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1.1 &%

U, MBSO N EBEH S L, TFAEEY & NOHLEE (BARERHRER L)
MRZUE L T\ D, AARTIEZEABOE R L A OISEHEAE R > TB Y | FHE
D72 E AR - THEEN M U, BAEEWIC X 5 EEEERITERK 200 [EHICH B
S TS (EMAKES 2013), AFEORNE THL 7 vFHTHRBEDOZ ENEZ > THY |
I FOEHPRD LTV D,

AR ClI= v/~ (Ursusarctos) (LA T e <) 23 bifgE % /U 7~ (Ursusthibetanus)
PAMNTAERL TS (K 1.1, BB BRBREER 2011) HFREIZAERL TV~ EH THD
D8, FRE SR OREEE G (LA T | FRERHED) 2SR ESN TV DT, 2013 FRFAT 21 IR T
0o (BREEE 2013), FEEFHEIZREL QORWRGED | K15 B IR Tl QWD ESCZ
DOREFEIISESETITH DY, EEARBERE LTI, OB LHLBEO IR 2 Hivs,
TEARS DA DT, UMDY F /D 7 < TR L T= L ADi, TMESS TR RO Y% /U7
~ . K- BT O < 05RO A0 82 U A #E (LP) L L CTEREAL v N7 — &Y A
SN TS BREEE 2012), 7~ FITRWAE BB ELHINROTD | EHCIIEE R EE
DEEESID (FBFD 2008), — 77, HLEEDO BN DUV T, EIRE 2 <720 Hilk 23V T
L2 TUVD, FFIT, 2004 4EL 2006 FXYF /U7~ DO KEHTEDFEAEL , TIUEOHE
BN R EINEIE LTz, ZOFHE2 2T RE F IO G O 3R E IS BAR AT g
2o (T b Z AT B IR I B ), A5 TE B 72 X O BAATOICH 20, - HUF AR IR IR @ik
BRI M DI TR AL CTRY ., 7o — MBS L R AR e AV
LTV (HEFS 2008), — 77, ZAVHDOFEITFIZE MM (B ITHAR) OFHEND, Z0i%Y
HIFH DR BB EAREFR A HEE L TR, SESERRAEL TR FICBELEN TN
ZEBZN(E 3 BHR) FAAREEREIITAN DD IO BB T A N EVO D H
Do MZ Ty 2D DM AEHEE R TR IS TE TR, MIREIRF, A%

ToTHT —H BRI N2 Z L3 %< M REARTFORIEEZ R IR E D IOITHEE 5778



B THD (5 2 w2 M), FHEHI R E R O M, B EEC R R B OB mEdR721) Tk
IR0, MEAEE DB BLOD 5 M 2R D7 #% . BARRY72%8 B BARCE B SR &5 2 e T
B, LinL, 7~ HUCBEL T BRI EUE B AR 2 BUE T 272 OEAN R & ETHY
(MBS 2008) , 7o, &P HFEZ 2K TED HARAZRE B SR STk 70 & OFF 07050 L
MOIRETSILTND T — AR D720,

LU EOEBEHESRE_ LORBITH LT, KEEREHOSH THASN TOEEET V%
HHATHIEICEY, WL ODDOFEEE IR T D2 L3 TEDS LIV, B RS M8 R 5 i 5D
ERIZONWTE, BEET VEHNDET — 2 NFEET DR OHEEN T 5, Fiz, #ms
228 DR HIRN R [ CE L0 | A E O I R B O Fl 21T 72 BR | ERESF IS
FE 2RISR A B ZEDNTE D, MRS HARO M AR REO R BEHTIR ISV T, 2o
BT VLI E DR HIE O HUBAE (RO G A ABLANT HNTL R ER RO IR B A &
FTHIEAHEE TE D, ZNOOFEBERIE I HIEICOW LS 2 FLH 3 B CRELGER 375,

BRI 7258 BRI R 2D DR BT T VS K DR P RIEA D, E RO
FEFVARE KRBT D5 EZAONCT HIENTELNGTE, o, AR ES T H -
BRI E D HEXTH RSO, BIETF N A WS B U4 OMEH (55 4 2 45 5 2)

TIE RPN L THON IR T2 B B O BEIZ W Cilgam LT,
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A ST R AEEE A~ OLBEE T /WIS O AREE 2 EE T 2 Z L 2 AL L, K&

GBI TCZODHFFINIFEEAT o7, 3. FHEO ST MMEITOF QA E 7 1306 R AR DR RE
ZELTOLORESND, T TARRILOE L LT, VF /) UT<IZBIT5EHE
ROHEE (5B 2 3, & 3 8) ZiTo7, BHZIIMEAFFEOREZE Lk, IR E
MR A a4 2, €I TAMXOF e LT, BHAMFEZERTE S (FFEFHIC

KT DEROK) BEGEZHRE L (B4 E, $55),

1.3 FERXDEAL
AKWFTEIL 5 DDEP LK SN D,

BIF ARG LOE R E BH, LORFZEENEIC OV CRiR L7z,
o EAREEDIRIEEZ R TIRIED — O TH LR A7 ZNEHDY X ) U T~ & RRIC
L7,

ROV X ) U T axtg s U, EEREHEEIZ State-space model A L, #
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BR5EH 2012 885585 4 IRV v KU A b,

BRETAE.2013. il Ry BRORGER BRET ] O ERICIRDL.
https://www.env.go.jp/nature/choju/plan/plan3-1b.pdf (2014 4= 1/13 7 7 & &)
BREGAE B ARBREE R AEM SRR o & —. 2011, WRR 22 AR A SREREEIR LA A e e

FUEAZE BARDLTH A M OV (RIS S S s 5
FIEFAD « KO BULES - @i BARYUHY 2 7 ~ R E BEREHESRE 2. 2008, H
RIZBT 2 7 ~FHDEAREE O BUIR & 3. WFLEFR 48(1):43-55.
JEMOKPER . 201357 A2 BERIC & 2 RAEMIHCE OHER.
http://www.maff.go.jp/j/press/seisan/saigai/pdf/130201-02.pdf. (2014/1/7 7 7 & &)
Ohta, U., M. Jusup, T. Mano, H. Tsuruga, H. Matsuda. 2012. Adaptive management of

the brown bear population in Hokkaido, Japan. Ecological Modelling. 242:20-27
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2.1 [FCHIZ

PABWERTIX, 7. SR EEFEORELEE L, FHOF ML RE L2RTHE
IR FRIZAERRY X7 EECIL, XA OAER - AT SAERTFHVRE A ZE LT
U 27T M Z2ATV, SR EHE A RET DI ENEETH D,
AWGEOMNGRETHLMEICAETLZYX /U 7~<id, Ly FU X N (BBEA 2012) I
HEROB LTI DB 2 HEREE L L THE STV 5, MEHEOY %/ 7 7<% 1940 4
TAHETHERRIZAERL TV, HUSR) 22 @R A 51 &k 2 U, BUE U E TR LR
& U HUBE AR RED 228 10 BHLL EREAR L TV EHHIS L TWD (B Hid
2003, X 2.1), ZOMEAEKOBD 25 &I LR & LT, BE OB & OmE
&G A BIROBD 3R ST D (R 5 2008) ., BARIA S 7 ~ 12 K D AARSERE M EZ
Tholleh, MmOVEREEZ T, BRERAFMA AT > 7o fER, MR s o TLE
SO THD, ZOFREEZIT, 1987 FLIE, @k & e R CIIEsLEER & oh
T35,

=T Z O X AR E R, AERERAITEA E W, WEOY X ) U 7+ T,
HiE. > NGO GEBUMAR) CBREEE /R ENAT — b T v TR EDORHEEIT->THEY . 72,
2005 ENDITFINHMEIC LY . BFFT 13 HOBEEEZ#HER L T D (UE B R ER A
oy #— 2010), LarL., EEEOBRCKHEHEDERE TR/ T X — 2 Hz FT 5720
D+ 72 RITIRN o ARRTFHIREZ TE DR BE L7k Y A 7 sl 2177210
VAN ECANCRAN AR

% Z TAWFZETIE, PVA (Population Viability Analysis) (2> CHE®OY ¥/ U 7=
TEARFEOMIR ) A 7 230l L7=, PVA &1, Bk, & 2 EEFMEEOWIMIC Al 2 Al
REMEOLE S H LS ETRIT 2ET LA TH Y (Boyce 1992) . fEFRIVET LA HWD =
LT, MNEOERERTFRMAE LD AT k2 RAMENELZMHAALZ LN TED

(Beissinger and Westphal 1998)
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X 2.1 WEDY X 2 U 7~ ERFEO A B&H (MUEHARRASZMEE % — 2010),

22 A&

221 #HEER

AEREER 1R & < 431 TRIERRAVER & RGP ER 251 55 (Mills and Smouse
1994), —fRIZ, FERFRIVER & L C AL FPRIMERME, REFRMENE, VXA be 7 1,
BIRARERIED ST 5D (Shaffer 1981), AWFFETIL, 2 D ORERGRAIHEIREIAN 2 5 &
Uiz, —2id, HAESE, HEEROMICK U CTRARN 2 Z B 2 5| X8 2 3 A 02
ThD, NAFHHERMEIIFINSWERTE X, 20 &9 2B TIIRMER OMEE 2 5
FHEER D IS Ly, BT, REREHOLE, SEEOEFEITRZR L,
% L RHER O EFHUTITV, LavL, NMEHDBE . SEEDETFEOBENBIBAE
(ZHRR T 2 Z e TE 9 RERIOYEEFE b T, ZORER, EEES L0 L

TLE 9,
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CORIBRESHHREETH D, RERERMIEIXIRCEERER EOREOZAE
TFRCBEIERICHET 5 2 LT, ERHI T A =2 RFSH - RE - FEL OFEERED
— A7 W3 U % (Shaffer 1981), BREEAIME=RIEI LM OMBER & Hp v | (EREEY A

X B FTIRWHIIZ o7 0 R BT 5, RO L S BT — 2 2> 72E TV

T, (EEESDRNGEERE) AN PRRREIBRRORSEEL D BV &35
N T2 (Boyce 1992, Foley 1994),

ABA BT 1, WKSLSTIEDE WS AL L EEERREVR, Dol b2
WHRTHDHD, AR TITZE L 20 o72,

EASAIRERME T BASEL 7 EIC K 2B FHEEDOEIICER T 26D TH D, BEinFH
EEDOERMN RN AR TITRENSLE LTEE L, BERAHITIRHED
BBHZERDOERIZ L > TELT, BHE)PREZ b~ DS )P bR ) DR T 23 P4
SN D, MEFME U BEREE TR BB AN RE T D72\, AR I A~T v #8 E 2K
TSELD, AESHEREFOREEGIKRD LA EHE CRET L, TORET VL
DR EHEA RN EFIHEISE 2% F S8 % (Frankham et al. 2007), 55 & LT, BJiEG
FEDRERLELFR T D T8, RO AEAFR, i, BIHRMROR S ZRCRE) 72 E VR
7% (Frankham et al. 2007) , AAFFETIL, T4 O OREPRER D AERE L)/ ST A — X 1 TH)

CEHUELT (2.2.83-2.2.5 Hizl)

2.2.2 Base population matrix model

AMFFE TITAERTEEN B & BRI R 72 E DERRI 72 /3T A — 2 ORI /RINIZERE 21751
A REET L A28 L= (Fieberg and Ellner 2001), 7235, EMIRIELFT 5 FHEBEMWIC &
o THEDEFNEE /R Z L6 (Eberhardt 2002), M x5l Lz, V¥ /U7~ T,

A5 (1996) 128> THI 4 CHERREVT 2 Z L 23 0hh> TR Y . £, FHiZ OV TR,
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PFADY X ) U< T 30 EOEIEN R SNZENE-oTnH 2 Enb, 30 e Lz

(PFH 2011), LA EOAEREZFAE A D EAHEIE L KT X— 2TV EER LT,

Nyt =AN,, (2.1
Nou 0 0 M,S, 0 Ny,
Nl,t+l SO 0 0 Nl,t
Ny 0o S o0 0| N,,
Nyjw |=| 0 0 S, 0 0 N3, |, (22)
N4,t+l 0 0 S2+ 0 0 N4J
N30t+1 0 0 SZ+ 0 N3(),t

(X 2.1) OEDIF (+1 F£DOFEEEKRZ PLT, A REEINREZETITIITH S, (K 2.2)
F (K21 OEFREZERTNTHY, MolT i OBEEETH D, i sOAEFE SIE, i+l %
~OWBMEREZEWT 5, 2BEOAFRIIFRIC L > TED LR, ML i OBHEFR
HRT, AU FOWAEIEN 5 Lo L0 b HFEIRNZ &5 (Eiler et al. 1989) .
4% & 5 LARE CEIERN R D & UTe, BERRITBREINE ) L ERBORER B ALY S
L. REIAE ISR L CREENRZ WL & INREEAD T2, AR TR, AR KR
DEEBITD RN EBZOND Z ENLEENRITBE L 2ho7z, Eo, BUE, 51

BRECIHHEZ RIS TWD Z b, fi#IC L M5 DRIRITE Z 20,

223 REFHRERY

AW CIXEARREEIEIC T 2 RIEER & L, 7 (Fagus crenata) & I XT 7
(Quercus crispula) DB ZHE LTz, 7 A VB2 a2~ (Ursus americanus) Tl
EXROBNNC LD ERAEAFR L BIERA~DOZENIEM SN TV D (Eiler et al. 1989,
Rogers 1976), F£7-, EERFOERIIFELETHAW LoD, BIARNIIREBLBITE o
ST v ~ORENRE N (JEF 1999), D78, BEEUHO BN, BRI, HhEESF

R,OREAEFERIZZFNTENEET D EE LT, BXOET /L ~DE AT Horino and
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Miura (2000) #2E& & Lz, XtGHIkDO 7 & I XFTOTF =22 G 0NRD o770
b7 — % % H /2, X XF 71 Horino and Miura (2000) % vy, XML 7
. 484, 154 (ZNTNEE, WAk, KE) Thote, —FH. 7T 07— TEHDL

(2008) 3 FHA L7B ERBRTICH T 2HET — 2 2 Hviz, SXIMREIL 3.6 4. 74,
L7544 (ZNZNEME, WE, KE) Thot (ZRH0HofT11ck5), UEoT
FTEIXFTOENMRT —F a2 b lic, BEREHEZEHLE (R 21), 2EL, 7~vD
ARIROH T, ABFERMEO/NSWVBAREITAETRHEOREVWBAELY &YX /U7~ ~
DEENT/NINEZEZ LN b, mARLMMERSROMAERKEZ HWT, £
OBATEOAEFT AR N L, EADITE2ITo7c, EADITIX, FHFEIZHIT 5 E1E,
WAE, KIEDREEE & AFHEBIC LA Lo Uic, I3 R B e X SR o 4=
BHEFEICE SO TR U, REBEIIIHRAREMET (2011) OENRHEESH &
L7c, BXRHEITRKEFEEE a O E THREE, 1/4 FTHRIUAE, ZNLLFRRIETH
Do RFEFEEIIT RKRRFEE L a2 1 & L EEIAERIE=6:311 (=0.754:0.3754:0.1254)
& LTz, — 07, SHREOABRREEIL, K 10 4% TIThh - BARE RS IEEHRE (5
2-5[|]) OHEAEMT —F %6 L2 ArcGIS ZHW TR L. (T OLEFHE: S XAF70

BHEfE=2:1), L LEORFEFEELXBREOEFTEBLND, 7T L IXFINENLETND
Y DLEEO/RERM L, 728212, 7T BEENOI XTI RIED L X1 6X2+3
X1=15 BNFR L5, TNHO/EEIIC, 6 RETENRIE, 7—12 JAWIE 13—18
RaeBfee L, BEAOTBEHEZRELLE (F2.1),

BERBER DL CTONT A —=ZEINEOY X ) U 7~ OFRMT E A Elnizs, BEEAF
e &BIH LTz, REROSEROAEFRIZONTIE, 7 AU 27 07 ~OREROIETL R
87.5% (Eiler et al. 1989) % . DD (731X Horino and Miura (2000) #Z#% & L
7o (22, FIlUG (1996) [2LD LX)/ U7 ~OWE) TN 1.86 TH Y . HFERE

X 25 LIS (KIE 2011), HEDOMEEZ 0.5 SIRE L. 5 bl EOIEDOBIER %
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1.86X0.5/2.56=0.372 & L7z, ZOfEZEIZ, FERE FTO 45K O 5 L EOBIER A IR
LT, £, 4mOBHERIT Eiler et al. (1989) 23 44E#R 27 T A DWILH OMEDEIE %7
RIZFEH RSB L Uiz, ZORRER, 3457 7 ATIL16%, 597 7 A TIL 86.5% DA UAEL
HThH oz, WHEIENEEM T T ADBIHROENILB L TND EET DL, 34k 7
ADEFEFRIL 59 1% 7 7 AD 44% (=16/36.5) 1Z2ETHDHELEWVWZDHIEAD, ZOZ LD, 4
ik DB My=0.44Ms & LTz, fi)r, BB TICHT 2BIHEOENIHONTH, WEL Dk
FNHEI LT 5, Rogers (1976) 2L 5 &, TNENDEREICEITH A AOFEIVRIT
33%. 44%. 59% (XIfE, WAfE, BfF) Thoto, v, WiEE 1 & Lizs &, KIERFD
BIHARIT 0.75 12 L, BIERFOBFERN 1.34 (512725 Z L AR LTWD, Bl DR
MH, 45%& bkl EOKRE N COBIERARF T L (£ 22), ZhHDRIA—F %
Awniz o, KIE, WHE, BERZNZEHMERT 2560 BRENE (b5
TNENDNRT A =2 2N LTATHIORRIEAE) 1%, ££4 0.9, 1.03, 1.07 &£ 72>

77



|2-9

#£2.1 TFEIXFTOENEEE,

BE A A1
‘ ST R 3.5 7 1.75
77
SR 0.29 0.14 0.57
X b 7 4.8 1.54
N N4
X 0.14 0.21 0.65
DU B X 0.29 0.22 0.49
2.2 PRNCHWIANT A =X
INT A—=H INT A—Z{E
0 B DAETER S 0.125, 0.7, 0.8*
1R DAEAFR S 0.86
2 Ll LR Sy+ 0.9
4 % DEERER M, 0.123, 0.16, 0.22*
5 ik LA o> B Ms, 0.28, 0.372, 0.5*
A RWEE 9 1
BHERITKT DT AZTIA DR S o 0-1
AAERIT T 285 DR S B 0-1.5

FREATNC LV NT A= AN R D, B RE, AR BAERFOfE,
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224 EEHNEIE

BEMSCIEARREB IE~ DI RFHBEOBREN R BOZ L Th b, BEMNLILOM
REEENRE~ DL 572912, Mills and Smouse (1994) 13T A HHEAD A% FHLAGA
ATEBEBATHE T VA REEE LTz, AWFSECIEL. Mills and Smouse (1994) OET N2 5%
2L, TSN EGER & SR D AR RIS D L E LT,

N =AN, (23)

Nosa 0 v .- 0 S4Méil}:ltb 0) No,
Ny S(’;'jf’ 0 0f Ny,
Ny 0 S 0 0| Ny
Ny |=| O 0 §,, O 0f Ns, |, (2.4)
Ny 0 0 S, 0 0] Ny,
Nioss 0 e - 0 S,, 0 Nio,

Sev =Sy expl- BF,),  (2.5)
M;,r;b =M, exp(— éE—i)‘ (2.6)

(2.3) 1ER—2EF L (R 2.1) [SIRBBOEEL EE LI(TSITF L Th b, SM L

MRS OB L B LI R AEAFR L SR Th D (K25, 2.6), F TR

LWV HLEERD B HBISFIED 2 >OT VARFEMB THLMHETHY (0=SF=1),
VAR OFLE 2744 TH 5 (Frankham et al. 2007), (X.2.6) 23 F, THHDIF, ¢
AT ik THDHMEED t-i FITEENT L XD EFF- WA ea2RT p L oITE
AVENVINERAE AT & BRI KT 2B RFA DRI Th 5,

ITAZHGEMT K o THERAE 73R L BIHED (K 2.5-6) DX HIZFEIR SN HRAUILL F D &
BOThHD, 1BETE2BEFET VEME LT, TBASE TIZdH 5EFOBBIINE L
Ex D, BRI F OTTIE, B8 AA, Aa, aa OB fia, faa, fald. THEN,
P (1-F)+pF. 2pq(1-F)+pF, ¢’ (1-F)+qF &72% GEfE T A OBE% p, @i a OBEZ ¢ &

L7=(ptg=1)), BInT a PHEEDNREZRFOL L, @578 AA LHE LT, B8 aa OfF
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i s 720, BIs T8 Aa ORI hs 72T AEGFERPEDT 2 EMRET 5, EMNICBT S
HFROWD Y D 13X, fiaXs+faaXhXs = C+ B F DX DI F O 1 R Ciikan s
(C=¢*s+2pgsh. B =q(s-qs-2pgsh)L L7=), Z ORITd 2 HERBIGFIEE—ZFEELT
Wi, EEZEEBEGFEL VWD EEX NS, £H O AT FEIX
(1-D))*x(1-D2)x(1-D3)*...D £ H IZFBARF DR OB TRk S D, FBIsFDRIRD/NE
(s DA EW) GBRIZFHIOM EIER 2 \ALHOR 23956 4E1781T expl-(D+D+D5+..)]
= exp[-a-pF] & VTl T & % (Morton et al. 1956, =X {qsr-qis-2pqisih)t & L12)), ITAZTFEAN
RN DEFHRE S, £ LIZHA . Smexp[-a]l L RET D2 & T, (2.5 nEHIND X
2.6 IZOWTHIFAER)

PEAAREL F %, ARERY A X Ne BB S5, ARIEMY A XL, ERICHE S
NIe~T B EGEOR T2 ENA T D L9 BB (—EEROMERERIAERN S 720 |
TOEMNRT V) AGHE D B DT v & BB ABSER) Offi (A% TéH Y (Frankham
et al. 2007), {EAKL & AEREFAI T X —Z 2B DIEZRHBO 3 2 MKET 5, A2k
YA X&FHRT 2 72 DX TR Ry L BIERE O SH YV, 2B 2 21T L7 B,
9. MR R, X,

30
Ry, =Y L, M, (2.7)
L, = S: S explifF_) (2.8)
Li 13 0 i £ COEFLETH 5, EVEOMEEIRRNC 31T D 7RI D 53 B A 37 I ET IREE

DIV,
30 - )
Vv, =R0,z +Z(Li,t _Li+l,t XMi,t _Ro,z) , (2.9)
i=0
i
M, => M7 (2.10)
j=0

BOHEBRE D4 V, DB X Mills and Smouse (1994) #&BEn-v, (X2.7) &

(X2.9) LV, HEOHEYEMY A X Neg, 13,
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DTN MEORERERT, MR b5 8E . RIEOAMERY A X Ne 1%

4Ne/-tNem,
Ne, =————, (2.12)
Nef,+Nem’t
460
= Ne 2.13
(1+6j ran (2:13)

New, | L t FOREDOFRER Y A X Th D, AL 01280 | HELMEOFRER D A XD
BEFRIE New=0Neg, & L CEE D, AL 0 ICBT 23672 BT 208, HIE, (EAGR
BlENTOAEEOMEIIZ 1 1 THDHZ LD (PEME S EREE AT - UE R BR
FPgEE 2 — 2013) . ABFIETIIARMEL 60=1 & LT,

t FEOE AR FAL t I TN D FHOIRBRETH 5, ZHITANER Y A XL BFHE

VEBEARNRILF, \ B a2 5 2 L b,

1
_1—[1— {1—2]\76} (2.14)

t

~ leanbF +- +N30,1M§7)infso
Ft inb inb (215)
Ny My, +-+ Nyg My,

225 ANOZRmERMH

N O SEI R L, BRSO3, LI RA e BB 2 73, Akcakaya (1991) 1%
YIalb—va BT NAFRHEREDET LASOMBAZIET OV TREL TEY |
TS LD & AFEREE B O AMIT. ENEN MM ERT Y o3 THEET
& 5o ZOFEIERFEERE DML TIX—MRATH Y (72 & 1L Gaona et al. 1998, Lahaye
et al. 1994) . ABFJET HBRIL & AFBMNENENART VY Vo34 & oA H B ELIKIC

STRED LARE LTz,



[2-13

( M""N, ) exp(— M[""N )

P(XZJC)— it it ,
=)= " Js20- e
y

226 P3al—i3v

VL EDET V2 RAVT, %I 50 45 (1987-2036 4F) 1B\ T, Er T hmr
a2 b—33 % 1000 [EfT o 70, ZDFE, K37 A—Z OIERHAORE 6 & B % & % HiH
TELESED Z L THapdmeR 2 #EE L7, Rallsetal. (1988) IXMFLEE 40 FRIZISIT DL
SR DAELFRAD R AP T, T ORER, AR 22555 O S 1%, ) 2.33,
i 1.57 (-0.68—15.16) Th o7z, AMFFETIL, TRMEZSZME LTHY, 0=
1.5 (0, 0.3, 0.5, 1, 1.5) & L7z, —J5, BJIHICEEF % %0 fIT Mills and Smouse (1994)
2BV, 0=6=1 (0, 0.3, 0.5, 1) & L7z,

BUE, WGk & ) U 7~ O A BT 10 BELLE 100 AR50 T 0 (P [E DU [ H5ER

BB 2002) , BAERII R TH D, HRITHEEL LTV D720, FIEEEOMELEE 1 :
1 EE Lz, 1985 FEDOWIHIERENE 5—50 BEA — KR AICHEWVIRE LT, £z, D&
E OFHEHERUTA T 7 T A DEFRO L Z BT RTINS & LT,

1986 4FIZE AR, 1987 BB IR TY X ) U/~ DOifiEEEIE LTV | BIEbLEWT

WA Z EMD, FRTH (BRAE—2036 4F) ICBWTHIMEILE 2 20,
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2.3 #ER

1987 4E0° 5 2036 400 50 IV T, ¥ = b—3 3 U K D EEEEEIRE O fFK T
AT o T, MEPREEIN & 72 2 BREESEHOTERIE, NP 2R R, BioiH ke BB L, A7
R EBFERIZIB T DL RIB ORI #E 2 1 & & OEREHERA~DE L RGEE LT, T DR
R ETORBCTEESITERA L. (K 2.2), BIEHHEEZELRNEE (6=0, p=0).
VR ab—va UVREFEOEEEUTER b B o T2 BRI 6 OFEWIT, AR
BBICKREREBEVNE LD SR oTe, —F., EFE~OME B OEWI X 5 EERE O
FHEFICRN, PR BREVE & FERBEOTRAEIL 6 DIEICR LT, 0 Loz, T/

bbb, MY 2713 5 Bl L oo, MEEICRES N ANERY A XT8N THHA

h

EROMEM AW, B3 7z (4 2.3) . ARIVE YA X3 Em MO 15 4FE < S W TR RR @@ > 7203,
Z DHITHERL LI BN 2R Uie, ERAREL FUT, EA L, EFEREA~ORS B35 1
P ETHIUE 2010 FFZAIZ 05 LLEERD | v ab—a VIREEIZIE, 099 L 7roiz
(X2.4), ZAUFEMFENBEO THLLERDTHZLE2EKRLTVD,

MY A 71X, IEAZFIBEDAIFRA~DIRES BITKIELTER L o7 (K 2.5), AT
BOFIHR~DORS 6 MRV LE (0=0) ERbmnex (6=1) TiE, #EREEHERICERT
10.1%DEWA R BT, ZIUTK L, EfFRADRS f TIE, 44.9%DENETTE (=0
vs p=1), Fo, BEHAHLEZELRVGES (6=0, f=0) LTRHHAOEENE LR

Ba (0=1. p=1.5) OMPEHERIZIZNTN11.1%E 622%E 720 K& RENELT,
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24 ER

ABFFETIL, iz 7RI AT O S OE O D HRIHER 2 HEE L, OB, O E A
$ (1987 4F) 1% 5-50 BHOM T—HRELIKIC Lo TRIE LTz, ZORER. 50 R OfE K%k D
HE IR 2~ L (K 2.2), 24U, SPRZI S 220U, WA Em» Znsrs
b < FREMEZ R LT D, 7272 L, EAED 95% X HIL 0-66 & 721 | HEANME ) &
oo B TFAE LT Z E R noToid, 66 BILERE N Z N E XS WVEWHTH 5,

BIRIBHIEME < GE X, ARERIY A XL EEOEEE DL (Ne/N tr) 25, EOHA
SEFRTHMEL 705, Frankham (1995) 1% 102 FOAM % FAVWT, BET 5 HK & §
THDTZ Ne/N oz 2 2 fighit LTz, ZOfER, AREMY A ZTEBEOMGEED 11% TH -
7o ARAFGEIZIST D Ne/N Hlx, EfFREA~DORRTIEROMS p=0 Zfrx ., 50 FF1&I2I1X 5% %
THEo7z, b LAFRICRT 5RO BRI UL, T BITFE D MY X 7 DY
IMEHNIRNTEA D,

BEALOR ST OV TIE, BRx RITRBRE L~V % b DERD L FRBEIERIZ D
WCTF—2%2M5 2L THETE S, MIOFAZTET L0 ) 2L ThX, EED
PEMRET I 2 b—2a VORRNOHBIT 22 LN TE L7259, BUE, BREACN
EAME R, NGO IZ & 25l A T « ~7T— 7 v AL v 18 RENHEI S h
TW5 (UEBEREREEE o 2 — 2010), Z OfEITE/MEGEE E 227259, &
Di/MEREZ B2, TAZRBORS OFPH KD Z & 2ilhle, TOME. AKFET
E LR ARG DR TORE T, BRI D 95%E XA 13 EikE 5, KD LT
TR ole, TR, AR THE LA RZHAOMS T, BRIEZIVGED Z L 2mRg
LTWo, 7, iRz o &, BInAH e ZET 508 9 2 Tl R I K& 7
ERA LN (K2.4), BEMHEHLEBE LRWEGA, 50 4% ORISR 11.1% & 48]

MRFERTHoToZ Lloxt L, 2@ < @< & 62.2% L o7, AWFZEDOEE L7ciEa
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FIFBOIR I NBFEITE Z 5 A[EEMEDR H D D THIVL, FEICHIREZ D Z & 3 & v D
T RARA 2 FOBEREIZA THDL EE X D,

ABFFE CIER R ARREO BRI D 7N E B X HND 2 ENBBEHRITBE L 72h o
7oo LU, R OBER D FEAERROBA TH S 2 & BUEDER AR RIRIK
500km2 T D Z &, 7 v DOITENE AN & (B 100 km2, M 40 km?) #EE T 5L (M
[ B AR RARF 0 v & — 2010) . D72 WMEREETd o T HEELDRIMEN TV D ATREM:
1o 0, AT—ATIHERODVRINOEENREHET 52 LITTET RV, BEMNR
DN TWD D THIUT, HEIERHERIIAIETHEE LB LY bE<FHisN 5725 9,

ARFFETIE, AN S TOBEEOVELZ B EITAIER 0=1 & L7, RS
ENTORWEKR LD RNLTARBLTWHZ L E2EBETH L, HEORICONTHH
DM D %, Mills and Smouse (1994) DHFFEIZIBNTH ., ARV E & (72
EZIE—REBZO LY ITHER DI E &) | EFREA~ORE BICEIFRZ  MEMERfERILR -
oo LEDZ Lt HIICKE R B35 55513, BENRFRE, MRRIIANTE
THEELME LY bm <S5 aREMD & 2,

ABFIEIE, —ARAY7e PVA OFETHER Y 2 7 5l 2 36 272 > T &7z, PVA OFERBIEL
W E D INTONTIE, #HimSN TV 5, Brooketal. (2000) (. B/EBY 21 FOEH
M7 —2 2 M T, PVA OREZRBR LT, TORE, ¥ 2 b—ra VR L BUIIE
FE—E L7, ZHEIPVADOKEDOREI AR L TWD, —H T, RIFFETIEL, x5k
TEEBEDOEHRO D72 I D | MHIECCITFE O AR TN T A —2 2\ e, AifFZE0A
SREINEE (WAE : 1.03, BAE : 1.07) 1 —M72Y ¥ ) U 7~ O HIRIINER &V i (1.05,
FEH 2005) &72o72s, EEEORGHIRO T — 5 2 Tz | stk ok %
T L TVWD LT 2R, 2O X REBEORKE LT, £/37 A =2 OFHE
WX DEEBET LR ED LY RHEFEEEMAANTZS I ab—a r&2(TH 2 ERE

ZHIDMN, ZHHIE R T LR, BEERDX, TEXHETE=X2) 7%
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feid. FRNCK LT 4= Ry 7 2FT 252 L ThD, ABIZEICKIT 2HEERRIT, Bis
B DEENEZRRT 5 b DO Tholz, —HRISHIRERFEICIH W TR, RO D 7S
MOBIRHRT — 2 2 WD Z LIFEE LV, UL, #IR Y A 75l & O Bl DL #E

LN LRV GLRHERMELZE L, MERICIHE L7729 X THRZMD Z ENEETH D,
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3.1 LI

BFASYERICEW T, IREOMEFRELEOEBELZET L 2 L1, EHERZ L TH
% (Thomas et al. 2005), EEFEDIRIEZHET 2 Z & T, LVBENREHROT FR
A b, HESLEHEMAZNTDHI ENTEDINGTE, FABY OEEEHEEIXENS T
%S TE = (7= & 2% Meyer and Millar 1999, Tevecchia et al. 2009, Yamamura
et al. 2008) , KW FEDOK G TH L 7 v FHIZB W T H N F =72 E~DOB & IR i,
EEBERIE, ~7 N7 v ik Chix REMABEHEEIC AV SR TE 2 CRE - [T
2011), Z D& 5 REAEEBHEEETIZ, FHNCT 0 —/L FIEZITV., ZORHET —F 21
WCHEEZAT D, LarL, 74—V Fillf&IE. BB 5720 T 7= 5REUT KL
THAREE LD, HET —FX0bHEEZ L& LTH, EHIRG: & 213H 2 ) OE %K
HEE DFEFR T L2 uy,

BIZIE, EFERZBR O TWDEAT b7y FEIEEEZHIET 5 Z o, ERIED
7 GHREIRICE A=V RN Dpn) o7V o 7ETh D, AR TERLEZNT v
EETDHE, AR AE K Sofn (FIFBWE) EERITARISRICEELEZRT, 7~
BT, — B ZOA~T T FETHLNTAED DNA 7 — & 2 A TRk i 1k
2L O EEREHEE 21T 9 (72 & 21X Woods et al. 1999), #t (2008) (2L 5 &, HAT
132007 4F 9 HIRFAR T, 20 DEIRIKRA~T b7 v FEEZFERL, 2D 5 HD 16 DHIEIKRT
IERBHEE 21T O 72 DICERL TV D, ZOXHICEL OHBERMNFERL THD~T k
Z v AER, ZTVE TOESEBENE LD EEHENIORED S 2 & X DNA 2MERD KA
Tk LD T R EORENH Y CKH - B 2011), ENTHIFF STV HIHEETH
24

—J7 T, ARIZIR TR L2 (AF 1%, BWRIZE®RS 5 & DNAZEIL L, B o= Z

UKE, I RIRDN D SRS RSO L VT o e Th 5, 7 — 2 4EdH T Y
YT R ab =g VIR EIIKEMNHEE U WFFETTEFORRET & i R O MRS A SRR
SR ELFTIT T,
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—OERERD, BT, WA THRECHEL TS EEZLNAMEIXAATIIBRNICSH-
D HIENRFELY, ZiE TORREEMEE CTIIEERNICET 227 —3E 26T
e RN AN IEfME RS A ., HEER RIS AL T A0 0% (McKelvey and
Schwartz 2004, 57 - e 2008), F7=. DNA OSHTRLRBMRITILUEZ, o7 unb
BONDERNDIRL 720, BT T 270007 =2 LTHES ZENELI 2D (Fk
2008), Z® DNA H > 7O bxrtRE LT, ABEIVEEZ EF5Z BB L5,
A NOEPLEELOCONTIRTH D, MZ T, ~T b7 v FEETHERADB» D120,
BHEICHET 2 2 ENEEL <, k72T — 2 2Bz VWit B xRz TnWb, 22
THERAZTEHETMA, MEMIICEONT-T — 2 DO EREHEEEZIT ) 2 LR B
TW5,

A E EORBEIZY > 7Y 7120 TR, BRIIT— & OITIc OV T L -E
LTI 67220, HEN LG LN D8INT — Z I BB E ORI IC Bk T 5
HERZE L HERO A TER SITHSR T 2 BIER 22 & v O ZREE O RHEFEMEDRMET D, FrICHE
T — 2 WMEREEBORERYITh - 7256, BEOARRFEMEER (72 L 213, BRELAH),
B OZERE) BENTND, Ll BERSIT — & & F\V 7= B EREEERE T Tl
R AT 2EE L, B ELZEA L WD Enb b, BIHRREZERT L &, N
T A= OHERENEL D Z LR ER SN TS (Calder et al. 2003), BLEDZ L5
EEFEOBRETHICIL, 7—% L EEMAH %K TET /L (process model) %277 L
— LU — 7 BV THDH (Clark and Bjernstad 2004), Z D7 L — AU — 7 NEOEEE
EE) 2RI ET /L (process model) &BUAEDEE) 4K T E7 /L (observation model) |Z
Sy THERE T % 2 & O T& % State-Space Model (SSM) Th 5, SSM # 5 L2k
D, R E L BIHRAE A FIRFCBET 2 2 LW TX 5 (Fukaya et al. 2010, Calder et al.
2003),

AW TG R DY % ) U V< &xt5 & L, SSM IC L A2 MEEHEZITH, HDHT



| 3-5

—ZE, WO THELIT> THRIET — 2 T ZH~OEKECHMI Lo X =7 8

UM ST — % (HEBFEHER) 2 JEITHEET 2,
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32 /%

3.2.1 HEMFERUT—4

VX U 7= TIE. 2006 FEICEEBB TREHENE Z > TV D BERRIZIEWNT S,
7~ DN L0 FIEPSAHRNIE Z & 56 R S BRI e BT (SF-pK 21— 26 420D 5 4E[H)
ERGE LT (BRI 2009), AHKFZECIEik B IR O R E R ERIRGE A BIE T (T AR D & | IR RIR
WAERTZY XU T ~A 2 SOMUISHEREE (BT /07" 2 Mg B (RRE & Bl - B3 ik
TEAEE) (S THEE 21T o 72,

B A BHE I VN T2 7 — & s B B ORIk E RIS R STV DAL € A7 RIS Y
SR L, Sz, 2F T « S XF T - 7T OENORE 2 FIEM CEAST 2 Lz &
KRS @ % VD (03.1),

MEAEHETE 217 5 BR. REDREEREDOIEHRPLETH D, AWFFETIE, 2007—2008 £
RFLZ I B R T o T B (RS E O 2 V- (R 2009)  EEEOEHRDO H 5 2008
FERER 2 HIE S L L2008 4272 5 2011 A~ ORI & DFHRA1T 5 & L 12,2008 4,
2007 4F « -+ -« LIBE~OBRAME DREZIT ol TOR, BSOS IZ IV TR 72
BUAE MG DN THEE 2 18 D bE 556 (2006 4£—2011 48 : EHIFHEE) &, FH4EIE
BHOETHE 2D LE DG (2004 42011 4F : EMIRIHEE) THEEH EOEW L HRG

L7,
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BRI SR Z 75 LG\ 1A TR b AR WVESHE

3.1),

BT 2 HIARBEIN D5 FEARATME

it+1

- eXI{ mean

[%J =

Ny, C
+ B Ni,

a; Jt error]

Vit -1

KA.

1

(3.1)

EAREENREZ KT 7' n AE5 /L (process model) (X, AT EEBY THDH, EEEIT

AT R 2 AE L7z,

N (3HlEk i ¢ FOEFEETH Y . RE.DOLLIL BRI &S C, 6725 (&

HI i Dt EOHINFZ RS 1 1T O LA LV IRESN D, R M

£ Sh RVAR IR A ERANAVIEN

nmELT, HoOERKEMADEREZ KL,

BDT-OER/ LT, BEHREOET

KEST—HEBICHL LT WD

Beverton-Holt Iz L7= (72 & 21X Cook et al. 1997, Myers 2001, Simpfendorfer et

al.

2000),

K(=log[k)IZHNIHEFE S 7= 0 OBREINA /12K L, A 1Tk i OFKREETH
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Do

7 <FE T, ZOITINBREOENNEEIND Z ENHHILTWD, A1 - I (2003)

h

X, VXU OHBEKE T T EIRXTFTTORRETEOBREF T, TORER,
H eI E BRI T RICADOHBEBRAREO bive, £72. Okaetal. (2004) (25> TK|
TEARIZ 7 ~ OFBEDINT 2 Z & b S T2, FERIT 7 ~ D178 721 Tid/e <,
BHEIC LTS, - 2E, RERENEO L X TEENED L, BREA R 5 2 L
Nd 5 (Rogers 1976), LA EDBRETEEICHOWTIL, BMEOERKINY X ) U 7~ EEFED

FORERIN, M3, AEMEEICHET L EHET DI & T, BT /MHMARTL Z LT

ﬁ

X%, AFRTEIFT « I XFT - 7 F OERIER AR FE % L5 L 7= BT EX|
a0 & 5 T L,

o) i)
i,log(a'"d"") '

a

it =

BIHTES L (observation model) X7 vt AEF /L LEHIT —& ZBEf T HEF LT

b5, BT —2 & UTHEMEL Y, & MBS, 2 v,

log(v;,, )~ Nllogli,, N,, )~ 0502 .52,
log(l;, )~ Nlogls; N, )~ 0.502 o2,

& Llz, 2L MR OFFEMER o, & HBEER 5,13
1

e )
+ X l mean I N3 C"VI”OI‘

Si,t = exl{si,mean + ai,tserror]5

(3.2)

Th D, AFMEREBERBOYY (hmean & Simean) (TEHBLTERZR 55, BRI & 24 H)
DREE (hoor & Sepror) ITHURHTELWE L, BIET L (X 38.2) ITITxFZE LR

THEUDHFHHEO TN AMIET 572012 -0.507 ,-0.502 2 TNZERUTINZ 72,



| 3-9

3.2.3 FRI

ATHTCHEZE L7257 L& HV T 2008 42D 4 Hsk O BRSO EE 1y 20080 IR Fean
& BN DB TN K D RRFE 1opyor BRETINER 1) ORI ke, £ MR D A B IEZE Dy pean

& A EREROBREEZAENT X DR heors £ HUBOD VLR 5, pean & TR RO BB A2
L DRETE Somorn A ETIESL & B OREEN o), 02 D 13 /3T A—F 2N A, 2008 4LL
AT O HIRO B NFEEL a;, (4 or 8 /XT A—%) DFF 17 F72iF 21 NT A—% (Hi#I 2
HHIEHEE, %EIIRAEHEDSRS) Thd (K3.1),

2008 HFEDEREL N, 200s(=expln; 200]) D /3T A —5 T D n; 2008 DFRIGIAT X IERL A %K
E L. £ HUE D WIFAHEIZ B U Cidilsl B IR E S ER R A PG T (g BLIR 2009) (2
B SN TODHEEMEZ VD, EIFR/10H D 95%(EHEPRILAZ 241 o0 Mg (R RE 4
ROHEEM (L7 72 0 K 3,500 BH, Al - BIER £ 2,000 81) (2725 K510, o
BRE LT,

FIHEINZR Fpean DFRIIATIIER TR BRI RAEM SRR 2 — (2011) & [A CFRT
A Do SR DTRIE ropor (COWTIE, HEEOY F 7 U7~ (SWIE) 2012) O
FHIERESEDLLRNWEEBZONDZ 0D, WHIE) (2012) 2BBICRELT, F
7o Fmean & Forror (DWW TIEHIBAE AT TR U & RE L 72,

AERERITET D37 A= Rimean herror) & HERITBT 537 A =28 means Serror)
[ZOWTIE, FHATHERND 22N, DEE OISR E LT,

BN E o), 0! OFFIDMIIE AN H SN DA o~ iz vz (3%3.1),
BAFEEL a;, (3 HIE D 2004~2007 FEOERFEREHEET 2, 7 —F ZFEEL L THY

D78, HEET DR ORI B FHE 0. /5 1 OIEMAR & LTz,
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INT A=H IRT A—H Il

N;, Hu3EE i D ¢ A O E RS 1 7 1% 2008~ N(log(851),0.72)

1; 2008 2008 FAEAE D kHHUE 1 12008~ N(10g(478),0.73)

Fis HOIE i O ¢ AR OHEINER,

Fmean IR Fean~~N(0.1148,0.05)

Ferror HMROENNZ L 5782 Ferror~N(0,0.01)

Bis HIE 0 D 1 FE DB R OIR S

Ciy Ml i D 1 EOREREL

K, k BRESINA 7). £ OXHUE k ~N(log(100), 1)

4; Hdsk i o> Ak FE (km2) 3486.659 (b7 /L7 %)
4728.901 (HIL - BER)

ai,; REVEAL U7 X2k a;, ~N(0, 1)

hy, HUI i D ¢ BE DA E R

himean HitE i D27 A A R hi mean™~N(10g(0.25), 10)

Perror AEMELOENIC X DA% Berror~N(0, 5)

Sis Ml i D ¢ E D R

Si,mean Hitds @ DR R Simean~N(log(1.15)-0.5%10, 10)

Serror RO BRI L D= Serror~N(0, 5)

2
0,0

2

1k

|

RAZE ST HR

o;,0~1G(0.01,0.01)
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3.24 R\ ITEPEEY T HILEEEGR Y E

INETRRLET = LET VB LOFFISMICEE SN T, SAS/STATI.3 » MCMC
Procedure (SAS Institute Inc. 2011) Z W TCHEEZITH-T-, Yo7V o FF~w/la7H
HE T ik (Gilkset al1996) O— D> ThHDH A hrAR Y AIEIT I - TITW, /3T X
— 2 DA EHEE LTz HIHME D83 5% 2 B 9] 500 J5 a1l burn-in & L% 1000
FElD 55 1000 BUZ LAY 7Y 7 L, 51 BRIOY 7Y 7 adTole, T2, #HE
EMEERENZ OFO LA TH 25T LEMEL . RIS TV D,

IWHHIENX, B 7814 X (Kasset al. 1998) & Geweke iE (Geweke 1992)
D 2 OOFMETHER LIz, bbb, Ao 7oA XizonCid, £hn 1,000 LLE
ThDHIZEEHTEENEL Lz, Geweke REICOWTCIL Vo TV v aENT—4D o5 b,
AP 1,000 [A] & 4D 5,000 BIOMIFHEDZEZRE L, FEHIKYAE 0.01 OFEERRND

LaHHEL LT,
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33#E

AWFZETIE, 2008 0Dl o THEE L7256, A EHBEEC B RN 2 VT
T3 2 EHIRHEE (2006-2011 4F) &2 9 TIERWRBIFEHEE (2004-2011 42) @ 2
O CHE 21T o 72, T OREF. & M CRisi @ kaE (b7 v 7 2 Mgl et & [l -
HLE M ERTRE) & B ICHIINBA 2R L2, (BIEEIA HEShE (1 3.2), B
MIHEE T, b7 v 7 A HUISEIRRE D 2011 4E O FHE RSO SHEEAE A 2004 4 0O -2 {H
BEDK 2.7 5L 720 (N 5 052.2000=665, N 5, 2200=1791) (LI + B3P M {H (AR
T 215 NV q200=417, N ,200=839) Tho7z, —H, 2006 FE0LHEE 1T H 5
A D 2006 4 & 2011 FEOEEIEO L, AT L7 A RIS ARAREE & (1L - B3 k(8 (AR,
TENZIRI 1415 (N 5052,2006=926, N 5 ,2011=1319) E59 1.3 6% (N 4,,2006= 610,
N pu2on=1797) &7xol-, BHIRH L b, FHEOZVETH D 2006 FOEKEHEED T
BRAE (AL 7 V7 2 C 320 miltk. I - BL3EHRT 200 Atk &K< HEE STz,

BN BV THEEE DO i A 1T o 72 /5 5L, 2011 - OEAEEHEE XA 7 v 7" 2 ¢ 1791
(BEMFHEE) & 1319 CEMIFHEER) <0 LAENE UM, Al - BERTIE 839 (B
HIRHEE) & 797 CGEWIMMEE) LiTVMEERY | ZOMODEIZISNTHHEEMITRE
KB LiTenotc, BUIET NVDOINT A—2 T2 himean, Rerror. Simean, Serror\ZHH
LT AT VT 2RO E EERL B ) omean, FEIHEHR 5 ) 2 mean B IRIEINH rimean
LS D/RT A —2 Tl & HIZIFAVVEZ R L7 (R 3.2), £72. ELHLOHETHER
BIUHINTE HEE S NTZToD, BEHRIZIZ LA LD TN &R I LT,
Skl UCTHEEROGEBIIACHES LD, F—4 LHfEHL LRI &, A

EREEAL - RS BT fitting IZR o 72 (1X13.3, 3.4),
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% 3.2 1 NT A —ZHETERER

2004 £ —2011 4 2006 £ —2011 4
LA TEYE(R 72 FEE fiE TEHE(R 72

Imean 0.2278 0.0624 0.1856 0.0762
Terror 0.0330 0.0888 0.0367 0.0942
k 4.5943 1.0033 4.6020 1.0105
8 7,172, mean -1.6483 0.6573 -1.3419 0.6723
S yyy1mean -1.5813 0.6251 -1.5386 0.6754
Serror -0.5586 0.1197 -0.5310 0.1367
B 7> mean -2.9167 0.7458 -2.7090 0.8027
h yyymean -2.8600 0.7161 -2.8402 0.8091
herror -0.8660 0.1816 -0.8817 0.2367

a 2004 -0.0622 0.5682 — —

a 72,2005 1.1637 0.5039 — —

a 71> %,2006 -1.2091 0.5043 -0.9107 0.5608
a 72,2007 0.0733 0.4252 0.2808 0.4852
a yy,1,2004 -0.6518 0.5307 — —

a 51,2005 0.8385 0.5191 — —

a 11,2006 -2.0957 0.5288 -1.9110 0.5890
a 1,207 -0.3856 0.4300 -0.2459 0.4851

ol 0.1180 0.0696 0.1200 0.0858

o} 0.2072 0.1221 0.2585 0.2047
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34 ER

ARWFZETIE, 2008 47> & K5 FAY e BIANENG S L7 2006 4 £ TaHEE 9 2 MBI E
(2006-2011 £¢) & 2004 4 F TEHEET 2 RYIFHEE (2004-2011 ) DEWEMRE LT
(1 3.2), FOFEE, T /7T ZEFREIZHOVT, 2006-2008 4F £ TIEMHAR IZ K & o7
TR SN eh o703, 2011 AEOFHIHEEEIZ 500 SHOZE (RHIM : 1791, &HIH : 1319)
WE LTz, ZHUE 2005 O FHELCHBRAED R IR~ T2z, EHFEHET LD b
T HIHIHEE O W1 T O P8 A FER RO R R MESHEE Sz, —J7. 2006 FLARE
DA S OBLIMEE 2005 4 K0 bz, SEEBIIMERRCE S HEE S, TORRE
LT EnTeBEx 65 (3.1, 3.2), LaL., BEEHEOEEXEOLK S
EERTDHEZOEIRERETITRWIEA S, o, ZOMOHEEMEITITRE 2RENIE
ootz

FEXENIALS . FREMENE WS HEERFHRIZOWTIL, IV EBERPLETH D, fili
DL (2006 ) DRIETH D 2005 FOEEE FIREIL, L7 /17 2 TH) 260 B4,
FIL - BSEHR TR 165 BE L HEE Sz (K3.2), 2006 4EOHfiF ST AL 7 /L7 2 ¢ 132 B4,
Ml - BERT 124 B TH S (K 3.1), ZIUTBIHEATOMEEEHEM TH O . BRI
L7cB TSN LTH, Bl - BRERMBTIIEEU LRS- 2 it b
%9, THBMEERLETHIE, TOMELEOMRS G L5 6 oM E R G -
LM LIV, — T, FTRENENHETHD Z L bBX D, BIRER DN
EE . B OMEEHEST D Z LT LV, 7l xR WESEN—EOHE . RN
D72 78 % & CPUE (=i f5h s X 4% ) & X B IAH ; BATIIEES ) &2 7 0 i)
XTFN0, WETLZENHL <725, CPUE OZIIHEEEEEOE(LICL VAL DT
% (Campbell 2004) . i S EZE=4 V7952 LT, BAEKDORL VR
X TBRIED NG S N TN D E I DDA TE L1255, 122, BT~ %

ICHRLTWD LW R THIUT, EEED D70 o72 &L LTHIMERIIZL < 2D, ]
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e B RRE S~ ORI X D I ORINTHE RN E L oo 2 L 2 BIRT 200572,
ZOiz, ZOWRITIE CPUE 721 TIHEARIE OB, & BICITE RIS FRREZ T2
95 Z L BNEEL < 72 Do EURREDSERRZDIRILDNE D DNTHHIEE AR D DNA 734 7> & ik
TEARDE 2 TSN E I T 5, 2006 FIIREHEDETH /272D, RiE
7~ DRI X DB O KR ThH o> 72 vietEd m < . FIRED 8/ Nl Td 5 & vy 5 )
Wizd 22 LTELY,

BEOMEERED TIRMEISEN GG, fEEORS 7217 Th fEEFEO S OMEH 5 2
RITHITRSIRNIES 5, AHEE TIZ, REIMHEE (2004-2011 ) Offifkz B8 L7z i
FoHNE GRAEE) NAET VAT 115, [l - BERT 111 L Zr o7z, #HEE ST
ST OHINFE O, BNER R R & Wbivd =y v O BRI 1.16 (Kaji et
al. 2004) IZIEHT 2@ & TH D, T, 72 & ABEOBEEREN FIRMEICEWE & T, %
FEERME N, iR LT O ERKIRE BICfERAREBICIE A B9, (B I
RAEIINT 5 Z L 2R LT 5, JEREED MU Z % & | B AT REA MR LA AT OO 8 {413
EAETFEMELS . BITREEROMA T AT E D L BEENMRN D ERTERR OB
MMEFAME T T 5, EAEEOE b DA I THEER ORI KV HBTTE 2729
TE=F Y T ORG L U THIBEROEIR b LE LR DTEA I,

AHEE TIET — X OFRB D I CHEE ZAT o 72720, HEEEOBHEKM &5 5 =
EBEE Loz, TN OIHEROT — 2 2 RHIREE L TR, BB OHEERE X
KV RL D, 5. ~T b7 v TR EOMELAT L. £ DEOMEKEE T ITHEET
TDOM, A NEBZ D EBENLRBIRECIIRWEAS S, AR TRE L-fMiES &
R DOEERRDE =4 ) 713, I A F2nTTICE DL D TE LT —
ZTHY ., EEED vy ReRTEMRIEE S U TEEEFBREOIIE TIIHVWSNT
7= (=& z1E. Campbell 2004, Fournier et al. 1998, Wilberg and Bence 2006), = ® X

ICHAEEBS L TWDHIE (WM v 27— &) ZRML, £/, Fuild D HHIE
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4.1 Introduction

In Hokkaido, Japan, potentially alarming trends in the interaction between brown
bear (Ursus arctos) and local residents call for innovative and more effective population
management strategies. While the brown bear population in question has historically
been known to cause agricultural damage and injuries, in the period from 1988 through
2005, a 6.7 % annual increase rate in the number of culls was accompanied by more than
a 5 % annual increase rate in the amount of agricultural damage (Mano, 2009). These
trends may result in social pressure for more aggressive bear kills, which in turn may
harm the viability of the brown bear population, especially because the causes behind
the rising tendency toward crop field intrusions are poorly understood. In this context,
the introduction of new and non-lethal techniques, such as aversive conditioning with
relocation, may provide a new layer of flexibility for management of the brown bear
population, improving the chances of its survival and suppressing the number of crop
field intrusions below the socially acceptable level.

A quick and cost-effective manner to test the consequences of introducing new
management methods is the modeling approach. In Hokkaido, for example, modeling
was used to examine a management policy for sika deer (Matsuda et al., 1999). In the
case of the brown bear, modeling was applied to produce concrete conservation
management recommendations in Slovenia (Jerina et al., 2003). In the central
Apennines, Italy, habitat modeling proved to be useful in identifying critical areas for a
brown bear conservation strategy (Posillico et al., 2004). In the present study, we focus
on examining the effectiveness of combining existing lethal (i.e. culling) and new
non-lethal (i.e. aversive conditioning with relocation) population management methods

in an adaptive manner. For that purpose, a population dynamics model is formulated
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together with several realistic management scenarios. The model is run to make future
projections of the population size and estimate risks of management failure under each
scenario. We assume that the failure occurs if either of the two management goals is not
satisfied; (i) the number of intrusions into crop fields is not suppressed below the
acceptable level, or (ii) a viable population is not maintained at all times. Because the
lethal method is in direct conflict with the goal of maintaining a viable population, while
aversive conditioning may be unsuccessful in suppressing bear intrusions (Mazur, 2010;
Nakanishi et al. 2007), a tradeoff between the two management goals is a fundamental
property of all scenarios considered. The risk of failure is a quantitative measure of our
ability to balance this tradeoff, and therefore provides an objective criterion for
assessing the relative performance of the scenarios to be evaluated. Moreover, the
modeling approach enables us to perform such an evaluation long before the time

consuming and costly implementation of any management policy takes place.

4.2 Study area

To simplify the analysis performed henceforth, we restrict its scope to a
geographically narrow area. In Hokkaido, the existence of the three distinct brown bear
subpopulations allows for such a restriction (Matsuhashi et al., 1999). Particularly
Iinteresting in this context is the southwestern subpopulation residing on the Oshima
Peninsula, partly because it is isolated from the other two subpopulations, and partly
because it is receiving considerable scientific attention with respect to the increasing
occurrence of bear intrusions (Mano, 2009; Tsuruga and Mano, 2008). The Oshima
Peninsula — an area of 7,300km?2 and a home to around 500,000 inhabitants — hosts a

brown bear population of 800+400 individuals (Hokkaido prefectural government,
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2010), characterized by (i) no significant changes in the bear density index for almost
two decades, (ii) a 5.8 % annual increase rate in the number of bear kills, and (iii) the
highest incidence of bear-inflicted agricultural damage during the late summer. These
findings suggest that although the population size appears stable, the number of bears
killed for intruding into crop fields continues to increase. The late summer is an
especially problematic season. During this period, the diet of the bears shifts from early
summer foods to autumn foods, i.e. from herbaceous plants and ants to berries, acorns,
and nuts (Sato et al., 2005). On the Oshima Peninsula, which is approximately 80 %
covered by woodland, acorns and nuts originate from the predominant species like the
Mongolian oak (Quercus crispula) and Japanese beech (Fagus crenata). At times, the
shift from early summer foods to autumn foods does not proceed smoothly because
acorns and nuts are still unripe when the herbaceous plants die above ground and are
no longer suitable as foodstuffs. Consequently, during this period the bears may rely
heavily on crops to survive. Once a bear learns a particular foraging behavior and
becomes food conditioned (Gunther and Wyman 2008), it is probable that the acquired
knowledge will be quite persistent (Mazur, 2010) and subject to vertical transfer from
sows to cubs (Mazur and Seher, 2008), potentially aggravating the problem of bear

intrusions.

4.3 Materials and methods
4.3.1 Model Development

We constructed a population dynamics model for adult female brown bears on
Oshima Peninsula by considering their essential ecological and physiological

characteristics (e.g. feeding habits, reproductive output, and density effects). The reason
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for turning our attention to adult female bears originated from a principle that adult
female survival is crucial to the well-being of populations of the long lived vertebrates
and possibly many other sexually reproducing species (Eberhardt, 2002). As an
1llustration of this principle, it was found that the population growth rate of black bear
(Ursus americanus)in the Bow Valley of Banff National Park, Alberta, was most
sensitive to changes in adult female survival (Hebblewhite et al., 2003).

One might express a concern that the number of male bears should be tracked at
least in the context of crop field intrusions — Tsuruga and Mano (2008) indeed found a
bias toward males (64.5 % of the total) in catch data from Oshima Peninsula. Whereas a
larger home range of male brown bears (Dahle and Swenson, 2003) may have been a
contributing factor to the observed bias, males appear to be far more reckless when
entering a new area, and therefore tend to get caught more easily than females. Another
reason not to attach too much of an importance to the observed bias is the previously
mentioned vertical transfer of food conditioning from sows to cubs meaning that, unless
feeding habits change significantly in the adult stage, the nuisance behavior should be
rather equally distributed between sexes.

In addition to considering adult female bears, our objective of identifying effective
management strategies that can ensure the long-term coexistence of human residents
and brown bears in the same geographical area, focused us on bear behavior (levels of
aggressiveness and intrusiveness) and human-bear interactions (culling, food
conditioning, and aversive conditioning). During the model construction, the following
assumptions were made:

Assumption 1I: We consider the non-nuisance and nuisance female bears to be

distinguishable based on their behavior. How clearly this distinction can be drawn is
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reflected in the language of the indigenous Ainu people, who call non-nuisance bears
“kim-un-kamuy” or “god in the mountain” and nuisance bears “wen-kamuy” or “bad god”.
Rigorous criteria for discriminating between these two bear types (Table 4.1) are
described in the literature (Mano, 2009; Tsuruga and Mano, 2008). For modeling
purposes, we assume that non-nuisance bears either evade or ignore human presence
and do not cause any agricultural damage (phases 0 and 1 in Table 4.1). In contrast,
nuisance bears are aggressive toward humans or tend to invade crop fields (phases 2 and
3 in Table 4.1). We also assume that during a single year, a fraction mof non-nuisance
bears adopt new foraging behavior, become food conditioned, and effectively turn into
nuisance bears. Henceforward, N;(f)denotes the number of female nuisance bears in year
t, whereas Ny(f) denotes the number of non-nuisance females in the same year. The
female population size in year t¢1is N(t): N, (t)+ N, (t) The year counter ¢ runs from 1 to
123, corresponding to the time period between 1987 and 2109. The past 23 years,
from1987 to 2009, serve as a run-up period to reduce the influence of the initial values,
and to provide output for a convenient comparison with existing data. The future
predictions span a 99 years period from 2010 to 2109.

Assumption 2: The level of catch effort is controllable by the bear managers and varies
over time to counteract unwanted bear behavior. For nuisance bears, the manager can
vary the level of effort by adjusting the catch ratey()We can interpret the value of the
catch rate as the probability of catching a single nuisance bear during a period of one
year. Because the distinction between nuisance and non-nuisance bears is not absolute,
the manager may catch a non-nuisance bear by mistake. The catch rate in this case
isFy(f), where F is the false-catch coefficient.

Assumption 3 The degree of reliance on aversive conditioning is also controllable by
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the manager and varies over time to counteract unwanted bear behavior. The release
rate, a(?), indicates the fraction of bears caught in one year that are subjected to aversive
conditioning and released again into nature by the manager. As the effectiveness of
aversive conditioning cannot be guaranteed (Mazur, 2010), only a fraction g of the
nuisance bears subjected to aversive conditioning will abandon their unwanted behavior
and become successfully reformed. A fraction 1-a(¢)of caught bears is eventually culled.

Assumption 4The survival rates S of both nuisance and non-nuisance bears are
assumed to be equal. A comprehensive study of adult females of the long-lived
vertebrates suggests a sequence of changes in wvital rates taking place when a
population faces the scarcity of resources (Eberhardt, 2002). In this sequence, the last
vital rate to change (that is, decrease) is survival, indicating its relative stability under
all except the harshest of conditions. As an illustrative example, we note that the
exposure of brown bears to crude oil had little effect on the survival of female adults on
the coast of Katmai National Park, Alaska (Sellers and Miller, 1999).

Assumption &' The seed output of masting trees may exert various effects on bear
populations (Mattson et al., 1992; Rogers, 1976). Here we assume that the intrusions
into crop fields and subsequent catch are more probable if the average acorn production
is low and vice versa. For example, the data on the Asiatic black bear (Ursus thibetanus)
in the Tohoku region of Japan show a negative correlation between the number of
nuisance bears killed and beech seed output (Oka et al., 2004). In Furano, central
Hokkaido, existing evidence suggests that brown bears use crops as an alternative food
source to acorns of Quercus spp. from September through November (Sato and Endo,
2006). A stronger tendency toward intrusions implies that the catch will increase even if

the effort is constant, which is why we defined acorn production-dependent catch
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probabilities of non-nuisance and nuisance bears in year ¢ using relationships
po(t)=Fp(¢) and p,(r)=min{P,1}, respectively, where P=y(r)exp[-4(¢)]. To appropriately
include the effects of acorn production, 4(?), into the model, we estimated the seed output
autocorrelation function for Mongolian oak at Ogawa Forest Reserve in Ibaraki
Prefecture from a 10-year dataset (1995-2004) obtained from the Forestry and Forest
Products Research Institute (T. Masaki, personal communication). A strong negative
correlation with a two-year lag suggested that we should use a stationary random
process with a zero mean

Alt+2)= pAt)+ (- p)elr), )

wherepis the autocorrelation coefficient. The random term‘g(t] <1+ pis drawn from the

uniform distribution. A(f) ranges between -1 and 1.

Assumption 6: The observed age of first parturition of the brown bear females on
Oshima Peninsula is four years, but reproductive success is markedly higher among
females six years old or older (Mano and Tsubota, 2002). To implicitly represent the role
of the juvenile stage in the model, we assume that the number of adult females in year
t —5determines the number of juveniles becoming reproductively active in years+1,
where the parameter connecting these two numbers is the average recruitment rate £.
In view of experimental evidence suggesting considerable density effects (Czetwertynski
et al., 2008), especially in the case of adult females, the average recruitment rate & is
allowed to operate only in the limit of a negligibly small population. To include density
effects in the model, we use the expression R exp [— N/ (t —5)], where wis the strength of
the density effects. For an alternative interpretation of this parameter, note that the
carrying capacity K is linked to w, R and § by Kw= log(R/ (1-S)). In addition,

recruitment depends on acorn production during the autumn of yeart—6, denoted A4(¢-6),



because the reproductive rate decreases as a consequence of food shortage (Mano and
Tsubota, 2002; Rogers, 1976). The resulting expression for the recruitment rate 7(¢), with
the strength of the density effect included, is (r) = Rexp 4(r — 6)— @N(t - 5)].

While the survival rate of adult females of the long-lived vertebrates may be relatively
stable in conditions of scarce resources, the same appears not to be the case for the
reproductive rate (Eberhardt, 2002). Investigations performed on black bears seem to
confirm this notion (Rogers, 1976). As a result, assuming the same recruitment rate for
non-nuisance and nuisance bears (our default setting in model simulations) may not be
the most realistic modeling assumption — nuisance bears should, after all, be more
adept in finding food when acorn production fails. Facing a lack of information on
differences between the recruitment rate of non-nuisance and nuisance bears on the
Oshima Peninsula, we exploit the strength of the modeling approach and test instances
of 20 % lower recruitment rate for non-nuisance bears in comparison to the default
setting.

Based on assumptions 1 through 6, conveniently summarized in Figure 4.1, the
equations for the population dynamics are

Ny (t+1)= SN, (t)+ (¢ )N,y (¢ = 5)+ alt)5C, (t) - m N, (£) - [1 - a2 )]C, (¢) , (22)

N, (t+1)= SN, (t)+r(e)N, (£ = 5)—alt)BC, (£)+ m N, ()~ [1 - e(e)]C, (), (2D)
where the first two terms on the right-hand side of both equations represent the number
of surviving bears from year £toz+1 and the number of juveniles in year #—5 entering
adulthood in years+1. The third term in equations (2a) and (2b) counts the number of
nuisance bears successfully reformed by aversive conditioning. Similarly, the fourth
term in equation (2b) includes the number of newly food-conditioned nuisance bears.

This number must then be deducted from the number of non-nuisance bears in equation



(2a). Finally, the last term represents the number of bear kills. The random variables

C,(¢),i=0,1,representing catch numbers, are taken from a binomial distribution with
parameters N, (r)and p,(¢),i =0,1. If we denote the cumulative distribution function for

binomially distributed random variable as

J=0

xI( N, . N
Fi(X;Niapi)zpr[Ci <x]= Z( jljpi(t)J(l_pi(t)) = (3)

where 0<x<N, and |x| is the greatest integer less than or equal to x, then catch
numbers are given by C,(1)=F"(y;N,, p,(t).i=0,1, with 0<y<1 being a random

number drawn from the uniform distribution.



Table 4.1.Criteria for categorizing brown bears. Phases 0 and 1 characterize

non-nuisance bears,whilephases 2 and 3 characterize nuisance bears.

Behavior toward crop fields

Behavior toward humans

Non-intrusive

Intrusive

Evasive Indifferent Aggressive
Phase 0 Phase 1 Phase 3
Phase 2 Phase 2 Phase 3

Emergence [

l

Catchrate y

!

Caught alive

N

Culling rate 1-«

i
cull

Aversive conditioning
failure rate 1-f

e

Releaserate a

N

Release with
aversive
conditioning

PN

Aversive conditioning
successrate f

~

e

Nuisance
bear

™~

Non-nuisance
bear

Figure 4.1.A schematic representation of the model.



4.3.2 Parameter Estimation

The parameter values (Table 4.2) appearing in the model of female brown bear
population dynamics described above were extracted from the literature to the
maximum extent possible. For the average recruitment rate R, we relied on the known
reproductive characteristics of the brown bears on Oshima Peninsula, where the mean
litter size was 1.8 cubs and the interval between births was 2.3 to 3 years (Mano and
Tsubota, 2002). We assumed a sex ratio of 0.5. The survival rates for grizzly bears in
Banff National Park, Alberta, were 0.71 for cubs of the year, 0.91 for yearlings, and 0.72
for the remaining four years to maturity (Garshelis et al., 2005). Quite similar mean
litter sizes and survival rates were reported for many European brown bear populations
(Jerina et al., 2003; Frkovic et al., 2001). From these data, we estimated the average
recruitment rate to be 0.5X1.8/2.5X0.71X0.91X0.72=0.17. In the case of adult
females, the natural survival rates of the long-lived vertebrates were found likely to
exceed 0.95 (Eberhardt, 2002). Since the observed survival rate of various bear
populations confirmed this notion (Garshelis et al., 2005; Sellers and Miller, 1999;
Wielgus and Bunnell, 1994), we set $5=0.95.

The release rate a, as stated in assumption 3 above, is a parameter controllable by
population managers, and therefore could not be assigned a single value. For the Asiatic
black bear in the western Chugoku Mountains, Japan, release rates from 1996 to 2006
ranged between a minimum of 0 and a maximum of 0.8 (Kanamori et al., 2008). The
same range was used in our simulations. A related parameter to which also a single
value could not be assigned is the success rate of aversive conditioning f. Field
observations suggested that the value of this parameter depends on the promptness in

delivering aversive conditioning, a method used to do so, and the age of the targeted bear



(Mazur, 2010), all of which are sources of considerable uncertainty. To make the model
results realistic, but conservative, we took the success rate of 60% recorded in the case of
Asiatic black bear in Hyogo Prefecture (Yokoyama et al., 2008) as the maximum for our
range of possible values. The minimum success rate was set to 30 %. One value was
drawn randomly from the selected range prior to each simulation run.

To estimate realistic values for the remaining four parameters (the false-catch
coefficient F, the change rate from a non-nuisance bear to a nuisance bear m, the catch
ratey, and the carrying capacity K), we relied on the information presented in Figure 4.2.
Beginning from the catch statistics of brown bears on Oshima Peninsula between 1987
and 2009 (Hokkaido prefectural government, 2010), we estimated the past size of the
female population with a well-documented, harvest-based method (Matsuda et al., 2002).
We also assumed that the number of nuisance bears between 2001 and 2003 was known
from the results of surveys conducted on Oshima Peninsula (Tsuruga and Mano, 2008).
We then limited the range of possible parameter values with the following restrictions:
(i) the modeled number of female brown bear individuals between 1993 and 2009 must
remain within the 95 % confidence interval of the harvest-based (past) population size,
while (ii) the modeled number of nuisance bears must increase from 1993 to 2009, but
remain within the limits established for the period 2001-2003. With these restrictions in
mind, we searched the parameter space using a numerical implementation of the
maximum likelihood estimation method that has been thoroughly described in the
ecological literature (Fujiwara et al., 2005). The likelihood function consisted of the

probability that the simulated total catch C(¢)=C,(t)+ C,(r) is equal to the actual

culling data C;in year ¢



Llec,)=Pic(n) = G5 C(0) = C ]
=prc=Clct-n=C,,-C(N=C,]
xPr[C(t-1)=C, [C(t-2)=C ., C(T)=C,]
x---xPr{C(7) = C, ]

(4a)

Prlc)=Clct-1)=C, -~ C(7)=C,]= :z’opr[co (1) = X]Pr[C,(1) = C, - X]. (ab)
where C,(¢),i=0,1 represent catch numbers for two types of bears determined by
equation (3), and #=7, 8, ..., 23) indicates a year within the parameter estimation period
from 1993 to 2009 (note that assumption 6 above precludes the model from producing
meaningful predictions before 1993).

In addition to the four parameters mentioned above, the likelihood function
depended on the initial (1987-1992) population size & relative to the harvest-based 95%

confidence interval and on the initial (1987-1992) ratio of nuisance to non-nuisance

bears, i.e.Ni/Ny. We defined quantity ¢ by N(¢) = N () + §(t)(Nu ®- N ,(?)), where ]\7u ®)

and N ,(#) represent the upper and lower limits of the 95% confidence interval for the

female population size obtained by the harvest-based method in year #=1, 2,..., 6).

The search for maximum likelihood estimates over the parameter space revealed
significant covariances between the change rate m(from a non-nuisance to a nuisance
bear), the catch rate y, and the false-catch coefficient F (Figure 4.3). Namely, if the
estimated value of the change rate was relatively high (low), then the catch rate would
also tend to be high (low), whereas the false-catch coefficient would tend to be low (high).
To understand these covariances, we considered two opposite situations. In the case of
high change ratem, food-conditioned bears are the ones predominantly intruding into
crop fields and getting caught. Hence, their catch rate y must be high, while the catch

rate of non-nuisance bears Fy must remain low. In the opposite case, i.e. when the



change rate is low, a relatively small number of truly food-conditioned bears makes
them hard to distinguish (lower y), and therefore non-nuisance bears are the ones
getting caught (higher Fy) after randomly wandering off into crop fields. To emphasize
this point, consider that the definitions of non-nuisance and nuisance bears did not
originate from genetic or physiological divergences, but rather from cognitive or
operational differences.

Between the two described opposites — high m vs. low m — there was a continuum of
intermediate m values, with their respective y and F values, all of which were equally
likely under the existing catch statistics. Covariances between model parameters, thus,
made it impossible to discern a single maximum of the likelihood function given in
equations (4a, b). As a consequence, constructing a management plan robust not only to
process uncertainties, but also to parameter uncertainties, required testing different
management scenarios under as many as possible highly likely parameter sets. Here we
ran 1000 simulations per scenario, each with its own set of parameter values taken from

the ranges specified in Table 4.2.



Table 4.2. List of parameters.

Value or range

Definition Symbol used in
simulations

Average recruitment rate R 0.17
Survival rate S 0.95
Releaserate 2 o Oor0-0.8
Aversive conditioning success rate /i 0.3-0.6
Acorn production autocorrelation coefficient p -0.4
Initial . (1987-1992) ratio of nuisance to Ni/No 0-0.075
non-nuisance bears
Initial population size relative to the
harvest-based 95 % CI during 1987-1992 ¢ 0.017-0.819
False-catch coefficient b F 0.054 — 0.999
Chgnge rate from non-nuisance bear to " 0.001 — 0.030
nuisance bear b

0.034 —0.447 or

a,b

Catch rate y 008
Carrying capacity K 1099 — 1790
Strength of density effect b 1) (7-11)x10"*

a Controllable parameters whose values ranged from 0 — 0.8 in adaptive scenarios.

b Maximum likelihood estimates based on the Hokkaido Prefecture bear catch statistics

on Oshima Peninsula from 1993 to 2009.
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Figure 4.2. Estimated population size (bold line), its 95% confidence interval (dotted line,
Hokkaido Institute of Environmental Sciences, unpublished data), and the number of

bears killed from 1987 to 2009 (bars, Hokkaido prefectural government, 2010).
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4 3.3 The Risk of Management Failure and Management Scenarios

The purpose of managing the brown bear population on Oshima Peninsula is to
ensure its viability at all times and reduce the number of intrusions into crop fields to
an acceptable level. For that purpose, we define two types of management failure risks.
The risk of ecological management failure is the probability that the total female brown
bear population size decreases to less than 25 % of the estimated population size in 2008
within the next 100 years. The risk of conflict management failure is the probability
that the number of nuisance female brown bears exceeds the average maximum
estimated number of nuisance females between 2001 and 2003 within the next 100
years.

Based on assumptions 2 and 3, which state that the catch and release rates are
controllable by the bear managers, we define four management scenarios. Scenario 0
represents the base case and corresponds to the current management practices. This
scenario keeps the catch rate constant, in accordance with estimates based on the
Hokkaido Prefecture bear catch statistics on Oshima Peninsula from 1993 to 2009. The
release rate is equal to zero. Scenario 1 increases the catch rate by 100 %in comparison
with the base case (2)vs.) to explore how a more stringent control of the population size
affects the risk of management failure. The release rate is variable, i1.e. adjustable by
the model, as a precaution against potentially dangerous decreases in population size.
Scenario 2 attempts to evaluate the effects of a variable catch rate on management risks
for a zero release rate. Finally, scenario 3 is a fully adaptive management strategy with
variable catch and release rates.

In scenarios with variable catch and/or release rates, the model adjusts these rates

according to the equations
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-0.1 Nl(t)<VVindex (53.)
0.2 Nl (l‘)2 VVindex ,

y<t+1>=y(t)+{

0.2 N(t) < Nindex , (5b)
~-0.1 N(t)>N,

index

i +1)= a(t)+{

where the initial values in 2009 G.e. for ¢=23) fall within the ranges specified in Table

4.1. The threshold levels for parameter variation, called W-index(Wm dex)and N-index

(N,,..), are optimized to minimize the risks of management failure (Figure 4.4).
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Figure 4.4.Optimization of threshold levels for parameter variation (W-index and

N-index) to minimize the risk of management failure under scenario 3. The shades of
gray represent the combined risk of management failure. In this case, the minimal risk,
represented by the white x-mark, is achieved when the W-index and N-index equal 10

and 500 individuals, respectively.
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4.4 Results

Under the constant catch rate scenario 0, which corresponds to the currently
implemented management method, the model predicted a period of transient dynamics
in which the average population size increased. As an important consequence, the
number of newly recruited or food-conditioned nuisance bears exceeded the number of
nuisance bears captured (Figure 5a), thus causing the risk of conflict management
failure to exceed 90 % (Table 3). Despite the high level of uncertainty in the model
predictions, which is represented by the wide 95 % confidence interval, the risk of
ecological management failure was nonexistent. The current level of catch effort
appeared to be too low to cause a population decline below 25 % of the estimated
population size in 2008.

Doubling the catch rate under scenario 1 effectively controlled the population size. As
a consequence, the number of newly recruited or food-conditioned nuisance bears was
more closely balanced with the number of nuisance bears captured (Figure 5b), causing
the risk of conflict management failure to decrease to 60 %. Despite the slight decrease
in the average population size over the next 100 years, viability did not appear to be
compromised, and the risk of ecological management failure was nonexistent. The model
quickly reduced the variable release rate to zero because the population size almost
never decreased below the N-index (equal to 150 individuals in this case).

Under the variable catch rate scenario 2, the average population size rapidly
approached equilibrium due to the increase in catch rate (Figure 5c¢). Initially, we
observed a brief period of transient dynamics in the form of an oscillation in the average
population size until the catch rate approximately stabilized at a value determined by

the W-index (equal to 25 individuals in this case). After the transition, the number of
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newly recruited or food-conditioned nuisance bears equilibrated with the number of
nuisance bears captured, making the risk of conflict management failure nonexistent.
However, the uncertainty in the population size remained high, and the risk of ecological
management failure reached almost 40 %.

Under the adaptive management scenario 3, the average population size reached
equilibrium rapidly after the model adjusted the catch and release rates to the values
dictated by the W- and N-indices (in this case equal to 10 and 500 individuals,
respectively). In comparison to scenarios 1 and 2, the introduction of aversive
conditioning led to more proactive limits for varying the release rate (500 vs. 150
individuals) and catch rate (10 vs. 25 individuals). In scenario 1, for example, the
declining population would have caused the increase of the release rate only after the
population size had fallen below 150 adult females. In scenario 3, the same increase
would have ensued much sooner, i.e. when the population size had fallen below 500
females. The risk of ecological management failure remained nonexistent, and the risk
of conflict management failure remained below 1 %. Releasing a fraction of captured
nuisance bears had a stabilizing effect on the population size without decreasing the
effectiveness of conflict prevention. It is interesting to note here that decreasing the
recruitment rate for non-nuisance bears by 20 % had no major effect on the risk of
management failure. The adaptive management strategy appeared robust with respect
to an apparently important difference in the recruitment rate between the two types of

bears.



Table 3. Overview of scenarios with risks of management failure (%).
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Scenarios 0 1 2 3
Release rate 0 variable 0 variable
Catch rate constant constant variable variable
Ecological risk 0 0 38.8 0.1
Conflict risk 93.4 60.2 0 0.3
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Figure 5. The average number of total and nuisance female individuals and the

accompanying 95 % confidence interval for the total female individuals from 1993 to

2110 under all four scenarios (panels a to d display scenarios 0-3, respectively).
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4.5 Discussion

In this study, we identified potentially alarming trends related to the brown bear
intrusions into crop fields in Hokkaido, Japan. This situation suggested the need for
more effective population management strategies. We narrowed our considerations to a
well-defined, systematically studied subpopulation residing on Oshima Peninsula and
constructed a population dynamics model for adult females. We based the model on
ecological and physiological characteristics of the Oshima Peninsula population, paying
particular attention to the bears’ behavior (levels of aggressiveness and intrusiveness)
and human-bear interactions (culling, food conditioning, and aversive conditioning).
Predictions of the population dynamics 100 years into the future were made using
stochastic simulations. We recognized the fundamental uncertainty in the model
parameters and ensured robustness of results by running 1000 simulations, each with a
different but equally likely parameter set. Finally, we used the simulation results to
estimate the risk of management failure for four plausible scenarios, including a
scenario that represents the present management practices.

One of the risks of management failure we considered is the conflict risk, defined
rather arbitrarily from past data in hope that the socially acceptable level of crop
damage would not be exceeded. Taking into account that bear intrusions are not only
damaging to crops, but outright dangerous to the farmers, the problem of finding out
what is socially acceptable is a comprehensive one and involves simultaneous statistical
analysis of various human dimensions of wildlife. Such approaches have only recently
received interest in Japan (Akiba et al., 2012), but in the future could be of great help to
quantitative studies — like this one — in defining concrete numerical criteria for

management decisions.
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We drew several key conclusions about the brown bear population on Oshima
Peninsula from the model results. The analysis of the base case, scenario 0, indicated
that the present management practices were ineffective in diminishing the risk of
conflict. At the current level of catch effort, the brown bear population expanded well
into the foreseeable future, causing the number of nuisance bears to increase beyond the
acceptable limit even at a low rate of change from a non-nuisance to a nuisance bear
(m=0.001).

Doubling the level of catch effort under scenario 1 suppressed the population growth
without negatively affecting the ecological risk. Under the same conditions, the conflict
risk decreased significantly compared with scenario 0, suggesting that the efficient
control of the population size could also regulate the number of nuisance bears. The
model was, therefore, more consistent with the idea that the population growth was
primarily responsible for the increasing agricultural damage, rather than the alternate
possibility of nuisance bears proliferating at historically unprecedented rates.

Considering the level of catch effort to be the main method for regulating the conflict
risk, we examined an adaptive strategy under scenario 2, in which the level of catch
effort varied in accordance with the number of nuisance bears. This strategy proved
adequate to completely suppress the conflict risk, but the ecological risk increased
significantly, illustrating the fundamental tradeoff between the two management goals
outlined in section 2. Balancing this tradeoff more adequately required some level of
aversive conditioning with relocation. As a result, we tested a fully adaptive scenario 3,
with variable catch and release rates. This strategy proved adequate to achieve both
management goals with negligible risks of failure. Even an apparently important

difference in recruitment rates between the two types of bears had little effect on the
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risk of management failure.

Considering the implementation of adaptive management scenario 3 several
difficulties can be identified. First, increasing the catch rate may require catching bears
that did not enter into crop fields. As a consequence, organized hunting campaigns may
be necessary to achieve the planned catch number. Such actions would likely increase
the overall management costs, as well as the probability of mistaking a non-nuisance
bear for a nuisance bear. Second, aversive conditioning may be needed to keep the
ecological risk of management failure low. This, in turn, requires potentially dangerous
operations (chasing, pepper spraying, shooting with slingshots or rubber slugs, etc.),
which in addition to being expensive guarantee no success (Mazur, 2010). Third, for
adaptive management to be effective as predicted by the model, relatively precise
information on the state of the population is required. The population size and number
of nuisance bears should periodically be estimated, thus requiring accurate catch
statistics, surveys and other types of research targeting brown bear physiology and
ecology. As a result, overall costs of managing the population would probably increase.

In the model, acorn production affects the catch probability independently of the
population size, whereas in reality that may not be the case. When the number of bears
is small, for example, even poor acorn production could provide adequate nutrition.
Accounting for such a subtle distinction should have a stabilizing effect when the
population size is decreasing, because sufficient food availability would result in the
lower number of bear intrusions and consequently lower catch probability. Without
conclusive evidence form the field, however, we opted for a simpler representation of the

population dynamics.
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4.6 Conclusions

The scenarios constructed and examined in this study focused on management
methods that can be most readily implemented: culling or aversive conditioning with
relocation. In the model, these management methods correspond to variations in two
parameter values: the catch rate y(f)and the release ratea(?). The catch rate proved to be
successful in regulating the risk of conflict management failure. Under the adaptive
management scenario 3, the release rate helped reducing uncertainty in the predictions
of the population size, thus diminishing the ecological risk of management failure. The
apparent success, however, came at the price of a severe limit on the maximum
manageable population size (approximately 500 individuals). Beyond this threshold
population size, the equilibrium between the number of newly recruited or
food-conditioned nuisance bears and caught or reformed nuisance bears was above the
level deemed desirable.

Controlling the catch and release rates may not be the only available management
methods. One of the possibilities is supplemental feeding during the critical periods of
low food availability. Whereas this method had been proven effective in reducing bear
damage to trees (Ziegltrum, 1994), certain concerns were expressed regarding its
applicability in Japan due to the overlapping land use by bears and human inhabitants
(Yamazaki, 2003). Conversely, several preliminary experiments conducted using
electrical fences to protect the crop fields from bear intrusions, and possibly prevent the
occurrence of food conditioning, have shown encouraging results (Mano, 2007). In
mathematical terms, this type of management corresponds to the control of the change
rate from a non-nuisance bear to a nuisance bear. The lower the change rate m, the

weaker the effect of food conditioning, and consequently the manageable population size
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could become larger. We therefore suggest that exploring preventive measures capable of
reducing the incidence of undesirable bear behavior may provide more freedom in the
selection of appropriate strategies and produce better solutions to the bear population

management problem in the future.
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HIEC b 2 5 e B I 2 B o0 ARMEIE Al TR E 22 E ORI L S b 7~ OFliEH
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RHEERHE STV D, L, MESIIHIMER 2> T\ D Z e, BROEH
T~ o, 2% 0 7~ (LA SR CnRnEE 2 b b,
M7~ IT B ESC BB 2 COA T I OREICL > TEL D, B 7~ B8
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B L CERMARET D2 &M, MBI~ b2 T2 LD | HEOMEMNS



| 5-4

IS 2L CTHDO LA LitZeyy, ZO XS ICESKMOKEIL, Kb EHAERI &
BRI ZIR o THME L2 1T UE e B 7203 FZEIE,. A LT BR O R HUZ B 2 3%
BRI RN OV TIRGE STV,

Z Z AR TR, REFNYICER T 5 ME S~ (LI 2BREHEICER L, Eo
Ko IcESRM AR E T L, BAMDIRBE O EBFT D,

900 200
Cculling - 180
800 B hunting | _
700 —agricultural damage \ 160 £ _
i o M L » O
£ 600 - [ M0 s e
£ ] / 120 ® §
2 500 4{HH— f\q — 532
I - - _ - 100 o g
§ 400 4HHHHHE—1 \fdr\ [—h—f—— i E-%
8 e 1 /J N 80 5%
2 300 HHHHHHHHHAHAHHHA T b HHAAHHHRE € E
= N 60 ® ©
200 IV g™
S IR R IR IR 418 HHEHTH A I <
/ /‘/' 0R
100 I Y] HHH 20
0 4F . 0
1968 1978 1988 1998 2008

Year

X 5.1 kil o RFEER & SR OHER,



| 5-5
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TV RSB U OMERRER D 7~ & Uiz, £3. MEREROEEREERET VABEL, 1T
A—=BHEZEIToTz (M 5.2), NTA—FHETIE, T A —F 2T ThHBWEOEEE
(1993-2009 4 17 4EfE]) LHEE L7z (5.5Appendix ), /37 A — X HEEDFER % H
WT, BBBRER S T Y A o TEEFEEREROFER TR A 1T o 7o, R Tl 0 #fH 1X
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521 ESHHEERETIL

EHEIIEHER L T OEHIC L D BEFEEERDEEDONT U RAEEZ BB, B
FHEZNLTHIEA D, NTUAEEBEZD L IR EMATEE L CEEARBIREETT VO
WwHANET N5, FAT-HI1E Ohta et al.(2012) %5 #%(2, b 7~ OMERERNZ 31T 5 (EKREE
BREET VA LTz, ZOBE, 7~ OITEHOEW LMY ~ LIFMET ~12m T, £
TV I L (4FSM), EELEEHIEE 7~ BB Tl 7~ % 4 BRI T
EHAEIT> T D (LifEE 2010), AFETIZ, T VE VL TMIT H72HI0, BER
EONGWELZEZ T/ ~vE2MBE T~ 2SO 7 ~ 2 IERMB Y ~ EGE LTz,

IZ LD EBFE~O A BE L EREEREE T VXL TO X 512k 5D,
N, (t+1) = SN, (t) + r(t)N, (t) = M ()N, (1) - C, (¢)
N, (t+1)=SN,(t)+r(t)N,(t) + M(t)N,(t) - C,(?) ’
ZZ TNy & Nt EOIERE S ~ L S ~ 23 LR EEREIE NO=N,0+N,0TH 5,
SIE 1EDT= D OAELFREFRT, BEREFRITBEIRCWEAREA TR L0 HEREAEIC R
HIEIE T 5 Z £ 225 (Eberhardt 2002). FEETEE L2V (£ 5.1), rITIMAET
by, WS~ 2RI FIIME v ICETHN, MBS~ & LTHEICR D LB %
LNDHTD, B <ICHMADOE r() 2R E L, MEZ v {baxRT MOIZIEME 7 ~ 0
HRIET ~~DELFETH Y | RPYIFREMBUZ G 5, REOHEIT t FOIERE S ~ & R
7~ co: C0TH D,

ZIZTC, B OITERCERERIC ALY 5 X DBREER L LT, BEOENEE X
o, RIS v EOTENIRROBRICHEBEIND LIEf s TWD, 7ok 2E, RIE
IR ~ OB IS 5 Z LB 07->Tnb (Oka et al.2004), % 72KOEFEIH T
b HERT Y ~ OITE T TlEe <. BHICH BT 5, RBRESEV & X TEREH
DU, BREERKRTHZENH D (Rogers 1976), LLEDZ Lt BEDEN N E /'~
DIMAEL L BN ET 5 L INE L, BROFEORS 4 2ET VITHAAAT, ZD
B BB T H ORI EOM (4 - BB 2011). 2 X )T (Quercus spp.) D
T—% & i,

(5.1)

A +2) = PAO 1+ (1- L p)e() 52)

ATV 0 T-1=4=1 /i<, p 1T HCHBEFRE TH Y . Imada et al.(1990) DFRAEIZ L 5
EHED I XF T DT —4 (1966-1985 4F) NOHEE L=, TORE, 247 7 DRV IED
B ARSI (p=0.40T), DI1Z|e(t)| < 1+ p)/(1— p) OHFPETEEIAMIZHE D,

22T, KX (5.1) ODAEFRUNOIEIZHERET 5, MAZR /(XY v b —RO%EERT
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P2 ARGE L.
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E L7z, RIZPHIIMASRET, BHEE L B E TOAEGFROETH D, 6kl EOBIHRITIZE
ENEBEDBRVN, 6L FIZR D EBIRRIENE L H Z &5 (Mano and Tsubota
2002) . 6 kA AREL & Uiz, t+1 ARICHEAER D D INAT 2 ERIX, LN DRTFED 6 F-0D
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EROMRE o (SloglRIA-OIK) 1%, BRENE K TRbIhb,

FERE Y ~ L7~ OREE Cy & C) . BRx I AR B2 T 203, A4FFET
ITERBIAE) & ETIAEE LR Ln, EITEIC O W TSR " HLE TIvE D, BB
EEZONWTIEI AT T OENNRE T ~ DRI ET L L TETMIEBE L, &
7= DI AT T OB LT ER p T

HF expl— A(t /=0

n0= {Z((:)exp[‘i[ A(t()])] EI - 1)) 54
L L7z, =0 13RI~ F1IERE S ~ 2R, BB~ OFSRER ()i, & HE N
I R LVTELRTA—FThHD, WS~ 2T ST < 22508, FHE
DI~ 27~ LHEATHELTCLE 220305, ZOH MES ~E2MEX
THIE L CLE ) MEREBIIER F L LTRT, BRI Co) L &7 ~ Ok c0) &
C/(0DBERIL, CO=C/O+C,()TH Y . Z D L XY~ OISR y(o) I g E 6 (=Cn)
IN®) \ZflT 5,

y(0) =S (Noy@) + N, ))/(FNy () + N, (). (5.5)

Bk MOIZIEMBE 7~ M7~ ~Ebo>TLE IR TH S, Sato and Endo
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7 IIREM AT D AR RE LT\ D, & 7~ OMEIHE S bl U CTATEE 231 < |
EETDMEMICH D UNES 2013, $98 - AH 2011), ZiuE, B RRCESMZ TR -
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ERVRFTNILERRLTND, LT, BHSITICAER LT TS, BIEHZFIMAL
ROHEERDFE bR S TV D (898 - A 2011), £ 2T, AWIETITIERMES ~
MO~ ~EDb-oTLEIMRE MO L L,

M(t)=1~-expl~ uh()), (5.6)

> fie

h(t)=1--=
a
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Definition Symbol Values or ranges
IR R 0.17

AR S 0.95

EX o> B O BEFR S p 0.407

BRI /) K 994-2494
BEREER OGRS o 0.0004-0.0017
IR R F 0.04 or 0.3

M 7~ OffifER Y 0.13-0.52 or 0-1
e PSS u 0.011-0.018

R B Hh a 3089

T Fe AR 5 0.022-0.034
1987-1992 4E 0 FIHHE (AL a1 < 0.146-0.922
1987-1992 F- D IERE T~ EIE Ny N 0.96

il 1 Y4720 ORI DD 226000000
1Y 72 0 OBEGHE K ID 83600000
ME 7~ —BHM 7= 0 A5 & Z 90 4L Dp

RIE 7~ —HENM 72 0 35| &l 2 T EHEHE p
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AIEICHEE LIZET LV O/NT A=, PO DO5H L2 DRZ R, A d O
WZOWTINEINT A—FHEEZIT- 7= (3 5.1), vital rate |d ohta et al.(2012) =55 & L,
EEJIMAE, EAFRERE Uiz, EOMOERBEEIREICRIRT D 6 2D/3F 2 —% (85
A7) K OKRHEAE k. $ofliE SICBT 237 2 —4 B, WIHHEREE S SB35 /87 &
— % 0, FIRHER F, W14 (1987-1992 ) DOIERTE T~ DEIG NyN, BB LR 112
THNRTA—H m) BHEET H7-0IT State-Space Model (SSM) % AVTA ZHEE &
RAHEE 21T o7, SSMITIBRERRAEIZMZ , BllRAELHET HZ LN TE LD, SSM D7
V=AU =7 OFCRIRASE E U THEEDSMLE L e o 7- LIRS (. { DIRIFFCHEE L
7= (5.5Appendix Z ),

HEEITH WD & 7~ MEREk DT — & & LT, BEAFOWIE CTHEE S 41TV % 1987-2009 4
O HEE AL N() . 2001 —2004 EOHEERE 7~ N0 A, £EF—2Thbod
1987-2009 FDHHIERL Cuuren 2001-2005 FEDE 7~ & IR 7 ~ O HE L Ly, GEREZ
~ I EYE 7~ HE 8D & vz (dkiisE 2010, X05.7),

PRI A—ZWED Y I 2 L—1 3 HIRIE 1993-2009 4200 17 4 & Uiz, ARBFE T,
INTGRA—=H DI ENG RT A= O HEE IR CTH - 7272 (5.5Appendix =) |
LEDOENRT A—=Z 2y NEfERTPRIO Y R 2 L—y 3 VEESy (1000 [B]) 277 v
7L,

INTA—ZHEEORER (£ 5.5) MOREINAT) K, iR o, MBS~ ofifER,y (K
5.5) . IHME SRS & EEA LRy OEERB L (£5.1),
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KBTI 7~ DREWREEZ T ZIRBREOIEM R L Lz, ZOREMNRED
ELTHRYSFUECIRIE, RERENFT LG, TOHRT, BETFT—XOELNTE
Kig, M, B—bF, =V ARFY, AAf—ha—r Frha—r Anro 8
FHZRRL L (£5.2), b7 I X DHESFIT AL 16 75 FRL 20 £ E TO 5 4
1442 500-1000 77 M OFPH THERS L T\ 528 (JEiE 2010) . ABFETIEE 5.2 DIF &
A EDT =573 2010 FRE R TH DT, FIEL D H000 700y 2010 FOHERFHZ AV
7o 2B, FERTHITIE, 2010 FFDEFET —F & 2009 FRDH D & LTH D,
BEMORE S13HDEE (or f2H) ICHERBLIMOESZERT 5, BIEIITEMT
LITEMOTER R D120, LERESMORSIIRFICLI-TIEIETHDL, A%
TlE, LV BEMET 5720, ETORMMPEFETHOL EIRE L, 7272 L, /EMcE -
THEREBESMOES IR D, U EOED S & T, FfFmfE & IRTEREE»D 1 BFE
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% 5.2 EEEEHIRICBIT S EEF—X

KA INFE E—k =2y BRF¥ AAf—Fa—r FTrha—1B Apl L)
VEAF RS (km?) *2*5 71.06 7.56 2.44 4.89 6.71 2.39 18.88 0.15
S B (t) *275 37719 2397 14894 14936 7483 2088 97694 299
IRFE R F () “1 1603 115 83 397 410 358 54 69 3089
T H s 33 10 21 15 4 48 47 1 179
B (H /kg) *4 242 50 17 140 141 205 27 552
W E4%E(1000 FH)*3 210 1 218 94 14 1020 2333 1 3891
EE’“WL f?ﬁ 0.842 1.026 0.686 0.444 0.511 0.327 2.364 0.187

(km/EB%%)

(5] SCHk]

*1 AR R (2012b) . *2 %
PEEIRBLERE, JEERAIRILS

%

004) ., *5#BEEMEHR (2007)

AieEHR (2012a), *3dbiEiE CR¥IEFE) . *4 M Ldbi R ES, FH (2012), M (2004), B
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524 EBWIFUF
AMFFETITESM I L D5RITER L, BTV A2k Lz, EXMHI OV

Tk, OFFERET 2 BXUM OB L Q@B 2 3% & 2 BHOB LR & VD 2 DO
BT AV =T F VA EAER LTz, —J7, EITXOMEEICHIRZ R T 5085 L@
HERELEZDE D NTBWTEIH STV T2 Ek LT,

DFE M 4 A K R

A AR E T DR, (TBAREENEZMT 522 BET D, 20L&, TREME
ET B0, BRMOEREREREZ D2 i b2, FEREEERT. o
FERBEBERITDVR TN, EEZ WIEDDZEE2EBXD &R TV LEZ
RFUTIR B2, ARWFETIE 3 DOEXMHER IERE (6km/4-, 30km/4F, 434km/4F) %
FIE Lz, bEVIEREEE (6km) 22V TIE, 2000-2004 40 5 4E RIS R & %
L LT, e/ ~vAEIBIMREET VEEORBERR A SEI1C Lz omEig LR
2004), Z OE T /VEETIL S F M OMIUER FEHEAS 30km ThH-72 2 & 226 6km/iE & L7z,
BERMEREFEIL, IR THIThR T\ 5, ROV < SO HIITH Tk
JSEMCERS LG 2 R E L, BEMEER L FE L LT, BEEMOEREZ 2T T D, AIF
FECITR 77207 O BERBEE LS I3 2 25 & Uiz, W72 72207 CIX4ER 5km O EXAHE O
ETELTCND (77207 2012), 7 7e0T & ¥ 5 B HUS RO VBN TR > 4 AE
FHEE s0km/AEZRH L7z, EXMOTF U AL LT, KEBICERMEZRETL 2L
FEZOND, AFETIE, FER TR ORYIO 5 4 (2010-2014 ) TAEHI & UM
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THLFT VAT 4 BHOREREN DD, L, EXMR Loga, ARMES <
B L, ECFEWICH 5 ERITIEF IR 0 TIERW, FEEFEDEZ > 72546, BT
F— N (FEREFFEE NAET IR 2 (B TH D, HRMEWZDIEE
FHOMAEEITBESMEERH L 0I5B0, AR TE 28251, BEFEFHLIC
MWD LTE I ~IC L DMERIPBETE DY A7 T D &\ 9 BUR & A2 N8R % etk
LHDHIEAHH, MG, BEMAR L EELIMS Y TR A FOEN NS WEE (ER—E
TIRFESR 0.04 - IERFERE 30km) (X, BAMDRITENE WX DD, BEIIAFHFHEFD
B, 2014 FLIBEIEE > TLE S, ZHUIMEZ <2 2014 LD LTy
Th b, HMEITEA 7 ~OER LEEREOENLEINENS (5.2.4 fizMR), HRES~
P xR, MBS~ ORI < e D, FRERIRHC, ERMERE O R TRIZE S
< ~OELENBDT D, D%V, B~ Ok L BE Y~ o8 OnA+20)
M—IFHICEI D B o 7o R, B ~BOBPBIEE > TLE o7, ZOREEZFTHET S
ZHIciE, fiERE S I EF A0, EMOBSMOREREZ K& L, ZLEREWVIE
D NFPEELHERITES T LRNES S,

BRMAREST D & IRV TEHRORE LT 522803, AT =RV E—0D%
HITHT T N—v a3 U ERDTEDIZIIARA KNS L, AHFFETIE, ZOLROM
DN EEREHNREO D ThoTz, BOLEOWIEAE R THDE, WEFHLT U AL
PR FVAPRELREGHREL TV (K5.3), Zhid, 1EFY-DICLER
BEMSEL . WERFE L RIS NAL — ha— V2B LD THE, 2O
EDD 1 BRI IIHERBRMORE S NEVEMEZ BT 52 LN, BB TR
T AHTOICERETHD,

PER TV A L WEFR T A OB R BT 2 2 U AT HHXIC
EHDREZ DT To, BERFBRORELIESD &, HERL T ANOLRL B
EERT D0, WEEVT VAR S S 0b Ly (K 54), 7272L, 7 ~ong
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FHERIRNO THIIE, EARS TV FOH RS LR, AIF5E TIEESDIC
KD~ DOEIEITEBR L2 o723, b LMD B 2O Thiu, WBIHED R ME
WEER L CRETHONRE, £ 957952 L T, BIHEEORWEICITE LM 2 5 2 &
TRRL B 0b LR, £7-, ABFFETIE, 1EWICIRIT DB RIS 235 B L7228,
ZEMHERIE b AR T D, T O K 9 RIS RE Z 5 2 HHFRIT T TIcAThiu T
5, BHRS (2011) (TREFRMOSIHOSMZ GLM 2 VTl L7z, £ oRER, &%
DA I U CHlle L7205 OiEEE (A0, AR%EE (AOME) . o EHH
£ (EOHE) ., FEHEZ 500m AN O 1 - JKEERH - 7T~ 4k - (kBB (IEOF
) ARZhETFAELCGRIENZ, Thbb, BHOMNEZEEESICERMZ R ET
LTI, ZvDERBIGEWEMAZES L CTESMEzRET 2 Z LA TEhIE, 7
~DORESCELE RN TE 5, 7 ~OEBBICHET 2 MO H 2 B A LT
ERMAZENIT I V2, ZZRIERIRIZ 2 2 FOEIc L AR TH D, LEn-> T, 1Y
DS MRS 1T, & SICZZRIAIIRIZ I RSV TESM A R E TS, BRI EOEN
RN/ CED1EA9,

ABFFETITHERIROE R RO G RFT LT, £ ORR, MR RS2 WA
URATMRAANEHLT ZENTE (F5.4, K5.6), ZIUXHHEDEENE L T L
B L Th, BEOEEREORETIIERY A7 2 E RN L E2BHR LTV D, il
BRIZME RS ERR 2R REIC & D AT AR TH D05, (BREDNE/ NN T o 723554 13
W E Dy, T2 X, EOFERFEORERA AR TIE v e & figHIREZ 25 &
BLRPDLUTHHIVUIRBEZ < 3 ML, SR D, ZOTOEEE oL # T
B IR Y BHEICHE TE DIRHINLETH L, ERBFERGRADIRIETRWERY | fliEHIR 2
DL BWA—= "= L THEITR, BEROIL, A —/— L BRI EARE DB R
ERLIEME=Z V7528 Thd, —FH, RIFMERLIERNEH L bRWEE
(T, MY 27 PERTELRLRY | HERIRALETH D, AR TITHBL L T
PN, FERIREE L« fiE AT U AoV T O RBMENSVBAEEELZY I 2L
—VarEiTol, TORER, MBS~ OFEICL Y IEENEGS 25720, HEMET <
OIBEENE L 720 AU 27 PN LT, ZORRN G flE BRI AR O R RES
FTRL BRI ORUNSHE T2 ENEE LN ENRDTEAS D,

AHFZECIXIE IR D5 B O b O E BN RIE S iz, il — &> U A
TR DBIEOMER (WL —EL TV A) L0 bEn, a8 biE, BUEOMESR
TIAEARE DN L 72 R D R4 40 BUKETHIETE 206 Th D, Lo T, i
OB —E LT U A TIEERMZEDS 72 < TH AFHHF, BERFICT L THZ
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Thote, E L, v~ NN/ IR Bl KV iESREZ EIF 52 LR TE RO ThHIL
T, AFHELZBFZICH O T720I0, BXRMEZRS RTER sy, —75, ligEs I
T2 ESITEBLRTNERORVOPEIRMETH 5, BIEOTERMEREZ RO Z &N
TEUE, RERMEIZRVA, D U CTHRIBHEREMT 5 & REFHECATHEN
HmML7- (X5.4.85.5.3), ZAUd, iR —ET TV A TIIRWEELSRE->TEY ., B
M7~ X0 LIEMES~E2HELCLEH>Z LT, MES~EZRMLTZENTERD ST
MHETHD, WEELITRLY, FRHERIIANR T P r— L TELHEHRT A4 L
THZ LTI, Fo, RIERZHET LI L LYV, LR - T, MgIKF
THER T <, BiBRORFICIT ) RN EE 2O TH S, RIEMERLZIET D Z &
TEE LS, IR R OEIR 2 R T X AREEFIEOBINBIIIEN D725 5, AU
TIX, WEEFEEPNE ~ L EL COFME v 2L CLE L2 EL, &I
R E —fRkdHT- 0 O ~ LIRS~ OfEE O & L TER LIZA, i,
R ~ LRI <~ DHEDENE W) BR OB END, TR0 5, MR Z R
LT, RIRMERIL 1 T, EH O OER GRAHHE ORI L HEROEN)
PRI IR B T 7~ T H0E & ABTEEIROEBE TR ED LB A B
Do 1o & 23X, HEAE &7 & OBEEESE T VR, MEEEE O BN # TV
AIREMEAS R, — 7, HENLE SO < ThIuE, BIRMEIIME Y ~ kv LIERE S
~O THEDOLIZS &) BERERER ST DA D, T, &7 ~OfEEE, ik
N & NGB O B & O EER b b0 % 4 7 GEfE Y~ or M/ ~) U~
PoleOhkT=41 7352 ERTEIE, BRIFMEDOBIRD DM 5 ATREN & Bk

LTW5, HEEIEOEANEMIBIEMRE T D0 ERUX, 2R E-E 7 <)
EIMEHRITE D, L, MEEETOME S~ 0EEEZRTH, ERREEEOR
B~ OEIGRON T IUE, RIFHERITDN DR, BUE, &7 ~ OEEEHEIX
Je#EE (2010) THITHLILTW DA, FHEAE & A RISBNR O BEEE & s E RO % 1 71
ODNWTIEHFRICTE=F Y 7 TETWNRY, BHEZRRSERWOIL, BEROBERKEZ
JNTF D10l b, T=2 U U TR ZBEZ DUBERHDHTEH D,

AW TITEESRDICER T 287 I W THEH Lz, LavL, MES~ (b
FlE&FHRIIMIC L H D, 7-&2IE, KT, AR/~ xzHIFH2ET, I/~
MANENZ L, MBS~ ERosT0nD, Z0XH 7, MES~ ka5 &k +TENE >
—OWY RN TIUT, AN 7~ OIS 2V, ARIIFHEOFIELY bRME S~
AEDARIRBG I ) % ATV OB, HiLEERD OITTE & 72 B 725 9,
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5.5 Appendix—/STA—ZHEE—

TEAREBIREICBILR T2 6 DD/XT XA —& (BB ) K ORI k. # % 61232
T A—=H B 1987-1992 FEDHIHHERLFEE SITBT 53T A =% 0, RIEFMERF, £
H (1987-1992 4F) DOIEME T~ DEIE NYN, EBE LR u (BT 237 A—% m) &4t
BT H7=9IZ State-Space Model (SSM) % HWTSA AHEE &I LHEEZT>7-, SSM

WA A, BHEREZHEET D2 LN TE D, Z O TR & L THEEN
%Ek@ot&%ﬁﬁﬁg\g%ﬁﬁm%muto

HEEICH WD & 7~ MEREk DT — & & LT, BEAFOWIE CTHEE S 41TV % 1987-2009 4
OHEEM AL N(r) . 2001 —2004 EOHEERBE 7~ N, Mz, £EF—2Th5b
1987-2009 4F DI Cuuan 2001-2005 F-OE 7~ & IERE Y~ D PR 1y, GERIEZ
~ MBI 7 ~ iR %) 2 vz deisE 2010, 1K95.7),

AR TIT N T A= NENTD, NI A—FHEEL 3 DOBEMEIT T2, 6 1 BT
HU 7 B ATEBNREE 7 L0 B HEE T & ZBRBENA ) K DX k. # iR §12B4 5 %7
A—5 B, 1987-1992 O FNIIE FE e SICBT 287 2 —42 0 #4EE LT, iz, # 1
EREORER A VT, RIRMERE F, P11 (1987-1992 4°) OIERIEZ ~ OEIS NN %8
L7, RZIC, 3B 1-2 BEORREZHWT, HEHRET A OHEE SN2 EEE LR »

BT 2T A8 m, BRGEONH (. (o ZHELZ, EOBMICBNTHYIa b
— = UHIRIE 1993-2009 4FD 17 4ER & Lz, ZAuE, t+ 1 FEOHIAD 6 O EIREK

DRBEEZTHT-OTHD (N b.1), /o, NTA—FHETIL, BEOEROFEITE
AN
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55.1 /$TA—4HEE()

BB L U CEREBINA T K OXHEE b, ¥R §ICBT 537 A—% B, 1987-1992
FEDOYIHUEABEFEE SICBT 58T A —% 0 2~ XEEZAOTHEE LT, e 2 E5 1
LLT, Nb.1) ZiEARE N 2RTRITEWT 5,

N(t +1)= SN(t) + R *exp— oN(t — 5)[N(t) - C(r), (5.9)

Z 2T O0)(=Caurar 1=1992,...2008)| TMHHEL 2 KT, BREIUNAEN K 13 K=exp(h) TH 5,
1987-1992 “FDOXNHHEARLI I ABEIEE SIC K-> TR E D, BEFEOEEEHEMR (X
5.7) O 95%IEHEXH O FIRMEE N, (). FIRMEE N, () &5< &,

N(t) =N, (1) + g(ﬁu (t)- N, (z)) (5,10)

torxE=1/(1+explp]) THY . 1=1987,..,1992 TH 5,

BUNE 7 NMTIELD T — & Chara (1)(1=1992,...,2008) % IV, i fififE R 4
S=1/(1+exp[B]) &< &,

Cuua® ~ BIN(1), 6]

FRINMELTORT A— 2 TERMIHED & L,

k ~ N((1og(500)+10g(2800))/2, 0.44)
B~ N ((log(1/0.01-1)+log(1/0.12-1))/2, 0.66)
6~N (log(1/0.5-1), 1.12)

BR BN ) O 5HEAE k DO FFI/AT OFPA & LT BRBTINA T K O FERIESPEAAHFIED 95%
BB N, () DEKXME (500) L7225k 5IC@ELE, £72 EIREICHOWTIRE V<4t
BEENmWVHIROEE (B 0.4 B/km?, REYE 2003) 225 L Lz (2800), i
TORT A =2 BOFEFIMOFIFIL, iR §DBEFOMTED 95%E XM & flifEsk
F—HDHDREKIEC,,, ()N, @) & B/MEC,,, ()N, @) & 725 X 5 F%E L=, WIHEEK
B SITBET 237 A =% 0 1IEHRB 2N T2, FIEEREFR S S 05 2 8 D5 X972
JRW A & LT,

LLED SSM 70 61 ZHETEIZ K 0 BREEIE ) O EUE k. WHER DT X —5 B ]
WA DT A—5 0 OHEEIToT2, VTV v ZiE~va7der 7 hin
HE (A FaRY RK) 2 HWT, 100 HREIOY > 7Y > 72170, Z 0 9 5 95 JF[H % burn-in
L7,

5.5.2 IRSA—4HEFE(2)
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IR (1987-1992 4F) OIERE Y ~ DEIG Ny N L BIRFERF D2 RNF XA —2 &R
U7, 20285 A—Z OEHITIE 20012004 FEORIE <3 N, (1) (5.7) L5 1 BRg
OHEE (5.5.1 i) T/NT A—% LFRIRFICHEE 4172 2001-2004 FORRERE D V) E 2 H
Ay

2000 1% 1990 £ L 0 L RTEBEERAZ N EEBZ 55 Z &5 (Mano 2009) . #1H#

DIERIRE 7~ DEIE Ny N DHETEIZIE 2001-2004 4E O HEERIRE 7 ~ B0 /ME N, (¢) %

1,min
Wiz (1=2001,...,2004) ,

N = Ny (r)} 006

N, /N = E[
N(t)

TIMHERICOVTOHERITIZ L A LRV, LHFEERER 2 Z — RER)
DS [ 24 J Hitek C e B g E D W \ERTIZE U T 2003-2006 “E i S - 7 ~ D BENE
WaEHFHE L TS, TORE, HiEEEROIERBE Y < L MEY ~ OFIEIE C: C=1:1 T
bDHTEPRBEEINI, ZOFEREMNNTRIEBERMERF2HEST 2, 22T (\5.4) &/
W TR OMIFHEE Z % 5 & F= N/ Ny (Cy: Cy=yFNy: yN)) & 725, L7253 T, 2001-2004
FEORIEZ <K N, (1) & 2001-2004 FORIAALE O FIEZ V5 & F I,

N(t)— N, ()

55.3 NRTA—4HERE(3)

RBICHEBE LR T 537 A =48 m LBURRZEORRZE T, (o 2 o UHEE LTz,
MR T — 213, K Ce 2001 —2004 4EOHEE R 7~ % N, (£) . 2001-2005
FEOMBE 7 ~ L IEME 7~ ORI Ly, 2 Wiz (GbiEE 2010), 551 BicHEE LT
A—=BZONWT, BEUE ) ORI k. #iEsR SICBT 287 2 —4 g, IHHE A5
BETEHT /37 A—% 0 13F %M E i,

SSM » 7 mtxE7 % (5.1, 5.35.6) #H\ -, 72721 (K53, 54) T2 T
1L, BRI OEEEE Z 720 A(0)=0, ORI CICEm LzERMEFEICLD, XTA—H
He®E O I (OB BT 5,

M) =1~expl- #h(0)), (5.6)
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p=1/(1+exp[m]),

> fie

o) =1-——,
(44

Z 2T tHFEORPBREMOES M2 D EHE o 13,2010 4FO S = B Hillk o iR 58
B W (£ 5.2), EEYEHUE T 2000-2004 £ 5 /-2 7'~ B MER
BT /LA L L K 30km DOEAMZ % E L7z, M 6km OB LM AR E Lz L,
#52%MNT, 1ESTY OYIREZEEZRFE T 5L 144720 8 )& S 2 5%

T2 LT D, ZOZEND tAEITHER L7 R

8 t=200Q...2004
0 t#200Q...2004

ET5,
BT 11T 2001 —2004 4EOHEERIEE 7 < $ N, (1) . 2001-2005 4EDRIRE 7~ & FERHRE
T~ D Ly, GERIE 7~ HEEYRE 7 ~ T80 2 vz,
10, oun (1))~ Nllog N, (1) — 0502 o2 ) San)
08{/ 4 ®) ~ Mlog FN, 1)/ N, () - 0552, 02
BT T L (5.10) 1TIE, B C/4E U 2 TN A MIET 5 72912 —0.50%,, —0.5¢%,

BRI 2 7=, HEERIR Y < SRR N, () LM N, () OF — 2 T B 1=

e T , s O [V 04 ¥ O 2) e, s o iz 7= om
HRENBAUE LTz, —MRICE 7'~ OF FiE IR EER /T 5, ESFEEOE S~
OFEFIIFIFME Y LA FHEIC L 2O 1L THLU ENEFEHETH L (hifFE
2010), ZOZ MBS~ EIEMB S~ OHEHIT TN TN OB L LHlT 2 LB %
BB, DE D Lu=CyCFNyN, &7 2o

LLED SSM % W TR AHEE 21T o T2, EORE, 5.5.1 8i CHEE L 72 BREGIA ) O XRHUE
k. R ISR 287 A—4 g, WIREREHEE SICBT 537 A =4 01220 i
FRIMNOINT A—=ZEDOY T 7 aiTo7, FI (1987-1992 ) DIEME S ~
DENIG N/ N EEIFER FIZOWTEZEDEEH N, NTA—=FNEZLNTe), RNT A—
HEDAEDEIZ L > TREMELS 25— T, BEDOEVRT A—Z OHEHEN
BEAFET D, 2T, BEORBWWAT A=ty Net TV 7Lz, 2720, BT
D 4 DDEEEEGTZ L TRV T A= y MRS LTz,

1) KB A5 NZ R Cuu

2) FEMIRE S ~ B A5 N, = IR 7 ~ a3k N,
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3) 45=fE 7 < E{AEL N,
4) WS~ EEE N,(2001-2004) = HEE R 7~ 5D B/ IMIE N, i, (2001-2004)

MR 7~ B DHIR (5 3) 122\, bl (2010) 12 K 2 MR 7~ HHEE o Wik S
(2000 4ELLHT & 2004 FELARE) OIEBITFFIC /oS, M7~ %o EIRMEE L CA R
MOHEE LT THNTHEA TE D & B R, MOTEEOILS13H 11km2 TH Y (ki
EEREERHEIIEE v % —2004) . 3kmX3km A v ¥ =2 ZHYNT 5, HD A v 2 NITEMK
LR —E R FAEET D A v & 2 [ ZREBERIC E > TERBETH 5 LW ) (IJEE
B, RS SEN LI U2 A B A » ¥ 2 BORERROR KB E B2 5
Nb, ZOEREA v 2% ArcGIS Z AW THIH L, MERREMRE L7-E (45 98) %k
KiEE Lz,

554 NIA—4LHETEHR

TEAREENREICRILR T2 6 DD /3T A —% (BREZNAE N OxHE k. iR 5124 253
T A—4 B, OIEEEIEE SICBT D 8T A—2 0, BIRMEE F, YIMOIERE S ~ 0
EIA NyN, BEIBZEOLR y \ITBT 585 A—% m) LBRRRED S E,. D8 /85 X —
X% 3 ODEPEIZYT CTHEE LTz (£ 5.5), ZD/3T A—4 % HUT 1992-2009 4 D#a
R N(2) & BEAF DBFFEDHEEMEAEL N (1) % Heled 5 & ARBFZEDO RGO 7 23880 L7 (1K
5.8), 7 — 4 LHEEM A T 2 & HEHIET —Z OinE VW) Ly REFE T (X
5.9), MBZ ~EIZOWTIE, 95%E XM HIFREFAN (Fh 3 -4) [T E > T,
I E RS & RE 7~ B o Hig % & A TEHIINRIX, 221 1.05 £ 1.06 720 | M7~ 5
DN DT A E O, FHEL OBNNFRIT 1.05 & 720 BEAEKOBNE L b &b o1z,
Mano(2009)13T4E, RIE 7~ OEIGHAEEI L TWD L5 L TR Y . ABFZET S RO
Bllpoiz,
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#5565 NTA—HHIEDRER

INT A —H mean SD

k 7.344 0.233
B 3.569 0.113
) -0.325 1.023
F 0.04

Ny/N 0.96

m 4.268 0.132
&, 1.091 0.005
Ca 1.0209  0.008

Population Data fitting
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