❡❧❧❡ ❞❡ ❧✬❛♥♥é❡✱ ❡t ❧❡ ❝❛❧❝✉❧ ❞❡ ❧❛ ❞②♥❛♠✐q✉❡
❞❡s ✢✉① s❡r❛✐t ♥é❝❡ss❛✐r❡✳ ❈❡♣❡♥❞❛♥t✱ ❝♦♠♠❡ ♠❡♥t✐♦♥♥é ❡♥ ✶✳✺✳✹✳✶✱ ❝❡ ✢✉① ♥✬❡st ♣❛s ♣r✐s
❡♥ ❝♦♠♣t❡ ♣❛r ❧❡s ♠ét❤♦❞❡s ❞❡ ❜✐❧❛♥ ❛✉① ♣♦rt❡s ❞❡ ❧✬❡①♣❧♦✐t❛t✐♦♥✳

▲❡ ♣r♦❜❧è♠❡ ❞❡ ❧❛ ❞②♥❛♠✐q✉❡ ❞❡s ✢✉① s❡ ♣♦s❡ ❞❛♥s ❧❡s ❛✉tr❡s ♠ét❤♦❞❡s st❛t✐q✉❡s
❞✬é✈❛❧✉❛t✐♦♥ ❞✬✐♠♣❛❝t ❡♥✈✐r♦♥♥❡♠❡♥t❛❧✳ ❉❛♥s ❧❡ ❝❛❞r❡ ❞❡ ❧✬❆♥❛❧②s❡ ❞✉ ❈②❝❧❡ ❞❡ ❱✐❡✱
P❛②r❛✉❞❡❛✉ ❡t ❛❧✳ ✭✷✵✵✼✮ ♥♦t❡♥t q✉❡ ❧❡ ❢❛✐t ❞✬✉t✐❧✐s❡r ❞❡s ❢❛❝t❡✉rs ❞✬é♠✐ss✐♦♥ ♠♦②❡♥s✱
s❛♥s ♣r❡♥❞r❡ ❡♥ ❝♦♠♣t❡ ❧❡s ✈❛r✐❛t✐♦♥s s❛✐s♦♥♥✐èr❡s✱ ❝♦♥tr✐❜✉❡ ❧❛r❣❡♠❡♥t à ❧✬✐♥❝❡rt✐t✉❞❡
❞❛♥s ❧✬é✈❛❧✉❛t✐♦♥ ❞❡s é♠✐ss✐♦♥s✳ ❯t✐❧✐s❡r ✉♥ ♠♦❞è❧❡ ❞❡ s✐♠✉❧❛t✐♦♥ ❞❡s ✢✉① ❡st ✉♥ ♠♦②❡♥
♣♦✉r ❝♦♥t♦✉r♥❡r ❝❡ ♣r♦❜❧è♠❡ ✭P❛②r❛✉❞❡❛✉ ❡t ❛❧✳ ✷✵✵✼✮✳

❙♣❛t✐❛❧✐s❛t✐♦♥ ❞❡s ✢✉① ❉❡ ♠ê♠❡ q✉❡ ♣♦✉r ❧❛ ❞✐♠❡♥s✐♦♥ t❡♠♣♦r❡❧❧❡✱ ❧❡s ✢✉① ✐♥t❡r♥❡s
❧✐és ❛✉ s♦❧ ❡t ❛✉① ❝✉❧t✉r❡s ♥❡ s♦♥t ♣❛s ❤♦♠♦❣è♥❡s s✉r ❧✬❡♥s❡♠❜❧❡ ❞❡ ❧❛ s✉r❢❛❝❡✳ ▲❡s ♠❡✲
s✉r❡s ré❛❧✐sé❡s ♣❛r ✈❛♥ ❇❡❡❦ ❡t ❛❧✳ ✭✷✵✵✸✮ s✉r s✐① ❡①♣❧♦✐t❛t✐♦♥s ❞❛♥s ✉♥ ♣♦❧❞❡r ♠♦♥tr❡♥t
q✉❡ ❧❛ ✈❛r✐❛❜✐❧✐té ✐♥tr❛✲❡①♣❧♦✐t❛t✐♦♥ ❞✉ ❜✐❧❛♥ ✭❡♥tr❡ ♣❛r❝❡❧❧❡s✮ ét❛✐t ♣❧✉s ✐♠♣♦rt❛♥t❡ q✉❡
❧❛ ✈❛r✐❛❜✐❧✐té ✐♥t❡r✲❡①♣❧♦✐t❛t✐♦♥✳ ▲❡s s✐♠✉❧❛t✐♦♥s ♣♦✉r ❞✐✛ér❡♥t❡s ❝♦♥✜❣✉r❛t✐♦♥s ❞✬❡①♣❧♦✐✲
t❛t✐♦♥ ré❛❧✐sé❡s ♣❛r ❞❡ ❍❛❛♥ ✭✷✵✵✷✮ ♠♦♥tr❡♥t é❣❛❧❡♠❡♥t q✉❡ ♣♦✉r ✉♥ ❡①❝é❞❡♥t ❞✉ ❜✐❧❛♥
❡①♣❧♦✐t❛t✐♦♥ ❞♦♥♥é✱ ✉♥❡ ❧❛r❣❡ ❣❛♠♠❡ ❞❡ ✈❛❧❡✉rs ♣❡✉t êtr❡ ♦❜t❡♥✉❡ ♣❛r❝❡❧❧❡ ♣❛r ♣❛r❝❡❧❧❡✳
▲❡s ❞✐✛ér❡♥❝❡s ❡♥tr❡ ♣❛r❝❡❧❧❡s s♦♥t s✉rt♦✉t ❧✐é❡s à ❧❡✉r ✉t✐❧✐s❛t✐♦♥✳ ▲❡s rés✉❧t❛ts ♦❜t❡♥✉s
♥✬♦♥t ♣❛s ✉♥❡ ✈❛❧❡✉r ❣é♥ér❛❧❡✱ ♣✉✐sq✉✬✐❧s s♦♥t ❧✐és à ❧❛ str❛té❣✐❡ ❞❡ ❣❡st✐♦♥ ❞❡s ❡✤✉❡♥ts
❝❤♦✐s✐❡ ❞❛♥s ❧❡ ❝❛❞r❡ ❞❡ ❝❡s s✐♠✉❧❛t✐♦♥s✳ ❚♦✉t❡❢♦✐s✱ ♦♥ ♣❡✉t s✉♣♣♦s❡r q✉❡ ❧❡ ❝♦♥st❛t
❞✬❤étér♦❣é♥é✐té ❡♥tr❡ ♣❛r❝❡❧❧❡s ❡st ✈ér✐✜é ❞❛♥s ❜❡❛✉❝♦✉♣ ❞❡ ❝❛s✳ ❯♥❡ t❡❧❧❡ ❤étér♦❣é♥é✐té



✹✻ ▲✬✐♠♣❛❝t ❡♥✈✐r♦♥♥❡♠❡♥t❛❧ ❞❡s é❧❡✈❛❣❡s ❧❛✐t✐❡rs

❛ ✉♥ ✐♠♣❛❝t s✉r ❧❡s é♠✐ss✐♦♥s ❞❡ ❝♦♠♣♦sés à r✐sq✉❡✱ ♥♦t❛♠♠❡♥t ❧❡ ❧❡ss✐✈❛❣❡ ❞❡s ♥✐tr❛t❡s✳
▲❡ ❧❡ss✐✈❛❣❡ ❡st ♣❧✉s ❝♦rré❧é ❛✉ ❜✐❧❛♥ à ❧✬é❝❤❡❧❧❡ ❞❡ ❧❛ ♣❛r❝❡❧❧❡ q✉✬❛✉ ❜✐❧❛♥ à ❧✬é❝❤❡❧❧❡ ❞❡
❧✬❡①♣❧♦✐t❛t✐♦♥✳ ▲✬❤②♣♦t❤ès❡ ❞✬✉♥❡ ❞✐str✐❜✉t✐♦♥ ❤♦♠♦❣è♥❡ ❞❡ ❧✬❡①❝é❞❡♥t ❞✉ ❜✐❧❛♥ s✉r ❧✬❡①✲
♣❧♦✐t❛t✐♦♥ ❝♦♥❞✉✐t à ❞❡ ❢♦rt❡s s♦✉s✲❡st✐♠❛t✐♦♥s ❞✉ ❧❡ss✐✈❛❣❡✱ ❝❛r ❧❛ r❡❧❛t✐♦♥ ❡♥tr❡ ❜✐❧❛♥
❛♣♣❛r❡♥t ❡t q✉❛♥t✐té ❧❡ss✐✈é❡ ♥✬❡st ♣❛s ❧✐♥é❛✐r❡ ✭✈❛♥ ❇❡❡❦ ❡t ❛❧✳ ✷✵✵✸✮✳

▲✬ét✉❞❡ ♠❡♥é❡ ♣❛r ❲❛ts♦♥ ❡t ❛❧✳ ✭✷✵✵✸✮ s✉r ❞❡s s②stè♠❡s ❞✬é❧❡✈❛❣❡ ❞❡ ♣♦r❝s ❡♥ ♣❧❡✐♥
❛✐r ❝♦♥❞✉✐t à ❞❡s ❝♦♥❝❧✉s✐♦♥s s✐♠✐❧❛✐r❡s✳ ▼ê♠❡ ❧♦rsq✉❡ ❧❡s ♣♦r❝s t♦✉r♥❡♥t s✉r ❞✐✛ér❡♥t❡s
♣❛r❝❡❧❧❡s✱ ❧❛ ❝♦♥❝❡♥tr❛t✐♦♥ ❞❡s ❞é❥❡❝t✐♦♥s s✉r ✉♥❡ ♣❛rt✐❡ ❞❡ ❧❛ s✉r❢❛❝❡ ❛❜♦✉t✐t à ✉♥❡
❤étér♦❣é♥é✐té ❞❡s é♠✐ss✐♦♥s✳

✶✳✺✳✹✳✸ ❙❡♥s✐❜✐❧✐té ❞✉ ♠✐❧✐❡✉

▲❡ ❝♦♥t❡①t❡ ♣é❞♦✲❝❧✐♠❛t✐q✉❡ ❛ é❣❛❧❡♠❡♥t ✉♥❡ ✐♥✢✉❡♥❝❡ s✉r ❧❡ ❞❡✈❡♥✐r ❞❡s é❧é♠❡♥ts ❛✉
s❡✐♥ ❞❡ ❧✬❡①♣❧♦✐t❛t✐♦♥ ❡t ❡♥ ♣❛rt✐❝✉❧✐❡r ❧❡s ♣❡rt❡s ✈❡rs ❧✬❡❛✉✳ ❯♥ ♠ê♠❡ ❡①❝é❞❡♥t ❞✉ ❜✐❧❛♥
◆ ♣❡✉t ❝♦rr❡s♣♦♥❞r❡ à ❞✐✛ér❡♥ts ♣r♦✜❧s ❞❡ ♣❡rt❡s✳ ❆ s♦♥ ❞é♠❛rr❛❣❡✱ ❧❡ s②stè♠❡ ▼■◆❆❙
✭❝❢ ✶✳✺✳✷✮ ❛ ❢❛✐t ❧✬♦❜❥❡t ❞❡ ♥♦♠❜r❡✉s❡s ❝r✐t✐q✉❡s ❝❛r ✐❧ ② ❛✈❛✐t ♣❡✉ ❞❡ ❞✐✛ér❡♥❝✐❛t✐♦♥ ❞❛♥s
❧❡s s❡✉✐❧s ❛✉t♦r✐sés ❡♥ ❢♦♥❝t✐♦♥ ❞✉ ♠✐❧✐❡✉✳ ▲❛ s❡✉❧❡ ❞✐st✐♥❝t✐♦♥ ❝♦♥❝❡r♥❛✐t ❧✬✉t✐❧✐s❛t✐♦♥ ✿
♣r❛✐r✐❡ ♦✉ ❝✉❧t✉r❡ ✭❙❝❤r♦❞❡r ❡t ❛❧✳ ✷✵✵✸✮✳ ❉❡s ét✉❞❡s ♦❜❥❡❝t❡♥t q✉❡ ❧❡ s❡✉✐❧ ♣❡r♠❡tt❛♥t
❞✬❛tt❡✐♥❞r❡ ❧❛ t❡♥❡✉r ❡♥ ♥✐tr❛t❡s ré❣❧❡♠❡♥t❛✐r❡ ❞❡ 50 mg.L−1 ❞❛♥s ❧❡s ❡❛✉① ❡st é❣❛❧❡♠❡♥t
❢♦♥❝t✐♦♥ ❞✉ t②♣❡ ❞❡ s♦❧ ✭❙❝❤r♦❞❡r ❡t ❛❧✳ ✷✵✵✸ ❀ ❙♦♥♥❡✈❡❧❞ ❡t ❇♦✉♠❛ ✷✵✵✸✮✳ ▲❡ s②stè♠❡
▼■◆❆❙ ❛ été ♠♦❞✐✜é ❡♥ ❝❡ s❡♥s ❡♥ ✷✵✵✸✳ ❚♦✉t❡❢♦✐s✱ ✉♥ ❡✛♦rt ♣♦rt❛♥t s❡✉❧❡♠❡♥t s✉r ❧❛
ré❞✉❝t✐♦♥ ❞❡ ❧✬❡①❝é❞❡♥t ❞✉ ❜✐❧❛♥ ♥❡ ♣❡✉t ♣❛s ❣❛r❛♥t✐r ✉♥❡ t❡♥❡✉r ❡♥ ♥✐tr❛t❡s ❞❛♥s ❧✬❡❛✉
✭❍❛♥❡❣r❛❛❢ ❡t ❞❡♥ ❇♦❡r ✷✵✵✸ ❀ ❙✐♠♦♥ ❡t ❛❧✳ ✷✵✵✵✮✳

▲❛ s②♥t❤ès❡ ❜✐❜❧✐♦❣r❛♣❤✐q✉❡ ré❛❧✐sé❡ ♣❛r ❇♦ss✉❡t ❡t ❛❧✳ ✭✷✵✵✻✮ ❞❛♥s ❧❡ ❝❛❞r❡ ❞✉ ♣r♦❥❡t
●r❡❡♥ ❉❛✐r② ✭■♥t❡rr❡❣ ❊s♣❛❝❡ ❆t❧❛♥t✐q✉❡ ■■■ ❇ ◆✝✶✵✵✮ ♠♦♥tr❡ q✉❡✱ à ❧✬✐♥tér✐❡✉r ❞✬✉♥
s②stè♠❡ ❞❡ ♣r♦❞✉❝t✐♦♥ ❞♦♥♥é✱ ❧❡s é♠✐ss✐♦♥s ❞❡ ♥✐tr❛t❡s s♦♥t ❢♦♥❝t✐♦♥ ❞✉ t②♣❡ ❞❡ s♦❧
❡t ❞✉ ❝❧✐♠❛t✱ ♣r✐♥❝✐♣❛❧❡♠❡♥t ♣❛r ❧✬✐♥t❡r♠é❞✐❛✐r❡ ❞❡ ❧❛ ❧❛♠❡ ❞r❛✐♥❛♥t❡ ✭✈♦✐r ✜❣✉r❡ ✶✳✻✮✳
❉❡s ❞✐✛ér❡♥❝❡s ❡♥tr❡ ❧❡s ré❣✐♦♥s ét✉❞✐é❡s ❞❛♥s ❝❡ ♣r♦❥❡t s♦♥t ❛♣♣❛r✉❡s✱ ♠❛✐s ❛✈❡❝ ✉♥❡
❝♦♥❢✉s✐♦♥ ❡♥tr❡ ❧❡s ❡✛❡ts ❞✉ ♣é❞♦❝❧✐♠❛t ❡t ❝❡✉① ❧✐és ❛✉① s②stè♠❡s ❞❡ ♣r♦❞✉❝t✐♦♥ ✭❇♦ss✉❡t
❡t ❛❧✳ ✷✵✵✻✮✳

✶✳✺✳✺ ❈♦♥❝❧✉s✐♦♥ s✉r ❧❡ ❜✐❧❛♥ ❛♣♣❛r❡♥t ❞❡ ❧✬❛③♦t❡

▲✬❡①❝é❞❡♥t ❞✉ ❜✐❧❛♥ ◆ rés✉❧t❡ ❞❡ t♦✉s ❧❡s ❞♦♠❛✐♥❡s ❞❡ ❧❛ ❣❡st✐♦♥ ❞❡ ❧✬❡①♣❧♦✐t❛t✐♦♥✱ à
t♦✉s ❧❡s ♥✐✈❡❛✉① ❞❡ ❞é❝✐s✐♦♥ ✭str❛té❣✐q✉❡✱ t❛❝t✐q✉❡ ❡t ♦♣ér❛t✐♦♥♥❡❧✮✳ ■❧ s✬❛❣✐t ❞✬✉♥ ♦✉t✐❧
❡✣❝❛❝❡ ♣♦✉r s❡♥s✐❜✐❧✐s❡r ❧❡s é❧❡✈❡✉rs à ❧✬✐♠♣♦rt❛♥❝❡ ❞❡ ❧❡✉r ♣r❛t✐q✉❡s✳ ▲❛ ❣r❛♥❞❡ ✈❛✲
r✐❛❜✐❧✐té ❡♥tr❡ ❡①♣❧♦✐t❛t✐♦♥s ♠♦♥tr❡ q✉❡ ❞❡s ♣r♦❣rès ✐♠♣♦rt❛♥ts ♣❡✉✈❡♥t êtr❡ ré❛❧✐sés
❞❛♥s ❜❡❛✉❝♦✉♣ ❞❡ ❝❛s✳ ❈❡♣❡♥❞❛♥t✱ ❝❡t ♦✉t✐❧ ❞♦✐t êtr❡ ✉t✐❧✐sé ❞❛♥s ❧❡ ❝❛❞r❡ ❞✬✉♥ s✉✐✈✐✱
❡♥ r❛✐s♦♥ ❞❡ ❧❛ ✈❛r✐❛❜✐❧✐té ✐♥t❡r✲❛♥♥✉❡❧❧❡✳ P❡✉ ❞✬ét✉❞❡s ♦♥t été ré❛❧✐sé❡s s✉r ❝❡ ❞❡r♥✐❡r
♣♦✐♥t✳ ▲❡ ❜✐❧❛♥ ♥✬❡st q✉✬✉♥ ✐♥❞✐❝❛t❡✉r ❞❡s ♣❡rt❡s ♣♦t❡♥t✐❡❧❧❡s✱ t♦✉t❡s ❢♦r♠❡s ❝♦♥❢♦♥❞✉❡s✳
▲❡s ❝♦♠♣❛r❛✐s♦♥s ✐♥t❡r✲s②stè♠❡s ❞♦✐✈❡♥t êtr❡ ré❛❧✐sé❡s ❛✈❡❝ ❜❡❛✉❝♦✉♣ ❞❡ ♣ré❝❛✉t✐♦♥s✱
s✉rt♦✉t s✐ ❧✬♦♥ s✬✐♥tér❡ss❡ à ✉♥ ✢✉① ❡♥✈✐r♦♥♥❡♠❡♥t❛❧ ❡♥ ♣❛rt✐❝✉❧✐❡r✳ ▲✬✐♥t❡r♣rét❛t✐♦♥ ❞❡s
rés✉❧t❛ts ❡t ❧❡s ♦❜❥❡❝t✐❢s ❞✬❡①❝é❞❡♥ts à ❛tt❡✐♥❞r❡ ❞♦✐✈❡♥t êtr❡ ✜①és ❡♥ t❡♥❛♥t ❝♦♠♣t❡ ❞✉
s②stè♠❡ ❞❡ ♣r♦❞✉❝t✐♦♥ ❡t ❞✉ ❝♦♥t❡①t❡ ❡♥✈✐r♦♥♥❡♠❡♥t❛❧ ✭❖❜♦r♥ ❡t ❛❧✳ ✷✵✵✸✮✳ ❊♥✜♥✱ ❧❡



❈♦♥❝❧✉s✐♦♥ ✹✼

❋✐❣✳ ✶✳✻ ✕ ❘❡❧❛t✐♦♥ ❡♥tr❡ ❡①❝é❞❡♥ts ❛③♦tés ❡t ❛③♦t❡ ❧❡ss✐✈és ♣♦✉r ❞✐✛ér❡♥ts s✐t❡s ❡①♣ér✐✲
♠❡♥t❛✉①✳ ❙♦✉r❝❡ ✿ ❇♦ss✉❡t ❡t ❛❧✳ ✭✷✵✵✻✮

❜✐❧❛♥ ❞♦✐t êtr❡ ✉t✐❧✐sé ❡♥ ❝♦♥❥♦♥❝t✐♦♥ ❛✈❡❝ ❞✬❛✉tr❡s ✐♥❞✐❝❛t❡✉rs ❞❡s ♣❡r❢♦r♠❛♥❝❡s ❡♥✈✐✲
r♦♥♥❡♠❡♥t❛❧❡s✳ ▲❡s ❡①♣❧♦✐t❛t✐♦♥s ❛②❛♥t ❞❡s ❜✐❧❛♥s é❧❡✈és ♣❡✉✈❡♥t ré❞✉✐r❡ ❡✣❝❛❝❡♠❡♥t
❧❡✉rs é♠✐ss✐♦♥s ❡♥ ré❞✉✐s❛♥t ❧❡✉r ❜✐❧❛♥✱ ♠❛✐s ❧❡s ♣♦ss✐❜✐❧✐tés ❞✬❛♠é❧✐♦r❛t✐♦♥ ♣❛ss❡♥t ♣❛r
❞❡s ❝r✐tèr❡s ♣❧✉s ✜♥s ♣♦✉r ❧❡s ❡①♣❧♦✐t❛t✐♦♥s ❛②❛♥t ❞❡s ❜✐❧❛♥s ♣❧✉tôt ❢❛✐❜❧❡s✳

✶✳✻ ❈♦♥❝❧✉s✐♦♥

▲✬ét✉❞❡ ❜✐❜❧✐♦❣r❛♣❤✐q✉❡ ♣rés❡♥té❡ ❞❛♥s ❝❡ ❝❤❛♣✐tr❡ ❛ ❞♦♥❝ ♠✐s ❡♥ ❧✉♠✐èr❡ ❞✐✛ér❡♥ts
♣♦✐♥ts✳ ❚♦✉t ❞✬❛❜♦r❞✱ ❧❡s ✐♠♣❛❝ts ❡♥✈✐r♦♥♥❡♠❡♥t❛✉① s♦♥t ♠✉❧t✐♣❧❡s ❡t ❧✐és ❡♥tr❡ ❡✉①✳
P♦✉r ❝♦♠♣❛r❡r ❞✐✛ér❡♥ts s②stè♠❡s ❞❡ ♣r♦❞✉❝t✐♦♥✱ ✉♥❡ ❛♣♣r♦❝❤❡ ♠✉❧t✐✲❝r✐tèr❡s ❞♦✐t ❞♦♥❝
êtr❡ ❡♠♣❧♦②é❡ ❡t ❧✬é❝❤❡❧❧❡ ❞❡ ❧✬❡①♣❧♦✐t❛t✐♦♥ s❡♠❜❧❡ ❧❛ ♣❧✉s ❛❞❛♣té❡✳ ❊♥s✉✐t❡✱ ❧✬é✈❛❧✉❛t✐♦♥
❞❡s ❝♦♥séq✉❡♥❝❡s ❞❡s ♣r❛t✐q✉❡s ❛❣r✐❝♦❧❡s ❡t ❞❡s ♠♦②❡♥s ♠✐s ❡♥ ÷✉✈r❡ s✉r ❧❡s é♠✐ss✐♦♥s
❞❡ ❝♦♠♣♦sés à r✐sq✉❡ ❡t ❧❡s ✐♠♣❛❝ts ✜♥❛✉① r❡st❡ ❞✐✣❝✐❧❡✳ ▲❛ ♠♦❞é❧✐s❛t✐♦♥ à ❧✬é❝❤❡❧❧❡ ❞❡
❧✬❡①♣❧♦✐t❛t✐♦♥ ❞✬é❧❡✈❛❣❡ ❡st ✉♥❡ ✈♦✐❡ ♣r✐✈✐❧é❣✐é❡ ♣♦✉r ré❛❧✐s❡r ❞❡s é✈❛❧✉❛t✐♦♥s ❡① ❛♥t❡ ❞❡
❝❡ ❧✐❡♥✳



✹✽ ▲✬✐♠♣❛❝t ❡♥✈✐r♦♥♥❡♠❡♥t❛❧ ❞❡s é❧❡✈❛❣❡s ❧❛✐t✐❡rs



❈❤❛♣✐tr❡ ✷

➱t✉❞❡ ❜✐❜❧✐♦❣r❛♣❤✐q✉❡ ✿
▲❛ ♠♦❞é❧✐s❛t✐♦♥ ❞✉ ❢♦♥❝t✐♦♥♥❡♠❡♥t
❞❡s é❧❡✈❛❣❡s

❙♦♠♠❛✐r❡
✷✳✶ ❉✐✛ér❡♥ts ❡①❡♠♣❧❡s ❞❡ ♠♦❞è❧❡s à ❧✬é❝❤❡❧❧❡ ❞❡ ❧✬❡①♣❧♦✐t❛t✐♦♥

❞✬é❧❡✈❛❣❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✶

✷✳✶✳✶ Prés❡♥t❛t✐♦♥ ❣é♥ér❛❧❡ ❞❡s ♠♦❞è❧❡s ❡①✐st❛♥ts ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✶

✷✳✶✳✷ ▲❡s s♦rt✐❡s ❞❡s ♠♦❞è❧❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✸

✷✳✶✳✸ ❉♦♠❛✐♥❡ ❞✬❛♣♣❧✐❝❛t✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✹

✷✳✶✳✹ ❍♦r✐③♦♥s t❡♠♣♦r❡❧s ❝♦♥s✐❞érés ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✹

✷✳✶✳✺ ▼♦❞é❧✐s❛t✐♦♥ ❞❡ ❧❛ ❞é❝✐s✐♦♥ ❞❛♥s ❧❡s ♠♦❞è❧❡s ❝♦♥s✐❞érés ✳ ✳ ✳ ✺✺

✷✳✶✳✻ ❈♦♥❝❧✉s✐♦♥s t✐ré❡s ❞❡ ❧❛ ❝♦♠♣❛r❛✐s♦♥ ❞❡s ♠♦❞è❧❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✼

✷✳✷ ▼♦❞é❧✐s❛t✐♦♥ ❞❡s ♣r♦❝❡ss✉s ❞é❝✐s✐♦♥♥❡❧s ❡♥ ❡①♣❧♦✐t❛t✐♦♥ ❛❣r✐✲
❝♦❧❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✼

✷✳✷✳✶ ❍✐st♦r✐q✉❡ ❡t ❡♥❥❡✉① ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✽

✷✳✷✳✷ Pr♦❜❧é♠❛t✐q✉❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✾

✷✳✷✳✸ ▲❡s ❛❣r✐❝✉❧t❡✉rs ❝♦♠❜✐♥❡♥t ❛❝t✐♦♥ ♣❧❛♥✐✜é❡ ❡t ❛❝t✐♦♥ s✐t✉é❡ ✳ ✺✾

✷✳✸ ❈♦♥❝❧✉s✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✹

✹✾



✺✵ ▲❛ ♠♦❞é❧✐s❛t✐♦♥ ❞✉ ❢♦♥❝t✐♦♥♥❡♠❡♥t ❞❡s é❧❡✈❛❣❡s



❉✐✛ér❡♥ts ❡①❡♠♣❧❡s ❞❡ ♠♦❞è❧❡s à ❧✬é❝❤❡❧❧❡ ❞❡ ❧✬❡①♣❧♦✐t❛t✐♦♥ ❞✬é❧❡✈❛❣❡ ✺✶

❉❛♥s ❧❡ ❝❤❛♣✐tr❡ ♣ré❝é❞❡♥t✱ ❧❛ ♠♦❞é❧✐s❛t✐♦♥ à ❧✬é❝❤❡❧❧❡ ❞❡ ❧✬❡①♣❧♦✐t❛t✐♦♥ ♣♦✉r ❞é✲
t❡r♠✐♥❡r ❞❡s ✐♠♣❛❝ts ❡♥✈✐r♦♥♥❡♠❡♥t❛✉① ❡♥ ❢♦♥❝t✐♦♥ ❞❡ str❛té❣✐❡s ❞❡ ♣r♦❞✉❝t✐♦♥ ❛ été
✐❞❡♥t✐✜é❡ ❝♦♠♠❡ ✉♥❡ ✈♦✐❡ ♣♦✉✈❛♥t ❝♦♠♣❧ét❡r ❧❡s ❛♣♣r♦❝❤❡s ❡①✐st❛♥t❡s ❡♥ t❡r♠❡s ❞✬é✈❛✲
❧✉❛t✐♦♥s ❞✬✐♠♣❛❝ts✳ ❉❛♥s ❝❡ ❝❤❛♣✐tr❡✱ ❞✐✛ér❡♥ts ♠♦❞è❧❡s ré♣♦♥❞❛♥t ♣♦t❡♥t✐❡❧❧❡♠❡♥t ❛✉①
❝r✐tèr❡s s♦♥t ❞é❝r✐ts✳ ❉❛♥s ✉♥❡ ❞❡✉①✐è♠❡ ♣❛rt✐❡✱ ❧❛ ♠♦❞é❧✐s❛t✐♦♥ ❞❡s ♣r♦❝❡ss✉s ❞é❝✐✲
s✐♦♥♥❡❧s ❡st tr❛✐té❡ ❝❛r ✐❧ s✬❛❣✐t ❞✬✉♥ ♣♦✐♥t ❢♦♥❞❛♠❡♥t❛❧ ♣♦✉r ét✉❞✐❡r ❞❡s str❛té❣✐❡s ❞❡
♣r♦❞✉❝t✐♦♥✳

✷✳✶ ❉✐✛ér❡♥ts ❡①❡♠♣❧❡s ❞❡ ♠♦❞è❧❡s à ❧✬é❝❤❡❧❧❡ ❞❡ ❧✬❡①♣❧♦✐✲
t❛t✐♦♥ ❞✬é❧❡✈❛❣❡

✷✳✶✳✶ Prés❡♥t❛t✐♦♥ ❣é♥ér❛❧❡ ❞❡s ♠♦❞è❧❡s ❡①✐st❛♥ts

❉❡ ♥♦♠❜r❡✉s❡s ❛♣♣r♦❝❤❡s s♦♥t ♣♦ss✐❜❧❡s ♣♦✉r ♠♦❞é❧✐s❡r ❧❡ ❢♦♥❝t✐♦♥♥❡♠❡♥t ❞✬✉♥❡
❡①♣❧♦✐t❛t✐♦♥ ❞✬é❧❡✈❛❣❡ ❧❛✐t✐❡r✳ ❊♥ ♣❛rt✐❝✉❧✐❡r✱ ♦♥ tr♦✉✈❡ ❞❛♥s ❧❛ ❧✐ttér❛t✉r❡ ❞❡ ♥♦♠❜r❡✉①
❡①❡♠♣❧❡s ❞❡ ♠♦❞è❧❡s ✉t✐❧✐s❛♥t ❧❛ ♣r♦❣r❛♠♠❛t✐♦♥ ❧✐♥é❛✐r❡ ♣♦✉r ét✉❞✐❡r ❞✐✛ér❡♥t❡s s♦rt✐❡s
❡♥ ❢♦♥❝t✐♦♥ ❞✬♦♣t✐♦♥s str❛té❣✐q✉❡s ❡t ❞✉ ❝♦♥t❡①t❡ é❝♦♥♦♠✐q✉❡✳ ❈❡ t②♣❡ ❞❡ ♠♦❞è❧❡s ♥❡
s❡r❛ ♣❛s ét✉❞✐é ✐❝✐✳ ❈❡tt❡ t❤ès❡ ♥✬❛❜♦r❞❡ q✉❡ ❧❡s ♠♦❞è❧❡s ❞❡ s✐♠✉❧❛t✐♦♥ ❞②♥❛♠✐q✉❡ ❞✉
❢♦♥❝t✐♦♥♥❡♠❡♥t ❞✬✉♥❡ ❡①♣❧♦✐t❛t✐♦♥ ❞✬é❧❡✈❛❣❡ ❧❛✐t✐❡r✳

❉❛♥s ❧❡ ❝❛❞r❡ ❞❡ ❝❡tt❡ s②♥t❤ès❡ ❜✐❜❧✐♦❣r❛♣❤✐q✉❡✱ ❧❡s ❛♣♣r♦❝❤❡s ♣❛r ❝♦✉♣❧❛❣❡ ✓ ♠❛✲
♥✉❡❧ ✔ ❞❡ ♠♦❞è❧❡s ❜✐♦t❡❝❤♥✐q✉❡s ❢♦♥❝t✐♦♥♥❛♥t séq✉❡♥t✐❡❧❧❡♠❡♥t ❡t s❛♥s ✐♥t❡r❛❝t✐♦♥s ❡♥tr❡
❡✉① ♦♥t é❣❛❧❡♠❡♥t été é❝❛rté❡s✳ ❙❡✉❧s ❧❡s ♠♦❞è❧❡s ❛✈❡❝ ✉♥ ✈ér✐t❛❜❧❡ ❝♦✉♣❧❛❣❡ ❢❛✐s❛♥t ✐♥✲
t❡r✈❡♥✐r ❞❡s ✐♥t❡r❛❝t✐♦♥s ♦♥t été ❡①❛♠✐♥és✳ ▲❛ ❧✐st❡ ❞❡s ♠♦❞è❧❡s ét✉❞✐és ❡st ❧❛ s✉✐✈❛♥t❡ ✿

✕ ❋❛r♠ ❆❙❙❊ss♠❡♥t ❚♦♦❧ ✿ ❋❛ss❡t ✭❏❛❝♦❜s❡♥ ❡t ❛❧✳ ✶✾✾✽✮
✕ ■♥t❡❣r❛t❡❞ ❋❛r♠ ❙②st❡♠s ▼♦❞❡❧ ✿ ■❢s♠ ✭❘♦t③ ❡t ❈♦✐♥❡r ✷✵✵✹✮
✕ ❉❛✐r②❲✐s❡ ✭❙❝❤✐❧s ❡t ❛❧✳ ✷✵✵✼✮
✕ ▲❡ ❲❤♦❧❡ ❋❛r♠ ▼♦❞❡❧ ✿ ❲❢♠ ✭❲❛st♥❡② ❡t ❛❧✳ ✷✵✵✷✮
✕ ●❧♦❜❛❧ ❆❝t✐✈✐t② ▼♦❞❡❧ ❢♦r ❊✈❛❧✉❛t✐♥❣ t❤❡ s✉st❛✐♥❛❜✐❧✐t② ♦❢ ❉❛✐r② ❊♥tr❡♣r✐s❡s ✿
●❛♠❡❞❡ ✭❱❛②ss✐èr❡s ✷✵✵✽✮

❋❛ss❡t ❡st ✉♥ ♠♦❞è❧❡ ❞é✈❡❧♦♣♣é ❛✉ ❉❛♥❡♠❛r❦ ❡t ✈✐s❛♥t à é✈❛❧✉❡r ❧❡s ❝♦♥séq✉❡♥❝❡s
❞❡ ❞✐✛ér❡♥t❡s ♣♦❧✐t✐q✉❡s ❡♥✈✐r♦♥♥❡♠❡♥t❛❧❡s s✉r ❧❛ ❞✉r❛❜✐❧✐té à ❧✬é❝❤❡❧❧❡ ❞❡ ❧✬❡①♣❧♦✐t❛t✐♦♥✳
❋❛ss❡t s✐♠✉❧❡ ❧❡s ✢✉① ❞❡ ♠❛t✐èr❡ ❡t ❧❡s ♦♣ér❛t✐♦♥s t❡❝❤♥✐q✉❡s ❛②❛♥t ❧✐❡✉ à ❧✬✐♥tér✐❡✉r ❞❡
❧✬❡①♣❧♦✐t❛t✐♦♥✳ ▲❡ ♠♦❞è❧❡ ❡st s❡♥s✐❜❧❡ ❛✉ ❝♦♥t❡①t❡ é❝♦♥♦♠✐q✉❡ ❡t ❞✐✛ér❡♥t❡s ♣♦❧✐t✐q✉❡s
❡♥✈✐r♦♥♥❡♠❡♥t❛❧❡s✱ q✉✐ s❡ tr❛❞✉✐s❡♥t ♣r✐♥❝✐♣❛❧❡♠❡♥t ♣❛r ❞❡s t❛①❡s ♦✉ ❞❡s ❧✐♠✐t❡s s✉r ❧❛
❢❡rt✐❧✐s❛t✐♦♥✱ ♣❡✉✈❡♥t êtr❡ ❝♦♠♣❛ré❡s✳

■❢s♠ ❛ été ❞é✈❡❧♦♣♣é ❛✉① ➱t❛ts✲❯♥✐s à ♣❛rt✐r ❞✉ ♠♦❞è❧❡❉❛❢♦s②♠✱ ❞♦♥t ❧❛ ❝♦♥str✉❝✲
t✐♦♥ ❛ ❞é❜✉té ✐❧ ② ❛ ♣❧✉s ❞❡ ✷✵ ❛♥s✳ ■❢s♠ ❡st à ❧✬♦r✐❣✐♥❡ ❞❡st✐♥é à é✈❛❧✉❡r ❧❡s ♣❡r❢♦r♠❛♥❝❡s
t❡❝❤♥✐❝♦✲é❝♦♥♦♠✐q✉❡s ❞❡ str❛té❣✐❡s ❞❡ ♣r♦❞✉❝t✐♦♥ ❡t ❞❡s ❛s♣❡❝ts ❡♥✈✐r♦♥♥❡♠❡♥t❛✉① ♦♥t
été ❛❥♦✉tés ♣❛r ❧❛ s✉✐t❡✳ ▲❛ ♣r♦❞✉❝t✐♦♥ ❞❡s ❛❧✐♠❡♥ts ♣♦✉r ❧❡ tr♦✉♣❡❛✉✱ ❤ér✐té❡ ❞❡ ❉❛✲
❢♦s②♠✱ ❡st ✉♥ ❞❡s ♣♦✐♥ts ❢♦rts ❞❡ ❝❡ ♠♦❞è❧❡✳ ❉❡s ❜❛s❡s ❞❡ ❞♦♥♥é❡s ✐♠♣♦rt❛♥t❡s✱ ♥♦✲
t❛♠♠❡♥t ❝♦♥❝❡r♥❛♥t ❧❛ ♠❛❝❤✐♥❡r✐❡✱ s♦♥t ✐♥té❣ré❡s ❛✉ ♠♦❞è❧❡ ❡t ✉t✐❧✐sé❡s ♣♦✉r ❧❡s ❝❛❧❝✉❧s
é❝♦♥♦♠✐q✉❡s✳
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❖❜❥❡❝t✐❢ ♣r✐♥❝✐♣❛❧ ❙♦rt✐❡s ❉♦♠❛✐♥❡ ❞❡
✈❛❧✐❞✐té

➱❝❤❡❧❧❡ ❞❡
t❡♠♣s

P❧❛♥✐✜❝❛t✐♦♥
❛♥♥✉❡❧❧❡

❉é❝✐s✐♦♥s ❡♥
❝♦✉rs ❞✬❛♥♥é❡

❋❆❙❙❊❚ ■♠♣❛❝t ❡♥✈✐r♦♥♥❡♠❡♥t❛❧
❡♥ ❢♦♥❝t✐♦♥ ❞❡
ré❣❧❡♠❡♥t❛t✐♦♥s

❋❧✉① ❞✬é❧é♠❡♥ts ❀ ❈♦♥s♦✳
é♥❡r❣✐❡ ❡t ♣❤②t♦✳ ❀
➱❝♦♥♦♠✐❡

❉❛♥❡♠❛r❦ ✰❄ ✸✵ ❛♥s Pr♦❣r❛♠♠❛t✐♦♥
❧✐♥é❛✐r❡

∅

■❋❙▼ ❘és✉❧t❛ts
t❡❝❤♥✐❝♦✲é❝♦♥♦♠✐q✉❡s

➱❝♦♥♦♠✐❡ ❀ P❡rt❡s ◆ ➱t❛ts✲❯♥✐s ❡t
❊✉r♦♣❡

✶ ❛♥ ❊♥tré❡ ◗✉❡❧q✉❡s rè❣❧❡s
❞❡ ❞é❝✐s✐♦♥

❉❛✐r②❲✐s❡ ■♠♣❛❝ts
❡♥✈✐r♦♥♥❡♠❡♥t❛✉① ❞❡
s②stè♠❡s ❞❡ ♣r♦❞✉❝t✐♦♥

P❡rt❡s ✈❡rs ❧✬❡❛✉ ❡t ❧✬❛✐r ❀
❈♦♥s♦✳ é♥❡r❣✐❡ ❀ ➱❝♦♥♦♠✐❡

P❛②s✲❇❛s ✶ ❛♥ ❊♥tré❡ Pât✉r❛❣❡

❲❋▼ ❘és✉❧t❛ts
t❡❝❤♥✐❝♦✲é❝♦♥♦♠✐q✉❡s

❘és✉❧t❛ts
t❡❝❤♥✐❝♦✲é❝♦♥♦♠✐q✉❡s ❀
P❡rt❡s ◆

◆♦✉✈❡❧❧❡✲
❩é❧❛♥❞❡

✶ ❛♥ ◆♦♥ ❛♣♣❧✐❝❛❜❧❡ ●❡st✐♦♥ ✜♥❡ ❞✉
♣ât✉r❛❣❡

●❛♠❡❞❡ ■❞❡♥t✐✜❝❛t✐♦♥ ❞❡
str❛té❣✐❡s ❞❡ ♣r♦❞✉❝t✐♦♥
ré❞✉✐s❛♥t ❧❡s ✐♠♣❛❝ts

P❡rt❡s ◆ ▲❛ ❘é✉♥✐♦♥ ❯♥❡ ♦✉
♣❧✉s✐❡✉rs ❛♥♥é❡s

❊♥tré❡ ▼♦❞è❧❡ ❞✬❛❝t✐♦♥
❞❡ ❧✬é❧❡✈❡✉r

❚❛❜✳ ✷✳✶ ✕ ❈♦♠♣❛r❛✐s♦♥ ❞❡ ❞✐✛ér❡♥ts ♠♦❞è❧❡s ❞✉ ❢♦♥❝t✐♦♥♥❡♠❡♥t ❞✬❡①♣❧♦✐t❛t✐♦♥s ❞✬é❧❡✈❛❣❡ ❧❛✐t✐❡r



❉✐✛ér❡♥ts ❡①❡♠♣❧❡s ❞❡ ♠♦❞è❧❡s à ❧✬é❝❤❡❧❧❡ ❞❡ ❧✬❡①♣❧♦✐t❛t✐♦♥ ❞✬é❧❡✈❛❣❡ ✺✸

❉❛✐r②❲✐s❡ ❡st ✉♥ ♠♦❞è❧❡ ❞é✈❡❧♦♣♣é ré❝❡♠♠❡♥t ❛✉① P❛②s✲❇❛s✱ ❡♥ ✉t✐❧✐s❛♥t ✉♥
❡♥s❡♠❜❧❡ ❞❡ s♦✉s✲♠♦❞è❧❡s ❞é✈❡❧♦♣♣és ❧♦❝❛❧❡♠❡♥t ❛✉♣❛r❛✈❛♥t✳ ❉❛✐r②❲✐s❡ ❡st ❞❡st✐♥é à
é✈❛❧✉❡r ❧✬✐♠♣❛❝t ❡♥✈✐r♦♥♥❡♠❡♥t❛❧ ❞❡s s②stè♠❡s ❧❛✐t✐❡rs✳ ■❧ s✐♠✉❧❡ ❞❡ ❢❛ç♦♥ r❡❧❛t✐✈❡♠❡♥t
❝♦♠♣❧èt❡ ❧❡s ✢✉① ❞✬é❧é♠❡♥ts ❛✉ s❡✐♥ ❞❡ ❧✬❡①♣❧♦✐t❛t✐♦♥ ❡t ❧❡s ♣❡rt❡s ❡♥✈✐r♦♥♥❡♠❡♥t❛❧❡s✳

▲❡ ❲❢♠ ❡st ❞é✈❡❧♦♣♣é ❡♥ ◆♦✉✈❡❧❧❡✲❩é❧❛♥❞❡ ❡t s✐♠✉❧❡ ❧❡ ❢♦♥❝t✐♦♥♥❡♠❡♥t ❞❡s ❡①♣❧♦✐✲
t❛t✐♦♥s ❧❛✐t✐èr❡s ❧♦❝❛❧❡s✳ ❈❡ s✐♠✉❧❛t❡✉r ❛ été ❞é✈❡❧♦♣♣é ♣♦✉r é✈❛❧✉❡r ❧❡s ♣❡r❢♦r♠❛♥❝❡s
t❡❝❤♥✐❝♦✲é❝♦♥♦♠✐q✉❡s ❞✬❡①♣❧♦✐t❛t✐♦♥s ❧❛✐t✐èr❡s✳ ■❧ ❡st ♣♦ss✐❜❧❡ ❞❡ ❧✬✉t✐❧✐s❡r ♣♦✉r ❝♦♠♣❛✲
r❡r ❞✐✛ér❡♥t❡s ♦♣t✐♦♥s str❛té❣✐q✉❡s✱ ❝♦♠♠❡ ❞❡s ♥✐✈❡❛✉① ❞❡ ❝❤❛r❣❡♠❡♥t✱ ❛✉ss✐ ❜✐❡♥ q✉❡
❞❡s ❝❤♦✐① t❛❝t✐q✉❡s ❛✉ ♥✐✈❡❛✉ ❞❡ rè❣❧❡s ❞❡ ❞é❝✐s✐♦♥✳ ❘é❝❡♠♠❡♥t✱ ❞❡s ♠♦❞è❧❡s ❞❡ ✢✉①
❞✬é❧é♠❡♥ts ♣❧✉s ❞ét❛✐❧❧és ♦♥t été ❝♦✉♣❧és ❛✜♥ ❞❡ s✐♠✉❧❡r ❞❡s ✐♠♣❛❝ts ❡♥✈✐r♦♥♥❡♠❡♥✲
t❛✉① ✭P✳ ❇❡✉❦❡s✱ ❝♦♠♠✉♥✐❝❛t✐♦♥ ♣❡rs♦♥♥❡❧❧❡✮✳

●❛♠❡❞❡ ❡st ✐ss✉ ❞✬✉♥ tr❛✈❛✐❧ ❞❡ t❤ès❡ ✭❱❛②ss✐èr❡s ✷✵✵✽✮ ✈✐s❛♥t à ❛♥❛❧②s❡r ❡t ❢❛✐r❡
é✈♦❧✉❡r ❧❡s ♣r❛t✐q✉❡s ❞❡s é❧❡✈❡✉rs ❧❛✐t✐❡rs s✉r ❧✬î❧❡ ❞❡ ❧❛ ❘é✉♥✐♦♥✳ ❈❡ ♠♦❞è❧❡ s✐♠✉❧❡ ❧❡s ✢✉①
❞❡ ♠❛t✐èr❡ ❛✉ s❡✐♥ ❞❡s ❡①♣❧♦✐t❛t✐♦♥s ❡♥ ♠❡tt❛♥t ❧✬❛❝❝❡♥t s✉r ❧❡s ♣r♦❝❡ss✉s ❞é❝✐s✐♦♥♥❡❧s
❞❡s ❛❣r✐❝✉❧t❡✉rs✳

✷✳✶✳✷ ▲❡s s♦rt✐❡s ❞❡s ♠♦❞è❧❡s

❚♦✉s ❧❡s ♠♦❞è❧❡s ♣rés❡♥tés ♣❡r♠❡tt❡♥t ❞✬é✈❛❧✉❡r ❞❡s ✐♠♣❛❝ts ❡♥✈✐r♦♥♥❡♠❡♥t❛✉① ❛✉
♥✐✈❡❛✉ ❞❡ ❧✬❡①♣❧♦✐t❛t✐♦♥ ♠♦❞é❧✐sé❡✳ ▲❡s ♠♦❞è❧❡s q✉✐ ét❛✐❡♥t à ❧✬♦r✐❣✐♥❡ ❞❡st✐♥és à é✈❛❧✉❡r
❧❡s ♣❡r❢♦r♠❛♥❝❡s t❡❝❤♥✐❝♦✲é❝♦♥♦♠✐q✉❡s ♦♥t é✈♦❧✉é ✈❡rs ❧❡s ❛s♣❡❝ts ❡♥✈✐r♦♥♥❡♠❡♥t❛✉①
❝❛r ❝❡s ❞❡r♥✐❡rs ❝♦♥st✐t✉❡♥t ✉♥❡ ♣ré♦❝❝✉♣❛t✐♦♥ ✐♠♣♦rt❛♥t❡ ❞❛♥s ❧❡s ♣❛②s r❡s♣❡❝t✐❢s ❞❡s
♠♦❞è❧❡s✳ ❉❡ ♣❧✉s✱ ❧❛ ♠♦❞é❧✐s❛t✐♦♥ à ❧✬é❝❤❡❧❧❡ ❞❡ ❧✬❡①♣❧♦✐t❛t✐♦♥ ❡st ✉♥ ♦✉t✐❧ ✐♥tér❡ss❛♥t
♣♦✉r ❧❡s é✈❛❧✉❛t✐♦♥s ❞✬✐♠♣❛❝t ❡♥✈✐r♦♥♥❡♠❡♥t❛❧✳

▲❡s ✐♠♣❛❝ts ❡♥✈✐r♦♥♥❡♠❡♥t❛✉① ❞❡s ❡①♣❧♦✐t❛t✐♦♥s ❞✬é❧❡✈❛❣❡ s♦♥t ♠✉❧t✐♣❧❡s ✭✈♦✐r ❝❤❛✲
♣✐tr❡ ✶✮✳ ▲❡s s♦rt✐❡s ❞❡s ♠♦❞è❧❡s ♣❡r♠❡tt❡♥t ❞✬é✈❛❧✉❡r ❞❡ ❢❛ç♦♥ ♣❧✉s ♦✉ ♠♦✐♥s ❝♦♠♣❧èt❡
❝❡s ✐♠♣❛❝ts✳ ❆✉ ♥✐✈❡❛✉ ❞❡s ✢✉① ❞❡ ♠❛t✐èr❡✱ ❧❡ ♣❧✉s ❝♦♠♣❧❡t ❡st ❉❛✐r②❲✐s❡✱ q✉✐ s✐♠✉❧❡
❧❡s ❝②❝❧❡s ❞✉ ❝❛r❜♦♥❡✱ ❞❡ ❧✬❛③♦t❡✱ ❞✉ ♣❤♦s♣❤♦r❡ ❡t ❞✉ ♣♦t❛ss✐✉♠✳ ▲❡s ♣❡rt❡s ❞❡ ♥✐tr❛t❡s✱
❞✬❛♠♠♦♥✐❛❝ ❡t ❞❡ ●❊❙ ✭♠ét❤❛♥❡✱ ♣r♦t♦①②❞❡ ❞✬❛③♦t❡✱ ❞✐♦①②❞❡ ❞❡ ❝❛r❜♦♥❡✮ s♦♥t s✐♠✉❧é❡s✳
▲❡s ❝♦♥s♦♠♠❛t✐♦♥s ❞✬é♥❡r❣✐❡ s♦♥t é❣❛❧❡♠❡♥t ❝❛❧❝✉❧é❡s✳ ❉❛♥s ❧❡s ♣r❡♠✐èr❡s ✈❡rs✐♦♥s ❞❡
❋❛ss❡t✱ ❧✬❛❝❝❡♥t ❛ été ♠✐s s✉r ❧❡s ✢✉① ❞✬❛③♦t❡✱ ❡t ♥♦t❛♠♠❡♥t ❧❡ ❧❡ss✐✈❛❣❡ ❞❡s ♥✐tr❛t❡s✳
▲❡s ❝♦♥s♦♠♠❛t✐♦♥s ❞❡ ♣❡st✐❝✐❞❡s ❡t ❞✬é♥❡r❣✐❡ ét❛✐❡♥t é❣❛❧❡♠❡♥t ❝❛❧❝✉❧é❡s✳ ❉❡ ♥♦✉✈❡❛✉①
❞é✈❡❧♦♣♣❡♠❡♥ts s❡♠❜❧❡♥t ❛✈♦✐r été ❛♣♣♦rtés✱ ♠❛✐s ♥✬♦♥t ♣❛s été ♣✉❜❧✐és✳ ■❢s♠ ❡t ●❛✲
♠❡❞❡ s❡ ❝♦♥❝❡♥tr❡♥t é❣❛❧❡♠❡♥t s✉r ❧❡s ✢✉① ❞✬❛③♦t❡✱ ♠❛✐s ■❢s♠ ❝❛❧❝✉❧❡ é❣❛❧❡♠❡♥t ❞❡s
❜✐❧❛♥s ♣♦✉r ❧❡ ♣❤♦s♣❤♦r❡ ❡t ❧❡ ♣♦t❛ss✐✉♠✳

▲❛ ❞✐♠❡♥s✐♦♥ é❝♦♥♦♠✐q✉❡ ❥♦✉❡ ✉♥ rô❧❡ ✐♠♣♦rt❛♥t ❞❛♥s ❧✬é✈❛❧✉❛t✐♦♥ ❞❡s str❛té❣✐❡s ❞❡
♣r♦❞✉❝t✐♦♥✳ ❖♣t✐♠✐s❡r ❧❡s ♣r❛t✐q✉❡s s✉r ✉♥ ♣❧❛♥ ❡♥✈✐r♦♥♥❡♠❡♥t❛❧ ♥❡ ❞♦✐t ❡♥ ❡✛❡t ♣❛s
❝♦♥❞✉✐r❡ à ❞❡s s②stè♠❡s ♥♦♥ ✈✐❛❜❧❡s é❝♦♥♦♠✐q✉❡♠❡♥t✳ ◗✉❛tr❡ ❞❡s ❝✐♥q ♠♦❞è❧❡s ❢♦✉r✲
♥✐ss❡♥t ✉♥❡ ❛♥❛❧②s❡ é❝♦♥♦♠✐q✉❡ ❞❡s s②stè♠❡s✳ ❋❛ss❡t✱ ■❢s♠ ❡t ❉❛✐r②❲✐s❡ ❝❛❧❝✉❧❡♥t
✉♥ rés✉❧t❛t ❞✬❡①♣❧♦✐t❛t✐♦♥✱ à ♣❛rt✐r ❞❡ ❜❛s❡s ❞❡ ❞♦♥♥é❡s s✉r ❧❡s ♣r✐① ❞❡s ♣r♦❞✉✐ts ❡t
✐♥tr❛♥ts ❡t s✉r ❧❡s ✈❛❧❡✉rs ❞❡s ❜ât✐♠❡♥ts ❡t ❞❡s ♠❛❝❤✐♥❡s✳ ❉❡s ❤②♣♦t❤ès❡s s♦♥t ❢♦r♠✉❧é❡s
♣♦✉r ❝❛❧❝✉❧❡r ❧❡s ❛♠♦rt✐ss❡♠❡♥ts✳ ▲❡ ❲❢♠ ❝❛❧❝✉❧❡ ✉♥ ❝r✐tèr❡ ❛♣♣❛r❡♥té ❛✉ rés✉❧t❛t ❡t
très ✉t✐❧✐sé ❡♥ ◆♦✉✈❡❧❧❡✲❩é❧❛♥❞❡✱ ❧✬❊❋❙ ✭❊❝♦♥♦♠✐❝ ❋❛r♠ ❙✉r♣❧✉s✮✳ ▲❡s ✐♥✈❡st✐ss❡♠❡♥ts
❧✐és ❛✉① ❜ât✐♠❡♥ts ❡t ❛✉① ♠❛❝❤✐♥❡s s♦♥t ❢❛✐❜❧❡s ❞❛♥s ❧❡s s②stè♠❡s ❞❡ ♣r♦❞✉❝t✐♦♥ ◆é♦✲



✺✹ ▲❛ ♠♦❞é❧✐s❛t✐♦♥ ❞✉ ❢♦♥❝t✐♦♥♥❡♠❡♥t ❞❡s é❧❡✈❛❣❡s

③é❧❛♥❞❛✐s✳ ●❛♠❡❞❡ ♥❡ ♣r♦♣♦s❡ ♣❛s ❞✬❛♥❛❧②s❡ é❝♦♥♦♠✐q✉❡✳ ❈❡♣❡♥❞❛♥t✱ ❝❡ ♠♦❞è❧❡ ❡st
❝♦♥ç✉ ♣♦✉r ❢❛✈♦r✐s❡r ❧❡ ❞✐❛❧♦❣✉❡ ❛✈❡❝ ❧❡s ❛❣r✐❝✉❧t❡✉rs s✉r ❧❡✉rs ♣r❛t✐q✉❡s✳ ▲❡s s❝é♥❛r✐♦s
t❡stés ❛✈❡❝ ❧❡ ♠♦❞è❧❡ ♦♥t été é❧❛❜♦rés ❛✈❡❝ ❧❡✉r ❝♦❧❧❛❜♦r❛t✐♦♥✳ ❖♥ ♣❡✉t ❞♦♥❝ s✉♣♣♦s❡r
q✉❡ ❝❡s s❝é♥❛r✐♦s s♦♥t ré❛❧✐s❛❜❧❡s✳

✷✳✶✳✸ ❉♦♠❛✐♥❡ ❞✬❛♣♣❧✐❝❛t✐♦♥

▲❡ ❲❢♠ s✐♠✉❧❡ ❧❡s s②stè♠❡s ❞❡ ♣r♦❞✉❝t✐♦♥ t②♣✐q✉❡s ❡♥ ◆♦✉✈❡❧❧❡✲❩é❧❛♥❞❡✳ ■❧ s✬❛❣✐t
❞❡ s②stè♠❡s ❜❛sés ♣r❡sq✉❡ ❡①❝❧✉s✐✈❡♠❡♥t s✉r ❧❡ ♣ât✉r❛❣❡ ❡t s❛♥s ❜ât✐♠❡♥ts✳ ▲❛ ♣r❛✐r✐❡
❡st ❧❛ s❡✉❧❡ ❝✉❧t✉r❡ ✈ér✐t❛❜❧❡♠❡♥t ✐♥té❣ré❡ ❛✉ ♠♦❞è❧❡ ❡t ❞❡s tr❛✈❛✉① s♦♥t ❡♥ ❝♦✉rs ♣♦✉r
❝♦✉♣❧❡r ✉♥ ♠♦❞è❧❡ ❞❡ ❝✉❧t✉r❡ ❞✉ ♠❛ïs ✭P✳ ❇❡✉❦❡s✱ ❝♦♠♠✉♥✐❝❛t✐♦♥ ♣❡rs♦♥♥❡❧❧❡✮✳ ▲❡
♠♦❞è❧❡ s✬❛♣♣❧✐q✉❡ à ❞❡s s②stè♠❡s r❡❧❛t✐✈❡♠❡♥t ❞✐✛ér❡♥ts ❞❡ ❝❡✉① r❡♥❝♦♥trés ❡♥ ❋r❛♥❝❡✳
●❛♠❡❞❡ ❛ été ❝♦♥ç✉ ♣♦✉r r❡♣rés❡♥t❡r ❧❡s ❡①♣❧♦✐t❛t✐♦♥s ❞❡ ❧✬î❧❡ ❞❡ ❧❛ ❘é✉♥✐♦♥✳ ❙❡✉❧❡s
❞❡✉① ❝✉❧t✉r❡s s♦♥t r❡♣rés❡♥té❡s ✿ ❧❛ ❝❛♥♥❡ à s✉❝r❡ ❡t ❧❛ ♣r❛✐r✐❡ ✭❝♦♥t❡♥❛♥t ❞❡s ❡s♣è❝❡s
tr♦♣✐❝❛❧❡s✮✳ ▲❡ ♠♦❞è❧❡ ❡st ♦r❣❛♥✐sé ❡♥ ❢♦♥❝t✐♦♥ ❞✉ ❝②❝❧❡ ❞❡ ♣r♦❞✉❝t✐♦♥ ❞❡ ❝❡s ❝✉❧t✉r❡s✱
❡♥ ❝♦♥❞✐t✐♦♥s tr♦♣✐❝❛❧❡s✳ ❊♥ ❝♦♥séq✉❡♥❝❡✱ ❞✬✉♥❡ ♣❛rt✱ ❧❡ ♣❛r❛♠étr❛❣❡ ❞✉ ♠♦❞è❧❡ ♥❡
❝♦rr❡s♣♦♥❞ ♣❛s ❛✉① ❝♦♥❞✐t✐♦♥s ♠étr♦♣♦❧✐t❛✐♥❡s ❡t ❞✬❛✉tr❡ ♣❛rt✱ ❧❡s ❝♦♥tr❛✐♥t❡s ♣♦✉r ❧❡
♣✐❧♦t❛❣❡ s♦♥t ❛ss❡③ é❧♦✐❣♥é❡s ❞❡ ❝❡❧❧❡s r❡♥❝♦♥tré❡s ❡♥ ♠étr♦♣♦❧❡✳

▲❡s tr♦✐s ❛✉tr❡s ♠♦❞è❧❡s s✬❛♣♣❧✐q✉❡♥t à ❞❡s t②♣❡s ❞✬❡①♣❧♦✐t❛t✐♦♥s ❜❡❛✉❝♦✉♣ ♣❧✉s
♣r♦❝❤❡s ❞❡s é❧❡✈❛❣❡s ❞✉ ❣r❛♥❞ ❖✉❡st ❢r❛♥ç❛✐s✳ ■❢s♠ ❛ été ❛♣♣❧✐q✉é ❛✈❡❝ s✉❝❝ès ❞❛♥s
❞✐✛ér❡♥t❡s ré❣✐♦♥s ❞✉ ♠♦♥❞❡ ❞❡s ➱t❛ts✲❯♥✐s ❛✉ ❇rés✐❧ ✭❆ss✐s ❡t ❛❧✳ ✷✵✵✻✮ ❡♥ ♣❛ss❛♥t ♣❛r
❧✬❊✉r♦♣❡ ✭❲❛❝❤❡♥❞♦r❢ ❡t ●♦❧✐♥s❦✐ ✷✵✵✻✮✳ ▲❡s ❛✉t❡✉rs ❞❡ ❉❛✐r②❲✐s❡ ♥♦t❡♥t q✉❡ ❝❡r✲
t❛✐♥s s♦✉s✲♠♦❞è❧❡s ✭❝✉❧t✉r❡s✱ ♥♦t❛♠♠❡♥t✮ s♦♥t ❡♠♣✐r✐q✉❡s ❡t q✉❡ ❧❡✉r ♣❛r❛♠étr❛❣❡ ❡st
✈❛❧✐❞❡ ✉♥✐q✉❡♠❡♥t ❛✉① P❛②s✲❇❛s✱ ♠ê♠❡ s✐ ❞❡s ❛❞❛♣t❛t✐♦♥s s♦♥t ♣♦ss✐❜❧❡s✳ ▲❡ ❞♦♠❛✐♥❡
❞❡ ✈❛❧✐❞✐té ❞❡ ❋❛ss❡t ♥✬❡st ♣❛s ❡①♣❧✐❝✐t❡♠❡♥t st✐♣✉❧é✱ ♠❛✐s ♦♥ ♣❡✉t s✉♣♣♦s❡r q✉❡ ❧✬❛❞❛♣✲
t❛t✐♦♥ ❛✉① ❡①♣❧♦✐t❛t✐♦♥s ❞✉ ❣r❛♥❞ ❖✉❡st ♣❛ss❡r❛✐t ❡ss❡♥t✐❡❧❧❡♠❡♥t ♣❛r ❞❡s q✉❡st✐♦♥s ❞❡
♣❛r❛♠étr❛❣❡✳

✷✳✶✳✹ ❍♦r✐③♦♥s t❡♠♣♦r❡❧s ❝♦♥s✐❞érés

▲❡s ❝✐♥q ♠♦❞è❧❡s ❝♦♥s✐❞érés ❢♦♥❝t✐♦♥♥❡♥t ❛✉ ♣❛s ❞❡ t❡♠♣s ❥♦✉r♥❛❧✐❡r✳ ■❧ s✬❛❣✐t ❞✉
♣❛s ❞❡ t❡♠♣s ❧❡ ♣❧✉s ❛❞❛♣té ♣♦✉r ré❛❧✐s❡r ❧❡s ❝❛❧❝✉❧s✳ ▲❡s rés✉❧t❛ts ♥❡ s♦♥t ❝❡♣❡♥❞❛♥t
❥❛♠❛✐s ✐♥t❡r♣rétés à ❝❡ ♥✐✈❡❛✉ ❞❡ ❞ét❛✐❧✱ ♣✉✐sq✉❡ ❧❛ ♣ré❝✐s✐♦♥ ré❡❧❧❡ ❞❡s ♠♦❞è❧❡s ❡st
ét❛❜❧✐❡ s✉r ❞❡s ♣ér✐♦❞❡s ♣❧✉s ❧♦♥❣✉❡s✱ ❡♥ ♣❛rt✐❝✉❧✐❡r ❡♥ ❝❡ q✉✐ ❝♦♥❝❡r♥❡ ❧❡s ✐♠♣❛❝ts
❡♥✈✐r♦♥♥❡♠❡♥t❛✉①✳ ▲❡s rés✉❧t❛ts s♦♥t ❞♦♥❝ ❛❣ré❣és✱ s♦✉✈❡♥t à ❧✬é❝❤❡❧❧❡ ❞❡ ❧✬❛♥♥é❡✱ s❛♥s
q✉❡ ❧❡s ❛s♣❡❝ts ❞②♥❛♠✐q✉❡s ❛✉ ❝♦✉rs ❞❡ ❧✬❛♥♥é❡ ♥❡ s♦✐❡♥t ❝♦♠♣❧èt❡♠❡♥t ❞é❧❛✐ssés✳

▲❡ ❲❢♠ ❡t ■❢s♠ ré❛❧✐s❡♥t ❞❡s s✐♠✉❧❛t✐♦♥s ❞✬✉♥❡ ❞✉ré❡ ❞✬✉♥❡ ❛♥♥é❡✳ ■❧ ❡st ♣♦ss✐❜❧❡
❞❡ ré❛❧✐s❡r ❞❡ ❢❛ç♦♥ ❣r♦✉♣é❡ ❞❡s s✐♠✉❧❛t✐♦♥s ♣♦✉r ❞✐✛ér❡♥t❡s ❛♥♥é❡s ❝❧✐♠❛t✐q✉❡s✱ ♠❛✐s
s❛♥s ❝♦♥t✐♥✉✐té ❡♥tr❡ ❧❡s s✐♠✉❧❛t✐♦♥s✳ ▲✬ét❛t ❞❡s st♦❝❦s✱ ♣❛r ❡①❡♠♣❧❡✱ ♥✬❡st ♣❛s r❡♣♦rté✳
●❛♠❡❞❡ ♥✬❛ ♣❛s ❞❡ ❞✉ré❡ ✜①❡ ❡t ❞❡s s✐♠✉❧❛t✐♦♥s ♣♦✉r ❞❡s ♣ér✐♦❞❡s ❞❡ ♣❧✉s✐❡✉rs ❛♥♥é❡s
s♦♥t ♣♦ss✐❜❧❡s✳ ❋❛ss❡t ❡st ❧❡ s❡✉❧ ♠♦❞è❧❡ ♦♣ér❛♥t ✈ér✐t❛❜❧❡♠❡♥t s✉r ❧❡ ❧♦♥❣ t❡r♠❡✳ ▲❡s
s✐♠✉❧❛t✐♦♥s ❞✉r❡♥t ✸✵ ❛♥s✱ ❛✉ ❝♦✉rs ❞❡sq✉❡❧s ❧❡s ❞✐① ♣r❡♠✐èr❡s ❛♥♥é❡s s♦♥t ❡✛❡❝t✉é❡s
❛✈❡❝ ❧❛ ré❣❧❡♠❡♥t❛t✐♦♥ ✓ ❞❡ ❜❛s❡ ✔✳ ❯♥❡ ♥♦✉✈❡❧❧❡ ré❣❧❡♠❡♥t❛t✐♦♥ à é✈❛❧✉❡r ❡st ✐♥tr♦❞✉✐t❡



❉✐✛ér❡♥ts ❡①❡♠♣❧❡s ❞❡ ♠♦❞è❧❡s à ❧✬é❝❤❡❧❧❡ ❞❡ ❧✬❡①♣❧♦✐t❛t✐♦♥ ❞✬é❧❡✈❛❣❡ ✺✺

❛✉ ❜♦✉t ❞❡ ❞✐① ❛♥s✱ ❝❡ q✉✐ ✐♥❞✉✐t ✉♥ ré❣✐♠❡ ❞❡ tr❛♥s✐t✐♦♥✳ ❙❡✉❧❡s ❧❡s ❞✐① ❞❡r♥✐èr❡s ❛♥♥é❡s
❞❡ s✐♠✉❧❛t✐♦♥ s♦♥t ❡①♣❧♦✐té❡s✳

▲❡ ❝❛s ❞❡ ❉❛✐r②❲✐s❡ ❡st à ♣❛rt✳ ❈❡ ♠♦❞è❧❡ ♥❡ ♣r❡♥❞ ♣❛s ❡♥ ❝♦♠♣t❡ ❧✬✐♥✢✉❡♥❝❡
❞✉ ❝❧✐♠❛t ❡t ré❛❧✐s❡ ❞❡s s✐♠✉❧❛t✐♦♥s ♣♦✉r ✉♥❡ ❛♥♥é❡ ❝❧✐♠❛t✐q✉❡ ♠♦②❡♥♥❡ ✭▼✳ ❞❡ ❍❛❛♥✱
❝♦♠♠✉♥✐❝❛t✐♦♥ ♣❡rs♦♥♥❡❧❧❡✮✳

✷✳✶✳✺ ▼♦❞é❧✐s❛t✐♦♥ ❞❡ ❧❛ ❞é❝✐s✐♦♥ ❞❛♥s ❧❡s ♠♦❞è❧❡s ❝♦♥s✐❞érés

P❡✉ ❞❡ ♠♦❞è❧❡s ❞❡ s✐♠✉❧❛t✐♦♥ s✬❛tt❛❝❤❡♥t à ❞é❝r✐r❡ ❧❡s ♣r♦❝❡ss✉s ❞é❝✐s✐♦♥♥❡❧s ❞❡s
❛❣r✐❝✉❧t❡✉rs✳ ■❧ s✬❛❣✐t ♣♦✉rt❛♥t ❞✬✉♥ ❛s♣❡❝t ❝r✉❝✐❛❧ ♣♦✉r ❧❡ ❞é✈❡❧♦♣♣❡♠❡♥t ❞❡ ♠♦❞è❧❡s
♣❡r♠❡tt❛♥t ❞✬é✈❛❧✉❡r ❧❡s ❝♦♥séq✉❡♥❝❡s ❞❡ ❞✐✛ér❡♥t❡s ♣♦ss✐❜✐❧✐tés ❞❡ ❣❡st✐♦♥ ✭●❛r❝✐❛ ❡t ❛❧✳
✷✵✵✺❜✮✳

P❛r♠✐ ❧❡s ♠♦❞è❧❡s ét✉❞✐és ✐❝✐✱ ❧❡ ♣❧✉s ❛✈❛♥❝é s✉r ❝❡ ♣♦✐♥t ❡st ●❛♠❡❞❡✱ q✉✐ ❢❛✐t
❞❡s ♣r♦❝❡ss✉s ❞é❝✐s✐♦♥♥❡❧s ❧❛ ♣✐❡rr❡ ❛♥❣✉❧❛✐r❡ ❞✉ ♠♦❞è❧❡✳ ●❛♠❡❞❡ ✐♥❝❧✉t ❞♦♥❝ ✉♥❡
♠♦❞é❧✐s❛t✐♦♥ ❢♦r♠❡❧❧❡ ❡t ❡①♣❧✐❝✐t❡ ❞❡ ❝❡s ♣r♦❝❡ss✉s✱ ❜❛sé❡ s✉r ❧✬♦♥t♦❧♦❣✐❡ ❞❡s s②stè♠❡s
❞❡ ♣r♦❞✉❝t✐♦♥ ❛❣r✐❝♦❧❡ ♣r♦♣♦sé❡ ♣❛r ▼❛rt✐♥✲❈❧♦✉❛✐r❡ ❡t ❘❡❧❧✐❡r ✭✷✵✵✺✮✳ ▲❡ s②stè♠❡ ❞❡
♣✐❧♦t❛❣❡✱ ❢♦r♠é ❞✬✉♥ ❡♥s❡♠❜❧❡ ❞❡ rè❣❧❡s ❞❡ ❞é❝✐s✐♦♥s✱ ❡st r❡♣rés❡♥té ❞❛♥s ❧❛ ✜❣✉r❡ ✷✳✶✳
▲❡s ét❛♣❡s ❞❡ ♣❧❛♥✐✜❝❛t✐♦♥ ♥❡ s♦♥t ♣❛s ♠♦❞é❧✐sé❡s ❞❛♥s ●❛♠❡❞❡✳ ▲❡s ♣❧❛♥s ❞✬❛❝t✐✈✐tés
s♦♥t ❝♦♥s✐❞érés ❝♦♠♠❡ ✉♥❡ ❡♥tré❡ ❝❛r❛❝tér✐st✐q✉❡ ❞❡ ❧❛ str❛té❣✐❡ ♠✐s❡ ❡♥ ÷✉✈r❡✳

❉❡ ❧❛ ♠ê♠❡ ❢❛ç♦♥✱ ❧❡ ❲❢♠ ❡st ♣✐❧♦té ✉♥✐q✉❡♠❡♥t ♣❛r ❞❡s rè❣❧❡s ❞❡ ❞é❝✐s✐♦♥✳ ❯♥
❞❡s❝r✐♣t✐❢ ❞❡s rè❣❧❡s ✉t✐❧✐sé❡s ♣❡✉t êtr❡ tr♦✉✈é ❞❛♥s ▼❝❉♦♥❛❧❞ ❡t P❡♥♥♦ ✭✶✾✾✽✮✳ ❈❡s
rè❣❧❡s ♦♥t été ét❛❜❧✐❡s à ❞✐r❡ ❞✬❡①♣❡rt✳ P♦✉r ❝❡rt❛✐♥s ♣♦✐♥ts✱ ❞✐✛ér❡♥t❡s rè❣❧❡s ♣❡✉✈❡♥t
êtr❡ ❝❤♦✐s✐❡s✱ ❝♦♠♠❡ ♣❛r ❡①❡♠♣❧❡ ❞✐✛ér❡♥ts ♠♦❞❡s ❞❡ ❝❛❧❝✉❧ ❞❡ ❧❛ ❢❡rt✐❧✐s❛t✐♦♥✳ ▲❡s ♣❛✲
r❛♠ètr❡s ❛ss♦❝✐és ❛✉① rè❣❧❡s✱ t❡❧s q✉❡ ❞❡s ✈❛❧❡✉rs s❡✉✐❧✱ ♣❡✉✈❡♥t é❣❛❧❡♠❡♥t êtr❡ ♠♦❞✐✜és✳
▲❡ ♠♦❞è❧❡ ❡st ❝❛♣❛❜❧❡ ❞❡ s✐♠✉❧❡r ❞❡ ❢❛ç♦♥ ré❛❧✐st❡ ❧❛ ❣❡st✐♦♥ ❞✉ ♣ât✉r❛❣❡✱ ✐♥❝❧✉❛♥t ❧✬❛❧✐✲
♠❡♥t❛t✐♦♥ ❞✉ tr♦✉♣❡❛✉✱ s❡s ♠♦✉✈❡♠❡♥ts s✉r ❧❡s ♣❛r❝❡❧❧❡s ❡t ❧❛ ♣r♦❞✉❝t✐♦♥ ❞❡ ❢♦✉rr❛❣❡s
❝♦♥s❡r✈és ✭❡♥s✐❧❛❣❡ ❞✬❤❡r❜❡✮✳ ❈♦♠♠❡ ♣♦✉r ●❛♠❡❞❡✱ ❧❡s ét❛♣❡s ❞❡ ♣❧❛♥✐✜❝❛t✐♦♥ ♥❡ s♦♥t
♣❛s ♠♦❞é❧✐sé❡s ❡①♣❧✐❝✐t❡♠❡♥t✳ ❉❛♥s ❧❡s ❞❡✉① ❝❛s✱ ❝❡ ❝❤♦✐① ❞❡ ♠♦❞é❧✐s❛t✐♦♥ ❡st ❝♦❤ér❡♥t
❛✈❡❝ ❧❡ ❢♦♥❝t✐♦♥♥❡♠❡♥t ❞❡s ❡①♣❧♦✐t❛t✐♦♥s ❝♦♥s✐❞éré❡s✳

P♦✉r ❧❡s ❡①♣❧♦✐t❛t✐♦♥s ❞❛♥♦✐s❡s✱ ❋❛ss❡t ♣❛rt ❞✉ ♣♦st✉❧❛t ✐♥✈❡rs❡✳ ▲✬❡♥s❡♠❜❧❡ ❞❡s
❞é❝✐s✐♦♥s s♦♥t ♣r✐s❡s ❛✉ ❞é❜✉t ❞❡ ❝❤❛q✉❡ ❛♥♥é❡ ♣❛r ✉♥ ♠♦❞✉❧❡ ❞❡ ♣❧❛♥✐✜❝❛t✐♦♥✳ ❈❡
♠♦❞✉❧❡ ❢❛✐t ✐♥t❡r✈❡♥✐r ❞❡✉① ét❛♣❡s ❞❡ ♣r♦❣r❛♠♠❛t✐♦♥ ❧✐♥é❛✐r❡✳ ▲❛ ♣r❡♠✐èr❡ ✜①❡ ❧❡s
❣r❛♥❞❡s ♦r✐❡♥t❛t✐♦♥s à s✉✐✈r❡ ❛✉ ❝♦✉rs ❞❡s tr♦✐s ❛♥♥é❡s s✉✐✈❛♥t❡s✳ ❈❡tt❡ ét❛♣❡ ❡st ré❛❧✐sé❡
❝❤❛q✉❡ ❛♥♥é❡ ❡t ♣r❡♥❞r❡ ❡♥ ❝♦♠♣t❡ tr♦✐s ❛♥s ♣❡r♠❡t ❞✬❛♥t✐❝✐♣❡r ❧✬ét❛t ❢✉t✉r ❞✉ s②stè♠❡
✭✈♦✐r ✷✳✷✳✸✱ ♣❛r❛❣r❛♣❤❡ s✉r ❧❛ ♣❧❛♥✐✜❝❛t✐♦♥✱ ♣❛❣❡ ✻✵✮✳ ▲❛ s❡❝♦♥❞❡ ét❛♣❡ ✜①❡ ❧❡ ♣❧❛♥ ♣♦✉r
✉♥❡ ❛♥♥é❡✱ ❞❡ ❢❛ç♦♥ ♣❧✉s ❞ét❛✐❧❧é❡✳ ▲❡ ♣❧❛♥ ét❛❜❧✐ ❝♦♥❝❡r♥❡ ❧✬❡♥s❡♠❜❧❡ ❞❡ ❧✬❡①♣❧♦✐t❛t✐♦♥✱
② ❝♦♠♣r✐s ❧❛ ♣r♦❞✉❝t✐♦♥ ❞❡ ✈✐❛♥❞❡ ❡t ❞❡ ❧❛✐t q✉✐ ❞é♣❡♥❞❡♥t ❞✉ ❝♦♥t❡①t❡ é❝♦♥♦♠✐q✉❡✳
▲❡ ♣❧❛♥ ét❛❜❧✐ ❡♥ ❞é❜✉t ❞✬❛♥♥é❡ ♥❡ s❡♠❜❧❡ ♣❛s êtr❡ r❡♠✐s ❡♥ ❝❛✉s❡ ❡♥ ❝♦✉rs ❞✬❛♥♥é❡ ❡♥
❢♦♥❝t✐♦♥ ❞❡s ❝♦♥❞✐t✐♦♥s ❝❧✐♠❛t✐q✉❡s ❡t ❞❡ ❧✬ét❛t ❞✉ s②stè♠❡✳

❉❛✐r②❲✐s❡ ✐♥tè❣r❡ ❞❡s rè❣❧❡s ♣♦✉r ❧❛ ❣❡st✐♦♥ ❞✉ ♣ât✉r❛❣❡ ❡t ❞❡ ❧❛ ❢❡rt✐❧✐s❛t✐♦♥ ❞❡s
♣r❛✐r✐❡s✳ P♦✉r ❧❡ r❡st❡✱ ❧❡s ❞é❝✐s✐♦♥s ♥❡ s♦♥t ♣❛s ♠♦❞é❧✐sé❡s ♠❛✐s ❡♥tré❡s ♣❛r ❧✬✉t✐❧✐s❛t❡✉r✳
❉❛♥s ■❢s♠✱ ❧❛ ♠❛❥♦r✐té ❞❡s ❞é❝✐s✐♦♥s✱ ❝♦♠♠❡ ❧❛ ❞ét❡r♠✐♥❛t✐♦♥ ❞❡s ❛ss♦❧❡♠❡♥ts ♦✉ ❧❛
❣❡st✐♦♥ ❞❡s ❡✤✉❡♥ts✱ s♦♥t ❞❡s ❡♥tré❡s ❞✉ ♠♦❞è❧❡✳ ❙❡✉❧❡s q✉❡❧q✉❡s rè❣❧❡s ❞❡ ❞é❝✐s✐♦♥ s♦♥t
♣rés❡♥t❡s✱ ♣♦✉r ❧❡ ❞é❝❧❡♥❝❤❡♠❡♥t ❞❡s ♦♣ér❛t✐♦♥s ❝✉❧t✉r❛❧❡s ❡♥ ❢♦♥❝t✐♦♥ ❞❡s ❝♦♥❞✐t✐♦♥s
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Representation of the structure for action modelling (S ) applied to biomass flow ❋✐❣✳ ✷✳✶ ✕ ❘❡♣rés❡♥t❛t✐♦♥ ❞✉ s②stè♠❡ ❞❡ ♣✐❧♦t❛❣❡ ❞✉ ♠♦❞è❧❡ ●❛♠❡❞❡✳ ❙♦✉r❝❡ ✿ ❱❛②s✲
s✐èr❡s ✭✷✵✵✽✮



▼♦❞é❧✐s❛t✐♦♥ ❞❡s ♣r♦❝❡ss✉s ❞é❝✐s✐♦♥♥❡❧s ❡♥ ❡①♣❧♦✐t❛t✐♦♥ ❛❣r✐❝♦❧❡ ✺✼

❝❧✐♠❛t✐q✉❡s✳ ▲❛ ❣❡st✐♦♥ ❞✉ ♣ât✉r❛❣❡ ❡st ♠✐♥✐♠❛❧❡✳ ▲❡s s✉r❢❛❝❡s ♣ât✉ré❡s s♦♥t ❝♦♠♣❧è✲
t❡♠❡♥t ❞✐st✐♥❝t❡s ❞❡s s✉r❢❛❝❡s ❢❛✉❝❤é❡s ❡t ❧❛ ❞é✜♥✐t✐♦♥ ❡st ❢❛✐t❡ ❡♥ ❡♥tré❡ ❞✉ ♠♦❞è❧❡✳
▲✬❤❡r❜❡ ❞✐s♣♦♥✐❜❧❡ ❡st é✈❛❧✉é❡ ❛✉ ❞é❜✉t ❞❡ ❝❤❛q✉❡ ♠♦✐s ❡t ❧❡s r❛t✐♦♥s s♦♥t ❝❛❧❝✉❧é❡s
♣♦✉r ❝❡t ✐♥t❡r✈❛❧❧❡ ❞❡ t❡♠♣s✳ ▲❡ t②♣❡ ❞❡ ❢♦♥❝t✐♦♥♥❡♠❡♥t ❛❞♦♣té ♣❛r ❉❛✐r②❲✐s❡ ❡t
■❢s♠ ♥✬❡st ♣♦ss✐❜❧❡ q✉❡ ❞❛♥s ✉♥ ♠♦❞è❧❡ ❢♦♥❝t✐♦♥♥❛♥t s✉r ✉♥❡ ❛♥♥é❡✳ ▼ê♠❡ ❛✐♥s✐✱ s✐♠✉✲
❧❡r ❞✐✛ér❡♥t❡s ❛♥♥é❡s ❝❧✐♠❛t✐q✉❡s ❛✈❡❝ ✉♥ ♣✐❧♦t❛❣❡ ❡♥ ❣r❛♥❞❡ ♣❛rt✐❡ ✐♥✈❛r✐❛♥t ❡st ✉♥❡
❧✐♠✐t❡ ❞❡ ❝❡s ♠♦❞è❧❡s✳

✷✳✶✳✻ ❈♦♥❝❧✉s✐♦♥s t✐ré❡s ❞❡ ❧❛ ❝♦♠♣❛r❛✐s♦♥ ❞❡s ♠♦❞è❧❡s

■❢s♠ ❡st ❧❡ ♠♦❞è❧❡ ❞♦♥t ❧❡ ❞é❜✉t ❞✉ ❞é✈❡❧♦♣♣❡♠❡♥t ❡st ❧❡ ♣❧✉s ❛♥❝✐❡♥✳ ❆ ❝❡ t✐tr❡✱ ✐❧ ❡st
très ❛✈❛♥❝é s✉r ❝❡rt❛✐♥s ♣❧❛♥s✱ ♥♦t❛♠♠❡♥t ❧❛ s✐♠✉❧❛t✐♦♥ ❞❡s ♣r♦❝❡ss✉s ❜✐♦♣❤②s✐q✉❡s ❧✐és
à ❧❛ ♣r♦❞✉❝t✐♦♥ ❞❡s ❛❧✐♠❡♥ts ❡t ❧❡s ❜❛s❡s ❞❡ ❞♦♥♥é❡s ❛❧✐♠❡♥t❛♥t ❧❡s ❝❛❧❝✉❧s é❝♦♥♦♠✐q✉❡s✳
❈❡♣❡♥❞❛♥t✱ ❧❡s ✐♠♣❛❝ts ❡♥✈✐r♦♥♥❡♠❡♥t❛✉① q✉✬✐❧ s✐♠✉❧❡ s♦♥t r❡str❡✐♥ts✳ ▲✬❛❜s❡♥❝❡ ❞❡
♠♦❞é❧✐s❛t✐♦♥ ❞❡s ♣r♦❝❡ss✉s ❞é❝✐s✐♦♥♥❡❧s ❡t ❞❡ s✐♠✉❧❛t✐♦♥s ♣❧✉r✐❛♥♥✉❡❧❧❡s ❡st é❣❛❧❡♠❡♥t
✉♥ ✐♥❝♦♥✈é♥✐❡♥t ✐♠♣♦rt❛♥t ❞❛♥s ❧❡ ❝❛❞r❡ ❞✬é✈❛❧✉❛t✐♦♥s ❞✬✐♠♣❛❝ts✳

❋❛ss❡t ❡t ❉❛✐r②❲✐s❡ ♦♥t été ❝♦♥ç✉s ❞ès ❧✬♦r✐❣✐♥❡ ♣♦✉r é✈❛❧✉❡r ❞❡s ✐♠♣❛❝ts ❡♥✲
✈✐r♦♥♥❡♠❡♥t❛✉①✱ ❞❡ ❢❛ç♦♥ ♠✉❧t✐✲❝r✐tèr❡s✳ ❉❛✐r②❲✐s❡ ❡st ❧❡ ♣❧✉s ❝♦♠♣❧❡t ❞❡ ❝ôté✳ ▲❡s
❞❡✉① ♠♦❞è❧❡s s♦♥t ❡①t❡♥s✐❜❧❡s✳ ❈❡♣❡♥❞❛♥t✱ ✐❧s ♥❡ s♦♥t ♣❛s ♣❛r❛♠étrés ♣♦✉r ❧❡ ❝♦♥t❡①t❡
❢r❛♥ç❛✐s✳ ❉❡ ♣❧✉s✱ ❋❛ss❡t s❡ ❢♦❝❛❧✐s❡ s✉r ❧❡s ❝♦♥séq✉❡♥❝❡s ❞❡ ♥♦✉✈❡❧❧❡s ré❣❧❡♠❡♥t❛t✐♦♥s
❡♥✈✐r♦♥♥❡♠❡♥t❛❧❡s ♣❧✉tôt q✉❡ s✉r ❧✬é✈❛❧✉❛t✐♦♥ ❞❡ str❛té❣✐❡s ❞❡ ♣r♦❞✉❝t✐♦♥✳ ❋❛ss❡t s❡
❞✐st✐♥❣✉❡ ❞❡s ❛✉tr❡s ♠♦❞è❧❡s ♣❛r ❧❛ ré❛❧✐s❛t✐♦♥ ❞❡ s✐♠✉❧❛t✐♦♥s s✉r ❧❡ ❧♦♥❣ t❡r♠❡ ✭✸✵
❛♥s✮✱ ❡♥ ❛❞❛♣t❛♥t ❧❡ ♣✐❧♦t❛❣❡ ❝❤❛q✉❡ ❛♥♥é❡✳ ❆ ❧✬♦♣♣♦sé✱ ❉❛✐r②❲✐s❡ ❡st ❧✐♠✐té ♣❛r s♦♥
✐♥s✉✣s❛♥t❡ ♣r✐s❡ ❡♥ ❝♦♠♣t❡ ❞❡ ❧❛ ✈❛r✐❛❜✐❧✐té ❝❧✐♠❛t✐q✉❡✳

▲❡ ❲❢♠ ❡t ●❛♠❡❞❡ s♦♥t tr♦♣ é❧♦✐❣♥és ❞❡s s②stè♠❡s ❞❡ ♣r♦❞✉❝t✐♦♥ ❞✉ ❣r❛♥❞ ❖✉❡st
♣♦✉r êtr❡ ✉t✐❧✐s❛❜❧❡s ❞❛♥s ❝❡ ❝♦♥t❡①t❡✳ ❖♥ r❡t✐❡♥❞r❛ ❞❡ ❝❡s ♠♦❞è❧❡s ❧❛ ♣❧❛❝❡ ✐♠♣♦rt❛♥t❡
❛❝❝♦r❞é❡ ❛✉① ♣r♦❝❡ss✉s ❞é❝✐s✐♦♥♥❡❧s ❡♥ ré❛❝t✐♦♥ ❛✉① ❝♦♥❞✐t✐♦♥s ❝❧✐♠❛t✐q✉❡s ❡t à ❧✬ét❛t ❞✉
s②stè♠❡✳ ❈❡t ❛s♣❡❝t ❡st ♥é❣❧✐❣é ❞❛♥s ❧❡s ❛✉tr❡s ♠♦❞è❧❡s✳ ■❧ ♥✬❡①✐st❡ ♣❛s ❞❡ ♠♦❞è❧❡s r❡♣ré✲
s❡♥t❛♥t ❞❡ ❢❛ç♦♥ ❛❞éq✉❛t❡ ❡t ❛✈❡❝ ❞❡s ❜❛s❡s t❤é♦r✐q✉❡s s♦❧✐❞❡s ❧❡s ♣r♦❝❡ss✉s ❞é❝✐s✐♦♥♥❡❧s
❞❡s é❧❡✈❡✉rs ❧❛✐t✐❡rs ❞❡ ❧✬❖✉❡st ❞❡ ❧❛ ❋r❛♥❝❡✳

▲❛ ♠♦❞é❧✐s❛t✐♦♥ ❞❡s ♣r♦❝❡ss✉s ❞é❝✐s✐♦♥♥❡❧s ❡st ♣♦✉rt❛♥t ❝r✉❝✐❛❧❡ ♣♦✉r ét✉❞✐❡r ❧✬✐♠✲
♣❛❝t ❞❡ ❞✐✛ér❡♥t❡s str❛té❣✐❡s ❞❡ ♣r♦❞✉❝t✐♦♥✳ ❈❡s ♣r♦❝❡ss✉s✱ ❜❛sés s✉r ❞✐✛ér❡♥ts ❤♦r✐③♦♥s
t❡♠♣♦r❡❧s✱ s♦♥t ❞é❝r✐ts ❞❛♥s ❧❛ ♣❛rt✐❡ s✉✐✈❛♥t❡✳

✷✳✷ ▼♦❞é❧✐s❛t✐♦♥ ❞❡s ♣r♦❝❡ss✉s ❞é❝✐s✐♦♥♥❡❧s ❡♥ ❡①♣❧♦✐t❛t✐♦♥
❛❣r✐❝♦❧❡

❯♥ ❞❡s ❡♥❥❡✉① ❞❡ ❝❡tt❡ t❤ès❡ ❡st ❞❡ ♣r♦♣♦s❡r ✉♥ ♠♦❞è❧❡ ❞✬é✈❛❧✉❛t✐♦♥ ❞❡ ❧✬✐♠♣❛❝t
❡♥✈✐r♦♥♥❡♠❡♥t❛❧ ❞❡ str❛té❣✐❡s ❞❡ ♣r♦❞✉❝t✐♦♥✳ ▲❡s ❞é❝✐s✐♦♥s str❛té❣✐q✉❡s ❞❡s ❛❣r✐❝✉❧t❡✉rs✱
♣❛r ❡①❡♠♣❧❡ ❧❡ ❝❤♦✐① ❞✬✉♥ t②♣❡ ❞❡ ❜ât✐♠❡♥t✱ s♦♥t ❝♦♥s✐❞éré❡s ❝♦♠♠❡ ❞❡s ❡♥tré❡s ❡t ♦♥
♥❡ s✬✐♥tér❡ss❡ ♣❛s à ❧❡✉rs ❞ét❡r♠✐♥❛♥ts✳ ❈❡tt❡ ♣❛rt✐❡ tr❛✐t❡ ❞❡s ♣r♦❝❡ss✉s ❞é❝✐s✐♦♥♥❡❧s
✐♠♣❧✐q✉és ❞❛♥s ❧❛ ❣❡st✐♦♥ ❞❡ ❧❛ ❢❡r♠❡ ✉♥❡ ❢♦✐s ❧❡s ❝❤♦✐① str❛té❣✐q✉❡s ✜①és✳



✺✽ ▲❛ ♠♦❞é❧✐s❛t✐♦♥ ❞✉ ❢♦♥❝t✐♦♥♥❡♠❡♥t ❞❡s é❧❡✈❛❣❡s

✷✳✷✳✶ ❍✐st♦r✐q✉❡ ❡t ❡♥❥❡✉①

P❡♥❞❛♥t ❧♦♥❣t❡♠♣s✱ ❧❛ r❡❝❤❡r❝❤❡ s✬❡st ✐♥tér❡ssé❡ ❛✉① ❞é❝✐s✐♦♥s ❞❡s ❛❣r✐❝✉❧t❡✉rs ❞❛♥s
❧❡ ❜✉t ❞✬♦♣t✐♠✐s❡r ❧❡✉rs ♣r❛t✐q✉❡s✱ ♣r✐♥❝✐♣❛❧❡♠❡♥t s✉r ✉♥ ♣❧❛♥ é❝♦♥♦♠✐q✉❡✳ ▲❡ ❜✉t
ét❛✐t ❛❧♦rs ❞❡ ♣r♦❞✉✐r❡ ❞❡s ♦✉t✐❧s ❞✬❛✐❞❡ à ❧❛ ❞é❝✐s✐♦♥ ✭❖❆❉✮ ❝❛♣❛❜❧❡s ❞❡ ❣é♥ér❡r ❧❡s
✓ ♠❡✐❧❧❡✉r❡s ✔ ♣r❛t✐q✉❡s✱ ❡♥ ✉t✐❧✐s❛♥t ❞❡s ❞é♠❛r❝❤❡s ✐ss✉❡s ❞❡ ❧❛ r❡❝❤❡r❝❤❡ ♦♣ér❛t✐♦♥✲
♥❡❧❧❡✳ ❆❧♦rs q✉❡ ❜❡❛✉❝♦✉♣ ❞✬❡s♣♦✐rs ét❛✐❡♥t ❢♦♥❞és s✉r ❝❡tt❡ ❞é♠❛r❝❤❡✱ ✐❧ s✬❡st ❛✈éré
❜❡❛✉❝♦✉♣ ♣❧✉s ❞✐✣❝✐❧❡ q✉❡ ♣ré✈✉ ❞❡ ♣r♦❞✉✐r❡ ❞❡s ❖❆❉ ❡✛❡❝t✐✈❡♠❡♥t ✉t✐❧✐sés ♣❛r ❧❡s
❛❣r✐❝✉❧t❡✉rs✱ ❡♥ ❋r❛♥❝❡ ✭❆tt♦♥❛t② ❡t ❛❧✳ ✶✾✾✾✮ ❛✉ss✐ ❜✐❡♥ q✉✬à ❧✬étr❛♥❣❡r ✭▼❝❝♦✇♥ ✷✵✵✷ ❀
❑❡❛t✐♥❣ ❡t ▼❝❈♦✇♥ ✷✵✵✶✮✳ P❛r❢♦✐s✱ ❧❡ ♠ê♠❡ ♣r♦❜❧è♠❡ s❡ ♣rés❡♥t❡ ♣♦✉r ❧❡s ré❢ér❡♥❝❡s
t❡❝❤♥✐q✉❡s é❧❛❜♦ré❡s ♣❛r ❧❡s ♦r❣❛♥✐s♠❡s ❞❡ r❡❝❤❡r❝❤❡ ❡t ❞❡ ❞é✈❡❧♦♣♣❡♠❡♥t ❛❣r✐❝♦❧❡ ✭❆✉✲
❜r② ✷✵✵✵✮✳ ❯♥❡ ❝❛✉s❡ ❞❡ ❝❡ ♣❤é♥♦♠è♥❡ ❡st ❧❡ ♠❛♥q✉❡ ❞❡ ♣r✐s❡ ❡♥ ❝♦♠♣t❡ ❞❡s ♣r♦❝❡ss✉s
❞é❝✐s✐♦♥♥❡❧s ❞❡s ❛❣r✐❝✉❧t❡✉rs ✭❆✉❜r② ✷✵✵✵✮✳

❊♥ ❝❡ q✉✐ ❝♦♥❝❡r♥❡ ❧❡s ❖❆❉ ❡t ❧❡s ♠♦❞è❧❡s é❝♦♥♦♠✐q✉❡s✱ ❧❡ ♣r✐♥❝✐♣❡ ❞❡ r❛t✐♦♥❛✲
❧✐té ♣❛r❢❛✐t❡ ❛ s♦✉✈❡♥t été ❛❞♦♣té ♣♦✉r r❡♣rés❡♥t❡r ❧❡ ❝♦♠♣♦rt❡♠❡♥t ❞❡s ❛❣r✐❝✉❧t❡✉rs
✭❊❞✇❛r❞s✲❏♦♥❡s ✷✵✵✻✮✳ ❙❡❧♦♥ ❝❡ ♣r✐♥❝✐♣❡✱ ❧❡s ❛❣r✐❝✉❧t❡✉rs s♦♥t ❡♥ ♣❡r♠❛♥❡♥❝❡ ❝❛♣❛❜❧❡s
❞✬é✈❛❧✉❡r ❝♦rr❡❝t❡♠❡♥t t♦✉t❡s ❧❡s ♦♣t✐♦♥s q✉✐ s✬♦✛r❡♥t à ❡✉① ❡t ❝❤♦✐s✐ss❡♥t t♦✉❥♦✉rs ❧❛
s♦❧✉t✐♦♥ q✉✐ ♠❛①✐♠✐s❡ ❧❡✉r ♣r♦✜t✱ ♦✉ ♣❧✉s ❡①❛❝t❡♠❡♥t ❧❡✉r ✉t✐❧✐té✱ q✉✐ ❡st ✉♥ ❝♦♥❝❡♣t
é❝♦♥♦♠✐q✉❡ ♠❡s✉r❛♥t ❧❛ s❛t✐s❢❛❝t✐♦♥ ❞✬✉♥ ❛❣❡♥t✳ ❊♥ é❝♦♥♦♠✐❡✱ ❞❡ ♥♦♠❜r❡✉① tr❛✈❛✉①
♦♥t été ❝♦♥❞✉✐ts s✉r ❧❡ t❤è♠❡ ❞❡ ❧❛ r❛t✐♦♥❛❧✐té ❞❡s ❛❝t❡✉rs✳ ❊♥tr❡ ❧❡s ❛♥♥é❡s ✺✵ ❡t ✼✵✱ ❧❡
❝♦♥❝❡♣t ❞❡ r❛t✐♦♥❛❧✐té ♣❛r❢❛✐t❡ ❛ été ❢♦rt❡♠❡♥t r❡♠✐s ❡♥ q✉❡st✐♦♥ ❡t ❞✬❛✉tr❡s r❡♣rés❡♥t❛✲
t✐♦♥s ♦♥t é♠❡r❣é✱ ♥♦t❛♠♠❡♥t ❧❛ r❛t✐♦♥❛❧✐té ❧✐♠✐té❡✳ ❈❡ ❝♦♥❝❡♣t ❡st ✐ss✉ ❞❡s tr❛✈❛✉① ❞❡s
é❝♦♥♦♠✐st❡s ❛♠ér✐❝❛✐♥s ❍❡r❜❡rt ❙✐♠♦♥ ❡t ❏❛♠❡s ▼❛r❝❤ ✭P❛♣② ✷✵✵✵✮✳ ❙❡❧♦♥ ❧❡ ♣r✐♥❝✐♣❡
❞❡ r❛t✐♦♥❛❧✐té ❧✐♠✐té❡✱ ❞❛♥s ✉♥❡ s✐t✉❛t✐♦♥ ❝♦♠♣❧❡①❡✱ ❧❡s ❛❝t❡✉rs ✉t✐❧✐s❡♥t ✉♥❡ r❡♣rés❡♥✲
t❛t✐♦♥ s✐♠♣❧✐✜é❡ ♣♦✉r ♣r❡♥❞r❡ ❧❡✉rs ❞é❝✐s✐♦♥s ❡t ♣r♦❝è❞❡♥t ♣❛r ❝♦♠♣❛r❛✐s♦♥ ❛✈❡❝ ❞❡s
s✐t✉❛t✐♦♥s ❛♥❛❧♦❣✉❡s✳ ▲❛ r❛t✐♦♥❛❧✐té ❧✐♠✐té❡ ❡st ❜❡❛✉❝♦✉♣ ♣❧✉s ♣❡rt✐♥❡♥t❡ q✉❡ ❧❛ r❛t✐♦♥❛✲
❧✐té ♣❛r❢❛✐t❡ ♣♦✉r ❞é❝r✐r❡ ❧❡ ❝♦♠♣♦rt❡♠❡♥t ❞❡s ❛❣r✐❝✉❧t❡✉rs ✭❆tt♦♥❛t② ❡t ❛❧✳ ✶✾✾✾ ❀ P❛♣②
✷✵✵✵ ❀ ❊❞✇❛r❞s✲❏♦♥❡s ✷✵✵✻✮✳

❈❡s ❞é✈❡❧♦♣♣❡♠❡♥ts ♠ét❤♦❞♦❧♦❣✐q✉❡s s♦♥t ♣r✐♥❝✐♣❛❧❡♠❡♥t ✐ss✉s ❞❡s ❞♦♠❛✐♥❡s ❞❡
❧✬✐♥❞✉str✐❡ ❡t ❞❡s s❡r✈✐❝❡s✱ ❝✬❡st✲à✲❞✐r❡ ❞✉ ♠♦♥❞❡ ❞❡ ❧✬❡♥tr❡♣r✐s❡ ✭❉❛✈✐❞ ✷✵✵✷✮✳ ❊♥ r❡✲
❝❤❡r❝❤❡ ❛❣r♦♥♦♠✐q✉❡✱ ❧✬✐♥térêt ♣♦✉r ❧❡s ♣r♦❝❡ss✉s ❞é❝✐s✐♦♥♥❡❧s ❞❡s ❛❣r✐❝✉❧t❡✉rs ❡st ❛♣✲
♣❛r✉ ♣r♦❣r❡ss✐✈❡♠❡♥t ❛✉ ❝♦✉rs ❞❡s ❛♥♥é❡s ✽✵✳ ■❧ s✬❛❣✐t ❞✬✉♥❡ ❛♥❛❧②s❡ ✐♥❞✐s♣❡♥s❛❜❧❡ ♣♦✉r
❧❡s ❞é♠❛r❝❤❡s ❞❡ ❝♦♥s❡✐❧ ❡♥ ❡①♣❧♦✐t❛t✐♦♥✱ q✉✐ s♦♥t ✐♥❢r✉❝t✉❡✉s❡s ❧♦rsq✉✬❡❧❧❡s ♥✬✐♥tè❣r❡♥t
♣❛s ❧❡s ♠♦❞❡s ❞❡ ❣❡st✐♦♥ ♠✐s ❡♥ ÷✉✈r❡ ✭❙❡❜✐❧❧♦tt❡ ❡t ❙♦❧❡r ✶✾✾✵ ❀ ❆✉❜r② ❡t ❛❧✳ ✶✾✾✽ ❀
●✐r❛r❞ ❡t ❍✉❜❡rt ✶✾✾✾✮✳ ❯♥ ❛✉tr❡ ❡♥❥❡✉ ✐♠♣♦rt❛♥t ❞❡ ❧❛ ❝♦♠♣ré❤❡♥s✐♦♥ ❞❡s ♣r♦❝❡ss✉s
❞é❝✐s✐♦♥♥❡❧s ❞❡s ❛❣r✐❝✉❧t❡✉rs rés✐❞❡ ❞❛♥s ❧❛ ♠✐s❡ ❛✉ ♣♦✐♥t ❞❡ ♠♦❞è❧❡s ❞❡s ❡①♣❧♦✐t❛t✐♦♥s
❛❣r✐❝♦❧❡s✳ ▲❡s s✐♠✉❧❛t❡✉rs é❧❛❜♦rés ♣♦✉r ❡①♣❧♦r❡r s♦✉s ❞✐✈❡rs ❛♥❣❧❡s ❧❡ ❢♦♥❝t✐♦♥♥❡♠❡♥t
❞❡s ❡①♣❧♦✐t❛t✐♦♥s ❛❣r✐❝♦❧❡s ❞♦✐✈❡♥t ♣r❡♥❞r❡ ❡♥ ❝♦♠♣t❡ ♥♦♥ s❡✉❧❡♠❡♥t ❧❡s ♣r♦❝❡ss✉s ❜✐♦✲
♣❤②s✐q✉❡s ♠❛✐s ❛✉ss✐ ❧❡s ♣r♦❝❡ss✉s ❞é❝✐s✐♦♥♥❡❧s ❛✜♥ ❞❡ ❞é❝r✐r❡ ❧❡ ❝♦♠♣♦rt❡♠❡♥t ❞❡s
❛❣r♦✲é❝♦s②stè♠❡s ❡t ❞❡ ♣❡r♠❡ttr❡ ❞✬ét✉❞✐❡r ❞✐✛ér❡♥t❡s ♦♣t✐♦♥s ❞❡ ❣❡st✐♦♥ ✭❈r♦s ❡t ❛❧✳
✷✵✵✸ ❀ ●❛r❝✐❛ ❡t ❛❧✳ ✷✵✵✺❜✮✳ ■❧ s✬❛❣✐t ❛✐♥s✐ ❞❡ ❝♦♠♣r❡♥❞r❡ ❧❡s ✐♥t❡r❛❝t✐♦♥s ❡♥tr❡ ❧❡ ❞é❝✐✲
❞❡✉r✱ ❧❡ s②stè♠❡ ❜✐♦t❡❝❤♥✐q✉❡ ❡t s♦♥ ❡♥✈✐r♦♥♥❡♠❡♥t✳



▼♦❞é❧✐s❛t✐♦♥ ❞❡s ♣r♦❝❡ss✉s ❞é❝✐s✐♦♥♥❡❧s ❡♥ ❡①♣❧♦✐t❛t✐♦♥ ❛❣r✐❝♦❧❡ ✺✾

✷✳✷✳✷ Pr♦❜❧é♠❛t✐q✉❡

▲❡s ♣r♦❝❡ss✉s ❞é❝✐s✐♦♥♥❡❧s ❞❡s ❛❣r✐❝✉❧t❡✉rs ♣rés❡♥t❡♥t ❞❡s s♣é❝✐✜❝✐tés ♣❛r r❛♣♣♦rt ❛✉
❝❛s ✓ ❝❧❛ss✐q✉❡ ✔ r❡♥❝♦♥tré ❡♥ ❡♥tr❡♣r✐s❡ ✭❆✉❜r② ✷✵✵✵✮✳ ❚♦✉t ❞✬❛❜♦r❞✱ ❧❡s ♣r♦❝❡ss✉s ❞❡
❞é❝✐s✐♦♥ ❞❡s ❛❣r✐❝✉❧t❡✉rs s♦♥t ✐♠♣❧✐❝✐t❡s✳ ❊♥ ❡✛❡t✱ ❡♥ ❡①♣❧♦✐t❛t✐♦♥ ❛❣r✐❝♦❧❡✱ ❧❡s ❞é❝✐s✐♦♥s
♥❡ s♦♥t ♣❛s ♣r✐s❡s à ❞✐✛ér❡♥ts ♥✐✈❡❛✉① ❤✐ér❛r❝❤✐q✉❡s ❝♦♠♠❡ ❡♥ ❡♥tr❡♣r✐s❡✳ ❉❡ ♣❧✉s✱
♠✐s à ♣❛rt q✉❡❧q✉❡s ❝❛s ♣❛rt✐❝✉❧✐❡rs✱ ❧✬❛❣r✐❝✉❧t❡✉r ❡st à ❧❛ ❢♦✐s ❞é❝✐❞❡✉r ❡t ❡①é❝✉t❛♥t✳ ▲❡s
❞é❝✐s✐♦♥s ❡t ❧❡s ♠♦t✐✈❛t✐♦♥s q✉✐ ❧❡s ❞ét❡r♠✐♥❡♥t ♥❡ s♦♥t ❞♦♥❝ ❥❛♠❛✐s é❝r✐t❡s✳ ■❧ ❡st ♣❛r❢♦✐s
❞✐✣❝✐❧❡ ♣♦✉r ✉♥ ❛❣r✐❝✉❧t❡✉r ❞❡ ❢♦r♠❛❧✐s❡r ❧❡s ♠é❝❛♥✐s♠❡s ❝♦♥❞✉✐s❛♥t à ✉♥❡ ❞é❝✐s✐♦♥✳ ▲❡
❝❛r❛❝tèr❡ ré♣ét✐t✐❢ ♣❡r♠❡t ❞❡ ❞é✈❡❧♦♣♣❡r ❞❡s r♦✉t✐♥❡s ❡t ❧❛ ♣r✐s❡ ❞❡ ❞é❝✐s✐♦♥ ❢❛✐t ❜❡❛✉❝♦✉♣
❛♣♣❡❧ à ❧✬❡①♣ér✐❡♥❝❡ ✭❆✉❜r② ✷✵✵✵✮✳ ▲❡s ♣r♦❝❡ss✉s ❜✐♦♣❤②s✐q✉❡s ♠✐s ❡♥ ❥❡✉ ♦♥t é❣❛❧❡♠❡♥t
❞❡s s♣é❝✐✜❝✐tés ♣❛r r❛♣♣♦rt à ❧✬✐♥❞✉str✐❡ ✭❆✉❜r② ✷✵✵✵✮✳ ▲❡ ❝②❝❧❡ ❞❡ ♣r♦❞✉❝t✐♦♥ ❡st ❧♦♥❣
❡t ❢♦rt❡♠❡♥t ✐♥✢✉❡♥❝é ♣❛r ❧❡ ❝❧✐♠❛t✳ ■❧ ❡st ❞♦♥❝ ❞❛♥s ✉♥❡ ❝❡rt❛✐♥❡ ♠❡s✉r❡ ❛❧é❛t♦✐r❡✳ ❉❡
♥♦♠❜r❡✉s❡s ♦♣ér❛t✐♦♥s t❡❝❤♥✐q✉❡s ♣❡✉✈❡♥t ♦✉ ❞♦✐✈❡♥t êtr❡ ❡✛❡❝t✉é❡s ♣❛r ❧✬❛❣r✐❝✉❧t❡✉r✱
♠❛✐s ❧✬❡✛❡t ♥❡ ♣❡✉t ♣❛s ❡♥ êtr❡ ♠❡s✉ré ✐♠♠é❞✐❛t❡♠❡♥t✱ ♥✐ ❛✈❡❝ ❝❡rt✐t✉❞❡✳ ❋❛❝❡ à ❝❡tt❡
✐♥❝❡rt✐t✉❞❡✱ ❧❡s ❛❣r✐❝✉❧t❡✉rs ♣r❡♥♥❡♥t ❧❡s ❞é❝✐s✐♦♥s q✉✐✱ s❡❧♦♥ ❡✉①✱ ré♣♦♥❞❡♥t ❧❡ ♠✐❡✉① à
❧❡✉rs ♦❜❥❡❝t✐❢s ✭●❛r❝✐❛ ❡t ❛❧✳ ✷✵✵✺❜✮✳ ❊♥✜♥✱ à ❧✬é❝❤❡❧❧❡ ❞❡ ❧✬❡①♣❧♦✐t❛t✐♦♥✱ ❧✬♦r❣❛♥✐s❛t✐♦♥
❞♦✐t ♣r❡♥❞r❡ ❡♥ ❝♦♠♣t❡ ❧❛ ❝♦♥❝✉rr❡♥❝❡ ❢♦rt❡ ❡♥tr❡ ❞✐✛ér❡♥ts ❛t❡❧✐❡rs ♣♦✉r ❧✬✉t✐❧✐s❛t✐♦♥
❞❡ ❧❛ ♠❛✐♥ ❞✬÷✉✈r❡ ❡t ❞❡s ♠❛❝❤✐♥❡s ✭❆✉❜r② ✷✵✵✵✮✳

❋❛❝❡ à ❝❡s s♣é❝✐✜❝✐tés✱ ❞✐✛ér❡♥t❡s ré♣♦♥s❡s ♣❡✉✈❡♥t êtr❡ ❛♣♣♦rté❡s ♣❛r ❧❡s ❛❣r✐❝✉❧✲
t❡✉rs✳ ▲♦rsq✉✬♦♥ ❝♦♥s✐❞èr❡ ✉♥❡ ❞é❝✐s✐♦♥ ❡♥ ♣❛rt✐❝✉❧✐❡r✱ ❧❡s ❢❛❝t❡✉rs ♠✐s ❡♥ ❥❡✉ ♦✉ ❧❡s
✐♥❞✐❝❛t❡✉rs s✉r ❧❡sq✉❡❧s ❧❛ ❞é❝✐s✐♦♥ ❡st ❜❛sé❡ ✈❛r✐❡♥t ❞✬✉♥ ❛❣r✐❝✉❧t❡✉r à ❧✬❛✉tr❡ ✭❆✉❜r②
❡t ❛❧✳ ✶✾✾✽✮✳ ❈❡❝✐ ❡st ❞û à ❧❛ ✈❛r✐❛❜✐❧✐té ❞❛♥s ❧❡s ♥✐✈❡❛✉① ❞❡ t❡❝❤♥✐❝✐té✱ ❞❛♥s ❧❡s ♦❜❥❡❝t✐❢s
♣r♦❢❡ss✐♦♥♥❡❧s ❡t ♣❡rs♦♥♥❡❧s ❡t ❞❛♥s ❧❡s ❝♦♥t❡①t❡s ❝❧✐♠❛t✐q✉❡s ❡t é❝♦♥♦♠✐q✉❡s✳

❉❛♥s t♦✉s ❧❡s ❝❛s✱ ❧❡s ❛❣r✐❝✉❧t❡✉rs ❞♦✐✈❡♥t ♣r❡♥❞r❡ ❧❡✉rs ❞é❝✐s✐♦♥s ❡♥ ❛♥t✐❝✐♣❛♥t ❧✬ét❛t
❢✉t✉r ❞✉ s②stè♠❡ ✭●❛r❝✐❛ ❡t ❛❧✳ ✷✵✵✺❜✮✳ ▲✬❛♥t✐❝✐♣❛t✐♦♥ ❡st ♥é❝❡ss❛✐r❡ ♣♦✉r ❧❛ ❣❡st✐♦♥ ❞❡s
r❡ss♦✉r❝❡s ✿ ♠❛✐♥ ❞✬÷✉✈r❡ ❡t ♠❛❝❤✐♥❡s✱ ♠❛✐s ❛✉ss✐ st♦❝❦s ❢♦✉rr❛❣❡rs ❞❛♥s ❧❡ ❝❛s ❞❡s
❡①♣❧♦✐t❛t✐♦♥s ❞✬é❧❡✈❛❣❡✳ ➚ ❝❛✉s❡ ❞❡s ❛❧é❛s ❞ûs à ❧✬❡♥✈✐r♦♥♥❡♠❡♥t ❞❡ ❧✬❡①♣❧♦✐t❛t✐♦♥✱ ❧❛
❝♦♥❞✉✐t❡ ❞♦✐t t♦✉t❡❢♦✐s êtr❡ ré❛❝t✐✈❡ ❡t ✢❡①✐❜❧❡✳ ▲❡s ❛❧é❛s ♣♦✉✈❛♥t s✉r✈❡♥✐r s♦♥t ❧❡ ♣❧✉s
s♦✉✈❡♥t ❞✬♦r❞r❡ ❝❧✐♠❛t✐q✉❡ ♦✉ ❧✐és à ❧❛ ❞✐s♣♦♥✐❜✐❧✐té ❡t ❛✉ ❢♦♥❝t✐♦♥♥❡♠❡♥t ❞❡ ♠❛❝❤✐♥❡s✳
❉✬❛✉tr❡s ❢❛❝t❡✉rs ❡①t❡r♥❡s à ❧✬❡①♣❧♦✐t❛t✐♦♥ ♣❡✉✈❡♥t ✐♥t❡r✈❡♥✐r✳ ❆✉❜r② ❡t ❛❧✳ ✭✶✾✾✽✮ ❝✐t❡♥t
❧✬❡①❡♠♣❧❡ ❞❡s ré❝♦❧t❡s ❞❡ ❜❡tt❡r❛✈❡s s✉❝r✐èr❡s✱ ❞♦♥t ❧❡ ❝❛❧❡♥❞r✐❡r ❡st s♦✉✈❡♥t ❞✐❝té ♣❛r ❧❛
s✉❝r❡r✐❡✳ ▲❡s ♣r♦❝❡ss✉s ❞é❝✐s✐♦♥♥❡❧s ❞❡s ❛❣r✐❝✉❧t❡✉rs ❞♦✐✈❡♥t ❞♦♥❝ ré❛❧✐s❡r ✉♥ ❝♦♠♣r♦♠✐s
❡♥tr❡ ❛♥t✐❝✐♣❛t✐♦♥ ❡t ré❛❝t✐✈✐té✳

✷✳✷✳✸ ▲❡s ❛❣r✐❝✉❧t❡✉rs ❝♦♠❜✐♥❡♥t ❛❝t✐♦♥ ♣❧❛♥✐✜é❡ ❡t ❛❝t✐♦♥ s✐t✉é❡

✷✳✷✳✸✳✶ ▲❡s ❝❛❞r❡s ❣é♥ér❛✉① ❞❡ ♠♦❞é❧✐s❛t✐♦♥ ❞❡ ❧❛ ❞é❝✐s✐♦♥

❙❡❧♦♥ ❙❡❜✐❧❧♦tt❡ ❡t ❙♦❧❡r ✭✶✾✾✵✮✱ ❧❡s ♣r♦❝❡ss✉s ❞é❝✐s✐♦♥♥❡❧s ❞❡s ❛❣r✐❝✉❧t❡✉rs ❢♦♥t ✐♥✲
t❡r✈❡♥✐r ✉♥❡ r❡♣rés❡♥t❛t✐♦♥ ❞❡ s❛ s✐t✉❛t✐♦♥✳ P♦✉r ♠♦❞é❧✐s❡r ❝❡tt❡ r❡♣rés❡♥t❛t✐♦♥✱ ❝❡s
❛✉t❡✉rs ♣r♦♣♦s❡♥t ❧❡ ♠♦❞è❧❡ ❞✬❛❝t✐♦♥✳ ❈❡ ❞❡r♥✐❡r s✬♦r❣❛♥✐s❡ ❛✉t♦✉r ❞❡ tr♦✐s ♣♦✐♥ts ✿

✕ ❞❡s ♦❜❥❡❝t✐❢s ❣é♥ér❛✉① q✉✐ str✉❝t✉r❡♥t ❧❡s ❞é❝✐s✐♦♥s ❀
✕ ✉♥ ♣r♦❣r❛♠♠❡ ♣ré✈✐s✐♦♥♥❡❧ ❡t ❞❡s ét❛ts à ❛tt❡✐♥❞r❡ à ❞❡s ♠♦♠❡♥ts ❝❧és ❀



✻✵ ▲❛ ♠♦❞é❧✐s❛t✐♦♥ ❞✉ ❢♦♥❝t✐♦♥♥❡♠❡♥t ❞❡s é❧❡✈❛❣❡s

✕ ✉♥ ❝♦r♣s ❞❡ rè❣❧❡s ✈✐s❛♥t à ❛♣♣❧✐q✉❡r ❧❡ ♣r♦❣r❛♠♠❡ ❡♥ ❢♦♥❝t✐♦♥ ❞❡s é✈é♥❡♠❡♥ts ❡t
à ❧❡ ❝❤❛♥❣❡r s✐ ❜❡s♦✐♥✳

■❧ ❡st ✐♠♣♦rt❛♥t ❞❡ ♥♦t❡r q✉❡ ❧❡s ♦❜❥❡❝t✐❢s ♥❡ s♦♥t ♣❛s ✜①❡s✳ ■❧s s♦♥t é❧❛❜♦rés ❡♥
❢♦♥❝t✐♦♥ ❞❡ ❧❛ s✐t✉❛t✐♦♥ ❡t ♣❡✉✈❡♥t à t♦✉t ♠♦♠❡♥t êtr❡ r❡♠✐s ❡♥ ❝❛✉s❡ s✐ ❧❛ s✐t✉❛t✐♦♥
❧✬❡①✐❣❡✳ ❈❡♣❡♥❞❛♥t✱ ❞✬✉♥❡ ♠❛♥✐èr❡ ❣é♥ér❛❧❡✱ ❧❡s ♣r♦❝❡ss✉s ❞❡ ❞é❝✐s✐♦♥ s♦♥t ❧❛r❣❡♠❡♥t
❜❛sés s✉r ❞❡s r♦✉t✐♥❡s ❡①✐st❛♥t❡s✱ ❜❛sé❡s s✉r ❧✬❡①♣ér✐❡♥❝❡✳ ❈❡s r♦✉t✐♥❡s ♥❡ s♦♥t r❡♠✐s❡s
❡♥ ❝❛✉s❡ q✉✬❡♥ ❝❛s ❞❡ ❞✐✣❝✉❧té ♠❛❥❡✉r❡ ✭❙❡❜✐❧❧♦tt❡ ❡t ❙♦❧❡r ✶✾✾✵✮✳

▲❡ ♠♦❞è❧❡ ❞✬❛❝t✐♦♥ ❡st ✉♥ ❝♦♥❝❡♣t ❢♦♥❞❛t❡✉r ❞❛♥s ❧❡ ❞♦♠❛✐♥❡ ❞❡ ❧✬❛♥❛❧②s❡ ❞❡s ♣r♦❝❡s✲
s✉s ❞é❝✐s✐♦♥♥❡❧s ❞❡s ❛❣r✐❝✉❧t❡✉rs ❡♥ ❋r❛♥❝❡✳ ❉❡ ♥♦♠❜r❡✉① tr❛✈❛✉① ✉❧tér✐❡✉rs s❡ ❜❛s❡♥t
s✉r ❧❡ ♠♦❞è❧❡ ❞✬❛❝t✐♦♥ ♣♦✉r ✐♥t❡r♣rêt❡r ❡t s✐♠✉❧❡r ❧❡s ❞é❝✐s✐♦♥s ❞❡s ❛❣r✐❝✉❧t❡✉rs✳ ❉❡s
❡①❡♠♣❧❡s ♣❡✉✈❡♥t êtr❡ tr♦✉✈és ❞❛♥s ❞✐✛ér❡♥ts ❞♦♠❛✐♥❡s ✐♥❝❧✉❛♥t ❧❛ ❣❡st✐♦♥ ❞❡s ❝✉❧t✉r❡s
✭❆✉❜r② ❡t ❛❧✳ ✶✾✾✽✮✱ ❧❛ ❣❡st✐♦♥ ❞❡s ❡✤✉❡♥ts ❞✬é❧❡✈❛❣❡ ✭❆✉❜r② ❡t ❛❧✳ ✷✵✵✻ ❀ ●✉❡rr✐♥ ✷✵✵✶✮✱
❧❡ ♣✐❧♦t❛❣❡ ❞✉ ♣ât✉r❛❣❡ ✭❉✉r✉ ❡t ❍✉❜❡rt ✷✵✵✸✮✱ ❧❛ ❣❡st✐♦♥ ❞✬✉♥ tr♦✉♣❡❛✉ ❞❡ ❜♦✈✐♥s ❛❧❧❛✐✲
t❛♥ts ✭■♥❣r❛♥❞ ❡t ❛❧✳ ✷✵✵✸✮ ♦✉ ❧❛ ❣❡st✐♦♥ ❣❧♦❜❛❧❡ ❞✬✉♥❡ ❡①♣❧♦✐t❛t✐♦♥ ❧❛✐t✐èr❡ ✭❱❛②ss✐èr❡s
❡t ❛❧✳ ✷✵✵✼✮✳ P❡✉ ❞❡ tr❛✈❛✉① t❤é♦r✐q✉❡s ♦♥t été ré❛❧✐sés à ❧✬étr❛♥❣❡r ❡t ✐❧ ♥✬❡①✐st❡ ♣❛s✱ à
♥♦tr❡ ❝♦♥♥❛✐ss❛♥❝❡✱ ❞✬éq✉✐✈❛❧❡♥t ❞✉ ♠♦❞è❧❡ ❞✬❛❝t✐♦♥✳

❉❡s ❞é✈❡❧♦♣♣❡♠❡♥ts ♠ét❤♦❞♦❧♦❣✐q✉❡s ♦♥t été ré❛❧✐sés ♣♦✉r ét❡♥❞r❡ ❧❡s ❝♦♥❝❡♣ts ♣ré✲
s❡♥tés ❞❛♥s ❧❡ ♠♦❞è❧❡ ❞✬❛❝t✐♦♥✳ ●❛r❝✐❛ ❡t ❛❧✳ ✭✷✵✵✺❜✮ ❛✐♥s✐ q✉❡ ❈r♦s ❡t ❛❧✳ ✭✷✵✵✸✮ ♦♥t
r❡❝❡♥sé ❧✬❡♥s❡♠❜❧❡ ❞❡s ❢♦♥❝t✐♦♥s ❛❝❝♦♠♣❧✐❡s ❞❛♥s ❧❡ ❝❛❞r❡ ❞✉ ♣✐❧♦t❛❣❡ ❞✬✉♥❡ ❡①♣❧♦✐t❛t✐♦♥
❛❣r✐❝♦❧❡✳ ■❧s ❞✐st✐♥❣✉❡♥t ❧❡s ❢♦♥❝t✐♦♥s s✉✐✈❛♥t❡s ✿

✕ ❖r❣❛♥✐s❡r ❧❡s r❡ss♦✉r❝❡s ❛✉ s❡✐♥ ❞✉ s②stè♠❡ ❞❡ ♣r♦❞✉❝t✐♦♥ ❀
✕ ❋✐①❡r ❞❡s ♦❜❥❡❝t✐❢s ❡t ♣❧❛♥✐✜❡r ❧❡s ❛❝t✐✈✐tés à ❡①é❝✉t❡r ♣♦✉r ❧❡s ❛tt❡✐♥❞r❡ ❀
✕ ●ér❡r ❞❡s ✐♥❢♦r♠❛t✐♦♥s ✿ ♦r❣❛♥✐s❡r ❧❛ ❝♦❧❧❡❝t❡ ❞✬✐♥❢♦r♠❛t✐♦♥s ❡t s✉r✈❡✐❧❧❡r ❧✬ét❛t ❞✉
s②stè♠❡ ❀

✕ ❙é❧❡❝t✐♦♥♥❡r ❧❡s ❛❝t✐♦♥s à ❛♣♣❧✐q✉❡r ❛✉ s②stè♠❡ ❛✐♥s✐ q✉❡ ❧❡s ♠♦❞❛❧✐tés✱ ❞❡ ❢❛✲
ç♦♥ ❞é♣❡♥❞❛♥t❡ ❞✉ ❝♦♥t❡①t❡✱ ❝✬❡st✲à✲❞✐r❡ ❡♥ ré❛❝t✐♦♥ à ❧✬ét❛t ❞✉ s②stè♠❡ ❡t ❛✉①
é✈é♥❡♠❡♥ts ❡①tér✐❡✉rs✳

❉❛♥s ❝❡ ❝❛❞r❡✱ ❧✬❛❝❝❡♥t ❡st ❞♦♥❝ ♠✐s s✉r ❧❡ ❝❛r❛❝tèr❡ ❞②♥❛♠✐q✉❡ ❞❡s ♣r♦❝❡ss✉s ❞❡ ♣r✐s❡
❞❡ ❞é❝✐s✐♦♥ ❡t s✉r ❧❡ rô❧❡ ❛❝t✐❢ ❞❡ ❧✬❛❣r✐❝✉❧t❡✉r✳

▲✬é✈♦❧✉t✐♦♥ ❞❡s tr❛✈❛✉① ❞❛♥s ❧❡ ❞♦♠❛✐♥❡ t❡♥❞ ✈❡rs ✉♥❡ ❛♥❛❧②s❡ ❝♦♠♣❧èt❡ ❡t ❣é♥ér✐q✉❡
❞❡s ♣r♦❝❡ss✉s ❞é❝✐s✐♦♥♥❡❧s ❞❡s ❛❣r✐❝✉❧t❡✉rs✳ ▼❛rt✐♥✲❈❧♦✉❛✐r❡ ❡t ❘❡❧❧✐❡r ✭✷✵✵✺✮ ♣r♦♣♦s❡♥t
✉♥❡ ♦♥t♦❧♦❣✐❡ ❞✉ ❞♦♠❛✐♥❡✱ ❝✬❡st✲à✲❞✐r❡ ✉♥❡ ❞❡s❝r✐♣t✐♦♥ ❢♦r♠❡❧❧❡ ❞❡ ❝♦♥❝❡♣ts ✉t✐❧❡s ♣♦✉r
r❡♣rés❡♥t❡r ❧❡s ♣r♦❝❡ss✉s ❞é❝✐s✐♦♥♥❡❧s ❞❡s ❛❣r✐❝✉❧t❡✉rs✳ ❊❧❧❡ ❝♦♥st✐t✉❡ ✉♥ ❣✉✐❞❡ ♣♦✉r ❧❛
♠♦❞é❧✐s❛t✐♦♥ ❞✉ ♣✐❧♦t❛❣❡ ❞✬✉♥❡ ❡①♣❧♦✐t❛t✐♦♥ ❛❣r✐❝♦❧❡ ❞♦♥♥é❡ ♦✉ ❞✬✉♥ t②♣❡ ❞✬❡①♣❧♦✐t❛t✐♦♥
❞♦♥♥é✳

✷✳✷✳✸✳✷ ▲❛ ♣❧❛♥✐✜❝❛t✐♦♥

❙❡❧♦♥ ❧❡ ♠♦❞è❧❡ ❞✬❛❝t✐♦♥✱ ❧❡s ❛❣r✐❝✉❧t❡✉rs ❞✐s♣♦s❡♥t ❞✬✉♥ ♣❧❛♥ ❝♦♥t❡♥❛♥t ❧✬❡♥s❡♠❜❧❡
❞❡s ❛❝t✐♦♥s à ❡①é❝✉t❡r ❛✉ ❝♦✉rs ❞✬✉♥❡ ♣ér✐♦❞❡ ❛✐♥s✐ q✉❡ ❞❡ rè❣❧❡s ♣♦✉r ❛♣♣❧✐q✉❡r ❡t
❛❞❛♣t❡r ❝❡ ♣❧❛♥✳ ❉❡ ♥♦♠❜r❡✉① tr❛✈❛✉① s✬❛tt❛❝❤❡♥t à ❞é❝r✐r❡ ❡t ❝♦♠♣r❡♥❞r❡ ❧❡s rè❣❧❡s ❞❡
❞é❝✐s✐♦♥ ❞❡s ❛❣r✐❝✉❧t❡✉rs✱ ♠❛✐s ♣❡✉ ét✉❞✐❡♥t ❧❛ ♣❤❛s❡ ❞❡ ♣❧❛♥✐✜❝❛t✐♦♥ ❡❧❧❡✲♠ê♠❡✳

❙❡❧♦♥ ❆✉❜r② ❡t ❛❧✳ ✭✶✾✾✽✮✱ ❞❛♥s ✉♥❡ ét✉❞❡ s✉r ❧❛ ❣❡st✐♦♥ ❞❡ ❧❛ ❝✉❧t✉r❡ ❞✉ ❜❧é ❡♥
P✐❝❛r❞✐❡✱ ❧❡ ♣❧❛♥ ❝♦♥t✐❡♥t ❞❡s ✐♥❢♦r♠❛t✐♦♥s s✉r ❧❡ ♣♦s✐t✐♦♥♥❡♠❡♥t t❡♠♣♦r❡❧ ❞❡s ❛❝t✐♦♥s ❡t



▼♦❞é❧✐s❛t✐♦♥ ❞❡s ♣r♦❝❡ss✉s ❞é❝✐s✐♦♥♥❡❧s ❡♥ ❡①♣❧♦✐t❛t✐♦♥ ❛❣r✐❝♦❧❡ ✻✶

❞❡s ✐♥❢♦r♠❛t✐♦♥s s✉r ❧❡s ♠♦❞❛❧✐tés ❞✬❡①é❝✉t✐♦♥✳ ❆✉ ♥✐✈❡❛✉ ❞✉ ♣♦s✐t✐♦♥♥❡♠❡♥t t❡♠♣♦r❡❧✱
❧❡s ❛❣r✐❝✉❧t❡✉rs ♣❧❛♥✐✜❡♥t ❧✬♦r❞r❡ ❞❛♥s ❧❡q✉❡❧ ❧❡s ❛❝t✐♦♥s ❞♦✐✈❡♥t s✬❡♥❝❤❛î♥❡r✱ ❛✐♥s✐ q✉❡ ❞❡s
❢❡♥êtr❡s t❡♠♣♦r❡❧❧❡s ❞✉r❛♥t ❧❡sq✉❡❧❧❡s ❝❤❛q✉❡ ❛❝t✐♦♥ ❞♦✐t êtr❡ ❡✛❡❝t✉é❡✳ ▲❛ ♣♦ss✐❜✐❧✐té
♦✉ ♥♦♥ ❞❡ ❢r❛❝t✐♦♥♥❡r ✉♥ ❝❤❛♥t✐❡r ❞❛♥s ❧❡ t❡♠♣s ❢❛✐t é❣❛❧❡♠❡♥t ♣❛rt✐❡ ❞✉ ♣❧❛♥✳ ❆✉
♥✐✈❡❛✉ ❞❡s ♠♦❞❛❧✐tés ❛ss♦❝✐é❡s à ❝❤❛q✉❡ ❛❝t✐♦♥✱ ❧❡s ❣r♦✉♣❡s ❞❡ ♣❛r❝❡❧❧❡s ❝♦♥st✐t✉és ♣♦✉r
❧❛ ❣❡st✐♦♥ s♦♥t ♣ré✲❞ét❡r♠✐♥és✳

❉❡ ♠ê♠❡✱ s❡❧♦♥ ▼❛rt✐♥✲❈❧♦✉❛✐r❡ ❡t ❘❡❧❧✐❡r ✭✷✵✵✺✮✱ ✉♥ ♣❧❛♥ ❞✬❛❝t✐✈✐tés ❡st str✉❝t✉ré
♣❛r ❧❛ ❧♦❣✐q✉❡ ❞ét❡r♠✐♥❛♥t ❧❡ ♣♦s✐t✐♦♥♥❡♠❡♥t t❡♠♣♦r❡❧ ❞❡s ❛❝t✐♦♥s ❧❡s ✉♥❡s ♣❛r r❛♣♣♦rt
❛✉① ❛✉tr❡s✳ ❉❡s ❢❡♥êtr❡s t❡♠♣♦r❡❧❧❡s s♦♥t é❣❛❧❡♠❡♥t s♣é❝✐✜é❡s✳ ❈♦♠♠❡ ❞❛♥s ❧✬❡①❡♠♣❧❡
❞é❝r✐t ♣❛r ❆✉❜r② ❡t ❛❧✳ ✭✶✾✾✽✮ ❡t ❝♦♥❢♦r♠é♠❡♥t ❛✉ ♠♦❞è❧❡ ❞✬❛❝t✐♦♥✱ ❧❡ ♣❧❛♥ ♥✬❡st ❞♦♥❝
♣❛s s✉✣s❛♥t ♣♦✉r ❞ét❡r♠✐♥❡r à ❧✉✐ s❡✉❧ ❧❡ ♣✐❧♦t❛❣❡ ❞✬✉♥❡ ❡①♣❧♦✐t❛t✐♦♥ ❛❣r✐❝♦❧❡✳ ▲❛ ❝♦♠✲
♣❛r❛✐s♦♥ ré❛❧✐sé❡ ♣❛r ❱❛②ss✐èr❡s ❡t ❛❧✳ ✭✷✵✵✼✮ ❡♥tr❡ ❞✐✛ér❡♥ts ♠♦❞❡s ❞❡ ❞é❝✐s✐♦♥ ♠♦♥tr❡
q✉✬✉♥ ♣❧❛♥ ❡♥t✐èr❡♠❡♥t ♣ré❞ét❡r♠✐♥é ♥❡ r❡♣rés❡♥t❡ ♣❛s ❞❡ ❢❛ç♦♥ ❛❞éq✉❛t❡ ❧❡ ❝♦♠♣♦rt❡✲
♠❡♥t ❞❡s ❛❣r✐❝✉❧t❡✉rs✳

▲❛ ♠✐s❡ ❡♥ ÷✉✈r❡ ❞❡ rè❣❧❡s ❞❡ ❞é❝✐s✐♦♥s ❡st ❧❛ s♦❧✉t✐♦♥ ❝❤♦✐s✐❡ ❞❛♥s ❧❡ ❝❛❞r❡ ❞✉
♠♦❞è❧❡ ❞✬❛❝t✐♦♥✳ ❈❡♣❡♥❞❛♥t✱ ❝❡ ♥✬❡st ♣❛s ❧❛ s❡✉❧❡ s♦❧✉t✐♦♥ ♣♦ss✐❜❧❡✳ ❙♥♦✇ ❡t ▲♦✈❛tt
✭✷✵✵✽✮ ♣r♦♣♦s❡♥t ✉♥❡ ❛♣♣r♦❝❤❡ ♣❛r ♣❧❛♥✐✜❝❛t✐♦♥✱ ❛♣♣❡❧é❡ ●P❆▼ ✭●❡♥❡r❛❧ P❧❛♥♥❡r ❢♦r
❆❣r♦✲❡❝♦s②st❡♠ ▼♦❞❡❧s✮✱ ❞❛♥s ❧❛q✉❡❧❧❡ ✉♥ ♥♦✉✈❡❛✉ ♣❧❛♥ ❡st ❣é♥éré ré❣✉❧✐èr❡♠❡♥t ❡♥
❢♦♥❝t✐♦♥ ❞❡ ❧✬é✈♦❧✉t✐♦♥ ❞❡ ❧✬ét❛t ❞✉ s②stè♠❡✳ ▲❛ ♣ér✐♦❞❡ ♣♦✉r ❧❛q✉❡❧❧❡ ❧❡ ♣❧❛♥ ❡st ét❛❜❧✐
❡st ♣❧✉s ❧♦♥❣✉❡ q✉❡ ❧✬✐♥t❡r✈❛❧❧❡ ❡♥tr❡ ❞❡✉① ré✈✐s✐♦♥s✳ ❉❛♥s ✉♥ ❡①❡♠♣❧❡ ❞❡ ♣✐❧♦t❛❣❡ ❞✬✉♥
é❧❡✈❛❣❡ ❞❡ ❜♦✈✐♥s ✭✈✐❛♥❞❡✮ ❛✉ ♣ât✉r❛❣❡ ♣r♦♣♦sé ♣❛r ❙♥♦✇ ❡t ▲♦✈❛tt ✭✷✵✵✽✮✱ ✉♥ ❜♦♥
❝❤♦✐① ❡st ❞❡ ♣❧❛♥✐✜❡r ❧❛ ♣ér✐♦❞❡ ❞❡ r♦t❛t✐♦♥ ❞✉ tr♦✉♣❡❛✉ s✉r ❧❡s ♣❛r❝❡❧❧❡s ♣♦✉r ✷✵✵
❥♦✉rs ❡t ❞❡ ré✈✐s❡r ❝❡ ♣❧❛♥ t♦✉s ❧❡s ✶✵ ❥♦✉rs✳ ▲❡ ♠♦❞è❧❡ ❋❛ss❡t ✭❏❛❝♦❜s❡♥ ❡t ❛❧✳ ✶✾✾✽✮✱
♣rés❡♥té ❞❛♥s ❧❛ ♣❛rt✐❡ ♣ré❝é❞❡♥t❡✱ ✉t✐❧✐s❡ é❣❛❧❡♠❡♥t ✉♥ ♠♦❞✉❧❡ ❞❡ ♣❧❛♥✐✜❝❛t✐♦♥ q✉✐
ét❛❜❧✐t ❝❤❛q✉❡ ❛♥♥é❡ ✉♥ ♣❧❛♥ ♣♦✉r ❧❡s tr♦✐s ❛♥♥é❡s s✉✐✈❛♥t❡s✳ ❈❡tt❡ ❛♣♣r♦❝❤❡ ♣❡r♠❡t ❞❡
❣é♥ér❡r ❞❡s ❞é❝✐s✐♦♥s ♣❡rt✐♥❡♥t❡s ❡t ❛❞❛♣té❡s ❛✉ ❝♦♥t❡①t❡✱ t♦✉t ❡♥ ❛♥t✐❝✐♣❛♥t ❧✬ét❛t ❢✉t✉r
❞✉ s②stè♠❡✳ ❊♥ ❡✛❡t✱ ❧❡s ♣❧❛♥s s♦♥t ❝❤♦✐s✐s s❡❧♦♥ ✉♥❡ ❢♦♥❝t✐♦♥ ♦❜❥❡❝t✐❢ é✈❛❧✉é❡ ❛✉ t❡r♠❡
❞❡ ❧❛ ♣ér✐♦❞❡ ♣❧❛♥✐✜é❡ ♣❛r s✐♠✉❧❛t✐♦♥✳ ❉❛♥s ❧✬❡①❡♠♣❧❡ ❞✬é❧❡✈❛❣❡ ❞❡ ❜♦✈✐♥s ❞❡ ❙♥♦✇ ❡t
▲♦✈❛tt ✭✷✵✵✽✮✱ ❧❛ ❢♦♥❝t✐♦♥ ♦❜❥❡❝t✐❢ ♣❡✉t êtr❡ ❧❛ q✉❛♥t✐té ❞❡ ✈✐❛♥❞❡ ♣r♦❞✉✐t❡ ❛✉ ❝♦✉rs ❞❡
❧❛ ♣ér✐♦❞❡ ♣❧❛♥✐✜é❡ ✭✉♥ ❛♥✮✳

❉❛♥s ❧✬❛♣♣r♦❝❤❡ ❞❡ ❙♥♦✇ ❡t ▲♦✈❛tt ✭✷✵✵✽✮✱ ✉♥ ♣❧❛♥ ❡st ❝♦♥st✐t✉é ❞✬✉♥❡ ❧✐st❡ ❞✬❛❝t✐♦♥s
à ❡✛❡❝t✉❡r✱ ❛✈❡❝ ❧❡s ❞❛t❡s ❝♦rr❡s♣♦♥❞❛♥t❡s✳ ❆ ❝❤❛q✉❡ ét❛♣❡ ❞❡ ♣❧❛♥✐✜❝❛t✐♦♥✱ t♦✉s ❧❡s
♣❧❛♥s ♣♦ss✐❜❧❡s à ♣❛rt✐r ❞❡ ❧❛ sé❧❡❝t✐♦♥ ❝♦✉r❛♥t❡ s♦♥t ❣é♥érés ❡t ♣❧❛❝és ❞❛♥s ✉♥ ❛r❜r❡✳
▲❛ sé❧❡❝t✐♦♥ ❞✉ ♠❡✐❧❧❡✉r ♣❧❛♥ ❞❛♥s ❝❡t ❛r❜r❡ ❡st ❡♥s✉✐t❡ ❡✛❡❝t✉é❡✳ ❯♥ ❞❡s ♣♦✐♥ts ❢❛✐❜❧❡s
❞❡ ❧❛ ♠ét❤♦❞❡ ❡st ❞♦♥❝ s❛ ❝♦♠♣❧❡①✐té ❝❛❧❝✉❧❛t♦✐r❡✳

▲❡ ♣r✐♥❝✐♣❛❧ ❛✈❛♥t❛❣❡ ❞❡ ❝❡tt❡ ❛♣♣r♦❝❤❡ ❡st q✉✬❡❧❧❡ ♥❡ ♥é❝❡ss✐t❡ ♣❛s ❞❡ rè❣❧❡s ❞❡ ❞é✲
❝✐s✐♦♥s✱ ❞♦♥t ❧❡s ✐♥❝♦♥✈é♥✐❡♥ts s♦♥t ❛❜♦r❞és ❞❛♥s ❧❡ ♣❛r❛❣r❛♣❤❡ s✉✐✈❛♥t✳ ❈❡tt❡ ❛♣♣r♦❝❤❡
♣❡r♠❡t ♠ê♠❡ ❞❡ r❡❝♦♥st✐t✉❡r ❞❡s rè❣❧❡s ❞❡ ❞é❝✐s✐♦♥✳ ❉❛♥s ❧✬❡①❡♠♣❧❡ ❞❡ ❧❛ ♣r♦❞✉❝t✐♦♥ ❞❡
✈✐❛♥❞❡ ❞❡ ❜÷✉❢ ❛✉ ♣ât✉r❛❣❡✱ ✉♥❡ rè❣❧❡ ✉t✐❧✐sé❡ ♣❛r ❧❡s é❧❡✈❡✉rs ❡st ❞✬❛✉❣♠❡♥t❡r ❧❛ ♣é✲
r✐♦❞❡ ❞❡ r♦t❛t✐♦♥ s✉r ❧❡s ♣❛r❝❡❧❧❡s ♣ât✉ré❡s✳ ▲❡ ♠ê♠❡ ❝♦♠♣♦rt❡♠❡♥t ❛ été ♦❜s❡r✈é ❞❛♥s
❧❡s s✐♠✉❧❛t✐♦♥s ré❛❧✐sé❡s ❛✈❡❝ ●P❆▼✱ s❛♥s q✉❡ ❧❛ rè❣❧❡ ♥❡ s♦✐t ❡①♣❧✐❝✐t❡♠❡♥t ✐♥té❣ré❡
❞❛♥s ❧❡s s✐♠✉❧❛t✐♦♥s ✭❙♥♦✇ ❡t ▲♦✈❛tt ✷✵✵✽✮✳ ❖♥ ♥♦t❡r❛ q✉❡ ❧✬é✈❛❧✉❛t✐♦♥ ❞❡ ❧❛ ✈❛❧❡✉r ❞❡
❧❛ ❢♦♥❝t✐♦♥ ♦❜❥❡❝t✐❢ ❡st é✈❛❧✉é❡ à ♣❛rt✐r ❞✬✉♥ ♠♦❞è❧❡ s♣é❝✐✜q✉❡✱ q✉✐ ♥✬❡st ♣❛s ❢♦r❝é♠❡♥t
❧❡ ♠ê♠❡ q✉❡ ❝❡❧✉✐ ❛✉q✉❡❧ ❧❡s ❞é❝✐s✐♦♥s s❡r♦♥t ❛♣♣❧✐q✉é❡s✳ ❉❛♥s ❧❡ ❝❛s ❞✬✉♥ s✐♠✉❧❛t❡✉r



✻✷ ▲❛ ♠♦❞é❧✐s❛t✐♦♥ ❞✉ ❢♦♥❝t✐♦♥♥❡♠❡♥t ❞❡s é❧❡✈❛❣❡s

❝♦♠♣❧❡①❡✱ ●P❆▼ ♥✬é✈❛❧✉❡ ♣❛s ❧❡s ❞é❝✐s✐♦♥s ♣♦ss✐❜❧❡s à ❧✬❛✐❞❡ ❞✉ s✐♠✉❧❛t❡✉r ❝♦♠♣❧❡t✳ ▲❡
♠♦❞è❧❡ s❡r✈❛♥t à é✈❛❧✉❡r ❧❛ ❢♦♥❝t✐♦♥ ♦❜❥❡❝t✐❢ ❡st ✉♥❡ ✈❡rs✐♦♥ s✐♠♣❧✐✜é❡ ❡t ❥♦✉❡ ❧❡ rô❧❡ ❞❡
❧❛ r❡♣rés❡♥t❛t✐♦♥ q✉❡ s❡ ❢❛✐t ❧✬é❧❡✈❡✉r ❞❡ s♦♥ s②stè♠❡ ♣♦✉r ♣r❡♥❞r❡ s❡s ❞é❝✐s✐♦♥s✳

✷✳✷✳✸✳✸ ▲❛ ❣❡st✐♦♥ ♣❛r rè❣❧❡s ❞❡ ❞é❝✐s✐♦♥s

❆✉❜r② ✭✷✵✵✵✮ ❛ r❡❝❡♥sé ❞✐✛ér❡♥ts t②♣❡s ❞❡ rè❣❧❡s ✉t✐❧✐sé❡s ♣❛r ❧❡s ❛❣r✐❝✉❧t❡✉rs✳ ❈❡s
rè❣❧❡s s❡r✈❡♥t à ❧❛ ❢♦✐s à ❝♦♥str✉✐r❡ ❧❡ ♣❧❛♥ ❡t à ❧✬❛♣♣❧✐q✉❡r✳ ❚♦✉t ❞✬❛❜♦r❞✱ ✐❧ ❡①✐st❡
❞❡s rè❣❧❡s ♣♦✉r ❞ét❡r♠✐♥❡r ❧❡ ♣♦s✐t✐♦♥♥❡♠❡♥t ❞❛♥s ❧❡ t❡♠♣s ❞❡s ❛❝t✐✈✐tés✳ ▲❡s rè❣❧❡s
❞✬❡♥❝❤❛î♥❡♠❡♥t s♣é❝✐✜❡♥t ❧✬♦r❞r❡ ❞❛♥s ❧❡q✉❡❧ ❧❡s ❛❝t✐♦♥s ❞♦✐✈❡♥t êtr❡ ❡①é❝✉té❡s✳ ▲❡s
rè❣❧❡s ❞❡ ❞é❝❧❡♥❝❤❡♠❡♥t ✭♦✉ ❞❡ ✜♥✮ ❝♦♥trô❧❡♥t ❧❡ ❞é♠❛rr❛❣❡ ✭♦✉ ❧❛ ✜♥✮ ❞✬✉♥❡ ❛❝t✐♦♥✳
❊♥ ❣é♥ér❛❧✱ ❝❡s rè❣❧❡s ♣♦rt❡♥t s✉r ❧✬❛tt❡✐♥t❡ ❞✬✉♥❡ ✈❛❧❡✉r s❡✉✐❧ ♣❛r ✉♥ ✐♥❞✐❝❛t❡✉r✱ q✉✐
♣❡✉t êtr❡ ✉♥❡ s✐♠♣❧❡ ❞❛t❡ ♦✉ ✉♥❡ ✈❛r✐❛❜❧❡ ❞✉ s②stè♠❡✱ ❝♦♠♠❡ ❧❛ t❡♥❡✉r ❡♥ ♠❛t✐èr❡
sè❝❤❡ ❞✉ ❣r❛✐♥ ♣♦✉r ❧❡ ❞é❝❧❡♥❝❤❡♠❡♥t ❞❡ ❧❛ ♠♦✐ss♦♥✳ ▲❡s rè❣❧❡s ❞✬❛r❜✐tr❛❣❡ s♦♥t ✉t✐❧✐sé❡s
♣♦✉r rés♦✉❞r❡ ❞✬é✈❡♥t✉❡❧s ❝♦♥✢✐ts ♣♦✉r ❧✬❛❝❝ès ❛✉① r❡ss♦✉r❝❡s ❡♥tr❡ ❞✐✛ér❡♥t❡s ❛❝t✐♦♥s à
❡✛❡❝t✉❡r✳ ❈❡s rè❣❧❡s ❞é✜♥✐ss❡♥t ❞♦♥❝ ❧❡s ♣r✐♦r✐tés ♣♦✉r ❧✬✉t✐❧✐s❛t✐♦♥ ❞❡ ❧❛ ♠❛✐♥ ❞✬÷✉✈r❡
❞✐s♣♦♥✐❜❧❡ ❡t ❞❡s ♠❛❝❤✐♥❡s✳ ❊♥s✉✐t❡✱ ✐❧ ❡①✐st❡ ❞❡s rè❣❧❡s ♣❡r♠❡tt❛♥t ❞❡ ❞ét❡r♠✐♥❡r ❧❡s
♠♦❞❛❧✐tés ❞❡s ❛❝t✐♦♥s✱ ❝♦♠♠❡ ♣❛r ❡①❡♠♣❧❡ ❧❛ ❞♦s❡ ❞✬❛③♦t❡ ❛♣♣♦rté❡ ❧♦rs ❞✬✉♥❡ ❢❡rt✐❧✐s❛✲
t✐♦♥✳ ❆✉❜r② ❡t ❛❧✳ ✭✶✾✾✽✮ ❞é✜♥✐ss❡♥t é❣❛❧❡♠❡♥t ❞❡s rè❣❧❡s ❞❡ ❣r♦✉♣❡♠❡♥t✱ q✉✐ s♣é❝✐✜❡♥t
❞❡s ❣r♦✉♣❡s ❞❡ ♣❛r❝❡❧❧❡s q✉✐ s❡r♦♥t ❣éré❡s ❞❡ ❢❛ç♦♥ ✐❞❡♥t✐q✉❡✳ ❊♥✜♥✱ ✐❧ ❡①✐st❡ ❞❡s rè❣❧❡s
❞❡ r❡♣♦rt✱ ❞é❝r✐✈❛♥t ❞❡s ❛❧t❡r♥❛t✐✈❡s ❧♦rsq✉❡ ❧❡ ♣❧❛♥ ✐♥✐t✐❛❧ ♥❡ ♣❡✉t ♣❛s êtr❡ ❛♣♣❧✐q✉é
✭❆✉❜r② ✷✵✵✵✮✳ ▼❛❧❣ré t♦✉t✱ ✐❧ ❛rr✐✈❡ q✉❡ ❧✬❛❣r✐❝✉❧t❡✉r s♦✐t ❞❛♥s ✉♥❡ s✐t✉❛t✐♦♥ ♣♦✉r ❧❛✲
q✉❡❧❧❡ ✐❧ ♥✬❛ ❛✉❝✉♥❡ rè❣❧❡ ❞❡ r♦✉t✐♥❡✳ ❖♥ ♦❜s❡r✈❡ ❛❧♦rs q✉❡ ❧❡s ❛❣r✐❝✉❧t❡✉rs s✬❛❞❛♣t❡♥t
❡♥ ♠♦❞✐✜❛♥t ❧❡ ♠♦✐♥s ♣♦ss✐❜❧❡ ❧❡✉rs ♦❜❥❡❝t✐❢s ❣é♥ér❛✉① ✭❆✉❜r② ✷✵✵✵✮✳ ❈❡tt❡ ♦❜s❡r✈❛✲
t✐♦♥ s❡♠❜❧❡ ❞✐✣❝✐❧❡♠❡♥t tr❛♥s♣♦s❛❜❧❡ à ✉♥ ♠♦❞è❧❡ ❞❡ s✐♠✉❧❛t✐♦♥✱ ❞❛♥s ❧❡q✉❡❧ ❧❡s rè❣❧❡s
❞♦✐✈❡♥t êtr❡ ❞é✜♥✐❡s à ❧✬❛✈❛♥❝❡✳

❉❛♥s ❧❛ ♣❧✉♣❛rt ❞❡s ❝❛s✱ ❧❡s rè❣❧❡s ❞❡ ❞é❝✐s✐♦♥ s♦♥t ❞❡ ❧❛ ❢♦r♠❡ ✓ ❙✐ ✳ ✳ ✳❆❧♦rs ✳ ✳ ✳ ✔✳
❈❡♣❡♥❞❛♥t✱ ❝❡s rè❣❧❡s ♥❡ ♣❡r♠❡tt❡♥t ♣❛s ❞❡ r❡♣rés❡♥t❡r ❝♦♠♣❧èt❡♠❡♥t ❧❡ ♣✐❧♦t❛❣❡ ❞✬✉♥
s②stè♠❡ ❞❡ ♣r♦❞✉❝t✐♦♥ ❛❣r✐❝♦❧❡✳ P♦✉r ❛❣❡♥❝❡r ❝❡s rè❣❧❡s ❞❡ ♠❛♥✐èr❡ à ❝♦♥st✐t✉❡r ✉♥❡ str❛✲
té❣✐❡ ❞❡ ♣r♦❞✉❝t✐♦♥✱ ❞❡s str✉❝t✉r❡s ❞❡ ❝♦♥trô❧❡ ♣❧✉s ❝♦♠♣❧❡①❡s s♦♥t ♥é❝❡ss❛✐r❡s ✭❇❡r❣❡③
❡t ●❛r❝✐❛ ✷✵✵✸✮✳ ❈❡s str✉❝t✉r❡s ❞❡ ❝♦♥trô❧❡ ♣❡✉✈❡♥t êtr❡✱ ♣❛r ❡①❡♠♣❧❡✱ ❞✉ t②♣❡ ✓ ❘é♣ét❡r
✳ ✳ ✳❚❛♥t q✉❡ ✳ ✳ ✳ ✔ ♦✉ ✓ ❉ès q✉❡ ✳ ✳ ✳ ✔✳ ❈❡s str✉❝t✉r❡s ❞❡ ❝♦♥trô❧❡ ♣❡r♠❡tt❡♥t ♥♦t❛♠♠❡♥t
❞✬❡①♣r✐♠❡r ❧❡s rè❣❧❡s ❞✬❡♥❝❤❛î♥❡♠❡♥t ❞❡s ♦♣ér❛t✐♦♥s ❞é❝r✐t❡s ♣❛r ❆✉❜r② ✭✷✵✵✵✮✳

❉❛♥s ❧✬♦♥t♦❧♦❣✐❡ ❞❡s s②stè♠❡s ❞❡ ♣r♦❞✉❝t✐♦♥ ❛❣r✐❝♦❧❡ ♣r♦♣♦sé❡ ♣❛r ▼❛rt✐♥✲❈❧♦✉❛✐r❡
❡t ❘❡❧❧✐❡r ✭✷✵✵✺✮✱ ❧❛ ♥♦t✐♦♥ ❞❡ rè❣❧❡ ❞❡ ❞é❝✐s✐♦♥ ♥✬❡①✐st❡ ♣❛s ❡♥ t❛♥t q✉❡ t❡❧❧❡✳ ❊♥ ❡✛❡t✱
❧❡s ❞✐✛ér❡♥ts t②♣❡s ❞❡ rè❣❧❡s ✈✉s ♣ré❝é❞❡♠♠❡♥t ❥♦✉❡♥t ❞❡s rô❧❡s ❞✐✛ér❡♥ts ❛✉ s❡✐♥ ❞✉
♣✐❧♦t❛❣❡ ❡t ❝❡s rô❧❡s s♦♥t ❡①♣❧✐❝✐t❡♠❡♥t ❞é❝r✐ts ❞❛♥s ❧✬♦♥t♦❧♦❣✐❡✳ P❛r ❡①❡♠♣❧❡✱ ✉♥❡ rè❣❧❡ ❞❡
❞é❝✐s✐♦♥ ♣♦✉r ❧❡ ❞é❝❧❡♥❝❤❡♠❡♥t ❞✬✉♥❡ ❛❝t✐✈✐té ❡st ❛♣♣❡❧é❡ ♣ré❞✐❝❛t ❞✬♦✉✈❡rt✉r❡ ❞❡ ❝❡tt❡
❛❝t✐✈✐té✳ ▲❡s rè❣❧❡s ❞✬❡♥❝❤❛î♥❡♠❡♥t ❞❡s ❛❝t✐✈✐tés s♦♥t tr❛❞✉✐t❡s ♣❛r ❧✬♦r❣❛♥✐s❛t✐♦♥ ❞❡ ❝❡s
❞❡r♥✐èr❡s ❛✉ s❡✐♥ ❞✬✉♥ ♣❧❛♥✳ ▲❡s rè❣❧❡s ❞✬❛r❜✐tr❛❣❡ s♦♥t tr❛❞✉✐t❡s ♣❛r ❞❡s ♣ré❢ér❡♥❝❡s
s❡r✈❛♥t à ❞✐s❝r✐♠✐♥❡r ❞❡s ❥❡✉① ❞✬❛❝t✐✈✐tés ❧♦rsq✉❡ ♣❧✉s✐❡✉rs s♦♥t ♣♦ss✐❜❧❡s à ✉♥ ♣❛s ❞❡
t❡♠♣s ❞♦♥♥é✳



▼♦❞é❧✐s❛t✐♦♥ ❞❡s ♣r♦❝❡ss✉s ❞é❝✐s✐♦♥♥❡❧s ❡♥ ❡①♣❧♦✐t❛t✐♦♥ ❛❣r✐❝♦❧❡ ✻✸

❚r❛❞✐t✐♦♥❛❧ r✉❧❡✲❜❛s❡❞ ♠❛♥❛❣❡rs ●P❆▼
❇❛s❡❞ ♦♥ ❝✉rr❡♥t s②st❡♠ st❛t❡s ❇❛s❡❞ ♦♥ ❛♥t✐❝✐♣❛t❡❞ s②st❡♠ st❛t❡s

◆♦t ❜❛s❡❞ ♦♥ t❤❡ ♦❜❥❡❝t✐✈❡ ♦❢ t❤❡ s②st❡♠ ❇❛s❡❞ ♦♥ t❤❡ ♦❜❥❡❝t✐✈❡ ♦❢ t❤❡ s②st❡♠

Pr♦❝❡ss✲♦r✐❡♥t❡❞ ❖❜❥❡❝t✐✈❡✲♦r✐❡♥t❡❞

▲♦✇ ❡①❡❝✉t✐♦♥ t✐♠❡ ❍✐❣❤ ❡①❡❝✉t✐♦♥ t✐♠❡

❘❡q✉✐r❡s ❛ ❤✐❣❤ ❧❡✈❡❧ ♦❢ ♣r✐♦r ✉♥❞❡rst❛♥✲
❞✐♥❣ ♦❢ t❤❡ s②st❡♠s

❘❡q✉✐r❡s ♦♥❧② ❛ ❧♦✇ ❧❡✈❡❧ ♦❢ ♣r✐♦r ✉♥❞❡rs✲
t❛♥❞✐♥❣ ♦❢ t❤❡ s②st❡♠s

❊❛s✐❧② tr❛♥s❧❛t❛❜❧❡ ✐♥t♦ ♣r❛❝t✐❝❛❧ ❛❝t✐♦♥s
♦r ❣✉✐❞❡❧✐♥❡s

❉✐✣❝✉❧t t♦ tr❛♥s❧❛t❡ ✐♥t♦ ♣r❛❝t✐❝❛❧ ❛❝t✐♦♥s
♦r ❣✉✐❞❡❧✐♥❡s

❉❡✈❡❧♦♣♠❡♥t t✐♠❡ ♦❢ t❤❡ r✉❧❡s ❝❛♥ ❜❡ ✈❡r②
❤✐❣❤

❉❡✈❡❧♦♣♠❡♥t t✐♠❡ ♦❢ t❤❡ ❛❝t✐♦♥ ❧✐st✱ ❡t❝✳
✐s ❧♦✇ t♦ ♠♦❞❡r❛t❡

❍❛✈❡ ❝♦♠♣❧❡t❡ ❦♥♦✇❧❡❞❣❡ ♦❢ ✇❤② ❛♥ ❛❝✲
t✐♦♥ ✇❛s t❛❦❡♥ ✭❛❧t❤♦✉❣❤ ✐❢ t❤❡ r✉❧❡s ❛r❡
❝♦♠♣❧❡① ✐t ♠❛② t❛❦❡ s♦♠❡ t✐♠❡ t♦ ❞✐s❝♦✲
✈❡r✮

❍❛✈❡ ❝♦♠♣❧❡t❡ ❦♥♦✇❧❡❞❣❡ ♦❢ ✇❤❛t ❛❝t✐♦♥s
✇❡r❡ t❛❦❡♥ ❜✉t ♥♦ ❦♥♦✇❧❡❞❣❡ ♦❢ ✇❤② t❤♦s❡
❛❝t✐♦♥s ✇❡r❡ t❤❡ ❜❡st ❛❝t✐♦♥s

❚❛❜✳ ✷✳✷ ✕ Pr✐♥❝✐♣❛❧❡s ❞✐✛ér❡♥❝❡s ❡♥tr❡ ❧❡s ❛♣♣r♦❝❤❡s ❜❛sé❡s s✉r ❞❡s rè❣❧❡s ❞❡ ❞é❝✐s✐♦♥
❡t ❧✬❛♣♣r♦❝❤❡ ♣❛r ♣❧❛♥✐✜❝❛t✐♦♥ ♣r♦♣♦sé❡ ♣❛r ●P❆▼✳ ❙♦✉r❝❡ ✿ ❙♥♦✇ ❡t ▲♦✈❛tt ✭✷✵✵✽✮

✷✳✷✳✸✳✹ ▲✐♠✐t❡s ❡t ❝♦♥✈❡r❣❡♥❝❡s ❡♥tr❡ ❧❡s ❞❡✉① ❛♣♣r♦❝❤❡s

▲❡s ❛♣♣r♦❝❤❡s ✉t✐❧✐s❛♥t ❡①❝❧✉s✐✈❡♠❡♥t ❧❛ ♣❧❛♥✐✜❝❛t✐♦♥ ♦✉ ❧❡s rè❣❧❡s ❞❡ ❞é❝✐s✐♦♥s ♦♥t
❞❡s ❛✈❛♥t❛❣❡s ❡t ❞❡s ✐♥❝♦♥✈é♥✐❡♥ts✳ ❯♥❡ ❝♦♠♣❛r❛✐s♦♥ ❡st ♣r♦♣♦sé❡ ♣❛r ❙♥♦✇ ❡t ▲♦✈❛tt
✭✷✵✵✽✮ ❞❛♥s ❧❡ t❛❜❧❡❛✉ ✷✳✷✳

❉❛♥s ✉♥ s✐♠✉❧❛t❡✉r ❞✉ ❢♦♥❝t✐♦♥♥❡♠❡♥t ❞✬✉♥❡ ❡①♣❧♦✐t❛t✐♦♥ ❛❣r✐❝♦❧❡✱ ❧❡ ♣✐❧♦t❛❣❡ à
❜❛s❡ ❞❡ rè❣❧❡s ❞❡ ❞é❝✐s✐♦♥s ♣❡✉t ❞❡✈❡♥✐r très ❝♦♠♣❧✐q✉é ❝❛r ✐❧ ✐♠♣♦s❡ ❛✉ ♠♦❞é❧✐s❛t❡✉r
❞❡ ♣ré✈♦✐r t♦✉t❡s ❧❡s s✐t✉❛t✐♦♥s ♣♦✉✈❛♥t ❛♣♣❛r❛îtr❡ ✭❙♥♦✇ ❡t ▲♦✈❛tt ✷✵✵✽✮✳ ❉❛♥s ❧❡
❝❛s ❝♦♥tr❛✐r❡✱ ❧❛ s✐♠✉❧❛t✐♦♥ ♣❡✉t ❞❡✈❡♥✐r ✐♥❝♦❤ér❡♥t❡✳ ▲❡s rè❣❧❡s ❞❡ ❞é❝✐s✐♦♥ s❡♠❜❧❡♥t
❞♦♥❝ ♣❧✉s ❛❞❛♣té❡s ♣♦✉r ❧❡s ❞é❝✐s✐♦♥s ♦♣ér❛t✐♦♥♥❡❧❧❡s✱ ♣♦✉r ❧❡sq✉❡❧❧❡s ❧❡s ❝♦♥séq✉❡♥❝❡s
à ❧✬é❝❤❡❧❧❡ ❞✉ s②stè♠❡ s♦♥t ❧✐♠✐té❡s✳ ▲✬❛✈❛♥t❛❣❡ ❡st ❛❧♦rs q✉❡ ❧❡s r❛✐s♦♥♥❡♠❡♥ts ✉t✐❧✐sés
s♦♥t ♣❧✉s ❡①♣❧✐❝✐t❡s ❡t ✐♥t❡❧❧✐❣✐❜❧❡s✳

■♥✈❡rs❡♠❡♥t✱ ❧❡s ❞é❝✐s✐♦♥s ❞❡ ♣❧✉s ❤❛✉t ♥✐✈❡❛✉✱ ❝♦♠♠❡ ❧❡ ❝❤♦✐① ❞❡ ❧✬❛ss♦❧❡♠❡♥t✱
s❡♠❜❧❡♥t ♣❧✉s ❞✐✣❝✐❧❡s à ❡①♣r✐♠❡r à ❧✬❛✐❞❡ ❞❡ rè❣❧❡s✳ ❊♥ ❡✛❡t✱ ❝❡tt❡ ❞é❝✐s✐♦♥ ❛ ❞❡ ♠✉❧✲
t✐♣❧❡s ❝♦♥séq✉❡♥❝❡s à ❧✬é❝❤❡❧❧❡ ❞✉ s②stè♠❡ q✉✬✐❧ ❢❛✉t ♣r❡♥❞r❡ ❡♥ ❝♦♠♣t❡ ❡t ❧❛ ♥♦t✐♦♥
❞❡ ❝♦♠♣r♦♠✐s ❡♥tr❡ ❞✐✛ér❡♥ts ♦❜❥❡❝t✐❢s ❡st très ✐♠♣♦rt❛♥t❡✳ ❯♥❡ ♠ét❤♦❞❡ ❣❧♦❜❛❧❡✱ ♣❛r
❡①❡♠♣❧❡ ❜❛sé❡ s✉r ✉♥❡ ♣r♦❣r❛♠♠❛t✐♦♥ ♠❛t❤é♠❛t✐q✉❡✱ s❡♠❜❧❡ ❞♦♥❝ ♣❧✉s ❛❞❛♣té❡ ❡t ❧❡s
❞é❝✐s✐♦♥s ❝♦♥❝❡r♥é❡s s♦♥t ❛❧♦rs ♣❧❛♥✐✜é❡s✳

❚♦✉t❡❢♦✐s✱ ❧✬❛♣♣r♦❝❤❡ ♣r♦♣♦sé❡ ♣❛r ❙♥♦✇ ❡t ▲♦✈❛tt ✭✷✵✵✽✮✱ ❜❛sé❡ ✉♥✐q✉❡♠❡♥t s✉r
❧❛ ♣❧❛♥✐✜❝❛t✐♦♥ ✈✐❛ ❞❡s ❛r❜r❡s ❞❡ ❞é❝✐s✐♦♥✱ s❡♠❜❧❡ ♣❡✉ ré❛❧✐st❡ ❞❛♥s ❧❡ ❝❛s ❞✉ ♣✐❧♦t❛❣❡
❝♦♠♣❧❡t ❞✬✉♥❡ ❡①♣❧♦✐t❛t✐♦♥ ❞✬é❧❡✈❛❣❡✳ ▲❛ ✈❛r✐❛❜✐❧✐té ❝❧✐♠❛t✐q✉❡ ✐♠♣♦s❡r❛✐t ❞❡s ét❛♣❡s ❞❡
♣❧❛♥✐✜❝❛t✐♦♥ r❛♣♣r♦❝❤é❡s✱ t❛♥❞✐s q✉❡ ❧✬❛♥t✐❝✐♣❛t✐♦♥ ♥é❝❡ss❛✐r❡ ✐♠♣♦s❡r❛✐t ❞❡ s❡ ♣❧❛❝❡r



✻✹ ▲❛ ♠♦❞é❧✐s❛t✐♦♥ ❞✉ ❢♦♥❝t✐♦♥♥❡♠❡♥t ❞❡s é❧❡✈❛❣❡s

s✉r ✉♥ ❤♦r✐③♦♥ t❡♠♣♦r❡❧ ❞✬✉♥❡ ❛♥♥é❡✳ ❊♥ ♣r❡♥❛♥t é❣❛❧❡♠❡♥t ❡♥ ❝♦♠♣t❡ ❧❛ ♠✉❧t✐♣❧✐❝✐té
❞❡s ♦♣ér❛t✐♦♥s à ♣✐❧♦t❡r✱ ✐❧ ❡st ❝❧❛✐r q✉❡ ❝❡tt❡ s♦❧✉t✐♦♥ ♥✬❡st ♣❛s ❢❛✐s❛❜❧❡ s✉r ✉♥ ♣❧❛♥
❝❛❧❝✉❧❛t♦✐r❡✳ ❙✐ ❧❡ ♣❧❛♥ ♥✬❡st ♣❛s ♠✐s à ❥♦✉r ré❣✉❧✐èr❡♠❡♥t✱ ❝♦♠♠❡ ❞❛♥s ❧✬❡①❡♠♣❧❡ ♣r♦♣♦sé
♣❛r ❱❛②ss✐èr❡s ❡t ❛❧✳ ✭✷✵✵✼✮✱ ❧❡ ❞é❝❛❧❛❣❡ ❡♥tr❡ ❧✬ét❛t ❞✉ s②stè♠❡ t❡❧ q✉✬❛♥t✐❝✐♣é ❛✉ ♠♦♠❡♥t
❞❡ ❧❛ ♣❧❛♥✐✜❝❛t✐♦♥ ❡t s♦♥ é✈♦❧✉t✐♦♥ ré❡❧❧❡ ❛❜♦✉t✐t à ✉♥ ♣✐❧♦t❛❣❡ ✐♥❝♦❤ér❡♥t✳ ■♥tr♦❞✉✐r❡ ✉♥
♠♦❞è❧❡ ❞✬❛❝t✐♦♥ ♣❧✉s ❞ét❛✐❧❧é✱ ✐♥té❣r❛♥t ❞❡s ❛❥✉st❡♠❡♥ts ♣❛r r❛♣♣♦rt ❛✉ ♣❧❛♥✱ ❛ ♣❡r♠✐s
❞✬❛♠é❧✐♦r❡r s✐❣♥✐✜❝❛t✐✈❡♠❡♥t ❧❡s s✐♠✉❧❛t✐♦♥s✱ ♣❛r r❛♣♣♦rt ❛✉ ❝♦♠♣♦rt❡♠❡♥t ré❡❧ ❞❡s
❛❣r✐❝✉❧t❡✉rs ✭❱❛②ss✐èr❡s ❡t ❛❧✳ ✷✵✵✼✮✳

▲✬✉t✐❧✐s❛t✐♦♥ ❞❡ ❝❡s ❞❡✉① ❛♣♣r♦❝❤❡s ❞❡ ❢❛ç♦♥ ❝♦♠♣❧é♠❡♥t❛✐r❡✱ t❡❧❧❡ q✉✬❡❧❧❡ ❡st ❡♥✈✐s❛✲
❣é❡ ❞❛♥s ❧❡ ♠♦❞è❧❡ ❞✬❛❝t✐♦♥ ✭❙❡❜✐❧❧♦tt❡ ❡t ❙♦❧❡r ✶✾✾✵✮ s❡♠❜❧❡ ❞♦♥❝ ✉♥❡ ✈♦✐❡ ♣r♦♠❡tt❡✉s❡✳
❈❡tt❡ ❤②♣♦t❤ès❡ ❡st ❝♦♥❢♦rté❡ ♣❛r ❧✬♦❜s❡r✈❛t✐♦♥ ❢❛✐t❡ ♣❛r ❆✉❜r② ✭✷✵✵✵✮✱ s❡❧♦♥ ❧❛q✉❡❧❧❡
❧❛ ♣❧❛♥✐✜❝❛t✐♦♥ ❥♦✉❡ ✉♥ rô❧❡ ✐♠♣♦rt❛♥t ❞❛♥s ❧❡s ♣r♦❝❡ss✉s ❞é❝✐s✐♦♥♥❡❧s ♠❛✐s ❛✈❡❝ ❝❤❛q✉❡
❛♥♥é❡ ❞❡s é❝❛rts s✐❣♥✐✜❝❛t✐❢s ❡♥tr❡ ❧❡ ♣❧❛♥✐✜é ❡t ❧❡ ré❛❧✐sé✱ ♣♦✉r ❞❡ ♠✉❧t✐♣❧❡s r❛✐s♦♥s✳ ❉❡
♣❧✉s✱ ●❛r❝✐❛ ❡t ❛❧✳ ✭✷✵✵✺❜✮ ❡t ❈r♦s ❡t ❛❧✳ ✭✷✵✵✸✮ r❡❝♦♥♥❛✐ss❡♥t ❧❛ ♥é❝❡ss✐té ♣♦✉r ❧✬❛❣r✐✲
❝✉❧t❡✉r ❞✬❛ss♦❝✐❡r ❞✬✉♥❡ ♣❛rt ♣❧❛♥✐✜❝❛t✐♦♥ ❡t ❛♥t✐❝✐♣❛t✐♦♥ ❡t ❞✬❛✉tr❡ ♣❛rt ré❛❝t✐✈✐té ♣❛r
r❛♣♣♦rt ❛✉① é✈é♥❡♠❡♥ts ❣râ❝❡ à ❧❛ ♣r✐s❡ ❞✬✐♥❢♦r♠❛t✐♦♥s ♣❡r♠❛♥❡♥t❡ s✉r ❧❡ s②stè♠❡ ❡t s♦♥
❡♥✈✐r♦♥♥❡♠❡♥t✳ ❉❛♥s ❧❡ ❝❛❞r❡ ❞✬✉♥❡ ré✢❡①✐♦♥ s✉r ❧❡ ❞é✈❡❧♦♣♣❡♠❡♥t ❞✬♦✉t✐❧s ❞✬❛✐❞❡ à ❧❛
❞é❝✐s✐♦♥ ❢❛✐s❛♥t ✐♥t❡r✈❡♥✐r ❞❡s s✐♠✉❧❛t✐♦♥s ✐♥t❡r❛❝t✐✈❡s✱ ❆tt♦♥❛t② ❡t ❛❧✳ ✭✶✾✾✾✮ é❝r✐✈❡♥t ✿

❯s✐♥❣ s✐♠✉❧❛t✐♦♥ t♦♦❧s t❤❛t t❛❦❡ ✐♥t♦ ❛❝❝♦✉♥t ❜♦t❤ ❞❡❝✐s✐♦♥s ❞❡✜♥❡❞ ❡①
❛♥t❡ t❤❛t ❞❡t❡r♠✐♥❡ ❣❡♥❡r❛❧ str❛t❡❣✐❝ ♦r✐❡♥t❛t✐♦♥s ❛♥❞ ❞❡❝✐s✐♦♥s t❛❦❡♥ ✐♥
❝♦✉rs❡ ♦❢ ❛❝t✐♦♥ ✐s ❛ ♣r♦♠✐s✐♥❣ ❛♣♣r♦❛❝❤ t♦ ❤❡❧♣ ❞❡❝✐s✐♦♥✲♠❛❦❡rs t♦ ✐♠♣r♦✈❡
str❛t❡❣✐❝ ♠❛♥❛❣❡♠❡♥t ✐♥ ❛ ❧❡❛r♥✐♥❣ ♣r♦❝❡ss ♦♥ ✈✐rt✉❛❧ r❡❛❧✐t②✳

✷✳✸ ❈♦♥❝❧✉s✐♦♥

▲✬ét✉❞❡ ❞❡ ❞✐✛ér❡♥ts ♠♦❞è❧❡s ❞❡s ❡①♣❧♦✐t❛t✐♦♥s ❞✬é❧❡✈❛❣❡ ❝❛♣❛❜❧❡s ❞✬é✈❛❧✉❡r ❞❡s ✐♠✲
♣❛❝ts ❡♥✈✐r♦♥♥❡♠❡♥t❛✉① ❛ ♠♦♥tré q✉✬✐❧ ♥✬❡①✐st❡ ♣❛s ❞❡ ♠♦❞è❧❡ s❛t✐s❢❛✐s❛♥t ❛✉① ❝r✐tèr❡s
✜①és ❞❛♥s ❧❡ ❝❤❛♣✐tr❡ ✶✳ ▲❡ ♣♦✐♥t q✉✐ ❢❛✐t ❧❡ ♣❧✉s ❞é❢❛✉t ❡st ❧❛ ♠♦❞é❧✐s❛t✐♦♥ ❞❡s ♣r♦❝❡s✲
s✉s ❞é❝✐s✐♦♥♥❡❧s✱ ❛✜♥ ❞❡ ♣♦✉✈♦✐r ét✉❞✐❡r ❞❡ ❢❛ç♦♥ ❡①✲❛♥t❡ ❧✬✐♠♣❛❝t ❞❡ str❛té❣✐❡s s✉r ❞❡s
t❡♠♣s ❧♦♥❣s✳ ▲❡s tr❛✈❛✉① t❤é♦r✐q✉❡s ré❛❧✐sés ❞❛♥s ❝❡ ❞♦♠❛✐♥❡ ♠♦♥tr❡♥t q✉❡ ❧❡s ♣r♦❝❡ss✉s
❞é❝✐s✐♦♥♥❡❧s ❞❡s ❛❣r✐❝✉❧t❡✉rs ❛ss♦❝✐❡♥t ❧❛ ♣❧❛♥✐✜❝❛t✐♦♥ ❡t ❧✬❛♥t✐❝✐♣❛t✐♦♥ à ❧❛ ✢❡①✐❜✐❧✐té ❡t
❧❛ ré❛❝t✐✈✐té✳ ❈❡s ♠é❝❛♥✐s♠❡s ♣❡r♠❡tt❡♥t ❧✬❛❞❛♣t❛t✐♦♥ ❞✉ s②stè♠❡ ❛✉① ❝♦♥❞✐t✐♦♥s ✈❛✲
r✐❛❜❧❡s✱ ❝✬❡st✲à✲❞✐r❡ ❧❛ rés✐❧✐❡♥❝❡ ❞✉ s②stè♠❡✳



❈❤❛♣✐tr❡ ✸

❉é♠❛r❝❤❡ ❞❡ r❡❝❤❡r❝❤❡

❙♦♠♠❛✐r❡
✸✳✶ ❊♥❥❡✉① ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✼

✸✳✷ ▲❡ ♣r♦❥❡t ▼é❧♦❞✐❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✼

✸✳✷✳✶ ❖❜❥❡❝t✐❢s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✽

✸✳✷✳✷ ❖r❣❛♥✐s❛t✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✽

✸✳✸ ❖❜❥❡❝t✐❢s ❞❡ ❧❛ t❤ès❡ ❡t q✉❡st✐♦♥s ❞❡ r❡❝❤❡r❝❤❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✾

✸✳✹ ❖r❣❛♥✐s❛t✐♦♥ ❞❡ ❧❛ t❤ès❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✵

✻✺



✻✻ ❉é♠❛r❝❤❡ ❞❡ r❡❝❤❡r❝❤❡



❊♥❥❡✉① ✻✼

✸✳✶ ❊♥❥❡✉①

▲✬ét✉❞❡ ❜✐❜❧✐♦❣r❛♣❤✐q✉❡ ♣rés❡♥té❡ ❞❛♥s ❧❡ ❝❤❛♣✐tr❡ ✶ ❛ ♠♦♥tré q✉❡ ❧❛ ❝♦♠♣❛r❛✐s♦♥
❞❡s ✐♠♣❛❝ts ❡♥✈✐r♦♥♥❡♠❡♥t❛✉① ❞❡ ❞✐✛ér❡♥ts s②stè♠❡s ❞❡ ♣r♦❞✉❝t✐♦♥ ❞♦✐t r❡♣♦s❡r s✉r
✉♥❡ é✈❛❧✉❛t✐♦♥ ♠✉❧t✐✲❝r✐tèr❡s✳ ❊♥ ❡✛❡t✱ ❧❡s ✐♠♣❛❝ts ❞❡s é❧❡✈❛❣❡s ❧❛✐t✐❡rs s♦♥t ♠✉❧t✐♣❧❡s ❡t
❧✐és ❡♥tr❡ ❡✉①✳ ▲❡ s②stè♠❡ ❞❡ ♣r♦❞✉❝t✐♦♥ ❧❡ ♣❧✉s r❡s♣❡❝t✉❡✉① ❞❡ ❧✬❡♥✈✐r♦♥♥❡♠❡♥t ♥✬❡st
♣❛s ❢♦r❝é♠❡♥t ❧❛ ❝♦♠❜✐♥❛✐s♦♥ ❞❡s ♣r❛t✐q✉❡s ❝♦♥s✐❞éré❡s ❝♦♠♠❡ ❧❡s ♠❡✐❧❧❡✉r❡s à ❞❡s
♥✐✈❡❛✉① s♦✉s✲❥❛❝❡♥ts✳ ■❧ s❡♠❜❧❡ ❞♦♥❝ ♥é❝❡ss❛✐r❡ ❞❡ s❡ ♣❧❛❝❡r ❛✉ ♥✐✈❡❛✉ ❞❡ ❧✬❡①♣❧♦✐t❛t✐♦♥
❡♥t✐èr❡✱ ❞✬❛✉t❛♥t ♣❧✉s q✉❡ ❝❡ ♥✐✈❡❛✉ ❝♦rr❡s♣♦♥❞ à ✉♥❡ ✉♥✐té ❞❡ ❣❡st✐♦♥ ❞✉ t❡rr✐t♦✐r❡✳ ❈✬❡st
♣r✐♥❝✐♣❛❧❡♠❡♥t à ❝❡ ♥✐✈❡❛✉ q✉❡ s♦♥t ♣r✐s❡s ❧❡s ❞é❝✐s✐♦♥s ❡t q✉❡ ♣❡✉✈❡♥t êtr❡ ré❛❧✐sés ❞❡s
❝♦♠♣r♦♠✐s ❡♥tr❡ ❞✐✛ér❡♥ts ♦❜❥❡❝t✐❢s ❡♥✈✐r♦♥♥❡♠❡♥t❛✉① ❡t ❛✈❡❝ ❞❡s ♦❜❥❡❝t✐❢s t❡❝❤♥✐❝♦✲
é❝♦♥♦♠✐q✉❡s✳

▲❡s ♠é❝❛♥✐s♠❡s ♠❡♥❛♥t ❛✉① ✐♠♣❛❝ts ✐♥❞✉✐ts ♣❛r ❧❡s ✢✉① ❞❡ ❝♦♠♣♦sés à r✐sq✉❡ ♣♦✉r
❧✬❡♥✈✐r♦♥♥❡♠❡♥t s♦♥t ❝♦♠♣❧❡①❡s✳ ■❧ ❡st ❞✐✣❝✐❧❡ ❞✬ét❛❜❧✐r ✉♥ ❧✐❡♥ ❡♥tr❡ ❧❡s ♣r❛t✐q✉❡s ❛❣r✐✲
❝♦❧❡s ❡t ❧❡s ✐♠♣❛❝ts ✜♥❛✉①✱ ❞❡ ♠❛♥✐èr❡ à ❝❤♦✐s✐r ❧❡s s②stè♠❡s ❞❡ ♣r♦❞✉❝t✐♦♥ ❡♥ ❢♦♥❝t✐♦♥
❞❡ ❧❡✉rs ✐♠♣❛❝ts✳ P♦✉rt❛♥t✱ ❡♥ r❛✐s♦♥ ❞❡ ❧✬é✈♦❧✉t✐♦♥ ❞❡s s②stè♠❡s ❡t ❞❡s ❡♥❥❡✉① ❡♥✈✐✲
r♦♥♥❡♠❡♥t❛✉① s♦✉s✲❥❛❝❡♥ts✱ ✐❧ ❡st ♥é❝❡ss❛✐r❡ ❞❡ ❞é✈❡❧♦♣♣❡r ❞❡s ♠ét❤♦❞❡s ♣♦✉r é✈❛❧✉❡r
❡① ❛♥t❡ ❧❡s ✐♠♣❛❝ts ❡♥✈✐r♦♥♥❡♠❡♥t❛✉① ❡♥ ❢♦♥❝t✐♦♥ ❞❡ str❛té❣✐❡s ❞❡ ♣r♦❞✉❝t✐♦♥ ♣♦✉r
❞✐✛ér❡♥t❡s ❝♦♥✜❣✉r❛t✐♦♥s ❞✬❡①♣❧♦✐t❛t✐♦♥s ❞❛♥s ❞✐✛ér❡♥ts ❝♦♥t❡①t❡s✳ ❉❡ ♣❧✉s✱ ❧❡s ✐♠♣❛❝ts
❞♦✐✈❡♥t êtr❡ é✈❛❧✉és s✉r ❧❡ ❧♦♥❣ t❡r♠❡ ✭♣❧✉s✐❡✉rs ❞✐③❛✐♥❡s ❞✬❛♥♥é❡s✮✱ ❛✜♥ ❞❡ t❡♥✐r ❝♦♠♣t❡
❞❡ ❧❛ ✈❛r✐❛❜✐❧✐té ❝❧✐♠❛t✐q✉❡ ❡t ❞❡ ❞ét❡❝t❡r ❞❡s ✈❛r✐❛t✐♦♥s ❧❡♥t❡s✱ ❝♦♠♠❡ ♣❛r ❡①❡♠♣❧❡ ✉♥❡
t❡♥❞❛♥❝❡ à ❧❛ ❜❛✐ss❡ ❞✉ st♦❝❦ ❞❡ ♠❛t✐èr❡ ♦r❣❛♥✐q✉❡ ❞❛♥s ❧❡ s♦❧✳

▲❛ ♠♦❞é❧✐s❛t✐♦♥ ❡st ✉♥❡ ♠ét❤♦❞❡ ♣r✐✈✐❧é❣✐é❡ ♣♦✉r ❛❜♦r❞❡r ❝❡s q✉❡st✐♦♥s✱ ❝❛r ❡❧❧❡
♣❡r♠❡t ❞❡ tr❛✈❛✐❧❧❡r à ✉♥❡ é❝❤❡❧❧❡ t❡♠♣♦r❡❧❧❡ ❡t à ✉♥ ♥✐✈❡❛✉ ❞❡ ❞ét❛✐❧ ✐♥❛❝❝❡ss✐❜❧❡s
❡♥ ❡①♣ér✐♠❡♥t❛t✐♦♥ ♦✉ ♣❛r ❞❡s ♦❜s❡r✈❛t✐♦♥s ❡♥ ❢❡r♠❡✳ ❯♥❡ ❢♦✐s ❧❡ ♠♦❞è❧❡ ❝♦♥str✉✐t✱ ✐❧
❡st ❢❛❝✐❧❡ ❞❡ t❡st❡r ❞❡s sér✐❡s ❝❧✐♠❛t✐q✉❡s ❧♦♥❣✉❡s ❡t r❡♣rés❡♥t❛♥t ❞✐✛ér❡♥ts ❝♦♥t❡①t❡s✳
❉❡ ♣❧✉s✱ ❧❛ ♠♦❞é❧✐s❛t✐♦♥ ♣❡r♠❡t ❞❡ ré❛❧✐s❡r ✉♥ ❝❤❛♥❣❡♠❡♥t ❞❡ ♥✐✈❡❛✉ ❞✬♦r❣❛♥✐s❛t✐♦♥✱ ❡♥
✉t✐❧✐s❛♥t ❛✉ ♥✐✈❡❛✉ ❞❡ ❧✬❡①♣❧♦✐t❛t✐♦♥ ❞❡s ❝♦♥♥❛✐ss❛♥❝❡s ❛❝q✉✐s❡s ❛✉ ♥✐✈❡❛✉ ❞❡ ❧✬❛♥✐♠❛❧ ♦✉
❞❡ ❧❛ ♣❛r❝❡❧❧❡✱ ♣❛r ❡①❡♠♣❧❡✳ ❆✐♥s✐✱ ❧❡ ♣❛ss❛❣❡ ❛✉ ♥✐✈❡❛✉ ❞❡ ❧✬❡①♣❧♦✐t❛t✐♦♥ ❡st ❛✉❥♦✉r❞✬❤✉✐
♣♦ss✐❜❧❡ ❣râ❝❡ ❛✉① ♥♦♠❜r❡✉s❡s ❝♦♥♥❛✐ss❛♥❝❡s s✉r ❧❡s ♣r♦❝❡ss✉s ❜✐♦♣❤②s✐q✉❡s ❛❝q✉✐s❡s
❛✉① ♥✐✈❡❛✉① s♦✉s✲❥❛❝❡♥ts✳

✸✳✷ ▲❡ ♣r♦❥❡t ▼é❧♦❞✐❡

▲✬ét✉❞❡ ❜✐❜❧✐♦❣r❛♣❤✐q✉❡ ♣rés❡♥té❡ ❞❛♥s ❧❡ ❝❤❛♣✐tr❡ ✷ ❛ ♠♦♥tré q✉❡✱ ♣❛r♠✐ ❧❡s ♠♦❞è❧❡s
❞✉ ❢♦♥❝t✐♦♥♥❡♠❡♥t ❞❡s é❧❡✈❛❣❡s é✈❛❧✉❛♥t ❞❡s ✐♠♣❛❝ts ❡♥✈✐r♦♥♥❡♠❡♥t❛✉①✱ ❛✉❝✉♥ ♥❡ ré✲
♣♦♥❞❛✐t à ❧✬❡♥s❡♠❜❧❡ ❞❡s ❜❡s♦✐♥s ❢♦r♠✉❧és ❝✐✲❞❡ss✉s✳ ▲❡ ❝❤♦✐① ❞❡ ❞é✈❡❧♦♣♣❡r ✉♥ ♥♦✉✈❡❛✉
♠♦❞è❧❡ ❞❡ s✐♠✉❧❛t✐♦♥ ❞❡s s②stè♠❡s ❞✬é❧❡✈❛❣❡✱ ♥♦♠♠é ▼é❧♦❞✐❡ ✭▼♦❞é❧✐s❛t✐♦♥ ❞❡s ➱❧❡✲
✈❛❣❡s ❡♥ ▲❛♥❣❛❣❡ ❖❜❥❡t ♣♦✉r ❧❛ ❉ét❡r♠✐♥❛t✐♦♥ ❞❡ ❧❡✉rs ■♠♣❛❝ts ❊♥✈✐r♦♥♥❡♠❡♥t❛✉①✮✱
❛ été ❢❛✐t✳ ❈❡ ♠♦❞è❧❡✱ q✉✐ s❡ ✈❡✉t ❣é♥ér✐q✉❡✱ ❡st ❞é✈❡❧♦♣♣é ♣♦✉r ❧❡s é❧❡✈❛❣❡s ❧❛✐t✐❡rs ❡t
♣♦r❝✐♥s✳ ❉❛♥s ❧❡ ❝❛❞r❡ ❞❡ ❝❡tt❡ t❤ès❡✱ s❡✉❧s ❧❡s é❧❡✈❛❣❡s ❧❛✐t✐❡rs s♦♥t ❛❜♦r❞és✳



✻✽ ❉é♠❛r❝❤❡ ❞❡ r❡❝❤❡r❝❤❡

✸✳✷✳✶ ❖❜❥❡❝t✐❢s

▼é❧♦❞✐❡ ❡st ❝♦♥ç✉ ♣♦✉r êtr❡ ✉t✐❧✐sé ❡♥ r❡❝❤❡r❝❤❡✱ ❡t ♥♦♥ ♣❛s ❞✐r❡❝t❡♠❡♥t ♣♦✉r
❞✉ ❝♦♥s❡✐❧ ❡♥ ❢❡r♠❡✳ ▲✬♦❜❥❡❝t✐❢ ❞✉ ♠♦❞è❧❡ ❡st ❞✬ét❛❜❧✐r ✉♥ ♣♦♥t ❡♥tr❡ ✉♥❡ str❛té❣✐❡ ❞❡
♣r♦❞✉❝t✐♦♥ ❡t ❞❡s é♠✐ss✐♦♥s ❞❡ ❝♦♠♣♦sés à r✐sq✉❡ ♣♦✉r ❧✬❡♥✈✐r♦♥♥❡♠❡♥t✱ ❡♥ s✐♠✉❧❛♥t ❧❡s
✢✉① ❞❡s ♣r✐♥❝✐♣❛✉① é❧é♠❡♥ts é❝❤❛♥❣és ❛✈❡❝ ❧✬❡♥✈✐r♦♥♥❡♠❡♥t ✭❈✱ ◆✱ P✱ ❈✉✱ ❩♥✮✳ ▲❡s ✢✉①
❞❡ ♠❛t✐èr❡ à ❧✬✐♥tér✐❡✉r ❞❡ ❧✬❡①♣❧♦✐t❛t✐♦♥ ❛✐♥s✐ q✉❡ ❧❡s ❡♥tré❡s ❡t s♦rt✐❡s s♦♥t s✐♠✉❧és ❞❡
❢❛ç♦♥ ❞②♥❛♠✐q✉❡ ❡t s✉r ❧❡ ❧♦♥❣ t❡r♠❡ ✭♣❧✉s✐❡✉rs ❞✐③❛✐♥❡s ❞✬❛♥♥é❡s✮ ❛✜♥ ❞❡ q✉❛♥t✐✜❡r ❧❡s
❝✐♥ét✐q✉❡s ❞✬é♠✐ss✐♦♥ ❡t ❞✬é✈❛❧✉❡r ❧❡s ♣r❡ss✐♦♥s ❡①❡r❝é❡s s✉r ❧✬❡♥✈✐r♦♥♥❡♠❡♥t ✭❛✐r✱ ❡❛✉
❡t s♦❧✮✱ ❡♥ ♣r❡♥❛♥t ❡♥ ❝♦♠♣t❡ ❧✬❛❧é❛ ❝❧✐♠❛t✐q✉❡ ❡t ❧❡s ❡✛❡ts ❞✬❛❝❝✉♠✉❧❛t✐♦♥✳ ❉❡ ♣❧✉s✱ à
t❡r♠❡✱ ❧❡ ♠♦❞è❧❡ ❞❡✈r❛ ❝♦♠♣❧ét❡r ❝❡tt❡ é✈❛❧✉❛t✐♦♥ ❡♥✈✐r♦♥♥❡♠❡♥t❛❧❡ ♣❛r ✉♥❡ ❡st✐♠❛t✐♦♥
❞❡s ❝♦♥s♦♠♠❛t✐♦♥s ❞✬é♥❡r❣✐❡ ❢♦ss✐❧❡ ❡t ❞❡ ♣r♦❞✉✐ts ♣❤②t♦s❛♥✐t❛✐r❡s✳

P♦✉r é✈❛❧✉❡r ❞❡s s②stè♠❡s ❞❡ ♣r♦❞✉❝t✐♦♥✱ ❧❛ q✉❡st✐♦♥ ❞❡ ❧❛ r❡♣rés❡♥t❛t✐♦♥ ❞❡s ❞é✲
❝✐s✐♦♥s ❞❡s é❧❡✈❡✉rs ❡st ❝❡♥tr❛❧❡✳ ▲❡s ❞é❝✐s✐♦♥s str❛té❣✐q✉❡s✱ q✉✐ ❡♥❣❛❣❡♥t ❧✬❡①♣❧♦✐t❛t✐♦♥
♣♦✉r ♣❧✉s✐❡✉rs ❛♥♥é❡s ✈♦✐r❡ ♣❧✉s✐❡✉rs ❞é❝❡♥♥✐❡s✱ s♦♥t ❞❡s ❡♥tré❡s ❞✉ ♠♦❞è❧❡✱ ♣✉✐sq✉✬♦♥
s♦✉❤❛✐t❡ ❝♦♥str✉✐r❡ ❞❡s ♣❧❛♥s ❞✬❡①♣ér✐❡♥❝❡ ❛✉t♦✉r ❞❡ ❝❡s ❞é❝✐s✐♦♥s✳ ■❧ s✬❛❣✐t ♣❛r ❡①❡♠♣❧❡
❞✉ t②♣❡ ❞❡ ❜ât✐♠❡♥t ✉t✐❧✐sé ♦✉ ❞✉ ♥✐✈❡❛✉ ❞✬✐♥t❡♥s✐✜❝❛t✐♦♥ ❞❡ ❧❛ ♣r♦❞✉❝t✐♦♥✳ ▲❡s ❛✉tr❡s
❞é❝✐s✐♦♥s✱ ♣r✐s❡s à ✉♥❡ é❝❤❡❧❧❡ ✐♥❢ér✐❡✉r❡✱ ❞é❝r✐✈❡♥t ❧✬❛♣♣❧✐❝❛t✐♦♥ ❞❡ ❝❡tt❡ str❛té❣✐❡ ❞❡ ❢❛✲
ç♦♥ ✢❡①✐❜❧❡✱ ❝✬❡st✲à✲❞✐r❡ ❞é♣❡♥❞❛♥t❡ ❞✉ ❝♦♥t❡①t❡✳ ❊♥ ❡✛❡t✱ ❧❛ ❝♦♥❞✉✐t❡ ❞❡s ❡①♣❧♦✐t❛t✐♦♥s
❛❣r✐❝♦❧❡s ❡st ❛❞❛♣té❡ ❡♥ ❢♦♥❝t✐♦♥ ❞❡s ✈❛r✐❛t✐♦♥s ❞❡ s♦♥ ❡♥✈✐r♦♥♥❡♠❡♥t✳ ❆✉ ❝♦✉rs ❞✬✉♥❡
s✐♠✉❧❛t✐♦♥ s✉r ♣❧✉s✐❡✉rs ❞✐③❛✐♥❡s ❞✬❛♥♥é❡s✱ ❞❡ ♥♦♠❜r❡✉s❡s ❞é❝✐s✐♦♥s ❞♦✐✈❡♥t êtr❡ ♣r✐s❡s
♣♦✉r s✬❛❞❛♣t❡r ❛✉① ❝♦♥❞✐t✐♦♥s✳ ▲❡s ♣r♦❝❡ss✉s ❞é❝✐s✐♦♥♥❡❧s ✐♠♣❧✐q✉és ❞♦✐✈❡♥t ❞♦♥❝ ❡✉①
❛✉ss✐ êtr❡ ♠♦❞é❧✐sés✳

▲❛ str✉❝t✉r❡ ❞❡ ❧✬❡①♣❧♦✐t❛t✐♦♥✱ s♦♥ ♠♦❞❡ ❞❡ ❝♦♥❞✉✐t❡ ❡t ❧❡s ♣❛r❛♠ètr❡s ❞✉ s②stè♠❡
❜✐♦t❡❝❤♥✐q✉❡ ♥✬é✈♦❧✉❡♥t ♣❛s ❛✉ ❝♦✉rs ❞✬✉♥❡ s✐♠✉❧❛t✐♦♥✳ ▲❡ ❜✉t ❞✉ ♠♦❞è❧❡ ♥✬❡st ♣❛s ❞❡
❢❛✐r❡ ❞❡s ♣r♦❥❡❝t✐♦♥s s✉r ❧✬❡♥✈✐r♦♥♥❡♠❡♥t ❞❛♥s q✉❡❧q✉❡s ❞✐③❛✐♥❡s ❞✬❛♥♥é❡s✳ ▲❡s s✐♠✉✲
❧❛t✐♦♥s s♦♥t ❢❛✐t❡s s✉r ♣❧✉s✐❡✉rs ❞é❝❡♥♥✐❡s ❛✜♥ ❞❡ ♠✐❡✉① ❝♦♠♣r❡♥❞r❡ ❧❡s ❝♦♥séq✉❡♥❝❡s
♣♦t❡♥t✐❡❧❧❡s ❞❡s s②stè♠❡s ❞❡ ♣r♦❞✉❝t✐♦♥ ❡♥ r❡❧❛t✐♦♥ ❛✈❡❝ ❧❡s ❛❧é❛s ❝❧✐♠❛t✐q✉❡s✳

✸✳✷✳✷ ❖r❣❛♥✐s❛t✐♦♥

❉é✈❡❧♦♣♣❡r ✉♥ t❡❧ ♠♦❞è❧❡ ❡st ✉♥ tr❛✈❛✐❧ ♠✉❧t✐❞✐s❝✐♣❧✐♥❛✐r❡ ❡t ❞❡ ❧♦♥❣✉❡ ❤❛❧❡✐♥❡✳ ▲❛
❝♦♥str✉❝t✐♦♥ ❢❛✐t ✐♥t❡r✈❡♥✐r ✉♥ ❣r❛♥❞ ♥♦♠❜r❡ ❞❡ ❝❤❡r❝❤❡✉rs ❡t ✐♥❣é♥✐❡✉rs✱ ❛✈❡❝ ❞✐✛ér❡♥ts
♥✐✈❡❛✉① ❞✬✐♠♣❧✐❝❛t✐♦♥✳ ▲❡s ♣❛rt✐❝✐♣❛♥ts ♣r♦✈❡♥❛✐❡♥t ♣r✐♥❝✐♣❛❧❡♠❡♥t ❞❡ q✉❛tr❡ ✉♥✐tés ❞❡
❧✬■◆❘❆ ❡t ❞❡✉① ✐♥st✐t✉ts t❡❝❤♥✐q✉❡s ✿

✕ ❯▼❘ Pr♦❞✉❝t✐♦♥ ❞✉ ▲❛✐t ✭P▲✮
✕ ❯▼❘ ❙②stè♠❡s ❞✬➱❧❡✈❛❣❡✱ ◆✉tr✐t✐♦♥ ❆♥✐♠❛❧❡ ❡t ❍✉♠❛✐♥❡ ✭❙❊◆❆❍✮
✕ ❯▼❘ ❙♦❧✱ ❆❣r♦♥♦♠✐❡✱ ❙♣❛t✐❛❧✐s❛t✐♦♥ ✭❙❆❙✮
✕ ❯♥✐té ❇✐♦♠étr✐❡ ❡t ■♥t❡❧❧✐❣❡♥❝❡ ❆rt✐✜❝✐❡❧❧❡ ✭❇■❆✮
✕ ■♥st✐t✉t ❞❡ ❧✬➱❧❡✈❛❣❡
✕ ■♥st✐t✉t ❞✉ P♦r❝ ✭■❋■P✮
◗✉❛tr❡ ❣r♦✉♣❡s ❞❡ tr❛✈❛✐❧ ♦♥t été ❝♦♥st✐t✉és ♣♦✉r ❞✐s❝✉t❡r ❞❡s ♣r✐♥❝✐♣❛❧❡s ❞é❝✐s✐♦♥s

❛✉t♦✉r ❞❡ ❧❛ ❝♦♥st✐t✉t✐♦♥ ❞✉ ♠♦❞è❧❡✳ ❯♥ ❣r♦✉♣❡ ❛ été ❝♦♥st✐t✉é ♣♦✉r ❝❤❛❝✉♥ ❞❡s ♠♦❞✉❧❡s
❙♦❧ ✲ ❝✉❧t✉r❡s✱ ❇ât✐♠❡♥ts✱ st♦❝❦❛❣❡ ❡t tr❛✐t❡♠❡♥t ❞❡s ❡✤✉❡♥ts ❡t ❆♥✐♠❛✉①✳ ❯♥ ❣r♦✉♣❡



❖❜❥❡❝t✐❢s ❞❡ ❧❛ t❤ès❡ ❡t q✉❡st✐♦♥s ❞❡ r❡❝❤❡r❝❤❡ ✻✾

❆r❝❤✐t❡❝t✉r❡ ét❛✐t r❡s♣♦♥s❛❜❧❡ ❞❡s ❝❤♦✐① ♣❧✉s ❣é♥ér❛✉① ❡t ❞✉ s✉✐✈✐ ❞❡ ❧✬❡♥s❡♠❜❧❡✳ ❉❡✉①
❛✉tr❡s ♣❡rs♦♥♥❡s ét❛✐❡♥t ♣❛rt✐❝✉❧✐èr❡♠❡♥t ✐♠♣❧✐q✉é❡s ❞❛♥s ❧❛ ❝♦♥str✉❝t✐♦♥ ❞✉ ♠♦❞è❧❡ ✿
❈✳ ❘✐❣♦❧♦t ✭❞♦❝t♦r❛♥t ■❋■P ✴ ❯▼❘ ❙❊◆❆❍✮ ❡t ❈✳ ❇❛r❛tt❡ ✭❯▼❘ P▲✮✳ ▲❛ ❝♦♥str✉❝t✐♦♥
❞✉ ♠♦❞è❧❡ ❛ été ❧✬♦❜❥❡t ❞❡ ♥♦♠❜r❡✉① ❝♦♥t❛❝ts ❛✈❡❝ ❏✳✲P✳ ❘❡❧❧✐❡r ❡t ❘✳ ▼❛rt✐♥✲❈❧♦✉❛✐r❡
✭❯▼❘ ❇■❆✮✳

▼♦♥ rô❧❡ ❞❛♥s ❝❡ ♣r♦❥❡t s✬❡st ❛rt✐❝✉❧é ❛✉t♦✉r ❞❡ tr♦✐s ❛①❡s ✿
✕ ❈♦♥str✉❝t✐♦♥ ❞✉ ♠♦❞✉❧❡ ❜✐♦t❡❝❤♥✐q✉❡ ❙♦❧ ✲ ❝✉❧t✉r❡s ✿ ❝♦✉♣❧❛❣❡ ❞❡ ❙t✐❝s ♣♦✉r ❧❛
♣❛rt✐❡ ❜✐♦t❡❝❤♥✐q✉❡ ❡t ❞é✈❡❧♦♣♣❡♠❡♥t ❞❡ ♠♦❞è❧❡s ❞❡ ♣❧❛♥✐✜❝❛t✐♦♥ ♣♦✉r ❧❛ ♣❛rt✐❡
❞é❝✐s✐♦♥♥❡❧❧❡ ❀

✕ ❈♦♥str✉❝t✐♦♥ ❞✉ s②stè♠❡ ❞é❝✐s✐♦♥♥❡❧ ❧✐é à ❧✬❛❧✐♠❡♥t❛t✐♦♥ ❞❡s ❜♦✈✐♥s ❀
✕ ❈♦♦r❞✐♥❛t✐♦♥ ❞✉ ❝♦✉♣❧❛❣❡ ❞❡ ❧✬❡♥s❡♠❜❧❡ ❞❡s ♠♦❞✉❧❡s ♣♦✉r ❢♦r♠❡r ❧❡ ♠♦❞è❧❡ ❣❧♦❜❛❧✳

❯♥ ♣r♦❥❡t ❝♦♠♠❡ ▼é❧♦❞✐❡ ✈✐t t②♣✐q✉❡♠❡♥t s✉r ❛✉ ♠♦✐♥s ✶✵ à ✷✵ ❛♥s✳ ■❧ ❡st ❞♦♥❝
♥é❝❡s❛✐r❡ ❞❡ ❝♦♥str✉✐r❡ ✉♥ ♠♦❞è❧❡ ❣é♥ér✐q✉❡ ❡t é✈♦❧✉t✐❢✳ ▲❡s ♦❜❥❡❝t✐❢s ❡t ✉t✐❧✐s❛t✐♦♥s
❡♥✈✐s❛❣é❡s ❛✉❥♦✉r❞✬❤✉✐ ♥❡ s♦♥t ♣❛s ❝❡✉① ❞❡ ❞❡♠❛✐♥✳ ▼é❧♦❞✐❡ ❞♦✐t êtr❡ ❝❛♣❛❜❧❡ ❞❡
s✬❡♥r✐❝❤✐r ♣r♦❣r❡ss✐✈❡♠❡♥t ♣❛r ❛❥♦✉t ❞❡ ♥♦✉✈❡❧❧❡s ❢♦♥❝t✐♦♥♥❛❧✐tés ❡t ❝❤❛♥❣❡♠❡♥t ❞❡ s♦✉s✲
♠♦❞è❧❡s✳ P♦✉✈♦✐r s✐♠✉❧❡r ❞❡ ♥♦✉✈❡❛✉① s②stè♠❡s ❞❡ ♣r♦❞✉❝t✐♦♥ ♦✉ ❧✬é❧❡✈❛❣❡ ❞✬❡s♣è❝❡s
♥♦♥ ♣ré✈✉❡s ✐♥✐t✐❛❧❡♠❡♥t ✭✈♦❧❛✐❧❧❡s ♣❛r ❡①❡♠♣❧❡✮ s♦♥t ❞❡s ❡♥❥❡✉① ❞❡ ❧❛ ❝♦♥str✉❝t✐♦♥ ❞✉
♠♦❞è❧❡✳ ❊♥ ❝♦♥séq✉❡♥❝❡✱ ❧❡ ♠♦❞è❧❡ ▼é❧♦❞✐❡ ❞♦✐t êtr❡ ❜❛sé s✉r ✉♥❡ ❛♥❛❧②s❡ s♦❧✐❞❡ ❡t ❧❛
♣r♦❣r❛♠♠❛t✐♦♥ ✐♥❢♦r♠❛t✐q✉❡ ❞♦✐t êtr❡ ❛❞❛♣té❡ à ❝❡s ❜❡s♦✐♥s✳

❉❛♥s ❧❡ ❝❛❞r❡ ❞❡ ❝❡tt❡ t❤ès❡✱ ❧❛ ❝♦♥str✉❝t✐♦♥ ❞❡ ▼é❧♦❞✐❡ ❡st ✉♥ ❡♥❥❡✉✳ ▲✬♦❜❥❡❝t✐❢
❡st ❞❡ ❝ré❡r ✉♥❡ ♣r❡♠✐èr❡ ✈❡rs✐♦♥ ❢♦♥❝t✐♦♥♥❡❧❧❡ ❞✉ ♠♦❞è❧❡✱ s❛♥s ✐♥❝❧✉r❡ ❧✬❡♥s❡♠❜❧❡ ❞❡s
❢♦♥❝t✐♦♥♥❛❧✐tés ♣ré✈✉❡s à t❡r♠❡✳ ❈❡tt❡ t❤ès❡ ✈✐s❡ ❞♦♥❝ à ♠❡ttr❡ ❡♥ ♣❧❛❝❡ ❧❡s ❢♦♥❞❛t✐♦♥s
❞✉ ♠♦❞è❧❡ ❡♥ s❡ ❝♦♥❝❡♥tr❛♥t s✉r ❧❡ ❝❛r❛❝tèr❡ é✈♦❧✉t✐❢ ❡t ❣é♥ér✐q✉❡✱ ❞❡ ♠❛♥✐èr❡ à ❝❡ q✉❡
▼é❧♦❞✐❡ ❝♦♥t✐♥✉❡ à êtr❡ ❞é✈❡❧♦♣♣é ♣❛r ❧❛ s✉✐t❡✳ ▲❛ ♣r❡♠✐èr❡ ✈❡rs✐♦♥ s❡ ❝♦♥❝❡♥tr❡ s✉r
❧❡s ✢✉① ❞✬❛③♦t❡ ❡t ❝♦♥t✐❡♥t ❧❡s ❜❛s❡s ♣♦✉r ✐♥tr♦❞✉✐r❡ ❧❛ ❣❡st✐♦♥ ❞❡s ❛✉tr❡s é❧é♠❡♥ts✳ ▲❡s
❝♦♥s♦♠♠❛t✐♦♥s ❞✬é♥❡r❣✐❡ ❡t ❞❡ ♣r♦❞✉✐ts ♣❤②t♦s❛♥✐t❛✐r❡s ♥❡ s♦♥t ♣❛s ❛❜♦r❞é❡s✳

✸✳✸ ❖❜❥❡❝t✐❢s ❞❡ ❧❛ t❤ès❡ ❡t q✉❡st✐♦♥s ❞❡ r❡❝❤❡r❝❤❡

▲❛ ❝♦♥str✉❝t✐♦♥ ❡t ❧✬✉t✐❧✐s❛t✐♦♥ ❞✬✉♥ ♠♦❞è❧❡ t❡❧ q✉❡ ▼é❧♦❞✐❡ s♦✉❧è✈❡♥t ❞❡ ♥♦♠✲
❜r❡✉s❡s q✉❡st✐♦♥s ❞❡ r❡❝❤❡r❝❤❡✳ ❉❛♥s ❧❡ ❝❛❞r❡ ❞❡ ❝❡tt❡ t❤ès❡✱ ❧❡s q✉❡st✐♦♥s ❞❡ r❡❝❤❡r❝❤❡
❛❜♦r❞é❡s s❡ s✐t✉❡♥t s✉r ✉♥ ♣❧❛♥ ♠ét❤♦❞♦❧♦❣✐q✉❡ ❡t s✉r ✉♥ ♣❧❛♥ ❛♣♣❧✐q✉é✳

❆✉ ♣❧❛♥ ♠ét❤♦❞♦❧♦❣✐q✉❡✱ ❧❡ ❝♦✉♣❧❛❣❡ ❞❡ ♠♦❞è❧❡s ♣ré✲❡①✐st❛♥ts ❛✉ s❡✐♥ ❞✬✉♥ s✐♠✉✲
❧❛t❡✉r ❣é♥ér✐q✉❡ ❞♦✐t êtr❡ ré❛❧✐sé✳ ❈♦♠♠❡♥t str✉❝t✉r❡r ❧❡ ♠♦❞è❧❡ ♣♦✉r ❛ss✉r❡r ❧❛ ❝♦♠✲
♠✉♥✐❝❛t✐♦♥ ❡♥tr❡ s❡s ❝♦♠♣♦s❛♥ts ❡t ❧✬✐♥t❡r❝❤❛♥❣❡❛❜✐❧✐té ❞❡ ❞✐✛ér❡♥ts s♦✉s✲♠♦❞è❧❡s r❡♠✲
♣❧✐ss❛♥t ✉♥ ♠ê♠❡ rô❧❡ ❄ ▲❛ ♠♦❞é❧✐s❛t✐♦♥ ❞❡ ❧❛ ❞é❝✐s✐♦♥ ❡♥ é❧❡✈❛❣❡ ❧❛✐t✐❡r ❞♦✐t é❣❛❧❡♠❡♥t
êtr❡ ❛❜♦r❞é❡✳ ❈♦♠♠❡♥t r❡♣rés❡♥t❡r ❧❡s ♣r♦❝❡ss✉s ❞é❝✐s✐♦♥♥❡❧s ❡t ❧❡✉rs ✐♥t❡r❛❝t✐♦♥s ❛✈❡❝
❧❡ s②stè♠❡ ♣✐❧♦té ❄

❆✉ ♣❧❛♥ ❛♣♣❧✐q✉é✱ ❧❡s q✉❡st✐♦♥s ❞❡ r❡❝❤❡r❝❤❡ ♣♦rt❡♥t s✉r ❧❛ ❝♦♠♣ré❤❡♥s✐♦♥ ❞❡ ❧❛
❞②♥❛♠✐q✉❡ ❞❡s ✢✉① ❞❡ ♠❛t✐èr❡ à ❧✬é❝❤❡❧❧❡ ❞❡ ❧✬❡①♣❧♦✐t❛t✐♦♥ ❞✬é❧❡✈❛❣❡ ❡t ❞❡s ✐♥t❡r❛❝t✐♦♥s
❡♥tr❡ ❧❡ s②stè♠❡ ❞✬é❧❡✈❛❣❡ ❡t ❧❡ s②stè♠❡ ❞❡ ❝✉❧t✉r❡✳ ❊♥ r❡❝❤❡r❝❤❡✲❞é✈❡❧♦♣♣❡♠❡♥t✱ ❧❛
♠ét❤♦❞❡ ❞❡s ❜✐❧❛♥s ❞❡ ❧✬❛③♦t❡✱ ❞é❝r✐t❡ ❞❛♥s ❧❡ ❝❤❛♣✐tr❡ ✶✱ ❡st s♦✉✈❡♥t ✉t✐❧✐sé❡ ♣♦✉r
❝❛r❛❝tér✐s❡r ❧❡s ✢✉① ❡t é♠✐ss✐♦♥s ❞❡ ❝♦♠♣♦sés ❛③♦tés✱ ❝♦♠♠❡ ❧❡ ❧❡ss✐✈❛❣❡ ❞❡s ♥✐tr❛t❡s✳ ▲❛



✼✵ ❉é♠❛r❝❤❡ ❞❡ r❡❝❤❡r❝❤❡

❢❛✐❜❧❡ ❝♦rré❧❛t✐♦♥ ♦❜s❡r✈é❡ ❡♥tr❡ ❧✬❡①❝é❞❡♥t ❞✬❛③♦t❡ ❡t ❧❡ ❧❡ss✐✈❛❣❡ ♣❡✉t êtr❡ ét✉❞✐é❡ ♣❧✉s
❡♥ ❞ét❛✐❧s ❣râ❝❡ à ✉♥ ♠♦❞è❧❡ t❡❧ q✉❡ ▼é❧♦❞✐❡✳ ◗✉❡❧s s♦♥t ❧❡s ❢❛❝t❡✉rs q✉✐✱ à ❧✬é❝❤❡❧❧❡
❞✉ s②stè♠❡ ❞❡ ♣r♦❞✉❝t✐♦♥✱ ✐♥✢✉❡♥❝❡♥t ❧❡ ♣❧✉s ❧❡ ❧❡ss✐✈❛❣❡ ❄ ▲❡ ❞❡✈❡♥✐r ❞❡ ❧✬❡①❝é❞❡♥t
❞✬❛③♦t❡ ❡st✲✐❧ ❢♦rt❡♠❡♥t ✐♥✢✉❡♥❝é ♣❛r ❧❡ s②stè♠❡ ❞❡ ♣r♦❞✉❝t✐♦♥ ♦✉ ♣❛r ❧❡ ❝♦♥t❡①t❡ ♣é❞♦✲
❝❧✐♠❛t✐q✉❡ ❄

✸✳✹ ❖r❣❛♥✐s❛t✐♦♥ ❞❡ ❧❛ t❤ès❡

▲❡ ❜❡s♦✐♥ ❞❡ ❜❛s❡s t❤é♦r✐q✉❡s s♦❧✐❞❡s ❞❛♥s ❧❡ ❞♦♠❛✐♥❡ ❞❡ ❧❛ ♠♦❞é❧✐s❛t✐♦♥ ❞❡s ♣r♦✲
❝❡ss✉s ❞é❝✐s✐♦♥♥❡❧s ♥♦✉s ❛ ❝♦♥❞✉✐ts à ♠♦❞é❧✐s❡r ❧❡s ❡①♣❧♦✐t❛t✐♦♥s ❞✬é❧❡✈❛❣❡ ❡♥ ✉t✐❧✐s❛♥t
❧✬♦♥t♦❧♦❣✐❡ ❞❡s s②stè♠❡s ❞❡ ♣r♦❞✉❝t✐♦♥ ❛❣r✐❝♦❧❡ ♣r♦♣♦sé❡ ♣❛r ▼❛rt✐♥✲❈❧♦✉❛✐r❡ ❡t ❘❡❧❧✐❡r
✭✷✵✵✺✮✳ ■❧ ❡①✐st❡ ✉♥❡ ✐♠♣❧é♠❡♥t❛t✐♦♥ ✐♥❢♦r♠❛t✐q✉❡ ❞❡ ❝❡tt❡ ♦♥t♦❧♦❣✐❡✱ ♥♦♠♠é❡ ❉✐ès❡✱
q✉✐ ❢❛✐t é❣❛❧❡♠❡♥t ♦✣❝❡ ❞❡ ♠♦t❡✉r ❞❡ s✐♠✉❧❛t✐♦♥✳ ◆♦✉s ❛✈♦♥s ❝❤♦✐s✐ ❞✬✉t✐❧✐s❡r é❣❛❧❡✲
♠❡♥t ❝❡tt❡ ✐♠♣❧é♠❡♥t❛t✐♦♥✳ ▲✬♦♥t♦❧♦❣✐❡ ❞❡s s②stè♠❡s ❞❡ ♣r♦❞✉❝t✐♦♥ ❛❣r✐❝♦❧❡ ❛✐♥s✐ q✉❡
❧✬♦r❣❛♥✐s❛t✐♦♥ ❣é♥ér❛❧❡ ❞✉ ♠♦❞è❧❡ s♦♥t ❞é❝r✐t❡s ❞❛♥s ❧❡ ❝❤❛♣✐tr❡ ✹✳

▲❛ ❝♦♥str✉❝t✐♦♥ ❞✉ ♠♦❞è❧❡ à ❧✬❛✐❞❡ ❞❡ ❉✐ès❡ ♣❡✉t êtr❡ ❞é❝♦♠♣♦sé❡ ❡♥ ♣❧✉s✐❡✉rs
tâ❝❤❡s✳ ▲❡ s②stè♠❡ ❜✐♦t❡❝❤♥✐q✉❡ ❞♦✐t êtr❡ ❝♦♥str✉✐t à ❧✬❛✐❞❡ ❞❡ ♠♦❞è❧❡s ❡①✐st❛♥ts✳ ❯♥❡
❢♦✐s ❧❡s ♠♦❞è❧❡s à ✉t✐❧✐s❡r sé❧❡❝t✐♦♥♥és ✭❤♦r♠✐s ♣♦✉r ❧❛ ♣❛rt✐❡ ✓ ❜ât✐♠❡♥ts ✲ st♦❝❦❛❣❡ ❡t
tr❛✐t❡♠❡♥t ❞❡s ❡✤✉❡♥ts ✔✱ q✉✐ ❢❛✐t ❧✬♦❜❥❡t ❞✬✉♥❡ ❛✉tr❡ t❤ès❡✮✱ ❧❡ tr❛✈❛✐❧ ré❛❧✐sé ❛✉ ❝♦✉rs ❞❡
❝❡tt❡ t❤ès❡ ❛ ❝♦♥s✐sté à ❝ré❡r ❧❡s ♠é❝❛♥✐s♠❡s ♣❡r♠❡tt❛♥t ❛✉① s♦✉s✲♠♦❞è❧❡s ❞❡ ❝♦♠♠✉✲
♥✐q✉❡r ❡♥tr❡ ❡✉① ❛✉ tr❛✈❡rs ❞❡ ❉✐ès❡✱ ❛✐♥s✐ q✉❡ ❧❡s ♠é❝❛♥✐s♠❡s ♣❡r♠❡tt❛♥t ❞❡ ❝♦♥trô❧❡r
❝❡s s♦✉s✲♠♦❞è❧❡s ❡t ❧❡✉r ♣✐❧♦t❛❣❡ à ♣❛rt✐r ❞❡ ❉✐ès❡✳ ▲❡s s♦✉s✲♠♦❞è❧❡s ❝♦♠♣♦s❛♥t ❧❡
s②stè♠❡ ❜✐♦t❡❝❤♥✐q✉❡ s♦♥t ❞é❝r✐ts ❞❛♥s ❧❡ ❝❤❛♣✐tr❡ ✺✳

▲✬❛ss♦❝✐❛t✐♦♥ ❞❡ ♣❧✉s✐❡✉rs é❝❤❡❧❧❡s ❞❡ t❡♠♣s ♣♦✉r ❧❡s ♣r♦❝❡ss✉s ❞é❝✐s✐♦♥♥❡❧s✱ ✐♥❝❧✉❛♥t
❞❡s ét❛♣❡s ❞❡ ♣❧❛♥✐✜❝❛t✐♦♥✱ ❛ été é✈♦q✉é❡ ❞❛♥s ❧✬ét✉❞❡ ❜✐❜❧✐♦❣r❛♣❤✐q✉❡ ✭❝❤❛♣✐tr❡ ✷✮✳ ❈❡✲
♣❡♥❞❛♥t✱ ❧✬♦♥t♦❧♦❣✐❡ ❞❡s s②stè♠❡s ❞❡ ♣r♦❞✉❝t✐♦♥ ❛❣r✐❝♦❧❡ ♥❡ ❝♦✉✈r❡ ♣❛s ❧❡s ♣r♦❝❡ss✉s
❛❜♦✉t✐ss❛♥t à ❧✬ét❛❜❧✐ss❡♠❡♥t ❞❡s ♣❧❛♥s ❞✬❛❝t✐✈✐tés✳ ❆✉ ❝♦✉rs ❞❡ ❝❡tt❡ t❤ès❡✱ ✉♥ ♠♦❞è❧❡
❞❡ ❣é♥ér❛t✐♦♥ ❞❡s ❛ss♦❧❡♠❡♥ts ❡①✐st❛♥t à ❧✬ét❛t ❞❡ ♣r♦t♦t②♣❡ ❛ été ♠♦❞✐✜é ❡t ✐♥té❣ré à
▼é❧♦❞✐❡✳ ❯♥ ♠♦❞è❧❡ ❞❡ ❣é♥ér❛t✐♦♥ ❞❡s ♣❧❛♥s ♣ré✈✐s✐♦♥♥❡❧s ❞❡ ❢✉♠✉r❡ ❛ été ❝♦♥str✉✐t✳
▲❡ ♠♦❞✉❧❡ ❞❡ ♣❧❛♥✐✜❝❛t✐♦♥✱ ❝♦♠♣♦sé ❞❡ ❝❡s ❞❡✉① s♦✉s✲♠♦❞è❧❡s ❡t ❞❡s ♠é❝❛♥✐s♠❡s ♣❡r✲
♠❡tt❛♥t ❞✬✐♥t❡r❛❣✐r ❛✈❡❝ ❧❡ r❡st❡ ❞✉ s②stè♠❡✱ ❡st ❞é❝r✐t ❞❛♥s ❧❡ ❝❤❛♣✐tr❡ ✻✳

▲❡s ♣❧❛♥s s♦♥t ❛♣♣❧✐q✉és ❞❡ ❢❛ç♦♥ ✢❡①✐❜❧❡ s❡❧♦♥ ❞❡s ♠é❝❛♥✐s♠❡s ❞é✜♥✐s ♣❛r ❧✬♦♥t♦✲
❧♦❣✐❡ ❞❡s s②stè♠❡s ❞❡ ♣r♦❞✉❝t✐♦♥ ❛❣r✐❝♦❧❡✳ ▲❡s ❞é❝✐s✐♦♥s ♣❛rt✐❝✐♣❛♥t à ❝❡tt❡ ✢❡①✐❜✐❧✐té
s♦♥t ❞é❝r✐t❡s ❞❛♥s ❧❡ ❝❤❛♣✐tr❡ ✼✳ ❆✉ ❝♦✉rs ❞❡ ❝❡tt❡ t❤ès❡✱ ❧❡s ♠é❝❛♥✐s♠❡s ❞❡ ❣❡st✐♦♥ ❞❡
❧✬❛❧✐♠❡♥t❛t✐♦♥ ❞❡s tr♦✉♣❡❛✉① ❧❛✐t✐❡rs ❡t ❞✉ ♣ât✉r❛❣❡ ♦♥t été ♠♦❞é❧✐sés✳ ❉❡s ❜❛s❡s ♣♦✉r
❞é✈❡❧♦♣♣❡r ❧❡s ♠é❝❛♥✐s♠❡s ❞❡ ✢❡①✐❜✐❧✐té ♣♦✉r ❧❡s ❛✉tr❡s ❞♦♠❛✐♥❡s ❞❡ ❣❡st✐♦♥ ❞❡ ❧✬❡①♣❧♦✐✲
t❛t✐♦♥ ❡t ♣♦✉r ❧❛ ❣❡st✐♦♥ ❞❡ ❧❛ ♠❛✐♥ ❞✬÷✉✈r❡ ❡t ❞❡s ♠❛❝❤✐♥❡s ✭❡♥ t❛♥t q✉❡ r❡ss♦✉r❝❡s✮
s♦♥t é❣❛❧❡♠❡♥t ♣r♦♣♦sé❡s ❞❛♥s ❧❡ ❝❤❛♣✐tr❡ ✼✳

❆✜♥ ❞❡ tr❛✐t❡r ❧❡s q✉❡st✐♦♥s ❞❡ r❡❝❤❡r❝❤❡ ❛♣♣❧✐q✉é❡ é✈♦q✉é❡s ❞❛♥s ❧❡s ♦❜❥❡❝t✐❢s ❞❡ ❧❛
t❤ès❡✱ ✉♥❡ ❛♣♣❧✐❝❛t✐♦♥ ❞❡ ▼é❧♦❞✐❡ ❡st ♣r♦♣♦sé❡ ❞❛♥s ❧❡ ❝❤❛♣✐tr❡ ✽✳

❊♥✜♥✱ ✉♥❡ ❞✐s❝✉ss✐♦♥ s✉r ❧❡s ❝❤♦✐① ❞❡ ♠♦❞é❧✐s❛t✐♦♥✱ ❧❡s ❛♣♣♦rts ❡t ❧❡s ♣❡rs♣❡❝t✐✈❡s
❞❡ ▼é❧♦❞✐❡ ❡st ♣r♦♣♦sé❡ ❞❛♥s ❧❡ ❝❤❛♣✐tr❡ ✾



❈❤❛♣✐tr❡ ✹

❆r❝❤✐t❡❝t✉r❡ ❣é♥ér❛❧❡ ❞✉ ♠♦❞è❧❡
▼é❧♦❞✐❡

❙♦♠♠❛✐r❡
✹✳✶ ❯♥❡ ♦♥t♦❧♦❣✐❡ ❞❡s s②stè♠❡s ❞❡ ♣r♦❞✉❝t✐♦♥ ❛❣r✐❝♦❧❡ ✳ ✳ ✳ ✳ ✳ ✼✸

✹✳✶✳✶ ❉é✜♥✐t✐♦♥ ❞✬✉♥❡ ♦♥t♦❧♦❣✐❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✸

✹✳✶✳✷ ❆♣♣❧✐❝❛t✐♦♥ ❛✉① s②stè♠❡s ❞❡ ♣r♦❞✉❝t✐♦♥ ❛❣r✐❝♦❧❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✸

✹✳✶✳✸ ❙②stè♠❡ ❞❡ ♣r♦❞✉❝t✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✹

✹✳✶✳✹ ❈♦♥❝❡♣ts ❧✐és ❛✉ s②stè♠❡ ❜✐♦t❡❝❤♥✐q✉❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✺

✹✳✶✳✺ ❈♦♥❝❡♣ts ❧✐és ❛✉ ♣✐❧♦t❛❣❡ ❞✉ s②stè♠❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✺

✹✳✶✳✻ ▲❛ s✉✐t❡ ❧♦❣✐❝✐❡❧❧❡ ❉✐ès❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✼

✹✳✷ ▼♦❞é❧✐s❛t✐♦♥ ♦r✐❡♥té❡ ♦❜❥❡t ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✾

✹✳✸ ❆♣♣❧✐❝❛t✐♦♥ ❛✉① ❡①♣❧♦✐t❛t✐♦♥s ❧❛✐t✐èr❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✵

✹✳✸✳✶ ▲❡ s②stè♠❡ ♠♦❞é❧✐sé ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✷

✹✳✸✳✷ ▼♦❞é❧✐s❛t✐♦♥ ❞✉ s②stè♠❡ à ❧✬❛✐❞❡ ❞❡ ❧✬♦♥t♦❧♦❣✐❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✷

✹✳✹ ❈♦♥❝❧✉s✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✾

✼✶



✼✷ ❆r❝❤✐t❡❝t✉r❡ ❣é♥ér❛❧❡ ❞❡ ▼é❧♦❞✐❡



❯♥❡ ♦♥t♦❧♦❣✐❡ ❞❡s s②stè♠❡s ❞❡ ♣r♦❞✉❝t✐♦♥ ❛❣r✐❝♦❧❡ ✼✸

▼é❧♦❞✐❡ ❛ ♣♦✉r ❛♠❜✐t✐♦♥ ❞❡ s✐♠✉❧❡r ❧❡ ❢♦♥❝t✐♦♥♥❡♠❡♥t ❞❡s ❡①♣❧♦✐t❛t✐♦♥s ❞✬é❧❡✈❛❣❡
❡t ❧❡s ✢✉① ❞❡ ♠❛t✐èr❡ ❛ss♦❝✐és✳ ❇❡❛✉❝♦✉♣ ❞❡ ♠♦❞è❧❡s ❞②♥❛♠✐q✉❡s ❡①✐st❡♥t ♣♦✉r s✐♠✉❧❡r
❧❡s ❞✐✛ér❡♥ts ❝♦♠♣❛rt✐♠❡♥ts ❞✬✉♥❡ ❡①♣❧♦✐t❛t✐♦♥✳ ▲❛ ❞✐✣❝✉❧té ♣♦✉r ▼é❧♦❞✐❡ ❡st ❞❡ ❞é✲
✈❡❧♦♣♣❡r ✉♥ ❝❛❞r❡ ❣é♥ér✐q✉❡ ❝♦❤ér❡♥t ❛✜♥ ❞✬❛❣❡♥❝❡r ❧❡s ❞✐✛ér❡♥ts ❝♦♠♣♦s❛♥ts ❞✉ ♠♦❞è❧❡
❞❡ ❢❛ç♦♥ ♣❡rt✐♥❡♥t❡ ❡t é✈♦❧✉t✐✈❡✳ P♦✉r ② ♣❛r✈❡♥✐r✱ ❧❡ ❞é✈❡❧♦♣♣❡♠❡♥t ❞✉ ♠♦❞è❧❡ ❛ ✉t✐❧✐sé
❧❡ ❝❛❞r❡ ❣é♥ér❛❧ ❞✬✉♥❡ ♦♥t♦❧♦❣✐❡ ❞❡s s②stè♠❡s ❞❡ ♣r♦❞✉❝t✐♦♥ ❛❣r✐❝♦❧❡✳

✹✳✶ ❯♥❡ ♦♥t♦❧♦❣✐❡ ❞❡s s②stè♠❡s ❞❡ ♣r♦❞✉❝t✐♦♥ ❛❣r✐❝♦❧❡

✹✳✶✳✶ ❉é✜♥✐t✐♦♥ ❞✬✉♥❡ ♦♥t♦❧♦❣✐❡

▲❛ ♥♦t✐♦♥ ❞✬♦♥t♦❧♦❣✐❡ ♣r♦✈✐❡♥t ❞❡ ❧❛ ♣❤✐❧♦s♦♣❤✐❡✱ ❡t ❛ été r❡♣r✐s❡ ♣❛r ❧❡s s❝✐❡♥❝❡s ❞❡
❧✬✐♥❢♦r♠❛t✐♦♥✳ ▲❛ ❞é✜♥✐t✐♦♥ ♣r♦♣♦sé❡ ♣❛r ❧❡ ❞✐❝t✐♦♥♥❛✐r❡ ▲❛r♦✉ss❡ ❡st ❧❛ s✉✐✈❛♥t❡ ✿

✶✳ ■♥✈❡st✐❣❛t✐♦♥ s✉r ❧❡ s❡♥s ❞❡ ❧✬êtr❡ ❞✐st✐♥❣✉é ❞❡s ét❛♥ts ❀

✷✳ ❉✐s❝♦✉rs ✐ss✉ ❞❡ ❧❛ ❧♦❣✐q✉❡ ♠❛t❤é♠❛t✐q✉❡ ❡t ❞❡ ❧❛ ❧✐♥❣✉✐st✐q✉❡✱ q✉✐ tr❛✐t❡ ❞❡s
t❡r♠❡s ✉t✐❧✐sés ♣♦✉r ❞és✐❣♥❡r ❧❡s êtr❡s ❝♦♥st✐t✉t✐❢s ❞❡ ❧❛ ré❛❧✐té✳

❊♥ ✐♥❢♦r♠❛t✐q✉❡✱ ✉♥❡ ♦♥t♦❧♦❣✐❡ ✈✐s❡ à ❞é❝r✐r❡ ❞❡ ❢❛ç♦♥ ❢♦r♠❡❧❧❡ ✉♥ ❞♦♠❛✐♥❡ ❞❡ ❝♦♥♥❛✐s✲
s❛♥❝❡s✳ ❯♥❡ ♦♥t♦❧♦❣✐❡ ❡st ✉♥ ❡♥s❡♠❜❧❡ str✉❝t✉ré ❞❡ ❝♦♥❝❡♣ts✱ ❞é✜♥✐s ❡t ♠✐s ❡♥ r❡❧❛t✐♦♥
❧❡s ✉♥s ❛✈❡❝ ❧❡s ❛✉tr❡s✱ ❝❤❛❝✉♥ r❡♣rés❡♥t❛♥t ✉♥ é❧é♠❡♥t ❝♦♥st✐t✉t✐❢ ❞✉ ❞♦♠❛✐♥❡✳ ▲✬♦❜❥❡❝✲
t✐❢ ❡st ❞✬ét❛❜❧✐r ✉♥❡ ❜❛s❡ ❞❡ ❝♦♥♥❛✐ss❛♥❝❡ ❝♦♥s❡♥s✉❡❧❧❡ ❡t ❝❧❛✐r❡✱ ♣❛rt❛❣é❡ ❡♥tr❡ ❞✐✛ér❡♥ts
♠♦❞é❧✐s❛t❡✉rs ❡t ✉t✐❧✐s❛❜❧❡ ❡♥ ✐♥❢♦r♠❛t✐q✉❡✳ ▲❡s ♦♥t♦❧♦❣✐❡s s♦♥t très ✉t✐❧✐sé❡s ❡♥ ✐♥t❡❧❧✐✲
❣❡♥❝❡ ❛rt✐✜❝✐❡❧❧❡ ❡t ❞❛♥s ❧❡ ♠♦♥❞❡ ❞✉ ❞é✈❡❧♦♣♣❡♠❡♥t ✐♥❢♦r♠❛t✐q✉❡ ❡♥ ❣é♥ér❛❧✳

✹✳✶✳✷ ❆♣♣❧✐❝❛t✐♦♥ ❛✉① s②stè♠❡s ❞❡ ♣r♦❞✉❝t✐♦♥ ❛❣r✐❝♦❧❡

▼❛rt✐♥✲❈❧♦✉❛✐r❡ ❡t ❘❡❧❧✐❡r ✭✷✵✵✺✮ ♦♥t ❞é✈❡❧♦♣♣é ✉♥❡ ♦♥t♦❧♦❣✐❡ ❞❡s s②stè♠❡s ❞❡ ♣r♦✲
❞✉❝t✐♦♥ ❛❣r✐❝♦❧❡✳ ❈❡tt❡ ♦♥t♦❧♦❣✐❡ ❡st ✉♥❡ ré✢❡①✐♦♥ s✉r ❧❡s s②stè♠❡s ❞❡ ♣r♦❞✉❝t✐♦♥ ❛❣r✐❝♦❧❡
❡♥ ❣é♥ér❛❧✱ s❛♥s s✬❛tt❛❝❤❡r à ✉♥ s②stè♠❡ ♣❛rt✐❝✉❧✐❡r ✿ ✐❧ s✬❛❣✐t ❞✬✉♥ ✓ ♠ét❛✲♠♦❞è❧❡ ✔ ❞❡
❝❡s s②stè♠❡s✱ ❝✬❡st✲à✲❞✐r❡ ✉♥ ♠♦❞è❧❡ ❣é♥ér✐q✉❡ ❛♣♣❧✐❝❛❜❧❡ ❛✉① ❝❛s ♣❛rt✐❝✉❧✐❡rs ❞ér✐✈és✳ ❈❡
♠ét❛✲♠♦❞è❧❡ ❡st ❝♦♥st✐t✉é ❞✬✉♥ ❡♥s❡♠❜❧❡ ❞❡ ❞é✜♥✐t✐♦♥s ❞❡ t❡r♠❡s ❞é❝r✐✈❛♥t ❞❡s é❧é♠❡♥ts
❝♦♥st✐t✉t✐❢s ❞❡s s②stè♠❡s ❞❡ ♣r♦❞✉❝t✐♦♥ ❛❣r✐❝♦❧❡✳

❚♦✉t s②stè♠❡ ❞❡ ♣r♦❞✉❝t✐♦♥ ♣❛rt✐❝✉❧✐❡r ♣❡✉t êtr❡ ❞é❝r✐t à ❧✬❛✐❞❡ ❞❡s t❡r♠❡s ❣é♥ér✐q✉❡s
❞❡ ❧✬♦♥t♦❧♦❣✐❡✳ ❈❡tt❡ ❞❡r♥✐èr❡ ❢♦✉r♥✐t ✉♥ ❝❛❞r❡ ❢♦r♠❡❧ ♣♦✉r ❧❛ ♠♦❞é❧✐s❛t✐♦♥ ❞❡s s②stè♠❡s
❞❡ ♣r♦❞✉❝t✐♦♥ ❛❣r✐❝♦❧❡✱ ❡t ❧❛ ♣❤❛s❡ ❞✬❛♥❛❧②s❡ ❞✬✉♥ t❡❧ s②stè♠❡ ❡st ❢❛❝✐❧✐té❡ ♣❛r ❧✬✉t✐❧✐s❛t✐♦♥
❞❡ ❧✬♦♥t♦❧♦❣✐❡ ✿ ✐❧ s✉✣t ❞❡ ✓ r❡❝♦♥♥❛îtr❡ ✔ ❛✉ s❡✐♥ ❞✉ s②stè♠❡ ♠♦❞é❧✐sé ❧❡s ❝♦♥❝❡♣ts
❣é♥ér✐q✉❡s ♣rés❡♥tés ❞❛♥s ❧✬♦♥t♦❧♦❣✐❡✳ ❯♥❡ ❞❡s ♣r✐♥❝✐♣❛❧❡s ❝❛r❛❝tér✐st✐q✉❡s ❞❡s s②stè♠❡s
❛❣r✐❝♦❧❡s ❡st ❧❡✉r ♣✐❧♦t❛❣❡ ❞❛♥s ❞❡s ❝♦♥❞✐t✐♦♥s ❞✬❡♥✈✐r♦♥♥❡♠❡♥t ✈❛r✐❛❜❧❡s✳ ▲✬♦♥t♦❧♦❣✐❡
❞❡s s②stè♠❡s ❞❡ ♣r♦❞✉❝t✐♦♥ ❛❣r✐❝♦❧❡ ❝♦✉✈r❡ ♥♦♥ s❡✉❧❡♠❡♥t ❧❡s ❛s♣❡❝ts ❜✐♦♣❤②s✐q✉❡s ❡t
t❡❝❤♥✐q✉❡s✱ ♠❛✐s ❛✉ss✐ ❧❡s ❛s♣❡❝ts ❞é❝✐s✐♦♥♥❡❧s✳

❆✉ ✈✉ ❞❡ ❧✬❛❞éq✉❛t✐♦♥ ❡♥tr❡ ❝❡s ❝❛r❛❝tér✐st✐q✉❡s ❡t ❧❡s ♦❜❥❡❝t✐❢s ❞❡ ▼é❧♦❞✐❡✱ ❛♥✲
♥♦♥❝és ❞❛♥s ❧❡ ❝❤❛♣✐tr❡ ✸✱ ❧✬♦♥t♦❧♦❣✐❡ ❞❡ ▼❛rt✐♥✲❈❧♦✉❛✐r❡ ❡t ❘❡❧❧✐❡r ✭✷✵✵✺✮ ❛ été ❝❤♦✐s✐❡
♣♦✉r s❡r✈✐r ❞❡ ❜❛s❡ ♣♦✉r ❧❛ ❝♦♥❝❡♣t✐♦♥ ❡t ❧❡ ❞é✈❡❧♦♣♣❡♠❡♥t ❞❡ ▼é❧♦❞✐❡✳ ▲❡s ♣❛rt✐❡s
s✉✐✈❛♥t❡s ♦♥t ♣♦✉r ❜✉t ❞✬✐♥tr♦❞✉✐r❡ ❧❡s ♣r✐♥❝✐♣❛❧❡s ♥♦t✐♦♥s ❞❡ ❝❡tt❡ ♦♥t♦❧♦❣✐❡✳ ❙❡✉❧❡s ❧❡s



✼✹ ❆r❝❤✐t❡❝t✉r❡ ❣é♥ér❛❧❡ ❞❡ ▼é❧♦❞✐❡

♥♦t✐♦♥s ✉t✐❧✐sé❡s ❞❛♥s ▼é❧♦❞✐❡ ❡t ✐♥❞✐s♣❡♥s❛❜❧❡s à ❧❛ ❝♦♠♣ré❤❡♥s✐♦♥ ❞❡ ❧❛ s✉✐t❡ ❞❡ ❝❡
❞♦❝✉♠❡♥t s♦♥t ❛❜♦r❞é❡s✳

✹✳✶✳✸ ❙②stè♠❡ ❞❡ ♣r♦❞✉❝t✐♦♥

❙❡❧♦♥ ❧✬♦♥t♦❧♦❣✐❡✱ ✉♥ s②stè♠❡ ❞❡ ♣r♦❞✉❝t✐♦♥ ✭❋✐❣✳ ✹✳✶✮ ❡st ❝♦♠♣♦sé ❞❡s tr♦✐s s♦✉s✲
s②stè♠❡s s✉✐✈❛♥ts ✭❡♥ ❛♥❣❧❛✐s ❞❛♥s ❧❡ t❡①t❡✮ ✿

✕ ❈♦♥tr♦❧❧❡❞ s②st❡♠
✕ ❖♣❡r❛t✐♥❣ s②st❡♠
✕ ▼❛♥❛❣❡r

▲❡ ❝♦♥tr♦❧❧❡❞ s②st❡♠ ❞és✐❣♥❡ ❧❡ s②stè♠❡ ❜✐♦t❡❝❤♥✐q✉❡ ✭q✉✐ ❡st ❧❡ s②stè♠❡ ♣✐❧♦té
❛✉ s❡♥s str✐❝t✮✳ ▲✬♦♣❡r❛t✐♥❣ s②st❡♠ ♦✉ s②stè♠❡ ♦♣ér❛♥t ❞és✐❣♥❡ ❧✬❡♥s❡♠❜❧❡ ❞❡s r❡s✲
s♦✉r❝❡s ✭❛✉ s❡♥s ✐♥tr❛♥ts ❡t ♦✉t✐❧ ❞❡ ♣r♦❞✉❝t✐♦♥ ✿ ♠❛❝❤✐♥❡s✱ ♠❛✐♥ ❞✬÷✉✈r❡✮ ✐♥t❡r✈❡♥❛♥t
❞❛♥s ❧❡s ♣r♦❝❡ss✉s ❞❡ ♣r♦❞✉❝t✐♦♥✳ ▲❡ ♠❛♥❛❣❡r ❡st✱ ❝♦♠♠❡ s♦♥ ♥♦♠ ❧✬✐♥❞✐q✉❡✱ ❧❡ ♣✐❧♦t❡
❞✉ s②stè♠❡ ✿ ✐❧ ❛❣✐t ❞❡ ♠❛♥✐èr❡ ❝♦♦r❞♦♥♥é❡ s✉r ❧❡s ♣r♦❝❡ss✉s ❞❡ ♣r♦❞✉❝t✐♦♥ ❡t ❧✬❛❧❧♦✲
❝❛t✐♦♥ ❞❡s r❡ss♦✉r❝❡s✱ ❡♥ tr❛♥s♠❡tt❛♥t ❞❡s ❧✐st❡s ❞✬❛❝t✐✈✐tés à ❡①é❝✉t❡r✳ ■❧ ♣❡rç♦✐t ❞❡s
✐♥❢♦r♠❛t✐♦♥s s✉r ❧✬ét❛t ❞✉ ❝♦♥tr♦❧❧❡❞ s②st❡♠✱ ♣✉✐s ❡①❛♠✐♥❡ ❧❛ str❛té❣✐❡ ❡t ❧❛ ♠❡t à ❥♦✉r
s✐ ♥é❝❡ss❛✐r❡✳ ❯♥ t❡❧ ❡①❛♠❡♥ ♣❡✉t êtr❡ ♣❧❛♥✐✜é ✭à ✐♥t❡r✈❛❧❧❡s ré❣✉❧✐❡rs ♦✉ à ❞❡s ♠♦♠❡♥ts
❝❧és✮ ♦✉ êtr❡ ❞é❝❧❡♥❝❤é ♣❛r ✉♥❡ ❛❧❛r♠❡ ❞✉ s②stè♠❡ ❜✐♦t❡❝❤♥✐q✉❡✳

 
 

ENVIRONNEMENT 

SYSTÈME DE PRODUCTION 

SYSTEME OPERANT: 
ouvriers, outils, intrants 

SYSTEME BIOTECHNIQUE : 
culture, animaux… 

MANAGER : exploitant 

matière, 
énergie 

information 

événement
s 

❋✐❣✳ ✹✳✶ ✕ ❙tr✉❝t✉r❡ ❞✉ s②stè♠❡ ❞❡ ♣r♦❞✉❝t✐♦♥ ❡t ✢✉① ❞❡ ♠❛t✐èr❡ ❡t ❞✬✐♥❢♦r♠❛t✐♦♥
s❡❧♦♥ ❧✬♦♥t♦❧♦❣✐❡ ❞❡s s②stè♠❡s ❞❡ ♣r♦❞✉❝t✐♦♥ ❛❣r✐❝♦❧❡✳ ❉✬❛♣rès ▼❛rt✐♥✲❈❧♦✉❛✐r❡ ❡t ❘❡❧❧✐❡r
✭✷✵✵✸✮



❯♥❡ ♦♥t♦❧♦❣✐❡ ❞❡s s②stè♠❡s ❞❡ ♣r♦❞✉❝t✐♦♥ ❛❣r✐❝♦❧❡ ✼✺

✹✳✶✳✹ ❈♦♥❝❡♣ts ❧✐és ❛✉ s②stè♠❡ ❜✐♦t❡❝❤♥✐q✉❡

▲❡s ♦❜❥❡ts ❞❡ ❜❛s❡ ❞✉ s②stè♠❡ s♦♥t ❞❡s ❡♥t✐tés✳ ❖♥ ♣❡✉t ♣❛r ❡①❡♠♣❧❡ ❞é✜♥✐r ✉♥❡
❡♥t✐té ❱❛❝❤❡ ❧❛✐t✐èr❡✳ ❉❛♥s ❝❡ ❝❛s✱ ❝❤❛q✉❡ ✈❛❝❤❡ ❧❛✐t✐èr❡ ❞✉ tr♦✉♣❡❛✉ ❡st ✉♥❡ ✐♥st❛♥❝❡
❞❡ ❝❡tt❡ ❡♥t✐té✳ ❯♥❡ ❡♥t✐té ❡st ✉♥❡ ❞❡s❝r✐♣t✐♦♥ ❣é♥ér❛❧❡ ❞✬✉♥ ❝♦♥❝❡♣t ❡t ✉♥❡ ✐♥st❛♥❝❡ ❡♥
❡st ✉♥❡ ré❛❧✐s❛t✐♦♥ ♣❛rt✐❝✉❧✐èr❡✳ ❯♥❡ ❡♥t✐té ❡st ❝❛r❛❝tér✐sé❡ ♣❛r ✉♥ ❡♥s❡♠❜❧❡ ❞❡ ✈❛r✐❛❜❧❡s
❛♣♣❡❧é❡s ♣r♦♣r✐étés ❡t ♣❛r ❞❡s r❡❧❛t✐♦♥s ❤✐ér❛r❝❤✐q✉❡s ❛✈❡❝ ❞✬❛✉tr❡s ❡♥t✐tés✳ ▲❡s ♣r♦✲
♣r✐étés s♦♥t ✉♥ ❡♥s❡♠❜❧❡ ❞❡ ✈❛❧❡✉rs q✉✐ ❝❛r❛❝tér✐s❡♥t ❧✬❡♥t✐té✳ P❛r s♦✉❝✐ ❞❡ ❝♦❤ér❡♥❝❡ ❛✈❡❝
❧❡s ❛s♣❡❝ts ✐♥❢♦r♠❛t✐q✉❡s s♦✉s✲❥❛❝❡♥ts ✭❝❢ ✹✳✶✳✻✮✱ ❧❡ t❡r♠❡ ❞❡s❝r✐♣t❡✉r s❡r❛ ✉t✐❧✐sé ♣♦✉r
❞és✐❣♥❡r ✉♥❡ ♣r♦♣r✐été✳ ❯♥ ❞❡s❝r✐♣t❡✉r ♣❡✉t r❡♣rés❡♥t❡r ❞✐✛ér❡♥ts t②♣❡s ❞❡ ✈❛r✐❛❜❧❡s✳ ■❧
♣❡✉t s✬❛❣✐r✱ ❡♥tr❡ ❛✉tr❡s✱ ❞❡ ✈❛❧❡✉rs ♥✉♠ér✐q✉❡s✱ ♣❛r ❡①❡♠♣❧❡ ❧❡ ♣♦✐❞s ❞✬✉♥ ❛♥✐♠❛❧ ❀ ❞❡
✈❛❧❡✉rs t❡①t✉❡❧❧❡s✱ ♣❛r ❡①❡♠♣❧❡ ❧❡ ♥♦♠ ❞❡ ❧❛ ❝✉❧t✉r❡ ❡♥ ♣❧❛❝❡ s✉r ✉♥❡ ♣❛r❝❡❧❧❡ ❀ ❞✬✉♥ ❧✐❡♥
✈❡rs ✉♥❡ ❛✉tr❡ ✐♥st❛♥❝❡ ❞✬❡♥t✐té✱ ♣❛r ❡①❡♠♣❧❡ ❧✬❡♥t✐té ♣❛r❝❡❧❧❡ ❛ ✉♥ ❞❡s❝r✐♣t❡✉r ♦❝❝✉♣❛♥t
q✉✐ ❞és✐❣♥❡ ❧❡ ❧♦t ❞✬❛♥✐♠❛✉① ✭✐✳❡✳ ✉♥❡ ✐♥st❛♥❝❡ ❞❡ ❧✬❡♥t✐té ❧♦t ❞✬❛♥✐♠❛✉① ✮ q✉✐ ❧❛ ♣ât✉r❡✳
❯♥❡ r❡❧❛t✐♦♥ ❞é✜♥✐t ✉♥❡ ❤✐ér❛r❝❤✐❡ ❡♥tr❡ ❞✐✛ér❡♥t❡s ❡♥t✐tés✳ ❯♥❡ ❡♥t✐té ♣❡✉t ❛✈♦✐r s♦✐t
❞❡s ❝♦♠♣♦s❛♥ts✱ s♦✐t ❞❡s é❧é♠❡♥ts✳ ▲❡s ❞✐✛ér❡♥ts ❝♦♠♣♦s❛♥ts ❞✬✉♥❡ ❡♥t✐té ❥♦✉❡♥t ❝❤❛❝✉♥
✉♥ rô❧❡ ♣r♦♣r❡✳ ▲❡s é❧é♠❡♥ts ❞✬✉♥❡ ❡♥t✐té ❥♦✉❡♥t ❞❡s rô❧❡s éq✉✐✈❛❧❡♥ts ❡t s♦♥t t♦✉s ❞❡s
✐♥st❛♥❝❡s ❞✬✉♥❡ ♠ê♠❡ ❡♥t✐té✳ P❛r ❡①❡♠♣❧❡✱ ✉♥❡ ✈❛❝❤❡ ❧❛✐t✐èr❡ ❛ ♣♦✉r ❝♦♠♣♦s❛♥ts ✉♥
r✉♠❡♥ ❡t ✉♥❡ ♠❛♠❡❧❧❡ t❛♥❞✐s q✉✬✉♥ tr♦✉♣❡❛✉ ❛ ♣♦✉r é❧é♠❡♥ts ❞❡s ❛♥✐♠❛✉①✳

❯♥ ♣r♦❝❡ss✉s ❞é❝r✐t ❧✬é✈♦❧✉t✐♦♥ ❞❡ ❧✬ét❛t ❞✬✉♥❡ ❡♥t✐té ❞✉ s②stè♠❡✱ ❝✬❡st✲à✲❞✐r❡ ❧✬é✈♦✲
❧✉t✐♦♥ ❞❡s ✈❛❧❡✉rs ❞❡s ❞❡s❝r✐♣t❡✉rs ❡t✴♦✉ ❞❡s r❡❧❛t✐♦♥s ❞❡ ❝❡tt❡ ❡♥t✐té✳ ❯♥ ♣r♦❝❡ss✉s
❝♦♥t✐❡♥t ❞❡s ♣r♦❝é❞✉r❡s ❞é❝r✐✈❛♥t ❧❡s ♠♦❞✐✜❝❛t✐♦♥s à ❛♣♣♦rt❡r à ❧✬ét❛t ❞❡ ❧✬❡♥t✐té s✉r
❧❛q✉❡❧❧❡ ♣♦rt❡ ❧❡ ♣r♦❝❡ss✉s ✭♣r♦❝❡ss❡❞ ❡♥t✐t②✮✳ ❯♥ ♣r♦❝❡ss✉s ♣♦♥❝t✉❡❧ ❡st ❡①é❝✉té
à ✉♥ ✐♥st❛♥t ❞♦♥♥é✱ t❛♥❞✐s q✉✬✉♥ ♣r♦❝❡ss✉s ❝♦♥t✐♥✉ ❞é♠❛rr❡ à ✉♥ ✐♥st❛♥t ❞♦♥♥é ❡t
❡st ❡①é❝✉té à ❝❤❛q✉❡ ♣❛s ❞❡ t❡♠♣s ❥✉sq✉✬à ✉♥ ✐♥st❛♥t ❞❡ ✜♥ ✭❝❤❛q✉❡ ♣r♦❝❡ss✉s ♣♦✉✈❛♥t
❛✈♦✐r s♦♥ ♣r♦♣r❡ ♣❛s ❞❡ t❡♠♣s✮✳

❯♥ é✈é♥❡♠❡♥t ♣❡r♠❡t ❞❡ ❝♦♥trô❧❡r ❧✬❡①é❝✉t✐♦♥ ❞✬✉♥ ♣r♦❝❡ss✉s✳ ❉❛♥s ❧❡ ❝❛s ❞✬✉♥
♣r♦❝❡ss✉s ❝♦♥t✐♥✉✱ ❧✬é✈é♥❡♠❡♥t ❡st ❝❛r❛❝tér✐sé ♣❛r ❧❛ ♠ét❤♦❞❡ à ❛♣♣❧✐q✉❡r ✿ ✐♥✐t✐❛❧✐s❛t✐♦♥
♦✉ ❛rrêt✳ ❯♥ é✈é♥❡♠❡♥t ❡st é❣❛❧❡♠❡♥t ❝❛r❛❝tér✐sé ♣❛r ❞❡s s♣é❝✐✜❝❛t✐♦♥s ♣❡r♠❡tt❛♥t ❞❡
❞ét❡r♠✐♥❡r ❧✬✐♥st❛♥t ❞✬♦❝❝✉rr❡♥❝❡✳ ❯♥ é✈é♥❡♠❡♥t ♣❡✉t êtr❡ ❞é❝❧❡♥❝❤é ♣❛r ✉♥❡ ❛❧❛r♠❡✱
❝✬❡st✲à✲❞✐r❡ ✉♥ ♠♦♥✐t❡✉r ♣❧❛❝é s✉r ✉♥ ❞❡s❝r✐♣t❡✉r ✿ à ❝❤❛q✉❡ ❢♦✐s q✉❡ ❧❛ ✈❛❧❡✉r ❞✉ ❞❡s✲
❝r✐♣t❡✉r ❡st ♠♦❞✐✜é❡✱ ✉♥❡ ❝♦♥❞✐t✐♦♥ s✉r ❝❡tt❡ ✈❛❧❡✉r ❡st ❡①❛♠✐♥é❡✱ ❡t ❧✬é✈é♥❡♠❡♥t ❡st
❞é❝❧❡♥❝❤é s✐ ❝❡tt❡ ❝♦♥❞✐t✐♦♥ ❡st ré❛❧✐sé❡✳

✹✳✶✳✺ ❈♦♥❝❡♣ts ❧✐és ❛✉ ♣✐❧♦t❛❣❡ ❞✉ s②stè♠❡

▲❡ ♠❛♥❛❣❡r ❡st ❝❛r❛❝tér✐sé ♣❛r ✉♥❡ str❛té❣✐❡✳ ❯♥❡ str❛té❣✐❡ ❡st ❡❧❧❡✲♠ê♠❡ ❞é✜♥✐❡ ♣❛r
♣❧✉s✐❡✉rs é❧é♠❡♥ts✱ ❞♦♥t ✿

✕ ◆♦♠✐♥❛❧ ♣❧❛♥ ✿ ❡♥s❡♠❜❧❡ ❞❡ s♣é❝✐✜❝❛t✐♦♥s ❞✬❛❝t✐✈✐tés à ❡①é❝✉t❡r ✭✈♦✐r ♣❧✉s ❧♦✐♥✮ ❀
✕ ❘❡❛❝t✐✈❡ ❚r❛❥❡❝t♦r② ✿ ❡♥s❡♠❜❧❡ ❞✬❛❥✉st❡♠❡♥ts ❝♦♥❞✐t✐♦♥♥❡❧s✱ ❝✬❡st✲à✲❞✐r❡ ❞❡

♠♦❞✐✜❝❛t✐♦♥s à ❛♣♣♦rt❡r à ❧❛ str❛té❣✐❡✱ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❝♦♥❞✐t✐♦♥s ❞❡ ❞é❝❧❡♥❝❤❡✲
♠❡♥t ❀

■❧ s✬❛❣✐t ❞✬✉♥❡ ❞❡s❝r✐♣t✐♦♥ s✐♠♣❧✐✜é❡✱ ❛♠♣✉té❡ ❞❡s ❝♦♥❝❡♣ts ♣❡r♠❡tt❛♥t ❞❡ ❞é❝r✐r❡ ❧✬✉t✐❧✐✲
s❛t✐♦♥ ❞❡s r❡ss♦✉r❝❡s ❞✉ s②stè♠❡ ♦♣ér❛♥t✳ ■❧ ❡①✐st❡ ❞❛♥s ❧✬♦♥t♦❧♦❣✐❡ ❞❡s ♠é❝❛♥✐s♠❡s ♣♦✉r



✼✻ ❆r❝❤✐t❡❝t✉r❡ ❣é♥ér❛❧❡ ❞❡ ▼é❧♦❞✐❡

❞é❝r✐r❡ ❧❡ ❝❤♦✐① ❞❡s ❛❝t✐✈✐tés à ré❛❧✐s❡r ✉♥ ❥♦✉r ❞♦♥♥é ❡♥ ♣r❡♥❛♥t ❡♥ ❝♦♠♣t❡ ❧✬✉t✐❧✐s❛t✐♦♥
❞❡s r❡ss♦✉r❝❡s ❝♦♥s♦♠♠é❡s✳ ❈❡s ♠é❝❛♥✐s♠❡s ♥❡ s♦♥t ♣❛s ✉t✐❧✐sés ❞❛♥s ▼é❧♦❞✐❡✱ ✐❧s ♥❡
s❡r♦♥t ❞♦♥❝ ♣❛s ❛❜♦r❞és ❞❛♥s ❧❛ ❞❡s❝r✐♣t✐♦♥ q✉✐ s✉✐t✳

❯♥❡ ♦♣ér❛t✐♦♥ ❞és✐❣♥❡ ✉♥❡ ✐♥t❡r✈❡♥t✐♦♥ s✉r ❧❡ s②stè♠❡ ♣✐❧♦té ❞é❝✐❞é❡ ♣❛r ❧❡ ♠❛✲
♥❛❣❡r ❡t ✉t✐❧✐s❛♥t ❞❡s r❡ss♦✉r❝❡s ❞✉ s②stè♠❡ ♦♣ér❛♥t✳ ❊❧❧❡ s❡ tr❛❞✉✐t ♣❛r ✉♥ ❝❤❛♥❣❡♠❡♥t
❞✬ét❛t ❞✉ s②stè♠❡ ♣✐❧♦té✳ ▲❡s ❡♥t✐tés s✉r ❧❡sq✉❡❧❧❡s ♣♦rt❡ ❧✬♦♣ér❛t✐♦♥ ❡t ❧❡s r❡ss♦✉r❝❡s
✉t✐❧✐sé❡s s♦♥t ❞é❝❧❛ré❡s ❞❡ ❢❛ç♦♥ ❣é♥ér✐q✉❡✱ ✐✳❡✳ ❧✬♦♣ér❛t✐♦♥ ❳ ❡st ❞é❝❧❛ré❡ s✉r ✉♥❡ ❡♥t✐té
♣❛r❝❡❧❧❡ à ❧✬❛✐❞❡ ❞✬✉♥❡ ❡♥t✐té tr❛❝t❡✉r✱ ♠❛✐s ♦♥ ♥❡ ❞és✐❣♥❡ ♣❛s ♣ré❝✐sé♠❡♥t q✉❡❧❧❡ ♣❛r❝❡❧❧❡
♥✐ q✉❡❧ tr❛❝t❡✉r✳ ❯♥❡ ♦♣ér❛t✐♦♥ ♣♦ssè❞❡ é❣❛❧❡♠❡♥t ❞❡s ❝♦♥❞✐t✐♦♥s ❞❡ ❢❛✐s❛❜✐❧✐té✳

❯♥❡ s♣é❝✐✜❝❛t✐♦♥ ❞✬❛❝t✐✈✐té ♣r✐♠✐t✐✈❡ ❡st ❝❛r❛❝tér✐sé❡ ♣❛r ✉♥❡ ♦♣ér❛t✐♦♥ à ❡①é✲
❝✉t❡r ❡t ❧❡s ❡♥t✐tés ❡t r❡ss♦✉r❝❡s ❝♦♥❝❡r♥é❡s✳ ❯♥❡ ❛❝t✐✈✐té ❛❣ré❣é❡ ❡st ✉♥ ❡♥s❡♠❜❧❡
❞✬❛❝t✐✈✐tés ♣r✐♠✐t✐✈❡s ♦r❣❛♥✐sé❡s ❡♥tr❡ ❡❧❧❡s ♣❛r ❞✐✛ér❡♥ts ♦♣ér❛t❡✉rs✳ ▲❡s ♣r✐♥❝✐♣❛✉①
♦♣ér❛t❡✉rs ❞✬❛❣ré❣❛t✐♦♥ s♦♥t ✿

✕ ❛❝t✐✈✐t②❈♦♥❥✉♥❝t✐♦♥✱ ❛♥❞✭❆✱❇✮ ✿ ✐❧ ♥✬❡①✐st❡ ♣❛s ❞❡ ❝♦♥tr❛✐♥t❡ ❡♥tr❡ ❆ ❡t ❇ ❀
✕ ❛❝t✐✈✐t②❇❡❢♦r❡✱ ❜❡❢♦r❡✭❆✱❇✮ ✿ ❧✬❛❝t✐✈✐té ❇ ♥❡ ♣❡✉t ❝♦♠♠❡♥❝❡r q✉❡ s✐ ❆ ❡st t❡r♠✐♥é❡ ❀
✕ ❛❝t✐✈✐t②■t❡r❛t✐♦♥✱ ✐t❡r❛t❡✭❆✮ ✿ ré♣ét❡r ❧✬❛❝t✐✈✐té ❆ ❀
✕ ❛❝t✐✈✐t②❈♦st❛rt✐♥❣✱ ❝♦st❛rt✐♥❣✭❆✱❇✮ ✿ ❆ ❡t ❇ ❞é♠❛rr❡♥t ❡♥ ♠ê♠❡ t❡♠♣s ❀
✕ ❛❝t✐✈✐t②▼❡❡t✐♥❣✱ ♠❡❡t✭❆✱❇✮ ✿ ❧✬❛❝t✐✈✐té ❇ ❝♦♠♠❡♥❝❡ ❛✉ ♠♦♠❡♥t ♦ù ❆ s❡ t❡r♠✐♥❡ ❀
✕ ❛❝t✐✈✐t②❊q✉❛❧✐t②✱ ❡q✉❛❧✐t②✭❆✱❇✮ ✿ ❆ ❡t ❇ ❞é♠❛rr❡♥t ❡t s❡ t❡r♠✐♥❡♥t ❡♥ ♠ê♠❡ t❡♠♣s✳

■❧ ❡①✐st❡ ❞✬❛✉tr❡s ♦♣ér❛t❡✉rs ❞❛♥s ❧✬♦♥t♦❧♦❣✐❡✳ ❙❡✉❧s ❝❡✉① q✉✐ s♦♥t ✉t✐❧✐sés ❞❛♥s▼é❧♦❞✐❡
♦♥t été ❝✐tés ✐❝✐✳ ▲❡s ♦♣ér❛t❡✉rs ♣❡✉✈❡♥t êtr❡ ❛♣♣❧✐q✉és à ❞❡s ❛❝t✐✈✐tés ♣r✐♠✐t✐✈❡s✱ ♠❛✐s
❛✉ss✐ à ❞❡s ❛❝t✐✈✐tés ❛❣ré❣é❡s✳ ❈❡❝✐ s✐❣♥✐✜❡ q✉❡ ❧❡s ♦♣ér❛t❡✉rs ♣❡✉✈❡♥t êtr❡ ❝♦♠♣♦sés
❡♥tr❡ ❡✉①✱ ❡✳❣✳ ✐t❡r❛t❡✭♠❡❡t✭❆✱❇✮✮✱ ❡t❝✳ ✳ ✳ ✳ ▲❡ ♣❧❛♥ ❞✬❛❝t✐✈✐tés ❣❧♦❜❛❧✱ ♦✉ ♥♦♠✐♥❛❧ ♣❧❛♥
❞✉ ♠❛♥❛❣❡r✱ ❡st ✉♥❡ ❛❝t✐✈✐té ❛❣ré❣é❡ s✐t✉é❡ à ❧❛ r❛❝✐♥❡ ❞✬✉♥ ❛r❜r❡ ❝♦♥t❡♥❛♥t t♦✉t❡s ❧❡s
❛✉tr❡s ❛❝t✐✈✐tés✳

❆✉ ❝♦✉rs ❞✉ t❡♠♣s✱ ✉♥❡ ❛❝t✐✈✐té ✭♣r✐♠✐t✐✈❡ ♦✉ ❛❣ré❣é❡✮ ♣❛ss❡ ♣❛r ❞✐✛ér❡♥ts ét❛ts✱
♣❛r♠✐ ✿ s❧❡❡♣✐♥❣✱ ✇❛✐t✐♥❣✱ ♦♣❡♥✱ ❝❧♦s❡❞✱ ❝❛♥❝❡❧❧❡❞✳ P♦✉r ✉♥❡ ❛❝t✐✈✐té ♣r✐♠✐t✐✈❡✱ ❧✬♦♣ér❛t✐♦♥
❛ss♦❝✐é❡ ❡st ❡①é❝✉té❡ ♣❡♥❞❛♥t q✉❡ ❧✬❛❝t✐✈✐té ❡st à ❧✬ét❛t ♦♣❡♥✱ s♦✉s rés❡r✈❡ ❞❡ ❞✐s♣♦♥✐❜✐❧✐té
❞❡s r❡ss♦✉r❝❡s ❡t ❞❡ ❢❛✐s❛❜✐❧✐té ❞❡ ❧✬♦♣ér❛t✐♦♥✳ ▲❡ ❝❤❛♥❣❡♠❡♥t ❞✬ét❛t ❞✬✉♥❡ ❛❝t✐✈✐té ❡st
s♦✉♠✐s à ❞❡s ❝♦♥❞✐t✐♦♥s✳ ❚♦✉t ❞✬❛❜♦r❞✱ ✉♥❡ ❛❝t✐✈✐té ❡st ❝❛r❛❝tér✐sé❡ ♣❛r ✉♥ ✐♥t❡r✈❛❧❧❡
❞❡ t❡♠♣s [MinBegDate, MaxBegDate] ❛✉ ❝♦✉rs ❞✉q✉❡❧ ❡❧❧❡ ❞♦✐t ❝♦♠♠❡♥❝❡r✱ ❡t ✉♥
✐♥t❡r✈❛❧❧❡ [MinEndDate, MaxEndDate] ❛✉ ❝♦✉rs ❞✉q✉❡❧ ❡❧❧❡ ❞♦✐t s❡ t❡r♠✐♥❡r✳ ▲❡
♣❛ss❛❣❡ ❞❡ s❧❡❡♣✐♥❣ à ✇❛✐t✐♥❣ ❡st ❡✛❡❝t✉é à ❧❛ ❞❛t❡ MinBegDate✳ ❊♥s✉✐t❡✱ ✉♥❡ ❝♦♥❞✐t✐♦♥
❛♣♣❡❧é❡ ❖♣❡♥✐♥❣ Pr❡❞✐❝❛t❡ ❡st ❡①❛♠✐♥é❡ ré❣✉❧✐èr❡♠❡♥t✱ ❡t ❧❡ ♣❛ss❛❣❡ à ❧✬ét❛t ♦♣❡♥ ❡st
❡✛❡❝t✉é ❞ès q✉❡ ❝❡tt❡ ❝♦♥❞✐t✐♦♥ ❡st ré❛❧✐sé❡✳ ❉❡ ♠ê♠❡✱ ❧❡ ♣❛ss❛❣❡ à ❧✬ét❛t ❝❧♦s❡❞ ♥❡ ♣❡✉t
êtr❡ ❡✛❡❝t✉é q✉❡ s✐ ❧❛ ❝♦♥❞✐t✐♦♥ ❞❡ ❢❡r♠❡t✉r❡ ✭❈❧♦s❡ Pr❡❞✐❝❛t❡✮ ❡st ré❛❧✐sé❡✳

▲❡ ❝❤❛♥❣❡♠❡♥t ❞✬ét❛t ❞✬✉♥❡ ❛❝t✐✈✐té s❡ ❢❛✐t s♦✐t ❡♥ ré❛❝t✐♦♥ à ❧✬❡①❛♠❡♥ ❞❡ s❡s ❢❡♥êtr❡s
t❡♠♣♦r❡❧❧❡s ❡t ❝♦♥❞✐t✐♦♥s ❞✬♦✉✈❡rt✉r❡ ❡t ❞❡ ❢❡r♠❡t✉r❡✱ s♦✐t ❡♥ ré❛❝t✐♦♥ ❛✉ ❝❤❛♥❣❡♠❡♥t
❞✬ét❛t ❞✬✉♥❡ ❛✉tr❡ ❛❝t✐✈✐té à ❧❛q✉❡❧❧❡ ❡❧❧❡ ❡st ❧✐é❡ ✭❞✐r❡❝t❡♠❡♥t ♦✉ ✐♥❞✐r❡❝t❡♠❡♥t✮ ♣❛r ❧❡s
♦♣ér❛t❡✉rs ❞✬❛❣ré❣❛t✐♦♥✳ ❊♥ ❡✛❡t✱ t♦✉t ❝❤❛♥❣❡♠❡♥t ❞✬ét❛t ❞✬✉♥❡ ❛❝t✐✈✐té ❡st tr❛♥s♠✐s à
s♦♥ ❛❝t✐✈✐té ♠èr❡ ❡t à s❡s ❛❝t✐✈✐tés ✜❧❧❡s ✭s✐ ❡❧❧❡ ❡♥ ❛✮✳ ❯♥ ❝❤❛♥❣❡♠❡♥t ❞✬ét❛t ♣❡✉t s❡ ♣r♦✲
♣❛❣❡r✱ ❡♥ ❢♦♥❝t✐♦♥ ❞❡s ♦♣ér❛t❡✉rs ❞✬❛❣ré❣❛t✐♦♥ ✉t✐❧✐sés✳ P❛r ❡①❡♠♣❧❡✱ ❧♦rsq✉❡ ❧❡ ❞❡r♥✐❡r
é❧é♠❡♥t ❞✬✉♥❡ ❛❝t✐✈✐t②❇❡❢♦r❡ ❡st ❢❡r♠é✱ ❛❧♦rs ❧✬❛❝t✐✈✐t②❇❡❢♦r❡ ❡❧❧❡✲♠ê♠❡ ❡st ❢❡r♠é❡ ✭s✐
s❛ ❝♦♥❞✐t✐♦♥ ❞❡ ❢❡r♠❡t✉r❡ ❧✬❛✉t♦r✐s❡✮✳ ▲✬❡①❛♠❡♥ ❞❡s ❢❡♥êtr❡s ❡t ❝♦♥❞✐t✐♦♥s ❞❡s ❛❝t✐✈✐tés



❯♥❡ ♦♥t♦❧♦❣✐❡ ❞❡s s②stè♠❡s ❞❡ ♣r♦❞✉❝t✐♦♥ ❛❣r✐❝♦❧❡ ✼✼

❡t ❧❛ ♠♦❞✐✜❝❛t✐♦♥ é✈❡♥t✉❡❧❧❡ ❞❡s ét❛ts s❡ ❢❛✐t à ❞❡s ✐♥st❛♥ts s♣é❝✐✜és ✭t♦✉s ❧❡s ❥♦✉rs ❞❛♥s
▼é❧♦❞✐❡✮✳ ❯♥❡ ❛❝t✐✈✐té ♣❡✉t é❣❛❧❡♠❡♥t à t♦✉t ♠♦♠❡♥t êtr❡ ❛♥♥✉❧é❡ ♣❛r ❧❡ ♠❛♥❛❣❡r✱ ❡t
❞❡✈✐❡♥t ✓ ❝❛♥❝❡❧❧❡❞ ✔✳

✹✳✶✳✻ ▲❛ s✉✐t❡ ❧♦❣✐❝✐❡❧❧❡ ❉✐ès❡

❉✐ès❡ ❡st ❧✬✐♠♣❧é♠❡♥t❛t✐♦♥ ✐♥❢♦r♠❛t✐q✉❡ ❞❡ ❧✬♦♥t♦❧♦❣✐❡ ❞❡s s②stè♠❡s ❞❡ ♣r♦❞✉❝t✐♦♥
❛❣r✐❝♦❧❡✳ ■❧ s✬❛❣✐t ❞✬✉♥❡ ❜✐❜❧✐♦t❤èq✉❡ ❈✰✰✱ q✉✐ ❡st ✉♥❡ ❝♦❧❧❡❝t✐♦♥ ❞✬♦❜❥❡ts ✉t✐❧✐s❛❜❧❡s
❞❛♥s ❞❡s ♣r♦❣r❛♠♠❡s ♣♦✉r ❞❡s ❝❛s ♣❛rt✐❝✉❧✐❡rs✳

❉✐ès❡ ❡st é❣❛❧❡♠❡♥t ✉♥ ♠♦t❡✉r ❞❡ s✐♠✉❧❛t✐♦♥ ✿ ✐❧ ❝♦♥t✐❡♥t ❧❡s str✉❝t✉r❡s ♥é❝❡ss❛✐r❡s
♣♦✉r ❣ér❡r ❧✬❛✈❛♥❝❡♠❡♥t ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥✳ ■❧ s✬❛❣✐t ❞✬✉♥ s✐♠✉❧❛t❡✉r à é✈é♥❡♠❡♥ts ❞✐s✲
❝r❡ts✱ q✉✐ ❣èr❡ ✉♥ ❛❣❡♥❞❛ ❞❛♥s ❧❡q✉❡❧ s✬✐♥sèr❡♥t ❧❡s ♣r♦❝❡ss✉s ❡t ❛❝t✐✈✐tés à ❡①é❝✉t❡r✳
P♦✉r ❧✬✉t✐❧✐s❛t❡✉r ❞✬✉♥ s✐♠✉❧❛t❡✉r ❝réé ❛✈❡❝ ❉✐ès❡✱ ✐❧ s✉✣t ❞♦♥❝ ❞❡ ❝ré❡r✱ ❡♥ ❞é❜✉t ❞❡
s✐♠✉❧❛t✐♦♥✱ ❞❡s ✐♥st❛♥❝❡s ❞❡s ♣r♦❝❡ss✉s à s✐♠✉❧❡r ❡t ❞❡s ❡♥t✐tés s✉r ❧❡sq✉❡❧❧❡s ✐❧s ♣♦rt❡♥t✳
❈❡s ♣r♦❝❡ss✉s s♦♥t ✐♥sérés ❞❛♥s ❧✬❛❣❡♥❞❛✱ ❡t s♦♥t ❛✉t♦♠❛t✐q✉❡♠❡♥t ❡①é❝✉tés ❡♥ ❢♦♥❝t✐♦♥
❞❡ ❧❡✉r ♣❛s ❞❡ t❡♠♣s ♣r♦♣r❡✳ ❉❡ ♠ê♠❡✱ ❧✬✉t✐❧✐s❛t❡✉r ❝ré❡ ✉♥ é✈é♥❡♠❡♥t ❞✬❡①❛♠❡♥ ❞❡
❧❛ str❛té❣✐❡ ✭✉♣❞❛t❡❙✐t✉❛t✐♦♥❊✈❡♥t✮ ❡t ❧✉✐ ❛ss✐❣♥❡ ✉♥ ♣❛s ❞❡ t❡♠♣s✳ ❈❡❝✐ ❛ss✉r❡ q✉❡ ❧❡
♣❧❛♥ ❞✬❛❝t✐✈✐tés s❡r❛ ♠✐s à ❥♦✉r ré❣✉❧✐èr❡♠❡♥t ❡t q✉❡ ❧❡s ♦♣ér❛t✐♦♥s s❡r♦♥t ❡✛❡❝t✉é❡s ❛✉
♠♦♠❡♥t ♦♣♣♦rt✉♥✳

▲❛ s♣é❝✐✜❝❛t✐♦♥ ❞❡s ❡♥tré❡s ❞✬✉♥ s✐♠✉❧❛t❡✉r❉✐ès❡ ♣❛ss❡ ♣❛r ❞❡s ✜❝❤✐❡rs t❡①t❡s✱ s❡❧♦♥
✉♥❡ s②♥t❛①❡ q✉✐ ❧❡✉r ♣❡r♠❡t ❞✬êtr❡ ❛✉t♦♠❛t✐q✉❡♠❡♥t ❧✉s ❡t r❡❝♦♥♥✉s ♣❛r ❧❡ s✐♠✉❧❛t❡✉r✳
❊♥ ♣❛rt✐❝✉❧✐❡r✱ ❧❡ ✜❝❤✐❡r ❞❡ str✉❝t✉r❡ ❞✉ s②stè♠❡ ♣❡r♠❡t ❞❡ ❝ré❡r ❞❡s ❡♥t✐tés ❡t ❞✬❛ss✐❣♥❡r
✉♥❡ ✈❛❧❡✉r à ❧❡✉rs ❞❡s❝r✐♣t❡✉rs✱ ❛✐♥s✐ q✉❡ ❞❡ ❝ré❡r ❞❡s ♣r♦❝❡ss✉s ❡t ❞❡s ♣❧❛♥s ❞✬❛❝t✐✈✐✲
tés ♣♦✉r ❛❣✐r s✉r ❝❡s ❡♥t✐tés✳ ❈❡tt❡ ❢♦♥❝t✐♦♥♥❛❧✐té s✬❛♣♣❛r❡♥t❡ à ✉♥ s②stè♠❡ ❞❡ s❝r✐♣t✱
✐♥t❡r♣rété ♣❛r ❧❡ s✐♠✉❧❛t❡✉r ❛✉ ♠♦♠❡♥t ❞❡ ❧✬❡①é❝✉t✐♦♥✳ ●râ❝❡ à ❝❡ s②stè♠❡✱ ▼é❧♦❞✐❡
❡st très s♦✉♣❧❡ ✿ ❧❛ str✉❝t✉r❡ ❞✉ s②stè♠❡ s✐♠✉❧é✱ ❡t ❧❡s ♥♦♠❜r❡✉s❡s r❡❧❛t✐♦♥s ❡♥tr❡ ❧❡s
❞✐✛ér❡♥t❡s ❡♥t✐tés✱ s♦♥t ❞✐r❡❝t❡♠❡♥t s♣é❝✐✜é❡s ❞❛♥s ❝❡ ✜❝❤✐❡r✳ ■❧ ❡st ♣♦ss✐❜❧❡ ❞❡ ❝ré❡r ✉♥❡
s✐♠✉❧❛t✐♦♥ ❛✈❡❝ s❡✉❧❡♠❡♥t ✉♥❡ ♣❛rt✐❡ ❞✉ s②stè♠❡ s✐ ❜❡s♦✐♥✳ ❯♥ ♠ê♠❡ s✐♠✉❧❛t❡✉r ✭✐✳❡✳ ✉♥
s❡✉❧ ❝♦❞❡ ❝♦♠♣✐❧é✮ ♣❡✉t êtr❡ ✉t✐❧✐sé ♣♦✉r ❢❛✐r❡ ✉♥❡ s✐♠✉❧❛t✐♦♥ ✉♥✐q✉❡♠❡♥t ❛✉ ♥✐✈❡❛✉ ❞❡s
❛♥✐♠❛✉①✱ ♦✉ ❛✈❡❝ ❞✐✈❡rs❡s ❝♦♥✜❣✉r❛t✐♦♥s ❞❡ ❜ât✐♠❡♥ts ❝réé❡s ♣❛r ❧✬✉t✐❧✐s❛t❡✉r✳ ❉❡ ♣❧✉s✱
❧❡ ❝❤♦✐① ❞❡s s♦✉s✲♠♦❞è❧❡s à ❛❝t✐✈❡r r❡♣♦s❡ s✉r ❧❡s ❡♥t✐tés ❡t ♣r♦❝❡ss✉s ❝réés ✭❝❢ ✹✳✸✳✷✮✳ ❊♥
t❡r♠❡s ❞❡ ♣r♦❣r❛♠♠❛t✐♦♥✱ ❧❡ ❞é✈❡❧♦♣♣❡✉r ❞✬✉♥ s✐♠✉❧❛t❡✉r t❡❧ q✉❡▼é❧♦❞✐❡ ♥✬❛ ♣❛s à s❡
♣ré♦❝❝✉♣❡r ❞❡s q✉❡st✐♦♥s ❞✬✐♥t❡r❢❛❝❡ ✉t✐❧✐s❛t❡✉r✱ ♣✉✐sq✉❡ ❧✬❛♥❛❧②s❡ ❞❡s ✜❝❤✐❡rs ❞✬❡♥tré❡
❡st ❝♦♠♣❧èt❡♠❡♥t à ❧❛ ❝❤❛r❣❡ ❞❡ ❧✬❡♥✈✐r♦♥♥❡♠❡♥t ❉✐ès❡✳ ❉❛♥s ❧❛ s✉✐t❡ ❞❡ ❝❡ tr❛✈❛✐❧✱
❞✐✛ér❡♥t❡s ✜❣✉r❡s ♣rés❡♥t❡♥t ❞❡s ❡①tr❛✐ts ❞❡ ❝❡s ✜❝❤✐❡rs✳ ▲❛ ✜❣✉r❡ ✹✳✷ ❞♦♥♥❡ q✉❡❧q✉❡s
é❧é♠❡♥ts ❞❡ ❧❛ s②♥t❛①❡ ✉t✐❧✐sé❡✱ ♥é❝❡ss❛✐r❡s à ❧❛ ❝♦♠♣ré❤❡♥s✐♦♥ ❞❡ ❝❡s ✜❣✉r❡s✳

▲❡s s♦rt✐❡s ❞✉ s✐♠✉❧❛t❡✉r s♦♥t é❣❛❧❡♠❡♥t ❣éré❡s ♣❛r ❉✐ès❡✳ ▲❡s ✈❛r✐❛❜❧❡s à ❡①♣♦rt❡r
s♦♥t s♣é❝✐✜é❡s ❞❛♥s ✉♥ ✜❝❤✐❡r ❞✬❡♥tré❡ ❞✉ s✐♠✉❧❛t❡✉r✳ ❉✐ès❡ s❡ ❝❤❛r❣❡ ❞✬❡♥r❡❣✐str❡r ❧❡s
✈❛❧❡✉rs ❞❡ ❝❡s ✈❛r✐❛❜❧❡s✱ ❡t ❞❡ ❧❡s ❡①♣♦rt❡r ✈❡rs ✉♥ ✜❝❤✐❡r t❡①t❡✳ ▲❛ ♠❛ss❡ ❞❡ ❞♦♥♥é❡s
❣é♥éré❡ ♣❛r ▼é❧♦❞✐❡ ♥♦✉s ❛ ❝♦♥❞✉✐ts à ✐♥tr♦❞✉✐r❡ ❞❛♥s ❉✐ès❡ ❧❛ ♣♦ss✐❜✐❧✐té ❞✬❡①♣♦rt❡r
❧❡s ✈❛❧❡✉rs ❞✐r❡❝t❡♠❡♥t ❞❛♥s ✉♥ ❣❡st✐♦♥♥❛✐r❡ ❞❡ ❜❛s❡s ❞❡ ❞♦♥♥é❡s✳ ❈❡ ❞é✈❡❧♦♣♣❡♠❡♥t
♠ét❤♦❞♦❧♦❣✐q✉❡ ❡st ❞é❝r✐t ❞❛♥s ❧✬❛♥♥❡①❡ ❆✳

❊♥ ❝♦♥❝❧✉s✐♦♥✱ ❧✬✉t✐❧✐s❛t✐♦♥ ❞❡ ❉✐ès❡ ❧♦rs ❞✉ ❞é✈❡❧♦♣♣❡♠❡♥t ❞✬✉♥ s✐♠✉❧❛t❡✉r t❡❧ q✉❡
▼é❧♦❞✐❡ ♣❡r♠❡t ❛✉① ❞é✈❡❧♦♣♣❡✉rs ❞❡ s❡ ❝♦♥❝❡♥tr❡r s✉r ❧❛ ♠♦❞é❧✐s❛t✐♦♥ ❞✉ s②stè♠❡✱



✼✽ ❆r❝❤✐t❡❝t✉r❡ ❣é♥ér❛❧❡ ❞❡ ▼é❧♦❞✐❡

✴✴ ❈r❡❛t ✐♦♥ ❞ ✬ ✉♥❡ ■♥s t❛♥❝❡ ❞❡ ❧ ✬ ❡ ♥ t ✐ t ❡ ✧ ✈❛❝❤❡ ✧ ✱
✴✴ ❛♣♣❡ ❧ ❡❡ ✧♠❛r❣✉❡r ✐ t❡ ✧ ✿
✰ ■ ✈❛❝❤❡ ♠❛r❣✉❡r✐t❡ ✱

♣♦✐❞s❂✻✵✵❀
♣r♦❞✉❝t✐♦♥▲❛✐t❂✹✵❀

❀

✴✴ ❈r❡❛t ✐♦♥ ❞ ✬ ✉♥❡ ■♥s t❛♥❝❡ ❞❡ ❧ ✬ ❡ ♥ t ✐ t ❡ ✧ tr♦✉♣❡❛✉ ✧
✰ ■ tr♦✉♣❡❛✉ ♠♦♥❚r♦✉♣❡❛✉ ✱

✴✴ ❛ ❥♦✉ t ❞❡ ✧♠❛r❣✉❡r ✐ t❡ ✧ ❡♥ t❛♥ t q✉ ✬ ❊❧❡♠❡♥t
❁− ❊ ❁■❃❁✈❛❝❤❡ ✱ ♠❛r❣✉❡r✐t❡ ❃❀
✴✴ ❛ ❥♦✉ t ❞ ✬ ✉♥❡ ♥♦✉✈ ❡ ❧ ❧ ❡ ✈❛❝❤❡ ❡♥ t❛♥ t q✉ ✬ ❊❧❡♠❡♥t
✰ ❊ ✈❛❝❤❡ ❀

❀

✴✴ ❈r❡❛t ✐♦♥ ❞ ✬ ✉♥❡ ■♥s t❛♥❝❡ ❞❡ ❧ ✬ ❡ ♥ t ✐ t ❡ ✧ ❡ ① ♣ ❧ ♦ ✐ t ❛ t ✐ ♦ ♥ ✧
✰ ■ ❡①♣❧♦✐t❛t✐♦♥ ✱

✴✴ ❛ ❥♦✉ t ❞✉ tr♦✉♣❡❛✉ ❡♥ t❛♥ t q✉❡ ❈♦♠♣♦s❛♥t
❁− ❈ ❁■❃❁ ✱ ♠♦♥❚r♦✉♣❡❛✉❃❀

❀

✴✴ ❈r❡❛t ✐♦♥ ❞ ✬ ✉♥ Pr♦❝❡ss✉s ✧ ✐ ♥ ❣ ❡ s t ✐ ♦ ♥ ✧ ♣♦✉r ❧ ❛ ✈❛❝❤❡ ♠❛r❣✉❡r ✐ t❡
✰ P ✐♥❣❡st✐♦♥ ♣r■♥❣▼❛r❣✉❡r ✐ t❡

❊◆❚■❚❊ ❂ ❁■❃❁ ✱ ♠❛r❣✉❡r✐t❡ ❃❀
✴✴ ❞❡♠❛rr❛❣❡ ❛✉ t❡♠♣s ✵ ✿
■◆■❚❴P❘❈❉❴❊❱❚

❉❆❚❊❴❖❈❈❯❘❂✵❀
❀

❀

✴✴ ❈r❡❛t ✐♦♥ ❞ ✬ ✉♥ ♣❧❛♥ ❞ ✬ ❛ ❝ t ✐ ✈ ✐ t ❡ s
✰ ■ ❛❝t✐✈✐t②❈♦♥❥✉♥❝t✐♦♥ ✱

✴✴ ❈r❡❛t ✐♦♥ ❞ ✬ ✉♥❡ ❛ ❝ t ✐ ✈ ✐ t ❡ ✧ t r ❛ ✐ t ❡ ✧ r ❡♣❡ t ❡ ❡ t♦✉s ❧ ❡ s ❥ ♦✉ r s
✰ ❊ ❛❝t✐✈✐t②■t❡r❛t✐♦♥ ✱

✰ ❊ tr❛✐t❡ ❀
❀
✴✴ ❈r❡❛t ✐♦♥ ❞ ✬ ✉♥❡ ❛ ❝ t ✐ ✈ ✐ t ❡ ✧❡♣❛♥❞❛❣❡✧
✰ ❊ ❡♣❛♥❞❛❣❡ ✱

✴✴❞❡♠❛rr❛❣❡ ❡♥ t r❡ ❧ ❡ ❥♦✉r ✼ ❡ t ❧ ❡ ❥♦✉r ✶✹ ❞❡ s✐♠✉ ✳
♠✐♥❇❡❣❉❛t❡❂✼❀ ♠❛①❇❡❣❉❛t❡❂✶✹❀

❀
❀

❋✐❣✳ ✹✳✷ ✕ ◗✉❡❧q✉❡s é❧é♠❡♥ts ❞❡ ❧❛ s②♥t❛①❡ ✉t✐❧✐sé❡ ❡♥ ❡♥tré❡ ❞✬✉♥ s✐♠✉❧❛t❡✉r ✐ss✉ ❞❡
❉✐ès❡ ♣♦✉r s♣é❝✐✜❡r ❧❛ str✉❝t✉r❡ ❞✉ s②stè♠❡ s✐♠✉❧é



▼♦❞é❧✐s❛t✐♦♥ ♦r✐❡♥té❡ ♦❜❥❡t ✼✾

s❛♥s s❡ s♦✉❝✐❡r ❞❡ ❢♦♥❝t✐♦♥♥❛❧✐tés ♥é❝❡ss❛✐r❡s ♠❛✐s ♣✉r❡♠❡♥t ✐♥❢♦r♠❛t✐q✉❡s t❡❧❧❡s q✉❡ ❧❡
♠♦t❡✉r ❞❡ s✐♠✉❧❛t✐♦♥ ❡t ❧❛ ❣❡st✐♦♥ ❞❡s ❡♥tré❡s ❡t s♦rt✐❡s✳

✹✳✷ ▼♦❞é❧✐s❛t✐♦♥ ♦r✐❡♥té❡ ♦❜❥❡t

▲❛ ♣r♦❣r❛♠♠❛t✐♦♥ ♦r✐❡♥té❡ ♦❜❥❡t ✭P❖❖✮ ❡st ✉♥ ♣❛r❛❞✐❣♠❡ ❞❡ ♣r♦❣r❛♠♠❛t✐♦♥ ✐♥❢♦r✲
♠❛t✐q✉❡ très ré♣❛♥❞✉ ❞❡♣✉✐s ❧❡ ❞é❜✉t ❞❡s ❛♥♥é❡ ✾✵✳ ■❧ ❝♦♠♣❧èt❡ ❧❡ ♣❛r❛❞✐❣♠❡ ♣r♦❝é❞✉r❛❧
❡t t❡♥❞ à ❧❡ r❡♠♣❧❛❝❡r ♣♦✉r ❝❡rt❛✐♥❡s ❝❛té❣♦r✐❡s ❞✬❛♣♣❧✐❝❛t✐♦♥s✳ P❧✉s q✉✬✉♥❡ t❡❝❤♥✐q✉❡
❞❡ ❞é✈❡❧♦♣♣❡♠❡♥t ✐♥❢♦r♠❛t✐q✉❡✱ ❧❡ ♣❛r❛❞✐❣♠❡ ♦r✐❡♥té ♦❜❥❡t s✬❛♣♣❧✐q✉❡ ❞ès ❧❡ ❞é❜✉t ❞❡
❧❛ ❝ré❛t✐♦♥ ❞✬✉♥ ♣r♦❣r❛♠♠❡✱ ❝✬❡st✲à✲❞✐r❡ ❧♦rs ❞❡s ♣❤❛s❡s ❞✬❛♥❛❧②s❡ ❡t ❞❡ ❝♦♥❝❡♣t✐♦♥✳
❖♥ ♣❛r❧❡ ❞♦♥❝ ❞✬❛♥❛❧②s❡ ♦r✐❡♥té❡ ♦❜❥❡t ❡t ❞❡ ❝♦♥❝❡♣t✐♦♥ ♦r✐❡♥té❡ ♦❜❥❡t✱ q✉✐ s♦♥t ❞❡s
t❡❝❤♥✐q✉❡s ❞❡ ♠♦❞é❧✐s❛t✐♦♥✳ P♦✉r ❧❛ ❝♦♥❝❡♣t✐♦♥ ❞✬✉♥ ♠♦❞è❧❡ à ✈♦❝❛t✐♦♥ s❝✐❡♥t✐✜q✉❡✱ ❧❡
♣❛r❛❞✐❣♠❡ ♦r✐❡♥té ♦❜❥❡t ♥✬❡st ♣❛s ✉♥ s✐♠♣❧❡ ♦✉t✐❧ ✿ ✐❧ s✬❛❣✐t ❞✬✉♥❡ ♠ét❤♦❞❡ à ♣❛rt ❡♥t✐èr❡✳
❖♥ ♣❛r❧❡r❛ ❞❛♥s ❝❡ ♠❛♥✉s❝r✐t ❞❡ ♠♦❞é❧✐s❛t✐♦♥ ♦r✐❡♥té❡ ♦❜❥❡t ✭▼❖❖✮✳

▲❡ ♣r✐♥❝✐♣❡ ❡st ❞❡ ❣r♦✉♣❡r ❞❡s ✈❛r✐❛❜❧❡s ❞✬✉♥ ♣r♦❣r❛♠♠❡ ❛✈❡❝ ❧❡s ❢♦♥❝t✐♦♥s q✉✐
♦♣èr❡♥t s✉r ❝❡s ❞♦♥♥é❡s✱ ❧❡ t♦✉t ❢♦r♠❛♥t ✉♥ ✓ ♦❜❥❡t ✔ ❛②❛♥t ❞❡s ❛ttr✐❜✉ts ✭❧❡s ✈❛r✐❛❜❧❡s✮
❡t ❞❡s ♠ét❤♦❞❡s ✭❧❡s ❢♦♥❝t✐♦♥s✮✳ ❯♥ ❡♥s❡♠❜❧❡ ❞✬♦❜❥❡ts s✐♠✐❧❛✐r❡s✱ ❝✬❡st✲à✲❞✐r❡ ❛②❛♥t ❧❡s
♠ê♠❡s ❛ttr✐❜✉ts ✭❛✈❡❝ ❞❡s ✈❛❧❡✉rs é✈❡♥t✉❡❧❧❡♠❡♥t ❞✐✛ér❡♥t❡s✮ ❡t ♠ét❤♦❞❡s ❢♦r♠❡♥t ✉♥❡
❝❧❛ss❡✳ ❯♥ ♦❜❥❡t ❝♦rr❡s♣♦♥❞ à ✉♥ ❝♦♥❝❡♣t ✐❞❡♥t✐✜❛❜❧❡ ❞❛♥s ❧❡ ♠♦♥❞❡ ré❡❧✱ q✉❡ ❝❡ ❝♦♥❝❡♣t
❛✐t ✉♥❡ ❡①✐st❡♥❝❡ ♠❛tér✐❡❧❧❡ ♦✉ ♥♦♥ ✭❉❡❜r❛✉✇❡r ❡t ✈❛♥ ❞❡r ❍❡②❞❡ ✷✵✵✺✮✳ P❧✉s✐❡✉rs ❝❛r❛❝✲
tér✐st✐q✉❡s ♠❛❥❡✉r❡s ❞✉ ♣❛r❛❞✐❣♠❡ ♦r✐❡♥té ♦❜❥❡t ❞♦✐✈❡♥t êtr❡ ♥♦té❡s ✿ ❧✬❡♥❝❛♣s✉❧❛t✐♦♥✱
❧✬❛❜str❛❝t✐♦♥✱ ❧✬❤ér✐t❛❣❡ ❡t ❧❡ ♣♦❧②♠♦r♣❤✐s♠❡ ✭▲♦♣❡③ ❡t ❛❧✳ ✶✾✾✾✮✳ ▲❛ ❞é✜♥✐t✐♦♥ ♠ê♠❡ ❞❡
❧✬♦❜❥❡t s✐❣♥✐✜❡ q✉✬✉♥❡ ❝❧❛ss❡ ❡♥❝❛♣s✉❧❡ à ❧❛ ❢♦✐s ❞❡s ✈❛r✐❛❜❧❡s ❡t ❞❡s ❢♦♥❝t✐♦♥s✱ ❝✬❡st✲à✲❞✐r❡
❞❡s ❞♦♥♥é❡s ❡t ❞❡s ❝♦♠♣♦rt❡♠❡♥ts✳ ▲❛ ❣❡st✐♦♥ ❞❡ ❧❛ ❝♦❤ér❡♥❝❡ ❡♥tr❡ ❝❡s é❧é♠❡♥ts ❡st
❛✐♥s✐ ♣❧✉s ♥❛t✉r❡❧❧❡✳ ▲✬❛❜str❛❝t✐♦♥ s✐❣♥✐✜❡ q✉❡ t♦✉t❡s ❧❡s ❞♦♥♥é❡s ❡t ❝♦♠♣♦rt❡♠❡♥ts ♥❡
s♦♥t ♣❛s ❛❝❝❡ss✐❜❧❡s ❛✉① ❛✉tr❡s ♦❜❥❡ts✳ ▲❡s é❧é♠❡♥ts q✉✐ ✐♥t❡r❛❣✐ss❡♥t ❛✈❡❝ ❧✬❡①tér✐❡✉r
s♦♥t ❞é❝❧❛rés ♣✉❜❧✐❝s✳ ■❧ s✬❛❣✐t ❡♥ ❣é♥ér❛❧ ❞❡ ♠ét❤♦❞❡s ✉♥✐q✉❡♠❡♥t ❡t ❧✬❛❝❝ès ❛✉① ❞♦♥♥é❡s
❡st ❢❛✐t ❛✉ tr❛✈❡rs ❞❡ ❝❡s ♠ét❤♦❞❡s✳ ▲❡s é❧é♠❡♥ts q✉✐ ♥✬♦♥t ❞❡ ❢♦♥❝t✐♦♥ q✉✬à ❧✬✐♥tér✐❡✉r
♠ê♠❡ ❞❡ ❧✬♦❜❥❡t s♦♥t ♣r✐✈és✳ ■❧ ❡st ❞♦♥❝ ❛✐sé ❞❡ ♠♦❞✐✜❡r ❧❛ r❡♣rés❡♥t❛t✐♦♥ ❞❡s ❞♦♥♥é❡s
♦✉ ❧❡ ❝♦♠♣♦rt❡♠❡♥t ✐♥t❡r♥❡ ❞✬✉♥❡ ❝❧❛ss❡✱ s❛♥s ❝♦♥séq✉❡♥❝❡s s✉r ❧❡ r❡st❡ ❞✉ ♣r♦❣r❛♠♠❡
t❛♥t q✉❡ ❧✬✐♥t❡r❢❛❝❡ ❞❡ ❧❛ ❝❧❛ss❡ ✭s❛ ♣❛rt✐❡ ♣✉❜❧✐q✉❡✮ r❡st❡ ✐❞❡♥t✐q✉❡✳ ▲❡s ❝❧❛ss❡s ♣❡✉✈❡♥t
êtr❡ ♦r❣❛♥✐sé❡s ❞❡ ❢❛ç♦♥ ❤✐ér❛r❝❤✐q✉❡✱ ❣râ❝❡ ❛✉① ❝♦♥❝❡♣ts ❞❡ ❣é♥ér❛❧✐s❛t✐♦♥ ❡t ❞❡ s♣é✲
❝✐❛❧✐s❛t✐♦♥✳ P❛r ❡①❡♠♣❧❡✱ ✉♥❡ ❝❧❛ss❡ ❛✈✐♦♥ ♣❡✉t êtr❡ ❞é✜♥✐❡ ❝♦♠♠❡ ✉♥❡ s♣é❝✐❛❧✐s❛t✐♦♥
❞✬✉♥❡ ❝❧❛ss❡ ♣❧✉s ❣é♥ér❛❧❡ ✈é❤✐❝✉❧❡✳ ▲✬❤ér✐t❛❣❡ s✐❣♥✐✜❡ q✉✬✉♥❡ s♣é❝✐❛❧✐s❛t✐♦♥ ♦✉ ❝❧❛ss❡
✜❧❧❡ ❞✐s♣♦s❡ ❞❡s ❛ttr✐❜✉ts ❡t ♠ét❤♦❞❡s ❞❡ s❛ ❝❧❛ss❡ ♠èr❡✳

▲❡ ♣♦❧②♠♦r♣❤✐s♠❡ ❡st ✉♥ ♠é❝❛♥✐s♠❡ ✐♠♣♦rt❛♥t ❝❛r ✐❧ ♣❡r♠❡t ❞❡ ❝♦♥str✉✐r❡ ❞❡s
♠♦❞è❧❡s ❣é♥ér✐q✉❡s ❡t é✈♦❧✉t✐❢s✳ ▲❡ ❝♦♥❝❡♣t ❞❡ ♣♦❧②♠♦r♣❤✐s♠❡ s✐❣♥✐✜❡ q✉❡ ❞✐✛ér❡♥t❡s
s♣é❝✐❛❧✐s❛t✐♦♥s ❞✬✉♥❡ ♠ê♠❡ ❝❧❛ss❡ ♠èr❡ ♣❡✉✈❡♥t ♣❛rt❛❣❡r ✉♥❡ ♠ét❤♦❞❡ ❡♥ t❛♥t q✉✬✐♥✲
t❡r❢❛❝❡ ❞❡ ♣r♦❣r❛♠♠❛t✐♦♥✱ ♠❛✐s ❛✈♦✐r ❞❡s tr❛✐t❡♠❡♥ts ❞✐✛ér❡♥ts ❧♦rs ❞❡ ❧✬❛♣♣❡❧ ❞❡ ❝❡tt❡
♠ét❤♦❞❡ ✭▲♦♣❡③ ❡t ❛❧✳ ✶✾✾✾✮✳ ❊♥ ❞✬❛✉tr❡s t❡r♠❡s✱ ✉♥❡ ♠ét❤♦❞❡ ❞✐t❡ ✈✐rt✉❡❧❧❡ ❡st ❞é✲
❝❧❛ré❡ ❛✉ ♥✐✈❡❛✉ ❞✬✉♥❡ ❝❧❛ss❡ ♠èr❡✱ ♠❛✐s ❡st ❞é✜♥✐❡ ❛✉ ♥✐✈❡❛✉ ❞❡s ❝❧❛ss❡s ✜❧❧❡s✳ ❈❡tt❡
♠ét❤♦❞❡ ♣❡✉t êtr❡ ❛♣♣❡❧é❡ ❞❡ ❢❛ç♦♥ ✐❞❡♥t✐q✉❡ s✉r ♥✬✐♠♣♦rt❡ q✉❡❧❧❡ ✐♥st❛♥❝❡ ❞❡ ❧❛ ❝❧❛ss❡
♠èr❡✱ ♠❛✐s ❧❡ ❝♦r♣s ❞❡ ❧❛ ♠ét❤♦❞❡ ❡st ❞✐✛ér❡♥t s❡❧♦♥ ❧❛ ❝❧❛ss❡ ✜❧❧❡✳ P❛r ❡①❡♠♣❧❡✱ s♦✐t



✽✵ ❆r❝❤✐t❡❝t✉r❡ ❣é♥ér❛❧❡ ❞❡ ▼é❧♦❞✐❡

✉♥ ♣r♦❣r❛♠♠❡ ❝♦♥t❡♥❛♥t ✉♥❡ ❝❧❛ss❡ ✈é❤✐❝✉❧❡ ❛②❛♥t ✉♥❡ ♠ét❤♦❞❡ ✈✐rt✉❡❧❧❡ ❞é♠❛rr❡r✭✮✳
❈❡tt❡ ♠ét❤♦❞❡ ❛✉r❛ ♣♦✉r ❡✛❡t ❞❡ ♠❡ttr❡ ❡♥ r♦✉t❡ ❧❡ ♠♦t❡✉r ❞❛♥s ✉♥❡ ❝❧❛ss❡ ✜❧❧❡ ✈♦✐t✉r❡
❡t ❞❡ ❧❛♥❝❡r ❧❡s ré❛❝t❡✉rs ❞❛♥s ✉♥❡ ❝❧❛ss❡ ✜❧❧❡ ❛✈✐♦♥✳ ❈❡ ♠é❝❛♥✐s♠❡ ❛ ✉♥❡ ✐♠♣♦rt❛♥❝❡
❢♦♥❞❛♠❡♥t❛❧❡ ♣♦✉r ❧✬é✈♦❧✉t✐✈✐té ❞❡s ♠♦❞è❧❡s ❝❛r ✐❧ ❡st ♣♦ss✐❜❧❡✱ ♣❛r ❡①❡♠♣❧❡✱ ❞❡ ❝ré❡r
♣❧✉s t❛r❞ ✉♥❡ ❝❧❛ss❡ ✜❧❧❡ tr❛✐♥✱ ❞♦♥t ❧❛ ♠ét❤♦❞❡ ❞é♠❛rr❡r✭✮ ❛✉r❛ ♣♦✉r ❡✛❡t ❞❡ ❝♦♥♥❡❝t❡r
❧❡s ♣❛♥t♦❣r❛♣❤❡s ❛✉① ❝❛té♥❛✐r❡s✳ ▲❡ ♣r♦❣r❛♠♠❡ ♣ré❝é❞❡♥t✱ s❛♥s ♠♦❞✐✜❝❛t✐♦♥s✱ s❡r❛ ❝❛✲
♣❛❜❧❡ ❞✬✉t✐❧✐s❡r ❝❡tt❡ ❝❧❛ss❡ tr❛✐♥✳ ❆✉tr❡♠❡♥t ❞✐t✱ ❧✬❛♥❝✐❡♥ ❝♦❞❡ ❛♣♣❡❧❧❡ ❧❡ ♥♦✉✈❡❛✉ ❝♦❞❡✳
❈❡❝✐ s✐♠♣❧✐✜❡ ❣r❛♥❞❡♠❡♥t ❧✬❛❥♦✉t ❞❡ ♥♦✉✈❡❧❧❡s ♣♦ss✐❜✐❧✐tés à ✉♥ ♠♦❞è❧❡✱ s✐ ❝❡ ❞❡r♥✐❡r ❡st
❝♦rr❡❝t❡♠❡♥t ❝♦♥ç✉✳

▲❛ str✉❝t✉r❡ ❞❡ ❧✬♦♥t♦❧♦❣✐❡ ❞❡s s②stè♠❡s ❞❡ ♣r♦❞✉❝t✐♦♥ ❛❣r✐❝♦❧❡ ❡st t❡❧❧❡ q✉❡ ❧❛ ▼❖❖
s✬✐♠♣♦s❡ ♥❛t✉r❡❧❧❡♠❡♥t ❝♦♠♠❡ ❧❡ ♣❛r❛❞✐❣♠❡ à ❛❞♦♣t❡r✳ ❊♥ ❡✛❡t✱ ❧✬♦♥t♦❧♦❣✐❡ ❞é✜♥✐t ✉♥
❡♥s❡♠❜❧❡ ❞❡ ❝❧❛ss❡s ❛②❛♥t ❞❡s ♣r♦♣r✐étés✳ ❯♥❡ ❡♥t✐té ❡st ✉♥ ❡①❡♠♣❧❡ ❞❡ ❝❧❛ss❡✳ ▲✬♦r❣❛♥✐✲
s❛t✐♦♥ ❞✬✉♥ s✐♠✉❧❛t❡✉r ❜❛sé s✉r ❧✬♦♥t♦❧♦❣✐❡ ❡st ❢❛❝✐❧❡♠❡♥t ❡①♣r✐♠❛❜❧❡ ❞❛♥s ✉♥❡ ❧♦❣✐q✉❡
❞❡ ▼❖❖✳ ❊♥ ♦✉tr❡✱ ❧✬❡♥✈✐r♦♥♥❡♠❡♥t ❉✐ès❡ ❡st ❧✉✐✲♠ê♠❡ ré❛❧✐sé ❡♥ P❖❖✳ ▲❡s s✐♠✉❧❛✲
t❡✉rs s♦♥t ❞é✈❡❧♦♣♣és ❡♥ ❧❛♥❣❛❣❡ ❈✰✰ ❡t ❧❡ ❞é✈❡❧♦♣♣❡✉r ❞✬✉♥ s✐♠✉❧❛t❡✉r ❞♦✐t ♠❛îtr✐s❡r
❧❛ t❡❝❤♥✐q✉❡ ❞❡ P❖❖✳ ❈❡♣❡♥❞❛♥t✱ ✐❧ ❝♦♥✈✐❡♥t ❞❡ ♥♦t❡r q✉❡ ❧❡ ♠♦❞è❧❡ ♦❜❥❡t ✉t✐❧✐sé ♣❛r
❉✐ès❡ ♥✬❡st ♣❛s ❞✐r❡❝t❡♠❡♥t ❝❡❧✉✐ ❞✉ ❈✰✰✳ P❛r ❡①❡♠♣❧❡✱ ❉✐ès❡ ❝♦♥t✐❡♥t ❞❡s ❡♥t✐tés
❛②❛♥t ❞❡s ❞❡s❝r✐♣t❡✉rs ❡t ❞❡s ♠ét❤♦❞❡s✱ q✉✐ s♦♥t t♦✉s tr♦✐s ❞❡s ❝❧❛ss❡s ❛✉ s❡♥s ❈✰✰✳
❈❡❝✐ ✐♥❞✉✐t ❞❡s ♣❛rt✐❝✉❧❛r✐tés t❡❝❤♥✐q✉❡s ❡♥ ♣r♦❣r❛♠♠❛t✐♦♥ q✉✐ ♥❡ s❡r♦♥t ♣❛s ❞ét❛✐❧❧é❡s
❞❛♥s ❝❡ ❞♦❝✉♠❡♥t✳ ❉❛♥s ❧❡ ♠♦❞è❧❡ ♦❜❥❡t ❞❡ ❉✐ès❡✱ ❧❡s r❡❧❛t✐♦♥s ❡♥tr❡ ❡♥t✐tés ❢♦♥t ❧✬♦❜❥❡t
❞❡ s♣é❝✐✜❝❛t✐♦♥s ♣❧✉s ♣ré❝✐s❡s q✉✬❡♥ P❖❖ ✓ ❝❧❛ss✐q✉❡ ✔✱ ♣✉✐sq✉❡ ❧✬♦♥t♦❧♦❣✐❡ ❞❡s s②stè♠❡s
❞❡ ♣r♦❞✉❝t✐♦♥ ❛❣r✐❝♦❧❡ ❞✐st✐♥❣✉❡ ❧❡s r❡❧❛t✐♦♥s ❞❡ ❝♦♠♣♦s✐t✐♦♥✱ ❧❡s r❡❧❛t✐♦♥s ❡♥s❡♠❜❧✐st❡s
❡t ❧❡s ❛✉tr❡s r❡❧❛t✐♦♥s✳ ❚♦✉t❡❢♦✐s✱ ❝❡❝✐ ♥❡ s✬❛♣♣❧✐q✉❡ ♣❛s ❛✉① ❛✉tr❡s ❝❧❛ss❡s ❞é✜♥✐❡s ♣❛r
❧✬♦♥t♦❧♦❣✐❡✱ t❡❧❧❡s q✉❡ ❧❡s ♣r♦❝❡ss✉s ❡t ❧❡s ♦♣ér❛t✐♦♥s✳

▲❛ ❝♦♥str✉❝t✐♦♥ ❞❡ ▼é❧♦❞✐❡ ❛ ❢❛✐t ✐♥t❡r✈❡♥✐r ❧❛ ♠ét❤♦❞♦❧♦❣✐❡ ❯▼▲ ✭❯♥✐✜❡❞ ▼♦❞❡✲
❧✐♥❣ ▲❛♥❣✉❛❣❡✮✳ ■❧ s✬❛❣✐t ❞✬✉♥ ❧❛♥❣❛❣❡ ❣r❛♣❤✐q✉❡ ❞❡ ♠♦❞é❧✐s❛t✐♦♥ ♣r♦♣♦s❛♥t ✉♥ ❡♥s❡♠❜❧❡
❞❡ t②♣❡s ❞❡ ❣r❛♣❤✐q✉❡s ♣♦✉r r❡♣rés❡♥t❡r t♦✉s ❧❡s ❛s♣❡❝ts ❞❡ ❧✬❛♥❛❧②s❡ ❡t ❞❡ ❧❛ ❝♦♥❝❡♣t✐♦♥
❞✬✉♥ ♣r♦❣r❛♠♠❡✱ ❞❡s ❜❡s♦✐♥s ❞❡s ✉t✐❧✐s❛t❡✉rs ❛✉ ❢♦♥❝t✐♦♥♥❡♠❡♥t ❞②♥❛♠✐q✉❡ ❞✉ ♣r♦✲
❣r❛♠♠❡✱ ❡♥ ♣❛ss❛♥t ♣❛r ❧❛ ❞é✜♥✐t✐♦♥ ❞❡s ❝❧❛ss❡s ✭❉❡❜r❛✉✇❡r ❡t ✈❛♥ ❞❡r ❍❡②❞❡ ✷✵✵✺✮✳
❚♦✉t❡s ❧❡s ♣♦ss✐❜✐❧✐tés ❞✬❯▼▲ ✭✈❡rs✐♦♥ ✷✮ ♥✬♦♥t ♣❛s été ❡①♣❧♦✐té❡s ❧♦rs ❞❡ ❧❛ ❝♦♥str✉❝t✐♦♥
❞❡ ▼é❧♦❞✐❡✳ ❉❛♥s ❝❡ ❞♦❝✉♠❡♥t✱ s❡✉❧ ❧❡ ❞✐❛❣r❛♠♠❡ ❞❡ ❝❧❛ss❡s✱ q✉✐ r❡♣rés❡♥t❡ ❧❛ str✉❝✲
t✉r❡ st❛t✐q✉❡ ❞✉ ♠♦❞è❧❡✱ ❡st ✉t✐❧✐sé✳ ❆✉ ✈✉ ❞❡s s♣é❝✐✜❝✐tés ❞✉ ♠♦❞è❧❡ ♦❜❥❡t ❞❡ ❉✐ès❡✱
❧❛ s✐❣♥✐✜❝❛t✐♦♥ ❞❡ ❝❡ t②♣❡ ❞❡ ❞✐❛❣r❛♠♠❡s ❛ été ❧é❣èr❡♠❡♥t ❛❞❛♣té❡✳ ▲❛ ✜❣✉r❡ ✹✳✸ ❞♦♥♥❡
q✉❡❧q✉❡s é❧é♠❡♥ts ♥é❝❡ss❛✐r❡s à ❧❛ ❝♦♠♣ré❤❡♥s✐♦♥ ❞❡s ❞✐❛❣r❛♠♠❡s ❞❡ ❝❧❛ss❡ ♣rés❡♥tés
❞❛♥s ❧❛ s✉✐t❡ ❞❡ ❝❡ ❞♦❝✉♠❡♥t✳

✹✳✸ ❆♣♣❧✐❝❛t✐♦♥ ❛✉ ❝❛s ❞❡s ❡①♣❧♦✐t❛t✐♦♥s ❧❛✐t✐èr❡s ❞❡ ❧✬❖✉❡st
❞❡ ❧❛ ❋r❛♥❝❡

▲❡ ♠♦❞è❧❡ ▼é❧♦❞✐❡ ❛ été ❝♦♥ç✉ à ♣❛rt✐r ❞❡s ❝♦♥❝❡♣ts ❞é❝r✐ts ❞❛♥s ❧✬♦♥t♦❧♦❣✐❡ ❞❡s
s②stè♠❡s ❞❡ ♣r♦❞✉❝t✐♦♥ ❛❣r✐❝♦❧❡ ✭▼❛rt✐♥✲❈❧♦✉❛✐r❡ ❡t ❘❡❧❧✐❡r ✷✵✵✺✮✳ ▲✬♦♥t♦❧♦❣✐❡ ❝♦♥t✐❡♥t
❞❡ ♥♦♠❜r❡✉① ❝♦♥❝❡♣ts ♣❡r♠❡tt❛♥t ❞❡ ♠♦❞é❧✐s❡r ❢♦r♠❡❧❧❡♠❡♥t ❧❡ ♣✐❧♦t❛❣❡ ❞✬✉♥ s②stè♠❡✳
❯♥ ❞❡s ♦❜❥❡❝t✐❢s ❞❡▼é❧♦❞✐❡ ❡st ❞❡ s✐♠✉❧❡r ❧❡s ✐♠♣❛❝ts ❞❡ ❞✐✛ér❡♥ts ♠♦❞❡s ❞❡ ❝♦♥❞✉✐t❡



❆♣♣❧✐❝❛t✐♦♥ ❛✉① ❡①♣❧♦✐t❛t✐♦♥s ❧❛✐t✐èr❡s ✽✶

❋✐❣✳ ✹✳✸ ✕ ❉✐❛❣r❛♠♠❡s ❞❡ ❝❧❛ss❡s ❡t ♣❛rt✐❝✉❧❛r✐tés ❧✐é❡s ❛✉ ♠♦❞è❧❡ ♦❜❥❡t ❞❡ ❉✐ès❡

❞❡s s②stè♠❡s ❞❡ ♣r♦❞✉❝t✐♦♥ ❡t ✉t✐❧✐s❡r ❧✬♦♥t♦❧♦❣✐❡ ❢❛❝✐❧✐t❡ ❧❡ ❞é✈❡❧♦♣♣❡♠❡♥t ❞❡ ❧❛ ♣❛rt✐❡
❞é❝✐s✐♦♥♥❡❧❧❡ ❞✉ ♠♦❞è❧❡✳

▲❡ ♣r✐♥❝✐♣❡ ❡st ❞♦♥❝ ❞❡ ♠♦❞é❧✐s❡r ❧❡ s②stè♠❡ ❡♥ s♣é❝✐❛❧✐s❛♥t ❧❡s ❝♦♥❝❡♣ts ❞❡ ❧✬♦♥t♦❧♦✲
❣✐❡ ✭❋✐❣✳ ✹✳✹✮✱ ❛✉ss✐ ❜✐❡♥ ❛✉ ♥✐✈❡❛✉ ❞✉ s②stè♠❡ ❜✐♦t❡❝❤♥✐q✉❡ q✉❡ ❞✉ s②stè♠❡ ❞❡ ♣✐❧♦t❛❣❡✳
▲✬♦♥t♦❧♦❣✐❡ ❡st ❝♦♥ç✉❡ ❝♦♠♠❡ ✉♥ ♠ét❛✲♠♦❞è❧❡ ❞❡s s②stè♠❡s ❛❣r✐❝♦❧❡s✳ ❊❧❧❡ ❝♦♥t✐❡♥t
❞♦♥❝ ❞❡s ❝♦♥❝❡♣ts ♣❡r♠❡tt❛♥t ❞❡ ❝♦✉✈r✐r ❞❡ ❢❛ç♦♥ ♣❧✉s ♦✉ ♠♦✐♥s ❞ét❛✐❧❧é❡ ❧✬❡♥s❡♠❜❧❡ ❞✉
s②stè♠❡ ♠♦❞é❧✐sé ❞❛♥s ❧❡ ❝❛❞r❡ ❞❡ ▼é❧♦❞✐❡✳

❋✐❣✳ ✹✳✹ ✕ Pr✐♥❝✐♣❡ ❞❡ ❧✬✉t✐❧✐s❛t✐♦♥ ❞❡ ❧✬♦♥t♦❧♦❣✐❡ ♣♦✉r ♠♦❞é❧✐s❡r ❧❡ s②stè♠❡



✽✷ ❆r❝❤✐t❡❝t✉r❡ ❣é♥ér❛❧❡ ❞❡ ▼é❧♦❞✐❡

✹✳✸✳✶ ▲❡ s②stè♠❡ ♠♦❞é❧✐sé

▼é❧♦❞✐❡ ❡st ✉♥ ♠♦❞è❧❡ ❞❡s ✢✉① ❞❡ ♠❛t✐èr❡ ❛✉ s❡✐♥ ❞❡s ❡①♣❧♦✐t❛t✐♦♥s ❜♦✈✐♥❡s ❧❛✐t✐èr❡s
❡t ♣♦r❝✐♥❡s ❞❡ ❧✬❖✉❡st ❞❡ ❧❛ ❋r❛♥❝❡✳ ❈❡ ❞♦❝✉♠❡♥t ♥❡ ♣rés❡♥t❡ q✉❡ ❝❡ q✉✐ ❝♦♥❝❡r♥❡ ❧❡s
é❧❡✈❛❣❡s ❧❛✐t✐❡rs✳ ▲❛ ❞❡s❝r✐♣t✐♦♥ ❞✉ ♠♦❞è❧❡ ❡st ❞♦♥❝ ❝❡♥tré❡ s✉r ❝❡s é❧❡✈❛❣❡s✳

▲❡s ❡①♣❧♦✐t❛t✐♦♥s ♠♦❞é❧✐sé❡s s♦♥t ❞♦♥❝ t②♣✐q✉❡♠❡♥t ❞❡s ❡①♣❧♦✐t❛t✐♦♥s ❞❡ ♣♦❧②❝✉❧t✉r❡✲
é❧❡✈❛❣❡✱ ❛ss♦❝✐❛♥t ❞❛♥s ✉♥❡ ♣❛rt ✈❛r✐❛❜❧❡ ❞❡s ❝✉❧t✉r❡s ❢♦✉rr❛❣èr❡s ✉t✐❧✐sé❡s ♣♦✉r ❧✬❛❧✐✲
♠❡♥t❛t✐♦♥ ❞✉ tr♦✉♣❡❛✉ ❡t ❞❡s ❝✉❧t✉r❡s ❞❡ ✈❡♥t❡✳ ❯♥❡ ♣❛rt ✈❛r✐❛❜❧❡ ❞❡ ❧✬❛❧✐♠❡♥t❛t✐♦♥
❞✉ tr♦✉♣❡❛✉ ♣❡✉t é❣❛❧❡♠❡♥t êtr❡ ❛❝❤❡té❡✳ ▲❡s ♣r✐♥❝✐♣❛✉① ❢♦✉rr❛❣❡s ✉t✐❧✐sés s♦♥t ❧❡ ♠❛ïs
❡♥s✐❧❛❣❡ ❡t ❧✬❤❡r❜❡ ♣ât✉ré❡ ♦✉ ❝♦♥s❡r✈é❡ s♦✉s ❢♦r♠❡ ❞❡ ❢♦✐♥ ♦✉ ❞✬❡♥s✐❧❛❣❡✳ ▲❡s ❛♥✐♠❛✉①
♣❛ss❡♥t ❞♦♥❝ ❡♥ ❣é♥ér❛❧ ✉♥❡ ♣❛rt✐❡ ❞❡ ❧❡✉r t❡♠♣s ❛✉ ♣ât✉r❛❣❡ ❡t ✉♥❡ ♣❛rt✐❡ ❡♥ ❜ât✐♠❡♥t✳
❊♥ ❜ât✐♠❡♥t✱ ✉♥❡ ❧❛r❣❡ ❣❛♠♠❡ ❞❡ ♠♦❞❡s ❞❡ ❧♦❣❡♠❡♥t ❡①✐st❡ ❡t ❧❛ ❣❡st✐♦♥ ❞❡s ❞é❥❡❝t✐♦♥s
❛ss♦❝✐é❡ ❛❜♦✉t✐t à ❞✐✛ér❡♥ts t②♣❡s ❞✬❡♥❣r❛✐s ❞❡ ❢❡r♠❡✳ ❈❡s ❡♥❣r❛✐s ❞❡ ❢❡r♠❡ s♦♥t ❣é♥é✲
r❛❧❡♠❡♥t st♦❝❦és ❞✉r❛♥t ♣❧✉s✐❡✉rs ♠♦✐s✱ ♣✉✐s é♣❛♥❞✉s s✉r ❧❡s ❝✉❧t✉r❡s ❞❡ ❧✬❡①♣❧♦✐t❛t✐♦♥✳

❉❡ ♥♦♠❜r❡✉s❡s ❞é❝✐s✐♦♥s s♦♥t ♣r✐s❡s ♣♦✉r ❛❞❛♣t❡r ❧❛ ❝♦♥❞✉✐t❡ ❞❡ ❧✬❡①♣❧♦✐t❛t✐♦♥ ❛✉①
❝♦♥❞✐t✐♦♥s ❝❧✐♠❛t✐q✉❡s✳ ❈❡s ❞é❝✐s✐♦♥s s♦♥t ♣r✐s❡s à ❞✐✛ér❡♥t❡s é❝❤❡❧❧❡s ❞❡ t❡♠♣s✱ ❛❧❧❛♥t
❞❡ ❧✬❛♥♥é❡ ❛✉ ❥♦✉r✳ ❊❧❧❡s ♣♦rt❡♥t ♣r✐♥❝✐♣❛❧❡♠❡♥t s✉r ❧✬❛❧✐♠❡♥t❛t✐♦♥ ❞❡s ❛♥✐♠❛✉① ❡t ❧❡✉rs
❡✛❡❝t✐❢s ❛✐♥s✐ q✉❡ s✉r ❧❡s ❝✉❧t✉r❡s ✭❛ss♦❧❡♠❡♥t✱ ❢❡rt✐❧✐s❛t✐♦♥✮✳

✹✳✸✳✷ ▼♦❞é❧✐s❛t✐♦♥ ❞✉ s②stè♠❡ à ❧✬❛✐❞❡ ❞❡ ❧✬♦♥t♦❧♦❣✐❡

❈♦♥❢♦r♠é♠❡♥t à ❧❛ ❞é✜♥✐t✐♦♥ ❞❡ ❧✬♦♥t♦❧♦❣✐❡ ❞❡s s②stè♠❡s ❞❡ ♣r♦❞✉❝t✐♦♥ ❛❣r✐❝♦❧❡ ✭❝❢
✹✳✶✳✸✮✱ ❧❡ s②stè♠❡ ♠♦❞é❧✐sé ❝♦♠♣r❡♥❞ ✉♥ s②stè♠❡ ❜✐♦t❡❝❤♥✐q✉❡ ❡t ✉♥ s②stè♠❡ ❞❡ ♣✐❧♦t❛❣❡
✭♠❛♥❛❣❡r✮ ❡♥ ✐♥t❡r❛❝t✐♦♥ ✭❋✐❣✳ ✹✳✺✮✳ ❉❛♥s ❧❛ ✈❡rs✐♦♥ ❛❝t✉❡❧❧❡ ❞❡▼é❧♦❞✐❡✱ ❧❡s r❡ss♦✉r❝❡s
♥❡ s♦♥t ♣❛s ♠♦❞é❧✐sé❡s ❡t ❧❡s ❝♦♥tr❛✐♥t❡s ❧✐é❡s à ❧✬✉t✐❧✐s❛t✐♦♥ ❞✉ s②stè♠❡ ♦♣ér❛♥t ♥✬♦♥t
♣❛s été s✐♠✉❧é❡s✳ ◆é❛♥♠♦✐♥s✱ ❣râ❝❡ à ❧❛ str✉❝t✉r❡ très é✈♦❧✉t✐✈❡ ♣❡r♠✐s❡ ♣❛r ❉✐ès❡✱
❧❛ ♠♦❞é❧✐s❛t✐♦♥ ❞✉ s②stè♠❡ ♦♣ér❛♥t ♣♦✉rr❛ êtr❡ ❢❛❝✐❧❡♠❡♥t ❛❥♦✉té❡✱ s♦✉s rés❡r✈❡ ❞✬êtr❡
❝❛♣❛❜❧❡ ❞❡ ❞é❝r✐r❡ ❧❡s ❞é❝✐s✐♦♥s s♦✉s✲❥❛❝❡♥t❡s ❞❛♥s ❧❡s ❡①♣❧♦✐t❛t✐♦♥s ❧❛✐t✐èr❡s✳

❙②stè♠❡ ❜✐♦t❡❝❤♥✐q✉❡ ▲❡ s②stè♠❡ ❜✐♦t❡❝❤♥✐q✉❡ ❞é❝r✐t ❧❡s ✢✉① ❞❡ ♠❛t✐èr❡ ❛✉ s❡✐♥ ❞❡
❧✬❡①♣❧♦✐t❛t✐♦♥✱ ❛✐♥s✐ q✉❡ ❧❡s ❡♥tré❡s ❡t s♦rt✐❡s ✭❋✐❣✳ ✹✳✻✮✳ ❖♥ ❞✐st✐♥❣✉❡ ♣❧✉s✐❡✉rs ❣r❛♥❞s
♣ô❧❡s ✿

✕ ❧❡s ❛♥✐♠❛✉① ❀
✕ ❧❡s ❡✤✉❡♥ts ✭st♦❝❦❛❣❡ ❡t tr❛✐t❡♠❡♥t✮ ❀
✕ ❧❡s s♦❧s ❡t ❧❡s ❝✉❧t✉r❡s ❀
✕ ❧❡s ❛❧✐♠❡♥ts st♦❝❦és✳
❉✬✉♥ ♣♦✐♥t ❞❡ ✈✉❡ ❢♦♥❝t✐♦♥♥❡❧✱ ❧❡ s②stè♠❡ ❜✐♦t❡❝❤♥✐q✉❡ ❡st ❝♦♠♣♦sé ❞✬✉♥ ❡♥s❡♠❜❧❡

❞❡ s♦✉s✲♠♦❞è❧❡s ✐♥t❡r✲❝♦♥♥❡❝tés✱ ❞é❝r✐✈❛♥t ❧❡s ✢✉① ❞❡ ♠❛t✐èr❡ ❛✉ ♥✐✈❡❛✉ ❞❡ ❧❛ t♦t❛❧✐té
♦✉ ❞✬✉♥❡ ♣❛rt✐❡ ❞✬✉♥ ❞❡ ❝❡s ♣ô❧❡s✳ ❉❡s ♠♦❞è❧❡s ❡t✴♦✉ éq✉❛t✐♦♥s ❞é❝r✐✈❛♥t ❞❡s ✈❛r✐❛❜❧❡s
♥é❝❡ss❛✐r❡s ❛✉ ❝❛❧❝✉❧ ❞❡s ✢✉① s♦♥t é❣❛❧❡♠❡♥t ✐♥té❣rés✳ ❈✬❡st ❧❡ ❝❛s ♣❛r ❡①❡♠♣❧❡ ❞❡ ●❡✲
❞❡♠♦✱ ✉♥ ♠♦❞è❧❡ ❞❡ ❧❛ ❞é♠♦❣r❛♣❤✐❡ ❞✉ tr♦✉♣❡❛✉ ❜♦✈✐♥✱ q✉✐ ❛ été ✐♥té❣ré ❝❛r ❧❡ ❝❛❧❝✉❧
❞❡s ✢✉① ❛✉ ♥✐✈❡❛✉ ❞❡s ❛♥✐♠❛✉① ✉t✐❧✐s❡ ❧❡s ❡✛❡❝t✐❢s ❞✬❛♥✐♠❛✉①✳ ▲❡s s♦✉s✲♠♦❞è❧❡s ✉t✐❧✐sés
❞❛♥s ❧❛ ✈❡rs✐♦♥ ❛❝t✉❡❧❧❡ ❞❡ ▼é❧♦❞✐❡ s♦♥t ❞é❝r✐ts ❞❛♥s ❧❡ ❝❤❛♣✐tr❡ ✺✳



❆♣♣❧✐❝❛t✐♦♥ ❛✉① ❡①♣❧♦✐t❛t✐♦♥s ❧❛✐t✐èr❡s ✽✸

❋✐❣✳ ✹✳✺ ✕ ❋♦♥❝t✐♦♥♥❡♠❡♥t ❣é♥ér❛❧ ❞✬✉♥❡ s✐♠✉❧❛t✐♦♥

❯♥ ❞❡s ❡♥❥❡✉① ❞❡ ▼é❧♦❞✐❡ ❡st ❞♦♥❝ ❧❡ ❝❤❛♥❣❡♠❡♥t ❞❡ ♥✐✈❡❛✉ ❞✬♦r❣❛♥✐s❛t✐♦♥ ❛✉q✉❡❧
❝❡s ♠♦❞è❧❡s ❢♦♥❝t✐♦♥♥❡♥t✳ P❛r ❡①❡♠♣❧❡ ♣♦✉r ❧❡ ♣ô❧❡ ❙♦❧✲❝✉❧t✉r❡s✱ ❧❡ ♣❛ss❛❣❡ ❛✉ ♥✐✈❡❛✉ ❞❡
❧✬❡①♣❧♦✐t❛t✐♦♥ ❡♥t✐èr❡ ♥✬❡st ♣❛s s❡✉❧❡♠❡♥t ✉♥❡ ❥✉①t❛♣♦s✐t✐♦♥ ❞❡ s✐♠✉❧❛t✐♦♥s ❢❛✐t❡s ♣♦✉r
❝❤❛q✉❡ ♣❛r❝❡❧❧❡✳ ■❧ ❡①✐st❡ ❞❡s ✐♥t❡r❛❝t✐♦♥s ❡♥tr❡ ❧❡s ♣❛r❝❡❧❧❡s✱ ❞✉❡s ❛✉ ♣✐❧♦t❛❣❡ ❞✉ s②stè♠❡✳
❈❤❛q✉❡ ♣❛r❝❡❧❧❡ s✉✐t ❞♦♥❝ ✉♥❡ tr❛❥❡❝t♦✐r❡ q✉✐ ❧✉✐ ❡st ♣r♦♣r❡ ❡t q✉✐ s✬✐♥s❝r✐t ❞❛♥s ✉♥❡
✈✐s✐♦♥ ❝♦❤ér❡♥t❡ ❞❡ ❧❛ ❝♦♥❞✉✐t❡ ❞❡ ❧✬❡①♣❧♦✐t❛t✐♦♥✳ P❧✉s ❣é♥ér❛❧❡♠❡♥t✱ ❧❡ ❝❤❛♥❣❡♠❡♥t ❞❡
♥✐✈❡❛✉ ❞✬♦r❣❛♥✐s❛t✐♦♥ ♣❡r♠❡t ❞❡ ♣r❡♥❞r❡ ❡♥ ❝♦♠♣t❡ ❞❡s ✐♥t❡r❛❝t✐♦♥s ❡♥tr❡ ❧❡s ❞✐✛ér❡♥t❡s
♣❛rt✐❡s ❞✉ s②stè♠❡✱ ❝❡ q✉✐ ♠❡t ❡♥ ✈❛❧❡✉r ❞❡s ♣r♦♣r✐étés é♠❡r❣❡♥t❡s✱ ✐♥✈✐s✐❜❧❡s ❧♦rsq✉✬♦♥
ét✉❞✐❡ sé♣❛ré♠❡♥t ❝❤❛❝✉♥❡ ❞❡ ❝❡s ♣❛rt✐❡s✳

▲❛ ❝♦♠♠✉♥✐❝❛t✐♦♥ ❡♥tr❡ ❧❡s ♠♦❞è❧❡s ❡st ❢❛✐t❡ ❛✉ tr❛✈❡rs ❞❡s ❡♥t✐tés ❡t ❞❡s❝r✐♣t❡✉rs ❞❡
❉✐ès❡✳ ❯♥ ❞❡s ♦❜❥❡❝t✐❢s ❞❡ ▼é❧♦❞✐❡ ❡st ❞✬êtr❡ ✉♥ ♠♦❞è❧❡ ❣é♥ér✐q✉❡ ❡t é✈♦❧✉t✐❢✳ ■❧ ❞♦✐t
❞♦♥❝ êtr❡ ♣♦ss✐❜❧❡ ❞❡ ❢❛✐r❡ ❝♦❤❛❜✐t❡r ❡t ❞✬✐♥t❡r❝❤❛♥❣❡r ❞✐✛ér❡♥ts s♦✉s✲♠♦❞è❧❡s s✐♠✉❧❛♥t
❧❛ ♠ê♠❡ ♣❛rt✐❡ ❞✉ s②stè♠❡ ✭♣❛r ❡①❡♠♣❧❡ ❞✐✛ér❡♥ts ♠♦❞è❧❡s ❞❡ ❝✉❧t✉r❡✮✳ ❊♥ ♣r♦❣r❛♠♠❛✲
t✐♦♥ ♦r✐❡♥té❡ ♦❜❥❡t ❡t s❡❧♦♥ ❧✬♦♥t♦❧♦❣✐❡ ❞❡s s②stè♠❡s ❞❡ ♣r♦❞✉❝t✐♦♥ ❛❣r✐❝♦❧❡✱ ❧❡s ❡♥t✐tés
st♦❝❦❡♥t ❧❡s ✈❛r✐❛❜❧❡s ❞✉ ♠♦❞è❧❡ ❡t ❢♦✉r♥✐ss❡♥t ❞❡s ♠ét❤♦❞❡s ♣♦✉r ② ❛❝❝é❞❡r✳ ❉✬✉♥ ♣♦✐♥t
❞❡ ✈✉❡ str✉❝t✉r❡❧✱ ❧❡ s②stè♠❡ ❜✐♦t❡❝❤♥✐q✉❡ ❡st ❞✐✈✐sé ❡♥ ♣❧✉s✐❡✉rs ❝♦✉❝❤❡s ✭❋✐❣✳ ✹✳✼✮✳ ❯♥
❡♥s❡♠❜❧❡ ❞✬❡♥t✐tés ✓ ❣é♥ér✐q✉❡s ✔ ❢♦r♠❡ ❧❡ ❝♦❡✉r ❞❡▼é❧♦❞✐❡✱ ✐♥❞é♣❡♥❞❛♠♠❡♥t ❞❡s s♦✉s✲
♠♦❞è❧❡s ✉t✐❧✐sés✳ ❈❡s ❡♥t✐tés ♦♥t ♣♦✉r ❞❡s❝r✐♣t❡✉rs ❧❡s ✈❛r✐❛❜❧❡s q✉✐ s❡r✈❡♥t ❛✉ ♣✐❧♦t❛❣❡
❞✉ s②stè♠❡✱ q✉✐ ❞♦✐✈❡♥t êtr❡ ❝♦♠♠✉♥✐q✉é❡s ❞✬✉♥ s♦✉s✲♠♦❞è❧❡ à ✉♥ ❛✉tr❡ ♦✉ q✉✐ ❞♦✐✈❡♥t
êtr❡ ❡①♣♦rté❡s ❡♥ s♦rt✐❡ ❞✉ ♠♦❞è❧❡✳ ▲❡s ❡♥t✐tés ❣é♥ér✐q✉❡s ♦♥t é❣❛❧❡♠❡♥t ❞❡s ♠ét❤♦❞❡s
✈✐rt✉❡❧❧❡s✱ ❞♦♥t ❧❡ rô❧❡ ❡st ❞é✜♥✐ ♠❛✐s q✉✐ ♥❡ s♦♥t ♣❛s ✐♠♣❧é♠❡♥té❡s à ❝❡ ♥✐✈❡❛✉✳ P❛r
❡①❡♠♣❧❡✱ ❧✬❡♥t✐té ▼❡❧♦❞✐❡P❛r❝❡❧❧❡ ❛ ✉♥❡ ♠ét❤♦❞❡ ❆♣♣❧✐q✉❡r❋❛✉❝❤❡✱ ❞♦♥t ❧✬❡✛❡t ❞é✲
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❆♣♣❧✐❝❛t✐♦♥ ❛✉① ❡①♣❧♦✐t❛t✐♦♥s ❧❛✐t✐èr❡s ✽✺

❋✐❣✳ ✹✳✼ ✕ ❖r❣❛♥✐s❛t✐♦♥ t❤é♦r✐q✉❡ ❡♥ ❝♦✉❝❤❡s ❞✉ s②stè♠❡ ❜✐♦t❡❝❤♥✐q✉❡

♣❡♥❞ ❞✉ ♠♦❞è❧❡ ❞❡ ❝✉❧t✉r❡ ✉t✐❧✐sé✳ ❉❡s s♣é❝✐❛❧✐s❛t✐♦♥s ❞❡s ❡♥t✐tés ❣é♥ér✐q✉❡s ♣❡r♠❡tt❡♥t
❧✬✐♥t❡r❢❛ç❛❣❡ ❛✈❡❝ ✉♥ s♦✉s✲♠♦❞è❧❡ s♣é❝✐✜q✉❡ ✭❋✐❣✳ ✹✳✼✮✳ P❛r ❡①❡♠♣❧❡✱ ❧✬❡♥t✐té ❙t✐❝sP❛r✲
❝❡❧❧❡ ❡st ✉♥❡ s♣é❝✐❛❧✐s❛t✐♦♥ ❞❡ ▼❡❧♦❞✐❡P❛r❝❡❧❧❡ q✉✐ ♣❡r♠❡t ❞✬✉t✐❧✐s❡r ❧❡ ♠♦❞è❧❡ ❞❡
❝✉❧t✉r❡ ❙t✐❝s✳ ▲❡s ❡♥t✐tés s♣é❝✐✜q✉❡s ❞✬✉♥ s♦✉s✲♠♦❞è❧❡ ❡♥ ♣❛rt✐❝✉❧✐❡r ❝♦♥t✐❡♥♥❡♥t ❞❡s
✈❛r✐❛❜❧❡s ✐♥t❡r♥❡s ❛✉ s♦✉s✲♠♦❞è❧❡✱ ♥é❝❡ss❛✐r❡s à s♦♥ ❢♦♥❝t✐♦♥♥❡♠❡♥t ♠❛✐s ♥♦♥ ✉t✐❧✐sé❡s
❛✐❧❧❡✉rs ❞❛♥s ▼é❧♦❞✐❡✳ ▲❡s ❡♥t✐tés s♣é❝✐✜q✉❡s ❞✬✉♥ s♦✉s✲♠♦❞è❧❡ ❝♦♥t✐❡♥♥❡♥t ❛✉ss✐ ❧❛
❞é✜♥✐t✐♦♥ ❞❡s ♠ét❤♦❞❡s ✈✐rt✉❡❧❧❡s✱ ❝✬❡st✲à✲❞✐r❡ ❧❡s ❡✛❡ts ❞❡s ♠ét❤♦❞❡s ❣é♥ér✐q✉❡s s✉r
❧❡s ✈❛r✐❛❜❧❡s ♣r♦♣r❡s ❛✉ s♦✉s✲♠♦❞è❧❡✳ ▲✬❡♥t✐té ❙t✐❝sP❛r❝❡❧❧❡ ♣♦ssè❞❡ ❞♦♥❝ s❛ ♣r♦♣r❡ ❞é✲
✜♥✐t✐♦♥ ❞❡ ❧❛ ♠ét❤♦❞❡ ❆♣♣❧✐q✉❡r❋❛✉❝❤❡✱ q✉✐ ❞é✜♥✐t ❧❡s ♠♦❞✐✜❝❛t✐♦♥s q✉✐ ❞♦✐✈❡♥t êtr❡
❛♣♣❧✐q✉é❡s ❛✉① ✈❛r✐❛❜❧❡s ❞❡ ❙t✐❝s ❧♦rs ❞❡ ❧❛ ❢❛✉❝❤❡ ❞❡ ❧❛ ♣❛r❝❡❧❧❡✳

▲❡s ♣r♦❝❡ss✉s ❢♦♥t é✈♦❧✉❡r ❧✬ét❛t ❞❡s ❡♥t✐tés ❡♥ ❛♣♣❧✐q✉❛♥t ❧❡ s♦✉s✲♠♦❞è❧❡ ✉t✐❧✐sé✳
■❧s ♣❡✉✈❡♥t s✬❛♣♣❧✐q✉❡r s♦✐t ❞✐r❡❝t❡♠❡♥t à ✉♥❡ ❡♥t✐té ❣é♥ér✐q✉❡✱ s♦✐t à ✉♥❡ ❡♥t✐té s♣é✲
❝✐✜q✉❡ st♦❝❦❛♥t ❞❡s ❞♦♥♥é❡s ♣r♦♣r❡s ❛✉ s♦✉s✲♠♦❞è❧❡✳ ❙♦✉s ❧✬❡✛❡t ❞❡ ❝❡s ♣r♦❝❡ss✉s✱ ❡t
q✉❡❧ q✉❡ s♦✐t ❧❡ s♦✉s✲♠♦❞è❧❡ r❡♣rés❡♥té✱ ❧❡s ❞❡s❝r✐♣t❡✉rs ❞❡s ❡♥t✐tés ❣é♥ér✐q✉❡s é✈♦❧✉❡♥t✱



✽✻ ❆r❝❤✐t❡❝t✉r❡ ❣é♥ér❛❧❡ ❞❡ ▼é❧♦❞✐❡

✴✴ ❝ r ❡❛ t ✐ ♦♥ ❞ ✬ ✉♥❡ ♣ ❛ r ❝ ❡ ❧ ❧ ❡ ❛❞❛♣t❡❡ ❛ ❧ ❛ s ✐♠✉ ❧❛ t ✐ ♦♥ ❛✈❡❝ s t ✐ ❝ s
✰ ■ st✐❝sP❛r❝❡❧ ❧❡ ♣✶ ❀

✴✴ ❝ r ❡❛ t ✐ ♦♥ ❞ ✬ ✉♥ ♣r♦❝❡s s✉s ♣♦✉r ❡①❡❝✉ t ❡ r
✴✴ ❧ ❛ s ✐♠✉ ❧❛ t ✐ ♦♥ ❭ s t ✐ ❝ s s✉r ❝ ❡ t t ❡ ♣ ❛ r ❝ ❡ ❧ ❧ ❡
✰ P ♣r♦❝❡ss✉s❙t✐❝s

❊◆❚■❚❊ ❂ ❁■❃❁ ✱ ♣✶❃❀
❀

✴✴ ❙ ♣ ❡ ❝ ✐ ❢ ✐ ❝ ❛ t ✐ ♦ ♥ ❡ q ✉ ✐ ✈ ❛ ❧ ❡ ♥ t ❡ ♣♦✉r ❆♣s✐♠ ✱
✴✴ ❞❛♥s ❧ ❛ ♠❡♠❡ s ✐♠✉ ❧❛ t ✐ ♦♥
✰ ■ ❛♣s✐♠P❛r❝❡❧❧❡ ♣✷ ❀
✰ P ♣r♦❝❡ss✉s❆♣s✐♠

❊◆❚■❚❊ ❂ ❁■❃❁ ✱ ♣✷❃❀
❀

❋✐❣✳ ✹✳✽ ✕ ❙♣é❝✐✜❝❛t✐♦♥ ❞❡ str✉❝t✉r❡ ❞✉ s②stè♠❡ ✐❧❧✉str❛♥t ❧❛ ♣♦ss✐❜✐❧✐té ❞❡ ❢❛✐r❡ ❝♦❤❛❜✐t❡r
❞✐✛ér❡♥ts s♦✉s✲♠♦❞è❧❡s

❡t ♣❡✉✈❡♥t êtr❡ ✉t✐❧✐sés ♣♦✉r ❧❡ ♣✐❧♦t❛❣❡ ♦✉ ♣❛r ✉♥ s♦✉s✲♠♦❞è❧❡ ❝♦♥♥❡❝té✳ ❆✉ ♥✐✈❡❛✉
✐♥❢♦r♠❛t✐q✉❡✱ ❧❡ ❝♦❞❡ ❞✬✉♥ s♦✉s✲♠♦❞è❧❡ ♣❡✉t êtr❡ s✐t✉é s♦✐t ❞❛♥s ✉♥❡ ❧✐❜r❛✐r✐❡ ❡①tér✐❡✉r❡✱
s♦✐t ❞❛♥s ❧❡s ♠ét❤♦❞❡s ❞✉ ♣r♦❝❡ss✉s ❡t ❞❡s ❡♥t✐tés ❝♦♥❝❡r♥é❡s✳

▲❡ ♣✐❧♦t❛❣❡ ❞✉ s②stè♠❡ ❞♦✐t êtr❡ ✐♥❞é♣❡♥❞❛♥t ❞❡s s♦✉s✲♠♦❞è❧❡s ❜✐♦t❡❝❤♥✐q✉❡s ❝❤♦✐s✐s✳
■❧ ♥❡ ❞♦✐t ❞♦♥❝ ✉t✐❧✐s❡r q✉❡ ❧❛ ❝♦✉❝❤❡ ✓ ❣é♥ér✐q✉❡ ✔✳ ❈❡❝✐ ❛ ❞❡✉① ❝♦♥séq✉❡♥❝❡s✳ ❚♦✉t
❞✬❛❜♦r❞✱ ❧❡ ♣✐❧♦t❛❣❡ ✐♠♣❧✐q✉❡ ❧❛ ♣r✐s❡ ❞✬✐♥❢♦r♠❛t✐♦♥s s✉r ❧✬ét❛t ❞✉ s②stè♠❡✳ ▲❡s ✈❛r✐❛❜❧❡s
❞✉ s②stè♠❡ ❜✐♦t❡❝❤♥✐q✉❡ ✉t✐❧✐sé❡s ♣♦✉r ♣r❡♥❞r❡ ❞❡s ❞é❝✐s✐♦♥s ❞♦✐✈❡♥t ❢❛✐r❡ ♣❛rt✐❡ ❞❡
❧❛ ❝♦✉❝❤❡ ❣é♥ér✐q✉❡✳ ❊♥s✉✐t❡✱ ❧❡s ♦♣ér❛t✐♦♥s✱ q✉✐ ♦♥t été ❞é❝❧❡♥❝❤é❡s ♣❛r ❧❡ s②stè♠❡
❞❡ ♣✐❧♦t❛❣❡✱ ❞♦✐✈❡♥t ❛♣♣❡❧❡r ❞❡s ♠ét❤♦❞❡s ❢❛✐s❛♥t ♣❛rt✐❡ ❞❡ ❧❛ ❝♦✉❝❤❡ ❣é♥ér✐q✉❡✳ ❙✐
✉♥❡ ♦♣ér❛t✐♦♥ ❛ ✉♥ ❡✛❡t s✉r ❞❡s ✈❛r✐❛❜❧❡s s♣é❝✐✜q✉❡s ❞✬✉♥ s♦✉s✲♠♦❞è❧❡✱ ❛❧♦rs ❝❡t ❡✛❡t
❡st ❛♣♣❧✐q✉é ♣❛r ✉♥❡ ♠ét❤♦❞❡ ✈✐rt✉❡❧❧❡✳ P❛r ❡①❡♠♣❧❡✱ ❧✬♦♣ér❛t✐♦♥ ❋❛✉❝❤❡r ❛♣♣❡❧❧❡ ❧❛
♠ét❤♦❞❡ ❆♣♣❧✐q✉❡r❋❛✉❝❤❡ ❞❡ ❧✬❡♥t✐té ▼❡❧♦❞✐❡P❛r❝❡❧❧❡✳ ❈❡❝✐ ❡st ✈❛❧❛❜❧❡ q✉❡❧ q✉❡ s♦✐t ❧❡
♠♦❞è❧❡ ❞❡ ❝✉❧t✉r❡ ❝❤♦✐s✐✳ ▼❛✐s ❧❛ ♠ét❤♦❞❡ ❆♣♣❧✐q✉❡r❋❛✉❝❤❡ ❡st ✈✐rt✉❡❧❧❡✳ ❙✐ ❧❡ ♠♦❞è❧❡
❞❡ ❝✉❧t✉r❡ ❝❤♦✐s✐ ❡st ❙t✐❝s✱ ❛❧♦rs ❧✬✐♥st❛♥❝❡ ❞❡ ❧❛ ♣❛r❝❡❧❧❡ ❡st ✉♥❡ s♣é❝✐❛❧✐s❛t✐♦♥ ❞❡
▼❡❧♦❞✐❡P❛r❝❡❧❧❡✳ ■❧ s✬❛❣✐t ❞✬✉♥❡ ❙t✐❝sP❛r❝❡❧❧❡ ❡t ❧❛ ♠ét❤♦❞❡ ❆♣♣❧✐q✉❡r❋❛✉❝❤❡ ♣r♦♣r❡ à
❝❡tt❡ ❡♥t✐té ❡st ❛♣♣❡❧é❡ ❛✉t♦♠❛t✐q✉❡♠❡♥t✱ ♣❛r ❝♦♥str✉❝t✐♦♥✳

▲❡ ❝❤♦✐① ❞❡s s♦✉s✲♠♦❞è❧❡s à ✉t✐❧✐s❡r ❡st ❞♦♥❝ ❡✛❡❝t✉é ❧♦rs ❞❡ ❧✬❡①é❝✉t✐♦♥ ❞✬✉♥❡ s✐✲
♠✉❧❛t✐♦♥✱ ❡♥ ✐♥st❛♥❝✐❛♥t ❧❡s ❡♥t✐tés ❡t ♣r♦❝❡ss✉s s♣é❝✐✜q✉❡s ❞✉ s♦✉s✲♠♦❞è❧❡ ❝❤♦✐s✐✳ P❛r
❡①❡♠♣❧❡✱ s✐ ❙t✐❝s ❡t ❆♣s✐♠ s♦♥t ❞❡✉① ♠♦❞è❧❡s ♣❡r♠❡tt❛♥t ❞❡ s✐♠✉❧❡r ❧❡s ✢✉① ❛✉ ♥✐✲
✈❡❛✉ ❞✬✉♥❡ ♣❛r❝❡❧❧❡✱ ❧❛ ✜❣✉r❡ ✹✳✽ ✐❧❧✉str❡ ❧❛ ♣♦ss✐❜✐❧✐té ❞✬✐♥t❡r❝❤❛♥❣❡r ❧❡s ♠♦❞è❧❡s ❛✉
♠♦♠❡♥t ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥✳ ❈❡t ❡①❡♠♣❧❡ ♥✬❡st q✉❡ t❤é♦r✐q✉❡✱ ♣✉✐sq✉❡ s❡✉❧❡ ❧❛ s✐♠✉❧❛t✐♦♥
❛✈❡❝ ❙t✐❝s ❡st ✐♠♣❧é♠❡♥té❡ ❞❛♥s ❧❛ ✈❡rs✐♦♥ ❛❝t✉❡❧❧❡ ❞❡ ▼é❧♦❞✐❡✳

❙②stè♠❡ ❞❡ ♣✐❧♦t❛❣❡ ❉❛♥s ▼é❧♦❞✐❡✱ s❡✉❧❡s ❧❡s ❞é❝✐s✐♦♥s str❛té❣✐q✉❡s s♦♥t ❡♥tré❡s
✭❋✐❣✳ ✹✳✾✮✳ ▲❡s ❛✉tr❡s ❞é❝✐s✐♦♥s s♦♥t ♠♦❞é❧✐sé❡s✳ ▲❡ s②stè♠❡ ❞❡ ♣✐❧♦t❛❣❡ ❡st ❜❛sé s✉r



❆♣♣❧✐❝❛t✐♦♥ ❛✉① ❡①♣❧♦✐t❛t✐♦♥s ❧❛✐t✐èr❡s ✽✼

❋✐❣✳ ✹✳✾ ✕ ▲❡s ❞✐✛ér❡♥ts ♥✐✈❡❛✉① ❞❡ ❞é❝✐s✐♦♥ ❞❛♥s ▼é❧♦❞✐❡

❞❡✉① ❤♦r✐③♦♥s t❡♠♣♦r❡❧s ❞✐st✐♥❝ts ✭❋✐❣✳ ✹✳✺✮✳ ▲❡s ❞é❝✐s✐♦♥s t❛❝t✐q✉❡s s♦♥t ♣r✐s❡s à ✉♥
♣❛s ❞❡ t❡♠♣s ❛♥♥✉❡❧ ❡t ❧❡s ❞é❝✐s✐♦♥s ♦♣ér❛t✐♦♥♥❡❧❧❡s s♦♥t ♣r✐s❡s à ✉♥ ♣❛s ❞❡ t❡♠♣s
q✉♦t✐❞✐❡♥✳ ❈❡s ❞é❝✐s✐♦♥s ✈✐s❡♥t r❡s♣❡❝t✐✈❡♠❡♥t à ét❛❜❧✐r ✉♥ ♣❧❛♥ ❞✬❛❝t✐✈✐tés ♣♦✉r ❧✬❛♥♥é❡
❡t à ❧✬❛♣♣❧✐q✉❡r ❞❡ ❢❛ç♦♥ ✢❡①✐❜❧❡✳

❆✉ ✶er s❡♣t❡♠❜r❡ ❞❡ ❝❤❛q✉❡ ❛♥♥é❡✱ ✉♥❡ ét❛♣❡ ❞❡ ♣❧❛♥✐✜❝❛t✐♦♥✱ ❞é❝r✐t❡ ❞❛♥s ❧❡ ❝❤❛✲
♣✐tr❡ ✻✱ ✈✐s❡ à ❞ét❡r♠✐♥❡r ❧✬❛ss♦❧❡♠❡♥t ❡t ❧❡ ♣❧❛♥ ♣ré✈✐s✐♦♥♥❡❧ ❞❡ ❢✉♠✉r❡ ♣♦✉r ❧❛ ❝❛♠✲
♣❛❣♥❡ ❝✉❧t✉r❛❧❡ s✉✐✈❛♥t❡✳ ❈❡tt❡ ❢♦r♠❡ ❞❡ ❞é❝✐s✐♦♥ ♥✬❡st ♣❛s ♣r♦♣r❡ à ▼é❧♦❞✐❡ ♠❛✐s
❝♦rr❡s♣♦♥❞ ❞❡ ♣❧✉s ❡♥ ♣❧✉s à ❧❛ ré❛❧✐té ❞❡ ❜❡❛✉❝♦✉♣ ❞✬❡①♣❧♦✐t❛t✐♦♥s q✉✐ ❞♦✐✈❡♥t ét❛❜❧✐r
✉♥ ♣❧❛♥ ♣ré✈✐s✐♦♥♥❡❧ ❞❡ ❢✉♠✉r❡✱ ❞❛♥s ❧❡q✉❡❧ ❧✬❛ss♦❧❡♠❡♥t ❡st ✜①é✳ ❉❛♥s ▼é❧♦❞✐❡✱ ❧✬❛s✲
s♦❧❡♠❡♥t ❛♥♥✉❡❧ ❡st ❞ét❡r♠✐♥é ❡♥ ✉♥❡ s❡✉❧❡ ❢♦✐s✱ ❡t ❧❛ ❞❛t❡ ❞✉ ✶er s❡♣t❡♠❜r❡ ❛ été ❝❤♦✐s✐❡
♣♦✉r q✉❡ ❧❡s s❡♠✐s ❞❡ ❝♦❧③❛ s♦✐❡♥t ♣♦ss✐❜❧❡s ❞é❜✉t s❡♣t❡♠❜r❡✳ ▲✬❛ss♦❧❡♠❡♥t ❡t ❧❡ ♣❧❛♥
♣ré✈✐s✐♦♥♥❡❧ ❞❡ ❢✉♠✉r❡ s♦♥t ét❛❜❧✐s r❡s♣❡❝t✐✈❡♠❡♥t ♣❛r ❧❡s s♦✉s✲♠♦❞è❧❡s ❚♦✉r♥❡s♦❧
❡t ❋✉♠✐❣è♥❡✳ ▲❡ rés✉❧t❛t ❞❡ ❝❡tt❡ ét❛♣❡ ❡st ✉♥ ♣❧❛♥ ❞✬❛❝t✐✈✐tés ❞é❝r✐✈❛♥t ❧❡s ❛❝t✐✈✐tés
à ❡✛❡❝t✉❡r s✉r ❧❡ s②stè♠❡ ❜✐♦t❡❝❤♥✐q✉❡✳ P♦✉r ❧✬♦♥t♦❧♦❣✐❡ ❞❡s s②stè♠❡s ❞❡ ♣r♦❞✉❝t✐♦♥
❛❣r✐❝♦❧❡✱ ✉♥ t❡❧ ♣❧❛♥ ❡st ❝♦♥s✐❞éré ❝♦♠♠❡ ✉♥❡ ❡♥tré❡ ✿ s♦♥ ét❛❜❧✐ss❡♠❡♥t ♥✬❡st ♣❛s ✉♥❡
❞é❝✐s✐♦♥ ❝♦✉✈❡rt❡ ♣❛r ❧❡ ❝❤❛♠♣ ❞❡ ❧✬♦♥t♦❧♦❣✐❡✳ ❊♥ t❡r♠❡s ❞❡ ❝♦✉♣❧❛❣❡✱ ❚♦✉r♥❡s♦❧ ❡t
❋✉♠✐❣è♥❡ s♦♥t ❞♦♥❝ ✐♥❞é♣❡♥❞❛♥ts ❞❡ ❉✐ès❡ ❡t s♦♥t ❝♦✉♣❧és ❛✉ r❡st❡ ❞❡ ▼é❧♦❞✐❡ ♣❛r
✉♥ ♠é❝❛♥✐s♠❡ s✐♠✐❧❛✐r❡ à ❝❡❧✉✐ ❞é❝r✐t ♣♦✉r ❧❡s ♠♦❞✉❧❡s ❜✐♦t❡❝❤♥✐q✉❡s✳

■❧ ❡①✐st❡ ❞✬❛✉tr❡s é❧é♠❡♥ts ❞❡ ♣❧❛♥s✱ q✉✐ ♥❡ s♦♥t ♣❛s ❣é♥érés ❝❤❛q✉❡ ❛♥♥é❡✳ ❊♥ ❝❡ q✉✐



✽✽ ❆r❝❤✐t❡❝t✉r❡ ❣é♥ér❛❧❡ ❞❡ ▼é❧♦❞✐❡

❝♦♥❝❡r♥❡ ❧❛ ❣❡st✐♦♥ ❞❡s ❡✤✉❡♥ts ❞❛♥s ❧❡s ❜ât✐♠❡♥ts✱ ❧❡s ♣❧❛♥s ❞✬❛❝t✐✈✐tés s♦♥t très ❧✐és ❛✉
s②stè♠❡ ❜✐♦t❡❝❤♥✐q✉❡✱ ❡t ❝❡s ♣❧❛♥s s♦♥t ❝réés ❛✉t♦♠❛t✐q✉❡♠❡♥t ❧♦rs ❞❡ ❧❛ ❝ré❛t✐♦♥ ❞❡s
❜ât✐♠❡♥ts✳ P♦✉r ❧❛ ❣❡st✐♦♥ ❞❡ ❧✬❛❧✐♠❡♥t❛t✐♦♥ ❞❡s ❜♦✈✐♥s✱ ❧✬✉t✐❧✐s❛t❡✉r ❞✉ ♠♦❞è❧❡ ❢♦✉r♥✐t ❡♥
❡♥tré❡ ✉♥ ♣❧❛♥ ❞✬❛❧✐♠❡♥t❛t✐♦♥ ❛✐♥s✐ q✉✬✉♥ ♣❧❛♥ ❞✬❛❝t✐✈✐tés ♣♦✉r ❛ss✉r❡r ❧✬❛♣♣❧✐❝❛t✐♦♥ ❞✉
♣❧❛♥ ❞✬❛❧✐♠❡♥t❛t✐♦♥✳ ❈❡ ♣❧❛♥ ❞✬❛❝t✐✈✐tés ❝♦♠♣r❡♥❞ ❡♥ ❣é♥ér❛❧ ✉♥ ♦♣ér❛t❡✉r ❞✬✐tér❛t✐♦♥✱
❛✜♥ ❞❡ ré♣ét❡r ✉♥❡ séq✉❡♥❝❡ ♣♦✉r ❝❤❛q✉❡ ❛♥♥é❡ ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥✳ ❈❡s é❧é♠❡♥ts s♦♥t
❞é✜♥✐s ♣❧✉s ♣ré❝✐sé♠❡♥t ❞❛♥s ❧❛ ♣❛rt✐❡ ✻✳✷✱ ♣❛❣❡ ✶✵✽✳

▲❡ ♣❧❛♥ ❞✬❛❝t✐✈✐tés ❣❧♦❜❛❧ ❡st ♠✐s ❡♥ ÷✉✈r❡ ♣❛r ❧❡ ♠❛♥❛❣❡r ❞✉ s②stè♠❡✱ t❡❧ q✉❡
❞é✜♥✐ ❞❛♥s ❧✬♦♥t♦❧♦❣✐❡ ❞❡s s②stè♠❡s ❞❡ ♣r♦❞✉❝t✐♦♥ ❛❣r✐❝♦❧❡✳ ▲❡ ♣❧❛♥ ❡st ❛♣♣❧✐q✉é ❞❡
❢❛ç♦♥ ✢❡①✐❜❧❡✱ ❞é♣❡♥❞❛♥t❡ ❞✉ ❝♦♥t❡①t❡✳ ❈❤❛q✉❡ ❥♦✉r✱ ❧❡ ♣❧❛♥ ❡st ❡①❛♠✐♥é ❡t ❧❛ s✐t✉❛t✐♦♥
❞❡s ❛❝t✐✈✐tés ✭s❧❡❡♣✐♥❣✱ ✇❛✐t✐♥❣✱ ♦♣❡♥✱ ❝❧♦s❡❞✱ ❝❛♥❝❡❧❧❡❞✮ ❡st ♠✐s❡ à ❥♦✉r ❡♥ ❢♦♥❝t✐♦♥ ❞❡
❧❡✉r ét❛t ♣ré❝é❞❡♥t ❡t ❞❡ ❧❡✉rs ❝♦♥❞✐t✐♦♥s ❞✬♦✉✈❡rt✉r❡ ❡t ❞❡ ❢❡r♠❡t✉r❡✳ ▲❡s ♦♣ér❛t✐♦♥s
❝♦rr❡s♣♦♥❞❛♥t ❛✉① ❛❝t✐✈✐tés à ❧✬ét❛t ♦♣❡♥ s♦♥t ❡①é❝✉té❡s s✐ ❧❡✉r ❝♦♥❞✐t✐♦♥ ❞❡ ❢❛✐s❛❜✐❧✐té
❧❡ ♣❡r♠❡t✳ ▲❡ ♣✐❧♦t❛❣❡ ❡♥ ❝♦✉rs ❞✬❛♥♥é❡ ❡st ❞♦♥❝ ❧❛r❣❡♠❡♥t ♣♦rté ♣❛r ❧❡s ❝♦♥❞✐t✐♦♥s
❞✬♦✉✈❡rt✉r❡ ❡t ❞❡ ❢❡r♠❡t✉r❡ ❞❡s ❛❝t✐✈✐tés✱ ❝❛r ❝❡s ❞❡r♥✐èr❡s ré❣✐ss❡♥t ♥♦♥ s❡✉❧❡♠❡♥t
❧✬❛♣♣❧✐❝❛t✐♦♥ ❞❡s ♦♣ér❛t✐♦♥s ❛✉ s②stè♠❡ ❜✐♦t❡❝❤♥✐q✉❡✱ ♠❛✐s ❛✉ss✐ ❧✬❡♥❝❤❛î♥❡♠❡♥t ❞❡s
❛❝t✐✈✐tés ✈✐❛ ❧❡s ♦♣ér❛t❡✉rs ❞✬❛❣ré❣❛t✐♦♥✳

❯♥ ❞❡s ♣r✐♥❝✐♣❛✉① ❛t♦✉ts ❞❡ ▼é❧♦❞✐❡ ❡st ❧✬❛❞❛♣t❛t✐♦♥ ❞✉ ♣✐❧♦t❛❣❡ ❡♥ ❢♦♥❝t✐♦♥ ❞❡
❧✬ét❛t ❞✉ s②stè♠❡ ❡t ❞❡ s♦♥ ❡♥✈✐r♦♥♥❡♠❡♥t✳ ➚ t♦✉s ❧❡s ♥✐✈❡❛✉① ❞❡ ❞é❝✐s✐♦♥✱ ❞❡s ✐♥❢♦r✲
♠❛t✐♦♥s s✉r ❧✬ét❛t ❞✉ s②stè♠❡ s♦♥t ♣r✐s❡s✱ ❝ré❛♥t ❞❡s ❜♦✉❝❧❡s ❞❡ rétr♦❛❝t✐♦♥✳ ➚ ❧✬é❝❤❡❧❧❡
❛♥♥✉❡❧❧❡✱ ❧❡ ♠♦❞✉❧❡ ❞❡ ♣❧❛♥✐✜❝❛t✐♦♥ ♣r❡♥❞ ❡♥ ❝♦♠♣t❡ ❧✬❤✐st♦r✐q✉❡ ❞❡ ❝❤❛q✉❡ ♣❛r❝❡❧❧❡ ❡t
❧✬ét❛t ❞❡s st♦❝❦s ❞✬❛❧✐♠❡♥ts ❡t ❞✬❡✤✉❡♥ts ✭❝❢ ✻✳✺✳✶✮✳ ❊♥ ❝♦✉rs ❞✬❛♥♥é❡✱ ❞✐✈❡rs ♠é❝❛♥✐s♠❡s
❞✬❛❞❛♣t❛t✐♦♥ s♦♥t ♠✐s ❡♥ ÷✉✈r❡✳ ▲❡s ❝♦♥❞✐t✐♦♥s ❞✬♦✉✈❡rt✉r❡ ❡t ❞❡ ❢❡r♠❡t✉r❡ ❞❡s ❛❝t✐✈✐tés
♣♦rt❡♥t ❧❛ ♣❧✉♣❛rt ❞✉ t❡♠♣s s✉r ❧✬ét❛t ❞❡s ❡♥t✐tés s✉r ❧❡sq✉❡❧❧❡s ❧❡s ♦♣ér❛t✐♦♥s ❞♦✐✈❡♥t
êtr❡ ❡✛❡❝t✉é❡s✳ ❙✉✐✈❛♥t ❧✬ét❛t ❞✉ s②stè♠❡✱ ❧❡s ❛❝t✐✈✐tés ♦♣t✐♦♥♥❡❧❧❡s ♣❡✉✈❡♥t êtr❡ ❡①é✲
❝✉té❡s ♦✉ ♥♦♥ ❡t ❞❡s s♦❧✉t✐♦♥s ❛❧t❡r♥❛t✐✈❡s ♣❡✉✈❡♥t êtr❡ ❡♥✈✐s❛❣é❡s✳ ▲❡ ♠é❝❛♥✐s♠❡ ❞❡s
❛❥✉st❡♠❡♥ts ❝♦♥❞✐t✐♦♥♥❡❧s✱ ❞é✜♥✐ ❞❛♥s ❧✬♦♥t♦❧♦❣✐❡ ❞❡s s②stè♠❡s ❞❡ ♣r♦❞✉❝t✐♦♥ ❛❣r✐❝♦❧❡
♠❛✐s ♥♦♥ ✉t✐❧✐sé ❞❛♥s ❧❛ ✈❡rs✐♦♥ ❛❝t✉❡❧❧❡ ❞❡ ▼é❧♦❞✐❡✱ ♣❡r♠❡ttr❛✐t ❞❡ ❞é✈❡❧♦♣♣❡r ❝❡t
❛t♦✉t ❞✉ ♠♦❞è❧❡✳

▲❛ ♣r✐s❡ ❞✬✐♥❢♦r♠❛t✐♦♥ s✉r ❧✬ét❛t ❞✉ s②stè♠❡ ♣❛r ❧❡ ♣✐❧♦t❡ s✉♣♣♦s❡ ❧❛ ♣rés❡♥❝❡ ❞❡
♠♦❞è❧❡s ❝♦❣♥✐t✐❢s✱ ❝✬❡st✲à✲❞✐r❡ ❞❡s ♠♦❞è❧❡s ❞❡ ❧❛ r❡♣rés❡♥t❛t✐♦♥ q✉✬❛ ❧✬é❧❡✈❡✉r ❞❡ s♦♥
s②stè♠❡ ❞❡ ♣r♦❞✉❝t✐♦♥ ❡t ❞❡ ❧✬❛❝❝ès à ❧✬✐♥❢♦r♠❛t✐♦♥✳ ❊♥ ❝❡ q✉✐ ❝♦♥❝❡r♥❡ ❧❡ ♣ât✉r❛❣❡✱ ♣❛r
❡①❡♠♣❧❡✱ ❧❛ ❜✐♦♠❛ss❡ s✉r ❝❤❛q✉❡ ♣❛r❝❡❧❧❡ à ✉♥ ✐♥st❛♥t ❞♦♥♥é ♥❡ ♣❡✉t ♣❛s êtr❡ ♠❡s✉ré❡
❞✐r❡❝t❡♠❡♥t✳ ▲❛ ♣ré❝✐s✐♦♥ ❞❡ ❧✬❡st✐♠❛t✐♦♥ ❢❛✐t❡ ♣❛r ❧✬é❧❡✈❡✉r ❞é♣❡♥❞ ❞❡ s♦♥ ♥✐✈❡❛✉ ❞❡
t❡❝❤♥✐❝✐té ❡t ❞❡ s♦♥ ✐♥térêt ♣❡rs♦♥♥❡❧✳ ▲✬✐♥❝❡rt✐t✉❞❡ ❡♥t♦✉r❛♥t ❧❛ ♣r✐s❡ ❞✬✐♥❢♦r♠❛t✐♦♥
♣❡✉t ❛✈♦✐r ❞❡s ❝♦♥séq✉❡♥❝❡s s✉r ❧❡ ♣✐❧♦t❛❣❡ ❡t ❡♥ t❡r♠❡s ❞✬✐♠♣❛❝ts ❡♥✈✐r♦♥♥❡♠❡♥t❛✉①✳
❉❛♥s ▼é❧♦❞✐❡✱ ❧❡s ♠♦❞❛❧✐tés ❞✬♦❜t❡♥t✐♦♥ ❞❡ ❧✬✐♥❢♦r♠❛t✐♦♥ ❡t ❧✬✐♠♣ré❝✐s✐♦♥ ❛ss♦❝✐é❡ ♥❡
s♦♥t ♣❛s s✐♠✉❧é❡s✳ ▲❡ ♠❛♥❛❣❡r ❛ ✉♥ ❛❝❝ès t♦t❛❧ à ❧✬✐♥❢♦r♠❛t✐♦♥✱ ❝✬❡st✲à✲❞✐r❡ à ❧❛ ✈❛❧❡✉r
❞❡s ❞❡s❝r✐♣t❡✉rs✳ ❚♦✉t s❡ ♣❛ss❡ ❝♦♠♠❡ s✬✐❧ ❛✈❛✐t ✉♥❡ ❝♦♥♥❛✐ss❛♥❝❡ ♣❛r❢❛✐t❡ ❞❡ ❧✬ét❛t
❞✉ s②stè♠❡✳ ❚♦✉t❡❢♦✐s✱ ❧❡s ❞é❝✐s✐♦♥s ♣r✐s❡s ❞❛♥s ❧❡ ♠♦❞è❧❡ s♦♥t t♦✉❥♦✉rs ❜❛sé❡s s✉r ❞❡s
❝r✐tèr❡s ❡✛❡❝t✐✈❡♠❡♥t ❛❝❝❡ss✐❜❧❡s ❡♥ ♣r❛t✐q✉❡✳



❈♦♥❝❧✉s✐♦♥ ✽✾

✹✳✹ ❈♦♥❝❧✉s✐♦♥

▼é❧♦❞✐❡ ❡st ❝♦♠♣♦sé ❞✬✉♥ ❣r❛♥❞ ♥♦♠❜r❡ ❞❡ ♠♦❞è❧❡s ♣ré✲❡①✐st❛♥ts✱ q✉✐ ♦♥t ❞û êtr❡
♣❧✉s ♦✉ ♠♦✐♥s ❛❞❛♣tés ♣♦✉r êtr❡ ❝♦✉♣❧és ❛✉ s❡✐♥ ❞❡s ❜✐❜❧✐♦t❤èq✉❡s ❉✐ès❡✳ ❈❡s ❜✐❜❧✐♦✲
t❤èq✉❡s s♦♥t à ❧❛ ❜❛s❡ ❞❡s ✐♥t❡r❛❝t✐♦♥s ❡♥tr❡ ❧❡s s♦✉s✲♠♦❞è❧❡s✱ q✉✬✐❧s s♦✐❡♥t ❜✐♦t❡❝❤♥✐q✉❡s
♦✉ ❞é❝✐s✐♦♥♥❡❧s✳ ▲❡ ♣❛r❛❞✐❣♠❡ ♦r✐❡♥té ♦❜❥❡t✱ à ❧✬❛✐❞❡ ❞✉q✉❡❧ ❧❛ ♠♦❞é❧✐s❛t✐♦♥ ❛ été ré❛❧✐✲
sé❡✱ ❥♦✉❡ ✉♥ rô❧❡ ✐♠♣♦rt❛♥t ❞❛♥s ❝❡ ❝♦✉♣❧❛❣❡✳ ▲✬❛♥❛❧②s❡ ♦r✐❡♥té❡ ♦❜❥❡t ♣❡r♠❡t ❡♥ ❡✛❡t
❞❡ ❝ré❡r ❞❡s str✉❝t✉r❡s ❣é♥ér✐q✉❡s✱ ❣râ❝❡ ❛✉①q✉❡❧❧❡s ❧❡ ♠♦❞è❧❡ ♣❡✉t ❢♦♥❝t✐♦♥♥❡r✱ ❞❛♥s
✉♥❡ ❝❡rt❛✐♥❡ ♠❡s✉r❡✱ ✐♥❞é♣❡♥❞❛♠♠❡♥t ❞❡s s♦✉s✲♠♦❞è❧❡s ❝❤♦✐s✐s✳ ▲❡s ❝❤❛♣✐tr❡s s✉✐✈❛♥ts
❞é❝r✐✈❡♥t ❧❡s s♦✉s✲♠♦❞è❧❡s ✐♥té❣rés ❞❛♥s ❧❛ ✈❡rs✐♦♥ ❛❝t✉❡❧❧❡ ❞❡ ▼é❧♦❞✐❡✳



✾✵ ❆r❝❤✐t❡❝t✉r❡ ❣é♥ér❛❧❡ ❞❡ ▼é❧♦❞✐❡



❈❤❛♣✐tr❡ ✺

▲❡s ♠♦❞è❧❡s ✉t✐❧✐sés ❞❛♥s ❧❡ s②stè♠❡
❜✐♦t❡❝❤♥✐q✉❡

❙♦♠♠❛✐r❡
✺✳✶ ▼♦❞✉❧❡ ❛♥✐♠❛✉① ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✸

✺✳✶✳✶ ❉é♠♦❣r❛♣❤✐❡ ❞✉ tr♦✉♣❡❛✉ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✸

✺✳✶✳✷ ■♥❣❡st✐♦♥ ❡t ✢✉① ❞❡ ♠❛t✐èr❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✺

✺✳✷ ▼♦❞✉❧❡ ❙♦❧✲❈✉❧t✉r❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✽

✺✳✷✳✶ ▲❡ ♠♦❞è❧❡ ❙t✐❝s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✽

✺✳✷✳✷ ■♥té❣r❛t✐♦♥ ❞❡ ❙t✐❝s ❞❛♥s ▼é❧♦❞✐❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✵

✺✳✸ ▼♦❞✉❧❡ ❇ât✐♠❡♥ts ❊✤✉❡♥ts ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✶

✺✳✹ ❈♦♥❝❧✉s✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✸

✾✶



✾✷ ▲❡s ♠♦❞è❧❡s ✉t✐❧✐sés ❞❛♥s ❧❡ s②stè♠❡ ❜✐♦t❡❝❤♥✐q✉❡



▼♦❞✉❧❡ ❛♥✐♠❛✉① ✾✸

▲❡s ✢✉① ❞✬é❧é♠❡♥ts ❛✉ s❡✐♥ ❞❡ ▼é❧♦❞✐❡ s♦♥t ❝❛❧❝✉❧és à ✉♥ ♣❛s ❞❡ t❡♠♣s ❥♦✉r♥❛❧✐❡r
♣❛r ❧❡ s②stè♠❡ ❜✐♦t❡❝❤♥✐q✉❡✱ q✉✐ ❡st ❝♦♠♣♦sé ❞✬✉♥ ❡♥s❡♠❜❧❡ ❞❡ s♦✉s✲♠♦❞è❧❡s ✐♥t❡r✲
❝♦♥♥❡❝tés✳ ❖♥ ❞✐st✐♥❣✉❡ q✉❛tr❡ ❣r❛♥❞s ♣ô❧❡s ❛✉ s❡✐♥ ❞❡ ❝❡ s②stè♠❡ ✿ ❧❡s ❛♥✐♠❛✉①✱ ❧❡s
❡✤✉❡♥ts ✭❞❡ ❧✬❡①❝rét✐♦♥ ♣❛r ❧❡s ❛♥✐♠❛✉① à ❧✬é♣❛♥❞❛❣❡✮✱ ❧❡ s♦❧ ❡t ❧❡s ❝✉❧t✉r❡s✱ ❡t ❧❡s
st♦❝❦s ❞✬❛❧✐♠❡♥ts✳ ▲❡s ✢✉① s✐♠✉❧és s♦♥t ❧❡s ♣❡rt❡s ❡♥✈✐r♦♥♥❡♠❡♥t❛❧❡s✱ ❧❡s ❡♥tré❡s ❡t
s♦rt✐❡s ❝♦♥trô❧é❡s ✭❛❝❤❛ts ❡t ✈❡♥t❡s✮ ❛✐♥s✐ q✉❡ ❧❡s é❝❤❛♥❣❡s ❡♥tr❡ ❡t à ❧✬✐♥tér✐❡✉r ❞❡ ❝❡s
♣ô❧❡s ✭❋✐❣ ✹✳✻✮✳

▲❡ ❝÷✉r ❞❡ ▼é❧♦❞✐❡ ❡st ❝♦♠♣♦sé ❞✬✉♥ ❡♥s❡♠❜❧❡ ❞✬❡♥t✐tés ❞é❝r✐✈❛♥t ❞❡ ❢❛ç♦♥ ❣é♥é✲
r✐q✉❡ ❧❡s ♦❜❥❡ts ❞❡ ❜❛s❡ ❞✬✉♥ s②stè♠❡ ❞✬é❧❡✈❛❣❡✳ ▲❡s s♦✉s✲♠♦❞è❧❡s ❜✐♦t❡❝❤♥✐q✉❡s ❝♦♠✲
♠✉♥✐q✉❡♥t ❛✉ tr❛✈❡rs ❞❡s ✈❛❧❡✉rs ❞❡s ❞❡s❝r✐♣t❡✉rs ❡t ❞❡s ♠ét❤♦❞❡s ❞❡ ❝❡s ❡♥t✐tés✱ ❣râ❝❡
❛✉① ♠é❝❛♥✐s♠❡s ❞é❝r✐ts ❞❛♥s ❧❛ ♣❛rt✐❡ ✹✳✸✳✷✳ ❈❡ ❝❤❛♣✐tr❡ ❞é❝r✐t ❧❡s s♦✉s✲♠♦❞è❧❡s ❜✐♦t❡❝❤✲
♥✐q✉❡s ✉t✐❧✐sés ❞❛♥s ❧❛ ✈❡rs✐♦♥ ❛❝t✉❡❧❧❡ ❞❡▼é❧♦❞✐❡✱ ❛✐♥s✐ q✉❡ ❧❡s ❡♥t✐tés q✉✐ ♣❡r♠❡tt❡♥t
❧❡✉r ✐♥s❡rt✐♦♥ ❞❛♥s ❧❡ ♠♦❞è❧❡✳

✺✳✶ ▼♦❞✉❧❡ ❛♥✐♠❛✉①

▲❡s ❛♥✐♠❛✉① s♦♥t ❣r♦✉♣és ♣❛r ❝❧❛ss❡s✱ ✉♥❡ ❝❧❛ss❡ ét❛♥t ❞é✜♥✐❡ s❡❧♦♥ ❞❡s ❝r✐tèr❡s
❞✬â❣❡ ❡t ❞❡s ❝r✐tèr❡s ❞❡ st❛❞❡ ♣❤②s✐♦❧♦❣✐q✉❡✳ ▲❡ ♠♦❞✉❧❡ ❛♥✐♠❛✉① ❝♦♠♣r❡♥❞ ❞♦♥❝ ✉♥
s♦✉s✲♠♦❞è❧❡ s✐♠✉❧❛♥t ❧❡s ❡✛❡❝t✐❢s ❞❡s ❞✐✛ér❡♥t❡s ❝❧❛ss❡s ❡t ❞❡s s♦✉s✲♠♦❞è❧❡s ❝❛❧❝✉❧❛♥t
❧❡s ✢✉① ❞❡ ♠❛t✐èr❡ ❛✉ ♥✐✈❡❛✉ ❞✬✉♥ ❛♥✐♠❛❧✳ ▲❡s ✢✉① ❞❡ ♠❛t✐èr❡ ❛✉ ♥✐✈❡❛✉ ❞✬✉♥❡ ❝❧❛ss❡
s♦♥t ❝❛❧❝✉❧és ❡♥ ♠✉❧t✐♣❧✐❛♥t ❧❡s ✢✉① ♣♦✉r ✉♥ ❛♥✐♠❛❧ ♠♦②❡♥✱ r❡♣rés❡♥t❛t✐❢ ❞❡ ❧❛ ❝❧❛ss❡✱
♣❛r ❧✬❡✛❡❝t✐❢ ❞✬❛♥✐♠❛✉① ❞❛♥s ❝❡tt❡ ❝❧❛ss❡✳ ▲❡s ❞✐✛ér❡♥t❡s ❝❧❛ss❡s ♣❡✉✈❡♥t êtr❡ r❡❣r♦✉♣é❡s
❡♥ ❧♦ts✱ q✉✐ ❝♦♥st✐t✉❡♥t ❞❡s ❡♥t✐tés ❞❡ ❣❡st✐♦♥ ❞✉ s②stè♠❡ ❛✉ ♥✐✈❡❛✉ ❞❡ ❧✬❛❧✐♠❡♥t❛t✐♦♥ ❡t
❞❡ ❧❡✉r ♣♦s✐t✐♦♥♥❡♠❡♥t ✭❜ât✐♠❡♥t✱ ♣ât✉r❛❣❡✮✳

✺✳✶✳✶ ❉é♠♦❣r❛♣❤✐❡ ❞✉ tr♦✉♣❡❛✉

▲❛ s✐♠✉❧❛t✐♦♥ ❞❡ ❧❛ ❞é♠♦❣r❛♣❤✐❡ ❞✉ tr♦✉♣❡❛✉ ❜♦✈✐♥ r❡♣♦s❡ s✉r ❧❡ ♠♦❞è❧❡ ●❡❞❡♠♦
✭❈♦q✉✐❧ ❡t ❛❧✳ ✷✵✵✺✮✳ ■❧ s✬❛❣✐t ❞✬✉♥ ♠♦❞è❧❡ s✐♠✉❧❛♥t ❧❡s ❡✛❡❝t✐❢s ❞✬❛♥✐♠❛✉① ❛✉ s❡✐♥ ❞❡ ✷✶
❝❧❛ss❡s ❞✬✉♥ tr♦✉♣❡❛✉ ✿

✕ ✶✷ ❝❧❛ss❡s ❞✬â❣❡ ❞✬✉♥❡ ❞✉ré❡ ❞❡ tr♦✐s ♠♦✐s ♣♦✉r ❧❡s ❣é♥✐ss❡s ❡♥tr❡ ✵ ❡t ✸ ❛♥s ❀
✕ ✽ ❝❧❛ss❡s ❞❡ ✈❛❝❤❡s ❧❛✐t✐èr❡s ❡♥ ❞é❜✉t✱ ♠✐❧✐❡✉ ❡t ✜♥ ❞❡ ❧❛❝t❛t✐♦♥ ❡t ♣❡♥❞❛♥t ❧❡

t❛r✐ss❡♠❡♥t✱ ♣♦✉r ❧❡s ♣r✐♠✐♣❛r❡s ❡t ❧❡s ♠✉❧t✐♣❛r❡s ❀
✕ ❧❡s ✈❛❝❤❡s ❧❛✐t✐èr❡s ❡♥ ❡♥❣r❛✐ss❡♠❡♥t ❛✈❛♥t ré❢♦r♠❡✳

❈♦♥❢♦r♠é♠❡♥t ❛✉① ♦❜❥❡❝t✐❢s ❞❡▼é❧♦❞✐❡✱ ❝❡ ♠♦❞è❧❡ ❡st ❝♦♠♣❧èt❡♠❡♥t ❞ét❡r♠✐♥✐st❡✳
P♦✉r é✈✐t❡r ❞❡s ❡✛❡ts ❞❡ s❡✉✐❧ tr♦♣ ✐♠♣♦rt❛♥ts ❡t ❛r❜✐tr❛✐r❡s✱ ❧❡s ❡✛❡❝t✐❢s s✐♠✉❧és s♦♥t
❞❡s ♥♦♠❜r❡s ré❡❧s ✿ ❧❡ ♥♦♠❜r❡ ❞✬❛♥✐♠❛✉① ♣rés❡♥ts ❞❛♥s ✉♥❡ ❝❧❛ss❡ ✉♥ ❥♦✉r ❞♦♥♥é ♥✬❡st
♣❛s ✉♥ ❡♥t✐❡r✳ ▲❡s ❡✛❡❝t✐❢s s✐♠✉❧és ♣❛r ●❡❞❡♠♦ ❞♦✐✈❡♥t ❞♦♥❝ êtr❡ ❝♦♥s✐❞érés ❝♦♠♠❡
❞❡s ❡s♣ér❛♥❝❡s ♠❛t❤é♠❛t✐q✉❡s✱ ♣❧✉tôt q✉❡ ❝♦♠♠❡ ❞❡s ✈❛❧❡✉rs ré❡❧❧❡s✳ P♦✉r s✐♠✉❧❡r ❞❡s
✈❛❧❡✉rs ❡♥t✐èr❡s✱ ♣❛r ❡①❡♠♣❧❡ ❞❛♥s ❧❡ ❝❛❞r❡ ❞✬✉♥ ♠♦❞è❧❡ ✐♥❞✐✈✐❞✉✲❝❡♥tré✱ ✐❧ ❛✉r❛✐t été
♥é❝❡ss❛✐r❡✱ ♣♦✉r ♦❜t❡♥✐r ❞❡s rés✉❧t❛ts ré❛❧✐st❡s✱ ❞❡ ❝♦♥s✐❞ér❡r ❞❡s ♣r♦❜❛❜✐❧✐tés ❛ss♦❝✐é❡s
❛✉① é✈é♥❡♠❡♥ts ❞❡ s❛♥té ❡t ❞❡ r❡♣r♦❞✉❝t✐♦♥ ❡t ❛✉① ❞é❝✐s✐♦♥s ❞❡ ❧✬é❧❡✈❡✉r✳ ❯♥ ♠♦❞è❧❡



✾✹ ▲❡s ♠♦❞è❧❡s ✉t✐❧✐sés ❞❛♥s ❧❡ s②stè♠❡ ❜✐♦t❡❝❤♥✐q✉❡

❋✐❣✳ ✺✳✶ ✕ ❉✐❛❣r❛♠♠❡ ❞❡ ❝❧❛ss❡s s✐♠♣❧✐✜é ❞✉ s②stè♠❡ ❜✐♦t❡❝❤♥✐q✉❡ ✿ tr♦✉♣❡❛✉ ❡t ❛❧✐✲
♠❡♥t❛t✐♦♥



▼♦❞✉❧❡ ❛♥✐♠❛✉① ✾✺

st♦❝❤❛st✐q✉❡ s❡ s❡r❛✐t ❛✐♥s✐ ✐♠♣♦sé✱ ♠❛✐s ❛✉r❛✐t ♣♦sé ❞❡s ♣r♦❜❧è♠❡s ❞❡ t❡♠♣s ❞❡ ❝❛❧❝✉❧
❧♦rs ❞❡s s✐♠✉❧❛t✐♦♥s✳

●❡❞❡♠♦ ❡st s❡♥s✐❜❧❡ à ❞✐✛ér❡♥ts ♣❛r❛♠ètr❡s ❞❡ str❛té❣✐❡✳ ■❧ ♣r❡♥❞ ❡♥ ❝♦♠♣t❡ ♣♦✉r
❝❤❛q✉❡ ❝❧❛ss❡ ❞❡ ❣é♥✐ss❡s ❧❛ ♣♦ss✐❜✐❧✐té ❞❡ ✈ê❧❡r ♦✉ ♥♦♥✱ ❝❡ q✉✐ ❡st très ❧✐é à ❧✬â❣❡ ♠♦②❡♥
❛✉ ♣r❡♠✐❡r ✈ê❧❛❣❡✳ ■❧ ❡st é❣❛❧❡♠❡♥t ♣♦ss✐❜❧❡ ❞❡ ❞é✜♥✐r ♣♦✉r ❧❡s ❣é♥✐ss❡s ❞❡s ♣ér✐♦❞❡s
❞❡ ✈ê❧❛❣❡ ❛✉ ❝♦✉rs ❞❡ ❧✬❛♥♥é❡✱ ❛✜♥ ❞✬♦❜t❡♥✐r ❞❡s ✈ê❧❛❣❡s ♣❧✉s ♦✉ ♠♦✐♥s ❣r♦✉♣és✳ ❊♥✜♥✱
❧❡s t❛✉① ❞❡ ré❢♦r♠❡ ✭✈♦❧♦♥t❛✐r❡ ♦✉ s❛♥✐t❛✐r❡✮ ♣❡✉✈❡♥t êtr❡ ❛❥✉stés✱ ❝❡ q✉✐ ♣❡r♠❡t ❞❡
❢❛✐r❡ ✈❛r✐❡r ❧❡ t❛✉① ❞❡ r❡♥♦✉✈❡❧❧❡♠❡♥t ❞✉ tr♦✉♣❡❛✉✳ ▲❛ ✈❛r✐❛❜✐❧✐té ❞❡s ♣r❛t✐q✉❡s ♦❜s❡r✈é❡s
r❡♣♦s❡ ♣r✐♥❝✐♣❛❧❡♠❡♥t s✉r ❝❡s tr♦✐s ♣❛r❛♠ètr❡s ❡t ●❡❞❡♠♦ ♣❡✉t s✐♠✉❧❡r ❧❛ ♣❧✉♣❛rt ❞❡s
❝♦♥❞✉✐t❡s ❞✬é❧❡✈❛❣❡✳

❊♥ r❡✈❛♥❝❤❡✱ ❧❡ ♠♦❞è❧❡ ♥✬❡st ♣❛s ❛✛❡❝té ♣❛r ❞❡s ❛❧é❛s✳ ▲❡s ❡✛❡❝t✐❢s ♥❡ ❞é♣❡♥❞❡♥t
♣❛s ❞❡ ❢❛❝t❡✉rs ❡①tér✐❡✉rs ❛✉ tr♦✉♣❡❛✉✳ ❊♥ ❝♦♥séq✉❡♥❝❡✱ t♦✉s ❧❡s ♣❛r❛♠ètr❡s ❧✐és ❛✉①
❞é❝✐s✐♦♥s s♦♥t ❝♦♥st❛♥ts ✿ ✐❧ ♥✬② ❛ ♣❛s ❞❡ ♣r✐s❡ ❞❡ ❞é❝✐s✐♦♥ ❡♥ ❝♦✉rs ❞❡ s✐♠✉❧❛t✐♦♥ ❡♥
❢♦♥❝t✐♦♥ ❞✉ ❝♦♥t❡①t❡ ❡t ❞❡ ❧✬é✈♦❧✉t✐♦♥ ❞❡s ❡✛❡❝t✐❢s✳ ▲❡ ♠♦❞è❧❡ ♥✬❡st ❞♦♥❝ ♣❛s ✓ ❛✉t♦✲
ré❣✉❧é ✔✱ ❡t s✐ ❧❡s ♣❛r❛♠ètr❡s ♥❡ s♦♥t ♣❛s ✜①és ♣ré❝✐sé♠❡♥t ❧❡s ✉♥s ♣❛r r❛♣♣♦rt ❛✉① ❛✉tr❡s✱
✉♥❡ t❡♥❞❛♥❝❡ à ❧✬❛✉❣♠❡♥t❛t✐♦♥ ♦✉ à ❧❛ ❞✐♠✐♥✉t✐♦♥ ❛♣♣❛r❛ît ❞❛♥s ❧❡s ❡✛❡❝t✐❢s ❞❡ ❝❤❛q✉❡
❝❧❛ss❡✳ P♦✉r ❝♦♥t♦✉r♥❡r ❝❡ ♣r♦❜❧è♠❡✱ ❝❡rt❛✐♥s ♣❛r❛♠ètr❡s ❞♦✐✈❡♥t êtr❡ ✜①és ♣❛r ✉♥❡
♦♣t✐♠✐s❛t✐♦♥ ♣ré❛❧❛❜❧❡✳ ❉❛♥s ❧❛ ✈❡rs✐♦♥ ❛❝t✉❡❧❧❡ ❞❡ ▼é❧♦❞✐❡✱ ❝❡❝✐ ❡st ré❛❧✐sé ❣râ❝❡ ❛✉
❧♦❣✐❝✐❡❧ ❱❡♥s✐♠✱ à ❧✬❛✐❞❡ ❞✉q✉❡❧ ●❡❞❡♠♦ ❛ été ♣r♦❣r❛♠♠é✳ ▲✬♦❜❥❡❝t✐❢ ❞❡ ❧✬♦♣t✐♠✐s❛t✐♦♥
❡st q✉❡ ❧❡s ❡✛❡❝t✐❢s s♦✐❡♥t st❛❜❧❡s✱ ❞♦♥❝ q✉✬✐❧s r❡♣r❡♥♥❡♥t ❧❛ ♠ê♠❡ ✈❛❧❡✉r ❝❤❛q✉❡ ❛♥♥é❡
à ✉♥❡ ❞❛t❡ ❞♦♥♥é❡✳ ▲❡ ♣❛r❛♠ètr❡ à ♦♣t✐♠✐s❡r ❡st ❧❛ ♣r♦♣♦rt✐♦♥ ❞❡s ❛♥✐♠❛✉① ❢❡♠❡❧❧❡s
q✉✐ ❞♦✐✈❡♥t êtr❡ é❧❡✈és✱ ❛✉ ❧✐❡✉ ❞✬êtr❡ ✈❡♥❞✉s✳ ●râ❝❡ à ❧❛ ♣r♦❝é❞✉r❡ ❞✬♦♣t✐♠✐s❛t✐♦♥✱ ❝❡
♣❛r❛♠ètr❡ ❞✬❡♥tré❡ ❡st ❞♦♥❝ ✜①é ❡♥ ❝♦❤ér❡♥❝❡ ❛✈❡❝ ❧❡s ❡♥tré❡s ❢♦✉r♥✐❡s ♣❛r ❧✬✉t✐❧✐s❛t❡✉r
❞✉ ♠♦❞è❧❡✳

■❧ ♥✬❡①✐st❡ ♣❛s ❞❡ r❡❧❛t✐♦♥ ❞✐r❡❝t❡ ❡t s✐♠♣❧❡ ❡♥tr❡ ❞✬✉♥❡ ♣❛rt ❧❡s t❛✉① ❞❡ ré❢♦r♠❡s✱
❥♦✉r♥❛❧✐❡rs ❡t ✜①és ♣♦✉r ❝❤❛q✉❡ ❝❧❛ss❡✱ ❡t ❞✬❛✉tr❡ ♣❛rt ❧❡ t❛✉① ❞❡ r❡♥♦✉✈❡❧❧❡♠❡♥t ❣❧♦❜❛❧
❛♥♥✉❡❧ ❞✉ tr♦✉♣❡❛✉✳●❡❞❡♠♦ ❝♦♠♣r❡♥❞ ✉♥ ❝♦❡✣❝✐❡♥t ♠✉❧t✐♣❧✐❝❛t❡✉r ❛♣♣❧✐q✉é à t♦✉s ❧❡s
t❛✉① ❥♦✉r♥❛❧✐❡rs ❞❡ ré❢♦r♠❡ ✈♦❧♦♥t❛✐r❡✳ ❈❡ ❝♦❡✣❝✐❡♥t ❡st é❣❛❧❡♠❡♥t ♦♣t✐♠✐sé ❡t ❧❛ ♣r♦✲
❝é❞✉r❡ ❞✬♦♣t✐♠✐s❛t✐♦♥ ❛ ✉♥ ❛✉tr❡ ♦❜❥❡❝t✐❢ ✿ ❢❛✐r❡ ❡♥ s♦rt❡ q✉❡ ❧❡ t❛✉① ❞❡ r❡♥♦✉✈❡❧❧❡♠❡♥t
❞✉ tr♦✉♣❡❛✉ s♦✐t ❛✉ss✐ ♣r♦❝❤❡ q✉❡ ♣♦ss✐❜❧❡ ❞❡ ❧❛ ✈❛❧❡✉r s♦✉❤❛✐té❡ ♣❛r ❧✬✉t✐❧✐s❛t❡✉r✳

❉❛♥s ▼é❧♦❞✐❡✱ ♣♦✉r ♣♦✉✈♦✐r ❛❥✉st❡r s✐♠♣❧❡♠❡♥t ❧❛ t❛✐❧❧❡ ❞✉ tr♦✉♣❡❛✉ s❛♥s r❡❢❛✐r❡
❧✬♦♣t✐♠✐s❛t✐♦♥✱ ✉♥ ❢❛❝t❡✉r ❞✬é❝❤❡❧❧❡ ❛ été ✐♥❝❧✉s ❡t ❧❡s ❡✛❡❝t✐❢s ❞❡ t♦✉t❡s ❧❡s ❝❧❛ss❡s ✭t❡❧s
q✉❡ s✐♠✉❧és ♣❛r ❧❡ ♠♦❞è❧❡ s♦✉s ❱❡♥s✐♠✮ s♦♥t ♠✉❧t✐♣❧✐és ♣❛r ❝❡ ❢❛❝t❡✉r✳ ❯♥❡ s✐♠♣❧❡
rè❣❧❡ ❞❡ tr♦✐s ♣❡r♠❡t ❞♦♥❝ ❞❡ ✜①❡r ❧✬❡✛❡❝t✐❢ t♦t❛❧ ❞✉ tr♦✉♣❡❛✉ à ❧❛ ✈❛❧❡✉r s♦✉❤❛✐té❡✳ ▲❡
♣r♦❝❡ss✉s ❝❤❛r❣é ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥ ●❡❞❡♠♦ ♠♦❞✐✜❡ ❞✐r❡❝t❡♠❡♥t ❧❡ ❞❡s❝r✐♣t❡✉r ❡✛❡❝t✐❢
❞❡ ❧✬❡♥t✐té ❈❧❛ss❡❆♥✐♠❛✉① ✭❋✐❣✳ ✺✳✶✮✳

✺✳✶✳✷ ■♥❣❡st✐♦♥ ❡t ✢✉① ❞❡ ♠❛t✐èr❡

▲✬❡♥t✐té ❆❧✐♠❡♥t ❞é❝r✐t ✉♥ ❛❧✐♠❡♥t ❞❡ ❢❛ç♦♥ ❣é♥ér✐q✉❡✳ ▲❛ s♣é❝✐❛❧✐s❛t✐♦♥ ❆❧✐♠❡♥t❇♦✲
✈✐♥ ❝♦♥t✐❡♥t ❧❡s ✈❛❧❡✉rs ❛❧✐♠❡♥t❛✐r❡s ✉t✐❧❡s ❛✉ ❝❛❧❝✉❧ ❞❡ ❧✬✐♥❣❡st✐♦♥✳ ❈❡s ✈❛❧❡✉rs s♦♥t ✐ss✉❡s
❞❡ t❛❜❧❡s ✭■◆❘❆ ✷✵✵✼✮✳ P♦✉r ❧✬❤❡r❜❡ ♣ât✉ré❡ ❡t ❧❡ ♠❛ïs ❡♥s✐❧é✱ ❧❡s ✈❛❧❡✉rs ❛❧✐♠❡♥t❛✐r❡s
s♦♥t ❡♥ ♣❛rt✐❡ ❝❛❧❝✉❧é❡s ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ✈❛r✐❛❜❧❡s s✐♠✉❧é❡s ♣❛r ❧❡ ♠♦❞✉❧❡ s♦❧✴❝✉❧t✉r❡s✱



✾✻ ▲❡s ♠♦❞è❧❡s ✉t✐❧✐sés ❞❛♥s ❧❡ s②stè♠❡ ❜✐♦t❡❝❤♥✐q✉❡

♥♦t❛♠♠❡♥t ❧❛ t❡♥❡✉r ❡♥ ❛③♦t❡ ❞❡s ♣❧❛♥t❡s✳ ▲❡s éq✉❛t✐♦♥s ❞❡ ❝❛❧❝✉❧ ✉t✐❧✐sé❡s ♣r♦✈✐❡♥♥❡♥t
é❣❛❧❡♠❡♥t ❞❡ ■◆❘❆ ✭✷✵✵✼✮✳

▲❡s ❛♥✐♠❛✉① s♦♥t ❣érés ♣❛r ❧♦ts✱ ❧❡ ❧♦t ✭❡♥t✐té ▲♦t❆♥✐♠❛✉① ✮ ét❛♥t ✉♥ ❡♥s❡♠❜❧❡ ❞❡
❝❧❛ss❡s ❞✬❛♥✐♠❛✉①✳ ■❧ s✬❛❣✐t ❞✬✉♥❡ ❡♥t✐té ✉t✐❧❡ ♣♦✉r ❧❛ ❣❡st✐♦♥ ❞✉ s②stè♠❡ ✿ t♦✉s ❧❡s ❛♥✐✲
♠❛✉① ❞✬✉♥ ❧♦t s♦♥t ❣érés ❞❡ ❢❛ç♦♥ s✐♠✐❧❛✐r❡✳ ❈❤❛q✉❡ ❧♦t ❝♦♥s♦♠♠❡ ✉♥❡ r❛t✐♦♥ ✭❋✐❣✳ ✺✳✶✮
❝♦♠♣♦sé❡ ❞✬✉♥ ❝❡rt❛✐♥ ♥♦♠❜r❡ ❞✬❛❧✐♠❡♥ts ❞✐str✐❜✉és ❡♥ q✉❛♥t✐té ❧✐♠✐té❡✱ é✈❡♥t✉❡❧❧❡♠❡♥t
❛❞❛♣té❡ à ❝❤❛q✉❡ ❛♥✐♠❛❧✱ ❡t ❞✬✉♥ ❛❧✐♠❡♥t ♦✉ ✉♥ ♠é❧❛♥❣❡ ❞✬❛❧✐♠❡♥ts ❞✐str✐❜✉és ❛❞ ❧✐❜✐t✉♠✳
❉❛♥s ▼é❧♦❞✐❡✱ ✉♥❡ r❛t✐♦♥ ❡st ❞é✜♥✐❡ ❝♦♠♠❡ ✉♥ ❡♥s❡♠❜❧❡ ❞✬✐♥st❛♥❝❡s ❞❡ ❧✬❡♥t✐té ❊❧❡✲
♠❡♥t❘❛t✐♦♥✳ ❈❤❛❝✉♥ ❞❡ ❝❡s é❧é♠❡♥ts ❝♦rr❡s♣♦♥❞ à ✉♥ ❛❧✐♠❡♥t ❡t à ✉♥❡ rè❣❧❡ ♣❡r♠❡tt❛♥t
❞❡ ❝❛❧❝✉❧❡r ❧❛ q✉❛♥t✐té ❞❡ ❝❡t ❛❧✐♠❡♥t✳ ■❧ ❡①✐st❡ ❞✐✛ér❡♥ts t②♣❡s ❞❡ rè❣❧❡s✱ ♣❡r♠❡tt❛♥t ❞❡
❝❛❧❝✉❧❡r ✉♥❡ q✉❛♥t✐té ❞✬❛❧✐♠❡♥t ❞✐str✐❜✉é❡ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❝❛r❛❝tér✐st✐q✉❡s ❞❡s ❛♥✐♠❛✉①
✭❝♦♥❝❡♥trés ❡♥ ❢♦♥❝t✐♦♥ ❞✉ st❛❞❡ ❞❡ ❧❛❝t❛t✐♦♥✱ ♣❛r ❡①❡♠♣❧❡✮ ♦✉ ❡♥ ❢♦♥❝t✐♦♥ ❞✉ t❡♠♣s
✭r❛t✐♦♥s ❞❡ tr❛♥s✐t✐♦♥✱ ♣❛r ❡①❡♠♣❧❡✮✳ ❈❤❛❝✉♥ ❞❡ ❝❡s t②♣❡s ❞❡ rè❣❧❡s ❡st ✐♠♣❧é♠❡♥té à
❧✬❛✐❞❡ ❞✬✉♥❡ s♣é❝✐❛❧✐s❛t✐♦♥ ❞❡ ❊❧❡♠❡♥t❘❛t✐♦♥✳ ■❧ s✬❛❣✐t ❞♦♥❝ ❞✬✉♥ ❢♦♥❝t✐♦♥♥❡♠❡♥t ❣é♥é✲
r✐q✉❡ ❡t ❢❛❝✐❧❡♠❡♥t ❡①t❡♥s✐❜❧❡✳ P♦✉r ❛❥♦✉t❡r ❞❡ ♥♦✉✈❡❛✉① t②♣❡s ❞❡ rè❣❧❡s ❞❡ ❝❛❧❝✉❧✱ ✐❧
s✉✣t ❞❡ ❝ré❡r ❞❡ ♥♦✉✈❡❧❧❡s s♣é❝✐❛❧✐s❛t✐♦♥s ❞❡ ❧✬❡♥t✐té ❊❧❡♠❡♥t❘❛t✐♦♥✳

▲❛ ❞✐str✐❜✉t✐♦♥ ❞✬✉♥ ❛❧✐♠❡♥t ❛❞ ❧✐❜✐t✉♠ ❡st é❣❛❧❡♠❡♥t r❡♣rés❡♥té❡ ♣❛r ✉♥❡ s♣é❝✐❛✲
❧✐s❛t✐♦♥ ❞❡ ❊❧❡♠❡♥t❘❛t✐♦♥✳ P❧✉s✐❡✉rs ✐♥st❛♥❝❡s ♣❡✉✈❡♥t êtr❡ ♣rés❡♥t❡s s✐♠✉❧t❛♥é♠❡♥t
❞❛♥s ✉♥❡ r❛t✐♦♥ ❡t ❝♦rr❡s♣♦♥❞❡♥t à ❞❡s ❛❧✐♠❡♥ts ❞✐str✐❜✉és ❡♥ ♠é❧❛♥❣❡✳ ❈❤❛q✉❡ ❛❧✐♠❡♥t
❡st ❛ss♦❝✐é à ✉♥❡ ♣r♦♣♦rt✐♦♥ ❛✉ s❡✐♥ ❞✉ ♠é❧❛♥❣❡✳ ▲❡ ❝❛❧❝✉❧ ❞❡s q✉❛♥t✐tés ✐♥❣éré❡s ❡st
ré❛❧✐sé ♣♦✉r ❝❤❛q✉❡ ❝❧❛ss❡ ❞✬❛♥✐♠❛✉①✳ ❇✐❡♥ q✉❡ ❧❛ r❛t✐♦♥ ♣r♦♣♦sé❡ s♦✐t ✐❞❡♥t✐q✉❡ ♣♦✉r
❧❡s ❛♥✐♠❛✉① ❞✬✉♥ ♠ê♠❡ ❧♦t✱ ❧❡s q✉❛♥t✐tés ✐♥❣éré❡s ♣❡✉✈❡♥t êtr❡ ❞✐✛ér❡♥t❡s ♣✉✐sq✉❡ ❧❡s
❛♥✐♠❛✉① ♠♦②❡♥s✱ r❡♣rés❡♥t❛♥t ❝❤❛q✉❡ ❝❧❛ss❡✱ ♦♥t ❞❡s ❝❛r❛❝tér✐st✐q✉❡s ❞✐✛ér❡♥t❡s✳ P♦✉r
❧❡s ❝❧❛ss❡s ❞❡ ✈❛❝❤❡s ❧❛✐t✐èr❡s✱ ❧❡ ❝❛❧❝✉❧ ❞❡ ❧❛ q✉❛♥t✐té ✐♥❣éré❡ ♣♦✉r ❧❡s ❛❧✐♠❡♥ts ❛❞ ❧✐❜✐t✉♠
❢❛✐t ❛♣♣❡❧ ❛✉① s②stè♠❡s ✐♥r❛ ✭■◆❘❆ ✷✵✵✼✮ ❡t ❡st ❢♦♥❝t✐♦♥ ❞❡s ❛❧✐♠❡♥ts ❞✐str✐❜✉és ❡♥
q✉❛♥t✐tés ❧✐♠✐té❡s✱ ❞❡s ✈❛❧❡✉rs ❛❧✐♠❡♥t❛✐r❡s ❡t ❞❡s ❝❛r❛❝tér✐st✐q✉❡s ❞❡ ❧✬❛♥✐♠❛❧ ♠♦②❡♥✳
❈❤❛q✉❡ ❛♥✐♠❛❧ ❡st ❝❛r❛❝tér✐sé ♣❛r s♦♥ â❣❡✱ s♦♥ ♣♦✐❞s✱ s♦♥ st❛❞❡ ❞❡ ❧❛❝t❛t✐♦♥ ❡t ❞❡ ❣❡s✲
t❛t✐♦♥✱ s♦♥ ♣♦t❡♥t✐❡❧ ❞❡ ♣r♦❞✉❝t✐♦♥ ❧❛✐t✐èr❡ ✭❛✉ ♣✐❝ ❞❡ ❧❛❝t❛t✐♦♥✮ ❡t ❧❡s t❛✉① ❜✉t②r❡✉①
❡t ♣r♦té✐q✉❡ ❞✉ ❧❛✐t✳ ▲❛ ♣r♦❞✉❝t✐♦♥ ❡✛❡❝t✐✈❡ ❞❡ ❧❛✐t ❡st ❝❛❧❝✉❧é❡ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❝❡s ❝❛✲
r❛❝tér✐st✐q✉❡s ❡t ❞❡ ❧✬❛❧✐♠❡♥t❛t✐♦♥✳ ❇✐❡♥ q✉❡ ❧❡s r❛t✐♦♥s ❝♦♠♣r❡♥♥❡♥t t♦✉❥♦✉rs ✉♥ ♦✉
♣❧✉s✐❡✉rs ❛❧✐♠❡♥ts ❞✐str✐❜✉é ❛❞ ❧✐❜✐t✉♠✱ ❧❛ ❝♦✉✈❡rt✉r❡ ❞❡s ❜❡s♦✐♥s ❞❡ ❧✬❛♥✐♠❛❧ ♥✬❡st ♣❛s
❛ss✉ré❡ ❝❛r ❡❧❧❡ ❞é♣❡♥❞ ❞❡s ✈❛❧❡✉rs ❞❡s ❛❧✐♠❡♥ts ✭♥✐✈❡❛✉ ❞❡ ❝♦♥❝❡♥trés ❡t q✉❛❧✐té ❞❡s
❢♦✉rr❛❣❡s✱ ❡♥ ♣❛rt✐❝✉❧✐❡r✮✳ ▲❛ ♣r♦❞✉❝t✐♦♥ ❧❛✐t✐èr❡ ♥✬❡st ❞♦♥❝ ♣❛s é❣❛❧❡ à ❧❛ ♣r♦❞✉❝t✐♦♥ ❞❡
❧❛✐t ♣♦t❡♥t✐❡❧❧❡ ❞❡ ❧❛ ✈❛❝❤❡✳

❉❡s éq✉❛t✐♦♥s s✉♣♣❧é♠❡♥t❛✐r❡s ♦♥t été ✐♥tr♦❞✉✐t❡s ❞❛♥s ❧❡ ♠♦❞è❧❡ ♣♦✉r ❧❡ ❝❛❧❝✉❧
❞❡ ❧✬✐♥❣❡st✐♦♥ ❞✬❤❡r❜❡ ❛✉ ♣ât✉r❛❣❡✱ ❞❡ ❧❛ ♠ê♠❡ ❢❛ç♦♥ q✉❡ ❞❛♥s ❧❡ ♠♦❞è❧❡ ●r❛③❡■♥
✭❉❡❧❛❣❛r❞❡ ❡t ❛❧✳ ✷✵✵✹ ❀ ❉❡❧❛❣❛r❞❡✱ ❝♦♠♠✉♥✐❝❛t✐♦♥ ♣❡rs♦♥♥❡❧❧❡✮✳ ❯♥ ♣r❡♠✐❡r ❝❛❧❝✉❧ ❡st
❢❛✐t ❝♦♠♠❡ ♣♦✉r ✉♥❡ ❛❧✐♠❡♥t❛t✐♦♥ à ❧✬❛✉❣❡✳ ▲❡ rés✉❧t❛t ♦❜t❡♥✉ ❡st ♠♦❞✉❧é ❡♥ ❢♦♥❝t✐♦♥ ✭✐✮
❞✉ t❡♠♣s ❞✬❛❝❝ès ❥♦✉r♥❛❧✐❡r à ❧❛ ♣ât✉r❡ ❡t ✭✐✐✮ ❞✉ r❛♣♣♦rt ❡♥tr❡ ❧❛ q✉❛♥t✐té ❞✬❤❡r❜❡ ♦✛❡rt❡
♣❛r ✈❛❝❤❡ ✭❛✉✲❞❡ss✉s ❞❡ ✷ ❝♠✮ ❡t ❧❛ q✉❛♥t✐té q✉✐ s❡r❛✐t ✐♥❣éré❡ à ❧✬❛✉❣❡✳ ❆✐♥s✐✱ ♣❧✉s ❧❛
❜✐♦♠❛ss❡ ♣❛r ❤❡❝t❛r❡ ❡t ❧❛ s✉r❢❛❝❡ ❞❡ ❧❛ ♣❛r❝❡❧❧❡ s♦♥t ❢❛✐❜❧❡s ♦✉ ♣❧✉s ❧❡ t❡♠♣s ❞❡ sé❥♦✉r ❡st
❧♦♥❣✱ ♣❧✉s ❧✬✐♥❣❡st✐♦♥ ❡st ❧✐♠✐té❡ ❡t ❝❡tt❡ ❧✐♠✐t❛t✐♦♥ ❡st ❞✬❛✉t❛♥t ♣❧✉s ❢♦rt❡ q✉❡ ❧❡s ❜❡s♦✐♥s
❞❡s ❛♥✐♠❛✉① s♦♥t é❧❡✈és✳ ■♥✈❡rs❡♠❡♥t✱ ❧♦rsq✉❡ ❧❛ q✉❛♥t✐té ❞✬❤❡r❜❡ ♦✛❡rt❡ ❡st é❧❡✈é❡✱
❧✬✐♥❣❡st✐♦♥ ❞❡s ❛♥✐♠❛✉① ❛✉ ♣ât✉r❛❣❡ ♣❡✉t êtr❡ s✉♣ér✐❡✉r❡ à ❧✬✐♥❣❡st✐♦♥ t❤é♦r✐q✉❡ à ❧✬❛✉❣❡✳



▼♦❞✉❧❡ ❛♥✐♠❛✉① ✾✼

▲❡s ❝♦♥❞✐t✐♦♥s ❞❡ ♣ât✉r❛❣❡ ✐♥✢✉❡♥t é❣❛❧❡♠❡♥t s✉r ❧❡ ❝❛❧❝✉❧ ❞✉ t❛✉① ❞❡ s✉❜st✐t✉t✐♦♥ ❡♥tr❡
❧✬❤❡r❜❡ ❡t ❧❡s ❝♦♥❝❡♥trés✳ ❯♥ ❧♦t ❞✬❛♥✐♠❛✉① ❡st ❝♦♠♣♦sé ❞❡ ♣❧✉s✐❡✉rs ❝❧❛ss❡s ❛②❛♥t ❞❡s
✐♥❣❡st✐♦♥s ❞✐✛ér❡♥t❡s✳ ▲❡ ❝❛❧❝✉❧ ❞❡ ❧✬✐♥❣❡st✐♦♥ ❞✬❤❡r❜❡ ❡st ré❛❧✐sé ♣♦✉r ❝❤❛q✉❡ ❝❧❛ss❡ ❡♥
t❡♥❛♥t ❝♦♠♣t❡ ❞❡ ❧✬✐♥❣❡st✐♦♥ ❞❡s ❛✉tr❡s ❝❧❛ss❡s ✭❉❡❧❛❣❛r❞❡✱ ❝♦♠♠✉♥✐❝❛t✐♦♥ ♣❡rs♦♥♥❡❧❧❡✮✳

▲❛ ❝♦✉r❜❡ ❞❡ ❝r♦✐ss❛♥❝❡ ❞❡s ❣é♥✐ss❡s ❡st ✜①é❡ à ❧✬❛✈❛♥❝❡✳ ❊♥ ❡✛❡t✱ ❧❡ ♠♦❞è❧❡ ❞❡
tr♦✉♣❡❛✉ s✐♠✉❧❡ ❧❡s ❡✛❡❝t✐❢s ❞❛♥s ❞❡s ❝❧❛ss❡s ❡t ✐❧ ♥✬❡st ♣❛s ♣♦ss✐❜❧❡ ❞❡ r❡tr❛❝❡r ❧❡ ♣❛r❝♦✉rs
✐♥❞✐✈✐❞✉❡❧ ❞❡ ❝❤❛q✉❡ ❛♥✐♠❛❧✳ ❚♦✉s ❧❡s ❛♥✐♠❛✉① ❞♦✐✈❡♥t ❞♦♥❝ ♥é❝❡ss❛✐r❡♠❡♥t ❛✈♦✐r ❧❛
♠ê♠❡ é✈♦❧✉t✐♦♥ ✿ ✐❧ ♥✬❡st ♣❛s ♣♦ss✐❜❧❡ ❞❡ ❝♦♥s✐❞ér❡r ✉♥❡ r❡str✐❝t✐♦♥ ❛❧✐♠❡♥t❛✐r❡ ♣❡♥❞❛♥t
✉♥❡ ❛♥♥é❡ ❞❡ sé❝❤❡r❡ss❡✱ ♣❛r ❡①❡♠♣❧❡✳ P❛r ❝♦♥tr❡✱ ✐❧ ❡st ♣♦ss✐❜❧❡ ❞❡ ❝♦♥s✐❞ér❡r ✉♥❡
❝r♦✐ss❛♥❝❡ s❛✐s♦♥♥✐èr❡ s✐ ❧❡s ♥❛✐ss❛♥❝❡s s♦♥t très ❣r♦✉♣é❡s ❡t s✐ ❧❡s ✈❛r✐❛t✐♦♥s s❛✐s♦♥♥✐èr❡s
s♦♥t ❧❡s ♠ê♠❡s ❝❤❛q✉❡ ❛♥♥é❡ ✿ t♦✉s ❧❡s ❛♥✐♠❛✉① s✉✐✈❡♥t ❛❧♦rs ❧❛ ♠ê♠❡ tr❛❥❡❝t♦✐r❡✳
P♦✉r ❝❤❛q✉❡ ❝❧❛ss❡ ❞❡ ❣é♥✐ss❡s✱ ♦♥ ❝♦♥♥❛ît ❞♦♥❝ ❧❡ ♣♦✐❞s ❡t ❧❡ ❣❛✐♥ ♠♦②❡♥ q✉♦t✐❞✐❡♥
✭●▼◗✮ ❞❡ ❧✬❛♥✐♠❛❧ r❡♣rés❡♥t❛♥t✳ P♦✉r ❧❛ ❝♦❤ér❡♥❝❡ ❞✉ ♠♦❞è❧❡✱ ✐❧ ❢❛✉t q✉❡ ❝❡ ●▼◗
s♦✐t ré❛❧✐sé✱ ❡t ❧❡s ❜❡s♦✐♥s ❞❡ ❧✬❛♥✐♠❛❧ ❞♦✐✈❡♥t êtr❡ s❛t✐s❢❛✐ts✳ ❉❛♥s ▼é❧♦❞✐❡✱ ✉♥❡ r❛t✐♦♥
♣♦✉r ❣é♥✐ss❡s ❛❧✐♠❡♥té❡s à ❧✬❛✉❣❡ ❡st ❡♥ ❣é♥ér❛❧ ❝♦♥st✐t✉é❡ ❞❡ ❞❡✉① ❢♦✉rr❛❣❡s✱ ❧✬✉♥ ♣❧✉tôt
r✐❝❤❡ ❡t ❧✬❛✉tr❡ ♣❧✉tôt ♣❛✉✈r❡✱ ❡t ❞✬✉♥ ❝♦♥❝❡♥tré✱ ❛✜♥ ❞✬êtr❡ ❝❡rt❛✐♥ ❞❡ ♣♦✉✈♦✐r s❛t✐s❢❛✐r❡
❧❡s ❝♦♥tr❛✐♥t❡s✳ ▲✬✐♥❣❡st✐♦♥ ❞❡ ❝❡s ❞✐✛ér❡♥ts ❛❧✐♠❡♥ts ❡st ❝❛❧❝✉❧é❡ ♣❛r ♣r♦❣r❛♠♠❛t✐♦♥
❧✐♥é❛✐r❡✱ ❞❡ ♠❛♥✐èr❡ à s❛t✐s❢❛✐r❡ ❧❡s ❜❡s♦✐♥s é♥❡r❣ét✐q✉❡s ❡t ♣r♦té✐q✉❡s✱ ❡♥ ♠✐♥✐♠✐s❛♥t
❧❡s ❡①❝ès ❡t ❡♥ s❛t✉r❛♥t ❛✉t❛♥t q✉❡ ♣♦ss✐❜❧❡ ❧❛ ❝❛♣❛❝✐té ❞✬✐♥❣❡st✐♦♥ ♣♦✉r ♣r✐✈✐❧é❣✐❡r ❧❛
❝♦♥s♦♠♠❛t✐♦♥ ❞❡ ❢♦✉rr❛❣❡s✳ ▲❡ ♠♦❞è❧❡ ❞❡ ♣r♦❣r❛♠♠❛t✐♦♥ ❧✐♥é❛✐r❡ ✉t✐❧✐sé ❡st ❞é❝r✐t ❞❛♥s
❧✬❛♥♥❡①❡ ❇✳

✭❛✮ ❇✐❧❛♥ ❝❛r❜♦♥❡ ✭❜✮ ❇✐❧❛♥ ❛③♦t❡

❋✐❣✳ ✺✳✷ ✕ ❋❧✉① ♣r✐s ❡♥ ❝♦♠♣t❡ ❞❛♥s ❧❡s ❜✐❧❛♥s ❞❡ ♠❛t✐èr❡ à ❧✬é❝❤❡❧❧❡ ❞❡ ❧❛ ✈❛❝❤❡ ❧❛✐t✐èr❡
❡t ♣r✐♥❝✐♣❛❧❡s ✈❛r✐❛❜❧❡s ✉t✐❧✐sé❡s ♣♦✉r ❧❡s ❝❛❧❝✉❧❡r✳ ❙♦✉r❝❡ ✿ ●✳ ▼❛①✐♥ ✭❝♦♠♠✉♥✐❝❛t✐♦♥
♣❡rs♦♥♥❡❧❧❡✮

P♦✉r ❝❤❛q✉❡ ❛♥✐♠❛❧ r❡♣rés❡♥t❛♥t✱ ❧❡s q✉❛♥t✐tés ✐♥❣éré❡s ❞❡s ❞✐✛ér❡♥ts ❛❧✐♠❡♥ts ♣❡r✲
♠❡tt❡♥t ❞❡ ❝❛❧❝✉❧❡r ❧✬✐♥❣❡st✐♦♥ ❞❡ ❝❤❛q✉❡ é❧é♠❡♥t ❞♦♥t ❧❡s ✢✉① s♦♥t ♠♦❞é❧✐sés✳ ▲❡ ❞❡✈❡♥✐r
❞❡ ❝❡s é❧é♠❡♥ts ❡st ❞ét❡r♠✐♥é ♣❛r ❧❡ ♠♦❞è❧❡ ♣r♦♣♦sé ♣❛r ▼❛①✐♥ ✭✷✵✵✻✮✳ ❈❡ ♠♦❞è❧❡ ♣❡r✲



✾✽ ▲❡s ♠♦❞è❧❡s ✉t✐❧✐sés ❞❛♥s ❧❡ s②stè♠❡ ❜✐♦t❡❝❤♥✐q✉❡

♠❡t ❞❡ ré❛❧✐s❡r ✉♥ ❜✐❧❛♥ ❞❡ ♠❛t✐èr❡ à ❧✬é❝❤❡❧❧❡ ❞❡ ❧✬❛♥✐♠❛❧ ♣♦✉r ❧❡s ❞✐✛ér❡♥ts é❧é♠❡♥ts
❝♦♥s✐❞érés ✭❋✐❣✳ ✺✳✷✮✳ ▲❡s ♣❡rt❡s ❣❛③❡✉s❡s s♦♥t ❡st✐♠é❡s✱ ❛✐♥s✐ q✉❡ ❧❡s r❡❥❡ts ❞❛♥s ❧❡s
❢è❝❡s ❡t ❧✬✉r✐♥❡ q✉✐ s♦♥t ❡♥s✉✐t❡ ✉t✐❧✐sés ♣❛r ❧❡ ♠♦❞✉❧❡ ✓ ❇ât✐♠❡♥ts ✴ ❊✤✉❡♥ts ✔✳ P♦✉r
❝❤❛q✉❡ ✢✉① ♠♦❞é❧✐sé ❛✉ ♥✐✈❡❛✉ ❞❡ ❧✬❛♥✐♠❛❧✱ ▼❛①✐♥ ✭✷✵✵✻✮ ❛ ré❛❧✐sé ✉♥❡ s②♥t❤ès❡ ❜✐❜❧✐♦✲
❣r❛♣❤✐q✉❡ s✉r ❧❡s éq✉❛t✐♦♥s ❡t ♠♦❞è❧❡s ❡①✐st❛♥ts✳ ❯♥❡ ❜❛s❡ ❞❡ ❞♦♥♥é❡s ✐ss✉❡ ❞❡ ♣❧✉s✐❡✉rs
❡①♣ér✐♠❡♥t❛t✐♦♥s ❛ s❡r✈✐ à é✈❛❧✉❡r ❡t sé❧❡❝t✐♦♥♥❡r ❝❡s éq✉❛t✐♦♥s✱ ❡t à ❡♥ ❞é✈❡❧♦♣♣❡r ❞❡
♥♦✉✈❡❧❧❡s ❧♦rsq✉✬❛✉❝✉♥❡ éq✉❛t✐♦♥ ❛♣♣r♦♣r✐é❡ ♥✬❛ été tr♦✉✈é❡ ❞❛♥s ❧❛ ❜✐❜❧✐♦❣r❛♣❤✐❡✳ ❆✜♥
❞❡ s✬❛ss✉r❡r q✉❡ ❧❡s ❜✐❧❛♥s s♦♥t t♦✉❥♦✉rs ♣❛r❢❛✐t❡♠❡♥t ❜♦✉❝❧és✱ ✉♥ ✢✉① ❡st t♦✉❥♦✉rs ❝❛❧✲
❝✉❧é ♣❛r ❞✐✛ér❡♥❝❡ ♣❛r r❛♣♣♦rt ❛✉① ❛✉tr❡s✳ ▲❡s rés✉❧t❛ts ♦❜t❡♥✉s ♦♥t été ✈❛❧✐❞és à ❧✬❛✐❞❡
❞❡ ❧❛ ❜❛s❡ ❞❡ ❞♦♥♥é❡s ❡①♣ér✐♠❡♥t❛❧❡s✳

✺✳✷ ▼♦❞✉❧❡ ❙♦❧✲❈✉❧t✉r❡s

✺✳✷✳✶ ▲❡ ♠♦❞è❧❡ ❙t✐❝s

❆✉ ♥✐✈❡❛✉ ❞✉ s♦❧ ❡t ❞❡s ❝✉❧t✉r❡s✱ ❧❡s ✢✉① ❞❡ ♠❛t✐èr❡ s♦♥t s✐♠✉❧és ♣❛r ❧❡ ♠♦❞è❧❡
❙t✐❝s✱ ❞é✈❡❧♦♣♣é à ❧✬■◆❘❆ ✭❇r✐ss♦♥ ❡t ❛❧✳ ✷✵✵✸✮✳ ❈❡ ♠♦❞è❧❡ s✐♠✉❧❡ ❧❡ ❞é✈❡❧♦♣♣❡♠❡♥t
❡t ❧❛ ❝r♦✐ss❛♥❝❡ ❞✬✉♥❡ ❝✉❧t✉r❡ s✉r ✉♥❡ ♣❛r❝❡❧❧❡✱ ❛✐♥s✐ q✉❡ ❧❡s ✢✉① ❞✬❛③♦t❡✱ ❞❡ ♠❛t✐èr❡
♦r❣❛♥✐q✉❡ ✭❞♦♥❝ ❞❡ ❝❛r❜♦♥❡✮ ❡t ❞✬❡❛✉ ❞❛♥s ❧❛ ❝✉❧t✉r❡ ❡t ❧❡ s♦❧✳ ■❧ ❢♦♥❝t✐♦♥♥❡ ❛✉ ♣❛s ❞❡
t❡♠♣s ❥♦✉r♥❛❧✐❡r ❡t ❡st ♣ré✈✉ ♣♦✉r êtr❡ ✉t✐❧✐sé à ❧✬é❝❤❡❧❧❡ ❞❡ ❧❛ ❝❛♠♣❛❣♥❡ ❝✉❧t✉r❛❧❡✳ ▲❡
♣r✐♥❝✐♣❛❧ ❛✈❛♥t❛❣❡ ❞❡ ❙t✐❝s ❡st s❛ ❣é♥ér✐❝✐té ✿ ❧❡ ♠♦❞è❧❡ ❡st ❝❛♣❛❜❧❡ ❞❡ s✐♠✉❧❡r ❞✐✛ér❡♥t❡s
❝✉❧t✉r❡s✱ ❡♥ ❝❤❛♥❣❡❛♥t s✐♠♣❧❡♠❡♥t ❧❡s ♣❛r❛♠ètr❡s ❞✬❡♥tré❡✳ ❉❡s ❥❡✉① ❞❡ ♣❛r❛♠ètr❡s
❡①✐st❡♥t ♣♦✉r ❧❡s ♣r✐♥❝✐♣❛❧❡s ❝✉❧t✉r❡s ❞✬✐♥térêt ❞❛♥s ▼é❧♦❞✐❡✳

❙t✐❝s s❛t✐s❢❛✐t ❛✉① ♣r✐♥❝✐♣❛✉① ❝r✐tèr❡s ♥é❝❡ss❛✐r❡s à ▼é❧♦❞✐❡✳ ■❧ ♣❡r♠❡t ❞❡ s✐♠✉❧❡r
❧❡s ✢✉① ❞✬◆ à ❧✬é❝❤❡❧❧❡ ❞❡ ❧❛ ♣❛r❝❡❧❧❡ ❝✉❧t✐✈é❡ ❛✐♥s✐ q✉❡ ❧❛ ♣r♦❞✉❝t✐♦♥ ❞❡ ❝❡s ♣❛r❝❡❧❧❡s✱
❡♥ ♣r❡♥❛♥t ❡♥ ❝♦♠♣t❡ ❧✬❡✛❡t ❞✉ ❝❧✐♠❛t✳ ❈❡ ❞❡r♥✐❡r ♣♦✐♥t ❡st ❝r✉❝✐❛❧✱ ❝❛r ✉♥ ❞❡s ❡♥❥❡✉①
❞❡ ▼é❧♦❞✐❡ ❡st ❞✬ét✉❞✐❡r ❧❡ ❧✐❡♥ ❡♥tr❡ ✈❛r✐❛❜✐❧✐té ❝❧✐♠❛t✐q✉❡ ❡t ✈❛r✐❛❜✐❧✐té ❞❡s ✐♠♣❛❝ts
❡♥✈✐r♦♥♥❡♠❡♥t❛✉①✳ ■❧ ét❛✐t ❞♦♥❝ ♥é❝❡ss❛✐r❡ ❞✬✐♥té❣r❡r ✉♥ ♠♦❞è❧❡ ❝❛♣❛❜❧❡ ❞❡ ♣r❡♥❞r❡ ❡♥
❝♦♠♣t❡ ❧✬❡✛❡t ❞✉ ❝❧✐♠❛t✱ ♥♦♥ s❡✉❧❡♠❡♥t s✉r ❧❡s r❡♥❞❡♠❡♥ts✱ ♠❛✐s ❛✉ss✐ s✉r ❧❡s ✢✉① ❞❡
♠❛t✐èr❡ ❛ss♦❝✐és ❛✉ s♦❧ ❡t à ❧❛ ❝✉❧t✉r❡✳

❯♥ ❛✉tr❡ ❡♥❥❡✉ ❞❡ ▼é❧♦❞✐❡ ❡st ❞✬ét✉❞✐❡r ❧❡ ❧✐❡♥ ❡♥tr❡ str❛té❣✐❡ ❞❡ ♣r♦❞✉❝t✐♦♥ ❡t
✐♠♣❛❝ts ❡♥✈✐r♦♥♥❡♠❡♥t❛✉①✳ ▲❡ ♠♦❞è❧❡ ❞❡ ❝✉❧t✉r❡ ✐♥té❣ré ❞❡✈❛✐t ❞♦♥❝ êtr❡ s❡♥s✐❜❧❡ ❛✉①
❞é❝✐s✐♦♥s ❞❡ ❧✬é❧❡✈❡✉r✱ ❡♥ t❡r♠❡s ❞❡ ❢❡rt✐❧✐s❛t✐♦♥ ❛③♦té❡ ♥♦t❛♠♠❡♥t✳ ❈✬❡st ❧❡ ❝❛s ❞❡ ❙t✐❝s✱
q✉✐ ♣r❡♥❞ ❡♥ ❝♦♠♣t❡ ❧❡s ❛♣♣♦rts ❞✬❡♥❣r❛✐s ♠✐♥ér❛✉①✱ ♠❛✐s ❛✉ss✐ ❧❡s ❛♣♣♦rts ❞✬❡♥❣r❛✐s
♦r❣❛♥✐q✉❡s ✭✈♦✐r ♣❧✉s ❧♦✐♥ ♣♦✉r ❧❛ ♣❛r❛♠étr✐s❛t✐♦♥✮✳ P❛r ❝♦♥tr❡✱ ❧❡s ✢✉① ❞❡ P ♥❡ s♦♥t ♣❛s
s✐♠✉❧és ❡t ❧❛ ❢❡rt✐❧✐s❛t✐♦♥ ♣❤♦s♣❤❛té❡ ♥✬❡st ♣❛s ✐♥té❣ré❡ ❞❛♥s ❧❡ ♠♦❞è❧❡✳ ■❧ ❡st ♣♦ss✐❜❧❡ ❞❡
❝♦♥str✉✐r❡ ✉♥ ♠♦❞✉❧❡ ❞❡ s✐♠✉❧❛t✐♦♥ ❞❡s ✢✉① ❞❡ P ❞❛♥s▼é❧♦❞✐❡ ♣♦✉r é✈❛❧✉❡r ❧❡s r✐sq✉❡s
❞❡ ♣❡rt❡s ✈❡rs ❧✬❡♥✈✐r♦♥♥❡♠❡♥t✳ ❈❡ ♠♦❞✉❧❡ ♣♦✉rr❛✐t ✉t✐❧✐s❡r ❞❡s ✈❛r✐❛❜❧❡s ❞❡ ❙t✐❝s s✐
❜❡s♦✐♥✳ P❛r ❝♦♥tr❡✱ ✉♥❡ rétr♦✲❛❝t✐♦♥ s✉r ❙t✐❝s s❡♠❜❧❡ ❞✐✣❝✐❧❡ à ♠❡ttr❡ ❡♥ ÷✉✈r❡ ❞❛♥s
❧❛ ✈❡rs✐♦♥ ❛❝t✉❡❧❧❡ ❞❡ ▼é❧♦❞✐❡✳ ■❧ ♥✬❡st ❞♦♥❝ ♣❛s ♣♦ss✐❜❧❡ ❞❡ s✐♠✉❧❡r ❞❡s ❝r♦✐ss❛♥❝❡s ❞❡
❝✉❧t✉r❡ ❧✐♠✐té❡s ♣❛r ❧❛ ❞✐s♣♦♥✐❜✐❧✐té ❡♥ P✳ P❛r ❡①t❡♥s✐♦♥✱ ✐❧ ♥✬❡st ♣❛s ♣♦ss✐❜❧❡ ❞❡ t❡st❡r
❞✐✛ér❡♥t❡s ♣r❛t✐q✉❡s ❞❡ ❢❡rt✐❧✐s❛t✐♦♥ ♣❤♦s♣❤❛té❡✳

▲❡s tr❛✐t❡♠❡♥ts ♣❤②t♦s❛♥✐t❛✐r❡s ♥❡ s♦♥t ♣❛s ♥♦♥ ♣❧✉s ♣r✐s ❡♥ ❝♦♠♣t❡ ❞❛♥s ❙t✐❝s✳
❖♥ s✉♣♣♦s❡ q✉❡ t♦✉t s❡ ♣❛ss❡ ❝♦♠♠❡ s✐ ❧❡ ♥✐✈❡❛✉ ❞❡ ♣r♦t❡❝t✐♦♥ ❞❡ ❧❛ ♣❧❛♥t❡ ét❛✐t



▼♦❞✉❧❡ ❙♦❧✲❈✉❧t✉r❡s ✾✾

t♦✉❥♦✉rs ♦♣t✐♠❛❧ ♦✉✱ ♣❧✉s ♣ré❝✐sé♠❡♥t✱ éq✉✐✈❛❧❡♥t ❛✉ ♥✐✈❡❛✉ ❞❡ ♣r♦t❡❝t✐♦♥ ❞❛♥s ❧❡ ❥❡✉ ❞❡
❞♦♥♥é❡s ❛②❛♥t s❡r✈✐ à ♣❛r❛♠étr❡r ❧❡ ♠♦❞è❧❡✱ ♣♦✉r ❝❤❛q✉❡ ❝✉❧t✉r❡✳ ▲❛ ✈❡rs✐♦♥ ❛❝t✉❡❧❧❡ ❞❡
▼é❧♦❞✐❡ ♥❡ ♣❡✉t ❞♦♥❝ ♣❛s s❡r✈✐r à t❡st❡r ❞❡s str❛té❣✐❡s ❞❡ ♣r♦❞✉❝t✐♦♥ s❡ ❞✐✛ér❡♥❝✐❛♥t
s✉r ❧❡s tr❛✐t❡♠❡♥ts ♣❤②t♦s❛♥✐t❛✐r❡s ❛♣♣❧✐q✉és à ❝❤❛q✉❡ ❝✉❧t✉r❡✳ ❚♦✉t❡❢♦✐s✱ ✐❧ ❡st ♣♦ss✐❜❧❡
❞❡ ❞é✈❡❧♦♣♣❡r ✉♥ ✐♥❞❡① ♣♦✉r q✉❛♥t✐✜❡r ❧❡s tr❛✐t❡♠❡♥ts ❛♣♣❧✐q✉és ✭❛✈❡❝ t♦✉❥♦✉rs ❧❡ ♥✐✈❡❛✉
❞❡ ♣r♦t❡❝t✐♦♥ ♦♣t✐♠❛❧ ❞❡ ❧❛ ♣❧❛♥t❡✮✳ ❈❡t ✐♥❞❡① ♣♦✉rr❛✐t s❡r✈✐r à ❞✐s❝r✐♠✐♥❡r ❧❡s s②stè♠❡s
❞❡ ♣r♦❞✉❝t✐♦♥ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ♣❛rt ❞❡ ❝✉❧t✉r❡s ❢♦rt❡s ❝♦♥s♦♠♠❛tr✐❝❡s ❞❡ ♣r♦❞✉✐ts
♣❤②t♦s❛♥✐t❛✐r❡s✳ ▲❡s ❛❝t✐✈✐tés ❞❡ tr❛✐t❡♠❡♥ts ♣❤②t♦s❛♥✐t❛✐r❡s ♣❡✉✈❡♥t é❣❛❧❡♠❡♥t êtr❡
✐♥té❣ré❡s ❞❛♥s ❧❡ ♠♦❞è❧❡ ♣♦✉r ❝♦♠♣t❛❜✐❧✐s❡r ❧❡s ❝♦♥s♦♠♠❛t✐♦♥s ❞✬é♥❡r❣✐❡ ❡t ❧✬✉t✐❧✐s❛t✐♦♥
❞❡ ♠❛✐♥ ❞✬÷✉✈r❡✳

❉❡ ♠ê♠❡✱ ❧✬❡✛❡t ❞❡s tr❛✈❛✉① ❞✉ s♦❧✱ ❡t ♣❧✉s ❣é♥ér❛❧❡♠❡♥t ❧✬❡✛❡t ❞❡ ❧❛ str✉❝t✉r❡ ❞✉ s♦❧✱
♥❡ ❢♦♥t ♣❛s ❧✬♦❜❥❡t ❞✬✉♥❡ ♠♦❞é❧✐s❛t✐♦♥ ♣♦✉ssé❡ ❞❛♥s ❙t✐❝s✳ ❈♦♠♠❡ ♣♦✉r ❧❡s tr❛✐t❡♠❡♥ts
♣❤②t♦s❛♥✐t❛✐r❡s✱ ♦♥ s✉♣♣♦s❡ q✉❡ ❧✬ét❛t str✉❝t✉r❛❧ ❞✉ s♦❧ ❡st t♦✉❥♦✉rs éq✉✐✈❛❧❡♥t à ❝❡❧✉✐
❞✉ ❥❡✉ ❞❡ ❞♦♥♥é❡s ✉t✐❧✐sé ♣♦✉r ❧❛ ♣❛r❛♠étr✐s❛t✐♦♥✱ ♣♦✉r ❝❤❛q✉❡ ❝✉❧t✉r❡✳ ■❧ ❡st é❣❛❧❡♠❡♥t
✐♠♣♦ss✐❜❧❡ ❞❡ ❝♦♠♣❛r❡r ❞❡✉① str❛té❣✐❡s ❞❡ ♣r♦❞✉❝t✐♦♥ s❡ ❞✐✛ér❡♥❝✐❛♥t s✉r ❧❡s tr❛✈❛✉①
❞✉ s♦❧✳ ▲❡s ❛❝t✐✈✐tés ❞❡ tr❛✈❛✐❧ ❞✉ s♦❧ ♣♦✉rr❛✐❡♥t t♦✉t❡❢♦✐s êtr❡ ✐♥❝❧✉s❡s ❞❛♥s ❧❡ ♠♦❞è❧❡✱
♣♦✉r ❧❡s q✉❡st✐♦♥s ❞✬é♥❡r❣✐❡ ❡t ❞❡ ♠❛✐♥ ❞✬÷✉✈r❡✳

❊♥ ❝♦♥séq✉❡♥❝❡✱ ❧❡s ✐t✐♥ér❛✐r❡s t❡❝❤♥✐q✉❡s ❞❡s ❝✉❧t✉r❡s r❡st❡♥t r❡❧❛t✐✈❡♠❡♥t s✐♠♣❧❡s
❞❛♥s ❧❛ ✈❡rs✐♦♥ ❛❝t✉❡❧❧❡ ❞❡▼é❧♦❞✐❡ ✿ s❡✉❧❡s ❧❡s ❛❝t✐✈✐tés ❞❡ s❡♠✐s✱ ré❝♦❧t❡ ❡t ❢❡rt✐❧✐s❛t✐♦♥
♠✐♥ér❛❧❡ ❡t ♦r❣❛♥✐q✉❡ s♦♥t r❡♣rés❡♥té❡s✱ ❝❛r ❝❡ s♦♥t ❧❡s s❡✉❧❡s q✉✐ ✐♥t❡r❛❣✐ss❡♥t ❢♦rt❡✲
♠❡♥t ❛✈❡❝ ❧❡ s②stè♠❡ ❜✐♦t❡❝❤♥✐q✉❡✳ ❉✬❛✉tr❡s ❛❝t✐✈✐tés ♣❡✉✈❡♥t ❢❛❝✐❧❡♠❡♥t êtr❡ ❛❥♦✉té❡s
♣♦✉r ❝♦♠♣t❛❜✐❧✐s❡r ❧✬✉t✐❧✐s❛t✐♦♥ ❞❡s r❡ss♦✉r❝❡s ❡t ❧❛ ❝♦♥s♦♠♠❛t✐♦♥ ❞✬é♥❡r❣✐❡✱ ♠❛✐s ❡❧❧❡s
♥✬✐♥t❡r❛❣✐r♦♥t ♣❛s ❛✈❡❝ ❧❡ ♠♦❞✉❧❡ ❜✐♦t❡❝❤♥✐q✉❡ ✓ s♦❧ ✲ ❝✉❧t✉r❡ ✔ ❞❛♥s s❛ ✈❡rs✐♦♥ ❛❝t✉❡❧❧❡✳

❙t✐❝s ❡st ❧❛r❣❡♠❡♥t ✉t✐❧✐sé ❡♥ ❋r❛♥❝❡✱ ♣♦✉r ❞✐✈❡rs❡s ❛♣♣❧✐❝❛t✐♦♥s✳ ❉❡s ✈❛❧✐❞❛t✐♦♥s
♦♥t été ré❛❧✐sé❡s s✉r ❞✐✛ér❡♥ts ❥❡✉① ❞❡ ❞♦♥♥é❡s✳ ▲❡s ❛t♦✉ts ❡t ❧✐♠✐t❡s ❞✉ ♠♦❞è❧❡ ❞❛♥s ❧❡s
❝♦♥❞✐t✐♦♥s ❢r❛♥ç❛✐s❡s s♦♥t ❝♦♥♥✉s✱ ❝❡ q✉✐ ♥✬❛✉r❛✐t ♣❛s ❢♦r❝é♠❡♥t été ❧❡ ❝❛s ❛✈❡❝ ✉♥ ♠♦❞è❧❡
❞é✈❡❧♦♣♣é à ❧✬étr❛♥❣❡r✳ ❊♥ ♣❛rt✐❝✉❧✐❡r✱ ❞❡s s✐♠✉❧❛t✐♦♥s ré❛❧✐sé❡s ❛✉ ❝♦✉rs ❞❡ ❝❡tt❡ t❤ès❡✱
s✉r ✉♥ ❥❡✉ ❞❡ ❞♦♥♥é❡s ❞❡ ♣ât✉r❛❣❡ ✐ss✉ ❞✉ ❞♦♠❛✐♥❡ ❡①♣ér✐♠❡♥t❛❧ ❞✉ P✐♥✲❛✉✲❍❛r❛s✱ ❛
♠✐s ❡♥ ❧✉♠✐èr❡ ✉♥❡ ♣ré❝✐s✐♦♥ ❧✐♠✐té❡ ♣♦✉r ❧❛ s✐♠✉❧❛t✐♦♥ ❞❡ ❧❛ ❝r♦✐ss❛♥❝❡ ❞❡ ❧✬❤❡r❜❡✳ ❈❡
❞é❢❛✉t✱ ❞é❥à ❝♦♥♥✉ ♣❛r ❛✐❧❧❡✉rs✱ ♥✬❛ ♣❛s r❡♠✐s ❡♥ ❝❛✉s❡ ❧✬✉t✐❧✐s❛t✐♦♥ ❞❡ ❙t✐❝s✳ ❊♥ ❡✛❡t ✐❧
♥✬❡①✐st❡ ♣❛s✱ à ♥♦tr❡ ❝♦♥♥❛✐ss❛♥❝❡✱ ❞❡ ♠♦❞è❧❡ ♣ré❞✐s❛♥t à ❧❛ ❢♦✐s ❧❛ ♣♦✉ss❡ ❞❡ ❧✬❤❡r❜❡ ❞❡
❢❛ç♦♥ ♣❧✉s ♣ré❝✐s❡ ❡t ❧❡s ✢✉① ❞❡ ♠❛t✐èr❡ ✭❈ ❡t ◆✮ ❞❛♥s ❧❡ s♦❧✳ ❉✬❛✉tr❡ ♣❛rt✱ ❧✬✉t✐❧✐s❛t✐♦♥ ❞✉
♠ê♠❡ ♠♦❞è❧❡ ♣♦✉r r❡♣rés❡♥t❡r ❧❡s ❝✉❧t✉r❡s ❛♥♥✉❡❧❧❡s ❡t ❧❡s ♣r❛✐r✐❡s ♣rés❡♥t❡ ✉♥ ❛✈❛♥t❛❣❡
❞❛♥s ❧❛ ♠❡s✉r❡ ♦ù ❧❡s ❤②♣♦t❤ès❡s ❞❡ ♠♦❞é❧✐s❛t✐♦♥ s♦♥t ❤♦♠♦❣è♥❡s✱ ❝❡ q✉✐ s❡r❛✐t ♣❧✉s
❝♦♠♣❧✐q✉é ❡♥ ❛②❛♥t r❡❝♦✉rs à ❞❡s ♠♦❞è❧❡s ❞✐✛ér❡♥ts✳

▲❡ ♥✐✈❡❛✉ ❞❡ ❞ét❛✐❧ é❧❡✈é ♣♦✉r ❧❛ ♠♦❞é❧✐s❛t✐♦♥ ❞❡ ❝❡rt❛✐♥s ♣r♦❝❡ss✉s ❞❛♥s ❙t✐❝s
❝♦♥tr❛st❡ ❢♦rt❡♠❡♥t ❛✈❡❝ ❞✬❛✉tr❡s ♣❛rt✐❡s ❞✉ s②stè♠❡ ❜✐♦t❡❝❤♥✐q✉❡✳ ■❧ ♥✬❡st ♣❛s str✐❝t❡✲
♠❡♥t ♥é❝❡ss❛✐r❡ ❞✬❛❧❧❡r ❥✉sq✉✬à ❝❡ ♥✐✈❡❛✉ ❞❡ ❞ét❛✐❧✳ ❈❡♣❡♥❞❛♥t✱ ❧✬♦♣♣♦rt✉♥✐té ❞✬✉t✐❧✐s❡r
✉♥ ♠♦❞è❧❡ ❞é❥à ❡①✐st❛♥t✱ ❛✈❡❝ ♣❡✉ ❞❡ ♥♦✉✈❡❛✉① ❞é✈❡❧♦♣♣❡♠❡♥ts à ré❛❧✐s❡r✱ ❧✬❡♠♣♦rt❡
s✉r ❧❡ r✐sq✉❡ ❞✬✐♥té❣r❡r ✉♥ ♠♦❞è❧❡ tr♦♣ ❝♦♠♣❧✐q✉é t♦✉r♥❛♥t ❝♦♠♠❡ ✉♥❡ ✓ ❜♦ît❡ ♥♦✐r❡ ✔✳
▲❛ ❝♦♥str✉❝t✐♦♥ ❞❡ ❙t✐❝s ❡st ré❛❧✐sé❡ à ❧✬■◆❘❆ ❡t ✐❧ ❡st ❛✐sé ❞❡ ❝♦♥s✉❧t❡r ❧❡s ❝❤❡r❝❤❡✉rs
✐♠♣❧✐q✉és✱ ❝❡ q✉✐ ❡st ✉♥ ❛t♦✉t s✉♣♣❧é♠❡♥t❛✐r❡✳ ❉❡ ♣❧✉s✱ ❧❡s ❛❧t❡r♥❛t✐✈❡s ♥❡ s♦♥t ♣❛s ♥♦♠✲
❜r❡✉s❡s✳ ▲❛ ♠♦❞é❧✐s❛t✐♦♥ ❞❡s r❡♥❞❡♠❡♥ts ❞❡s ❝✉❧t✉r❡s ❛✉r❛✐t ♣✉ êtr❡ ré❛❧✐sé❡ ❞❡ ❢❛ç♦♥
s✐♠♣❧❡ à ❧✬é❝❤❡❧❧❡ ❞❡ ❧✬❛♥♥é❡ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ q✉❡❧q✉❡s ❝r✐tèr❡s ❝❧✐♠❛t✐q✉❡s ❛❣ré❣és✳ ❈❡✲



✶✵✵ ▲❡s ♠♦❞è❧❡s ✉t✐❧✐sés ❞❛♥s ❧❡ s②stè♠❡ ❜✐♦t❡❝❤♥✐q✉❡

❋✳ st♦❝❦é ❋✳ ♣❛✐❧❧❡✉① ❋✳ ❝♦♠♣♦sté ▲✐s✐❡r
akres 0, 064 0, 064 0, 064 0, 064
bkres −0, 952 −1, 050 −0, 788 −0, 552

awb 28, 8 28, 8 28, 8 28, 8
bwb −208, 5 −290, 5 −214, 6 −325, 7

ahres 36, 5 36, 5 36, 5 36, 5
bhres 745, 0 1308, 8 482, 9 1354, 7
kbio 2, 8 · 10−4 1, 95 · 10−3 6 · 10−5 2, 13 · 10−3

yres 0, 62 0, 62 0, 62 0, 62

❚❛❜✳ ✺✳✶ ✕ P❛r❛♠ètr❡s ❞❡ ❙t✐❝s ❞é❝r✐✈❛♥t ❧❛ ❞é❣r❛❞❛t✐♦♥ ❞❡s ❡✤✉❡♥ts ❜♦✈✐♥s✳ ❙♦✉r❝❡ ✿
❚✳ ▼♦r✈❛♥✱ ❝♦♠♠✉♥✐❝❛t✐♦♥ ♣❡rs♦♥♥❡❧❧❡✳ ❋✳❂❋✉♠✐❡r✳

♣❡♥❞❛♥t✱ ✉♥❡ t❡❧❧❡ ❛♣♣r♦❝❤❡ ♥✬❛✉r❛✐t ♣❛s ♣❡r♠✐s ❞❡ ❝❛❧❝✉❧❡r ❧❛ ❞②♥❛♠✐q✉❡ ✐♥tr❛✲❛♥♥✉❡❧❧❡
❞❡s ✢✉① ❞❡ ♠❛t✐èr❡✳ ▲✬❡♥❥❡✉ ❞❡ ❧✬❛✉❣♠❡♥t❛t✐♦♥ ❞✉ ♥✐✈❡❛✉ ❞❡ ❞ét❛✐❧ ♥✬❡st ❞♦♥❝ ♣❛s ❧❡ ❣❛✐♥
❞❡ ♣ré❝✐s✐♦♥ s✉r ❧❡s r❡♥❞❡♠❡♥ts✱ q✉✐ ♥✬❡st ♣❛s ❛✈éré✱ ♠❛✐s ❧❛ ❞é❝♦♥str✉❝t✐♦♥ ❞❡s ✢✉① ❡t
❧❛ ❝♦❤ér❡♥❝❡ ❞❡s ❜✐❧❛♥s ❞❡ ♠❛ss❡✳

▲❡s é♣❛♥❞❛❣❡s ❞✬❡✤✉❡♥ts ❡t ❧❡✉rs ❝♦♥séq✉❡♥❝❡s à ❧♦♥❣ t❡r♠❡ ♣❡✉✈❡♥t êtr❡ s✐♠✉❧és
♣❛r ❙t✐❝s ❣râ❝❡ à ✉♥ ♠♦❞✉❧❡ ❞❡ ❞é❣r❛❞❛t✐♦♥ ❞❡ rés✐❞✉s✳ P♦✉r ❝❤❛q✉❡ ♣r♦❞✉✐t é♣❛♥❞✉✱
✉♥ ❥❡✉ ❞❡ ♣❛r❛♠ètr❡s ❞é❝r✐t s❛ ❝✐♥ét✐q✉❡ ❞❡ ❞é❣r❛❞❛t✐♦♥ ❞❛♥s ❧❡ s♦❧✳ ❈❡♣❡♥❞❛♥t✱ ❧❡s
❥❡✉① ❞❡ ♣❛r❛♠ètr❡s ❢♦✉r♥✐s ♣❛r ❞é❢❛✉t ❝♦✉✈r❡♥t ♠❛❧ ❧❡s ❡✤✉❡♥ts ❞✬é❧❡✈❛❣❡✳ ▲❡s ❥❡✉①
❞❡ ♣❛r❛♠ètr❡s ✉t✐❧✐sés ❞❛♥s ▼é❧♦❞✐❡ ♦♥t été ❣é♥érés ♣❛r ❚✳ ▼♦r✈❛♥ ✭❝♦♠♠✉♥✐❝❛t✐♦♥
♣❡rs♦♥♥❡❧❧❡✮✳ ❚♦✉t ❞✬❛❜♦r❞✱ ❞❡s t❛✉① ❞❡ ♠✐♥ér❛❧✐s❛t✐♦♥ ❛♥♥✉❡❧s ♦♥t été ❝❛❧❝✉❧és à ♣❛rt✐r
❞❡ ❞♦♥♥é❡s ❞✬❡ss❛✐s ❛✉ ❝❤❛♠♣ ❡t ❞❡ ❞♦♥♥é❡s ❜✐❜❧✐♦❣r❛♣❤✐q✉❡s✳ ❊♥s✉✐t❡✱ ❧❡s ♣❛r❛♠ètr❡s
❞é❝r✐✈❛♥t ❧❛ ❞②♥❛♠✐q✉❡ ❞❡ ❞é❣r❛❞❛t✐♦♥ ❛✉ ♣❛s ❞❡ t❡♠♣s ❥♦✉r♥❛❧✐❡r ♦♥t été ❛❥✉stés à
♣❛rt✐r ❞❡ ❞♦♥♥é❡s ❞❡ ♠✐♥ér❛❧✐s❛t✐♦♥ ❡♥ ❧❛❜♦r❛t♦✐r❡✳ ❈❡s ❝✐♥ét✐q✉❡s ♦♥t été r❡❝❛❧é❡s ❡♥
❢♦♥❝t✐♦♥ ❞❡s t❛✉① ❛♥♥✉❡❧s ❝❛❧❝✉❧és ❞❛♥s ❧✬ét❛♣❡ ♣ré❝é❞❡♥t❡✳ ▲✬❛❥✉st❡♠❡♥t ❞❡s ♣❛r❛♠ètr❡s
❛ été ré❛❧✐sé ♣♦✉r ❧❡s ♣r✐♥❝✐♣❛✉① t②♣❡s ❞✬❡✤✉❡♥ts r❡♥❝♦♥trés ❞❛♥s ❧❡s é❧❡✈❛❣❡s ❜♦✈✐♥s✳
▲❡s ✈❛❧❡✉rs ✉t✐❧✐sé❡s s♦♥t ❞♦♥♥é❡s ❞❛♥s ❧❡ t❛❜❧❡❛✉ ✺✳✶✳

✺✳✷✳✷ ■♥té❣r❛t✐♦♥ ❞❡ ❙t✐❝s ❞❛♥s ▼é❧♦❞✐❡

❙t✐❝s ❛ ❞é❥à été ❝♦✉♣❧é à ❞✬❛✉tr❡s ♠♦❞è❧❡s ♣♦✉r ❧✬ét✉❞❡ ❞❡ s②stè♠❡s ❛❣r✐❝♦❧❡s ♣✐❧♦tés✳
❉❛♥s ❝❡t ♦❜❥❡❝t✐❢✱ ✉♥ tr❛✈❛✐❧ ❞❡ tr❛❞✉❝t✐♦♥ ✐♥❢♦r♠❛t✐q✉❡ ✈❡rs ❧❡ ❧❛♥❣❛❣❡ ❈ ❛ été ❡♥tr❡♣r✐s
♣❛r ❏✳✲❈✳ P♦✉♣❛ ✭■◆❘❆✱ ❯▼❘ ➱❝♦♥♦♠✐❡ ❡t ❙♦❝✐♦❧♦❣✐❡ ❘✉r❛❧❡s✱ ❘❡♥♥❡s✮✳ ◆♦✉s ❛✈♦♥s
♣✉ ❜é♥é✜❝✐❡r ❞✬✉♥❡ ✈❡rs✐♦♥ ré❝❡♥t❡ ❞❡ ❙t✐❝s ✐ss✉❡ ❞❡ ❝❡ tr❛✈❛✐❧✱ ❝❡ q✉✐ ❛ ♣❡r♠✐s ✉♥❡
str✉❝t✉r❡ ✐♥❢♦r♠❛t✐q✉❡ ♣❧✉s s✐♠♣❧❡ ❡t ✉♥❡ é❝♦♥♦♠✐❡ ✐♠♣♦rt❛♥t❡ ❞❡ t❡♠♣s✱ ❜✐❡♥ q✉❡ ❞❡s
❛❞❛♣t❛t✐♦♥s ❛✐❡♥t été ♥é❝❡ss❛✐r❡s ♣♦✉r ❧❡ ❝♦✉♣❧❛❣❡✳ ▲❛ ✈❡rs✐♦♥ ❞❡ ❙t✐❝s ✉t✐❧✐sé❡ ❡st ✉♥❡
✈❡rs✐♦♥ ✺✱ ❧❛ ✈❡rs✐♦♥ ♠❛❥❡✉r❡ ❛❝t✉❡❧❧❡ ét❛♥t ❧❛ ✻✳ ▲❡s ❛♣♣♦rts ❞❡s ♥♦✉✈❡❧❧❡s ✈❡rs✐♦♥s ♥✬♦♥t
♣❛s été ❥✉❣é❡s ✐♥❞✐s♣❡♥s❛❜❧❡s ♣♦✉r ▼é❧♦❞✐❡✳

❉❛♥s ▼é❧♦❞✐❡✱ ❧❡s ✢✉① s♦♥t ❝❛❧❝✉❧és ❛✉ ♥✐✈❡❛✉ ❞❡ ❧✬❡♥t✐té ❣é♥ér✐q✉❡ ▼❡❧♦❞✐❡P❛r✲
❝❡❧❧❡ ✭❋✐❣✳ ✺✳✸✮✳ ❈✬❡st é❣❛❧❡♠❡♥t s✉r ❝❡tt❡ ❡♥t✐té q✉❡ ♣♦rt❡ ❧❡ ♣✐❧♦t❛❣❡✳ ❯♥❡ s♣é❝✐❛❧✐s❛t✐♦♥
❞❡ ❝❡tt❡ ❡♥t✐té✱ ❛♣♣❡❧é❡ ❙t✐❝sP❛r❝❡❧❧❡✱ st♦❝❦❡ ❧❡s ❞♦♥♥é❡s s♣é❝✐✜q✉❡s ❞❡ ❙t✐❝s✱ ❡t ❧❛ ❞é✲
✜♥✐t✐♦♥ ❞❡s ♠ét❤♦❞❡s ♥é❝❡ss❛✐r❡s ❛✉ ❧✐❡♥ ❛✈❡❝ ▼é❧♦❞✐❡✳ ■❧ s✬❛❣✐t ♣❛r ❡①❡♠♣❧❡ ❞❡ ❧❛



▼♦❞✉❧❡ ❇ât✐♠❡♥ts ❊✤✉❡♥ts ✶✵✶

❋✐❣✳ ✺✳✸ ✕ ❉✐❛❣r❛♠♠❡ ❞❡ ❝❧❛ss❡s s✐♠♣❧✐✜é ❞✉ s②stè♠❡ ❜✐♦t❡❝❤♥✐q✉❡ ✿ ♣❛r❝❡❧❧❡s ❡t ❝✉❧t✉r❡s

♠ét❤♦❞❡ ♣❡r♠❡tt❛♥t ❞✬❡✛❡❝t✉❡r ✉♥❡ ❢❛✉❝❤❡✳ ❈❡tt❡ ♠ét❤♦❞❡ ✈✐rt✉❡❧❧❡ ❡st ❞é❝❧❛ré❡ ❛✉ ♥✐✲
✈❡❛✉ ❞❡ ▼❡❧♦❞✐❡P❛r❝❡❧❧❡✱ ❡t ♣❡✉t êtr❡ ❛♣♣❡❧é❡ q✉❡❧ q✉❡ s♦✐t ❧❡ ♠♦❞è❧❡ ❞❡ ❝✉❧t✉r❡ ✉t✐❧✐sé✳
▲❛ ❞é✜♥✐t✐♦♥ ❡✛❡❝t✐✈❡ ❞❡s ♠♦❞✐✜❝❛t✐♦♥s à ❛♣♣♦rt❡r ❛✉① ❞♦♥♥é❡s ❡st ❢❛✐t❡ ♣♦✉r ❧✬❡♥t✐té
s♣é❝✐✜q✉❡ ❞✬✉♥ ♠♦❞è❧❡ ❞❡ ❝✉❧t✉r❡✱ ✐❝✐ ❙t✐❝sP❛r❝❡❧❧❡✳ ❯♥ ♣r♦❝❡ss✉s ❞♦♥t ❧❡ ♣❛s ❞❡ t❡♠♣s
❡st ❧❡ ❥♦✉r ❡st ❝❤❛r❣é ❞✬❛♣♣❧✐q✉❡r ❧❛ ❢♦♥❝t✐♦♥ q✉♦t✐❞✐❡♥♥❡ ❞✬❛✈❛♥❝❡♠❡♥t ❞✉ t❡♠♣s ❞❛♥s
❙t✐❝s✳

▲❡ ❧✐❡♥ ❡♥tr❡ ❙t✐❝s ❡t ❧❡ r❡st❡ ❞❡ ▼é❧♦❞✐❡ ♣❛ss❡ ❛✉ss✐ ♣❛r ❧❡s ré❝♦❧t❡s✱ ❞♦♥t ❧❡s
♣r♦❞✉✐ts ♣❡✉✈❡♥t êtr❡ ❡①♣♦rtés ❞❡ ❧✬❡①♣❧♦✐t❛t✐♦♥ ♦✉ s❡r✈✐r à ❛❧✐♠❡♥t❡r ❧❡ tr♦✉♣❡❛✉✳ ❉❛♥s
❝❡tt❡ ♦♣t✐q✉❡✱ ❧✬❡♥t✐té ❈✉❧t✉r❡ ❡st ✉♥ ❡♥s❡♠❜❧❡ ❞✬✐♥st❛♥❝❡s ❞❡ ❧✬❡♥t✐té Pr♦❞✉❝t✐♦♥❱❡❣❡t❛❧❡
✭❋✐❣✳ ✺✳✸✮✳ ❯♥❡ Pr♦❞✉❝t✐♦♥❱❡❣❡t❛❧❡ s♣é❝✐✜❡ ❧❛ ♣❛rt✐❡ ❞❡ ♣❧❛♥t❡ ré❝♦❧té❡ ✭♣❧❛♥t❡ ❡♥t✐èr❡✱
❣r❛✐♥ ♦✉ ♣❛✐❧❧❡✮ ❡t ❧✬❛❧✐♠❡♥t ♣r♦❞✉✐t✳ ▲♦rs ❞❡ ❧✬♦♣ér❛t✐♦♥ ❞❡ ré❝♦❧t❡ s✉r ❧❛ ♣❛r❝❡❧❧❡✱ ✐❧
❢❛✉t ❛❥♦✉t❡r ❧❛ q✉❛♥t✐té ❞❡ ❝❤❛q✉❡ Pr♦❞✉❝t✐♦♥❱❡❣❡t❛❧❡ ❛✉ st♦❝❦ ❞❡ ❧✬❛❧✐♠❡♥t ♣r♦❞✉✐t✳
▲❡ ❝❛❧❝✉❧ ❞❡s ✈❛❧❡✉rs ❛❧✐♠❡♥t❛✐r❡s✱ s❡❧♦♥ ❞❡s éq✉❛t✐♦♥s s♣é❝✐✜q✉❡s ❞❡ ❝❤❛q✉❡ ❛❧✐♠❡♥t
✭♠ét❤♦❞❡ ✈✐rt✉❡❧❧❡ ❆❥✉st❡r❱❛❧❡✉rs❆❧✐♠❡♥t ❞❡ ❧✬❡♥t✐té ❆❧✐♠❡♥t✮✱ ❡st ré❛❧✐sé à ❝❡ ♠♦♠❡♥t✳

✺✳✸ ▼♦❞✉❧❡ ❇ât✐♠❡♥ts ❊✤✉❡♥ts

P♦✉r ❧❛ ♠♦❞é❧✐s❛t✐♦♥ ❞❡s ✢✉① ❞❡ ♠❛t✐èr❡ ❧✐és ❛✉① ❡✤✉❡♥ts✱ ❛✉❝✉♥ ♠♦❞è❧❡ ❜✐♦t❡❝❤✲
♥✐q✉❡ s❛t✐s❢❛✐s❛♥t ♥✬❛ été tr♦✉✈é ❞❛♥s ❧❛ ❜✐❜❧✐♦❣r❛♣❤✐❡✳ ▲❡ ♠♦❞✉❧❡ ❛ ❞♦♥❝ été ❞é✈❡❧♦♣♣é
s♣é❝✐✜q✉❡♠❡♥t ♣♦✉r ▼é❧♦❞✐❡ ❞❛♥s ❧❡ ❝❛❞r❡ ❞❡ ❧❛ t❤ès❡ ❞❡ ❈✳ ❘✐❣♦❧♦t✳



✶✵✷ ▲❡s ♠♦❞è❧❡s ✉t✐❧✐sés ❞❛♥s ❧❡ s②stè♠❡ ❜✐♦t❡❝❤♥✐q✉❡

❋✐❣✳ ✺✳✹ ✕ ❉✐❛❣r❛♠♠❡ ❞❡ ❝❧❛ss❡s s✐♠♣❧✐✜é ❞✉ s②stè♠❡ ❜✐♦t❡❝❤♥✐q✉❡ ✿ ♣r♦❞✉❝t✐♦♥ ❡t
❣❡st✐♦♥ ❞❡s ❡✤✉❡♥ts



❈♦♥❝❧✉s✐♦♥ ✶✵✸

❈❤❛q✉❡ ❧♦t ❞✬❛♥✐♠❛✉① ❡st ❛ss♦❝✐é à ✉♥❡ ✐♥st❛♥❝❡ ❞❡ ❧✬❡♥t✐té ▲✐❡✉①P❞t❏♦✉r♥❡❡ ✭❋✐❣✳
✺✳✹✮✱ q✉✐ ❝♦♥t✐❡♥t ✉♥ ❡♥s❡♠❜❧❡ ❞❡ ❧✐❡♥s ✈❡rs ❧❡s ❧✐❡✉① ♦❝❝✉♣és ♣❛r ❧❡ tr♦✉♣❡❛✉ ❛✉ ❝♦✉rs ❞❡
❧❛ ❥♦✉r♥é❡✱ ❛✐♥s✐ q✉❡ ❧❛ ♣r♦♣♦rt✐♦♥ ❞✉ t♦t❛❧ ❞❡s ❞é❥❡❝t✐♦♥s ❝♦❧❧❡❝té❡ s✉r ❝❤❛q✉❡ ❧✐❡✉✳ ❈❡❝✐
♣❡r♠❡t ❞❡ ré❛❧✐s❡r ❧❛ ❥♦♥❝t✐♦♥ ❡♥tr❡ ❧❡s ❝❛❧❝✉❧s ❞❡ ❧✬❡①❝rét✐♦♥ ❛✉ ♥✐✈❡❛✉ ❞❡s ❛♥✐♠❛✉① ❡t
❧❡s ♠♦❞✉❧❡s ❇ât✐♠❡♥ts✲❊✤✉❡♥ts ❡t ❙♦❧✲❈✉❧t✉r❡s✳ ❊♥ ❡✛❡t✱ ❧✬❡♥t✐té ▲✐❡✉ ❛ ✉♥❡ ♠ét❤♦❞❡
✈✐rt✉❡❧❧❡ ❘❡❝❡✈♦✐r❊✤✉❡♥t ✭❋✐❣✳ ✺✳✹✮✳ ❈❡tt❡ ♠ét❤♦❞❡ ♣❡r♠❡t ❞❡ tr❛♥s♠❡ttr❡ ❧❡s ❞é❥❡❝t✐♦♥s
❛✉① ✐♥st❛♥❝❡s ❞❡ ▲✐❡✉✱ q✉✐ ♣❡✉✈❡♥t êtr❡ s♦✐t ✉♥❡ s❛❧❧❡ ❞❡ ❜ât✐♠❡♥t✱ s♦✐t ✉♥❡ ♣❛r❝❡❧❧❡ ✭❝❛s
❞✉ ♣ât✉r❛❣❡✮✳

❈❤❛q✉❡ ✐♥st❛♥❝❡ ❞❡ ❧✬❡♥t✐té s❛❧❧❡ ♣❡✉t ❛❝❝✉❡✐❧❧✐r ❞❡s ❛♥✐♠❛✉① ❡t ❝♦♥t✐❡♥t ✉♥ ♦✉
♣❧✉s✐❡✉rs t②♣❡s ❞❡ s♦❧✳ P❛r ❡①❡♠♣❧❡✱ ✉♥❡ s❛❧❧❡ ❞❡ ❜ât✐♠❡♥t ♣♦✉r ✈❛❝❤❡s ❧❛✐t✐èr❡s ♣❡✉t
❝♦♥t❡♥✐r ✉♥❡ ❛✐r❡ ♣❛✐❧❧é❡ ✭❧✐t✐èr❡ ❛❝❝✉♠✉❧é❡✮ ❡t ✉♥ ❝♦✉❧♦✐r ❞✬❛❧✐♠❡♥t❛t✐♦♥ s✉r ❝❛✐❧❧❡❜♦t✐s✳
❈❤❛q✉❡ ❥♦✉r✱ ❧❡s ❞é❥❡❝t✐♦♥s ❞❡s ❛♥✐♠❛✉① s♦♥t tr❛♥s♠✐s❡s ❛✉① s♦❧s✱ ❛✈❡❝ ✉♥❡ ré♣❛rt✐t✐♦♥
✜①é❡ ❡♥ ❡♥tré❡ ❞✉ ♠♦❞è❧❡✳ ▲❡✉r ❞❡✈❡♥✐r ❞é♣❡♥❞ ❡♥s✉✐t❡ ❞❡ ❧❛ ❣❡st✐♦♥ ❞❡ ❝❡ s♦❧✳ P♦✉r
❧❡s s♦❧s r❛❝❧és✱ ✐❧ ❡①✐st❡ ✉♥❡ ♦♣ér❛t✐♦♥ ❞❡ r❛❝❧❛❣❡ ❡✛❡❝t✉é❡ ré❣✉❧✐èr❡♠❡♥t ♣♦✉r ❡♥✈♦②❡r
❧❡s ❞é❥❡❝t✐♦♥s ✈❡rs ✉♥❡ ✉♥✐té ❞❡ st♦❝❦❛❣❡ ❞✬❡✤✉❡♥t✳ ❉❡s ♣❡rt❡s ♣❛r ✈♦❧❛t✐❧✐s❛t✐♦♥ s♦♥t
❛♣♣❧✐q✉é❡s ❝❤❛q✉❡ ❥♦✉r à ❧✬❡✤✉❡♥t✳ ▲❡ ❝❛❧❝✉❧ ❞❡ ❝❡s ♣❡rt❡s ❡st ❜❛sé s✉r ❞❡s ❢❛❝t❡✉rs
❞✬é♠✐ss✐♦♥ ✐ss✉s ❞❡ ❧❛ ❜✐❜❧✐♦❣r❛♣❤✐❡ ❡t ✉♥❡ ♠♦❞✉❧❛t✐♦♥ ❡st ❛♣♣❧✐q✉é❡ ❡♥ ❢♦♥❝t✐♦♥ ❞✉ t②♣❡
❞❡ ❜ât✐♠❡♥t ❡t ❞❡s ❝♦♥❞✐t✐♦♥s ❞✬❛♠❜✐❛♥❝❡ ❡t ❞❡ ❣❡st✐♦♥✳ P♦✉r ❝❤❛❝✉♥ ❞❡ ❝❡s ❢❛❝t❡✉rs✱
❧❡s ❝♦❡✣❝✐❡♥ts ❞❡ ♠♦❞✉❧❛t✐♦♥ ♣♦✉r ❞✐✛ér❡♥t❡s ♠♦❞❛❧✐tés ♦♥t été ét❛❜❧✐s ❡♥ ❢♦♥❝t✐♦♥ ❞❡
❞♦♥♥é❡s ❜✐❜❧✐♦❣r❛♣❤✐q✉❡s ❡t à ❞✐r❡ ❞✬❡①♣❡rt✳

▲❛ ♣♦ss✐❜✐❧✐té ❞✬✉t✐❧✐s❡r ❞✐✛ér❡♥ts t②♣❡s ❞❡ tr❛✐t❡♠❡♥t ❞❡s ❡✤✉❡♥ts ❡st ♦✛❡rt❡ ❞❛♥s
▼é❧♦❞✐❡ ✿ ❝♦♠♣♦st❛❣❡✱ ♥✐tr✐✜❝❛t✐♦♥✴❞é♥✐tr✐✜❝❛t✐♦♥✱ ❡t❝✳ ✳ ✳ ❈❡tt❡ ♣♦ss✐❜✐❧✐té ❡st ✐♥té❣ré❡
❛✉ ♠♦❞è❧❡ ❝❛r ❡❧❧❡ ❡st ❞❡ ♣❧✉s ❡♥ ♣❧✉s ré♣❛♥❞✉❡ ❡♥ é❧❡✈❛❣❡ ♣♦r❝✐♥✳ ▲❡ tr❛✐t❡♠❡♥t ❞❡s
❡✤✉❡♥ts ❡st r❡❧❛t✐✈❡♠❡♥t ♣❡✉ ✉t✐❧✐sé ❞❛♥s ❧❡s ❡①♣❧♦✐t❛t✐♦♥s ❧❛✐t✐èr❡s✳

▲❡ tr❛♥s❢❡rt ❞❡s ❡✤✉❡♥ts ✈❡rs ❧❡s ❝✉❧t✉r❡s ❡st ❡✛❡❝t✉é ❧♦rs ❞✬✉♥❡ ♦♣ér❛t✐♦♥ ❞✬é♣❛♥❞❛❣❡✳
▲✬❡✤✉❡♥t à é♣❛♥❞r❡ ❡st s♣é❝✐✜é ❧♦rs ❞❡ ❧✬ét❛❜❧✐ss❡♠❡♥t ❞✉ ♣❧❛♥ ❞❡ ❢✉♠✉r❡ ✭❝❢ ✻✳✺✳✸✮✳ ▲❡s
❝❛r❛❝tér✐st✐q✉❡s ❞❡ ❝❡t ❡✤✉❡♥t s♦♥t s✐♠✉❧é❡s ❥♦✉r ♣❛r ❥♦✉r✳ ▲♦rs ❞❡ ❧✬é♣❛♥❞❛❣❡✱ ✐❧ s✉❢✲
✜t ❞♦♥❝ ❞❡ tr❛♥s♠❡ttr❡ ❛✉ ♠♦❞✉❧❡ ❙♦❧✲❈✉❧t✉r❡s ❝❡s ❝❛r❛❝tér✐st✐q✉❡s ❡t ❞❡ ♣ré❧❡✈❡r ❧❛
q✉❛♥t✐té à é♣❛♥❞r❡ ❞❛♥s ❧❡ st♦❝❦✳

✺✳✹ ❈♦♥❝❧✉s✐♦♥

▲❡ s②stè♠❡ ❜✐♦t❡❝❤♥✐q✉❡ ❞❡ ▼é❧♦❞✐❡ ❡st ❝♦♠♣♦sé ❞✬✉♥ ❡♥s❡♠❜❧❡ ❝♦❤ér❡♥t ❞❡ s♦✉s✲
♠♦❞è❧❡s ❝♦♥♥❡❝tés ❧❡s ✉♥s ❛✉① ❛✉tr❡s✱ ♣❡r♠❡tt❛♥t ❞❡ s✐♠✉❧❡r ❧❡s ❝②❝❧❡s ❞❡ ❧❛ ♠❛t✐èr❡ s✉r
❧✬❡①♣❧♦✐t❛t✐♦♥ ❡t ❧❡s é❝❤❛♥❣❡s ❛✈❡❝ ❧✬❡①tér✐❡✉r✳ ❉❛♥s ❧❛ ✈❡rs✐♦♥ ❛❝t✉❡❧❧❡ ❞✉ ♠♦❞è❧❡✱ s❡✉❧s
❧❡s ✢✉① ❞✬❛③♦t❡ s♦♥t s✐♠✉❧és ❞❡ ❢❛ç♦♥ ❝♦♠♣❧èt❡✳ ❉❡s ❞é✈❡❧♦♣♣❡♠❡♥ts ❝♦♠♣❧é♠❡♥t❛✐r❡s
s♦♥t ♥é❝❡ss❛✐r❡s ♣♦✉r ❧❡ ♣❤♦s♣❤♦r❡ ♥♦t❛♠♠❡♥t✳

▲❡ s②stè♠❡ ❡st s❡♥s✐❜❧❡ ❛✉① ♦♣ér❛t✐♦♥s t❡❝❤♥✐q✉❡s✱ q✉✐ ♣❡✉✈❡♥t êtr❡ s♣é❝✐✜é❡s à ♣❛rt✐r
❞❡ ❉✐ès❡✳ ▲❡ s②stè♠❡ ❜✐♦t❡❝❤♥✐q✉❡ ❢♦♥❝t✐♦♥♥❡ ❞♦♥❝ ✈ér✐t❛❜❧❡♠❡♥t ❡♥ ✐♥t❡r❛❝t✐♦♥ ❛✈❡❝
❧❡ s②stè♠❡ ❞❡ ♣✐❧♦t❛❣❡ q✉✐ s❡r❛ ♣rés❡♥té ❞❛♥s ❧❡s ❞❡✉① ❝❤❛♣✐tr❡s s✉✐✈❛♥ts✳



✶✵✹ ▲❡s ♠♦❞è❧❡s ✉t✐❧✐sés ❞❛♥s ❧❡ s②stè♠❡ ❜✐♦t❡❝❤♥✐q✉❡



❈❤❛♣✐tr❡ ✻

❉é❝✐s✐♦♥s ❛♥♥✉❡❧❧❡s ❡t ❣é♥ér❛t✐♦♥ ❞❡
♣❧❛♥s ❞✬❛❝t✐✈✐tés

❙♦♠♠❛✐r❡
✻✳✶ ❈❛❞r❡ ❣é♥ér❛❧ ❞❡ ❧❛ ♣❧❛♥✐✜❝❛t✐♦♥ ❞❛♥s ▼é❧♦❞✐❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✼

✻✳✷ P❧❛♥s ❞✬❛❧✐♠❡♥t❛t✐♦♥ ❞❡s ❛♥✐♠❛✉① ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✽

✻✳✸ ➱t❛❜❧✐ss❡♠❡♥t ❞❡ ❧✬❛ss♦❧❡♠❡♥t à ❧✬❛✐❞❡ ❞❡ ❚♦✉r♥❡s♦❧ ✳ ✳ ✳ ✶✵✽

✻✳✸✳✶ Pr✐♥❝✐♣❡s ❣é♥ér❛✉① ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✽

✻✳✸✳✷ ❈✉❧t✉r❡s✱ ♣r♦❞✉❝t✐♦♥s ❡t ❝♦♥tr❛✐♥t❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶✵

✻✳✸✳✸ Pr✐① ✐♥t❡r♥❡s ❡t sé❧❡❝t✐♦♥ ❞❡ ❧✬❛ss♦❧❡♠❡♥t ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶✶

✻✳✸✳✹ ❘è❣❧❡s ❛❣r♦♥♦♠✐q✉❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶✷

✻✳✸✳✺ ❙♣é❝✐✜❝✐tés ❞✉ ♣ât✉r❛❣❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶✺

✻✳✸✳✻ ❏❛❝❤èr❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶✺

✻✳✸✳✼ Pr✐s❡ ❡♥ ❝♦♠♣t❡ ❞❡s ❝♦♥tr❛✐♥t❡s ❞✬é♣❛♥❞❛❣❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶✺

✻✳✹ ➱t❛❜❧✐ss❡♠❡♥t ❞✉ ♣❧❛♥ ♣ré✈✐s✐♦♥♥❡❧ ❞❡ ❢✉♠✉r❡ à ❧✬❛✐❞❡ ❞❡
❋✉♠✐❣è♥❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶✻

✻✳✹✳✶ Pr✐♥❝✐♣❡s ❣é♥ér❛✉① ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶✻

✻✳✹✳✷ ▲❡ ♠♦❞✉❧❡ ❞❡ ❢❡rt✐❧✐s❛t✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶✾

✻✳✹✳✸ ▲❡ ♠♦❞✉❧❡ ❞❡ ♣r♦❣r❛♠♠❛t✐♦♥ ❧✐♥é❛✐r❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷✷

✻✳✹✳✹ ■♠♣❧é♠❡♥t❛t✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷✺

✻✳✺ ■♥té❣r❛t✐♦♥ ❞❛♥s ▼é❧♦❞✐❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷✺

✻✳✺✳✶ ❆❞❛♣t❛t✐♦♥ ❛✉① ❝♦♥❞✐t✐♦♥s s♣é❝✐✜q✉❡s ❞❡ ❧✬❛♥♥é❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷✻

✻✳✺✳✷ ■t✐♥ér❛✐r❡s t❡❝❤♥✐q✉❡s t②♣❡s ❡t tr❛❞✉❝t✐♦♥ ❞❡s ❛ss♦❧❡♠❡♥ts ✳ ✳ ✶✷✼

✻✳✺✳✸ ❋❡rt✐❧✐s❛t✐♦♥ ♦r❣❛♥✐q✉❡ ❡t ♠✐♥ér❛❧❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷✾

✶✵✺



✶✵✻ ❉é❝✐s✐♦♥s ❛♥♥✉❡❧❧❡s ❡t ❣é♥ér❛t✐♦♥ ❞❡ ♣❧❛♥s ❞✬❛❝t✐✈✐tés



❈❛❞r❡ ❣é♥ér❛❧ ❞❡ ❧❛ ♣❧❛♥✐✜❝❛t✐♦♥ ❞❛♥s ▼é❧♦❞✐❡ ✶✵✼

❯♥ ❞❡s ♦❜❥❡❝t✐❢s ❞❡ ▼é❧♦❞✐❡ ❡st ❞✬✐♥té❣r❡r ✉♥ ♣✐❧♦t❛❣❡ s❡♥s✐❜❧❡ ❛✉① ❛❧é❛s ❝❧✐♠❛✲
t✐q✉❡s✱ ② ❝♦♠♣r✐s ❞❛♥s ❧❛ ❝♦♥❞✉✐t❡ ♣❧✉r✐❛♥♥✉❡❧❧❡ ❞❡ ❧✬❡①♣❧♦✐t❛t✐♦♥✳ ❈❡❝✐ ❡st ✐♥❝♦♠♣❛t✐❜❧❡
❛✈❡❝ ✉♥❡ ♣❧❛♥✐✜❝❛t✐♦♥ t♦t❛❧❡♠❡♥t ♣ré❞ét❡r♠✐♥é❡ ❞❡s ❛❝t✐✈✐tés✱ t❡❧❧❡ q✉✬❡❧❧❡ ❡st ❡♥✈✐s❛❣é❡
❞❛♥s ❧✬♦♥t♦❧♦❣✐❡ ❞❡s s②stè♠❡s ❞❡ ♣r♦❞✉❝t✐♦♥ ❛❣r✐❝♦❧❡✳ ■❧ ♥♦✉s ❛ ❞♦♥❝ s❡♠❜❧é ♥é❝❡ss❛✐r❡
❞✬✐♥té❣r❡r ✉♥❡ ét❛♣❡ ❞❡ ♣❧❛♥✐✜❝❛t✐♦♥ ❛♥♥✉❡❧❧❡✱ s❡♥s✐❜❧❡ à ❧✬ét❛t ❞✉ s②stè♠❡✳

✻✳✶ ❈❛❞r❡ ❣é♥ér❛❧ ❞❡ ❧❛ ♣❧❛♥✐✜❝❛t✐♦♥ ❞❛♥s ▼é❧♦❞✐❡

▲❡s ♣❧❛♥s ❞✬❛❝t✐✈✐tés ❣é♥érés ❛✉ ❝♦✉rs ❞❡ ❧✬ét❛♣❡ ❞❡ ♣❧❛♥✐✜❝❛t✐♦♥ ❝♦♥❝❡r♥❡♥t ✉♥✐q✉❡✲
♠❡♥t ❧❡s ❝✉❧t✉r❡s ❡t ❧❛ ❣❡st✐♦♥ ❞❡s ❡✤✉❡♥ts✱ s❡✉❧s ❞♦♠❛✐♥❡s ❞❡ ▼é❧♦❞✐❡ ♣♦✉r ❧❡sq✉❡❧s
❞❡s ❞é❝✐s✐♦♥s s♦♥t ♣r✐s❡s à ❧✬é❝❤❡❧❧❡ ❛♥♥✉❡❧❧❡ ❡t ❡♥ ❢♦♥❝t✐♦♥ ❞✉ ❞ér♦✉❧❡♠❡♥t ❞❡s ❛♥♥é❡s
♣ré❝é❞❡♥t❡s✳ ❆✉ ♥✐✈❡❛✉ ❞❡s ❜ât✐♠❡♥ts✱ ❧❡s ♣❧❛♥s ❞✬❛❝t✐✈✐tés s♦♥t ❣é♥érés ❡♥ ♠ê♠❡ t❡♠♣s
q✉❡ ❧❡ s②stè♠❡ ❜✐♦t❡❝❤♥✐q✉❡✱ ❝❛r ♣♦✉r ✉♥ t②♣❡ ❞❡ ❜ât✐♠❡♥t ❞♦♥♥é ❧❡ ♣❧❛♥ ❞✬❛❝t✐✈✐tés
❛ss♦❝✐é ♥❡ ❞é♣❡♥❞ ❣é♥ér❛❧❡♠❡♥t q✉❡ ❞❡ q✉❡❧q✉❡s ♣❛r❛♠ètr❡s ✜①❡s✳ ❊♥ ❝❡ q✉✐ ❝♦♥❝❡r♥❡
❧✬❛❧✐♠❡♥t❛t✐♦♥ ❞❡s ❜♦✈✐♥s✱ ❧❡ ♣❧❛♥ ❞✬❛❝t✐✈✐tés ❡st ✈❛r✐❛❜❧❡ ❞✬✉♥ s②stè♠❡ à ❧✬❛✉tr❡✱ ♠❛✐s
❡st ré♣ét✐t✐❢ ❞❛♥s ❧❡ t❡♠♣s✳ ▲✬✉t✐❧✐s❛t❡✉r ❞✉ ♠♦❞è❧❡ s♣é❝✐✜❡ ❞♦♥❝ ❞✐r❡❝t❡♠❡♥t ❧❡ ♣❧❛♥
❞✬❛❝t✐✈✐tés✳

❋✐❣✳ ✻✳✶ ✕ ❖r❣❛♥✐s❛t✐♦♥ ❣é♥ér❛❧❡ ❞✉ ♠♦❞✉❧❡ ❞❡ ♣❧❛♥✐✜❝❛t✐♦♥

❈❡ ❝❤❛♣✐tr❡ ♣rés❡♥t❡ ❧❡ ♠♦❞✉❧❡ ❞❡ ♣❧❛♥✐✜❝❛t✐♦♥ ❞♦♥t ❧✬♦r❣❛♥✐s❛t✐♦♥ ❣é♥ér❛❧❡ ❡st ❞é✲
❝r✐t❡ ❞❛♥s ❧❛ ✜❣✉r❡ ✻✳✶✳ ■❧ ❝♦♠♣r❡♥❞ ❞❡✉① s♦✉s✲♠♦❞è❧❡s ❛♣♣❡❧és ❚♦✉r♥❡s♦❧ ❡t ❋✉✲
♠✐❣è♥❡✱ q✉✐ ❣é♥èr❡♥t ❝❤❛q✉❡ ❛♥♥é❡ r❡s♣❡❝t✐✈❡♠❡♥t ❧✬❛ss♦❧❡♠❡♥t ❡t ❧❡ ♣❧❛♥ ♣ré✈✐s✐♦♥✲
♥❡❧ ❞❡ ❢✉♠✉r❡ à ✉t✐❧✐s❡r ❞❛♥s ❧❛ s✐♠✉❧❛t✐♦♥✳ ❈❡s ♠♦❞è❧❡s ♦♥t été ❝♦♥ç✉s ♣♦✉r ♣♦✉✈♦✐r



✶✵✽ ❉é❝✐s✐♦♥s ❛♥♥✉❡❧❧❡s ❡t ❣é♥ér❛t✐♦♥ ❞❡ ♣❧❛♥s ❞✬❛❝t✐✈✐tés

êtr❡ ✉t✐❧✐sés ✐♥❞é♣❡♥❞❛♠♠❡♥t ❞❡ ▼é❧♦❞✐❡✳ ■❧s s♦♥t ❞é❝r✐ts ❞❛♥s ❧❡s s❡❝t✐♦♥s ✻✳✸ ❡t ✻✳✹✳
❚♦✉r♥❡s♦❧ ❡t ❋✉♠✐❣è♥❡ ♣❛rt❛❣❡♥t ❧❛ ♠ê♠❡ ♣❤✐❧♦s♦♣❤✐❡✳ ▲❡✉r rô❧❡ ❡st ❞❡ tr❛❞✉✐r❡ ❞❡s
♦♣t✐♦♥s str❛té❣✐q✉❡s ❣❧♦❜❛❧❡s ❡♥ ♠❛t✐èr❡ ❞✬❛ss♦❧❡♠❡♥t ❡t ❞❡ ♣❧❛♥ ❞❡ ❢✉♠✉r❡✱ ✐♥té❣r❛♥t ❧❡s
♣ré❢ér❡♥❝❡s ❞❡ ❧✬é❧❡✈❡✉r ❡t ♣r❡♥❛♥t ❡♥ ❝♦♠♣t❡ ❞❡s rè❣❧❡s ❞❡ ❣❡st✐♦♥✳ ▲❡s rè❣❧❡s ❞❡ ❣❡st✐♦♥
♣❡✉✈❡♥t êtr❡ ❞❡s rè❣❧❡s ❛❣r♦♥♦♠✐q✉❡s ♣♦rt❛♥t s✉r ❧✬ét❛t ❞✉ s②stè♠❡ ❡t s♦♥ ❤✐st♦r✐q✉❡✱
♦✉ ♣❡✉✈❡♥t r❡✢ét❡r ❞❡s ❝♦♥tr❛✐♥t❡s ❞❡ ❧✬❡①♣❧♦✐t❛t✐♦♥✱ t❡❧❧❡ q✉❡ ❧❛ ❝♦♥✜❣✉r❛t✐♦♥ ❞✉ ♣❛r✲
❝❡❧❧❛✐r❡✳ ❚♦✉r♥❡s♦❧ ❡t ❋✉♠✐❣è♥❡ ♣r❡♥♥❡♥t é❣❛❧❡♠❡♥t ❡♥ ❝♦♠♣t❡ ❞❡s ♣ré✈✐s✐♦♥s ❢❛✐t❡s
♣♦✉r ❧✬❛♥♥é❡ à ✈❡♥✐r✱ s✉r ❧❡s q✉❛♥t✐tés ❞✬❛❧✐♠❡♥ts à ♣r♦❞✉✐r❡ ♣♦✉r ♥♦✉rr✐r ❧❡ tr♦✉♣❡❛✉
❡t ❧❡s q✉❛♥t✐tés ❞✬❡✤✉❡♥ts q✉✐ ❞❡✈r♦♥t êtr❡ ❣éré❡s✳ ❈❡s q✉❛♥t✐tés ❞é♣❡♥❞❡♥t ❢♦rt❡♠❡♥t
❞✉ ♣❧❛♥ ❞✬❛❧✐♠❡♥t❛t✐♦♥ ❞❡s ❛♥✐♠❛✉① ✭❝❢ s❡❝t✐♦♥ ✻✳✷✮✳ ▲❡ ❝♦✉♣❧❛❣❡ ❛✈❡❝ ▼é❧♦❞✐❡ r❡♣♦s❡
s✉r ❞❡s ✐t✐♥ér❛✐r❡s t❡❝❤♥✐q✉❡s t②♣❡s ♣♦✉r ❝❤❛q✉❡ ❝✉❧t✉r❡ ✭❋✐❣✳ ✻✳✶✮✳ ❈❡ ❝♦✉♣❧❛❣❡✱ ❞♦♥t ❧❡
❜✉t ❡st ❞❡ ❣é♥ér❡r ✉♥ ♣❧❛♥ ❞✬❛❝t✐✈✐tés✱ ❡st ❞é❝r✐t ❞❛♥s ❧❛ s❡❝t✐♦♥ ✻✳✺✳

✻✳✷ P❧❛♥s ❞✬❛❧✐♠❡♥t❛t✐♦♥ ❞❡s ❛♥✐♠❛✉①

❯♥❡ ❛tt❡♥t✐♦♥ ♣❛rt✐❝✉❧✐èr❡ ❛ été ♣♦rté❡ ♣♦✉r s✐♠✉❧❡r ❧❛ ❣❡st✐♦♥ ❞❡ ❧✬❛❧✐♠❡♥t❛t✐♦♥
❞❛♥s ❧❡s s②stè♠❡s ❧❛✐t✐❡rs✳ ❊♥ ❡✛❡t✱ ❧✬❛❧✐♠❡♥t❛t✐♦♥ ❡st ✉♥ é❧é♠❡♥t str❛té❣✐q✉❡ ✐♠♣♦rt❛♥t
❞❡ ❧❛ ❝♦♥❞✉✐t❡ ❞✬✉♥ é❧❡✈❛❣❡ ❧❛✐t✐❡r t♦✉t ❡♥ r❡st❛♥t très s❡♥s✐❜❧❡ à ❧✬❛❧é❛ ❝❧✐♠❛t✐q✉❡✱ ❡♥
♣❛rt✐❝✉❧✐❡r ❛✈❡❝ ❧✬✉t✐❧✐s❛t✐♦♥ ❞✉ ♣ât✉r❛❣❡✳ ▲❡ ♣❧❛♥ ❞✬❛❧✐♠❡♥t❛t✐♦♥✱ ❡♥ t❛♥t q✉✬é❧é♠❡♥t
str❛té❣✐q✉❡✱ ❡st ✉♥❡ ❡♥tré❡ ❞✉ ♠♦❞è❧❡ ❡t ❡st r❡❝♦♥❞✉✐t à ❧✬✐❞❡♥t✐q✉❡ ❝❤❛q✉❡ ❛♥♥é❡✳ ▼❛✐s
s♦♥ ❛♣♣❧✐❝❛t✐♦♥ ❞♦✐t êtr❡ très ✢❡①✐❜❧❡ ♣♦✉r s✬❛❞❛♣t❡r ❛✉① ❝♦♥❞✐t✐♦♥s ❝❧✐♠❛t✐q✉❡s✳

▲❛ ♣❧❛♥✐✜❝❛t✐♦♥ ❞❡ ❧✬❛❧✐♠❡♥t❛t✐♦♥ ❞✬✉♥ ❧♦t ❛♥✐♠❛✉① ❡st ♣♦rté❡ ♣❛r ❧❛ ❝♦♠❜✐♥❛✐s♦♥ ❞❡
❞❡✉① é❧é♠❡♥ts ✿ ✉♥❡ ✐♥st❛♥❝❡ ❞❡ ❧✬❡♥t✐té P❧❛♥❆❧✐♠❡♥t❛t✐♦♥ ✭❝❢ ❋✐❣✳ ✺✳✶✱ ♣❛❣❡ ✾✹✮✱ q✉✐ ❡st
✉♥❡ s✉❝❝❡ss✐♦♥ ❞❡ r❛t✐♦♥s ❞✐str✐❜✉é❡s ❛✉ ❧♦t ❛✉ ❝♦✉rs ❞❡ ❧✬❛♥♥é❡✱ ❡t ✉♥ ♣❧❛♥ ❞✬❛❝t✐✈✐tés
❣ér❛♥t ❧❡s tr❛♥s✐t✐♦♥s ❡♥tr❡ r❛t✐♦♥s ❡t ❧❡s ♠♦✉✈❡♠❡♥ts ❞✉ tr♦✉♣❡❛✉✳

▲❛ ♠✐s❡ ❡♥ ÷✉✈r❡ ❞✉ ♣❧❛♥ ❞✬❛❧✐♠❡♥t❛t✐♦♥✱ ✈✐❛ ❧❡ ♣❧❛♥ ❞✬❛❝t✐✈✐tés✱ s✉♣♣♦s❡ ✉♥ ❡♥✲
s❡♠❜❧❡ ❞❡ ❞é❝✐s✐♦♥s ♣r✐s❡s ❡♥ ❝♦✉rs ❞✬❛♥♥é❡ ❡t très ❧✐é❡s ❛✉ ♣ât✉r❛❣❡✳ P♦✉r ❧❛ ❝❧❛rté ❞❡
❧✬❡①♣♦sé✱ ❧❡ ♣❧❛♥ ❞✬❛❝t✐✈✐tés ♣♦✉r ❣ér❡r ❧✬❛❧✐♠❡♥t❛t✐♦♥ ❡st ❞é❝r✐t ❡♥ ♠ê♠❡ t❡♠♣s q✉❡ ❝❡s
❞é❝✐s✐♦♥s✱ ❞❛♥s ❧❛ ♣❛rt✐❡ ✼✳✷✱ ♣❛❣❡ ✶✸✻✳

❊♥ ❝❡ q✉✐ ❝♦♥❝❡r♥❡ ❧❡ ♠♦❞✉❧❡ ❞❡ ♣❧❛♥✐✜❝❛t✐♦♥✱ ❧❛ ❝♦♥♥❛✐ss❛♥❝❡ ❞❡s ❞✐✛ér❡♥t❡s r❛t✐♦♥s
❞❡ ❝❤❛q✉❡ ❧♦t✱ ❛✐♥s✐ q✉❡ ❞❡s ❞❛t❡s ❛♣♣r♦①✐♠❛t✐✈❡s ❞❡ tr❛♥s✐t✐♦♥ ❡t ❞❡s ❡✛❡❝t✐❢s ♠♦②❡♥s
❞✬❛♥✐♠❛✉①✱ s✉✣s❡♥t à ❧❛ ♣ré✈✐s✐♦♥ ❞❡s q✉❛♥t✐tés ❞✬❛❧✐♠❡♥ts à ♣r♦❞✉✐r❡ ❡t ❞✬❡✤✉❡♥ts à
❣ér❡r✳ ❈❡tt❡ ♣ré✈✐s✐♦♥ ♥✬❡st ♣❛s ré❛❧✐sé❡ ❞✐r❡❝t❡♠❡♥t ♣❛r ❧❡ ♠♦❞è❧❡✳ ▲✬✉t✐❧✐s❛t❡✉r ❝❛❧✲
❝✉❧❡ ❝❡s ✈❛r✐❛❜❧❡s s❡❧♦♥ ❧❛ ♠ét❤♦❞❡ ❞❡ s♦♥ ❝❤♦✐①✳ ❯♥❡ ♣♦ss✐❜✐❧✐té ❡st ❞❡ ré❛❧✐s❡r ❞❡s
♣ré✲s✐♠✉❧❛t✐♦♥s ❛✈❡❝▼é❧♦❞✐❡ ❡t ❞✬✉t✐❧✐s❡r ❧❡s q✉❛♥t✐tés ❞✬❛❧✐♠❡♥ts ❝♦♥s♦♠♠é❡s ❡t ❞✬❡❢✲
✢✉❡♥ts ♣r♦❞✉✐ts ❡♥ ♠♦②❡♥♥❡ s✉r ♣❧✉s✐❡✉rs ❛♥♥é❡s ❝❧✐♠❛t✐q✉❡s✳

✻✳✸ ➱t❛❜❧✐ss❡♠❡♥t ❞❡ ❧✬❛ss♦❧❡♠❡♥t à ❧✬❛✐❞❡ ❞❡ ❚♦✉r♥❡s♦❧

✻✳✸✳✶ Pr✐♥❝✐♣❡s ❣é♥ér❛✉①

▲✬❛ss♦❧❡♠❡♥t✱ ♣♦✉r ✉♥❡ ❛♥♥é❡ ❞♦♥♥é❡✱ ❡st ❧✬❛❧❧♦❝❛t✐♦♥ ❞✬✉♥❡ ❞❡s ❝✉❧t✉r❡s ré❛❧✐sé❡s s✉r
❧✬❡①♣❧♦✐t❛t✐♦♥ à ❝❤❛❝✉♥❡ ❞❡s ♣❛r❝❡❧❧❡s✳ ❚♦✉r♥❡s♦❧ ❡st ✉♥ ♠♦❞è❧❡ ❝♦♥ç✉ ❞❛♥s ❧✬♦❜❥❡❝t✐❢



➱t❛❜❧✐ss❡♠❡♥t ❞❡ ❧✬❛ss♦❧❡♠❡♥t à ❧✬❛✐❞❡ ❞❡ ❚♦✉r♥❡s♦❧ ✶✵✾

❋✐❣✳ ✻✳✷ ✕ ▲❛ ❞é❝✐s✐♦♥ ❞✬❛ss♦❧❡♠❡♥t ❡♥ ❡①♣❧♦✐t❛t✐♦♥ ❞✬é❧❡✈❛❣❡

❞✬❡✛❡❝t✉❡r ❝❡tt❡ ❛❧❧♦❝❛t✐♦♥✳ ❈❡ ❞♦❝✉♠❡♥t ❞é❝r✐t ❧❡ ♠♦❞è❧❡ t❡❧ q✉✬✉t✐❧✐sé ❞❛♥s ▼é❧♦❞✐❡✳
■❧ s✬❛❣✐t ❞✬✉♥❡ é✈♦❧✉t✐♦♥ ❞❡ ❧❛ ✈❡rs✐♦♥ ❞é❝r✐t❡ ♣❛r ●❛r❝✐❛ ❡t ❛❧✳ ✭✷✵✵✺❛✮✳ ▲❡ ♠♦❞✉❧❡ ❞❡
❝❛❧❝✉❧ ❞❡s ❜❡s♦✐♥s ❛❧✐♠❡♥t❛✐r❡s ❛♥♥✉❡❧s ♥✬❛ ♣❛s été ✐♥té❣ré ❞❛♥s ❧❛ ♥♦✉✈❡❧❧❡ ✈❡rs✐♦♥✳ ▲❡
♣❛ss❛❣❡ à ❧❛ ♠♦❞é❧✐s❛t✐♦♥ ♦r✐❡♥té❡ ♦❜❥❡t ❛ ♣❡r♠✐s ❞❡ ❝ré❡r ✉♥❡ str✉❝t✉r❡ ♣❧✉s ❣é♥ér✐q✉❡✱
❞♦♥♥❛♥t ♣❧✉s ❞❡ ❧✐❜❡rté ❡t ❞❡ s♦✉♣❧❡ss❡ à ❧✬✉t✐❧✐s❛t❡✉r ✭❝❢ ✻✳✸✳✷✱ ♣❛r ❡①❡♠♣❧❡✮✳ ❉❡ ♣❧✉s✱
❧❡s ❝♦♥tr❛✐♥t❡s ❧✐é❡s à ❧✬é♣❛♥❞❛❣❡ ❞❡s ❡✤✉❡♥ts✱ q✉✐ ♣❡✉✈❡♥t ✐♥✢✉❡♥❝❡r ❧❡ ❝❤♦✐① ❞❡ ❧✬❛ss♦✲
❧❡♠❡♥t ❞❛♥s ❧❡s ❡①♣❧♦✐t❛t✐♦♥s ❛②❛♥t ❞❡s ❝❤❛r❣❡♠❡♥ts é❧❡✈és✱ ♦♥t été ✐♥tr♦❞✉✐t❡s ❞❛♥s ❧❡
♠♦❞è❧❡✳

▲❡ ♠♦❞è❧❡ ❚♦✉r♥❡s♦❧ sé❧❡❝t✐♦♥♥❡✱ ♣♦✉r ❝❤❛q✉❡ ❛♥♥é❡ s✐♠✉❧é❡✱ ✉♥ ❛ss♦❧❡♠❡♥t ré❛✲
❧✐s❛♥t ❧❡ ♠❡✐❧❧❡✉r ❝♦♠♣r♦♠✐s ♣♦ss✐❜❧❡ ❡♥tr❡ ✭✐✮ ❧❛ ❝♦✉✈❡rt✉r❡ ❞❡s ❜❡s♦✐♥s ❛❧✐♠❡♥t❛✐r❡s ❞✉
tr♦✉♣❡❛✉✱ ✭✐✐✮ ❧❡ r❡s♣❡❝t ❞❡ rè❣❧❡s ❛❣r♦♥♦♠✐q✉❡s ❡t ✭✐✐✐✮ ❧❛ ♠❛①✐♠✐s❛t✐♦♥ ❞❡s ♣r♦✜ts ❧✐és
❛✉① ❝✉❧t✉r❡s ❞❡ ✈❡♥t❡✳ ▲❛ ✜❣✉r❡ ✻✳✷ ❡①♣♦s❡ ❧❡s ❢❛❝t❡✉rs s✉r ❧❡sq✉❡❧s r❡♣♦s❡ ❝❡tt❡ ❞é❝✐s✐♦♥✳
▲✬♦❜❥❡❝t✐❢ ❞❡ ❚♦✉r♥❡s♦❧ ❡st ❞❡ r❡♣r♦❞✉✐r❡ ❧❡s ❞é❝✐s✐♦♥s ♣r✐s❡s ♣❛r ✉♥ é❧❡✈❡✉r✱ q✉❡❧❧❡s
q✉❡ s♦✐❡♥t ❧❡s ♠♦t✐✈❛t✐♦♥s ❛②❛♥t ❝♦♥❞✉✐t à ❝❡tt❡ ❞é❝✐s✐♦♥✳ ❖♥ ♥❡ ❝♦♥s✐❞èr❡ ♣❛s q✉❡ ❧❡s
é❧❡✈❡✉rs ❛❣✐ss❡♥t s❡❧♦♥ ✉♥❡ r❛t✐♦♥❛❧✐té ♣❛r❢❛✐t❡✳ ▲✬❛ss♦❧❡♠❡♥t ❝❤♦✐s✐ ♥✬❡st ❞♦♥❝ ♣❛s ❝❡❧✉✐
q✉✐ ♠❛①✐♠✐s❡ ✉♥ ❝r✐tèr❡ ♣✉r❡♠❡♥t é❝♦♥♦♠✐q✉❡✳

P♦✉r ❝❡ ❢❛✐r❡✱ ♦♥ ❞é✜♥✐t ✉♥❡ ❢♦♥❝t✐♦♥ ❛ttr✐❜✉❛♥t ✉♥❡ ♥♦t❡ à ❝❤❛q✉❡ ❛ss♦❧❡♠❡♥t✳ ❈❡tt❡
♥♦t❡ rés✉❧t❡ ❞❡s ♣r♦❞✉❝t✐♦♥s ♣❡r♠✐s❡s ♣❛r ❧✬❛ss♦❧❡♠❡♥t✱ ❝♦♠♣❛ré❡s à ❞❡s ❝♦♥tr❛✐♥t❡s
✜①é❡s ✭❝❢ ✻✳✸✳✷✮✳ ▲✬❡st✐♠❛t✐♦♥ ❞❡s ♣r♦❞✉❝t✐♦♥s ❞✬✉♥ ❛ss♦❧❡♠❡♥t t✐❡♥t ❝♦♠♣t❡ ❞❡ rè❣❧❡s
❛❣r♦♥♦♠✐q✉❡s ✭❝❢ ✻✳✸✳✹✮✳ ❯♥ s②stè♠❡ ❞❡ ♣r✐① ❛ttr✐❜✉és ❛✉① ❞✐✛ér❡♥t❡s ❝♦♥tr❛✐♥t❡s ♣❡r♠❡t
❞✬❡✛❡❝t✉❡r ✉♥❡ ♣♦♥❞ér❛t✐♦♥ ❡♥tr❡ ❝❡s ❞❡r♥✐èr❡s ✭❝❢ ✻✳✸✳✸✮✳ ❈❤♦✐s✐r ❧✬❛ss♦❧❡♠❡♥t r❡✈✐❡♥t
❛❧♦rs à ♠❛①✐♠✐s❡r ❝❡tt❡ ♥♦t❡✳



✶✶✵ ❉é❝✐s✐♦♥s ❛♥♥✉❡❧❧❡s ❡t ❣é♥ér❛t✐♦♥ ❞❡ ♣❧❛♥s ❞✬❛❝t✐✈✐tés

❈❤❛q✉❡ ♣❛r❝❡❧❧❡ ❞❡ ❧✬❡①♣❧♦✐t❛t✐♦♥ ❡st ❝❛r❛❝tér✐sé❡ ♣❛r ✉♥❡ s✉r❢❛❝❡✳ ▲❡s ♣❛r❝❡❧❧❡s s♦♥t
❝♦♥s✐❞éré❡s ✐♥❞é♣❡♥❞❛♥t❡s ❧❡s ✉♥❡s ❞❡s ❛✉tr❡s ❡t ✐♥❞✐✈✐s✐❜❧❡s✳ ■❧ ♥✬❡st ♣❛s ♣♦ss✐❜❧❡ ❞❡
s♣é❝✐✜❡r ❞❡s ❝♦♥tr❛✐♥t❡s s✉r ✉♥ î❧♦t ❞❡ ♣❛r❝❡❧❧❡s✱ ❛✜♥ ♣❛r ❡①❡♠♣❧❡ ❞❡ ❣r♦✉♣❡r ❝❡rt❛✐♥❡s
❝✉❧t✉r❡s✳ ■♥✈❡rs❡♠❡♥t✱ ✐❧ ♥✬❡st ♣❛s ♣♦ss✐❜❧❡ ❞❡ ❞✐✈✐s❡r ✉♥❡ ♣❛r❝❡❧❧❡ ♣♦✉r ❛❥✉st❡r ❛✉ ♠✐❡✉①
❧❛ ♣r♦❞✉❝t✐♦♥✳

✻✳✸✳✷ ❈✉❧t✉r❡s✱ ♣r♦❞✉❝t✐♦♥s ❡t ❝♦♥tr❛✐♥t❡s

❉✐✛ér❡♥t❡s ❝✉❧t✉r❡s s♦♥t ♣♦ss✐❜❧❡s s✉r ✉♥❡ ❡①♣❧♦✐t❛t✐♦♥✳ ❊♥ ❝❡ q✉✐ ❝♦♥❝❡r♥❡ ❧❡ ❝❤♦✐① ❞❡
❧✬❛ss♦❧❡♠❡♥t✱ ✉♥❡ ❝✉❧t✉r❡ ❡st ❝❛r❛❝tér✐sé❡ ♣❛r ❧❛ ❧✐st❡ ❞❡ s❡s ♣r♦❞✉❝t✐♦♥s✳ P❛r ❡①❡♠♣❧❡✱ ❧❛
❝✉❧t✉r❡ ❜❧é ♣r♦❞✉✐t ❞✉ ❣r❛✐♥ ❡t ❞❡ ❧❛ ♣❛✐❧❧❡✳ ❯♥ r❡♥❞❡♠❡♥t ✭q✉❛♥t✐té ♣r♦❞✉✐t❡ ♣❛r ❤❡❝t❛r❡
❝✉❧t✐✈é✮ ❡st é❣❛❧❡♠❡♥t ❞é✜♥✐✳ ■❧ s✬❛❣✐t ❞✬✉♥ r❡♥❞❡♠❡♥t ❝♦rr❡s♣♦♥❞❛♥t à ✉♥❡ ❝❧✐♠❛t✐q✉❡
♠♦②❡♥♥❡✱ ♣♦✉r ❧✬❡①♣❧♦✐t❛t✐♦♥ ♦✉ ❧❛ ré❣✐♦♥ ❛❣r✐❝♦❧❡ ❞❛♥s ❧❛q✉❡❧❧❡ ❡❧❧❡ ❡st s✐t✉é❡✳ ❊♥ ❡✛❡t✱
♦♥ ❝♦♥s✐❞èr❡ q✉❡ ❧✬❛ss♦❧❡♠❡♥t ❡st ❞ét❡r♠✐♥é ❡♥ ❞é❜✉t ❞❡ ❝❛♠♣❛❣♥❡✱ s❛♥s ❝♦♥♥❛✐ss❛♥❝❡s
s✉r ❧❡s ❝♦♥❞✐t✐♦♥s s♣é❝✐✜q✉❡s ❞❡ ❧✬❛♥♥é❡✳ P♦✉r ❝❤❛q✉❡ ♣❛r❝❡❧❧❡ ❡t ❝❤❛q✉❡ ❝✉❧t✉r❡✱ ❝❡
r❡♥❞❡♠❡♥t ♣❡✉t êtr❡ ♠♦❞✉❧é ♣❛r ❧❡s rè❣❧❡s ❛❣r♦♥♦♠✐q✉❡s ♣rés❡♥té❡s ❡♥ ✻✳✸✳✹✱ ♠❛✐s ❝❡
♥✬❡st ♣❛s ❧❡ ❝❛s ♣♦✉r t♦✉t❡s ❧❡s ♣r♦❞✉❝t✐♦♥s✳

P❧✉s✐❡✉rs ❝✉❧t✉r❡s ♣❡✉✈❡♥t ❛✈♦✐r ✉♥❡ ♣r♦❞✉❝t✐♦♥ ❝♦♠♠✉♥❡✳ ▲❡s ❝✉❧t✉r❡s ❜❧é ❡t ♦r❣❡
♣r♦❞✉✐s❡♥t t♦✉t❡s ❧❡s ❞❡✉① ❞❡ ❧❛ ♣❛✐❧❧❡✱ ♣❛r ❡①❡♠♣❧❡✳ ❈❡♣❡♥❞❛♥t✱ ❝❡s ❝✉❧t✉r❡s ♥❡ ❥♦✉❡♥t
♣❛s ✉♥ rô❧❡ éq✉✐✈❛❧❡♥t ✿ ❡❧❧❡s ❞✐✛èr❡♥t ♣❛r ❧❡✉r r❡♥❞❡♠❡♥t ♠♦②❡♥ ❡t ♣❛r ❧❡✉r ✐♥s❡rt✐♦♥ ❞❛♥s
❧❡ s②stè♠❡ ❞❡ ❝✉❧t✉r❡ ✿ ❧❛ ♠♦❞✉❧❛t✐♦♥ ❞✉ r❡♥❞❡♠❡♥t ❡♥ ❢♦♥❝t✐♦♥ ❞❡s rè❣❧❡s ❛❣r♦♥♦♠✐q✉❡s
s❡r❛ ❞✐✛ér❡♥t❡✳

P♦✉r ✉♥ ❛ss♦❧❡♠❡♥t ❞♦♥♥é✱ ♦♥ ♣❡✉t ❝❛❧❝✉❧❡r ❧❡s q✉❛♥t✐tés t♦t❛❧❡s ❞❡ ❝❤❛q✉❡ ♣r♦❞✉❝✲
t✐♦♥✱ ❡♥ ♠✉❧t✐♣❧✐❛♥t ❧❡s r❡♥❞❡♠❡♥ts ❛tt❡♥❞✉s ♣❛r ❧❡s s✉r❢❛❝❡s ❞❡s ♣❛r❝❡❧❧❡s✳ ❈❡s q✉❛♥t✐tés
s♦♥t ❝♦♠♣❛ré❡s à ❞❡s ❝♦♥tr❛✐♥t❡s ❡①✐❣é❡s ❞❡ ❧✬❛ss♦❧❡♠❡♥t✳ ❯♥❡ ❝♦♥tr❛✐♥t❡ ❡st ❝❛r❛❝tér✐sé❡
♣❛r ✉♥❡ q✉❛♥t✐té ♦❜❥❡❝t✐❢ ✿ ❧❡ ❜❡s♦✐♥✳ ▲❡s ❝♦♥tr❛✐♥t❡s s♦♥t s♦✉♣❧❡s ✭❝❢ ✻✳✸✳✸✮ ❡t ❧❡s ❜❡s♦✐♥s
♥❡ s♦♥t ♣❛s ❝♦✉✈❡rts s✐ ❞❡s ❝❤♦✐① ♣❧✉s ♦♣♣♦rt✉♥s s♦♥t ♣♦ss✐❜❧❡s✳

▲❡s ❝♦♥tr❛✐♥t❡s s♦♥t ♣r✐♥❝✐♣❛❧❡♠❡♥t ❧✐é❡s ❛✉① ❜❡s♦✐♥s ❞✉ tr♦✉♣❡❛✉✳ ❉❛♥s ❧❡s ❡①♣❧♦✐✲
t❛t✐♦♥s ♠♦❞é❧✐sé❡s✱ ❧✬❛✉t♦♥♦♠✐❡ ❛❧✐♠❡♥t❛✐r❡ ❡st ❡♥ ❣é♥ér❛❧ ❢♦rt❡✱ ❡♥ ♣❛rt✐❝✉❧✐❡r ♣♦✉r ❧❡s
❢♦✉rr❛❣❡s ✭P❛❝❝❛r❞ ❡t ❛❧✳ ✷✵✵✸✮✳ ▲❡ ❝❤♦✐① ❞❡ ❧✬❛ss♦❧❡♠❡♥t ❡st ❞♦♥❝ ❢♦rt❡♠❡♥t ❝♦♥tr❛✐♥t
♣❛r ❧❡s ❜❡s♦✐♥s ❛❧✐♠❡♥t❛✐r❡s✱ ❡✉①✲♠ê♠❡s ❞é✜♥✐s ♣❛r ❧❡s ♣❧❛♥s ❞✬❛❧✐♠❡♥t❛t✐♦♥ ❡t ❧❡s ❡✛❡❝✲
t✐❢s ❞✬❛♥✐♠❛✉①✳ ❚②♣✐q✉❡♠❡♥t✱ ❧❡s ❝✉❧t✉r❡s ❞❡ ✈❡♥t❡ s❡r♦♥t ❞♦♥❝ ❛ss♦❝✐é❡s à ✉♥ ❜❡s♦✐♥
♥✉❧✱ ❝❡ q✉✐ s✐❣♥✐✜❡ q✉✬♦♥ ❛tt❛❝❤❡ ❧❛ ♠ê♠❡ ♣r✐♦r✐té à t♦✉t❡s ❧❡s ✉♥✐tés ♣r♦❞✉✐t❡s✳

▲❡s ❝♦♥tr❛✐♥t❡s ♥❡ s♦♥t ♣❛s t♦✉❥♦✉rs ❜❛sé❡s s✉r ❞❡s é❧é♠❡♥ts ♠❛tér✐❡❧s ✿ ✐❧ ❡st ♣♦ss✐❜❧❡
❞❡ ❞é✜♥✐r ❞❡s ♣r♦❞✉❝t✐♦♥s ✈✐rt✉❡❧❧❡s✱ ♣♦✉r ✐♠♣♦s❡r ❞❡s ❝♦♥tr❛✐♥t❡s ❣❧♦❜❛❧❡s à ❧✬❛ss♦❧❡✲
♠❡♥t✳ ❖♥ ♣❡✉t ♣❛r ❡①❡♠♣❧❡ s♣é❝✐✜❡r q✉❡ ❧❡s ❝✉❧t✉r❡s ❜❧é ❡t ♦r❣❡ ♦♥t ✉♥❡ ♣r♦❞✉❝t✐♦♥
s✉r❢❛❝❡ ❡♥ ❝éré❛❧❡s ❡♥ ♣❛✐❧❧❡s✱ ❛✈❡❝ ✉♥ r❡♥❞❡♠❡♥t ✜①❡ ❞❡ ✶✳ ■❧ ❞❡✈✐❡♥t ❛❧♦rs ♣♦ss✐❜❧❡ ❞❡
❝♦♥tr❛✐♥❞r❡ ✭t♦✉❥♦✉rs ❞❡ ❢❛ç♦♥ s♦✉♣❧❡✮ ❝❡tt❡ s✉r❢❛❝❡✱ ❡♥ ✐♠♣♦s❛♥t ✉♥ ♠✐♥✐♠✉♠ ♦✉ ✉♥
♠❛①✐♠✉♠✳ ❈❡ ♠é❝❛♥✐s♠❡ ♣❡✉t tr♦✉✈❡r ❞❡s ❛♣♣❧✐❝❛t✐♦♥s ✐♥tér❡ss❛♥t❡s ❞❛♥s ❧❡ ❞♦♠❛✐♥❡
❡♥✈✐r♦♥♥❡♠❡♥t❛❧ ✿ ♦♥ ♣❡✉t ♣❛r ❡①❡♠♣❧❡ ❛ss♦❝✐❡r ✉♥❡ ♥♦t❡ ❞❡ ♠❛✐♥t✐❡♥ ❞❡ ❧❛ ❜✐♦❞✐✈❡rs✐té
à ❝❤❛q✉❡ ❝✉❧t✉r❡✱ ♠✐♥✐♠✐s❡r ❧❡s s✉r❢❛❝❡s ❡♥ s♦❧ ♥✉ ♣❡♥❞❛♥t ❧✬❤✐✈❡r ♦✉ ❡♥❝♦r❡ ✐♥t❡r❞✐r❡ ❞❡
❞é♣❛ss❡r ✉♥❡ ❝❡rt❛✐♥❡ s✉r❢❛❝❡ ❡♥ ❝✉❧t✉r❡s ré❝♦❧té❡s à ❧❛ ♠ê♠❡ ♣ér✐♦❞❡✱ ❛✜♥ ❞❡ r❡s♣❡❝t❡r
❧❡s ❝♦♥tr❛✐♥t❡s ❞❡ ♠❛✐♥ ❞✬♦❡✉✈r❡✳



➱t❛❜❧✐ss❡♠❡♥t ❞❡ ❧✬❛ss♦❧❡♠❡♥t à ❧✬❛✐❞❡ ❞❡ ❚♦✉r♥❡s♦❧ ✶✶✶

✻✳✸✳✸ Pr✐① ✐♥t❡r♥❡s ❡t sé❧❡❝t✐♦♥ ❞❡ ❧✬❛ss♦❧❡♠❡♥t

✻✳✸✳✸✳✶ Pr✐♥❝✐♣❡s ♠❛t❤é♠❛t✐q✉❡s

▲❛ sé❧❡❝t✐♦♥ ❞❡ ❧✬❛ss♦❧❡♠❡♥t ❧❡ ♣❧✉s ❛♣♣r♦♣r✐é ❡st ré❛❧✐sé❡ ❡♥ ♠❛①✐♠✐s❛♥t ✉♥❡ ❢♦♥❝✲
t✐♦♥ ♦❜❥❡❝t✐❢✳ ❈❡tt❡ ❢♦♥❝t✐♦♥ ♦❜❥❡❝t✐❢ r❡✢èt❡ ❧✬❛❞éq✉❛t✐♦♥ ❞✬✉♥ ❛ss♦❧❡♠❡♥t✱ ❛✉ ✈✉ ❞❡s
❝♦♥tr❛✐♥t❡s ❞✉ s②stè♠❡✱ ❞✉ ❝♦♥t❡①t❡ é❝♦♥♦♠✐q✉❡ ❡t ❞❡s ♣r✐♦r✐tés ❞❡ ❧✬é❧❡✈❡✉r✳ ❈❡s ❞❡✉①
❞❡r♥✐❡rs é❧é♠❡♥ts s♦♥t s②♥t❤ét✐sés ♣❛r ❞❡✉① ♣r✐① ✐♥t❡r♥❡s ❛ss♦❝✐és à ❝❤❛q✉❡ ❝♦♥tr❛✐♥t❡ ✿
✉♥ ❝♦ût ✉♥✐t❛✐r❡ ❛ss♦❝✐é à ❧❛ ♥♦♥ ré❛❧✐s❛t✐♦♥ ❞✉ ❜❡s♦✐♥ ❡t ✉♥ ♣r♦✜t ✉♥✐t❛✐r❡ ❛ss♦❝✐é à s❛
ré❛❧✐s❛t✐♦♥ ❡①❝é❞❡♥t❛✐r❡✳

Nct
∑

i=1

(Qpi − Besi) × V ali

❛✈❡❝ V ali =

{

CoutDefi s✐ Qpi < Besi

ProfitExci s✐ Qpi ≥ Besi

✭✻✳✶✮

♦ù ✿
✕ Nct ❡st ❧❡ ♥♦♠❜r❡ ❞❡ ❝♦♥tr❛✐♥t❡s ❞❡ ♣r♦❞✉❝t✐♦♥ ❀
✕ Qpi ❡st ❧❛ q✉❛♥t✐té ❢♦✉r♥✐❡ ♣♦✉r ❧❛ ♣r♦❞✉❝t✐♦♥ i ♣❛r ❧✬❛ss♦❧❡♠❡♥t é✈❛❧✉é ❀
✕ Besi ❡st ❧❡ ❜❡s♦✐♥ ✜①é ♣♦✉r ❧❛ ♣r♦❞✉❝t✐♦♥ i ❀
✕ CoutDefi ❡st ❧❡ ❝♦ût ❛ss♦❝✐é à ❝❤❛q✉❡ ✉♥✐té ♠❛♥q✉❛♥t❡ ♣♦✉r ❧❛ ♣r♦❞✉❝t✐♦♥ i ❀
✕ ProfitExci ❡st ❧❡ ♣r♦✜t ❛ss♦❝✐é ♣♦✉r ❝❤❛q✉❡ ✉♥✐té ❛✉✲❞❡❧à ❞✉ ❜❡s♦✐♥ ♣♦✉r ❧❛

♣r♦❞✉❝t✐♦♥ i✳

❉❛♥s ❚♦✉r♥❡s♦❧✱ ❧❛ ♥♦t✐♦♥ ❞❡ ❜❡s♦✐♥ ❡①♣r✐♠❡ ❧❡ ❢❛✐t q✉❡ ❧❡s é❧❡✈❡✉rs ❛ss♦❝✐❡♥t ✉♥❡
♣r✐♦r✐té ❞✐✛ér❡♥t❡ à ❧❛ ♣r♦❞✉❝t✐♦♥ ❞❡ ❝❤❛q✉❡ ✉♥✐té ❞✬✉♥❡ ♠❛t✐èr❡ ♣r❡♠✐èr❡✱ ❡♥ ❢♦♥❝t✐♦♥
❞❡ s♦♥ ❞❡✈❡♥✐r ✿ ♣❛r ❡①❡♠♣❧❡✱ ♣r♦❞✉✐r❡ ✉♥❡ t♦♥♥❡ ❞✬❡♥s✐❧❛❣❡ ❞❡ ♠❛ïs ♣♦✉r ♥♦✉rr✐r ❧❡ tr♦✉✲
♣❡❛✉ ♣❡✉t ❛✈♦✐r ✉♥❡ ♣r✐♦r✐té ❢♦rt❡ s✐ ❧✬é❧❡✈❡✉r ❞és✐r❡ êtr❡ ❛✉t♦♥♦♠❡✱ t❛♥❞✐s q✉❡ ♣r♦❞✉✐r❡
✉♥❡ t♦♥♥❡ s✉♣♣❧é♠❡♥t❛✐r❡ ♣♦✉r ❧❛ ✈❡♥❞r❡ ❛✉r❛ ✉♥❡ ♣r✐♦r✐té ♣❧✉s ❢❛✐❜❧❡✳ ▲❡s ♣r✐①✱ ✜①és
♣❛r ❧✬✉t✐❧✐s❛t❡✉r ❞✉ ♠♦❞è❧❡✱ s♦♥t ❞♦♥❝ ❞✐ts ✓ ✐♥t❡r♥❡s ✔ ❝❛r ✐❧s ♥❡ r❡♣rés❡♥t❡♥t ✉♥ ♣r✐① ❞❡
♠❛r❝❤é q✉❡ ❧♦rsq✉✬✐❧ ❡♥ ❡①✐st❡ ✉♥ ✭❝❡ q✉✐ ♥✬❡st ♣❛s ❧❡ ❝❛s ♣❛r ❡①❡♠♣❧❡ ❧♦rsq✉✬♦♥ ✐♥tr♦❞✉✐t
✉♥ ❝r✐tèr❡ ❜✐♦❞✐✈❡rs✐té✮ ❡t ❧♦rsq✉❡ ❧✬é❧❡✈❡✉r r❛✐s♦♥♥❡ ❞❡ ❢❛ç♦♥ ♣✉r❡♠❡♥t é❝♦♥♦♠✐q✉❡ s✉r
❧❛ ❝♦♥tr❛✐♥t❡ ❝♦♥❝❡r♥é❡✳ ❉❛♥s ❧❛ ♣❧✉♣❛rt ❞❡s ❝❛s✱ ❧❡s ♣r✐① ✐♥t❡r♥❡s r❡♣rés❡♥t❡♥t ❞✐r❡❝t❡✲
♠❡♥t ❧❡s ♣r✐♦r✐tés ❞❡ ❧✬é❧❡✈❡✉r✱ ❡t ♦♥ ❛✛❡❝t❡r❛ ♣❛r ❡①❡♠♣❧❡ ✉♥ ❝♦ût é❧❡✈é ✭r❡❧❛t✐✈❡♠❡♥t
❛✉① ❛✉tr❡s ♣r✐①✮ ❛✉ ❞é✜❝✐t ❡♥ ❡♥s✐❧❛❣❡ ❞❡ ♠❛ïs s✐ ❧✬♦♥ ✈❡✉t êtr❡ ❛✉t♦♥♦♠❡✳

❊♥ ♣r✐♥❝✐♣❡✱ ❧❡s ❝♦♥tr❛✐♥t❡s ❛❧✐♠❡♥t❛✐r❡s s♦♥t ❞❡s q✉❛♥t✐tés ♠✐♥✐♠❛❧❡s à ♣r♦❞✉✐r❡✳ ❙✐
❧✬♦♥ s♦✉❤❛✐t❡ ✐♥tr♦❞✉✐r❡ ✉♥❡ ❝♦♥tr❛✐♥t❡ ❞❡ ♠❛①✐♠✉♠ ♣♦✉r ✉♥ ❝r✐tèr❡ ❞♦♥♥é✱ ♣❛r ❡①❡♠♣❧❡
❧❡s s✉r❢❛❝❡s ❡♥ s♦❧ ♥✉ ❧✬❤✐✈❡r✱ ✐❧ s✉✣t ❞✬❛✛❡❝t❡r ❞❡s ✈❛❧❡✉rs ♥é❣❛t✐✈❡s ❛✉① ♣r✐① ✐♥t❡r♥❡s
❛ss♦❝✐és à ❝❡tt❡ ❝♦♥tr❛✐♥t❡✳ ❯♥ ❡①❝ès ❞❡ ♣r♦❞✉❝t✐♦♥ ♣♦✉r ❝❡tt❡ ❝♦♥tr❛✐♥t❡ rés✉❧t❡r❛ ❛❧♦rs
❡♥ ✉♥❡ ♣é♥❛❧✐té ❞❛♥s ❧❛ ❢♦♥❝t✐♦♥ ♦❜❥❡❝t✐❢✳

✻✳✸✳✸✳✷ ❘és♦❧✉t✐♦♥ ✐♥❢♦r♠❛t✐q✉❡

▲❡ ♣r♦❜❧è♠❡ ❞✬♦♣t✐♠✐s❛t✐♦♥ ♥❡ ♣❡✉t êtr❡ rés♦❧✉ ❡✣❝❛❝❡♠❡♥t ♣❛r ❞❡s ♠ét❤♦❞❡s ❝❧❛s✲
s✐q✉❡s ❝♦♠♠❡ ❧❛ ♣r♦❣r❛♠♠❛t✐♦♥ ❧✐♥é❛✐r❡✱ ❝❛r ❧❡s ✈❛r✐❛❜❧❡s à ♦♣t✐♠✐s❡r s♦♥t ❞✐s❝rèt❡s ❡t



✶✶✷ ❉é❝✐s✐♦♥s ❛♥♥✉❡❧❧❡s ❡t ❣é♥ér❛t✐♦♥ ❞❡ ♣❧❛♥s ❞✬❛❝t✐✈✐tés

Population  Pop

genotype g mutation

crossover

phenotype x

genotype g

Population

objective function fi

G
P

M

Reproduction

create new individuals
from the mating pool by
crossover and mutation

Selection

select the fittest indi-
viduals for reproduction

Evaluation

compute the objective
values of the solution
candidates

Fitness Assignment

use the objective values
to determine fitness
values

Initial Population

create an initial
population of random
individuals

❋✐❣✳ ✻✳✸ ✕ Pr✐♥❝✐♣❡ ❞❡ ❢♦♥❝t✐♦♥♥❡♠❡♥t ❞✬✉♥ ❛❧❣♦r✐t❤♠❡ ❣é♥ét✐q✉❡✳ ❙♦✉r❝❡ ✿ ❲❡✐s❡ ✭✷✵✵✽✮

r❡♣rés❡♥t❡♥t ❞❡s ❞♦♥♥é❡s q✉❛❧✐t❛t✐✈❡s ✿ ❧❡s ✈❛❧❡✉rs ♣♦ss✐❜❧❡s ❞❡ ❝❤❛q✉❡ ✈❛r✐❛❜❧❡ s♦♥t ❧❡s
❝✉❧t✉r❡s ❡t ✐❧ ♥✬❡①✐st❡ ♣❛s ❞❡ r❡❧❛t✐♦♥ ❞✬♦r❞r❡ ❡♥tr❡ ❡❧❧❡s✳❚♦✉r♥❡s♦❧ ✉t✐❧✐s❡ ❞♦♥❝ ✉♥ ❛❧❣♦✲
r✐t❤♠❡ ❣é♥ét✐q✉❡ ✭✈♦✐r ❡♥❝❛❞ré ✶✮✳ ▲✬✐♠♣❧é♠❡♥t❛t✐♦♥ ✐♥❢♦r♠❛t✐q✉❡ ✉t✐❧✐s❡ ❧❛ ❜✐❜❧✐♦t❤èq✉❡
❞é❞✐é❡ ●❆❧✐❜ ✭❲❛❧❧ ✶✾✾✾✮✱ q✉✐ ❛ été ❞é✈❡❧♦♣♣é❡ ♣❛r ▼❛tt❤❡✇ ❲❛❧❧ ❛✉ ▼❛ss❛❝❤✉ss❡ts
■♥st✐t✉t❡ ♦❢ ❚❡❝❤♥♦❧♦❣② ✭▼■❚✮ ❡t q✉✐ ❡st ❞✐s♣♦♥✐❜❧❡ s♦✉s ❧✐❝❡♥❝❡ ❧✐❜r❡✳

✻✳✸✳✹ ❘è❣❧❡s ❛❣r♦♥♦♠✐q✉❡s

✻✳✸✳✹✳✶ ❊✛❡ts ♣ré❝é❞❡♥ts

▲❡ r❡♥❞❡♠❡♥t ❞✬✉♥❡ ❝✉❧t✉r❡ s✉r ✉♥❡ ♣❛r❝❡❧❧❡ ❡st ✐♥✢✉❡♥❝é ♣❛r ❧❛ ❝✉❧t✉r❡ ♣rés❡♥t❡
s✉r ❧❛ ♣❛r❝❡❧❧❡ ❞✉r❛♥t ❧❛ ❝❛♠♣❛❣♥❡ ♣ré❝é❞❡♥t❡✳ ▲❡s ❛❣r✐❝✉❧t❡✉rs t✐❡♥♥❡♥t ❝♦♠♣t❡ ❞❡ ❝❡
♣❤é♥♦♠è♥❡ ❡♥ ❝❤♦✐s✐ss❛♥t ❧❡✉r ❛ss♦❧❡♠❡♥t ❡t ♣r✐✈✐❧é❣✐❡♥t ❞❡s r♦t❛t✐♦♥s q✉✐ t✐r❡♥t ♣❛rt✐
❞❡s ❝♦♠♣❧é♠❡♥t❛r✐tés ❡♥tr❡ ❝✉❧t✉r❡s✳ P♦✉r r❡♣rés❡♥t❡r ❞❡ ❢❛ç♦♥ ❛❞éq✉❛t❡ ❧❛ ❞②♥❛♠✐q✉❡
t❡♠♣♦r❡❧❧❡ ❞❡s ❛ss♦❧❡♠❡♥ts✱ ✐❧ ❢❛✉t ❞♦♥❝ ✐♥té❣r❡r ❧❡s rè❣❧❡s ❛❣r♦♥♦♠✐q✉❡s q✉✐ ré❣✐ss❡♥t
❧❡s s✉❝❝❡ss✐♦♥s ❝✉❧t✉r❛❧❡s✳ ❯♥❡ s♦❧✉t✐♦♥ ♣♦ss✐❜❧❡ s❡r❛✐t ❞✬❛✈♦✐r ❞❡s r♦t❛t✐♦♥s ✜①é❡s à



➱t❛❜❧✐ss❡♠❡♥t ❞❡ ❧✬❛ss♦❧❡♠❡♥t à ❧✬❛✐❞❡ ❞❡ ❚♦✉r♥❡s♦❧ ✶✶✸

▲❡s ❛❧❣♦r✐t❤♠❡s ❣é♥ét✐q✉❡s s♦♥t ✉♥❡ ♠ét❤♦❞❡ ❞✬♦♣t✐♠✐s❛t✐♦♥ ❤❡✉r✐st✐q✉❡✱ ❝✬❡st✲à✲❞✐r❡
q✉✬✐❧s ♣r♦♣♦s❡♥t ❡♥ ✉♥ t❡♠♣s ❞❡ ❝❛❧❝✉❧ r❛✐s♦♥♥❛❜❧❡ ✉♥❡ s♦❧✉t✐♦♥ ré❛❧✐s❛❜❧❡ ❡t ♣r♦❝❤❡ ❞❡
❧✬♦♣t✐♠✉♠✳ ▲❡s ♠ét❤♦❞❡s ❤❡✉r✐st✐q✉❡s s♦♥t ✉t✐❧✐sé❡s ❧♦rsq✉✬✉♥ ♣r♦❜❧è♠❡ ❞✬♦♣t✐♠✐s❛t✐♦♥
❡st tr♦♣ ❝♦♠♣❧❡①❡ ♣♦✉r êtr❡ rés♦❧✉ ❞❡ ❢❛ç♦♥ ❡①❛❝t❡ ♣❛r ✉♥❡ ♠ét❤♦❞❡ ❢♦✉r♥✐ss❛♥t ❞❡ ❢❛ç♦♥
❝❡rt❛✐♥❡ ❧❛ ♦✉ ❧❡s s♦❧✉t✐♦♥s ♦♣t✐♠❛❧❡s✳ ▲❡s ❛❧❣♦r✐t❤♠❡s ❣é♥ét✐q✉❡s s✬✐♥s♣✐r❡♥t ❞✉ ♣r✐♥❝✐♣❡
❞❡ sé❧❡❝t✐♦♥ ♥❛t✉r❡❧❧❡ ✭❲❡✐s❡ ✷✵✵✽✮✳ ■❧s ❝♦♥s✐st❡♥t à ❢❛✐r❡ ✓ é✈♦❧✉❡r ✔ ✉♥❡ ♣♦♣✉❧❛t✐♦♥ ❞❡
s♦❧✉t✐♦♥s ❛✉ ❝♦✉rs ❞✬✉♥ ❝❡rt❛✐♥ ♥♦♠❜r❡ ❞❡ ✓ ❣é♥ér❛t✐♦♥s ✔✱ ❡♥ ❛♣♣❧✐q✉❛♥t ✉♥❡ ♣r❡ss✐♦♥
❞❡ sé❧❡❝t✐♦♥ s❡❧♦♥ ❧❛ ❢♦♥❝t✐♦♥✲♦❜❥❡❝t✐❢ à ♦♣t✐♠✐s❡r ✭❋✐❣✳ ✻✳✸✮✳
❯♥❡ s♦❧✉t✐♦♥ ❛✉ ♣r♦❜❧è♠❡ à rés♦✉❞r❡ ❡st ❡♥❝♦❞é❡ s♦✉s ❢♦r♠❡ ❞✬✉♥ ❣é♥♦♠❡✱ q✉✐ ❡st ✉♥
❡♥s❡♠❜❧❡ ❞❡ ✈❛❧❡✉rs r❡♣rés❡♥t❛♥t ❧❡s ✈❛r✐❛❜❧❡s à ♦♣t✐♠✐s❡r ✭❲❡✐s❡ ✷✵✵✽✮✳ ❈❡s ✈❛r✐❛❜❧❡s
♣❡✉✈❡♥t êtr❡ ❞❡ ❞✐✛ér❡♥ts t②♣❡s ✿ ♥♦♠❜r❡s ré❡❧s✱ ❡♥t✐❡rs✱ ❜♦♦❧é❡♥s✱ ❡t❝✳✳✳ P❛r ❡①❡♠♣❧❡✱
❞❛♥s ❚♦✉r♥❡s♦❧✱ ❧❡ ❣é♥♦♠❡ ❡st ✉♥ ❡♥s❡♠❜❧❡ ❞❡ ✈❛r✐❛❜❧❡s ❞✐s❝rèt❡s ❞❛♥s ❧❡q✉❡❧ ❝❤❛q✉❡
✈❛r✐❛❜❧❡ ❞és✐❣♥❡ ✉♥❡ ♣❛r❝❡❧❧❡ ❡t s❛ ✈❛❧❡✉r ❞és✐❣♥❡ ❧❛ ❝✉❧t✉r❡ à ✐♠♣❧❛♥t❡r s✉r ❝❡tt❡ ♣❛r❝❡❧❧❡✳
❈❤❛q✉❡ s♦❧✉t✐♦♥ ♣❡✉t êtr❡ é✈❛❧✉é❡ ♣❛r ❧❛ ❢♦♥❝t✐♦♥✲♦❜❥❡❝t✐❢ q✉❡ ❧✬♦♥ s♦✉❤❛✐t❡ ♦♣t✐♠✐s❡r✳
❆✉ ❞é♣❛rt ❞❡ ❧✬♦♣t✐♠✐s❛t✐♦♥✱ ✉♥❡ ♣♦♣✉❧❛t✐♦♥ ❡st ❣é♥éré❡ ❛❧é❛t♦✐r❡♠❡♥t✳ ▲❡s ✐♥❞✐✈✐❞✉s
❞❡ ❝❡tt❡ ♣♦♣✉❧❛t✐♦♥ s♦♥t é✈❛❧✉és ♣✉✐s sé❧❡❝t✐♦♥♥és ♣♦✉r s❡ r❡♣r♦❞✉✐r❡ ♣♦✉r ❧❛ ❣é♥ér❛✲
t✐♦♥ s✉✐✈❛♥t❡✳ ▲❡s ✐♥❞✐✈✐❞✉s ❛②❛♥t ♦❜t❡♥✉ ✉♥ s❝♦r❡ é❧❡✈é ♦♥t ✉♥❡ ♣r♦❜❛❜✐❧✐té ♣❧✉s ❢♦rt❡
❞✬êtr❡ ✉t✐❧✐sés✱ ❝❡ q✉✐ ❝♦♥st✐t✉❡ ❧❛ ♣r❡ss✐♦♥ ❞❡ sé❧❡❝t✐♦♥✳ ❆✉ ❝♦✉rs ❞✉ ♠é❝❛♥✐s♠❡ ❞❡ r❡✲
♣r♦❞✉❝t✐♦♥ ♣❡r♠❡tt❛♥t ❞❡ ♣❛ss❡r ❞✬✉♥❡ ❣é♥ér❛t✐♦♥ à ❧✬❛✉tr❡✱ ❞❡s ✓ ♠✉t❛t✐♦♥s ✔ ❡t ❞❡s
✓ ❝r♦ss♦✈❡r ✔ ♦♥t ❧✐❡✉ ❛❧é❛t♦✐r❡♠❡♥t ♣♦✉r ❝ré❡r ❞❡ ♥♦✉✈❡❛✉① ✐♥❞✐✈✐❞✉s à ♣❛rt✐r ❞❡s ✐♥❞✐✲
✈✐❞✉s sé❧❡❝t✐♦♥♥és✳ ▲❛ ♠✉t❛t✐♦♥ ❝♦♥s✐st❡ à ♠♦❞✐✜❡r ✉♥❡ ✈❛❧❡✉r ❞✬✉♥ ❣è♥❡ ❡t ❧❡ ❝r♦ss♦✈❡r
❝♦♥s✐st❡ à ♠é❧❛♥❣❡r ❧❡s ✈❛❧❡✉rs ❞❡s ❣è♥❡s ❞❡ ❞❡✉① ✐♥❞✐✈✐❞✉s✳ ❈❡ ♣r♦❝❡ss✉s ❡st ré♣été s✉r
❞❡ ♥♦♠❜r❡✉s❡s ❣é♥ér❛t✐♦♥s ✭❋✐❣✳ ✻✳✸✮✳ ❆✉ ❝♦✉rs ❞❡ ❝❡ ♣r♦❝❡ss✉s✱ ❧❛ ✈❛❧❡✉r ❞❡ ❧❛ ❢♦♥❝✲
t✐♦♥ ♦❜❥❡❝t✐❢ ♣♦✉r ❧❡ ♠❡✐❧❧❡✉r ✐♥❞✐✈✐❞✉ ❡st ♣r♦❣r❡ss✐✈❡♠❡♥t ❛♠é❧✐♦ré❡ ❡t ❝♦♥✈❡r❣❡ ✈❡rs
❧✬♦♣t✐♠✉♠✳
❉✐✛ér❡♥ts ♣❛r❛♠ètr❡s ❝♦♥trô❧❡♥t ❧✬♦♣t✐♠✐s❛t✐♦♥ ✿ ❧❛ t❛✐❧❧❡ ❞❡ ❧❛ ♣♦♣✉❧❛t✐♦♥ ✭❧❡ ♥♦♠❜r❡
❞✬✐♥❞✐✈✐❞✉s q✉✐ ❝♦♠♣♦s❡♥t ❝❤❛q✉❡ ❣é♥ér❛t✐♦♥✮✱ ❧❡ ♥♦♠❜r❡ ❞❡ ❣é♥ér❛t✐♦♥s s✉❝❝❡ss✐✈❡s ❡t
❧❡ t❛✉① ❞❡ ♠✉t❛t✐♦♥✱ q✉✐ ❡st ❧❛ ♣r♦❜❛❜✐❧✐té q✉✬✉♥❡ ♠✉t❛t✐♦♥ ❛✛❡❝t❡ ✉♥ ❣è♥❡ ❛✉ ❝♦✉rs ❞✉
♠é❝❛♥✐s♠❡ ❞❡ ✓ r❡♣r♦❞✉❝t✐♦♥ ✔✳ ▲❡ t❡♠♣s ❞❡ ❧❛ ❝❛❧❝✉❧ ❡t ❧❛ q✉❛❧✐té ❞❡ ❧❛ s♦❧✉t✐♦♥ ❝❤♦✐s✐❡
❞é♣❡♥❞❡♥t ❞❡ ❝❡s ♣❛r❛♠ètr❡s✱ q✉✐ ❞♦✐✈❡♥t êtr❡ ✜①és ❡♥ ré❛❧✐s❛♥t ✉♥ ❝♦♠♣r♦♠✐s ❡♥tr❡ ❧❡s
❞❡✉① ❛s♣❡❝ts✳
❉❡ ♥♦♠❜r❡✉s❡s ❛♣♣❧✐❝❛t✐♦♥s ❞❡s ❛❧❣♦r✐t❤♠❡s ❣é♥ét✐q✉❡s ♦♥t été ♣r♦♣♦sé❡s ♣♦✉r ❞✐✛é✲
r❡♥t❡s ❝❛té❣♦r✐❡s ❞❡ ♣r♦❜❧è♠❡s ❞✬♦♣t✐♠✐s❛t✐♦♥ ❡t ❞❛♥s ❞✐✛ér❡♥ts ❞♦♠❛✐♥❡s✱ ✐♥❝❧✉❛♥t ❧❡
❞♦♠❛✐♥❡ ❛❣r✐❝♦❧❡✳

❊♥❝❛❞ré ✶✿ ▲❡s ❛❧❣♦r✐t❤♠❡s ❣é♥ét✐q✉❡s



✶✶✹ ❉é❝✐s✐♦♥s ❛♥♥✉❡❧❧❡s ❡t ❣é♥ér❛t✐♦♥ ❞❡ ♣❧❛♥s ❞✬❛❝t✐✈✐tés

❧✬❛✈❛♥❝❡ ❡t ❛♣♣❧✐q✉é❡s à ❞❡s ❣r♦✉♣❡s ❞❡ ♣❛r❝❡❧❧❡s✳ ▼❛✐s ❡♥ ❡①♣❧♦✐t❛t✐♦♥ ❞✬é❧❡✈❛❣❡✱ ♦♥
♦❜s❡r✈❡ r❛r❡♠❡♥t ❞❡s r♦t❛t✐♦♥s ré❣✉❧✐èr❡s✳ ▲❡s ❛❧é❛s ❝♦♥❞✉✐s❡♥t à ❞❡s ❛❞❛♣t❛t✐♦♥s✱ ❝❛r
❧❡s ♦❜❥❡❝t✐❢s ❞❡ ♣r♦❞✉❝t✐♦♥ ❡♥ ✈✉❡ ❞❡ ♥♦✉rr✐r ❧❡ tr♦✉♣❡❛✉ s♦♥t ♣ré♣♦♥❞ér❛♥ts✳

❉❛♥s ❚♦✉r♥❡s♦❧✱ ♣♦✉r t❡♥✐r ❝♦♠♣t❡ ❞❡ ❧✬❡✛❡t ❞❡s s✉❝❝❡ss✐♦♥s ❝✉❧t✉r❛❧❡s✱ ❧❡s r❡♥❞❡✲
♠❡♥ts ❛tt❡♥❞✉s s♦♥t ♠♦❞✉❧és ♣❛r ✉♥ ❝♦❡✣❝✐❡♥t ❝❛r❛❝tér✐st✐q✉❡ ❞❡ ❝❤❛q✉❡ ❡♥❝❤❛î♥❡♠❡♥t
❞❡ ❞❡✉① ❝✉❧t✉r❡s✳ ▲❡ ❝♦❡✣❝✐❡♥t ♠❛rq✉❛♥t ❧✬❡✛❡t ❞❡ ❧❛ ❝✉❧t✉r❡ c′ s✉r ❧❛ ❝✉❧t✉r❡ s✉✐✈❛♥t❡ c
s❡r❛ ♥♦té ✿ Precc,c′ ✳ ❙✬✐❧ ❡st s✉♣ér✐❡✉r à ✶✱ ❧❛ ❝✉❧t✉r❡ c ❡st ❢❛✈♦r✐sé❡✱ ❡t ✐♥✈❡rs❡♠❡♥t✳ ▲❡s
✈❛❧❡✉rs ✉t✐❧✐sé❡s ❞❛♥s ▼é❧♦❞✐❡ ♣♦✉r ❧❡s ♣r✐♥❝✐♣❛❧❡s ❝✉❧t✉r❡s ❞❡ ❧✬❖✉❡st ❞❡ ❧❛ ❋r❛♥❝❡ ♦♥t
été ét❛❜❧✐❡s ❞✬❛♣rès ❋✳ ●❛r❝✐❛ ✭❝♦♠♠✉♥✐❝❛t✐♦♥ ♣❡rs♦♥♥❡❧❧❡✮ ❛♣rès ❝♦♥s✉❧t❛t✐♦♥ ❞✬❡①♣❡rts
❞❛♥s ❞✐✛ér❡♥ts ♦r❣❛♥✐s♠❡s ❞❡ r❡❝❤❡r❝❤❡ ❡t ❞é✈❡❧♦♣♣❡♠❡♥t ❛❣r✐❝♦❧❡✳

✻✳✸✳✹✳✷ ▼♦❞✉❧❛t✐♦♥ ❞✉ ♣♦t❡♥t✐❡❧ ♣❛r ♣❛r❝❡❧❧❡

❚♦✉t❡s ❧❡s ♣❛r❝❡❧❧❡s ❞✬✉♥❡ ❡①♣❧♦✐t❛t✐♦♥ ♥❡ s♦♥t ♣❛s ❤♦♠♦❣è♥❡s ❡♥ t❡r♠❡s ❞❡ ♣♦t❡♥t✐❡❧s
❞❡ r❡♥❞❡♠❡♥t✳ ❈❡❧❛ ♣❡✉t s✬❡①♣❧✐q✉❡r ♣❛r ❞❡s ❞✐✛ér❡♥❝❡s ❞❡ t②♣❡ ❞❡ s♦❧ ❡t ❞✬✉t✐❧✐s❛t✐♦♥
♣❛ssé❡✳ ▲❛ ❞✐✛ér❡♥❝❡ ❡♥tr❡ ❞❡s ♣❛r❝❡❧❧❡s ♣❡✉t êtr❡ ♣❧✉s ♠❛rq✉é❡ ♣♦✉r ❝❡rt❛✐♥❡s ❝✉❧t✉r❡s
q✉❡ ♣♦✉r ❞✬❛✉tr❡s✳ ■❧ ❢❛✉t ❞♦♥❝ t❡♥✐r ❝♦♠♣t❡ ❞✉ ♣♦t❡♥t✐❡❧ ❞❡ r❡♥❞❡♠❡♥t s♣é❝✐✜q✉❡ ❞❡
❝❤❛q✉❡ ❝✉❧t✉r❡ s✉r ❝❤❛q✉❡ ♣❛r❝❡❧❧❡✳ ▲❡s r❡♥❞❡♠❡♥ts ❛tt❡♥❞✉s s♦♥t ❞♦♥❝ ♠✉❧t✐♣❧✐és ♣❛r
✉♥ ❝♦❡✣❝✐❡♥t Specp,c r❡♣rés❡♥t❛♥t ❧❡ ♣♦t❡♥t✐❡❧ r❡❧❛t✐❢ ❞❡ ❧❛ ♣❛r❝❡❧❧❡ p ♣♦✉r ❧❛ ❝✉❧t✉r❡ c✳
❈❡s ❝♦❡✣❝✐❡♥ts s♦♥t ❡♥trés ♣❛r ❧✬✉t✐❧✐s❛t❡✉r ❞✉ ♠♦❞è❧❡✳

✻✳✸✳✹✳✸ ❋réq✉❡♥❝❡s ❡t ❞é❧❛✐s ❞❡ ♥♦♥ r❡t♦✉r

▲✬❛♣♣❛r✐t✐♦♥ tr♦♣ ❢réq✉❡♥t❡ ❞✬✉♥❡ ❝✉❧t✉r❡ s✉r ✉♥❡ ♠ê♠❡ ♣❛r❝❡❧❧❡ ♣❡✉t ❛❜♦✉t✐r à ❞❡s
♣❡rt❡s ❞❡ r❡♥❞❡♠❡♥t✱ à ❝❛✉s❡ ❞❡ ❧❛ ♣r❡ss✐♦♥ ❡①❡r❝é❡ ♣❛r ❧❡s ❛❞✈❡♥t✐❝❡s ❡t ❧❡s ❜✐♦❛❣r❡s✲
s❡✉rs✳ ❈❡t ❡✛❡t ❡st ♣❛rt✐❡❧❧❡♠❡♥t ♣r✐s ❡♥ ❝♦♠♣t❡ ♣❛r ❧❡s ❝♦❡✣❝✐❡♥ts Prevc,c✱ ❝❛r❛❝tér✐s❛♥t
❧✬❡✛❡t ❞❡ ❧❛ ré♣ét✐t✐♦♥ ❞❡ ❧❛ ❝✉❧t✉r❡ c✳ ▼❛✐s ❝❡t ❡✛❡t s✬ét❡♥❞ ❛✉✲❞❡❧à ❞❡s s✉❝❝❡ss✐♦♥s s✉r
❞❡✉① ❛♥s✳ ■❧ ❡st ♣r✐s ❡♥ ❝♦♠♣t❡ ❞❡ ❞❡✉① ❢❛ç♦♥s ❞❛♥s ❚♦✉r♥❡s♦❧✳ ❚♦✉t ❞✬❛❜♦r❞✱ ❧❛ ❢ré✲
q✉❡♥❝❡ ❞✬❛♣♣❛r✐t✐♦♥ ❞❡ ❝❤❛q✉❡ ❝✉❧t✉r❡ s✉r ❝❤❛q✉❡ ♣❛r❝❡❧❧❡ ✭Freqp,c✮ ❡st ❝❛❧❝✉❧é❡ ❝❤❛q✉❡
❛♥♥é❡✱ s✉r ❧✬❡♥s❡♠❜❧❡ ❞❡s ❛♥♥é❡s ❞❡ s✐♠✉❧❛t✐♦♥ ♣ré❝é❞❡♥t❡s✳ ❙✐ ❝❡tt❡ ❢réq✉❡♥❝❡ ❞é♣❛ss❡
❧❡ s❡✉✐❧ FreqMaxc✱ ❛❧♦rs ❧❡ r❡♥❞❡♠❡♥t ❛tt❡♥❞✉ ❡st ♠✉❧t✐♣❧✐é ♣❛r ❧❡ ❝♦❡✣❝✐❡♥t s✉✐✈❛♥t ✿

FreqMaxc

Freqp,c

❉✬❛✉tr❡ ♣❛rt✱ ❧❡s ♣r❛t✐q✉❡s ♦❜s❡r✈é❡s s✉r ❧❡ t❡rr❛✐♥ ❝♦♥s✐st❡♥t s♦✉✈❡♥t à ✐♠♣♦s❡r ✉♥
❞é❧❛✐ ❞❡ ♥♦♥ r❡t♦✉r✳ ❉❛♥s ❚♦✉r♥❡s♦❧✱ ❝❡s ❞é❧❛✐s s♦♥t ❛♣♣❧✐q✉és ❞❡ ❢❛ç♦♥ str✐❝t❡✱ à ❧❛
❞✐✛ér❡♥❝❡ ❞❡s ❛✉tr❡s rè❣❧❡s✱ q✉✐ ♠♦❞✉❧❡♥t ❧❡ r❡♥❞❡♠❡♥t ❛tt❡♥❞✉✳

▲❛ ❢réq✉❡♥❝❡ ♠❛①✐♠❛❧❡ ❡t ❧❡ ❞é❧❛✐ ❞❡ ♥♦♥ r❡t♦✉r ❞✬✉♥❡ ❝✉❧t✉r❡ s♦♥t ❞❡s ❡♥tré❡s ❞✉
♠♦❞è❧❡✳

✻✳✸✳✹✳✹ ❈❛❧❝✉❧ ❞❡s r❡♥❞❡♠❡♥ts ❛tt❡♥❞✉s

P♦✉r ❧❡s ♣r♦❞✉❝t✐♦♥s ❞♦♥t ❧✬✉t✐❧✐s❛t❡✉r s♣é❝✐✜❡ q✉❡ ❧❡ r❡♥❞❡♠❡♥t ❞♦✐t êtr❡ ♠♦❞✉❧é
♣❛r ❧❡s rè❣❧❡s ❛❣r♦♥♦♠✐q✉❡s✱ ❧❡ ❝❛❧❝✉❧ ❞✉ r❡♥❞❡♠❡♥t ❛tt❡♥❞✉ ❡st ❢❛✐t ❡♥ ❝♦♠❜✐♥❛♥t ❧❡s
❞✐✛ér❡♥ts ❡✛❡ts ❞é❝r✐ts ❞❛♥s ❧❡s ♣❛r❛❣r❛♣❤❡s ♣ré❝é❞❡♥ts ✿



➱t❛❜❧✐ss❡♠❡♥t ❞❡ ❧✬❛ss♦❧❡♠❡♥t à ❧✬❛✐❞❡ ❞❡ ❚♦✉r♥❡s♦❧ ✶✶✺

Rdtp,c,pr = RdtBasec,pr × Specp,c × Precc,c′ × min

(

FreqMaxc

Freqp,c

, 1

)

✭✻✳✷✮

✻✳✸✳✹✳✺ ❈✉❧t✉r❡s ♣❧✉r✐❛♥♥✉❡❧❧❡s

P♦✉r ❧❡s ❝✉❧t✉r❡s ♣❧✉r✐❛♥♥✉❡❧❧❡s✱ ❧✬✉t✐❧✐s❛t❡✉r s♣é❝✐✜❡ ❞❡s ♥♦♠❜r❡s ❞✬❛♥♥é❡s ♠✐♥✐♠✉♠
❡t ♠❛①✐♠✉♠ ♣♦✉r ❧❛ ❞❡str✉❝t✐♦♥✳ ❈❡s rè❣❧❡s s♦♥t ❛♣♣❧✐q✉é❡s ❞❡ ❢❛ç♦♥ str✐❝t❡✳ ■❧ ❡st ❞♦♥❝
♣❛r ❡①❡♠♣❧❡ ♣♦ss✐❜❧❡ ❞✬✐♠♣♦s❡r ❛✉① ♣r❛✐r✐❡s t❡♠♣♦r❛✐r❡s ❞❡ r❡st❡r ❡♥ ♣❧❛❝❡ ❛✉ ♠♦✐♥s ✸
❛♥s ❡t ❞✬êtr❡ ❢♦r❝é♠❡♥t r❡♥♦✉✈❡❧é❡s s✐ ❡❧❧❡s ❛tt❡✐❣♥❡♥t ✺ ❛♥s✳

✻✳✸✳✺ ❙♣é❝✐✜❝✐tés ❞✉ ♣ât✉r❛❣❡

▲❡ ❝❛❧❝✉❧ ❞❡s q✉❛♥t✐tés ❞✬❤❡r❜❡ ❞✐s♣♦♥✐❜❧❡s ♣♦✉r ❧❡ ♣ât✉r❛❣❡ ❞❡s ✈❛❝❤❡s ❧❛✐t✐èr❡s ❡t
❞❡s ❣é♥✐ss❡s ❞♦✐t ♣r❡♥❞r❡ ❡♥ ❝♦♠♣t❡ ❧✬❛❝❝❡ss✐❜✐❧✐té ❞❡s ♣❛r❝❡❧❧❡s ♣♦✉r ❝❡s ❞❡✉① ❧♦ts✳ ❊♥
❡✛❡t✱ ✉♥❡ ♣❛r❝❡❧❧❡ ♣❡✉t ♥❡ ♣❛s êtr❡ ❛❝❝❡ss✐❜❧❡✱ à ❝❛✉s❡ ❞✬✉♥❡ tr♦♣ ❣r❛♥❞❡ ❞✐st❛♥❝❡ ❛✉①
❜ât✐♠❡♥ts ❞✬é❧❡✈❛❣❡ ♦✉ à ❝❛✉s❡ ❞✬✉♥ ♦❜st❛❝❧❡ ❛✉ ♣❛ss❛❣❡ ❞❡s ❛♥✐♠❛✉①✳

❖♥ ❝♦♥s✐❞èr❡ q✉❡ ❧❛ ❝✉❧t✉r❡ ♣r❛✐r✐❡ ❛✱ ♣❛r♠✐ s❡s ♣r♦❞✉❝t✐♦♥s✱ ❧✬❤❡r❜❡ ♣ât✉r❛❜❧❡ ♣❛r
❧❡s ✈❛❝❤❡s ❡t ❧✬❤❡r❜❡ ♣ât✉r❛❜❧❡ ♣❛r ❧❡s ❣é♥✐ss❡s✳ ❖♥ ❝❛❧❝✉❧❡ ❧❡s q✉❛♥t✐tés ♣r♦❞✉✐t❡s ❡♥
♥❡ ❝♦♥s✐❞ér❛♥t q✉❡ ❧❡s ♣❛r❝❡❧❧❡s ❛❝❝❡ss✐❜❧❡s ❛✉ ❧♦t ❝♦♥❝❡r♥é✳ ❈❡♣❡♥❞❛♥t✱ à ❝❛✉s❡ ❞✉
r❡❝♦✉✈r❡♠❡♥t ♣❛rt✐❡❧ ❡♥tr❡ ❧❡s ❡♥s❡♠❜❧❡s ❞❡ ♣❛r❝❡❧❧❡s ❛❝❝❡ss✐❜❧❡s ❛✉① ❞❡✉① ❧♦ts✱ ✐❧ ❡st
♣♦ss✐❜❧❡ q✉✬✉♥ ❛ss♦❧❡♠❡♥t ♣r♦❞✉✐s❡ s✉✣s❛♠♠❡♥t ❞✬❤❡r❜❡ ♣ât✉ré❡ ♣♦✉r ❝❤❛q✉❡ ❧♦t✱ ♠❛✐s
♣❛s ♣♦✉r ❧❡s ❞❡✉① ❡♥ ♠ê♠❡ t❡♠♣s✳ ❖♥ ❛❥♦✉t❡ ❞♦♥❝ ✉♥❡ ❝♦♥tr❛✐♥t❡ s✉r ❧✬❤❡r❜❡ ♣ât✉ré❡
t♦t❛❧❡✱ ❞♦♥t ❧❛ q✉❛♥t✐té ♣r♦❞✉✐t❡ ❡st ❝❛❧❝✉❧é❡ s✉r ❧✬❡♥s❡♠❜❧❡ ❞❡s ♣❛r❝❡❧❧❡s ❛❝❝❡ss✐❜❧❡s s♦✐t
❛✉① ✈❛❝❤❡s✱ s♦✐t ❛✉① ❣é♥✐ss❡s✳ ❊♥✜♥✱ ♦♥ ❛❥♦✉t❡ ✉♥❡ ❝♦♥tr❛✐♥t❡ s✉r ❧❛ ♣r♦❞✉❝t✐♦♥ ❞✬❤❡r❜❡
t♦t❛❧❡✱ r❛ss❡♠❜❧❛♥t ❧✬❤❡r❜❡ ♣ât✉ré❡ ❡t ❧✬❤❡r❜❡ ❝♦♥s❡r✈é❡✱ ❝❛r ❧✬❤❡r❜❡ ❝♦♥s❡r✈é❡ ♣❡✉t êtr❡
♣r♦❞✉✐t❡ s✉r ❞❡s ♣❛r❝❡❧❧❡s ♣♦✉✈❛♥t êtr❡ ♣ât✉ré❡s✳

✻✳✸✳✻ ❏❛❝❤èr❡

▲❛ ♣♦❧✐t✐q✉❡ ❛❣r✐❝♦❧❡ ❝♦♠♠✉♥❡ ✐♠♣♦s❡ q✉✬✉♥❡ ❝❡rt❛✐♥❡ s✉r❢❛❝❡ s♦✐t ❧❛✐ssé❡ ❡♥ ❥❛❝❤èr❡✱
❛✈❡❝ ❞❡s rè❣❧❡s ✈❛r✐❛❜❧❡s s❡❧♦♥ ❧❡s ❛♥♥é❡s✳ ❈❡tt❡ s✉r❢❛❝❡ ❡st ♣r♦♣♦rt✐♦♥♥❡❧❧❡ à ❧❛ s✉r❢❛❝❡
❡♠❜❧❛✈é❡ ❡♥ ❝éré❛❧❡s ❡t ♦❧é♦♣r♦té❛❣✐♥❡✉①✳ ▲❛ ❥❛❝❤èr❡ ♣❡✉t ❞♦♥❝ êtr❡ ❝♦♥s✐❞éré❡ ❝♦♠♠❡
✉♥❡ s✐♠♣❧❡ ❝♦♥tr❛✐♥t❡ ❞❛♥s ❧❡ ♠♦❞è❧❡✱ ♠❛✐s ❧❡ ❜❡s♦✐♥ ❛ss♦❝✐é ♥❡ ♣❡✉t êtr❡ ❝❛❧❝✉❧é à
❧✬❛✈❛♥❝❡ ✿ ✐❧ ❞é♣❡♥❞ ❞❡ ❧✬❛ss♦❧❡♠❡♥t✳ ❈❡ ❜❡s♦✐♥ ❡st ❞♦♥❝ é✈❛❧✉é ♣♦✉r ❝❤❛q✉❡ ❛ss♦❧❡♠❡♥t
♣♦✉r ❧❡q✉❡❧ ❧❛ ❢♦♥❝t✐♦♥ ♦❜❥❡❝t✐❢ ❡st ❝❛❧❝✉❧é❡✳

✻✳✸✳✼ Pr✐s❡ ❡♥ ❝♦♠♣t❡ ❞❡s ❝♦♥tr❛✐♥t❡s ❞✬é♣❛♥❞❛❣❡

❚♦✉t❡s ❧❡s ❝✉❧t✉r❡s ♥✬♦♥t ♣❛s ❧❛ ♠ê♠❡ ❝❛♣❛❝✐té à ✈❛❧♦r✐s❡r ❧❡s ❡♥❣r❛✐s ❞❡ ❢❡r♠❡ ♣r♦✲
❞✉✐ts s✉r ❧✬❡①♣❧♦✐t❛t✐♦♥✳ ▲❛ ❞✐✛ér❡♥❝❡ ❡♥tr❡ ❧❡s ❝✉❧t✉r❡s s❡ ♣♦s❡ ❡♥ t❡r♠❡s q✉❛♥t✐t❛t✐❢s
✭q✉❛♥t✐tés ❞✬é❧é♠❡♥ts ❢❡rt✐❧✐s❛♥ts ✈❛❧♦r✐s❛❜❧❡s✮ ❡t q✉❛❧✐t❛t✐❢s ✭♣♦ss✐❜✐❧✐té ♦✉ ♥♦♥ ❞✬é♣❛♥❞r❡
✉♥ ❡♥❣r❛✐s ❞❡ ❢❡r♠❡ ❞♦♥♥é s✉r ✉♥❡ ❝✉❧t✉r❡ ❞♦♥♥é❡✮✳ ❉❛♥s ❧❡s ❡①♣❧♦✐t❛t✐♦♥s ♦ù ❧❡s ❝❤❛r❣❡✲
♠❡♥ts s♦♥t ❧❡s ♣❧✉s ✐♠♣♦rt❛♥ts✱ ❧❡ ❝❤♦✐① ❞❡ ❧✬❛ss♦❧❡♠❡♥t ❡st ❢❛✐t ❡♥ ♣r❡♥❛♥t ❡♥ ❝♦♠♣t❡ ❧❛



✶✶✻ ❉é❝✐s✐♦♥s ❛♥♥✉❡❧❧❡s ❡t ❣é♥ér❛t✐♦♥ ❞❡ ♣❧❛♥s ❞✬❛❝t✐✈✐tés

❝❛♣❛❝✐té à r❡❝❡✈♦✐r ❧✬❡♥s❡♠❜❧❡ ❞❡s ❡♥❣r❛✐s ❞❡ ❢❡r♠❡ ♣r♦❞✉✐ts s✉r ❧✬❡①♣❧♦✐t❛t✐♦♥✱ ❡♥ ♠❡t✲
t❛♥t à ♣❛rt ❧❡s ♣♦ss✐❜✐❧✐tés ❞✬é♣❛♥❞❛❣❡ s✉r ❞❡s t❡rr❡s ❡①tér✐❡✉r❡s à ❧✬❡①♣❧♦✐t❛t✐♦♥ ✭▼▼✳
❈❛❜❛r❡t✱ ❝♦♠♠✉♥✐❝❛t✐♦♥ ♣❡rs♦♥♥❡❧❧❡✮✳

❉❛♥s ✉♥❡ ♣r❡♠✐èr❡ ét❛♣❡✱ ❧❛ ❢❡rt✐❧✐s❛t✐♦♥ ♣♦✉r ❝❤❛q✉❡ ♣❛r❝❡❧❧❡ ❡st ❝❛❧❝✉❧é❡ à ❧✬❛✐❞❡
❞✉ ♠♦❞✉❧❡ ❞❡ ❢❡rt✐❧✐s❛t✐♦♥ ❞❡ ❋✉♠✐❣è♥❡✱ ♣rés❡♥té ❞❛♥s ❧❛ ♣❛rt✐❡ ✻✳✹✳✷✱ ♣❛❣❡ ✶✶✾✳ ▲❡s
q✉❛♥t✐tés t♦t❛❧❡s ❞❡ ◆ ❡t P ✈❛❧♦r✐s❛❜❧❡s s♦♥t ❡♥s✉✐t❡ ❝♦♠♣❛ré❡s ❛✉① q✉❛♥t✐tés ❝♦♥t❡♥✉❡s
❞❛♥s ❧❡s ❡✤✉❡♥ts à ❣ér❡r✳

❈❡♣❡♥❞❛♥t✱ ✐❧ ❢❛✉t t❡♥✐r ❝♦♠♣t❡ ❞❡s ♣♦ss✐❜✐❧✐tés ❞✬é♣❛♥❞❛❣❡ s✉r ❧❡s ❞✐✛ér❡♥t❡s ❝✉❧t✉r❡s✳
❆✜♥ ❞❡ s✐♠♣❧✐✜❡r ❧❡s ❝❛❧❝✉❧s✱ ❧❡s ❡✤✉❡♥ts s♦♥t ré♣❛rt✐s ❡♥ tr♦✐s ❣r♦✉♣❡s ✿ ❧❡s ❡✤✉❡♥ts s♦✲
❧✐❞❡s ✭❢✉♠✐❡rs✱ ❝♦♠♣♦sts✮✱ ❧❡s ❡✤✉❡♥ts ❧✐q✉✐❞❡s ✭❧✐s✐❡rs✮ ❡t ❧❡s ❡✤✉❡♥ts ♣❡✉ ❝❤❛r❣és ✭❡❛✉①
❞❡ ❧❛✈❛❣❡✮✳ ❖♥ ❝♦♥s✐❞èr❡ q✉❡ ❧❡s ❡✤✉❡♥ts ❞✬✉♥ ♠ê♠❡ ❣r♦✉♣❡ ♣❡✉✈❡♥t êtr❡ é♣❛♥❞✉s s✉r
❧❡s ♠ê♠❡s ❝✉❧t✉r❡s✳ ▲❛ ♣♦ss✐❜✐❧✐té ♦✉ ♥♦♥ ❞✬é♣❛♥❞r❡ ✉♥ t②♣❡ ❞✬❡✤✉❡♥ts s✉r ✉♥❡ ❝✉❧t✉r❡
❡st ✉♥❡ ❡♥tré❡ ❞✉ ♠♦❞è❧❡✳

P♦✉r ✐♥té❣r❡r ❧❛ ♣♦ss✐❜✐❧✐té ❞✬é♣❛♥❞r❡ ❧❡s ❡✤✉❡♥ts à ❧❛ ❢♦♥❝t✐♦♥ ♦❜❥❡❝t✐❢✱ ♦♥ ✐♥tr♦❞✉✐t
❞❛♥s ❧❡ ♠♦❞è❧❡ ❞❡s ❝♦♥tr❛✐♥t❡s✱ ❛✉ s❡♥s ❞é✜♥✐ ❡♥ ✻✳✸✳✷✱ ❞♦♥t ❧❡ ✓ ❜❡s♦✐♥ ✔ r❡♣rés❡♥t❡ ✉♥❡
q✉❛♥t✐té ❞❡ ◆ ♦✉ ❞❡ P à ❣ér❡r ♣♦✉r ✉♥ ❣r♦✉♣❡ ❞✬❡✤✉❡♥ts✳ ▲❛ ✓ ♣r♦❞✉❝t✐♦♥ ✔ ❡st ❛❧♦rs
❧❛ s♦♠♠❡ ❞❡s q✉❛♥t✐tés ❞❡ ◆ ♦✉ P é♣❛♥❞❛❜❧❡s s✉r ❧❡s ♣❛r❝❡❧❧❡s ♦ù ❧❡ ❣r♦✉♣❡ ❞✬❡✤✉❡♥ts
❡st ❛✉t♦r✐sé ✭❝♦♠♣t❡ t❡♥✉ ❞❡ ❧❛ ❝✉❧t✉r❡✮✳ ❈♦♠♠❡ ♣♦✉r ❧✬❤❡r❜❡ ♣ât✉ré❡✱ ✐❧ ❡st ♥é❝❡ss❛✐r❡
❞❡ ✈ér✐✜❡r ❧❡s ❞✐✛ér❡♥t❡s ❝♦♠❜✐♥❛✐s♦♥s ❞✬❡✤✉❡♥ts✳ ■❧ ❡st ♣❛r ❡①❡♠♣❧❡ ♣♦ss✐❜❧❡ q✉✬✉♥
❛ss♦❧❡♠❡♥t ♣❡r♠❡tt❡ ❞❡ ✈❛❧♦r✐s❡r t♦✉t ❧❡ ❢✉♠✐❡r ❞✬✉♥❡ ♣❛rt ❡t t♦✉t ❧❡ ❧✐s✐❡r ❞✬❛✉tr❡ ♣❛rt✱
♠❛✐s ♣❛s ❡♥s❡♠❜❧❡✳ ■♥✈❡rs❡♠❡♥t✱ ✐❧ ❡st ♣♦ss✐❜❧❡ q✉✬✉♥ ❛ss♦❧❡♠❡♥t ♣❡r♠❡tt❡ ❞❡ ✈❛❧♦r✐s❡r
❧❛ q✉❛♥t✐té t♦t❛❧❡ ❞❡ ◆ ❝♦♥t❡♥✉❡ ❞❛♥s t♦✉s ❧❡s ❡✤✉❡♥ts✱ ♠❛✐s q✉✬✐❧ ② ❛✐t ✉♥ ❜❧♦❝❛❣❡ ♣♦✉r
✉♥ ❞❡s ❣r♦✉♣❡s✳ ■❧ ② ❛ ❞♦♥❝ ❛✉ t♦t❛❧ ✼ ❝♦♥tr❛✐♥t❡s ♣♦✉r ❝❤❛q✉❡ é❧é♠❡♥t ❢❡rt✐❧✐s❛♥t ✭◆ ❡t
P✮ ✿ ✸ r❡♣rés❡♥t❛♥t ❝❤❛q✉❡ ❣r♦✉♣❡ ❞✬❡✤✉❡♥ts✱ ✸ r❡♣rés❡♥t❛♥t ❧❡s ❝♦♠❜✐♥❛✐s♦♥s ❞❡ ❞❡✉①
❣r♦✉♣❡s✱ ❡t ✉♥❡ ♣♦✉r ❧❡ t♦t❛❧ ❞❡s tr♦✐s ❣r♦✉♣❡s✳

P♦✉r ❝❤❛❝✉♥❡ ❞❡ ❝❡s ❝♦♥tr❛✐♥t❡s✱ ❧❡ ❜é♥é✜❝❡ ❛ss♦❝✐é ❛✉① ❡①❝é❞❡♥ts ❡st ♥✉❧✳ ❊♥ ❡✛❡t✱
✐❧ ❡st ✐♥✉t✐❧❡ ❞❡ sé❧❡❝t✐♦♥♥❡r ✉♥ ❛ss♦❧❡♠❡♥t ❛②❛♥t ❧❛ ♣❧✉s ❣r❛♥❞❡ ❝❛♣❛❝✐té ❞❡ ✈❛❧♦r✐s❛t✐♦♥
♣♦ss✐❜❧❡✳ ■❧ s✉✣t ❞❡ s✬❛ss✉r❡r q✉❡ ❧❡s ❡✤✉❡♥ts q✉✐ ❞♦✐✈❡♥t êtr❡ ❣érés ♣♦✉rr♦♥t ❧✬êtr❡✳ ▲❡
❝♦ût ❛ss♦❝✐é à ❝❤❛q✉❡ t♦♥♥❡ ❞❡ ◆ ♦✉ P ♥❡ ♣♦✉✈❛♥t êtr❡ é♣❛♥❞✉❡ ❡st ✉♥❡ ✈❛❧❡✉r ❛r❜✐tr❛✐r❡✱
q✉✐ ❞♦✐t êtr❡ ét❛❜❧✐❡ ❞❡ ♠❛♥✐èr❡ à ♦❜t❡♥✐r ✉♥ ❝♦♠♣r♦♠✐s ❡♥tr❡ ♣r♦❞✉❝t✐♦♥ ❞✬❛❧✐♠❡♥ts
❡t ♣♦ss✐❜✐❧✐tés ❞✬é♣❛♥❞❛❣❡✱ s✬✐❧ ② ❛ ❝♦♥❝✉rr❡♥❝❡✳ ❖♥ ♥♦t❡r❛ t♦✉t❡❢♦✐s q✉❡ ❝❡ ❞❡r♥✐❡r ❝❛s
❡st r❡❧❛t✐✈❡♠❡♥t r❛r❡✳ ▲❡s ❡①♣❧♦✐t❛t✐♦♥s ❞❛♥s ❧❡sq✉❡❧❧❡s ❧❡s ♣♦ss✐❜✐❧✐tés ❞❡ ✈❛❧♦r✐s❡r ❧❡s
❡✤✉❡♥ts s♦♥t ❧✐♠✐t❛♥t❡s✱ s♦♥t ❡♥ ❣é♥ér❛❧ ❞❡s ❡①♣❧♦✐t❛t✐♦♥s ❛②❛♥t ✉♥ ❛t❡❧✐❡r ❤♦rs✲s♦❧ ❡t
❧❛ ♣r♦❞✉❝t✐♦♥ ❞✬❛❧✐♠❡♥ts ♥❡ ❝♦♥tr❛✐♥t ♣❛s ❢♦rt❡♠❡♥t ❧✬❛ss♦❧❡♠❡♥t✱ ❡t ✐♥✈❡rs❡♠❡♥t✳

✻✳✹ ➱t❛❜❧✐ss❡♠❡♥t ❞✉ ♣❧❛♥ ♣ré✈✐s✐♦♥♥❡❧ ❞❡ ❢✉♠✉r❡ à ❧✬❛✐❞❡
❞❡ ❋✉♠✐❣è♥❡

✻✳✹✳✶ Pr✐♥❝✐♣❡s ❣é♥ér❛✉①

▲❡ ❝❤♦✐① ❞✬✉♥ ♣❧❛♥ ♣ré✈✐s✐♦♥♥❡❧ ❞❡ ❢✉♠✉r❡ ❡st ✉♥❡ ❞é❝✐s✐♦♥ ♣r✐s❡ ❡♥ ❢♦♥❝t✐♦♥ ❞❡
♥♦♠❜r❡✉① ❢❛❝t❡✉rs ❞❡ ❞✐✛ér❡♥ts t②♣❡s ✭❋✐❣✳ ✻✳✹✮✳ ❋✉♠✐❣è♥❡ tr❛❞✉✐t ✉♥❡ str❛té❣✐❡ ❞❡
❣❡st✐♦♥ ❞❡s ❡✤✉❡♥ts ❡♥ ♣❧❛♥s ♣ré✈✐s✐♦♥♥❡❧s ❞❡ ❢✉♠✉r❡✱ ❡♥ ♣r❡♥❛♥t ❡♥ ❝♦♠♣t❡ ❝❡s ❢❛❝t❡✉rs



➱t❛❜❧✐ss❡♠❡♥t ❞✉ ♣❧❛♥ ♣ré✈✐s✐♦♥♥❡❧ ❞❡ ❢✉♠✉r❡ à ❧✬❛✐❞❡ ❞❡ ❋✉♠✐❣è♥❡ ✶✶✼

❋✐❣✳ ✻✳✹ ✕ ❈❤♦✐① ❞✬✉♥ ♣❧❛♥ ♣ré✈✐s✐♦♥♥❡❧ ❞❡ ❢✉♠✉r❡ ♣❛r ❧❡s é❧❡✈❡✉rs

✭❋✐❣✳ ✻✳✺✮✳ ❯♥ ♣❧❛♥ ♣ré✈✐s✐♦♥♥❡❧ ❞❡ ❢✉♠✉r❡ ♣♦✉r ✉♥❡ ❛♥♥é❡ ❞♦♥♥é❡ ❡st ❞é✜♥✐ ✐❝✐ ❝♦♠♠❡
✉♥❡ ❛❧❧♦❝❛t✐♦♥ ❞❡ q✉❛♥t✐tés ❞❡s ❞✐✛ér❡♥ts ❡✤✉❡♥ts à é♣❛♥❞r❡ s✉r ❧❡s ❞✐✛ér❡♥t❡s ♣❛r❝❡❧❧❡s
❞❡ ❧✬❡①♣❧♦✐t❛t✐♦♥✱ ❛✉ ❝♦✉rs ❞❡ ❞❡✉① ♣ér✐♦❞❡s ❞❡ ❧✬❛♥♥é❡✳ ❋✉♠✐❣è♥❡ ❣é♥èr❡ ❧❡s ♣❧❛♥s
❞❡ ❢✉♠✉r❡ ❞❡ ❝❤❛q✉❡ ❛♥♥é❡ sé♣❛ré♠❡♥t✱ ♠❛✐s ♣❡✉t s❡ s❡r✈✐r ❞❡s ♣❧❛♥s ré❛❧✐sés ♣♦✉r
❧❡s ❛♥♥é❡s ♣ré❝é❞❡♥t❡s ❛✜♥ ❞❡ t❡♥✐r ❝♦♠♣t❡ ❞❡ ❧✬❤✐st♦r✐q✉❡ ❞❡ ❢❡rt✐❧✐s❛t✐♦♥ ❞❡ ❝❤❛q✉❡
♣❛r❝❡❧❧❡✳ ▲✬❛❧❧♦❝❛t✐♦♥ ❡st ❢❛✐t❡ ❡♥ ✉t✐❧✐s❛♥t ✉♥❡ ♣r♦❝é❞✉r❡ ❞❡ ♣r♦❣r❛♠♠❛t✐♦♥ ❧✐♥é❛✐r❡
❞♦♥t ❧❡ ❜✉t ❡st ❞❡ ❣é♥ér❡r ❧❡ ♣❧❛♥ ❞❡ ❢✉♠✉r❡ q✉✐ ❝♦♥✈✐❡♥t ❧❡ ♠✐❡✉① à ❧❛ str❛té❣✐❡ ❞❡
❧✬é❧❡✈❡✉r✱ t♦✉t ❡♥ r❡s♣❡❝t❛♥t ❞❡s ❝♦♥tr❛✐♥t❡s à ❧✬é❝❤❡❧❧❡ ❞❡ ❧✬❡①♣❧♦✐t❛t✐♦♥ ❡t ❞❡ ❧❛ ♣❛r❝❡❧❧❡✳
❆ ❧✬é❝❤❡❧❧❡ ❞❡ ❧✬❡①♣❧♦✐t❛t✐♦♥✱ ❧❛ ♣r✐♥❝✐♣❛❧❡ ❝♦♥tr❛✐♥t❡ ❡st q✉❡ ❧❛ ♣r♦❞✉❝t✐♦♥ ♣ré✈✐s✐♦♥♥❡❧❧❡
❞❡ ❝❤❛q✉❡ ❡✤✉❡♥t ❞♦✐t êtr❡ é♣❛♥❞✉❡ ♦✉ ❡①♣♦rté❡ ❡♥ t♦t❛❧✐té✳ ❆ ❧✬é❝❤❡❧❧❡ ❞❡ ❧❛ ♣❛r❝❡❧❧❡✱
❧❡s ♣r✐♥❝✐♣❛❧❡s ❝♦♥tr❛✐♥t❡s s♦♥t ❧❡s ❧✐♠✐t❛t✐♦♥s ♠❛tér✐❡❧❧❡s s✉r ❧❡s ❞♦s❡s é♣❛♥❞✉❡s ❡t ❧❡s
❜❡s♦✐♥s ❡♥ é❧é♠❡♥ts ❢❡rt✐❧✐s❛♥ts ❞❡s ❝♦✉t✉r❡s✳ P♦✉r ❝❤❛q✉❡ ♣❛r❝❡❧❧❡✱ ❧❛ ♣r♦❝é❞✉r❡ ❞❡
♣r♦❣r❛♠♠❛t✐♦♥ ❧✐♥é❛✐r❡ ♣r❡♥❞ ❡♥ ❝♦♠♣t❡ ❧❡s ❞♦s❡s ♠❛①✐♠❛❧❡s ❞✬❛③♦t❡ ❡t ❞❡ ♣❤♦s♣❤♦r❡
q✉✐ ♣❡✉✈❡♥t êtr❡ é♣❛♥❞✉❡s✳

❋✉♠✐❣è♥❡ ❝♦♠♣r❡♥❞ ✉♥ ♠♦❞✉❧❡ ❞❡ ❢❡rt✐❧✐s❛t✐♦♥ q✉✐ ❝❛❧❝✉❧❡ ❝❡s ❞♦s❡s ❞❡ ◆ ❡t P ❛✜♥
❞❡ s❛t✐s❢❛✐r❡ ❧❡s ❜❡s♦✐♥s ❞❡s ♣❧❛♥t❡s✱ ❡♥ s❡ ❜❛s❛♥t s✉r ✉♥ ♦❜❥❡❝t✐❢ ❞❡ r❡♥❞❡♠❡♥t ❢♦✉r♥✐
♣❛r ❧✬✉t✐❧✐s❛t❡✉r✳ ❈❡ ♠♦❞✉❧❡ ✉t✐❧✐s❡ ❧✬❤✐st♦r✐q✉❡ ❞❡ ❢❡rt✐❧✐s❛t✐♦♥ ❞❡ ❝❤❛q✉❡ ♣❛r❝❡❧❧❡✳ P♦✉r
❞❡s s✐♠✉❧❛t✐♦♥s ♣❧✉r✐❛♥♥✉❡❧❧❡s✱ ❧❡s ♣❧❛♥s ♣ré✈✐s✐♦♥♥❡❧s ❞❡ ❢✉♠✉r❡ ♣❡✉✈❡♥t êtr❡ ✉t✐❧✐sés✱
s✐ ❧❛ ❢❡rt✐❧✐s❛t✐♦♥ ré❛❧✐sé❡ ♥✬❡st ♣❛s ❞✐s♣♦♥✐❜❧❡✳ ▲♦rsq✉❡ ❋✉♠✐❣è♥❡ ❡st ✉t✐❧✐sé ❤♦rs ❞❡
▼é❧♦❞✐❡✱ ❧❡ ♠♦❞✉❧❡ ❞❡ ❢❡rt✐❧✐s❛t✐♦♥ ♥✬❡st ♣❛s ♦❜❧✐❣❛t♦✐r❡♠❡♥t ✉t✐❧✐sé✳ ▲❡s ❞♦s❡s ❞❡ ◆ ❡t
P ♣❡✉✈❡♥t êtr❡ ❞✐r❡❝t❡♠❡♥t ❡♥tré❡s✱ s✐ ❧❡s ♣r❛t✐q✉❡s ❞❡ ❧✬é❧❡✈❡✉r ❞✐✛èr❡♥t ❞❡s rè❣❧❡s ❞❡
❝❛❧❝✉❧ ✐♥❝❧✉s❡s ❞❛♥s ❧❡ ♠♦❞è❧❡✳

▲✬❛♥♥é❡ ❡st ❞✐✈✐sé❡ ❡♥ ♣ér✐♦❞❡s ♣♦✉r ♣♦✉✈♦✐r ♣r❡♥❞r❡ ❡♥ ❝♦♠♣t❡ ❧❡s ❝♦♥tr❛✐♥t❡s
❧✐é❡s à ❧❛ ❝❛♣❛❝✐té ❞❡ st♦❝❦❛❣❡ ❞❡s ❡✤✉❡♥ts✳ ■❧ ② ❛ ❡♥ ❣é♥ér❛❧ ✉♥ ♣♦✐♥t ❝r✐t✐q✉❡ à ❧❛



✶✶✽ ❉é❝✐s✐♦♥s ❛♥♥✉❡❧❧❡s ❡t ❣é♥ér❛t✐♦♥ ❞❡ ♣❧❛♥s ❞✬❛❝t✐✈✐tés
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è
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➱t❛❜❧✐ss❡♠❡♥t ❞✉ ♣❧❛♥ ♣ré✈✐s✐♦♥♥❡❧ ❞❡ ❢✉♠✉r❡ à ❧✬❛✐❞❡ ❞❡ ❋✉♠✐❣è♥❡ ✶✶✾

✜♥ ❞❡ ❧✬❤✐✈❡r✱ ❡♥ ♣❛rt✐❝✉❧✐❡r ❧♦rsq✉❡ ❧❛ ♣ér✐♦❞❡ ❛✉t♦♠♥❡ ✲ ❤✐✈❡r ❡st très ♣❧✉✈✐❡✉s❡✳ ▲❡s
é❧❡✈❡✉rs ❞♦✐✈❡♥t é♣❛♥❞r❡ ✉♥❡ q✉❛♥t✐té s✉✣s❛♥t❡ ❡♥ ❛✉t♦♠♥❡✱ ❞❡ ♠❛♥✐èr❡ à é✈✐t❡r q✉❡
❧❡s st♦❝❦s s♦✐❡♥t ♣❧❡✐♥s ❛✈❛♥t ❧❛ ✜♥ ❞❡ ❧✬❤✐✈❡r✳ ❉❛♥s ❋✉♠✐❣è♥❡✱ ❧✬❛♥♥é❡ ❡st ❞✐✈✐sé❡ ❡♥
❞❡✉① ♣ér✐♦❞❡s✳ ▲❛ ♣r❡♠✐èr❡ s✬ét❡♥❞ ❞✬❛♦ût ❥✉sq✉✬à ❧✬✐♥t❡r❞✐❝t✐♦♥ ❤✐✈❡r♥❛❧❡ ❞✬é♣❛♥❞❛❣❡
❡t ❧❛ s❡❝♦♥❞❡ s✬ét❡♥❞ ❞❡ ❧❛ ✜♥ ❞❡ ❧❛ ♣ér✐♦❞❡ ❞✬✐♥t❡r❞✐❝t✐♦♥ ❥✉sq✉✬à ❥✉✐❧❧❡t✳ ▲❡s ❞❛t❡s ❞❡
❧❛ ♣ér✐♦❞❡ ❞✬✐♥t❡r❞✐❝t✐♦♥ ❤✐✈❡r♥❛❧❡ ❞✬é♣❛♥❞❛❣❡ ✈❛r✐❡♥t ❡♥ ❢♦♥❝t✐♦♥ ❞✉ t②♣❡ ❞✬❡✤✉❡♥t ❡t
❞❡ ❧❛ ré❣❧❡♠❡♥t❛t✐♦♥ ❞é♣❛rt❡♠❡♥t❛❧❡✳ ▲❛ ❞❛t❡ ♣ré❝✐s❡ ❞✬é♣❛♥❞❛❣❡ ❞é♣❡♥❞ ❞❡ ❧✬❡✤✉❡♥t ❡t
❞❡ ❧❛ ❝✉❧t✉r❡✱ ❡t ♣❡✉t êtr❡ ❞ét❡r♠✐♥é❡ sé♣❛ré♠❡♥t ✭❝❢ ✻✳✺✳✸✮✳ ■❧ ♥✬❡st ❞♦♥❝ ♣❛s ♥é❝❡ss❛✐r❡
❞❡ ❞✐✈✐s❡r ❧✬❛♥♥é❡ ♣❧✉s ✜♥❡♠❡♥t ❞❛♥s ❋✉♠✐❣è♥❡✳

▲❛ str❛té❣✐❡ ❞❡ ❣❡st✐♦♥ ❞❡s ❡✤✉❡♥ts ❡st r❡♣rés❡♥té❡ ♣❛r ✉♥ ❥❡✉ ❞❡ ♣r✐♦r✐tés ❛ss♦❝✐é❡s à
❝❤❛q✉❡ ♣❛r❝❡❧❧❡ ❞✬✉♥❡ ♣❛rt✱ ❡t à ❝❤❛q✉❡ tr✐♣❧❡t ④❡✤✉❡♥t✱ ❝✉❧t✉r❡✱ ♣ér✐♦❞❡⑥ ❞✬❛✉tr❡ ♣❛rt✳
❈❡s ♣r✐♦r✐tés s♦♥t ❞❡s ✈❛❧❡✉rs ❡♥tr❡ ✵ ❡t ✶ ✭✶ ét❛♥t ❧❛ ♣❧✉s ❢♦rt❡ ♣r✐♦r✐té✮✳ ❊❧❧❡s s♦♥t ❡♥tré❡s
♣❛r ❧✬✉t✐❧✐s❛t❡✉r✱ ❡t r❡✢èt❡♥t ♣r✐♥❝✐♣❛❧❡♠❡♥t ❞❡s ❢❛❝t❡✉rs ❛❣r♦♥♦♠✐q✉❡s ❡t é❝♦♥♦♠✐q✉❡s✳
P❛r ❡①❡♠♣❧❡✱ ❧❡s ♣❛r❝❡❧❧❡s ❧❡s ♣❧✉s é❧♦✐❣♥é❡s ❞❡s ❜ât✐♠❡♥ts ❞✬é❧❡✈❛❣❡ s❡r♦♥t ❛ss♦❝✐é❡s
à ✉♥❡ ♣r✐♦r✐té ♣❧✉s ❢❛✐❜❧❡✱ ❡♥ r❛✐s♦♥ ❞❡s ❝♦ûts ❞❡ tr❛♥s♣♦rt ❞❡ ❧✬❡✤✉❡♥t✳ ❈❡♣❡♥❞❛♥t✱
✐❧ ♥✬② ❛ ♣❛s ❞❡ r❡❧❛t✐♦♥ ✉♥✐✈❡rs❡❧❧❡ ❡♥tr❡ ❞✐st❛♥❝❡ ❡t ♣r✐♦r✐té ✿ ✺ ❦♠ ♣❡✉t êtr❡ ✉♥❡
❞✐st❛♥❝❡ ❛❝❝❡♣t❛❜❧❡ ♣♦✉r ✉♥❡ ❡①♣❧♦✐t❛t✐♦♥ ❛✉ ♣❛r❝❡❧❧❛✐r❡ ♠♦r❝❡❧é✱ t❛♥❞✐s q✉❡ ❝❡❧❛ ♣❡✉t
êtr❡ tr♦♣ é❧♦✐❣♥é ♣♦✉r ✉♥❡ ❡①♣❧♦✐t❛t✐♦♥ ❛✉ ♣❛r❝❡❧❧❛✐r❡ ❣r♦✉♣é✳ ▲❛ ♣rés❡♥❝❡ ❞✬♦❜st❛❝❧❡s
❝♦♠♠❡ ✉♥❡ r♦✉t❡ à ❢♦rt tr❛✜❝ ♦✉ ❞✬❛✉tr❡s ✈❛r✐❛❜❧❡s ❝♦♠♠❡ ❧❡ t②♣❡ ❞❡ s♦❧ ♦✉ ❧❛ ♣❡♥t❡
❞♦✐✈❡♥t é❣❛❧❡♠❡♥t êtr❡ ♣r✐s❡s ❡♥ ❝♦♠♣t❡✳ ❯♥ é❧❡✈❡✉r ♣❡✉t ❛✉ss✐ ❝❤❡r❝❤❡r à ♠❛✐♥t❡♥✐r
❧❡ st♦❝❦ ❞❡ ♠❛t✐èr❡ ♦r❣❛♥✐q✉❡ ❞❡ t♦✉t❡s s❡s ♣❛r❝❡❧❧❡s✱ ❡t t♦✉t❡s ❧❡✉r ❞♦♥♥❡r ❧❛ ♠ê♠❡
♣r✐♦r✐té✳ ▲❡s ♣r✐♦r✐tés ❝❛r❛❝tér✐s❛♥t ❧❡s tr✐♣❧❡ts ④❡✤✉❡♥t✱ ❝✉❧t✉r❡✱ ♣ér✐♦❞❡⑥ s♦♥t ✜①é❡s
♣❛r ❧✬✉t✐❧✐s❛t❡✉r ❡♥ ❢♦♥❝t✐♦♥ ❞❡ rè❣❧❡s ❛❣r♦♥♦♠✐q✉❡s ❡t s♦♥t ❧❛r❣❡♠❡♥t ✐♥✢✉❡♥❝é❡s ♣❛r
❧❡s ♣ré❢ér❡♥❝❡s ❞✉ ❞é❝✐❞❡✉r ❞♦♥t ♦♥ ♠♦❞é❧✐s❡ ❧❛ str❛té❣✐❡✳ ❈♦♠♠❡ ❧❡s ♣r✐♦r✐tés s♦♥t ✜①é❡s
❡♥ ❢♦♥❝t✐♦♥ ❞❡s ❢❛❝t❡✉rs q✉❡ ❧✬é❧❡✈❡✉r ❧✉✐✲♠ê♠❡ ♣r❡♥❞ ❡♥ ❝♦♠♣t❡✱ ❧❛ ♣❧✉♣❛rt ❞❡s str❛té❣✐❡s
❞❡ ❣❡st✐♦♥ ♣❡✉✈❡♥t êtr❡ r❡♣rés❡♥té❡s✱ ♠ê♠❡ s✐ ❡❧❧❡s ♥❡ s♦♥t ♣❛s ♦♣t✐♠❛❧❡s s✉r ✉♥ ♣❧❛♥
é❝♦♥♦♠✐q✉❡✳ ❈❡tt❡ ❛♣♣r♦❝❤❡ ❛ été ❝❤♦✐s✐❡ ❛✜♥ ❞❡ ♣♦✉✈♦✐r s✐♠✉❧❡r ❧❛ ✈❛r✐❛❜✐❧✐té ♦❜s❡r✈é❡
s✉r ❧❡ t❡rr❛✐♥ ♣♦✉r ❧❛ ❣❡st✐♦♥ ❞❡s ❡✤✉❡♥ts✱ ❝❡ q✉✐ ♣❡r♠❡t ❞✬❡♥ ét✉❞✐❡r ❧❡s ❝♦♥séq✉❡♥❝❡s
❡♥✈✐r♦♥♥❡♠❡♥t❛❧❡s✳

✻✳✹✳✷ ▲❡ ♠♦❞✉❧❡ ❞❡ ❢❡rt✐❧✐s❛t✐♦♥

❊♥ ❛❝❝♦r❞ ❛✈❡❝ ❧❡s ♦❜❥❡❝t✐❢s ❞✉ ♠♦❞è❧❡✱ ❧❡ ♠♦❞✉❧❡ ❞❡ ❢❡rt✐❧✐s❛t✐♦♥ ❡st✐♠❡ ❧❛ ❢❡r✲
t✐❧✐s❛t✐♦♥ ❛③♦té❡ ❡t ♣❤♦s♣❤❛té❡ ❝♦♥s❡✐❧❧é❡s✱ ❡♥ s✉♣♣♦s❛♥t ✉♥❡ ❛♥♥é❡ ❝❧✐♠❛t✐q✉❡ ❡t ❞❡s
r❡♥❞❡♠❡♥ts ♠♦②❡♥s✳

✻✳✹✳✷✳✶ ❆③♦t❡

▲♦rs ❞❡ ❧✬ét❛❜❧✐ss❡♠❡♥t ❞✬✉♥ ♣❧❛♥ ♣ré✈✐s✐♦♥♥❡❧ ❞❡ ❢✉♠✉r❡✱ ❧✬❛③♦t❡ ❡st ❧❡ ♣r✐♥❝✐♣❛❧ é❧é✲
♠❡♥t ❢❡rt✐❧✐s❛♥t ❝♦♥s✐❞éré✱ ✈♦✐r❡ ❧❡ s❡✉❧✳ ■❧ ❥♦✉❡ ✉♥ rô❧❡ ❝❧é ❞❛♥s ❧✬❛❧❧♦❝❛t✐♦♥ ❞❡s ❡✤✉❡♥ts✳
▲✬♦❜❥❡❝t✐❢ ❞❡ ❝❡ ♠♦❞✉❧❡ ❡st ❞❡ ❝❛❧❝✉❧❡r ❞❡s ❝♦♥s❡✐❧s ❞❡ ❢❡rt✐❧✐s❛t✐♦♥ ♣r♦❝❤❡s ❞❡ ❝❡✉① ✉t✐✲
❧✐sés ❡♥ r♦✉t✐♥❡ ♣❛r ❧❡s é❧❡✈❡✉rs✳ ▲❡s ré❣❧❡♠❡♥t❛t✐♦♥s ❡♥✈✐r♦♥♥❡♠❡♥t❛❧❡s s♣é❝✐✜❡♥t q✉❡
❧❡ ❝❛❧❝✉❧ ❞❡ ❧❛ ❢❡rt✐❧✐s❛t✐♦♥ ❞♦✐t s✉✐✈r❡ ❧❡s r❡❝♦♠♠❛♥❞❛t✐♦♥s ❞✉ ❝♦♠✐té ❢r❛♥ç❛✐s ❞✬ét✉❞❡
❡t ❞❡ ❞é✈❡❧♦♣♣❡♠❡♥t ❞❡ ❧❛ ❢❡rt✐❧✐s❛t✐♦♥ r❛✐s♦♥♥é❡ ✭❈❖▼■❋❊❘✮✳ ▲❛ ❢❡rt✐❧✐s❛t✐♦♥ ❛③♦té❡



✶✷✵ ❉é❝✐s✐♦♥s ❛♥♥✉❡❧❧❡s ❡t ❣é♥ér❛t✐♦♥ ❞❡ ♣❧❛♥s ❞✬❛❝t✐✈✐tés

❆♥♥é❡ ❛♣rès ❋✉♠✐❡r ▲✐s✐❡r
é♣❛♥❞❛❣❡

✵ ✷✺✳✵✪ ✻✵✳✵✪
✶ ✼✳✺✪ ✸✳✷✪
✷ ✺✳✹✪ ✶✳✽✪
✸ ✸✳✶✪ ✶✳✼✪
✹ ✷✳✾✪ ✶✳✼✪
✺ ✷✳✽✪ ✶✳✻✪
✻ ✷✳✼✪ ✶✳✺✪
✼ ✷✳✺✪ ✶✳✹✪
✽ ✷✳✹✪ ✶✳✹✪
✾ ✷✳✸✪ ✶✳✸✪

❚❛❜✳ ✻✳✶ ✕ P❛r❛♠ètr❡s ♣♦✉r ❧❛ ♣ré✈✐s✐♦♥ ❞❡ ❧❛ ♠✐♥ér❛❧✐s❛t✐♦♥ ❞❡s ❡✤✉❡♥ts ❜♦✈✐♥s ✿
♣r♦♣♦rt✐♦♥ ❞❡ ❧✬❛♣♣♦rt t♦t❛❧ ❞✬❛③♦t❡ ❞✐s♣♦♥✐❜❧❡ ♣♦✉r ♣ré❧è✈❡♠❡♥t ♣❛r ❧❛ ♣❧❛♥t❡ ❛✉ ❝♦✉rs
❞❡ ❧✬❛♥♥é❡ n s✉✐✈❛♥t ❧✬é♣❛♥❞❛❣❡✳ ❉✬❛♣rès Pr❛tt ❡t ❛❧✳ ✭✶✾✼✻✮ ❡t ▼♦r✈❛♥ ❡t ❛❧✳ ✭✷✵✵✼✮✳

❡st ❞♦♥❝ ❝❛❧❝✉❧é❡ ❡♥ ✉t✐❧✐s❛♥t ❧❛ ♠ét❤♦❞❡ ❞✉ ❜✐❧❛♥ ♣ré✈✐s✐♦♥♥❡❧✱ q✉✐ ❛ ♣♦✉r ♦r✐❣✐♥❡ ❧❡s
tr❛✈❛✉① ❞❡ ❘é♠② ❡t ❍é❜❡rt ✭✶✾✼✼✮✳ ▲❡ ♣r✐♥❝✐♣❡ ❞❡ ❝❡tt❡ ♠ét❤♦❞❡ ❡st ❞✬éq✉✐❧✐❜r❡r ❧❡ ❜✐❧❛♥
❡♥tr❡ ❢❡rt✐❧✐s❛t✐♦♥ ❡t ❢♦✉r♥✐t✉r❡s ❞✉ s♦❧ ❞✬✉♥❡ ♣❛rt✱ ❡t ❜❡s♦✐♥s ❞❡ ❧❛ ❝✉❧t✉r❡ ❞✬❛✉tr❡ ♣❛rt✳
▲❡s ❢♦✉r♥✐t✉r❡s ❞✉ s♦❧ ✐♥❝❧✉❡♥t ♥♦t❛♠♠❡♥t ❞✐✛ér❡♥ts t❡r♠❡s ❞❡ ♠✐♥ér❛❧✐s❛t✐♦♥ ✿

✕ ♠✐♥ér❛❧✐s❛t✐♦♥ ❜❛s❛❧❡ ❞❡ ❧✬❤✉♠✉s ❀
✕ ♠✐♥ér❛❧✐s❛t✐♦♥ ❞❡s rés✐❞✉s ❞❡ ❧❛ ❝✉❧t✉r❡ ♣ré❝é❞❡♥t❡ ❀
✕ ♠✐♥ér❛❧✐s❛t✐♦♥ ❧✐é❡ à ❧❛ ❞❡r♥✐èr❡ ❞❡str✉❝t✐♦♥ ❞❡ ♣r❛✐r✐❡ ❀
✕ ❛rr✐èr❡✲❡✛❡ts ❞❡s ❛♣♣♦rts ❞✬❡♥❣r❛✐s ❞❡ ❢❡r♠❡ ❛♥tér✐❡✉rs

❉❡s ré❢ér❡♥❝❡s ❡①✐st❡♥t ♣♦✉r ❡st✐♠❡r ❧❡s ❞✐✛ér❡♥ts t❡r♠❡s ✭❙❝❤✈❛rt③ ❡t ❛❧✳ ✷✵✵✺✱ ♣❛r
❡①❡♠♣❧❡✮✳ ▲❛ ♠ét❤♦❞❡ ❡st ❝♦♥ç✉❡ ♣♦✉r êtr❡ ✉t✐❧✐s❛❜❧❡ ❢❛❝✐❧❡♠❡♥t s✉r ❧❡ t❡rr❛✐♥✱ ❛✈❡❝ ♣❡✉
❞❡ ❞♦♥♥é❡s✳ ▲❡s ❛rr✐èr❡✲❡✛❡ts ❞❡s ❛♣♣♦rts ❞✬❡✤✉❡♥ts s♦♥t ❡st✐♠és ❣râ❝❡ à ✉♥❡ t❛❜❧❡✱ ❡♥
❢♦♥❝t✐♦♥ ❞❡ ❧❛ ❢réq✉❡♥❝❡ ♠♦②❡♥♥❡ ❞✬❛♣♣♦rt ❡t ❞✉ t②♣❡ ❞✬❡✤✉❡♥t ❛♣♣♦rté✳ ❈❡♣❡♥❞❛♥t✱
❞❛♥s ❧❡s ❢❛✐ts✱ ❧❛ ❢réq✉❡♥❝❡ ♥✬❡st ♣❛s ré❣✉❧✐èr❡ ❡t ❧❡ t②♣❡ ❞✬❡✤✉❡♥t ❛♣♣♦rté ♣❡✉t ✈❛r✐❡r✳
P♦✉r ❧❡s ❜❡s♦✐♥s ❞✉ ♠♦❞è❧❡✱ ♥♦✉s ❛✈♦♥s ❝❤♦✐s✐ ❞❡ ♣❛ss❡r ♣❛r ✉♥ ❝❛❧❝✉❧ ❞✐r❡❝t✱ ❡♥ ❢♦♥❝t✐♦♥
❞❡ ❧✬❤✐st♦r✐q✉❡ ❞❡ ❢❡rt✐❧✐s❛t✐♦♥✳ ❈❡ ❝❛❧❝✉❧ ❡st ❜❛sé s✉r ✉♥❡ éq✉❛t✐♦♥ ❞❡ t②♣❡ ✓ ❞❡❝❛② s❡r✐❡s ✔
♣r♦♣♦sé❡ ♣❛r Pr❛tt ❡t ❛❧✳ ✭✶✾✼✻✮✳ ■❧ s✬❛❣✐t ❞✬✉♥❡ éq✉❛t✐♦♥ ❞❡ ❞é❝r♦✐ss❛♥❝❡ ❡①♣♦♥❡♥t✐❡❧❧❡
❞❛♥s ❧❛q✉❡❧❧❡ ❧❡ t❛✉① ❞❡ ♠✐♥ér❛❧✐s❛t✐♦♥ ✈❛r✐❡ ♣♦✉r ❝❤❛q✉❡ ❛♥♥é❡ s✉✐✈❛♥t ❧✬é♣❛♥❞❛❣❡✳ ▲❡s
♣❛r❛♠ètr❡s ♣r♦♣♦sés ♣♦✉r ❧❡s ❢✉♠✐❡rs ♥✬ét❛✐❡♥t ♣❛s ❡♥ ❛❝❝♦r❞ ❛✈❡❝ ❞❡s ❡ss❛✐s ré❝❡♥ts
❡t ❋✉♠✐❣è♥❡ ✉t✐❧✐s❡ ❧❡s ♣❛r❛♠ètr❡s ♣r♦♣♦sés ♣❛r ▼♦r✈❛♥ ❡t ❛❧✳ ✭✷✵✵✼✮✳ ▲❡s ♣❛r❛♠ètr❡s
✉t✐❧✐sés s♦♥t ❞♦♥♥és ❞❛♥s ❧❡ t❛❜❧❡❛✉ ✻✳✶✳ P♦✉r ✉♥❡ ❛♥♥é❡ ❞♦♥♥é❡ ❡t s✉r ✉♥❡ ♣❛r❝❡❧❧❡
❞♦♥♥é❡✱ ❧✬❛rr✐èr❡✲❡✛❡t ❞❡s é♣❛♥❞❛❣❡s ♣ré❝é❞❡♥ts ❡st ❧❛ s♦♠♠❡ ♣♦✉r t♦✉s ❧❡s é♣❛♥❞❛❣❡s
♣ré❝é❞❡♥ts ❞❡s ♠✐♥ér❛❧✐s❛t✐♦♥s ❝❛❧❝✉❧é❡s à ❧✬❛✐❞❡ ❞❡ ❝❡tt❡ éq✉❛t✐♦♥✳

▲❡s ♣r❛✐r✐❡s ♣❡✉✈❡♥t r❡❝❡✈♦✐r ❞✐r❡❝t❡♠❡♥t ❧❡s ❞é❥❡❝t✐♦♥s ❞❡s ❛♥✐♠❛✉① ❛✉ ♣ât✉r❛❣❡✳
▲❛ q✉❛♥t✐té t♦t❛❧❡ ❞✬❛③♦t❡ ❡①❝rété❡ ❛✉ ♣ât✉r❛❣❡ ❡st ✉♥❡ ❡♥tré❡ ❞✉ ♠♦❞è❧❡✳ P❛r ❞é❢❛✉t✱
♦♥ ❝♦♥s✐❞èr❡ q✉❡ ✶✺ ✪ ❞❡ ❝❡tt❡ q✉❛♥t✐té s♦♥t ❞✐s♣♦♥✐❜❧❡s ♣♦✉r ❧❛ ♣❧❛♥t❡ ❞✉r❛♥t ❧✬❛♥♥é❡
❞❡ r❡❥❡t✳ ■❧ s✬❛❣✐t ❞✬✉♥❡ ✈❛❧❡✉r ♠♦②❡♥♥❡ ❞❛♥s ❧❛ ❧❛r❣❡ ❣❛♠♠❡ ♣r♦♣♦sé❡ ♣❛r ❞✐✛ér❡♥t❡s



➱t❛❜❧✐ss❡♠❡♥t ❞✉ ♣❧❛♥ ♣ré✈✐s✐♦♥♥❡❧ ❞❡ ❢✉♠✉r❡ à ❧✬❛✐❞❡ ❞❡ ❋✉♠✐❣è♥❡ ✶✷✶

ét✉❞❡s ✭❉❡❡♥❡♥ ❡t ▼✐❞❞❡❧❦♦♦♣ ✶✾✾✷ ❀ ❉❡❝❛✉ ❡t ❛❧✳ ✷✵✵✸✱ ♣❛r ❡①❡♠♣❧❡✮✳ ❈❡tt❡ ✈❛❧❡✉r ♣❡✉t
êtr❡ ♠♦❞✐✜é❡ ♣❛r ❧✬✉t✐❧✐s❛t❡✉r✳

✻✳✹✳✷✳✷ P❤♦s♣❤♦r❡

▲❡s ✐♥q✉✐ét✉❞❡s ❛✉t♦✉r ❞❡s ✐♠♣❛❝ts ❡♥✈✐r♦♥♥❡♠❡♥t❛✉① ❞❡s é♠✐ss✐♦♥s ❞❡ ♣❤♦s♣❤♦r❡
♣❛r ❧✬❛❣r✐❝✉❧t✉r❡ s♦♥t ♣❧✉s ré❝❡♥t❡s q✉❡ ♣♦✉r ❧✬❛③♦t❡✳ ■❧ ♥✬❡①✐st❡ ♣❛s ❞❡ rè❣❧❡s ❝♦♥❝❡r♥❛♥t
❧❡s ❡①❝ès ❞❡ ♣❤♦s♣❤♦r❡ ❛♣♣♦rtés ♣❛r ❧❡s ❡✤✉❡♥ts✳ ▲❡ ♣❤♦s♣❤♦r❡ ❡st ♠♦✐♥s ♠♦❜✐❧❡ ❞❛♥s
❧❡ s♦❧ q✉❡ ❧✬❛③♦t❡ ❡t ✐❧ ❡st ♣♦ss✐❜❧❡ ❞✬éq✉✐❧✐❜r❡r ❧❛ ❢❡rt✐❧✐s❛t✐♦♥ s✉r ♣❧✉s✐❡✉rs ❛♥♥é❡s ❡♥
❝♦♥s✐❞ér❛♥t q✉✬✉♥ ❡①❝ès ✉♥❡ ❛♥♥é❡ ❞♦♥♥é❡ ♣❡✉t êtr❡ ✉t✐❧✐sé ♣❡♥❞❛♥t ❧❡s ❛♥♥é❡s s✉✐✈❛♥t❡s✱
♠ê♠❡ s✐ ❧❛ ❞✐s♣♦♥✐❜✐❧✐té ✈❛r✐❡ s✉✐✈❛♥t ❧❡s t②♣❡s ❞❡ s♦❧s✳ ◆♦✉s ❛✈♦♥s ❝❤♦✐s✐ ❞❡ ♣❧❛❝❡r ✉♥❡
❝♦♥tr❛✐♥t❡ s✉r ❧❛ ♠♦②❡♥♥❡ ♠♦❜✐❧❡ ❞✉ ❜✐❧❛♥ ❛♣♣❛r❡♥t ❞✉ ♣❤♦s♣❤♦r❡ ❛♥♥✉❡❧ ♣♦✉r ❝❤❛q✉❡
♣❛r❝❡❧❧❡✳ P♦✉r ❝❤❛q✉❡ ❛♥♥é❡ ❡t ♣♦✉r ❝❤❛q✉❡ ♣❛r❝❡❧❧❡✱ ❧❡ ❜✐❧❛♥ ❛♣♣❛r❡♥t ❞✉ ♣❤♦s♣❤♦r❡ ❡st
❧❛ s♦♠♠❡ ❞❡s ❡♥tré❡s ♣❛r ❧❡s ❡✤✉❡♥ts ❡t ❧❡s ❡♥❣r❛✐s ♠✐♥ér❛✉①✱ à ❧❛q✉❡❧❧❡ ♦♥ r❡tr❛♥❝❤❡
❧❛ q✉❛♥t✐té ❡①♣♦rté❡ ♣❛r ❧❛ ❝✉❧t✉r❡✳ ▲❛ q✉❛♥t✐té ❞❡ ♣❤♦s♣❤♦r❡ ❛❞♠✐ss✐❜❧❡ ♣♦✉r ❧✬❛♥♥é❡
s✉✐✈❛♥t❡ ❡st ❝❛❧❝✉❧é❡ ❞❡ ♠❛♥✐èr❡ à ❝❡ q✉❡ ❧❛ ♠♦②❡♥♥❡ ♠♦❜✐❧❡ s✉r ✉♥❡ ❞✉ré❡ ❞❡ D ❛♥♥é❡s
♥❡ ❞é♣❛ss❡ ♣❛s ✉♥ s❡✉✐❧ ✜①é✳

Pmaxn = D × BilPmax + ExpPn −
D−1
∑

i=1

BilPD−i ✭✻✳✸✮

♦ù ✿

✕ Pmaxn ❡st ❧❛ q✉❛♥t✐té ♠❛①✐♠❛❧❡ ❞❡ ♣❤♦s♣❤♦r❡ ❛❞♠✐ss✐❜❧❡ s✉r ❧❛ ♣❛r❝❡❧❧❡ ❛✉ ❝♦✉rs
❞❡ ❧✬❛♥♥é❡ n ❀

✕ BilPmax ❡st ❧❛ ✈❛❧❡✉r ♠❛①✐♠❛❧❡ ❞❡ ❧❛ ♠♦②❡♥♥❡ ♠♦❜✐❧❡ ❞✉ ❜✐❧❛♥ s✉r ❉ ❛♥♥é❡s ❀
✕ ExpPn ❡st ❧❛ q✉❛♥t✐té ♣ré✈✐s✐♦♥♥❡❧❧❡ ❞❡ ♣❤♦s♣❤♦r❡ ❡①♣♦rté❡ ❛✉ ❝♦✉rs ❞❡ ❧✬❛♥♥é❡

n ❀
✕ BilPi ❡st ❧❡ ❜✐❧❛♥ ❛♣♣❛r❡♥t ❞✉ ♣❤♦s♣❤♦r❡ ♦❜s❡r✈é ❛✉ ❝♦✉rs ❞❡ ❧✬❛♥♥é❡ i✳

▲❡s ✈❛r✐❛❜❧❡s r❡♥s❡✐❣♥é❡s ❡♥ ❡♥tré❡ ❞✉ ♠♦❞è❧❡ s♦♥t D✱ BilPmax ❡t ❧❛ q✉❛♥t✐té ❞❡
♣❤♦s♣❤♦r❡ ❡①♣♦rté❡ ♣❛r ✉♥✐té ❞❡ r❡♥❞❡♠❡♥t ❞❡ ❝❤❛q✉❡ ❝✉❧t✉r❡✳ D ❞♦✐t r❡✢ét❡r ❧❛ ❞✉ré❡
♠♦②❡♥♥❡ ❞❡s r♦t❛t✐♦♥s ❝✉❧t✉r❛❧❡s✳ ❈❡ ♠♦❞❡ ❞❡ ❝❛❧❝✉❧ ❡st très ✢❡①✐❜❧❡ ❞✬✉♥❡ ❛♥♥é❡ s✉r
❧✬❛✉tr❡✳ ❯♥❡ ❢♦rt❡ ❢❡rt✐❧✐s❛t✐♦♥ ❡♥ ♣❤♦s♣❤♦r❡ ❡st ♣♦ss✐❜❧❡ ✉♥❡ ❛♥♥é❡ ❞♦♥♥é❡ s✐ ❧❡s ❛♣♣♦rts
❞❡s ❛♥♥é❡s ♣ré❝é❞❡♥t❡s ♦♥t été ❢❛✐❜❧❡s✳ ▼❛✐s à ❧♦♥❣ t❡r♠❡✱ BilPmax ❞ét❡r♠✐♥❡ ❧❛ t❡♥❞❛♥❝❡
❞❡ ❧✬é✈♦❧✉t✐♦♥ ❞✉ st♦❝❦ ❞❡ ♣❤♦s♣❤♦r❡ ❞❛♥s ❧❡ s♦❧✳ BilPmax ❡st ✜①é ✐♥❞é♣❡♥❞❛♠♠❡♥t ♣♦✉r
❝❤❛q✉❡ ♣❛r❝❡❧❧❡ ❡t ❞❡✈r❛✐t êtr❡ ♣♦s✐t✐❢ ♣♦✉r ❝❡❧❧❡s ❞♦♥t ❧❡ st♦❝❦ ❞❡ ♣❤♦s♣❤♦r❡ ❡st ❢❛✐❜❧❡ ✿
❞❡s ❡①❝é❞❡♥ts s♦♥t ❛❝❝❡♣tés✳ ❆✉ ❝♦♥tr❛✐r❡✱ BilPmax ❞❡✈r❛✐t êtr❡ ♥é❣❛t✐❢ ♣♦✉r ❧❡s ♣❛r❝❡❧❧❡s
♦ù ❧❡ st♦❝❦ ❞❡ ♣❤♦s♣❤♦r❡ ❡st é❧❡✈é ❡t ❞❡✈r❛✐t êtr❡ ré❞✉✐t✳

▲❡ ♠♦❞❡ ❞❡ ❝❛❧❝✉❧ ♣rés❡♥té ✐❝✐ ❡st ✐♥té❣ré ❞❛♥s ❋✉♠✐❣è♥❡ ❞❛♥s ✉♥ ❜✉t ♣r♦s♣❡❝t✐❢✱
♣♦✉r ét✉❞✐❡r q✉❡❧❧❡s ❝♦♥séq✉❡♥❝❡s ♣♦✉rr❛✐t ❛✈♦✐r ❧✬✐♥❝❧✉s✐♦♥ ❞❡ ❝♦♥tr❛✐♥t❡s str✐❝t❡s s✉r
❧❡ ♣❤♦s♣❤♦r❡✳ ❈❡s q✉❡st✐♦♥s ♥❡ s♦♥t ♣❛s tr❛✐té❡s ❞❛♥s ❧❡ ❝❛❞r❡ ❞❡ ❝❡ ❞♦❝✉♠❡♥t✱ ♠❛✐s ✉♥
❡①❡♠♣❧❡ ❞✬❛♣♣❧✐❝❛t✐♦♥ ❡st ❞♦♥♥é ❞❛♥s ❈❤❛r❞♦♥ ❡t ❛❧✳ ✭✷✵✵✽✮✳



✶✷✷ ❉é❝✐s✐♦♥s ❛♥♥✉❡❧❧❡s ❡t ❣é♥ér❛t✐♦♥ ❞❡ ♣❧❛♥s ❞✬❛❝t✐✈✐tés

✻✳✹✳✸ ▲❡ ♠♦❞✉❧❡ ❞❡ ♣r♦❣r❛♠♠❛t✐♦♥ ❧✐♥é❛✐r❡

▲✬♦❜❥❡❝t✐❢ ❡st ❞❡ ❞ét❡r♠✐♥❡r ❧❡s ❞♦s❡s ❞❡ ❝❤❛q✉❡ ❡✤✉❡♥t à ❛♣♣♦rt❡r s✉r ❝❤❛q✉❡ ♣❛r✲
❝❡❧❧❡ ✭❧✬❛ss♦❧❡♠❡♥t ét❛♥t ❝♦♥♥✉✮✱ ❛✉ ❝♦✉rs ❞❡ ❝❤❛q✉❡ ♣ér✐♦❞❡ ❝♦♥s✐❞éré❡✳ ❉❛♥s ❧❛ s✉✐t❡
❞❡ ❝❡ ❞♦❝✉♠❡♥t✱ ❧❛ ❞♦s❡ ✭❡♥ t♦♥♥❡s ♦✉ m3 ❞❡ ♣r♦❞✉✐t ❜r✉t ♣❛r ❤❡❝t❛r❡✮ ❞❡ ❧✬❡✤✉❡♥t e à
❛♣♣♦rt❡r s✉r ❧❛ ♣❛r❝❡❧❧❡ p ❛✉ ❝♦✉rs ❞❡ ❧❛ s❛✐s♦♥ s s❡r❛ ♥♦té❡ ✿

Xe,p,s

❉❡ ♣❧✉s✱ ✐❧ ❡st ♣♦ss✐❜❧❡ ❞✬❡①♣♦rt❡r ✉♥❡ ♣❛rt✐❡ ❞❡s ❡✤✉❡♥ts ♣r♦❞✉✐ts✳ ❉❛♥s ❧❛ s✉✐t❡✱ ❧❛
q✉❛♥t✐té ✭❡♥ t♦♥♥❡s ♦✉ m3 ❞❡ ♣r♦❞✉✐t ❜r✉t✮ ❞✬❡✤✉❡♥t e ❡①♣♦rté❡ ❛✉ ❝♦✉rs ❞❡ ❧❛ s❛✐s♦♥
s s❡r❛ ♥♦té❡ ✿

Ee,s

▲❡ ♥♦♠❜r❡ ❞✬❡✤✉❡♥ts ❡t ❞❡ ♣❛r❝❡❧❧❡s s✉r ❧✬❡①♣❧♦✐t❛t✐♦♥ ❡t ❧❡ ♥♦♠❜r❡ ❞❡ ♣ér✐♦❞❡s
❝♦♥s✐❞éré❡s ✭✐♥❞✐❝❡s s ♣♦✉r s❛✐s♦♥✮ s❡r♦♥t r❡s♣❡❝t✐✈❡♠❡♥t ♥♦tés ✿ Ne✱ Np ❡t Ns✳

✻✳✹✳✸✳✶ ❈♦♥tr❛✐♥t❡s à ❧✬é❝❤❡❧❧❡ ❞❡ ❧✬❡①♣❧♦✐t❛t✐♦♥

P♦✉r ❝❤❛q✉❡ ❡✤✉❡♥t✱ ❧❛ s♦♠♠❡ ❞❡s q✉❛♥t✐tés à é♣❛♥❞r❡ ♦✉ à ❡①♣♦rt❡r ❞♦✐t ❝♦rr❡s✲
♣♦♥❞r❡ ❛✉① ♣ré✈✐s✐♦♥s ❞❡ ♣r♦❞✉❝t✐♦♥ ❛✉ ❝♦✉rs ❞❡ ❧✬❛♥♥é❡✳ ❈❡tt❡ ♣ré✈✐s✐♦♥ ❡st ✉♥❡ ❡♥tré❡
❞✉ ♠♦❞è❧❡ ❡t ♣❡✉t êtr❡ ❡✛❡❝t✉é❡ s♦✐t ❡♥ ❝♦♥s✐❞ér❛♥t ❧❡s q✉❛♥t✐tés ré❡❧❧❡♠❡♥t ♣r♦❞✉✐t❡s
❧❡s ❛♥♥é❡s ♣ré❝é❞❡♥t❡s✱ s♦✐t ❡♥ ✉t✐❧✐s❛♥t ❞❡s éq✉❛t✐♦♥s ❞é❞✐é❡s à ❝❡ ❝❛❧❝✉❧✳

∀e ∈ {1, . . . , Ne}

Np
∑

p=1

Ns
∑

s=1

(Xe,p,s × SurfEpp) +

Ns
∑

s=1

Ee,s = Qe ✭✻✳✹✮

♦ù ✿
✕ Qe ❡st ❧❛ ♣r♦❞✉❝t✐♦♥ ♣ré✈✉❡ ❞✬❡✤✉❡♥t e ♣❡♥❞❛♥t ❧✬❛♥♥é❡ ❀
✕ SurfEpp ❡st ❧❛ s✉r❢❛❝❡ é♣❛♥❞❛❜❧❡ ❞❡ ❧❛ ♣❛r❝❡❧❧❡ p✳

❉✬❛✉tr❡ ♣❛rt✱ ❧❛ ❝❛♣❛❝✐té ❞❡ st♦❝❦❛❣❡ ❞❡s ❡✤✉❡♥ts ét❛♥t ❧✐♠✐té❡✱ ✐❧ ♣❡✉t êtr❡ ♥é❝❡ss❛✐r❡
❞✬✐♠♣♦s❡r q✉✬✉♥❡ ❝❡rt❛✐♥❡ ♣r♦♣♦rt✐♦♥ ❞❡ ❝❤❛q✉❡ ❡✤✉❡♥t s♦✐t é♣❛♥❞✉❡ ✭♦✉ ❡①♣♦rté❡✮ ❛✉
❝♦✉rs ❞✬✉♥❡ ♣ér✐♦❞❡ ❞♦♥♥é❡✳ ❖♥ ♣❡✉t ♣❛r ❡①❡♠♣❧❡ ✐♠♣♦s❡r ❞✬é♣❛♥❞r❡ ❛✉ ♠♦✐♥s ✸✵ ✪ ❞✉
❧✐s✐❡r ❡♥ ❛✉t♦♠♥❡✱ ❞❡ ♠❛♥✐èr❡ à ♣♦✉✈♦✐r st♦❝❦❡r ❧❛ ♣r♦❞✉❝t✐♦♥ ❞❡ ❧✬❤✐✈❡r✳

∀e ∈ {1, . . . , Ne} & ∀s ∈ {1, . . . , Ns}

Np
∑

p=1

(Xe,p,s × SurfEpp) + Ee,s ≥ PropMine,s × Qe ✭✻✳✺✮

♦ù ✿
✕ PropMine,s ❡st ❧❛ ♣r♦♣♦rt✐♦♥ ♠✐♥✐♠❛❧❡ ❞❡ Qe q✉❡ ❧✬♦♥ s♦✉❤❛✐t❡ é♣❛♥❞r❡ ❛✉ ❝♦✉rs

❞❡ ❧❛ s❛✐s♦♥ s✳



➱t❛❜❧✐ss❡♠❡♥t ❞✉ ♣❧❛♥ ♣ré✈✐s✐♦♥♥❡❧ ❞❡ ❢✉♠✉r❡ à ❧✬❛✐❞❡ ❞❡ ❋✉♠✐❣è♥❡ ✶✷✸

▲❡s q✉❛♥t✐tés ❡①♣♦rté❡s ❞♦✐✈❡♥t êtr❡ ♠❛❥♦ré❡s ❛✜♥ ❞❡ r❡s♣❡❝t❡r ❧❡ ♣♦t❡♥t✐❡❧ ❞❡ ✈❛❧♦✲
r✐s❛t✐♦♥ ❞❡s ♣❛r❝❡❧❧❡s ❞❡s ♣rêt❡✉rs✳ ❈❡s q✉❛♥t✐tés ❞♦✐✈❡♥t é❣❛❧❡♠❡♥t êtr❡ ♠✐♥♦ré❡s ✿ ❞❛♥s
❝❡rt❛✐♥s ❝❛s✱ ❧✬é❧❡✈❡✉r s✬❡♥❣❛❣❡ ♣❛r ❝♦♥tr❛t à ❢♦✉r♥✐r ✉♥❡ ❝❡rt❛✐♥❡ q✉❛♥t✐té ❞✬❡✤✉❡♥t✱
q✉✐tt❡ à ❛❝❤❡t❡r ❞❡ ❧✬❡♥❣r❛✐s ♠✐♥ér❛❧ s✐ ❜❡s♦✐♥✳

∀e ∈ {1, . . . , Ne} & ∀s ∈ {1, . . . , Ns}

Ee,s ≤ ExportMaxe,s ✭✻✳✻✮

Ee,s ≥ ExportMine,s ✭✻✳✼✮

♦ù ✿
✕ ExportMaxe,s ❡t ExportMine,s r❡♣rés❡♥t❡♥t r❡s♣❡❝t✐✈❡♠❡♥t ❧❡s q✉❛♥t✐tés ♠❛①✐✲

♠❛❧❡s ❡t ♠✐♥✐♠❛❧❡s ❞❡ ❧✬❡✤✉❡♥t e ❡①♣♦rté❡s ❛✉ ❝♦✉rs ❞❡ ❧❛ s❛✐s♦♥ s

✻✳✹✳✸✳✷ ❈♦♥tr❛✐♥t❡s à ❧✬é❝❤❡❧❧❡ ❞❡ ❧❛ ♣❛r❝❡❧❧❡

▲❛ q✉❛♥t✐té ❞✬❡✤✉❡♥ts é♣❛♥❞✉❡ s✉r ❝❤❛q✉❡ ♣❛r❝❡❧❧❡ ❡st ❧✐♠✐té❡ ♣❛r ❧❡s ❜❡s♦✐♥s ❞❡ ❧❛
❝✉❧t✉r❡✳ ▲❡s q✉❛♥t✐tés ♠❛①✐♠❛❧❡s ❞❡ ◆ ❡t P q✉✐ ♣❡✉✈❡♥t êtr❡ é♣❛♥❞✉❡s s♦♥t s♦✐t ❝❛❧❝✉❧é❡s
♣❛r ❧❡ ♠♦❞✉❧❡ ❞❡ ❢❡rt✐❧✐s❛t✐♦♥✱ s♦✐t s♣é❝✐✜é❡s ♣❛r ❧✬✉t✐❧✐s❛t❡✉r✳

❆ ❝❛✉s❡ ❞❡ ❧✬✐♥❝❡rt✐t✉❞❡ ❡♥t♦✉r❛♥t ❧❡s t❡♥❡✉rs ❡♥ ◆ ❡t P ❞❡s ❡✤✉❡♥ts✱ ❧❡s é❧❡✈❡✉rs
♣❡✉✈❡♥t ❝❤♦✐s✐r ❞❡ ♥❡ ♣❛s s❛t✐s❢❛✐r❡ ❧❛ t♦t❛❧✐té ❞❡s ❜❡s♦✐♥s ❞❡s ❝✉❧t✉r❡s ❣râ❝❡ ❛✉① ❡❢✲
✢✉❡♥ts✱ ❡t ❞❡ ❣❛r❞❡r ✉♥❡ ♣❛rt ❞✬❡♥❣r❛✐s ♠✐♥ér❛✉① s✉r ❝❤❛q✉❡ ♣❛r❝❡❧❧❡✳ ❉❛♥s ❋✉♠✐❣è♥❡✱
❧✬✉t✐❧✐s❛t❡✉r ♣❡✉t ✜①❡r ✉♥❡ ♣r♦♣♦rt✐♦♥ ♠❛①✐♠❛❧❡ ❞❡s ❜❡s♦✐♥s ❡♥ ◆ ❡t P s❛t✐s❢❛✐t❡ ♣❛r
❝❤❛q✉❡ ❡✤✉❡♥t ❡t ♣❛r ❧❡ t♦t❛❧ ❞❡s ❡✤✉❡♥ts✳

∀p ∈ {1, . . . , Np}

Ne
∑

e=1

Ns
∑

s=1

(Xe,p,s × [N ]e × CEqe,c,s) ≤ MaxNp × PropMaxOrgc ✭✻✳✽✮

♦ù ✿
✕ MaxNp r❡♣rés❡♥t❡ ❧❛ q✉❛♥t✐té ♠❛①✐♠❛❧❡ ❞✬◆ ✭❡♥ ❦❣✳❤❛−1✮ q✉✬✐❧ ❡st ♣♦ss✐❜❧❡ ❞✬é♣❛♥❞r❡

s✉r ❧❛ ♣❛r❝❡❧❧❡ p ✭❧❛ ❝✉❧t✉r❡ ❞❡ ❧✬❛♥♥é❡ ét❛♥t ❝♦♥♥✉❡✮ ❀
✕ [N ]e ❡st ❧❛ t❡♥❡✉r ❡♥ ◆ ❞❡ ❧✬❡✤✉❡♥t e ❀
✕ CEquive,c,s ❡st ❧❡ ❝♦❡✣❝✐❡♥t ❞✬éq✉✐✈❛❧❡♥❝❡ ❞❡ ❧✬❡✤✉❡♥t e é♣❛♥❞✉ s✉r ❧❛ ❝✉❧t✉r❡ c

à ❧❛ s❛✐s♦♥ s ✭✐✳❡✳ ♣r♦♣♦rt✐♦♥ q✉✐ s❡ ♠✐♥ér❛❧✐s❡ ❡t ❡st ✉t✐❧✐s❛❜❧❡ ♣❛r ❧❛ ❝✉❧t✉r❡ ❡♥
✶ere ❛♥♥é❡✮ ❀

✕ PropMaxOrgc ❡st ❧❛ ♣r♦♣♦rt✐♦♥ ♠❛①✐♠❛❧❡ ❞❡s ❜❡s♦✐♥s ❞❡ ❧❛ ❝✉❧t✉r❡ c q✉❡ ❧✬♦♥
❛❝❝❡♣t❡ ❞❡ ❝♦✉✈r✐r ❛✈❡❝ ❞❡s ❡♥❣r❛✐s ♦r❣❛♥✐q✉❡s✳

∀p ∈ {1, . . . , Np} & ∀e ∈ {1, . . . , Ne}

Ns
∑

s=1

(Xe,p,s × [N ]e × CEqe,c,s) ≤ MaxNp × PropMaxe,c ✭✻✳✾✮

♦ù ✿



✶✷✹ ❉é❝✐s✐♦♥s ❛♥♥✉❡❧❧❡s ❡t ❣é♥ér❛t✐♦♥ ❞❡ ♣❧❛♥s ❞✬❛❝t✐✈✐tés

✕ PropMaxe,c ❡st ❧❛ ♣r♦♣♦rt✐♦♥ ♠❛①✐♠❛❧❡ ❞❡s ❜❡s♦✐♥s ✭❞❡ ❧❛ ❝✉❧t✉r❡ c✮ q✉❡ ❧✬♦♥
❛❝❝❡♣t❡ ❞❡ ❝♦✉✈r✐r ❛✈❡❝ ❧✬❡✤✉❡♥t e✳

▲❡s éq✉❛t✐♦♥s ✭✻✳✽✮ ❡t ✭✻✳✾✮ s♦♥t é❝r✐t❡s ✐❝✐ s❡✉❧❡♠❡♥t ♣♦✉r ❧✬❛③♦t❡✱ ♠❛✐s ♦♥t ❞❡s
éq✉✐✈❛❧❡♥ts ♣♦✉r ❧❡ ♣❤♦s♣❤♦r❡✳

▲❡s ❞♦s❡s ❞✬❡✤✉❡♥ts é♣❛♥❞✉❡s s✉r ✉♥❡ ♣❛r❝❡❧❧❡ s♦♥t ❧✐♠✐té❡s ♣❛r ❞❡s ❝♦♥tr❛✐♥t❡s
♠❛tér✐❡❧❧❡s✳ ▲❡s ♠❛tér✐❡❧s ❞✬é♣❛♥❞❛❣❡ ♥❡ ♣❡✉✈❡♥t ❡♥ ❣é♥ér❛❧ ♣❛s é♣❛♥❞r❡ ❝♦rr❡❝t❡♠❡♥t
❞❡ ❢❛✐❜❧❡s ❞♦s❡s✱ ❡t ❝❡❧❛ ♥❡ ❝♦rr❡s♣♦♥❞ ♣❛s ❛✉① ♣r❛t✐q✉❡s ❞❡s ❛❣r✐❝✉❧t❡✉rs✳ ❈❡s ❞♦s❡s
♠✐♥✐♠❛❧❡s s♦♥t s✐t✉é❡s ❛✉t♦✉r ❞❡ ✶✺ t/Ha ♣♦✉r ❧❡s ❢✉♠✐❡rs✱ ❡t ✷✵ m3/Ha ♣♦✉r ❧❡s
❧✐s✐❡rs✳ ■♥✈❡rs❡♠❡♥t✱ é♣❛♥❞r❡ ❞❡ très ❢♦rt❡s ❞♦s❡s ♥✬❡st ♣❛s ♣♦ss✐❜❧❡ ♥♦♥ ♣❧✉s✱ ♣❛r ❡①❡♠♣❧❡
à ❝❛✉s❡ ❞✉ r✐sq✉❡ ❞❡ r✉✐ss❡❧❧❡♠❡♥t ❞✐r❡❝t ❞✉ ❧✐s✐❡r✳ ▲❡s ✈❛❧❡✉rs ♠❛①✐♠❛❧❡s ♣♦ss✐❜❧❡s s♦♥t
❞❡ ❧✬♦r❞r❡ ❞❡ ✹✵ t/Ha ♣♦✉r ❧❡s ❢✉♠✐❡rs ❡t ✺✵ m3/Ha ♣♦✉r ❧❡s ❧✐s✐❡rs✳ P♦✉r ❝❡rt❛✐♥❡s
❝✉❧t✉r❡s✱ ✐❧ ❡st ♣♦ss✐❜❧❡ ❞❡ ré❛❧✐s❡r ♣❧✉s✐❡✉rs é♣❛♥❞❛❣❡s ♣❡♥❞❛♥t ✉♥❡ ♠ê♠❡ ♣ér✐♦❞❡✳ ▲❛
❞♦s❡ ♠❛①✐♠❛❧❡ ❞❡ ❝❤❛q✉❡ ❡✤✉❡♥t ❡st ❞♦♥❝ ♠✉❧t✐♣❧✐é❡ ♣❛r ❧❡ ♥♦♠❜r❡ ❞✬❛♣♣♦rts ♣♦ss✐❜❧❡s✳

∀p ∈ {1, . . . , Np} & ∀e ∈ {1, . . . , Ne} & ∀s ∈ {1, . . . , Ns}

Xe,p,s ≤ EpMaxe × NbAppMaxe,c,s × Ye,p,sXe,p,s ≥ EpMine × Ye,p,s ✭✻✳✶✵✮

♦ù ✿
✕ EpMine ❡t EpMaxe r❡♣rés❡♥t❡♥t r❡s♣❡❝t✐✈❡♠❡♥t ❧❡s q✉❛♥t✐tés ♠✐♥✐♠❛❧❡s ❡t ♠❛①✐✲

♠❛❧❡s ❞❡ ❧✬❡✤✉❡♥t e ✭❡♥ t✳❤❛−1 ♦✉ ♠3✳❤❛−1✮ q✉✬✐❧ ❡st ♣♦ss✐❜❧❡ ❞✬é♣❛♥❞r❡ à ❝❤❛q✉❡
❛♣♣♦rt ❀

✕ NbAppMaxe,c,s ❡st ❧❡ ♥♦♠❜r❡ ♠❛①✐♠❛❧ ❞✬❛♣♣♦rts ❞❡ ❧✬❡✤✉❡♥t e ré❛❧✐s❛❜❧❡ s✉r ❧❛
❝✉❧t✉r❡ c ❛✉ ❝♦✉rs ❞❡ ❧❛ s❛✐s♦♥ s✳

✕ Ye,p,s ❡st ✉♥ ❜♦♦❧é❡♥ ✐♥❞✐q✉❛♥t s✐ ❧✬❡✤✉❡♥t e ❡st é♣❛♥❞✉ s✉r ❧❛ ♣❛r❝❡❧❧❡ p ❛✉ ❝♦✉rs
❞❡ ❧❛ s❛✐s♦♥ s✳ ■❧ s✬❛❣✐t ❞✬✉♥❡ ✈❛r✐❛❜❧❡ ❛✉①✐❧✐❛✐r❡ ❞✉ ♠♦❞è❧❡✱ ❝✬❡st✲à✲❞✐r❡ q✉✬❛✉ ❝♦✉rs
❞✉ ❝❛❧❝✉❧ ❞✬♦♣t✐♠✐s❛t✐♦♥✱ ❝❡tt❡ ✈❛r✐❛❜❧❡ ❡st ✜①é❡ à ✶ s✬✐❧ ② é♣❛♥❞❛❣❡✱ ❡t à ✵ s✐♥♦♥✳

P♦✉r ❝❡rt❛✐♥s ❡✤✉❡♥ts✱ ✐❧ ♣❡✉t êtr❡ ♥é❝❡ss❛✐r❡ ❞❡ ❝♦♥s✐❞ér❡r ❞✬❛✉tr❡s é❧é♠❡♥ts ✭♠é✲
t❛✉① ❧♦✉r❞s ❞❛♥s ❧❡s ❜♦✉❡s ❞✬é♣✉r❛t✐♦♥✱ ♥♦t❛♠♠❡♥t✮✳ ❈❡ t②♣❡ ❞❡ ❧✐♠✐t❛t✐♦♥ ♥✬❡st ♣❛s
❞✐r❡❝t❡♠❡♥t ✐♥té❣ré✳ P♦✉r ❡♥ t❡♥✐r ❝♦♠♣t❡✱ ✐❧ ❢❛✉t ❧✐♠✐t❡r ❞✐r❡❝t❡♠❡♥t ❧❡s é♣❛♥❞❛❣❡s
❞❡ ❧✬❡✤✉❡♥t ❝♦♥s✐❞éré ❡♥ ✉t✐❧✐s❛♥t ❧✬éq✉❛t✐♦♥ ✭✻✳✶✵✮✳ ■❧ ♥✬❡st ♣❛s ♣♦ss✐❜❧❡ ❞❡ ❝❛❧❝✉❧❡r
❧❡s q✉❛♥t✐tés é♣❛♥❞❛❜❧❡s ♣♦✉r ❝❤❛q✉❡ ♣❛r❝❡❧❧❡ ❡♥ ❢♦♥❝t✐♦♥ ❞✉ s♦❧ ❡t ❞❡s ❜❡s♦✐♥s ❞❡ ❧❛
❝✉❧t✉r❡✱ ❝♦♠♠❡ ♣♦✉r ❧✬❛③♦t❡✳

P❛r ❡①❡♠♣❧❡✱ s♦✐t ✉♥❡ ❜♦✉❡ ❝♦♥t❡♥❛♥t ✶✵✵ ❣ ❞✬✉♥ é❧é♠❡♥t ❳ ♣❛r t♦♥♥❡ ❞❡ ♠❛t✐èr❡
sè❝❤❡✳ ❖♥ ❝♦♥s✐❞èr❡ q✉❡ ❧❡s ❝✉❧t✉r❡s ré❛❧✐sé❡s s✉r ❧✬❡①♣❧♦✐t❛t✐♦♥ ❡①♣♦rt❡♥t ❡♥ ♠♦②❡♥♥❡
✹✵✵ ❣ ❞❡ ❳ ♣❛r ❛♥✳ ❖♥ ❧✐♠✐t❡r❛ ❞♦♥❝ ❧❡ ♥♦♠❜r❡ ❞✬❛♣♣♦rts ❞❡ ❝❡tt❡ ❜♦✉❡ à ✉♥ ♣❛r ❛♥✱
❛✈❡❝ ❛✉ ♠❛①✐♠✉♠ ✹ t♦♥♥❡s ❞❡ ▼❙✳

✻✳✹✳✸✳✸ ❋♦♥❝t✐♦♥ ♦❜❥❡❝t✐❢

▲❛ ❢♦♥❝t✐♦♥ ♦❜❥❡❝t✐❢ q✉❡ ❧✬♦♥ ❝❤❡r❝❤❡ à ♠❛①✐♠✐s❡r tr❛❞✉✐t ❧❡ ❞❡❣ré ❞❡ s❛t✐s❢❛❝t✐♦♥ ❞❡s
♣r✐♦r✐tés ✜①é❡s ❡♥ ❡♥tré❡ ❞✉ ♠♦❞è❧❡✳ ❈❡s ♣r✐♦r✐tés s❡ tr❛❞✉✐s❡♥t ♣❛r ✿

✕ ✉♥ ❝♦❡✣❝✐❡♥t ❡♥tr❡ ✵ ❡t ✶ ♣♦✉r ❝❤❛q✉❡ tr✐♣❧❡t ④❡✤✉❡♥t✱ ❝✉❧t✉r❡✱ s❛✐s♦♥⑥ ❀
✕ ✉♥ ❝♦❡✣❝✐❡♥t ❡♥tr❡ ✵ ❡t ✶ ♣♦✉r ❝❤❛q✉❡ ♣❛r❝❡❧❧❡✳



■♥té❣r❛t✐♦♥ ❞❛♥s ▼é❧♦❞✐❡ ✶✷✺

▲✬❛ss♦❧❡♠❡♥t ét❛♥t ❝♦♥♥✉✱ ♥♦✉s ♣♦✉✈♦♥s ♠✉❧t✐♣❧✐❡r ❝❡s ✈❛❧❡✉rs ♣♦✉r ♦❜t❡♥✐r ✉♥❡
♣r✐♦r✐té ♣♦✉r ❝❤❛q✉❡ tr✐♣❧❡t ④❡✤✉❡♥t✱ ♣❛r❝❡❧❧❡✱ s❛✐s♦♥⑥ ✿ Pe,p,s✳ ❖♥ ❝❤❡r❝❤❡ à ♠❛①✐♠✐s❡r
❧❛ ♣r✐♦r✐té à ❧❛q✉❡❧❧❡ ❝❤❛q✉❡ t♦♥♥❡ ♦✉ m3 ❞✬❡✤✉❡♥t ❡st é♣❛♥❞✉❡✳ ▲❛ ❢♦♥❝t✐♦♥ ♦❜❥❡❝t✐❢
❡st ❞♦♥❝ ❧❛ ♣r✐♦r✐té ♠♦②❡♥♥❡ ❞❡s é♣❛♥❞❛❣❡s✱ ♣♦♥❞éré❡ ♣❛r ❧❡s q✉❛♥t✐tés é♣❛♥❞✉❡s ✿

F =

Ne
∑

e=1

Np
∑

p=1

Ns
∑

s=1

(Pe,p,s × Xe,p,s × SurfEpp) ✭✻✳✶✶✮

✻✳✹✳✸✳✹ ❋❧❡①✐❜✐❧✐té

▲❡s ❝♦♥tr❛✐♥t❡s à ❧✬é❝❤❡❧❧❡ ❞❡ ❧❛ ♣❛r❝❡❧❧❡ ✭éq✉❛t✐♦♥s ✻✳✽✱ ✻✳✾ ❡t ✻✳✶✵✮ ❞♦✐✈❡♥t êtr❡
❛♣♣❧✐q✉é❡s ❛✈❡❝ ✢❡①✐❜✐❧✐té✳ ◗✉❛♥❞ ❛✉❝✉♥❡ ❛✉tr❡ s♦❧✉t✐♦♥ ♥✬❡st ❢❛✐s❛❜❧❡✱ ✐❧ ❡st ♣♦ss✐❜❧❡
❞✬é♣❛♥❞r❡ à ❞❡s ❞♦s❡s ❧é❣èr❡♠❡♥t s✉♣ér✐❡✉r❡s ❛✉① s❡✉✐❧s ♣rés❡♥tés ♣ré❝é❞❡♠♠❡♥t✳ ❈❡tt❡
♣♦ss✐❜✐❧✐té ❡st ✐♥tr♦❞✉✐t❡ ❞❛♥s ❧❡ ♠♦❞è❧❡ ❣râ❝❡ à ❞❡s ✈❛r✐❛❜❧❡s ❛✉①✐❧✐❛✐r❡s✳ P♦✉r ❝❤❛q✉❡
✈❛r✐❛❜❧❡ Xe,p,s✱ ✉♥❡ ✈❛r✐❛❜❧❡ Xsupp

e,p,s r❡♣rés❡♥t❡ ❧❛ ❞♦s❡ ✓ s✉♣♣❧é♠❡♥t❛✐r❡ ✔ é♣❛♥❞✉❡✳ ▲❛
✢❡①✐❜✐❧✐té ❡st ❧✐♠✐té❡✱ ❞❡ ♠❛♥✐èr❡ à ♥❡ ♣❛s ♦❜t❡♥✐r ❞❡s ❞♦s❡s tr♦♣ é❧❡✈é❡s ♣♦✉r q✉❡❧q✉❡s
♣❛r❝❡❧❧❡s✳ ▲❡ ♣❛r❛♠ètr❡ Φtol ✐♥❞✐q✉❡ ❧❛ t♦❧ér❛♥❝❡ ♣❧❛❝é❡ s✉r ❧❡s ❝♦♥tr❛✐♥t❡s✳ P❛r ❡①❡♠♣❧❡✱
Φtol = 0, 1 s✐❣♥✐✜❡ q✉❡ s✉r ❝❤❛q✉❡ ♣❛r❝❡❧❧❡✱ ❧❡s q✉❛♥t✐tés ♠❛①✐♠❛❧❡s ❞❡ ◆ ❡t P✱ ❛✐♥s✐ q✉❡
❧❡s ❞♦s❡s ❜r✉t❡s ♠❛①✐♠❛❧❡s✱ ♣❡✉✈❡♥t êtr❡ ❞é♣❛ssé❡s ❞❡ ✶✵ ✪✳ P♦✉r ❝❡ ❢❛✐r❡✱ ❧❡s éq✉❛t✐♦♥s
✻✳✽✱ ✻✳✾ ❡t ✻✳✶✵ s♦♥t ❞✉♣❧✐q✉é❡s✱ ❡t s✬❛♣♣❧✐q✉❡♥t à ❧❛ s♦♠♠❡ X + Xsupp ✭❛✉ ❧✐❡✉ ❞❡ X
s❡✉❧❡♠❡♥t✮✳ ▲❡s ✈❛❧❡✉rs ❞❡s t❡r♠❡s ❞❡ ❞r♦✐t❡ ❞❡ ❧✬éq✉❛t✐♦♥ s♦♥t ♠✉❧t✐♣❧✐é❡s ♣❛r Φtol✳
❊♥ ❝❡ q✉✐ ❝♦♥❝❡r♥❡ ❧❛ ❢♦♥❝t✐♦♥ ♦❜❥❡❝t✐❢✱ ❧❡s ♣r✐♦r✐tés ❛ss♦❝✐é❡s ❛✈❡❝ ❧❡s ✈❛r✐❛❜❧❡s Xsupp

s♦♥t ♥é❣❛t✐✈❡s✱ ❞❡ s♦rt❡ q✉✬❡❧❧❡s s❡r♦♥t ✉t✐❧✐sé❡s s✐ ❡t s❡✉❧❡♠❡♥t s✐ ❛✉❝✉♥❡ s♦❧✉t✐♦♥ ♥✬❡st
❢❛✐s❛❜❧❡✳ ❈❡♣❡♥❞❛♥t✱ ❧✬♦r❞r❡ ❞❡ ♣ré❢ér❡♥❝❡ ❞♦✐t êtr❡ ❝♦♥s❡r✈é✳ ❖♥ ✉t✐❧✐s❡ ❞♦♥❝ ❧❛ ❢♦r♠✉❧❡
s✉✐✈❛♥t❡ ✿

∀p ∈ {1, . . . , Np} & ∀e ∈ {1, . . . , Ne} & ∀s ∈ {1, . . . , Ns}

P supp
e,p,s = Pe,p,s − 1

✻✳✹✳✹ ■♠♣❧é♠❡♥t❛t✐♦♥

P♦✉r ❧❡s ❛❧❣♦r✐t❤♠❡s ❞❡ ♣r♦❣r❛♠♠❛t✐♦♥ ❧✐♥é❛✐r❡ ♠✐①t❡✱ ❋✉♠✐❣è♥❡ ✉t✐❧✐s❡ ❧❛ ❜✐❜❧✐♦✲
t❤èq✉❡ ❞é❞✐é❡ ❧♣s♦❧✈❡ ✭❇❡r❦❡❧❛❛r ❡t ❛❧✳ ✷✵✵✺✮✳ ❙❡❧♦♥ ❧❡s ♥♦♠❜r❡✉① ❡①❡♠♣❧❡s ❞❡ ♣r♦❥❡ts
❧✬✉t✐❧✐s❛♥t✱ ✐❧ s✬❛❣✐t ❞✬✉♥❡ ❜✐❜❧✐♦t❤èq✉❡ ♣❡r❢♦r♠❛♥t❡ ❡t ❝❛♣❛❜❧❡ ❞❡ rés♦✉❞r❡ ❞❡s ♣r♦❜❧è♠❡s
❞❡ ❣r❛♥❞❡ ❞✐♠❡♥s✐♦♥✳ ❊❧❧❡ ❡st ❞✐s♣♦♥✐❜❧❡ s♦✉s ❧✐❝❡♥❝❡ ❧✐❜r❡ ✭▲●P▲✮✱ ❝❡ q✉✐ ♣❡r♠❡t ❞❡
❧✬✐♥té❣r❡r ❞❛♥s ♥♦tr❡ ♣r♦❥❡t s❛♥s r❡str✐❝t✐♦♥s ♠ê♠❡ ❡♥ ❝❛s ❞❡ ❞✐str✐❜✉t✐♦♥ ❞✉ s✐♠✉❧❛t❡✉r✳
❈❡❝✐ s❡r❛✐t ❜❡❛✉❝♦✉♣ ♣❧✉s ❞✐✣❝✐❧❡ ❛✈❡❝ ✉♥ s♦❧✈❡✉r ♣✉❜❧✐é s♦✉s ❧✐❝❡♥❝❡ ✓ ♣r♦♣r✐ét❛✐r❡ ✔✳

✻✳✺ ❈♦✉♣❧❛❣❡ ❛✈❡❝ ▼é❧♦❞✐❡ ✿ tr❛❞✉❝t✐♦♥ ❞❡s rés✉❧t❛ts ❞❡
❚♦✉r♥❡s♦❧ ❡t ❋✉♠✐❣è♥❡ ❡♥ ♣❧❛♥s ❞✬❛❝t✐✈✐tés

❉❛♥s ▼é❧♦❞✐❡✱ ❧❡s ♠♦❞✉❧❡s ❞❡ ♣❧❛♥✐✜❝❛t✐♦♥✱ ❚♦✉r♥❡s♦❧ ❡t ❋✉♠✐❣è♥❡✱ s♦♥t ❛♣✲
♣❡❧és ✉♥❡ ❢♦✐s ♣❛r ❛♥♥é❡ s✐♠✉❧é❡✱ ❛✉ ♣r❡♠✐❡r s❡♣t❡♠❜r❡✳ ❈❡tt❡ ❞❛t❡ ❛ été ❝❤♦✐s✐❡ ❝❛r



✶✷✻ ❉é❝✐s✐♦♥s ❛♥♥✉❡❧❧❡s ❡t ❣é♥ér❛t✐♦♥ ❞❡ ♣❧❛♥s ❞✬❛❝t✐✈✐tés

❡❧❧❡ ♠❛rq✉❡ ❧❡ ❞é❜✉t ❞❡ ❧❛ ❝❛♠♣❛❣♥❡ ❝✉❧t✉r❛❧❡ ✿ ❧❡s s❡♠✐s ❞❡ ❝♦❧③❛ ❞♦✐✈❡♥t êtr❡ ré❛❧✐sés
❞é❜✉t s❡♣t❡♠❜r❡✳

❚❡❝❤♥✐q✉❡♠❡♥t✱ ❧❛ ♣❧❛♥✐✜❝❛t✐♦♥ ❡st ré❛❧✐sé❡ ♣❛r ✉♥ ♣r♦❝❡ss✉s✱ ❞♦♥t ❧❡ ♣❛s ❞❡ t❡♠♣s
❡st ❧✬❛♥♥é❡✳ ▲♦rs ❞❡ ❧✬✐♥✐t✐❛❧✐s❛t✐♦♥ ❞❡ ❝❡ ♣r♦❝❡ss✉s✱ ✉♥❡ s✐♠✉❧❛t✐♦♥ ❛✈❡❝ ❚♦✉r♥❡s♦❧
❡t ❋✉♠✐❣è♥❡ ❡st ❝réé❡✳ ▲✬❛✈❛♥❝❡♠❡♥t ❞❡ ❝❡tt❡ s✐♠✉❧❛t✐♦♥ ❡st ❡♥s✉✐t❡ ❝♦♥trô❧é ♣❛r ❧❡
♣r♦❝❡ss✉s ❞❡ ♣❧❛♥✐✜❝❛t✐♦♥✳

▲✬❛✈❛♥❝❡♠❡♥t ❞✉ ♣r♦❝❡ss✉s s❡ ❢❛✐t ❡♥ tr♦✐s t❡♠♣s ✿ t♦✉t ❞✬❛❜♦r❞✱ ❞❡s ✐♥❢♦r♠❛t✐♦♥s
s✉r ❧✬ét❛t ❞✉ s②stè♠❡ s♦♥t tr❛♥s♠✐s❡s à ❚♦✉r♥❡s♦❧ ❡t ❋✉♠✐❣è♥❡ ✭❝❢ ✻✳✺✳✶✮✳ ❊♥s✉✐t❡✱
❧✬❛ss♦❧❡♠❡♥t ❡t ❧❡ ♣❧❛♥ ❞❡ ❢✉♠✉r❡ s♦♥t ❣é♥érés s❡❧♦♥ ❧❡s ♣r✐♥❝✐♣❡s ♣rés❡♥tés ♣❧✉s ❤❛✉t✳
P♦✉r q✉❡ ❧❡s rés✉❧t❛ts ♣✉✐ss❡♥t êtr❡ ✉t✐❧✐sés✱ ✐❧ ❢❛✉t ❧❡s tr❛❞✉✐r❡ ❡♥ ♣❧❛♥ ❞✬❛❝t✐✈✐tés✱
❛✉ s❡♥s ❞❡ ❧✬♦♥t♦❧♦❣✐❡ ❞❡s s②stè♠❡s ❞❡ ♣r♦❞✉❝t✐♦♥ ❛❣r✐❝♦❧❡ ✭▼❛rt✐♥✲❈❧♦✉❛✐r❡ ❡t ❘❡❧❧✐❡r
✷✵✵✺✮✳ ❈❡tt❡ ét❛♣❡✱ ❜❛sé❡ s✉r ❞❡s ✐t✐♥ér❛✐r❡s t❡❝❤♥✐q✉❡s t②♣❡s✱ ❡st ❞é❝r✐t❡ ❡♥ ✻✳✺✳✷ ❡t
✻✳✺✳✸✳ ❆✐♥s✐✱ ❧❡ ♣❧❛♥ ♣♦✉rr❛ êtr❡ ❡①❛♠✐♥é ❡t ♠✐s ❡♥ ÷✉✈r❡ ♣❛r ❧❡ ♣✐❧♦t❡ ❞✉ s②stè♠❡✳

✻✳✺✳✶ ❆❞❛♣t❛t✐♦♥ ❛✉① ❝♦♥❞✐t✐♦♥s s♣é❝✐✜q✉❡s ❞❡ ❧✬❛♥♥é❡

▲❡s q✉❛♥t✐tés ❞✬❛❧✐♠❡♥ts à ♣r♦❞✉✐r❡ ✈❛r✐❡♥t ❝❤❛q✉❡ ❛♥♥é❡✱ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧✬ét❛t ❞❡s
st♦❝❦s✳ ❉✐✛ér❡♥ts ❛❧é❛s ♣❡✉✈❡♥t ❡①♣❧✐q✉❡r ❞❡s ✈❛r✐❛t✐♦♥s ❞✬✉♥❡ ❛♥♥é❡ s✉r ❧✬❛✉tr❡✳ ❙❡✉❧
❧❡ ♣r✐♥❝✐♣❛❧ ❛❧é❛✱ ❧❡ ❝❧✐♠❛t✱ ❡st ♣r✐s ❡♥ ❝♦♠♣t❡ ❞❛♥s ▼é❧♦❞✐❡✳ ▲❡ ❝❧✐♠❛t ✐♥✢✉❡♥❝❡ ❧❡
r❡♥❞❡♠❡♥t ❞❡s ❝✉❧t✉r❡s✱ ❝❡ q✉✐ ✐♠♣❛❝t❡ ❧❡s st♦❝❦s ❞❡ ❢❛ç♦♥ ❞✐r❡❝t❡✱ ♠❛✐s ❛✉ss✐ ❞❡ ❢❛ç♦♥
✐♥❞✐r❡❝t❡✳ ❊♥ ❡✛❡t✱ ✉♥❡ ❢❛✐❜❧❡ ♣r♦❞✉❝t✐♦♥ ❞✬✉♥ ❛❧✐♠❡♥t✱ ❝♦♠♠❡ ♣❛r ❡①❡♠♣❧❡ ❧✬❤❡r❜❡ ♣ât✉✲
ré❡✱ ❡♥tr❛î♥❡ ❞❡s ♠♦❞✐✜❝❛t✐♦♥s ❞❡ ❧✬❛❧✐♠❡♥t❛t✐♦♥ ❞❡s ❛♥✐♠❛✉① ♣❛r r❛♣♣♦rt ❛✉ ♣❧❛♥✳ ❈❡❝✐
s❡ tr❛❞✉✐t ❣é♥ér❛❧❡♠❡♥t ♣❛r ✉♥❡ ❝♦♥s♦♠♠❛t✐♦♥ ♣❧✉s ✐♠♣♦rt❛♥t❡ ❞❡ ❢♦✉rr❛❣❡s ❝♦♥s❡r✈és✳
▲❛ ♣❧❛♥✐✜❝❛t✐♦♥ ♣♦✉r ❧✬❛♥♥é❡ s✉✐✈❛♥t❡ ❞♦✐t ♣r❡♥❞r❡ ❡♥ ❝♦♠♣t❡ ❞❡s ❜❡s♦✐♥s ♣❧✉s é❧❡✈és
♣♦✉r ❝❡s ❢♦✉rr❛❣❡s ❝♦♥s❡r✈és✱ ❛✜♥ ❞❡ r❡❝♦♥st✐t✉❡r ❧❡s st♦❝❦s ♠❛♥q✉❛♥ts✳ ❈❡ ♠é❝❛♥✐s♠❡
❡st ❛♣♣❧✐❝❛❜❧❡ à t♦✉s ❧❡s ❛❧✐♠❡♥ts st♦❝❦és✳ ▲❡s ❜❡s♦✐♥s ❡♥ ❤❡r❜❡ ♣ât✉ré❡ s❡r♦♥t ♣❛r ❝♦♥tr❡
❝♦♥st❛♥ts✱ ❝❛r ❧❡ ♣❧❛♥ ❞✬❛❧✐♠❡♥t❛t✐♦♥ ✭♣ré✈✐s✐♦♥♥❡❧✮ ❡st ❧❡ ♠ê♠❡ ❝❤❛q✉❡ ❛♥♥é❡✳

P♦✉r q✉❡ ❧❡ ❜❡s♦✐♥ ❛ss♦❝✐é à ✉♥ ❛❧✐♠❡♥t ♣✉✐ss❡ êtr❡ ❛❞❛♣té ❝❤❛q✉❡ ❛♥♥é❡✱ ❧✬✉t✐❧✐s❛t❡✉r
❞✉ ♠♦❞è❧❡ ❞♦✐t ❞é✜♥✐r ✉♥❡ ✈❛❧❡✉r ✓ ❝♦♥s✐❣♥❡ ✔ ❞✉ st♦❝❦✱ ✐✳❡✳ ❧❛ q✉❛♥t✐té q✉✐ ❞❡✈r❛✐t êtr❡
❡♥ st♦❝❦ ❛✉ ♠♦♠❡♥t ❞❡ ré❛❧✐s❡r ❧❛ ♣❧❛♥✐✜❝❛t✐♦♥✳ ▲❡ ♣r♦❝❡ss✉s ❞❡ ♣❧❛♥✐✜❝❛t✐♦♥ ❛❥♦✉t❡
❛❧♦rs ❛✉ ❜❡s♦✐♥ ❧❛ ❞✐✛ér❡♥❝❡ ❡♥tr❡ ❧❛ ✈❛❧❡✉r ❝♦♥s✐❣♥❡ ❡t ❧❡ st♦❝❦ ré❡❧✳ ❈❡tt❡ ❞✐✛ér❡♥❝❡
♣❡✉t êtr❡ ♣♦s✐t✐✈❡ ♦✉ ♥é❣❛t✐✈❡ s❡❧♦♥ ❧❛ q✉❛♥t✐té ❡♥ st♦❝❦ ❡t ❧❡ ❜❡s♦✐♥ ♣❡✉t êtr❡ ❛✉❣♠❡♥té
❛✉ss✐ ❜✐❡♥ q✉❡ ré❞✉✐t✳

❆✉ ♠♦♠❡♥t ❞❡ ❧❛ ♣❧❛♥✐✜❝❛t✐♦♥✱ ❧❡s ré❝♦❧t❡s ❞❡ ❧❛ ❝❛♠♣❛❣♥❡ ♣ré❝é❞❡♥t❡ ♥❡ s♦♥t ♣❛s
t♦t❛❧❡♠❡♥t t❡r♠✐♥é❡s✳ ▲❡s ❝✉❧t✉r❡s ❞❡ ♠❛ïs s♦♥t ♥♦t❛♠♠❡♥t t♦✉❥♦✉rs ❡♥ ♣❧❛❝❡✳ P♦✉rt❛♥t✱
✐❧ ❢❛✉t ♣r❡♥❞r❡ ❡♥ ❝♦♠♣t❡ ❧❡✉r ♣r♦❞✉❝t✐♦♥✱ s✐♥♦♥ ✉♥ ♠❛✉✈❛✐s r❡♥❞❡♠❡♥t ❡♥ ❝❛♠♣❛❣♥❡ n
♥✬❛✉r❛✐t ❞✬❡✛❡t q✉✬❡♥ ❝❛♠♣❛❣♥❡ n + 2✳ ❖♥ ♣r♦❝è❞❡ ❞♦♥❝ à ✉♥❡ ❡st✐♠❛t✐♦♥ ❣r♦ss✐èr❡ ❞❡
❧❛ ♣r♦❞✉❝t✐♦♥ à ✈❡♥✐r✳ ▲✬❡♥t✐té ❆❧✐♠❡♥t✱ ❞é❝r✐✈❛♥t ✉♥ ❛❧✐♠❡♥t ❜♦✈✐♥ ♦✉ ♣♦r❝✐♥✱ ❡st ❞♦té❡
❞✬✉♥❡ ♠ét❤♦❞❡ ❡st✐♠❡r❘❡❝♦❧t❡✱ ✈✐❞❡ à ❝❡ ♥✐✈❡❛✉✳ ▲❡s s♣é❝✐❛❧✐s❛t✐♦♥s ❞❡ ❧✬❡♥t✐té ❆❧✐♠❡♥t✱
❝♦♠♠❡ ❧✬❡♥t✐té ❊♥s✐❧❛❣❡▼❛✐s✱ ♣❡✉✈❡♥t ❞é✜♥✐r ❝❡tt❡ ♠ét❤♦❞❡ s✐ ❜❡s♦✐♥✳ ❉❛♥s ❧❡ ❝❛s ❞❡
❧✬❡♥s✐❧❛❣❡ ❞❡ ♠❛ïs✱ ♦♥ ❝♦♥s✐❞èr❡ q✉❡ ❧❛ ♣r♦❞✉❝t✐♦♥ ❞❡ ❧❛ ❝❛♠♣❛❣♥❡ ❡st é❣❛❧❡ ❛✉① st♦❝❦s
s✉r ♣✐❡❞s ❛✉ ♣r❡♠✐❡r s❡♣t❡♠❜r❡✱ ❛✉❣♠❡♥tés ❞❡ ✶✵ ✪✳ ●râ❝❡ ❛✉ ❝❛r❛❝tèr❡ ✈✐rt✉❡❧ ❞❡ ❧❛
♠ét❤♦❞❡✱ ♦♥ ♣❡✉t ❢❛❝✐❧❡♠❡♥t ✐♥tr♦❞✉✐r❡ ❞❛♥s ❧❡ ♠♦❞è❧❡ ❞❡ ♥♦✉✈❡❛✉① t②♣❡s ❞✬❛❧✐♠❡♥ts✱
❡♥ ❧❡✉r ❛tt❛❝❤❛♥t ✉♥❡ ❢❛ç♦♥ ♣r♦♣r❡ ❞✬❡st✐♠❡r ❧❛ ♣r♦❞✉❝t✐♦♥✳



■♥té❣r❛t✐♦♥ ❞❛♥s ▼é❧♦❞✐❡ ✶✷✼

❈❡ ♠é❝❛♥✐s♠❡ ❞✬❛❞❛♣t❛t✐♦♥ ❡st ♠✐s ❡♥ ÷✉✈r❡ ❝❤❛q✉❡ ❛♥♥é❡✱ s❛♥s ❡✛❡t ♠é♠♦✐r❡ ✿ ✐❧
♥✬② ❛ ♣❛s ❞❡ ♠♦❞✐✜❝❛t✐♦♥s s✉r ❧❡ ❧♦♥❣ t❡r♠❡ ❞❡s ❜❡s♦✐♥s ❡♥ ❛❧✐♠❡♥ts✳ ▲❡s r❡♥❞❡♠❡♥ts
♠♦②❡♥s ✉t✐❧✐sés ♣❛r❚♦✉r♥❡s♦❧ ❞♦✐✈❡♥t ❞♦♥❝ ❝♦rr❡s♣♦♥❞r❡ à ❧❛ ♠♦②❡♥♥❡ ❞❡s r❡♥❞❡♠❡♥ts
ré❛❧✐sés ✭✐✳❡✳ ❧❛ ♠♦②❡♥♥❡ ❞❡s r❡♥❞❡♠❡♥ts ✐ss✉s ❞❡ ❙t✐❝s✮✳ ❉❛♥s ❧❡ ❝❛s ❝♦♥tr❛✐r❡✱▼é❧♦❞✐❡
❝❤❡r❝❤❡r❛ ❡♥ ♣❡r♠❛♥❡♥❝❡ à ❛❞❛♣t❡r ❧❡s ❜❡s♦✐♥s ✉t✐❧✐sés ❞❛♥s ❚♦✉r♥❡s♦❧✱ s❛♥s ❥❛♠❛✐s
❝♦rr✐❣❡r ♣❧❡✐♥❡♠❡♥t ❧❛ tr❛❥❡❝t♦✐r❡✳ ❖♥ r✐sq✉❡ ❛❧♦rs ❞✬♦❜s❡r✈❡r ✉♥❡ tr♦♣ ❣r❛♥❞❡ ❛♠♣❧✐t✉❞❡
❞❛♥s ❧❡s ✈❛r✐❛t✐♦♥s ❞❡s st♦❝❦s✱ ♦✉ ❞❡s ♦s❝✐❧❧❛t✐♦♥s✳

▲❡ ♠ê♠❡ ♣r✐♥❝✐♣❡ ❡st ❛♣♣❧✐q✉é ♣♦✉r ❧❡s ❡✤✉❡♥ts✳ ▲✬✉t✐❧✐s❛t❡✉r ❞✉ ♠♦❞è❧❡ ❞é✜♥✐t✱
♣♦✉r ❝❤❛q✉❡ st♦❝❦ ❞✬❡✤✉❡♥t✱ ✉♥❡ ✈❛❧❡✉r ✓ ❝♦♥s✐❣♥❡ ✔ q✉✐ ❞❡✈r❛✐t êtr❡ ❛tt❡✐♥t❡ ❛✉ ♣r❡♠✐❡r
s❡♣t❡♠❜r❡✳ ❈❤❛q✉❡ ❛♥♥é❡✱ ♦♥ ❛❥♦✉t❡ ❛✉① q✉❛♥t✐tés ❞✬❡✤✉❡♥ts à ❣ér❡r ❧❛ ❞✐✛ér❡♥❝❡ ❡♥tr❡
❧❛ q✉❛♥t✐té ❡♥ st♦❝❦ ❡t ❧❛ ✈❛❧❡✉r ❝♦♥s✐❣♥❡✳ ❙✐ ❧❡ st♦❝❦ ❡st s✉♣ér✐❡✉r à ❧❛ ❝♦♥s✐❣♥❡✱ ❛❧♦rs ❧❛
q✉❛♥t✐té à ❣ér❡r ❡st ❛✉❣♠❡♥té❡✱ ❞❡ ♠❛♥✐èr❡ à é✈❛❝✉❡r ❧✬❡①❝é❞❡♥t ❞❡ st♦❝❦✱ ❡t ✐♥✈❡rs❡♠❡♥t✳

✻✳✺✳✷ ■t✐♥ér❛✐r❡s t❡❝❤♥✐q✉❡s t②♣❡s ❡t tr❛❞✉❝t✐♦♥ ❞❡s ❛ss♦❧❡♠❡♥ts

❉❛♥s▼é❧♦❞✐❡✱ ✉♥ ✐t✐♥ér❛✐r❡ t❡❝❤♥✐q✉❡ ✭■❚❦✮ t②♣❡ ❡st ✉♥ ❢r❛❣♠❡♥t ❞❡ ♣❧❛♥ ❞✬❛❝t✐✈✐té
❞é❝r✐✈❛♥t ❧❡s ❛❝t✐✈✐tés à ré❛❧✐s❡r s✉r ✉♥❡ ♣❛r❝❡❧❧❡ ♣♦✉r ② ❝✉❧t✐✈❡r ✉♥❡ ❝✉❧t✉r❡ ❞♦♥♥é❡ ❛✉
❝♦✉rs ❞✬✉♥❡ ❝❛♠♣❛❣♥❡ ✭❋✐❣✳ ✻✳✻✮✳ ▲❡s ❛❝t✐✈✐tés ♣r✐♠✐t✐✈❡s ✐♥❝❧✉s❡s ❞❛♥s ✉♥ ■❚❦ t②♣❡ s✬❛♣✲
♣❧✐q✉❡♥t ❞♦♥❝ t♦✉t❡s à ✉♥❡ ❡♥t✐té ❞❡ t②♣❡ ♣❛r❝❡❧❧❡✳ ▲❡s ❢❡♥êtr❡s t❡♠♣♦r❡❧❧❡s ❝❛r❛❝tér✐s❛♥t
❧❡s ❛❝t✐✈✐tés s♦♥t ❡①♣r✐♠é❡s ♣♦✉r ❧❛ ♣r❡♠✐èr❡ ❛♥♥é❡ ❞❡ s✐♠✉❧❛t✐♦♥✳

P♦✉r ❣é♥ér❡r ❧❡ ♣❧❛♥ ❞✬❛❝t✐✈✐tés ❝♦rr❡s♣♦♥❞❛♥t à ✉♥ ❛ss♦❧❡♠❡♥t✱ ✐❧ ❢❛✉t sé❧❡❝t✐♦♥♥❡r
♣♦✉r ❝❤❛q✉❡ ♣❛r❝❡❧❧❡ ❧✬■❚❦ t②♣❡ ❛♣♣r♦♣r✐é✳ ❯♥ ■❚❦ t②♣❡ ❡st s♣é❝✐✜q✉❡ ❞❡ ❧❛ ❝✉❧t✉r❡
❝❤♦✐s✐❡ ♣♦✉r ❧❛ ❝❛♠♣❛❣♥❡ à ✈❡♥✐r✱ ♠❛✐s ❛✉ss✐ ❞❡ ❧❛ ❝✉❧t✉r❡ ♣ré❝é❞❡♥t❡ s✉r ❧❛ ♣❛r❝❡❧❧❡✳ ❊♥
❡✛❡t✱ ❧❛ ❝♦♥❞✉✐t❡ ❞✬✉♥❡ ❝✉❧t✉r❡ ♥✬❡st ♣❛s t♦✉❥♦✉rs ❧❛ ♠ê♠❡✱ ❡♥ ❢♦♥❝t✐♦♥ ❞✉ ♣ré❝é❞❡♥t✳
❊♥ ♣❛rt✐❝✉❧✐❡r✱ ♦♥ ❝♦♥s✐❞èr❡ q✉❡ ❧❛ ❞❡str✉❝t✐♦♥ ❞✬✉♥❡ ♣r❛✐r✐❡ ❢❛✐t ♣❛rt✐❡ ❞❡ ❧✬■❚❦ ❞❡ ❧❛
❝✉❧t✉r❡ s✉✐✈❛♥t❡✳ P♦✉r ❝❤❛q✉❡ ❝✉❧t✉r❡✱ ♦♥ s♣é❝✐✜❡ ❞♦♥❝ ♣❧✉s✐❡✉rs ■❚❦ t②♣❡s ✿ ❝❡rt❛✐♥s s♦♥t
❝❛r❛❝tér✐st✐q✉❡s ❞✬✉♥ ♣ré❝é❞❡♥t ❡t ✉♥ ■❚❦ ❡st ✉t✐❧✐sé ♣❛r ❞é❢❛✉t✱ ♣♦✉r ❧❡s ❛✉tr❡s ❝✉❧t✉r❡s
♣ré❝é❞❡♥t❡s✳ ▲✬❡♥s❡♠❜❧❡ ❞❡s ■❚❦ t②♣❡s ❡st à ❧❛ ❞✐s♣♦s✐t✐♦♥ ❞✉ ♣✐❧♦t❡ ❞✉ s②stè♠❡✳ ❆♣rès
❧❛ ré❛❧✐s❛t✐♦♥ ❞❡ ❧❛ ♣❧❛♥✐✜❝❛t✐♦♥ ♣❛r ❚♦✉r♥❡s♦❧✱ ✐❧ ❡st ❞♦♥❝ ❛✐sé ❞❡ sé❧❡❝t✐♦♥♥❡r ♣♦✉r
❝❤❛q✉❡ ♣❛r❝❡❧❧❡ ❧✬■❚❦ t②♣❡ à ✉t✐❧✐s❡r✳

❯♥❡ ❢♦✐s q✉❡ ❧✬■❚❦ t②♣❡ ♣♦✉r ✉♥❡ ♣❛r❝❡❧❧❡ ❡st sé❧❡❝t✐♦♥♥é✱ ✐❧ ❡st ❞✉♣❧✐q✉é✳ ▲✬■❚❦
rés✉❧t❛♥t ❡st ❛❧♦rs ❛❞❛♣té ❛✉ ❝♦♥t❡①t❡✳ ❖♥ s♣é❝✐✜❡ q✉❡ ❧✬❡♥t✐té ♦♣éré❡ ♣♦✉r t♦✉t❡s ❧❡s
♣r✐♠✐t✐✈❡s ❡st ❧❛ ♣❛r❝❡❧❧❡ ❝♦♥❝❡r♥é❡✳ ❖♥ ❛❞❛♣t❡ ❡♥s✉✐t❡ ❧❡s ❞❛t❡s ❞❡s ❢❡♥êtr❡s t❡♠♣♦r❡❧❧❡s
❝❛r❛❝tér✐s❛♥t ❧❡s ❛❝t✐✈✐tés✱ ♣❛r ✉♥❡ s✐♠♣❧❡ tr❛♥s❧❛t✐♦♥ ❞❡ ❧❛ ♣r❡♠✐èr❡ ❛♥♥é❡ ✈❡rs ❧✬❛♥♥é❡
❡♥ ❝♦✉rs ❞❡ ♣❧❛♥✐✜❝❛t✐♦♥✳ P❛r ❡①❡♠♣❧❡✱ ♣♦✉r ❧❛ tr♦✐s✐è♠❡ ❛♥♥é❡ ❞❡ s✐♠✉❧❛t✐♦♥✱ t♦✉t❡s
❧❡s ❞❛t❡s s♦♥t ❞é❝❛❧é❡s ❞❡ ❞❡✉① ❛♥s✳ ▲❡s ❛❝t✐✈✐tés ❛✐♥s✐ ❣é♥éré❡s s♦♥t t♦✉t❡s ❛❥♦✉té❡s ❡♥
t❛♥t q✉✬é❧é♠❡♥ts ❞✉ ♣❧❛♥ ❞✬❛❝t✐✈✐tés ❣❧♦❜❛❧ ❞✉ ♣✐❧♦t❡ ✭❋✐❣✳ ✻✳✼✮✳ ❈❡ ♣❧❛♥ ❞✬❛❝t✐✈✐tés ❡st
✉♥❡ ❝♦♥❥♦♥❝t✐♦♥ ✭♦♣ér❛t❡✉r ❛♥❞✭✳ ✳ ✳ ✮ ✮✳

❆✈❡❝ ❝❡tt❡ ❛♣♣r♦❝❤❡✱ ❧❡s ❝✉❧t✉r❡s ♣❧✉r✐❛♥♥✉❡❧❧❡s ❝♦♠♠❡ ❧❛ ♣r❛✐r✐❡ ❝♦♥st✐t✉❡♥t ✉♥
❝❛s ♣❛rt✐❝✉❧✐❡r✳ ❊♥ ❡✛❡t✱ ❝❡rt❛✐♥❡s ❛❝t✐✈✐tés✱ ❡♥ ♣❛rt✐❝✉❧✐❡r ❧❡ s❡♠✐s✱ ♥❡ ❞♦✐✈❡♥t êtr❡
❡①é❝✉té❡s q✉❡ ❧❛ ♣r❡♠✐èr❡ ❛♥♥é❡✳ ▲❛ ❞✐st✐♥❝t✐♦♥ ❡♥tr❡ ❝✉❧t✉r❡s ♣ré❝é❞❡♥t❡s ♣♦✉rr❛✐t
êtr❡ ✉t✐❧✐sé❡ ♣♦✉r rés♦✉❞r❡ ❝❡ ♣r♦❜❧è♠❡✱ ♣❛r ❡①❡♠♣❧❡ ♣♦✉r ❧❛ ♣r❛✐r✐❡✱ ❡♥ ❝♦♥str✉✐s❛♥t
✉♥ ■❚❦ t②♣❡ s♣é❝✐✜q✉❡ ❞❡ ❧❛ s✉❝❝❡ss✐♦♥ ♣r❛✐r✐❡✲♣r❛✐r✐❡ ❡t ♥❡ ❝♦♥t❡♥❛♥t ♣❛s ❧❡s ❛❝t✐✈✐tés
s♣é❝✐✜q✉❡s à ❧❛ ♣r❡♠✐èr❡ ❛♥♥é❡✳ ❈❡♣❡♥❞❛♥t✱ ✉♥❡ ♣r❛✐r✐❡ ♣❡✉t é✈❡♥t✉❡❧❧❡♠❡♥t êtr❡ ❞étr✉✐t❡



✶✷✽ ❉é❝✐s✐♦♥s ❛♥♥✉❡❧❧❡s ❡t ❣é♥ér❛t✐♦♥ ❞❡ ♣❧❛♥s ❞✬❛❝t✐✈✐tés

✴✴ ❚♦✉t❡s ❧ ❡ s ❞❛ t ❡ s s♦♥t s ♣ ❡ ❝ ✐ ❢ ✐ ❡ ❡ s
✴✴ ❡♥ ❥♦✉r s ❛ ♣ ❛ r t ✐ r ❞✉ ✶ ❡r s ❡♣ t ✳

✰ ■ ✐t✐♥❡r❛✐r❡❚❡❝❤♥✐q✉❡❈✉❧t✉r❡ ■❚❑▼❛✐s ✱
♥♦♠❈✉❧t✉r❡ ❂ ♠❛✐s ❀

✴✴ ❋❡♥❡tr❡s ❞ ✬ ❡♣❛♥❞❛❣❡ ✭ ♥❡ s❡r♦♥ t ♣❛s t ♦✉ t ❡ s ✉ t ✐ ❧ ✐ s ❡ ❡ s ✮
✰ ❊ ❞❡❝❧❡♥❝❤❡❊♣❛♥❞❛❣❡❙t✐❝s ✱

❢❛♠✐❧❧❡❊❢❢❧✉❡♥t ❂ ✶ ❀ ✴✴ ❋✉♠✐❡r
♣r✐♦r✐t❡❋❡♥❡tr❡❊♣❛♥❞❛❣❡ ❂ ✶ ❀
♠✐♥❇❡❣❉❛t❡ ❂ ✶✽✸ ❀

❀
✰ ❊ ❞❡❝❧❡♥❝❤❡❊♣❛♥❞❛❣❡❙t✐❝s ✱

❢❛♠✐❧❧❡❊❢❢❧✉❡♥t ❂ ✶ ❀ ✴✴ ❋✉♠✐❡r
♣r✐♦r✐t❡❋❡♥❡tr❡❊♣❛♥❞❛❣❡ ❂ ✶ ❀
♠✐♥❇❡❣❉❛t❡ ❂ ✷✶✹ ❀

❀
✰ ❊ ❞❡❝❧❡♥❝❤❡❊♣❛♥❞❛❣❡❙t✐❝s ✱

❢❛♠✐❧❧❡❊❢❢❧✉❡♥t ❂ ✵ ❀ ✴✴ ▲ ✐ s ✐ ❡ r
♣r✐♦r✐t❡❋❡♥❡tr❡❊♣❛♥❞❛❣❡ ❂ ✷ ❀
♠✐♥❇❡❣❉❛t❡ ❂ ✷✸✸ ❀

❀
✰ ❊ ❞❡❝❧❡♥❝❤❡❊♣❛♥❞❛❣❡❙t✐❝s ✱

❢❛♠✐❧❧❡❊❢❢❧✉❡♥t ❂ ✵ ❀ ✴✴ ▲ ✐ s ✐ ❡ r
♣r✐♦r✐t❡❋❡♥❡tr❡❊♣❛♥❞❛❣❡ ❂ ✶ ❀
♠✐♥❇❡❣❉❛t❡ ❂ ✷✹✸ ❀

❀
✰ ❊ ❞❡❝❧❡♥❝❤❡❋❡rt✐❧✐s❛t✐♦♥❙t✐❝s ✱

♠✐♥❇❡❣❉❛t❡ ❂ ✷✹✻ ❀
❞♦s❡❊♣❛♥❞✉❡ ❂ ✵ ❀ ✴✴ ❝ ❛ ❧ ❝ ✉ ❧ ❡ ♣❛r ❧ ❡ ♠♦❞❡❧❡

❀
✰ ❊ ❞❡❝❧❡♥❝❤❡❙❡♠✐s❙t✐❝s ✱

♠✐♥❇❡❣❉❛t❡ ❂ ✷✹✽ ❀
❀
✰ ❊ ❞❡❝❧❡♥❝❤❡❘❡❝♦❧t❡❙t✐❝s ✱

♠✐♥❇❡❣❉❛t❡ ❂ ✸✼✾ ❀
❀

❀

❋✐❣✳ ✻✳✻ ✕ ❊①❡♠♣❧❡ ❞✬✐t✐♥ér❛✐r❡ t❡❝❤♥✐q✉❡ t②♣❡ ❞❛♥s ✉♥ ✜❝❤✐❡r ❞✬❡♥tré❡ ❞❡ s✐♠✉❧❛t✐♦♥



■♥té❣r❛t✐♦♥ ❞❛♥s ▼é❧♦❞✐❡ ✶✷✾

❋✐❣✳ ✻✳✼ ✕ ❊①❡♠♣❧❡ ✐❧❧✉str❛♥t ❧❛ tr❛❞✉❝t✐♦♥ ❞❡s ❛ss♦❧❡♠❡♥ts ❡♥ ♣❧❛♥s ❞✬❛❝t✐✈✐tés à ♣❛rt✐r
❞❡s ✐t✐♥ér❛✐r❡s t❡❝❤♥✐q✉❡s ✭■❚❦✮ t②♣❡s

❡t ré✐♠♣❧❛♥té❡ ✿ ❧❛ s✉❝❝❡ss✐♦♥ ❝✉❧t✉r❛❧❡ ♣r❛✐r✐❡✲♣r❛✐r✐❡ ♣❡✉t ❞♦♥❝ ❝♦rr❡s♣♦♥❞r❡ à ✉♥ ❝❛s
♦ù ❧❡s ❛❝t✐✈✐tés s♣é❝✐✜q✉❡s à ❧❛ ♣r❡♠✐èr❡ ❛♥♥é❡ ❞❡ ❧❛ ❝✉❧t✉r❡ ❞♦✐✈❡♥t êtr❡ ré❛❧✐sé❡s✳
P❛r ❝♦♥séq✉❡♥t✱ ✉♥ ♠é❝❛♥✐s♠❡ s♣é❝✐✜q✉❡ ❛ été ❝réé✳ ❈❤❛q✉❡ ■❚❦ t②♣❡ ♣❡✉t ❝♦♥t❡♥✐r
✉♥ é❧é♠❡♥t ♥♦♠♠é ✓ ❛❝t✐✈✐t❡sPr❡♠✐❡r❡❆♥♥❡❡ ✔✱ ❡t ❝❡t é❧é♠❡♥t ❡st ✐❣♥♦ré s✐ ❧✬■❚❦ ♥❡
❝♦rr❡s♣♦♥❞ ♣❛s à ❧❛ ♣r❡♠✐èr❡ ❛♥♥é❡ ❞❡ ❧❛ ❝✉❧t✉r❡✳

✻✳✺✳✸ ❋❡rt✐❧✐s❛t✐♦♥ ♦r❣❛♥✐q✉❡ ❡t ♠✐♥ér❛❧❡

P♦✉r ❝❤❛q✉❡ ❝✉❧t✉r❡✱ ❞✐✛ér❡♥ts é♣❛♥❞❛❣❡s s♦♥t ♣♦ss✐❜❧❡s✱ ❡♥ t❡r♠❡s ❞✬❡✤✉❡♥t é♣❛♥❞✉
❡t ❞❡ ♣ér✐♦❞❡ ❞✬é♣❛♥❞❛❣❡✳ ❋✉♠✐❣è♥❡ ♥✬✉t✐❧✐s❡ ♣❛s ❢♦r❝é♠❡♥t t♦✉t❡s ❧❡s ♣♦ss✐❜✐❧✐tés✱
♠❛✐s ✉♥ ■❚❦ t②♣❡ ❞♦✐t ❢♦✉r♥✐r ❧❡s ♠♦②❡♥s ❞❡ ♣r♦❣r❛♠♠❡r t♦✉s ❧❡s é♣❛♥❞❛❣❡s ♣♦✉✈❛♥t
êtr❡ ❞é❝✐❞és✳ ❉❛♥s ▼é❧♦❞✐❡✱ ✉♥ é♣❛♥❞❛❣❡ ❡st ré❛❧✐sé ❛✉ ❝♦✉rs ❞❡ ❧✬❛❝t✐✈✐té ♣r✐♠✐t✐✈❡
❡♣❛♥❞❊♥❣r❛✐s❋❡r♠❡✳ ❈❡tt❡ ❛❝t✐✈✐té ❡st ❝❛r❛❝tér✐sé❡ ♣❛r ❧✬❡♥❣r❛✐s ❞❡ ❢❡r♠❡ à é♣❛♥❞r❡✱
❡t ❧❛ ❞♦s❡ ✭❡♥ t/Ha✮✳ P♦✉r ❧❡s ❜❡s♦✐♥s ❞❡ ❧❛ ♣❧❛♥✐✜❝❛t✐♦♥✱ ✉♥ ■❚❦ t②♣❡ ❞♦✐t ❝♦♥t❡♥✐r
❞❡s ❛❝t✐✈✐tés ❡♣❛♥❞❊♥❣r❛✐s❋❡r♠❡✱ q✉✐ s❡r♦♥t ✉t✐❧✐sé❡s ♦✉ ♥♦♥ ✭❋✐❣✳ ✻✳✻✮✳ ❆ ❝❡ ♥✐✈❡❛✉✱ ♦♥
❛♣♣❡❧❧❡r❛ ❞♦♥❝ ❝❡s ❛❝t✐✈✐tés ✓ ❢❡♥êtr❡s ❞✬é♣❛♥❞❛❣❡ ✔✳ ❯♥❡ ❢❡♥êtr❡ ❞✬é♣❛♥❞❛❣❡ ♥✬❡st ♣❛s
❝❛r❛❝tér✐sé❡ ♣❛r ✉♥ ❡✤✉❡♥t ♣ré❝✐s✱ ♠❛✐s ♣❛r ❧❡ t②♣❡ ❞✬❡✤✉❡♥t à é♣❛♥❞r❡✳ ❉✬❛✉tr❡ ♣❛rt✱
❧❡s ❢❡♥êtr❡s ❞✬é♣❛♥❞❛❣❡ ❝♦rr❡s♣♦♥❞❛♥t ❛✉ ♠ê♠❡ t②♣❡ ❞✬❡✤✉❡♥t ❡t s✬❡①é❝✉t❛♥t à ❧❛ ♠ê♠❡
♣ér✐♦❞❡ s♦♥t ❝❛r❛❝tér✐sé❡s ♣❛r ✉♥ ❞❡❣ré ❞❡ ♣r✐♦r✐té✳

P♦✉r ❝❤❛q✉❡ ❝♦♠❜✐♥❛✐s♦♥ ④❡✤✉❡♥t✱ ♣❛r❝❡❧❧❡✱ s❛✐s♦♥⑥✱ s✐ ❧❛ ❞♦s❡ à é♣❛♥❞r❡ ♣r♦❣r❛♠✲
♠é❡ ♣❛r ❋✉♠✐❣è♥❡ ❡st ♥♦♥ ♥✉❧❧❡✱ ✐❧ ❢❛✉t tr♦✉✈❡r ✉♥❡ ♦✉ ♣❧✉s✐❡✉rs ❢❡♥êtr❡s ❞✬é♣❛♥❞❛❣❡
❛♣♣r♦♣r✐é❡s✳ P♦✉r ❝❡❧❛✱ ♦♥ t❡st❡ s✐ ❝❤❛q✉❡ ❢❡♥êtr❡ ✈ér✐✜❡ ❧❡s ❝♦♥❞✐t✐♦♥s s✉✐✈❛♥t❡s ✿ ✭✐✮ ❧❡



✶✸✵ ❉é❝✐s✐♦♥s ❛♥♥✉❡❧❧❡s ❡t ❣é♥ér❛t✐♦♥ ❞❡ ♣❧❛♥s ❞✬❛❝t✐✈✐tés

t②♣❡ ❞✬❡✤✉❡♥t ❞♦✐t ❝♦rr❡s♣♦♥❞r❡ ❡t ✭✐✐✮ ❧❛ ❞❛t❡ ♠✐♥✐♠❛❧❡ ❞✬♦✉✈❡rt✉r❡ ❞❡ ❧✬❛❝t✐✈✐té ❞♦✐t
êtr❡ ❞❛♥s ❧❛ ♣ér✐♦❞❡ s♣é❝✐✜é❡ ♣❛r ❋✉♠✐❣è♥❡✳ ▲♦rsq✉❡ ♣❧✉s✐❡✉rs ❛❝t✐✈✐tés ♣❡✉✈❡♥t ❝♦r✲
r❡s♣♦♥❞r❡✱ ❝❡❧❧❡ ❛②❛♥t ❧❡ ❞❡❣ré ❞❡ ♣r✐♦r✐té ❧❡ ♣❧✉s ❢♦rt ❡st ❝❤♦✐s✐❡✳ ❙✐ ❧❛ ❞♦s❡ s♣é❝✐✜é❡
♣❛r ❋✉♠✐❣è♥❡ ❡st tr♦♣ ✐♠♣♦rt❛♥t❡ ♣♦✉r êtr❡ ❛♣♣♦rté❡ ❡♥ ✉♥ s❡✉❧ é♣❛♥❞❛❣❡✱ ❡❧❧❡ ❡st
❢r❛❝t✐♦♥♥é❡✱ ❡t ❧✬❛❝t✐✈✐té ❞✬é♣❛♥❞❛❣❡ s✉✐✈❛♥t❡ ✭❞❛♥s ❧✬♦r❞r❡ ❞❡s ♣r✐♦r✐tés✮ ❡st ✉t✐❧✐sé❡✳
❯♥❡ ❢♦✐s ❧✬❛❝t✐✈✐té ❞✬é♣❛♥❞❛❣❡ sé❧❡❝t✐♦♥♥é❡✱ ❧❡s s♦rt✐❡s ❞❡ ❋✉♠✐❣è♥❡ s♦♥t ✉t✐❧✐sé❡s ♣♦✉r
♣ré❝✐s❡r q✉❡❧ ❡✤✉❡♥t ❞♦✐t êtr❡ é♣❛♥❞✉ ✭❥✉sq✉❡ ❧à✱ s❡✉❧ ❧❡ t②♣❡ ❞✬❡✤✉❡♥t ét❛✐t s♣é❝✐✜é✮✱
❡t à q✉❡❧❧❡ ❞♦s❡✳ ▲♦rsq✉❡ t♦✉s ❧❡s é♣❛♥❞❛❣❡s ♣ré✈✉s s✉r ✉♥❡ ♣❛r❝❡❧❧❡ ♦♥t été ♣r♦❣r❛♠✲
♠és✱ ❧❡s ❛❝t✐✈✐tés ❝♦rr❡s♣♦♥❞❛♥t ❛✉① ❢❡♥êtr❡s ❞✬é♣❛♥❞❛❣❡ q✉✐ ♥✬♦♥t ♣❛s été ✉t✐❧✐sé❡s s♦♥t
s✉♣♣r✐♠é❡s ❞✉ ♣❧❛♥ ❞✬❛❝t✐✈✐tés✳

❊♥ ❝♦♥❝❧✉s✐♦♥✱ ❋✉♠✐❣è♥❡ ❞ét❡r♠✐♥❡ ❧❛ ❣r❛♥❞❡ ♣ér✐♦❞❡ ❛✉ ❝♦✉rs ❞❡ ❧❛q✉❡❧❧❡ ❧✬é♣❛♥✲
❞❛❣❡ ❞♦✐t ❛✈♦✐r ❧✐❡✉✱ ❡t ❧❛ ♣r♦❣r❛♠♠❛t✐♦♥ ♣ré❝✐s❡ ❞❡s ❞❛t❡s ❞✬é♣❛♥❞❛❣❡ ❡st ré❛❧✐sé❡ ❧♦rs
❞❡ ❝❡tt❡ ♣❤❛s❡✱ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧✬■❚❦ ❞❡ ❧❛ ❝✉❧t✉r❡✳

▲❛ ❢❡rt✐❧✐s❛t✐♦♥ ♠✐♥ér❛❧❡ ❡st ❝❛❧❝✉❧é❡ ♣❛r ✉♥ ❝♦r♣s ❞❡ rè❣❧❡s ✭❡♥t✐té ❣é♥ér✐q✉❡ ❘❡✲
❣❧❡s❋❡rt✐❧✐s❛t✐♦♥▼✐♥❡r❛❧❡✮ ♣♦✉✈❛♥t êtr❡ ❝❤♦✐s✐ ✐♥❞é♣❡♥❞❛♠♠❡♥t ♣♦✉r ❝❤❛q✉❡ ❝✉❧t✉r❡✳
❆✉tr❡♠❡♥t ❞✐t✱ ❧✬❡♥t✐té ❈✉❧t✉r❡ ❛ ✉♥ ❞❡s❝r✐♣t❡✉r ❞és✐❣♥❛♥t ✉♥❡ ✐♥st❛♥❝❡ ❞❡ ❘❡❣❧❡s❋❡r✲
t✐❧✐s❛t✐♦♥▼✐♥❡r❛❧❡ à ✉t✐❧✐s❡r✳ ❈❡ ❝♦r♣s ❞❡ rè❣❧❡s ❝♦♥t✐❡♥t ✉♥❡ ❢♦♥❝t✐♦♥ ❛♣♣❡❧é❡ ❧♦rs ❞❡
❧✬ét❛♣❡ ❞❡ ♣❧❛♥✐✜❝❛t✐♦♥ ❡t ✉♥❡ ❢♦♥❝t✐♦♥ ❛♣♣❡❧é❡ ❧♦rs ❞✬✉♥❡ ré❝♦❧t❡ ♦✉ ❞✬✉♥❡ ❢❛✉❝❤❡✳ ❉❛♥s
❧❛ ✈❡rs✐♦♥ ❛❝t✉❡❧❧❡ ❞❡ ▼é❧♦❞✐❡✱ ❞❡✉① ❝♦r♣s ❞❡ rè❣❧❡s ❞✐✛ér❡♥ts s♦♥t ✐♠♣❧é♠❡♥tés✱ ❝♦r✲
r❡s♣♦♥❞❛♥t à ❞❡✉① ❡♥t✐tés ✜❧❧❡s ❞❡ ❘❡❣❧❡s❋❡rt✐❧✐s❛t✐♦♥▼✐♥❡r❛❧❡✳ ▲❡ ♣r❡♠✐❡r ❡st ❞❡st✐♥é
❛✉① ❣r❛♥❞❡s ❝✉❧t✉r❡s ❡t ❝♦♥t✐❡♥t ✉♥✐q✉❡♠❡♥t ✉♥❡ rè❣❧❡ ❛♣♣❡❧é❡ ❧♦rs ❞❡ ❧❛ ♣❧❛♥✐✜❝❛t✐♦♥✱
❞é❝r✐t❡ ❝✐✲❞❡ss♦✉s✳ ▲❡ ❞❡✉①✐è♠❡ ❡st ❞❡st✐♥é ❛✉① ♣r❛✐r✐❡s ❡t ❝♦♥t✐❡♥t ✉♥✐q✉❡♠❡♥t ✉♥❡ rè❣❧❡
❛♣♣❡❧é❡ ❧♦rs ❞✬✉♥❡ ❢❛✉❝❤❡✳ ❈❡tt❡ rè❣❧❡ ♥❡ r❡❧è✈❡ ♣❛s ❞✉ ♠♦❞✉❧❡ ❞❡ ♣❧❛♥✐✜❝❛t✐♦♥✱ ❡t ❡❧❧❡
❡st ❞é❝r✐t❡ ❞❛♥s ❧❛ s❡❝t✐♦♥ ✼✳✸ ✭♣❛❣❡ ✶✹✼✮✳ ❉❛♥s ❧❡s ❞❡✉① ❝❛s✱ ❧❡s rè❣❧❡s ❛❥♦✉t❡♥t ❞❛♥s
❧❡ ♣❧❛♥ ❞❡s ❛❝t✐✈✐tés ❞✬é♣❛♥❞❛❣❡ ❞✬❡♥❣r❛✐s ♠✐♥ér❛✉①✳ ●râ❝❡ ❛✉ ❝❛r❛❝tèr❡ ❣é♥ér✐q✉❡ ❞✉
❝♦r♣s ❞❡ rè❣❧❡s✱ ❞❡ ♥♦✉✈❡❧❧❡s rè❣❧❡s ❞❡ ❝❛❧❝✉❧ ♣❡✉✈❡♥t ❢❛❝✐❧❡♠❡♥t êtr❡ ✐♥tr♦❞✉✐t❡s ❞❛♥s ❧❡
♠♦❞è❧❡✱ ❡t ✐♥t❡r❝❤❛♥❣é❡s ❛✉ ♠♦♠❡♥t ❞❡ ❧✬❡①é❝✉t✐♦♥ ❞✬✉♥❡ s✐♠✉❧❛t✐♦♥✳

❙❡❧♦♥ ❧❛ rè❣❧❡ ❞❡st✐♥é❡ ❛✉① ❣r❛♥❞❡s ❝✉❧t✉r❡s ✐♠♣❧é♠❡♥té❡ ❞❛♥s ❧❛ ✈❡rs✐♦♥ ❛❝t✉❡❧❧❡✱
❧❛ ❢❡rt✐❧✐s❛t✐♦♥ ♠✐♥ér❛❧❡ ❛③♦té❡ ❞♦✐t êtr❡ ❛❥✉sté❡ ❡♥ ❢♦♥❝t✐♦♥ ❞❡s ❜❡s♦✐♥s ❞❡ ❧❛ ❝✉❧t✉r❡ ❡t
❞❡s ❛♣♣♦rts ❞✬❛③♦t❡ ♣❛r ❧❡s ❡✤✉❡♥ts✳ ❋✉♠✐❣è♥❡ ❝❛❧❝✉❧❡ ❧❡s ❜❡s♦✐♥s ❞❡ ❧❛ ❝✉❧t✉r❡ à ❧✬❛✐❞❡
❞❡ ❧❛ ♠ét❤♦❞❡ ❞✉ ❜✐❧❛♥ ♣ré✈✐s✐♦♥♥❡❧✱ ❛✐♥s✐ q✉❡ ❧❡s ❢♦✉r♥✐t✉r❡s ♣❛r ❧❡s ❡✤✉❡♥ts ✭❡✛❡ts
❞✐r❡❝ts✮✳ ▲❛ q✉❛♥t✐té t♦t❛❧❡ ❞✬◆ ♠✐♥ér❛❧ à ❛♣♣♦rt❡r ❡st ❡♥s✉✐t❡ ❝❛❧❝✉❧é❡ ♣❛r ❞✐✛ér❡♥❝❡✳
▲❡s ❛♣♣♦rts ❞✬❡♥❣r❛✐s ♠✐♥ér❛❧ s♦♥t ré❛❧✐sés ♣❛r ❧✬❛❝t✐✈✐té ♣r✐♠✐t✐✈❡ ❡♣❛♥❞❊♥❣r❛✐s▼✐♥❡r❛❧✱
q✉✐ ❡st ❝❛r❛❝tér✐sé❡ ♣❛r ✉♥❡ ❞♦s❡ ❞✬◆ à ❛♣♣♦rt❡r ✭kg N/Ha✮✳ ❯♥ ■❚❦ t②♣❡ ♣❡✉t ❝♦♥t❡♥✐r
♣❧✉s✐❡✉rs ❛❝t✐✈✐tés ❡♣❛♥❞❊♥❣r❛✐s▼✐♥❡r❛❧✱ ❛✈❡❝ ✉♥❡ ❞♦s❡ ♣♦s✐t✐✈❡ ♦✉ ♥✉❧❧❡✳ ▲♦rsq✉❡ ❧❛
❞♦s❡ ❡st str✐❝t❡♠❡♥t ♣♦s✐t✐✈❡✱ ❡❧❧❡ ❡st ❞é❞✉✐t❡ ❞✉ t♦t❛❧ ❞✬◆ ♠✐♥ér❛❧ à ❛♣♣♦rt❡r✱ ♠❛✐s
♥✬❡st ♣❛s ♠♦❞✐✜é❡✳ ❊♥s✉✐t❡✱ ❧❛ ❞♦s❡ ❞✬◆ ♥♦♥ ❝♦✉✈❡rt❡ ❡st ré♣❛rt✐❡ ✉♥✐❢♦r♠é♠❡♥t ❡♥tr❡
❧❡s ❛❝t✐✈✐tés ❡♣❛♥❞❊♥❣r❛✐s▼✐♥❡r❛❧ ❝❛r❛❝tér✐sé❡s ♣❛r ✉♥❡ ❞♦s❡ ♥✉❧❧❡ ❞❛♥s ❧✬■❚❦ t②♣❡✳ ❈❡
♠♦❞❡ ❞❡ ❢♦♥❝t✐♦♥♥❡♠❡♥t ♣❡r♠❡t ❞❡ r❡♣rés❡♥t❡r ❝♦rr❡❝t❡♠❡♥t ❧❡s ♣r❛t✐q✉❡s ♦❜s❡r✈é❡s
s✉r ❧❡ t❡rr❛✐♥✱ ❛✈❡❝ ♣♦✉r ❝❡rt❛✐♥❡s ❝✉❧t✉r❡s ❞❡s ❛♣♣♦rts ❢r❛❝t✐♦♥♥és ❞♦♥t ❝❡rt❛✐♥s ✭♣❛r
❡①❡♠♣❧❡ ❛✉ s❡♠✐s✮ s♦♥t ré❛❧✐sés ❛✈❡❝ ✉♥❡ ❞♦s❡ ❝♦♥st❛♥t❡ t❛♥❞✐s q✉❡ ❞✬❛✉tr❡s s♦♥t ❛❞❛♣tés
❛✉① ❜❡s♦✐♥s ❞❡ ❧❛ ❝✉❧t✉r❡✳

❊♥ ❝♦♥❝❧✉s✐♦♥✱ ❚♦✉r♥❡s♦❧ ❡t ❋✉♠✐❣è♥❡ s♦♥t ❞❡s ♠♦❞è❧❡s ❞❡ ❞é❝♦♥str✉❝t✐♦♥✱ ❝❡



■♥té❣r❛t✐♦♥ ❞❛♥s ▼é❧♦❞✐❡ ✶✸✶

q✉✐ s✐❣♥✐✜❡ q✉✬✐❧s ♣❡r♠❡tt❡♥t ❞❡ r❡❝♦♥st✐t✉❡r ❞❡s é❧é♠❡♥ts ❞ét❛✐❧❧és à ♣❛rt✐r ❞✬é❧é♠❡♥ts
❝♦♥♥✉s ♠❛✐s ❣é♥ér❛✉①✳ ❊♥ ❧✬♦❝❝✉rr❡♥❝❡✱ ❚♦✉r♥❡s♦❧ ❡t ❋✉♠✐❣è♥❡ ♣❡r♠❡tt❡♥t ❞❡ ❣é✲
♥ér❡r ❞❡s ❛ss♦❧❡♠❡♥ts ❡t ❞❡s ♣❧❛♥s ♣ré✈✐s✐♦♥♥❡❧s ❞❡ ❢✉♠✉r❡ ❡♥ ❢♦♥❝t✐♦♥ ❞✬é❧é♠❡♥ts ❞❡
str❛té❣✐❡✳ ▲❛ ♣r✐♥❝✐♣❛❧❡ ♦r✐❣✐♥❛❧✐té ❡st q✉❡ ❧❡s ❛ss♦❧❡♠❡♥ts ❣é♥érés s♦♥t ❝♦❤ér❡♥ts à ❧❛
❢♦✐s ❞❛♥s ❧❡✉rs ❛s♣❡❝ts s♣❛t✐❛✉① ✭s✉r❢❛❝❡ ❡t ❧♦❝❛❧✐s❛t✐♦♥ ❞❡s ❝✉❧t✉r❡s✮ ❡t ❞❛♥s ❧❡✉rs ❛s✲
♣❡❝ts ❞②♥❛♠✐q✉❡s ✭r♦t❛t✐♦♥ ❞❡s ❝✉❧t✉r❡s✮✳ ▲❡s ❛✉tr❡s ❛♣♣r♦❝❤❡s s❡ ❝♦♥❝❡♥tr❡♥t s♦✐t s✉r
❧❡s r♦t❛t✐♦♥s ❝✉❧t✉r❛❧❡s s❛♥s ❝♦♥s✐❞ér❡r ❧❛ ❧♦❣✐q✉❡ à ❧✬é❝❤❡❧❧❡ ❞❡ ❧✬❡①♣❧♦✐t❛t✐♦♥✱ s♦✐t s✉r
❧❡s s✉r❢❛❝❡s à ❝♦♥s❛❝r❡r à ❝❤❛q✉❡ ❝✉❧t✉r❡✳ ❉❡ ♠ê♠❡✱ ❧❡s ♣❧❛♥s ❞❡ ❢✉♠✉r❡ ✐ss✉s ❞❡ ❋✉♠✐✲
❣è♥❡ s♦♥t ❝♦❤ér❡♥ts ❛✈❡❝ ❧❛ str❛té❣✐❡ ❞❡ ❧✬é❧❡✈❡✉r ✭❈❤❛r❞♦♥ ❡t ❛❧✳ ✷✵✵✽✮✳ ▲❡s ❛♣♣r♦❝❤❡s
tr♦✉✈é❡s ❞❛♥s ❧❛ ❧✐ttér❛t✉r❡ ✈✐s❡♥t à ❛♠é❧✐♦r❡r ❧❡✉rs ♣r❛t✐q✉❡s ❡t ♣r♦♣♦s❡♥t ❞❡s ♣❧❛♥s ❞❡
❢✉♠✉r❡ ♦♣t✐♠✐sés s✉r ✉♥ ♣❧❛♥ é❝♦♥♦♠✐q✉❡ ♦✉ ❡♥✈✐r♦♥♥❡♠❡♥t❛❧✳ ▲✬♦❜❥❡❝t✐❢ ❞❡ ▼é❧♦❞✐❡
❡st ❞✬é✈❛❧✉❡r ❞❡s ♣r❛t✐q✉❡s ♦❜s❡r✈é❡s✳ ■❧ ét❛✐t ❞♦♥❝ ♥é❝❡ss❛✐r❡ ❞❡ ❝♦♥str✉✐r❡ ❞❡s ♠♦❞è❧❡s
✈✐s❛♥t à r❡♣r♦❞✉✐r❡ ❧❡s ❞é❝✐s✐♦♥s ❞❡s ❛❣r✐❝✉❧t❡✉rs ♣❧✉tôt q✉❡ ❞✐r❡❝t❡♠❡♥t à ❧❡s ❛♠é❧✐♦r❡r✳

▲✬✐♥té❣r❛t✐♦♥ ❞❡ ❝❡s s♦✉s✲♠♦❞è❧❡s ❞❛♥s ▼é❧♦❞✐❡ ❧❡✉r ♣❡r♠❡t ❞✬✐♥t❡r❛❣✐r ❛✈❡❝ ❧❡
s②stè♠❡ ❜✐♦t❡❝❤♥✐q✉❡ ✿ ❧❡s ❞é❝✐s✐♦♥s ❣é♥éré❡s ♣r❡♥♥❡♥t ❡♥ ❝♦♠♣t❡ ❧✬ét❛t ❞✉ s②stè♠❡✳
❈❡tt❡ ♣r✐s❡ ❞✬✐♥❢♦r♠❛t✐♦♥s ❝♦♥st✐t✉❡ ✉♥❡ ❜♦✉❝❧❡ ❞❡ rétr♦✲❝♦♥trô❧❡ ♣❡r♠❡tt❛♥t ❞✬❛♠é❧✐♦r❡r
❧❛ rés✐❧✐❡♥❝❡ ❞✉ s②stè♠❡ ❢❛❝❡ ❛✉① ❛❧é❛s ❝❧✐♠❛t✐q✉❡s à ✉♥ ♥✐✈❡❛✉ ✐♥t❡r✲❛♥♥✉❡❧✳ ❆ss♦❝✐é à
❧❛ ✢❡①✐❜✐❧✐té ❞✉ ♣✐❧♦t❛❣❡ ❡♥ ❝♦✉rs ❞✬❛♥♥é❡ ♣rés❡♥té❡ ❞❛♥s ❧❡ ❝❤❛♣✐tr❡ s✉✐✈❛♥t✱ ❝❡ ♣♦✐♥t
❝♦♥st✐t✉❡ ✉♥❡ ❞❡s ♣r✐♥❝✐♣❛❧❡s ❢♦r❝❡s ❞❡ ▼é❧♦❞✐❡✳



✶✸✷ ❉é❝✐s✐♦♥s ❛♥♥✉❡❧❧❡s ❡t ❣é♥ér❛t✐♦♥ ❞❡ ♣❧❛♥s ❞✬❛❝t✐✈✐tés



❈❤❛♣✐tr❡ ✼

❉é❝✐s✐♦♥s ❡♥ ❝♦✉rs ❞✬❛♥♥é❡ ❡t ♠✐s❡
❡♥ ÷✉✈r❡ ❞❡s ♣❧❛♥s ❞✬❛❝t✐✈✐tés

❙♦♠♠❛✐r❡
✼✳✶ ▲❡s ❞é❝✐s✐♦♥s ♦♣ér❛t✐♦♥♥❡❧❧❡s ❞❛♥s ▼é❧♦❞✐❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✸✺

✼✳✷ ❉é❝✐s✐♦♥s ❧✐é❡s à ❧✬❛❧✐♠❡♥t❛t✐♦♥ ❞❡s ❜♦✈✐♥s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✸✻

✼✳✷✳✶ Pr✐♥❝✐♣❡s ❣é♥ér❛✉① ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✸✻

✼✳✷✳✷ ▲❛ ❣❡st✐♦♥ ❞✉ ♣ât✉r❛❣❡ ✿ ♣r✐♥❝✐♣❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✸✼

✼✳✷✳✸ ▲❛ ❣❡st✐♦♥ ❞✉ ♣ât✉r❛❣❡ ✿ rè❣❧❡s ❞❡ ❞é❝✐s✐♦♥s ✐♠♣❧✐q✉é❡s ✳ ✳ ✳ ✳ ✶✸✾

✼✳✷✳✹ ■♥s❡rt✐♦♥ ❞❛♥s ▼é❧♦❞✐❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✹✸

✼✳✸ ❋❡rt✐❧✐s❛t✐♦♥ ♣✐❧♦té❡ ♣❛r ❧❡s ré❝♦❧t❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✹✼

✼✳✹ ❋❛✐s❛❜✐❧✐té ❞❡s ♦♣ér❛t✐♦♥s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✹✽

✼✳✺ ❊①t❡♥s✐♦♥ à ❧❛ ❣❡st✐♦♥ ❞❡s r❡ss♦✉r❝❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✹✾

✼✳✻ ❈♦♥❝❧✉s✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✺✶

✶✸✸



✶✸✹ ❉é❝✐s✐♦♥s ❡♥ ❝♦✉rs ❞✬❛♥♥é❡



▲❡s ❞é❝✐s✐♦♥s ♦♣ér❛t✐♦♥♥❡❧❧❡s ❞❛♥s ▼é❧♦❞✐❡ ✶✸✺

▲❛ ❝♦♥❞✉✐t❡ ❞✬✉♥❡ ❡①♣❧♦✐t❛t✐♦♥ ❞✬é❧❡✈❛❣❡ ❢❛✐t ❛♣♣❡❧ à ✉♥ ❣r❛♥❞ ♥♦♠❜r❡ ❞❡ ❞é❝✐s✐♦♥s✳
▲❡s ♣❧❛♥s ❞✬❛❝t✐✈✐tés ♣♦rt❡♥t ✉♥❡ ♣❛rt ✐♠♣♦rt❛♥t❡ ❡t str✉❝t✉r❛♥t❡ ❞❡ ❝❡s ❞é❝✐s✐♦♥s✳ ▲✬❛♣✲
♣❧✐❝❛t✐♦♥ ✢❡①✐❜❧❡ ❡t ❞é♣❡♥❞❛♥t❡ ❞✉ ❝♦♥t❡①t❡ ❞❡ ❝❡s ♣❧❛♥s r❡♣♦s❡ s✉r ✉♥ ❡♥s❡♠❜❧❡ ❞❡
❞é❝✐s✐♦♥s ♣r✐s❡s ❡♥ ❝♦✉rs ❞✬❛♥♥é❡✱ q✉❡ ❧✬♦♥ ♣❡✉t q✉❛❧✐✜❡r ❞❡ ❞é❝✐s✐♦♥s ♦♣ér❛t✐♦♥♥❡❧❧❡s✳

✼✳✶ ▲❡s ❞é❝✐s✐♦♥s ♦♣ér❛t✐♦♥♥❡❧❧❡s ❞❛♥s ▼é❧♦❞✐❡

▲❡s ♣❧❛♥s ❣é♥érés ♣❛r ❧❡ ♠♦❞✉❧❡ ❞❡ ♣❧❛♥✐✜❝❛t✐♦♥ ❢♦✉r♥✐ss❡♥t ❧❛ ❧✐st❡s ❞❡s ❛❝t✐✈✐tés
♣r✐♠✐t✐✈❡s à ❡①é❝✉t❡r ❛✉ ❝♦✉rs ❞❡ ❧✬❛♥♥é❡ ❛✐♥s✐ q✉❡ ❞❡s ✐♥❢♦r♠❛t✐♦♥s s✉r ❧✬♦r❣❛♥✐s❛t✐♦♥
❞❡ ❝❡s ❛❝t✐✈✐tés ❡♥tr❡ ❡❧❧❡s ✈✐❛ ❧❡s ❛❝t✐✈✐tés ♥♦♥ ♣r✐♠✐t✐✈❡s ❝réé❡s à ❧✬❛✐❞❡ ❞❡s ♦♣ér❛t❡✉rs
❞✬❛❣ré❣❛t✐♦♥✳ ▲❡s ❞❛t❡s ❡①❛❝t❡s ❞✬❡①é❝✉t✐♦♥ ❞❡s ❛❝t✐✈✐tés ❡t ♣❛r❢♦✐s ❝❡rt❛✐♥❡s ♠♦❞❛❧✐tés
♥❡ s♦♥t ♣❛s ❡♥t✐èr❡♠❡♥t ❞ét❡r♠✐♥é❡s ❞❛♥s ❧❡ ♣❧❛♥✳ P♦✉r ❧❡s ❞❛t❡s✱ ❝❤❛q✉❡ ❛❝t✐✈✐té ♣❡✉t
êtr❡ ❝❛r❛❝tér✐sé❡ ♣❛r ✉♥❡ ❢❡♥êtr❡ t❡♠♣♦r❡❧❧❡ ❛✉ ❝♦✉rs ❞❡ ❧❛q✉❡❧❧❡ ❡❧❧❡ ❡st ❛✉t♦r✐sé❡ à
❞é❜✉t❡r ❡t ✉♥❡ ❢❡♥êtr❡ t❡♠♣♦r❡❧❧❡ ❛✉ ❝♦✉rs ❞❡ ❧❛q✉❡❧❧❡ ❡❧❧❡ ❡st ❛✉t♦r✐sé❡ à s❡ t❡r♠✐♥❡r✳
▲❡ ♣❧❛♥ ❡st ❞♦♥❝ ❛♣♣❧✐q✉é ❞❡ ❢❛ç♦♥ ✢❡①✐❜❧❡✳ P♦✉r ❝❡❧❛✱ ✉♥❡ s♦❧✉t✐♦♥ ❡st ❞❡ ❢❛✐r❡ ❛♣♣❡❧
à ❞❡s ✓ rè❣❧❡s ❞❡ ❞é❝✐s✐♦♥ ✔✳ ❈❡♣❡♥❞❛♥t✱ ❧❡ ❝♦♥❝❡♣t ❞❡ rè❣❧❡ ❞❡ ❞é❝✐s✐♦♥ ♥✬❡①✐st❡ ♣❛s ❡♥
t❛♥t q✉❡ t❡❧ ❞❛♥s ❧✬♦♥t♦❧♦❣✐❡ ❞❡s s②stè♠❡s ❞❡ ♣r♦❞✉❝t✐♦♥ ❛❣r✐❝♦❧❡ ✭▼❛rt✐♥✲❈❧♦✉❛✐r❡ ❡t
❘❡❧❧✐❡r ✷✵✵✺✮✳ ❊♥ ❡✛❡t✱ ✐❧ s✬❛❣✐t ❞✬✉♥ t❡r♠❡ très ❣é♥ér❛❧ ♣♦✉✈❛♥t r❡❣r♦✉♣❡r ❞❡s rè❣❧❡s
❛②❛♥t ❞❡s rô❧❡s très ❞✐✛ér❡♥ts✳ ▲✬♦♥t♦❧♦❣✐❡ ✈✐s❡ à ♣❡r♠❡ttr❡ ❞❡ ♠♦❞é❧✐s❡r ❧❡s ♣r♦❝❡ss✉s
❞é❝✐s✐♦♥♥❡❧s ❡t ❧❡s ❞✐✛ér❡♥ts rô❧❡s ♣♦ss✐❜❧❡s ❞✬✉♥❡ rè❣❧❡ ❞❡ ❞é❝✐s✐♦♥ s♦♥t ❡①♣❧✐❝✐t❡♠❡♥t
❞é❝r✐ts✳ ❊♥ ❝♦♥séq✉❡♥❝❡✱ ✐❧ ❡①✐st❡ ❞❛♥s ❧✬♦♥t♦❧♦❣✐❡ ❞❡s s②stè♠❡s ❞❡ ♣r♦❞✉❝t✐♦♥ ❛❣r✐❝♦❧❡
❞✐✛ér❡♥ts ❝♦♥❝❡♣ts ♣❡r♠❡tt❛♥t ❞❡ tr❛♥s❝r✐r❡ ❝❡rt❛✐♥❡s ✓ rè❣❧❡s ❞❡ ❞é❝✐s✐♦♥ ✔ ✿

✕ ▲❡s ♣ré❞✐❝❛ts ❞✬♦✉✈❡rt✉r❡ ❡t ❞❡ ❢❡r♠❡t✉r❡ ❞❡s ❛❝t✐✈✐tés ❀
✕ ▲❡s ❝♦♥❞✐t✐♦♥s ❞❡ ❢❛✐s❛❜✐❧✐té ❞❡s ♦♣ér❛t✐♦♥s ❀
✕ ▲❡s ♦♣ér❛t❡✉rs ❞✬❛❣ré❣❛t✐♦♥ ❞✬❛❝t✐✈✐tés✱ q✉✐ r❡♣rés❡♥t❡♥t ❞❡s rè❣❧❡s ❞✉ t②♣❡ ✓ ❉ès
q✉❡ ❆ ❡st ✜♥✐❡✱ ❝♦♠♠❡♥❝❡r ❇ ✔✱ ❡t❝✳ ✳ ✳ ❀

✕ ▲❡s ♣ré❢ér❡♥❝❡s ♣♦✉r ❧✬✉t✐❧✐s❛t✐♦♥ ❞❡s r❡ss♦✉r❝❡s ❀
✕ ▲❡s ❛❥✉st❡♠❡♥ts ❝♦♥❞✐t✐♦♥♥❡❧s✳

❈❡s ❞❡✉① ❞❡r♥✐èr❡s ♣♦ss✐❜✐❧✐tés ♥❡ s♦♥t ♣❛s ✉t✐❧✐sé❡s ❞❛♥s ❧❛ ✈❡rs✐♦♥ ❛❝t✉❡❧❧❡ ❞❡▼é❧♦❞✐❡✳
❉✬❛✉tr❡ ♣❛rt✱ ❝❡rt❛✐♥❡s rè❣❧❡s ❞❡ ❞é❝✐s✐♦♥s ♥❡ r❡♥tr❡♥t ♣❛s ❞❛♥s ❝❡ ❝❛❞r❡✳ ■❧ s✬❛❣✐t ♣❛r
❡①❡♠♣❧❡ ❞❡s rè❣❧❡s s❡r✈❛♥t à ❞ét❡r♠✐♥❡r ❧❡s ♠♦❞❛❧✐tés ❞✬✉♥❡ ❛❝t✐✈✐té✱ ❝♦♠♠❡ ❧❡ ❝❤♦✐①
❞✬✉♥❡ ♣❛r❝❡❧❧❡ à ♣ât✉r❡r✳ ❈❡s rè❣❧❡s ❢♦♥t ♣❛rt✐❡ ✐♥té❣r❛♥t❡ ❞❡ ❧✬♦♣ér❛t✐♦♥ à ❡①é❝✉t❡r
✭❧✬♦♣ér❛t✐♦♥ ❞❡ ❞é♣❧❛❝❡♠❡♥t ❞✉ tr♦✉♣❡❛✉✱ ❞❛♥s ❧✬❡①❡♠♣❧❡ ♣ré❝é❞❡♥t✮✳ ❊❧❧❡s s♦♥t ❞♦♥❝
❞✐r❡❝t❡♠❡♥t ✐♥té❣ré❡s ❛✉① ♦♣ér❛t✐♦♥s✳

❈❡ ❝❤❛♣✐tr❡ ♣rés❡♥t❡ ❧❡ ♣✐❧♦t❛❣❡ ❞✉ s②stè♠❡ ❡♥ ❝♦✉rs ❞✬❛♥♥é❡ ❡♥ ré❛❝t✐♦♥ à ❧✬ét❛t
❞✉ s②stè♠❡✳ ▲✬❛❧✐♠❡♥t❛t✐♦♥ ❞❡s ❜♦✈✐♥s ❡st ✉♥ ❞♦♠❛✐♥❡ ❛②❛♥t ❢❛✐t ❧✬♦❜❥❡t ❞✬❛tt❡♥t✐♦♥s
♣❛rt✐❝✉❧✐èr❡s s✉r ❝❡ ♣❧❛♥✱ ❝❛r ❡❧❧❡ ❡st très ✈❛r✐❛❜❧❡ ❡t ❝♦♥st✐t✉❡ ✉♥ ❞❡s ♣r✐♥❝✐♣❛✉① ♠♦t❡✉rs
❞❡s ✢✉① ❞✬é❧é♠❡♥ts s✉r ❧✬❡①♣❧♦✐t❛t✐♦♥✳ ❊❧❧❡ ❡st ❞♦♥❝ ❞é❝r✐t❡ ❡♥ ❞ét❛✐❧s ❞❛♥s ❧❛ ♣r❡♠✐èr❡
♣❛rt✐❡ ❞✉ ❝❤❛♣✐tr❡✳ ▲❡s ❛✉tr❡s ♣♦✐♥ts ❞✉ ♣✐❧♦t❛❣❡ s♦♥t ❛❜♦r❞és ❡♥s✉✐t❡✳ ❈❡rt❛✐♥s ♥❡
s♦♥t ♣❛s ✐♠♣❧é♠❡♥tés ❞❛♥s ❧❛ ✈❡rs✐♦♥ ❛❝t✉❡❧❧❡ ❞❡ ▼é❧♦❞✐❡ ♠❛✐s s♦♥t ✐♥té❣rés ❞❛♥s ❝❡
❞♦❝✉♠❡♥t ❡♥ t❛♥t q✉❡ ré✢❡①✐♦♥s s✉r s♦♥ é✈♦❧✉t✐♦♥ ❢✉t✉r❡✳



✶✸✻ ❉é❝✐s✐♦♥s ❡♥ ❝♦✉rs ❞✬❛♥♥é❡

✼✳✷ ❉é❝✐s✐♦♥s ❧✐é❡s à ❧✬❛❧✐♠❡♥t❛t✐♦♥ ❞❡s ❜♦✈✐♥s

✼✳✷✳✶ Pr✐♥❝✐♣❡s ❣é♥ér❛✉①

▲✬❛❧✐♠❡♥t❛t✐♦♥ ❞✬✉♥ tr♦✉♣❡❛✉ ❜♦✈✐♥ ❡st ❡♥ ❣é♥ér❛❧ ❛❞❛♣té❡ ❛✉① r❡ss♦✉r❝❡s ❞✐s♣♦✲
♥✐❜❧❡s s✉r ❧✬❡①♣❧♦✐t❛t✐♦♥✳ ❊❧❧❡ ❡st ✈❛r✐❛❜❧❡ ♥♦♥ s❡✉❧❡♠❡♥t ❛✉ ❝♦✉rs ❞❡ ❧✬❛♥♥é❡✱ ♣✉✐sq✉❡
❞✐✛ér❡♥t❡s r❛t✐♦♥s s✬❡♥❝❤❛î♥❡♥t ❡♥ ❢♦♥❝t✐♦♥ ❞❡s s❛✐s♦♥s✱ ♠❛✐s ❛✉ss✐ ❞✬✉♥❡ ❛♥♥é❡ s✉r ❧✬❛✉tr❡
♣✉✐sq✉❡ ❧❛ ❞✐s♣♦♥✐❜✐❧✐té ❞❡s ❛❧✐♠❡♥ts à ✉♥❡ ❞❛t❡ ❝❛❧❡♥❞❛✐r❡ ❞♦♥♥é❡ ❡st ✈❛r✐❛❜❧❡✳ ▲❡ ♣❧❛♥
❞✬❛❧✐♠❡♥t❛t✐♦♥ ❡st ❞é✜♥✐ ❝♦♠♠❡ ✉♥ ❡♥s❡♠❜❧❡ ❞❡ r❛t✐♦♥s ❞✐str✐❜✉é❡s à ✉♥ ❧♦t ❞✬❛♥✐♠❛✉①✱
❝❤❛❝✉♥❡ ❛✉ ❝♦✉rs ❞✬✉♥❡ ❝❡rt❛✐♥❡ ♣ér✐♦❞❡✳ ■❧ ❡st ét❛❜❧✐ ❡♥ ❢♦♥❝t✐♦♥ ❞✬✉♥❡ ❛♥♥é❡ ❝❧✐♠❛t✐q✉❡
♠♦②❡♥♥❡✳ ■❧ s✬❛❣✐t ❞♦♥❝ à ❧❛ ❢♦✐s ❞✬✉♥ ♦❜❥❡❝t✐❢ ❞❡ ❧✬é❧❡✈❡✉r ❡t ❞✬✉♥ rés✉❧t❛t ❛❝q✉✐s ❣râ❝❡ à
❧✬❡①♣ér✐❡♥❝❡ ❞❡s ❛♥♥é❡s ♣ré❝é❞❡♥t❡s✳ ❯♥ ♣❧❛♥ ❞✬❛❧✐♠❡♥t❛t✐♦♥ ❡♥ é❧❡✈❛❣❡ ❧❛✐t✐❡r ❡st ❝❧❛ss✐✲
q✉❡♠❡♥t ❝♦♥st✐t✉é ❞✬✉♥❡ r❛t✐♦♥ ❤✐✈❡r♥❛❧❡ ❡t ❞✬✉♥❡ ♣ér✐♦❞❡ ❞❡ ♣ât✉r❛❣❡ ❝♦♠♣r❡♥❛♥t ✉♥❡
♦✉ ♣❧✉s✐❡✉rs r❛t✐♦♥s✳

❯♥ ❡♥s❡♠❜❧❡ ❞❡ ❞é❝✐s✐♦♥s ❞♦✐✈❡♥t êtr❡ ♣r✐s❡s ❡♥ ❝♦✉rs ❞✬❛♥♥é❡ ♣♦✉r ❛♣♣❧✐q✉❡r ❝❡ ♣❧❛♥
❡t ❧✬❛❞❛♣t❡r ❛✉① ❝♦♥❞✐t✐♦♥s s♣é❝✐✜q✉❡s ❞❡ ❧✬❛♥♥é❡✳ ❙✉✐✈❛♥t ❧❛ ❞✐s♣♦♥✐❜✐❧✐té ❞❡s ❛❧✐♠❡♥ts✱ ✐❧
❡st ♣♦ss✐❜❧❡ ❞❡ ♠♦❞✐✜❡r ✉♥❡ r❛t✐♦♥✳ ▲❡s r❛t✐♦♥s ❤✐✈❡r♥❛❧❡s ♣❡✉✈❡♥t êtr❡ ♠♦❞✐✜é❡s à ❝❛✉s❡
❞❡s ❛❧✐♠❡♥ts ❞é❝❧❛rés ♦♣t✐♦♥♥❡❧s✱ q✉✐ ♥❡ s♦♥t t♦✉t s✐♠♣❧❡♠❡♥t ♣❛s ❞✐str✐❜✉és s✐ ❧❡ st♦❝❦
♥❡ ❧❡ ♣❡r♠❡t ♣❛s✳ ▲❡ r❡♣♦rt ❡st ❛❧♦rs ✐♠♣❧✐❝✐t❡♠❡♥t ❡✛❡❝t✉é s✉r ❧❡ ❢♦✉rr❛❣❡ ❞✐str✐❜✉é ❛❞
❧✐❜✐t✉♠✳ ■❧ ❡st é❣❛❧❡♠❡♥t ♣♦ss✐❜❧❡ ❞✬❛✉❣♠❡♥t❡r ❧❛ q✉❛♥t✐té ❞❡ ❝❡rt❛✐♥s ❛❧✐♠❡♥ts ✭❛✉tr❡s
q✉❡ ❧❡ ❢♦✉rr❛❣❡ ❞✐str✐❜✉é ❛❞ ❧✐❜✐t✉♠✮ ♣♦✉r ❝♦♠♣❡♥s❡r ❧❡ ♠❛♥q✉❡ ❞✬✉♥ ❛✉tr❡ ❛❧✐♠❡♥t✳
❉❛♥s ❧❛ ✈❡rs✐♦♥ ❛❝t✉❡❧❧❡ ❞❡ ▼é❧♦❞✐❡✱ ❝❡❝✐ s❡ ❧✐♠✐t❡ à ❧❛ ❞✐str✐❜✉t✐♦♥ ❞✬✉♥ ❢♦✉rr❛❣❡
❝♦♠♣❧é♠❡♥t❛✐r❡ ❛✉ ♣ât✉r❛❣❡ ❧♦rsq✉❡ ❧❛ q✉❛♥t✐té ❞✬❤❡r❜❡ ❡st ❧✐♠✐té❡ ✭✈♦✐r ✼✳✷✳✷✮✳

▲❡s ❞é❝✐s✐♦♥s ❧✐é❡s à ❧✬❛❧✐♠❡♥t❛t✐♦♥ t♦✉r♥❡♥t ♣r✐♥❝✐♣❛❧❡♠❡♥t ❛✉t♦✉r ❞❡ ❧❛ ❣❡st✐♦♥ ❞✉
♣ât✉r❛❣❡ ❝❛r ♣❡✉ ❞✬❛❞❛♣t❛t✐♦♥s s♦♥t ré❛❧✐sé❡s ❡♥ ❤✐✈❡r✱ ❧❡s st♦❝❦s ét❛♥t s✉✣s❛♥ts ♣♦✉r
♥❡ ♣❛s ❝❤❛♥❣❡r ❞❡ r❛t✐♦♥✳ ▲❡s tr❛♥s✐t✐♦♥s ❡♥tr❡ r❛t✐♦♥s s♦♥t ❞✐❝té❡s ♣❛r ❞❡s rè❣❧❡s ❧✐é❡s
❛✉ ♣ât✉r❛❣❡✱ ❞é❝r✐t❡s ❞❛♥s ❧❛ s✉✐t❡ ❞❡ ❝❡ t❡①t❡✳

❉❛♥s ▼é❧♦❞✐❡✱ ❧❡ t②♣❡ ❞❡ ❣❡st✐♦♥ ❞✉ ♣ât✉r❛❣❡ ♠♦❞é❧✐sé ❡st ❧❡ ♣ât✉r❛❣❡ t♦✉r♥❛♥t✳
❆✉ ❝♦✉rs ❞❡ ❧❛ ♣ér✐♦❞❡ ❞❡ ♣ât✉r❛❣❡✱ ❧❡s ❛♥✐♠❛✉① s♦♥t ❞é♣❧❛❝és ❞✬✉♥❡ ♣❛r❝❡❧❧❡ à ❧✬❛✉tr❡✱
s✉✐✈❛♥t ❧❛ ❞✐s♣♦♥✐❜✐❧✐té ❞❡ ❧✬❤❡r❜❡✳ ▲❛ ♣❛r❝❡❧❧❡ ❡♥t✐èr❡ ❡st ♣ât✉ré❡ ♣❡♥❞❛♥t ✉♥ t❡♠♣s ❞❡
sé❥♦✉r ❣é♥ér❛❧❡♠❡♥t s✐t✉é ❡♥tr❡ ✶ ❡t ✶✵ ❥♦✉rs s✉✐✈❛♥t ❧❡s ❝♦♥❞✐t✐♦♥s✳ ▲❛ ❞②♥❛♠✐q✉❡ ❞❡
❧✬✐♥❣❡st✐♦♥ ❛✉ ❝♦✉rs ❞✉ sé❥♦✉r ♥✬❡st ♣❛s s✐♠✉❧é❡✳ ▲✬✐♥❣❡st✐♦♥ ❞✬❤❡r❜❡ ❡st ❧❛ ♠ê♠❡ t♦✉s ❧❡s
❥♦✉rs ❛✉ ❝♦✉rs ❞✉ sé❥♦✉r✱ ❝♦♠♠❡ ♣♦✉r ❧❡ ♣ât✉r❛❣❡ r❛t✐♦♥♥é ✭❞❛♥s ❧❡q✉❡❧ ❧✬é❧❡✈❡✉r ❛❧❧♦✉❡
❝❤❛q✉❡ ❥♦✉r ❛✉ tr♦✉♣❡❛✉ ❧❛ s✉r❢❛❝❡ ❝♦rr❡s♣♦♥❞❛♥t à s♦♥ ❜❡s♦✐♥ q✉♦t✐❞✐❡♥✮✳ ▲❛ ❞✉ré❡ ❞❡s
❝②❝❧❡s ❡st ✈❛r✐❛❜❧❡✱ ♠❛✐s ✐❧ ♥✬② ❛ ❥❛♠❛✐s ♠♦✐♥s ❞❡ tr♦✐s s❡♠❛✐♥❡s ❡♥tr❡ ❞❡✉① ♣ât✉r❛❣❡s ♦✉
❢❛✉❝❤❡s s✉r ✉♥❡ ♠ê♠❡ ♣❛r❝❡❧❧❡✳ ▲❡ ♣ât✉r❛❣❡ ❝♦♥t✐♥✉✱ ❞❛♥s ❧❡q✉❡❧ ❧❡s ❛♥✐♠❛✉① ♣ât✉r❡♥t
❧✐❜r❡♠❡♥t ✉♥❡ ✈❛st❡ s✉r❢❛❝❡ ✭q✉✐ ❡st ❛❥✉sté❡ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ❝r♦✐ss❛♥❝❡ ❞❡ ❧✬❤❡r❜❡✮✱ ♥✬❡st
♣❛s s✐♠✉❧é ❝❛r ✐❧ ❢❛✐t ❛♣♣❡❧ à ❞❡s rè❣❧❡s ❞❡ ❣❡st✐♦♥ très ❞✐✛ér❡♥t❡s ❡t ♣♦s❡ ❞❡s ♣r♦❜❧è♠❡s
♠ét❤♦❞♦❧♦❣✐q✉❡s t❡❧s q✉❡ ❧❛ s✐♠✉❧❛t✐♦♥ ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❤étér♦❣è♥❡ ❞❡s ❞é❥❡❝t✐♦♥s✳

▲❛ ❣❡st✐♦♥ ❞❡s st♦❝❦s ❞✬❤❡r❜❡ ❞♦✐t êtr❡ ❢❛✐t❡ ❞❡ ❢❛ç♦♥ ❞②♥❛♠✐q✉❡✳ ❊♥ ❡✛❡t✱ ❝❡tt❡
r❡ss♦✉r❝❡ é✈♦❧✉❡ ❛✉ ❝♦✉rs ❞✉ t❡♠♣s✱ t❛♥t ❞✉ ♣♦✐♥t ✈✉❡ q✉❛♥t✐t❛t✐❢ q✉❡ q✉❛❧✐t❛t✐❢✳ ❯♥ st♦❝❦
✓ s✉r ♣✐❡❞ ✔ ♥❡ ♣❡✉t êtr❡ ❝♦♥s❡r✈é ✐♥❞é✜♥✐♠❡♥t ♣♦✉r êtr❡ ❝♦♥s♦♠♠é ♣❧✉s t❛r❞ ✿ ❧♦rsq✉❡
❧❛ ❜✐♦♠❛ss❡ ❞❡✈✐❡♥t tr♦♣ ✐♠♣♦rt❛♥t❡✱ ❡❧❧❡ ♥❡ ♣❡✉t ♣❧✉s êtr❡ ♣ât✉ré❡✳ ▲❡s r❡♣♦rts ❞❡ st♦❝❦
s♦♥t ❞♦♥❝ ❧✐♠✐tés à q✉❡❧q✉❡s s❡♠❛✐♥❡s✳ ▲✬é❧❡✈❡✉r ❞✐s♣♦s❡ ❞❡ ♣❧✉s✐❡✉rs ❧❡✈✐❡rs ♣♦✉r ❛❥✉st❡r



❉é❝✐s✐♦♥s ❧✐é❡s à ❧✬❛❧✐♠❡♥t❛t✐♦♥ ❞❡s ❜♦✈✐♥s ✶✸✼

❋✐❣✳ ✼✳✶ ✕ Pr✐♥❝✐♣❡s ♠✐s ❡♥ ÷✉✈r❡ ♣♦✉r ❧❛ ❣❡st✐♦♥ ❞✉ ♣ât✉r❛❣❡✱ ❜❛sé❡ s✉r ❧✬❛❞❛♣t❛t✐♦♥
❞②♥❛♠✐q✉❡ ❞❡ ❧✬éq✉✐❧✐❜r❡ ❡♥tr❡ ❞✐s♣♦♥✐❜✐❧✐té ❞❡ ❧✬❤❡r❜❡ ❡t ❞❡♠❛♥❞❡ ❞✉ tr♦✉♣❡❛✉

❧❛ ❞❡♠❛♥❞❡ ❞✉ tr♦✉♣❡❛✉ ❡t ❧❛ ❞✐s♣♦♥✐❜✐❧✐té ❞❡ ❧✬❤❡r❜❡✳ ■❧ ♣❡✉t ❢❛✉❝❤❡r ❞❡s ♣❛r❝❡❧❧❡s ♦✉
❞✐str✐❜✉❡r ❞❡s ❛❧✐♠❡♥ts ❝♦♠♣❧é♠❡♥t❛✐r❡s✱ ✈♦✐r❡ ❛rrêt❡r ❧❡ ♣ât✉r❛❣❡ ♣❡♥❞❛♥t q✉❡❧q✉❡s
❥♦✉rs ♦✉ s❡♠❛✐♥❡s✳ ❆ ❝❛✉s❡ ❞❡ ❧❛ ❞②♥❛♠✐q✉❡ ❞✬é✈♦❧✉t✐♦♥ ❞❡s st♦❝❦s✱ ❧❡ ♣✐❧♦t❛❣❡ ❞♦✐t
✐♥té❣r❡r ✉♥❡ ❝♦♠♣♦s❛♥t❡ ❛♥t✐❝✐♣❛tr✐❝❡✱ ♥♦t❛♠♠❡♥t ❛✉ ♣r✐♥t❡♠♣s✳ ❉❛♥s ❧❡ ❝❛s ❝♦♥tr❛✐r❡
❧✬❤❡r❜❡ ♥✬❡st ♣❛s ✈❛❧♦r✐sé❡ ❛✉ ♠❛①✐♠✉♠✳

✼✳✷✳✷ ▲❛ ❣❡st✐♦♥ ❞✉ ♣ât✉r❛❣❡ ✿ ♣r✐♥❝✐♣❡s

▲❛ ✜❣✉r❡ ✼✳✶ ❡①♣♦s❡ ❧❡s ♣r✐♥❝✐♣❡s ❞❡ ❧❛ ❣❡st✐♦♥ ❞✉ ♣ât✉r❛❣❡ ✉t✐❧✐sés ❞❛♥s ▼é❧♦❞✐❡✳
❈❡ ♣❛r❛❣r❛♣❤❡ ❞♦♥♥❡ q✉❡❧q✉❡s ❝♦♠♠❡♥t❛✐r❡s ❣é♥ér❛✉① ❡t ❧❡s rè❣❧❡s ❞❡ ❞é❝✐s✐♦♥ s♦♥t
❞ét❛✐❧❧é❡s ❡♥s✉✐t❡✳ ❉❛♥s ❧❛ s✉✐t❡✱ ❧❡ st♦❝❦ ❞✬❤❡r❜❡ ❞✐s♣♦♥✐❜❧❡ ♣♦✉r ❧❡ ♣ât✉r❛❣❡ s✉r ✉♥❡
♣❛r❝❡❧❧❡ s❡r❛ ♥♦té SHPp ❡t ❧❡ st♦❝❦ ❞✬❤❡r❜❡ ❞✐s♣♦♥✐❜❧❡ ♣♦✉r ❧❡ ♣ât✉r❛❣❡ s✉r ❧✬❡♥s❡♠❜❧❡
❞❡ ❧✬❡①♣❧♦✐t❛t✐♦♥ s❡r❛ ♥♦té SHPT ✳

❊♥ ❤✐✈❡r✱ ❧❡ tr♦✉♣❡❛✉ ♣❛ss❡ ❧❛ t♦t❛❧✐té ❞❡ s♦♥ t❡♠♣s ❡♥ ❜ât✐♠❡♥t✳ ▲❛ ♣♦✉ss❡ ❞❡ ❧✬❤❡r❜❡
❞é♠❛rr❡ ❡♥ ✜♥ ❞✬❤✐✈❡r ❡t ❧❡ tr♦✉♣❡❛✉ ❡st ♠✐s à ❧✬❤❡r❜❡ ❧♦rsq✉❡ ❧❡ SHPT ❡st s✉✣s❛♥t
✭✈♦✐r ♣❧✉s ❧♦✐♥ ♣♦✉r ❧❛ ❞é✜♥✐t✐♦♥ ❡①❛❝t❡ ❞❡ ❝❡tt❡ ❝♦♥❞✐t✐♦♥✮✳ ❯♥❡ ❢♦✐s q✉❡ ❧❡ ♣ât✉r❛❣❡



✶✸✽ ❉é❝✐s✐♦♥s ❡♥ ❝♦✉rs ❞✬❛♥♥é❡

❞é❜✉t❡✱ ❞❡s ❞é❝✐s✐♦♥s ❞♦✐✈❡♥t êtr❡ ♣r✐s❡s ✐♠♠é❞✐❛t❡♠❡♥t ♣✉✐s à ❝❤❛q✉❡ ❝❤❛♥❣❡♠❡♥t ❞❡
♣❛r❝❡❧❧❡ ✿

✕ ❋❛✉t✲✐❧ ❞✐str✐❜✉❡r ❞❡s ❛❧✐♠❡♥ts ❝♦♠♣❧é♠❡♥t❛✐r❡s ❄
✕ ◗✉❡❧❧❡ ♣❛r❝❡❧❧❡ ❞♦✐t êtr❡ ♣ât✉ré❡ ❄
✕ P❡♥❞❛♥t ❝♦♠❜✐❡♥ ❞❡ t❡♠♣s ❄

▲❛ q✉❡st✐♦♥ ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞✬❛❧✐♠❡♥ts ❝♦♠♣❧é♠❡♥t❛✐r❡s ❡st ❡①❛♠✐♥é❡ ❡♥ ♣r❡♠✐❡r ❝❛r
❡❧❧❡ ❡st r❛✐s♦♥♥é❡ à ❧✬é❝❤❡❧❧❡ ❞❡ ❧✬❡①♣❧♦✐t❛t✐♦♥ ✭SHPT ✮ ❡t ♥♦♥ ♣❛s ❞❡ ❧❛ s❡✉❧❡ ♣❛r❝❡❧❧❡ q✉✐
s❡r❛ ♣ât✉ré❡ ✭SHPp✮✳ ❉❡ ♣❧✉s✱ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞✬❛❧✐♠❡♥ts ❝♦♠♣❧é♠❡♥t❛✐r❡s ✐♥✢✉❡♥❝❡ ❧❡
t❡♠♣s ❞❡ sé❥♦✉r s✉r ❧❛ ♣❛r❝❡❧❧❡✳

❙✐✱ à ✉♥ ♠♦♠❡♥t ❞♦♥♥é✱ ❧❛ q✉❛♥t✐té ❞✬❤❡r❜❡ ❞✐s♣♦♥✐❜❧❡ ❡st tr♦♣ é❧❡✈é❡ ♣♦✉r ❧❛ ❢❛✐r❡
❝♦♥s♦♠♠❡r ❡♥t✐èr❡♠❡♥t ♣❛r ❧❡ tr♦✉♣❡❛✉✱ ❞❡s ♣❛r❝❡❧❧❡s s♦♥t rés❡r✈é❡s ♣♦✉r ❧❛ ❢❛✉❝❤❡ ❡t
♥✬✐♥t❡r✈✐❡♥♥❡♥t ♣❧✉s ❞❛♥s ❧❡ ❝❛❧❝✉❧ ❞✉ SHPT ✳ ▲♦rs ❞❡ ❧❛ ❢❛✉❝❤❡✱ ❧❡ ❢♦✉rr❛❣❡ ♣❡✉t êtr❡
❝♦♥s❡r✈é s♦✉s ❢♦r♠❡ ❞✬❡♥s✐❧❛❣❡ ♦✉ ❞❡ ❢♦✐♥✳ ❆ ❧✬✐♥✈❡rs❡✱ ❧♦rsq✉❡ ❧❛ q✉❛♥t✐té ❞✬❤❡r❜❡ ❡st
tr♦♣ ❢❛✐❜❧❡✱ ❧❡s é❧❡✈❡✉rs ❞✐str✐❜✉❡♥t ❞❡s ❛❧✐♠❡♥ts ❝♦♥s❡r✈és ❛✉ tr♦✉♣❡❛✉✱ ❛✜♥ ❞❡ ❢r❡✐♥❡r ❧❛
❝♦♥s♦♠♠❛t✐♦♥ ❞✬❤❡r❜❡ ♣ât✉ré❡✳ ▲❛ ❞é❝✐s✐♦♥ ❞❡ ❧❛ q✉❛♥t✐té ❞✬❛❧✐♠❡♥ts ❝♦♠♣❧é♠❡♥t❛✐r❡s à
❞✐str✐❜✉❡r ❞♦✐t êtr❡ ♣r✐s❡ ❡♥ ❛♥t✐❝✐♣❛♥t ❞❛♥s ✉♥❡ ❝❡rt❛✐♥❡ ♠❡s✉r❡ ❧✬é✈♦❧✉t✐♦♥ ❞✉ s②stè♠❡
❛✉ ❝♦✉rs ❞❡s s❡♠❛✐♥❡s s✉✐✈❛♥t❡s✳ ❙✐ ❧❛ q✉❛♥t✐té ❞✐str✐❜✉é❡ ♥✬❡st ♣❛s ❛ss❡③ ✐♠♣♦rt❛♥t❡✱ ❧❛
r❡ss♦✉r❝❡ ❤❡r❜❡ s✬é♣✉✐s❡✳ ❙✐ ❧❛ q✉❛♥t✐té ❞✐str✐❜✉é❡ ❡st tr♦♣ ✐♠♣♦rt❛♥t❡✱ ❧❡s st♦❝❦s ❞✬❤❡r❜❡
❞❡✈✐❡♥♥❡♥t tr♦♣ ✐♠♣♦rt❛♥ts ❡t ❞❡s ❢❛✉❝❤❡s ❞❡✈r♦♥t êtr❡ ❡①é❝✉té❡s✳ ❖r✱ ❧✬♦❜❥❡❝t✐❢ ❡st ❞❡
♠❛①✐♠✐s❡r ❧❛ ❝♦♥s♦♠♠❛t✐♦♥ ❞✬❤❡r❜❡ ♣ât✉ré❡ ❛✜♥ ❞❡ ré❞✉✐r❡ s❛ ❝♦♥s♦♠♠❛t✐♦♥ s♦✉s ❢♦r♠❡
❝♦♥s❡r✈é❡✳

❉❛♥s ▼é❧♦❞✐❡✱ ❧✬❛♥t✐❝✐♣❛t✐♦♥ ♣❛ss❡ ♣❛r ❧❡ ❝❛❧❝✉❧ ❞✬✉♥ ♥♦♠❜r❡ ❞❡ ❥♦✉rs ❞❡ ❞❡♠❛♥❞❡✱
q✉✐ ❡st ✉♥ r❛t✐♦ ❡♥tr❡ ❧❡ SHPT ❡t ❧✬✐♥❣❡st✐♦♥ q✉♦t✐❞✐❡♥♥❡ ❞✉ tr♦✉♣❡❛✉✳ ■❧ r❡♣rés❡♥t❡
❧✬éq✉✐❧✐❜r❡ ❞②♥❛♠✐q✉❡ ❡♥tr❡ ♦✛r❡ ❡t ❞❡♠❛♥❞❡✳ ▲♦rsq✉❡ ❧❡ ♥♦♠❜r❡ ❞❡ ❥♦✉rs ❞❡ ❞❡♠❛♥❞❡
s♦rt ❞✬✉♥❡ ❣❛♠♠❡ ❞❡ ✈❛❧❡✉rs ❛❝❝❡♣t❛❜❧❡s ❞é✜♥✐❡ ❡♥ ❡♥tré❡ ❞✉ ♠♦❞è❧❡✱ ♦♥ ♣r♦❝è❞❡ à ❞❡s
❛❥✉st❡♠❡♥ts ❞❡s q✉❛♥t✐tés ❞✬❛❧✐♠❡♥ts ❝♦♠♣❧é♠❡♥t❛✐r❡s ♦✉ ♦♥ ♣ré✈♦✐t ❞❡s ❢❛✉❝❤❡s✳ ▲❡
❝❛❧❝✉❧ ❞✉ ♥♦♠❜r❡ ❞❡ ❥♦✉rs ❞❡ ❞❡♠❛♥❞❡ ❡st ❡①♣❧✐❝✐té ♣❧✉s ❧♦✐♥✳

▲❡s ♠♦❞❛❧✐tés ❞❡ ❝❤♦✐① ❞❡ ❧❛ ♣❛r❝❡❧❧❡ ♣ât✉ré❡ s♦♥t é❣❛❧❡♠❡♥t ❞ét❛✐❧❧é❡s ❞❛♥s ❧❛ s✉✐t❡✱
❛✐♥s✐ q✉❡ ❧❡ ❝❛❧❝✉❧ ❞✉ t❡♠♣s ❞❡ sé❥♦✉r q✉✐ ❞é♣❡♥❞ ❞✉ SHPp ♣♦✉r ❧❛ ♣❛r❝❡❧❧❡ ❝❤♦✐s✐❡✳ ❆
❧❛ ✜♥ ❞✉ t❡♠♣s ❞❡ sé❥♦✉r✱ ❧✬❡①❛♠❡♥ q✉❡ ❧✬♦♥ ✈✐❡♥t ❞❡ ❞é❝r✐r❡ ❡st ❡✛❡❝t✉é ❞❡ ♥♦✉✈❡❛✉✱ ❡t
❛✐♥s✐ ❞❡ s✉✐t❡✳

❙✐✱ à ✉♥ ♠♦♠❡♥t ❞♦♥♥é✱ ❛✉❝✉♥❡ ♣❛r❝❡❧❧❡ ♥✬❛ ✉♥ SHPp s✉♣ér✐❡✉r à ❧✬✐♥❣❡st✐♦♥ q✉♦t✐✲
❞✐❡♥♥❡ ❞✉ tr♦✉♣❡❛✉✱ ❧❡s st♦❝❦s ❞✬❤❡r❜❡ s♦♥t é♣✉✐sés✳ ▲❡ tr♦✉♣❡❛✉ r❡♥tr❡ ❛✉ ❜ât✐♠❡♥t ❡t
r❡♣r❡♥❞ s❛ r❛t✐♦♥ ❤✐✈❡r♥❛❧❡✳ ■❧ ❡st ♣♦ss✐❜❧❡ ❞❡ ❧❡ r❡ss♦rt✐r ❧♦rsq✉❡ ❧❡ SHPT ❡st r❡❝♦♥st✐t✉é✳

❊♥ ❝❡ q✉✐ ❝♦♥❝❡r♥❡ ❧❛ tr❛❥❡❝t♦✐r❡ ✐♥❞✐✈✐❞✉❡❧❧❡ ❞❡s ♣❛r❝❡❧❧❡s✱ ✉♥ ❞é❧❛✐ ♠✐♥✐♠✉♠ ❞♦✐t
êtr❡ r❡s♣❡❝té ❡♥tr❡ ❞❡✉① ♣❛ss❛❣❡s ❞❡s ❛♥✐♠❛✉①✱ ♦✉ ❡♥tr❡ ✉♥❡ ❢❛✉❝❤❡ ❡t ❧❡ ♣❛ss❛❣❡ ❞❡s
❛♥✐♠❛✉①✳ ❈❡tt❡ ❞✉ré❡ ♠✐♥✐♠❛❧❡ ❞✬✉♥ ❝②❝❧❡ ❞❡ ❝r♦✐ss❛♥❝❡ ❞❡ ❧✬❤❡r❜❡ ❡st ❞♦♥♥é❡ ♣❛r
❧❡ ♣❛r❛♠ètr❡ delaiMiniPaturage q✉✐ ❡st ✜①é ♣❛r ❞é❢❛✉t à ✷✶ ❥♦✉rs✱ ❝❡ q✉✐ ❡st ✉♥❡
✈❛❧❡✉r ❜❛ss❡ ♣❛r♠✐ ❧❡s ♣r❛t✐q✉❡s ♦❜s❡r✈é❡s s✉r ❧❡ t❡rr❛✐♥✳ ▲❡s ✐♥t❡r✈❛❧❧❡s ré❡❧s ❡♥tr❡
♣ât✉r❛❣❡s s♦♥t ✈❛r✐❛❜❧❡s✱ ❡♥ ❢♦♥❝t✐♦♥ ❞❡s ❝♦♥❞✐t✐♦♥s✳ ❙✐ ❧❛ ♣❛r❝❡❧❧❡ ♥✬❡st ♣❛s ♣ât✉ré❡
♣❡♥❞❛♥t ✉♥ ❝❡rt❛✐♥ t❡♠♣s✱ ❧❛ ❜✐♦♠❛ss❡ ❞❡✈✐❡♥t s✉♣ér✐❡✉r❡ à ✉♥ s❡✉✐❧ ✜①é ✭♣❛r❛♠ètr❡
biomMaxPaturage✮ ❡t ✐❧ ♥✬❡st ♣❧✉s ♣♦ss✐❜❧❡ ❞❡ ❧❛ ❢❛✐r❡ ♣ât✉r❡r✳ ❊❧❧❡ ❡st ❛❧♦rs ❢❛✉❝❤é❡
❧♦rsq✉❡ s❛ ❜✐♦♠❛ss❡ ❛tt❡✐♥t ✉♥ ❛✉tr❡ s❡✉✐❧✱ ❧é❣èr❡♠❡♥t ♣❧✉s é❧❡✈é✳



❉é❝✐s✐♦♥s ❧✐é❡s à ❧✬❛❧✐♠❡♥t❛t✐♦♥ ❞❡s ❜♦✈✐♥s ✶✸✾

✼✳✷✳✸ ▲❛ ❣❡st✐♦♥ ❞✉ ♣ât✉r❛❣❡ ✿ rè❣❧❡s ❞❡ ❞é❝✐s✐♦♥s ✐♠♣❧✐q✉é❡s

➱✈❛❧✉❛t✐♦♥ ❞❡s st♦❝❦s ▲❡ ♣✐❧♦t❛❣❡ ❞✉ ♣ât✉r❛❣❡ ❡st ❜❛sé s✉r ❧✬é✈❛❧✉❛t✐♦♥ ré❣✉❧✐èr❡
❞✉ SHPp ❞✐s♣♦♥✐❜❧❡ s✉r ❝❤❛q✉❡ ♣❛r❝❡❧❧❡✳ P♦✉r ✉♥ ❥♦✉r j✱ SHPp ❡st ❞é✜♥✐ ❞❡ ❧❛ ❢❛ç♦♥
s✉✐✈❛♥t❡ ✿

{

SHPp = (Biomp,j − biomasseSortie) × Surfp s✐ p ❡st ♣ât✉r❛❜❧❡

SHPp = 0 s✐♥♦♥

♦ù ✿
✕ Biomp,j ❡st ❧❛ ❜✐♦♠❛ss❡ ❛ér✐❡♥♥❡✱ ❡♥ kg MS/Ha✱ s✉r p ❛✉ ❥♦✉r j ❀
✕ Surfp ❡st ❧❛ s✉r❢❛❝❡ ❞❡ p✱ ❡♥ Ha✳

▲❛ ♣❛r❝❡❧❧❡ p ❡st ♣ât✉r❛❜❧❡ s✐ ❡t s❡✉❧❡♠❡♥t s✐ ✿
✕ p ❡st ❡♥ ♣r❛✐r✐❡ ❀
✕ p ❡st ❛❝❝❡ss✐❜❧❡ ❛✉ ❧♦t ❞✬❛♥✐♠❛✉① ❝♦♥❝❡r♥é ❀
✕ p ♥✬❛ ♣❛s été ❢❛✉❝❤é❡ ♦✉ ♣ât✉ré❡ ❞❡♣✉✐s ❛✉ ♠♦✐♥s delaiMiniPaturage ❥♦✉rs ❀
✕ Biomp,j ❡st ❝♦♠♣r✐s❡ ❡♥tr❡ ❧❡s s❡✉✐❧s biomasseSortie ❡t biomMaxPaturage✳
▲❛ ♥♦t✐♦♥ ❞❡ st♦❝❦ ❞✬❤❡r❜❡ ♣ât✉r❛❜❧❡ s✬❡♥t❡♥❞ ❞♦♥❝ r❡❧❛t✐✈❡♠❡♥t à ✉♥ ❧♦t ❞✬❛♥✐♠❛✉①✳

➚ ❝❛✉s❡ ❞❡s ❝♦♥tr❛✐♥t❡s ❞✬❛❝❝❡ss✐❜✐❧✐té✱ ❧❛ ✈❛❧❡✉r ❞❡ SHPT ♣❡✉t êtr❡ ❞✐✛ér❡♥t❡ ❡♥tr❡ ❞❡✉①
❧♦ts✳

▼✐s❡ à ❧✬❤❡r❜❡ ❈❤❛q✉❡ ❛♥♥é❡✱ ❞❡✉① ❝♦♥❞✐t✐♦♥s ❞♦✐✈❡♥t êtr❡ ✈ér✐✜é❡s ♣♦✉r q✉❡ ❧❛ ♠✐s❡
à ❧✬❤❡r❜❡ s♦✐t ❡✛❡❝t✉é❡✳ ▲❛ ♣r❡♠✐èr❡ ♣♦rt❡ s✉r ❧❛ ❞❛t❡ ✿ ❧❛ s♦rt✐❡ ♥✬❡st ♣♦ss✐❜❧❡ q✉✬à ♣❛rt✐r
❞✬✉♥❡ ❞❛t❡ ✜①é❡✳ ▲❛ ❞❡✉①✐è♠❡ ❝♦♥❞✐t✐♦♥ ♣♦rt❡ s✉r ❧❡ SHPT q✉✐✱ r❛♣♣♦rté ❛✉ ♥♦♠❜r❡
❞❡ ✈❛❝❤❡s ❧❛✐t✐èr❡s✱ ❞♦✐t êtr❡ s✉♣ér✐❡✉r à ✉♥ s❡✉✐❧ ✜①é✳ ▲❛ ❞❛t❡ ❡t ❧❛ ❜✐♦♠❛ss❡ ♠✐♥✐♠❛❧❡s
s♦♥t ❞❡s ♣❛r❛♠ètr❡s ❞✉ ♠♦❞è❧❡✱ ✜①és ♣❛r ❞é❢❛✉t ❛✉ ✶er ♠❛rs ❡t à ✸✵✵ kg MS/vache✳

●❡st✐♦♥ ❞✬❡♥s❡♠❜❧❡ ❞❡s ♣❛r❝❡❧❧❡s P♦✉r ♣♦✉✈♦✐r ❣ér❡r ❞❡ ❢❛ç♦♥ ❣❧♦❜❛❧❡ ❧❡s ♣❛r❝❡❧❧❡s
❡♥ ♣r❛✐r✐❡✱ ❝❡❧❧❡s✲❝✐ s♦♥t ♣❧❛❝é❡s ❞❛♥s ❞❡s ❣r♦✉♣❡s✳ ❖♥ ❞✐st✐♥❣✉❡ tr♦✐s t②♣❡s ❞❡ ❣r♦✉♣❡s
❞✐✛ér❡♥ts ✿ ♣ât✉r❛❣❡✱ ❜❛♥q✉❡ ❡t ❢❛✉❝❤❡✳ ■❧ ❡①✐st❡ ✉♥ ❣r♦✉♣❡ ♣ât✉r❛❣❡ ♣♦✉r ❝❤❛q✉❡ ❧♦t
❞✬❛♥✐♠❛✉① ❡t ❝❡ ❣r♦✉♣❡ ❝♦♥t✐❡♥t ❧❡s ♣❛r❝❡❧❧❡s ❡♥❣❛❣é❡s ❞❛♥s ❧❛ r♦t❛t✐♦♥ ♣♦✉r ❧❡ ♣ât✉r❛❣❡
❞❡ ❝❡ ❧♦t✳ ▲❡ ❣r♦✉♣❡ ❜❛♥q✉❡ ❡st ✉♥✐q✉❡ ❡t ❝♦♥t✐❡♥t ❞❡s ♣❛r❝❡❧❧❡s q✉✐ ♣❡✉✈❡♥t r❡♥tr❡r ❞❛♥s
❧❛ r♦t❛t✐♦♥ ❞✬✉♥ ❞❡s ❧♦ts s✐ ❜❡s♦✐♥✳ ▲❡ ❣r♦✉♣❡ ❢❛✉❝❤❡ ❝♦♥t✐❡♥t ❧❡s ♣❛r❝❡❧❧❡s q✉✐ ❞♦✐✈❡♥t
êtr❡ ❢❛✉❝❤é❡s ♣r♦❝❤❛✐♥❡♠❡♥t✳

▲❡s ❣r♦✉♣❡s ❞❡ ♣❛r❝❡❧❧❡s s♦♥t ❞②♥❛♠✐q✉❡s✳ ▲♦rsq✉✬✉♥ ❧♦t ♥✬❛ ♣❛s ❛ss❡③ ❞❡ ♣❛r❝❡❧❧❡s
❞❛♥s s❛ r♦t❛t✐♦♥✱ ✐❧ ♣✉✐s❡ ❞❛♥s ❧❛ ❜❛♥q✉❡✱ ❡t ✐♥✈❡rs❡♠❡♥t✳ ❉ès q✉✬✉♥❡ ♣❛r❝❡❧❧❡ ❛ ✉♥❡
❜✐♦♠❛ss❡ tr♦♣ é❧❡✈é❡ ♣♦✉r êtr❡ ♣ât✉ré❡✱ ❡❧❧❡ ♣❛ss❡ ❞❛♥s ❧❡ ❣r♦✉♣❡ ❢❛✉❝❤❡ ❡t r❡✈✐❡♥t ❞❛♥s
❧❛ ❜❛♥q✉❡ ❛♣rès ❧❛ ❢❛✉❝❤❡✳ ❈❡ ❢♦♥❝t✐♦♥♥❡♠❡♥t ❡st ❛❞❛♣té ❞✉ ♠♦❞è❧❡ ❞❡ ❘♦♠❡r❛ ❡t ❛❧✳
✭✷✵✵✹✮✳ ▲❡s ❛❥✉st❡♠❡♥ts ❞❡ ❧❛ ❝♦♠♣♦s✐t✐♦♥ ❞❡s ❣r♦✉♣❡s s♦♥t ❡✛❡❝t✉és ❝❤❛q✉❡ ❢♦✐s q✉❡
♥é❝❡ss❛✐r❡ ❡t ❧❡s rè❣❧❡s s♦♥t ♣ré❝✐sé❡s ❝✐✲❞❡ss♦✉s✳

P♦ss✐❜✐❧✐tés ❞✬❛❥✉st❡♠❡♥t ❞❡s r❛t✐♦♥s ❊♥ ❡♥tré❡ ❞✉ ♠♦❞è❧❡✱ ❧❛ ❞é✜♥✐t✐♦♥ ❞✬✉♥❡
r❛t✐♦♥ ❝♦♥t✐❡♥t ❞❡s ✐♥❢♦r♠❛t✐♦♥s s✉r ❧❡s ❛❧✐♠❡♥ts à ✉t✐❧✐s❡r ♣♦✉r ❛❥✉st❡r ❧❛ r❛t✐♦♥ ❡♥ ❝❛s
❞❡ ❜❡s♦✐♥✳ ❉❛♥s ❧❛ ✈❡rs✐♦♥ ❛❝t✉❡❧❧❡ ❞❡ ▼é❧♦❞✐❡✱ ✐❧ s✬❛❣✐t s✐♠♣❧❡♠❡♥t ❞❡s ❛❧✐♠❡♥ts à



✶✹✵ ❉é❝✐s✐♦♥s ❡♥ ❝♦✉rs ❞✬❛♥♥é❡

❞✐str✐❜✉❡r ❡♥ ♣❧✉s ❧♦rsq✉❡ ❧❡s st♦❝❦s ❞✬❤❡r❜❡ s♦♥t ✐♥s✉✣s❛♥ts✳ ■❧ ♣❡✉t ② ❛✈♦✐r ♣❧✉s✐❡✉rs
❛❧✐♠❡♥ts ✓ ❛❥✉st❛❜❧❡s ✔ ❡♥ ♠ê♠❡ t❡♠♣s✳ ▲✬❛✉❣♠❡♥t❛t✐♦♥ ❞❡ ❧❛ ❞♦s❡ ❞✬❡♥s✐❧❛❣❡ ❞❡ ♠❛ïs✱
♣❛r ❡①❡♠♣❧❡✱ s✬❛❝❝♦♠♣❛❣♥❡ ❡♥ ❣é♥ér❛❧ ❞✬✉♥❡ ❛✉❣♠❡♥t❛t✐♦♥ ♣r♦♣♦rt✐♦♥♥❡❧❧❡ ❞❡ ❧❛ ❞♦s❡
❞❡ t♦✉rt❡❛✉ ❞❡ s♦❥❛✱ ❛✜♥ ❞❡ ❝♦♥s❡r✈❡r ✉♥❡ r❛t✐♦♥ éq✉✐❧✐❜ré❡ ❡♥ t❡r♠❡s ❞✬❛③♦t❡✳

P♦✉r ❞❡s r❛✐s♦♥s t❡❝❤♥✐q✉❡s ✭❞ét❛✐❧❧é❡s ❞❛♥s ❧❛ ❞❡s❝r✐♣t✐♦♥ ❞❡ ❧❛ ♣r♦❝é❞✉r❡ ❞✬❛❥✉st❡✲
♠❡♥t✱ ♣❛r❛❣r❛♣❤❡ s✉✐✈❛♥t✮✱ ❧❡s ❛❥✉st❡♠❡♥ts s♦♥t ré❛❧✐sés ❞❡ ❢❛ç♦♥ ✐tér❛t✐✈❡✱ ❡♥ ♠♦❞✐✜❛♥t
❧❡s q✉❛♥t✐tés ❞✐str✐❜✉é❡s ♣❡t✐t à ♣❡t✐t✳ P♦✉r ❝❤❛q✉❡ ❛❧✐♠❡♥t✱ ❧❛ q✉❛♥t✐té é❧é♠❡♥t❛✐r❡
❡st ❧❛ ✈❛r✐❛t✐♦♥ ❞❡ q✉❛♥t✐té ❛♣♣❧✐q✉é❡ à ❝❤❛q✉❡ ✐tér❛t✐♦♥✳ ■❧ s✬❛❣✐t ❞✬✉♥❡ ❡♥tré❡ ❞✉ ♠♦✲
❞è❧❡✱ s♣é❝✐✜é❡ ♣♦✉r ❝❤❛q✉❡ ❛❧✐♠❡♥t ✓ ❛❥✉st❛❜❧❡ ✔✳ ❈❡❝✐ ♣rés❡♥t❡ ✉♥ ❛✈❛♥t❛❣❡ ❡♥ t❡r♠❡s
❞❡ ♠♦❞é❧✐s❛t✐♦♥ ❧♦rsq✉❡ ♣❧✉s✐❡✉rs ❛❧✐♠❡♥ts s♦♥t ❛❥✉st❛❜❧❡s✱ ❞❛♥s ❧❡ s❡♥s ♦ù ❧❡s q✉❛♥✲
t✐tés é❧é♠❡♥t❛✐r❡s ✈é❤✐❝✉❧❡♥t é❣❛❧❡♠❡♥t ❧❡s r❛♣♣♦rts ❡♥tr❡ ❧❡s ❞✐✛ér❡♥ts ❛❧✐♠❡♥ts✳ P❛r
❡①❡♠♣❧❡✱ ❞❛♥s ❧❡ ❝❛s ❞✉ t♦✉rt❡❛✉ ❞❡ s♦❥❛ ❡t ❞❡ ❧✬❡♥s✐❧❛❣❡ ❞❡ ♠❛ïs✱ ♦♥ s♦✉❤❛✐t❡ ❞✐str✐❜✉❡r
175 g ❞✉ ♣r❡♠✐❡r ♣♦✉r ❝❤❛q✉❡ kg ❞✉ s❡❝♦♥❞✳ P♦✉r ✐♥té❣r❡r ❝❡tt❡ rè❣❧❡✱ ✐❧ s✉✣t ❞❡ ✜①❡r
❧❡s q✉❛♥t✐tés é❧é♠❡♥t❛✐r❡s à r❡s♣❡❝t✐✈❡♠❡♥t 0, 175 kg ❡t 1 kg✳

▲❡s q✉❛♥t✐tés ❞✬❛❧✐♠❡♥ts ❝♦♠♣❧é♠❡♥t❛✐r❡s s♦♥t ♣❧❛❢♦♥♥é❡s ♣❛r ✉♥ ♣❛r❛♠ètr❡ ❞✬❡♥tré❡
❞✉ ♠♦❞è❧❡✳ ▲❡ ♣❧❛❢♦♥❞ ❡st ❧❡ ♠ê♠❡ ♣♦✉r t♦✉s ❧❡s ❛❧✐♠❡♥ts ❝♦♠♣❧é♠❡♥t❛✐r❡s✱ ♠❛✐s ❞ès
q✉✬✉♥ ❛❧✐♠❡♥t ❛tt❡✐♥t ❝❡tt❡ q✉❛♥t✐té✱ ❧❡s ❛❥✉st❡♠❡♥ts ❝❡ss❡♥t ✿ ♦♥ ♥❡ ❝♦♥t✐♥✉❡ ♣❛s à
❛✉❣♠❡♥t❡r ❧❛ q✉❛♥t✐té ❞❡s ❛✉tr❡s ❛❧✐♠❡♥ts✳

❉❛♥s ❝❡rt❛✐♥s ❝❛s✱ ✐❧ ❡st ♣♦ss✐❜❧❡ q✉✬✉♥ ❛❧✐♠❡♥t ❝♦♠♣❧é♠❡♥t❛✐r❡ s♦✐t ❧✉✐✲♠ê♠❡ é♣✉✐sé✱
❢❛✐s❛♥t é❝❤♦✉❡r ❧✬❛❥✉st❡♠❡♥t ❞❡ ❧❛ r❛t✐♦♥✳ P♦✉r ♣♦✉✈♦✐r ♣r♦♣♦s❡r ❞❡s s♦❧✉t✐♦♥s ❞❡ r❡♣❧✐
❞❛♥s ❝❡ ❝❛s ❞❡ ✜❣✉r❡✱ ♦♥ ❞é✜♥✐t ❡♥ ❢❛✐t ❞❡s ❣r♦✉♣❡s ❞✬❛❧✐♠❡♥ts ❛❥✉st❛❜❧❡s✳ ❈❤❛q✉❡ ❣r♦✉♣❡
❡st ❞é✜♥✐ ♣❛r ✉♥ r❛♥❣✳ ▲♦rs ❞✬✉♥ ❛❥✉st❡♠❡♥t ❞❡ r❛t✐♦♥✱ ♦♥ ❝♦♠♠❡♥❝❡ ♣❛r ✉t✐❧✐s❡r ❧❡s
❛❧✐♠❡♥ts ❛❥✉st❛❜❧❡s ❞❡ r❛♥❣ 1✳ ❙✐ ❝❡ ♥✬❡st ♣❛s ♣♦ss✐❜❧❡✱ ♦♥ ✉t✐❧✐s❡ ❧❡ r❛♥❣ 2✱ ❡t ❛✐♥s✐ ❞❡
s✉✐t❡✳ ■❞é❛❧❡♠❡♥t✱ ❧❡ ❞❡r♥✐❡r r❛♥❣ ❞❡✈r❛✐t êtr❡ ❝♦♥st✐t✉é ❞✬❛❧✐♠❡♥ts ❛❝❤❡tés✱ ❛✜♥ q✉✬❛✉❝✉♥
é❝❤❡❝ ♥❡ s♦✐t ♣♦ss✐❜❧❡✳ ❈❡♣❡♥❞❛♥t✱ ❞❛♥s ❧❛ ♣❧✉♣❛rt ❞❡s ❝❛s✱ ✉♥ s❡✉❧ r❛♥❣ ❞✬❛❥✉st❡♠❡♥t ❡st
❛♠♣❧❡♠❡♥t s✉✣s❛♥t ❡t ✐❧ ♥✬❡st ♣❛s ♥é❝❡ss❛✐r❡ ♣♦✉r ❧✬✉t✐❧✐s❛t❡✉r ❞❡ ❞é✜♥✐r ❞❡ ♥♦♠❜r❡✉s❡s
♦♣t✐♦♥s ❞❡ r❡♣❧✐ ♣♦✉r ❝❤❛q✉❡ r❛t✐♦♥✳

❆❥✉st❡♠❡♥ts ❧♦rs ❞❡s ❝❤❛♥❣❡♠❡♥ts ❞❡ ♣❛r❝❡❧❧❡ ✭✈♦✐r ✜❣✳ ✼✳✶✮ ▲❛ ♠♦❞✐✜❝❛t✐♦♥
❞❡s q✉❛♥t✐tés ❞✬❛❧✐♠❡♥ts ❝♦♠♣❧é♠❡♥t❛✐r❡s ♥✬❡st ♣♦ss✐❜❧❡ q✉❡ ❧♦rs ❞❡s ❝❤❛♥❣❡♠❡♥ts ❞❡
♣❛r❝❡❧❧❡✱ ❝❛r ❧❡s éq✉❛t✐♦♥s ❞❡ ♣ré✈✐s✐♦♥ ❞❡ ❧✬✐♥❣❡st✐♦♥ ❛✉ ♣ât✉r❛❣❡ ♥❡ s✬❛♣♣❧✐q✉❡♥t ♣❛s
s✐ ❧❛ r❛t✐♦♥ ❝❤❛♥❣❡ ❡♥ ❝♦✉rs ❞❡ ♣ât✉r❛❣❡ ❞✬✉♥❡ ♣❛r❝❡❧❧❡✳ ▲✬❡①❛♠❡♥ ❞❡s rè❣❧❡s ♣♦✉r ❧❛
❝♦♠♣♦s✐t✐♦♥ ❞❡s ❣r♦✉♣❡s ❡t ❧❛ ❞✐str✐❜✉t✐♦♥ ❞✬❛❧✐♠❡♥ts ❝♦♠♣❧é♠❡♥t❛✐r❡s ♥✬❡st ❞♦♥❝ ré❛❧✐sé
q✉❡ ❧♦rs ❞❡s ❝❤❛♥❣❡♠❡♥ts ❞❡ ♣❛r❝❡❧❧❡✳

▲❡s ❛❥✉st❡♠❡♥ts s♦♥t ❜❛sés s✉r ❧❡ ♥♦♠❜r❡ ❞❡ ❥♦✉rs ❞❡ ❞❡♠❛♥❞❡ ✭NbJDem✮✱ ❞é✜♥✐
❝♦♠♠❡ ❧❡ ♥♦♠❜r❡ ❞❡ ❥♦✉rs ♣❡♥❞❛♥t ❧❡q✉❡❧ ❧❡ ❧♦t ♣♦✉rr❛✐t êtr❡ ♥♦✉rr✐ ❛✈❡❝ s❛ r❛t✐♦♥
❛❝t✉❡❧❧❡✱ ❛✈❡❝ ❧❡ st♦❝❦ ❞✬❤❡r❜❡ ❝♦✉r❛♥t ✭s❛♥s t❡♥✐r ❝♦♠♣t❡ ❞❡ ❧❛ ❝r♦✐ss❛♥❝❡✮✳

NbJDem =

∑

p SHPp

QIherbe

=
SHPT

QIherbe

♦ù ✿
✕ QIherbe ❡st ❧❛ q✉❛♥t✐té ❞✬❤❡r❜❡ ✐♥❣éré❡ q✉♦t✐❞✐❡♥♥❡♠❡♥t ♣❛r ❧❡ ❧♦t
❈♦♠♠❡ ❧❛ SHPT ❞é♣❡♥❞ ❞✉ ❧♦t ❞✬❛♥✐♠❛✉①✱ à ❝❛✉s❡ ❞❡s ❝♦♥tr❛✐♥t❡s ❞✬❛❝❝❡ss✐❜✐❧✐té✱

❧❡ ♥♦♠❜r❡ ❞❡ ❥♦✉rs ❞❡ ❞❡♠❛♥❞❡ ❡st é❣❛❧❡♠❡♥t ❝❛❧❝✉❧é ♣♦✉r ❝❤❛q✉❡ ❧♦t✳



❉é❝✐s✐♦♥s ❧✐é❡s à ❧✬❛❧✐♠❡♥t❛t✐♦♥ ❞❡s ❜♦✈✐♥s ✶✹✶

❉❡s s❡✉✐❧s ♠✐♥✐♠✉♠ ✭seuilBas✮ ❡t ♠❛①✐♠✉♠ ✭seuilHaut✮ ♣♦✉r NbJDem s♦♥t ✜①és
❡♥ ❡♥tré❡ ❞✉ ♠♦❞è❧❡✳ ■❧s s♦♥t ❝♦♥s✐❞érés ❝♦♠♠❡ ❝♦♥st❛♥ts ❛✉ ❝♦✉rs ❞❡ ❧✬❛♥♥é❡ ❞❛♥s ❧❛
✈❡rs✐♦♥ ❛❝t✉❡❧❧❡ ❞❡ ▼é❧♦❞✐❡✱ ♠ê♠❡ s✬✐❧ s❡r❛✐t ❧♦❣✐q✉❡ ❞❡ ♠♦❞✐✜❡r ❧❡s s❡✉✐❧s ❡♥ ❢♦♥❝t✐♦♥
❞❡ ❧❛ ❝r♦✐ss❛♥❝❡ ❞❡ ❧✬❤❡r❜❡ ❛✉ ❝♦✉rs ❞❡ ❧✬❛♥♥é❡✳ ❙✐ NbJDem ❡st ❞❛♥s ❧✬✐♥t❡r✈❛❧❧❡✱ ❧❡s
❣r♦✉♣❡s ❞❡ ♣❛r❝❡❧❧❡s ♥❡ s♦♥t ♣❛s ♠♦❞✐✜és ❡t ❧❡ ❧♦t ❝♦♥s❡r✈❡ ❧❛ ♠ê♠❡ r❛t✐♦♥ q✉❡ ♣♦✉r ❧❛
♣❛r❝❡❧❧❡ ♣ât✉ré❡ ♣ré❝é❞❡♥t❡ ✭❋✐❣✳ ✼✳✷✮✳ ❖♥ ♥♦t❡r❛ q✉❡ ❝❡tt❡ r❛t✐♦♥ ♣❡✉t é✈❡♥t✉❡❧❧❡♠❡♥t
❝♦♥t❡♥✐r ❞❡s ❛❧✐♠❡♥ts ❝♦♠♣❧é♠❡♥t❛✐r❡s✱ ❞♦♥t ❧❛ ❞✐str✐❜✉t✐♦♥ ❛ été ❞é❝✐❞é❡ ♣❧✉s tôt ❞❛♥s
❧❛ ♣ér✐♦❞❡ ❞❡ ♣ât✉r❛❣❡✳ ❉❡ ♥♦✉✈❡❛✉① ❛❥✉st❡♠❡♥ts s♦♥t ré❛❧✐sés s✐ NbJDem ♥✬❡st ♣❛s
❞❛♥s ❧✬✐♥t❡r✈❛❧❧❡ s♣é❝✐✜é✳ ❙✐ NbJDem ❡st tr♦♣ ❢❛✐❜❧❡✱ ❧❡ ♣✐❧♦t❡ ❞✉ s②stè♠❡ ♣ré❧è✈❡ ✉♥❡
♣❛r❝❡❧❧❡ ❞❛♥s ❧❛ ❜❛♥q✉❡ ❡t ❧❛ ♣❧❛❝❡ ❞❛♥s ❧❡ ❣r♦✉♣❡ rés❡r✈é ♣♦✉r ❧❡ ♣ât✉r❛❣❡ ❞✉ ❧♦t✳
❙✐ ❛✉❝✉♥❡ ♣❛r❝❡❧❧❡ ♥✬❡st ❞✐s♣♦♥✐❜❧❡✱ ❞❡s ❛❧✐♠❡♥ts ❝♦♠♣❧é♠❡♥t❛✐r❡s s♦♥t ❞✐str✐❜✉és ❡♥
q✉❛♥t✐tés ♣❧✉s ✐♠♣♦rt❛♥t❡s✳ ■♥✈❡rs❡♠❡♥t✱ s✐ NbJDem ❡st tr♦♣ é❧❡✈é✱ ❧❡ ♣✐❧♦t❡ ré❞✉✐t ❧❛
q✉❛♥t✐té ❞✬❛❧✐♠❡♥t ❝♦♠♣❧é♠❡♥t❛✐r❡ ❞✐str✐❜✉és ✭❧❡ ❝❛s é❝❤é❛♥t✮✱ ♣✉✐s ❧✐❜èr❡ ❞❡s ♣❛r❝❡❧❧❡s
❞✉ ❣r♦✉♣❡ rés❡r✈é ♣♦✉r ❧❡ ♣ât✉r❛❣❡✳ ▲❡s ❛❧❣♦r✐t❤♠❡s ❞❡ ❝❛❧❝✉❧ ❞❡ ❧✬✐♥❣❡st✐♦♥ s♦♥t t❡❧s
q✉✬✐❧ ♥✬❡st ♣❛s ♣♦ss✐❜❧❡ ❞❡ ❝❛❧❝✉❧❡r ❧❡s q✉❛♥t✐tés ❞✬❛❧✐♠❡♥t ❝♦♠♣❧é♠❡♥t❛✐r❡ à ❞✐str✐❜✉❡r
♣♦✉r ❛tt❡✐♥❞r❡ ❧✬✐♥❣❡st✐♦♥ ❞✬❤❡r❜❡ ❝✐❜❧é❡✳ ❖♥ ♣r♦❝è❞❡ ❞♦♥❝ ♣❛r ✐tér❛t✐♦♥✱ ❡♥ ♠♦❞✐✜❛♥t
❧❡s q✉❛♥t✐tés ❞✐str✐❜✉é❡s ❥✉sq✉✬à ❛tt❡✐♥❞r❡ ❧✬♦❜❥❡❝t✐❢ ✭❋✐❣✳ ✼✳✷✮✳ ❆ ❝❤❛q✉❡ ✐tér❛t✐♦♥✱ ♦♥
✉t✐❧✐s❡ ❧❛ q✉❛♥t✐té é❧é♠❡♥t❛✐r❡ ❞é✜♥✐❡ ♣♦✉r ❝❤❛q✉❡ ❛❧✐♠❡♥t ❛❥✉st❛❜❧❡✳

▲❛ ♣r♦❝é❞✉r❡ ❞✬❛❥✉st❡♠❡♥t ❡st ré♣été❡ t❛♥t q✉❡ ❧❛ ✈❛❧❡✉r ❞❡ NbJDem ♥✬❡st ♣❛s
❝♦♥✈❡♥❛❜❧❡ ❡t q✉✬✐❧ r❡st❡ ❞❡s ♣❛r❝❡❧❧❡s à é❝❤❛♥❣❡r ❞❛♥s ❧❛ ❜❛♥q✉❡ ♦✉ q✉❡ ❧❛ q✉❛♥t✐té
❞✬❛❧✐♠❡♥t ❝♦♠♣❧é♠❡♥t❛✐r❡ ♥✬❡st ♥✐ ♥✉❧❧❡ ♥✐ ♠❛①✐♠❛❧❡ ✭❋✐❣✳ ✼✳✷✮✳ P♦✉r r❡♥❢♦r❝❡r ❧❛ ❞✐✲
♠❡♥s✐♦♥ ❛♥t✐❝✐♣❛tr✐❝❡ ❞✉ ♣✐❧♦t❛❣❡✱ ❧❡s ✈❛❧❡✉rs ❞❡ NbJDem q✉❡ ❧✬♦♥ s♦✉❤❛✐t❡ ❛tt❡✐♥❞r❡
❛♣rès ❧✬❛❥✉st❡♠❡♥t s♦♥t ♣❧✉s str✐❝t❡s q✉❡ ❧❡s s❡✉✐❧s q✉✐ ❞é❝❧❡♥❝❤❡♥t ❧✬❛❥✉st❡♠❡♥t ✭✈♦✐r
✜❣✳ ✼✳✶✮✳ ▲❛ ❝♦♥❞✐t✐♦♥ q✉✐ ❞♦✐t êtr❡ ✈ér✐✜é❡ ❡st ❧❛ s✉✐✈❛♥t❡ ✿

3 × seuilBas + seuilHaut

4
≤ NbJDem ≤

seuilBas + 3 × seuilHaut

4

P❛ss❛❣❡ ❞❛♥s ❧❛ ♣❛r❝❡❧❧❡ s✉✐✈❛♥t❡ ❯♥❡ ❢♦✐s ❧❡s ❛❥✉st❡♠❡♥ts ré❛❧✐sés✱ ❧❡ ♣✐❧♦t❡ ♣r♦✲
❝è❞❡ ❛✉ ❝❤♦✐① ❞❡ ❧❛ ♣❛r❝❡❧❧❡ à ♣ât✉r❡r ❡t ❛✉ ❝❛❧❝✉❧ ❞✉ t❡♠♣s ❞❡ sé❥♦✉r✳ ▲❛ ♣❛r❝❡❧❧❡ ❝❤♦✐s✐❡
❡st ❝❡❧❧❡ ❞♦♥t ❧❛ ❜✐♦♠❛ss❡ ♣❛r ❤❡❝t❛r❡ ❡st ❧❛ ♣❧✉s é❧❡✈é❡ ❛✉ s❡✐♥ ❞✉ ❣r♦✉♣❡ rés❡r✈é ♣♦✉r
❧❡ ♣ât✉r❛❣❡ ❞✉ ❧♦t✳ ▲❡ t❡♠♣s ❞❡ sé❥♦✉r ❡st ❧❡ ♣❧✉s ❧♦♥❣ ♣♦ss✐❜❧❡✱ s❛♥s q✉❡ ❧❛ ❜✐♦♠❛ss❡ à
❧❛ s♦rt✐❡ ❞❡s ❛♥✐♠❛✉① ♥❡ ❞❡✈✐❡♥♥❡ ✐♥❢ér✐❡✉r❡ ❛✉ s❡✉✐❧ biomasseSortie✳ ❖♥ s✉♣♣♦s❡ q✉❡
❧❛ ❝r♦✐ss❛♥❝❡ ❞❡ ❧✬❤❡r❜❡ s❡r❛ ✐♥❢ér✐❡✉r❡ ❞❡ ♠♦✐t✐é à ❧❛ ♠♦②❡♥♥❡ ♠♦❜✐❧❡ ❞❡s tr♦✐s ❥♦✉rs
♣ré❝é❞❛♥t ❧✬❡♥tré❡✱ à ❝❛✉s❡ ❞❡s ❞♦♠♠❛❣❡s ❧✐és ❛✉ ♣ât✉r❛❣❡✳

▲❡ s❡✉✐❧ biomasseSortie ❡st ❝♦♥st❛♥t✱ ♠ê♠❡ s✐✱ ❡♥ t♦✉t❡ r✐❣✉❡✉r✱ ❧❛ ❜✐♦♠❛ss❡ ❡♥
s♦rt✐❡ ❞❡ ♣❛r❝❡❧❧❡ ❞❡✈r❛✐t êtr❡ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ❜✐♦♠❛ss❡ ❡♥ ❡♥tré❡ ♣♦✉r t❡♥✐r ❝♦♠♣t❡ ❞❡
❧✬❤étér♦❣é♥é✐té ✈❡rt✐❝❛❧❡ ❞❡ ❧❛ q✉❛❧✐té ❞❡ ❧✬❤❡r❜❡✳

❘❡♥tré❡ ❛✉ ❜ât✐♠❡♥t ❈♦♠♠❡ ♣♦✉r ❧❛ ♠✐s❡ à ❧✬❤❡r❜❡✱ ❧❛ r❡♥tré❡ ❛✉ ❜ât✐♠❡♥t ❝♦♥t✐❡♥t
✉♥❡ ❝♦♥❞✐t✐♦♥ s✉r ❧❛ ❞❛t❡ ❡t ✉♥❡ ❝♦♥❞✐t✐♦♥ s✉r ❧❛ ❜✐♦♠❛ss❡ ❞✐s♣♦♥✐❜❧❡✳ ❯♥ ❧♦t ❞✬❛♥✐♠❛✉①
❡st r❡♥tré ❛✉ ❜ât✐♠❡♥t s✐ ✉♥❡ ❞❛t❡ ❧✐♠✐t❡ ✜①é❡ ❡st ❞é♣❛ssé❡✱ ♦✉ s✐ ❛✉❝✉♥❡ ♣❛r❝❡❧❧❡ ♥✬❛
✉♥ SHPp s✉✣s❛♥t ♣♦✉r ♥♦✉rr✐r ❧❡ ❧♦t ♣❡♥❞❛♥t ✉♥ ❥♦✉r✳ ▲❡ ♠♦♠❡♥t ♦ù ❝❡tt❡ ❞❡r♥✐èr❡
❝♦♥❞✐t✐♦♥ ❞❡✈✐❡♥t ✈r❛✐❡ ❞é♣❡♥❞ ♥♦t❛♠♠❡♥t ❞❡ ❧❛ q✉❛♥t✐té ♠❛①✐♠❛❧❡ ❞✬❛❧✐♠❡♥t ❝♦♠♣❧é✲
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❋✐❣✳ ✼✳✷ ✕ ❆❧❣♦r✐t❤♠❡ ✉t✐❧✐sé ♣♦✉r ❧❡s ❞é❝✐s✐♦♥s ♣r✐s❡s ❧♦rs ❞❡s ❝❤❛♥❣❡♠❡♥ts ❞❡ ♣❛r❝❡❧❧❡ ♣ât✉ré❡



❉é❝✐s✐♦♥s ❧✐é❡s à ❧✬❛❧✐♠❡♥t❛t✐♦♥ ❞❡s ❜♦✈✐♥s ✶✹✸

♠❡♥t❛✐r❡ ❞✐str✐❜✉é❡✳ ❙✐ ❝❡tt❡ q✉❛♥t✐té ❡st ❢❛✐❜❧❡✱ ❧❡s ❞❡r♥✐❡rs st♦❝❦s ❞✬❤❡r❜❡ ❞❡ ❧✬❛♥♥é❡
s❡r♦♥t ❝♦♥s♦♠♠és r❛♣✐❞❡♠❡♥t✱ ❡t ✐♥✈❡rs❡♠❡♥t✳

✼✳✷✳✹ ■♥s❡rt✐♦♥ ❞❛♥s ▼é❧♦❞✐❡

❉❡✉① ♦❜❥❡ts ♣❛rt✐❝✐♣❡♥t à ❧❛ ♣❧❛♥✐✜❝❛t✐♦♥ ❞❡ ❧✬❛❧✐♠❡♥t❛t✐♦♥ ♣♦✉r ✉♥ ❧♦t ✿ ❞✬✉♥❡
♣❛rt ❧❡ ♣❧❛♥ ❞✬❛❧✐♠❡♥t❛t✐♦♥ ♣r♦♣r❡♠❡♥t ❞✐t✱ ❝✬❡st✲à✲❞✐r❡ ❧❛ s♣é❝✐✜❝❛t✐♦♥ ❞❡s ❞✐✛ér❡♥t❡s
r❛t✐♦♥s s✉❝❝❡ss✐✈❡♠❡♥t ✉t✐❧✐sé❡s ❛✉ ❝♦✉rs ❞❡ ❧✬❛♥♥é❡ ❡t ❞✬❛✉tr❡ ♣❛rt ✉♥ ♣❧❛♥ ❞✬❛❝t✐✈✐tés
✭✈♦✐r ✜❣✉r❡s ✼✳✸ ❡t ✼✳✹✮✳ ▲❡ ♣❧❛♥ ❞✬❛❧✐♠❡♥t❛t✐♦♥ ❡st ♣r✐♥❝✐♣❛❧❡♠❡♥t ✉t✐❧✐sé ❛✉ ♥✐✈❡❛✉ ❞✉
s②stè♠❡ ❜✐♦t❡❝❤♥✐q✉❡✱ ♣♦✉r ❧❡ ❝❛❧❝✉❧ ❞❡ ❧✬✐♥❣❡st✐♦♥ ❡t ❞❡s ✢✉① ❞❡ ♠❛t✐èr❡ ❛✉ ♥✐✈❡❛✉ ❞✉
❧♦t ❡♥ ❢♦♥❝t✐♦♥ ❞❡ s❛ r❛t✐♦♥ ❝♦✉r❛♥t❡✳ ▲❡ ♣❧❛♥ ❞✬❛❝t✐✈✐tés ♣♦rt❡ ❧❡s é❧é♠❡♥ts ♥é❝❡ss❛✐r❡s
❛✉ ♣✐❧♦t❛❣❡ ❞❡ ❧✬❛❧✐♠❡♥t❛t✐♦♥✳ ■❧ ❣èr❡ ❧❡s tr❛♥s✐t✐♦♥s ❡♥tr❡ ❧❡s ❞✐✛ér❡♥t❡s r❛t✐♦♥s ❛✐♥s✐
q✉❡ ❧❡s ♠♦✉✈❡♠❡♥ts ❞✉ tr♦✉♣❡❛✉ ❞❡ ❢❛ç♦♥ ❝♦♦r❞♦♥♥é❡✳ ▲❡s ❛❥✉st❡♠❡♥ts ❞❡ r❛t✐♦♥ ❡t ❞❡
❣r♦✉♣❡s ❞❡ ♣❛r❝❡❧❧❡s s♦♥t é❣❛❧❡♠❡♥t ré❛❧✐sés ❞❛♥s ❧❡ ❝❛❞r❡ ❞❡ ❝❡s ❛❝t✐✈✐tés✳ ❊♥ ❞✬❛✉tr❡s
t❡r♠❡s✱ ❧❡s rè❣❧❡s ❞❡ ❞é❝✐s✐♦♥ ❞é❝r✐t❡s ❞❛♥s ❧❛ ♣❛rt✐❡ ♣ré❝é❞❡♥t❡ s♦♥t t♦✉t❡s ✐♥séré❡s ❞❛♥s
❝❡ ♣❧❛♥ ❞✬❛❝t✐✈✐tés✱ à ❞✐✛ér❡♥ts ♥✐✈❡❛✉①✳

■❧ ❝♦♥✈✐❡♥t ❞❡ ♥♦t❡r q✉❡ ❧❡ ♣❧❛♥ ❞✬❛❧✐♠❡♥t❛t✐♦♥ ❡t ❧❡ ♣❧❛♥ ❞✬❛❝t✐✈✐tés ♥❡ s♦♥t ♣❛s ❞é✲
❝r✐ts ❞✐r❡❝t❡♠❡♥t ❞❛♥s ❧❡ s✐♠✉❧❛t❡✉r✳ ■❧s s♦♥t s♣é❝✐✜és ❞❛♥s ❧❡s ✜❝❤✐❡rs ❞✬❡♥tré❡ ✭❋✐❣✳✼✳✹✮
❡t ♥❡ s♦♥t ❞♦♥❝ ♣❛s ✜❣és✳ ▲❛ ❞❡s❝r✐♣t✐♦♥ ❢❛✐t❡ ✐❝✐ ❝♦♥✈✐❡♥t ❛✉① s✐♠✉❧❛t✐♦♥s ♣rés❡♥té❡s
❞❛♥s ❧❡ ❝❤❛♣✐tr❡ ✽✱ ♠❛✐s ✉♥ ❢♦♥❝t✐♦♥♥❡♠❡♥t ❞✐✛ér❡♥t✱ é✈❡♥t✉❡❧❧❡♠❡♥t ♣❧✉s é❧❛❜♦ré✱ ♣❡✉t
êtr❡ ❡♥✈✐s❛❣é ♣♦✉r ❞✬❛✉tr❡s s✐♠✉❧❛t✐♦♥s✳ ▲❡s rè❣❧❡s ❞❡ ❞é❝✐s✐♦♥ q✉✐ ❣èr❡♥t ❧❡s ♠♦✉✈❡♠❡♥ts
❞✉ tr♦✉♣❡❛✉ ❡t ❧❡s ♣❛r❝❡❧❧❡s s♦♥t ✐♥té❣ré❡s ❞✐r❡❝t❡♠❡♥t ❞❛♥s ❧❡ ❝♦❞❡ ❞✉ s✐♠✉❧❛t❡✉r✱ ♠❛✐s
✐❧ ❡st ♣♦ss✐❜❧❡ ❞✬❡♥ ❛❥♦✉t❡r ❞❡ ♥♦✉✈❡❧❧❡s✳

❆✉ ♣❧✉s ❤❛✉t ♥✐✈❡❛✉✱ ❧❡ ♣❧❛♥ ❞✬❛❝t✐✈✐tés ♣♦✉r ❧❛ ❣❡st✐♦♥ ❞❡ ❧✬❛❧✐♠❡♥t❛t✐♦♥ ❡st ❝♦♠♣♦sé
❞✬✉♥❡ ✐tér❛t✐♦♥ ❞♦♥t ❧✬✉♥✐q✉❡ é❧é♠❡♥t ❡st ✉♥❡ séq✉❡♥❝❡ ❞✬❛❝t✐✈✐tés ✭♦♣ér❛t❡✉r ❞✬❛❣ré❣❛✲
t✐♦♥ ❜❡❢♦r❡✮✳ ❈❡tt❡ séq✉❡♥❝❡ ❞✬❛❝t✐✈✐tés ❡st ❞♦♥❝ ❡①é❝✉té❡ ❞❡ ❢❛ç♦♥ ré♣ét✐t✐✈❡ ❛✉ ❝♦✉rs
❞✬✉♥❡ s✐♠✉❧❛t✐♦♥✳ ❊❧❧❡ ❞é❝r✐t ❧❡ ♣❛ss❛❣❡ ❞❡ ❧❛ r❛t✐♦♥ ❡♥ ❜ât✐♠❡♥t ✭r❛t✐♦♥ ❞✬❤✐✈❡r✮ ❛✉①
r❛t✐♦♥s ✐♥❝❧✉❛♥t ❧❡ ♣ât✉r❛❣❡✱ ♣✉✐s ❧❡ r❡t♦✉r à ❧❛ r❛t✐♦♥ ❡♥ ❜ât✐♠❡♥t✳ ❈♦♠♠❡ ♠❡♥t✐♦♥♥é
❡♥ ✼✳✷✳✶✱ ✐❧ ❡st ♣♦ss✐❜❧❡ q✉✬✉♥ ❧♦t ❛✉ ♣ât✉r❛❣❡ r❡♥tr❡ ❛✉ ❜ât✐♠❡♥t ♣r♦✈✐s♦✐r❡♠❡♥t✱ ❛✈❛♥t
❞❡ r❡ss♦rt✐r ❧♦rsq✉❡ ❧❡s st♦❝❦s ❞✬❤❡r❜❡ s♦♥t r❡❝♦♥st✐t✉és✳ ▲❛ séq✉❡♥❝❡ ❞✬❛❝t✐✈✐tés ❡st ❞♦♥❝
♣♦t❡♥t✐❡❧❧❡♠❡♥t ré♣été❡ ♣❧✉s✐❡✉rs ❢♦✐s ♣❛r ❛♥✳

❆✉ ❞é♣❛rt✱ ❧❡ ❧♦t ❡st ❡♥ ❜ât✐♠❡♥t✳ ▲♦rsq✉❡ ❧❛ rè❣❧❡ ❞❡ s♦rt✐❡ ❛✉ ♣ât✉r❛❣❡ ❞❡✈✐❡♥t ✈r❛✐❡✱
✐❧ ❢❛✉t s✐♠✉❧t❛♥é♠❡♥t ✭✐✮ ❞é♣❧❛❝❡r ❧❡ ❧♦t ✐♠♠é❞✐❛t❡♠❡♥t ♣✉✐s à ❝❤❛q✉❡ ❝❤❛♥❣❡♠❡♥t ❞❡
♣❛r❝❡❧❧❡ ❡t ✭✐✐✮ ♣❛ss❡r à ✉♥❡ ❛✉tr❡ r❛t✐♦♥ ❞✉ ♣❧❛♥ ❞✬❛❧✐♠❡♥t❛t✐♦♥✳ ❉❛♥s ▼é❧♦❞✐❡✱ ❞é✲
♣❧❛❝❡r ✉♥ ❧♦t s✐❣♥✐✜❡ ♠♦❞✐✜❡r ❧❡ t❛❜❧❡❛✉ ❞♦♥♥❛♥t ❧❡s ❧✐❡✉① q✉✬✐❧ ♦❝❝✉♣❡ ❛✉ ❝♦✉rs ❞❡ ❧❛
❥♦✉r♥é❡✱ ❝❡ q✉✐ ♠♦❞✐✜❡ ❧❡ ❞❡✈❡♥✐r ❞❡s ❡✤✉❡♥ts✳ ❖♥ ♣❡✉t ❞✐st✐♥❣✉❡r ❞❡✉① ❞é♣❧❛❝❡♠❡♥ts
❞✐✛ér❡♥ts ✿ ✉♥❡ ♠♦❞✐✜❝❛t✐♦♥ ❧✐é❡ à ✉♥ ❝❤❛♥❣❡♠❡♥t ❞❡ r❛t✐♦♥ ❡t ✉♥ s✐♠♣❧❡ ❝❤❛♥❣❡♠❡♥t
❞❡ ♣❛r❝❡❧❧❡ ♣ât✉ré❡✳ ▲❛ ♣r❡♠✐èr❡ ♠♦❞✐✜❝❛t✐♦♥ ❡st ❡✛❡❝t✉é❡ ❡♥ ♠ê♠❡ t❡♠♣s q✉❡ ❧❡ ❝❤❛♥✲
❣❡♠❡♥t ❞❡ r❛t✐♦♥✳ ❊♥ ❡✛❡t✱ ❡♥ é❧❡✈❛❣❡ ❜♦✈✐♥✱ ❧❡s ❧✐❡✉① ♦❝❝✉♣és ♣❛r ✉♥ ❧♦t s♦♥t ❢♦rt❡♠❡♥t
❞ét❡r♠✐♥és ♣❛r ❧❛ r❛t✐♦♥ q✉✬✐❧ ❝♦♥s♦♠♠❡✳ ❈❡s ❧✐❡✉① s♦♥t ❞♦♥❝ ❞é✜♥✐s ❡♥ ❡♥tré❡ ❞✉ ♠♦❞è❧❡
♣♦✉r ❝❤❛q✉❡ r❛t✐♦♥✳

▲❛ séq✉❡♥❝❡ ❞✬❛❝t✐✈✐tés ❣ér❛♥t ❧✬❛❧✐♠❡♥t❛t✐♦♥ ❛ ♣♦✉r ♣r❡♠✐❡r é❧é♠❡♥t ✉♥❡ ❛❝t✐✈✐té ❞❡
t②♣❡ ❝♦st❛rt✐♥❣✱ ❛♣♣❡❧é❡ ❙❛✐s♦♥P❛t✉r❛❣❡ ✭✈♦✐r ❋✐❣ ✼✳✸✮✳ ❈♦st❛rt✐♥❣ ❡st ✉♥ ♦♣ér❛t❡✉r
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❋✐❣✳ ✼✳✸ ✕ ▲✬❛❧✐♠❡♥t❛t✐♦♥ ❡st ❣éré❡ ♣❛r ❧❛ ❝♦♠❜✐♥❛✐s♦♥ ❞✬✉♥ ♣❧❛♥ ❞✬❛❧✐♠❡♥t❛t✐♦♥ ❡t ❞✬✉♥ ♣❧❛♥ ❞✬❛❝t✐✈✐tés ♣♦rt❛♥t ❧❡s é❧é♠❡♥ts
❞❡ ♣✐❧♦t❛❣❡



❉é❝✐s✐♦♥s ❧✐é❡s à ❧✬❛❧✐♠❡♥t❛t✐♦♥ ❞❡s ❜♦✈✐♥s ✶✹✺

✰ ■ ❛❝t✐✈✐t②■t❡r❛t✐♦♥ ❣❡st✐♦♥❆❧✐♠❱▲ ✱
✰ ❊ ❛❝t✐✈✐t②❇❡❢♦r❡ ✱
✴✴ ❙❡q✉❡♥❝❡ ❞❡❝ r ✐ ✈❛♥ t ✉♥❡ ❛ ❧ t ❡ r♥❛♥❝❡ ❜❛t ✐♠❡♥t ✴ ♣❛t✉r❛❣❡
✰ ❊ s❛✐s♦♥P❛t✉r❛❣❡ ✱
✰ ❊ ❛❝t✐✈✐t②❉✐s❥✉♥❝t✐♦♥ ✱
✰ ❊ s❡q✉❡♥❝❡❘❛t✐♦♥P❛t✉r❛❣❡❈♦♠♣❧❡t❡ ✱
✴✴ s ✐ ✶ ❡r❡ s ♦ r t ✐ ❡ ❞❡ ❧ ✬ ❛♥♥❡❡
✰ ❊ ♣❛ss❛❣❡❘❛t✐♦♥◆ ♣❛ss❘❛t✐♦♥❚r❛♥s ✱

r❛t✐♦♥♥✐♥❣❘✉❧❡s❙t❛❣❡❂✶❀✴✴ ✐♥❞ ✐ ❝ ❡ r❛ t ✐ ♦♥ t r ❛ ♥ s ✐ t ✐ ♦ ♥
❀
❝❧♦s❡❚♦❖♣❡♥❉❡❧❛②s ❁❁ ✭✷✵ ▼❆❳✮ ❀ ✴✴ t r❛♥s ✳ ✿ ❛✉ ♠♦✐♥s ✷✵ ❥
✰ ❊ ♣❛ss❛❣❡❘❛t✐♦♥◆❆✉P❛t✉r❛❣❡ ♣❛ss❘❛t ✐♦♥Pr✐♥t ✱

r❛t✐♦♥♥✐♥❣❘✉❧❡s❙t❛❣❡❂✷❀✴✴ ✐♥❞ ✐ ❝ ❡ r❛ t ✐ ♦♥ ♣❛t✉r❛❣❡
❀

❀
✰ ❊ s❡q✉❡♥❝❡❘❛t✐♦♥P❛t✉r❛❣❡❈♦✉rt❡ ✱
✴✴ s ✐ ❧ ❡ ❧ ♦ t ❡ s t ❞❡ ❥❛ s ♦ r t ✐
✰ ❊ ♣❛ss❛❣❡❘❛t✐♦♥◆ ♣❛ss❘❛t✐♦♥P❛t ✱

r❛t✐♦♥♥✐♥❣❘✉❧❡s❙t❛❣❡❂✷❀✴✴ ✐♥❞ ✐ ❝ ❡ r❛ t ✐ ♦♥ ♣❛t✉r❛❣❡
❀

❀
❀
✰ ❊ ✐t❡r❛t✐♦♥❉❡♣❧❛❝❡♠❡♥t▲♦t ✱
✰ ❊ ❞❡♣❧❛❝❡♠❡♥t▲♦tP❛t✉r❛❣❡ ❀

❀
❀
✰ ❊ ❛❝t✐✈✐t②❈♦st❛rt✐♥❣ ✱
✰ ❊ r❡♥tr❡❡▲♦t ❀
✰ ❊ ♣❛ss❛❣❡❘❛t✐♦♥◆ ♣❛ss❘❛t✐♦♥❍✐✈❡r ✱

r❛t✐♦♥♥✐♥❣❘✉❧❡s❙t❛❣❡❂✵❀✴✴ ✐♥❞ ✐ ❝ ❡ r❛ t ✐ ♦♥ ❜❛t ✐♠❡♥t
❀

❀
❀

❀

❋✐❣✳ ✼✳✹ ✕ P❧❛♥ ❞✬❛❝t✐✈✐tés ♣♦✉r ❧❛ ❣❡st✐♦♥ ❞❡ ❧✬❛❧✐♠❡♥t❛t✐♦♥ ❞❡s ✈❛❝❤❡s ❧❛✐t✐èr❡s



✶✹✻ ❉é❝✐s✐♦♥s ❡♥ ❝♦✉rs ❞✬❛♥♥é❡

❞✬❛❣ré❣❛t✐♦♥ ❞✬❛❝t✐✈✐tés ❞♦♥t t♦✉s ❧❡s é❧é♠❡♥ts ❞é❜✉t❡♥t ❡♥ ♠ê♠❡ t❡♠♣s✳ ❈❡tt❡ ❛❝t✐✲
✈✐té ❛ ✉♥❡ ❝♦♥❞✐t✐♦♥ ❞✬♦✉✈❡rt✉r❡✱ q✉✐ ❡st ❧❛ rè❣❧❡ ❞ét❡r♠✐♥❛♥t ❧❛ ♠✐s❡ à ❧✬❤❡r❜❡ ❞é❝r✐t❡
♣ré❝é❞❡♠♠❡♥t✳

▲❡ ♣r❡♠✐❡r é❧é♠❡♥t ❞❡ ❙❛✐s♦♥P❛t✉r❛❣❡ ❡st ✉♥❡ ✐tér❛t✐♦♥ ❛♣♣❡❧é❡ ■t❡r❛t✐♦♥❉❡♣❧❛✲
❝❡♠❡♥t▲♦t✳ ❈❡tt❡ ❛❝t✐✈✐té ❣èr❡ ❧❡s ❝❤❛♥❣❡♠❡♥ts ❞❡ ♣❛r❝❡❧❧❡ ♣ât✉ré❡✳ ▲✬❛❝t✐✈✐té ré♣été❡✱
❧❡ ❞é♣❧❛❝❡♠❡♥t ❞✉ ❧♦t✱ ❛ ✉♥❡ ❝♦♥❞✐t✐♦♥ ❞✬♦✉✈❡rt✉r❡ q✉✐ ❡st ✈r❛✐❡ ❧❡ ❥♦✉r ❞❡ ❧❛ s♦rt✐❡ ❞❡s
❛♥✐♠❛✉① ❛✉ ♣ât✉r❛❣❡✱ ♣✉✐s à ❝❤❛q✉❡ ❢♦✐s q✉❡ ❧❡ ♣ât✉r❛❣❡ ❞✬✉♥❡ ♣❛r❝❡❧❧❡ ❡st t❡r♠✐♥é✳ ▲❡
s❡❝♦♥❞ é❧é♠❡♥t ❞❡ ❙❛✐s♦♥P❛t✉r❛❣❡ ❣èr❡ ❧❡s ❝❤❛♥❣❡♠❡♥ts ❞❡ r❛t✐♦♥ ❡t ❧❡s ❞é♣❧❛❝❡♠❡♥ts
❞✉ ❧♦t q✉✐ ❡♥ ❞é❝♦✉❧❡♥t✳ ❉❡✉① ❝❛s ♠✉t✉❡❧❧❡♠❡♥t ❡①❝❧✉s✐❢s s❡ ♣rés❡♥t❡♥t ✿ s♦✐t ❧❡ ❧♦t s♦rt
♣♦✉r ❧❛ ♣r❡♠✐èr❡ ❢♦✐s ❞❡ ❧✬❛♥♥é❡ ❡t ✐❧ ❢❛✉t ♣❛ss❡r ♣❛r ✉♥❡ r❛t✐♦♥ ❞❡ tr❛♥s✐t✐♦♥✱ s♦✐t ❧❡ ❧♦t
❡st ❞é❥à s♦rt✐ ❞❛♥s ❧✬❛♥♥é❡ ❡t ♦♥ ♣❛ss❡ ❞✐r❡❝t❡♠❡♥t à ❧❛ r❛t✐♦♥ ✓ ♥♦r♠❛❧❡ ✔ ❛✉ ♣ât✉r❛❣❡✳
❈❡s ❞❡✉① ❝❛s s♦♥t ❣érés ♣❛r ❞❡✉① séq✉❡♥❝❡s ❞✬❛❝t✐✈✐tés✱ r❡s♣❡❝t✐✈❡♠❡♥t ❛♣♣❡❧é❡s ❙❡✲
q✉❡♥❝❡❘❛t✐♦♥❈♦♠♣❧❡t❡ ❡t ❙❡q✉❡♥❝❡❘❛t✐♦♥❈♦✉rt❡ ✭✈♦✐r ❋✐❣ ✼✳✸✮✳ ❈♦♠♠❡ ❡❧❧❡s
s♦♥t ✐♥❝♦♠♣❛t✐❜❧❡s✱ ❡❧❧❡s s♦♥t ♣❧❛❝é❡s ❡♥ t❛♥t q✉✬é❧é♠❡♥ts ❞✬✉♥❡ ❞✐s❥♦♥❝t✐♦♥✳ ▲♦rsq✉❡
❧✬✉♥❡ ❞✬❡❧❧❡s ❡st ♦✉✈❡rt❡✱ ❧✬♦♣ér❛t❡✉r ❞✐s❥✉♥❝t✐♦♥ ♣r♦✈♦q✉❡ ❛✉t♦♠❛t✐q✉❡♠❡♥t ❧✬❛♥♥✉❧❛✲
t✐♦♥ ❞❡ ❧✬❛✉tr❡✳ ❈❡s séq✉❡♥❝❡s ❝♦♥t✐❡♥♥❡♥t ❞❡s ❛❝t✐✈✐tés ♣r✐♠✐t✐✈❡s P❛ss❛❣❡❘❛t✐♦♥◆✱
q✉✐ ré❛❧✐s❡♥t ❝❤❛❝✉♥❡ ❧❡ ♣❛ss❛❣❡ ✈❡rs ✉♥❡ ♥♦✉✈❡❧❧❡ r❛t✐♦♥ ❞✉ ♣❧❛♥ ❞✬❛❧✐♠❡♥t❛t✐♦♥✱ ❞é✲
✜♥✐❡ à ❧✬❛✈❛♥❝❡✳ ▲❛ tr❛♥s✐t✐♦♥ ❡♥tr❡ ❞❡✉① r❛t✐♦♥s ❛✉ ♣ât✉r❛❣❡ ♥✬❡st ♣♦ss✐❜❧❡ q✉❡ ❧♦rs
❞✬✉♥ ❝❤❛♥❣❡♠❡♥t ❞❡ ♣❛r❝❡❧❧❡ ♣ât✉ré❡✳ ❖♥ ❞é✜♥✐t ❞♦♥❝ ❧✬❛❝t✐✈✐té ♣r✐♠✐t✐✈❡ P❛ss❛❣❡❘❛✲
t✐♦♥◆❆✉P❛t✉r❛❣❡✱ ❞♦♥t ❧❡ ♣ré❞✐❝❛t ❞✬♦✉✈❡rt✉r❡ ✈ér✐✜❡ ❝❡tt❡ ❝♦♥❞✐t✐♦♥✳

▲❛ ✜♥ ❞✬✉♥❡ ♣ér✐♦❞❡ ❞❡ ♣ât✉r❛❣❡ ❡st ❞é❝❧❡♥❝❤é❡ ♣❛r ❧❡ ♣ré❞✐❝❛t ❞❡ ❢❡r♠❡t✉r❡ ❞❡ ❧✬❛❝✲
t✐✈✐té ✐t❡r❛t✐♦♥❉❡♣❧❛❝❡♠❡♥t▲♦t ✱ s❡❧♦♥ ❧❛ rè❣❧❡ ❞é❝r✐t❡ ❞❛♥s ❧❛ ♣❛rt✐❡ ♣ré❝é❞❡♥t❡✳ ❈♦♠♠❡
❧♦rs ❞❡ ❧❛ ♠✐s❡ à ❧✬❤❡r❜❡✱ ❞❡✉① ❛❝t✐✈✐tés ❞♦✐✈❡♥t êtr❡ ❡①é❝✉té❡s ❡t s♦♥t ♣❧❛❝é❡s ❞❛♥s ✉♥❡
❛❝t✐✈✐té ❛❣ré❣é❡ ❞❡ t②♣❡ ❝♦st❛rt✐♥❣ ✭✈♦✐r ❋✐❣ ✼✳✸✮✳ ▲❛ ♣r❡♠✐èr❡✱ ♥♦♠♠é❡ ❘❡♥tr❡❡▲♦t✱ ❣èr❡
❧❛ s♦rt✐❡ ❞❡ ❧❛ ❞❡r♥✐èr❡ ♣❛r❝❡❧❧❡ ♣ât✉ré❡ ❞❡ ❢❛ç♦♥ s✐♠✐❧❛✐r❡ à ❧✬❛❝t✐✈✐té ❉❡♣❧❛❝❡♠❡♥t▲♦t
❛✉ ♠♦♠❡♥t ❞❡s ❝❤❛♥❣❡♠❡♥ts ❞❡ ♣❛r❝❡❧❧❡✳ ▲❛ s❡❝♦♥❞❡ ❣èr❡ ❧❡ ❝❤❛♥❣❡♠❡♥t ❞❡ r❛t✐♦♥ ❡t ❧❛
♠♦❞✐✜❝❛t✐♦♥ ❞❡s ❧✐❡✉① ♦❝❝✉♣és ♣❛r ❧❡ ❧♦t q✉✐ ❡♥ ❞é❝♦✉❧❡✳

▲❛ r❡♥tré❡ ❛✉ ❜ât✐♠❡♥t ♥❡ ♣❡✉t ♣❛s êtr❡ ❞é❝❧❡♥❝❤é❡ ♣❛r ❧❡ ♣ré❞✐❝❛t ❞✬♦✉✈❡rt✉r❡ ❞✉
❝♦st❛rt✐♥❣ ♣ré❝é❞❡♠♠❡♥t ❝✐té✳ ❊♥ ❡✛❡t✱ ❝❡ ♣ré❞✐❝❛t ❞✬♦✉✈❡rt✉r❡ ♥✬❡st t❡sté q✉❡ ❧♦rsq✉❡
❧❡s é❧é♠❡♥ts q✉✐ ❧❡ ♣ré❝è❞❡♥t ❞❛♥s ❧❛ séq✉❡♥❝❡ ❞❡ ❣❡st✐♦♥ ❞❡ ❧✬❛❧✐♠❡♥t❛t✐♦♥ s♦♥t ❡✉①✲
♠ê♠❡s t❡r♠✐♥és✳ ▲❡ ♣ré❞✐❝❛t ❞✬♦✉✈❡rt✉r❡ ❞✉ ❝♦st❛rt✐♥❣ ♥✬❡st ❞♦♥❝ t❡sté q✉❡ s✐ ❧✬❛❝t✐✈✐té
■tér❛t✐♦♥❉❡♣❧❛❝❡♠❡♥t▲♦t ❡st t❡r♠✐♥é❡✳ ❖r ❝❡❧❧❡✲❝✐ ♥❡ s❡ t❡r♠✐♥❡ q✉❡ s✐ s♦♥ ♣ré❞✐❝❛t
❞❡ ❢❡r♠❡t✉r❡ ❡st ✈r❛✐ ♦✉ s✐ s♦♥ ♥♦♠❜r❡ ♠❛①✐♠❛❧ ❞✬✐tér❛t✐♦♥s ❡st ❛tt❡✐♥t✳ ■❧ ♥✬❡st ♣❛s
♣♦ss✐❜❧❡ ❞❡ ✜①❡r ❧❡ ♥♦♠❜r❡ ♠❛①✐♠❛❧ ❞✬✐tér❛t✐♦♥s✱ ❝❛r ❧❡ ♥♦♠❜r❡ ❞❡ ❞é♣❧❛❝❡♠❡♥ts ❞✉ ❧♦t
q✉✐ s❡r♦♥t ❡✛❡❝t✉és ♥✬❡st ♣❛s ❝♦♥♥✉ à ❧✬❛✈❛♥❝❡✳ ■❧ ❡st ❞♦♥❝ ♥é❝❡ss❛✐r❡ ❞✬✉t✐❧✐s❡r ❧❡ ♣ré❞✐❝❛t
❞❡ ❢❡r♠❡t✉r❡ ❞❡ ■tér❛t✐♦♥❉❡♣❧❛❝❡♠❡♥t▲♦t✳

❊♥ ❝♦♥❝❧✉s✐♦♥✱ ❧❡s ♠é❝❛♥✐s♠❡s ❞❡ ❣❡st✐♦♥ ❞❡ ❧✬❛❧✐♠❡♥t❛t✐♦♥ ❞❛♥s ▼é❧♦❞✐❡ s♦♥t très
s♦✉♣❧❡s ❡t ♣❡r♠❡tt❡♥t ❞❡ r❡♣rés❡♥t❡r ❧❡ ❝❛r❛❝tèr❡ ✈❛r✐❛❜❧❡ ❞❡ ❧✬❛❧✐♠❡♥t❛t✐♦♥✱ ❛✉t❛♥t ❡♥
❝♦✉rs ❞✬❛♥♥é❡ q✉❡ ❞✬✉♥❡ ❛♥♥é❡ s✉r ❧✬❛✉tr❡✳ ▲❛ ❣❡st✐♦♥ ♠✐s❡ ❡♥ ♣❧❛❝❡ ❡st ❞♦♥❝ ✉♥❡ ré♣♦♥s❡
à ❧❛ ✈❛r✐❛❜✐❧✐té ❝❧✐♠❛t✐q✉❡✱ q✉✐ ❛ ❛✐♥s✐ ✉♥ ✐♠♣❛❝t s✉r ❧❡s ❛❧✐♠❡♥ts ❝♦♥s♦♠♠és✱ ♥♦t❛♠♠❡♥t
❧❡s ❢♦✉rr❛❣❡s✱ ❡t s✉r ❧❛ ♣r♦❞✉❝t✐♦♥ ❞✬❡✤✉❡♥ts à ❝❛✉s❡ ❞❡ ❧❛ ✈❛r✐❛❜✐❧✐té ❞✉ t❡♠♣s ♣❛ssé
❡♥ ❜ât✐♠❡♥t ♣❧✉tôt q✉✬❛✉ ♣ât✉r❛❣❡✳ ❈❡tt❡ ✈❛r✐❛❜✐❧✐té ❛ ❡♥s✉✐t❡ ❞❡s ré♣❡r❝✉ss✐♦♥s s✉r ❧❡s
❞é❝✐s✐♦♥s ❞❡ ♣❧❛♥✐✜❝❛t✐♦♥ à ❧✬é❝❤❡❧❧❡ ❛♥♥✉❡❧❧❡ ✭❝❤❛♣✐tr❡ ✻✮✳ ■❧ s✬❛❣✐t ❞✬✉♥ ❞❡s ♣r✐♥❝✐♣❛✉①



❋❡rt✐❧✐s❛t✐♦♥ ♣✐❧♦té❡ ♣❛r ❧❡s ré❝♦❧t❡s ✶✹✼

❛t♦✉ts ❞❡ ▼é❧♦❞✐❡ ❢❛❝❡ ❛✉① ♠♦❞è❧❡s ❡①✐st❛♥ts✳ ▲❛ ♣❧✉♣❛rt ❞✬❡♥tr❡ ❡✉① ré❛❧✐s❡♥t ❞❡s
s✐♠✉❧❛t✐♦♥s ♣♦✉r ❞❡s ❛♥♥é❡s ♠♦②❡♥♥❡s✱ ♦✉ ❞❡s s✐♠✉❧❛t✐♦♥s s✉r ✉♥❡ ❛♥♥é❡✱ ❞♦♥❝ s❛♥s
❡✛❡ts ♣❧✉r✐❛♥♥✉❡❧s✳ ▲❡s ♣r✐♥❝✐♣❛❧❡s ❛♠é❧✐♦r❛t✐♦♥s q✉❡ ❧✬♦♥ ♣♦✉rr❛✐t ❛❥♦✉t❡r ❛✉① rè❣❧❡s
❞❡ ❣❡st✐♦♥ ❛❝t✉❡❧❧❡s s♦♥t ✭✐✮ ❧❛ ❣❡st✐♦♥ ❞❡ ♣r✐♦r✐tés ❞❡s ♣❛r❝❡❧❧❡s ♣♦✉r ❧❡ ♣ât✉r❛❣❡ ♦✉ ❧❛
❢❛✉❝❤❡✱ ♥♦t❛♠♠❡♥t ❧♦rs ❞✉ ✶er ❝②❝❧❡ ❞❡ ❧✬❛♥♥é❡✱ ✭✐✐✮ ❧❛ ♣♦ss✐❜✐❧✐té ❞❡ ❢❛✐r❡ ✈❛r✐❡r ❛✉ ❝♦✉rs
❞❡ ❧✬❛♥♥é❡ ❧❡s ♣❛r❛♠ètr❡s ❞❡ ♣✐❧♦t❛❣❡ ❞✉ ♣ât✉r❛❣❡✱ ❝♦♠♠❡ ❧❡s s❡✉✐❧s s✉r ❧❡ ♥♦♠❜r❡ ❞❡
❥♦✉rs ❞❡ ❞❡♠❛♥❞❡ ❡t ✭✐✐✐✮ ❧❛ ♠♦❞✉❧❛t✐♦♥ ❞❡ ❧❛ ré♣❛rt✐t✐♦♥ ❞✉ t❡♠♣s ♣❛ssé ❡♥ ❜ât✐♠❡♥t
♦✉ ❛✉ ♣ât✉r❛❣❡ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ q✉❛♥t✐té ❞✬❛❧✐♠❡♥t ❝♦♠♣❧é♠❡♥t❛✐r❡ ❞✐str✐❜✉é✳

✼✳✸ ❋❡rt✐❧✐s❛t✐♦♥ ♣✐❧♦té❡ ♣❛r ❧❡s ré❝♦❧t❡s

▲❛ ❢❡rt✐❧✐s❛t✐♦♥ ♠✐♥ér❛❧❡ ❞❡s ♣r❛✐r✐❡s ❡st ❡♥ ❣é♥ér❛❧ ❞ét❡r♠✐♥é❡ ❡♥ ❢♦♥❝t✐♦♥ ❞❡s q✉❛♥✲
t✐tés ré❝♦❧té❡s ✭❢❛✉❝❤❡s ❡t ♣ât✉r❛❣❡✮✳ ❊❧❧❡ ❡st ❞♦♥❝ ♠❛❥♦r✐t❛✐r❡♠❡♥t ❞ét❡r♠✐♥é❡ ❡♥ ❝♦✉rs
❞✬❛♥♥é❡✱ ❡♥ ré❛❧✐s❛♥t ❞❡s ❛♣♣♦rts ❛✉ ❞é❜✉t ❞❡ ❝❤❛q✉❡ ❝②❝❧❡✱ ♣❧✉tôt q✉✬❡♥ ❢♦♥❝t✐♦♥ ❞✬✉♥❡
❞♦s❡ ♣ré✈✐s✐♦♥♥❡❧❧❡ ❝❛❧❝✉❧é❡ ❡♥ ❞é❜✉t ❞✬❛♥♥é❡✳ ▲❡ ❝♦r♣s ❞❡ rè❣❧❡s ♣♦✉r ❧❡ ❝❛❧❝✉❧ ❞❡ ❧❛
❢❡rt✐❧✐s❛t✐♦♥ ♠✐♥ér❛❧❡✱ ❞é❥à é✈♦q✉é ❞❛♥s ❧❛ ❞❡s❝r✐♣t✐♦♥ ❞✉ ♠♦❞✉❧❡ ❞❡ ♣❧❛♥✐✜❝❛t✐♦♥ ✭♣❛r✲
t✐❡ ✻✳✺✳✸✮✱ ❝♦♥t✐❡♥t ✉♥❡ ❢♦♥❝t✐♦♥ ❛♣♣❡❧é❡ ❧♦rs ❞❡ ❝❤❛q✉❡ ré❝♦❧t❡ ♦✉ ❢❛✉❝❤❡✳ ❉❛♥s ❧❡ ❝❛s ❞✉
❝♦r♣s ❞❡ rè❣❧❡s s♣é❝✐❛❧✐sé ♣♦✉r ❧❡s ♣r❛✐r✐❡s✱ ❝❡tt❡ rè❣❧❡ ♣r♦❣r❛♠♠❡ ✉♥ ❛♣♣♦rt ❞✬❡♥❣r❛✐s
✸ ❥♦✉rs ❛♣rès ❧❛ ❢❛✉❝❤❡ ✭♦✉ ❧❛ s♦rt✐❡ ❞❡s ❛♥✐♠❛✉① ❞❛♥s ❧❡ ❝❛s ❞✬✉♥ ♣ât✉r❛❣❡✮✱ ❛✈❡❝ ✉♥❡
❞♦s❡ ♣r♦♣♦rt✐♦♥♥❡❧❧❡ à ❧❛ q✉❛♥t✐té ré❝♦❧té❡ ❧♦rs ❞❡ ❧❛ ❢❛✉❝❤❡ ♦✉ ❞✉ ♣ât✉r❛❣❡✳ ▲❛ ❞♦s❡
❞✬❛③♦t❡ à ❛♣♣♦rt❡r ♣❛r t (MS) ré❝♦❧té❡ ❡st ✉♥❡ ❡♥tré❡ ❞✉ ♠♦❞è❧❡✳ ❊❧❧❡ ✈❛r✐❡ ❡♥ ❢♦♥❝t✐♦♥
❞❡ ❧❛ ❞❛t❡✳ ❊♥ ❡✛❡t✱ ❧❡s ❢❛✉❝❤❡s ♦✉ ♣ât✉r❛❣❡s ré❛❧✐sés ❡♥ ❛✉t♦♠♥❡ ♥❡ ❞❡✈r❛✐❡♥t ♣❛s êtr❡
s✉✐✈✐s ❞✬✉♥❡ ❢❡rt✐❧✐s❛t✐♦♥✳ ▲✬✉t✐❧✐s❛t❡✉r ❢♦✉r♥✐t ❞♦♥❝ ✉♥ t❛❜❧❡❛✉ ❞é✜♥✐ss❛♥t ❞❡s ♣ér✐♦❞❡s
❞❛♥s ❧✬❛♥♥é❡ ❡t ❧❡s ❞♦s❡s ❞✬❛③♦t❡ ♣❛r t (MS) ré❝♦❧té❡ ♣♦✉r ❝❤❛❝✉♥❡ ❞❡ ❝❡s ♣ér✐♦❞❡s✳

▲❛ rè❣❧❡ t✐❡♥t ❝♦♠♣t❡ ❞❡s é✈❡♥t✉❡❧s é♣❛♥❞❛❣❡s ❞✬❡✤✉❡♥t ♣ré✈✉s✳ ❙✐ ✉♥❡ ❛❝t✐✈✐té
❞✬é♣❛♥❞❛❣❡ ❡st ♣ré✈✉❡ s✉r ❧❛ ♣❛r❝❡❧❧❡✱ ❛✈❡❝ ✉♥❡ ❞❛t❡ ❞❡ ❞é❜✉t ♠✐♥✐♠❛❧❡ ✭minBegDate✮
❞✐st❛♥t❡ ❞❡ ♠♦✐♥s ❞❡ delaiMiniPaturage ❥♦✉rs ✭✷✶ ❥♦✉rs ♣❛r ❞é❢❛✉t✮✱ ❛❧♦rs ❧✬❛♣♣♦rt
❞✬❡♥❣r❛✐s ♠✐♥ér❛❧ ♥✬❡st ♣❛s ré❛❧✐sé✳ ❙✐ ✉♥ é♣❛♥❞❛❣❡ ét❛✐t ♣ré✈✉ ❛✉✲❞❡❧à ❞❡ ❝❡ ❞é❧❛✐✱ ✐❧ ♥❡
♣♦✉rr❛✐t ♣❛s êtr❡ ré❛❧✐sé ❡♥ r❛✐s♦♥ ❞❡ ❧❛ ❜✐♦♠❛ss❡ tr♦♣ é❧❡✈é❡ s✉r ❧❛ ♣❛r❝❡❧❧❡ ❡t s❡r❛✐t
❞é❝❛❧é ❛✉ ❝②❝❧❡ s✉✐✈❛♥t✳ ■❧ ❡①✐st❡ ✉♥ r✐sq✉❡ q✉✬✉♥ ❛♣♣♦rt ❞✬❡♥❣r❛✐s ♠✐♥ér❛❧ ♥❡ s♦✐t ♣❛s
ré❛❧✐sé à ❝❛✉s❡ ❞✬✉♥ é♣❛♥❞❛❣❡ à ✈❡♥✐r✱ ♣✉✐s q✉❡ ❝❡t é♣❛♥❞❛❣❡ s♦✐t ❞é❝❛❧é ❛✉ ❝②❝❧❡ s✉✐✈❛♥t✱
rés✉❧t❛♥t ❡♥ ✉♥❡ ❢❡rt✐❧✐s❛t✐♦♥ ♥✉❧❧❡ ❛✉ ❝♦✉rs ❞✉ ❝②❝❧❡ ❞❡ ❝r♦✐ss❛♥❝❡ ❞❡ ❧✬❤❡r❜❡✳ P♦✉r ❧✐♠✐t❡r
❝❡ r✐sq✉❡✱ ✉♥❡ s♦❧✉t✐♦♥ ❝♦♥s✐st❡ à ❛✈❛♥❝❡r ❧❛ ❞❛t❡ ✭minBegDate✮ ❞❡ ❧✬é♣❛♥❞❛❣❡✱ ♣♦✉r
q✉✬✐❧ ❛✐t ❧✐❡✉ ❞ès ❧❡ ❞é❜✉t ❞✉ ❝②❝❧❡✳ ❖♥ ❡st ❛❧♦rs sûr q✉❡ ❧❛ ❜✐♦♠❛ss❡ ♥✬❡st ♣❛s ❧✐♠✐t❛♥t❡✳

●râ❝❡ à ❝❡ ♠é❝❛♥✐s♠❡ ❝♦♥❢♦r♠❡ ❛✉① ♣r❛t✐q✉❡s ❞❡s ❛❣r✐❝✉❧t❡✉rs✱ ❧❛ ❢❡rt✐❧✐s❛t✐♦♥ ❡st
❛❞❛♣té❡ ❛✉① r❡♥❞❡♠❡♥ts ré❛❧✐sés ❛✉ ❝♦✉rs ❞❡ ❧✬❛♥♥é❡✳ ▲❡s ❛♣♣♦rts ❞✬❡♥❣r❛✐s ♠✐♥ér❛✉①
ré❛❧✐sés ♣❛r ❝❡ ❜✐❛✐s s♦♥t ✐♥❞é♣❡♥❞❛♥ts ❞❡ ❝❡✉① ❞❡ ❧✬✐t✐♥ér❛✐r❡ t❡❝❤♥✐q✉❡ t②♣❡ ❞❡ ❧❛ ❝✉❧t✉r❡✳
❙✐ ✉♥ ❛♣♣♦rt ❞✬❡♥❣r❛✐s ❡st ♣ré✈✉ ❞❛♥s ❧✬✐t✐♥ér❛✐r❡ t❡❝❤♥✐q✉❡ t②♣❡✱ ✐❧ s❡r❛ ré❛❧✐sé s❛♥s t❡♥✐r
❝♦♠♣t❡ ❞❡s é♣❛♥❞❛❣❡s ❞✬❡✤✉❡♥ts ❡t ❞❡s q✉❛♥t✐tés ré❝♦❧té❡s✳ ❈❡❝✐ ♣❡r♠❡t ♣❛r ❡①❡♠♣❧❡ ❞❡
ré❛❧✐s❡r ✉♥ ❛♣♣♦rt ❞✬❡♥❣r❛✐s ❡♥ ❞é❜✉t ❞✬❛♥♥é❡✱ ♣♦✉r ❢❛✈♦r✐s❡r ❧❛ ♣♦✉ss❡ ❧♦rs ❞✉ ♣r❡♠✐❡r
❝②❝❧❡ ❞❡ ❧✬❛♥♥é❡✳



✶✹✽ ❉é❝✐s✐♦♥s ❡♥ ❝♦✉rs ❞✬❛♥♥é❡

✼✳✹ ❋❛✐s❛❜✐❧✐té ❞❡s ♦♣ér❛t✐♦♥s

▲✬♦♥t♦❧♦❣✐❡ ❞❡s s②stè♠❡s ❞❡ ♣r♦❞✉❝t✐♦♥ ❛❣r✐❝♦❧❡ ♦✛r❡ ❧❛ ♣♦ss✐❜✐❧✐té ❞✬✐♥tr♦❞✉✐r❡ ❞❡s
❝♦♥❞✐t✐♦♥s ❞✬♦✉✈❡rt✉r❡ ✭❖♣❡♥✐♥❣Pr❡❞✐❝❛t❡✮ ♣♦✉r ❧❡s ❛❝t✐✈✐tés✱ ❡t ❞❡s ❝♦♥❞✐t✐♦♥s ❞❡ ❢❛✐✲
s❛❜✐❧✐té ♣♦✉r ❧❡s ♦♣ér❛t✐♦♥s✳ ❈❡tt❡ ❝❛r❛❝tér✐st✐q✉❡ ✐♠♣♦rt❛♥t❡ ♣❡r♠❡t à ▼é❧♦❞✐❡ ❞❡ s❡
❞é♠❛rq✉❡r ❞❡ ❝❡rt❛✐♥s ❛✉tr❡s ♠♦❞è❧❡s ✐ss✉s ❞❡ ❧❛ ❜✐❜❧✐♦❣r❛♣❤✐❡✳ ❚♦✉t❡❢♦✐s✱ ❝❡t ❛s♣❡❝t
❞✉ ♣✐❧♦t❛❣❡ r❡st❡ r❡❧❛t✐✈❡♠❡♥t ❜❛s✐q✉❡ ❞❛♥s ❧❛ ✈❡rs✐♦♥ ❛❝t✉❡❧❧❡ ❡t ❞❡✈r❛ ❢❛✐r❡ ❧✬♦❜❥❡t
❞❡ ❞é✈❡❧♦♣♣❡♠❡♥ts ✉❧tér✐❡✉rs✳ ▲❡s ❝♦♥❞✐t✐♦♥s q✉✐ s♦♥t ♣rés❡♥t❡s ❞❛♥s ❧❡ ♠♦❞è❧❡ ❛❝t✉❡❧
s♦♥t ❝❡❧❧❡s q✉✐ s♦♥t str✐❝t❡♠❡♥t ♥é❝❡ss❛✐r❡s à ❧✬❡①é❝✉t✐♦♥ ❞❡s s✐♠✉❧❛t✐♦♥s✳ P❛r ❡①❡♠♣❧❡✱
❧❡s ✐♥t❡r✈❡♥t✐♦♥s s✉r ❧❡s ♣r❛✐r✐❡s ✭é♣❛♥❞❛❣❡ ❡t r❡t♦✉r♥❡♠❡♥t✮ ♥❡ s♦♥t ♣♦ss✐❜❧❡s q✉❡ s✐ ❧❛
❜✐♦♠❛ss❡ ❡st ✐♥❢ér✐❡✉r❡ à ✉♥ s❡✉✐❧ ❞é✜♥✐ ❡♥ ♣❛r❛♠ètr❡ ❡t s✐ ❧❛ ♣❛r❝❡❧❧❡ ♥✬❡st ♣❛s ❡♥ tr❛✐♥
❞✬êtr❡ ♣ât✉ré❡✳ ❯♥❡ ❢❛✉❝❤❡ ♥✬❡st ❞é❝❧❡♥❝❤é❡ q✉❡ ❧♦rsq✉❡ ❧❛ ❜✐♦♠❛ss❡ ❛tt❡✐♥t ✉♥ ❛✉tr❡
s❡✉✐❧✱ é❣❛❧❡♠❡♥t ❞é✜♥✐ ❡♥ ❡♥tré❡ ❞✉ ♠♦❞è❧❡✳

▲❡s ❝♦♥❞✐t✐♦♥s ❞❡ ❢❛✐s❛❜✐❧✐té ❞✬✉♥❡ ♦♣ér❛t✐♦♥ ♣❡✉✈❡♥t ❝♦♥❞✉✐r❡ à r❡t❛r❞❡r✱ ✈♦✐r❡ à
❛♥♥✉❧❡r ✉♥❡ ❛❝t✐✈✐té✱ ❝❡ q✉✐ ♣❡✉t ❛✈♦✐r ❞❡s ❝♦♥séq✉❡♥❝❡s ❡♥ t❡r♠❡s ❞✬✐♠♣❛❝t ❡♥✈✐r♦♥♥❡✲
♠❡♥t❛❧✳ ❈✬❡st ♣❛rt✐❝✉❧✐èr❡♠❡♥t ❧❡ ❝❛s ♣♦✉r ❧❡s é♣❛♥❞❛❣❡s ❞✬❡✤✉❡♥ts✳ ❆ ❝❛✉s❡ ❞✉ ♣♦✐❞s
é❧❡✈é ❞✉ ♠❛tér✐❡❧ ❞✬é♣❛♥❞❛❣❡ ❝❤❛r❣é✱ ❝❡tt❡ ♦♣ér❛t✐♦♥ ♥é❝❡ss✐t❡ ✉♥ s♦❧ s✉✣s❛♠♠❡♥t ♣♦r✲
t❛♥t✳ ❈❡tt❡ ❝♦♥tr❛✐♥t❡ ❡st ❞✬❛✉t❛♥t ♣❧✉s ❢♦rt❡ q✉❡ ❞❛♥s ❞❡ ♥♦♠❜r❡✉s❡s ❡①♣❧♦✐t❛t✐♦♥s✱ ❧❡s
é♣❛♥❞❛❣❡s ❞♦✐✈❡♥t êtr❡ ré❛❧✐sés r❛♣✐❞❡♠❡♥t ❡♥ ✜♥ ❞✬❤✐✈❡r✱ ♣♦✉r ♣❛❧❧✐❡r ❞❡s ❝❛♣❛❝✐tés ❞❡
st♦❝❦❛❣❡ ❞❡s ❡✤✉❡♥ts ❧✐♠✐té❡s✳ ❉❡s ❝♦♥❞✐t✐♦♥s ❞❡ ❢❛✐s❛❜✐❧✐té ❞❡ ❝❡ t②♣❡ ♥✬♦♥t ♣❛s été
❞é✜♥✐❡s ❞❛♥s ❧❛ ✈❡rs✐♦♥ ❛❝t✉❡❧❧❡ ❞❡ ▼é❧♦❞✐❡✱ ♠❛✐s ✉♥❡ ré✢❡①✐♦♥ ❛ été ❡♥❣❛❣é❡ s✉r ❧❡s
❝♦♥séq✉❡♥❝❡s q✉✬❡❧❧❡s ♣♦✉rr❛✐❡♥t ❛✈♦✐r✳ ▲❛ s✉✐t❡ ❞❡ ❝❡tt❡ ♣❛rt✐❡ ❧✐✈r❡ ❝❡s é❧é♠❡♥ts ❞❡
ré✢❡①✐♦♥✳

▲♦rsq✉✬✉♥ é♣❛♥❞❛❣❡ ♣ré✈✉ ❞❛♥s ❧❡ ♣❧❛♥ ❞✬❛❝t✐✈✐tés ❡st s♦✉♠✐s à ✉♥❡ ❝♦♥❞✐t✐♦♥ ❞❡
❢❛✐s❛❜✐❧✐té✱ ✐❧ ❡st ♣♦ss✐❜❧❡ q✉❡ ❧❛ ❝♦♥❞✐t✐♦♥ ♥❡ s♦✐t ❥❛♠❛✐s r❡♠♣❧✐❡ ❛✉ ❝♦✉rs ❞❡ ❧❛ ❢❡♥êtr❡
t❡♠♣♦r❡❧❧❡✱ ❝♦♥❞✉✐s❛♥t à ❧✬✐♠♣♦ss✐❜✐❧✐té ❞✬❡①é❝✉t❡r ❧✬é♣❛♥❞❛❣❡✳ ▲❛ s✐♠✉❧❛t✐♦♥ ♥❡ ❞♦✐t
♣❛s é❝❤♦✉❡r ♣♦✉r ❛✉t❛♥t✱ ❝❛r ❞❡s s♦❧✉t✐♦♥s ❛❧t❡r♥❛t✐✈❡s ❡①✐st❡♥t✳ ❯♥❡ ♣r❡♠✐èr❡ ♣♦ss✐❜✐✲
❧✐té ❡st ❞❡ ❝♦♥s✐❞ér❡r ❧❡s é♣❛♥❞❛❣❡s ❝♦♠♠❡ ❞❡s ❛❝t✐✈✐tés ♦♣t✐♦♥♥❡❧❧❡s✳ ❙✐✱ à ❧❛ ✜♥ ❞❡ ❧❛
❢❡♥êtr❡ t❡♠♣♦r❡❧❧❡✱ ❧✬❛❝t✐✈✐té ♥✬❛ ♣❛s ♣✉ êtr❡ ❡①é❝✉té❡✱ ❡❧❧❡ ❡st ❛♥♥✉❧é❡ s❛♥s ❛✉tr❡s ❝♦♥sé✲
q✉❡♥❝❡s✳ ❈❡tt❡ s♦❧✉t✐♦♥ s✐♠♣❧✐st❡ ♥❡ ♣r❡♥❞ ❞♦♥❝ ♣❛s ❡♥ ❝♦♠♣t❡ ❧❡s ❛❞❛♣t❛t✐♦♥s ❞✉ ♣❧❛♥
❡✛❡❝t✉é❡s ♣❛r ✉♥ ❛❣r✐❝✉❧t❡✉r ❞❛♥s ✉♥ t❡❧ ❝❛s✳ ❯♥❡ t❡❧❧❡ ❛❞❛♣t❛t✐♦♥ ♥✬❡st ♣❛s ♠♦❞é❧✐sé❡
❡①♣❧✐❝✐t❡♠❡♥t ❞❛♥s ❧✬♦♥t♦❧♦❣✐❡ ❞❡s s②stè♠❡s ❞❡ ♣r♦❞✉❝t✐♦♥ ❛❣r✐❝♦❧❡✱ ♠❛✐s ✐❧ ❡st ♣♦ss✐❜❧❡
❞❡ ❧✬❡①♣r✐♠❡r ❣râ❝❡ ❛✉① ❝♦♥❝❡♣ts ❡①✐st❛♥ts ♣♦✉r ❧✬❛❣ré❣❛t✐♦♥ ❞✬❛❝t✐✈✐tés✳ ❯♥❡ s♦❧✉t✐♦♥
♣❧✉s é❧❛❜♦ré❡ ❝♦♥s✐st❡r❛✐t à ✐♥❝❧✉r❡ ❝❤❛q✉❡ é♣❛♥❞❛❣❡ ❞❛♥s ✉♥❡ ❞✐s❥♦♥❝t✐♦♥ ✭♦♣ér❛t❡✉r
♦r✮✱ ❛✉① ❝ôtés ❞✬✉♥❡ ❛❝t✐✈✐té ré❛❧✐s❛♥t ✉♥ r❡♣♦rt✳ ▲❡s ❝♦♥❞✐t✐♦♥s ❞✬♦✉✈❡rt✉r❡ ❞❡s ❛❝t✐✲
✈✐tés ❞♦✐✈❡♥t êtr❡ é❝r✐t❡s ❞❡ ❢❛ç♦♥ à ❝❡ q✉❡ ❧✬❛❝t✐✈✐té ❞❡ r❡♣♦rt s♦✐t ♦✉✈❡rt❡ ❞ès q✉❡ ❡t
s❡✉❧❡♠❡♥t s✐ ❧✬é♣❛♥❞❛❣❡ ❡st ❞é✜♥✐t✐✈❡♠❡♥t ✐♠♣♦ss✐❜❧❡✳ ●râ❝❡ à ❧❛ ❞✐s❥♦♥❝t✐♦♥✱ ❧✬♦✉✈❡r✲
t✉r❡ ❞❡ ❧✬❛❝t✐✈✐té ❞❡ r❡♣♦rt ❞é❝❧❡♥❝❤❡ ❛✉t♦♠❛t✐q✉❡♠❡♥t ❧✬❛♥♥✉❧❛t✐♦♥ ❞❡ ❧✬é♣❛♥❞❛❣❡ ✭❡t
✐♥✈❡rs❡♠❡♥t s✐ ❧✬é♣❛♥❞❛❣❡ ❡st ♣♦ss✐❜❧❡✮✳ ▲✬❛❝t✐✈✐té ❞❡ r❡♣♦rt ❡st r❡s♣♦♥s❛❜❧❡ ❞✬❛♣♣♦rt❡r
❧❡s ♠♦❞✐✜❝❛t✐♦♥s ♣❡rt✐♥❡♥t❡s ❛✉ ♣❧❛♥✱ ❝♦♠♠❡ ♣ré✈♦✐r ❞❡ ♥♦✉✈❡❛✉① é♣❛♥❞❛❣❡s ♦✉ ❛✉❣✲
♠❡♥t❡r ❧❡s ❞♦s❡s ❧♦rs ❞✬é♣❛♥❞❛❣❡s ❢✉t✉rs✳ ▲✬❛✈❛♥t❛❣❡ ❞✬✉♥ t❡❧ s②stè♠❡ ❡st s❛ ré❛❝t✐✈✐té
r❛♣✐❞❡✳ ●râ❝❡ ❛✉① ♠é❝❛♥✐s♠❡s ❞é❝r✐ts ❞❛♥s ❧❡ ♠♦❞✉❧❡ ❞❡ ♣❧❛♥✐✜❝❛t✐♦♥ ✭❝❢ ✻✳✺✳✶✮✱ t♦✉t❡
q✉❛♥t✐té ♥♦♥ é♣❛♥❞✉❡ ❡st ♣r✐s❡ ❡♥ ❝♦♠♣t❡ ❞❛♥s ❧❡ ♣❧❛♥ ❞❡ ❢✉♠✉r❡ s✉✐✈❛♥t✳ ▼❛✐s ❝❡❧❛
✐♠♣♦s❡ ✉♥ ❞é❧❛✐ ❞✬✉♥❡ ❛♥♥é❡ ❡♥tr❡ ❧✬❛♥♥✉❧❛t✐♦♥ ❞✬✉♥ é♣❛♥❞❛❣❡ ❡t ❞❡s ♠♦❞✐✜❝❛t✐♦♥s ❞❡



❊①t❡♥s✐♦♥ à ❧❛ ❣❡st✐♦♥ ❞❡s r❡ss♦✉r❝❡s ✶✹✾

♣r❛t✐q✉❡s ✈✐s❛♥t à s✬❛❞❛♣t❡r✳ ▲❡ ♠é❝❛♥✐s♠❡ ❞é❝r✐t ✐❝✐ ♣❡r♠❡ttr❛✐t ✉♥❡ ❛❞❛♣t❛t✐♦♥ ❡♥
❝♦✉rs ❞✬❛♥♥é❡✱ ♣r❡sq✉❡ ✐♠♠é❞✐❛t❡✱ ❝❡ q✉✐ s❡r❛✐t ♣❧✉s ❝♦♥❢♦r♠❡ à ❧❛ ré❛❧✐té ❞✉ t❡rr❛✐♥✳

❙✉r ❧❡ t❡rr❛✐♥✱ ❧❡s ❝♦♥❞✐t✐♦♥s ❞❡ ❢❛✐s❛❜✐❧✐té ❞✬✉♥❡ ♦♣ér❛t✐♦♥ s♦♥t ❡♥ ❣é♥ér❛❧ ✈❛r✐❛❜❧❡s
❛✉ ❝♦✉rs ❞❡ ❧❛ ❢❡♥êtr❡ t❡♠♣♦r❡❧❧❡ ❛✉ s❡✐♥ ❞❡ ❧❛q✉❡❧❧❡ ❧✬♦♣ér❛t✐♦♥ ❞♦✐t êtr❡ ré❛❧✐sé❡✳ ▲❡s
❛❣r✐❝✉❧t❡✉rs s♦♥t ♣❧✉s ❡①✐❣❡❛♥ts s✉r ❧❡s ❝♦♥❞✐t✐♦♥s ❛✉ ❞é❜✉t ❞❡ ❧❛ ❢❡♥êtr❡✳ ❆✉ ❢✉r ❡t à
♠❡s✉r❡ ❞❡ ❧✬❛✈❛♥❝❡♠❡♥t ❞✉ t❡♠♣s✱ ❧❡ ❞❡❣ré ❞✬✉r❣❡♥❝❡ ❛✉❣♠❡♥t❛♥t✱ ❧❡s ❝♦♥tr❛✐♥t❡s ✐♠✲
♣♦sé❡s ♣❛r ❧❡ ♣✐❧♦t❡ s❡ r❡❧â❝❤❡♥t✱ ❡t ❧✬♦♣ér❛t✐♦♥ ♣❡✉t êtr❡ ❡✛❡❝t✉é❡ ❞❛♥s ❞❡s ❝♦♥❞✐t✐♦♥s
♥♦♥ ♦♣t✐♠❛❧❡s✳ ❈❡ ❝❛s s❡ ♣rés❡♥t❡ ❡♥ ♣❛rt✐❝✉❧✐❡r ♣♦✉r ❧❡s ♦♣ér❛t✐♦♥s ❞❡ s❡♠✐s✳ ▲❡ r❡♥❞❡✲
♠❡♥t ♦❜t❡♥✉ s❡r❛ ❡♥ ♣r✐♥❝✐♣❡ ♠❡✐❧❧❡✉r s✐ ❧❡ s❡♠✐s ❡st ❡✛❡❝t✉é à ✉♥❡ ❞❛t❡ ♦♣t✐♠❛❧❡✱ ♠❛✐s
❧✬ét❛t ❞✉ s♦❧ ❛✉ ♠♦♠❡♥t ❞✉ s❡♠✐s ✐♥✢✉❡♥❝❡ ❢♦rt❡♠❡♥t ❧❛ ❧❡✈é❡✱ ❡t ❞ét❡r♠✐♥❡ é❣❛❧❡♠❡♥t
❧❡ r❡♥❞❡♠❡♥t ✜♥❛❧✳ ❯♥ ❝♦♠♣r♦♠✐s ❞♦✐t ❞♦♥❝ êtr❡ ré❛❧✐sé ❡t ❧✬ét❛t ❞✉ s♦❧ s❡r❛ ♠♦✐♥s ✉♥❡
❝♦♥tr❛✐♥t❡ ❡♥ ✜♥ ❞❡ ❢❡♥êtr❡✳ ❊♥ ❡✛❡t✱ ❧❡ s❡♠✐s ❞♦✐t ❛❜s♦❧✉♠❡♥t êtr❡ ❡✛❡❝t✉é✱ s❛✉❢ ❝❛s
❡①❝❡♣t✐♦♥♥❡❧ ♦ù ❧✬❛❣r✐❝✉❧t❡✉r s❡ rés♦✉t à ✐♠♣❧❛♥t❡r ✉♥❡ ❝✉❧t✉r❡ ❞✐✛ér❡♥t❡ ❞❡ ❝❡❧❧❡ ✐♥✐t✐❛❧❡✲
♠❡♥t ♣ré✈✉❡✳ ❈❡ t②♣❡ ❞❡ ❝♦♠♣♦rt❡♠❡♥t ♣❡✉t ❢❛❝✐❧❡♠❡♥t êtr❡ r❡♣rés❡♥té ❞❛♥s ❧❡ ♠♦❞è❧❡✱
♣✉✐sq✉✬✐❧ s✉✣t ❞❡ ♣r❡♥❞r❡ ❡♥ ❝♦♠♣t❡ ❞❛♥s ❧❛ ❝♦♥❞✐t✐♦♥ ❞✬♦✉✈❡rt✉r❡ ❞✬✉♥❡ ❛❝t✐✈✐té ❧❛
♣♦s✐t✐♦♥ ♣❛r r❛♣♣♦rt ❛✉① ❞❛t❡s ♠✐♥✐♠❛❧❡ ✭minBegDate✮ ❡t ♠❛①✐♠❛❧❡ ✭maxBegDate✮
❞✬♦✉✈❡rt✉r❡✳

P♦✉r ré❛❧✐s❡r ❞❡s s✐♠✉❧❛t✐♦♥s ❝♦❤ér❡♥t❡s✱ ✐❧ ❢❛✉t t♦✉t❡❢♦✐s q✉❡ ❧❡ s②stè♠❡ ❜✐♦t❡❝❤♥✐q✉❡
s♦✐t ❝❛♣❛❜❧❡ ❞❡ ♣r❡♥❞r❡ ❡♥ ❝♦♠♣t❡ ❧✬❡✛❡t ❞❡ ❧✬ét❛t ❞✉ s②stè♠❡ ❧♦rsq✉✬✉♥❡ ♦♣ér❛t✐♦♥ ❡st
ré❛❧✐sé❡✳ P❛r ❡①❡♠♣❧❡✱ s✐ ✉♥ s❡♠✐s ❡st ré❛❧✐sé ❛❧♦rs q✉❡ ❧❡ s♦❧ ♥✬❡st ♣❛s ❞❛♥s ✉♥ ❜♦♥ ét❛t
str✉❝t✉r❛❧✱ ✐❧ ❢❛✉t s✐♠✉❧❡r ✉♥ é✈❡♥t✉❡❧ ♠❛♥q✉❡ à ❧❛ ❧❡✈é❡✱ q✉✐ ❛✉r❛ ❞❡s ❝♦♥séq✉❡♥❝❡s s✉r
❧❡s ✢✉① ❞✬é❧é♠❡♥ts ❛✉ ♥✐✈❡❛✉ ❞❡ ❧❛ ♣❛r❝❡❧❧❡✳ ❖r✱ ❝❡ ♣r♦❝❡ss✉s ❡st très ❞✐✣❝✐❧❡ à s✐♠✉❧❡r ❞❡
❢❛ç♦♥ ré❛❧✐st❡✱ ❡t ♥✬❡st ♣❛s ✐♥té❣ré ❞❛♥s ❧❡ ♠♦❞è❧❡ ❙t✐❝s✳ ❉❡ ♠ê♠❡✱ ♣♦✉r ✉♥ é♣❛♥❞❛❣❡
ré❛❧✐sé ❞❛♥s ❞❡s ❝♦♥❞✐t✐♦♥s ❝❧✐♠❛t✐q✉❡s ❞é❢❛✈♦r❛❜❧❡s✱ ♣❛r ❡①❡♠♣❧❡ ❧♦rsq✉✬✉♥❡ ♣ér✐♦❞❡
très ♣❧✉✈✐❡✉s❡ ✐♥t❡r✈✐❡♥t ❛✈❛♥t ❧✬❡♥❢♦✉✐ss❡♠❡♥t✱ ❧❡s ♣❡rt❡s ❡♥✈✐r♦♥♥❡♠❡♥t❛❧❡s ♥❡ s❡r♦♥t
♣❛s ❝♦rr❡❝t❡♠❡♥t s✐♠✉❧é❡s✳ ❈❡❝✐ ❡st ❞û ❛✉① ❢❛✐ts q✉❡ ❧❡s ✢✉① ❧✐és ❛✉ r✉✐ss❡❧❧❡♠❡♥t ❞❡
❧✬❡❛✉ ♥❡ s♦♥t ♣❛s ♣r✐s ❡♥ ❝♦♠♣t❡✱ ❡t q✉❡ ❧❡s ❡✤✉❡♥ts s♦♥t ❝♦♥s✐❞érés ❝♦♠♠❡ ❡♥❢♦✉✐s
❞ès ❧❡✉r é♣❛♥❞❛❣❡✱ ❞❛♥s ▼é❧♦❞✐❡✳ ■❧ ♥✬❡st ❞♦♥❝ ♣❛s ré❛❧✐st❡ ❞✬✉t✐❧✐s❡r ▼é❧♦❞✐❡ ♣♦✉r
ét✉❞✐❡r ❞❡s ♠♦❞✐✜❝❛t✐♦♥s ✜♥❡s ❞❡s ♣r❛t✐q✉❡s✱ ❝♦♠♠❡ ♣❛r ❡①❡♠♣❧❡ ❛✉❣♠❡♥t❡r ❧❛ ❝❛♣❛❝✐té
❞❡ st♦❝❦❛❣❡ ❞❡s ❡✤✉❡♥ts ❛✜♥ ❞❡ t♦✉❥♦✉rs é♣❛♥❞r❡ ❞❛♥s ❞❡s ❝♦♥❞✐t✐♦♥s ♦♣t✐♠❛❧❡s✱ ♠ê♠❡
s✐ ❧✬❛r❝❤✐t❡❝t✉r❡ ❞✉ ♠♦❞è❧❡ ❧❡ ♣❡r♠❡t✳

✼✳✺ ❊①t❡♥s✐♦♥ à ❧❛ ❣❡st✐♦♥ ❞❡s r❡ss♦✉r❝❡s

❊♥ ❡①♣❧♦✐t❛t✐♦♥ ❛❣r✐❝♦❧❡✱ ❧❛ ré❛❧✐s❛t✐♦♥ ❞✬✉♥❡ ❛❝t✐✈✐té ❞é♣❡♥❞ ❢♦rt❡♠❡♥t ❞❡ ❧❛ ❞✐s✲
♣♦♥✐❜✐❧✐té ❞❡ ❞❡✉① r❡ss♦✉r❝❡s ✿ ❧❛ ♠❛✐♥ ❞✬÷✉✈r❡ ❡t ❧❡s ♠❛❝❤✐♥❡s✳ ❊♥ ❡✛❡t✱ à ❝❡rt❛✐♥❡s
♣ér✐♦❞❡s✱ ✐❧ ❡①✐st❡ ✉♥❡ ❝♦♥❝✉rr❡♥❝❡ ❢♦rt❡ ❡♥tr❡ ❧❡s ❞✐✛ér❡♥t❡s ❛❝t✐✈✐tés à ré❛❧✐s❡r✳ ▲❛ ♠❛✐♥
❞✬÷✉✈r❡ ❞✐s♣♦♥✐❜❧❡ s✉r ❧✬❡①♣❧♦✐t❛t✐♦♥ ❡st ❧✐♠✐té❡ ❡t ❧❡s ❛❣r✐❝✉❧t❡✉rs ❞♦✐✈❡♥t ♦♣ér❡r ❞❡s
❝❤♦✐① ❡♥tr❡ ❧❡s ❛❝t✐✈✐tés à ré❛❧✐s❡r✳ ❉❛♥s ❞❡ ♥♦♠❜r❡✉① ❝❛s✱ ✐❧s ❢♦♥t ❛♣♣❡❧ à ❞❡ ❧❛ ♠❛✐♥
❞✬÷✉✈r❡ ❡①tér✐❡✉r❡✱ s♦✉✈❡♥t ❜é♥é✈♦❧❡ ✭❢❛♠✐❧❧❡✱ ❛♠✐s✮✱ ♣♦✉r ❢❛✐r❡ ❢❛❝❡ ❛✉① ♣♦✐♥t❡s ❞❡
tr❛✈❛✐❧✳ ▲❛ ❞✐s♣♦♥✐❜✐❧✐té ❞❡ ❝❡tt❡ ♠❛✐♥ ❞✬÷✉✈r❡ ♥❡ ♣❡✉t ♣❛s êtr❡ ♠♦❞é❧✐sé❡✱ ❝❛r ❡❧❧❡ ❡st
s✉❥❡tt❡ à ❞❡ ♥♦♠❜r❡✉① ❢❛❝t❡✉rs ❝♦♠♣❧èt❡♠❡♥t ❡①tér✐❡✉rs à ❧✬❡①♣❧♦✐t❛t✐♦♥✳ P♦✉r ♣r❡♥❞r❡
❡♥ ❝♦♠♣t❡ ❧❡s ❝♦♥tr❛✐♥t❡s ❞❡ ♠❛✐♥ ❞✬÷✉✈r❡ ❞❛♥s ✉♥❡ s✐♠✉❧❛t✐♦♥✱ ✐❧ ❡st ✐♥❞✐s♣❡♥s❛❜❧❡ ❞❡



✶✺✵ ❉é❝✐s✐♦♥s ❡♥ ❝♦✉rs ❞✬❛♥♥é❡

❝♦♥s✐❞ér❡r ❝❡tt❡ r❡ss♦✉r❝❡ ❡①tér✐❡✉r❡ ♣❡r♠❡tt❛♥t ❛✉ s②stè♠❡ ❞❡ s✬❛❞❛♣t❡r✳ ❉❛♥s ❧❡ ❝❛s
❝♦♥tr❛✐r❡✱ ❧❡s ♣❡rt✉r❜❛t✐♦♥s ❝❛✉sé❡s ❡♥ ♣ér✐♦❞❡ ❞❡ ♣♦✐♥t❡ ❞❡ tr❛✈❛✐❧ ♣♦✉rr❛✐❡♥t êtr❡ ♠♦✐♥s
ré❛❧✐st❡s q✉✬✉♥❡ s✐♠✉❧❛t✐♦♥ s❛♥s ❝♦♥tr❛✐♥t❡s ❞❡ ♠❛✐♥ ❞✬÷✉✈r❡✳ ▲❛ s✐♠✉❧❛t✐♦♥ ♣♦✉rr❛✐t
♠ê♠❡ ❝♦♥❞✉✐r❡ à ❝♦♥❝❧✉r❡ q✉✬✉♥❡ str❛té❣✐❡ ❞❡ ♣r♦❞✉❝t✐♦♥ ❡st ✐♠♣♦ss✐❜❧❡✳

▲❡s ❝♦♥tr❛✐♥t❡s s✉r ❧❡s ♠❛❝❤✐♥❡s ♣♦rt❡♥t s♦✐t s✉r ❧❛ ♣✉✐ss❛♥❝❡ ❞❡ tr❛❝t✐♦♥✱ s♦✐t s✉r ✉♥
♦✉t✐❧ s♣é❝✐✜q✉❡✳ ❙✐ ❞❡✉① ❛❝t✐✈✐tés ❞✐✛ér❡♥t❡s ❞♦✐✈❡♥t êtr❡ ré❛❧✐sé❡s ✉♥ ❥♦✉r ❞♦♥♥é✱ t♦✉t❡s
❞❡✉① ❛✈❡❝ ❧❡ tr❛❝t❡✉r ❧❡ ♣❧✉s ♣✉✐ss❛♥t ❞❡ ❧✬❡①♣❧♦✐t❛t✐♦♥✱ ✉♥ ❝❤♦✐① ❞♦✐t êtr❡ ré❛❧✐sé ❡♥tr❡
❝❡s ❛❝t✐✈✐tés✳ ▲❛ ❞✐s♣♦♥✐❜✐❧✐té ❞❡s ♦✉t✐❧s ♥✬❡st ♣❛s t♦✉❥♦✉rs ❛ss✉ré❡ ❝❛r ✐❧s s♦♥t s♦✉✈❡♥t
♣❛rt❛❣és ❡♥tr❡ ♣❧✉s✐❡✉rs ❡①♣❧♦✐t❛t✐♦♥s✱ ❞❛♥s ❧❡ ❝❛❞r❡ ❞✬✉♥❡ ❈♦♦♣ér❛t✐✈❡ ❞✬❯t✐❧✐s❛t✐♦♥ ❞✉
▼❛tér✐❡❧ ❆❣r✐❝♦❧❡ ✭❈❯▼❆✮✳ ▲❛ ❞✐s♣♦♥✐❜✐❧✐té ❞❡s ♦✉t✐❧s ❝♦♥❝❡r♥és ❞♦✐t ❞♦♥❝ êtr❡ r❛✐s♦♥♥é❡
à ❧✬é❝❤❡❧❧❡ ❞✉ ❣r♦✉♣❡ ❞✬❡①♣❧♦✐t❛t✐♦♥s✱ ❛✈❡❝ ❞❡s rè❣❧❡s ❞❡ ❣❡st✐♦♥ ❞❡s ♣r✐♦r✐tés r❛r❡♠❡♥t
❡①♣❧✐❝✐té❡s✳ ❊❧❧❡ ♣♦✉rr❛✐t êtr❡ s✐♠✉❧é❡ ♣❛r ✉♥ ♠♦❞è❧❡ st♦❝❤❛st✐q✉❡✱ ❛✈❡❝ ❞❡s ♣r♦❜❛❜✐❧✐tés
q✉✬✉♥ ♦✉t✐❧ s♦✐t ❞✐s♣♦♥✐❜❧❡ ❞✬❛✉t❛♥t ♣❧✉s ❢❛✐❜❧❡s q✉❡ ❧❛ ❞❛t❡ ♦♣t✐♠❛❧❡ ♣♦✉r ❧❛ ré❛❧✐s❛t✐♦♥
❞❡ ❧✬♦♣ér❛t✐♦♥ ❡st ♣r♦❝❤❡✳

❈❡rt❛✐♥❡s ❛❝t✐✈✐tés s♦♥t ❡✛❡❝t✉é❡s ♣❛r ❞❡s ❊♥tr❡♣r✐s❡s ❞❡ ❚r❛✈❛✉① ❆❣r✐❝♦❧❡s ✭❊❚❆✮✳
▲❡s ♠ê♠❡s ❝♦♥tr❛✐♥t❡s ❞❡ ♠❛✐♥ ❞✬÷✉✈r❡ ❡t ❞❡ ♠❛❝❤✐♥❡s s✬❛♣♣❧✐q✉❡♥t ❛✉ ♥✐✈❡❛✉ ❞❡ ❝❡s
❞❡r♥✐èr❡s✳ ▲❛ ❝❛♣❛❝✐té ❞✬✉♥ ❡♥tr❡♣r❡♥❡✉r à ❡①é❝✉t❡r ✉♥❡ ❛❝t✐✈✐té ❞é♣❡♥❞ ❞❡s ❝❤❛♥t✐❡rs ❡♥
❝♦✉rs ❡t ❞♦✐t êtr❡ r❛✐s♦♥♥é❡ à ❧✬é❝❤❡❧❧❡ ❞✉ ❣r♦✉♣❡ ❞✬❡①♣❧♦✐t❛t✐♦♥✱ ✈♦✐r❡ ❞❡ ❧❛ ♣❡t✐t❡ ré❣✐♦♥
❛❣r✐❝♦❧❡✳ ▲✬✐♥t❡r✈❡♥t✐♦♥ ❞✬✉♥❡ ❊❚❆ ✐♥t❡r❢èr❡ ❛✈❡❝ ❧❛ ♠❛✐♥ ❞✬÷✉✈r❡ ❞❡ ❧✬❡①♣❧♦✐t❛t✐♦♥ ❡t
♣❡✉t êtr❡ ✉♥❡ s♦❧✉t✐♦♥ ❞❡ r❡♣❧✐ ❡♥ ❝❛s ❞❡ ♣♦✐♥t❡ ❞❡ tr❛✈❛✐❧✳ ❉❛♥s ❝❡ ❝❛s✱ ❧❛ ❞é❝✐s✐♦♥ rés✉❧t❡
❞✬✉♥ ❝♦♠♣r♦♠✐s ❡♥tr❡ ❞✬✉♥❡ ♣❛rt ❧❛ ❝❤❛r❣❡ ❞❡ tr❛✈❛✐❧ s✉r ❧✬❡①♣❧♦✐t❛t✐♦♥ ❡t ❞✬❛✉tr❡ ♣❛rt
❧❡ ❝♦ût é❝♦♥♦♠✐q✉❡ ❡t ❧❛ ❞✐s♣♦♥✐❜✐❧✐té ❞❡ ❧✬❡♥tr❡♣r❡♥❡✉r✳

▲❛ ❣❡st✐♦♥ ❞❡s r❡ss♦✉r❝❡s ❢❛✐t ❜❡❛✉❝♦✉♣ ❛♣♣❡❧ à ❧✬❛♥t✐❝✐♣❛t✐♦♥✱ ♣❛r ❡①❡♠♣❧❡ ❡♥ ♣r❡✲
♥❛♥t ❡♥ ❝♦♠♣t❡ ❧❡s ♣ré✈✐s✐♦♥s ♠été♦r♦❧♦❣✐q✉❡s✳ ❈❡rt❛✐♥❡s ❛❝t✐✈✐tés ♣❡✉✈❡♥t êtr❡ ❛✈❛♥✲
❝é❡s✱ ♣❛r r❛♣♣♦rt à ❧❡✉r ❞❛t❡ ♦♣t✐♠❛❧❡ ❞❡ ré❛❧✐s❛t✐♦♥✱ ❞❡ ♠❛♥✐èr❡ à é✈✐t❡r ✉♥❡ s✐t✉❛t✐♦♥
❞❡ ❝♦♥✢✐t ❢✉t✉r❡✳ P❛r ❡①❡♠♣❧❡✱ s✐ ✉♥ é❧❡✈❡✉r ✉t✐❧✐s❡ ✉♥❡ ❝❤❛rr✉❡ ❡♥ ❈❯▼❆✱ ✐❧ ♣❡✉t ❝❤♦✐s✐r
❞❡ tr❛✈❛✐❧❧❡r s♦♥ s♦❧ ♣❧✉s tôt q✉✬✐❧ ♥❡ ❢❡r❛✐t s✬✐❧ ♣♦ssé❞❛✐t s❛ ♣r♦♣r❡ ❝❤❛rr✉❡✱ ❞❡ ♠❛♥✐èr❡
à é✈✐t❡r ❞✬êtr❡ ❜❧♦q✉é ♣♦✉r ❧❛ s✉✐t❡ ❞❡s ♦♣ér❛t✐♦♥s✳

▲❛ ❣❡st✐♦♥ ❞❡s r❡ss♦✉r❝❡s ❡st ❝♦♠♣❧❡①❡ ❡t ❧❛r❣❡♠❡♥t ✐♥✢✉❡♥❝é❡ ♣❛r ❞❡s ❢❛❝t❡✉rs ❡①✲
tér✐❡✉rs à ❧✬❡①♣❧♦✐t❛t✐♦♥✳ ■❧ ❡①✐st❡ ❞❡s ❧✐❡♥s étr♦✐ts ❡♥tr❡ ❧❛ ❣❡st✐♦♥ ❞❡ ❧❛ ♠❛✐♥ ❞✬÷✉✈r❡
❡t ❝❡❧❧❡ ❞❡s ♠❛❝❤✐♥❡s✳ ▲❡ s②stè♠❡ ❞♦✐t ❞♦♥❝ êtr❡ ♣✐❧♦té ❞❡ ❢❛ç♦♥ ❣❧♦❜❛❧❡✳ ■♥té❣r❡r ❝❡s
❝♦♥tr❛✐♥t❡s ❞❛♥s ▼é❧♦❞✐❡ ❞❡ ❢❛ç♦♥ ré❛❧✐st❡ s✉♣♣♦s❡ ✭✐✮ ❞❡ ♠♦❜✐❧✐s❡r ❞❡s ❜❛s❡s ❞❡ ❞♦♥✲
♥é❡s s✉r ❧❡s t❡♠♣s ❞❡ tr❛✈❛✉① ❡♥ ❢♦♥❝t✐♦♥ ❞✉ ♠❛tér✐❡❧ ❞✐s♣♦♥✐❜❧❡✱ ✭✐✐✮ ❞✬êtr❡ ❝❛♣❛❜❧❡ ❞❡
❞é❝r✐r❡ ❧❛ ♠❛✐♥ ❞✬÷✉✈r❡ ❝♦♥s♦♠♠é❡ ♣❛r ❧❡ tr❛✈❛✐❧ ❞✬❛str❡✐♥t❡ ❡♥ ❢♦♥❝t✐♦♥ ❞✉ s②stè♠❡
❞✬é❧❡✈❛❣❡ ✭t②♣❡s ❞❡ ❜ât✐♠❡♥ts✱ ❝♦♥❞✉✐t❡ ❞❡s ❛♥✐♠❛✉①✳ ✳ ✳ ✮✱ ✭✐✐✐✮ ❞✬êtr❡ ❝❛♣❛❜❧❡ ❞❡ ❞é❝r✐r❡
❧❛ ❞✐s♣♦♥✐❜✐❧✐té ❞❡ ❧❛ ♠❛✐♥ ❞✬÷✉✈r❡ ❡t ❞❡s ♠❛❝❤✐♥❡s ❞❡ ❢❛ç♦♥ ❞②♥❛♠✐q✉❡ ❡t ✭✐✈✮ ❞❡
❝♦♥♥❛îtr❡ ❧❛ ❣❡st✐♦♥ ❛♣♣❧✐q✉é❡ ♣❛r ❧❡s é❧❡✈❡✉rs✱ ♥♦t❛♠♠❡♥t ❧❡s rè❣❧❡s ❞❡ ♣r✐♦r✐tés ❡♥tr❡
❛❝t✐✈✐tés ❡t ❧❡s ♠é❝❛♥✐s♠❡s ❞✬❛♥t✐❝✐♣❛t✐♦♥✳

▲✬♦♥t♦❧♦❣✐❡ ❞❡s s②stè♠❡s ❞❡ ♣r♦❞✉❝t✐♦♥ ❛❣r✐❝♦❧❡ ✭▼❛rt✐♥✲❈❧♦✉❛✐r❡ ❡t ❘❡❧❧✐❡r ✷✵✵✺✮✱
s✉r ❧❛q✉❡❧❧❡ ▼é❧♦❞✐❡ ❡st ❜❛sé❡✱ ❝♦♥t✐❡♥t ✉♥ ❡♥s❡♠❜❧❡ ❞❡ ❝♦♥❝❡♣ts ❧✐és à ❧❛ ❣❡st✐♦♥
❞❡s r❡ss♦✉r❝❡s✳ ▲❛ ♥♦t✐♦♥ ❞❡ r❡ss♦✉r❝❡ ❡st ❡①♣❧✐❝✐t❡♠❡♥t ❞é✜♥✐❡ ❞❛♥s ❧✬♦♥t♦❧♦❣✐❡ ❛✐♥s✐
q✉❡ ❞❡s ❝♦♥tr❛✐♥t❡s ré❣✐ss❛♥t ❧❡✉r ❞✐s♣♦♥✐❜✐❧✐té✳ ❈❡s ❝♦♥tr❛✐♥t❡s s♦♥t ❧✐é❡s ❛✉ t❡♠♣s ♦✉
à ❧✬ét❛t ❞❡ ❧❛ r❡ss♦✉r❝❡✱ ♦✉ ♣❧✉s ♣ré❝✐sé♠❡♥t ❞❡ s♦♥ ❡♥❣❛❣❡♠❡♥t ❞❛♥s ❞✬❛✉tr❡s ❛❝t✐✈✐✲
tés✳ ▲❡ ♣✐❧♦t❛❣❡ ❞✉ s②stè♠❡✱ t❡❧ q✉❡ ❞é❝r✐t ❞❛♥s ❧✬♦♥t♦❧♦❣✐❡ ❡t ✐♠♣❧é♠❡♥té ❞❛♥s ❉✐ès❡✱



❈♦♥❝❧✉s✐♦♥ ✶✺✶

♣r❡♥❞ ❡♥ ❝♦♠♣t❡ ❧❛ ❞✐s♣♦♥✐❜✐❧✐té ❞❡s r❡ss♦✉r❝❡s ❧♦rs ❞❡ ❧❛ sé❧❡❝t✐♦♥ ❞❡s ❛❝t✐✈✐tés à ❡①é❝✉✲
t❡r✱ à ❝❤❛q✉❡ ♣❛s ❞❡ t❡♠♣s✳ ▲❡s ❝♦♥✢✐ts s♦♥t ❞ét❡r♠✐♥és ♣❛r ❞❡s ❘❡s♦✉r❝❡ ❙❤❛r✐♥❣
❱✐♦❧❛t✐♦♥ ❈♦♥❞✐t✐♦♥s✱ q✉✐ ❞é❝r✐✈❡♥t ❞❡s ❡♥❣❛❣❡♠❡♥ts ❞❡ r❡ss♦✉r❝❡s ✐♠♣♦ss✐❜❧❡s ♦✉
✐♥❛❝❝❡♣t❛❜❧❡s✳ ■❧s ❢♦♥t ♣❛rt✐❡ ❞✬✉♥ ❆❝t✐✈✐t✐❡s ❘❡s♦✉r❝❡s ■♥❝♦♥s✐st❡♥t ❈♦♠♠✐t✲
♠❡♥ts✱ q✉✐ ❡st ✉♥ ❝♦♠♣♦s❛♥t ✭✐♥❞✐r❡❝t✮ ❞❡ ❧❛ str❛té❣✐❡ ❞✉ ♣✐❧♦t❡✳ ▲❡ ❝❛r❛❝tèr❡ é✈♦❧✉t✐❢
❞❡ ▼é❧♦❞✐❡ ❡t ❧❛ ♣rés❡♥❝❡ ❞❛♥s ❉✐ès❡ ❞❡ t♦✉s ❧❡s ❝♦♥❝❡♣ts ♥é❝❡ss❛✐r❡s ♣❡r♠❡tt❡♥t
❞✬❡♥✈✐s❛❣❡r ❧✬✐♥té❣r❛t✐♦♥ ❞❡s ❝♦♥tr❛✐♥t❡s ❞❡ r❡ss♦✉r❝❡s✳

❊♥ ❝♦♥❝❧✉s✐♦♥✱ ❧✬✐♠♣♦rt❛♥❝❡ ❞❡s ❝♦♥tr❛✐♥t❡s ❞❡ ♠❛❝❤✐♥❡s ❡t ❞❡ ♠❛✐♥ ❞✬÷✉✈r❡ s✉r ❧❡
♣✐❧♦t❛❣❡ ❞✉ s②stè♠❡ ♥❡ ❢♦♥t ❛✉❝✉♥ ❞♦✉t❡✱ ♠❛✐s ❧❡s ✈❡rr♦✉s ♠ét❤♦❞♦❧♦❣✐q✉❡s ♣♦✉r ❧❡✉r
♠♦❞é❧✐s❛t✐♦♥ ét❛✐❡♥t tr♦♣ ❝♦♥séq✉❡♥ts ♣♦✉r êtr❡ ❧❡✈és ❞❛♥s ❝❡tt❡ t❤ès❡✳ ❊♥❣❛❣❡r ✉♥❡
ré✢❡①✐♦♥ s✉r ❝❡ t❤è♠❡ ❡♥ ❝♦❧❧❛❜♦r❛t✐♦♥ ❛✈❡❝ ❞❡s s♦❝✐♦❧♦❣✉❡s ❡st ✉♥❡ ♣✐st❡ ❞❡ r❡❝❤❡r❝❤❡
♣♦✉r ▼é❧♦❞✐❡✱ q✉✐ ❡st ✉♥❡ ♣❧❛t❡✲❢♦r♠❡ ♣❡r♠❡tt❛♥t ❞❡s ❡①♣ér✐♠❡♥t❛t✐♦♥s ✐♥é❞✐t❡s ❞❛♥s
❝❡ ❞♦♠❛✐♥❡ ❡t q✉❡ ♣❡✉ ❞✬♦✉t✐❧s ♣❡✉✈❡♥t ❛❜♦r❞❡r✳

✼✳✻ ❈♦♥❝❧✉s✐♦♥

▲❡s ♣r♦❝❡ss✉s ❞é❝✐s✐♦♥♥❡❧s ♣rés❡♥tés ❞❛♥s ❝❡ ❝❤❛♣✐tr❡ ♣❡r♠❡tt❡♥t ❞✬❛♣♣❧✐q✉❡r ❧❡s
♣❧❛♥s ❛♥♥✉❡❧s ❛✈❡❝ ✢❡①✐❜✐❧✐té✱ ❞❡ ❢❛ç♦♥ ❞é♣❡♥❞❛♥t❡ ❞✉ ❝♦♥t❡①t❡✳ ▲❡ ♣✐❧♦t❛❣❡ ❞✉ s②stè♠❡
❡st ❛❞❛♣té ❛✉① ❝♦♥❞✐t✐♦♥s ❝❧✐♠❛t✐q✉❡s ❡t à ❧✬ét❛t ❞✉ s②stè♠❡ ❣râ❝❡ à ❧❛ ♣r✐s❡ ❞✬✐♥❢♦r♠❛✲
t✐♦♥s ❡t à ❧❛ sé❧❡❝t✐♦♥ ❞✬♦♣ér❛t✐♦♥s à ❡✛❡❝t✉❡r✱ ré❛❧✐sé❡s ❞❡ ❢❛ç♦♥ q✉♦t✐❞✐❡♥♥❡ ♣❛r ❧❡ ♣✐❧♦t❡
❞✉ s②stè♠❡✳ ▲✬❛❞❛♣t❛t✐♦♥ ❛✉① ❝♦♥❞✐t✐♦♥s ✈❛r✐❛❜❧❡s ♣❡r♠❡t à ▼é❧♦❞✐❡ ❞❡ s✐♠✉❧❡r✱ ❞❛♥s
✉♥❡ ❝❡rt❛✐♥❡ ♠❡s✉r❡✱ ❧❛ rés✐❧✐❡♥❝❡ ❞❡s s②stè♠❡s ❞❡ ♣r♦❞✉❝t✐♦♥✳ ❈❡t ❛s♣❡❝t ❡st s♦✉✈❡♥t
♥é❣❧✐❣é ❞❛♥s ❧❡s ♠♦❞è❧❡s à ❧✬é❝❤❡❧❧❡ ❞❡ ❧✬❡①♣❧♦✐t❛t✐♦♥✱ ♠❛✐s ♣❡✉t ❛✈♦✐r ❞❡s ❝♦♥séq✉❡♥❝❡s
✐♠♣♦rt❛♥t❡s ❡♥ t❡r♠❡s ❞❡ ✢✉① ❞❡ ♠❛t✐èr❡s✳

▲❛ ♠♦❞é❧✐s❛t✐♦♥ ré❛❧✐sé❡ ❞❛♥s ❧❡ ❝❛❞r❡ ❞❡ ❝❡tt❡ t❤ès❡ ♥✬❡st ♣❛s ❝♦♠♣❧èt❡✳ ▲❡ ♣ât✉✲
r❛❣❡✱ ❡t ❞❡ ❢❛ç♦♥ ♣❧✉s ❣é♥ér❛❧❡ ❧✬❛❧✐♠❡♥t❛t✐♦♥ ❞❡s ❛♥✐♠❛✉①✱ ♦♥t été ♣❛rt✐❝✉❧✐èr❡♠❡♥t
ét✉❞✐és✳ ❉❡s ❞é✈❡❧♦♣♣❡♠❡♥ts ❝♦♠♣❧é♠❡♥t❛✐r❡s ❞❡✈r♦♥t êtr❡ ré❛❧✐sés ♣♦✉r ❧❛ ❣❡st✐♦♥ ❞❡s
s✐t✉❛t✐♦♥s ❞❡ ❝❛r❡♥❝❡ ❛❧✐♠❡♥t❛✐r❡ ✭✈♦✐r ✾✳✸✳✷✮✱ ❧❛ ❢❛✐s❛❜✐❧✐té ❞❡s ♦♣ér❛t✐♦♥s ❡t ❧❛ ❣❡st✐♦♥
❞❡s r❡ss♦✉r❝❡s✳



✶✺✷ ❉é❝✐s✐♦♥s ❡♥ ❝♦✉rs ❞✬❛♥♥é❡



❈❤❛♣✐tr❡ ✽

❆♣♣❧✐❝❛t✐♦♥ ✿ ✉♥ ❡①❡♠♣❧❡
❞✬❡①♣ér✐♠❡♥t❛t✐♦♥ ✈✐rt✉❡❧❧❡ ❛✈❡❝
▼é❧♦❞✐❡

❙♦♠♠❛✐r❡
✽✳✶ ❖❜❥❡❝t✐❢s ❞❡ ❧✬❡①♣ér✐♠❡♥t❛t✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✺✺

✽✳✷ ▲❡ ♣❧❛♥ ❞✬❡①♣ér✐❡♥❝❡ ♠✐s ❡♥ ♣❧❛❝❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✺✺

✽✳✷✳✶ ❈❛r❛❝tér✐st✐q✉❡s ❣é♥ér❛❧❡s ❞❡s s✐♠✉❧❛t✐♦♥s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✺✺

✽✳✷✳✷ ❈❛r❛❝tér✐st✐q✉❡s ❝♦♠♠✉♥❡s à t♦✉t❡s ❧❡s s✐♠✉❧❛t✐♦♥s ✳ ✳ ✳ ✳ ✳ ✳ ✶✺✻

✽✳✷✳✸ ❈❛r❛❝tér✐st✐q✉❡s ✈❛r✐❛❜❧❡s ❡♥tr❡ s✐♠✉❧❛t✐♦♥s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✺✽

✽✳✸ ❘és✉❧t❛ts ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✺✾

✽✳✸✳✶ ●❡st✐♦♥ ❞✉ tr♦✉♣❡❛✉ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✺✾

✽✳✸✳✷ ●❡st✐♦♥ ❞❡s ❝✉❧t✉r❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✻✵

✽✳✸✳✸ ❇✐❧❛♥s ❞❡ ❧✬❛③♦t❡ ❡t ❡①❝é❞❡♥ts ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✻✺

✽✳✸✳✹ ▲❡ss✐✈❛❣❡ ❡t ✈♦❧❛t✐❧✐s❛t✐♦♥ ❞✬❛③♦t❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✻✼

✽✳✸✳✺ ▲✐❡♥ ❡♥tr❡ ❡①❝é❞❡♥ts ❡t ♣❡rt❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✼✵

✽✳✸✳✻ ❉✐♠✐♥✉t✐♦♥ ❞✉ st♦❝❦ ❞✬❛③♦t❡ ♦r❣❛♥✐q✉❡ ❞✉ s♦❧ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✼✷

✽✳✹ ❉✐s❝✉ss✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✼✸

✽✳✹✳✶ ❉❡s ❜✐❧❛♥s ❛♣♣❛r❡♥ts ❞❡ ❧✬❛③♦t❡ ❢❛✐❜❧❡s ♠❛✐s ❝♦❤ér❡♥ts ✳ ✳ ✳ ✳ ✶✼✸

✽✳✹✳✷ ➱♠✐ss✐♦♥s ❞❡ ❝♦♠♣♦sés à r✐sq✉❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✼✻

✽✳✹✳✸ ❊①❝é❞❡♥t ❞✬❛③♦t❡ ❡t é♠✐ss✐♦♥s ❞❡ ❝♦♠♣♦sés à r✐sq✉❡ ✳ ✳ ✳ ✳ ✳ ✳ ✶✼✽

✽✳✹✳✹ P❡rs♣❡❝t✐✈❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✼✾

✽✳✺ ❈♦♥❝❧✉s✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✽✵

✶✺✸



✶✺✹ ❯♥❡ ❛♣♣❧✐❝❛t✐♦♥ ❞❡ ▼é❧♦❞✐❡



❖❜❥❡❝t✐❢s ❞❡ ❧✬❡①♣ér✐♠❡♥t❛t✐♦♥ ✶✺✺

❯♥ ♠♦❞è❧❡ t❡❧ q✉❡ ▼é❧♦❞✐❡ ♣❡r♠❡t ❞❡ ❝♦♠♣❧ét❡r ❧❡s ♦❜s❡r✈❛t✐♦♥s ❡t ♠❡s✉r❡s ❢❛✐t❡s
s✉r ❧❡ t❡rr❛✐♥✱ ❞❛♥s ❧❡s ❢❡r♠❡s ❡①♣ér✐♠❡♥t❛❧❡s ♦✉ ❞✐r❡❝t❡♠❡♥t ❞❛♥s ❞❡s ❢❡r♠❡s ❝♦♠♠❡r✲
❝✐❛❧❡s✳ ❈❡ ❝❤❛♣✐tr❡ ❞é❝r✐t ✉♥ ❡①❡♠♣❧❡ t②♣✐q✉❡ ❞✬❛♣♣❧✐❝❛t✐♦♥✱ ❛✉ ❝♦✉rs ❞✉q✉❡❧ ✉♥ ♣❧❛♥
❞✬❡①♣ér✐❡♥❝❡ à ❧✬é❝❤❡❧❧❡ ❞✉ s②stè♠❡ ❞❡ ♣r♦❞✉❝t✐♦♥ ❡st ♠✐s ❡♥ ♣❧❛❝❡ ♣♦✉r ré♣♦♥❞r❡ à ❞❡s
q✉❡st✐♦♥s ❞❡ r❡❝❤❡r❝❤❡ ❛♣♣❧✐q✉é❡✳

✽✳✶ ❖❜❥❡❝t✐❢s ❞❡ ❧✬❡①♣ér✐♠❡♥t❛t✐♦♥

❊♥ é❧❡✈❛❣❡ ❜♦✈✐♥ ❧❛✐t✐❡r✱ ❧❡ ❜✐❧❛♥ ❞❡ ❧✬❛③♦t❡ ❡st s♦✉✈❡♥t ❝❛❧❝✉❧é ♣♦✉r é✈❛❧✉❡r ❧❛ ♣r❡s✲
s✐♦♥ ❡①❡r❝é❡ s✉r ❧✬❡♥✈✐r♦♥♥❡♠❡♥t✳ ❈❡♣❡♥❞❛♥t✱ ❧❡ ❜✐❧❛♥ ❡st ♠❛❧ r❡❧✐é ❛✉① ♣❡rt❡s ❡♥✈✐r♦♥✲
♥❡♠❡♥t❛❧❡s ✭❝❤❛♣✐tr❡ ✶✮✳ ❈❡ ❧✐❡♥ ♣❡✉t êtr❡ ❡①♣❧♦ré ❣râ❝❡ à ▼é❧♦❞✐❡✱ ❡♥ ré❛❧✐s❛♥t ❞❡s
s✐♠✉❧❛t✐♦♥s ❛✈❡❝ ❞✐✛ér❡♥ts s②stè♠❡s ❞❡ ♣r♦❞✉❝t✐♦♥✳ ●râ❝❡ ❛✉① s♦rt✐❡s ❞❡ ▼é❧♦❞✐❡✱ ✐❧
❡st ♣♦ss✐❜❧❡ ❞❡ ❝❛❧❝✉❧❡r ❧❡ ❜✐❧❛♥ ❛③♦t❡ ❛✉① ♣♦rt❡s ❞❡ ❧✬❡①♣❧♦✐t❛t✐♦♥✳ ❈♦♥tr❛✐r❡♠❡♥t ❛✉①
❡①♣ér✐♠❡♥t❛t✐♦♥s t❡rr❛✐♥✱ ♦♥ ❞✐s♣♦s❡ ❛❧♦rs ❞❡ ❥❡✉① ❞❡ ❞♦♥♥é❡s ❝♦♠♣❧❡ts ❞♦♥♥❛♥t ❧❡s ❜✐✲
❧❛♥s ❡t ❧❡s ♣❡rt❡s ❛ss♦❝✐é❡s✱ ❛✉ ♥✐✈❡❛✉ ❞❡ ❧✬❡①♣❧♦✐t❛t✐♦♥ ❡♥t✐èr❡✳ ❉❡ t❡❧s ❥❡✉① ❞❡ ❞♦♥♥é❡s
♦✉✈r❡♥t ❞❡ ♥♦✉✈❡❧❧❡s ♣♦ss✐❜✐❧✐tés ♣♦✉r ❧❛ ❝♦♠♣ré❤❡♥s✐♦♥ ❞✉ ❧✐❡♥ ❡♥tr❡ ❜✐❧❛♥ ❡t ♣❡rt❡s
❡♥✈✐r♦♥♥❡♠❡♥t❛❧❡s✳

❈❡ ♣r✐♥❝✐♣❡ ❡st ♠✐s ❡♥ ❛♣♣❧✐❝❛t✐♦♥ ❞❛♥s ❧✬❡①♣ér✐♠❡♥t❛t✐♦♥ ✈✐rt✉❡❧❧❡ ♣rés❡♥té❡ ✐❝✐✱
❞♦♥t ❧✬♦❜❥❡❝t✐❢ ❡st ❞❡ ❝♦♠♣❛r❡r ❞✐✛ér❡♥ts s②stè♠❡s ❞❡ ♣r♦❞✉❝t✐♦♥ ❛♣♣❧✐q✉és ❞❛♥s ✉♥❡
s✐t✉❛t✐♦♥ ❞♦♥♥é❡✳ ❖♥ ❝♦♠♣❛r❡ ❞♦♥❝ ❞✐✛ér❡♥ts s②stè♠❡s ♣♦✉r ✉♥❡ ♠ê♠❡ str✉❝t✉r❡ ❞✬❡①✲
♣❧♦✐t❛t✐♦♥✱ ❞❛♥s ✉♥ ♠ê♠❡ ❝♦♥t❡①t❡✳ ▲❡s ❞✐✛ér❡♥❝❡s ❡♥tr❡ s②stè♠❡s ❞❡ ♣r♦❞✉❝t✐♦♥ ♣♦rt❡♥t
♣r✐♥❝✐♣❛❧❡♠❡♥t s✉r ❧❡ s②stè♠❡ ❢♦✉rr❛❣❡r ❡t ❧❡ ♥✐✈❡❛✉ ❞✬✐♥t❡♥s✐✜❝❛t✐♦♥ s✉r ❧❡s ❛♥✐♠❛✉①✳

✽✳✷ ▲❡ ♣❧❛♥ ❞✬❡①♣ér✐❡♥❝❡ ♠✐s ❡♥ ♣❧❛❝❡

✽✳✷✳✶ ❈❛r❛❝tér✐st✐q✉❡s ❣é♥ér❛❧❡s ❞❡s s✐♠✉❧❛t✐♦♥s

❉❡✉① t②♣❡s ❞❡ s②stè♠❡s ❢♦✉rr❛❣❡rs ♦♥t été t❡stés ❛✈❡❝ tr♦✐s ♥✐✈❡❛✉① ❞❡ ❝♦♥❝❡♥trés
♣♦✉r ❝❤❛❝✉♥✱ s♦✐t ✉♥ t♦t❛❧ ❞❡ s✐① s✐♠✉❧❛t✐♦♥s✳ ❈❡s s②stè♠❡s s♦♥t ❜❛sés s✉r ❧❛ t②♣♦❧♦❣✐❡
♣r♦♣♦sé❡ ♣❛r ❧❡s ❈❤❛♠❜r❡s ❞✬❛❣r✐❝✉❧t✉r❡ ❞❡ ❇r❡t❛❣♥❡ ✭✷✵✵✻✮ ❡t ♣❧✉s ♣ré❝✐sé♠❡♥t s✉r
❧❡s ✜❝❤❡s ✓ ❉✉ ♠❛ïs t♦✉t❡ ❧✬❛♥♥é❡ ✔ ❡t ✓ ✶✺✵ ❥♦✉rs ❞❡ ♣ât✉r❛❣❡ s❡✉❧ ✔✱ ❛✈❡❝ q✉❡❧q✉❡s
❛❞❛♣t❛t✐♦♥s✳ ▲✬❡①♣❧♦✐t❛t✐♦♥ ✈✐rt✉❡❧❧❡ s✐♠✉❧é❡ ❛✈❛✐t✱ ❞❛♥s t♦✉s ❧❡s ❝❛s✱ ✉♥❡ s✉r❢❛❝❡ ❛❣r✐❝♦❧❡
✉t✐❧❡ ❞❡ ✺✵ ❤❛ ❡t ✉♥ q✉♦t❛ ❧❛✐t✐❡r ❞❡ ✸✵✵ ✵✵✵ ❦❣✱ s♦✐t ✸✷✻ ✵✵✵ ❦❣ ♣r♦❞✉✐ts ♣❛r ❛♥✳

▲❡s sér✐❡s ❝❧✐♠❛t✐q✉❡s ✉t✐❧✐sé❡s s♦♥t ❝❡❧❧❡s ❞✉ ❘❤❡✉ ✭✸✺✮✱ ❡♥tr❡ ✶✾✽✸ ❡t ✷✵✵✻✳ ❆✉ ❞é♣❛rt
❞❡ ❝❤❛q✉❡ s✐♠✉❧❛t✐♦♥✱ ❧❡s ❞✐① ♣r❡♠✐èr❡s ❛♥♥é❡s ❝♦rr❡s♣♦♥❞❡♥t à ✉♥ ré❣✐♠❡ tr❛♥s✐t♦✐r❡✳
▲❡s s✐♠✉❧❛t✐♦♥s ♦♥t ❞♦♥❝ été ré❛❧✐sé❡s ♣♦✉r ❧❛ ♣ér✐♦❞❡ ✶✾✼✸✲✷✵✵✻ ❡t s❡✉❧❡ ❧❛ ♣ér✐♦❞❡
✶✾✽✸✲✷✵✵✻ ❛ été ❡①♣❧♦✐té❡✳ ▲❡s sér✐❡s ❝❧✐♠❛t✐q✉❡s ré❡❧❧❡♠❡♥t ♦❜❡r✈é❡s ♣♦✉r ❧❛ ♣ér✐♦❞❡
✶✾✼✸✲✶✾✽✸ ♥✬ét❛✐❡♥t ♣❛s ❞✐s♣♦♥✐❜❧❡s✳ P♦✉r ❝❡tt❡ ♣ér✐♦❞❡ ❞❡ ✓ ♣ré✲s✐♠✉❧❛t✐♦♥ ✔✱ ❧❡s sér✐❡s
❝❧✐♠❛t✐q✉❡s ❞❡ ✶✾✽✹ à ✶✾✾✹ ♦♥t été ✉t✐❧✐sé❡s✳

▲❡s ♣❛r❛♠ètr❡s ❞✉ s♦❧ ♦♥t été ét❛❜❧✐s ♣♦✉r ❧❛ ♣❛r❝❡❧❧❡ ❡①♣ér✐♠❡♥t❛❧❡ ❞❡ ❈❤❛♠♣✲◆♦ë❧✱
s✐t✉é❡ à ♣r♦①✐♠✐té ❞❡ ❘❡♥♥❡s ✭❚✳ ▼♦r✈❛♥✱ ❝♦♠♠✉♥✐❝❛t✐♦♥ ♣❡rs♦♥♥❡❧❧❡✮✳ ▲❡ s♦❧ ❡st ❞❡
t②♣❡ ❧✐♠♦♥ ❛r❣✐❧❡✉①✳



✶✺✻ ❯♥❡ ❛♣♣❧✐❝❛t✐♦♥ ❞❡ ▼é❧♦❞✐❡

✽✳✷✳✷ ❈❛r❛❝tér✐st✐q✉❡s ❝♦♠♠✉♥❡s à t♦✉t❡s ❧❡s s✐♠✉❧❛t✐♦♥s

❚r♦✉♣❡❛✉
▲❡ ♣♦t❡♥t✐❡❧ ❣é♥ét✐q✉❡ ❞❡ ♣r♦❞✉❝t✐♦♥ ❧❛✐t✐èr❡ ❛ été ✜①é à ✹✵ kg/jour ❛✉ ♣✐❝ ❞❡ ❧❛❝✲

t❛t✐♦♥✱ s♦✐t ❡♥✈✐r♦♥ ✾ ✵✵✵ kg s✉r ❧✬❡♥s❡♠❜❧❡ ❞❡ ❧❛❝t❛t✐♦♥ ♣♦✉r ❧❡s ♠✉❧t✐♣❛r❡s ❡t à ✸✵
kg/jour ♣♦✉r ❧❡s ♣r✐♠✐♣❛r❡s✳ ▲❛ ♣r♦❞✉❝t✐♦♥ ❡✛❡❝t✐✈❡ ❞é♣❡♥❞ ❞❡ ❧✬❛❧✐♠❡♥t❛t✐♦♥ ❡t ❧❡s
❡✛❡❝t✐❢s ❞✬❛♥✐♠❛✉① ♦♥t été ❛❥✉stés ❞❛♥s ❝❤❛q✉❡ s✐♠✉❧❛t✐♦♥ ❞❡ ♠❛♥✐èr❡ à ♣r♦❞✉✐r❡ ❡①❛❝✲
t❡♠❡♥t ❧✬♦❜❥❡❝t✐❢✳ ▲❡s t❛✉① ❜✉t②r❡✉① ❡t ♣r♦té✐q✉❡s ♦♥t été ✜①és r❡s♣❡❝t✐✈❡♠❡♥t à ✹✵ ❡t
✸✶ g/kg✱ ✐♥❞é♣❡♥❞❛♠♠❡♥t ❞❡ ❧✬❛❧✐♠❡♥t❛t✐♦♥✳

▲❡ ♣♦✐❞s ❞❡s ❛♥✐♠❛✉① ❛ été ✜①é à ✻✵✵ kg ♣♦✉r t♦✉t❡s ❧❡s ❝❧❛ss❡s ❞❡ ♣r✐♠✐♣❛r❡s ❡t à
✻✺✵ kg ♣♦✉r t♦✉t❡s ❧❡s ❝❧❛ss❡s ❞❡ ♠✉❧t✐♣❛r❡s✳ ▲❡ ♣♦✐❞s ❞❡s ✈❡❛✉① à ❧❛ ♥❛✐ss❛♥❝❡ ét❛✐t ❞❡
✹✵ kg✱ ♣✉✐s ❞❡ ✷✵✵ kg à ✻ ♠♦✐s ❡t ❞❡ ✺✾✵ kg ❛✉ ♣r❡♠✐❡r ✈ê❧❛❣❡✳ ❊♥tr❡ ❝❡s ✈❛❧❡✉rs✱ ❧❡s
♣♦✐❞s ❞❡s ❣é♥✐ss❡s ❡♥ ❝r♦✐ss❛♥❝❡ ♦♥t été ✐♥t❡r♣♦❧és ❡♥ ✉t✐❧✐s❛♥t ❧❡s éq✉❛t✐♦♥s ❞✉ s②stè♠❡
■◆❘❆ ✭■◆❘❆ ✷✵✵✼✮✳ ❈❡❝✐ ♣❡r♠❡t ❞❡ ✜①❡r ❧❡ ♣♦✐❞s ❡t ❧❡ ❣❛✐♥ ♠♦②❡♥ q✉♦t✐❞✐❡♥ ♣♦✉r
❝❤❛q✉❡ ❝❧❛ss❡ ❞❡ ❣é♥✐ss❡s✳

▲❡s ✈ê❧❛❣❡s ❞❡ ❣é♥✐ss❡s ét❛✐❡♥t ♣♦ss✐❜❧❡s t♦✉t❡ ❧✬❛♥♥é❡✱ s❛✉❢ ❡♥tr❡ ❛✈r✐❧ ❡t ❥✉✐♥ ✭✐♥❝❧✉s✮✳
▲❡s ✈ê❧❛❣❡s s♦♥t ❞♦♥❝ très ♣❡✉ ❣r♦✉♣és✳ ▲❡s rè❣❧❡s ❞é✜♥✐❡s ❞❛♥s ●❡❞❡♠♦ ♣❡r♠❡tt❛✐❡♥t
❛✉① ❣é♥✐ss❡s ❞❡ ✈ê❧❡r à ♣❛rt✐r ❞❡ ✷✺ ♠♦✐s✳ ▲✬â❣❡ ♠♦②❡♥ ❛✉ ♣r❡♠✐❡r ✈ê❧❛❣❡ rés✉❧t❛♥t ❞❡
❝❡s rè❣❧❡s ❡st ❞❡ ✽✵✵ ❥♦✉rs ✭✷✻✱✷ ♠♦✐s✮✳

▲❡ t②♣❡ ❞❡ ❧♦❣❡♠❡♥t ❞❡s ❛♥✐♠❛✉① ❡st ✐❞❡♥t✐q✉❡ ❞❛♥s t♦✉t❡s ❧❡s s✐♠✉❧❛t✐♦♥s✳ ▲❡s
✈❛❝❤❡s ❧❛✐t✐èr❡s s♦♥t ❞❛♥s ✉♥❡ st❛❜✉❧❛t✐♦♥ ❛✈❡❝ ❧♦❣❡tt❡s✱ ♣r♦❞✉✐s❛♥t ❞✉ ❧✐s✐❡r✳ ▲❡s ❣é♥✐ss❡s
s♦♥t ❧♦❣é❡s ❞❛♥s ✉♥❡ st❛❜✉❧❛t✐♦♥ ❧✐❜r❡ ❛✈❡❝ ❧✐t✐èr❡ ❛❝❝✉♠✉❧é❡✱ ♣r♦❞✉✐s❛♥t ❞✉ ❢✉♠✐❡r✳

❆❧✐♠❡♥t❛t✐♦♥
❉❛♥s t♦✉t❡s ❧❡s s✐♠✉❧❛t✐♦♥s✱ tr♦✐s r❛t✐♦♥s ❞✐✛ér❡♥t❡s s♦♥t ✉t✐❧✐sé❡s ❛✉ ❝♦✉rs ❞❡ ❧✬❛♥♥é❡ ✿

✉♥❡ r❛t✐♦♥ ❤✐✈❡r♥❛❧❡✱ ✉♥❡ r❛t✐♦♥ ❞❡ tr❛♥s✐t✐♦♥ ❧♦rs ❞❡ ❧❛ ♠✐s❡ à ❧✬❤❡r❜❡ ❡t ✉♥❡ r❛t✐♦♥ ❛✉
♣ât✉r❛❣❡✳ ▲✬❡♥❝❤❛î♥❡♠❡♥t ❞❡ ❝❡s r❛t✐♦♥s ❡st ré❣✐ ♣❛r ❧❡s ♠é❝❛♥✐s♠❡s ❞é❝r✐ts ❞❛♥s ❧❡
❝❤❛♣✐tr❡ ✼ ❡t ❧❛ ✜❣✉r❡ ✼✳✸✳

▲❛ r❛t✐♦♥ ❤✐✈❡r♥❛❧❡ ❡st ❝♦♠♣♦sé❡ ❞✬❡♥s✐❧❛❣❡ ❞❡ ♠❛ïs à ✈♦❧♦♥té ❡t ❞❡ t♦✉rt❡❛✉ ❞❡ s♦❥❛
à r❛✐s♦♥ ❞❡ ✶✼✺ g (MB) ♣❛r kg (MS) ❞❡ ♠❛ïs✳ ❙✐ ❞❡ ❧✬❡♥s✐❧❛❣❡ ❞✬❤❡r❜❡ ❡st ❞✐s♣♦♥✐❜❧❡
❡♥ st♦❝❦✱ ✐❧ ❡st ❞✐str✐❜✉é à r❛✐s♦♥ ❞❡ ✻ kg (MS)/jour✳

▲❛ ♠✐s❡ à ❧✬❤❡r❜❡ ❛ ❧✐❡✉ ❛✉ ♣❧✉s tôt ❛✉ ♣r❡♠✐❡r ♠❛rs ❡t ❞ès q✉❡ ❧❛ q✉❛♥t✐té ❞✬❤❡r❜❡
❞✐s♣♦♥✐❜❧❡ ♣♦✉r ❧❡ ♣ât✉r❛❣❡ ❛tt❡✐♥t ✸✵✵ kg (MS)/V L✳ ❯♥❡ r❛t✐♦♥ ❞❡ tr❛♥s✐t✐♦♥ ❡st
✉t✐❧✐sé❡ ♣❡♥❞❛♥t ❛✉ ♠♦✐♥s ✷✵ ❥♦✉rs ✭✉♥ ❝❤❛♥❣❡♠❡♥t ❞❡ r❛t✐♦♥ ♥✬ét❛♥t ♣♦ss✐❜❧❡ q✉❡ ❧♦rs
❞✬✉♥ ❝❤❛♥❣❡♠❡♥t ❞❡ ♣❛r❝❡❧❧❡ ♣ât✉ré❡✮✳ ▲✬❤❡r❜❡ ♣ât✉ré❡ ❡st ✐♥❣éré❡ à ✈♦❧♦♥té✳ ▲❛ q✉❛♥t✐té
❞✬❡♥s✐❧❛❣❡ ❞❡ ♠❛ïs ❡st ❛✉ ❞é♣❛rt ❞❡ ✽✱✺ kg (MS)/j✱ ❡t ❞é❝r♦ît ❞❡ ✷ kg (MS)/j t♦✉s ❧❡s
✼ ❥♦✉rs✳ ❈♦♠♠❡ ❧❡s ♠♦❞✐✜❝❛t✐♦♥s ❞❡ r❛t✐♦♥ ♥❡ s♦♥t ♣♦ss✐❜❧❡s q✉❡ ❧♦rs ❞✬✉♥ ❝❤❛♥❣❡♠❡♥t
❞❡ ♣❛r❝❡❧❧❡ ♣ât✉ré❡✱ ❧❛ q✉❛♥t✐té ❞✬❡♥s✐❧❛❣❡ ❞❡ ♠❛ïs ❞✐str✐❜✉é❡ ❝♦rr❡s♣♦♥❞ à ❝❡❧❧❡ ♣ré✈✉❡
♣♦✉r ❧❡ ❥♦✉r ❞❡ ❧✬❡♥tré❡ ❞❡s ❛♥✐♠❛✉① ❞❛♥s ❧❛ ♣❛r❝❡❧❧❡✳ ❈♦♠♠❡ ❡♥ ❤✐✈❡r✱ ❞✉ t♦✉rt❡❛✉ ❞❡
s♦❥❛ ❡st ❞✐str✐❜✉é ❡♥ q✉❛♥t✐té ♣r♦♣♦rt✐♦♥♥❡❧❧❡ à ❧✬❡♥s✐❧❛❣❡ ❞❡ ♠❛ïs✳ ❆✈❡❝ ❝❡tt❡ r❛t✐♦♥ ❞❡
tr❛♥s✐t✐♦♥✱ ♦♥ ❝♦♥s✐❞èr❡ q✉❡ ❧❡s ❞é❥❡❝t✐♦♥s s♦♥t ré♣❛rt✐❡s à ✼✵ ✪ ❞❛♥s ❧❡ ❜ât✐♠❡♥t ❡t à
✸✵ ✪ ❛✉ ♣ât✉r❛❣❡✳

▲❛ tr♦✐s✐è♠❡ r❛t✐♦♥✱ ✉t✐❧✐sé❡ ❛✉ ♣ât✉r❛❣❡ ❞ès ❧❛ ✜♥ ❞❡ ❧❛ tr❛♥s✐t✐♦♥✱ ❡st ❞✐✛ér❡♥t❡
❞❛♥s ❧❡s ❞❡✉① s②stè♠❡s ❢♦✉rr❛❣❡rs✳ ❈❡s r❛t✐♦♥s s♦♥t ❞é❝r✐t❡s ❞❛♥s ❧❡ ♣❛r❛❣r❛♣❤❡ ✽✳✷✳✸✳



▲❡ ♣❧❛♥ ❞✬❡①♣ér✐❡♥❝❡ ♠✐s ❡♥ ♣❧❛❝❡ ✶✺✼

❆✉ ♣ât✉r❛❣❡✱ ❞❡s ❛❧✐♠❡♥ts ❝♦♠♣❧é♠❡♥t❛✐r❡s ♣❡✉✈❡♥t êtr❡ ❞✐str✐❜✉és ❧♦rsq✉❡ ❧❛ q✉❛♥✲
t✐té ❞✬❤❡r❜❡ ❞✐s♣♦♥✐❜❧❡ ❡st tr♦♣ ❢❛✐❜❧❡ ✭❝❢ ✼✳✷✮✳ ❖♥ ✉t✐❧✐s❡ ❛❧♦rs ❞❡ ❧✬❡♥s✐❧❛❣❡ ❞❡ ♠❛ïs ✭❛✈❡❝
✉♥❡ q✉❛♥t✐té é❧é♠❡♥t❛✐r❡ ❞❡ ✶ kg MS✮ ❡t ❞✉ t♦✉rt❡❛✉ ❞❡ s♦❥❛ ✭❛✈❡❝ ✉♥❡ q✉❛♥t✐té é❧é✲
♠❡♥t❛✐r❡ ❞❡ ✵✳✶✺✹ kg MS✱ s♦✐t ✵✳✶✼✺ kg MB✮✳ ▲❛ q✉❛♥t✐té ❞✬❡♥s✐❧❛❣❡ ❞❡ ♠❛ïs ❞✐str✐❜✉é❡
❡♥ ❝♦♠♣❧é♠❡♥t ❡st ❧✐♠✐té❡ à ✽ kg (MS)/j✳

▲❡s s✐♠✉❧❛t✐♦♥s ❞✐✛èr❡♥t ♣❛r ❧❛ q✉❛♥t✐té ❞❡ ❝♦♥❝❡♥tré ❞✐str✐❜✉é ✭✈♦✐r ✽✳✷✳✸✮✳ ❈❡s
❞✐✛ér❡♥❝❡s ❝♦♥❝❡r♥❡♥t ❧❡ ❝♦♥❝❡♥tré ❞❡ ♣r♦❞✉❝t✐♦♥ ❞❡ t②♣❡ ❱▲✶✽✳ ❉❛♥s t♦✉s ❧❡s ❝❛s✱ ❝❡
❝♦♥❝❡♥tré ❡st ❝♦♠♣♦sé ❞❡ ❜❧é ✭✷✵ ✪✮✱ ♠❛ïs ✭✷✵ ✪✮✱ ♦r❣❡ ✭✷✵ ✪✮✱ t♦✉rt❡❛✉ ❞❡ s♦❥❛ ✭✶✺ ✪✮✱
♣✉❧♣❡ ❞❡ ❜❡tt❡r❛✈❡ ❞és❤②❞r❛té❡ ✭✶✺ ✪✮ ❡t ❞❡ ♣r♦❞✉✐ts ❞✐✈❡rs ✭❝♦♠♣❧é♠❡♥ts ♠✐♥ér❛✉①
❡t ✈✐t❛♠✐♥és✱ ♠é❧❛ss❡✱ ❣r❛✐ss❡✱ s❡❧✮✳ ❈❡tt❡ ❝♦♠♣♦s✐t✐♦♥ ❛ été ét❛❜❧✐❡ ❞✬❛♣rès ▲✳ ❉❡❧❛❜②
✭❝♦♠♠✉♥✐❝❛t✐♦♥ ♣❡rs♦♥♥❡❧❧❡✮✳ ▲❡s ✈❛❧❡✉rs ❛❧✐♠❡♥t❛✐r❡s ♦♥t été ❝❛❧❝✉❧é❡s ♣❛r ♠♦②❡♥♥❡
♣♦♥❞éré❡ ❞❡s ✈❛❧❡✉rs ❞❡s ✐♥❣ré❞✐❡♥ts✳

▲❡s ❣é♥✐ss❡s ✐♥❣èr❡♥t ✉♥❡ r❛t✐♦♥ ❝♦♠♣♦sé❡ ❞✬❡♥s✐❧❛❣❡ ❞❡ ♠❛ïs✱ ❞❡ ♣❛✐❧❧❡ ❡t ❞❡ ❝♦♥❝❡♥✲
tré ❞❡ ♣r♦❞✉❝t✐♦♥✱ ♣❡♥❞❛♥t t♦✉t❡ ❧✬❛♥♥é❡✳ ▲❡s q✉❛♥t✐tés s♦♥t ❝❛❧❝✉❧é❡s ❛✉t♦♠❛t✐q✉❡♠❡♥t
♣❛r ❧❡ ♠♦❞è❧❡ ❡♥ ❢♦♥❝t✐♦♥ ❞❡s ❝❛r❛❝tér✐st✐q✉❡s ❞❡s ❛♥✐♠❛✉① ♣♦✉r ♣❡r♠❡ttr❡ ❧❡s ♦❜❥❡❝t✐❢s
❞❡ ❝r♦✐ss❛♥❝❡ ✭❝❢ ✺✳✶✳✷✱ ♣❛❣❡ ✾✺ ❡t ❛♥♥❡①❡ ❇✮✳

P❛r❝❡❧❧❡s
▲❡ ♣❛r❝❡❧❧❛✐r❡ ❛ été ❣é♥éré ❛❧é❛t♦✐r❡♠❡♥t✱ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ q✉❡❧q✉❡s ❝r✐tèr❡s ♦❜s❡r✈és

s✉r ❧❡ t❡rr❛✐♥✳ ▲❡ ♥♦♠❜r❡ ♠♦②❡♥ ❞❡ ♣❛r❝❡❧❧❡s ❞✬✉♥❡ ❡①♣❧♦✐t❛t✐♦♥ ❞❡ ❝❡tt❡ t❛✐❧❧❡ ❡st ❞❡
✶✼✱ s❡❧♦♥ ❞❡s ❞♦♥♥é❡s ✐ss✉❡s ❞✉ rés❡❛✉ ✓ ❊q✉✐❧✐❜r❡ ❚r❛✈❛✐❧ ❘❡✈❡♥✉ ❊♥✈✐r♦♥♥❡♠❡♥t ✔
✭❡tr❡✱ ❈❤❛♠❜r❡s ❞✬❛❣r✐❝✉❧t✉r❡ ❞❡ ❇r❡t❛❣♥❡✮✳ ❈❡♣❡♥❞❛♥t✱ ❞❛♥s ▼é❧♦❞✐❡✱ ❧❡s ♣❛r❝❡❧❧❡s
♥❡ ♣❡✉✈❡♥t ❥❛♠❛✐s êtr❡ s✉❜❞✐✈✐sé❡s ❡t ❧❛ ❣❡st✐♦♥ ❞✉ ♣ât✉r❛❣❡ ❞❡✈✐❡♥t ❞✐✣❝✐❧❡ ❧♦rsq✉❡
❧❡s ♣❛r❝❡❧❧❡s s♦♥t ❣r❛♥❞❡s ❡t ♣❡✉ ♥♦♠❜r❡✉s❡s✳ ◆♦✉s ❛✈♦♥s ❞♦♥❝ ❝❤♦✐s✐ ❞❡ ✜①❡r ❧❛ t❛✐❧❧❡
♠♦②❡♥♥❡ ❞❡s ♣❛r❝❡❧❧❡s à ✷ ha✳ ▲❛ ❞✐str✐❜✉t✐♦♥ ❞❡s s✉r❢❛❝❡s ❞❡ ❝❡s ♣❛r❝❡❧❧❡s s✉✐t ✉♥❡ ❧♦✐
♥♦r♠❛❧❡ ❞✬é❝❛rt✲t②♣❡ ✶ ha✳ ❯♥❡ ♣❛r❝❡❧❧❡ ❡♥ ♣r❛✐r✐❡ ♣❡r♠❛♥❡♥t❡ ❛ été ❞✐✈✐sé❡ ❡♥ ❞❡✉①
❛✜♥ ❞❡ ❢❛❝✐❧✐t❡r ❧❛ ❣❡st✐♦♥ ❞✉ ♣ât✉r❛❣❡✳ ▲❡ ♥♦♠❜r❡ t♦t❛❧ ❞❡ ♣❛r❝❡❧❧❡s ❡st ❞♦♥❝ ❞❡ ✷✻✳

❯♥❡ ❞✐st❛♥❝❡ ❛✉ s✐è❣❡ ❞❡ ❧✬❡①♣❧♦✐t❛t✐♦♥ ❛ é❣❛❧❡♠❡♥t été ❞é✜♥✐❡ ♣♦✉r ❝❤❛q✉❡ ♣❛r❝❡❧❧❡✳
❈❡tt❡ ❞✐st❛♥❝❡✱ ❣é♥éré❡ ❛❧é❛t♦✐r❡♠❡♥t✱ s✉✐t ✉♥❡ ❧♦✐ ❣❛♠♠❛✱ ❞❡ ♠❛♥✐èr❡ à ❝❡ q✉❡ ❧❛
♣❧✉♣❛rt ❞❡s ♣❛r❝❡❧❧❡s s♦✐❡♥t s✐t✉é❡s à ♠♦✐♥s ❞❡ ✶ km ❞✉ s✐è❣❡✱ ❛✈❡❝ q✉❡❧q✉❡s ♣❛r❝❡❧❧❡s
♣♦✉✈❛♥t êtr❡ s✐t✉é❡s ❜❡❛✉❝♦✉♣ ♣❧✉s ❧♦✐♥✳ ▲❡s ♣❛r❝❡❧❧❡s ❧❡s ♣❧✉s ♣r♦❝❤❡s s♦♥t ❝♦♥s✐❞éré❡s
❝♦♠♠❡ ❛❝❝❡ss✐❜❧❡s ❛✉① ✈❛❝❤❡s ❧❛✐t✐èr❡s ♣♦✉r ❧❡ ♣ât✉r❛❣❡✱ ❥✉sq✉✬à ❝♦✉✈r✐r ✼✺ ✪ ❞❡ ❧❛
s✉r❢❛❝❡ t♦t❛❧❡✳ ❈♦♠♣t❡ t❡♥✉ ❞❡ ❧❛ t❛✐❧❧❡ ❞❡s ♣❛r❝❡❧❧❡s✱ ❝❡tt❡ ✈❛❧❡✉r ♥❡ ♣❡✉t êtr❡ ❛tt❡✐♥t❡
❡①❛❝t❡♠❡♥t ❡t ❧❛ s✉r❢❛❝❡ ❛❝❝❡ss✐❜❧❡ ❛✉① ✈❛❝❤❡s ❧❛✐t✐èr❡s ❞❛♥s ♥♦s s✐♠✉❧❛t✐♦♥s ❡st ❞❡
✸✽✱✶ ha✳ ▲❛ ✈❛❧❡✉r ♠♦②❡♥♥❡ ♦❜s❡r✈é❡ ❞❛♥s ❧❡ rés❡❛✉ ❡tr❡ ♣♦✉r ❧❛ ♣r♦♣♦rt✐♦♥ ❞❡ ❧❛
s✉r❢❛❝❡ ❛❝❝❡ss✐❜❧❡ ❛✉① ✈❛❝❤❡s ❧❛✐t✐èr❡s ❡st ❞❡ ✺✷ ✪✳ ❈❡tt❡ ✈❛❧❡✉r ♥✬❛ ♣❛s été ✉t✐❧✐sé❡ ❝❛r
❡❧❧❡ ♥❡ ♣❡r♠❡t ♣❛s ❛✉ s②stè♠❡ ❧❡ ♣❧✉s ❤❡r❜❛❣❡r ❞❡ ❢♦♥❝t✐♦♥♥❡r ❝♦rr❡❝t❡♠❡♥t✳

P❧❛♥✐✜❝❛t✐♦♥
▲❡s ❥❡✉① ❞❡ ♣r✐♦r✐tés ✜①és ♣♦✉r ❧❛ ♣r♦❞✉❝t✐♦♥ ❞❡s ❛❧✐♠❡♥ts ❡t ❧❛ ❣❡st✐♦♥ ❞❡s ❡✤✉❡♥ts

s♦♥t ❧❡s ♠ê♠❡s ❞❛♥s t♦✉t❡s ❧❡s s✐♠✉❧❛t✐♦♥s✱ ❜✐❡♥ q✉❡ ❧❡s q✉❛♥t✐tés à ♣r♦❞✉✐r❡ ❡t à é♣❛♥❞r❡
s♦✐❡♥t ❞✐✛ér❡♥t❡s✳ ▲✬❛✉t♦♥♦♠✐❡ ❡♥ ❤❡r❜❡ ♣✉✐s ❡♥ ♠❛ïs ❡st ♣r✐✈✐❧é❣✐é❡✱ ♣✉✐s ❞❡s ❝éré❛❧❡s à
♣❛✐❧❧❡ ✭❜❧é ❡t ♦r❣❡✮ s♦♥t ✐♠♣❧❛♥té❡s s✉r ❧❡s s✉r❢❛❝❡s r❡st❛♥t❡s✳ ▲❡ ❢✉♠✐❡r ❡st é♣❛♥❞✉ ❡♥



✶✺✽ ❯♥❡ ❛♣♣❧✐❝❛t✐♦♥ ❞❡ ▼é❧♦❞✐❡

♣r✐♦r✐té s✉r ❧❡ ♠❛ïs✳ ▲❡ ❧✐s✐❡r ❡st é❣❛❧❡♠❡♥t é♣❛♥❞✉ ❡♥ ♣r✐♦r✐té s✉r ❧❡ ♠❛ïs✱ ♣✉✐s s✉r ❧❡s
♣r❛✐r✐❡s✳ ▲❛ ♣r✐♦r✐té ♣♦✉r ❧✬é♣❛♥❞❛❣❡ ❛ss♦❝✐é❡ ❛✉① ♣❛r❝❡❧❧❡s ❡st ❞❡ ✶✱✵ ✭♣r✐♦r✐té ♠❛①✐♠❛❧❡✮
♣♦✉r t♦✉t❡s ❧❡s ♣❛r❝❡❧❧❡s s✐t✉é❡s à ♠♦✐♥s ❞❡ ✶ ❦♠✱ ♣✉✐s ❡st ❞é❣r❡ss✐✈❡ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛
❞✐st❛♥❝❡✳

▲❛ ♣❛r❛♠étr✐s❛t✐♦♥ ❞✉ ♠♦❞✉❧❡ ❞❡ ♣❧❛♥✐✜❝❛t✐♦♥ ❛ été ré❛❧✐sé❡ ❡♥ ♣❛rt✐❡ ❣râ❝❡ à ❞❡s
♣ré✲s✐♠✉❧❛t✐♦♥s✳ ▲❡s r❡♥❞❡♠❡♥ts ♠♦②❡♥s s♦♥t ❝❡✉① s✐♠✉❧és ♣❛r ❙t✐❝s ❧♦rs ❞❡ ❝❡s ♣ré✲
s✐♠✉❧❛t✐♦♥s ✭❚❛❜❧❡❛✉ ✽✳✶✮✱ ❡♥ ✉t✐❧✐s❛♥t ❧❛ sér✐❡ ❝❧✐♠❛t✐q✉❡ ❝♦♠♣❧èt❡✳ ▲❡s q✉❛♥t✐tés ❞✬❛❧✐✲
♠❡♥ts à ♣r♦❞✉✐r❡ ✭❚❛❜❧❡❛✉ ✽✳✷✮ ❝♦rr❡s♣♦♥❞❡♥t à ❧❛ ♠♦②❡♥♥❡ ❞❡s q✉❛♥t✐tés ❞❡ ❝❤❛q✉❡
❛❧✐♠❡♥t ✐♥❣éré❡s ❡♥ ♠♦②❡♥♥❡ ❛✉ ❝♦✉rs ❞✬✉♥❡ ❛♥♥é❡✱ ♣♦✉r ❧❡s s✐♠✉❧❛t✐♦♥s ✓ ❍❛✉ts ❝♦♥❝❡♥✲
trés ✔✳ P♦✉r ❧❡s ❛✉tr❡s ♥✐✈❡❛✉① ❞❡ ❝♦♥❝❡♥trés✱ ❧❡s q✉❛♥t✐tés ❞✬❛❧✐♠❡♥ts à ♣r♦❞✉✐r❡ ♦♥t été
❛❥✉sté❡s ♣r♦♣♦rt✐♦♥♥❡❧❧❡♠❡♥t ❛✉① ✈❛r✐❛t✐♦♥s ❞✬❡✛❡❝t✐❢s✳ ■❧ ♥✬❡st ♣❛s ♥é❝❡ss❛✐r❡ ❞✬é✈❛❧✉❡r
❝❡s ✈❛❧❡✉rs très ♣ré❝✐sé♠❡♥t✱ ❝❛r ❧❡s q✉❛♥t✐tés à ♣r♦❞✉✐r❡ s♦♥t ❝♦rr✐❣é❡s ❝❤❛q✉❡ ❛♥♥é❡ ❡♥
❢♦♥❝t✐♦♥ ❞❡ ❧✬ét❛t ❞❡s st♦❝❦s✳ ▲❛ ♠ê♠❡ ♠ét❤♦❞❡ ❛ été ✉t✐❧✐sé❡ ♣♦✉r ❝❛❧❝✉❧❡r ❧❡s q✉❛♥t✐tés
❞✬❡✤✉❡♥ts à ❣ér❡r ❝❤❛q✉❡ ❛♥♥é❡ ✭❚❛❜❧❡❛✉ ✽✳✷✮✳

❈✉❧t✉r❡ ❘❡♥❞❡♠❡♥t ♠♦②❡♥ ❇❡s♦✐♥ ❡♥ ◆
t (MS)/ha kg N/t (MS)

▼❛ïs ❡♥s✐❧❛❣❡ ✾✱✼ ✶✷✱✺
Pr❛✐r✐❡ ✻✱✼ ✸✺

❇❧é ✭❣r❛✐♥✮ ✻ ✷✺
❖r❣❡ ✭❣r❛✐♥✮ ✺ ✷✺

❚❛❜✳ ✽✳✶ ✕ ❊♥tré❡s ❞✉ ♠♦❞✉❧❡ ❞❡ ♣❧❛♥✐✜❝❛t✐♦♥ ✿ r❡♥❞❡♠❡♥ts ♠♦②❡♥s ❞❡s ❝✉❧t✉r❡s ❞ét❡r✲
♠✐♥és ♣❛r ❞❡s ♣ré✲s✐♠✉❧❛t✐♦♥s ❡t ❜❡s♦✐♥s ❡♥ ❛③♦t❡ ♣♦✉r ❧❡ ❝❛❧❝✉❧ ❞✉ ❜✐❧❛♥ ♣ré✈✐s✐♦♥♥❡❧

❙②stè♠❡ ✓ ▼❛ïs ✔ ❙②stè♠❡ ✓ ❍❡r❜❡ ✔
◆✐✈❡❛✉ ❞❡ ❝♦♥❝❡♥trés ❍❛✉t ▼♦②✳ ❇❛s ❍❛✉t ▼♦②✳ ❇❛s

❊♥s✐❧❛❣❡ ❞❡ ♠❛ïs ✶✼✵ ✶✼✺ ✶✾✺ ✶✶✵ ✶✶✺ ✶✷✺
❍❡r❜❡ ♣ât✉ré❡ ✶✵✵ ✶✵✺ ✶✷✵ ✶✹✵ ✶✺✵ ✶✻✵
❍❡r❜❡ ✭t♦t❛❧✮ ✶✵✵ ✶✵✺ ✶✷✵ ✶✹✵ ✶✺✵ ✶✻✵

▲✐s✐❡r ✻✺✵ ✻✺✺ ✻✻✺ ✻✷✵ ✻✸✵ ✻✺✵
❋✉♠✐❡r ✹✼✵ ✹✼✽ ✺✵✵ ✸✽✺ ✸✾✵ ✹✵✵

❚❛❜✳ ✽✳✷ ✕ ❊♥tré❡s ❞❡ ❚♦✉r♥❡s♦❧ ❡t ❋✉♠✐❣è♥❡ ✿ q✉❛♥t✐tés ♣ré✈✐s✐♦♥♥❡❧❧❡s ❞✬❛❧✐♠❡♥ts
✭❡♥ t MS✮ à ♣r♦❞✉✐r❡ ❡t q✉❛♥t✐tés ❞✬❡✤✉❡♥ts ✭❡♥ t MB✮ à ❣ér❡r ❝❤❛q✉❡ ❛♥♥é❡ ❞❛♥s ❧❡s
❞✐✛ér❡♥t❡s s✐♠✉❧❛t✐♦♥s

✽✳✷✳✸ ❈❛r❛❝tér✐st✐q✉❡s ✈❛r✐❛❜❧❡s ❡♥tr❡ s✐♠✉❧❛t✐♦♥s

▲❡ t❛✉① ❞❡ r❡♥♦✉✈❡❧❧❡♠❡♥t ❞❡s ✈❛❝❤❡s ❧❛✐t✐èr❡s ❡st ❞❡ ✸✺ ✪ ♣❛r ❛♥ ❞❛♥s ❧❡ s②stè♠❡
♠❛ïs✱ ❝♦♥tr❡ ✸✵ ✪ ♣❛r ❛♥ ❞❛♥s ❧❡ s②stè♠❡ ❤❡r❜❡✳ ❈❡tt❡ ❞✐✛ér❡♥❝❡ ❡st ❝♦❤ér❡♥t❡ ❛✈❡❝ ❞❡s
♦❜s❡r✈❛t✐♦♥s ❣é♥ér❛❧❡s ❢❛✐t❡s s✉r ❧❡ t❡rr❛✐♥ ✭❆✳ ❇r❛s✱ ❝♦♠♠✉♥✐❝❛t✐♦♥ ♣❡rs♦♥♥❡❧❧❡✮✳



❘és✉❧t❛ts ✶✺✾

❙②stè♠❡ ✓ ▼❛ïs ✔ ❙②stè♠❡ ✓ ❍❡r❜❡ ✔
◆✐✈❡❛✉ ❞❡ ❝♦♥❝❡♥trés ❍❛✉t ▼♦②✳ ❇❛s ❍❛✉t ▼♦②✳ ❇❛s
❉é❜✉t ❞❡ ❧❛❝t❛t✐♦♥ ✻ ✹ ✵ ✼ ✺ ✶
▼✐❧✐❡✉ ❞❡ ❧❛❝t❛t✐♦♥ ✹ ✸ ✵ ✺ ✹ ✶

❋✐♥ ❞❡ ❧❛❝t❛t✐♦♥ ✷ ✵ ✵ ✷ ✵ ✵
Pér✐♦❞❡ ❞❡ t❛r✐ss❡♠❡♥t ✵ ✵ ✵ ✵ ✵ ✵

❚❛❜✳ ✽✳✸ ✕ ◗✉❛♥t✐tés ❞❡ ❝♦♥❝❡♥tré ❞❡ ♣r♦❞✉❝t✐♦♥ ♣❛r ✈❛❝❤❡ ❧❛✐t✐èr❡ ✭❡♥ kg (MS)/j✮ ❡♥
❢♦♥❝t✐♦♥ ❞✉ st❛❞❡ ❞❡ ❧❛❝t❛t✐♦♥✱ ♣♦✉r ❧❡s ❞❡✉① s②stè♠❡s ❢♦✉rr❛❣❡rs ❡t tr♦✐s ♥✐✈❡❛✉① ❞❡
❝♦♥❝❡♥trés t❡stés

❆✉ ♥✐✈❡❛✉ ❞❡ ❧✬❛❧✐♠❡♥t❛t✐♦♥✱ ❞❡✉① ❞✐✛ér❡♥❝❡s ♠❛❥❡✉r❡s ❞✐st✐♥❣✉❡♥t ❧❡s s✐♠✉❧❛t✐♦♥s ✿
❧❛ ♣❛rt r❡❧❛t✐✈❡ ❞✉ ♠❛ïs ❡t ❞✉ ♣ât✉r❛❣❡ ❡t ❧❛ q✉❛♥t✐té ❞❡ ❝♦♥❝❡♥tré ❞❡ ♣r♦❞✉❝t✐♦♥✳
❉❛♥s ❧❡ s②stè♠❡ ♠❛ïs✱ ❞❡ ❧✬❡♥s✐❧❛❣❡ ❞❡ ♠❛ïs ❡st ❞✐str✐❜✉é ♣❡♥❞❛♥t t♦✉t❡ ❧✬❛♥♥é❡✳ ▲❛
r❛t✐♦♥ ✉t✐❧✐sé❡ ♣❡♥❞❛♥t ❧❛ s❛✐s♦♥ ❞❡ ♣ât✉r❛❣❡ ✭❤♦rs tr❛♥s✐t✐♦♥✮ ❝♦♥t✐❡♥t✱ ♦✉tr❡ ❧✬❤❡r❜❡
♣ât✉ré❡ à ✈♦❧♦♥té✱ ❞❡ ❧✬❡♥s✐❧❛❣❡ ❞❡ ♠❛ïs ✭✷✱✺ kg (MS)/j✮ ❡t ❧❛ q✉❛♥t✐té ❞❡ t♦✉rt❡❛✉
❞❡ s♦❥❛ ❛ss♦❝✐é❡ ✭✵✱✺✸ kg (MS)/j✮ ❡t ❞✉ ❝♦♥❝❡♥tré ❞❡ ♣r♦❞✉❝t✐♦♥✳ P♦✉r ❝❡tt❡ r❛t✐♦♥✱
❝♦♠♠❡ ♣♦✉r ❧❛ r❛t✐♦♥ ❞❡ tr❛♥s✐t✐♦♥✱ ❞❡ ❧✬❡♥s✐❧❛❣❡ ❞✬❤❡r❜❡ ❡st ❞✐str✐❜✉é à r❛✐s♦♥ ❞❡ ✶✱✺
kg (MS)/j s✬✐❧ ② ❡♥ ❛ ❡♥ st♦❝❦✳ P♦✉r ❧❡ s②stè♠❡ ❤❡r❜❡✱ ❧❛ r❛t✐♦♥ ❞❡ ❜❛s❡ ❛✉ ♣ât✉r❛❣❡
♥❡ ❝♦♥t✐❡♥t ♣❛s ❞✬❡♥s✐❧❛❣❡ ❞❡ ♠❛ïs✳ ❊❧❧❡ ❡st ❝♦♠♣♦sé❡ ✉♥✐q✉❡♠❡♥t ❞✬❤❡r❜❡ ♣ât✉ré❡ à
✈♦❧♦♥té ❡t ❞❡ ❝♦♥❝❡♥tré ❞❡ ♣r♦❞✉❝t✐♦♥✳ ❈❡♣❡♥❞❛♥t✱ ❞❡ ❧✬❡♥s✐❧❛❣❡ ❞❡ ♠❛ïs ❡t ❞✉ t♦✉rt❡❛✉
❞❡ s♦❥❛ ♣❡✉✈❡♥t êtr❡ ❞✐tr✐❜✉és ❧♦rsq✉❡ ❧❛ q✉❛♥t✐té ❞✬❤❡r❜❡ ♣ât✉ré❡ ❞✐s♣♦♥✐❜❧❡ ❡st tr♦♣
❢❛✐❜❧❡✳

▲❡ ❝♦♥❝❡♥tré ❞❡ ♣r♦❞✉❝t✐♦♥ ✈❛r✐❡ s❡❧♦♥ tr♦✐s ♥✐✈❡❛✉① ♣♦✉r ❝❤❛❝✉♥ ❞❡s ❞❡✉① s②stè♠❡s
❢♦✉rr❛❣❡rs✳ ▲❡s q✉❛♥t✐tés ❞✐str✐❜✉é❡s ♣❛r ✈❛❝❤❡ ❧❛✐t✐èr❡ ❡t ♣❛r ❥♦✉r s♦♥t ❞♦♥♥é❡s ❞❛♥s
❧❡ t❛❜❧❡❛✉ ✽✳✸✳ ❈❡s q✉❛♥t✐tés s♦♥t ✈❛❧❛❜❧❡s t♦✉t ❛✉ ❧♦♥❣ ❞❡ ❧✬❛♥♥é❡✱ q✉❡❧❧❡ q✉❡ s♦✐t ❧❛
❝♦♠♣♦s✐t✐♦♥ ❞✉ r❡st❡ ❞❡ ❧❛ r❛t✐♦♥✳ ▲❡s ✈❛r✐❛t✐♦♥s ❞❛♥s ❧❡s ❡✛❡❝t✐❢s ❞❡s ❝❧❛ss❡s ❞✬❛♥✐♠❛✉①
♣❡✉✈❡♥t ❢❛✐r❡ ✈❛r✐❡r ❧❛ ❝♦♥s♦♠♠❛t✐♦♥ t♦t❛❧❡ ❞✉ tr♦✉♣❡❛✉ ❛✉ ❝♦✉rs ❞❡ ❧✬❛♥♥é❡✳

❆✉ ❝♦✉rs ❞❡ ❧❛ ♣ér✐♦❞❡ ❞❡ ♣ât✉r❛❣❡✱ ❤♦rs ♣ér✐♦❞❡ ❞❡ tr❛♥s✐t✐♦♥✱ ❧❛ ♣❛rt ❞❡s ❞é❥❡❝t✐♦♥s
❞❡s ✈❛❝❤❡s ❧❛✐t✐èr❡s ré❛❧✐sé❡ ❛✉ ♣ât✉r❛❣❡ ❞❛♥s ❧❡s s②stè♠❡s ♠❛ïs ❡t ❤❡r❜❡ ❡st ❞❡ ✼✵ ✪ ❡t
✽✵ ✪ r❡s♣❡❝t✐✈❡♠❡♥t✳ ▲❛ ♣❛rt r❡st❛♥t❡ ❡st ❝♦❧❧❡❝té❡ ❡♥ ❜ât✐♠❡♥t✳

✽✳✸ ❘és✉❧t❛ts

✽✳✸✳✶ ●❡st✐♦♥ ❞✉ tr♦✉♣❡❛✉

▲❡s ❡✛❡❝t✐❢s ❞✬❛♥✐♠❛✉① s♦♥t s✐♠✉❧és ♣❛r ❧❡ ♠♦❞è❧❡ ●❡❞❡♠♦✱ ❥♦✉r ♣❛r ❥♦✉r ❡t ♣♦✉r ✷✶
❝❧❛ss❡s ❞✬❛♥✐♠❛✉①✳ ▲❡s ✈ê❧❛❣❡s s♦♥t très ♣❡✉ ❣r♦✉♣és✱ ❞♦♥❝ ❧❡s ❡✛❡❝t✐❢s s♦♥t r❡❧❛t✐✈❡♠❡♥t
st❛❜❧❡s ❛✉ ❝♦✉rs ❞❡ ❧✬❛♥♥é❡✳ ▲❡ t❛❜❧❡❛✉ ✽✳✹ ❞♦♥♥❡ ❧❡s ❡✛❡❝t✐❢s ♠♦②❡♥s ❛✉ ❝♦✉rs ❞❡ ❧❛
s✐♠✉❧❛t✐♦♥ ♣♦✉r tr♦✐s ❧♦ts ❞✬❛♥✐♠❛✉①✱ r❡❣r♦✉♣❛♥t ❧✬❡♥s❡♠❜❧❡ ❞❡s ❝❧❛ss❡s✳ P❧✉s ❧❡ ♥✐✈❡❛✉
❞❡ ❝♦♥❝❡♥tré ❡st ❢❛✐❜❧❡✱ ♣❧✉s ✐❧ ② ❛ ❞✬❛♥✐♠❛✉①✳ ❊♥ ❡✛❡t✱ ❧❛ ♣r♦❞✉❝t✐♦♥ ♣❛r ❛♥✐♠❛❧ ❜❛✐ss❡
❛✈❡❝ ❧❡ ♥✐✈❡❛✉ ❞❡ ❝♦♥❝❡♥trés ❡t ❧❡s ❡✛❡❝t✐❢s ♦♥t été ❛❥✉stés ♣♦✉r ♠❛✐♥t❡♥✐r ❧❛ ♠ê♠❡
♣r♦❞✉❝t✐♦♥ t♦t❛❧❡ ❞❡ ❧❛✐t ❞❛♥s t♦✉t❡s ❧❡s s✐♠✉❧❛t✐♦♥s✳ ❉❛♥s ❧❡s s✐♠✉❧❛t✐♦♥s ❞✉ s②stè♠❡



✶✻✵ ❯♥❡ ❛♣♣❧✐❝❛t✐♦♥ ❞❡ ▼é❧♦❞✐❡

❙②stè♠❡ ✓ ▼❛ïs ✔ ❙②stè♠❡ ✓ ❍❡r❜❡ ✔
◆✐✈❡❛✉ ❞❡ ❝♦♥❝❡♥trés ❍❛✉t ▼♦②✳ ❇❛s ❍❛✉t ▼♦②✳ ❇❛s

●é♥✐ss❡s ✭❁ ✶ ❛♥✮ ✶✽✱✸ ✶✽✱✹ ✶✾✱✹ ✶✺✱✶ ✶✺✱✺ ✶✻✱✷

●é♥✐ss❡s ✭❃ ✶ ❛♥✮ ✷✷✱✶ ✷✷✱✷ ✷✸✱✹ ✶✽✱✸ ✶✽✱✻ ✶✾✱✻

❱❛❝❤❡s ❧❛✐t✐èr❡s ✸✾✱✷ ✸✾✱✹ ✹✶✱✺ ✸✽✱✼ ✸✾✱✻ ✹✶✱✺

❚❛❜✳ ✽✳✹ ✕ ❊✛❡❝t✐❢s ♠♦②❡♥s ❞❡s ❞✐✛ér❡♥ts ❧♦ts ❞✬❛♥✐♠❛✉① ❞❛♥s ❧❡s s✐① s✐♠✉❧❛t✐♦♥s ré❛❧✐✲
sé❡s

❙②stè♠❡ ✓ ▼❛ïs ✔ ❙②stè♠❡ ✓ ❍❡r❜❡ ✔
◆✐✈❡❛✉ ❞❡ ❝♦♥❝❡♥trés ❍❛✉t ▼♦②✳ ❇❛s ❍❛✉t ▼♦②✳ ❇❛s

●é♥✐ss❡s ✭❁ ✶ ❛♥✮
❊♥s✳ ♠❛ïs ✸✱✸✼ ✸✱✹✵ ✸✱✸✼ ✸✱✹✸ ✸✱✹✸ ✸✱✹✵
P❛✐❧❧❡ ✵✱✼✷ ✵✱✻✼ ✵✱✼✸ ✵✱✻✶ ✵✱✻✷ ✵✱✻✼
❚✳ s♦❥❛ ✵✱✺✽ ✵✱✺✽ ✵✱✺✽ ✵✱✺✼ ✵✱✺✼ ✵✱✺✼

●é♥✐ss❡s ✭❃ ✶ ❛♥✮
❊♥s✳ ♠❛ïs ✹✱✶✸ ✹✱✷✹ ✹✱✶✹ ✹✱✸✸ ✹✱✸✺ ✹✱✷✹
P❛✐❧❧❡ ✸✱✶✺ ✸✱✵✹ ✸✱✸✺ ✸✱✶✼ ✸✱✶✹ ✸✱✵✹
❚✳ s♦❥❛ ✶✱✵✵ ✵✱✾✽ ✵✱✾✾ ✵✱✾✼ ✵✱✾✼ ✵✱✾✽

❚❛❜✳ ✽✳✺ ✕ ❘❛t✐♦♥ q✉♦t✐❞✐❡♥♥❡ ✐♥❣éré❡ ♣❛r ❧❡s ❣é♥✐ss❡s✱ ❡♥ ♠♦②❡♥♥❡ ♣♦✉r ❝❤❛q✉❡ s✐♠✉✲
❧❛t✐♦♥

❤❡r❜❡✱ ❧❡s ❡✛❡❝t✐❢s ❞❡ ❣é♥✐ss❡s s♦♥t ♠♦✐♥s é❧❡✈és ❝❛r ❧❡ t❛✉① ❞❡ r❡♥♦✉✈❡❧❧❡♠❡♥t ❡st ♣❧✉s
❢❛✐❜❧❡✳

▲❡ ♣❧❛♥ ❞✬❛❧✐♠❡♥t❛t✐♦♥ ❞❡s ✈❛❝❤❡s ❧❛✐t✐èr❡s ❡st ❣❧♦❜❛❧❡♠❡♥t ❝♦♥❢♦r♠❡ ❛✉① ❛tt❡♥t❡s
✭❋✐❣✳ ✽✳✶✮✳ ❈❡♣❡♥❞❛♥t ❧✬✐♥❣❡st✐♦♥ ❞✬❤❡r❜❡ ♣ât✉ré❡ ❡st ♠❛①✐♠❛❧❡ ❡♥ ❥✉✐❧❧❡t✳ P♦✉r ❧❡s sé✲
r✐❡s ❝❧✐♠❛t✐q✉❡s ✉t✐❧✐sé❡s✱ ❧❛ ❞✐s♣♦♥✐❜✐❧✐té ❞❡ ❧✬❤❡r❜❡ ❞❡✈r❛✐t êtr❡ ❢❛✐❜❧❡ à ❝❡tt❡ ♣ér✐♦❞❡✱
❝♦♥❞✉✐s❛♥t à ❧❛ ❞✐str✐❜✉t✐♦♥ ❞✬❡♥s✐❧❛❣❡ ❞❡ ♠❛ïs ❡♥ ❝♦♠♣❧é♠❡♥t✳ ▲❡s st♦❝❦s ❞✬❡♥s✐❧❛❣❡
❞✬❤❡r❜❡ s♦♥t ❝♦♥s♦♠♠és s✉rt♦✉t ❡♥ ❞é❜✉t ❞✬❤✐✈❡r ❡t ❥✉sq✉✬à é♣✉✐s❡♠❡♥t✳ ❉❛♥s ❝❡rt❛✐♥s
❝❛s✱ ❝♦♠♠❡ ❧❛ s✐♠✉❧❛t✐♦♥ ❍❡r❜❡ ✴ ❍❛✉ts ❝♦♥❝❡♥trés✱ ❞❡ ❧✬❡♥s✐❧❛❣❡ ❞✬❤❡r❜❡ ❡st ❞✐str✐❜✉é
♣r❡sq✉❡ t♦✉t❡ ❧✬❛♥♥é❡✳ ❈❡❝✐ ♥✬❡st ♣❛s ✈❛❧❛❜❧❡ t♦✉t❡s ❧❡s ❛♥♥é❡s✳ ▲✬❡♥s✐❧❛❣❡ ❞✬❤❡r❜❡ ♥✬❡st
♣❛s ♣r♦❞✉✐t ❡♥ q✉❛♥t✐té s✉♣ér✐❡✉r❡ à ❧❛ ❞✐str✐❜✉t✐♦♥ ❛✉① ❛♥✐♠❛✉① ❡t ❧❡s st♦❝❦s r❡st❡♥t
❢❛✐❜❧❡s t♦✉t ❛✉ ❧♦♥❣ ❞❡s s✐♠✉❧❛t✐♦♥s✳

❉❛♥s ❧❡s s✐♠✉❧❛t✐♦♥s ré❛❧✐sé❡s✱ ❧✬❛❧✐♠❡♥t❛t✐♦♥ ❞❡s ❣é♥✐ss❡s ét❛✐t ♣❡✉ ✈❛r✐❛❜❧❡ ❛✉ ❝♦✉rs
❞❡ ❧✬❛♥♥é❡✳ ▲❛ r❛t✐♦♥ q✉♦t✐❞✐❡♥♥❡ ♠♦②❡♥♥❡ ❡st ❞♦♥♥é❡ ❞❛♥s ❧❡ t❛❜❧❡❛✉ ✽✳✺✳ ■❧ ② ❛ ♣❡✉
❞❡ ✈❛r✐❛❜✐❧✐té ❡♥tr❡ ❧❡s s✐♠✉❧❛t✐♦♥s ♣✉✐sq✉❡ ❧❡s ♣❧❛♥s ❞✬❛❧✐♠❡♥t❛t✐♦♥ ❞❡s ❣é♥✐ss❡s ét❛✐❡♥t
✐❞❡♥t✐q✉❡s✳ ▲❡s ❞✐✛ér❡♥❝❡s ♦❜s❡r✈é❡s ♣r♦✈✐❡♥♥❡♥t ✉♥✐q✉❡♠❡♥t ❞❡s ✈❛❧❡✉rs ❛❧✐♠❡♥t❛✐r❡s
❞✉ ♠❛ïs✱ ❝❛❧❝✉❧é❡s ♣❛r ❧❡ ♠♦❞è❧❡✳

✽✳✸✳✷ ●❡st✐♦♥ ❞❡s ❝✉❧t✉r❡s

▲❡s ❝❛r❛❝tér✐st✐q✉❡s ❣é♥ér❛❧❡s ❞✉ s②stè♠❡ ❢♦✉rr❛❣❡r s♦♥t ✐♥❞✐q✉é❡s ❞❛♥s ❧❡ t❛❜❧❡❛✉ ✽✳✻✳
❆✉ s❡✐♥ ❞❡ ❝❤❛q✉❡ s✐♠✉❧❛t✐♦♥✱ ❧❛ s✉r❢❛❝❡ ❡♥ ♣r❛✐r✐❡s ✈❛r✐❡ très ♣❡✉ ❞✬✉♥❡ ❛♥♥é❡ s✉r
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❋✐❣✳ ✽✳✶ ✕ ❘❛t✐♦♥ ✐♥❣éré❡ ♣❛r ❧❡s ✈❛❝❤❡s ❧❛✐t✐èr❡s✱ ❡♥ ♠♦②❡♥♥❡ ♣♦✉r ❝❤❛q✉❡ ❥♦✉r ❞❡
❧✬❛♥♥é❡

❙②stè♠❡ ✓ ▼❛ïs ✔ ❙②stè♠❡ ✓ ❍❡r❜❡ ✔
◆✐✈❡❛✉ ❞❡ ❝♦♥❝❡♥trés ❍❛✉t ▼♦②✳ ❇❛s ❍❛✉t ▼♦②✳ ❇❛s

P❛rt ♣r❛✐r✐❡s ✸✵✪ ✸✷✪ ✸✻✪ ✹✷✪ ✹✺✪ ✹✽✪
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✻✽✪ ✼✷✪ ✽✶✪ ✼✷✪ ✼✼✪ ✽✹✪

❚❛❜✳ ✽✳✻ ✕ ❈❛r❛❝tér✐st✐q✉❡s ❣é♥ér❛❧❡s ❞❡s ❛ss♦❧❡♠❡♥ts
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❋✐❣✳ ✽✳✷ ✕ ❙✉r❢❛❝❡s ❛♥♥✉❡❧❧❡s ❛❧❧♦✉é❡s ♣❛r ❚♦✉r♥❡s♦❧ à ❝❤❛q✉❡ ❝✉❧t✉r❡ ❞❛♥s ❧❡s ❞✐❢✲
❢ér❡♥t❡s s✐♠✉❧❛t✐♦♥s✳ ▲❡s ❡①tré♠✐tés ✐♥❢ér✐❡✉r❡ ❡t s✉♣ér✐❡✉r❡ ❞❡s r❡❝t❛♥❣❧❡s r❡♣rés❡♥t❡♥t
❧❡s q✉❛rt✐❧❡s ❡t ❧❛ ❜❛rr❡ ❤♦r✐③♦♥t❛❧❡ ❝❡♥tr❛❧❡ ❧❛ ♠é❞✐❛♥❡✳
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❙②stè♠❡ ✓ ▼❛ïs ✔ ❙②stè♠❡ ✓ ❍❡r❜❡ ✔
◆✐✈❡❛✉ ❞❡ ❝♦♥❝❡♥trés ❍❛✉t ▼♦②✳ ❇❛s ❍❛✉t ▼♦②✳ ❇❛s

♣r❛✐r✐❡

◆ ♠✐♥ér❛❧ ✶✷✼✱✶ ✶✷✷✱✾ ✶✶✾✱✸ ✶✶✻✱✺ ✶✶✺✱✹ ✶✶✹✱✺
◆ ❧✐s✐❡r ✶✼✹✱✼ ✶✺✺✱✽ ✶✸✷✱✹ ✶✹✼✱✾ ✶✸✺✱✹ ✶✸✷✱✷
◆ ❢✉♠✐❡r ✺✱✼ ✶✵✱✵ ✾✱✽ ✶✵✱✾ ✶✸✱✵ ✼✱✵
◆ ♣ât✳ ✶✺✶✱✸ ✶✹✵✱✹ ✶✸✶✱✵ ✶✷✶✱✷ ✶✵✽✱✶ ✾✸✱✺

♠❛ïs
◆ ♠✐♥ér❛❧ ✷✻✱✷ ✷✺✱✻ ✷✼✱✶ ✸✻✱✺ ✸✺✱✻ ✸✹✱✹
◆ ❧✐s✐❡r ✷✼✱✺ ✷✼✱✷ ✷✷✱✷ ✾✱✸ ✶✶✱✻ ✽✱✽
◆ ❢✉♠✐❡r ✼✸✱✾ ✻✷✱✽ ✺✽✱✽ ✻✹✱✷ ✺✹✱✹ ✺✾✱✻

❜❧é
◆ ♠✐♥ér❛❧ ✶✵✹✱✺ ✶✵✷✱✽ ✶✵✹✱✶ ✶✵✷✱✸ ✶✵✷✱✼ ✶✵✶✱✺
◆ ❧✐s✐❡r ✵✱✸ ✵✱✽ ✵✱✵ ✵✱✵ ✵✱✵ ✵✱✵
◆ ❢✉♠✐❡r ✵✱✵ ✵✱✵ ✵✱✵ ✵✱✵ ✵✱✵ ✵✱✵

♦r❣❡
◆ ♠✐♥ér❛❧ ✼✽✱✶ ✽✶✱✸ ✽✼✱✷ ✽✹✱✷ ✽✹✱✷ ✽✸✱✾
◆ ❧✐s✐❡r ✾✱✻ ✵✱✵ ✵✱✵ ✵✱✵ ✵✱✵ ✵✱✵
◆ ❢✉♠✐❡r ✵✱✵ ✵✱✵ ✵✱✵ ✵✱✵ ✵✱✵ ✵✱✵

❚❛❜✳ ✽✳✼ ✕ ❋❡rt✐❧✐s❛t✐♦♥ ❛③♦té❡ ❞❡s ❝✉❧t✉r❡s ✿ q✉❛♥t✐tés ❞✬❛③♦t❡✱ ❡♥ kg N/Ha✱ ❛♣♣♦rté❡s
♣❛r ❞✐✛ér❡♥t❡s s♦✉r❝❡s

❧✬❛✉tr❡✱ ❝❛r ❧❡s ❜❡s♦✐♥s ♥❡ s♦♥t ♣❛s ❛❥✉stés ❝❤❛q✉❡ ❛♥♥é❡ ✭❋✐❣✳ ✽✳✷✮✳ ❊♥ ❡✛❡t✱ ✐❧ ♥✬② ❛ ♣❛s
❞❡ r❡♣♦rts ❞❡ st♦❝❦ ♣♦✉r ❧✬❤❡r❜❡ ♣ât✉ré❡✳ ❆ ❧✬✐♥✈❡rs❡✱ ❧❡s ❜❡s♦✐♥s ❡♥ ♠❛ïs s♦♥t ❛❥✉stés
❝❤❛q✉❡ ❛♥♥é❡ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧✬ét❛t ❞❡s st♦❝❦s✳ ❙✐ ❛✉ ✶❡r s❡♣t❡♠❜r❡ ❧❡ st♦❝❦ ❞✬❡♥s✐❧❛❣❡
❡st tr♦♣ ❢❛✐❜❧❡✱ ❧❛ s✉r❢❛❝❡ ❡♥ ♠❛ïs ♣♦✉r ❧✬❛♥♥é❡ s✉✐✈❛♥t❡ ❡st ❛✉❣♠❡♥té❡✱ ❡t ✐♥✈❡rs❡♠❡♥t✳
▲❛ s✉r❢❛❝❡ ❡♥ ♠❛ïs ❡st ❞♦♥❝ r❡❧❛t✐✈❡♠❡♥t ✈❛r✐❛❜❧❡✳ ▲❛ s✉r❢❛❝❡ ❡♥ ❝éré❛❧❡s à ♣❛✐❧❧❡ ❢♦r♠❡
❧❡ ❝♦♠♣❧é♠❡♥t ❞❛♥s ❧✬❛ss♦❧❡♠❡♥t✳

▲❛ ❢❡rt✐❧✐s❛t✐♦♥ ❛③♦té❡ ❞❡s ❝✉❧t✉r❡s ❡st rés✉♠é❡ ♣❛r ❧❡ t❛❜❧❡❛✉ ✽✳✼✳ ▲❛ ❢❡rt✐❧✐s❛t✐♦♥ ❞❡s
❝éré❛❧❡s à ♣❛✐❧❧❡ ❡st st❛❜❧❡ ❞✬✉♥❡ s✐♠✉❧❛t✐♦♥ à ❧✬❛✉tr❡ ❡t ❡st ❛ss✉ré❡ ♣r❡sq✉❡ ✉♥✐q✉❡♠❡♥t
♣❛r ❞❡s ❡♥❣r❛✐s ♠✐♥ér❛✉①✱ ❝♦♥❢♦r♠é♠❡♥t à ❧❛ ❣❡st✐♦♥ ❞❡s ❡✤✉❡♥ts ❡①♣r✐♠é❡ ❞❛♥s ❧❡s
❡♥tré❡s ❞✉ ♠♦❞è❧❡✳ ▲❛ q✉❛♥t✐té ❞✬❛③♦t❡ ♣❧✉s ❢❛✐❜❧❡ ♣♦✉r ❧✬♦r❣❡ ♣r♦✈✐❡♥t ❞✉ ♣♦t❡♥t✐❡❧ ❞❡
r❡♥❞❡♠❡♥t ✐♥❢ér✐❡✉r✳ ▲❡s ❞✐✛ér❡♥❝❡s ❡♥tr❡ s✐♠✉❧❛t✐♦♥s ♣♦✉r ❧❛ ❢❡rt✐❧✐s❛t✐♦♥ ❞❡s ♣r❛✐r✐❡s
❡t ❞✉ ♠❛ïs s✬❡①♣❧✐q✉❡♥t ♣❛r ❧❡s ✈❛r✐❛t✐♦♥s ❞❡ s✉r❢❛❝❡s ❞❡ ❝❡s ❝✉❧t✉r❡s ❡t ♣❛r ❧❛ ❣❡st✐♦♥
❞❡s ❡✤✉❡♥ts✳ ▲❡ ❧✐s✐❡r ❡st é♣❛♥❞✉ ❡♥ ❣r❛♥❞❡ ♠❛❥♦r✐té s✉r ❧❡s ♣r❛✐r✐❡s✳ ❉✬✉♥❡ s✐♠✉❧❛t✐♦♥ à
❧✬❛✉tr❡✱ ❧❡s q✉❛♥t✐tés ❞❡ ❧✐s✐❡r ♣r♦❞✉✐t❡s ✈❛r✐❡♥t ❛ss❡③ ♣❡✉ ♣❛r r❛♣♣♦rt ❛✉① ✈❛r✐❛t✐♦♥s ❞❡s
s✉r❢❛❝❡s ❡♥ ♣r❛✐r✐❡✳ ▲❛ q✉❛♥t✐té ❞❡ ❧✐s✐❡r ♣❛r ❤❡❝t❛r❡ ❞❡ ♣r❛✐r✐❡ ❞✐♠✐♥✉❡ ❞♦♥❝ ❧♦rsq✉❡ ❧❛
♣❛rt ❞❡ ♣r❛✐r✐❡s ❛✉❣♠❡♥t❡✱ ♣❛r s✐♠♣❧❡ ❡✛❡t ❞❡ ❞✐❧✉t✐♦♥✳ ❉❡ ♠ê♠❡ ❞❛♥s ❧❡ s②stè♠❡ ♠❛ïs✱
❧♦rsq✉✬♦♥ ❜❛✐ss❡ ❧❡s ❛♣♣♦rts ❞❡ ❝♦♥❝❡♥trés✱ ❧❛ s✉r❢❛❝❡ ❡♥ ♠❛ïs ❛✉❣♠❡♥t❡ ♣❧✉s q✉❡ ❧❛
♣r♦❞✉❝t✐♦♥ ❞❡ ❢✉♠✐❡r✳ ❉❛♥s ❝❡ s②stè♠❡✱ ❧❡s é♣❛♥❞❛❣❡s ❞❡ ❢✉♠✐❡r ♣❛r ✉♥✐té ❞❡ s✉r❢❛❝❡ ❡♥
♠❛ïs ❜❛✐ss❡♥t ❛✈❡❝ ❧❛ ❞✐♠✐♥✉t✐♦♥ ❞✉ ♥✐✈❡❛✉ ❞❡ ❝♦♥❝❡♥trés✳ ❉❛♥s ❧❡ s②stè♠❡ ❤❡r❜❡✱ ♣♦✉r
❧❛ s✐♠✉❧❛t✐♦♥ à ❢❛✐❜❧❡ ♥✐✈❡❛✉ ❞❡ ❝♦♥❝❡♥trés✱ ❧❛ ♣r♦♣♦rt✐♦♥ ❞❡ ❢✉♠✐❡r é♣❛♥❞✉❡ s✉r ♠❛ïs
♣❧✉t♦t q✉❡ s✉r ♣r❛✐r✐❡ ❡st ♣❧✉s ❢♦rt❡ ✭❋✐❣✳ ✽✳✸✮✳ ❈❡tt❡ ❛✉❣♠❡♥t❛t✐♦♥ ❡①♣❧✐q✉❡ ♣♦✉rq✉♦✐
❧❡s é♣❛♥❞❛❣❡s ❞❡ ❢✉♠✐❡r ♣❛r ✉♥✐té ❞❡ s✉r❢❛❝❡ ❡♥ ♠❛ïs s♦♥t s✉♣ér✐❡✉rs ❞❛♥s ❧❛ s✐♠✉❧❛t✐♦♥
❍❡r❜❡✴❇❛s ♣❛r r❛♣♣♦rt à ❧❛ s✐♠✉❧❛t✐♦♥ ❍❡r❜❡✴▼♦②❡♥
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❋✐❣✳ ✽✳✸ ✕ ◗✉❛♥t✐tés t♦t❛❧❡s ❞✬❡✤✉❡♥ts✱ ❡♥ t (MB)✱ é♣❛♥❞✉❡s ❡♥ ♠♦②❡♥♥❡ ❝❤❛q✉❡ ❛♥♥é❡
s✉r ❧❡s ❞✐✛ér❡♥t❡s ❝✉❧t✉r❡s✳ ❋ ❂ ❢✉♠✐❡r✱ ▲ ❂ ❧✐s✐❡r
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❋✐❣✳ ✽✳✹ ✕ ❇✐❧❛♥ ❞❡ ❧✬❛③♦t❡ ❛✉① ♣♦rt❡s ❞❡ ❧✬❡①♣❧♦✐t❛t✐♦♥ ❞❛♥s ❧❡s ❞✐✛ér❡♥t❡s s✐♠✉❧❛t✐♦♥s

P♦✉r ❧❡s r❡❥❡ts ❞✬❛③♦t❡ ❛✉ ♣ât✉r❛❣❡✱ ❧❡ ♠ê♠❡ r❛✐s♦♥♥❡♠❡♥t ♣❡✉t êtr❡ t❡♥✉ q✉❡ ♣♦✉r
❧❡ ❧✐s✐❡r✳ ▲♦rsq✉✬♦♥ ❛✉❣♠❡♥t❡ ❧❛ ♣❛rt ❞✬❤❡r❜❡ ❞❛♥s ❧❛ r❛t✐♦♥✱ q✉❡ ❝❡ s♦✐t ❡♥ ❜❛✐ss❛♥t ❧❛
♣❛rt ❞✉ ♠❛ïs ♦✉ ❝❡❧❧❡ ❞❡s ❝♦♥❝❡♥trés✱ ❧❡s r❡❥❡ts ❛③♦tés ♥✬❛✉❣♠❡♥t❡♥t q✉❡ ❧é❣èr❡♠❡♥t✱
❡♥ r❛✐s♦♥ ❞❡ ❧❛ t❡♥❡✉r ❡♥ ❛③♦t❡ ♣❧✉s é❧❡✈é❡ ❞❡ ❧❛ r❛t✐♦♥ à ❜❛s❡ ❞✬❤❡r❜❡✳ ❉❛♥s ❧❡ ♠ê♠❡
t❡♠♣s✱ ❧❛ s✉r❢❛❝❡ ❡♥ ♣r❛✐r✐❡s ❛✉❣♠❡♥t❡ ❜❡❛✉❝♦✉♣✱ ♣♦✉r ❢♦✉r♥✐r ❧✬❤❡r❜❡ ♥é❝❡ss❛✐r❡✳ ❊♥
❝♦♥séq✉❡♥❝❡✱ ❧❡s r❡❥❡ts ♣❛r ✉♥✐té ❞❡ s✉r❢❛❝❡ ❡♥ ♣r❛✐r✐❡ ❜❛✐ss❡♥t ❧♦rsq✉✬♦♥ ❛✉❣♠❡♥t❡ ❧❛
♣❛rt ❞✬❤❡r❜❡ ❞❛♥s ❧❛ r❛t✐♦♥✳

✽✳✸✳✸ ❇✐❧❛♥s ❞❡ ❧✬❛③♦t❡ ❡t ❡①❝é❞❡♥ts

▲❡ ❜✐❧❛♥ ❛♣♣❛r❡♥t ❞❡ ❧✬❛③♦t❡ ❛✉① ♣♦rt❡s ❞❡ ❧✬❡①♣❧♦✐t❛t✐♦♥ ❡st ❞ét❛✐❧❧é ❞❛♥s ❧❛ ✜❣✉r❡ ✽✳✹✳
❊♥tr❡ s✐♠✉❧❛t✐♦♥s✱ ❧❡s ❡♥tré❡s ❞✬❛③♦t❡ ♣❛r ❧❡s ❛❧✐♠❡♥ts ✈❛r✐❡♥t ❡♥ ❢♦♥❝t✐♦♥ ❞✉ ♥✐✈❡❛✉ ❞❡
❝♦♥❝❡♥tré✳ ❈❡♣❡♥❞❛♥t✱ ❧❡s ✈❛r✐❛t✐♦♥s ♦❜s❡r✈é❡s s♦♥t ❜❡❛✉❝♦✉♣ ♣❧✉s ❢❛✐❜❧❡s✱ ❡♥ ♣r♦♣♦r✲
t✐♦♥✱ q✉❡ ♣♦✉r ❧❡s ♥✐✈❡❛✉① ❞❡ ❝♦♥❝❡♥trés ❞❡ ♣r♦❞✉❝t✐♦♥ s♣é❝✐✜és ❡♥ ❡♥tré❡ ❞✉ ♠♦❞è❧❡✳
❉❡✉① r❛✐s♦♥s ❡①♣❧✐q✉❡♥t ❝❡ ♣❤é♥♦♠è♥❡✳ ❉✬✉♥❡ ♣❛rt✱ ❞❛♥s ❧❡s ❞❡✉① s②stè♠❡s ❢♦✉rr❛❣❡rs✱
❞✉ t♦✉rt❡❛✉ ❞❡ s♦❥❛✱ r✐❝❤❡ ❡♥ ❛③♦t❡✱ ❡st ❝♦♥s♦♠♠é ♠ê♠❡ ♣♦✉r ❧❡s s✐♠✉❧❛t✐♦♥s ✓ ❇❛s
❝♦♥❝❡♥trés ✔✳ ❉✬❛✉tr❡ ♣❛rt✱ ❧♦rsq✉❡ ❧❡s q✉❛♥t✐tés ❞❡ ❝♦♥❝❡♥trés ❞❡ ♣r♦❞✉❝t✐♦♥ ♣❛r ✈❛❝❤❡
❜❛✐ss❡♥t✱ ❧❡s q✉❛♥t✐tés ❞✬❡♥s✐❧❛❣❡ ❞❡ ♠❛ïs ✐♥❣éré❡s ❛✉❣♠❡♥t❡♥t✱ ❝❡ q✉✐ s✬❛❝❝♦♠♣❛❣♥❡
❞✬✉♥❡ ❛✉❣♠❡♥t❛t✐♦♥ ❞❡s ❛❝❤❛ts ❞❡ t♦✉rt❡❛✉ ❞❡ s♦❥❛✱ r✐❝❤❡ ❡♥ ❛③♦t❡✳ ❈❡❝✐ ❡①♣❧✐q✉❡ q✉❡
❧❡s ❡♥tré❡s ❞✬❛③♦t❡ ♣❛r ❧❡s ❛❧✐♠❡♥ts ♥❡ ✈❛r✐❡♥t ♣❛s ❞❛♥s ❧❡s ♠ê♠❡s ♣r♦♣♦rt✐♦♥s q✉❡ ❧❡s



✶✻✻ ❯♥❡ ❛♣♣❧✐❝❛t✐♦♥ ❞❡ ▼é❧♦❞✐❡

 60

 70

 80

 90

100

110

1985 1990 1995 2000 2005

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

Simulation
● Maïs / Haut

● Maïs / Moy

● Maïs / Bas

● Herbe / Haut

● Herbe / Moy

● Herbe / BasE
xc

éd
en

t (
kg

 N
 / 

H
a)

Année

❋✐❣✳ ✽✳✺ ✕ ❊①❝é❞❡♥t ❞✉ ❜✐❧❛♥ ❞❡ ❧✬❛③♦t❡ ♣❛r ❛♥♥é❡ ❞❛♥s ❧❡s ❞✐✛ér❡♥t❡s s✐♠✉❧❛t✐♦♥s

♥✐✈❡❛✉① ❞❡ ❝♦♥❝❡♥trés ❞❡ ♣r♦❞✉❝t✐♦♥ ❞é✜♥✐s ❡♥ ❡♥tré❡ ❞✉ ♠♦❞è❧❡✳ ▲❡s s✐♠✉❧❛t✐♦♥s ❞✉
s②stè♠❡ ❤❡r❜❡ ❝♦♠♣t❡♥t ♠♦✐♥s ❞❡ ❣é♥✐ss❡s✱ ❝✬❡st ♣♦✉rq✉♦✐ ❧❡s ❡♥tré❡s ❞✬❛③♦t❡ ♣❛r ❧❡s
❛❧✐♠❡♥ts s♦♥t ❧é❣èr❡♠❡♥t ♣❧✉s ❢❛✐❜❧❡s✳

▲❛ ♣r❛✐r✐❡ ❡st ❧❛ ❝✉❧t✉r❡ q✉✐ r❡ç♦✐t ❧❡ ♣❧✉s ❞✬❛③♦t❡ ♠✐♥ér❛❧✱ ♠❛✐s ❧❛ ❢❡rt✐❧✐s❛t✐♦♥ ❞❡s
♣r❛✐r✐❡s ❞❛♥s ❧❡s s✐♠✉❧❛t✐♦♥s ❞✉ s②stè♠❡ ❤❡r❜❡ ❡st ♣❧✉s ❢❛✐❜❧❡ q✉❡ ❞❛♥s ❧❡ s②stè♠❡ ♠❛ïs✳
▲❡s ❡♥tré❡s ❞✬❛③♦t❡ ♣❛r ❧❡s ❡♥❣r❛✐s ♠✐♥ér❛✉① ♥❡ s♦♥t q✉❡ très ❧é❣èr❡♠❡♥t ♣❧✉s é❧❡✈é❡s
❞❛♥s ❧❡s s②stè♠❡s ❤❡r❜❡✳

▲✬❡①❝é❞❡♥t ❞✉ ❜✐❧❛♥ ✈❛r✐❡ ♣❧✉s ❡♥ ❢♦♥❝t✐♦♥ ❞❡s ❛♥♥é❡s q✉✬❡♥ ❢♦♥❝t✐♦♥ ❞❡s ♠♦❞❛❧✐tés ❞❡
❧❛ s✐♠✉❧❛t✐♦♥ ✭❋✐❣✳ ✽✳✺✮✳ ❯♥❡ ❛♥❛❧②s❡ ❞❡ ✈❛r✐❛♥❝❡ ét✉❞✐❛♥t ❧✬❡✛❡t ❞❡ ❧✬❛♥♥é❡✱ ❞✉ s②stè♠❡
❢♦✉rr❛❣❡r ❡t ❞✉ ♥✐✈❡❛✉ ❞❡ ❝♦♥❝❡♥trés ♠♦♥tr❡ q✉❡ ❝❡s tr♦✐s ❡✛❡ts ❝♦♠❜✐♥és ❡①♣❧✐q✉❡♥t
✉♥❡ ❣r❛♥❞❡ ♣❛rt✐❡ ❞❡ ❧❛ ✈❛r✐❛❜✐❧✐té ❞❡s ❡①❝é❞❡♥ts ❞✉ ❜✐❧❛♥ ✭t❛❜❧❡❛✉ ✽✳✽✮✳ ▲❛ ✈❛r✐❛❜✐❧✐té
❧✐é❡ ❛✉① ❛♥♥é❡s ❡st ♣❧✉s ❢♦rt❡✱ t❛♥❞✐s q✉❡ ❧❛ ✈❛r✐❛❜✐❧✐té ❧✐é❡ ❛✉ s②stè♠❡ ❢♦✉rr❛❣❡r ✭▼❛ïs
♦✉ ❍❡r❜❡✮ ❡st très ❢❛✐❜❧❡✳

▲❡s s♦rt✐❡s ♣❛r ❧❡s ♣r♦❞✉✐ts ❛♥✐♠❛✉① ✭❧❛✐t ❡t ✈✐❛♥❞❡✮ ✈❛r✐❡♥t très ♣❡✉✳ P♦✉r ❧❛ ✈✐❛♥❞❡✱
❧❛ ✈❛r✐❛❜✐❧✐té ❡st ♣r✐♥❝✐♣❛❧❡♠❡♥t ❞✉❡ ❛✉ s②stè♠❡✱ ❡♥ r❛✐s♦♥ ❞✉ t❛✉① ❞❡ r❡♥♦✉✈❡❧❧❡♠❡♥t
♣❧✉s é❧❡✈é ❞✉ s②stè♠❡ ▼❛ïs✳ ▲❡s s♦rt✐❡s ♣❛r ❧❡s ♣r♦❞✉✐ts ✈é❣ét❛✉① s♦♥t ♣❧✉s ✈❛r✐❛❜❧❡s✱
♣r✐♥❝✐♣❛❧❡♠❡♥t ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧✬❛♥♥é❡✳ ▲❛ ✈❛r✐❛❜✐❧✐té ❞❡s ❡♥tré❡s ❡st ❞✉ ♠ê♠❡ ♦r❞r❡ ❞❡
❣r❛♥❞❡✉r q✉❡ ❝❡❧❧❡ ❞❡s s♦rt✐❡s ♣❛r ❧❡s ♣r♦❞✉✐ts ✈é❣ét❛✉① ✭t❛❜❧❡❛✉ ✽✳✽✮✳ ▲✬❡✛❡t ❛♥♥é❡ ❡st
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❱❛r✐❛❜❧❡ ❡①♣❧✐q✉é❡
❊❝❛rt✲t②♣❡ P❛rt ❞❡ ✈❛r✐❛❜✐❧✐té ❡①♣❧✐q✉é❡
✭kg N/Ha✮ ❙②stè♠❡ ❈♦♥❝❡♥trés ❆♥♥é❡

❆❝❤❛ts ❛❧✐♠❡♥ts ✾✱✸ ✷✽✱✽✪ ✺✼✱✺✪ ✽✱✷✪
❊♥❣r❛✐s ♠✐♥ér❛✉① ✼✱✽ ✷✼✱✷✪ ✾✱✷✪ ✸✺✱✽✪

❱❛r✐❛t✐♦♥s st♦❝❦s ❛❧✐♠✳ ✶✷✱✽ ✵✱✵✪ ✵✱✵✪ ✽✼✱✷✪
❱✐❛♥❞❡ ✵✱✹✻ ✾✵✱✽✪ ✾✱✶✪ ✵✱✵✪

▲❛✐t ✵✱✹✼ ✻✱✸✪ ✼✱✷✪ ✹✷✱✽✪
Pr♦❞✉✐ts ✈é❣ét❛✉① ✻✱✹✻ ✻✱✻✪ ✸✺✱✸✪ ✹✾✱✼✪
❊①❝é❞❡♥t ❞✉ ❜✐❧❛♥ ✶✹✳✷ ✶✱✶✪ ✶✻✱✺✪ ✻✾✱✸✪

❚❛❜✳ ✽✳✽ ✕ ❱❛r✐❛❜✐❧✐té ❞❡s ❞✐✛ér❡♥ts ♣♦st❡s ❞✉ ❜✐❧❛♥ ❛♣♣❛r❡♥t ❞❡ ❧✬❛③♦t❡ ❞❛♥s ❧❡s s✐♠✉❧❛✲
t✐♦♥s✳ P❛rts ❞❡ ✈❛r✐❛❜✐❧✐té ❡①♣❧✐q✉é❡s ♣❛r ❧✬❡✛❡t ❞✉ s②stè♠❡ ❢♦✉rr❛❣❡r ✭▼❛ïs ♦✉ ❍❡r❜❡✮✱
❞✉ ♥✐✈❡❛✉ ❞❡ ❝♦♥❝❡♥trés ✭❍❛✉t✱ ▼♦②❡♥ ♦✉ ❇❛s✮ ❡t ❞❡ ❧✬❛♥♥é❡✳

❙②stè♠❡ ✓ ▼❛ïs ✔ ❙②stè♠❡ ✓ ❍❡r❜❡ ✔
◆✐✈❡❛✉ ❞❡ ❝♦♥❝❡♥trés ❍❛✉t ▼♦②✳ ❇❛s ❍❛✉t ▼♦②✳ ❇❛s

❱❡rs ❧✬❡❛✉
◆✲◆❖3 ✻✺✱✾ ✻✵✱✸ ✺✼✱✷ ✻✺✱✶ ✻✶✱✵ ✺✻✱✻

❱❡rs ❧✬❛✐r
◆✲◆❍3 ✸✹✱✸ ✸✸✱✹ ✸✸✱✽ ✸✹✱✻ ✸✹✱✺ ✸✹✱✾
◆✲◆2 ✶✹✱✾ ✶✹✱✸ ✶✹✱✵ ✶✺✱✻ ✶✺✱✷ ✶✹✱✾

◆✲◆2❖ ✹✱✻ ✹✱✹ ✹✱✸ ✹✱✽ ✹✱✼ ✹✱✻
❚♦t❛❧ ✭❛✐r✮ ✺✸✱✾ ✺✷✱✶ ✺✷✱✷ ✺✺✱✵ ✺✹✱✺ ✺✹✱✹

❚❛❜✳ ✽✳✾ ✕ ➱♠✐ss✐♦♥s ❞❡ ❝♦♠♣♦sés ❛③♦tés✱ ❡♥ ♠♦②❡♥♥❡ ❛♥♥✉❡❧❧❡ ✭❦❣ ◆✴❍❛✮

❢❛✐❜❧❡ ♣♦✉r ❧❡s ❛❝❤❛ts ❞✬❛❧✐♠❡♥ts ❡t ♠♦❞éré ♣♦✉r ❧❡s ❡♥tré❡s ♣❛r ❧✬❡♥❣r❛✐s✳ ❊♥✜♥✱ ❧❡s
✈❛r✐❛t✐♦♥s ❞❡ st♦❝❦ ❞✬❛❧✐♠❡♥ts ♣❡✉✈❡♥t êtr❡ très ❞✐✛ér❡♥t❡s ❞✬✉♥❡ ❛♥♥é❡ s✉r ❧✬❛✉tr❡ ♠❛✐s
s♦♥t ❡♥ ♠♦②❡♥♥❡ q✉❛s✐♠❡♥t ♥✉❧❧❡s ♣♦✉r t♦✉t❡s ❧❡s s✐♠✉❧❛t✐♦♥s✳

✽✳✸✳✹ ▲❡ss✐✈❛❣❡ ❡t ✈♦❧❛t✐❧✐s❛t✐♦♥ ❞✬❛③♦t❡

▲❡ ❧❡ss✐✈❛❣❡ ❞❡s ♥✐tr❛t❡s✱ ❡♥ t♦t❛❧ ❛♥♥✉❡❧✱ ✈❛r✐❡ ♣r✐♥❝✐♣❛❧❡♠❡♥t ❡♥ ❢♦♥❝t✐♦♥ ❞❡s ❛♥♥é❡s
✭❋✐❣✳ ✽✳✻✮✳ ▲❡s ❞✐✛ér❡♥❝❡s ❡♥tr❡ s✐♠✉❧❛t✐♦♥s s♦♥t ❢❛✐❜❧❡s ❡t ♣r♦✈✐❡♥♥❡♥t s✉rt♦✉t ❞❡ ❧✬❡✛❡t
❞✉ ♥✐✈❡❛✉ ❞❡ ❝♦♥❝❡♥trés ✭t❛❜❧❡❛✉ ✽✳✾✮✳ ▲✬❛♥❛❧②s❡ ❞❡ ✈❛r✐❛♥❝❡ ♠♦♥tr❡ q✉❡ ❧❡ s②stè♠❡
❢♦✉rr❛❣❡r ❡t ❧❡ ♥✐✈❡❛✉ ❞❡ ❝♦♥❝❡♥trés ♦♥t ✉♥ ❡✛❡t s✐❣♥✐✜❝❛t✐❢ s✉r ❧❡ ❧❡ss✐✈❛❣❡ ❛♥♥✉❡❧
✭❧♦rsq✉✬♦♥ t✐❡♥t ❝♦♠♣t❡ ❞❡ ❧✬❡✛❡t ❛♥♥é❡✮✱ ♠❛✐s ✐❧s ♥✬❡①♣❧✐q✉❡♥t r❡s♣❡❝t✐✈❡♠❡♥t q✉❡ ✵✱✶
✪ ❡t ✵✱✺ ✪ ❞❡ ❧❛ ✈❛r✐❛❜✐❧✐té✳ ▲✬❡✛❡t ❛♥♥é❡✱ à ❧✉✐ s❡✉❧✱ ❡①♣❧✐q✉❡ ✾✽ ✪ ❞❡ ❧❛ ✈❛r✐❛❜✐❧✐té ❞❡s
❧❡ss✐✈❛❣❡s ❛♥♥✉❡❧s✳

▲❡ ❧❡ss✐✈❛❣❡ ❡st ❞✬✉♥❡ ♠❛♥✐èr❡ ❣é♥ér❛❧❡ ♣❧✉s ❢♦rt s✉r ❧❡s ♣❛r❝❡❧❧❡s ❛②❛♥t été ❡♥ ♣r❛✐r✐❡
❞✉r❛♥t ❧✬❛♥♥é❡ ♣ré❝é❞❡♥t❡ ✭t❛❜❧❡❛✉ ✽✳✶✵✮✳ ▲❡s ♣❡rt❡s ♣❛r ❧❡ss✐✈❛❣❡ s♦♥t ♠♦✐♥s ❢♦rt❡s ❛♣rès
♠❛ïs✱ ❝❛r ❝❡tt❡ ❝✉❧t✉r❡ ❧❛✐ss❡ ❧❡s r❡❧✐q✉❛ts ❞✬❛③♦t❡ ♠✐♥ér❛❧ ❡♥ ❛✉t♦♠♥❡ ❧❡s ♣❧✉s ❢❛✐❜❧❡s✳
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Simulation
● Maïs / Haut
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Campagne

❋✐❣✳ ✽✳✻ ✕ ▲❡ss✐✈❛❣❡ ❝✉♠✉❧é ♣❛r ❝❛♠♣❛❣♥❡ ❝✉❧t✉r❛❧❡ ✭❞❡ s❡♣t❡♠❜r❡ à ❛♦ût✮ ❞❛♥s ❧❡s
❞✐✛ér❡♥t❡s s✐♠✉❧❛t✐♦♥s

❙②stè♠❡ ✓ ▼❛ïs ✔ ❙②stè♠❡ ✓ ❍❡r❜❡ ✔
◆✐✈❡❛✉ ❞❡ ❝♦♥❝❡♥trés ❍❛✉t ▼♦②✳ ❇❛s ❍❛✉t ▼♦②✳ ❇❛s

Pr❛✐r✐❡ ✶✶✾✱✷ ✶✵✶✱✶ ✽✽✱✻ ✾✺✱✷ ✽✺✱✷ ✼✹✱✽
▼❛ïs ✷✼✱✺ ✷✼✱✻ ✷✽✱✼ ✷✼✱✻ ✷✽✱✻ ✷✾✱✹
❇❧é ✺✻✱✾ ✺✼✱✷ ✺✼✱✺ ✺✻✱✻ ✺✺✱✹ ✺✾✱✽

❖r❣❡ ✻✵✱✼ ✹✾✱✸ ✷✵✱✾ ✺✷✱✻ ✹✾✱✶ ✹✼✱✾

❚❛❜✳ ✽✳✶✵ ✕ ▲❡ss✐✈❛❣❡ ✭❦❣ ◆✴❍❛✮ ❝✉♠✉❧é s✉r ❧✬❛♥♥é❡ ✭❞✉ ✶er s❡♣t❡♠❜r❡ n ❛✉ ✸✶ ❛♦ût
n + 1✮ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ❝✉❧t✉r❡ ♣ré❝é❞❡♥t❡ ✭❛♥♥é❡ n✮



❘és✉❧t❛ts ✶✻✾

 5

10

15

9 10 11 12 1 2 3 4 5 6 7 8

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●
●

●

●

●

●

●

●
●●

●

●

●

●

●

●

●

●

●

●
●●

●

●

●

●

●

●

●

●

●

●
●●

●

●

●

●

●

●

●

●

●

●
●●

●

●

●

●

●

●

●

●

●

● ●

Simulation
● Maïs / Haut

● Maïs / Moy

● Maïs / Bas

● Herbe / Haut
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Mois

❋✐❣✳ ✽✳✼ ✕ ▲❡ss✐✈❛❣❡ ♠♦②❡♥ ❛✉ ❝♦✉rs ❞❡ ❝❤❛q✉❡ ♠♦✐s ❞❡ ❧✬❛♥♥é❡ ❞❛♥s ❧❡s ❞✐✛ér❡♥t❡s
s✐♠✉❧❛t✐♦♥s
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▲♦rsq✉✬♦♥ ❛❣rè❣❡ ❧❡s q✉❛♥t✐tés ❧❡ss✐✈é❡s ♣❛r ♠♦✐s✱ ❧❛ ❞②♥❛♠✐q✉❡ ❡st s✐♠✐❧❛✐r❡ ❞❛♥s
t♦✉t❡s ❧❡s s✐♠✉❧❛t✐♦♥s ✭❋✐❣✳ ✽✳✼✮✳ ▲✬❡ss❡♥t✐❡❧ ❞✉ ❧❡ss✐✈❛❣❡ ❛ ❧✐❡✉ ❡♥tr❡ ♥♦✈❡♠❜r❡ ❡t ♠❛rs
✐♥❝❧✉s✱ ❛✈❡❝ ✉♥ ♣✐❝ ❡♥ ❞é❝❡♠❜r❡ ❡t ❥❛♥✈✐❡r✳

▲❡s q✉❛♥t✐tés t♦t❛❧❡s ❞✬❛③♦t❡ ✈♦❧❛t✐❧✐sé❡s s♦♥t ❛ss❡③ ♣❡✉ ✈❛r✐❛❜❧❡s✱ ❝❡ q✉✐ ❡st ❧✐é à
❧❡✉r ♠♦❞❡ ❞❡ ❝❛❧❝✉❧✳ ▲❡s ❞✐✛ér❡♥❝❡s ❡♥tr❡ s✐♠✉❧❛t✐♦♥s ✭t❛❜❧❡❛✉ ✽✳✾✮ s♦♥t ❢❛✐❜❧❡s ❝❛r ❧❡s
t②♣❡s ❞❡ ❜ât✐♠❡♥ts ❡t ❧❡s t❡❝❤♥✐q✉❡s ❞✬é♣❛♥❞❛❣❡ s♦♥t ❧❡s ♠ê♠❡s✳ ▲❛ ✈❛r✐❛❜✐❧✐té ❞❡ ❧❛
✈♦❧❛t✐❧✐s❛t✐♦♥ ❞✬❛③♦t❡ ♥✬❡st ❞♦♥❝ ♣❛s ❛♥❛❧②sé❡ ✐❝✐✳

✽✳✸✳✺ ▲✐❡♥ ❡♥tr❡ ❡①❝é❞❡♥ts ❡t ♣❡rt❡s

▲✬♦❜❥❡❝t✐❢ ❡st ✐❝✐ ❞✬ét✉❞✐❡r ❧❡ ❧✐❡♥ ❡♥tr❡ ❧✬❡①❝é❞❡♥t ❞✬❛③♦t❡ ❡t ❧❡ ❧❡ss✐✈❛❣❡ à ❧✬é❝❤❡❧❧❡ ❞❡
❧✬❡①♣❧♦✐t❛t✐♦♥✳ ❆✉ ✈✉ ❞❡ ❧❛ ❞②♥❛♠✐q✉❡ ❞✉ ❧❡ss✐✈❛❣❡ ♣rés❡♥té❡ ❞❛♥s ❧❛ ♣❛rt✐❡ ♣ré❝é❞❡♥t❡✱
✐❧ s❡♠❜❧❡ ❧♦❣✐q✉❡ ❞❡ ❝♦♥s✐❞ér❡r ❧❡ ❧❡ss✐✈❛❣❡ ❡♥ ❝✉♠✉❧ s✉r ✉♥ ❤✐✈❡r ❡♥t✐❡r✳ ▲❡ ❧❡ss✐✈❛❣❡
q✉♦t✐❞✐❡♥ ❛ ❞♦♥❝ été s♦♠♠é ♣❛r ♣ér✐♦❞❡s ❞✬✉♥❡ ❛♥♥é❡ s✬ét❡♥❞❛♥t ❞✉ ✶er s❡♣t❡♠❜r❡ ❛✉ ✸✶
❛♦ût✳ P♦✉r ❞ét❡❝t❡r ✉♥ é✈❡♥t✉❡❧ ❧✐❡♥ ❛✈❡❝ ❧✬❡①❝é❞❡♥t ❞✉ ❜✐❧❛♥ ❞✬❛③♦t❡✱ ✐❧ ❢❛✉t ❝♦♥s✐❞ér❡r
❧❡ ❜✐❧❛♥ ét❛❜❧✐ s✉r ❧❛ ♣ér✐♦❞❡ ♣ré❝é❞❛♥t ❧✬❤✐✈❡r ❞✉r❛♥t ❧❡q✉❡❧ ♦♥ ét✉❞✐❡ ❧❡ ❧❡ss✐✈❛❣❡✳ ▲❡
♠ê♠❡ ❞é❝♦✉♣❛❣❡ t❡♠♣♦r❡❧ ♥❡ ♣♦✉✈❛✐t ❞♦♥❝ ♣❛s êtr❡ ✉t✐❧✐sé✳ ▲❡s ❜✐❧❛♥s ❞❡ ❧✬❛③♦t❡ ♦♥t été
ét❛❜❧✐s ♣❛r ❛♥♥é❡ ❝✐✈✐❧❡✳

❉✬✉♥❡ ❢❛ç♦♥ ❣é♥ér❛❧❡✱ ❞❡✉① ❢❛❝t❡✉rs ❥♦✉❡♥t ✉♥ rô❧❡ ✐♠♣♦rt❛♥t ❞❛♥s ❧❡ ❧❡ss✐✈❛❣❡ ✿ ❧❡
st♦❝❦ ❞❡ ♥✐tr❛t❡s ❞❛♥s ❧❡ s♦❧ ❛✉ ❞é❜✉t ❞❡ ❧✬❤✐✈❡r ❡t ❧❛ ❧❛♠❡ ❞r❛✐♥❛♥t❡✱ ❝✬❡st✲à✲❞✐r❡ ❧❛
❤❛✉t❡✉r ❞✬❡❛✉ q✉✐ ♣❡r❝♦❧❡ à tr❛✈❡rs ❧❡ s♦❧ ❛✉ ❝♦✉rs ❞❡ ❧✬❤✐✈❡r✳ ▲❛ ❧❛♠❡ ❞r❛✐♥❛♥t❡ ❡st très
❧✐é❡ ❛✉① ♣ré❝✐♣✐t❛t✐♦♥s ❤✐✈❡r♥❛❧❡s✳

❉❛♥s ✉♥ ♣r❡♠✐❡r t❡♠♣s✱ ♣♦✉r ❡①♣❧✐q✉❡r ❧❛ ✈❛r✐❛❜✐❧✐té ❞✉ ❧❡ss✐✈❛❣❡✱ ♥♦✉s ❛✈♦♥s ét✉❞✐é
❧✬❡✛❡t ❞✉ st♦❝❦ ❞✬❛③♦t❡ ♠✐♥ér❛❧ ❞❛♥s ❧❡ s♦❧ ❛✉ ✶er ♥♦✈❡♠❜r❡ ❡t ❞❡ ❧❛ s♦♠♠❡ ❞❡s ♣ré❝✐♣✐✲
t❛t✐♦♥s ❡♥tr❡ ♥♦✈❡♠❜r❡ ❡t ❢é✈r✐❡r ✭✐♥❝❧✉s✮ s✉r ❧❡ ❝✉♠✉❧ ❞✉ ❧❡ss✐✈❛❣❡ ❛✉ ❝♦✉rs ❞❡ ❧✬❤✐✈❡r
❝♦rr❡s♣♦♥❞❛♥t ✭❋✐❣✳ ✽✳✽✮✳ ▲❡ ❥❡✉ ❞❡ ❞♦♥♥é❡s ❝♦♥t❡♥❛✐t ❞♦♥❝ ✉♥❡ ✈❛❧❡✉r ♣❛r ❛♥♥é❡ ❡t ♣❛r
s✐♠✉❧❛t✐♦♥✱ s♦✐t ✉♥ t♦t❛❧ ❞❡ ✶✸✷ ❞♦♥♥é❡s✳ ❯♥❡ ré❣r❡ss✐♦♥ ❧✐♥é❛✐r❡ ♠✉❧t✐♣❧❡ ❛ ♠♦♥tré q✉❡
❧❛ r❡❧❛t✐♦♥ ❡♥tr❡ ❧❡s ❞❡✉① ✈❛r✐❛❜❧❡s ét✉❞✐é❡s ❡t ❧❡ ❧❡ss✐✈❛❣❡ ❡st s✐❣♥✐✜❝❛t✐✈❡✳ ▲❡ ❝♦❡✣❝✐❡♥t
❞❡ ❞ét❡r♠✐♥❛t✐♦♥ ❞❡ ❧❛ ré❣r❡ss✐♦♥ ét❛✐t ❞❡ ✼✻ ✪✳

❯♥❡ ré❣r❡ss✐♦♥ s✐♠✐❧❛✐r❡✱ ♠❛✐s ✉t✐❧✐s❛♥t ❧✬❡①❝é❞❡♥t ❞✉ ❜✐❧❛♥ ❛✉ ❧✐❡✉ ❞✉ st♦❝❦ ❞✬❛③♦t❡
♠✐♥ér❛❧ ❞❛♥s ❧❡ s♦❧✱ ❛ été ré❛❧✐sé❡✳ ▲✬❡✛❡t ❞❡ ❧✬❡①❝é❞❡♥t ❞✉ ❜✐❧❛♥ r❡st❡ s✐❣♥✐✜❝❛t✐❢ ✭♣❂✵✱✵✵✺✮✱
♠❛✐s ❧❡ ❝♦❡✣❝✐❡♥t ❞❡ ❞ét❡r♠✐♥❛t✐♦♥ ❝❤✉t❡ à ✺✷ ✪✳ ❖♥ ♣❡✉t ❡♥ ❞é❞✉✐r❡ q✉❡ ❝❡rt❛✐♥s ❢❛❝✲
t❡✉rs ✐♥t❡r❢èr❡♥t ❞❛♥s ❧❛ r❡❧❛t✐♦♥ ❡♥tr❡ ❧✬❡①❝é❞❡♥t ❞✉ ❜✐❧❛♥ ❡t ❧❡ r❡❧✐q✉❛t ❞✬❛③♦t❡ ❡♥ ❞é❜✉t
❞✬❤✐✈❡r✳ ▲✬✐♥té❣r❛t✐♦♥ ❞❡ ❝❡s ✈❛r✐❛❜❧❡s ❞❛♥s ❧❡ r❛✐s♦♥♥❡♠❡♥t ♣❡r♠❡ttr❛✐t ❛❧♦rs ❞✬❡①♣❧✐q✉❡r
✉♥❡ ♣❛rt✐❡ ❞❡ ❧❛ ✈❛r✐❛❜✐❧✐té ❞✉ ❧❡ss✐✈❛❣❡✳

▲❛ ✈❛r✐❛❜✐❧✐té ✐♥t❡r✲❛♥♥✉❡❧❧❡ ❞❡ ❧❛ ✈♦❧❛t✐❧✐s❛t✐♦♥ ❞❡ ❧✬❛③♦t❡ ❡st ❢❛✐❜❧❡ ❞❛♥s ❧❡ ♠♦❞è❧❡✳
❈❡tt❡ ✈❛r✐❛❜❧❡ ♥✬❡st ❞♦♥❝ ♣❛s ✉♥ ❜♦♥ ❝❛♥❞✐❞❛t ♣♦✉r ❡①♣❧✐q✉❡r ❧❡ ♠❛♥q✉❡ ❞❡ r❡❧❛t✐♦♥
❡♥tr❡ ❧✬❡①❝é❞❡♥t ❞✉ ❜✐❧❛♥ ❡t ❧❡ r❡❧✐q✉❛t ❞❛♥s ❧❡ s♦❧ ❡♥ ❞é❜✉t ❞✬❤✐✈❡r✳ ▲❡s ✢✉① ❞❡ ♠❛t✐èr❡
❝♦♥s✐❞érés ❞❛♥s ❧❡ ♠♦❞è❧❡ ❡t ❧❡ ♣r✐♥❝✐♣❡ ❞❡ ❝♦♥s❡r✈❛t✐♦♥ ❞❡ ♠❛t✐èr❡ s✉❣❣èr❡♥t q✉❡ ❞❡✉①
✈❛r✐❛❜❧❡s ❞♦✐✈❡♥t êtr❡ ❝♦♥s✐❞éré❡s ✿ ❧❛ ✈❛r✐❛t✐♦♥ ❞✉ st♦❝❦ ❞✬❛③♦t❡ ♦r❣❛♥✐q✉❡ ❞✉ s♦❧ ❡t ❧❛
✈❛r✐❛t✐♦♥ ❞✉ st♦❝❦ ❞✬❛③♦t❡ ❞❛♥s ❧❡s ❡✤✉❡♥ts st♦❝❦és✱ ❛✉ ❝♦✉rs ❞❡ ❧✬❛♥♥é❡ s✉r ❧❛q✉❡❧❧❡ ❧❡
❜✐❧❛♥ ❡st ❡✛❡❝t✉é✳

▲✬✐♥té❣r❛t✐♦♥ ❞❡ ❝❡s ✈❛r✐❛❜❧❡s ❞❛♥s ❧❛ ré❣r❡ss✐♦♥ ♠✉❧t✐♣❧❡ ❛♠é❧✐♦r❡ ❡✛❡❝t✐✈❡♠❡♥t
❧✬❛❥✉st❡♠❡♥t ❞✉ ♠♦❞è❧❡✱ ♣✉✐sq✉❡ ❧❡ ❝♦❡✣❝✐❡♥t ❞❡ ❞ét❡r♠✐♥❛t✐♦♥ ♣❛ss❡ à ✻✾ ✪✳ ❚♦✉t❡s
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Reliquat d'azote minéral dans le sol au 1er novembre (kg N/Ha)

❋✐❣✳ ✽✳✽ ✕ ▲✐❡♥ ❡♥tr❡ ❧❡ r❡❧✐q✉❛t ❞✬❛③♦t❡ ♠♦②❡♥ s✉r ❧✬❡①♣❧♦✐t❛t✐♦♥ ❛✉ ✶er ♥♦✈❡♠❜r❡✱ ❧❡s
♣ré❝✐♣✐t❛t✐♦♥s ❛✉ ❝♦✉rs ❞❡ ❧✬❤✐✈❡r s✉✐✈❛♥t ❡t ❧❡ ❧❡ss✐✈❛❣❡ ❝✉♠✉❧é s✉r ❧❛ ♠ê♠❡ ♣ér✐♦❞❡
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❋✐❣✳ ✽✳✾ ✕ ▲✐❡♥ ❡♥tr❡ ❡①❝é❞❡♥t ❞✉ ❜✐❧❛♥ ♠♦②❡♥ ✭❡♥ ❦❣ ◆ ✴ ❍❛✮ ❡t ❧❡ss✐✈❛❣❡ ❞❡ ♥✐tr❛t❡s
♠♦②❡♥ ✭❡♥ ❦❣ ◆ ✴ ❍❛✮

❧❡s ✈❛r✐❛❜❧❡s ✐♥té❣ré❡s ❞❛♥s ❧❡ ♠♦❞è❧❡ ♦♥t ✉♥ ❡✛❡t s✐❣♥✐✜❝❛t✐❢✳ ▲❡s ♣ré❝✐♣✐t❛t✐♦♥s ❤✐✈❡r✲
♥❛❧❡s ❣❛r❞❡♥t ❞❡ ❧♦✐♥ ❧❡ rô❧❡ ❧❡ ♣❧✉s ✐♠♣♦rt❛♥t✳ ▲❡s ✈❛r✐❛t✐♦♥s ❞❡ st♦❝❦ ❞✬❛③♦t❡ ❞❛♥s ❧❡s
❡✤✉❡♥ts ♦♥t ✉♥ ❡✛❡t ♣❧✉s ❢♦rt q✉❡ ❧✬❡①❝é❞❡♥t ❞✉ ❜✐❧❛♥ ❡t q✉❡ ❧❡s ✈❛r✐❛t✐♦♥s ❞❡ st♦❝❦
❞✬❛③♦t❡ ♦r❣❛♥✐q✉❡ ❞❛♥s ❧❡ s♦❧✳

▲❡ ❝♦❡✣❝✐❡♥t ❛ss♦❝✐é à ❧✬❡①❝é❞❡♥t ❞✉ ❜✐❧❛♥ ❞❛♥s ❧❛ ré❣r❡ss✐♦♥ ♣r❡♥❛♥t ❡♥ ❝♦♠♣t❡
t♦✉t❡s ❧❡s ✈❛r✐❛❜❧❡s ❡st ❞❡ 0, 45 ± 0, 07✳ ❈❡❧❛ s✐❣♥✐✜❡ q✉✬✉♥❡ ❛✉❣♠❡♥t❛t✐♦♥ ❞❡ ✶✵ ❦❣ ❞❡
❧✬❡①❝é❞❡♥t ❞✉ ❜✐❧❛♥✱ ❡♥tr❡ s②stè♠❡s ♦✉ ❡♥tr❡ ❛♥♥é❡s✱ s❡ tr❛❞✉✐t ♣❛r ✉♥❡ ❛✉❣♠❡♥t❛t✐♦♥
❞✉ ❧❡ss✐✈❛❣❡ ❞❡ ✹✱✺ ❦❣✱ à ✈❛r✐❛t✐♦♥s ❞❡ st♦❝❦s é❣❛❧❡s✳ ❈❡tt❡ ✈❛❧❡✉r ♥✬❡st ✈❛❧❛❜❧❡ q✉❡ ❞❛♥s
❧❡ ❝♦♥t❡①t❡ ♣é❞♦✲❝❧✐♠❛t✐q✉❡ ❡t ♣♦✉r ❧❡s s②stè♠❡s ❞❡ ♣r♦❞✉❝t✐♦♥ s✐♠✉❧és✳

❊♥ rés✉♠é✱ ❧❡ ❧✐❡♥ ❡♥tr❡ ❡①❝é❞❡♥t ❞✉ ❜✐❧❛♥ ❡t ❧❡ss✐✈❛❣❡ ❡st s✐❣♥✐✜❝❛t✐❢✱ ♠ê♠❡ s✐ ❧❛
✈❛r✐❛❜✐❧✐té ✐♥t❡r✲❛♥♥✉❡❧❧❡ ❡st très ❢♦rt❡✳ ▲❡ ❧✐❡♥ ❡♥tr❡ ❝❡s ✈❛r✐❛❜❧❡s ❡st ♣❧✉s ❢❛❝✐❧❡♠❡♥t
✈✐s✉❛❧✐s❛❜❧❡ ❧♦rsq✉✬♦♥ s❡ ♣❧❛❝❡ ❡♥ ♠♦②❡♥♥❡ s✉r ❧✬❡♥s❡♠❜❧❡ ❞❡s ❛♥♥é❡s s✐♠✉❧é❡s ✭❋✐❣✳ ✽✳✾✮✳

✽✳✸✳✻ ❉✐♠✐♥✉t✐♦♥ ❞✉ st♦❝❦ ❞✬❛③♦t❡ ♦r❣❛♥✐q✉❡ ❞✉ s♦❧

▲❡s ✈❛r✐❛t✐♦♥s ❞❡ st♦❝❦ ❞✬❛③♦t❡ ❞❛♥s ❧❡s ❡✤✉❡♥ts ❥♦✉❡♥t ✉♥ rô❧❡ ❞❛♥s ❧❛ ✈❛r✐❛❜✐❧✐té
✐♥t❡r✲❛♥♥✉❡❧❧❡✱ ♠❛✐s ♥✬✐♥t❡r✈✐❡♥♥❡♥t ♣❛s ❞❛♥s ❧❛ r❡❧❛t✐♦♥ ❣❧♦❜❛❧❡ ♣✉✐sq✉✬❡❧❧❡s s♦♥t ❡♥



❉✐s❝✉ss✐♦♥ ✶✼✸

−30
−20
−10

  0
 10

−30
−20
−10

  0
 10

−30
−20
−10

  0
 10

−30
−20
−10

  0
 10

−30
−20
−10

  0
 10

−30
−20
−10

  0
 10

1985 1990 1995 2000 2005

M
aïs / H

autM
aïs / M

oy
M

aïs / B
asH

erbe / H
autH

erbe / M
oyH

erbe / B
as

V
ar

ia
tio

n 
de

 s
to

ck
 (

kg
 N

 o
rg

. /
 H

a)

Année

❋✐❣✳ ✽✳✶✵ ✕ ❱❛r✐❛❜✐❧✐té ✐♥t❡r✲❛♥♥✉❡❧❧❡ ❞❡ ❧❛ ❜❛✐ss❡ ❞❡ st♦❝❦ ❞✬❛③♦t❡ ♦r❣❛♥✐q✉❡ ❞❛♥s ❧❡ s♦❧

♠♦②❡♥♥❡ ♥✉❧❧❡s✳ P❛r ❝♦♥tr❡✱ ❧❡s ✈❛r✐❛t✐♦♥s ❞❡s st♦❝❦s ❞✬❛③♦t❡ ♦r❣❛♥✐q✉❡ ❞❛♥s ❧❡ s♦❧ ♥❡
s♦♥t ♣❛s ♥✉❧❧❡s ❡♥ ♠♦②❡♥♥❡ ❞❛♥s ❧❡s s✐♠✉❧❛t✐♦♥s✳ ▲❡✉r rô❧❡ ❞♦✐t ❞♦♥❝ êtr❡ ét✉❞✐é✳

❉❛♥s ❧❡s s✐① s✐♠✉❧❛t✐♦♥s✱ ❧❡s st♦❝❦s ❞✬❛③♦t❡ ♦r❣❛♥✐q✉❡ ❞❛♥s ❧❡ s♦❧ t❡♥❞❡♥t à ❜❛✐ss❡r✳ ▲❛
❜❛✐ss❡ ❛♥♥✉❡❧❧❡✱ ❡♥ ♠♦②❡♥♥❡ s✉r t♦✉t❡s ❧❡s ❛♥♥é❡s ❡t t♦✉t❡s ❧❡s ♣❛r❝❡❧❧❡s✱ ❡st ❝♦♠♣r✐s❡
❡♥tr❡ ✶✶ ❡t ✶✷ ❦❣ ◆✴ ❍❛ ❞❛♥s t♦✉t❡s ❧❡s s✐♠✉❧❛t✐♦♥s✳ ❈❡tt❡ ❜❛✐ss❡ ❡st ♣❧✉s ♠❛rq✉é❡
❛✉ ❞é❜✉t ❞❡s s✐♠✉❧❛t✐♦♥s ✭❋✐❣✳ ✽✳✶✵✮✱ ❝❛r ❧❡s ❢♦r♠❛❧✐s♠❡s ❞❡ ❙t✐❝s s♦♥t ❜❛sés s✉r ✉♥❡
❞é❝r♦✐ss❛♥❝❡ ❡①♣♦♥❡♥t✐❡❧❧❡ ❞✉ st♦❝❦ ♣rés❡♥t ❡♥ ❞é❜✉t ❞❡ s✐♠✉❧❛t✐♦♥✳

❙✐ ❧❛ ♠♦②❡♥♥❡ ❞❡ ❧❛ ❜❛✐ss❡ ❞✉ st♦❝❦ ❡st s✐♠✐❧❛✐r❡ ❞❛♥s t♦✉t❡s ❧❡s s✐♠✉❧❛t✐♦♥s✱ ❧❛
✈❛r✐❛❜✐❧✐té ❡st ❞✐✛ér❡♥t❡✳ ❉❛♥s ❧❡s s✐♠✉❧❛t✐♦♥s ❞✉ s②stè♠❡ ❍❡r❜❡✱ ❧❡s tr❛❥❡❝t♦✐r❡s s♦♥t
♣❧✉s ❤♦♠♦❣è♥❡s q✉❡ ❞❛♥s ❧❡s s✐♠✉❧❛t✐♦♥s ❞✉ s②stè♠❡ ▼❛ïs ✭❋✐❣✳ ✽✳✶✶✮✳ ❉❛♥s t♦✉s ❧❡s
❝❛s✱ ❧❡s st♦❝❦s ❞✬❛③♦t❡ ♦r❣❛♥✐q✉❡ t❡♥❞❡♥t à ❞é❝r♦îtr❡ ♣♦✉r ❧❛ q✉❛s✐✲t♦t❛❧✐té ❞❡s ♣❛r❝❡❧❧❡s✳

✽✳✹ ❉✐s❝✉ss✐♦♥

✽✳✹✳✶ ❉❡s ❜✐❧❛♥s ❛♣♣❛r❡♥ts ❞❡ ❧✬❛③♦t❡ ❢❛✐❜❧❡s ♠❛✐s ❝♦❤ér❡♥ts

▲❡s ❜✐❧❛♥s ❛♣♣❛r❡♥ts ❞❡ ❧✬❛③♦t❡ à ❧✬é❝❤❡❧❧❡ ❞❡ ❧✬❡①♣❧♦✐t❛t✐♦♥ ❝❛❧❝✉❧és ♣❛r▼é❧♦❞✐❡ s♦♥t
❝♦❤ér❡♥ts ❛✈❡❝ ❧❡s ✈❛❧❡✉rs r❡❧❡✈é❡s s✉r ❧❡ t❡rr❛✐♥✱ ❜✐❡♥ q✉❡ s✐t✉és ❞❛♥s ❧❡ ❜❛s ❞❡ ❧❛ ❣❛♠♠❡
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❋✐❣✳ ✽✳✶✶ ✕ ❱❛r✐❛❜✐❧✐té ❡♥tr❡ ♣❛r❝❡❧❧❡s ❞❡ ❧❛ ❞✐♠✐♥✉t✐♦♥ ♠♦②❡♥♥❡ ❛✉ ❝♦✉rs ❞❡ ❧❛ s✐♠✉❧❛✲
t✐♦♥ ❞✉ st♦❝❦ ❞✬❛③♦t❡ ♦r❣❛♥✐q✉❡ ❞❛♥s ❧❡ s♦❧✳ ▲❡s ❡①tré♠✐tés ✐♥❢ér✐❡✉r❡ ❡t s✉♣ér✐❡✉r❡ ❞❡s
r❡❝t❛♥❣❧❡s r❡♣rés❡♥t❡♥t ❧❡s q✉❛rt✐❧❡s ❡t ❧❛ ❜❛rr❡ ❤♦r✐③♦♥t❛❧❡ ❝❡♥tr❛❧❡ ❧❛ ♠é❞✐❛♥❡✳
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❋✐❣✳ ✽✳✶✷ ✕ ▲✐❡♥ ❡♥tr❡ ♣r♦❞✉❝t✐♦♥ ❧❛✐t✐èr❡ ♣❛r ❤❡❝t❛r❡ ❡t ❜✐❧❛♥ ❛♣♣❛r❡♥t ❞❡ ❧✬❛③♦t❡ ❞❛♥s
♥♦s s✐♠✉❧❛t✐♦♥s ❡t ❞❛♥s ❧❛ ❜✐❜❧✐♦❣r❛♣❤✐❡✳ ❙♦✉r❝❡s ✿ ❈❤❛♠❜❛✉t ❡t ▲❡ ●❛❧❧ ✭✶✾✾✽✮ ❀ ❙✐♠♦♥
❡t ❛❧✳ ✭✷✵✵✵✮ ❀ ❘❛✐s♦♥ ❡t ❛❧✳ ✭✷✵✵✻✮ ❀ ■♥st✐t✉t ❞❡ ❧✬❊❧❡✈❛❣❡ ✭✷✵✵✽❜✮

❞❡s ✈❛❧❡✉rs ♦❜s❡r✈é❡s ♣♦✉r ❝❡ ♥✐✈❡❛✉ ❞❡ ♣r♦❞✉❝t✐♦♥ ❧❛✐t✐èr❡ ✭❋✐❣✳ ✽✳✶✷✮✳ ❖♥ ♥♦t❡r❛ q✉❡ ❧❡s
✈❛❧❡✉rs r❡♣rés❡♥té❡s s✉r ❧❛ ✜❣✉r❡ ✽✳✶✷ ♣♦✉r ❧❡s ét✉❞❡s ✐ss✉❡s ❞❡ ❧❛ ❜✐❜❧✐♦❣r❛♣❤✐❡ s♦♥t ❞❡s
♠♦②❡♥♥❡s ♣♦✉r ❞❡s ❣r♦✉♣❡s ❞✬❡①♣❧♦✐t❛t✐♦♥s✱ ❛✉ s❡✐♥ ❞❡sq✉❡❧s ✐❧ ❡①✐st❡ ✉♥❡ ✐♠♣♦rt❛♥t❡
✈❛r✐❛❜✐❧✐té ❡♥tr❡ ❡①♣❧♦✐t❛t✐♦♥s✳ P❛r ❡①❡♠♣❧❡✱ ♣♦✉r ❧❡ ❣r♦✉♣❡ ✓ Pr♦❞✉❝t✐♦♥ s♣é❝✐❛❧✐sé❡ ❞❡
❧❛✐t ✔ ❞❡ ❙✐♠♦♥ ❡t ❛❧✳ ✭✷✵✵✵✮✱ ❧✬❡①❝é❞❡♥t ♠♦②❡♥ ❡st ❞❡ ✶✹✾ ❦❣ ◆✴❍❛ ❡t ❧✬é❝❛rt✲t②♣❡ ❡st ❞❡
✾✶ ❦❣ ◆✴❍❛✳ ▲✬❡✣❝❛❝✐té ❞❡ ❣❡st✐♦♥ ❞❡ ❧✬❛③♦t❡ ❞❛♥s ❧❡s s✐♠✉❧❛t✐♦♥s ❡st ❞♦♥❝ très ❜♦♥♥❡✳
▲✬✉t✐❧✐s❛t✐♦♥ ❞✬✉♥ ❝❛❧❝✉❧ ❞❡ ❢❡rt✐❧✐s❛t✐♦♥ ❛③♦té❡ ♣ré❝✐s ♣r❡♥❛♥t ❡♥ ❝♦♠♣t❡ ❧❡s ❛rr✐èr❡✲❡✛❡ts
❞❡s ❡✤✉❡♥ts ♦r❣❛♥✐q✉❡s t❡♥❞ à ♠✐♥✐♠✐s❡r ❧❡s ❛♣♣♦rts ❛③♦tés✱ ♥♦t❛♠♠❡♥t ♣❛r r❛♣♣♦rt
❛✉① ♦❜s❡r✈❛t✐♦♥s ❧❡s ♣❧✉s ❛♥❝✐❡♥♥❡s✳ ❯♥ ❛✉tr❡ ❢❛❝t❡✉r ❞✬❡①♣❧✐❝❛t✐♦♥ ❡st q✉❡ ❧❡s ♣❡rt❡s
❞✬❛❧✐♠❡♥ts ❛✉ ❝❤❛♠♣✱ ❧♦rs ❞✉ st♦❝❦❛❣❡ ❡t ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❛✉① ❛♥✐♠❛✉① ♥❡ s♦♥t ♣❛s
s✐♠✉❧é❡s✳ ❈❡ ♣♦✐♥t s❡r❛ ❞✐s❝✉té ❞❛♥s ❧❡ ❝❤❛♣✐tr❡ ✾✳

▲✬♦❜s❡r✈❛t✐♦♥ s❡❧♦♥ ❧❛q✉❡❧❧❡ ❧✬❛♥♥é❡ ❡st ❧❡ ♣r✐♥❝✐♣❛❧ ❢❛❝t❡✉r ❞❡ ✈❛r✐❛❜✐❧✐té ❡st ❝♦r✲
r♦❜♦ré❡ ♣❛r ✉♥❡ ❛♥❛❧②s❡ ❞❡s ❞♦♥♥é❡s ❞❡s ❘és❡❛✉① ❞✬➱❧❡✈❛❣❡ ✭▼✳ ❋❡rr❛♥❞✱ ■♥st✐t✉t ❞❡
❧✬➱❧❡✈❛❣❡✱ ♥♦♥ ♣✉❜❧✐é✮✳ ▲❡s ❡①♣❧♦✐t❛t✐♦♥s s✉✐✈✐❡s ❞❛♥s ❧❡s rés❡❛✉① ② r❡st❡♥t ❣é♥ér❛❧❡♠❡♥t
♣❡♥❞❛♥t ♣❧✉s✐❡✉rs ❛♥♥é❡s✱ ✉♥❡ ♣❛rt✐❡ ❞❡ ❧✬é❝❤❛♥t✐❧❧♦♥ ét❛♥t r❡♥♦✉✈❡❧é❡ ❝❤❛q✉❡ ❛♥♥é❡✳



✶✼✻ ❯♥❡ ❛♣♣❧✐❝❛t✐♦♥ ❞❡ ▼é❧♦❞✐❡

▲✬❛♥❛❧②s❡ st❛t✐st✐q✉❡ ❞❡s ❞♦♥♥é❡s ❝♦❧❧❡❝té❡s ❞❛♥s ❞❡s ❡①♣❧♦✐t❛t✐♦♥s ❧❛✐t✐èr❡s s✉r ❧❛ ♣é✲
r✐♦❞❡ ✷✵✵✵✲✷✵✵✺ ♣❛r ✉♥ ♠♦❞è❧❡ ♠✐①t❡ ❛ ♠♦♥tré q✉❡ ❧✬❡✛❡t ❡①♣❧♦✐t❛t✐♦♥✱ ♣r✐s ❡♥ ❝♦♠♣t❡
s❡✉❧✱ ♥✬❡①♣❧✐q✉❡ q✉❡ ✼✶ ✪ ❞❡ ❧❛ ✈❛r✐❛❜✐❧✐té✳ ❈❡ rés✉❧t❛t ♣♦s❡ ❞♦♥❝ ❧❛ q✉❡st✐♦♥ ❞❡ ❧❛
ré♣ét❛❜✐❧✐té ❞❡s ❜✐❧❛♥s✳

■❧ ❡①✐st❡ ♣❡✉ ❞✬ét✉❞❡s ❛✉①q✉❡❧❧❡s ❝❡ rés✉❧t❛t ♣❡✉t êtr❡ ❝♦♠♣❛ré✳ P❧✉s✐❡✉rs ét✉❞❡s
♣r♦♣♦s❡♥t ❞❡s é✈❛❧✉❛t✐♦♥s ❞❡ ❜✐❧❛♥s ❛♣♣❛r❡♥ts ❞❡ ❧✬❛③♦t❡ ♣❧✉s✐❡✉rs ❛♥♥é❡s ❞❡ s✉✐t❡ ❞❛♥s
✉♥❡ ♠ê♠❡ ❡①♣❧♦✐t❛t✐♦♥✱ ♠❛✐s ❞❛♥s ❧❡ ❝❛❞r❡ ❞❡ ❧❛ ♠✐s❡ ❡♥ ♣❧❛❝❡ ❞❡ ♠❡s✉r❡s s♣é❝✐✜q✉❡✲
♠❡♥t ❞❡st✐♥é❡s à ré❞✉✐r❡ ❧❡s ❜✐❧❛♥s ✭❙✇❡♥ss♦♥ ✷✵✵✸ ❀ ●r♦♦t ❡t ❛❧✳ ✷✵✵✻✮✳ ❈♦♠♣❛r❡r ❧❛
✈❛r✐❛❜✐❧✐té ✐♥t❡r✲❛♥♥✉❡❧❧❡ ❞❡s ❜✐❧❛♥s ❞❛♥s ❝❡s ét✉❞❡s à ❧❛ ✈❛r✐❛❜✐❧✐té ❞✉❡ ❛✉ ❝❧✐♠❛t ❞❛♥s
♥♦s s✐♠✉❧❛t✐♦♥s ♥✬❛ ❞♦♥❝ ♣❛s ❞❡ s❡♥s✳

▲❡s ✈❛❧❡✉rs ❞❡s ❞✐✛ér❡♥ts ♣♦st❡s ❞✉ ❜✐❧❛♥ s♦♥t é❣❛❧❡♠❡♥t ❝♦❤ér❡♥t❡s ♣❛r r❛♣♣♦rt à
❞✐✛ér❡♥t❡s ét✉❞❡s ❝♦♥t❡♥❛♥t ❞❡s ❜✐❧❛♥s ❞❛♥s ❞❡s ❡①♣❧♦✐t❛t✐♦♥s ❝♦♠♣❛r❛❜❧❡s à ❝❡❧❧❡s ❞❡s
s✐♠✉❧❛t✐♦♥s ✭✈♦✐r t❛❜❧❡❛✉ ✶✳✸✱ ♣❛❣❡ ✹✵✮✳ ▲❡s ❡♥tré❡s ❞✬❛③♦t❡ ♣❛r ❧❡s ❡♥❣r❛✐s✱ ✈❛r✐❛♥t ❞❡ ✼✹
à ✽✻ ❦❣ ❞❛♥s ❧❡s s✐♠✉❧❛t✐♦♥s ✭❡♥ ♠♦②❡♥♥❡ s✉r ❧✬❡♥s❡♠❜❧❡ ❞❡s ❛♥♥é❡s✮✱ s♦♥t s✉♣ér✐❡✉r❡s à
❝❡❧❧❡s ❡♥r❡❣✐stré❡s ❞❛♥s ❧❡s ❡①♣❧♦✐t❛t✐♦♥s ❞❡s ré❣✐♦♥s ❇r❡t❛❣♥❡ ❡t P❛②s ❞❡ ▲♦✐r❡ ❞✉ ♣r♦❥❡t
●r❡❡♥ ❉❛✐r② ✭❘❛✐s♦♥ ❡t ❛❧✳ ✷✵✵✻✮✳ ▲❡s ❡♥tré❡s ♣❛r ❧❡s ❛❧✐♠❡♥ts✱ q✉✐ ✈❛r✐❡♥t ❞❡ ✹✾ à ✼✼ ❦❣
❡♥tr❡ s✐♠✉❧❛t✐♦♥s ✭❡♥ ♠♦②❡♥♥❡ s✉r ❧✬❡♥s❡♠❜❧❡ ❞❡s ❛♥♥é❡s✮✱ s♦♥t t♦✉❥♦✉rs ✐♥❢ér✐❡✉r❡s ❛✉①
❡♥tré❡s ♣❛r ❧❡s ❡♥❣r❛✐s✳ ▲❡s s✐♠✉❧❛t✐♦♥s r❡❥♦✐❣♥❡♥t ✐❝✐ ❧✬♦❜s❡r✈❛t✐♦♥ ❢❛✐t❡ ♣❛r ❈❤❛♠❜❛✉t
❡t ▲❡ ●❛❧❧ ✭✶✾✾✽✮✳ ▲✬✐♥✈❡rs❡ ét❛✐t ♦❜s❡r✈é ❞❛♥s ❧❡ ♣r♦❥❡t ●r❡❡♥ ❉❛✐r②✳ ▲❡s ❡✛♦rts ❞❡
♠❛îtr✐s❡ ❞❡ ❧❛ ❢❡rt✐❧✐s❛t✐♦♥ ❡t ❞✬✐♥tr♦❞✉❝t✐♦♥ ❞❡ ❧é❣✉♠✐♥❡✉s❡s ré❛❧✐sés ♣❛r ❧❡s é❧❡✈❡✉rs ❞❡
❧✬❖✉❡st ❞❡ ❧❛ ❋r❛♥❝❡✱ ❞é❥à ♠❡♥t✐♦♥♥és ❞❛♥s ❧❡ ❝❤❛♣✐tr❡ ✶✱ s❡ r❡tr♦✉✈❡♥t ✐❝✐✳

❉❛♥s ❧❡s s✐♠✉❧❛t✐♦♥s✱ ❧❡s s♦rt✐❡s ♣❛r ❧❛ ✈✐❛♥❞❡ s♦♥t ❧é❣èr❡♠❡♥t ♣❧✉s ❢❛✐❜❧❡s q✉❡ ❞❛♥s
❧❡s ❞♦♥♥é❡s ♦❜s❡r✈é❡s ♣❛r ❈❤❛♠❜❛✉t ❡t ▲❡ ●❛❧❧ ✭✶✾✾✽✮ ❡t ❘❛✐s♦♥ ❡t ❛❧✳ ✭✷✵✵✻✮✳ P❛r♠✐ ❧❡s
❡①♣❧♦✐t❛t✐♦♥s ❞❡ ❧❡✉rs é❝❤❛♥t✐❧❧♦♥s✱ ❝❡rt❛✐♥❡s ♣♦✉✈❛✐❡♥t ❛✈♦✐r ❞❡s ❛t❡❧✐❡rs ❞❡ ♣r♦❞✉❝t✐♦♥
❞❡ ✈✐❛♥❞❡ ❜♦✈✐♥❡ ♦✉ ♣♦r❝✐♥❡✱ t✐r❛♥t ❧❛ ♠♦②❡♥♥❡ ❞❡s s♦rt✐❡s ♣❛r ❧❛ ✈✐❛♥❞❡ ✈❡rs ❧❡ ❤❛✉t✳ ▲❡
❣r♦✉♣❡ ❇r❡t❛❣♥❡ ❞✉ ♣r♦❥❡t ●r❡❡♥ ❉❛✐r② ❡st ♣❛rt✐❝✉❧✐èr❡♠❡♥t ❝♦♥❝❡r♥é✳ ❉❡ ♣❧✉s✱ ❝♦♠♠❡
✐❧ s✬❛❣✐t ❞✬✉♥ ♣♦st❡ ❢❛✐❜❧❡ ❡♥ ✈❛❧❡✉r ❛❜s♦❧✉❡✱ ❧❛ ❞✐✛ér❡♥❝❡ ♥✬❛ q✉❡ ♣❡✉ ❞✬✐♠♣❛❝t s✉r ❧❡s
❡①❝é❞❡♥ts ❞✉ ❜✐❧❛♥✳ ▲❡s s♦rt✐❡s ♣❛r ❧❡ ❧❛✐t ❡t ❧❡s ♣r♦❞✉❝t✐♦♥s ✈é❣ét❛❧❡s s✐♠✉❧é❡s ♣❛r ❧❡
♠♦❞è❧❡ s♦♥t ❝♦❤ér❡♥t❡s ❛✈❡❝ ❧❡s ♦❜s❡r✈❛t✐♦♥s✳

❊♥ ❝♦♥❝❧✉s✐♦♥✱ ❧❡s ✈❛❧❡✉rs ❞❡ ❧✬❡①❝é❞❡♥t ❞✉ ❜✐❧❛♥ ❞❛♥s ❧❡s s✐♠✉❧❛t✐♦♥s s♦♥t ♣❧✉tôt
❢❛✐❜❧❡s ♠❛✐s r❡st❡♥t ❞❛♥s ✉♥❡ ❣❛♠♠❡ ❛❝❝❡♣t❛❜❧❡✳ ❈❡s ✈❛❧❡✉rs s♦♥t s✐♠✐❧❛✐r❡s à ❝❡❧❧❡s ❞❡
s②stè♠❡s ♦♣t✐♠✐sés✱ ❝❡ q✉✐ ❝♦rr❡s♣♦♥❞ ❜✐❡♥ à ❧❛ ❞é✜♥✐t✐♦♥ ❞❡s s②stè♠❡s s✐♠✉❧és✳

✽✳✹✳✷ ➱♠✐ss✐♦♥s ❞❡ ❝♦♠♣♦sés à r✐sq✉❡ ✿ ❧❡s q✉❛♥t✐tés ❞✬❛③♦t❡ ❧✐①✐✈✐é❡s
s♦♥t é❧❡✈é❡s ❞❛♥s ❝❡ ❝♦♥t❡①t❡

❯♥❡ ❝♦♠♣❛r❛✐s♦♥ ❞❡s q✉❛♥t✐tés ❞✬❛③♦t❡ ❧❡ss✐✈é❡s ❞❛♥s ❧❡s s✐♠✉❧❛t✐♦♥s ❛✈❡❝ ❧❡ ❧❡ss✐✲
✈❛❣❡ ❡st✐♠é ❞❛♥s tr♦✐s s✐t❡s ❡①♣ér✐♠❡♥t❛✉① ❞❡ ❧✬❖✉❡st ❞❡ ❧❛ ❋r❛♥❝❡ ❡st ❞♦♥♥é❡ ❞❛♥s ❧❛
✜❣✉r❡ ✽✳✶✸✳ ▲❡s q✉❛♥t✐tés s✐♠✉❧é❡s s♦♥t ♣r♦❝❤❡s ❞❡ ❝❡❧❧❡s ❡st✐♠é❡s ❞❛♥s ❧❡ ❝❛❞r❡ ❞✉ ♣r♦❥❡t
●r❡❡♥ ❉❛✐r② à ❚r❡✈❛r❡③ ✭❇♦ss✉❡t ❡t ❛❧✳ ✷✵✵✻✮ ❡t ❞❡ ♠❡s✉r❡s ré❛❧✐sé❡s s✉r ❧❛ ❢❡r♠❡ ❡①♣é✲
r✐♠❡♥t❛❧❡ ❞❡ ❉❡r✈❛❧ ✭■♥st✐t✉t ❞❡ ❧✬❊❧❡✈❛❣❡✱ ♥♦♥ ♣✉❜❧✐é✮ ❡♥tr❡ ✷✵✵✸ ❡t ✷✵✵✺✳ ▲❡ ❧❡ss✐✈❛❣❡
❡♥r❡❣✐stré à ❉❡r✈❛❧ ❛✉ ❝♦✉rs ❞✉ ♣r♦❥❡t ●r❡❡♥ ❉❛✐r② ❡st ♣❧✉s ❢❛✐❜❧❡✱ ♠❛✐s ❛✉❝✉♥ ❞r❛✐♥❛❣❡
♥✬❛ ❡✉ ❧✐❡✉ ❛✉ ❝♦✉rs ❞✬✉♥ ❞❡s ❤✐✈❡rs ❡♥ r❛✐s♦♥ ❞❡ ♣ré❝✐♣✐t❛t✐♦♥s ❢❛✐❜❧❡s✱ rés✉❧t❛♥t ❡♥ ✉♥
❧❡ss✐✈❛❣❡ ❞✬❛③♦t❡ ♥✉❧✳
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● Trevarez (Green Dairy)
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● Derval (Green Dairy)
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● Cette Etude (Maïs / Haut)
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Excédent du bilan de l'azote (kg N/Ha SAU)

❋✐❣✳ ✽✳✶✸ ✕ ▲✐❡♥ ❡♥tr❡ ❜✐❧❛♥ ❛♣♣❛r❡♥t ❞❡ ❧✬❛③♦t❡ ❡t ❧❡ss✐✈❛❣❡ ❞❛♥s ♥♦s s✐♠✉❧❛t✐♦♥s ❡t ❞❛♥s
❧❛ ❜✐❜❧✐♦❣r❛♣❤✐❡✳ ❙♦✉r❝❡s ✿ ▲❡ ●❛❧❧ ❡t ❈❛❜❛r❡t ✭✷✵✵✷✮ ❀ ❇♦ss✉❡t ❡t ❛❧✳ ✭✷✵✵✻✮✱ ■♥st✐t✉t ❞❡
❧✬❊❧❡✈❛❣❡ ✭♥♦♥ ♣✉❜❧✐é✮



✶✼✽ ❯♥❡ ❛♣♣❧✐❝❛t✐♦♥ ❞❡ ▼é❧♦❞✐❡

▲❡s ♣ré❝✐♣✐t❛t✐♦♥s ❤✐✈❡r♥❛❧❡s✱ ❡t ♣❧✉s ♣ré❝✐sé♠❡♥t ❧❛ ❧❛♠❡ ❞r❛✐♥❛♥t❡✱ s♦♥t ✉♥ ❞ét❡r✲
♠✐♥❛♥t ♠❛❥❡✉r ❞✉ ❧❡ss✐✈❛❣❡✳ ❆✉ ❝♦✉rs ❞❡s s✐♠✉❧❛t✐♦♥s ♣rés❡♥té❡s✱ ❧❛ ❧❛♠❡ ❞r❛✐♥❛♥t❡ ♥✬❛
♣❛s été ❝❛❧❝✉❧é❡✱ ♠❛✐s ❧❡s ♣ré❝✐♣✐t❛t✐♦♥s ❤✐✈❡r♥❛❧❡s ✭❞❡ ♥♦✈❡♠❜r❡ à ❢é✈r✐❡r ✐♥❝❧✉s✮ s♦♥t
❞❡ 285± 97 mm✳ ▲❡ ❞r❛✐♥❛❣❡ ♠♦②❡♥ ❡♥r❡❣✐stré à ❚r❡✈❛r❡③ ❡st ❞♦♥❝ ❜❡❛✉❝♦✉♣ ♣❧✉s é❧❡✈é
q✉❡ ❞❛♥s ❧❡ ❝♦♥t❡①t❡ ❞❡s s✐♠✉❧❛t✐♦♥s✱ ♣♦✉r ❞❡s q✉❛♥t✐tés ❞✬❛③♦t❡ ❧❡ss✐✈é ✐♥❢ér✐❡✉r❡s✳ ▲❡
❧❡ss✐✈❛❣❡ s✐♠✉❧é s❡♠❜❧❡ ❞♦♥❝ ♣❧✉tôt é❧❡✈é ♣♦✉r ❝❡ ❝♦♥t❡①t❡✳ ▲❡ ❧✐❡♥ ❛✈❡❝ ❧✬❡①❝é❞❡♥t ❞✉
❜✐❧❛♥ s❡r❛ ❞✐s❝✉té ❞❛♥s ❧❛ ♣❛rt✐❡ s✉✐✈❛♥t❡✳

❉✬❛✉tr❡ ♣❛rt✱ ❧❡ ❧❡ss✐✈❛❣❡ ❞❡ ♥✐tr❛t❡s ♦❜t❡♥✉ ❞❛♥s ❧❡s s✐♠✉❧❛t✐♦♥s✱ très ❢❛✐❜❧❡ ❛♣rès
♠❛ïs ❡t ❢♦rt ❛♣rès ♣r❛✐r✐❡ ✭t❛❜❧❡❛✉ ✽✳✶✵✮✱ ♥✬❡st ♣❛s ❝♦❤ér❡♥t ❛✈❡❝ ❧❡s ♦❜s❡r✈❛t✐♦♥s ❢❛✐t❡s
❛✉ ❝♦✉rs ❞❡ ❧✬❡ss❛✐ ❞❡ ❈ré❝♦♠ ✭▲❡ ●❛❧❧ ❡t ❈❛❜❛r❡t ✷✵✵✷✮✳ ❉❛♥s ❝❡t ❡ss❛✐✱ ❧❡s ♣❡rt❡s ❛♣rès
❝❡s ❞❡✉① ❝✉❧t✉r❡s ét❛✐❡♥t très ♣r♦❝❤❡s✳ ➱t❛♥t ❞♦♥♥é q✉❡ ❧❛ ❢❡rt✐❧✐s❛t✐♦♥ ❞✉ ♠❛ïs ❡t ❞❡ ❧❛
♣r❛✐r✐❡ s♦♥t ❝♦❤ér❡♥t❡s✱ ❧❛ q✉❡st✐♦♥ ❞✉ st♦❝❦❛❣❡ ❞✬❛③♦t❡ s♦✉s ♣r❛✐r✐❡ ❡t ❞❡ ❧❛ ❧✐❜ér❛t✐♦♥
♣♦✉r ❧❡s ❝✉❧t✉r❡s s✉✐✈❛♥t❡s ✭❧❡ ♠❛ïs ❞❛♥s ❧❛ ♣❧✉♣❛rt ❞❡s ❝❛s✮ ❞♦✐t êtr❡ ❛♥❛❧②sé❡✳ ❈❡ ♣♦✐♥t
s❡r❛ ❛❜♦r❞é ❞❛♥s ❧❛ ♣❛rt✐❡ s✉✐✈❛♥t❡✳ ❉❡ ♣❧✉s✱ ❧❡ ❧❡ss✐✈❛❣❡ s✐♠✉❧é ❛♣rès ❞❡s ❝éré❛❧❡s à
♣❛✐❧❧❡ ❧❛✐ss❡ ♣❡♥s❡r q✉❡ ❧❛ ❢❡rt✐❧✐s❛t✐♦♥ ❞✉ ❜❧é ❡t ❞❡ ❧✬♦r❣❡ ♣♦✉rr❛✐t êtr❡ ♦♣t✐♠✐sé❡✳

❙♦❞❡r ❡t ❘♦t③ ✭✷✵✵✶✮ ♦♥t ré❛❧✐sé ❞❡s s✐♠✉❧❛t✐♦♥s ❛✈❡❝ ❧❡ ♠♦❞è❧❡ ■❢s♠ ❛✈❡❝ ❞✐✛ér❡♥ts
♥✐✈❡❛✉① ❞❡ ❝♦♥❝❡♥trés ❞❛♥s ✉♥ s②stè♠❡ ❡①❝❧✉s✐✈❡♠❡♥t ❛✉ ♣ât✉r❛❣❡✳ ❉✐✛ér❡♥ts s❝é♥❛✲
r✐♦s ♦♥t été t❡stés✱ ❞♦♥t ❧✬✉♥ ✈✐s❛✐t ❧❛ st❛❜✐❧✐té ❞❡s q✉❛♥t✐tés t♦t❛❧❡s ❞❡ ❧❛✐t ♣r♦❞✉✐t❡s✱
❡♥ ❛❥✉st❛♥t ❧❡ ♥♦♠❜r❡ ❞✬❛♥✐♠❛✉① ♣♦✉r ❧❡s ❞✐✛ér❡♥ts ♥✐✈❡❛✉① ❞❡ ❝♦♥❝❡♥trés✳ ❉❛♥s ❝❡s
s✐♠✉❧❛t✐♦♥s✱ ❧❡ ❧❡ss✐✈❛❣❡ ét❛✐t ❢❛✐❜❧❡ ✭✷✶ ❦❣ ◆✴❍❛ ♣♦✉r ❧❛ s✐♠✉❧❛t✐♦♥ ❛✈❡❝ ❧❡ ♣❧✉s ❜❛s
♥✐✈❡❛✉ ❞❡ ❝♦♥❝❡♥trés✮✳ ❉❡ ♣❧✉s✱ ❧❡ ❧❡ss✐✈❛❣❡ ❞✐♠✐♥✉❛✐t ❧♦rsq✉❡ ❧❡ ♥✐✈❡❛✉ ❞❡ ❝♦♥❝❡♥trés
❛✉❣♠❡♥t❛✐t✱ ♠ê♠❡ s✐ ❧❡s ✈❛r✐❛t✐♦♥s ét❛✐❡♥t ♠✐♥✐♠❡s ✭✲✸ ❦❣ ◆✴❍❛ ♣♦✉r ❧❛ s✐♠✉❧❛t✐♦♥ ❛✈❡❝
✾ ❦❣ ❞❡ ❝♦♥❝❡♥trés ♣❛r ❥♦✉r ❡♥ ❞é❜✉t ❞❡ ❧❛❝t❛t✐♦♥✮✳ ❈❡ rés✉❧t❛t ❡st ❞♦♥❝ ♦♣♣♦sé à ❧❛
t❡♥❞❛♥❝❡ ♦❜s❡r✈é❡ ❞❛♥s ♥♦s s✐♠✉❧❛t✐♦♥s✳ ❉❛♥s ❧❡s ❞❡✉① ❝❛s✱ ❧❡s ✈❛r✐❛t✐♦♥s ❞✉ ❧❡ss✐✈❛❣❡
s♦♥t ❢❛✐❜❧❡s✳

❊♥ t❡r♠❡s ❞❡ ♣❡rt❡s ❣❛③❡✉s❡s ❞✬❛③♦t❡✱ ❧❡s rés✉❧t❛ts ❞❡s s✐♠✉❧❛t✐♦♥s s♦♥t ♣r♦❝❤❡s ❞❡s
❡st✐♠❛t✐♦♥s ❢❛✐t❡s à ❉❡r✈❛❧ ❡t ❚r❡✈❛r❡③ ✭r❡s♣❡❝t✐✈❡♠❡♥t ✹✻ ❡t ✹✵ ❦❣✮ ♣♦✉r ❧❡ ♣r♦❥❡t ●r❡❡♥
❉❛✐r② ✭❇♦ss✉❡t ❡t ❛❧✳ ✷✵✵✻✮✳ ▲❛ ✈♦❧❛t✐❧✐s❛t✐♦♥ ❞✬❛♠♠♦♥✐❛❝ ❡st ❧é❣èr❡♠❡♥t s✉♣ér✐❡✉r❡
❞❛♥s ❧❡s s✐♠✉❧❛t✐♦♥s✳ ❈❡♣❡♥❞❛♥t✱ ❞❛♥s ●r❡❡♥ ❉❛✐r②✱ ❧❡s é♠✐ss✐♦♥s ♦♥t été ❡st✐♠é❡s à
❧✬❛✐❞❡ ❞❡ ❢❛❝t❡✉rs ❞✬é♠✐ss✐♦♥ q✉✐ s♦♥t é❣❛❧❡♠❡♥t ✉t✐❧✐sés ❞❛♥s ▼é❧♦❞✐❡✳ ▲❡s s✐♠✉❧❛t✐♦♥s
♣rés❡♥té❡s ✐❝✐ s♦♥t ❞♦♥❝ ♣❛r ❞é✜♥✐t✐♦♥ ❝♦❤ér❡♥t❡s ❛✈❡❝ ❧❛ ❜✐❜❧✐♦❣r❛♣❤✐❡✱ ♠❛✐s r❡✢èt❡♥t
♠❛❧ ❧❛ ✈❛r✐❛❜✐❧✐té ❧✐é❡ ❛✉ ❝♦♥t❡①t❡ ❡t ❛✉① ♣r❛t✐q✉❡s✳

✽✳✹✳✸ ❊①❝é❞❡♥t ❞✬❛③♦t❡ ❡t é♠✐ss✐♦♥s ❞❡ ❝♦♠♣♦sés à r✐sq✉❡

▲✬❛♥❛❧②s❡ ❞❡s rés✉❧t❛ts ❞❡s s✐♠✉❧❛t✐♦♥s ❛ ♠♦♥tré q✉❡ ❧❡ ❧✐❡♥ ❡♥tr❡ ❧✬❡①❝é❞❡♥t ❞✬❛③♦t❡
❡t ❧❡ ❧❡ss✐✈❛❣❡ ❡st ♠❛sq✉é ♣❛r ❧❛ ✈❛r✐❛❜✐❧✐té ✐♥t❡r✲❛♥♥✉❡❧❧❡ ♠❛✐s ❡st ❜✐❡♥ ré❡❧ s✉r ❧❡ ❧♦♥❣
t❡r♠❡✳ ❈❡♣❡♥❞❛♥t✱ ❧❛ ❣❛♠♠❡ ❞❡s ❜✐❧❛♥s ❡st ❢❛✐❜❧❡ ♣✉✐sq✉❡ ❧❡s ❜✐❧❛♥s ♠♦②❡♥s ❡①trê♠❡s
s♦♥t sé♣❛rés ❞❡ ♠♦✐♥s ❞❡ ✷✵ ❦❣ ◆ ✴ ❍❛✳

❊♥ t❡r♠❡s ❞❡ ré♣❛rt✐t✐♦♥ ❞❡ ❧✬❡①❝é❞❡♥t ❞✬❛③♦t❡✱ ❧❛ ✜❣✉r❡ ✽✳✶✸ ♠♦♥tr❡ q✉❡ ❧❡s rés✉❧t❛ts
❞❡s s✐♠✉❧❛t✐♦♥s s♦♥t très ♣r♦❝❤❡s ❞❡s ❡st✐♠❛t✐♦♥s ❢❛✐t❡s à ❚r❡✈❛r❡③ ❞❛♥s ❧❡ ❝❛❞r❡ ❞✉
♣r♦❥❡t ●r❡❡♥ ❉❛✐r② ✭❇♦ss✉❡t ❡t ❛❧✳ ✷✵✵✻✮✳ ▲❡s ❡①❝é❞❡♥ts ❞✉ ❜✐❧❛♥ ❛♣♣❛r❡♥t ❞❡ ❧✬❛③♦t❡
s♦♥t ❧é❣èr❡♠❡♥t ♣❧✉s é❧❡✈és à ❚r❡✈❛r❡③ ♠❛✐s ❧❡ st♦❝❦ ❞✬❛③♦t❡ ♦r❣❛♥✐q✉❡ ❞✉ s♦❧ ② s❡♠❜❧❡
st❛❜❧❡✳



❉✐s❝✉ss✐♦♥ ✶✼✾

❉❛♥s ❧❡s ❞✐✈❡rs❡s ét✉❞❡s ❡①♣ér✐♠❡♥t❛❧❡s ❝✐té❡s ✐❝✐✱ ❧❡ st♦❝❦ ❞✬❛③♦t❡ ♦r❣❛♥✐q✉❡ ❞❛♥s
❧❡ s♦❧ ♥✬❡st ♣❛s ♠❡s✉ré ❞✐r❡❝t❡♠❡♥t✳ ▲❛ ❞✐✛ér❡♥❝❡ ❡♥tr❡ ❧✬❡①❝é❞❡♥t ❞✬❛③♦t❡ ❡t ❧❡s ♣❡rt❡s
✈❡rs ❧✬❡❛✉ ❡t ❧✬❛✐r ❡st é❣❛❧❡ ❧❛ s♦♠♠❡ ❞❡s ✈❛r✐❛t✐♦♥s ❞❡ st♦❝❦ ❞❛♥s ❧❡ s♦❧ ❡t ❞❡s ❞✐✈❡rs❡s
❡rr❡✉rs ❞✬❡st✐♠❛t✐♦♥✳

▲❡s rés✉❧t❛ts ♦❜t❡♥✉s à ❈ré❝♦♠ ❡♥tr❡ ✶✾✾✻ ❡t ✶✾✾✽ ✭▲❡ ●❛❧❧ ❡t ❈❛❜❛r❡t ✷✵✵✷✮ ❝♦♠✲
♣♦rt❡♥t ❞❡s ❡①❝é❞❡♥ts ❞❡ ❜✐❧❛♥s ❞❡ ✶✹✾ ❡t ✶✻✵ ❦❣ ◆✴❍❛ ❡♥ ♠♦②❡♥♥❡ ♣♦✉r ❧❡s ❞❡✉①
s②stè♠❡s ét✉❞✐és ✭✓ ✺✵ ✪ ♠❛ïs ✔ ❡t ✓ ✼✺ ✪ ❤❡r❜❡ ✔✮✳ ❈❡s ✈❛❧❡✉rs s♦♥t s✉♣ér✐❡✉r❡s ❛✉①
❡①❝é❞❡♥ts ❞❛♥s ❧❡s s✐♠✉❧❛t✐♦♥s ♣rés❡♥té❡s✳ P♦✉rt❛♥t✱ ❧❡ ❧❡ss✐✈❛❣❡ ❡st✐♠é ♣❛r ▲❡ ●❛❧❧ ❡t
❈❛❜❛r❡t ✭✷✵✵✷✮ ✭✺✷ ❡t ✺✶ ❦❣ ◆✴❍❛✮ ❡st ✐♥❢ér✐❡✉r ❛✉① ❧❡ss✐✈❛❣❡s s✐♠✉❧és ✐❝✐ ✭❋✐❣✳ ✽✳✶✸✮✳
▲❛ ❞✐✛ér❡♥❝❡ ❞❡ ré♣❛rt✐t✐♦♥ ❞❡ ❧✬❡①❝é❞❡♥t ♣❡✉t êtr❡ ❛ttr✐❜✉é❡ ❛✉① ✈❛r✐❛t✐♦♥s ❞❡ st♦❝❦
❞✬❛③♦t❡ ♦r❣❛♥✐q✉❡ ❞❛♥s ❧❡ s♦❧✳ ➚ ❈ré❝♦♠✱ ❧❡ st♦❝❦ ❛✉❣♠❡♥t❡ ❡♥ ♠♦②❡♥♥❡ ❞❡ ✸✺ ❡t ✸✻
❦❣ ◆✴❍❛ ♣❛r ❛♥ r❡s♣❡❝t✐✈❡♠❡♥t ❞❛♥s ❧❡s ❞❡✉① s②stè♠❡s t❡stés✳ ❉❛♥s ❧❡s s✐♠✉❧❛t✐♦♥s✱ ❧❡
st♦❝❦ t❡♥❞ à ❜❛✐ss❡r ❞❡ ✶✶ à ✶✷ ❦❣ ◆✴❍❛ ♣❛r ❛♥ ❡♥ ♠♦②❡♥♥❡ ♣♦✉r ❝❤❛q✉❡ s✐♠✉❧❛t✐♦♥✳

▲❛ s✐♠✉❧❛t✐♦♥ ❞❡s st♦❝❦s ❞✬❛③♦t❡ ♦r❣❛♥✐q✉❡ ❡st ❞♦♥❝ ✉♥ ♣♦✐♥t ❝r✉❝✐❛❧ ♣♦✉✈❛♥t ✐♥✲
✢✉❡♥❝❡r ❧❡s ❞✐✛ér❡♥❝❡s ❞❡ ré♣❛rt✐t✐♦♥ ❛♣♣❛r❡♥t❡ ❞❡ ❧✬❡①❝é❞❡♥t ❞✬❛③♦t❡✳ ▲❛ ♠♦❜✐❧✐s❛t✐♦♥
❞❡ ❧✬❛③♦t❡ ♦r❣❛♥✐q✉❡ ❞✉ s♦❧ ❞❛♥s ❧❡s s✐♠✉❧❛t✐♦♥s ❝♦♥tr✐❜✉❡ ❡♥ ❡✛❡t à ❧❛ s✉r❡st✐♠❛t✐♦♥ ❞✉
❧❡ss✐✈❛❣❡ ❞❛♥s ❝❡ ❝♦♥t❡①t❡ ♣é❞♦✲❝❧✐♠❛t✐q✉❡✳ ❙❛♥s ❝❡tt❡ ♠♦❜✐❧✐s❛t✐♦♥✱ ❧❡s ✈❛❧❡✉rs ❞❡ ❧❡ss✐✲
✈❛❣❡ s❡r❛✐❡♥t ♣r♦❜❛❜❧❡♠❡♥t ♣❧✉s ❝♦❤ér❡♥t❡s✳ ❖r✱ ❞❡s st♦❝❦s ❞✬❛③♦t❡ ♦r❣❛♥✐q✉❡ ❞❛♥s ❧❡ s♦❧
st❛❜❧❡s ♦✉ ❡♥ ❧é❣èr❡ ❛✉❣♠❡♥t❛t✐♦♥ s❡r❛✐❡♥t ❝♦❤ér❡♥ts ❛✈❡❝ ❧❡ s②stè♠❡ s✐♠✉❧é✳ ❊♥ ❡✛❡t✱ ✐❧
s❡♠❜❧❡ q✉❡ ❞❛♥s ❞❡s ♣❛r❝❡❧❧❡s ❛❧t❡r♥❛♥t ❞❡s ♣r❛✐r✐❡s ♣❡♥❞❛♥t ✸ à ✻ ❛♥s ❡t ❞❡s ❝✉❧t✉r❡s
♣❡♥❞❛♥t ✸ ♦✉ ✹ ❛♥s✱ ❧❡ st♦❝❦ ❞❡ ❝❛r❜♦♥❡ ♦r❣❛♥✐q✉❡ ❛✉❣♠❡♥t❡ ✭▲❡♠❛✐r❡ ✷✵✵✼✮ ❡t ♦♥ ♣❡✉t
s✉♣♣♦s❡r q✉✬✐❧ ❡♥ ✈❛ ❞❡ ♠ê♠❡ ♣♦✉r ❧✬❛③♦t❡ s❛❝❤❛♥t q✉❡ ❝❡s ❞❡✉① é❧é♠❡♥ts s♦♥t très ❧✐és✳
❈♦♠♠❡ ♠❡♥t✐♦♥♥é ❞❛♥s ❧❛ ♣❛rt✐❡ ♣ré❝é❞❡♥t❡✱ ❧❡ st♦❝❦❛❣❡ ❞✬❛③♦t❡ ♦r❣❛♥✐q✉❡ s♦✉s ♣r❛✐r✐❡
❡st ❞♦♥❝ ✐♥s✉✣s❛♥t✳ ▲❡s ✐♠♣❧✐❝❛t✐♦♥s s✉r ❧❡ ♠♦❞è❧❡ ▼é❧♦❞✐❡ s❡r♦♥t ❞✐s❝✉té❡s ❞❛♥s ❧❡
❝❤❛♣✐tr❡ ✾✳

✽✳✹✳✹ P❡rs♣❡❝t✐✈❡s

❉❛♥s ❧❡s s✐♠✉❧❛t✐♦♥s ♣rés❡♥té❡s ✐❝✐✱ ❞✐✈❡rs ♣♦✐♥ts ♣♦✉rr❛✐❡♥t êtr❡ ❛♠é❧✐♦rés✳ ▲❛ ❞é✜✲
♥✐t✐♦♥ ❞❡s ❡♥tré❡s ❞❡✈r❛ é✈♦❧✉❡r ❝♦♥❥♦✐♥t❡♠❡♥t ❛✉ ♠♦❞è❧❡ ❧✉✐✲♠ê♠❡✱ ❛✜♥ ❞❡ ❝♦rr✐❣❡r ❝❡s
❞é❢❛✉ts✳ ▲❡s s✐♠✉❧❛t✐♦♥s ♣♦✉rr♦♥t êtr❡ ❡✛❡❝t✉é❡s à ♥♦✉✈❡❛✉ ❛✈❡❝ ❧❡s ✈❡rs✐♦♥s ✉❧tér✐❡✉r❡s
❞❡ ▼é❧♦❞✐❡✳

❚♦✉t ❞✬❛❜♦r❞✱ ❞❛♥s ❧❡s s✐♠✉❧❛t✐♦♥s ♣rés❡♥té❡s ✐❝✐✱ ❧❡s ❣é♥✐ss❡s s♦♥t t♦✉❥♦✉rs ❛❧✐♠❡♥✲
té❡s ❡♥ ❜ât✐♠❡♥t✳ ❊❧❧❡s ♥❡ s♦rt❡♥t ❥❛♠❛✐s ❛✉ ♣ât✉r❛❣❡✳ ❈❡❧❛ ❛ ❞❡s ✐♠♣❧✐❝❛t✐♦♥s ❡♥ t❡r♠❡s
❞✬❛ss♦❧❡♠❡♥t ❡t ❞❡ ❢❡rt✐❧✐s❛t✐♦♥✳ ❙✐ ❧✬❛❧✐♠❡♥t❛t✐♦♥ ❞❡s ❣é♥✐ss❡s ét❛✐t ❜❛sé❡ s✉r ❧❡ ♣ât✉r❛❣❡✱
❧❛ s✉r❢❛❝❡ ❡♥ ♠❛ïs s❡r❛✐t ♠♦✐♥s ✐♠♣♦rt❛♥t❡ ❡t ❧❡s q✉❛♥t✐tés ❞❡ ❢✉♠✐❡r à ❣ér❡r é❣❛❧❡♠❡♥t✳

❉❡ ♣❧✉s✱ ❧❛ ✈❛r✐❛❜✐❧✐té ❞❡s s✉r❢❛❝❡s ❛❧❧♦✉é❡s ❛✉① ❝éré❛❧❡s s❡♠❜❧❡ tr♦♣ ✐♠♣♦rt❛♥t❡✳
▲♦rsq✉❡ ❧❡s r❡♥❞❡♠❡♥ts ❡♥ ♠❛ïs s♦♥t tr♦♣ ❢❛✐❜❧❡s✱ ❧❡s é❧❡✈❡✉rs ♦♥t r❡❝♦✉rs s♦✐t à ❧✬❡♥s✐✲
❧❛❣❡ ❞❡ s✉r❢❛❝❡s ❡♥ ♠❛ïs ✐♥✐t✐❛❧❡♠❡♥t ♣ré✈✉❡s ♣♦✉r êtr❡ ré❝♦❧té❡s ❡♥ ❣r❛✐♥ ✭❞❡st✐♥é à ❧❛
✈❡♥t❡✮✱ s♦✐t à ❧✬❛❝❤❛t ❛✉♣rès ❞✬✉♥❡ ❡①♣❧♦✐t❛t✐♦♥ ✈♦✐s✐♥❡✳ ❉❛♥s ❧❡s s✐♠✉❧❛t✐♦♥s ♣rés❡♥té❡s✱
❧❛ rés✐❧✐❡♥❝❡ ❢❛❝❡ à ❧❛ ✈❛r✐❛❜✐❧✐té ❞❡s r❡♥❞❡♠❡♥ts ♣❛ss❛✐t ✉♥✐q✉❡♠❡♥t ♣❛r ❧❛ ♠♦❞✐✜❝❛t✐♦♥
❞❡s s✉r❢❛❝❡s ❡♥ ♠❛ïs ❡♥s✐❧❛❣❡ ❧✬❛♥♥é❡ s✉✐✈❛♥t❡✱ ❝❡ q✉✐ ♥é❝❡ss✐t❡ ✉♥❡ ♠❛r❣❡ ❞❡ sé❝✉r✐té ✐♠✲
♣♦rt❛♥t❡ s✉r ❧❡s st♦❝❦s✳ ❚♦✉t❡❢♦✐s✱ ✐❧ ❡st ❞✐✣❝✐❧❡ ❞❡ ❥✉st✐✜❡r ❝❡tt❡ ❛✣r♠❛t✐♦♥ à ♣❛rt✐r ❞❡



✶✽✵ ❯♥❡ ❛♣♣❧✐❝❛t✐♦♥ ❞❡ ▼é❧♦❞✐❡

❞♦♥♥é❡s ❜✐❜❧✐♦❣r❛♣❤✐q✉❡s✱ ❝❛r ❧❡s ♣r❛t✐q✉❡s ❞❡s ❛❣r✐❝✉❧t❡✉rs s✉r ❝❡ ♣♦✐♥t s♦♥t r❛r❡♠❡♥t
❞é❝r✐t❡s✳

▲❡ ♣❧❛♥ ❞✬❡①♣ér✐❡♥❝❡ ♣♦✉rr❛ êtr❡ ❝♦♠♣❧été ♣❛r ❧❛ s✉✐t❡✱ ❞❡ ♠❛♥✐èr❡ à ❛✉❣♠❡♥t❡r
❧❛ ✈❛r✐❛❜✐❧✐té ❡♥tr❡ s✐♠✉❧❛t✐♦♥s✳ ❉❛♥s ❧❡s s✐♠✉❧❛t✐♦♥s ♣rés❡♥té❡s✱ ❧❡s ❡①❝é❞❡♥ts ❞✉ ❜✐❧❛♥
❡♥ ♠♦②❡♥♥❡ s✉r ❧✬❡♥s❡♠❜❧❡ ❞❡s ❛♥♥é❡s s♦♥t ❛ss❡③ ♣r♦❝❤❡s ❡♥tr❡ t♦✉t❡s ❧❡s s✐♠✉❧❛t✐♦♥s✳
❈❡ ❝♦♥st❛t ❡st é❣❛❧❡♠❡♥t ✈r❛✐ ❡♥ ❝❡ q✉✐ ❝♦♥❝❡r♥❡ ❧❡s q✉❛♥t✐tés ❞✬❛③♦t❡ ❧❡ss✐✈é❡s✳ ❉❡s
s②stè♠❡s ❞❡ ♣r♦❞✉❝t✐♦♥ ♣❧✉s ✈❛r✐és ❞♦✐✈❡♥t ❞♦♥❝ êtr❡ ❛❥♦✉tés à ❝❡ ♣❧❛♥ ❞✬❡①♣ér✐❡♥❝❡✳
❊♥ ♣❛rt✐❝✉❧✐❡r✱ ❝❡s s②stè♠❡s ♣♦✉rr❛✐❡♥t ❛✈♦✐r ✉♥❡ ♣r♦❞✉❝t✐♦♥ ❧❛✐t✐èr❡ ♣❛r ❤❡❝t❛r❡ ❞✐✛é✲
r❡♥t❡✱ ❝❛r ✐❧ s✬❛❣✐t ❞✬✉♥ ❢❛❝t❡✉r ❞❡ ✈❛r✐❛❜✐❧✐té ✐♠♣♦rt❛♥t ❞❡s ❡①❝é❞❡♥ts ❞✬❛③♦t❡✳ ❉✬✉♥❡
♠❛♥✐èr❡ ♣❧✉s ❧❛r❣❡✱ ❧❛ q✉❡st✐♦♥ ❞✉ ♥✐✈❡❛✉ ❞✬✐♥t❡♥s✐✜❝❛t✐♦♥ ❞♦✐t êtr❡ ❛❜♦r❞é❡✳ ▲❡ ♥✐✈❡❛✉
❞✬✐♥t❡♥s✐✜❝❛t✐♦♥ ❛✉ ♥✐✈❡❛✉ ❞❡s ❛♥✐♠❛✉① ❛ été t❡sté ✐❝✐ ❛✈❡❝ ❧❡s ❞✐✛ér❡♥ts ♥✐✈❡❛✉① ❞❡
❝♦♥❝❡♥trés✱ ♠❛✐s ❧❡s ❛♥✐♠❛✉① ❛✈❛✐❡♥t t♦✉❥♦✉rs ❧❡ ♠ê♠❡ ♣♦t❡♥t✐❡❧ ❣é♥ét✐q✉❡ ❡t ét❛✐❡♥t
t♦✉❥♦✉rs ❛❧✐♠❡♥tés s❡❧♦♥ ❧❡✉rs ❜❡s♦✐♥s✳ ◗✉❡ s❡ ♣❛ss❡r❛✐t✲✐❧ ❛✈❡❝ ❞❡s ♥✐✈❡❛✉① ❞❡ ♣r♦❞✉❝t✐♦♥
♣❛r ❛♥✐♠❛❧ r❛❞✐❝❛❧❡♠❡♥t ❞✐✛ér❡♥ts ❄ ❆✉ ♥✐✈❡❛✉ ❞❡s ❝✉❧t✉r❡s✱ ❧❡ ♥✐✈❡❛✉ ❞✬✐♥t❡♥s✐✜❝❛t✐♦♥
ét❛✐t ❝♦♥st❛♥t ❞❛♥s t♦✉t❡s ❧❡s s✐♠✉❧❛t✐♦♥s ♣rés❡♥té❡s ✐❝✐✳ ▲❡ ♣♦t❡♥t✐❡❧ ❞❡ r❡♥❞❡♠❡♥t ❡t
❧❛ ❣❡st✐♦♥ ❞❡ ❧❛ ❢❡rt✐❧✐s❛t✐♦♥ ét❛✐❡♥t ✐❞❡♥t✐q✉❡s✳ ❈❡♣❡♥❞❛♥t✱ ❧❛ ❝❛♣❛❝✐té ❞✉ ♠♦❞è❧❡ à
❡①♣❧♦r❡r ❞✐✛ér❡♥ts ♥✐✈❡❛✉① ❞✬✐♥t❡♥s✐✜❝❛t✐♦♥ s✉r ❧❡s ❝✉❧t✉r❡s ❡st ❧✐♠✐té❡ ♣❛r ❧❡ s②stè♠❡
❜✐♦t❡❝❤♥✐q✉❡ ✭✈♦✐r ❝❤❛♣✐tr❡ ✾✮✳

✽✳✺ ❈♦♥❝❧✉s✐♦♥

❉❛♥s ♥♦s s✐♠✉❧❛t✐♦♥s✱ ❧❛ ✈❛r✐❛❜✐❧✐té ❞✉ ❧❡ss✐✈❛❣❡ ❞❡s ♥✐tr❛t❡s ét❛✐t s✉rt♦✉t ❧✐é❡ à ❧✬❛♥✲
♥é❡✳ ■❧ ❡①✐st❡ ❜✐❡♥ ✉♥ ❡✛❡t ❞❡ ❧✬❡①❝é❞❡♥t ❞✉ ❜✐❧❛♥ ❛♣♣❛r❡♥t ❞❡ ❧✬❛③♦t❡ s✉r ❧❡ ❧❡ss✐✈❛❣❡✳ ❈❡t
❡✛❡t ♥❡ ♣❡✉t êtr❡ ♠✐s ❡♥ é✈✐❞❡♥❝❡ q✉❡ s✉r ❧❡ ❧♦♥❣ t❡r♠❡✱ ❝❛r à ❧✬é❝❤❡❧❧❡ ❛♥✉❡❧❧❡✱ ❧❛ ✈❛r✐❛❜✐✲
❧✐té ❝❧✐♠❛t✐q✉❡ ❡st ♣❧✉s ❢♦rt❡✳ ❉❡ ❝❡ ❢❛✐t✱ ▼é❧♦❞✐❡ ♣❡r♠❡t ❞❡ r❡❧❛t✐✈✐s❡r ❧✬✐♥t❡r♣rét❛t✐♦♥
❞✉ ❜✐❧❛♥ ❛♣♣❛r❡♥t ❞❡ ❧✬❛③♦t❡ ❝♦♠♠❡ ✐♥❞✐❝❛t❡✉r ❞❡s ♣❡rt❡s ❞✬❛③♦t❡ s✉r ✉♥ t❡♠♣s ❝♦✉rt✳
❉✬❛✉tr❡ ♣❛rt✱ ❧❡ ❧❡ss✐✈❛❣❡ s✐♠✉❧é ét❛✐t é❧❡✈é ♣❛r r❛♣♣♦rt ❛✉ ❝♦♥t❡①t❡ ♣é❞♦✲❝❧✐♠❛t✐q✉❡✳
▲✬❛♥❛❧②s❡ ❞❡ ❧❛ ré♣❛rt✐t✐♦♥ ❞❡ ❧✬❡①❝é❞❡♥t ❛ ♠♦♥tré q✉❡ ❧❡s ✈❛r✐❛t✐♦♥s ❞❡ st♦❝❦ ❞✬❛③♦t❡
♦r❣❛♥✐q✉❡ ❞✉ s♦❧ ❡①♣❧✐q✉❡♥t ❛✉ ♠♦✐♥s ❡♥ ♣❛rt✐❡ ❝❡tt❡ s✉r❡st✐♠❛t✐♦♥✳ ▲❛ ❞②♥❛♠✐q✉❡ à
❧♦♥❣ t❡r♠❡ ❞❡ ❧✬❛③♦t❡ ❞❛♥s ❧❡ s♦❧ ❡t ❧❛ ❝❛♣❛❝✐té ❞❡s ♣r❛✐r✐❡s à st♦❝❦❡r ❞❡ ❧✬❛③♦t❡ ❡t à ❧❡
❧✐❜ér❡r ♣♦✉r ❧❡s ❝✉❧t✉r❡s s✉✐✈❛♥t❡s ❞❡✈r♦♥t ❞♦♥❝ êtr❡ ❛♠é❧✐♦ré❡s ❞❛♥s ❧❡ ♠♦❞è❧❡✳ ❊♥✜♥✱
❧❡ ♣❧❛♥ ❞✬❡①♣ér✐❡♥❝❡ ❞❡✈r❛ êtr❡ ❝♦♠♣❧été ❡♥ ❢❛✐s❛♥t ✈❛r✐❡r ❧❡ ♥✐✈❡❛✉ ❞✬✐♥t❡♥s✐✜❝❛t✐♦♥ ❞❡
♠❛♥✐èr❡ à ♦❜t❡♥✐r ♣❧✉s ❞❡ ✈❛r✐❛❜✐❧✐té ❞❛♥s ❧❡s rés✉❧t❛ts✳

▲❛ ❞é♠❛r❝❤❡ ❛❞♦♣té❡ ❞❛♥s ❝❡ ❝❤❛♣✐tr❡ ✐❧❧✉str❡ ❧❡s ♣r✐♥❝✐♣❡s ❞❡ ❧✬❡①♣❧♦✐t❛t✐♦♥ ❞❡ ▼é✲
❧♦❞✐❡✳ ❯♥❡ ♣r❡♠✐èr❡ ♣❤❛s❡ ❞❡ ❧✬❛♥❛❧②s❡ ❞❡s rés✉❧t❛ts ❝♦♥s✐st❡ à ✈ér✐✜❡r q✉❡ ❧❡ ❞ér♦✉❧❡✲
♠❡♥t ❞❡s s✐♠✉❧❛t✐♦♥s ❝♦rr❡s♣♦♥❞ à ❝❡ q✉✐ ét❛✐t ❛tt❡♥❞✉✱ ♣❛r ❡①❡♠♣❧❡ ♣♦✉r ❧✬❛❧✐♠❡♥t❛t✐♦♥
❞❡s ❛♥✐♠❛✉①✳ ▲✬ét✉❞❡ ❞❡ rés✉❧t❛ts ❡♥✈✐r♦♥♥❡♠❡♥t❛✉① ❞❡ ❜❛s❡✱ ❝♦♠♠❡ ❧❡ ❜✐❧❛♥ ❛♣♣❛r❡♥t
❞❡ ❧✬❛③♦t❡ ♦✉ ❧❡ ❧❡ss✐✈❛❣❡ ❛♥♥✉❡❧✱ ♣❡r♠❡t ❞❡ ❞ét❡r♠✐♥❡r ❧❛ ❝ré❞✐❜✐❧✐té ❞❡s s✐♠✉❧❛t✐♦♥s✱ ♣❛r
❝♦♠♣❛r❛✐s♦♥ ❛✈❡❝ ❞❡s ❞♦♥♥é❡s ✐ss✉❡s ❞❡ ❧❛ ❜✐❜❧✐♦❣r❛♣❤✐❡✳ ❊♥✜♥✱ ❧❛ ♣r♦❞✉❝t✐♦♥ ré❡❧❧❡ ❞❡
rés✉❧t❛ts ♣r♦✈✐❡♥t ❞❡ ❧✬❡①♣❧♦✐t❛t✐♦♥ ❞❡ ❞♦♥♥é❡s q✉✐ ♥❡ s♦♥t ♣❛s ❞✐s♣♦♥✐❜❧❡s ❞✬♦r❞✐♥❛✐r❡✱
❝♦♠♠❡ ❧❡ ❞ét❛✐❧ ❞❡s ❧✐❡✉① ❞✬é♠✐ss✐♦♥ ♦✉ ❧❡s ❛s♣❡❝ts ❞②♥❛♠✐q✉❡s✳ P❛r ❡①❡♠♣❧❡✱ ❣râ❝❡
❛✉① s✐♠✉❧❛t✐♦♥s s✉r ❧❡ ❧♦♥❣ t❡r♠❡✱ ❧❡s rés✉❧t❛ts ♣rés❡♥tés ✐❝✐ ♦♥t ♣❡r♠✐s ❞❡ ❝♦♥✜r♠❡r ❧❡



❈♦♥❝❧✉s✐♦♥ ✶✽✶

❧✐❡♥ ❡♥tr❡ ❧✬❡①❝é❞❡♥t ❞✉ ❜✐❧❛♥✱ ❧❡ st♦❝❦ ❞✬❛③♦t❡ ♦r❣❛♥✐q✉❡ ❞❛♥s ❧❡ s♦❧ ❡t ❧❡ ❧❡ss✐✈❛❣❡✱ ❡♥
r❡❧❛t✐♦♥ ❛✈❡❝ ❧❛ ✈❛r✐❛❜✐❧✐té ✐♥t❡r✲❛♥♥✉❡❧❧❡✳



✶✽✷ ❯♥❡ ❛♣♣❧✐❝❛t✐♦♥ ❞❡ ▼é❧♦❞✐❡



❈❤❛♣✐tr❡ ✾

❉✐s❝✉ss✐♦♥ ❣é♥ér❛❧❡

❙♦♠♠❛✐r❡
✾✳✶ ▼♦❞é❧✐s❛t✐♦♥ ❞❡ ❧❛ ❞é❝✐s✐♦♥ ✿ ✉♥❡ ❛♣♣r♦❝❤❡ ♦r✐❣✐♥❛❧❡ ✳ ✳ ✳ ✳ ✶✽✺

✾✳✶✳✶ ❆♣♣♦rts ❞❡ ❧❛ ♠♦❞é❧✐s❛t✐♦♥ ❞❡s ♣r♦❝❡ss✉s ❞é❝✐s✐♦♥♥❡❧s ✳ ✳ ✳ ✳ ✶✽✺

✾✳✶✳✷ P❧❛♥✐✜❝❛t✐♦♥ ❛♥♥✉❡❧❧❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✽✻

✾✳✶✳✸ ❋❧❡①✐❜✐❧✐té ❞❛♥s ❧✬❛♣♣❧✐❝❛t✐♦♥ ❞❡s ♣❧❛♥s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✽✾

✾✳✶✳✹ ❯t✐❧✐s❛t✐♦♥ ❞❡ ❧✬♦♥t♦❧♦❣✐❡ ✿ ❛✈❛♥t❛❣❡s ❡t ❧✐♠✐t❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✾✵

✾✳✷ ▼é❧♦❞✐❡✱ ✉♥ ♠♦❞è❧❡ é✈♦❧✉t✐❢ ❞✉ ❢♦♥❝t✐♦♥♥❡♠❡♥t ❞❡s é❧❡✈❛❣❡s✶✾✶

✾✳✷✳✶ ❋♦♥❞❡♠❡♥ts ❞✉ ❝❛r❛❝tèr❡ é✈♦❧✉t✐❢ ❞❡ ▼é❧♦❞✐❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✾✶

✾✳✷✳✷ ❈♦✉♣❧❛❣❡ ❞❡ ♠♦❞è❧❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✾✷

✾✳✷✳✸ ▼♦❞é❧✐s❛t✐♦♥ ♣❛r ♦♥t♦❧♦❣✐❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✾✺

✾✳✸ P❡rs♣❡❝t✐✈❡s ❞✬é✈♦❧✉t✐♦♥ ❞❡ ▼é❧♦❞✐❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✾✻

✾✳✸✳✶ ▲❡ s②stè♠❡ ❜✐♦t❡❝❤♥✐q✉❡ ❝♦♠♣♦rt❡ ❞❡s ❧✐♠✐t❡s ❝♦♥♥✉❡s ✳ ✳ ✳ ✳ ✶✾✻

✾✳✸✳✷ ▲❡s ✐♥t❡r❛❝t✐♦♥s ❡♥tr❡ ❧❡ s②stè♠❡ ❞❡ ♣✐❧♦t❛❣❡ ❡t ❧❡ s②stè♠❡ ❜✐♦✲
t❡❝❤♥✐q✉❡ ❞♦✐✈❡♥t êtr❡ r❡♥❢♦r❝é❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✾✽

✾✳✸✳✸ ❱❡rs ❞❡s é✈❛❧✉❛t✐♦♥s ❞❡ ❞✉r❛❜✐❧✐té ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✵✶

✾✳✹ ▲❡s é✈❛❧✉❛t✐♦♥s ❞✬✐♠♣❛❝t ❡♥✈✐r♦♥♥❡♠❡♥t❛❧ ♣r♦♣♦sé❡s ♣❛r
▼é❧♦❞✐❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✵✸

✾✳✹✳✶ ▼é❧♦❞✐❡ s✐♠✉❧❡ ❧❡s é♠✐ss✐♦♥s ❞❡ ❝♦♠♣♦sés à r✐sq✉❡ ❞❡ ❢❛ç♦♥
❞②♥❛♠✐q✉❡ ❡t ❧♦❝❛❧✐sé❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✵✸

✾✳✹✳✷ ❈♦♠♣❧é♠❡♥t❛r✐té ❛✈❡❝ ❧❡s ❛✉tr❡s ♠ét❤♦❞❡s ❞✬é✈❛❧✉❛t✐♦♥ ✳ ✳ ✳ ✷✵✹

✾✳✺ ➱✈❛❧✉❛t✐♦♥ ❞❡ ▼é❧♦❞✐❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✵✹

✾✳✻ ❆♣♣❧✐❝❛t✐♦♥s ❞❡ ▼é❧♦❞✐❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✵✻

✾✳✻✳✶ ❈❛❞r❡ ❣é♥ér❛❧ ❞✬✉t✐❧✐s❛t✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✵✻

✾✳✻✳✷ ❈♦♠♠❡♥t ✐♥t❡r♣rét❡r ❧❡s s♦rt✐❡s ❞✬✉♥ ♠♦❞è❧❡ ❝♦♠♣❧❡①❡ ❄ ✳ ✳ ✳ ✷✵✼

✾✳✼ ❈♦♥❝❧✉s✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✵✼

✶✽✸



✶✽✹ ❉✐s❝✉ss✐♦♥ ❣é♥ér❛❧❡



▼♦❞é❧✐s❛t✐♦♥ ❞❡ ❧❛ ❞é❝✐s✐♦♥ ✿ ✉♥❡ ❛♣♣r♦❝❤❡ ♦r✐❣✐♥❛❧❡ ✶✽✺

▲❡s ❝❤❛♣✐tr❡s ♣ré❝é❞❡♥ts ♦♥t ♣rés❡♥té ❧❡ ♠♦❞è❧❡ ▼é❧♦❞✐❡ ❡t ✉♥ ❡①❡♠♣❧❡ ❞✬❛♣♣❧✐✲
❝❛t✐♦♥✳ ❈❡ ❝❤❛♣✐tr❡ ❛♥❛❧②s❡ ❧❡s ♣♦✐♥ts ♦r✐❣✐♥❛✉① ❞✉ ♠♦❞è❧❡ ❡♥ ❝♦♠♣❛r❛✐s♦♥ ❛✈❡❝ ❧❡s
❛♣♣r♦❝❤❡s ❡①✐st❛♥t❡s ❛✐♥s✐ q✉❡ ❧❡s ❞é✜s ❧✐és à s♦♥ ❞é✈❡❧♦♣♣❡♠❡♥t ❡t à s♦♥ ✉t✐❧✐s❛t✐♦♥✳
▲❡s ♣r✐♥❝✐♣❛❧❡s ❧✐♠✐t❡s ❞✉ ♠♦❞è❧❡✱ s❡s é✈♦❧✉t✐♦♥s ❢✉t✉r❡s ❡t ❧❡s t②♣❡s ❞✬❛♣♣❧✐❝❛t✐♦♥ ❡♥✈✐✲
s❛❣❡❛❜❧❡s s♦♥t é❣❛❧❡♠❡♥t ❞✐s❝✉tés✳

✾✳✶ ▼♦❞é❧✐s❛t✐♦♥ ❞❡ ❧❛ ❞é❝✐s✐♦♥ ✿ ✉♥❡ ❛♣♣r♦❝❤❡ ♦r✐❣✐♥❛❧❡
❛ss♦❝✐❛♥t ❞✐✛ér❡♥t❡s é❝❤❡❧❧❡s ❞❡ t❡♠♣s

▲❡s ♣r♦❝❡ss✉s ❞é❝✐s✐♦♥♥❡❧s ❞❡s ❛❣r✐❝✉❧t❡✉rs ❞♦✐✈❡♥t êtr❡ s✐♠✉❧és ♣♦✉r é✈❛❧✉❡r ❝♦rr❡❝✲
t❡♠❡♥t ❧❡s ♣r❡ss✐♦♥s ❡①❡r❝é❡s s✉r ❧✬❡♥✈✐r♦♥♥❡♠❡♥t ❡t ❧❛ ré❛❝t✐♦♥ ❛✉① ❛❧é❛s ❝❧✐♠❛t✐q✉❡s✳
▲❡ ♣✐❧♦t❡ ❞✬✉♥ s②stè♠❡ ❛❣r✐❝♦❧❡ ♣r❡♥❞ s❡s ❞é❝✐s✐♦♥s ❡♥ ❢♦♥❝t✐♦♥ ❞✬✉♥❡ r❡♣rés❡♥t❛t✐♦♥
q✉✬✐❧ s❡ ❢❛✐t ❞✉ s②stè♠❡ ❡t ❞❡ s♦♥ é✈♦❧✉t✐♦♥✳ ▼é❧♦❞✐❡ ♣r❡♥❞ ❡♥ ❝♦♠♣t❡ ❝❡s ♣r♦❝❡ss✉s
❞❡ ❢❛ç♦♥ ❡①♣❧✐❝✐t❡✱ ❝❡ q✉✐ ❧❡ ❞é♠❛rq✉❡ ❞❡s ♠♦❞è❧❡s s✐♠✐❧❛✐r❡s✳

✾✳✶✳✶ ❆♣♣♦rts ❞❡ ❧❛ ♠♦❞é❧✐s❛t✐♦♥ ❞❡s ♣r♦❝❡ss✉s ❞é❝✐s✐♦♥♥❡❧s

✾✳✶✳✶✳✶ ▼♦❞é❧✐s❡r ❧❡s ❞é❝✐s✐♦♥s s✐♠♣❧✐✜❡ ❧❛ ❣❡st✐♦♥ ❞❡ ❧❛ ❝♦❤ér❡♥❝❡ ❞❡s s②s✲
tè♠❡s s✐♠✉❧és

▲♦rs ❞❡ s✐♠✉❧❛t✐♦♥s ❞②♥❛♠✐q✉❡s à ❧✬é❝❤❡❧❧❡ ❞✉ s②stè♠❡ ❞❡ ♣r♦❞✉❝t✐♦♥✱ ✉♥❡ ❞✐✣✲
❝✉❧té ♠❛❥❡✉r❡ ❡st ❞✬❛ss✉r❡r ❧❛ ❝♦❤ér❡♥❝❡ ❞❡s s✐♠✉❧❛t✐♦♥s✱ ❡♥ ♣❛rt✐❝✉❧✐❡r ♣♦✉r ❞❡s ét✉❞❡s
♣r♦s♣❡❝t✐✈❡s s✉r ❞❡s s②stè♠❡s ♥✬❡①✐st❛♥t ♣❛s s✉r ❧❡ t❡rr❛✐♥ ✭s✐♠✉❧❛t✐♦♥s ❡① ❛♥t❡✮✳ P❛r
❡①❡♠♣❧❡✱ ❧✬❛ss♦❧❡♠❡♥t ❞♦✐t êtr❡ ❝♦❤ér❡♥t ❛✈❡❝ ❧❡ ♣❧❛♥ ❞✬❛❧✐♠❡♥t❛t✐♦♥ ❞❡s ❛♥✐♠❛✉① ❡t
❧❡ ♥✐✈❡❛✉ ❞✬❛✉t♦♥♦♠✐❡ s♦✉❤❛✐té✳ ❉❛♥s ▼é❧♦❞✐❡✱ ❧❡ ♠♦❞✉❧❡ ❞❡ ♣❧❛♥✐✜❝❛t✐♦♥ ❛ss✉r❡ ❧❛
❝♦❤ér❡♥❝❡ ❡♥tr❡ tr♦✐s é❧é♠❡♥ts ❞❡ ♣❧❛♥ ✿ ❧❡ ♣❧❛♥ ❞✬❛❧✐♠❡♥t❛t✐♦♥ ❞❡s ❛♥✐♠❛✉① s♣é❝✐✜é ♣❛r
❧✬✉t✐❧✐s❛t❡✉r✱ ❧✬❛ss♦❧❡♠❡♥t ❡t ❧❡ ♣❧❛♥ ❞❡ ❢✉♠✉r❡✳ ❈❡s ❞❡✉① ❞❡r♥✐❡rs é❧é♠❡♥ts s♦♥t ❣é♥érés
❝❤❛q✉❡ ❛♥♥é❡ ❡♥ ❢♦♥❝t✐♦♥ ❞✉ ♣r❡♠✐❡r ❞❡ ♠❛♥✐èr❡ à r❡s♣❡❝t❡r ❛✉ ♠✐❡✉① ❧❡s ♣r✐♥❝✐♣❡s ❞❡
❣❡st✐♦♥ s♣é❝✐✜és ❡♥ ❡♥tré❡ ❞✉ ♠♦❞è❧❡✳ ▲❛ ❝♦❤ér❡♥❝❡ ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥ ❞é♣❡♥❞ ❛❧♦rs ❞❡ ❧❛
❝♦❤ér❡♥❝❡ ❞❡ ❝❡s ♣r✐♥❝✐♣❡s ❞❡ ❣❡st✐♦♥ ❡t ❞❡ ❧❡✉r tr❛❞✉❝t✐♦♥ s♦✉s ❢♦r♠❡ ❞❡ ♣r✐♦r✐tés ❞❛♥s
❧❡s ❡♥tré❡s ❞✉ ♠♦❞è❧❡✳

▲❛ ❣❡st✐♦♥ ❞❡ ❧✬❡①♣❧♦✐t❛t✐♦♥ s✐♠✉❧é❡ ❡st ❝♦❤ér❡♥t❡ s✉r ❧❡ ♣❧❛♥ s♣❛t✐❛❧✳ ▲❡s ❞é❝✐s✐♦♥s
s♦♥t ♣r✐s❡s ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❝❛r❛❝tér✐st✐q✉❡s ❛ss✐❣♥é❡s ✐♥❞✐✈✐❞✉❡❧❧❡♠❡♥t ❛✉① ♣❛r❝❡❧❧❡s✳ P❛r
❡①❡♠♣❧❡✱ ❧❡s ♣❛r❝❡❧❧❡s ❧❡s ♣❧✉s é❧♦✐❣♥é❡s ❞✉ s✐è❣❡ ❞❡ ❧✬❡①♣❧♦✐t❛t✐♦♥ ♣❡✉✈❡♥t êtr❡ ❛ss♦❝✐é❡s
à ✉♥❡ ♣r✐♦r✐té ♣♦✉r ❧✬é♣❛♥❞❛❣❡ ❢❛✐❜❧❡✳ ❯♥❡ ❝✉❧t✉r❡ ❞♦♥♥é❡ ♥✬❡st ❞♦♥❝ ♣❛s ❝♦♥❞✉✐t❡ ❞❡ ❧❛
♠ê♠❡ ❢❛ç♦♥ s✉r t♦✉t❡s ❧❡s ♣❛r❝❡❧❧❡s✳ ❆✉ ❝♦✉rs ❞✬✉♥❡ s✐♠✉❧❛t✐♦♥ ♣❧✉r✐✲❛♥♥✉❡❧❧❡✱ ❝❤❛q✉❡
♣❛r❝❡❧❧❡ s✉✐t ✉♥❡ tr❛❥❡❝t♦✐r❡ q✉✐ ❧✉✐ ❡st ♣r♦♣r❡ ❡t q✉✐ s✬✐♥sèr❡ ❞❡ ❢❛ç♦♥ ❝♦❤ér❡♥t❡ ❞❛♥s
❧❡ s②stè♠❡ ❞❡ ♣r♦❞✉❝t✐♦♥✳ ▲✬❤étér♦❣é♥é✐s❛t✐♦♥ ❞❡ ❧✬❡s♣❛❝❡ ❝ré❡ ❞❡s ❝♦♥tr❛✐♥t❡s ❡t ❞❡s
♦♣♣♦rt✉♥✐tés q✉✐ ❥✉st✐✜❡♥t ❞✬✐♥❞✐✈✐❞✉❛❧✐s❡r ❧❡s ♣❛r❝❡❧❧❡s ♣♦✉r ♣r❡♥❞r❡ ❞❡s ❞é❝✐s✐♦♥s✳



✶✽✻ ❉✐s❝✉ss✐♦♥ ❣é♥ér❛❧❡

✾✳✶✳✶✳✷ ▲❛ rés✐❧✐❡♥❝❡ ❞✉ s②stè♠❡ ❡st ❛ss✉ré❡ ♣❛r ❞❡s ❞é❝✐s✐♦♥s ♣r✐s❡s à ❞❡✉①
❤♦r✐③♦♥s t❡♠♣♦r❡❧s

▲❡s ✐♠♣❛❝ts ❡♥✈✐r♦♥♥❡♠❡♥t❛✉① s✐♠✉❧és ❞❛♥s ▼é❧♦❞✐❡ s♦♥t ❡♥ ♣❛rt✐❡ ❣♦✉✈❡r♥és ♣❛r
❧❡ ❝❧✐♠❛t✳ ❈❡ ❞❡r♥✐❡r ✐♥✢✉❡♥❝❡ ❧❡s ✢✉① ❞❡ ❢❛ç♦♥ ❞✐r❡❝t❡ ✭❧❛ ❧✐①✐✈✐❛t✐♦♥ ❞❡s ♥✐tr❛t❡s ❞é♣❡♥❞
♣❛r ❡①❡♠♣❧❡ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s✮✱ ♠❛✐s ❛✉ss✐ ❞❡ ❢❛ç♦♥ ✐♥❞✐r❡❝t❡ ❛✉ tr❛✈❡rs ❞✉ ♣✐❧♦t❛❣❡ ❞✉
s②stè♠❡✳▼é❧♦❞✐❡ ❞✐s♣♦s❡ ❞❡ ♠é❝❛♥✐s♠❡s ❞✬❛❞❛♣t❛t✐♦♥ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧✬ét❛t ❞✉ s②stè♠❡
❡t ❞❡s ❝♦♥❞✐t✐♦♥s ❝❧✐♠❛t✐q✉❡s✳ ❈❡s ♠é❝❛♥✐s♠❡s ✐♥t❡r✈✐❡♥♥❡♥t ❛✉ss✐ ❜✐❡♥ ❞❛♥s ❧❡s ❞é❝✐s✐♦♥s
❛♥♥✉❡❧❧❡s ✭✈♦✐r ❝❤❛♣✐tr❡ ✻✮ q✉❡ ❞❛♥s ❧❡s ❞é❝✐s✐♦♥s ♦♣ér❛t✐♦♥♥❡❧❧❡s ✭✈♦✐r ❝❤❛♣✐tr❡ ✼✮✳ ▲❡
rô❧❡ ❞❡ ❝❡s ♠é❝❛♥✐s♠❡s ❛ été ✐❧❧✉stré ♣❛r ❧❡s s✐♠✉❧❛t✐♦♥s ♣rés❡♥té❡s ❞❛♥s ❧❡ ❝❤❛♣✐tr❡ ✽✳
❆✉ ❝♦✉rs ❞❡ ❝❡s s✐♠✉❧❛t✐♦♥s✱ ❧❡s s✉r❢❛❝❡s ❡♥ ♠❛ïs ♦♥t ❜❡❛✉❝♦✉♣ ✈❛r✐é✱ ♣♦✉r ❝♦♠♣❡♥s❡r
❧❛ ✈❛r✐❛❜✐❧✐té ❞❡s r❡♥❞❡♠❡♥ts✳ ❉❡ ♠ê♠❡✱ ❧❡s q✉❛♥t✐tés ❞✬❤❡r❜❡ ♣ât✉ré❡ ✐♥❣éré❡s ♣❛r ❧❡s
✈❛❝❤❡s ❧❛✐t✐èr❡s ♦♥t ✈❛r✐é ❞✬✉♥❡ ❛♥♥é❡ s✉r ❧✬❛✉tr❡✱ ❣râ❝❡ ❛✉① rè❣❧❡s ♣❡r♠❡tt❛♥t ✉♥❡ ❣❡st✐♦♥
❞②♥❛♠✐q✉❡ ❞✉ st♦❝❦ ❞✬❤❡r❜❡✳

❉❛♥s ▼é❧♦❞✐❡✱ ❧❛ ✈❛r✐❛❜✐❧✐té ❝❧✐♠❛t✐q✉❡ ❡st ❞♦♥❝ ❣éré❡ ❞❡ ❢❛ç♦♥ ré❛❧✐st❡ ❣râ❝❡ à
❧✬❛ss♦❝✐❛t✐♦♥ ❞❡ ❞❡✉① ❤♦r✐③♦♥s t❡♠♣♦r❡❧s ♣♦✉r ❧❛ ♣r✐s❡ ❞❡ ❞é❝✐s✐♦♥✳ ■❧ s✬❛❣✐t ❞✬✉♥ ♣♦✐♥t
❡ss❡♥t✐❡❧ ♣♦✉r ❧❛ ré❛❧✐s❛t✐♦♥ ❞❡ s✐♠✉❧❛t✐♦♥s ❡① ❛♥t❡✱ ♣✉✐sq✉❡ ❧❡ ♣✐❧♦t❛❣❡ ✈❛r✐❡ ❝❤❛q✉❡
❛♥♥é❡✱ ♠❛✐s ♥❡ ♣❡✉t ♣❛s êtr❡ ✐♥té❣r❛❧❡♠❡♥t r❡♥s❡✐❣♥é ❡♥ ❡♥tré❡ ❞✉ ♠♦❞è❧❡✳ ▲❡ ♠❛♥q✉❡
❞✬❛❞❛♣t❛t✐♦♥ ❞✉ ♣✐❧♦t❛❣❡ ❡♥ ❢♦♥❝t✐♦♥ ❞❡s ❝♦♥❞✐t✐♦♥s ❝❧✐♠❛t✐q✉❡s ét❛✐t ✉♥ ❞❡s ♣r✐♥❝✐♣❛✉①
❞é❢❛✉ts ❞❡s ♠♦❞è❧❡s ♣rés❡♥tés ❞❛♥s ❧❡ ❝❤❛♣✐tr❡ ✷✳ ❊♥ ♣❛rt✐❝✉❧✐❡r✱ ❧❡ ♠♦❞è❧❡ ■❢s♠ ✭❘♦t③
❡t ❈♦✐♥❡r ✷✵✵✹✮ ♣❡✉t s✐♠✉❧❡r ♣❧✉s✐❡✉rs ❛♥♥é❡s ❝❧✐♠❛t✐q✉❡s✱ ♠❛✐s ❞❡ ❢❛ç♦♥ ✐♥❞é♣❡♥❞❛♥t❡✱
s❛♥s ❡♥❝❤❛î♥❡♠❡♥t✳ ▲❛ ❞✐♠❡♥s✐♦♥ ♣❧✉r✐✲❛♥♥✉❡❧❧❡ ❞❡s ❝♦♥séq✉❡♥❝❡s ❞❡ ❧❛ ✈❛r✐❛❜✐❧✐té ♥✬❡st
❞♦♥❝ ♣❛s ♣r✐s❡ ❡♥ ❝♦♠♣t❡✳ ▲❡s ♠ê♠❡s ♣❧❛♥s s♦♥t ✉t✐❧✐sés ♣♦✉r ❝❤❛q✉❡ ❛♥♥é❡ ❝❧✐♠❛t✐q✉❡
t❡sté❡✳ ➪ ❧✬♦♣♣♦sé✱ ❧❡ ♠♦❞è❧❡ ❋❛ss❡t ✭❏❛❝♦❜s❡♥ ❡t ❛❧✳ ✶✾✾✽✮ ✉t✐❧✐s❡ ❞❡s ♣❧❛♥s ét❛❜❧✐s
❝❤❛q✉❡ ❛♥♥é❡✱ ♠❛✐s ❝❡s ♣❧❛♥s s♦♥t ♣❡✉ r❡♠✐s ❡♥ q✉❡st✐♦♥ ❡♥ ❝♦✉rs ❞✬❛♥♥é❡✳

▲✬❛♣♣r♦❝❤❡ ✉t✐❧✐sé❡ ❞❛♥s ▼é❧♦❞✐❡✱ s✉❣❣éré❡ ♣❛r ❧✬♦♥t♦❧♦❣✐❡ ❞❡s s②stè♠❡s ❞❡ ♣r♦✲
❞✉❝t✐♦♥ ❛❣r✐❝♦❧❡✱ ❧❛✐ss❡ ✉♥❡ ❧❛r❣❡ ♣❛rt à ❧❛ ✢❡①✐❜✐❧✐té ❞❛♥s ❧✬❛♣♣❧✐❝❛t✐♦♥ ❞❡s ♣❧❛♥s✱ ❡♥
❢♦♥❝t✐♦♥ ❞✉ ❝♦♥t❡①t❡✳ ❈❡tt❡ ❛♣♣r♦❝❤❡ ❡st ♠♦✐♥s ❧♦✉r❞❡ q✉❡ ❧❛ ré✈✐s✐♦♥ ❢réq✉❡♥t❡ ❞✉ ♣❧❛♥
♣r♦♣♦sé❡ ♣❛r ❙♥♦✇ ❡t ▲♦✈❛tt ✭✷✵✵✽✮✳

✾✳✶✳✷ P❧❛♥✐✜❝❛t✐♦♥ ❛♥♥✉❡❧❧❡

✾✳✶✳✷✳✶ ▲❛ ♣❧❛♥✐✜❝❛t✐♦♥ ❞❛♥s ❧❡ ♠♦❞è❧❡ ❞✬❛❝t✐♦♥

▲❡ ♣❧❛♥ ❡st ✉♥ é❧é♠❡♥t à ♣❛rt ❡♥t✐èr❡ ❞✉ ♠♦❞è❧❡ ❞✬❛❝t✐♦♥ ✭❙❡❜✐❧❧♦tt❡ ❡t ❙♦❧❡r ✶✾✾✵✮✳ ❉❡
♥♦♠❜r❡✉s❡s ét✉❞❡s ✉t✐❧✐s❛♥t ❧❡ ♠♦❞è❧❡ ❞✬❛❝t✐♦♥ ❝♦♥s✐❞èr❡♥t ❧❡s ♣❧❛♥s ❝♦♠♠❡ ét❛❜❧✐s ❛✈❛♥t
❧❛ s✐♠✉❧❛t✐♦♥✳ ■❧ ❡①✐st❡ ♣❡✉ ❞❡ tr❛✈❛✉① éq✉✐✈❛❧❡♥ts à▼é❧♦❞✐❡ ❡♥ t❡r♠❡s ❞✬ét❛❜❧✐ss❡♠❡♥t
❞❡s ♣❧❛♥s ❞✬❛❝t✐✈✐tés✳ ❈❡tt❡ ét❛♣❡ ❝♦♥st✐t✉❡ ✉♥ ❝❤❛♥❣❡♠❡♥t ❞❡ ♥✐✈❡❛✉ ❞✬♦r❣❛♥✐s❛t✐♦♥
❞❛♥s ❧❡s ♣r♦❝❡ss✉s ❞é❝✐s✐♦♥♥❡❧s ❞❛♥s ❧❡ s❡♥s ♦ù ❡❧❧❡ tr❛❞✉✐t ❞❡s ♦❜❥❡❝t✐❢s str❛té❣✐q✉❡s
❡♥ ❞é❝✐s✐♦♥s t❛❝t✐q✉❡s✳ ❯♥❡ ❧✐♠✐t❡ à ❧✬❛♣♣r♦❝❤❡ ❞❡ ▼é❧♦❞✐❡ rés✐❞❡ ❞❛♥s ❧✬✉t✐❧✐s❛t✐♦♥
❞✬✐t✐♥ér❛✐r❡s t❡❝❤♥✐q✉❡s ♣ré❝♦♥str✉✐ts✱ s❛♥s ✐♥✈❡st✐❣❛t✐♦♥ s✉r ❧❡s ♠♦t✐❢s ❛②❛♥t ❝♦♥❞✉✐t à
❝❡s ✐t✐♥ér❛✐r❡s t❡❝❤♥✐q✉❡s t②♣❡s✳ ❊♥ ❝♦♥séq✉❡♥❝❡✱ ❝❡s ❞❡r♥✐❡rs ♥❡ ✈❛r✐❡♥t ♥✐ ❡♥ ❢♦♥❝t✐♦♥
❞❡s ❛♥♥é❡s✱ ♥✐ ❡♥ ❢♦♥❝t✐♦♥ ❞❡s ♣❛r❝❡❧❧❡s✱ à ♣❛rt ♣♦✉r ❧❛ ❢❡rt✐❧✐s❛t✐♦♥✳ ❈❡tt❡ s✐♠♣❧✐✜❝❛t✐♦♥ ❛
♣❡✉ ❞❡ ❝♦♥séq✉❡♥❝❡s ❞❛♥s ❧❛ ✈❡rs✐♦♥ ❛❝t✉❡❧❧❡ ❞❡▼é❧♦❞✐❡✱ ❞❛♥s ❧❛ ♠❡s✉r❡ ♦ù ❧❡ s②stè♠❡



▼♦❞é❧✐s❛t✐♦♥ ❞❡ ❧❛ ❞é❝✐s✐♦♥ ✿ ✉♥❡ ❛♣♣r♦❝❤❡ ♦r✐❣✐♥❛❧❡ ✶✽✼

❜✐♦t❡❝❤♥✐q✉❡ ♥✬❡st ♣❛s s❡♥s✐❜❧❡ à ❞❡ ♥♦♠❜r❡✉s❡s ♦♣ér❛t✐♦♥s t❡❝❤♥✐q✉❡s ✭tr❛✈❛✉① ❞✉ s♦❧✱
tr❛✐t❡♠❡♥ts ♣❤②t♦✲s❛♥✐t❛✐r❡s✮ ❡t ❧❡s ✐t✐♥ér❛✐r❡s t❡❝❤♥✐q✉❡s s♦♥t ré❞✉✐ts ❛✉ ♠✐♥✐♠✉♠✳

✾✳✶✳✷✳✷ ❋♦♥❝t✐♦♥♥❡♠❡♥t ❞❡ ❚♦✉r♥❡s♦❧ ❡t ❋✉♠✐❣è♥❡

❚♦✉r♥❡s♦❧ ❡t ❋✉♠✐❣è♥❡ ♦♥t ♣♦✉r ♦❜❥❡❝t✐❢ ❞❡ ❣é♥ér❡r ❧✬❛ss♦❧❡♠❡♥t ❡t ❧❡ ♣❧❛♥ ♣ré✲
✈✐s✐♦♥♥❡❧ ❞❡ ❢✉♠✉r❡ ❝❤❛q✉❡ ❛♥♥é❡ ❞❛♥s ❧❛ s✐♠✉❧❛t✐♦♥✳ ■❧s s✐♠✉❧❡♥t ❧❡s ❞é❝✐s✐♦♥s ♣r✐s❡s ♣❛r
❧❡s é❧❡✈❡✉rs ❡♥ tr❛❞✉✐s❛♥t ❞❡s ♣r✐♦r✐tés ❜❛sé❡s s✉r ❞❡s ♠♦t✐✈❛t✐♦♥s ❞❡ t♦✉s ♦r❞r❡s ✿ é❝♦✲
♥♦♠✐q✉❡✱ ❛❣r♦♥♦♠✐q✉❡✱ ♦r❣❛♥✐s❛t✐♦♥♥❡❧ ♦✉ ❛✉tr❡✳ ■❧s s❡ ❜❛s❡♥t ❞♦♥❝✱ ❞❛♥s ❧❛ ♠❡s✉r❡ ❞✉
♣♦ss✐❜❧❡✱ s✉r ❧❡ ♣r✐♥❝✐♣❡ ❞❡ r❛t✐♦♥❛❧✐té r❡str❡✐♥t❡✱ q✉✐ ❡st ♣❧✉s à ♠ê♠❡ ❞❡ r❡♣rés❡♥t❡r ❧❡s
♣r♦❝❡ss✉s ❞é❝✐s✐♦♥♥❡❧s ❞❡s ❛❣r✐❝✉❧t❡✉rs q✉❡ ❧❡ ❝♦♥❝❡♣t ❞❡ r❛t✐♦♥❛❧✐té ♣❛r❢❛✐t❡ ✭❆tt♦♥❛t②
❡t ❛❧✳ ✶✾✾✾ ❀ P❛♣② ✷✵✵✵ ❀ ❊❞✇❛r❞s✲❏♦♥❡s ✷✵✵✻✮✳ ❚♦✉r♥❡s♦❧ ❡t ❋✉♠✐❣è♥❡ ❛❞♦♣t❡♥t
❛✐♥s✐ ✉♥❡ ❛♣♣r♦❝❤❡ ❞✐✛ér❡♥t❡ ❞❡s ♠♦❞è❧❡s ❡①✐st❛♥ts ❞❛♥s ❝❡ ❞♦♠❛✐♥❡✱ q✉✐ ✈✐s❡♥t ♣❧✉tôt
à ♦♣t✐♠✐s❡r ❞❡s ❝r✐tèr❡s é❝♦♥♦♠✐q✉❡s ❡t✴♦✉ ❡♥✈✐r♦♥♥❡♠❡♥t❛✉①✳ P❛r ❡①❡♠♣❧❡✱ ❧❡ ♠♦❞è❧❡
♣r♦♣♦sé ♣❛r ●✐❛ss♦♥ ❡t ❛❧✳ ✭✷✵✵✷✮ ♣♦✉r ❧✬❛❧❧♦❝❛t✐♦♥ ❞❡s ❡✤✉❡♥ts ❛ ♣♦✉r ♦❜❥❡❝t✐❢ ❞❡ ♠✐♥✐✲
♠✐s❡r ❧❡s r✐sq✉❡s ❞❡ ♣❡rt❡s ❞❡ ♣❤♦s♣❤♦r❡ t♦✉t ❡♥ ♠✐♥✐♠✐s❛♥t ❧❡s ❝♦ûts ❞❡ tr❛♥s♣♦rt ❞❡s
❡✤✉❡♥ts ❡t ❞❡ ❢❡rt✐❧✐s❛t✐♦♥ ♠✐♥ér❛❧❡✳

❉❡ ♣❧✉s✱ ❚♦✉r♥❡s♦❧ ❡st ✉♥ ♠♦❞è❧❡ ♦r✐❣✐♥❛❧ ❝❛r ✐❧ ❛❧❧♦✉❡ ❞❡s ❝✉❧t✉r❡s à ❞❡s ♣❛r❝❡❧❧❡s
❡♥ ❢♦♥❝t✐♦♥ ❞✬♦❜❥❡❝t✐❢s ♣♦✉r ❧✬❛♥♥é❡ ♣❧❛♥✐✜é❡✳ ▲❡s ♠♦❞è❧❡s ♣r♦♣♦sés ♣ré❝é❞❡♠♠❡♥t ✈✐✲
s❛✐❡♥t s♦✐t à ♦♣t✐♠✐s❡r ❧❡s r♦t❛t✐♦♥s ❝✉❧t✉r❛❧❡s ♣❛r ♣❛r❝❡❧❧❡ ✭❉♦❣❧✐♦tt✐ ❡t ❛❧✳ ✷✵✵✸ ❀ ❇❛✲
❝❤✐♥❣❡r ❡t ❩❛♥❞❡r ✷✵✵✼✮✱ s❛♥s ❝♦♥s✐❞ér❡r ❧❡s s❡r✈✐❝❡s ❧✐és à ❧✬❛ss♦❧❡♠❡♥t ❣❧♦❜❛❧✱ s♦✐t à
❝❛❧❝✉❧❡r ❞❡s s✉r❢❛❝❡s ♦♣t✐♠❛❧❡s ♣❛r ❝✉❧t✉r❡ ✭■t♦❤ ❡t ❛❧✳ ✷✵✵✸ ❀ ❖rt❡❣❛ ❡t ❛❧✳ ✷✵✵✹✮ ♦✉ ♣♦✉r
❞✐✛ér❡♥t❡s r♦t❛t✐♦♥s ✭❑❧❡✐♥ ❍❛♥❡✈❡❧❞ ❡t ❙t❡❣❡♠❛♥ ✷✵✵✺ ❀ ❉❡t❧❡❢s❡♥ ❡t ❏❡♥s❡♥ ✷✵✵✼✮✳ ▲❡
❢❛✐t ❞❡ tr❛✈❛✐❧❧❡r s✉r ❧❡s ❡①♣❧♦✐t❛t✐♦♥s ❞✬é❧❡✈❛❣❡ ❡t ❞❡ ♣r❡♥❞r❡ ❡♥ ❝♦♠♣t❡✱ ❞❛♥s ✉♥❡
❝❡rt❛✐♥❡ ♠❡s✉r❡✱ ❞❡s ❝♦♥tr❛✐♥t❡s s♣❛t✐❛❧❡s✱ r❡♥❞❛✐t ♥é❝❡ss❛✐r❡ ❧✬❛❞♦♣t✐♦♥ ❞✬✉♥❡ ♥♦✉✈❡❧❧❡
♣❡rs♣❡❝t✐✈❡✳

❯♥❡ ❧✐♠✐t❡ ♠❛❥❡✉r❡ ❞❡ ❧✬❛♣♣r♦❝❤❡ ❛❞♦♣té❡ ♣❛r ❚♦✉r♥❡s♦❧ ❡t ❋✉♠✐❣è♥❡ ❡st ❧❛ r❡✲
❧❛t✐✈❡ ❞✐✣❝✉❧té ❞❡ ♣❛r❛♠étr✐s❛t✐♦♥✳ ▲❡s ✈❛❧❡✉rs ❛ss♦❝✐é❡s ❛✉① ♠❛t✐èr❡s ♣r❡♠✐èr❡s ❞❛♥s
❚♦✉r♥❡s♦❧ ❡t ❧❡s ❝♦❡✣❝✐❡♥ts ❞❡ ♣r✐♦r✐té ❞❛♥s ❋✉♠✐❣è♥❡ ♥❡ ❝♦rr❡s♣♦♥❞❡♥t ♣❛s à ❞❡s
♣❛r❛♠ètr❡s ♦❜s❡r✈❛❜❧❡s✳ ▲❡ ♥♦♠❜r❡ ❞❡ ♣❛r❛♠ètr❡s ❡t ❧❡✉r str✉❝t✉r❡ ❡♥ ♠❛tr✐❝❡s r❡♥❞❡♥t
❞✐✣❝✐❧❡ ✉♥❡ ❛♥❛❧②s❡ ❞❡ s❡♥s✐❜✐❧✐té ❡①❤❛✉st✐✈❡ ❞❡s ♠♦❞è❧❡s✳ ▲❡s ✈❛❧❡✉rs ❞❡s ♣❛r❛♠ètr❡s
❞♦✐✈❡♥t êtr❡ ✜①é❡s ❧❡s ✉♥❡s ♣❛r r❛♣♣♦rt ❛✉① ❛✉tr❡s ❡♥ ❢♦♥❝t✐♦♥ ❞❡s ♣ré❢ér❡♥❝❡s ❡①♣r✐✲
♠é❡s ♣❛r ❧✬é❧❡✈❡✉r ❞♦♥t ♦♥ ♠♦❞é❧✐s❡ ❧❛ str❛té❣✐❡✱ ❝❡ q✉✐ s✉♣♣♦s❡ ❞❡ ❝♦♥♥❛îtr❡ ❛✉ ♠♦✐♥s
♣❛rt✐❡❧❧❡♠❡♥t ❧❡ ❢♦♥❝t✐♦♥♥❡♠❡♥t ✐♥t❡r♥❡ ❞❡s ♠♦❞è❧❡s✳

❉❡s ❛♣♣r♦❝❤❡s ❛❧t❡r♥❛t✐✈❡s ❛✉r❛✐❡♥t ♣✉ êtr❡ ✉t✐❧✐sé❡s ♣♦✉r ❝♦♥str✉✐r❡ ❧❡s ❞❡✉① ♠♦✲
❞è❧❡s✳ ➚ ❝❛✉s❡ ❞✉ ❝❛r❛❝tèr❡ ♠✉❧t✐✲❝r✐tèr❡s ❞❡s ❞é❝✐s✐♦♥s ♣♦✉r ❧✬❛ss♦❧❡♠❡♥t ❡t ❧❡ ♣❧❛♥ ❞❡
❢✉♠✉r❡✱ ❧❛ ❧♦❣✐q✉❡ ✢♦✉❡ ✭❇♦✉❝❤♦♥✲▼❡✉♥✐❡r ✶✾✾✸✮ ♣rés❡♥t❡ ✉♥ ✐♥térêt✳ ❯♥❡ ♣♦ss✐❜✐❧✐té ❡st
❞❡ ❣é♥ér❡r ✉♥ ❣r❛♥❞ ♥♦♠❜r❡ ❞✬❛ss♦❧❡♠❡♥ts à ♣❛rt✐r ❞❡ r♦t❛t✐♦♥s ❝✉❧t✉r❛❧❡s ❡①✐st❛♥t❡s ❡t
❝♦♥s✐❞éré❡s ❝♦♠♠❡ ❛❝❝❡♣t❛❜❧❡s s✉r ❧✬❡①♣❧♦✐t❛t✐♦♥✱ ♣✉✐s ❞❡ sé❧❡❝t✐♦♥♥❡r ✉♥ ❛ss♦❧❡♠❡♥t ❡♥
❢♦♥❝t✐♦♥ ❞❡ ❝r✐tèr❡s ❞❡ q✉❛❧✐té ❡t ❞❡ ❝r✐tèr❡s é❧✐♠✐♥❛t♦✐r❡s✳ ▲❛ ❞é♠❛r❝❤❡ ❞❡ ❣♣❛♠ ✭❙♥♦✇
❡t ▲♦✈❛tt ✷✵✵✽✮ ❡st é❣❛❧❡♠❡♥t ✉♥❡ ❛♣♣r♦❝❤❡ ❛❞❛♣t❛❜❧❡ ❛✉ ❝❛s ❞❡ ▼é❧♦❞✐❡✳ ▲❡ ♣✐❧♦✲
t❛❣❡ ❡st tr♦♣ ❝♦♠♣❧❡①❡ ♣♦✉r êtr❡ ❝♦♥✜é ❡♥t✐èr❡♠❡♥t à ❣♣❛♠✱ ♠❛✐s ✉♥ t❡❧ s②stè♠❡ s❡r❛✐t
❝❛♣❛❜❧❡ ❞❡ r❡♠♣❧❛❝❡r ❧❡ ♠♦❞✉❧❡ ❞❡ ♣❧❛♥✐✜❝❛t✐♦♥ ❛❝t✉❡❧✳ ❣♣❛♠ ❢♦♥❝t✐♦♥♥❡ ♣❛r ♠❛①✐♠✐✲
s❛t✐♦♥ ❞✬✉♥❡ ❢♦♥❝t✐♦♥ ♦❜❥❡❝t✐❢ é✈❛❧✉é❡ ❛✉ t❡r♠❡ ❞❡ ❧❛ ♣ér✐♦❞❡ ♣❧❛♥✐✜é❡ ❡t r❡♣rés❡♥t❛♥t ❧❛



✶✽✽ ❉✐s❝✉ss✐♦♥ ❣é♥ér❛❧❡

q✉❛❧✐té ❞✉ ♣❧❛♥ é✈❛❧✉é✳ ❉❛♥s ♥♦tr❡ ❝❛s✱ ❧❛ ❢♦♥❝t✐♦♥ ♦❜❥❡❝t✐❢ ✈ér✐✜❡r❛✐t q✉❡ ❧❛ ♣r♦❞✉❝t✐♦♥
❞✬❛❧✐♠❡♥ts ❡t ❧❡s é♣❛♥❞❛❣❡s ♣ré✈✉s s♦♥t ❝♦♥✈❡♥❛❜❧❡s✱ ❞❡ ❢❛ç♦♥ ❞②♥❛♠✐q✉❡ ❡t s✉r ✉♥❡ ♦✉
♣❧✉s✐❡✉rs ❛♥♥é❡s✳

▲❛ ♣r✐s❡ ❡♥ ❝♦♠♣t❡ ❞❡s ❝♦♥tr❛✐♥t❡s ❞❡ ♠❛✐♥ ❞✬÷✉✈r❡ ❛ été ❝✐té❡ ❞❛♥s ❧❡ ❝❤❛♣✐tr❡ ✼
❝♦♠♠❡ ✉♥ ♣♦✐♥t à ❞é✈❡❧♦♣♣❡r ❞❛♥s ▼é❧♦❞✐❡✳ ❈❡tt❡ ❛♠é❧✐♦r❛t✐♦♥ ♣❡✉t êtr❡ ❢❛✐t❡ ❛✉
♥✐✈❡❛✉ ❞✉ ♣✐❧♦t❛❣❡ ♦♣ér❛t✐♦♥♥❡❧✱ ♠❛✐s ❛✉ss✐ ❞❡ ❧❛ ♣❧❛♥✐✜❝❛t✐♦♥✳ ❆✈❡❝ ❧❛ ✈❡rs✐♦♥ ❛❝t✉❡❧❧❡
❞❡ ❚♦✉r♥❡s♦❧✱ ✐❧ ❡st ♣♦ss✐❜❧❡ ❞❡ ❞é✜♥✐r ✉♥❡ ❝♦♥tr❛✐♥t❡ s✉r ❧❡s s✉r❢❛❝❡s à ré❝♦❧t❡r à
✉♥❡ ♣ér✐♦❞❡ ❞♦♥♥é❡✱ ❧❡ ♠♦✐s ❞❡ ❥✉✐❧❧❡t ♣❛r ❡①❡♠♣❧❡✳ ❆✐♥s✐✱ ❧✬❛ss♦❧❡♠❡♥t ❝❤♦✐s✐ ♥❡ ❝♦♥❞✉✐t
♣❛s à ✉♥❡ ♣♦✐♥t❡ ❞❡ tr❛✈❛✐❧ ✐♥s✉r♠♦♥t❛❜❧❡ ❡♥ ❥✉✐❧❧❡t✳ ■❧ s✬❛❣✐t ❞✬✉♥❡ ❢♦r♠❡ ♠✐♥✐♠❛❧❡
❞❡ ♣r✐s❡ ❡♥ ❝♦♠♣t❡ ❞❡s ❝♦♥tr❛✐♥t❡s ❞❡ ♠❛✐♥ ❞✬÷✉✈r❡✳ ❉é✈❡❧♦♣♣❡r ❝❡t ❛s♣❡❝t ♥é❝❡ss✐t❡
❞✬❛❞♦♣t❡r ✉♥ ❝❛❞r❡ ❣é♥ér✐q✉❡ ❞❡ r❡♣rés❡♥t❛t✐♦♥ ❞❡ ❧❛ ❞✐s♣♦♥✐❜✐❧✐té ❡t ❞❡s ❜❡s♦✐♥s ❡♥ ♠❛✐♥
❞✬÷✉✈r❡✳ ▲❡ ♠♦❞è❧❡ ❝♦♥❝❡♣t✉❡❧ ❛t❡❧❛❣❡✱ ♣r♦♣♦sé ♣❛r ▼❛❞❡❧r✐❡✉① ✭✷✵✵✹✮✱ r❡♥❞ ❝♦♠♣t❡
❞❡ ❧✬♦r❣❛♥✐s❛t✐♦♥ ❞✉ tr❛✈❛✐❧ ❞❛♥s ✉♥❡ ❡①♣❧♦✐t❛t✐♦♥ ❞✬é❧❡✈❛❣❡ ❞❡ ❢❛ç♦♥ ❞②♥❛♠✐q✉❡ ❡t ❡♥
❝♦❤ér❡♥❝❡ ❛✈❡❝ ❧❡ s②stè♠❡ ❞❡ ♣r♦❞✉❝t✐♦♥✱ ❝❡ q✉✐ ❡st ✉♥ ♣rér❡q✉✐s ♣♦✉r ❧❛ ♣❧❛♥✐✜❝❛t✐♦♥
❞❡s ❛❝t✐✈✐tés ❡♥ ❢♦♥❝t✐♦♥ ❞❡s ❝♦♥tr❛✐♥t❡s ❞❡ ♠❛✐♥ ❞✬÷✉✈r❡✳ ❈❡♣❡♥❞❛♥t✱ ❝❡tt❡ ❛♣♣r♦❝❤❡
❡st ❞✐✣❝✐❧❡ à ❛♣♣❧✐q✉❡r ❞❛♥s ✉♥❡ s✐♠✉❧❛t✐♦♥ ❡① ❛♥t❡✳

✾✳✶✳✷✳✸ ▲❛ ♣❧❛♥✐✜❝❛t✐♦♥ ♣❡✉t êtr❡ ré❛❧✐sé❡ ♣❧✉s s♦✉✈❡♥t ❡t ❛✈❡❝ ♣❧✉s ❞✬❛♥t✐✲
❝✐♣❛t✐♦♥

❉❛♥s ▼é❧♦❞✐❡✱ ❧❛ ♣❧❛♥✐✜❝❛t✐♦♥ ❡st ré❛❧✐sé❡ ✉♥❡ ❢♦✐s ♣❛r ❛♥✱ ♣♦✉r ✉♥❡ ♣ér✐♦❞❡ ❞✬✉♥
❛♥✳ ❉✬❛✉tr❡s ♣♦ss✐❜✐❧✐tés ❛✉r❛✐❡♥t été ❡♥✈✐s❛❣❡❛❜❧❡s✱ à ❧❛ ❢♦✐s ♣♦✉r ❧❛ ❢réq✉❡♥❝❡ ❞❡ ♣❧❛✲
♥✐✜❝❛t✐♦♥ ❡t ♣♦✉r ❧❛ ♣ér✐♦❞❡ ♣❧❛♥✐✜é❡✳

▲❡ ♠♦❞è❧❡ ❣é♥ér✐q✉❡ ❞❡ ❞é❝✐s✐♦♥ ♣❛r ♣❧❛♥✐✜❝❛t✐♦♥ ❣♣❛♠✱ ♣r♦♣♦sé ♣❛r ❙♥♦✇ ❡t ▲♦✈❛tt
✭✷✵✵✽✮✱ ❞é❢❡♥❞ ❧✬✐❞é❡ ❞✬✉♥❡ ♣ér✐♦❞❡ ♣❧❛♥✐✜é❡ ♣❧✉s ❧♦♥❣✉❡ q✉❡ ❧✬✐♥t❡r✈❛❧❧❡ ❡♥tr❡ ❞❡✉①
♣❧❛♥✐✜❝❛t✐♦♥s✳ ❯♥ t❡❧ s②stè♠❡ ♣❡r♠❡t ❞❡ ♣r❡♥❞r❡ ❞❡s ❞é❝✐s✐♦♥s ❡♥ ❛♥t✐❝✐♣❛♥t à ♣❧✉s ❧♦♥❣
t❡r♠❡✳ ❙❝❤é♠❛t✐q✉❡♠❡♥t✱ ❧❡ ♣✐❧♦t❡ ❞✉ s②stè♠❡ ❛ ❡♥ ♣❡r♠❛♥❡♥❝❡ ✉♥❡ tr❛❥❡❝t♦✐r❡ à s✉✐✈r❡✱
♣❧✉tôt q✉❡ ❞❡ s✐♠♣❧❡♠❡♥t ♥❛✈✐❣✉❡r ❞✬✉♥ ♣♦✐♥t à ✉♥ ❛✉tr❡ ❡♥ ✜①❛♥t ❧❡ ❝❛♣ à ❝❤❛q✉❡ ét❛♣❡✳
❉✬❛♣rès ❙♥♦✇ ❡t ▲♦✈❛tt ✭✷✵✵✽✮✱ ✐❧ ❡st ❡ss❡♥t✐❡❧ ❞❡ r❡✈♦✐r ❧❛ ♣❧❛♥✐✜❝❛t✐♦♥ ré❣✉❧✐èr❡♠❡♥t
❝❛r ❡❧❧❡ s✬❛♣♣❧✐q✉❡ à ✉♥ ❡♥✈✐r♦♥♥❡♠❡♥t ✐♥❝❡rt❛✐♥✳ ▼é❧♦❞✐❡ ♣❡✉t ♦♣♣♦s❡r ❧❡ ❢❛✐t q✉❡ ❧❡s
♣❧❛♥s ♥❡ s♦♥t ♣❛s ❛♣♣❧✐q✉és t❡❧s q✉❡❧s✱ ♠❛✐s q✉✬✐❧ ❡①✐st❡ ✉♥❡ ✢❡①✐❜✐❧✐té✱ ❝♦♥tr❛✐r❡♠❡♥t
❛✉① ♠♦❞è❧❡s ♣✐❧♦tés ♣❛r ❣♣❛♠✳

❊♥ t❡r♠❡s ❞❡ ♠♦❞✐✜❝❛t✐♦♥ ❞❡ ❧❛ ♣ér✐♦❞❡ ♣❧❛♥✐✜é❡✱ ✉♥❡ ♣♦ss✐❜✐❧✐té ✐♥tér❡ss❛♥t❡ ♣♦✉r✲
r❛✐t êtr❡ ❞✬❛✉❣♠❡♥t❡r ❧✬❛♥t✐❝✐♣❛t✐♦♥ à ❧♦♥❣ t❡r♠❡✳ ❉❛♥s ❧❡ ♠♦❞è❧❡ ❋❛ss❡t ✭❏❛❝♦❜s❡♥
❡t ❛❧✳ ✶✾✾✽✮ ✉♥❡ ♣❧❛♥✐✜❝❛t✐♦♥ ♣♦✉r tr♦✐s ❛♥s ❡st ❡✛❡❝t✉é❡ ❝❤❛q✉❡ ❛♥♥é❡✳ ❯♥ t❡❧ s②stè♠❡
♣rés❡♥t❡ ✉♥ ✐♥térêt ✐♥❞é♥✐❛❜❧❡ ♣♦✉r ❧❛ ❣é♥ér❛t✐♦♥ ❞❡s ❛ss♦❧❡♠❡♥ts✳ ❊♥ ❡✛❡t✱ ✐❧ ♣❡r♠❡t
❞❡ ❝ré❡r ❞❡s ♦♣♣♦rt✉♥✐tés✳ ❙✐ ✉♥❡ ❝✉❧t✉r❡ ❛ ✉♥❡ ❢❛✐❜❧❡ ✈❛❧❡✉r ❡♥ ❡❧❧❡✲♠ê♠❡ ♣♦✉r ❧✬❡①✲
♣❧♦✐t❛t✐♦♥ ❝♦♥s✐❞éré❡✱ ♠❛✐s q✉❡ ❝❡tt❡ ❝✉❧t✉r❡ ❡st ✉♥ ❡①❝❡❧❧❡♥t ♣ré❝é❞❡♥t ♣♦✉r ✉♥❡ ❛✉tr❡
❝✉❧t✉r❡ très ✐♠♣♦rt❛♥t❡ ❞❛♥s ❧❡ s②stè♠❡✱ ❛❧♦rs ✐❧ ❡st ♣r♦❜❛❜❧❡ q✉❡ ❧❡s ❛❣r✐❝✉❧t❡✉rs ✉t✐❧✐✲
s❡r♦♥t ❝❡tt❡ ❝✉❧t✉r❡ ❝❛r ✐❧s r❛✐s♦♥♥❡♥t ❡♥ ♣❛rt✐❡ ❡♥ t❡r♠❡s ❞❡ r♦t❛t✐♦♥✳ ❈❡ ♥✬❡st ♣❛s ❧❡
❝❛s ❞❡ ❧❛ ✈❡rs✐♦♥ ❛❝t✉❡❧❧❡ ❞❡ ❚♦✉r♥❡s♦❧✱ q✉✐ ét❛❜❧✐t ❞❡s ❛ss♦❧❡♠❡♥ts s❛♥s ❝♦♥s✐❞ér❡r
❧❡✉rs ❡✛❡ts ❢✉t✉rs✳ ▲❡ ♠♦❞è❧❡ ♣❡✉t ❢❛❝✐❧❡♠❡♥t êtr❡ tr❛♥s❢♦r♠é ♣♦✉r ❝♦♥s✐❞ér❡r ♣❧✉s✐❡✉rs
❛♥♥é❡s✱ ♠❛✐s ❧❛ ♠✉❧t✐♣❧✐❝❛t✐♦♥ ❞❡s ✈❛r✐❛❜❧❡s à ♦♣t✐♠✐s❡r r✐sq✉❡ ❞✬❛❜♦✉t✐r à ❞❡s t❡♠♣s ❞❡



▼♦❞é❧✐s❛t✐♦♥ ❞❡ ❧❛ ❞é❝✐s✐♦♥ ✿ ✉♥❡ ❛♣♣r♦❝❤❡ ♦r✐❣✐♥❛❧❡ ✶✽✾

❝❛❧❝✉❧ ❜❡❛✉❝♦✉♣ tr♦♣ ❧♦♥❣s✳ ❈❡ s②stè♠❡ ❡st t♦✉t❡❢♦✐s ❡♥✈✐s❛❣❡❛❜❧❡ ♣♦✉r ❧❡s s②tè♠❡s ❞❡
❝✉❧t✉r❡ ❧❡s ♣❧✉s s✐♠♣❧❡s✱ ❛✈❡❝ ♣❡✉ ❞❡ ♣❛r❝❡❧❧❡s ❡t ❞❡ ❝✉❧t✉r❡s ♣♦ss✐❜❧❡s✳

❯♥❡ ❛✉tr❡ ♣✐st❡ ❞❡ ré✢❡①✐♦♥ ❝♦♥❝❡r♥❡ ❧❛ ❢réq✉❡♥❝❡ ❞❡ ♣❧❛♥✐✜❝❛t✐♦♥✳ ❘é❛❧✐s❡r ♣❧✉s✐❡✉rs
♣❧❛♥✐✜❝❛t✐♦♥s ♣❛r ❛♥✱ ❡♥ ✉t✐❧✐s❛♥t ❧❡s ♥♦✉✈❡❧❧❡s ✐♥❢♦r♠❛t✐♦♥s ❞✐s♣♦♥✐❜❧❡s à ❞❡s ❞❛t❡s ❝❧és
♣❡r♠❡ttr❛✐t ❞✬❛♠é❧✐♦r❡r ❧❛ ré❛❝t✐✈✐té ❞✉ ♠♦❞è❧❡ ❢❛❝❡ à ❧✬ét❛t ❞✉ s②stè♠❡✳ ❯♥ ♣r❡♠✐❡r
❛ss♦❧❡♠❡♥t ✭❝♦♠♣❧❡t✮ ♣♦✉rr❛✐t êtr❡ ❞ét❡r♠✐♥é ❡♥ s❡♣t❡♠❜r❡ ❡t s❡r✈✐r❛✐t ♣♦✉r ❧❡s s❡♠✐s
❞❡s ❝✉❧t✉r❡s ❞✬❛✉t♦♠♥❡✳ ❯♥ s❡❝♦♥❞ ❛ss♦❧❡♠❡♥t ❣é♥éré ❡♥ ✜♥ ❞✬❤✐✈❡r ❡t ♣r❡♥❛♥t ❡♥ ❝♦♠♣t❡
❧❡s ♣❛r❝❡❧❧❡s ❞é❥à s❡♠é❡s ❡♥ ❛✉t♦♠♥❡ ❞ét❡r♠✐♥❡r❛✐t ❧❡s ❝✉❧t✉r❡s ❞❡ ♣r✐♥t❡♠♣s✱ ❡♥ t❡♥❛♥t
❝♦♠♣t❡ ❞❡s ❜❡s♦✐♥s ❡♥ ❢♦✉rr❛❣❡s ❡st✐♠és à ❝❡ ♠♦♠❡♥t✳ ❉❡ ♠ê♠❡ ❧❡ ♣❧❛♥ ♣ré✈✐s✐♦♥♥❡❧ ❞❡
❢✉♠✉r❡ ré❛❧✐sé ❡♥ s♦rt✐❡ ❞✬❤✐✈❡r ♣♦✉rr❛✐t t❡♥✐r ❝♦♠♣t❡ ❞❡s r❡❧✐q✉❛ts ❞✬❛③♦t❡ ❡t ❞❡s st♦❝❦s
❞✬❡✤✉❡♥ts à ❝❡ ♠♦♠❡♥t✱ ❝❡ q✉❡ ❢♦♥t ❡♥ ♣r❛t✐q✉❡ ❧❡s é❧❡✈❡✉rs✳ ▲✬✐♥❝♦♥✈é♥✐❡♥t ❡st q✉❡ ❞❡s
♦❜❥❡❝t✐❢s ✐♥t❡r♠é❞✐❛✐r❡s s✉r ❧✬ét❛t ❞❡s st♦❝❦s s♦♥t ♥é❝❡ss❛✐r❡s ❡t ✐❧ ❡st ❞✐✣❝✐❧❡ ❞❡ ❧❡s ✜①❡r
❛ ♣r✐♦r✐✳

❉❛♥s ❧❡ ❝❛❞r❡ ❞❡ ❧✬✐♥té❣r❛t✐♦♥ ❞❡s ❝♦♥tr❛✐♥t❡s ❞❡ ♠❛✐♥ ❞✬÷✉✈r❡ ❞✐s❝✉té❡ ❞❛♥s ❧❛ ♣❛rt✐❡
♣ré❝é❞❡♥t❡✱ ✐♥té❣r❡r ❞❡s ♠é❝❛♥✐s♠❡s ❞❡ ♣❧❛♥✐✜❝❛t✐♦♥ à ✐♥t❡r✈❛❧❧❡s ré❣✉❧✐❡rs ❝♦♥st✐t✉❡ ✉♥❡
s♦❧✉t✐♦♥ ♣♦✉r ❞♦t❡r ❧❡ s②stè♠❡ ❞❡ ♣✐❧♦t❛❣❡ ❞❡ ♣r♦♣r✐étés ❞✬❛♥t✐❝✐♣❛t✐♦♥ q✉✬✐❧ ❡st ❞✐✣❝✐❧❡
❞✬♦❜t❡♥✐r ❛✉tr❡♠❡♥t✳

✾✳✶✳✸ ❋❧❡①✐❜✐❧✐té ❞❛♥s ❧✬❛♣♣❧✐❝❛t✐♦♥ ❞❡s ♣❧❛♥s

❉❛♥s ▼é❧♦❞✐❡✱ ❧❡s ♣r♦❝❡ss✉s ❞é❝✐s✐♦♥♥❡❧s ❞❡s ❛❣r✐❝✉❧t❡✉rs s♦♥t s✐♠✉❧és à ✉♥ ♣❛s ❞❡
t❡♠♣s ❥♦✉r♥❛❧✐❡r✱ s✉r ❧❡ ❧♦♥❣ t❡r♠❡✳ ▲❡s ❞é❝✐s✐♦♥s ❧✐é❡s à ❧✬❛❧✐♠❡♥t❛t✐♦♥ ❞❡s ❜♦✈✐♥s ♦♥t été
❞é❝r✐t❡s ❞❛♥s ❧❡ ❝❤❛♣✐tr❡ ✼✳ ❙✉r ❝❡ ♣❧❛♥✱ ❧✬♦r✐❣✐♥❛❧✐té ❞❡ ▼é❧♦❞✐❡ ❡st ❞❡ ♠♦❞é❧✐s❡r ❧❡ ♣✐✲
❧♦t❛❣❡ ❞❡ ❢❛ç♦♥ ❝♦♠♣❧èt❡✱ ② ❝♦♠♣r✐s ❧♦rs ❞❡s ♣❤❛s❡s ❞❡ st❛❜✉❧❛t✐♦♥✳ ❊♥ ❡✛❡t✱ ❞❡s ♠♦❞è❧❡s
❞❡ ♣✐❧♦t❛❣❡ ❞❡ ❧✬❛❧✐♠❡♥t❛t✐♦♥ ❛✉ ♣ât✉r❛❣❡ ♦♥t ❞é❥à été ♣r♦♣♦sés✳ ▲❡ ❲❋▼ ✭❲❛st♥❡②
❡t ❛❧✳ ✷✵✵✷✮✱ ❞é❝r✐t ❞❛♥s ❧❡ ❝❤❛♣✐tr❡ ✷✱ ♣♦ssè❞❡ ✉♥ ❡♥s❡♠❜❧❡ ❞❡ rè❣❧❡s ❞❡ ❞é❝✐s✐♦♥s ❛♣✲
♣❧✐❝❛❜❧❡s ❛✉① ❡①♣❧♦✐t❛t✐♦♥s ❧❛✐t✐èr❡s ♥é♦✲③é❧❛♥❞❛✐s❡s✳ ❈❡s rè❣❧❡s ❣èr❡♥t ❧❡s ♠♦✉✈❡♠❡♥ts
❞✉ tr♦✉♣❡❛✉ s✉r ❧❡s ♣❛r❝❡❧❧❡s ❡t ❧❛ ❞✐str✐❜✉t✐♦♥ ❞✬❛❧✐♠❡♥ts ❝♦♠♣❧é♠❡♥t❛✐r❡s✳ ▲❡ ♠♦❞è❧❡
♣r♦♣♦sé ♣❛r ❘♦♠❡r❛ ❡t ❛❧✳ ✭✷✵✵✹✮ s✐♠✉❧❡ ✉♥❡ ❣❡st✐♦♥ ♣❛r rè❣❧❡s ❞❡ ❞é❝✐s✐♦♥s ❞✬é❧❡✈❛❣❡s
❜♦✈✐♥s ❛❧❧❛✐t❛♥ts ❡♥ ❆r❣❡♥t✐♥❡✳ ❉❛♥s ❝❡s ❞❡✉① ❡①❡♠♣❧❡s✱ ❧❡ s②stè♠❡ ❞❡ ♣r♦❞✉❝t✐♦♥ ♠♦❞é✲
❧✐sé ♥❡ ❝♦♠♣r❡♥❞ ♣❛s ❞❡ ❜ât✐♠❡♥ts✳ ▲❡s ❛♥✐♠❛✉① s♦♥t t♦✉❥♦✉rs ❛✉ ♣ât✉r❛❣❡✳ ▲❡ ♠♦❞è❧❡
❙❡♣❛t♦✉ ✭❈r♦s ❡t ❛❧✳ ✷✵✵✶✮ s✬❛♣♣❧✐q✉❡ ❛✉① ❡①♣❧♦✐t❛t✐♦♥s ❧❛✐t✐èr❡s ❢r❛♥ç❛✐s❡s✱ ♠❛✐s s❡✉❧❡s
❧❡s ♣❤❛s❡s ❞❡ ♣ât✉r❛❣❡ s♦♥t ♠♦❞é❧✐sé❡s✳ ❉❛♥s ▼é❧♦❞✐❡✱ ❧❡ s②stè♠❡ ❡st ❣éré ❛✈❡❝ ❛♥✲
t✐❝✐♣❛t✐♦♥✱ ♥♦t❛♠♠❡♥t ❡♥ ❝❡ q✉✐ ❝♦♥❝❡r♥❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞✬❛❧✐♠❡♥ts ❝♦♠♣❧é♠❡♥t❛✐r❡s✳
❈❡tt❡ ♦r❣❛♥✐s❛t✐♦♥ ❡st r❡♥❞✉❡ ♣♦ss✐❜❧❡ ♣❛r ❧❡ ❝♦♥❝❡♣t ❞❡ ♥♦♠❜r❡ ❞❡ ❥♦✉rs ❞❡ ❞❡♠❛♥❞❡✱
q✉✐ r❡✢èt❡ ❞❛♥s ✉♥❡ ❝❡rt❛✐♥❡ ♠❡s✉r❡ ❧✬é✈♦❧✉t✐♦♥ ❢✉t✉r❡ ❞✉ s②stè♠❡✳

▲❡s rè❣❧❡s ✐♥❝❧✉s❡s ❞❛♥s ❧❛ ✈❡rs✐♦♥ ❛❝t✉❡❧❧❡ ❞❡ ▼é❧♦❞✐❡ s♦♥t s✉✣s❛♥t❡s ♣♦✉r ♠♦✲
❞é❧✐s❡r ❞❡ ❢❛ç♦♥ ❜❛s✐q✉❡ ❧❡ ❢♦♥❝t✐♦♥♥❡♠❡♥t ❞✬✉♥ s②stè♠❡ ♣ât✉r❛♥t✱ ❝♦♠♠❡ ❧✬♦♥t ♠♦♥tré
❧❡s s✐♠✉❧❛t✐♦♥s ♣rés❡♥té❡s ❞❛♥s ❧❡ ❝❤❛♣✐tr❡ ✽✳ ❈❡♣❡♥❞❛♥t✱ ❝❡rt❛✐♥s ♣♦✐♥ts ♠ér✐t❡♥t ❞✬êtr❡
❛♠é❧✐♦rés✳ ❉❡✉① ♣r♦♣♦s✐t✐♦♥s ♣❡✉✈❡♥t êtr❡ ❢♦r♠✉❧é❡s ✿ ✭✐✮ ❛✈♦✐r ❞❡s ♣❛r❛♠ètr❡s ❞❡ ❣❡s✲
t✐♦♥ ✈❛r✐❛❜❧❡s ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ s❛✐s♦♥✱ ♣♦✉r ♠✐❡✉① s✬❛❥✉st❡r à ❧❛ ❝r♦✐ss❛♥❝❡ ❞❡ ❧✬❤❡r❜❡✱ ❡t
✭✐✐✮ ❛✈♦✐r ❞❡s s❡✉✐❧s ❞❡ ❜✐♦♠❛ss❡ ❡♥ s♦rt✐❡ ❞❡ ♣❛r❝❡❧❧❡ ✈❛r✐❛❜❧❡s ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ❜✐♦♠❛ss❡
❧♦rs ❞❡ ❧✬❡♥tré❡ ❞❡s ❛♥✐♠❛✉①✱ ❝❡ q✉✐ ❡st ✉♥❡ ❝♦♥tr❛✐♥t❡ ✐♠♣♦sé❡ ♣❛r ❧❛ q✉❛❧✐té ❞❡ ❧✬❤❡r❜❡
♣ât✉ré❡✳



✶✾✵ ❉✐s❝✉ss✐♦♥ ❣é♥ér❛❧❡

▲❛ ♠✐s❡ à ❧✬❤❡r❜❡ ❡st ✉♥ é✈é♥❡♠❡♥t ❝❧é ❡t s❛ ❞❛t❡ ❛ ✉♥❡ ❣r❛♥❞❡ ✐♥✢✉❡♥❝❡ s✉r ❧❡
♣ât✉r❛❣❡ ❞❡ ♣r✐♥t❡♠♣s✳ ▲❡ ♣ré❞✐❝❛t ❞ét❡r♠✐♥❛♥t ❧❛ ♠✐s❡ à ❧✬❤❡r❜❡ ❡st s✐♠✐❧❛✐r❡ ❛✉① rè❣❧❡s
é✈❛❧✉é❡s ♣❛r ❈♦❧❡♥♦ ❡t ❉✉r✉ ✭✶✾✾✾✮✳ ❈❡♣❡♥❞❛♥t✱ ❝❡s ❞❡r♥✐❡rs s❡ ❜❛s❡♥t s✉r ❧❡s st♦❝❦s
❞✬❤❡r❜❡ ❞✐s♣♦♥✐❜❧❡s ✉♥✐q✉❡♠❡♥t s✉r ❧❛ s✉r❢❛❝❡ ♣ré✈✉❡ ♣♦✉r ❧❡ ♣r❡♠✐❡r ❝②❝❧❡ ❞❡ ♣ât✉r❛❣❡✱
t❛♥❞✐s q✉❡▼é❧♦❞✐❡ s❡ ❜❛s❡ s✉r ❧✬❡♥s❡♠❜❧❡ ❞❡s ♣❛r❝❡❧❧❡s ❛❝❝❡ss✐❜❧❡s ❛✉① ✈❛❝❤❡s ❧❛✐t✐èr❡s✳

❊♥ ❝❡ q✉✐ ❝♦♥❝❡r♥❡ ❧❡s ❞♦♠❛✐♥❡s ❛✉tr❡s q✉❡ ❧✬❛❧✐♠❡♥t❛t✐♦♥ ❞❡s ❜♦✈✐♥s✱ s❡✉❧❡s ❧❡s rè❣❧❡s
✐♥❞✐s♣❡♥s❛❜❧❡s ❛✉ ❢♦♥❝t✐♦♥♥❡♠❡♥t ❞✉ ♠♦❞è❧❡ ♦♥t été ✐♥❝❧✉s❡s✳ ❚♦✉t❡❢♦✐s✱ ❞❡s é✈♦❧✉t✐♦♥s
♦♥t été ❡♥✈✐s❛❣é❡s ❞❛♥s ❧❡ ❝❤❛♣✐tr❡ ✼✳

❯♥❡ q✉❡st✐♦♥ q✉✐ s❡ ♣♦s❡ ❞❛♥s ❝❡ ❝❛❞r❡ ❡st ❝❡❧❧❡ ❞❡ ❧❛ ❝❛♣t✉r❡ ❞❡s rè❣❧❡s ✉t✐❧✐sé❡s
♣❛r ❧❡s ❛❣r✐❝✉❧t❡✉rs✳ ❱❛②ss✐èr❡s ✭✷✵✵✽✮ ❛ ✉t✐❧✐sé ✉♥❡ ❞é♠❛r❝❤❡ ❢♦♥❞é❡ s✉r ❞❡s ✐♥t❡r❛❝t✐♦♥s
❢♦rt❡s ❛✈❡❝ ❞❡s é❧❡✈❡✉rs✱ ❛✉ tr❛✈❡rs ❞❡ ❞✐s❝✉ss✐♦♥s ♣❛r ❣r♦✉♣❡s ❡t ♣❛r ✐♠♠❡rs✐♦♥ ❞❛♥s
❧❡s ❡①♣❧♦✐t❛t✐♦♥s✳ ❙✐ ❧❡ ♣✐❧♦t❛❣❡ ❞❡s ♣❡t✐t❡s ❡①♣❧♦✐t❛t✐♦♥s ❧❛✐t✐èr❡s ❞❡ ❧✬î❧❡ ❞❡ ❧❛ ❘é✉♥✐♦♥
s❡ ♣rêt❡ ❜✐❡♥ à ❝❡tt❡ ❞é♠❛r❝❤❡✱ ✐❧ s❡♠❜❧❡ ♣❧✉s ❞✐✣❝✐❧❡ ❞❡ ❧✬❛♣♣❧✐q✉❡r ❛✉① ❡①♣❧♦✐t❛t✐♦♥s
❞❡ ❧✬❖✉❡st ❞❡ ❧❛ ❋r❛♥❝❡ ❡♥ r❛✐s♦♥ ❞✉ ♥♦♠❜r❡ ✐♠♣♦rt❛♥t ❞❡ rè❣❧❡s à ❞é✜♥✐r✳

P♦✉r ❧❡ ♠♦❞è❧❡ ■❢s♠ ✭❘♦t③ ❡t ❈♦✐♥❡r ✷✵✵✹✮✱ ❞❡s rè❣❧❡s ❞❡ ❢❛✐s❛❜✐❧✐té s♦♥t ✉t✐❧✐sé❡s✳
❈❡s rè❣❧❡s ❝♦♥s✐st❡♥t à ❝♦♠♣❛r❡r ❧✬❤✉♠✐❞✐té s✐♠✉❧é❡ ❞❡ ❞✐✛ér❡♥t❡s ❝♦✉❝❤❡s ❞✉ s♦❧ à ❞❡s
❝♦❡✣❝✐❡♥ts ✜①és ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧✬♦♣ér❛t✐♦♥ à ré❛❧✐s❡r ❡t ❞✉ t②♣❡ ❞❡ ♠❛tér✐❡❧ ✐♠♣❧✐q✉é
✭❘♦t③ ❡t ❍❛rr✐❣❛♥ ✷✵✵✺✮✳

▲❡ s✐♠✉❧❛t❡✉r ❖❚❊▲❖ ✭❆tt♦♥❛t② ❡t ❛❧✳ ✶✾✾✸✮✱ ❞♦♥t ❧❛ ❞é♠❛r❝❤❡ t❤é♦r✐q✉❡ ❡st ❞é✲
❝r✐t❡ ❞❛♥s P❛♣② ❡t ❛❧✳ ✭✶✾✽✽✮ ❡st ❞❡st✐♥é à ❧✬ét✉❞❡ ❞❡ ❧✬♦r❣❛♥✐s❛t✐♦♥ ❞❡s ♦♣ér❛t✐♦♥s ❝✉❧t✉✲
r❛❧❡s ♣❛r ❧❡s ❛❣r✐❝✉❧t❡✉rs ❢❛❝❡ à ❧❛ ✈❛r✐❛❜✐❧✐té ❝❧✐♠❛t✐q✉❡✱ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❝♦♥tr❛✐♥t❡s ❞❡
♠❛✐♥ ❞✬÷✉✈r❡ ❡t ❞❡ ♠❛❝❤✐♥❡r✐❡✳ ❈❡s tr❛✈❛✉① ♣❡✉✈❡♥t ❢♦✉r♥✐r ✉♥ ❝❛❞r❡ ❞❡ ❜❛s❡ ♣♦✉r ❧❛
♠♦❞é❧✐s❛t✐♦♥ ❞❡s ❞é❝✐s✐♦♥s ❧✐é❡s ❛✉ s②stè♠❡ ♦♣ér❛♥t ❛✉ ♥✐✈❡❛✉ ♦♣ér❛t✐♦♥♥❡❧✳

✾✳✶✳✹ ❯t✐❧✐s❛t✐♦♥ ❞❡ ❧✬♦♥t♦❧♦❣✐❡ ✿ ❛✈❛♥t❛❣❡s ❡t ❧✐♠✐t❡s

▼é❧♦❞✐❡ ❡st ❜❛sé s✉r ❧✬♦♥t♦❧♦❣✐❡ ❞❡s s②stè♠❡s ❞❡ ♣r♦❞✉❝t✐♦♥ ❛❣r✐❝♦❧❡ ♣r♦♣♦sé❡ ♣❛r
▼❛rt✐♥✲❈❧♦✉❛✐r❡ ❡t ❘❡❧❧✐❡r ✭✷✵✵✺✮✳ ❈❡tt❡ ♦♥t♦❧♦❣✐❡ ❢♦✉r♥✐t ✉♥ ❝❛❞r❡ ❢♦r♠❡❧ ♣♦✉r ❧❛ ♠♦✲
❞é❧✐s❛t✐♦♥ ❞❡ ❧❛ ❞é❝✐s✐♦♥✳ ●râ❝❡ à ❝❡ ❝❛❞r❡✱ ❧❛ str✉❝t✉r❡ ❞✉ s②stè♠❡ ❞❡ ♣✐❧♦t❛❣❡ ❞❛♥s
▼é❧♦❞✐❡ ❡st ❝♦❤ér❡♥t❡ ❡t ❝❧❛✐r❡✳ ▲✬ét❡♥❞✉❡ ❞❡ ❧✬♦♥t♦❧♦❣✐❡✱ q✉✐ ♥✬❛ ♣❛s été t♦t❛❧❡♠❡♥t
❡①♣❧♦✐té❡✱ ❞♦♥♥❡ ✉♥ ❝❛r❛❝tèr❡ ❡①t❡♥s✐❜❧❡ ❛✉ s②stè♠❡ ❞❡ ♣✐❧♦t❛❣❡ ❞❡ ▼é❧♦❞✐❡✳ ❉❛♥s ❧❡s
♠♦❞è❧❡s s✐♠✐❧❛✐r❡s✱ ét✉❞✐és ❞❛♥s ❧❡ ❝❤❛♣✐tr❡ ✷✱ s❡✉❧ ●❛♠❡❞❡ ✭❱❛②ss✐èr❡s ✷✵✵✽✮ ♣rés❡♥t❡
✉♥❡ ♠♦❞é❧✐s❛t✐♦♥ ❛✉ss✐ ❢♦r♠❛❧✐sé❡ ❞❡s ♣r♦❝❡ss✉s ❞é❝✐s✐♦♥♥❡❧s✳

▲✬✉t✐❧✐s❛t✐♦♥ ❞❡ ❉✐ès❡ ♣❡r♠❡t ❞❡ ❝♦♥str✉✐r❡ ❞❡s s✐♠✉❧❛t❡✉rs r❛♣✐❞❡♠❡♥t✱ ❝❛r ❧❡ ❞é✲
✈❡❧♦♣♣❡✉r ♥❡ s❡ ❝♦♥❝❡♥tr❡ q✉❡ s✉r ❧❡s ♣❛rt✐❡s ❢♦♥❞❛♠❡♥t❛❧❡s ❞✉ ❝♦❞❡✳ ▲❡ ♠♦t❡✉r ❞❡
s✐♠✉❧❛t✐♦♥ ❡t ❧❡s ❛s♣❡❝ts ❞✬✐♥t❡r❢❛❝❡ ✭❡♥tré❡s ❡t s♦rt✐❡s✮ s♦♥t ❣éré❡s ♣❛r ❉✐ès❡✳ ❈❡ ❣❛✐♥
❞❡ t❡♠♣s ❡st ♣❡r♠✐s ♣❛r ❧✬❛❝❝❡♣t❛t✐♦♥ ❞❡ ❧✬♦♥t♦❧♦❣✐❡ ❡♥ t❛♥t q✉✬❡♥s❡♠❜❧❡ ❞❡ ❝♦♥❝❡♣ts
❛②❛♥t ❧❡ ♠ê♠❡ s❡♥s ♣♦✉r ❧❡s ❞é✈❡❧♦♣♣❡✉rs ❞❡ ❉✐ès❡ ❡t ♣♦✉r ❧❡s ❞é✈❡❧♦♣♣❡✉rs ❞❡ s✐♠✉✲
❧❛t❡✉rs✳

❯♥❡ ❧✐♠✐t❡ ❞❡ ❧❛ ❞é♠❛r❝❤❡ ❡st ❧❡ t❡♠♣s ♥é❝❡ss❛✐r❡ ❛✉① ❞é✈❡❧♦♣♣❡✉rs ♣♦✉r s✬❛♣♣r♦✲
♣r✐❡r ❧❡s ❝♦♥❝❡♣ts ❞❡ ❧✬♦♥t♦❧♦❣✐❡ ❞❡s s②stè♠❡s ❞❡ ♣r♦❞✉❝t✐♦♥ ❛❣r✐❝♦❧❡✳ P♦✉r ❝♦♥str✉✐r❡
✉♥ s✐♠✉❧❛t❡✉r ❞❡ ❢❛ç♦♥ ❡✣❝❛❝❡✱ ✐❧ ❡st ♥é❝❡ss❛✐r❡ ❞✬❛✈♦✐r ✉♥❡ ❝♦♥♥❛✐ss❛♥❝❡ r❡❧❛t✐✈❡♠❡♥t
ét❡♥❞✉❡ ❞❡ ❧✬♦♥t♦❧♦❣✐❡✳ ❆✉ ❝♦✉rs ❞❡ ❝❡tt❡ t❤ès❡✱ ✉♥ ♣r❡♠✐❡r ❡①❡♠♣❧❡ s✐♠♣❧❡ ❞❡ ♠♦❞é❧✐✲



▼é❧♦❞✐❡✱ ✉♥ ♠♦❞è❧❡ é✈♦❧✉t✐❢ ❞✉ ❢♦♥❝t✐♦♥♥❡♠❡♥t ❞❡s é❧❡✈❛❣❡s ✶✾✶

s❛t✐♦♥ ❞✉ ♣ât✉r❛❣❡ ❛ été ré❛❧✐sé ❞❛♥s ❝❡ ❜✉t✳ ➚ ❧✬é❝❤❡❧❧❡ ❞✬✉♥ ♠♦❞è❧❡ ❝♦♠♠❡ ▼é❧♦❞✐❡✱
❧❡ t❡♠♣s ✐♥✈❡st✐ ❡st ❧❛r❣❡♠❡♥t r❡♥t❛❜✐❧✐sé ♣❛r ❧❛ r❛♣✐❞✐té ❞❡ ❞é✈❡❧♦♣♣❡♠❡♥t ♣❡r♠✐s❡ ♣❛r
❧✬♦♥t♦❧♦❣✐❡ ❡t ♣❛r ❉✐ès❡ ✉♥❡ ❢♦✐s ❧❛ ♠❛îtr✐s❡ ❞❡s ♦✉t✐❧s ❛❝q✉✐s❡✳

✾✳✷ ▼é❧♦❞✐❡✱ ✉♥ ♠♦❞è❧❡ é✈♦❧✉t✐❢ ❞✉ ❢♦♥❝t✐♦♥♥❡♠❡♥t ❞❡s
é❧❡✈❛❣❡s

❈♦♠♠❡ ♠❡♥t✐♦♥♥é ❞❛♥s ❧❡ ❝❤❛♣✐tr❡ ✸✱ ❧✬♦❜❥❡❝t✐❢ ❞❡ ❝❡tt❡ t❤ès❡ ❡st ❞❡ ❝♦♥str✉✐r❡
❧❛ ♣r❡♠✐èr❡ ✈❡rs✐♦♥ ❞✬✉♥ ♠♦❞è❧❡ q✉✐ ❝♦♥t✐♥✉❡r❛ à é✈♦❧✉❡r ♣❛r ❧❛ s✉✐t❡✳ ▲✬❡♥s❡♠❜❧❡ ❞❡s
♦❜❥❡❝t✐❢s ✈✐sés ♣❛r ❧❡ ♠♦❞è❧❡ ♥❡ s♦♥t ♣❛s ❛tt❡✐♥ts ♣♦✉r ❧✬✐♥st❛♥t✳ ❉❛♥s ❝❡tt❡ s❡❝t✐♦♥✱ ❞✐❢✲
❢ér❡♥ts ♣♦✐♥ts ♠ét❤♦❞♦❧♦❣✐q✉❡s ♣♦✉r ❧❛ ❝♦♥str✉❝t✐♦♥ ❞✬✉♥ ♠♦❞è❧❡ é✈♦❧✉t✐❢ s♦♥t ❛❜♦r❞és✳
❊♥s✉✐t❡✱ ❧❡s ❧✐♠✐t❡s ❞❡ ❧❛ ✈❡rs✐♦♥ ❛❝t✉❡❧❧❡ ❞❡ ▼é❧♦❞✐❡ ❡t ❧❡s ♠♦❞✐✜❝❛t✐♦♥s ♣r✐♦r✐t❛✐r❡s
♣♦✉r ❧❡ ❢✉t✉r s♦♥t ❛❜♦r❞é❡s✳

✾✳✷✳✶ ❋♦♥❞❡♠❡♥ts ❞✉ ❝❛r❛❝tèr❡ é✈♦❧✉t✐❢ ❞❡ ▼é❧♦❞✐❡

▼é❧♦❞✐❡ ❡st ❝♦♥st✐t✉é ♣❛r ❧✬❛ss❡♠❜❧❛❣❡ ❞✬✉♥ ❝❡rt❛✐♥ ♥♦♠❜r❡ ❞❡ s♦✉s✲♠♦❞è❧❡s ♣ré✲
❡①✐st❛♥ts✳ P♦✉r q✉❡ ❧❡ ♠♦❞è❧❡ s♦✐t é✈♦❧✉t✐❢✱ s❛ str✉❝t✉r❡ ❣❧♦❜❛❧❡ ❞♦✐t êtr❡ s✉✣s❛♠♠❡♥t
❝❧❛✐r❡ ♣♦✉r ♣❡r♠❡ttr❡ ❛✉① ❞é✈❡❧♦♣♣❡✉rs ❞❡ ❝❡r♥❡r r❛♣✐❞❡♠❡♥t ❧❡s ❝♦♥séq✉❡♥❝❡s ❞❡s ♠♦❞✐✲
✜❝❛t✐♦♥s q✉✬✐❧s ❛♣♣♦rt❡♥t ❛✉ ❢♦♥❝t✐♦♥♥❡♠❡♥t ❞✉ ♠♦❞è❧❡✳ ❯♥ ❛✉tr❡ ❡♥❥❡✉ ❡st ❞❡ ♣❡r♠❡ttr❡
à ❞✬é✈❡♥t✉❡❧s ♥♦✉✈❡❛✉① ❞é✈❡❧♦♣♣❡✉rs ❞❡ s✬✐♥té❣r❡r ❢❛❝✐❧❡♠❡♥t ❛✉ ♣r♦❥❡t✳

▲✬✉t✐❧✐s❛t✐♦♥ ❞❡ ❧✬♦♥t♦❧♦❣✐❡ ❞❡s s②stè♠❡s ❞❡ ♣r♦❞✉❝t✐♦♥ ❛❣r✐❝♦❧❡ ❡t ❞❡ ❉✐ès❡ ❛ ♣❡r✲
♠✐s ❞❡ ❝ré❡r ✉♥ s✐♠✉❧❛t❡✉r ❛②❛♥t ✉♥❡ ♦r❣❛♥✐s❛t✐♦♥ ✐♥t❡r♥❡ ❡①♣❧✐❝✐t❡♠❡♥t ❢♦r♠❛❧✐sé❡ ❡t
❧♦❣✐q✉❡✳ ●râ❝❡ ❛✉ ❢♦♥❝t✐♦♥♥❡♠❡♥t ❞❡ ❉✐ès❡✱ q✉✐ ♣❡r♠❡t ❞❡ s♣é❝✐✜❡r ❧❛ str✉❝t✉r❡ ❞✉ s②s✲
tè♠❡ s✐♠✉❧é ❛✉ ♠♦♠❡♥t ❞❡ ❧✬❡①é❝✉t✐♦♥ ❞✬✉♥❡ s✐♠✉❧❛t✐♦♥✱ ▼é❧♦❞✐❡ s❡ ❝♦♠♣♦rt❡ ❝♦♠♠❡
✉♥❡ ♣❧❛t❡✲❢♦r♠❡ ❞❡ s✐♠✉❧❛t✐♦♥ ❛✉ s❡✐♥ ❞❡ ❧❛q✉❡❧❧❡ ❞✐✛ér❡♥ts ❝♦♠♣♦s❛♥ts ♣❡✉✈❡♥t êtr❡
✉t✐❧✐sés✳ ▼é❧♦❞✐❡ ❢♦✉r♥✐t ❞❡s ✓ ❜r✐q✉❡s ✔ q✉✐ ♣❡✉✈❡♥t êtr❡ ❛ss❡♠❜❧é❡s ❛✉ ♠♦♠❡♥t ❞❡ ❧❛
s✐♠✉❧❛t✐♦♥ ❡♥ ❢♦♥❝t✐♦♥ ❞❡s ❜❡s♦✐♥s ❞❡ ❧✬✉t✐❧✐s❛t❡✉r ❞✉ ♠♦❞è❧❡✳ ■❧ ❡①✐st❡ ❞♦♥❝ ✉♥❡ ♠✉❧t✐✲
t✉❞❡ ❞❡ ♣♦ss✐❜✐❧✐tés ❡♥ t❡r♠❡s ❞❡ s✐♠✉❧❛t✐♦♥✱ s❛♥s ♣♦✉r ❛✉t❛♥t ❛❧♦✉r❞✐r ❧❛ str✉❝t✉r❡ ❞✉
♠♦❞è❧❡ ♦✉ ❞❡✈♦✐r s②sté♠❛t✐q✉❡♠❡♥t é❝r✐r❡ ❞✉ ❝♦❞❡✳

❉❡ ♣❧✉s✱▼é❧♦❞✐❡ ✉t✐❧✐s❡ ❧❡s ♣r♦♣r✐étés ❞✉ ♣❛r❛❞✐❣♠❡ ♦❜❥❡t✱ ♥♦t❛♠♠❡♥t ❧❡ ♣♦❧②♠♦r✲
♣❤✐s♠❡✱ ♣♦✉r sé♣❛r❡r ❧❡s ❡♥t✐tés ✐♥❞✐s♣❡♥s❛❜❧❡s à s♦♥ ❢♦♥❝t✐♦♥♥❡♠❡♥t ❞❡s ❡♥t✐tés ♥é❝❡s✲
s❛✐r❡s ❛✉ ❢♦♥❝t✐♦♥♥❡♠❡♥t ❞✬✉♥ s♦✉s✲♠♦❞è❧❡ ❡♥ ♣❛rt✐❝✉❧✐❡r ✭✈♦✐r ✜❣✉r❡ ✹✳✼✱ ♣❛❣❡ ✽✺✮✳ ●râ❝❡
à ❝❡tt❡ sé♣❛r❛t✐♦♥✱ ✐❧ ❡st ♣♦ss✐❜❧❡ ❞✬✐♥t❡r❝❤❛♥❣❡r ❞❡s s♦✉s✲♠♦❞è❧❡s s❛♥s ♠♦❞✐✜❝❛t✐♦♥ ♠❛✲
❥❡✉r❡ ❞✉ ❝♦❞❡✳ ❉❛♥s ❧❛ ✈❡rs✐♦♥ ❛❝t✉❡❧❧❡ ❞❡ ▼é❧♦❞✐❡✱ ✐❧ ♥✬❡①✐st❡ q✉✬✉♥ s♦✉s✲♠♦❞è❧❡ ♣♦✉r
❝❤❛q✉❡ ♣r♦❝❡ss✉s s✐♠✉❧é✱ ♠❛✐s ❧❛ ♣♦ss✐❜✐❧✐té ❞✬❛✈♦✐r ♣❧✉s✐❡✉rs ♠♦❞è❧❡s ❝♦♥❝✉rr❡♥ts ♣♦✉rr❛
êtr❡ ❡①♣❧♦✐té❡ ❞❛♥s ✉♥❡ ✈❡rs✐♦♥ ❢✉t✉r❡✳ ▲❛ ❢♦r♠❡ ❞✬♦r❣❛♥✐s❛t✐♦♥ ❝❤♦✐s✐❡ ❢❛❝✐❧✐t❡ ❧❡ ♣❛ss❛❣❡
à ❞❡s ✈❡rs✐♦♥s ♣❧✉s ré❝❡♥t❡s ❞❡s ♠♦❞è❧❡s ✉t✐❧✐sés ❡t ❧✬❛❥♦✉t ❞❡ ♥♦✉✈❡❧❧❡s ❢♦♥❝t✐♦♥♥❛❧✐tés✳

❉é✈❡❧♦♣♣❡r ✉♥ s✐♠✉❧❛t❡✉r ♠♦❞✉❧❛✐r❡ ❡st ✉♥ ♣♦✐♥t ❡ss❡♥t✐❡❧✳ ❯♥ ♠♦❞✉❧❡ ♣❡✉t êtr❡
❞é✜♥✐ ❝♦♠♠❡ ✉♥ ❡♥s❡♠❜❧❡ ❞❡ ✈❛r✐❛❜❧❡s ❡t ❞❡ ❢♦♥❝t✐♦♥s s❡ r❛tt❛❝❤❛♥t à ✉♥ ♠ê♠❡ s♦✉s✲
❞♦♠❛✐♥❡ ❞✉ s②stè♠❡ s✐♠✉❧é ❡t ❛②❛♥t ❞❡s ✐♥t❡r❛❝t✐♦♥s ♠✐♥✐♠❛❧❡s ❛✈❡❝ ❧❡s ❛✉tr❡s ♠♦❞✉❧❡s✳
❉❡s ❝r✐tèr❡s ❞é✜♥✐ss❛♥t ♣❧✉s ♣ré❝✐sé♠❡♥t ❧❛ ♠♦❞✉❧❛r✐té ♣❡✉✈❡♥t êtr❡ tr♦✉✈és ❞❛♥s ❏♦♥❡s
❡t ❛❧✳ ✭✷✵✵✶✮✳ P♦✉r ✉♥ s✐♠✉❧❛t❡✉r ❞❡ ❣r❛♥❞❡ ❛♠♣❧❡✉r ❡t ❞❡st✐♥é à é✈♦❧✉❡r ♣❡♥❞❛♥t ♣❧✉✲



✶✾✷ ❉✐s❝✉ss✐♦♥ ❣é♥ér❛❧❡

s✐❡✉rs ❛♥♥é❡s✱ ♥❡ ♣❛s ♣r❡♥❞r❡ ❡♥ ❝♦♠♣t❡ ❝❡s ❛s♣❡❝ts ♣❡✉t ❝♦♥❞✉✐r❡ à ❞❡ sér✐❡✉① ♦❜st❛❝❧❡s
♣♦✉r ❧✬é✈♦❧✉t✐♦♥ ❞✉ ♠♦❞è❧❡✳ ❉❡ t❡❧❧❡s ❞✐✣❝✉❧tés ♦♥t été r❡♥❝♦♥tré❡s ❞❛♥s ❧❡ ❝❛❞r❡ ❞✉ ❞é✲
✈❡❧♦♣♣❡♠❡♥t ❞✬❆P❙■▼✱ ✉♥❡ ♣❧❛t❡✲❢♦r♠❡ ❛✉str❛❧✐❡♥♥❡ ❞❡ ♠♦❞é❧✐s❛t✐♦♥ ❞❡s s②stè♠❡s ❞❡
❝✉❧t✉r❡✱ ❡t ♥✬♦♥t été rés♦❧✉❡s q✉❡ ♣❛r ✉♥❡ ré♦r❣❛♥✐s❛t✐♦♥ ♣r♦❢♦♥❞❡ ❡t ✉♥❡ ♠♦❞✉❧❛r✐s❛t✐♦♥
❞✉ s✐♠✉❧❛t❡✉r ✭❏♦♥❡s ❡t ❛❧✳ ✷✵✵✶✮✳

●râ❝❡ ❛✉① ❝♦♥❝❡♣ts ❡①♣♦sés ❞❛♥s ❧❡ ♣❛r❛❣r❛♣❤❡ ♣ré❝é❞❡♥t✱ ▼é❧♦❞✐❡ ❡st ♠♦❞✉❧❛✐r❡
❛✉ ♥✐✈❡❛✉ ❝♦♥❝❡♣t✉❡❧✱ ❞❛♥s ❧❡ s❡♥s ♦ù ❞❡s ♣❛q✉❡ts ❞✬❡♥t✐tés ❛②❛♥t ❞❡s ✐♥t❡r❛❝t✐♦♥s ❧✐♠✐✲
té❡s ❡t ❝❧❛✐r❡♠❡♥t ✐❞❡♥t✐✜é❡s ♣❡✉✈❡♥t êtr❡ ❞✐st✐♥❣✉és✳ ▲❡s ❞✐✛ér❡♥ts ♠♦❞✉❧❡s ❞✉ s②stè♠❡
❜✐♦t❡❝❤♥✐q✉❡ s♦♥t ❧❡ ♠♦❞✉❧❡ s♦❧ ✲ ❝✉❧t✉r❡s✱ ❧❡ ♠♦❞✉❧❡ ❛♥✐♠❛✉① ❡t ❧❡ ♠♦❞✉❧❡ ❜ât✐♠❡♥ts
✲ st♦❝❦❛❣❡ ❡t tr❛✐t❡♠❡♥t ❞❡s ❡✤✉❡♥ts✳ ▼❛✐s ❞✉ ♣♦✐♥t ❞❡ ✈✉❡ ✐♥❢♦r♠❛t✐q✉❡✱ ❞❡s ♣r♦❣rès
✐♠♣♦rt❛♥ts s♦♥t ❡♥❝♦r❡ ♣♦ss✐❜❧❡s✳ ▲❡s s✐♠✉❧❛t❡✉rs ❝♦♥str✉✐ts ❛✈❡❝❉✐ès❡ ❢♦r♠❡♥t ❡♥ ♣r✐♥✲
❝✐♣❡ ✉♥ t♦✉t ❡t ✐❧ ♥✬❡①✐st❡ ♣❛s ❞❡ ♣♦ss✐❜✐❧✐té ❞❡ ❝ré❡r ❞❡s ♠♦❞✉❧❡s ✐♥❞é♣❡♥❞❛♥ts ❡♥tr❡ ❡✉①
❡♥ t❡r♠❡s ❞❡ ♣r♦❣r❛♠♠❛t✐♦♥✳ ❈❡t ❛s♣❡❝t ét❛♥t ✐♠♣♦rt❛♥t ♣♦✉r ▼é❧♦❞✐❡✱ ✉♥❡ ré✢❡①✐♦♥
❛ été ❡♥❣❛❣é❡ ❛✈❡❝ ❧❡s ❝♦♥❝❡♣t❡✉rs ❞❡ ❉✐ès❡ ✭❏✳✲P✳ ❘❡❧❧✐❡r✱ ❘✳ ▼❛rt✐♥✲❈❧♦✉❛✐r❡✱ ■◆❘❆✱
✉♥✐té ❇■❆✮✳ ❈❡♣❡♥❞❛♥t✱ ❞❡s ✈❡rr♦✉s t❡❝❤♥✐q✉❡s ❞♦✐✈❡♥t êtr❡ ❧❡✈és✳ ▼é❧♦❞✐❡ ❞é♣❡♥❞
❞♦♥❝ ❞❡s é✈♦❧✉t✐♦♥s ❢✉t✉r❡s ❞❡ ❉✐ès❡ s✉r ❝❡ ♣♦✐♥t✳

✾✳✷✳✷ ❈♦✉♣❧❛❣❡ ❞❡ ♠♦❞è❧❡s

▲❡ ❝♦✉♣❧❛❣❡ ❞❡s s♦✉s✲♠♦❞è❧❡s ❡st ✉♥ ♣♦✐♥t ❝r✉❝✐❛❧ ♣♦✉r ❧❛ ❝♦♥str✉❝t✐♦♥ ❞✬✉♥ s✐♠✉✲
❧❛t❡✉r é✈♦❧✉t✐❢✳ ▲✬é♠❡r❣❡♥❝❡ r❡❧❛t✐✈❡♠❡♥t ré❝❡♥t❡ ❞❡ ♣❧❛t❡s✲❢♦r♠❡s ❞❡ s✐♠✉❧❛t✐♦♥ ✐♥té✲
❣r❛t✐✈❡s✱ ❝♦♥t❡♥❛♥t ❞❡ ♥♦♠❜r❡✉① s♦✉s✲♠♦❞è❧❡s✱ ❛ été ❧❛ s♦✉r❝❡ ❞❡ ré✢❡①✐♦♥s ♠ét❤♦❞♦❧♦✲
❣✐q✉❡s s✉r ❧❡ ❝♦✉♣❧❛❣❡ ❞❡ ♠♦❞è❧❡s✳ ▲❡ ❞♦♠❛✐♥❡ ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥ ❞❡s s②stè♠❡s ❞❡ ❝✉❧t✉r❡
❡st ♣❛rt✐❝✉❧✐èr❡♠❡♥t ❡♥ ❛✈❛♥❝❡ s✉r ❝❡ ♣♦✐♥t✳ ▲❛ ♠♦❞✉❧❛r✐s❛t✐♦♥ ❞✬❆P❙■▼ ❛ ❞♦♥♥é ❧✐❡✉
❛✉ ❞é✈❡❧♦♣♣❡♠❡♥t ❞✬✉♥ ♠♦t❡✉r ❞❡ s✐♠✉❧❛t✐♦♥ ❣ér❛♥t ❧❛ ❝♦♠♠✉♥✐❝❛t✐♦♥ ❡♥tr❡ ♠♦❞✉❧❡s
✭❑❡❛t✐♥❣ ❡t ❛❧✳ ✷✵✵✸✮✳ ❙✉✐t❡ à ❞✬❛✉tr❡s ❞é✈❡❧♦♣♣❡♠❡♥ts✱ ❆P❙■▼ ✉t✐❧✐s❡ ❞és♦r♠❛✐s ❧❡
❈♦♠♠♦♥ ▼♦❞❡❧❧✐♥❣ Pr♦t♦❝♦❧ ✭❈▼P✮ ♣r♦♣♦sé ♣❛r ▼♦♦r❡ ❡t ❛❧✳ ✭✷✵✵✼✮ ♣♦✉r ❣ér❡r ❝❡tt❡
❝♦♠♠✉♥✐❝❛t✐♦♥✳ ▲❡ ❈▼P ❡st ✉♥❡ ❢♦r♠❛❧✐s❛t✐♦♥ ❞❡s ♣r♦❝❡ss✉s ❞❡ ❝♦♠♠✉♥✐❝❛t✐♦♥ ❡♥tr❡
♠♦❞è❧❡s✱ ❞❛♥s ❧❡ ❞♦♠❛✐♥❡ ❞❡ ❧✬❛❣r✐❝✉❧t✉r❡ ❡t ❞❡ ❧✬❡♥✈✐r♦♥♥❡♠❡♥t✳ ❆✉ ♥✐✈❡❛✉ ❡✉r♦♣é❡♥✱
❧❡ ♣r♦❥❡t ❙❡❛♠❧❡ss ✭✈❛♥ ■tt❡rs✉♠ ❡t ❛❧✳ ✷✵✵✽✮ ❛ ❞♦♥♥é ❧✐❡✉ ❛✉ ❞é✈❡❧♦♣♣❡♠❡♥t ❞❡ ❧❛
♣❧❛t❡✲❢♦r♠❡ ▼♦❞❈♦♠✱ ❡❧❧❡ ❛✉ss✐ ❞❡st✐♥é❡ à ❢❛❝✐❧✐t❡r ❧❛ ❝♦♠♠✉♥✐❝❛t✐♦♥ ❡♥tr❡ ♠♦❞è❧❡s ❡t
❧❛ ré✉t✐❧✐s❛t✐♦♥ ❞❡ ❝♦❞❡✳

▲❡ ♣❛r❛❞✐❣♠❡ ♦❜❥❡t✱ ✉t✐❧✐sé ❞❛♥s ▼é❧♦❞✐❡✱ ❡st ♣❡r❢♦r♠❛♥t ♣♦✉r ré❛❧✐s❡r ✉♥❡ ♣r♦✲
❣r❛♠♠❛t✐♦♥ ♠♦❞✉❧❛✐r❡ ✭❏♦♥❡s ❡t ❛❧✳ ✷✵✵✶ ❀ ❍✐❧❧②❡r ❡t ❛❧✳ ✷✵✵✸✮✳ ▲❡s ♠♦❞✉❧❡s ❞♦✐✈❡♥t
♣❡r♠❡ttr❡ ❧✬❛❝❝ès ✉♥✐q✉❡♠❡♥t ❛✉① ✈❛r✐❛❜❧❡s ❞❡ s♦rt✐❡✱ ❧❡s ✈❛r✐❛❜❧❡s ✐♥t❡r♥❡s ❛✉ ♠♦❞✉❧❡
ét❛♥t ✓ ❝❛❝❤é❡s ✔✳ ▲❡ ♣❛r❛❞✐❣♠❡ ♦❜❥❡t ♣r♦♣♦s❡ ❞❛♥s ❝❡ ❜✉t ❧❡ ♠é❝❛♥✐s♠❡ ❞✬❡♥❝❛♣s✉❧❛✲
t✐♦♥✳ ❉❡ ♣❧✉s✱ ❧❛ ❝♦♠♠✉♥✐❝❛t✐♦♥ ❡♥tr❡ ♠♦❞è❧❡s ❞❛♥s ❧❡ ❈▼P ✭❋✐❣✳ ✾✳✶✮ r❡♣♦s❡ s✉r ✉♥❡
✐♥t❡r❢❛❝❡ ❧♦❣✐q✉❡ ❝♦♠♠✉♥❡ à t♦✉s ❧❡s ❝♦♠♣♦s❛♥ts r❡♠♣❧✐ss❛♥t ✉♥ rô❧❡ ❛♥❛❧♦❣✉❡ ✭▼♦♦r❡
❡t ❛❧✳ ✷✵✵✼✮✳ ❊♥ ♣❛rt✐❝✉❧✐❡r✱ ❝❤❛q✉❡ ❝♦♠♣♦s❛♥t ♣♦ssè❞❡ ❞❡s ♣r♦♣r✐étés ♣r♦♣r❡s✱ ❞❡s ♣r♦✲
♣r✐étés ♠♦tr✐❝❡s ✭✓ ❞r✐✈✐♥❣ ♣r♦♣❡rt✐❡s ✔✮ ❡t ✉♥ s②stè♠❡ ❞❡ ❣❡st✐♦♥ ❞❡s é✈é♥❡♠❡♥ts ❛✜♥
❞❡ ♥♦t✐✜❡r ❧✬♦❝❝✉rr❡♥❝❡ ❞✬é✈é♥❡♠❡♥ts ❛✉① ❛✉tr❡s ♠♦❞✉❧❡s ❡t ❞❡ ré❛❣✐r à ❞❡s é✈é♥❡♠❡♥ts
❡①tér✐❡✉rs✳

▲❡s ♦❜s❡r✈❛t✐♦♥s ♣ré❝é❞❡♥t❡s ✐♥❞✉✐s❡♥t ❞❡s r❡❝♦♠♠❛♥❞❛t✐♦♥s ♣♦✉r ❧❡ ❞é✈❡❧♦♣♣❡♠❡♥t
❞❡ ♠♦❞è❧❡s ♣♦✉✈❛♥t ❢❛❝✐❧❡♠❡♥t êtr❡ ✉t✐❧✐sés ❞❛♥s ✉♥ s✐♠✉❧❛t❡✉r t❡❧ q✉❡ ▼é❧♦❞✐❡✳ ❉❛♥s



▼é❧♦❞✐❡✱ ✉♥ ♠♦❞è❧❡ é✈♦❧✉t✐❢ ❞✉ ❢♦♥❝t✐♦♥♥❡♠❡♥t ❞❡s é❧❡✈❛❣❡s ✶✾✸

Component 

Name 
ID 

Owned Property 

Readable  
Writeable 

Driving Property 

Property 

Name 
ID
Type 
Value*

*

Simulation 

System 
owns 

Event 

Name 
Type 
Parameters 

signals

*owns 

requires 

publishes 

handles 

owns 

*

❋✐❣✳ ✾✳✶ ✕ ❉✐❛❣r❛♠♠❡ ❯▼▲ ❞❡s str✉❝t✉r❡s ❞❡ ❝♦♠♠✉♥✐❝❛t✐♦♥ ❡♥tr❡ ♠♦❞è❧❡s ❞❛♥s ❧❡
❈♦♠♠♦♥ ▼♦❞❡❧❧✐♥❣ Pr♦t♦❝♦❧✳ ❙♦✉r❝❡ ✿ ▼♦♦r❡ ❡t ❛❧✳ ✭✷✵✵✼✮

❝❡ ❝❛❞r❡✱ ✐❧ ♥✬❡st ♣❛s ✉t✐❧❡ ❞❡ ❞✐s♣♦s❡r ❞❡ ♠é❝❛♥✐s♠❡s ❣é♥ér✐q✉❡s ❞❡ ❝♦♠♠✉♥✐❝❛t✐♦♥
❡♥tr❡ ♠♦❞è❧❡s✱ ♥❡ ♥é❝❡ss✐t❛♥t ♣❛s ❞✬✐♥t❡r✈❡♥t✐♦♥ ❞❛♥s ❧❡ ♣r♦❣r❛♠♠❡✳ ❊♥ ❡✛❡t✱ ❧❛ ❝♦♠✲
♠✉♥✐❝❛t✐♦♥ ❡♥tr❡ s♦✉s✲♠♦❞è❧❡s ❞❡ ▼é❧♦❞✐❡ ♣❛ss❡ ♣❛r ❧❡s ❞❡s❝r✐♣t❡✉rs ❞❡ ❉✐ès❡✳ ❉❡s
✐♥t❡r❢❛❝❡s ❞♦✐✈❡♥t ❞♦♥❝ êtr❡ ♣r♦❣r❛♠♠é❡s✳ ◆♦tr❡ ❡①♣ér✐❡♥❝❡ ❛ ♠♦♥tré q✉❡ q✉❡❧q✉❡s é❧é✲
♠❡♥ts ❞❡ str✉❝t✉r❛t✐♦♥ ♣♦✉✈❛✐❡♥t ❣r❛♥❞❡♠❡♥t ❢❛❝✐❧✐t❡r ❧❡s ❝♦✉♣❧❛❣❡s t❡❧s q✉❡ ❝❡✉① q✉❡
♥♦✉s ❛✈♦♥s ré❛❧✐sés✳ ■❧ ♥♦✉s s❡♠❜❧❡ q✉❡ ❧❡s s♦✉s✲♠♦❞è❧❡s ❞❡✈r❛✐❡♥t êtr❡ ♣r♦❣r❛♠♠és à ❧❛
♠❛♥✐èr❡ ❞✬✉♥❡ ❧✐❜r❛✐r✐❡ ✐♥❢♦r♠❛t✐q✉❡✱ ♣r♦♣♦s❛♥t ✉♥❡ ✐♥t❡r❢❛❝❡ ❞❡ ♣r♦❣r❛♠♠❛t✐♦♥ ✭❆P■✱
❡♥ ✈❡rs✐♦♥ ❛♥❣❧♦♣❤♦♥❡✮ st❛❜❧❡ ❡t ❜✐❡♥ ❝♦♥str✉✐t❡✳ ❈❡s ❆P■ ❞♦✐✈❡♥t ♣❡r♠❡ttr❡ ✿

✕ ❞❡ s♣é❝✐✜❡r ❧❡s ❡♥tré❡s ❡t ❞✬✐♥✐t✐❛❧✐s❡r ❧❡s s♦✉s✲♠♦❞è❧❡s ❀
✕ ❞❡ ❞é♠❛rr❡r ❧❛ s✐♠✉❧❛t✐♦♥ ❡t ❞❡ ❝♦♥trô❧❡r ❧✬❛✈❛♥❝❡♠❡♥t ❞✉ t❡♠♣s ❀
✕ ❞❡ s♣é❝✐✜❡r ❧❛ ✈❛❧❡✉r ❞❡ ✈❛r✐❛❜❧❡s ❡t ❧✬♦❝✉rr❡♥❝❡ ❞✬é✈é♥❡♠❡♥ts ❡①t❡r♥❡s ❛✉ s♦✉s✲
♠♦❞è❧❡✱ ❡♥ ❝♦✉rs ❞❡ s✐♠✉❧❛t✐♦♥ ❀

✕ ❞❡ s♣é❝✐✜❡r ❧❡ ♣✐❧♦t❛❣❡ ❞✉ s②stè♠❡✱ ❡♥ ❝♦✉rs ❞❡ s✐♠✉❧❛t✐♦♥ é❣❛❧❡♠❡♥t ❀
✕ ❞✬❡①tr❛✐r❡ ❧❛ ✈❛❧❡✉r ❞❡s ✈❛r✐❛❜❧❡s ❞✬✐♥térêt s✐♠✉❧é❡s ♣❛r ❧❡ s♦✉s✲♠♦❞è❧❡✳

▲❛ ♣♦ss✐❜✐❧✐té ❞✬✉t✐❧✐s❡r ✉♥ ♠♦❞è❧❡ à ✉♥❡ é❝❤❡❧❧❡ ❞✐✛ér❡♥t❡ ❞❡ ❝❡❧❧❡ ♣♦✉r ❧❛q✉❡❧❧❡ ✐❧
❛ été ❝♦♥ç✉ ❞♦✐t ❛✉ss✐ êtr❡ ✐♥té❣ré❡✳ ❉❛♥s ❧❡ ❝❛❞r❡ ❞✉ ❞é✈❡❧♦♣♣❡♠❡♥t ❞❡ ▼é❧♦❞✐❡✱
✉♥❡ ❞✐✣❝✉❧té ❛ été ❧✬❛❞❛♣t❛t✐♦♥ ❞❡ ❙t✐❝s ♣♦✉r ❞❡s s✐♠✉❧❛t✐♦♥s ♣❧✉r✐✲❛♥♥✉❡❧❧❡s✱ ❝❡ q✉✐
❛ ♥é❝❡ss✐té ✉♥ tr❛✈❛✐❧ s✉r ❧❡s ❢♦♥❝t✐♦♥s ❞✬✐♥✐t✐❛❧✐s❛t✐♦♥ ❞✉ ♠♦❞è❧❡✳ ❯♥❡ sé♣❛r❛t✐♦♥ ❝❧❛✐r❡
❞❡s ✈❛r✐❛❜❧❡s ❛✉r❛✐t ♣❡r♠✐s ❞✬é✈✐t❡r ❝❡ tr❛✈❛✐❧✳

❙✐ ❧❡s ♣r♦❥❡ts ❞❡ ♠♦❞é❧✐s❛t✐♦♥ s✉s❝❡♣t✐❜❧❡s ❞✬êtr❡ ❝♦✉♣❧és à ❞✬❛✉tr❡s ♠♦❞è❧❡s ❛✉ s❡✐♥
❞✬✉♥ ♣r♦❥❡t ♣❧✉s ❡♥❣❧♦❜❛♥t r❡s♣❡❝t❛✐❡♥t ❝❡s s♣é❝✐✜❝❛t✐♦♥s✱ ❧❡ ❞é✈❡❧♦♣♣❡♠❡♥t ❞❡s ♣r♦❥❡ts
♣❧✉s ❡♥❣❧♦❜❛♥ts s❡r❛✐t ❣r❛♥❞❡♠❡♥t ❢❛❝✐❧✐té✳ ❈❡tt❡ r❡♠❛rq✉❡ s✬❛♣♣❧✐q✉❡ ❛✉ ♠♦❞è❧❡ ▼é✲
❧♦❞✐❡ ❧✉✐✲♠ê♠❡✳ ❊♥ ❡✛❡t✱ ❞❡s ♠♦❞è❧❡s ❞❡ s✐♠✉❧❛t✐♦♥s à ❧✬é❝❤❡❧❧❡ ❞✬✉♥❡ ♣❡t✐t❡ ré❣✐♦♥
♦✉ ❞✬✉♥ ❜❛ss✐♥✲✈❡rs❛♥t ♣♦✉rr❛✐❡♥t ✐♥té❣r❡r ▼é❧♦❞✐❡ ♣♦✉r r❡♣rés❡♥t❡r ❧❛ ❝♦❤ér❡♥❝❡ à
❧✬é❝❤❡❧❧❡ ❞❡ ❧✬❡①♣❧♦✐t❛t✐♦♥✳ ❖♥ ♣❡✉t ♠ê♠❡ ✐♠❛❣✐♥❡r ❞❡ s✐♠✉❧❡r ❞❡s r❡❧❛t✐♦♥s ❡♥tr❡ ❡①♣❧♦✐✲
t❛t✐♦♥s✱ ❞❛♥s ❧❡ ❝❛❞r❡ ❞❡ ♠♦❞è❧❡s ♠✉❧t✐✲❛❣❡♥ts✳ ❈❡♣❡♥❞❛♥t✱ ▼é❧♦❞✐❡ ♥❡ s❛t✐s❢❛✐t ♣❛s



✶✾✹ ❉✐s❝✉ss✐♦♥ ❣é♥ér❛❧❡

❛✉① ♣r✐♥❝✐♣❡s é♥♦♥❝és ❝✐✲❞❡ss✉s✱ à ❝❛✉s❡ ❞❡ ❧❛ ❞é♣❡♥❞❛♥❝❡ à ❉✐ès❡✳ ▲❡s ♠é❝❛♥✐s♠❡s ❞❡
❝♦✉♣❧❛❣❡ ❞✬✉♥ s✐♠✉❧❛t❡✉r ❝♦♥str✉✐t ❛✈❡❝ ❉✐ès❡ r❡st❡♥t à ❞é✜♥✐r✳

❊♥ rés✉♠é✱ ♣❛r ❛♥❛❧♦❣✐❡ ❛✈❡❝ ❧❡ ♠♦♥❞❡ ❞✉ ❞é✈❡❧♦♣♣❡♠❡♥t ✐♥❢♦r♠❛t✐q✉❡✱ ❧❡ ❞é✈❡❧♦♣✲
♣❡♠❡♥t ❡t ❧✬✐♠♣❧é♠❡♥t❛t✐♦♥ ❞❡s ♠♦❞è❧❡s ❞♦✐✈❡♥t êtr❡ ♣❡♥sés ❡♥ t❡r♠❡s ❞❡ ❝ré❛t✐♦♥ ❞❡
❧✐❜r❛✐r✐❡ ♣❧✉tôt q✉✬❡♥ t❡r♠❡s ❞❡ ❝ré❛t✐♦♥ ❞✬❡①é❝✉t❛❜❧❡✳ ❆✉ ✈✉ ❞❡s ❜❡s♦✐♥s s♣é❝✐✜és✱ ❧❡s
❜é♥é✜❝❡s ❛♣♣♦rtés ♣❛r ❧❡ ♣❛r❛❞✐❣♠❡ ♦❜❥❡t ❡♥ ❢♦♥t ✉♥❡ ❛♣♣r♦❝❤❡ ✐♥❝♦♥t♦✉r♥❛❜❧❡✳ ❙✉r
✉♥ ♣❧❛♥ ♣✉r❡♠❡♥t ✐♥❢♦r♠❛t✐q✉❡✱ ✉♥ r❡❝♦✉rs ♣❧✉s ❧❛r❣❡ ❛✉① ♠ét❤♦❞❡s ❞❡ ❞é✈❡❧♦♣♣❡♠❡♥t
❛♣♣❧✐q✉é❡s ❞❛♥s ❧❡ ♠♦♥❞❡ ❞❡ ❧✬❡♥tr❡♣r✐s❡ ❢❛❝✐❧✐t❡r❛✐t ❧❛ ♠❛✐♥t❡♥❛♥❝❡ ❡t ❛✉❣♠❡♥t❡r❛✐t ❧❡s
♣♦ss✐❜✐❧✐tés ❞❡ ré✉t✐❧✐s❛t✐♦♥ ❞✉ ❝♦❞❡ ❞é✈❡❧♦♣♣é ♣♦✉r ❞❡s ♠♦❞è❧❡s ✐♥té❣r❛t❡✉rs ✭❑♥❛♣❡♥
❡t ❛❧✳ ✷✵✵✼✮✳

❊♥ ❝❡ q✉✐ ❝♦♥❝❡r♥❡ ❧❛ ✈❡rs✐♦♥ ❛❝t✉❡❧❧❡ ❞❡ ▼é❧♦❞✐❡✱ ✉♥❡ ❞❡s ❞✐✣❝✉❧tés ❞❛♥s ❧❡ ❝♦✉✲
♣❧❛❣❡ ♣r♦✈✐❡♥t ❞✉ ❢❛✐t q✉❡ ❝❡rt❛✐♥❡s ❞❡s éq✉❛t✐♦♥s ✉t✐❧✐sé❡s s♦♥t ét❛❜❧✐❡s ❞✐r❡❝t❡♠❡♥t à
❧✬é❝❤❡❧❧❡ ❞✉ s②stè♠❡ ❞❡ ♣r♦❞✉❝t✐♦♥✱ ❝✬❡st✲à✲❞✐r❡ q✉✬❡❧❧❡s ♣r❡♥♥❡♥t ❡♥ ❝♦♠♣t❡ ❞❡s ✈❛r✐❛❜❧❡s
❝❛r❛❝tér✐st✐q✉❡s ❞✉ s②stè♠❡✳ P❛r ❡①❡♠♣❧❡✱ ❧❡s é♠✐ss✐♦♥s ❞❡ N2O ❛✉ ♣ât✉r❛❣❡ s♦♥t ❢♦♥❝✲
t✐♦♥ ❞✉ ❝❤❛r❣❡♠❡♥t ✭♥♦♠❜r❡ ❞✬❛♥✐♠❛✉① r❛♣♣♦rté à ❧❛ s✉r❢❛❝❡✮ ❣❧♦❜❛❧ s✉r ❧✬❡①♣❧♦✐t❛t✐♦♥✳
❈❡tt❡ éq✉❛t✐♦♥ ❡♠♣✐r✐q✉❡ ❛ été ❝❤♦✐s✐❡ ❝❛r ✐❧ ♥✬❡①✐st❡ ♣❛s ❞❡ ♠♦❞è❧❡ ♠é❝❛♥✐st❡ ✉t✐❧✐s❛❜❧❡✳
❉❡s éq✉❛t✐♦♥s ❞❡ ❝❡ t②♣❡ ❝♦♠♣❧✐q✉❡♥t ❧✬♦r❣❛♥✐s❛t✐♦♥ ❞✉ ♠♦❞è❧❡✳ ■❞é❛❧❡♠❡♥t✱ ▼é❧♦❞✐❡
♥❡ ❞❡✈r❛✐t ❝♦♥t❡♥✐r q✉❡ ❞❡s éq✉❛t✐♦♥s ❞é❝r✐✈❛♥t ❧❡s ♣r♦❝❡ss✉s ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ✈❛r✐❛❜❧❡s
♣❡rt✐♥❡♥t❡s à ❧✬é❝❤❡❧❧❡ ❞❡ ❝❡ ♣r♦❝❡ss✉s ✭❝♦♠♠❡ ❧❡ ❝❤❛r❣❡♠❡♥t s✉r ❧❛ ♣❛r❝❡❧❧❡ ♣ât✉ré❡✱
❞❛♥s ❧❡ ❝❛s ❞❡s é♠✐ss✐♦♥s ❞❡ N20✮✳

❊♥ ♦✉tr❡✱ ❧❡ ❝♦✉♣❧❛❣❡ ❛✈❡❝ ❙t✐❝s ❡st ❡✛❡❝t✉é ✓ s✉r ♠❡s✉r❡ ✔ ♣♦✉r ✉♥❡ ✈❡rs✐♦♥ ♣❛rt✐✲
❝✉❧✐èr❡ ❞✉ ♠♦❞è❧❡✳ P❛ss❡r à ✉♥❡ ✈❡rs✐♦♥ s✉✐✈❛♥t❡ ♥é❝❡ss✐t❡ ♣r❡sq✉❡ ♦❜❧✐❣❛t♦✐r❡♠❡♥t ❞❡s
♠♦❞✐✜❝❛t✐♦♥s ❞❛♥s ❧❡ ❝♦❞❡ ré❛❧✐s❛♥t ❧❡ ❝♦✉♣❧❛❣❡ ❡♥tr❡ ❙t✐❝s ❡t ▼é❧♦❞✐❡✳ ❖r✱ ❞❡s ❞é✈❡✲
❧♦♣♣❡♠❡♥ts ♠ét❤♦❞♦❧♦❣✐q✉❡s s♦♥t ❡♥ ❝♦✉rs ❞❛♥s ❧❡ ❞♦♠❛✐♥❡ ❞❡ ❧❛ ♠♦❞é❧✐s❛t✐♦♥ ❞❡s s②s✲
tè♠❡s ❞❡ ❝✉❧t✉r❡✳ ❯♥ tr❛✈❛✐❧ ❛ été ❡♥❣❛❣é s✉r ❧❛ ♣r♦❣r❛♠♠❛t✐♦♥ ✐♥❢♦r♠❛t✐q✉❡ ❞❡ ❙t✐❝s✱
q✉✐ ❡st ❧✬♦❝❝❛s✐♦♥ ❞✬✉♥❡ ré✢❡①✐♦♥ s✉r ❧✬♦r❣❛♥✐s❛t✐♦♥ ❣é♥ér❛❧❡ ❞✉ ♠♦❞è❧❡ ❡t ❧❡s ♣♦ss✐❜✐❧✐tés
❞❡ ❝♦✉♣❧❛❣❡s ❛✈❡❝ ❞✬❛✉tr❡s ♠♦❞è❧❡s ✭◆✳ ❇r✐ss♦♥✱ ❝♦♠♠✉♥✐❝❛t✐♦♥ ♣❡rs♦♥♥❡❧❧❡✮✳ ❉✬❛✉tr❡
♣❛rt✱ ❧❡ ♣r♦❥❡t ❘❡❝♦r❞ ✭❘é♥♦✈❛t✐♦♥ ❡t ❝♦♦r❞✐♥❛t✐♦♥ ❞❡s ♠♦❞è❧❡s ❞❡ ❝✉❧t✉r❡✮✱ ❞♦♥t ❧❡s
s♣é❝✐✜❝❛t✐♦♥s s♦♥t ❡①♣♦sé❡s ♣❛r ❈❤❛❜r✐❡r ❡t ❛❧✳ ✭✷✵✵✼✮✱ ❡st ❡♥ ❝♦✉rs ❞❡ ❞é✈❡❧♦♣♣❡♠❡♥t✳ ■❧
s✬❛❣✐t ❞✬✉♥❡ ré✢❡①✐♦♥ ✐♠♣♦rt❛♥t❡ s✉r ❧❡ ❝♦✉♣❧❛❣❡ ❞❡ ♠♦❞è❧❡s ❞❡ s②stè♠❡s ❞❡ ❝✉❧t✉r❡s ❡t
❞❡ ❧❡✉r ❣❡st✐♦♥✱ q✉✐ ♣♦✉rr❛✐t ♦✉✈r✐r ❞❡s ♣♦ss✐❜✐❧✐tés ✐♥tér❡ss❛♥t❡s ♣♦✉r▼é❧♦❞✐❡✳ ▲✬✐❞é❛❧
s❡r❛✐t q✉❡ ❝❡s ❞❡✉① ♣r♦❥❡ts ❢♦✉r♥✐ss❡♥t ❞❡s ✐♥t❡r❢❛❝❡s ❞❡ ♣r♦❣r❛♠♠❛t✐♦♥ st❛❜❧❡s ✭✈♦✐r
♣❧✉s ❤❛✉t✮✱ ♣❡r♠❡tt❛♥t ❛✉① ♠♦❞è❧❡s ❜✐♦t❡❝❤♥✐q✉❡s ❞✬é✈♦❧✉❡r s❛♥s q✉❡ ❧❡s ❝♦✉♣❧❛❣❡s ♥❡
❞♦✐✈❡♥t êtr❡ r❡❢❛✐ts✳ ◆♦✉s ❞✐s♣♦s❡r♦♥s ❛❧♦rs ❞✬❛t♦✉ts q✉✐ ♥✬❡①✐st❛✐❡♥t ♣❛s ❛✉ ❞é♠❛rr❛❣❡
❞❡ ❝❡tt❡ t❤ès❡ ❡t ❞♦♥t ❧❡s ❜é♥é✜❝❡s ♣♦t❡♥t✐❡❧s ❥✉st✐✜❡r♦♥t ❧❛r❣❡♠❡♥t ❧❡s ♠♦❞✐✜❝❛t✐♦♥s à
❛♣♣♦rt❡r à ▼é❧♦❞✐❡ ♣♦✉r ❧❡s ✐♥té❣r❡r✳

▲❛ ♣❧❛t❡✲❢♦r♠❡ ❘❡❝♦r❞ ❞❡✈r❛✐t é❣❛❧❡♠❡♥t ❢♦✉r♥✐r ❞❡s ♦✉t✐❧s ❞❡ ❣❡st✐♦♥ ❞❡s s✐♠✉✲
❧❛t✐♦♥s ❡t ❞❡ tr❛✐t❡♠❡♥t ❞❡ ❧❡✉rs rés✉❧t❛ts✱ très ♣r♦❝❤❡s ❞❡ ❝❡rt❛✐♥s ❛s♣❡❝ts ❞❡ ❉✐ès❡✳
❘é❝✐♣r♦q✉❡♠❡♥t✱ ❉✐ès❡ ❡st ✉♥❡ ❜❛s❡ ✐♥tér❡ss❛♥t❡ ♣♦✉r ❧❛ ♠♦❞é❧✐s❛t✐♦♥ ❞❡s ♣r♦❝❡ss✉s
❞é❝✐s✐♦♥♥❡❧s ❡♥✈✐s❛❣é❡ ❞❛♥s ❘❡❝♦r❞✳ ❯♥❡ ❤②♣♦t❤ét✐q✉❡ ❝♦♥✈❡r❣❡♥❝❡ ❡♥tr❡ ❝❡s ❞❡✉①
♣❧❛t❡s✲❢♦r♠❡s ♣❡r♠❡ttr❛✐t ❞❡ ♠✉t✉❛❧✐s❡r ❧❡s tr❛✈❛✉① ❡t s❡r❛✐t ❜é♥é✜q✉❡ à t♦✉s✳ ❊♥ t❛♥t
q✉✬✉t✐❧✐s❛t❡✉r ❞❡ ❉✐ès❡✱ ❧❡ ♣r♦❥❡t▼é❧♦❞✐❡ ❡st ❞✐r❡❝t❡♠❡♥t ❝♦♥❝❡r♥é✳ ❙✐ ❧✬✐❞é❡ ❞✬✉♥❡ ❢✉✲
s✐♦♥ ♣r❡♥❛✐t ❢♦r♠❡✱ ❧❛ ♣❧❛t❡✲❢♦r♠❡ rés✉❧t❛♥t❡ ♣♦✉rr❛✐t s❡r✈✐r ♣♦✉r ✉♥❡ ♠✉t✉❛❧✐s❛t✐♦♥ ❞❡s



▼é❧♦❞✐❡✱ ✉♥ ♠♦❞è❧❡ é✈♦❧✉t✐❢ ❞✉ ❢♦♥❝t✐♦♥♥❡♠❡♥t ❞❡s é❧❡✈❛❣❡s ✶✾✺

tr❛✈❛✉① ❞❛♥s ❧❡ ❞♦♠❛✐♥❡ ❞❡s s②stè♠❡s ❞✬é❧❡✈❛❣❡✱ s✐ ❧✬❛♣♣r♦❝❤❡ ♣❛r ♦♥t♦❧♦❣✐❡s ❞ét❛✐❧❧é❡
❞❛♥s ❧❡ ♣❛r❛❣r❛♣❤❡ s✉✐✈❛♥t ét❛✐t r❡t❡♥✉❡✳

✾✳✷✳✸ ▼♦❞é❧✐s❛t✐♦♥ ♣❛r ♦♥t♦❧♦❣✐❡s

❉❡ ♥♦♠❜r❡✉① ♠♦❞è❧❡s ét✉❞✐❛♥t ❝❡rt❛✐♥s ❛s♣❡❝ts ❞✉ ❢♦♥❝t✐♦♥♥❡♠❡♥t ❞❡s é❧❡✈❛❣❡s ♦♥t
été ré❛❧✐sés✳ P❛r ❡①❡♠♣❧❡✱ ❧❡ ♠♦❞è❧❡ ●❛♠❡❞❡ ✭❱❛②ss✐èr❡s ✷✵✵✽✮ ❛ été ❞é❝r✐t ❞❛♥s ❧❡
❝❤❛♣✐tr❡ ✷✳ ❏♦✉✈❡♥ ✭✷✵✵✻✮ ♣r♦♣♦s❡ ❧❡ s✐♠✉❧❛t❡✉r ❙❡❜✐❡♥ ♣♦✉r ét✉❞✐❡r ❧✬éq✉✐❧✐❜r❡ ❡♥tr❡
♣r♦❞✉❝t✐♦♥ ❡t ❣❡st✐♦♥ ❞✉r❛❜❧❡ ❞❡s ♣r❛✐r✐❡s ❞❛♥s ❧❡s é❧❡✈❛❣❡s ❜♦✈✐♥s ❛❧❧❛✐t❛♥ts✳ ■♥❣r❛♥❞
❡t ❛❧✳ ✭✷✵✵✷✮ ♦♥t ❞é✈❡❧♦♣♣é ❧❡ s✐♠✉❧❛t❡✉r ❙✐♠❜❛❧❧ ♣♦✉r s✐♠✉❧❡r ❧❡ ❢♦♥❝t✐♦♥♥❡♠❡♥t ❞❡
tr♦✉♣❡❛✉① ❜♦✈✐♥s ❛❧❧❛✐t❛♥ts ❡♥ ❢♦♥❝t✐♦♥ ❞❡ rè❣❧❡s ❞❡ ❝♦♥❞✉✐t❡✳ ▼❛rt❡❧ ✭✷✵✵✽✮ ❛ ét✉❞✐é ♣❛r
♠♦❞é❧✐s❛t✐♦♥ ❧❡s ✐♥t❡r❛❝t✐♦♥s ❡♥tr❡ ♣r❛t✐q✉❡s ❛❣r✐❝♦❧❡s✱ t❡♠♣s ❞❡ tr❛✈❛✐❧ ❡t ♣r♦❞✉❝t✐✈✐té
❞❡s tr♦✉♣❡❛✉① ❞❡ tr✉✐❡s✳

❉❡s ❢♦♥❞❡♠❡♥ts ♠ét❤♦❞♦❧♦❣✐q✉❡s ❝♦♠♠✉♥s ❛✈❡❝▼é❧♦❞✐❡ ♥✬♦♥t ♣❛s été ❞é✈❡❧♦♣♣és✳
P♦✉rt❛♥t✱ s✐ ❧❡s q✉❡st✐♦♥s ❞❡ r❡❝❤❡r❝❤❡ ❛❜♦r❞é❡s ♣❛r ❝❡s ♣r♦❥❡ts s♦♥t ❞✐✛ér❡♥t❡s✱ ✐❧s ♦♥t
❞❡s ♣♦✐♥ts ❝♦♠♠✉♥s ❞❛♥s ❧❡✉r ❢♦♥❝t✐♦♥♥❡♠❡♥t✳ ❊♥ ❡✛❡t✱ t♦✉s ré❛❧✐s❡♥t ❞❡s s✐♠✉❧❛t✐♦♥s
❞②♥❛♠✐q✉❡s ❞✉ ❢♦♥❝t✐♦♥♥❡♠❡♥t ❞✬✉♥ é❧❡✈❛❣❡ ❡♥ r❡❧❛t✐♦♥ ❛✈❡❝ ❞❡s ♣r❛t✐q✉❡s ❞❡ ❣❡st✐♦♥✳
❉❡ ♥♦♠❜r❡✉① ❝♦♥❝❡♣ts s❡ r❡tr♦✉✈❡♥t ❞❛♥s ♣❧✉s✐❡✉rs ♠♦❞è❧❡s✱ ❝♦♠♠❡ ❡♥tr❡ ❛✉tr❡s ❧❛
r❡♣rés❡♥t❛t✐♦♥ str✉❝t✉r❡❧❧❡ ❞✬✉♥ é❧❡✈❛❣❡✱ ❧❛ ❣❡st✐♦♥ ❞❡ ❧✬❛❧✐♠❡♥t❛t✐♦♥ ❡t ❧❡s ♣r♦❝❡ss✉s
❜✐♦t❡❝❤♥✐q✉❡s ❛ss♦❝✐és✱ ❧❛ ❝♦♥❞✉✐t❡ ❞❡ ❧❛ r❡♣r♦❞✉❝t✐♦♥ ♦✉ ❧❛ ❣❡st✐♦♥ ❞❡s ❞é❥❡❝t✐♦♥s✳

■❧ ❡st ♣♦ss✐❜❧❡ ❞❡ ❝♦♥str✉✐r❡ ✉♥❡ ♦♥t♦❧♦❣✐❡ ❞é❝r✐✈❛♥t ❧❡s s②stè♠❡s ❞✬é❧❡✈❛❣❡ ❡♥ ❣é♥ér❛❧✱
✐♥❞é♣❡♥❞❛♠♠❡♥t ❞❡ ❧✬❡s♣è❝❡ é❧❡✈é❡✳ ▲❛ ❣❡st✐♦♥ ❞❡ ❝❡s s②stè♠❡s ♣❡✉t ❢❛✐r❡ ♣❛rt✐❡ ❞❡ ❝❡tt❡
♦♥t♦❧♦❣✐❡✱ ❡♥ ❧✐❡♥ ❛✈❡❝ ❧✬♦♥t♦❧♦❣✐❡ ❞❡s s②stè♠❡s ❞❡ ♣r♦❞✉❝t✐♦♥ ❛❣r✐❝♦❧❡ ✭▼❛rt✐♥✲❈❧♦✉❛✐r❡
❡t ❘❡❧❧✐❡r ✷✵✵✺✮✳ ▲❛ ❢♦r♠❛❧✐s❛t✐♦♥ ❡✛❡❝t✉é❡ ❞❛♥s ❧❡ ❝❛❞r❡ ❞❡ ▼é❧♦❞✐❡ ❡st ✉♥ ♣r❡♠✐❡r
♣❛s ✈❡rs ✉♥❡ t❡❧❧❡ ♦♥t♦❧♦❣✐❡✳ ■❧ ❡st ♣♦ss✐❜❧❡ ❞❡ ❝❛♣✐t❛❧✐s❡r ❧❡s tr❛✈❛✉① ❢❛✐ts ♣♦✉r▼é❧♦❞✐❡✱
❞♦♥t ❧✬❛♥❛❧②s❡ ♦r✐❡♥té❡ ♦❜❥❡t ❡st ✈❛❧❛❜❧❡ ♣♦✉r ❧❡s é❧❡✈❛❣❡s ❧❛✐t✐❡rs ❡t ♣♦r❝✐♥s✳ ❊♥ ❝❡ s❡♥s✱
❧✬❛♥❛❧②s❡ ❡st ❣é♥ér✐q✉❡ ❡t ❝♦♥st✐t✉❡ ✉♥❡ ❜♦♥♥❡ ❜❛s❡ ♣♦✉r ❧✬❡①t❡♥s✐♦♥ à ✉♥❡ ♦♥t♦❧♦❣✐❡ ❞❡s
s②stè♠❡s ❞✬é❧❡✈❛❣❡✳

▲✬✉t✐❧✐s❛t✐♦♥ ❞✬✉♥❡ ❞é♠❛r❝❤❡ ♣❛r ♦♥t♦❧♦❣✐❡ ❞❛♥s ❧❡ ❝❛❞r❡ ❞✉ ❞é✈❡❧♦♣♣❡♠❡♥t ❞✬✉♥
♠♦❞è❧❡ ✐♥té❣r❛t✐❢ ❡st ❜é♥é✜q✉❡✱ ❜✐❡♥ q✉❡ ❧❛ ❝♦♥str✉❝t✐♦♥ ❞❡ ❧✬♦♥t♦❧♦❣✐❡ s♦✐t ❛r❞✉❡ ✭❲✐❡♥
❡t ❛❧✳ ✷✵✵✼✮✳ ❆✉ ✈✉ ❞✉ ♥♦♠❜r❡ ❞❡ ♣r♦❥❡ts ❞❡ ♠♦❞é❧✐s❛t✐♦♥ ❞❛♥s ❧❡ ❞♦♠❛✐♥❡ ❞❡s s②stè♠❡s
❞✬é❧❡✈❛❣❡✱ ✐❧ ❡st ♣r♦❜❛❜❧❡ q✉❡ ❧❡s ❛✈❛♥t❛❣❡s ❥✉st✐✜❡♥t ❧✬✐♥✈❡st✐ss❡♠❡♥t✳ ❯♥❡ ♦♥t♦❧♦❣✐❡ ❞❡s
s②stè♠❡s ❞✬é❧❡✈❛❣❡ ♣❡r♠❡ttr❛✐t ❞❡ ♠✉t✉❛❧✐s❡r ❧❡s ❡①♣ér✐❡♥❝❡s ❞❛♥s ❧❡ ❞♦♠❛✐♥❡ ❞❡s s✐♠✉✲
❧❛t❡✉rs ❞❡s s②stè♠❡s ❞✬é❧❡✈❛❣❡✳ P❛r ❡①❡♠♣❧❡✱ ❧❛ q✉❡st✐♦♥ ❞❡ ❧❛ ❢♦r♠❡ ❞❡ r❡♣rés❡♥t❛t✐♦♥
❞✬✉♥❡ r❛t✐♦♥✱ ♣❡r♠❡tt❛♥t ❞✬✐♥té❣r❡r ❧❡s ♣r♦❝❡ss✉s ❞é❝✐s✐♦♥♥❡❧s✱ ❛ été rés♦❧✉❡ ♣♦✉r ▼é✲
❧♦❞✐❡✳ ▲❛ s♦❧✉t✐♦♥ ♣r♦♣♦sé❡ ❢♦♥❝t✐♦♥♥❡ ♣♦✉r ❧❡s ❜♦✈✐♥s ❝♦♠♠❡ ♣♦✉r ❧❡s ♣♦r❝✐♥s ❡t ❡st
❡①t❡♥s✐❜❧❡✳ ❉✬❛✉tr❡s ♣r♦❥❡ts ♣♦✉rr❛✐❡♥t ❞♦♥❝ ❡♥ ❜é♥é✜❝✐❡r✱ à ❝♦♥❞✐t✐♦♥ ❞❡ ❞✐s♣♦s❡r ❞✬✉♥❡
❝✉❧t✉r❡ ❝♦♠♠✉♥❡ ❡t ❞❡ ♣❛rt❛❣❡r ❞❡s ❝♦♥❝❡♣ts ❛②❛♥t ❧❛ ♠ê♠❡ ❞é✜♥✐t✐♦♥ ♣♦✉r t♦✉s✳ ❈❡s
❝♦♥❞✐t✐♦♥s s♦♥t ❧❛ ❥✉st✐✜❝❛t✐♦♥ ♠ê♠❡ ❞❡s ♦♥t♦❧♦❣✐❡s ❡♥ ♠♦❞é❧✐s❛t✐♦♥✳

▲❡ ❞é✈❡❧♦♣♣❡♠❡♥t ✐♥❢♦r♠❛t✐q✉❡ ❞❡ ♠♦❞è❧❡s ❞❡s s②stè♠❡s ❞✬é❧❡✈❛❣❡ ♣♦✉rr❛✐t é❣❛❧❡✲
♠❡♥t ❜é♥é✜❝✐❡r ❞✬✉♥❡ ❛♣♣r♦❝❤❡ ♣❛r ♦♥t♦❧♦❣✐❡✱ s✐ ✉♥❡ ✐♠♣❧é♠❡♥t❛t✐♦♥ ❝♦♠♠✉♥❡ ❞❡ ❝❡tt❡
♦♥t♦❧♦❣✐❡ ét❛✐t ré❛❧✐sé❡✳ ▼❛✐s ❝❡❧❛ ♥é❝❡ss✐t❡ ❞❡ s❡ ❜❛s❡r s✉r ✉♥❡ ♣❧❛t❡✲❢♦r♠❡ ♣❡r❢♦r♠❛♥t❡
♣♦✉r ❧❡ ❝♦✉♣❧❛❣❡ ❞❡ ♠♦❞è❧❡s ✭✈♦✐r ✾✳✷✳✷✮



✶✾✻ ❉✐s❝✉ss✐♦♥ ❣é♥ér❛❧❡

❊♥ ❝♦♥❝❧✉s✐♦♥✱ ❛✉ ❝♦✉rs ❞❡ ❝❡tt❡ t❤ès❡✱ ❧❡s str✉❝t✉r❡s ♣❡r♠❡tt❛♥t ❞❡ ❝♦♥str✉✐r❡ ✉♥
♠♦❞è❧❡ ❣é♥ér✐q✉❡ ❡t é✈♦❧✉t✐❢ ♦♥t été ♠✐s❡s ❡♥ ♣❧❛❝❡✱ ❛❜♦✉t✐ss❛♥t à ✉♥❡ ♣r❡♠✐èr❡ ✈❡rs✐♦♥
❢♦♥❝t✐♦♥♥❡❧❧❡ ❞✉ ♠♦❞è❧❡✳ ●râ❝❡ ❛✉ ❝❛r❛❝tèr❡ é✈♦❧✉t✐❢✱ ❧❡ ❞é✈❡❧♦♣♣❡♠❡♥t ❞❡ ♠♦❞è❧❡s t❡❧s
q✉❡ ▼é❧♦❞✐❡ ♥✬❡st ♣❛s ❜❧♦q✉é ♣❛r ❧❡s ❧✐♠✐t❡s ❛❝t✉❡❧❧❡s ❞❛♥s ❧❛ s✐♠✉❧❛t✐♦♥ ❞❡s ✢✉① ❞❡
♠❛t✐èr❡ ♣rés❡♥té❡s ❞❛♥s ❧❡ ♣❛r❛❣r❛♣❤❡ s✉✐✈❛♥t✳

✾✳✸ P❡rs♣❡❝t✐✈❡s ❞✬é✈♦❧✉t✐♦♥ ❞❡ ▼é❧♦❞✐❡

✾✳✸✳✶ ▲❡ s②stè♠❡ ❜✐♦t❡❝❤♥✐q✉❡ ❝♦♠♣♦rt❡ ❞❡s ❧✐♠✐t❡s ❝♦♥♥✉❡s

✾✳✸✳✶✳✶ ❙②stè♠❡ ❞❡ ❝✉❧t✉r❡ ❡t ❞②♥❛♠✐q✉❡ ❞❡ ❧❛ ♠❛t✐èr❡ ♦r❣❛♥✐q✉❡

▲❛ s✐♠✉❧❛t✐♦♥ ❞❡ ❧❛ ❞②♥❛♠✐q✉❡ ❞❡ ❧✬❛③♦t❡ ♦r❣❛♥✐q✉❡ ❞❛♥s ❞❡s ♣❛r❝❡❧❧❡s ❛②❛♥t ❞❡s
r♦t❛t✐♦♥s ♣r❛✐r✐❡ ✴ ❣r❛♥❞❡s ❝✉❧t✉r❡s ❡st ✉♥ ❡♥❥❡✉ ✐♠♣♦rt❛♥t ♣♦✉r ét✉❞✐❡r ❧❡s ✐♥t❡r❛❝✲
t✐♦♥s ❡♥tr❡ s②stè♠❡ ❢♦✉rr❛❣❡r ❡t s②stè♠❡ ❞❡ ❝✉❧t✉r❡✳ ▲✬✐♠♣♦rt❛♥❝❡ ❞❡ ❝❡s ✐♥t❡r❛❝t✐♦♥s
à ❧✬é❝❤❡❧❧❡ ❞✬✉♥ t❡rr✐t♦✐r❡ ❡st r❛♣♣❡❧é❡ ♣❛r ▲❡♠❛✐r❡ ✭✷✵✵✼✮✱ q✉✐ s♦✉❧✐❣♥❡ ❧❡s ✈❡rt✉s ❞✉
♠❛✐♥t✐❡♥ ❞✬✉♥ ♠✐♥✐♠✉♠ ❞✬é❧❡✈❛❣❡ ❞✬❤❡r❜✐✈♦r❡s✱ ♣❛r ♦♣♣♦s✐t✐♦♥ à ✉♥❡ tr♦♣ ❣r❛♥❞❡ s♣é✲
❝✐❛❧✐s❛t✐♦♥ ❝éré❛❧✐èr❡✳

❖♥ ♦❜s❡r✈❡ ❣é♥ér❛❧❡♠❡♥t q✉❡ ❧❛ t❡♥❡✉r ❡♥ ♠❛t✐èr❡ ♦r❣❛♥✐q✉❡ ❞✉ s♦❧ ❛✉❣♠❡♥t❡ s♦✉s
♣r❛✐r✐❡ ❡t ❞é❝r♦ît s♦✉s ❝✉❧t✉r❡s ✭❆rr♦✉❛②s ❡t ❛❧✳ ✷✵✵✷✮✳ ❈❡ ♣❤é♥♦♠è♥❡ ❡st ❛ss♦❝✐é à
❞✐✛ér❡♥ts ❜é♥é✜❝❡s ❡♥✈✐r♦♥♥❡♠❡♥t❛✉①✳ ▲✬ét✉❞❡ ❜✐❜❧✐♦❣r❛♣❤✐q✉❡ ✭❝❤❛♣✐tr❡ ✶✮ ❛ ♠✐s ❡♥
❧✉♠✐èr❡ ❧❡ st♦❝❦❛❣❡ ❞❡ ❝❛r❜♦♥❡ ♣❡r♠✐s ♣❛r ❧❛ ❝♦♥✈❡rs✐♦♥ ❞❡ t❡rr❡s ❧❛❜♦✉ré❡s ❡♥ ♣r❛✐r✐❡s
♣❡r♠❛♥❡♥t❡s✳ P♦✉r ❧❡s ♣❛r❝❡❧❧❡s ❛❝❝✉❡✐❧❧❛♥t ❞❡s r♦t❛t✐♦♥s ❞❡ ♣r❛✐r✐❡s ❡t ❞❡ ❝✉❧t✉r❡s✱ ❧❡s
♣ér✐♦❞❡s ❞❡ ♣r❛✐r✐❡ ♣❡r♠❡tt❡♥t ❞❡ st♦❝❦❡r ❞❡ ❧✬❛③♦t❡ q✉✐ ❡st r❡❧❛r❣✉é ❧♦rsq✉❡ ❧❛ ♣r❛✐r✐❡ ❡st
❞étr✉✐t❡✱ ❢♦✉r♥✐ss❛♥t ❞❡ ❧✬❛③♦t❡ ♣♦✉r ❧❡s ❝✉❧t✉r❡s s✉✐✈❛♥t❡s✳ ❆✐♥s✐✱ ❝✉❧t✐✈❡r ✉♥ ♠❛ïs s❛♥s
❢❡rt✐❧✐s❛t✐♦♥ ❛♣rès ✉♥❡ ♣r❛✐r✐❡ ♣rés❡♥t❡ ✉♥ ✐♥térêt ❡♥✈✐r♦♥♥❡♠❡♥t❛❧✳ ▲❡s ❛❧t❡r♥❛♥❝❡s ❡♥tr❡
♣r❛✐r✐❡s ❡t ❝✉❧t✉r❡s ❝♦♥st✐t✉❡♥t ❞✬❛✐❧❧❡✉rs s♦✉✈❡♥t ❧❛ ❜❛s❡ ❞❡s s②stè♠❡s ❞❡ ❝✉❧t✉r❡ ❞❡s
❡①♣❧♦✐t❛t✐♦♥s ❜✐♦❧♦❣✐q✉❡s✳ ▲❡s ♣r❛✐r✐❡s ♣ât✉ré❡s ✐♥t❡♥s✐✈❡♠❡♥t ♠✐s❡s à ♣❛rt✱ ❧❛ ❧✐①✐✈✐❛t✐♦♥
❞❡s ♥✐tr❛t❡s s♦✉s ♣r❛✐r✐❡ ❡st ❢❛✐❜❧❡ ✭▲❡ ●❛❧❧ ❡t ❛❧✳ ✶✾✾✽✮✱ ❝❛r ❧❛ ré♦r❣❛♥✐s❛t✐♦♥ ❞❡ ❧✬❛③♦t❡
♠✐♥ér❛❧ ② ❡st r❛♣✐❞❡ ❡t ♣❡r♠❛♥❡♥t❡✱ s❛✉❢ ❡♥ ❤✐✈❡r✳

❈❡♣❡♥❞❛♥t✱ ❧❡s s✐♠✉❧❛t✐♦♥s ♣rés❡♥té❡s ❞❛♥s ❧❡ ❝❤❛♣✐tr❡ ✽ ♦♥t s♦✉❧✐❣♥é ❞❡s ✐♥❝♦❤é✲
r❡♥❝❡s ❞✉ s②stè♠❡ ❜✐♦t❡❝❤♥✐q✉❡ ❞❡ ▼é❧♦❞✐❡ ❛✉ ♥✐✈❡❛✉ ❞❡ ❧❛ ❞②♥❛♠✐q✉❡ ❞❡ ❧✬❛③♦t❡ ♦r✲
❣❛♥✐q✉❡ ❞❛♥s ❧❡ s♦❧✳ ▲✬♦r❣❛♥✐s❛t✐♦♥ ✐♥s✉✣s❛♥t❡ s♦✉s ♣r❛✐r✐❡ ❛ été ♣❛rt✐❝✉❧✐èr❡♠❡♥t ♠✐s❡
❡♥ ❝❛✉s❡✳ ❆♠é❧✐♦r❡r ❧❛ ❞②♥❛♠✐q✉❡ à ❧♦♥❣ t❡r♠❡ ❞❡ ❧❛ ♠❛t✐èr❡ ♦r❣❛♥✐q✉❡ s❡r❛✐t ❞♦♥❝ ✉♥
♣r♦❣rès ✐♠♣♦rt❛♥t ♣♦✉r ▼é❧♦❞✐❡✳ P♦✉r ❝❡ ❢❛✐r❡✱ ❧❡ ❞❡✈❡♥✐r ❞❡s ❢r❛❣♠❡♥ts ❞❡ ♣❧❛♥t❡
sé♥❡s❝❡♥ts ❡t ❧❡ ❞❡✈❡♥✐r ❞❡s ❞é❥❡❝t✐♦♥s ❞❡s ❛♥✐♠❛✉① ❛✉ ♣ât✉r❛❣❡ s♦♥t à r❡❝♦♥s✐❞ér❡r✳ ❈❡s
❛♠é❧✐♦r❛t✐♦♥s s✬❡✛❡❝t✉❡r❛✐❡♥t ♥♦♥ s❡✉❧❡♠❡♥t ❛✉ ♥✐✈❡❛✉ ❞❡ ❙t✐❝s ❧✉✐✲♠ê♠❡✱ ♠❛✐s ❛✉ss✐
❛✉ ♥✐✈❡❛✉ ❞❡ s♦♥ ✐♥té❣r❛t✐♦♥ ❞❛♥s ▼é❧♦❞✐❡✳ ❉❡ ♣❧✉s✱ ❧❛ ❝❛♣❛❝✐té ❞❡ s✐♠✉❧❡r ❞❡s ♣r❛✐✲
r✐❡s ♠✉❧t✐✲❡s♣è❝❡s✱ ❛ss♦❝✐❛♥t ❣r❛♠✐♥é❡s ❡t ❧é❣✉♠✐♥❡✉s❡s✱ ❢❛✐t ❞é❢❛✉t✳ ❉❛♥s ❧✬❖✉❡st ❞❡ ❧❛
❋r❛♥❝❡✱ ❞❡ ♥♦♠❜r❡✉s❡s ❡①♣❧♦✐t❛t✐♦♥s ♦♥t ré❞✉✐t ❧❡s ❡♥tré❡s ❞✬❛③♦t❡ ♣❛r ❧❡s ❡♥❣r❛✐s ❡♥ ✐♥✲
té❣r❛♥t ❞❛♥s ❧❡✉r ❛ss♦❧❡♠❡♥t ❞❡s ❛ss♦❝✐❛t✐♦♥s r❛②✲❣r❛ss ❛♥❣❧❛✐s ✴ trè✢❡ ❜❧❛♥❝✳ ▼é❧♦❞✐❡
é✈❛❧✉❡r❛✐t ❛❧♦rs ❧✬✐♥térêt ❡♥✈✐r♦♥♥❡♠❡♥t❛❧ ❞❡ ❝❡tt❡ ♣r❛t✐q✉❡✳

❆✉ ♥✐✈❡❛✉ ❡①♣ér✐♠❡♥t❛❧✱ ❧❛ t❤é♠❛t✐q✉❡ ❞❡s ✐♥t❡r❛❝t✐♦♥s ❡♥tr❡ ♣r❛✐r✐❡s ❡t ❝✉❧t✉r❡s ❡st
❧✬♦❜❥❡t ♣r✐♥❝✐♣❛❧ ❞❡ ❧✬♦❜s❡r✈❛t♦✐r❡ ❞❡ r❡❝❤❡r❝❤❡ ❡♥ ❡♥✈✐r♦♥♥❡♠❡♥t ✓ ❆❣r♦✲é❝♦s②stè♠❡s



P❡rs♣❡❝t✐✈❡s ❞✬é✈♦❧✉t✐♦♥ ❞❡ ▼é❧♦❞✐❡ ✶✾✼

❈②❝❧❡s ❇✐♦❣é♦❝❤✐♠✐q✉❡s ❡t ❇✐♦❞✐✈❡rs✐té ✔ ✭❈❤❛❜❜✐ ❡t ▲❡♠❛✐r❡ ✷✵✵✼✮✳ ▼é❧♦❞✐❡ ♣♦✉rr❛✐t
❜é♥é✜❝✐❡r ❞❡s ♦❜s❡r✈❛t✐♦♥s ❢❛✐t❡s ❞❛♥s ❝❡ ❝❛❞r❡✳ ▲❡s ♥♦♠❜r❡✉① tr❛✈❛✉① ❡♥ ❝♦✉rs s✉r ❧❡
st♦❝❦❛❣❡ ❞❡ ❝❛r❜♦♥❡ ❞❛♥s ❧❡ s♦❧ ✭❆rr♦✉❛②s ❡t ❛❧✳ ✷✵✵✷✮ ❛✜♥ ❞❡ ❧✉tt❡r ❝♦♥tr❡ ❧❡ ❝❤❛♥❣❡♠❡♥t
❝❧✐♠❛t✐q✉❡ ♣♦✉rr❛✐❡♥t é❣❛❧❡♠❡♥t ♣r♦❞✉✐r❡ ❞❡s ❝♦♥♥❛✐ss❛♥❝❡s ✉t✐❧✐s❛❜❧❡s✳

▲❛ ♣♦ss✐❜✐❧✐té ❞❡ s✐♠✉❧❡r ❝♦rr❡❝t❡♠❡♥t ❧❛ ❞②♥❛♠✐q✉❡ ❞❡ ❧❛ ♠❛t✐èr❡ ♦r❣❛♥✐q✉❡ s♦✉s
♣r❛✐r✐❡s ❡t s♦✉s ❝✉❧t✉r❡s ❝♦♥❢èr❡r❛✐t à ▼é❧♦❞✐❡ ❧❛ ❝❛♣❛❝✐té ❞❡ s✐♠✉❧❡r s✉r ❧❡ ❧♦♥❣ t❡r♠❡
❧❡s ✐♥t❡r❛❝t✐♦♥s ❡♥tr❡ ♣r❛✐r✐❡s ❡t ❝✉❧t✉r❡s à ❧✬é❝❤❡❧❧❡ ❞✉ s②stè♠❡ ❞❡ ♣r♦❞✉❝t✐♦♥✳▼é❧♦❞✐❡
s❡r❛✐t s✉r ❝❡ ♣♦✐♥t ✉♥ ♦✉t✐❧ ✉♥✐q✉❡ ❞✬❡①♣ér✐♠❡♥t❛t✐♦♥ ✈✐rt✉❡❧❧❡✳

✾✳✸✳✶✳✷ ❋❛❝t❡✉rs ❞✬é♠✐ss✐♦♥s ❡t ♠♦❞è❧❡s ♠é❝❛♥✐st❡s

❉❛♥s ▼é❧♦❞✐❡✱ ♣❧✉s✐❡✉rs ✢✉① ❞❡ ♠❛t✐èr❡✱ ♥♦t❛♠♠❡♥t ❞❡s é♠✐ss✐♦♥s ❣❛③❡✉s❡s✱ s♦♥t
❝❛❧❝✉❧és à ❧✬❛✐❞❡ ❞❡ ❢❛❝t❡✉rs ❞✬é♠✐ss✐♦♥✱ ❝✬❡st✲à✲❞✐r❡ q✉❡ ❧❡s é♠✐ss✐♦♥s s♦♥t ❞✐r❡❝t❡♠❡♥t
♣r♦♣♦rt✐♦♥♥❡❧❧❡s ❛✉① q✉❛♥t✐tés ❞❡ ♠❛t✐èr❡ ♠✐s❡s ❡♥ ❥❡✉ ❞❛♥s ✉♥ ✢✉① ✐♥t❡r♥❡ ❛✉ s②stè♠❡✳
P❛r ❡①❡♠♣❧❡✱ ❧❡s é♠✐ss✐♦♥s ❞❡ ♣r♦t♦①②❞❡ ❞✬❛③♦t❡ ❧♦rs ❞✬✉♥ é♣❛♥❞❛❣❡ ❞✬❡✤✉❡♥t r❡♣ré✲
s❡♥t❡♥t ✶✱✷✺ ✪ ❞❡ ❧✬❛③♦t❡ é♣❛♥❞✉ ✭❛♣rès ✈♦❧❛t✐❧✐s❛t✐♦♥ ❞✬❛♠♠♦♥✐❛❝✮✳ ❈❡rt❛✐♥s ❢❛❝t❡✉rs
❞✬é♠✐ss✐♦♥ s♦♥t ♠♦❞✉❧és ❡♥ ❢♦♥❝t✐♦♥ ❞❡s ❝♦♥❞✐t✐♦♥s ❝❧✐♠❛t✐q✉❡s ♦✉ ❞❡ ❧❛ ❣❡st✐♦♥✳ ❈✬❡st
♣❛r ❡①❡♠♣❧❡ ❧❡ ❝❛s ❞❡ ❧❛ ✈♦❧❛t✐❧✐s❛t✐♦♥ ❞✬❛♠♠♦♥✐❛❝ ❡♥ ❜ât✐♠❡♥t✳ ▲❛ ♠♦❞✉❧❛t✐♦♥ ❡st
ét❛❜❧✐❡ à ❞✐r❡ ❞✬❡①♣❡rts✳

■❞é❛❧❡♠❡♥t✱ ▼é❧♦❞✐❡ ❞❡✈r❛✐t ✉t✐❧✐s❡r ❞❡s ♠♦❞è❧❡s ♣❧✉s é❧❛❜♦rés✱ r❡♥❞❛♥t ♠✐❡✉①
❝♦♠♣t❡ ❞❡ ❧✬✐♥✢✉❡♥❝❡ ❞❡s ❝♦♥❞✐t✐♦♥s ♣❛rt✐❝✉❧✐èr❡s ❧♦rs ❞✉ ❝❛❧❝✉❧ ❞❡s é♠✐ss✐♦♥s✱ ❝♦♠♠❡ ❧❡s
❝♦♥❞✐t✐♦♥s ❝❧✐♠❛t✐q✉❡s ❧♦rs ❞✬✉♥ é♣❛♥❞❛❣❡✳ ■❧ s❡r❛✐t ❛✐♥s✐ ♣❧✉s ❢❛❝✐❧❡ ❞❡ s♦rt✐r ❞❡s ❣❡st✐♦♥s
✓ ❝❧❛ss✐q✉❡s ✔ ♣♦✉r ❧❡sq✉❡❧❧❡s ❧❡s ❢❛❝t❡✉rs ❞✬é♠✐ss✐♦♥s ♦♥t été ét❛❜❧✐s✳ ❈❡♣❡♥❞❛♥t✱ ❞❛♥s ❧❛
♣❧✉♣❛rt ❞❡s ❝❛s✱ ❞❡ t❡❧s ♠♦❞è❧❡s ♥✬❡①✐st❡♥t ♣❛s✳ ▲♦rsq✉✬✐❧ ❡①✐st❡ ❞❡s ♠♦❞è❧❡s ♠é❝❛♥✐st❡s
♣♦✉r ❞é❝r✐r❡ ✉♥ ✢✉①✱ ❝❡s ♠♦❞è❧❡s s♦♥t tr♦♣ ❝♦♠♣❧✐q✉és ♣♦✉r êtr❡ ✐♥té❣rés ❡t r✐sq✉❡♥t ❞❡
♥é❝❡ss✐t❡r ❞❡s ✈❛r✐❛❜❧❡s q✉✐ ♥❡ s♦♥t ♣❛s ❢❛❝✐❧❡♠❡♥t ❛❝❝❡ss✐❜❧❡s ✭▼♦s❡t✲❍❡r♥❛♥❞❡③ ✷✵✵✻✮✳

❉❡s ❡✛♦rts s♦♥t ❞♦♥❝ ♥é❝❡ss❛✐r❡s ♣♦✉r ❤♦♠♦❣é♥é✐s❡r ❧❡ ♥✐✈❡❛✉ ❞❡ ♣ré❝✐s✐♦♥ ❞❛♥s ❧❡
❝❛❧❝✉❧ ❞❡s ✢✉① ❜✐♦♣❤②s✐q✉❡s s✐♠✉❧és ♣❛r ▼é❧♦❞✐❡✳

✾✳✸✳✶✳✸ P❡rt❡s ❧♦rs ❞❡ ❧❛ ♣r♦❞✉❝t✐♦♥ ❞❡s ❛❧✐♠❡♥ts

❊♥ ❢❡r♠❡✱ ❧❡s q✉❛♥t✐tés ❞✬❛❧✐♠❡♥ts ❝♦♥s♦♠♠é❡s ♣❛r ❧❡ tr♦✉♣❡❛✉ s♦♥t ✐♥❢ér✐❡✉r❡s ❛✉①
q✉❛♥t✐tés ré❡❧❧❡♠❡♥t ♣r♦❞✉✐t❡s s✉r ❧❡s ♣❛r❝❡❧❧❡s✳ ❉❡s ♣❡rt❡s ♦♥t ❧✐❡✉ à ❞✐✛ér❡♥t❡s ét❛♣❡s ✿
❧♦rs ❞❡ ❧❛ ré❝♦❧t❡✱ ❧♦rs ❞✉ st♦❝❦❛❣❡ ❡t ❧♦rs ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥✳ ▲❡s q✉❛♥t✐tés ❞✐str✐❜✉é❡s
❛✉① ❛♥✐♠❛✉① ♥❡ s♦♥t ♣❛s ❢♦r❝é♠❡♥t ✐♥❣éré❡s ✿ ❝❡s ❞❡r♥✐❡rs ❧❛✐ss❡♥t ❞❡s r❡❢✉s✳ ❆✉ t♦t❛❧✱
❝❡s ♣❡rt❡s ♥❡ s♦♥t ♣❛s ♥é❣❧✐❣❡❛❜❧❡s✳ ▼❛✐s ✐❧ ❡①✐st❡ ♣❡✉ ❞❡ ❞♦♥♥é❡s s✉r ❧❡s q✉❛♥t✐tés
❝♦♥❝❡r♥é❡s ♣♦✉r ❝❤❛q✉❡ ❝✉❧t✉r❡✳ ▲❡ ♠♦❞è❧❡ ■❢s♠ ✭❘♦t③ ❡t ❈♦✐♥❡r ✷✵✵✹✮ s✐♠✉❧❡ ❡♥ ❞ét❛✐❧s
❧❡s ♣r♦❝❡ss✉s ❞❡ ré❝♦❧t❡✳ P♦✉r ❧❡s ❢♦✐♥s ❡t ❡♥s✐❧❛❣❡s ❞✬❤❡r❜❡✱ ❞❡s ♣❡rt❡s s♦♥t ❝♦♠♣t❛❜✐❧✐sé❡s
♣♦✉r ❝❤❛q✉❡ ♦♣ér❛t✐♦♥ t❡❝❤♥✐q✉❡ ✭❢❛✉❝❤❡✱ r❛♠❛ss❛❣❡✳ ✳ ✳ ✮ ❡t ❡♥ ❢♦♥❝t✐♦♥ ❞❡s ❝♦♥❞✐t✐♦♥s
❝❧✐♠❛t✐q✉❡s ❡t ❞✉ t❡♠♣s ❞❡ sé❝❤❛❣❡✳ ▲❡ ♠♦❞è❧❡ ❉❛✐r②❲✐s❡ ✭❙❝❤✐❧s ❡t ❛❧✳ ✷✵✵✼✮ ♣r❡♥❞
❡♥ ❝♦♠♣t❡ ❧❡s ♣❡rt❡s✱ ❞❡ ❢❛ç♦♥ ♣❧✉s s✐♠♣❧❡✳ ❉❡s ❝♦❡✣❝✐❡♥ts ✜①❡s s♦♥t ❛ttr✐❜✉és à ❝❤❛q✉❡
ét❛♣❡ ♦ù ❞❡s ♣❡rt❡s s♦♥t ❝♦♠♣té❡s✱ ♣❛r ❡①❡♠♣❧❡ ✺ ✪ ❞❡ ♣❡rt❡s ❧♦rs ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡
❢♦✉rr❛❣❡s✳



✶✾✽ ❉✐s❝✉ss✐♦♥ ❣é♥ér❛❧❡

❉❡s ❝♦♥✈❡♥t✐♦♥s ❞♦✐✈❡♥t êtr❡ ♣r✐s❡s s✉r ❧❡ ❞❡✈❡♥✐r ❞❡ ❝❡s ♣❡rt❡s ♣♦✉r ❛ss✉r❡r ❧❛
❝♦♥s❡r✈❛t✐♦♥ ❞❡ ❧❛ ♠❛t✐èr❡✳ ❖♥ ♣❡✉t s✉♣♣♦s❡r q✉❡ ❧❡s ♣❡rt❡s ❛✉ ❝❤❛♠♣ r❡❥♦✐❣♥❡♥t ❧❡
♣♦♦❧ ❞❡s rés✐❞✉s ❞❡ ré❝♦❧t❡ ❡♥ ❝♦✉rs ❞❡ ❞é❣r❛❞❛t✐♦♥ ❞❛♥s ❧❡ s♦❧✱ t❛♥❞✐s q✉❡ ❧❡s ♣❡rt❡s ❛✉
st♦❝❦❛❣❡ ❡t à ❧❛ ❞✐str✐❜✉t✐♦♥ ❛✐♥s✐ q✉❡ ❧❡s r❡❢✉s r❡❥♦✐❣♥❡♥t ❞✐r❡❝t❡♠❡♥t ❧❡s ❡✤✉❡♥ts✳

✾✳✸✳✶✳✹ ❘❡s♣❡❝t ❞❡ ❧❛ ré❣❧❡♠❡♥t❛t✐♦♥ s✉r ❧❡s s✉r❢❛❝❡s é♣❛♥❞❛❜❧❡s

▲❛ ré❣❧❡♠❡♥t❛t✐♦♥ s✉r ❧❡s é♣❛♥❞❛❣❡s ✐♠♣♦s❡ ❞❡s ❞✐st❛♥❝❡s ♠✐♥✐♠❛❧❡s ✈✐s à ✈✐s ❞❡s
❝♦✉rs ❞✬❡❛✉ ❡t ❞❡s t✐❡rs✱ ❡♥ ❞❡ç❛ ❞❡sq✉❡❧❧❡s ❧❡s é♣❛♥❞❛❣❡s s♦♥t ✐♥t❡r❞✐ts✳ ❈❡s ❞✐st❛♥❝❡s
✈❛r✐❡♥t ❡♥ ❢♦♥❝t✐♦♥ ❞✉ t②♣❡ ❞✬❡✤✉❡♥t ❡t ❞✉ ❞é❧❛✐ ❞✬❡♥❢♦✉✐ss❡♠❡♥t✳ ❊♥ ❝♦♥séq✉❡♥❝❡✱
❝❡rt❛✐♥❡s ♣❛r❝❡❧❧❡s s♦♥t é♣❛♥❞❛❜❧❡s ❡♥ ♣❛rt✐❡ s❡✉❧❡♠❡♥t✳ ❈❡rt❛✐♥❡s ③♦♥❡s ♣❡✉✈❡♥t êtr❡
é♣❛♥❞❛❜❧❡s ♣♦✉r ✉♥ t②♣❡ ❞✬❡✤✉❡♥t✱ ♠❛✐s ♣❛s ♣♦✉r ❧❡s ❛✉tr❡s✳ ❙✉r ❧❡ t❡rr❛✐♥✱ ❧❛ ❣❡st✐♦♥ ❞❡
❧❛ ❢❡rt✐❧✐s❛t✐♦♥ s✉r ❝❡s ♣❛r❝❡❧❧❡s ❡st ❛❞❛♣té❡ à ❧❛ ré❣❧❡♠❡♥t❛t✐♦♥ ❡t ❧❡s ❞✐✛ér❡♥t❡s ♣❛rt✐❡s
❞✬✉♥❡ ♣❛r❝❡❧❧❡ ♣❡✉✈❡♥t êtr❡ ❢❡rt✐❧✐sé❡s ❞✐✛ér❡♠♠❡♥t✳ ▼❛✐s ♣♦✉r ❧❡ r❡st❡ ❞❡ ❧❛ ❣❡st✐♦♥
✭❛ss♦❧❡♠❡♥t✱ tr❛✈❛✉① ❞✉ s♦❧✳ ✳ ✳ ✮✱ ❧❛ ♣❛r❝❡❧❧❡ ♥✬❡st ♣❛s ❞✐✈✐sé❡✳

❆❝t✉❡❧❧❡♠❡♥t✱ ❞❛♥s ▼é❧♦❞✐❡✱ ✉♥❡ ♣❛r❝❡❧❧❡ ❡st s♦✐t é♣❛♥❞❛❜❧❡ ❡♥ t♦t❛❧✐té✱ s♦✐t ♥❡
❧✬❡st ♣❛s ❞✉ t♦✉t✳ ❊♥ ❡✛❡t✱ s✐ ❚♦✉r♥❡s♦❧ ❡t ❋✉♠✐❣è♥❡ s♦♥t ❝❛♣❛❜❧❡s ❞❡ ❞✐st✐♥❣✉❡r ❧❛
s✉r❢❛❝❡ t♦t❛❧❡ ❡t ❧❛ s✉r❢❛❝❡ é♣❛♥❞❛❜❧❡ ❛✉ ♠♦♠❡♥t ❞❡ ❧❛ ♣❧❛♥✐✜❝❛t✐♦♥✱ ❝❡tt❡ ❞✐st✐♥❝t✐♦♥
♥✬❡st ♣❛s ♣♦ss✐❜❧❡ ❧♦rs ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥ ❞❡s ✢✉① ❞❡ ♠❛t✐èr❡ ❛✈❡❝ ❧❡ s②stè♠❡ ❜✐♦t❡❝❤♥✐q✉❡
❛❝t✉❡❧✳ P♦✉r ✐♥té❣r❡r ❧❛ ❞✐st✐♥❝t✐♦♥ ❡♥tr❡ ③♦♥❡s é♣❛♥❞❛❜❧❡s ♦✉ ♥♦♥✱ ✐❧ ❢❛✉❞r❛✐t ré❛❧✐s❡r
✉♥❡ s✐♠✉❧❛t✐♦♥ ♣❛r ❙t✐❝s ♣♦✉r ❝❤❛q✉❡ ♣❛rt✐❡ ❞❡ ♣❛r❝❡❧❧❡✱ ❝❡ q✉✐ ❡st ❝♦♠♣❧✐q✉é ét❛♥t
❞♦♥♥é q✉❡ ❧❛ ré❣❧❡♠❡♥t❛t✐♦♥ ❞é♣❡♥❞ ❞✉ t②♣❡ ❞✬❡✤✉❡♥t✳

❈♦♥s✐❞ér❡r ❧❡s ♣❛rt✐❡s é♣❛♥❞❛❜❧❡s ♦✉ ♥♦♥ ❝♦♠♠❡ ❞❡s ♣❛r❝❡❧❧❡s ❞✐✛ér❡♥t❡s✱ ❡♥ ❝♦♥s❡r✲
✈❛♥t ❛✐♥s✐ ❧❛ ✈❡rs✐♦♥ ❛❝t✉❡❧❧❡ ❞❡ ▼é❧♦❞✐❡✱ ♥✬❡st ♣❛s ✉♥❡ s♦❧✉t✐♦♥ ♣❡rt✐♥❡♥t❡ ❝❛r ♦♥
♥❡ ♣❡✉t ♣❛s ❣❛r❛♥t✐r q✉❡ ❝❡s ♣❛rt✐❡s ❞❡ ♣❛r❝❡❧❧❡ s❡r♦♥t ❣éré❡s ❞❡ ❢❛ç♦♥ ❤♦♠♦❣è♥❡✳ ❊♥
♣❛rt✐❝✉❧✐❡r✱ ❚♦✉r♥❡s♦❧ ♣♦✉rr❛✐t ❛❧❧♦✉❡r ❞❡s ❝✉❧t✉r❡s ❞✐✛ér❡♥t❡s ❛✉① ❞✐✛ér❡♥t❡s ♣❛rt✐❡s✱
♣✉✐sq✉✬❡❧❧❡s s❡r❛✐❡♥t ❝♦♥s✐❞éré❡s ❝♦♠♠❡ ❞❡s ♣❛r❝❡❧❧❡s ✐♥❞é♣❡♥❞❛♥t❡s✳

▲❡ ❢♦♥❝t✐♦♥♥❡♠❡♥t ❛❝t✉❡❧ ❞❡ ▼é❧♦❞✐❡ ❝♦♥✈✐❡♥t à ❧✬é✈❛❧✉❛t✐♦♥ ❞❡ ♣r❡ss✐♦♥s ❡①❡r❝é❡s
s✉r ❧✬❡♥✈✐r♦♥♥❡♠❡♥t✳ ❈❡♣❡♥❞❛♥t✱ ♣♦✉r ♣❛ss❡r ❞❡s é♠✐ss✐♦♥s ❞❡ ❝♦♠♣♦sés à r✐sq✉❡ ❛✉①
✐♠♣❛❝ts ❡♥✈✐r♦♥♥❡♠❡♥t❛✉①✱ ❧❛ ❧♦❝❛❧✐s❛t✐♦♥ ❞❡s é♠✐ss✐♦♥s ❛ ✉♥❡ ✐♥❝✐❞❡♥❝❡ ❡t ❧❛ ré❣❧❡♠❡♥✲
t❛t✐♦♥ s✉r ❧❡s ③♦♥❡s é♣❛♥❞❛❜❧❡s ❞♦✐t êtr❡ ❝♦♥s✐❞éré❡ ❞❛♥s ❧❛ ❣❡st✐♦♥ ❞✉ s②stè♠❡✳

✾✳✸✳✷ ▲❡s ✐♥t❡r❛❝t✐♦♥s ❡♥tr❡ ❧❡ s②stè♠❡ ❞❡ ♣✐❧♦t❛❣❡ ❡t ❧❡ s②stè♠❡ ❜✐♦✲
t❡❝❤♥✐q✉❡ ❞♦✐✈❡♥t êtr❡ r❡♥❢♦r❝é❡s

❉❛♥s ♣❧✉s✐❡✉rs ❞♦♠❛✐♥❡s ❞❡ ❧✬❡①♣❧♦✐t❛t✐♦♥✱ ❧❡ ♠♦❞è❧❡▼é❧♦❞✐❡ ❡st ❧✐♠✐té ♣♦✉r s✐♠✉✲
❧❡r ❞❡s ♠♦❞❡s ❞❡ ❝♦♥❞✉✐t❡ s♦rt❛♥t ❞❡s ❝❛s ✓ ❝❧❛ss✐q✉❡s ✔ ❡t très ❞é♣❡♥❞❛♥ts ❞✉ ❝♦♥t❡①t❡✳
❈❡s ❧✐♠✐t❛t✐♦♥s rés✉❧t❡♥t ♥♦♥ s❡✉❧❡♠❡♥t ❞❡ ♠❛♥q✉❡s ❞❛♥s ❧❡ s②stè♠❡ ❞é❝✐s✐♦♥♥❡❧✱ ♠❛✐s
❛✉ss✐ ❞❡ ❧✬✐♠♣♦ss✐❜✐❧✐té ♣♦✉r ❧❡ s②stè♠❡ ❜✐♦t❡❝❤♥✐q✉❡ ❞❡ s✐♠✉❧❡r ❝❡rt❛✐♥❡s ♦♣ér❛t✐♦♥s
t❡❝❤♥✐q✉❡s ❡t ❧❡✉rs ❝♦♥séq✉❡♥❝❡s✳

✾✳✸✳✷✳✶ ▲❡s ♣r❛t✐q✉❡s ❝♦♥❝❡r♥é❡s

▲❛ ❝♦♠♣❛r❛✐s♦♥ ❞❡ ❣❡st✐♦♥s ❞❡ t②♣❡ ✓ ♣✉❧❧ ✔ ❡t ✓ ♣✉s❤ ✔ à ❧✬❛✐❞❡ ❞❡ ▼é❧♦❞✐❡ ♣❡✉t
êtr❡ ❞✬✐♥térêt✳ ❉❛♥s ✉♥❡ str❛té❣✐❡ ♣✉❧❧✱ ❧❡s ✐♥tr❛♥ts s♦♥t ✉t✐❧✐sés ❞❡ ♠❛♥✐èr❡ à s❛t✐s❢❛✐r❡



P❡rs♣❡❝t✐✈❡s ❞✬é✈♦❧✉t✐♦♥ ❞❡ ▼é❧♦❞✐❡ ✶✾✾

❞❡s ♦❜❥❡❝t✐❢s ❞❡ ♣r♦❞✉❝t✐♦♥✳ ❉❛♥s ✉♥❡ str❛té❣✐❡ ♣✉s❤✱ ❧❡ r❡❝♦✉rs ❛✉① ✐♥tr❛♥ts ❡st ❧✐♠✐té
❡t ❧❛ ♣r♦❞✉❝t✐♦♥ ❡st ❝❡❧❧❡ ♣❡r♠✐s❡ ♣❛r ❧❡s r❡ss♦✉r❝❡s ♣r♦♣r❡s ❞❡ ❧✬❡①♣❧♦✐t❛t✐♦♥✳ ❆✉ ♥✐✲
✈❡❛✉ ❞❡s ❝✉❧t✉r❡s✱ ❧❛ ❢❡rt✐❧✐s❛t✐♦♥ ♣❡✉t êtr❡ ré❞✉✐t❡ ♣❛r r❛♣♣♦rt ❛✉① r❡❝♦♠♠❛♥❞❛t✐♦♥s
✉s✉❡❧❧❡s✱ ❡♥❣❡♥❞r❛♥t ❞❡s ♣❡rt❡s ❞❡ r❡♥❞❡♠❡♥t✳ ▲❛ ❢❡rt✐❧✐s❛t✐♦♥ ♣❡✉t r❡♣♦s❡r ✉♥✐q✉❡♠❡♥t
s✉r ❧❡s ❡♥❣r❛✐s ❞❡ ❢❡r♠❡ ❡t ❧❛ ✜①❛t✐♦♥ s②♠❜✐♦t✐q✉❡✱ ❝♦♠♠❡ ❞❛♥s ❧❡s s②stè♠❡s ❡♥ ❛❣r✐❝✉❧✲
t✉r❡ ❜✐♦❧♦❣✐q✉❡✳ ❆✉ ♥✐✈❡❛✉ ❞✉ tr♦✉♣❡❛✉ ❜♦✈✐♥✱ s✐♠✉❧❡r ✉♥❡ str❛té❣✐❡ ♣✉s❤ s✉♣♣♦s❡ ❞❡
♣♦✉✈♦✐r ré❛❧✐s❡r ❞❡s ❛❞❛♣t❛t✐♦♥s à ❧❛ ❢♦✐s s✉r ❧❡s ❡✛❡❝t✐❢s ❡t s✉r ❧✬❛❧✐♠❡♥t❛t✐♦♥ ❞❡s ❛♥✐✲
♠❛✉①✳ ❯♥❡ s✐t✉❛t✐♦♥ ❞❡ ❝❛r❡♥❝❡ ❛❧✐♠❡♥t❛✐r❡ ❡st ✉♥ ❝❛s ♦ù ❧❡s ♦r✐❡♥t❛t✐♦♥s ♣✉s❤ ♦✉ ♣✉❧❧
s♦♥t ♣❛rt✐❝✉❧✐èr❡♠❡♥t ✈✐s✐❜❧❡s✳ ▲❡s é❧❡✈❡✉rs ♦♥t ❧❡ ❝❤♦✐① ❡♥tr❡ ❛❝❤❡t❡r ❞❡s ❛❧✐♠❡♥ts ♦✉
ré❞✉✐r❡ ❧❡✉rs ❡✛❡❝t✐❢s ❞✬❛♥✐♠❛✉① ❡t ❧❡s ♣❡r❢♦r♠❛♥❝❡s ✐♥❞✐✈✐❞✉❡❧❧❡s✳ ❆❝t✉❡❧❧❡♠❡♥t✱ s❡✉❧❡s
❧❡s str❛té❣✐❡s ♣✉❧❧ s♦♥t ♣♦ss✐❜❧❡s ❞❛♥s ▼é❧♦❞✐❡✳

❉✐✈❡rs ❛✉tr❡s ❝❛s s❡ ♣rés❡♥t❡♥t ❞❛♥s ❧❡sq✉❡❧s ❞❡s ❛❞❛♣t❛t✐♦♥s ❞❡s ❡✛❡❝t✐❢s ❡t ❞❡
❧✬❛❧✐♠❡♥t❛t✐♦♥ ❞❡s ❛♥✐♠❛✉① s♦♥t s♦✉❤❛✐t❛❜❧❡s✳ ❉❛♥s ❧❡ ❝❛❞r❡ ❞❡s q✉♦t❛s✱ ❧❛ ♣r♦❞✉❝t✐♦♥
❧❛✐t✐èr❡ ❞✉ tr♦✉♣❡❛✉ ❞♦✐t êtr❡ ♠❛îtr✐sé❡✳ ❊♥ ❝❛s ❞❡ s✉♣♣r❡ss✐♦♥ ❞❡s q✉♦t❛s✱ ♦♥ ♣❡✉t
s✉♣♣♦s❡r q✉❡ ❧❡s tr❛♥s❢♦r♠❛t❡✉rs s❡ ❞♦t❡r♦♥t ❞❡ ♠♦②❡♥s ♣♦✉r ré❣✉❧❡r ❧❛ ♣r♦❞✉❝t✐♦♥ ❡t ❧❛
r❡♠❛rq✉❡ ♣ré❝é❞❡♥t❡ r❡st❡ ✈r❛✐❡✳ ❉❡ ♣❧✉s✱ ❧❛ ré❛❝t✐♦♥ ❛✉① ❛❧é❛s é❝♦♥♦♠✐q✉❡s ✭✈♦✐r ✾✳✸✳✸✮
s✉♣♣♦s❡ ❞✬❛✉❣♠❡♥t❡r ❧❛ ♣r♦❞✉❝t✐♦♥ ♣♦✉r ♣r♦✜t❡r ❞✬✉♥ ❝♦♥t❡①t❡ é❝♦♥♦♠✐q✉❡ ❢❛✈♦r❛❜❧❡✱
❡t ✐♥✈❡rs❡♠❡♥t✳

❆✉ ♥✐✈❡❛✉ ❞❡s ❝✉❧t✉r❡s✱ ❞❡s s②stè♠❡s ❝♦♥❞✉✐ts ❞❡ ❢❛ç♦♥ ✓ ♥♦♥ ♦♣t✐♠❛❧❡ ✔ s❡❧♦♥ ❧❡s
r❡❝♦♠♠❛♥❞❛t✐♦♥s ❞❡s ♦r❣❛♥✐s♠❡s ❞❡ ❝♦♥s❡✐❧ ♣❡✉✈❡♥t ❛✈♦✐r ❞❡s ❛✈❛♥t❛❣❡s ❡♥✈✐r♦♥♥❡♠❡♥✲
t❛✉①✳ ❆✐♥s✐✱ ❞❡s rè❣❧❡s ❞❡ ❣❡st✐♦♥ ♣♦✉rr♦♥t êtr❡ ✐♠♣❧é♠❡♥té❡s ❞❛♥s ▼é❧♦❞✐❡✱ ♣♦✉r
ét✉❞✐❡r ❞❡s s②stè♠❡s ❛✈❡❝ ✉t✐❧✐s❛t✐♦♥ r❛✐s♦♥♥é❡ ❞❡s ♣r♦❞✉✐ts ♣❤②t♦✲s❛♥✐t❛✐r❡s✱ ✉♥✐q✉❡✲
♠❡♥t ❧♦rsq✉✬✐❧s s♦♥t ✐♥❞✐s♣❡♥s❛❜❧❡s✳ ❉❡ ♠ê♠❡✱ ❞❡s s②stè♠❡s ❞❡ ❝✉❧t✉r❡ ✉t✐❧✐s❛♥t ❧❡ s❡♠✐s
❞✐r❡❝t s✐ ♣♦ss✐❜❧❡ ✭❡t ❛②❛♥t r❡❝♦✉rs ❛✉ ❧❛❜♦✉r s✐♥♦♥✮ ♣♦✉rr❛✐❡♥t é❣❛❧❡♠❡♥t êtr❡ t❡stés✳
❉❛♥s ❧❡s ❞❡✉① ❝❛s ♣rés❡♥tés✱ ❧❡s ❝♦♥séq✉❡♥❝❡s ❡♥ t❡r♠❡s ❞✬✐♠♣❛❝t ❡♥✈✐r♦♥♥❡♠❡♥t❛✉①
s♦♥t ♠✉❧t✐♣❧❡s✳ ▲❡s r✐sq✉❡s ❞❡ ❝♦♥t❛♠✐♥❛t✐♦♥ ❞❡ ❧✬❡❛✉ ♣❛r ❧❡s ♣r♦❞✉✐ts ♣❤②t♦✲s❛♥✐t❛✐r❡s✱
❧❛ t❡♥❡✉r ❡♥ ♠❛t✐èr❡ ♦r❣❛♥✐q✉❡ ❞❡s s♦❧s ❡t ❧❡s ❝♦♥s♦♠♠❛t✐♦♥s ❞✬é♥❡r❣✐❡ ❢♦ss✐❧❡ s♦♥t ❧❡s
♣r✐♥❝✐♣❛✉① ❡♥❥❡✉①✳

P♦✉r ✐♥té❣r❡r ❞❛♥s ▼é❧♦❞✐❡ ❧❡s ♠♦❞❡s ❞❡ ❝♦♥❞✉✐t❡s ❞ét❛✐❧❧és ❞❛♥s ❝❡tt❡ ♣❛rt✐❡✱ ❞❡s
♠♦❞✐✜❝❛t✐♦♥s ❞✉ s②stè♠❡ ❜✐♦t❡❝❤♥✐q✉❡ s♦♥t ♥é❝❡ss❛✐r❡s✳

✾✳✸✳✷✳✷ ▲❡ s②stè♠❡ ❜✐♦t❡❝❤♥✐q✉❡ ❞♦✐t ♣❛ss❡r à ❞❡s ♠♦❞è❧❡s ❞❡ ré♣♦♥s❡

▲❡ ✈❡rr♦✉ ♣r✐♥❝✐♣❛❧ ❡♥ t❡r♠❡s ❞❡ ♠♦❞é❧✐s❛t✐♦♥ ❞❡s ♣r♦❝❡ss✉s ❜✐♦t❡❝❤♥✐q✉❡s ❡st ❧❡
♣❛ss❛❣❡ ❞❡ ♠♦❞è❧❡s ❞❡ ❜❡s♦✐♥ à ❞❡s ♠♦❞è❧❡s ❞❡ ré♣♦♥s❡✳ ❊♥ r❛✐s♦♥ ❞✉ ♥♦♠❜r❡ é❧❡✈é ❞❡
❢❛❝t❡✉rs ✐♠♣❧✐q✉és ❞❛♥s ❧✬é❧❛❜♦r❛t✐♦♥ ❞❡s ♣❡r❢♦r♠❛♥❝❡s ❞❡s ♦r❣❛♥✐s♠❡s ❜✐♦❧♦❣✐q✉❡s ✭r❡♥✲
❞❡♠❡♥t ❞❡s ❝✉❧t✉r❡s✱ ♣r♦❞✉❝t✐♦♥ ❧❛✐t✐èr❡ ❞✬✉♥❡ ✈❛❝❤❡✳ ✳ ✳ ✮✱ ✐❧ ❡st ♣❧✉s ❢❛❝✐❧❡ ❞❡ ❝♦♥♥❛îtr❡
❧❡s ❜❡s♦✐♥s ♥é❝❡ss❛✐r❡s à ❧❛ ré❛❧✐s❛t✐♦♥ ❞✬✉♥❡ ♣❡r❢♦r♠❛♥❝❡ ♦♣t✐♠❛❧❡ q✉❡ ❞❡ s✐♠✉❧❡r ✉♥❡
♣❡r❢♦r♠❛♥❝❡ ❡♥ ❝♦♥♥❛✐ss❛♥t ❧❡ ♠♦❞❡ ❞❡ ❝♦♥❞✉✐t❡✳ ❉❡ ❢❛✐t✱ ♣♦✉r ❧❛ ♣❧✉♣❛rt ❞❡s ❢❛❝t❡✉rs✱
❧❡s ♠♦❞è❧❡s ❜✐♦t❡❝❤♥✐q✉❡s ✐♥té❣rés ❞❛♥s ▼é❧♦❞✐❡ s♦♥t ♦r✐❡♥tés ✈❡rs ❧❡s ❜❡s♦✐♥s ♣♦✉r
✉♥❡ ♣❡r❢♦r♠❛♥❝❡ ♦♣t✐♠❛❧❡✳

❉❛♥s ▼é❧♦❞✐❡✱ ❧❛ ♣r♦❞✉❝t✐♦♥ ❞✬✉♥❡ ✈❛❝❤❡ ❧❛✐t✐èr❡ ❞é♣❡♥❞ ❞❡ s♦♥ ❛❧✐♠❡♥t❛t✐♦♥ ❞❛♥s
❧❛ ♠❡s✉r❡ ♦ù ❧❛ t❡♥❡✉r ❡♥ é♥❡r❣✐❡ ❡t ❡♥ ♣r♦té✐♥❡s ❞❡ ❧❛ r❛t✐♦♥ ♣❡✉t ❢❛✐r❡ ✈❛r✐❡r ❧❛ ♣r♦❞✉❝✲
t✐♦♥ ❛✉t♦✉r ❞✉ ♣♦t❡♥t✐❡❧ ❞❡ ❧✬❛♥✐♠❛❧✳ ▼❛✐s ❧❡ ♠♦❞è❧❡ ♥✬❡st ♣❛s ❝❛♣❛❜❧❡ ❞❡ s✐♠✉❧❡r ❞❡s



✷✵✵ ❉✐s❝✉ss✐♦♥ ❣é♥ér❛❧❡

❝♦♥❞✉✐t❡s ❞❛♥s ❧❡sq✉❡❧❧❡s ❧❡s ❛♥✐♠❛✉① s♦♥t ❢♦rt❡♠❡♥t r❡str❡✐♥ts✳ ❉❡ ♣❧✉s✱ ♣♦✉r ♣♦✉✈♦✐r
t❡st❡r ❞❡s ❝♦♥❞✉✐t❡s ✐♥♥♦✈❛♥t❡s ❛✉ ♥✐✈❡❛✉ ❞✉ tr♦✉♣❡❛✉✱ ✐❧ ❢❛✉t ♣♦✉✈♦✐r t❡♥✐r ❝♦♠♣t❡ ❞❡
❧❛ ❞✐✈❡rs✐té ❞❡s tr❛❥❡❝t♦✐r❡s ♣r♦❞✉❝t✐✈❡s ❞❡s ❢❡♠❡❧❧❡s ✭❚✐❝❤✐t ❡t ❛❧✳ ✷✵✵✽✮ q✉✐ ❞é❝♦✉❧❡ ❞❡
❧❛ ✢❡①✐❜✐❧✐té ❞✉ ♣✐❧♦t❛❣❡ ❡♥ é❧❡✈❛❣❡ ❜♦✈✐♥✳ P❛ss❡r à ✉♥ ♠♦❞è❧❡ ✐♥❞✐✈✐❞✉✲❝❡♥tré ❡♥ r❡♠♣❧❛✲
❝❡♠❡♥t ❞✉ ♠♦❞è❧❡ ♣❛r ❝❧❛ss❡s s❡♠❜❧❡ ✐♥❝♦♥t♦✉r♥❛❜❧❡ ♣♦✉r é❝r✐r❡ ❞❡s rè❣❧❡s ❞❡ ❞é❝✐s✐♦♥
✐♥t❡❧❧✐❣✐❜❧❡s✳ ❉❛♥s ❧❛ ✈❡rs✐♦♥ ❛❝t✉❡❧❧❡ ❞❡ ▼é❧♦❞✐❡✱ ❧❛ ❞é♠♦❣r❛♣❤✐❡ ❞✉ tr♦✉♣❡❛✉ ❡st
❣éré❡ ♣❛r ❧❡ ♠♦❞è❧❡ ●❡❞❡♠♦✱ q✉✐ ❡st ❝❛♥t♦♥♥é à ✉♥ ❢♦♥❝t✐♦♥♥❡♠❡♥t ✜❣é✳ P❧✉s✐❡✉rs ♣❛✲
r❛♠ètr❡s ♣❡✉✈❡♥t êtr❡ ❛❥✉stés✱ ♣❡r♠❡tt❛♥t ❛✉ ♠♦❞è❧❡ ❞❡ r❡♣rés❡♥t❡r ❞✐✈❡rs❡s str❛té❣✐❡s
❞❡ ❣❡st✐♦♥ r❡♥❝♦♥tré❡s s✉r ❧❡ t❡rr❛✐♥✳ ▼❛✐s ❛✉❝✉♥❡ ❛❞❛♣t❛t✐♦♥ ♥✬❡st ♣♦ss✐❜❧❡ ❡♥ ❢♦♥❝t✐♦♥
❞❡s ❝♦♥❞✐t✐♦♥s ❡♥ ❝♦✉rs ❞❡ s✐♠✉❧❛t✐♦♥✳

▲❡s ré♣♦♥s❡s ❛✉ ♥✐✈❡❛✉ ❞❡s ❝✉❧t✉r❡s s♦♥t é❣❛❧❡♠❡♥t ❡♥❝♦r❡ ✐♥❝♦♠♣❧èt❡s✳ ❙✐ ❧❡s ♠♦✲
❞è❧❡s ❛❣r♦♥♦♠✐q✉❡s ❛❝t✉❡❧s s✐♠✉❧❡♥t ❡♥ ♣❛rt✐❡ ❧❡s ❡✛❡ts ❞❡ ❝❛r❡♥❝❡s ❡♥ ❛③♦t❡ ❡t ❡♥ ❡❛✉✱
❧❡s ❡✛❡ts ❞❡ ❝❛r❡♥❝❡s ❡♥ ♣❤♦s♣❤♦r❡ ❡t ♣♦t❛ss✐✉♠ s♦♥t r❛r❡♠❡♥t ♣ré❞✐ts✳ ❙t✐❝s ♥❡ s✐♠✉❧❡
♣❛s ❧❡s ♣r❡ss✐♦♥s ❡①❡r❝é❡s ♣❛r ❧❡s ❛❞✈❡♥t✐❝❡s ❡t ❧❡s ❜✐♦❛❣r❡ss❡✉rs✱ ♥✐ ❧✬❡✛❡t ❞❡ ❧✬ét❛t str✉❝✲
t✉r❛❧ ❞✉ s♦❧ s✉r ❧❛ ❝r♦✐ss❛♥❝❡ ❞❡s ♣❧❛♥t❡s ✭❝❤❛♣✳ ✺✮✳ ■❧ ♥✬❡st ❞♦♥❝ ♣❛s ♣♦ss✐❜❧❡ ❞❡ ❝♦♠♣❛r❡r
❞✐✛ér❡♥t❡s ❣❡st✐♦♥s ❞❡s tr❛✐t❡♠❡♥ts ♣❤②t♦✲s❛♥✐t❛✐r❡s ♦✉ ❞❡s s②stè♠❡s ❞❡ ❝✉❧t✉r❡ ❢❛✐s❛♥t
✐♥t❡r✈❡♥✐r ❞❡s t❡❝❤♥✐q✉❡s ❝✉❧t✉r❛❧❡s s✐♠♣❧✐✜é❡s✳ ▲❡s ❝♦♥♥❛✐ss❛♥❝❡s ❞❛♥s ❝❡ ❞♦♠❛✐♥❡ s♦♥t
✐♥s✉✣s❛♥t❡s ♣♦✉r ét❛❜❧✐r ❞❡s ♠♦❞è❧❡s ♠é❝❛♥✐st❡s✳ ▲❡ ♠♦❞è❧❡ ♣❡rs②st ✭▲✳ ●✉✐❝❤❛r❞✱
❝♦♠♠✉♥✐❝❛t✐♦♥ ♣❡rs♦♥♥❡❧❧❡✮ ✈✐s❡ à q✉❛♥t✐✜❡r ❧❡s ❡✛❡ts ❞❡ ❧❛ r♦t❛t✐♦♥ ❞❡s ❝✉❧t✉r❡s ❡t ❞❡
❧✬✐t✐♥ér❛✐r❡ t❡❝❤♥✐q✉❡ s✉r ❧❡s r❡♥❞❡♠❡♥ts✳ ▼❛✐s ✐❧ s✬❛❣✐t ❞✬✉♥❡ ❞é♠❛r❝❤❡ ❡♠♣✐r✐q✉❡ ❡t
q✉✐ ♥✬❛❜♦r❞❡ ♣❛s ❧❛ ❞②♥❛♠✐q✉❡ ❞❡s ✢✉① ❞❡ ♠❛t✐èr❡✳ ❊♥✜♥✱ ❧❛ s✐♠✉❧❛t✐♦♥ ❞❡s ♣r❛✐r✐❡s
❞✬❛ss♦❝✐❛t✐♦♥ ❡st ♥é❝❡ss❛✐r❡ ♣♦✉r ✐♥té❣r❡r ❞❡s ❣❡st✐♦♥s ❞❡ ❧❛ ❢❡rt✐❧✐s❛t✐♦♥ ❢❛✐s❛♥t ❛♣♣❡❧ à
❧❛ ✜①❛t✐♦♥ s②♠❜✐♦t✐q✉❡ ❞❡s ❧é❣✉♠✐♥❡✉s❡s✳

✾✳✸✳✷✳✸ ❖❜st❛❝❧❡s ♠ét❤♦❞♦❧♦❣✐q✉❡s ❡♥ t❡r♠❡s ❞❡ ♠♦❞é❧✐s❛t✐♦♥ ❞❡ ❧❛ ❞é❝✐s✐♦♥

❯♥❡ ❞❡s ❞✐✣❝✉❧tés ♣♦✉r s✐♠✉❧❡r ❧❡s ♣r❛t✐q✉❡s ♣rés❡♥té❡s ❡♥ ✾✳✸✳✷✳✶ ❡st ❧❛ ❢♦r♠❛❧✐s❛t✐♦♥
❞❡ ❧✬❡♥s❡♠❜❧❡ ❞❡s rè❣❧❡s✱ ❛✉ss✐ ❜✐❡♥ ♣♦✉r s✬❛❞❛♣t❡r à ❞❡s s✐t✉❛t✐♦♥s ❡①❝❡♣t✐♦♥♥❡❧❧❡s q✉❡
♣♦✉r ❧❡s s✐t✉❛t✐♦♥s ❞❡ r♦✉t✐♥❡✳ ▲❡s ♣r✐♦r✐tés ❡t ❧❛ ❝♦❤ér❡♥❝❡ ❡♥tr❡ ❧❡s rè❣❧❡s s♦♥t é❣❛❧❡♠❡♥t
❞❡s ♣♦✐♥ts ❝r✉❝✐❛✉①✳ ❯♥❡ ❤✐ér❛r❝❤✐❡ ❡♥tr❡ ❧❡s rè❣❧❡s ❞♦✐t êtr❡ s♣é❝✐✜é❡✱ ❞❡ ♠❛♥✐èr❡ à
♣r♦❝é❞❡r à ❞❡s ❛r❜✐tr❛❣❡s ❧♦rsq✉❡ ❞❡✉① rè❣❧❡s s✬♦♣♣♦s❡♥t✳ ❉✬✉♥❡ ♣❛rt✱ ❧♦rs ❞✬✉♥❡ ❛♥♥é❡
❞❡ sé❝❤❡r❡ss❡✱ ✐❧ ❡st ✈r❛✐s❡♠❜❧❛❜❧❡ q✉❡ ❧❛ ♣r♦❞✉❝t✐♦♥ ❧❛✐t✐èr❡ ❜❛✐ss❡ à ❣r❛♥❞❡ é❝❤❡❧❧❡ ❡t
q✉❡ ❧❛ ❞❡♠❛♥❞❡ ❛✉❣♠❡♥t❡✱ ♣❧❛✐❞❛♥t ♣♦✉r ❞❡s ❛❝❤❛ts ❞✬❛❧✐♠❡♥ts ❡t é✈❡♥t✉❡❧❧❡♠❡♥t ✉♥❡
❛✉❣♠❡♥t❛t✐♦♥ ❞❡s ❡✛❡❝t✐❢s ❞✬❛♥✐♠❛✉①✳ ❉✬❛✉tr❡ ♣❛rt✱ ✉♥❡ str❛té❣✐❡ ♣❡✉t êtr❡ ❞❡ ♣r✐✈✐❧é❣✐❡r
❧✬❛✉t♦♥♦♠✐❡ ❛❧✐♠❡♥t❛✐r❡✱ ❞♦♥❝ ❞❡ ré❞✉✐r❡ ❧❡s ❡✛❡❝t✐❢s ❡t ❧❛ ♣r♦❞✉❝t✐♦♥✳ ▲❡ ❝❤♦✐① ❡♥tr❡
❧❡s str❛té❣✐❡s ♣✉s❤ ❡t ♣✉❧❧ ❞é♣❡♥❞ ❞♦♥❝ ♥♦♥ s❡✉❧❡♠❡♥t ❞❡s ♣ré❢ér❡♥❝❡s ❞❡ ❧✬é❧❡✈❡✉r ♠❛✐s
❛✉ss✐ ❞✉ ❝♦♥t❡①t❡ é❝♦♥♦♠✐q✉❡✳

❉❛♥s ✉♥ tr♦✉♣❡❛✉ ❜♦✈✐♥✱ ❧❡s ❛✉❣♠❡♥t❛t✐♦♥s ❞✬❡✛❡❝t✐❢s ♥❡ s♦♥t ♣♦ss✐❜❧❡s q✉✬❛✈❡❝ ✉♥❡
❧❛t❡♥❝❡ ✐♠♣♦rt❛♥t❡✱ q✉✐ ❝♦rr❡s♣♦♥❞ ❛✉ t❡♠♣s ♥é❝❡ss❛✐r❡ à ❧✬é❧❡✈❛❣❡ ❞❡s ❥❡✉♥❡s ❛♥✐♠❛✉①✳
❯♥❡ ❜❛✐ss❡ ❞✬❡✛❡❝t✐❢ ♥✬❡st ❞♦♥❝ ♣❛s ❢❛❝✐❧❡♠❡♥t ré✈❡rs✐❜❧❡✳ ❊♥ ❝♦♥séq✉❡♥❝❡✱ ❧❡ ♣✐❧♦t❛❣❡
❞♦✐t ✐♥té❣r❡r ✉♥❡ ❝♦♠♣♦s❛♥t❡ ❛♥t✐❝✐♣❛tr✐❝❡ ❢♦rt❡✱ ❝❡ q✉✐ ❝♦♥st✐t✉❡ ✉♥❡ ❞✐✣❝✉❧té ♠ét❤♦❞♦✲
❧♦❣✐q✉❡ ♠❛❥❡✉r❡✳ ❉❡s tr❛✈❛✉① ❞❛♥s ❧❡ ❞♦♠❛✐♥❡ ❞❡ ❧❛ ❣❡st✐♦♥ ❞❡s tr♦✉♣❡❛✉① ❧❛✐t✐❡rs s♦♥t
❡♥ ❝♦✉rs✱ ❞❛♥s ❧❡ ❝❛❞r❡ ❞❡ ❧❛ t❤ès❡ ❞❡ ▲✳ ❇r✉♥✲▲❛✢❡✉r ✭■♥st✐t✉t ❞❡ ❧✬➱❧❡✈❛❣❡ ❀ ■◆❘❆✱
❯▼❘ P▲✮✳ ❈❡s tr❛✈❛✉① ♣♦✉rr❛✐❡♥t à t❡r♠❡ s❡r✈✐r ❞❡ ❜❛s❡ à ✉♥❡ é✈♦❧✉t✐♦♥ ❞❡ ▼é❧♦❞✐❡✳



P❡rs♣❡❝t✐✈❡s ❞✬é✈♦❧✉t✐♦♥ ❞❡ ▼é❧♦❞✐❡ ✷✵✶

✾✳✸✳✷✳✹ ▲❡s é✈♦❧✉t✐♦♥s ♣r♦♣♦sé❡s r❡q✉✐èr❡♥t ✉♥ ♠♦❞è❧❡ st♦❝❤❛st✐q✉❡

▲✬❛❧é❛ ❝❧✐♠❛t✐q✉❡ ❡st s✉❜✐ ❡t ❞❡s sér✐❡s ♦❜s❡r✈é❡s ❡①✐st❡♥t✳ P♦✉r ❝❡s r❛✐s♦♥s✱ ❧✬✐♥✲
✢✉❡♥❝❡ ❞❡ ❝❡t ❛❧é❛ ♣❡✉t êtr❡ ét✉❞✐é❡ à ❧✬❛✐❞❡ ❞✬✉♥ ♠♦❞è❧❡ ❞ét❡r♠✐♥✐st❡✳ P❛r ❝♦♥tr❡✱
❞❛♥s ❧❡ ❝❛s ❞❡s ❛❧é❛s ❧✐és ❛✉① é✈é♥❡♠❡♥ts s❛♥✐t❛✐r❡s ✭♣♦✉r ❧❡s ❛♥✐♠❛✉① ❡t ❧❡s ❝✉❧t✉r❡s✮
♦✉ ❞❡ r❡♣r♦❞✉❝t✐♦♥ ✭❛♥✐♠❛✉①✮✱ ✐❧ ❡st ✐♠♣♦ss✐❜❧❡ ❞❡ ré❛❧✐s❡r ❧❡s s✐♠✉❧❛t✐♦♥s à ❧✬❛✐❞❡ ❞❡
sér✐❡s ♦❜s❡r✈é❡s✱ ♣✉✐sq✉❡ ❧❡s ♣r♦❜❛❜✐❧✐tés ❞✬♦❝✉rr❡♥❝❡ ❞❡ ❝❡s ❛❧é❛s s♦♥t ❞✐r❡❝t❡♠❡♥t ✐♥✲
✢✉❡♥❝é❡s ♣❛r ❧❛ ❝♦♥❞✉✐t❡ ❞✉ s②stè♠❡ ❡t s♦♥ ❡♥✈✐r♦♥♥❡♠❡♥t✳ ❊♥ ❞✬❛✉tr❡s t❡r♠❡s✱ ❞❛♥s
❧❡ ❞♦♠❛✐♥❡ ❞❡ ❧❛ ❣❡st✐♦♥ ❞❡s ❝✉❧t✉r❡s ❛✉ss✐ ❜✐❡♥ q✉❡ ❞❛♥s ❝❡❧✉✐ ❞❡ ❧❛ ❣❡st✐♦♥ ❞✉ tr♦✉✲
♣❡❛✉✱ ❝❡rt❛✐♥❡s ❞❡s ❛♠é❧✐♦r❛t✐♦♥s ♣r♦♣♦sé❡s ❞❛♥s ❧❡s ♣❛r❛❣r❛♣❤❡s ♣ré❝é❞❡♥ts r❡♥❞❡♥t
♣r❡sq✉❡ ♦❜❧✐❣❛t♦✐r❡ ❧❡ ♣❛ss❛❣❡ à ✉♥ ♠♦❞è❧❡ st♦❝❤❛st✐q✉❡✳ P❛r ❡①❡♠♣❧❡✱ ❧✬❛♣♣❛r✐t✐♦♥ ❞❡
♠❛❧❛❞✐❡s s✉r ❧❡s ❝✉❧t✉r❡s ❡st ❡♥ ♣❛rt✐❡ ❛❧é❛t♦✐r❡ ❡t ✐❧ s❡♠❜❧❡ ❞✐✣❝✐❧❡ ❞✬❡✛❡❝t✉❡r ❧❡s s✐✲
♠✉❧❛t✐♦♥s ❛✈❡❝ ré❞✉❝t✐♦♥ ❞❡s ♣r♦❞✉✐ts ♣❤②t♦✲s❛♥✐t❛✐r❡s ♣♦✉r ✉♥❡ ❛♥♥é❡ ✓ ♠♦②❡♥♥❡ ✔✱
❞✬❛✉t❛♥t ♣❧✉s q✉❡ ❧❛ ♥♦t✐♦♥ ❞✬❛♥♥é❡ ♠♦②❡♥♥❡ ❡st ❞✐✣❝✐❧❡ à ❞é✜♥✐r ❞❛♥s ❝❡ ❝❛s✳ P♦✉r ❧❛
❣❡st✐♦♥ ❞✬✉♥ tr♦✉♣❡❛✉ ❞❛♥s ✉♥ ♠♦❞è❧❡ ✐♥❞✐✈✐❞✉✲❝❡♥tré✱ ✐❧ ❡st ✐♠♣♦ss✐❜❧❡ ❞❡ ♣r❡♥❞r❡ ❞❡s
❞é❝✐s✐♦♥s ✓ ♠♦②❡♥♥❡s ✔ ❛❜♦✉t✐ss❛♥t à ❧❛ ré❢♦r♠❡ ❞✬✉♥❡ ❢r❛❝t✐♦♥ ❞❡ ✈❛❝❤❡✳ ▲❡s rè❣❧❡s ❞❡
❞é❝✐s✐♦♥ ✉t✐❧✐sé❡s ❞❡✈r❛✐❡♥t ❞♦♥❝ êtr❡ ❛ss♦❝✐é❡s à ❞❡s ♣r♦❜❛❜✐❧✐tés✱ s❛♥s q✉♦✐ ❧❡s rés✉❧t❛ts
❞❡s s✐♠✉❧❛t✐♦♥s ♣rés❡♥t❡r♦♥t ❞❡s ❡✛❡ts ❞❡ s❡✉✐❧ ❡t s❡r♦♥t ❜✐❛✐sés✳ ❈❡♣❡♥❞❛♥t✱ ❧❡s t❡♠♣s
❞❡ ❝❛❧❝✉❧ ♣♦✉r ré❛❧✐s❡r ✉♥❡ s✐♠✉❧❛t✐♦♥ ❛✈❡❝ ▼é❧♦❞✐❡ s♦♥t ❧♦♥❣s✱ ♣r✐♥❝✐♣❛❧❡♠❡♥t ❡♥ r❛✐✲
s♦♥ ❞❡s ♦♣t✐♠✐s❛t✐♦♥s ♣♦✉r ❧✬❛ss♦❧❡♠❡♥t ❡t ❧❡ ♣❧❛♥ ❞❡ ❢✉♠✉r❡✳ ❯♥❡ s✐♠✉❧❛t✐♦♥ s✉r ✸✵
❛♥s ♣❡✉t ♣r❡♥❞r❡ ♣❧✉s✐❡✉rs ❤❡✉r❡s✳ ❙❛♥s ré❞✉❝t✐♦♥ ❞✉ t❡♠♣s ❞❡ ❝❛❧❝✉❧✱ ✐❧ s❡♠❜❧❡ ❞♦♥❝
❞✐✣❝✐❧❡♠❡♥t ❡♥✈✐s❛❣❡❛❜❧❡ ❞❡ ré❛❧✐s❡r ❧❡ ❣r❛♥❞ ♥♦♠❜r❡ ❞❡ s✐♠✉❧❛t✐♦♥s r❡q✉✐s❡s ♣❛r ✉♥
♠♦❞è❧❡ st♦❝❤❛st✐q✉❡✳

❊♥ ❝♦♥❝❧✉s✐♦♥✱ ❧❛ ♣♦ss✐❜✐❧✐té ❞❡ s✐♠✉❧❡r ❞❡s s②stè♠❡s ❞❡ ♣r♦❞✉❝t✐♦♥ ❛✈❡❝ ❞❡s ✐♥t❡r✲
❛❝t✐♦♥s ❡♥❝♦r❡ ♣❧✉s ❢♦rt❡s ❡♥tr❡ ❧❡ s②stè♠❡ ❞❡ ♣✐❧♦t❛❣❡ ❡t ❧❡ s②stè♠❡ ❜✐♦t❡❝❤♥✐q✉❡ ❡t
❧❛ ♣♦ss✐❜✐❧✐té ❞❡ s✐♠✉❧❡r ❞❡s ❝♦♥❞✉✐t❡s s✬é❝❛rt❛♥t ❞❡s ♦♣t✐♠✉♠ ✉s✉❡❧❧❡♠❡♥t r❡❝♦♥♥✉s
❝♦♥st✐t✉❡♥t ✉♥ ♣♦✐♥t ❝r✉❝✐❛❧ ♣♦✉r é✈❛❧✉❡r ❡① ❛♥t❡ ❞❡s s②stè♠❡s ❞❡ ♣r♦❞✉❝t✐♦♥ ✐♥♥♦✈❛♥ts✳
❚♦✉t❡❢♦✐s✱ ❞❡s ❞é✈❡❧♦♣♣❡♠❡♥ts ✐♠♣♦rt❛♥ts s♦♥t ♥é❝❡ss❛✐r❡s✱ t❛♥t ❡♥ t❡r♠❡s ❞❡ s✐♠✉❧❛t✐♦♥
❜✐♦t❡❝❤♥✐q✉❡ q✉❡ ❞❡ ♠♦❞é❧✐s❛t✐♦♥ ❞❡s ♣r♦❝❡ss✉s ❞é❝✐s✐♦♥♥❡❧s✳

✾✳✸✳✸ ❱❡rs ❞❡s é✈❛❧✉❛t✐♦♥s ❞❡ ❞✉r❛❜✐❧✐té

❆✉✲❞❡❧à ❞❡s ❝♦rr❡❝t✐♦♥s à ❛♣♣♦rt❡r ♣♦✉r ✉♥ ♠❡✐❧❧❡✉r ❢♦♥❝t✐♦♥♥❡♠❡♥t ❞✉ ♠♦❞è❧❡✱
❞é❝r✐t❡s ❞❛♥s ❧❡s ♣❛r❛❣r❛♣❤❡s ♣ré❝é❞❡♥ts✱ ❞❡s é✈♦❧✉t✐♦♥s ❞❡✈r♦♥t êtr❡ ❛♣♣♦rté❡s à ▼é✲
❧♦❞✐❡ ♣♦✉r r❡♠♣❧✐r ❧❡s ♦❜❥❡❝t✐❢s ✐♥✐t✐❛❧❡♠❡♥t ✜①és✳ ❈❡s é✈♦❧✉t✐♦♥s ♣❡✉✈❡♥t êtr❡ ❝❧❛ssé❡s
❡♥ ❞❡✉① ❝❛té❣♦r✐❡s ✿ ❝❡❧❧❡s q✉✐ ✈✐s❡♥t à ❝♦♠♣❧ét❡r ❧✬é✈❛❧✉❛t✐♦♥ ♠✉❧t✐✲❝r✐tèr❡s ❞❡s ✐♠♣❛❝ts
❡♥✈✐r♦♥♥❡♠❡♥t❛✉① ❡t ❝❡❧❧❡s q✉✐ ✈✐s❡♥t à ❛❞❥♦✐♥❞r❡ ❞❡s é✈❛❧✉❛t✐♦♥s ❛✉tr❡s q✉✬❡♥✈✐r♦♥✲
♥❡♠❡♥t❛❧❡s✳ ▲❡s ❞❡✉① s♦♥t ♥é❝❡ss❛✐r❡s ♣♦✉r ♣r♦♣♦s❡r ❞❡s é✈❛❧✉❛t✐♦♥s ❞❡ ❞✉r❛❜✐❧✐té ❞❡s
s②stè♠❡s ❞❡ ♣r♦❞✉❝t✐♦♥✳

❊♥ ❝❡ q✉✐ ❝♦♥❝❡r♥❡ ❧❡s ✐♠♣❛❝ts ❡♥✈✐r♦♥♥❡♠❡♥t❛✉①✱ ❧❡s ✢✉① ❞❡ ♣❤♦s♣❤♦r❡ ❞♦✐✈❡♥t
êtr❡ ❝♦♠♣❧étés ❛✉ ♥✐✈❡❛✉ ❞✉ ♠♦❞✉❧❡ s♦❧ ✲ ❝✉❧t✉r❡s✳ ▲✬♦❜❥❡❝t✐❢ ❡st ❞❡ ♣ré❞✐r❡ ❧❡s ♣❡rt❡s ❞❡
♣❤♦s♣❤♦r❡ ♣❛r r✉✐ss❡❧❧❡♠❡♥t✱ ♥♦t❛♠♠❡♥t s✉✐t❡ ❛✉① é♣❛♥❞❛❣❡s ❞✬❡✤✉❡♥ts✳ ❈❡tt❡ ♣ré❞✐❝✲
t✐♦♥ s✉♣♣♦s❡ ❞❡ ♠♦❞é❧✐s❡r ❧✬é✈♦❧✉t✐♦♥ ❞❡ ❧✬❡✤✉❡♥t ❡♥ s✉r❢❛❝❡ ❞✉ s♦❧ ❡♥tr❡ ❧✬é♣❛♥❞❛❣❡ ❡t
❧❡ tr❛✈❛✐❧ ❞✉ s♦❧✳ ▲❡ r✉✐ss❡❧❧❡♠❡♥t ❞✬❡❛✉ ❞❡✈r❛ é❣❛❧❡♠❡♥t êtr❡ ❝❛r❛❝tér✐sé✱ ❝❡ q✉✐ ✐♥❞✉✐t



✷✵✷ ❉✐s❝✉ss✐♦♥ ❣é♥ér❛❧❡

✉♥❡ ❞✐✣❝✉❧té ét❛♥t ❞♦♥♥é q✉❡ ❧❡ ♠♦❞è❧❡ ♥✬❡st ♣❛s s♣❛t✐❛❧✐sé✳ ▲❡s ♣❡rt❡s ❞❡ ♣❤♦s♣❤♦r❡
♣❛rt✐❝✉❧❛✐r❡✱ ❞♦♥❝ ❧✬ér♦s✐♦♥✱ ❞❡✈r♦♥t êtr❡ ♣ré❞✐t❡s ❛✉ss✐ ❡t ❧❛ r❡♠❛rq✉❡ s✉r ❧❛ s♣❛t✐❛❧✐s❛✲
t✐♦♥ ❞✉ ♠♦❞è❧❡ s✬❛♣♣❧✐q✉❡✳ ▲❡s ♣❡rt❡s ♣❛r ❧✐①✐✈✐❛t✐♦♥✱ ❣é♥ér❛❧❡♠❡♥t ❢❛✐❜❧❡s✱ ♣❡✉✈❡♥t êtr❡
♥é❣❧✐❣é❡s ❞❛♥s ✉♥ ♣r❡♠✐❡r t❡♠♣s✳

P♦✉r ❧❡s ❛✉tr❡s é❧é♠❡♥ts✱ ❧❡s ✢✉① ❞❡ ❝❛r❜♦♥❡ s♦♥t ♠♦❞é❧✐sés ❞❛♥s ❧❛ ✈❡rs✐♦♥ ❛❝t✉❡❧❧❡
❞❡ ▼é❧♦❞✐❡✱ ❜✐❡♥ q✉❡ ❧❡s rés✉❧t❛ts ♥✬❛✐❡♥t ♣❛s été ♣rés❡♥tés ❞❛♥s ❧❡ ❝❤❛♣✐tr❡ ✽✳ P♦✉r ❧❡
❝✉✐✈r❡ ❡t ❧❡ ③✐♥❝✱ ❞❡s ❜✐❧❛♥s ❞❡ ♠❛t✐èr❡ à ❧✬é❝❤❡❧❧❡ ❞❡ ❝❤❛q✉❡ ♠♦❞✉❧❡✱ ✉t✐❧✐s❛♥t ❞❡s t❡♥❡✉rs
❞❛♥s ❧❡s ♣❧❛♥t❡s ✜①é❡s✱ s❡r♦♥t s✉✣s❛♥t❡s ♣♦✉r é✈❛❧✉❡r ❧❡s r✐sq✉❡s ❞✬❛❝❝✉♠✉❧❛t✐♦♥ ❞❛♥s
❧❡ s♦❧✳

❯♥ ❞❡s ♦❜❥❡❝t✐❢s ❞❡ ▼é❧♦❞✐❡ ❡st ❞✬❡st✐♠❡r ❧❡s ❝♦♥s♦♠♠❛t✐♦♥s ❞✬é♥❡r❣✐❡s ❢♦ss✐❧❡s✳
P♦✉r ❛tt❡✐♥❞r❡ ❝❡t ♦❜❥❡❝t✐❢✱ ❞❡s ❜❛s❡s ❞❡ ❞♦♥♥é❡s s✉r ❧❛ ❝♦♥s♦♠♠❛t✐♦♥ é❧é♠❡♥t❛✐r❡ ❞❡s
❞✐✛ér❡♥t❡s ♦♣ér❛t✐♦♥s t❡❝❤♥✐q✉❡s ❡♥ ❢♦♥❝t✐♦♥ ❞✉ ♠❛tér✐❡❧ ✉t✐❧✐sé s❡r♦♥t ♠♦❜✐❧✐sé❡s ❡t
❧❛ ♣❧✉♣❛rt ❞❡s ♦♣ér❛t✐♦♥s t❡❝❤♥✐q✉❡s ♠♦❞é❧✐sé❡s✱ ♠ê♠❡ s✐ ❡❧❧❡s ♥✬♦♥t ♣❛s ❞✬❡✛❡t ❞✐r❡❝t
s✉r ❧❡ s②stè♠❡ ❜✐♦t❡❝❤♥✐q✉❡✳ ❈❡tt❡ ♠♦❞é❧✐s❛t✐♦♥ s❡r❛ é❣❛❧❡♠❡♥t ♥é❝❡ss❛✐r❡ ♣♦✉r ❧❛ ♣r✐s❡
❡♥ ❝♦♠♣t❡ ❞❡s ❝♦♥tr❛✐♥t❡s ❞❡ ♠❛✐♥ ❞✬÷✉✈r❡ ✭❝❤❛♣✐tr❡ ✼✮✳ ▲❛ ❝♦♠♣t❛❜✐❧✐s❛t✐♦♥ ❞❡s ❞é✲
♣❧❛❝❡♠❡♥ts s✉r r♦✉t❡ ♣❡r♠❡ttr❛ ❞❡ ❝♦♠♣❛r❡r ❞❡ ❢❛ç♦♥ ❣❧♦❜❛❧❡ ❞✐✛ér❡♥t❡s str✉❝t✉r❡s ❞❡
♣❛r❝❡❧❧❛✐r❡s✱ ❛❧❧❛♥t ❞✉ ♣❛r❝❡❧❧❛✐r❡ très ❣r♦✉♣é ❛✉ ♣❛r❝❡❧❧❛✐r❡ très é❝❧❛té✳

▲❡ ❞❡r♥✐❡r ♦❜❥❡❝t✐❢ ❡♥✈✐r♦♥♥❡♠❡♥t❛❧ ❛♥♥♦♥❝é ❡st ❧✬❡st✐♠❛t✐♦♥ ❞❡s ❝♦♥s♦♠♠❛t✐♦♥s
❞❡ ♣r♦❞✉✐ts ♣❤②t♦✲s❛♥✐t❛✐r❡s✳ ❈❡ ♣♦✐♥t ❛ ❞é❥à été é✈♦q✉é ❞❛♥s ❧❛ ♣❛rt✐❡ ♣ré❝é❞❡♥t❡ ❡t
❡♥ ✺✳✷✳✶✳ ▲❛ ❞✐✣❝✉❧té rés✐❞❡ ❞❛♥s ❧❛ s✐♠✉❧❛t✐♦♥ ❞❡s ❝♦♥séq✉❡♥❝❡s ❞❡s tr❛✐t❡♠❡♥ts s✉r
❧❡ s②stè♠❡ ❜✐♦t❡❝❤♥✐q✉❡✳ ❆✉tr❡♠❡♥t✱ ❧❡s tr❛✐t❡♠❡♥ts ♣❡✉✈❡♥t s✐♠♣❧❡♠❡♥t êtr❡ ❝♦♠♣✲
t❛❜✐❧✐sés ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧✬✐t✐♥ér❛✐r❡ t❡❝❤♥✐q✉❡ ❞❡ ♠❛♥✐èr❡ à ❝❡r♥❡r ❧❡s s②stè♠❡s ❣r♦s
❝♦♥s♦♠♠❛t❡✉rs✱ ❞❛♥s ❧❡ ❝❛❞r❡ ❞❡ ❧✬é✈❛❧✉❛t✐♦♥ ♠✉❧t✐✲❝r✐tèr❡s✳ ❉❛♥s ❝❡ ❝❛s✱ ❧❛ ❞é♠❛r❝❤❡
❞❡ ♠♦❞é❧✐s❛t✐♦♥ ♥✬❛♣♣♦rt❡ ♣❛s ❞✬✐♥❢♦r♠❛t✐♦♥ s✉♣♣❧é♠❡♥t❛✐r❡ ♣❛r r❛♣♣♦rt ❛✉① ♦❜s❡r✈❛✲
t✐♦♥s ❡♥ ❢❡r♠❡✳

❉❛♥s ✉♥❡ ♣❡rs♣❡❝t✐✈❡ ❞✬é✈❛❧✉❛t✐♦♥ ❞❡ ❧❛ ❞✉r❛❜✐❧✐té ❞❡s s②stè♠❡s ❞❡ ♣r♦❞✉❝t✐♦♥✱ ❞❡s
❛s♣❡❝ts ❛✉tr❡s q✉✬❡♥✈✐r♦♥♥❡♠❡♥t❛✉① ❞♦✐✈❡♥t êtr❡ é✈❛❧✉és✳ ▲✬✐♥tr♦❞✉❝t✐♦♥ ❞❡s ❝♦♥tr❛✐♥t❡s
❞❡ ♠❛✐♥ ❞✬÷✉✈r❡ ❞❛♥s ❧❡ ♣✐❧♦t❛❣❡✱ é✈♦q✉é❡ ❞❛♥s ❧❡ ❝❤❛♣✐tr❡ ✼✱ ❢♦✉r♥✐r❛ ❧❡s ✐♥❢♦r♠❛t✐♦♥s
♥é❝❡ss❛✐r❡s ♣♦✉r q✉❛♥t✐✜❡r ❧❡ tr❛✈❛✐❧ ❞❡ ❢❛ç♦♥ ❞②♥❛♠✐q✉❡ ❛✜♥ ❞✬é✈❛❧✉❡r ❧❛ ✈✐✈❛❜✐❧✐té ❞❡s
s②stè♠❡s✳ ■❧ s✬❛❣✐t ❞✬✉♥❡ ♣ré♦❝❝✉♣❛t✐♦♥ ❢♦rt❡ ❡♥ é❧❡✈❛❣❡ ✭❉❡❞✐❡✉ ❡t ❙❡r✈✐èr❡ ✷✵✵✶✮✳

▲❛ ✈✐❛❜✐❧✐té ❞❡s s②stè♠❡s✱ ❞♦♥❝ ❧❡✉r r❡♥t❛❜✐❧✐té é❝♦♥♦♠✐q✉❡✱ ❝♦♥st✐t✉❡ ✉♥ ♣✐❧✐❡r ❞✉
❞é✈❡❧♦♣♣❡♠❡♥t ❞✉r❛❜❧❡✳ ❯♥ ♠♦❞✉❧❡ ❞✬❡st✐♠❛t✐♦♥ ❞✉ rés✉❧t❛t é❝♦♥♦♠✐q✉❡ ❞❡✈r❛ êtr❡ ❞é✲
✈❡❧♦♣♣é✳ ❉❛♥s ❝❡tt❡ ♣❡rs♣❡❝t✐✈❡✱ ❞❡s ❜❛s❡s ❞❡ ❞♦♥♥é❡s s✉r ❞❡s ♣r✐① ❞❡✈r♦♥t êtr❡ ✐♥té❣ré❡s✱
à ❧✬✐♥st❛r ❞✉ ♠♦❞è❧❡ ■❢s♠ ✭❘♦t③ ❡t ❈♦✐♥❡r ✷✵✵✹✮✳ ❙✐ ❧❛ ♠❛r❣❡ ❜r✉t❡ ♣❡✉t ❢❛❝✐❧❡♠❡♥t êtr❡
é✈❛❧✉é❡ à ❧✬❛✐❞❡ ❞❡s s♦rt✐❡s ❞❡ ▼é❧♦❞✐❡✱ ❧❡ ❝❛❧❝✉❧ ❞✉ rés✉❧t❛t ♥é❝❡ss✐t❡ ❞❡s ❤②♣♦t❤ès❡s
s✉r ❧❛ ✈❛❧❡✉r ❞❡s ❜ât✐♠❡♥ts ❡t ❞❡s ♠❛❝❤✐♥❡s ❡t s✉r ❧❡✉r ♠♦❞❡ ❞❡ ✜♥❛♥❝❡♠❡♥t✳ ❈❡ tr❛✈❛✐❧
❞♦✐t êtr❡ ré❛❧✐sé ❡♥ ❝♦❧❧❛❜♦r❛t✐♦♥ ❛✈❡❝ ❞❡s é❝♦♥♦♠✐st❡s ❡t ❛ été ❝♦♥s✐❞éré ❝♦♠♠❡ tr♦♣
❝♦♥séq✉❡♥t ♣♦✉r êtr❡ ré❛❧✐sé ❛✉ ❝♦✉rs ❞❡ ❝❡tt❡ t❤ès❡✳

❯♥❡ s❡❝♦♥❞❡ ét❛♣❡ ♣♦✉rr❛✐t êtr❡ ❞✬✐♥té❣r❡r ✉♥❡ ❞✐♠❡♥s✐♦♥ é❝♦♥♦♠✐q✉❡ ❞❛♥s ❧❡ ♣✐❧♦✲
t❛❣❡ ❞✉ s②stè♠❡✱ à ❧❛ ♠❛♥✐èr❡ ❞❡ ❋❛ss❡t ✭❏❛❝♦❜s❡♥ ❡t ❛❧✳ ✶✾✾✽✮✳ ❊♥ ❡✛❡t✱ ❧❡s ✢✉❝t✉❛t✐♦♥s
❞✉ ❝♦♥t❡①t❡ é❝♦♥♦♠✐q✉❡ ❡t ❧✬❛✈❡rs✐♦♥ ❛✉ r✐sq✉❡ ❢♦♥t ♣❛rt✐❡ ❞❡s ❞ét❡r♠✐♥❛♥ts ❞❡s ♣r❛✲
t✐q✉❡s ❛❣r✐❝♦❧❡s✳ ▼é❧♦❞✐❡ ♣♦✉rr❛✐t ♣❡r♠❡ttr❡ ❞✬ét✉❞✐❡r ❧❛ rés✐❧✐❡♥❝❡ ❞❡s s②stè♠❡s s✉r
✉♥ ♣❧❛♥ é❝♦♥♦♠✐q✉❡✳



▲❡s é✈❛❧✉❛t✐♦♥s ❞✬✐♠♣❛❝t ❡♥✈✐r♦♥♥❡♠❡♥t❛❧ ♣r♦♣♦sé❡s ♣❛r ▼é❧♦❞✐❡ ✷✵✸

❊♥ ❝♦♥❝❧✉s✐♦♥✱ ❧❡s ♣❡rs♣❡❝t✐✈❡s ❞✬é✈♦❧✉t✐♦♥ ♣♦✉r▼é❧♦❞✐❡ s♦♥t ♥♦♠❜r❡✉s❡s✳ ■❧ ❡①✐st❡
❡♥ ♣❛rt✐❝✉❧✐❡r ❞❡s ❧✐♠✐t❛t✐♦♥s ❞❛♥s ❧❛ s✐♠✉❧❛t✐♦♥ ❞❡s ✢✉① ❞❡ ♠❛t✐èr❡✱ ♠❛✐s ❧✬♦❜❥❡❝t✐❢ ❞❡
❝❡ tr❛✈❛✐❧ ♥✬ét❛✐t ♣❛s ❞✬❛♠é❧✐♦r❡r ❧❡s s♦✉s✲♠♦❞è❧❡s ❞❡ s✐♠✉❧❛t✐♦♥ ❞❡s ✢✉① ❞❡ ♠❛t✐èr❡✳
❚♦✉t❡❢♦✐s✱ ❧❡s ét✉❞❡s à ❞✐✛ér❡♥ts ♥✐✈❡❛✉① ❞✬♦r❣❛♥✐s❛t✐♦♥ s♦♥t ❝♦♠♣❧é♠❡♥t❛✐r❡s ❡t ♣❡✉✈❡♥t
s✬❛♠é❧✐♦r❡r ♣r♦❣r❡ss✐✈❡♠❡♥t✱ ❜é♥é✜❝✐❛♥t ❞❡s ✐♥t❡r❛❝t✐♦♥s ❡♥tr❡ ♥✐✈❡❛✉①✳ ❆✐♥s✐✱ ❧❡s ❧✐♠✐t❡s
❞✉ s②stè♠❡ ❜✐♦t❡❝❤♥✐q✉❡ ✐❞❡♥t✐✜é❡s ♣❡✉✈❡♥t ♣❡r♠❡ttr❡ ❞✬♦r✐❡♥t❡r ❧❛ r❡❝❤❡r❝❤❡ s✉r ❧❡s
♣r♦❝❡ss✉s ❜✐♦♣❤②s✐q✉❡s ♠✐s ❡♥ ❥❡✉✳

✾✳✹ ▲❡s é✈❛❧✉❛t✐♦♥s ❞✬✐♠♣❛❝t ❡♥✈✐r♦♥♥❡♠❡♥t❛❧ ♣r♦♣♦sé❡s
♣❛r ▼é❧♦❞✐❡

✾✳✹✳✶ ▼é❧♦❞✐❡ s✐♠✉❧❡ ❧❡s é♠✐ss✐♦♥s ❞❡ ❝♦♠♣♦sés à r✐sq✉❡ ❞❡ ❢❛ç♦♥
❞②♥❛♠✐q✉❡ ❡t ❧♦❝❛❧✐sé❡

❯♥ ❞❡s ♣r✐♥❝✐♣❛✉① ❛✈❛♥t❛❣❡s ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥ ❡st ❞❡ ♣♦✉✈♦✐r ❛❜♦r❞❡r ❞❡s é❝❤❡❧❧❡s
s♣❛t✐♦✲t❡♠♣♦r❡❧❧❡s ✐♠♣♦ss✐❜❧❡s à ét✉❞✐❡r ♣❛r ❞❡s ❡①♣ér✐♠❡♥t❛t✐♦♥s ♦✉ ❞❡s ♦❜s❡r✈❛t✐♦♥s
❡♥ ❢❡r♠❡✳

▲✬❡①♣❧♦✐t❛t✐♦♥ ❡st ❧❡ ♣r✐♥❝✐♣❛❧ ♥✐✈❡❛✉ ❞❡ ❞é❝✐s✐♦♥ ♣♦✉r ❧❡s ♣r❛t✐q✉❡s ❛❣r✐❝♦❧❡s✳ ■❧ s✬❛❣✐t
❞✬✉♥❡ ✉♥✐té ❞❡ ❣❡st✐♦♥ ❞❡ t❡rr✐t♦✐r❡✳ ▲✬ét✉❞❡ ❜✐❜❧✐♦❣r❛♣❤✐q✉❡ ✭❝❤❛♣✐tr❡ ✶✮ ❛ ❝♦♥❝❧✉ q✉❡
❧❡ ❧✐❡♥ ❡♥tr❡ ♣r❛t✐q✉❡s ❛❣r✐❝♦❧❡s ❡t é♠✐ss✐♦♥s ❞❡ ❝♦♠♣♦sés à r✐sq✉❡ ♣♦✉r ❧✬❡♥✈✐r♦♥♥❡♠❡♥t
❞❡✈❛✐t êtr❡ ét✉❞✐é à ❝❡ ♥✐✈❡❛✉✳ P♦✉r P❛②r❛✉❞❡❛✉ ❡t ✈❛♥ ❞❡r ❲❡r❢ ✭✷✵✵✺✮✱ ❧❡s ✐♥t❡r❛❝✲
t✐♦♥s ❡♥tr❡ ❡①♣❧♦✐t❛t✐♦♥s à ❧✬é❝❤❡❧❧❡ ❞✬✉♥ t❡rr✐t♦✐r❡ ❞♦✐✈❡♥t êtr❡ ♣r✐s❡s ❡♥ ❝♦♠♣t❡ ❞❛♥s
❧❡s é✈❛❧✉❛t✐♦♥s ❞✬✐♠♣❛❝ts ❡♥✈✐r♦♥♥❡♠❡♥t❛✉①✳ ❚♦✉t❡❢♦✐s✱ ❧❡s s✐♠✉❧❛t✐♦♥s ♣rés❡♥té❡s ❞❛♥s
❧❡ ❝❤❛♣✐tr❡ ✽ ♦♥t ✐❧❧✉stré ❧❛ ❝♦♠♣❧❡①✐té ❞✉ ❝♦♠♣♦rt❡♠❡♥t ❞✉ s②stè♠❡✱ ❡♥ s❡ ❧✐♠✐t❛♥t
à ❧✬é❝❤❡❧❧❡ ❞❡ ❧✬❡①♣❧♦✐t❛t✐♦♥✳ ❉❡ ♥♦♠❜r❡✉s❡s ♦♣t✐♦♥s ❞❡ ❣❡st✐♦♥ ♣❡✉✈❡♥t êtr❡ ❛❞♦♣té❡s
à ❝❡ ♥✐✈❡❛✉ ♣♦✉r ré❞✉✐r❡ ❧❡s é♠✐ss✐♦♥s ❞❡ ❝♦♠♣♦sés à r✐sq✉❡✳ ➚ ❧✬♦♣♣♦sé✱ ❧❡ rô❧❡ ❞❡s
✐♥t❡r❛❝t✐♦♥s ❡♥tr❡ ❡①♣❧♦✐t❛t✐♦♥s✱ q✉✐ s❡ tr❛❞✉✐s❡♥t ♣❛r ❞❡s ✢✉① ❞✬❛❧✐♠❡♥ts ❡t ❞✬❡✤✉❡♥ts
❡t ❞❡s ❝♦♥tr❛✐♥t❡s ♦r❣❛♥✐s❛t✐♦♥♥❡❧❧❡s ✭♣❛rt❛❣❡ ❞❡ ♠❛tér✐❡❧✱ ❡♥tr❛✐❞❡✮ ♥❡ ♥♦✉s s❡♠❜❧❡ ♣❛s
êtr❡ ✉♥ ❧❡✈✐❡r ❞✬❛❝t✐♦♥ ♠❛❥❡✉r ❡♥ ❧✬ét❛t ❛❝t✉❡❧✱ ❡①❝❡♣té ❞❛♥s ❧❡s ③♦♥❡s ♦ù ❧❡s ❞❡♥s✐tés
❛♥✐♠❛❧❡s s♦♥t ❡①trê♠❡♠❡♥t é❧❡✈é❡s ❡t ♦ù ❧❛ ❣❡st✐♦♥ ❝♦❧❧❡❝t✐✈❡ ❞❡s ❞é❥❡❝t✐♦♥s ♣❡✉t ré❞✉✐r❡
❧❡s ♣r❡ss✐♦♥s s✉r ❧✬❡♥✈✐r♦♥♥❡♠❡♥t ✭▲♦♣❡③✲❘✐❞❛✉r❛ ❡t ❛❧✳ ✷✵✵✼✮✳

■❧ ❡①✐st❡ r❡❧❛t✐✈❡♠❡♥t ♣❡✉ ❞❡ ❞♦♥♥é❡s à ❧✬é❝❤❡❧❧❡ ❞❡ ❧✬❡①♣❧♦✐t❛t✐♦♥✱ ❝♦♠♣❛r❛t✐✈❡♠❡♥t
❛✉① ♥♦♠❜r❡✉s❡s ét✉❞❡s ❡t ♠♦❞è❧❡s ❞é❝r✐✈❛♥t ❧❡s ♣r♦❝❡ss✉s ♠✐s ❡♥ ❥❡✉ à ❞❡s ♥✐✈❡❛✉① ♣❧✉s
❞ét❛✐❧❧és✳ ▲❛ ♠♦❞é❧✐s❛t✐♦♥ ♣❡r♠❡t ❞✬✉t✐❧✐s❡r ❝❡s ❝♦♥♥❛✐s❛♥❝❡s ❡♥ ré❛❧✐s❛♥t ✉♥ ❝❤❛♥❣❡♠❡♥t
❞❡ ♥✐✈❡❛✉ ❞✬♦r❣❛♥✐s❛t✐♦♥✱ ❝❡ q✉✐ ❡①♣❧✐q✉❡ ❧❡ ♥✐✈❡❛✉ ❞❡ ❞ét❛✐❧ ❞✉ s✐♠✉❧❛t❡✉r✳

❙❡ ❝❛♥t♦♥♥❡r ❛✉ ♥✐✈❡❛✉ ❞❡ ❧✬❡①♣❧♦✐t❛t✐♦♥✱ s❛♥s r❡♥tr❡r ❞❛♥s ❧❡ ❞ét❛✐❧ ❡t ❧❛ ❞②♥❛♠✐q✉❡
❞❡s ♣r♦❝❡ss✉s✱ ♥✬❛✉r❛✐t ♣❛s ♣❡r♠✐s ❞✬é✈❛❧✉❡r ❧✬❤étér♦❣é♥é✐té s♣❛t✐❛❧❡ ❡t t❡♠♣♦r❡❧❧❡ ❞❡s
é♠✐ss✐♦♥s ❞❡ ❝♦♠♣♦sés à r✐sq✉❡✳ ❉❡s é♠✐ss✐♦♥s très ❧♦❝❛❧✐sé❡s ❞❛♥s ❧✬❡s♣❛❝❡ ♦✉ ❧❡ t❡♠♣s
♥✬♦♥t ♣❛s ❢♦r❝é♠❡♥t ❧❡s ♠ê♠❡s ❝♦♥séq✉❡♥❝❡s ❡♥✈✐r♦♥♥❡♠❡♥t❛❧❡s q✉❡ ❞❡s é♠✐ss✐♦♥s ♣❧✉s
❧❛r❣❡♠❡♥t ❞✐str✐❜✉é❡s✱ ♥♦t❛♠♠❡♥t ♣♦✉r ❧❡s ✐♠♣❛❝ts ❧♦❝❛✉①✳ ❉❡ ♣❧✉s✱ ❝❡rt❛✐♥❡s q✉❡st✐♦♥s
❛✉t♦✉r ❞❡ ❧❛ ❝♦♥❞✉✐t❡ ❞✉ s②stè♠❡ ♥✬❛✉r❛✐❡♥t ♣❛s ♣✉ êtr❡ ❛❜♦r❞é❡s✳ ❈✬❡st ❧❡ ❝❛s ♣❛r
❡①❡♠♣❧❡ ❞❡ ❧✬❡✛❡t ❞❡s ❝♦♥tr❛✐♥t❡s s♣❛t✐❛❧❡s s✉r ❧❛ ❣❡st✐♦♥ ❞❡s ❡✤✉❡♥ts ❡t ❧❡s ❝♦♥séq✉❡♥❝❡s
s✉r ❧❡s é♠✐ss✐♦♥s ❞❡ ❝♦♠♣♦sés à r✐sq✉❡✳



✷✵✹ ❉✐s❝✉ss✐♦♥ ❣é♥ér❛❧❡

▲❡ ♣❛s ❞❡ t❡♠♣s ❥♦✉r♥❛❧✐❡r ♥❡ r❡✢èt❡ ♣❛s ❧❛ ♣ré❝✐s✐♦♥ ❞✉ ♠♦❞è❧❡✳ ■❧ s✬❛❣✐t ✉♥✐q✉❡♠❡♥t
❞✬✉♥ ♣❛s ❞❡ t❡♠♣s ❞❡ ❝❛❧❝✉❧ ❡t ❧❡s rés✉❧t❛ts ❞♦✐✈❡♥t êtr❡ ❛❣ré❣és s✉r ❞❡s ♣ér✐♦❞❡s ♣❧✉s
❧♦♥❣✉❡s ✭s❡♠❛✐♥❡s ♦✉ ♠♦✐s✮ ♣♦✉r ♣♦✉✈♦✐r êtr❡ ✐♥t❡r♣rétés✳

✾✳✹✳✷ ❈♦♠♣❧é♠❡♥t❛r✐té ❛✈❡❝ ❧❡s ❛✉tr❡s ♠ét❤♦❞❡s ❞✬é✈❛❧✉❛t✐♦♥

➚ t❡r♠❡✱ ❧❡ ♠♦❞è❧❡ ❢♦✉r♥✐r❛ ❞❡s ❡st✐♠❛t✐♦♥s ❞✬é♠✐ss✐♦♥s ♣♦✉r ❧❡s ♣r✐♥❝✐♣❛✉① ❝♦♠✲
♣♦sés ✐♠♣❧✐q✉és ❞❛♥s ❧❡s ✐♠♣❛❝ts ❡♥✈✐r♦♥♥❡♠❡♥t❛✉① ❞❡ ❧✬❛❣r✐❝✉❧t✉r❡✱ ❡♥ ❞ét❛✐❧❧❛♥t ❧❡s
s♦✉r❝❡s ❞✬é♠✐ss✐♦♥ ❛✉ s❡✐♥ ❞❡ ❧✬❡①♣❧♦✐t❛t✐♦♥✳ ■❧ s❡r❛✐t très ❞✐✣❝✐❧❡ ❡t ❝♦ût❡✉① ❞✬♦❜t❡♥✐r
❞❡s ❞♦♥♥é❡s ❛✉ss✐ ❝♦♠♣❧èt❡s ♣❛r ❞❡s ♠❡s✉r❡s✳ ▼é❧♦❞✐❡ ✈✐s❡ à ❝♦♠♣❧ét❡r ❧❡s ét✉❞❡s
❡①♣ér✐♠❡♥t❛❧❡s ❡t ❧❡s ♦❜s❡r✈❛t✐♦♥s ❡♥ ❢❡r♠❡✱ ❡♥ ❛❧❧✐❛♥t ❞✐✈❡rs ❛s♣❡❝ts q✉✬❛✉❝✉♥❡ ❛✉tr❡
❞é♠❛r❝❤❡ ♥❡ ♣❡✉t ♣r♦♣♦s❡r s✐♠✉❧t❛♥é♠❡♥t ✿

✕ ➱✈❛❧✉❛t✐♦♥ ♠✉❧t✐✲é❧é♠❡♥ts ❡t ♠✉❧t✐✲❝r✐tèr❡s ❀
✕ ➱✈❛❧✉❛t✐♦♥ à ❧✬é❝❤❡❧❧❡ ❞❡ ❧✬❡①♣❧♦✐t❛t✐♦♥ ❡t s✉r ❧❡ ❧♦♥❣ t❡r♠❡ ❀
✕ ➱✈❛❧✉❛t✐♦♥ ❞ét❛✐❧❧❛♥t ❧❛ ❞②♥❛♠✐q✉❡ ❛✉ ❝♦✉rs ❞❡ ❧✬❛♥♥é❡ ❡t ❧✬❤étér♦❣é♥é✐té ❡♥tr❡
❧✐❡✉① ❞✬é♠✐ss✐♦♥s✳

■❧ ❡st ❝r✉❝✐❛❧ ♣♦✉r ▼é❧♦❞✐❡ ❞✬✐♥té❣r❡r ❞❡s ✐♥❞✐❝❛t❡✉rs ❡♥✈✐r♦♥♥❡♠❡♥t❛✉① ✈❛❧♦r✐s❛♥t
❧❛ r✐❝❤❡ss❡ ❞❡s s♦rt✐❡s✳ ▲❡s ♠ét❤♦❞❡s ❞✬é✈❛❧✉❛t✐♦♥ ❡♥✈✐r♦♥♥❡♠❡♥t❛❧❡ ✉t✐❧✐sé❡s s✉r ❧❡ t❡r✲
r❛✐♥ s♦♥t ♣ré✈✉❡s ♣♦✉r ❢♦♥❝t✐♦♥♥❡r ❛✈❡❝ ♣❡✉ ❞❡ ❞♦♥♥é❡s ❞✐s♣♦♥✐❜❧❡s✳ ▲❡s ✐♥❞✐❝❛t❡✉rs ❡♥✲
✈✐r♦♥♥❡♠❡♥t❛✉① ❡①✐st❛♥ts ✈❛❧♦r✐s❡♥t ❞♦♥❝ ♠❛❧ ❧❡ ❝❛r❛❝tèr❡ ❞②♥❛♠✐q✉❡ ❡t ❧✬❤étér♦❣é♥é✐té
s♣❛t✐❛❧❡ ❞❡s s♦rt✐❡s ❞❡ ▼é❧♦❞✐❡✳ ❯♥❡ ré✢❡①✐♦♥ ❞❡✈r❛ ❞♦♥❝ êtr❡ ❡♥❣❛❣é❡ s✉r ❞❡s ✐♥❞✐❝❛✲
t❡✉rs ❛❞❛♣tés à ❝❡tt❡ ♣❛rt✐❝✉❧❛r✐té✳ ❯♥ ❡①❡♠♣❧❡ ❞✬✐♥❞✐❝❛t❡✉r ♣♦✉rr❛✐t êtr❡ ❧❛ ❢réq✉❡♥❝❡
❞❡ ❞é♣❛ss❡♠❡♥t ❞✬✉♥ s❡✉✐❧ ❞❡ t❡♥❡✉r ❡♥ ♥✐tr❛t❡s ❞❛♥s ❧❡s ❡❛✉① ❞❡ ❧❡ss✐✈❛❣❡✳ ▼é❧♦❞✐❡
❞♦♥♥❡r❛ ❛✐♥s✐ ❛❝❝ès à ❞❡s é✈❛❧✉❛t✐♦♥s ❞✐✣❝✐❧❡s à ré❛❧✐s❡r ♣❛r ❞❡s ♠ét❤♦❞❡s ❛✉tr❡s q✉❡
❧❛ ♠♦❞é❧✐s❛t✐♦♥✳ ▼é❧♦❞✐❡ ♣❡✉t ❞♦♥❝ ❞♦♥♥❡r ✉♥❡ ♣❡rs♣❡❝t✐✈❡ ♥♦✉✈❡❧❧❡ ❛✉① ✐♥❞✐❝❛t❡✉rs
❡♥✈✐r♦♥♥❡♠❡♥t❛✉① ❡①✐st❛♥ts✱ ❝❛r ❧❡s rés✉❧t❛ts s✉r ❧❛ ❞②♥❛♠✐q✉❡ ❡t ❧❡s ❧✐❡✉① ❞✬é♠✐ss✐♦♥
♣❡r♠❡tt❡♥t ❞❡ ♠✐❡✉① ❝♦♠♣r❡♥❞r❡ ❡t ✐♥t❡r♣rét❡r ❧❡s ✈❛❧❡✉rs ♦❜s❡r✈é❡s ❡♥ ❢❡r♠❡ ♣♦✉r ❞❡s
✐♥❞✐❝❛t❡✉rs ❣❧♦❜❛✉① ❝♦♠♠❡ ❧✬❡①❝é❞❡♥t ❞✉ ❜✐❧❛♥ ❛♣♣❛r❡♥t ❞❡ ❧✬❛③♦t❡✳

❉✬❛✉tr❡ ♣❛rt✱ ❧❡ ❝♦✉♣❧❛❣❡ ❞❡ ▼é❧♦❞✐❡ ❛✈❡❝ ✉♥❡ ❞é♠❛r❝❤❡ ❞✬❆❈❱ ♣❡r♠❡ttr❛✐t ❞❡
❝♦♠❜✐♥❡r ❧❡s ❛✈❛♥t❛❣❡s ❞❡s ❞❡✉① ❛♣♣r♦❝❤❡s✳▼é❧♦❞✐❡ ❝❛❧❝✉❧❡ ❞❡s é♠✐ss✐♦♥s ❞❡ ❝♦♠♣♦sés
à r✐sq✉❡ ♠❛✐s ♥❡ ✈❛ ♣❛s ❥✉sq✉✬❛✉① ✐♠♣❛❝ts ❡♥✈✐r♦♥♥❡♠❡♥t❛✉①✱ t❛♥❞✐s q✉❡ ❧✬❆❈❱ ❝❛❧❝✉❧❡
❞❡s ✐♥❞✐❝❛t❡✉rs s②♥t❤ét✐q✉❡s ❞✬✐♠♣❛❝t à ♣❛rt✐r ❞✬❡st✐♠❛t✐♦♥s ❞❡s é♠✐ss✐♦♥s✳ ❉❡s tr❛✈❛✉①
s♦♥t ❡♥ ❝♦✉rs ♣♦✉r ✐♥té❣r❡r ❧❡s ✐♥❞✐❝❛t❡✉rs ❞❡ ❧✬❆❈❱ à▼é❧♦❞✐❡ ✭❈✳ ❘✐❣♦❧♦t✱ ♥♦♥ ♣✉❜❧✐é✮✳

✾✳✺ ➱✈❛❧✉❛t✐♦♥ ❞❡ ▼é❧♦❞✐❡

▲✬é✈❛❧✉❛t✐♦♥ ❞✬✉♥ ♠♦❞è❧❡ ♥✬❛ ❞❡ s❡♥s q✉✬❡♥ ❢♦♥❝t✐♦♥ ❞❡ s❡s ♦❜❥❡❝t✐❢s✳ ❉❛♥s ❧❡ ❝❛s ❞❡
▼é❧♦❞✐❡✱ ❧✬♦❜❥❡❝t✐❢ ♣r✐♥❝✐♣❛❧ ❡st ❞❡ ♣♦✉✈♦✐r ❝♦♠♣❛r❡r ❧❡s ✐♠♣❛❝ts ❡♥✈✐r♦♥♥❡♠❡♥t❛✉①
❞❡ ❞✐✛ér❡♥ts s②stè♠❡s ❞❡ ♣r♦❞✉❝t✐♦♥ ❡♥ é❧❡✈❛❣❡ ❧❛✐t✐❡r✳

❯♥❡ ♣r❡♠✐èr❡ ét❛♣❡ ❡st ❧❛ ✈ér✐✜❝❛t✐♦♥ ❞✉ s✐♠✉❧❛t❡✉r ✭❑❧❡✐❥♥❡♥ ✶✾✾✺✮✳ ❊❧❧❡ ❡st ré❛❧✐sé❡
♣❛r ❧❡s ❞é✈❡❧♦♣♣❡✉rs ❞✉ ♠♦❞è❧❡ ❡t ✈✐s❡ à é❧✐♠✐♥❡r ❧❡s ❡rr❡✉rs ❞❡ ♣r♦❣r❛♠♠❛t✐♦♥✳ P❛r
❡①❡♠♣❧❡✱ ❞❛♥s ▼é❧♦❞✐❡✱ s✬❛ss✉r❡r ❞❡ ❧❛ ❝♦♥s❡r✈❛t✐♦♥ ❞❡ ❧❛ ♠❛t✐èr❡ ❞❛♥s ❝❤❛q✉❡ ♠♦❞✉❧❡
♣❡r♠❡t ❞❡ ❞ét❡❝t❡r ❞✬é✈❡♥t✉❡❧❧❡s ❡rr❡✉rs✳ ❆✉ ❝♦✉rs ❞❡ ❝❡tt❡ t❤ès❡✱ ❧❡s s✐♠✉❧❛t✐♦♥s ❞♦♥t ❧❡s
rés✉❧t❛ts s♦♥t ♣rés❡♥tés ❞❛♥s ❧❡ ❝❤❛♣✐tr❡ ✽ ♦♥t ♠✐s ❡♥ ❧✉♠✐èr❡ ❞❡ ♥♦♠❜r❡✉s❡s ✐♥❝♦❤ér❡♥❝❡s



➱✈❛❧✉❛t✐♦♥ ❞❡ ▼é❧♦❞✐❡ ✷✵✺

❞❛♥s ❧❡s ✈❡rs✐♦♥s ✐♥✐t✐❛❧❡s ❞✉ s✐♠✉❧❛t❡✉r✳ ❈❡ ❞❡r♥✐❡r ❛ é✈♦❧✉é ❡♥ ❢♦♥❝t✐♦♥ ❞❡s rés✉❧t❛ts
❞❡s s✐♠✉❧❛t✐♦♥s✱ ❥✉sq✉✬à ❝❡ q✉❡ ❧❛ ❝♦❤ér❡♥❝❡ s♦✐t s❛t✐s❢❛✐s❛♥t❡✳ ▲❛ ✈ér✐✜❝❛t✐♦♥ ❛ ❧✐❡✉ ❡♥
♣❡r♠❛♥❡♥❝❡ ❧♦rs ❞✉ ❞é✈❡❧♦♣♣❡♠❡♥t ❞✉ ♠♦❞è❧❡✳

❆♣rès ❛✈♦✐r ✈ér✐✜é q✉❡ ❧❡ s✐♠✉❧❛t❡✉r ❝♦♥str✉✐t ❝♦rr❡s♣♦♥❞ ❜✐❡♥ ❛✉① s♣é❝✐✜❝❛t✐♦♥s✱ ✐❧
❢❛✉t ✈ér✐✜❡r q✉❡ ❧❡ ♠♦❞è❧❡ ❧✉✐✲♠ê♠❡ r❡♣rés❡♥t❡ ❧❡s ♣r♦❝❡ss✉s ❞❡ ❢❛ç♦♥ ❛❞éq✉❛t❡✱ ❝✬❡st✲
à✲❞✐r❡ q✉❡ ❧❡ ♠♦❞è❧❡ ❡st ❝❛♣❛❜❧❡ ❞❡ ré♣♦♥❞r❡ ❛✉① q✉❡st✐♦♥s ♣♦sé❡s ❞❛♥s ❧❡s ♦❜❥❡❝t✐❢s
✭❇❛❧❝✐ ✶✾✾✽✮✳ ❈❡tt❡ ét❛♣❡✱ ❞é♥♦♠♠é❡ ✈❛❧✐❞❛t✐♦♥✱ ❡st ❞é❧✐❝❛t❡ ❞❛♥s ❧❡ ❝❛s ❞❡ ▼é❧♦❞✐❡✳
❊♥ r❛✐s♦♥ ❞❡ ❧✬é❝❤❡❧❧❡ s♣❛t✐❛❧❡ ❡t t❡♠♣♦r❡❧❧❡✱ ❞✉ ♥✐✈❡❛✉ ❞❡ ❞ét❛✐❧ ❡t ❞❡ ❧❛ ♠✉❧t✐♣❧✐❝✐té ❞❡s
s♦rt✐❡s✱ ✐❧ ❡st ❞✐✣❝✐❧❡ ❞✬✉t✐❧✐s❡r ❧❡s t❡❝❤♥✐q✉❡s ❝❧❛ss✐q✉❡♠❡♥t ❛♣♣❧✐q✉é❡s ❡♥ ♠♦❞é❧✐s❛t✐♦♥
q✉✐ ❝♦♥s✐st❡♥t à ❝♦♠♣❛r❡r ❧❡s s♦rt✐❡s ❞✉ ♠♦❞è❧❡ à ❞❡s ❞♦♥♥é❡s ♦❜s❡r✈é❡s ✭✈❛❧✐❞❛t✐♦♥
❡①t❡r♥❡✮✳ ❊♥ ❡✛❡t✱ ✐❧ ♥✬❡①✐st❡ ♣❛s ❞❡ ❥❡✉ ❞❡ ❞♦♥♥é❡s ♦❜s❡r✈é❡s s✉✣s❛♠♠❡♥t ❝♦♠♣❧❡t✳ ▲❛
♠ê♠❡ ❞✐✣❝✉❧té ❛ été s♦✉❧✐❣♥é❡ ❞❛♥s ❧❡ ❝❛s ❞✉ s✐♠✉❧❛t❡✉r s❡❜✐❡♥ ♣❛r ❏♦✉✈❡♥ ✭✷✵✵✻✮✳ ▲❛
q✉❡st✐♦♥ ❞❡ ❧❛ ✈❛❧✐❞❛t✐♦♥ ❞✬✉♥ ♠♦❞è❧❡ t❡❧ q✉❡ ▼é❧♦❞✐❡ ❡st ❞♦♥❝ ♦✉✈❡rt❡✳

▲❡s s♦✉s✲♠♦❞è❧❡s ✐♥té❣rés ❞❛♥s ▼é❧♦❞✐❡ ♦♥t t♦✉s ❢❛✐t ❧✬♦❜❥❡t ❞❡ ✈❛❧✐❞❛t✐♦♥s✳ ▼❛✐s
❧❛ ✈❛❧✐❞✐té ❞❡s s♦✉s✲♠♦❞è❧❡s ♥❡ ❣❛r❛♥t✐t ♣❛s ❧❛ ✈❛❧✐❞✐té ❞✉ ♠♦❞è❧❡ ❣❧♦❜❛❧ ✭❇❛❧❝✐ ✶✾✾✽ ❀
●❛✉♥t ❡t ❛❧✳ ✶✾✾✼✮✳ ■❧ ❡st ♣♦ss✐❜❧❡ q✉❡ ❞❡s ❡rr❡✉rs ❢❛✐❜❧❡s ❛✉ ♥✐✈❡❛✉ ❞❡ ❝❤❛q✉❡ s♦✉s✲♠♦❞è❧❡
s❡ ❝✉♠✉❧❡♥t ❡t s✬❛♠♣❧✐✜❡♥t ♣♦✉r ❛❜♦✉t✐r à ❞❡s ❡rr❡✉rs ♥♦♥ ♥é❣❧✐❣❡❛❜❧❡s ❛✉ ♥✐✈❡❛✉ ❞✉
♠♦❞è❧❡ ❣❧♦❜❛❧✳ ▲❡s ♣r♦❝é❞✉r❡s ❞❡ ✈❛❧✐❞❛t✐♦♥ ❞♦✐✈❡♥t ❞♦♥❝ s✬❛tt❛❝❤❡r à ✈ér✐✜❡r ❧❛ q✉❛❧✐té
❞❡s ♣ré❞✐❝t✐♦♥s ❞✉ ♠♦❞è❧❡ ❞❡ ❢❛ç♦♥ ❣❧♦❜❛❧❡✱ ❝✬❡st✲à✲❞✐r❡ ❡♥ ♠✉❧t✐✲❝r✐tèr❡s ❡t ❛✉ ♥✐✈❡❛✉
❞❡ ♣❧✉s✐❡✉rs ♠♦❞✉❧❡s✳ ■❧ ♥✬❡st ♣❛s ✉t✐❧❡ ❞❡ ♠♦❜✐❧✐s❡r ❞❡s ❞♦♥♥é❡s ♣♦✉r ✈ér✐✜❡r ✉♥ ✢✉① ♦✉
q✉❡❧q✉❡s ✢✉① ✐ss✉s ❞✉ ♠ê♠❡ s♦✉s✲♠♦❞è❧❡✱ ❝❛r ❝❡tt❡ ✈❛❧✐❞❛t✐♦♥ ❛ ❞é❥à été ❡✛❡❝t✉é❡ ♣♦✉r
❧❡ s♦✉s✲♠♦❞è❧❡ ❝♦♥❝❡r♥é✳

■❞é❛❧❡♠❡♥t✱ ❧❡s ❞♦♥♥é❡s ♠♦❜✐❧✐sé❡s ♣♦✉r ❧❛ ✈❛❧✐❞❛t✐♦♥ ❞❡▼é❧♦❞✐❡ ❞❡✈r❛✐❡♥t ♣r♦✈❡♥✐r
❞❡ ❢❡r♠❡s ❡①♣ér✐♠❡♥t❛❧❡s ♦ù ❞❡s ❡st✐♠❛t✐♦♥s ❞❡s ✢✉① ❞❡ ♠❛t✐èr❡ s♦♥t ré❛❧✐sé❡s ♣♦✉r
❞✐✛ér❡♥ts é❧é♠❡♥ts ❡t à t♦✉s ❧❡s ♣♦✐♥ts ❞✉ ❝②❝❧❡✳ ❈❡♣❡♥❞❛♥t✱ ❧❡s ❡st✐♠❛t✐♦♥s ❞❡s ✢✉① ❞❡
♠❛t✐èr❡ ✭♣❛r ❡①❡♠♣❧❡ ♣♦✉r ❧❡ ❧❡ss✐✈❛❣❡✮ r❡♣♦s❡♥t ♣❛r❢♦✐s ❡❧❧❡s✲♠ê♠❡s s✉r ❞❡s ♠♦❞è❧❡s✱
é✈❡♥t✉❡❧❧❡♠❡♥t s✐♠✐❧❛✐r❡s à ❝❡✉① ✐♥té❣rés ❞❛♥s▼é❧♦❞✐❡✳ ❆✉❝✉♥ ❥❡✉ ❞❡ ❞♦♥♥é❡s ❡①✐st❛♥t
♥❡ s❛t✐s❢❛✐t ♣❧❡✐♥❡♠❡♥t à ❝❡s ❝♦♥tr❛✐♥t❡s✳ P❧✉s✐❡✉rs ✈❛❧✐❞❛t✐♦♥s ❡①t❡r♥❡s ❞❡✈r♦♥t êtr❡
❡✛❡❝t✉é❡s✱ ❞✬❛✉t❛♥t ♣❧✉s q✉❡▼é❧♦❞✐❡ ❡st ❛♣♣❧✐❝❛❜❧❡ ❞❛♥s ❞✐✈❡rs ❝♦♥t❡①t❡s✳ ▲❡s ❞♦♥♥é❡s
❞❡s ❢❡r♠❡s ❡①♣ér✐♠❡♥t❛❧❡s ❞❡ ❚ré✈❛r❡③ ✭❈❤❛♠❜r❡ ❘é❣♦♥❛❧❡ ❞✬❆❣r✐❝✉❧t✉r❡ ❞❡ ❇r❡t❛❣♥❡
❡t ■♥st✐t✉t ❞❡ ❧✬➱❧❡✈❛❣❡✮ ❡t ❞❡ ❉❡r✈❛❧ ✭❈❤❛♠❜r❡ ❞✬❆❣r✐❝✉❧t✉r❡ ❞❡ ▲♦✐r❡✲❆t❧❛♥t✐q✉❡ ❡t
■♥st✐t✉t ❞❡ ❧✬➱❧❡✈❛❣❡✮ ❛✐♥s✐ q✉❡ ❝❡❧❧❡s ❞❡ ❧✬❖❜s❡r✈❛t♦✐r❡ ❞❡ ❘❡❝❤❡r❝❤❡ ❡♥ ❊♥✈✐r♦♥♥❡♠❡♥t
✓ Pr❛✐r✐❡s ❈②❝❧❡s ❇✐♦❣é♦❝❤✐♠✐q✉❡s ❇✐♦❞✐✈❡rs✐té ✔ ♣♦✉rr♦♥t êtr❡ ♠♦❜✐❧✐sé❡s✳ ▲❛ ♠✐s❡ ❡♥
♣❧❛❝❡ ❞❡ ♣r♦❝é❞✉r❡s ❛✉t♦♠❛t✐sé❡s ♣♦✉r ❧❛ ❝♦♠♣❛r❛✐s♦♥ ❞❡s ❞♦♥♥é❡s s✐♠✉❧é❡s ❡t ♦❜s❡r✈é❡s
♣❡r♠❡ttr❛ ❞❡ ✈❛❧✐❞❡r ❧❡ ♠♦❞è❧❡ ❞❡ ❢❛ç♦♥ ré❣✉❧✐èr❡ ❛✉ ❝♦✉rs ❞❡ s♦♥ é✈♦❧✉t✐♦♥✳ ❆✉ ❝♦✉rs
❞❡ ❝❡ tr❛✈❛✐❧✱ ❧❡ s②stè♠❡ ❞é❝✐s✐♦♥♥❡❧ ♣♦✉rr❛ êtr❡ ✐❣♥♦ré✱ ❛✜♥ ❞❡ ✈❛❧✐❞❡r ✉♥✐q✉❡♠❡♥t ❧❡
s②stè♠❡ ❜✐♦t❡❝❤♥✐q✉❡✳

▲❡ s②stè♠❡ ❞❡ ♣✐❧♦t❛❣❡ ❞❡♠❛♥❞❡ ❛✉ss✐ ✉♥❡ é✈❛❧✉❛t✐♦♥✳ ▲❡ t❡r♠❡ ❞❡ ✈❛❧✐❞❛t✐♦♥ ♥✬❡st
♣❛s ❛❞❛♣té ❞❛♥s ❝❡ ❝❛s✱ ❝❛r ♣♦✉r ✉♥❡ ❞é❝✐s✐♦♥ ❞♦♥♥é❡✱ ❞✐✛ér❡♥ts ❝❤♦✐① s♦♥t t♦✉t ❛✉ss✐
✈❛❧❛❜❧❡s ❧❡s ✉♥s q✉❡ ❧❡s ❛✉tr❡s✳ ▲❡ s②stè♠❡ ❞❡ ♣✐❧♦t❛❣❡ ♥❡ ❞♦✐t ❞♦♥❝ ♣❛s ❝♦❧❧❡r ❛✉ ♣❧✉s
♣rès ❛✉① ❞é❝✐s✐♦♥s ♣r✐s❡s ♣❛r ✉♥ é❧❡✈❡✉r✱ ♠❛✐s ♣r♦❞✉✐r❡ ❞❡s ❞é❝✐s✐♦♥s ❝♦❤ér❡♥t❡s ❞❛♥s
❧❡ ❝♦♥t❡①t❡ ❞❛♥s ❧❡q✉❡❧ ✐❧ ❡st ✉t✐❧✐sé✳ ■❧ ♥✬❡①✐st❡ ♣❛s ❞❡ ♣r♦❝é❞✉r❡ ❢♦r♠❡❧❧❡ ♣♦✉r é✈❛❧✉❡r
✉♥ ♠♦❞è❧❡ ❞❡ ❞é❝✐s✐♦♥✳ ❙❝❤✐❧✐③③✐ ❡t ❇♦✉❧✐❡r ✭✶✾✾✼✮ ♣r♦♣♦s❡♥t ❞❡ ✈❛❧✐❞❡r ❧❡s ♠♦❞è❧❡s
❞é❝✐s✐♦♥♥❡❧s ♣❛r ✉♥❡ ❞é♠❛r❝❤❡ ❜❛sé❡ s✉r ❧✬✐♥t❡r❛❝t✐♦♥ ❛✈❡❝ ❧❡s ❛❣r✐❝✉❧t❡✉rs ❡t ❧❛ ♣r✐s❡ ❡♥



✷✵✻ ❉✐s❝✉ss✐♦♥ ❣é♥ér❛❧❡

❝♦♠♣t❡ ❞❡s ♠♦t✐❢s ❝♦♥❞✉✐s❛♥t à ❧❡✉rs ❞é❝✐s✐♦♥s✳ ❈❡tt❡ ❞é♠❛r❝❤❡ s❡♠❜❧❡ ♣❧✉s ❛❞❛♣té❡ à
❧❛ ❝♦♠♣ré❤❡♥s✐♦♥ ❞❡s ♣r♦❝❡ss✉s ❞é❝✐s✐♦♥♥❡❧s q✉✬à ❧❛ ✈❛❧✐❞❛t✐♦♥ ❞❡ ♠♦❞è❧❡s à ♣r♦♣r❡♠❡♥t
♣❛r❧❡r✳

❆✉ ✈✉ ❞❡s ❞✐✣❝✉❧tés ♠ét❤♦❞♦❧♦❣✐q✉❡s ❞✬✉♥❡ ✈❛❧✐❞❛t✐♦♥ ❛✉ s❡♥s ♣r♦♣r❡✱ ❧❛ ✈❛❧✐❞❛✲
t✐♦♥ à ❞✐r❡ ❞✬❡①♣❡rts ❞❡ ❧❛ ❝♦❤ér❡♥❝❡ ❞❡s rés✉❧t❛ts ✭❇❛❧❝✐ ✶✾✾✽✮ ❞♦✐t ♦❝❝✉♣❡r ✉♥❡ ♣❧❛❝❡
♣ré♣♦♥❞ér❛♥t❡ ❞❛♥s ❧✬é✈❛❧✉❛t✐♦♥ ❞❡ ▼é❧♦❞✐❡✳ ▲❡s ❡①♣❡rts ❞✉ ❞♦♠❛✐♥❡ ♠❡s✉r❡♥t ❣é♥é✲
r❛❧❡♠❡♥t r❛♣✐❞❡♠❡♥t ❧❡ ❞❡❣ré ❞❡ ✈r❛✐s❡♠❜❧❛♥❝❡ ❞❡s s♦rt✐❡s ❞✉ ♠♦❞è❧❡ ❡t ❞❡ s♦♥ ♣✐❧♦t❛❣❡✱
♠ê♠❡ s✐ ❧❡s rè❣❧❡s q✉✬✐❧s ❡♠♣❧♦✐❡♥t s♦♥t ❞✐✣❝✐❧❡s à ❢♦r♠❛❧✐s❡r ♣♦✉r ét❛❜❧✐r ✉♥❡ ♠ét❤♦✲
❞♦❧♦✐❡ ❣é♥ér✐q✉❡ ❞✬é✈❛❧✉❛t✐♦♥✳ ▲❡ ❢❛✐t ❞❡ ♥❡ ♣❛s êtr❡ ❡♥ ♠❡s✉r❡ ❞❡ ✈❛❧✐❞❡r ❧❡ ♠♦❞è❧❡ ❢❛❝❡
à ❞❡s ❞♦♥♥é❡s ♥❡ s✐❣♥✐✜❡ ❞♦♥❝ ♣❛s q✉✬✐❧ ♥❡ ♣❡✉t ♣❛s êtr❡ é✈❛❧✉é✳ ▲❛ ✈❛❧✐❞✐té ❞✬✉♥ ♠♦✲
❞è❧❡ ✭♣❛r r❛♣♣♦rt à s❡s ♦❜❥❡❝t✐❢s✮ ♥✬❡st ♣❛s ❧❛ s❡✉❧❡ ❝♦♥❞✐t✐♦♥ ♣♦✉r ét❛❜❧✐r s❛ ❝ré❞✐❜✐❧✐té
✭❇❛❧❝✐ ✶✾✾✽✮✳ ❉✬❛✉tr❡s ♠♦②❡♥s ♣❡✉✈❡♥t êtr❡ ✉t✐❧✐sés✱ ❝♦♠♠❡ ♣❛r ❡①❡♠♣❧❡ ✈ér✐✜❡r q✉❡ ❧❛
❤✐ér❛r❝❤✐❡ ❡♥tr❡ s②stè♠❡s ❞❡ ♣r♦❞✉❝t✐♦♥ ♣♦✉r ❧❡s ❞✐✛ér❡♥ts ✐♠♣❛❝ts ❡♥✈✐r♦♥♥❡♠❡♥t❛✉①
❞❛♥s ❞❡s s✐♠✉❧❛t✐♦♥s r❡❥♦✐♥t ❞❡s rés✉❧t❛ts ♦❜s❡r✈és✳

✾✳✻ ❆♣♣❧✐❝❛t✐♦♥s ❞❡ ▼é❧♦❞✐❡

✾✳✻✳✶ ❈❛❞r❡ ❣é♥ér❛❧ ❞✬✉t✐❧✐s❛t✐♦♥

▼é❧♦❞✐❡ ❛ été ❝♦♥ç✉ ♣♦✉r êtr❡ ✉t✐❧✐sé ❡♥ r❡❝❤❡r❝❤❡ ✲ ❞é✈❡❧♦♣♣❡♠❡♥t ♣♦✉r ❝♦♠♣❛r❡r
❧✬✐♠♣❛❝t ❡♥✈✐r♦♥♥❡♠❡♥t❛❧ ❞❡ ♠♦❞❡s ❞❡ ❝♦♥❞✉✐t❡ ❞❡s ❡①♣❧♦✐t❛t✐♦♥s ❧❛✐t✐èr❡s ❞❛♥s ❞✐✛é✲
r❡♥ts ❝♦♥t❡①t❡s ♣é❞♦✲❝❧✐♠❛t✐q✉❡s✳ ➚ ❝❛✉s❡ ❞✉ t❡♠♣s ♥é❝❡ss❛✐r❡ à ❧❛ ❝♦❧❧❡❝t❡ ❞❡s ❞♦♥♥é❡s
❞✬❡♥tré❡ ❡t à ❧❛ ♠✐s❡ ❛✉ ♣♦✐♥t ❞❡ s②stè♠❡s ❝♦❤ér❡♥ts✱ ▼é❧♦❞✐❡ ♥✬❡st ♣❛s ❞❡st✐♥é à êtr❡
✉t✐❧✐sé ❞✐r❡❝t❡♠❡♥t ❡♥ ❢❡r♠❡✱ ❡♥ t❛♥t q✉✬♦✉t✐❧ ❞❡ ❝♦♥s❡✐❧✳ ❉❡ ♣❧✉s✱ ❧✬✐♥t❡r♣rét❛t✐♦♥ ❞❡s
s♦rt✐❡s ❞✬✉♥❡ s✐♠✉❧❛t✐♦♥ ❡st ❧♦♥❣✉❡✱ à ❝❛✉s❡ ❞❡ ❧❛ ♠❛ss❡ ❞❡ ❞♦♥♥é❡s ❡♥ s♦rt✐❡✳ ▼é❧♦❞✐❡
❞♦✐t ❞♦♥❝ êtr❡ ❝♦♥s✐❞éré ❝♦♠♠❡ ✉♥❡ ♣❧❛t❡✲❢♦r♠❡ ❞✬❡①♣ér✐♠❡♥t❛t✐♦♥ ✈✐rt✉❡❧❧❡✳

P❧✉s✐❡✉rs t②♣❡s ❞✬❛♣♣❧✐❝❛t✐♦♥ ♣❡✉✈❡♥t êtr❡ ❡♥✈✐s❛❣és✳ ❚♦✉t ❞✬❛❜♦r❞✱ ❧❡ s✐♠✉❧❛t❡✉r
♣❡✉t s❡r✈✐r à ❝♦♠♣❛r❡r ❞✐✛ér❡♥ts s②stè♠❡s ❞❡ ♣r♦❞✉❝t✐♦♥✱ ❝♦♠♠❡ ❞❛♥s ❧❡s s✐♠✉❧❛t✐♦♥s
♣rés❡♥té❡s ❞❛♥s ❧❡ ❝❤❛♣✐tr❡ ✽✳ ❉❛♥s ❝❡ ❝❛s✱ ❧❛ q✉❡st✐♦♥ ❞❡ ❧❛ ❝♦♥str✉❝t✐♦♥ ❞❡s ♣❧❛♥s
❞✬❡①♣ér✐❡♥❝❡ s❡ ♣♦s❡✳

❊♥s✉✐t❡✱ ❧✬❛♥❛❧②s❡ ❞❡ s❡♥s✐❜✐❧✐té ♣♦✉rr❛✐t ❢♦✉r♥✐r ❞❡s rés✉❧t❛ts ❞✐✣❝✐❧❡s à ♦❜t❡♥✐r ♣❛r
❛✐❧❧❡✉rs✳ ◗✉❡❧s s♦♥t ❧❡s ❢❛❝t❡✉rs q✉✐✱ à ❧✬é❝❤❡❧❧❡ ❞❡ ❧✬❡①♣❧♦✐t❛t✐♦♥✱ ✐♥✢✉❡♥❝❡♥t ❧❡ ♣❧✉s
❧❡s ✐♠♣❛❝ts ❡♥✈✐r♦♥♥❡♠❡♥t❛✉① ❄ ▲❡s rés✉❧t❛ts s♦♥t✲✐❧s ✈❛❧❛❜❧❡s ❞❛♥s t♦✉s ❧❡s ❝♦♥t❡①t❡s ❄
❆✉❥♦✉r❞✬❤✉✐✱ ❞❡s ré♣♦♥s❡s à ❝❡s q✉❡st✐♦♥s ♥❡ ♣❡✉✈❡♥t êtr❡ ❢♦✉r♥✐❡s q✉✬à ❞✐r❡ ❞✬❡①♣❡rt✳
▼é❧♦❞✐❡ ♣❡✉t s❡r✈✐r à ét❛②❡r ❡t à q✉❛♥t✐✜❡r ❝❡s é❧é♠❡♥ts ❞❡ ré♣♦♥s❡✳

❯♥ tr♦✐s✐è♠❡ t②♣❡ ❞✬❛♣♣❧✐❝❛t✐♦♥ ❝♦♥s✐st❡ à ✉t✐❧✐s❡r ▼é❧♦❞✐❡ ❡♥ ✐♥t❡r❛❝t✐♦♥ étr♦✐t❡
❛✈❡❝ ❞❡s ❡①♣ér✐♠❡♥t❛t✐♦♥s s✉r s②stè♠❡ ❝♦♠♣❧❡t✳ ▼é❧♦❞✐❡ ♣❡✉t ♣❡r♠❡ttr❡ ❞✬✐❞❡♥t✐✜❡r
❧❡s ♠♦❞❛❧✐tés ❧❡s ♣❧✉s ♣❡rt✐♥❡♥t❡s à t❡st❡r ❧♦rs ❞❡ ❧❛ ♣ré♣❛r❛t✐♦♥ ❞✬✉♥ ❡ss❛✐ s②stè♠❡✳ ▲♦rs
❞❡ ❧❛ ♣❤❛s❡ ❞✬❡①♣❧♦✐t❛t✐♦♥ ❞❡s rés✉❧t❛ts✱▼é❧♦❞✐❡ ♣❡✉t ❛✉ss✐ êtr❡ ✉t✐❧✐sé ♣♦✉r ❡①tr❛♣♦❧❡r
❧❡s rés✉❧t❛ts à ❞✬❛✉tr❡s ❝♦♥t❡①t❡s ❡t s✉r ❞❡s ♣ér✐♦❞❡s ♣❧✉s ❧♦♥❣✉❡s✳ ▲❡s ❡①♣ér✐♠❡♥t❛t✐♦♥s
s✉r s②stè♠❡ ❝♦♠♣❧❡t ❡t ❧❡s ♠♦❞è❧❡s à ❧✬é❝❤❡❧❧❡ ❞❡ ❧✬❡①♣❧♦✐t❛t✐♦♥ ♣❡✉✈❡♥t s✬❡♥r✐❝❤✐r ♠✉✲
t✉❡❧❧❡♠❡♥t ❡♥ ✐♥t❡r❛❣✐ss❛♥t✳ P♦✉rt❛♥t✱ ❧✬❡①♣ér✐❡♥❝❡ ❛ ♠♦♥tré q✉❡ ❝❡ t②♣❡ ❞✬✐♥t❡r❛❝t✐♦♥s
❛ été ♣❧✉tôt r❛r❡ ❞❛♥s ❧❡ ♣❛ssé✱ ❛✉ ♠♦✐♥s ❛✉① P❛②s✲❇❛s ✭❙t❡r❦ ❡t ❛❧✳ ✷✵✵✼✮✳



❈♦♥❝❧✉s✐♦♥ ✷✵✼

❉❡ ❢❛ç♦♥ ♣❧✉s ❧❛r❣❡✱ ❧❛ q✉❡st✐♦♥ ❞❡ ❧❛ ♠ét❤♦❞♦❧♦❣✐❡ ❞❡ ❝♦♥❝❡♣t✐♦♥ ❡① ❛♥t❡ ❞❡ s②stè♠❡s
❞❡ ♣r♦❞✉❝t✐♦♥ ♣❧✉s ❞✉r❛❜❧❡s ❡st ♣♦sé❡✳ ❯♥❡ ré♣♦♥s❡ ♣♦ss✐❜❧❡ ❡st ❞✬✉t✐❧✐s❡r ✉♥❡ t❡❝❤♥✐q✉❡
❞✬♦♣t✐♠✐s❛t✐♦♥✳ ❈❡♣❡♥❞❛♥t✱ ❧❡ ♥♦♠❜r❡ ❞❡ ✈❛r✐❛❜❧❡s s✉r ❧❡sq✉❡❧❧❡s ✐❧ ❡st ♣♦ss✐❜❧❡ ❞❡ ❥♦✉❡r
❡t ❧❡ t❡♠♣s ❞❡ ❝❛❧❝✉❧ ♣♦✉r ✉♥❡ s✐♠✉❧❛t✐♦♥ ❛✈❡❝ ▼é❧♦❞✐❡ ♥❡ ♣❡r♠❡tt❡♥t ♣❛s ❞✬❡♥✈✐s❛❣❡r
❝❡tt❡ s♦❧✉t✐♦♥✳ ▲✬❛♥❛❧②s❡ ❞❡ s❡♥s✐❜✐❧✐té ❞✉ ♠♦❞è❧❡✱ ♠❡♥t✐♦♥♥é❡ ♣ré❝é❞❡♠♠❡♥t✱ ♣❡r♠❡ttr❛
❞✬✐s♦❧❡r ❧❡s ✈❛r✐❛❜❧❡s ♣ré♣♦♥❞ér❛♥t❡s à ❧✬é❝❤❡❧❧❡ ❞✉ s②stè♠❡✱ ❝❡ q✉✐ r❡str❡✐♥❞r❛ ❧❡ ♥♦♠❜r❡
❞❡ ✈❛r✐❛❜❧❡s à ♦♣t✐♠✐s❡r✳ P♦✉r ❝❤❛❝✉♥❡ ❞❡ ❝❡s ✈❛r✐❛❜❧❡s✱ ❞✐✛ér❡♥t❡s ♠♦❞❛❧✐tés ♣♦✉rr♦♥t
êtr❡ ❞é✜♥✐❡s✳ ▲❛ ❞é✜♥✐t✐♦♥ ❞❡ s②stè♠❡s ♣❧✉s ❞✉r❛❜❧❡s ❝♦♥s✐st❡r❛ à sé❧❡❝t✐♦♥♥❡r✱ ❞❡ ❢❛✲
ç♦♥ ♠✉❧t✐✲❝r✐tèr❡s✱ ❧❡s ❝♦♠❜✐♥❛✐s♦♥s ❞❡ ♠♦❞❛❧✐tés ❧❡s ♣❧✉s ✐♥tér❡ss❛♥t❡s✳ ❈❡tt❡ sé❧❡❝t✐♦♥
♣♦✉rr❛✐t s✬✐♥s♣✐r❡r ❞✉ ♠♦❞è❧❡ ❇❡t❤❛ ✭▲♦②❝❡ ❡t ❛❧✳ ✷✵✵✷✮✳ ▲✬♦❜❥❡❝t✐❢ ❞❡ ❇❡t❤❛ ❡st ❞❡
❣é♥ér❡r ❞❡s ✐t✐♥ér❛✐r❡s t❡❝❤♥✐q✉❡s ♣♦✉r ❧❛ ❝♦♥❞✉✐t❡ ❞✉ ❜❧é✳ ▲❡s ✐t✐♥ér❛✐r❡s t❡❝❤♥✐q✉❡s
s♦♥t sé❧❡❝t✐♦♥♥és ♣❛r ✉♥❡ ♠ét❤♦❞❡ ♠✉❧t✐✲❝r✐tèr❡s ❡♥ ❢♦♥❝t✐♦♥ ❞✬♦❜❥❡❝t✐❢s s♣é❝✐✜és ♣❛r
❧✬✉t✐❧✐s❛t❡✉r✳

✾✳✻✳✷ ❈♦♠♠❡♥t ✐♥t❡r♣rét❡r ❧❡s s♦rt✐❡s ❞✬✉♥ ♠♦❞è❧❡ ❝♦♠♣❧❡①❡ ❄

▲❡ tr❛✐t❡♠❡♥t ❞❡ ❧❛ q✉❛♥t✐té ❞❡ ❞♦♥♥é❡s ♦❜t❡♥✉❡ ♣❛r ❞❡s s✐♠✉❧❛t✐♦♥s ❛✈❡❝ ▼é❧♦❞✐❡
s♦✉❧è✈❡ ❞❡s q✉❡st✐♦♥s ♠ét❤♦❞♦❧♦❣✐q✉❡s✳ ▲❛ q✉❡st✐♦♥ ❞❡s ✐♥❞✐❝❛t❡✉rs ❡♥✈✐r♦♥♥❡♠❡♥t❛✉①
♣❡r♠❡tt❛♥t ❞❡ ✈❛❧♦r✐s❡r ❧❡ ♥✐✈❡❛✉ ❞❡ ❞ét❛✐❧ ❞❡s s♦rt✐❡s ❛ été é✈♦q✉é❡ ❡♥ ✾✳✹✳✷✳ ❆✉✲❞❡❧à
❞❡ ❝❡t ❛s♣❡❝t✱ ❞❡s t❡❝❤♥✐q✉❡s ❞❡ ❞❛t❛ ♠✐♥✐♥❣ ♣♦✉rr❛✐❡♥t êtr❡ ✉t✐❧✐sé❡s✳

▼é❧♦❞✐❡ ♣♦✉rr❛✐t ❢❛✐r❡ ❧✬♦❜❥❡t ❞✬✉♥❡ ❞é♠❛r❝❤❡ s✐♠✐❧❛✐r❡ à ❝❡❧❧❡ ❞❡ ❚ré♣♦s ✭✷✵✵✽✮✱
q✉✐ ❛ ✉t✐❧✐sé ✉♥❡ t❡❝❤♥✐q✉❡ ❞✬❛♣♣r❡♥t✐ss❛❣❡ s②♠❜♦❧✐q✉❡✳ ➚ ♣❛rt✐r ❞❡ s♦rt✐❡s ❞✬✉♥ ♠♦❞è❧❡
❝♦♠♣❧❡①❡ ❞❡s r✐sq✉❡s ❞❡ tr❛♥s❢❡rts ❞❡ ♣❡st✐❝✐❞❡✱ ❙❛❝❛❞❡❛✉✱ ❝❡tt❡ t❡❝❤♥✐q✉❡ s②♥t❤ét✐s❡
❧✬✐♥❢♦r♠❛t✐♦♥ ❡♥ ✐❞❡♥t✐✜❛♥t ❞❡s s✐t✉❛t✐♦♥s à r✐sq✉❡ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ✈❛r✐❛❜❧❡s ❞✬❡♥tré❡ ❞✉
♠♦❞è❧❡✳ ❈❡s ♣❤❛s❡s ❞✬❛♣♣r❡♥t✐ss❛❣❡ s✉r ❧❡s s♦rt✐❡s ❞❡s ♠♦❞è❧❡s ❝♦♥st✐t✉❡♥t ✉♥ ❡♥❥❡✉ ♠❛✲
❥❡✉r ♣♦✉r tr❛♥s❢ér❡r ❧❡s ❝♦♥♥❛✐ss❛♥❝❡s ♣rés❡♥t❡s ❞❛♥s ❞❡s s✐♠✉❧❛t✐♦♥s ✈❡rs ❧❡s ❛❝t❡✉rs ❞✉
❞é✈❡❧♦♣♣❡♠❡♥t ❡♥ ♦✛r❛♥t ❧❛ ♣♦ss✐❜✐❧✐té ❞❡ ❝♦♥t❡①t✉❛❧✐s❡r ❧✬✉t✐❧✐s❛t✐♦♥ ❞❡s ❝♦♠❜✐♥❛✐s♦♥s
❞❡ ❧❡✈✐❡rs ❞✬❛❝t✐♦♥ ♣♦✉r ❛♠é❧✐♦r❡r ❧❡✉r ❡✣❝❛❝✐té✳

✾✳✼ ❈♦♥❝❧✉s✐♦♥

▼é❧♦❞✐❡ ❡st ✉♥ s✐♠✉❧❛t❡✉r ♦r✐❣✐♥❛❧ ❝❛r ✐❧ ❛ ♣♦✉r ❛♠❜✐t✐♦♥ ❞❡ ré❛❧✐s❡r ❞❡s é✈❛❧✉❛✲
t✐♦♥s ❡① ❛♥t❡ ❞❡s ♣r❡ss✐♦♥s ❡①❡r❝é❡s s✉r ❧✬❡♥✈✐r♦♥♥❡♠❡♥t ♣❛r ❧❡s s②stè♠❡s ❧❛✐t✐❡rs✳ ▲❡
❝❛r❛❝tèr❡ ❡① ❛♥t❡ s✉♣♣♦s❡ q✉❡ ❧❡s ❡♥tré❡s ❞✉ ♠♦❞è❧❡ ♥❡ ❞♦✐✈❡♥t ♣❛s ❝♦♥t❡♥✐r ❞✬é❧é♠❡♥ts
q✉❡ ❧✬✉t✐❧✐s❛t❡✉r ❞❡ ❝❡ ♠♦❞è❧❡ ♥❡ ♣❡✉t ♦❜t❡♥✐r q✉❡ ♣❛r ♦❜s❡r✈❛t✐♦♥ ❞✉ s②stè♠❡ ❞❛♥s ❧❡
♠♦♥❞❡ ré❡❧✳ P♦✉r s❛t✐s❢❛✐r❡ ❝❡tt❡ ❝♦♥tr❛✐♥t❡✱ ❧❡s ❞é❝✐s✐♦♥s ♣r✐s❡s ♣❛r ❧❡s é❧❡✈❡✉rs s♦♥t
♠♦❞é❧✐sé❡s à ♣❛rt✐r ❞❡ ❧❡✉rs ♦❜❥❡❝t✐❢s✳ ❯♥❡ ❞❡s ❢♦r❝❡s ❞❡ ▼é❧♦❞✐❡ ❡st ❧❛ ❝♦❤ér❡♥❝❡ ❞❡s
❞é❝✐s✐♦♥s s✐♠✉❧é❡s ❡♥tr❡ ❡❧❧❡s ❡t ❢❛❝❡ à ❧❛ ✈❛r✐❛❜✐❧✐té ❝❧✐♠❛t✐q✉❡✳ ❈❡♣❡♥❞❛♥t✱ ❧❛ ❝❛♣❛❝✐té
❞❡ ▼é❧♦❞✐❡ à t❡st❡r ❞❡s s②stè♠❡s ❞❡ ♣r♦❞✉❝t✐♦♥ ✐♥♥♦✈❛♥ts ❡st ❡♥❝♦r❡ ❧✐♠✐té❡ ♣❛r ❧❛
❝❛♣❛❝✐té ❞✉ s②stè♠❡ ❜✐♦t❡❝❤♥✐q✉❡ à ré❛❣✐r à ❝❡rt❛✐♥❡s ♦♣ér❛t✐♦♥s t❡❝❤♥✐q✉❡s ❡t ♣❛r ❧❡
❞♦♠❛✐♥❡ ❞❡ ✈❛❧✐❞✐té ❞❡s s♦✉s✲♠♦❞è❧❡s ♣❛r❢♦✐s r❡str❡✐♥t✱ ♥♦t❛♠♠❡♥t ❧♦rsq✉❡ ❞❡s ❢❛❝t❡✉rs
❞✬é♠✐ss✐♦♥ s♦♥t ✉t✐❧✐sés✳ ▲❡ ❝❛r❛❝tèr❡ é✈♦❧✉t✐❢ ❞✉ ♠♦❞è❧❡ ♣❡r♠❡t ❝❡♣❡♥❞❛♥t ❞✬❡♥✈✐s❛❣❡r
❞❡s ♣r♦❣rès s✉r ❝❡s ♣♦✐♥ts✳



✷✵✽ ❉✐s❝✉ss✐♦♥ ❣é♥ér❛❧❡



❈♦♥❝❧✉s✐♦♥

✷✵✾



✷✶✵ ❈♦♥❝❧✉s✐♦♥



❈♦♥❝❧✉s✐♦♥ ✷✶✶

▲❡s ❡♥❥❡✉① ❡♥✈✐r♦♥♥❡♠❡♥t❛✉① s♦♥t ❛✉ ❝÷✉r ❞❡s ❞é✜s q✉❡ ❧✬❛❣r✐❝✉❧t✉r❡ ❞✬❛✉❥♦✉r❞✬❤✉✐
❡t ❞❡ ❞❡♠❛✐♥ ❞♦✐✈❡♥t ❛✛r♦♥t❡r✳ ■❧ ❡st ❡ss❡♥t✐❡❧ ♣♦✉r ❧❛ r❡❝❤❡r❝❤❡ s✉r ❧❡s s②stè♠❡s ❞✬é❧❡✈❛❣❡
❞✬é✈❛❧✉❡r ❡① ❛♥t❡ ❧❡s ✐♠♣❛❝ts ❡♥✈✐r♦♥♥❡♠❡♥t❛✉① ❞❡s s②stè♠❡s ❞❡ ♣r♦❞✉❝t✐♦♥✳ ▲❡ ♠♦❞è❧❡
▼é❧♦❞✐❡✱ ❞é✈❡❧♦♣♣é ❛✉ ❝♦✉rs ❞❡ ❝❡tt❡ t❤ès❡✱ ♣❛rt✐❝✐♣❡ à ❝❡t ♦❜❥❡❝t✐❢ ❡♥ ét❛❜❧✐ss❛♥t ✉♥
♣♦♥t ❡♥tr❡ ❧❡s ♠♦②❡♥s ♠✐s ❡♥ ÷✉✈r❡ ✭❧❡s ♣r❛t✐q✉❡s ❛❣r✐❝♦❧❡s✮ ❡t ❧❡s ♣r❡ss✐♦♥s ❡①❡r❝é❡s
s✉r ❧✬❡♥✈✐r♦♥♥❡♠❡♥t✱ ♠❛tér✐❛❧✐sé❡s ♣❛r ❧❡s é♠✐ss✐♦♥s ❞❡ ❝♦♠♣♦sés à r✐sq✉❡✳

❯♥❡ ❞❡s ❢♦r❝❡s ❞✉ ♠♦❞è❧❡ ❡st s❛ ❣❡st✐♦♥ ❞❡s ❛❧é❛s ❧✐és ❛✉ ❝❧✐♠❛t✳ ●râ❝❡ ❛✉ s②stè♠❡
❞❡ ♣✐❧♦t❛❣❡ ❝♦♥str✉✐t ❛✉ ❝♦✉rs ❞❡ ❝❡tt❡ t❤ès❡✱ ❧❛ ❝♦♥❞✉✐t❡ ❞✉ s②stè♠❡ ❡st ❛❞❛♣té❡ ❡♥
♣❡r♠❛♥❡♥❝❡ ❛✉① ❝♦♥❞✐t✐♦♥s ❝❧✐♠❛t✐q✉❡s ❡t à ❧✬ét❛t ❞✉ s②stè♠❡✳ ▲❡s ✐♥t❡r❛❝t✐♦♥s ❡♥tr❡ ❧❡
s②stè♠❡ ❞❡ ♣✐❧♦t❛❣❡ ❡t ❧❡ s②stè♠❡ ❜✐♦t❡❝❤♥✐q✉❡ à ❞❡✉① ❤♦r✐③♦♥s t❡♠♣♦r❡❧s ✭❛✉ ♥✐✈❡❛✉
❞❡ ❧❛ ♣❧❛♥✐✜❝❛t✐♦♥ ❛♥♥✉❡❧❧❡ ❡t ❡♥ ❝♦✉rs ❞✬❛♥♥é❡✮ ♣❡r♠❡tt❡♥t ❞❡ ré❛❧✐s❡r ❞❡s s✐♠✉❧❛t✐♦♥s
❝♦❤ér❡♥t❡s s✉r ♣❧✉s✐❡✉rs ❞✐③❛✐♥❡s ❞✬❛♥♥é❡s✱ ❝❡ q✉✐ ❡st ✉♥ ♣♦✐♥t ❝❧é ♣♦✉r ❧✬é✈❛❧✉❛t✐♦♥
❡♥✈✐r♦♥♥❡♠❡♥t❛❧❡ ❞❡ str❛té❣✐❡s ❞❡ ♣r♦❞✉❝t✐♦♥✳

▲❡ ♠♦❞è❧❡ ❛ été ❝♦♥str✉✐t ❞❛♥s ❧✬♦❜❥❡❝t✐❢ ❞❡ ré❛❧✐s❡r ❞❡s é✈❛❧✉❛t✐♦♥s ❡♥✈✐r♦♥♥❡♠❡♥✲
t❛❧❡s ❡① ❛♥t❡✳ ➚ ❝❛✉s❡ ❞❡s ❧✐♠✐t❡s ❞❡s s♦✉s✲♠♦❞è❧❡s ❜✐♦t❡❝❤♥✐q✉❡s✱ ❞❡ ❧❛r❣❡s ♣r♦❣rès
♣❡✉✈❡♥t ❡♥❝♦r❡ êtr❡ ré❛❧✐sés s✉r ❝❡ ♣♦✐♥t✳ ▲❛ str✉❝t✉r❡ ❞✉ ♠♦❞è❧❡ ♠✐s❡ ❡♥ ♣❧❛❝❡ ❛✉ ❝♦✉rs
❞❡ ❝❡tt❡ t❤ès❡ ♣❡r♠❡t ❞✬❡♥✈✐s❛❣❡r ❞❡s é✈♦❧✉t✐♦♥s ✐♠♣♦rt❛♥t❡s ❞❡ ▼é❧♦❞✐❡✱ ❛✉ ❢✉r ❡t
à ♠❡s✉r❡ ❞❡s ❛✈❛♥❝é❡s ❞❡s s♦✉s✲♠♦❞è❧❡s ❜✐♦t❡❝❤♥✐q✉❡s ❞♦♥t ❧❡s ❧✐♠✐t❡s s♦♥t ♠✐s❡s ❡♥
❧✉♠✐èr❡✳ ▲❛ s✐♠✉❧❛t✐♦♥ ❞❡ ❧❛ ❞②♥❛♠✐q✉❡ ❞❡ ❧❛ ♠❛t✐èr❡ ♦r❣❛♥✐q✉❡ ❞❛♥s ❧❡ s♦❧ ❞♦✐t ❡♥
♣❛rt✐❝✉❧✐❡r êtr❡ r❡❝♦♥s✐❞éré❡✳ ❉✬❛✉tr❡ ♣❛rt✱ ❧❡s é✈♦❧✉t✐♦♥s ❢✉t✉r❡s ❞✉ ♠♦❞è❧❡ ✈✐s❡r♦♥t à
❝♦♠♣❧ét❡r ❧❡s ✐♠♣❛❝ts ❡♥✈✐r♦♥♥❡♠❡♥t❛✉① ❝♦♥s✐❞érés ✭✢✉① ❞❡ ♣❤♦s♣❤♦r❡✱ ❝♦♥s♦♠♠❛t✐♦♥s
❞✬é♥❡r❣✐❡✮ ❡t à é✈❛❧✉❡r ❧❛ ❞✉r❛❜✐❧✐té ❞❡s s②stè♠❡s ❞❡ ♣r♦❞✉❝t✐♦♥ ✭é❝♦♥♦♠✐❡✱ tr❛✈❛✐❧✮✳

▲❛ r✐❝❤❡ss❡ ❞❡s s♦rt✐❡s ❞❡ ▼é❧♦❞✐❡✱ ❧✐é❡ ❛✉ ❝❛r❛❝tèr❡ ❞②♥❛♠✐q✉❡ ❡t à ❧❛ ❞✐st✐♥❝t✐♦♥
s♣❛t✐❛❧❡ ❞❡s é♠✐ss✐♦♥s✱ ♣❡r♠❡t ❞❡ ♠✐❡✉① ✐♥t❡r♣rét❡r ❧❡s ✈❛❧❡✉rs ♦❜s❡r✈é❡s ♣♦✉r ❧❡s ✐♥❞✐✲
❝❛t❡✉rs ✉t✐❧✐sés ❡♥ ❢❡r♠❡✳ ❉❛♥s ❝❡tt❡ t❤ès❡✱ ❝❡tt❡ ❞é♠❛r❝❤❡ ❛ été ♠✐s❡ ❡♥ ÷✉✈r❡ ♣♦✉r ❧❡
❜✐❧❛♥ ❛♣♣❛r❡♥t ❞❡ ❧✬❛③♦t❡✳ ▲❡s rés✉❧t❛ts ♠♦♥tr❡♥t q✉❡ ❧❡ ❜✐❧❛♥ ❛♣♣❛r❡♥t ❞❡ ❧✬❛③♦t❡ ♥❡ ♣❡✉t
êtr❡ ❝♦♥s✐❞éré ❝♦♠♠❡ ✉♥ ✐♥❞✐❝❛t❡✉r ❞✉ ❧❡ss✐✈❛❣❡ ❞❡ ♥✐tr❛t❡s q✉❡ s✉r ❧❡ ❧♦♥❣ t❡r♠❡✳ ❉✬✉♥❡
❛♥♥é❡ s✉r ❧✬❛✉tr❡✱ ❧✬✐♥✢✉❡♥❝❡ ✐♠♣♦rt❛♥t❡ ❞❡ ❧❛ ✈❛r✐❛❜✐❧✐té ❝❧✐♠❛t✐q✉❡ ❡t ❧❡s ✈❛r✐❛t✐♦♥s ❞❡
st♦❝❦ à ❧✬✐♥tér✐❡✉r ❞❡ ❧✬❡①♣❧♦✐t❛t✐♦♥ ♠❛sq✉❡♥t ❧❛ r❡❧❛t✐♦♥ ❡♥tr❡ ❝❡s ✈❛r✐❛❜❧❡s✳

▲❡s s✐♠✉❧❛t✐♦♥s ❢✉t✉r❡s ré❛❧✐sé❡s ❛✈❡❝▼é❧♦❞✐❡ ✈♦♥t ♣❡r♠❡ttr❡ ❞❡ ♠✐❡✉① ❝♦♠♣r❡♥❞r❡
q✉❡❧❧❡s s♦♥t✱ ❡♥ ❢♦♥❝t✐♦♥ ❞❡s s②stè♠❡s ❞❡ ♣r♦❞✉❝t✐♦♥✱ ❧❡s ❝♦♠❜✐♥❛✐s♦♥s ❞❡ ♣r❛t✐q✉❡s q✉✐
♣❡r♠❡tt❡♥t ❞❡ ❢❛✐r❡ ré❣r❡ss❡r ❧❡s ♥✉✐s❛♥❝❡s s✉r ❧✬❡♥✈✐r♦♥♥❡♠❡♥t t♦✉t ❡♥ ❣❛r❞❛♥t ✉♥❡
❜♦♥♥❡ ❡✣❝❛❝✐té ❞❡ ♣r♦❞✉❝t✐♦♥✳ ❉❛♥s ❧❡s ♠✐❧✐❡✉① très s❡♥s✐❜❧❡s à ❝❡rt❛✐♥s r✐sq✉❡s✱ ❧❡s
s✐♠✉❧❛t✐♦♥s ❞❡✈r❛✐❡♥t ♣❡r♠❡ttr❡ ❞✬✐s♦❧❡r ❧❡s str❛té❣✐❡s ❧❡s ♣❧✉s ❡✣❝❛❝❡s ♣♦✉r ❢❛✐r❡ é✈♦❧✉❡r
❧❡s s②stè♠❡s ❞❡ ♣r♦❞✉❝t✐♦♥ s❛♥s tr♦♣ ❛❝❝r♦îtr❡ ❧❡s ❛✉tr❡s é♠✐ss✐♦♥s✳

▲❡s ♥♦♠❜r❡✉s❡s q✉❡st✐♦♥s ❞❡ r❡❝❤❡r❝❤❡ ❞❛♥s ❧❡ ❞♦♠❛✐♥❡ ❞❡ ❧✬✐♠♣❛❝t ❡♥✈✐r♦♥♥❡♠❡♥t❛❧
❞❡s é❧❡✈❛❣❡s ❡t ❧❛ ❝♦♠♣❧é♠❡♥t❛r✐té ❞❡ ▼é❧♦❞✐❡ ❛✈❡❝ ❧❡s ❛✉tr❡s ❛♣♣r♦❝❤❡s ♣♦ss✐❜❧❡s
♣❡r♠❡tt❡♥t ❞✬✐♠❛❣✐♥❡r ❞❡ ♥♦♠❜r❡✉s❡s ❛♣♣❧✐❝❛t✐♦♥s ❛✉ ❝♦✉rs ❞❡s ❛♥♥é❡s à ✈❡♥✐r✳ ❊♥
♦✉tr❡✱ ❧❡ s✐♠✉❧❛t❡✉r ❡st ❜❛sé s✉r ✉♥❡ ❛♥❛❧②s❡ ❣é♥ér✐q✉❡ q✉✐ ♣♦✉rr❛✐t s❡r✈✐r ❞❡ ❜❛s❡ ♣♦✉r
✉♥❡ ♠✉t✉❛❧✐s❛t✐♦♥ ❞❡s tr❛✈❛✉① ❞❡ ♠♦❞é❧✐s❛t✐♦♥ ❞❡s s②stè♠❡s ❞✬é❧❡✈❛❣❡✳
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❆✳❏✳❆✳ ❆❛r♥✐♥❦ ❡t ❆✳ ❊❧③✐♥❣ ✿ ❉②♥❛♠✐❝ ♠♦❞❡❧ ❢♦r ❛♠♠♦♥✐❛ ✈♦❧❛t✐❧✐③❛t✐♦♥ ✐♥ ❤♦✉s✐♥❣
✇✐t❤ ♣❛rt✐❛❧❧② s❧❛tt❡❞ ✢♦♦rs✱ ❢♦r ❢❛tt❡♥✐♥❣ ♣✐❣s✳ ▲✐✈❡st♦❝❦ Pr♦❞✉❝t✐♦♥ ❙❝✐❡♥❝❡✱ ✺✸
✭✷✮✿✶✺✸✕✶✻✾✱ ✶✾✾✽✳

❉✳ ❆rr♦✉❛②s✱ ❏✳ ❇❛❧❡s❞❡♥t✱ ❏✳✲❈✳ ●❡r♠♦♥✱ P✳✲❆✳ ❏❛②❡t✱ ❏✳✲❋✳ ❙♦✉ss❛♥❛ ❡t
P✳ ❙t❡♥❣❡❧ ✿ ❙t♦❝❦❡r ❞✉ ❝❛r❜♦♥❡ ❞❛♥s ❧❡s s♦❧s ❛❣r✐❝♦❧❡s ❞❡ ❋r❛♥❝❡ ❄ ■◆❘❆✱ P❛r✐s✱
✷✵✵✷✳

❆✳●✳ ❆ss✐s✱ ▼✳ ❈♦rs♦♥✱ ❉✳❙✳❈✳ P❛❝✐✉❧❧♦✱ ❋✳❈✳❋✳ ▲♦♣❡s ❡t ❈✳❆✳ ❘♦t③ ✿ ❱❛❧✐❞❛t✐♦♥
♦❢ ❛ s✉❜✲♠♦❞❡❧ ♦❢ ❢♦r❛❣❡ ❣r♦✇t❤ ♦❢ t❤❡ ✐♥t❡❣r❛t❡❞ ❢❛r♠ s②st❡♠ ♠♦❞❡❧ ✐❢s♠✳ ■♥ Pr♦❝✳
✹✸r❞ ❆♥♥✉❛❧ ▼❡❡t✐♥❣ ♦❢ t❤❡ ❇r❛③✐❧✐❛♥ ❙♦❝✐❡t② ♦❢ ❆♥✐♠❛❧ ❙❝✐❡♥❝❡✱ ❏♦❛♦ P❡ss♦❛✱ ❥✉✐❧❧❡t
✷✵✵✻✳

❏✳✲▼✳ ❆tt♦♥❛t②✱ ▼✳✲❍✳ ❈❤❛t❡❧✐♥ ❡t ❋✳ ●❛r❝✐❛ ✿ ■♥t❡r❛❝t✐✈❡ s✐♠✉❧❛t✐♦♥ ♠♦❞❡❧✐♥❣
✐♥ ❢❛r♠ ❞❡❝✐s✐♦♥✲♠❛❦✐♥❣✳ ❈♦♠♣✉t❡rs ❛♥❞ ❊❧❡❝tr♦♥✐❝s ✐♥ ❆❣r✐❝✉❧t✉r❡✱ ✷✷✭✷✲✸✮✿✶✺✼✕✶✼✵✱
✶✾✾✾✳

❏✳✲▼✳ ❆tt♦♥❛t②✱ ▼✳✲❍✳ ❈❤❛t❡❧✐♥ ❡t ❏✳ ▼♦✉ss❡t ✿ ❆ ❞❡❝✐s✐♦♥ s✉♣♣♦rt s②st❡♠ ❜❛s❡❞
♦♥ ❢❛r♠❡r✬s ❦♥♦✇❧❡❞❣❡ t♦ ❛ss✐st ❤✐♠ ✐♥ ❞❡❝✐s✐♦♥ ♠❛❦✐♥❣ ❛❜♦✉t ✇♦r❦ ♦r❣❛♥✐③❛t✐♦♥ ❛♥❞
❧♦♥❣ t❡r♠ ❡✈♦❧✉t✐♦♥✳ ■♥ ■♥t❡r♥❛t✐♦♥❛❧ ❙❡♠✐♥❛r ♦❢ ❈■●❘ ▼♦❞❡❧s✱ ❈♦♠♣✉t❡r ♣r♦❣r❛♠s
❛♥❞ ❡①♣❡rt s②st❡♠s ❢♦r ❛❣r✐❝✉❧t✉r❛❧ ♠❡❝❤❛♥✐③❛t✐♦♥✱ ❋❧♦r❡♥③❛✱ ■t❛❧②✱ ✶✾✾✸✳

❈✳ ❆✉❜r② ✿ ❯♥❡ ♠♦❞é❧✐s❛t✐♦♥ ❞❡ ❧❛ ❣❡st✐♦♥ ❞❡ ♣r♦❞✉❝t✐♦♥ ❞❛♥s ❧✬❡①♣❧♦✐t❛t✐♦♥ ❛❣r✐❝♦❧❡✳
❘❡✈✉❡ ❢r❛♥ç❛✐s❡ ❞❡ ❣❡st✐♦♥✱ ✶✷✾✿✸✷✕✹✺✱ ✷✵✵✵✳

❈✳ ❆✉❜r②✱ ❏✳✲▼✳ P❛✐❧❧❛t ❡t ❋✳ ●✉❡rr✐♥ ✿ ❆ ❝♦♥❝❡♣t✉❛❧ r❡♣r❡s❡♥t❛t✐♦♥ ♦❢ ❛♥✐♠❛❧ ✇❛st❡
♠❛♥❛❣❡♠❡♥t ❛t t❤❡ ❢❛r♠ s❝❛❧❡ ✿ ❚❤❡ ❝❛s❡ ♦❢ t❤❡ r❡✉♥✐♦♥ ✐s❧❛♥❞✳ ❆❣r✐❝✉❧t✉r❛❧ ❙②st❡♠s✱
✽✽✭✷✲✸✮✿✷✾✹✕✸✶✺✱ ✷✵✵✻✳

❈✳ ❆✉❜r②✱ ❋✳ P❛♣② ❡t ❆✳ ❈❛♣✐❧❧♦♥ ✿ ▼♦❞❡❧❧✐♥❣ ❞❡❝✐s✐♦♥✲♠❛❦✐♥❣ ♣r♦❝❡ss❡s ❢♦r ❛♥♥✉❛❧
❝r♦♣ ♠❛♥❛❣❡♠❡♥t✳ ❆❣r✐❝✉❧t✉r❛❧ ❙②st❡♠s✱ ✺✻✭✶✮✿✹✺✕✻✺✱ ✶✾✾✽✳

❏✳ ❇❛❝❤✐♥❣❡r ❡t P✳ ❩❛♥❞❡r ✿ ❘♦t♦r✱ ❛ t♦♦❧ ❢♦r ❣❡♥❡r❛t✐♥❣ ❛♥❞ ❡✈❛❧✉❛t✐♥❣ ❝r♦♣ r♦t❛t✐♦♥s
❢♦r ♦r❣❛♥✐❝ ❢❛r♠✐♥❣ s②st❡♠s✳ ❊✉r♦♣❡❛♥ ❏♦✉r♥❛❧ ♦❢ ❆❣r♦♥♦♠②✱ ✷✻✿✶✸✵✕✶✹✸✱ ✷✵✵✼✳

❖✳ ❇❛❧❝✐ ✿ ❱❡r✐✜❝❛t✐♦♥✱ ✈❛❧✐❞❛t✐♦♥ ❛♥❞ t❡st✐♥❣✳ ■♥ ❏✳ ❇❛♥❦s✱ é❞✐t❡✉r ✿ ❍❛♥❞❜♦♦❦ ♦❢
s✐♠✉❧❛t✐♦♥✱ ♣❛❣❡s ✸✸✺✕✸✾✸✳ ❊♥❣✐♥❡❡r✐♥❣ ✫ ▼❛♥❛❣❡♠❡♥t Pr❡ss✱ ✶✾✾✽✳

✷✶✺
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❱✳ ❇❡❛✉❥♦✉❛♥✱ P✳ ❉✉r❛♥❞ ❡t ▲✳ ❘✉✐③ ✿ ▼♦❞❡❧❧✐♥❣ t❤❡ ❡✛❡❝t ♦❢ t❤❡ s♣❛t✐❛❧ ❞✐str✐❜✉t✐♦♥
♦❢ ❛❣r✐❝✉❧t✉r❛❧ ♣r❛❝t✐❝❡s ♦♥ ♥✐tr♦❣❡♥ ✢✉①❡s ✐♥ r✉r❛❧ ❝❛t❝❤♠❡♥ts✳ ❊❝♦❧♦❣✐❝❛❧ ▼♦❞❡❧❧✐♥❣✱
✶✸✼✭✶✮✿✾✸✕✶✵✺✱ ✷✵✵✶✳

❏✳✲❊✳ ❇❡r❣❡③ ❡t ❋✳ ●❛r❝✐❛ ✿ ❈♦♥❝❡♣t✐♦♥ ♣❛r s✐♠✉❧❛t✐♦♥ ❞❡ str❛té❣✐❡s ❞❡ ❝♦♥❞✉✐t❡ ❞❡
❝✉❧t✉r❡✳ ■♥ ❆❝t❡s ❞✉ ❝♦❧❧♦q✉❡ ❆✉t♦♠❛t✐q✉❡ ❡t ❆❣r♦♥♦♠✐❡✱ ▼♦♥t♣❡❧❧✐❡r✱ ❥❛♥✈✐❡r ✷✵✵✸✳
■◆❘❆ ✲ ❈◆❘❙✳

▼✳ ❇❡r❦❡❧❛❛r✱ ❑✳ ❊✐❦❧❛♥❞ ❡t P✳ ◆♦t❡❜❛❡rt ✿ ❧♣s♦❧✈❡ ✿ ❖♣❡♥ s♦✉r❝❡ ✭♠✐①❡❞✲✐♥t❡❣❡r✮
❧✐♥❡❛r ♣r♦❣r❛♠♠✐♥❣ s②st❡♠✳ ❤tt♣ ✿✴✴❧♣s♦❧✈❡✳s♦✉r❝❡❢♦r❣❡✳♥❡t✴✱ ✷✵✵✺✳

❈✳ ❇♦❝❦st❛❧❧❡r✱ P✳ ●✐r❛r❞✐♥ ❡t ❍✳▼✳●✳ ✈❛♥ ❞❡r ❲❡r❢ ✿ ❯s❡ ♦❢ ❛❣r♦✲❡❝♦❧♦❣✐❝❛❧
✐♥❞✐❝❛t♦rs ❢♦r t❤❡ ❡✈❛❧✉❛t✐♦♥ ♦❢ ❢❛r♠✐♥❣ s②st❡♠s✳ ❊✉r♦♣❡❛♥ ❏♦✉r♥❛❧ ♦❢ ❆❣r♦♥♦♠②✱ ✼
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■✳ ❇♦ss✉❡t✱ ❍✳ ❈❤❛♠❜❛✉t✱ ❆✳ ▲❡ ●❛❧❧ ❡t ❈✳ ❘❛✐s♦♥ ✿ ❊t✉❞❡ ❞❡ ❧❛ ré♣❛rt✐t✐♦♥
❞❡ ❧✬❡①❝é❞❡♥t ❞✬❛③♦t❡ ❞❛♥s ❞❡s ❢❡r♠❡s ❡①♣ér✐♠❡♥t❛❧❡s ❧❛✐t✐èr❡s ❞❡ ❧✬❡s♣❛❝❡ ❛t❧❛♥t✐q✉❡✳
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❧❛✐t✐❡rs ❡t ❡♥✈✐r♦♥♥❡♠❡♥t ❞❛♥s ❧✬❊s♣❛❝❡ ❆t❧❛♥t✐q✉❡ ✿ ▼✐❡✉① ♣r❡♥❞r❡ ❡♥ ❝♦♠♣t❡ ❧❡s
❞✐✈❡rs✐tés ré❣✐♦♥❛❧❡s ❣râ❝❡ ❛✉① rés✉❧t❛ts ❞✉ ♣r♦❥❡t ●r❡❡♥ ❉❛✐r②✱ ♣❛❣❡s ✻✾✕✾✽✳ ■♥st✐t✉t
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❋✳ ❇r❡♥tr✉♣✱ ❏✳ ❑✉st❡rs✱ ❏✳ ▲❛♠♠❡❧ ❡t ❍✳ ❑✉❤❧♠❛♥♥ ✿ ▼❡t❤♦❞s t♦ ❡st✐♠❛t❡
♦♥✲✜❡❧❞ ♥✐tr♦❣❡♥ ❡♠✐ss✐♦♥s ❢r♦♠ ❝r♦♣ ♣r♦❞✉❝t✐♦♥ ❛s ❛♥ ✐♥♣✉t t♦ ❧❝❛ st✉❞✐❡s ✐♥ t❤❡
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❧♦ss❡s ❢r♦♠ ❞❛✐r② ❢❛r♠s ✐♥ s♦✉t❤✲✇❡st ❡♥❣❧❛♥❞✳ ●r❛ss ❛♥❞ ❋♦r❛❣❡ ❙❝✐❡♥❝❡✱ ✻✵✭✸✮✿✷✻✷✕
✷✼✸✱ ✷✵✵✺✳

❆✳ ❉❛✈✐❞ ✿ ❉é❝✐s✐♦♥✱ ❝♦♥❝❡♣t✐♦♥ ❡t r❡❝❤❡r❝❤❡ ❡♥ s❝✐❡♥❝❡s ❞❡ ❣❡st✐♦♥✳ ❘❡✈✉❡ ❢r❛♥ç❛✐s❡
❞❡ ❣❡st✐♦♥✱ ✷✽✭✶✸✾✮✿✶✼✸✕✶✽✺✱ ✷✵✵✷✳

❙✳ ❉❡ ❈❛r❛ ✿ ▲❡s é♠✐ss✐♦♥s ❢r❛♥ç❛✐s❡s ❞❡s s❡❝t❡✉rs ❛❣r✐❝♦❧❡s ❡t ❢♦r❡st✐❡rs✳ ✈✉❡ ❞✬❡♥✲
s❡♠❜❧❡✳ ■♥ ❙✳❉❡ ❈❛r❛ ❡t ❚✳ ❚❤♦♠❛s✱ é❞✐t❡✉rs ✿ Pr♦❥❡❝t✐♦♥s ❞✬é♠✐ss✐♦♥s✴❛❜s♦r♣t✐♦♥s
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❞❡ ❣❛③ à ❡✛❡t ❞❡ s❡rr❡ ❞❛♥s ❧❡s s❡❝t❡✉rs ❢♦rêt ❡t ❛❣r✐❝✉❧t✉r❡ ❛✉① ❤♦r✐③♦♥s ✷✵✶✵ ❡t ✷✵✷✵✱
♣❛❣❡s ✼✕✶✻✳ ■◆❘❆✱ ✷✵✵✽✳

▼✳❍✳❆✳ ❞❡ ❍❛❛♥ ✿ ❘❡❧❛t✐♦♥s ❜❡t✇❡❡♥ ❢❛r♠ ♥✲s✉r♣❧✉s ❛♥❞ ♦t❤❡r ✐♥❞✐❝❛t♦rs ❢♦r ♥✐tr❛t❡
❧♦ss ✿ ❞❛✐r② s②st❡♠s✳ ■♥ ❍✳❋✳▼✳ t❡♥ ❇❡r❣❡✱ é❞✐t❡✉r ✿ ❆ r❡✈✐❡✇ ♦❢ ♣♦t❡♥t✐❛❧ ✐♥❞✐❝❛t♦rs
❢♦r ♥✐tr❛t❡ ❧♦ss ❢r♦♠ ❝r♦♣♣✐♥❣ ❛♥❞ ❢❛r♠✐♥❣ s②st❡♠s ✐♥ t❤❡ ◆❡t❤❡r❧❛♥❞s✱ ♣❛❣❡s ✶✷✼✕✶✸✺✳
P❧❛♥t ❘❡s❡❛r❝❤ ■♥t❡r♥❛t✐♦♥❛❧ ❇✳❱✳✱ ❲❛❣❡♥✐♥❣❡♥✱ ✷✵✵✷✳

▲✳❉❡❜r❛✉✇❡r ❡t ❋✳ ✈❛♥ ❞❡r❍❡②❞❡ ✿ ❯▼▲ ✷✳ ■♥✐t✐❛t✐♦♥✱ ❡①❡♠♣❧❡s ❡t ❡①❡r❝✐❝❡s ❝♦rr✐❣és✳
❊♥✐ é❞✐t✐♦♥s✱ ◆❛♥t❡s✱ ✷✵✵✺✳

▼✳✲▲✳ ❉❡❝❛✉✱ ❏✳✲❈✳ ❙✐♠♦♥ ❡t ❆✳ ❏❛❝q✉❡t ✿ ❋❛t❡ ♦❢ ✉r✐♥❡ ♥✐tr♦❣❡♥ ✐♥ t❤r❡❡ s♦✐❧s
t❤r♦✉❣❤♦✉t ❛ ❣r❛③✐♥❣ s❡❛s♦♥✳ ❏♦✉r♥❛❧ ♦❢ ❊♥✈✐r♦♥♠❡♥t❛❧ ◗✉❛❧✐t②✱ ✸✷✿✶✹✵✺✕✶✹✶✸✱ ✷✵✵✸✳

❇✳ ❉❡❞✐❡✉ ❡t ●✳ ❙❡r✈✐èr❡ ✿ ❖r❣❛♥✐s❛t✐♦♥ ❞✉ tr❛✈❛✐❧ ❡t ❢♦♥❝t✐♦♥♥❡♠❡♥t ❞❡s s②stè♠❡s
❞✬é❧❡✈❛❣❡✳ ■♥ ❘❡♥❝♦♥tr❡s ❘❡❝❤❡r❝❤❡ ❘✉♠✐♥❛♥ts✱ ✈♦❧✉♠❡ ✽✱ ♣❛❣❡s ✷✹✺✕✷✺✵✱ ✷✵✵✶✳

P✳❏✳❆✳●✳ ❉❡❡♥❡♥ ❡t ◆✳ ▼✐❞❞❡❧❦♦♦♣ ✿ ❊✛❡❝ts ♦❢ ❝❛tt❧❡ ❞✉♥❣ ❛♥❞ ✉r✐♥❡ ♦♥ ♥✐tr♦❣❡♥
✉♣t❛❦❡ ❛♥❞ ②✐❡❧❞ ♦❢ ♣❡r❡♥♥✐❛❧ r②❡❣r❛ss✳ ◆❡t❤❡r❧❛♥❞s ❏♦✉r♥❛❧ ♦❢ ❆❣r✐❝✉❧t✉r❛❧ ❙❝✐❡♥❝❡✱
✹✵✿✹✻✾✕✹✽✷✱ ✶✾✾✷✳

❘✳ ❉❡❧❛❣❛r❞❡✱ P✳ ❋❛✈❡r❞✐♥✱ ❈✳ ❇❛r❛tt❡ ❡t ❏✳▲✳ P❡②r❛✉❞ ✿ Pré✈♦✐r ❧✬✐♥❣❡st✐♦♥
❞✬❤❡r❜❡ ❡t ❧❛ ♣r♦❞✉❝t✐♦♥ ❞❡s ✈❛❝❤❡s ❧❛✐t✐èr❡s ✿ ●r❛③❡■♥✱ ✉♥ ♠♦❞è❧❡ ♣♦✉r r❛✐s♦♥♥❡r
❧✬❛❧✐♠❡♥t❛t✐♦♥ ❛✉ ♣ât✉r❛❣❡✳ ■♥ ❘❡♥❝♦♥tr❡s ❘❡❝❤❡r❝❤❡ ❘✉♠✐♥❛♥ts✱ ✈♦❧✉♠❡ ✶✶✱ ♣❛❣❡s
✷✾✺✕✷✾✽✱ ✷✵✵✹✳

◆✳❑✳ ❉❡t❧❡❢s❡♥ ❡t ❆✳▲✳ ❏❡♥s❡♥ ✿ ▼♦❞❡❧❧✐♥❣ ♦♣t✐♠❛❧ ❝r♦♣ s❡q✉❡♥❝❡s ✉s✐♥❣ ♥❡t✇♦r❦
✢♦✇s✳ ❆❣r✳ ❙②st✳✱ ✾✹✿✺✻✻✕✺✼✷✱ ✷✵✵✼✳

❙✳ ❉♦❣❧✐♦tt✐✱ ❲✳❆✳❍✳ ❘♦ss✐♥❣ ❡t ▼✳❑✳ ✈❛♥ ■tt❡rs✉♠ ✿ ❘♦t❛t✱ ❛ t♦♦❧ ❢♦r s②st❡♠❛t✐✲
❝❛❧❧② ❣❡♥❡r❛t✐♥❣ ❝r♦♣ r♦t❛t✐♦♥s✳ ❊✉r✳ ❏✳ ❆❣r♦♥✳✱ ✶✾✿✷✸✾✕✷✺✵✱ ✷✵✵✸✳

❍✳ ❉♦♥❣✱ ❏✳ ▼❛♥❣✐♥♦✱ ❚✳❆✳ ▼❝❆❧❧✐st❡r✱ ❏✳▲✳ ❍❛t❢✐❡❧❞✱ ❉✳❊✳ ❏♦❤♥s♦♥✱ ❑✳❘✳
▲❛ss❡②✱ ▼✳ ❆♣❛r❡❝✐❞❛ ❞❡ ▲✐♠❛ ❡t ❆✳ ❘♦♠❛♥♦✈s❦❛②❛ ✿ ❊♠✐ss✐♦♥s ❢r♦♠ ❧✐✈❡st♦❝❦
❛♥❞ ♠❛♥✉r❡ ♠❛♥❛❣❡♠❡♥t✳ ■♥ ❙✳ ❊❣❣❡❧st♦♥✱ ▲✳ ❇✉❡♥❞✐❛✱ ❑✳ ▼✐✇❛✱ ❚✳ ◆❣❛r❛ ❡t
❑✳ ❚❛♥❛❜❡✱ é❞✐t❡✉rs ✿ ✷✵✵✻ ■P❈❈ ●✉✐❞❡❧✐♥❡s ❢♦r ◆❛t✐♦♥❛❧ ●r❡❡♥❤♦✉s❡ ●❛s ■♥✈❡♥t♦✲
r✐❡s✳ ■♥st✐t✉t❡ ❢♦r ●❧♦❜❛❧ ❊♥✈✐r♦♥♠❡♥t❛❧ ❙tr❛t❡❣✐❡s ✭■●❊❙✮✱ ✷✵✵✻✳

❉✳ ❉✉r❛♥❞ ✿ ▲❛ s②sté♠✐q✉❡✳ ◗✉❡ s❛✐s✲❥❡ ❄ Pr❡ss❡s ❯♥✐✈❡rs✐t❛✐r❡s ❞❡ ❋r❛♥❝❡✱ ✽❡ é❞✐t✐♦♥✱
✶✾✼✾✳

▼✳ ❉✉r✉ ❡t ❇✳ ❍✉❜❡rt ✿ ▼❛♥❛❣❡♠❡♥t ♦❢ ❣r❛③✐♥❣ s②st❡♠s ✿ ❢r♦♠ ❞❡❝✐s✐♦♥ ❛♥❞ ❜✐♦♣❤②✲
s✐❝❛❧ ♠♦❞❡❧s t♦ ♣r✐♥❝✐♣❧❡s ❢♦r ❛❝t✐♦♥✳ ❆❣r♦♥♦♠✐❡✱ ✷✸✿✻✽✾✕✼✵✸✱ ✷✵✵✸✳

●✳ ❊❞✇❛r❞s✲❏♦♥❡s ✿ ▼♦❞❡❧❧✐♥❣ ❢❛r♠❡r ❞❡❝✐s✐♦♥✲♠❛❦✐♥❣ ✿ ❝♦♥❝❡♣ts✱ ♣r♦❣r❡ss ❛♥❞ ❝❤❛❧✲
❧❡♥❣❡s✳ ❆♥✐♠❛❧ ❙❝✐❡♥❝❡✱ ✽✷✿✼✽✸✕✼✾✵✱ ✷✵✵✻✳

❆✳ ❋❛rr✉❣✐❛ ✿ ▲✬❡❛✉ ❡t ❧❡s ❤❡r❜✐✈♦r❡s✳ ▲❡s ❝❤❡♠✐♥s ❞❡ ❧❛ q✉❛❧✐té✳ ■♥st✐t✉t ❞❡ ❧✬❊❧❡✈❛❣❡✱
P❛r✐s✱ ✷✵✵✵✳
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❆✳ ❋❛rr✉❣✐❛ ✿ ❇✐❧❛♥ ❡♥✈✐r♦♥♥❡♠❡♥t❛❧ ❞❛♥s ❧❡s ❡①♣❧♦✐t❛t✐♦♥s ❧❛✐t✐èr❡s✳ ■♥st✐t✉t ❞❡
❧✬❊❧❡✈❛❣❡✱ P❛r✐s✱ ✷✵✵✷✳

P✳ ❋❛✈❡r❞✐♥✱ ❳✳ ❈❤❛r❞♦♥✱ ▲✳ ❉❡❧❛❜② ❡t ❏✳▲✳ P❡②r❛✉❞ ✿ ❚❤❡ ❝❤❛❧❧❡♥❣❡ ♦❢ s✉st❛✐♥❛❜✐✲
❧✐t② t♦ ❞❡s✐❣♥ t❤❡ ❢✉t✉r❡ ❞❛✐r② ❢❛r♠s✳ ■♥ P✳ ❘♦✇❧✐♥s♦♥✱ ▼✳ ❙t❡❡❧❡ ❡t ❆✳ ◆❡❢③❛♦✉✐✱
é❞✐t❡✉rs ✿ Pr♦❝❡❡❞✐♥❣s ♦❢ t❤❡ ▲✐✈❡st♦❝❦ ❛♥❞ ●❧♦❜❛❧ ❈❧✐♠❛t❡ ❈❤❛♥❣❡ ❝♦♥❢❡r❡♥❝❡✱ ♣❛❣❡s
✶✵✸✕✶✵✻✳ ❇r✐t✐s❤ s♦❝✐❡t② ♦❢ ❛♥✐♠❛❧ s❝✐❡♥❝❡✱ ✷✵✵✽✳

P✳ ❋♦rst❡r✱ ❱✳ ❘❛♠❛s✇❛♠②✱ P✳ ❆rt❛①♦✱ ❚✳ ❇❡r♥ts❡♥✱ ❘✳ ❇❡tts✱ ❉✳❲✳ ❋❛❤❡②✱
❏✳ ❍❛②✇♦♦❞✱ ❏✳ ▲❡❛♥✱ ❉✳❈✳ ▲♦✇❡✱ ●✳ ▼②❤r❡✱ ❏✳ ◆❣❛♥❣❛✱ ❘✳ Pr✐♥♥✱ ●✳ ❘❛❣❛✱
▼✳ ❙❝❤✉❧③ ❡t ❘✳ ❱❛♥ ❉♦r❧❛♥❞ ✿ ❈❤❛♥❣❡s ✐♥ ❛t♠♦s♣❤❡r✐❝ ❝♦♥st✐t✉❡♥ts ❛♥❞ ✐♥
r❛❞✐❛t✐✈❡ ❢♦r❝✐♥❣✳ ■♥ ❙✳ ❙♦❧♦♠♦♥✱ ❉✳ ◗✐♥✱ ▼✳ ▼❛♥♥✐♥❣✱ ❩✳ ❈❤❡♥✱ ▼✳ ▼❛rq✉✐s✱
❑✳❇✳ ❆✈❡r②t✱ ▼✳❚✐❣♥♦r ❡t ❍✳▲✳ ▼✐❧❧❡r✱ é❞✐t❡✉rs ✿ ❈❧✐♠❛t❡ ❈❤❛♥❣❡ ✷✵✵✼ ✿ ❚❤❡
P❤②s✐❝❛❧ ❙❝✐❡♥❝❡ ❇❛s✐s✳ ❈♦♥tr✐❜✉t✐♦♥ ♦❢ ❲♦r❦✐♥❣ ●r♦✉♣ ■ t♦ t❤❡ ❋♦✉rt❤ ❆ss❡ss♠❡♥t
❘❡♣♦rt ♦❢ t❤❡ ■♥t❡r❣♦✈❡r♥♠❡♥t❛❧ P❛♥❡❧ ♦♥ ❈❧✐♠❛t❡ ❈❤❛♥❣❡✱ ♣❛❣❡s ✶✷✾✕✷✸✹✳ ❈❛♠❜r✐❞❣❡
❯♥✐✈❡rs✐t② Pr❡ss✱ ❈❛♠❜r✐❞❣❡✱ ❯♥✐t❡❞ ❑✐♥❣❞♦♠ ❛♥❞ ◆❡✇ ❨♦r❦✱ ◆❨✱ ❯❙❆✱ ✷✵✵✼✳

❋✳●❛r❝✐❛✱ P✳ ❋❛✈❡r❞✐♥✱ ▲✳❉❡❧❛❜② ❡t ❏✳▲✳ P❡②r❛✉❞ ✿ ❚♦✉r♥❡s♦❧ ✿ ❛ ♠♦❞❡❧ t♦ s✐♠✉❧❛t❡
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♠♦❞❡❧ ✭❋❆❙❙❊❚✮✳ ❉❛♥✐s❤ ■♥st✐t✉t❡ ♦❢ ❆❣r✐❝✉❧t✉r❛❧ ❛♥❞ ❋✐s❤❡r✐❡s ❊❝♦♥♦♠✐❝s✱ ❈♦♣❡♥✲
❤❛❣❡♥✱ ❉❡♥♠❛r❦✱ ✶✾✾✽✳
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❏✳❲✳ ❏♦♥❡s✱ ❇✳❆✳ ❑❡❛t✐♥❣ ❡t ❈✳❍✳ P♦rt❡r ✿ ❆♣♣r♦❛❝❤❡s t♦ ♠♦❞✉❧❛r ♠♦❞❡❧ ❞❡✈❡❧♦♣✲
♠❡♥t✳ ❆❣r✐❝✉❧t✉r❛❧ ❙②st❡♠s✱ ✼✵✭✷✲✸✮✿✹✷✶✕✹✹✸✱ ✷✵✵✶✳

▼✳ ❏♦✉✈❡♥ ✿ ◗✉❡❧s éq✉✐❧✐❜r❡s ❡♥tr❡ ♣r♦❞✉❝t✐♦♥ ❛♥✐♠❛❧❡ ❡t ✉t✐❧✐s❛t✐♦♥ ❞✉r❛❜❧❡ ❞❡s ♣r❛✐r✐❡s
❞❛♥s ❧❡s s②stè♠❡s ❜♦✈✐♥s ❛❧❧❛✐t❛♥ts ❤❡r❜❛❣❡rs ❄ ❯♥❡ ❛♣♣r♦❝❤❡ ♣❛r ♠♦❞é❧✐s❛t✐♦♥ ❞❡s
✐♥t❡r❛❝t✐♦♥s ❝♦♥❞✉✐t❡✲tr♦✉♣❡❛✉✲r❡ss♦✉r❝❡s✳ ❚❤ès❡ ❞❡ ❞♦❝t♦r❛t✱ ■◆❆ P✲●✱ ✷✵✵✻✳

❇✳❆✳ ❑❡❛t✐♥❣✱ P✳❙✳ ❈❛r❜❡rr②✱ ●✳▲✳ ❍❛♠♠❡r✱ ▼✳❊✳ Pr♦❜❡rt✱ ▼✳❏✳ ❘♦❜❡rts♦♥✱
❉✳ ❍♦❧③✇♦rt❤✱ ◆✳■✳ ❍✉t❤✱ ❏✳◆✳●✳ ❍❛r❣r❡❛✈❡s✱ ❍✳ ▼❡✐♥❦❡ ❡t ❩✳ ❍♦❝❤♠❛♥ ✿
❆♥ ♦✈❡r✈✐❡✇ ♦❢ ❛♣s✐♠✱ ❛ ♠♦❞❡❧ ❞❡s✐❣♥❡❞ ❢♦r ❢❛r♠✐♥❣ s②st❡♠s s✐♠✉❧❛t✐♦♥✳ ❊✉r♦♣❡❛♥
❏♦✉r♥❛❧ ♦❢ ❆❣r♦♥♦♠②✱ ✶✽✭✸✲✹✮✿✷✻✼✕✷✽✽✱ ✷✵✵✸✳

❇✳❆✳ ❑❡❛t✐♥❣ ❡t ❘✳▲✳ ▼❝❈♦✇♥ ✿ ❆❞✈❛♥❝❡s ✐♥ ❢❛r♠✐♥❣ s②st❡♠s ❛♥❛❧②s✐s ❛♥❞ ✐♥t❡r✈❡♥✲
t✐♦♥✳ ❆❣r✐❝✉❧t✉r❛❧ ❙②st❡♠s✱ ✼✵✭✷✲✸✮✿✺✺✺✕✺✼✾✱ ✷✵✵✶✳

❏✳P✳❈✳ ❑❧❡✐❥♥❡♥ ✿ ❱❡r✐✜❝❛t✐♦♥ ❛♥❞ ✈❛❧✐❞❛t✐♦♥ ♦❢ s✐♠✉❧❛t✐♦♥ ♠♦❞❡❧s✳ ❊✉r♦♣❡❛♥ ❏♦✉r♥❛❧
♦❢ ❖♣❡r❛t✐♦♥❛❧ ❘❡s❡❛r❝❤✱ ✽✷✭✶✮✿✶✹✺✕✶✻✷✱ ✶✾✾✺✳

❲✳❑✳ ❑❧❡✐♥ ❍❛♥❡✈❡❧❞ ❡t ❆✳❲✳ ❙t❡❣❡♠❛♥ ✿ ❈r♦♣ s✉❝❝❡ss✐♦♥ r❡q✉✐r❡♠❡♥ts ✐♥ ❛❣r✐❝✉❧✲
t✉r❛❧ ♣r♦❞✉❝t✐♦♥ ♣❧❛♥♥✐♥❣✳ ❊✉r♦♣❡❛♥ ❏♦✉r♥❛❧ ♦❢ ❖♣❡r❛t✐♦♥❛❧ ❘❡s❡❛r❝❤✱ ✶✻✻✿✹✵✻✕✹✷✾✱
✷✵✵✺✳

▼✳❏✳❘✳ ❑♥❛♣❡♥✱ P✳❏✳❋✳▼✳ ❱❡r✇❡✐❥ ❡t ❏✳❏✳❋✳ ❲✐❡♥ ✿ ❆♣♣❧②✐♥❣ ❡♥t❡r♣r✐s❡ ❛♣♣❧✐❝❛✲
t✐♦♥ ❛r❝❤✐t❡❝t✉r❡s ✐♥ ✐♥t❡❣r❛t❡❞ ♠♦❞❡❧❧✐♥❣✳ ■♥ ▲✳ ❖①❧❡② ❡t ❉✳ ❑✉❧❛s✐r✐✱ é❞✐t❡✉rs ✿
▼❖❉❙■▼ ✷✵✵✼ ■♥t❡r♥❛t✐♦♥❛❧ ❈♦♥❣r❡ss ♦♥ ▼♦❞❡❧❧✐♥❣ ❛♥❞ ❙✐♠✉❧❛t✐♦♥✳ ▼♦❞❡❧❧✐♥❣ ❛♥❞
❙✐♠✉❧❛t✐♦♥ ❙♦❝✐❡t② ♦❢ ❆✉str❛❧✐❛ ❛♥❞ ◆❡✇ ❩❡❛❧❛♥❞✱ ♣❛❣❡s ✽✸✾✕✽✹✺✱ ❞é❝❡♠❜r❡ ✷✵✵✼✳

❏✳❲✳❆✳ ▲❛♥❣❡✈❡❧❞✱ ❆✳ ❱❡r❤❛❣❡♥✱ ❏✳❏✳ ◆❡❡t❡s♦♥✱ ❍✳ ✈❛♥ ❑❡✉❧❡♥✱ ❏✳●✳ ❈♦✲
♥✐❥♥✱ ❘✳▲✳▼✳ ❙❝❤✐❧s ❡t ❏✳ ❖❡♥❡♠❛ ✿ ❊✈❛❧✉❛t✐♥❣ ❢❛r♠ ♣❡r❢♦r♠❛♥❝❡ ✉s✐♥❣ ❛❣r✐✲
❡♥✈✐r♦♥♠❡♥t❛❧ ✐♥❞✐❝❛t♦rs ✿ ❘❡❝❡♥t ❡①♣❡r✐❡♥❝❡s ❢♦r ♥✐tr♦❣❡♥ ♠❛♥❛❣❡♠❡♥t ✐♥ t❤❡ ♥❡✲
t❤❡r❧❛♥❞s✳ ❏♦✉r♥❛❧ ♦❢ ❊♥✈✐r♦♥♠❡♥t❛❧ ▼❛♥❛❣❡♠❡♥t✱ ✽✷✭✸✮✿✸✻✸✕✸✼✻✱ ✷✵✵✼✳

❆✳ ▲❡ ●❛❧❧ ❡t ▼✳✲▼✳ ❈❛❜❛r❡t ✿ ▼✐s❡ ❛✉ ♣♦✐♥t ❞❡ s②stè♠❡s ❧❛✐t✐❡rs ♣r♦❞✉❝t✐❢s ❡t
r❡s♣❡❝t✉❡✉① ❞❡ ❧✬❡♥✈✐r♦♥♥❡♠❡♥t✳ ■♥st✐t✉t ❞❡ ❧✬❊❧❡✈❛❣❡✱ ✷✵✵✷✳

❆✳ ▲❡ ●❛❧❧✱ ❏✳ ▲❡❣❛rt♦✱ ▼✲▼✳ ❈❛❜❛r❡t ❡t ❆✳ ❋❛rr✉❣❣✐❛ ✿ ■♠♣❛❝t ❞❡s s②stè♠❡s ❧❛✐✲
t✐❡rs ♣r♦❞✉❝t✐❢s s✉r ❧✬❡♥✈✐r♦♥♥❡♠❡♥t✳ ■♥ ❘❡♥❝♦♥tr❡s ❘❡❝❤❡r❝❤❡ ❘✉♠✐♥❛♥ts✱ ✈♦❧✉♠❡ ✺✱
♣❛❣❡s ✷✵✶✕✷✵✽✱ ✶✾✾✽✳

❆✳ ▲❡ ●❛❧❧✱ ❋✳ ❱❡rt❡s✱ ❆✳ P❢❧✐♠❧✐♥✱ ❍✳ ❈❤❛♠❜❛✉t✱ ▲✳ ❉❡❧❛❜②✱ P✳ ❉✉r❛♥❞✱
❍✳▼✳●✳ ✈❛♥ ❞❡r ❲❡r❢✱ ◆✳ ❚✉r♣✐♥ ❡t ❆✳ ❇r❛s ✿ P❛rt ✐✐ ✿ ❈♦✉♥tr② r❡♣♦rts✱ ❝❤❛♣t❡r
✺ ✿ ❋r❛♥❝❡✳ ■♥ ❏✳ ❇♦s✱ ❆✳ P❢❧✐♠❧✐♥✱ ❋✳ ❆❛rts ❡t ❋✳ ❱❡rt❡s✱ é❞✐t❡✉rs ✿ ◆✉tr✐❡♥t
♠❛♥❛❣❡♠❡♥t ❛t ❢❛r♠ s❝❛❧❡✳ ❍♦✇ t♦ ❛tt❛✐♥ ♣♦❧✐❝② ♦❜❥❡❝t✐✈❡s ✐♥ r❡❣✐♦♥s ✇✐t❤ ✐♥t❡♥✲
s✐✈❡ ❞❛✐r② ❢❛r♠✐♥❣ ❄ ❋✐rst ✇♦r❦s❤♦♣ ♦❢ t❤❡ ❊●❋ ✇♦r❦✐♥❣ ❣r♦✉♣ ✬❉❛✐r② ❙②st❡♠s ❛♥❞
❊♥✈✐r♦♥♠❡♥t✬✱ ◗✉✐♠♣❡r✱ ❋r❛♥❝❡✱ ✷✸✲✷✺ ❥✉♥❡ ✷✵✵✸✱ ♣❛❣❡s ✶✶✶✕✶✸✼✳ P❧❛♥t ❘❡s❡❛r❝❤
■♥t❡r♥❛t✐♦♥❛❧✱ ❲❛❣❡♥✐♥❣❡♥✱ ◆❡t❤❡r❧❛♥❞s✱ ✷✵✵✸✳
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●✳ ▲❡♠❛✐r❡ ✿ ■♥t❡r❛❝t✐♦♥s ❡♥tr❡ s②stè♠❡s ❢♦✉rr❛❣❡rs ❡t s②stè♠❡s ❞❡ ❣r❛♥❞❡s ❝✉❧t✉r❡s à
❧✬é❝❤❡❧❧❡ ❞✬✉♥ t❡rr✐t♦✐r❡✳ ■♥térêts ♣♦✉r ❧✬❡♥✈✐r♦♥♥❡♠❡♥t✳ ❋♦✉rr❛❣❡s✱ ✶✽✾✿✶✾✕✸✷✱ ✷✵✵✼✳

◆✳ ▲♦♣❡③✱ ❏✳ ▼✐❣✉❡✐s ❡t ❊✳ P✐❝❤♦♥ ✿ ■♥té❣r❡r ❯▼▲ ❞❛♥s ✈♦s ♣r♦❥❡ts✳ ❊②r♦❧❧❡s✱ P❛r✐s✱
✶✾✾✾✳

❙✳ ▲♦♣❡③✲❘✐❞❛✉r❛✱ ❍✳ ❱❛♥ ❞❡r ❲❡r❢✱ ❏✳✲▼✳ P❛✐❧❧❛t ❡t ❇✳ ▲❡ ❇r✐s ✿ ❚r❛♥s❢ér❡r ♦✉
tr❛✐t❡r ❄ ❊✈❛❧✉❛t✐♦♥ ❡♥✈✐r♦♥♥❡♠❡♥t❛❧❡ ❞❡ ❞❡✉① ♠♦❞❡s ❞❡ ❣❡st✐♦♥ ❞✉ ❧✐s✐❡r ❡①❝é❞❡♥t❛✐r❡
♣❛r ❆♥❛❧②s❡ ❞❡ ❈②❝❧❡ ❞❡ ❱✐❡✳ ■♥ ❏♦✉r♥é❡s ❘❡❝❤❡r❝❤❡ P♦r❝✐♥❡✱ ✈♦❧✉♠❡ ✸✾✱ ♣❛❣❡s ✼✕✶✷✱
✷✵✵✼✳

❊✳■✳ ▲♦r❞✱ ❙✳●✳ ❆♥t❤♦♥② ❡t ●✳ ●♦♦❞❧❛ss ✿ ❆❣r✐❝✉❧t✉r❛❧ ♥✐tr♦❣❡♥ ❜❛❧❛♥❝❡ ❛♥❞ ✇❛t❡r
q✉❛❧✐t② ✐♥ t❤❡ ❯❑✳ ❙♦✐❧ ❯s❡ ❛♥❞ ▼❛♥❛❣❡♠❡♥t✱ ✶✽✭✹✮✿✸✻✸✕✸✻✾✱ ✷✵✵✷✳

❈✳ ▲♦②❝❡✱ ❏✳P✳ ❘❡❧❧✐❡r ❡t ❏✳▼✳ ▼❡②♥❛r❞ ✿ ▼❛♥❛❣❡♠❡♥t ♣❧❛♥♥✐♥❣ ❢♦r ✇✐♥t❡r ✇❤❡❛t
✇✐t❤ ♠✉❧t✐♣❧❡ ♦❜❥❡❝t✐✈❡s ✭✷✮ ✿ ❡t❤❛♥♦❧✲✇❤❡❛t ♣r♦❞✉❝t✐♦♥✳ ❆❣r✐❝✉❧t✉r❛❧ ❙②st❡♠s✱ ✼✷
✭✶✮✿✸✸✕✺✼✱ ✷✵✵✷✳

❙✳ ▼❛❞❡❧r✐❡✉① ✿ ❘♦♥❞❡ ❞❡s s❛✐s♦♥s✱ ✈✐❡ ❞❡s tr♦✉♣❡❛✉① ❡t ❧❛❜❡✉r ❞❡s ❤♦♠♠❡s✳ ▼♦❞é❧✐✲
s❛t✐♦♥ ❞❡ ❧✬♦r❣❛♥✐s❛t✐♦♥ ❞✉ tr❛✈❛✐❧ ❡♥ ❡①♣❧♦✐t❛t✐♦♥ ❞✬é❧❡✈❛❣❡ ❤❡r❜✐✈♦r❡ ❛✉ ❝♦✉rs ❞✬✉♥❡
❛♥♥é❡✳ ❚❤ès❡ ❞❡ ❞♦❝t♦r❛t✱ ■♥st✐t✉t ◆❛t✐♦♥❛❧ ❆❣r♦♥♦♠✐q✉❡ P❛r✐s✲●r✐❣♥♦♥✱ ✷✵✵✹✳

●✳ ▼❛rt❡❧ ✿ Pr❛t✐q✉❡s ❞✬é❧❡✈❛❣❡✱ ♣r♦❞✉❝t✐✈✐té ❞❡s tr♦✉♣❡❛✉① ❞❡ tr✉✐❡s ❡t r②t❤♠❡s ❞❡
tr❛✈❛✐❧ ❞❡s é❧❡✈❡✉rs ❡♥ ♣r♦❞✉❝t✐♦♥ ♣♦r❝✐♥❡ ✿ ✉♥❡ ❛♣♣r♦❝❤❡ ♣❛r ♠♦❞é❧✐s❛t✐♦♥✳ ❚❤ès❡ ❞❡
❞♦❝t♦r❛t✱ ❆❣r♦P❛r✐s❚❡❝❤✱ ✷✵✵✽✳

❈✳ ▼❛rt✐♥ ❡t ❏✳✲P✳ ❏♦✉❛♥② ✿ ❈♦♠♠❡♥t ré❞✉✐r❡ ❧❛ ♣r♦❞✉❝t✐♦♥ ❞❡ ♠ét❤❛♥❡ ❝❤❡③ ❧❡s
r✉♠✐♥❛♥ts ❄ ■♥ ❏♦✉r♥é❡s ❆❋P❋ ✿ Pr❛✐r✐❡s✱ é❧❡✈❛❣❡✱ ❝♦♥s♦♠♠❛t✐♦♥ ❞✬é♥❡r❣✐❡ ❡t ❣❛③ à
❡✛❡t ❞❡ s❡rr❡✱ P❛r✐s✱ ✷✵✵✻✳ ❆ss♦❝✐❛t✐♦♥ ❢r❛♥ç❛✐s❡ ♣♦✉r ❧❛ ♣r♦❞✉❝t✐♦♥ ❢♦✉rr❛❣èr❡✳

❘✳ ▼❛rt✐♥✲❈❧♦✉❛✐r❡ ❡t ❏✳P✳ ❘❡❧❧✐❡r ✿ ▼♦❞é❧✐s❛t✐♦♥ ❡t s✐♠✉❧❛t✐♦♥ ❞❡ ❧❛ ❝♦♥❞✉✐t❡
❞✬✉♥ s②stè♠❡ ❞❡ ♣r♦❞✉❝t✐♦♥ ❛❣r✐❝♦❧❡✳ ❈♦♥❢ér❡♥❝❡ ❢r❛♥❝♦♣❤♦♥❡ ❞❡ ♠♦❞é❧✐s❛t✐♦♥ ❡t
s✐♠✉❧❛t✐♦♥✱ ❛✈r✐❧ ✷✵✵✸✳

❘✳▼❛rt✐♥✲❈❧♦✉❛✐r❡ ❡t ❏✳P✳ ❘❡❧❧✐❡r ✿ ❋♦♥❞❡♠❡♥ts ♦♥t♦❧♦❣✐q✉❡s ❞❡s s②stè♠❡s ♣✐❧♦tés✳
❞♦❝✉♠❡♥t ✐♥t❡r♥❡ ❞❡ ❧✬■◆❘❆✱ ✉♥✐té ❇■❆✱ ✷✵✵✺✳

●✳ ▼❛①✐♥ ✿ ▼♦❞é❧✐s❛t✐♦♥ ❞❡s ❜✐❧❛♥s ❊♥tré❡✴❙♦rt✐❡ ❞❡s é❧é♠❡♥ts ❝❛r❜♦♥❡✱ ❛③♦t❡✱ ❡❛✉ ❡t
♠✐♥ér❛✉① ❝❤❡③ ❧❛ ✈❛❝❤❡ ❧❛✐t✐èr❡✳ ▼é♠♦✐r❡ ❞❡ ♠❛st❡r✱ ❊❙■❚P❆✱ ❘♦✉❡♥✱ ✷✵✵✻✳

❘✳▲✳ ▼❝❝♦✇♥ ✿ ❈❤❛♥❣✐♥❣ s②st❡♠s ❢♦r s✉♣♣♦rt✐♥❣ ❢❛r♠❡rs✬ ❞❡❝✐s✐♦♥s ✿ ♣r♦❜❧❡♠s✱ ♣❛r❛✲
❞✐❣♠s✱ ❛♥❞ ♣r♦s♣❡❝ts✳ ❆❣r✐❝✉❧t✉r❛❧ ❙②st❡♠s✱ ✼✹✭✶✮✿✶✼✾✕✷✷✵✱ ♦❝t♦❜r❡ ✷✵✵✷✳

❑✳❆✳ ▼❝❉♦♥❛❧❞ ❡t ❏✳❲✳ P❡♥♥♦ ✿ ▼❛♥❛❣❡♠❡♥t ❞❡❝✐s✐♦♥ r✉❧❡s t♦ ♦♣t✐♠✐s❡ ♠✐❧❦s♦✲
❧✐❞s ♣r♦❞✉❝t✐♦♥ ♦♥ ❞❛✐r② ❢❛r♠s✳ Pr♦❝❡❡❞✐♥❣s ♦❢ t❤❡ ◆❡✇ ❩❡❛❧❛♥❞ ❙♦❝✐❡t② ♦❢ ❆♥✐♠❛❧
Pr♦❞✉❝t✐♦♥✱ ✺✽✿✶✸✷✕✶✸✺✱ ✶✾✾✽✳
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❚✳❍✳ ▼✐ss❡❧❜r♦♦❦✱ ❇✳❋✳ P❛✐♥✱ ❆✳❈✳ ❙t♦♥❡ ❡t ❉✳ ❙❝❤♦❧❡❢✐❡❧❞ ✿ ◆✉tr✐❡♥t r✉♥✲♦✛
❢♦❧❧♦✇✐♥❣ ❛♣♣❧✐❝❛t✐♦♥ ♦❢ ❧✐✈❡st♦❝❦ ✇❛st❡s t♦ ❣r❛ss❧❛♥❞✳ ❊♥✈✐r♦♥♠❡♥t❛❧ P♦❧❧✉t✐♦♥✱ ✽✽
✭✶✮✿✺✶✕✺✻✱ ✶✾✾✺✳

❆✳❉✳ ▼♦♦r❡✱ ❉✳P✳ ❍♦❧③✇♦rt❤✱ ◆✳■✳ ❍❡rr♠❛♥♥✱ ◆✳■✳ ❍✉t❤ ❡t ▼✳❏✳ ❘♦❜❡rts♦♥ ✿
❚❤❡ ❝♦♠♠♦♥ ♠♦❞❡❧❧✐♥❣ ♣r♦t♦❝♦❧ ✿ ❆ ❤✐❡r❛r❝❤✐❝❛❧ ❢r❛♠❡✇♦r❦ ❢♦r s✐♠✉❧❛t✐♦♥ ♦❢ ❛❣r✐❝✉❧✲
t✉r❛❧ ❛♥❞ ❡♥✈✐r♦♥♠❡♥t❛❧ s②st❡♠s✳ ❆❣r✐❝✉❧t✉r❛❧ ❙②st❡♠s✱ ✾✺✭✶✲✸✮✿✸✼✕✹✽✱ ✷✵✵✼✳

❚✳ ▼♦r✈❛♥✱ ❇✳ ◆✐❝♦❧❛r❞♦t ❡t ▲✳ Pé❛♥ ✿ ❇✐♦❝❤❡♠✐❝❛❧ ❝♦♠♣♦s✐t✐♦♥ ❛♥❞ ❦✐♥❡t✐❝s ♦❢ ❝
❛♥❞ ♥ ♠✐♥❡r❛❧✐③❛t✐♦♥ ♦❢ ❛♥✐♠❛❧ ✇❛st❡s ✿ ❛ t②♣♦❧♦❣✐❝❛❧ ❛♣♣r♦❛❝❤✳ ❇✐♦❧♦❣② ❛♥❞ ❋❡rt✐❧✐t②
♦❢ ❙♦✐❧s✱ ✹✷✭✻✮✿✺✶✸✕✺✷✷✱ ✷✵✵✻✳

❚✳ ▼♦r✈❛♥✱ ▲✳ ❘✉✐③ ❡t ❱✳ ❱✐❛✉❞ ✿ ❈✉♠✉❧❛t✐✈❡ ❡✛❡❝ts ♦❢ ❛♣♣❧✐❝❛t✐♦♥s ♦❢ ♦r❣❛♥✐❝
❢❡rt✐❧✐③❡rs ♦♥ s♦✐❧ ♦r❣❛♥✐❝ ♠❛tt❡r ❞②♥❛♠✐❝s✳ ■♥ Pr♦❝❡❡❞✐♥❣s ♦❢ t❤❡ ✶✻t❤ ■♥t❡r♥❛t✐♦♥❛❧
❈■❊❈ ❙②♠♣♦s✐✉♠✱ ●❤❡♥t✱ ❇❡❧❣✐✉♠✱ ✷✵✵✼✳

❱✳ ▼♦s❡t✲❍❡r♥❛♥❞❡③ ✿ ▼♦❞é❧✐s❛t✐♦♥ ❞②♥❛♠✐q✉❡ ❞✉ ✢✉① ❞✬❛♠♠♦♥✐❛❝ ❞❛♥s ✉♥❡ s❛❧❧❡
❞✬❡♥❣r❛✐ss❡♠❡♥t ❞❡ ♣♦r❝s ❡t ♣ré❞✐❝t✐♦♥ ❞❡ ❧❛ t❡♥❡✉r ❞❛♥s ❧✬❛♠❜✐❛♥❝❡✳ ▼é♠♦✐r❡ ❞❡
♠❛st❡r✱ ❆❣r♦❝❛♠♣✉s ❘❡♥♥❡s✱ ✷✵✵✻✳

❆✳ ▼✉❧✐❡r✱ ●✳ ❍♦❢♠❛♥✱ ❊✳ ❇❛❡❝❦❡✱ ▲✳ ❈❛r❧✐❡r✱ ❉✳ ❉❡ ❇r❛❜❛♥❞❡r✱
●✳ ❉❡ ●r♦♦t❡✱ ❘✳ ❉❡ ❲✐❧❞❡✱ ▲✳ ❋✐❡♠s✱ ●✳ ❏❛♥ss❡♥s✱ ❖✳ ❱❛♥ ❈❧❡❡♠♣✉t✱
❆✳ ❱❛♥ ❍❡r❝❦✱ ●✳ ❱❛♥ ❍✉②❧❡♥❜r♦❡❝❦ ❡t ■✳ ❱❡r❜r✉❣❣❡♥ ✿ ❆ ♠❡t❤♦❞♦❧♦❣② ❢♦r
t❤❡ ❝❛❧❝✉❧❛t✐♦♥ ♦❢ ❢❛r♠ ❧❡✈❡❧ ♥✐tr♦❣❡♥ ❛♥❞ ♣❤♦s♣❤♦r✉s ❜❛❧❛♥❝❡s ✐♥ ✢❡♠✐s❤ ❛❣r✐❝✉❧t✉r❡✳
❊✉r♦♣❡❛♥ ❏♦✉r♥❛❧ ♦❢ ❆❣r♦♥♦♠②✱ ✷✵✭✶✲✷✮✿✹✺✕✺✶✱ ✷✵✵✸✳

■✳ ❖❜♦r♥✱ ❆✳❈✳ ❊❞✇❛r❞s✱ ❊✳ ❲✐tt❡r✱ ❖✳ ❖❡♥❡♠❛✱ ❑✳ ■✈❛rss♦♥✱ P✳❏✳❆✳ ❲✐t❤❡rs✱
❙✳■✳ ◆✐❧ss♦♥ ❡t ❆✳ ❘✐❝❤❡rt ❙t✐♥③✐♥❣ ✿ ❊❧❡♠❡♥t ❜❛❧❛♥❝❡s ❛s ❛ t♦♦❧ ❢♦r s✉st❛✐♥❛❜❧❡
♥✉tr✐❡♥t ♠❛♥❛❣❡♠❡♥t ✿ ❛ ❝r✐t✐❝❛❧ ❛♣♣r❛✐s❛❧ ♦❢ t❤❡✐r ♠❡r✐ts ❛♥❞ ❧✐♠✐t❛t✐♦♥s ✇✐t❤✐♥ ❛♥
❛❣r♦♥♦♠✐❝ ❛♥❞ ❡♥✈✐r♦♥♠❡♥t❛❧ ❝♦♥t❡①t✳ ❊✉r♦♣❡❛♥ ❏♦✉r♥❛❧ ♦❢ ❆❣r♦♥♦♠②✱ ✷✵✭✶✲✷✮✿✷✶✶✕
✷✷✺✱ ✷✵✵✸✳

❖❈❉❊ ✿ ❊♥✈✐r♦♥♠❡♥t❛❧ ■♥❞✐❝❛t♦rs ❢♦r ❆❣r✐❝✉❧t✉r❡✳ ❱♦❧✉♠❡ ✸✱ ▼❡t❤♦❞s ❛♥❞ ❘❡s✉❧ts✳
❖❊❈❉ P✉❜❧✐❝❛t✐♦♥s ❙❡r✈✐❝❡✱ P❛r✐s✱ ✷✵✵✶✳

❖✳ ❖❡♥❡♠❛ ❡t ▼✳ ❍❡✐♥❡♥ ✿ ❯♥❝❡rt❛✐♥t✐❡s ✐♥ ♥✉tr✐❡♥t ❜✉❞❣❡t ❞✉❡ t♦ ❜✐❛s❡s ❛♥❞ ❡rr♦rs✳
■♥ ❊✳▼✳❆✳ ❙♠❛❧✐♥❣✱ ❖✳ ❖❡♥❡♠❛ ❡t ▲✳❖✳ ❋r❡s❝♦✱ é❞✐t❡✉rs ✿ ◆✉tr✐❡♥t ❉✐s❡q✉✐❧✐❜r✐❛
✐♥ ❆❣r♦❡❝♦s②st❡♠s ✿ ❈♦♥❝❡♣ts ❛♥❞ ❈❛s❡ ❙t✉❞✐❡s✱ ♣❛❣❡s ✼✺✕✾✼✳ ❈❆❇ ■♥t❡r♥❛t✐♦♥❛❧✱
❲❛❧❧✐♥❣❢♦r❞✱ ✶✾✾✾✳

❖✳ ❖❡♥❡♠❛✱ ❍✳ ❑r♦s ❡t ❲✳ ❞❡ ❱r✐❡s ✿ ❆♣♣r♦❛❝❤❡s ❛♥❞ ✉♥❝❡rt❛✐♥t✐❡s ✐♥ ♥✉tr✐❡♥t
❜✉❞❣❡ts ✿ ✐♠♣❧✐❝❛t✐♦♥s ❢♦r ♥✉tr✐❡♥t ♠❛♥❛❣❡♠❡♥t ❛♥❞ ❡♥✈✐r♦♥♠❡♥t❛❧ ♣♦❧✐❝✐❡s✳ ❊✉r♦♣❡❛♥
❏♦✉r♥❛❧ ♦❢ ❆❣r♦♥♦♠②✱ ✷✵✭✶✲✷✮✿✸✕✶✻✱ ✷✵✵✸✳

❏✳❋✳ ❖rt❡❣❛✱ ❏✉❛♥ ❏✳❆✳ ❞❡✱ ❏✳▼✳ ❚❛r❥✉❡❧♦ ❡t ❊✳ ▲♦♣❡③ ✿ ▼♦♣❡❝♦ ✿ ❛♥ ❡❝♦♥♦♠✐❝
♦♣t✐♠✐s❛t✐♦♥ ♠♦❞❡❧ ❢♦r ✐rr✐❣❛t✐♦♥ ✇❛t❡r ♠❛♥❛❣❡♠❡♥t✳ ■rr✐❣❛t✐♦♥ ❙❝✐❡♥❝❡✱ ✷✸✿✻✶✕✼✺✱
✷✵✵✹✳
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P✳ P❛❝❝❛r❞✱ ❈❛♣✐t❛✐♥▼✳ ❡t ❆✳ ❋❛rr✉❣✐❛ ✿ ❆✉t♦♥♦♠✐❡ ❛❧✐♠❡♥t❛✐r❡ ❞❡s é❧❡✈❛❣❡s ❜♦✈✐♥s
❧❛✐t✐❡rs✳ ■♥ ❘❡♥❝♦♥tr❡s ❘❡❝❤❡r❝❤❡ ❘✉♠✐♥❛♥ts✱ ✈♦❧✉♠❡ ✶✵✱ ♣❛❣❡s ✽✾✕✾✷✱ ✷✵✵✸✳

❋✳ P❛♣② ✿ ❋❛r♠ ♠♦❞❡❧s ❛♥❞ ❞❡❝✐s✐♦♥ s✉♣♣♦rt ✿ ❛ s✉♠♠❛r② r❡✈✐❡✇✳ ■♥ ❏✳P✳ ❈♦❧✐♥
❡t ❊✳❲✳ ❈r❛✇❢♦r❞✱ é❞✐t❡✉rs ✿ ❘❡s❡❛r❝❤ ♦♥ ❛❣r✐❝✉❧t✉r❛❧ s②st❡♠s ✿ ❛❝❝♦♠♣❧✐s❤♠❡♥ts✱
♣❡rs♣❡❝t✐✈❡s ❛♥❞ ✐ss✉❡s✱ ♣❛❣❡s ✽✾✕✶✵✼✳ ◆♦✈❛ ❙❝✐❡♥❝❡ P✉❜❧✐s❤❡rs✱ ◆❡✇ ❨♦r❦✱ ✷✵✵✵✳

❋✳ P❛♣②✱ ❏✳✲▼✳❆tt♦♥❛t②✱ ❈✳ ▲❛♣♦rt❡ ❡t ▲✳✲●✳ ❙♦❧❡r ✿ ❲♦r❦ ♦r❣❛♥✐③❛t✐♦♥ s✐♠✉❧❛t✐♦♥
❛s ❛ ❜❛s✐s ❢♦r ❢❛r♠ ♠❛♥❛❣❡♠❡♥t ❛❞✈✐❝❡ ✭❡q✉✐♣♠❡♥t ❛♥❞ ♠❛♥♣♦✇❡r✱ ❧❡✈❡❧s ❛❣❛✐♥st
❝❧✐♠❛t✐❝ ✈❛r✐❛❜✐❧✐t②✮✳ ❆❣r✐❝✉❧t✉r❛❧ ❙②st❡♠s✱ ✷✼✭✹✮✿✷✾✺✕✸✶✹✱ ✶✾✽✽✳

❙✳ P❛②r❛✉❞❡❛✉ ❡t ❍✳ ▼✳●✳ ✈❛♥ ❞❡r ❲❡r❢ ✿ ❊♥✈✐r♦♥♠❡♥t❛❧ ✐♠♣❛❝t ❛ss❡ss♠❡♥t ❢♦r ❛
❢❛r♠✐♥❣ r❡❣✐♦♥ ✿ ❛ r❡✈✐❡✇ ♦❢ ♠❡t❤♦❞s✳ ❆❣r✐❝✉❧t✉r❡✱ ❊❝♦s②st❡♠s ✫ ❊♥✈✐r♦♥♠❡♥t✱ ✶✵✼
✭✶✮✿✶✕✶✾✱ ✷✵✵✺✳

❙✳ P❛②r❛✉❞❡❛✉✱ ❍✳▼✳●✳ ✈❛♥ ❞❡r ❲❡r❢ ❡t ❋✳ ❱❡rt❡s ✿ ❆♥❛❧②s✐s ♦❢ t❤❡ ✉♥❝❡rt❛✐♥t②
❛ss♦❝✐❛t❡❞ ✇✐t❤ t❤❡ ❡st✐♠❛t✐♦♥ ♦❢ ♥✐tr♦❣❡♥ ❧♦ss❡s ❢r♦♠ ❢❛r♠✐♥❣ s②st❡♠s✳ ❆❣r✐❝✉❧t✉r❛❧
❙②st❡♠s✱ ✾✹✭✷✮✿✹✶✻✕✹✸✵✱ ✷✵✵✼✳

❆✳ P❢❧✐♠❧✐♥✱ ❆✳ ■r❧❡ ❡t ❨✳▼✐r❛❜❛❧ ✿ ❈♦♥tr✐❜✉t✐♦♥ ❞✉ tr♦✉♣❡❛✉ ❧❛✐t✐❡r ❛✉① ❡①❝é❞❡♥ts
❞✬❛③♦t❡ ❡t ❞❡ ♣❤♦s♣❤♦r❡ ❡t ❛✉① r✐sq✉❡s ♣♦✉r ❧✬❡❛✉ ❛✉ ♥✐✈❡❛✉ ré❣✐♦♥❛❧✳ ■♥ ❆✳ P❢❧✐♠❧✐♥✱
❍✳ ❈❤❛♠❜❛✉t✱ ❈✳ ❘❛✐s♦♥ ❡t ❆✳ ▲❡ ●❛❧❧✱ é❞✐t❡✉rs ✿ ❙②stè♠❡s ❧❛✐t✐❡rs ❡t ❡♥✈✐r♦♥✲
♥❡♠❡♥t ❞❛♥s ❧✬❊s♣❛❝❡ ❆t❧❛♥t✐q✉❡ ✿ ▼✐❡✉① ♣r❡♥❞r❡ ❡♥ ❝♦♠♣t❡ ❧❡s ❞✐✈❡rs✐tés ré❣✐♦♥❛❧❡s
❣râ❝❡ ❛✉① rés✉❧t❛ts ❞✉ ♣r♦❥❡t ●r❡❡♥ ❉❛✐r②✱ ♣❛❣❡s ✾✾✕✶✷✹✳ ■♥st✐t✉t ❞❡ ❧✬❊❧❡✈❛❣❡✱ ✷✵✵✻✳

❙✳ P♦rt❡❥♦✐❡✱ ❏✳▼❛rt✐♥❡③ ❡t ●✳ ▲❛♥❞♠❛♥♥ ✿ ▲✬❛♠♠♦♥✐❛❝ ❞✬♦r✐❣✐♥❡ ❛❣r✐❝♦❧❡ ✿ ✐♠♣❛❝ts
s✉r ❧❛ s❛♥té ❤✉♠❛✐♥❡ ❡t ❛♥✐♠❛❧❡ ❡t s✉r ❧❡ ♠✐❧✐❡✉ ♥❛t✉r❡❧✳ ■◆❘❆ Pr♦❞✉❝t✐♦♥s ❆♥✐♠❛❧❡s✱
✶✺✭✸✮✿✶✺✶✕✶✻✵✱ ✷✵✵✷✳

P✳ Pr❛tt✱ ❙✳ ❉❛✈✐s ❡t ❘✳ ❙❤❛r♣❧❡ss ✿ ❆ ❢♦✉r✲②❡❛r ✜❡❧❞ tr✐❛❧ ✇✐t❤ ❛♥✐♠❛❧ ♠❛♥✉r❡s✳ ✐✐✳
♠✐♥❡r❛❧✐③❛t✐♦♥ ♦❢ ♥✐tr♦❣❡♥✳ ❍✐❧❣❛r❞✐❛✱ ✹✹✿✶✶✸✕✶✷✺✱ ✶✾✼✻✳

❈✳ ❘❛✐s♦♥✱ ❆✳ P❢❧✐♠❧✐♥ ❡t ❆✳ ▲❡ ●❛❧❧ ✿ ❖♣t✐♠✐s❛t✐♦♥ ❞❡s ♣r❛t✐q✉❡s ❡♥✈✐r♦♥♥❡✲
♠❡♥t❛❧❡s ❞❛♥s ✉♥ rés❡❛✉ ❞❡ ❢❡r♠❡s ❧❛✐t✐èr❡s ❞❡ ❧✬❡s♣❛❝❡ ❛t❧❛♥t✐q✉❡✳ ■♥ ❆✳ P❢❧✐♠❧✐♥✱
❍✳ ❈❤❛♠❜❛✉t✱ ❈✳ ❘❛✐s♦♥ ❡t ❆✳ ▲❡ ●❛❧❧✱ é❞✐t❡✉rs ✿ ❙②stè♠❡s ❧❛✐t✐❡rs ❡t ❡♥✈✐r♦♥✲
♥❡♠❡♥t ❞❛♥s ❧✬❊s♣❛❝❡ ❆t❧❛♥t✐q✉❡ ✿ ▼✐❡✉① ♣r❡♥❞r❡ ❡♥ ❝♦♠♣t❡ ❧❡s ❞✐✈❡rs✐tés ré❣✐♦♥❛❧❡s
❣râ❝❡ ❛✉① rés✉❧t❛ts ❞✉ ♣r♦❥❡t ●r❡❡♥ ❉❛✐r②✱ ♣❛❣❡s ✹✺✕✻✽✳ ■♥st✐t✉t ❞❡ ❧✬❊❧❡✈❛❣❡✱ ✷✵✵✻✳

❆✳❏✳ ❘♦♠❡r❛✱ ❙✳❚✳ ▼♦rr✐s✱ ❏✳ ❍♦❞❣s♦♥✱ ❲✳❉✳ ❙t✐r❧✐♥❣ ❡t ❙✳❏✳❘✳ ❲♦♦❞✇❛r❞ ✿
❆ ♠♦❞❡❧ ❢♦r s✐♠✉❧❛t✐♥❣ r✉❧❡✲❜❛s❡❞ ♠❛♥❛❣❡♠❡♥t ♦❢ ❝♦✇✲❝❛❧❢ s②st❡♠s✳ ❈♦♠♣✉t❡rs ❛♥❞
❊❧❡❝tr♦♥✐❝s ✐♥ ❆❣r✐❝✉❧t✉r❡✱ ✹✷✭✷✮✿✻✼✕✽✻✱ ✷✵✵✹✳

❈✳❆✳ ❘♦t③ ❡t ❈✳❯✳ ❈♦✐♥❡r ✿ ❚❤❡ ✐♥t❡❣r❛t❡❞ ❢❛r♠ s②st❡♠ ♠♦❞❡❧ ✿ r❡❢❡r❡♥❝❡ ♠❛♥✉❛❧✳
✷✵✵✹✳

❈✳❆✳ ❘♦t③ ❡t ❚✳▼✳ ❍❛rr✐❣❛♥ ✿ Pr❡❞✐❝t✐♥❣ s✉✐t❛❜❧❡ ❞❛②s ❢♦r ✜❡❧❞ ♠❛❝❤✐♥❡r② ♦♣❡r❛t✐♦♥s
✐♥ ❛ ✇❤♦❧❡ ❢❛r♠ s✐♠✉❧❛t✐♦♥✳ ❆♣♣❧✐❡❞ ❊♥❣✐♥❡❡r✐♥❣ ✐♥ ❆❣r✐❝✉❧t✉r❡✱ ✷✶✭✹✮✿✺✻✸✕✺✼✶✱ ✷✵✵✺✳



❇■❇▲■❖●❘❆P❍■❊ ✷✷✺

▲✳ ❘✉✐③✱ ❙✳ ❆❜✐✈❡♥✱ P✳ ❉✉r❛♥❞✱ ❈✳ ▼❛rt✐♥✱ ❋✳ ❱❡rtès ❡t ❱✳ ❇❡❛✉❥♦✉❛♥ ✿ ❊✛❡❝t
♦♥ ♥✐tr❛t❡ ❝♦♥❝❡♥tr❛t✐♦♥ ✐♥ str❡❛♠ ✇❛t❡r ♦❢ ❛❣r✐❝✉❧t✉r❛❧ ♣r❛❝t✐❝❡s ✐♥ s♠❛❧❧ ❝❛t❝❤♠❡♥ts
✐♥ ❇r✐tt❛♥② ✿ ■✳ ❆♥♥✉❛❧ ♥✐tr♦❣❡♥ ❜✉❞❣❡ts✳ ❍②❞r♦❧♦❣② ❛♥❞ ❊❛rt❤ ❙②st❡♠ ❙❝✐❡♥❝❡s✱ ✻
✭✸✮✿✹✾✼✕✺✵✻✱ ✷✵✵✷✳

❏✳✲❈✳ ❘é♠② ❡t ❏✳ ❍é❜❡rt ✿ ▲❡ ❞❡✈❡♥✐r ❞❡s ❡♥❣r❛✐s ❛③♦tés ❞❛♥s ❧❡ s♦❧✳ ❈✳❘✳ ❆❝❛❞✳ ❆❣r✐❝✳
❋r❛♥❝❡✱ ✻✸✿✼✵✵✕✼✶✵✱ ✶✾✼✼✳

❙✳●✳▼✳ ❙❝❤✐❧✐③③✐ ❡t ❋✳ ❇♦✉❧✐❡r ✿ ❲❤② ❞♦ ❢❛r♠❡rs ❞♦ ✐t ❄ ✈❛❧✐❞❛t✐♥❣ ✇❤♦❧❡✲❢❛r♠ ♠♦❞❡❧s✳
❆❣r✐❝✉❧t✉r❛❧ ❙②st❡♠s✱ ✺✹✭✹✮✿✹✼✼✕✹✾✾✱ ✶✾✾✼✳

❘✳▲✳▼✳ ❙❝❤✐❧s✱ ▼✳❍✳❆✳ ❞❡ ❍❛❛♥✱ ❏✳●✳❆✳ ❍❡♠♠❡r✱ ❆✳ ✈❛♥ ❞❡♥ P♦❧✲✈❛♥ ❉❛ss❡❧❛❛r✱
❏✳❆✳ ❞❡ ❇♦❡r✱ ❆✳●✳ ❊✈❡rs✱ ●✳ ❍♦❧s❤♦❢✱ ❏✳❈✳ ✈❛♥ ▼✐❞❞❡❧❦♦♦♣ ❡t ❘✳▲✳●✳ ❩♦♠ ✿
❉❛✐r②✇✐s❡✱ ❛ ✇❤♦❧❡✲❢❛r♠ ❞❛✐r② ♠♦❞❡❧✳ ❏♦✉r♥❛❧ ♦❢ ❉❛✐r② ❙❝✐❡♥❝❡✱ ✾✵✭✶✶✮✿✺✸✸✹✕✺✸✹✻✱
✷✵✵✼✳

❏✳❏✳ ❙❝❤r♦❞❡r✱ ❍✳❋✳▼✳ ❆❛rts✱ ❍✳❋✳▼✳ t❡♥ ❇❡r❣❡✱ ❍✳ ✈❛♥ ❑❡✉❧❡♥ ❡t ❏✳❏✳ ◆❡❡t❡✲
s♦♥ ✿ ❆♥ ❡✈❛❧✉❛t✐♦♥ ♦❢ ✇❤♦❧❡✲❢❛r♠ ♥✐tr♦❣❡♥ ❜❛❧❛♥❝❡s ❛♥❞ r❡❧❛t❡❞ ✐♥❞✐❝❡s ❢♦r ❡✣❝✐❡♥t
♥✐tr♦❣❡♥ ✉s❡✳ ❊✉r♦♣❡❛♥ ❏♦✉r♥❛❧ ♦❢ ❆❣r♦♥♦♠②✱ ✷✵✭✶✲✷✮✿✸✸✕✹✹✱ ✷✵✵✸✳

❏✳❏✳ ❙❝❤r♦❞❡r ❡t ❏✳❏✳ ◆❡❡t❡s♦♥ ✿ ◆✉tr✐❡♥t ♠❛♥❛❣❡♠❡♥t r❡❣✉❧❛t✐♦♥s ✐♥ t❤❡ ♥❡t❤❡r✲
❧❛♥❞s✳ ●❡♦❞❡r♠❛✱ ✶✹✹✭✸✲✹✮✿✹✶✽✕✹✷✺✱ ✷✵✵✽✳

❏✳❏✳ ❙❝❤r♦❞❡r✱ ❉✳ ❙❝❤♦❧❡❢✐❡❧❞✱ ❋✳ ❈❛❜r❛❧ ❡t ●✳ ❍♦❢♠❛♥ ✿ ❚❤❡ ❡✛❡❝ts ♦❢ ♥✉tr✐❡♥t
❧♦ss❡s ❢r♦♠ ❛❣r✐❝✉❧t✉r❡ ♦♥ ❣r♦✉♥❞ ❛♥❞ s✉r❢❛❝❡ ✇❛t❡r q✉❛❧✐t② ✿ t❤❡ ♣♦s✐t✐♦♥ ♦❢ s❝✐❡♥❝❡
✐♥ ❞❡✈❡❧♦♣✐♥❣ ✐♥❞✐❝❛t♦rs ❢♦r r❡❣✉❧❛t✐♦♥✳ ❊♥✈✐r♦♥♠❡♥t❛❧ ❙❝✐❡♥❝❡ ✫ P♦❧✐❝②✱ ✼✭✶✮✿✶✺✕✷✸✱
✷✵✵✹✳

❈✳ ❙❝❤✈❛rt③✱ ❏✳✲❈✳ ▼✉❧❧❡r ❡t ❏✳ ❉❡❝r♦✉① ✿ ●✉✐❞❡ ❞❡ ❧❛ ❢❡rt✐❧✐s❛t✐♦♥ r❛✐s♦♥♥é❡✳
➱❞✐t✐♦♥s ❋r❛♥❝❡ ❆❣r✐❝♦❧❡✱ P❛r✐s✱ ✷✵✵✺✳

▼✳ ❙❡❜✐❧❧♦tt❡ ❡t ▲✳●✳ ❙♦❧❡r ✿ ▲❡s ♣r♦❝❡ss✉s ❞❡ ❞é❝✐s✐♦♥ ❞❡s ❛❣r✐❝✉❧t❡✉rs✳ ✶✳ ❆❝✲
q✉✐s ❡t q✉❡st✐♦♥s ✈✐✈❡s✳ ■♥ ❏✳ ❇r♦ss✐❡r✱ ❇✳ ❱✐ss❛❝ ❡t ▲❡ ▼♦✐❣♥❡ ❏✳✲▲✳✱ é❞✐t❡✉rs ✿
▼♦❞é❧✐s❛t✐♦♥ s②sté♠✐q✉❡ ❡t s②stè♠❡ ❛❣r❛✐r❡✱ ♣❛❣❡s ✾✸✕✶✵✶✳ ■◆❘❆✱ P❛r✐s✱ ✶✾✾✵✳

❏✳✲❈✳ ❙✐♠♦♥ ✿ ❈♦♥❞✉✐t❡ ❞❡s ❛ss♦❝✐❛t✐♦♥s ✿ ♠❛îtr✐s❡ ❞✉ t❛✉① ❞❡ trè✢❡ ❜❧❛♥❝ ❡t ❞❡s r✐sq✉❡s
❞❡ ♣♦❧❧✉t✐♦♥ ♥✐tr✐q✉❡✳ ❋♦✉rr❛❣❡s✱ ✶✸✺✿✹✽✶✕✹✾✼✱ ✶✾✾✸✳

❏✳✲❈✳ ❙✐♠♦♥✱ ❈✳ ●r✐❣♥❛♥✐✱ ❆✳ ❏❛❝q✉❡t✱ ▲✳ ▲❡ ❈♦rr❡ ❡t ❏✳ P❛❣❡s ✿ ❚②♣♦❧♦❣② ♦❢
♥✐tr♦❣❡♥ ❜❛❧❛♥❝❡s ♦♥ ❛ ❢❛r♠ s❝❛❧❡ ✿ r❡s❡❛r❝❤ ♦❢ ♦♣❡r❛t✐♥❣ ✐♥❞✐❝❛t♦rs✳ ❆❣r♦♥♦♠✐❡✱ ✷✵
✭✷✮✿✶✼✺✕✶✾✺✱ ✷✵✵✵✳

❏✳✲❈✳ ❙✐♠♦♥ ❡t ▲✳ ▲❡ ❈♦rr❡ ✿ ❆♣♣❛r❡♥t ♥✐tr♦❣❡♥ ❜❛❧❛♥❝❡ ♦♥ ❛ ❢❛r♠ s❝❛❧❡ ✿ ♠❡t❤♦❞♦❧♦❣②✱
s♦♠❡ r❡s✉❧ts✳ ❋♦✉rr❛❣❡s✱ ✶✷✾✿✼✾✕✾✸✱ ✶✾✾✷✳

❏✳✲❈✳ ❙✐♠♦♥✱ ▲✳ ▲❡ ❈♦rr❡ ❡t ❋✳ ❱❡rt❡s ✿ ◆✐tr♦❣❡♥ ❜❛❧❛♥❝❡s ♦♥ ❛ ❢❛r♠ s❝❛❧❡ ✿ r❡s✉❧ts
❢r♦♠ ❞❛✐r② ❢❛r♠s ✐♥ ♥♦rt❤ ✇❡st ❢r❛♥❝❡✳ ✈♦❧✉♠❡ Pr♦❝❡❡❞✐♥❣s ♦❢ t❤❡ ✶✺t❤ ●❡♥❡r❛❧
▼❡❡t✐♥❣ ♦❢ ❊✉r♦♣❡❛♥ ●r❛ss❧❛♥❞ ❋❡❞❡r❛t✐♦♥✱ ♣❛❣❡s ✹✷✾✕✹✸✸✱ ❲❛❣❡♥✐♥❣❡♥✱ ✶✾✾✹✳
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❱✳❖✳ ❙♥♦✇ ❡t ❙✳❏✳ ▲♦✈❛tt ✿ ❆ ❣❡♥❡r❛❧ ♣❧❛♥♥❡r ❢♦r ❛❣r♦✲❡❝♦s②st❡♠ ♠♦❞❡❧s✳ ❈♦♠♣✉t❡rs
❛♥❞ ❊❧❡❝tr♦♥✐❝s ✐♥ ❆❣r✐❝✉❧t✉r❡✱ ✻✵✭✷✮✿✷✵✶✕✷✶✶✱ ✷✵✵✽✳

❑✳❏✳ ❙♦❞❡r ❡t ❈✳❆✳ ❘♦t③ ✿ ❊❝♦♥♦♠✐❝ ❛♥❞ ❡♥✈✐r♦♥♠❡♥t❛❧ ✐♠♣❛❝t ♦❢ ❢♦✉r ❧❡✈❡❧s ♦❢
❝♦♥❝❡♥tr❛t❡ s✉♣♣❧❡♠❡♥t❛t✐♦♥ ✐♥ ❣r❛③✐♥❣ ❞❛✐r② ❤❡r❞s✳ ❏✳❉❛✐r② ❙❝✐✳✱ ✽✹✭✶✶✮✿✷✺✻✵✕✷✺✼✷✱
♥♦✈❡♠❜r❡ ✷✵✵✶✳

❙✳●✳ ❙♦♠♠❡r ❡t ◆✳❏✳ ❍✉t❝❤✐♥❣s ✿ ❆♠♠♦♥✐❛ ❡♠✐ss✐♦♥ ❢r♦♠ ✜❡❧❞ ❛♣♣❧✐❡❞ ♠❛♥✉r❡ ❛♥❞
✐ts r❡❞✉❝t✐♦♥✕✐♥✈✐t❡❞ ♣❛♣❡r✳ ❊✉r♦♣❡❛♥ ❏♦✉r♥❛❧ ♦❢ ❆❣r♦♥♦♠②✱ ✶✺✭✶✮✿✶✕✶✺✱ s❡♣t❡♠❜r❡
✷✵✵✶✳

▼✳P✳❲✳ ❙♦♥♥❡✈❡❧❞ ❡t ❏✳ ❇♦✉♠❛ ✿ ▼❡t❤♦❞♦❧♦❣✐❝❛❧ ❝♦♥s✐❞❡r❛t✐♦♥s ❢♦r ♥✐tr♦❣❡♥ ♣♦❧✐❝✐❡s
✐♥ t❤❡ ♥❡t❤❡r❧❛♥❞s ✐♥❝❧✉❞✐♥❣ ❛ ♥❡✇ r♦❧❡ ❢♦r r❡s❡❛r❝❤✳ ❊♥✈✐r♦♥♠❡♥t❛❧ ❙❝✐❡♥❝❡ ✫ P♦❧✐❝②✱
✻✭✻✮✿✺✵✶✕✺✶✶✱ ✷✵✵✸✳

❆✳ ❙t❡✐♥✱ ❏✳ ❘✐❧❡② ❡t ◆✳ ❍❛❧❜❡r❣ ✿ ■ss✉❡s ♦❢ s❝❛❧❡ ❢♦r ❡♥✈✐r♦♥♠❡♥t❛❧ ✐♥❞✐❝❛t♦rs✳
❆❣r✐❝✉❧t✉r❡✱ ❊❝♦s②st❡♠s ✫ ❊♥✈✐r♦♥♠❡♥t✱ ✽✼✭✷✮✿✷✶✺✕✷✸✷✱ ✷✵✵✶✳

❍✳ ❙t❡✐♥❢❡❧❞✱ P✳ ●❡r❜❡r✱ ❚✳ ❲❛ss❡♥❛❛r✱ ❱✳ ❈❛st❡❧✱ ▼✳ ❘♦s❛❧❡s ❡t ❈✳ ❍❛❛♥ ✿
▲✐✈❡st♦❝❦✬s ❧♦♥❣ s❤❛❞♦✇ ✿ ❡♥✈✐r♦♥♠❡♥t❛❧ ✐ss✉❡s ❛♥❞ ♦♣t✐♦♥s✳ ❋❆❖✱ ❘♦♠❡✱ ✷✵✵✻✳

❇✳ ❙t❡r❦✱ ▼✳❑✳ ✈❛♥ ■tt❡rs✉♠✱ ❈✳ ▲❡❡✉✇✐s ❡t ❋✳●✳ ❲✐❥♥❛♥❞s ✿ Pr♦t♦t②♣✐♥❣ ❛♥❞
❢❛r♠ s②st❡♠ ♠♦❞❡❧❧✐♥❣ ✲ ♣❛rt♥❡rs ♦♥ t❤❡ r♦❛❞ t♦✇❛r❞s ♠♦r❡ s✉st❛✐♥❛❜❧❡ ❢❛r♠ s②st❡♠s ❄
❊✉r♦♣❡❛♥ ❏♦✉r♥❛❧ ♦❢ ❆❣r♦♥♦♠②✱ ✷✻✭✹✮✿✹✵✶✕✹✵✾✱ ✷✵✵✼✳

❈✳ ❙✇❡♥ss♦♥ ✿ ❆♥❛❧②s❡s ♦❢ ♠✐♥❡r❛❧ ❡❧❡♠❡♥t ❜❛❧❛♥❝❡s ❜❡t✇❡❡♥ ✶✾✾✼ ❛♥❞ ✶✾✾✾ ❢r♦♠
❞❛✐r② ❢❛r♠s ✐♥ t❤❡ s♦✉t❤ ♦❢ ❙✇❡❞❡♥✳ ❊✉r♦♣❡❛♥ ❏♦✉r♥❛❧ ♦❢ ❆❣r♦♥♦♠②✱ ✷✵✭✶✲✷✮✿✻✸✕✻✾✱
❞é❝❡♠❜r❡ ✷✵✵✸✳

❙✳ ❚❛♠♠✐♥❣❛ ✿ ❆ r❡✈✐❡✇ ♦♥ ❡♥✈✐r♦♥♠❡♥t❛❧ ✐♠♣❛❝ts ♦❢ ♥✉tr✐t✐♦♥❛❧ str❛t❡❣✐❡s ✐♥ r✉♠✐✲
♥❛♥ts✳ ❏✳❆♥✐♠ ❙❝✐✳✱ ✼✹✭✶✷✮✿✸✶✶✷✕✸✶✷✹✱ ✶✾✾✻✳

▼✳❆✳ ❚❤♦♠❛ss❡♥ ❡t ■✳❏✳▼✳ ❞❡ ❇♦❡r ✿ ❊✈❛❧✉❛t✐♦♥ ♦❢ ✐♥❞✐❝❛t♦rs t♦ ❛ss❡ss t❤❡ ❡♥✈✐r♦♥✲
♠❡♥t❛❧ ✐♠♣❛❝t ♦❢ ❞❛✐r② ♣r♦❞✉❝t✐♦♥ s②st❡♠s✳ ❆❣r✐❝✉❧t✉r❡✱ ❊❝♦s②st❡♠s ✫ ❊♥✈✐r♦♥♠❡♥t✱
✶✶✶✭✶✲✹✮✿✶✽✺✕✶✾✾✱ ✷✵✵✺✳

▼✳ ❚✐❝❤✐t✱ ❙✳ ■♥❣r❛♥❞✱ ❈✳✲❍✳▼♦✉❧✐♥✱ ❙✳ ❈♦✉r♥✉t✱ ❏✳ ▲❛ss❡✉r ❡t ❇✳ ❉❡❞✐❡✉ ✿ ❈❛✲
♣❛❝✐tés ❞✬❛❞❛♣t❛t✐♦♥ ❞✉ tr♦✉♣❡❛✉ ✿ ❧❛ ❞✐✈❡rs✐té ❞❡s tr❛❥❡❝t♦✐r❡s ♣r♦❞✉❝t✐✈❡s ❡st✲❡❧❧❡ ✉♥
❛t♦✉t ❄ ■♥ ❇✳ ❉❡❞✐❡✉✱ ❊✳ ❈❤✐❛✱ ❇✳ ▲❡❝❧❡r❝✱ ❈✳✲❍✳▼♦✉❧✐♥ ❡t ▼✳ ❚✐❝❤✐t✱ é❞✐t❡✉rs ✿
▲✬é❧❡✈❛❣❡ ❡♥ ♠♦✉✈❡♠❡♥t✳ ❋❧❡①✐❜✐❧✐té ❡t ❛❞❛♣t❛t✐♦♥ ❞❡s ❡①♣❧♦✐t❛t✐♦♥s ❞✬❤❡r❜✐✈♦r❡s✱ ♣❛❣❡
✷✾✹✳ ➱❞✐t✐♦♥s ◗✉❛❡✱ ✷✵✵✽✳

❘✳ ❚ré♣♦s ✿ ❆♣♣r❡♥t✐ss❛❣❡ s②♠❜♦❧✐q✉❡ à ♣❛rt✐r ❞❡ ❞♦♥♥é❡s ✐ss✉❡s ❞❡ s✐♠✉❧❛t✐♦♥ ♣♦✉r
❧✬❛✐❞❡ à ❧❛ ❞é❝✐s✐♦♥✳ ●❡st✐♦♥ ❞✬✉♥ ❜❛ss✐♥ ✈❡rs❛♥t ♣♦✉r ✉♥❡ ♠❡✐❧❧❡✉r❡ q✉❛❧✐té ❞❡ ❧✬❡❛✉✳
❚❤ès❡ ❞❡ ❞♦❝t♦r❛t✱ ❯♥✐✈❡rs✐té ❞❡ ❘❡♥♥❡s ✶✱ ✷✵✵✽✳

❈✳▲✳ ✈❛♥ ❇❡❡❦✱ ▲✳ ❇r♦✉✇❡r ❡t ❖✳ ❖❡♥❡♠❛ ✿ ❚❤❡ ✉s❡ ♦❢ ❢❛r♠❣❛t❡ ❜❛❧❛♥❝❡s ❛♥❞ s♦✐❧
s✉r❢❛❝❡ ❜❛❧❛♥❝❡s ❛s ❡st✐♠❛t♦r ❢♦r ♥✐tr♦❣❡♥ ❧❡❛❝❤✐♥❣ t♦ s✉r❢❛❝❡ ✇❛t❡r✳ ◆✉tr✐❡♥t ❈②❝❧✐♥❣
✐♥ ❆❣r♦❡❝♦s②st❡♠s✱ ✻✼✭✸✮✿✷✸✸✕✷✹✹✱ ✷✵✵✸✳
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❍✳▼✳●✳ ✈❛♥ ❞❡r ❲❡r❢ ❡t ❏✳ P❡t✐t ✿ ❊✈❛❧✉❛t✐♦♥ ♦❢ t❤❡ ❡♥✈✐r♦♥♠❡♥t❛❧ ✐♠♣❛❝t ♦❢ ❛❣r✐✲
❝✉❧t✉r❡ ❛t t❤❡ ❢❛r♠ ❧❡✈❡❧ ✿ ❛ ❝♦♠♣❛r✐s♦♥ ❛♥❞ ❛♥❛❧②s✐s ♦❢ ✶✷ ✐♥❞✐❝❛t♦r✲❜❛s❡❞ ♠❡t❤♦❞s✳
❆❣r✐❝✉❧t✉r❡✱ ❊❝♦s②st❡♠s ✫ ❊♥✈✐r♦♥♠❡♥t✱ ✾✸✭✶✲✸✮✿✶✸✶✕✶✹✺✱ ✷✵✵✷✳

▼✳❑✳ ✈❛♥ ■tt❡rs✉♠✱ ❋✳ ❊✇❡rt✱ ❚✳ ❍❡❝❦❡❧❡✐✱ ❏✳ ❲❡r②✱ ❏✳ ❆❧❦❛♥ ❖❧ss♦♥✱ ❊✳ ❆♥✲
❞❡rs❡♥✱ ■✳ ❇❡③❧❡♣❦✐♥❛✱ ❋✳ ❇r♦✉✇❡r✱ ▼✳ ❉♦♥❛t❡❧❧✐✱ ●✳ ❋❧✐❝❤♠❛♥✱ ▲✳ ❖❧ss♦♥✱
❆✳❊✳ ❘✐③③♦❧✐✱ ❚✳ ✈❛♥ ❞❡r❲❛❧✱ ❏✳❊✳❲✐❡♥ ❡t ❏✳❲♦❧❢ ✿ ■♥t❡❣r❛t❡❞ ❛ss❡ss♠❡♥t ♦❢ ❛❣r✐✲
❝✉❧t✉r❛❧ s②st❡♠s ✲ ❛ ❝♦♠♣♦♥❡♥t✲❜❛s❡❞ ❢r❛♠❡✇♦r❦ ❢♦r t❤❡ ❡✉r♦♣❡❛♥ ✉♥✐♦♥ ✭s❡❛♠❧❡ss✮✳
❆❣r✐❝✉❧t✉r❛❧ ❙②st❡♠s✱ ✾✻✭✶✲✸✮✿✶✺✵✕✶✻✺✱ ✷✵✵✽✳

❍✳ ✈❛♥ ❑❡✉❧❡♥✱ ❍✳❋✳▼✳ ❆❛rts✱ ❇✳ ❍❛❜❡❦♦tt❡✱ ❍✳●✳ ✈❛♥ ❞❡r ▼❡❡r ❡t ❏✳❍✳❏✳
❙♣✐❡rt③ ✿ ❙♦✐❧✲♣❧❛♥t✲❛♥✐♠❛❧ r❡❧❛t✐♦♥s ✐♥ ♥✉tr✐❡♥t ❝②❝❧✐♥❣ ✿ t❤❡ ❝❛s❡ ♦❢ ❞❛✐r② ❢❛r♠✐♥❣
s②st❡♠ ❵❞❡ ♠❛r❦❡✬✳ ❊✉r♦♣❡❛♥ ❏♦✉r♥❛❧ ♦❢ ❆❣r♦♥♦♠②✱ ✶✸✭✷✲✸✮✿✷✹✺✕✷✻✶✱ ✷✵✵✵✳

▲✳ ❱❛♥♦♥❣❡✈❛❧ ❡t ❊✳ ❇♦♠❛♥s ✿ ❙✉r♣❧✉s ❝❛❧❝✉❧❛t✐♦♥s ❛s ❛ ♣♦t❡♥t✐❛❧ ✐♥❞✐❝❛t♦r ❢♦r
♥✉tr✐❡♥t ❧♦ss❡s ❢r♦♠ ❛❣r✐❝✉❧t✉r❡ t♦ t❤❡ ❛q✉❛t✐❝ ❡♥✈✐r♦♥♠❡♥t✳ ❊❈ ❞♦❝✉♠❡♥t ◆❯❚
✾✼✴✹✴✷✲❊✱ ❖❙P❆❘✲◆❯❚ ❲♦r❦✐♥❣ ❣r♦✉♣✱ ✶✾✾✼✳

❏✳ ❱❛②ss✐èr❡s ✿ ▼♦❞é❧✐s❛t✐♦♥ ♣❛rt✐❝✐♣❛t✐✈❡ ❡t ✐♥té❣r❛t✐♦♥ ❞❡s ♣r❛t✐q✉❡s ❞é❝✐s✐♦♥♥❡❧❧❡s
❞✬é❧❡✈❡✉rs ❞❛♥s ✉♥ ♠♦❞è❧❡ ❣❧♦❜❛❧ ❞✬❡①♣❧♦✐t❛t✐♦♥✳ ❚❤ès❡ ❞❡ ❞♦❝t♦r❛t✱ ❈❡♥tr❡ ✐♥t❡r♥❛t✐♦✲
♥❛❧ ❞✬ét✉❞❡s s✉♣ér✐❡✉r❡s ❡♥ s❝✐❡♥❝❡s ❛❣r♦♥♦♠✐q✉❡s ✭❙❯P❆●❘❖✮✱ ▼♦♥t♣❡❧❧✐❡r✱ ✷✵✵✽✳

❏✳ ❱❛②ss✐èr❡s✱ P✳ ▲❡❝♦♠t❡✱ ❋✳ ●✉❡rr✐♥ ❡t ❯✳❇✳ ◆✐❞✉♠♦❧✉ ✿ ▼♦❞❡❧❧✐♥❣ ❢❛r♠❡rs✬
❛❝t✐♦♥ ✿ ❞❡❝✐s✐♦♥ r✉❧❡s ❝❛♣t✉r❡ ♠❡t❤♦❞♦❧♦❣② ❛♥❞ ❢♦r♠❛❧✐s❛t✐♦♥ str✉❝t✉r❡ ✿ ❛ ❝❛s❡ ♦❢
❜✐♦♠❛ss ✢♦✇ ♦♣❡r❛t✐♦♥s ✐♥ ❞❛✐r② ❢❛r♠s ♦❢ ❛ tr♦♣✐❝❛❧ ✐s❧❛♥❞✳ ❆♥✐♠❛❧✱ ✶✭✺✮✿✼✶✻✕✼✸✸✱
✷✵✵✼✳

▼✳ ❱❡r♠♦r❡❧ ✿ ➱♠✐ss✐♦♥s ❛♥♥✉❡❧❧❡s ❞❡ ♠ét❤❛♥❡ ❞✬♦r✐❣✐♥❡ ❞✐❣❡st✐✈❡ ♣❛r ❧❡s ❜♦✈✐♥s ❡♥
❋r❛♥❝❡✳ ❱❛r✐❛t✐♦♥s s❡❧♦♥ ❧❡ t②♣❡ ❞✬❛♥✐♠❛❧ ❡t ❧❡ ♥✐✈❡❛✉ ❞❡ ♣r♦❞✉❝t✐♦♥✳ ■◆❘❆ Pr♦❞✉❝✲
t✐♦♥s ❆♥✐♠❛❧❡s✱ ✽✭✹✮✿✷✻✺✕✷✼✷✱ ✶✾✾✺✳

❙✳ ✈♦♥ ❲✐r❡♥✲▲❡❤r ✿ ❙✉st❛✐♥❛❜✐❧✐t② ✐♥ ❛❣r✐❝✉❧t✉r❡ ✕ ❛♥ ❡✈❛❧✉❛t✐♦♥ ♦❢ ♣r✐♥❝✐♣❛❧ ❣♦❛❧✲
♦r✐❡♥t❡❞ ❝♦♥❝❡♣ts t♦ ❝❧♦s❡ t❤❡ ❣❛♣ ❜❡t✇❡❡♥ t❤❡♦r② ❛♥❞ ♣r❛❝t✐❝❡✳ ❆❣r✐❝✉❧t✉r❡✱ ❊❝♦s②s✲
t❡♠s ✫ ❊♥✈✐r♦♥♠❡♥t✱ ✽✹✭✷✮✿✶✶✺✕✶✷✾✱ ✷✵✵✶✳

▼✳ ❲❛❝❤❡♥❞♦r❢ ❡t P✳ ●♦❧✐♥s❦✐ ✿ ❚♦✇❛r❞s s✉st❛✐♥❛❜❧❡ ✐♥t❡♥s✐✈❡ ❞❛✐r② ❢❛r♠✐♥❣ ✐♥ ❡✉✲
r♦♣❡✳ ■♥ ❙✉st❛✐♥❛❜❧❡ ❣r❛ss❧❛♥❞ ♣r♦❞✉❝t✐✈✐t② ✿ Pr♦❝❡❡❞✐♥❣s ♦❢ t❤❡ ✷✶st ●❡♥❡r❛❧ ▼❡❡t✐♥❣
♦❢ t❤❡ ❊✉r♦♣❡❛♥ ●r❛ss❧❛♥❞ ❋❡❞❡r❛t✐♦♥✱ ❇❛❞❛❥♦③✱ ❙♣❛✐♥✱ ✸✲✻ ❆♣r✐❧✱ ✷✵✵✻✳

▼✳ ❲❛❧❧ ✿ ●❛❧✐❜ ✿ ❆ ❝✰✰ ❧✐❜r❛r② ♦❢ ❣❡♥❡t✐❝ ❛❧❣♦r✐t❤♠ ❝♦♠♣♦♥❡♥ts✱ ✶✾✾✾✳ ❯❘▲ ❤tt♣✿

✴✴❧❛♥❝❡t✳♠✐t✳❡❞✉✴❣❛✴✳

❈✳ ❲❛❧t❡r✱ ❚✳ ❇♦✉❡❞♦ ❡t P✳ ❆✉r♦✉ss❡❛✉ ✿ ❈❛rt♦❣r❛♣❤✐❡ ❝♦♠♠✉♥❛❧❡ ❞❡s t❡♥❡✉rs
❡♥ ♠❛t✐èr❡ ♦r❣❛♥✐q✉❡ ❞❡s s♦❧s ❜r❡t♦♥s ❡t ❛♥❛❧②s❡ ❞❡ ❧❡✉r é✈♦❧✉t✐♦♥ t❡♠♣♦r❡❧❧❡ ❞❡ ✶✾✽✵
à ✶✾✾✺✳ ❘❛♣♣♦rt ✜♥❛❧ ❞❡ ❧❛ ❝♦♥✈❡♥t✐♦♥ ❞✬ét✉❞❡ ❡♥tr❡ ❧❡ ❝♦♥s❡✐❧ ré❣✐♦♥❛❧ ❞❡ ❇r❡t❛❣♥❡✱
❧✬❛❣❡♥❝❡ ❞❡ ❜❛ss✐♥ ▲♦✐r❡✲❇r❡t❛❣♥❡ ❡t ❧✬❊◆❙❆❘✳ ✶✾✾✻✳

http://lancet.mit.edu/ga/
http://lancet.mit.edu/ga/
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▼✳❊✳ ❲❛st♥❡②✱ P❛❧❧✐s❡r ❈✳❈✳✱ ❏✳❆✳ ▲✐❧❡✱ ❑✳❆✳ ▼❝❉♦♥❛❧❞✱ ❏✳❲✳ P❡♥♥♦ ❡t ❑✳P✳
❇r✐❣❤t ✿ ❆ ✇❤♦❧❡✲❢❛r♠ ♠♦❞❡❧ ❛♣♣❧✐❡❞ t♦ ❛ ❞❛✐r② s②st❡♠✳ Pr♦❝❡❡❞✐♥❣s ♦❢ t❤❡ ◆❡✇
❩❡❛❧❛♥❞ ❙♦❝✐❡t② ♦❢ ❆♥✐♠❛❧ Pr♦❞✉❝t✐♦♥✱ ✻✷✿✶✷✵✕✶✷✸✱ ❥✉✐♥ ✷✵✵✷✳

❈✳❆✳ ❲❛ts♦♥✱ ❚✳ ❆t❦✐♥s✱ ❙✳ ❇❡♥t♦✱ ❆✳❈✳ ❊❞✇❛r❞s ❡t ❙✳❆✳ ❊❞✇❛r❞s ✿ ❆♣♣r♦♣r✐❛✲
t❡♥❡ss ♦❢ ♥✉tr✐❡♥t ❜✉❞❣❡ts ❢♦r ❡♥✈✐r♦♥♠❡♥t❛❧ r✐s❦ ❛ss❡ss♠❡♥t ✿ ❛ ❝❛s❡ st✉❞② ♦❢ ♦✉t❞♦♦r
♣✐❣ ♣r♦❞✉❝t✐♦♥✳ ❊✉r♦♣❡❛♥ ❏♦✉r♥❛❧ ♦❢ ❆❣r♦♥♦♠②✱ ✷✵✭✶✲✷✮✿✶✶✼✕✶✷✻✱ ✷✵✵✸✳

❈✳❆✳ ❲❛ts♦♥ ❡t ❉✳ ❆t❦✐♥s♦♥ ✿ ❯s✐♥❣ ♥✐tr♦❣❡♥ ❜✉❞❣❡ts t♦ ✐♥❞✐❝❛t❡ ♥✐tr♦❣❡♥ ✉s❡
❡✣❝✐❡♥❝② ❛♥❞ ❧♦ss❡s ❢r♦♠ ✇❤♦❧❡ ❢❛r♠ s②st❡♠s ✿ ❛ ❝♦♠♣❛r✐s♦♥ ♦❢ t❤r❡❡ ♠❡t❤♦❞♦❧♦❣✐❝❛❧
❛♣♣r♦❛❝❤❡s✳ ◆✉tr✐❡♥t ❈②❝❧✐♥❣ ✐♥ ❆❣r♦❡❝♦s②st❡♠s✱ ✺✸✭✸✮✿✷✺✾✕✷✻✼✱ ✶✾✾✾✳

❚✳ ❲❡✐s❡ ✿ ●❧♦❜❛❧ ❖♣t✐♠✐③❛t✐♦♥ ❆❧❣♦r✐t❤♠s✳ ❚❤❡♦r② ❛♥❞ ❆♣♣❧✐❝❛t✐♦♥✳ ✇✇✇✳✐t✲✇❡✐s❡✳❞❡✱
✷✵✵✽✳

❏✳❏✳❋✳ ❲✐❡♥✱ ▼✳❏✳❘✳ ❑♥❛♣❡♥✱ ❙✳❏✳❈✳ ❏❛♥ss❡♥✱ P✳❏✳❋✳▼✳ ❱❡r✇❡✐❥✱ ■✳◆✳ ❆t❤❛♥❛s✐❛✲
❞✐s✱ ❍✳ ▲✐✱ ❆✳❊✳ ❘✐③③♦❧✐ ❡t ❋✳ ❱✐❧❧❛ ✿ ❯s✐♥❣ ♦♥t♦❧♦❣② t♦ ❤❛r♠♦♥✐③❡ ❦♥♦✇❧❡❞❣❡
❝♦♥❝❡♣ts ✐♥ ❞❛t❛ ❛♥❞ ♠♦❞❡❧s✳ ■♥ ▲✳ ❖①❧❡② ❡t ❉✳ ❑✉❧❛s✐r✐✱ é❞✐t❡✉rs ✿ ▼❖❉❙■▼
✷✵✵✼ ■♥t❡r♥❛t✐♦♥❛❧ ❈♦♥❣r❡ss ♦♥ ▼♦❞❡❧❧✐♥❣ ❛♥❞ ❙✐♠✉❧❛t✐♦♥✳ ▼♦❞❡❧❧✐♥❣ ❛♥❞ ❙✐♠✉❧❛t✐♦♥
❙♦❝✐❡t② ♦❢ ❆✉str❛❧✐❛ ❛♥❞ ◆❡✇ ❩❡❛❧❛♥❞✱ ♣❛❣❡s ✽✸✾✕✽✹✺✱ ❞é❝❡♠❜r❡ ✷✵✵✼✳
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▲❛ ❣❡st✐♦♥ ❞❡s ❞♦♥♥é❡s ✐ss✉❡s ❞✉ ♠♦❞è❧❡ ❡st ✉♥ ❡♥❥❡✉ ✐♠♣♦rt❛♥t à ❞❡✉① t✐tr❡s ✿
♣❡r♠❡ttr❡ ❞❡ ❝ré❡r ❞❡s ♣r♦❝é❞✉r❡s ❞❡ tr❛✐t❡♠❡♥t ❛✉t♦♠❛t✐sé ❡t ❛ss✉r❡r ❧❛ tr❛ç❛❜✐❧✐té
❞❡s s✐♠✉❧❛t✐♦♥s✳ ❆✉ ❞é♠❛rr❛❣❡ ❞❡ ❝❡tt❡ t❤ès❡✱ ❉✐ès❡ ♥❡ ❣ér❛✐t q✉❡ ❧✬❡①♣♦rt ❞❡ ❞♦♥♥é❡s
❞❛♥s ❞❡s ✜❝❤✐❡rs t❡①t❡✳ ❆✈❡❝ ❝❡tt❡ s♦❧✉t✐♦♥✱ ❧✬❡①♣❧♦✐t❛t✐♦♥ ❞❡s ❞♦♥♥é❡s ❞❡▼é❧♦❞✐❡ s❡r❛✐t
♣❛ssé ♣❛r ❧✬✐♠♣♦rt ❞✐r❡❝t ❞❡ ❝❡s ❞♦♥♥é❡s ❞❛♥s ✉♥ ❧♦❣✐❝✐❡❧ ❞❡ st❛t✐st✐q✉❡s✱ ❛✈❡❝ ❞❡s s❝r✐♣ts
♣♦✉r ❛✉t♦♠❛t✐s❡r ❧❛ ♣r♦❝é❞✉r❡✳

❈❡♣❡♥❞❛♥t✱ ❡♥ r❛✐s♦♥ ❞❡ ❧❛ ❝♦♠♣❧❡①✐té ❞❡s ❛❣ré❣❛t✐♦♥s à ré❛❧✐s❡r à ♣❛rt✐r ❞❡s ❞♦♥♥é❡s
❡①♣♦rté❡s ❛✉ ♣❛s ❞❡ t❡♠♣s ❥♦✉r♥❛❧✐❡r✱ ♥♦✉s ❛✈♦♥s ❡st✐♠é q✉✬✉♥ s②stè♠❡ ❞❡ ❣❡st✐♦♥ ❞❡
❜❛s❡s ❞❡ ❞♦♥♥é❡s ✭❙●❇❉✮ ét❛✐t ❧❡ ♣❧✉s ❛❞❛♣té ♣♦✉r tr❛✐t❡r ❧❡s s♦rt✐❡s ❞❡ ▼é❧♦❞✐❡✳

■♠♣❧é♠❡♥t❛t✐♦♥ ❞❡ ❧✬❡①♣♦rt ✈❡rs ✉♥❡ ❜❛s❡ ❞❡ ❞♦♥♥é❡s ❞❡♣✉✐s
❉✐ès❡

❆ ❝❛✉s❡ ❞❡s t❡♠♣s ❞❡ s✐♠✉❧❛t✐♦♥ ✐♠♣♦rt❛♥ts✱ ♣♦✉✈♦✐r ré❛❧✐s❡r ♣❧✉s✐❡✉rs s✐♠✉❧❛t✐♦♥s
❛✈❡❝ ▼é❧♦❞✐❡ ❡♥ ♠ê♠❡ t❡♠♣s ♣♦✉r ♣r♦✜t❡r ❞✬✉♥❡ ❛r❝❤✐t❡❝t✉r❡ ♣❛r❛❧è❧❧❡ ✭♣r♦❝❡ss❡✉r
♠✉❧t✐✲❝÷✉rs✮ ❡st ✉♥ ❛✈❛♥t❛❣❡ ♥♦♥ ♥é❣❧✐❣❡❛❜❧❡✳ ❈❡ ♠♦❞❡ ❞❡ ❢♦♥❝t✐♦♥♥❡♠❡♥t ✐♠♣♦s❛✐t ✉♥
❙●❇❉ ❞❡ t②♣❡ ❝❧✐❡♥t✲s❡r✈❡✉r✳ ❊♥ ♦✉tr❡✱ ❧❡ ✈♦❧✉♠❡ ❞❡ ❞♦♥♥é❡s à tr❛✐t❡r ♥é❝❡ss✐t❛✐t ✉♥
❙●❇❉ très r♦❜✉st❡ ❡t r❛♣✐❞❡✳ ◆♦tr❡ ❝❤♦✐① s✬❡st ♣♦rté s✉r P♦st❣r❡sq❧✱ ✉♥ ❙●❇❉ ❧✐❜r❡ très
ré♣❛♥❞✉ ❡t r❡❝♦♥♥✉✳

❉✐ès❡ ❛ ❞♦♥❝ été ♠♦❞✐✜é ❞❡ ♠❛♥✐èr❡ à ❝♦♠♠✉♥✐q✉❡r ❞✐r❡❝t❡♠❡♥t ❛✈❡❝ ❧❡ ❙●❇❉✳
P♦✉r ❝❡ ❢❛✐r❡✱ ❧❛ ❝❧❛ss❡ r❡s♣♦♥s❛❜❧❡ ❞❡ ❧✬❡①♣♦rt ❞❡s ❞♦♥♥é❡s✱ ✐♥✐t✐❛❧❡♠❡♥t ❡①❝❧✉s✐✈❡♠❡♥t
❞é❞✐é❡ ❛✉① ✜❝❤✐❡rs t❡①t❡✱ ❛ été s❝✐♥❞é❡ ❡♥ ✉♥❡ ❝❧❛ss❡ ❣é♥ér✐q✉❡ ✭✐♥❞é♣❡♥❞❛♥t❡ ❞✉ ❞❡✈❡♥✐r
❞❡s ❞♦♥♥é❡s✮ ❡t ✉♥❡ s♣é❝✐❛❧✐s❛t✐♦♥ ré❛❧✐s❛♥t ❧✬❡①♣♦rt ✈❡rs ❞❡s ✜❝❤✐❡rs t❡①t❡✳ ❊♥s✉✐t❡✱
✉♥❡ ❛✉tr❡ s♣é❝✐❛❧✐s❛t✐♦♥ ♣♦✉r ❧✬❡①♣♦rt ✈❡rs ❧❡ ❙●❇❉ ❛ été ❝réé❡✳ P♦✉r ❉✐ès❡✱ ✐❧ ♥✬❡st
♣❛s s♦✉❤❛✐t❛❜❧❡ ❞✬êtr❡ ✐♥❢é♦❞é à ✉♥ ❙●❇❉ ❡♥ ♣❛rt✐❝✉❧✐❡r✳ ▲✬❡①♣♦rt ✈❡rs ❧❡s ❜❛s❡s ❞❡
❞♦♥♥é❡s ❡st str✉❝t✉ré ❞❡ ❢❛ç♦♥ à ❝❡ q✉❡ ❞✐✛ér❡♥ts ✓ ❜❛❝❦❡♥❞s ✔ ♣✉✐ss❡♥t êtr❡ ❢❛❝✐❧❡♠❡♥t
✐♠♣❧é♠❡♥tés✳ ❆❝t✉❡❧❧❡♠❡♥t✱ s❡✉❧ ❧❡ ❜❛❝❦❡♥❞ P♦st❣r❡sq❧ ❡st ✐♠♣❧é♠❡♥té✳ ■❧ ❡st ❜❛sé s✉r
❧❛ ❧✐❜r❛✐r✐❡ ❡♥ ❧❛♥❣❛❣❡ ❈ ❧✐❜♣q✱ q✉✐ ❡st ✉♥ ❝❧✐❡♥t P♦st❣r❡sq❧✳

▲❡ ❧❛♥❣❛❣❡ ❙◗▲ ✭❙t❛♥❞❛r❞ ◗✉❡r② ▲❛♥❣✉❛❣❡✮✱ q✉✐ ❡st ✉♥ st❛♥❞❛r❞ ♣♦✉r ❧❛ ❝♦♠♠✉✲
♥✐❝❛t✐♦♥ ❛✈❡❝ ❧❛ ♣❧✉♣❛rt ❞❡s ❙●❇❉✱ ♣❡✉t êtr❡ ✉t✐❧✐sé ♣♦✉r ❝♦♠♠✉♥✐q✉❡r ❧❡s ❞♦♥♥é❡s ❞❡
❉✐ès❡ ✈❡rs ❧❡ ❙●❇❉✳ ▲❡s r❡q✉êt❡s ❙◗▲ ❝♦rr❡s♣♦♥❞❛♥t❡s s♦♥t ❞❡ ❧❛ ❢♦r♠❡ ✿

■◆❙❊❘❚ ■◆❚❖ t❛❜❧❡ ❱❆▲❯❊❙ ✭ ✈❛ ❧ ❡✉ r s ✮

❈❡ ♠é❝❛♥✐s♠❡ ❡st tr♦♣ ❧❡♥t ♣❛r r❛♣♣♦rt ❛✉ ✈♦❧✉♠❡ ❞❡ ❞♦♥♥é❡s à tr❛♥s❢ér❡r ❛✉ ❝♦✉rs
❞✬✉♥❡ s✐♠✉❧❛t✐♦♥ ❛✈❡❝ ▼é❧♦❞✐❡✳ P♦st❣r❡sq❧ ♦✛r❡ ✉♥ ♠é❝❛♥✐s♠❡ ♣❧✉s r❛♣✐❞❡✱ ❜❛sé s✉r
❧✬✐♥str✉❝t✐♦♥ ❈❖P❨✳ ❈❡tt❡ ✐♥str✉❝t✐♦♥ ❛ été ✉t✐❧✐sé❡ ♣♦✉r ❧❛ ❝♦♠♠✉♥✐❝❛t✐♦♥ ❡♥tr❡ ❉✐ès❡
❡t P♦st❣r❡sq❧✱ ❜✐❡♥ q✉✬✐❧ ♥❡ s✬❛❣✐ss❡ ♣❛s ❞❡ ❙◗▲ st❛♥❞❛r❞✳

❙♣é❝✐✜❝❛t✐♦♥ ❞❡s s♦rt✐❡s ❞✬✉♥❡ s✐♠✉❧❛t✐♦♥

❆✉ ❝♦✉rs ❞✬✉♥❡ s✐♠✉❧❛t✐♦♥✱ ❧❡s ❞❡s❝r✐♣t❡✉rs ❞♦♥t ❧❡s ✈❛❧❡✉rs ❞♦✐✈❡♥t êtr❡ ❡①♣♦rté❡s
❡♥ s♦rt✐❡ s♦♥t s♣é❝✐✜és ❞❛♥s ✉♥ ❞❡s ✜❝❤✐❡rs ❞✬❡♥tré❡✱ ❧❡ ✜❝❤✐❡r ✓ ♦s♣ ✔ ✭♣♦✉r ♦✉t♣✉t
s♣❡❝✐✜❝❛t✐♦♥✮✳ ❈❡ ✜❝❤✐❡r ❞♦✐t s✉✐✈r❡ ✉♥❡ s②♥t❛①❡ s♣é❝✐❛❧❡♠❡♥t ❝♦♥ç✉❡✳ P❛r ❡①❡♠♣❧❡ ✿



✷✸✷ ❈❤❛î♥❡ ❞❡ tr❛✐t❡♠❡♥t ❞❡s ❞♦♥♥é❡s

❙❆❱❊ ❉❊❙❈❘■P❚❖❘ ✧✈❛❝❤❡▲❛✐t✐❡r❡✧ ❆▲▲ ✧❱▲✳t①t✧ ◆❊❲ ❈▲❖❈❑

✧♣r♦❞✉❝t✐♦♥▲❛✐t✧ ✷

✧♣♦✐❞s✧ ✶

❀

s✐❣♥✐✜❡ q✉❡ ❧✬♦♥ ✈❡✉t ❡①♣♦rt❡r ❞❛♥s ❧❡ ✜❝❤✐❡r ❱▲✳t①t ❧❡s ✈❛❧❡✉rs ❞❡ ❞❡✉① ❞❡s❝r✐♣t❡✉rs ❞❡
❝❤❛q✉❡ ✐♥st❛♥❝❡ ❞❡ ❧✬❡♥t✐té ✈❛❝❤❡▲❛✐t✐❡r❡ ✿ ♣r♦❞✉❝t✐♦♥▲❛✐t ✭❛✈❡❝ ❞❡✉① ❞é❝✐♠❛❧❡s✮ ❡t ♣♦✐❞s
✭❛✈❡❝ ✉♥❡ ❞❡❝✐♠❛❧❡✮✳ ▲❡ ♠♦t ❝❧é ❆▲▲✱ ♣❛r ♦♣♣♦s✐t✐♦♥ à ❊◆❉✱ s✐❣♥✐✜❡ q✉❡ ❧❡s ✈❛❧❡✉rs
❞♦✐✈❡♥t êtr❡ ❡♥r❡❣✐stré❡s t♦✉t ❛✉ ❧♦♥❣ ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥✳ ◆❊❲ st✐♣✉❧❡ q✉❡ ❧✬♦♥ ❝ré❡ ✉♥
♥♦✉✈❡❛✉ ✜❝❤✐❡r ✭♣❛r ♦♣♣♦s✐t✐♦♥ à ❧✬❛❥♦✉t ❞❛♥s ✉♥ ✜❝❤✐❡r ❡①✐st❛♥t✮ ❡t ❈▲❖❈❑ ❞és✐❣♥❡ ❧❡
❢♦r♠❛t ❞✬é❝r✐t✉r❡ ❞❡s ❞❛t❡s✳

▲❡ ✜❝❤✐❡r ♦s♣ ❡st ✐♥t❡r♣rété à ❧✬❛✐❞❡ ❞❡ ❧✬❛♥❛❧②s❡✉r ❧❡①✐❝❛❧ ✢❡① ❡t ❞❡ ❧✬❛♥❛❧②s❡✉r
s②♥t❛①✐q✉❡ ❜✐s♦♥✳ ▲❡ ♣r♦❣r❛♠♠❡ ❞❡ ❧✬❛♥❛❧②s❡✉r ❞❡s ✜❝❤✐❡rs ♦s♣ ❛ été ♠♦❞✐✜é ❞❡ ♠❛♥✐èr❡
à ❛❥♦✉t❡r ❧❡ s✉♣♣♦rt ❞✬✉♥❡ s②♥t❛①❡ ❛♣♣r♦♣r✐é❡ ❛✉① ❜❛s❡s ❞❡ ❞♦♥♥é❡s✳ ▲✬❡①❡♠♣❧❡ ♣rés❡♥té
♣❧✉s ❤❛✉t ❞❡✈✐❡♥t ✿

❉❇❊❳P❖❘❚ ❉❊❙❈❘■P❚❖❘ ❙■▼❴■❉◆ ✧✈❛❝❤❡▲❛✐t✐❡r❡✧ ❆▲▲

♣♦st❣r❡sq❧ ✭♠❡❧♦❞✐❡ ❜❞❞❚❤❡s❡ ❞♦♥♥❡❡s❱▲✮ ■❙❖❴✽✻✵✶

✧♣r♦❞✉❝t✐♦♥▲❛✐t✧ ✷

✧♣♦✐❞s✧ ✶

❀

❖♥ s♣é❝✐✜❡ ❞♦♥❝ ❞✐r❡❝t❡♠❡♥t ❞❛♥s ❝❡ ✜❝❤✐❡r ❧❡ ♥♦♠ ❞✉ ❙●❇❉ à ✉t✐❧✐s❡r ✭♣♦st❣r❡sq❧✮✱
❧❡ ♥♦♠ ❞✬✉t✐❧✐s❛t❡✉r ♣♦✉r s❡ ❝♦♥♥❡❝t❡r ❛✉ s❡r✈❡✉r ✭♠❡❧♦❞✐❡✮✱ ❧❡ ♥♦♠ ❞❡ ❧❛ ❜❛s❡ ❞❡ ❞♦♥✲
♥é❡s ✭❜❞❞❚❤❡s❡✮ ❡t ❧❡ ♥♦♠ ❞❡ ❧❛ t❛❜❧❡ ❞❛♥s ❧❛q✉❡❧❧❡ ❧❡s ❞♦♥♥é❡s ❞♦✐✈❡♥t êtr❡ ✐♥séré❡s
✭❞♦♥♥❡❡s❱▲✮✳ ▲❡ ❢♦r♠❛t ❞❡ ❞❛t❡ ■❙❖❴✽✻✵✶ ♣❡r♠❡t ❞❡ s♣é❝✐✜❡r ✉♥❡ ❞❛t❡ ❝❛❧❡♥❞❛✐r❡ à
P♦st❣r❡sq❧ s❛♥s éq✉✐✈♦q✉❡✳

▲❡ ♠♦t ❝❧é ❙■▼❴■❉◆✱ ✈❛❧❛❜❧❡ ❛✉ss✐ ❜✐❡♥ ♣♦✉r ❧✬❡①♣♦rt ✈❡rs ❞❡s ✜❝❤✐❡rs t❡①t❡ q✉❡
♣♦✉r ❧✬❡①♣♦rt ✈❡rs ✉♥❡ ❜❛s❡ ❞❡ ❞♦♥♥é❡s✱ s✐❣♥✐✜❡ q✉❡ ❧❛ s✐♠✉❧❛t✐♦♥ ❡st ✐❞❡♥t✐✜é❡ ♣❛r ✉♥
♥♦♠❜r❡ ❡♥t✐❡r ❡t q✉❡ ❝❡ ♥♦♠❜r❡ ❞♦✐t êtr❡ ❛❞❥♦✐♥t ❛✉① s♦rt✐❡s✱ à ❞❡s ✜♥ ❞❡ tr❛ç❛❜✐❧✐té
✭♣♦✉r ❞✐st✐♥❣✉❡r ❧❡s s♦rt✐❡s ❞❡ ❞✐✛ér❡♥t❡s s✐♠✉❧❛t✐♦♥s ❞❛♥s ✉♥ ♣❧❛♥ ❞✬❡①♣ér✐❡♥❝❡✮✳

❊①tr❛❝t✐♦♥ ❞❡s ❞♦♥♥é❡s ♣❛r ❞❡s r❡q✉êt❡s ❙◗▲

❯♥❡ ❢♦✐s ❧❡s s✐♠✉❧❛t✐♦♥s t❡r♠✐♥é❡s✱ ❧❡s s♦rt✐❡s ❞♦✐✈❡♥t êtr❡ ❡①♣❧♦✐té❡s✳ ▲✬✉t✐❧✐s❛t✐♦♥
❞✬✉♥ ❙●❇❉ ♣r❡♥❞ t♦✉t s♦♥ s❡♥s ✐❝✐✳ ❊♥ ❡✛❡t✱ ❧❡s ❙●❇❉s s♦♥t ❝❛♣❛❜❧❡s ❞✬❡✛❡❝t✉❡r ❞❡s
❛❣ré❣❛t✐♦♥s très ❝♦♠♣❧❡①❡s✳ ■❧s s♦♥t ♦♣t✐♠✐sés ♣♦✉r ❡✛❡❝t✉❡r ❧❡s tr❛✐t❡♠❡♥ts ❧❡ ♣❧✉s
r❛♣✐❞❡♠❡♥t ♣♦ss✐❜❧❡✳ P♦st❣r❡sq❧ ❡st très ❡✣❝❛❝❡ ❞❛♥s ❝❡ ❞♦♠❛✐♥❡✳

▲❛ s♣é❝✐✜❝❛t✐♦♥ ❞❡ ❧✬❛❣ré❣❛t✐♦♥ à ré❛❧✐s❡r✱ ♦✉ ❡①tr❛❝t✐♦♥✱ ♣r❡♥❞ ❧❛ ❢♦r♠❡ ❞✬✉♥❡ r❡q✉êt❡
❙◗▲✳ ❆ t✐tr❡ ❞✬❡①❡♠♣❧❡✱ ❧❛ r❡q✉êt❡ s✉✐✈❛♥t❡ ♣❡r♠❡t ❞❡ ❝❛❧❝✉❧❡r ❧❡ ❧❡ss✐✈❛❣❡ ♠♦②❡♥ s✉r
❧✬❡♥s❡♠❜❧❡ ❞❡ ❧✬❡①♣❧♦✐t❛t✐♦♥ ♣♦✉r ❝❤❛q✉❡ ♠♦✐s ❞❡ ❞✐✛ér❡♥t❡s s✐♠✉❧❛t✐♦♥s ✿



✷✸✸

❙❊▲❊❈❚ s✐♠❴✐❞♥ ✱ ②❡❛r ✱ ♠♦♥t❤ ✱
s✉♠✭ ◆❧❡ss❚♦t ✮✴ ✭❙❊▲❊❈❚ s✉♠✭ s ✉ r ❢ ❛ ❝ ❡ ✮

❋❘❖▼ ♣ ❛ r ❝ ❡ ❧ ❧ ❡ s ✮ ❆❙ ◆❧❡ssP❛r❍❛
❋❘❖▼

−− ❧ ❡ s s ✐ ✈ ❛ ❣ ❡ ♣❛r ♣❛ r ❝ ❡ ❧ ❧ ❡ ✱ ♠♦✐s ✱ ❛♥♥❡❡
✭❙❊▲❊❈❚ s✐♠❴✐❞♥ ✱ ■♥st❛♥❝❡◆❛♠❡ ✱

❞❛t❡❴♣❛rt ✭ ✬ ②❡❛r ✬ ✱ t ✮ ✿ ✿ ✐♥t ❛s ②❡❛r ✱
❞❛t❡❴♣❛rt ✭ ✬♠♦♥t❤ ✬ ✱ t ✮ ❆❙ ♠♦♥t❤ ✱
s✉♠✭ s s ② s t ♥ ❧ ❡ s s ✐ ✈ ❡ ✮ ∗ ✭❙❊▲❊❈❚ s ✉ r ❢ ❛ ❝ ❡

❋❘❖▼ ♣ ❛ r ❝ ❡ ❧ ❧ ❡ s
❲❍❊❘❊ ♥♦♠P❂■♥st❛♥❝❡◆❛♠❡ ✮

❆❙ ◆❧❡ss❚♦t
❋❘❖▼ ❛ ③ ♦ t ❡ s ♦ ❧
●❘❖❯P❇❨ s✐♠❴✐❞♥ ✱ ■♥st❛♥❝❡◆❛♠❡ ✱

❞❛t❡❴♣❛rt ✭ ✬ ②❡❛r ✬ ✱ t ✮ ✱ ❞❛t❡❴♣❛rt ✭ ✬♠♦♥t❤ ✬ ✱ t ✮
✮ ❆❙ t ❛❜▲❡s s ✐ ✈❛❣❡P❛rP❛r❝❡ ❧ ❧ ❡

●❘❖❯P❇❨ s✐♠❴✐❞♥ ✱ ②❡❛r ✱ ♠♦♥t❤
❖❘❉❊❘❇❨ s✐♠❴✐❞♥ ✱ ②❡❛r ✱ ♠♦♥t❤ ❀

▲❡ ❧❛♥❣❛❣❡ ❙◗▲ ♥❡ s❡r❛ ♣❛s ❡①♣♦sé ✐❝✐✳ ▼❛✐s ❧✬❡♥s❡♠❜❧❡ ❞❡s r❡q✉êt❡s ❞✬❡①tr❛❝t✐♦♥
♥é❝❡ss❛✐r❡s à ❧✬✐♥t❡r♣rét❛t✐♦♥ ❞❡s s♦rt✐❡s ❞❡ ▼é❧♦❞✐❡ ♣❡✉✈❡♥t êtr❡ é❝r✐t❡s à ❧✬❛✐❞❡ ❞❡ ❝❡
❧❛♥❣❛❣❡✳ P♦✉r ❢❛❝✐❧✐t❡r ❧❡s tr❛✐t❡♠❡♥ts✱ ✉♥ ❡♥s❡♠❜❧❡ ❞❡ r❡q✉êt❡s ❡st ❞✐r❡❝t❡♠❡♥t st♦❝❦é
❞❛♥s ❧❡s ❜❛s❡s ❞❡ ❞♦♥♥é❡s✱ s♦✉s ❢♦r♠❡ ❞❡ ✈✉❡s✳

▲❛ str✉❝t✉r❡ ❞❡ ❧❛ ❜❛s❡ ❞❡ ❞♦♥♥é❡s ❝réé❡ ❞❛♥s ❧❡ ❝❛❞r❡ ❞❡ ❝❡tt❡ t❤ès❡✱ ❝♦♥t❡♥❛♥t ❧❛
❞é✜♥✐t✐♦♥ ❞❡s t❛❜❧❡s ❡t ✉♥ ❡♥s❡♠❜❧❡ ❞❡ ✈✉❡s✱ ❡st ré✉t✐❧✐s❛❜❧❡ ♣♦✉r ❞❡ ❢✉t✉r❡s ❛♣♣❧✐❝❛t✐♦♥s
❞❡ ▼é❧♦❞✐❡✱ ♣♦✉r ❧❡sq✉❡❧❧❡s ❧✬❡①♣❧♦✐t❛t✐♦♥ ❞❡s ❞♦♥♥é❡s s❡r❛ ❢❛❝✐❧✐té❡✳

❚r❛✐t❡♠❡♥t ❣r❛♣❤✐q✉❡ ❡t st❛t✐st✐q✉❡

●râ❝❡ à ❧✬❛r❝❤✐t❡❝t✉r❡ ❝❧✐❡♥t ✲ s❡r✈❡✉r ❡t ❛✉ ❧❛♥❣❛❣❡ st❛♥❞❛r❞ ❙◗▲✱ ❞❡ ♥♦♠❜r❡✉①
♣r♦❣r❛♠♠❡s s♦♥t ❝❛♣❛❜❧❡s ❞✬❡①tr❛✐r❡ ❧❡s ❞♦♥♥é❡s✳ ❈✬❡st ❧❡ ❝❛s ❞✉ ❧♦❣✐❝✐❡❧ ❞❡ st❛t✐st✐q✉❡s
❧✐❜r❡ ❘✳

❉❛♥s ❧❡ ❝❛❞r❡ ❞❡ ❝❡tt❡ t❤ès❡✱ ❝❡rt❛✐♥s tr❛✐t❡♠❡♥ts st❛t✐st✐q✉❡s ♦♥t été ré❛❧✐sés ❛✈❡❝ ❘✱
❛✐♥s✐ q✉❡ ❧❡s ❣r❛♣❤✐q✉❡s à ❧✬❛✐❞❡ ❞✉ ♣❛q✉❡t ❣❣♣❧♦t✷✳ ▲❡s ❣r❛♣❤✐q✉❡s✱ ❞♦♥t ❝❡✉① ♣rés❡♥tés
❞❛♥s ❧❡ ❝❤❛♣✐tr❡ ✽✱ ♦♥t été ❝réés à ❧✬❛✐❞❡ ❞❡ s❝r✐♣ts q✉✐ s♦♥t ré✉t✐❧✐s❛❜❧❡s ♣♦✉r ❞❡ ❢✉t✉r❡s
❛♣♣❧✐❝❛t✐♦♥s ❞❡ ▼é❧♦❞✐❡✳ ❘ ❡①♣♦rt❡ ❧❡s ❣r❛♣❤✐q✉❡s ❞❛♥s ❞✐✈❡rs ❢♦r♠❛ts✱ ❞♦♥t ❧❡ ❢♦r♠❛t
♣❞❢ ✉t✐❧✐sé ♣♦✉r ❝❡tt❡ t❤ès❡✳ ▲❡s s❝r✐♣ts ❣r❛♣❤✐q✉❡s ♣❡✉✈❡♥t ❞♦♥❝ êtr❡ ❡①é❝✉tés ❧❡s ✉♥s
à ❧❛ s✉✐t❡ ❞❡s ❛✉tr❡s✱ ❡♥ ❜❛t❝❤✳

❈♦♥❝❧✉s✐♦♥

●râ❝❡ à ❧❛ ❝❤❛î♥❡ ❞❡ tr❛✐t❡♠❡♥t ❞❡s ❞♦♥♥é❡s ♠✐s❡ ❡♥ ♣❧❛❝❡ ❞❛♥s ❧❡ ❝❛❞r❡ ❞❡ ❝❡tt❡
t❤ès❡✱ ❧❡ ♣❛ss❛❣❡ ❞❡s ✜❝❤✐❡rs ❞✬❡♥tré❡ ❞✉ ♠♦❞è❧❡ à ✉♥ ❡♥s❡♠❜❧❡ ❞❡ ❣r❛♣❤✐q✉❡s ♣rés❡♥t❛♥t
❧❡s rés✉❧t❛ts ♥é❝❡ss✐t❡ s❡✉❧❡♠❡♥t ❞❡✉① ❝♦♠♠❛♥❞❡s ✿ ❧❛ ♣r❡♠✐èr❡ ❧❛♥❝❡ ❧❛ s✐♠✉❧❛t✐♦♥ ♣❛r



✷✸✹ ❈❤❛î♥❡ ❞❡ tr❛✐t❡♠❡♥t ❞❡s ❞♦♥♥é❡s

▼é❧♦❞✐❡ ❡t ❧❛ s❡❝♦♥❞❡ ❧❛♥❝❡ ❧❡ tr❛✐t❡♠❡♥t ❞❡s rés✉❧t❛ts ♣❛r ❘✳ ▲❛ ❣❡st✐♦♥ ❞❡s ❞♦♥♥é❡s
❡❧❧❡s✲♠ê♠❡s✱ ❡✛❡❝t✉é❡ ♣❛r ❧❡ ❙●❇❉✱ ❡st tr❛♥s♣❛r❡♥t❡ ♣♦✉r ❧✬✉t✐❧✐s❛t❡✉r✳



❆♥♥❡①❡ ❇

❈❛❧❝✉❧ ❞❡ ❧✬✐♥❣❡st✐♦♥ ♣❛r ❧❡s ❣é♥✐ss❡s

✷✸✺



✷✸✻ ❈❛❧❝✉❧ ❞❡ ❧✬✐♥❣❡st✐♦♥ ♣❛r ❧❡s ❣é♥✐ss❡s



❙♣é❝✐✜❝❛t✐♦♥ ❞✉ ♣r♦❜❧è♠❡ à rés♦✉❞r❡ ✷✸✼

❆ ❝❛✉s❡ ❞✉ ♠♦❞è❧❡ ♣❛r ❝❧❛ss❡s ❝❤♦✐s✐ ♣♦✉r ❧❛ ❞é♠♦❣r❛♣❤✐❡ ❞✉ tr♦✉♣❡❛✉ ❜♦✈✐♥✱ ✐❧
❡st ✐♠♣♦ss✐❜❧❡ ❢❛✐r❡ ✈❛r✐❡r ❧❛ ❝r♦✐ss❛♥❝❡ ❞❡s ❛♥✐♠❛✉① ❡♥ ré♣♦♥s❡ à ❧❡✉r ❛❧✐♠❡♥t❛t✐♦♥
✭✈♦✐r ♣❛rt✐❡ ✺✳✶✳✷✱ ♣❛❣❡ ✾✺✮✳ ❊♥ ❝♦♥séq✉❡♥❝❡✱ ❧❡ ●▼◗ ❞❡ ❝❤❛q✉❡ ❝❧❛ss❡ ❡st ✜①é ❡t ❧❡s
❛♣♣♦rts é♥❡r❣ét✐q✉❡s ❧❡ s♦♥t ❛✉ss✐✳ ❊♥ ❝♦♥séq✉❡♥❝❡✱ ❧✬✐♥❣❡st✐♦♥ ❞❡s ❣é♥✐ss❡s ❡st ❝❛❧❝✉❧é❡
♣❛r ♣r♦❣r❛♠♠❛t✐♦♥ ❧✐♥é❛✐r❡ s♦✉s ❝♦♥tr❛✐♥t❡s✳

❇✳✶ ❙♣é❝✐✜❝❛t✐♦♥ ❞✉ ♣r♦❜❧è♠❡ à rés♦✉❞r❡

❖♥ ❝♦♥s✐❞èr❡ q✉✬✉♥❡ r❛t✐♦♥ ❣é♥✐ss❡ ❞♦✐t êtr❡ ❝♦♠♣♦sé❡ ❞❡ ❞❡✉① ❢♦✉rr❛❣❡s ✭❡♥ ♣r✐♥❝✐♣❡
✉♥❡ ❢♦✉rr❛❣❡ ♣❧✉tôt r✐❝❤❡✱ ❝♦♠♠❡ ✉♥ ❡♥s✐❧❛❣❡ ❡t ✉♥ ❢♦✉rr❛❣❡ ♣❧✉tôt ♣❛✉✈r❡✱ ❝♦♠♠❡ ✉♥
❢♦✐♥ t❛r❞✐❢ ♦✉ ✉♥❡ ♣❛✐❧❧❡✮ ❡t ❞✬✉♥ ❝♦♥❝❡♥tré✳ ❖♥ ❝❛❧❝✉❧❡ ❧✬✐♥❣❡st✐♦♥ ❞❡ ❝❤❛q✉❡ ❛❧✐♠❡♥t ❞❡
♠❛♥✐èr❡ à ❢♦✉r♥✐r ❧❡s ❜❡s♦✐♥s ❡♥ é♥❡r❣✐❡ ❡t ❡♥ ♣r♦té✐♥❡s ✭❡①❝ès t♦❧érés✮✱ s❛♥s ❞é♣❛ss❡r
❧❛ ❝❛♣❛❝✐té ❞✬✐♥❣❡st✐♦♥ ✭❈■✮✳ ▲✬éq✉✐❧✐❜r❡ P❉■❊✲P❉■◆ ❞♦✐t é❣❛❧❡♠❡♥t êtr❡ r❡s♣❡❝té✱ ❞❛♥s
✉♥❡ ❝❡rt❛✐♥❡ ♠❡s✉r❡✳ ▲✬♦♣t✐♠✐s❛t✐♦♥ ❝♦♥s✐st❡ à ❧✐♠✐t❡r ❧❡s ❡①❝ès ❞✬é♥❡r❣✐❡ ❡t ❞❡ ♣r♦t❡✐♥❡s
❛✐♥s✐ q✉❡ ❧❡ ❞é✜❝✐t ❡♥ ✉♥✐tés ❞✬❡♥❝♦♠❜r❡♠❡♥t✳

■❧ ② ❛ tr♦✐s ✈❛r✐❛❜❧❡s à ❞ét❡r♠✐♥❡r ✭❧❡s q✉❛♥t✐tés ✐♥❣éré❡s ❞❡ ❝❤❛q✉❡ ❛❧✐♠❡♥t✱ ❡♥ ❦❣
▼❙✮✱ ♣❧❛❝é❡s ❞❛♥s ✉♥ ✈❡❝t❡✉r X✳
▲❡s ✈❛❧❡✉rs ❛❧✐♠❡♥t❛✐r❡s ❞✬✉♥ kg (MS) ❞❡ ❧✬❛❧✐♠❡♥t i s♦♥t ♥♦té❡s ❛✐♥s✐ ✿

✕ UFLi ✿ ✈❛❧❡✉r é♥❡r❣ét✐q✉❡ ✭❡♥ ✉♥✐tés ❢♦✉rr❛❣èr❡s✮
✕ PDIEi ✿ ♣r♦té✐♥❡s ❞✐❣❡st✐❜❧❡s ❞❛♥s ❧✬✐♥t❡st✐♥ s✐ é♥❡r❣✐❡ ❧✐♠✐t❛♥t❡ ✭❡♥ g✮
✕ PDINi ✿ ♣r♦té✐♥❡s ❞✐❣❡st✐❜❧❡s ❞❛♥s ❧✬✐♥t❡st✐♥ s✐ ❛③♦t❡ ❧✐♠✐t❛♥t ✭❡♥ g✮
✕ UEi ✿ ✈❛❧❡✉r ❞✬❡♥❝♦♠❜r❡♠❡♥t ✭❡♥ ✉♥✐tés ❞✬❡♥❝♦♠❜r❡♠❡♥t✮

▲❡s ✈❛r✐❛❜❧❡s ❝❛r❛❝tér✐s❛♥t ❧✬❛♥✐♠❛❧ s♦♥t ❧❡s s✉✐✈❛♥t❡s ✿
✕ PV ✿ P♦✐❞s ✈✐❢ ✭❡♥ kg✮
✕ GMQ ✿ ●❛✐♥ ▼♦②❡♥ ◗✉♦t✐❞✐❡♥ ✭❡♥ kg✮
✕ CI ✿ ❝❛♣❛❝✐té ❞✬✐♥❣❡st✐♦♥ ✭❡♥ ✉♥✐tés ❞✬❡♥❝♦♠❜r❡♠❡♥t✮

❇✳✷ ❈♦♥tr❛✐♥t❡s

❯♥ ❡♥s❡♠❜❧❡ ❞❡ ❝♦♥tr❛✐♥t❡s✱ é❝r✐t❡s s♦✉s ❢♦r♠❡ ❞❡ ❝♦♠❜✐♥❛✐s♦♥s ❧✐♥é❛✐r❡s ❞❡s ✈❛✲
r✐❛❜❧❡s à ❞ét❡r♠✐♥❡r✱ s♦♥t ✐♥té❣ré❡s ❞❛♥s ❧❡ ♠♦❞è❧❡✳ ❊❧❧❡s ❝♦rr❡s♣♦♥❞❡♥t ❛✉① ❞✐✛ér❡♥t❡s
❡①✐❣❡♥❝❡s s♣é❝✐✜é❡s ❞❛♥s ❧❛ ♣❛rt✐❡ ♣ré❝é❞❡♥t❡✳
❙❛t✐s❢❛❝t✐♦♥ ❞❡s ❛♣♣♦rts é♥❡r❣ét✐q✉❡s ✿

∑

Xi · UFLi ≥ BesoinUFL

❛✈❡❝ ✿
BesoinUFL =

(

0.045 + 0.0336 · GMQ1.457
)

× PV 0.75

❙❛t✐s❢❛❝t✐♦♥ ❞❡s ❜❡s♦✐♥s ❡♥ P❉■❊ ✿

∑

Xi · PDIEi ≥ BesoinPDI



✷✸✽ ❈❛❧❝✉❧ ❞❡ ❧✬✐♥❣❡st✐♦♥ ♣❛r ❧❡s ❣é♥✐ss❡s

❛✈❡❝ ✿

BesoinPDI = 28.7 + 0.547 · PV + 171 · GMQ + 23.11 · BesoinUFL

■♥❣❡st✐♦♥ ❧✐♠✐té❡ ♣❛r ❧✬❡♥❝♦♠❜r❡♠❡♥t ✿

∑

Xi · UEi ≤ CI

❛✈❡❝ ✿
CI = 0.039 · PV 0.9

❚❤é♦r✐q✉❡♠❡♥t✱ ❧❛ ✈❛❧❡✉r ❞✬❡♥❝♦♠❜r❡♠❡♥t ❞✉ ❝♦♥❝❡♥tré ❞é♣❡♥❞ ❞❡s q✉❛♥t✐tés ❡t
✈❛❧❡✉rs ❞✬❡♥❝♦♠❜r❡♠❡♥ts ❞❡s ❢♦✉rr❛❣❡s✳ Pr❡♥❞r❡ ❝❡❝✐ ❡♥ ❝♦♠♣t❡ r❡♥❞r❛✐t ❧❡ ♣r♦❜❧è♠❡
♥♦♥✲❧✐♥é❛✐r❡✳ ■❧ ❢❛✉t ❞♦♥❝ ✜①❡r ❧❛ ✈❛❧❡✉r ❞✬❡♥❝♦♠❜r❡♠❡♥t ❞✉ ❝♦♥❝❡♥tré✳ ❖♥ ❝♦♠♠❡♥❝❡
❞♦♥❝ ♣❛r ✜①❡r ❧❡ t❛✉① ❞❡ s✉❜st✐t✉t✐♦♥ ❣❧♦❜❛❧ ✿ Sg = 0.5✳ ▲❛ ✈❛❧❡✉r ❞✬❡♥❝♦♠❜r❡♠❡♥t
♠♦②❡♥♥❡ ❞❡s ❢♦✉rr❛❣❡s ❡st é❣❛❧❡♠❡♥t ❝❛❧❝✉❧é❡ ❞✐r❡❝t❡♠❡♥t✱ s❛♥s t❡♥✐r ❝♦♠♣t❡ ❞❡s q✉❛♥✲
t✐tés ✐♥❣éré❡s✳

UEconc = Sg ×
UEF1 + UEF2

2

❘❡s♣❡❝t ❞❡ ❧✬éq✉✐❧✐❜r❡ P❉■◆✲P❉■❊ ✿

∑

(Xi · PDINi) −
∑

(Xi · PDIEi)
∑

Xi · UFLi

≥ −10

⇐⇒
∑

Xi · (PDINi − PDIEi + 10 · UFLi) ≥ 0

❇✳✸ ❋♦♥❝t✐♦♥ ❖❜❥❡❝t✐❢

❖♥ ✈❡✉t ❧✐♠✐t❡r ❧❡s ❡①❝ès ❞✬é♥❡r❣✐❡ ❡t ❞❡ ♣r♦té✐♥❡s t♦✉t ❡♥ s❛t✐s❢❛✐s❛♥t ❛✉ ♠❛①✐♠✉♠
❧❛ ❈■✳ ■❧ ❢❛✉t ❞♦♥❝ ♠❛①✐♠✐s❡r ✉♥❡ ❢♦♥❝t✐♦♥ f ❞❡ ❧❛ ❢♦r♠❡ ✿

f(X) =PUE ·
[

∑

(Xi · UEi) − CI
]

− PUFL ·
[

∑

(Xi · UFLi) − BesoinUFL

]

− PPDI ·
[

∑

(Xi · PDIi) − BesoinPDI

]

PUE ✱ PUFL✱ PPDI s♦♥t ❞❡s ❝♦❡✣❝✐❡♥ts ❞❡st✐♥és à st❛♥❞❛r❞✐s❡r ❧❡s ♦r❞r❡s ❞❡ ❣r❛♥❞❡✉r
❡t à ♣♦♥❞ér❡r ❧✬✐♠♣♦rt❛♥❝❡ ❛❝❝♦r❞é❡ à ❝❤❛q✉❡ ✈❛r✐❛❜❧❡✳ ❖♥ ♣r♦♣♦s❡ ❞✬✉t✐❧✐s❡r ❧❡s ✈❛❧❡✉rs
s✉✐✈❛♥t❡s ✿

✕ PUFL = 1 ❀



❋♦♥❝t✐♦♥ ❖❜❥❡❝t✐❢ ✷✸✾

✕ PPDI = 0.005✱ ❝❛r ♦♥ ❞❡✈r❛✐t ♦❜t❡♥✐r à ❧✬éq✉✐❧✐❜r❡ ❡♥✈✐r♦♥ 100 g PDI / UF
✭❞♦♥❝ ×0.01 ♣❛r r❛♣♣♦rt ❛✉① ❯❋✮✱ ❡t ♦♥ s♦✉❤❛✐t❡ ❛❝❝♦r❞❡r ✉♥ ♣♦✐❞s ❞❡✉① ❢♦✐s ♣❧✉s
✐♠♣♦rt❛♥t ❛✉① ❯❋ q✉✬❛✉① P❉■ ❀

✕ PUE = 0.1 ❝❛r s❛t✉r❡r ❧❛ ❝❛♣❛❝✐té ❞✬✐♥❣❡st✐♦♥ ❡st ♠♦✐♥s ♣r✐♦r✐t❛✐r❡ q✉❡ ré❞✉✐r❡
❧❡s ❡①❝ès ❞✬❯❋ ❡t ❞❡ P❉■ ♠❛✐s ❡st s♦✉✈❡♥t é❝♦♥♦♠✐q✉❡♠❡♥t ✐♥tér❡ss❛♥t ❝❛r ❧❛
❝♦♥s♦♠♠❛t✐♦♥ ❞❡ ❢♦✉rr❛❣❡s ❡st ❢❛✈♦r✐sé❡✳

❖♥ ♣❡✉t r❡t✐r❡r t♦✉t❡s ❧❡s ❝♦♥st❛♥t❡s ❞❡ ❧✬éq✉❛t✐♦♥✱ ❝❡ q✉✐ ♥❡ ♠♦❞✐✜❡r❛ ❧❛ s♦❧✉t✐♦♥
♦♣t✐♠❛❧❡ ❞✉ ♣r♦❜❧è♠❡✳ ■❧ ❢❛✉t ❞♦♥❝ ✜♥❛❧❡♠❡♥t ♠❛①✐♠✐s❡r ❧❛ ❢♦♥❝t✐♦♥ s✉✐✈❛♥t❡ ✿

g(X) =
∑

Xi × (PUE · UEi − PUFL · UFLi − PPDI · PDIi)



✷✹✵ ❈❛❧❝✉❧ ❞❡ ❧✬✐♥❣❡st✐♦♥ ♣❛r ❧❡s ❣é♥✐ss❡s



❆♥♥❡①❡ ❈

P✉❜❧✐❝❛t✐♦♥s

✷✹✶



✷✹✷ P✉❜❧✐❝❛t✐♦♥s



✷✹✸

❆rt✐❝❧❡

❈❤❛r❞♦♥ ❳✳✱ ❘❛✐s♦♥ ❈✳✱ ▲❡ ●❛❧❧ ❆✳✱ ▼♦r✈❛♥ ❚✳ ❡t ❋❛✈❡r❞✐♥✱ P✳ ✭✷✵✵✽✮✳ ❋❯▼■●❊◆❊ ✿ ❛
♠♦❞❡❧ t♦ st✉❞② t❤❡ ✐♠♣❛❝t ♦❢ ♠❛♥❛❣❡♠❡♥t r✉❧❡s ❛♥❞ ❝♦♥str❛✐♥ts ♦♥ ❛❣r✐❝✉❧t✉✲
r❛❧ ✇❛st❡ ❛❧❧♦❝❛t✐♦♥ ❛t t❤❡ ❢❛r♠ ❧❡✈❡❧✳ ❏♦✉r♥❛❧ ♦❢ ❆❣r✐❝✉❧t✉r❛❧ ❙❝✐❡♥❝❡✱ ❈❛♠❜r✐❞❣❡✱
✶✹✻ ✿✺✷✶✲✺✸✾✳

❈♦♠♠✉♥✐❝❛t✐♦♥ ♦r❛❧❡

❈❤❛r❞♦♥ ❳✳✱ ❘✐❣♦❧♦t ❈✳✱ ❇❛r❛tt❡ ❈✳✱ ▲❡ ●❛❧❧ ❆✳✱ ❊s♣❛❣♥♦❧ ❙✳✱ ▼❛rt✐♥✲❈❧♦✉❛✐r❡ ❘✳✱ ❘❡❧❧✐❡r
❏✳P✳✱ ❘❛✐s♦♥ ❈✳✱ P♦✉♣❛ ❏✳❈✳ ❡t ❋❛✈❡r❞✐♥ P✳ ✭✷✵✵✼✮▼❊▲❖❉■❊ ✿ ❛ ✇❤♦❧❡✲❢❛r♠ ♠♦❞❡❧
t♦ st✉❞② t❤❡ ❞②♥❛♠✐❝s ♦❢ ♥✉tr✐❡♥ts ✐♥ ✐♥t❡❣r❛t❡❞ ❞❛✐r② ❛♥❞ ♣✐❣ ❢❛r♠s✳ ■♥
❖①❧❡②✱ ▲✳ ❛♥❞ ❑✉❧❛s✐r✐✱ ❉✳ ✭❡❞s✮▼❖❉❙■▼ ✷✵✵✼ ■♥t❡r♥❛t✐♦♥❛❧ ❈♦♥❣r❡ss ♦♥ ▼♦❞❡❧❧✐♥❣ ❛♥❞
❙✐♠✉❧❛t✐♦♥✳ ▼♦❞❡❧❧✐♥❣ ❛♥❞ ❙✐♠✉❧❛t✐♦♥ ❙♦❝✐❡t② ♦❢ ❆✉str❛❧✐❛ ❛♥❞ ◆❡✇ ❩❡❛❧❛♥❞✱ ❉é❝❡♠❜r❡
✷✵✵✼✱ ♣♣✳ ✶✻✸✽✲✶✻✹✺✳

❆✣❝❤❡s

❈❤❛r❞♦♥ ❳✳✱ ❘❛✐s♦♥ ❈✳✱ ▲❡ ●❛❧❧ ❆✳ ❡t ❋❛✈❡r❞✐♥ P✳ ✭✷✵✵✼✮ ❋✉♠✐❣è♥❡ ✿ ✉♥ ♠♦❞è❧❡ ♣♦✉r
❣é♥ér❡r ❞❡s ♣❧❛♥s ♣ré✈✐s✐♦♥♥❡❧s ❞❡ ❢✉♠✉r❡ ❡♥ ❡①♣❧♦✐t❛t✐♦♥ ❞✬é❧❡✈❛❣❡✳ ❆✣❝❤❡
♣rés❡♥té❡ ❛✉① ❘❡♥❝♦♥tr❡s ❛✉t♦✉r ❞❡ ❧❛ ❘❡❝❤❡r❝❤❡ s✉r ❧❡s ❘✉♠✐♥❛♥ts ✭✸❘✮✳

❋❛✈❡r❞✐♥ P✳✱ ▼❛①✐♥ ●✳✱ ❈❤❛r❞♦♥ ❳✳✱ ❇r✉♥s❝❤✇✐❣ P✳ ❡t ❱❡r♠♦r❡❧ ▼✳ ✭✷✵✵✼✮ ▼♦❞è❧❡ ❞❡
♣ré✈✐s✐♦♥ ❞✉ ❜✐❧❛♥ ❝❛r❜♦♥❡ ❞✬✉♥❡ ✈❛❝❤❡ ❧❛✐t✐èr❡✳ ❆✣❝❤❡ ♣rés❡♥té❡ ❛✉① ❘❡♥❝♦♥tr❡s
❛✉t♦✉r ❞❡ ❧❛ ❘❡❝❤❡r❝❤❡ s✉r ❧❡s ❘✉♠✐♥❛♥ts ✭✸❘✮✳

❆✉tr❡

❋❛✈❡r❞✐♥ P✳ ✱ ❈❤❛r❞♦♥ ❳✳✱ ❉❡❧❛❜② ▲✳✱ P❡②r❛✉❞ ❏✳▲✳ ✭✷✵✵✽✮ ❚❤❡ ❝❤❛❧❧❡♥❣❡ ♦❢ s✉st❛✐✲
♥❛❜✐❧✐t② t♦ ❞❡s✐❣♥ t❤❡ ❢✉t✉r❡ ❞❛✐r② ❢❛r♠s✳ ■♥ ❘♦✇❧✐♥s♦♥ P✳✱ ❙t❡❡❧❡ ▼✳ ❡t ◆❡❢③❛♦✉✐
❆✳ ✭❡❞s✮ Pr♦❝❡❡❞✐♥❣s ♦❢ t❤❡ ▲✐✈❡st♦❝❦ ❛♥❞ ●❧♦❜❛❧ ❈❧✐♠❛t❡ ❈❤❛♥❣❡ ❈♦♥❢❡r❡♥❝❡✳ ❇r✐t✐s❤
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SUMMARY

In France, many dairy farms plan the allocation of animal wastes to the fields of the farm at
the beginning of every year. This decision is complex, because many factors must be taken into
account at the field and farm scales, including increasingly constraining environmental regulations.
To evaluate the environmental impact of waste allocation strategies, these strategies have to be
translated into consistent decisions. The objective of the current study was to reproduce the decisions
made by farmers, in a wide range of contexts. For this purpose, a linear programming model
that could help in generating yearly waste allocations was developed. The model, called Fumigene,
takes into account the farmer’s preferences and environmental, agronomic and feasibility constraints.
It was applied on two case farms and the simulated waste allocations were compared to those
chosen by the farmers over periods of 3 and 4 years, respectively. The evaluation showed that
the waste allocations generated by the model were consistent with the strategies of the farmers.
Fumigene was then used in investigating the impact of taking into account the phosphorus (P)
fertilization constraints instead of only the nitrogen constraints. In the case studied, balancing P
fertilization over 5 years led to small changes in waste allocation. Balancing P fertilization every year
caused bigger changes and led to export of a part of the wastes. In a general way, Fumigene can be
coupled with environmental evaluation tools to compare the impacts of different waste allocation
strategies.

INTRODUCTION

On dairy and pig farms, animal wastes are a major
source of nutrients for crops. However, their appli-
cation to cropland can result in environmental risks:
air, water and soil pollution. Farmers should reduce
these risks. Therefore, manure management must
take into account the environmental impact of
wastes, which encompasses different types of risks.
Manure management is closely connected to other
aspects of farm management. Reduction of the en-

vironmental impact of the wastes can be achieved
through different strategic and tactical choices. For
instance, the animal feed may be altered in order to
reduce nutrient excretion, or waste products may be
treated in order to reduce the quantity. Different ap-
plication methods result in different losses : direct in-
jection of slurry into the soil will reduce ammonia
volatilization, for example. Thus, manure manage-
ment is a generic term including a wide range of de-
cisions. The current study addresses one aspect of the
management of agricultural wastes : allocation of the
wastes to the fields of the farm to determine which
fields, at what rate and when the animal wastes
should be applied.
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The waste allocation plan is a forecast of the waste
applications to be made on every field of the farm
during a cultivation year. Since it is made at the be-
ginning of the year, it assumes average climatic con-
ditions. It is a guideline for waste management in
the course of the year. Although it may be altered
because of variable climatic conditions and labour or
machinery constraints, the plan ensures that it is
possible to dispose off the wastes using good agro-
nomic and environmental practices. The plan in-
tegrates some anticipation into the management
of animal wastes, which limits the risks of forced
applications due to full storage tanks, or of tank
overflows. In some areas, due to environmental regu-
lations, it is mandatory to have a waste allocation
plan. This is the case, for example, in the Nitrates
Vulnerable Zones (NVZ) in France defined by the
European Union’s Nitrates Directive (91/676/EC).
The allocation plan must be designed for each cul-
tivation year using estimates of the quantities of
wastes that will be produced and of the crop needs.
In the USA, concentrated animal feeding operations
must have a comprehensive nutrient management
plan (Centner & Feitshans 2006), which comprises
several components, including a waste allocation
plan.
The development of a waste application plan is a

decision taken on the whole-farm scale. The allo-
cation must be made for different fields, different
types of wastes and different spreading periods during
the year. The fields have different crops and different
fertilization histories, and thus different nutritional
needs, whereas the wastes have different nutrient con-
tents. The second source of complexity is the diversity
of factors that must be taken into account by the de-
cision-maker. The management integrates agronomic
rules. For example, some wastes can be applied to
some crops, while not to others. Long-term effects
like soil-borne diseases or soil organic matter content
should also be considered. Moreover, the application
plan must take into account the increasingly complex
environmental regulations, making it harder for
farmers to find suitable solutions. In France, depend-
ing upon the region, several regulations may impact
waste allocations. Themain examples includemethods
of calculating fertilization rates, distances from water-
ways and houses within which manure application
is prohibited, crop-specific periods during which
spreading is banned, banning of spreading during the
year following grassland ploughing and mandatory
planting of catch crops in winter. The waste allocation
plan is based not only on agronomic and environ-
mental rules, but also on many other factors. The
constraints on the system, like manure storage ca-
pacities, or machinery and labour availability play
a key role. Social aspects, like odour problems, may
also impact the decision. Economic aspects are
also involved, since waste allocations determine the

hauling costs of the wastes, and the cost of mineral
fertilizers.
However, most modelling studies on waste allo-

cation have assumed farmers to be rational profit
maximizers, and restrict the complexity of the de-
cision. Indeed, mathematical programming tech-
niques applied to agricultural decision problems
generally aim at improving the decisions taken from
an economic and/or environmental point of view. For
example, Giasson et al. (2002) proposed a model of
manure allocation to different fields. The model uses a
linear programming procedure, which aims at mini-
mizing economic objectives (costs of manure hauling
and application, cost of commercial fertilizers) as well
as environmental objectives (index of phosphorus
pollution risks). The whole-farm model FASSET
(Jacobsen et al. 1998) has a linear programming
module which generates management plans for the
whole farm, including animal production and crops.
Manure allocation is subject to fertilization constraints
for each field, as well as labour and machinery con-
straints. The optimization is based on whole-farm
profit. As far as decision support systems (DSSs) are
concerned, the Manure Application Planner (MAP)
software, described in Schmitt et al. (1997), helps
farmers design manure application plans. Hence, the
software can generate allocations that minimize the
costs of manure hauling and application and those of
commercial fertilizers, while meeting fertilization con-
straints for each field. As shown by Edwards-Jones
(2006), the assumption of perfect rationality has a
limited usefulness in the case of decisions subject to
factors other than financial ones. The decisions gen-
erated can be unrealistic and might not be adopted by
farmers.
The current paper presents Fumigene, a model

which aims at reproducing the decisions made by
farmers for waste allocation plans at the beginning of
every cultivation year. The model is intended to be
used in a wide range of contexts and is not limited to
strategies optimized in terms of economic returns or
environmental impact : a wide range of strategies can
be simulated. Therefore, the decision is simulated
considering a minimum set of constraints and a
general strategy, regardless of the motives leading to
this strategy. Simulating such a decision process
makes it possible to compare waste allocation plans
following different strategies. Future applications
include coupling Fumigene with environmental
evaluation tools, so as to compare the impacts of
the strategies tested. A DSS could also be derived.
The model is described in the first part of the paper.
An evaluation of the capacity of the model to
simulate allocations similar to farmer’s decisions is
presented in the second part. A case study comparing
the effect of different phosphorus management stra-
tegies on waste allocation is described in the third
part.
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MODEL DESCRIPTION

Overview

Fumigene translates a management strategy into
agricultural waste allocations, i.e. quantities of dif-
ferent wastes to be applied to different fields during
two periods of the year, for every simulated year
(Fig. 1). It generates waste allocation plans separately
for each year. Every year, the allocations generated
for the preceding years are used in determining ferti-
lization constraints. The allocations are made by a
linear programming procedure, considering field-
scale and farm-scale constraints. The objective of the
procedure is to select the waste allocation that best
suits the farmer’s strategy, while meeting constraints
at the farm and field scales. The main constraint taken
into account at the farm scale is that for each waste,
the whole quantity should be applied or exported to
another farm. At the field scale, the main constraints
taken into account are the practical constraints of
application and crop fertilization. For each field,
the linear programming procedure considers the
maximum quantities of nitrogen (N) and phosphorus
(P) that can be applied.
Fumigene includes a fertilization module which

calculates these amounts of N and P so as to match
crop requirements based on the yield potential speci-
fied by the user. This module needs a fertilization
history of each field. When performing simulations
for several years, the waste applications generated
every year can automatically be included into the
fertilization history for the subsequent years, if the
actual allocations are not available. The fertilization
module can be bypassed if the farmer’s fertilization
strategy is different from the calculation rules included

in the model. In this case, the maximum amounts of
N and P for each field are model inputs.
The year is divided into periods in order to take

into account the storage capacity constraints. There is
usually one critical point at the end of winter.
Farmers have to make sure they apply a sufficient
quantity in autumn, so as to avoid tank overflows at
the end of winter. In Fumigene, in order to represent
this constraint adequately, the year is divided into
two periods, the first being from August to the start of
the winter banned spreading period; the second from
the end of the banned period to July. The actual dates
of the banned period may vary according to local
regulations. The time of application within the broad
periods depends on the crop and the waste and can be
determined separately. It is not necessary to consider
more periods, because it would not impact the allo-
cation.
The waste management strategy is modelled as a set

of priorities associated with each field on the one
hand and with each (crop, waste, period) triad on the
other hand. These priorities are model inputs and
mainly reflect agronomic or economic aspects. For
example, the fields located far away should be as-
sociated with lower priorities, to account for hauling
costs. It should be noted that there is no general re-
lationship between distance and priority : 5 km might
be acceptable on a farm with widespread cropland,
whereas it might be too far on a farm with all fields
close to the operation. Variables like mean slope or
type of soil should also be taken into account.
Furthermore, a farmer might want to maintain
the organic matter content of all fields and therefore
assign the same priority to each field. Similarly,
the waste, crop and period priority values are set

Farm

structure
Fertilization

module

Optimization

module

Management

strategy

Yearly waste

allocation y - 2
y - 1

Year y

Farm-level

constraints

Field-level

constraints

Fig.1. Overview of the model Fumigene.
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according to agronomic rules and are also heavily
influenced by the preferences of the decision maker.
Because the priorities are set according to the factors
considered by the farmer, most management strat-
egies can be represented adequately, even those that
are not economically optimal. The approach was
chosen in order to be able to simulate the observed
variability in agricultural waste management.

The fertilization module

In accordance with the objectives of the model, the
fertilization module calculates an estimate of the re-
commended N and P fertilization rates for each field,
assuming average climatic conditions and yields.

Nitrogen

In waste allocation plans, N is the most important,
if not the only limiting nutrient considered. It
plays a key role in waste allocation. Therefore, the
results obtained by the fertilization module are in-
tended to be as close as possible to the calculations
made by farmers in France. According to local en-
vironmental regulations, the calculation must follow
the recommendations of Comité Français d’Etude
et de Développement de la Fertilisation Raisonnée
(COMIFER). Nitrogen fertilization is calculated
using a balance sheet method described in Remy &
Hebert (1977) and Machet et al. (1990). Basically, the
objective is to predict crop needs and soil supply,
considering an average climatic year. Recommended
N fertilization is calculated so that supplies match
crop requirements. The soil supply includes mineral
N content at the beginning of the season and miner-
alization of organic matter during the year. Several
mineralization fluxes are considered, stemming from
different organic matter pools. The different terms
are:

’ mineralization of the soil humus;
’ mineralization of the residues of the previous crop;
’ mineralization of the residues of the last grassland

ploughing;
’ mineralization of wastes applied during the pre-

vious years (i.e. the effect of fertilization history).

As the method is widely used in France, references
are available to estimate the different terms in differ-
ent contexts, for example in COMIFER (1996). The
method is designed to be readily usable with little
data. Mineralization of the wastes of previous years is
estimated using a table of reference values depending
on average frequency of waste application and type of
waste applied. However, different types of waste may
have been applied, with an irregular frequency, and
the automatic choice of the closest reference value
is not trivial. In Fumigene, the fertilization history
of each field is available and the calculation of
mineralization following a waste application is based

on an equation of ‘decay series ’ proposed by Pratt
et al. (1976). This is an exponential equation where
the mineralization rate varies for each year after the
application. As the parameters proposed for farm
yard manure (FYM) were not consistent with recent
experiments, the present work uses those of Morvan
et al. (2007). All the parameters used for this work are
given in Table 1. For a given year y, the effect of
the waste applications of previous years is the sum
of the N mineralizations as calculated by the decay
series. This system requires more data than the orig-
inal method, but is more flexible in the case of irreg-
ular waste applications.
Grasslands may receive N from grazing animals

(cows or heifers). The quantity of N excreted on
grazed fields is an input to the model and can be es-
timated according to daily excretion of N and time
spent in grazing. For the proportion of N available
for crop uptake during the year of excretion, a wide
range of values was found in different studies (for
example, Deenen & Middelkoop 1992; Decau et al.
2003). In Fumigene, this proportion was fixed at 0.15,
but can be changed by the model user. Thereafter,
excretion is treated as applied slurry.

Phosphorus

Concerns over P losses due to waste management are
more recent and till recently many farmers did not
try to limit excess P due to waste applications. The
mode of calculation presented here is a proposition
exploring how this could be done, for use in the ap-
plication of Fumigene comparing different scenarios.
Phosphorus is less mobile in soils than N, and it is
possible to balance fertilization over several years. It
was decided to constrain the running average of the
yearly field-scale P balance. Each year and for each

Table 1. Dynamics of the mineralization of the agri-
cultural wastes: the proportions of total N available for
crop uptake during the years after application. These
parameters were required only for the Derval simu-
lations, and are taken from Pratt et al. (1976) and

Morvan et al. (2007)

Year after
application

Farm yard
manure (FYM) Slurry

0 0.250 0.600
1 0.075 0.032
2 0.054 0.018
3 0.031 0.017
4 0.029 0.017
5 0.028 0.016
6 0.027 0.015
7 0.025 0.014
8 0.024 0.014
9 0.023 0.013
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field, P balance is calculated as the sum of the P in the
fertilizers (mineral and organic) minus P exported by
the crop. Phosphorus excreted by grazing animals is
added to the P applied during the year. Then, P applied
the following year is calculated so that the running
average over N years does not exceed a threshold:

PappYfNrPbalmax+PexYx
X

Nx1

i=1

PbalYxi

PappY Calculated P fertilization rate for yearY

N Number of years for the calculation

of the running average

Pbalmax Maximum value of the running

average of P balance

PexY Projected P exportation by the

crop during year Y

Pbali P balance observed during year i
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:

(1)

The number of years over which the running aver-
age is calculated is a parameter of the simulation,
which should reflect the average length of the crop
rotations. The limit of the running average (Pbalmax)
is a model input, specified for each field. This mode
of calculation is very flexible on a yearly basis. For
example, high P fertilization is allowed if a low ferti-
lization has occurred during the bygone years. How-
ever, in the long term, Pbalmax determines a trend in
the evolution of the soil P content. Pbalmax should be
positive for fields where the P-content is low: positive
balances are acceptable. In contrast, Pbalmax should
be negative in fields where the P-content is high and
thus should be reduced.
When this module is used, the N and P require-

ments, as calculated above, are passed on to the op-
timization module.

The optimization module

The optimization module generates the waste allo-
cation schedule for one year, using a mixed integer
linear programming method.

Variables

The variables to be optimized represent the quantity
of each waste applied to each field or exported during
each of the two periods of the year. The quantity of
waste w to be applied to field f during period p (in t or
m3/ha) is denoted by

Xw, f, p:

The quantity of waste w to export during period p is
denoted by

Ew, p:

Some auxiliary variables are needed to express some
constraints. The Boolean variable indicating whether

or not waste w is applied on field f during period p is
denoted by

Bw, f, p:

The number of wastes and of fields is denoted re-
spectively as

NW and NF:

Farm-level constraints

For each waste, the total quantity to be spread or
exported should match the quantity expected to be
produced during the year. The quantity is an input of
the model. It can be estimated by the user, with the
methods commonly used in waste allocation plans,
i.e. either considering the average of the quantities
produced during the previous years or according to
the projected feeding plan and quantities of straw for
bedding and to the properties of the waste storage
units, assuming an average climatic year if rain is
added.

8w 2 1,NW½ �:

X

NF

f=1

X

2

p=1

Xw, f, prAreaf
� �

+

X

2

p=1

Ew, p=Qw

Areaf is the area of field f where

spreading is allowed

Qw is the projected total quantity

of waste w
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(2)

Capacity to store the wastes is often limited;
therefore, it may be necessary to dispose off at least a
certain quantity of each waste during each of the two
periods. For instance, if the slurry storage capacity is
equivalent to 9 months of production, the decision
maker may want to spread at least 0.25 of the slurry
during the autumn and at least 0.25 during the spring
period. Spreading all the slurry in autumn, or in
spring, is not a feasible solution.

8w 2 1,NW½ � and 8p 2 1, 2½ �:

X

Nf

f=1

Xw, f, prAreaf
� �

+Ew, poMinPropw, prQw

MinPropw, p is the minimum proportion of

waste w that should be

disposed off during period p

8

>

<

>

:

(3)

For each waste, the quantity exported can be lim-
ited by both a maximum and a minimum. The maxi-
mum is the quantity of waste that the cropland can
receive. In some cases, the producer may be bound
by contract to provide a certain quantity of waste to
the receiver. This is why the minimum constraint is
included in the model.
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8w 2 1,NW½ � and 8p 2 1, 2½ �:

Ew, poMinExpw, p

Ew, pfMaxExpw, p

(

MinExpw, p is the minimum quantity of waste

w to export during period p

MaxExpw, p is the maximum quantity of waste

w to export during period p
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>
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>

>

>

:

(4)

Field-level constraints

The quantities spread on each field are dependent on
the crop needs. The maximum quantities of N and P
that can be spread on each field are determined by the
fertilization module or specified by the user. Because
the quantity and availability of N and P in agricul-
tural wastes are not precisely known, the decision
maker may not wish to satisfy the crop needs with
organic fertilizers alone. Farmers often choose to
keep mineral fertilizers for a part of the crop needs.
Therefore, a maximum proportion of the N and P
needs can be fixed for the total organic fertilizers
(Eqn 5) and for each type of waste (Eqn 6).
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Ncw is the nitrogen content of waste w

Pcw is the phosphorus content

of waste w

Navw is the availability of nitrogen

in waste w

MaxNf is the maximum nitrogen

fertilization rate (in kg N=Ha)

on field f

MaxPf is the maximum phosphorus

fertilization rate (in kg P=Ha)

on field f

MaxPropOrgc is the maximum proportion of
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(5)

8f 2 [1,NF] and 8w 2 [1,NW]:

X

2

p=1

Xw, f, prNcwrNavw
� �

fMaxNfrMaxPropc,w

X

2

p=1

Xw, f, prPcw
� �

fMaxPfrMaxPropc,w
(6)

MaxPropOrgc,w is the maximum proportion of

waste w in the fertilization of

crop c, grown on field f

8

<

:

The quantities of each waste spread on a field (in
tonnes or m3/ha) are limited by practical constraints.
Spreaders cannot apply very small quantities and,
even if they could, farmers would not do so.
Typically, these quantities would be around 15 t/ha
for solid wastes, and 20 m3/ha for liquid wastes. In
Fumigene, a minimum application rate is specified for
each waste. Conversely, very high rates are not poss-
ible either, for example because of risks of surface
runoff for slurry. A maximum application rate is
specified for each waste. The typical values of this
parameter are 40 t/ha for solid wastes, and 60 m3/ha
for liquid wastes. For some crops, it is possible to
make several applications during one period. Thus,
the maximum quantity that can be spread during a
period is the maximum quantity per application
multiplied by the maximum number of applications.

8f 2 [1,NF] and 8w 2 [1,NW] and 8p 2 [1, 2]:

Xw, f, pfMaxARwrMaxNAw, c, prBw, f, p

Xw, f, poMinARwrBw, f, p

MaxNAw, c, p is the maximum number of

applications of waste w on crop c

(grown on field f ) during period p

MaxARw is the maximum application rate

of waste w

MinARw is the minimum application rate

of waste w
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(7)

The model does not account for the limitations due to
nutrients other than N and P (zinc or copper for ex-
ample). If a waste has a high content of say copper,
Eqn (7) can be used to limit the quantity spread. It is
not possible to recalculate this quantity for each field,
based on the crop needs and the soil status, as for N
and P.

Objective function

The objective function is calculated according to the
set of priorities defining the farmer’s strategy. A pri-
ority value (between 0 and 1) is assigned to each field.
This value indicates the degree of acceptability of a
waste application on this field. Similarly, a priority
value (between 0 and 1) is assigned to each (crop,
waste, period) triad. Each year, since the land use is
known, it is possible to obtain a priority value for
each (field, waste, period) triad by multiplying the
field and (crop, waste, period) priorities.
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8f 2 [1,NF] and 8w 2 [1,NW] and 8p 2 [1, 2]:

Pw, f, p=PfrPw, c, p

Pw, f, p is the priority associated with the

application of waste w on field f

during period p

Pf is the priority associated with the

application of wastes on field f

c is the index of the crop on field f

Pw, c, p is the priority associated with the

application of waste w on a field with

crop c during period p
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(8)

The solution to the linear programming problem
should maximize the degree of accordance with this
set of priorities, i.e. maximize the priority at which
each unit (t or m3) of waste is applied. The objective
function is given by the following:

F=
X

NW

w=1

X

NF

f=1

X

2

p=1

Xw, f, prAreaf
� �

rPw, f, p

� �

(9)

Flexibility

The field-level constraints (Eqns 5–7) should be ap-
plied with flexibility, i.e. when no other solution is
feasible, it should be possible to apply slightly more
waste than is otherwise acceptable. To express this
flexibility in mathematical terms, some auxiliary
variables were introduced in the model. For each
Xw, f, p, a variable called: xw, f,p

exc is created and rep-
resents the ‘excess’ application rate. The flexibility is
limited, so as not to obtain extremely high application
rates for some fields. The parameterWtol indicates the
tolerance placed on the constraints. For example,
Wtol=1.1 means that on each field, the maximum
amount of N and P applied (or the maximum appli-
cation rate of each waste) can be exceeded by 10%.
To do this, Eqns (5)–(7) are duplicated. The new

equations are applied to the sum X+X exc (instead of
X alone), and the right-hand side terms are modified
according to Wtol. The priorities associated with the
X exc variables are negative, ensuring that they will be
used only if no other solution is feasible.

8f 2 [1,NF] and 8w 2 [1,NW] and 8p 2 [1, 2]:

Pexc
w, f, p=Pw, f, px1:

Implementation

The model was implemented as a stand-alone C++
program. Inputs and outputs are made through
standard text files. The resolution of the mixed integer
programming problem is made by the library version

of the solver ‘ lp_solve ’ (Berkelaar et al. 2005). This
solver includes a simplex algorithm for the resolution
of linear programming problems and a branch-
and-bound algorithm for the resolution of integer
programming models.

MODEL EVALUATION

The model was applied to two French farms to check
whether the incorporation of global management
rules into the linear programming problem led to
manure allocations consistent with the observed ones.
The first case study is the Quintenic school farm, a
dairy, beef and pig farm located in Côtes d’Armor.
The objective of this application was to test the opti-
mization module in a complex case, with several types
of wastes and a high N load. The second case is the
Derval farm, an experimental farm managed by the
Chambre d’Agriculture Pays de Loire. The objective
was to test the model in a simpler situation, but with
calculated fertilization rates.
In the rest of the current paper, the years specified

for the waste allocation plans are those of harvest.
For example, the waste allocation plan for 2006 refers
to the plan for the cultivation year 2005/06.

Description of the cases

The Quintenic farm is a dairy, beef and pig farm
located in Britanny. It is in an NVZ, thus, since 2002,
it is mandatory for the farm managers to design a
waste allocation plan every year. The plans made
between 2003 and 2006 were collected and used for
the evaluation of Fumigene.
The farm produces an average of 270 000 litres

milk, 54 young bulls and 2200 pigs (with 100 sows)
per year. The total agricultural area of the farm is
70 ha. It comprises 18 ha of grassland, 29 of maize,
17.5 of wheat, 4 of rape and 1.5 of fallow land.
Several types of animal wastes are produced on the
farm. This includes FYM from dairy cows and sows
as well as slurry from pigs, beef and dairy cattle.
Because the organic N load on the farm is higher than
required, a slurry treatment system was built in 2003.
In 2003, half of the pig slurry was treated and since
2005 all the pig slurry is treated. After decantation of
the resultant of the treatment, two products can be
isolated: sludge and supernatant. These products can
be spread on the crops separately, but it is also poss-
ible to mix them before application. In this case, the
product applied is called treated pig slurry. The model
inputs related to the wastes are given in Tables 2 and
3. During the period studied, the management of an-
imal wastes was changed. There was no pig slurry
after 2005, it being replaced by a combination of
sludge (starting from 2004) and supernatant (starting
from 2005).
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A general waste management strategy was deter-
mined during an interview with the person in charge
of the crops on the farm. Observation of the waste
allocation plans showed that the strategy could be
slightly different every year. Furthermore, as men-
tioned before, the types of waste to be spread change
every year. As a result, the strategy used in the simu-
lations was partly determined according to the ob-
served allocation plans.
All fields are close to the farm, and the manager’s

strategy is to distribute the animal wastes on the whole
area (in the long term) in order to maintain the soil

organic matter content. Therefore, all fields were
considered to have a priority of 1.0. The priorities
associated with each (crop, waste, period) triad are
given in Table 4. Maize fields are fertilized only with
organic N. The entire amount of FYM is applied to
maize fields in spring (priority=1.0). Bovine slurry
(priority=0.9), treated pig slurry (0.8) or (untreated)
pig slurry (0.6) are also applied in spring to complete
the N needs of maize. Wheat fields receive all the
sludge in autumn (priority=1.0) and some pig slurry
(0.9) can be applied in spring. The N needs are then
covered by mineral fertilizers, which is beyond the
scope of this model. Grasslands may receive any li-
quid waste: cattle slurry, pig slurry, treated pig slurry
or supernatant, either in autumn or spring, with
priorities varying between 0.5 and 1.0 (except for
treated pig slurry in autumn).
The storage constraints were taken into account for

cattle and pig slurry. For cattle slurry, the constraint
imposed was that at least 0.15 be applied during the
late summer–autumn period and at least 0.15 during
the winter–spring period. As far as pig slurry is con-
cerned, the situation is more complicated because
several types of waste are actually in single storage:
treated pig slurry, sludge and supernatant. As sludge
should mainly be applied on wheat fields in autumn,
the minimum proportion applied in autumn was set
to 0.80. Conversely, at least half of the treated pig
slurry and of the supernatant must be spread in
spring. The maximum numbers of applications are
given in Table 5.
The Derval experimental farm is a dairy farm

located in the Pays de Loire region. The waste allo-
cation plans were available for years 2003, 2004 and

Table 2. Quantities, N and P contents of the wastes for each simulated year on the Quintenic and Derval farms.
The values are taken from the waste allocation plans designed by the farm managers

Farm Waste Amount and composition 1995–2002 2002–03 2003–04 2004–05 2005–06

Quintenic FYM Quantity (t) 257 250 197 224
N content (kg/t) 5.5 6.1 8.18 6.7

Cattle slurry Quantity (m3) 1533 1595 1571 1580
N content (kg/m3) 2.3 2.25 2.18 2.36

Pig slurry Quantity (m3) 1450 238
N content (kg/m3) 3.3 3.5

Treated pig slurry Quantity (m3) 743 1214 661 604
N content (kg/m3) 1 0.9 1.2 1.36

Sludge Quantity (m3) 288 354 349
N content (kg/m3) 2.7 2 2

Supernatant Quantity (m3) 771 754
N content (kg/m3) 0.3 0.3

Derval FYM Quantity (t) 200 128 203 200
N content (kg/t) 5.5 5.5 5.5 5.5
P content (kg P2O5/t) 2.3 2.3 2.3 2.3

Slurry Quantity (m3) 1950 2002 1986 1909
N content (kg/m3) 2.6 2.6 2.6 2.6
P content (kg P2O5/t) 1.2 1.2 1.2 1.2

Table 3. Parameters for the different wastes in the two
farms: minimum and maximum application rates, as
imposed by machinery constraints, and proportion of
total N available for crop uptake during the year of the

application

Farm Waste

Minimum
application
rate (t or
m3/ha)

Maximum
application
rate (t or
m3/ha)

N
availability
coefficient

Quintenic FYM 15 40 0.25
Cattle slurry 20 40 0.50
Pig slurry 20 40 0.60
Treated
pig slurry

30 60 0.25

Sludge 15 40 0.25
Supernatant 25 50 0.10

Derval FYM 20 40 0.25
Slurry 25 55 0.60
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2005. The recorded crop rotations on each field since
1995 were also used.
The farm has 80 dairy cows plus 80 heifers and

calves. The total farm area is 100 ha, comprising
55 ha of grasslands, 30 ha of maize, 10 ha of wheat
and 5 ha of fallow land. Two types of wastes are
produced: FYM and slurry; the model inputs de-
scribing them can be found in Tables 2 and 3.
FYM is spread preferably on maize fields. The

application rate is about 30 t/ha. The maize fields
which do not receive FYM are fertilized with 50 m3/
ha of slurry. Slurry is also applied on grasslands. On
maize, all applications are made during spring, while
slurry can be applied to grassland either in autumn
(more favourable for poorly drained fields) or in
spring/end of winter. This strategy was translated into
a set of priorities usable by Fumigene (Table 6). Four
fields in permanent grassland are intensely used for
grazing. No waste applications are made on these
8.6 ha of fields. The priority of these fields was
thus set to 0. There is no particular restriction on
the application of wastes to the other fields, whose

priorities were set to 1.0. The maximum number of
applications was always 1, except for FYM on wheat
during period 2 (end of winter–spring), which is im-
possible.

Simulations design

Simulations were performed for each site, using
common information for every year wherever poss-
ible. In the observed allocation plans, the predicted
quantities of waste are different every year, because
they depend on the stock variations. Nutrient con-
tents of the wastes are adjusted every year, depending
on tests performed during the previous year. Also, in
the Quintenic case, the quantities of pig slurry treated
increased between 2003 and 2006. Therefore, the
quantities and nutrient contents of the agricultural
wastes were specified for each year. Every year, some
fields can be split into several parts or reunited.
Fumigene is not able to represent this kind of man-
agement: the fields must be the same every year. The
fields used in the simulations were the smallest

Table 4. Coefficients of priority (between 0 and 1) for each potential waste application in the Quintenic simu-
lations, as established according to the manager’s waste management strategy

Period Crop FYM
Cattle
Slurry

Pig
slurry

Treated
pig slurry Sludge Supernatant

1 (Aug–Dec) Grasslands 0.2 0.7 0.8 0 0 1
Maize 0 0 0 0 0 0
Wheat 0 0 0 0 1 0
Rape 0 1 0 0 0 0.4
Set aside 0 0 0 0 0 0

2 (Jan–Jul) Grasslands 0 0.8 0.5 0.8 0.1 1
Maize 1 0.9 0.6 0.8 0 0.4
Wheat 0 0 0.9 0 0 0
Rape 0 0.1 0 0 0 0
Set aside 0 0 0 0 0 0

Table 5. Maximum number of applications of each waste on each crop during each period in the Quintenic
simulations, as established by the farm manager

Period Crop FYM
Cattle
Slurry

Pig
slurry

Treated
pig slurry Sludge Supernatant

1 (Aug–Dec) Grasslands 1 2 2 1 1 1
Maize 1 1 1 0 0 0
Wheat 1 0 0 0 1 0
Rape 1 2 2 1 0 1
Set aside 1 0 0 0 0 0

2 (Jan–Jul) Grasslands 0 2 2 1 1 1
Maize 1 2 2 1 0 1
Wheat 0 2 2 1 0 0
Rape 0 1 1 1 0 0
Set aside 0 0 0 0 0 0
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observed subdivisions during the period. The crops
on these fields were those observed.
In the Quintenic case, the waste allocation plans

included an N fertilization rate (calculated with the N
balance sheet method). This rate was used as the
maximum quantity of N to spread on each field. In
the Derval case, the N fertilization rate for each field
was not known. Hence, these rates were calculated by
the fertilization module of Fumigene. This module
uses the fertilization history of each field, which was
not available. As a result, simulations were performed
starting from 1995 onwards, with the observed crop
rotations on each field. The results of years 1995–2002
were discarded in the evaluation of Fumigene, since
no observed data was available. However, simulating
manure allocation for these years made it possible to
have a consistent organic fertilization history for each
field for years 2003–05.
The fertilization module was parameterized so as to

represent the conditions of Derval, using local refer-
ences and farm records. The quantities of N and P
excreted each year on the whole grazing area were
taken to be 4284 kg of N and 1147 kg of P2O5 for
dairy cows, and 2494 kg of N and 594 kg of P2O5 for
heifers. These nutrients were considered to be evenly
distributed over the whole grazing area, even though
some fields are used only for grazing and others are
used for cutting and grazing.
In both the cases, P-related constraints were not

used, because the managers did not take them into
account directly when allocating organic fertilizers.

Results

Fumigene aims to reproduce manure allocation de-
cisions taken by farmers. In most systems, there are
alternative options on a yearly basis. Each year, the
model may choose a slightly different solution than
the decision maker, yet leading to similar results over
a period of several years. For example, consider two
maize fields A and B. It is possible, for instance, to

spread manure on field A in even years and on field B
in odd years, or vice versa. These two solutions are
different mathematically, but are equivalent agrono-
mically. Therefore, evaluation of the model is not
based on direct comparison of observed and simu-
lated manure allocations for each field and each year.
It is based on the degree of accordance of the simu-
lated allocation with the manager’s strategy.
Comparison of observed and simulated manure allo-
cations is made using several key criteria such as the
area of each crop fertilized with each type of waste
applied. Furthermore, the results were discussed with
the decision-makers, in order to assess the appli-
cability of manure allocations generated by the model
and determine the causes of divergence between ob-
served and simulated allocations.
In both the cases, over the periods studied, the de-

cisions generated by the model are in accordance with
the strategy used by the manager. Overall, the allo-
cation of wastes to crops is the same in the observed
and simulated plans. For each waste, the differences
between observed and simulated allocations are small
compared to the total quantity. At Quintenic, for
each crop, the proportion of the N requirements
covered by organic fertilizers is similar in the ob-
served and simulated waste allocations (Fig. 2).
Maize is fertilized only with organic fertilizers : it has
a high priority for FYM and cattle slurry and thus
these wastes are spread on maize until it is saturated.
The fertilization level of rape is also correctly simu-
lated, thanks to the seasonal constraints. This analy-
sis could not be performed in the Derval case, since
the recommended fertilization rates were not included
in the observed waste allocation plans.
Although the total quantities allocated over the

periods studied are correct, some errors appear when
analysing the results year by year. For example, at
Quintenic (Fig. 3), the application of treated pig
slurry to maize was widely over-estimated in 2003 and
under-estimated in 2004 and 2005. At Derval (Fig. 4),
too much slurry is allocated to grasslands by the
model in 2003 and 2004. Conversely, in 2005, too
much slurry is applied to maize fields. The quantities
misallocated are between 150 and 300 m3, while the
total yearly quantity of slurry produced is, on aver-
age, 1966 m3.
In the model, when an application on one field is

decided, the application rate is as high as possible,
considering the constraints of the problem. The gen-
eral behaviour of the model is inherent in linear
programming. As a result, the allocation of small
quantities, as those observed at Quintenic (Fig. 3), for
example, of sludge to maize or of treated pig slurry to
wheat, are not correctly simulated. The wastes are
applied, as much as possible, on the crop with the
highest priority. Even when the total quantity of a
waste allocated to a crop is correctly simulated, the
area of application and the application rate can be

Table 6. Coefficients of priority (between 0 and 1) for
each potential waste application in the Derval simula-
tions, as established according to the manager’s waste

management strategy

Period Crop FYM Slurry

1 (Aug–Dec) Grassland 0.1 1
Maize 0.3 0.2
Wheat 0.1 0.15
Set aside 0.1 0.1

2 (Jan–Jul) Grassland 0.4 1
Maize 1 1
Wheat 0 0.2
Set aside 0.1 0.1
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slightly different between the observed and simulated
allocations. For example, for sludge applications to
wheat at Quintenic (Fig. 5), the average application
rate (on fields where an application is made) is higher
in the simulated allocation, while the area fertilized is
lower. Indeed, one objective of the decision maker is
to maintain the organic matter content of all fields.
Sludge is distributed evenly between all the wheat
fields, while in the simulated allocation some fields
do not receive sludge. Interestingly, for FYM appli-
cations to maize, the average application rate is lower
in the simulated allocation, while the area fertilized
is higher. In the observed allocation, the fields with
a rotation of crops and grasslands are never fertilized
with FYM, but may receive slurry. In the model, all
fields are considered to have a specific priority (Pf, see
Eqn 8) of 1.0, because this value does not depend on
the waste. At Derval (Fig. 6), on average during the 3
years, the simulated application rates of slurry to
grasslands and FYM to maize are close to the ob-
served ones. Slurry is applied to maize at an appli-
cation rate of 44 m3/ha in the simulated plan,
compared to 50 m3/ha in the observed one. Year by
year, the errors are always lower than 15 m3/ha, and
seldom exceed 10 m3/ha. The distribution between the
two periods of the year was not investigated, as it was
not known for all the observed allocation plans.
The main causes of error are given in the discussion

of the current paper. Globally, the results of the
evaluation show that the model can successfully re-
produce the decisions taken by farm managers in two

very different situations. Fumigene can thus be used
in studying the potential impact of a change in strat-
egy or in the constraints.

APPLICATION : IMPACT OF
DIFFERENT PHOSPHORUS
FERTILIZATION RULES

The model Fumigene was used to study the impact of
different P fertilization strategies on the allocation of
agricultural wastes. In past decades, soil P content in
the western part of France has been rising steadily
(Bretagne Environnement 2003). Concerns over the
environmental impact of P are growing and a specific
regulation might be created. In the current study, P
constraints are introduced at the field scale, with two
modes of calculation. The potential impact on waste
allocation at the farm scale is studied.

Simulations design

The application is based on the Derval case, described
in the previous section, and the waste management
strategy is the same across the different simulations.
Three different rules were tested for the P constraints.
In the first simulation (A), the P constraints were not
taken into account when allocating agricultural
wastes. This simulation is equivalent to the one shown
in the evaluation of the model. In the second simu-
lation (B), P fertilization had to be balanced over a
5-year period. Each year, P needs were calculated by
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Fig. 2. Comparison of nitrogen fertilization through animal wastes in the observed ( ) and simulated ( ) waste allocations
to nitrogen needs (&), as an average on the whole area of each crop during the four years simulated in the Quintenic case.
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the fertilization module of Fumigene, so that the
running average of the P balance does not exceed 0 for
each field. In a third simulation (C), P fertilization
could not exceed the expected P exports of the crop
for each planned year. It was permitted to export
some wastes to another farm, if no other solution was
possible.

Results

The simulations show that integration of P con-
straints in the decision alters the waste allocations
generated (Fig. 7). Considering the P constraints as a
running average over 5 years caused small changes in

the waste allocation plan. As a total over 3 years, in
simulation B, less slurry was applied to maize and
grasslands. Instead, it was applied to wheat, which
did not receive any waste in simulation A. Balancing
P fertilization every year (simulation C) caused bigger
changes. More slurry was transferred from grasslands
to wheat. FYM could no longer be applied to maize,
leaving enough room for slurry applications. Instead,
FYM was partly applied to wheat, and the remainder
had to be exported. The allocation would be imposs-
ible without this option.
The reduction of the total quantities of slurry allo-

cated to maize and grasslands was mainly caused by a
reduction in the application rates (Fig. 8). In the case
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of slurry on grasslands, reduction in the application
rate was partly compensated for by an increase in the
area fertilized in simulation B, which was not possible
in simulation C. The fields grazed by dairy cows can
receive low amounts of P. These amounts are lower
than the quantity supplied by an application of 25 m3/
ha of slurry, which was the minimum allowed. In
simulation B, it is possible to apply slurry on these
fields to compensate for negative balances during the
previous years. This is not permitted in simulation C,
so no application is possible on the fields grazed by
dairy cows. Therefore, part of the waste had to be

exported in this simulation. The absence of FYM ap-
plications on maize made it possible to spread slurry
on a wider area, but with a lower application rate.
It should be noted that FYM was exported rather

than slurry, because FYM has a higher P content.
Exporting 1 t of FYM or 1 m3 of slurry, instead of
spreading it on maize, impairs equally the objective
function of the model, but a given P surplus can be
obtained by exporting less FYM than slurry. Hence,
the waste allocation in which FYM is exported (rather
than slurry) gives a better objective function and is
selected by the model. A farmer might prefer to keep
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applying FYM to maize and transfer more slurry to
wheat or to export it.

DISCUSSION

Rationality of the decision maker

Given the complexity of the decision process, the de-
sign of waste allocation plans should be modelled
using the principle of bounded rationality, which is
more in accordance with farmers’ decision processes
(Attonaty et al. 1999; Edwards-Jones 2006). Never-
theless, perfect rationality is an assumption often
found in decision models using mathematical pro-
gramming. Models based on economic and/or en-
vironmental optimization may generate decisions that
are unacceptable to the decision maker. Farmers’
strategies may not be optimal in economical terms
(Schmitt et al. 1997) and farmers may base their de-
cisions on factors not included in the models.
The approach presented in the current study fo-

cussed on reproducing the decisions taken by a farmer.
In Fumigene, the factors taken into account by the
decisionmaker are not explicitly represented. The user
generates a set of priorities which reflect the con-
straints and opportunities of the modelled farm. The

strength of the model is its ability to represent a wide
range of strategies. On the other hand, Fumigene
does not directly propose improved decisions (on a
given economic or environmental criterion).

Relevance of the decisions generated

The Quintenic and Derval simulations have shown
that the waste allocations generated by the model
were similar to the observed ones. Each year, different
waste allocations are possible. The objective of the
model is not necessarily to make the same decision as
the farmer, but to generate a waste allocation that is
in accordance with the farmer’s strategy. In both the
evaluation cases, the allocations made by the model
were found to be relevant, in general. Referring to the
decision makers, Fumigene generated acceptable de-
cisions in the different situations tested. This showed
that the model takes into account the main factors
considered when compiling a waste allocation plan.
On a year by year basis, differences can arise and
several causes of divergence were identified during
discussion of the results with the decision makers.
At Quintenic and Derval, the manure allocation

plans are designed in winter. The applications made
during the preceding autumn are directly integrated,
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so a part of the specific conditions of the year are
known. For example, if limited autumn applications
could be made because of bad weather conditions,
the manure allocation plan will propose more spring
applications. On the other hand, Fumigene is in-
tended to be applied without any knowledge of con-
ditions during the year. Bad weather conditions in
autumn are thus not integrated into the model’s de-
cision. This explains part of the divergence between
the observed and simulated allocations. Furthermore,
at Quintenic, the treatment installation was built in
2003. Management of its products had to be devised
and the strategy evolved between 2003 and 2006.
The objective of the simulations was to have one
management strategy applicable for every year. The
average strategy does not perfectly suit every year
of the transition period observed at Quintenic. The
differences between the observed and modelled allo-
cations can be explained by changes in the manage-
ment strategy. Most farms have stable waste
management and this problem does not apply to
them.
On the other hand, a few limitations to the model

appeared during the simulations. Some elements of
the strategies observed could not be represented in the
model, like the distribution of one type of waste
among different fields with the same crop and similar
priorities. This problem is closely connected with the
management of organic matter content in soils.
Fumigene does not take into account this factor ex-
plicitly, whereas farmers may consider it when plan-
ning the application of wastes, especially for slow
mineralizing wastes like FYM. Different strategies are
possible. The decision maker may choose to distribute
the waste on the smallest area possible, achieving
the whole N needs with the organic fertilizer. On the
contrary, another possibility is to distribute the waste
evenly over the whole area. The former is easier
practically, while the latter is better agronomically
and environmentally. Observed strategies are usually
a mix of these possibilities. With the linear program-
ming model presented, it is not possible to distribute
a waste evenly on the fields for a given crop. In the
solution chosen by the model, each application is
made at the maximum rate possible, considering the
constraints. A possible solution to overcome this
limitation would be to assign to each field a priority
decreasing with the quantities of wastes applied.
However, this would break the linearity of the model
and another mathematical programming technique
would be required. Distribution of wastes across the
area can also be considered over several years. Some
types of waste mineralize slowly and it may not be
desirable to apply these wastes to the same fields every
year. Since Fumigene operates on a yearly basis, re-
using information from the past years, this type of
decision rule could be included. For example, the
application of a waste could cause a reduction in

the priority factor of the field, for a given period of
time.
Setting only one priority value per field could be

viewed as a limitation too, because one might want to
have, for each field, one priority associated with each
waste or with each season. With a priority value per
(field, waste) couple, it would be possible to represent
complex cases. For example, a farm with different
sites (e.g. a main site for dairy cows and a remote site
for heifers) will preferably spread each waste on fields
close to its production site. A priority value per (field,
period) combination would make it possible to rep-
resent cases like Derval better, where the poorly
drained fields are preferentially chosen for autumn
applications.

Model applications

In the case presented, the objective of balanced P
fertilization for each field over 5 years (simulation B)
led to a reduction in the waste application rates and to
an alteration of the waste allocation plan. Balancing
P fertilization for each year (simulation C) led to
further reductions in the application rates. Designing
a waste application plan was not possible without
exporting part of the waste. In a general way, in-
tegrating P constraints in manure allocation would
not impact all farms the same way. The P/N ratio is
generally higher in animal wastes, especially pig slur-
ry, than in plant requirements and it is likely that P
constraints would lead to reductions in the appli-
cation rates compared with those calculated for N
alone. As a result, designing a waste application plan
would become more complicated, or even impossible,
as illustrated by the Derval case. Balancing P ferti-
lization over 5 years seems to be more adapted to the
dynamics of P in soils. When balancing it every year,
it is hardly possible to maintain the soil P content,
even for fields where it is low. However, to balance
fertilization over 5 years, it is necessary to keep track
of the yields and fertilization of each field. This rule is
thus more complicated to apply than balancing ferti-
lization every year.
The example of application proposed in the current

paper shows that Fumigene can be used as a research
model to study the potential effect of a change in the
constraints of a system or in environmental regu-
lations. The potential effect of changes in regulations
is not trivial, particularly for those which are appli-
cable at the field scale, because they have conse-
quences at the whole farm scale. Fumigene takes into
account field-scale constraints and evaluates the
emerging properties of the modelled system: the farm
is not merely a set of fields. Furthermore, because
Fumigene simulates the decision processes of the
farmers, it is able to generate realistic management
scenarios. Limiting the quantity of P applied to each
field was investigated in the current paper. Another
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example is increasing the distance to waterways
within which applying manure is not allowed. How
will farmers deal with the wastes that cannot be
applied to the fields concerned? Although every
farmer has his/her management strategy, general
behaviour can be identified and simulated with
Fumigene. The model makes it possible to identify
potential adaptations made by farmers to a change in
the constraints they are subjected to.
When dealing with environmental regulations, it is

important to study the potential impacts of the waste
allocation. Fumigene was primarily conceived to be
coupled with environmental evaluation tools. Within
a whole farm model, it can generate realistic de-
cisions, which can then be applied to a biotechnical
system simulating the nutrient fluxes and losses. This
system ensures the consistency of waste allocation at
the farm scale even in long-term simulations, where
each field has its own trajectory in terms of crops and
organic fertilization. Having standard fertilization
practices for each crop is not a realistic option and it
is not possible for the user to specify completely the
management of each field over decades.
Because of the fast evolution of farming systems,

farmers may be interested in a DSS based on
Fumigene. The interactive use of Fumigene by
farmers could help them adapt their system to new
regulations. For example, taking into account P con-
straints can lead to non-feasible waste allocations.
Changing land use on the farm can be a solution to
overcome this. Fumigene can help in the selection of
new land use, by telling quickly whether a proposition
made by the user is suitable or not. Other potential
applications of a DSS include assisting farmers dur-
ing changes to part of their system, such as managing
new wastes after building a new cowshed, or in-
troducing energy crops. Thanks to a tool like
Fumigene, farmers would visualize quickly the con-
sequences of these changes on waste management.
Finally, Fumigene could also be used to automati-
cally design waste allocation plans, particularly on

large farms and on those where the organic waste
load is high. Establishing the priorities can take some
time, but it only has to be done once. Fumigene could
meet the need for more interactive DSS for manure
management, taking into account user-defined cri-
teria and preferences, identified by Karmakar et al.
(2007).

CONCLUSION

Fumigene is a robust model for generation of waste
allocation plans. It was designed to be integrated into
a whole farm model evaluating the environmental
impact of production strategies. The goal is to evalu-
ate the consequences of realistic allocations, following
a given strategy. Therefore, Fumigene aims to repro-
duce the decisions of farmers, rather than improve
these decisions. To do this, a strategy is modelled as a
set of priorities. These priorities are set by the user,
and represent the constraints and opportunities of the
system simulated. Although it uses linear program-
ming, Fumigene is based on the principle of bounded
rationality, and is in accordance with the decision-
making processes of farmers. Fumigene can be used
for studying the potential effects of a change in waste
management strategy or in the environmental regu-
lations that impact waste allocations.
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EXTENDED ABSTRACT  

In France, nutrient losses from farming systems 

are a source of concern for water and air quality. 

Due to this pressure, the production systems are 

quickly evolving. However, it is not clear which 

practises are best for the environment and should 

be favoured. The model MELODIE aims to 

evaluate the environmental impact of production 

strategies in integrated dairy, swine and crop 

farms. It is intended for use in research, not as a 

decision support system for farm management. 

MELODIE dynamically simulates the flows of 

carbon, nitrogen, phosphorus, potassium, copper, 

zinc and water within the whole farm and over the 

long-term. It consists in a biophysical module 

interacting with a decision module. The 

biophysical module simulates the nutrient flows at 

a daily time step. It includes interconnected sub-

models which simulate soil/crop, animal and 

manure processes. Wherever possible, existing 

sub-models were used, and specific modules were 

developed when necessary. The decision module 

includes a planning sub-model and an operational 

management sub-model. The planning sub-model 

is used annually to translate general objectives 

and constraints into a crop allocation and a 

manure allocation, which are translated into an 

activity plan for the year. This plan is applied by 

the operational management sub-model. Every 

day, the nutrient flows are calculated by the 

biotechnical system, and the activity plan is 

examined, for context-dependent application: the 

operations scheduled are executed only when the 

conditions are suitable. The plans may also be 

modified. For example, if a waste application has 

not been possible, the subsequent applications 

should be made at a higher application rate. 

The planning module ensures the consistency 

between the expected animal feeding and the crops. 

Since the plan established is applied in a context-

dependent way, MELODIE copes with the variability 

of climatic years. Therefore, thanks to the 

interactions between the biotechnical system and 

the decision system at different time scales, 

MELODIE is able to run consistently under different 

long-term climate series. 

MELODIE upscales models developed at the field or 

animal scale and on short-term periods, by 

considering the management of the whole farm 

system. The goal is to study the emerging 

properties of the system: because of the interactions 

between the different parts of the farm, and the 

tradeoffs between different economic and/or 

environmental objectives, the environmental impact 

of a farming system may be different from what 

was inferred at lower scales. 

Because the nutrient flows within the farm are 

dynamically simulated, it is possible to study both 

the spatial and temporal heterogeneity of the 

environmental risks. However, because of the 

quantity of data generated by the model, new 

challenges arise. In experimental studies, it is not 

possible to obtain such a quantity of data. It is thus 

necessary to develop new environmental indicators, 

adapted to this context. 

As a conclusion, thanks to the association of a 

biotechnical model and a decision model, MELODIE 

enables one to perform multi-criteria evaluations of 

the impact of production strategies. It is a 

framework for virtual experimentation on animal 

farming systems, and could be extended to deal 

with other issues than nutrient flows. 
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1. INTRODUCTION 

In regions of intensive pig and dairy farming, 

water quality can be threatened by nutrient losses 

from these farming systems. Other risks of 

pollution (losses to air and accumulation of 

nutrients in soils) are also sources of concern. 

Although farming systems impact their 

environment in many different ways, positive or 

negative, nutrient flows are one of the first 

concerns, at least in regions of high animal 

densities. Several dynamic models simulating 

farming systems exist. As far as animal farms are 

concerned, three dynamic mechanistic models 

were found: the Integrated Farm Systems Model: 

IFSM (Rotz and Coiner 2004), Dexcel’s Whole 

Farm Model: WFM (Wastney et al. 2002) and 

Farm ASSEsment Tool: FASSET (Jacobsen et al. 

1998). IFSM and WFM both deal only with dairy 

farms, mainly in the USA but with worldwide 

potential applications for the first one and mainly 

in New Zealand for the second one. Both models 

are centred on the technical and economic results 

of the modelled farm. IFSM performs one-year 

simulations, with a detailed biotechnical module. 

The decisions taken by the farmer are mostly 

model inputs. In the WFM, the decisions, like 

movements of the herd between paddocks, are 

modelled. FASSET deals with pig and dairy farms, 

and is more centred on the environmental impact 

of farming systems. It performs long term 

simulations (30 years), and associates a decision 

module and a biotechnical module. The decision 

module is a linear programming procedure used to 

plan the farm activities every year. During the 

year, little adaptations are made considering the 

state of the system, and the production plans are 

applied without modifications. 

The objective of this work is to build a model to 

evaluate ex-ante the environmental impact of 

production strategies in pig and dairy farms. The 

evaluation of the environmental impact is centred 

on nutrient flows and the associated pollution 

risks. The model is intended to be applied for the 

main systems encountered in France. It can be 

used in research, to compare different strategies. 

The aim is not to use it directly as a decision 

support system for farm management. 

2. DESCRIPTION OF THE MODEL 

2.1. Overview 

MELODIE is a model simulating nutrient flows over 

several decades at the farm scale, in pig and dairy 

farms. The nutrients taken into account are the 

ones whose losses are linked with environmental 

risks: carbon (C), nitrogen (N), phosphorus (P), 

potassium (K), copper (Cu) and zinc (Zn). Water 

(H2O) flows are also simulated. MELODIE is based 

on the ontology of agricultural production systems 

proposed by Martin-Clouaire and Rellier (2003). 

Some elements of description of this ontology are 

given throughout the presentation of MELODIE. 

Only the concepts that are essential to this paper 

are addressed. In this ontology, a production 

system is composed of three subsystems: the 

biotechnical system (or controlled system), the 

decision system (or manager) and the operating 

system. The operating system includes the 

resources used to conduct activities, like labor and 

machinery. These resources are not taken into 

account in the present version of MELODIE, thus 

the operating system is not modeled.  

The nutrient flows are calculated at a daily time 

step by the biotechnical system, which is a set of 

connected sub-models described below. Four main 

nutrient pools are considered (fig. 1): animals, 

agricultural wastes (storage and treatment), soils 

and crops, and feed stocks. Nutrient losses to air 

and water are simulated, as well as nutrient flows 

between and within these pools. For example, 

animals are grouped in batches, and the nutrient 

flows are calculated separately for each batch. For 

soils and crops, each field is represented 

individually. Different levels of precision are 

associated with the nutrients: for example, the N 

cycle is more detailed than the Cu or Zn flows, for 

which only balances between pools are calculated. 

Decisions made by farmers are simulated by the 

decision system, which interacts with the 

biotechnical system throughout the simulation (fig. 

1). Decisions are taken at two time scales. Every 

year, a planning module generates flexible plans. 

These plans are examined every day, for context-

dependent application: the operations scheduled 

are made only when the conditions are suitable. 

The plans may also be modified if necessary. More 

details are given in the description of the decision 

system below. 

The main outputs of the model are losses to the 

environment of different nutrients, calculated daily 

over decades for each animal class, field or waste 

storage unit. These outputs can be used to calculate 

indicators of environmental impact, such as those 

used in Life Cycle Analysis (LCA). 

2.2. The biotechnical system 

MELODIE uses existing models wherever possible. 

For every process covered, the existing models or 

equations were studied, and the most appropriate 
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were chosen. When no suitable model was found, 

new models were developed. For soils and crops, 

MELODIE uses STICS, a model developed by 

Brisson et al. (2003). It dynamically simulates the 

flows of N, organic matter (i.e. C) and water, as 

well as crop growth and development. STICS has 

been parameterised for a wide range of crops by 

different authors. A specific module is under 

development for phosphorus, so as to adequately 

represent the risks of runoff losses, especially after 

waste applications. For the other nutrients, only 

balances are calculated, based on the waste 

nutrient content (calculated within the wastes sub-

model) and on the quantities of nutrient harvested. 

For dairy cows and heifers, the model GEDEMO 

(Coquil et al. 2005) dynamically simulates the 

demography of the herd, i.e. the size of 21 animal 

classes. The nutrient flows are calculated for each 

of these classes, by the model of Maxin (2006), 

which describes the nutrient balances of dairy 

cattle using easily available data. Feed intakes are 

calculated using the equations of the INRA system 

(INRA 2007). For pigs, the demography model is 

based on practical references and expert 

knowledge, and is connected with the animal 

housing system. The equations used for growth, 

feed intake and nutrient excretion are the same as 

in Dourmad et al. (2002). For the storage and 

treatment of animal wastes, a specific module was 

built from a set of existing empirical equations and 

emission factors. These were found in the 

literature, or are based on expert knowledge. The 

module calculates the evolution of the wastes and 

the losses to the air, from the excretion to the 

application, for the main animal housing systems 

and storage facilities encountered in France. The 

treatment of wastes by different systems 

(biological treatment, composting …), in order to 

reduce their nutrient load, is also included. 

2.3. The decision system 

The role of the decision system is to dynamically 

determine what operations should be applied to the 

biotechnical system. The decision-making and 

ensuing execution of actions are responsive to the 

state of the whole system and its environment. The 

decision-making process underlying the decision 

system operates on the farmer’s management 

strategy. The ontology of agricultural production 

systems (Martin-Clouaire and Rellier 2003), on 

which MELODIE is based, provides a consistent 

framework to describe explicitly such a strategy. In 

this ontology, a strategy is composed of a plan of 

activities to apply to the biotechnical system and 

rules to apply and adapt this plan when particular 

events occur. The activity plan is a set of activities 

organized by different temporal or programmatic 

operators that indicate how the plan should unfold. 

When decisional events occur (every day, in 

MELODIE), the activity plan is examined. The 

suitable activities are extracted and become 

candidate for execution. The activities can be 

executed only if a set of conditions on the state of 

the system are met. For example, for crop 

management, harvest is possible only when the 

crop has reached maturity and climatic conditions 

are appropriate. If necessary, the activity plan can 

be modified in the course of the events. In 

MELODIE, for example if a waste application has 

not been possible during its time window, then the 

subsequent applications (on other fields) are made 

at a higher application rate, in order to dispose of 

the whole quantity of waste. 

Within MELODIE, the activity plan is automatically 

generated. The simulation user must provide a 

kind of feeding road map for the animals, i.e. the 

feed (type and amount) to be provided, for 

different periods of the year and for different 

groups of animals. The feeding activities required 

to apply this road map are automatically built, as 

well as the activities related with the movements of 

animals and waste management within the 

buildings. For the crops, a planning module is used 

every year (fig. 2). The feeding road map induces 

the total quantities of the feed required each year, 

and the total quantities and composition of wastes 

that will be produced. These elements are used by 

the model TOURNESOL (Garcia et al. 2005), which 

is a cropping plan generator. It considers the feed 

and straw requirements and applies agronomic 

knowledge (potential of the fields and effects of 

crop sequences) to generate a cropping plan that 

best satisfies the goals and priorities defined by the 

model user. These are represented by a set of 

shadow prices associated with the products of the 

different crops. For each product, two prices are 

set. One is associated with the production of one 

unit in excess relative to the quantity needed 

(which can be 0, for cash crops), and the other is 

associated with the lack of one unit. These prices 

represent the priorities of the farmer because they 

are set independently of market prices and 

according to the factors he considers important,. 

For example, if forage autonomy is a priority for a 

farmer, the prices associated with the lack of 

forages will be very high, and conversely if this is 

not a priority a low price will be set. The model 

does not perform an economic optimisation of the 

cropping plan, but aims at generating a cropping 

plan that is consistent with the farmer’s goals, 

whatever the motives are. Likewise, the model 

FUMIGENE (Chardon et al. 2007) is used to 

generate yearly waste allocation plans, according 

to the fertilisation history and needs of each field, 

and to the management rules. In this case, the 

farmer’s goals are modelled as a set of priorities 
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associated with each field and with each 

combination of crop, waste and period. These 

priorities integrate the constraints and 

opportunities of the modelled farm. Both planning 

modules use information on the state of the 

system: the variation of stocks of feed, straw and 

wastes are included. For example, if in a given 

year the quantity of grass pasture is high and maize 

silage stocks are high at the end of the year, then 

the maize area can be decreased for the following 

year. The planning module is thus in interaction 

with the biotechnical system. 

As mentioned above, the goal of the planning 

module is to generate an activity plan usable by the 

manager as defined in the ontology of agricultural 

systems. The cropping plan and the waste 

allocation must be translated into a proper activity 

plan. This is done through the use of general crop 

management plans. Each crop is associated with a 

fragment of activity plan, which includes all the 

technical operations required by the crop, 

including waste applications. This activity plan can 

depend on the preceding crop. When the cropping 

plan is generated, for each field, the relevant 

fragment of activity plan is duplicated and added 

to the manager’s global activity plan. If no waste 

application was needed in the waste allocation, 

then these activities are removed from the plan. 

In summary, MELODIE includes models of the 

decision-making processes of the farmers, which is 

relatively rare for models at this scale. The main 

strength of the decision system is the deep 

interactions with the biotechnical system, in the 

operational management during the year as well as 

in the planning step taken every year. 

3. DISCUSSION 

3.1. Ex-ante evaluation and system 

consistency 

MELODIE was designed to perform ex-ante 

evaluations of farming systems. The goal is to 

evaluate different systems, existing or not, in the 

same context. The decision system relies on the 

paradigm of planned action. It is assumed that this 

paradigm leads to a realistic management, and the 

results, in terms of nutrient flows, are studied. A 

major difficulty is to ensure the consistency of the 

system simulated, particularly for those which do 

not exist in reality. For example, the cropping plan 

must match the feeding road map of the animals 

and the level of feed autonomy targeted by the 

farmer. In MELODIE, the planning module plays a 

key role in this regard, because it ensures the 

consistency of the different elements of the plan. 

To design a new system, it is necessary to provide 

the animal feeding road map, and the farmer’s 

goals and priorities used by TOURNESOL and 

FUMIGENE. The cropping plan and the waste 

management plan are then automatically generated 

each year, so as to best match the goals defined by 

the model user. The consistency of the generated 

system depends on the consistency of the goals 

and their representation. 

Another element of consistency in ex-ante 

evaluation is the capability of the decision-making 

process to cope with climate variability. In 

practise, management decisions can vary greatly 

between years, in terms of dates and parameters of 

the activities planned, and even in terms of 

activities executed. The plans must be flexible and 

leave room for context-dependent adaptation. In 

MELODIE, climate variability is taken into account 

at different levels, thanks to the interactions 

between the decision system and the biotechnical 

system. The dates and some parameters of the 

activities are determined by the state of the system, 

and on a yearly basis, the planning module 

integrates the variations of the stocks of feed and 

animal wastes. In the model, the management is 

thus automatically consistent with the state of the 

system, provided that the decision system is 

correctly modelled. 

3.2. Model extent 

In MELODIE, the environmental impact of 

production strategies is studied at the whole farm 

scale, because decisions are taken at this scale. 

Measures taken to reduce the environmental 

impact of farming have to be integrated into the 

production system, whose consistency must not be 

broken. Environmental impacts can be evaluated 

on many different criteria, which can be 

conflicting. Compromises between different 

environmental and/or economic objectives must be 

made, and this is only possible at the whole farm 

scale. An improvement on one criterion in one part 

of a farm is not necessarily a benefit at the farm 

scale. Indeed, the “best” production system is not 

necessarily the combination of the best practices at 

lower levels. For example, reducing ammonia 

losses during slurry storage increases the quantity 

of nitrogen to spread on crops, which might in turn 

increase the quantity of nitrogen leached. When 

comparing different management options, their 

indirect consequences should be studied. 

As far as time is concerned, MELODIE operates on 

periods of several decades, and takes into account 

the climate variability between years. As 

mentioned above, climate does widely impact the 

nutrient losses of farming systems. It is necessary 

to study a production strategy on a sufficient 
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number of climatic years for the results to be 

representative. One of the advantages of modeling 

is the ease of obtaining results for different climate 

series, once the model is built. The distribution of 

the values of the environmental indicators can then 

be studied, and probabilities of exceeding a given 

threshold can be calculated. Also, some 

environmental impacts of farming can only be 

noticed after such long periods. Some parameters 

of the system, like the nutrient content of soils, 

may vary with a long term trend. If the simulations 

are performed year by year, without carryover, the 

variability of climatic conditions can hide these 

slow changes. Therefore, in order to detect the 

cumulative effects (if any), it is necessary to 

perform long term simulations, rather than 

performing several independent one-year 

simulations. The structure of the farm and the 

management strategy do not change in the course 

of the simulation. The goal of MELODIE is not to 

make projections about what might happen in 

thirty years. The simulations are made on decades 

only in order to have a better understanding of the 

potential consequences of the farming strategies 

that are used or could be used today. 

3.3. Rationale of the model granularity 

Although the environmental impact should be 

evaluated at the farm scale, it is not easy to obtain 

data measured at this scale. Many studies in the 

literature focussed on describing the processes at a 

more detailed level. Modelling is a technique to 

upscale that knowledge to the farm scale. 

Therefore the choice was made to integrate models 

of processes at lower levels within MELODIE. This 

approach is complementary with the experimental 

studies. Furthermore, studies made at the farm 

scale, without considering the processes at lower 

levels, do not take into account the spatial 

heterogeneity of the environmental risks. For 

example, distributing the wastes evenly over the 

farm area or spreading them on only a few fields 

result in different nutrient losses. In MELODIE, in 

order to study this heterogeneity, nutrient flows 

occurring within the farm are simulated. 

Likewise, the nutrient flows are dynamically 

simulated in order to evaluate the temporal 

variability of the risks. A given quantity of 

nitrogen leached can result in very low 

concentrations in the water during a long period, or 

in a peak during a few days. The consequences for 

the environment are different; therefore the 

dynamics of the nutrient losses within a year 

should be investigated. The daily time step for the 

simulation of these processes was chosen because 

it is used by most of the biotechnical sub-models. 

No sub-model had a time step lower than a day. 

This time step is used only for calculations. It is 

clear that for most processes, the sub-models are 

not accurate on a daily basis. The models were 

calibrated with data obtained on longer periods 

(weeks or months), and the dynamics at a daily 

time step are not known. However, the accuracy is 

better when the model outputs are considered over 

longer periods. The outputs of MELODIE at a daily 

time step should therefore be aggregated to a 

period of weeks or months. 

3.4. Model applications 

MELODIE is intended to be used in research and 

development, to compare the environmental 

impact of different production strategies in several 

series of yearly climatic scenarios. Setting up 

simulations is a long process, and the model 

produces large volumes of data to analyze. 

Therefore, MELODIE should be considered as a 

virtual experimentation framework, and the 

simulations should be designed like real 

experiments would be. MELODIE is not intended to 

be used on farm as a decision support system. 

The main advantage of simulation, provided that 

validation has been done, is the ability to address 

time and space scales that are hardly manageable 

in real experiments. Furthermore, the model 

provides access to losses of the main nutrients 

considered in environmental impact studies, and 

from the different emission sources of the farm 

(animals, waste storage, fields). It is not possible to 

obtain such a large quantity of data from 

measurements. One resulting challenge is the 

treatment of large amounts of data: the outputs of 

the model have to be synthesized. A number of 

indicators of environmental impact have been 

proposed in the past. However, most of these 

indicators were designed to be easily calculated on 

farm, or from measured data. It is crucial for 

MELODIE to integrate indicators of environmental 

impact that make the most out of the model 

outputs. One possibility is to use indicators derived 

from Life Cycle Analysis (LCA). LCA provides 

references to calculate some synthetic indicators, 

starting from estimations of nutrient losses, which 

MELODIE can provide. These indicators are 

suitable evaluation criteria because they consider 

all the modeled nutrient losses and enable an 

evaluation of the whole system. However, they do 

not take into account the variability of the flows 

within and between years. Other indicators, based 

for example on frequencies, will be specifically 

designed for use in MELODIE. 
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3.5. Improvements for future versions 

Projects of improvements of MELODIE include 

modelling labour and machinery resources. These 

factors are major constraints in most farms, and 

determine the execution of activities. However, 

several issues must be addressed. The labour 

availability in family-operated farms can hardly be 

modelled, because it is very variable in time and 

subject to constraints that lie far outside the farm. 

Many farms share some machines with 

neighbouring farms, and the availability of these 

machines depends on the needs of the other farms. 

Another issue is the competition between 

activities: when labour is a limiting factor, which 

activities should be performed? The priorities are 

likely to be very complex to determine and 

variable in time. 

Finally, a central question when modelling 

decision making processes in agricultural systems, 

is the anticipation. If an activity can be delayed 

due to an unavailable resource, it can also be 

advanced. For example, some farmers might 

harvest grain earlier than the optimal date 

(accepting a decreased quality) because the 

harvester will not be available during the following 

days. Modelling anticipation involves the concepts 

of objectives, and the ability to predict the 

evolution of the system, which is a cognitive 

process of the farmer, independent of any model 

used in the biotechnical system. 

4. CONCLUSION 

As a conclusion, MELODIE is a framework for 

virtual experimentation on animal systems. Thanks 

to the association of a biotechnical model and a 

decision model, it enables a user to perform multi-

criteria ex-ante evaluations of the impact of 

production strategies. Such evaluations are 

complementary with experimental approaches, and 

MELODIE can be extended to include new 

knowledge on nutrient flows and the underlying 

biophysical processes. MELODIE could also be 

extended to deal with other issues than nutrient 

flows. 

ACKNOWLEDGEMENTS  

The authors gratefully acknowledge the 

contribution of all the members of the working 

groups in the Melodie project. This research was 

funded by the ACTA and by the ANR (ADD project 

SPA/DD), and partly conducted in the UMT RIEL. 

REFERENCES 

Brisson, N., C.Gary, E. Justes, R. Roche, B. Mary, 

D. Ripoche, D. Zimmer, J. Sierra, P. 

Bertuzzi, and P. Burger (2003), An 

overview of the crop model STICS, 

European Journal of Agronomy, 18, 309-

332. 

Chardon, X., A. Le Gall, C. Raison, T. Morvan, 

and P. Faverdin (2007), FUMIGENE: a 

model to plan the allocation of agricultural 

wastes at the farm level, Submitted to: 

Journal of Agricultural Science Cambridge. 

Coquil, X., P. Faverdin, and F. Garcia (2005), 

Dynamic modelling of dairy herd 

demography, Proceedings of Rencontres 

Recherche Ruminants, 12, 213.  

Dourmad, J.-Y., C. Pomar, and D. Masse (2002), 

Modélisation du flux de composés à risque 

pour l'environnement dans un élevage 

porcin, Proceedings of Journées Recherche 

Porcine, 34, 183-194.  

Garcia, F., P. Faverdin, L. Delaby, and J.-L. 

Peyraud (2005), Tournesol: a model to 

simulate cropping plans in dairy production 

systems, Proceedings of Rencontres 

Recherche Ruminants, 12, 195-198.  

INRA (2007), Alimentation des bovins, ovins et 

caprins: besoins des animaux - valeurs des 

aliments. Tables Inra 2007, Eds Quae, 307 

pp, Paris, France. 

Jacobsen, B. H., B. M. Petersen, J. Berntsen, C. 

Boye, C.G. Sørensen, H.T. Søgaard, and 

J.P. Hansen (1998), An integrated 

economic and environmental farm 

simulation model (FASSET), Danish 

Institute of Agricultural and Fisheries 

Economics, 152 pp, Copenhagen, Denmark. 

Martin-Clouaire, R. and J.-P. Rellier (2003), A 

conceptualization of farm management 

strategies, Proc. of EFITA-03 conference, 

July 5-9, Debrecen, Hungary, pp 719-726. 

Maxin, G. (2006), Modélisation des bilans 

Entree/Sortie des éléments carbone, azote, 

eau et minéraux chez la vache laitière. 

Mémoire de fin d'études, ESITPA, Rouen. 

Rotz, C. A. and C.U. Coiner (2004), The 

integrated farm system model: reference 

manual, available from: www.ars.usda.gov/ 

Main/docs.htm?docid=8519. 

1643



Wastney, M. E., C.C. Palliser, J.A. Lile, K.A. 

McDonald, J.W. Penno, and K.P. Bright 

(2002), A whole-farm model applied to a 

dairy system, Proceedings of the NZSAP, 

62, 120-123. 

 

Fig 1 – General organisation of the different components of MELODIE. The decision system works with two 

time scales, and interacts with the biotechnical system, within which the nutrient flows are calculated daily. 
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Fig 2 – Organisation of the planning module. The feeding road map is used every year to determine the 

cropping plan and the waste allocation, which are translated into a plan of activities to apply to the 

biotechnical system 
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Fumigène : un modèle pour générer des plans prévisionnels de fumure en exploitation d'élevage 
 
Fumigene: a model generating agriculture waste allocation plans in animal farms 
 
CHARDON X. (1,2), RAISON C. (2), LE GALL A. (2), FAVERDIN P. (1) 
(1) INRA, Agrocampus, UMR 1080 Production du lait, F-35590 Saint-Gilles 
(2) Institut de l’Elevage, Service Bâtiment-Environnement, Monvoisin, F-35652  le Rheu 
 
INTRODUCTION  
Les effluents d’élevage sont une source importante 
d’éléments fertilisants. Néanmoins, une gestion inadaptée 
peut entraîner des risques pour l’environnement. En zone 
vulnérable, les exploitations d’élevage ont l’obligation de 
constituer un plan de fumure prévisionnel annuel 
(application de la directive européenne 91/676/EC). Ce plan 
inclut le calcul de la fertilisation des cultures, ainsi que la 
répartition prévisionnelle des effluents sur les différentes 
parcelles. De fait, l’anticipation des difficultés liées aux 
contraintes du système permet de limiter les épandages à 
risque. Cependant, les réglementations environnementales 
de plus en plus complexes (périodes et surfaces d’épandage, 
etc…) rendent difficile la constitution des plans de fumure 
par les éleveurs. Le travail présenté ici vise à construire un 
outil permettant de reproduire les allocations d’effluents 
faites par les éleveurs. 
 
1. DESCRIPTION DU MODELE  
Le but du modèle Fumigène est d’allouer les effluents 
produits sur une exploitation à ses différentes parcelles au 
cours de deux périodes de l’année (fin d’été - automne et 
fin d’hiver - printemps), en respectant au mieux la stratégie 
de gestion mise en oeuvre par l’éleveur. Une stratégie de 
gestion est exprimée sous forme de deux jeux de priorités 
situées entre 0 et 1, fixées par l’utilisateur. Le premier jeu 
associe une valeur à chaque parcelle, fixée en fonction de 
critères tels que la distance au siège de l’exploitation et 
l’accessibilité. Le second jeu de données associe une valeur 
à chaque triplet {effluent, culture, période}, en fonction de 
règles agronomiques et des préférences de l’éleveur. 
Le modèle inclut une procédure de programmation linéaire, 
dont la fonction objectif reflète le respect des priorités. 
Différentes contraintes sont prises en compte. Au niveau de 
l’exploitation, la totalité des effluents produits sur l’année 
doit être épandue ou exportée (Figure 1). Les quantités 
exportées sont bornées. Au niveau de chaque parcelle, des 
contraintes matérielles imposent des doses minimale et 
maximale à chaque épandage. Les quantités d’azote (N) 
efficace et de phosphore (P) sont également limitées par les 
contraintes de fertilisation. Les doses de N et P pour chaque 
parcelle peuvent soit être entrées par l’utilisateur, soit 
calculées par le modèle. Dans ce dernier cas, la méthode du 
bilan prévisionnel est utilisée pour l’N. Pour le P, la 
contrainte porte sur la moyenne mobile du bilan annuel 
(apports – exportations). 
 
2. EVALUATION 
Le modèle a été appliqué à la ferme du lycée agricole de 
Quintenic (22) et à la ferme expérimentale de Derval (44). 
Les sorties du modèle ont été comparées aux plans 
prévisionnels de fumure observés pour respectivement 4 et 
3 ans. Ces deux applications correspondent à des situations 
assez contrastées en termes de charge en N organique et de 
diversité des effluents à gérer. Dans les deux cas, les 
allocations générées par le modèle étaient globalement en  

 
Figure 1 : Le modèle Fumigène traduit une stratégie générale de 
gestion en plans de fumure pour différentes années simulées, en 
prenant en compte des contraintes à l’échelle de l’exploitation et 
de chaque parcelle. 
 
cohérence avec la stratégie des responsables. Pour les 
quantités de chaque effluent allouées aux différentes 
cultures année par année, le modèle expliquait 
respectivement 82,1% et 92,9% de la variabilité observée. 
Quelques divergences sont toutefois apparues, notamment 
au niveau des surfaces fertilisées et des doses appliquées. 
Dans le modèle, chaque épandage est effectué à la dose 
maximale permise par les contraintes du système. Or, une 
stratégie peut être de répartir au maximum les épandages 
d’un effluent sur toutes les parcelles ayant une culture 
donnée (par exemple fumier sur maïs). 
 
3. DISCUSSION et CONCLUSION 
Fumigène utilise un système de priorités fixées par 
l’utilisateur en fonction des critères pertinents pour chaque 
système modélisé. Il peut donc simuler une vaste gamme de 
stratégies rencontrées sur le terrain, même celles qui ne sont 
pas optimales sur un plan purement économique. 
Le modèle peut être utilisé en recherche, pour étudier l’effet 
d’un changement de réglementation ou de stratégie sur la 
distribution des effluents. En couplant ces résultats à un 
outil d’évaluation environnementale, il est possible de 
comparer l’impact des modalités testées. D’autre part, la 
cohérence des décisions générées par le modèle permet 
d’envisager le développement d’un outil d’aide à la 
décision utilisable en élevage. Cet outil pourrait être utilisé 
en routine pour générer les plans de fumure annuels. Il 
pourrait également être utilisé pour accompagner les 
éleveurs lors de changements de système, en permettant de 
visualiser rapidement les conséquences de l’introduction 
d’une nouvelle culture dans l’assolement, ou de la 
construction d’un bâtiment aboutissant à des effluents 
différents. 
 
Travail réalisé dans le cadre de l’UMT RIEL et du projet 
ANR ADD SPA/DD. Les auteurs remercient D. Haquin 
(CA22), B. Couilleau et M. Fougère (CA44), ainsi que 
l’ensemble des membres du groupe « sol/cultures » du 
projet MELODIE. 
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Modèle de prévision du bilan carbone d’une vache laitière 
A model to predict the carbon balance of a dairy cow 
FAVERDIN P. (1),MAXIN G. (1,2), CHARDON X. (1,2) BRUNSCHWIG P. (3).,VERMOREL M. (4) 
(1) INRA,Agrocampus, UMR1080 Production du lait, F-35590 Saint-Gilles  
(2) Institut de l’Elevage, Monvoisin, BP 85255, F-35652 Le Rheu Cedex 
(3 ) Institut de l’Elevage, 9 rue André Brouard, BP 70510 F-49105 Angers Cedex 02 
(4) INRA URH, THEIX, F-63122 St-Genes-Champanelle 
 
INTRODUCTION  
La mise en place d’une comptabilité sur le carbone (C) 
incite à mieux connaître les sources de variation des flux de 
C dans les troupeaux laitiers qui valorisent et transforment 
de grandes quantités matières organiques riches en carbone. 
Ce travail a donc pour objectif de prévoir les différents flux 
du carbone chez la vache laitière selon les caractéristiques 
du régime et de la vache. La méthode s’est fixée comme 
contrainte de n’utiliser que des variables classiquement 
présentes dans le calcul des rations des vaches laitières. 
 
1. DESCRIPTION DU MODELE  
Le modèle repose sur un ensemble d’équations permettant 
d’estimer chacun des flux de carbone (g/j). Le seul flux en 
entrée est le flux de carbone ingéré. Des valeurs ont été 
calculées pour tous les aliments en fonction de leur 
composition chimique (tables INRA 2007). En moyenne 
elles sont proches de 400 à 450 g de C par kg MS de ration 
totale, même si la variation entre aliments est plus 
importante (de 350 à 620 g de C par kg de MS).  
La teneur en carbone du lait est calculée à partir de sa 
composition en protéines, matières grasses et lactose. Elle 
est proche de 69 g par kg de lait 4%.  
Le flux de C fécal est prédit par les quantités de matière 
organique non digestible (MOND en kg/j) estimées à partir 
des valeurs des tables d’aliments mais corrigées des 
quantités ingérées (MSI en kg/j) et de la teneur en 
concentrés (C%). Une équation a été élaborée à partir d’une 
base de données d’essais de digestibilité réalisés sur vaches 
laitières à l’UMR PL :  

)%²00013,0%015,018,0(56,0 bMSIaCCMONDCfèces +×+×−×+××=
avec a=0,096 et b=0,67 pour les rations à base d’herbe, 
a=0,29 et b=-1,5 pour les rations à base d’ensilage de maïs. 
Cette équation montre que le niveau d’alimentation diminue 
la digestibilité des rations et ce, de façon plus marquée avec 
les régimes à base d’ensilage de maïs qu’à base d’herbe 
verte. La teneur moyenne en C des fèces varie peu avec la 
nature du régime, la valeur de 56 % de la MS a été retenue.  
Le flux de C urinaire est estimé à partir des composés 
azotés de l’urine prédits par ailleurs (respectivement 0.425 
g et 0,96 de C par g d’azote uréique et non uréique).  
Le flux de C sous forme de méthane a été estimé à 29,5 g 
(55 L de CH4) par kg de matière organique fermentescible 
dans le rumen (MOF) (Martin et al. 2006). La quantité de 
MOF est estimée à partir du système PDI par la relation : 

093,0/)( PDIAPDIEMOF −=   

La quantité de C stocké ou déstocké par la vache est 
estimée à partir du bilan UFL et de la croissance pour les 
génisses. La fixation de C dans le fœtus est d’environ 5 kg 
de C par gestation. Sur le long terme ces flux sont faibles. 
Le flux de CO2, très difficile à prédire directement, a été 
calculé par différence entre l’entrée et les différentes sorties 
pour équilibrer le bilan carbone.  
Les principaux flux prédits par ce modèle ont été validés 
par un jeu de données de trois études conduites en 
chambres respiratoires par Vermorel et al. (communication 
personnelle) avec des régimes à base d’ensilage de maïs. 

2. APPLICATION 
Le modèle ainsi élaboré a été utilisé pour simuler deux 
troupeaux laitiers conduits avec des systèmes très 
contrastés. Le premier repose sur un système tout herbe 
avec des vêlages de fin d’hiver, beaucoup d’herbe pâturée 
de qualité et peu d’aliments concentrés (respectivement 3.8 
et 0,6 T de MS/vache/an) dans lequel les vaches produisent 
7300 kg de lait par an. À l’opposé, le second est un système 
intensif avec des vêlages d’automne, beaucoup d’ensilage 
de maïs et d’aliments concentrés (respectivement 5,2 et 2,3 
T de MS/vache/an) et une production laitière élevée 
atteignant 10400 kg par an. Les données ont été simulées 
pour chaque semaine, puis cumulées sur l’année (figure 1). 

Fig 1 – Schéma des flux du bilan annuel de C (kg/an et % de 
l’ingéré) d’une vache laitière moyenne d’un troupeau produisant 
7300 kg dans un système herbager (en gras) et 10400 kg dans un 
système intensif ensilage de maïs et concentrés (en italique). 
 
3. DISCUSSION 
Le rendement d’exportation de C dans le lait n’est que de 
18% à 20% et varie assez peu avec le régime. Par contre, le 
régime influence nettement la répartition des flux de C dans 
les fèces (importance des interactions digestives) et sous 
forme de CO2 (variation de la part relative de l'entretien).  
Les flux de méthane annuels obtenus ici sont très proches 
des flux calculés par la méthode Tier 2 de l’IPCC (2006). 
Ils indiquent une légère baisse de production de méthane 
par kg de lait lorsque le système s’intensifie (-12%), mais 
qui risque d’être compensée par la production plus faible de 
viande ou par plus de génisses à élever en raison d’un taux 
de renouvellement des vaches généralement plus élevé.  
 
CONCLUSION 
Le modèle proposé est original car il permet de calculer sur 
tableur un bilan carbone complet de vaches laitières. De ce 
fait, il peut servir pour des calculs de bilans 
environnementaux selon le système de production. 
 
Travail réalisé dans le cadre de l’UMT RIEL 
INRA, 2007. Alimentation des bovins, ovins et caprins, QUAE, 
310 pp. 
IPCC, 2006. IPCC guidelines for national greenhouse gas 
inventories, Vol. 4, Chap. 10.  
Martin C. Morgavi D., Doreau M., Jouany J.P., 2006. Actes 
des journées AFPF 27-28/04/06, 119-132. 

C ingéré  
2702 kg/an  
3493 kg/an 

C CO2 
1377 (51,0%) 
1361 (39,0%) 

C CH4 
106 (3,7%) 
131 (3,9%) 

C urine  
41 (1,5%) 
36 (1,0%) 

C fèces  
655 (24,2%) 

1222 (35,0%) 

C lait  
503 (18,6%) 
712 (20,4%) 

C gestation GPV  
20 (0,8%) 
31 (0,9%) 
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Introduction 

After having sought to increase production, then the quality of products, today agriculture is facing the challenge of 

sustainability. The deterioration of the quality of water and soils, the loss of biodiversity, global warming and the 

decrease in nonrenewable natural resources resulting from the intense development of the human activities require 

reconsidering the ways of production in many sectors, particularly in agriculture. The question of the relationship 

between animal farming and the environment was recently highlighted by the FAO report "Livestock’s Long Shadow" 

(Steinfeld et al, 2006) which shows that livestock production, including very extensive systems, impacts the 

environment. Simultaneously, the increase in the population on earth and its standard of living tends to increase the 

demand for animal products. The challenge thus consists in solving this dilemma.  

 

Today, a great diversity exists in dairy systems, not only between continents, but also within countries. This great 

diversity attests the economic viability of different strategies in dairy production, which is much less true in other 

livestock productions. This observation suggests that many evolutions are possible to find answers to the environmental 

issues without disturbing the economic profitability of these systems. However, complications arise due to the fact that 

dairy farms, generally located in temperate regions, will face climate changes. If in certain areas the climate change can 

be favourable to the growth of plants, others will likely be exposed to more difficult situations. The access to water 

resources will be reduced in many areas. The thermal stress will impact both animal and plant productions, in regions 

generally saved up today. The costs of energy and inputs will increase. This article discusses the new challenges of 

research to predict the evolutions of dairy systems and attempts a prospective exercise of probable scenarios for the 

dairy farms. 

 

Future: How to integrate sustainability to design dairy farms?  

To achieve this goal, the scientific processes must initially work out means to study, observe and describe dairy farms, 

then build indicators and methodologies to evaluate them and finally develop innovating strategies to improve these 

systems.  

 

Developing a systemic approach to study the dairy systems  

The first challenge for research consists in developing a systemic approach of the production systems. Establishing the 

most relevant frontiers of the system to be evaluated is a key issue. The recent evolution of livestock production 

consisted in a specialization of the animals, with better performance either in milk or in meat production. The 

underlying assumption was that increasing the animal productivity increases the profitability of the whole system. In 

dairy production the relation between milk production per cow and the economic and environmental performances of 

the farm is not obvious. In addition, historically, livestock had agronomic roles (manure, animal draught). The 

specialization of the systems of production partly made lose sight of the importance of these complementarities which 

must be recovered either within farm or with farm cooperation (Courdier et al. 2002, Andersson et al. 2005). It is thus 

necessary to develop a multidisciplinary approach to study livestock farms, at the farm scale but also probably at a 

larger scale (network of farms, watershed, region…).  

 

Three different approaches are possible to study these dairy farms. The first one consists in observing the diversity of 

farming systems, surveying large sets of farms during several years with the same methodology (Institut de l’élevage 

2005, Schils et al, 2006). Such networks make it possible to evaluate the differences between the main types of farming 

systems but comprise significant biases related to the interactions between structures and systems of production. 

Moreover, they offer only a limited number of descriptors of the state of the system, very seldom with a dynamic 

approach. Finally these large databases are useful to get a good picture of farms, but are difficult to maintain and remain 

very expensive. The second approach consists in evaluating farming systems using experimentation. It is a good way to 

evaluate the interactions within a system, which will become essential to understand the behaviour and the performance 

of the systems studied. However, it requires measuring continuously a large set of parameters. This method is thus very 

expensive and can be used for a very limited number of experimental farms (Aarts et al, 1992). Modelling constitutes a 

third way which makes it possible to study the behaviour of a large number of virtual systems, providing dynamic 

information on many variables difficult to measure for technical or economical reasons. Systems can be studied on long 

time scales, which is very difficult with experiments. Moreover, it is also possible to aggregate several entities to 

understand the impact of different individual behaviours on a territory. Several dairy farms models have been developed 

recently to evaluate economical and/or environmental performances: IFSM (Rotz and Coiner 2005), FASSET (Berntsen 

et al. 2003), MELODIE (Chardon et al., 2007). The development of models should be connected with the system 

experiments described above. Models can be improved thanks to experiments, and can pinpoint the knowledge gaps to 

investigate. 
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Build new indicators adapted to the evaluation of these systems  

To interpret the variables measured on production systems, it is essential to build powerful multicriteria indicators to 

evaluate sustainability (Girardin et al, 1999) The construction of these indicators raises two major difficulties, on the 

one hand the frequent dilemmas opposing the various impacts and on the other hand the multiple productions of a dairy 

farm.  

 

The complexity of multicriteria evaluations generally lies in the impossibility to find a common unit to balance the 

different indicators. Defining thresholds for each indicator, as well as aggregation rules (possibly based on fuzzy logics) 

to derive synthetic criteria is a way to overcome this. The approaches on environmental evaluation are often made 

difficult because there are strong tensions between the various stakes.  It is not easy to conciliate economic and 

environmental aspects, but these tensions also exist between the different environmental stakes. There is very often a 

strong dilemma between the emissions to water or to the air, or between the aerobic and anaerobic processes which both 

increase the emissions of two green house gases: N2O and CH4. In more general terms, should we increase land use 

with a limited production and impact per hectare, or should we intensify the production in some areas while preserving 

natural spaces on the spared areas? It is clear that the answers to these questions are not universal. They will depend 

primarily on the territorial context which can bring to adapt the thresholds of emissions acceptability.  

 

The environmental indicators generally represent impacts per unit of area or of product. This is particularly true with the 

life cycle assessment (LCA). If the impacts are often difficult to calculate and draw most of the attention, the choice of 

the denominator unit is essential (Bastianoni and Marchettini, 2000). It is generally admitted that calculating impacts 

per unit of area is more suitable for local impacts and impacts per unit of product for global impacts. But what products 

should be considered? For example, a dairy farm produces milk but also meat and often cereals in proportions varying 

according to the type of farm. Is it better to enter the sum of the various products in money value, in nutritional value 

(protein or energy) or to isolate the effect of dairy production by including the LCA results of beef production systems 

in the dairy systems? These different options change many conclusions on the impacts of the various systems 

(Cederberg and Stadig, 2003).  

 

Large research orientations to improve the sustainability of the dairy systems 

The efficiency of conversion of inputs to products is a major area of improvement in the search for more sustainable 

dairy systems. As far as dairy cows are concerned, the conversion rates of carbon or nitrogen in milk and meat are 

weak, respectively lower than 20% and 25% considering the whole life of the animal. This means that most of the 

carbon and nitrogen fed, nearly 80%, are excreted and that an improvement of the use of these elements will have little 

consequences on the amount excreted, but tends to decrease losses in urine. The efficiency of minerals is higher and it is 

possible to reduce considerably the excretion by a good control of supplies. The efficiency can be improved by an 

increase in milk yield or a reduction of the nonproductive periods, which means an increased longevity (Rotz et al, 

2005), an early first calving and a good persistency of lactation. 

 

The second research area consists in optimizing the organisation of nutrient flows to reduce the risks on the 

environment and health. The low feed conversion of animals can be compensated at the farm scale. First, the efficiency 

of use of the wastes should be optimized. In many situations, a better utilization of manure requires both optimal 

conditions (weather, technique of application, type of manure) and moderate application rates. Secondly, optimizing the 

interactions between forage and crop production can help to avoid losses to the environment and to maintain the organic 

matter capital of soils. The use of legumes in roughage production is a way to regulate the nitrogen inputs. The presence 

of grassland in temperate regions, more favourable to biodiversity, conservation of soils and carbon storage than annual 

crops, must be encouraged in spite of the difficulty in managing this dynamic resource (Bassett-Mens et al, 2007). It is 

also important to organize land use and to plan the agricultural activities in this landscape to take into account the 

heterogeneity of natural environment using possible benefit of naturalresources of landscape (Tenail and Baudry, 2005). 

Finally, the circuits of the animals indoors and outdoors, as those of the wastes, must be organized to reduce the risks of 

diseases (Faye et al, 1999). 

 

The third area of research has to reconsider the current orientations on the choice of the type of cows in the dairy herds 

of tomorrow. The very high specialization of dairy cows during the last decades resulted in forsaking other criteria of 

breeding and could handicap the dairy systems in the long term. The orientation towards very different dairy systems 

further evoked clearly encourages the selection of optimal cows for each specific system (Bryant et al, 2005). The place 

of dual purpose cows can be re-examined in particular for economic and environmental reasons.  

 

Some scenarios for future dairy farms  

This exercise of futurology is difficult and must in no making forget that the choices of the systems of production in 

breeding are very dependent on the territorial context, on politic decisions, but also on farmers and their representation 

of their activity. Considering the diversity of contexts, it is likely that several types of dairy farms will exist. In this 

paper, four of them are proposed and discussed considering economical efficiency with different options in the 

environmental dilemmas mentioned above. 
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The high technology landless dairy farm 

In this landless system, dairy specialization is maximal with very high yielding dairy cows, lengthened lactations, and 

optimized food. The rations are complex mixes of forages produced without irrigation and of by-products of the food 

and biofuel industries. Many additives are required to meet the complex needs of the very high yielding dairy cows. The 

wastes are totally collected and treated in a methanisation system to reduce the losses of methane and odours. The feed 

production and the waste applications are managed optimally by a cropping farm coupled with the dairy farm. The high 

consumption of energy is compensated by renewable forms of energy (solar panels, methane, wind generator). The 

productivity per labour unit is very high but the production costs as well (automation, machinery, dairy sheds). This 

system is sparing on areas but does not support biodiversity and can be criticized on aspects of animal welfare, in spite 

of a pasture dedicated to exercise around the buildings. The risks for water quality are partly controlled by optimal 

management of organic manures. The impacts on the air per kg of milk are rather good, thanks to the air control systems 

filtering ammonia. Capitalization is very high and the transmissibility can become difficult. The dairy industry will 

support this type of dairy farms able to deliver a constant product and volume all year long.  

 

The improved mixed crop-dairy farming systems 

The search of self-sufficiency in mixed farms is the driving force of this system. The basic concepts are similar to 

organic farms. The cropping system is based on a long crop rotation with low level of fertilization, mixing temporary 

pastures and crops with a significant proportion of legumes. The cows graze when possible in order to minimize the 

costs of food and waste applications, but the crops provide high quality conserved feed. Dual purpose cows are used, 

with good qualities of breeding. These systems are both technically and environmentally efficient but they require more 

land and their development are limited by the low consideration for these systems today (learning, research) and the 

land price.  

 

The specialized grazing systems 

This system should be considered as an evolution of the New-Zealand dairy farming system with slight improvements 

in the management of nitrogen and methane to reach the best results possible with LCA (BassetMens et al, 2007). The 

system is highly specialized in dairy production. It is based on intensive grazing, and the inputs are very low in spite of 

the high milk production per unit of area. Milk production is synchronized with grass growth with grouped calving 

although the seasonality of milk delivery is a constraint for the dairy industry. The animals are always outside and the 

dairy sheds are reduced to a minimum in order to face the land investment. These systems are confined to areas with 

oceanic climate favourable to grass growth and where the animals can stay outside in winter. 

 

The "terroir" dairy farms  

These farms are located in natural areas with nice landscape and great biodiversity, resulting in both added value and 

constraints to agriculture. These farms are dedicated to the production of specific local products with high added value 

related to their typical features (special cheese, butter or cream, yogurt with local fruits or aromatic plants…) and to 

their image. They play a role in the development of regions with low agricultural productivity and prevent the closing of 

landscapes by forest. The farm participates to the transformation and the marketing of a certain number of typical 

products. These dairy farms are in charge of maintaining local breeds. Husbandries take into account the environmental 

constraints; the stocking rate is weak and optimal for biodiversity (Jouven and Baumont, 2008). The maintenance of 

landscape represents an agricultural activity financed by the local or national government and by the activities of 

service. They also play an important role of service for townsmen in search of rurality and agriculture is only a part of 

their total activity. 

 

Conclusion 

The aim of this futuristic exercise is not to forecast tomorrow but to draw attention about the large variety of possible 

sustainable dairy systems. The difficulty to balance the different dimensions of sustainability is central for research. 

Each of these systems is consistent but can be improved to optimize income, labour and environmental impact. The 

systemic approach and new indicators adapted to dairy farms could be helpful to reach this goal. The social dimension 

of farmer’s job, not considered in this review, must also be considered to understand the evolution of dairy farms. 
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Evaluation environnementale des exploitations laitières par modélisation dynamique de leur 
fonctionnement et des flux de matière : 
Développement et application du simulateur MELODIE. 
La consommation de produits animaux est en augmentation au niveau mondial, mais les impacts 
environnementaux de l’élevage sont décriés. La recherche est interpellée pour aider à concevoir des 
systèmes de production à la fois efficaces et plus respectueux de l’environnement. Dans ce contexte, le 
projet de modélisation MELODIE consiste à simuler sur le long terme et de façon dynamique les flux 
d’éléments dans les exploitations laitières, en intégrant les processus décisionnels des éleveurs. Les 
émissions de composés à risque pour l’environnement calculées par le modèle permettent d’évaluer ex 
ante et en multi-critères les pressions sur l’environnement, en relation avec la variabilité climatique. 
Au cours de cette thèse, nous avons construit la première version du simulateur à partir d’une analyse 
orientée objet générique et évolutive. Cette version, qui intègre la gestion du système et les flux de 
carbone et d’azote, est évolutive et permet d’envisager de nombreux développements (économie, 
travail,…). Le modèle est composé d’un système biotechnique et d’un système de pilotage en 
interaction. Le système biotechnique comprend un ensemble de sous-modèles pré-existants connectés 
de manière à simuler les flux sur l’exploitation et les émissions de composés à risque. Le système de 
pilotage, principale originalité de MELODIE, simule des décisions à deux horizons temporels pour 
gérer la résilience face aux aléas climatiques. Chaque année, un plan est généré en fonction de l’état du 
système. Ce plan est ensuite appliqué de façon flexible et modifié si besoin, grâce à un ensemble de 
décisions prises à un pas de temps quotidien. Une application du modèle est proposée, comparant 
différentes modalités du système d’alimentation pour une configuration d’exploitation donnée. Les 
résultats montrent que le lien entre excédent du bilan apparent de l’azote et lessivage de nitrates est 
valide sur le long terme, bien que la variabilité inter-annuelle soit forte et rende plus délicate, à court 
terme, l’interprétation du bilan apparent. 
 
Mots-clés : Environnement, Système d’élevage, Modélisation, Décision, Azote 
 
 
Environmental evaluation of dairy farms by dynamic modelling of farm activities and nutrient 
flows: Development and application of the simulator MELODIE 
World consumption of animal products is increasing, but environmental impacts of animal farming are 
criticised. Research is necessary to help design efficient and environmentally friendly production 
systems. In this context, the modelling project MELODIE consists of dynamically simulating nutrient 
flows in dairy farms over the long term by integrating the decision-making processes of farmers. 
Predicted emissions of potentially harmful nutrients are used to perform ex-ante and multi-criteria 
evaluations of pressures exerted on the environment, in relation with climate variability. During this 
thesis project, the first version of the simulator was built, starting with a generic and expandable 
object-oriented analysis. This version, which integrates the system management and carbon and 
nitrogen flows, is expandable and further developments (e.g., economy, labour) are considered. The 
model is composed of a biotechnical system and a management system interacting with each other. 
The biotechnical system includes a set of pre-existing sub-models connected to simulate nutrient flows 
in the farm and the emissions of potentially harmful nutrients. The management system, the main 
innovation of MELODIE, simulates decisions at two time scales and provides resilience against 
climate variability. Each simulated year, a plan is devised depending upon the state of the system. This 
plan is then executed in a flexible manner, and altered if necessary, with a set of decisions taken at a 
daily time step. An application of the model is shown, comparing different ways of feeding cattle for a 
given farm configuration. The results show that the link between nitrogen farm-gate balance and 
nitrate leaching is valid over the long term, although year-to-year variability is high and makes 
interpreting nitrogen balances difficult over shorter periods. 
 
Keywords: Environment, Livestock Farming System, Modelling, Decision, Nitrogen 
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