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B1E Kk

BEhzat®micsnw T, £FHTABFB LA Z b A LI LIETALN
% (Wilson 1975), ttMORE TS EFIE T, —HICAEFL, £HE - o T
WAHET o8RG W ZXEFRBEE), FRICKD2TFORER D D5 G (LM,
FEWMEAEASEV T — D —DNHELETIHERESEIETH D, LD TR
DEH] . THFEEF . [VT—D—DFEE] OBEEZADLDERSHA. TO
th &Mt & HJ 4k 2 P (eusociality) & -5 (Michener 1969; Wilson 1971), #fic, U
— A DFEITEASHEOERELRFU TCH DL, BT, I —X FHOERE
R EICET 2D EDOES VI L TE 6 IZEKEMS M (advanced
eusociality) & Jf 4 B #E 2 M (primitively eusociality)® 2 ©>® 7 )L — 7245 1)
bILd, MREAAESETIE, KEL TV D —HOBENEVCEHK T, V—2F
—EEECRDENERNICAFRRETH DL, — . FBEASETE, &£
LU= —HMoOBRERHNENARMSG LTI ArLrELAT, V=T =ik
BWIZ K> THEIHETE, ZKELFA%FOEMAE % > (Wilson 1971; Michener
1974; Jeanne 2003), HEfaME BT, BEHAHA . A, A, KBA, F
HEHOZGIZOE 25BN DHRE STV DU 2014), FFl2. B#AE 123
EETHIHEMEND BREASHICEDI ZHERESHBEZ FFOME CTHK S
Nb, BBHIZEBWT, ST ARFLET T AARFTHLN DR EM S
FEASHEOPHOREZRL TS EEZXZLN, FEBEMHSE IV —-TITE
JTo 0 — A PIREBEME L L EMNOMFFEMEZALNICT S LT, Bthato
AL DRI 2 72 A 5 (Hunt 2012; Judd et al. 2015), §¢l2, 7 ¥ F TN F 1%,
TNUNRBETDAXANFROPICHEMME, R EASERE, SREESERE A
G, TOMPICELEZRBRTH D,

A —A MREEE TS RESSEELZ R LICHESATEY, Shhillo x4
EbL<EF=VE, &6, Z7zuE LIl TREKAMICH — A FBREL

T % (Wheeler 1986; Hartfelder and Emlen 2012), I YV XF TiX, h—A b
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MOEY A ZDENAG RO (e P LEY )Tk THIERZIIND
(Wheeler 1986; Page and Peng 2001), ‘., mA YA BV —ICEHEND, B
A YT F BN ZEWETHDH LMo m(Kamakura 2011), S 512, —
HOT VRNATANFTIHEBEEWRER G — A MREIZEEL TWDH I LR
54TV % (Smith et al. 2008; Hartfelder and Emlen 2012), —J5, &4 PED
M EMASWET T T AFIZBN T, BE, HbIXFINTWVWDLIH—X MRE
WL, TRRAMO =Y & LERE 2 EORIEIZ L > TEEHURY A X) - 45
FOPMERF O IEE ERB)RW Y NAEL, KA oS ERMW 21T, 21 =—
A XL EDOFE) - BEERMWI 21X, AR EBRENC L > TREMICHRE T
% | T %5 (Bohm 1972; Solis and Strassmann 1990; O’Donnell 1998; Reeve
et al. 1998; Hunt 2006; Hunt et al. 2007; Tibbetts 2007; Jeanne and
Suryanarayanan 2011; Berens et al. 2015; Judd et al. 2015; Jandt et al.
2017; Judd 2018), 727 L. T F ANRFTERrRA YALEY —D K5 REHlZ2
THEEITRmE STV Ry, —F, ap=—% A XL LEOHFIMAEIT, P&
DH—AFMREICHWOENDFRNY ThHDd /NI apng=—TEOHEKIT
ar=—o O RMBRAFERT 5., £72. Bohm (1972)1%. Polistes metricus
BT, KBS AEN T —AMRECEET L AR LI, Lol B
EEEHIC L > TCEDORBOHL TN RN, REEAIIOM L 220 F 230

DR BROIREFEEFICKBEL TWDHAREMEL R L, Bohm (1972)23 "2 L
THRIF, BTOHFEEMHEROFHBEINICLE - TEHERFEFLLY TH D
(Tauber et al. 1986; VHH 2004)7=® ., 7 ¥ T HAFOKRIRICH T 2 HEDE
Br L OERSARDMMMEEH S, LaL, Bohm (1972) LU, AERT ¥+ W
NFDH—AMREICKETTHEIZ O TH AN RIT R,

BEEMEBE O an=—HNTIX, BELU—F—MIZEMZKDHFRER
(FFloA AL EZ KD ND)BGFEET D, 2, EEREEEo R EFERIC X
STHEERZIND, BEPR-RBREBEOEAE., V- — L EREHLE AR
8 Glidk) & O O MGEIX 3/4 T, U——LBHNREHLZAAEK



) DMmixEIX 1/12 ThD, BEZHRBRENERIBODL L&, U—T—1X
XV MmEEOENikEOMEEEZITI FREINE EAR LD, LL, A&
FEICAERT 2L - —CBHEMNEN LA AEKET)EOMKEET /2T
HoHN, KENEHLEFABEEKEOMBZEEIL 1/4 2705, TOD, LED
PEIRRE NN IR WIF X L EIC R AR EFELZNIT L LD, B THRAAEEELT D
TRESEEZRGICEmO DL ENTE D,

MREASHEREICENT, ZORMLIETILERNEET HIFET 7T AITE-T
FERICMHE S TV 5D (Wyatt 2014), IVANAFOLEFILET7T T Lo
TU— A —DOINEIEHE 2 MK T % (see Winston 1992; Leonhardt et al. 2016),
SHIZHKREWN &3, ZMEAE L ZEHRICHOELIFBRIZBNTSH, ZRK
F(FEICE-TEHENEZZ 0 =00 A 2ADEFEMEE) D O(LFEWEIC L -
TEG A 23T ATV D (Matsuura et al. 2010; Yamamoto and Matsuura
2011), — . RIAEADIEHREICB W T, EIREEIC L2 %M 5, b L<IEE
et (DARE . B E SN IT A 2 B ATEY & JE 12 U 2 AR M (BABE . th
BEDLIEMN)IICE > TRET HEHE %2 HILTW5H(van Doorn and Heringa
1986; Monnin and Peeters 1999; Jandt et al. 2014), @& . L LIXtt&20ES
JIE A7 D e AL A T Y (Pardi 1948; Strassmann and Meyer 1983; Reeve
1991; Ishikawa et al. 2011), #EAEEIFE L XV £ < OEAATE 2 7§ (Reeve
1991; Monnin and Peeters 1999), L2» L. Z Ot MEL BN & B E S
NEf7 & DPBERIE D BIS 28 F > T 7 F €T > F HNF Ropalidia marginata & ¥
~ N7 ¥ HNF Polistes japonicus LG Sz, b 2FICBWT,
ZEFTBERLLS, HEWELIEMOKEM TRWIZ S 2nb 6T EINZM
§ L T % (Chandrashekara and Gadagkar 1991; Sumana and Gadagkar
2003; Ishikawa et al. 2011), R. marginata |28\ T, & EIX “BEHE 17
17 #(abdominal rubbing)” Z 17\, MR EMAL S THM LN TD L5 k¥ 7
T EREICBRY B AR L TV D LB X 5D (Mitra 2014), F 72,
P. japonicus O % £ b EEE O 7178 & W72 “JAIE Y 17 H) (abdominal
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wagging)” %17 9 (Ishikawa et al. 2011)® T, b8 ¥ 7 F v % W 7= B 5 i
MMERI B Z FF D20 b LIv7R

Los L B S NANL & B S NAAL & D BRI D W TR 72 HF 58 1,
T v AT HE 943 FE(Arévalo et al. 2004)D 5 L 22 FED H TH 5 (Litte
1977, 1981; West-Eberhard 1978; Strassmann and Meyer 1983; Yamane
1985; Miyano 1986; Gadagkar 1987; Iwahashi 1989; O'Donnell and Jeanne
1995; Tsuji and Tsuji 2005; Tsuchida and Suzuki 2006; Ishikawa et al. 2010,
2011), SHIZ,. 2T HDIEFEALEFZHAR I =—DAIFRLER S L <IE.
LERHERE OV — 7 — O BIEMELNANL & 4= S NEAL O BILRIZ 2\ T
RXRTW5, 20D, BELUV = —MOARAEFELKDLXNLEZ LD K D ITHF
HT 200 EHLNIZT D70, V= —P{b#k Oz a =—NTHEIHED
P LR~ kDb D,

AWFFEORBIE, BEEORBEESIET O FIAATFO—F, £ /v 7r
473 F Polistes jokahamae % T, 71— A MNRE & & FALHEFF O HAE % fif
HT 252 THD, FIZ, T—AMRERICBITL2HROEE L L EAMEFIC
BT DASHWELIBMOBEEICOWTESREZY T, 9. KREAHO L — =
MREICEKT DHERN, AR REY OFEELRIELGE 3.1 #i), 2o
AR EE 202 (6 3.2f), iz, HEN I — A MREIZK
ETHBEERNDDICT200FEREITo72(F 3.3, 3.4H), Zhb2OD%E
Braml T, RIKAH AR EARBHAROBEMEIC OV THAM L2, &KE&IZ,
LEMMFFRELMRI T 27010, B an =—DfTBBE LT 72 (5 4 %),
ZORER BEHNEAII L EMAERFEBICEGS L TV RN ERRBENTZD T,
VTN K DM O LR, Zhb0firAm L T, EAaME
LD REFIZIHED,



F2E EBRMRER

AW O X GREIE. ¥ 0T v F HNF P jokahamae (nee P. jadwigae)
Radoszkowski 1887 (Hymenoptera: Vespidae) Th 5, AfiTdbilFiE 2% < H
ARENEG R OMEEBICIEL oL, @E, bE, 88, A F, L#ER) 3
T(Vv=T#E: RT7RT7E, boTE v T TE)ICHHALTVD
(Carpenter 1996), HHRBEBIIMILEE THY , MEICET 1HOA R L EIC
Ko Tanw=—i58) 2B 4 (HIEAIFR) S 1L 2 (Kasuya 1981), BIfEHI 512801 T
WAL EIZ3HTANOITEEENSEY ., 4 HTANL 5 H FTRICHIT TH
MTEBZITO, H1UV—A—1T5H TN 6 I TPILL, ZHITH
W, 8 A LA BEIEMEECE A LB L E)R PS5, BHREMEAIT 10 A T
WCRRBEATV, FIHEDOHNBELITAD,



HI3E H—XMREHE

BT T HAFIZBWT, BAREEII - 2@+ 2 LWiEEE R
%, B E(gyne; BB IIH L EGEMNITKICZRBEZAT V. BA L, BEFEICAIR
ZELLTEREZITI 20D, 20 OFEMEITEARTICINEZ R iEIET,
JEE % % < £ 7 % (Toth et al. 2009), — 5. HEHI—A N THDHU —H —
(worker)iZ, Bi& &7, PHELFEOLXETIIHTT S, TOLDH, ZhbHO
EERIIBEA DD DL OIFE %R L 72 (Eickwort 1969; Strassmann et
al. 1984; Toth et al. 2009), £/, UV —F — T/ 2K E., Pk HMEF T
Ll IR AEEE S A AN (—F1K) % PE H § % (Haggard and Gamboa
1980; Toth et al. 2009), AE TiX, TN L DAEFFFHEZ LI, TV T TAATF DO
B — A MR ERAE DRI &2 R T,

EFT. VA PMREBEELMPT L7201, REKAM O — 2 bk E I
TOMY DFEMLEE ARVPELKRD — A PRECRIETEEIZONVWT 4503
BROE 1~48)&2iTo7, B 1HEH TIT. RIEAMOH — 2 MIREICHEE L -
M. AR 2R OFEIC DWW THRAEL 72, & Ok ISP L= 8k
TEREW) - AT — =R DM a2 o TPET 22 LR L NIRRT,
ZIT, B2HTE, BAREKOREEMEZNET 522 LI1CL-> T, KRER
HIZHh T ol my DEAICHEEE 2L 7, RIZ, H 3HiLH 4

T T, ARP A=A FMRECKIETRZEZOWTH AL, HF 3 & Tk,
HRLEEP TEICHE SN TZENRE FTRERABMZ S I LEEEIZONT,
ARDOEBEZR, RFRENL, ARIEKIETL2HEEAT V2P LT
D, HAEHTIE, BAOAREREZ RRAMICRER L 7ZEEKICoO 0T, Aok
HMHAREORBELZR T, KRN L, KA T 2 HEOES 7221k
DEEMEICONVWTHIAET 5,



F318H PIEHOI—XATFNREZEELEZRDY

3.1.1 IU®HIZ

BAFEOT T AIANAFIZEBNT, EAHODT —ZX FREZRY ZHELIED
HRELT, KEAHoOoz I ES LTHEESEHZE LM AHRE ST
% (O’Donnell 1998; Hunt 2006; Hunt et al. 2007; Jeanne and
Suryanarayanan 2011; Jandt et al. 2017), B D72 = B3/ S VIR
VA X E U—h—ROEEK%EZ%EL ¢ 5 (Karsai and Hunt 2002), £ 7=,
B EEO = F RN ABE(E X7 E) L0 T IV (RAEE)ICK D &Pk
RORESEHENEML, FIxEROEEKEZECSEDL I LR RBRINT
(Rossi and Hunt 1988; Judd et al. 2010), /i x T, %« E D4 & % R B (il
ff K7 I 2 7 antennal drumming) A KA EEK DO B — X MR EICHEL 5
252 b3 R S 7-(0'Donnell 1998; Jeanne and Suryanarayanan 2011),
COTENL., BRICEBAEAN, MALZBERENEBECINEOT LI LI2Xo TR
A A IE D, 7o, Polistes fuscatus % FIT L 5 filifs K7
HE BB b mo o s 2 b, KELREABEHORE: 2 I 2=/
—varyE L THOWLATWD TN R S 7z (Suryanarayanan et al.
2011a), S H 12, ALMICHB L7z KT I v 710§ S L7z RECAE KX, Pk
MOBEEMENBD LY - —HMORKEEZ L2 b, I — R MREH

141

Y7, kE

MIZREBL TV D AN R S L7z (Suryanarayanan et al. 2011b), L 2> L |
B S O RS I 7R, v F ol L CRBBEERE SN B e AL
EEETHWDIO0, b LIIFA MLy —ENHER) & U TR KD A4
REBICEBEEL TVWDLI0O0E., O KMAH 5,

KECRBZNLECEER - AKX, 20 = — 3B HIC Pk
THAAEEEE 1 70— IR L TR 2T 6N TWD & EbiLD (Jeanne
and Suryanarayanan 2011; Judd 2018), {E#H M7 v F H AFidag=—H% 4
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JNVDFE LR, 3 oD T v — Rl onsd, 1 70— REFARLEICL-
TARBAMICHETEZ 2T, — KWK IS BHR Y- —L D
(Reeve 1991; Tsuchida 1991; Toth et al. 2009; Hunt 2012), —J . # A P{k
ERBEEL LSITERUBICHEI L A AERCIEE 3 70— R EMFER)ITH &
Fiz7ed EE 2N TW5D (Suzuki 1986; Toth et al. 2009), % 1 7L — K &
37— FOMIZPL Lz A AEERCIE, 5 2 70— K EFES)IT, Al

EEUV =T —oWGrbMGFErzZ S LElETHL, ZNEDEEN. UV—F—
H L FHLEICRDDIEEMTRA D ZENRB I TV 5 (Suzuki 1986)
N, LTIV — T —IlhdeBIObNTEL, ARG RETCHLEInT &
FTANRTFOHE 27— FEAKZ, V- —%2@EmOTF ol EEZLLNT
% 72 (Suzuki 1986), L2722 L., FA B VT, b OMEEK O —EIx 4515 8 <
WHETDH—FH, ROOEMEKIZIE I T L —FREFICHECEEY, ao0=—iFH
ML, Mx T, SR EEBCRER)IT, 26 TETHLIN, F2T7—F
EENEEAL LZbOE2BEICHMEL -,

17— FICIERRABMO & ERB L EICLDEEN - ZHARFEY
MMM TN EBEZLDL, ZORY OFMEEFENT D201, PEIFAT
DR « FHENZ T L - FHTHARNOILERD LN, TNETITbhT
M ole, Juddetal (2010)1F. AL — A~ O KA O 5 H & &8I
BIAN— APV mN I EamLien, Pz o TR~ TRy, K
HiTiE, B7ua7 T AAAFPERMEOKEKY A X, ERE, FEEHZO
TN — RMZEZRDH LT, KREAWORY OFEICONTHLENTT D,
ARBELFEEEHEETIRI A XL 228 2R EDIC, BHRERALFHEINLD
HALARRIC L s THIES T, EHIC, F 17— RICBWT, B, £
BIRFPERPIMEIE E EDHERH 202 XTc, 2 OT7 T FHAFITEBNT,
R & AEREITPHEIEIC VI 2 1712 & % (Reeve 19915 Keeping 2002) D
T, ZNEWMENPDDLTZDTH D,



3.1.2 MetEFHE

2014 & 2016 FFIC —HEBE AT, SMETHB L OEMBRFIT LD EF 42 231
=—xHRHE L7 (Table 1), 2 n=—HERICKBZWMEBEE, @IS T 2T 1
v 7 Ay Z(EA 129 mmx &S 60 mmANTHERF L7z, 20L& BHALET
ARFXMHEZENATHERE L. BZHEKT S22 LK THAS R CIREIZE W,
BIILULTFO 37 v—TIChE ST,

1. HMmERERPan=— F 1 V- —NPTI2RIICERESINT-an =—
TOTNLN—TnBIEE 1T A— REAKBRED BT,
2. HFEEERWao=— F1 UV —PE»LFE 1 FAPLATICERE I

fcap=—, ¥72, 2O V=7 FTHIZHRESNTZROAZH W, ZOH
BT, 6 AFAIIZE 1 72— REERIPMELIZ LD 57D, 7T HIZRESH
ToWE R CHE ORI, RRAMICAIRLELE 1 70— FEKOWE G 2 b ik 5E
EZTTVHEHBENRD, 2OV —TnbIEHE 27— FEKE, DT
bONEH 3T NL—FEELED BN,

3. B HBPMEH arn=— F 1 A AP BRIHRESNTcan=—, ZDJ
N—TInHIEE 3T L — FEAERED b,

LT, RERATH THoTlMEDOAEZFZEBRIZH W, £/, an=—%f
HBlZE L, PR Z28RE L2, Mx T, F1 70— RIZoWTIEPEIED R
Bk HAT o T2,

2AEM T, HME R oo =—13 23 b 145 AR, EREERER a0 =—
T 15D 148 k(D B 2 B 5 18 KD 3 7L — FEKZBRE L7Z),
AR R P e = — 3 4 B D 89 K& B4 L= (Table 1), f5H %M &
DO EIE 2014 FFICETRESHIZEEKICONTORIT- 72, 2016 E DAL, B
DEBREGE3AFCHVDI 2D PHEEZOREER/EOREEZITDLRN o7,
ZToky, FEEREEIZ. B 1. B2, H37r—FTxhLTh 81, 72, 25

KD 541 247 - 7= (Table 1), B S L7z PHEBEARIL, SHlE & AR EN ¥ X (K

9



Table 1 Information about the samples

Collection period and site

a i ab
Nest Year Date range Site Sample size
Pre-emergence 2014 May 31 to June 3 Tsu and Suzuka, Mie;
- 81 (11)
Fuso, Aichi
2016 May 23 to May 30 Tsu, Mie 64 (12)
Postemergence 2014 July 9 to July 15 Tsu, Mie; Fuso, Aichi 72 (7)°, 4(2)@|
2016 July 2 to July 24 Tsu, Mie 58 (8)°, 14(3)¢
Postmale 2014 August 14 Tsu, Mie 21 (1)
2016 August 10 to August 18 Tsu, Mie 68 (3)

a Pre-emergence and postmale nests produced first- and third-brood adults,

respectively. Many postemergence nests produced only second-brood adults, whereas
some produced both second- and third-brood adults (the specific numbers are given in
the column listing sample sizes)

b Numbers in parentheses are the numbers of nests

¢ Second-brood adults
dThird-brood adults
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ANRIE BAZL 0.01mm) & & F KFF G /N E AL 0.0001g) & 2 42 4L H v TRl iE
Sz, TO®K, 2014 FILHRESNTHEERIBEEEEELZNET 27201
20C TR fFINTe, WEBTORBEEEEEN 2 F LT —T LIZE - T
k% & fu 7z (Tibbetts et al. 2011), JRE &M BT, BEREMKZ OB ERE D
AnbRkobhic, AREBLIEEEHEIL. KT A XL BEZHRITZDIZ
P OHBEINIHEMAEBMTHESNT, ESNTEEEZUBEZNLE N
IF(K U 4542: index of fatness) & IRL(HI xf if & % 5 B index of relative lipid
stores) & If.5

1. % 2, B 37— FHoOEE, AEHE, IF, FE&ERE. IRL 2 —f&

¥

fEHREREGET VEH N THITSNTZ, 7Vv—FzBEEHER L LT, £LT=
H=—% 7 X LERELTHITLE, FRISERICH L TT L= FRAFEIC
B L L RAALOEBARLY 7 =0 — =% E LB E Holm 1979; Rice
1989 H W T, FOXRTHIICABEREZNRHENL O ER LN Lz, £,
IRL & IF L oBRIF, IF E 70— RZEEER L LT, au=—%7 V& A
R E L THARAENT —RIEMIBIREET VT S 7z, IRL & IF & O
MORXEAERAPABEICEBGFRZR)LcZY, 70— FEOkx IF BN
2.7, 3.0, 3.3 lZOoWVWTH -7, ZOfH Tk, NCSS(version 11, NCSS
Statistical Software, Kaysville, UT, USA)2R AWV b7z, MMz T, fEE & &
IRL, IF &K A4 X DKL, P A X7V —FEZEEERE LT, ar
=—% TV AERELTHAAENRT —BIAEMIBIRSG T T VTR S LT,
FEEBHBICS T 206 A0 EZMT T oL &3, KA X0HEEL LT
Hig,r bR SN2 EERAVWS N, RS, KEGHE) LD & L AKE
O BEBRES XV ThH 5, AIC(Akaike’s Information
Criterion: RUMEREHE)NC L2 ET VOB EMEE Rz L 2 A HIEZ AW
TFL(AIC=640.7) X W AR Z AW/ EF LV (AIC=638.3)7% L TV 7z, i
W, 17— FRIZoWnWT, PHMEIEE LI T o2& %, dHig, £KE, IF, FE&
ff&, IRL Loz 2z EN—MRILBIBIRAETT LV ZHOTET L, kL

=

11



DM RIERIZ, = —EZ T X LERKE L THARAENTZ, RBICHEED M
AP LG EE., Z2h b o EICE CRAIECHIEDOER)) 2 H v 24 Tk,
E2TO—BALBRIBIRSGET VICK DT, #EH#HT Y 7 b7 =7 R(version
3.4.3; R Foundation 2017)H @ “Ime4” & “ImerTest” /X v 7 — ¥ % H\\TAT

bhi=, £/, ZEEBEBKRTIEZ “multcomp” Xy 7r—YZ2ZHWTIr»-> 7=,

3.1.3 &R

SR (x5 = 75.4, P<0.001), k& (% =75.7, P<0.001), IF(32 =22.9, P
<0.001), JEE&EME (2 =41.6, P<0.001). IRL(y2 =36.5, P<0.001){x 7 /L
— FOEBEZFZICZTTEBY, ETORTA—XTE 17— KRFEIT/NH

<, L, Er oz (Fig. 1 #EAR Ly 720 —=ZHELBHKE, P<0.01),

IRL & IF & O BBZHEICHO>WWT, 77— & IF EDORZRAAEMR IRLIZx L T

ﬁf

BICEEBLZ(? =6.6, P=0.037), “NIXIFOEERT L— RFIZL-oTH

HILHERBETE, FORED IFO®ELY T — NI LI LE, IF I

=

B27 L —F(2=9.1, P=0.003)% 3 7/ — F(y?= 8.4, P=0.004)CI3f
BICEBEBLEN FE1I7LV-FTERABRICEB L7 (? =0.0, P=0.978),
£/, IFEN 2.7, 3.0, 3.3DKOIRLO 7V — RFMOEWEZHENFLEZ, 32
DETCHOIFMEICBNT, 2837 1—FOIRLIF, #1740 —FKEVEH
BloEmno1-(Fig. 2 BiER Ly 7xun —=Z&ELEKE, P< 0.001), LiL,
F2LHEITNL—FRTEIAEREVITHRE IR0 o7,
TEEEBEIRI A XL AEREOMHMERL, £ TO T L — FTH UMM
bole (TN —REEKYP A XL DOREAEH LA E TR - 72; Fig. 3; Table
2, LML, 7V—FNEIABIEBLTEY, F1 7V —FEIHE2LHE37
L= R, AUES A XOMEKE DR VIFEERE %2R~ Lz Gl
Ry 7z —=F%BELRERE, P<0.001), 7=, F2L¥E 37— FH T
BREBREBVITALONL RN ST,

12



5.0

48

486

44

42

Head width (mm)

4.0

400

350

300

250

Wet mass (mg)

200

150

20

16

12

Lipid stores (mg)

First

Second

Brood

11

Third

(mg/mm?3)

IF

IRL (mg/mm?)

35

33

3.1

29

27

2.5

0.15

0.10

0.00

all

=11

First Second Third
Brood

Fig. 1 Head width, wet mass, lipid stores, index of fatness (IF), and index of relative
lipid stores (IRL) in the first, second, and third broods. Data are mean and SE values.
Different letters above bars indicate significant differences in sequential Bonferroni

multiple-comparison tests (P < 0.01).
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0.0 o T T T
2.0 2.5 3.0 3.5 4.0 4.5

IF (mg/mm?)

Fig. 2 Relationship between IRL and IF in different broods. A positive correlation was
found in the second and third broods but not in the first brood. The line indicates the
best-fit linear model for the second and third broods combined; no significant difference
was detected between these two broods.
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Table 2 Statistical results for the effects of head width and brood on
lipid stores, index of fatness (IF), and index of relative lipid stores (IRL)

Response variable Factors X? df pa
Lipid stores Head width cubed 749 1 <0.001
Brood 182 2 <0.001
Interaction 1.3 2 0.517
IF Head width 00 1 0.904
Brood 49 2 0.087
Interaction 26 2 0.271
IRL Head width 202 1 <0.001
Brood 29 2 <0.001
Interaction 29 2 0.230

a When the interaction was not significant, P values were calculated
using a statistical model without the interaction
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Fig. 3 Effect of head width on lipid stores (a), IF (b), and
IRL (c). The broken and solid lines in panels a and ¢
indicate the best-fit linear models for the first brood and
for the second and third broods combined, respectively
(see Table 2 for the statistical results). No significant
difference was detected between the second and third
broods. Regression lines are not drawn in panel b since

head width had no significant effect.
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IF W no 7 —RKTHiEY 4 X LBEBENARDL N R Do 2 (Fig. 3;
Table 2). — 5. IRL A% 4 XL EoMBEE® b5, 27— KTH UMIAT
ol (TN—REERYAXEDZEAEMNBAERE T2RM)->72; Fig. 3; Table 2),
L)L, ZV—FREABICEELTRBY, F17L—FREIE2LE3I T L—F
FOFR KA XOMEKZELRTZZRE, KW IRL 2R3 L2GE#BEA 7 20 —=
ZHELBKRE, P<0.001), /-, F2LFE 37NV — R TIEAERREVITAD
nWiginoi,

17— FNEPMEIE 1—11 Lok zEH Lz, IF ZfR< /N7 A — 23
PEIE 5 i F THIMMEMICH Y, TORITFEHER-T, TORO, T 2N
fENE 5L F TE& 6 LUUBIZH T TITo72, 6 M UBIZWTILDONRT A —F L
fRIEE OBICHEBERBEKIIAR N o7, —FH 5L E TOMEMEKIZT DV TIL,
GAME (tgy 4 = 6.4, P < 0.001), ERE (tgyy = 4.3, P< 0.001), J5E & & (ty08=
3.1, P=0.004)., IRL(t,,, = 2.3, P=0.026) CIEDH Z 2 BHEN R 5 7= (Fig

4), L/ L, IF(tgg, =1.0, P=0.32)IC >V T IHAERBRIIAON RN -T2,

3.1.4 £

FE1T7r—FEo7r—FEh/has<, B, PRVIEEEHEZRF > T
Pl FEEHEEIRY A XOREEZRNTH, 17— FTHRHLAR
NERLTE, Zhix, BRI — A M~ORY 2> TP LTERZ & E2R
g 5, REAIICERLZZ V7R ERAKMEMIFEITZZRZENES A XL E
BHERH &I 2T % (Rossi and Hunt 1988; Karsai and Hunt 2002; Judd et al.
2010), E B, BHEET v F AT ARFITBNT, F 17— KRS a#Hicix, Al
HULEDOHPHEMETH Y R —5 B R 2KV (West-Eberhard 1969;
Haggard and Gamboa 1980; Gadagkar 1991; Reeve 1991; Jeanne and
Suryanarayanan 2011)7= 8, Z VNI E L RAKACH O E N L7 o b
Lz, b LT B Ko TEBMICEBENHIRI AL LA,
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Fig. 4 Effect of emergence order on head width, wet mass, lipid stores, IF, and IRL in
the first brood. The analysis was performed for the first-to-fifth emerging adults of the
first brood. Four of the variables (the exception IF) increased with the emergence order.
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o, B3AHITOERROND L HIC, FH 17— FiE, BEZER(XVEWVIR

LM+ 528 EOEMZRKAMAENEZ L, BEMOIZHEELZHEL TV D
AL SN TWVWD, X512, Jeanne and Suryanarayanan (2011) & Jandt
et al. QOIDITRMAMORKBIREIZMA, il KT I 7 HHEEHITH — R
FMREEICHELEZBEORY ICEET L2 2O I L, P fuscatus D
1 70— R REABIC L ERT)@BEORMA NI I 7RI L X,
P O R E ¥ & % /) & % (Suryanarayanan et al. 2011a, b), = D7
D, BT VI HAARFUEBVNTHRBHMABEESERECEEL LI ND
LitZew, L L, ZOREBN T 7 re LClE, Rt E KA &3 ABR
EEAESETCHDIZON, bLAIE, ALy =t LTHE, REAFEKD

fmv

BEEEIHEARSEZRNICAEHREBEZZLIE TV IO, EimORMAE D

O

o

mEAWZ &I, KA XL IRLOEOHEENR 7V — RE TR -7, F 17
N—=FiEoT7Nr— NIV Ry A ZOREEZHRWTS IRL ME» -7, MR T,
2. 37 Vv—FOIRLIZIIFOEELZZTLICb22rbLET, 17— F
DIRLIZIFOEELZ T o7, Zhix, H 17— N\ T, IF 3 K
LCbh(ZEniF, BESBSHMET 22 LIk ThREND THA H)IRL DN
WZOBRPOLRWVWIEEEWRT L, TNOHOORKERIT, E1 70— FBEE LV i
DRERCR 5y (B 21X Z N7 B) 2 MR ICRE L TP b L m et &2 w4
%, P. metricus D RFEAMICBNT, V=T — R DMEEIL, FikEITh DM
KEvmnwg o NI EREEZFEESZ EDRMLNA TV 5 (Judd et al. 2010),

F17AL—FNTHERIERZ FICRDICO N TEY REL, KV&ELS, X

DZOEEEEMEML TP T 5, KA X AEKRBEIZEHT 25 /1T Reeve
(1991) & Keeping (2002) B b #iE S Twab, L2 L, IFIZPMLIE L A& 7%
EORBEE T, AEREIPIEIEIZEWVEINT 2 LW BT, KA XD
e koTHlEEZINTWVWD EEZOLND, £ LT, IF B PACNEIZ £V
a7 IRL AP EIRICEWNEIN T 5 2 &6, B 1 70— RN THRABIEIZ A
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WSR2y O E RO ZEE S X2, thoBWE B D)MNE Z > T
L2 EBRBET D,

B2 70— RNEE 37— RFERUBERN - AR MEZF > TR L,
IHNEE2TNV—RNEE 17V FTRONDIEBEIT — X S ~DAR Y 257D
STWVWRWIZIEERBRT L, ZORRIT, H27V—FObLLBEEITY — —
. MO EERIEH L EICRDEVIBELZFHINT L LN TEDH, ZLT, B
2 TN — FERE OSSN EREREERNICL S THI—XA FRENET D
&% 2 51 % (Solis and Strassmann 1990; Tibbetts 2007; Judd 2018), L »»
LAaRb, IERICL YV Z OREEZR/FOHE 2 70— FEKRO RN LY EE D
—Z PRV TVAREELDHY, PO EEEEDEVWNLZ DR O I —
ANREICEORERLESTLIONZFTHRDLILENH D,
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FE32f HACCBIIBLBEEOEBREBEOLE L

3.2.1 ILU®HIC

FE 2

&7
=~

ATz XS, WEET T AT ORI — A MTEEA RSO0

:mu

<
(A BTIC% < DIEE 2% 2 5 (Hunt and Amdam 2005; Toth et al. 2009;

@

Hahn and Denlinger 2011), B4 fi O KM T, B — A MIER L= 3L
X— %2 EEFTBLIVDLABEEREO F~oi+ % Matsuura and Yamane
1990; Toth et al. 2009), & L T, %I — 2 MIBAZICINEZRE I, Al
BUFELLTHEE, B, 51 7Vv—FNOHFEZHRBT S, 20k g
DEFERIR L, A A X X A NF Vespa mandarinia |25 T HRER S iz
(Makino 2016), Z OFE Cix, BIAIKRIR OREE LITEIEMEDL & £ o 2% I
RIPERA T D, £72. P. metricus DA 4 Fid, PEEFE» D BARTIZ NI T
EEEHEAZHMI T, BRI T TRIBIZHD S, AIFRHICHE &5 (Judd
etal. 2010), L2 L, ZOMETIHEAKRELZV OFEERELLBRL TV D,
P O EREIZHEENICEINTCHNEDIC L > TREEL SN D AT REM
NhHd, TOd, PEBIZEL LW BEREEZH Ky A XFHEIND
RETHAH(GE 3.1EHBR),
v/ T T AARATFIEBNT, U—=h =l DT WVWE 17 v— KX, #ik
CRVRTVE 3T A — IV BEAKESH Y O EARL) Z 2 £ 720 iR
TP 50H 3.1 H), Zhidx, 1 7Lv—FRZTOMmDOTL—REHT
PEBRICEAEHROTZDODOIEELZ LV ZEBHLRTLE LRV &2 BEE
T2, L, BAKIOLDICHLERBFEEHREOMBITELE R, KHT
X, BART, b, BROBEEEEOWMELBL T, BAICKLERFEEMEE %
HET D, TLT, ZOREEMENERY A XL TERR IO E, Hixt &
EHXEARLIO 2 2ONRT A= HWTHRFT L, b Lt ENNLETH
WIE, NS WEERIIBELAICLEREEAEB T2 L0 RETCHLI 2D L
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W Flo. BARINOLAIRMETCOINEREFTREOLEMZEH L, 22T
HRESOEEBZFRRD, REWVWEKROBRAINEZFORHARENEH>72 L /A
SWEKRITAIR A ENTAFE RS, RIS, AREOWE 2@ L TITENEM
DEmELIRMZHEET L2, AWMOEEREOHMIT= b LIRS DOERIZK
S EAEINDEEZOND, £OD, AERBEOHINE., E A& OITENEME N
BMED., TNOEBRLAERNIERE 205, Mx T, & 3.1 Hick T,
PMERF D IRL (X IF L IEEDQMHBEAN RN T, BAHTH 50T AR OFEK
DIRLNRIFIZL o THETE 200 bHR D,

3.2.2. MBtE& Fik

2014 -, 2016 -, 2018 FD 4 H)nbH 6 AICMIT T, TN ENBAHZ DO A X
pCH 37, 10, THAEAZ —HRFHENNORE L, £/, 2015 F & 2017 F 1
T 11 ARG 12 H EAEHT T, 20 11, 5 EE 2 BAREAK S LT
BRELZ, MZX T, 20164 3 A 8 HIcHA T o 3EEKEZHELZ, ZhbD
AT RER KT A X ERELARPEL-20C THHRREFE I, — )7, 2015
BT =ZEBERFAHENO 2 Wb E L 18, 14 EK O B A& Fif 8 4K 2 55 L
72,2017 AR T Ik B R A S L TH K 0 4 IR o0 B AR R A BRAE L 72 (B W PR ),
INBOEEKIEIY~ 8T v HNTF P japonicus & FEHBL EA1T o TV,

AP L, 7727 0 v 27 =Tt 18cm x 33 cm x & I 22cm)N
WK, "TFIVRE, BAGHmELToOER— AR ANLONTE, F—YICAR
BNTEERITEN BRSO R VWEACENNHMER S 72, 2015 FICHRE S
NI 3@ ZLic 5, 6 KA EEEMBEONEDDIZYH T ) v
ZATV-20C THRAF L 72, 2017 FICHRE S - BEITBEART(11 A 17 B & 12
A7THIZE LEE)EBAHMG A 10 BIC 2 HE)ICIEESEHEOHNE D -9
BTl 200CTHRF LI, 2RHODOFEKIEEEHRENED O OV
Y7V 7ET, 1 BEABESICAKRELZRNE L, &ETOMREKIZ DV THIE 3

k
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Halfli L REEEEOMEEITo7, 7272 L, 2014 FOBAHBEKRD S H 11
Ml A XN B IC R L, TREEREOR RO A 2B,

2017 E 5 2018 FFICERE S LT lIE D 5 b AR 7KL A 17T A D 4
kL 12 4 56 B 3L BAR IFMEICHONWT, SIRMEHBRICT V2L~

okt

A4 7 1 A =a—7(VH5000, Keyence, Osaka, Japan)% i\ CUIR Z R L /=,
ZTOH%., WINEMRGICAEST 2N MROREE Y 7 MY =7 Image J
1.50i(National institutes of Health, USA)% H\~ T, © 7 B /LHEA THHIL .
mm ([ZZE# LT,

JEE#EME, IRL LK) A4 XL ORI, KA X &A% D % [EE 2
K& L
SN, T, BAREBEARZENL TN T, KA XORENFALNTZ,
2T, OB E AT A FEo0y, FFio2 0 )icxt 3 2 80 & sl & f%0E A 5 (11
H1THZHEORRE LEREIOEB I AT vy 7RO EH W, =

T, 27 X LBERE L THARAENTZ —BRILBIVIRS T T VL TR

DfEFF THWET =213, 3 A 8 Anb 4 7 10 A OMICHRE S -k % A
Wi, FIRINEREFTCAT2HEOME LU Z2T7 VX LHER L LTET VI
FLAGA TS, Z B O fEHNTIZ X R(version 3.4.3; R Foundation 2017)H @ “Ime4”
VT, AEMIT. R LT L2BERNEZELET LV EGERVET LD 250
TV %2 R N O “anova B 2 F W 72 & B BB E THT o 72 (Winter 2014),
RHEEAPARICEELRTINEETAPLORE, R/AOAKBEETT VERT,

IRL & IF OB4RIE, IF & @A X7 — O (BART, BiAd, BA%) %2 B E =
LT, 2T U X LERE L THARALUE —RIEBRIBRESET VEHNT
ARz, 2o OfENT X, NCSS(version 11, NCSS Statistical Software,
Kaysville, UT, USA) % I\ TAF b vz, BLEOfEFTIC 30 T 5B &6 1o &t
TORY A XORBELZRNDFIIT, HIENOFHAE I BAKBEEZZER L L
THWEGE 3.1H#iZ M), —FH IRLICHT 2BV A XOEBEEZ ML R,
Mg 2 A% e LTz,
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3.2.3. ¥R

BRI, B R B U e IR R B & R 7 72 o 72 (Fig. B)AY . R R O I R
A e (o I 227 40 2K s 0 IR RE ML R 2% 0.66 £ 0.03 mm [FF¥ £ EHEREE]D % £ <
AL TV, £, RAWEZRAET 2MEKIT. 38 AR AL O HE I NLIH D,
A EoMkR 4 H ERURICITRAINE ZRA L7z (Fig. 5), BA% DR
IO KR E 1L 2.61 + 0.08 mmCEH + HEHEFRE) Th - 72, K & W E K AL
RIPZRHRT WD LT o7z (BHIE; x2 = 0.8, P = 0.361, BA&E A MG
x? =19.3, P<0.001, ZEHEHM; x =0.6, P=0.461),

KA XS 7Y TR (AR DA Z)EDORZAEERIT. IFEEH
BICX L CHBICREE L) -7 (Fig. 6, Table 3), Z ik, IEE &M & ICH ¥
HEYARXOEBEOMLGFPNARICE RO RN EE2EWKRT 0, PIEIE 0.1 K
it LA o7z, £ T, AR EBOMEB O 24T 5 & BARTIZE W TR
A B VI O F BB H & iz (Table 3), CIRLICHEW TR, &ZHE
HbREZSOEELRON RN, TDOH, REIICELLT, AT
D EDORREENLELLDLEITEZLNR NS T,

WARBEEES ., KA XIEFER<, 9.9+0.8mg CF¥ + EHERE) £
THA L7z (Fig. 6), #&AHIL 4 A LAECERMICHEELEME L IRL B
L., ZOH%IFEWEL MR L7 (Fig. 7). —FH. ERBEOLAFOLEITIEE &K
BEOLMEEBU LD, BEEMEELIZERY 3 L, fRar68ML

(\‘5

(Fig. 8),

IRLIZxt LT IF & A RT =V OREAERITAEICEEL (Table 4), 3
DDOWMERAT =V ENZENT, IRLICKT 5 IF OEOMH TN R - 7= Gl
Ry 7zuo—=%&EL&EHRE, P<0.001), 2L 2T =BT, IF O
MW IRL & 380 L 72 (Fig. 9)728 . #ME(EHR OB )T, @A T HRRE KT,
BA % BN TH o Tz,
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Fig. 5 Proportions of gynes or nest-founding queens with mature eggs. The numbers
on x-axis indicate sample sizes.

25



Table 3 Statistical results for the effects of body size and overwintering
stages on lipid stores (or IRL)

Response Factors X2 df P
All Lipid stores Head width cubed 1.3 1 0.250
Stage 900 1 <0.001
Interaction 28 1 0.093
IRL Head width 10 1 0.321
Stage 913 1 <0.001
Interaction 07 1 0.415
Pre-overwintering® Lipid stores Head widthcubed 34 1 0.064
Post-overwintering®  Lipid stores Head widthcubed 0.0 1 0.957

a Since the interaction for the lipid stores was nearly significant, analysis of
the lipid stores was separately conducted for pre- and post-overwintering.
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Table 4 Statistical results for the effects of IF and overwintering
stages on IRL

Factors F df P
All IF 36.7 1,1024 <0.001
Stage 22 2,99.7 0.121
Interaction 35 2,101.6 0.035
Pre-overwintering IF 12.2 1,204 0.002
Overwintering IF 149 1,220 0.001
Post-overwintering IF 38.9 1,60.0 <0.001
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3.2.4. E&

w7 T ANFTOREEHE T O IEE EOEIT, WHED Y A
I T I &S D FR 1 (Roseler et al. 19805 Matsuura and Yamane 1990;
Hunt and Amdam 2005; Toth et al. 2009; Judd et al. 2010; Makino 2016) &
MU Thole, DEV ., BAROBER T, B LI RMALZ R o @& TS
T, IFESEEEIIMITHIE P CRRTHo7o, 2T, B I— A N PRBA
DO OICINEEET 2 M AEKRIRIZAY, FEEZZ<EHML VWL &%
AT 5, KR, BARTOEEKIT, FY 30mg DIFEAZEHL Tz, 2l
PO EEHEGE 3 7/ — F:iGyne) & Wi+ 2 L 2 fFr V& & 722 5 (F
3.1 Hi), 2FV ., PHLFHOREOA TIHBAICMA ) 2&FZEHML TB LT,
P OREEZB LICIEESEHEDI RO OGN D, T T HAFITEBWT, HxH

(2% < ORI D &V IEE % & 2 5 < (Rossi and Hunt 1988; Judd et
al. 2010)Z &6, LB EDO D — R MR 2000 K - THEEHK O Z b 4
U % & P4 &5 (0 Donnell et al. 2018),

BAROBEEEREILIEY A ANKREVIFZERL o E\EREITE W), —H.
IRLICxI L T A ANREEL T o lol &b BARTOEREE
AR bT, 0.3mgmm3DIEEAERMIT B2 2, 2, BA
fEAROERY A XOERITZEAORDICEB LRI LERBT S, DFY,
MNEVWETI TV —FRBTH AL EL M @EELFFoTWD, Lo,
/17— RFROWEY A X 1T FEH 4.24mm TH Y, 0.3 mg/mm3 D EE % B4 Rl
WCHBEETAHRLIIFE, 229 mgDEEEZERH L0 nNE bR n, i, W
ERFOEERELVN 6FORTHY, 2, H3TL—FEKIVZIOIRE
EPMEBRICERM T OMLELH D, 7o, BRIZBW T, —KBIZ/h I W0 fE
IXPEIN L, F A T% > T 5 (Visser 19945 Gao et al. 2016), Z D72, #H 1
T— FIERIR E W o BN, DF VDV BALECRDIEBERZBITILTVONE L
ARASIAN
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AW T OEREOZEIT, THEELPSGEDLFA I 7 E2HNTE DA
RRMEND D, MIFROT T AAFRAIR L FI1E, RIRITEZTW 2D 23MEIRIC X -
ThHl &z S NIHEEKIEREICH 5 (Tibbetts et al. 2011), 7z, v )
NFIZBNTIE, BAEZOREFEDICLVMIM R KT EIENT 5
(Alford 1969), B a7 v F ANFIZENWTH, BEERENED LT 51
bbb T . ARESEMLLE, ZE, [EO EFICHENITENEES & F
Sl Z M XY S, EE, AREOLM SIX A RS XEDN 13-14C L 72
LR L Ep S (Fig. 8, HMI T KR E), £ LT, WAITKIT 2 BARZEKDH
BLA & —FHL T\ (2016 4 3 H 8 AICHF AL D BEA K 2 3 fE K% L 72),

ARBIEMOBREOATEICL T, 1 HBOFTHLEBHORETWEKTH D
LM boT, AEART - CTHMIEEEMEJORLIZ A E4G WA
STTHWETH 7, Zhid, BAHMPITREEH LGRS TR, &
BEOEHMMB /NS ool ITHERT DI LARY, L2rL, WL IF fE%
Fpolo iRz b Lo &o& 0 &, A d, A% OIET IRL XA BIZK
TLl7z, Zhid, BAHMORBEIZHEWIEEDS RBICHEAD L, Bl omE R EHE
SNz ezE%T A, KB EZRALEZBEAEKZI3SAFA»LRARLAEZ &%
BERDE, NEBIEL R VAN ES>TWVWD, 2O &6, HOWE LIX
FWH NI E ZLTHMEBRIEIAR MDD 5B bhd,

BT 7Y DOBENLIRFEITIT TERT DT > F W F Belonogaster
longitarsus (2B W T, PPREZBEIHELRETCEHLA L TWVWDLZ ERHEIN
72 (Kelstrup et al. 2017), AFOXIEN LA E W TIX, b KE D
FRATban=—F@H2HET 52 ENARETH DO AFEIRIRS LT
COMOXIICBARMICIIRERETESETVWDION Ly, RIFETLRD
a7 A ARTF AN OESICHT CTAERT S TH D (Carpenter
1996), 4%, JfE(b L ITEE) L BARMOIPREFRE L OMKREFH D Z
ETC, TV AIRTORMEEISIC K DERIBILKREZMATHFERND L7 b7
59,
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F33fH HEBIV—AIMREZCRETRE: BRELARIHMBINTZENT
REBRHZRLEEOSEE

3.3.1 IFL®»iC

FEf Tk~ 7228, BHMET > F A ANF T, PHEEFICr — 2 MREICEE L
w0 ITd D08, B ORI ER & REERICESW T — R b A D i
IR ET D2 EEZ 2 b5 K DI 572 (Solis and Strassmann 1990;
Reeve et al. 1998; Tibbetts 2007), L&A E K IC 1%, &Rk AH 1K O 77 7E (Solis
and Strassmann 1990), = 17 = —# A X & % £ D {F£1E (Tibbetts 2007) D KX 5 72
ap=—REAZENLTWVWD, £, BEERIZIT, AREEEFPGEATY
% (Bohm 1972), == = —REBEWGE B 2 1, REAEEEI DRV, =
Bo— A AR/NEN LERHERAENE, P RN RICEER T 5, Lo
L, RHIICEER LAZMEES, BETHLVWRZAZRT 200 A LDED W
DTY—=H—FHRw), hiae=—CZ ALENEKLR2D5(FY 7T 4 7)
O, bLLEFHXEL L THAEFHEZIT>TWVLIONTEI Do TN
(Reeve et al. 1998),

ARIZIEHFOFESMEE R ORRFEICHEHELREKE Z2R-T LEEZLLN,
— I L H MR ER A2 5 < (Tauber et al. 1986; Danks 1987; Saunders 2002),
L2l 7V FAARAFICBNT, I—A NEMREICHTI2HEOEEL R
TZBEZEIE 1 B L 27 vy, Bohm (1972)1%, 7 A U I G RE S o 2N L& 39
E)TEBRZITV, EHTFOLD16:8)T 26 CORMWICEN N PEKR R AEH T
(LD 14:10) T 22CICE PN PER B L VIR AR EF I FELT W2 & &3 A
L7z, 208G II6 AlcRESRTZan=—0bP b LB TORRLL N
7o —H. TAHESAIRESN Tz =—00bPHE LR DT E AL EITRK
HHIORARIZNDPDOLTIRIRICASTZ, 26 DBLIEN D, Bohm 13K A2 M
WHRIREBEBRTD2RADDDOTFERNVICBESN TS EHEM L7, Bohm O #l
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ZN, RESHENMKRIREACEZRERN THDL I LEZRBRT DTN DL
T B & E o B (Reeve et al. 1998)CE 1 7 — & — @ Hi Bl (Dapporto et
al. 2005) 03 & 2720, £ < O % E (Hunt et al. 2007 Z Z )T 2 b O FERF
DEEMEICKS TH - T,

BHRPEBEHICKRIRICAZ & &, S, Wb L FTBaic) T ka2 i

IRIRNFR SN D EBE 2 BTV 5 (Danks 1987), filx1X., kA B2 &
HEThormold, PHekb o — X FEMIZATS > TIRO LA TR, £
X, P B A — A MEMRERBE LT L, FBEELSET I ANTFOH— A b
EMREIZEZREDN DL 2T 57259, RE T, B w7 A
FaeHWT, ARICHTIEZHEZFT~L5720, KRB/ O R R EEEZ %
W L7 RI T CEEEZITV PMEEZ S EHICE B LD 16:8)% L < T4
HLD 12:12) FTHET 22 LICX VB BROEEZFMT 2, 21
D, BRIZEZMEO D 2 BEEBAPALNICT LI LN TE D, P& o 5]
fFEIX, MW EREZWMOBRWIRETHY . BB W THENARAE L ZRE
ZEELTWD, D0, ZThAbofEEIT, KIRZHEXHD, ZOFEICEHEE T
D00, HHVEHEEL L TEAZzT20rh0RRICEOND, EH D %%
WLUTe»iF, RO LS ICHRALIEESEHRBIC Lo THBITE 5,

Mz T HBEEEET ST HIARFOE 1T — FEEREIFLZEICL>TO
HMFEEZ T EEEIEIPERER T = =R VT WREEZ R T 5
(Hunt 2006; Hunt et al. 2007), Z 4L 5 O K IZE S 4 X3/ & < | 8] < (Reeve
1991), MWIEEER&EZ 7L T 5 (Judd et al. 2010), B/ m 7 v F HF
WEWTH, PHEFFO T — X FIREICIK Y 24 L ¥ 5 BEEH - ABFTHIE
BOFENP LN E R -T2 3.1 fHi), 2T, TORWEDO—>& LTHEHEYA
AW B, KA XOZERN—ANMREIZLGEZXD2EZBELHONITT 5,
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3.3.2 MELEFHE

AT ELRBZU - —PHERTiO 5 H ERAIC=Z=EHREEMERPOHRELEL .,
BB AR — LB E R (30 cm X 30 cm X 45 cm) N THEFF L 72, WE R IL L.
i, Ao 4mICE=—A Yy — RS TWVWD, SEFEHANIC, =& LT
4L LT 5 WMon A adshbe T IYFERK, K, B &L TEEN AN
bhl, =¥V EI+oELGEALL, ARBEEPIBHICRETE X 2ICLE, B
@Kk PfL Bic<A v k~—% — (PAINT MARKER SR; Teranishi
Chemical Industry Company, Osaka, Japan) T~ — % > 7 & 41, SHIE 2 &
SN, Fr18am=—725H 15 HE T LD 14:10 T 25 COEIR=EIZE NN
7o LD14:10 X =FER]RICB T L5 H ERAEBHULEZERAR TH D, 7T HNF
FEHTOLIRELRDEZAICERLTWD 2D, IO RMAMEMKIZ L -
THRBREN2ARIFE, BOHKZA EHBDOANY LT 30 0T DX LRI
nWeEE2X 65,

REAFERICH L TCRAELIAREZ®RTZ0IC., UTOEBRTFIEEZITo72, ©
LT, PHERHRICx L CiE, RAKABIICIBINTZBE & IEIMSI L CEBINIC R
HHEICELZ, A 1BHOHIZ, lar=—FTOA-EEHN 32D L
—7ZapdeonicQ 7 rv—7 6 ar=—THERELTWND), TLT, &7
— 71X LD 16:8(HEDOHEKE XV 1M EWIZ 2, 6, 12 A Z L IE NI,
Zo#%, LD 12:12(10 A EA O H E & FEDICE 7z (Fig. 10), Z O FIEIZ &
DRMAMICER 2B REEZRB ST, 20, RAHZEL CTHAICES
NHHEELVWRIE, RACBRINLIBEELWD, 7T HIRFRAREEFEND
DELTH—APEMPRELZL TSI RBIE, HRIFae=—{F&HIHELZF
HiREITHTS L BBRICB T EroFHEREERTIEEZIOND,

PHENE 232 E O ER I I ERICEPOR VBRI, A aHshh 1 86,
NFIV KB ANST@NOTT AT 427y 7(EHE 12 cm X &S 6 cm)

WCE2», LD16:8 1 L<IZ LD 12:12 FC 2 M HF L 7= (Fig. 10), 1# Bl fid

36



Nest collecting

i

[ Every second emerging female ]

. L . ]
Colony rearing; divided in three groups
/{ d J grotp ) ) @ Removed from nest
Group May 15
. . . Individually placed
A 14:10 | 16:8 12:12 in a rearing cup
——
wks — —/
LD 16:8 LD 12:12
Y
6wks il l; il |;
C 14:10 16:8 12:12 )
. ! Assessment of egg maturation
12wks Measurement of lipid stores
- J

Fig. 10 Experimental procedures for determining the effects of photoperiod during

the immature and adult stages on diapausing.
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H2HEM TCOAEGFHEIL 96.4%(n=222)Th o7, FEV OFHKEOMEKITar =—
HEZMF T A0 RIS, 2 BAEOMEBTHM%G., % A A E KT K R
IEFFS TWVWDENERRD DR L, £ D%, Tibbetts et al. (2011)IZ 7L
WENTWBHET, P FAZ—F NI LAEERERITo -G O L EE

k

BEOAEZMET DI LICL-oT, WEBORESEMEZFH -, FEEHEOD
HMZRIROEHZERL, WEREFEIKRIRZHEODDL2Z2LEE2E%RT D
(Eickwort 1969; Haggard and Gamboa 1980; Strassmann et al. 1984; Toth
etal. 2009), X512, 11 A& 12 A FHICHE SN X2 AT KR E VR KA
O Y REHI G A FF O A3 B U 7o ORI A R 72 2 A o 7o (B 3.2 i, AT & ILH,
RKAKRT —2), TP ZIT, MAINDHFLEITKRIRICASL RN L 2RO L
ERTEZERZLND,

IR REF(RAINZ RO V02 RT 2T 3 DO KO FE %
RLHZEDICu VAT 4y 7 Ei g 2T o 7o, (Dl o B & (2) K 52 (5
By LIFmo R, QB X(EHE), 20 =—0EEIT ¥ LEK
(stratum) & L CTETVICHAIRAALTE, hih b LIFWMHIcER (L LIXER)
RSN HENREABOBRZRTABHLE L THVWOENTE, ZThHDERA
L2 BRBORAEANERORE A BEMIE LogXact® 10 software(Cytel,
Cambridge, MA, USA)Z IV C, EfMEMEZFE T2 LIk THLN
e RAERAOAEMEIZIZOMKTY 7 N TETANTERNL 2D T,
R(version 3.4.3; R Foundation 2017)® “lmed4” /Sy 77— % W T x50 %
I EAT 2T, ¥y FU I BEEP AV, BEHIEIIK T D S EB O H X
EYFICRTE T U A LERELCan=—2KatET VAR, £, 8
ARG EWMORE, REAHORE, S#imLZznb 2 ZERMOLEEMRO

HEHEOREE DT ofTofk, TOXREEMABFETRVERZEZOET L

Mo BRI RANREET VERD T,
JEEERMBEICH T D Lo 3 DOERFOFENR NCSS(version 11, NCSS

Statistical Software, Kaysville, UT, USA)DORILIE S T T V& W TN S
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Nic, SHIC, RAIIOFES EEERICMA SN, 31 =— [ XHEEICHT
DIISEBOMBME LU 27 X LERE L THITET VITANTL, BARTO
EEPFEOREEHEIIARYT A X0EELZZ T TV  IRLUEX EE & &) T
0.3mg/mm3 Th 7= 3.2 i), O/, IRLEKEERE L, £7-. %t
BERST HZ & TREFTETNVICHARAENTZ T X LR EOERMLZRFEL 72,
WX L apn = —FERBENAINERELFEEHBCKRETTEEL, T E
N, KA A EORDY OFEEKRE L TETNVICHARL, T LTz, Z
i, ar=—RFEMOEZEOMITIIZ TP Lo EES XD IRIR LT
W EHLMCT A EOIiTbNE, aun s —REEBEOEEIZONTE, M
bR ZWE 17 r—R, QFE2T7LV—FE17L—RFOoP{E, F 142
PHERTZ P L A AEER), B)FE 37— FEE 1A AP ER A, Pkl
PHE L7z A AR Bk ENTH T, 3507 v— RHoEEZ R, b
HIIABICEBELREWho2od, BT RITRR Lo,

3.3.3 MR

REMAENRERDO A ARBOHEFEOSMAIZEA FTELIFEALRLETH -2
(Fig. 11), SHEO#MHIZEH FT3.74 205 4.85mm, % H F T 3.62 5 4.95
mm Tho7z, WIFNbE—271F 4.25 25 4.50 mm OB ThH o7z, LRV A
XL B O R RIZIVEIEFICHEICKEL - (Table 5, Fig. 11), A Z L H 1%
FHTEYVERTCIRZIVEFEIE L, FFIZ, BA T TIERE VAR IIK
RIPE 2L Frlleho iz,

KRB ORARZERTELRL L TWHBICRACBIATLAIEZHWE & &
EBEMA R ERBEY A X EOREERANAEICEEL - (Table 5 ® P-L O i),
CORERIF., RAIE L OEEOE SO BEY A XIZKTHAKIGHER T &M
AFCTRRL2ZEErRT, COXAEMFEHOEBLZRTEMZHHT L2720
WO E R B 0-8 A &>8 HICH T TR LG I3%E Ly, Wi
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Table 5 Statistical results for the proportion of adults with mature eggs: Pvalues for

each factor and interaction

Variables used for photoperiod

Factors® during immature stage® During pupal stage® During adult stage®
L-SH P-SH L-L P-L <8longdays >8longdays Shortdays Long days
HW 0.001 <0.001 0.001 <0.001 0.293 <0.001 0.005 0.022
A <0.001 <0.001 <0.001 0.011 <0.001 0.032 — —
Im 0.720 0.266 0.692 0.002 — — 0.096 1.000
HW*A 0.116 0.112 0.114 0.004 0.112 0.034 — —
HW+*m  0.730° 0.383° 0.308 0.060° — — 1.000 0.092

A*Im 0.059 0.063 0.286 <0.001 — — — —
a HW, head width; A, photoperiod during the adult stage, Im, photoperiod during the
Immature stage
b T,-SH, the number of short days during the larval stage; P-SH, the number of short
days during the pupal stage; L-L, the number of long days during larval stage; P-L, the

number of long days during the pupal stage

¢ Analysis was performed separately for <8 and >8 long days during the pupal stage

d Analysis was performed separately for short and long days during the adult stage

e Pvalues were calculated by using parametric methods, while the others calculated by
using exact methods
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Fig. 11 Effects of the photoperiod during the adult stage and body size (head width)
on egg maturation (proportion of female adults with mature eggs). Data (bars) are the
proportions of female adults with mature eggs classified by their head width. The
distribution of head widths is also shown separately for wasps under short and long
days (lines). See Table 5 for the results of the statistical analysis.
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DA ZEBR L TW5)(Table 5, Fig. 12), mW#IC 0-8 HMOE B 2B+ 5%
L HOZERBV)E, RBTF A X LB AREOREMEMITLEDAL, EH
CHEAOMG THRAY A XORBEIIHEAT, L, WHIZ>8 HM O K A %%
BRL7 L E(RAOEENRBN), IRV A XL BM AR EDOZEAERITEDY .
Ry A4 XIHEBEICEBELE,

SHIT, REAHMARE LTHWBICRACBEINTZEAREZH WD &, KRl
HMHEREEHRBWM AR EOREAENREREICKE LIz (Table 5 ® P-L fil), Z®
RAMEMZ R THBAHA T 52010, EH A RN 21T > 72, A
RIZERATCIHERFCISLTEORELZ S XL\ EIZEIV, P = 0.096)
(Table 5, Fig. 13), — /). EH FTIHEEEL T\ -72(P=1.000),

CORZEAERE, W ERB MO ROEMICKIELTWVWD Z & E2RT;
AZEETH E KA B EOE{LICE s THEERVOBET =00 EHEH L T
WLDOMb LAvewy, Tl 2, WLk icE R IR IS EERIT, AR
MEWSHNCEE LT 27259, =75, M LB HICRRAICBR I
BERITEENREBE WA T 27259, BRELT, AIHFEEFT LV IPE
KBEEZ LW EEZZ bR 5 (Fig. 138),

B H RIIMHAEEEMEARLICR L CHEICHEEL 2 (Table 6), — 7.
FERELTHBEH G LLEFMWMBORAAEL LLFEAIZOWT O ZEH %
Az LT RRAMBREIREB L oW RITWBICBR I E
HHHEDO B ZRRZ LIPS OEEEZ AT HERILFC Th -7z, Table 6). ik
Y A XA OFELOMICAERLZAEMERADNRLO N, T, R
U % FE O R & Ff 7= 7o WAER & 1800 i TREFT 2 1T - 7= (Table 6, Fig. 14), A #
JRafrc o WEETIE, BB ERPAAEICEB LS, RV XL
Rhphole, HREOZOREII, RATIVERTTIVREIPLHEEHEOERD
LIFEDEAWMIBEBEAERMLUBO T, KIRICHZA 2 Z 27T 5, — 7,
AT Z F5 D A Z T, Y A XITARBICEE LS, B RITREL

A Rl e
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Fig. 12 Effects of the photoperiod during the adult stage and
body size (head width) on egg maturation (proportion of female
adults with mature eggs) after exposure to different photoperiod
(a 0-8 long days; b > 8 long days) during the pupal stage. Data
(bars) are the proportions of female adults with mature eggs
classified by their head widths. The distribution of head widths
is also shown separately for wasps with 0—-8 and > 8 long days
during the pupal stage (lines). See Table 5 for the results of the
statistical analyses.
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Fig. 13 Effects of the photoperiod (number of long days) during the pupal
stage on egg maturation (proportions of female adults with mature eggs)
under different photoperiod (LD 12:12 and LD 16:8) during the adult stage.
Data (bars) are proportions of female adults with mature eggs classified by
the number of long days during the pupal stage; numbers on the bars are
sample sizes. See Table 5 for the results of the statistical analyses.
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Table 6 Statistical results for the IRL

Factors® All waspsb Wasps without mature eggs® Wasps with mature eggs*®
df P F df P F df P

HW 0.0 1,202.6 0.850 27 1,1625 0.102 50 1,39.2 0.032

A 5.0 1,198.2 0.026 8.7 1,158.8 0.004 1.7 1,36.2 0.203
EM 52 1,201.2 0.024 — — — — — —
Im 1.7 1,115.9 0.199 — — — — — —

HW*A 0.2 1,191.3 0.626 0.4 1,150.1 0.522 0.0 1,395 0.975
HW*EM 6.3 1,201.0 0.013 — — — — — —
HW*Im 0.4 1,200.9 0.551 — — — — — —
A*EM 25 1,197.1 0.114 — — — — — —
A*Im 0.3 1,191.9 0.557 — — — — — —
EM*Im 23 1,197.1 0.130 — — — — — —

a KM, with or without mature eggs; Im, the number of long days during pupal stage; see
for the others the footnote of Table 5
b Analysis was performed for all wasps

¢ Since interaction (HW*EM) was significant, analysis was performed separately for
wasps with and without mature eggs
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Fig. 14 Relationship between lipid stores (IRL) and body size (head
width) under short and long days. a Females without mature eggs. b
Females with mature eggs. Lines represent the best-fit linear model.
Significant effect of photoperiod was detected, but no significant
relationship between IRL and body size in a.
relationship between IRL and body size was detected, but no significant
effect of photoperiod in b (see Table 6 for details). Dotted line in b
indicates short and long day length combined, because significant effect

Head width (mm)

Meanwhile, significant

of photoperiod during adult stage was not detected.
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3.3.4 EX

PR EE LIBEEERMICX T 2 A R OB I PE T — A M EARENR
AT S, ZhiT. BREMMRIREAL, BikE~ON— X FEamikiE~E
T2 EW®WT D, —FH, B A ORI PET A — A N EmRE
Witz ZFT25, LrLARAL, AT T/HhIWEED =S IKRIRO$E 2
HZEML, LT, WHMICEVERIZBEIND EIFRBEFICH T HET A4 X
DEBNLKDLONDZ END, AREIERY A XL VERIBEMOBE TR TH
HEZEZDLND, BT, RBHERTTEZLS DA ARKAINZR 72, 2
NHOOMEEPRar == A 7 VDR WK LFEBWRHICHbLZZ & &
FBERR o, T, IR ELFERL TV AR APE DO X R)RE
BRI PERF R CRED N —AMNIRD I EEM ST LN TR P2 L&
RET D,

INEWERIT, BEE 1 7L — R TR 55 (Reeve 1991; Tsuchida 1991;
Toth et al. 2009; Hunt 2012), 7 a7 v F A ANFOHE 1 7L — K TH P
DRV A ZXR/NEL B FACARETHEL THAREITE - 720 3.1 8),
ZOEIBRANASWVEKITEVIRIRZE T O2EMICH 72, FRAIC, KREW@E
RITBA LT o, ZHIE, LA TOREELXZ VAL 2b LR
(% 3.1 fffi; Judd et al. 2010), HA D= DICEL OFEENBHE LT H 2 LN
HHENTWD(E 3.2 i Toth et al. 2009; Hahn and Denlinger 2011)7%, 1k
ROREAEMBIIBRARDICLERBFAERMBEL VDR VDWW (E BT &
T8 F O E O PR O R ek iEE & B = (IRL)IZ A 0.04 mg/mm3 TH Y |
AR OMXEEEMEITN 0.3 mg/mm3 ThHh 5.5 3.1 &5 3.2 25 W),
FNDZIT, HikETS 2, BAZRISELI DI, PHEBRIZEZOEEE
HERHLRTNIERDL RN,

PRSP WZ L0, WHIC LV Z<OHAERB Lz &, IBREFICHT
DR A ZXOEBEBIRON o7, RBEHAREIEZEEL WL, DX,
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A AENEH FTTRHINZRASEL ZLEBO TENTH D DT, iR
FEN/SER FCEZOMERIEAIEL, ZhoO/RIET, F1 70— F
WCBWTHREEEOELSLST IN, KA XD/ IS LBHIMORER & DM
HEDLEDOEDEID B L LA, WMH 2O BEMICHT TREOHEMZRRT 5
CLOHFVNEETHDLI I LETRBRT D, ZOMETHWIZAROZEITEHSND
ZALLIZE R L, ENORROEMITIAMTHLOIZH LT, HHTRAIZE
42, TPz, FE1LTNV—FBIBEREFEELZRET D&, FRAND &L
THEY A X ZEREICHOTWDLIDONEMNLILRDIMERKRDLND,

s msNx Calliphora vicina (28T, KIRE AT 5K 4 X0 EERN
¢ R &7z (Saunders 1997), /NS WH BUTIRIRE ALK T T3 2 HIRIRICA
DI WZ ERRENT, SHIT, BMEREEN VLS OO R BFE THRIREA
M ETH DL, MEMEFR R =Y 29 %Y K7 v NU Epilachna
vigintioctopunctata @ fi% H (Kono 1979) & U % 7 5 X A ¥ Pectinophora
gossypiella ® %) # (Adkisson et al. 1963; Foster and Crowder 1980)i%. 4 H
TCHERKRBLHREINTZKFIKIRIZAS, L2rL, REZREREBLHKEIN
THRIRIZAS R, ZTALOBHRIT, BARNORKRENBERID DDA+ 5
ThdESICHRIRZET DI E2RRT 5, HUOHZI R 70T T AT
THhERIDGhb LRy, Lo, RIRIREICHT HEF A X6 L IFRED
MBI ERONTCHAMERRICBO TRIREALGE T TRRAESA TS, —
H. BIZa T v FAARAFICEBNT, ZOLIREEIEHTORZLT, £H
TV, RIRFELAVEKMH)THFEL T,

P o — 2 FEMIZPHEEOFRFEDOHMIZTE L 20 20D F R Y
WXL TIREL TS LB 2 515 (Solis and Strassmann 1990; Reeve et al.
1998; Tibbetts 2007), Z 4L H O TR 0 X AFREW 21X, BELEHER)., =
H=— AU N—[ OO HEAEERMW X, EHIEAM), 27 =—0fKHE W x
T, av=—H% A X, LEOEINEN. KEDHFTE). WEBZ L TEMTFRIER
R AT, AR, =P RME2 a0, METASN 1F0 EORHITW T,
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K LK IFADBHELIETICENLSLVDOHERNESINL TV DO EZHUT D
iz, BREZOELKZE L TWVWD EZEZI LD,

Ty FHARFap=—TlE, FADO—HOan=—L2rHATENTHF XL
i £ &4 L2 (Reeve 19915 Queller 1996; Kozyra and Baraniak 2016),
IhiFae=—%HY & T RIRATRE e RF] 7e ZIA (] 21, == 6l Rl &5 e
HEH - HEFEFICLIHLE, LEOWME, BERESETCLEY L HARE
RE)DOFBED =% T 5 (Yamane 1996), < D L 5 72 Tl A~ 7] #8722 B 4% 0 5 1F
TCT, PMEBEEHOBRBE@AICAD, RICHEDL, BRAHKT L, fian
S BAT )RS LI A ROEISEAZHIMIE 2L LB 5 (Solis and

Strassmann 1990),
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FE 34 HEPIV-—AIMREBIZIRETEE: REBAH BN TR L 2EE

OF N=y

3.4.1 ZC®IiC

RIficB W T, B a7 v F AR FOn—A MEmkEcmd &l hlon
RPEBETLZZLEEZWHOLNI L, B ARIZ, 70— FIZBEFER<S, BH
TCU— A —ROAEREEGEMFICITINEERT)ZEE, S T THXERD
AP RAOME EREOEMEZE W, £/, KA XL BM A E
DAEGEHLELIOV L, WHERBEMOAROWMMBAINERERFTCEET L &b
S5.HEOEAOBEBEEN KRB I N, 2 OK KL, Bohm (1972) D P. metricus
o REIIRELS B -7, P metricus \TB W T, 6 HICREINT- 2
R=—HKRO A ZREEPLBFMICERICB®EIND EIRANREALTE, —F,
TALS8AHCHRESNZan=—HEKD A ZHEIZ KEHBECH2»b LT,
FEAEOBAENKIROEFZITo72, ZDOXHC, L= RIZE>THE®D
WO ST NRRDZ L5, Bohm (1972 REAH O F 228 0 28 gk A o
AEOEELY L (EW)IchdrZ Laxrmm LT,

TOEVWESEEITEEOMIIE. TUFTAAFTOH— A MREICKHT D
FEOREZY EMICEZIDIEDICLETHDL, EXxbNHED 1212, ER
HFHEOENRS 00 Lk, B oRBRGHETIE, KRR 5 il
TEZENTHRZZEAICHBEENZRU T THE L TWD 7, KRNI T
SNDHENRMICE(T S, Zhicxt LT, Bohm (1972)D £ )7 ik Tl
KA 2B TEI LTI, BEMMrAxICELT D,

BREOZEADIKIREAICEESTIZLIX, RRzE50E< o TchESh
Tu % (Tauber et al. 1986), 7 F & 7 W A L ¥ Dolycoris baccarum 23T
T, RICAMICE R Z#&BR L, P& ICHEBIC®RT L. (KIRICA S (Conradi-
Larsen and Semme 1978), L/2L., BEHMOLHEH~OE{D X5 il
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BROEMIT. e ZELTIHEMOGEY, BAOXIRBR)ERLRIFERE
AT EHEDZ ENH 5 (Heideman et al. 2000),

% 2T, AffiTIE., Bohm (1972)D Xk 512, KR4 RRFHIICE S 20 6 8FRE S 1L
Fan=—0ErbI b Lzt 7 u7 v F HIAFORBERERH S WIEERT
HMfEL, KA AEOREEBLEZM T, ZOHEETHHAZ LT, W ET
mellZfb LA REEBRT L2 THEIND, L, el EBT W0 A
ROREN EMOERRS, 70— FH T, B HE~DORIS O T7 23R
HIENTHMEND, MA T, 5B 31H THENTZREAH O T — 2 FIREICH
HLZRY ORBOEEELZEL C, KA XOEEL RMEICHT L,

3.4.2 MELFHE

MDA 38 a2 =—7 2016 5 H 23 A5 8 )] 18 H & 2017 4 5 J]
22 6 8 21 HICtRE ST, BRES N Tcavn=—F, T T AT 4
v 7y Z(EA 12 cm X &S 6 cm)i AN H i, FRERIZBEIZ P L Tz
EET, ar==—2r50RV W, an=—%, BAOHOHA L HDOARKIZ

DT OMER LIZHE, 26CORE T CHRFF L, RERICan =—NIZHETE
L7zt PE LR OB DERICHW LT,

ar=—NOAAEEIT, BREToMEAEOL — R b EFRBPLAICES
WT, 374 —FEE 1. E2. E3 7 L— N Tbnhi, 17— FiZAl
REEOHICWMFELZZ T, 5 A TA»DL 6 HFAWICP L, & 2 71— RNiX
AR EZELH 1 TNV RV =T —ICEoTHEEEZZIT, 6 H TANL 7T HIZH
fblic, 27— NI ESbiICHiE&MicnToniz, & 2871 — X
AR EIT & » THREEBEOEICHEE 220, FH B &Y AR
— A=k THFHEZ T, —FH, B2RY TV — NI EFHMz®E L
TAIREEL Y = — Il Lo THFEEZ T, H3T7V—FbAIRLELY —

LFE LU

51



A=l ko THFELZzZ TN, ARLERAEEHS LIITEN LD BITPEL M@
hKTh s,

PHEBEEIIPMEER ICa e == BV R, BT I AT 4y 7 Ty
Z(E&R 12 cm x &S 6 cm)NTLD 16:8 & L <X LD 12:12, 25CO B F

QMM SN, 3OO A TR 18, K, "FIVYRTZ
AT 4w 7 Ay TRICANLNT, KENFIVFT1IHMBEICIRHBL, A
ATHBRITERON & T LT, G 191 BB DIV B, BHE 2
JXATHE STz, PHUERFICHI 2 D~ —F T & DT T,

W T ool B R B . BRI R O F A G R D 72 D IS BHMEE T TR L 7,
Mz T, BEEBBEI Y F LT VLA EEMEMBoOmBRERDE
B HEGE L 72 (Tibbetts et al. 2011), JNEEFIRE LIFESEHEITH T — A b
EA T OO0 RIWVIEETH L, B/ uT7 T A AAFITEBW T, BAR
fREARITRKICONRBRIT L TR 6T, PR LVZOBEEEAEHEL TV 5 G
3.2 /i), TP, b LEERNEAIIEZFF > TWE, IRIRICAHRWZ &
ERELEZEE2RT, —hH, Z<OEEZFL. KANEZF 20003, 1k
RO¥EfEE2 LT DZ&ERT,

AR A ARSI T O2UTO4A4EREZNG O 2 BEMOLAEANERO
EEBIn VAT 4y 7 EURSTEZRAVTITo 2 (DERBIAEE, (1KY 1 X,
B)7Nr—F, (DF, 7Vv—FiZ, BEREPE LR olcicd, BT T v
EH L L THAAE N, R(version 3.4.3; R Foundation 2017)® “Ime4” /%
v =V E AW TR T Z2 AT 2 7, 2w = — Xk 2P R A B Akt
TOHEHBEOME LU &2 T FAERE L TETVICHARIALTT, AEMEIT.
HBELTLBEREEBZOLETNVEZGERVWET LD 2 DOET IV EZ, R NO

“anova BIE” # MW CRELBEZIT O 2 & TR bz (Winter 2014), %)
I, RAEHOEENGTN, AEERZRTNITETANLRWEZ, £L T

KN REET NVERZ, MAT, Z7Vv—FRAFEICEELELLEE, 70— FH
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DEHEEZZRHARDLZHIC, AALLOHEKGER Y 7 20 —=%ELKHE (Holm

1979; Rice 1989)72% R @ “multcomp” Xy r—y 2 HW TirTbihi,
JEEEBBEICH T HMATIT. —RIEBBIRSET VA BN TIT o7z, BATR

DIEEERBEZHBOEELZ T TWAHE@mA RSO T, IRLGH G E

EH#

BE)T 0.3 mgmm3DERMBULECThoTe, T, KIGEH L LIZIEES
He X, IRL&Z HWwiz, Eilo 4 ZRICH 2 T, JF sk (B2 L 72 98 B g o
FE)ZEEDHRLE L TETVICHARENT, 20 = — [ IROGEEICx 3 2 8
WOMME LA ZT o ¥ LAHERE L THRIETVICHAZAALTE, IRERA L &
YA X0 IRBRA LT —F, IIRRALELOMD 2 BRMZ BRI AE
B LD, WEREEINCHERET AVRBEI N, AT Z R E K
T AT T, 36 a2 n=—f 27T ap=—TH L 7ALN1OLNEGELIR
Moleled, an=—0EEZ2T7 VX LERLELTHAADLDNTETRERS
NEFMMHTE o, ZZ T2V N UEHLLav=—0DblL, 7% A
1T E i U@ Lz, IRLIZT VX ABREDO ERMEEZRIET 5720
oL AR ST, £ LT, —RIEHREET AV (GLM)A R @ “1Im ™ % H
WT Tz, —FH. A ZFZR2NEEICH L TIE. RO “lmed” Ny 7
—VEHWTREAGET VTR M Tz,

FICEY, MREFLHRESEHEEOMEMICEVWARLON, TORKZERD -
HIZ, an=—H% A X LPHEMEE DR A ZOEOE N Z {72, 2016 F L
2017 FlCHRE SN an=—DF A ZERERFOFHEH) LEM L - EEK oK
YA R OSEHE L T—RILBVIEEGET VEHWT, EFORELZHR T,
REELTLV—FEEEERE LT, a0=2—%2F VX LB RLELTET I
HLAGA A T2, fEHTIZ NCSS (version 11, NCSS Statistical Software, Kaysville,

UT, USA) %= 7=,
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3.4.3 RER

TNH—RERBM AR LEOMOLZHEAEMPIEEFTICH L THEICEZERLL
(Table 7). ZOXHEAEH OB EZBI T 27201, B AR E 70— Rl
W2 T 21T o7, BB O R RBICHTTHITLZE &, BA T TIERRK
A XFINEBEFICR L THRBICEEL, REWARIFZE LY KA Z oM
kD EIE N EH - 72 (Fig. 15, Table 7, Fig. 16 & M), £ L T, 7/ — R4
DEBLEE TH o7, 2017 41X 2016 4F K 0 KA1 5l A TP~ A 8 7R E A 23
B olz, T ORERIT., REKAMON —A MNCHEHELZRY BRFETHERRD
AREMEAERE TS, Ll AT CIEZOLY RfEmIT AN oT,

— 5. TNA— RPN M fTonlct &, H27v— FOFi#E®%H, £ L
TH 3 70— FTIE, WEREFTZAZICKEH A EOREL X T (Fig. 17,
Table 8)73, % 1 7/ — KT, WM A RO REBIIHE TR o (Table 8),
FBL17L—RFRIBWTHROEEOMAIZFEIZ L > THEARY | 2017 F1X 2016
FELVRAINBEAREOEHENE -T2, £, WTFROT A — RFTHEY A
X DT HE TR o - (Fig. 16, Table 8), L2rL, A A4 XL ELDOLR
ERARE 17— FTRLAEZEL ABICEVWRAE TR, P=0.068),
ZDTD ., ERNTHT 24T > 23, WEL bEY A X AR, TOXREEMRIC
AEMEIRONRD272(F T P>0.095), £/, H 27 r— R\ T
bRBRHMAREREIEORAEFEHAN RO, AR & AN 21T
S, KA X, B, TORAEAERACHER TR 2572 (F T P>
0.12),

TEEEMEARL QM Tk, INEEE(RAIINOFE)LFE L OLZEEM»E
BEMBICH L TEE L (Table 9, AETIERWVWR, FEIZIEV, P=0.063),
DTS AT OF BRI 43T TR 24T o 7o, WRRINE MK
WT, BTOMALBMEIAEREEE RI N0z, —FH. AN ZF 720

fERICBNT, AT CTHEEATEVZLS OFEZEM L = (Table 9, Fig. 18,
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Table 7 Statistical results for the proportion of adults with mature eggs: P
values for each factor and interaction

Eactors® All wasps Short day length® Long day length®
TR e i P X*  df P X% df P
A 52 1 0.023 — — — - — —
HW Not convergence 15 1 0.226 47 1 0.030
B Not convergence 59 3 0119 244 3 <0.001
Yr 142 3 0.003 46 1 0.031 11 1 0.001
A*HW 54 1 0021 — — — —_ - —
A*B 164 3 0001 — — — —_ - —
A*Yr 01 1 0731 — — — - — —
HW*B 35 3 0.316 14 3 0.717 56 3 0.134
HW*Yr 03 1 0.582 02 1 0.643 05 1 0.463

B*Yr 34 3 0.339 1.8 3 0.611 35 3 0.324
a A, photoperiod during the adult stage; HW, head width; B, broods; Yr, Years
b Since the interactions (A*HW and A*B) was significant, analysis was performed
separately for short and long day length
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Fig. 15 Effects of body size (head width) and the photoperiod during the adult stage
on egg maturation (proportion of female adults with mature eggs) in 2016 (a) and 2017
(b). Data (bars) are the proportions of female adults with mature eggs classified by their
head width. The distribution of head widths is also shown separately for wasps under
short and long days (lines).
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Fig. 16 Effects of body size (head width) and the photoperiod during the adult stage
on egg maturation (proportion of female adults with mature eggs) in first (a), early-
second (b), late-second (¢),and third (d) broods. Data (bars) are the proportions of female
adults with mature eggs classified by their head width. The distribution of head widths
is also shown separately for wasps under short and long days (lines). Data come from
2016 and 2017 combined
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Fig. 17 Effects of broods and the photoperiod during the adult stage on
egg maturation (proportion of female adults with mature eggs) in 2016
(a) and 2017 (b). Data (bars) are the proportions of female adults with
mature eggs classified by broods. Numbers on the bars are sample sizes.
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Table 8 Statistical results for the proportion of adults with mature eggs: P values for

each factor and interaction

Broods
Factors® 1st Early-2nd Late-2nd 3rd
X*  df P X*  df P X df P X df P

A 10 1 0312 219 1 <0.001 63 1 0.012 118 1 0.001
HW 01 1 0.740 00 1 1.000 02 1 0.620 29 1 0.088
Yr 6.1 1 0.013 05 1 0.485 22 1 0.138 23 1 0.129
A*HW 11 1 0.292 43 1 0.038 00 1 0.857 00 1 1.000
A*Yr 00 1 1.000 11 1 0.290 02 1 0.650 00 1 1.000
HW*Yr 33 1 0.068 05 1 0.476 00 1 0.995 00 1 1.000

a A, photoperiod during the adult stage; HW, head width; Yr, year
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Table 9 Statistical results for the IRL

a All wasps” Wasps without mature eggs®  Wasps with mature eggs®
Factors > >
X df P X df P F df P
A 87 1 0.003 77 1 0.006 09 1,30 0.362
HW 04 1 0.513 69 1 0.009 22 1,30 0.147
B 174 3 0.001 168 3 0.001 01 1,32 0.968
EM 09 1 0.343 - - - - - -
Yr 110 1 0.001 85 1 0.004 21 1,30 0.162
A*HW 30 1 0.081 00 1 1.000 03 1,23 0.597
A*B 28 3 0.427 17 3 0.634 10 1,25 0.382
A*EM 01 1 0.818 - - - - - -
A*YrY 16 1 0.205 24 1 0.119 01 1,22 0.753
HW*B 03 3 0.958 04 3 0.938 01 1,21 0.950
HW*EM 04 3 0.938 - - - - - -
HW*Yr 01 1 0.739 00 1 0.996 27 1,26 0.114
B*EM 52 3 0.159 - - - - - -
B*Yr 20 3 0.583 64 3 0.092 13 1,29 0.287
EM*Yr 34 1 0.063 - - - - - -

a A, photoperiod during the adult stage; HW, head width; B, brood; EM, with or without
mature eggs; Yr, year

b Analysis was performed for all wasps

¢ Since interaction (EM*Yr) was nearly significant, analysis was performed separately
for wasps with and without mature eggs
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Fig. 18 Relationship between IRL and body size (head width) of wasps without mature
eggs in first (a), early-second (b), late-second(c), and third (d) broods in 2016. Lines
represent the best-fit linear model (no significant relationship between IRL and body
size. Lines (dotted line) in b, ¢, d indicate short and long day length combined, because
significant effect of photoperiod during adult stage was not detected.

61



0.3 1

b
[0 Lb12:12
LD 16:8
0.2 A u b
0.1 A 1
o Ti F_- ND
£ 0.0
£
g 03 4 1
- c d
14
0.2 A b
0.1 A 1
0.0
st Early 2nd Late-2nd st Early 2nd Late-2nd

Brood

Fig. 19 Effects of broods and the photoperiod during the adult stage on IRL. a, b,
females without and with mature eggs in 2016, respectively; ¢, d, corresponding females
in 2017. Data are mean and SE values. ND, no data.
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Fig. 19), £7=, k¥ A X, F, 7L —FOEELHEE TH > 7= (Table 9, Fig.
18), YA AN KEL LD bRy, IRL ¥ L7, 2016 41X 2017 4
EV#HLTHWIRL #5 L7=(Fig. 19), &b, & 17— REKIE 2 %4
TN—FRLHE 3T —FEELIYV LW IRL 2/ LEEGEBR Y 720 —=%
BEHEBMRE, # 1vs. B 2%%: P<0.001, % 1vs. % 3; P<0.001, & v+~
T; P> 0.025, Fig. 19),

2017 £ & 2016 FORY A X anm=—H 4 XDEKIZE VT, 2017 F oD
Y4 X1x 2016 £ LD ABEIC/NHS D572 (Table 10, —ILMBIRA T T L,
5 Fis12 = 6.4, P=0.016, 7 /L — K; Fi293 = 20.2, P < 0.001, =X AHAEM;
Fs3266 =02, P=0.862), ¥/-,. #E Lo =—Dapg=—H% 4 XL/ In
-7z (Table 1D, TOEEFZHEETERP o (—RILBREBREGET IV, 4
Fi340=1.0, P=0.317, 7 /b — K; F334.0 = 49.4, P<0.001, ZAHAEH; Fs31.0

= 0.5, P=0.681),

3.4.4 E%

TN—=FRICEo THBHARDOIGOHETNERR D | K A XDRBN )
ST ZEF, TV T AANTFRREBAGERICHEDO AR EPLEAR L DEND
EEBICFEHEAZEEL, V—AMERELTWDATREEZMBR S RET S, kB
DEABFMETZEIVINRARESEL2EMY - — oKz AE LTz, ),
R B OB H SR IR B O Il & R E E R o A R 3 £ o iR %
ALESHEZ, 2HREE 3SHEEULAKBRETHY . PLEI — 2 NEMRE
A%< ZFd 5,

HB1T7 A= FEIREAHORELHZ2HHBHMOEMNEZRBRL TWD, £k
D, KEHOEHRRET S L, XICRDETORBICHTRND D & Hk L.
BT — N — R DHZEERELTWDEAS S, & 2018 7 v — BE 2K R
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Table 10 Colony size (cell numbers) in 2016 and 2017

2016 2017
Broods
No. of cells (Min-Max) No. of cells (Min-Max)
1st 19.7+2.9 (16-24) 21.0£3.0 (18-26)
Early 2nd 37.5+7.9 (23-44) 19.5+2.1 (18-21)
Late-2nd 66.8+30.5 (42-140) 58.3+38.8 (33-103)
3rd 171.3+52.4 (111-206) 143.0 143

Data are mean and SE
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Table 11 Head width of emerged adults in 2016 and 2017

2016 2017
Brood - -
Mean+SE (Min—Max) Mean +SE (Min—Max)
First 426+004 a (3.80-4.55) 414+009 ¢ (4.06-4.24)
Early-second 4.44+0.06 2 (4.17-4.67) 426+0.14 cd (4.09-4.35)
Late—second 4.68+0.05 b (4.46-4.91) 449+0.11 cd (4.01-4.85)
Third 472+0.08 b (4.32-4.89) 469+0.19 d (4.41-4.83)

Different letters indicate a significant difference among broods in the same
year (sequential Bonferroni multiple comparison test, P< 0.05)
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HMIZRAEZRBR LG EORAETHASA I, L VDT, 9 FIOMEKN AT 2
Sl b, RFAH LB LM OR R OEG TRV R EZRKF>DT
bAHD, —I, REBAHICES O RAB I H OB 2B L TWDHE 2% L
HB3TN— FEENPEEHICEIZRRT 2L, FHALIZESHWTWD Z L
ML, IWERBFLZ2ME T2, FL T, F 2%, 37 0— Fakh#lic
EAZRBRT2HA, RKEAPOABEOLE LB B E & OO ZEHE 8%
“TRT D, 20X RGE. MABEBEINL TV D EEHOHB RS E R,
IEREB~ORISHEND DG Livey, RERIC, 8 1 70— FMEED kR
MICEAEZRBRT 2560, FHEROEXEZAE LT 5, HHEEEIZMEEOINER
HKEZME T HEMICHDLEE 33ECL»rDLET, H1 7 AL—FDELD
BAENRAINZHRA L, B 1 70— FARBABICHEBRT 5 BEOH MR
A O — 2 FNREDORKY ZELHTONE LR,

ELbAERBICHT—A MREICEREL T, ZOKKEL T, 2017 41X 2016
FREOVE 1TV FROEKEI A XIBD /NSl Z ERNERLND, THiE, 2017
FOan=—ORBIRENE S TLARBEZRBRT 5, TO7D, 2017 FI121%
FH17LM—FRiZBWT, MO REEREL LR AATIZBWVWTH XD
JIREZREF SELTWHEBEICH >0 b LR, ZOZLiE, 17— F
TRLNDIT—APMREICEBT LW BN HRFFOREZKBEL TWD AN E
RET D, 2L, BBAINEF > EEOH G T 58 EROMT CTIT, K
A XORBIAONR o, £, F2. 37V —RFTIFHEZLLIEY A X
DEFBRP TR, FOEND T, TR EATHOMENLHE XD &, WY
DHEDRENBNEEZZOND, K. 7L — FTEWIZE 1 71— F),
A E L2 AL EREBROREIZERZD, ®LHWVIE, HH - WO K
EEET L2 LICK 2T, KA XL h - B ARRED LD LR O RF
DA BHTOICIVBSEERTLIONZERVICTHFMTI2LERND D, 12,
BILEoTEN DT & IF, KENERBLZHRLTCE LI AN—-FE2 T —D
—ICRDRTLLTVNDILEWVNWIBZEGET D, BE1 70— NI, KErHU
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— A —RECBTLHEEZTTHLOTERS, BHOAFBZTOEL D AR
DEAD D2 WVITHBFEORHMEBEEIZIE LT, EON—A NI ERELT
WD H LR,
BEHTFIZBOTIHEY A AN KEL 2 DITON THEAINZ RSl ik o F & H
B Role, A XRRENEEITPERFOREEBEN LIV Z N LRE
3.1 fiTH LML otz DD, PHLEKEEZ Y —H —Alicm T 5 & B F 4
FTT, IMERHICEIVZLLOBEWUTM = XX =) FHOMEEN LY RIE%E
EI®ELLEZOND, ZORKRIT, MIHOKRL2LTFHLTWEZLD &K
EL R STV D, FIFIICBWNT, BRHFTH/NSWEEIZERAINE L
FTWHEHmAH o7z, ZOMMOEWIT, REABICT I LEREOEVW ) L4
CTWwanb Ly, Fifi TIEREAMAZEANAFFRIETTCEHILTEY
PR DEY A XL FHERME L OBHRAFATROALI D E KL TWVD
DT TN BIR, T DT

&

B1HITH LN E R o PHERED KRS A X &

T

.
FEEHEOMBRZENFFTRE T CHILEMEMELZHWT, 4%, #L 4
b D,

ZO#FFIE. Bohm (1972)0fER L X R 572, Bohm OFRIZT7THE 8 A
WHRESRTEEIT, KB IROEELZ TRV b, KRB O N —
A NRERTOFEEXFT LS, LELAFH CTIEIWTHORERRH (T L — F)
CBWTHLRAMAENEET L 2R LE, Z0EWVE, ERFIEO LT
MIREWNRLEL T Db LRy, KFZETIE, o7 0o H L LT
il A B E R\, Zhid, BT Polistes @i =¥ & L TWbHREMRO—F
Th o, —F. Bohm (1972)i3FMiEx 52 TH V., —HOBEKET=V L LT
R L TR ot RBEREZEZ BN D, T4, O'Donnell et al. (2018)1X, 5
BAEARBIELIMAEERBMICEHHEO Y Z2RAEXITWEZ EERLE, OF
v . Bohm (1972)D EB CTIER A I > AN T TR, R EL
THRBEEICEL R o7 BE2DObND, L2L, —HOEKEGC 6 AICHE
ST ENERAIIZFr > TV  PHERICE A TZREEZH W TIIR A HKEF &
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Tleorhblinnzw, %, KEAHOTEPRAERIGICKETZEEZRHD
VERSH D, Mx T, EBRAIGEOENLEZOND, KEBRTHVWLREZE
a7 vFANFIX Megapolistes B I I NBHRICHMmT 5, — .
Bohm (1972) T\ b 4172 P. metricus IX Fuscopolistes i J& |2 57 J4 S du, 1 i
RN+ 5, BUIE, 7TV T IARFICBTHLHAROEBEZFHNLHEZIND
2ETL2MTORLTWVWRY, TOD, Hx LM WT, HEN., HH#RL
it AE COBMERRD N D,
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BA4E REMMFOESE

4.1 XC®HI

TRk, (kFEWEL N LRI EIaREASEII V-T2
Fizblzeo THVWLRLTW L EBHRFETHL, —FH., RBELEET LV —
TOLFEIF, ALFEME LIV LA, MEN R KBOESA O X B BT,
YU T 4 )EHNWTINRGEERL TS &EE X LM TE7Z(van Doorn
and Heringa 1986; Monnin and Peeters 1999; Jandt et al. 2014), %12, J&
BEMASERRICENT, BT LELb G ar=— A U NN—HOEFIEN &
W, BT 220ICHLRTW D, @IEN O E & o 8 AT B E L&
(Reeve 1991; Monnin and Peeters 1999), = L C. R EML SR Lo & £ (b
L i EMMkA AT, s u=—A U NN TR EKEZITV, EHIENO K
BN ALE L, B A2 59 5 (e.g., Pardi 1948; Strassmann and Meyer 1983;
Reeve 1991; Ishikawa et al. 2011), & 52, W ITELIANL TE F O EKIC
%t L Cl 545 (Reeve 1991; Cant et al. 2006; Ishikawa et al. 2010).

AR, RERAEAKFE S L LB Y — 13 < 20 0 Fl o ik % (s 2
TLY 7T ELTHEELTWD Z ERHmE S, M ZKDHEENIZEES D
2 A b %X F &+ % (Tibbetts and Lindsay 2008; Dapporto et al. 2010a,
2010b; Tibbetts et al. 2010), L72rL. L b L IFHEN R 7 F I X
LZGEFEHOFREEN R INTZITE 20D 6T BEITNEAMH MR O 2 DI,
TV HEELREE ZH > TWVWD, BEMITENICE > TRE SN D ERIEN O i 7
fE AR IZPEIN Z M &5 3° %5, Dapporto et al. (2010a)lE., EALITENZ B L VB BT
(26, RERIMAKFZOMMFMHEEZHRL TWD)E, BEL WK EITE &
o, WG OTESORIIIES TRVWEAELZVWEEXLRD,

L2L, HBICE > TRET 2EHIEAITEMICBT 5 EHIAM & 2725 H
b Lav7e v (Roseler 1991), A& OB HNAN & LB HNENL . % H O 8% E

69



L% BIHERIEN & 35, BMEHSMEBELIAMHOZDO X S REWITT ¥
F X FHE Polistinae ®F >3 U F T > NF R, marginata & Y~ k
7 v HNF P japonicus T% K X i1 7 (Chandrashekara and Gadagkar
1991; Sumana and Gadagkar 2003; Ishikawa et al. 2011), ZHQ 5 2 D & F
TR LR L, ESWEBELIEMOREM EIZR B2V, LML, EIRZME L
TWbd, ZhoofIX, EWRENOV 7TV ERBRETDHZ LICLo TR EDOH
MEMFFLTWD EE X BN DH, R marginata DIz FIXI L FALZHEFFT D72
W27 =mE 2 AT Mitra 2014)FB 0 . ZHIFEIENEZ R T EER Y 7S
NThHDHEBZEZOLND, P japonicus D R Y T (Abdominal wagging:
R. marginata "7 =0 E U EBRMHT HE X OTHICHEHL L TWDH)ELT O
(Ishikawa et al. 2011) D T. a0 =—NTLEMN 2T 272D 7 =0T
ZHAWVWTWDL b LA,

TFANRFOHEEENEM]N T — I —PHeaiOflEZ EM b LT E
BDHEELLEBZEDOD T = —HTHRIONLTWND Z IR ZEITEETH D,
TromsdelATE, EELBRTHERSNLLIan=—(KkE-"Rarn=")%
FOMMT, ixDapn=—A N—(LELEL)OEBHIANMIZLL T 4 fET
D #H ZF Kk & N 7= ., Polistes chinensis antennalis (Morimoto 1961),
Mischocyttarus cassununga (Murakami and Shima 2010), # L C. kLl ® R.
marginata & P. japonicus T&® 5, 7272 L. R. marginata ® =2 1 =— X, HH
b L FHBFEOARLKEILL -~ TART IO, REOARLEZ A O
(Shakarad and Gadagkar 1995); 22 (Z A% & EDMTFH 72 D 253 5 B 72
WHT{TH N T\ 5%, P. chinensis & M. cassununga O fli% & Tt E&MES
NEAZ D F AL & 72 5

bL., 7V FAARNFTRLND KD &L EN 1 A4 K (Strassmann 2001) D
e, BUEE R ko apm=—2A  N—HoOMm&xETARLERMS LITLEH
Kapn=—XVLZE-IHavp=—THV, B, LE-RWarn=—ICkBT5
ZEFRZRRTHD, —H . ZTOREIRZRED R ELHMAT —I)THY |
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ARAEEET D LIFTERY RER+SICEINRODEZRE SR . RER D
Bixa e =—T< 2 &b F %+ 55 5 (Bourke and Franks 1995), &« £
—Ran=—DIZNOORMIT, KELBERMOMSZ2YHMNLEL Y L A%
BIREN DEER Y 7T N EHWTHRIRLL T K 225 LRSS,

BEhlLWwkEEZbOLE-—Ran=—0@ER N LVOHETRLND
Dir, LT, IhbDan=—TRERBLERLVON, HDHWVITHERNT
HOLZDONEFTLEDLOSICREDZONZHAND Z LIFHKEY, b OERMIE,
ZL DB THE-—Ran=—DBLIEMOREEEZFHARL L TEIALNDLEA
Ve FNICKY ., TYFTHATHBICHK T DL ENM DML & HEFF O 72D DB
DEDLIVEVWHFEEZHZEOLND Th A,

AKETEIE I/ 7 T IR TFORE-—Ran=—DOLEMEHMFET DD
ANHN TV DML T T, FFIC, REMMERS, RBICESHWTIREL T
WAHELIEMICE > TERSNTWENEIDERHZ, EZ7aokFidxizn
T B AR D ST AR T d 5 (Kasuya 1981), Miyano (1991)1%. & FE — i =
H=— BV TLHEEFHBEH TRV EABE L, L2rLAals, ZOW%E
DBEHEIL 4MOALTHY, K ERXEINZ LARL->TZ, MAT, V=0 —
Ffhoae=—noBALLEEKRTH T2, ThW2IZT, KELT—T—HOD
MEERZMH T 2-DICILRbBEBRROLND,

COMEOE 1OBEMIILTO 3 >O8MICE2bZ T, KBEZH VT L
FMNEHFELTVWDINE2RRNDL L THL, (DEFEERDEBEHTHY | K&
CE o TREDHSWMELIEMICB T 2 HEMEEHETH 202 @& E TS
(8 & NE AL O e AL U — A — (& £ K %12 7 B IR ik & 72 % [Miyano
1991DIC % L CRICHBEAEITH O 2 ()& E 13m0 (H L < IXEEH)IC E IR
ZATO D2 S LI EHIEMEPELIELE OMOEBEZH L NICL XD & LT,
RS, WHEEOT VT HIANATFIERY — =P X VEMEKE D05 T
& % (Tsuji and Tsuji 2005), FERTRIND LI, KERBERLLWIZE D
PHLT, EIREMES LAIEEMITITI ZEE R L, EOH, HIT,
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LEDOEINENOEERY 7L E L THET D AREMEDD DITEIZEY BT,
TOHELEINEE L OBBRER T,

4.2 MELE FiE

—HEHRKFHENTH EMICOIEY 4an=—%288 L, ThEZNBE L=
— 1%, Colony 3 (2010 4£). Colony 5 (2011 %), Colony 6 (2013 4£). Colony
9 (2014 #)Td % (Table 12), 7272 L. Colony 3 & Colony 5 (2B L T, #l£ 0
ETEITHMT O —MITLEM -KRICLsTfTbhi, BlELTan=—0D%
BRI LRI NEZIEICOTF bR, £< O anr = — [ TEHRR O H B
URMICHRELTLEWL, ERELTEREDar=—FF5 Loz, BIZEIXE 1
U= =P E N b, WIMAT —Y0an=—TlIkELY—7D
—MEEY A X, BOWNESE, WEHOEROY A XMW PL LY —X
— I HERIV ISV ER O EREIIHE, RERIT K > THEZ I 2 T 6
ToH 5, Colony 3 & Colony 9 LMWV E D 2mMAMTCELONTLXY  THT
YRCRAE S AEE L AR, 20 m x 1.5 m X 1.3 m)NTHE SN,
Colony 3 TiZ, 7 ¥ OB ZIIMAEHINATEBY , +HEONNF AV YU H
i, ~NF IV ok, BMELTEHBELEAMDBKESNZ, Colony 9 TiX,
T MOBERT. ABRICHKREHNITAD L SIC L, Colonybs & 6T H 7
ZAENICARER L L-ane=—Tbhbol, ZNH 3zn=—ZxL T, ~"F =
VEKRKDPBEOELSICEPNZ, HERITIERLIEAEDOTE R TESOE NN T EHRK
DN R A A B B 8] B2 5 A (Aron Alpha® jerry type, Toagosei, Osaka,
Japan)# HWTHD 7, B T2, TO/MFIZTERmOME 5 2RV 72 < B
BROTRED AF T 72, B ETOME 2 OEEOITENZT V2T 4 H A F (HDC-
TM 35 % L < i V700M, Panasonic, Osaka, Japan)Zz i\ T, & H# 6 KFin 5
HH6HET, HE 1V — I =Pt b L Fan=—%2FRLLEENLEED
8H 20 X TH/HE LI, ETA|MEITHMALHENOK IITITO RN, BT
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Table 12 Information on colony development and analysis periods

Date of first worker Date of . Total Number of
Colony emergence first male pate of queen AnaIyS|s analysis Observation dates  workers on each
) disappearance period . :
or colony discovery emergence time (h) observation day
3 June 22 (2)? August 4 August 3 1 17 July4,6,7,9, 16 5
2 30  July 18, 20, 22, 24, 25 6or7
3 29 July26, 27, 28, 29, 30 7or8
5 July 3 (4)? b August 16 1 12 17-Jul-18 4
2 11 28-Jul-30 7or8
3 12 12-Aug-14 12
6 June 24 (4)? August 11 July 21 1 7.7 3-Jul-05 3
2 151 July7,9,11 3
3 52  15-Jul-17 3
4 8.5 July18, 19, 20 3
9 June 11 October 9 July 18 1 24 June 16,17, 19,21 8or10
2 24 June 23, 25, 27, 29 12
3 20 July1,4,5,6 12
4 17.5 July 15, 16, 17 9

a Some workers had already emerged when the colony was discovered. Numbers in

parentheses indicate the numbers of workers when colonies 3, 5, and 6 were discovered.

bThe colony collapsed due to an ant attack on August 16, just before the reproductives

were assumed to emerge.
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T an = =N L EL T — 07— TS LD LR E RS (Reeve 19911217
bihlc, an=—2A N=—LTE5RVFEALTHLV 2 DOHH(4~7 H)%
HEL., ZOME O 2~5 AZMAT LG 1 BB &), ©F AL 6 FH
GEH . FAT 11RO % 5 ) IThhic, —# ., BRBEE ClREMe L Tl
TERMhol Lt EX 6FMICEL - T,

BALATEY, PEIR, A RITEBRETABENLREIN, T L OO
OHEENGFR SN, BAITENX, WAOE, BiE, BN TE2EL, WHO
X, KECTC—HozWGaE., HABTH D), tEWmIcxt4 52813, FR &
LCHEO =AM EWIHMT 2L bd D, BT T G K2 22 8 )
LbIT L IR ZDITEITH D, RELBODITITFHENAEEL W E TR Z N
7o, MUATEIE LCREek Lz, 2n=—X "= PSoEKicxt LT~ v
T4 (RRERICERYICRDITE T FHRICELWEA S EATE A £ 9 5
ANBDIINBEINTEZN RHBENOar=— X RX— 2% L TiEfrbinrol,
ENATE 24T o T lIR L Z T MR RE SNz, A AEERIIEESZE RIS
AL, BEEZINZERT D, BLET, WEHZHFAL TV ND
L. EI SN ol A AEKREZHER Lz, 172 B0 EINITE T, BIEH O
HABRICIVBEENTEDPEDPZHRT DN TEEINNHER TE L 41 H
Do H 38 FHIMWIEHE 2 AT 2 fkReiF 28 120 WL ETho72, — . &Y
D 131 B OATE) TIEEII AR ST, MFrHIL 120 R TH-72, Z0
iDL, EBRICENSNIENEPEZHRRBTESRVEATH. 120 BLL Lok
FERER & o) L7 AT B & PEINRR B & RE L 7=,

MR RR IR . P X gk, BRI T I ERRE N E R TV ST L DR
TEIE LCRE S, £ LT, EITHME L ORBRRZ M Lz, EHER
i, M1IMMHCEERZZRSELACRBSE1TTHTH DL, P2k
. B EEPNELEERR ORI A~EREL TWATHTH LA 2OITENIX
K 362 Mflkft L7728, LA I 120 R TH-7), T LT, EEEDY
MFIFTEE, 1 26 LK EFEBOFEEZRPOR~NLEERH EmEZEY 215
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I

BATT 78 TH L1 SDOITENE 1-33 Bk L7223, 1Z& A E1E 10 BRI
Tho72),

BATHORM O OMEIZ 1 AICHERSINTATHHEZ 2 OFEKNE EIZ
W CEH ST ETH D, 2FED ., 1 HOMHREM» AR ICH R/ %2 2=
LW TH S,

BEHINEA L 2 DO FIETHRE S iz (DEALHE % (DI Premnath et al. 1990)
AEFAE LT, Z2oHEES LICkRE, (DB LEOMEED S TORT TxEkE 2 1F
L.BsbiE & s b & 12 E (shikawa et al. 2010), *f £ & 7o & & |
NTETHFICH LTI @EECEMITBZ2 R LEBENBMLTH D & RE
Lz, MBRMEERDIEMNIE. oKLY SoEEoKsx b L ICHE LR, 2
o 20D HIEIFTELIAMOENEZRTPE LARWVAE FRTRND XD IT,
ZOENImMD ThENoTe, BHIEMOFEE T, R L2EEOBMITEIXZ
DEWICK > THRAST LT R2o7,

ZEIZK o TITbN 5 DOTEIEMATE, FEIP., PNE 7 =22 MR
B, BHBEYASF)ORMOZ OTEHHEEIX, an=—HNOY -7 —HNTHL
Elo TWVWAHRITEI 2R b EEE T ik ks hiz, BEY v s Y
VEBMEMRERT IR oY I ICK L CEEMEERE)S AL, =

— L8 B Z #5 (stratum variable) & L CE T VICHAIAALTL, ¥R L T
—ZIFERSMEZLELRNLTHD, a0 =—REFEIZL> THRITRRD A

RN D720, BRI L BMGEHELED 2 BEATNEITHT. W
FOMBITHOHNB - HEZLR Lz, iiX, AR>S 2 5O L=
IR L CIEM T v # AMEFR E (exact permutation test)Z AWV 2, & 5
TENKEBMT =D —1C LT, bLIERbEBEECEMITEAZITo 72U —

—WZRH L TRV ETHICEBMITEZM T TV I20nE, BIESLTEHEL MO
IR == A R—L T U LIATo T WD ERE LT L &5 b 2 8 E (/8
B3hlcaog=— A N—K]OMHETHMEKICEBMITH LT )& KL,

COBBICIIZERTEE HWVWi,
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BEAHNEAL & PENE & 0 BAFR T, AT IR 2 @Bl A% & L THLAA A 72—k
AT T e AN 2 VREEANTE I = — 2O W TN LT,
ZLTC, PHEIE#RERREECHEINZ, ZOMITIX, £ar=—T42fiF
Hrilzm L CBMRMERNEFEET DN EIDEHLNCT 5, MBI LEZY
—H—lan=—Z KR LR ATH L Ty —F—i%, [ CFIE
DU THNTCHLIED EXE), BEHIEA & P IEIX., 2o MBEICFET 2
BEBOEBEERLS ZDIZ, UTOXTIHEIN D MEESIEM S L < (T4 X
PR & L7z,

G EEICH D Y TonEBLIEM S L IEXPHEIE— D/ — 7 — % —1)
ERRoXoER 0 THD &, KEMS L EIREREZ RS, —FH, EN 1T
bolE, RAEMS LIRS EZ =T,

" IHME IO W Tl NCSS (version 11, NCSS Statistical Software,
Kaysville, UT, USA), % #LL4F 1% StatXact 10 software (Cytel, Cambridge,
MA, USA)Z W CiThbh iz, % BERIGAICIE., Mt F WA BT AL L 0
Ry 7 zn—=%8ELEREEMHIm 1979) % A\ CTiEfli iz,

BER 72 0 OPESIATEVEE LB H 72 0 O MEIMRIR B H & . ML 0 4T
B, P RETHHE L OBRKR bR, ZofiriE. (D =—
DHEEEL@)Ear=— A N—(THE A L7 (2) 0T 1388 5B R 812 136 A
Lighole, RERL, KEDODHRP TN LTH DL, MITIZ—BIALBRBIES
ETNALEHWTAT o ARITEOBHEIXIEEERE L TET VITHAIAER,
ap=— LK =—ICFA NI TWVDE)ET & LR GHRITE O M
FEIZHT2HELORHLWVITUAOLEZT X LAEHE L E56%2 0
L0 F% AICEICHESWTIRE Lz, iR E LT, KEDOPIT 72 & 223 o figfir LU
ATiE, BERHVWSEAL)E LTHARENT, —HRIGBBIRS T T VT IX
R (version 3.4.3; R Foundation 2017)H @ “lmed” /X v 77— ¥ % AW TAT o 7=,

PEOR & R RATEME R ICA B 2RI MEH S anE T, SHICHRITEH %
fTolBEBITORVEELVEIIL TV DI NE I DERATL, TRaix, %
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AR5 RATEB 21T o7 B O P CHEIIL 72 H OEFIE () & xb 58 23 %k 547 B
EATORPoTHOHRTEINLIZAORE G AR L, ZOMITITLELS
A= — XA N—DWFICK L TITo 70, BAEN, ZofircnwiInogs
THLHAEREVIIRHE SN2 »ok: AARZORICHEITE2ITo72E LT
b, TOHICEWNTLZZ 24T LLRTEVWI DI TEHLNTz, T T,
MEHMAREREL, O 4O BLAREL 1TETHLHRITEHZITS 2
AALZHONT A<ty 1TETHLENEZIToTEAADEG()L 4 B THS
TEZ 1 ELiTORholm A RITHONWT, EINEITbR)osTo A 2DE A (s)
Lz, bL, BV RHE SN0 E, IRITHEIToZ 0 A ICHEI
FTH(HLIE, EIFLZR W) L2V, I RITE 217 > T2 @R 1T 72
Mol L VERLST VI & ERT,

bk D 250N T, ZOFEMEIT, an=—8 LIEIMEEM T, v X
(1 =pir /(1 —r)b L IE s/(1 - 9)is /(1 — s7)DYE)— 1% He b T2 %12 IEH
MRMWEFRT D2 LICLsTRHMLAE(DEY B MEL LITRERD 2
2= —DOEERGRITEHAITO LE, ZNALOEENRE —-OERTEIILST W
e EMB LR, HEESL LTz e — @RI AR E L THEAAE N,

SatXact® software # W THEHT L 7=,

4.3 FER

4.3.1 apn=—0DRKKX

MEBRREV - —RETEnZEh 36 05 48 FRE & 11 »»H 22H TH -
7z(Table 12), 186 L IFHBOBIMBECGT R LHLE, DEVE 14 2Y
fE% TP L7z A 2)2 Colony 5 #BR< &2 r=—TH kL7, Colony 5 %,
EREAEPATICT VIS s THBEZZTMBEL CLE oD, ERHMEEHN
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P L2y o 7=, Colony 3 T, & FixA AP H%IZHER LT, — K. Colony 5,
6. 9 TlTA APHLAETIZIHE L L 7= (Table 12), Colony 5 TITH 2N AREE L 7= & & |Z
ZELHR LI,

4.3.2 PEHP

T FNL AR B IS 0-35 [B] @ FERAT B % 1T > 7= (Table 13), — 7. Colony
5 ZBWVWT, 1 HALHEOTY — I —RNan=—0RBIZHEVEINZ B -,
AT P CHRAR 11 BOEIRRELx DT —h—icksTHEINE, Ly
L. Colony 3 O] 3 ZR\T, U —H —IZ X HEINMEEIT L Fio Xk % EIHE
BLobmole, am=—REORMTIZ., KEICLLI2FMDLY OEINIT
BHEEN T — 0 — M TR OLEINZIT> MK L0 AEICHE» > 7= (Fig. 20), L
ML, B CTEAEREREVNIZIR N -7 (Fig. 20), FE LY — I —Xi
WTWESIEMNOEM TH o772, LML, EMEAERLIVTLA 242, 3O

U — =0 b m B E TIT o 72 (Fig. 21),

4.3.3 EHIRA

DI b L<iFdizRICHEDVWTIRESNTZELIEMICEBERS 4 an=—1¢
b MENTIRE CR ENREMMEA LD L3 TH o 7= (Fig. 22), DI & xf ik
RICHED 2HEDOELIEM T, 1T A LEOMTYIR TERY — I —N L0 &
MTholz(—ffbars T <=2 T I« ~2Y = LRIE: colonies 3, 5,9, P<
0.001 [DIl, P < 0.001 [standings]; colony 6, P = 0.056 [DIl, P = 0.037
[standings])e LU AR S HEB T — D — 12 LIZLITREME R LR T-,
Flo, WTNOMFTHHP b L FEITae=—A v N—[TRLEMITEHZ T
Z & idAeh o 72 (Fig. 23); K EIC X DM 720 OBAATEIBEE X, &b &
ECEMITHEZRT UV —F— L0 HEICKDL S (Fig. 20), &0 T —H —I%
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Table 13 Colony size and eggs laid

Col Total number Analysis Frequency of oviposition
oeny Cells Reproductives®  Period  Queen Workers®
3 42 50 1 7 2 (1-1, 4-1)
2 14 8 (1-5, 4-3)
3 10 17 (1-5, 4-11, 6-1)
5 36 - 1 0 0
2 8 0
3 6 0
6 38 5,4 1 2 0
2 2 1(3-1)
3 0 0
4 0 0
9 48 1,0 1 7 0
2 11 9 (2-5, 3-1,6-1,7-2)
3 14 16 (2-9, 7-3, 94)
4 35 3(2-1,9-1,10-1)

a Left, males; right, females. Colony 5 collapsed just before the reproductives were
assumed to emerge.

b Numbers in parentheses are the number of eggs for each ovipositing worker. The
numbers before and after each en dash indicate the emergence order of the workers and
the frequency of oviposition.
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Aggression

Early Late
60 1 p <0.001 p <0.001
4.0
20 A
00 +
12 | Oviposition
p=0.013 p =0.096
0.9 1
06
L ﬁ e [
0.0 T T T T T T =
15.0 - Rushing with flapping
- p=0.719 p =0.002
Q
5 100 -
3
o
& 50 |
>
3 00 | .
T
6.0 - Lateral vibration
p <0.001 p =0.004
4.0 A
2.0 A ﬁ
0.0 T ﬁ == T T T 1 T T
3.0 4 Abdominal rubbing
p=0.001 p=0.755

Fig. 20 Comparison of the frequencies of five kinds of behavior
between the queen (open) and the worker (gray) that performed
the focal behavior most frequently. Comparisons were made
separately for the early and late stages of the worker phase. The
p values were obtained using the stratified Wilcoxon signed-
rank test, and those for comparisons between the early and late
stages for each behavior performed by the queen (q) and the
worker (w) were as follows: aggression, 0.057 (q) and 0.063 (w);
ovipositing, 0.114 (g) and 0.004 (w); rushing with flapping, 0.170
(@) and 0.504 (w); lateral vibration, 0.418 (q); and abdominal
rubbing, <0.001 (q) and 0.972 (w) (exact permutation test).
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Dominance rank

Fig. 21 Hourly frequencies (means and SE values) of ovipositing (solid),
lateral vibrations (open), and abdominal rubbing (checked) performed
by the queen (Q) and the first- to sixth-ranked workers. Dominance
ranks were based on the dominance index (DI). No workers performed
lateral vibrations. The number following the colony number indicates
the analysis period. The letter “a” on the x-axis indicates no
corresponding worker. Seventh- and lower-ranked workers occasionally
performed ovipositing and abdominal rubbing: ovipositing, 0.06 = 0.06
(mean * SE) for the eighth-ranked worker during period 4 in colony 9;
abdominal rubbing, 0.17 = 0.00 for the eighth-ranked worker during
period 3 in colony 5, and 0.08 = 0.00 for the eighth-ranked worker

during period 1 in colony 9.
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Relative emergence order
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Fig. 22 Relationship between the dominance rank and the emergence order. The
dominance rank was based on the dominance index (DI, solid) and standings
(open). The dominance rank and emergence order are expressed according to the
relative rank or order: the first and last ones are indicated by 0 and 1, respectively.
The queen was designated by a relative emergence order of 0.
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Fig. 23 Hourly frequencies (means and SE values) of aggressive behaviors (solid)

and rushing with flapping (open) performed by the queen (Q) and workers, who are

ordered according to their dominance ranks based on the DI.
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LIFLIEFICTIERWR), X0 BEBICEMNITE 21T - 72 (Fig. 23), L L7
NH, WFhoaon=—T%, REMY =T —1ZLIELIE., &K&EHEE TEMT
B mr IR oTl,

4 ar=—0VWTNOHMETH, LEEFIKREMY —F =123 L TEMITE %
EHRWICRTZ LI Th o2 (Fig. 24), 2F 0, DI & L FxERICH &3
WIZ R NANICBIFR 72 < . EAAT BB 1T, REIRICT v & DITENATE & R
TERELZMEEABEICR AL O -7 (P> 0.05, “IHMRE: ¢/ 7280 5 M b7
ERITZZTRHRERW), 1 204 1% Colony 9 DHIM 4 Th 5, xFHET
BEHIEMEZH LS E., KEFRTOBMITHZEEM Y —h —mifz(P<
0.001), 27 L., ZOfEEIEI DI ZHWEHAEICKEMN TR o, B EIER D
BNATE 2T > TWVWH T — I —IZH L TCHEMITEIZ2EPT I E R o7 (P >
0.05, “IHME; ab M2 FaHMEATRE BIX 2 2 TR S 722000 ), FRICELBR S0 0 R
Rax, KEPNELIEMICEBRRLS ZL OV =D =P O EBMITEZZT 5L 0D
L Th 5 (Fig. 24),

4.3.4 MEWMHBES., EHMEY T, PiTERE

IR IX L EOHRBITW, U—— X —ELiTb 2oz (Fig. 20), &
FIC Lo TITON TR & 72V o pEYIAT BB IS & 72V oI5 F0 A 412 B 17 B
BELHEEICEBEL W (?2=6.6, P=0.010, Fig. 25), Zhlf, o =—X
N— XL EOEINRER N AEHBEIRBITEHHEAEIC Lo THETE L Z L 2 RE
T 5,

BT — B —D WL DhiE, & ERARICERE D 4 T1T78 %17 - 72 (Fig. 21),
an=—RBEERBOMPICLE T IO ZR S ®MBE TIToL, BT
T 70y o 72 (Fig. 20), MEHE Y (54T 8) 217 o 72 & £ O B B 13 2 IN AT B 1
ERMLZ2»o7-(y2 =0.4, P=0.554; MIZ#ERL T 722Wn), ZhiX, &2an
== AV R—=—FHVWEHAETLRLETH 7= (x2=0.0, P=0.851; XIT#H= L
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Hourly frequency of aggression
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the queen exhibited toward (solid) and received from (open) individual workers, who

are ordered according to their dominance ranks based on the DI. The missing
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TR, LN L2264 B9 B &b 1 ERRE 178 21T - 7o @RI,
1T 7eino T-{ER X 0 BEIP L 7= (Table 14),

PN BHEOHE X 2 v =— [ TH & MR - 72 (Fig. 20, Fig. 23), Colony 9 Tix
2L HBT, Colony 3 TIZOTNCALNT-DOHLTH o7, W7 & EHEIXTEITEALY
— = EIZL > T T (Fig. 23), L L7ann, KEMTY—H—X, 7—F—H
THACIEMEE TITH 2 & id7 o7z, £ LT, Colony5 O] 3 Ti%, < DT —H—
BB L GO ONPNE - E BT T2, BOEBEED Y — b —MTo e Pid- &
SEE DR H 7=V OBEIL, an =—REEREONY TIILEMToT2bD EFHLPL T
7oo LML, BMITIEY — 7 —I13&E XY SHE T - 72 (Fig. 20),

PEIR &NT T S SR OF B BRIZ E O Ch i Shienolz, am=—A N
—ITHENPEIN L= D, b LT ENL BVDIIRFEINFIC L > THEENT-DNE, P
TeEREL S LITHETE T RVWE S IZEDbILD,

44 E%

a7 T AT OLETR S BZENZRMEAETRL, b L UTEMATENC X - TRE
SN DHEEDNENL D RABNL TIX 2 o7z, LA LM ERY S L < ITESERIICEIR LT,
DI, HEFRBHEN T — I — b L TS BELIELL O KB O U — J1 — GETERY
2R EALRARME RN L TERP LT b oo U —0—I1Zx L TT » Z Al
VT S ATz EARE LTS & HEE L 0), 26 OBIEIT, HEDMEMATEI Z F W § AL
EHEFFL CWD Z & ZMRRT 5, 20ROV, KETH L7V %iE L CHEINGE
T1H L IFBIHDOEBIERR N 2" T Z LIl Lo ThEMEMF L TWHEEZEZ DD, bo
EH B LVWMERMS 7T Vid, IBEEIRE CTh D, 72872 b IEE BRSNS B 13 PE IR T B L
CEDOMHBERf o TV b TH D, X T, IEEEY i TEhb > 7 & LTHlREL
TWHEBZOND, LINLERRL, 2O 7 FIVETENNEIN L% TR 5 DHRT,
ENLK BGWEII L 7ZNE PR TE v, PR LS I L EAMER S I3BE L Thne S
D,
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M ERKERE BN Polistes dominulus (Brillet et al. 1999). P. fuscatus (Savoyard et al.
1998). Polistes instabilis (Molina and O’Donnell 2009) % & Te, %< O Polistes J&7 >
ANFTRENTND, ZNHOHED L Fidan =—WNThEHEEOIEHMIEE 21T\,
P. jokahamae TIILEDHNENEAT O, EEHMIRENI I BAGEE a3 0m =— A N
—ICEB LI ATOND Z M, TRECBEINCRTRAINZ, ZDOIEE
BEIEEN I EIC 2 OMEZR FF D LIE SN TE 72, D B—mEHOaIa=r—v 3 v
DIzbDT T F N, b LI, @QBBIERLIZI T 2B BITE O —>(Jeanne 2009), &
FEIREN X, 720 TSRS LS Fan=—A U R"—[Z#HB L& X7 b, P
Jokahamae DRI L FIL 2 5 ORI T TIHIETHIRE 21T D72\, Z D70, MR
IS —l AR a2 = —v a VOBREEZ R RN EBEZI BN, S HIT, IR
BT 7T ST TH 0, IWEIRNE WA BT 5 2 LB D T BIE B
Thdhomb Ltk 4%, FERIC KV EHEIRE O R L MiEL S HICHBLNZT S
WELIN D D o

PEIMATENBEAE & MR 0 (AT S B L Tz b b B8, R 0 (117
AT O ERIFAT DR WEER L DV EIN L TWD Z ERRBE N, 2Tt T ot & LT,
BRI 0 AT TEEE NIV RE LBE L TWH & W) ZERET b5, K EDFET
TU— I — I BICEIRE T 5 Z ENFENRy, T LTRETEx S, b LEINCHES
BROWEB THIUIEIN LW (OEY | ZOERE. 5#ehhb LAXWMD A -T2 FHE OB 5
FIRARETH D), fEF & LT, MEEER Y (R TENSEEE S EEIRTT B AR L & B L T2
H LR,

HEESER O (11T P japonicus TBIZE ST Y 178 (Ishikawa et al. 201 DI *FIG
LTWbEEZXLNDH, £ LT, B E~OIEREOEEOE Y (H1F1T781X R. marginata
THBE SN TS (“rub abdomen” & £HL Z 41TV %; Bhadra et al. 2007, 2010; Mitra
and Gadagkar 2011), 2/ 5 DITENIROERE LI FWE S LITLKET = nE Dk
HZELT, b LUFBWITEMED LB R BiLD, R marginata 2 EIFMHEHER Y FHT I
ML TV LET = v Er 2L EMMERFITHN TV D Z ENTER L SN2 Mitra

2014), L2>L72 6, fEEHE T (Abdominal stroking) & V™ 9 AL OFTEI NV DD

88



DT T HNFTRAINICZ LITIFEETRETH D, ZHITRRIEELZR D LR
M ST (B2 1E, Cervo and Lorenzi 1996; van Hooser et al. 2002; Lorenzi et al.
2011), 1TEIAAT 5 EKIZ A H OREEES L <1, BHIEM O @A) Z S HIZEZ TN D
EZHNTWD, P. jokahamae \Z3\F 5 JEEEE O A I ITEIOBREZ B 52T 57201
SORDLFERNPRKRDOEND,

MR EN I L EOFEIVRE I D IEE /R v T L ThD B2 bD, — R, v 7
NOEBEIZMERET L7120, RSNV T FTNVEHLIaANEZAILENH D
(Bradbury and Vehrencamp 2011), MRS KAHIZ/AR 21TEICH L Lt
Ve BV, IEEBIREIO 2 2 MIER TE 2000 LRV, U= =Xy IS
KHEHZ BT, RO OFETHREDENEN ZHR L TWDI0E Lk, UY—7

—I%. P. dominulus TH 55 X D12, KEIZL > CTHEENINOLE BEHH <5 (Liebig
etal. 2005)Z £IT &> T, b LIFESE HFTEIO L IR ESNLD b LivZsvnk

TR S U <UERBRACAKFE DAL & MBI ISR 2 Z L IC K » T, LEDOMREINRE
NEHRBLTHDND LNVEWEEETRE L & LT B/ a o FITHEIEMNITE %2
=%, Fig. 22), V—H—WN 7 FVOREETHD LW LIZGA, V—h—1ZV—%
—ITR DL aRD, EINDTODEEZT Db LR, U —h—»R"LEDEINGE

BT 2 v 7PNV EZET D0 LFAKIC, EIRENZEEER L TV D0 E I niE, 4
% OWFIEDOH FHT —~ Td 5 (Tibbetts and Izzo 2010).

WS ONOENY =T — T an =—REEFBOBRYICENZMG L, Lol KEIZ
IO DOEIMTEIZKBIZ L > THITRholz, LNLRRL, V—I—IZXoTEEN
N OPOINFI L FEERY v )b LT — I —(T—H—KRY v INL->T
BINEZT, KEICLXSTEENTZW OPOINE T =D —ICX> TRINEZ T, D
L RTINS 20 DT »F HAFFETHARH 4TS (Saigo and Tsuchida 2004;
Liebig et al. 2005; Dapporto et al. 2010a)%%, FE&72N 5, ZOMETIIET A L 581
BIZEL > TED LD RATHO R TEZHN LENREN 2175 Z L IXTE oo,

Ishikawa et al. (2010) & KEDEER) 5 2 D Polistes RO L F— iz m =—TL L

BLRLL, KEMZHERTT Do OIERIEL 2 RN Z Lz b Lz, B
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RSN &2, a7 v HXF Polistes snelleni T 6 % & 72 L\ (Yamasaki and
Tsuchida 2014), ZHiE, Zu=—|ZLEDI IV FLICE-Tar bo—LENTN5SZ
LERRET D0, BRI LTV, fOFEIZIHW T, BAfTEIN L E— =
B =— T EMOMEFFCEE L TWDENEINEFRDL L L. b LEMITEINBEFRL T
WRITHIRED VT FANREEL TV NERND 2 EPMD THEHETH D,
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BHEE RABH

a7 T AAFIE WA ROE(LE B A ROMAGOEIZ L > TEHDED
NTOLEHZHEIL, P—ARERELTCVWDEEZLND, 2, WHAROR %~
Wb & B ORL & QMBS DEIE. PUBEEROIRIR G 2 7583 2, b B RO
BIIPUEE A — A MREE R T 2R TH DD, B 17— RIF A Eo s
Fpinote, Elo, WHICRBICECRER L7z & o B RICBE D b/ SV EKRIX
VIR ERE SERTWHAN D o2, Zhbid, FUERTO A — 2 b kiEIC BT 5 (R
D DOFIEEIFFT 5, iz, B a7 T AAFIZEBNT, (K4 X EPHERFOIEE %
BEEOMICIEOHEARAONT, ZDD, BZOLIPULROIFEEEELHEL TW1D
AREMDR DD, DX KA ALIFEEMBELZB LW 3% 1 71— FiZHbh,
TG B & BEE LTV B ATREME A 1 O (Rossi and Hunt 1988; Karsai and Hunt 2002;
Hunt and Amdam 2005).
— IR D I — 2 MREICB T DR 2 AT HEHR E LT, = EOEWLS

WU TFOBERPREZEZHNTND

1. BEIZEDZHEOEN, BlzIE, ©A 37 Y RF Apis mellitera D 71— A + 434k,
T, eA YA B —Z2KESnf T eIk ELEMOST oKL D
(Hartfelder and Emlen 2012), L2>L. JFAAEMASMERE RIZISWT, 20X 5 ez b
DTHIED L AR IN TR,

2. LENFE1T7NV— ROARELZENSEL V7T A@IzE7 et b LI
WAIREN ZRAESE D, ZOERTIE, KENLDY I IV EZITR-728 1 70— FE
KB HBAEIRIEEEZ LS E D,

3. HEMEFHT LT, b L ITHBNIRE A2 AV CASREL EEEZ SED, 2
T, ER 2 LIFRRY F1T7A—FOEEN ST, BEELECIIHEIEZ >THD
(Peeters and Liebig 2009), 7 ¥ A AF Tld, HEBAREIAHRE S TWDH A, K 2
TdH D HEME H 7% ST 5 (Jeanne and Suryanarayanan 2011; Suryanarayanan et al.

2011b; Jandt et al. 2017), —J7. A I U A A~ /L~ /LN "F Bombus terrestris T
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Z, BEZ7z2vE P —ZA MREICHELRY 25| SR ZFFRERE L THEL T
W5 EEZ BN (Amsalem et al. 2015), L2 L., £ 0 3R 72 BEREREAT 247 5 LR H 5,
4. BREO XD RIFEMFNERNE 1 70— ROABIREZ B SE 5,8 3.3H TIL,
HEZHME L-ENFAE I =—I12B8W\W T, WML lkbmo R EN T —R MREEICEET
L2 ELEEALLE, WHOZ OWBBERZRBR L&, L0/ WERD B AR
WCBIRZR S KV BN ZFF o 7o, ZAUT. RO — 2 MREICBE L72R » DIFE
HRET D, —F, WO OWMEREZRBR UL & KA XOREIIR LN
ST ZHUT KRN D T — 2 MREICEE LR Y BB LR o1o 2 L 2R d 5,
DFEY | REAOMRY ORI RN THY . lEHORAENEHERE LTH—RA Mk
EICHEL NS, £, 6 34 8T, thih - WA FARE T CH o lik % i
ICRRDARTICENZSE, B 1 70— RUSOMEITR B IER T el z R bic
Kotz H17N— FTIIRBBBROEEELZ T, £/o, RESITHEDLT, pli
GRafioEE2N % < e, Zhid, Shilt - ilICRBR LI B ROEEOBRSEZR L TS
EEBEZDBND,

% < OISR BT A RPREO X 5 2RI EW PRI 2B RN K o TRIRE A Z
& L T\ % (Hudson 1977; Conradi-Larsen and Semme 1978; Tauber et al. 1986; Danks
1987; Saunders 2002), Z D7z, FHiAME~ LA L TO <R T, R 47025 ZK 2
L3 HMLTHER 1 ~eh—X MIBHET LW OBENZ LB X B 5 (Judd
2018), KT, KRB O — A FREICHEE LR Y & Ptk OBREEE R O W 55 5 72
D, A— R MEMRERE 2 FF O EASMET T AT, MM b EA S~
EALOBEWINET LI EEKMLTND EEZHNLD,

F7o. B3 1HITIE, ik EL#EM ST O EEIL, PHERE R TR mWIEE S E
Ffo T\, ZiE, “diapause ground-plan hyposthesis” (Hunt 1991, 2006) % &5 45 1)
WCXFTO/MRTHoTe, ZOWFHTIL, WAOFIMMED U AFREASM ORI TH D
EELTWAD, I, Kelstrup et al. (201DIZ L > TRBENTZ 2 O2DOFEEIZL > T
FOMFITFZHRZ ONL I L LTWD, DIEFEDT I ANFIEDRMI LT & AW
BEAEH 72 FEAT VIR O RLJR S BV Cdo 5 FIREME 2 7”2 L C U % (Santos et al. 2015), = L T,
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(NRAT O BAMMED U ASF OIF L A D3 E 4 T3 220 (Evan and West-Eberhard 1970),
TP R, HASHENEBE DN U ARTF THSLI NI, RIS &2 KT DRI, IRHR

BEREUAIRES S & BIAEH OB A2 S ) A BEIS T L) Il bind, FRFC, AETEER

Z L, HEDOKHICAAEELRENEZ DL ) IThoTeDTHAS, 7HELT T

JI/XF P. chinensis antnnalis DRI L EIZ, AROZEE b LA ZIPPEIIZAT > TV

% (Suzuki 1981), 2 R BT I W TIRIRBERE & Z IS HRES 5 4TG5 BBk & &

INTHE Z S T2 D OFEINIBLRIE N, B E) 2 HIRHFICIA i 5 s L < 1346

R IX 2 OO BABR I RFE T o 5, BT EVHE) & IR AT PERR [ O IRIR & AETE 58

\CREE T DM A LT A Z EIEEV H DL ETHA D,

H—AMREFELFRC XL OIZ, AlRxEE LT — I —M O A A EREZ KD B4 % ik
THFE S ASEOEMIENEL LT bbb, B a7 v T AT ORI L EIL,
KL LA, BEHMREITEERE G L <IHMbFs 7)) L IEEEY 1317807
TF W) EI LT EMEHMERF L TV D Z &R ST, I BIREV TENIEINRE /) & 7
FTIEERY T TNV EERE L TWDAREMER D D, —J7, EEHE D AT ITENIPEINE DX E
HLIIINRBEEZ T FAE LTHELTWHWS S LR, KO LS ican=
—WNOMEEED 100 U FO/NS oo =—2 RO/ 72 L, #ilC 100 B A B2 256
b &5 WA 1995D) Tl K EFEARRTEMATEIZIT T SRS 7T 1dH 501l
LT TN EMZ TR EMEZHER L T D Z &8 51TV % (Tannure-Nascimento et
al. 2008; Leonhardt et al. 2016), B ATEIN KL 2o TNDH DD, 7 F AR TR
TWDNFFEIC R > TRRLEZBZ OO0, MINRENEZRD THDDONWZIE, & HER
BERG L ATRROMHANRSHOBETH D, — . @mREASED X 5, EERE»
BEERIREVar=—%2FOETIE, BRI FV 7T AKET = v )NUKET
% (Holldobler and Wilson 1990; Keller and Nonacs 1993; Leonhardt et al. 2016), Z#
X, U= =B A mIREASEAS LT 2R T, 2 X R0 D EBNATEI ORI
B . A MRS, L R#EHICZ L CRBICERRE SR EEETE 5
TFNVORMABERE IR TE I L Z2md, V—h—8OWIZE b, UV—h—&
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U CRIBERICRIEE 215 51F 9 28, EEEINT L X0 b FICE WA EZRIES D K 5127
ST L ERMTHLEEZZ LD,

T YT AT DR TR T DA 7 b L RRE Y 7 L OB 503
Fv 8% F T S HNF R marginata (Chandrashekara and Gadagkar 1991;
Sumana and Gadagkar 2003) & Y~ + 7 v+ A /XF P. japonicus (Ishikawa et al. 2011)
RS 3 BIEDOHE L 2T, KR, BT o HAF Y~ N T HAFIEFEL
Polistes JBIZFESNDN, B 0T v F HRF X Megapolistes g, ¥~ N T -4
/NFUF Polistella W82 Z 1 Z 411571 b % (Carpenter 1996; Arévalo et al. 2004), 4[]
DFERIE HRRFA ORI T < UBWITHRIR RS S TR T o 2 W REtE 2 me 9%,
1%, Polistes & DRk % It 2 JAWTZMIZEAAT 5 Z L T, BN TOHEMEL VDAL R

HT2ZLick-> T, VMt ouEL L5 2 LN TELHEA I,
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F6E HE (SUMMARY)

S F AL SRR I ZTEREI 72 1 — A M RIZE D RN & RSERIREHE 3 3 CRES T b o+t
REFEOTLD, BRSO ERT LB LN TWD, FRIFGEMSEEFFOT v
TNFIZZENRIET D A X ANF RO B MERE, FAREAE SRR, mik AR Y

BB N — A TROND)EFATND T2 BEALSEOMLOER 2 61T 5
OO LTEMELE 2D, AFETIX, B a7 T AARFEZHNT, I—X MNREEL
FEALHERF OO Z B L, ZOE(LOEHEH LT D 2 & a2l i,

D ®B7a7 v FAAFICET L0 —A MREICEET 2 TEEOPMLE S TOR Y OfF
TEEZW SNITT 27201, PUERFOERY A X ABRE, K0 EESWAF; AKREZ S
PRSI DIERIC Ko THIIE L72 M), IRE SRS, M e &M EIRL: IRE &4 i
g7 B FHR S D IRFEIC K o THIE L2 E) 2~ 7o, 2406 OfEERIE, PHEREIZ IS T,
F1 70— FEEEDORHMEELZIT IR, 27— FEELE T —I—IT X o THEE
T A APUERNS P L2 fEE), 5 3 7 b— RO RPMLZ IS L7 ik, @
FEELEBZBSNDIH TN, 1 70— FOPULREHRITE 2. F3 7 L— KL/,
<, ot £lel B 1 7 — FEEY A Z0EEL RV L L THEW IRL %2R
L. 2O IRL X IF O¥INCE 72> THA RN o7, £D720H, @ IF fH A FF ok
X, I OEIABEEINL, WO DOEIENHY L TndEEZLND, KTIZE 1
TN— RO LX) /S EFRIEA NI & ZLTRWIEESHEEN D, 1 71—

REEIZ LD U — =272 ) LT WMEHA 2 R > TIME L TV D Z EDNRE S iz,

2) ek HHIEIZ 0T T ORI L E B & Al L EOINEFEFIRE L IFEEREOE
ez BE Uiz, BARNIRAII 2 & 723, Bi& % 3 H A Sl Il 2 #f o 7o, #A RO

BRI 80 mg DIEEZHFML THY, 1 70— FMEKRL D IR A IR REDNT,
BT LR IR SR B IR A RO EEZ T 2 H 5729, IRL T 0.3 mg/mm3
DA KERETH D & PRSIz, #4H, IFEREIRL 25T & AKREAF % 51r)
F—EORTHED Lz, 207, KA ZXD/NEL THREV BN DR LA TE
HARetEE b O ERHER ST, A ROEROIEEIL 9.9 mg ETHRA L, £0E%
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R & e o Ttk bR L7z, RIRICINRIEEBIAA D RIS T 2K 1 XOREIT R
LR T,

3) HRICKIET HHEAT —VH WA LNICT H72DIT, AR EIRENERIHIE S 7z
EWNREEL T ORI A Z U@k 2 PHEEZ 2 HMEFICE B (LD 16:8) % L < 134 H
(LD 12:12) FCHH L. B B ROZELZFM L7, 70— FOBDL S PR BE R I
Wk S AV ERITIR R Z B E ST, IBEAZ < EHLIEOT, BAEREZHELIZEE X
vz, WEHNCR BICIRS 72 ADRZ WSS, BBEHE R T o/ SWERIT X 0 INE 2 35
BIERLT o2 &b, REAMIZH —A MEEITRY NELTWD EE 2 DT,
L, WHNCE P ICR SN AN WSS, JIREF IS T 26 A X0RENR LN
o lolod SHNA OB NT TOAREDET A XX FAOFEHND L d 2 &
DIRE Z T,

4) BEZE0HN 20 =—TORRIBM OREER & BB O A& O EEMEZ B 6 5
227200, FAMRE Ll a o == BPHE L7EIRICOW T, ol B R o84l
R, 2, 37— RTEHRBHIHEN T —A MEEICKH L TEE L B HIZIIREAZ
TRL, HHIIREEREAMR L, R, 1 70— RTIEZORERA LN o T,
KA ZOEBIR N2 oTo2D, 51 70— RARRER L=t i3 1 2 BHE R o
A% QMM T—a—IZ72 0T WA LRV Z2EV L Zxbhnd, 272
L. AR R o el OB G 1T @ < 22 < IRE &R BARTEIR O KHEZE L TRV ER
DLW, BRICHTARKIGITELEZE T L TRWZ ERRB Iz, Zh, (Kiha4 X
DI]—A MREICKT DHBERRONRNTZFHETH D DE LILZRV,

5) LEMOHERHEREZ TSI T 272012, B D 4 an =—2 88 L (TERIT 21T
o7 WETHRIBERNEN OFAMENL L 722 5 EAATEBEE IRV bbb T,
IRamb b L <IREENICAT 7, Zhid, KENBMATE TR E SEAMEM 2> Tk
FEMLEMERF L TVD Z e EGE LT, MBBIRBNLEOLR TRHES L, ZOITEMHE L
FESNBAIE & ORICIEDBRA R o= Z L NEEEIRENIEINGE I 2 nd v 7l
LCHERE L, ZHIUC L » CHEIMEZHERE L CO D AMEEMEANRIB SNz, Zhid, B/ a7
UFHNF IS T F N o TIREMEMERFLTOD Z EERT, —J5, JEEEY (1T

96



BN PEIIER T & 0 @V TEIER ST E OBEITEEINSE & BIfRIT R 2Tz, 2
OATENIINEFE BT RE LR T 7T E L THEEL TWDLOE LRy, EEED T
X, BRICES AT 2L ICi s TEFMEEZ B L TWD B2 b D,
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SUMMARY

Primitively eusocial species are suitable animals to explore the
origin of eusociality, i.e., the origin of non-reproductive individuals,
workers, because they have no critical morphological differences between
the queen and workers and appears to represent an early stage for
eusociality. In particular, primitive eusocial paper wasps were one of the
most suitable animals for it because the Vespidae, which paper wasps
belong to, includes not only solitary and primitive eusocial species but also
advanced eusocial species, which have clear morphological differences
between the queen and workers. In the present study, I have tried to
explore an evolutionary trajectory of eusociality through the elucidation
of mechanisms for caste-fate determination and maintenance of the
queen’s status in the paper wasp Polistes jokahamae (Hymenoptera:

Vespidae).

1) To clarify the caste-fate-related bias at emergence, I compared the
head width, wet mass, lipid stores, IRL (index of relative lipid stores; lipid
stores/head width cubed), and IF (index of fatness; wet mass/head width
cubed) of newly emerged wasps among different broods. Newly emerged
females were divided into three broods: the first brood, females that are
nursed only by the queen; the second brood, females that are nursed by
the queen and workers and emerge before male emergence; the third brood,
females that emerge after the emergence of the first male. The first brood
produced smaller and lighter adults with lower lipid stores. These lipid
stores were lower even after adjusting for head width. In addition, the IRL
increased with the wet mass in the second and third broods but not in the

first brood, suggesting that the component proportion of lipid stores did
98



not increase but that of some other nutrients decreased with increasing
wet mass in the first brood. These results suggest the presence of a

preimaginal bias toward worker caste in the first brood.

2) Lipid stores and ovarian development of gynes (potential queen for
the next spring) and foundresses were determined from autumn to early
summer through winter. The gynes before overwintering stored lipids
approximately 30 mg without matured oocytes in the ovary. It was
predicted that the IRL-value of 0.3 mg/mm3 was required to successfully
overwinter, because lipid stores of preoverwintering gynes tend to be
related with body size. Preoverwintering gynes were larger than first
brood females. The lipid stores (including IRL) and wet mass (including
IF) decreased at a constant rate during overwintering. These facts that
small females can overwinter successfully if they have substantial lipid
stores. Overwintered gynes had approximately 9.9 mg, and then low levels
of lipid stores (< 11.3mg) were maintained during the nest-founding phase.
They initiated to develop their ovary from mid-March. The body size did
not influence the initiating time of ovarian development after

overwintering.

3) To elucidate which developmental stage is sensitive to day length
for caste-fate determination, immature females in the colonies were reared
in photoperiod- and temperature-controlled rooms and after emergence
were exposed individually to long (LD 16:8) or short (LD12:12) days. I
show for the first time that short days during the adult stage (but not
during the immature stage) facilitated caste-fate determination toward
gynes in a paper wasp, irrespectively of the brood. The wasps reared under

short days during the adult stage stored lipids instead of maturing oocytes,
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suggesting that they initiated to prepare for overwintering. Moreover,
when the wasps were exposed to many long days during the pupal stage,
smaller wasps were more likely to develop their ovary under short days
during the adult stage, supporting caste-related biases were generated
during the immature stage. However, when the wasps were exposed to
many short days during the pupal stage, the body size did not influence
the egg maturation. These findings suggest that the photoperiod is a

higher priority cue than adult size.

4) To elucidate the relative significance of experience immatures
received under field colonies and photoperiod during the adult stage,
wasps emerging from field-collected nests were exposed individually to
long (LD 16:8) or short (LD12:12) days after emergence. The second and
third broods likely matured eggs under long days, while they likely stored
lipid under short days. In contrast, the first brood wasps did not response
to the photoperiod during the adult stage, strongly supporting the
imaginal caste-fate determination. Because body size did not influence the
caste-fate determination, the gradual increase of day length during the
immature stage may generate caste-related biases toward worker caste.
However, the proportion of wasps with mature eggs was low and the level
of lipid stores did not reach the level of preoverwintering wasps,
suggesting the response to the photoperiod was progressing. It may
explain that the effects of body size on caste-fate determination were not

detected.

5) To elucidate the mechanisms for maintenance of the queen’s status,
the behaviors performed on the nest by the foundress queen and workers

were observed in three colonies in the field and one colony in a cage set in
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the field. Each queen was rarely ranked top in the dominance hierarchy
determined by the pairwise dominance—subordinate interactions and did
not display aggression toward the top-ranked worker more frequently than
toward other workers. Furthermore, the queen exhibited aggression less
frequently than did the most aggressive workers in all four colonies.
However, the queen laid eggs in a dominant or monopolized way; some
dominant workers laid eggs in three colonies. These observations suggest
that the queen maintained her queen status, including her reproductive
priority, using signals rather than aggression. Lateral vibrations (rapidly
laterally vibrating the abdomen) and abdominal rubbing (rubbing the
abdomen onto the comb) appeared to be candidate signals. Lateral
vibrations were performed only by the queen, and their frequency was
positively correlated with the frequency of ovipositing. It indicate a
possibility that the queen exhibits her fecundity using lateral vibration.
The queen and some dominant workers performed abdominal rubbing; the
frequency was higher for the queen than for any of the dominant workers
early in the colony development, but not later. Although performers of
abdominal rubbing were more likely to lay eggs than non-performers, the
frequency of abdominal rubbing was not a predictor of that of ovipositing.
The wasps may exhibit the level of egg maturation by using abdominal

rubbing.

101



it &

KRR AEED DD . ZERFRFHAD G R 7R R bR R 5e
FEOWLH EEBERICEIBUOLREBEEEZBH E L, FRELZENLASEML LT
HSE LB, RICHAMBREIEZTHEWZZ L3, TREFITORA L Y F
Lic, DEXRVELSHLB LT ET, £, AMHRAEOKTH HRAEMBZND
FIMEDOHIL LT, FAEFEOHTOLEZ KRR L2\ XEALHEHE E L, E#HAL
HL®IFET,

HORUR R 2 e J2 5 A i B 22 A0 T2 R O 2 RE A = A B o0 1Ll R G HRR AT
BEENOIE, TV T AARTFOENEE HIEEZRBEER L THEE, KRS
L Cbikx @B S2HEEE L, £72, ENRFZREREZHERE YR
MR OEA AR FHEEPDIT, BEBEOH — A FREEBIZ OV THE
BREBEAHEHEELE, DRVEMHOEEZRLET, £, MPEBELEE RS
REOMEGE EREBRIIT HRCMY MO LS 2EHEHRL CHE £ LI,
BIREW AR OMIE MR AR, MHEERELSORE BERIEZRITIT
WHEMNSHEEEEZEM IR L CHEE L, DEVEHOBEERL ET,

BWREOT T HAFHEICE DD EEE -EFET, ERFEEZH X T
HWlE #M—KE2ECo, RICHZRICRYMAZIME FREK, #H W
R, BB BHK, L O EERK, AR BRK, =Kk #AK, WME R
—HERE., M BRRK, BT OROKNK, B RBK, bR EXRKIICIE, B
E LS, @l hEEEXELE, £, HEMPOFER@EmE LD L. K
PEWR L CTHW 2T AER.HH MK, BRI BK R 5kK,
BHOECK, FEH EK. BN ERER.E FAEAR. B REKR.
KB FTHRER, HBEH BERZIUORRERBENIEELELE - EFEDE
RICLDEVEHELOITET, £, IEMBZETZICHZY . EHMRE L
WAL CHEWE, #IRo 2 ICHLH LT £,

REIS, IFFROE~E T Z & 2B L, BN 56058 L THEW 2 M2 %
WL ET,

102



5| A X
Adkisson PL, Bell RA, Wellso SG (1963) Environmental factors controlling
the induction of diapause in the pink bollworm, Pectinophora

gossypiella (Saunders). J Insect Physiol 9:299-310

Alford DV (1969) A study of the hibernation of bumblebees (Hymenoptera:

Bombidae) in sounthern England. J Anim Ecol 38:149—-170

Amsalem E, Grozinger CM, Padilla M, Hefetz A (2015) The physiological
and genomic bases of bumble bee social behaviour. Adv Insect

Physiol 48:37-39

Arévalo EA, Zhu Y, Carpenter JM, Strassmann JE (2004) The phylogeny of
the social wasp subfamily Polistinae: evidence from microsatellite
flanking sequences, mitochondrial COI sequence, and morphological

characters. BMC Evol Biol 4:8

Berens AJ, Hunt JH, Toth AL (2015) Nourishment level affects caste-related

gene expression in Polistes wasps. BMC Genomics 16:235

Bhadra A, Iyer PL, Sumana A, Deshpande SA, Ghosh S, Gadagkar R (2007)
How do workers of the primitively eusocial wasp Ropalidia
marginata detect the presence of their queens? J Theoretical Biol

246:574-582

Bhadra A, Mitra A, Deshpande SA, Chandrasekhar K, Naik DG, Hefetz A,
Gadagkar R (2010) Regulation of reproduction in the primitively
eusocial wasp Ropalidia marginata: on the trail of the queen

pheromone. J Chem Ecol 36:424—-431

Bohm MK (1972) Effects of environment and juvenile hormone on ovaries of

the wasp, Polistes metricus. J Insect Physiol 18:1875-1883
103



Bourke AFG, Franks NR (1995) Social evolution in ants. Princeton:

Princeton University Press, 529 p

Bradbury JW, Vehrencamp SL (2011) Principles of animal communication,

2nd edn. Sunderland: Sinauer Associates, 697 p

Brillet C, Tian-Chansky SS, Conte YL (1999) Abdominal waggings and
variation of their rate of occurrence in the social wasp, Polistes
dominulus Christ. I. Quantitative analysis. J Insect Behav 12:665—

686

Cant MA, Llop JB, Field J (2006) Individual variation in social aggression
and the probability of inheritance: theory and a field test. Am Nat

167:837-852

Carpenter JM (1996) Distributional checklist of species of the genus Polistes
(Hymenoptera: Vespidae; Polistinae, Polistini). Am Mus Novit

3188:1-39

Cervo R, Lorenzi MC (1996) Behaviour in usurpers and late joiners of
Polistes biglumis bimaculatus (Hymenoptera, Vespidae). Insect Soc

43:255-266

Chandrashekara K, Gadagkar R (1991) Behavioural castes, dominance and

division of labour in a primitively eusocial wasp. Ethol 87:269-283

Conradi-Larsen E-M, Semme L (1978) The effect of photoperiod and
temperature on imaginal diapause in Dolycoris baccarum from

southern Norway. J Insect Physiol 24:243-249

Danks HV (1987) Insect dormancy: An ecological perspective. Monograph

Series no. 1. Biological Survey of Canada, Ottawa

104



Dapporto L, Palagi E, Turillazzi S (2005) Sociality outside the nest: helpers
in pre-hibernating clusters of Polistes dominulus. Ann Zool Fennici

42:135-139

Dapporto L, Bruschini C, Cervo R, Petrocelli I, Turillazzi S (2010a)
Hydrocarbon rank signatures correlate with differential oophagy

and dominancebehaviour in Polistes dominulus foundresses. J Exp

Biol 213:453-458

Dapporto L, Bruschini C, Cervo R, Dani FR, Jackson DE, Turillazzi S
(2010b) Timing matters when assessing dominance and chemical
signatures in the paper wpsp Polistes dominulus. Behav FEcol

Sociobiol 64:1363—-1365

Eickwort K (1969) Separation of the castes of Polistes exclamans and notes

on its biology (Hym.: Vespidae). Insect Soc 16:67-72

Evans HE, West-Eberhard MJ (1970) The wasps. Univ of Michigan Press,

Ann Arbor, Michigan

Foster DR, Crowder LA (1980) Diapause of the pink bollworm, Pectinophora
gossypiella (Saunders), related to dietary lipids. Compar Biochem

Physiol 65:723-726

Gadagkar R (1987) Social structure and the determinants of queen status
in the primitively eusocial wasp Ropalidia cyathiformis. In:
Chemistry and biology of social insects (Eder J, Rembold H, Eds),

Verlag J. Peperny, Miinchen. pp 377-378

Gadagkar R (1991) The role of larval nutrition in pre-imaginal biasing of
caste 1n the primitively eusocial wasp Kopalidia marginata

(Hymenoptera: Vespidae). Ecol Entomol 16:435—440
105



Gao S, Tang Y, Wei K, Wang X, Yang Z, Zhang Y (2016) Relationships
between body size and parasitic fitness and offspring performance
of Sclerodermus pupariae Yang et Yo (Hymenoptera: Bethylidae).

PLos One 11:e0156831

Haggard CM, Gamboa GJ (1980) Seasonal variation in body size and
reproductive condition of a paper wasp, Polistes metricus

(Hymenoptera: Vespidae). Can Entomol 112:239-248

Hahn DA, Denlinger DL (2011) Energetics of insect diapause. Annu Rev

Entomol 56:103-121

Hartfelder K, Emlen DJ (2012) Endocrine control of insect polyphenism. In:
Insect Endocrinology (Gilbert LI, Ed), Academic Press, San Diego,

CA, pp 464-522

Heideman PD, Bierl CK, Galvez ME (2000) Inhibition of reproductive
maturation and somatic growth of Fischer 344 rats by photoperiods

shorter than LL14:D10 and by gradually decreasing photoperiod. Biol

Reprod 63:1525-1530

Ho6lldobler B, Wilson EO (1990) The ants. Harvard University Press,

Cambridge

Holm S (1979) A simple sequentially rejective multiple test procedure.

Scand J Statist 6:65-70

Hudson JE (1977) Induction of diapause in female mosquitoes, Culiseta

inornata by a decrease in daylength. J Insect Physiol 23:1377—1382

106



Hunt JH (1991) Nourishment and the evolution of the social Vespidae. In:
The social biology of wasps (Ross KG, Matthews RW, Eds), Cornell

Univ Press, New York, pp 426-450

Hunt JH (2006) Evolution of castes in Polistes. Ann Zool Fennici 43:407—

422

Hunt JH (2012) A conceptual model for the origin of worker behaviour and

adaptation of eusociality. J Evol Biol 25:1-19

Hunt JH, Amdam GV (2005) Bivoltinism as an antecedent to eusociality in

the paper wasp genus Polistes. Science 308:264—-267

Hunt JH, Kensinger BJ, Kossuth JA, Henshaw MT, Norberg K, Wolschin F,
Amdam GV (2007) A diapause pathway underlies the gyne phenotype
Polistes wasps, revealing an evolutionary route to caste-containing

insect societies. Proc Natl Acad Sci USA 104:14020-14025

Ishikawa Y, Yamada YY, Matsuura M, Tsukada M, Tsuchida K (2010)
Dominance hierarchy among workers changes with colony
development in Polistes japonicus (Hymenoptera: Vespidae) paper
wasp colonies with a small number of workers. Insect Soc 57:465—

475

Ishikawa Y, Yamada YY, Matsuura M, Tsukada M, Tsuchida K (2011)
Polistes japonicus (Hymenoptera: Vespidae) queens monopolize
ovipositing but are not the most active aggressor in dominance-

subordinate interactions. Insect Soc 58:519-529

Iwahashi O (1989) Society of Ropalidia fasciata. In: Society of Ropalidia
wasp (Iwahashi O, Yamane S, Eds), Téokai University Press, Tokyo.

pp 3-209 (in Japanese)
107



Jandt JM, Tibbets EA, Toth AL (2014) Polistes paper wasps: a model genus

for the study of social dominance hierarchies. Insect Soc 61:11-27

Jandt JM, Suryanarayanan S, Hermanson JC, Jeanne RL, Toth AL (2017)
Maternal and nourishment factors interact to influence offspring

developmental trajectories in social wasps. Proc R Soc B

284:20170651

Jeanne RL (2003) Social complexity in the Hymenoptera, with special
attention to the wasps. In: Genes, behaviors and evolution of social
insects (Kikuchi T, Azuma N, Higashi S Eds), Hokkaido Univ Press,

Sapporo, pp 81-131

Jeanne RL (2009) Vibrational signals in social wasps: a role in caste
determination? In: Organization of insect societies’ from genome to
sociocomplexity (Gadau J, Fewell J Eds), Harvard University Press,

Cambridge, pp 243-265

Jeanne RL, Suryanarayanan S (2011) A new model for caste development in

social wasps. Comm Integr Biol 4:373-377

Judd TM (2018) Effect of the presence of brood on the behavior and nutrient
level of emerging individuals in field colonies of Polistes metricus.

Insect Soc 65:171-182

Judd TM, Magnus RM, Fasnacht MP (2010) A nutritional profile of the social
wasp Polistes metricus: Differences in nutrient levels between
castes and changes within castes during the annual life cycle.

Insect Physiol 56:42—-56

Judd TM, Teal PEA, Hernandez EJ, Choudhury T, Hunt JH (2015)

Quantitative differences in mnourishment affect caste-related

108



physiology and development in the paper wasp Polistes metricus.

PLoS One 10:e0116199

Kamakura M (2011) Royalactin induces queen differentiation in honeybees.

Nature 473:478-483

Karsai I, Hunt JH (2002) Food quantity afect traits of offspring in the paper
wasp Polistes metricus (Hymenoptera: Vespidae). Environ Entomol

31:99-106

Kasuya E (1981) Polygyny in the Japanese paper wasp, Polistes jadwigae

(Dalla Torre) (Hymenoptera: Vespidae). Kontyi 49:306—-313

Keeping MG (2002) Reproductive and worker castes in the primitively
eusocial wasp Belonogaster petiolata (DeGeer) (Hymenoptera:
Vespidae): evidence for pre-imaginal diferentiation. J Insect Physiol

48:867-879

Keller L, Nonacs P (1993) The role of queen pheromones in social insects:

queen control or queen signal? Anim Behav 45:787-794

Kelstrup HC, Hartfelder K, Esterhuizen N, Wossler TC (2017) Juvenile
hormone titers, ovarian status and epicuticular hydrocarbons in
gynes and workers of the paper wasp Belonogaster longitarsus. J

Insect Physiol 98:83—-92

Kono Y (1979) Abnormal photoperiodic and phototactic reactions of the
beetle, Epilachna vigintioctopunctata, reared on sliced potatoes.

App Entomol Zool 14:185-192

Kozyra KB, Baraniak E (2016) Causes of mortality of Polistes nimpha

colonies. /nsect Soc 63:481—-482

109



Leonhardt SD, Menzel F, Nehring V, Schmitt T (2016) Ecology and evolution

of communication in social insects. Cell 164:1277-1287

Liebig J, Monnin T, Turillazzi S (2005) Direct assessment of queen quality
and lack of worker suppression in a paper wasp. Proc R Soc B 272:

1339-1344

Litte M (1977) Behavioral ecology of the social wasp, Mischocyttarus

mexicanus. Behav Ecol Sociobiol 2:229-246

Litte M (1981) Social biology of the polistine wasp Mischocyttarus labiatus:

survival in a Columbian rain forest. Contrib Zool 327:1-27

Lorenzi MC, Cervo R, Bagnéres A-G (2011) Facultative social parasites
mark host nests with branched hydrocarbons. Ani Behav 82:1143—

1149

Makino S (2016) Post-hibaernation ovary development in queens of the
Japanese giant hornet Vespa mandarinia (Hymenoptera: Vespidae).

Entomol Sci 19:440-443

Wl T (2014) BEhowtast. BEHAES (B &1k, K& KBz, 5497
BN, RN M, R A IERR, &), WA ENE, Hal. ppl29-173

Matsuura K, Himuro C, Yokoi T, Yamamoto Y, Vargo EL, Keller L (2010)
Identification of a pheromone regulating caste differentiation in

termites. PNAS 107:12963-12968

T ak (1995) W FH 10 VN F 04 FEE ESL. ALigE R YR E AT

blg

b

L% . ppl4—353

Matsuura M, Yamane S (1990) Biology of the Vespine wasps. Springer,

Berlin Heidelberg New York

110



Michener CD (1969) Comparative social behavior of bees. Ann Rev Entomol

14:299-342

Michener CD (1974) The social behavior of the bees. Harvard Univ Press,

Cambridge

Mitra A (2014) Queen pheromone and monopoly of reproduction by the queen
in the social wasp Ropalidia marginata. Proc Indian Nati Sci Acad

80:1025-1044

Mitra A, Gadagkar R (2011) Can Dufour’s gland compounds honestly signal
fertility in the primitively eusocial wasp KRopalidia marginata?

Naturwissenschaften 98: 157-161

Miyano S (1986) Colony development, worker behavior and male production
in orphan colonies of a Japanese paper wasp Polistes chinensi
antennalis (Pérez) (Hymenoptera: Vespidae). Res Popul Ecol 28:347—

361

Miyano S (1991) Worker reproduction and related behavior in orphan
colonies of a Japanese paper wasp, Polistes jadwigae (Hymenoptera:

Vespidae). J Ethol 9:135-146

Molina Y, O’Donnell S (2009) Worker reproductive competition affects
division of labor in a primitively social paperwasp (Polistes

instabilis). Insect Soc 56:14—20

Monnin T, Peeters C (1999) Dominance hierarchy and reproductive conflicts
among subordinates in a monogynous queenless ant. Behav Ecol

10:323-332

111



Morimoto R (1961) On the dominance order in Polistes wasps. II. Studies on
the social Hymenoptera of Japan XIII. Sci Bull Fac Agric Kyushu

Univ 19:1-17 (in Japanese with English summary)

Murakami ASN, Shima SN (2010) Regulation of social hierarchy over time
in colonies of the primitive eusocial wasp Mischocyttarus
(Monocyttarus) cassununga. Von Ihering, 1903 (Hymenoptera,

Vespidae). J Kan Entomol Soc 83:163-171

HH O SIE (2004) AN L. AR E B F—FHdE e o (BH 3, &
HOSF R, ME BE, WE), RiERFHRS, BY
O’Donnell S (1998) Reproductive caste determination in eusocial wasps

(Hymenoptera: Vespidae). Annu Rev Entomol 43:323-346

O'Donnell S, Jeanne RL (1995) Worker lipids stores decrease with outside-
nest task performance in wasps: Implications for the evolution of

age polyethism. Experimentia 51:749-752

O'Donnell S, fiocca K, Campbell M, Bulova S, Zelanko P, Velinsky D (2018)
Adult nutrition and reproductive physiology: a stable isotope
analysis in a eusocial paper wasp (Mischocyttarus mastigophorus,

Hymenoptera: Vespidae). Behav Ecol Sociobiol 72:86

Page PE, Peng CY-Sand (2001) Aging and development in social insects with
emphasis on the honey bee, Apis mellifera L.. Exp Gerontol 36:695—

711
Pardi L (1948) Dominance order in Polistes wasp. Physiol Zoél 21:1-13

Peeters C, Liebig J (2009) Fertility signaling as general mechanism of

regulating reproductive division of labor in ants. In: Organization

112



of insect societies: from genome to sociocomplexity (Gadau J, Fewell

J Eds), Harvard University Press, Cambridge pp 220-242

Premnath S, Chandrashekara K, Chandran S, Gadagkar R (1990)
Constructing dominance hierarchies in a primitively eusocial wasp.
In: Social insects and the environment (pp. 80). Proceeding of the

11th international congress of IUSSI, Bangalore, India, August,
1990. New Delhi: Oxford and IBH Publishing Co.

Queller DC (1996) The origin and maintenance of eusociality: the advantage
of extended parental care. In: Natural history and evolution of paper

wasps (Turillazzi S, West-Eberhard MJ Eds), Oxford University

Press, Oxford, pp 218-234
Reeve HK (1991) Polistes. In: The social biology of wasps (Ross KG,

Matthews RW Eds), Cornell Univ Press, New York, pp 99-148

Reeve HK, Peters JM, Nonacs P, Starks PT (1998) Dispersal of first “workers”

in social wasps: causes and implications of an alternative

reproductive strategy. Proc Natl Acad Sci USA 95:13737-13742

Rice WR (1989) Analyzing tables of statistical test. Evolution 43:223-225

Roseler P-F (1991) Reproductive competition during colony establishment.

In: The Social Biology of Wasps (Ross KG, Matthews RW Eds),
Comstock Publishing Associates, A division of Cornell University

Press, London pp 309-335

Roseler R-F, Roseler I, Strambi A (1980) The activity of corpora allata in

dominant and subordinated females of the wasp Polistes gallicus

Insect Soc 27:97-107

113



Rossi AM, Hunt JH (1988) Honey supplementation and its developmental
consequences: evidence for food limitaion in a paper wasp, Polistes

metricus. Fcol Entomol 13:437—-442

Saigo T, Tsuchida K (2004) Queen and worker policing in monogynous and

monandrous colonies of a primitively eusocial wasp. Proc R Soc B

271:S509-S512

Santos BF, Payne A, Pickett KM, Carpenter JM (2015) Phylogeny and
historical biogeography of the paper wasp genus Polistes
(Hymenoptera: Vespidae): implications for the overwintering

hypothesis of social evolution. Cladistics 31:535-549

Saunders DS (1997) Under-sized larvae from short-day adults of the blow
fly, Calliphora vicina, side-step the diapause programme. Physiol

Entomol 22:249-255
Saunders DS (2002) Insect clocks. 3rd edn. Elsevier Science, Amsterdam

Savoyard JL, Gamboa GJ, Cummings DLD, Foster RL (1998) The
communicative meaning of body ocillations in the social wasp,

Polistes fuscatus (Hymenoptera, Vespidae). Insect Soc 45: 215-230

Shakarad M, Gadagkar R (1995) Colony founding in the primitively eusocial
wasp, Ropalidia marginata (Lep.) (Hymenoptera: Vespidae). Ecol

Entomol 20:273-282

Smith CR, Toth AL, Suarez AV, Robinson GE (2008) Genetic and genomic
analyses of the division of labour in insect societies. Nature Revs

Gen 9:735-748

114



Solis CR, Strassmann JE (1990) Presence of brood affects caste
differentiation in the social wasp, Polistes exclamans Viereck

(Hymenoptera: Vespidae). Funct Ecol 4:531-541

Strassmann JE (2001) The rarity of multiple mating by females in the social

Hymenoptera. Insect Soc 48:1-13

Strassmann JE, Meyer DC (1983) Gerontocracy in the social wasp, Polistes

exclamans. Anim Behav 31:431-438

Strassmann JE, Lee RE, Rojas RR, Baust JG (1984) Caste and sex
differences in cold-hardiness in the social wasps, Polistes annularis
and Polistes exclamans (Hymenoptera, Vespidae). Insect Soc

31:291-301

Sumana A, Gadagkar R (2003) Ropalidia marginata — a primitively eusocial
wasp society headed by behaviourally non-dominant queens. Cur Sci

84:1464-1468

Suryanarayanan S, Hantschel AE, Torres CG, Jeanne RL (2011a) Changes
in the temporal pattern of antennal drumming behavior across the
Polistes fuscatus colony cycle (Hymenoptera, Vespidae). Insect Soc

58:97-106

Suryanarayanan S, Hermanson JC, Jeanne RL (2011b) A mechanical signal

biases caste development in a social wasp. Curr Biol 21:231-235

Suzuki T (1981) Effect of photoperiod on male egg production by foundresses
of Polistes chinensis antennalis Pérez (Hymenoptera, Vespidae). Jap

J Ecol 31:347-351

115



Suzuki T (1986) Production schedules of males and reproductive females,
investment sex ratios, and worker-queen conflict in paper wasps.

Am Nat 128:366—-378

Tannure-Nascimento IC, Nascimento FS, Zucchi R (2008) The look of
royalty: visual and odour signals of reproductive status in a paper

wasp. Proc Biol Sci 275:2555-2561

Tauber MJ, Tauber CA, Masaki S (1986) Seasonal adaptations of insects.

Oxford Univ Press, New York

Tibbetts EA (2007) Dispersal decisions and predispersal behavior in Polistes

paper wasp ‘workers’. Behav Fcol Sociobiol 61:1877—-1883

Tibbetts EA, Izzo A (2010) Social punishment of dishonest signalers caused

by mismatch between signal and behavior. Cur Biol 20:1637-1640

Tibbetts EA, Lindsay R (2008) Visual signals of status and rival assessment

in Polistes dominulus paper wasps. Biol Lett 4:237-239

Tibbetts EA, Mettler A, Stephanie L (2010) Matual assessment via visual

status signals in Polistes dominulus wasps. Biol Lett 6:10-13

Tibbetts EA, Levy S, Donajkowski K (2011) Reproductive plasticity in
Polistes paper wasp workers and the evolutionary origins of sociality.

J Insect Physiol 57:995-999

Toth AL, Bilof KBJ, Henshaw MT, Hunt JH, Robinson GE (2009) Lipid stores,
ovary development, and brain gene expression in Polistes metricus

females. Insect Soc 56:77—84

116



Tsuchida K (1991) Temporal behavioral variation and division of labor
among workers in the primitively eusocial wasp, Polistes jadwigae

Dalla Torre. J Ethol 9:129-134

Tsuchida K, Suzuki T (2006) Conflict over sex ratio and male production in

paper wasps. Ann Zool Fennici 43:468—-480

Tsuji K, Tsuji N (2005) Why is dominance hierarchy age-related in social
insects? The relative longevity hypothesis. Behav Ecol Sociobiol

58:517-526

van Doorn A, Heringa J (1986) The ontogeny of a dominance hierarchy in
colonies of the bumblebee Bombus terrestris (Hymenoptera: Apidae).

Insect Soc 33:3-25

van Hooser CV, Gamboa GJ, Fishwild TG (2002) The function of abdominal
stroking in the paper wasp, Polistes fuscatus (Hymenoptera

Vespidae). Ethol Ecol Evol 14:141-148

Visser ME (1994) The importance of being large: the relationship between
size and fitness in females of the parasitoid Aphaereta minuta

(Hymenoptera: Braconidae). J Anim Ecol 63:963—-978

West-Eberhard MJ (1969) The social biology of polistine wasp. Misc Publ

Mus Zool Univ Mich 140:1-140

West-Eberhard MJ (1978) Temporary queens in Metapolybia wasps: non-

reproductive helpers without altruism? Science 200:441-443

Wheeler DE (1986) Developmental and physiolagical determinants of caste
in social Hymenoptera: evolutionary implications. Am Nat 128:13—

34

117



Wilson EO (1971) The insect societies. Harvard Univ Press, Cambridge

Wilson EO (1975) Sociobiology: the new synthesis. Harvard Univ Press,

Cambridge

Winston ML (1992) The biology and management of africanized honey bees.

Annu Rev Entomol 37:173-193

Winter B (2014) A very basic tutorial for performing linear mixed effects
analyses (Tutorial 2). Available from:
http://www.bodowinter.com/tutorial/bw_LME_tutorial2.pdf

(November 11, 2018)

Wyatt TD (2014) Pheromones reproduction in social groups: control or
cooperative signaling? In: Pheromones and animal behavior:
chemical signals and signatures, 2nd edn (Wyatt TD, Auth),

Cambridge University Press, New York, pp 133-148

Yamamoto Y, Matsuura K (2011) Queen pheromone regulates egg production

in a termite. Biol Lett 7:727-729

Yamane S (1985) Social relations among females in pre- and postemergence
colonies of a subtropical paper wasp, Parapolybia varia

(Hymenoptera: Vespidae). J Ethol 3:27-38

Yamane S (1996) Ecological factors influencing the colony cycle of Polistes
wasps. In: Natural history and evolution of paper wasps (Turillazzi
S, West-Eberhard MJ Eds). Oxford University Press, Oxford, pp 75—

97

118



Yamasaki K, Tsuchida K (2014) Orphaning does not affect the colony
productivity of the primitively eusocial wasp Polistes snelleni.

Insect Soc 61:133-140

119



