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Abstract

Background: Ixodes ricinusis a hard tick vectospecieghat transmis manydiseases in
Europe andNorth Africa, including torreliosis (Lyme disease) and tick borne encephalitis (TBE).
Climate changéas alteredlistributiors and transmissiopatternsof manyvectors andsector
borne diseasedjut such effect on I. ricinus have reeived little attention In this study, we
assessethe potential distribution df ricinus underboth current anéuture climateconditionsto

understand possible changegathogertransmissiorpatterrs in comingdecades

Method: We integratedoccurrencedatasetsand relevantenvironmental variableso
generateecological niche model® estimatethe current distribution df ricinus with respect to
climate and therassessed its future potentigdtributionunder differentlimatechangescenarios
Future projections were based @i general circulation models (GCMand 2 representative

concentration pathways (RCP&)r 2050 and 2070.

Result: The present potential distributiaf the specieshowedbroadagreement with
future distributionalpredictiors, including most ofwesern and centradEurope,a nharrow zone in
easern and nortlern Europe, anda narrow fringe ofNorth Africa Potentialexpansionsvere
observed imorthern and EasternEurope.These results indicate thitricinus could emerge in

presentlynonendemicareasposingincreasng risksto human healtin these areas

Keywords: Climate change, ecological niche modeling, Maxaritjyre projection, Lyme diseas

tick-borne encephalitjis=urope, North AfricaMiddle East.



Acknowledgments

|l would |ike to thank Dr. Town Peterson fo
studies, and | would like to th& all my committee member®y. Jorge Soberéon and Dr. Rober

G. Moyle for providing advice.

| would like to thank KU ENM Group, and the Surveillance, Ecology. Thanks to the Ministry of
Higher Education, Libya, for supporting me during my study at the University of Kansas. Special
thanks to the staff of the Zoology Department, Faculty of Sciesmeersity of Tripoli, Tripoli,

Libya for their continuous support during the study. Special thanks to my family: my parents
Abulgasem and Suaad, my sisters and brothers. | would like to thank all my best friends back home
in Libya and here in United StateShehada Aref, Ahmed Alenazi, Gengping Zhu, Laura Jimenez

and Katie Allen for their help and encouragement.



Table of Contents

Contents
Y 013 = X OO PP PP PSPPI Lii
ACKNOWIEAGMENLIS....c.coeiiiiiiieiiee ettt ettt eeee e mnmeaeeeaeeeeeeeeeeeeeeeeeesanansnnd iv
TabIE Of COMBNES ......iiiiie ittt rme e e e e e e s senme e s ssnneeeesnnnnneeessnnnensnnees V
1100 (8 [ox (o] o DT P PP PRPPP PPN 1
Materials and METNOTUS. ..ot emmr e e e e e s s eeeeeeann 3
10T 01U 10 = = U 3
Ecological NIChE MOAEIING.......cccoiiiiiie e e e e e e e e e e e e e e e e e e e e e emeesereeerrrernrennne 4
RESUILS. ..ttt e ettt e e e o4 e e e mnna e ettt e e e e e e e b b e annnnnt e e e e e e e e e e e e e anne 5
DT ol B ES1] o] o APPSO P PR PPPPPPTPPPRPY 4
RETEIBNCES. ...ttt et e s ame et e e e e st e e e e e b e eeme e e e e 10

Appendix 1: Figures

T T | (=0 16
o 18 PSPPI PPPPPPPPI 17
1T = T 18
o U< TSP PR PPPPPPPPI 19

/////////////////////

Appendix2: Tabl e of GCMs model sééééeéééeéeéeééeéeéececcéec



Appendix3: Supplementary figures

SUPPIEMENTANY FIg L. ...ttt r e e e e e e e e e s s m e e e e e e e e e e e e e nnnnneean 23
Y U] o] 0] L= LT g = A e U 24
SUPPIBNENTAIY TIg 3. ..o r e e e e e e e e e n e e e e e e e e e aen 25
Y U] 0] 0] L= LT g = Y U 26
SUPPIEMALAIYTIQ 5. ..t e e e e e e e e e e e een 27
Y U] o] o] L= LT g = A e U 28
YU ol [T 04 T=T ] ¢= UV 1 R /U 29
SUPPIEMENTANY TIG Bttt e e e e e e e e e e s emmmt et e e e e e e e rr e e e e e e e enn 30
Y U] 0] 0] g =T o) r= T VR o T TSP 31
SUPPEMENTANY TIG L0 ettt ettt e e e e e s rmm e e e e e e e e e e e s mn e bbb n e e e e e e e e e e e s annnee 32
SUPPIEMENTANYIG L1......oeiiiiiiiiiiiiiiieee e eeer et e e e e e e e e e e e e eeeetee et e e b b e b b e bbb e b a bbb mnneeeeeeaaaeaaeaaaaaeaaeeeen 33
SUPPIEMENTANY fig L2...ciiiiiiiiiiiiieeieee ettt e et e e e e e e eeeet et e bbb e bbb bbb b mnneeeeeeaaeaaaaeaeaseaaeeeen 34
SUPPIEMENTANTIG L3 .ttt e e e e e e rmm e e et e e e e e e e s m e e b e e e e e e e e e e e e annnen 35
SUPPIBNENTAIY FIg L.ttt eeee bbb m—ne e e e e eaaeaaaaeaaaaeaaaeeen 36
SUPPIEMENTANY TIg L5 ittt rmeee et e e e e e e s e n e e e e e e e e e e e e annnen 37
SUPPIEMENLANY fig L. iiiiiiiiiiiiiiiiieie ettt e et e e e e e e e eeeet e bbb e bbb bbb e b a bbb mnneeeeeeaaeaaaaeaaaaeaaaeeen 38
SUPPIEMENTANY TIG L7, e et e e e e e e e e n e e r e e e e e e e e e e annnee 39

Vi



Introduction

Ixodes ricinusis the mostcommonanthropodvector of human diseasa Europeand
nearbyregiong[1]. Lyme diseaséor Lyme borreliosisLB) andtick-borne encephalitis (TBEre
the mostserioustick-borne diseass in humars [2]. LB is caused bythe bacteriumBorrelia
burgdorferi of thefamily Spirochaetaceae, aistransmitted by variousard tick§genudxodes:

l. ricinusin Europe and NortAfrica, |. persulcatusn Eurasial. pacificusin the western United
States and |. scapularisin the eastern Wited States[3]. In fact, manyclades exist in the
Spirochaetaceathatcan causbumandiseaseB. burgdorferj B. garinii, B. afzelii B. spielmanii,
B. bisseti, B. lusitaniag andB. valaisiana[4]. Thesedisease can be transmitted to hurrsly

bites of immature tickenymphg, which aresmallandhard to noticeadult ticks caralso transmit

the bacteriabutarelargerandmore easily noticefb].

LB is the most widespread vectborne disease in Europe&jth 85000 cases reported
annually(probably many more goendiagnoselj and15,00820,000 caseannuallyin the United
States; the disease is endemic in 15 sf&fed B has been recordad North Africa, withtwo
casesn Morocco, me in Algeria, and 29 in Tunisi&]. Forests are highisk areassocases are
most commonmamong hunters, forest workers, rangers, farmers, and gamekégpaisk of
infectionincreases whehuman activities andlisits to infested areasverlapwith peals oftick
abundancd8].

Somestudieshavesuggestedhatlatitudinal and elevationdimits of LB andTBE, andof
the ticks themselveshave shiftedwith increasingglobal temperature§9-11]. Over the last
century mean temperatuteas riser0.7°C globally; anotherl.1°C increase is expectéd the 215

century[12]. This additional warmingmay dfect the epidmiology of vectorborne disease in



terms ofvector development, altering pathogaopulations, shifting geographatstributiors of

vector reservog andhost populatiogs andinfluencingtransmission dynamsd12].

The geographidistribution ofl. ricinusis related to climatéctors such as humidity, soil
water,andair temperaturgand tovegetation typgand use, and disturbanf8]. Climate change
canalso altertick abundance[14]. Severalrecentpublications have presentgaedicions of
possible climatechange effest on arthropoeborne disease transmissiomcluding ticks,
sandflies and mosquitesto understand how the various factors driving their distribstiight

constain or releasduture pathogerdistribution[15-18].

Modeling ecological requirements of species anticipatefuture disease transmission
patternsis challenging[12]. Previous studie®f the potential distribution of I. ricinus have
generally coveredmall geographiextens[2, 19]. Forexamplesome studies includestudies in
single countrieattempting tainderstand the population dynamic of this spddi¢s20] A recent
paper21] studied effects of global changa I. ricinus across its rangdut usedwo old climate
scenarios (A2 and BXyom one GCM onlyfor projection Here,we preparedh data set of.
ricinus occurrencethat covered itentire geographic rangén Europe and NorthAfrica, and
removed bias that might affettodelpredictions We usedamaximum atropy algorithm (Maxent
3.3.3k) to estimatethefull ecologicalrequiremets of I. ricinus, which we transferrednto future
conditiors for the years2050 and 2070 undet7 GCMs at twoconcentration scenarios for
greenhouse gasdscological niche modelingras used becauseistrobust andhas been used
manydisease application22]. We thus present the most comprehensive matklelopedo
date for this important disease vector, and explore their implications under the newest suite of

future climate scenarios.



Materials and Methods

Input data
Primaryoccurrenceaecordsfor I. ricinus were obtained from diversourcesDatawere

drawn from the Global Biodiversity Information FacilityGBIF; www.gbif.org Z410occurrence

pointy, VectorMap (www.vectormap.org 181 occurrence poinjsandthe scientificliterature

( 11§56 points; S1 File[15]). Sampling wagoncentrateg@articularlyin Great Britain and Germany

Thanksto continuous surveillance by the European vector map prograne Butopean Center

for Disease Revention and Control (ECDC; http://ecdc.europa.eu/en/healthtopics/vectorivector
maps/) Duplicate records wenemovel, and occurrencpointswere filtered bydensity to reduce
bias in calibrating ENM§£3]. As a resultjn the end, we hadl17occurrence point~ig 1), which

we separated ito five equalsulsets Each subsewas thendivided into two portions50% for
model calibrationand 50% for model evaluationThe five random subgroupgrovide replicate

views of model results and an idea of variation inherent in the system

We obtained data onl19 climate variables from the WorldClim archive

(www.worldclim.org. We removedbioclimaticvariables 89 and 1819, in light of knownspatial

artdacts.We usedhe data layers a” spatialresolutionin light of the continental extent of our
models We obtained parallel data layeisr 17 generalcirculation moded (GCMs; Table 1)for
2050 and 207,0with two representative concentration pathefCPs; RCP 4.5 and RCP 8.%0
estimatefuture distributional potential of the species and the uncertainty inherent in those

predictions.


http://www.gbif.org/
http://www.vectormap.org/
http://www.worldclim.org/

Ecological niche modeling

Maxent 3.3.% [24] was used totest and identifythe most importanenvironmental
variablesusingits jackknifingfunction After that we used SDM®ols in ArdcG1S 10.3to remove
variableswith high correlatios. In the end we usedsix variablesfor analysis:annual mean
temperature ko 1), meandiurnal temperaturerange bio 2), isothermality pio 3), annual
temperaturgange bio 7), annual precipitationbfo 12, and precipitation seasonalitgig¢ 15).
Thesevariables wereused to reconstrudhe ecologicalniche ofI. ricinus and estimate the
suitability for the speciebased onassociations betweepresence point&nd environmental
variables[25]. We hypothesizedin accessible area Mhat included allof Europe but excluded
western Asia for lack of data documentingicinus occurrence there; we includébbrth Africa
and parts of the Middle East[26]. We usedMa x e n t d@rap fumation ttoscrate 10 replicate

analyses. We usedartial ROC statistics to test model robustng&g via Niche Toolbox

(http://shiny.conabio.gob.mx:3838/nichetoolyy 2he five testing subsetsf available occurrence

datawere used to test model predictions.

To summarizenodel results, wealculatel median values aoss all mediamodel outputs
asanestimateforttepeci es & pot e n teach torresporsding RC®/ectlgulatel under
the median of the mediaacross all GCM$or each RCRn each time periadVe used the range
(maximum- minimum) for present and futur@vithin each RCPas an index of uncertaintyf
modelpredictiong18, 22] We thresholdethodek using a fixedcallowable omission error raté& (
= 5%) [28], given that5% of the occurrence data may haweludederrorsthat misrepresented
environmental valueddobility -oriented ity (MOP) was used to calculate tthegree of novey
of climate conditions, compared to the presttall futureclimate scenarios (i.e., 17 GCM2

RCPsx 2 time periods). MOP evaluates general novelty of conditiand, highlighs regions


http://shiny.conabio.gob.mx:3838/nichetoolb2/

where gtict extrapolation occurdviOP is a cruciahpproachfor any model projectiornto givea

view of certainty and uncertaingcrossvarious sectorsfdhe region of intereg9].

Results
Our initial total of 5107o0ccurrence points fdr ricinus from diversesourcesvasfiltered
and reducetb 417spatially uniqugoints atl0 resolutiorthat largely avoided artificial clumping

related tobiases in sampling and reportitigigure 1).Calibrating models fol. ricinus based on
the five subgroupof occurrence pointgielded predictions that, when tested uguagtial ROC

analysis gaveAUC ratios above null expectatiarin all casegP < 0.001]).

Models based on presetidy conditions revealed high suitability forricinus across
CentralandWesternEurope in Great Britain, France, Germany, Belgium, Netherl@neeceand
Italy. In northernEurope high suitabilitywas concentrated isoutrern Finland and Sweden
extending towvestern NorwaySuitableareas weralsoin westernTurkey, the Middle East and

restrictedareasn Morocco, Algeriaand TunisigFig 2).

Transferringmodek to future conditionsgurrent and futurdistributional patterslargely
coincided However our model predictions indicated some potenttalexpansionnto areas not
identified as suitablender present conditionparticularlyin northern Europe(Fig 2). Analysis
showedhigh uncertaintyasregards potential distributisnn present and futurdn future, high
certainty was observed in Scandinavian countries and Eastern Eurldpder presentlay
conditions low uncertainty was observed acrdbs study area except some areadviaroccq
Ireland and estern Norway. Under future predictions, varying leeélsncertainty existed among
RCP scenarios and time periodssed onscenarioRCP 4.5 for 2050high uncertaintywas

concentragd in southern Fnland, central Norway and Swedeand lessn Eastern Europand



North Africa, whereasow uncertaintyareas werebserved in Eastern Europe dhdMiddle East
For RCP 8.5for the 20505, high uncertaintywas restrictedparts ofsouthern Finland, eastern
Sweden, southern Spaend northern MoroccopWw uncertaintyareas were irEastern Europe and

theMiddle East.

For RCP 4.5in 2070 modelsshowedhigh uncetainty in Finland, Norwaycentra and
northern Sweden, and eastern Belarus. RCP 8.5 for &0G®@edhigh uncertainty inFinland,
eastern Sweden, eastern Belarus and eastern Ukraine, and less in Norway and &&teitreind
southern Europe. Low uncertaintiasin Western Eurpe,North Africa andthe Middle East (ig

2).

Binary (thresholded)predictiors for future conditions showedlifferencesbetween RCP
45 and RCR.5in 2050and 2070In termsof presentand future agreemerttigh suitability was
in central, southerrand Western Europesouthern Sweden and Finland, and eastern Norway;
range expansiowas indicated in North Africen coastal regions of Morocco, Algerand Tunisia.
Low-confidencepredictionsof suitabilitywere in Spain andiestern TurkeyUnderRCP4.5 for
205Q expansionare expectedlthough withow confidencen North Africa,theMiddle Eastand
Easterrand NortherrEurope Expansionsn Easterrand NortherrEurope Turkey, andheMiddle
Eastwere widerfor RCP 8.5for RCP4.5. UnderRCP 8.5, expansions werwider in southern
Finlandwith high confidencePredictiors underRCP 4.5 and RCR.5 for 2070 were closely
similar in terms of low confidencgewith differences in North Africa, Turkey, Iragand central
Saudi Arabia suitability increasedvith high confidencan Norway am much of Sweden and

FinlandunderRCP 8.5 (kg 3).

MOP results indicated highoveltyof and future conditions along the entire Mediterranean

rim of southern Europe and North Africa andchorthern Scandinavia (F&. MOP detectedut-
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of-rangeconditions in10 out of 17 models in both RCPs 4.5 in 2050 and 28@fhell and 13
modelswereout-of-range in RCP 8.5 in 2050 and 207&spectivelyHence strict extrapolation

presente@&ommonlyin northern extremes @&candinavian countries

Discussion

Tick-borre pathogens (TBE and LB) are greatly influenced by tick ecology and other
factors such as habitat structure, climate, human activities, and pathogen host community
composition and densify80]. Ticks are only intermediate parasites that can spend most of their
life cycle in their habitat, and take just one or few large blood meals per life stage (larvae, nymph,
and adult)[31]. They often take meslthree times durin@ life cycle that may take 7 years to
complete and they attack birds, reptiles, and mammals including hufBahsTick females lay
eggson theground. After larvae &ich, they climb ggetation and wait for a hosftexr gettinga
first meal, they dropo the ground and molt to nymphymphs dothe same thingwaiting for a
host, feedhg for second timanddropping off and moling to adult. Adults seek a large mammal

host, feed and matand females drop off and laggs on the groun].

Severalstudies havendicatedthat increasingtemperature could affect thgeographic
distribution andecology ofl. ricinus in Europe[21]. Seasonal atvities and feeding behavior of
the species can be affected by clin@tange at different life stagf&3, 34] In fact,temperatures
could lead to milder winteconditions extendng spring and fall seasoria northern regions
making themmoresuitable forl. ricinus. Indeed, expansi@of northerndistributioral limits have
been reportetbr this species NorwayandSwedersincethe198096, 10, 35] Rangeexpansions
of I. ricinus havebeen recordedt higherelevationan the Czech Republic and Switzerlaf@b].
Hypothetical causes of incre@sEBE in Europe during the last 2 decades include global climatic

change, soci@conomic changes, and anthropogenic activi8&g

7



Several factorsnust be considered éfore interpretingour model predictions regarding
expangons and changes e potential distribution df ricinus. Firstof all, aswith all Ixodid
ticks, I. ricinus spend most of its life cycle in the environmeatf the host, so climate change
may have direceffects ortheir distribution[38]. Other abiotic fators such asanduse,physical
features and biotic factors such d®st abundancand competitionshould beconsideredn
tandem withclimate effect[39, 40] Third, newy suitable areasust be accessible the species
via dispersafor actualrange expansiors takeplace[41].

This study differs frm that of Porretta et aJ21] in using6 variables for analysismore
GCMs andhe latest scenarid®CPs 4.5 and 8.5) for 2050 and R0Also, we usedliverse data
sources, antbcused on Europe, North Africandthe Middle East to develogpredictiors of the
potential distribution of this tickn the future We did not includéAsia for the lack of data from
those regiondn addition, we included pbility-oriented prity (MOP) tounderstand certainty and
uncertainty indifferent areas in the region of interé29].

Our results were similar those ofPorretta et al[21] in termsof future predictioswhere
thenewexpansiongredictedn eastern and northern Europe, but we could not prelatges in
Asiafor reasos mentionedabove lxodesicinus occursacrossmostof Europe and parts of North
Africa andthe Middle Eastpur future projections anticipatedew suitable areas for the species
especiallyunderRCP 8.5 for 2070where high-confidence expansiois expectedn Norway,
Sweden Finland,and westerrJkraine Our results also predictetew suitable areas in eastern

Europe North Africa, and the Middle Easalthoughwith low confidence.

Our modek anticipatel potentialrangeexpansiormore broadly imorthernEurope with
milder winter conditionsas temperature increag@1]. In Sweden, for example, the climate has

changedo besignificanty warmer in the last 3 decadebe8 warmest Novembers were recorded



between 2000 and 20Q92]. These changesan help more ticks to survive the winter, and the
probability of tick bites increasd@1]. Given that Lyme disease, TBEand various tickorne
diseasegauseserious health problesnpredictingfuture suitable areasor I. ricinus can help to

guideplans to managand mitigate effects of thesealththreatg43].
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Appendix 1: Figures

Index

Figure 1.Map showing all occurrence points of Ixodes ricinus derived from various sources.

Orange circles indicate points retained after distance filtering.

Figure 2. Current and future potential distributiorixafdesricinus based on preseqfay and
future climatic conditions. Lefthand maps show potential distributions whereas-figinid maps

indicate the uncertainty.

Figure 3. Summary of the binary modeled potential distributions of Ixodes ricinus under future
conditions to show suitable areas and to illustiferences between representative

concentration pathways (RCPs) and time periods. Blue color indicates model suitability under
both present and future suitability (light blue denotes low confidence and dark blue denotes high
confidence), red color reprags predicted expansion areas in the future suitability (light red

denotes low confidence and dark red denotes high confidence); dark gray areas are not suitable.

Figure 4. MOP calculations for model transfers from present to future climate scenad@s for
GCMs (RCP 4.5 and RCP 8.5) in 2050 and 2070. Left panels show the average MOP distance

among models (dark red represents high average and dark blue represents low average.
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RCP 4.5/2070

RCP 8.5/2070

Figure2. Current and future potential distributionlgbdesricinus based on preseqay and future climatic

conditions. Lefthand maps show potential distributions whereas-tigimd maps indicate the uncertainty.
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RCP 4.5

RCP 8.5

Figure3. Summary of the binary modeled potential distributionsxoflesricinus under future conditions to show

suitable areas and to illustrate differences between representative concentration pathways (RCPs) and time periods.
Blue color indicates modslitability under both present and future suitability (light blue derlotegonfidence

and dark blue denotes high confidence), red color represents predicted expansion areas in the future suitability (light

red denotes low confidence and dark red denotes high confidence); dark gray areas are not suitable.
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Average

RCP 4.5/2050

RCP 8.5/2050

RCP 4.5/2070

RCP 8.5/2070

Figured4. MOP calculations for model transfers from present to future climate scenarios for 17 GCMs (RCP 4.5 and
RCP 8.5) in 2050 and 2070. Left panels show the average MOP distance among models (dark red represents high
average and dark blue repemtdow average). The right panels show the number of models out of range (dark blue

represents areas with mdistquent strict extrapolation).
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Appendix 2: Table of GCMs models

Table contains 1General Circulation Models that used for future projections analysis.

Tablel. . Summary of general circulation models (GCMs) explored in our analysis.

GCM Code| Model center (or Group) Institute ID

ACCESS 1-0 AC CommonwealthScientific and Industrial Resear{ CSIRG
Organization (CSIRO) anduBeau of Meteorology BOM

(BOM), Australia.

BCCi CSM1i 1| BC | Beijing Climate Center, China Meteorologiq BCC

Administration.

CCSM 4 CC | National Center for Atmospheric Research. NCAR

CNRMi CM 5 CN | Centre National de Recherches Météorologiqug CNRM-

CERFACS

GFDLT CM 3 GF | NOAA Geophysical Fluid Dynamics Laboratory.] NOAA

GFDL

GISSi E2-R GS | NASA Goddard Institute for Space Studies NASA GISS

HadGEM 2i AO | HD | National Institute of Meteorological Researcli NIMR/KMA

Korea Meteorological Administration.

HadGEM 2ES HE | Met Office Hadley Centre (additional HadGEM MOHC
ES realizations contributed by Instituto Nacional (additional
Pesquisas Espaciais). realizations

by INPE)
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HadGEM 2i CC | HG | Met Office Hadley Centre (additional HadGEM MOHC
ES realizations contributed by Instituto Nacional (additional
Pesquisas Espaciais). realizations
by INPE)
INMCM 4 IN Institute for Numerical Mathematics INM
IPSLT CM5A T | IP Institute PierreéSimon Laplace IPSL
LR
MIROC i ESMT | MI Japan Agency for MarinEarth Science an MROC
CHEM Technology, Atmosphere and Ocean Rese
Institute (The University of Tokyo), and Nation
Institute for Environmental Studies.
MIROC 1 ESM MR | Japan Agency for MarinEarth Science an| MROC
Technology, Atmosphere and Ocean Rese
Institute (The University of Tokyo), and Nation
Institute for Environmental Studies.
MIROC 5 MC | Atmosphere and Ocean Research Institute ( MROC
Universty of Tokyo), National Institute fo
Environmental Studies, and Japan Agency
Marine-Earth Science and Technology.
MPIT ESMi LR | MP | Max-PlanckInstitut fir Meteorolgie (Max Planc| MPI-M
Institute for Meteorology).
MRIT CGCM 3 | MG | Meteorological Research Institute MRI
NorESM 11 M NO | Norwegian Climate Centre NCC
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Appendix 3: Supplementary figures

Maps show the differences among models for each GCM in 2 time slides (2050 & 2070)

and 2 RCPs (RCP 4.5 & RCP 8.5) emissions.

22



RCP 4.5

RCP 8.5

Supplementary fig. GCM: Commonwealth Scientific and Industrial Research Organization (CSIRO) and Bureau
of Meteorology (BOM), Australia (ACCESST10). Red indicates to future suitable prediction, Dark blue indicates

to present and future suitable prediction, and light blue indicates to retraction areas.
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RCP 4.5

RCP 8.5

Supplementary fi@. Beijing Climate Center, China Meteorological Administration (BCCSM 171 1)

24



RCP 4.5

RCP 8.5

Supplementary fi@.

National Center for Atmospheric Research (CCSM 4).
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RCP 4.5

RCP 8.5

Supplementary figh. Centre National de Recherches Météorologiques (CNRIN 5).
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RCP 4.5

RCP 8.5

Supplementary fi. NOAA Geophysical Fluid Dynamics Laboratory (GFDICM 3).
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RCP 4.5

RCP 8.5

Supplementary fi¢. NASA Goddard Institute for Space Studies (GIS=2 - R).
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RCP 4.5

RCP 8.5

Supplementary fig. National Institute of Meteorological Research / Korea Meteorological Administration
(HadGEM 2i AO).
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RCP 4.5

RCP 8.5

Supplementary fi@. Met Office Hadley Centre (additional HadGEMES realizations contributed by Instituto

Nacional de Pesquisas Espaciais) (HadGEES).
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RCP 4.5

&

RCP 8.5

Supplementary fi@. Met Office Hadley Centre (additional HadGEMES realizations contributed by Instituto

Nacional de Pesquisas Espaciais) (HadGEMCL).
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RCP 4.5

RCP 8.5

Supplementary fid 0. Institute for Numerical Mathematics (INMCM 4).
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RCP 4.5

RCP 8.5

Supplementary fig 1. Institute PierreSimon Laplace (IPSL CM5A T LR).
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RCP 4.5

RCP 8.5

Supplementary fig 2. Atmosphere and Ocean Research Institute (The University of Tokyo), National Institute for

Environmental Studies, and Japan Agency for MaEaeth Science and Technology (MIROC 5).
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RCP 4.5

RCP 8.5

Supplementary fig 3. Meteorological Research Institute (MRCGCM 3).
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Supplementary fig4. Japan Agency for MarirREarth Science and Technology, Atmosphere and Ocean Research

Institute (The University of Tokyo), and Natioraktitute for Environmental Studies (MIROCESM1 CHEM).
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