
5(6($5&+$57,&/(

The associations between thermal variety and
health: Implications for space heating energy
use
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Abstract

)RVVLO IXHOV GRPLQDWH GRPHVWLF KHDWLQJ LQ WHPSHUDWH FOLPDWHV� ,Q WKH (8� GRPHVWLF VSDFH
KHDWLQJ DFFRXQWV IRU DURXQG ��� RI ILQDO HQHUJ\ GHPDQG� 5HGXFLQJ GRPHVWLF GHPDQG WHP�
SHUDWXUHV ZRXOG UHGXFH HQHUJ\ GHPDQG� +RZHYHU� FROG H[SRVXUH KDV EHHQ VKRZQ WR EH
DVVRFLDWHG ZLWK DGYHUVH KHDOWK FRQGLWLRQV� 8VLQJ DQ REVHUYDWLRQDO GDWDVHW RI ������ 8.
%LREDQN SDUWLFLSDQWV� ZH H[DPLQH WKH VWDQGDUG GHYLDWLRQ RI H[SHULHQFHG WHPSHUDWXUH
�QDPHG KHUH WKHUPDO YDULHW\� PHDVXUHG E\ D ZULVW ZRUQ DFWLYLW\ DQG WHPSHUDWXUH PRQLWRU�
$IWHU FRQWUROOLQJ IRU FRYDULDWHV VXFK DV DJH� DFWLYLW\ OHYHO DQG REHVLW\� ZH VKRZ WKDW WKHUPDO
YDULHW\ LV ����Û& ���&, >����±����@ KLJKHU IRU SDUWLFLSDQWV ZKRVH KHDOWK VDWLVIDFWLRQ ZDV
µH[WUHPHO\ KDSS\¶ FRPSDUHG WR µH[WUHPHO\ XQKDSS\¶� +LJKHU WKHUPDO YDULHW\ LV DOVR DVVRFL�
DWHG ZLWK D ORZHU ULVN RI KDYLQJ PRUELGLWLHV UHODWHG WR H[FHVV ZLQWHU GHDWKV� :H DUJXH WKDW
VLJQLILFDQW &2� VDYLQJV ZRXOG EHPDGH E\ LQFUHDVLQJ WKHUPDO YDULHW\ DQG UHGXFLQJ GRPHVWLF
GHPDQG WHPSHUDWXUHV LQ WKH KHDOWKLHVW KRPHV� +RZHYHU� JUHDW FDUH LV QHHGHG WR DYRLG VHF�
RQGDU\ KHDOWK LPSDFWV GXH WR PRXOG DQG GDPS� 9XOQHUDEOH KRXVHKROGV VKRXOG UHFHLYH
LQFUHDVHG DWWHQWLRQ�

,QWURGXFWLRQ
*O UIF UFNQFSBUF DMJNBUFT PG UIF /PSUIFSO )FNJTQIFSF
 EPNFTUJD FOFSHZ EFNBOE JT EPNJOBUFE
CZ TQBDF IFBUJOH� *O UIF 64" UIFSF BSF GPVS UJNFT BT NBOZ IFBUJOH EFHSFF EBZT BT DPPMJOH
EFHSFF EBZT <�>� *O UIF &6
 EPNFTUJD TQBDF IFBUJOH BDDPVOUT GPS ��� PG EPNFTUJD FOFSHZ VTF
 BU
MFBTU ��� PG XIJDI DPNFT EJSFDUMZ GSPN GPTTJM GVFM TPVSDFT <�>� " TFOTJUJWJUZ BOBMZTJT PG UIF $BN�
CSJEHF )PVTJOH .PEFM GPS UIF 6, HPWFSONFOU <�> FTUJNBUFE UIBU B ��$ ESPQ JO EFNBOE UFN�
QFSBUVSF EFDSFBTFE $0� FNJTTJPOT CZ ���
 NBLJOH IFBUJOH EFNBOE UFNQFSBUVSF POF PG UIF
CFIBWJPVSBM GBDUPST XJUI UIF IJHIFTU QPUFOUJBM JNQBDU PO FNJTTJPOT� 5IFSFGPSF
 HJWFO UIF OFDFT�
TJUZ PG DMFBS BDUJPO PO DBSCPO FNJTTJPOT
 SFEVDUJPO JO EPNFTUJD IFBUJOH EFNBOE JT WJUBM�

"U UIF TBNF UJNF
 UIFSF JT CSPBE FQJEFNJPMPHJDBM DPOTFOTVT UIBU PCTFSWFE TFBTPOBM WBSJB�
UJPOT JO NPSUBMJUZ JO UFNQFSBUF DPVOUSJFT JT BUUSJCVUBCMF UP DPME FYUFSOBM UFNQFSBUVSFT BOE DPME
FYQPTVSF� " SFDFOU NFUB�SFWJFX PG FYJTUJOH TZTUFNBUJD SFWJFXT DPODMVEFE UIBU DPME FYQPTVSF
BOE DPME TQFMMT JODSFBTF UIF SJTL PG DBSEJPWBTDVMBS BOE SFTQJSBUPSZ JMMOFTT BOE NPSUBMJUZ <�>�
-PX UFNQFSBUVSFT JO QBSUJDVMBS BSF LOPXO UP FYBDFSCBUF SFTQJSBUPSZ IFBMUI DPOEJUJPOT TVDI BT
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DISPOJD PCTUSVDUJWF QVMNPOBSZ EJTFBTF <�>� $PME FYQPTVSF JT LOPXO UP JODSFBTF CMPPE QSFTTVSF
<�
�>� " SFWJFX CZ +FWPOT FU BM� GPVOE TVGGJDJFOU FWJEFODF UP SFDPNNFOE B UISFTIPME BNCJFOU
UFNQFSBUVSF GPS IFBMUI JO UIF 6, <�>� 5IFZ BEWPDBUFE GPS B QPQVMBUJPO XJEF UISFTIPME PG ���$
UP NJOJNJTF QPUFOUJBM IBSN UP CPUI WVMOFSBCMF BOE IFBMUIZ QPSUJPOT PG UIF QPQVMBUJPO� )PX�
FWFS
 VOEFS DPOEJUJPOT PG NJMEFS FYQPTVSF GPS IFBMUIZ JOEJWJEVBMT
 UIF SFMBUJPOTIJQ CFUXFFO
DPME BOE NPSCJEJUZ JT DPNQMFY� 3FDFOU XPSL IBT GPVOE FWJEFODF UIBU NJME DPME FYQPTVSF NBZ
NPEFSBUFMZ JNQSPWF NFUBCPMJD IFBMUI <�>� *O HFOFSBM
 IVNBOT FYIJCJU B XJEF SBOHF PG BEBQUJWF
QIZTJPMPHJDBM SFTQPOTFT UP DPME <��> BOE FNFSHJOH FWJEFODF TVHHFTUT UIBU DPME BEBQUBUJPO
DPVME MFBE UP B EFDSFBTFE SJTL PG DBSEJPWBTDVMBS EJTFBTF <��>�

'SPN B UIFSNBM DPNGPSU QFSTQFDUJWF
 UIFSF JT JODSFBTFE JOUFSFTU JO JOEPPS FOWJSPONFOUT
XIJDI EP OPU QSPWJEF TUBUJD
 JTPUIFSNBM DPOEJUJPOT PO B SPPN�EXFMMJOH CBTJT <��>� 1SFTFOUMZ

6, EPNFTUJD UFNQFSBUVSFT UFOE UP CF DPOUSPMMFE CZ HBT DFOUSBM IFBUJOH TZTUFNT PQFSBUFE CZ B
TJOHMF UIFSNPTUBU <��>� 6, PGGJDFT BSF UZQJDBMMZ SFHVMBUFE CZ DFOUSBMMZ DPOUSPMMFE BJS TVQQMZ TZT�
UFNT 	)7"$

 XIJDI MBDL PQQPSUVOJUJFT GPS QFSTPOBM DPOUSPM <��>� 5IF EFQMPZNFOU PG QFSTPOBM
DPNGPSU TZTUFNT BMMPXT UIF VTFS UP UVOF UIFJS MPDBM FOWJSPONFOU UP UIFJS QFSTPOBM QSFGFSFODFT

BHBJOTU B CBDLHSPVOE IFBUJOH PS DPPMJOH MPBE XIJDI XPVME QSPWJEF NJOJNBM DPNGPSU CZ JUTFMG�
5IJT NBZ UBLF UIF GPSN PG IFBUFE TFBUJOH
 PS BJS�GMPX DPOUSPM TZTUFNT
 XIJDI BSF QSPWJEFE BU
UIF VTFS�T XPSLTQBDF� 4VDI TZTUFNT IBWF UIF QPUFOUJBM UP SFEVDF IFBUJOH EFNBOE DPOTJEFSBCMZ
<��
 ��>� )FUFSPHFOFPVT JOEPPS NJDSPDMJNBUFT QSPWJEFE CZ TVDI TZTUFNT DPVME CF EFMJCFSBUFMZ
DPOTUSVDUFE UP JOUSPEVDF UIFSNBM BTZNNFUSJFT BOE MPDBM BJS NPWFNFOU <��>� "T B SFTVMU
 UIF
SBOHF PG UFNQFSBUVSFT FYQFSJFODFE UISPVHIPVU UIF EBZ XPVME JODSFBTF
 BT XFMM BT PGGFSJOH
PQQPSUVOJUJFT GPS QFSTPOBM DPOUSPM <��>�

5IJT QBQFS SFQPSUT UIF GJOEJOHT PG B OPWFM SFTFBSDI QSPKFDU XIJDI BJNFE UP DIBSBDUFSJTF UIF
JNNFEJBUF UIFSNBM FOWJSPONFOU PG B TUVEZ QBSUJDJQBOU VTJOH B XSJTU XPSO NPOJUPS� /P QSP�
HSBN PG TUVEZ QSJPS UP UIJT IBT TPVHIU UP VOEFSTUBOE UIF WBSJBUJPOT PG FYQFSJFODFE UFNQFSBUVSF
BU UIF QPQVMBUJPO MFWFM
 BMUIPVHI FBSMJFS GJOEJOHT GSPN UIJT TUVEZ XFSF SFQPSUFE QSFWJPVTMZ <��>�

*O UIJT TUVEZ
 XF VTFE EBUB DPMMFDUFE BT QBSU PG UIF 6, #JPCBOLoB MBSHF PO�HPJOH MPOHJUVEJ�
OBM IFBMUI TUVEZ PG PMEFS 6, BEVMUT <��>� 1BSUJDJQBOUT XPSF BO "YJWJUZ "9� XSJTUCBOE GPS B TJO�
HMF XFFL CFUXFFO +VOF ���� BOE %FDFNCFS ����
 XIJDI SFDPSEFE UIF FYQFSJFODFE UFNQFSBUVSF
BOE BDUJWJUZ MFWFMT PG UIF QBSUJDJQBOU� &BSMJFS XPSL TIPXFE UIF FYQFSJFODFE UFNQFSBUVSF UP CF B
NJY PG BNCJFOU UFNQFSBUVSF BOE IFBU GSPN UIF XSJTU <��>� 5IF TUVEZ EFTJHO JT DSPTT�TFDUJPOBM
JO OBUVSF� 5XP NPEFMT XFSF DPOTUSVDUFE UP VOEFSTUBOE IPX UIF TUBOEBSE EFWJBUJPO PG FYQFSJ�
FODFE UFNQFSBUVSF
 UIF UIFSNBM WBSJFUZ
 JT SFMBUFE UP IFBMUI PVUDPNFT� 5IF FYQFSJFODFE UFNQFS�
BUVSF XBT EPXO�TBNQMFE UP B ��NJOVUF JOUFSWBM� .PEFM � VTFE TFMG�SFQPSUFE IFBMUI TBUJTGBDUJPO
BT JUT QSJNBSZ JOEFQFOEFOU WBSJBCMF PG JOUFSFTU
 XIJMF NPEFM � VTFE EJBHOPTFE IFBMUI DPOEJ�
UJPOT� 5IF PWFSBMM BJN PG UIJT TUVEZ XBT UP DPOUSJCVUF FNQJSJDBM FWJEFODF UP PVS VOEFSTUBOEJOH
PG UIF SFMBUJPOTIJQ CFUXFFO IFBMUI BOE UIF UFNQFSBUVSFT UIBU QFPQMF FYQFSJFODF JO EBJMZ MJGF�

0HWKRGV
8JUI UIF FYDFQUJPO PG FYUFSOBM UFNQFSBUVSF
 BMM WBSJBCMFT VTFE JO UIJT TUVEZ XFSF DPMMFDUFE BT
QBSU PG UIF 6, #JPCBOL� "MM EBUB XFSF GVMMZ BOPOZNJTFE CZ 6, #JPCBOL QSJPS UP CFJOH TIBSFE
XJUI UIF TUVEZ BVUIPST� 5IF UIFSNBM WBSJFUZ BOE BDUJWJUZ MFWFM WBSJBCMFT XFSF EFSJWFE GSPN UIF
"YJWJUZ "9� XSJTUCBOE NFBTVSFNFOUT VTJOH UIF DMVTUFS DPNQVUJOH FOWJSPONFOU PG 6OJWFSTJUZ
$PMMFHF -POEPO 	6$-
� 5IF DPNQVUBUJPOBM TDSJQU XBT B NPEJGJFE WFSTJPO PG POF QSPEVDFE CZ
%PIFSUZ FU BM� GPS UIFJS XPSL PO UIF "9� NPOJUPS <��>� " DBMJCSBUJPO FSSPS CZ UIF "YJWJUZ NBO�
VGBDUVSFST XBT EJTDPWFSFE BOE DPSSFDUFE CZ UIF BVUIPS� ���
��� GJMFT XFSF QSPDFTTFE
 DPNQSJT�
JOH ��5# PG EBUB JO UPUBM� 5IJT QSPDFTTJOH QSPEVDFE B EPXO�TBNQMFE UJNFTFSJFT BU B ��NJOVUF
QFSJPE� 5IF UFNQFSBUVSF EBUB XFSF SFDPSEFE BU B QFSJPE PG CFUXFFO ���o��� TFDPOET� 5IF
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BDDVSBDZ PG UIF "9� UFNQFSBUVSF TFOTPS JT ���$ VOEFS TUBOEBSE PQFSBUJOH DPOEJUJPOT BOE UIF
SFTPMVUJPO JT ����$ <��>� 5IF SFTQPOTF UJNF JT PO UIF PSEFS PG JOEVTUSZ TUBOEBSE UFNQFSBUVSF
NPOJUPST 	J�F� 0OTFU�T )0#0 6�� %BUB -PHHFS
�

8IJMF UIF EBUB XFSF CFJOH QSPDFTTFE
 � QBSUJDJQBOUT XJUIESFX GSPN UIF TUVEZ� 6, #JPCBOL
QSPWJEFE UIF BOPOZNJTFE JEFOUJGJDBUJPO DPEFT PG UIFTF QBSUJDJQBOUT BOE UIFJS EBUB XFSF EFMFUFE�
" NJOJNVN XFBS�UJNF DSJUFSJPO PG ��� XBT JNQPTFE 	���� NJOVUFT PVU PG B UPUBM QPTTJCMF
����� GPS UIF TUVEZ XFFL
� 1BSUJDJQBOUT XIP DPOEVDUFE OJHIUTIJGU XPSL XFSF FYDMVEFE
 BT XFSF
UIPTF XIP XFSF EJBHOPTFE XJUI EFNFOUJB PS "M[IFJNFS�T EJTFBTF
 BT UIFTF NBZ CF BTTPDJBUFE
XJUI DJSDBEJBO EJTSVQUJPO <��>� 1BSUJDJQBOU�T XIPTF BWFSBHF BDUJWJUZ XBT HSFBUFS UIBO ���H XFSF
BMTP FYDMVEFE
 BT XFSF UJNFTFSJFT XIJDI FYIJCJUFE DMFBS TFOTPS NBMGVODUJPO PS TVCTUBOUJBM NJTT�
JOH EBUB� 'SPN UIFTF QSPDFTTFE UJNFTFSJFT
 UIFSNBM WBSJFUZ XBT DBMDVMBUFE BT UIF TUBOEBSE EFWJ�
BUJPO PG UIF UFNQFSBUVSF NFBTVSFE CZ UIF EFWJDF EVSJOH UIF XFFL PG XFBS�

6, #JPCBOL WBSJBCMFT
5IF WBSJBCMFT TFMFDUFE GPS JODMVTJPO XFSF CBTFE PO B QSF�BOBMZTJT QMBO GPS B QSFWJPVT QPSUJPO PG
UIF QSFTFOU TUVEZ <��>� 5IF WBSJBCMFT PG BDUJWJUZ MFWFM BOE UIFSNBM WBSJFUZ XFSF CPUI SFDPSEFE
VTJOH UIF "9� EFWJDF CFUXFFO +VOF ���� BOE %FDFNCFS ����� "MM PUIFS WBSJBCMFT XFSF DPM�
MFDUFE BU UIF UJNF PG JOJUJBM BTTFTTNFOU
 CFUXFFO ���� BOE ����
 BOE TVCTFRVFOU GPMMPX�VQ WJTJUT
<��> XJUI UIF FYDFQUJPO PG FYUFSOBM UFNQFSBUVSF 	TFF CFMPX
� 5IF WBSJBCMFT PG BHF
 IPVTFIPME
TJ[F
 CPEZ NBTT JOEFY BOE BDUJWJUZ MFWFM XFSF CJOOFE JOUP BQQSPQSJBUF DBUFHPSJFT UP BJE
JOUFSQSFUBCJMJUZ�

5IF WBSJBCMF $&8% 	XIFUIFS PS OPU B QBSUJDJQBOU IBE B DPOEJUJPO BTTPDJBUFE XJUI FYDFTT
XJOUFS EFBUIT
 VTFE JO .PEFM �
 XBT DPOTUSVDUFE GSPN UIF 6, #JPCBOL EBUB PO EJBHOPTFE EJT�
FBTF� $&8% XBT HJWFO UIF WBMVF � JG QBSUJDJQBOUT IBE CFFO EJBHOPTFE XJUI FJUIFS B SFTQJSBUPSZ
EJTFBTF 	EFGJOFE VOEFS UIF ��UI JUFSBUJPO PG UIF *OUFSOBUJPOBM 4UBUJTUJDBM $MBTTJGJDBUJPO PG %JT�
FBTFT BOE 3FMBUFE )FBMUI 1SPCMFNT 	*$%���
 BT DPEFT +�� UP +��
 PS B DJSDVMBUPSZ EJTFBTF
	*$%��� DPEFT *�� UP *��
� "M[IFJNFS�T EJTFBTF BOE EFNFOUJB 	*$%��� DPEFT '�� o'��
 BSF
BMTP SFMBUFE UP FYDFTT XJOUFS EFBUIT <��> CVU UIFZ XFSF FYDMVEFE EVF UP UIF QPUFOUJBM GPS DJSDB�
EJBO EJTSVQUJPO BT EFTDSJCFE BCPWF�POMZ TJY QBSUJDJQBOUT JO UIF TUVEZ IBE TVDI EJTFBTFT�

&YUFSOBM UFNQFSBUVSF
'PS BMM QBSUJDJQBOUT UIF BWFSBHF MPDBM FYUFSOBM UFNQFSBUVSF GPS UIF XFFL JO XIJDI UIF "9�
EFWJDF XBT XPSO XBT DBMDVMBUFE� 5IF SPVOEFE 	� LN
 IPNF MPDBUJPO PG FBDI QBSUJDJQBOU XBT
NBUDIFE UP UIF DPSSFTQPOEJOH HSJE TRVBSF PG /"4"�T .&&3"�� TVSGBDF UFNQFSBUVSF EBUBTFU
<��
 ��>� 5IF HSJE SFTPMVUJPO XBT ������¨���� 	BQQSPYJNBUFMZ ��¨�� LN
�

.PEFM � 	/ � ��
���


.PEFM � XBT B MJOFBS NPEFM VTJOH UIFSNBM WBSJFUZ BT UIF EFQFOEFOU WBSJBCMF
 XJUI UIF GPMMPXJOH
JOEFQFOEFOU WBSJBCMFT� FYUFSOBM UFNQFSBUVSF
 BHF
 IFBMUI TBUJTGBDUJPO
 GJOBODJBM TJUVBUJPO TBUJT�
GBDUJPO
 IFBUJOH UZQF
 TFY
 FUIOJD CBDLHSPVOE
 IPVTFIPME JODPNF
 UFOVSF UZQF
 BDDPNNPEBUJPO
UZQF
 IPVTFIPME TJ[F
 FNQMPZNFOU TUBUVT
 HBT PS TPMJE�GVFM DPPLJOH�IFBUJOH
 CPEZ NBTT JOEFY
BOE BDUJWJUZ MFWFM� 5IF JODMVTJPO PG TFMG�SFQPSUFE IFBMUI TBUJTGBDUJPO XBT EFTJHOFE UP DBQUVSF UIF
TVCKFDUJWF TFOTF PG XFMM�CFJOH BOE JUT BTTPDJBUJPO XJUI UIFSNBM WBSJFUZ�

.PEFM � 	/ � ��
���


.PEFM � XBT B CJOPNJBM MJOFBS NPEFM VTJOH B MPH MJOL GVODUJPO CFUXFFO UIF EFQFOEFOU WBSJBCMF
$&8% BOE UIF GPMMPXJOH JOEFQFOEFOU WBSJBCMFT� BHF
 TFY
 FUIOJD CBDLHSPVOE
 IPVTFIPME
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JODPNF
 UFOVSF UZQF
 BDDPNNPEBUJPO UZQF
 IPVTFIPME TJ[F
 FNQMPZNFOU TUBUVT
 HBT PS TPMJE�
GVFM DPPLJOH�IFBUJOH
 CPEZ NBTT JOEFY
 BDUJWJUZ MFWFM BOE UIFSNBM WBSJFUZ� .PEFM � EJE OPU
JODMVEF IFBMUI TBUJTGBDUJPO
 GJOBODJBM TJUVBUJPO TBUJTGBDUJPO PS IFBUJOH UZQF BT UIFTF WBSJBCMFT
XFSF POMZ BWBJMBCMF GPS ��
��� QBSUJDJQBOUT BOE UIF NPEFM EJE OPU DPOWFSHF XJUI UIJT MPXFS
OVNCFS PG QBSUJDJQBOUT� 5IF VTF PG $&8% BT UIF JOEFQFOEFOU WBSJBCMF JO NPEFM � XBT EFTJHOFE
UP USJBOHVMBUF BOZ GJOEJOHT PG NPEFM � JO SFMBUJPO UP IFBMUI TBUJTGBDUJPO�

5HVXOWV
*O NPEFM �
 UIFSNBM WBSJFUZ XBT UIF NBJO PVUDPNF WBSJBCMF JO B NVMUJQMF MJOFBS SFHSFTTJPO
NPEFM BHBJOTU WBSJPVT EFNPHSBQIJD BOE IFBMUI GBDUPST� 5IF BWFSBHF FYUFSOBM UFNQFSBUVSF GPS
UIF XFFL JO XIJDI UIF UIFSNBM WBSJFUZ XBT SFDPSEFE XBT BMTP JODMVEFE
 UIF SFMBUJPOTIJQ
CFUXFFO UIFN JT TIPXO JO 'JH �
 XIJDI TIPXT UIBU UIFSNBM WBSJFUZ JT HSFBUFS BU UIF DPMEFTU
UJNFT PG UIF ZFBS�

'PS NPEFM �
 UIF GVMM SFTVMUT BSF HJWFO JO 5BCMFT � BOE �� 5IF DMFBSFTU TUBUJTUJDBMMZ TJHOJGJDBOU
SFTVMUT GSPN NPEFM � TIPX UIBU UIFSNBM WBSJFUZ EFDSFBTFT XJUI JODSFBTJOH BHF
 JODSFBTJOH
VOIBQQJOFTT XJUI IFBMUI TBUJTGBDUJPO BOE JODSFBTJOH CPEZ NBTT JOEFY� 5IFSNBM WBSJFUZ
JODSFBTFT XJUI BDUJWJUZ MFWFMT 	4� 'JH
� 5IJT JT VOMJLFMZ UP CF BDDPVOUFE GPS CZ QIZTJPMPHJDBM
DIBOHFT PG XSJTU UFNQFSBUVSF BMPOF� 4UVEJFT PG XSJTU UFNQFSBUVSF WBSJBUJPO GJOE UIF BNQMJUVEF
PG WBSJBUJPO UP CF BSPVOE ���o����$ <��
 ��>
 XIJDI XPVME FRVBUF UP BU NPTU B TUBOEBSE EFWJB�
UJPO PG BSPVOE ����$� 5IPTF MJWJOH JO BDDPNNPEBUJPO UIFZ PXO PVUSJHIU IBWF IJHIFS UIFSNBM
WBSJFUZ UIBO UIPTF MJWJOH JO IPNFT SFOUFE GSPN UIF MPDBM BVUIPSJUZ� 5IFSF XFSF OP TJHOJGJDBOU
EJGGFSFODFT BT B GVODUJPO PG IPVTFIPME JODPNF�

'JH �� 5IF SFMBUJPOTIJQ CFUXFFO NFBO FYUFSOBM UFNQFSBUVSF BOE UIFSNBM WBSJFUZ� 5IF SFMBUJPOTIJQ JT BQQSPYJNBUFMZ MJOFBS BOE TIPXT IJHIFS UIFSNBM WBSJFUZ EVSJOH
UIF DPMEFTU QFSJPET PG UIF ZFBS� %BUB XFSF OPU TBNQMFE BDSPTT B VOJGPSN EJTUSJCVUJPO PG FYUFSOBM UFNQFSBUVSFT� 5IF MFBTU TRVBSF SFHSFTTJPO MJOF JT TIPXO JO SFE 	Č � �����

Q<�Y�����
� 4JODF ��
��� QBSUJDJQBOUT BSF QMPUUFE
 UIF EBUB JT SFQSFTFOUFE BT B EFOTJUZ DMPVE�

https://doi.org/10.1371/journal.pone.0236116.g001
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5BCMF �� .VMUJQMF MJOFBS SFHSFTTJPO PG UIFSNBM WBSJFUZ XJUI EFNPHSBQIJD
 CVJMEJOH BOE IFBMUI GBDUPST� / � ��
����
3� � ����� 4JHOJGJDBODF MFWFMT� ⇤ Q<����
 ⇤⇤ Q<�����
 ⇤⇤⇤ Q<�Y�����

1SFEJDUPS 	SFMBUJWF TVCDBUFHPSZ
 /
 4VC�DBUFHPSZ 	/
 UTE�$
*OUFSDFQU � ���� <����o����> ⇤⇤⇤

&YUFSOBM UFNQFSBUVSF�$ � ����� <����� o�����>
⇤⇤⇤

"HF 	��o��
 ����
 ��o�� 	�����
 ����� <����� o�����>
⇤⇤⇤

��o�� 	�����
 ����� <����� o�����>
⇤⇤⇤

��o�� 	�����
 ����� <����� o�����>
⇤⇤⇤

4FY 	'FNBMF
 �����
 .BMF 	�����
 ����� <����� o�����>
⇤⇤⇤

&UIOJD CBDLHSPVOE 	8IJUF
 �����
 .JYFE 	���
 ���� <����o����>
"TJBO 	���
 ����� <�����o����>
#MBDL 	���
 ���� <����o����> ⇤⇤

$IJOFTF 	���
 ���� <����o����>
0UIFS FUIOJD HSPVQ 	���
 ���� <�����o����>
%P OPU LOPX 	��
 ���� <�����o����>
1SFGFS OPU UP BOTXFS 	���
 ����� <�����o����>

)PVTFIPME *ODPNF 	-FTT UIBO b��
���
 �����
 b��
��� UP b��
���
 	�����
 ����� <����� o�����>
⇤

b��
��� UP b��
��� 	�����
 ����� <�����o����>
b��
��� UP b���
��� 	�����
 ����� <�����o����>
(SFBUFS UIBO b���
��� 	����
 ����� <�����o����>
1SFGFS OPU UP BOTXFS 	����
 ����� <�����o����>
%P OPU LOPX 	����
 ����� <����� o�����>

⇤⇤

"DDPNNPEBUJPO UZQF 	)PVTF�CVOHBMPX
 �����
 'MBU 	����
 ����� <����� o�����>
⇤⇤⇤

5FNQPSBSZ 	��
 ���� <�����o����>
/POF PG BCPWF 	��
 ����� <�����o����>
1SFGFS OPU UP BOTXFS 	��
 ����� <�����o����>

5FOVSF UZQF 	0XO PVUSJHIU
 �����
 .PSUHBHF 	�����
 ����� <����� o�����>
⇤⇤⇤

3FOU -PDBM "VUIPSJUZ 	����
 ����� <����� o�����>
⇤⇤⇤

3FOU QSJWBUF 	����
 ����� <����� o�����>
4IBSFE 	���
 ����� <�����o����>
3FOU GSFF 	���
 ����� <����� o�����>
/POF PG BCPWF 	���
 ����� <�����o����>
1SFGFS OPU UP BOTXFS 	���
 ����� <�����o����>

)PVTFIPME TJ[F 	TJOHMF PDDVQBOU
 �����
 5XP 	�����
 ����� <����� o�����>
⇤⇤

5ISFF 	�����
 ����� <����� o�����>
⇤⇤⇤

'PVS PS NPSF 	�����
 ����� <����� o�����>
⇤⇤⇤
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.PEFM � XBT DPOTUSVDUFE UP VOEFSTUBOE IPX DPOEJUJPOT BTTPDJBUFE XJUI FYDFTT XJOUFS
EFBUIT 	$&8%
 BSF SFMBUFE UP UIF UIFSNBM WBSJFUZ PG UIF QBSUJDJQBOU� $&8% XBT DPOTUSVDUFE BT B
CJOBSZ WBSJBCMF BOE EFOPUFE XIFUIFS B QBSUJDJQBOU IBE CFFO EJBHOPTFE XJUI DBSEJPWBTDVMBS PS
SFTQJSBUPSZ DPOEJUJPOT� " CJOPNJBM SFHSFTTJPO NPEFM PG UIF SFMBUJPOTIJQ CFUXFFO $&8%
 UIFS�
NBM WBSJFUZ BOE QPUFOUJBMMZ DPOGPVOEJOH EFNPHSBQIJD GBDUPST XBT QSPEVDFE� 5IFTF GJOEJOHT
BSF HJWFO JO 5BCMF ��

.PEFM � GPVOE UIBU UIF SJTL PG $&8% EFDSFBTF XJUI JODSFBTJOH UIFSNBM WBSJFUZ
 BDUJWJUZ BOE
JODPNF� 3JTL PG $&8% JODSFBTF BT B GVODUJPO PG BHF BOE CPEZ NBTT JOEFY� #FJOH VOBCMF UP
XPSL CFDBVTF PG TJDLOFTT PS EJTBCJMJUZ BMTP TIPXFE B TUSPOH JODSFBTFE SJTL PG $&8%
 BT NJHIU CF
FYQFDUFE� 3FOUJOH GSPN UIF MPDBM BVUIPSJUZ IBE B TUSPOH JODSFBTFE SJTL PG $&8% PWFS PXOJOH B
IPNF PVUSJHIU� IBWJOH B NPSUHBHF TIPXFE NPEFSBUF JODSFBTFE SJTL� 6OMJLF NPEFM � UIFSF XBT
B DMFBS FGGFDU BT B GVODUJPO PG JODPNFoB IJHIFS IPVTFIPME JODPNF XBT BTTPDJBUFE XJUI
EFDSFBTFE SJTL PG $&8% BDSPTT BMM JODPNF CSBDLFUT� 5IF BCTFODF PG B TJHOJGJDBOU SFMBUJPOTIJQ GPS
IPVTFIPME JODPNF JO NPEFM � JT BEESFTTFE JO UIF TVQQPSUJOH JOGPSNBUJPO TFDUJPO�

*U JT JNQPSUBOU UP TUSFTT UIBU UIF BTTPDJBUJPOT IJHIMJHIUFE CZ CPUI NPEFMT JO UIJT TUVEZ EP
OPU OFDFTTBSJMZ QPJOU UP DBVTBM NFDIBOJTNT� *U JT QPTTJCMF UIBU UIPTF XIP IBWF IFBMUI DPOEJUJPOT
BSF MFTT BCMF UP BDDFTT
 PS TFFL UP BWPJE
 XJEF UIFSNBM SBOHFT�

5BCMF �� 	$POUJOVFE


1SFEJDUPS 	SFMBUJWF TVCDBUFHPSZ
 /
 4VC�DBUFHPSZ 	/
 UTE�$
&NQMPZNFOU TUBUVT 	*O QBJE FNQMPZNFOU PS TFMG�
FNQMPZFE
 �����


3FUJSFE 	�����
 ���� <�����o����>
-PPLJOH BGUFS IPNF�GBNJMZ 	����
 ���� <�����o����>
6OBCMF UP XPSL
 TJDLOFTT�EJTBCJMJUZ
	����


���� <����o����>

6OFNQMPZFE 	���
 ���� <�����o����>
%PJOH VOQBJE PS WPMVOUBSZ XPSL
	����


����� <����� o�����>
⇤⇤

'VMM� QBSU�UJNF TUVEFOU 	���
 ����� <�����o����>
/POF PG UIF BCPWF 	���
 ���� <����o����> ⇤⇤

1SFGFS OPU UP BOTXFS 	��
 ���� <�����o����>
'VFM UZQF 	(BT IPC PS HBT DPPLFS
 �����
 (BT GJSF 	����
 ���� <�����o����>

0QFO TPMJE GVFM GJSF 	����
 ���� <����o����> ⇤⇤⇤

(BT IPC � (BT GJSF 	�����
 ���� <�����o����>
(BT IPC � 0QFO TPMJE GVFM GJSF
	����


���� <����o����> ⇤⇤⇤

(BT GJSF � 0QFO TPMJE GVFM GJSF 	���
 ���� <����o����> ⇤⇤

(BT IPC � (BT GJSF � 0QFO GJSF
	���


���� <����o����> ⇤⇤

/POF PG UIF BCPWF 	�����
 ����� <�����o����>
1SFGFS OPU UP BOTXFS 	��
 ����� <����� o�����>
%P OPU LOPX 	��
 ����� <�����o����>

#PEZ .BTT *OEFY 	/PSNBM
 �����
 6OEFSXFJHIU 	���
 ���� <����o����> ⇤⇤

0WFSXFJHIU 	�����
 ����� <����� o�����>
⇤⇤⇤

0CFTF 	����
 ����� <����� o�����>
⇤⇤⇤

"DUJWJUZ MFWFM SFDPSEFE 	�TU RVJOUJMF
 �����
 �OE RVJOUJMF 	�����
 ���� <����o����> ⇤⇤⇤

�SE RVJOUJMF 	�����
 ���� <����o����> ⇤⇤⇤

�UI RVJOUJMF 	�����
 ���� <����o����> ⇤⇤⇤

�UI RVJOUJMF 	�����
 ���� <����o����> ⇤⇤⇤

https://doi.org/10.1371/journal.pone.0236116.t001
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'LVFXVVLRQ
" DPODFQUVBM SFQSFTFOUBUJPO PG UIF BCPWF GJOEJOHT
 JOGPSNFE CZ UIF MJUFSBUVSF BT B XIPMF
 JT
HJWFO JO 'JH �� 5IJT TIPXT UIBU
 GPS IFBMUIZ JOEJWJEVBMT
 B XJEFS SBOHF PG FYQFSJFODFE UFNQFSB�
UVSF JT GPVOE� 5IJT JT FWJEFODFE CZ UIF GJOEJOHT PG CPUI NPEFMT JO UIJT TUVEZ� JOEJWJEVBMT XJUI
HSFBUFS IFBMUI TBUJTGBDUJPO IBWF MBSHFS UIFSNBM WBSJFUZ
 BOE UIF SJTL PG IBWJOH B DPOEJUJPO BTTP�
DJBUFE XJUI FYDFTT XJOUFS EFBUIT JT MPXFS GPS FBDI EFHSFF JODSFBTF PG UIFSNBM WBSJFUZ� 5IJT JT
FRVJWBMFOU UP B MBSHFS SBOHF PG UFNQFSBUVSFT XIJDI BSF OPU IBSNGVM GPS IFBMUIZ JOEJWJEVBMT� 'PS
JOEJWJEVBMT XIP BSF MFTT IFBMUIZ
 UIF SBOHF PG IFBMUIZ UFNQFSBUVSFT JT OBSSPXFS� 6MUJNBUFMZ UIJT
FGGFDU MJLFMZ DPOUSJCVUFT UP UIF HSFBUFS NPSUBMJUZ MFWFMT JO XJOUFS JO UFNQFSBUF DMJNBUFT J�F� UIPTF
MJWJOH XJUI SFTQJSBUPSZ PS DBSEJPWBTDVMBS EJTFBTFT FYQFSJFODF IJHIFS SJTLT JO FYUSFNF UFNQFSB�
UVSFT UIBO UIPTF XJUIPVU TVDI DPOEJUJPOT�

%JGGFSFODFT JO FYQFSJFODFE UFNQFSBUVSF
 BOE UIFSNBM WBSJFUZ
 BSF BTTPDJBUFE XJUI B OVNCFS
PG EFNPHSBQIJD BOE IPVTJOH GBDUPST� *O UFSNT PG 'JH �
 SFEVDJOH IBSNGVM FYQPTVSF OFDFTTJUBUFT
NPEJGZJOH JOUFSOBM UFNQFSBUVSFT JO VOEFSIFBUFE EXFMMJOHT� 5IFSNBM WBSJFUZ DBO BMTP CF GSBNFE
BT BO JTTVF PG GMFYJCJMJUZ KVTUJDF <��>� 5IJT DPODFQU TVHHFTUT UIBU UIF BCJMJUZ UP CF GMFYJCMF JO EBJMZ
MJGF DPOTUJUVUFT B GPSN PG DBQJUBM
 XIJDI JT VOFWFOMZ EJTUSJCVUFE JO TPDJFUZ� *O NBOZ GVUVSF
FOFSHZ TDFOBSJPT GMFYJCJMJUZ XJMM CF JODSFBTJOHMZ WBMVBCMF� 5IF GJHVSF DBO UIFSFGPSF CF JOUFS�
QSFUFE GSPN B GMFYJCJMJUZ KVTUJDF QFSTQFDUJWF� UIPTF JO HPPE IFBMUI DBO QPUFOUJBMMZ UPMFSBUF
JODSFBTFE UIFSNBM WBSJFUZ
 XIFSFBT UIPTF JO QPPS IFBMUI NJHIU SFRVJSF B OBSSPXJOH PG UIFJS

5BCMF �� "EEJUJPOBM WBSJBCMFT GPS UIF SFHSFTTJPO HJWFO JO 5BCMF �� 5IFTF WBSJBCMFT XFSF POMZ BWBJMBCMF GPS / � ��
���
QBSUJDJQBOUT� 3� � ����� 4JHOJGJDBODF MFWFMT� ⇤ Q<����
 ⇤⇤ Q<�����
 ⇤⇤⇤ Q<�Y�����

1SFEJDUPS 	SFMBUJWF TVCDBUFHPSZ
 /
 4VC�DBUFHPSZ 	/
 UTE
)FBMUI TBUJTGBDUJPO 	&YUSFNFMZ IBQQZ
 ����
 7FSZ IBQQZ 	�����
 ����� <����� o�����> ⇤

.PEFSBUFMZ IBQQZ 	�����
 ����� <����� o�����>
⇤⇤⇤

.PEFSBUFMZ VOIBQQZ 	����
 ����� <����� o�����>
⇤⇤⇤

7FSZ VOIBQQZ 	���
 ����� <����� o�����> ⇤⇤

&YUSFNFMZ VOIBQQZ 	���
 ����� <����� o�����> ⇤⇤

1SFGFS OPU UP BOTXFS 	��
 ���� <�����o����>
%P OPU LOPX 	��
 ����� <�����o����>

'JOBODJBM TJUVBUJPO TBUJTGBDUJPO 	&YUSFNFMZ IBQQZ

����


7FSZ IBQQZ 	�����
 ���� <�����o����>
.PEFSBUFMZ IBQQZ 	�����
 ���� <�����o����>
.PEFSBUFMZ VOIBQQZ 	����
 ����� <�����o����>
7FSZ VOIBQQZ 	���
 ����� <����� o�����> ⇤

&YUSFNFMZ VOIBQQZ 	���
 ����� <�����o����>
1SFGFS OPU UP BOTXFS 	��
 ����� <�����o����>
%P OPU LOPX 	��
 ����� <�����o����>

)FBUJOH 5ZQF 	(BT DFOUSBM IFBUJOH
 �����
 &MFDUSJD TUPSBHF IFBUFST 	���
 ����� <�����o����>
0JM 	LFSPTFOF
 DFOUSBM IFBUJOH 	���
 ���� <����o����> ⇤⇤

1PSUBCMF HBT PS QBSBGGJO IFBUFST 	��
 ���� <�����o����>
4PMJE GVFM DFOUSBM IFBUJOH 	���
 ���� <�����o����>
0QFO GJSF XJUIPVU DFOUSBM IFBUJOH
	���


����� <�����o����>

5ISFF IFBUJOH UZQFT 	�
 ����� <�����o����>
/POF PG UIF BCPWF 	���
 ����� <�����o����>
1SFGFS OPU UP BOTXFS 	��
 ����� <�����o����>
%P OPU LOPX 	��
 ����� <�����o����>

https://doi.org/10.1371/journal.pone.0236116.t002
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5BCMF �� 3JTL SBUJP PG $&8% BT B GVODUJPO PG CPUI UTE BOE PUIFS EFNPHSBQIJD
 IFBMUI BOE CVJMEJOH GBDUPST�
/ � ��
��� 4JHOJGJDBODF MFWFMT� ⇤ Q<����
 ⇤⇤ Q<�����
 ⇤⇤⇤ Q<�Y�����

1SFEJDUPS 	SFMBUJWF TVCDBUFHPSZ
 4VC�DBUFHPSZ 3JTL SBUJP 	UTE

UTE � ���� <����o����> ⇤⇤

"HF 	��o��
 ��o�� ���� <����o����> ⇤⇤⇤

��o�� ���� <����o����> ⇤⇤⇤

��o�� ���� <����o����> ⇤⇤⇤

4FY 	'FNBMF
 .BMF ���� <����o����> ⇤⇤⇤

&UIOJD CBDLHSPVOE 	8IJUF
 .JYFE ���� <����o����>
"TJBO PS "TJBO #SJUJTI ���� <����o����>
#MBDL PS #MBDL #SJUJTI ���� <����o����>
$IJOFTF ���� <����o����>
0UIFS FUIOJD HSPVQ ���� <����o����>
%P OPU LOPX ���� <����o����>
1SFGFS OPU UP BOTXFS ���� <����o����>

)PVTFIPME JODPNF QFS ZFBS 	MFTT UIBO b��
���
 b��
��� UP b��
��� ���� <����o����> ⇤⇤

b��
��� UP b��
��� ���� <����o����> ⇤⇤⇤

b��
��� UP b���
��� ���� <����o����> ⇤⇤⇤

(SFBUFS UIBO b���
��� ���� <����o����> ⇤⇤⇤

1SFGFS OPU UP BOTXFS ���� <����o����> ⇤⇤

%P OPU LOPX ���� <����o����>
5FOVSF UZQF 	0XO PVUSJHIU
 /POF PG BCPWF ���� <����o����>

1SFGFS OPU UP BOTXFS ���� <����o����>
.PSUHBHF ���� <����o����> ⇤

3FOU -PDBM "VUIPSJUZ ���� <����o����> ⇤⇤

3FOU QSJWBUF ���� <����o����>
4IBSFE ���� <����o����>
3FOU GSFF ���� <����o����>

"DDPNNPEBUJPO UZQF 	)PVTF PS CVOHBMPX
 'MBU ���� <����o����>
5FNQPSBSZ ���� <����o����>
/POF PG BCPWF ���� <����o����>
1SFGFS OPU UP BOTXFS ���� <����o����>

&NQMPZNFOU TUBUVT 	*O QBJE�TFMG�FNQMPZNFOU
 3FUJSFE ���� <����o����>
-PPLJOH BGUFS IPNF BOE�PS GBNJMZ ���� <����o����>
6OBCMF UP XPSL EVF UP TJDLOFTT�EJTBCJMJUZ ���� <����o����> ⇤⇤⇤

6OFNQMPZFE ���� <����o����>
%PJOH VOQBJE PS WPMVOUBSZ XPSL ���� <����o����>
'VMM PS QBSU�UJNF TUVEFOU ���� <����o����>
/POF PG UIF BCPWF ���� <����o����>
1SFGFS OPU UP BOTXFS ���� <����o����>

'VFM UZQF 	(BT IPC PS HBT DPPLFS
 0QFO TPMJE GVFM GJSF ���� <����o����>
(BT IPC � (BT 'JSF ���� <����o����>
(BT IPC � TPMJE GVFM PQFO GJSF ���� <����o����>
(BT GJSF � TPMJE GVFM PQFO GJSF ���� <����o����>
(BT IPC � (BT GJSF � TPMJE GVFM PQFO GJSF ���� <����o����>
/POF PG UIF BCPWF ���� <����o����>
1SFGFS OPU UP TBZ ���� <����o����>
%P OPU LOPX ���� <����o����>
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UIFSNBM WBSJFUZ UP BWPJE IBSNGVM FYQPTVSF� 4JODF POMZ BTTPDJBUJPOT BSF IJHIMJHIUFE CZ UIF QSFT�
FOU TUVEZ
 UIFTF JOUFSQSFUBUJPOT TIPVME CF DBWFBUFE CZ OPUJOH UIBU DBVTBM SFMBUJPOTIJQT IBWF OPU
CF SFWFBMFE CZ UIJT TUVEZ�

5BCMF �� 	$POUJOVFE


1SFEJDUPS 	SFMBUJWF TVCDBUFHPSZ
 4VC�DBUFHPSZ 3JTL SBUJP 	UTE

#PEZ NBTT JOEFY 	/PSNBM
 6OEFSXFJHIU ���� <����o����>

0WFSXFJHIU ���� <����o����> ⇤⇤⇤

0CFTF ���� <����o����> ⇤⇤⇤

"DUJWJUZ MFWFM SFDPSEFE 	�TU RVJOUJMF
 �OE RVJOUJMF ���� <����o����> ⇤⇤⇤

�SE RVJOUJMF ���� <����o����> ⇤⇤⇤

�UI RVJOUJMF ���� <����o����> ⇤⇤⇤

�UI RVJOUJMF ���� <����o����> ⇤⇤⇤

)PVTFIPME TJ[F 	TJOHMF
 5XP ���� <����o����> ⇤⇤

5ISFF ���� <����o����> ⇤⇤

'PVS PS NPSF ���� <����o����> ⇤⇤

https://doi.org/10.1371/journal.pone.0236116.t003

'JH �� " TDIFNBUJD TVNNBSZ PG UIF SFTVMUT PG UIJT TUVEZ 	EPUUFE CMBDL MJOFT
 BOE UIF DPODFQUVBM TUSVDUVSF PG UIF
CSPBEFS MJUFSBUVSF�)FBMUIZ JOEJWJEVBMT IBWF B XJEFS SBOHF PG UFNQFSBUVSFT UIBU BSF OPU IBSNGVM
 BOE UZQJDBMMZ EP OPU
FYQFSJFODF UIFN� *OEJWJEVBMT XJUI QPPS IFBMUI IBWF B OBSSPXFS SBOHF PG FYQFSJFODFE UFNQFSBUVSF
 BOE BSF NPSF MJLFMZ
UP FYQFSJFODF IBSNGVM UIFSNBM DPOEJUJPOT
 FTQFDJBMMZ XIFO MJWJOH JO QPPS IPVTJOH XIJDI GBJMT UP HVBSE BHBJOTU IBSNGVM
UFNQFSBUVSF FYQPTVSF� 5IJT IBSNGVM FYQPTVSF JT VOEFSTUPPE UP DPOUSJCVUF UP UIF PCTFSWFE TFBTPOBM WBSJBUJPO JO
NPSUBMJUZ�

https://doi.org/10.1371/journal.pone.0236116.g002
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-PX UIFSNBM WBSJFUZ
 FTQFDJBMMZ JO XJOUFS
 NBZ BMTP QPJOU UP UIF QSPCMFN PG DISPOJDBMMZ MPX
FYQFSJFODFE UFNQFSBUVSF <��>� 5IF EBUB BT B XIPMF 	TFF 4� 'JH
 TIPX UIBU MPXFS NFBO UFNQFSB�
UVSFT BSF XFBLMZ BTTPDJBUFE XJUI IJHIFS UIFSNBM WBSJFUZ
 BMUIPVHI UIJT JT NPTU MJLFMZ B TFBTPOBM
FGGFDU� 'PS GVFM QPPS IPVTFIPMET UIBU TUSVHHMF UP BGGPSE XBSNUI EVF UP B DPNCJOBUJPO PG MPX
JODPNF
 QPPS UIFSNBM EXFMMJOH QFSGPSNBODF BOE IJHI FOFSHZ DPTUT
 MPX UIFSNBM WBSJFUZ NBZ
CF NPSF MJLFMZ� *U JT WJUBM UIBU BUUFOUJPO JT GPDVTFE PO BU�SJTL QPQVMBUJPOT XIP MBDL UIF NFBOT UP
BWPJE IBSNGVM DPME FYQPTVSF� 4FDPOEBSZ IFBMUI JNQBDUT BTTPDJBUFE XJUI UFNQFSBUVSF TVDI BT
NPVME HSPXUI BOE EBNQ
 XIJDI BSF NPSF QSFWBMFOU JO VOEFSIFBUFE IPNFT
 BSF BMTP B QSJPSJUZ�

*O UIF &6
 TQBDF DPPMJOH SFNBJOT VODPNNPO JO IPNFT <�>� 4JODF UIF WBTU NBKPSJUZ PG
EPNFTUJD IFBUJOH TZTUFNT UIFSF BSF GVFMMFE CZ DBSCPO JOUFOTJWF SFTPVSDFT
 BMMPXJOH NPSF UIFS�
NBM WBSJBUJPO JO EXFMMJOHT PDDVQJFE CZ IFBMUIZ JOEJWJEVBMT DPVME ZJFME DBSCPO FNJTTJPOT TBW�
JOHT� 'SPN B QPMJDZ TUBOEQPJOU
 TVDI B QPTJUJPO JT DVSSFOUMZ DPOUSPWFSTJBM HJWFO UIBU
HPWFSONFOU BOE IFBMUI CPEZ SFDPNNFOEBUJPOT UZQJDBMMZ BWPJE EJGGFSFOUJBUJOH CFUXFFO UIFS�
NBM FOWJSPONFOUT GPS IFBMUIZ BOE VOIFBMUIZ JOEJWJEVBMT� )PXFWFS
 XIFO DPVQMFE XJUI UIF
FNFSHJOH FWJEFODF GSPN UIF UIFSNBM DPNGPSU MJUFSBUVSF PO UIF DPNGPSU QPUFOUJBM PG JOEPPS
FOWJSPONFOUT XIJDI BWPJE UIFSNBM NPOPUPOZ
 TVDI B QSPQPTBM IBT CSPBEFS BQQFBM� )FBUJOH
SFEVDUJPO DBNQBJHOT DPVME CF UBSHFUFE BU IFBMUIZ
 XFMM�PGG BOE FOWJSPONFOUBMMZ DPOTDJPVT QPS�
UJPOT PG UIF QPQVMBUJPO BT B NFBOT PG SBJTJOH BXBSFOFTT PG UIF DMJNBUF JNQBDUT PG $0� JOUFOTJWF
IFBUJOH� "T FDPOPNJFT PG UIF /PSUIFSO )FNJTQIFSF VOEFSHP UIF USBOTJUJPO BXBZ GSPN DBSCPO

QSPWJEJOH MPX�DBSCPO DPNGPSU GPS UIPTF BCMF UP UPMFSBUF XJEFS UIFSNBM WBSJFUZ XPVME BMMPX DBS�
CPO JOUFOTJWF IFBUJOH UP CF SFTFSWFE GPS UIPTF NPTU JO OFFE� 1SBDUJDBMMZ
 UIJT DPVME UBLF UIF
GPSN PG IFBMUI EJGGFSFOUJBUFE IFBUJOH SFDPNNFOEBUJPOT
 NPWJOH BXBZ GSPN B POF TJ[F GJUT BMM
BQQSPBDI
 UPXBSET QPMJDZ XIJDI GPDVTFT PO IFBMUI�SFMBUFE OFFET BT XFMM BT BMTP DBSCPO FNJTTJPO
SFEVDUJPOT UBSHFUT�

6XSSRUWLQJ LQIRUPDWLRQ
4� 'JH� 5IF SFMBUJPOTIJQ CFUXFFO NFBO BDUJWJUZ JO NH BOE UIFSNBM WBSJFUZ�
tsd à 0:02�a á 2:19
 XIFSF �a JT UIF NFBO SFDPSEFE BDUJWJUZ GPS UIF TUVEZ XFFL�
	5*'


4� 'JH� 5IF SFMBUJPOTIJQ CFUXFFO NFBO FYQFSJFODFE UFNQFSBUVSF BOE UIFSNBM WBSJFUZ�
tsd à �0:1�t á 5:8
 XIFSF �t JT UIF NFBO FYQFSJFODFE UFNQFSBUVSF�
	5*'


$FNQRZOHGJPHQWV
5IJT SFTFBSDI IBT CFFO DPOEVDUFE VTJOH UIF 6, #JPCBOL 3FTPVSDF VOEFS "QQMJDBUJPO /VNCFS
������

5IF BVUIPST BSF HSBUFGVM UP 3BRVFM "MFHSF BOE 4UVBSU (SJFWF PG 6$-�T 3FTFBSDI *5 TFSWJDFT
GPS UIFJS BTTJTUBODF JO QSPDFTTJOH ��5# PG EBUB
 BOE UP &E 4IBSQF GPS TVHHFTUJOH UIF VTF PG
/"4"�T .&&3"�� EBUBTFU EVSJOH UIF QSPKFDU�T EFWFMPQNFOU�

$XWKRU &RQWULEXWLRQV
$PODFQUVBMJ[BUJPO�)BSSZ 3� ,FOOBSE
 (FTDIF .� )VFCOFS
 %BWJE 4IJQXPSUI�

%BUB DVSBUJPO�)BSSZ 3� ,FOOBSE�

'PSNBM BOBMZTJT�)BSSZ 3� ,FOOBSE�

'VOEJOH BDRVJTJUJPO�(FTDIF .� )VFCOFS
 %BWJE 4IJQXPSUI
 5BEK 0SFT[D[ZO�

PLOS ONE 7KHUPDO YDULHW\� KHDOWK DQG HQHUJ\ GHPDQG

3/2621( _ KWWSV���GRL�RUJ���������MRXUQDO�SRQH�������� -XO\ ��� ���� �� � ��



*OWFTUJHBUJPO�)BSSZ 3� ,FOOBSE
 (FTDIF .� )VFCOFS
 %BWJE 4IJQXPSUI�

.FUIPEPMPHZ�)BSSZ 3� ,FOOBSE
 (FTDIF .� )VFCOFS
 %BWJE 4IJQXPSUI�

1SPKFDU BENJOJTUSBUJPO�)BSSZ 3� ,FOOBSE
 (FTDIF .� )VFCOFS
 %BWJE 4IJQXPSUI�

3FTPVSDFT� (FTDIF .� )VFCOFS
 %BWJE 4IJQXPSUI�

4PGUXBSF�)BSSZ 3� ,FOOBSE�

4VQFSWJTJPO�(FTDIF .� )VFCOFS
 %BWJE 4IJQXPSUI�

7BMJEBUJPO�)BSSZ 3� ,FOOBSE
 (FTDIF .� )VFCOFS
 %BWJE 4IJQXPSUI
 5BEK 0SFT[D[ZO�

7JTVBMJ[BUJPO�)BSSZ 3� ,FOOBSE�

8SJUJOH o PSJHJOBM ESBGU� )BSSZ 3� ,FOOBSE�

8SJUJOH o SFWJFX � FEJUJOH�)BSSZ 3� ,FOOBSE
 (FTDIF .� )VFCOFS
 %BWJE 4IJQXPSUI
 5BEK
0SFT[D[ZO�

5HIHUHQFHV
�� 86 (QHUJ\ ,QIRUPDWLRQ� $QQXDO (QHUJ\ 5HYLHZ ����� 7DEOH ���� 7DEOH ���� ������
�� (XURSHDQ&RPPLVVLRQ ����� 5HYLHZ RI DYDLODEOH LQIRUPDWLRQ $FFRPSDQ\LQJ WKH GRFXPHQW &RPPXQL�

FDWLRQ IURP WKH &RPPLVVLRQ WR WKH (XURSHDQ3DUOLDPHQW� WKH &RXQFLO� WKH (XURSHDQ(FRQRPLF DQG
6RFLDO &RPPLWWHH DQG WKH &RPPLWWHH RI WKH 5HJLRQV RQ DQ (8 6WUDWHJ\ IRU +HDWLQJ DQG &RROLQJ� 6:'
������ �� ILQDO� %UXVVHOV� $YDLODEOH IURP� KWWSV���HF�HXURSD�HX�HQHUJ\�VLWHV�HQHU�ILOHV�GRFXPHQWV��B
(1BDXWUHBGRFXPHQWBWUDYDLOBVHUYLFHBSDUW�BY�B��SGI

�� &DPEULGJH$UFKLWHFWXUDO 5HVHDUFK� +RZPXFK HQHUJ\ FRXOG EH VDYHG E\ PDNLQJ VPDOO FKDQJHV WR
HYHU\GD\ KRXVHKROG EHKDYLRXUV"'HSDUWPHQW RI (QHUJ\ DQG &OLPDWH &KDQJH� /RQGRQ� ������
$FFHVVHG -XO\ � ���� KWWSV���DVVHWV�SXEOLVKLQJ�VHUYLFH�JRY�XN�JRYHUQPHQW�XSORDGV�V\VWHP�XSORDGV�
DWWDFKPHQWBGDWD�ILOH�������������KRZ�PXFK�HQHUJ\�FRXOG�EH�VDYHG�E\�PDNLQJ�VPDOO�FKD�SGI

�� 6RQJ ;�� :DQJ 6�� +X <�� <XH0�� =KDQJ 7�� /LX <�� HW DO� ,PSDFW RI DPELHQW WHPSHUDWXUH RQPRUELGLW\
DQGPRUWDOLW\� $Q RYHUYLHZ RI UHYLHZV� 6FLHQFH RI 7KH 7RWDO (QYLURQPHQW ���� ���±���������� KWWSV���
GRL�RUJ���������M�VFLWRWHQY������������30,'� ��������

�� /HH -�� -XQJ +�0�� .LP 6�.�� <RR .�+�� -XQJ .��6�� /HH 6�+�� HW DO� )DFWRUV DVVRFLDWHGZLWK FKURQLF
REVWUXFWLYH SXOPRQDU\ GLVHDVH H[DFHUEDWLRQ� EDVHG RQ ELJ GDWD DQDO\VLV�6FLHQWLILF 5HSRUWV �� �����
������ KWWSV���GRL�RUJ���������V����������������Z30,'� ��������

�� .HDWLQJH:�5�� &ROHVKDZ6�5�.�� &RWWHU )�� 0DWWRFN 0�� 0XUSK\0�� &KHOOLDK5� ,QFUHDVHV LQ SODWHOHW
DQG UHG FHOO FRXQWV� EORRG YLVFRVLW\� DQG DUWHULDO SUHVVXUH GXULQJPLOG VXUIDFH FRROLQJ� )DFWRUV LQ PRUWDO�
LW\ IURP FRURQDU\ DQG FHUHEUDO WKURPERVLV LQ ZLQWHU� %ULWLVK0HGLFDO -RXUQDO ���� ����±����� ������
KWWSV���GRL�RUJ���������EPM��������������30,'� �������

�� .HDWLQJH:�5� &ROG H[SRVXUH DQG ZLQWHU PRUWDOLW\ IURP LVFKDHPLF KHDUW GLVHDVH� FHUHEURYDVFXODU GLV�
HDVH� UHVSLUDWRU\ GLVHDVH� DQG DOO FDXVHV LQ ZDUP DQG FROG UHJLRQV RI (XURSH� /DQFHW ���� ����±�����
������ KWWSV���GRL�RUJ���������6�������������������� 30,'� �������

�� -HYRQV 5�� &DUPLFKDHO &�� &URVVOH\ $�� %RQH $� 0LQLPXP LQGRRU WHPSHUDWXUH WKUHVKROG UHFRPPHQGD�
WLRQV IRU (QJOLVK KRPHV LQ ZLQWHU±$ V\VWHPDWLF UHYLHZ�3XEOLF +HDOWK ���� �±��� ������ KWWSV���GRL�RUJ�
��������M�SXKH������������ 30,'� ��������

�� YDQ /LFKWHQEHOW :�0�� +DQVVHQ 0�� 3DOOXELQVN\+�� .LQJPD%�� 6FKHOOHQ /� +HDOWK\ H[FXUVLRQV RXWVLGH
WKH WKHUPDO FRPIRUW ]RQH� %XLOGLQJ5HVHDUFK 	 ,QIRUPDWLRQ ��� ���±���� ������ KWWSV���GRL�RUJ����
��������������������������

��� 6DOW\NRYD0�0� 7KH0DLQ 3K\VLRORJLFDO 0HFKDQLVPV RI &ROG $GDSWDWLRQ LQ +XPDQV�1HXURVFL� %HKDY�
3K\VL� ��� ���±���� ������ KWWSV���GRL�RUJ���������V����������������

��� .UDORYD /HVQD ,�� 5\FKOLNRYD -�� 9DYURYD /�� 9\ELUDO 6� &RXOG KXPDQ FROG DGDSWDWLRQ GHFUHDVH WKH ULVN
RI FDUGLRYDVFXODU GLVHDVH" -RXUQDO RI 7KHUPDO %LRORJ\ ��� ���±���� ������ KWWSV���GRL�RUJ���������M�
MWKHUELR������������ 30,'� ��������

��� %UDJHU *�� =KDQJ +�� $UHQV (�� ����� (YROYLQJ RSSRUWXQLWLHV IRU SURYLGLQJ WKHUPDO FRPIRUW� %XLOGLQJ
5HVHDUFK 	 ,QIRUPDWLRQ ��� ���±���� KWWSV���GRL�RUJ�����������������������������

��� +XHEQHU*� 0�� 0F0LFKDHO 0�� 6KLSZRUWK '�� 6KLSZRUWK 0�� 'XUDQG�'DXELQ0�� 	 6XPPHUILHOG $� -�
������� 7KH VKDSH RI ZDUPWK� 7HPSHUDWXUH SURILOHV LQ OLYLQJ URRPV�%XLOGLQJ5HVHDUFK 	 ,QIRUPDWLRQ�
������ ���±����
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��� 6KDK]DG 6�� &DODXWLW .�� :HL 6�� 7LHQ 3� :�� &DODXWLW -�� 	 +XJKHV%� ������� $QDO\VLV RI WKH WKHUPDO
FRPIRUW DQG HQHUJ\ SHUIRUPDQFH RI D WKHUPDO FKDLU IRU RSHQ SODQ RIILFH� -RXUQDO RI 6XVWDLQDEOH 'HYHORS�
PHQW RI (QHUJ\�:DWHU DQG (QYLURQPHQW 6\VWHPV� ����� ���±���� KWWSV���GRL�RUJ����������M�VGHZHV�
G������

��� =KDQJ +�� $UHQV (�� =KDL <� $ UHYLHZ RI WKH FRUUHFWLYH SRZHU RI SHUVRQDO FRPIRUW V\VWHPV LQ QRQ�QHXWUDO
DPELHQW HQYLURQPHQWV� %XLOGLQJ DQG (QYLURQPHQW ��� ��±��� ������ KWWSV���GRL�RUJ���������M�EXLOGHQY�
�����������

��� 3DUNLQVRQ 7�� GH 'HDU 5� 7KHUPDO SOHDVXUH LQ EXLOW HQYLURQPHQWV� SK\VLRORJ\ RI DOOLHVWKHVLD� %XLOGLQJ
5HVHDUFK 	 ,QIRUPDWLRQ ��� ���±���� ������ KWWSV���GRL�RUJ�����������������������������

��� +HOOZLJ 5�7� 3HUFHLYHG FRQWURO LQ LQGRRU HQYLURQPHQWV� D FRQFHSWXDO DSSURDFK� %XLOGLQJ5HVHDUFK 	
,QIRUPDWLRQ ��� ���±���������� KWWSV���GRL�RUJ������������������������������

��� .HQQDUG+� 5�� +XHEQHU*� 0�� 6KLSZRUWK '� 2EVHUYDWLRQDO HYLGHQFH RI WKH VHDVRQDO DQG GHPRJUDSKLF
YDULDWLRQ LQ H[SHULHQFHG WHPSHUDWXUH IURP �� ��� 8. %LREDQN SDUWLFLSDQWV� -RXUQDO RI 3XEOLF +HDOWK�
IG]���� KWWSV���GRL�RUJ���������SXEPHG�IG]���

��� 6XGORZ&� *DOODFKHU -� $OOHQ 1� %HUDO 9� %XUWRQ 3� 'DQHVK -� HW DO� 8. %LREDQN� $Q 2SHQ $FFHVV
5HVRXUFH IRU ,GHQWLI\LQJ WKH &DXVHV RI D:LGH 5DQJH RI &RPSOH['LVHDVHV RI 0LGGOH DQG 2OG $JH�
3/R60HG ������ H�������� ������ KWWSV���GRL�RUJ���������MRXUQDO�SPHG�������� 30,'� ��������

��� 'RKHUW\ $�� -DFNVRQ '�� +DPPHUOD 1�� 3OR� W] 7�� 2OLYLHU 3�� *UDQDW 0�+�� HW DO� ������� /DUJH 6FDOH 3RSX�
ODWLRQ $VVHVVPHQW RI 3K\VLFDO $FWLYLW\ 8VLQJ:ULVW :RUQ $FFHOHURPHWHUV� 7KH 8. %LREDQN 6WXG\�
3/2621( ��� H�������� KWWSV���GRL�RUJ���������MRXUQDO�SRQH��������*LWKXE UHSRVLWRU\� KWWSV���
JLWKXE�FRP�DFWLYLW\0RQLWRULQJ�ELREDQN$FFHOHURPHWHU$QDO\VLV KWWSV���GRL�RUJ���������MRXUQDO�SRQH�
�������30,'� ��������

��� $;� GDWD VKHHW� $[LYLW\ ����� $FFHVVHG �� -XO\ ���� KWWSV���D[LYLW\�FRP�ILOHV�UHVRXUFHV�$;�B'DWDB
6KHHW�SGI

��� +DWILHOG &�)�� +HUEHUW -�� 9DQ 6RPHUHQ (�-�:�� +RGJHV -�5�� +DVWLQJV0�+�� ������� 'LVUXSWHG GDLO\
DFWLYLW\�UHVW F\FOHV LQ UHODWLRQ WR GDLO\ FRUWLVRO UK\WKPV RI KRPH�GZHOOLQJ SDWLHQWV ZLWK HDUO\ $O]KHLPHU¶V
GHPHQWLD� %UDLQ ���� ����±����� KWWSV���GRL�RUJ���������EUDLQ�DZK��� 30,'� ��������

��� .HQQDUG� +�5� +XHEQHU� *�0� 6KLSZRUWK� '� 3UH�DQDO\VLV SODQ� ([SHULHQFHG 7HPSHUDWXUH DQG +HDOWK
�VXEPLWWHG ����������� $YDLODEOH DW KWWS���HJDS�RUJ�UHJLVWUDWLRQ�����

��� 2IILFH RI 1DWLRQDO 6WDWLVWLFV� ([FHVV:LQWHU 0RUWDOLW\ LQ (QJODQG DQG:DOHV� ���� W���� �3URYLVLRQDO�
DQG ���� WR �� �)LQDO� >,QWHUQHW@� 1RY �� ����� $YDLODEOH IURP� KWWSV���ZZZ�RQV�JRY�XN�
SHRSOHSRSXODWLRQDQGFRPPXQLW\�ELUWKVGHDWKVDQGPDUULDJHV�GHDWKV�EXOOHWLQV�
H[FHVVZLQWHUPRUWDOLW\LQHQJODQGDQGZDOHV�����WR����SURYLVLRQDODQG����WR����ILQDO

��� *OREDO 0RGHOLQJ DQG $VVLPLODWLRQ 2IILFH �*0$2� ������� LQVW�B�GBDVPB1[� 0(55$�� �' ,$8 6WDWH�
0HWHRURORJ\ ,QVWDQWDQHRXV ��KRXUO\ �S�FRRUG� �����[���/���� YHUVLRQ ������� *UHHQEHOW� 0'� 86$�
*RGGDUG 6SDFH )OLJKW &HQWHU 'LVWULEXWHG $FWLYH $UFKLYH &HQWHU �*6)&'$$&�� $FFHVVHG0D\ �� ����
DW KWWSV���GRL�RUJ����������=���.,(�73'

��� *OREDO 0RGHOLQJ DQG $VVLPLODWLRQ 2IILFH �*0$2� ������� 0(55$��� )LOH 6SHFLILFDWLRQ 2IILFH 1RWH 1R�
� �9HUVLRQ ���� 5HOHDVH'DWH� 0DUFK ��� ���� $FFHVVHG 0D\ �� ���� KWWSV���JPDR�JVIF�QDVD�JRY�
SXEV�GRFV�%RVLORYLFK����SGI

��� &RUEDODQ�7XWDX0' HW DO� 'LIIHUHQFHV LQ GDLO\ UK\WKPV RI ZULVW WHPSHUDWXUH EHWZHHQ REHVH DQG QRUPDO�
ZHLJKW ZRPHQ� DVVRFLDWLRQVZLWK PHWDEROLF V\QGURPH IHDWXUHV�&KURQRELRORJ\ LQWHUQDWLRQDO ��� ���±
�� �������

��� -DQJ 7��:� HW DO� &LUFDGLDQ5K\WKP RI :ULVW 7HPSHUDWXUH DPRQJ 6KLIW :RUNHUV LQ 6RXWK .RUHD� $ 3UR�
VSHFWLYH 2EVHUYDWLRQDO 6WXG\� ,QW - (QYLURQ 5HV 3XEOLF +HDOWK ��� �������

��� 3RZHOOV*� 	 )HOO 0� -� )OH[LELOLW\ FDSLWDO DQG IOH[LELOLW\ MXVWLFH LQ VPDUW HQHUJ\ V\VWHPV�(QHUJ\ 5HVHDUFK
	 6RFLDO 6FLHQFH ��� ��±�� �������

��� 'HOOHU '�� ����� (QHUJ\ DIIRUGDELOLW\ LQ WKH (8� 7KH ULVNV RI PHWULF GULYHQ SROLFLHV�(QHUJ\ 3ROLF\ ����
���±���� KWWSV���GRL�RUJ���������M�HQSRO������������
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