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1B? =IG<CH;NCIH I@ =FCG;N? =B;HA? ;H> MI=C;F ;H> ?=IFIAC=;F @;=NILM QCFF CH=L?;M? LCMEM MI=C?NC?M
@;=? @LIG BS>LIG?N?ILIFIAC=;F B;T;L>M �%*%�� /?>O=CHA NB?M? LCMEM CM NSJC=;FFS ;=BC?P?>
NBLIOAB NB? >?JFISG?HN I@ ?HACH??L?> �IL AL?S� CH@L;MNLO=NOL? <ON CH=L?;MCHAFS	 H;NOL?
<;M?> MI

FONCIHM �+�0� ;L? <?CHA =IHMC>?L?>� *IMN LCME ;MM?MMG?HN @L;G?QILEM >I HIN ;FFIQ =;JNOLCHA Q?FF
NB? LIF? +�0 =;H JF;S CH ;>>L?MMCHA ;FF =IGJIH?HNM I@ LCME	 C�?�	 NB? B;T;L> =B;L;=N?LCMNC=M ;H> NB?
?RJIMOL? ;H> POFH?L;<CFCNS I@ MI=C;F
?=IFIAC=;F MSMN?GM� /?=?HNFS	 NB? 3OFH?L;<CFCNS ;H> /CME ;M

M?MMG?HN @L;G?QILE >?P?FIJ?> NI ;FFIQ NB? ;MM?MMG?HN I@ LCMEM CH NB? =IHN?RN I@ +�0 CGJF?G?H

N;NCIH �3/
+�0 @L;G?QILE� Q;M JLIJIM?>� %?L?	 Q? =;LLS ION NB? @CLMN CGJF?G?HN;NCIH I@ NBCM
@L;G?QILE OMCHA @CP? =;M? MNO>S ;L?;M CH "OLIJ? QBC=B ;L? ?RJIM?> NI P;LCIOM %*%� ,OL L?MOFNM
MBIQ NB;N Q? =;H >?GIHMNL;N? NB? ?@@?=N +�0 B;P? CH N?LGM I@ LCME L?>O=NCIH ;H> NB;N NBCM =;H <?
;=BC?P?> <S OMCHA ; @F?RC<F? FC<L;LS I@ CH>C=;NILM NB;N ;FFIQM NI =;JNOL? NB? MJ?=C@C=CNC?M I@ ?;=B
=;M? MNO>S B;T;L>	 MI=C;F ;H> ?=IFIAC=;F =CL=OGMN;H=?M� 1B? ;JJLI;=B ;JJ?;LM NI <? GIL? ?@@?=

NCP? @IL F;LA?L =;M? MNO>S ;L?;M	 <ON @OLNB?L N?MNCHA CM L?KOCL?> CH ; <LI;>?L P;LC?NS I@ =IHN?RNM�

1. Introduction
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F;N?> NI MIG? I@ NB?M? B;T;L>M QCFF <? ?R;=?L<;N?> <S NB? =IHM?KO?H=?M I@ =FCG;N? =B;HA? 8�9 ;H> INB?L @;=NILM FCHE?> NI MI=CI
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?=IHIGC= >?P?FIJG?HN ;H> JIFC=C?M	 MO=B ;M NB? CH=L?;M?> POFH?L;<CFCNS I@ JIJOF;NCIH ;H> ?=IMSMN?GM ;H> CH=L?;M?> ?RJIMOL? FCHE?>
NI JIJOF;NCIH ALIQNB ;H> M?NNF?G?HN CH B;T;L>
JLIH? ;L?;M� /?>O=CHA LCMEM NI %*% ;H> INB?L B;T;L>M CM	 NB?L?@IL?	 ; JLCILCNS NI FCGCN
NB?CL H?A;NCP? CGJ;=NM IH JIJOF;NCIHM ;H> CH@L;MNLO=NOL? ;H> NI JL?M?LP? >?P?FIJG?HN A;CHM AFI<;FFS 8�9�

1I L?>O=? ?RJIMOL? NI %*%	 ?HACH??L?> MNLO=NOL?M �IL AL?S CH@L;MNLO=NOL?� MO=B ;M M?; Q;FFM	 >SE?M	 F?P??M ;H> L?N;CHCHA Q;FFM ;L?
A?H?L;FFS OM?>� %IQ?P?L	 NB?L? CM ;H CH=L?;MCHA CHN?L?MN CH ;H> OJN;E? I@ AL??H CH@L;MNLO=NOL? MO=B ;M H;NOL?
<;M?> MIFONCIHM �+�0� ;M
;H ;FN?LH;NCP? IL =IGJF?G?HN NI AL?S CH@L;MNLO=NOL?� +;NOL?
<;M?> MIFONCIHM ;L? >?@CH?> ;M “;=NCIHM NI JLIN?=N	 =IHM?LP?	 L?MNIL?	 MOM

N;CH;<FS OM? ;H> G;H;A? H;NOL;F IL GI>C@C?> N?LL?MNLC;F	 @L?MBQ;N?L	 =I;MN;F ;H> G;LCH? ?=IMSMN?GM	 QBC=B ;>>L?MM MI=C;F	 ?=IHIGC=	
;H> ?HPCLIHG?HN;F =B;FF?HA?M ?@@?=NCP?FS ;H> ;>;JNCP?FS	 QBCF? MCGOFN;H?IOMFS JLIPC>CHA BOG;H Q?FF
<?CHA	 ?=IMSMN?G M?LPC=?M ;H>
L?MCFC?H=? ;H> <CI>CP?LMCNS <?H?@CNM” 8�9� !CM;MN?L LCME L?>O=NCIH �!//� ;H> =FCG;N? =B;HA? ;>;JN;NCIH ;H> GCNCA;NCIH ;L? NQI I@ NB?
MI=C?N;F =B;FF?HA?M =IHMC>?L?> <S &2 + NI JIN?HNC;FFS <? ;>>L?MM?> <S +�0 8�9�

*;HS ;MM?MMG?HN @L;G?QILEM @IL ?P;FO;NCHA NB? ?@@?=NCP?H?MM I@ AL?S ;H>�IL AL??H CH@L;MNLO=NOL? �CH=FO>CHA +�0� B;P? <??H >?

P?FIJ?> CH L?=?HN S?;LM� *IMN I@ NB?M? @L;G?QILEM ;L? CH>C=;NIL
<;M?> ;JJLI;=B?M NI =B;L;=N?LCM? ;H> KO;HNC@S LCMEM NI H;NOL;F B;T

;L>M �?�A�	 /?@M� 8�–�9�� *;HS @L;G?QILEM HIQ =IHMC>?L CHN?AL;N?> MI=C;F
?=IFIAC=;F MSMN?GM �0"0� ;M NB? OHCN I@ ;H;FSMCM	 <ON NB?L? L?

G;CHM ; JL?JIH>?L;H=? I@ MI=C;F CH>C=;NILM <?CHA OM?> NI KO;HNC@S LCMEM �?�A�	 /?@M� 8�–��9�� 1BCM JIM?M ; JLI<F?G CH =B;L;=N?LCMCHA NB?
POFH?L;<CFCNS ;H> ?RJIMOL? I@ 0"0 ;>?KO;N?FS� &N ;FMI >I?M HIN ;FFIQ =;JNOLCHA NB? @;=N NB;N +�0 =;H =IHNLC<ON? NI L?>O=CHA LCMEM IH ;FF
CNM >CG?HMCIHM	 H;G?FS NB? B;T;L> =B;L;=N?LCMNC=M �?�A�	 <S ;FFIQCHA CH=L?;M?> CH@CFNL;NCIH	 NB?L?@IL?	 B?FJCHA NI L?>O=? CH MIG? =;M?M
NB? @L?KO?H=S ;H> G;AHCNO>? I@ @FII>M ;H> >LIOABNM�	 NB? POFH?L;<CFCNS �?�A�	 <S ?HB;H=CHA FCP?FCBII>M NBLIOAB NB? JLIPCMCIH I@
?=IMSMN?G M?LPC=?M� ;H> NB? ?RJIMOL? �?�A�	 <S M?LPCHA ;M ; JBSMC=;F <O@@?L <?NQ??H B;T;L> FI=;NCIH ;H> M?NNF?G?HNM�CH@L;MNLO=NOL?�
8��9� 1BCM CM FCHE?> NI NB? @;=N NB;N +�0 =;H JLIPC>? GOFNCJF? <?H?@CNM	 QBC=B CM HIN I@N?H NB? =;M? QCNB AL?S CH@L;MNLO=NOL? 8��	��9� "@

@ILNM B;P? L?=?HNFS <??H G;>? NI <?NN?L =;JNOL? NB? LIF? ?=IMSMN?G
<;M?> ;JJLI;=B?M =;H JF;S CH L?>O=CHA LCMEM NBLIOAB >?P?FIJCHA
H?Q @L;G?QILEM 8�	��	��	��	��9 ;H> CH>C=;NIL FC<L;LC?M 8�	��	��	��9�

/?=?HNFS	 /?@� 8��9 B;P? JLIJIM?> ; =IH=?JNO;F @L;G?QILE @IL POFH?L;<CFCNS ;H> LCME ;MM?MMG?HN I@ 0"0 CH NB? =IHN?RNM I@ +�0 �3/

+�0 @L;G?QILE� #CA� ��� 1BCM J;J?L ;CGM NI JL?M?HN NB? @CLMN M?LC?M I@ LCME ;MM?MMG?HNM =;LLC?> ION QCNB NB? 3/
+�0 @L;G?QILE ;H>
KO;HNC@S NB? ?@@?=NM I@ +�0 CH L?>O=CHA LCMEM @LIG BS>LIG?N?ILIFIAC=;F B;T;L>M� 1BCM CM >IH? NI N?MN NB? @?;MC<CFCNS I@ NB? @L;G?QILE
;H> NI >?N?LGCH? C@ ?RJ?LNM QBI B;P? HIN <??H CHPIFP?> CH NB? >?P?FIJG?HN I@ NB? @L;G?QILE =;H OM? CN QCNB HI G;DIL >C@@C=OFNC?M�
1B? L?M?;L=B Q;M =;LLC?> ION CH NB? =IHN?RN I@ NB? ,-"/�+!2* JLID?=N �,-"H
;CL F;<I/�NILC?M @IL +;NOL? <;M?! MIF2NCIHM NI *;H

;A? BS>LI
G?N?ILIFIAC=;F LCMEM	 BNNJM���QQQ�IJ?L;H>OG
JLID?=N�?O�I;FM��	 QBC=B ;CG?> NI L?>O=? LCMEM @LIG %*% NBLIOAB NB? =I

>?P?FIJG?HN ;H> =I
>?JFISG?HN I@ +�0 CH P;LCIOM "OLIJ?;H =IOHNLC?M� 1B? L?M?;L=B CH NB? JLID?=N Q;M <;M?> IH MI
=;FF?> ,J?H �CL
);<IL;NILC?M �,�)� QB?L? NB? +�0 Q?L? CHCNC;N?> ;H> CGJF?G?HN?> QCNB >C@@?L?HN MN;E?BIF>?LM� ,�)M ;L? JCFIN L?M?;L=B CH@L;MNLO=

NOL?M NB;N A?H?L;FCM? ;H> MJ?=C;FCT? NB? FCPCHA F;<IL;NILS =IH=?JN NI NB? =I
>?MCAH ;H> =I
>?P?FIJG?HN I@ +�0 �M?? BNNJM���
A?ICEJ�IJ?L;H>OG
JLID?=N�?O�I;F�?RJFIL?L�� 1B? 3/
+�0 @L;G?QILE Q;M ;FMI ;JJFC?> @IL LCME ;MM?MMG?HN CHNI NQI !?GIHMNL;NIL
 ;M?M �! � I@ NB? -%20& ,0 JLID?=N �BNNJM���JBOMC=IM�?O��	 ; MCMN?L JLID?=N I@ ,-"/�+!2*	 QBIM? ?RJ?LNM Q?L? HIN CHPIFP?> CH NB?
>?P?FIJG?HN I@ NB? @L;G?QILE� 1B? ! M ;L? NB? >?GIHMNL;NCIH MCN?M QB?L? +�0 JLID?=NM ;L? <?CHA CGJF?G?HN?> OH>?L NB? -%20& ,0
JLID?=N� 4? B;P? M?F?=N?> NB?M? ,�)M ;H> ! M ;M NB?M? MCN?M JL?M?HN >C@@?L?HN B;T;L>M ;H> +�0 =IHN?RNM	 ;H> MO@@C=C?HN >;N; L?F;N?> NI
LCME ;MM?MMG?HN ;H> +�0 JLID?=N >?MCAH ;H> CGJF?G?HN;NCIH CM ;P;CF;<F?� 1BCM B?FJM NI JL?M?HN MOCN;<F? =;M?M @IL >?GIHMNL;NCHA NB? ;J

JFC=;NCIH I@ NB? 3/
+�0 @L;G?QILE @IL KO;HNC@SCHA NB? ?@@?=NM I@ +�0 @IL L?>O=CHA LCME� 4? JL?M?HN B?L? LCME ;MM?MMG?HNM ;H> >?N?L


Fig. 1.  IH=?JNO;F @L;G?QILE @IL POFH?L;<CFCNS ;H> LCME ;MM?MMG?HN I@ 0"0 CH +�0 JLID?=N MCN?M �3/
+�0� �;>;JN?> @LIG /?@� 8��9�
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GCH? NB? ?@@?=N I@ +�0 @IL L?>O=CHA LCME @LIG F;H>MFC>?M �,�) �OMNLC; ;H> ,�) 2HCN?> (CHA>IG�	 LI=E@;FF �#L?H=B ! � ;H> @FII>M
�,�) &N;FS	 +ILQ?AC;H ! � ;H> >CM=OMM NB? @OH=NCIH;FCNC?M I@ NB? 3/
+�0	 <INB CH N?LGM I@ ;>P;HN;A?M ;H> FCGCN;NCIHM�

2. The VR-NBS framework

4? OM?> NB? 3/
+�0 @L;G?QILE ;M ; <;MCM NI KO;HNC@S >CM;MN?L LCME OMCHA ;H CH>?R
<;M?> ;JJLI;=B @IL IOL @CP? =;M? MNO>C?M� 1BCM
@L;G?QILE	 ILCACH;FFS >?P?FIJ?> OMCHA NB? G;CH =IH=?JNM I@ NB? !?FN;
0"0 @L;G?QILE 8�9	 =IGJON?M LCME ;M %;T;L> a "RJIMOL? a
3OFH?L;<CFCNS 8��	��9 �#CA� ��� +�0 JLID?=NM ;L? OMO;FFS >?MCAH?> NI L?>O=? LCMEM <S NBL?? JIMMC<F? Q;SM� GI>C@SCHA B;T;L> =B;L;=N?LCM

NC=M	 L?>O=CHA ?RJIMOL? I@ 0"0 NI B;T;L>M	 ;H> L?>O=CHA NB? POFH?L;<CFCNS I@ NB? 0"0 �#CA� ��� 1B? 3/
+�0 @L;G?QILE JLIJIM?M MJ?=C@C=
CH>C=;NILM @IL B;T;L>M	 ?RJIMOL? ;H> POFH?L;<CFCNS CH ; @F?RC<F? CH>C=;NIL FC<L;LS 8��9�

1B? 3/
+�0 @L;G?QILE =IHMC>?LM NB? A?IAL;JBC=;F <IOH>;LS I@ +�0 JLID?=NM	 OMO;FFS ; MG;FF?L ;L?; �J;LN I@ ; LCP?L @FII>JF;CH	
F;E?	 MFIJ? I@ ; BCFF IL M?AG?HN I@ ; =I;MN�	 ;H> NB? =IGJIH?HNM I@ NB? MI=C;F MSMN?G �CH=FO>CHA ;FF MI=C;F	 ?=IHIGC=	 AIP?LH;H=?�CHMNC

NONCIH;F ;MJ?=NM� ;H> ?=IMSMN?G @?;NOL?M �CH=FO>CHA ;FF ?HPCLIHG?HN;F�?=IFIAC=;F =IGJIH?HNM� QCNBCH NB;N ;L?; ;M NB? <;MC= MJ;=? @IL
LCME ;MM?MMG?HN� 0IG? MI=C;F ;H> ?=IFIAC=;F ?F?G?HNM	 MO=B ;M JIFC=C?M ;H> =FCG;NC=�BS>LIFIAC=;F =B;L;=N?LCMNC=M	 ;L? FCHE?> NI F;LA?L
MJ;NC;F M=;F?M	 QBC=B ;L? ;FMI =IHMC>?L?> CH NB? LCME ;MM?MMG?HN ;H> =;H <? =B;L;=N?LCT?> <S MJ?=C@C= CH>C=;NILM� 1B? @L;G?QILE ;FMI
=IHMC>?LM MCHAF? IL GOFNC
B;T;L> =IHN?RNM NB;N =IOF> <? ?RJ?LC?H=?> ;N NB? +�0 JLID?=N MCN?M� &H>C=;NILM L?F;N?> NI B;T;L> =B;L;=N?LCM

NC=M	 MO=B ;M G;AHCNO>?	 >OL;NCIH	 ?RN?HN ;H> JLI<;<CFCNS I@ I==OLL?H=?	 ;L? OM?> @IL =;F=OF;NCHA NB? B;T;L> CH>?R� 1B? ?RJIMOL? =IG

JIH?HN I@ NB? @L;G?QILE CH=FO>?M NB? MI=C;F ;H> ?=IFIAC=;F ?F?G?HNM QCNBCH +�0 JLID?=N MCN?M ?RJIM?> NI B;T;L>M� 1B? POFH?L;<CFCNS
=IGJIH?HN I@ NB? @L;G?QILE =IHMCMNM I@ @IOL POFH?L;<CFCNS >IG;CHM� MI=C;F MOM=?JNC<CFCNS	 ?=IMSMN?G MOM=?JNC<CFCNS	 ?=IMSMN?G LI<OMN

H?MM	 ;H> =IJCHA ;H> ;>;JN;NCIH =;J;=CNC?M I@ NB? MI=C;F MSMN?G �;M J?L 8�9�� 0?J;L;N? CH>C=;NILM @IL ?;=B POFH?L;<CFCNS =IGJIH?HN ;L?
OM?> CH NB? @CLMN CHMN;H=? ;H> NB?H ;AAL?A;N?> NI ;MM?MM NB? IP?L;FF POFH?L;<CFCNS I@ NB? 0"0�

1B? @L;G?QILE =;H <? OM?> NI =IGJON? LCME ;N >C@@?L?HN NCG? CHN?LP;FM I@ ;H +�0 JLID?=N� &H G;HS =;M?M	 +�0 QCFF IHFS L?;=B NB?
G;RCGOG LCME L?>O=NCIH =;J;=CNC?M NB?S ;L? >?MCAH?> @IL GIHNBM IL S?;LM ;@N?L NB?CL CGJF?G?HN;NCIH	 C�?�	 NB? NCG? CN N;E?M @IL NB? +�0
G;NOL?M� 1B?L?@IL?	 NB? CH>C=;NIL @L;G?QILE H??>M NI ;FFIQ =;JNOLCHA NBCM N?GJIL;F >CG?HMCIH NI >?N?LGCH? QB?H NB? G;RCGOG LCME
L?>O=NCIH =;J;=CNS CM L?;=B?> ;H> NI ;FFIQ NB? CGJF?G?HN;NCIH I@ ;>>CNCIH;F G?;MOL?M OHNCF NBCM LCME L?>O=NCIH =;J;=CNS CM L?;=B?>� &H

>C=;NILM @IL LCME ;MM?MMG?HN MBIOF> <? JLCILCNCM?> ;H> OM?> CH L?J?;N ;MM?MMG?HNM >OLCHA NB? G;NOL;NCIH JB;M? I@ NB? +�0� 1B? L?MOFNM
I@ NBCM ;H;FSMCM =IOF>	 @IL ?R;GJF?	 JLIGJN NB? CHN?AL;NCIH I@ ?HACH??L?> MNLO=NOL?M ;FIHAMC>? NB? +�0 C@ +�0 G;NOL;NCIH	 ;H> NB?L?

@IL? CNM =;J;=CNS NI L?>O=? LCMEM	 N;E?M ; FIHA NCG?� 0CH=? G;HS +�0 JLID?=NM L?FS IH NB? ALIQNB I@ ILA;HC= ?F?G?HNM �?�A�	 JF;HNM�	
QBC=B ;L? ;FMI CH@FO?H=?> <S M?;MIH;F =FCG;NC= P;LC;<CFCNS	 CH>C=;NILM NB;N =;H =;JNOL? NB? ?@@?=N I@ M?;MIH;FCNS MBIOF> ;FMI <? =IHMC>

?L?>� 1B? @L;G?QILE MOAA?MNM NB;N	 @IL AL?;N?L OH>?LMN;H>CHA	 LCME GOMN <? ;MM?MM?> GOFNCJF? NCG?M >OLCHA >C@@?L?HN M?;MIHM NBLIOAB

ION NB? +�0 JLID?=N G;NOL;NCIH MN;A?M�  IHNCHOIOM GIHCNILCHA MBIOF> <? =IH>O=N?> NI ?HMOL? NB;N NB? LCME L?>O=NCIH <?H?@CNM I@ NB?
+�0 JLID?=NM ;L? >?FCP?L?> CH NB? FIHA LOH�

�FIHA QCNB NB? =IH=?JNO;F 3/
+�0 @L;G?QILE	 /?@� 8��9 ;FMI JLIPC>?> ;H CH>C=;NIL FC<L;LS =IHN;CHCHA ��� CH>C=;NILM =IP?LCHA ?R

JIMOL? ;H> POFH?L;<CFCNS =IGJIH?HNM I@ LCME ;MM?MMG?HN� &H NBCM MNO>S	 Q? B;P? OM?> NBCM CH>C=;NIL FC<L;LS ;M ; JLCG;LS MIOL=? @IL
C>?HNC@SCHA MOCN;<F? CH>C=;NILM @IL LCME ;MM?MMG?HN ;N IOL =;M? MNO>S MCN?M� 1B? M?F?=N?> CH>C=;NILM ;H> >;N; =IFF?=NCIH G?NBI>M	 ;H> >?

N;CF?> LCME =;F=OF;NCIH JLI=?MM ;L? >?M=LC<?> CH NB? @IFFIQCHA M?=NCIHM�

3. Materials and methods

3.1. Study areas and implemented nature-based solutions

1BCM MNO>S =IHMC>?LM @CP? MCN?M ;=LIMM "OLIJ? QB?L? +�0 JLID?=NM ;L? CGJF?G?HN?>�JF;HH?> OH>?L NB? ,-"/�+!2* ;H> -%20&

 ,0 JLID?=NM� � MOGG;LS I@ NB? =;M? MNO>S MCN?M CM JL?M?HN?> CH 1;<F? � ;H> >?N;CF?> CH@ILG;NCIH @IL ?;=B MCN? CM JL?M?HN?> CH NB? @IF

FIQCHA M?=NCIHM�

3.1.1. OAL Italy - Panaro River
,�) &N;FS CM FI=;N?> CH NB? "GCFC;
/IG;AH; L?ACIH	 ;H> CN CH=FO>?M NBL?? MCN?M QB?L? +�0 ;L? CGJF?G?HN?> ;H> N?MN?>� &H IH? MCN?

IH NB? =I;MN �3IF;HI��?FFI==BCI�	 +�0 NI GCNCA;N? =I;MN;F ?LIMCIH ;H> MNILG MOLA? ;L? N?MN?>� �HINB?L MCN? CM IH NB? >?FN; I@ NB? LCP?L

Table 1

,�)M ;H> ! M =IHMC>?L?> CH NBCM MNO>S�

,�)M ;H> ! M �L?; ;H> MJ;NC;F
=IP?L;A?

+;NOL;F
B;T;L>

+�0 CGJF?G?HN?>�JF;HH?>

,�) &N;FS �-;H;LI LCP?L <;MCH	
"GCFC;
/IG;AH; L?ACIH	 &N;FS�

���� EG�	 =IP?LM ��
GOHC=CJ;FCNC?M

#FII>CHA &HMN;FFCHA B?L<;=?IOM JF;HNM IH NB? ?G<;HEG?HN I@ NB? -;H;LI /CP?L NI L?>O=? MICF
?LIMCIH ;H> MNL?HANB?H NB? ?G<;HEG?HN

,�) �OMNLC; �4;NN?H P;FF?S	 1SLIF	
�OMNLC;�

��� EG�	 QCNBCH IH?
GOHC=CJ;FCNS

);H>MFC>? #CLMN +�0� M?;FCHA I@@ F?;ES MNL?;GM ;H> =B;HH?FM CH NB? OJMFIJ? =IHNLC<ONCHA ;L?;
0?=IH> +�0� IJNCGCT;NCIH I@ NB? @IL?MN G;H;A?G?HN

,�) 2( � ;NN?LFCH? �;S	
�<?L>??HMBCL?	 0=INF;H>�

��� EG�	 QCNBCH IH?
GOHC=CJ;FCNS

);H>MFC>? +�0 CH=FO>? MICF ;H> Q;N?L <CI?HACH??LCHA N?=BHCKO?M MO=B ;M FCP? JIF? >L;CHM	 FCP?
=LC<Q;FFM	 <LOMB F;S?LM	 FCP? MFIJ? F;NNC=?	 FCP? J;FCM;>?M	 BCAB
>?HMCNS JF;HNCHA I@
H;NCP? QII>S MJ?=C?M

+ILQ?AC;H ! �_S?L	
$O><L;HM>;F?H 3;FF?S	 +ILQ;S�

��� EG�	 QCNBCH IH?
GOHC=CJ;FCNS

#FII>CHA +�0 JLID?=N CH=FO>?M NB? =L?;NCIH I@ ; =L??E <?> CHMN?;> I@ ; � GG >C;G?N?LM
JCJ?FCH?

#L?H=B ! ��LNIOMN?	 -SL?H??M	
#L;H=?�

��� EG�	 QCNBCH IH?
GOHC=CJ;FCNS

/I=E@;FFM 1B? +�0 JLID?=N =IHMCMNM I@ QII>?H NLCJI>M ;H> QII>?H G?MB?M G;>? I@ F;L=B NLOHEM	
@CR?> NI NB? ALIOH> IL ;H=BIL?> CH NB? <?>LI=E ;N >C@@?L?HN >?JNBM�
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-I �-I >C $ILI� ;H> >?;FM QCNB M;FN
Q?>A? CHNLOMCIH� #CH;FFS	 ;H CHF;H> MCN?	 NB? -;H;LI LCP?L �B?L?;@N?L ,�) &N;FS -;H;LI� CM QB?L? ;H
+�0 NI L?>O=? LCMEM @LIG LCP?L @FII>CHA CM CGJF?G?HN?>� 1B? F;NN?L CM IH? I@ NB? MNO>S ;L?;M OM?> CH NBCM QILE� 1B? LCP?L -;H;LI CM ;
NLC<ON;LS I@ NB? -I /CP?L ;H> @FIQM @IL CNM AL?;N?MN J;LN CH NB? JLIPCH=? I@ *I>?H; �+ILNB?LH &N;FS�	 QCNB ; <;MCH =IP?LCHA ; MOL@;=? I@
���� EG�	 ��� I@ QBC=B CM CH NB? GIOHN;CH ?HPCLIHG?HN �#CA� ��� 1B? -;H;LI <;MCH =IP?LM �� GOHC=CJ;FCNC?M ;H> CM NB? F;LA?MN ;H>
GIMN JIJOF;N?> ;L?; I@ ;FF ,�) MCN?M =IHMC>?L?> <S NB? ,-"/�+!2* JLID?=N	 QCNB G;HS CH>OMNLC;F ;H> ;ALC=OFNOL;F ;=NCPCNC?M �F;H

>OM? MBIQH CH #CA� ��� 1B? <;MCH CM ?RJIM?> NI LCP?LCH? @FII>CHA	 ?RJ?LC?H=CHA CHOH>;NCIHM CH L?=?HN >?=;>?M ;M ; =IHM?KO?H=? I@ CMI

F;N?> MNILGM IL G?MIM=;F? ILA;HCM?> =IHP?=NCIH� 0O=B ?P?HNM <LCHA NB? LCME I@ FIMM I@ BOG;H FC@?	 >;G;A? NI JLIJ?LNC?M ;H> CH@L;MNLO=

NOL?M	 >;G;A? NI ;ALC=OFNOL? ;H> FCP?MNI=E	 ;H> >CMLOJNCIH I@ <INB NIOLCMG ;=NCPCNC?M ;H> ?=IHIGC= ;=NCPCNC?M 8�9� 1B? +�0 ;CGM NI
GCNCA;N? NB?M? LCMEM <S CHMN;FFCHA B?L<;=?IOM JF;HNM IH NB? ?G<;HEG?HN I@ NB? -;H;LI /CP?L �BNNJM���A?ICEJ�IJ?L;H>OG
JLID?=N�?O�
I;F�?RJFIL?L�CN;FS
J;H;LI
LCP?L�	 QCNB NB? CHN?HN NI L?>O=? MICF ?LIMCIH IH NB? CHN?LH;F NI? I@ NB? LCP?L<;HE	 ;M Q?FF ;M JIN?HNC;FFS =IH

NLC<ON? NI JL?P?HNCHA OH=IHNLIFF?> MOJ?L@C=C;F ?LIMCIH I@ NB? F?P?? CH =;M? I@ IP?LNIJJCHA��

3.1.2. OAL Austria - V�gelsberg landslide, Watten Valley, Tyrol
,�) �OMNLC; – NB? 3\A?FM<?LA F;H>MFC>? – CM FI=;N?> CH NB? FIQ?L 4;NN?H P;FF?S	 1SLIF	 �OMNLC; 
 MIONB I@ NB? NIQH I@ 4;NN?HM� 1B?

,�) CH=FO>?M NB? BS>LIFIAC=;F =;N=BG?HN I@ ;<ION @CP? MKO;L? ECFIG?N?LM L;HACHA @LIG �� NI �� m ;�M�F	 ;H> NB? ;=NCP? F;H>MFC>? I@
;<ION ��� EG� ;L?; MCNO;N?> ;N NB? FIQ?L ?H> I@ NB? MFIJ? �#CA� ��� 1B? ;=NCPCNS I@ NB? F;H>MFC>? CM G;CHFS =IHNLIFF?> <S ALIOH>Q;N?L
L?=B;LA? ;H> ;==?F?L;N?M ;@N?L ‘Q?NN?L NB;H HILG;F J?LCI>M� CH=FO>CHA MHIQG?FN M?;MIHM 8��	��9� 1B? F;H>MFC>?�M ;=NCPCNS =;H F?;> NI
=;M=;>? ?@@?=NM	 CH=FO>CHA >?<LCM @FIQM ;H> MB;FFIQ F;H>MFC>?M ;N NB? @IIN MFIJ? 8��9� 1B? =OLL?HNFS ;=NCP? �F;H>MFC>? GIP?G?HN� ;L?; CM
=IP?L?> <S ;ALC=OFNOL;F ;L?;M	 CH=FO>CHA G?;>IQM ;H> J;MNOL? ;H> FI=;F @IL?MN J;N=B?M �F;H> OM? MBIQH CH #CA� ��� +CH? BIOM?M ;H>

Fig. 2. );H> OM? G;JM I@ ,�) &N;FS -;H;LI	 �OMNLC;	 ;H> NB? 2( QBC=B Q?L? >?LCP?> @LIG NB?  ILCH? );H>  IP?L ��� >;N;M?N 8��9 ;H> JLID?=N G;JM @LIG ,�)M�
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M?P?L;F @;LG <OCF>CHAM ;H> CH@L;MNLO=NOL? �?�A�	 LI;>M	 JIQ?L FCH?M ;H> Q;N?L MOJJFS JCJ?FCH?� ;L? JL?M?HN CH NB? ;=NCP? ;L?;	 MBIQCHA
MCAHM I@ >;G;A? >O? NI NB? ALIOH> GINCIH�

1B? @CLMN +�0 =IHMCMNM CH M?;FCHA I@@ F?;ES MNL?;GM ;H> =B;HH?FM CH NB? OJMFIJ? =IHNLC<ONCHA ;L?;	 QBC=B B?FJM NI L?>O=? NB? ;=NCPCNS
I@ NB? >??J
M?;N?> F;H>MFC>? <S N;=EFCHA NB? CH@CFNL;NCHA Q;N?L ;H> NB? L?F;N?> CH=L?;M? I@ NB? JIL? Q;N?L JL?MMOL?� 1B? @CLMN +�0 N?MN?>
CH ,�) �OMNLC; CH=FO>?M ; JLININSJ? I@ ; @OFFS <CI
>?AL;>;<F? <?HNIHCN? G;N	 QBC=B CM ; =IGJIMCN? I@ A?IN?RNCF? F;S?LM ?H=FIMCHA ;
F;S?L I@ =F;S G;N?LC;F �<?HNIHCN?� QCNB BCAB MQ?FFCHA JIN?HNC;F OH>?L M;NOL;NCIH� 1B? MOJJILNCHA A?IN?RNCF? F;S?LM >?AL;>? IP?L NCG?	
<ON NB? CGJ?LG?;<F? =F;S F;S?L J?LMCMNM ;H> AO;L;HN??M NB? >?MCL?> ?@@?=NM IP?L ; FIHA NCG? MJ;HM �BNNJM���QQQ�IJ?L;H>OG

JLID?=N�?O�I;F�;OMNLC;��� 1B? M?=IH> +�0 CM NB? IJNCGCT;NCIH I@ @IL?MN G;H;A?G?HN	 QBC=B CM =OLL?HNFS CH NB? GI>?FFCHA MN;A?� 1B?
@IL?MN OJMFIJ? I@ NB? F;H>MFC>? CH ,�) �OMNLC; CM G;CHFS =IGJIM?> I@ +ILQ;S MJLO=? �Picea abies� CH P;LSCHA >?HMCNS ;H> ;A?� ,JNCGCT

CHA NB? @IL?MN G;H;A?G?HN <S CHNLI>O=CHA GCR?> @IL?MNM NB;N @;=CFCN;N? GOFNCJF? P?A?N;NCIH F;S?LM QCFF L?>O=? NB? ;GIOHN I@ ALIOH>

Q;N?L L?=B;LA? <S ; GIL? ?@@?=NCP? L;CH@;FF CHN?L=?JNCIH ;H> BCAB?L NL;HMJCL;NCIH� 2H>?L =OLL?HN =LIQH =IP?L;A? =IH>CNCIHM CH NB?
P?LS >?HM?FS MNI=E?> =IGG?L=C;F MJLO=? @IL?MNM	 HI FIQ P?A?N;NCIH CM JL?M?HN �Piceetum nudum� CH GIMN J;LNM I@ NB? @IL?MN >O? NI NB?
OH@;PIL;<F? FCABN =IH>CNCIHM� /?>O=CHA NB? =LIQH =IP?L;A? I@ NB?M? @IL?MNM NI �–�� QCFF B?FJ CHNLI>O=CHA FIQ P?A?N;NCIH F;S?LM	 ?H

B;H=CHA NB? BS>LIFIAC=;F ?@@?=NM I@ NB? GIOHN;CH @IL?MN ;H> L?>O=CHA NB? G;CH >LCP?L I@ NB? >??J
M?;N?> F;H>MFC>?�

3.1.3. OAL UK - Catterline Bay, Aberdeenshire, Scotland
,�) 2( =IP?LM ;H ;L?; I@ ��� EG� ;H> CM FI=;N?> ;>D;=?HN NI  ;NN?LFCH? �;S	 ;JJLIRCG;N?FS � EG MIONB I@ NB? PCFF;A? I@ 0NIH?


B;P?H	 �<?L>??HMBCL?	 IH NB? +ILNB?;MN =I;MN I@ 0=INF;H> �#CA� ��� 1B? ,�) B;M ;H IONMN;H>CHA H;NOL;F <?;ONS	 G;>? @;GIOM <S NB?
0=INNCMB J;CHN?L 'I;H ";L>F?S� 1B? MCN? CM MO<D?=N NI MB;FFIQ F;H>MFC>?M NLCAA?L?> <S MOL@;=? Q;N?L ;==OGOF;NCIH @IFFIQCHA JLIFIHA?>	
B?;PS L;CH@;FF ?P?HNM ;H> ION@FIQ @LIG H;NOL;F MJLCHAM	 ;M Q?FF ;M =I;MN;F ;H> MOL@;=? ?LIMCIH >O? NI NB? MCN?�M MFIJ?> NIJIAL;JBS ;H>
CNM JLIRCGCNS NI NB? M?; �F;H> OM? MBIQH CH #CA� ���

1B? MICF ;FIHA NB? ,�)�M MFIJ?M ;H> =FC@@M CM ; =IB?MCP? GCRNOL? I@ MCFNS M;H> QCNB L?F;NCP?FS BCAB =F;S =IHN?HN �?�A�	 /?@M� 8��	��9��
1B? MCN? B;M ; MB;FFIQ <?>LI=E I@ =IHAFIG?L;N?M ;H> CN B;M =B;HACHA =IB?MCP? JLIJ?LNC?M QB?H MO<D?=N?> NI =B;HACHA Q?NNCHA ;H> >LS

CHA =S=F?M	 G;ECHA CN JLIH? NI F;H>MFC>?M ;H> ?LIMCIH @IFFIQCHA B?;PS L;CH@;FF� 1B? =IGGOHCNS I@  ;NN?LFCH? ;H> NB?CL BIOM?M ;L? ;NIJ
NB? M?; =FC@@M� NBOM	 F;H>MFC>?M ;H> =I;MN;F ?LIMCIH JIM? ; >CL?=N LCME NI FCP?M ;H> JLIJ?LNC?M� 1B? =IGGOHCNS B;M F?MM NB;H � L?MC>?HNM
QCNB ; FIQ?L L;N? I@ OH?GJFISG?HN	 BCAB?L CH=IG?	 <?NN?L BIOMCHA ;H> B?;FNB ION=IG?M QB?H =IGJ;L?> NI NB? H;NCIH;F ;P?L;A? 8�9�

1B? +�0 CGJF?G?HN?> CH ,�) 2( CH=FO>? MICF ;H> Q;N?L <CI?HACH??LCHA N?=BHCKO?M MO=B ;M FCP? JIF? >L;CHM �C�?�	 ; >L;CH;A? MSMN?G
=IHMNLO=N?> OMCHA H;NOL;F	 MOMN;CH;<F? G;N?LC;FM�	 FCP? =LC<Q;FFM �C�?�	 ;H ?HACH??L?> L?N;CHCHA Q;FF <OCFN QCNB FI=;FFS ;P;CF;<F? H;NOL;F	
ILA;HC= G;N?LC;FM�	 <LOMB F;S?LM �C�?�	 MFIJ? N?LL;=?M L?CH@IL=?> QCNB FCP? @;M=CH?M ;H> =ONNCHAM�	 FCP? MFIJ? F;NNC=? �C�?�	 ; MFIJ? MECH <OCFN
@LIG ; F;NNC=? I@ NCG<?L FIAM MOJJF?G?HN?> QCNB FCP? =ONNCHAM�	 FCP? J;FCM;>?M �C�?�	 ; QII>?H <;LLC?L <OCFN QCNB NCG<?L MN;E?M ;H> FIAM
;H> NB?H <;=E@CFF?> QCNB ?;LNB	 ILA;HC= ;H> FCPCHA JF;HN G;N?LC;FM�	 BCAB
>?HMCNS JF;HNCHA I@ H;NCP? QII>S MJ?=C?M MO=B ;M QCFFIQ ;H>
G;JF?	 ;H> FCP? ALIOH> ;H=BILM �C�?�	 JF;NCJOM ALIOH> ;H=BILM MOJJF?G?HN?> QCNB <CI>?AL;>;<F? A?IALC> G;NM ;H> JF;HN M??>M� >?N;CFM
I@ NB?M? +�0 ;L? ;P;CF;<F? CH BNNJM���QQQ�IJ?L;H>OG
JLID?=N�?O�M=INF;H>
OE��� &H NB? JL?M?HN MNO>S	 Q? OM?> BCAB
>?HMCNS JF;HNCHA
I@ QCFFIQ ;H> G;JF? ;M NB? +�0 ?R;GJF? <?=;OM? MJ;NC;FFS
>CMNLC<ON?> GI>?FFCHA >;N; Q?L? ;P;CF;<F? @IL ;H;FSMCM OH>?L =OLL?HN ;H>
@ONOL? =FCG;N? =B;HA? M=?H;LCIM�

3.1.4. Norwegian DC – ¯yer, Gudbransdalen Valley
$O><L;H>M>;F?H 3;FF?S CM IH? I@ NB? !?GIHMNL;NIL  ;M?M �! M� I@ NB? -%20& ,0 JLID?=N� &N CM IH? I@ NB? GIMN JIJOF;N?> LOL;F ;L


?;M CH +ILQ;S	 ?RN?H>CHA @IL LIOABFS �� EG @LIG NB? NIQH I@ )CFF?B;GG?L	 IH NB? MIONB MC>?	 NI NB? PCFF;A? I@ !IG<XM	 CH NB? HILNB�
1B? QC>? @FII>JF;CHM ?RN?H>CHA ;FIHA NB? LCP?L	 QBC=B ;L? GIMNFS @;LGF;H> >INN?> QCNB G;HS M=;NN?L?> L?MC>?HNC;F M?NNF?G?HNM	 ;L? ?R

JIM?> NI ; L;HA? I@ BS>LI
G?N?ILIFIAC=;F B;T;L>M	 @FII>CHA <S NB? G;CH LCP?L ;H> <S NB? NLC<ON;LS LCP?LM	 >?<LCM @FIQM ;H> >?<LCM
MFC>?M	 LI=E@;FF ;H> MHIQ ;P;F;H=B?M� ,H? I@ NB? =;M? MNO>C?M I@ NBCM ! CM FI=;N?> CH 1LI>;F?H	 ; MG;FF L?MC>?HNC;F ;L?; �;JJLIRCG;N?FS
� CHB;<CN;HNM� <?FIHACHA NI NB? *OHC=CJ;FCNS I@ _S?L CH &HHF;H>?N  IOHNS	 FI=;N?> H?;L<S /;G@DIL> @IL?MN ;H> CH <?NQ??H NB? LCP?L
0`L? �LSHMX; ;H> NB? =L??E 1I>;FM<?EE?H� 1B? @ILG?L OM? I@ NB? ;L?; Q;M AL;P?F IONN;E? ;H> CM J;LNFS I==OJC?> <S ;H ;<;H>IH?>
AL;P?F JCN NB;N NB? GOHC=CJ;FCNS JF;HM NI >?P?FIJ CHNI ; H?Q BIOMCHA ;L?; �� H?Q L?MC>?HNC;F OHCNM QCNB ;H ?RJ?=N?> JIJOF;NCIH I@
��� #OLNB?L >?P?FIJG?HN I@ NB? ;L?; B;M <??H JON IH BIF> >O? NI ; F;=E I@ @FII> JLIN?=NCIH �F;H> OM? MBIQH CH #CA� ���

1B? =IL? I@ NB? +�0 >?MCAH JLID?=N CM NB? =L?;NCIH I@ ; =L??E <?> CHMN?;> I@ ; � GG >C;G?N?L JCJ?FCH? NI CH=L?;M? CNM =IHP?S;H=?
=;J;=CNS >OLCHA ; @FII> MCNO;NCIH� 1B? JCJ?FCH? CM �� m FIHA	 =LIMMCHA OH>?L ; LI;>	 ;H> B;M CNM IONF?N CH NB? 0`L? �LSHMX; LCP?L� 1BCM
QILE CM =OLL?HNFS OH>?L CGJF?G?HN;NCIH	 ;H> CN CM AICHA NI <? =IOJF?> QCNB ; <O@@?L TIH? CH NB? FIQ?L J;LN I@ NB? BIOMCHA >?P?FIJG?HN
QBC=B QCFF B;P? ; >IO<F? ;CG� M?LPCHA ;M ; L?N?HNCIH G?;MOL? >OLCHA @FII>M ;H> ;M ; <FO?
AL??H H;NOL? J;LE @IL CHB;<CN;HNM @IL NB? L?MN
I@ NB? NCG?�

0CH=? IJ?H Q;N?L=IOLM?M ;L? GIL? LI<OMN ;H> NB?L?@IL? JLIH? NI >?;F QCNB @FII>M	 NB? +�0 JLIJIM?> <S -%20& ,0 CM ?RJ?=N?> NI
CH=L?;M? M;@?NS @IL L?MC>?HNM ;H> OM?LM I@ NB? ;L?;	 CH=FO>CHA =BCF>L?H	 NI ;=BC?P? GIH?S M;PCHA CH NB? ?P?HN I@ @FII>M	 ;M CN CM GIL?
=IMNFS NI L?J;CL NB;H NI JL?P?HN >;G;A?M	 ;H> NI JLI>O=? ; JIMCNCP? CGJ;=N IH NB? <CI>CP?LMCNS CH NB? ;L?; >O? NI NB? =L?;NCIH I@ H?Q
B;<CN;N @IL MJ?=C?M ;MMI=C;N?> QCNB Q;N?L �>?N;CFM I@ NB?M? +�0 ;L? ;P;CF;<F? CH BNNJM���JBOMC=IM�?O�=;M?:MNO>S�P;FF?S
I@

AO><L;H>M>;F?H
HILQ;S���

3.1.5. French DC– Artouste, Pyrenees
1B? -SL?H??M ! CM FI=;N?> CH �LNIOMN?	 QCNBCH NB? *OHC=CJ;FCNS I@ );LOHM	 CH NB? �NF;HNC= -SL?H??M >?J;LNG?HN	 ;FIHA ; JLCG;LS

L?ACIH;F LI;> �/!
��� – �
���� =IHH?=NCHA M?P?L;F MG;FF NIQHM FI=;N?> ;FIHA NB? 0J;CH
#L;H=? <IL>?LM� ,H /!
��� ;H ;P?L;A? >;CFS
NL;@@C= CHN?HMCNS L;HACHA <?NQ??H �� ;H> �� P?BC=F?M�>;S GIP?M QCNB ; J?;E I@ GIL? NB;H � P?BC=F?M�>;S >OLCHA MOGG?L ;H>
QCHN?L Q??E?H>M� 1B? ! CM ; @IL?MN?> MFIJ? FI=;N?> ;JJLIRCG;N?FS ;N NB? JLIAL?MMCP? ���� EG I@ NB? /!
���	 CH NB? @IINBCFF ;L?; I@
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Fig. 3. );H> OM? G;JM I@ -%20& ,0 +ILQ?AC;H ;H> #L?H=B ! M QBC=B Q?L? >?LCP?> @LIG CH
BIOM? G;JM @LIG ! M�

GIOHN -C= );PCAH? ����m ;�M�F��� %?L? NB? LCME I@ LI=E@;FFM CM L?F?P;HN >O? NI NB? JL?M?H=? I@ ; MN??J LI=ES MFIJ?	 QCNB ; MFIJ? ;HAF? �
�^	 =IP?L?> <S ; @IL?MN	 QB?L? G;HS LI=ES M=;LJM ;H> CMIF;N?> <FI=EM =;H NLCAA?L LI=E@;FF ?P?HNM QBC=B =;H MBIQ P;LC;<F? CHN?HMCNS	
L;HACHA @LIG MG;FF <FI=EM NI <IOF>?LM AL?;N?L NB;H � G�� 0J?=C@C=;FFS	 ; LI=ES @LIHN	 ;<ION � m @LIG NB? LI;>	 CM MCAHC@C=;HNFS MOM

=?JNC<F? NI =IFF;JM?� 1B? =OLL?HN @IL?MN =IP?L CM =B;L;=N?LCT?> <S G?>COG
FIQ NL?? >?HMCNS ;H> NB? NL?? ;P?L;A? >C;G?N?L CM L;NB?L FCG

CN?>	 NBOM HIN <?CHA ;<F? NI JLIPC>? ?HIOAB JLIN?=NCIH ;A;CHMN F;LA? LI=E@;FFM� 1B? LI;> M?AG?HN ?RJIM?> NI NB? CHP;MCIH I@ =IFF;JM?>
<IOF>?LM CM ;<ION �m FIHA ;H> CM IHFS J;LNC;FFS JLIN?=N?> <S JL?
?RCMNCHA ;H> OH>?L
=IHMNLO=NCIH >?@?H=? MNLO=NOL?M �LI=E@;FF NOHH?F
;H> LI=E@;FF @?H=?M	 L?MJ?=NCP?FS�	 ;FIHA NB? G;CH LI=E@;FF =ILLC>ILM �F;H> OM? MBIQH CH #CA� ���

1B? +�0 >?MCAH?> ;H> =OLL?HNFS OH>?L CGJF?G?HN;NCIH CH NB? @L;G? I@ NB? -%20& ,0 JLID?=N =IHMCMN I@ QII>?H NLCJI>M �@CRCHA CH

>CPC>O;F <IOF>?LM� ;H> QII>?H G?MB?M �@CRCHA ALIOJ?> <IOF>?LM ;H> @L;=NOL?> LI=E G;MM?M� G;>? I@ F;L=B NLOHEM ��� =G >C;G?N?L�	
@CR?> NI NB? ALIOH> IL ;H=BIL?> CH NB? <?>LI=E ;N >C@@?L?HN >?JNBM� 1B?M? CHN?LP?HNCIHM ;L? >?MCAH?> NI @CR ;H> MN;<CFCT? LI=E <IOF>?LM
QCNB G;MM?M F;LA?L NB;H �� EA� �FIHA QCNB NB?M? MNLO=NOL?M	 G;MIHLS Q;FFM Q?L? >?MCAH?> NI FI=;FFS MOJJILN MIG? IP?LB;HACHA JIL

NCIHM I@ LI=E @;=?M� 1B?S ;L? =IGJF?N?> QCNB ���� m N;FF ;H> �–� m FIHA QII>?H <;LLC?LM	 G;>? I@ F;L=B NLOHEM ��� =G >C;G?N?LM�	
JF;=?> H?;L NB? G;CH L?F?;M? ;L?;M NI MNIJ <IOF>?LM ;M MIIH ;M NB?S =IFF;JM? �>?N;CFM I@ NB?M? +�0 ;L? ;P;CF;<F? ;N BNNJM���JBOMC=IM�?O�
=;M?:MNO>S�NB?
JSL?H??M
MJ;CH
@L;H=?
;H>ILL;���

3.2. VRA indicators and data collection

1B? ?RJIMOL? ;H> POFH?L;<CFCNS CH>C=;NILM �CH=FO>CHA JIN?HNC;F JLIRS CH>C=;NILM� @IL ?;=B ,�) Q?L? M?F?=N?> <;M?> IH NB? CH>C=;NIL
FC<L;LS JLIPC>?> <S /?@� 8��9 ;M Q?FF ;M >CM=OMMCIHM QCNB NB? ,�) J;LNH?LM CH NB? ,-"/�+!2* JLID?=N� 0IG? I@ NB?M? CH>C=;NILM ;L?
CH=FO>?> CH NB? +�0 ;MM?MMG?HN @L;G?QILE NIIF >?P?FIJ?> <S NB? -%20& ,0 JLID?=N 8��9	 ;M Q?FF ;M CH NB? %;H><IIE NI ?P;FO;N? NB?
&GJ;=N I@ +;NOL?
�;M?> 0IFONCIHM >?P?FIJ?> <S 8��9� �;M?> IH =IHN?RNO;F L?F?P;H=? NI >C@@?L?HN 0"0 ;H> >;N; ;P;CF;<CFCNS	 NB? CH>C=;

NILM OM?> CH ?;=B ,�) ;L? >C@@?L?HN� $CP?H NB? L?F;NCP?FS MG;FF MCT? I@ GIMN ,�)M	 CN Q;M ILCACH;FFS ?HPCM;A?> NB;N >;N; =IFF?=NCIH @IL
MIG? I@ NB? CH>C=;NILM QIOF> <? =;LLC?> ION NBLIOAB BIOM?BIF> CHN?LPC?QM CH IL>?L NI ;=KOCL? >;N; ;N ; BCAB MJ;NC;F L?MIFONCIH ;H> ;FMI
NI <? ;<F? NI KO;HNC@S ;>>CNCIH;F CH>C=;NILM	 <ON NBCM Q;M HIN JIMMC<F? <?=;OM? I@ NB?  ,3&!
�� J;H>?GC=� 1BCM B;M =IHMNL;CH?> MIG?
I@ IOL ;H;FSM?M �?�A�	 @?Q?L CH>C=;NILM OM?>�	 <ON <S ;H> F;LA?	 NB? ;JJLI;=B =;H OMO;FFS <? CGJF?G?HN?> QCNBION H??>CHA NI =IFF?=N CH

@ILG;NCIH NBLIOAB BIOM?BIF> CHN?LPC?QM� &H NB? ?H>	 ; NIN;F I@ �� CH>C=;NILM Q?L? OM?> ;H> ALIOJ?> CHNI MCR MO<=IGJIH?HNM — ?=I

FIAC=;F ?RJIMOL? �H � ��	 MI=C;F ?RJIMOL? �H � ��	 ?=IMSMN?G MOM=?JNC<CFCNS �H � ��	 MI=C;F MOM=?JNC<CFCNS �H � ��	 F;=E I@ ?=IMSMN?G
LI<OMNH?MM �H � ��	 ;H> F;=E I@ �MI=C;F� =IJCHA =;J;=CNS �H � �� �1;<F? ��� 1B?M? MO<
>CPCMCIHM I@ ?RJIMOL? ;H> POFH?L;<CFCNS @IFFIQ
NB? QILE <S /?@M� 8�	�9 ;H> ;L? N;E?H OJ <S /?@� 8��9 QCNBCH NB? ,-"/�+!2* JLID?=N�

� MJ;NC;FFS ?RJFC=CN ;JJLI;=B Q;M JOLMO?> CH NBCM MNO>S� %IQ?P?L	 >O? NI NB? >C@@?L?H=?M CH MNO>S ;L?; M=;F?M �@LIG F?MM NB;H � EG�

I@ ,�) �OMNLC; NI GIL? NB;H � NBIOM;H> EG� I@ ,�) &N;FS� ;H> >;N; ;P;CF;<CFCNS �?�A�	 J;O=CNS I@ MJ;NC;FFS ?RJFC=CN >;N; @IL NB? CH>C=;

NILM� CH >C@@?L?HN ,�)M ;H> ! M	 NB? =;F=OF;NCIH I@ NB? CH>?R Q;M =IH>O=N?> ;N >C@@?L?HN M=;F?M� #IL ,�) &N;FS -;H;LI	 NB? @CH;F =;F=OF;

NCIH I@ NB? CH>?R Q;M =IH>O=N?> ;N NB? GOHC=CJ;FCNS M=;F? OMCHA ;>GCHCMNL;NCP? OHCNM� #IL NB? MG;FF ;L?;M I@ ,�)M 2( ;H> �OMNLC;	 ;H>
@IL +ILQ?AC;H ;H> #L?H=B ! M	 NB? ;L?; =IP?L?> <S >C@@?L?HN F;H>
OM? NSJ?M Q;M NL?;N?> ;M NB? MJ;NC;F OHCNM @IL NB? @CH;F CH>?R =;F=OF;

NCIH�

!;N; @IL ;FF NB? ,�)M ;H> ! M Q?L? ;=KOCL?> @LIG GOFNCJF? MIOL=?M �1;<F? ��� 0I=C;F POFH?L;<CFCNS CH>C=;NIL >;N; Q?L? =IFF?=N?>
@LIG =?HMOM >;N; ;H> JO<FC=FS ;==?MMC<F? H;NCIH;F ;H> AFI<;F L?JIMCNILC?M� !;N; @IL ?=IMSMN?G CH>C=;NILM Q?L? =;F=OF;N?> <S =IG<CH

CHA GOFNCJF? MJ;NC;F >;N;M?NM	 MO=B ;M L?GIN? M?HMCHA CG;A?LS	  ILCH? );H>  IP?L ��� >;N;M?N 8��9	 ;H> $FI<;F �CI>CP?LMCNS &HN;=N

H?MM &H>?R 8��9� 1B? ?=IMSMN?G LI<OMNH?MM CH ,�)
�OMNLC; Q;M ;MM?MM?> <;M?> IH +!3& NCG? M?LC?M =IGJON?> ;L?;
QC>? �MJ;NC;F L?MI

FONCIH I@ �m� OMCHA ; MN;=E I@ =ILL?=N?> 0?HCH?F
� 8��9 CG;A?LS @LIG ����� NI ������ )CH?;L NL?H>M Q?L? @CNN?> NI NB? +!3& P;F

O?M ?R=??>CHA NB? ��� KO;HNCF? CH ?;=B S?;L� 1B? >?LCP?> NL?H>M L?JL?M?HN NB? ?PIFONCIH I@ NB? P?A?N;NCIH�M =IH>CNCIHM >OLCHA NB?
ALIQCHA M?;MIH QCNBCH NB? =IHMC>?L?> J?LCI>	 QCNB H?A;NCP? NL?H>M CH>C=;NCHA MNL?MM IH NB? ?=IMSMN?G QBCF? JIMCNCP? NL?H>M MOAA?MN
ALIQNB ;H> LI<OMNH?MM� -L?
JLI=?MMCHA I@ NB? >;N; Q;M J?L@ILG?> OMCHA �L=$&0 -LI �"0/&	 /?>F;H>M	  �	 20�� P� ����� 1BCM CH=FO>?M
NB? =;F=OF;NCIH I@ >?HMCNS MOL@;=?M �?�A�	 >?HMCNS I@ NB? NL;HMJILN;NCIH H?NQILE	 JIJOF;NCIH	 ;H> ?G?LA?H=S M?LPC=?M�	 MJ;NC;F HILG;FC

M;NCIH ;H> TIH;F MN;NCMNC=M �G?;H	 G;R� NI =IHP?LN ALC>>?> >;N;M?NM CHNI IH? M=IL? @IL MNO>S OHCN QCNBCH NB? ,�)M ;H> ! M�
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Table 2

0I=C;F
?=IFIAC=;F 0SMN?G ?RJIMOL? ;H> POFH?L;<CFCNS CH>C=;NILM OM?> CH NBCM MNO>S Q?L? M?F?=N?> <;M?> IH NB? CH>C=;NIL FC<L;LS JLIPC>?> <S /?@� 8��9� CH>C=;NILM @LIG
NB? -%20& ,0 JLID?=N	 ;M Q?FF ;M >CM=OMMCIHM QCNB NB? ,-"/�+!,* ,�) J;LNH?LM� 3OFH?L;<CFCNS =IGJIH?HN CH>C=;NILM OM?> CH NB? ;MM?MMG?HN ;L? ;LL;HA?> <S MO<

=IGJIH?HNM �MI=C;F MOM=?JNC<CFCNS	 MI=C;F =IJCHA =;J;=CNS	 ?=IMSMN?G MOM=?JNC<CFCNS	 ;H> ?=IMSMN?G LI<OMNH?MM�� -LIRC?M Q?L? OM?> QB?H >;N; @IL ; MJ?=C@C= CH>C=;NIL
Q?L? HIN ;P;CF;<F?� 1B? =IFOGH I@ ,�)M�! M CH>C=;N?M QB;N CH>C=;NILM NB? ,�)M�! M OM?> @IL POFH?L;<CFCNS ;H> LCME ;MM?MMG?HN�
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���

+�� 2( );H> OM? G;J @LIG ,�)

""�� -LIJILNCIH I@ AL;MMF;H>�J;MNOL?�@IL?MN�
Q;N?L <I>C?M CH @FII>CHA B;T;L> JLIH? ;L?;
���

+�� +ILQ;S );H> OM? G;J @LIG ! 

""�� -LIJILNCIH I@ AL;MMF;H>�J;MNOL?�@IL?MN�
Q;N?L <I>C?M CH LI=E@;FF B;T;L> JLIH? ;L?; ���

+�� #L;H=? );H> OM? G;J @LIG ! 

Social System Exposure

00"�� -LIJILNCIH I@ NIN;F JIJOF;NCIH ?RJIM?> CH
B;T;L> JLIH? ;L?; ���

+�� &N;FS	 2( 1B? F;N?MN ;P;CF;<F? =?HMOM @IL ,�)M

00"�� -LIJILNCIH I@ JLIJ?LNC?M�<OCF>CHAM CH
B;T;L> JLIH? ;L?; ���

+�� &N;FS	 2(	 �OMNLC;	
+ILQ;S	 #L;H=?

-LIJ?LNC?M ;H> <OCF>CHAM G;JM @LIG ,�)M�! M

00"�� -LIJILNCIH I@ F?HANB I@ LI;> ;H> L;CF
?RJIM?> CH B;T;L> JLIH? ;L?; ���

+�� &N;FS	 �OMNLC;	
+ILQ;S	 #L;H=?

/I;> ;H> L;CF G;JM @LIG ,�)M�! M

Ecosystem Susceptibility

"0�� +ILG;FCT?> !C@@?L?H=? 3?A?N;NCIH &H>?R +�� &N;FS	 2(	 +ILQ;S	
#L;H=?

 FIO>
@L?? CG;A?M @LIG );H>M;N � 8��9 CH NB?
MOGG?L I@ ���

"0�� 0J?=C?M LC=BH?MM �CI>CP?LMCNS &HN;=NH?MM &H>?R &N;FS	 2(	 �OMNLC;	
+ILQ;S	 #L;H=?

$FI<;F �CI>CP?LMCNS &HN;=NH?MM &H>?R 8��9

"0�� #L?MBQ;N?L M=;L=CNS �;M?FCH? Q;N?L MNL?MM ��� �OMNLC;	 +ILQ;S	
#L;H=?

$FI<;F �;M?FCH? Q;N?L MNL?MM BNNJM���
QQQ�QLC�ILA�;JJFC=;NCIHM�;KO?>O=N�Q;N?L

LCME
;NF;M�

Social Susceptibility

0,0�� !?J?H>?H=S L;NCI ��� CH=FO>?M JIJOF;NCIH
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+�� &N;FS	 �OMNLC;	
+ILQ;S	 #L;H=?
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+�� &N;FS	 +ILQ;S	
#L;H=?

1B? F;N?MN ;P;CF;<F? =?HMOM @IL ,�)�! M

0,0�� -LIJILNCIH I@ BIOM? IQH?LMBCJ �� I@
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+�� &N;FS	 +ILQ;S	
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1B? F;N?MN ;P;CF;<F? =?HMOM @IL ,�)�! M

0,0�� "GJFISG?HN L;N? ��� +�� &N;FS	 +ILQ;S 1B? F;N?MN ;P;CF;<F? =?HMOM @IL ,�)

0,0�� !?J?H>?H=S IH LI;> =IGGOHC=;NCIH � I@ J?IJF? QBI NL;P?F NI QILE 2( 1B? F;N?MN ;P;CF;<F? =?HMOM @IL ,�)M

Lack of Ecosystem Robustness

"/�� �ALC=OFNOL? F;H> QCNB MCHAF? IL GOFNCJF?
=LIJM

� ;ALC=OFNOL? F;H> QCNB MCHAF? IL
GOFNCJF? =LIJM

&N;FS 0N;NCMNC= S?;L<IIE @LIG �,)

"/�� *?;H 0J?=C?M �<OH>;H=? +�� &N;FS	 2(	 �OMNLC;	
+ILQ;S	 #L;H=?

$FI<;F J;NN?LHM CH G?;H MJ?=C?M ;<OH>;H=?
�*0�� P;FO?M 8��9

"/�� );H>M=;J? @L;AG?HN;NCIH );H>M=;J? �AAL?A;NCIH &H>?R &N;FS	 2(	 +ILQ;S	
#L;H=?

 ;F=OF;N?> =IG<CHA #L;AMN;NM MI@NQ;L? 8�9
;H>  ILCH? );H>  IP?L ��� >;N;M?N 8��9

"/�� );=E I@ -IFC=C?M MOJJILNCHA <CI>CP?LMCNS
=IHM?LP;NCIH �S?M�HI�

+�� &N;FS -IFC=S L?PC?Q @IL ,�)

"/�� );=E I@ -IFC=C?M @IL @IL?MN�AL;MMF;H>
=IHM?LP;NCIH �S?M�HI�

+�� �OMNLC;	 +ILQ;S	
#L;H=?

-IFC=S L?PC?Q @IL ,�)

"/�� );=E I@ -IFC=C?M @IL =I;MN;F JLIN?=NCIH �S?M�
HI

+�� 2( -IFC=S L?PC?Q @IL ,�)

"/�� "PIFONCIH I@ P?A?N;NCIH JLI>O=NCPCNS +�� �OMNLC; 1CG? M?LC?M I@ 0?HNCH?F
��� CG;A?LS @LIG ��
��� NI �����

Lack of coping and adaptive capacity

 � �� �==?MM NI NL;HMJILN;NCIH H?NQILE 1B? >?HMCNS I@ NB? NL;HMJILN;NCIH
H?NQILE �LI;> F?HANB J?L �
JIJOF;NCIH�

&N;FS 1B? F;N?MN ;P;CF;<F? =?HMOM @IL ,�)

 � �� 3?BC=F?M +OG<?L I@ =;LM J?L J?LMIH &N;FS 1B? F;N?MN ;P;CF;<F? =?HMOM @IL ,�)

 � �� "RCMN?H=? I@ ;>;JN;NCIH JIFC=C?M�MNL;N?AC?M
�S?M�HI�

+�� &N;FS	 2(	 �OMNLC;	
+ILQ;S	 #L;H=?

-IFC=S L?PC?Q @IL ,�)M ;H> ! M

3.3. Vulnerability and risk assessment for the OALs and DCs

#IFFIQCHA JL?PCIOM 0"0 POFH?L;<CFCNS ;H> LCME ;MM?MMG?HN QILE@FIQM 8�	�9	 >;N; JL?
JLI=?MMCHA @IL CH>C=;NILM CH=FO>?> >?N?=NCHA
;H> NL?;NCHA IONFC?LM ;H> GOFNC=IFFCH?;LCNS� 1B? JIN?HNC;F IONFC?LM CH NB? >;N; Q?L? ?R;GCH?> OMCHA <INB <IR JFINM <;M?> IH NB? CH

N?LKO;LNCF? L;HA? 
 &./ �C�?�	 >;N; IONMC>? ��� a &./�	 ME?QH?MM ;H> EOLNIMCM I@ NB? >;N; �C�?�	 ME?QH?MM AL?;N?L NB;H � IL MG;FF?L NB;H
−�	 ;H> EOLNIMCM AL?;N?L NB;H ����� 1LC;HAOF;NCIH Q;M OM?> NI P?LC@S JIN?HNC;F IONFC?LM	 ;H> ; QCHMILCT;NCIH ;JJLI;=B Q;M OM?> NI NL?;N
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NB? IONFC?LM	 C�?�	 <S ;H CN?L;NCP? L?JF;=?G?HN I@ NB? BCAB?MN�FIQ?MN QCNB NB? M?=IH>
BCAB?MN�FIQ?MN CH>C=;NIL M=IL?M – ;H ;JJLI;=B NB;N
B;M <??H OM?> CH 0"0 CH>?R =IHMNLO=NCIH �?�A�	 /?@M� 8�	�9�� 1QI CH>C=;NILM �C�?�	 ?GJFISG?HN L;N? ;H> ;==?MM NI NL;HMJILN;NCIH H?N

QILE� @IL ,�) &N;FS -;H;LI	 NBL?? CH>C=;NILM �C�?�	 +!3&	 0J?=C?M /C=BH?MM ;H> *?;H 0J?=C?M �<OH>;H=?� @IL +ILQ?AC;H ! 	 ;H> NQI
CH>C=;NILM �C�?�	 *?;H 0J?=C?M �<OH>;H=? ;H> );H>M=;J? #L;AG?HN;NCIH� @IL #L?H=B ! Q?L? NL?;N?> OMCHA QCHMILCT;NCIH �1;<F? 0���
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P;LC;H=? CH@F;NCIH @;=NIL �3&#�� 0N;NCMNC=;F MCAHC@C=;H=? Q;M N?MN?> OMCHA ; NQI
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>;L>CM;NCIH NBL?MBIF>M	 NB? GCH
G;R MN;H>;L>CM;NCIH G?NBI> Q;M ;JJFC?> NI L?M=;F? NB? CH>C=;NILM NI ; L;HA? <?NQ??H T?LI ;H> IH?
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NB;N ;FF BCAB?L P;FO?M ?KO;N?> NI BCAB?L POFH?L;<CFCNS�
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�

i
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?=IMSMN?G LI<OMNH?MM ;H> F;=E I@ =IJCHA�;>;JNCP? =;J;=CNC?M Q?L? =IG<CH?> CHNI ; G?NLC= L?JL?M?HNCHA NB? F;=E I@ =;J;=CNC?M�LI<OMN
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4. Results

4.1. Vulnerability and risk assessment in the context of NBS for flooding: a case study in Italy

4.1.1. SES vulnerability to flooding in OAL Italy panaro
0"0 POFH?L;<CFCNS NI @FII>CHA CH ,�) &N;FS CM =;F=OF;N?> @IL JL?M?HN <;M?FCH? =IH>CNCIHM IHFS	 CLL?MJ?=NCP? I@ B;T;L> ;H> +�0 JLID?=N

CGJF?G?HN;NCIH M=?H;LCIM� �;M?> IH NB? ;P;CF;<F? >;N; @IL M?F?=N?> CH>C=;NILM OM?> @IL =IGJONCHA NB? POFH?L;<CFCNS	 NB? IP?L;FF M=IL?
@IL 0"0 POFH?L;<CFCNS NI @FII>CHA CH ,�) &N;FS MBIQM NB;N GOHC=CJ;FCNC?M CH NB? MIONB?;MN?LH L?ACIH ;FIHA NB? -;H;LI LCP?L ;L? GIL?
POFH?L;<F? NB;H INB?L GOHC=CJ;FCNC?M �#CA� ��� 1BCM CM ?MM?HNC;FFS >O? NI BCAB?L 0"0 MOM=?JNC<CFCNS M=IL?M FCHE?> NI F;H> =IP?L?> QCNB
P?A?N;NCIH �"0��	 <CI>CP?LMCNS CHN;=NH?MM �"0��	 BIOM? IQH?LMBCJ �0,0�� ;H> ?GJFISG?HN L;N? �0,0���

4.1.2. Hazard and exposure without and with NBS implementation scenarios in OAL Italy panaro
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Fig. 4. 0I=C;F
?=IFIAC=;F 0SMN?G �0"0� MI=C;F ;H> ?=IFIAC=;F MOM=?JNC<CFCNC?M �OJJ?L F?@N�	 F;=E I@ ?=IMSMN?G LI<OMNH?MM ;H> MI=C;F =IJCHA =;J;=CNS �OJJ?L LCABN� ;H> @CH;F
0"0 POFH?L;<CFCNS �<INNIG� QCNB L?MJ?=N NI @FII>M CH ,�) &N;FS�

=?HN;A? I@ <INB ?=IFIAC=;F ;H> MI=C;F =IGJIH?HNM CH B;T;L>
JLIH? ;L?;M OMCHA ALC>>?> >;N; ;H> ; MJ;NC;FFS ?RJFC=CN ;JJLI;=B CH $&0�
�FNBIOAB NB? NIN;F ?RJIMOL? ;L?; CH -;H;LI L?>O=?M @LIG ������ EG� NI ���� EG�	 @IL �IGJILNI �NB? MIONB?;MN GOHC=CJ;FCNS�	 NB? ?R

JIMOL? ;L?;M I@ NBCM MIONB
?;MN?LH L?ACIH CH=L?;M? @LIG ����� EG� NI ����� EG� <?NQ??H QCNBION ;H> QCNB +�0 M=?H;LCIM �#CA� ���
1B?L? CM ; AL?;N?L JIJOF;NCIH >?HMCNS	 <OCF>CHA ;L?; ;H> LI;> F?HANB� NB?L?@IL?	 ;FNBIOAB NB? ?=IMSMN?G ?RJIMOL? M=IL? L?>O=?M @LIG
��� NI ���	 NB? MI=C;F ?RJIMOL? M=IL? CH=L?;M?M @LIG ��� NI ��� ;H> ;M ; =IHM?KO?H=?	 NB? 0"0
?RJIMOL? M=IL? CH=L?;M?M @LIG ���
NI ���	 <?NQ??H QCNBION ;H> QCNB +�0 M=?H;LCIM�

4.1.3. Risk assessment in OAL Italy Panaro
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?FM L?>O=?>	 NB;HEM NI +�0 CGJF?G?HN;NCIH �#CA� ��� ,P?L;FF	 G?;H LCME M=IL?M @IL ;FF GOHC=CJ;FCNC?M OH>?L NB? QCNBION
+�0 M=?H;LCI
QCFF <? >?=L?;M?> <S �� OH>?L NB? +�0 M=?H;LCI �1;<F? ���

#FII> >?JNB QCFF >?=L?;M? <S ;LIOH> ��� QB?H NB? +�0 CM CGJF?G?HN?> �@LIG ��� m NI ��� m�	 QBC=B QCFF L?>O=? ?=IMSMN?G

?RJIM?> ;L?;M <S ����	 ;ALC=OFNOL?
?RJIM?> ;L?; <S �����	 JIJOF;NCIH ?RJIMOL? <S ����	 <OCF>CHA ?RJIM?> ;L?; <S �����	 ;H>
LI;> ;H> L;CF CH@L;MNLO=NOL? ?RJIMOL? <S ����� OH>?L ‘QCNB +�0’ M=?H;LCI �1;<F? ���
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Fig. 5. "RN?HN	 G;AHCNO>?	 ;H> B;T;L> M=IL?M I@ @FII>CHA @IL ; �
S?;L @FII> ?P?HN CH NB? ,�) &N;FS CH =;M? I@ F?P?? @;CFOL? �QCNBION +�0� F?@N J;H?FM� ;H> =IHNLIFF?>
IP?LNIJJCHA �QCNB +�0	 LCABN J;H?FM� =IH@CAOL;NCIHM�

4.2. Vulnerability and risk assessment in the context of NBS for landslide: a case study in the UK

4.2.1. SES vulnerability for landslide in OAL UK
1B? L?MOFNM MBIQ NB;N ;LIOH> �� I@ NB? ,�) 2( ;L?; B;M ;H 0"0 POFH?L;<CFCNS M=IL? L;HACHA @LIG )IQ NI *?>COG� %CAB?L 0"0

POFH?L;<CFCNS M=IL?M �*?>COG
BCAB NI %CAB� #CA� �� ;L? CH NB? L?MC>?HNC;F ;H> CH@L;MNLO=NOL? F;H> OM? ;L?;M QB?L? BIOM?M	 JIJOF;NCIH
;H> LI;>M ;L? FI=;N?>	 ;M Q?FF ;M CH NB? Q;N?L <I>C?M QB?L? NB? F;H>M=;J? ;AAL?A;NCIH CH>?R CM BCAB� 0J;NC;F P;LC;NCIH I@ 0"0 POFH?L;

<CFCNS M=IL?M CH ,�) 2( CM G;CHFS CH@FO?H=?> <S F;H> OM? NSJ?M� ‘�OCF>CHA’ NSJ? F;H> OM?	 QBC=B ;L? =IH=?HNL;N?> CH MG;FF ;L?;M	 MBIQ
FCNNF? P;LC;NCIH I@ POFH?L;<CFCNS M=IL? QCNBCH NB;N F;H> OM? ;L?;	 QB?L?;M INB?L F;H> OM?M �?�A�	 @IL?MN	 @;LGF;H>	 LCP?L�	 QBC=B =IP?L
F;LA?L ;L?;M	 MBIQ QC>? P;LC;NCIHM I@ POFH?L;<CFCNS M=IL?M QCNBCH NBIM? F;H> OM? <IOH>;LC?M�

4.2.2. Hazard and exposure without and with NBS implementation scenarios in OAL UK
,�) 2( CM FI=;N?> ;FIHA ; =I;MN;F MFIJ? NB;N CM JLIH? NI F;H>MFC>?M� );H>MFC>?
JLIH? TIH?M Q?L? >?N?=N?> OMCHA NB? -F;HN
�?MN

GI>?F ;H> ;MMI=C;N?> F;H>MFC>? >?N?=NCIH GI>OF? 8��	��9 OH>?L NBL?? F;H> =IP?L M=?H;LCIM	 C�?�	 @;FFIQ	 QCFFIQ	 ;H> G;JF?	 ;H> OH>?L
=OLL?HN ����� ;H> @ONOL? =FCG;N? M=?H;LCIM �C�?�	 ���� / - ����� 4CFFIQ ;H> G;JF? M=?H;LCIM L?@?L NI NB? ONCFCM;NCIH I@ BCAB
>?HMCNS
JF;HNCHA ;M ;H +�0 @IL F;H>MFC>?M� 7IH?M Q?L? =F;MMC@C?> ;M JLIH? NI F;H>MFC>?M QB?H #I0 Q;M <?FIQ ���� 1B? #I0 Q;M =;F=OF;N?> OMCHA
NB? FCGCN ?KOCFC<LCOG G?NBI> ?G<?>>?> CH NB? -F;HN
�?MN GI>?F 8��9� 1B? MCGOF;NCIH IONJON CH>C=;N?> NB;N BCAB
>?HMCNS JF;HNCHA ;M
+�0 B;M ; JIMCNCP? ?@@?=N ;A;CHMN F;H>MFC>?M� �M J?L NB? <;M?FCH? ?MNCG;N? @IL NB? S?;L ���	 ;LIOH> ����� I@ NB? ,�)�M ;L?; Q;M JLIH?
NI F;H>MFC>?M� 2H>?L @;FFIQ ALIOH> CH ���	 =;� �� I@ F;H>MFC>? JLIH? TIH? B;> ; *?>COG B;T;L> M=IL?	 QBCF? NB? L?MN I@ NB? F;H>MFC>?

JLIH? TIH? ����� B;> ; )IQ NI *?>COG
)IQ B;T;L> M=IL?� 7IH?M QCNB *?>COG
%CAB NI %CAB B;T;L> M=IL? Q?L? HIN C>?HNC@C?> OH>?L
NB? ��� @;FFIQ =IP?L� "MNCG;N?M I@ NB? B;T;L> M=IL? QCNB +�0 �C�?�	 %CAB
>?HMCNS *;JF? ;H> 4CFFIQ JF;HN;NCIH� @IL NB? S?;L ��� MOA

A?MN?> NB;N NB? +�0 =;H L?>O=? NB? F;H>MFC>? B;T;L>	 >?=L?;MCHA NB? M=IL? NI NB? )IQ L;HA? @IL NB? QBIF? F;H>MFC>? JLIH? TIH? �#CA�
���

2H>?L @ONOL? =FCG;N? =B;HA? =IH>CNCIHM �/ - ���	 #CA� ��	 CN CM ?MNCG;N?> NB;N CH ���	 QCNBION +�0 �C�?�	 @;FFIQ ALIOH>�	 <?NQ??H
������ ;H> ������ I@ NB? F;H>MFC>?
JLIH? TIH?M B;> *?>COG
%CAB 0"0 ;H> %CAB B;T;L> M=IL?M	 L?MJ?=NCP?FS �#CA� ��� %IQ?P?L	 QCNB
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Fig. 6. "=IMSMN?G ?RJIMOL?M	 MI=C;F ?RJIMOL?M	 ;H> NB? 0"0 ?RJIMOL?M CH ,�) &N;FS OH>?L QCNB �<INNIG J;H?FM� ;H> QCNBION �OJJ?L J;H?FM� +�0 M=?H;LCIM�

+�0	 NB? B;T;L> M=IL?M Q?L? GO=B FIQ?L NB;H NB? @;FFIQ ALIOH> =IP?L OH>?L @ONOL? =FCG;N? M=?H;LCI� 2H>?L G;JF? JF;HN;NCIH CH BCAB
>?HMCNS	 <?NQ??H ����� ;H> ������ I@ NB? F;H>MFC>?
JLIH? ;L?;M B;> *?>COG
%CAB ;H> %CAB B;T;L> M=IL?M	 L?MJ?=NCP?FS� 2H>?L QCF

FIQ JF;HN;NCIH	 @LIG ���� NI ����� I@ NB? F;H>MFC>?
JLIH? ;L?;M L?MOFN?> CH *?>COG
%CAB ;H> %CAB B;T;L> M=IL?M	 L?MJ?=NCP?FS
�#CAM� � ;H> ���

0"0 ?RJIMOL? CM >?@CH?> <S F;H> OM? NSJ?M CH ,�) 2(� 0CH=? ;FF NB? 0"0 ?F?G?HNM ;L? ?RJIM?> NI F;H>MFC>?M CH NBCM MG;FF ;L?;	 Q?
=IOF> HIN =;F=OF;N? MJ;NC;FFS >C@@?L?HNC;N?> ?RJIMOL? M=IL?M QCNBCH NB? ,�)� 0I	 Q? =IHMC>?L?> NB? 0"0 ?RJIMOL? P;FO? ?KO;F NI � @IL
;FF F;H> OM? NSJ?M�

4.2.3. Risk assessment in OAL-UK
2H>?L =OLL?HN =FCG;N? =IH>CNCIHM ;H> QCNBION NB? +�0 �C�?�	 @;FFIQ�	 F;H>MFC>?
JLIH? ;L?;M �*?>COG
BCAB 0"0 ;H> %CAB 0"0 LCME

M=IL? TIH?M� L?JL?M?HN?> =;� ������ I@ NB? ;L?; �#CA� ��� %IQ?P?L	 QCNB +�0 �C�?�	 G;JF? ;H> QCFFIQ JF;HN;NCIH CH BCAB
>?HMCNS IH
F;H>MFC>?
JLIH? TIH?M�	 NB? ;L?; I@ F;H>MFC>?
JLIH? TIH?M �*?>COG
BCAB 0"0 ;H> %CAB 0"0 LCME M=IL? TIH?M� >?=L?;M?> NI ����� ;H>
������	 OH>?L G;JF? ;H> QCFFIQ JF;HN;NCIH	 L?MJ?=NCP?FS� 2H>?L @ONOL? =FCG;N? =B;HA? M=?H;LCI �C�?�	 ��� / - ����	 QCNBION +�0 <?

NQ??H ������ ;H> ������ I@ NB? F;H>MFC>?
JLIH? ;L?;M B;> *?>COG
BCAB ;H> %CAB 0"0 LCME M=IL?M	 L?MJ?=NCP?FS� %IQ?P?L	 QCNB +�0	
NB? 0"0 LCMEM Q?L? FIQ?L NB;H QCNBION +�0� 2H>?L G;JF? JF;HN;NCIH	 <?NQ??H ����� ;H> ���� I@ NB? F;H>MFC>?
JLIH? ;L?;M L?MOFN?> CH
*?>COG
%CAB ;H> %CAB 0"0 LCME M=IL?M	 L?MJ?=NCP?FS� 2H>?L QCFFIQ JF;HN;NCIH	 ���� ;H> ������ I@ NB? F;H>MFC>?
JLIH? ;L?;M L?

MOFN?> CH *?>COG
%CAB ;H> %CAB 0"0 LCME M=IL?M	 L?MJ?=NCP?FS �#CAM� � ;H> ���

4.3. Vulnerability and risk assessment in the context of NBS for a deep-seated landslide: a case study in Austria

4.3.1. SES susceptibility and vulnerability for landslide in OAL Austria
&H ,�) �OMNLC;	 NB? 0"0 MOM=?JNC<CFCNS NI F;H>MFC>? GIP?G?HN CM BCAB NBLIOABION NB? ;=NCP?FS GIPCHA F;H>MFC>? CH NB? ?HNCL? ,�)�

1B? 0"0 POFH?L;<CFCNS NI NB? F;H>MFC>? CM A?H?L;FFS BCAB CH NB? M?NNF?G?HN CH NB? =?HNL;F J;LN I@ NB? ;=NCP? F;H>MFC>? �M=IL?� *?>COG

BCAB NI %CAB�	 =IP?LCHA ;LIOH> �� I@ NB? ;L?; �#CA� ���� �LIOH> ��� I@ NB? ;L?; B;M G?>COG 0"0 POFH?L;<CFCNS NI NB? F;H>MFC>?�M
GIP?G?HN	 CH=FO>CHA GIMNFS @IL?MN?> ;L?;M� *;CHFS BIOM?M�CH@L;MNLO=NOL? @;FF QCNBCH NB? *?>COG NI %CAB MOM=?JNC<CFCNS L;HA?� 0CGCF;L
NI ,�) 2(	 MJ;NC;F P;LC;NCIH I@ 0"0 POFH?L;<CFCNS CH ,�) �OMNLC; CM ;FMI CH@FO?H=?> <S F;H> OM? NSJ?� �FF F;H> OM? NSJ?M	 ?R=?JN L?MC>?H
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Fig. 7. 0"0 LCME M=IL?M @IL ; �
S?;L @FII> ?P?HN CH ,�) &N;FS OH>?L QCNB
+�0 �OJJ?L LCABN� ;H> QCNBION
+�0 �OJJ?L F?@N� M=?H;LCIM	 ;H> ;L?; CH >C@@?L?HN 0"0 LCME F?P?FM
CH ,�) &N;FS OH>?L QCNB
+�0 ;H> QCNBION
+�0 M=?H;LCIM �<INNIG��

Table 3

 IGJ;LCMIH I@ ?RJIMOL? ;H> LCME
L?F;N?> >;N; OH>?L NB? QCNBION
+�0 CGJF?G?HN;NCIH M=?H;LCI QCNB =ILL?MJIH>CHA >;N; OH>?L NB? QCNB
+�0 CGJF?G?HN;NCIH M=?

H;LCI�

4CNBION +�0 4CNB +�0  B;HA? ���

#FII> >?JNB �G� ��� ��� −�����

"=IMSMN?G ?RJIM?> NI @FII>CHA �EG�� ����� ����� −����

�ALC=OFNOL? ;L?; ?RJIM?> NI @FII>CHA �EG�� ������ ����� −�����

-IJOF;NCIH ?RJIM?> NI @FII>CHA �=IOHN� ���� ���� −�����

-LIJ?LNC?M�<OCF>CHAM ?RJIM?> NI @FII>CHA �EG�� ���� ��� −�����

)?HANB I@ LI;> ;H> L;CF ?RJIM?> NI @FII>CHA �EG� ����� ����� −�����

*?;H ?=IMSMN?G ?RJIMOL? M=IL? @IL �� GOHC=CJ;FCNC?M ��� ��� −�����

*?;H MI=C;F ?RJIMOL? M=IL? @IL �� GOHC=CJ;FCNC?M ��� �� −����

*?;H 0"0 ?RJIMOL? @IL �� GOHC=CJ;FCNC?M ��� ��� −�����

*?;H B;T;L> M=IL? @IL �� GOHC=CJ;FCNC?M ��� ��� −��

*?;H /CME M=IL? @IL �� GOHC=CJ;FCNC?M �� �� −��
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Fig. 8. 0I=C;F ;H> ?=IFIAC=;F MOM=?JNC<CFCNC?M� F;=E I@ ?=IMSMN?G LI<OMNH?MM ;H> F;=E I@ MI=C;F =IJCHA =;J;=CNC?M� ;H> POFH?L;<CFCNS �NIJ NBL?? @CAOL?M @LIG F?@N NI LCABN	 L?

MJ?=NCP?FS� ;H> F;H>MFC>? B;T;L> M=IL?M �L?G;CHCHA MCR @CAOL?M� QCNB +�0 CGJF?G?HN;NCIHM �G;JF? ;H> QCFFIQ JF;HNCHA� ;H> QCNBION �@;FFIQ� +�0 CGJF?G?HN;NCIH OH>?L
NB? =FCG;N? =B;HA? M=?H;LCI / - ��� @IL NB? S?;LM ��� ;H> ��� CH ,�) 2(�

NC;F IL CH@L;MNLO=NOL?	 MBIQ ; MCAHC@C=;HN P;LC;NCIH I@ POFH?L;<CFCNS M=IL? QCNBCH NBIM? F;H> OM? <IOH>;LC?M� 1B? ?=IMSMN?G LI<OMNH?MM
I@ NB? @IL?MN ;L?;M CH NB? HILNB?LH J;LN I@ NB? F;H>MFC>? CM =IHMC>?L?> BCAB	 ;M NB?M? ;L?;M MBIQ ; JIMCNCP? +!3& NL?H> @IL NB? J;MN @CP?
S?;LM� *;CHFS NB? ?=IMSMN?GM CH NB? PC=CHCNS I@ NB? M?NNF?G?HN ;H> NB? ;ALC=OFNOL;F ;L?;M F;=E LI<OMNH?MM CH L?=?HN S?;LM�

4.3.2. Hazard and exposure in OAL Austria
1B? G;CH B;T;L> CH ,�) �OMNLC; CM NB? CHN?LH;F >?@ILG;NCIH I@ NB? F;H>MFC>? <I>S ;H> NB? L?F;N?> >;G;A? NI <LCNNF? MNLO=NOL?M IH

NIJ I@ CN �?�A�	 <OCF>CHAM ;H> LI;>M�	 >O? NI =IGJ;L;<FS BCAB F;H>MFC>? P?FI=CNS ���=G�;� ;H>�IL >C@@?L?HNC;F >CMJF;=?G?HNM QCNBCH NB?
=IHN;=N TIH? I@ F;H>MFC>? MO<
OHCNM� �;M?> IH NB?M? =LCN?LC;	 IOL ?MNCG;N?M MBIQ NB;N ; F;LA? J;LN I@ ,�) �OMNLC; ����� @;FFM OH>?L ;
BCAB B;T;L> M=IL? ���� ;H> NB? L?MN I@ NB? ;L?; @;FFM OH>?L ; FIQ?L B;T;L> M=IL? ���� �#CA� ���� 0CGCF;L NI ,�) 2(	 0"0 ?RJIMOL? CM >?

@CH?> <S F;H> OM? NSJ?M� 0CH=? NB? ,�) ;L?; CM P?LS MG;FF ;H> ;FF NB? 0"0 ?F?G?HNM ;L? ?RJIM?> NI NB? F;H>MFC>?	 Q? =IHMC>?L?> NB? 0"0
?RJIMOL? P;FO? ?KO;F NI � @IL ;FF F;H> OM? NSJ?M�

4.3.3. Risk assessment in OAL Austria
&H ,�) �OMNLC;	 ;N JL?M?HN M=?H;LCI QCNBION +�0	 G;CHFS <OCF>CHAM ;H> LI;>M @;FF QCNBCH NB? *?>COG
%CAB NI %CAB LCME ;L?;M	

QBC=B =IP?L ;LIOH> �� I@ NB? ;L?; FI=;N?> CH NB? =?HNL;F J;LN �#CA� ���� 1B? BIOM?M ;H> INB?L <OCF>CHAM G;CHFS @;FF QCNBCH NB? %CAB

LCME ;L?;� *?>COG
FIQ ;H> *?>COG LCME ;L?;M ;L? CH NB? HILNB
?;MN?LH J;LN	 G;CHFS >IGCH;N?> <S @IL?MNM �#CA� ���� 1B? FIQ?MN LCME
M=IL?M Q?L? I<N;CH?> @IL ;ALC=OFNOL;F ;L?;M QBC=B ;L? NB? F?;MN ;@@?=N?> <S NB? F;H>MFC>?� 4? >C> HIN CHP?MNCA;N? NB? JIN?HNC;F 0"0 LCMEM
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Fig. 9. -?L=?HN;A? I@ F;H>MFC>?
JLIH? ;L?;M QCNB *?>COG
%CAB ;H> %CAB B;T;L> ;H> LCME F?P?FM CH ,�) 2( OH>?L +�0 �*;JF? ;H> 4CFFIQ� ;H> HI
+�0 �#;FFIQ� M=?H;L

CIM OH>?L =FCG;N? =B;HA? =IH>CNCIHM �C�?�	 ���� / - �����

Fig. 10. 0"0 LCME M=IL?M QCNB +�0 CGJF?G?HN;NCIHM �*;JF? ;H> 4CFFIQ JF;HNCHA� ;H> QCNBION �@;FFIQ� +�0 CGJF?G?HN;NCIH OH>?L NB? =FCG;N? =B;HA? M=?H;LCI / - ���
@IL NB? S?;LM ��� ;H> ��� CH ,�) 2(�
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Fig. 11. 0"0 MOM=?JNC<CFCNS �NIJ
F?@N�	 F;=E I@ ?=IMSMN?G LI<OMNH?MM �NIJ GC>>F?�	 POFH?L;<CFCNS �NIJ LCABN�	 ?RJIMOL? �<INNIG F?@N�	 B;T;L> �<INNIG GC>>F?� ;H> LCME �<IN

NIG LCABN� CH ,�) �OMNLC;�

OH>?L ‘QCNB +�0’ M=?H;LCI S?N >O? NI F;=E I@ >;N;� &N =IOF> <? ?RJFIL?> CH NB? @ONOL? QB?H GIL? >;N; IH +�0 CGJF?G?HN;NCIH QCFF <?
;P;CF;<F?�

4.4. Vulnerability and risk assessment in the context of NBS for flooding: PHUSICOS case study in Norway

4.4.1. SES vulnerability to flooding in PHUSICOS Norwegian DC – ¯yer
&H +ILQ?AC;H ! 	 0"0 POFH?L;<CFCNS NI @FII>CHA CM ?MNCG;N?> @IL =OLL?HN <;M?FCH? =IH>CNCIHM IHFS	 MCH=? +�0 JLID?=N CGJF?G?HN;


NCIH QCFF HIN ;@@?=N CN� �==IL>CHA NI M?F?=N?> CH>C=;NILM ;JJFC?> @IL ;MM?MMCHA NB? POFH?L;<CFCNS	 NB? IP?L;FF M=IL? @IL 0"0 POFH?L;<CFCNS NI
@FII>CHA CH +ILQ?AC;H ! MBIQM NB;N NB? GIMN POFH?L;<F? ;L?;M ;L? NBIM? CH <?NQ??H NB? NQI G;CH LI;>M ;H> CH NB? OJJ?L J;LN I@ NB?
MNO>S ;L?; �#CA� ���� 1BCM CM G;CHFS >O? NI BCAB?L 0"0 MOM=?JNC<CFCNS M=IL?M	 FCHE?> NI F;H> =IP?L?> QCNB JIIL P?A?N;NCIH �"0��	 ;H> NI
BCAB?L 0"0 F;=E I@ ?=IMSMN?G LI<OMNH?MM ;H> =;J;=CNS <?=;OM? I@ FIQ G?;H MJ?=C?M ;<OH>;H=? �"/�� ;H> L?F?P;HN F;H>M=;J? @L;AG?H

N;NCIH �"/���

Fig. 12. 0I=C;F
?=IFIAC=;F 0SMN?G �0"0� MOM=?JNC<CFCNS �F?@N�	 F;=E I@ ?=IMSMN?G LI<OMNH?MM ;H> =;J;=CNS �=?HNL;F J;H?F� ;H> @CH;F 0"0 POFH?L;<CFCNS �LCABN� QCNB L?MJ?=N NI
@FII>M CH -%20& ,0 +ILQ?AC;H ! �
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4.4.2. Hazard and exposure without and with NBS implementation scenarios in PHUSICOS Norwegian DC – ¯yer
#FII> B;T;L> CM KO;HNC@C?> ;M NB? G;RCGOG @FII> >?JNB ?RJ?=N?> ;N ?;=B =?FF I@ NB? MNO>S ;L?; ALC> �� ma � m�	 @IL <INB NB? <;M?


FCH? ;H> +�0 M=?H;LCI =IH@CAOL;NCIHM �?�A�	 QCNBION ;H> QCNB +�0� CH =;M? I@ I==OLL?H=? I@ ; �
S?;L @FII> ?P?HN ;FIHA NB? LCP?L 0`L?
�LSHMX; ;H> NB? 1I>;FM<?EE?H =L??E� 1B? +�0 CM ;CG?> NI L?JF;=? ; � GG >C;G?N?L JCJ?FCH? QCNB ;H IJ?H Q;N?L=IOLM? NI ?HB;H=?
CNM =;J;=CNS >OLCHA @FII>M� 1B?L?@IL?	 NB? NQI ;>IJN?> LCP?L =IH@CAOL;NCIHM ;L?� C� =OLL?HN MCNO;NCIH �QCNBION +�0�	 QBC=B CM ?RJ?=N?>
NI ?RJ?LC?H=? ;H CHOH>;NCIH I@ NB? NQI G;DIL LI;>M ;H> NB? ;L?; CH <?NQ??H ;H> NBL?;N?H NB? MOLLIOH>CHA >Q?FFCHAM QB?H NB? =OFP?LN
CM I<MNLO=N?>� CC� +�0 CH JF;=?	 QBC=B MBIOF> JL?P?HN NB? CHOH>;NCIH <S E??JCHA NB? Q;N?L CHMC>? NB? IJ?H =L??E <?>�

%S>L;OFC= MCGOF;NCIHM Q?L? =;LLC?> ION IH +ILQ?AC;H ! OMCHA NB? G?NBI>IFIAC=;F @L;G?QILE ;>IJN?> CH JL?PCIOM -%20& ,0
QILE J;=E;A?M 8��9� 0CH=? NB? BS>L;OFC= GI>?F =BIM?H NI MCGOF;N? @FII>CHA	 H;G?FS #),
�!	 CM ; PIFOG? =IHM?LP;NCIH @FII> LIONCHA
GI>?F	 CNM G;CH OH=?LN;CHNC?M ;L? FCHE?> NI PIFOG? =IHM?LP;NCIH	 C�?� NB? >C@@?L?H=? <?NQ??H NB? NIN;F CH@FIQ PIFOG? ;H> NB? ION@FIQ
PIFOG? JFOM NB? MNIL;A? ;H> FIMM?M	 QBC=B CM ;H CH>C=;NCIH I@ HOG?LC=;F MN;<CFCNS ;H> ;==OL;=S� *IL?IP?L	 NB? GI>?F =IOF> MO@@?L @LIG
MIG? OH=?LN;CHNC?M L?F;N?> NI BIQ >?N;CF?> BS>LIFIAC=	 NIJIAL;JBC=;F ;H> F;H> OM? CHJON >;N; ;L?� 4CNB L?A;L> NI +ILQ?AC;H ! 	 NB?
GI>?F CHJON >;N;	 C�?�	 NB? MICF =OLP? HOG<?L ;H> NB? BS>LIAL;JBM	 Q?L? >?P?FIJ?> OMCHA	 L?MJ?=NCP?FS	 BCAB L?MIFONCIH >;N; ;=BC?P?>
<S +ILQ?AC;H *;JJCHA �ONBILCNS 8�9	 ;H> &HN?HMCNS
!OL;NCIH
#L?KO?H=S �&!#� =OLP?M	 ?MNCG;N?> <S JLI=?MMCHA	 &!# P;FO?M JLIPC>?>
<S NB? +ILQ?AC;H  ?HNL? @IL  FCG;N? 0?LPC=?M �+  0� @IL )CFF?B;GG?L MN;NCIH	 FI=;N?> �� EG @;L @LIG _S?L	 =IHMC>?LCHA �� M?;MIHM	
@LIG ���� NI ����	 QCNB L?@?L?H=? NI ; � S?;LM L?NOLH J?LCI>� !OLCHA BS>L;OFC= MCGOF;NCIHM ;H ;==?JN;<F? F?P?F I@ ?LLIL CH NB? PIF

OG? =IHM?LP;NCIH	 QCNBCH ���	 Q;M ;=BC?P?> 8��9�

1B? IONJONM @IL ; �
S?;L ?P?HN CH NB? =OLL?HN =IH>CNCIH MBIQ BIQ	 C@ NB? =OFP?LN CM I<MNLO=N?>	 <INB NB? 0`L? �LSHMX; ;H> NB? 1I

>;FM<?EE?H IP?L@FIQ ;H> NBL?;N?HM NB? G;CH LI;>M ;H> NB? ;L?;M MOLLIOH>CHA NB? =L??E <?>M �B;T;L> M=IL? ���� #CA� ���� 4B?H NB?

Fig. 13. "RN?HN	 G;AHCNO>? ;H> B;T;L> M=IL?M I@ @FII>CHA @IL ; �
S?;L @FII> ?P?HN CH NB? +ILQ?AC;H ! CH =;M? I@ =OFP?LN I<MNLO=NCIH �QCNBION +�0� F?@N J;H?FM� ;H>
IJ?H Q;N?L=IOLM? �QCNB +�0	 LCABN J;H?FM� =IH@CAOL;NCIHM�
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+�0 CM CGJF?G?HN?>	 G;RCGOG @FII> >?JNBM ;L? ?RJ?=N?> NI <? MCAHC@C=;HNFS L?>O=?>	 ?MJ?=C;FFS ;FIHA NB? 1I>;FM<?EE?H =L??E �#CA�
���� +�0 JLID?=N CGJF?G?HN;NCIH =IOF> JIN?HNC;FFS CH>O=? ; <?H?@C=C;F L?>O=NCIH I@ NIN;F @FII>?> ;L?; <S ����� �@LIG ��� B; NI
��� B;��

"RJIMOL?M I@ NB? MI=C;F ;H> ?=IFIAC=;F ?F?G?HNM ;L? ;MM?MM?> =IHMC>?LCHA NB? CHN?LM?=NCIH <?NQ??H NB? @FII> B;T;L> ;@@?=N?> ;L?;
;H> NB? F;H> OM? =F;MM?M CH +ILQ?AC;H ! � "RJIMOL? M=IL? G;JM @IL <INB ?=IMSMN?GM ;H> MI=C;F MSMN?GM MBIQ NB;N ?=IFIAC=;F ;H> MI

=C;F ?RJIMOL?M OH>?L <INB M=?H;LCIM �QCNB ;H> QCNBION +�0� ;L? B?N?LIA?H?IOM ;FF IP?L NB? MNO>S ;L?;� 4? ?MNCG;N?> ?=IMSMN?G ?RJI

MOL? <;M?> IH IH? CH>C=;NIL – JLIJILNCIH I@ AL;MMF;H>�J;MNOL?�@IL?MN�Q;N?L <I>C?M CH @FII>CHA B;T;L> JLIH? ;L?; �""�� ;H> MI=C;F ?R

JIMOL? <;M?> IH NQI CH>C=;NILM – JLIJILNCIH I@ <OCF>CHAM�JLIJ?LNC?M ;H> JLIJILNCIH I@ LI;>M� -LIJILNCIH I@ JIJOF;NCIH ?RJIM?> CH
B;T;L> JLIH? ;L?;M Q;M HIN =IHMC>?L?> MCH=? HI L?MC>?HNC;F <OCF>CHAM ;L? ?RJIM?> NI @FII> B;T;L> CH <INB M=?H;LCIM� �M NB? +�0 CGJF?

G?HN;NCIH CM ?RJ?=N?> NI L?>O=? ?RN?HN ;H> G;RCGOG @FIQ >?JNB	 CN QCFF ?P?HNO;FFS L?>O=? MI=C;F ;H> ?=IFIAC=;F ?RJIMOL? CH NB? @FII>
;@@?=N?> ;L?;M� �INB ?=IMSMN?G ;H> MI=C;F ?RJIMOL? ;L? ?@@?=NCP?FS >?=L?;M?>	 MJ?=C@C=;FFS CH NB? GIMN NBL?;N?H?> ;L?; <?NQ??H NB? NQI
G;CH LI;>M� 0CGCF;L L?MOFNM ;L? @IOH> QCNB NB? =IG<CH?> M=IL? @IL 0"0 ?RJIMOL? �#CA� ���� 1BCM CM >O? NI NB? ;>IJNCIH I@ NB? M;G? MJ;

NC;FFS ?RJFC=CN ;JJLI;=B CH $&0 ?HPCLIHG?HN @IL NB? =;F=OF;NCIH I@ NB? CH>C=;NILM OM?> NI ;MM?MM <INB ?=IMSMN?G ;H> MI=C;F ?RJIMOL? ;N
+ILQ?AC;H ! �

4.4.3. Risk assessment in PHUSICOS Norwegian DC – ¯yer
0"0 LCME M=IL?M @IL +ILQ?AC;H ! ;N NB? <;M?FCH? M=?H;LCI MBIQM NB;N	 ;J;LN @LIG NB? 0`L? �LSHMX; LCP?L<?>	 NB? ;L?;M QB?L? @FII>

LCME CM BCAB?L �LCME M=IL? 
 *?>COG )IQ NI *?>COG	 ��–���� ;L? JF;=?> QB?L? NB? NQI G;CH LI;>M ;L? CHOH>;N?> ;H> CH <?NQ??H
NB?G �#CA� ���� 1BCM CM G;CHFS >O? NI BCAB 0"0 ?RJIMOL? ;H> POFH?L;<CFCNS M=IL?M @IL NB?M? ;L?;M� +�0 CGJF?G?HN;NCIH QCFF JIN?HNC;FFS
;=BC?P? ;H IP?L;FF LCME L?>O=NCIH I@ ������ &H >?N;CF	 +�0 CGJF?G?HN;NCIH FIQ?LM G?>COG	 G?>COG FIQ ;H> FIQ LCME ;L?;M I@ ���	
��� ;H> ���	 L?MJ?=NCP?FS� *IL?IP?L	 QB?H NB? +�0 CM CGJF?G?HN?>	 NB? LI;> ?RJIM?> ;L?; ;H> NB? @IL?MN ;H> LOL;F ?RJIM?> ;L?; ;L?
L?>O=?> <S ��� ;H> ���	 L?MJ?=NCP?FS �#CA� ����

4.5. Vulnerability and risk assessment in the context of NBS for rockfall: PHUSICOS case study in France

4.5.1. SES vulnerability to rockfall in PHUSICOS French DC – Artouste
�M J?L@ILG?> CH _S?L ! 	 0"0 POFH?L;<CFCNS NI LI=E@;FF @IL #L?H=B ! CM =;F=OF;N?> DOMN @IL =OLL?HN <;M?FCH? M=?H;LCI	 MCH=? +�0 CG


JF?G?HN;NCIH CM ?RJ?=N?> NI HIN MCAHC@C=;HNFS ;@@?=N CN� 1B? ;MM?MMG?HN I@ 0"0 POFH?L;<CFCNS NI LI=E@;FF CH #L?H=B ! L?P?;FM NB;N NB?
GIMN POFH?L;<F? ;L?;M ;L? NB? /!
��� L?ACIH;F LI;>	 NB? >;G IH NB? F;E? <?FIQ NB? LI;> CNM?F@ ;H> @?Q LOL;F <OCF>CHAM JF;=?> ;FIHA

Fig. 14. "=IMSMN?G ?RJIMOL?M	 MI=C;F ?RJIMOL?M	 ;H> NB? 0"0 ?RJIMOL?M �@LIG F?@N NI LCABN� CH -%20& ,0 +ILQ?AC;H ! OH>?L QCNB ;H> QCNBION +�0 M=?H;LCIM �<INNIG
;H> NIJ J;H?FM	 L?MJ?=NCP?FS��
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Fig. 15. 0"0 LCME M=IL?M @IL ; �
S?;L @FII> ?P?HN CH -%20& ,0 +ILQ?AC;H ! OH>?L QCNBION �F?@N� ;H> QCNB �LCABN� +�0 M=?H;LCIM�

NB? LI;> �#CA� ���� 1BCM CM G;CHFS >O? NI NB? BCAB 0"0 F;=E I@ ?=IMSMN?G LI<OMNH?MM ;H> =;J;=CNS >O? NI FIQ G?;H MJ?=C?M ;<OH>;H=?
�"/�� ;H> =IHMC>?L;<F? F;H>M=;J? @L;AG?HN;NCIH �"/���

4.5.2. Hazard and exposure without and with NBS implementation scenarios in PHUSICOS French DC – Artouste
/I=E@;FF B;T;L> CM KO;HNC@C?> ;M NB? JLI>O=N I@ MN;H>;L>CT?> LI=E@;FF G;RCGOG ECH?NC= ?H?LAS ;H> L?;=B JLI<;<CFCNS	 ?RJ?=N?> ;N

?;=B =?FF I@ NB? MNO>S ;L?; ALC> ��� ma �� m�	 @IL <INB NB? <;M?FCH? ;H> +�0 M=?H;LCI =IH@CAOL;NCIHM �C�?�	 QCNBION ;H> QCNB +�0�
CH =;M? I@ I==OLL?H=? I@ ; LI=E@;FF @LIG NB? LI=ES MFIJ? I@ <FI=EM QCNB � G� PIFOG?	 L?F;N?> NI ; �
S?;L L?NOLH J?LCI>�

1B? +�0	 =OLL?HNFS OH>?L CGJF?G?HN;NCIH IH NB? LI=ES MFIJ? ;<IP? NB? LI;> CH NB? @L;G? I@ -%20& ,0 JLID?=N �C�?�	 QII>?H
NLCJI>M	 G?MB?M ;H> <;LLC?LM�	 CM ?RJ?=N?> NI @CR ;H> MN;<CFCT? LI=E <IOF>?LM QCNB G;MM?M F;LA?L NB;H �� EA ;H> NI MNIJ NB?G ;M MIIH
;M NB?S =IFF;JM?� 1B?L?@IL?	 NB? NQI ;>IJN?> =IH@CAOL;NCIHM ;L?� C� =OLL?HN MCNO;NCIH �QCNBION +�0�	 QBC=B CM ?RJ?=N?> NI <? =B;L;=N?L

CT?> <S BCAB ECH?NC= ?H?LAC?M ;FIHA NB? MFIJ?	 ;H> F;LA? HOG<?L I@ <FI=EM >?JIMCN?> ;FIHA NB? MFIJ? ;H>	 NI ; F?MM?L ?RN?HN	 IH NB? LI;>�
CC� +�0 CH JF;=?	 QBC=B MBIOF> ?HMOL? ;H IP?L;FF L?>O=NCIH I@ <INB NB? G;RCGOG ECH?NC= ?H?LAS ;H> NB? L?;=B JLI<;<CFCNS ;FF IP?L NB?
;L?;�

/I=E@;FF MCGOF;NCIHM =;LLC?> ION ;N #L?H=B ! 8��9 @IL ; �
S?;L L?NOLH J?LCI> ?P?HN CH =OLL?HN =IH>CNCIHM L?P?;F?> NB;N NB? BCAB

?MN LI=E@;FF CHN?HMCNC?M I==OL CH ; @?Q MG;FF ;L?;M	 M=;NN?L?> ;FIHA NB? MFIJ?	 ;H> ;N NB? <;M? I@ NB? MIONB
?;MN?LH MFIJ? ;L?;	 ;FNBIOAB
@;L @LIG NB? LI;>� � MG;FF?L CHN?HMCNS CM L?=IL>?> CH NB? HILNB?LH J;LN IH MFIJ?M NI NB? @IINBCFF I@ NB? BCAB?MN LI=ES Q;FFM ;H> CN FI=;FFS
;@@?=NM NB? LI;> =FIM? NI NB? G;CH LI;> <?H>� 4B?H NB? +�0 CM CGJF?G?HN?>	 >?MJCN? NB? IP?L;FF B;T;L> JLIH? ;L?; IHFS MFCABNFS >?

=L?;M?M	 NB? BCAB CHN?HMCNS ;L?;M ;L? ?RJ?=N?> NI <? F?MM JL?P;F?HN NB;H NBIM? I@ <;M?FCH? M=?H;LCI� *?>COG CHN?HMCNS P;FO?M ;L?
L?=IL>?> CH ; @?Q ;L?;M QCNB ; GI>?L;N?FS F;LA? ?RN?HMCIH	 CH NB? GC>>F? I@ NB? MFIJ? NI NB? @IINBCFF I@ NB? N;FF?MN LI=E @;=?M� 4BCF? CH
NB? <;M?FCH? M=?H;LCI NB? LI;> ;H> ;FF NB? @IL?MN MFIJ? ;<IP? CN ;L? =F;MMC@C?> ;M BCAB B;T;L>	 ;@N?L +�0 CGJF?G?HN;NCIH NB? B;T;L>
P;FO? I@ NB?M? NQI F;H> OM?M >?=L?;M?M	 ;H> NB? @IL?MN ;=BC?P? ; L?>O=NCIH I@ NB? B;T;L> M=IL? �#CA� ����

Fig. 16. 0I=C;F
?=IFIAC=;F 0SMN?G �0"0� MOM=?JNC<CFCNS �F?@N�	 F;=E I@ ?=IMSMN?G LI<OMNH?MM ;H> =;J;=CNS �=?HNL;F J;H?F� ;H> @CH;F 0"0 POFH?L;<CFCNS �LCABN� QCNB L?MJ?=N NI
@FII>M CH -%20& ,0 #L?H=B ! �
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Fig. 17. "RN?HN ;H> B;T;L> M=IL?M I@ LI=E@;FF @IL ; �
S?;L ?P?HN CH NB? #L?H=B ! CH =OLL?HN =IH>CNCIHM �QCNBION +�0	 F?@N J;H?FM� ;H> QCNB QII>?H NLCJI>M	 G?MB?M
;H> <;LLC?LM CH JF;=? �QCNB +�0	 LCABN J;H?FM� =IH@CAOL;NCIHM�

"RJIMOL? I@ NB? MI=C;F ;H> ?=IFIAC=;F =IGJIH?HNM L?MOFNM @LIG NB? CHN?LM?=NCIH <?NQ??H NB? LI=E@;FF B;T;L> ;@@?=N?> ;L?; ;H> NB?
F;H> OM? =F;MM?M CH #L?H=B ! � &N CM QILNB HINCHA NB;N	 MCH=? NB?L? ;L? ;FGIMN HI P;LC;NCIHM CH NB? IP?L;FF B;T;L> JLIH? ;L?;M ?RN?HMCIH
<?NQ??H <;M?FCH? ;H> +�0 M=?H;LCI	 <INB ?=IFIAC=;F ;H> MI=C;F ?RJIMOL?M >CMJF;S NB? M;G? P;FO?M� 1B?L?@IL?	 MI=C;F
?=IFIAC=;F MSMN?G
?RJIMOL? M=IL? G;JM @IL <;M?FCH? ;H> +�0 M=?H;LCIM ;L? C>?HNC=;F� "=IMSMN?G ?RJIMOL? Q;M ;MM?MM?> <;M?> IH IH? CH>C=;NIL – JLIJIL

NCIH I@ AL;MMF;H>�J;MNOL?�@IL?MN�Q;N?L <I>C?M CH LI=E@;FF B;T;L> JLIH? ;L?; �""�� ;H> MI=C;F ?RJIMOL? <;M?> IH NQI CH>C=;NILM – JLI

JILNCIH I@ <OCF>CHAM�JLIJ?LNC?M ;H> JLIJILNCIH I@ LI;>M� �M I==OLL?> CH +ILQ?AC;H ! 	 JLIJILNCIH I@ JIJOF;NCIH ?RJIM?> CH B;T;L>
JLIH? ;L?;M Q;M HIN =IHMC>?L?> MCH=? NB? @?Q <OCF>CHAM CH NB? MNO>S ;L?; ;L? OHCHB;<CN?>� /!
��� L?ACIH;F LI;>	 NB? >;G ;H> NB? @?Q
LOL;F <OCF>CHAM ;FIHA NB? LI;>M JLIP?> NI <? NB? GIMN POFH?L;<F? F;H> OM? =F;MM?M	 >O? NI ; L?F?P;HN MI=C;F ?RJIMOL? P;FO?	 QBCF? NB?
@IL?MN =IP?LCHA NB? LI=ES MFIJ? MBIQM ; G?>COG BCAB ?RJIMOL? P;FO? ACP?H <S ; BCAB ?=IMSMN?G ?RJIMOL? �#CA� ����

4.5.3. Risk assessment in PHUSICOS French DC – Artouste
#IL #L?H=B ! 	 0"0 /CME ;MM?MMG?HN L?P?;F?> BIQ LCME M=IL?M	 @IL <INB <;M?FCH? ;H> +�0 M=?H;LCI	 ;L? MCAHC@C=;HNFS ;@@?=N?> <S B;T


;L> M=IL?M� 1BCM CM >O? NI NB? ;FGIMN HOFF P;LC;<CFCNS CH 0"0 ?RJIMOL? P;FO?M ;GIHA NB? NQI M=?H;LCIM� �=NO;FFS	 CH NB? <;M?FCH? M=?

H;LCI	 NB? GIMN ;N
LCME F;H> OM? =F;MM?M ;L? NB? LI;> ;H> NB? <OCF>CHAM ;FIHA CN	 @IFFIQ?> <S NB? @IL?MN MFIJ? ;<IP? NB? LI;> CNM?F@� +�0
CGJF?G?HN;NCIH =IOF> JIN?HNC;FFS ;=BC?P? ;H IP?L;FF FIQ?LCHA I@ LCME M=IL?M ;H>	 CH >?N;CF	 ; L?>O=NCIH I@ %CAB
LCME ;L?;M I@ ����
*IL?IP?L	 QB?H NB? +�0 CM CGJF?G?HN?>	 NB? @IL?MN ;<IP? NB? LI;> J;MM?M @LIG %CAB ;H> *?>COG
%CAB LCME =F;MM?M NI *?>COG
%CAB
;H> *?>COG LCME =F;MM?M �#CA� ����
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Fig. 18. "=IMSMN?G ?RJIMOL?M	 MI=C;F ?RJIMOL?M	 ;H> NB? 0"0 ?RJIMOL?M �@LIG F?@N NI LCABN� CH -%20& ,0 #L?H=B ! OH>?L QCNBION +�0 M=?H;LCI �<;M?FCH?�� 1B? @CAOL?M
@IL NB? ?RJIMOL? OH>?L +�0 M=?H;LCI ;L? NB? M;G?�

Fig. 19. 0"0 LCME M=IL?M @IL ; �
S?;L LI=E@;FF ?P?HN CH -%20& ,0 #L?H=B ! OH>?L QCNBION �F?@N� ;H> QCNB �LCABN� +�0 M=?H;LCIM�

5. Discussion and conclusion

+;NOL?
<;M?> MIFONCIHM CGJF?G?HN?> CH NB? ,�)M ;H> ! M B;P? NB? JIN?HNC;F NI L?>O=? ?@@?=NCP?FS NB? LCMEM @;=?> <S MI=C;F

?=IFIAC=;F MSMN?GM� #IL ?R;GJF?	 CH ,�) &N;FS -;H;LI ;H> ,�) 2(	 NB? MOL@;=? ;L?;M I@ NB? F;H>M=;J?M NB;N @;FF OH>?L NB? BCAB?L LCME
M=IL?M ;L? L?>O=?> QB?H +�0 ;L? CGJF?G?HN?>� 1B? L?MOFNM ;L? <;M?> IH GI>?FFCHA MCGOF;NCIHM I@ B;T;L>M QCNB ;H> QCNBION +�0 M=?

H;LCIM ;H> NB? OM? I@ ;H CH>C=;NIL
<;M?> LCME ;MM?MMG?HN @L;G?QILE NB;N =;JNOL?M ;FF NB? >CG?HMCIHM I@ LCME <INB @IL NB? MI=C;F ;H> ?=I

FIAC=;F =IGJIH?HNM I@ NB? MSMN?G �3/
+�0 @L;G?QILE�� 1BCM Q;M NB? @CLMN NCG? NB? 3/
+�0 @L;G?QILE Q;M CGJF?G?HN?> ;H> NBLIOAB
NB? M?F?=N?> @CP? =;M? MNO>S ;L?;M CH "OLIJ?	 IOL L?MOFNM MBIQ NB;N NB? @L;G?QILE ;FFIQM =;JNOLCHA NB? JIN?HNC;F ?@@?=NM I@ +�0 CH L?

>O=CHA LCMEM L?F;N?> NI %*%� ,P?L;FF	 NB? ;JJLI;=B =F?;LFS MBIQ?> NB;N NB? @L;G?QILE JLIPC>?M OM?LM QCNB NB? IJJILNOHCNS NI OH>?L

MN;H> NB? ?@@?=NM ;H +�0 =;H B;P? IH NB? P;LCIOM =IGJIH?HNM I@ LCMEM� 1B? CH>C=;NIL FC<L;LS ;@@IL>M NB? OM?L NB? @F?RC<CFCNS NI =IH>O=N
MJ?=C@C= ;H;FSMCM @IL ; ACP?H M?NNCHA	 GIPCHA ;Q;S @LIG @CR?> ;H> LCAC> CH>C=;NIL @L;G?QILEM� 1B? =;M? MNO>C?M Q?L? BCABFS >CP?LM? CH
N?LGM I@ B;T;L>M NB?S ?RJ?LC?H=?	 NB?CL 0"0	 ;H> NB?CL M=;F?� 1B?L? ;L? BIQ?P?L FCGCN;NCIHM NI NB? ;JJLI;=B ;H> ;>>CNCIH;F ;MM?MM

G?HNM ;H> @OLNB?L L?M?;L=B ;L? L?KOCL?> NI N?MN NB? @L;G?QILE @OLNB?L ;H> =;JNOL? ;>>CNCIH;F >CG?HMCIHM I@ +�0 LCME L?>O=NCIH @OH=

NCIHM� 1BCM CM >CM=OMM?> @OLNB?L <?FIQ�

1B? @CLMN FCGCN;NCIH Q;M FCHE?> NI >;N; ;P;CF;<CFCNS ;M CM I@N?H NB? =;M? QCNB NB?M? NSJ?M I@ ;MM?MMG?HN �?�A�	 /?@� 8�9� 1B? L?M?;L=B
B;> NI >L;Q IH M?=IH>;LS >;N; �JIJOF;NCIH =?HMOM ;H> INB?L H;NCIH;F ;H> AFI<;F MN;NCMNC=M� ;H> L?GIN? M?HMCHA
<;M?> >;N;� -LCG;LS
>;N;	 ;M ILCACH;FFS ?HPCM;A?>	 =IOF> HIN <? =IFF?=N?> >O? NI NL;P?F L?MNLC=NCIHM >OLCHA NB?  ,3&!
�� J;H>?GC=� 0?=IH>;LS >;N; Q?L?
>L;QH @LIG >C@@?L?HN MIOL=?M ;H> @IL >C@@?L?HN S?;LM	 CGJFSCHA NB;N CH MIG? =;M?M	 NB?S =IOF> HIN L?@F?=N NB? =OLL?HN MCNO;NCIH ;==O
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