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%,Zﬁzﬁﬁq& (%) 60, 70, 80, 90, 100
ERPEIREEL (1B : 2 [\])  100:0, 90:10, 80:20, 70:30, 60:40 (%)
LHEEETE (%) 45, 55, 65, 75
FRERFE % (%) 5. 10, 15
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BJ 113/ NT A — 2 DE Z &5 B AU 7 BRI O e R0 22 B AR FE Rl R 3R & Aa ik T e
PEZRLTWS (BTOTT U ADRRICONVTIIMEABROZ L) , 1FEAES
TO/NRT A—2T, AROFHCHEEZZ(LIETHGE, 77 AREED S EEH DN
DIZEEUTEY | Ko TEEBOAEFRREMEICHE L B XIT TR L e o7o, BER
Bk % 9Ehie U 7B O RPN T, RO MR RE RN b EUKICR B EZ 2 F 7237 A
—ZIINESOHRTERTH o7, TIIM & g U Tl b IAEHDOMEN 7T A § iz
TA—=FT, XANLOHERH LGH L BMNGAEOMEE KM L TW\W5H, RERFET =
BXO, 1ET2REENTINVDDLX TN - 77 FOMEL, MEROKERICE
BB LB E T ehmnanic, BERBRIEHNSNTZZ TN - 75 v F OB
FEVX, BB MMEREECBIZ SN, T2bh, —EORN T CAYFIIC ATRE R B L
DOHEIETH D08, BAMAERETITBED & ZABRIN TV, REMET RO
WZOWTIET =27 v a vy 7SMEOHRITIE T 2B L TEY . E4SRRIN L0 7
W, FREDOEBNTFET DHAEE LARWEA L LT, TORBOREZHENT 51
IZYRETHAD Bl FaBNNORBEHET D)

TR A EIATER R R IT RSB IE T RICOW T, SR TROBILD A, ShEETHE
(R L TREND RV E D ICR A D03, BT RIS OV TT L Y PROEF OfE Ty
Tz, b Ly, W CHHOBE TOI 21T 7256123, BT RO I 3%)
MR LCROBEBIETH D, RED, & D5 VILRORIIIC BERIE 23R 4 5 6 2 JR RN A#E (&
FEOAEAFREMEICER R EE 5251259,

TRTONRT A—Z ATEICK LT, 100 FEMICBIT D, HDOREDOHEIEY X 7 HR
N7z (X 1b) . HIRD 3 DDO/RT A —H ST R, RS TE, £ L T2MH
FEINT DHEE—DF, WL ONDOSEME TFIZBW T, IRV Y 27 2R LT
(PEC0.03) . ZDENRTOET IV T &HAToT2/37 A—4 TiX, PE>0.13 & Tl
Sz,

U T, EINERZESCTZ L, 2 LT/ ERIE, e T OEFRZEDLZ L 2E T
e R BIEE R A ERRRICH T 5 2 & iE, [BERBERE R L EEd, W< oD F
—ATITHMEIR Y A7 ZFEWCHIE FT 2R BH D, Filo, BIEIRDOER (BB
) HEEEEO AT RREMEICR B L KT T, BUEOHET I H LT H T AN ME
REED N ORI RN AR TH D 2 s, BEDRI TR 5 B2 {H
REEDAEIFRREMEZ EMICTHIT 5 Z SIIARFEETH D, LonLians, BETHS
DL EME T L72WERY | 100 LN OHMEIR Y 2 7 1IXFEEHTH S (0. 137015
1.00) .
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[FE T s - M © o o o o o o o 0 0 Vv OV v o wu
5 g S Ty K22 8'Q|2l21§| gigecg §§§
%% L == = o m m 256 R o I e T e T < <
0o 0O 0 O o
b.
0.12
0.09 4
0.06 4
«~ 0.03 4
L
0,00
P
£ .0.03 -
8
£ -0.06 4

-0.09 -
-0.12 <

-0.15

Lo s - o oo oo oo

® 0 | 2 0 0V VY gom

x & & Trx e godnT 2iL2E€LE 2SS
SsSs3sS 33

<% w s = = m m m 256 ®R © < <

BI1. &) FERAREERBERER @) & b) BTN (PE) 10832 EEARANAMEHI AT A —
KT DR OFER (R=X T A VEFZRTRT)

18 LR BE -1 X D 2

BUWEDT J1 7727 717 A8 N OERE & BREIUVE NI EMIZIZ > Ty, BifE
OAEREES A XOHEE N IEMETIZ/R <, R L Z DR O B4 O A4 B RTRE 72 Hildk A3 R
LBNTWOEGRICEZ Y 9 DRRESITT 57210, BUEDOEIREEY A XDiENDE
oI HEEYEST-, N—Z2F5 4 VEFADANMELFER LT, BU/EDORHEIKEEY A X
Z 10 275 200 O CEBI EE, ET Y T EIToT,

PERPEARERRERIT 7T 2728 (deterministic r= 0.050) | fEAEEY A X3/
SWEE . RERIBEEINC L o THEREMEERBERERII A TR L5, ~ FOfElk
B8 30 PILLF T, FeRMMEARERER () IE~AF 22 R0 (K2a) , AR
A R LAY A 7 I IBIOBRIZH S (X 2b) , R A AR REL2DITLEE
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Mo T, MY AZIXTFRY . EIEREA 50 PILL R & TOMRITL - & bE<
725, BAEORDL T T, MR FTRENER 10%E TR TF 2 72OI12iE, EIREDS 90 FLL Bz
IRHMEND D, KM E TOFEEELE 100 4% O FEEERENIE RS A XI2fE-o
T+ 2 (W) , EERERERN T 7 A 2R L EREE T, 100 %124
XS TEATED Y A XIX 100 PLLETH D LWV ZEE2FEL TR, THRS
nbdEoic, REEERICBONTUIEmWERTEEEZ RS, LhL, X"—XT7 A
ET VDO NARGIERZMERN L2 a . EIREDY 200 PILL EOEKRTETH > TH,
MEBEFTREME S = 21372 & 72y (PE=0. 06)

0.03 a.

0.02

0.01

0 4

Stochastic r

-0.01 -

-0.02 -

-0.03

Population size

c o0 0 0o 0o 0o 0 o =
N w ~ o (o)} ~ [00] (€6} o
| | | | | | | |

Probability of extinction

o
JN
I

o
o
I

Population size

B 2. a) FERAOMEEATRESR (r) & b) MEREFTREME (PE) (69 DIERRE A XD E



HREEED X & FE K

T Y FIZoONT

RO, K200 %17 A — FMUINLET D KILFIEGIZIZ 2 SHOT AH T T AN
MEARBESAER LTS E SN TWD, B EENFIREISA TS Z Enb, 20
EAEREIZOWT, ZOAEEH, &R, £ L CTREMIZE Z DN REIEE 7 EOE®R
FEEAEELN TR, BREIOEBERS L Z L0, T—27 v a v 7SMNFEIEN
N3 2 DOMEREE Z B8 L TV D alRetE i RuvnE LT s,

HFERR & L COMIHIRAELFRTRBEEZ RS 72DIC, KU 7 & kLFIEOREIE
BOW TG 200 T VAIZONWTCET Y VT E{To7-, 1 2HO YT U A1E
HESNTEHIEORNA KL TE Y, 2 SOMFEEEEMOMAEBE N, ISL LT
BAREE LTET V7 247572, 2 0BO YT U AL, 2 DOEEKEER T, &5 RRE
DOBEDRHL LN T VA TH D,

Vortex EF/DINTF A — &

WIBFE T % 38T E L7 UISME, KRBT Y TEIKRED /ST A —2 AT fEZ T L
T, 2 oHOEEEE CKILFE) OFTFTAPMER I (FIEREEY 1 X, initial
N=40 3], BREFINAE S, K=503) . ZaE, BlZiEFxranEmrnsn i flEiciks<
LD TH% GELIIUTORERRaFEHIZHOVWTOLR Y v a a8 M) ., ZORE,
HRERPEARERE RIS VEZ /R L (r=0.123, 1=1.131) , EEBEMOBEINH
HERE LT T U AT, K2 POSHEE, AFMICBEI T 5 X5 2@k
BE#hEAEAL (RE 76 KILPE = 2.3% KILFIEHOREBTY T =
5.3%) . BEVIR T OEIKTED AR Z 80%E LTz,

TTF YT DR

2 DDMEREEZ I L TV D ERGE LT2mE . RanEhune n o flEN LIS DL
CHRMENE WS Z ENRRE LT, KUFEEERE (VD) 13E= Y 7EE#E (CC)
L0 bEWIERMEAFRERZ R Uz, EERERERDNLY GV R TREND
ZENG, BENANIDENCS b b3, kUG BEERIR ST Y 7 R X
D BIRWHEIR Y 27 2R LTz, LrL. 2O/ SREEEEY 1 XClk, BB RN
FHBELS 2D, BTV U 72T T2 R T Tl A ZEIREERIR E L T OREIRTER
BRI T A L7720 100 FRI OB FTEENMEIX 9. 5% & TR iz, W O (K
DT D U A7 IXEBE NS OO (ZHE I PE=20. 5%, 31.1%) . 2 DOEKEFEN
W5 & AT D ATREMEIZ D RN e HifE S L COME Y A7 13 L0 IR< 72D
(F£1) .
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2 SOMEFEER O ABE) OGFICEFE, K2 P52) BNhHLGEE. MERY 27 &
FTF 5LV EHRTIE, 2N ENOMEERER XX X ERFEEEO A ATRENE L& %
Do TNENDOMEEREOEBATREIEIL 10LL T TH 5, BHOEEBE N H L 5HE .
TERREDS EARICIMZ L TV D HE L LT, RO L-VTEnTH Y | fEllk
FERN OB RO EERND T 5 2 & T, RSB ZERMED X0 & < PRAF S
no (X3) o 2 >OMEEREOERNEN I JUFTREEIL, 2 D OMEATER o5 K22 #2
DR LB P OLEFRICERZZ T D, TT VBT HMEERER O S OBENL,
ZOBEGIELZFFEL TVD DO TIERY, EEREZ A DHFHRIZE L TRIBAIC S
FHIoZiE, BRGE ABHREERBE)., H5WIEZEDENOHFIELHVED,

£ 1. 2OOEEHEIMSL L TW 256 (Isolated) & EERERH TOMEBENN H 556 Migr) D, 250
THALT T AN MAKEEL A 5 ERRE EREARE) OFF Y o TR
F L LGS

(=2l —ya HE% 100

Stochastic r Prob. Extinction N-extant Gene Diversity
Isolated Migr Isolated Migr Isolated Migr Isolated Migr
Chichijima 0. 006 0. 022 0.310 0. 065 102. 8 125.5 0. 805 0.873
Volcano Is 0. 045 0. 043 0. 205 0. 081 32.9 40. 5 0. 636 0. 835
Metapop. 0. 026 0.027 0. 095 0. 062 107. 4 164. 9 0. 806 0. 875
0.25
—|solated

- — With migration

= 0.20 A

s

o

5

% 0.15 -

o

o

=)

£

T 0.10 A

e

=

=

§ 0.05 1

@

=

OOO rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrTrTrTrroTrTT
0 10 20 30 40 50 60 70 80 90 100

Year

B 3. EARBEN S 55E LENEETO, 2 DOMEEHER TV S Pk (F)
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fiEl i R R R

T Y FIZoONT

N—=2 T A T IVITBIEDOBEEREEY A X% 40 P & L72GEI12, RO EERERE SR
MIFEERICRD KO ICHEE SN ANARE T —Z 2 L TER S TV D, &
FEOHRBRCRENTZL IS, BEDOT I H LT H T AN MIMROEERERE R
WCREREEZRITLED (M 1la) o ST o IcfiE Tk, MR ERIX
BT R (—4ERH) OZEICH L CTHRICBURICRIG 2R LTz, SIEDETEREZD
EDD N AFE 2T — Z BT D2 ARHEFENED . Z OE T IV ORIEEEEF TR % T
HF 2N OHIRER L 72> TWND, ZOEHFIZONT I HIERKRT 72012, B
7B R BED AAFIT KR 2 B E gD 5 BT, [RBERENRX—R2A T4 Bk
BICEL DXy U A B ERR LT,

Vortex EF /L « ’NTF X —X

N—=2AT A« BT MIEREZMA . FIERTEY A X (N) 2540 P T, BREINA T
(K) 23 200 PIOMEEHEICIBN T, TSRO R HERIERBERER 0. 00 205
0.8 FTELl LHEDYFT U FEER LT, TDIENDATEIZT ITR—2F
AVETNERUTHD, WEHECENBIRSNTZHBIX, V—F 770 —T30
FHN, BELL FanbOEIZE > Te FRESOEDOIET RN EW 2 & AME AR
ERZHREL TNWDEBEXNLTHD, FHINIIECEOREITE 2 (B LT,

T YT DR
KV EWT T AEEBERERICE > T, BAEBIZL) BRSKETA2ZENTE, @m0
BRI ZERIEDHERF S AL, L7od o THER D 27 D3 28 & 7225 (M4) , fi
REBAVEARTERR R 4L bEmWgaid, 100 FR OB ATREMES 10%LL T & T
Hahiz (F2) ,

K2 BRDVNNVONBHCREZMEMN LIZEAEORXEBERHOET ) & 7R (100 F[H)

Juv. Det r

Stoch r PE N-ext GD
Mort.
0. 563 0.04 0.00 0. 389 94. 2 0. 799
0. 543 0. 05 0.01 0. 288 109. 1 0. 816
0.524 0. 06 0.02 0.201 122.0 0. 828
0.503 0.07 0.03 0.143 138. 4 0. 842
0. 483 0. 08 0.04 0. 088 148. 8 0. 848
0. 460 0.09 0. 05 0. 067 157.5 0. 859
0. 439 0.10 0. 06 0.035 165. 1 0. 867
0.417 0.11 0.07 0.017 173.1 0.872
0. 393 0.12 0. 08 0.012 175. 2 0.875
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0 10 20 30 40 50 60 70 80 90 10

0
Year

X 4. F7p 5 fERAOMEATER R RITE T 2 R BT LA Tl

Z2R/RLIGEEHRED

BAEDERRES A A/ S SUNTIE, ISRIEDKENREDT DT T 5T AR b
WL TIRRDER THD E VI RN T bV, FZIE, *alc ko s~
F AL EDOHOFED, BAERNICHEAEHREREZHIR L, ERETEEZSDTWD &
EAbND, RALRXXIDERIZONTIL, ZNOLDOEHEHOFIMELZHFEET D
2, REBDH T AN MEAKFIZHET 22 aPRr XIDEBICHOVTORREEEZD
NIEZENET VY 7 Thii

XL HHEBORE

SERZDOEP O EAY DR L HMRITE LV EE 5265850, BRERIL. £
DX APFNTEIC LS TEHEZEZ BN TWHDENE I NCBb &3, B4 AW & 59Tk
BIIMERIZ L > TSI EIETHHIBENRY, T AU TOEHF T, 1BHOHZ L
oMY EHEZHENTWeRan 18 » AW D 5 HIZ, 60 P FFH, 1600 BHO/NUIHH,
Mar L2 Enitgks/c (Schaefer 1999) , F—m v X Lk, A—AKFZ U T,
77U HELTEL OEBBIZIIT D, LA O 20 55 I 2 & HIAFZE TiE,
R NZFE SN B O 20-30 RN BFATHDH LR L TWVDHA, WL DD o4
BHTIX, 1O aOET 58 100%I1272 558 b -7 (American Bird
Conservancy) , X IANFERINTWARWH Y 7 3 0=7 OB T, U L-BRE
THRANERL TRV L i LT, FOBEROSPBE SN TS (Hawkins
et al. 1999) , BMUZA LR T2 BT, WILENPAREORE CRZEL TCXI D,
IS CTh D, =a—Y =T FTIEH, XL > T8O EBBIZARL TV
FEAHEDR L. 41 BAEDSHIR L7z (Veitch 1985)
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T Y FIZoONT

XL -T, RETIE, MHEZE0CHAREN, £ L TRHETIEA XA B2 kS
NAHZ ERHERINTWS (Kawakami and Higuchi 2002) . %< OFRa N b a2k
THEND ZETIERWPBHNRND, B CTERND LB T L7200 T, 7hA
T T AN MEKBEO A FREMEICBE R B L RITL YD (K la, £2) , *=
X, EERMREEZRIT D, KTV T HI L EEETHRIO, BEELOE T A
F2TWHEEZBND (Kawakami and Higuchi 2002) , % =T K DHiFk D84 2

fili % 721,

3ODUF VA, BT AN MOABRRIZ,

1) xanz< EAn5d, 2)

BEOF ARG (FUIR) | 3) RIBFHELRWEE Z1ER LT,

Vortex T/ « NF XA — &

MEBHWTEREETTHZ LT, Fa0GFEEET VI Lz, V=X T T V—T7D

SMEFIL, 3OO FVHIBIT LB HEEND 1 ME COAGFRLHER L, 14H

DT RIILLTO X H ik shn-,

U A DEZSH BN | BN b s | 1 FEBATF 1 EHIET BIED
HbETOAE | 1EETHO | R B FET- A
175 TR B/

A RTE 83% 75% 62% 38% 6.7

VG| 83% 54% 45% 55% 9.7

E2 1 83% 20% 17% 83% 14.6

COBEEEN/NES N LD, ZNDORTRIURT, R Lo GEMMIZELE T
LSOO ZEI IR D 7o, EIREL 40 P TEIEAL TN 80% DR, [2-3 BHFRSE
DFANFHET D] VTV ATIE, ERTHEN I PELIFEETHRE, £ ox
ANFET D] VT VA TITER THEN S PEL T THREEZEL WD, B
ENTHLEFAVDOR IOERENS, ZOREOHBIIZY ThHLLEZLND,

TF YT DR

RIE G E R BB R 28 & MR R RIT, Tho 320 T U AMTREHE
IRBEER L 200 | FERMEREERERICOW T, A E AR (r=-0. 119) 2
5P 2R ARSI (r=0.086) %R L7z, ZAUOMEMREEAAE ATREMEIC K L CHEZE 7252
BEARFOLEW) Z LiE, B REZLETIERWY (R3) . ET V7 BT R
DHEPAT, 41 =R X > TEL DYERHHIEEINDHGE (BHDHWITZOMOBEEH T
B ERN EHTHEE) | TAHTTTH T AN MEEEEOHBE Y A 7 1% 50 /] T
100 7X—%& > F T, #ilE COEHIFMIZ 2FETH D (K5) . KAahic, (EBHN
IZRaBFERNVE VI EET) PBHECTENMENGE, EEEOMEIEY X 7 1Xb3 )
T® 5 (PEC0.01) ,
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K3 HBECROENE LT, A ZRITKDMBOBREDEL KRS EIZHE ORBEERFEOET IV
U 7R (100 £:H)

Scenario Det r Stoch r PE N-ext GD
No cats 0.123 0. 086 0. 007 177. 1 0. 876
Few cats 0. 050 0. 006 0.317 101.6 0. 806
Many cats -0. 117 -0.119 1. 000 0.0 0. 000
—— No cats
—— Few cats (current)
—— Many cats

5. A AMDORIC L DR REZ(L S BTIBEORXBMIATEN LT L e

T TeBPI DN TGINA TR T K> TR IND Z & T, BT AN MERFEDHERIZ
BUVIAEFN TWARREMERH D, TI3 37« BE—F « v 7 2D Vortex ICELHETFT Y v
7T, FRIAY = OB DR v T AR BIETHICZR o TWDHRRZ, 1
RICTEET O v U A 28T 22 LWL, ~ T 2O RS EARBEOHEENE Z D 5
% & &7 (Traylor-Holzer & 2005) ,

TR T T T7 AN MEEEEICHT D, R K DD, BEIZEORETH D)
WCOWTIEARHATH D, L, EERBEOALFATREMEICE LW B2 KIF I alfert i
D, INHEDOTTIVFDORERNLIT, A XK DHHBHLWVIT, TOOH 5
DHIRE KL > THELTEN EA LIEGE, BRI L TELWEERNHDL Z L&
RLTWD,

X XILDBEEDEE

FARAIFINEFEBIRBALTEYD, THAH T AT ANRNMIHLTED LD 72k
BOREND L DOPIRIAMETIEH D0, BIEMICHEELZRIFL TNnDHEEXLNT
W5, MR CIE, R X JFBEOWEEOE FRIPEFHAEL TND EWND Z ENAD
NTEY, WODOEFEEDHBTIEIAIEROBEN DL EMELH D, FHED Y
VAR T EICRECHEZ AR L LT D (Abe, 2007)
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T Y FIZoONT

T —X% TNV —TSIMBFIIRBIZBNT, xR DT AN MO EIROBE
BRHY . Lo THRIRFEBERRES AR T I, BENIZIZ 2 DOIFZET (¥
TN Ty TF) BEAKTIETND EE LT, WO 7 AN TRIEI LT
B, BEEIOEINN, =V ERE L REEN 0 RGEICEHT T EEEREICB )
TEESIN TS, BHIA[RE/R A 2D 1) 10% (BLIR) . 2) 20%, F721% 3) 30%28 —4(2
2 ODIIEFETE VD 3ODTF ) AN E T,

Vortex EF/L « INTF X — &

RT7RAXI LDV EROBMENB I N2 LIk > T, REBRENHE -V
IVRMEFHRT D200 F VAL LT, 129H50F 2 >OIiEETeMD R—t&
MEENR=ZAT A ETAO, 90:10%0 5, 80:20%, 70:30%L Z LI E7z, ZHFL L
T, B FEEECR T 2EEOEIREIX. 1E (56%) . 28 (33%) . 3f# (11%)
Thb,

TT Y T DRGSR

ZTN 7Ty FOBENRELS 25 L IREmNZ L THESRGR I 2B RRER R 3R Lo
BIEARRET A ADBRE <20 T U THEROTREMEIZIR S 72 % (6, £ 4) , BIEROD
BN ARE AT T REME 2 m D DIEMEN H 205, THIEHBDORCREMR - HE
WTRENDIHREID BEVWEDOTHD (M1, K5) .

T 7 AN MEKEE, * X, 23, £ L TEOMOENRME ORI HEHME BIRNTFE
THRAREENH D Z L, xa b 32X ORI 21T 5 HEIITER LR TR
72570, “mesopredator release effect (HFHIiEEZYV V—A%E)” | 4bb
S5 OF A OIRHET R X I EEREEEINEZHRE ., 2RI E > T, ERSHEO B
DROBRTINEZDEWVHIHIHE N D0H D (Le Corre, 2008) , V—F 7 7 /L—
THMEFIT, R X I OBRBRPHEATZSG A, BIEIIR A I ZHE L WA TEREEE
EDORNZIRZ Y 9 Z2MEFEHIZOWT, ZLTRBHEIZCE DD 7 AN NOHAENEZ
HEWVWIFERIZZRD 9L VW) ZLIZOVWTHEELE-T-, *a, XA, BHE., &
L CEZDIENOIERFEDEOMBEEMIIEMETHV L L6, ZAbLDFEDIHA
TERZRUEHNCERME LR WIRY | R a0ox X Ik EORISHS S RFEO 2 fr—LdHh
B UMEBRZE D 72 8 O il 7 IS X B Ti 2, ANEFRER O a v AT AT D
INHOMEMERALRHETHY, 2L CTbb, xa3btRxXI0ary ba—/Lgt
B DOEEOEBZONWTHL R TSH 5,
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K4 REHRXAIOay br—ll->T, ASEEOBEEPER LR KRS 572diz, #7
N Ty FOREEEZIZBEORXBEREOET Y > 7R (100 4H#)

Scenario Det r Stoch r PE N-ext GD
90:10 0. 050 0. 006 0.317 101.6 0. 806
80:20 0. 069 0.027 0. 142 129.7 0. 836
70:30 0. 087 0. 047 0. 055 154. 4 0. 858

1.0

\

o
00}
1

o
(o)}
1

Probability of survival (100 years)

0.4 1
——DClutch30
0.2 1 ——DClutch20
——DClutch10
00 T T 7T rr T+ o+ T T T rrrr T rr T r T T T T T
0 10 20 30 40 50 60 70 80 90

Year

6. FAIMABOBATHIFFEND AT AN NOEBEREDOW LIZE DX TN - 77 v FORELR
S RTE O A= (e 32

ARBAERET 7O X ORE

BUE D /N & 72 B AR AREE O Rl 32 70 Bk & BN 72 T W B Il SMFAE LS5 72
T, ANABEZ L CEBINR ANy 2T v T OISO T AT LT H T AN O HCH
fot FTRE 70 28 BaAME R TEIL, RE BN TH D, BIEDOLE BIIME BRI, B4E
EAREN D DR LWBIRIR 7 7 7 o X 2B ALRWRY . ZoOEEZR-T 7200
fEAEE S BIEMSZEEME D R- T2 L xTE Ry (fF FEEEY —F 7 7 v—7 1
R— W) , V=7 a vy 7BMFEL, O, BEFEEREEZ AU EOfERICS S
SR WIGE IO BRI E N N OFE FMEEHES~OBEAEZMFTOXETHLHLEVI KT
BEZ LIz, TNUDRERTE I DLWV FJUEHRE T T, WS DNDTF Y FIT2ONT
BateRB 2oz,

T Y FIZoONT

fE MERHEY —F 7 70 —T70 0 S5 FMEREOLEOT-DIZ, 1P, 2., &
DT A P OGS DI AFEEE N LB NT Z N TE DL LD 250080 L Hiud,

ZOTFT VA EERL L TR LW E WD BR AT 72, BUROREKRERERNZTER
Th D LD AHE COMEREOHEE CTIE, BAMEIE~D Y X7 8 UIZERZ 857
ZliIFTEEIICRY, bLb, XX XI0MEl, HOHWITEDIENOEFRE
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(F7213) BIRZ W ESED L) R EIC L o TEAEFERR R L d, B A
KA G DT 2 LR EAERELZENT Z ENARRICR 2 LiLR,

Vortex DEFI)b « )NTF X — &

NR—=2 T4 U OYHBETER (65%) &, XADBFERVIRDUCE T HIEWIFET IR (38%)
TYT VA EER LD, 4TI, RE 1P (FAERIEAR) L 23 (A 1R,
AALP) . FLTAP (FA2P, A A 2W]) ZEHAEERENSHET 25812
WTC, BIEORBrREROEE L A =3 2 OMEEEHIIRIC X - THERGmIE AR
ERBNRNT T 2R THAICONWT, BTV T 21To7-, BENEAELZFEICIE
ERDMERITAT R DI & & LT,

TTF YT DR

RS AT 2 2 Lk, WAEBERBEOHERY) A7 2@ b, AT EICHE 1 PEs
BT AEATE 2L, MIKATEENE (PE) 2332% (N—RATA ) b a2m EH L, £
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ok FNFROSF I IO I ab—3a UfER (1004E8)

(R AE TR A AR« Det—r, HERFRAVIEATERREE R « Stoch—r, EAFEHERATEEN : PE, 100 412 £ T4

X5 o T EA OEEEREY A X - N-ext., EEEEHILEENE - 6D, HIEE TOE O FRIER L OEYME  Median TE, Mean TE,
BYEREIL SD SR ENTVD) , X=X T4 3 F U Tk TRENTWVD,

Scenario Det-r | Stoch-r SD(r) PE N-ext | SD (Next) N-all SD (Nal;l GD | SD(GD) MedianTE MeanTE
AFR1F* 0. 050 0. 006 0. 167 0.317 101. 60 67. 16 69. 45 72. 86 0. 8056 0. 1412 - 63
AFR2F 0.017 —-0. 025 0.174 0. 686 44. 28 47.09 13.97 33. 40 0.7238 0.1724 74 58
AFRIM 0. 050 0. 002 0. 168 0. 377 95. b6 67.17 59. 57 70. 37 0. 7909 0. 1355 - 61
AFR2M* 0. 050 0. 006 0. 167 0.317 101. 60 67. 16 69. 45 72. 86 0. 8056 0. 1412 - 63
AFR3M 0. 050 0. 007 0. 166 0. 304 106. 55 68. 00 74. 20 74. 93 0.8171 0.1217 - 64
MR11 0.039 -0.014 0. 177 0.601 74. 40 64. 62 29.73 54. 68 0.7693 0. 1429 85 61
MR13% 0. 050 0. 006 0. 167 0.317 101. 60 67. 16 69. 45 72. 86 0. 8056 0. 1412 - 63
MR15 0. 057 0.019 0. 160 0.182 123. 35 65. 02 100. 93 75. 63 0. 8360 0. 1004 - 61
BrF70 0.023 -0. 023 0. 177 0. 693 53.92 51.53 16. 62 37.82 0.7519 0. 1664 74 58
BrF80x* 0. 050 0. 006 0. 167 0.317 101. 60 67. 16 69. 45 72. 86 0. 8056 0. 1412 - 63
BrF90 0.076 0.032 0. 161 0.130 140. 07 61.41 121. 88 74. 14 0. 8424 0. 0870 - 64
C100_0 0. 031 -0.015 0. 169 0. 575 66. 63 59. 26 28. 38 50. 72 0.7735 0. 1430 88 61
C90_10%* 0. 050 0. 006 0. 167 0.317 101. 60 67. 16 69. 45 72. 86 0. 8056 0. 1412 - 63
C80_20 0. 069 0. 028 0. 165 0. 151 134. 60 61.90 114. 28 74. 66 0. 8386 0.1013 - 61
C70_30 0. 087 0. 046 0. 168 0.075 153. 61 54. 80 142. 10 66. 43 0. 8562 0.0675 - 59
C60_40 0.104 0. 065 0. 170 0.029 167. 20 45. 88 162. 35 53. 20 0.8672 0. 0569 - 57
JM35 0. 135 0. 096 0. 170 0. 006 179.90 36. 51 178.82 38. 96 0. 8778 0. 0456 - 42
JM45 0. 094 0. 056 0. 164 0. 043 163. 99 50. 00 156. 94 59. 15 0. 8627 0.0703 - 55
JMb55% 0. 050 0. 006 0. 167 0.317 101. 60 67. 16 69. 45 72. 86 0. 8056 0. 1412 - 63
JM65 0. 001 —-0. 042 0. 181 0.911 21.97 26. 73 1. 99 10. 10 0.6725 0. 1894 52 52
JM75 —0. 058 —-0. 081 0. 191 1. 000 0. 00 0. 00 0. 00 0. 00 0. 0000 0. 0000 30 31
JM85 -0. 134 -0. 137 0. 197 1. 000 0. 00 0. 00 0. 00 0. 00 0. 0000 0. 0000 19 19
AM5 0.093 0. 063 0. 150 0.016 169. 98 44. 37 167. 26 48.91 0. 8820 0. 0596 - 60
AM10%* 0. 050 0. 006 0. 167 0.317 101. 60 67. 16 69. 45 72. 86 0. 8056 0. 1412 - 63
AM15 0. 005 —-0. 046 0. 197 0. 947 20. 79 23.77 1. 11 7.15 0. 6457 0.2211 48 49
N10 0. 050 -0. 023 0.203 0.938 42.03 46. 04 2.61 15. 24 0.6041 0. 2087 34 36
N20 0. 050 -0.011 0. 181 0.671 74.91 65. 98 24. 69 51. 65 0.7324 0. 1518 69 51
N30 0. 050 0. 002 0. 170 0. 428 100. 65 68. 33 57. 60 71.75 0.7792 0. 1431 - 57
N40 0. 050 0. 007 0. 166 0. 303 103. 58 67.21 72.22 73. 56 0.8106 0.1220 - 61
N50 0. 050 0.011 0. 163 0.224 108. 60 64. 86 84. 33 72.85 0.8301 0.1106 - 67
N60 0. 050 0.014 0. 162 0. 187 116. 09 65. 28 94. 41 74. 23 0. 8420 0. 0932 - 69
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N70 0. 050 0.016 0. 161 0. 143 117. 42 65.91 100. 67 73.53 0. 8438 0.1032 - 69

N80 0. 050 0.018 0. 161 0. 130 119. 20 65. 31 103. 76 72.85 0. 8556 0. 1000 - 76

N90O 0. 050 0.019 0. 159 0. 096 118.75 65.51 107. 38 71.40 0. 8546 0. 0939 - 75

N100 0. 050 0.021 0. 160 0.103 124. 91 63. 65 112.07 71.21 0.8673 0. 0822 - 74

N200 0. 050 0.023 0. 158 0. 063 125. 85 62.22 117.94 67.51 0. 8755 0.0786 - 79

Scenario Det-r | Stoch-r SD(r) PE N-ext | SD (Next) N-all SD (Nal;l GD D (GD) MedianTE MeanTE
Meta_Isol_CCJ 0. 050 0. 006 0. 164 0.310 102. 78 67.74 70. 97 73.61 0. 8053 0. 1200 - 66
Meta_Isol_VI 0.123 0. 045 0.178 0. 205 32.90 15. 17 26. 22 18. 87 0. 6358 0. 1508 - 78
Meta_Isol_Metapop - 0. 026 0. 153 0. 095 107. 35 78. 94 97. 19 81. 38 0. 8062 0. 1299 - 82
Meta_Isol_Wi_pops - 0. 025 0.171 0. 258 67. 84 41. 45 67. 84 41. 45 0.7205 0. 1354 - 72
Meta_Migr_CCJ 0. 050 0. 022 0. 160 0. 065 125. 52 63. 45 117. 37 68.71 0. 8726 0.0713 - 64
Meta_Migr_VI 0.123 0. 043 0.173 0. 081 40. 52 12.90 37.27 16. 54 0. 8350 0.0704 - 63
Meta_Migr_Metapop - 0.027 0. 150 0. 062 164. 85 74.97 154. 63 82.78 0. 8754 0. 0698 - 67
Meta_Migr_Wi_pops - 0.032 0. 167 0.073 83. 02 38. 18 83.02 38. 18 0. 8538 0.0709 - 63
RO_N40 0. 044 0. 000 0. 167 0. 389 94. 21 68. 32 57.61 70. 40 0. 7990 0.1315 - 62

RO1_N40 0. 054 0.010 0. 165 0. 288 109. 13 68. 98 77.74 76. 31 0.8161 0.1194 - 62

R02_N40 0. 062 0.019 0. 164 0. 201 122. 02 66. 41 97.52 76. 88 0. 8280 0.1035 - 63

R03_N40 0.072 0. 029 0. 164 0. 143 138. 38 61. 44 118. 60 74.71 0. 8415 0.0911 - 60

R04_N40 0. 080 0.039 0. 164 0. 088 148. 77 57.17 135. 68 68. 98 0. 8476 0.1020 - 59

R05_N40 0. 090 0. 049 0. 165 0. 067 157. 47 52. 88 146. 92 64. 49 0. 8593 0. 0678 - 60

R06_N40 0. 099 0. 060 0. 164 0.035 165. 08 47.61 159. 30 55. 74 0. 8668 0. 0590 - 66

RO7_N40 0. 108 0.070 0. 165 0.017 173. 12 41. 90 170. 18 47. 17 0. 8718 0.0512 - 53

RO8_N40 0.118 0. 080 0. 166 0.012 175. 19 39.72 173.09 43. 85 0. 8746 0.0519 - 40

No cats 0.123 0. 086 0. 166 0. 007 177.09 37.57 175. 85 40. 25 0. 8755 0. 0531 - 40

Few cats* 0. 050 0. 006 0. 167 0.317 101. 60 67. 16 69. 45 72. 86 0. 8056 0. 1412 - 63

Many cats -0. 117 -0.119 0. 196 1. 000 0. 00 0. 00 0. 00 0. 00 0. 0000 0. 0000 21 22
Double_clutch_10% 0. 050 0. 006 0. 167 0.317 101. 60 67. 16 69. 45 72. 86 0. 8056 0. 1412 - 63
Double_clutch_20 0. 069 0.027 0. 166 0. 142 129. 73 64. 61 111. 34 75.02 0. 8355 0. 1049 - 62
Double_clutch_30 0. 087 0. 047 0. 165 0. 055 154. 42 53. 83 145. 94 63. 06 0. 8581 0. 0650 - 58
Rem_0%* 0. 050 0. 006 0. 167 0.317 101. 60 67. 16 69. 45 72. 86 0. 8056 0. 1412 - 63

Rem_1M 0. 050 0. 006 0. 167 0. 345 108. 63 65. 19 71.19 73.80 0. 8180 0. 1048 - 59

Rem_1 0. 050 0.003 0. 167 0.423 106. 26 65. 11 61. 35 72.10 0. 8207 0. 1097 - 59

Rem_2 0. 050 -0. 004 0.172 0. 538 97.97 66. 29 45. 30 66. 43 0. 8169 0. 1070 93 55

Rem_4 0. 050 -0.014 0. 183 0. 693 94. 93 66. 86 29. 17 57.33 0.8178 0.1020 61 45

Rem_0_No cats 0.123 0. 086 0. 166 0. 007 177.09 37.57 175. 85 40. 25 0. 8755 0. 0531 - 40
Rem_1_No cats 0.123 0. 083 0. 168 0.017 177. 47 37.32 174. 46 43.53 0. 8739 0. 0454 - 42
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Rem_2_ No cats 0.123 0. 080 0.168 0.033 174.09 41. 90 168. 34 51.63 0. 8731 0. 0482 — 42
Rem_4_ No cats 0.123 0.075 0. 169 0.051 173.52 42.54 164. 67 56. 35 0. 8698 0. 0438 — 46
Rem_1_No cats_K40 0.123 0.028 0. 189 0.541 22.55 12.23 10. 43 13.91 0. 5640 0. 1608 96 68
Rem_2_ No cats_K40 0.123 0.021 0. 195 0.713 21.42 12.24 6.22 11. 67 0. 5650 0. 1639 78 63
Rem_4_ No cats_K40 0.123 0.011 0.209 0. 900 21.62 11.71 2.19 7.46 0. 5651 0.1812 57 55
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IN SiTU POPULATION MODELLING WORKING GROUP REPORT

Participants: Kathy Traylor-Holzer, Kazuo Horikoshi, Yumiko Kato, Michio Kinjo,
Hiroko Ogawa

Purpose

The task of the In Situ Population Modelling Working Group was to develop a Vortex population
model for the red-headed wood pigeon that could be used to identify those factors that are most
critical to population viability and to provide a tool to the other PHVA working groups to investigate
the impact of various management actions on the viability of the wild wood pigeon population.

Vortex Simulation Model

Computer modeling is a valuable and versatile tool for quantitatively assessing risk of decline and
extinction of wildlife populations, both free ranging and managed. Complex and interacting factors
that influence population persistence and health can be explored, including natural and anthropogenic
causes. Models can also be used to evaluate the effects of alternative management strategies to
identify the most effective conservation actions for a population or species and to identify research
needs. Such an evaluation of population persistence under current and varying conditions is
commonly referred to as a population viability analysis (PVA).

The simulation software program Vortex (v9.92) was used to examine the viability of the in situ red-
headed wood pigeon population. Vortex is a Monte Carlo simulation of the effects of deterministic
forces as well as demographic, environmental, and genetic stochastic events on wild or captive small
populations. Vortex models population dynamics as discrete sequential events that occur according to
defined probabilities. The program begins by either creating individuals to form the starting
population or importing individuals from a studbook database and then stepping through life cycle
events (e.g., births, deaths, dispersal, catastrophic events), typically on an annual basis. Events such as
breeding success, litter size, sex at birth, and survival are determined based upon designated
probabilities that incorporate both demographic stochasticity and annual environmental variation.
Consequently, each run (iteration) of the model gives a different result. By running the model
hundreds of times, it is possible to examine the probable outcome and range of possibilities. For a
more detailed explanation of Vortex and its use in population viability analysis, see Lacy (1993, 2000)
and Miller and Lacy (2005).

Development of the Baseline Model
In preparation for the PHVA workshop, a preliminary baseline model was developed using
demographic rates and population data from the following sources:
¢ Published literature
* Responses by the workshop participants to the Vortex data form
¢ Studbook data for the ex situ red-headed wood pigeon population (through October 2007)
* Demographic data from a PVA model developed for the Mauritius pink pigeon (Columba
mayeri) (Seal and Bruford 1991)

This preliminary population model was reviewed, discussed and revised at a pre-PHV A meeting
organized by the PHVA Workshop Preparation Committee and held at Nippon Veterinary and Life
Science University in Tokyo, Japan on 8 January. Revisions made at this meeting as well as
modifications made by the In Situ Population Modelling Working Group members led to the final
baseline model that was used during the PHV A as a basis for sensitivity testing and the assessment of
management actions.
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VORTEX BASELINE MODEL PARAMETERS

The baseline model represents the best estimate of the current situation for the red-headed wood
pigeon (RHWP) based on available data and expert opinion of the participants at the pre-PHVA and
PHVA workshops. The model assumes that the population is below the habitat carrying capacity (K)
but that growth to K is limited by high mortality, possibly due to domestic cat predation on fledglings
after they leave the nest. The final values used in the baseline model are described below.

General Model Parameters

Number of iterations: 1000
Number of years: 100 (about 17 generations)
Extinction definition: Only one sex remains

Population Parameters

Number of populations: Single population

The baseline model described the RHWP population that is estimated to inhabit Chichijima and the
adjacent Ogasawara islands of Hahajima and Mukojima. It is assumed that pigeons migrate among
these islands, and thus this situation was modeled as one single interbreeding population.

Initial population size (N;): 40
The current official estimate for this population is 40-50 individuals, but accurate census numbers are
not available. The baseline model assumes 40 individuals age 1 year and older, with an equal sex ratio
and at a stable age distribution.

Carrying capacity (K): 200

No accurate estimate exists for the current carrying capacity of the habitat for wood pigeons. The
model assumes that the population would have the capability to grow if pressures from invasive
species (i.e., domestic cats, rats) were relaxed. K was set substantially higher than the initial
population size to allow for such population growth. No environmental variation was added to K, as
variations in population size are accounted for by environmental variation in reproduction and
survival.

Reproductive Parameters

Mating system: Polygyny
The mating system was set as polygynous, which allows males to mate with more than one female.

Therefore, under conditions of unequal sex ratio in which there are fewer males than females, ‘extra’
females will have the opportunity to breed rather than remain unpaired for the year. The population
was assumed to be panmictic (i.e., all breeding adults of the opposite sex are potential mates).

Age of first offspring: [ year (females); 2 years (males)

This parameter represents the average age of first reproduction, not the age of sexual maturity or
earliest reproductive age observed. Studbook data for captive pigeons show some females breeding at
age 1. The best estimates for this parameter provided by workshop participants were 19 months of age
(age class 1-2 years) for females and 33 months of age (age class 2-3 years) for males.

Density-dependent reproduction: No
Reproductive rates were assumed to be independent of population density.

Percent adult females breeding: 80% (EV=20%)

On average, most adult females reproduce each year, although there is believed to be some annual
variation (EV) in this parameter. The estimate of 80% is within the range explored in the pink pigeon
PVA model.

Percent adult males in the breeding pool: 80%
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Most adult males were assumed to be potential breeders (i.e., in the breeding pool). The model used
the value of 80% as taken from the pink pigeon PVA model.

Maximum number of offspring per year: 2

Only one egg is produced per clutch, both in the wild and in captivity. Most reproducing females
produce only one clutch per year in the wild, but two clutches in the same year are observed
occasionally. Multiple clutches per year are observed in captivity. Sex ratio was assumed to be 50:50.

Clutch distribution (annual): 90% single; 10% double
Most females produce one clutch, but a small percent produce a second clutch in the same year. The
probability of producing a second clutch appears to be independent of the fate of the first clutch.

Survival Parameters

Concordance between environmental variation in reproduction and survival: Yes

Environmental variation (EV) is the annual variation in reproduction and survival due to random
variation in environmental conditions. Although wood pigeons may use different areas during
breeding season than other times of the year, all habitat is on the same island and likely subject to
similar environmental conditions; therefore, these two parameters are linked. This means that ‘good’
years for reproduction are also ‘good’ years for survival; conversely, ‘bad’ years for reproduction are
linked to ‘bad’ years for survival (worst case scenario for environmental variation).

Mortality rates: Age-specific
Juvenile (0-1 yr): 55%, EV=9.5%
Adult (1+ yrs): 10% (annual); EV=2.5%

First-year (juvenile) mortality was estimated by workshop participants as follows:
83% survival from egg to fledging x 54% survival from fledging to one year of age = 45% survival
from egg to age 1 year = 55% first-year mortality
An annual adult mortality rate of 10% is within the range estimated for the pink pigeon. There is no
evidence that mortality rates differ between the sexes. A moderate level of environmental variance
was added to the mortality rates.

Inbreeding depression: 5.4 lethal equivalents

Inbreeding can have major effects on many aspects of reproduction and survival, especially in small
populations, and so was included in the model. Vortex models inbreeding depression as reduced
survival in inbred juveniles; the severity of the effect is determined by the number of lethal
equivalents (LE) in the model. The median number of LE calculated from studbook data for 38
captive mammal species is 3.14 (Ralls et al. 1988), while O’Grady et al. (2006) concluded that 12
lethal equivalents spread across survival and reproduction is a realistic estimate of inbreeding
depression for wild populations. This baseline model incorporated 5.4 LE calculated from the impact
of inbreeding on juvenile survival in captivity, 50% of which were assigned to lethal alleles and
subject to purging. It should be noted that this model may underestimate the impact of inbreeding, as
Vortex assumes all individuals in the initial population to be unrelated and only models effects on
juvenile mortality.

Maximum age: /3 years
Individuals are removed from the model after they pass the maximum age. Vortex assumes that

animals can reproduce throughout their adult life and does not model reproductive senescence unless
functions are used to do so. Data were not available for longevity in wild populations. RHWPs have
not been kept in captivity long enough to be able to estimate longevity, but one wild-caught wood
pigeon stopped laying eggs after 12 years. The maximum age used for pink pigeons was 15 years.
Participants believed 13 years to be a reasonable estimate of maximum age for wild wood pigeons.
Additional Model Options

Catastrophes: Typhoon
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Typhoons were included as a potential catastrophe in the baseline model. The annual probability of
occurrence was set to 5% (based on the observation of 2 major typhoons in the past 40 years). During
a year in which a catastrophe occurs, survival is reduced by 30% across all age classes, and no
reproduction occurs that year.

Harvest: Not included in baseline model
Supplementation: Not included in baseline model

MODELLING QUESTIONS
Discussion among working group members and in discussion with the other working groups identified
the following questions to be addressed by this working group:

8. What are the primary demographic factors affecting population growth and probability of
extinction?

9. What is the projected viability of the red-headed wood pigeon population given the best
estimate of current conditions?

10. What is the impact of population size on population viability?

11. What is the viability of the entire subspecies metapopulation (Chichijima area in the north
plus the Volcano Islands in the south)?

12. What is the potential impact of reduced juvenile mortality as a result of cat control?

13. What is the potential impact of increased nutrition (modelled as increased frequency of
double-clutching) as a result of rat control?

14. At what rate and under what conditions can the wild population be harvested to supply
founders for the captive population without substantial reduction in wild population viability?

BASELINE MODEL RESULTS

Deterministic Output

The demographic rates (reproduction, mortality and catastrophes) included in the baseline model can
be used to calculate deterministic characteristics of the model population. These values reflect the
biology of the population in the absence of stochastic fluctuations (both demographic and environ-
mental variation), inbreeding depression, limitation of mates, and immigration/emigration. It is
valuable to examine deterministic growth rates and generation length to assess whether they appear
realistic for the species and population being modelled.

The baseline model describes a population with a positive growth rate (deterministic r = 0.050; A =
1.052) when not impacted by stochastic events. In the absence of these forces, populations would be
expected to grow to the carrying capacity of the environment. Generation time (T), which is the
average age of reproduction, is 5.4 years. These values appear reasonable for the red-headed wood
pigeon.

Stochastic Output

Small populations, such as the red-headed wood pigeon population, are especially vulnerable to the
effects of stochastic (chance) events. When stochastic events such as random variations in

53



reproductive and survival rates, environmental variation, and inbreeding depression are added into the
model, population growth rate is smaller and the risk of extinction may increase.

Little information is available for age- and sex-specific mortality rates for wild red-headed wood
pigeons. Data from the captive population are of limited usefulness due to small sample size and
differences in nutrition, environment and mortality factors. Therefore, a baseline model was
developed with mortality rates that resulted in a population with a stochastic r = 0, given that the
current population appears to be relatively stable in size. The assumption was that the population is
being held at its current size primarily by predation pressures rather than by limited carrying capacity.

The Vortex baseline model reflects a population that, on average, shows a stochastic r = 0.006. Under
these conditions, this small pigeon population has a relatively high probability of extinction (PE =
0.32) over 100 years. In those iterations in which the population survived (extant populations), the
mean population size = 102 birds (about 50% of K) and gene diversity = 81% after 100 years. This
represents a substantial loss in genetic variation, indicating an inbreeding level of approximately 20%.
In comparison, most ex situ conservation programs set a goal of retaining 90% gene diversity for 100
years. This baseline model represents the best estimate by the workshop participants of the current
situation for the red-headed wood pigeon, recognizing that there are uncertainties in some of the
demographic rates as well as the current population size.

Sensitivity Testing of Demographic Parameters

Little detailed demographic data are available for wild wood pigeon populations. To investigate areas
of uncertainty in several of the demographic parameter values, sensitivity testing was conducted to
explore the sensitivity of the model results to these values. Values above and below baselines values
(in boldface) were tested across the biologically reasonable range for each parameter.

Age of first reproduction (females): 1, 2 years
Age of first reproduction (males): 1, 2, 3 years

Maximum reproductive age: 11, 13, 15 years

Percent females breeding: 60, 70, 80, 90, 100

Number of clutches per year (1:2):  100:0; 90:10; 80:20; 70:30; 60:40 (in %)
First year mortality (%): 45, 55, 65, 75

Adult mortality (%): 5,10, 15

Figure 1 shows the resulting stochastic growth rates and probabilities of extinction for each parameter
across those values tested (see Appendix for complete scenario results). Almost all of the parameters
cross a range from positive growth to population decline and so affect population viability. The
parameter that shows the greatest sensitivity in its impact on the population’s stochastic growth rate
over the range of values modelled is juvenile mortality. This was the broadest range of values tested
for any of the parameters, and represents the estimated range in the presence and absence of predation
by domestic cats. Adult mortality and the frequency of double-clutching (production of two clutches
in one year) also substantially affect the stochastic rate. The frequency of double-clutches represents
the range that includes approximately the rate observed in captivity and therefore biologically possible
under certain conditions but not observed currently in the wild. The range of adult mortality rates
explored were only guesses from workshop participants and have less justification, but may be
plausible in the presence or absence of certain threats (e.g., if cats prey on adult pigeons).

Although stochastic r appears less sensitive to adult vs juvenile mortality rates, a much smaller range
of values was analyzed for adult mortality (range = 10%) than for juvenile mortality (range = 50%). If
assessed over the same range (unit change) in r for each % change in mortality, stochastic r is twice as
sensitive to adult mortality than to juvenile mortality. That is, for every 1% increase in adult mortality,
stochastic r decreases twice as much as for a 1% increase in juvenile mortality. Unknown or future
sources of high adult mortality may have significant impacts on population viability.
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All input values modeled in the sensitivity analysis show some risk of extinction over 100 years
(Figure 1b). The same three parameters — juvenile mortality, adult mortality and frequency of double-
clutching — are the only parameters that exhibit relatively small risk of extinction (PE < 0.03) under
some conditions; all other parameters modelled projected PE > 0.13.

Overall, the recruitment of new breeders into the population (either through the production of
additional clutches and/or increased survival of chicks) increases the stochastic growth rate and in
some cases substantial reduces the risk of extinction. Loss of breeders (adult mortality) also impacts
population viability. Given the uncertainty in current demographic rates for the wild red-headed wood
pigeon population, it is not possible to make an accurate projection of long-term population viability
under current conditions. However, the risk of extinction within 100 years is substantial (0.13 to 1.00)
unless mortality rates are lower than currently estimated.
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Figure 1. Sensitivity testing of primary demographic parameters for impacts on: a) stochastic growth rate
(r) and b) probability of extinction (PE). Baseline values are in black.

Effect of Population Size

Estimates of current population size and carrying capacity of the habitat for the red-headed wood
pigeon are uncertain. Exploration of the impact of current population size on wood pigeon population
viability was conducted to assess the potential consequences of inaccurate population estimates and
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limited habitat availability on Chichijima and the surrounding islands. Population sizes from 10 to 200
were modelled using the baseline model values.

Although the deterministic growth rate of the population is positive (deterministic r = 0.050),
stochastic forces cause the stochastic growth rate to be negative at small initial population sizes.
Populations under 30 pigeons exhibited negative r (Figure 2a). Population size is also negatively
correlated with risk of extinction (Figure 2b). Risk of extinction declines with increased population
size, with the greatest benefit gained in populations up to 50 individuals. Under the baseline model
conditions, an initial population > 90 pigeons is needed to bring the risk of extinction down to 10%.
The mean time to extinction and mean population size at 100 years also increases with population size
(see Appendix). Note that the mean size for extant (surviving) populations is > 100 pigeons in
populations with positive growth rates. As expected, larger populations show higher viability;
however, using the demographic rates in the baseline model, even populations of 200 have a non-zero
probability of extinction (PE = 0.06).
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Figure 2. Impact of population size on: a) stochastic growth rate (r) and b) probability of extinction (PE)
over 100 years.
SUBSPECIES METAPOPULATION

Scenario Description
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A second population of red-headed wood pigeons is believed to inhabit the Volcano Islands (Iwojima
islands), approximately 200 km south of Chichijima. Little information is available regarding this
pigeon population, its habitat, threats, and potential conservation actions due to restricted access to
this area. Workshop participants believed that it is unlikely that pigeons migrate between the two
populations due to the distance involved.

In order to assess the relative viability of the entire subspecies metapopulation, two scenarios were
modelled that included both the Ogasawara and Volcano Islands populations. The first scenario
represents the estimated current situation, in which they are modelled as isolated populations with no
migration between them. The second scenario includes some migration between the populations.

Vortex Model Parameters

A second population (Volcano Islands) was created (initial N = 40; K = 50) using the same model
parameters as those used for the Chichijima population, with the exception that juvenile mortality was
set to 38%. This was based on the assumption that there are no cats on the island (see Section below
on Control of Cats for more information). This resulted in a higher deterministic growth rate (r =
0.123, A =1.131). In the scenario with migration between populations, animal movement rates were
used to allow for approximately two adult birds to migrate in each direction per year (CCJ to VI =
2.3%; VI to CCJ = 5.3%), with the survival rate during migration set to 80%.

Model Results

As an isolated population, the Volcano Island (VI) population has a higher stochastic growth rate than
the Chichijima (CCJ) population, due to lower juvenile mortality in the assumed absence of cat
predation or other threats. Despite the lower carrying capacity, the VI population is projected to have
a lower risk of extinction than CCJ, likely due to this higher growth rate. However, gene diversity is
substantially lower at this smaller population size. Overall, the metapopulation has a positive growth
rate and an expected probability of extinction of 9.5% over 100 years under the conditions modelled.
Although the risk that one of the populations will be lost is relatively high (PE = 20.5% and 31.0%,
respectively), the risk of extinction to the subspecies is less, as there is a smaller chance that both
populations will be lost (Table 1).

Migration between the two populations (at approximately 2 adult pigeons per year in each direction)
substantially increases the viability of both populations as well as the metapopulation in terms of
lower risk of extinction, larger mean population size, and increased retention of gene diversity over
100 years. The risk of extinction is less than 10% for each of the populations. Greater retention of
gene diversity is reflected in the reduced rate at which inbreeding accumulates in the population, with
the average level of inbreeding across two connected populations being only one-half of that if the
populations are completely isolated (Figure 3).The actual impact of connectivity between the two
populations will depend on many uncertain factors, including the migration rate in each direction and
the survival rate of birds as they migrate from one population to the other. It should be noted that the
movement of pigeons between populations is not modelled in any specific way; it could represent
natural migration, human translocation efforts, or other methods of connecting these two populations
demographically and genetically.

Table 1. Model results for RHWP populations and metapopulation, as isolated populations and with migration
(Migr) between them (over 100 years).

Stochastic r Prob. Extinction N-extant Gene Diversity

Isolated Migr Isolated Migr Isolated Migr Isolated Migr
Chichijima 0.006 0.022 0.310 0.065 102.8 125.5 0.805 0.873
Volcano Is 0.045 0.043 0.205 0.081 32.9 40.5 0.636 0.835
Metapop. 0.026 0.027 0.095 0.062 107.4 164.9 0.806 0.875
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Figure 3. Mean inbreeding coefficient (F) averaged over the two populations, with and without migration.
POPULATION GROWTH RATE

Scenario Description

The baseline model was developed using estimated demographic rates that lead to a stochastic r of
approximately zero for a population with an initial (current) size of 40. As demonstrated in the
sensitivity analysis, demographic rates for wild red-headed wood pigeons can greatly influence the
stochastic growth rate of the population (Figure 1a). Stochastic growth is particularly sensitive to
juvenile (first year) mortality across the range of values tested. Uncertainty in this, and other,
demographic parameters limits the ability to project the viability of this population. In order to
explore this further, alternative scenarios were created from the baseline model with increasing
positive growth rates to determine the impact on long-term population viability.

Vortex Model Parameters

Juvenile mortality was modified to develop model scenarios with a stochastic r of 0.00 to 0.08 for a
population of N = 40 and K = 200. All other input values remained the same as those in the baseline
model. Juvenile mortality was chosen because the working group members believed that population
growth may be limited by high mortality of fledglings when they leave the nest, possibly due to
predation by domestic cats. The mortality rates used are given in Table 2.

Model Results

Stronger positive growth rates enable the population to grow more quickly and retain higher levels of
gene diversity, thereby reducing the risk of extinction (Figure 4). Populations with stochastic growth
rates of 4% or greater are projected to have < 10% probability of extinction in 100 years (Table 2).

Table 2. Model results for the Chichijima population with different levels of juvenile mortality (over 100 years).

Juv. Mort. Detr Stochr PE N-ext GD
0.563 0.04 0.00 0.389 94.2 0.799
0.543 0.05 0.01 0.288 109.1 0.816
0.524 0.06 0.02 0.201 122.0 0.828
0.503 0.07 0.03 0.143 138.4 0.842
0.483 0.08 0.04 0.088 148.8 0.848
0.460 0.09 0.05 0.067 157.5 0.859
0.439 0.10 0.06 0.035 165.1 0.867
0.417 0.11 0.07 0.017 173.1 0.872
0.393 0.12 0.08 0.012 175.2 0.875
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Figure 4. Probability of survival of the Chichijima population given different stochastic growth rates.

POTENTIAL MANAGEMENT ACTIONS

Apart from its current small population size, the greatest threats to the red-headed wood pigeon
population on Chichijima are hypothesized to be the impacts of non-native species. Specifically,
predation by domestic cats and food competition with Norway and black rats are thought to
potentially limit population growth and increase the risk of extinction. Control of cats and rats were
each modelled using best guess estimates of the impact of these species on the red-headed wood
pigeon population on Chichijima in order to evaluate the potential usefulness of these management
actions.

Impact of Predation by Cats

Predation by domestic cats can have significant impacts on birds and other wildlife. Killing rates can
vary greatly from one cat to another, whether or not they are fed by their owners. One well-fed cat in
the U.S. was recorded to have killed at least 60 birds and 1,600 small mammals over an 18-month
period (Schaefer 1999). Extensive studies of free-ranging cats over the last 55 years in Europe, North
America, Australia, Africa, and many islands indicate that 20-30% of wildlife killed by cats are birds;
however, birds can make up 100% of a cat’s prey in some island habitats (American Bird
Conservancy). Habitat in California without cats has been observed to have twice as many birds and
more bird and native wildlife species than similar habitat with cats (Hawkins ef al. 1999). Island bird
species are especially vulnerable, as they have evolved in the absence of mammalian predators.
Domestic cats have been primarily responsible for the extinction of 8 island bird species as well as the
eradication of 41 bird species from New Zealand islands (Veitch 1985).

Scenario Description

Domestic cats have been observed to kill native birds, including seabirds, on Chichijima, and
passerines on Hahajima (Kawakami and Higuchi 2002). While many cats may not kill pigeons, small
changes in juvenile mortality can significantly impact pigeon population viability (Figure 1a; Table 2).
Cats are thought to most likely to kill young fledgling pigeons soon after leaving the nest and before
they have become experienced at avoiding and escaping predators (Kawakami and Higuchi 2002).
Three scenarios were developed to aid in evaluating the potential impact of cat predation: 1) many
cats; 2) few cats (current situation); and 3) no cats present in pigeon habitat.
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Vortex Model Parameters

The presence of cats was modelled through modification of juvenile mortality. Working group
members estimated the survival rate of pigeons from fledging to one year of age under the three
scenarios, and first year mortality were adjusted accordingly, as follows:

Egg to fledging Fledging to Age 1 First-year First-year Approx.

Scenario Survival Survival Survival Mortality # deaths/yr
No cats 83% 75% 62% 38% 6.7

Few cats 83% 54% 45% 55% 9.7

Many cats 83% 20% 17% 83% 14.6

Given the small population size, these rates represent relatively small differences in the number of
additional juvenile deaths each year by cats: the Few Cats scenario represents about 3 additional
juvenile deaths per year, and the Many Cats scenario represents about 8 additional juvenile deaths per
year (given a population size of 40 adult birds and 80% breeding success rate). This level of predation
seems reasonable given observed predation rates for free-ranging domestic cats.

Model Results

The resulting deterministic and stochastic growth rates vary greatly among these three scenarios, from
rapid population decline (r = -0.119) to strong population growth (r = 0.086) under stochastic
conditions. Not surprisingly, this has a significant impact on population viability (Table 3). Under the
mortality rates modelled, pigeon populations subject to heavy predation by cats (or other significant
sources of juvenile mortality) have a 100% risk of extinction within 50 years, with the mean time to
extinction of 22 years (Figure 5). In contrast, populations with low juvenile mortality (as hypothesized
in the absence of cat predation) have little risk of extinction (PE < 0.01).

Table 3. Model results for the Chichijima population with different levels of cat predation as modelled by juvenile
mortality (over 100 years).

Scenario Detr Stochr PE N-ext GD
No cats 0.123 0.086 0.007 177 .1 0.876
Few cats 0.050 0.006 0.317 101.6 0.806
Many cats -0.117 -0.119 1.000 0.0 0.000
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Figure 5. Probability of survival of the Chichijima population under various levels of juvenile mortality due
to cat predation.
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The loss of only a few juveniles each year to cat predation has the potential to drive the population to
extinction. Vortex modeling of Alabama beach mouse populations showed that the presence of one cat,
killing one mouse per day, can eradicate local mouse populations, particularly after hurricanes when
population numbers are low and mice are more vulnerable (Traylor-Holzer et al. 2005).

The actual level of cat predation on red-headed wood pigeons is unknown, and likely is highly
variable depending on the behavior of individual cats. However, the potential for significant threat to
population viability exists. The results of these scenarios indicate the significant impacts of any source
of high juvenile mortality, whether it be from domestic cat predation or other threats.

Impact of Competition by Rats

Rats also have been introduced to the Ogasawara Islands and are thought to potentially impact wood
pigeons, although the nature of this impact is uncertain. Elsewhere, rats have been known to prey on
chicks and eggs of island shorebirds, and also may be competitors for food sources with some bird
species. Black rats on Nishijima primarily feed on fruits and seeds (Abe 2007).

Scenario Description

The working group members hypothesized that rats on Chichijima may compete with wood pigeons
for food, thus lowering available nutrition and potentially the frequency of the production of two eggs
in one year (double-clutching). Double-clutching has been observed in wood pigeons on Okinawa,
and the production of multiple eggs per year has been observed in ex situ populations with ample food
availability and nutrition. Three scenarios were compared: 1) 10% of breeding females (current); 2)
20% of breeding females; or 3) 30% of breeding females producing two eggs per year.

Vortex Model Parameters

The percent of breeding females that produce 1 vs 2 eggs per year was changed from the baseline
values of 90:10% to 80:20% and 70:30% for the additional scenarios representing increased nutrition
due to reduced competition with rats for food sources. As a comparison, the frequency of annual egg
production in the ex situ population is 1 egg (56%), two eggs (33%) and three eggs (11%).

Model Results

Increased frequency of double-clutching increases deterministic and stochastic growth rates and mean
population size, and reduces the probability of extinction (Figure 6; Table 4). Although increased
reproduction has the potential to greatly improve population viability, the projected impact is less than
that achieved through decreased juvenile mortality (Figures 1 & 5).

Caution must be used when considering control programs for cats and/or rats, as there may well be a
complex relationship between wood pigeons, rats, cats and possibly other native species. The
eradication of cats from islands in some instances has reduced breeding success of native birds due to
a resulting increase in rat populations, referred to as the ‘mesopredator release effect’ (Le Corre 2008).
Working group members also discussed the possible interaction with native raptors, which feed on
rats, and the potential result of increased predation by raptors on wood pigeons with rat control
measures. The interaction of cats, rats, birds and other native species can be complex, and the optimal
strategy for the control or eradication of invasive species such as cats and rats is not clear without a
thorough understanding of the interaction of these species. These interrelationships are uncertain for
the Ogasawara Islands ecosystem, and therefore the actual impact of cat and/or rat control programs
also is uncertain.

Table 4. Model results for the Chichijima population with different levels of double-clutching, designed to
represent reduction in food competition through control of invasive rats (over 100 years).

Scenario Detr Stochr PE N-ext GD
90:10 0.050 0.006 0.317 101.6 0.806
80:20 0.069 0.027 0.142 129.7 0.836
70:30 0.087 0.047 0.055 154.4 0.858
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Figure 6. Probability of survival of the Chichijima population under various levels of double-clutching due
to anticipated increased nutrition with reduction in rats.

SOURCE FOR EX SiITU POPULATION FOUNDERS

Given the uncertain future of the small wild population and the potential for additional, unforeseen
threats, there is a conservation need for a viable, self-sustaining ex situ population of red-headed wood
pigeons to serve as a demographic and genetic backup to the wild population. The current ex situ
population is not sufficient in size or genetic diversity to serve this function without the addition of
new genetic founders from the wild (see Ex Situ Population Working Group Report). Workshop
participants agreed that the removal of wild pigeons for ex situ augmentation should only be
conducted if it does not further jeopardize the wild population. Several scenarios were explored to
examine potential conditions under which this might be accomplished.

Scenario Description

The Ex Situ Population Working Group requested that scenarios be created to explore the conditions,
if any, under which 1, 2 or 4 adult pigeons could be removed from the wild population to augment the
ex situ population. Given the population projections for the current situation with stochastic r = 0, it is
unlikely that birds can be removed without risk to the wild population. If the population growth rate
can be increased through cat control, rat control or other measures that increase survival and/or
reproduction, then removals may be possible without jeopardizing the wild population.

Vortex Model Parameters

Scenarios were created using the baseline juvenile mortality rate (55%) and reduced mortality (38%)
under the No Cats scenario. The removal of one adult (alternating sex), 2 adults (1 male, 1 female),
and 4 adults (2 males, 2 females) every 4 years was modelled under current conditions of zero
population growth and with cat control and strong positive stochastic growth. Removals were not
conducted in years in which a typhoon occurred.

Model Results

The removal of adults increases the risk of extinction of the wild population. Even the removal of 1
adult every 4 years increases PE from 32% (baseline) to 42%; higher levels of removal increase
extinction risk further (PE = 54% and 69% for removal of 2 and 4 adults, respectively) (Figure 7).
Since the population is modelled as polygynous, the removal of adult males should have less impact
on the population than adult females. Stochastic r remains the same from baseline with the removal of
1 adult male per 4 years (r = 0.006), but PE increases from 32% to 35% (see Appendix).
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Figure 7. Probability of extinction of the Chichijima population under baseline conditions (blue) and with
cat control (red) with various adult removal schedules.

Elimination of cat predation (reduction of juvenile mortality) would allow the population to grow and
potentially be able to withstand the periodic removal of adults. Under these conditions, the removal of
adults leads to a slight increase in risk of extinction (from 0.7% with no removals to 5% with the
removal of 4 adults per 4 years), but still a substantially lower risk than is projected to exist under
current conditions.

Assumptions and Implications for Removal of Pigeons for Ex Situ Population

Several assumptions can be made regarding aspects of RHWP life history and current population
situation. The validity of these assumptions has implications for the ability of the wild population to
provide founders for the ex sifu population with no reduction in its viability.

Population growth is limited by invasive species or other threats that can be reduced.

The analysis above assumes that the size and growth of the wild wood pigeon population is being
limited by the impacts of invasive species (i.e., cat predation and food competition with rats), and that
successful invasive species control will increase the reproductive potential of the pigeon population
such that it can withstand the periodic removal of adults. If management actions are taken that are
observed to improve survival and/or reproduction, then removal of pigeons can be considered without
significant impact on population viability.

Population growth is limited by carrying capacity of the habitat.

If the wood pigeon population is unable to grow due to limited available habitat and resources, rather
than by cat predation and/or competition with rats, then the population may not be able to withstand
removal of pigeons even with cat and rat control measures in place. Scenarios modelling removals in
the absence of cats but with K = 40 instead of K =200 show a high risk of extinction (PE = 54-90%)
(see Appendix). Therefore, the wild population should be monitored and the impacts of invasive
species control assessed before healthy adult pigeons are removed from the wild for ex situ
supplementation.

Pigeons will re-nest (double clutch) if eggs are removed from the nest.

In some bird species, managers are able to increase reproductive productivity by removing and
handrearing eggs or young chicks if breeding pairs are likely to lay a second clutch (double-clutching).
It is unknown whether wild wood pigeon breeding pairs would re-nest if eggs were removed.
However, if the probability of double-clutching is high, then eggs could be removed and incubated

and reared in captivity, providing new founders for the ex situ population, while having relatively

little impact on the wild population.
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SUMMARY OF MODELING RESULTS

Through the efforts of workshop participants before and during the PHVA workshop, a baseline
model was developed for the red-headed wood pigeon that is useful in estimating the relative viability
of the population under various conditions and assumptions. The lack of accurate demographic data,
population estimates, and the impact of various threats limits the ability to make detailed and accurate
projections regarding long-term population viability under current and alternative management
conditions. However, there is sufficient information to draw some relative conclusions about the
viability of this population.

The risk of extinction within 100 years is significant if the population is limited to the current
estimated size of 40-50 individuals, whether this is due to habitat limitations, the impact of invasive
species, or other factors, and is genetically and demographically isolated from the southern Volcano
Islands population. Long-term viability is dependent upon sufficient survival and reproduction for the
population to grow and sufficient habitat to support a larger population (> 100 adults). Periodic
demographic and genetic supplementation through natural or human-aided migration may increase
viability and the retention of gene diversity. Management actions that reduce mortality or increase
reproduction, such as the control of cats and rats, reduce extinction risk, but their impacts are not fully
predictable and therefore the situation should be monitored carefully to assess the resulting impacts on
the pigeon population. Population projections based on the best available data caution against the
removal of adult pigeons, especially females, to supplement the ex sifu population. However, pigeons
that are removed from the wild due to injuries or other reasons should be incorporated into the ex situ
managed population if possible. Measures to improve population growth may make the removal of
adult pigeons possible without significant impacts on the wild population. Likewise, the removal of
eggs (or chicks) may have relatively little impact if wild breeding pairs produce a second egg to
replace the loss of the first. Better field data on the demographic rates, population size and structure,
and the impacts of various threats on the wild population will allow the development of more reliable
population projections to guide conservation management actions for this species.

WORKING GROUP RECOMMENDATIONS

Based on group discussions and modelling results, the Japanese members of the /n Situ Population
Modelling Working Group identified and prioritized the following top priority goals to promote the
long-term viability of red-headed wood pigeon populations. There was strong agreement with respect
to the priority of these recommendations (Goals 3a-c were ranked equally).

Goal 1:  Control domestic cats to reduce mortality rates of wild wood pigeons.

Goal 2:  Collect additional scientific information on demographic rates (mortality rates, breeding
success), population estimates, and interrelationships with other species.

Goal 3a: Manage red-headed wood pigeon habitat to maximize carrying capacity.
Goal 3b: Control other invasive species, especially rats, to improve reproduction and survival.

Goal 3c: Establish a viable ex situ population as a backup to augment or re-establish the wild
population in the future if necessary.

Implementation of these research and management strategies will serve to promote the survival of the
red-headed wood pigeon on Chichijima.
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Appendix. Simulation results for red-headed wood pigeon scenarios at 100 years (deterministic r; stochastic r; probability of extinction; mean population size for
extant (surviving) and for all populations; mean gene diversity; median and mean time to extinction in years; standard deviations given as SD). Baseline scenario

indicated by *.

Scenario Det-r Stoch-r SD(r) PE N-ext SD(Next) N-all SD(Nall) GD | SD(GD) MedianTE MeanTE
AFR1F* 0.050 0.006 0.167 0.317 101.60 67.16 69.45 72.86 0.8056 0.1412 -- 63
AFR2F 0.017 -0.025 0.174 0.686 44 .28 47.09 13.97 33.40 0.7238 0.1724 74 58
AFR1M 0.050 0.002 0.168 0.377 95.56 67.17 59.57 70.37 0.7909 0.1355 -- 61
AFR2M* 0.050 0.006 0.167 0.317 101.60 67.16 69.45 72.86 0.8056 0.1412 -- 63
AFR3M 0.050 0.007 0.166 0.304 106.55 68.00 74.20 74.93 0.8171 0.1217 -- 64
MR11 0.039 -0.014 0.177 0.601 74.40 64.62 29.73 54.68 0.7693 0.1429 85 61
MR13* 0.050 0.006 0.167 0.317 101.60 67.16 69.45 72.86 0.8056 0.1412 -- 63
MR15 0.057 0.019 0.160 0.182 123.35 65.02 100.93 75.63 0.8360 0.1004 -- 61
BrF70 0.023 -0.023 0.177 0.693 53.92 51.53 16.62 37.82 0.7519 0.1664 74 58
BrF80* 0.050 0.006 0.167 0.317 101.60 67.16 69.45 72.86 0.8056 0.1412 -- 63
BrF90 0.076 0.032 0.161 0.130 140.07 61.41 121.88 74.14 0.8424 0.0870 - 64
C100 0 0.031 -0.015 0.169 0.575 66.63 59.26 28.38 50.72 0.7735 0.1430 88 61
C90_10* 0.050 0.006 0.167 0.317 101.60 67.16 69.45 72.86 0.8056 0.1412 -- 63
C80_20 0.069 0.028 0.165 0.151 134.60 61.90 114.28 74.66 0.8386 0.1013 -- 61
C70_30 0.087 0.046 0.168 0.075 153.61 54.80 142.10 66.43 0.8562 0.0675 -- 59
C60_40 0.104 0.065 0.170 0.029 167.20 45.88 162.35 53.20 0.8672 0.0569 -- 57
JM35 0.135 0.096 0.170 0.006 179.90 36.51 178.82 38.96 0.8778 0.0456 -- 42
JM45 0.094 0.056 0.164 0.043 163.99 50.00 156.94 59.15 0.8627 0.0703 -- 55
JM55* 0.050 0.006 0.167 0.317 101.60 67.16 69.45 72.86 0.8056 0.1412 -- 63
JM65 0.001 -0.042 0.181 0.911 21.97 26.73 1.99 10.10 0.6725 0.1894 52 52
JM75 -0.058 -0.081 0.191 1.000 0.00 0.00 0.00 0.00 0.0000 0.0000 30 31
JM85 -0.134 -0.137 0.197 1.000 0.00 0.00 0.00 0.00 0.0000 0.0000 19 19
AM5 0.093 0.063 0.150 0.016 169.98 44 .37 167.26 48.91 0.8820 0.0596 -- 60
AM10* 0.050 0.006 0.167 0.317 101.60 67.16 69.45 72.86 0.8056 0.1412 -- 63
AM15 0.005 -0.046 0.197 0.947 20.79 23.77 1.11 7.15 0.6457 0.2211 48 49
N10 0.050 -0.023 0.203 0.938 42.03 46.04 2.61 15.24 0.6041 0.2087 34 36
N20 0.050 -0.011 0.181 0.671 74.91 65.98 24.69 51.65 0.7324 0.1518 69 51
N30 0.050 0.002 0.170 0.428 100.65 68.33 57.60 71.75 0.7792 0.1431 -- 57
N40 0.050 0.007 0.166 0.303 103.58 67.21 72.22 73.56 0.8106 0.1220 -- 61
N50 0.050 0.011 0.163 0.224 108.60 64.86 84.33 72.85 0.8301 0.1106 -- 67
N60 0.050 0.014 0.162 0.187 116.09 65.28 94.41 74.23 0.8420 0.0932 -- 69
N70 0.050 0.016 0.161 0.143 117.42 65.91 100.67 73.53 0.8438 0.1032 -- 69
N80 0.050 0.018 0.161 0.130 119.20 65.31 103.76 72.85 0.8556 0.1000 -- 76
N90 0.050 0.019 0.159 0.096 118.75 65.51 107.38 71.40 0.8546 0.0939 -- 75
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N100 0.050 0.021 0.160 0.103 124.91 63.65 112.07 71.21 0.8673 0.0822 -- 74

N200 0.050 0.023 0.158 0.063 125.85 62.22 117.94 67.51 0.8755 0.0786 -- 79

Scenario Det-r Stoch-r SD(r) PE N-ext SD(Next) N-all SD(Nall) GD | SD(GD) MedianTE MeanTE

Meta_Isol CCJ 0.050 0.006 0.164 0.310 102.78 67.74 70.97 73.61 0.8053 0.1200 -- 66
Meta_Isol VI 0.123 0.045 0.178 0.205 32.90 15.17 26.22 18.87 0.6358 0.1508 -- 78
Meta_lsol_Metapop -- 0.026 0.153 0.095 107.35 78.94 97.19 81.38 0.8062 0.1299 -- 82
Meta_Isol_Wi_pops - 0.025 0.171 0.258 67.84 41.45 67.84 41.45 0.7205 0.1354 - 72
Meta_Migr CCJ 0.050 0.022 0.160 0.065 125.52 63.45 117.37 68.71 0.8726 0.0713 -- 64
Meta_Migr VI 0.123 0.043 0.173 0.081 40.52 12.90 37.27 16.54 0.8350 0.0704 -- 63
Meta_Migr_Metapop -- 0.027 0.150 0.062 164.85 74.97 154.63 82.78 0.8754 0.0698 -- 67
Meta_Migr Wi_pops -- 0.032 0.167 0.073 83.02 38.18 83.02 38.18 0.8538 0.0709 -- 63
RO _N40 0.044 0.000 0.167 0.389 94.21 68.32 57.61 70.40 0.7990 0.1315 -- 62

R0O1 N40 0.054 0.010 0.165 0.288 109.13 68.98 77.74 76.31 0.8161 0.1194 -- 62

R02 N40 0.062 0.019 0.164 0.201 122.02 66.41 97.52 76.88 0.8280 0.1035 -- 63

R03 N40 0.072 0.029 0.164 0.143 138.38 61.44 118.60 74.71 0.8415 0.0911 -- 60

R04 N40 0.080 0.039 0.164 0.088 148.77 57.17 135.68 68.98 0.8476 0.1020 -- 59

R0O5 N40 0.090 0.049 0.165 0.067 157.47 52.88 146.92 64.49 0.8593 0.0678 -- 60

R06 N40 0.099 0.060 0.164 0.035 165.08 47 .61 159.30 55.74 0.8668 0.0590 -- 66

RO7 N40 0.108 0.070 0.165 0.017 173.12 41.90 170.18 47 .17 0.8718 0.0512 - 53

R08_N40 0.118 0.080 0.166 0.012 175.19 39.72 173.09 43.85 0.8746 0.0519 -- 40

No cats 0.123 0.086 0.166 0.007 177.09 37.57 175.85 40.25 0.8755 0.0531 -- 40

Few cats* 0.050 0.006 0.167 0.317 101.60 67.16 69.45 72.86 0.8056 0.1412 -- 63

Many cats -0.117 -0.119 0.196 1.000 0.00 0.00 0.00 0.00 0.0000 0.0000 21 22
Double_clutch_10* 0.050 0.006 0.167 0.317 101.60 67.16 69.45 72.86 0.8056 0.1412 -- 63
Double_clutch_20 0.069 0.027 0.166 0.142 129.73 64.61 111.34 75.02 0.8355 0.1049 -- 62
Double_clutch_30 0.087 0.047 0.165 0.055 154 .42 53.83 145.94 63.06 0.8581 0.0650 -- 58
Rem_0* 0.050 0.006 0.167 0.317 101.60 67.16 69.45 72.86 0.8056 0.1412 -- 63

Rem_1M 0.050 0.006 0.167 0.345 108.63 65.19 71.19 73.80 0.8180 0.1048 -- 59

Rem_1 0.050 0.003 0.167 0.423 106.26 65.11 61.35 72.10 0.8207 0.1097 -- 59

Rem 2 0.050 -0.004 0.172 0.538 97.97 66.29 45.30 66.43 0.8169 0.1070 93 55

Rem 4 0.050 -0.014 0.183 0.693 94.93 66.86 29.17 57.33 0.8178 0.1020 61 45

Rem_0_No cats 0.123 0.086 0.166 0.007 177.09 37.57 175.85 40.25 0.8755 0.0531 -- 40
Rem_1_No cats 0.123 0.083 0.168 0.017 177.47 37.32 174.46 43.53 0.8739 0.0454 - 42
Rem_2 No cats 0.123 0.080 0.168 0.033 174.09 41.90 168.34 51.63 0.8731 0.0482 -- 42
Rem_4_No cats 0.123 0.075 0.169 0.051 173.52 42.54 164.67 56.35 0.8698 0.0438 -- 46
Rem_1_No cats_K40 0.123 0.028 0.189 0.541 22.55 12.23 10.43 13.91 0.5640 0.1608 96 68
Rem_2_ No cats_K40 0.123 0.021 0.195 0.713 21.42 12.24 6.22 11.67 0.5650 0.1639 78 63
Rem_4 No cats_K40 0.123 0.011 0.209 0.900 21.62 11.71 2.19 7.46 0.5651 0.1812 57 55
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(Section of the Ex-situ Population Working Group Report)

Status of the Captive Population
and Strategies for Reinforcing its Demography and Genetics

Mr. Kazuyoshi Itoh and Dr. Jonathan Ballou

Introduction

Workshop participants agreed on the general recommendation that a captive population is needed as
a demographic and genetic “backup” of the wild population, provided that it can be established
without jeopardizing the survival of wild population. This captive population would serve as
insurance in case the wild population experienced a catastrophe; individuals from the captive
population could then be used to reinforce or even re-establish a wild population.

In order for the captive population to effectively serve this purpose, it would have to be:

* self-sustaining (i.e. eventually capable of surviving without continuous input of wild
animals, or any input needed would be of no risk to the wild population);

* contain relatively high levels of genetic diversity;

* exhibit reasonably natural behaviors;

* De able to reproduce reliably and naturally (with minimum assistance through artificial
rearing techniques, such as hand-rearing of hatchlings); and be large enough to supply
animals for a reinforcement or re-establishment without causing extinction of the captive
population (i.e. the captive population should continue to be able to serve this purpose again
relatively soon after it once has already been used to rescue the wild population).

Status of the Captive Population

The captive population was started with three individuals, two males (Stbk # 1 and #3) and one
female (#2). Founder #2 was the mother of #3. These wild-caught birds were acquired in March of
2001 from the island of Chichi Jima. The population grew rapidly (at about 30% per year) and at
the time of this report was 19 total: 7 males, 12 females (Fig 1). All of the birds are at the Tokyo
Ueno Zoo. Figure 2 shows their age and sex distribution.

Total

Females

Number of birds
)

2001 2003 2005 2007
Year

Figure 1. Growth of the captive population.
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Figure 2. current age and sex distribution of the captive population.

With a founder base of only three individuals (two of which were related) the population rapidly
became inbred (Fig 3). The average level of inbreeding in the population is 12% - which is the level
of inbreeding for birds whose parents are half-sibs. This is not surprising or unexpected with a
population founded by only three birds. Further, the population has already lost 27% of its genetic
diversity compared to the wild population (level of gene diversity retained is 73%).

Increase in inbreeding over time in the ex-situ

population
0.30 4
Brother/sister e0e0®m o0 o em@se
Parent/offspring
o 0.20
c
£
8
5 Half-siblings o0 wnem o
[
~ 0104
OOO T8 0000 B0
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Date (mm/yy)

Figure 3. Inbreeding coefficients of chicks over time. Each dot is a chick, its position
along the x-axis indicates date of birth, and its position on the y-axis, its inbreeding coefficient.

Because of the small population size, most of the potential pairings in the population would result in
additional inbreeding (Table 1), producing offspring with inbreeding coefficients of at least 0.25
(equivalent to brother-sister matings).

Table 1. Inbreeding coefficients of offspring produced by mating all males (column labels) with all females
(row labels).

Males
1 4 5 12 38 41 45
71 0.25 0.25 0.25 0.25 | 0.1875 | 0.25 0.25
8| 0.25 0.25 0.25 0.25 | 0.1875 | 0.25 0.25
10 | 0.25 0.25 0.25 0.25 |0.3125| 0.25 | 0.375
11 ] 0.25 0.25 0.25 0.25 | 0.1875 | 0.375 | 0.25
23 | 0.25 | 0.375 0.25 0.25 | 0.1875 | 0.3125 | 0.25
24| 0.125 | 0.1875 | 0.1875 | 0.1875 | 0.3125 | 0.1875 | 0.25

Females
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30 | 0.125 | 0.1875 | 0.1875 | 0.1875 | 0.3125 | 0.1875 | 0.25
31 10.125 | 0.1875 | 0.1875 | 0.1875 | 0.3125 | 0.1875 | 0.25
33 1 0.125 | 0.1875 | 0.1875 | 0.1875 | 0.3125 | 0.1875 | 0.25
40 | 0.25 0.25 0.25 0.375 0.25 0.25 | 0.375
43 10375 ] 0.25 0.25 0.25 ]0.1563 | 0.25 0.25
44 | 0.25 0.25 0.25 0.375 0.25 0.25 | 0.375

Not enough birds have been produced yet to determine if inbreeding affects the health of the
population, but the chicks with higher inbreeding coefficients do have lower survival rates than less
inbred chicks (Fig 4). This trend, however, is not statistically significant.

Inbreeding level and 30-day survival rates of chicks
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09, 2

0 0.125 0.25
Inbreeding level

Figure 4. Proportion of chicks that survive to 30 days relative to their
inbreeding coefficients. The number in the bar is the number of chicks hatched with
that level of inbreeding.

In summary, the current captive population does not have the genetic or demographic characteristics
needed to be the basis of a viable, genetically healthy captive population over the long term.

Strategies for Genetic Improvement of the Ex-situ Population

Population Expansion

To serve as a viable backup of the wild population, the ex-situ population needs additional founders
and/or to grow rapidly. We first consider the possible benefits of simply growing the population to a
larger size.

Loss of genetic diversity is determined by:
GDt+1 = GDt * (1—1/(2Ne))
Where N, is the effective population size, and GD; the level of genetic diversity retained to

generation t. Thus, loss of genetic diversity is minimized by maximizing the population’s effective
size. Effective size is a function of the number of breeders in the population, and how well they are
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managed. However, reducing the further loss of genetic diversity can be achieved by simply
increasing the population size.

Figure 5 shows the levels of genetic diversity that is retained after 20 years given the population
characteristics defined in Table 2, but if the population were to be grown to various sizes between
20 and 500.

.g 0.75 - £ 0.50 -
g g ]
> 0.70 - K 0.45 -
o £
< = 0 B
O o 2.
E =  0.65 - £ 5 0.40
[ =3
o9 og 1
£2 060 % a 0.35-
£ L ¢ 1
3 0551 5" 030
S 050 < 0B5+—F
(1] 100 200 300 400 500 0 100 200 300 400 500
Growing population to this size Growing population to this size

Figure 5. LEFT: Amount of genetic diversity retained after 20 years if the population grows and is then
maintained at the size indicated. RIGHT: Level of inbreeding for the same scenarios.

Without growing the population (keeping it at about 20) it will retain only about 55% of the gene
pool of the wild population. By increasing the population to 100 or larger, the population retains
more, but still only about 70% of the gene pool. This is substantially less than the standard
recommended goal of maintaining 90% of the genetic diversity. Measured in terms of inbreeding,
keeping the population at about 20 will result in a very highly inbred population (average
inbreeding coefficient of 0.45), while letting it increase to over 100 will result in an inbreeding level
of over 25% - or the equivalent of all animals being as or more closely related than brothers and
sisters (Fig 6). It is important to note that growing the population to more than about 100-150 does
not provide much added benefit.

In summary, simply growing the population will not result in a viable healthy population.

Addition of New Founders

We now consider the impact of adding new founders from the wild population. However, adding
wild-caught individuals should only be done if it has no effect on the viability of the wild
population.

One approach that would provide new founders to the captive population while minimally
impacting the wild population would be to force females to double-clutch in the wild by removing
eggs. Collected eggs could then be incubated or foster-reared in captivity, and the wild females
would simple lay another clutch to replace the removed eggs. This would serve the purpose of
adding new founders to the captive population while not impacting the wild population. However, it
is not yet known if double-clutching is possible with this species; research will be conducted to
confirm if this is an option.

If double-clutching is not an option, additional founders for the captive population can only be

accomplished by removing birds from the wild. The Vortex Modeling Group was asked to explore
the effect of removing individuals on the wild population’s probability of extinction. Their models
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show that the current wild population cannot sustain any removal of adult individuals without
increasing the extinction probability of the wild population (see Vortex Modeling Group Report).
However, if actions are taken to remove enough pressure on the population (e.g., removal of cats,
habitat improvement) so that it can grow, birds could be removed without affecting the wild
population’s extinction probability. The number of birds that could be removed without impacting
the wild population’s probability of extinction depends on the potential growth of the wild
population. Ideally it would be desirable to lower the current projected extinction risk of 32%. To
keep the probability of extinction in 100 years under 10%, the wild population needs the capacity to
grow at:

* 5% per year in order to remove 1 adult bird every 4 years (about one pigeon generation)

* 6% per year to remove 1 pair every 4 years;

* 8% per year to remove 2 pairs every 4 years.
We examined how best the captive population could incorporate these additional founders.
The Goals module of the PM2000 software was used to model the effect of adding new founders to
the captive population. The initial parameters were derived from the PM2000 analysis of the current

population (Table 2).

Table 2. Parameters used to model future changes to genetic diversity in the captive population.

Parameter Value
Generation Length 5'
Potential Lambda 1.3
Gene Diversity Retained 0.78°
Population size (N) 19
Effective Population Size (N.) | 5.9
Ratio of No/N 0.31°

' Captive population currently has a generation length of 4 years, which is an underestimate because
the population has not been established very long. Thus, 5 years was used as a more realistic estimate.
% Current gene diversity retained is .74 with potential at .80. Assuming the gene diversity could be
increased by careful management, we set the model level at 0.78.

3. Calculated from the number of proven breeding males and females in the current population.

We modeled several different strategies for the rate at which new wild-caught birds were added to
the captive population:

¢ adding 1 bird per generation

* adding 1 pair per generation; and

* adding 2 pairs per generation

New founders were assumed to provide 0.5 additional founder genome equivalents to the
population. It was also assumed that these new birds could be added to the population immediately,
but we also looked at what the impact of delaying supplementation for several years also might
have (negligible as it turns out). We also allowed the captive population to grow to 100 birds.

First, Figure 6 shows the duel graph over time of changing population size (red line and left axis)
and declining genetic diversity (blue line, right axis) without adding new founders. The captive
population grows to 100, while gene diversity declines to below the axis, retaining about 70% of the
gene diversity after 20 years.
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Figure 6. Projected change in population size (red; left axis) and loss of genetic diversity (blue, right
axis) over the next 20 years without adding any additional founders.

Figures 7 a, b, and ¢ show the same graphic but supplementing the population with one (a), two (b)
and four (c) birds per generation.
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Figure 7. Projected change in population size and loss of genetic when 1 (first graph), 2 (second graph)
and 4 (last graph) new founders are added each generation.

Adding 4 new birds per generation is enough to quickly bring the genetic diversity up to or
approaching 90%. Adding two birds per generation also increases genetic diversity, but at a slower
rate: it stabilizes at 87.5% after about 30 years. Adding only one founder per generation only very
gradually increases genetic diversity. Furthermore, waiting several years to supplement the
population does little to change the results (graphics not shown). While certainly genetic diversity
continues to be lost until founders are added (at the rate shown in Fig 6), when sufficient new
founders are added (2 or 4/generation), they rapidly bring genetic diversity into the population.
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These analyses assume that incoming founders are unrelated to the captive population as well as
each other. Since the wild population is small, it is likely that founders will be somewhat related.
The analysis partly compensates for that by assuming that each new founder only contributes 0.5
founder genome equivalents — or half as many new genes as they would otherwise.

Summary
These results suggest two strategies:

A. Until additional founders are available, grow the population as rapidly as possible to about
100 or 150, which will maintain only about 70% of genetic diversity over 20 years. This
may be a challenge because the population will become increasingly inbred, and managers
may be confronted with declines in the health of the population. However, the alternatives
of not growing the population, or even letting it go extinct, do not provide outcomes that
enhance the viability of the species.

B. Once founders become available (i.e., the threats have been removed from the wild
population and it shows indications of growth; or double-clutching is possible), then bring
one or two pairs into the captive population every 5 years and breed them to produce a
sufficient number of surviving offspring to retain their genetic diversity.

C. Other considerations: Any time injured birds become available, every attempt should be
made to incorporate them into the captive population and reproduce. If research indicates
the feasibility of double clutching wild eggs, then eggs can be brought into captivity to
provide founders. This can be implemented as soon as its determined that double clutching
is feasible. Studbook records should record eggs collected from the same nest as siblings to
allow accurate pedigree analysis and avoid inbreeding in the future.
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