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4PDJBM PSHBOJTNT PGFO FYIJCJU DPNQMFY PSEFSFE CFIBWJPST BU UIF HSPVQ MFWFM UIBU BSF OPU PC�

TFSWFE JO JOEJWJEVBMT� 4VDI DPMMFDUJWF CFIBWJPST FNFSHF GSPN UIF JUFSBUJWF JOUFSBDUJPOT CFUXFFO

JOEJWJEVBMT FBDI PG XIJDI TFOTF BOE SFTQPOE UP MPDBM TUJNVMJ� .BOZ HSPVQ CFIBWJPST JO TPDJBM JO�

TFDUT BSJTF OPU GSPN EJSFDU JOUFSBDUJPOT CFUXFFO JOEJWJEVBMT CVU GSPN EJTUSJCVUFE JOUFSBDUJPOT XJUI B

TIBSFE FOWJSPONFOU B QSPDFTT LOPXO BT stigmer � *O DMBTTJDBM FYBNQMFT PG TUJHNFSHZ BO JOEJWJEVBM

EFQPTJUT B DVF JO UIF FOWJSPONFOU TVDI BT B DMVNQ PG QIFSPNPOF�MBEFO CVJMEJOH NBUFSJBM XIJDI JO

UVSO JOஸVFODFT UIF CFIBWJPS PG UIF OFYU JOEJWJEVBM UP FODPVOUFS UIF EFQPTJUJPO� 5IFTF MPDBM NBOJQ�

VMBUJPOT MFBE UP TFMG�PSHBOJ[BUJPO PG MBSHF TDBMF QBUUFSOT TVDI BT DPNQMFY OFTU BSDIJUFDUVSF� *O UIFTF

FYBNQMFT UIF JOUFSBDUJPOT CFUXFFO JOEJWJEVBMT BOE UIF FOWJSPONFOU BSF MPDBM� )PXFWFS TUJHNFS�

HJD CFIBWJPST DBO BMTP JOWPMWF JOUFSBDUJPOT XJUI B EZOBNJDBM QIZTJDBM QSPDFTTFT JO UIF FOWJSPONFOU

TVDI BT BJSஸPX FMBTUPEZOBNJDT PS IFBU USBOTGFS� *O TVDI JOTUBODFT OPO�MPDBM QIZTJDBM JOUFSBDUJPOT

QMBZ B SPMF� *O UIJT UIFTJT * VTF CPUI FYQFSJNFOUBM BOE DPNQVUBUJPOBM BQQSPBDIFT UP FYQMPSF B DMBTT

PG CFIBWJPST JO IPOFZCFF DPMPOJFT JO XIJDI CFFT DPMMFDUJWFMZ NPEVMBUF MBSHF TDBMF QIZTJDBM QSPDFTTFT

UISPVHI MPDBM NBOJQVMBUJPOT PG UIFJS TIBSFE EZOBNJDBM FOWJSPONFOU� *O $IBQUFST ߂ BOE ߃ * JOWFT�

UJHBUF IPX UFNQFSBUVSF�EFQFOEFOU XJOH GBOOJOH CFIBWJPST JO IPOFZCFFT HJWF SJTF UP FஶஷDJFOU MBSHF�

TDBMF ஸPXT EVSJOH OFTU WFOUJMBUJPO� *O $IBQUFS ߄ * FYQMPSF IPX IPOFZCFF TXBSN DMVTUFST DIBOHF

UIFJS DPMMFDUJWF NPSQIPMPHZ JO PSEFS UP NBJOUBJO TUBCJMJUZ XIFO FYQPTFE UP EZOBNJD NFDIBOJDBM

QFSUVSCBUJPOT� *O $IBQUFS ߅ * FYQMPSF IPX TXBSN DMVTUFST NPEVMBUF UIFJS NPSQIPMPHZ UP NBJOUBJO

UIFSNBM TUBCJMJUZ EFTQJUF MBSHF ஸVDUVBUJPOT JO BNCJFOU UFNQFSBUVSF� 5BLFO UPHFUIFS UIJT XPSL TVH�

HFTUT IPOFZCFFT DBO DPPSEJOBUF MBSHF�TDBMF QIZTJDBM QSPDFTTFT UISPVHI EJTUSJCVUFE MPDBM JOUFSWFOUJPOT�

5IJT NBZ CF B VCJRVJUPVT TUSBUFHZ JO UIF FWPMVUJPO PG DPNQMFY TZTUFNT�
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.Z 1I% FYQFSJFODF IBT CFFO B CJU UPSUVPVT BOE BT B SFTVMU * IBWF JOUFSBDUFE XJUI B MPU PG XPOEFS�
GVM QFPQMF�

* IBWF MFBSOFE UIBU EPJOH SFTFBSDI SFRVJSFT VT UP DPOTUBOUMZ UBDLMF QSPCMFNT UIBU XF MBDL UIF TLJMM
PS FYQFSUJTF UP TPMWF� "U ஷSTU UIJT QFSQFUVBM GFFMJOH PG VOQSFQBSFEOFTT XBT VODPNGPSUBCMF BOE FWFO
QBSBMZ[JOH GPS NF CVU BGFS TIBSJOH BO PஶஷDF XJUI +BNFT $SBMM BOE /JDL (SBWJTI GPS B DPVQMF PG ZFBST
* IBWF MFBSOFE UP PQFSBUF VOEFS UIF BTTVNQUJPO UIBU UIF UBTL BU IBOE JT EPBCMF� 5IBOLT HVZT�

* XPVME MJLF UP UIBOL 4UBDFZ $PNCFT GPS BTTFNCMJOH BO BXFTPNF UFBN� 5IF $PNCFT MBC XBT
EFMJHIUGVM QMBDF UP XPSL� (SBEVBUF TDIPPM DBO CF JTPMBUJOH CVU UIF $PNCFT DSFX$BMMJO .BSZ
+BNFT /JDL 4SJEIBS 4VTJF "OESFXPGFO GFMU NPSF MJLF B GBNJMZ UIBO B HSPVQ PG DPXPSLFST� *U XBT
IBSE UP XBUDI UIF MBC EJTNBOUMFE CVU * IPQF UP SFQSPEVDF UIBU LJOE PG DBNBSBEFSJF JO B HSPVQ PG NZ
PXO TPNFEBZ�

5IF TUBஶG BU UIF $PODPSE 'JFME 4UBUJPO IBT CFFO BO JNQPSUBOU TVQQPSU GPS NF� -JTB "OESB ,FO
1FESP BOE 4PNFS IBWF BMXBZT CFFO FBHFS UP IFMQ XJUI BOZ QSPCMFN FWFO JG UIFZ BSF VOSFMBUFE UP
UIFJS KPCT� 5IF #JFXFOFS MBC"OEZ 5BMJB (MFOOB ,BSJ #SJBOOB 1IJM "MJTPO /JDPMBJ *WP $ISJT
IBWF BMTP NBEF NF GFFM MJLF * CFMPOH� 5IJT XBT FTQFDJBMMZ JNQPSUBOU UP NF BT UIF $PNCFT MBC TMPXMZ
EJTCBOEFE�

5IF ஷFME TUBUJPO JUTFMG JT B VOJRVF QMBDF BOE QSPKFDUT MJLF NJOF XPVME OPU CF QPTTJCMF XJUIPVU JU�
)POFZCFF XPSL SFRVJSFT SFDPOஷHVSBCMF JOEPPS BOE PVUEPPS TQBDF XIJDI JT SBSF PO DBNQVT� *U BMTP
SFRVJSFT BO FYDFQUJPOBMMZ UPMFSBOU HSPVOETLFFQFS� 5IFSF BSF B GFX OPPLT BOE DSBOOJFT BU $'4 UIBU
UFOE UP BDDVNVMBUF TUSBOHF FYQFSJNFOUBM EFWJDFT GSPN QSFWJPVT TUVEFOUT BOE QSPKFDUT� 5IFSF IBWF
CFFO NBOZ PDDBTJPOT XIFSF NZ FYQFSJNFOUT IBWF CFFO TBWFE PS FWFO JOTQJSFE CZ UIJOHT GPVOE JO
UIFTF SVNNBHF QJMFT� * IPQF UIBU )BSWBSE XJMM IPME PO UP UIJT QMBDF BOE UIF VOJRVF DVMUVSF UIBU IBT
EFWFMPQFE UIFSF�

5IF -BVEFS MBC QSPWJEFE B UFNQPSBSZ IPNF CBTF GPS NF XIJMF * XBT USBOTJUJPOJOH CFUXFFO MBC
HSPVQT� * MFBSOFE B MPU BCPVU JOTUSVNFOUBUJPO BOE IPX UP UBLF B NPSF TZTUFNBUJD BQQSPBDI UP FYQFS�
JNFOUT� * UIJOL * XPVME IBWF NBEF B HPPE ஷTI TDJFOUJTU JG * IBE KPJOFE UIF HSPVQ FBSMJFS JO NZ 1I%�
5IBOLT UP (FPSHF %ZMBO ,FMTFZ ,BSB $ISJT 7BMFOUJOB BOE .BHHJF GPS NBLJOH NF GFFM XFMDPNF�

* BN QSFUUZ MVDLZ UP IBWF IBE UIF PQQPSUVOJUZ UP XPSL XJUI .BIB� 5IFSF BSF GFX HSPVQ NFFUJOHT
XIFSF ZPV DBO MFBSO BCPVU TVQFS�NBTTJWF CMBDL IPMFT PSJHBNJ UFTTFMMBUJPOT MJNC CVE EFWFMPQNFOU
BOE ZPHVSU JO POF TFTTJPO� &WFO SBSFS BSF MBC DVMUVSFT JO XIJDI UIFTF UPQJDT BSF DPOTJEFSFE SFMBUFE�
'SPN .BIB * IBWF MFBSOFE IPX UP JEFOUJGZ UIF BDUJWF JOHSFEJFOUT JO B TZTUFN EFTDSJCF UIFJS JOUFSBD�
UJPOT BOE UVSO BO PUIFSXJTF VOBOTXFSBCMF RVFTUJPO JOUP B TPMWBCMF NBUI QSPCMFN� 1FSIBQT UIF NPTU
JNQPSUBOU UIJOH UIBU * IBWF MFBSOFE GSPN .BIB JT UIF SJDIOFTT UIBU POF DBO EJTDPWFS CZ QSPCJOH QIF�
OPNFOB UIBU NJHIU PUIFSXJTF TFFN JOUVJUJWF BOE GBNJMJBS� * VTFE UP XPSSZ UIBU BMM PG UIF JOUFSFTUJOH
UPQJDT BSF UBLFO CVU OPX UIFZ BSF FWFSZXIFSF� 5IBOLT .BIB�

JY



4FWFSBM PG UIF QSPKFDUT JO UIJT EJTTFSUBUJPO XFSF EPOF UISPVHI DMPTF DPMMBCPSBUJPO XJUI 0SJU 1FMFH�
* UIJOL UIBU XF CPUI BDDPNQMJTIFE NPSF UPHFUIFS UIBO XF FWFS DPVME IBWF PO PVS PXO� * BN HSBUFGVM
UP 0SJU GPS UIJT BOE IBWF MFBSOFE B MPU GSPN IFS PWFS UIF QBTU GFX ZFBST�

+JN .BD"SUIVS XBT B DSJUJDBM SFTPVSDF GPS NF EVSJOH NZ 1I%� * IBWF MFBSOFE B MPU CZ XPSLJOH
XJUI IJN UP EFWFMPQ UIF JOTUSVNFOUBUJPO OFFEFE UP FYFDVUF NZ FYQFSJNFOUT�

#FO EF #JWPSU BTLFE TFWFSBM EJஶஷDVMU RVFTUJPOT EVSJOH NZ RVBMJGZJOH FYBNT BOE DPNNJUUFF NFFU�
JOHT UIBU JEFOUJஷFE B GFX NBKPS HBQT JO NZ LOPXMFEHF� * OFWFS XPVME IBWF SFBE BCPVU DPOUSPM UIFPSZ
PS XPOEFSFE BCPVU UIF SPMF PG JOUFS�JOEJWJEVBM WBSJBUJPO JO DPMMFDUJWF DPOUSPM TUSBUFHJFT XJUIPVU UIFTF
DPOWFSTBUJPOT� #PUI UPQJDT IBWF QSPWJEFE VTFGVM DPOUFYU GPS NZ XPSL�

'JOBMMZ * XPVME MJLF UP UIBOL NZ DPNNJUUFF BT XIPMF#FO "OEZ (FPSHF BOE .BIBGPS UIF
FODPVSBHFNFOU DSJUJDJTN BOE HVJEBODF EVSJOH UIJT QSPDFTT�

Y



-JTU PG "VUIPST

5IF GPMMPXJOH BVUIPST DPOUSJCVUFE UP $IBQUFS �߂ /JDL (SBWJTI BOE 4UBDFZ "� $PNCFT�
5IF GPMMPXJOH BVUIPST DPOUSJCVUFE UP $IBQUFS �߃ 0SJU 1FMFH BOE -� .BIBEFWBO�
5IF GPMMPXJOH BVUIPST DPOUSJCVUFE UP $IBQUFS �߄ 0SJU 1FMFH .BSZ 4BMDFEP BOE -� .BIBEFWBO�
5IF GPMMPXJOH BVUIPST DPOUSJCVUFE UP $IBQUFS �߅ 0SJU 1FMFH BOE -� .BIBEFWBO�
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0
*OUSPEVDUJPO

-BSHF HSPVQT PG PSHBOJTNT PGFO FYIJCJU DPNQMFY PSEFSFE CFIBWJPST BU UIF HSPVQ MFWFM UIBU BSF OPU

PCTFSWFE JO JOEJWJEVBMT 	F�H� DPPSEJOBUFE FWBTJWF NBOFVWFST JO TDIPPMJOH ஷTI71 TZODISPOJ[BUJPO PG

ஸBTIJOH ஷSFஸJFT8 DPNQMFY OFTU DPOTUSVDUJPO JO TPDJBM JOTFDUT84
� *OTUFBE UIFTF DPMMFDUJWF CFIBWJPST

FNFSHF GSPN UIF JOUFSBDUJPOT CFUXFFO JOEJWJEVBMT UIBU FBDI TFOTF BOE SFTQPOE UP MPDBM TUJNVMJ� %VF

UP UIF OPOMJOFBS OBUVSF PG UIFTF TZTUFNT EFUFSNJOJOH UIF VOEFSMZJOH SVMFT UIBU HPWFSO UIF CFIBW�

JPS PG JOEJWJEVBMT EPFT OPU OFDFTTBSJMZ QSPWJEF JOTJHIU JOUP UIF XPSLJOHT PG UIF HSPVQ MFWFM CFIBW�

JPS� UIBU JT UIF PVUQVUT PG UIF TZTUFN BSF OPU EJSFDUMZ QSPQPSUJPOBM UP UIF JOQVUT� 5IJT DPOVOESVN

NBLFT UIF TUVEZ PG UIFTF TZTUFNT JOPSEJOBUFMZ EJஶஷDVMU CVU JU BMTP TVHHFTUT JOUSJHVJOH QPTTJCJMJUJFT GPS

FWPMVUJPOBSZ DIBOHF� 'PS JOTUBODF TVCUMF DIBOHFT UP UIF QBSBNFUFST UIBU DPOUSPM UIF JOUFSBDUJPOT CF�

UXFFO JOEJWJEVBMT 	TPNF PG XIJDI BSF IFSJUBCMF
 DBO MFBE UP MBSHF DIBOHFT JOTZTUFN�MFWFM QSPQFSUJFT�

5IJT NFBOT UIBU RVBMJUBUJWFMZ EJஶGFSFOU HSPVQ CFIBWJPST NBZ SFTVMU GSPN TVCUMF DIBOHFT UP UIF TBNF

VOEFSMZJOH NFDIBOJTN BNQMJGZJOH UIF QIFOPUZQJD TQBDF BWBJMBCMF GPS FWPMVUJPO�

4FMG�PSHBOJ[BUJPO BஶGPSET CJPMPHJDBM TZTUFNT DPNQMFY GVODUJPOT UIBU EP OPU OFFE UP CF FYQMJDJUMZ

߂



DPEFE JO UIF HFOPNF PG JOEJWJEVBM PSHBOJTNT� /BUVSBM TFMFDUJPO DBO BDU PO TFMG�PSHBOJ[JOH TZTUFNT

JO TFWFSBM XBZT� 'PS FYBNQMF NBOZ TFMG�PSHBOJ[JOH TZTUFNT IBWF NVMUJQMF TUBCMF TUBUFT BOE DIBOHJOH

QBSBNFUFST JOUSJOTJD UP UIF TZTUFN PS XJUIJO UIF FOWJSPONFOU DBO JOEVDF B QIBTF USBOTJUJPO CFUXFFO

UIFTF TUBUFT 11� 5IFTF QBSBNFUFST DPVME CF UVOFE CZ OBUVSBM TFMFDUJPO TP UIBU UIF GVODUJPO PG UIF

TZTUFN USBOTJUJPOT GSPN POF CFIBWJPS JO DPOUFYU " UP BOPUIFS CFIBWJPS JO DPOUFYU #� 'PS FYBNQMF

UIF DFMMVMBS TMJNF NPMEDictyostelium discoideum IVOUT BT B TPMJUBSZ BNPFCB XIFO GPPE SFTPVSDFT

BCPVOE CVU BHHSFHBUFT UISPVHI D".1 TJHOBMJOH XIFO SFTPVSDFT BSF TQBSTF UP GPSN GSVJUJOH CPE�

JFT72� "MUFSOBUJWFMZ OBUVSBM TFMFDUJPO NJHIU ESJWF UIF TZTUFN BXBZ GSPN UIFTF CJGVSDBUJPO QPJOUT

TP UIBU UIF CFIBWJPS JT SFMBUJWFMZ TUBCMF PWFS B MBSHF SBOHF PG JOUFSOBM BOE FYUFSOBM DPOEJUJPOT 11� 'PS

JOTUBODF XPSLFST JO IPOFZCFF DPMPOJFT XJUI B NVMUJQMZ NBUFE RVFFO TIPX CSPBE WBSJBUJPO JO UBTL

SFTQPOTF UISFTIPMET BTTPDJBUFE XJUI DPMPOZ�MFWFM UIFSNPSFHVMBUJPO38� "T B SFTVMU UIF CSPPE OFTU PG

TVDI DPMPOJFT BSF NPSF UIFSNBMMZ TUBCMF UIBO UIPTF XJUI RVFFOT UIBU IBWF NBUFE POMZ PODF SFTVMUJOH

JO XPSLFST XJUI NPSF VOJGPSN UBTL SFTQPOTF UISFTIPMET� /BUVSBM TFMFDUJPO NJHIU GBWPS QPMZBOESZ

BT B NFDIBOJTN GPS NBJOUBJOJOH UIF HFOFUJD EJWFSTJUZ SFRVJSFE UP FYIJCJU HSBEFE UIFSNPSFHVMBUPSZ

SFTQPOTFT BOE VMUJNBUFMZ UP BDIJFWF UIFSNBM TUBCJMJUZ PWFS B CSPBE SBOHF PG BNCJFOU UFNQFSBUVSFT�

/PU POMZ EPFT TFMG�PSHBOJ[BUJPO SFMJFWF UIF DPHOJUJWF�DPNQVUBUJPOBM CVSEFO SFRVJSFE GPS JOEJWJE�

VBMT UP DPOUSPM DPNQMFY CFIBWJPST 16 JU BMTP BMMPXT UIFN UP PWFSDPNF TDBMJOH DPOTUSBJOUT� 'PS FYBN�

QMF TDIPPMT PG KVWFOJMF HPMEFO TIJOFST TFFL TIBEFE XBUFS UP BWPJE QSFEBUPST� )PXFWFS UIF JOEJWJEVBM

ஷTI BSF TP TNBMM 
DN߆	 UIBU UIFZ TFOTF POMZ TDBMBS NFBTVSFT PG UIF MPDBM MJHIU JOUFOTJUZ� *OEJWJEVBMT

TXJN TMPXFS JO MPX MJHIU BOE GBTUFS JO CSJHIU MJHIU� 5IJT JOEJWJEVBM TUJNVMVT�SFTQPOTF SVMF DPVQMFE

XJUI UIF DPIFTJPO BOE BMJHONFOU PG UIF HSPVQ BMMPXT UIF HSPVQ UP USBDL OPJTZ NFUFS�TDBMF MJHIU HSB�

EJFOUT UP ஷOE EBSL XBUFS4�

$PMMFDUJWF CFIBWJPST BSF PGFO EFTDSJCFE JO UFSNT PG UIF CFIBWJPSBM BMHPSJUINT UIBU JOEJWJEVBMT

FYFDVUF JO SFTQPOTF UP POF BOPUIFS BOE UIF FOWJSPONFOU� 5IF SFTVMUJOH JOUFSBDUJPOT CFUXFFO JOEJ�

WJEVBMT BSF QSFTVNFE UP HJWF SJTF UP DPNQMFY HMPCBM CFIBWJPST� )PXFWFS UIFTF TZTUFNT EP OPU FYJTU

߃



JO B WBDVVN� *O GBDU UIFTF CFIBWJPSBM JOUFSBDUJPOT BSF PGFO NFEJBUFE CZ UIF FOWJSPONFOU JO XIJDI

UIFZ PDDVS� 'PS FYBNQMF UIF PSEFSFE NPUJPO PG HSPVQT PG UIF TXJNNJOH CBDUFSJVN Bacill sub-

til JT JOஸVFODFE OPU POMZ CZ UIF JOUFSBDUJPOT CFUXFFO TFMG�QSPQFMMFE JOEJWJEVBMT CVU BMTP CZ UIF

MBSHF�TDBMF ஸVJE ஸPXT UIBU UIFZ DPMMFDUJWFMZ HFOFSBUF49� 5IF SFDPHOJUJPO UIBU UIF JOUFSBDUJPO CFUXFFO

BDUJWF BHFOUT TVTQFOEFE JO QBTTJWF ஸVJET DBO HJWF SJTF UP PSEFSFE MBSHF�TDBMF ஸPXT IBT TQBXOFE UIF

CPPNJOH ஷFME PG TPG BDUJWF NBUUFS 	SFWJFXFE CZ .BSDIFUUJ FU BM�50
� 4PG BDUJWF NBUUFS JT B SJDI UPQJD

PG TUVEZ CFDBVTF DPNQMFYJUZ JO UIFTF TZTUFN BSJTFT OPU POMZ EVF UP OPOMJOFBS JOUFSBDUJPOT CFUXFFO

UIF BDUJWF DPNQPOFOUT 	F�H� TFMG�QSPQFMMFE QBSUJDMFT
 CVU BMTP UISPVHI UIF OPOMJOFBS QIZTJDT BTTPDJ�

BUFE XJUI TPG DPOEFOTFE NBUUFS 	F�H� ஸVJET HFMT
� .BOZ TUVEJFT JO UIJT ஷFME UBLF B SFEVDUJWF WJFX PG

CJPMPHJDBM BHFOUT JO PSEFS UP SJHPSPVTMZ FYQMPSF UIF DPNQMFY QIZTJDT� 0O UIF PUIFS IBOE CJPMPHJTUT

PGFO FNQIBTJ[F UIF CFIBWJPSBM JOUFSBDUJPOT CFUXFFO PSHBOJTNT XIJMF DPOTJEFSJOH QIZTJDBM JOUFSBD�

UJPO XJUI UIF FOWJSPONFOU UP CF OFHMJHJCMF�

*O NBOZ JOTUBODFT IPXFWFS UIF FYQMJDJU GVODUJPO PG HSPVQ CFIBWJPST JT UP TIBQF PS DPOUSPM UIF

NJDSP�FOWJSPONFOU� *O TVDI DBTFT JOGPSNBUJPO NBZ CF QSPQBHBUFE OPU UISPVHI EJSFDU JOUFSBDUJPOT

CFUXFFO OFJHICPSJOH JOEJWJEVBMT CVU UISPVHI EJTUSJCVUFE SFDVSTJWF JOUFSBDUJPOT XJUI UIFJS DPN�

NPO FOWJSPONFOU� 'PS JOTUBODF DPMPOJFT PG UIF BOU Lasi niger CVJME MBSHF DPNQMFY OFTUT XJUIPVU

DFOUSBM DPPSEJOBUJPO PS EJSFDU JOUFSBDUJPOT CFUXFFO BOUT� *OEJWJEVBMT QJDL VQ CVJMEJOH NBUFSJBM JO�

GVTF JU XJUI QIFSPNPOF BOE EFQPTJU JU TPNFXIFSF FMTF� 8PSLFST BSF NPSF MJLFMZ UP EFQPTJU CVJMEJOH

NBUFSJBM XIFSF PUIFST IBWF QSFWJPVTMZ EFQPTJUFE QIFSPNPOF�MBEFO NBUFSJBM� 5IJT QPTJUJWF GFFECBDL

BOE UIF EFQMFUJPO PG QIFSPNPOF�GSFF CVJMEJOH NBUFSJBM MFBET UP UIF FNFSHFODF PG QJMMBST44� 5IJT

QSPDFTT � JO XIJDI POF JOEJWJEVBMءT NPEJஷDBUJPO PG UIF FOWJSPONFOU TUJNVMBUFT GVUVSF BDUJPOT CZ

PUIFS JOEJWJEVBMT � JT DBMMFE TUJHNFSHZ28�

'SPN B OBSSPX WJFX PG TUJHNFSHJD OFTU CVJMEJOH CFIBWJPST JU DBO BQQFBS UIBU UIF FOWJSPONFOU

JT GVODUJPOBMMZ JOFSU� #FDBVTF UIF NBUFSJBM CFJOH NBOJQVMBUFE JT B IBSE TPMJE UIF QIZTJDBM JOUFSBD�

UJPOT BSF TJNQMF� QJDL JU VQ IFSF BOE TFU JU UIFSF� )PXFWFS 5IFSBVMB[ FU BM�81 OPUF UIBU NBOZ OFTUT

߄



CVJMU CZ TPDJBM JOTFDUT IBWF GFBUVSFT TVDI BT IFMJDBM SBNQT UIBU BQQFBS UP CF SFMBUFE UP MBSHF�TDBMF BJS

ஸPXT XIJDI JOஸVFODF UIF GPSN UIF OFTU TUSVDUVSF UBLFT BOE BSF JO UVSO JOஸVFODFE CZ UIF SFTVMUJOH

TUSVDUVSF� -BSHF TDBMF ஸPXT BSF LOPXO UP QMBZ B SPMF JO OFTU WFOUJMBUJPO JO NBOZ TPDJBM JOTFDU TQFDJFT

	SFWJFXFE CZ +POFT BOE 0MESPZE39
� 'PS JOTUBODF DPMPOJFT PG UIF GVOHVT�IBSWFTUJOH UFSNJUFOdon-

toterm obes CVJME MBSHF VOPDDVQJFE NPVOET BCPWF UIFJS OFTUT� 5IFTF NPVOET BSF IFBUFE CZ UIF

TVO EVSJOH UIF EBZ BOE DPPMFE CZ BNCJFOU UFNQFSBUVSFT BU OJHIU� 5FNQFSBUVSF HSBEJFOUT XJUIJO UIJT

ஸVUFE NPVOE XIJDI BSF JNQPTFE CZ EBJMZ IFBUJOH BOE DPPMJOH DZDMFT ESJWF MBSHF TDBMF ஸPXT UIBU

GBDJMJUBUF SFTQJSBUPSZ HBT FYDIBOHF45�

0CTFSWBCMF FYBNQMFT PG UIF JOUFSBDUJPO CFUXFFO CVJMEJOH CFIBWJPS BOE ஸPX BSF MJNJUFE CFDBVTF

TVDI JOUFSBDUJPOT PDDVS PWFS MPOH UJNF TDBMFT JO DMVUUFSFE FOWJSPONFOUT� )PXFWFS UIFSF BSF TFWFSBM

OPUBCMF MBCPSBUPSZ FYQFSJNFOUT UIBU TVHHFTU B SPMF GPS ஸPX JO QBUUFSOJOH CVJMEJOH CFIBWJPS BOE WJDF

WFSTB� 'PS FYBNQMF UIF BOUMessor sanct UFOET UP GPSN QJMFT PG UIFJS DPSQTFT42� *OEJWJEVBM BOUT

QJDL VQ DPSQTFT XIFSF UIFZ BSF TQBSTF BOE EFQPTJU UIFN XIFSF UIFZ BSF EFOTF MFBEJOH UP B TQBUJBM

QBUUFSO UIBU DPBSTFOT VOUJM POMZ B GFX TUBCMF DPSQTF QJMFT SFNBJO83� +PTU FU BM�42 QMBDFE B HSPVQ PG

BOUT JO BO FYQFSJNFOUBM BSFOB UIBU XBT CMBOLFUFE XJUI SBOEPNMZ EJTQFSTFE DPSQTFT BOE JOEVDFE B

MBNJOBS BJSஸPX UISPVHI UIF BSFOB� "OUT XFSF NPSF MJLFMZ UP SFNPWF DPSQTFT GSPN SFHJPOT PG IJHI

XJOE BOE QMBDF UIFN JO SFHJPOT PG MPX XJOE� 5IJT SFTVMUFE JO UIF FMPOHBUJPO PG UIF MFFXBSE TJEF PG

DPSQTF QJMFT BOE GVSUIFS DIBOOFMJ[BUJPO PG BJSஸPX� 5IJT FYBNQMF TVHHFTUT UIBU MBSHF�TDBMF QBUUFSOT

XJUIJO JOTFDU OFTUT DPVME FNFSHF GSPN UIF JOUFSBDUJPO CFUXFFO B TUJHNFSHJD CVJMEJOH QSPDFTT BOE BJS�

ஸPX CVU JU EPFT OPU TVHHFTU BOZ GVODUJPO GPS UIF BJSஸPX JO UIJT TZTUFN� 4FWFSBM UIFPSFUJDBM TUVEJFT

IPXFWFS IBWF TVHHFTUFE UIBU JG 
߂	 BO JOEJWJEVBM�MFWFM CFIBWJPS JT SFTQPOTJWF UP ஸPX�NFEJBUFE DVFT

TVDI BT QIFSPNPOFT PS UFNQFSBUVSF BOE 
߃	 TVDI CFIBWJPST JO UVSO NBOJQVMBUF UIF ஸPX UIFO HMPCBM

CFIBWJPST DBO BSJTF UIBU DPOUSPM UIJT ஸPX GPS BEBQUJWF GVODUJPOT TVDI BT WFOUJMBUJPO PS UIFSNPSFHVMB�

UJPO6,61,62�

*O UIJT EJTTFSUBUJPO * JOWFTUJHBUF UISFF DPMMFDUJWF CFIBWJPST JO XIJDI JOEJWJEVBM IPOFZCFFT BDU�

߅



Figure 1: Schema c of dynamic interac on with environmental forces and flows.

JOH BT JOEFQFOEFOU EJTUSJCVUFE BHFOUT TFOTF BOE BDU VQPO UIFJS MPDBM FOWJSPONFOU HJWJOH SJTF UP

DPMPOZ�TDBMF QIZTJPMPHJDBM QSPDFTTFT UIBU BSF NFEJBUFE CZ GPSDFT BOE ஸPXT 	'JH� 
߂� *O $IBQUFST ߂ BOE

߃ * FYBNJOF IPX JOEJWJEVBM CFFT GBOOJOH UIFJS XJOHT JO SFTQPOTF UP IJHI BJS UFNQFSBUVSFT DBO HJWF

SJTF UP FஶஷDJFOU IJWF�TDBMF BJSஸPXT UIBU FஶGFDUJWFMZ SFHVMBUF OFTU UFNQFSBUVSF� 5IF HMPCBM ஸPX QBU�

UFSOT UIBU BSJTF SFTVMU OPU GSPN EJSFDU CFIBWJPSBM JOUFSBDUJPOT CFUXFFO CFFT CVU GSPN OPO�MPDBM JO�

UFSBDUJPOT NFEJBUFE CZ ஸVJE EZOBNJDT� *O $IBQUFST ߄ BOE ߅ * FYBNJOF NFDIBOJDBM TUBCJMJ[BUJPO BOE

UIFSNPSFHVMBUJPO PG IPOFZCFF TXBSN DMVTUFST� *O $IBQUFS ߄ * FYQMPSF IPX IPOFZCFF TXBSN DMVT�

UFST DIBOHF UIFJS DPMMFDUJWF NPSQIPMPHZ JO PSEFS UP JNQSPWF UIFJS NFDIBOJDBM TUBCJMJUZ XIFO GBDFE

XJUI QIZTJDBM QFSUVSCBUJPOT� *O UIJT MPBEFE OFUXPSL PG CFFT MPOH�SBOHF FMBTUPEZOBNJD JOUFSBDUJPOT

QMBZ B SPMF JO DPPSEJOBUJOH UIF NPSQIPMPHJDBM SFTQPOTF� *O $IBQUFS ߅ * FYQMPSF IPX TXBSN DMVTUFST

DIBOHF UIFJS NPSQIPMPHZ UP NBJOUBJO UIFSNBM TUBCJMJUZ JO SFTQPOTF UP BNCJFOU UFNQFSBUVSF ஸVDUVB�

UJPOT� *O UIJT TZTUFN UIF MPDBM TUJNVMVT�SFTQPOTF CFIBWJPST PG JOEJWJEVBMT BSF DPPSEJOBUFE JO QBSU CZ

IFBU USBOTGFS UISPVHI B EZOBNJD QPSPVT NFEJVN� 5BLFO UPHFUIFS UIJT CPEZ PG XPSL TVHHFTUT UIBU

IPOFZCFFT DBO NBOJQVMBUF MBSHF�TDBMF QIZTJDBM QSPDFTTFT UP TPMWF QIZTJPMPHJDBM QSPCMFNT UISPVHI EJT�

USJCVUFE MPDBM JOUFSWFOUJPOT� 5IJT NBZ CF B VCJRVJUPVT TUSBUFHZ JO UIF FWPMVUJPO PG DPNQMFY TZTUFNT�

߆



1
8JOHT BT JNQFMMFST� )POFZCFFT DP�PQU ஸJHIU TZTUFN UP JOEVDF

OFTU WFOUJMBUJPO BOE EJTQFSTF QIFSPNPOFT

߂�߂ *ৠ০ৡ১০ৡৠ

*ৠৗ০ ৩ৠ ২ৗ ১ৠৗৡৠৗ BQQSPYJNBUFMZ ߆߉߃ NJMMJPO ZFBST PG FWPMVUJPO BT ஸJHIU BQ�

QFOEBHFT 18� 5IF FWPMVUJPO PG ஸJHIU DPOUSJCVUFE UP UIF ESBNBUJD EJWFSTJஷDBUJPO PG JOTFDUT JO UIF $BS�

CPOJGFSPVT QFSJPE BOE IBT TVCTFRVFOUMZ BMMPXFE XJOHFE JOTFDUT UP DPMPOJ[F OFBSMZ FWFSZ UFSSFTUSJBM

FDPTZTUFN 18� 3FTFBSDIFST PGFO BTTVNF UIBU ஸJHIU QFSGPSNBODF JT UIF POMZ TFMFDUJWF QSFTTVSF ESJWJOH

UIF FWPMVUJPO PG UIF ஸJHIU BQQBSBUVT� )PXFWFS NBOZ XJOHFE JOTFDUT IBWF FWPMWFE TFDPOEBSZ GVOD�

UJPOT GPS XJOHT� 8IFO BU SFTU JOTFDU XJOHT DBO QSPWJEF QIZTJDBM QSPUFDUJPO 	F�H� GPSFXJOHT PG CFFUMFT

BOE HSBTTIPQQFST85
 IFMQ UP BCTPSC PS EJTTJQBUF IFBU 	F�H� CVUUFSஸZ XJOHT73
 QSPWJEF DBNPVஸBHF

PS TJHOBM UP DPOTQFDJஷDT BOE QPUFOUJBM QSFEBUPST� 5IF XJOHT DBO BMTP CF NPWFE GPS OPO�ஸJHIU GVOD�

UJPOT TVDI ESBXJOH BJS QBTU UIF BOUFOOBF UP TFOTF QIFSPNPOFT48 QSPEVDJOH TPVOET 	F�H� TUSJEVMB�

߇



UJPO
 PS GPS BMUFSOBUJWF GPSNT PG MPDPNPUJPO TVDI BT TLBUJOH BDSPTT XBUFS TVSGBDFT 	F�H TUPOFஸJFT51
�

"MUIPVHI UIFTF BMUFSOBUJWF GVODUJPOT PG XJOHT BSF XFMM LOPXO GFX TUVEJFT IBWF FYBNJOFE IPX UIF

QIZTJDBM EFNBOET PG UIFTF OPO�ஸJHIU GVODUJPOT EJஶGFS GSPN UIPTF PG ஸJHIU  B DSJUJDBM TUFQ JO VOEFS�

TUBOEJOH IPX UIF WBSJPVT TFMFDUJWF GPSDFT BDUJOH PO UIF JOTFDU ஸJHIU BQQBSBUVT IBWF DPOUSJCVUFE UP JUT

DVSSFOU GPSN�

)FSF XF JOWFTUJHBUF UIF NFDIBOJDT PG B DSJUJDBM OPO�ஸJHIU VTF PG UIF XJOHT JO TPDJBM )ZNFOPQUFSB؝

WFOUJMBUPSZ GBOOJOH� )POFZ CFFT CVNCMFCFFT QBQFS XBTQT ZFMMPX KBDLFUT IPSOFUT BOE TPNF TUJO�

HMFTT CFFT ஸBQ UIFJS XJOHT XIJMF TUBOEJOH PO UIF TVSGBDF PS BU UIF FOUSBODF PG UIFJS OFTUT� 5IJT CF�

IBWJPS QSFTVNBCMZ JOEVDFT BJSஸPX UISPVHI BOE BSPVOE UIF OFTU UIBU QSPNPUFT DPOWFDUJWF DPPM�

JOH BOE�PS HBT FYDIBOHF40� 8IFO OFTU UFNQFSBUVSFT PS DBSCPO EJPYJEF DPODFOUSBUJPOT SJTF BCPWF B

UISFTIPME IPOFZ CFFT BTTFNCMF BU UIF FOUSBODF PG UIF OFTU BOE GBO UIFJS XJOHT ESJWJOH UFNQFSBUVSF

BOE�PS ߃$0 WBMVFT CBDL CFMPX UIF UISFTIPME38,74 	'JH� 
߂� 5IJT CFIBWJPS JT DSJUJDBM UP UIF TVDDFTT BOE

ஷUOFTT PG UIF DPMPOZ BT GBJMVSF UP SFHVMBUF CSPPE UFNQFSBUVSF DBO MFBE UP DPHOJUJWF EFஷDJFODJFT JO

BEVMUIPPE37� $POTJEFSJOH UIBU WFOUJMBUJPO JT DSVDJBM UP IFBMUIZ CSPPE EFWFMPQNFOU BOE UIBU UIFZ JO�

WFTU TP NVDI UJNF JO B CFIBWJPS UIBU JT MJLFMZ UP CF FOFSHFUJDBMMZ DPTUMZ XF QPTJU UIBU UIFSF JT B TUSPOH

TFMFDUJWF QSFTTVSF PO UIF ஸJHIU TZTUFN UP BDDPNNPEBUF UIJT OPO�ஸJHIU CFIBWJPS�

8JOH GBOOJOH BMTP QMBZT BO JNQPSUBOU SPMF JO DIFNJDBM DPNNVOJDBUJPO BNPOH IPOFZ CFFT� %VS�

JOH FOUSZ JOUP B OFX OFTU TJUF IPOFZ CFFT CSPBEDBTU WPMBUJMF QIFSPNPOFT QSPEVDFE CZ UIF /BTPOPW

HMBOE BU UIF UJQ PG UIFJS BCEPNFO� #FFT UIBU IBWF MPDBUFE UIF FOUSBODF PG UIF OFTU SBJTF UIFJS BC�

EPNFOT BOE GBO UIFJS XJOHT ESJWJOH BJSஸPX BDSPTT UIF /BTPOPW HMBOE XIJDI EJTQFSTFT QIFSPNPOFT

UIBU TJHOBMT UIF MPDBUJPO PG UIF OFTU FOUSBODF UP UIF SFTU PG UIF TXBSN3� 5IJT ؤTDFOUJOHأ CFIBWJPS JT

BMTP VTFE GPS PUIFS QVSQPTFT TVDI BT UP EJSFDU EJTPSJFOUFE XPSLFST CBDL UP UIF OFTU FOUSBODF BGFS B

OFTU EJTUVSCBODF70�

4UBUJPOBSZ XJOH GBOOJOH JT B VOJRVF DIBMMFOHF GPS B XJOHFE JOTFDU� 'BOOJOH JT VTFE UP JNQFM

	PS CMPX
 BJS BMPOH B TPMJE UXP�EJNFOTJPOBM TVSGBDF XJUIPVU EJTQMBDJOH UIF JOTFDUءT CPEZ XIFSFBT

߈



Figure 1.1: A group of honey bees fanning at the entrance of a man-made hive. Note that fanning bees are oriented
with their abdomens pointed away from the nest entrance, drawing air out of the hive.

UIF ஸBQQJOH NPUJPOT BTTPDJBUFE XJUI ஸJHIU BSF VTFE UP QSPQFM UIF JOTFDU UISPVHI BO BFSJBM UISFF�

EJNFOTJPOBM XPSME HFOFSBUJOH BJS ஸPXT BOE GPSDFT UIBU PஶGTFU JUT XFJHIU BOE EJSFDU JUT NPUJPO� *OTFDU

XJOHT IBWF VOEFSHPOF TFWFSBM IVOESFE NJMMJPO ZFBST PG FWPMVUJPO BT ஸJHIU BQQFOEBHFT UIBU HFOFSBUF

ஸPX JO B UISFF EJNFOTJPOBM BFSJBM FOWJSPONFOU� *O DPOUSBTU WFOUJMBUPSZ GBOOJOH JO "QJT QSFTVN�

BCMZ BSPTF POMZ BGFS UIF BQQFBSBODF PG FVTPDJBMJUZ JO DPSCJDVMBUF CFFT BQQSPYJNBUFMZ ߈߉ NZB 12 BOE

DP�PQUJOH QSPQVMTJWF XJOHT UP TFSWF BT JNQFMMFST QSFTFOUT TFWFSBM QIZTJDBM DIBMMFOHFT� 'JSTU UIF QSJ�

NBSZ EJSFDUJPO PG ஸVJE NPWFNFOU HFOFSBUFE CZ UIF XJOHT NVTU CF TIJGFE GSPN EPXOXBSE 	BT JO

ஸJHIU
 UP IPSJ[POUBM 	BT JO GBOOJOH
� 4FDPOE UIF LJOFNBUJDT PG ஸBQQJOH NVTU CF BMUFSFE UP BWPJE

EJTBEWBOUBHFPVT DPOUBDU XJUI UIF TPMJE TVSGBDF XIJDI DPVME DBVTF XJOH EBNBHF56 SFEVDJOH ஸJHIU

QFSGPSNBODF BOE TVSWJWBM 13,19,55� *O UIJT TUVEZ XF FYQMPSFE UISFF BTQFDUT PG TUBUJPOBSZ XJOH GBO�

OJOH UP CFUUFS VOEFSTUBOE UIF TFMFDUJWF QSFTTVSFT UIBU UIJT CFIBWJPS NBZ QMBDF PO UIF ஸJHIU TZTUFN�


߂ LJOFNBUJD EJஶGFSFODFT CFUXFFO XJOH GBOOJOH BOE ஸJHIU 
߃ UIF NBHOJUVEF PG BJS ஸPX QSPEVDFE CZ

߉



BO JOEJWJEVBM GBOOJOH CFF BOE 
߄ UIF QPUFOUJBM SPMF PG XJOH�XJOH BOE XJOH�HSPVOE JOUFSBDUJPOT JO

HFOFSBUJOH WFOUJMBUPSZ ஸPXT�

߃�߂ .ৗ০ৡ

)�ৢৗৗ য়ৠ

"MM ஷMNJOH XBT QFSGPSNFE PO IPOFZ CFFT GSPN EPNFTUJDBUFE PVUEPPS IJWFT BU UIF $PODPSE 'JFME

4UBUJPO JO #FEGPSE ."� 13 GBOOJOH CFFT QFSGPSNJOH WFOUJMBUJPO CFIBWJPS BU UIF FOUSBODF PG B CFF�

IJWF XFSF ஷMNFE BU 5000 GQT VTJOH UXP 1IPUSPO ߄�"4 DBNFSBT� 5IF DBNFSBT XFSF GPDVTFE PO B TNBMM

GPDBM WPMVNF 	BQQSPYJNBUFMZ 8 × 8 × 8DN
 BU UIF OFTU FOUSBODF� 5IF IJWF XBT QMBDFE PO B �BYJT߃ SBJM

TZTUFN TP UIBU XIFO B GBOOJOH CFF XBT JEFOUJஷFE UIF IJWF DPVME CF SF�QPTJUJPOFE UP DFOUFS UIF GBO�

OJOH CFF XJUIJO UIF GPDBM WPMVNF PG UIF DBNFSBT 	'JH� 
"߃� #FGPSF FBDI SPVOE PG ஷMNJOH B %߄ DBMJ�

CSBUJPO XBT PCUBJOFE CZ DBQUVSJOH B TUJMM QIPUP PG B DBMJCSBUJPO PCKFDU XJUI ߅߂ NBSLFST XJUI LOPXO

TQBUJBM SFMBUJPOTIJQT� 5IF DBMJCSBUJPO GSBNFT XFSF BOBMZ[FE VTJOH %-5EW߆ ."5-"# QSPHSBN31�

#FDBVTF UIF DBMJCSBUJPO PCKFDU XBT MFWFM XF XFSF BCMF UP SFGFSFODF UIF IPSJ[POUBM QMBOF JO PVS WJEFP

BOBMZTJT� 'JMNJOH PG GBOOJOH CFIBWJPS XBT DPOEVDUFE GSPN QN߄�߃߂ PO �߄߂ߋ߃�ߋ߃�ߊߋ #FFT XFSF FY�

QPTFE UP GVMM TVO EVSJOH ஷMNJOH BOE UIF BNCJFOU UFNQFSBUVSF SBOHFE GSPN 23− 26◦$ 	SFDPSEFE CZ

UIF XFBUIFS TUBUJPO BU )BOTDPN "JSGPSDF #BTF
�

" TJNJMBS DBNFSB TFU�VQ XBT VTFE UP ஷMN 8 JOEJWJEVBMT QFSGPSNJOH /BTPOPW TDFOUJOH CFIBWJPS

BU 7500 GQT� "QQSPYJNBUFMZ ߋߋ߆ XPSLFST GSPN BO BSUJஷDJBM TXBSN PG IPOFZ CFFT XFSF QMBDFE BU UIF

FOUSBODF PG BO FNQUZ IJWF TUSVDUVSF DPOUBJOJOH UIF TXBSNءT RVFFO� 6QPO MPDBUJOH UIF OFTU FOUSBODF

XPSLFST QBVTFE MJGFE UIFJS BCEPNFOT BOE CFHBO UP GBO UIFJS XJOHT ESJWJOH BJS BDSPTT UIF FYQPTFE

/BTPOPW HMBOE� 'JMNJOH PG /BTPOPW TDFOUJOH CFIBWJPS XBT DPOEVDUFE PO ߄߂ߋ߃�߅߂�߉ߋ CFUXFFO ߃

BOE �QN߆ 7JEFPT XFSF DBQUVSFE JO GVMM TVO BOE UIF BNCJFOU UFNQFSBUVSF SBOHFE GSPN 21 − 23◦$

	SFDPSEFE CZ UIF XFBUIFS TUBUJPO BU )BOTDPN "JSGPSDF #BTF
�

ߊ



Figure 1.2: (A) Camera set-up used to film ven latory fanning behavior. Two high-speed video cameras were focused
on a point near the nest entrance and calibrated. When a bee began to fan, the en re hive was translated on a rail
system so that the fanning bee was visible in the focal volume of the cameras. A similar set-up was used to film
Nasonov scen ng behavior. (B) Landmarks and kinema c parameters measured on fanning and scen ng bees. The
costal notch (CN) on the leading edge of the forewing, the wing hinges (WH) on both sides, and the s ng (ST) were
digi zed in each video frame. These landmarks were used to calculate abdomen angle (α), stroke amplitude (Φ), and
stroke plane angle (β)). Note that when the s ng is posi oned below the wing hinges (as in the illustra on), abdomen
angle is reported as nega ve.

ߋ߂
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5IF DPTUBM OPUDI PO UIF MFBEJOH FEHF PG POF XJOH CPUI XJOH IJOHFT BOE UIF TUJOH 	UJQ PG UIF BC�

EPNFO
 XFSF EJHJUJ[FE EVSJOH ஷWF TVDDFTTJWF XJOH TUSPLFT VTJOH UIF %-5EW߆ ."5-"# QSPHSBN31�

5IF QPTJUJPOT PG UIFTF MBOENBSLT XFSF VTFE UP DBMDVMBUF UIF TUSPLF BNQMJUVEF GSFRVFODZ TUSPLF

QMBOF BOHMF BOE BCEPNFO PSJFOUBUJPO PG GBOOJOH BOE TDFOUJOH CFFT� 8JOH TUSPLF QBSBNFUFST XFSF

RVBOUJஷFE VTJOH NFUIPET EFTDSJCFE CZ "MUTIVMFS FU BM� 1 TP UIBU PVS EBUB DPVME CF EJSFDUMZ DPNQBSFE

UP QSFWJPVTMZ PCUBJOFE NFBTVSFT GPS IPOFZ CFF ஸJHIU LJOFNBUJDT 	'JH� 
#߃�

4USPLF QMBOF BOHMF XBT EFUFSNJOFE CZ QFSGPSNJOH B SFHSFTTJPO PO UIF QBUI PG UIF MFBEJOH FEHF PG

UIF XJOH GPS 5 TVDDFTTJWF XJOH CFBUT BOE DBMDVMBUJOH UIF BOHMF CFUXFFO UIJT MJOF BOE UIF IPSJ[POUBM

QMBOF� 5IJT NFUSJD EFTDSJCFT UIF PSJFOUBUJPO PG UIF QMBOF UISPVHI XIJDI UIF XJOH TXFFQT XIJMF ஸBQ�

QJOH� 8JOH QPTJUJPO XBT DBMDVMBUFE BT UIF JOTUBOUBOFPVT BOHMF PG UIF XJOH XJUIJO UIF TUSPLF QMBOF

XJUI UIF XJOH EFஷOFE CZ B WFDUPS SVOOJOH GSPN UIF XJOH IJOHF UP UIF DPTUBM OPUDI PO UIF MFBEJOH

FEHF� 4USPLF BNQMJUVEF XBT DBMDVMBUFE BT UIF EJஶGFSFODF CFUXFFO UIF NBYJNVN BOE NJOJNVN XJOH

QPTJUJPO BOHMFT BWFSBHFE PWFS 5XJOH TUSPLFT� 'MBQQJOH GSFRVFODZ XBT EFUFSNJOFE CZ DPOEVDUJOH B

GBTU 'PVSJFS USBOTGPSN PO UIF UJNF TFSJFT PG XJOH QPTJUJPOT PWFS 5 TUSPLFT� 5IF TUSPLF�BWFSBHFE BO�

HVMBS WFMPDJUZ 	SBE T−1
 PG UIF XJOH XBT DBMDVMBUFE CZ EJWJEJOH UIF TUSPLF BNQMJUVEF CZ UIF BWFSBHF

EVSBUJPO PG B IBMG TUSPLF� "CEPNFO BOHMF XBT DBMDVMBUFE BT UIF BOHMF CFUXFFO UIF IPSJ[POUBM QMBOF

BOE B MJOF DPOOFDUJOH UIF NJEQPJOU CFUXFFO UIF XJOH IJOHFT XJUI UIF TUJOH JO UIF JOJUJBM GSBNF PG UIF

WJEFP 	OPUF UIBU BO BOBMPHPVT NFBTVSFNFOU EVSJOH IPWFSJOH ஸJHIU XBT OPU BWBJMBCMF GPS DPNQBSJ�

TPO
� #FFT EJE OPU BEKVTU UIFJS QPTUVSF OPUJDFBCMZ EVSJOH UIF ஷWF TUSPLFT BOBMZ[FE GSPN FBDI WJEFP�

4০০০ ৠ৫

'PS FBDI LJOFNBUJD QBSBNFUFS FWBMVBUFE 	ஸBQQJOH GSFRVFODZ TUSPLF BNQMJUVEF TUSPLF QMBOF BOHMF

BOE BCEPNFO BOHMF
 XF UFTUFE UIF OVMM IZQPUIFTJT UIBU UIF NFEJBO WBMVFT PG FBDI ஸBQQJOH CFIBWJPS

߂߂



	GBOOJOH TDFOUJOH BOE IPWFSJOH XIFO BWBJMBCMF
 XFSF FRVBM VTJOH B ,SVTLBM�8BMMJT UFTU� *O DBTFT

XIFSF UIF OVMM IZQPUIFTJT XBT SFKFDUFE BOE EBUB XBT BWBJMBCMF GPS BMM UISFF CFIBWJPST XF DPOEVDUFE

NVMUJQMF DPNQBSJTPOT BNPOH UIF CFIBWJPSBM NPEFT VTJOH UIF 5VLFZ NFUIPE UP EFUFSNJOF XIJDI

CFIBWJPST FYIJCJUFE EJஶGFSFODFT JO UIF LJOFNBUJD QBSBNFUFS�

'ৡ৩ ২১৬০ৡৠ

8F QFSGPSNFE RVBMJUBUJWF ஸPX WJTVBMJ[BUJPO PG /BTPOPW TDFOUJOH CFIBWJPS CVU XFSF VOBCMF UP VTF

UIJT UFDIOJRVF GPS WFOUJMBUPSZ GBOOJOH EVF UIF EJஶஷDVMUJFT JOWPMWFE JO JOEVDJOH WFOUJMBUJPO CFIBWJPS

JO UIF MBCPSBUPSZ� 8F WJTVBMJ[FE UIF ஸPX HFOFSBUFE CZ /BTPOPW TDFOUJOH CFIBWJPS JO B USBOTQBSFOU

BDSZMJD UVOOFM 	5×5×50 DN
 FYUFOEJOH GSPN B QSFWJPVTMZ PDDVQJFE IJWF VTJOH B 532 ON TIFFU MBTFS

	0QUPUSPOJDT $MBTT ***# 28BUUT
 BOE B IJHI TQFFE DBNFSB 	1IPUSPO 
߄�"4 ஷMNJOH BU 5000 GQT� 5IF

IJWF CPY XBT TFFEFE XJUI TVTQFOEFE PMJWF PJM ESPQMFUT XIJDI EJஶGVTFE PVU PG UIF CPY UISPVHI UIF

UVOOFM� 5IF MBTFS TIFFU XBT PSJFOUFE EPXOXBSE UPXBSE UIF UVOOFM TVDI UIBU UIF MBTFS TIFFU CJTFDUFE

UIF UVOOFM BMPOH UIF MPOH BYJT� 1BSUJDMFT NPWJOH BMPOH UIJT QMBOF XFSF JMMVNJOBUFE BOE WJTJCMF UP UIF

DBNFSB�

(SPVQT PG 10 CFFT XFSF QMBDFE JO UIF UVOOFM� 8IFO UIF CFFT TNFMMFE UIF PEPS FNBOBUJOH GSPN

UIF OFTU CPY UIFZ JOJUJBUFE /BTPOPW TDFOUJOH CFIBWJPS� 0ODF XJOH GBOOJOH DPNNFODFE UIF IJWF�UVOOFM

BOE UIF CFFT XFSF SF�QPTJUJPOFE TVDI UIBU UIF MBTFS JMMVNJOBUFE B TBHJUUBM TFDUJPO PG UIF BJS TVSSPVOE�

JOH B GBOOJOH CFF� "O PSUIPHPOBMMZ QPTJUJPOFE IJHI�TQFFE DBNFSB XBT VTFE UP ஷMN UIF NPUJPO PG UIF

QBSUJDMFT�

߃߂
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0VS DPNQBSJTPO PG XJOH LJOFNBUJDT EVSJOH WFOUJMBUPSZ GBOOJOH CFIBWJPS TDFOUJOH CFIBWJPS BOE

IPWFSJOH ஸJHIU SFWFBM UIBU UIFTF CFIBWJPST JOWPMWF LJOFNBUJDBMMZ EJTUJODU ஸBQQJOH NPEFT 	5BCMF 
߂�

)POFZ CFFT ஸBQ UIFJS XJOHT BU TJHOJஷDBOUMZ MPXFS GSFRVFODJFT EVSJOH WFOUJMBUPSZ GBOOJOH CFIBWJPS

UIBO EVSJOH TDFOUJOH CFIBWJPS PS IPWFSJOH ஸJHIU 	Q � 0.0112 BOE 0.0007 SFTQFDUJWFMZ� 'JH� 
"߄� *O

BEEJUJPO TUSPLF BNQMJUVEF JT TJHOJஷDBOUMZ IJHIFS EVSJOH GBOOJOH CFIBWJPS UIBO EVSJOH IPWFSJOH 	Q

� 0.0076 'JH� 
#߄� %VSJOH TDFOUJOH CFIBWJPS CFFT FYIJCJUFE TVCTUBOUJBM WBSJBUJPO JO TUSPLF BNQMJ�

UVEF 	 70 − 125◦
 CVU UIF NFEJBO PG UIF EJTUSJCVUJPO EJE OPU TJHOJஷDBOUMZ EJஶGFS GSPN UIBU EVSJOH

WFOUJMBUPSZ GBOOJOH PS IPWFSJOH 	Q= 0.0835 BOE Q= 0.5207
� 5IF BOHVMBS WFMPDJUZ PG UIF XJOH

EVSJOH GBOOJOH TDFOUJOH BOE IPWFSJOH XBT OPU TJHOJஷDBOUMZ EJஶGFSFOU� #PUI GBOOJOH BOE TDFOUJOH

CFFT ஸBQQFE UIFJS XJOHT UISPVHI BO BOUFSJPSMZ SPUBUFE TUSPLF QMBOF BOHMF 	> 50◦
 SFMBUJWF UP UIBU

PG IPWFSJOH CFFT 	Q= 0.0024 BOE 0.0138 SFTQFDUJWFMZ� 'JH� 
$߄� )PXFWFS EFTQJUF NBJOUBJOJOH B

TJNJMBS TUSPLF QMBOF BOHMF GBOOJOH BOE TDFOUJOH CFFT FYIJCJUFE TJHOJஷDBOUMZ EJஶGFSFOU CPEZ QPTUVSFT�

0O BWFSBHF UIF BCEPNFO BOHMF PG TDFOUJOH CFFT XBT NPSF UIBO 15◦ IJHIFS UIBO UIBU PG GBOOJOH CFFT

	Q= 0.0018 'JH� 
%߄�

'ৡ৩ ২১৬০ৡৠ ৠ ২ৗৡ০৫ য়ৗ১ৗয়ৗৠ০

0VS ஸPX WJTVBMJ[BUJPOT SFWFBMFE UIBU TDFOUJOH IPOFZ CFFT ESBX BJS JO GSPN B CSPBE BSFB VQTUSFBN

BOE BDDFMFSBUF JU CBDLXBSET JO B OBSSPX KFU UIBU SVOT BQQSPYJNBUFMZ QBSBMMFM XJUI UIF TVSGBDF UP XIJDI

UIF CFFT BSF DMJOHJOH 	'JH� "߅ .PWJF 
߂� " TVCTUBOUJBM QPSUJPO PG UIF VQTUSFBN BJS BQQFBST UP CF

ESBXO EPXOXBSE GSPN BCPWF UIF CFF� 5IF ஸPX WJTVBMJ[BUJPO WJEFPT BMTP SFWFBMFE UIBU TDFOUJOH CFFT

TIFE B WPSUFY BU UIF FOE PG UIF VQTUSPLF� 8IFO WJFXFE JO UIF TBHJUUBM QMBOF UIJT WPSUFY ஸPXT BMPOH

߄߂



Figure 1.3: Flapping frequency (A), stroke amplitude (B), stroke plane angle (C), and abdomen angle (D), plo ed ac-
cording to the type of wing-flapping behavior (* indicates p< 0.05, ** indicates p< 0.01). Values for hovering
flight were calculated from Altschuler et. al. ( 1) and Vance et. al. ( 86) no corresponding measures of abdomen an-
gle during hovering were available. Sample sizes are provided in Table 1 and indicate the number of individuals from
which each parameter was measured.
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UIF EPSTBM TVSGBDF PG UIF BCEPNFO BOE JOUP UIF XBLF PG UIF CFF QFSTJTUJOH GPS BQQSPYJNBUFMZ 1.5

CPEZ MFOHUIT� #Z EJHJUJ[JOH UIF QPTJUJPO PG UIJT WPSUFY XJUIJO UIF TBHJUUBM QMBOF PWFS 25 TVDDFTTJWF

XJOH TUSPLFT PG POF CFF 	'JH� 
#߅ XF DBMDVMBUFE BO BWFSBHF ஸPX TQFFE PG 0.94 q 0.11N�T 	NFBO q

4%
� #FDBVTF UIF WPSUFY JT USBWFMJOH BMPOH UIF CPVOEBSZ CFUXFFO B MPX ஸPX SFHJPO 	BCPWF
 BOE UIF

GBTU�NPWJOH DVSSFOU 	CFMPX
 XF TVTQFDU UIBU UIJT JT B TMJHIU VOEFSFTUJNBUF PG UIF ஸPX TQFFE HFOFS�

BUFE CZ UIJT CFF EVSJOH TDFOUJOH�

2১০০২ৗ ৡৗ২০ৡৠ ৡ ৩ৠ�৩ৠ ৠ ৩ৠ�ৡ১ৠ ৠ০ৗ০ৡৠ

'SPN UIF IJHI�TQFFE WJEFPT VTFE GPS LJOFNBUJD BOBMZTJT BOE ஸPX WJTVBMJ[BUJPO XF NBEF TFWFSBM VO�

FYQFDUFE PCTFSWBUJPOT PG XJOH�XJOH BOE XJOH�HSPVOE JOUFSBDUJPOT� *O TDFOUJOH CFFT XF PCTFSWFE

XJOH�XJOH JOUFSBDUJPOT EVSJOH EPSTBM TUSPLF SFWFSTBM JO TPNF WJEFPT 	'JH� 
"߅� *O UIFTF DBTFT UIF

MFBEJOH FEHF PG UIF GPSFXJOHT XPVME DPNF JOUP DPOUBDU XJUI FBDI PUIFS BU UIF FOE PG UIF VQTUSPLF�

5IF QPJOU PG DPOUBDU XPVME UIFO TIJG DIPSEXJTF UPXBSET UIF USBJMJOH FEHF BT UIF MFBEJOH FEHFT CF�

HBO UP QVMM BQBSU BU UIF TUBSU PG UIF EPXOTUSPLF 	TFF .PWJF 
߃� 5IJT XJOH�XJOH JOUFSBDUJPO JT SFN�

JOJTDFOU PG UIF DMBQ�BOE�QFFM NFDIBOJTN PCTFSWFE JO NBOZ TNBMM JOTFDUT UIBU ஸZ BU MPX 3FZOPMET

OVNCFST XIJDI FOIBODFT MJG53� *O TPNF PG UIF WJEFPT XF EJE OPU TFF BOZ QIZTJDBM DPOUBDU CFUXFFO

UIF XJOHT� XF DBOOPU BEESFTT XIFUIFS UIJT EJஶGFSFODF JT EVF UP JOUFS�JOEJWJEVBM WBSJBUJPO JO CFIBW�

JPS PS EVF UP CFIBWJPSBM ஸFYJCJMJUZ XJUIJO BO JOEJWJEVBM� 8F XFSF BMTP VOBCMF UP EFUFSNJOF XIFUIFS

XJOH�XJOH DPOUBDU PDDVST EVSJOH WFOUJMBUPSZ GBOOJOH CFDBVTF UIF DPOUBDU XBT POMZ WJTJCMF XJUI UIF

VTF PG B MBTFS TIFFU EVSJOH ஸPX WJTVBMJ[BUJPO� )PXFWFS CFDBVTF UIF TUSPLF QMBOF BOHMF JT TJNJMBS EVS�

JOH CPUI CFIBWJPST BOE TUSPLF BNQMJUVEF JT PGFO IJHIFS EVSJOH GBOOJOH XF TVTQFDU UIBU XJOH�XJOH

JOUFSBDUJPOT PDDVS BU MFBTU TPNF PG UIF UJNF EVSJOH WFOUJMBUPSZ GBOOJOH BT XFMM�

*O BEEJUJPO UP XJOH�XJOH JOUFSBDUJPOT EVSJOH UIF EPSTBM TUSPLF SFWFSTBM XF BMTP PCTFSWFE UIBU UIF

GPSFXJOHT DPNNPOMZ DPOUBDU UIF HSPVOE EVSJOH WFOUSBM TUSPLF SFWFSTBM JO CPUI GBOOJOH BOE TDFOU�

JOH CFFT 	'JH� 
#߅� "U UIF FOE PG UIF EPXOTUSPLF UIF XJOH ஷSTU DPOUBDUT UIF HSPVOE BU UIF MFBEJOH

߆߂



Figure 1.4: (A) A qualita ve illustra on of the flow generated by a scen ng bee. This schema c was drawn a er
observing flow visualiza on videos available in the supplemental materials (see Movie 1). (B) Digi zed posi ons of
the loca on of a vortex shed at the end of the upstroke, as it moves downstream during Nasonov scen ng behavior.
Each colored line indicates the path of a single vortex during one wing stroke. Vortex paths during 25 successive
wing strokes are plo ed on the image. The vortex was visualized by illumina ng par cles suspended in the air with a
laser sheet oriented along the sagi al plane of the scen ng bee (see Movie 1). Note that the individual in this figure
has an abdomen angle that is below average for scen ng bees.

FEHF BOE UIF QPJOU PG DPOUBDU TIJGT DIPSEXJTF UPXBSET UIF USBJMJOH FEHF BT UIF MFBEJOH FEHF SJTFT UP

CFHJOT UIF VQTUSPLF� 5IVT CFFT BQQFBS UP ؤSPMMأ UIF XJOHT BMPOH UIF HSPVOE GSPN UIF MFBEJOH FEHF

UP UIF USBJMJOH FEHF XIJDI NBZ IFMQ NJOJNJ[F EBNBHF DBVTFE CZ UIF DPMMJTJPO�

߅�߂ %১ৡৠ

)POFZ CFFT QFSGPSN UXP OPO�ஸJHIU XJOH�ஸBQQJOH CFIBWJPST UIBU BSF DSJUJDBM UP UIF TVSWJWBM PG UIF

DPMPOZ� 'BOOJOH CFIBWJPS JT VTFE UP WFOUJMBUF UIF OFTU JO PSEFS UP NBJOUBJO B NJDSPDMJNBUF PQUJNBM

GPS CSPPE EFWFMPQNFOU 	4FFMFZ BOE )FJOSJDI 
߂߉ߊ߂� 4DFOUJOH CFIBWJPS JT VTFE UP ESJWF BJS PWFS UIF

/BTPOPW HMBOE BOE EJTQFSTF QIFSPNPOFT UIBU BSF LFZ UP DPNNVOJDBUJPO JO NBOZ DPOUFYUT TVDI BT

DPPSEJOBUJOH UIF BSSJWBM PG OBJWF CFFT UP B OFX OFTU TJUF3� *O CPUI CFIBWJPST UIF XJOHT BSF VTFE BT

߇߂



JNQFMMFST ESJWJOH BJSஸPX QBTU B TUBUJPOBSZ CFF UIBU JT HSJQQJOH B TVSGBDF SBUIFS UIBO BT QSPQFMMFST

HFOFSBUJOH EPXOXBSE ஸPX UP TVQQPSU B CFFءT XFJHIU JO UIF BJS� 5IJT TUVEZ EFNPOTUSBUFT UIBU UIFTF

WFOUJMBUPSZ GBOOJOH CFIBWJPS JT LJOFNBUJDBMMZ EJTUJODU GSPN ஸJHIU BOE TVHHFTUT UIBU CFFT NBZ FNQMPZ

VOTUFBEZ ஸPX NFDIBOJTNT 	F�H� DMBQ�BOE�ஸJOH BOE XJOH�HSPVOE JOUFSBDUJPOT
 EVSJOH UIFTF CFIBW�

JPST�

৩ৠ ঢ়ৠৗয়০

/FVIBVT BOE 8PIMHFNVUI60 ஷMNFE 2 GBOOJOH IPOFZ CFFT BOE NFBTVSFE UIFJS ஸBQQJOH GSFRVFO�

DJFT 	121 BOE 150)[
 XIJDI XFSF TVCTUBOUJBMMZ MPXFS UIBO UIBU PG ஸZJOH ஸZJOH IPOFZ CFFT60� 5IFZ

BMTP NFBTVSFE BNQMJUVEF 	90 BOE 120◦
 GPS UIFTF CFFT CVU UIFZ FYQSFTTFE MPXFS DPOஷEFODF JO UIFTF

NFBTVSFNFOUT CFDBVTF JU XBT EJஶஷDVMU UP PCUBJO WJEFP GSPN BQQSPQSJBUF BOHMFT BOE UIFZ XFSF MJNJUFE

UP %߃ QSPKFDUJPOT PG UIF XJOH NPUJPO� %FTQJUF UIFJS MJNJUFE TBNQMF TJ[F BOE NFUIPEPMPHJDBM DIBM�

MFOHFT /FVIBVT BOE 8PIMHFNVUI TVTQFDUFE UIBU UIF LJOFNBUJDT PG GBOOJOH BOE UIF LJOFNBUJDT PG

ஸJHIU BSF EJஶGFSFOU FOPVHI UIBU UIFZ TIPVME CF DPOTJEFSFE B EJTUJODU CFIBWJPST60� 8F XFSF BCMF UP

SJHPSPVTMZ UFTU UIJT IZQPUIFTJT XJUI B MBSHFS TBNQMF TJ[F BOE XJUI UIF VTF PG %߄ DBMJCSBUJPOT�

*OEFFE POF PG UIF NPTU TUSJLJOH LJOFNBUJD EJஶGFSFODFT XF GPVOE CFUXFFO XJOH GBOOJOH CFIBWJPST

BOE ஸJHIU XBT JO ஸBQQJOH GSFRVFODZ� 'MBQQJOH GSFRVFODZ PG WFOUJMBUPSZ GBOOJOH CFIBWJPS 	173.9 q

20.4 4%
 XBT TJHOJஷDBOUMZ MPXFS UIBO UIBU SFQPSUFE GPS IPWFSJOH ஸJHIU 	226.8 q 12.8 4%
� 4DFOUJOH

CFIBWJPS IBE BO JOUFSNFEJBUF NFBO ஸBQQJOH GSFRVFODZ 	213.4 q 16.4 4%
 XIJDI XBT TJHOJஷDBOUMZ

IJHIFS UIBO EVSJOH WFOUJMBUPSZ GBOOJOH CVU OPU TJHOJஷDBOUMZ EJஶGFSFOU GSPN UIBU EVSJOH ஸJHIU� 5IF

MBSHF EJஶGFSFODFT XF NFBTVSFE CFUXFFO UIF ஸBQQJOH GSFRVFODJFT PG WFOUJMBUPSZ GBOOJOH BOE IPWFS�

JOH ஸJHIU XFSF TVSQSJTJOH CFDBVTF UIF XJOHT BOE ஸJHIU NPUPS PG JOTFDUT 	FTQFDJBMMZ UIPTF XJUI BTZO�

DISPOPVT ஸJHIU NVTDMFT TVDI BT IZNFOPQUFSBOT BOE EJQUFSBOT
 BSF DMBTTJDBMMZ EFTDSJCFE BT B EBNQFE

PTDJMMBUPS29� 5IF MBDL PG TVCTUBOUJBM WBSJBUJPO JO ஸBQQJOH GSFRVFODZ GPS NBOZ TQFDJFT JT DPOTJTUFOU

XJUI UIJT IZQPUIFTJT29 BOE TVHHFTUT UIBU ஸBQQJOH GSFRVFODZ NBZ CF DPOTUSBJOFE UP UIF OBUVSBM GSF�

߈߂



RVFODZ PG UIF ஸJHIU TZTUFN21� )PXFWFS PVS TUVEZ SFWFBMT UIBU IPOFZ CFFT QFSGPSNJOH WFOUJMBUPSZ

GBOOJOH SPVUJOFMZ ஸBQ UIFJS XJOHT BU B GSFRVFODZ UIBU JT BQQSPYJNBUFMZ �ߋ߄ MPXFS UIBO EVSJOH ஸJHIU�

%FTQJUF UIJT SFEVDUJPO JO GSFRVFODZ GBOOJOH BOE TDFOUJOH CFFT HFOFSBUF XJOH BOHVMBS WFMPDJUJFT UIBU

BSF TJNJMBS UP UIBU PG IPWFSJOH ஸJHIU� 8F BMTP PCTFSWFE TVCTUBOUJBMMZ NPSF WBSJBUJPO JO ஸBQQJOH GSF�

RVFODZ EVSJOH GBOOJOH CFIBWJPS UIBO XBT QSFWJPVTMZ PCTFSWFE JO ஸZJOH IPOFZ CFFT 1� 5IFTF PCTFSWB�

UJPOT TVHHFTUT UIBU CFFT NBZ IBWF NPSF DPOUSPM PWFS ஸBQQJOH GSFRVFODZ UIBO QSFWJPVTMZ UIPVHIU�

5IF GSFRVFODZ PG B EBNQFE PTDJMMBUPS TZTUFN DBO CF DPOUSPMMFE CZ 
߂	 DIBOHJOH UIF NBTT PG UIF

MPBE PS 
߃	 DIBOHJOH UIF TUJஶGOFTT PG UIF TZTUFN� )POFZ CFFT BSF LOPXO UP IBWF B DPNQMFY XJOH�

UIPSBY BSUJDVMBUJPO BOE UIF USBOTNJTTJPO PG GPSDF GSPN UIF ஸJHIU NVTDMFT BOE UIF XJOHT JT NFEJBUFE

CZ TUFFSJOH NVTDMFT BOE B TFSJFT PG TDMFSPUJ[FE TLFMFUBM FMFNFOUT DBMMFE QUFSBMJB59� -JUUMF JT LOPXO

BCPVU UIF SPMF PG UIJT DPNQMFY BSUJDVMBUJPO JO ஸJHIU DPOUSPM JO IPOFZ CFFT CVU JU JT QPTTJCMF UIBU CFFT

DPVME DIBOHF UIF HFBSJOH SBUJP PG UIF MFWFS BSN 	J�F� UIF XJOH
 CZ BEKVTUJOH UIJT BSUJDVMBUJPO DIBOH�

JOH UIF FஶGFDUJWF NBTT PG UIF XJOH BOE VMUJNBUFMZ UIF OBUVSBM GSFRVFODZ PG UIF ஸJHIU TZTUFN� *O BEEJ�

UJPO UIF TUFFSJOH NVTDMFT DPVME BMTP CF VTFE DIBOHF UIF TUJஶGOFTT PG UIF UIPSBY�XJOH TZTUFN JO PSEFS

UP BMUFS ஸBQQJOH GSFRVFODZ� 5IJT NFDIBOJTN JT XJEFMZ BDDFQUFE JO UIF %JQUFSB CVU JU JT UZQJDBMMZ

UIPVHIU UP DBVTF POMZ TNBMM DIBOHFT UP ஸBQQJOH GSFRVFODZ21,58,41� *U JT BMTP QPTTJCMF UIBU HSJQQJOH

UIF TVCTUSBUF EVSJOH GBOOJOH CFIBWJPS DPVME DPOUSJCVUF UP DIBOHFT JO UIPSBY TUJஶGOFTT PS EBNQJOH

XIJDI DPVME MPXFS ஸBQQJOH GSFRVFODZ� *O HFOFSBM WBSJBUJPO JO ஸBQQJOH GSFRVFODZ BOE UIF DPOUSPM

PG UIJT WBSJBUJPO IBT OPU ZFU CFFO GVMMZ BQQSFDJBUFE� 4UVEZJOH CFIBWJPST UIBU FYIJCJU CSPBE WBSJBUJPO

JO GSFRVFODZ TVDI BT GBOOJOH BOE TDFOUJOH CFIBWJPST JO IPOFZ CFFT DPVME QSPWJEF JOTJHIU JOUP IPX

ஸBQQJOH GSFRVFODZ JT NPEVMBUFE�

5IF SFEVDFE GSFRVFODZ EVSJOH GBOOJOH CFIBWJPS SFMBUJWF UP IPWFSJOH ஸJHIU NBZ BMTP CF SFMBUFE

UP EJஶGFSFODFT JO DPOTUSBJOUT PO ஸBQQJOH GSFRVFODZ GPS UIFTF UXP CFIBWJPST� 5IF BFSPEZOBNJD DPO�

TUSBJOUT JNQPTFE CZ ஸJHIU NBZ CF NPSF TJHOJஷDBOU JO EFUFSNJOJOH ஸJHIU LJOFNBUJDT UIBO UIPTF PG

UIF NFDIBOJDBM TZTUFN� %VSJOH ஸJHIU JOTFDUT NVTU HFOFSBUF FOPVHI MJG UP PஶGTFU UIFJS CPEZ XFJHIU

߉߂



XIFSFBT UIJT DPOTUSBJOU JT SFNPWFE XIFO CFFT BSF QFSGPSNJOH ஸBQQJOH CFIBWJPST XIJMF IPMEJOH PO

UP B TVSGBDF� *U JT QPTTJCMF UIBU ஸJHIU PDDVST BU B OBSSPX SBOHF PG GSFRVFODJFT OPU EVF UP DPOUSPM DPO�

TUSBJOUT 	JNQPTFE CZ NFDIBOJDBM SFTPOBODF BU B OBUVSBM GSFRVFODZ
 CVU SBUIFS EVF BFSPEZOBNJD

DPOTUSBJOUT 	J�F� CZ UIF OFFE UP HFOFSBUF TJHOJஷDBOU BNPVOUT PG GPSDF BT FஶGFDUJWFMZ BT QPTTJCMF
� *O

UIF BCTFODF PG UIFTF BFSPEZOBNJD DPOTUSBJOUT GBOOJOH BOE TDFOUJOH CFFT NBZ CF GSFF UP UVOF UIFJS

ஸBQQJOH GSFRVFODZ UP NFFU PUIFS EFNBOET�

0VS SFTVMUT PO TUSPLF BNQMJUVEF MFOE TPNF TVQQPSU UP UIJT JEFB� 5IF EJTUJODUJWF IJHI�GSFRVFODZ

MPX�BNQMJUVEF XJOH TUSPLF PCTFSWFE JO ஸZJOH IPOFZ CFFTXIJDI JT UIPVHIU UP NBYJNJ[F MJG QSPEVD�

UJPO WJB SPUBUJPOBM NFDIBOJTNT TIJGT1 UP B MPXFS�GSFRVFODZ IJHI�BNQMJUVEF TUSPLF JO CFFT QFSGPSN�

JOH WFOUJMBUPSZ GBOOJOH� 5IJT TVHHFTUT UIBU UIF ஸBQQJOH GSFRVFODZ BOE TUSPLF BNQMJUVEF PCTFSWFE JO

ஸZJOH CFFT NBZ PQUJNJ[F MJG QSPEVDUJPO WJB VOTUFBEZ NFDIBOJTNT XIFSFBT UIF LJOFNBUJDT PCTFSWFE

EVSJOH GBOOJOH NBZ CF PQUJNJ[FE GPS B EJஶGFSFOU HPBM TVDI BT NBYJNJ[JOH UIF TQFFE PG BJS ஸPX PS UIF

NFUBCPMJD FஶஷDJFODZ PG ஸBQQJOH�

8ৠ�৩ৠ ৠ ৩ৠ�ৡ১ৠ ৠ০ৗ০ৡৠ

.BOZ UJOZ JOTFDUT JODMVEJOH XIJUF�ஸJFT BOE UISJQT BT XFMM BT MBSHFS JOTFDUT TVDI BT CVUUFSஸJFT VTF

XJOH�XJOH DPOUBDU BU UIF EPSTBM TUSPLF SFWFSTBM UP FOIBODF MJG89,20,78� %VSJOH UIF FOE PG UIF VQ�

TUSPLF UIF XJOHT DMBQ UPHFUIFS BOE BU UIF TUBSU PG UIF EPXOTUSPLF UIFZ ஸJOH 	PS QFFM
 BQBSU� "T UIF

XJOHT QFFM BQBSU BJS JT TVDLFE BDSPTT UIF UPQ TVSGBDF PG UIF XJOHT IFMQJOH UP JOEVDF DJSDVMBUJPO

BSPVOE UIF XJOH53� 5IJT QBUUFSO PG XJOH LJOFNBUJDT IBT OPU QSFWJPVTMZ CFFO EFTDSJCFE JO IPOFZCFFT

EVSJOH ஸJHIU JO OBUVSBM DPOEJUJPOT CVU JU IBT CFFO TIPXO UP PDDVS EVSJOH ஸJHIU JO IFMJPY TVHHFTUJOH

UIBU IPOFZCFFT NBZ CF BCMF UP FNQMPZ UIJT NFDIBOJTN XIFO IJHI BFSPEZOBNJD GPSDF JT SFRVJSFE86�

0VS ஷOEJOHT TIPX UIBU CFFT FNQMPZ UIJT LJOFNBUJD EFWJDF XIFO QFSGPSNJOH /BTPOPW TDFOUJOH 	BOE

MJLFMZ BMTP EVSJOH WFOUJMBUPSZ GBOOJOH
 CFIBWJPS�

0OF PG UIF QSJNBSZ SJTLT UIBU NJHIU CF BTTPDJBUFE XJUI GBOOJOH BOE TDFOUJOH CFIBWJPST JT QPUFO�

ߊ߂



UJBM XJOH EBNBHF BT CPUI CFIBWJPST SFRVJSF CFFT UP ஸBQ UIFJS XJOHT OFBS UIF TVSGBDF PO XIJDI UIFZ

BSF DMJOHJOH� (JWFO UIBU IJHI�GSFRVFODZ DPMMJTJPOT XJUI TVSGBDFT 	F�H� WFHFUBUJPO
 BSF LOPXO UP DBVTF

XJOH XFBS ? 35,23,56 BOE XJOH XFBS MFBET UP SFEVDFE ஸJHIU QFSGPSNBODF BOE JODSFBTFE NPSUBMJUZ 13,19,55

POF NJHIU FYQFDU CFFT UP SFEVDF UIFJS TUSPLF BNQMJUVEF EVSJOH UIFTF CFIBWJPST UP BWPJE DPOUBDU XJUI

UIF TVSGBDF� )PXFWFS XF PCTFSWFE KVTU UIF PQQPTJUF� CFFT UZQJDBMMZ JODSFBTF UIFJS TUSPLF BNQMJUVEF

EVSJOH GBOOJOH BOE UIF XJOHT PGFO DPOUBDU UIF HSPVOE BU WFOUSBM TUSPLF SFWFSTBM EVSJOH CPUI /B�

TPOPW TDFOUJOH BOE WFOUJMBUPSZ GBOOJOH CFIBWJPS� 5IF IJHI�GSFRVFODZ DPMMJTJPOT UIBU PDDVS CFUXFFO

UIF XJOHT BOE UIF TVSGBDF BSF MJLFMZ UP DBVTF DPOTJEFSBCMF XJOH XFBS JO IPOFZ CFFT BOE QPTTJCMZ JO

PUIFS TPDJBM IZNFOPQUFSBOT UIBU QFSGPSN WFOUJMBUPSZ GBOOJOH� *O GBDU XF OPUJDFE UIBU NBOZ PG UIF

JOEJWJEVBMT UIBU XF ஷMNFE IBE EJTUBM XJOH XFBS� 0OF GBDUPS UIBU NBZ BNFMJPSBUF UIJT EBNBHF JT UIF

ؤSPMMJOHأ NPUJPO UIBU XF PCTFSWFE BT UIF XJOHT DPOUBDU UIF HSPVOE ஷSTU BU UIFJS MFBEJOH FEHF BOE

UIF QPJOU PG DPOUBDU SPMMT HSBEVBMMZ UPXBSET UIF NPSF GSBHJMF USBJMJOH FEHF� *U JT BMTP QPTTJCMF UIBU UIJT

SPMMJOH PG UIF XJOH BMPOH UIF TVCTUSBUF HFOFSBUFT BEEJUJPOBM ஸPX CZ GPSDJOH B CPMVT PG BJS 	USBQQFE

CFUXFFO UIF XJOH BOE UIF TVCTUSBUF EVSJOH TVQJOBUJPO
 GSPN UIF MFBEJOH FEHF UP UIF USBJMJOH FEHF

BT JG CZ QFSJTUBMTJT� *O BEEJUJPO BT UIF XJOH QFFMT BXBZ GSPN UIF TVCTUSBUF TVDUJPO XPVME ESBX BEEJ�

UJPOBM ஸPX BT UIF WPMVNF CFMPX UIF XJOH FYQBOET GSPN UIF MFBEJOH FEHF UP UIF USBJMJOH FEHF�

%ৗ০ৡৠ ৡ য়ৢৗৗ�ৠ১ৗ ৡ৩ ৠ ৡ৫ ৢৡ০১ৗ

0VS ஸPX WJTVBMJ[BUJPO SFTVMUT TIPX UIBU TDFOUJOH IPOFZCFFT ESBX JO BJS GSPN B CSPBE BSFB JO GSPOU PG

BOE BCPWF UIFJS IFBET BOE SF�EJSFDU UIJT BJS JOUP B DPODFOUSBUFE KFU UIBU ஸPXT QBSBMMFM UP UIF TVSGBDF

UP XIJDI UIF CFFT BSF DMJOHJOH 	TFF .PWJF 
߂� 5IF HSPVOE MJLFMZ DPOUSJCVUFT UP UIF SFTVMUBOU ஸPX EJ�

SFDUJPO CZ EFஸFDUJOH ஸPX JOEVDFE CZ UIF CFFT� #FDBVTF TDFOUJOH BOE GBOOJOH CFFT IBWF TJNJMBS TUSPLF

QMBOF BOHMFT XF FYQFDU UIBU CFFT QFSGPSNJOH WFOUJMBUPSZ GBOOJOH BMTP HFOFSBUF EPXOTUSFBN ஸPX QBS�

BMMFM UP UIF TVSGBDF� 5IJT EJSFDUJPOBMJUZ JT JNQPSUBOU UP UIF HSPVQ�MFWFM WFOUJMBUJPO CFIBWJPS CFDBVTF

XIJMF ஸPX HFOFSBUFE CZ BO JOEJWJEVBM CFF NBZ QFSTJTU GPS POMZ B GFX CPEZ MFOHUIT CFFT GBOOJOH

ߋ߃



Figure 1.5: (A) A chordwise transect of the wings of a scen ng honey bee are illuminated during the dorsal stroke re-
versal by a green laser sheet. The white arrow indicates contact between the wings (see Movie 2). This clap-and-peel
behavior is not observed during flight in honey bees. (B) A s ll frame from a from a high-speed video of ven latory
fanning behavior. The red arrow indicates contact between the wing and the ground.

EPXOTUSFBN DBO QSFWFOU UIF BJS GSPN EFDFMFSBUJOH BOE UIVT UIF HSPVQ DBO BDIJFWF MPOH�EJTUBODF

USBOTQPSU� *G UIF ஸPX XFSF OPU QBSBMMFM UP UIF TVSGBDF UIJT CVDLFUأ CSJHBEFؤ PG BJS ஸPX XPVME OPU CF

QPTTJCMF 	TFF .PWJF 
߄�

"MUIPVHI UIF VMUJNBUF HPBMT PG CFFT QFSGPSNJOH WFOUJMBUPSZ GBOOJOH BOE UIPTF QFSGPSNJOH /B�

TPOPW TDFOUJOH CFIBWJPS BSF EJஶGFSFOU XF GPVOE UIBU UIF TUSPLF QMBOF BOHMF FNQMPZFE EVSJOH UIFTF

UXP CFIBWJPST XBT TUSJLJOHMZ TJNJMBS� 0OF PCWJPVT JOEJDBUPS PG TDFOUJOH CFIBWJPS JT UIBU UIF CFFT

SBJTF UIFJS BCEPNFOT UP FYQPTF UIF /BTPOPW HMBOE XIJDI JT MPDBUFE OFBS UIF UJQ PG UIF BCEPNFO�

#FGPSF DPOEVDUJOH UIJT TUVEZ XF TVTQFDUFE UIBU CZ SBJTJOH UIF BCEPNFO TDFOUJOH CFFT XPVME BDIJFWF

B NPSF FYUSFNF TUSPLF QMBOF BMMPXJOH UIFN UP ESJWF BJSஸPX VQXBSE BXBZ GSPN UIF TVSGBDF UP XIJDI

UIFZ XFSF DMJOHJOH XIJDI XF UIPVHIU NJHIU BJE JO CSPBEDBTUJOH UIF QIFSPNPOF� )PXFWFS XF

GPVOE UIBU XIJMF TDFOUJOH CFFT EP NBJOUBJO B NPSF FMFWBUFE BCEPNFO BOHMF ◦߉�߆߂	 q ߃߂ 4%
 SFMB�

UJWF UP GBOOJOH CFFT ◦ߊ�߂�	 q 
߄�߈ UIFZ EP OPU ஸBQ UIFJS XJOHT UISPVHI B TJHOJஷDBOUMZ EJஶGFSFOU TUSPLF

QMBOF BOHMF� 5IJT TVHHFTUT UIBU TDFOUJOH CFFT NBZ SBJTF UIFJS BCEPNFO EVSJOH TDFOUJOH OPU UP BMUFS

߂߃



UIF TUSPLF QMBOF BOHMF CVU SBUIFS UP FYQPTF UIF /BTPOPW HMBOE UP UIF GBTU�NPWJOH BJS JOEVDFE CZ UIF

XJOHT� *G UIF BCEPNFO XFSF IFME OFBS UIF HSPVOE BT JO GBOOJOH CFIBWJPS UIF /BTPOPW HMBOE XPVME

CF MPDBUFE CF JO UIF SFDJSDVMBUJPO [POF CFIJOE UIF CPEZ BOE UIF DPODFOUSBUJPO PG QIFSPNPOF JO UIF

BJS KFU XPVME MJLFMZ CF MPXFS�

߆�߂ $ৡৠ১ৡৠ

8F IBWF EFNPOTUSBUFE UIBU UIF ஸJHIU TZTUFN PG IPOFZ CFFT QFSGPSNT TFWFSBM EJஶGFSFOU GVODUJPOT BMM

PG XIJDI BSF DSJUJDBM UP UIF TVSWJWBM PG UIF DPMPOZ� "MUIPVHI UIF XJOHT BOE UIPSBY BSF PGFO BTTVNFE

UP CF TQFDJBMJ[FE GPS ஸJHIU UIFZ SPVUJOFMZ QFSGPSN UXP BEEJUJPOBM UBTLT � WFOUJMBUPSZ GBOOJOH BOE

/BTPOPW TDFOUJOH CFIBWJPS � JO XIJDI UIF ஸJHIU TZTUFN JT VTFE BT BO JNQFMMFS� 7FOUJMBUPSZ GBOOJOH

CFIBWJPS JOWPMWFT ஸBQQJOH GSFRVFODJFT BOE BNQMJUVEFT UIBU BSF TJHOJஷDBOUMZ EJஶGFSFOU GSPN UIPTF

FNQMPZFE EVSJOH ஸJHIU BOE NBZ TVCKFDU UIF XJOHT UP JSSFQBSBCMF EBNBHF� *UT VTF BT CPUI B QSPQFMMFS

BOE BO JNQFMMFS IBWF MJLFMZ JNQPTFE EJTUJODU 	BOE QPTTJCMZ DPNQFUJOH
 TFMFDUJWF QSFTTVSFT PO UIF

ஸJHIU TZTUFN XIJDI NBZ IBWF JOஸVFODFE JUT FWPMVUJPO BOE DPOUSJCVUFE UP JUT DVSSFOU GPSN�

߃߃



2
4FMG�PSHBOJ[FE WFOUJMBUJPO JO IPOFZCFF OFTUT

߂�߃ *ৠ০ৡ১০ৡৠ

.ৠ৫ ৠয় ৡ১ৢ ৗ ৗ ০ৡ ৡ২ৗ ৡয়ৢৗ৪ ৢৡৗয় VTJOH UIF DPMMFDUJWF BDUJPO PG

JOEJWJEVBMT XJUI MJNJUFE TFOTPSZ BOE DPHOJUJWF BCJMJUJFT� 5IFTF QSPCMFNT PGFO JOWPMWF TQBUJBM TDBMFT

UIBU BSF PSEFST PG NBHOJUVEF MBSHFS UIBO JOEJWJEVBMT UIBU UZQJDBMMZ DBO TFOTF BOE SFTQPOE POMZ MP�

DBMMZ� 5IVT DPMMFDUJWFMZ PSHBOJ[FE TPMVUJPOT UP QSPCMFNT TVDI BT DPNQMFY OBWJHBUJPO4 QSFEBUPS

BWPJEBODF52 BOE EJTUSJCVUFE GPSBHJOH87 BSJTF GSPN UIF BDUJWF JOUFSBDUJPOT CFUXFFO JOEJWJEVBMT XIJDI

BMMPX MPDBMMZ�TPVSDFE JOGPSNBUJPO UP CF JOUFHSBUFE CZ UIF HSPVQ 11�

4PDJBM CFIBWJPST JO JOTFDUT QSPWJEF NBOZ TVDI FYBNQMFT TVDI BT GPSBHJOH SFDSVJUNFOU OFTU TJUF TF�

MFDUJPO BOE OFTU CVJMEJOH� 5IF TPMVUJPOT BSF PGFO PSHBOJ[FE CZ B QSPDFTT DBMMFE TUJHNFSHZ JO XIJDI

JOEJWJEVBMT JOUFSBDUJOH XJUI B DPNNPO FOWJSPONFOU DBO MFBE UP BO FNFSHFOU TDIFNF PS QBUUFSO

XJUIPVU EJSFDU JOUFSBDUJPO28� *O DMBTTJDBM FYBNQMFT PG TUJHNFSHZ JOEJWJEVBMT EFQPTJU TUBUJD DVFT JO

߄߃



UIF FOWJSPONFOU TVDI BT QIFSPNPOFT GPPE TUPSFT PS CVJMEJOH NBUFSJBMT UIBU JOஸVFODF GVUVSF CFIBW�

JPST CZ PUIFS JOEJWJEVBMT UISPVHI QPTJUJWF GFFECBDL PS SFDSVJUNFOU XIJDI MFBE UP UIF FNFSHFODF PG

QIFSPNPOF USBJMT PS BSDIJUFDUVSBM GFBUVSFT TVDI BT XBMMT QJMFT PS QJMMBST 11� *O MFTT DPNNPOMZ TUVEJFE

DMBTT PG CFIBWJPST JOEJWJEVBMT JOUFSBDU XJUI B EZOBNJDBM QIZTJDBM QSPDFTT TVDI BT ஸPX UP TUSVDUVSF

UIFJS CFIBWJPS� &YQFSJNFOUT PO DPSQTF DMVTUFSJOH CZ UIF BOUMessor sanct 43 BOE OFTU UVCF CMPDL�

JOH JO MFBG�DVUUJOH BOUTAcromyrmex ambig 5 IBWF EFNPOTUSBUFE UIBU EFQPTJUJOH NBUFSJBMT JO UIF

FOWJSPONFOU DBO NPEJGZ BJSஸPX XIJDI DBO JO UVSO JOஸVFODF GVUVSF EFQPTJUJPOT� 4FWFSBM UIFPSFU�

JDBM TUVEJFT IBWF TVHHFTUFE UIBU JG BO JOEJWJEVBM�MFWFM CFIBWJPS JT SFTQPOTJWF UP ஸPX�NFEJBUFE DVFT

BOE TVDI CFIBWJPST NBOJQVMBUF ஸPX HMPCBM CFIBWJPST DBO BSJTF UIBU DPOUSPM UIJT ஸPX GPS BEBQUJWF

GVODUJPOT TVDI BT WFOUJMBUJPO PS UIFSNPSFHVMBUJPO6,61,62�

" QBSUJDVMBS JOTUBODF PG UIJT MPDBM�HMPCBM CFIBWJPS JT TFFO JO UIF DPOUFYU PG UIFSNPSFHVMBUJPO BOE

WFOUJMBUJPO JO IPOFZCFF DPMPOJFT 	> 10000 CFFT
 UIBU MJWF JO DPOHFTUFE FODMPTVSFT TVDI BT USFF IPM�

MPXT PS PUIFS QSF�FYJTUJOH DBWJUJFT XIFSF UIFZ GBDF UIF DPOUJOVPVT DIBMMFOHF PG NBJOUBJOJOH SFMBUJWFMZ

TUBCMF UFNQFSBUVSFT 	∼ 36◦$
 BOE SFTQJSBUPSZ HBT DPODFOUSBUJPOT76,40� "DUJWF WFOUJMBUJPO JT B OBUVSBM

TPMVUJPO UP CPUI QSPCMFNT BT JU DJSDVNWFOUT UIF MJNJUT JNQPTFE CZ JNQFSWJPVT XBMMT TNBMM FOUSBODFT

	SFMBUJWF UP OFTU WPMVNF
 BOE MBSHF DPMPOZ TJ[F� 5IJT BMMPXT GPS DPMPOZ�MFWFM HBT FYDIBOHF XJUI UIF

FOWJSPONFOU BOE QSFWFOUT CVJMEVQ PG IFBU BOE $02 XJUIJO UIF OFTU74,46� *OEFFE HSPVQT PG IPOFZ

CFFT PSJFOU UIFNTFMWFT XJUI UIFJS BCEPNFOT GBDJOH BXBZ GSPN UIF OFTU BOE BDUJWFMZ QVMM BJS PVU PG

UIF OFTU CZ GBOOJOH UIFJS XJOHT BU UIF OFTU FOUSBODF� )PXFWFS DPOTFSWBUJPO PG NBTT SFRVJSFT UIBU

BJS ESBXO GSPN UIF OFTU NVTU CF CBMBODFE CZ BJS ஸPXJOH JOUP UIF OFTU� 4PVUIXJDL BOE .PSJU[77 PC�

TFSWFE UIBU DPMPOJFT JO IJWFT XJUI TNBMM SPVOE FOUSBODFT ߃	 DN EJBNFUFS ߅߂�߄ DN2 BSFB
 FYIJCJU UJEBM

WFOUJMBUJPO JO XIJDI IPOFZCFFT BDUJWFMZ ESBX BJS PVU PG UIF OFTU FOUSBODF GPS B XIJMF BOE UIFO TUPQ

BMMPXJOH BJS UP QBTTJWFMZ ஸPX CBDL JOUP UIF OFTU� 5IFZ BMTP TVHHFTUFE UIBU CFFT NJHIU TFMFDU OFTU TJUFT

XJUI MBSHFS FOUSBODFT UP BMMPX GPS VOJEJSFDUJPOBM PS CJEJSFDUJPOBM BJS ஸPX� 4JODF OFTU FOUSBODFT JO

GFSBM DPMPOJFT IBWF B SBOHF PG TIBQFT BOE TJ[FT UIBU TQBOT NPSF UIBO BO PSEFS PG NBHOJUVEF76 B OBU�

߅߃



Figure 2.1: A) A schema c illustra ng the path of air through the hive as induced by fanning bees. Warm, stale air is
drawn out of the entrance by fanning bees and rela vely cool ambient air enters passively where fanning bees are
absent. The camera indicates the viewing angle in B and C. B) A thermal image of the hive entrance at night when
fanning bees are ac vely fanning. No ce inflowing air at the right of the entrance has cooled the wood and the out-
flowing air induced by fanning bees on the le has warmed the wood. C) Honeybees ven la ng at the entrance of a
hive. Note the dense group of fanning bees at the le of the entrance and the lack of fanning bees at the right of the
entrance. D) The air velocity (blue) and temperature (red) along the nest entrance of a hive. Note that inflow is indi-
cated by nega ve values and ou low is indicated by posi ve values. These data demonstrate that the temperature
profile along the entrance can be used as a qualita ve proxy for flow velocity.

VSBM RVFTUJPO JT JG BOE IPX UIF NFDIBOJTN EFTDSJCFE JO77 J�F� UFNQPSBM NPEVMBUJPO PG JO�PVUஸPX

HFOFSBMJ[FT UP DIBSBDUFSJ[F WFOUJMBUJPO EZOBNJDT JO OFTUT XJUI NPEFSBUF UP MBSHF FOUSBODFT�

߃�߃ &৪ৢৗয়ৗৠ০ ৡৗ২০ৡৠ

5P BOTXFS UIJT RVFTUJPO XF RVBOUJGZ UIF GBOOJOH CFIBWJPS PG CFFT BU B MBSHF OFTU FOUSBODF TIPXO

TDIFNBUJDBMMZ JO 'JH� �"߂ 8F VTFE GPVS -BOHTUSPUI CFFIJWFT ߋ߉	 MJUFST ߋߋߋߋ߃  ߋߋߋߋ߅ CFFT FBDI
 XJUI

B TJOHMF TMJU�MJLF SFDUBOHVMBS OFTU FOUSBODF 	2 DN × 36 DN
 UIBU XF NPOJUPSFE PWFS UJNF� *O PSEFS UP

RVBOUJGZ UIF JOஸVFODF PG UIF EJTUSJCVUJPO PG GBOOJOH CFFT BMPOH UIF FOUSBODF PO UIF JOEVDFE ஸPX

QBUUFSO XF DPVOUFE UIF OVNCFS PG GBOOJOH CFFT JO FBDI PG ஷGFFO CJOT BMPOH UIF FOUSBODF 	TFF 'JH�

%߂ BOE 4* .PWJF 
߄4� "MUIPVHI UIFSF BSF GBOOJOH CFFT KVTU JOTJEF UIF FOUSBODF XF DPVOUFE POMZ UIF

߆߃



WJTJCMF POFT XIJDI TFSWF BT B QSPYZ GPS MPDBM GBOOJOH JOUFOTJUZ� 4JNVMUBOFPVTMZ XF VTFE B EJSFDUJPOBM

7FMPDJ$BMD BOFNPNFUFS UP NFBTVSF UIF ஸPX TQFFE QFSQFOEJDVMBS UP UIF FOUSBODF BU UIF CPVOEBSJFT

CFUXFFO UIF CJOT XJUI ஸPX CFJOH QPTJUJWF PVUXBSET BOE OFHBUJWF JOXBSET� 'MPX EJSFDUJPO XBT NFB�

TVSFE CZ QMBDJOH B XPPM ஷCFS BU FBDI QPTJUJPO� JG JUT NPUJPO XBT JNQFSDFQUJCMF PS OPO�EJSFDUJPOBM OP

WFMPDJUZ WBMVF XBT SFDPSEFE 	TFF 4* .PWJF 
߂4� " UIFSNPDPVQMF BUUBDIFE UP UIF UJQ PG UIF BOFNPNF�

UFS BMMPXFE VT UP NFBTVSF UIF UFNQFSBUVSF BU FBDI MPDBUJPO XIJDI DBO BMTP CF RVBMJUBUJWFMZ WJTVBM�

J[FE VTJOH BO JOGSBSFE DBNFSB 	'JH� 
#߂� "MM NFBTVSFNFOUT XFSF DBSSJFE PVU ஷWF UJNFT B EBZ PWFS UIF

DPVSTF PG UISFF DPOTFDVUJWF EBZT� *O 'JH� %߂ XF TIPX UIF EFOTJUZ PG GBOOJOH CFFT BJS WFMPDJUZ BOE

BJS UFNQFSBUVSF BT B GVODUJPO PG UIF QPTJUJPO BMPOH UIF FOUSBODF GPS POF PG UIF IJWFT PCTFSWFE 	TFF 4*

'JH� ߂4 BOE 'JH� ߃4 � GPS UIF DPNQMFUF EBUB TFU JOWPMWJOH NVMUJQMF CFF IJWFT
�

8F PCTFSWFE DPSSFMBUFE WBSJBUJPOT JO EFOTJUZ WFMPDJUZ BOE UFNQFSBUVSF BU UIF FOUSBODF BDSPTT

TQBDF BOE UJNF� *O DPOUSBTU XJUI UIF PCTFSWFE SBQJE UFNQPSBM NPEVMBUJPO PG WFOUJMBUJPO CFIBWJPS JO

OFTUT XJUI TNBMM PQFOJOHT77 PVS PCTFSWBUJPOT TIPX UIBU GPS MBSHFS FOUSBODFT WFOUJMBUJPO CFIBWJPS

JT TQBUJBMMZ NPEVMBUFE 	J�F� JO�PVUஸPX TFQBSBUFE JO TQBDF
 CVU UFNQPSBMMZ TUFBEZ BU MFBTU PWFS UJNFT

XIFO UIF BNCJFOU UFNQFSBUVSF XBT TUFBEZ� 5IJT EZOBNJD BEBQUBUJPO UP UIF QIZTJPMPHJDBM OFFET PG B

DPMPOZ EFNBOET B EZOBNJD FYQMBOBUJPO UIBU MJOLT UIF CFIBWJPS PG JOEJWJEVBMT EJTUSJCVUFE BU UIF IJWF

FOUSBODF UP UIF PCTFSWFE DPSSFMBUJPOT CFUXFFO GBOOFS EFOTJUZ BJS WFMPDJUZ BOE BJS UFNQFSBUVSF JO

TQBDF BOE UJNF�

߄�߃ .০ৗয়০ য়ৡৗ

)POFZCFF DPMPOJFT TIPX CSPBE JOUFS�JOEJWJEVBM WBSJBUJPO JO UIF UFNQFSBUVSF UISFTIPMET UIBU JOEVDF

GBOOJOH JO QBSU CFDBVTF PG UIFJS IJHI HFOFUJD EJWFSTJUZ38,14� 5IJT WBSJBUJPO DBO MFBE UP FNFSHFOU UBTL

BMMPDBUJPO WJB UIF TP�DBMMFE UBTL UISFTIPME NPEFM82 XIJDI TUBUFT UIBU XIFO UIF EFNBOE GPS B UBTL JT

MBSHF NPSF JOEJWJEVBM CFFT XJMM SFTQPOE EVF UP UIF CSPBE WBSJBUJPO JO UIF UBTL UISFTIPMET 14� 5IJT

߇߃



WBSJBUJPO JT IJHIFS JO DPMPOJFT XJUI B RVFFO XIJDI IBT NBUFE NVMUJQMF UJNFT38 BOE QSPNPUFT UIF

UFNQPSBM TUBCJMJUZ PG UIFSNPSFHVMBUJPO� 'VSUIFSNPSF IPOFZCFFT UIBU BSF IFBUFE JO B MBCPSBUPSZ

TFUUJOH BSF NPSF MJLFMZ UP GBO BU B HJWFO UFNQFSBUVSF XIFO UIFZ BSF JO B HSPVQ UIBO XIFO UIFZ BSF

BMPOF 14� JOEFQFOEFOU PG HSPVQ TJ[F JOEJWJEVBMT TIPXFE CSPBE WBSJBUJPO JO UFNQFSBUVSF UISFTIPMET�

*O UIF MBSHFTU HSPVQ TJ[F DPOTJEFSFE ߋ߂	 JOEJWJEVBMT
 UIF NFBO UFNQFSBUVSF BU XIJDI CFFT CFHJO UP

GBO XBT OFBS UIF QSFGFSSFE IJWF 	J�F� CSPPE
 UFNQFSBUVSF 	∼ 36◦$
�

0VS NJOJNBM GSBNFXPSL GPS UIF TQBUJPUFNQPSBM PSHBOJ[BUJPO PG GBOOJOH TUBSUT CZ DIBSBDUFSJ[JOH

UIF MPDBM GBOOJOH SFTQPOTF PG JOEJWJEVBM CFFT UP UIF MPDBM BJS UFNQFSBUVSF� 8F NVTU BMTP BDDPVOU GPS

ஸVJE ஸPX XIJDI JT JOEVDFE CZ UIF CFFT BOE XIJDI DBSSJFT UIF TJHOBM UP XIJDI UIF CFFT BSF SFTQPOEJOH

	J�F� IFBU EFSJWFE GSPN UIF IJWF
� 'PS TJNQMJDJUZ XF DPOTJEFS UIF DBTF XIFO UIF IJWF BOE FOWJSPO�

NFOUBM UFNQFSBUVSFT BSF DPOTUBOU BOE GPDVT PO UIF EZOBNJDT PG UIF CFFT BU UIF FOUSBODF� 5P MJOL CFF

CFIBWJPS BJS UFNQFSBUVSF BOE BJSஸPX XF OFFE UP RVBOUJGZ IPX 	J
 UIF EJTUSJCVUJPO PG GBOOJOH CFFT

ρ(x, t) 	JJ
 UIF MPDBM BJS UFNQFSBUVSF T (x, t) BOE 	JJJ
 UIF MPDBM ஸPX WFMPDJUZ v(x, t) WBSZ XJUI UJNF

t BMPOH UIF OFTU FOUSBODF� #FDBVTF UIF OFTU FOUSBODF JO UIJT IJWF IBT B IJHI BTQFDU SBUJP 	TIPSU CVU

XJEF
 XF DBO NPEFM UIF FOUSBODF x BT B %߂ MJOF 	TFF 'JH� 
"߃�

$POTJTUFOU XJUI UIF UBTL UISFTIPME NPEFM XF BTTVNF UIBU UIF QSPCBCJMJUZ PG B CFF TUPQQJOH BOE

JOJUJBUJOH GBOOJOH CFIBWJPS JT EFUFSNJOFE CZ UIF MPDBM UFNQFSBUVSF 14� 5IFSFGPSF UIF MPDBM EFOTJUZ PG

GBOOJOH CFFT ρ(x, t) DIBOHFT BDDPSEJOH UP UIF FRVBUJPO

∂ρ

∂t
= (kon − koff)T, ρ(x, t) ∈ [0, ρmax] 
B߂�߃	

XIFSF kon JT UIF SBUF BU XIJDI CFFT JOJUJBUF GBOOJOH CFIBWJPS koff JT UIF SBUF BU XIJDI UIFZ DFBTF GBO�

OJOH CFIBWJPS BOE ρmax JT UIF NBYJNVN EFOTJUZ BDIJFWBCMF 	HJWFO TQBUJBM DPOTUSBJOUT BU UIF OFTU

߈߃



Figure 2.2: Theore cal model and numerical simula ons. (A) Our model relates the density of fanners ρ(x, t), air
velocity v(x, t), and air temperature T (x, t) as a func on of loca on along the nest entrance x at me t. Air drawn
from the entrance by the bees has a+ve velocity. (B) The probability that a bee will begin (stop) fanning kon (koff) is
high at high(low) temperatures and low at low(high) temperatures. (C) The density of fanning bees ρ(x, t), (D) local
air temperature v(x, t) and (E) the local air velocity over the first 1000 steps of a representa ve numerical simula-
on, with ini al condi ons corresponding to a uniform fanner density, the hive temperature 36◦$ along the en re

entrance and no ini al velocity. Ambient temperature was fixed at 28◦$. (F) The mean inverted coefficient of vari-
a on (ICV ) is plo ed for the first 3,000 me steps of 1000 simula ons. Error bands indicate standard devia on.
High ICV indicates that fanners are highly clustered. (G) The scaled power P ∗ lost to fric on throughout the sim-
ula on. As fanners become more clustered, the amount of fluid fric on is reduced, indica ng that self-organiza on
leads to increased ven la on efficiency.
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FOUSBODF
� 5IFTF SBUFT BSF BTTVNFE UP CF TJHNPJEBM GVODUJPOT PG UIF MPDBM BJS UFNQFSBUVSF J�F�

kon = k0
UBOI(m(T − 36◦ $)) + 1

2

C߂�߃	

BOE

koff = k0 − kon 
D߂�߃	

XIFSF k0 JT BO JOWFSTF UJNF TDBMF PG UIF PSEFS PG B GFX TFDPOET BOEm DPOUSPMT UIF TMPQF PG UIF TJOV�

TPJEBM GVODUJPO 	TFF 'JH� 
#߃ BOE JT ஷU UP BQQSPYJNBUFMZ SFQSPEVDF UIF WBSJBUJPO JO PCTFSWFE UFN�

QFSBUVSF UISFTIPMET 14 	TFF 4*
� "MUIPVHI SFDFOU TUVEJFT PG GBOOJOH CFIBWJPS JO DPOUSPMMFE MBCPSBUPSZ

TFUUJOHT TVHHFTU UIBU UIF UIFSNBM SFTQPOTF UISFTIPMET GPS GBOOJOH BSF BஶGFDUFE CZ HSPVQ TJ[F 14 QSFT�

FODF�BCTFODF PG MBSWBF 15 BOE IFBUJOH SBUF ?  PVS NJOJNBM SFQSFTFOUBUJPO PG UIF GBOOJOH SFTQPOTF BT B

TXJUDI�MJLF CFIBWJPS BMMPXT VT UP GPDVT PO UIF JOUFSBDUJPO XJUI BJSஸPX BOE UFNQFSBUVSF�

5P DIBSBDUFSJ[F UIF BJS ஸPX XF BTTVNF UIBU FBDI CFF HFOFSBUFT BO PVUXBSE BJS ஸPX XJUI WFMPD�

JUZ vb� #FDBVTF UIF OFTU IBT KVTU POF PQFOJOH BJS UIBU JT BDUJWFMZ ESBXO GSPN UIF UIF FOUSBODF NVTU

CF CBMBODFE CZ BJS ஸPXJOH QBTTJWFMZ JOUP UIF FOUSBODF FMTFXIFSF JO PSEFS UP FOTVSF DPOTFSWBUJPO PG

NBTT� 'MPX DPOTFSWBUJPO BU UIF FOUSBODF EFNBOET UIBU 	TFF 4* GPS B TJNQMF EFSJWBUJPO PG UIJT SFMBUJPO


v(x, t) = lbvb

[
ρ(x, t)− 1

L

∫ L

0
ρ(x, t)dx

]
+Dv

∂2v(x, t)

∂x2

߃�߃	

XIFSFDv JT B TDBMFE NPNFOUVN EJஶGVTJWJUZ 	XJUI EJNFOTJPOT PG TRVBSFE MFOHUI
L JT UIF TJ[F PG

UIF OFTU FOUSBODF lb JT B DIBSBDUFSJTUJD MFOHUI TDBMF EFSJWFE GSPN UIF GBOOJOH ESJWFO QSFTTVSF HSBEJFOU

BOE ஸVJE GSJDUJPO� 5IF ஷSTU UXP UFSNT DIBSBDUFSJ[FT UIF EJஶGFSFODF JO UIF MPDBM EFOTJUZ PG GBOOJOH CFFT

GSPN UIF BWFSBHF EFOTJUZ PWFS UIF FOUJSF MFOHUI PG UIF FOUSBODF BOE DPOTFSWFT UIF WPMVNF PG BJS JO

UIF IJWF 	TJODF UIF OFU ஸPX SBUF WBOJTIFT
� 5IF MBTU UFSN JT BTTPDJBUFE XJUI MPDBM ஸVJE GSJDUJPO BOE

FOTVSFT UIBU GBOOJOH CFIBWJPS OPU POMZ ESJWFT MPDBM ஸPX CVU BMTP UP FOUSBJOT UIF BJSஸPX MBUFSBMMZ BOE

ߊ߃



QFOBMJ[FT MBSHF WFMPDJUZ HSBEJFOUT F�H� SFWFSTBMT JO ஸPX EJSFDUJPO� 5PHFUIFS UIF HMPCBM JOIJCJUJPO

GSPN DPOTFSWBUJPO PG WPMVNF BOE MBUFSBM ஸPX FOUSBJONFOU EVF UP GSJDUJPO NBZ MFBE UP FNFSHFOU

TQBUJBM QBUUFSOJOH 	GPS B EFUBJMFE EFTDSJQUJPO TFF 'JH� 
ߋ߂4�

'JOBMMZ UP DIBSBDUFSJ[F UIF EZOBNJDT PG UIF MPDBM BJS UFNQFSBUVSF BMPOH UIF FOUSBODF XF BTTVNF

UIBU BJS UFNQFSBUVSF JT HPWFSOFE CZ UIF MPDBM WFMPDJUZ BOE UFNQFSBUVSF EJஶGFSFODF CFUXFFO UIF FO�

USBODF UFNQFSBUVSF BOE UIF VQTUSFBN UFNQFSBUVSF BOE DBO CF EFTDSJCFE CZ B NPEJஷDBUJPO PG /FX�

UPOءT MBX PG DPPMJOH 	OFHMFDUJOH DPNQMFY ஸPX EFQFOEFODFT TFF 4*
�

∂T (x, t)

∂t
= −cv(x, t)∆T +DT

∂2T (x, t)

∂x2
, 
߄�߃	

∆T =

⎧
⎪⎪⎨

⎪⎪⎩

Th − T, JG v ≥ 0.

Ta − T, JG v < 0.

XIFSF c JT B DIBSBDUFSJTUJD JOWFSTF MFOHUI 	DIPTFO TP UIBU /FXUPOJBO DPPMJOH EVF UP GBOOJOH EPNJ�

OBUFT MBUFSBM EJஶGVTJPO
 Ta, Th BSF UIF BNCJFOU BOE IJWF UFNQFSBUVSF BOEDT JT UIF UIFSNBM EJஶGV�

TJWJUZ�

5IF WBSJBCMFT JO PVS NPEFM DBO CF SFTDBMFE VTJOH UIF GPMMPXJOH EFஷOJUJPOT� x̂ = x/lb, t̂ =

tvb/lb, u = v/vb,φ = ρlb,Θ = T/Ta XIJDI MFBET UP B EJNFOTJPOMFTT TFU PG PVS PSJHJOBM FRVBUJPOT

XJUI GPVS EJNFOTJPOMFTT QBSBNFUFST� 	J
L/lb B EJNFOTJPOMFTT NFBTVSF PG UIF FOUSBODF MFOHUI 	JJ


Dv/l2b  B NFBTVSF PG UIF FஶGFDU PG ஸVJE GSJDUJPO 	JJJ
DT /vblb B TDBMFE UIFSNBM EJஶGVTJWJUZ 	JOWFSTF

1FDMFU OVNCFS
 BOE 	JW
 clb B MFOHUI TDBMF BTTPDJBUFE XJUI CFF GBOOJOH� *O BEEJUJPO XF IBWF UXP QB�

SBNFUFST UIBU DIBSBDUFSJ[F FBDI PG UIF TJHNPJET BTTPDJBUFE XJUI UIF TXJUDIJOH PG UIF GBOOJOH SFTQPOTF

	TFF 4* GPS TDBMFE FRVBUJPOT BOE CPVOEBSZ DPOEJUJPOT
�

5P DPNQMFUF UIF GPSNVMBUJPO PG UIF NPEFM XF OFFE UP TQFDJGZ CPVOEBSZ DPOEJUJPOT GPS UIF UFN�

QFSBUVSF BOE WFMPDJUZ PG UIF BJSஸPX� 5IF BJS WFMPDJUZ v JT BTTVNFE UP CF [FSP BU UIF FOET PG UIF OFTU

ߋ߄



FOUSBODF XIJMF UIF UFNQFSBUVSF XBT BTTVNFE UP TBUJTGZ UIF 3PCJO CPVOEBSZ DPOEJUJPO

α(T0 − Ta) + (1− α)lb
∂T

∂x

∣∣∣∣
x=0

= 0 
߅�߃	

XIFSF T0 JT UIF UFNQFSBUVSF BU UIF CPVOEBSZ BOE α JT B EJNFOTJPOMFTT QBSBNFUFS UIBU XF VTF UP DIBS�

BDUFSJ[F UIF UIFSNBM DPOEVDUJWJUZ PG UIF CPVOEBSZ 	J�F� UIF XBMMT PO FJUIFS TJEF PG UIF FOUSBODF
�

α = 0 DPSSFTQPOET UP UIF B QFSGFDU MZJOTVMBUJOH CPVOEBSZ XIJMF α = 1 DPSSFTQPOET UP B QFSGFDUMZ

DPOEVDUJOH CPVOEBSZ 	TFF 'JH� 
߆4�

8F VTFE ."5-"# UP TPMWF UIF JOJUJBM CPVOEBSZ WBMVF QSPCMFN 
߅�߂	 VTJOH B ஷOJUF EJஶGFSFODF

TDIFNF JO TQBDF BOE B 3VOHF�,VUUB NFUIPE JO UJNF VTJOH UIF GPMMPXJOH WBMVFT GPS UIF QBSBNFUFST�

XJEUI PG UIF OFTU FOUSBODFL = 0.38N XJOHTQBO PG B CFF lb = 0.02N BJS WFMPDJUZ HFOFSBUFE CZ BO

JOEJWJEVBM GBOOJOH CFF vb = 1N/T67� 5IF EJஶGVTJPO DPFஶஷDJFOUTDv BOEDT XFSF ஷU UP NBUDI PC�

TFSWFE CFIBWJPS 	Dv = 1× 10−4 BOEDT = 4× 10−5� TFF 'JH� ߄4 GPS B TXFFQ PG UIFTF QBSBNFUFST
�

"MM TJNVMBUJPOT XFSF FYFDVUFE XJUI UIF GPMMPXJOH JOJUJBM DPOEJUJPOT� 
߂ GBOOJOH CFF EFOTJUZ JOJUJBMMZ

HJWFO B VOJGPSN EJTUSJCVUJPO XJUI POF GBOOJOH CFF QFS CJO ߂	 CJO = lb
 
߃ MPDBM BJS WFMPDJUZ XBT [FSP

BMPOH UIF MFOHUI PG UIF FOUSBODF BOE UIF MPDBM BJS UFNQFSBUVSF XBT JOJUJBMMZ Th�

'BOOJOH CFFT JOJUJBMMZ GPSNFE NVMUJQMF DMVTUFST BMMPXJOH GPS TQBUJBM TFQBSBUJPO PG JOஸPX BOE PVU�

ஸPX 	'JH� 
D߃� 0WFS UJNF TFWFSBM EPNJOBOU DMVTUFST HSFX BT PUIFS TNBMMFS DMVTUFST QFUFSFE PVU� #Z

t̂ = 1000 	∼ TFWFSBM NJOVUFT
 B TJOHMF EPNJOBOU DMVTUFS FNFSHFE MFBEJOH UP POF SFHJPO PG PVUஸPX

BOE ߂  ߃ SFHJPOT PG JOஸPX� 5IJT DPOEJUJPO BQQFBSFE UP CF TUBCMF IPXFWFS XIFO UIF TJNVMBUJPOT

XFSF SVO PWFS MPOH UJNFT t̂ > 104 	∼ TFWFSBM IPVST
 UIF EPNJOBOU DMVTUFS ESJGFE JO TQBDF� 8F

RVBOUJஷFE UIJT DMVTUFSJOH PG GBOOJOH CFFT VTJOH UIF JOWFSTF PG UIF DPFஶஷDJFOU PG WBSJBUJPO PG UIF EFO�

TJUZ PG GBOOJOH CFFT J�F� *$7 = |M1|/M2 XIFSFMi JT UIF ith NPNFOU PG UIF EFOTJUZ� *G *$7 JT

MBSHF UIF CFFT BSF IJHIMZ DMVTUFSFE� 8F BMTP RVBOUJஷFE UIF BNPVOU PG QPXFS MPTU UP ஸVJE GSJDUJPO VT�

JOH UIF EJNFOTJPOMFTT QBSBNFUFS P ∗ =
∫
(∂u/∂x̂)2 dx̂� "T TIPXO JO 'JH� '߃ BOE )߃ DMVTUFSJOH

߂߄



PG GBOOFST XBT JOWFSTFMZ SFMBUFE UP UIF BNPVOU PG ஸVJE GSJDUJPO JO UIF TZTUFN TVHHFTUJOH UIBU TFMG�

PSHBOJ[BUJPO MFBET UP NPSF FஶஷDJFOU WFOUJMBUJPO CZ SFEVDJOH GSJDUJPO 	PS TIFBS
 BU UIF OFTU FOUSBODF�

5P FYQMPSF UIF SPMF PGm UIF QBSBNFUFS XIJDI DPOUSPMT UIF WBSJBUJPO JO UIF UFNQFSBUVSF UISFTI�

PME BTTPDJBUFE XJUI UIF CFIBWJPSBM TXJUDI GVODUJPOTKon BOEKoff XF DBSSJFE PVU SFQSFTFOUBUJWF

TJNVMBUJPOT GPS WBSJPVT WBMVFT PGm BOE B ஷYFE BNCJFOU UFNQFSBUVSF Ta = 32◦$� *O 'JH� "߄ XF

TFF UIBU XIFOm JT FYUSFNFMZ MPX 	m = 0.01
 GBOOJOH CFIBWJPS JT XFBLMZ DPVQMFE UP UFNQFSB�

UVSF BOE OP EJTUJODU GBOOJOH HSPVQ GPSNT XJUI QPPS WFOUJMBUJPO FஶஷDJFODZ� 8IFOm JT FYUSFNFMZ

IJHI 	m = 1
 GBOOJOH CFIBWJPS PDDVST POMZ PWFS B OBSSPX SBOHF PG UFNQFSBUVSFT� "U NPEFS�

BUFm 	m = 0.1
 B TUBCMF GBOOJOH HSPVQ GPSNT PWFS B CSPBE SBOHF PG UFNQFSBUVSFT FYDFQU XIFO

T ≈ Thive(∆T < 2)� 8F VTFE UIJT WBMVF GPS BMM TVCTFRVFOU ஷHVSFT BT JU CFTU ஷUT EBUB PO UIF EJWFSTJUZ

PG GBOOJOH UFNQFSBUVSF UISFTIPMET SFQPSUFE JO UIF MJUFSBUVSF 14,38� #FDBVTFm JT UIF POMZ CFIBWJPSBM

QBSBNFUFS JO PVS NPEFM JU JT MJLFMZ UIBU OBUVSBM TFMFDUJPO IBT BDUFE PO UIJT QBSBNFUFS UP FOTVSF Fஶஷ�

DJFOU WFOUJMBUJPO�

5P FYQMPSF UIF FஶGFDU PG CPVOEBSZ JOTVMBUJPO XF VTFE EJஶGFSFOU WBMVFT PG α = 0.1, 0.55, 1 BOE

BNCJFOU UFNQFSBUVSFT Ta = 15, 25, 35◦$ 	'JH 
#߄� 8IFO α ≪ 1 DPSSFTQPOEJOH UP B TUSPOHMZ

DPOEVDUJOH CPVOEBSZ UIF GBOOJOH HSPVQ JT NPSF MJLFMZ UP PDDVQZ UIF DFOUFS PG UIF OFTU FOUSBODF�

5IJT PDDVST CFDBVTF IFBU JT CFJOH DPOUJOVBMMZ MPTU UP UIF FOWJSPONFOU UISPVHI UIF CPVOEBSZ 	JG

Ta < Th
 BOE UIF XBSNFTU SFHJPO PG UIF FOUSBODF XIFSF CFFT BSF NPTU MJLFMZ UP GBO JT UIF DFOUFS

PG UIF FOUSBODF� 8IFO α ≈ 1 UIF TZTUFN MPTFT OP IFBU UISPVHI UIF CPVOEBSZ� 5IFSFGPSF XIFO

UIF GBOOJOH HSPVQ JT QPTJUJPOFE BU OFBS UIF CPVOEBSZ IFBU EJஶGVTFT UPXBSE UIF PQQPTJUF TJEF PG UIF

FOUSBODF 	XIFSF JOஸPX JT PDDVSSJOH
 CVU OPU UISPVHI UIF CPVOEBSZ� 5IJT DPOEJUJPO JT SFMBUJWFMZ

TUBCMF BOE UIF GBOOJOH CFFT BSF NPSF MJLFMZ UP DPOUJOVF GBOOJOH OFBS UIF CPVOEBSZ UIBO UIFZ BSF UP

ESJG BXBZ GSPN UIF CPVOEBSZ� 7BSZJOH Ta DIBOHFT UIF SBOHF PG UFNQFSBUVSFT PWFS XIJDI UIF CF�

IBWJPSBM TXJUDI GVODUJPO DBO BDU BOE UIFSFGPSF IBT B ESBNBUJD FஶGFDU OPU POMZ PO UIF OVNCFS PG CFFT

GBOOJOH BOE UIF NBYJNVN ஸPX TQFFET CVU BMTP PO UIF TQBUJBM PSHBOJ[BUJPO� *O 'JH� "߅ XF TFF UIBU

߃߄



A

B

Figure 2.3: (A) Effect of slope of behavioral switch func ons on ven la on dynamics for a fixed ambient temperature,
Ta = 32. Kon andKoff prescribe the probability of a given bee to begin fanning or cease fanning at a given local
air temperature. The slope of these func ons is controlled by the parameterm. (B) Effects of ambient temperature
Ta and boundary conduc vity α on ven la on dynamics. The parameter α controls the thermal conduc vity of the
boundaries of the nest entrance. When α is near 0, the boundary is perfectly conduc ve and the posi on of fanning
bees and the warm ou low that they generate tends to be found near the center of the nest entrance. When α is
near 1, the boundary is perfectly insulated. Under this condi on, the bees tend to fan more at one boundary of the
nest entrance or the other. x̂ ∈ [0, 19] and t̂ ∈ [0, 3× 104].
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XIFO Ta < Th 	∆T ≥ 10◦$
 UIF DMVTUFS ESJGFE SFMBUJWFMZ GSFFMZ� )PXFWFS BU IJHIFS Ta UIF DMVT�

UFS UFOEFE UP DMJOH UP UIF CPVOEBSJFT PG UIF FOUSBODF XJUI PDDBTJPOBM TQPOUBOFPVT TXJUDIJOH GSPN

TJEF UP TJEF� "T Ta BQQSPBDIFE Th 	∆T ≤ 2◦$) UIF EPNJOBOU DMVTUFS CSPLF VQ UP GPSN NVMUJQMF

FQIFNFSBM DMVTUFST�

0VS NPEFM EFNPOTUSBUFT UIBU UIF JOUFSBDUJPO CFUXFFO GBOOJOH CFFT BOE UIF ஸPX ஷFME JO XIJDI

UIFZ BSF FNCFEEFE BMMPXT GPS FNFSHFOU DMVTUFSJOH PG GBOOJOH CFFT BOE VMUJNBUFMZ MFBET UP PSEFSFE

FஶஷDJFOU BJSஸPX UISPVHI UIF OFTU FOUSBODF XJUIPVU B MFBEFS PS DFOUSBM DPPSEJOBUJPO� "O FYQMJDJU

QSFEJDUJPO PG UIF NPEFM JT UIBU UIF EPNJOBOU DMVTUFS TIPVME ESJG JO TQBDF PWFS MPOH UJNF TDBMFT BOE

UIBU UIJT ESJG JT RVBMJUBUJWFMZ EJஶGFSFOU BU WBSJPVT UFNQFSBUVSFT�

߅�߃ &৪ৢৗয়ৗৠ০ ০ৗ০ ৡ ০ৗ ০ৗৡ৫

*O PSEFS UP UFTU UIFTF UIFPSFUJDBM QSFEJDUJPOT XF EFWFMPQFE B NFUIPE UP DPOUJOVPVTMZ NPOJUPS UIF

QPTJUJPO PG GBOOJOH CFFT BU UIF OFTU FOUSBODF BOE UIF SFTVMUBOU ஸPX QBUUFSO JO UIF ஷFME VOEFS OBUV�

SBMMZ WBSZJOH DPOEJUJPOT PWFS NBOZ EBZT� *O UIF BCTFODF PG PVS BCJMJUZ UP DPOUJOVPVTMZ NFBTVSF BJS

WFMPDJUZ TJNVMUBOFPVTMZ BU NBOZ QPTJUJPOT XJUIJO B DMVUUFSFE BOE EZOBNJD FOWJSPONFOU XF VTFE

UFNQFSBUVSF BT B QSPYZ GPS ஸPX EJSFDUJPO BU UIF OFTU FOUSBODF 	TFF 'JH� 
%߂� 8F QMBDFE DVTUPN �߃߄

TFOTPS BSSBZT BCPWF UIF OFTU FOUSBODFT 	1.8 DN × 37 DN
 PG UISFF BEEJUJPOBM -BOHTUSPUI CFFIJWFT

FOBCMJOH VT UP TBNQMF MPDBM BJS UFNQFSBUVSF XJUI IJHI TQBUJBM BOE UFNQPSBM SFTPMVUJPO ߈߂�߂	 DN TFO�

TPS TQBDJOH ߋ߂ TFDPOE TBNQMJOH JOUFSWBMT 'JH� 
#߄� 4IPSU WJEFPT XFSF UBLFO PG UIF FOUSBODF PG POF

PG UIFTF IJWFT FWFSZ ߋ߂ NJOVUFT EVSJOH EBZMJHIU IPVST BOE UIF QPTJUJPO PG WJTJCMF GBOOJOH CFFT XBT

SFDPSEFE 	TFF 4* .PWJF ߃  ߄ 4*
�

5IF BNCJFOU UFNQFSBUVSF PTDJMMBUFE BDDPSEJOH UP B ߅߃ IPVS EJVSOBM DZDMF 	'JH� 
$߄ XJUI WBSJB�

UJPO JO NJOJNVN BOE NBYJNVN EBJMZ UFNQFSBUVSFT UISPVHIPVU UIF PCTFSWBUJPO QFSJPE� 5IF UPUBM

OVNCFS PG GBOOJOH CFFT WJTJCMF BU UIF OFTU FOUSBODF USBDLFE UIFTF PTDJMMBUJPOT BOE GBOOJOH JOUFOTJUZ

߅߄



Figure 2.4: Predicted and observed ven la on dynamics over long me scales. A) Numerical simula ons predict that
the posi on of the fanning group will dri over long me scales (30,000 me steps, Th = 36◦$,Dv = 1 × 10−4,
Dt = 4 × 10−5,m = 0.1, c = 0.05, α = 0.2). At low temperatures (Ta = 15 – 20◦$), the fanners tend
to occupy the center of the nest entrance and dri in space. At higher temperatures (Ta = 25.5 – 30.8◦$) the
fanning group clings to the boundary of the nest entrance. When ambient temperature approaches hive temperature
(Ta = 36◦$), no singular, persistent fanning group emerges. (B) The temperature sensors along the entrance allow
a true measure of air temperature in the flow stream. Fanning bees are indicated with white arrows. (C) The diurnal
oscilla ons in ambient temperature closely tracked fanning intensity. (D) Total fanning bee number over me - gray
regions indicate dark hours when it was difficult to record fanning behavior directly. (E) The posi on of the fanning
bees indicates that single fanning group forms except when Ta is very close to Th. During warm hours the fanning
group tends to cling to the boundaries of the nest entrance. (F) The local air temperature shows that the posi on of
the fanners is associated with warm, out-flowing air. The posi on of the fanning group (and ou low) tends to dri
during the night when Ta is low. The entrance temperature has been normalized (T̂ ∈ [0, 1]). (G) The range of local
air temperatures measured at any instance in me (∆Tent = Tmax − Tmin) is also reported.
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XBT IJHIFS PO XBSNFS EBZT 	'JH� 
%߄� 5IF QPTJUJPO PG GBOOJOH CFFT EVSJOH XBSN EBZMJHIU IPVST

SFWFBMFE UIBU UIF GBOOFST UFOE UP GPSN XFMM�EFஷOFE DMVTUFST XIJDI UFOE UP DMJOH UP UIF CPVOEBSJFT

PG UIF OFTU FOUSBODF 	'JH� 
&߄� 0O XBSNFS EBZT UIF BNCJFOU UFNQFSBUVSF XPVME BQQSPBDI UIF OFTU

UFNQFSBUVSF BU NJEEBZ BOE UIF GBOOJOH HSPVQ XPVME CSBLF VQ JOUP NVMUJQMF MFTT�EFஷOFE DMVTUFST�

8IFO UIF BNCJFOU UFNQFSBUVSF GFMM BHBJO B TJOHMF DMVTUFS XPVME BHBJO FNFSHF� 'PS UIF IJWF EFQJDUFE

JO 'JH� ߄ 	)JWF 
߂ UIF EPNJOBOU GBOOJOH HSPVQ PGFO PDDVQJFE UIF FBTU TJEF PG UIF FOUSBODF EVSJOH

UIF NPSOJOH BOE UIF XFTU TJEF PG UIF FOUSBODF EVSJOH UIF BGFSOPPO� 5IJT TVHHFTUT UIBU VOEFS TPNF

DPOEJUJPOT TPMBS SBEJBUJPO NBZ JNQPTF BO FOWJSPONFOUBM BTZNNFUSZ UIBU DBO CJBT UIF QPTJUJPO PG

UIF GBOOFST� 5IJT XBT OPU UIF DBTF GPS )JWFT ߃ BOE ߄ TVHHFTUJOH UIBU UIJT JT OPU UIF POMZ GBDUPS EFUFS�

NJOJOH UIF QPTJUJPO PG UIF GBOOFST� 5IF BJS UFNQFSBUVSF QSPஷMF BMPOH UIF OFTU FOUSBODF SFஸFDUFE UIF

EJTUSJCVUJPO PG GBOOJOH CFFT� 'JH� '߄ NBQT UIF OPSNBMJ[FE BJS UFNQFSBUVSF 	T̂ ∈ [0, 1]
 BU FBDI UJNF

TUFQ TP UIBU UIF FOUJSF EBUBTFU DBO CF SFQSFTFOUFE XJUI POF IFBU NBQ� 5IF EJஶGFSFODF CFUXFFO UIF

NJOJNVN BOE NBYJNVN UFNQFSBUVSF BU UIF OFTU FOUSBODF 	∆Tent = Tmax − Tmin
 JT BMTP QMPUUFE

JO 	'JH� 
)߄� 5IF QPTJUJPO PG UIF EPNJOBOU GBOOJOH HSPVQ BT JOEJDBUFE CZ UIF XBSN PVUஸPXJOH BJS

UFOEFE UP ESJG BXBZ GSPN UIF CPVOEBSJFT EVSJOH UIF OJHIU XIFO BNCJFOU UFNQFSBUVSFT XFSF MPX BT

QSFEJDUFE CZ UIF NPEFM�

5IF OVBODFT PG UIF WFOUJMBUJPO CFIBWJPS BSF JOFWJUBCMZ BஶGFDUFE CZ UIF QBSUJDVMBS FOWJSPONFOUBM

DPOEJUJPOT FYQFSJFODFE CZ B DPMPOZ BOE ZFU UIF RVBMJUBUJWF QSFEJDUJPOT NBEF CZ PVS NPEFM BSF CPSO

PVU JO UIF PCTFSWFE CFIBWJPS JO OBUVSBMMZ ஸVDUVBUJOH DPOEJUJPOT� 8IFO Ta JT MPXFS UIBO Th B TJO�

HMF DMVTUFS PG GBOOFST GPSNT BOE UFOET UP ESJG JO TQBDF� "T Ta JODSFBTFT UIF DMVTUFS UFOET UP ஷY UP B

CPVOEBSZ� 8IJDI CPVOEBSZ UIF DMVTUFS ஷYFT UP NBZ CF CJBTFE CZ BTZNNFUSJFT JO UIF FOWJSPONFOU�

'JOBMMZ BT Ta BQQSPBDIFT Th UIF DMVTUFS CSFBLT VQ JOUP NVMUJQMF PS MFTT EFஷOFE DMVTUFST� 0VS PCTFS�

WBUJPOT BSF JO BHSFFNFOU XJUI UIFPSFUJDBM QSFEJDUJPOT BOE TVHHFTU UIBU DPMMFDUJWF OFTU WFOUJMBUJPO JT

OPU KVTU B QSPEVDU PG UIF CFF CFIBWJPS CVU BSJTFT GSPN UIF MPDBM ஸPX�NFEJBUFE JOUFSBDUJPOT CFUXFFO

JOEJWJEVBM CFFT BOE PG UIF SFTVMUBOU IJWF�TDBMF ஸVJE EZOBNJDT�

߇߄



߆�߃ $ৡৠ১ৡৠ

5IFSF BSF UXP CFIBWJPSBM DPNQPOFOUT PG UIJT QSPDFTT UIBU BSF DSJUJDBM UP TFMG�PSHBOJ[FE WFOUJMBUJPO�

'JSTU UIF CFFT NVTU 	BOE EP
 GBO BJS PVU PG SBUIFS UIBO JOUP UIF OFTU FOUSBODF� 5IJT BMMPXT UIF CFFT

UP TFOTF UIF VQTUSFBN OFTU UFNQFSBUVSF� *G UIF CFFT GBOOFE JOUP UIF OFTU FOUSBODF UIFZ XPVME IBWF

OP JOGPSNBUJPO BCPVU UIF TUBUF PG UIF IJWF� *OUFSFTUJOHMZ BOPUIFS DBWJUZ OFTUJOH IPOFZCFF TQFDJFT

Ap cerana GBOT JOUP UIF OFTU FOUSBODF63� 5IJT TQFDJFT MJLFMZ VTFT BO BMUFSOBUF TUSBUFHZ UP UIF POF

EFTDSJCFE IFSF PS PDDVQJFT OFTUT XJUI B TNBMM OFTU FOUSBODF JO XIJDI TQBUJBM PSHBOJ[BUJPO JT OPU SF�

RVJSFE77� 4FDPOE UIF TXJUDI GVODUJPO XIJDI EFUFSNJOFT UIF QSPCBCJMJUZ UIBU B CFF XJMM GBO BU B HJWFO

UFNQFSBUVSF BOE IBT MJLFMZ CFFO UVOFE UISPVHI OBUVSBM TFMFDUJPO� *G UIF TMPQF PG UIJT GVODUJPO JT

UPP TIBMMPX GBOOJOH CFIBWJPS JT XFBLMZ DPVQMFE UP UFNQFSBUVSF BOE OP PSHBOJ[BUJPO XJMM FNFSHF

	TFF 'JH� "߆4&
� *G UIF TMPQF JT UPP TUFFQ GBOOJOH CFIBWJPS DBO PDDVS POMZ PWFS B TNBMM SBOHF PG UFN�

QFSBUVSFT 	TFF 'JH� $߆4(
� *OEFFE DPMPOJFT UIBU IBWF IJHI HFOFUJD EJWFSTJUZ IBWF NPSF WBSJBUJPO JO

JOEJWJEVBM UFNQFSBUVSF UISFTIPMET GPS GBOOJOH BOE BSF UIFSGPS BCMF UP BDIJFWF B NPSF TUBCMF IJWF UFN�

QFSBUVSF UISPVHI UJNF38� 8F IBWF TIPXO UIBU UIJT EJWFSTJUZ JT BMTP DSJUJDBM UP UIF TUBCJMJUZ PG TQBUJBM

QBUUFSOJOH PG GBOOJOH CFIBWJPS XIJDI JT SFRVJSFE GPS FஶஷDJFOU WFOUJMBUJPO�

0VS TUVEZ EFNPOTUSBUFT IPX IBSOFTTJOH UIF EZOBNJDT PG UIF QIZTJDBM FOWJSPONFOU BMMPXT GPS

MBSHF TDBMF PSHBOJ[BUJPO PG B QIZTJPMPHJDBM QSPDFTT� 5IJT EJஶGFST GSPN DMBTTJDBM TUJHNFSHZ XIJDI GBDJMJ�

UBUFT DPPSEJOBUJPO CZ JOUFHSBUJOH TQBUJBMMZ TUBUJD JOGPSNBUJPO PWFS MPOHFS UJNF TDBMFT�

)POFZCFFT TFOTF MPDBM BJS UFNQFSBUVSF 	XIJDI JT DPVQMFE UP TQFFE BOE EJSFDUJPO PG BJSஸPX
 BOE

ESJWF BJSஸPX XIFO UFNQFSBUVSFT BSF IJHI� #FDBVTF UIF JOEJWJEVBMT BSF FNCFEEFE JO B DPNNPO ஸPX�

ஷFME UIFJS CFIBWJPS JT JOஸVFODFE CZ OPOMPDBM JOUFSBDUJPOT NFEJBUFE CZ ஸPX� 5IF TFMG�PSHBOJ[BUJPO

PG GBOOFST JOUP HSPVQT XIJDI FஶஷDJFOUMZ QBSUJUJPO JOஸPX BOE PVUஸPX SFEVDF GSJDUJPO BOE BWPJE BO�

UBHPOJTUJD GBOOJOH CFIBWJPS JT VMUJNBUFMZ UIF SFTVMU PG ஸPX�NFEJBUFE JOGPSNBUJPO QSPDFTTJOH UIBU

JOUFHSBUFT MPDBMMZ TPVSDFE JOGPSNBUJPO PWFS MBSHF TQBUJBM TDBMFT FWFO JO UIF BCTFODF PG EJSFDU JOUFSBD�
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UJPO CFUXFFO OFJHICPSJOH JOEJWJEVBMT� 5IJT BCJMJUZ UP NBOJQVMBUF FYJTUJOH QIZTJDBM QSPDFTTFT MPDBMMZ

UP DSFBUF TFMG�PSHBOJ[FE CFIBWJPS PO MBSHF TDBMFT NBZ CF B QFSWBTJWF TUSBUFHZ JO UIF FWPMVUJPO PG DPN�

QMFY TZTUFNT�
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$PMMFDUJWF NFDIBOJDBM BEBQUBUJPO PG IPOFZCFF TXBSNT

߂�߄ *ৠ০ৡ১০ৡৠ

$ৡৗ০২ৗ ৫ৠয় ৡ৩ ১ৢৗৡৠয় ০ৡ GVODUJPO JO XBZT UIBU B TJOHMF PSHBOJTN

DBOOPU CZ WJSUVF PG UIFJS FNFSHFOU TJ[F TIBQF QIZTJPMPHZ BOE CFIBWJPS ? � $MBTTJD FYBNQMFT JODMVEF

UIF QIZTJPMPHJDBM BOE CFIBWJPSBM TUSBUFHJFT TFFO JO TPDJBM JOTFDUT F�H� BOUT UIBU MJOL UIFJS CPEJFT UP

GPSN SBGT UP TVSWJWF ஸPPET80,24,54,68 BTTFNCMF QVMMJOH DIBJOT UP NPWF GPPE JUFNT66 GPSN CJWPVBD36

UPXFST68 BT XFMM BT CSJEHFT BOE MBEEFST UP USBWFSTF SPVHI UFSSBJO25� 4JNJMBSMZ IVEEMJOH HSPVQT PG

EBEEZأ MPOHMFHTؤ FNQFSPS QFOHVJOT DMVTUFS UPHFUIFS GPS UIFSNPSFHVMBUJPO QVSQPTFT90 FUD� 8IJMF

NVDI JT LOPXO BCPVU UIF TUBUJD GPSNT XIJDI BSF TFFO JO TVDI TJUVBUJPOT UIF TUBCJMJUZ PG UIFTF GPSNT

UP EZOBNJD QFSUVSCBUJPO BOE UIFJS HMPCBM SFTQPOTF JO UIF DPOUFYU PG BEBQUBUJPO JT NVDI MFTT VOEFS�

TUPPE�

&VSPQFBO IPOFZCFFTAp mellifera -� TIPX NBOZ PG UIFTF DPMMFDUJWF CFIBWJPST EVSJOH UIFJS

ߊ߄



MJGF DZDMF75� 'PS FYBNQMF EVSJOH UIF SFQSPEVDUJWF DZDMF PG CFFT� DPMPOJFT SFQSPEVDF UISPVHI DPMPOZ

ஷTTJPO B QSPDFTT JO XIJDI B TVCTFU PG UIF DPMPOZءT XPSLFST BOE B RVFFO MFBWF UIF IJWF TFQBSBUF GSPN

UIF QBSFOU DPMPOZ BOE GPSN B DMVTUFS PO B OFBSCZ USFF CSBODI75� *O UIFTF TXBSN DMVTUFST 	XIJDI XF

XJMM SFGFS UP BT DMVTUFST
 UIF CFFT BEIFSF UP FBDI PUIFS BOE GPSN B MBSHF TUSVDUVSF NBEF PG∼ 10, 000

JOEJWJEVBMT BOE DBO CF IVOESFET PG UJNFT UIF TJ[F PG B TJOHMF PSHBOJTN 	'JH�   "
� (FOFSBMMZ UIJT

IBOHJOH NBTT PG BEIFSFE CFFT UBLFT PO UIF TIBQF PG BO JOWFSUFE QFOEBOU DPOF IPXFWFS UIF SFTVMUBOU

TIBQF JT BMTP JOஸVFODFE CZ UIF TVSGBDF UP XIJDI UIF DMVTUFS JT DMJOHJOH UP 	TFF UXP EJஶGFSFOU FYBNQMFT

JO 'JH�   "
� 5IF DMVTUFS DBO TUBZ JO QMBDF GPS TFWFSBM EBZT BT TDPVU CFFT TFBSDI UIF TVSSPVOEJOH BSFB

GPS TVJUBCMF OFTU TJUFT75�

Figure 3.1: Experimental Setup: A) Horizontal shaking B) Ver cal shaking. For the ver cal shaking, the motor setup
was rotated 90◦ to produce movement along the z axis.

5IF DPMPOZ JT OFWFS NPSF FYQPTFE UP UIF FOWJSPONFOU UIBO EVSJOH UIJT TUBHF BOE UIFTF DMVTUFST

ߋ߅



TIPX TFWFSBM TUSJLJOH CFIBWJPST UP DPQF XJUI UIF ஸVDUVBUJOH UIFSNBM BOE NFDIBOJDBM FOWJSPONFOU�

'PS JOTUBODF DMVTUFST UVOF UIFJS EFOTJUZ BOE TVSGBDF BSFB UP WPMVNF SBUJP UP NBJOUBJO B OFBS DPOTUBOU

DPSF UFNQFSBUVSF EFTQJUF MBSHF ஸVDUVBUJPOT JO UIF BNCJFOU UFNQFSBUVSF61,27,32� 'VSUIFSNPSF BU IJHI

UFNQFSBUVSFT UIF TXBSN FYQBOET BOE GPSNT DIBOOFMT XIJDI BSF QSFTVNFE UP BJE JO BJS DJSDVMBUJPO32�

"EEJUJPOBMMZ JO SFTQPOTF UP SBJO CFFT BU UIF TVSGBDF BSSBOHF UIFNTFMWFT UP GPSN ؤTIJOHMFTأ TIFEEJOH

NPJTUVSF FஶஷDJFOUMZ GSPN UIF TVSGBDF PG UIF DMVTUFS 17� 4JNJMBSMZ UIF DMVTUFS JT NFDIBOJDBMMZ TUBCMF�

XIJMF JU TXBZT GSPN TJEF UP TJEF JO UIF XJOE 	F�H� TFF .PWJF 
߂4 JU DPVME CF DBUBTUSPQIJD JG UIF DMVTUFS

CSFBLT 	XIFO B DSJUJDBM MPBE BQQFBST
 BT UIF CFFT XPVME MPTF UIF BCJMJUZ UP NJOJNJ[F TVSGBDF BSFB UP

QSFWFOU IZQPUIFSNJB XIJMF TUJMM CFJOH NFDIBOJDBMMZ TUBCMF� )PXFWFS UIF NFDIBOJTN CZ XIJDI B

NVMUJUVEF PG CFFT XPSL UPHFUIFS UP DSFBUF BOE NBJOUBJO B TUBCMF TUSVDUVSF UIBU IBOEMFT CPUI TUBUJD

HSBWJUZ BOE EZOBNJD TIBLJOH TUJNVMJ 	F�H� XJOE QSFEBUPST
 SFNBJOT FMVTJWF� 5P VOEFSTUBOE UIJT XF

EFWFMPQ BO FYQFSJNFOUBM TFUVQ UP RVBOUJGZ UIF SFTQPOTF PG B IPOFZCFF DMVTUFS UP NFDIBOJDBM TIBLJOH

PWFS TIPSU BOE MPOH UJNFT�

߃�߄ " য়ৗৠ৫ ৢ০২ৗ ৡৠৗ৫ৗৗ ১০ৗ

5P QSFQBSF B DMVTUFS XF BUUBDI B DBHFE RVFFO 	TFF 4* 4FD� "
 UP B CPBSE BOE BMMPXFE B DMVTUFS UP GPSN

BSPVOE IFS 	'JH� 
#߂� 5IF CFFT BU UIF CBTF HSJQ POUP BO BSFB UIBU JT SPVHIMZ DJSDVMBS� 5IF CPBSE JT

DPOUSPMMFE CZ B NPUPS UIBU DBO QSPEVDF NPWFNFOU JO UIF IPSJ[POUBM EJSFDUJPO BU EJஶGFSFOU GSFRVFO�

DJFT 	0.5)[  5)[
 BOE BDDFMFSBUJPOT 	SBOHFE 0 − 0.1H
� 8F BQQMZ CPUI EJTDPOUJOVPVT TIBLJOH JO

XIJDI UIF BDDFMFSBUJPO JT LFQU DPOTUBOU BOE UIF GSFRVFODZ JT NPEJஷFE BOE WJDF WFSTB DPOUJOVPVT

TIBLJOH JO XIJDI UIF GSFRVFODZ JT LFQU DPOTUBOU BOE UIF BDDFMFSBUJPO JT NPEJஷFE 	TFF 'JH� 
߃�

'PS UIF DBTF PG IPSJ[POUBM TIBLJOH 	GPS CPUI EJTDPOUJOVPVT BOE DPOUJOVPVT
 UIF UBMM DPOJDBM DMVT�

UFS TXJOHT UP BOE GSP JO B QFOEVMBS NPEF 	POF PG UIF MPXFTU FOFSHZ NPEFT PG NPUJPO TFF 4* 4FD� $


XJUI B UZQJDBM GSFRVFODZ PG∼ 1)[� )PXFWFS PWFS MPOHFS EVSBUJPOT 	J�F� NJOVUFT
 UIF CFFT BEBQU

߂߅



Figure 3.2: Quan fying adap ve response of the cluster: For all shaking frequencies, the base contact area of the
cluster increases monotonically un l a plateau is reached. Once shaking ceases, the cluster responds by gradually
rever ng to its original shape by increasing its contact area, but at a much slower rate. A) Ra o of the contact area
of the base of the cluster divided by its original areaA(t)/A(0) as a func on of me, for the discon nuous case.
Colors represent results for different frequencies of periodic shaking. Inset shows that the scaled base area collapses
onto a master curve when plo ed vs. number of shaking events. Error bars correspond to standard devia on of three
individual trials (see Table S1 for more informa on about trail repe ons). B)A(t)/A(0) for con nuous shaking
shows the same qualita ve behavior; note that when the accelera on is very small (0.01g), there is no response, i.e.
there is a cri cal threshold of forcing below which the bees do not respond. C) Coordinate systems of the lab-frame
and the displacement coordinates of the individual bees. D) Deforma on of an elongated cluster before shaking
began (t = 0, top) and a fla ened cluster a er shaking (t = 30 [sec], bo om) shows that displacement at the p
of the cluster is largest. On the right: me snapshots of a string of bees along the center of the cluster (See Movie
S3). E) Trajectories of individual bees during 5 minutes of horizontal shaking show that when the cluster spreads out,
surface bees move upwards. Color code represents me: the trajectory starts with blue and ends with yellow. Inset:
probability distribu on func on of ver cal displacement, showing a net upward trend.
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CZ TQSFBEJOH UIFNTFMWFT JOUP B ஸBUUFS DPOJDBM GPSN 	'JH� #߂$% .PWJF 
߃4 XIJMF UIFJS UPUBM OVN�

CFS SFNBJO DPOTUBOU 	NFBTVSFE CZ UIF UPUBM XFJHIU PG UIF DMVTUFS
� 5IF ஷOBM TIBQF ஸBUUFOT BT UIF

TIBLJOH DPOUJOVFT GPS MPOHFS PS BT GSFRVFODZ BOE BDDFMFSBUJPO PG TIBLJOH JODSFBTFT� 'PS UIF EJTDPO�

UJOVPVT TIBLJOH XIFO XF QMPU UIF SFMBUJWF FYUFOU PG TQSFBEJOH 	TDBMFE CZ B DPOTUBOU
 BT NFBTVSFE CZ

A(t)/A(0) GPS BMM EJஶGFSFOU GSFRVFODJFT BT B GVODUJPO PG OVNCFS PG TIBLFT UIF EBUB DPMMBQTFT POUP

B TJOHMF DVSWF 	'JH� 
"߃�߄� 5IJT TVHHFTUT UIBU UIF DMVTUFS SFTQPOTF TDBMFT XJUI CPUI UIF OVNCFS BOE

NBHOJUVEF PG TIBLFT CVU PWFS NVDI MPOHFS UJNF TDBMFT UIBO BO JOEJWJEVBM FWFOU� 5IF OBUVSF PG UIJT

SFTQPOTF JT JOEFQFOEFOU PG UIF UZQF PG TUJNVMVT� XIFO UIF TIBLJOH TJHOBM JT DPOUJOVPVT XF TFF B

TJNJMBS SFTQPOTF 	'JH� 
#߃� 5IF HSBEFE BEBQUJWF SFTQPOTF UIBU TDBMFT XJUI UIF OVNCFS PG TIBLFT BOE

JT B GVODUJPO PG BQQMJFE EJTQMBDFNFOUT BOE GSFRVFODJFT BOE UIF BCTFODF PG BOZ BEBQUBUJPO UP WFSZ

MPX GSFRVFODJFT BOE BNQMJUVEFT 	PSBOHF DVSWFT JO 'JH� 
#߃ TVHHFTUT UIBU UIFSF JT B DSJUJDBM SFMBUJWF EJT�

QMBDFNFOU 	J�F� B UISFTIPME NFDIBOJDBM TUSBJO
 OFFEFE UP USJHHFS UIJT BEBQUBUJPO� 0ODF UIF TIBLJOH

TUPQT UIF DMVTUFS SFUVSOT UP JUT PSJHJOBM FMPOHBUFE DPOF DPOஷHVSBUJPO PWFS B QFSJPE PG 30− 120NJO�

VUFT B UJNF UIBU JT NVDI MBSHFS UIBO UIF UJNF GPS UIF DMVTUFS UP ஸBUUFO� 5IJT SFWFSTJCMF DMVTUFS TIBQF

DIBOHF UP EZOBNJD MPBEJOH NJHIU CF B GVODUJPOBM BEBQUBUJPO UIBU JODSFBTFT UIF NFDIBOJDBM TUBCJMJUZ

PG B ஸBUUFOFE DMVTUFS SFMBUJWF UP BO FMPOHBUFE POF�

5P FYQMPSF UIJT TVHHFTUJPO RVBOUJUBUJWFMZ XF ஷSTU EFஷOF B MBC�ஷYFE DPPSEJOBUF TZTUFN XJUI BYFT

BT TIPXO JO 'JH� $߃ XJUI SFTQFDU UP XIJDI UIF CPBSE JT BU
−−→
rb(t) = [Ub, 0,Wb] UIF QPTJUJPO PG B CFF

i JT EFஷOFE BT
−−→
ri(t) = [Xi(t), Yi(t), Zi(t)] , BOE JUT EJTQMBDFNFOU JT EFஷOFE BT [Ui(t), 0,Wi(t)] =

−−→
ri(t)−

−−→
ri(0)−

−−→
rb(t) � 5IJT BMMPXT VT UP USBDL JOEJWJEVBM CFFT ? BMPOH UIF TVSGBDF PG UIF DMVTUFS BMPOH

UIF DFOUFSMJOFXi(0) = 0 	'JH� %߃ .PWJF 
߄4 PWFS B QFSJPE PG PTDJMMBUJPO� $PNQBSJOH USBKFDUPSJFT

PG CFFT JO BO FMPOHBUFE DMVTUFS BOE B ஸBU DMVTUFS J�F� CFGPSF BOE BGFS TIBLJOH TIPX UIBU SFMBUJWF EJT�

QMBDFNFOU CFUXFFO UIF CFFT BU UIF DMVTUFS UJQ BOE CFFT BU UIF CBTF JT TJHOJஷDBOUMZ MBSHFS GPS BO FMPO�

HBUFE DMVTUFS� 4OBQTIPUT PG USBDLFE CFFT IJHIMJHIU UIF EFDPVQMJOH PG NPWFNFOU PG UIF UJQ BOE CBTF

PG UIF DMVTUFS J�F� MPDBM EFGPSNBUJPOT TVDI BT OPSNBM BOE TIFBS TUSBJOT BSF SFEVDFE JO UIF NFDIBOJ�

߄߅



DBMMZ BEBQUFE TUBUF DPSSFTQPOEJOH UP B TQSFBE DMVTUFS� " TJNJMBS USFOE JT PCTFSWFE XIFO UIF DMVTUFS JT

TVCKFDUFE UP B TJOHMF TIBSQ TIBLF 	TFF TJHOBM BU 'JH� 
$߃4 BT TIPXO JO .PWJF �߅4 5IFTF NFBTVSFNFOUT

DPOஷSN UIBU UIF BEBQUFE ஸBUUFOFE TUSVDUVSF JT JOEFFE NPSF NFDIBOJDBMMZ TUBCMF JO UIF QSFTFODF PG

EZOBNJD IPSJ[POUBM MPBET�

4QSFBEJOH PG UIF DMVTUFS JT B DPMMFDUJWF QSPDFTT CFHHJOH UIF RVFTUJPO PG IPX UIJT DPMMFDUJWF TQSFBE�

JOH CFIBWJPS JT BDIJFWFE� 5P TUVEZ UIJT XF USBDLFE CFFT PO UIF TVSGBDF PG UIF DMVTUFS EVSJOH UIF QSP�

DFTT PG BEBQUJWF TQSFBEJOH QBSUJDVMBSMZ BU UIF FBSMZ TUBHFT� *O 'JH� &߃ .PWJF ߆4 XF TIPX IPX CFFT

NPWF GSPN UIF UJQ�SFHJPOT UIBU BSF TVCKFDU UP MBSHF SFMBUJWF EJTQMBDFNFOUT UPXBSET UIF CBTF�SFHJPOT

UIBU BSF TVCKFDU UP TNBMM SFMBUJWF EJTQMBDFNFOUT TVHHFTUJOH UIBU UIF SFMBUJWF EJTQMBDFNFOUUi NBZ CF

B ESJWFS PG TIBQF BEBQUBUJPO�

߄�߄ " য়ৡৗ ৡ য়ৗৠ ৗৢৡৠৗ ০ ৗৗৠ০ ৢৗ০ ০ৡ

#VU XIBU NFBTVSF PG UIF SFMBUJWF EJTQMBDFNFOUT NJHIU UIF CFFT CF SFTQPOEJOH UP 5P VOEFSTUBOE

UIJT XF OPUF UIBU UIF GVOEBNFOUBM NPEFT PG B QFOEBOU FMBTUJD DPOF BSF TJNJMBS UP UIPTF PG B QFOEV�

MVN TXJOHJOH GSPN TJEF UP TJEF BOE B TQSJOH CPVODJOH VQ BOE EPXO BOE UIFJS GSFRVFODJFT NPOP�

UPOJDBMMZ JODSFBTF BT B GVODUJPO PG UIF BTQFDU SBUJP PG UIF DMVTUFS 	'JH� 
߄�# 	TFF 4* 4FD� $ GPS EFUBJMT
�

5P RVBOUJGZ UIF EFWJBUJPOT GSPN UIJT TJNQMF QJDUVSF EVF UP UIF QBSUJDVMBUF OBUVSF PG UIF BTTFNCMBHF

XF UVSO UP B DPNQVUBUJPOBM NPEFM PG UIF QBTTJWF EZOBNJDT PG B DMVTUFS BOE FYQMPSF UIF SPMF PG TIBQF

PO B QFOEBOU NFDIBOJDBM BTTFNCMBHF PG QBTTJWF QBSUJDMFT VTFE UP NJNJD CFFT� 8F NPEFM FBDI CFF

JO UIF DMVTUFS BT B TQIFSJDBM QBSUJDMF XIJDI FYQFSJFODFT UISFF GPSDFT� B HSBWJUBUJPOBM GPSDF BO BUUSBD�

UJWF GPSDF CFUXFFO OFJHICPSJOH QBSUJDMFT BOE B GPSDF UIBU QSFWFOUT JOUFS�QBSUJDMF QFOFUSBUJPO 	TFF

4* 4FD� $ GPS GVSUIFS EFUBJMT
� 5IF CFFT BU UIF CBTF BSF BTTVNFE UP CF TUSPOHMZ BUUBDIFE UP UIF TVQ�

QPSUJOH CPBSE BOE UIPTF PO UIF TVSGBDF BSF BTTVNFE UP CF GSFF� 5P TUVEZ UIF QBTTJWF SFTQPOTF PG

UIF FOUJSF TZTUFN UIF CPBSE JT PTDJMMBUFE BU EJஶGFSFOU GSFRVFODJFT BOE BNQMJUVEFT XIJMF XF GPMMPX

߅߅



Figure 3.3: $PNQVUBUJPOBM NPEFM PG NFDIBOJDBM BEBQUBUJPO� A cluster is modeled using par cles that are linked
via springs in a simple 2d triangular la ce. A) Clusters of different aspect ra os (Lz/Lx), shown at the extreme of a
period of horizontal oscilla on. Colors represent the local normal strain of each honeybee δli, as defined in the text.
Elongated clusters (on the right) experience a larger deforma on at the p of the cluster, while fla ened clusters (on
the le ) experience much less deforma on. B) For the same state as in A), we also show the maximum shear strain,
δθi. C) Plots of the mean normal and shear strain (δl(Z) and δθ(Z)) as a func on of the distance from the base,
Z , and aspect ra o Lz/Lx. We see that the maximum magnitude of the strains decreases as the cluster becomes
fla ened. D) When we impose a behavioral rule that allows the bees to sense the strains around them and move
in the direc on of increasing strain when the magnitude crosses a threshold (δ̃ltiC ), this leads to spreading. Colors

represent the local integrated signal, δ̃lti , and arrows point towards higher local signal. E) The scaled base contact
areaA(t)/A(0) as a func on of me, with the probability distribu on func on of ver cal displacement shows a net
nega ve response, i.e. bees move upwards on average, similar to experimental observa ons (see Fig. 2E).

UIF EJTQMBDFNFOU PG JOEJWJEVBM QBSUJDMFTUi(
−→ri ) BT XFMM BT UIF SFMBUJWF EJTQMBDFNFOU CFUXFFO OFJHI�

CPSJOH CFFT
−−→
lij(t) =

−−→
ri(t) −

−−→
rj(t) 	'JH� 
"߄�߄� %FDPNQPTJOH UIF WFDUPS

−−→
lij(t) JOUP JUT NBHOJUVEF

BOE EJSFDUJPO BMMPXT VT UP EFஷOF UXP MPDBM EFGPSNBUJPO NFBTVSFT BTTPDJBUFE XJUI UIF MPDBM OPSNBM

߆߅



TUSBJO BOE TIFBS TUSBJO� 5IF MPDBM EZOBNJD OPSNBM TUSBJO BTTPDJBUFE XJUI B QBSUJDMF 	CFF
 i SFMBUJWF UP

JUT FYUFOTJPO BU t = 0 JT EFஷOFE BT δli =
〈
NBY0≤t≤T

∣∣∣
∣∣∣
−−→
lij(t)

∣∣∣−
∣∣∣
−−−→
lij(0)

∣∣∣
∣∣∣
〉

XIFSF T JT UIF EV�

SBUJPO GSPN UIF POTFU PG UIF BQQMJFE NFDIBOJDBM TIBLJOH VOUJM UIF TXBSN SFDPWFST JUT TUFBEZ TUBUF

DPOஷHVSBUJPO BOE UIF CSBDLFUT<> SFQSFTFOU BWFSBHF PWFS BMM CFFT j UIBU BSF DPOOFDUFE UP CFF i�

5IF MPDBM TIFBS TUSBJO JT DBMDVMBUFE GSPN UIF DIBOHFT JO UIF BOHMF
∣∣∣∠(

−−→
lij(t),

−−−→
lik(t))

∣∣∣CFUXFFO
−−→
lij(t)

BOE
−−−→
lik(t) DPOOFDUJOH CFFT i BOE j BOE CFFT i BOE k SFTQFDUJWFMZ XJUI UIF TIFBS TUSBJO δθi EFஷOFE

BT δθi =
〈
NBY0≤t≤T

∣∣∣∠(
−−→
lij(t),

−−−→
lik(t))− ∠(−−−→lij(0),

−−−→
lik(0))

∣∣∣
〉

XIFSF UIF CSBDLFUT<> SFQSFTFOU

BWFSBHF PWFS BMM QBJS PG CFFT j − k UIBU BSF DPOOFDUFE UP CFF i�

"T FYQFDUFE XF TFF UIBU GPS UIF TBNF GPSDJOH UIF NBYJNVN BNQMJUVEF PG UIF MPDBM TUSBJOT JO�

DSFBTFT BT UIF DMVTUFS CFDPNFT NPSF FMPOHBUFE 	'JH� "߄�߄# .PWJF 
߇4� 5IFSFGPSF UIFTF MPDBM TUSBJOT

DBO TFSWF BT B TJHOBM GPS UIF CFFT UP NPWF BOE B OBUVSBM IZQPUIFTJT JT UIBU PODF UIF TJHOBM JT BCPWF B

DFSUBJO DSJUJDBM WBMVF UIF CFFT NPWF� #VU IPX NJHIU UIFZ DIPTF B EJSFDUJPO  8IJMF JU NBZ CF QMBV�

TJCMF GPS UIF CFFT UP TJNQMZ NPWF VQXBSET BHBJOTU HSBWJUZ JU JT MJLFMZ EJஶஷDVMU UP TFOTF B TUBUJD GPSDF

	J�F� HSBWJUZ
 XIFO FYQFSJFODJOH MBSHF EZOBNJD GPSDJOH 	J�F� TIBLJOH
 JO B UJHIUMZ QBDLFE BTTFNCMBHF�

*OTUFBE XF UVSO UP BTL XIFUIFS UIFSF BSF BOZ MPDBM TJHOBMT UIBU XPVME HJWF IPOFZCFFT B TFOTF PG EJSFD�

UJPO� 'PS BMM DMVTUFST UIF TUSBJOT BSF MBSHFTU OFBS UIF CBTF 	'JH� "߄�߄# .PWJF 
߇4 BOE EFDSFBTF BXBZ

GSPN JU CVU JO BEEJUJPO BT UIF DMVTUFS CFDPNFT NPSF FMPOHBUFE UIFSF BSF MBSHF MPDBM TUSBJOT BMPOH

UIF DPOUBDU MJOF XIFSF x = ±L1/2XIFSF UIF CFFT BSF JO DPOUBDU XJUI UIF CBTFCPBSE� 5IJT JT EVF

UP UIF FஶGFDU PG UIF QFOEVMBS NPEF PG EFGPSNBUJPO UIBU MFBET UP SPUBUJPO�JOEVDFE TUSFUDIJOH JO UIFTF

SFHJPOT� 5P RVBOUJGZ IPX UIF OPSNBM BOE TIFBS TUSBJO WBSZ BT B GVODUJPO PG UIF EJTUBODF GSPN UIF

CBTFZ  XF BWFSBHF δli BOE δθi PWFS BMM CFFT UIBU XFSF BU B DFSUBJOZ QPTJUJPO BU t = 0 BOE EFஷOF UIF

GPMMPXJOH NFBO RVBOUJUJFT� δl(Z) = ⟨δli⟩ BOE δθ(Z) = ⟨δθi⟩ XIFSF UIF CSBDLFU<> JOEJDBUF

BWFSBHF PWFS BMM TQSJOH DPOOFDUJPO BU UIF WFSUJDBM QPTJUJPO riz(0) = Z � 4JNJMBS UP UIF FYQFSJNFOUBM

EBUB UIF TJNVMBUJPOT TIPX UIBU UIF EJTQMBDFNFOUTUi GPS IPSJ[POUBM TIBLJOH PG FMPOHBUFE DMVTUFST

BSF MBSHFS JO DPNQBSJTPO UP ஸBUUFOFE DMVTUFST� "T CPUI TUSBJOT δl(Z) BOE δθ(Z) BSF MBSHFTU OFBS UIF

߇߅



CBTF z = 0 	'JH� $߄�߄ .PWJF 
߇4 BOE EFDSFBTF BXBZ GSPN UIF TVQQPSUJOH CBTFCPBSE UIFZ NBZ

TFSWF BT MPDBM TJHOBMT UIBU CFFT BU UIF UJQ PG UIF DMVTUFS SFTQPOE UP CZ NPWJOH VQ UIF TUSBJO�HSBEJFOU

	'JH� ߆߄�# .PWJF 
߉߈4�

5IJT QBTTJWF TJHOBUVSF PG B IPSJ[POUBMMZ�TIBLFO BTTFNCMBHF TVHHFTUT B TJNQMF CFIBWJPSBM IZQPUI�

FTJT� CFFT DBO TFOTF UIF MPDBM WBSJBUJPOT JO UIF OPSNBM TUSBJO BCPWF B DSJUJDBM UISFTIPME BOE NPWF

TMPXMZ VQ HSBEJFOUT DPMMFDUJWFMZ� 8F OPUF UIBU NFDIBOJDBM TUSBJO JT JOWBSJBOU UP USBOTMBUJPO BOE SP�

UBUJPO PG UIF XIPMF BTTFNCMBHF J�F� JU JT JOEFQFOEFOU PG UIF PSJHJO BOE PSJFOUBUJPO PG UIF GSBNF PG

SFGFSFODF BOE UIVT B OBUVSBM DIPJDF� 5IJT CFIBWJPS XJMM OBUVSBMMZ MFBE UP TQSFBEJOH PG UIF DMVTUFS

BOE UIFODF TNBMMFS TUSBJOT PO UIF DMVTUFS� /PUJOH UIBU UJNF TDBMF PG UIF SFTQPOTF PG UIF CFFT JT PG UIF

PSEFS PG NJOVUFT XIJMF UIF EVSBUJPO PG B TJOHMF QFSJPE JT TFDPOET JU JT OBUVSBM UP DPOTJEFS UIF JOUF�

HSBUFE MPDBM OPSNBM TUSBJO TJHOBM� δ̃lti =
∑t

t̃=t−Tw
δlt̃i × dt XIFSF Tw JT DIPTFO UP CF UIF QFSJPE PG

UIF TIBLJOH 	TFF EFUBJMFE EFTDSJQUJPO JO UIF 4* 4FD� $
� 5IFO PVS CFIBWJPSBM IZQPUIFTJT JT UIBU XIFO

δ̃lti > δ̃ltiC UIF CFF CFDPNFT BDUJWF BOE NPWFT JO UIF EJSFDUJPO PG UIF UJNF�JOUFHSBUFE OFHBUJWF OPS�

NBM TUSBJO HSBEJFOU 	J�F� UIF BDUJWF GPSDF JT EJSFDUFE UPXBSE B IJHIFS MPDBM OPSNBM TUSBJO
 BDDPSEJOH

UP UIF TJNQMF QSPQPSUJPOBM SVMF F active = −f active
−→
δ̃lti.8F OPUF UIBU NPWJOH VQ B HSBEJFOU JO UJNF�

JOUFHSBUFE TIFBS TUSBJO XPVME BMTP TVஶஷDF UP FYQMBJO UIF PCTFSWFE NFDIBOJDBM BEBQUBUJPO�

8F DBSSZ PVU PVS TJNVMBUJPOT PG UIF BDUJWF DMVTUFS JO UXP EJNFOTJPOT GPS TJNQMJDJUZ BOE TQFFE

	XF EP OPU FYQFDU BOZ DIBOHFT JO 
%߄ BMMPXJOH CPOET UP CSFBL BOE SFGPSN CBTFE PO QSPYJNJUZ TJN�

JMBS UP IPX CFFT GPSN DPOOFDUJPOT BOE GPMMPX UIF TIBQF PG UIF DMVTUFS XIJMF JU JT TIBLFO IPSJ[PO�

UBMMZ� 8F ஷOE UIBU PWFS UJNF UIF DMVTUFS TQSFBET PVU UP GPSN B ஸBUUFOFE DPOF 	'JH� %߄�߄& .PWJF


߈4 DPOஷSNJOH UIBU UIF MPDBM CFIBWJPSBM SVMF UIBU JOUFHSBUFT SFMBUJWF EJTQMBDFNFOUT UIBU BSJTF EVF UP

MPOH�SBOHF QBTTJWF DPVQMJOH JO UIF NFDIBOJDBM BTTFNCMBHF XIFSFJO CFFT BDUJWFMZ NPWF VQ UIF MPDBM

HSBEJFOU JO OPSNBM TUSBJO δli EPFT FYQMBJO PVS PCTFSWBUJPOT�

߈߅



Figure 3.4: 3FTQPOTF UP 7FSUJDBM 4IBLJOH� A) Ver cal shaking (maximum accelera on 0.05 [g]) of the bee clus-
ter leads to a very small displacement. This is consistent with our simula ons (see Fig. S4, SI Sec. D) that ver cal
shakes do not destabilize the bees differen ally. B) Contact area of the base of the cluster rela ve to its ini al area
A(t)/A(0) vs. me. Areas are defined as in Fig. 1D. Colors represent results for different accelera ons of con nu-
ous shaking. C) Maximum displacement at the p of a tall cluster as a result of a single horizontal and ver cal shake.
Bees do not respond or change the shape of the cluster when subjected to ver cal shaking (green), but do respond
substan ally when shaken horizontally (blue). Black do ed line represents the experimentally observed threshold
value to ini ate ac ve behavior.

߅�߄ 7ৗ০ ঢ়ৠ

*G TVஶஷDJFOUMZ MBSHF EZOBNJD OPSNBM TUSBJO HSBEJFOUT ESJWF TIBQF BEBQUBUJPO EJஶGFSFOU TIBLJOH QSPUP�

DPMT UIBU SFTVMU JO MPXFS MPDBM TUSBJOT TIPVME MJNJU BEBQUBUJPO� 0OF XBZ JT UP TIBLF UIF DMVTUFS HFOUMZ

BOE UIJT JOEFFE EPFT OPU ESJWF BEBQUBUJPO 	'JH� #߃ SFTQPOEJOH UP 0.01H
� "OPUIFS JT UP TIBLF UIF

߉߅



DMVTUFS JO B WFSUJDBM EJSFDUJPO FYDJUJOH UIF TQSJOH�MJLF NPEF PG UIF BTTFNCMBHF� 'PS UIF TBNF SBOHF PG

BNQMJUVEFT BOE GSFRVFODJFT BT VTFE GPS IPSJ[POUBM TIBLJOH PVS TJNVMBUJPOT PG B QBTTJWF BTTFNCMBHF

TIPX UIBU WFSUJDBM TIBLJOH SFTVMUT SFTVMUT JO QBSUJDMFT CFJOH DPMMFDUJWFMZ EJTQMBDFE VQ BOE EPXO XJUI

MJUUMF OPSNBM TUSBJO� "T FYQFDUFE FWFO JO BDUJWF DMVTUFST XJUI UIF CFIBWJPSBM SVMF JNQMFNFOUFE MJUUMF

PS OP BEBQUBUJPO PDDVST BT UIF UISFTIPME OPSNBM TUSBJO HSBEJFOU JT OPU BDIJFWFE 	'JH� ߇߆4 BOE .PWJF


߉4� 5P UFTU UIJT FYQFSJNFOUBMMZ XF TIBLF UIF DMVTUFS WFSUJDBMMZ� 8F TFF UIBU JO UIJT DBTF UIF DMVTUFS

TIBQF SFNBJOT BQQSPYJNBUFMZ DPOTUBOU 	'JH� "߅�߄#
 VOUJM B DSJUJDBM BDDFMFSBUJPO JT SFBDIFE � BU XIJDI

UJNF B QSPQBHBUJOH DSBDL SFTVMUT JO UIF EFUBDINFOU PG UIF DMVTUFS GSPN UIF CPBSE 	.PWJF 
ߊ4� �VBOߕ

UJGZJOH UIF EJTQMBDFNFOUT BU UIF UJQ GPS WFSUJDBM TIBLJOH BOE IPSJ[POUBM TIBLJOH BSF JO BHSFFNFOU XJUI

PVS IZQPUIFTJT UIBU EJஶGFSFOUJBM OPSNBM TUSBJO HSBEJFOUT ESJWF BEBQUBUJPO 	'JH� $߅�߄ .PWJF 
ߋ߂4�

߆�߄ $ৡৠ১ৡৠ

0VS TUVEZ IBT TIPXO IPX EZOBNJD MPBEJOH PG IPOFZCFF TXBSN DMVTUFST MFBET UP NFDIBOJDBM BEBQ�

UBUJPO XIFSFJO UIF DMVTUFS TQSFBET PVU JO SFTQPOTF UP SFQFBUFE TIBLJOH� 8F TIPX UIBU UIJT NPSQIP�

MPHJDBM SFTQPOTF JODSFBTFT UIF NFDIBOJDBM TUBCJMJUZ PG UIF DMVTUFS� " DPNQVUBUJPOBM NPEFM PG UIF CFF

DMVTUFS USFBUFE BT B QBTTJWF NFDIBOJDBM BTTFNCMBHF TVHHFTUT UIBU UIFSF BSF TUSBJO HSBEJFOUT UIBU DBO CF

VTFE CZ CFFT BT B MPDBM TJHOBM UP ESJWF NPWFNFOU JO UIF EJSFDUJPO PG IJHIFS TUSBJOT BOE DBVTJOH UIF

DMVTUFS UP ஸBUUFO� 5IJT CFIBWJPSBM SFTQPOTF JNQSPWFT UIF DPMMFDUJWF TUBCJMJUZ PG UIF DMVTUFS BT B XIPMF

WJB B SFWFSTJCMF TIBQF DIBOHF BU UIF FYQFOTF PG JODSFBTJOH UIF BWFSBHF NFDIBOJDBM CVSEFO FYQFSJFODFE

CZ UIF JOEJWJEVBM� *OUSPEVDJOH FMBTUJD JOUFSBDUJPOT CFUXFFO UIF CFFT OBUVSBMMZ BMMPXT GPS MPOH�SBOHF

TJHOBMJOH WJB QIZTJDBM DVFT DPNQMFNFOUJOH UIF NPSF USBEJUJPOBM WJFX PG DPMMFDUJWF CFIBWJPS WJB TUJH�

NFSHZ84 XIFSFJO PSHBOJTNT SFTQPOE UP MPDBM DIFNJDBM DVFT XJUI MJUUMF PS OP MPOH SBOHF FஶGFDUT� (JWFO

UIF UFOTPSJBM OPO�MPDBM OBUVSF PG FMBTUJD JOUFSBDUJPOT JO BTTFNCMBHFT PG TPDJBM JOTFDUT QFSIBQT UIJT JT

KVTU UIF UJQ PG BO JDFCFSH UIBU IJEFT UIF NBOZ XBZT JO XIJDI PSHBOJTNT UBLF BEWBOUBHF PG QIZTJDBM

ߊ߅



JOUFSBDUJPOT BOE TJNQMF CFIBWJPSBM SVMFT UP BEBQU UP DIBOHJOH NFDIBOJDBM FOWJSPONFOUT�

ߋ߆



4
.PSQIPMPHJDBM SFTQPOTFT PG IPOFZCFF TXBSN DMVTUFST UP

EZOBNJD BNCJFOU UFNQFSBUVSF QFSUVSCBUJPOT

߂�߅ *ৠ০ৡ১০ৡৠ

*O TPDJBM BOJNBMT BEBQUJWF HSPVQ�MFWFM CFIBWJPST DBO BSJTF GSPN UIF JOUFSBDUJPOT CFUXFFO JOEJWJEVBMT

BDUJOH PO MJNJUFE MPDBM JOGPSNBUJPO 10� 5IFTF JOUFSBDUJPOT BSF PGFO NFEJBUFE CZ UIF FOWJSPONFOU�

'PS FYBNQMF UIF WBSJBUJPOT JO CSBODIJOH QBUUFSOT PG QIFSPNPOF USBJMT GPSNFE CZ SBJEJOH BSNZ BOUT

XFSF PODF UIPVHIU UP CF VOJRVF UP QBSUJDVMBS TQFDJFT9 CVU JU XBT MBUFS EFNPOTUSBUFE UIBU TVCUMF

DIBOHFT JO UIF UFYUVSF PG UIF TVCTUSBUF DPVME SFQSPEVDF UIFTF WBSJBUJPOT HJWFO UIF TBNF CFIBWJPSBM

SVMFT26�

.BOZ TPDJBM IZNFOPQUFSBOT 	J�F� BOUT XBTQT BOE CFFT
 QFSGPSN B VOJRVF DMBTT PG DPMMFDUJWF CF�

IBWJPST JO XIJDI JOEJWJEVBMT MJOL UIFJS CPEJFT UPHFUIFS UP GPSN TFMG�BTTFNCMFE TUSVDUVSFT TVDI BT

SBGT54 CSJEHFT69 FTDBQF ESPQMFUT7 BOE DMVTUFST33� 5IFTF CFIBWJPST PGFO TFSWF BEBQUJWF GVODUJPOT

߂߆



BJEJOH JO ஸPPE TVSWJWBM QSFEBUPS FWBTJPO GPPE USBOTQPSU OBWJHBUJPO PG DPNQMFY FOWJSPONFOUT

FUD� 	TFF "OEFSTPO FU BM�2 GPS B SFWJFX
� *O TFMG�BTTFNCMJFT UIF NJDSPFOWJSPONFOU JUTFMG 	XJUIJO UIF

TFMG�BTTFNCMZ
 JT BO FYUFOEFE QIFOPUZQF PG UIF DPMPOZ� *O TPNF JOTUBODFT UIJT IBT BMMPXFE OBUVSBM

TFMFDUJPO UP TIBQF UIF GFFECBDL CFUXFFO CFIBWJPS BOE UIF NJDSPFOWJSPONFOU SFTVMUJOH JO EZOBNJDT

UIBU MFBE UP BEBQUJWF IPNFPTUBTJT� #JWPVBDT BOE DMVTUFST GPSNFE CZ BSNZ BOUT25 BOE IPOFZCFFT34

GPS FYBNQMF BSF BCMF UP NBJOUBJO TUBCMF JOUFSOBM UFNQFSBUVSFT EFTQJUF ESBNBUJD ஸVDUVBUJPOT JO BN�

CJFOU UFNQFSBUVSF� 4UVEZJOH UIFTF CFIBWJPST DBO QSPWJEF JOTJHIU JOUP IPX UIF JOUFSQMBZ CFUXFFO

DPMMFDUJWF CFIBWJPS BOE NJDSPFOWJSPONFOU DBO MFBE UP BEBQUJWF TVQFS�PSHBOJTNBM QIZTJPMPHZ�

)FSF XF GPDVT PO UIFSNPSFHVMBUJPO JO IPOFZCFF TXBSN DMVTUFST� 8IFO B IPOFZCFF DPMPOZ JT

MBSHF FOPVHI UP SFQSPEVDF BT NVDI BT IBMG PG UIF XPSLFST 	≈ 10, 000 CFFT
 BOE B GFSUJMJ[FE RVFFO

MFBWF UIF OFTU XJUI ஷOJUF IPOFZ TUPSFT BOE GPSN B DMVTUFS PO B OFBSCZ USFF CSBODI 	'JH� "߂#
� 5IF

DMVTUFS SFNBJOT IFSF GPS EBZT XIJMF TDPVUT TFFL OFX OFTU TJUFT75� .FBOXIJMF UIF TXBSN NBJOUBJOT

OFBS TUBCMF DPSF UFNQFSBUVSFT 	≈ 35◦$
 EFTQJUF ஸVDUVBUJOH BNCJFOU DPOEJUJPOT 	'JH� 33
$߂� 8IFO

BNCJFOU UFNQFSBUVSF JT CFMPX≈ 17◦$ UIF TVSGBDF UFNQFSBUVSF PG UIF DMVTUFS JT BDUJWFMZ NBJOUBJOFE

BU≈ 17◦$ UISPVHI TIJWFSJOH JO PSEFS UP QSFWFOU DIJMM DPNB 	J�F� DPME�JOEVDFE JNNPCJMJUZ
� 8IFO

BNCJFOU UFNQFSBUVSF JT BCPWF≈ 17◦$ UIF TVSGBDF UFNQFSBUVSF JT NBJOUBJOFE B GFX EFHSFFT BCPWF

BNCJFOU� 5IFTF EZOBNJDT BSF SFஸFDUFE JO UIF NFUBCPMJD SBUF PG UIF DPMPOZ XJUI PYZHFO DPOTVNQ�

UJPO JODSFBTJOH MJOFBSMZ BT UFNQFSBUVSFT SJTF BCPWF≈ 17◦$ 	'JH� 34
%߂� 4VDI DPMMFDUJWF UIFSNPSFHV�

MBUJPO BMMPXT UIF TXBSN UP BWPJE MFUIBM UFNQFSBUVSFT QSFWFOUT UIF DPMPOZ GSPN FYIBVTUJOH JUT IPOFZ

TUPSFT UPP RVJDLMZ BOE BMMPXT CFFT UP RVJDLMZ NPCJMJ[F JO SFTQPOTF UP UISFBUT 	CFFT NVTU XBSN UIFJS

ஸJHIU NVTDMFT UP≈ 35◦ $ JO PSEFS UP ஸZ
32�

"MUIPVHI UIJT QIFOPNFOPO IBT CFFO EFTDSJCFE JO TPNF EFUBJM FNQJSJDBM TUVEJFT IBWF QSPWJEFE

MJUUMF NFDIBOJTUJD VOEFSTUBOEJOH PG IPX UIF CFIBWJPS PG JOEJWJEVBM CFFT HJWFT SJTF UP UIF HMPCBM CF�

IBWJPS PG FYQBOTJPO BOE DPOUSBDUJPO PG UIF DMVTUFS BOE VMUJNBUFMZ UP UIFSNPSFHVMBUJPO� .BOZ UIF�

PSFUJDBM TUVEJFT IBWF FYQMPSFE IPX B HSPVQ PG JOEJWJEVBM CFFT NJHIU JOUFSBDU UP HJWF SJTF UP HMPCBM

߃߆



Figure 4.1: (A) A feral honeybee swarm cluster hanging from an oak tree at Concord Field Sta on in May 2016. (B)
An expanded view from (A) showing individual bees on the surface of the swarm. (C) Measured temperatures of the
core and mantle of a swarm at various ambient temperatures. (D) The metabolic rate of swarms at various ambient
temperatures. (E) Drawings of the profile shape of swarms hanging from a flat horizontal surface at various ambient
temperatures. C-E are adapted from Heinrich34.
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UIFSNBM TUBCJMJUZ UISPVHI GFFECBDL CFUXFFO UIF EFOTJUZ PG CFFT BOE IFBU EJஶGVTJPO JO UIF DPOUFYU PG

CPUI XJOUFS DMVTUFST BOE SFQSPEVDUJWF TXBSNT61,22,79,88,57,47,64,65� &BSMZ NPEFMT PG UIFSNPSFHVMBUJPO

JO XJOUFS DMVTUFST GPDVTFE PO UIF DPVQMJOH CFUXFFO UIF EFOTJUZ PG CFFT BOE UFNQFSBUVSF XIJDI XBT

EFUFSNJOFE CPUI CZ QSFTDSJCFE NFUBCPMJD BDUJWJUZ BOE IFBU EJஶGVTJPO64,65� 5IFTF NPEFMT UZQJDBMMZ

BTTVNF UIBU CFFT LOPX UIFJS QPTJUJPO XJUIJO UIF TXBSN� )PXFWFS JU JT UIPVHIU UIBU DPMMFDUJWF UIFS�

NPSFHVMBUJPO FNFSHFT GSPN UIF BDUJPOT PG JOEJWJEVBM CFFT BUUFNQUJOH UP SFHVMBUF UIFJS PXO CPEZ

UFNQFSBUVSF XJUIJO B UPMFSBCMF SBOHF XJUIPVU SFGFSFODF UP HMPCBM JOGPSNBUJPO 	F�H� XJUIPVU SFHBSE

UP SFMBUJWF QPTJUJPO XJUIJO UIF TXBSN
 � .FZFSTDPVHI57 QSPQPTFE B NPEFM CBTFE PO B OPOMJOFBS IFBU

QSPEVDUJPO�EJஶGVTJPO FRVBUJPO JO XIJDI CPUI EFOTJUZ BOE IFBU QSPEVDUJPO WBSJFE BT B GVODUJPO POMZ

PG MPDBM UFNQFSBUVSF� &YUFOTJPOT PG UIJT NPEFM JOUSPEVDFE B ؤUIFSNPUBYJTؤ SVMF XIFSFCZ UIF NPWF�

NFOU PG JOEJWJEVBM CFFT UPXBSE FBDI PUIFS JT EFQFOEFOU PO MPDBM UFNQFSBUVSF88,79� *O UIFTF NPEFMT

UFNQFSBUVSF�EFQFOEFOU EFOTJUZ JT OPU QSFTDSJCFE CVU JT BO FNFSHFOU QSPQFSUZ PG JOEJWJEVBM CFFTء

NPWFNFOUT� 0DLP BOE .BIBEFWBO61 QSPQPTFE B NPEFM JO XIJDI UIF NPWFNFOU PG CFFT JT EFTDSJCFE

CZ B CFIBWJPSBMؤ QSFTTVSFؤ XIJDI JT B GVODUJPO PG CPUI UFNQFSBUVSF BOE UIF MPDBM QBDLJOH GSBDUJPO�

5IJT NPEFM BMTP JODMVEFE BO BEEJUJPOBM NPEF PG IFBU USBOTGFS DPOWFDUJPO�

%FTQJUF JOUFOTF JOUFSFTU BNPOH CPUI FYQFSJNFOUBMJTUT BOE UIFPSJTUT JO UIF NFDIBOJTUJD VOEFS�

QJOOJOHT PG DPMMFDUJWF UIFSNPSFHVMBUJPO JO IPOFZCFF TXBSN DMVTUFST XF EP OPU ZFU IBWF EFUBJMFE

NFBTVSFNFOUT PG 
߂	 UIF NPWFNFOUT PG JOEJWJEVBM CFFT XJUIJO DMVTUFST PS 
߃	 HMPCBM NPSQIPMPHJDBM

SFTQPOTFT PG DMVTUFST UP BNCJFOU UFNQFSBUVSF ஸVDUVBUJPOT� *O GBDU BMM FYQFSJNFOUBM TUVEJFT UP EBUF

IBWF GPDVTFE PO JOTUBOUBOFPVT NFBTVSFNFOUT PG UIF TUFBEZ TUBUF CFIBWJPS PG DMVTUFST BU ஷYFE BNCJ�

FOU UFNQFSBUVSFT33� )FODF BMM DVSSFOU NBUIFNBUJDBM BOE DPNQVUBUJPOBM NPEFMT PG UIFSNPSFHVMB�

UJPO DPOTJEFS POMZ UIF EFOTJUZ UFNQFSBUVSF BOE CFIBWJPS PG UIF DMVTUFS BU FRVJMJCSJVN61� 5P BEESFTT

UIJT HBQ JO PVS VOEFSTUBOEJOH PG IPOFZCFF TXBSN DMVTUFST IFSF XF NFBTVSF UIF EZOBNJD HMPCBM

NPSQIPMPHJDBM SFTQPOTFT PG TXBSN DMVTUFST UP DPOUSPMMFE UJNF�WBSZJOH UFNQFSBUVSF QFSUVSCBUJPOT�

߅߆



߃�߅ .ৗ০ৡ

5IF BSUJஷDJBM TXBSN DMVTUFST VTFE JO FYQFSJNFOUT DPOTJTUFE PG QBDLBHFT PG IPOFZCFFT QVSDIBTFE

GSPN /FX &OHMBOE #FFLFFQJOH JO 5ZOHTCPSP .BTTBDIVTFUUT CFUXFFO .BSDI BOE "QSJM �߈߂ߋ߃ 5IFTF

QBDLBHFT DPOTJTUFE PG BQQSPYJNBUFMZ ߂ LH PG CFFT BOE B DBHFE *UBMJBO RVFFO� 'PS BU MFBTU UXP EBZT

QSJPS UP UIF FYQFSJNFOUT UIF CFFT XFSF GFE ad libitum TVHBS TPMVUJPO XIJDI JT LOPXO UP JOEVDF UIF

TXBSN TUBUF�

5IF FYQFSJNFOUBM TFUVQ DPOTJTUFE PG B 1.2× 1.5× 1.2N CPY DPOTUSVDUFE GSPN 3.8× 8.9 DN EJ�

NFOTJPOBM MVNCFS BOE JOTVMBUFE XJUI B EPVCMF MBZFS PG QSFTT�ஷU �DN߆�߃ 4UZSPGPBN TIFFUT� 5XP XJO�

EPX BJS DPOEJUJPOFST XFSF JOTFSUFE JOUP IPMFT BU UIF CPUUPN MFG BOE SJHIU DPSOFST PG POF PG UIF XBMMT

PG UIF CPY BOE UISFF TNBMM TQBDF IFBUFST XFSF QMBDFE JO UIF DPSOFST PG UIF CPY� 'PVS UFNQFSBUVSF

TFOTPST XFSF TVTQFOEFE JO UIF BJSTQBDF PG UIF CPY BOE DPOOFDUFE UP BO "SEVJOP NJDSPDPOUSPMMFS�

5IF IFBUFST BOE BJS DPOEJUJPOFST XFSF UPHHMFE PO BOE PஶG JO SFTQPOTF UP UIJT UFNQFSBUVSF GFFECBDL JO

PSEFS UP NBJOUBJO B EFTJSFE TFU�QPJOU UFNQFSBUVSF� 5IJT TFU�QPJOU UFNQFSBUVSF XBT NPEVMBUFE CZ B

."5-"# QSPHSBN UP BDIJFWF DPOUSPMMFE IFBUJOH BOE DPPMJOH DZDMFT�

5XP XPPEFO TUSVUT XFSF VTFE UP TVQQPSU B TDBMF 	TDBMF JOGP
 BQQSPYJNBUFMZ ߋ߂ DN GSPN UIF SPPG

PG UIF CPY BOE B �DNߋ߇ DJSDVMBS XPPEFO CPBSE XBT IVOH GSPN UIF TDBMF� 5IF DBHFE RVFFO XBT ஷYFE

UP UIF VOEFSTJEF PG UIJT CPBSE XJUI XJSFT� 5IF SFTU PG UIF CFFT XFSF BMMPXFE UP GPSN B DMVTUFS BSPVOE

UIF RVFFO VOUJM UIF NBTT SFQPSUFE CZ UIF TDBMF XBT TUBCMF� 5IF CFFT XFSF BMMPXFE UP ஸZ GSFFMZ CPUI

XJUIJO UIF CPY BOE PVU PG B 0.25 × 1N XJOEPX JO UIF TJEF PG UIF CPY XIJDI DPOOFDUFE UP UIF PVU�

TJEF XPSME� 5IJT BMMPXFE UIF TXBSN UP TFOE TDPVUT JO TFBSDI PG OFX OFTU TJUFT� 8JUIPVU UIJT GSFFEPN

PG NPWFNFOU UIF CFFT XPVME DPOUJOVPVTMZ TFBSDI GPS BO PQFOJOH JO UIF CPY UP FTDBQF BOE UIF NBTT

PG UIF DMVTUFS XPVME OPU TUBCJMJ[F�

" 1PJOU (SFZ DBNFSB XBT QMBDFE 50 DN GSPN UIF CPBSE TVQQPSUJOH UIF DMVTUFS BOE BO -&% CBDL

MJHIU 	50 × 100 DN
 XBT QMBDFE PSUIPHPOBM UP UIF DBNFSB PO UIF PUIFS TJEF PG UIF TXBSN� %VSJOH

߆߆



Figure 4.2: Experimental setup for quan fying the thermoregulatory response of swarm clusters. (A) Swarms were
housed in a large insulated box, outfi ed with heaters and coolers that were toggled on and off to produce controlled
temperature perturba ons. (B) Within the box, a board with the swarm a ached was suspended from a scale. A
motor was used to revolve a camera and an opposing back light 360◦ around the swarm. (C) During each rota on,
40 images of the swarm were captured from different angles. (D) The swarm was segmented from the background
of each image using thresholding. (E) The silhoue es of the 40 images were transformed so that their height and
width matched the average values for the whole set, H̄ and W̄ . (F) An average shape was calculated from the 40
silhoue es, and this shape was revolved around the z-axis to obtain (G) a 3D approxima on of the swarm’s shape.
(H) The dynamic temperature perturba on applied in Treatment 1 is shown. The silhoue e of the swarm (averaged
over all 40 views) is shown for trials 1-3. Each image is centered at its corresponding me stamp in the panel below,
beginning at t = 0.
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FBDI EBUB DPMMFDUJPO CPVU UIF CBDL MJHIU XBT UVSOFE PO BOE ߋ߅ JNBHFT XFSF DBQUVSFE BT CPUI UIF

DBNFSB BOE UIF CBDL MJHIU XFSF SFWPMWFE BSPVOE UIF TXBSN� 8IFO UIF SFWPMVUJPO XBT DPNQMFUF

UIF CBDL MJHIU XBT UVSOFE PஶG UP BWPJE MVSJOH CFFT BXBZ GSPN UIF DMVTUFS� 5IJT ஷMNJOH SPVUJOF XBT

FYFDVUFE FWFSZ ߅ NJOVUFT EVSJOH UIF FYQFSJNFOU�

&BDI FYQFSJNFOU XBT ߃߂�ߋ߂ IPVST MPOH� *OJUJBMMZ UIF BJS UFNQFSBUVSF JO UIF CPY XBT IFME BU 15◦$

GPS ߅ IPVST UIFO SBJTFE UP 30◦$ GPS ߆ IPVST BOE ஷOBMMZ MPXFSFE CBDL UP 15◦$ GPS BO BEEJUJPOBM

߅ IPVST� 5XP EJஶGFSFOU IFBUJOH BOE DPPMJOH SBUFT XFSF UFTUFE XJUI BJS UFNQFSBUVSF DIBOHJOH CZ

8◦$�IS GPS ߄ PG UIF USJBMT 	5SFBUNFOU 
߂ BOE CZ 32◦$�IS GPS ߄ USJBMT 	5SFBUNFOU 
߃�

1SJPS UP BOBMZTJT FBDI JNBHF PG UIF TXBSN XBT VOEJTUPSUFE VTJOH Tء#"-5". DIFDLFSCPBSE DBMJ�

CSBUJPO UPPM 	UP DPSSFDU GPS XJEF�BOHMF MFOT HFPNFUSZ
� 5IF DIFDLFSCPBSE XBT QMBDFE PSUIPHPOBM UP

UIF DBNFSB BU UIF BYJT PG SPUBUJPO TP UIBU JNBHFT JO UIBU QMBOF DPVME CF DPOWFSUFE GSPN QJYFMT UP DFO�

UJNFUFST� " DVTUPN ."5-"# QSPHSBN XBT UIFO VTFE UP EFஷOF B XJSF GSBNF TJMIPVFUUF PG UIF DMVT�

UFS JO FBDI PG UIF ߋ߅ WJFXT� #FDBVTF UIF DMVTUFS XBT SBSFMZ DFOUFSFE BU UIF DBNFSBءT BYJT PG SPUBUJPO

UIF TJMIPVFUUF PG UIF DMVTUFS BQQFBSFE UP MPPN BOE SFDFEF EVSJOH UIF DBNFSBءT SPUBUJPO� 5P DPSSFDU

GPS UIJT FBDI TJMIPVFUUF XBT USBOTGPSNFE TVDI UIBU JUT EJNFOTJPOT 	J�F� IFJHIU BOE XJEUI
 FRVBMFE

UIF BWFSBHF EJNFOTJPOT PG UIF TFU PG ߋ߅ TJMIPVFUUFT� 5IF TJMIPVFUUFT XFSF UIFO BWFSBHFE UP BDIJFWF

B TJOHMF %߃ BQQSPYJNBUJPO PG UIF QSPஷMF TIBQF PG UIF DMVTUFS DFOUFSFE BU UIF BYJT PG SPUBUJPO� 5IJT

BWFSBHF TJMIPVFUUF XBT SFWPMWFE BSPVOE UIF WFSUJDBM BYJT UP DSFBUF B %߄ BQQSPYJNBUJPO PG UIF TIBQF PG

UIF DMVTUFS BOE UP EFUFSNJOF JUT TVSGBDF BSFB BOE WPMVNF� 8F BMTP BUUFNQUFE UP QFSGPSN IVMM SFDPO�

TUSVDUJPO PG UIF TXBSN UP PCUBJO B USVF %߄ SFDPOTUSVDUJPO CVU UIJT NFUIPE XBT MFTT SPCVTU UP CFFT

ஸZJOH JO GSPOU PG UIF DBNFSB 	XIJDI XBT B QFSTJTUFOU QSPCMFN
� 6MUJNBUFMZ XF DIPTF UP VTF UIF SBEJ�

BMMZ TZNNFUSJD TIBQF BQQSPYJNBUJPOT JO PVS BOBMZTFT UP QSFWFOU FSSPST BTTPDJBUFE XJUI TVDI DBNFSB

PDDMVTJPOT�

߈߆



2১ৠ০৫ৠ ৗ৪ৢৠৡৠ�ৡৠ০০ৡৠ ০ৗ

5P DBMDVMBUF QFBL FYQBOTJPO�DPOUSBDUJPO SBUFT EVSJOH IFBUJOH BOE DPPMJOH QIBTFT PG UIF FYQFSJNFOUT

UJNF TFSJFT EBUB PG TXBSN WPMVNF IFJHIU BOE XJEUI GPS FBDI USFBUNFOU XFSF TUBOEBSEJ[FE 	UP BD�

DPVOU GPS TJ[F EJஶGFSFODFT CFUXFFO TXBSNT
 CZ EJWJEJOH CZ UIFJS JOJUJBM WBMVF BU U � �ߋ " NPWJOH BWFS�

BHF ஷMUFS 	XJOEPX TJ[F≈ 40NJO
 XBT UIFO BQQMJFE UP TNPPUI UIF EBUB� 8F DPNQVUFE UIF OVNFSJDBM

EFSJWBUJWF PG FBDI UJNF TFSJFT PWFS B XJOEPX TJ[F PG≈ 40NJO BOE GPVOE UIF QFBLT BTTPDJBUFE XJUI

UIF NPTU FYUSFNF QPTJUJWF BOE OFHBUJWF WBMVFT XIJDI DPSSFTQPOE UP UIF QFBL FYQBOTJPO BOE DPOUSBD�

UJPO SBUFT SFTQFDUJWFMZ� 5IF IZQPUIFTJT UIBU FYQBOTJPO BOE DPOUSBDUJPO SBUFT BSF FRVBM 	XJUIJO FBDI

NFUSJD J�F� WPMVNF IFJHIU XJEUI
 XBT UFTUFE VTJOH B QBJSFE 5�UFTU� 8JUIJO FBDI USFBUNFOU 	J�F� IFBU�

JOH�DPPMJOH SBUF
 XF DPNQBSFE FYQBOTJPO�DPOUSBDUJPO SBUFT JO IFJHIU WT� XJEUI VTJOH BO VOQBJSFE

UXP�TBNQMF 5�UFTU�

߄�߅ 3ৗ১০

4৩য় য়

%VSJOH TPNF USJBMT UIF NBTT PG UIF TXBSN XBT TPNFXIBU WPMBUJMF EVF UP UIF BDUJWJUZ PG UIF CFFT

CVU JU HFOFSBMMZ TUBCJMJ[FE PODF UIF FYQFSJNFOUT CFHBO 	'JH� ߄ 1BOFM 
߂� 0WFS UIF DPVSTF PG B IFBU�

JOH�DPPMJOH FYQFSJNFOU UIF TXBSN DMVTUFST JO USFBUNFOUT ߂ BOE ߃ MPTU BO BWFSBHF PG �ߋ߂ BOE �߆

SFTQFDUJWFMZ� 8F DBOOPU EFUFSNJOF UIF TPVSDF PG UIJT XFJHIU MPTT CVU TFWFSBM GBDUPST NBZ DPOUSJCVUF

UP JU� 'JSTU XF OPUJDFE UIBU XBY TDBMFT BDDVNVMBUFE PO UIF ஸPPS PG UIF CPY EVSJOH UIF FYQFSJNFOUT�

)POFZCFFT SFHVMBSMZ QSPEVDF XBY TDBMFT JO QSFQBSBUJPO GPS DPMPOJ[JOH B OFX OFTU TJUF30� *O BEEJUJPO

TPNF PG UIF MPTT NBZ CF BUUSJCVUFE UP BUUSJUJPO PG CFFT BT TPNF EFBE CFFT BDDVNVMBUFE PO UIF ஸPPS

PG UIF CPY� )PXFWFS UIJT EJE OPU BQQFBS UP CF FOPVHI UP BDDPVOU GPS UIF �ߋ߂�߆ XFJHIU MPTT� *U JT

BMTP QPTTJCMF UIBU TPNF PG UIF XFJHIU MPTT SFTVMUFE GSPN CFFT MFBWJOH UIF CPY BOE GBJMJOH UP SFUVSO UP

߉߆



UIF TXBSN UIPVHI TDPVUT BQQFBSFE UP NPWF JO BOE PVU PG UIF CPY XJUI FBTF� *O GBDU PO B GFX PDDB�

TJPOT CFUXFFO FYQFSJNFOUT UIF FOUJSF TXBSN ஸFX PVU UIF XJOEPX 	MJLFMZ UPXBSE B OFXMZ TFMFDUFE

OFTU TJHIU
 POMZ UP SFUVSO UP UIF CPY BGFS EJTDPWFSJOH UIBU UIFJS RVFFO XBT OPU XJUI UIFN� *O UIFTF

JOTUBODFT UIF NBTT PG UIF TXBSN XBT TJNJMBS CFGPSF BOE BGFS JUT EFQBSUVSF TVHHFTUJOH UIBU UIF CFFT

EJE OPU TUSVHHMF UP ஷOE UIFJS XBZ CBDL UP UIF CPY�

.ৡৢৠ ৗৢৡৠৗ

$POUJOVPVT NFBTVSFT PG UIF WPMVNF EFOTJUZ TVSGBDF BSFB IFJHIU BOE XJEUI PG TXBSN DMVTUFST EVS�

JOH JNQPTFE UFNQFSBUVSF QFSUVSCBUJPOT BSF TIPXO JO 'JHVSF ߅ 	TFF 5BCMF ߂ GPS TVNNBSZ TUBUJTUJDT
�

5IF DMVTUFST OFBSMZ EPVCMFE JO WPMVNF XIFO SBJTFE GSPN 15◦$ UP 30◦$ 	⟨V̂h⟩ = 1.89 BOE ߂߉�߂ GPS

USFBUNFOUT ߂ BOE ߃ SFTQFDUJWFMZ
� 8F FYQFDUFE UIBU UIF DMVTUFS XPVME FYQBOE UP B TUFBEZ TUBUF TJ[F

BU 30◦$ CVU UIF WPMVNF OFWFS SFBDIFE B QMBUFBV WBMVF XJUIJO UIF �IPVS߅ IFBUJOH QIBTF� )PXFWFS

XIFO UIF UFNQFSBUVSF XBT ESPQQFE UP 15◦$ EVSJOH UIF DPPMJOH QIBTF UIF WPMVNF V SFUVSOFE UP

UIF JOJUJBM WPMVNF V0 XJUIJO ߃ IPVST 	RVBOUJGZ UJNF UP TBUVSBUJPO 
� 4JNJMBS EZOBNJDT XFSF PCTFSWFE

GPS TVSGBDF BSFB 	⟨Ŝh⟩ = 1.89 BOE 
߂߉�߂ BMUIPVHI TVSGBDF BSFB TBUVSBUFE NPSF TMPXMZ EVSJOH UIF

DPPMJOH QIBTF BOE PO BWFSBHF EJE OPU RVJUF SFUVSO UP JUT JOJUJBM WBMVF CZ UIF FOE PG UIF FYQFSJNFOU

	⟨Ŝc⟩ = 1.11 BOE 
߉ߋ�߂� 5IF JOJUJBM EFOTJUZ PG UIF DMVTUFST ρ0 XBT ߇ߋ�ߋ H�DN3� 'PS SFGFSFODF XF

NFBTVSFE UIF BWFSBHF NBTT PG B IPOFZCFF UP CF ߂߂�ߋ H TP UIF TUFBEZ TUBUF EFOTJUZ PG UIF DMVTUFST BU

15◦$ JT BCPVU ߆�ߋ CFFT�DN3� "T FYQFDUFE HJWFO UIF EPVCMJOH JO DMVTUFS WPMVNF UIF EFOTJUZ PG UIF

DMVTUFST XBT BQQSPYJNBUFMZ IBMWFE CZ UIF FOE PG UIF IFBUJOH QIBTF 	⟨ρ̂h⟩ = 0.50 BOE 
߆߆�ߋ�

"MUIPVHI UIF WPMVNF BOE TVSGBDF BSFB PG UIF DMVTUFST EP OPU SFBDI B TUFBEZ TUBUF EVSJOH UIF IFBU�

JOH QIBTF UIF IFJHIU PG UIF TXBSN EPFT SFBDI B NBYJNVN WBMVF ߄�߃ IPVST BGFS UIF POTFU PG FYQBO�

TJPO� *O TPNF DBTFT 	J�F� USJBMT ߃ BOE 
߄ UIF TXBSN FWFO CFHJOT UP TIPSUFO BHBJO CFGPSF UIF DPPMJOH

QIBTF CFHJOT� %FTQJUF UIJT BQQBSFOU MJNJU PO FYQBOTJPO JO UIF WFSUJDBM EJSFDUJPO UIF TXBSN DPOUJO�

VFT UP FYQBOE SBEJBMMZ BU JUT CBTF UISPVHIPVU UIF IFBUJOH QIBTF SFBDIJOH B CBTF XJEUI UIBU JT PWFS

ߊ߆



�ߋ߅ MBSHFS UIBO UIF JOJUJBM XJEUI 	⟨Ŵh⟩ = 1.46 BOE 
߂߅�߂� 5IJT BOJTPUSPQZ JO UIF FYQBOTJPO PG UIF

DMVTUFS TVHHFTUT UIBU FYQBOTJPO BOE DPOUSBDUJPO JO UIF WFSUJDBM WT� IPSJ[POUBM EJSFDUJPOT NBZ PDDVS CZ

EJஶGFSFOU NFDIBOJTNT BOE NBZ CF TVCKFDU UP EJஶGFSFOU QIZTJDBM DPOTUSBJOUT�

)৫০ৗৗ

5IF FYQBOTJPO�DPOUSBDUJPO EZOBNJDT TIPX TUSPOH IZTUFSFTJT XJUI TXBSN FYQBOTJPO PDDVSSJOH NPSF

TMPXMZ UIBO DPOUSBDUJPO 	'JH� 
"߅�߅� 'PS JOTUBODF GPS CPUI USFBUNFOU ߂ BOE ߃ UIF NFBO QFBL FYQBO�

TJPO SBUF BDSPTT USJBMT 	⟨∆V̂ /hr⟩ � ߂߄�ߋ BOE ߋ߄�ߋ SFTQFDUJWFMZ
 XBT TMPXFS UIBO UIF NFBO QFBL DPO�

USBDUJPO SBUF 	⟨∆V̂ /hr⟩ � ߋ߆�ߋ� BOE 
ߋ߇�ߋ�� /PUF UIBU UIF QFBL FYQBOTJPO SBUFT GPS CPUI USFBUNFOUT

XFSF TJNJMBS CVU UIF NFBO QFBL DPOUSBDUJPO SBUF PG USFBUNFOU ߃ XBT≈ �ߋ߃ TMPXFS UIBO USFBUNFOU

�߂ 5IF TXBSN DMVTUFS UFOEFE UP TIPSUFO EVSJOH DPPMJOH NVDI GBTUFS UIBO JU MFOHUIFOFE EVSJOH XBSN�

JOH 	'JH� 
#߅�߅� 5IJT XBT FTQFDJBMMZ USVF GPS UIF 5SFBUNFOU ߃ XIJDI IBE B GBTUFS IFBUJOH�DPPMJOH SBUF�

)PXFWFS UIF SBUF PG DIBOHF JO XJEUI PG UIF DMVTUFS EVSJOH IFBUJOH BOE DPPMJOH XBT BQQSPYJNBUFMZ

FRVJWBMFOU 	'JH� 
$߅�߅� "T B SFTVMU UIF BTQFDU SBUJP PG UIF TXBSN 	Ŵ/Ĥ
 TQJLFT EVSJOH DPPMJOH 	'JH�

%߅�߅&
� 5IJT TVHHFTUT UIBU UIF SBUF BU XIJDI UIF DMVTUFS OBSSPXT NBZ CF DPOTUSBJOFE BOE UIBU CFFT

PWFSDPNF UIJT DPOTUSBJOU UP TPNF FYUFOU CZ TIPSUFOJOH NPSF SBQJEMZ� )PXFWFS UIF EJTDSFQBODZ CF�

UXFFO MFOHUIFOJOH BOE TIPSUFOJOH SBUFT TVHHFTUT UIBU UIF PWFSBMM IZTUFSFTJT JO FYQBOTJPO�DPOUSBDUJPO

EZOBNJDT PG UIF DMVTUFS JT ESJWFO CZ NFDIBOJDBM EJஶGFSFODFT CFUXFFO UIF MFOHUIFOJOH WT� TIPSUFOJOH

QSPDFTTFT�

ߋ߇



Figure 4.3: Measurements of cluster size and shape over me for treatment 1 (A) and treatment 2 (B). Mass M̂ ,
volume V̂ , density ρ̂, surface area Ŝ , width Ŵ and height Ĥ are calculated rela ve to their value at t = 0 and
therefore do not have units (e.g., M̂ = M/M0). Raw values are represented by circles and the filtered data (moving
average) are indicated with solid lines. The bo om panel shows the imposed ambient temperature and the ver cal
gray bars refer to key transi ons.
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Figure 4.4: Hysteresis in expansion and contrac on of the swarm. (A) Peak expansion and contrac on rates mea-

sured during each trial, in terms of volume
∣∣∣∆V̂

∣∣∣/IS, where
∣∣∣∆V̂

∣∣∣= |V/V0|. Swarms from both treatment

groups consistently expanded more slowly than they contracted. (B) Peak lengthening and shortening rates ex-

pressed as
∣∣∣∆Ĥ

∣∣∣/IS, where∆Ĥ = H/H0. Swarms also tended to lengthen more slowly (during expansion)

than they shortened (during contrac on). (C) Peak broadening and narrowing rates expressed as
∣∣∣∆Ŵ

∣∣∣/IS, where
∆Ŵ = W/W0. In contrast to the direc onal differences seen in volume and length changes, there was no clear
difference in the rate at which swarms broadened vs. narrowed during expansion and contrac on. (D, E) Time course
of changes in the aspect ra o (Ŵ/Ĥ ) of swarms (middle panel), along with temperature and volume changes, for
treatment 1 (D) and treatment 2 (E). Swarm aspect ra o peaks during the contrac on response, when temperature is
dropping or has dropped back to 15◦C. This suggests that the rate at which the cluster narrows may be constrained,
and that bees overcome this constraint (to some extent) by shortening more rapidly. However, the discrepancy be-
tween lengthening and shortening rates suggests that the overall hysteresis in expansion/contrac on dynamics of the
cluster is driven by mechanical differences between the lengthening vs. shortening processes. ∗ indicates p < 0.05
and ∗∗ indicates p < 0.001.
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1SFWJPVT FNQJSJDBM TUVEJFT PO UIF UIFSNPSFHVMBUJPO PG IPOFZCFF TXBSN DMVTUFST IBWF GPDVTFE PO

NFBTVSJOH UIF NFUBCPMJD SBUFT BOE UFNQFSBUVSF QSPஷMFT PG TXBSNT BU TUBUJD BNCJFOU UFNQFSBUVSFT33,34�

5IFTF TUVEJFT TIPXFE UIBU TXBSN DMVTUFST BEBQU UIFJS TJ[F BOE TIBQF UP UIF BNCJFOU UFNQFSBUVSF JO

PSEFS UP NPEVMBUF IPX NVDI NFUBCPMJD IFBU JT EVNQFE UP UIF FOWJSPONFOU BMMPXJOH UIF DMVTUFS UP

NBJOUBJO B SFMBUJWFMZ TUBCMF DPSF UFNQFSBUVSF BOE SFEVDF UIF SBUF PG IPOFZ DPOTVNQUJPO� )PXFWFS

MJUUMF JT LOPXO BCPVU UIF QSPYJNBUF NFDIBOJTNT PG UIJT DPMMFDUJWF CFIBWJPS PS BCPVU UIF JOEJWJEVBM�

MFWFM CFIBWJPST UIBU BMMPX GPS TVDI DPMMFDUJWF UIFSNPSFHVMBUJPO� 5IJT LOPXMFEHF HBQ JT OPU TVSQSJT�

JOH HJWFO UIBU UIF PCTFSWFS DBO TFF POMZ UIF CFIBWJPS PG CFFT BU UIF TVSGBDF PG UIF DMVTUFS� 5IF QSP�

DFTT CZ XIJDI UIPVTBOET PG JOUFSMJOLFE CFFT JOUFSBDU XJUI UIF MPDBM NJDSPDMJNBUF XJUIJO B TXBSN UP

BDIJFWF B UIFSNBMMZ TUBCMF HMPCBM TUSVDUVSF IBT CFFO UIF TVCKFDU PG NBOZ UIFPSFUJDBM TUVEJFT61 XJUI

JOEJWJEVBM CFFT TFOTJOH BOE SFTQPOEJOH POMZ UP MPDBM UFNQFSBUVSF XJUIJO UIF TXBSN BOE NPEVMBUJOH

UIFJS NPWFNFOUT BOE�PS NFUBCPMJD SBUFT UISPVHI TIJWFSJOH� )PXFWFS BMM UIFPSFUJDBM XPSL DVSSFOUMZ

JO UIF MJUFSBUVSF JT CBTFE PO FRVJMJCSJVN NPEFMT XIJDI DPOTJEFS UIF CFIBWJPS PG UIF NPEFM BU TUFBEZ

TUBUF BOE DPNQBSF UIF SFTVMUT PG UIF NPEFM UP TUBUJD NFBTVSFNFOUT GSPN FNQJSJDBM TUVEJFT� 5IF NFB�

TVSFNFOUT QSFTFOUFE IFSF PG UIF EZOBNJDT PG DMVTUFS TJ[F BOE TIBQF DIBOHFT JO SFTQPOTF UP DPOUSPMMFE

UFNQFSBUVSF QFSUVSCBUJPOT JNQSPWF PVS VOEFSTUBOEJOH PG DPMMFDUJWF UIFSNPSFHVMBUJPO JO UIJT TZT�

UFN BOE QPJOU UP UIF OFFE GPS OFX NPEFMJOH BQQSPBDIFT�

)৫০ৗৗ

1FSIBQT UIF NPTU TVSQSJTJOH SFTVMU PG PVS FYQFSJNFOUT JT UIBU TXBSN FYQBOTJPO JO SFTQPOTF UP SJTJOH

BNCJFOU UFNQFSBUVSFT JT SFNBSLBCMZ TMPX QBSUJDVMBSMZ JO DPNQBSJTPO UP DPOUSBDUJPO XIFO UFNQFS�

BUVSFT GBMM� 8F EFTJHOFE PVS FYQFSJNFOUT XJUI B �IS߅ HBQ CFUXFFO SBNQJOH UIF BNCJFOU UFNQFSB�

UVSF VQ UP 30◦$ BOE SBNQJOH JU CBDL EPXO 15◦$ FYQFDUJOH UIBU XJUIJO UIJT UJNF GSBNF UIF DMVTUFS

߄߇



XPVME SFBDI BO FRVJMJCSJVN TJ[F BOE TIBQF� )PXFWFS UIF WPMVNF PG UIF TXBSN DPOUJOVFE UP JO�

DSFBTF UISPVHIPVU UIJT QFSJPE XJUIPVU SFBDIJOH B QMBUFBV� 5IF DPOUSBDUJPO PG UIF TXBSN EVSJOH

UIF DPPMJOH QIBTF XBT NVDI GBTUFS TBUVSBUJOH XJUIJO≈ 2 IST BGFS UIF POTFU PG DPPMJOH� 5IJT IZT�

UFSFTJT TVHHFTUT UIBU FYQBOTJPO BOE DPOUSBDUJPO BSF TVCKFDU UP EJஶGFSFOU QIZTJDBM DPOTUSBJOUT� 4XBSN

FYQBOTJPO BOE DPOUSBDUJPO SFRVJSF UIF CSFBLJOH BOE SFGPSNJOH PG DPOOFDUJPOT CFUXFFO JOEJWJEVBM

CFFT� (JWFO UIBU JOEJWJEVBMT XJUIJO UIF TXBSN BSF TVQQPSUJOH OPU POMZ UIFJS PXO XFJHIU CVU BMTP

UIF XFJHIU PG PUIFS CFFT XJUIJO UIF BTTFNCMZ POF NJHIU FYQFDU UIBU DPOUSBDUJPO  XIJDI QSJNBS�

JMZ SFRVJSFT GPSNJOH OFX DPOOFDUJPOT CFUXFFO JOEJWJEVBMT  XPVME CF FBTJFS UP BDDPNQMJTI RVJDLMZ

XJUIPVU SJTLJOH NFDIBOJDBM GBJMVSF� 0O UIF PUIFS IBOE FYQBOTJPO SFRVJSFT CFFT UP SFMJORVJTI DPO�

OFDUJPOT XJUI PUIFS JOEJWJEVBMT TP UIJT UBTL NBZ SFRVJSF NPSF DBSFGVM DPPSEJOBUJPO UP BWPJE NF�

DIBOJDBM GBJMVSF� 'PS JOTUBODF JG UPP NBOZ CFFT SFMJORVJTI DPOOFDUJPOT BU UIF TBNF UJNF UIF TXBSN

NBZ GSBDUVSF BT UIF MPBE EJTUSJCVUJPO DIBOHFT� "O BMUFSOBUJWF UP TZTUFNBUJD DPPSEJOBUJPO CFUXFFO JO�

EJWJEVBMT JT UP TJNQMZ EFDSFBTF UIF SBUF BU XIJDI CFFT SFBSSBOHF UIFJS DPOOFDUJPOT UIFSFCZ EFDSFBTJOH

UIF SJTL PG GSBDUVSF� 5IJT NBZ FYQMBJO XIZ TXBSN DMVTUFST FYQBOE NPSF TMPXMZ EVSJOH XBSNJOH UIBO

UIFZ DPOUSBDU EVSJOH DPPMJOH�

*U JT BMTP QPTTJCMF UIBU UIF SBUFT PG UIFTF QSPDFTTFT EJஶGFS CFDBVTF DPOUSBDUJPO EVSJOH DPPMJOH JT

MJLFMZ NPSF DSJUJDBM UP UIF ஷUOFTT PG UIF TXBSN UIBO FYQBOTJPO EVSJOH IFBUJOH� 8IFO UIF BNCJFOU

UFNQFSBUVSF ESPQT CFMPX DIJMM DPNB UFNQFSBUVSF 	≈ 15◦$
 CFFT OFBS UIF TVSGBDF PG UIF DMVTUFS

TIJWFS VTJOH UIFJS ஸJHIU NVTDMFT UP BWPJE DPME�JOEVDFE JNNPCJMJ[BUJPO� 5IJT DPNFT BU B QPUFOUJBMMZ

MBSHF NFUBCPMJD DPTU� *G UIF TXBSN GBJMT UP NJUJHBUF DPPMJOH UISPVHI DPOUSBDUJPO NPSF CFFT BSF BU

SJTL PG DIJMM DPNB BOE NPSF CFFT IBWF UP TIJWFS UP BWPJE JNNPCJMJ[BUJPO BOE QPTTJCMF NPSUBMJUZ� "M�

UIPVHI PVS FYQFSJNFOU EJE OPU HP CFMPX 15◦$ BOE MJLFMZ EJE OPU GPSDF UIF CFFT UP TIJWFS TXBSN

DMVTUFST NBZ BWPJE BOZ MBH JO UIFJS DPOUSBDUJPO SFTQPOTF JO PSEFS UP NJUJHBUF GVUVSF SJTL JO DBTF UIF

BNCJFOU UFNQFSBUVSF DPOUJOVFT UP GBMM CFMPX 15◦$� *U JT OPU DMFBS UIBU FYQBOTJPO EVSJOH IFBUJOH JT BT

VSHFOU PG B UBTL GPS UIF TXBSN� 8IJMF JU NBZ IBWF CFFO QPTTJCMF GPS TPNF QBSUT PG UIF TXBSN UP SFBDI

߅߇



BEWFSTFMZ IJHI UFNQFSBUVSFT 	J�F BCPWF≈ 36◦$
 EVSJOH UIF IFBUJOH QIBTF PG PVS FYQFSJNFOU JU JT

VOMJLFMZ UIBU UIFSF XBT JNNFEJBUF SJTL MFUIBM UFNQFSBUVSFT≈ 52◦$
 10� )BWJOH IJHIFS BWFSBHF UFN�

QFSBUVSFT XJUIJO UIF TXBSN XPVME MFBE UP IJHIFS NFUBCPMJD SBUFT BOE FYDFTTJWF VTF PG IPOFZ SFTFSWFT

CVU UIJT QPTFT OP JNNFEJBUF SJTLT BOE UIFSFGPSF FYQBOTJPO NBZ CF MFTT VSHFOU�

"ৠৡ০ৡৢ৫

%VSJOH UIF IFBUJOH QIBTF PG UIF FYQFSJNFOU UIF IFJHIU PG UIF DMVTUFS SFBDIFE TBUVSBUJPO XJUIJO ߄�߃

IPVST 	BOE JO TPNF DBTFT TUBSUFE UP EFDSFBTF BHBJO
 XIFSFBT UIF XJEUI DPOUJOVFE UP JODSFBTF TUFBEJMZ

XJUIPVU SFBDIJOH TBUVSBUJPO� 5IJT BOJTPUSPQZ JO FYQBOTJPO TVHHFTUT UIBU MBUFSBM BOE WFSUJDBM FYQBO�

TJPO NBZ CF TVCKFDU UP EJஶGFSFOU DPOTUSBJOUT� 0CWJPVTMZ UIF CFFT BSF MPBEFE WFSUJDBMMZ BOE UIFSFGPSF

NVTU NBJOUBJO WFSUJDBM DPOOFDUJWJUZ JO PSEFS UP BWPJE CSFBLBHF� 8IJMF MBUFSBM DPOOFDUJPOT CFUXFFO

CFFT IFMQ EJTUSJCVUF UIF MPBE XJUIJO UIF DMVTUFS MBUFSBM HBQT CFUXFFO CFFT BSF UPMFSBCMF� *O GBDU )FJO�

SJDI33 OPUFE UIBU UIF CFFT JO UIF JOUFSJPS PG UIF TXBSN BSF BSSBOHFE JO DPMVNOT BOE UIBU WFSUJDBM

DIBOOFMT GPSN CFUXFFO UIF UIFTF DPMVNOT BU IJHI UFNQFSBUVSFT� )F TVHHFTUFE UIBU UIFTF DIBOOFMT

NBZ GPSN UP GBDJMJUBUF BJSஸPX CVU UIJT DIBOOFMJ[BUJPO NBZ BMTP TJNQMZ SFTVMU GSPN EJஶGFSFOUJBM MBUFSBM

WT� WFSUJDBM DPOTUSBJOUT PO DPOOFDUJWJUZ CFUXFFO JOEJWJEVBMT�

8F GPVOE UIBU TXBSN DMVTUFST JO UIF GBTUFS USFBUNFOU HSPVQ 	5SFBUNFOU 
߃ TVCKFDUFE UP GBMMJOH

UFNQFSBUVSFT XFSF BCMF UP DPOUSBDU≈ 2.5 UJNFT GBTUFS JO UIF WFSUJDBM EJSFDUJPO UIBO JO UIF IPSJ[POUBM

EJSFDUJPO� 5IJT EJஶGFSFODF NBZ BMTP CF BTTPDJBUFE XJUI UIF ؤDPMVNOBSؤ PSHBOJ[BUJPO PG UIF DMVTUFS�

6OMPBEFE CFFT PO UIF TVSGBDF PG UIF TXBSN NBZ CF BCMF RVJDLMZ DMJNC VQ UIFTF DPMVNOT UP EFDSFBTF

UIF IFJHIU PஶG UIF DMVTUFS�

߆߇
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0VS TUVEZ EFNPOTUSBUFT UIBU UIF FYQBOTJPO BOE DPOUSBDUJPO EZOBNJDT PG TXBSN DMVTUFST JO SFTQPOTF

UP EZOBNJDBMMZ WBSZJOH BNCJFOU UFNQFSBUVSFT BSF TMPXFS BOE NPSF DPNQMFY UIBO QSFWJPVTMZ BQ�

QSFDJBUFE BOE UIBU UIF NFDIBOJDT PG UIF DMVTUFS NBZ MJNJU UIF SBUF BU XIJDI DMVTUFST DBO SFTQPOE UP

DIBOHFT JO UIF FOWJSPONFOU� &YJTUJOH NPEFMT PG DMVTUFS UIFSNPSFHVMBUJPO EP OPU DPOTJEFS UIF TUSVD�

UVSF PG UIF DMVTUFS PS UIF NFDIBOJDBM DPOTUSBJOUT UIBU MJNJU JUT BCJMJUZ UP NPEVMBUF JUT EFOTJUZ OPS EP

UIFZ JODPSQPSBUF EZOBNJD DIBOHFT JO UFNQFSBUVSF BOE DMVTUFS NPSQIPMPHZ� 8F IPQF UIBU PVS EBUB

XJMM DPOUSJCVUF UP JNQSPWFNFOU PG UIFTF NPEFMT� 5PXBSET B DPNQMFUF VOEFSTUBOEJOH DPMMFDUJWF UIFS�

NPSFHVMBUJPO GVUVSF FYQFSJNFOUBM XPSL TIPVME GPDVT PO USBDLJOH UIF NPWFNFOUT PG JOEJWJEVBMT JO

SFTQPOTF UP MPDBM UFNQFSBUVSF BOE NFDIBOJDBM DVFT�
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Ĥ

h
Ĥ
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Table 4.2: Expansion and contrac on rates (with respect to volume, height and width) broken down by treatment
group and trial.

&YQBOTJPO BOE $POUSBDUJPO 3BUFT
IFBU��DPPMJOH SBUF ∆V̂ �IS ∆Ĥ�IS ∆Ŵ �IS

5SJBM ◦$�IS &YQ� $POU� &YQ� $POU� &YQ� $POU�
߂ ߉ ߂߅�ߋ ߄߆�ߋ� ߆߂�ߋ ߈߄�ߋ� ߄߃�ߋ ߃߂�ߋ�
߃ ߉ ߅߃�ߋ ߇߅�ߋ� ߅߂�ߋ ߉߂�ߋ� ߄߂�ߋ ߊ߂�ߋ�
߄ ߉ ߉߃�ߋ ߂߆�ߋ� ߋ߄�ߋ ߉߃�ߋ� ߊߋ�ߋ ߃߃�ߋ�

.FBO ߂߄�ߋ ߋ߆�ߋ� ߋ߃�ߋ ߉߃�ߋ� ߆߂�ߋ ߉߂�ߋ�
4% ߊߋ�ߋ ߅ߋ�ߋ ߊߋ�ߋ ߋ߂�ߋ ߈ߋ�ߋ ߆ߋ�ߋ
߆ ߃߄ ߊ߃�ߋ ߃߇�ߋ� ߈߂�ߋ ߇߅�ߋ� ߆߃�ߋ ߃߂�ߋ�
߇ ߃߄ ߈߄�ߋ ߋ߇�ߋ� ߆߃�ߋ ߄߄�ߋ� ߇߂�ߋ ߂߃�ߋ�
߈ ߃߄ ߄߃�ߋ ߂߇�ߋ� ߂߃�ߋ ߅߆�ߋ� ߄߂�ߋ ߈߂�ߋ�

.FBO ߋ߄�ߋ ߂߇�ߋ� ߂߃�ߋ ߅߅�ߋ� ߉߂�ߋ ߈߂�ߋ�
4% ߈ߋ�ߋ ߂ߋ�ߋ ߅ߋ�ߋ ߂߂�ߋ ߇ߋ�ߋ ߆ߋ�ߋ
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Figure A.1: Fanning ac vity, air velocity and air temperature as measured along the nest entrance (x-axis, cm). Mea-
surements were made from 4 hives at 7 mes throughout the day (07/21/2015). The density of fanning bees, air
velocity and air temperature were spa ally coupled.
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Figure A.2: The rela onship between ven la on behavior and ambient temperature according to manual measure-
ments made from 4 colonies from 07/21/2015 to 07/23/2015. (A) Flux of air at the nest entrance (q =

∫
|v|dx
2 ).

Note that because our measurements were sampled from a 1D space, we report flow rate in cm2/s rather than
cm3/s. (B) Total number of fanners visible at the nest entrance as a func on of ambient temperature.

߅�" /১য়ৗ য়১০ৡৠ

5IF ."5-"# DPEF VTFE UP HFOFSBUF UIF EBUB JO BMM ஷHVSFT QSFTFOUFE JO UIJT QBQFS JT BWBJMBCMF PO

(*5)6# 	&/5&3 45"#-& -*/, )&3&
�

1য়ৗ০ৗ ৡৗ

0VS TJNVMBUJPOT USBDLFE UIF DIBOHF PG MPDBM EFOTJUZ 	ρ
 MPDBM UFNQFSBUVSF 	T 
 BOE MPDBM WFMPDJUZ

	v
 BU FWFSZ QPTJUJPO BMPOH UIF OFTU FOUSBODF PWFS FBDI JUFSBUJPO 	UJNF
� 5IFTF WBMVFT XFSF IFME JO

UISFF BSSBZT PG MFOHUIL/lb� LXBT ஷYFE BU DN߉߄ UIF BQQSPYJNBUF XJEUI PG UIF OFTU FOUSBODF JO UIF

FYQFSJNFOUBM TFUVQ BOE lb XBT TFU UP DN߃ UIF BQQSPYJNBUF XJOHTQBO PG B GBOOJOH CFF� 8F DIPTF UP

ஷY Th UP 36 ◦$ XIJDI JT UIF UFNQFSBUVSF BU XIJDI IPOFZCFFT BSF LOPXO UP SFHVMBUF UIFJS DPSF OFTU

UFNQFSBUVSF46� "NCJFOU UFNQFSBUVSF XBT XBT ஷYFE UISPVHIPVU FBDI TJNVMBUJPO CVU XBT WBSJFE
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BDSPTT TJNVMBUJPOT UP FYQMPSF UIF FஶGFDUT PG WBSZJOH∆T � Dv BOEDT GPS 'JH� ߃ BOE ߄ XFSF 1 × 10−4

BOE 4 × 10−5 SFTQFDUJWFMZ� 5IFTF DIPJDFT XFSF VTFE UP ஷU UIF TJNVMBUJPOT UP UIF PCTFSWFE CFIBWJPS�

8F FYQMPSF UIF FஶGFDU PG UIFTF EJஶGVTJPO DPFஶஷDJFOUT PO UIF NPEFMءT CFIBWJPS JO 'JHVS'JH�F �߄�"

*O UIF DPOUJOVPVT GPSN PG UIF NPEFMKon BOEKoff SFMBUF UIF SBUF BU XIJDI CFFT CFHJO UP GBO BOE

DFBTF GBOOJOH UP UIF MPDBM BJS UFNQFSBUVSF� *O UIF DPOUFYU PG UIF TJNVMBUJPOT UIFTF WBMVFT EFTDSJCF

UIF QSPCBCJMJUZ UIBU B CFF XJMM GBO PS DFBTF GBOOJOH BU B HJWFO UFNQFSBUVSF BOE BSF HPWFSOFE CZ UIF

GPMMPXJOH FRVBUJPOT� kon = k0
tanh(m∗(T−36))+1

2 BOE koff = k0 − kon� 5IF QBSBNFUFSm DPO�

USPMT UIF TMPQF PG UIJT TJOVTPJEBM GVODUJPO� $PPL FU BM� ߄߂ߋ߃ SFQPSU UIF EJTUSJCVUJPO PG UFNQFSBUVSF

UISFTIPMET BCPWF CFFT XJMM GBO XIFO IFBUFE JO HSPVQT PG ߂ ߄ BOE ߋ߂ CFFT PWFS B SBOHF PG UFNQFSB�

UVSFT 14� 5IFZ GPVOE UIBU UIF EJTUSJCVUJPO PG UFNQFSBUVSFT BU XIJDI JOEJWJEVBMT BSF JOEVDFE UP GBO JT

EFQFOEFOU PO HSPVQ TJ[F� 'PS UIF QVSQPTFT PG PVS TUVEZ XF BTTVNFE UIBU UIF EJTUSJCVUJPO BTTPDJBUFE

XJUI HSPVQT PG ߋ߂ CFFT XBT NPTU TJNJMBS UP UIBU XIJDI XPVME CF GPVOE BU UIF IJWF FOUSBODF� 8F VTFE

m = 0.1 CFDBVTF JU BQQSPYJNBUFMZ SFQMJDBUFT UIJT EJTUSJCVUJPO� 5IJT WBMVF BMTP BEFRVBUFMZ SFQSP�

EVDFE UIF TBNF EZOBNJDT UIBU XF PCTFSWFE BU UIF OFTU FOUSBODF� 4FF 4* 'JH� ߅�" UP TFF UIF FஶGFDUT PG

m PO WFOUJMBUJPO EZOBNJDT�

*য়ৢৗয়ৗৠ০০ৡৠ

8F VTFE B ஷOJUF EJஶGFSFODF TDIFNF UP TPMWF UIF EJஶGFSFOUJBM FRVBUJPOT� "MM TJNVMBUJPOT CFHBO XJUI UIF

GPMMPXJOH JOJUJBM DPOEJUJPOT� T XBT TFU UP 36 ◦$ BDSPTT UIF FOUJSF FOUSBODF ρXBT B VOJGPSN EJTUSJCV�

UJPO ߂	 CFF QFS CJO
 BOE v XBT BO BSSBZ PG [FSPT� "U FBDI JUFSBUJPO 	PS UJNF TUFQ
 JO UIF TJNVMBUJPOT

BO Y QPTJUJPO XBT SBOEPNMZ TFMFDUFE� " TJOHMF CFF XBT BMMPXFE UP NBLF B EFDJTJPO BCPVU XIFUIFS UP

CFHJO GBOOJOH BOE POF CFF XBT BMMPXFE UP EFDJEF XIFUIFS UP DFBTF GBOOJOH BDDPSEJOH UP &RVBUJPO

�߂ &RVBUJPOT ߃ BOE ߄ XFSF UIFO TPMWFE UP VQEBUF UIF WFMPDJUZ BOE UFNQFSBUVSF BSSBZT HJWFO UIF OFX

EFOTJUZ BSSBZ� 5IFTF TUFQT XFSF UIFO SFQFBUFE JO TVCTFRVFOU MPPQT FBDI UJNF SBOEPNMZ DIPPTJOH B

QPTJUJPO UP VQEBUF�

߃߈



#ৡ১ৠ৫ ৡৠ০ৡৠ

#FFT XFSF OPU BMMPXFE UP GBO BU UIF CPVOEBSJFT TP ρ = 0 BU x = 1 BU x = L/lb� 7FMPDJUZ BU UIF

CPVOEBSJFT XBT BMTP ஷYFE BU ߋ UP FOGPSDF UIF OPOTMJQ DPOEJUJPO XJUI UIF XBMMT PG UIF OFTU FOUSBODF�

'JOBMMZ UIF EJஶGVTJPO PG IFBU BMPOH x SFRVJSFT B CPVOEBSZ DPOEJUJPO UIBU BDDPVOUT GPS UIF UIFSNBM

DPOEVDUJWJUZ PG UIF CPVOEBSJFT 	UIF XBMMT PG UIF OFTU FOUSBODF
 XIJDI EFQFOET PO UIF UIJDLOFTT BOE

NBUFSJBM QSPQFSUJFT� 8F JNQMFNFOUFE B 3PCJO #PVOEBSZ $POEJUJPO JO XIJDI UIF DPOEVDUJWJUZ PG

UIF CPVOEBSZ JT DPOUSPMMFE CZ UIF QBSBNFUFS α� 8IFO α ≈ 0 UIF XBMM PG UIF OFTU FOUSBODF CFIBWFT

BT B QFSGFDU DPOEVDUPS� 8IFO α = 1 UIF XBMM CFIBWFT BT B QFSGFDU JOTVMBUPS� 4FF 4* 'JH� ߆�" UP TFF

UIF FஶGFDU PG UIJT QBSBNFUFS DIPJDF PO WFOUJMBUJPO EZOBNJDT�

߆�" .ৗৠয় ৡ ৗ�ৡৠ৬০ৡৠ

0VS CBTJD NPEFM JT EFSJWFE GSPN UIF FRVBUJPOT PG NBTT BOE NPNFOUVN DPOTFSWBUJPO PG BJS ஸPX

SFDPHOJ[JOH UIBU UIJT ஸPX JT ESJWFO CZ CFF GBOOJOH� 8F EFOPUF UIF EJSFDUJPO QBSBMMFM UP UIF IJWF FO�

USBODF VTJOH B DPPSEJOBUF x BOE UIF EJSFDUJPO QFSQFOEJDVMBS UP UIF IJWF FOUSBODF CZ y UIF ஸVJE WF�

MPDJUZ DPNQPOFOUT JO UIF UXP EJSFDUJPO CZ u(x, y, t), v(x, y, t) SFTQFDUJWFMZ BOE UIF UFNQFSBUVSF CZ

T (x, y, t)� 4JODF UIFSF BSF OP ஸPXT JO UIF x EJSFDUJPO BOE OP WBSJBUJPOT JO UIF UFNQFSBUVSF BOE ஸPX

WFMPDJUZ JO UIF y EJSFDUJPO XF IBWF u = 0, v = v(x, t), T = T (x, t)� 5IFO NPNFOUVN CBMBODF JO

UIF y EJSFDUJPO SFBET ρf (∂v/∂t+v∂v/∂y) = −∂p/∂y+f+µ∂2v/∂x2 XIFSF ρf JT UIF ஸVJE EFO�

TJUZ BOE f JT UIF CPEZ GPSDF UIBU DPOTJTUT PG UIF ஸVJE GSJDUJPO XJUI UIF ஸPPS PG UIF IJWF FOUSBODF J�F�

f = −ζv XIFSF ζ JT UIF GSJDUJPO GBDUPS� *G UIF ஸPX SFBDIFT TUFBEZ TUBUF SFMBUJWFMZ RVJDLMZ DPNQBSFE

UP BOZ DIBOHFT JO UIF FOWJSPONFOU BTTPDJBUFE XJUI EJVSOBM WBSJBUJPOT NPNFOUVN CBMBODF SFEVDFT

UP B TJNQMF FRVBUJPO UIBU OPX SFBET−ζv + µ∂v/∂x2 − ∂p/∂y = 0� 4JODF UIF QSFTTVSF HSBEJFOU

JT QSFEPNJOBOUMZ BO BDUJWF POF HFOFSBUFE CZ UIF CFFT PWFS UIFJS MFOHUI B TJNQMF FYQSFTTJPO TVHHFTUT

UIBU ∂p/∂y ∼ ρρfv2b JO UIF BDUJWF SFHJPO XIFSF ρ JT UIF MJOFBS EFOTJUZ PG GBOOJOH CFFT BOE vb JT UIF
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Figure A.3: Effects of diffusion coefficients,DV andDT , on ven la on dynamics. At lowDV andDT , there is
minimal shear imposed by velocity gradients (effec ve diffusion of velocity) and minimal diffusion of heat through x.
In this condi on, the posi ve feedback between fanning behavior, air velocity and temperature occurs only locally
and there is not short-range a rac on between fanning groups. This leads to the forma on of many small fanning
groups. AsDV andDT increase, posi ve feedback occurs in both space and me. This leads to fewer, larger fan-
ning groups. x̂ ∈ [0, 19] and t̂ ∈ [0, 2× 104].
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Figure A.4: Effect of slope of behavioral switch func ons on ven la on dynamics. Kon andKoff prescribe the prob-
ability of a given bee to begin fanning or cease fanning at a given local air temperature. The slope of these func ons
is controlled by the parameterm. (A,E) Whenm is extremely low (m = 0.01), fanning behavior is weekly coupled
to temperature and no dis nct fanning group forms. This leads to high fluid fric on and poor ven la on efficiency.
(C,E) Whenm is extremely high (m = 1), fanning behavior will occur only over a narrow range of temperatures.
(B,F) At moderatem (m = 0.1), ven la on can occur over a broad range of temperatures and a stable fanning
group will form, except when T is very close to Thive(∆T < 2). Because the slope of these switch func ons is the
only behavioral parameter in our model–the others pertaining only to the proper es of the physical environment–it is
likely that natural selec on has acted on this parameter to ensure efficient ven la on. We selectedm = 0.1 for our
simula ons because it most adequately fits data on the diversity of fanning temperature thresholds reported in the
literature14,38. x̂ ∈ [0, 19] and t̂ ∈ [0, 2× 104]
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Figure A.5: Effects of ambient temperature and boundary conduc vity on ven la on dynamics. The parameter α
controls the thermal conduc vity of the boundaries of the nest entrance. When α is near 0, the boundary is per-
fectly conduc ve. When α is 1, the boundary is a perfect insulator. When α is small, the fanning group is more likely
to occupy the center of the nest entrance. This occurs because heat is being con nually lost to the environment
through the boundary (if Ta < Th) and the warmest region of the entrance where bees are most likely to fan is the
center of the entrance. When α is high, the system loses no heat through the boundary. Therefore, when the fanning
group is posi oned at near the boundary, heat diffuses toward the opposite side of the entrance (where inflow is
occurring) but not through the boundary. This condi on is rela vely stable and the fanning bees are more likely to
con nue fanning near the boundary than they are away from the boundary. x̂ ∈ [0, 19] and t̂ ∈ [0, 2× 104].
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DPOTUBOU ஸPX WFMPDJUZ HFOFSBUFE CZ B CFF� *O UIF QBTTJWF SFHJPO UIF QSFTTVSF HSBEJFOU JT SFWFSTFE CZ

BO BNPVOU UIBU JT EJDUBUFE CZ NBTT CBMBODF� *OEFFE JOUFHSBUJOH UIF FRVBUJPO GPS NBTT CBMBODF PWFS

UIF MFOHUI PG UIF IJWF FOUSBODFL XF NVTU IBWF
∫ L
0 vdx = 0 GPS HMPCBM NBTT CBMBODF 	BTTVNJOH UIBU

UIF EPNJOBOU ஸPX JOUP UIF IJWF PDDVST POMZ BU UIF FOUSBODF
� 5IFO ஷOBM FRVBUJPO GPS ஸVJE ஸPX BU

UIF FOUSBODF UIFO SFBET

ζv = ρfv
2
b

[
ρ(x, t)− 1

L

∫ L

0
ρ(x, t)dx

]
+ µ

∂2v(x, t)

∂x2
. 
߂�"	

%JWJEJOH CPUI TJEFT CZ ζ BOE EFஷOJOH B DIBSBDUFSJTUJD MFOHUI TDBMF lb = ρfvb/ζ BOE B TDBMFE NPNFO�

UVN EJஶGVTJWJUZ 	XJUI EJNFOTJPOT PG UIF JOWFSTF MFOHUI TRVBSFE
Dv = µ/ζ  XF PCUBJO &R� 
߃	 JO

UIF NBJO UFYU�

'PS IFBU CBMBODF BU UIF IJWF FOUSBODF XF NBZ XSJUF BO FRVBUJPO UIBU BDDPVOUT GPS BEWFDUJPO EJG�

GVTJPO BOE TPVSDFT BT ∂T/∂t + u∂T/∂x + v∂T/∂y = D(∂2T/∂x2 + ∂2T/∂y2) + q� "HBJO

XJUI UIF BTTVNQUJPOT PG WBSJBUJPOT POMZ JO x BOE u = 0 BMPOH XJUI B TJNQMF DPPMJOH MBX UIBU BT�

TVNFT q = −cv∆T  J�F� UIF DPPMJOH SBUF JT MJOFBSMZ QSPQPSUJPOBM UP UIF UFNQFSBUVSF EJஶGFSFODF BOE

UIF ஸVJE WFMPDJUZ 	OFHMFDUJOH BOZ DPNQMFY EFQFOEFODF PO UIF /VTTFMU OVNCFS
 XF ஷOE UIBU UIF

SFTVMUJOH FRVBUJPO GPS IFBU CBMBODF BU UIF FOUSBODF SFBET

∂T (x, t)

∂t
= −cv(x, t)∆T +DT

∂2T (x, t)

∂x2

߃�"	

*G XF VTF UIF EJNFOTJPOMFTT WBSJBCMFT EFஷOFE CZ x̂ = x/lb, t̂ = tvb/lb, u = v/vb,φ = ρlb,Θ =

T/Ta XF BSF MFE UP B EJNFOTJPOMFTT TFU PG PVS PSJHJOBM FRVBUJPOT XJUI GPVS EJNFOTJPOMFTT QBSBNF�

UFST HJWFO CZ�

u =

[
φ− lb

L

∫ L/lb

0
φdx̂

]
+

Dv

l2b

∂2u

∂x̂2
. 
߄�"	
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∂Θ

∂ t̂
= −clbu∆Θ+

DT

vblb

∂2Θ

∂x̂2

߅�"	

*O 'JH� ߇4 XF FMBCPSBUF PO UIF TVDDJODU NBUIFNBUJDBM EFTDSJQUJPO JOEJDBUFE JO &RO ߂4 UIBU EF�

TDSJCFT UIF EZOBNJDT PG BJSஸPX JO BOE PVU PG UIF OFTU FOUSBODF� 5IF ஷSTU UFSN 	"
 EFOPUFT UIF PVU�

XBSE BJSஸPX EVF UP UIF BDUJWFMZ GBOOJOH CFFT� )PXFWFS TJODF UIF OFTU WPMVNF JT ஷYFE UIJT PVUஸPX

NVTU CF CBMBODFE CZ JOஸPX FMTFXIFSF� 5IJT TJNQMF DPOTFRVFODF PG ஸVJE DPOTFSWBUJPO EFNBOET UIF

QSFTFODF PG UIF TFDPOE UFSN 	#
 XIJDI TFSWFT BT BO JOIJCJUPS PG ஸPX 	BT JU SFWFSTFT UIF ஸPX EJSFD�

UJPO
� 'JOBMMZ UIF MBTU UFSN 	$
 DIBSBDUFSJ[FT UIF FஶGFDU PG ஸPX FOUSBJONFOU EVF UP UIF TIFBS JOEVDFE

CZ NPUJPO JO BOE PVU PG UIF OFTU� UIF OFU FஶGFDU JT UIBU PG QFOBMJ[JOH MBSHF WFMPDJUZ HSBEJFOUT� 5IF BD�

DPNQBOZJOH ஷHVSFT TIPX IPX B QPQVMBUJPO PG BDUJWF GBOOFST MFBET UP B MPDBM BDUJWFMZ ESJWFO PVUஸPX

UIBU WJB DPOTFSWBUJPO PG ஸVJE EFNBOET QBTTJWF JOஸPX JO UIPTF SFHJPOT XIFSF UIFSF BSF OP BDUJWF GBO�

OFST� 5IF SFTVMUJOH JODSFBTF JO ஸVJE GSJDUJPO EVF UP TIFBS HSBEJFOUT JO UIFTF SFHJPOT DBVTFT BEEJUJPOBM

FOUSBJONFOU PG ஸPX GSPN UIF OFTU� 5IJT MFBET UP UIF CFFT UIFSF TFOTJOH UIF OFTU UFNQFSBUVSF ESJWJOH

MPDBM SFDSVJUNFOU PG CFFT BOE DSFBUJOH B QPTJUJWF GFFECBDL UIBU ESJWFT UIF DMVTUFST UP DPBSTFO JOUP B

TJOHMF POF XIFO UIF UFNQFSBUVSF EJஶGFSFODF CFUXFFO UIF OFTU BOE UIF FOWJSPONFOU JT MBSHF� 5IF EJG�

GFSFOU TDIFNBUJDT ߄߃߂ TIPX IPX ஸVJE ஸPX DBO TFSWF BT CPUI BDUJWBUPS BOE JOIJCJUPS EFQFOEJOH PO

UIF TQBUJBM IFUFSPHFOFJUZ PG UIF JOJUJBM EFOTJUZ PG GBOOJOH CFFT�

߇�" -ৡৠ�০ৗয় ২ৗ য়ৡৠ০ৡৠ

5IFSNJTUPST XFSF VOJGPSNMZ EJTUSJCVUFE BMPOH UIF OFTU FOUSBODF ߉�߂		 Y 
DN߈߄ MFBEJOH UP B DN߈߂�߂

TQBDJOH CFUXFFO UIFSNJTUPST� 5IF UIFSNJTUPST XFSF TVTQFOEFE GSPN SJHJE MFBE XJSFT TP UIBU UIF CFBE

PG UIF UIFSNJTUPS XBT JTPMBUFE GSPN UIF DJSDVJU CPBSE BOE TVTQFOEFE JO UIF BJSஸPX HFOFSBUFE CZ UIF
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A. fanning behavior

B. fanning behavior + conservation of volume

C. fanning behavior + conservation of volume + friction 
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v(x, t) = lbvb

[
ρ(x, t)− 1

L

∫ L

0
ρ(x, t)dx

]
+ Dv

∂2v(x, t)

∂x2

Figure A.6: A schema c illustra ng the mechanisms of self-organiza on which emerge from the model. Equa on 2 is
broken down into components: (A) the direct result of fanning behavior, (B) conserva on of volume, and (C) fric on
(or effec ve diffusion of velocity). Below, the following variables are plo ed: the distribu on of fanners (ρ), velocity
calculated considering only fanning behavior (vA), velocity calculated considering fanning and conserva on (vB ),
velocity considering fanning, conserva on and fric on (vC ), and the temperature profile (T ). Scenario 1 is a simple
example which illustrates how conserva on of volume contributes to global inhibi on of fanning behavior (*) and
fric on (as well as the diffusion of heat) contribute to local ac va on (**). That is, bees are more likely to fan adjacent
to other fanning bees due to fric on and diffusion. Scenario 2 illustrates a case in which this fric on/diffusion drives
a rac on between adjacent fanning groups (†). Fanners are more likely to fan between fanning groups as a result of
fric on/diffusion. Finally, Scenario 3 illustrates the poten al for conserva on of volume to act as a global inhibitor
which ul mately drives compe on between fanning groups (††). Large fanning groups are more likely to grow and
smaller groups are likely to shrink and disappear due to this compe on.
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Figure A.7: Custom sensor array. A) The ThermistorMUX circuit installed at the nest entrance. B) One of four PCB
modules.

Table A.1: Dimensionless parameters and constants. Values reported here were used in simula ons unless other-
wise specified in the figure cap ons. L = 0.38m, lb = 0.02m, vb = 1m/s, c = 0.05/m,DT =
4× 104m2/s,Dv = 1× 10−4m2.

1BSBNFUFS %FTDSJQUJPO 7BMVF
L/lb TDBMFE FOUSBODF MFOHUI 19
Dv/l2b TDBMFE ஸVJE GSJDUJPO 0.25
DT/vblb TDBMFE UIFSNBM EJஶGVTJWJUZ 4× 10−4

clb TDBMFE GBOOJOH MFOHUI 1× 10−3

m CFIBWJPSBM TXJUDI SFTQPOTF 0.1/oC
α TDBMFE CPVOEBSZ DPOEVDUJWJUZ 0.2
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CFFT� 5IF UIFSNJTUPST XFSF PDDBTJPOBMMZ DPOUBDUFE CZ UIF XJOHT PG GBOOJOH CFFT CVU UIFZ XFSF UZQ�

JDBMMZ OPU EJSFDUMZ UPVDIJOH UIF CPEJFT PG UIF CFFT 	TFF 'JH� "߉�" BOE 4* .PWJF 
߃� " -PHJUFDI Dߋ߃ߊ

XFC DBN XBT NPVOUFE BQQSPYJNBUFMZ ߄ G BCPWF UIF OFTU FOUSBODF QPJOUJOH EPXO TVDI UIBU BO PS�

UIPHPOBM WJFX PG UIF ؤQPSDIؤ XBT WJTJCMF� 'PVS�TFDPOE WJEFPT PG GBOOJOH BDUJWJUZ XFSF DPMMFDUFE FWFSZ

߆ NJOVUFT GSPN ߆߂�߇߂�ߊ UP �߆߂�߅߃�ߊ 5FNQFSBUVSF NFBTVSFNFOUT GSPN FBDI PG UIF ߃߄ UIFSNJTUPST

XBT BDRVJSFE FWFSZ ߆ TFDPOET PWFS UIJT QFSJPE� "O BEEJUJPOBM 1BSBMMBY ߂߂5(4 EJHJUBM UFNQFSBUVSF

TFOTPS XBT QMBDFE OFBSCZ JO UIF TIBEF JO PSEFS UP NFBTVSF UIF BNCJFOU UFNQFSBUVSF� 5IJT QSPUPDPM

XBT SFQFBUFE GPS UXP BEEJUJPOBM IJWFT GSPN ߇߂ߋ߃�߈�߈ UP ߇߂ߋ߃�ߊ߂�߈ 	'JH� ߉�" GPS DPNQMFUF EBUBTFU
�

5IF QPTJUJPO PG BMM GBOOJOH CFFT WJTJCMF PO UIF PVUTJEF PG UIF OFTU FOUSBODF EVSJOH UIF WJEFPT UBLFO

EVSJOH EBZMJHIU IPVST XFSF EJHJUJ[FE CZ NPVTF DMJDL VTJOH B DVTUPN ."5-"# QSPHSBN 	4FF 4*

.PWJF 
߄� 'BOOJOH BDUJWJUZ BMTP PDDVST KVTU JOTJEF UIF FOUSBODF PG UIF IJWF IPXFWFS UIFTF CFFT XFSF

OPU WJTJCMF JO PVS WJEFPT BOE BSF OPU SFQSFTFOUFE JO PVS EBUB� 8F BTTVNF UIBU BOBMZ[JOH UIF QPTJUJPO

BOE OVNCFS PG GBOOJOH CFFT WJTJCMF JO UIF WJEFPT JT TVஶஷDJFOU UP DBQUVSF UIF QIFOPNFOB UIBU XF BSF

JOUFSFTUFE JO�

5IF TFOTPS BSSBZ VTFE JO UIJT TUVEZ XBT EFTJHOFE CZ +JN .BD"SUIVS UP DPOUJOVPVTMZ NFBTVSF

BJS UFNQFSBUVSF BU UIF OFTU FOUSBODF XJUI IJHI TQBUJBM BOE UFNQPSBM SFTPMVUJPO� 5IF TFOTPS BSSBZ

DPOTJTUT PG GPVS 1$# NPEVMFT CFBSJOH ߉ UIFSNJTUPST FBDI 	'JH� 
߈�"� 5IF DJSDVJU CPBSE JT DPWFSFE

XJUI BO BDSZMJD DBTF� %VSJOH EBUB DPMMFDUJPO BO PQBRVF DPWFSJOH XBT VTFE UP QSFWFOU SBEJBUJWF IFBU�

JOH GSPN UIF TVO� 5IF UIFSNJTUPST XFSF TVTQFOEFE JO UIF ஸPX TUSFBN JO PSEFS UP BDRVJSF BO BDDV�

SBUF BJS UFNQFSBUVSF XJUIPVU EJSFDUMZ DPOUBDUJOH UIF CFFT 	4FF 4* .PWJF 
߄� &BDI 1$# NPEVMF IBT

B WPMUBHF SFHVMBUPS UP FOTVSF B DPOTJTUFOU SFGFSFODF WPMUBHF� " EJHJUBM TXJUDI BMMPXT B TJOHMF EJHJUBM

TJHOBM UP TXJUDI CFUXFFO FBDI PG UIF ߉ UIFSNJTUPST XIJDI BSF SFBE UISPVHI B DPNNPO BOBMPH QJO�

8IFO B HJWFO UIFSNJTUPS JT OPU CFJOH SFBE JU JT OPU SFDFJWJOH DVSSFOU QSFWFOUJOH TFMG�IFBUJOH� &BDI

PG NPEVMFT IBT B SJCCPO DBCMF DPOOFDUPS BMMPXJOH UIFN UP JOUFSGBDF XJUI UIF "SEVJOP� 5IF "SEVJOP

XBT QSPHSBNFE VTJOH UIF "SEVJOP *%& UP TFMFDU BOE SFBE FBDI UIFSNJTUPS JO TFRVFODF� %BUB XBT
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USBOTGFSFE UP B ."5-"# QSPHSBN VTJOH B 64#ட4FSJBM DPOOFDUJPO� 4DIFNBUJDT ESBXJOHT BOE DPEF

SFRVJSFE UP SFQSPEVDF UIJT TFUVQ BSF BWBJMBCMF PO (*5)6# 	&/5&3 45"#-& -*/, )&3&
�

߈�" *ৠ ৗ ৡৡৠৗ $02 ৠ ০ৗয়ৢৗ০১ৗ ০ ০ৗ ৠৗ০ ৗৠ০ৠৗ ৗ ৡ১ৢৗ

ৠ ৢৗ ১০ ৗ ৗৡ১ৢৗ ৠ ০য়ৗ

)FBU JT UIPVHIU UP CF UIF QSJNBSZ DVF UIBU JOEVDFT UIF GBOOJOH SFTQPOTF JO IPOFZCFFT� )PXFWFS

4FFMFZ 
߅߈ߊ߂	 PCTFSWFE UIBU B TNBMM DPMPOZ 	BQQSPYJNBUFMZ ߋߋߋߋ߂ CFFT
 FYQFSJFODFE ESBNBUJD TQJLFT

JO $02 DPODFOUSBUJPOT XIJDI XFSF BCBUFE CZ B QSPQPSUJPOBM GBOOJOH SFTQPOTF CZ UIF DPMPOZ74�

0WFS B ߃߆ IPVST PG $02 NFBTVSFNFOUT GSPN UIF CSPPE OFTU PG B TNBMM ߋߋߋߋ߂	 CFFT
 BOE MBSHF DPMPOZ

ߋߋߋ߆߄	 CFFT
 4FFMFZ SFQPSUFE UIBU UIF MBSHF DPMPOZ IBE B MPXFS NFBO $02 DPODFOUSBUJPO 
�߅߅�ߋ	

UIBO EJE UIF TNBMM DPMPOZ 
�߉߈�ߋ	� *O BEEJUJPO UIF MBSHFS DPMPOZ TIPXFE NVDI MFTT WBSJBUJPO JO $02

DPODFOUSBUJPO 
�߇߂�ߋ	 UIBO EJE UIF TNBMM DPMPOZ 
�߅߄�ߋ	� 4FFMFZ TVHHFTUFE UIBU UIJT CFUUFS IPNF�

PTUBTJT JO $02 DPODFOUSBUJPO JO UIF MBSHF DPMPOZ XBT MJLFMZ EVF UP OFBS DPOUJOVPVT UIFSNPSFHVMBUPSZ

WFOUJMBUJPO SBUIFS UIBO GBOOJOH JO SFTQPOTF UP $02�

*O PVS NPEFM XF BTTVNFE UIBU UIF GBOOJOH SFTQPOTF BU UIF OFTU FOUSBODF XPVME QSJNBSJMZ USBDL

UIF MPDBM BJS UFNQFSBUVSF HJWFO CFDBVTF XF XFSF VTJOH MBSHF NBUVSF DPMPOJFT� 8F UFTUFE UIJT BTTVNQ�

UJPO CZ NFBTVSJOH CPUI $02 BOE UFNQFSBUVSF BU UIF OFTU FOUSBODF PG )JWF �߄ #FDBVTF $02 TFOTPST

BSF MBSHFS BOE NVDI NPSF FYQFOTJWF UIBO UIFSNJTUPST XF XFSF OPU BCMF UP NBLF B IJHI SFTPMVUJPO

TFOTPS BSSBZ BT XF EJE GPS UIF UFNQFSBUVSF NFBTVSFNFOUT� *OTUFBE XF QBSUJUJPOFE UIF OFTU FOUSBODF

JOUP UXP EJTDSFUF SFHJPOT CZ QMBDJOH B DN߆߂ XPPEFO QBSUJUJPO JO UIF DFOUFS PG UIF OFTU FOUSBODF UP

CMPDL BJSஸPX JO UIJT SFHJPO 	'JH� 
"ߊ�"� 5IJT BMMPXFE VTF UP TUVEZ UIF TQBUJBM EZOBNJDT PG UIF GBO�

OJOH HSPVQ XIJMF VTJOH POMZ UXP $02 TFOTPST� 5IF CFFT FTUBCMJTIFE BO PVUஸPX SFHJPO PO UIF MFG

PG UIF QBSUJUJPO BMMPXJOH BJS UP QBTTJWFMZ NPWF JOUP UIF IJWF PO UIF SJHIU TJEF� 5IJT TFHSFHBUJPO PG

JOஸPX BOE PVUஸPX FNFSHFE GSPN UIF CFIBWJPS PG UIF CFFT BOE UIF QIZTJDBM DPOTUSBJOUT JNQPTFE CZ
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Figure A.8: Complete dataset of fanning behavior at nest entrance of three colonies in response to ambient temper-
ature oscilla ons. A1) Ambient temperature, Ta, oscilla ons measured in the apiary from 9/14/2015 to 9/25/2015.
A2) Normalized entrance temperature, T̂ ∈ [0, 1], as measured by 32 thermistors distributed across the nest
entrance. A3) The differen al,∆Tent, between the maximal (ou low) and minimal (inflow) temperature readings
measured at the nest entrance at a given me. A4) The number of fanners visible at the nest entrance over me.
Dark gray regions indicate mes when video data was not available. Light gray regions indicate mes when it was too
dark to collect accurate data. A5) The posi on of fanning bees along the nest entrance. B1) Ambient temperature,
Ta, oscilla ons measured in the apiary from 9/14/2015 to 9/25/2015. B2-5) Entrance temperature data for Hive 2
and Hive 3.
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UIF QBSUJUJPO 	'JH� 
#ߊ�"� 5IJT DPOஷHVSBUJPO QFSTJTUFE GPS UIF UISFF EBZ QFSJPE PWFS XIJDI EBUB XBT

DPMMFDUFE�

"T FYQFDUFE UFNQFSBUVSF BOE $02 XFSF DPVQMFE JO TQBDFPVUஸPXJOH BJS XBT FOSJDIFE JO CPUI

$02 BOE IFBU SFMBUJWF UP JOஸPXJOH BJS 	'JH� 
$ߊ�"� )PXFWFS UIF UFNQFSBUVSF BOE $02 DPODFOUSB�

UJPO PG PVUஸPX XFSF EFDPVQMFE JO UJNF� 5IF UFNQFSBUVSF PG PVUஸPXJOH BJS USBDLFE UIF BNCJFOU

UFNQFSBUVSF� %VSJOH UIF IFBU PG UIF EBZ XIFO UIFSNPSFHVMBUPSZ WFOUJMBUJPO XBT QFBL $02 XBT BU

B NJOJNVN� 8IFO UIFSNPSFHVMBUPSZ GBOOJOH EFDSFBTFE EVSJOH UIF UIF OJHIU $02 XBT NBYJNBM�

5IFSF BSF UXP QPTTJCMF FYQMBOBUJPOT GPS UIJT� 
߂ UIF OVNCFS BOE EFOTJUZ PG CFFT JO UIF OFTU BU OJHIU JT

IJHIFS EVSJOH UIF OJHIU SFTVMUJOH JO IJHIFS $02 QSPEVDUJPO BOE 
߃ BT UIF UIFSNPSFHVMBUPSZ GBOOJOH

SFTQPOTF EFDSFBTFT BU OJHIU $02 JT FWBDVBUFE BU B MPXFS SBUF� *U TFFNT MJLFMZ UIBU CPUI NFDIBOJTNT

DPOUSJCVUF� 8F BMTP OPUJDFE BO JOUFSFTUJOH EJQ JO UIF $02 DPODFOUSBUJPO BU BSPVOE BN߇ XIJDI XBT

SFQSPEVDJCMF BDSPTT EBZT UIBU XF DBOOPU ZFU FYQMBJO�

5IFTF NFBTVSFNFOUT CPMTUFS PVS BTTVNQUJPO UIBU UFNQFSBUVSF JT UIF EPNJOBOU DVF JOEVDJOH UIF

GBOOJOH SFTQPOTF JO MBSHF NBUVSF DPMPOJFT� " QSPCBCJMJUZ GVODUJPO GPS UIF $02�JOEVDFE GBOOJOH

SFTQPOTF DPVME CF BEEFE UP PVS NPEFM PODF JU JT SFTPMWFE CZ GVUVSF FYQFSJNFOUBM XPSL CVU JU JT VO�

MJLFMZ UP RVBMJUBUJWFMZ DIBOHF UIF EZOBNJDT PG UIF NPEFM CFDBVTF $02 BOE UFNQFSBUVSF BSF TQBUJBMMZ

DPVQMFE BU UIF OFTU FOUSBODF�
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Figure A.9: A) Setup for acquiring $02 concentra on data. B) Temperature of ou lowing air was consistently higher
than inflowing air, but varied with the ambient temperature. C) Similarly, $02 was higher in ou low than in inflow.
However, $02 was decoupled from temperature, reaching a minimum during the heat of the day and a maximum at
night.
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B
4VQQMFNFOUBSZ *OGPSNBUJPO GPS $IBQUFS ߄

߂�# &৪ৢৗয়ৗৠ০ .ৗ০ৡ

߂�߂�# 4০১৫ ০ৗ�

"MM DMVTUFST XFSF TUVEJFE BU )BSWBSE 6OJWFSTJUZ $PODPSE 'JFME 4UBUJPO #FEGPSE .BTTBDIVTFUUT

/ߋ߄◦߃߅	 
8ߋ߂◦߃߈�

߃�߂�# $১০ৗ ৢৗৢ০ৡৠ�

"MM PG UIF DMVTUFST TUVEJFE XFSF BSUJஷDJBM DMVTUFST XFSF CPVHIU GSPN IPOFZCFF TVQQMJFST 	/FX &OH�

MBOE #FFLFFQJOH -5% BOE (PME 4UBS CFFT -5%
 XIFSF UIF DPMPOZ ߋߋߋߋ߂	 XPSLFS�ESPOF CFFT BOE B

RVFFO
 JT DPOஷOFE JO B XPPEFO CPY� #FFT XFSF B NJY PG 3VTTJBO *UBMJBO BOE $BSOJPMBO CFFT� $MVT�

UFST XFSF QSFQBSFE CZ TFQBSBUJOH UIF RVFFO GSPN UIF SFTU PG UIF DPMPOZ� 5IF RVFFO JT QMBDFE JO B

TNBMM RVFFO DBHF ߃�߄	 Y ߋ�ߋ߂ Y ߇�߂ DN
� /FYU UIF DMVTUFS CPY XBT PQFOFE BOE UIF RVFFO 	TUJMM JO IFS

PXO DBHF
 XBT GBTUFOFE UP B DMVTUFS NPVOU BU QPTJUJPOUi = Vi = Wi = 0� 5IF XPSLFS CFFT XFSF

߇߉



UIFO TIBLFO POUP UIF CBTF PG UIF NPVOU XIFSFVQPO UIFZ DMVTUFSFE BSPVOE UIFJS RVFFO�

߄�߂�# "ৢৢ০১�

5P BOBMZ[F UIF NFDIBOJTNT PG NFDIBOJDBM TUSFTT BEBQUBUJPO UIF DMVTUFST XFSF NPVOUFE PO B DMVTUFS

NPVOU 	TFF 'JH� #߂ BOE 'JH� "߂�##
 XIJDI DPOTJTUT PG B IPSJ[POUBM XPPEFO CPBSE� 5IF CPBSE XBT

DPOUSPMMFE CZ B NPUPS 	QVSDIBTFE GSPN "QQMJFE .PUJPO
 UIBU QSPEVDFE QFSJPEJD NPWFNFOU JO UIF

IPSJ[POUBM PS WFSUJDBM BYJT BU EJஶGFSFOU GSFRVFODJFT BOE GPSDFT� 5IF TIBQF PG UIF DMVTUFS XBT SFDPSEFE

WJB DBNFSBT 	-PHJUFDI 
ߋ߈߃$ QPTJUJPOFE BU UISFF PSUIPHPOBM MPDBUJPOT 	GSPOU CPUUPN BOE TJEF
� 1P�

TJUJPOT PG JOEJWJEVBM CFFT XFSF SFDPSEFE VTJOH B IJHI�TQFFE GSPOUBM DBNFSB ߄"4	 'BTUFD *NBHJOH


SFDPSEJOH BU ߋߋ߆ GQT BOE BO 8−NFHBQJYFM J4JHIU DBNFSB SFDPSEJOH BU ߋ߅߃ GQT� "NCJFOU UFNQFSBUVSF

XBT SFDPSEFE VTJOH B EJHJUBM UIFSNPNFUFS 2ߋ߆߂"	 5FDI *OTUSVNFOUBUJPO
 UIBU XBT ஷYFE UP UIF DMVT�

UFS NPVOU ߃ DN BCPWF UIF DMVTUFSFE CFFT� 'PSDFT XFSF NFBTVSFE VTJOH BO BDDFMFSPNFUFS 	4QBSL'VO


߆߄߄-%9" NPVOUFE PO UIF XPPEFO CPBSE�

߅�߂�# 1ৡৗ১ৗ�

" USJBM SFDPSEJOH MBTUFE ߋ߇ NJOVUFT XIFSF TIBLJOH XBT BQQMJFE GPS ߋ߄ NJOVUFT BOE UIFO OP TIBL�

JOH XBT BQQMJFE GPS BEEJUJPOBM ߋ߄ NJOVUFT� &RVJMJCSBUJPO QFSJPE PG ߂ IPVS XBT BQQMJFE XJUIJO USJBMT�

%VSJOH UIJT UJNF UIF CFFT XFSF GFE BE MJCJUVN XJUI B TVHBS TPMVUJPO ߂�߂	 CZ WPMVNF HSBOVMBUFE TV�

DSPTF� MJRVJE XBUFS
 CZ TQSBZJOH JU POUP UIF DMVTUFS XJUI B TRVJSU CPUUMF� 6OMFTT TUBUFE PUIFSXJTF

TJOHMF TIBLJOH SFTQPOTF XBT SFDPSEFE CFGPSF UIF USJBM BOE BGFS ߋ߄ NJOVUFT� 5IF SFTQPOTFT UP FBDI

NFDIBOJDBM TIBLJOH DPOEJUJPO XFSF SFQMJDBUFE UISFF UJNFT� &YQFSJNFOUT XFSF QFSGPSNFE BU 22±2◦$�
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Figure B.1: Experimental Setup: A) Horizontal shaking B) Ver cal shaking. For the ver cal shaking, the motor setup
was rotated 90◦ to produce movement along the z axis.

߆�߂�# 7ৗৡ ৠ৫�

5IF TIBQF PG UIF DMVTUFS XBT FYUSBDUFE VTJOH UIF JNBHF BOBMZTJT UPPM CPY PG ."5-"# �B߇߂ߋ߃ *O QBS�

UJDVMBS UIF CBTF BSFBA(t)XBT JEFOUJஷFE VTJOH JNBHF TFHNFOUBUJPO XJUI B UISFTIPME WBMVF UP UVSO

UIF HSBZ�TDBMF JNBHF JOUP B CJOBSZ JNBHF� 5IF OVNCFS PG QJYFMT CFMPOHJOH UP UIF CBTF TFHNFOU XFSF

USBOTMBUFE UP BSFB VTJOH UIF QJYFM UP cm2 DPOWFSTJPO WJB B DBMJCSBUJPO PCKFDU� *OEJWJEVBM IPOFZCFF

QPTJUJPOT XFSF EJHJUJ[FE VTJOH B GSFFMZ BWBJMBCMF ."5-"# BQQMJDBUJPO %-5EW߆ ? �
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߃�# $ৡৠ০ৠ১ৡ১ ২� %ৡৠ০ৠৡ১ 4ঢ়ৠ

5IF NFBTVSFE BDDFMFSBUJPOT EVSJOH TIBLJOH FWFOUT XFSF SFDPSEFE VTJOH BO BDDFMFSPNFUFS NPVOUFE

PO UIF XPPEFO CPBSE BOE BSF TIPXO JO 'JH� "߃�# BOE 'JH� #߃�# GPS QFSJPEJD BOE EJTDPOUJOVPVT

TIBLJOH SFTQFDUJWFMZ�

Figure B.2: Mechanical Shaking Signals. A) Con nuous shaking in which the frequency is kept constant and the ac-
celera on is modified. B) Discon nuous shaking in which the accelera on is kept constant and the frequency is
modified. C) A single sharp shake. Maximal accelera on or frequency values for each shaking signal appear in the
legend.
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5SJBM 4XBSN 4UJNVMVT UZQF *OUFOTJUZ %JSFDUJPO %BUF
1 1 EJTDPOUJOPVT ߃ )[ IPSJ[POUBM ߆߂�QS"�߄߃
2 1 EJTDPOUJOPVT ߆ )[ IPSJ[POUBM ߆߂�QS"�߄߃
3 1 EJTDPOUJOPVT ߆�ߋ )[ IPSJ[POUBM ߆߂�QS"�߅߃
4 1 EJTDPOUJOPVT ߂ )[ IPSJ[POUBM ߆߂�QS"�߅߃
5 1 EJTDPOUJOPVT ߃ )[ IPSJ[POUBM ߆߂�QS"�߅߃
6 1 EJTDPOUJOPVT ߆�߄ )[ IPSJ[POUBM ߆߂�QS"�߅߃
7 1 EJTDPOUJOPVT ߂ )[ IPSJ[POUBM ߆߂�QS"�߆߃
8 1 EJTDPOUJOPVT ߆�߄ )[ IPSJ[POUBM ߆߂�QS"�߆߃
9 1 EJTDPOUJOPVT ߆�ߋ )[ IPSJ[POUBM ߆߂�QS"�߇߃
10 1 EJTDPOUJOPVT ߆ )[ IPSJ[POUBM ߆߂�QS"�߇߃
11 1 EJTDPOUJOPVT ߆�߄ )[ IPSJ[POUBM ߆߂�QS"�߇߃
12 1 EJTDPOUJOPVT ߆�ߋ )[ IPSJ[POUBM ߆߂�QS"�߈߃
13 1 EJTDPOUJOPVT ߆ )[ IPSJ[POUBM ߆߂�QS"�߈߃
14 1 EJTDPOUJOPVT ߂ )[ IPSJ[POUBM ߆߂�QS"�߈߃
15 1 EJTDPOUJOPVT ߃ )[ IPSJ[POUBM ߆߂�QS"�߈߃
16 2 DPOUJOVPVT ߆߈ߋ�ߋ H WFSUJDBM ߆߂�VO+�ߋ߂
17 2 DPOUJOVPVT ߂�ߋ H WFSUJDBM ߆߂�VO+�ߋ߂
18 2 DPOUJOVPVT ߆߈ߋ�ߋ H WFSUJDBM ߆߂�VO+�ߋ߂
19 2 DPOUJOVPVT ߆߈ߋ�ߋ H WFSUJDBM ߆߂�VO+�߂߂
20 2 DPOUJOVPVT ߂�ߋ H WFSUJDBM ߆߂�VO+�߂߂
21 2 DPOUJOVPVT ߆߃ߋ�ߋ H IPSJ[POUBM ߆߂�VO+�߂߂
22 2 DPOUJOVPVT ߆߃ߋ�ߋ H IPSJ[POUBM ߆߂�VO+�߂߂
23 2 DPOUJOVPVT ߂ߋ�ߋ H IPSJ[POUBM ߆߂�VO+�߂߂
24 2 DPOUJOVPVT ߆߈ߋ�ߋ H IPSJ[POUBM ߆߂�VO+�߃߂
25 2 DPOUJOVPVT ߆߃ߋ�ߋ H IPSJ[POUBM ߆߂�VO+�߃߂
26 2 DPOUJOVPVT ߂ߋ�ߋ H IPSJ[POUBM ߆߂�VO+�߃߂
27 2 DPOUJOVPVT ߆߈ߋ�ߋ H IPSJ[POUBM ߆߂�VO+�߃߂
28 2 DPOUJOVPVT ߂ߋ�ߋ H IPSJ[POUBM ߆߂�VO+�߃߂
29 2 DPOUJOVPVT ߆߈ߋ�ߋ H IPSJ[POUBM ߆߂�VO+�߄߂
30 2 DPOUJOVPVT ߆ߋ�ߋ H IPSJ[POUBM ߆߂�VO+�߄߂
31 2 DPOUJOVPVT ߆ߋ�ߋ H IPSJ[POUBM ߆߂�VO+�߄߂
32 2 DPOUJOVPVT ߆ߋ�ߋ H IPSJ[POUBM ߆߂�VO+�߄߂
33 2 DPOUJOVPVT ߆߃ߋ�ߋ H IPSJ[POUBM ߆߂�VO+�߄߂
34 2 DPOUJOVPVT ߆ߋ�ߋ H IPSJ[POUBM ߆߂�VO+�߄߂
35 2 DPOUJOVPVT ߆߃ߋ�ߋ H WFSUJDBM ߆߂�VO+�߆߂
36 2 DPOUJOVPVT ߆ߋ�ߋ H WFSUJDBM ߆߂�VO+�߆߂
37 2 DPOUJOVPVT ߆߃ߋ�ߋ H WFSUJDBM ߆߂�VO+�߇߂
38 2 DPOUJOVPVT ߆߃ߋ�ߋ H WFSUJDBM ߆߂�VO+�߇߂
39 2 DPOUJOVPVT ߆ߋ�ߋ H WFSUJDBM ߆߂�VO+�߇߂
40 2 DPOUJOVPVT ߆ߋ�ߋ H WFSUJDBM ߆߂�VO+�߇߂

Table B.1: A descrip on of the experimental trials, the par cular swarm used (swarm 1 or swarm 2), the s mulus type
(con nuous or discon nous), intensity (frequency or accelera on), direc on (horizontal or ver cal) and the date they
were performed.
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߄�# 4০০০ 5ৗ০

*O UIJT TFDUJPO XF EFTDSJCF B TFSJFT PG TUBUJTUJDBM UFTUT XF QFSGPSN UP DPNQBSF UIF PCTFSWFE FYQFSJNFO�

UBM SFTVMUT BDSPTT UIF WBSJFE FYQFSJNFOUBM QBSBNFUFST�

8F DPOTJEFS UIF UJNF TFSJFT PG UIF SBUJP PG UIF DPOUBDU BSFB PG UIF CBTF PG UIF DMVTUFS EJWJEFE CZ

JUT PSJHJOBM BSFBA(t)/A(0) BT B GVODUJPO PG UJNF� 8F DBMDVMBUFE UIF 1FBSTPO DPSSFMBUJPO DPFஶஷDJFOU

CFUXFFO UIF UJNF TFSJFT PG UIF DPOUJOVPVT TIBLJOH UIF IPSJ[POUBM BOE WFSUJDBM DBTF GPS JOUFOTJUJFT

H߆߃ߋ�ߋ Hߋ߆ߋ�ߋ BOE �H߆߈ߋ�ߋ WBMVFT1 GPS UFTUJOH UIF IZQPUIFTJT UIBU UIFSF JT OP SFMBUJPOTIJQ CFUXFFO

UIF PCTFSWFE UJNF TFSJFT 	OVMM IZQPUIFTJT
 BSF TVNNBSJ[FE JO 5BCMF �߄4 5IJT TIPXT UIBU BMM QBJST PG

IPSJ[POUBM USBJMT BSF TJHOJஷDBOUMZ EJஶGFSFOU BMM QBJST PG WFSUJDBM USBJMT BSF OPU TJHOJஷDBOUMZ EJஶGFSFOU

	p < 0.05
� "U MPX TIBLJOH JOUFOTJUJFT ߆߃ߋ�ߋ	 H
 UIF IPSJ[POUBM BOE WFSUJDBM SFTVMUT BSF OPU TJHOJஷ�

DBOUMZ EJஶGFSFOU BT JO CPUI DBTFT UIF TXBSN EPFTOءU ஸBUUFO� "T UIF JOUFOTJUZ JODSFBTFT UIF IPSJ[POUBM

BOE WFSUJDBM SFTVMUT EJஶGFS TJHOJஷDBOUMZ p < 0.01 	GPS UIF ߆ߋ�ߋ JOUFOTJUZ
 BOE p < 0.001 	GPS UIF

߆߈ߋ�ߋ JOUFOTJUZ
�

)PSJ[POUBM 7FSUJDBM
H߆߃ߋ�ߋ Hߋ߆ߋ�ߋ H߆߈ߋ�ߋ H߆߃ߋ�ߋ Hߋ߆ߋ�ߋ H߆߈ߋ�ߋ

)PSJ[POUBM H߆߃ߋ�ߋ 1 2× 10−110∗∗∗ 7.44× 10−105∗∗∗ 0.51 0.81 9.56× 10−34∗∗∗

Hߋ߆ߋ�ߋ 1 1.92× 10−160∗∗∗ 0.26 0.02∗∗ 1.31× 10−50∗∗∗

H߆߈ߋ�ߋ 1 0.75 0.01∗∗ 5.13× 10−45∗∗∗

7FSUJDBM H߆߃ߋ�ߋ 1 0.09∗ 0.11
Hߋ߆ߋ�ߋ 1 0.11
H߆߈ߋ�ߋ 1

Table B.2: P–values for tes ng the hypothesis that there is no rela onship between the observed me series of the
cluster divided by its original area (A(t)/A(0)). Significant p–values are highlighted via asterisk: p < 0.1(∗),
p < 0.05(∗∗), and p < 0.001(∗∗∗).
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߅�# /১য়ৗ .ৡৗ

&BDI IPOFZCFF JT NPEFMFE BT B 3D TQIFSJDBM QBSUJDMF PG EJBNFUFS a� $MVTUFST BU UJNF t = 0 DPOTJTUFE

PG ߋߋߋ߂ CFFT DPOOFDUFE CZ MJOFBS TQSJOHT BSSBOHFE JO B GBDF DFOUFSFE MBUUJDF PWFS B WPMVNF EFஷOFE CZ

B IBMG�FMMJQTPJE WPMVNF BU EJஶGFSFOU BTQFDU SBUJPT 	J�F� EJஶGFSFOULz/Lx WBMVFT BT EFஷOFE JO 'JH� 
"߄�߄�

5IF CPBSE JT SFQSFTFOUFE BT BO BEEJUJPOBM MBZFS PG CFFT UIBU TFSWF BT B QIZTJDBM OPO�QFSNJBCMF CBSSJFS�

5IFJS QPTJUJPO JT ஷYFE BT UIF QPTJUJPO PG UIF CPBSE
−−→
rb(t) = [Ub, Vb,Wb] BOE UIFZ BSF OPU TVCKFDUFE

UP /FXUPOءT FRVBUJPO PG NPUJPO�

5IF SFTU PG UIF CFFT 	OPU SFQSFTFOUFE PO UIF CPBSE
 FYQFSJFODF UISFF UZQFT PG GPSDFT JO UIF TJNVMB�

UJPO� 5IF ஷSTU JT UIF USVODBUFE -FOOBSE +POFT 	-+
 EFஷOFE BT�

F LJ(∥r⃗∥) =

⎧
⎪⎪⎨

⎪⎪⎩

12ϵ

a

⎡

⎣
(

a

∥r⃗∥

)13

−
(

a

∥r⃗∥

)7

−

⎛

⎝ a

∥ ⃗rLJcutoff∥

⎞

⎠
13

+

⎛

⎝ a

∥ ⃗rLJcutoff∥

⎞

⎠
7⎤

⎦ r̂ ∥r⃗∥ ≤ rLJcutoff

0 P/X 
߂�#	

XIFSF r⃗ JT UIF WFDUPS DPOOFDUJOH UIF DFOUFST PG UIF UXP QBSUJDMFT� ϵ JT UIF BNQMJUVEF PG UIF -+ QPUFO�

UJBM� UIF GPSDF JT USVODBUFE BU UIF DVUPஶG TP UIBU F LJ(rLJcutoff) = 0� 5IF TFDPOE GPSDF JT B TQSJOH GPSDF

EFஷOFE BT�

F s(∥r⃗∥) =
{

k(∥r⃗∥ − a)r̂ ∥r⃗∥ < rscutoff

0 P/X 
߃�#	

XIFSF k JT UIF TQSJOH DPFஶஷDJFOU� 5IF UIJSE GPSDF JT HSBWJUZ EFஷOFE BT�

F g = −mgŷ 
߄�#	

XIFSF g JT UIF HSBWJUBUJPOBM DPOTUBOU BOEm JT UIF NBTT PG B QBSUJDMF�
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߂�߅�# /ৡয় য়ৡৗ�

5P DIBSBDUFSJ[F UIF GSFRVFODZ PG UIF MPXFTU NPEF PG UIF DMVTUFS XF QFSGPSN /PSNBM .PEF "OBMZTJT

	/."
 ? PO DMVTUFST PG EJஶGFSFOU BTQFDU SBUJPT� 5IF GSFF NPUJPO EFTDSJCFE CZ UIF OPSNBM NPEFT UBLFT

QMBDF BU ஷYFE GSFRVFODJFT UIBU EFQFOE PO JUT TUSVDUVSF NBUFSJBMT BOE CPVOEBSZ DPOEJUJPOT� *O UIJT

DPOUFYU UIF MPXFS UIF GSFRVFODZ UIF MFTT FOFSHZ JU UBLFT UP JOWPLF JUT BTTPDJBUFE NPEF PG NPUJPO BOE

UIVT NPSF MJLFMZ UP PDDVS�

8F GPSDF UIF UPQ MBZFS PG CFFT UP SFNBJO TUBUJPOBSZ� 8F BTTVNF TNBMM EFGPSNBUJPOT PG UIF OFUXPSL

	Xi << 1
 BOE 5BZMPS FYQBOE UIF QPUFOUJBM V � 8F UBLF JOUP DPOTJEFSBUJPO FMFNFOUT VQ UP QPXFS 2

PGXi XIFSFXi JT UIF MFOHUI PG TQSJOH iNJOVT JUT FRVJMJCSJVN MFOHUI� 5IF DPSSFTQPOEJOH GPSDF PO

QBSUJDMFT DPOOFDUFE CZ TQSJOH i JT�

Fi = ∇iV =

(
∂2V

∂2Xi

)
Xi +

∑

j ̸=i

[(
∂2V

∂XiXj

)
Xj

]

߅�#	

5IF IBSNPOJD QPUFOUJBM PG UIF TQSJOH DPOOFDUJOH QBSUJDMFT i BOE j JT EFஷOFE BT�

Vi,j =
1

2
k
([

(Xj −Xi)
2 + (Yj − Yi)

2 + (Zj − Zi)
2
]1/2 − a

)2

߆�#	

XIFSFXi BOEXj BSF UIF x−QPTJUJPOT PG QBSUJDMF i BOE j SFTQFDUJWFMZ� Yi BOE Yj BSF UIF y−QPTJUJPOT

PG QBSUJDMF i BOE j SFTQFDUJWFMZ�Zi BOEZj BSF UIF z−QPTJUJPOT PG QBSUJDMF i BOE j SFTQFDUJWFMZ� a JT

UIF FRVJMJCSJVN MFOHUI PG UIF TQSJOH BOE k JT UIF TQSJOH DPFஶஷDJFOU� *O UIF HFOFSBM DBTF PGN QBSUJDMFT

DPOOFDUFE CZM TQSJOHT JO B 3D TZTUFN UIF TFDPOE EFSJWBUJWFT PG UIF PWFSBMM QPUFOUJBM BSF PSHBOJ[FE
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JO UIF 3N × 3N )FTTJBO NBUSJYH� H JT DPNQPTFE PGN ×N TVQFSFMFNFOUT PG TJ[F 3× 3 J�F� 

H =

⎛

⎜⎜⎜⎜⎜⎜⎜⎝

)1,1 )1,2 · · · )1,n
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5IF FRVBUJPO PG NPUJPOT DBO UIFO CF XSJUUFO BT ' = H · % XIFSF

% = (X1, Y1, Z1, X2, Y2, Z2 · · ·Xn, Yn, Zn) 
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JT WFDUPS PG BMMX  Y BOEZ QPTJUJPOT PG QBSUJDMFT JO UIF TZTUFN� 8F TPMWF .%̈−H% = 0 CZ DPOWFSU�

JOH JU UP UIF GPMMPXJOH &JHFO WBMVF QSPCMFN PG UIF )FTTJBO NBUSJY� (H − λ*) = 0 XIFSF λ JT B TFU

PG UIF &JHFO WBMVFT BOE I JT B VOJU NBUSJY� 5IF &JHFO WBMVFT SFQSFTFOU GSFRVFODJFT PG NPUJPO BOE UIF

&JHFO WFDUPST SFQSFTFOU EJTQMBDFNFOU PG BMM QBSUJDMFT JO UIF TZTUFN�

"T FYQFDUFE UIF QFOEVMBS NPUJPO JT UIF MPXFTU GSFRVFODZ OPSNBM NPEF PG UIF FMPOHBUFE DMVTUFS

	'JH� 
߄�#� *U JT UIF NPTU MJLFMZ UP PDDVS OBUVSBMMZ 	VOEFS UIF /." BTTVNQUJPOT
 BOE UIVT BMTP UIF

NPTU SFMFWBOU TUJNVMVT UIF IPOFZCFFT FYQFSJFODF� 5IF GSFRVFODZ BTTPDJBUFE XJUI UIF QFOEVMBS NPEF

JODSFBTFT NPOPUPOJDBMMZ BT B GVODUJPO PG UIF BTQFDU SBUJP PG UIF DMVTUFSLz/Lx� 5IFSFGPSF NPEVMB�

UJPO PG UIF BTQFDU SBUJP TVஶஷDFT UP SFEVDF UIF TUSBJO�
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Figure B.3: Normal mode analysis show that the primary deforma on modes are associated with spring and pendu-
lum modes - consistent with experimental observa ons. A) Illustra on of the displacements associated with pendu-
lum (top) and spring (bo om) modes. B) The normal mode’s frequencies as a func on of aspect ra o.
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5P FYUSBDU UIF MPDBM TUSBJOT UIF QPTJUJPOT PG UIF UPQ CFFT XFSF NBOJQVMBUFE UP QSPEVDFE QFSJPEJD

NPWFNFOU JO UIF IPSJ[POUBM PS WFSUJDBM BYJT BU EJஶGFSFOU GSFRVFODJFT BOE GPSDFT 	TJNJMBSMZ UP UIF FY�

QFSJNFOUT F�H� 'JH�   $
� 5IF SFTU PG UIF CFFT PCFZ UIF -BOHFWJO FRVBUJPOT PG NPUJPO� Ṡi = Qi/m

BOE Q̇i = −ζQi + Gi XIFSF Ṡi JT UIF WFMPDJUZ PG QBSUJDMF i� ζ JT UIF GSJDUJPO� Gi JT UIF GPSDF BDUJOH PO

UIF QBSUJDMF� 5IF CFFT FYQFSJFODF BMM UISFF GPSDFT NFOUJPOFE BCPWF� F LJ F s BOE F g XJUI BTTPDJBUFE

QBSBNFUFST MJTUFE JO 5BCMF �߃4

-PDBM JOTUBOUBOFPVT TUSBJOT XFSF NFBTVSFE SFMBUJWF UP B SFGFSFODF DPOஷHVSBUJPO JO UIF BCTFODF PG

TIBLJOH BU t = 0 BT TIPXO JO 'JH� $"߄�߄ BOE 'JH� ߄�# BDDPSEJOH UP UIF EFஷOJUJPOT JO UIF NBJO UFYU�

5JNF JOUFHSBUFE MPDBM TUSBJOT QSFTFOUFE JO 'JH� &%߄�߄ 'JH� ߄�# BOE 'JH� ߅�# XFSF EFஷOFE VTJOH B
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GPS FBDI OFJHICPS j PG QBSUJDMF i UIBU JT DPOOFDUFE WJB TQSJOH� 5IF UJNF JOUFHSBUFE TJHOBM JT EFஷOFE

BT δ̃lti =
∑t

t̃=t−Tw
δlt̃i × dt XIFSF Tw JT UIF UJNF EVSBUJPO JO XIJDI UIF TJHOBM JT JOUFHSBUFE BOE JT

DIPTFO UP CF UIF QFSJPE PG UIF TIBLJOH�
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8F QFSGPSNFE B 4UPDIBTUJD %ZOBNJDT TJNVMBUJPOT UP GPMMPX UIF BDUJWF CFIBWJPS PG CFFT� 5IF CFFT

PCFZ UIF PWFSEBNQFE FRVBUJPOT PG NPUJPO� Ṡi = −Gi + S̃i XIFSF S̃i JT B (BVTTJBO SBOEPN OVNCFS

XJUI NFBO [FSP BOE WBSJBODF η� Gi JT UIF GPSDF BDUJOH PO UIF QBSUJDMF XIJDI JODMVEF F LJ F s BOE BO

BDUJWF GPSDF F active XJUI BTTPDJBUFE QBSBNFUFST MJTUFE JO 5BCMF �߃4
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UJPO PG UIF UJNF JOUFHSBUFE OFHBUJWF OPSNBM TUBJO HSBEJFOU 	J�F� UIF BDUJWF GPSDF JT EJSFDUFE UPXBSE B

IJHIFS MPDBM TUSBJO
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*G BO BDUJWF IPOFZCFF IBT MFTT UIBO 6 TQSJOH CPOEFE JOUFSBDUJPOT JU XPVME IBWF B UFOEFODZ UP NPWF

߇ߊ



UPXBSET POF PG JUT OFJHICPST BOE DPVME MFBE UP QBUIPMPHJDBM FYQBOTJPO PG DBWJUJFT JO UIF DMVTUFS� 5P

QSFWFOU UIJT XF BMMPX CFFT UP CFDPNF BDUJWF POMZ JG UIFZ IBWF 6 TQSJOH CPOEFE JOUFSBDUJPOT�
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6OJUMFTT 7BMVF
1BSBNFUFS %FTDSJQUJPO 5ZQF 1BTTJWF "DUJWF /."
a IPOFZCFF EJBNFUFS MFOHUI 21/6 ∼ 1.122 21/6 ∼ 1.122 21/6 ∼ 1.122
k TQSJOH DPFஶஷDJFOU GPSDF�MFOHUI 5× 102 5× 102 5× 102

ϵ -FOOBSE�+POFT 	-+
 BNQMJUVEF MFOHUI 1 2× 102 
g HSBWJUBUJPOBM DPFஶஷDJFOU GPSDF 10−2  
η BNQMJUVEF PG TUPDIBTUJD OPJTF MFOHUI 0 2× 10−2 
ζ GSJDUJPO GPSDF 5  
f active BDUJWF GPSDF GPSDF  2.5× 102 
rLJcutoff DVUPஶG GPS -+ GPSDF GPSDF a 3.5 
rscutoff DVUPஶG GPS TQSJOH GPSDF MFOHUI JOG 1.2 
dt UJNF JOUFHSBUJPO DPOTUBOU UJNF 3× 10−2 5× 10−5 
δ̃ltiC MPDBM TUSBJO UISFTIPME UP CFDPNF BDUJWF   4× 10−3 

Table B.3: Simula on parameters values for both the passive and ac ve simula ons described in sec on B.4, as well
as the Normal Mode Analysis (NMA).
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5P UFTU UIF EJஶGFSFOUJBM TUSBJO IZQPUIFTJT XF TJNVMBUF UIF BDUJWF NPEFM BOE DPNQBSF UIF SFTQPOTF

PG UIF DMVTUFS UP IPSJ[POUBM BOE WFSUJDBM TIBLJOH� #PUI UIF NBYJNBM JOTUBOUBOFPVT OPSNBM TUSBJO

	'JH� 
߅�# BT XFMM BT UIF JOUFHSBUFE OPSNBM TUSBJO 	'JH� 
߅�# BSF IJHIFS JO SFTQPOTF UP B IPSJ[POUBM

TIBLJOH� 5IFSFGPSF UIFSF FYJTUT BO BDUJWBUJPO UISFTIPME δ̃ltiC  TVDI UIBU NPTU CFFT XJMM OPU SFTQPOE

UP WFSUJDBM TIBLJOH CVU XPVME SFTQPOE UP IPSJ[POUBM TIBLJOH� *OEFFE XF TFF UIBU JO UIJT DBTF UIF DMVT�

UFS TIBQF SFNBJOT BQQSPYJNBUFMZ DPOTUBOU XIFO WFSUJDBM TIBLJOH BSF BQQMJFE 	'JH� 
%$߅�# XIJMF

UIF UIF CFFT BEBQU CZ TQSFBEJOH UIFNTFMWFT JOUP B TRVBUUFS DPOJDBM GPSN XIFO IPSJ[POUBM TIBLJOH BSF

BQQMJFE 	'JH� 
#"߅�#�
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Figure B.4: Dynamic simula ons of a 3D clusters. A) Clusters of different aspect ra os (Lz/Lx), shown at an ex-
treme end of an oscilla on associated with largest normal strains. Colors represent the local normal strain of each
honeybee δli. Elongated clusters (on the right) experience a larger deforma on at the p of the cluster, while squat
clusters (on the le ) experience low deforma ons. Fountain plots show the mean normal strain (δl(Z)) as a func on
of the distance from the base,Z , and aspect ra o Lz/Lx. B) Same as A for a ver cal shaking. C,D) same as A,B for
the mean shear strain (δθ(Z)).
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Figure B.5: Local integrated normal strains resul ng from one shaking period. A) When horizontal shaking is applied.
B) When ver cal shaking is applied. Colors represent the local integrated signal, δ̃lti , and arrows represent the direc-
on towards higher local signal.
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Figure B.6: Simula on of an ac ve cluster in which the bees monitor their local deforma on and follow a local rule
in which once the deforma on is larger than a certain threshold, the honeybee has a bias to move toward a region
of higher local deforma on. In agreement with experimental results, spreading occurs during horizontal shaking (A)
but not during ver cal shaking (C), in agreement with the experimental results. Colors represent the local integrated
signal, δ̃lti , and arrows represent the direc on towards higher local signal. B,D) The rela ve base area as a func on of
me is similar to the results of experiments, with the probability distribu on func on of ver cal displacement shows

a net nega ve response, i.e. bees move upwards on average, for horizontal and ver cal shaking respec vely.
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