


andlatitudes).Here,I usethesedatato showthat recentlocalextinctionsrelatedto climate
changehavealreadyoccurredin hundredsof speciesaroundtheworld.Specifically,among
976speciessurveyed,localextinctionsoccurredin 47%.Theseextinctionsarecommon
acrossclimaticzones,habitats,andgroupsof organismsbut areespeciallycommonin trop-
icalregions(whichcontainmostof Earth'sspecies),in animals(relativeto plants),andin
freshwaterhabitats.In summary,thisstudyrevealslocalextinctionsin hundredsof species
relatedto thelimited globalwarmingthathasalreadyoccurred.Theseextinctionswill
almostcertainlyincreaseasglobalclimatecontinuesto warmin thecomingdecades.

Introduction

Anthropogenicclimatechangemaybeamajordriver of biodiversitylossin thenext100years,
but thepossibleimpactsof climatechangeon speciessurvivalremainhighlyuncertain[1±3].
Globalmeanannualtemperaturesincreasedby~0.85ÊCbetween1880and2012andarelikely
to risebyanadditional1ÊCto 4ÊCby2100[4]. Modelingstudieshavepredictedthatvarious
levelsof specieslosswill resultfrom this futureclimatechange,rangingfrom 0%to>50%of
all speciescurrentlyknown [3]. Thisuncertaintyhasmanysources(e.g.,differentclimate
modelsanddifferenthypothesesaboutspeciesdispersal).Oneof themostimportant sources
of uncertaintyhingeson thedetailsof howspeciesrespondto climatechange.Forexample,if
speciescanevolverapidlyenoughin responseto changingclimate,thenspeciesextinctions
dueto climatechangemight actuallybelimited [5,6].

Speciescanpotentiallyrespondto climatechangein severalways.Themostimportant case
to considermaybethatwhenthespecies'present-day(realized)climaticnicheno longer
occurswithin thespecies'currentgeographicrange(becauseof thepotentialfor globalextinc-
tion of thespeciesundertheseconditions).In thiscase,thepossibleresponsesof thespecies
includethefollowing:(i) undergoingnicheshifts,suchthat thespecies'realizednichechanges
to incorporatethesenewclimaticconditions(e.g.,throughplasticchangesand/orbyevolu-
tionaryadaptationto themodifiedabioticand/orbiotic conditions),(ii) dispersingto track
theoriginal climaticconditionsoverspace(e.g.,movingto higherlatitudesor elevations),and
(iii) goingextinct[5±8].While eachof theseresponseshasbeenshownin somecases(at least
in localpopulations),therelativefrequencyof eachisstill unclear[7,8].However,changesin
species'geographicrangeshavebeenespeciallywelldocumented[9±11].

Thesedataon geographicrangeshiftscontainimportant but underutilizedinformation on
howspeciesrespondto climatechange.Rangeshiftsobservedunderclimatechangetypically
involveanoverallshift towardshigherlatitudesandhigherelevations[9±11].Theseshiftscan
becomposedof one(or both)of two typesof changes(Fig1): (i) rangeexpansionsat thecool
edgeof thespeciesrange(higherlatitudesandelevations)and(ii) rangecontractionsat the
warmedge(lowerlatitudesandelevations).Thepresenceof warm-edgecontractionsiscriti-
callyimportant.A warm-edgecontractionoccurswhenpopulationsfrom oneor morelocali-
tiesat thelowestlatitudesor elevationsof aspecies'regionaldistribution disappear(i.e.,are
inferredto no longeroccurat thoselocalities),leadingto anoverallshift in thespeciesrange
towardshigherlatitudesor elevations.Thesecontractionsindicatethatspeciesarefailing to
shift their nichessufficientlyto toleratethesenewconditionsandthat thesepopulationsare
insteadgoingextinct(referredto asªlocalextinctionºhereafter).Thismustbetrue regardless
of thespecificmechanismof localextinction(e.g.,elevateddeathrates,increasedemigration,
or decliningrecruitment).Themanypapersthathaveassessedrangeshiftsandthathave
includedsurveysof warm-edgepopulationscanthereforeprovideawealthof dataabout
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whichspecieshave(andhavenot) undergonelocalextinctionspotentiallyrelatedto climate
change.Thesedataareparticularlyusefulbecausepublishedpaperson rangeshiftsneednot
bestronglybiasedtowardsdocumentingwarm-edgecontractions,giventhatmanystudies
that includeddataon warmedgesalsosurveyedthecooledge.Thus,eventhoughstudiesthat
failedto find anyrangeshiftsmight gounpublished(apotentialsourceof bias),studiesthat
documentedanoverallrangeshift neednot showawarm-edgecontraction.

Here,I analyzetheextensivedataon rangeshiftsto examinetheprevalenceof localextinc-
tionsrelatedto modernclimatechange.I alsoprovideasynthesisof inferredlocalextinction
acrosshabitats,climaticzones,andtaxonomicgroups.I systematicallysearchedtheliterature
for studiesthatexaminedshiftsin species'rangesat their warmedges,shiftsthatwereconsid-
ered(in theoriginal studies)to berelatedto currentclimatechange.Hundredsof examplesof
localextinctionswerefoundacrossdiverseclimaticzones,habitats,andtaxonomicgroups.
Not all speciesexhibitingrangeshiftsshowedwarm-edgecontractions,but ~50%of thespecies
surveyedhadlocalextinctionsinferredto berelatedto climatechange.Theseresultssuggest
thateventherelativelysmallchangesin climatethathavealreadyoccurredaresufficientto
causewidespreadlocalextinctionsandthatmanyspeciesmaybeunablerespondto climate
changefastenoughto avoidextinctionasglobalclimatewarmsevenfurther.

Results

TheWebof SciencewassearchedrepeatedlybetweenDecember2014andMarch2016using
keywordsrelatedto climatechange,rangeshifts,andlocalextinctions(seeMaterialsand

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/journal.pbio.2001104.g001
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Methods).All studiesthatmonitoredthewarmedgeof at leastonespecies'rangeandthat tied
their resultsto climatechangewith explicitstatisticalanalyseswereincluded.Importantly,
studiescandocumentoverallrangeshiftsbut neednot find that thewarm-edgepopulations
that theyexaminedhadlocalextinctions.

A totalof 27studies(Table1;[13±39])metall thenecessarycriteriato addresspotentialcli-
mate-associatedwarm-edgerangeshifts(seeMaterialsandMethods).Thesampledspecies
werebroadlydistributedacrossclades(e.g.,animals= 716;plants= 260)andregions(e.g.,
Asia= 332;Europe= 268;Madagascar= 30;Oceania= 58;North America= 233;SouthAmer-
ica= 55).Amongthe976uniquespeciessurveyed,460specieshadwarm-edgecontractions,
and516did not (S1Appendix).Therefore,localextinctionsrelatedto climatechangeare
alreadyverycommon(47.1%of speciesexamined),evengiventherelativelymodestrisein
globaltemperaturesthathasoccurredsofar (lessthan1ÊCincreasein globalmeanannual
temperature;[4]).

These976speciesspannedmanyclades,habitats,andregions(Table1;S1Appendix).
Comparisonbetweenthosespeciesthatshowedwarm-edgecontractionsandthosethatdid
not providespotentialinsightsinto whichspeciesmaybemostsensitiveto climatechange,in
termsof theclimaticzonesandhabitatsthat theyoccurin andthecladesthat theybelongto.
Furthermore,thereisno evidencethat thereweremorespecieswith localextinctionsin studies
thatendedmorerecently,wereof longerduration,or beganearlier(basedon midpointsfor
rangesof values;Table1).Specifically,regressionanalysesof theproportion of specieswith
localextinctionsagainst(i) thestudyenddate,(ii) thedurationof thestudy,and(iii) thestudy
startdateall yieldednonsignificantresults(enddate:r2 = 0.001,p = 0.8910;duration:r2 =
0.045,p = 0.2896;startdater2 = 0.047,p = 0.2788;afterremovingninestudieswith four or
fewerspecies:enddate:r2 = 0.146,p = 0.1181;duration:r2 = 0.132,p = 0.1376,but unexpect-
edlytrendingtowardsfewerextinctionsin studieswith longerdurations;startdater2 = 0.177,
p = 0.0821,with moreextinctionsin studiesbeginningmorerecently,not earlier).Therefore,
thefrequencyof localextinctionswasinitially comparedacrossspeciesin differentstudies,
regardlessof differencesin theduration,beginning,or enddateof thestudyin whichthey
weresurveyed.

Overall,thefrequencyof localextinctionswassimilar (closeto 50%)acrossmostclimatic
zones,habitats,gradients,andclades.Nevertheless,thereweresomesignificantdifferences.
First,localextinctionsweresignificantlymorecommonin speciesfrom tropicalandsubtropi-
calregions(combinedandreferredto astropicalhereafterfor brevity)thanin thosefrom tem-
perateregions(p < 0.0001;Chi-squaredtest,testingtheassumptionof equalfrequenciesof
localextinctionamongspeciesbetweenregions;subsequentp-valuesarealsofrom Chi-
squaredtests).Specifically,54.6%of the504includedtropicalspecieshadlocalextinctions,
whereasonly 39.2%of the472temperatespeciesdid (Fig2A).Thepatternwasevenstronger
whenonly consideringterrestrialspecieson elevationalgradients(54.6%of 504tropicalspe-
ciesversus28.2%of 301temperatespecies),whichappliedto all plantsandmostanimals.In
part,thispatternof morefrequenttropicalextinctionarosefrom amuchlowerfrequencyof
extinctionsfor temperateplants(59.4%of 155tropicalspeciesversus8.6%of 105temperate
species;p< 0.0001).Theverylow frequencyof temperateextinctionsin plantswasbasedon a
singlestudyfrom veryhigh latitudes[19]. Nevertheless,therewerealsosignificantlymore
localextinctionsin tropicalanimals(52.4%of 349tropicalspeciesversus38.8%of 196temper-
atespecies;p = 0.0022),if onecomparesterrestrialspecieson elevationalgradients.This
restrictionalsomadethemmorecomparableto thesampledplants(all from terrestrial,eleva-
tional gradients)andstill encompassedmostsampledanimalspecies(76.1%;545of 716spe-
cies).Acrossall animals,thedifferencewasnot significant(p = 0.2309),possiblybecauseof the
influenceof temperatemarineandfreshwaterspecies(seebelow).Amongthemostwell-
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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

Species

% Local

Extinction

Habitat Climatic

Region

Geographic

Region

Range

Shift

Initial

Survey

Resurvey

Date

Duration

Angelo and

Daehler [13]

Plant 4 50 Terrestrial Tropical Oceania

(Hawaii)

Elevational 1966–

1967

2008 41.5

Beever et al.

[14]

Mammal 1 100 Terrestrial Temperate North America Elevational 1898–

1956

2003–2006 77.5

Brusca et al.

[15]

Plant 27 56 Terrestrial Tropical North America Elevational 1963 2011 48

Chen et al. [16] Insect 208 56 Terrestrial Tropical Asia Elevational 1965 2007 42

Comte and

Grenouillet [17]

Fish 31 74 Fresh. Temperate Europe Elevational 1980–

1992

2003–2009 20

Dieker et al.

[18]

Insect 2 50 Terrestrial Temperate Europe Elevational 1958–

1986

2008–2009 36.5

Felde et al. [19] Plant 105 9 Terrestrial Temperate Europe Elevational 1900 2008 108

Forero-Medina

et al. [20]

Bird 55 29 Terrestrial Tropical South America Elevational 1969 2010 41

Franco et al.

[21]

Insect 3 100 Terrestrial Temperate Europe Latitudinal 1970–

1999

2004–2005 20

Freeman and

Freeman [22]

Bird 54 74 Terrestrial Tropical Oceania (New

Guinea)

Elevational 1965 2012 47

Hiddick et al.

[23]

Marine

invertebrates

65 55 Marine Temperate Europe Latitudinal 1986 2000 14

Hitch and

Leberg [24]

Bird 1 100 Terrestrial Temperate North America Latitudinal 1967–

1971

1998–2002 31

Menendez

et al. [25]

Insect 39 54 Terrestrial Temperate Europe Elevational 1981–

1993

2006–2007 24

Moritz et al.

[26]

Mammal 27 41 Terrestrial Temperate North America Elevational 1914–

1920

2003–2006 87.5

Myers et al.

[27]

Mammal 8 12 Terrestrial Temperate North America Latitudinal 1883–

1980

1981–2006 62

Nye et al. [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.

[30]

Insect 16 69 Terrestrial Temperate Europe Elevational 1988–

1989

2007–2009 19.5

Pomara et al.

[31]

Squamate 1 100 Terrestrial Temperate North America Elevational 1965 2008 43

Raxworthy

et al. [32]

Amphibian-

Squamate

30 37 Terrestrial Tropical Madagascar Elevational 1993 2003 10

Rowe et al. [33] Mammal 4 25 Terrestrial Temperate North America Elevational 1927–

1929

2006–2008 79

Rubal et al. [34] Mollusca 7 29 Marine Temperate Europe Latitudinal 1917,

1940

2011 94

Sheldon [35] Insect 1 0 Terrestrial Temperate North America Elevational 1977–

1978

2006 28.5

Telwala et al.

[36]

Plant 124 60 Terrestrial Tropical Asia Elevational 1849–

1850

2007–2010 159

Tingley et al.

[37]

Bird 92 25 Terrestrial Temperate North America Elevational 1900–

1930

1980–2006 78

Warren and

Chick [38]

Insect 2 0 Terrestrial Tropical North America Elevational 1973–

1974

2012 38.5

(Continued )
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sampledgroupsof animals,tropicalextinctionwassignificantlymorecommonin birds
(51.4%of 109tropicalspeciesversus37.1%of 124temperatespecies;p = 0.0284),but not in
insects(localextinctionsin 55.2%of 210tropicalspeciesversus59.0%of 61temperatespecies;
p = 0.6007).Forotheranimalgroups,thespeciessampledherewereeitherpredominantlytem-
perate(mammals,fish,andmarineinvertebrates)or tropical(squamatereptilesandamphibi-
ans),andsodid not allowfor similarwithin-cladecomparisons.

Overall,thefrequencyof climate-relatedlocalextinctions(Fig2B)wassimilar in terrestrial
(45.6%of 835species)andmarineenvironments(50.9%of 110;p = 0.2964).In contrast,the
frequencyin freshwaterspecieswassubstantiallyhigher(74.2%of 31;p = 0.0053acrossall
threehabitats).However,theestimatefor freshwaterspecieswasbasedon asinglestudyof
Europeanfishes[17]. Comparingfishonly (all temperate)alsosupportedasignificantlyhigher
frequencyof extinctionin freshwaterenvironmentsrelativeto marineenvironments
(p = 0.0240;localextinctionsin 47.4%of 38marinespeciesversus74.2%of 31freshwaterspe-
cies).All marinespeciesincludedhereweretemperateanimals,but therewasno significant
differencein extinctionfrequenciesbetweenmarineandterrestrialenvironmentswhenonly
temperateanimalswerecompared(p = 0.1676;marine:50.9%of 110species,terrestrial:42.9%
of 226species).Terrestrialandfreshwaterspeciesremainedsignificantlydifferentin thismore
restrictedcomparison(p = 0.0011).

Thefrequencyof localextinctions(Fig2C)wassomewhatlowerfor speciessurveyedalong
elevationalgradientsrelativeto thoseon latitudinalgradients(elevational:45.8%of 836spe-
cies;latitudinal:55.0%of 140species;p = 0.0439).Most (78.6%)speciesmeasuredalonglatitu-
dinal gradientsweremarine(andall marinestudiesfocusedon latitudinalgradients),andall
weretemperate.Again,mostspeciesincludedherewerebasedon studiesof elevationalgradi-
entsin terrestrialenvironments.

Localextinctionswerealsobroadlysimilar in frequencyacrosstaxonomicgroups(Fig3).
Nevertheless,localextinctionsweresignificantlymorecommon(p = 0.0018)in animals
(50.1%of 716)thanplants(38.8%of 260).Thisdifferencewasreducedwhencomparingonly
animalsandplantson terrestrial,elevationalgradients(47.3%of 556animalspeciesversus
38.8%of 260plantspecies;p = 0.0236).Amongtheselatterspecies,theplant±animaldifference
wasnonsignificantfor tropicalspecies(andwasactuallyreversed:localextinctionsin 52.4%of
349tropicalanimalspeciesversus59.4%of 155tropicalplants;p = 0.1500)but wasstrongfor
temperatespecies(38.6%of 207temperateanimalspeciesversus8.6%of 105temperateplants;
p< 0.0001).

Thefrequenciesof localextinctionsacrossdifferentanimalgroups(Fig3) werebroadly
similar to theoverallvaluefor animals(50.1%),but with highervaluesin insects(56.1%of 271
species;basedon sixstudies;Table1) andfish (59.4%of 69species;threestudies)relativeto
mammals(35.0%of 40species;four studies),birds(43.8%of 233species;fivestudies),amphib-
ians(36.8%of 19species;onestudy),andsquamatereptiles(lizardsandsnakes;41.7%of 12
species;two studies).Localextinctionswerealsobroadlysimilar in frequencyin various
groupsof marineinvertebrates,includingcrustaceans(46.7%of 15;onestudy),annelids
(64.5%of 31;onestudy),andmolluscs(45.4%of 22;two studies).Thefrequencyin echino-
dermswaslower(25.0%;onestudy)but wasbasedon averysmallsamplesize(4 species).

Table 1. (Continued)

Reference Taxon Total

Species

% Local

Extinction

Habitat Climatic

Region

Geographic

Region

Range

Shift

Initial

Survey

Resurvey

Date

Duration

Zuckerberg

et al. [39]

Bird 31 71 Terrestrial Temperate North America Both 1980–

1985

2000–2005 20

doi:10.1371/journal.pbio.2001104.t001
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Resultsweregenerallysimilarusingbothgenerallinearmodels(GLMs;seebelow)andgen-
erallinearmixedmodels(GLMMs;seenextparagraph).GLM resultsaregivenin full in S2
Appendixandaresummarizedhere.Simultaneouslyincludingall 976speciesandmostvari-
ables(habitat[terrestrialversusfreshwaterversusmarine],climaticregions[tropical versus
temperate],taxonomicgroup[plantsversusanimals],surveytype[latitudinal versuseleva-
tional], andstudydates[startdate,enddate,andduration in between])showedthatmost

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:10.1371/journal.pbio.2001104.g002
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variableshadsignificanteffectson thefrequencyof extinction,exceptfor thestudydates.
Therewerestrongeffectsof habitatandclimate(p < 0.00001)but weakereffectsof taxonomic
group(p = 0.0246).Resultsweresimilarwhenexcludingstudydatesandtaxonomicgroup.
Including geographicregionsshowedthatmostregionshadno significanteffect(exceptfor
MadagascarandSouthAmerica).GiventhatMadagascarandSouthAmericawererepresented
byonestudyeach,theseregioneffectswerenot consideredfurther.Furthermore,theeffectsof
climaticregion,habitat,taxonomicgroup,andsurveytyperemainedsignificantwhengeo-
graphicregionswereincluded.Comparingspeciesonly on terrestrialelevationalgradients
(805speciesin total) further confirmedthesignificanteffectsof climateandtaxonomicgroup.
Similarly,consideringplantsonly (260species)alsoconfirmedthesignificanteffectsof cli-
maticregion.Consideringonly terrestrialanimalson elevationalgradients(545species)
showedasignificanteffectof climate(p = 0.0023)afterremovingstudydates,whichhadno
significanteffect.Consideringbirdsalone(233species)andincludingclimaticregion,survey
type,andstudydatesshowedthatclimaticregion,surveytype,startdate,andenddatehadsig-
nificant effects.For insects(271species),whenincludingclimaticregion,studydates,andsur-
veytype,no variablesweresignificant.For fish(69species),amodelincludinghabitat
(freshwaterversusmarine),studydates,andsurveytypeshowedthatno variablesweresignifi-
cant.However,habitatwassignificantif othervariableswereremoved.Similarly,for temperate
animals(367species),amodelincludinghabitat,surveytype,andstudydatesshowedthat
only habitatandsurveytypeweresignificant.Comparisonof plantsandanimalson terrestrial
elevationalgradients(including studydates)showedthatextinctionissignificantlydifferent
betweentemperateplantsandanimals(morecommonin animals),but not betweentropical
ones.Acrossanimals,theeffectsof taxonomicgroupwerelimited anddependedon theother
variablesincluded.If only taxonomicgroupsandstudydateswereincluded,thenannelids,
fish,andinsectsshowedsignificantlymoreextinction(p = 0.03±0.05).Including habitatand
surveytype(andremovingstudydates)showedstrongereffectsin fishandannelids(aswellas
in crustaceansandmolluscs),but not in insects.

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:10.1371/journal.pbio.2001104.g003
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ResultswerealsobroadlysimilarusingGLMMs,with studyidentity includedasarandom
effect.Resultsaresummarizedbelowandgivenin full in S3Appendix.Theimpactsof study
datesweresomewhatcounterintuitive(andrarelysignificant),andanalysesincluding them
sometimesfailed.Whenmostvariableswereincluded(habitat,climaticregion,taxonomic
group[plant versusanimal],surveytype,andstudydates),all variablesweresignificantexcept
for studydatesandtaxonomicgroup,with strongeffectsof habitat,climaticregion,andsurvey
type.Whenstudydateswereremoved,only habitatandsurveytypeweresignificant.When
geographicregionswereincluded(andstudydatesexcluded),only SouthAmericahadasig-
nificant effect,andhabitat,taxonomicgroup,andclimaticregionweresignificantor margin-
allysignificant.Comparingtropicalandtemperatespecieson terrestrial,elevationalgradients
showedsignificanteffectsof climaticregion(p = 0.0017)andtaxonomicgroup(p = 0.0119),
but not of studydates.Whenstudydateswereremoved,no variablesweresignificant.Plants
aloneshowedasignificanteffectof climaticregion(p < 0.0001),but analysesfailedif study
dateswereincluded.Animalson terrestrial,elevationalgradientsshowedno significanteffect
of climaticregion(again,studydateshadto beexcluded).Consideringbirdsaloneshowedno
significanteffectof climatebut asignificanteffectof surveytype(excludingstudydates).
Insectsshowedno significanteffectsof climateor surveytype,regardlessof whetherstudy
dateswereincluded.Analysesof fish failedunlessstudydatesandsurveytypewereexcluded,
but habitatalone(marineversusfreshwater)hadasignificanteffect(p = 0.0265).Analysesof
temperateanimals(367species)includinghabitat,surveytype,andstudydatesshowedonly
habitattypeassignificant(p = 0.0307),but excludingstudydatesshowedsignificanteffectsof
habitatandsurveytype.Comparingonly temperateplantsandanimalsshowedasignificant
effectof taxonomicgroup,whenstudydateswereincluded(p = 0.0116)or excluded
(p = 0.0005;studydateshadno significanteffect).In contrast,therewasno significanteffectof
taxonomicgroupwhencomparingtropicalplantsandanimals(504speciestotal;excluding
studydates).Analysesof animalsaloneshowedno significanteffectof taxonomicgroup.

In summary,severalpatternsemergedassignificantacrossall (or most)analyses.First,
thereweresignificanteffectsof climaticregionoverall,with extinctionmorecommonin tropi-
calregions.Thiswaspresentin plantsacrossall analysesandgenerallypresentin animals.Ani-
malsshowedsignificantlymoreextinctionthanplantsoverallandwhencomparingtemperate,
but not tropical,species.Thereweresignificanteffectsof habitaton animalsoverall(higher
extinctionin freshwater),evenwhenconsideringfishalone.Finally,GLM analysesshowed
someeffectsof taxonomicgroupsacrossanimals(with higherextinctionin fishandannelids)
andpossiblyin insects,molluscs,andcrustaceans.TheGLMM analysesdid not showthese
groupeffects,possiblybecausemanyanimalgroupsareincludedbasedon asinglestudy.

Discussion

Theresultsof thisstudyshowthat localextinctions(inferredto berelatedto climatechange)are
alreadywidespreadandhaveoccurredin hundredsof species.Roughlyhalfof the976species
thatweresurveyedfor rangeshiftsshowedevidenceof localextinctions(47%).Thisproportion
wassurprisinglysimilaracrossdiverseclimaticregions,habitats,andtaxonomicgroups.The
resultsheresuggestthateventhemodestchangesin climatethathaveoccurredsofar areenough
to drive localpopulationsin manyspeciesto extinction.Theresultsherealsosuggestthat local
populationsin manyspeciescannotshift their climaticnichesrapidlyenoughto preventextinc-
tion. Thispatternof widespreadlocalextinctionseemslikely to becomeevenmoreprevalentas
theglobalclimatewarmsfurther (by roughly2 to 5-fold [4]) in thenextseveraldecades.

Theresultshereshowedgenerallysimilarpatternsof localextinctionacrossclimaticzones,
habitats,andclades.Nevertheless,mostanalysesshowedthat localextinctionswere

Climate Change and Extinction

PLOS Biology | DOI:10.1371/journal.pbio.2001104 December 8, 2016 9 / 18



significantlymorecommonin tropicalspecies(Fig2A), in freshwaterspecies(Fig2B),andin
animals.A greaterimpactof climatechangeon tropicalspecieshasbeenpredictedbyseveral
authors(e.g.,[40±42]).Thispredictionis relatedto thenarrowerclimaticnichewidthsfor
temperature-relatedvariablesin tropicalspeciesthatareassociatedwith reducedtemperature
seasonalityin thetropics(e.g.,[43,44])andlowerratesof temperature-relatedclimaticniche
changein tropicalspecies(e.g.,[42]). Theresultshereprovidesupportfor thisprediction
basedon documentedlocalextinctionsthathavealreadyoccurred:speciesin tropicalregions
hadlocalextinctionsmorefrequentlythanthosein temperateregions(54.6%versus39.2%),
especiallywhenspecieswerecomparedon terrestrial,elevationalgradients(54.6%versus
28.2%).Thispatternwasstrongestin plantsandwhenanimalswerecomparedon terrestrial
elevationalgradients.Overall,theseresultsfurther supporttheideathat thenegativeimpacts
of climatechangeon biodiversityaremorefrequent(perspecies)in tropicalregions[40±42],
wherebiodiversityishighest.

Climate-relatedlocalextinctionswerealsosimilar in frequencyin marineandterrestrialspe-
cies(Fig2B)but weremorecommonin freshwaterspecies(althoughfreshwaterhabitatswere
representedbyasinglestudy).Freshwaterspeciesmaybeespeciallysusceptibleto changesin
precipitationpatterns(e.g.,drought),whichcansubstantiallyalteror eliminatetheir habitats
(e.g.,[45]), quicklyresultingin localextinction.In contrast,marinespeciesmayexperienceless
impactfrom changesin precipitation.Furthermore,theymaybebufferedfrom temperature
changesbecausetheycanpotentiallyadjustthetemperaturesthat theyexperiencebymovement
within thewatercolumn(moresothanispossiblefor mostfreshwaterspecies;[46,47]).

Thefrequencyof localextinctionswasalsobroadlysimilaracrossdiversetaxonomicgroups
(~35%±60%;Fig3), includingplants,insects,fish,amphibians,squamatereptiles,endothermic
vertebrates(birdsandmammals),andmanymarineinvertebrates(annelids,crustaceans,and
molluscs).However,localextinctionsweresignificantlymorecommonin animalsthanplants
(andanimalsarefar morespecies-richthanplants).Theywerealsorelativelycommonin
insects(themostspecies-richgroupof animals)andfish(themostspecies-richgroupof verte-
brates).Localextinctionswerenot particularlycommonin amphibians(36.7%)or squamate
reptiles(41.7%),althoughbothgroupswereincludedherebasedprimarily on onestudy[32].
Nevertheless,bothgroupsappearto havebeenstronglyimpactedbyclimatechangeoverall.
Forexample,manyamphibianspecieshaveundergonesharpdeclinesandglobalextinctions,
manyof whicharethoughtto becausedbyaninteractionbetweenclimatechangeandan
infectiousdisease(chytrid fungus;[48]). However,thesechytrid studieswerenot included
herebecausetheywerenot focusedon surveyingwarm-edgepopulationsovertime.Similarly,
localextinctionsrelatedto climatechangehavebeendocumentedin manylizardspecies[49].
Again,thesewerenot includedherebecausetheywerenot basedon asystematicsurveyof
warm-edgepopulations.Nevertheless,if thespeciesstudiedbySinervoetal.[49] were
includedhere,thefrequencyof localextinctionsin squamateswouldgofrom 41.7%(of 12spe-
cies)to 77.4%(of 124species),but with thecaveatthat their studyfocusedon documenting
localextinctionsandsomight overestimatethis frequency.It shouldalsobenotedthat the
well-publicizeddeclinesin amphibianpopulationsgloballyarenot necessarilyinconsistent
with thefrequencyof localextinctionobservedhere.Forexample,aglobalassessmentof
amphibianpopulations[50] noteddeclinesin 43%of amphibianspecies(compareto the47%
of all speciesherewith localextinctionsandthe37%for amphibians),but thesedeclinesalso
includedthoseunrelatedto climatechange(e.g.,habitatdestructionandoverexploitation).
Thus,thefrequencyof climate-relateddeclineshereisnot necessarilyanunderestimationrela-
tive to thedeclinesdocumentedby theglobalamphibianassessment[50].

A majorconclusionof thisstudyis thatpopulationsof manyspeciesarealreadyunableto
undergonicheshiftsthatarefastenoughto preventlocalextinctionfrom climatechange.The
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rateisemphasizedherebecauseevenif theabsoluteamountof nichechangeneededto avoid
extinctionmight beattainable,it might requiremoretime to achievethanisallowedby the
rapidpaceof anthropogenicclimatechange.Giventhis result,andthatclimateispredictedto
changeevenfurther in thenearfuture,thepersistenceof manyspeciesmight dependlargely
on their ability to successfullyshift their geographicrangesto higherlatitudesor elevations
andremainwithin their original climaticniche.Indeed,thesummaryhereshowsnumerous
instancesof cool-edgeexpansions(in 367of 904species,with cooledgesthatwerestablein
371othersandcontractedin 166others).

Unfortunately,thesemovementsmaybeimpededfor manyspeciesbyoneor morefactors.
First,humanimpactsmaypreventspeciesfrom successfullydispersing(including agriculture,
roads,andurbanization),or thesehumanimpactsmaysimplyleavethemno habitatto dis-
perseto (e.g.,[51,52]).Second,manyspeciesarealreadyconfinedto islands,peninsulas,and
mountaintops,wheredispersalto higherlatitudesor elevationsmaynot bepossible(e.g.,[53]).
Third, evenif dispersalisunimpededbyhumanor naturalbarriers,it maysimplyoccurtoo
slowlyto allowspeciesto remainwithin their climaticniche(e.g.,[54,55]).

Thecombinationof thesepotentiallimits to dispersalandthewidespreadlocalextinctions
documentedhereis troubling.However,theresultsheredo not ruleout thepossibilitythat
rapidnicheshiftswill occurin somepopulationsof manyspeciesin thefuture,preventing
globalextinctions.Indeed,roughlyhalfof thespeciessurveyedshowedno localextinctions,
andmostspecieshadsomepopulationsthatpersistedlocally(but again,this isunderthelim-
itedclimatechangethathasalreadyoccurred).Thefuturepersistenceof specieswill depend
on manyfactors[6,8], including ratesandpatternsof climatechangeateachlocation,dis-
persal,nicheshifts,localclimaticmicrorefugia[56], andthecontribution of population-level
nichewidth to species-levelnichewidth (e.g.,whetherspeciesarebroadlytolerantor locally
specializedto differentclimaticconditionsacrosstheir ranges[44]). Most importantly,I sug-
gestthat thepatternsof present-daylocalextinctionsobtainedfrom range-shiftstudiesshould
bepartof theevidenceusedto predictspeciespersistencein thefuture.

Thereareseveralpotentialsourcesof biasthatmayhaveinfluencedsomeaspectsof these
resultsbut shouldnot overturnthemajorconclusions.First,ªlocalextinctionºmeansthat
individualsof agivenspeciesareentirelyabsentfrom alocationthat theypreviouslyoccupied.
However,it canbedifficult to distinguishbetweenextinctionandasubstantialdeclinein
abundancethatcausesthespeciesto goundetectedatagivenlocation(e.g.,[57]), andstudies
did not necessarilyprovidestatisticalevidencefor theabsenceof aspeciesatasite.Here,the
estimatesof previousresearcherswereused,andit wasassumedthat theyadequatelydocu-
mentedlocalabsences(otherwise,their estimatesof rangeshiftswouldalsobeerroneous).
Furthermore,strongdeclinesthatmakeaspeciesundetectableatagivensitemight soonlead
to localextinction.Second,theremaybeabiasin termsof unpublishedresults.Specifically,
someresearcherswhomonitoredthewarmedgeof apopulationbut failedto find anychanges
associatedwith climatechangemaynot havepublishedtheir negativeresults.Suchareporting
biaswould leadto overestimatingtheproportion of speciesexperiencinglocalextinctionin
thisstudy.Nevertheless,localextinctionswerestill documentedin hundredsof speciesacross
regionsandclades,evenif therearehundredsof additionalspeciesin whichtheselocalextinc-
tionsdid not occur.Additionally,numerousspecies(n = 171)showedevidenceof acool-edge
expansionwithout acorrespondingcontractionin thewarmedge.Thus,aspeciescanundergo
arangeshift but without localextinction,whichshouldlimit thissourceof publicationbias.
Third, it wasassumedthatpreviousresearcherscorrectlyassociatedthepatternsthat they
observedwith climatechange.In theory,otherfactorssuchasoverharvestingor habitat
destructionmayhavecontributedto theobservedlocalextinctionsin somecases(e.g.,[21]).
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Again,theanalyseshereprimarily assumethat themainconclusionsof thesepreviousstudies
werenot erroneous.

Finally,despitethewidespreadpatternof warm-edgecontractionsandlocalextinctions,
521speciesshowedno localextinctionsat thewarmedge,indicatingthat theyhavesuccess-
fully persistedin thefaceof theclimatechangethathasoccurredsofar.However,eventhese
speciesmight still gogloballyextinctwhenglobalclimatechangesfurther.Additionally,con-
trary to theoveralltrend,54speciesweredocumentedhereashavingexpansionsatboth their
warmedgeandtheir cooledge(6.0%of 904specieswith dataon bothcoolandwarmedges).
Onescenariobywhichthismayoccuris if cool-edgelimits aresetbycoldertemperatures
(allowingexpansionasglobalclimatewarms)andwarm-edgelimits aresetby low precipita-
tion (allowingwarm-edgeexpansion),giventhatprecipitationmayincreasein someareas
becauseof climatechange[4]. Indeed,somestudieshavefoundevidencefor warm-edge
expansionsthroughthismechanism[58]. It isalsoimportant to notethat localextinctions
relatedto climatechangeneednot beconfinedto thewarmedgeof thespeciesrangeandso
might actuallybeunderestimatedhere.Forexample,therecouldbeclimate-relatedlocal
extinctionsfar from thewarmedgethatareassociatedwith certainmicroclimates(e.g.,equato-
rially facingslopesat thecooledgeof aspeciesrange;[59]).

In summary,theresultshereshowthatwidespreadlocalextinctions(seeminglyrelatedto
climatechange)havealreadyoccurredin hundredsof species,with broadlysimilarpatternsof
extinctionacrossdiverseclades,habitats,andclimaticregions.Importantly,levelsof climate
changesofararelimited relativeto thosegenerallypredictedfor thenext100years[4]. Theresults
heresuggestthatmanyspeciesareunableto shift their nichesrapidlyenoughto preventlocal
extinction.Thisinferenceof climatechangeoutpacingnichechangesupportspredictionsfrom
othersources,includingtransplantexperimentsin plants[60],phylogeneticanalysesof ratesof
nichechangein plantsandanimals[42,61,62],andprojectionsbasedon selection,heritability,
andtemperaturetolerancesin lizards[49].Localextinctionsfrom climatechangemight also
impactspeciesthatmanyhumanpopulationsdependon for food,suchasgrasses(e.g.,wheat,
rice,andcorn [62]). Moregenerally,thisstudydemonstratesthatanalysesof rangeshiftscanpro-
videextensivedataon localextinctionsrelatedto climatechangethathavealreadyoccurred.
Theselocalextinctionsofferapotentiallyimportantbut underutilizedsourceof information for
thechallengingtaskof predictingpatternsof speciessurvivalandextinctionin thefuture.

Materials and Methods

Selection of Studies

Webof Sciencesearcheswereinitially conductedfrom December2014to April 2015usingthe
BooleansearchtermsTopic= (globalwarmingORclimatechange)AND Topic= (local
extinctionORrangecontractionORrangeshift).A secondWebof Sciencesearchwascon-
ductedbetweenApril 2015andMay2015to identify additionalstudiespotentiallymissedby
thefirst setof keywords,usingthesearchtermsTS= (globalwarm� ORclimatechange)AND
TS= (extinction� ORcontraction� ORrangeshift�), excludingresultsfrom TS= (global
warmingORclimatechange)AND TS= (localextinctionORrangecontractionORrange
shift).Eachsetof Webof Scienceresultswassortedbyrelevanceandthenbinnedinto subsets
of 50.Searchingwasceasedwhenlessthan1 in 50studiespersubsetwasrelevant(seebelow
for criteria).Finally,athird Webof Sciencesearchwasperformedon 1 March2016to find
morerecentlypublishedstudies.This third searchusedthekeywordsTS= (globalwarm� OR
climatechange)AND TS= (extinction� ORcontraction� ORrangeshift�). A totalof 1,530
resultswerefound in this third search.Resultsweresortedby relevance,andthefirst 300
(~20%)wereexamined.Thelast40of these300includedno relevantstudies.
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Someadditionalstudieswerealsofound thatwerelistedasreferencesin thepapersidenti-
fiedby theseinitial Webof Sciencesearches.Thereferencelist wasalsocheckedagainsta
recentreviewstudy[11], whichalsoconductedthoroughsearchesof theliteratureon climate-
relatedrangeshifts.Threestudieswereaddedfrom thatsurveywhichwerenot initially
includedhere.Finally,severalrelevantstudieswerealsofound in thesurveyof Gibson-Rene-
meretal.[63], whichhadsimilar rulesfor inclusionof studies.Althoughthoseauthorsdid not
conductasystematicsearchof theliterature(asdonehere),theyneverthelessincludedfive
studiesnot found in thesearchesdescribedabove.Thesewerealsoaddedhere.

In theory,thefactthat ªextinctionº andªcontractionºwereincludedaskeywordsmight
havebiasedtheresultsto includemorepapersdocumentinglocalextinctionsandrangecon-
tractionsthanwouldbeobtainedfrom asearchof range-shiftstudiesthatexcludedtheseaskey-
words(possiblyleadingto overestimationof thefrequencyof localextinctions).However,this
seemsunlikely in practice.First,thesewereincludedasªorº keywords,alongwith ªrangeshifts.º
Examiningthekeywordsandtitlesof the27selectedpapersshowedthatmostwerefocusedon
overallrangeshifts,with no mentionof localextinction(extinctionor extirpationaremen-
tionedin thetitlesof only 4of 27studiesandaskeywordsin only 4of the21studieswith key-
words;ªcontractionºismentionedin only 1).Furthermore,thefactthat thesurveyresultshere
werecheckedagainstanotherrecentreviewon rangeshifts[11], andthat threemissingstudies
wereadded,alsomakesthispotentialbiasseemunlikely.In otherwords,if manyrange-shift
studiesweremissedbecauseof thisbias,theyshouldhavebeenaddedat thatpoint.

Overall,thesesearcheswereextensivebut maynot betruly exhaustive.Regardless,many
studieswerefound thatdocumentedlocalextinctions,andfinding morestudiesthatdid so
wouldnot overturnthismainconclusion.

Studieswereincludedthatmonitoredoneor morepopulationsat thewarmedgeof aspe-
cies'range(theedgethat is lowerin elevationor closerto theequator)overarelativelylong
time span.Studieswereonly includedthatspannedanintervalof at least10years.Themean
studydurationwas~50years(range= 14to 159;Table1).Studieswereincludedthat related
their findingson rangeshiftsto climatechangethroughanexplicitstatisticalanalysis(but not-
ing that theseinferencescouldstill beincorrect,for example,if otherfactorsinsteadof climate
changecausedlocalextinctionsof aparticularspecies).Theincludedstudiesall documented
populationsalongelevationalor latitudinal transectsat two or morediscretetime points.

Somerecentstudieshaveinferredclimate-relatedrangeshiftsbasedon overalltrendsin lat-
itudinal andelevationaldistributionsacrossalargenumberof localitiesovertime,ratherthan
systematicallyresurveyingspecificlocalitiesatdifferenttime points(e.g.,[64]). Thesestudies
arevaluablefor documentingrangeshiftsin generalbut wereexcludedhere,sincetheydo not
unambiguouslyrepresentlocalextinctions(becausetheoverallpatternsdescribedmight be
drivensolelyby rangeexpansionsinstead).

Categorizing Species

Studiesthatdocumentedwarm-edgerangecontractions(andthatwerelinked to climate
changeby theauthorsof theoriginal studies)wereconsideredevidenceof climate-associated
localextinction,regardlessof changesat thecooledge.Studiesdifferedin whetherthey
reportedchangesat thepopulationlevel(e.g.,[28,37])or specieslevel(e.g.,[33]). Theanalysis
herewasconductedat thespecieslevel.Therefore,if populationsof thesamespeciesdiffered
in thepatternof their rangeshifts,thespecieswascategorizedasshowingevidenceof local
extinctionif at leastonepopulationdid so.

Mostspecieswereincludedin only onestudy.However,theplantspeciesAnthoxanthum
odoratum wasincludedbybothAngeloandDaehler[13] (in Hawaii)andFeldeetal.[19] (in
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Europe).However,sincethisspeciesisnot nativeto Hawaii,it wasexcludedfrom thedataset
of AngeloandDaehler[13], alongwith all othernonnativespeciesin thatstudy.

Foreachstudy,it wasnotedwhethertherangeshiftswereelevationalor latitudinal,aswell
asthegeneralhabitatof theorganisms(i.e.,terrestrial,freshwater,or marine),thehighertaxa
to whichtheybelonged,thespecificgeographiclocationof thestudy,andwhetherthespecies
occurredin atropicalor subtropicalregion(arbitrarily definedaswithin 35Êof theequator)or
in atemperateregion(>35Ê).Specieswereassignedto theseclimaticregionsbasedsolelyon
thelocationwheretheyweresurveyed,ratherthanon their overallgeographicrange.Species
werealsoassignedto taxonomiccategories,includingplants,insects,fish,amphibians,birds,
mammals,andsquamatereptiles(i.e.,lizardsandsnakes),aswellasmarineannelids,crusta-
ceans,echinoderms,andmolluscs.Thebeginningandenddatesof thestudywerealsonoted
(e.g.,thedateof theinitial surveyandthesubsequentresurvey)andwereusedto estimatethe
durationof thestudy.Somestudiesprovidedarangeof datesfor thestartand/orenddate.In
thesecases,themidpoint of eachrangeof dateswasusedto estimatethestart,end,anddura-
tion (Table1).Datafor all speciesareprovidedin S1Appendix.

Thestudiesincluded(Table1) spannedmanygeographicregions(e.g.,North America,
SouthAmerica,Europe,Asia,andOceania).Manystudieswereconductedin North America
(n = 13;hereextendingto CentralAmerica)andEurope(n = 8),but theactualnumberof spe-
ciessampledwasmorebroadlydistributedamongregions(e.g.,Asia= 332;Europe= 268;
Madagascar= 30;Oceania= 58;North America= 233;andSouthAmerica= 55).Africa and
Australiawerenot represented,althoughnearbyMadagascarandNewGuineawere.Thenum-
bersof temperateandtropicalspeciesincludedwerenearlyequal.Further,therewasno clear
hypothesisfor whyparticularcontinentsaloneshouldbeanimportant factorinfluencingthe
frequencyof localextinctions(e.g.,separatefrom temperateversustropicaleffects).

Statistical Analyses

Chi-squaredanalyseswereinitially usedto comparetheproportion of climate-associatedlocal
extinctionsacrosssomecategories(i.e.,tropicalversustemperate;freshwaterversusmarine
versusterrestrial;andlatitudinal versuselevationalgradients),testingthenull hypothesisthat
frequenciesof localextinctionwereequalbetweenthesecategories.A seriesof analyseswere
conductedto assesswhetherfrequenciesof localextinctionwerehigherin tropicalregionsrel-
ativeto temperateregions,afteraccountingfor thepotentialinfluenceof differenthabitats,
gradients,andclades(seeResults).Similaranalyseswereconductedto assesstheimpactsof
differenthabitatsandclades(i.e.,plantsversusanimals).However,potentialanalyseswere
restrictedby theavailabledata.Forexample,it wasnot possibleto comparetheeffectof tropi-
calversustemperateclimateson marineor freshwaterorganisms,sinceonly temperatemarine
andfreshwaterspecieswereincludedhere.For this reason,differentsetsof analyseswerecon-
ductedfor eachquestion.

TheseanalyseswerethenrepeatedusingGLMsandGLMMs,both in R.Theseanalyses
wereimplementedtreatingthepresenceof warm-edgelocalextinctionin aspeciesasthebino-
mial,dependentvariable.GLMM analyseswereconductedusingtheRpackagelme4 [65].
GLMM analysestreatedthestudy(from whichthespeciesdatawereobtained)astherandom
variableandtheothervariablesasthefixedvariables.GLM andGLMM analysesinitially
includedall speciesandall or mostvariablesandwerethenrestrictedto smallersetsof species
(andvariables)to testadditionalhypothesesandreducepotentiallyconfoundingeffects(asin
theChi-squaredanalyses).

Phylogeneticinformation wasnot incorporatedhere,sincephylogeniesandcomparable
branchlengthsspanningall theincludedspecieswerenot available(especiallyspecies-level
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phylogeniesfor fish,insects,plants,andmarineinvertebrates).Nevertheless,someanalyses
wereconductedto assesspatternswithin andbetweenclades(seeResults).
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