


Climate Change and Extinction

andlatitudes).Here,| usethesedatato showthat recentlocalextinctionsrelatedto climate
changehavealreadyoccurredin hundredsof speciesroundtheworld. Specificallyamong
976speciesurveyedlocalextinctionsoccurredin 47%.Theseextinctionsarecommon
acrosglimaticzoneshabitatsand groupsof organismsut areespeciallgommonin trop-
ical regions(which containmostof Earth'sspecies)n animals(relativeto plants),andin
freshwatehabitatsin summary this studyrevealdocalextinctionsin hundredsof species
relatedto thelimited globalwarmingthat hasalreadyoccurred.Theseextinctionswill
almostcertainlyincreasesglobalclimatecontinuesto warmin the comingdecades.

Introduction

Anthropogenicclimatechangenaybeamajor driver of biodiversitylossin the next100years,
but the possiblampactsof climatechangeon speciesurvivalremainhighly uncertain[1+3].
Globalmeanannualtemperaturesncreasedy ~0.85E ®etweerl 880and 2012andarelikely
to riseby anadditional LECto 4ECby 2100[4]. Modeling studieshavepredictedthat various
levelsof speciesosswill resultfrom this future climatechangerangingfrom 0%to >50%of
all speciesurrentlyknown [3]. Thisuncertaintyhasmanysourcege.g. differentclimate
modelsanddifferenthypotheseaboutspecieslispersal)One of the mostimportant sources
of uncertaintyhingeson the detailsof how speciesespondto climatechangeFor exampleif
specieganevolverapidly enoughin responsdo changingclimate thenspeciegxtinctions
dueto climatechangemight actuallybelimited [5,6].

Speciesanpotentiallyrespondto climatechangen severalvays.The mostimportant case
to considemaybethatwhenthe speciegresent-dayrealized)climatic nicheno longer
occurswithin the speciesturrentgeographicange(becausef the potentialfor globalextinc-
tion of the speciesindertheseconditions).In this casethe possibleresponsesf the species
includethefollowing: (i) undergoingnicheshifts,suchthatthe species'ealizedhichechanges
to incorporatethesenewclimatic conditions(e.g. through plasticchangesnd/or by evolu-
tionary adaptationto the modified abioticand/or biotic conditions),(ii) dispersingo track
theoriginal climatic conditionsoverspacee.g. movingto higherlatitudesor elevations)and
(iii) goingextinct[5+8]. While eachof theseresponsebasbeenshownin somecasegat least
in localpopulations) therelativefrequencyof eachis still unclear[7,8]. However,changesn
speciegjeographicangeshavebeenespeciallyvelldocumented9+11].

Thesedataon geographicangeshiftscontainimportant but underutilizedinformation on
how speciesespondto climatechangeRangeshiftsobservedinder climatechangeypically
involvean overallshift towardshigherlatitudesandhigherelevationg9+11]. Theseshiftscan
becomposedf one(or both) of two typesof changegFig 1): (i) rangeexpansionstthe cool
edgeof the speciesange(higherlatitudesandelevationsand(ii) rangecontractionsatthe
warm edge(lower latitudesand elevations)The presencef warm-edgecontractionsis criti-
callyimportant. A warm-edgecontractionoccurswhenpopulationsfrom oneor morelocali-
tiesatthelowestlatitudesor elevation®f aspecies’egionaldistribution disappeafi.e.,are
inferredto no longeroccuratthoselocalities) leadingto anoverallshiftin the speciesange
towardshigherlatitudesor elevationsThesecontractionsindicatethat speciegrefailing to
shift their nichessufficientlyto toleratethesenewconditionsandthat thesepopulationsare
insteadgoingextinct(referredto as®localextinction®hereafter) This mustbetrue regardless
of the specificmechanisnof localextinction(e.g. elevatedieathrates jncreasedmigration,
or decliningrecruitment). The manypaperghat haveassesse@ngeshiftsandthat have
includedsurveyof warm-edgepopulationscanthereforeprovideawealthof dataabout
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Fig 1. Hypothetical example illustrating the two components of a geographic range shift associated with climate change. The large open circle
indicates the species’ overall geographic range. Small dark blue circles indicate populations before climate change. After climate change, the overall
geographic range is shifted northward (large open circle), both through the range expansion (new populations; small light blue circles) added at the
northern, “cold” edge of the species range and range contraction (local extinction of original populations; small red circles) at the southern, “warm” edge
of the species range. Similar patterns occur for range shifts along an elevational gradient. Modified from Cahill et al. [12].

doi:10.1371/joural.pbio.200104.g001

which specieiave(and havenot) undergondocalextinctionspotentiallyrelatedto climate
changeThesealataareparticularlyusefulbecaus@ublishedpaperson rangeshiftsneednot
bestronglybiasedowardsdocumentingwarm-edgecontractionsgiventhat manystudies
thatincludeddataon warmedgeslsosurveyedhe cooledge Thus,eventhoughstudieshat
failedto find anyrangeshiftsmight gounpublished(a potentialsourceof bias),studieshat
documentedanoverallrangeshift neednot showawarm-edgecontraction.

Here,l analyzehe extensivalataon rangeshiftsto examinethe prevalencef localextinc-
tionsrelatedto modernclimatechangel alsoprovideasynthesi®f inferredlocalextinction
acrossabitatsclimatic zonesandtaxonomicgroups. systematicallgearchedheliterature
for studieshat examinedshiftsin speciestangesattheir warm edgesshiftsthat wereconsid-
ered(in the original studies)}o berelatedto current climatechangeHundredsof example®f
localextinctionswerefound acrosgliverseclimatic zoneshabitats andtaxonomicgroups.
Not all specieexhibitingrangeshiftsshowedvarm-edgecontractions put ~50%of the species
surveyedhadlocalextinctionsinferredto berelatedto climatechangeTheseesultssuggest
thateventherelativelysmallchangesn climatethat havealreadyoccurredaresufficientto
causeavidespreadocalextinctionsandthat manyspeciesnaybeunablerespondto climate
changedfastenoughto avoidextinctionasglobalclimatewarmsevenfurther.

Results

TheWebof SciencavassearchedepeatedipetweerDecembe014andMarch 2016using
keywordgelatedto climatechangerangeshifts,andlocalextinctions(seeMaterialsand
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Methods).All studieghat monitoredthe warm edgeof atleastonespecies’angeandthattied
their resultsto climatechangewith explicitstatisticabnalysesvereincluded.Importantly,
studiescandocumentoverallrangeshiftsbut neednot find thatthe warm-edgegopulations
thattheyexaminechadlocalextinctions.

A total of 27 studieqTablel;[13+39])metall the necessarygriteriato addrespotentialcli-
mate-associatedarm-edgeaangeshifts(seeMaterialsand Methods).The sampledspecies
werebroadlydistributedacrossladeqe.g.animals= 716;plants= 260)andregions(e.g.,
Asia= 332;Europe= 268;Madagascar 30;Oceania= 58;North America= 233;SouthAmer-
ica=55).Amongthe 976uniquespeciesurveyed460speciehiadwarm-edgecontractions,
and516did not (S1Appendix).ThereforeJocalextinctionsrelatedto climatechangeare
alreadywerycommon(47.1%of speciegxamined)gvengiventherelativelymodestrisein
globaltemperatureshat hasoccurredsofar (lessthan 1EQncreasen globalmeanannual
temperature[4]).

Thesed76speciespannednanycladeshabitatsandregions(Tablel; S1Appendix).
Comparisorbetweerthosespecieshat showedvarm-edgecontractionsandthosethat did
not providespotentialinsightsinto which speciesnaybe mostsensitiveo climatechangein
termsof the climatic zonesand habitatsthat theyoccurin andthe cladeghattheybelongto.
Furthermore thereis no evidencehat thereweremore speciesvith localextinctionsin studies
thatendedmorerecently wereof longerduration, or beganearlier(basedn midpointsfor
rangesf valuesTablel). Specificallyregressioranalysesf the proportion of speciesvith
localextinctionsagains{(i) the studyenddate,(ii) the duration of the study,and (iii) the study
startdateall yieldednonsignificantresults(end date:* = 0.001p = 0.8910guration: r* =
0.045p = 0.2896startdater® = 0.047 p = 0.2788afterremovingnine studieswith four or
fewerspeciesenddate:? = 0.146p = 0.1181duration: * = 0.132p = 0.1376but unexpect-
edlytrendingtowardsfewerextinctionsin studieswith longerdurations;startdater*= 0.177,
p = 0.0821with moreextinctionsin studiesbeginningmorerecently not earlier).Therefore,
thefrequencyof localextinctionswasinitially comparedacrosspecien differentstudies,
regardlessf differencesn the duration, beginning,or enddateof the studyin whichthey
weresurveyed.

Overall the frequencyof localextinctionswassimilar (closeto 50%)acrossnostclimatic
zoneshabitatsgradientsandcladesNeverthelesgshereweresomesignificantdifferences.
First,localextinctionsweresignificantlymore commonin speciefrom tropicalandsubtropi-
calregions(combinedandreferredto astropical hereafterffor brevity)thanin thosefrom tem-
perateregions(p < 0.0001Chi-squaredest,testingthe assumptiorof equalfrequencief
localextinctionamongspeciebetweerregions;subsequeng-valuesarealsofrom Chi-
squaredests) Specifically54.6%of the 504includedtropical specie®adlocalextinctions,
wherea®nly 39.2%of the472temperatespecieslid (Fig 2A). The patternwasevenstronger
whenonly consideringterrestrialspecie®n elevationafyradientg54.6%of 504tropical spe-
ciesversu228.2%of 301temperatespecieshich appliedto all plantsand mostanimals.n
part, this patternof morefrequenttropical extinctionarosefrom amuchlowerfrequencyof
extinctionsfor temperateplants(59.4%of 155tropical speciesersus8.6%of 105temperate
specieg < 0.0001)Theverylow frequencyof temperateextinctionsin plantswasbasedn a
singlestudyfrom veryhigh latitudes[19]. Neverthelessherewerealsosignificantlymore
localextinctionsin tropical animals(52.4%of 349tropical speciesersus38.8%of 196temper-
atespeciesp = 0.0022)if onecomparegerrestrialspecie®n elevationagradientsThis
restrictionalsomadethemmore comparabldo the sampledplants(all from terrestrial eleva-
tional gradientslandstill encompassemhostsampledcanimalspecie$76.1%5450f 716spe-
cies) Acrossall animals the differencewasnot significant(p = 0.2309)possiblybecausef the
influenceof temperatemarineandfreshwatespeciegseebelow).Amongthe mostwell-
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Table 1. Summary information on the 27 range-shift studies used to document local extinctions related to climate change. Studies are listed alpha-
betically by first author. The major taxonomic group surveyed is given (Taxon, all groups are animals except for “Plant”), along with the total number of species
surveyed (Total Species), the percentage of those species with one or more local extinctions (% Local Extinction), the general habitat type (Habitat; including
terrestrial, freshwater, and marine), the climatic region (tropical-subtropical versus temperate), the geographic region where the study was conducted (note
that North America here extends to Central America), the type of range shift (latitudinal, elevational), the dates of the initial survey and the resurvey, and the
duration in between (for surveys and/or resurveys spanning multiple years, the midpoint of each was used to calculate the duration).

Reference Taxon Total % Local Habitat Climatic Geographic Range Initial Resurvey | Duration
Species |Extinction Region Region Shift Survey Date
Angelo and Plant 4 50 | Terrestrial | Tropical Oceania Elevational | 1966— 2008 415
Daehler [13] (Hawaii) 1967
Beeveret al. Mammal 1 100 | Terrestrial | Temperate | North America | Elevational | 1898- | 2003-2006 77.5
[14] 1956
Brusca et al. Plant 27 56 | Terrestrial | Tropical North America | Elevational 1963 2011 48
[15]
Chenetal. [16] | Insect 208 56 | Terrestrial |  Tropical Asia Elevational 1965 2007 42
Comte and Fish 31 74 | Fresh. Temperate Europe Elevational | 1980- | 2003-2009 20
Grenouillet [17] 1992
Dieker et al. Insect 2 50 | Terrestrial | Temperate Europe Elevational | 1958- | 2008-2009 36.5
[18] 1986
Felde etal. [19] | Plant 105 9 | Terrestrial | Temperate Europe Elevational 1900 2008 108
Forero-Medina | Bird 55 29 | Terrestrial Tropical South America | Elevational 1969 2010 41
etal. [20]
Franco et al. Insect 3 100 | Terrestrial | Temperate Europe Latitudinal | 1970— | 2004-2005 20
[21] 1999
Freeman and Bird 54 74 | Terrestrial | Tropical Oceania (New | Elevational 1965 2012 47
Freeman [22] Guinea)
Hiddick et al. Marine 65 55| Marine Temperate Europe Latitudinal 1986 2000 14
[23] invertebrates
Hitch and Bird 1 100 | Terrestrial | Temperate | North America | Latitudinal | 1967— | 1998-2002 31
Leberg [24] 1971
Menendez Insect 39 54 | Terrestrial | Temperate Europe Elevational | 1981- | 2006-2007 24
etal. [25] 1993
Moritz et al. Mammal 27 41 | Terrestrial | Temperate | North America | Elevational | 1914— | 2003-2006 87.5
[26] 1920
Myers et al. Mammal 8 12 | Terrestrial | Temperate | North America | Latitudinal | 1883— | 1981-2006 62
[27] 1980
Nye etal.[28] | Fish 28 50| Marine | Temperate | North America | Latitudinal 1968 2008 40
Perry et al. [29] | Fish 10 40| Marine Temperate | North America | Latitudinal 1997 2001 24
Ploquin et al. Insect 16 69 | Terrestrial | Temperate Europe Elevational | 1988- | 2007-2009 19.5
[30] 1989
Pomara et al. Squamate 1 100 | Terrestrial | Temperate | North America | Elevational 1965 2008 43
[31]
Raxworthy Amphibian- 30 37 | Terrestrial |  Tropical Madagascar | Elevational 1993 2003 10
etal. [32] Squamate
Rowe et al. [33] | Mammal 4 25 | Terrestrial | Temperate | North America | Elevational | 1927- | 2006-2008 79
1929
Rubal et al. [34] | Mollusca 7 29 | Marine | Temperate Europe Latitudinal 1917, 2011 94
1940
Sheldon [35] Insect 1 0 | Terrestrial | Temperate | North America | Elevational | 1977— 2006 28.5
1978
Telwala et al. Plant 124 60 | Terrestrial Tropical Asia Elevational | 1849- | 2007-2010 159
(36] 1850
Tingley et al. Bird 92 25 | Terrestrial | Temperate | North America | Elevational | 1900- | 1980-2006 78
[37] 1930
Warren and Insect 2 0 | Terrestrial |  Tropical North America | Elevational | 1973- 2012 38.5
Chick [38] 1974
(Continued)
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Table 1. (Continued)

Reference Taxon Total

Species
Zuckerberg Bird 31
etal. [39]

doi:10.137/journal.plw.2001104.t001

% Local Habitat Climatic Geographic Range Initial Resurvey | Duration
Extinction Region Region Shift Survey Date
71 | Terrestrial | Temperate | North America Both 1980- | 2000-2005 20
1985

sampledyroupsof animals tropical extinctionwassignificantlymore commonin birds
(51.4%0f 109tropical specieversus37.1%of 124temperatespeciesp = 0.0284)but not in
insectqlocalextinctionsin 55.2%of 210tropical speciesversush9.0%of 61temperatespecies;
p = 0.6007)For otheranimalgroups the speciesamplecherewereeitherpredominantlytem-
perate(mammalsfish,and marineinvertebratespr tropical (squamateeptilesandamphibi-
ans),andsodid not allowfor similarwithin-cladecomparisons.

Overall the frequencyof climate-relatedocalextinctions(Fig 2B)wassimilarin terrestrial
(45.6%0f 835speciespnd marineenvironmenty50.9%0f 110;p = 0.2964)In contrastthe
frequencyin freshwateispeciesvassubstantiallyhigher(74.2%of 31;p = 0.0053acrossall
threehabitats) However the estimateor freshwatespeciesvasbasen asinglestudyof
Europearfisheq17]. Comparingfish only (all temperate plsosupporteda significantlyhigher
frequencyof extinctionin freshwateenvironmentselativeto marineenvironments
(p = 0.0240localextinctionsin 47.4%of 38 marinespeciesersus/4.2%of 31 freshwatespe-
cies) All marinespecieincludedhereweretemperateanimals put therewasno significant
differencein extinctionfrequenciebetweermarineandterrestrialenvironmentsvhenonly
temperateanimalswerecomparedp = 0.1676marine:50.9%of 110speciederrestrial:42.9%
of 226species)Terrestrialand freshwatespeciesemainedsignificantlydifferentin this more
restrictedcomparison(p = 0.0011).

Thefrequencyof localextinctions(Fig 2C) wassomewhatowerfor speciesurveyedlong
elevationapradientselativeto thoseon latitudinal gradientqelevational45.8%of 836spe-
ciesjatitudinal: 55.0%0of 140species = 0.0439)Most (78.6%)speciesneasuredilonglatitu-
dinal gradientsveremarine (andall marine studiesfocusedon latitudinal gradients) andall
weretemperateAgain, mostspeciesncludedherewerebasedn studiesof elevationagradi-
entsin terrestrialenvironments.

Localextinctionswerealsobroadlysimilarin frequencyacrosgaxonomicgroups(Fig 3).
Neverthelesdocalextinctionsweresignificantlymorecommon(p = 0.0018)jn animals
(50.1%of 716)than plants(38.8%of 260).This differencewasreducedwvhencomparingonly
animalsandplantson terrestrial elevationagradientg47.3%of 556animalspeciesersus
38.8%of 260plantspeciesy = 0.0236)Amongthesdatter specieshe planttanimaldifference
wasnonsignificantfor tropical speciegandwasactuallyreversedtocalextinctionsin 52.4%of
349tropicalanimalspeciesersus9.4%of 155tropical plants;p = 0.1500put wasstrongfor
temperatespecie$38.6%of 207temperateanimalspecieversus8.6%of 105temperateplants;
p < 0.0001).

Thefrequencie®f localextinctionsacrosglifferentanimalgroups(Fig 3) werebroadly
similarto the overallvaluefor animals(50.1%)but with highervaluesn insectq56.1%of 271
specieshasen sixstudies;Tablel) andfish (59.4%of 69 specieghreestudiesyelativeto
mammalq35.0%of 40speciedfour studies) pirds (43.8%of 233speciedijve studies) amphib-
ians(36.8%of 19speciespnestudy),andsquamateeptiles(lizardsandsnakes41.7%of 12
specieswo studies)Localextinctionswerealsobroadlysimilarin frequencyin various
groupsof marineinvertebratesincluding crustacean&6.7%of 15;onestudy),annelids
(64.5%o0f 31;0nestudy),andmolluscg45.4%of 22;two studies) Thefrequencyin echino-
dermswaslower (25.0%pnestudy)but wasbasedn averysmallsamplesize(4 species).
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Fig 2. The frequency of local extinctions related to climate change across different climatic regions,
habitats, and gradients. (A) Species are categorized as temperate or tropical (based on the location of the
study), and the percentage of species with one or more local extinctions is shown, along with the sample sizes
of species in each region. (B) Species are categorized as terrestrial, freshwater, or marine, and the frequency
of species with local extinctions is shown (along with total species per habitat). (C) Species are categorized
based on whether they were surveyed along elevational or latitudinal transects. Vertical lines indicate 95%
confidence intervals on the estimated frequency of species with local extinctions.

doi:10.131/journal.ptai.2001104.g0D

Resultsveregenerallysimilar usingboth generalinearmodels(GLMs;seebelow)andgen-
erallinearmixedmodels(GLMMs; seenextparagraph)GLM resultsaregivenin full in S2
Appendixandaresummarizechere.Simultaneouslyncluding all 976specieand mostvari-
ableghabitat[terrestrialversudreshwaterersusmarine], climatic regionsftropical versus
temperate]taxonomicgroup [plantsversusanimals],surveytype|latitudinal versusleva-
tional], andstudydateqstartdate,enddate,anddurationin between]showedhat most
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Fig 3. The frequency of local extinctions related to climate change across different taxonomic groups. The percentage of species with
one or more local extinctions in each taxonomic group is shown, along with the total sample size of species surveyed in that group. For ease of
presentation, four different groups of marine invertebrates (annelids, crustaceans, molluscs, and echinoderms) are shown together. Frequencies
for these four groups were averaged to obtain a single value, and sample sizes of species across groups were summed. Squamate reptiles
include lizards and snakes. Vertical lines indicate 95% confidence intervals on the estimated frequency of species with local extinctions.

doi:10.137/journal.ptn.2001104.g003

variableshadsignificanteffectson the frequencyof extinction,excepfor the studydates.
Therewerestrongeffectof habitatandclimate(p < 0.00001put weakereffectsof taxonomic
group(p = 0.0246)Resultaveresimilar whenexcludingstudydatesandtaxonomicgroup.
Including geographigegionsshowedhat mostregionshadno significanteffect(exceptor
Madagascaand SouthAmerica).Giventhat Madagascaand SouthAmericawererepresented
by onestudyeachtheseregioneffectaverenot consideredurther. Furthermore the effectof
climaticregion,habitat,taxonomicgroup,andsurveytyperemainedsignificantwhengeo-
graphicregionswereincluded.Comparingspecie®nly on terrestrialelevationagradients
(805speciedn total) further confirmedthe significanteffectsf climateandtaxonomicgroup.
Similarly,consideringplantsonly (260speciesalsoconfirmedthe significanteffectsof cli-
maticregion.Consideringonly terrestrialanimalson elevationafradientg545species)
showeda significanteffectof climate(p = 0.0023gfterremovingstudydateswhichhadno
significanteffect.Consideringbirds alone(233speciesandincluding climaticregion,survey
type,andstudydatesshowedhat climaticregion,surveytype,startdate,andenddatehadsig-
nificant effectsForinsectg271species)\vhenincluding climatic region,studydatesandsur-
veytype,no variablesveresignificant.For fish (69 species)amodelincluding habitat
(freshwatenversusnarine),studydatesand surveytypeshowedhat no variablesveresignifi-
cant.However habitatwassignificantif othervariablesvereremoved Similarly,for temperate
animals(367species)amodelincluding habitat,surveytype,and studydatesshowedhat
only habitatand surveytypeweresignificant.Comparisonof plantsandanimalson terrestrial
elevationafradientg(including studydates)showedhat extinctionis significantlydifferent
betweertemperatglantsand animals(more commonin animals) but not betweertropical
onesAcrossanimals the effectsof taxonomicgroupwerelimited anddependedn the other
variablesncluded.If only taxonomicgroupsandstudydateswvereincluded,thenannelids,
fish,andinsectsshowedsignificantlymore extinction (p = 0.03+0.05)ncluding habitatand
surveytype (andremovingstudydates)showedstrongereffectdn fishandannelids(aswellas
in crustaceanandmolluscs)put not in insects.
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Resultsverealsobroadlysimilar usingGLMMs, with studyidentity includedasarandom
effect Resultaresummarizedelowandgivenin full in S3Appendix.Theimpactsof study
datesveresomewhatounterintuitive(andrarelysignificant),andanalysemcluding them
sometimedailed.Whenmostvariablesvereincluded(habitat,climaticregion,taxonomic
group[plant versusanimal], surveytype,andstudydates)all variablesveresignificantexcept
for studydatesandtaxonomicgroup,with strongeffectsof habitat,climaticregion,andsurvey
type.Whenstudydateswvereremoved only habitatand surveytypeweresignificant.When
geographicegionswereincluded(and studydatesexcluded)pnly SouthAmericahadasig-
nificant effect,andhabitat,taxonomicgroup,and climaticregionweresignificantor margin-
ally significant.Comparingtropicalandtemperatespecie®n terrestrial elevationagradients
showedsignificanteffectsof climaticregion(p = 0.0017)andtaxonomicgroup(p = 0.0119),
but not of studydatesWhen studydatesnvereremovedno variablesveresignificant.Plants
aloneshoweda significanteffectof climaticregion(p < 0.0001)put analysefailedif study
dateswereincluded.Animalson terrestrial elevationagradientsshowedho significanteffect
of climaticregion(again,studydateshadto beexcluded)Consideringbirds aloneshowedno
significanteffectof climatebut a significanteffectof surveytype (excludingstudydates).
Insectsshowedo significanteffectf climateor surveytype,regardlessf whetherstudy
dateswereincluded.Analysef fish failedunlessstudydatesand surveytypewereexcluded,
but habitatalone(marineversudreshwaterhadasignificanteffect(p = 0.0265)Analyse of
temperateanimals(367speciesincluding habitat,surveytype,and studydatesshowedonly
habitattypeassignificant(p = 0.0307)but excludingstudydatesshowedsignificanteffectof
habitatand surveytype.Comparingonly temperateplantsand animalsshoweda significant
effectof taxonomicgroup,whenstudydateswvereincluded(p = 0.0116)r excluded
(p = 0.0005studydateshadno significanteffect).In contrasttherewasno significanteffectof
taxonomicgroupwhencomparingtropical plantsand animals(504speciesotal; excluding
studydates) Analyseof animalsaloneshowedho significanteffectof taxonomicgroup.

In summary severapatternsemergedssignificantacrossll (or most)analysedgrirst,
thereweresignificanteffectsof climaticregionoverall with extinctionmorecommonin tropi-
calregions.Thiswaspresentn plantsacrossall analyseandgenerallypresenin animals Ani-
malsshowedsignificantlymore extinctionthan plantsoverallandwhencomparingtemperate,
but not tropical, speciesT hereweresignificanteffectsof habitaton animalsoverall(higher
extinctionin freshwater)evenwhenconsideringfish alone Finally, GLM analyseshowed
someeffectf taxonomicgroupsacrossanimals(with higherextinctionin fishandannelids)
andpossiblyin insectsmolluscsandcrustaceansthe GLMM analyseslid not showthese
groupeffectspossiblybecausenanyanimalgroupsareincludedbasedn asinglestudy.

Discussion

Theresultsof this studyshowthat localextinctions(inferredto berelatedto climatechangejgre
alreadywidespreadgindhaveoccurredin hundredsof speciesRoughlyhalf of the 976species
thatweresurveyedor rangeshiftsshowedevidenceof localextinctions(47%).This proportion
wassurprisinglysimilar acrosgliverseclimatic regions habitats andtaxonomicgroups.The
resultsheresuggesthat eventhe modestchangen climatethathaveoccurredsofar areenough
to drive localpopulationsin manyspecieso extinction. Theresultsherealsosuggesthatlocal
populationsin manyspeciesannotshift their climatic nichesrapidly enoughto preventextinc-
tion. This patternof widespreadocalextinctionseemsikely to becomeevenmore prevalentas
the globalclimatewarmsfurther (by roughly 2 to 5-fold [4]) in the nextseveratiecades.

Theresultshereshowedyenerallysimilar patternsof localextinctionacros<slimatic zones,
habitats and cladesNeverthelessnostanalyseshowedhatlocalextinctionswere
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significantlymore commonin tropical speciegFig 2A), in freshwatesspeciegFig 2B),andin
animals A greatefimpactof climatechangeon tropical speciehasbeenpredictedby several
authors(e.g.[40+42]).This predictionis relatedto the narrowerclimatic nichewidthsfor
temperature-relatedariablesn tropical specieshat areassociatedith reducedemperature
seasonalityn thetropics(e.g.[43,44])andlowerratesof temperature-relatedlimatic niche
changen tropicalspeciege.g.[42]). Theresultshereprovidesupportfor this prediction
basedn documentedocalextinctionsthat havealreadyoccurred:specieén tropicalregions
hadlocalextinctionsmorefrequentlythanthosein temperateegions(54.6%versus39.2%),
especiallywhenspeciesverecomparedon terrestrial elevationagradienty54.6%versus
28.2%)This patternwasstrongesin plantsandwhenanimalswerecomparedon terrestrial
elevationabradientsOverall theseresultsfurther supporttheideathat the negativampacts
of climatechangeon biodiversityaremorefrequent(per speciesin tropicalregions[40+42],
wherebiodiversityis highest.

Climate-relatedocalextinctionswerealsosimilar in frequencyin marineandterrestrialspe-
cies(Fig 2B) but weremore commonin freshwatespeciegalthoughfreshwatehabitatswvere
representedby a singlestudy).Freshwatespeciesnaybeespeciallpusceptibléo changesn
precipitationpatterns(e.g. drought),which cansubstantialyalteror eliminatetheir habitats
(e.g.[45]), quickly resultingin localextinction.In contrastmarinespeciesnayexperiencéess
impactfrom changedn precipitation.Furthermore theymaybebufferedfrom temperature
changedecaus¢heycanpotentiallyadjustthetemperatureshat theyexperiencdy movement
within thewatercolumn (moresothanis possibl€or mostfreshwatespecieq46,47]).

Thefrequencyof localextinctionswasalsobroadlysimilar acrossliversetaxonomicgroups
(~35%+60%4;ig 3), including plants,insectsfish,amphibianssquamateeptiles ,endothermic
vertebrategbirds and mammals) and manymarineinvertebrategannelids crustaceangnd
molluscs)However Jocalextinctionsweresignificantlymore commonin animalsthan plants
(andanimalsarefar more species-rictthan plants).Theywerealsorelativelycommonin
insectgthe mostspecies-rictyroupof animals)andfish (the mostspecies-riclgroup of verte-
brates) Localextinctionswerenot particularlycommonin amphibiang36.7%)or squamate
reptiles(41.7%)althoughboth groupswereincludedherebasedrimarily on onestudy[32].
Neverthelesdoth groupsappeato havebeenstronglyimpactedby climatechangeoverall.
Forexamplemanyamphibianspeciefiaveundergonesharpdeclinesandglobalextinctions,
manyof which arethoughtto becausedy aninteractionbetweerclimatechangeandan
infectiousdiseaséchytrid fungus;[48]). However thesechytrid studiesverenot included
herebecaus¢heywerenot focusedn surveyingvarm-edgepopulationsovertime. Similarly,
localextinctionsrelatedto climatechangehavebeendocumentedn manylizard specie$49].
Again,thesewerenot includedherebecaus¢heywerenot basedn asystematicurveyof
warm-edgepopulations Neverthelessf the speciestudiedby Sinervoetal.[49] were
includedhere thefrequencyof localextinctionsin squamates/ould gofrom 41.7%of 12spe-
cies)to 77.4%of 124species)ut with the caveathattheir studyfocusedn documenting
localextinctionsand somight overestimatehis frequencylt shouldalsobenotedthatthe
well-publicizeddeclinesn amphibianpopulationsgloballyarenot necessariljnconsistent
with the frequencyof localextinction observedere.For exampleaglobalassessmerf
amphibianpopulationg50] noteddeclinesn 43%of amphibianspeciegcompareto the 47%
of all speciedierewith localextinctionsandthe 37%for amphibians)put thesedeclinesalso
includedthoseunrelatedto climatechangge.g. habitatdestructionand overexploitation).
Thus,thefrequencyof climate-relatedieclineshereis not necessarilgn underestimatiorrela-
tive to the declinesdocumentedy the globalamphibianassessmefft0].

A major conclusionof this studyis that populationsof manyspeciegarealreadyunableto
undergonicheshiftsthat arefastenoughto preventlocalextinctionfrom climatechangeThe
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rateis emphasizethierebecausevenif the absoluteamountof nichechangeneededo avoid
extinctionmight beattainablejt might requiremoretime to achievehanis allowedby the
rapid paceof anthropogenicclimatechangeGiventhis result,andthat climateis predictedto
changesvenfurther in the nearfuture, the persistencef manyspeciesnight dependargely
on their ability to successfullghift their geographicangedo higherlatitudesor elevations
andremainwithin their original climatic niche.Indeed the summaryhereshowsnumerous
instance®f cool-edgeexpansiongin 3670f 904speciesyith cooledgeghat werestablein
371lothersandcontractedn 166others).

Unfortunately thesemovementsnaybeimpededfor manyspecie®y oneor morefactors.
First,humanimpactsmaypreventspeciesrom successfullgispersingincluding agriculture,
roads,andurbanization),or thesehumanimpactsmaysimplyleavethemno habitatto dis-
perseo (e.g.[51,52]).Secondmanyspeciegrealreadyconfinedto islands peninsulasand
mountaintopswheredispersato higherlatitudesor elevationsmaynot be possiblge.g.[53]).
Third, evenif dispersals unimpededby humanor naturalbarriers,it maysimplyoccurtoo
slowlyto allowspecieso remainwithin their climaticniche(e.g.[54,55]).

The combinationof thesepotentiallimits to dispersabndthe widespreadocalextinctions
documentechereis troubling. However the resultsheredo not rule out the possibilitythat
rapid nicheshiftswill occurin somepopulationsof manyspeciesn the future, preventing
globalextinctions.Indeed roughlyhalf of the speciesurveyedshowedo localextinctions,
andmostspeciefiadsomepopulationsthat persistedocally (but again thisisunderthelim-
ited climatechangehat hasalreadyoccurred).Thefuture persistencef speciesvill depend
on manyfactors[6,8],including ratesand patternsof climatechangeat eachlocation,dis-
persalnicheshifts,localclimatic microrefugia[56], andthe contribution of population-level
nichewidth to species-levelichewidth (e.g. whetherspeciesrebroadlytolerantor locally
specializedo differentclimatic conditionsacrosgheir rangeq44]). Mostimportantly, | sug-
gestthatthe patternsof present-dayocalextinctionsobtainedfrom range-shiftstudiesshould
bepart of the evidenceausedto predictspeciepersistencén thefuture.

Thereareseverapotentialsource®f biasthat mayhaveinfluencedsomeaspectsf these
resultsbut shouldnot overturnthe major conclusionsFirst,2localextinction® meanghat
individualsof agivenspeciesreentirelyabsenfrom alocationthattheypreviouslyoccupied.
However it canbedifficult to distinguishbetweerextinctionandasubstantiabeclinein
abundancehat causeshe specie$o goundetectedhtagivenlocation(e.g.[57]), andstudies
did not necessarilprovidestatisticakevidencdor the absencef aspeciestasite.Here,the
estimate®f previousresearcherarereusedandit wasassumedhattheyadequatelylocu-
mentedlocalabsenceftherwisetheir estimate®f rangeshiftswould alsobeerroneous).
Furthermore strongdeclineghat makeaspeciesindetectablat agivensitemight soonlead
to localextinction.Secondtheremaybeabiasin termsof unpublishedresults Specifically,
someresearchera/tho monitoredthe warm edgeof apopulationbut failedto find anychanges
associatewvith climatechangemaynot havepublishedtheir negativeresults Suchareporting
biaswould leadto overestimatinghe proportion of speciegxperiencindocalextinctionin
this study.Neverthelesdpcalextinctionswerestill documentedn hundredsof speciesicross
regionsandcladesevenif therearehundredsof additionalspeciesn whichthesdocalextinc-
tionsdid not occur.Additionally, numerousspecie¢n = 171)showedevidenceof acool-edge
expansiorwithout acorrespondingcontractionin thewarmedgeThus,aspecieganundergo
arangeshift but without localextinction,which shouldlimit this sourceof publicationbias.
Third, it wasassumedhat previousresearchersorrectlyassociatethe patternsthatthey
observedvith climatechangeln theory,otherfactorssuchasoverharvestingr habitat
destructionmayhavecontributedto the observedocalextinctionsin somecasege.g.[21]).
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Again,theanalysesereprimarily assumehat the main conclusionof thesepreviousstudies
werenot erroneous.

Finally,despitehe widespreagatternof warm-edgecontractionsandlocalextinctions,
521specieshowedno localextinctionsatthe warmedgejndicatingthat theyhavesuccess-
fully persistedn the faceof the climatechangehathasoccurredsofar. However eventhese
speciemight still gogloballyextinctwhenglobalclimatechangegurther. Additionally, con-
trary to the overalltrend, 54 speciesveredocumentechereashavingexpansionst both their
warm edgeandtheir cooledge(6.0%o0f 904speciesvith dataon both coolandwarmedges).
Onescenaridby whichthis mayoccurisif cool-edgdimits aresetby coldertemperatures
(allowingexpansiorasglobalclimatewarms)andwarm-edgdimits aresetby low precipita-
tion (allowingwarm-edge=xpansion)giventhat precipitationmayincreaseén someareas
becausef climatechangd4]. Indeed,somestudieshavefound evidencgor warm-edge
expansionshroughthis mechanisn{58]. It is alscimportant to notethatlocalextinctions
relatedto climatechangeneednot beconfinedto thewarmedgeof the speciesangeandso
might actuallybeunderestimatedhere.For exampletherecouldbeclimate-relatedocal
extinctionsfar from thewarmedgethat areassociatedith certainmicroclimateqe.g. equato-
rially facingslopesatthe cooledgeof aspeciesange[59]).

In summary theresultshereshowthat widespreadocalextinctions(seeminglyelatedto
climatechangehavealreadyoccurredin hundredsof speciesyith broadlysimilar patternsof
extinctionacrosgliversecladeshabitats and climaticregionsImportantly, levelsof climate
changesofar arelimited relativeto thosegenerallypredictedfor the next100yeard4]. Theresults
heresuggesthat manyspeciesreunableto shift their nichesrapidly enoughto preventocal
extinction. Thisinferenceof climatechangeoutpacingnichechangesupportspredictionsfrom
othersourcesincluding transplantexperimentsn plants[60], phylogenetianalysesf ratesof
nichechangen plantsandanimals[42,61,62]and projectionsbasedn selectionheritability,
andtemperaturdolerancesn lizards[49]. Localextinctionsfrom climatechangemight also
impactspecieshatmanyhumanpopulationsdependon for food, suchasgrasseée.g. wheat,
rice,andcorn [62]). More generallythis studydemonstratethat analysesf rangeshiftscanpro-
videextensivalataon localextinctionsrelatedto climatechangehat havealreadyoccurred.
Thesdocalextinctionsoffer a potentiallyimportant but underutilizedsourceof information for
the challengingaskof predictingpatternsof speciesurvivalandextinctionin thefuture.

Materials and Methods
Selection of Studies

Webof Sciencesearchewvereinitially conductedrom Decembe2014to April 2015usingthe
BoolearsearchtermsTopic = (globalwarming OR climatechange)AND Topic = (local
extinctionOR rangecontractionOR rangeshift). A secondVeb of Sciencesearchwascon-
ductedbetweerApril 2015and May 2015to identify additionalstudiespotentiallymissedoy
thefirst setof keywordsusingthe searchtermsTS= (globalwarm* OR climatechange)AND
TS= (extinction* OR contraction” ORrangeshift"), excludingresultsfrom TS= (global
warming OR climatechange)AND TS= (localextinction OR rangecontractionORrange
shift). Eachsetof Web of Scienceesultswassortedby relevanceandthenbinnedinto subsets
of 50.Searchingvasceasedvhenlesghan 1 in 50studiesper subsetvasrelevant(seebelow
for criteria). Finally,athird Web of Sciencesearchwasperformedon 1 March 2016to find
morerecentlypublishedstudiesThisthird searchusedthe keywordsTS= (globalwarm® OR
climatechange)AND TS= (extinction® OR contractiori OR rangeshift*). A total of 1,530
resultswerefound in this third searchResultsveresortedby relevanceandthefirst 300
(~20%)wereexaminedThelast40o0f these300includedno relevantstudies.
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Someadditionalstudieswerealsofound that werelistedasreferencei the papersdenti-
fied by thesanitial Webof Sciencesearchesl hereferencdist wasalsocheckedhgainsta
recentreviewstudy[11], which alsoconductedhoroughsearchesf theliteratureon climate-
relatedrangeshifts.Threestudiesvereaddedfrom that surveywhich werenot initially
includedhere.Finally,severatelevantstudieswverealsofoundin the surveyof Gibson-Rene-
mer etal.[63], which hadsimilar rulesfor inclusionof studies Althoughthoseauthorsdid not
conductasystematicearctof theliterature(asdonehere) theyneverthelesmcludedfive
studiesnot found in the searchedescribecabove Thesewerealsoaddedhere.

In theory,thefactthat2extinction® and2contraction®wereincludedaskeywordsmight
havebiasedheresultsto includemore papersdocumentinglocalextinctionsandrangecon-
tractionsthanwould beobtainedfrom asearctof range-shiftstudieghat excludedheseaskey-
words(possiblyleadingto overestimatiorof the frequencyof localextinctions).However this
seemainlikelyin practice First,thesewereincludedas?or® keywordsalongwith 2rangeshifts.®
Examiningthe keywordsandtitles of the 27 selectegbapersshowedhat mostwerefocusedn
overallrangeshifts,with no mention of localextinction (extinction or extirpationaremen-
tionedin thetitlesof only 4 of 27 studiesand askeywordsin only 4 of the 21 studieswith key-
words;2contraction®is mentionedin only 1). Furthermore the factthat the surveyresultshere
werecheckedagainstanotherrecentreviewon rangeshifts[11], andthat threemissingstudies
wereadded alsomakeghis potentialbiasseerunlikely. In otherwords,if manyrange-shift
studiesweremissedbecausef this bias theyshouldhavebeenaddedat that point.

Overall thesesearchewereextensivédout maynot betruly exhaustiveRegardlessnany
studieswerefound that documentedocalextinctions,andfinding more studiesghat did so
would not overturnthis main conclusion.

Studieswvereincludedthat monitoredoneor more populationsatthe warm edgeof aspe-
cies'range(the edgethatis lowerin elevationor closerto the equator)overarelativelylong
time span.Studieswvereonly includedthat spannecaninterval of atleastlOyearsThemean
studydurationwas~50yeargrange= 14to 159;Tablel). Studiesvereincludedthatrelated
their findingson rangeshiftsto climatechangehroughanexplicitstatisticabnalysigbut not-
ing thattheseanferencesouldstill beincorrect,for exampleif otherfactorsinsteadof climate
changecausedocalextinctionsof aparticularspecies)Theincludedstudiesall documented
populationsalongelevationabr latitudinal transectsttwo or more discretetime points.

Somerecentstudieshaveinferred climate-relatedangeshiftsbasedn overalltrendsin lat-
itudinal andelevationadistributionsacrossalargenumberof localitiesovertime, ratherthan
systematicallyesurveyingspecifidocalitiesat differenttime points(e.g.[64]). Thesestudies
arevaluablefor documentingrangeshiftsin generabut wereexcludedhere,sincetheydo not
unambiguouslyepresentocalextinctions(becaus¢he overallpatternsdescribednight be
drivensolelyby rangeexpansioninstead).

Categorizing Species
Studieghat documentedvarm-edgeaangecontractions(andthatwerelinked to climate
changeby the authorsof the original studies)\wereconsiderecevidenceof climate-associated
localextinction,regardlessf changesitthe cooledge Studiedifferedin whetherthey
reportedchangestthe populationlevel(e.g.[28,37])or speciesevel(e.g.[33]). Theanalysis
herewasconductedat the speciesevel. Thereforejf populationsof the samespeciegliffered
in the patternof their rangeshifts,the speciesvascategorize@sshowingevidenceof local
extinctionif atleastonepopulationdid so.

Most speciesvereincludedin only onestudy.However the plant specieg\nthoxanthum
odoratum wasincludedby both Angeloand Daehler{13] (in Hawaii) andFeldeetal.[19] (in
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Europe).However sincethis speciess not nativeto Hawaii, it wasexcludedrom the dataset
of Angeloand Daehlerf{13], alongwith all othernonnativespeciesn that study.

For eachstudy,it wasnotedwhetherthe rangeshiftswereelevationabr latitudinal, aswell
asthe generahabitatof the organismgq(i.e. terrestrial freshwaterpr marine),the highertaxa
to whichtheybelongedthe specifiogeographidocationof the study,andwhetherthe species
occurredin atropical or subtropicalregion(arbitrarily definedaswithin 35Fof the equator)or
in atemperateegion(>35E) Speciesvereassignedo theseclimatic regionsbasedsolelyon
thelocationwheretheyweresurveyedratherthanon their overallgeographicange Species
werealsoassignedo taxonomiccategoriesncluding plants,insectsfish,amphibianspirds,
mammalsandsquamateeptiles(i.e.,lizardsand snakes)aswellasmarineannelids crusta-
ceansechinodermsand molluscs The beginningand end datesof the studywerealsonoted
(e.g.thedateof theinitial surveyandthe subsequentesurveyandwereusedto estimatethe
duration of the study.Somestudiesprovidedarangeof datesfor the startand/orenddate.In
thesecaseshe midpoint of eachrangeof datesvasusedto estimatethe start,end,anddura-
tion (Tablel). Datafor all speciesreprovidedin S1Appendix.

Thestudiesncluded(Tablel) spannednanygeographicegions(e.g. North America,
SouthAmerica,Europe Asia,and Oceania)Many studieswereconductedn North America
(n = 13;hereextendingto CentralAmerica)and Europe(n = 8), but the actualnumberof spe-
ciessampledvasmorebroadlydistributedamongregions(e.g. Asia= 332;Europe= 268;
Madagascar 30;Oceania= 58;North America= 233;and SouthAmerica= 55).Africaand
Australiawerenot representedalthoughnearbyMadagascaand New Guineawere. Thenum-
bersof temperateandtropical speciesncludedwerenearlyequal Further,therewasno clear
hypothesigor why particularcontinentsaloneshouldbeanimportant factorinfluencingthe
frequencyof localextinctions(e.g. separatérom temperateversugropical effects).

Statistical Analyses

Chi-squaredanalysesvereinitially usedto comparethe proportion of climate-associateldcal
extinctionsacrossomecategoriegi.e. tropical versusemperatefreshwaterersusnarine
versuderrestrial;andlatitudinal versuslevationafradients)testingthe null hypothesighat
frequencie®f localextinctionwereequalbetweerthesecategoriesA serieof analysesvere
conductedo asseswhetherfrequencie®f localextinctionwerehigherin tropical regionsrel-
ativeto temperateregions afteraccountingfor the potentialinfluenceof differenthabitats,
gradientsandcladeqseeResults)Similaranalysesvereconductedo assestheimpactsof
differenthabitatsandcladeqi.e.,plantsversusanimals).However potentialanalysesvere
restrictedby the availabledata.For exampleit wasnot possibleéo comparethe effectof tropi-
calversugemperateclimateson marineor freshwateiorganismssinceonly temperatamarine
andfreshwatespeciesvereincludedhere.For this reasondifferent setsof analysesverecon-
ductedfor eachquestion.

TheseanalysesverethenrepeatedisingGLMsand GLMMSs, both in R. Theseanalyses
wereimplementedreatingthe presencef warm-edgdocalextinctionin aspeciessthe bino-
mial, dependenvariable GLMM analysesvereconductedusingthe R packagéme4 [65].
GLMM analysesreatedthe study(from whichthe specieslatawereobtained)asthe random
variableandthe othervariablesasthefixed variablesGLM and GLMM analysenitially
includedall speciesndall or mostvariablesandwerethenrestrictedto smallersetsof species
(andvariables}o testadditionalhypotheseandreducepotentiallyconfoundingeffectqasin
the Chi-squaredanalyses).

Phylogenetiénformation wasnot incorporatedhere sincephylogeniesand comparable
branchlengthsspanningall theincludedspeciesverenot availablgespeciallgpecies-level
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phylogeniedor fish,insectsplants,and marineinvertebrates)Neverthelessomeanalyses
wereconductedo assespatternswithin andbetweercladegseeResults).

Supporting Information
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(XLSX)
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